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Abstract Ni-Mn-Ga Ferromagnetic Shape Memory Alloys (FSMA) are highly interested in industrial actuators and
energy harvesters because of its uniqueness in microstructure and multiple phases of these materials at different tempera-
tures. The type of crystal structure, lattice parameters and magnetic properties depend on the alloy composition. The trans-
formation and crystallographic properties are usually mapped to average number of valence electrons per atom. The present
work deals with the fundamental characterization of single crystal and polycrystalline nature of these alloys. Though, the
polycrystal shows low magnetic field induced stain (MFIS), the easy preparation techniques and cost effective aspects
compared with the single crystals makes an impressive interest in dealing with that. The structural, thermal and magnetic
parameters are observed and compared for these single and polycrystals.
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1. Introduction

Ferromagnetic Shape Memory Alloys (FSMAs) are a
new class of active materials that have generated consider-
able interest among the scientific community. They are next
generation to Shape Memory Alloys (SMAs), and they
share many common properties with SMAs. Conventional
SMAs are slow, especially in cooling, thus limiting their
efficiency in applications. On the other hand, FSMAs show
larger Magnetic Field-Induced Strain (MFIS) with quick
response at low frequencies than the other active materials
such as piezoelectric and magnetostrictive materials[1].

Two alloy systems have predominantly demonstrated
field-induced strain, 0.5%[2] in Fe-Pd and 6-10%][3-7] in
Ni-Mn-Ga. Ni-Mn-Ga FSMA is focused among the differ-
ent types of active materials because of their large field
induced strain[8,9]. They show upto 10% strain response to
an applied magnetic field by the twin boundary motion pre-
sent in the martensite phase[7]. This is the main advantage
of the material; it would overcome the ‘frequency bound’ of
the conventional SMAs.

Both the magnetic shape memory effect and the me-
chanical properties of single crystal Ni-Mn-Ga alloys vary
significantly due to strong dependence on crystal structure,
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material composition, initial microstructure, and variant
volume fraction[10-30]. Material composition plays a criti-
cal role in the determination of the martensite to austenite
transformation temperatures. It has been observed in par-
ticular that the martensite start temperature of Ni-Mn-Ga is
sensitive to composition[9,13,15]. For practical applications
of Ni-Mn-Ga, it is necessary to use material compositions
that place the austenite to martensite transformation tem-
perature well above the expected operating temperature.
This is important because the effects of martensite crystal
structure, temperature and maximum strain capability are all
interrelated.

Material composition must be considered as an important
parameter for practical applications. The present work is
tried to explain about the composition significance in struc-
tural, thermal and magnetic properties of these alloys in
single crystal as well as polycrystal.

2. Experimental Procedure

2.1. Single Crystal Preparation

The single crystal used for this work is received from Prof.
Robert C. O’Handley, MIT, USA. Usually the Ni-Mn-Ga
single crystal is prepared by the Bridgman technique.
High-purity nickel, manganese and gallium are arc melted
into buttons and then drop cast into a chilled copper mould.
As-cast ingots are placed in an alumina crucible and heated
at 1350°C for one hour for homogenization. The crucible is
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then withdrawn from the hot zone at a minimum rate per
hour. In order to reduce the evaporation of manganese during
the crystal growth, the furnace is back-filled to a positive
pressure of 6.8 x 10°Pa with purified argon gas after the
chamber has been out gassed at 1350°C under vacuum. A
piece is cut along the length from the crystal which is heat
treated at 900°C for 24 hrs in a purified argon atmosphere.
The samples are wire-cutted for various characterizations.

2.2. Polycrystal Preparation

The polycrystalline ingots are produced using an
arc-melting furnace. The arc melting furnace consists of a
copper plate as hearth, which is maintained at room tem-
perature by water circulation. The grooves in the plate are
used as containers for melting the raw materials. A vacuum
of up to 10~ m.bar is created inside the chamber and flushed
with high pure argon gas before melting process. During
melting, the chamber is completely filled with argon gas.
The intensity of the arc for melting the samples can be
reached by increasing the power to the Tungsten electrode.

