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Abstract

Martensitic phase transformations in an Fe;Pd; alloy were studied using various experimental techniques: visual observation,
differential scanning calorimeter (DSC) measurements and X-ray diffraction. Magnetic measurements on this alloy were made using
a vibrating sample magnetometer (VSM) and a Susceptibility Kappa bridge. The VSM measurements were made with the sample in
a compression fixture to bias the martensite phase to a single variant. Both X-ray and DSC measurements show that the FCC-FCT
transformation is a weak first-order thermoelastic transition. The average lattice parameters are a =3.822+0.001 A and
¢ =13.63040.001 A for the FCT martensite, and ag = 3.756 &= 0.001 A for the FCC austenite. The latent heat of the FCC-FCT
transformation is 10.79 4 0.01 J/cm?. A Susceptibility Kappa bridge measurement determined the Curie temperature to be 450 °C.
The saturation magnetization from VSM data is ms = 1220 + 10 emu/cm? at —20 °C for the martensite and m, = 1080 & 10 emu/cm?3
at 60 °C for the austenite. The easy axes of a single variant of FCT martensite are the [100] and [0 1 0] directions (the a-axes of the
FCT lattice) and the [00 1] direction (FCT c-axis) is the hard direction. The cubic magnetic anisotropy constant K is —5 42 x 10
erg/cm?® for the austenite at 60 °C, and the tetragonal anisotropy constant Kj + K> is 3.41 £0.02 x 10° erg/cm? for the martensite at a

temperature of —20 °C and under 8 MPa of compressive stress in the [00 1] direction.
© 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Shape-memory effects are due to a diffusionless
structural phase transformation from a high-tempera-
ture high-symmetry (austenite) phase to a low-temper-
ature low-symmetry (martensite) phase. The lower
symmetry of the martensite results in the formation of
multiple variants each with its own associated shape
change. If the martensitic transformation is induced by
temperature in the absence of biasing fields, all of the
variants are equally likely to form because they all have
the same free energy. When a bias field is applied to this
mixture of variants, certain variants will be favored and
appear in larger amounts than the other variants. This
can be quantified through minimization of the free en-
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ergy of the system. The material under consideration
here transforms from a cubic austenite phase to a te-
tragonal martensitic phase as shown in Fig. 1. An ap-
plied compressive stress along the e; direction will favor
the variant E; over the other variants that are longer in
their e; dimension, this procedure is discussed in detail
in [1].

For materials that undergo a shape-memory trans-
formation and are ferromagnetic the variant structure
may also be biased by a magnetic field. When a magnetic
field is applied to a ferromagnetic material that under-
goes a reversible martensitic transformation, there exist
three possible mechanisms that can produce a shape
change. First, applying a magnetic field to the austenite
phase can induce a structural transition, as in Fe-Ni
alloys [2], although this requires very large fields, about
10 T for a 20 °C shift in transformation temperature.
This effect is due, in part, to a large difference in the
saturation magnetizations of the two phases [3]. Second,
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Fig. 1. Lattice deformations corresponding to the three variants of
martensite are sketched. The strains are exaggerated for clarity. The
short axis of the tetragonal martensite is the c-axis.

a magnetic field can rotate the spontaneous magnetiza-
tion with respect to the crystal lattice, as is the case in
Terfenol-D [4]. This is conventional (giant in the case of
Terfenol) magnetostriction, which does not require a
phase transformation. In this case the material has very
small magnetic anisotropy, so that there is little or no
energy cost for rotating the magnetization. Third, a
magnetic field can rearrange martensite variants giving
rise to the ferromagnetic shape-memory (FSM) effect, as
in the Ni;MnGa [5] and Fe;Pd; [7] alloys considered
here. This rearrangement of variants can result in the
large strains typical of shape-memory materials. How-
ever, it requires high mobility of the twin interfaces
between variants and large magnetic anisotropy to
constrain the spontaneous magnetization along the
variant easy axis. This constraint is necessary to develop
the large driving forces on the twin interfaces needed for
variant rearrangement.

This paper is concerned with the FSM effect and in
particular the role magnetic anisotropy plays in it. Fig. 2
illustrates the FSM mechanism for materials with low
and high magnetic anisotropy. For an FSM material
with high magnetic anisotropy it takes less energy (under
suitable loading conditions) to move the twin boundaries
and change the variant volume fractions than to rotate
the magnetization. Thus for a horizontally applied field,
as shown in Fig. 2, the variant with a horizontal mag-
netization grows at the expense of the other variant
(through twin boundary motion) in the high anisotropy
case while in the low anisotropy case the magnetization
rotates resulting in a much smaller change in shape.

To date, Ni;MnGa and Fe;Pd; are the only two al-
loys reported exhibiting the FSM effect at ordinary
fields. The alloy Ni;MnGa has been studied extensively
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Fig. 2. Schematic drawing of the mechanisms of magnetostriction (left)
and FSME (right) is shown. The arrows represent the spontaneous
magnetization direction. The four drawings shown the situation as the
applied horizontal magnetic field is increases from zero (top sketches)
to saturation (bottom sketches).

