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Abstract

The tuning of Heusler alloys with respect to stoichiometry and their effect on martensitic transformation has been
investigated very little by various researchers. Thus, the effect of change in ferrous (Fe) concentration of the alloys and its
effect on mechanical and magnetocaloric properties of Niso.xFexMn3oSnao.,Iny alloys were investigated where Fe was varied
fromx =1, 2, 3, and 4 to find its significance. An increase in Fe concentration to Fes leads to a considerable improvement in
the alloy's mechanical properties and crystal structure. The compressive strength of the alloy rose by 123% for Fes substitution.
When comparing the identical materials with and without Fe addition, the ultimate stress (US) and ductility are improved by
124 and 200%, respectively, while toughness rises by 48 times. The Fe concentration variation also enabled a martensitic

transformation in the 36.8 to 19.83 °C range of refrigerator applications.
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1. Introduction

Air conditioning and refrigeration are depleting the ozone
layer due to the increasing human usage of these technologies.
Traditionally, refrigerant gases like chlorofluorocarbons
(CFCs) have been used in refrigeration and air conditioning.
Over the years, it's been demonstrated that these chemicals
contribute significantly to the destruction of the ozone layer.
To provide a safer living environment for everyone on the
planet, a better cooling system that does not use ozone-
depleting gases is required. As an alternative to the present
system, magnetic cooling has been devised. In contrast to
vapor compression technology, magnetic cooling does not
produce hazardous compounds and is thus considered the
cooling technology of the future. Magnetic cooling makes use
of magnetic materials and employs adiabatic demagnetization
to achieve cooling. Magnetic cooling requires the use of a
high-intensity magnetic field source coupled with a material
capable of withstanding high body temperatures.l A first-

! Department of Mechanical and Manufacturing Engineering,
Manipal Institute of Technology, Manipal Academy of Higher
Education, Manipal, Karnataka, 576104, India.

2 Department of Physics, Malnad College of Engineering, Hassan,
Karnataka, 573202, India.

3Advanced Magnetics Laboratory, Defense Metallurgical Research
Laboratory, Kanchanabagh, Hyderabad, Telangana, 500066, India.
*E-mail: murthy.brn@manipal.edu (BRN Murthy)

© Engineered Science Publisher LLC 2022

order martensitic transformation occurs in Heusler alloys
when the original austenitic phase of the material is sheared,
resulting in a martensitic transition of the first order. This
alloy's martensitic transition is crucial because the material
may retain its properties while undergoing martensitic
deformation and then convert back to its austenitic state. The
Heusler alloy stochiometric most commonly used is XoYZ,
where X and Y are transition-metal elements, and Z is a main-
group element.®! Magnetic Heusler alloys can have a memory
effect similar to a magnetic shape memory alloy when they are
produced. When strain is applied during the martensitic stage,
alloys tend to show a significant strain.

Heusler alloys, which are rich in Ni and Mn, have gained
importance ever since their discovery.[ Continued research on
Ni-Mn-In-based alloys where compositional modifications
were achieved by the replacement of Fe-Sn was of particular
interest.! In the vast majority of studies, it was discovered that
Ni combining Mn and Sn at various compositions has the
potential to exhibit favorable properties.**2 When the
stoichiometry of the compositions is changed, the alloys go
through a phase transition from the L0 martensitic phase to
the L2; austenitic phase.’*' A variety of applications
involving near-room temperature (25 — 35 °C) use of these
alloys are possible because of their magnetocaloric,
martensitic, and mechanical characteristics.['>8] Because of
the brittle character of the alloy, it has a limited range of
application possibilities. The brittle nature of the alloy results
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in its lower application use. Many researchers have also
observed a decrease in the manganese concentration and its
influence, as well as a decrease in the magnetic characteristics
of the material.*¥!

The application possibilities of all alloys to undergo the
martensitic transition and change at or near ambient
temperature are critical. NisoxFexMn3oSnao.yIny undergoes
martensitic transformations at room temperature. The
following alloys were identified as capable of martensitic
transition based on their electron atom (e/a) ratio. When there
is a drop in the Curie temperature (Tc) accompanied by a small
rise in e/a. Above this concentration, the system is martensitic
at room temperature (Rt), and then Tc falls quickly as e/a
increases. This abrupt change in the e/a dependency of the
Curie temperature is ascribed to a difference in the
ferromagnetic exchange process between the martensitic and
austenitic phases. In the following work, the addition of Fe to
the alloy and its effect on the mechanical characteristics along
with the changes in annealed and non-annealed Heusler alloys
were studied and correlated.