The raw materials of 4N purity are weighed in the
stoichiometric ratio. The materials in the chunk and granules
form are used for melting. As the powder sometimes flies out
of the copper plate due to the force of arc, shifting the
stoichiometry, the powder is made into granules for melting.
After the first melt, all the ingots are reverted to their same
place and melted again in the argon atmosphere. This melt-
ing procedure is repeated up to 6 times to ensure a good
homogeneity in the sample.

After melting, the samples are sealed in quartz ampoules
filled with argon atmosphere. Thermal treatment is carried
out in a box furnace with 1100°C for 10 days for the phase
transformation. The samples are kept in a furnace for a long
time to form the required phase structure. Quenching process
is done to stabilize the phase. Table 1 shows the different
compositions of Ni-Mn-Ga single and polycrystals.

Table 1. Nominal compositions (at %) of the Ni-Mn-Ga FSMA alloys
used in this work for the characterization studies

Sample Name Ni Mn | Ga
Single Crystall | 48.3 | 33.1 | 18.6
Single Crystal 2 | 48.2 | 31.7 | 20.1

Polycrystal 1 50 25 25

Polycrystal 2 48 26 26

3. Characterization of Ni-Mn-Ga Alloys

3.1. Structural Studies

X-Ray Diffraction (XRD) pattern is used to study the
structure of the prepared samples. The samples are crushed
into powders. Then the crushed Ni-Mn-Ga powders are
annealed in an inert atmosphere at 500-700°C for 3 hours to
remove the residual stresses imparted during the crushing of
the samples. The powder X-ray diffraction data are collected
at room temperature using an 18 kW copper rotating an-
ode-based powder diffractometer fitted with a graphite

monochromator in the diffracted beam. The data collection
in the 20 range of 10-80° is carried out using scintillation
counter with the scan rate of 2°/min. Figure 1 & 2 shows the
XRD pattern for Ni-Mn-Ga single crystals.
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Figure 1. X-ray diffraction pattern of the single crystal 1. The reflectio-

peaks are indexed in the figure
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Figure 2. X-ray diffraction pattern of the single crystal 2. The observed
dominant peak is indexed as (220)

The characteristic reflections are indexed by comparing
with the reported literatures[16,18]. The (220), (022), (422)
reflection peaks are identified in single crystal 1. The struc-
ture of the crystals is identified as tetragonal one. The lattice
parameters of the single crystal 1 and single crystal 2 are a =
b = 0.5932nm, ¢ = 0.5606nm, a = b = 0.5941 and ¢ =
0.5618nm respectively. It confirms that the material is
martensite at room temperature. A slight change in compo-
sition does not affect the crystal structure of the material but
the cell volume drastically increases. The atomic radius of Ni,
Mn and Ga are 0.125nm, 0.127nm and 0.141nm respectively.
The cell volume increases when Mn atom replaces Ni and Ga
replaces Ni and Mn as the size of the atom is high. The cell
volume decreases when Ni atom replaces Mn and Ga. The
dominant single peak in the diffraction spectra shows the
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single crystal nature of the samples. Figure 3 and 4 show the
X-ray diffraction pattern of Ni-Mn-Ga polycrystals.
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Figure 3 & 4. X-ray diffraction pattern of the polycrystal 1 and 2 respec-
tively. The The reflection peaks are indexed in the figure

The dominant peaks confirm the Ni-Mn-Ga alloy. The two
different compositions show their dominant peaks in same
angle. But their intensities are different. A stoichiometric
polycrystal 1 alloy has cubic, Heusler type crystal structure
[31,32] with lattice parameter a = b = ¢ = 0.5828nm at room
temperature. In polycrystal 1, (400) peak is also observed
which is the reflection of the cubic phase of the alloy[18,19].
Since the reflection peaks for the tetragonal or orthorhombic
phase is not observed from the diffraction pattern, it is iden-
tified that both polycrystal samples are in cubic phase at
room temperature. The lattice parameter for the polycrystal 2
isa=b=c=0.586nm.

In general, the peak occurred at lower angles with the (200)
reflection peak exhibits the orderdered structure of the
crystal. We have not observed the (200) peak in our samples.
The (220) peak observed here reflects the L2, structure in the
samples. The (220) reflection peak does not show any peak
splitting.

