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Abstract

Ni-Mn-X (X — Ga, Sn, In, Sb) based ferromagnetic Heusler alloys are deemed to be
multiferroic materials with the multiferroicity realized by engineering reversibility through
composition tuning, of an inherent first-order diffusionless martensitic phase transformation
and a second-order magnetic transition accompanying the first with the application of an
electromagnetic field. Martensitic phase transformation transforms high-temperature
austenite phase to low-temperature martensite phase while magnetic transition changes the
electromagnetic ordering in the phases. The engineered reversibility of the
magnetostructural transformations is brought with remarkable functional changes such as
change in entropy, saturation magnetization, strain recovery, etc. that offer great scope for
applications. There are examples in literature of such alloys with great potential for
magnetic refrigeration by virtue of a giant entropy change, or with potential for magnetic
shape memory effect because of giant magnetic field-induced strains. However, the most
interesting characteristics of these alloys is their ability in the conversion of waste heat into
electricity on account of the sudden thermally induced surge in saturation magnetization

around the phase transformation, suitably utilized to generate electricity.

A majority of these ferromagnetic Heusler alloys have been synthesised by liquid
processing method of arc/induction-melting of high purity elements in a controlled
environment usually followed by annealing. Synthesis procedures which are a sequel to

arc/induction melting such as rapid solidification by melt-spinning, directional
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solidification etc. are also prevalent. Solid processing through powder metallurgy is
sparsely employed on pre-alloyed powders of these alloys and not elemental powders even
though use of elemental powders is advantageous for reasons such as good compaction
characteristics and ease of obtaining new alloy compositions through precise control of

stoichiometry.

Ferromagnetic Heusler alloys of compositions discussed herein are meant to
transform martensitically and vice versa, irrespective of the way they are synthesized. Do
these alloys necessarily have to be synthesized through liquid processing? The question is
broader in concept and the lack of literature on solid processed ferromagnetic shape memory
Heusler alloys provided scope for investigation of the feasibility of adopting conventional
pressure-less sintering process as a cost-effective alternative to casting. This research
therefore endeavoured to explore the feasibility of solid processing of ferromagnetic

Heusler alloys through conventional sintering using elemental powders.

The starting composition was NissCosMn4oSnio. The choice of composition was the
singular magnetostructural behaviour at phase transformation of the cast composition that
drove its potential as an energy material similar to or even better than thermoelectric
materials. Two sets of alloys were prepared — a quinary NissCosMn4o(Sn,Cu)io and
quaternary NissCosMn4oSnio using the conventional press and sinter procedure. The quinary
compacts were prepared at a compaction load of 70 KN (184 MPa) and sintered at two
different temperatures of 950°C and 1050°C for 24 h in order to first study the feasibility of
powder processing in fabricating these alloys. The addition of Cu in the quinary
composition was to understand the effect of compositional change on the transformation
temperatures. With the results of the quinary alloy turning out to be favourable, quaternary

alloys were then synthesized in order to understand the effect of process parameters such as
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compaction pressure, temperature and time of sintering on the magnetostructural
characteristics of these alloys. The quaternary compacts were prepared at two different
compaction loads of 70 KN (184 MPa) and 80 KN (210 MPa). Sintering on them was carried
out at two different temperatures of 950 °C and 1050 °C at sintering times of 12, 24, 72 and
144 h. With the use of standard characterization techniques of differential scanning
calorimetry, optical/electron microscopy including transmission electron microscopy, X-
ray diffraction and magnetization testing various issues concerning synthesis and
characterization of ferromagnetic Heusler alloys using powder metallurgy are reported and

discussed.
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Summary of each paper

Paper 1 (Published)

Ni-Co-Mn-Sn alloys were sintered from elemental powders at a temperature of 1050 °C for
24 h. The resulting microstructures and physical properties were characterized by differential
scanning calorimetry, X-ray diffraction, optical/electron microscopy and SQUID
magnetometry. The use of the alloys in energy conversion was satisfactorily tested. The new
alloys exhibited a distinct martensitic transformation when cooled to room temperature. The
presence of Cu in the powders moved the transformation temperature toward a higher value.
The findings of this study demonstrate that powder processing could be applied to replace
time-consuming arc/induction melting process in the development of high performance

Heusler alloys at a lower cost.

Paper 2 (Published)

NissCosMn4oSnio Heusler alloy was fabricated with elemental powders, using a powder
processing route of press and sinter, in place of vacuum induction melting or arc melting
route. The effects of process parameters, such as compaction load, sintering time, and
temperature, on the transformation characteristics and microstructures of the alloy were
investigated. While the effect of compaction pressure was not significant, those of sintering
time and temperature are important in causing or annulling martensitic transformation,
which is characteristic of Heusler alloys. The processing condition of 1050 °C/24 h was
identified to be favourable in producing ferromagnetic Heusler alloy. Longer durations of
sintering resulted in an increased y-phase fraction, which acts as an impediment to the

structural transformation.
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Paper 3 (Published; included in Appendix 1)

An overview of the processing, characterization and magnetostructural properties of
ferromagnetic NiMnX (X = group [IIA-V A elements) Heusler alloys is presented. This type
of alloy is multiferroic — exhibits more than one ferroic property, and is hence
multifunctional. Examples of how different synthesis procedures influence the
magnetostructural characteristics of these alloys are shown. Significant microstructural
factors, such as the crystal structure, atomic ordering, volume of unit cell, grain size and
others, which have a bearing on the properties, have been reviewed. An overriding factor is
the composition which, through its tuning, affects the martensitic and magnetic transitions,
the transformation temperatures, microstructures and, consequently, the magnetostructural

effects.