(see [5,6], and [8-12] for example) while less attention
has been paid to Fe;Pd;. Although the reported field
induced strain in Fe;Pd; of 0.6% [7] is considerably less
than that in Ni;MnGa (5.8% in tetragonal and 9.4% in
orthorhombic) [6], the Fe;Pd; alloy does possess ad-
vantages over Ni,MnGa. For example, Ni;MnGa is a
brittle material and changes in temperature through the
martensitic transformation temperature often lead to
fracture. On the other hand, Fe;Pdj; is a ductile material,
it can be deformed extensively without fracture. Fig. 3(a)
shows the picture of a Fe;Pd; polycrystal sample before
extensive deformation by peening, and Fig. 3(b) shows
that the thickness of the sample was reduced by about
five times by this deformation. The magnetic properties
of these two alloys are different in many aspects as well.
For example, the magnetic easy axis is [00 1] (c-axis of
FCT lattice) in Ni;MnGa [12], and [100] or [010] (a-
axes of FCT lattice) in Fe;Pd; [7]. Thus, a long thin bar
of Fe;Pd; in compression meets both the large dis-
placement and low demagnetization factor actuator
design criteria simultaneously, while in Ni;MnGa they
compete. This allows an actuator using Fe;Pd; to have a
simple solenoid design, which is not possible for
Ni;MnGa used in compression.

Fig. 3. A polycrystal Fe;Pd; sample before (a) and after (b) it was
deformed by hammering is shown.
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Thus Fe;Pd; is a promising ferromagnetic shape-
memory material, however, the characterization of this
alloy is incomplete. Some of these properties have al-
ready been extensively studied, especially the martensitic
phase transformation in Fe;Pd;. Since 1982, Oshima
and coworkers [13-28] systematically studied the mar-
tensitic phase transformations of the Fe-Pd alloy sys-
tem. They found that alloys with about 30 at.% Pd
undergo successive martensitic phase transformations
from FCC to FCT to BCT upon cooling. The FCC-
FCT transformation is thermoelastic and the micro-
structures associated with the FCT phase are twin
bands. The FCC-FCT transformation is nearly second-
order because of the somewhat gradual development of
tetragonality with decreasing temperature. The FCC(or
FCT)-BCT transformation is irreversible and the char-
acteristic microstructures of the BCT phase resemble
spear-heads. In addition to studying the martensitic
transformation, they also used transmission electron
microscopy to examine the tweed microstructure, which
is a precursor phenomenon in the FCC-FCT martensitic
transformation. In 1986, Matsui et al. [29] measured the
magnetic anisotropy of an Fego sPd3ps single crystal
using a torque magnetometer. They found that the easy
axis of the FCT martensite is the short c-axis and the
anisotropy constant K (for uniaxial symmetry) is about
6 x 103 erg/cm® near the FCC-FCT transformation
temperature. This result indicates that Fe;Pd; has
magnetic properties that are similar to Ni;MnGa, and
disagrees with other workers [7] and the results pre-
sented below. They also found that K| increases con-
siderably with decreasing temperature and reaches
1.3 x 10° erg/cm® at liquid helium temperatures. How-
ever, according to the results from Oshima’s group [16],
at liquid helium temperature the martensite phase
should be BCT. Thus the magnetic anisotropy constant
of 1.3 x 10° erg/cm?® may not be for the FCT phase. In
addition, Matsui et al. [29] did not apply a bias stress to
their sample, which was a thin disk with a 4 mm di-
ameter and 1 mm thickness. Therefore, their reported
magnetic anisotropy is an average of all the FCT vari-
ants present in their sample. Prediction of FSM behav-
ior requires that the magnetic anisotropy of a single
variant be known.

In this study, various measurements were performed
to determine the easy axis and to obtain the magnetic
anisotropy constants of a single variant of martensite for
the Fe;Pdj alloy. In order to make a meaningful mag-
netic anisotropy measurement in a material that un-
dergoes a structural phase transformation it was first
necessary to study the phase transformation using visual
observations, differential scanning calorimeter (DSC)
measurements and X-ray diffraction. The results of these
experiments made it possible to design a series of ex-
periments using a vibrating sample magnetometer
(VSM) to measure the magnetic anisotropy of the

martensitic phase of this material. The measurements
reported below are broken into two sections. First those
related to the shape-memory transformation are re-
ported and second the magnetic measurement results are
presented.

2. Thermomechanical properties

In this section the properties of the shape-memory
transformation are reported. These are the lattice pa-
rameters of the cubic austenite and tetragonal mar-
tensite and the latent heat of the transformation.