Usually the peak splitting in the peak reflects the ortho-
rhombic structure[20]. Though our samples exhibit the cubic

structure with dominant (200) peak, we cannot observe any
splitting in the figure. The splitting may occur in the mart-
ensite phase of the sample. Table 2 shows the lattice pa-
rameters and their unit cell volume of prepared Ni-Mn-Ga
alloys.

Table 2. Lattice parameters of the crystals observed from the X-ray
diffraction pattern studies
Lattice parameters Unit-cell
Composition (nm) volume c/a
a b c (nm®)
Nisg3Mns31Gage | 0.5932 | -- | 0.5606 0.1973 0.9450
NigsoMnz7Gazor | 0.5941 | -- | 0.5618 0.1983 0.9457
NisoMn,sGays 0.5828 | -- - 0.1980 -
NisgMnycGag 0.5860 | -- - 0.2012 -

3.2. Thermal Studies

Whenever the phase transformation occurs from marten-
site to austenite, energy is released or absorbed. This can be
measured by Differential Scanning Calorimetry (DSC). The
martensite transformation strongly depends on the composi-
tion. A small change in the composition may lead to a large
shift in the transformation temperature. But the Curie tem-
perature is less sensitive to the composition. Figure 5 is taken
for the Ni-Mn-Ga single crystals. The graph is plotted be-
tween the heat flow and temperature. The graph shows first
order (martensite) and second order (magnetic) transforma-
tion temperatures of the sample. In single crystal 1, the
martensite finish temperature (My) starts in the temperature
region of 308 K. The peak has some fluctuations. These
fluctuations may be due to the existence of allotropic trans-
formation in the solid-state.
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Figure S. Thermal transformation studies of the Ni-Mn-Ga single crystals.
The results are obtained from the DSC

The sharp peak in the cooling reveal the martensite tem-
peratures such as martensite start (M), and martensite finish
(Mp). Similarly sharp peak in the heating curve explains the
austenite start (A,) and finish (Ay) temperatures. This trans-
formation studies are highly helpful to find out the marten-
site and austenite regions of the sample. The martensite
phase ends at 325 K and austenite starts at 326 K ends at 341
K. There is a small kink at 366 K. It is due to the change of
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second order magnetic transition. This temperature is called
as Curie temperature. The sharp transition in the curve re-
veals that the homogeneity is retained in the alloy and the
result coincides with work of Richard et al[16]. In single
crystal 2, the first order solid to solid transformation of the
material occurs in the range temperature range between
299-316 K. The second order magnetic transformation oc-
curs at 376 K. Sharper peak in the transformation tempera-
tures is expected because of their tetragonal structure in the
martensite phase. Figure 6 shows the heating and cooling
curve for the polycrystal 1.
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Figure 6. Thermal transformation studies of Ni-Mn-Ga polycrystal 1
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The heating and cooling curves are obtained from the DSC
Figure 7 and 8 heating and cooling of the polycrystal 2 is
split for interpretation purpose. The martensite phase in these
structures is observed at the low temperature range. In the
case of polycrystal 2 it is extremely low.
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Figure 7. Thermal transformation of Polycrystal2 during the heating
process

The composition of the crystals is a reason for their low
temperature phase transformation. The transformation tem-
peratures observed form the DSC measurements for the
polycrystals and single crystals are tabulated in the Table 3.

Table 3. Thermal transformation temperature of the Single Crystall (SC1),
Single Crystal2 (SC2), Polycrystall(PC1) and Polycrystal2 (PC2)

Sam- Transformation Hyst T
ple Temperatures (K) ela | ere- K°

Name | M; M, A, A T. sis

SC1 308 | 325 | 326 | 341 | 366 | 7.70 | 11 310.5

SC2 299 [ 305 | 309 | 316 | 376
PC1 267 | 272 | 312 | 318 | 278
PC2 183 | 217 | 260 | 270 | 345

7.64 | 16 333
7.50 | 46 295
7.40 | 53 243.5
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Figure 8. Thermal transformation studies of the Ni-Mn-Ga polycrystal 2.
The result shows the cooling curve obtained from the DSC
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Figure 9. The thermal transformation temperature is correlated with the
e/a ratio of the prepared compositions