Paper 4 (In manuscript form; included in Appendix 2)

Ni-Mn-X (X = group IIIA-VA elements) Heusler alloys have been seen to exhibit
multiferroic effects such as magnetic/metamagnetic shape memory (MSM/MMSM),
magnetocaloric (MC), direct energy conversion etc. and have a large potential for diverse
applications in actuation, magnetic refrigeration and conversion of low grade waste heat
into electricity. Beneath the multifunctional potential of these alloys is a magnetostructural
coupling encompassing structural and magnetic transformations which in turn depends on
alloy compositions. As compositions are varied different crystal structures are evolved and
it becomes essential that the structures are accurately characterized for their microstructures.
This paper provides a short review of characterization techniques such as X-ray diffraction,
transmission electron microscopy and differential scanning microscopy with examples from
literature. Emphasis is laid on XRD and TEM which are very important for microstructural

characterization.
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Definitions of terms

Antiferromagnetic
The alignment of the spin moments of neighbouring atoms or ions in opposite, or
antiparallel, arrangement throughout the material is called antiferromagnetism. There is no

net magnetic moment. Materials with such behaviour (e.g. MnO) are antiferromagnetic.

Austenite

A phase in Heusler alloys with a L2 cubic structure.

Austenite start temperature
The temperature at which the transformation from martensite to austenite begins on heating.

It is denoted by As.

Austenite finish temperature
The temperature at which the transformation from martensite to austenite finishes on

heating. It is denoted by Ar.

Brillouin zone
A Brillouin zone is a particular choice of the unit cell of the reciprocal lattice. It is
constructed as the set of points enclosed by the Bragg planes, the planes perpendicular to a

connection line from the origin to each lattice point and passing through the midpoint.

Curie temperature
The temperature at which the ferromagnetic property of ferromagnets disappears as a result

of thermal agitation. It is denoted by Tc.

Fermi surface
Fermi surface is an abstract interface that defines allowable energies of electrons in a solid.
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Electrons in a solid lie within valence bands or conduction bands. Each electron has a
specific energy which at absolute zero may not exceed a value called the Fermi energy. In
a three dimensional momentum space the Fermi energy defines a volume whose surface
known as the Fermi surface separates the occupied electronic states within the volume from

the empty ones without it.

Ferroelectricity
Ferroelectricity refers to the reversible spontaneous polarization (P) of a material upon

application of an electric field (E).

Ferroelasticity
Ferroelasticity refers to the spontaneous occurrence of a strain (¢) in a material upon

application of an external stress (o).

Ferromagnetic
Ferromagnetic materials possess permanent magnetic moments in the absence of external

fields and manifest very large and permanent magnetizations.

Ferromagnetism
Ferromagnetism refers to a spontaneous and reversible magnetization (M) occurring in a

material upon application of an external magnetic field (H).

Heusler materials
Heusler materials, discovered by Fritz Heusler, are materials which can be magnetic even
though the constituent elements are non-magnetic or semiconducting even though the

constituent elements are metals.

Intermartensitic transformations
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Intermartensitic transformations happen when the martensitic phase transforms to other
modulated phases at lower temperatures. These are important because reversal back to the
original martensitic phase may be difficult and may lead to loss of magnetic shape memory

effect.

Magnetic anisotropy

Magnetic anisotropy is the directional dependence of a material’s magnetic properties. The
magnetic moment of magnetically anisotropic materials will tend to align with an ‘easy
axis’, which is an energetically favourable direction of spontaneous magnetization. The two
opposite directions along an easy axis are usually equivalent, and the actual direction of
magnetization can be along either of them. Magnetic anisotropy is a prerequisite for

hysteresis in ferromagnets.

Magnetic/metamagnetic shape memory effect

Magnetic shape memory effect refers to the reverting back to the original orientation in the
austenite phase, the stressed martensite variants of the martensite phase, when heated to
above austenite finish temperature.

Metamagnetic shape memory effect refers to the recoverability upon heating, of large strains
when a reverse transformation from the martensite to austenite is induced by the application

of a magnetic field.

Magnetocaloric effect

Magnetocaloric effect is the reversible change of temperature accompanying the change of
magnetization of a ferromagnetic or paramagnetic material. A positive value of entropy
change is termed as inverse magnetocaloric effect. A negative entropy change is termed as

conventional magnetocaloric effect.
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Martensite
The phase to which austenite transforms upon cooling and has several modulated structures,

denoted by L1y, 40, 10M and 14M.

Martensite start temperature
The temperature at which the transformation from austenite to martensite begins on cooling.

It is denoted by Ms.

Martensite finish temperature
The temperature at which transformation from austenite to martensite finishes on cooling.

It is denoted by Mk.

Martensitic transformation

Martensitic transformation is a diffusionless transformation in which the change in crystal
structure results from the homogeneous deformation of the high-temperature face-centred
cubic (f.c.c) solid solution termed austenite (y), to a distorted tetragonal structure termed

martensite (o).

Multiferroic
A material is said to be multiferroic when the simultaneous exhibit of multiple ferroic

behaviours of ferroelectricity, ferroelasticity and ferromagnetism is observed in it.

Paramagnetic

A paramagnetic material has an unpaired electron because of which there is a net spin. This
however does not result in macroscopic magnetization in the absence of an external
magnetic field because thermal energy randomizes the spin orientations. It is therefore non-

magnetic as it does not retain magnetization in the absence of a magnetic field.

Twin boundary motion
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Twinning is a primary deformation mode in crystalline solids in which a fraction of the
original lattice is reoriented into its mirror image through a displacement of lattice points
by some integral fraction of spacing between equivalent lattice sites. Twin boundary is the
grain boundary across which the mirror lattice symmetry is seen. Martensite phase is a
heavily twinned phase. For shape memory effect, when the martensite is deformed by the

application of stress, the deformation happens through the motion of twin boundaries.

Second neighbour ordering
This refers to the ordering within one sublattice of the basic bcc unit cell, such that this
sublattice alternates atoms from different elements which introduces a face centred

symmetry in the unit cell.

Superspin glass
Superspin glass has a spin-configuration which is random in nature, similar to a paramagnet

frozen in time.