2.1. Sample preparation

A single crystal of Fe;Pd3, labeled boule FePd4, was
grown using Bridgman method from arc melted buttons
made from elemental Fe (99.99%) and Pd (99.98%).
Bridgman growth results in segregation of the constit-
uents along the length of the boule. To access this var-
iation in composition a thin slice was taken from the
side of the boule. This slice was divided into three
samples labeled FePd4S-1, FePd4S-11, and FePd4S-I11.
The length of theses samples are 13, 13, and 8§ mm, re-
spectively. All samples were polished at 80 °C, and the
final polishing suspension used was 0.5 pm diamond
paste made by Buehler. No heat treatment was done to
these samples. Samples used for the composition anal-
ysis were also used for visual observation of the phase
transformations. Samples used for X-ray analysis are
labeled FePd4-T3, FePd4-T5, FePd4-T6 and were heat
treated at 900 °C for 120 min followed by rapid quench
in NaOH 10 wt.% solution at —8 °C. A sample for latent
heat measurement was also cut from boule FePd4 and it
is labeled DSC-B2, which weighs 44.6 mg and was not
heat treated. A 2 x 2 x 6.6 mm?® rectangular specimen
labeled FePd4-MM6 was cut from the boule and pol-
ished for microstructural observation and magneto-
mechanical testing (to be reported in a future publica-
tion). The susceptibility measurement was performed on
a polycrystalline sample labeled FePd-exp222. The
compositions of all the specimens are listed in Table 1.
This table also lists the heat treatment of the specimens,
however, these were not found to have any effect on the
material behavior.

2.2. Microstructural observations

Visual observations were performed using a Nikon
optical microscope with differential interference contrast
(DIC) and a temperature stage. Sample FePd4-MM6
(see Table 1) is selected to illustrate the phase transfor-
mation and microstructural development in single
crystal Fe;Pd;. A series of pictures, shown in Fig. 4,
were taken during cooling at 1 °C/min under an applied
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Table 1
Summary of Fe;Pds specimen properties is given

Specimen Composition Heat treatment
(at.% Pd)

FePd4 S-1, S-11, and S-111 See Fig. 6 None

FePd4-B 29.7+0.1 B

FePd4-T3 29.5+£0.1 A

FePd4-T5 29.5+0.1 A

FePd4-T6 29.8 £0.1 A
FePd4-MM6 29.5+0.1 None
FePd4-DSC-B2 29.6 £0.1 None

FePd-exp222 Nominally 30* B

Heat treatment A is 120 min at 900 °C followed by a NaOH quench
at —8 °C. Heat treatment B is 120 min at 900 °C followed by an ice
water quench. The composition of the specimen marked with an * is
the nominal (design) composition, but it was not measured.

stress of —1 MPa along the vertical direction in the im-
ages. At temperatures above 30 °C, no microstructure
was observed and the specimen is in its austenite state.
The first microstructure appeared at about 30 °C, it was
a cluster of faint bands. As the temperature was low-
ered, the contrast of these bands became greater and the
size of the cluster grew. New bands formed side by side
with the existing bands which themselves grew in a di-
rection perpendicular to their length. A second cluster of
bands appeared in the sample at about 27 °C and grew
in size as the temperature was further lowered. The
width of some bands increased at the expense of other
bands while some bands kept their width unchanged.
When the temperature reached 21 °C, clusters of bands
started to merge and most of the area of the sample was
covered by twin bands. The evolution of this micro-
structure appears to indicate that the austenite mar-
tensite interfaces (A/M) are mobile. The movement of
the twin interfaces (M/M) appears to be mostly due to
twin bands merging. Unlike A/M interfaces, M/M in-
terface movement was not perceptible by visual obser-
vation, although comparison of pictures taken at
different temperatures indicates a change of position of
the some interfaces. The cooling process was stopped
before =5 °C to avoid the non-reversible FCT-BCT
transformation. Microstructural development during
the heating process is not exactly a reverse of the cooling
process, but it is similar except for approximately 5 °C
of hysteresis.

A BCT microstructure was observed in sample
FePd4-B (see Table 1), which is shown in Fig. 5. During
cooling the microstructures with spear-head shapes
started to appear at about —80 °C in a matrix of FCT
twin bands. The size and shape of the BCT micro-
structures that formed remained unchanged even after
the sample was heated to 250 °C.

2.3. Composition measurement

Compositions were analyzed at room temperature
with JEOL 8900 Electron Probe Microanalyzer

(EPMA). Data points were taken every half millimeter
along the long axis of the boule using samples FePd4S-1,
FePd4S-11, and FePd4S-111. The results of composition
analysis are summarized in Fig. 6. The Palladium con-
tent changes from 28.7 to 30.7 at.% from the bottom
(where solidification occurs first, x = 0 in Fig. 6) to the
top of the crystal boule. This curve shows that the
composition changes slowly in the regions first to so-
lidify and faster toward the end of the boule that so-
lidified last. The fact that the top part of the crystal
boule is palladium rich is expected because of the seg-
regation of the impurities to the last part of the solid
formed during the crystal growth. Although the com-
position variation limited the volume of useful material,
it provided an opportunity to study the material prop-
erties as a function of composition.