The novelty of the work is to reduce the processing
window of the martensitic transformation temperature to near
room temperature by changing the concentration of Fe and
studying its effects on mechanical characteristics. No work has
been identified on Ni-Mn-Sn-Fe-In-based quinary heusler
alloys and their changes in mechanical characteristics based
on tuning the stoichiometry composition.

2. Materials and methods

Samples of alloys weighing 5 g each were created in an argon
environment utilizing just a vacuum arc melting furnace in a
water-cooled copper (Cu) crucible. All other processes such as
sintering and pit furnace melting were avoided when the
feasibility and better quality of prepared alloys were
considered. After determining the concentrations of Ni, Mn,
Fe, Sn, and In (99%), the alloying elements were weighed in
accordance with the stoichiometry previously determined. The
electron per atom (e/a) ratio, which is quintessential in tuning
the martensitic transformation, was determined. Here, the
valence electrons per atom for nickel, manganese, tin, iron,
and indium are 10, 7, 4, 8, and 3, respectively, and the atomic
weight percentage is indicated as at% as seen in Equation (1).
Electron concentrations in the outer shells can be calculated
according to Equation (1). This helps in maintaining the
composition of the alloy systems near room temperature and
keeps the e/a of the alloy between 7.80 — 7.70 such that it
shows near room temperature martensitic transformation.

e/a = 10x(Ni at.%)+7x(Mn at.%)+4x(Sn at.%)+8x(Fe at.%)+3x(In at.%)

100

)
The vacuum unit of the furnace system is composed of rotary
and diffusion pumps, capable of producing vacuums up to 106
mbar. After the alloys are melted fully, they are hardened to
avoid being re-melt and followed by the tweezer mechanism
utilized to re-melt the crystals. To ensure the specimen's
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compositional homogeneity, the melting, solidification,
turning over, and final re-melting operations were repeated
four times.

Ni49Fean3OSnlgIn2, Ni4gF€2Mn3oSn161n4, Ni47Fe3M1’130—
Snislne, and NissFesMn3pSnizlng alloys were formed when
annealed for 48 hours at 750 °C surface oxidation. Another set
of alloys of composition was left as-cast for comparing the
results. A section of the alloy was cut and placed on a
conventional electron microscopy imaging plate, and a
rectangle-shaped specimen was cut from the alloy and used to
measure X-ray diffraction (XRD). The XRD patterns from the
alloys were recorded using a high-resolution X-ray
diffractometer (X'Pert PRO PANalytical) with a filtered Cu
Ko radiation of 0.15410 nm. A curved graphite
monochromator was used to run the diffractometer at 40 kV
and 30 mA. A continuous 0-20 scanning was performed across
the diffraction angle 20 in the 10° < 28 < 90° range, which
covers the range of the typical diffraction peaks. The results
were collected at ambient temperature as well as at selected
temperatures ranging from 298 to 400 K. The lattice expansion
and phase transition of an alloy can be investigated using
temperature-dependent  experiments. Scan steps were
performed on all various alloy samples between diffraction
angles 35 and 70° at a slow scan rate of 0.02 °/minute for a
predefined time of 2-4 s. The positions of XRD peaks are
determined with remarkable precision by using a large time
frame and a small angular range. Crystalline phases of various
alloy set formed with the standard patterns, and the obtained
XRD patterns were compared to those of previously
recognized crystalline phases.

Polycrystalline samples weighing 20 mg were cut from the
samples for differential scanning calorimetry (DSC) analysis.
The test was performed on the specimen after it was grounded
using 2500-grit paper to ensure total thermal contact. The
measurement was performed in a METTLER-TOLEDO DSC
at a cooling and heating temperature of -70 to 127 °C at a rate
of 10 °C/min. The test was conducted in a fine-air-cooling
system. The 20 mg sample was put in the DSC cell after being
enclosed in an aluminum cup with a cover.