Super paramagnetic

Super paramagnetism is defined as the property due to which in some materials the magnetic
moments change their direction at nano scale and behave like a paramagnet even below
Curie temperature when no magnetic field is applied and at the same time they shown high

magnetic susceptibility like ferromagnets.

Zeeman energy

The potential energy of a magnetized body in an external magnetic field.
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Chapter 1

1 Introduction

The advancement in materials technology is an enabling element of the exponential rate of
technology development. It is now an era of synthesis or integration of new and improved
materials with electronics, our environment, and even our human bodies via medical
implants. The early classification of eras such as Bronze Age and Iron Age based on
material class is now deemed inapposite (McDowell et al. 2010). The materials tree
prescribed by (Ashby, Shercliff & Cebon 2007) comprising metals, polymers, elastomers,
glasses, ceramics and hybrids (composite materials made by combining two or more of the
others) will however hold water for a long time to come. Multifunctional materials,
engineered or natural, are known to perform multiple functions by virtue of specific
properties and form part of the materials tree. Multifunctionality is achieved among other
means, by using multiferroic materials which respond to stimuli such as stress, electric and
magnetic fields. A material is said to be multiferroic when the simultaneous exhibit of
multiple ferroic behaviours of ferroelasticity, ferroelectricity and ferromagnetism is

observed in it.

1.1 Multiferroic: Heusler materials and multiferroic effects

The subject of synthesis of multiferroic materials has seen an upsurge in research driven by
potential technological significance that will come with it. To this extent an understanding
of multiferroic behaviour becomes essential to the study of multiferroic materials synthesis.
A ferroic material adopts a spontaneous, switchable internal alignment: Just as a magnetic
field switches alignment of electron spins in ferromagnetics or an electric field switches

electric dipole-moment alignment in ferroelectrics or a stress field switches strain alignment
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in ferroelastics (Spaldin, Cheong & Ramesh 2010). Multiferroic however is largely
understood as a combination of ferroelectricity and ferromagnetism in the same phase in
what is known as magnetoelectric coupling (Eerenstein, Mathur & Scott 2006). The largely
studied multiferroic was bismuth ferrite (BiFeOs3) in which the electric-field control of
ferromagnetism was achieved through theory and experiments (Spaldin, Cheong & Ramesh

2010).

Various factors such as chemistry, symmetry, conductivity (conductor/insulator),
mechanical distortion, etc. do not place any constraint on a material being multiferroic.
(James & Zhang 2005) proposed an alternative to the realization of multiferroic behaviour
in materials: Whereas conflicting properties like ferroelectricity and ferromagnetism are
difficult to unite in a single phase, can possibly be combined in multiphase materials. The
underlying phenomenon is a first-order phase transformation in which the lattice parameters
and consequently the shape, change, leading to coexistent phases with different properties.
If the transformation is reversible it then boils down to controlling the volume fraction of
the phases. Certain characteristics such as (a) interphase boundary (b) phase transformation
by application of thermal/magnetic/stress fields (c) sufficiently fast kinetics of
transformation and (d) reversibility are to be simultaneously satisfied for this to happen. A
diffusionless transformation such as martensitic transformation which also involves
distortion was thought to be the significant requirement because changes in lattice
parameters lead to changes in electromagnetic properties, implying a lattice parameter

sensitivity of these properties (James & Zhang 2005).

1.1.1 Martensitic transformation

Martensitic transformation is a diffusionless transformation in which the change in crystal
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structure results from the homogeneous deformation of the high-temperature face-centred
cubic (f.c.c) solid solution termed austenite (y), to a distorted tetragonal structure termed
martensite (a') (Muddle & Nie 2001). A Bain correspondence between the f.c.c austenite
and the body-centred tetragonal (b.c.t) martensite in iron which identifies a b.c.t cell within
the f.c.c structure, shown in Figure 1 is sufficiently general to represent all martensitic
transformations (Bhadeshia 2001). Martensitic transformation has been seen to be essential

for multiferroic and multifunctional behaviour (Srivastava et al. 2011).

100y

001y 001y

Figure 1. Schematic representation of the Bain lattice
correspondence between principal axes of b.c.t. martensite
and f.c.c. austenite (y) unit cells. The Bain strain involves
a contraction along [001]a’ and expansions parallel to
[100]a" and [010]a’ to generate an o’ cell of appropriate
dimensions (Muddle & Nie 2001).

1.1.2 Heusler materials

Heusler materials (e.g., CuuMnAl: magnetic even though constituent elements are
nonmagnetic, TiNiSn: semiconducting even though constituent elements are metals),
discovered by Fritz Heusler in 1903, are multiferroic by phase transformation involving
sensitivity of electromagnetic properties to lattice changes. For instance, Ni2MnGa

transformed from austenite to martensite with an increase of saturation magnetization of
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about 25% accompanied by a dramatic change in the magnetic anisotropy (Tickle & James
1999). This was explained by the fact that during the martensitic transformation the lattice
structure of the Heusler NioMnGa material expanded placing the Mn atoms far apart. The
multiferroic nature of Heusler materials came to be known and prominent multiferroic
effects such as magnetic shape memory (MSM) and magnetocaloric (MC) were already

being explored.

A remarkable breakthrough in the exploration of multiferroic effects was the
discovery of the potential of these alloys for use in direct energy conversion of low waste
heat. This was demonstrated in the singular composition of NissCosMn4oSnio Heusler alloy
(Srivastava et al. 2011), which with an optimum geometry could give a power density
comparable with that of a commercial thermoelectric generator. Low thermal hysteresis and
reversibility of transformations governed by the lattice parameter sensitivity of
electromagnetic properties were fundamental to the novel idea of energy conversion at small
temperature difference of ~10 — 100 °C. With huge natural and man-made energy resources
at small temperature difference abundantly existing to be reclaimed, this energy conversion

if made available, could change the global energy landscape.