2.4. FCC-FCT-BCT phase diagram

Following the composition analysis, samples FePd4S-
I, FePd4S-11, and FePd4S-II1. were slowly cooled and
observed visually to determine the temperature and type
of transformation. A translation stage was used to
measure the location of the transformation as a function
of temperature. During the experiments, the appearance
of twin bands and spear-head microstructures were
treated as the evidence of the FCT or BCT phases, re-
spectively. Fig. 6 was used to convert location to com-
position. This combined with the temperature at which
the microstructure was observed allows the phase dia-
gram shown in Fig. 7 to be constructed. This phase di-
agram shows that when the palladium concentration is
less than 29.25 at.%, the initial phase transformation is
from FCC to BCT. The FCC-BCT transformation
temperature increases as the concentration of palladium
decreases. When palladium concentration is more than
29.25 at.%, the initial phase transformation is FCC-
FCT, followed by a FCT-BCT transformation at a lower
temperature. Both of the transformation temperatures
decrease as the palladium concentration increases, but
the slope of the FCC-FCT boundary is smaller than that
of the FCT-BCT boundary.

2.5. X-ray measurement of lattice parameters

X-ray measurements were performed with a SCIN-
TAG XDS 2000 Wide-Angle X-ray Scattering Diffrac-
tometer which uses a source with a wavelength of 1.540
A. This instrument is equipped with a temperature stage
with a range of =270 to 300°C and maximum temper-
ature rate of 30 °C/min. During the X-ray analysis,
samples were scanned from 20 = 8° to 100° at various
temperatures. The 260 range covers most of the diffrac-
tion peaks. The 260 angle was increased by 0.05° per step
with a dwell time of 0.5 s. The samples were held at each
temperature for one minute before making the X-ray
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Fig. 4. Microstructures observed on the surface of specimen FePd4-MM6 during cooling are shown. The caption in each figure gives the test time in
seconds and temperature in degree Celsius at which the image was taken. The specimen width is 2 mm and it is oriented with cubic [1 00] and [0 1 0]

axes vertical and horizontal in these images.

measurement. The maximum rate of 30 °C/min was used
to change the specimen temperature between measure-
ments. The resulting diffraction patterns were analyzed
and the information such as phase transformation
temperatures and lattice parameters were obtained.
Sample T3 was used for measurement of phase trans-
formation temperatures and lattice parameters using
this method. A 3D plot of the intensity of the diffracted
X-ray beams versus temperature and 20 angle is shown
in Fig. 8. It clearly shows that the (22 0) FCC peak splits
into two FCT peaks (220) and (202) with decreasing
temperature. Lattice parameters were calculated from
the values of 26 at the peak intensities and they are

summarized in Fig. 9. This figure indicates that the
FCC-FCT transformation is a first-order transforma-
tion because of the coexistence of the austenite and the
martensite phases, and the sudden jump of ¢/a ratio at
about 38 °C. The average lattice parameters are
a=3.822+0.001 A and ¢ =3.630£0.001 A for the
martensite, and ag = 3.756 & 0.001 A for the austenite.

2.6. Latent heat measurements
Latent heat measurements were performed with a

Perkin Elmer Thermal Analysis Differential Scanning
Calorimeter (DSC) model Pyris™ 1. Sample DSC-B2
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Fig. 5. An image of BCT microstructure in a matrix of FCT during the
FCT-BCT phase transformation is shown. The temperature is —=90 °C,
the sample is FePd4B, which was heat treated. The field of view is 2 mm.

with a mass of 44.6 mg was used for these measure-
ments. It was first polished at 60 °C to verify the exis-
tence of the FCC-FCT transformation. The results from
sample DSC-B2 at a temperature rate of 10 °C/min are
given in Fig. 10. Calculations using the areas under the
peaks and above lines tangent to the linear parts of the
curves give latent heats of 1.244 J/g (10.698 J/cm?) for
cooling and 1.267 J/g (10.896 J/cm?®) for heating. The
magnitude of the latent heat in Fe;Pd; is almost six
times smaller than that of Ni;MnGa (60.15 J/cm?)
(unpublished), and approximately five times smaller
than that of CuAINi (~50 J/cm?) [30]. In addition, the
curves have multiple peaks indicating that the trans-
formation is not continuous. The measurement was also
repeated at a scanning rate of 1 °C/min, but the curves
do not show any significant peaks except one at about
21 °C during the heating run. This is due to the small
latent heat of the material, at this rate the heat flux is

31 T T T T T T T T T T T T T T T

Palladium (at. %)

28 L L L L L L L L L L L L L L L

Position in boule (mm)

Fig. 6. Composition variation in single crystal boule FePd4 along its
long axis is shown.
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Fig. 7. Phase transformation temperatures for the FCC-FCT and
FCC/FCT-BCT transformations versus palladium concentration are
shown. All temperatures are for the start of transformation on cooling.

below the sensitivity of the instrument. This is also why
a rather large sample was used. The measurements at
10 °C/min were found to be repeatable.

3. Magnetic properties

In this section various magnetic properties of both
the austenite and martensite phases are reported. These
include the Curie temperature of the austenite and the
M-H curves for both phases in several crystallographic
directions. The latter measurements allow the magnetic
anisotropy constants to be calculated.

3.1. Susceptibility measurements procedure and curie
temperature

The Curie temperature measurements were per-
formed with a KLY-2 AC Susceptibility Kappa bridge.
A polycrystalline specimen labeled FePd-exp222 was
prepared using an arc melting furnace, and subjected it
to homogenization at 1100 °C for 72 h in a quartz tube
under vacuum. The specimen was then re-heated to
900 °C and held there for 120 min before being quen-
ched in ice water.