Table 3 shows the transformation temperatures obtained
from the DSC curve. The transformation temperature in-
creased when Mn replaces Ga atom and it decreases when
Mn atom replaces Ni atom. The obtained results coincide
with Chernenko et al[9] and Wirth et al[21]. Kokorin et al[8]
reported that the decrease in unit cell volume increases the
transformation temperatures of the alloy. The results ob-
tained in our work agree well with Kokorin et al’s[8] work.
The decrease in unit cell volume is confirmed from the dif-
fraction studies.

The electron to atom ratio plays a vital role in determining
the transformation temperatures. Jin et al (2002) found a
relation between e/a and T, and it is expressed as
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T=702.5 (e/a) — 5067 K
The transition temperature of the prepared alloys linearly
increased with the e/a ratio of the compositions. It is in good
agreement with the Jin et al’s work[22].

3.3. Magnetic Studies

The magnetic characteristics of the single crystal and
polycrystal alloys are studied through the Vibrating Sample
Magnetometer (VSM). The isothermal magnetization as a
function of field at room temperature is done for the alloys.
The magnetic moment Vs Magnetization curve is plotted for
the prepared alloys.

The magnetic studies of the single crystals are shown in
figure 10. The saturation magnetization of the single crystal
alloys is comparatively lower than the polycrystal. It is be-
cause of the tendency to align the domains in the field is
comparatively good in the single crystals. The very low
coercivity of the crystal should be useful for their actuator
applications. The crystal structure of single crystals plays a
vital role in determining the magnetic moment of the mate-
rial. In the L2, ordered structure, Mn atom possess a large
magnetic moment of 3-4pB.

In this structure, ferromagnetic coupling between two Mn
atom is taking place when the Mn occupies the ‘b’ site with
high atomic order. However, anti-ferromagnetic coupling
will occur if the Mn atom occupy a wrong sites (usually Mn
atom occpies d site) in an atomically disordered case. The
magnetic parameters are tabulated in the Table 4.
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Figure 10. Magnetization curve for SC1 and SC2 recorded by VSM

Table 4. Magnetic Parameters of the Ni-Mn-Ga single and polycrystal
alloys obtained from the VSM

Sample Name | e/a | Remanance | Coercivity Mg
SC1 7.70 0.0134 87.75 0.3893
SC2 7.64 0.0269 85.66 0.6340
PCl 7.50 0.0740 50.706 5.6034
PC2 7.40 0.2130 39.083 9.4893

Ferromagnetic behavior is observed in figure 11 with
steep rise at lower field and tendency to saturate at higher
fields in the polycrystals. The in plane hysteresis loop of the
samples exhibited a saturation field around 5000 G. In
polycrystal 1, the magnetic moment at the saturation mag-

netization is around 5 emu which is lower than polycrystal 2.
The saturation magnetization of the curve also depends on
the composition of the structure. The interaction between the
Mn atoms also plays an important factor in fixing the satu-
ration magnetization of the alloys.
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Figure 11. Magnetization curve of PC1 and PC2 recorded by VSM
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Figure 12. Magnetic saturation against the e/a ratio of the prepared alloys

The very small coercive field signifies the extremely soft
ferromagnetic character of the sample. Figure 12 shows that
the saturation magnetization of the prepared alloys decreases
with the increasing e/a ratio of the compositions.

4. Conclusions

Structural, thermal and magnetic studies are carried out
for Ni-Mn-Ga Single and Poly Crystals. The structural study
confirms the presence of the martensite structure in the sin-
gle crystal alloys and the austenite phase in the polycrystal
alloys. The thermal measurements evidence the phases pre-
sent in the alloys with their transformation temperatures. The
room temperature martensite structure is confirmed and the
transition temperature is calibrated through DSC data. The
magnetic nature of the alloys is identified through VSM
studies. The magnetic parameters such as saturation mag-
netization, coercivity and remanance are identified and
analyzed with e/a ratio. The mechanical studies and ferro-
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magnetic shape memory effect of these crystals have to be
studied in the near future.
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