Heusler compounds are usually ternary compounds and fall into two categories, the
half-Heusler with 1:1:1 stoichiometry and the Heusler with 2:1:1 stoichiometry (Graf,
Felser & Parkin 2011). Half-Heusler materials have a general formula XYZ, with X and Y
having distinct cationic character and Z being anionic. For purpose of nomenclature the
most electropositive element is placed at the beginning and the most electronegative
element is placed at the end. Heusler compounds have a general formula X,YZ where X
and Y are transition metals and Z is a main group element, Figure 2. Again for purpose of

nomenclature prescribed by International Union of Pure and Applied Chemistry (IUPAC),
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the metal which exists twice is placed at the beginning and the main group element is placed
at the end as in CooMnSi, Fe, VAL There are exceptions as in LiCu,Sb and YPd>Sb wherein
the metal which exists twice is placed in the middle and the most electropositive element is
placed at the beginning. They crystallize in the cubic space group Fm3m (space group no.
225) with L2 atomic order. XoYZ compounds display all kinds of magnetic behaviour and
multifunctional magnetic properties (Graf, Felser & Parkin 2011). Heusler materials of the
Ni-Mn-X (X = Sn, In, Sb, Ga) system have turned out to be enormously multifunctional.
Research on this material system is now being directed from science towards their

technological significance.

BRI
XY Z XY

H He
or or
Li | Be Y 7 B C N|O F |Ne
Na Mg Al|Si P | S Cl|Ar
K |Ca Mn Fe Co Ni Zn|Ga Ge As|Se Br|Kr
Rb|Sr h Mo jx¢ In Sn Sb|Te I Xe
Cs Ba |Lu Ta Re Os Hg| Tl [Pb Bi Po At|Rn
Fr|Ra|Lr|Rf Db Sg Bh Hs Mt Ds|Rg Uub
\ 4

La Ce Pr Nd[Sm[¥Gd Tb Dy Ho Er Tm Yb

Figure 2. The list of elements in the periodic table for the formation of Heusler (X2YZ) and
half-Heusler (XY Z) alloys (Hooshmand Zaferani, Ghomashchi & Vashaee 2019).

1.1.3 Multiferroic effects

Multiferroic effects such as magnetic/metamagnetic shape memory (MSM/MMSM),
magnetocaloric (MC) and direct energy conversion result from a combined first-order and

second-order structural and magnetic transitions respectively. The former transforms high-
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temperature austenite phase to low-temperature martensite phase and the latter brings about
a change in electromagnetic ordering in the phases in a biased field. The outcome of the two
transitions is magnetostructural coupling. This works as an indirect oscillatory Ruder-
Kittel-Kasuya-Yosida (RKKY) (Roy 2013) exchange interaction for magnetic ordering.
Together with the influence of band Jahn-Teller (J-T) effect (Haritha et al. 2010) which
induces martensitic transformation through hybridization of electronic states, the
magnetostructural coupling drives the multifunctional behaviour of Heusler alloys. In Ni-
Mn-X Heusler materials which are multiferroic by choice, martensitic transformation and

magnetostructural coupling are the mainstay of multifunctionality.

1.2 Synthesis

Ferromagnetic Heusler materials are synthesized through both liquid and solid processing
routes. The commonly employed processing route is the liquid route through melting and
casting. A majority of alloys of the Ni-Mn-X system have been synthesized through
arc/induction melting under controlled conditions and through variants of the liquid
processing route such as melt-spinning, directional solidification using Bridgman-
Stockbarger (Chen, F et al. 2017) and Czochralski (Laudise et al. 1992) techniques,
including Taylor-Ulitovsky method (Larin et al. 2002) of fabricating glass-coated
microwires of magnetocaloric materials (Shevyrtalov, Zhukov, et al. 2018; Zhukov et al.
2013). Combinatorial thin-film composition spread methods are beginning to be used
(Famodu et al. 2004; Takeuchi et al. 2003). Computational design based on density
functional theory using CASTEP software yielded a composition NisCosMn37SnoCus
which after synthesis by arc-melting exhibited a remarkably high magnetic entropy change
of 34.8 J/kgK (Zhang et al. 2019). Solid processing is by powder metallurgy (PM) (Ito, K

et al. 2010; Ito, K et al. 2009). Sintering techniques include pressureless sintering, spark
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plasma and solid state replication to obtain a porous alloy sample. PM has been widely
applied on conventional shape memory alloys for reasons such as obtaining desired
martensitic transformation temperatures, transformation width (range) and hysteresis, as in
Cu-Al-Ni (Ibarra et al. 2004), drop in transformation temperatures, as in Ti-Ni-Cu (Kim, Y-
W et al. 2012) and significant reduction in the number of secondary phases using vapour
phase calciothermic reduction (VPCR) (Bertheville 2005) in solid state sintering of NisoTiso-

xZIx.

Synthesis of ferromagnetic Heusler alloys by PM is often not the preferred choice of
processing because it resulted in incomplete martensitic transformation (Ito, K et al. 2008)
or evolved secondary phases (Ito, K et al. 2009) which are detrimental to the
magnetostructural transformation and properties. This is ambiguous as literature on PM
processed Heusler alloys is very scant. Besides, PM processed alloys resembled cast alloys
from whatever little has been reported so far. Furthermore it is alloy powders and not
elemental powders that have been used (Ito, K et al. 2010; Ito, K et al. 2011; Ito, K et al.
2009; Monroe et al. 2012). It becomes clear that the PM route using elemental powders for
synthesizing ferromagnetic Heusler alloys has not been explored and offers an enormous

scope for exploration.

1.3 Contributions arising from this thesis

The scope for employing PM is vast in terms of characterization using different solid
processes, their process parameters governing the synthesis, transport properties of the PM
alloys, their magnetostructural transformations and microstructural characteristics. The
choice of the PM process for fabricating the alloys and the choice of composition is

dependent on the advantages of using it over liquid processing and the remarkable
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magnetostructural properties associated with the composition. Conventional pressure-less
sintering process is certainly a cost-effective alternative to liquid processing in terms of
compositional control. A composition such as NissCosMngoSnio with a phenomenal
saturation magnetization at phase transformation that is reversible would be ideal for
exploration of feasibility of the PM route. With the objectives narrowed down to study the
feasibility of conventional press and sinter method of fabrication using elemental powders
of an important alloy used for energy generation, this study also examines the effects of
process parameters on the transformations and microstructural characteristics of the sintered
alloys. The insights gained from this study, as can be read from its chapters that follow, are
vital for the development and application of new generation of ferromagnetic Heusler alloys
through PM route.