The result of the susceptibility measurement is gi-
ven in Fig. 11. It shows that the Curie temperature is
about 450 °C, which is close to the results of Hansen
[31], who reported 490 °C. The Curie temperature
measurements were repeated few times and the results
are consistent. The large change in susceptibility at
300 °C makes this temperature the effective limit of
the usefulness of this alloy, even though it is ferro-
magnetic up to 450 °C.
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FGC (220)

FCT (202)

Fig. 8. The X-ray diffraction results versus temperature from —30 to 40 °C and from 40 to —30 °C for specimen T3 are shown. The temperature was
increased from —30 °C (front of the plot) raised to 40 °C (middle of the plot) and lowered back to —30 °C (back of the plot). The two FCT peaks shift
toward each other as temperature increases and eventually become one FCC peak.

3.2. Sample preparation and experimental procedure for
magnetic anisotropy measurements

The austenite magnetic measurements were per-
formed on specimen T5, a thin circular disk 9 mm in
diameter and 0.36 mm thick. It was oriented with a
(110) normal to give [001], [110], and [1 1 1] directions
in plane of the disk as shown in Fig. 12. The disk was cut
on an EDM (Electrical Discharge Machine) at 60 °C
which kept the specimen at austenite state. After cutting,
the specimen was retested with the X-ray microdiffrac-

Temperature (°C)

Fig. 9. The lattice parameters, ay of the cubic austenite and a and ¢ of
the tetragonal martensite, versus temperature for Fe;Pd; specimen T3.

tometer at 60 °C to verify the proper orientation.
Specimen TS5 is a disk, so that M—H curves in any in-
plane direction may be directly compared. The EDM
cutting and orientation verification procedure were also
applied to specimens T3 and T6, which are used for the
martensite measurements. Specimens T3 and T6 are thin
rectangular plates with dimensions of 5.24 x 4.89 x 0.51
mm?. They are rectangular so that a compressive stress
may be applied to the 4.89 mm faces. Specimen T3 has a

Heat Flow (mW)

_10 L L L L L L L L L
0 50
Temperature (°C)

Fig. 10. The DSC curves for sample DSC-B2 at a heating/cooling rate
of 10 °C/min. The bases of the DSC curves are connected to calculate
the areas under the peaks, which are the latent heats. The latent heats
are 1.267 J/g on heating and 1.244 J/g on cooling.
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Normalized Mass Susceptibility (X)

O L L L L L L I
50 450
Temperature (°C)

Fig. 11. Normalized mass susceptibility of Fe;Pd; as a function of
temperature is shown. The Curie temperature is 450 °C.

[110] surface normal with a [00 1] edge, while specimen
T6 was oriented with a [010] surface normal and a [00 1]
edge, see Fig. 12. In addition, samples T3, TS5, and T6
were heat treated at 900 °C for 120 min and quenched in
NaOH 10 wt.% solution at —8 °C.

The geometry of the specimens was chosen to give
desired demagnetization factors. Specimen T5 is a disk,
so that all magnetization directions in the plane of the
specimen have equal demagnetization factors and thus
can be directly compared. Specimens T3 and T6 in the
austenite (as machined) state are rectangular so that the
specimen is approximately square (they were cut using
preliminary lattice parameters and so will not be exactly
square) when compressed from austenite to a single
variant state. A square shape results in equal demag-
netization factors in the plane of these specimens in the
single variant state. The demagnetization factor in
the direction of the easy axis of the material also affects
the M—H curves. Because this is a magnetically soft
material, the demagnetized state of the material will be
one that minimizes the sum of the anisotropy and stray
field energies. The easy axis direction minimizes the
anisotropy energy and if this is also a direction of
minimum demagnetization factor, then this also mini-

[001]

t
l——»[llol

(110)

T3

mizes the stray field energy. However, if the easy axes
are not directions with small demagnetization factors,
the demagnetized state can be assumed to contain more
material that is not magnetized in the easy direction.
The M—H curves are affected by the initial demagnetized
state. If the initial state contains less material magne-
tized in the easy direction, then applying a field in a hard
direction (a direction with a lower demagnetization
factor than the easy direction) will result in an easier M—
H curve. This will be seen to be the case in specimen T3
which has easy [100] directions that do not lie in the
plane of this thin plate specimen. Magnetization of
specimen T3 in the [00 1] direction will be easier than
magnetizing specimen T6 (which has [1 0 0] directions in
its thin plane) in the same direction because of the effect
of demagnetization on the initial demagnetized state.
Magnetization measurements were performed in
three crystallographic directions on the austenite and
martensite. Magnetization measurements were made on
the austenite (specimen T5) at 60 °C in the [100], [011]
and [111] directions. The martensite (specimens T3 and
T6) was measured in the directions [1 0 0] (a-axis), [0 1 1]
and [00 1] (c-axis) at —20 °C. During the measurements
of martensite magnetization, a constant compression
was applied to the specimen to ensure the single variant
state. The compression fixture was constructed from a
non-magnetic CuBe spring alloy and was sized to fit in
the temperature chamber used with the VSM [5], see
Fig. 13. A small set screw on the fixture allowed a fixed
amount of extension to be set which applied a corre-
sponding compressive stress to the specimen. The stress
was calculated from the total displacement of the fixture
minus the contraction of the specimen due to the phase
transformation multiplied by the spring constant of the
fixture, which was characterized by a tensile test. Be-
cause of the unknown thermal strains in Fe;Pd; and the
phase transformation, it was not possible to correct the
applied stress for thermal strains and it is expected that
there are some variations from the nominal stress values
reported here, which are at room temperature.
Materials that are magnetically anisotropic store
different amounts of energy depending on the direction
of the magnetization. For materials with cubic symme-