A high-resolution microscope was used to capture images
that were inspected and analyzed in order to study various
microscopic features and their distributions. A combination of
XRD and field emission scanning electron microscope
(FESEM) imaging was done to investigate the microstructure,
while FESEM imaging was used to identify the microstructure.
The microstructure imaging was done using FESEM Carl
ZEISS make Gemini Scanning Electron Microscope (SEM)
300 with a probe current of 3 pA to 20 nA. The completed
sample was polished using 3-micron and 1-micron diamond
sheets, resulting in a mirror-like surface. Numerous research
projects and a review of the literature revealed that Heusler
alloys (including those with alloys added) should be etched
with the Marble's reagent to get the desired microstructure.
The reagent formula comprises 10 g of CuSO4, 50 mL of HCI,
50 mL of water, and trace quantities of sulfuric acid to increase
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its activity. The samples were etched for 20 seconds following
previous studies.

3. Results and discussions

3.1 Microstructure and crystal structure

After the alloy is formed by repeated remelting, it is annealed
for 48 h at 750 °C. During annealing, diffusion kinematics is
triggered at a higher rate, decimating the dendritic structure
and forming a well-distributed grain structure. The dark region
seen in the SEM is the Mn element as per similar results from
previous works.?d Fig. 1 shows the microstructural changes
occurring as a function of time at 750 °C. There is a
consolidation of phases seen clearly in SEM images before
and after annealing where the multiphase microstructure is
converted to single-phase microstructures as shown in Fig. 1.
The coarser dendrites seem to be broken and fine grain, well-
dispersed phases are seen. The dendrites generally show
inhomogeneity in the chemical composition at the microscopic
level from location to location or dendrites to dendrites. The
dendritic structure generally shows inhomogeneity in the

properties throughout. The small dark spot shown in SEM
corresponds to the Mn-rich phase, which is in accordance with
various other works.[*]

The composition of the alloy was checked using the
energy-dispersive X-ray Spectroscopy (EDS) analysis
technique. Table 1 depicts the average composition of the alloy
at varying x and y values. The results envisage the
homogenous alloying of all four compositions, Niso-
<FexMn3oSnaoyIny, where 1 <x <4;and2 <y <8.

Table 1. EDS results of arc melted Niso«FexMn3oSnzo.yIny alloy,
where | <x<4;and2<y<8.
Composition (wt%)

X y Ni Mn Sn In Fe

1 2 374 26.63 3127 3.93 0.77
2 4 37.04 26.52 27.28 7.04 1.12
3 6 37.0 2691 2359 1068 1.37
4 8 36.88 2692 2091 1374 1.75

The values are accurate within + 0.1% error.

Fig. 2 SEM image of NisoxFexMn3oSnzo.yIny alloy with (a) x =1; (b) x =2; and (¢) x =3; x = 4.

© Engineered Science Publisher LLC 2022

Eng. Sci., 2022, 17, 303-308 | 305



Research article

Engineered Science

Figure 2 illustrates the variation in the alloy caused by
altering the Fe concentration following a homogenization heat
treatment. As noticed originally at Fei, the spots are shrinkage
pores that are commonly produced during the ingot casting.
While research indicates that Fep and Fes have previously
demonstrated comparable results.?! The continuous matrix
phase and scattered phase are represented by the light and dark
contrasts in Fe,, Fes, and Fes, respectively. The phase's volume
increases steadily from Fes to Fes. Fine eutectic
microstructures between the Heusler phase (light region) and
the y phase (dark region) are being shown. The eutectic
structure has a cellular morphology and the solubility of the y
phase is reduced and seen that with the increase in Fe
concentration, the y phase also increases.?!

Additionally, the XRD data suggests that the inclusion of
Fe4 results in the development of two phases, i.e., a face-
centered cubic (FCC) phase and a B2 austenite phase.?>?! [t is
clear from the XRD data that the peak intensity rose as the Fe
concentration of the alloy was increased as shown in Fig. 3.
(The combined XRD images of specimens A, B, C, and D are
given in Fig. S1, where it represents NisFeiMn3oSnislng,
Ni43F ezMn3oSn161n4, Ni47F e3Mn3oSn14ln6, and Ni46F e4Mn3o-
Sni»lng, respectively).
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Fig. 3 X-ray diffraction patterns of the NisoxFexMn3oSnao.yIny
alloy with various phases formed at the highest Fe concertation.

3.2 Mechanical properties

Heusler alloys based on Ni-Mn-Sn are known to be extremely
brittle. Due to this critical feature, its applicability is limited to
areas under room temperature conditions. To assess the
material's brittleness, a compressive test was performed in a
universal testing machine (UTM) with the length-to-diameter
ratio of the test sample being less than 1.5, as a greater ratio
results in findings that are erroneous. Fig. 4 shows the stress-
strain curve under compressive load. The ultimate strength
(US) of the Heusler alloy increases from 374 to 837 MPa with
the addition of Fes.