Chapter 1 of the thesis provides a brief overview of what Heusler alloys are and why they
are interesting multiferroic materials.

Literature review for the thesis is presented in Chapters 2 and 3.

Chapter 2 presents a background and brief understanding of fundamental concepts and
important phenomena associated with the multifunctional attributes of Ni-Mn-based
ferromagnetic Heusler alloys. This understanding is essential for any microstructural
characterization study to be carried out.

Chapter 3 provides a review of the alloy synthesis via liquid processes, their application on
ferromagnetic Heusler alloys, microstructural characterization and microstructural effects
on properties of the alloys. It also includes a review of the alloy synthesis via solid
processing techniques, a short review on their application on ferromagnetic Heusler alloys,
characterization and magnetostructural properties of solid processed alloys. This chapter
enables a comparison between liquid and solid processed alloys. In the absence of sufficient
literature on solid processed alloys, data on liquid processed and solid processed

conventional shape memory alloys can be used as benchmarks to synthesize and
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characterize the powder processed ferromagnetic Heusler alloys.

Chapter 4 details the experiments carried out. While use of various characterization
equipment is mentioned in the next two chapters, this chapter provides more detail about
the process and equipment.

Chapter 5 presents the results of a quinary alloy, published as a journal paper. It has been
demonstrated that powder processing could be applied to replace time-consuming
arc/induction melting process in the development of high performance Heusler alloys at a

lower cost.

Chapter 6 presents the results of a quaternary alloy published as a journal paper. The effects
of process parameters such as compaction load (pressure), sintering temperature and
duration on the transformation characteristics and microstructures of the alloy are
investigated and reported.

Both Chapter 5 and Chapter 6 may contain excerpts from Chapters 1, 2 and 3 or vice versa,
however it has been endeavoured to avoid duplication of text and data as much as possible
including in Chapter 4 except where necessary.

Chapter 7 gives the conclusion and future work in this area.

Appendix 1 is published as a review article and contains three sections carrying fundamental
concepts, methods of synthesis and characterization and microstructural effects on the
properties of ferromagnetic Heusler alloys respectively. This review strengthens the
understanding of physical, material and metallurgical aspects of ferromagnetic Heusler
alloys. Materials scientists and researchers can approach the task of synthesis and
microstructural characterization of such alloys with a sound knowledge rather than do it
ambiguously.

Appendix 2 in manuscript form details the characterization techniques for ternary and
quaternary alloys with emphasis on X-ray diffraction. From this again researchers will know

what to look for during X-ray characterization of ferromagnetic Heusler materials.
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Chapter 2

2 Background — Fundamental Concepts

2.1 Magnetostructural effects seen in Heusler alloys

Martensitic transformation which is the key to the emergence of various magnetostructural
effects is dependent on the alloy composition largely represented as the valence electron
concentration (e/a). In NiMn-based alloys this ratio is calculated as concentration-weighted

average of the valence (s, p and d) electrons using the expression

== fie" + fune™™ + fye* + fre? where

fni> funs fx» [z represent the atomic fractions of elements,

Ni ,Mn

eNt, eMn X eZ are the corresponding numbers of valence electrons and

X, Z represent the third and fourth elements of a quaternary NiMn-based alloy

The composition dependence of martensitic transformation is explained as formation
of martensite in response to a free energy build-up in the alloy when an increase in e/a ratio
destabilizes the parent L2-structured austenite. The electrons above the Fermi surface move
to the corner states of the (1 1 0) Brillouin zone distorting the lattice structure to minimize
the free energy. An additional consideration is that a unit-cell contraction of the parent
austenite changes the relative positions between the Fermi surface and Brillouin zone and
causes martensitic transformation (Zheng et al. 2013). When elements with smaller atomic
radius such as Ge or Ga are substituted for larger elements such as Sn or In, the phase
transition temperatures are seen to increase (Zheng et al. 2013). On the other hand,
substitution of larger isoelectronic elements (elements having the same -electron
configuration in the outermost valence shells) with smaller atomic radius elements increases

the unit-cell volume and suppresses the martensitic transformation (Zheng et al. 2013).
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The Heusler alloy composition not only influences the martensitic transformation but also
the magnetic transition (Ito, W et al. 2007). Various multifunctional effects arising from
magnetostructural transformations are composition dependent as well and are elucidated
later in this text. The different magnetostructural effects seen in Heusler alloys are briefly

explained below.

2.1.1 Magnetocaloric effect

In a magnetic material, the thermal and magnetic properties are interdependent leading to
magnetocaloric effect (MC), induced whenever a magnetic field is applied to it or removed.
In other words, it is the reversible change of temperature accompanying the change of
magnetization of a ferromagnetic or paramagnetic material. Such change should not be
mistaken with the much smaller hysteresis heating effect, which is irreversible. It is
characterized through magnetization measurement, direct and indirect adiabatic
temperature change measurement if the field is adiabatic, field dependent specific heat
measurement and direct measurement of isothermal entropy change (AS) if the field is
isothermal. A magnetic entropy change (AS) of ~4.1 J/kg K under a magnetic field of 0.9
T, associated with martensitic transformation was reported in Nisi sMn22.7Gazs g, which was
comparable with an entropy change of ~4.2 J/kg K under 1.5 T in Gd (Hu, Shen & Sun
2000). The archetypal NiMnGa system came to be the most studied in the Ni-Mn-X material

system in terms of both magnetostructural and magnetocaloric characteristics.