[001]
[0011]
T6
—[100]
(010) [100]
T6 [010] /

Fig. 12. Schematic drawings of samples T3, T5, and T6 and their orientations are shown.
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Fig. 13. A picture of the fixture used to apply compressive stress to
specimens T3 and T6 in the [00 1] direction is shown. This fixture was
originally constructed for the work reported in [5].

try this energy, Ec, is written in terms of the direction
cosines of the magnetization, «;, to the cubic axes and
the anisotropy constants, K;. Bozorth [32] gives the first
three terms of Ec as

Ec = Ko + K (303 + o202 + 0303) + Kyodo3os. (1)

The area under an M—H curve is
M;
Wik = / HdM, (2)
0

where M; is the magnetization saturation value of the
material and 4kl are the indices of the crystallographic
direction of the applied field. The difference in W), for
two directions is equal to the difference in Ec for these
directions [32] and this can be used to determine the
anisotropy constants from the M-H curves in several
directions as

Ky = Moo,
Ki = 4(Wio — W), (3)
K>, =27(Win — Wigo) — 36(Wiio — Wigo)-

Tetragonal materials may be treated in a similar manner
and in this case Bozorth [32] gives the energy as

Er = Ko + Ky sin” ¢ + K, sin* ¢ + Ky cos®acos’ B, (4)

where ¢ is the angle between the magnetization and the
c-axis ([001]) and « and f are the angles between the
magnetization and the a-axes ([100] and [010]). These
four constants can be related to differences between ar-
eas under magnetization curves in different directions as
above to give

Ko = Woor,
K + Ky = Wigo — Woor, (5)
K3/4 = Wio — Wigo-

It is not possible to determine K| and K, separately from
directional information alone, instead a fit to the shape of
the M—H curve is required and will not be considered here.

The magnetization curves were measured with a
Princeton Applied Research VSM. Temperature control
was achieved by using an acrylic specimen enclosure,

which fit between the pole pieces of the VSM, through
which cooled or heated nitrogen gas flowed. A small T-
type non-magnetic thermocouple was in direct contact
with the back the specimen. For the duration of mea-
surement, the specimen temperature was controlled
within 1-2 °C by adjusting the gas flow rate. After the
anisotropy measurements, the specimens were checked
by X-ray analysis to verify the existence of phase
transformation, and the anisotropy measurements were
repeated after the X-ray analysis. The M-H curves re-
ported here have had the usual para-magnetization
correction applied.

3.2.1. Measurements of the magnetic anisotropy of
austenite

The M—-H curves of the austenite at 60 °C are shown
in Fig. 14. The curves for the different orientations are
too close together to distinguish them in the figure.
The austenite saturation magnetization, msg, is 1080410
emu/cm’ at 60 °C. Several of these measurements were
performed on the same specimen at various tempera-
tures and the results are summarized in Table 2. The
negative value of K| indicates that the easy axis of the
austenite is along the [1 1 1] direction, but the preference
for [111] is slight.

3.2.2. Measurements of the magnetic anisotropy of
martensite

Magnetization measurements on martensite were
performed at temperatures of 20, 10, 0, and —20 °C and
under stresses of 0, —2, and —8 MPa in the [001] di-
rection. Typical M-H curves are shown in Fig. 15,
which are for sample T6 at a temperature of —20 °C and
under stresses of 0, —2, —8 MPa and in Fig. 16, which
gives M-H curves for the [100], [110], and [001]

1400

Magnetization (emu/cmg)

0 3500
Magnetic Field (G)

Fig. 14. The M-H curves for specimen T5 in the austenite state are
shown for three directions of applied magnetic field. There are three
curves present for the [100], [1 10], and [1 1 1] directions that are in-
distinguishable.
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Table 2
Summary of Fe;Pd; cubic magnetic anisotropy constants for the au-
stenitic phase is given at three temperatures

Temperature (°C) K, (x10° erg/ K, (x10° erg/

K, (x10* erg/

cm?) cm?) cm®)
60 348 -5 -6.6
50 3.58 -8 -3.5
40 3.66 -2 -18.4
30 3.77 -30 -9.4
22 3.94 -46 -4.7

The uncertainty in these results is +2 x 10% erg/cm?.

directions at —20 °C and —8 MPa. Data were collected
from all combinations of these temperatures and stresses
and they are reported in Tables 3-5 as the tetragonal
anisotropy constants given in Eq. (5). The martensite
saturation magnetization is found to be 1220 + 10 emu/
cm? at —20 °C.

