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The present work describes the synthesis and characterization of Ni, .Fe Mn, Sn, Heusler alloys.
The constituent pure metals were melted in radio frequency induction furnace to form the alloy and
then cooled it quickly. The as-cast alloy was annealed at 850 °C for 24 h in vacuum and cooled in two
different conditions i.e. self-cooling at room temperature in air and sudden cooling at liquid nitrogen
temperature (quenched). The X-ray diffraction, scanning and transmission electron microscopic
techniques have been used for structural/microstructural characterization as well as chemical analysis
of the material. The effect of annealing and subsequent cooling in two different conditions has been
described and discussed in the context of evolution of B2 and orthorhombic martensite with lattice

parameter a= 0.65 nm, b=0.59 nm and ¢=0.56 nm.
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1. Introduction

With greater attention being placed on the sustainability
of development of materials in recent times, the focus is on
developing smart structures, which can combine contemporary
materials science with information technology. A typical smart
system comprises of a manifestation of functional materials
that can offer performance in multiple dimensions. To this
class of materials belong the Heusler alloys, which provide
an attractive area of research due to their ferromagnetic
and martensitic phase transformations because of which
they exhibit multiferroic behavior. Since their discovery in
1903, when Heusler! reported an unexpectedly high degree
of ferromagnetism in alloys comprising of an s-p element
added to the Cu-Mn system, the Heusler alloys became
important. After years of experimentation, it was found
that a typical Heusler compound has a face centered cubic
(FCC) structure which comprises, essentially, of an ordered
combination of two binary B2 compounds, XY and XZ,
forming the L2, structure, (Figure la). Both compounds
are derived from the CsCl type crystal structure. It appears
that the ability of compounds to form B2 structure can be
correlated with their ability to form new Heusler alloys. Alloys
with a structure essentially similar to the Heusler alloys that
consist of an unoccupied sublattice (out of the four present)
have also been discovered (C1, structure). These classes of
compounds are often referred to as half- or semi- Heusler
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alloys (Figure 1b). Extensive experimentation has confirmed
that most of the Heusler compounds order ferromagnetically
in stoichiometric composition®?.

Heusler alloys have attracted attention for many decades due
to their different interesting physical properties. They exhibit
ferromagnetic and shape memory effect simultaneously,
have been given more importance due to their potential
application for making devices. A class of such alloys with
general formula X, YZ (X=Ni, Co;Y=Mn;Z = Sn, Ga, In)
has become a subject of intense study because of the effects
like magnetic shape memory, magnetocaloric properties,
half-metallic behavior and exchange bias*’. The NiMnGa
alloy exhibits magnetic field induced strain recovery by the
mechanism of martensite variant reorientation and best-known
ferromagnetic shape memory alloy®. Crystallographic structure
of these alloys can be constructed from an arrangement of
four interpenetrating FCC sub-lattices, shifted towards body
diagonal and the chemical disorder within these sub-lattices
causes drastic changes in the physical properties’. These
alloys are known to exhibit first order diffusionless-phase
transformations'®. Such a phase transformation involves an
abrupt change in physical properties including the lattice
parameters'!. Properties of the material that are heavily
influenced by such changes, including the magnetization,
may be assumed to give rise to diverse properties, in general,
and electromagnetic properties, in particular, for different
phases'*!3. The effect of Co doping on the magnetic entropy
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Figure 1. (a,b) Schematic crystal structures full-Heusler and half- Heusler alloys. The lattice is consisted of 4 interpenetrating f.c.c.
lattices. In the case of the half-Heusler alloys (XYZ) one of the four sublattices is vacant. If all atoms were identical, the lattice would

be simply the bec.

changes in Ni,, Fe Mn, Sn , alloys has been studied and
a martensitic phase transformation was observed with Co
addition'. It has been reported that the NiCoMnSn shows a
strongly ferromagnetic austenite phase and a non-ferromagnetic
martensite phase'>!°. The transformation-induced strains with
and without applied magnetic field and magnetostriction
loops at different temperatures have been measured for
polycrystalline ferromagnetic and metamagnetic NiMnGa,
Ni Fe(Co)Ga and NiMnSn shape memory Heusler alloys'”.
A magnetic field oriented growth of martensitic variants
during the martensitic transformation in NiMnGa sample
was observed, however this effect was not pronounced in the
other two alloys. Such a phase transformation seems to be an
interesting area of research, dedicated towards developing
energy conversion and storage devices.

The present work deals with the synthesis of Ni, ,Fe Mn, Sn |
Heusler alloys and their structural and microstructural
characterization. The effect of slow and rapid cooling of
the annealed sample in context of phase evolution has been
addressed.

2. Experimental Details

All the metallic ingredients used in this study are
commercially available. High purity Ni (99.99%), Fe(99.99%)
and Mn (99.98%) were obtained from Sigma Aldrich and
Sn (99.96%) from Alfa Aesar. Alloy ingot of Ni,.Fe Mn,,
Sn, (this is known optimum composition) was prepared by
radio frequency induction melting of the constituent elements
corresponding to the requisite stoichiometric mixture in a
silica tube under argon atmosphere. Water was flown in the
outer jacket of the melting system to avoid the interaction of
the melt with Si and SiO, (quartz) tube. The ingot was melted
several times to ensure homogeneous mixing. The ingots
were annealed for 24 hours in vacuum at 850°C and the
as-annealed samples were then allowed to cool down under
two different conditions: (i) samples were rapidly quenched

(RQ) into liquid nitrogen and (ii) samples were coolled slowly
by furnace cooling. The structural characterization was carried
out by X-ray diffraction in reflection mode using the X’Pert
PRO PANanalytical diffractometer equipped with graphite
monochromator with CuKa radiation (A= 0.15402 nm) in
the Bragg-Brentano configuration. The device was operated
at the voltage and current of 40 kV and 40 mA respectively.
The diffraction parameters, scan step time (in seconds) and
step size (20°), were taken as 1.500 and 0.0200 respectively.
The structural morphology of all the samples were
analyzed using scanning electron microscopy (SEM) (FEI:
QUANTA 200) operated at 25 kV. Detailed microstrutural
investigation was performed through transmission electron
microscopy (TEM) in a FEI: TECNAI-20G? equipped with
single tilt sample stage, operated at 200KV. The chemical
composition analysis was done by energy dispersive X-ray
(EDX) analysis attached to the TEM.