Magnetization measurements are carried out on a vibrating sample magnetometer
(VSM) to determine M (H, T) - the temperature and magnetic field dependence of

magnetization in the alloy sample. The magnetization so measured is applied in the Maxwell

relation (a_s) = Uo (a—M) to compute AS (Smith et al. 2012). The adiabatic temperature
aT/) 1 oT /g
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change AT,q41s measured by varying the applied field on the sample kept quasi-adiabatic.
The magnetic field is varied either by keeping the sample stationary and changing the field
or moving the sample relative to a constant magnetic field. Field dependent specific heat
measurements are possible on either scanning calorimeters where the temperature is
changed continuously as the heat flux between the sample and a thermal bath is measured
or heat pulse calorimeters with Peltier elements as heat flow sensors where a small amount
of heat is added at a time after which the sample temperature is measured. High-sensitivity
differential scanning calorimeters with Peltier elements are used to measure isothermal

entropy change directly.

The product of the changes in isothermal field-induced entropy (AS) and the adiabatic
field-induced temperature (AT), |ASAT| is maximum when the magnetization change at the
transition is maximum for an optimal composition in ferromagnetic Heusler alloys (Planes,
Manosa & Acet 2013). The observed large isothermal entropy change is broken up into the
magnetic and structural entropy changes arising out of the spin-lattice coupling (Planes,
Ma™nosa & Acet 2009; Roy 2013), occurring at the point where the martensitic
transformation temperature and the magnetic transition temperature are close to one another
(Franco et al. 2012). A positive value of entropy change is termed as inverse effect and is
related to the magneto-crystalline anisotropy of the martensitic phase. The inverse effect is
more pronounced when the difference between the martensitic transition and Curie
temperatures is an appreciable value. Conversely a negative entropy change is termed
conventional effect and the change from inverse to conventional occurs as the martensitic
transformation temperature approached the Curie temperature at higher values of applied

field (Franco et al. 2012; Schlagel et al. 2008).

2.1.2 Magnetic/metamagnetic shape memory effect
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Magnetic shape memory effect (MSM) is understood in the context of conventional shape-
memory effect. Both magnetic and conventional shape-memory are outcomes of martensitic
transformation which is diffusionless. A schematic diagram of shape-memory effect is
presented in Figure 3. The parent austenite phase (usually cubic, shown green) when cooled
to a temperature below My (martensite finish temperature) changes into martensite. The
difference in symmetry between the austenite and martensite which is low in symmetry will
cause multiple variants of martensite to form, seen as zig zag structures (red and blue) in

the Figure 3.

Parent phase

Stress
loading

Martensite Martensite
—> : Shape-memory path
_______ > :Superelasticity path

Figure 3. Mechanism of shape memory
effect and superelasticity illustrated (Otsuka
& Kakeshita 2002).

These variants or domains accommodate the elastic strains around the martensite in a
process called self-accommodation. Upon the application of a stress the martensite further
deforms (structure in red) by twin boundary motion. If the sample is heated to above the
austenite finish temperature Ay, the martensite variants which rearranged under stress revert

back to the original orientation in austenite phase. This phenomenon is called shape memory
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effect (Otsuka & Kakeshita 2002). Superelasticity is when the sample is directly stressed
above Ay, the strains are recovered upon unloading as in shape memory effect provided the
applied stress does not cause slip in the structure. The magnitude of the applied stress is

critical to prevent slip.

Magnetic shape memory is similar to conventional shape memory except that the
applied magnetic field deforms the sample just as the applied stress does in the latter. A
schematic diagram of magnetic shape memory effect is shown in Figure 4. Shape memory
is realized by heating the alloy to above the austenite finish temperature Ar. Elaborating
further there are magnetic domains within each variant below Curie temperature with the

magnetization pointing along the easy axis such that the magnetostatic energy is minimum.

Application of Removal of
Cooling Magnetic Field Field Heating

Parent phase = Martensite Martensite Parent phase

Figure 4. Schematic representation of magnetic shape-memory effect (adapted from
(Planes, Ma™nosa & Acet 2009)).

Upon the application of a magnetic field the magnetic moments tend to align along the
applied field. This alignment is limited to within the variants if the magnetic anisotropy is

weak. However if the magnetic anisotropy is strong, the magnetic domains and hence the
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structural domains rotate utilizing the difference in Zeeman energy! between the variants

such that their easy axes are aligned with the applied field to cause significant deformation

which is recovered upon heating.

MSM effect in NizMnGa was first reported by (Ullakko et al. 1996). The strain
change in the martensite phase as the direction of applied field of 10 kOe changed through
90° from [0 0 1] to [1 1 0] was 0.19%, solely due to twin boundary motion in the martensite.
Othermultiferroic effects such as metamagnetic shape memory (MMSM) effect were
discovered later on. MMSM effect in off-stoichiometric Ga-free alloys refers to the
recoverability upon heating of large strains when a reverse martensitic transformation from
the product phase to parent phase is induced by the application of a magnetic field. A 3%
deformation and almost full recovery of the original shape of the alloy was reported in
NissCosMnse 7Ini33  single crystal during a reverse transformation from the
antiferromagnetic (or paramagnetic) martensite to the ferromagnetic parent phase at 298 K

under the influence of an external magnetic field (Kainuma, Imano, Ito, Sutou, et al. 2006).

2.1.3 Direct energy conversion

The direct conversion of thermal energy (waste heat) to electricity is a more recent
phenomenon, exhibited by a singular quaternary ferromagnetic Heusler alloy. A sudden and
large thermally induced change in magnetization in a biased magnetic field initiated by
phase transition was utilized to generate a voltage of 0.6 mV. This was by using the

fundamental dipolar relationship between magnetization M, magnetic induction (magnetic

! The potential energy of a magnetized body in an external magnetic field.
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flux density) B and magnetic field H, given by B = H + 4nM and Faradays law curlE =
%% based on the premise that the magnetostructural transformation essentially induces a

non-zero dB/dt (Srivastava et al. 2011).