The anisotropy constant of primary interest is
K; + K, given in Table 4. The data in this table show
two major trends. The anisotropy of the martensite in-
creases both with increasing compressive stress and with
decreasing temperature. Both effects tend to increase the
volume fraction of a single variant of the martensite. In
a completely unbiased state, a microstructure with equal
amounts of all three variants would appear isotropic. As
discussed above, application of applied stress along the
[00 1] direction of the crystal will favor the variant with
its c-axis in this direction. Increasing compressive stress
at —20 °C has the largest effect on the anisotropy as the
transformation to martensite is most complete at this
temperature. The data point at 0 °C and 0 MPa does not
fit the trends of the other points and clear explanation
for this behavior is known.

1400
oo} ==, ,
m’g | /; a4 i
s | " 4 [001] ]
S 7
E | A i
<L /a4
c ) / i
il o/
T - ! 7 E
= y i
2 V.
=) L /) .
= ,
7
= - ]
0
0 5000

Magnetic Field (G)

Fig. 15. Several M-H curves for specimen T6 with the applied field
along the [100] and [00 1] directions are shown. The specimen tem-
perature was held at —20 °C, and applied stresses of 0, —2, and —8 MPa
were used. The upper curves are for the [1 0 0] axis and the lower set for
the [00 1] axis. The solid curves are at an applied stress of —8 MPa,
dashed at —2 MPa and dot-dashed at 0 MPa.
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Fig. 16. The M—H curves of specimens T3 and T6 at —20 °C are shown
for a compressive stress of —8 MPa on their [0 0 1] directions. The solid
curves are from specimen T3, the orientation [00 1] curve is above the
[110] curve. The specimen T6 curves are dashed for the [00 1] orien-
tation and dot-dashed for the [100] orientation.

The data in Fig. 15 show that the [100] (a-axis) di-
rection is easier that the [00 1] (c-axis) direction. This
clearly establishes that the [0 0 1] direction is not the easy
direction in this material. For tetragonal symmetry the
remaining choices are an easy (00 1) plane or a pair of
easy directions in the [100] and [010] directions. The
data in Fig. 16 shows that the [1 0 0] direction is slightly
easier than the [110] direction. This indicates that the
martensite has a pair of easy axes, but the difference
from an easy plane is small compared to the difference
between the [100] and [00 1] directions.

To further support the conclusion that [001] is the
hard axis, one more measurement was performed on
specimen T3 with the applied magnetic field in the
[0.087,0.087,0.992] direction, which is 5° from the [0 0 1]
direction toward the [1 1 1] direction. This measurement
was done at —20 °C and under —8 MPa of applied stress
in the [0 0 1] direction. If the change in demagnetization
factor is neglected for this small amount of rotation, this
result can also be compared to the previous results. The
M-H curve in the [0.087,0.087,0.992] direction was
found to be easier than the curve for the [0 0 1] direction.

Comparison of all M-H curves, including ones not
presented here, shows that they all possess three common

Table 3
Tetragonal anisotropy constant Ky (x10° erg/cm?) at various tem-
peratures and stresses for Fe;Pd; sample T6 is given

Stress Temperature (°C)

MP:

(MPa) 20 10 0 -20
0 0.910 1.073 1.224 1.362

-2 0.966 1.090 1.168 1.419

-8 1.008 1.103 1.211 1.398

The uncertainty in these results is £2 x 103 erg/cm?.
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Table 4
Tetragonal anisotropy constant K; + K, (x10° erg/cm?) at various
temperatures and stresses for Fe;Pd; sample T6 is given

Stress (MPa)

Temperature (°C)

20 10 0 =20
0 -0.14 -1.22 -2.28 -1.93
-2 -0.51 -1.33 -1.68 -3.35
-8 -0.91 -1.47 -2.29 -3.44

The uncertainty in these results is +2 x 103 erg/cm?.

Table 5
Tetragonal anisotropy constant K3/4 (x10° erg/cm’) at various tem-
peratures and stresses for Fe;Pd; sample T3 is given

Stress (MPa)  Temperature (°C)

20 10 0 =20
0 1.82 1.48 1.15 -0.07
-2 2.20 2.04 1.53 1.17
-8 2.13 1.86 1.73 1.21

The uncertainty in these results is +2 x 103 erg/cm?.

features: first, all the [1 1 0] curves are close to each other
regardless the changes of temperature and stress; second,
similar to the [110] curves, all the [00 1] curves are very
close together; third, all the [00 1] curves are magneti-
cally easier than the [1 1 0] curves when the applied fields
are less than about 1400-1600 G. This behavior is related
to the details of the rotation of the magnetization under
applied field towards the final saturated state from the
demagnetized state as discussed above.