3. Results and Discussion

Figure 2a shows the XRD pattern of as-cast Ni ,Fe Mn, Sn |
alloy which confirms the presence of only single phase
of FCC structure with a lattice parameter: a=0.608 nm.
Figure 2b, ¢ shows the XRD patterns of Ni Fe Mn, Sn
alloys annealed for 24 hours in vacuum at 850 °C and
cooled down under two different conditions i.e. cooled in
air and RQ in liquid nitrogen. The presence of a maximum
intensity peak of (220) along with the other peaks in the
XRD pattern reveals that the crystal structure of these two
annealed alloys broadening are nearly similar to that of
as-cast alloy. The annealed alloys exihibited extra peaks
(marked by arrow) this suggests the appearance of another
peak on annealing. However, the intensity of (200) peak in
the annealed alloys is more prominent compared to the as-
cast alloy. When compared with the XRD results of other
NiMn-based alloys'®, it showed that the Ni, Fe Mn, Sn,  alloy

40 10
undergoes a transformation from the FCC parent phase to the
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Figure 2. (a) XRD pattern of as-cast Ni,;Fe Mn, Sn  alloy, (b-c) XRD patterns alloys annealed for 24 hours in vacuum at 850 °C followed
by furnace cooling and rapid cooling in liquid nitrogen respectively.

orthorhombic martensite with lattice parameter a=0.65 nm,
b=0.59 nm and ¢=0.56 nm (Figure 2b, c).

The SEM micrographs of Ni, Fe Mn, Sn, alloys are shown
in Figure 3. The as-cast alloy (Figure 3a) exhibits a typical
martensite microstructure, consisting of self-accommodating
martensite plates, which is also present in the annealed and
subsequently furnace-cooled alloys (Figure 3b). It is clear
that two morphologies: one with a bright contrast and the
other one with a grey contrast, indicate that composition
segregation exists in the as cast alloy. However, in the as
annealed and subsequently the furnace-cooled sample,
as shown in Figure 3b, the difference of contrast caused
by segregation is not observed. Instead, the grey strips
with different sizes are identified as the martensite plates
with different orientations. The SEM image depicted in
Figure 3¢ shows the effect of annealing and subsequent RQ
treatment on microstructure, the homogeneous grains with
sharp grain boundary are observed and it is clear that the
chemical homogeneity is greatly improved in the annealed
and subsequently RQ alloy.

Further characterization of the as-cast as well as annealed
samples was carried out through TEM. Figure 4 shows the
TEM microstructure and the corresponding selected area

diffraction (SAD) pattern of the Ni,,Fe Mn, Sn  alloys i.e.
as-cast in Figure 4a, b, furnace cooled Figure 4c, d and annealed
subsequently RQ Figure 4e, f alloys, respectively. All the
micrographs Figure 4a, ¢, d, show submicron sized grains
in the range of 100-200 nm. A significant microstructural
variation has been observed in annealed and subsequently
RQ Figure 4d. The SAD pattern analysis of the alloys
confirms the formation of FCC Heusler phase, however both
the annealed alloys show the polycrystalline ring pattern
Figure 4d, f. This result is consistent with the XRD result,
which also reveals the formation of FCC phases with lattice
parameter a=0.608 nm. For the composition determination, a
quantitative Energy dispersive X-ray analysis (EDX) linked
with TEM was performed. Figure Sa, b present EDX spectra
ofthe Ni, ;Fe Mn, Sn  annealed and subsequently RQ alloy
from region A and B of Figure 4e respectively. Based on the
EDX quantitative analysis, the compositions of the alloys
(in at %) have been found to be Ni,, ,Fe,. Mn,, Sn ., which
are in close agreement to the stoichiometric proportions of
nominal compositions. Within the limit of delectability of
EDX, no discernible evidence of oxygen was detected in
the annealed alloy.
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Figure 3. SEM micrograph of (a) as cast, (b) annealed & subsequently furnace cooled and (c) annealed & subsequently rapidly cooled
Ni, FeMn, Sn  alloys.

(d)

Figure 4. TEM microstructure and the corresponding selected area diffraction (SAD) pattern of the Ni, ,Fe Mn, Sn alloys i.e. as-cast
(a-b), annealed and subsequent furnace cooled Figure 4c, d and annealed and subsequent rapidly cooled (e-f) alloys respectively.
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Figure 5. (a and b) Energy dispersive spectra of the annealed and subsequently RQ alloy from region A and B of Figure 4e respectively.
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4. Conclusions

Single phase Ni,Fe.Mn, Sn  Heusler alloy was
synthesized using radio frequency induction melting technique.
The reductions in the grain sizes compared to that of the bulk
counterpart were observed in the annealed and subsequently
RQ alloys. In the as-cast sample, micron size grains were
found while in the annealed and subsequently RQ alloy,
submicron size grains with high-density grain boundaries
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