Figure 5 (a) shows the schematic of the device used to measure induced emf and
Figure 5 (b) was the actual device used by (Srivastava et al. 2011). Figure 6 (a) shows the
magnetization vs. temperature of the alloy at a field of 1 T. The phase transformation on
heating caused the increase in magnetization from less than 10 emu/cm?® in the martensite
phase to more than 1100 emu/cm? in the austenite phase. Figure 6 (b) shows the measured
emf vs temperature. The rapid rise in voltage was due to the phase transformation and the
fall was due to the fall of magnetization with temperature around the Curie temperature of

the alloy (Srivastava et al. 2011).

Figure 5. (a) Schematic of the experimental setup for the measurement of induced emf: C, coil;
R, heat source; M, permanent magnet; S, NigsCosMnsoSnio; T, thermocouple; V, voltmeter;
(b) actual view of the experimental setup (Srivastava et al. 2011)
The measured voltage compared satisfactorily with the best thermoelectric materials. The
Seebeck coefficient which gives a measure of the voltage output of a thermoelectric material

is -230 uV/K for BixTe; and for the standard Chromel-Constantan is 60 pV/K. At AT = 10

K (temperature interval of phase transformation used for comparison) these values convert
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to 2.3 mV and 0.6 mV respectively. With an optimized geometry of the sample material a

voltage of 502 mV has been predicted. Similarly with regards to the power density, an
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Figure 6. (a) Magnetization vs. temperature under 1 T field; (b) Voltage vs. temperature
(Srivastava et al. 2011).

optimized thin plate of the material was predicted to give a power density of 3.1 x 10°
erg/cm’.s, which compared favourably with a commercial thermoelectric generator with an

equivalent power density of 3.05 x 10° erg/cm?.s (Srivastava et al. 2011).

The idea behind the energy conversion function was the reversibility of martensitic
transformation that holds the key to the realization of coexistent phases with different
electromagnetic properties. Mathematical conditions called cofactor conditions, adapted
from the geometric nonlinear theory of martensite (GNLTM), ensure high reversibility such
that switching between phases cyclically does not diminish the electromagnetic properties.
The GNLTM solutions correspond to the twinning volume fractions, fand 1 — f(Song et al.
2013). When /= 0 or f= 1, the absence of an elastic transition layer between the austenite
and the single variant martensite interface is possible when the middle eigenvalue A of a
transformation stretch matrix ‘U’ (3 x 3, obtained from X-ray measurements of lattice

parameters and knowledge of space groups of the two phases) takes a value 1.
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For other volume fractions given by0 < f <1, two additional conditions
corresponding to different twin types are to be satisfied. The volume fraction of the twin
variants can then be continuously varied while at the same time keeping the low-elastic-
energy interface with austenite (Song et al. 2013). Using these conditions on the basic
NisoMnso-xSnx alloy system a composition NigsCosMnsoSnio was perfected with unusual
magnetostructural properties (Srivastava, Chen & James 2010). This phenomenon, as
envisaged by the researchers, could be taken to the stage of actual application, with the alloy
having the potential to be used for harvesting energy from low waste heat sources of the

order of less than 200°C (Ahamed Khan et al. 2018).

The efficacy of the compatibility conditions have been proved experimentally in Zn-
Au-Cu (Song et al. 2013), Ti-Ni-Pd (Delville et al. 2009) alloys and used in modelling the
austenite-martensite interface in shape memory materials (Lei et al. 2010). Optimization of
geometric compatibility between the austenite and martensite phases was implemented in
the synthesis of Ni-Mn-In alloy (Devi et al. 2019). In the case of NisgCo3Mnsslni4 alloy,
geometric compatibility was realized through a systematic tuning of Mn/In ratio and Co
composition (Sun et al. 2019) from a starting composition of NisxMnssIniz. This alloy
exhibited remarkable magnetocaloric (16.5 J/kgK), magnetostrain (0.26%) and
magnetoresistance (60%) characteristics resulting from a reversible phase transformation at

a relatively low inducing field of 3T.
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Chapter 3

3 Processing and Characterization of Heusler alloys

3.1 Introduction

Ferromagnetic Heusler materials are synthesized through both liquid and solid processing
routes. The common processing route is the liquid route through melting and casting,
primarily employed for the purpose of attaining compositional homogeneity in the alloy
after several rounds of re-melting. Among the other liquid processes, melt-spinning has
been largely applied. Solid processing is by powder metallurgy (PM). In this chapter, an
elaborate review of the both the liquid and solid processing procedures, ferromagnetic
Heusler alloys that have been processed using both routes and their characterization is
presented. The importance, motivation and objectives of this work are discussed towards

the end.

3.2 Liquid processing

The most commonly employed synthesis procedure on ferromagnetic Heusler alloys is the
liquid processing route. The techniques include arc/induction melting under controlled
conditions and rapid solidification by melt spinning. (Graf, Felser & Parkin 2011) outline
the liquid processing procedure as follows: Melting is carried out in an oxygen-free
atmosphere in order to avoid contamination, given that certain elements such as manganese
in the Heusler composition may have a high affinity to oxygen. A vacuum level of 10"* mbar
(0.01 Pa), an atmosphere of high purity inert (argon) gas together with the addition of
oxygen getter materials such as Ta or Ti may be used to improve the sample quality. The
stoichiometry of the composition after melting is ensured by compensating for the probable
weight loss resulting from the evaporation of certain compositional elements such as Mn,
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Sb, Bi etc., during melting. The alloys are melted, turned over and remelted in arc or
induction melting furnaces to ensure homogeneous distribution of elements within the
sample. Arc melting furnaces use an electric arc struck between an electrode (tungsten) and
the metal mix placed in crucibles for melting where temperatures in excess of 2500°C can
be reached. Induction melting, on the other hand, combines the advantages of a controlled
atmosphere and control of the melting process, where heating is by eddy currents from an
induction coil with no direct contact between the metal and coil (Anandh 2009). Its process

capability is defined by temperatures of up to 2000°C that can be reached.