Conventionally magnetostrictive materials become
anisotropic on the application of applied stress. How-
ever the the low stresses applied here would only ac-
count for about 1% of the anisotropy observed,
assuming that the magnetostriction constant for Fe;Pd;
was in the typical range of A, ~ 107>, In these types of
materials it is hard to separate conventional magneto-
striction from variant rearrangement, but because of the
martensitic behavior observed in this material, it is as-
sumed that this measured anisotropy is an intrinsic
martensite single variant property. In addition, stress
induced anisotropy would not lead to the ferromagnetic
shape-memory behavior observed in this material. It is
not possible to directly compare the applied stress levels
to the stress required to move twin boundaries because
of specimen shape and microstructural interaction ef-
fects. These effects make it hard to isolate the stress
needed to move twin boundaries and quantify the stress
needed to move twins for a particular specimen and
microstructure geometry.

4. Conclusions
The measurements of the thermomechanical proper-

ties of Fe;Pd; presented above show that this alloy
undergoes a first-order structural phase transformation.

The latent heat and lattice parameter measurements
confirm this. However, the latent heat is an order of
magnitude smaller than other shape-memory materials
and the lattice parameters continue to vary with tem-
perature below the transformation temperature. Thus it
appears to be a weakly first-order material, which agrees
with Oshima [15] who reports it as “close to second-
order”. On the other hand, difference in the austenite
and martensite lattice parameters is quite large so in that
sense it is not near second-order.

Shape-memory materials such as CuAINi and NiM-
nGa show a sharp interface between austenite and finely
twined martensite. However, the microstructures in
Fig. 4 do not have this structure. Instead the martensite
appears in form of needles in an austenite matrix and
many of the austenite—martensite interfaces are curved.
Calculations using the crystallographic theory of mar-
tensite [33] show that one of the A-M interfaces in
Fe;Pd; should be close to 45° in Fig. 4. The tips of the
martensite needles observed in Fe;Pd; do tend to line up
along 45° lines, sometimes in a very pronounced manner.
This would roughly correspond to an austenite — very
coarsely twinned martensite interface. This behavior and
the presence of curved interfaces indicates that there is
not a large amount of elastic energy associated with these
microstructures. In theoretical terms this appears to in-
dicate that the microstructures in this material cannot be
predicted accurately by constrained theory [34], which
ignores elastic strains.

The boules of Fe;Pd; grown thus far have had sig-
nificant composition changes along their length. One
possible solution is to perform the growth process twice,
inverting the boule between the two runs. For now, this
variation has been used to assess the behavior of this
alloy over a small range of compositions. The phase
diagram developed in Fig. 7 shows that the transfor-
mations in this alloy are very sensitive to composition
changes. This measurement is in good agreement with
the results from Oshima [13-16] except the minor dif-
ference in the transition temperatures. For FSM be-
havior it is necessary to avoid transformations to the
BCT structure while maintaining the highest possible
FCC-FCT transformation temperature. A composition
with 30 at.% appears to be a good choice based on Fig. 7.

All of the magnetic measurements presented here
support the conclusion that Fe;Pd; in the tetragonal
martensitic phase has easy axes in the [1 0 0] and [0 1 0] (a-
axes) directions while [0 0 1] (c-axis) is the hard direction.
Magneto-mechanical measurements [35] also agree with
these conclusions. An FesPd; specimen under uniaxial
compression lengthens when a magnetic field is applied
along the same direction as the compression. This choice
of axes agrees with a previous study by James and Wuttig
[7], but disagrees with [29] and DFT calculations [36].
The reasons for these discrepancies are not clear. The
austenite was found to be only weakly anisotropic. The
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saturation magnetization of the austenite was found to
be 1080 emu/cm? at 60 °C which is slightly lower than the
value of 1220 emu/cm® at —20 °C found for the mar-
tensite. The area between the [00 1] hard axis and [1 00]
easy axis for the martensite was found to be about
3.44 +0.02 x 10° erg/cm?. This result is roughly one
order of magnitude smaller than the polycrystal mea-
surements in the literature [29]. The Curie temperature
for this alloy was measured to be 450 °C which is well
above the structural transformation temperatures for all
the compositions considered here. Thus both the aus-
tenite and martensite phases near the structural trans-
formation temperatures are ferromagnetic.

The anisotropy measurements at various tempera-
tures and stresses for samples T6 and T3 are summa-
rized in Fig. 16 and Tables 3-5. For sample T6, these
tables show that both temperature and stress have an
effect on the magnetic anisotropy. However, these are
primarily due to the extent that martensite is detwinned
by biasing stress. At a temperature of —20 °C an increase
in stress from -2 to —8 MPa results in an increased
anisotropy (K + K>) of 0.09 x 10° erg/cm?, while an
increase in the stress from 0 to —2 MPa results in an
increased anisotropy of 1.42 x 103 erg/cm?. This indi-
cates that the sample is approaching its fully detwinned
state under —8 MPa of compression. Thus a temperature
of =20 °C and a stress of —8 MPa should be used as the
minimum conditions for measuring the magnetic an-
isotropy of a single variant of martensite, however, the
temperature cannot be lowered significantly nor the
amount of compression significantly increased without
causing the undesirable FCT-BCT transformation. Be-
cause [110] M-H curve is in between the M-H curves
for the hard and easy directions, the material does not
have an easy plane.
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