The results of the test are shown in Table 2; it can be
observed that when the Fe content increases from 1 to 4, the
ductility and US of the specimen tend to rise i.e., 200 and
124 %, respectively. The area under the curve represents the
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toughness, i.e., when the Fe concentration is increased, the
toughness is increased by 500% for maximum substitution
(Fes) in comparison to Fe; as shown in Table 2 where Alloy 1,
2,3 & 4 are Fey, Fey, Fes and Fea.

Table 2. Increase in stress with the increase in Fe concentration
in the alloy.

Alloy  Changein Change in Change in
Ultimate Stress Ductility at peak ~ Toughness w.r.t
w.r.t Fei(%) w.r.t Fei(%) Fei1(%)

2 44.38 50 110

3 50.51 100 190

4 124 200 500

The inclusion of Fe in the alloy in stages 1 to 4% leads to
the formation of the nickel martensite phase. This results in the
formation of the FCC phase structure, as shown in the XRD
data. This supersaturated phase of Fe-Ni martensitic with an
FCC structure possesses exceptional strength and toughness. %!
This freshly formed face is diametrically opposed to the iron-
carbon phase. As the Fe concentration grows in proportion to
the Ni concentration during the martensitic transformation, the
resulting material has a hexagonal closest-packed (HCP)
structure. The addition of Fe strengthens the supersaturated
Fe-Ni phase. Further annealing of the specimen precipitates
out the intermetallic and other solute-rich phases. The strength
grows further as a result of this precipitation. Thus, by adding
Fe, the alloy's ductility and the US are increased, enabling it
to be used in previously unsuited applications due to the alloy's
brittle nature. The ductile phase produced in the alloy as a
result of this process limits the fracture propagation at the
borders. The energy required to propagate the fracture further
increases as the yield strength of the material is increased. As
a result, the inclusion of Fe enhances the ductility, strength,
and toughness of the alloy.
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Fig. 4 Compressive stress-strain curve with varying Fe addition.
3.3 Martensitic transformation (MT)

According to the findings of the DSC study, heat output
ranging from -70 to + 120 °C was achieved. The findings of
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four different alloys are depicted in Fig. 5. The peak value of by changing the weight% of iron in the alloy, allowing it to
Ap in the M-A transition is shifted off in the austenite start (As) operate within the temperature range (36.8 to 19.83 °C.) of

and austenite finish (Af), resulting in a peak value (Ap) in the
M-A transition. The martensitic start (Ms) and finish (Mf)
points are denoted in Fig. 5. It appears that the transitions took
place above room temperature. One of them is near room
temperature, according to the data.’>?71 This is owing to a
significant change near the moment of temperature reversal in
the measurement, which makes the peaks less prominent.
When the cooling and heating data are shown separately, the
results are interpreted in the appropriate way. As the Fe content
of the alloy increases, the peak height decreases, resulting in a
larger zone. The transformation temperatures are depicted in
Table 3.
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Fig. 5 DSC curves of alloys with variation in Fe substitution.

Table 3. Martensite start-finish and Austenite start-finish

temperatures of four sets of alloys.

Alloy Martensite Martensite Austenite Austenite
Start Finish Finish Start
(Ms/°C) (Mf/°C) (Af/°C) (As/°C)

1 36.8 15.66 12.33 38.27

2 34.33 12.56 4.83 29.64

3 29.83 10.83 0.66 28.42

4 19.83 5.66 0.66 27.45

4. Conclusion

The Fe content of the Heusler alloy has been effectively
increased in order to lower the martensite transition
temperature. Dendrites of rougher texture are refined after
they have been homogenized. The martensitic transition
occurs with the addition of Fe throughout a large temperature
range, ranging from 36.8 to 19.83 °C. It also significantly
increased the alloy's compressive strength, which increased
from 380 to 850 MPa. Comparing the same materials with and
without Fe, the US and ductility rise by 124 and 200%,
respectively, but toughness increases by 48 times as compared
to the same materials with and without Fe addition. It is
possible to adjust the martensitic transformation of the alloy

© Engineered Science Publisher LLC 2022

refrigerator applications. Thus, scaling up of the alloys formed
can be used for suitable magnetic refrigeration systems.
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