Rapid solidification processing with solidification rates ranging from 10% K/s (droplet
methods) to 10° K/s (melt-spinning) to 10'* K/s (surface melting) (Suryanarayana 2002) has
been a very useful method for preparing ferromagnetic Heusler alloys. The characteristics
of rapid solidification processing are extension of solid solubility limits, microstructural
refinement and formation of non-equilibrium phases, such as metastable intermediate
phases, metallic glasses and quasicrystalline phases. Melt-spinning is gaining wide
acceptance for varying reasons such as obtaining textured samples suitable for practical
utilization as sensors, actuators and magnetocaloric materials (Caballero-Flores et al. 2015;
Wang, W et al. 2015). Synthesis by melt-spinning is by allowing the alloy melt stream jet
to solidify rapidly on a fast-rotating and thermally conducting substrate to produce a
continuous strip of ribbon of the alloy up to 500 mm in width (Suryanarayana 2002). Wheel
speed, nozzle size, ejection pressure and material of the rotating substrate (wheel) are some
of the parameters which influence the process. Typical wheel speeds vary from 10 m/s to

60 m/s and the substrate is usually copper.

Melt-spinning lends credence to the fact that the processing methods can tailor the

functional attributes of the Heusler alloys by controlling the lattice parameters, interatomic
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distance, degree of atomic ordering and microstructure. In Heusler alloys it is employed to
control the grain size of the austenite phase, because the martensitic transition can occur
only when the austenite grain size is bigger than the martensite plate (Chen, X et al. 2014).
Additionally, melt-spinning improves homogeneity in terms of grain size and elemental

composition as well as favours avoidance of prolonged annealing.

The physical properties of Heusler alloys are better investigated using single crystals.
Bridgman-Stockbarger (Chen, F et al. 2017) and Czochralski (Laudise et al. 1992)
techniques are usually employed. In all cases high purity starting elements are essential

because the impurities are found at the grain boundaries (Graf, Felser & Parkin 2011).

3.2.1 A review of liquid processed Heusler alloys

NiMn-based Heusler alloys synthesized using liquid processing route include important
alloys listed in Table 1.

Table 1. Examples of liquid processed alloys

Alloy system Process Attributes Reference
NisoMnsoyXy (X = Induction = Capable of magnetic shape (Sutou et al. 2004)
In, Sn, Sb; melting memory
y=10~16.5)
Nio.50Mno.50-xSnx Arc- Varying strengths of (Krenke, Acet, et
(0.05 K x K melting ferromagnetic exchange al. 2005)
0.25) around martensitic

transformation
Nio.s0Mno.50xSnx Arc- With large inverse entropy (Krenke, Duman,
(013 K x K melting change leading to a large et al. 2005)
0.15) inverse magnetocaloric effect
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Ni-Co-Mn-In

Nis3C07Mn39Sn;

NissCosMnaoSnio

Ni41CooMnaoSnig

Ni-Co-Mn-Sn

MnsoNisolnio

Ni3gC012Mn41Sno

NigzMngCos4Sny

Niso-xMn3z7+xSni2.s

(0 < x «< 6)

Ni-Mn-Sn-Co

Induction

melting

Arc- and
induction
melting
Arc-
melting
Arc-
melting
Arc-
melting
Melt

spinning

Melt
spinning
Melt

spinning

Melt

spinning

Melt

spinning

With magnetic field induced
shape recovery by reverse
phase transformation

With magnetic field induced
shape recovery by reverse
phase transformation

Potential energy conversion

Large magnetic entropy change
and magnetoresistance
Solidification processes and
effects of heat treatment

Highly textured polycrystalline
ribbons for wuse in practical
devices

Elimination of secondary

phases

Enhanced entropy change
resulting in increased
refrigeration capacity

Tuning of transformation
temperature through

composition

Martensitic crystalline

structure

(Kainuma, Imano,
Ito, Sutou, et al.
20006)

(Kainuma, Imano,
Ito, Morito, et al.
20006)

(Srivastava, Chen
& James 2010)
(Huang et al. 2015;
Huang et al. 2014)
(Pérez-Sierra,
AM. etal. 2015)
(Llamazares et al.

2008)

(Chen, F et al.
2013)
(Bruno, Nickolaus

M. et al. 2014)

(Maziarz, W. et al.
2014; Zheng et al.
2014)

(Zheng et al. 2014)

Preparation of single crystals was suitable to explore magnetostructural effects such

as large magnetic field-induced strains as in NioMnGa (Ullakko et al. 1996) or in slightly

off-stoichiometric Nis7.4Mn32.1Gazos (prepared by Bridgman technique) with 6% field-

induced strain (Murray et al. 2000) and Niss sMn297Gaz1.s with approximately 10% strain

(Sozinov, Alexei et al. 2002). Even magnetic field-induced shape recovery by reverse phase

transformation (metamagnetic shape memory) was seen on NigsCosMnsesIniz3 single
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crystal (Kainuma, Imano, Ito, Sutou, et al. 2006). Bridgman-Stockbarger method however
widened the working temperature range for magnetic entropy change in
Nis0.6Cos.5sMn409Snio alloy even though a large magnetic entropy change and refrigerant

capacity above room temperature were observed (Chen, F et al. 2017).

Liquid processing supposedly brings about homogeneity in the material so that
desired transition temperatures and magnetostructural effects can be realized. However it is
seen that while structural homogenization is quick, compositional homogenization required
long periods of annealing in order that the intrinsic magnetostructural behaviour in
NisoMn37Sn;3 is not suppressed (Schlagel, McCallum & Lograsso 2008). Melt-spinning
with all its advantages is said to retard the martensitic transformation by lowering the
transformation temperature compared to the bulk alloy. The reason is that a highly oriented
columnar microstructure of a melt-spun ribbon generates internal stresses which hinder
lattice distortion to create varied orientations of martensite. This effect observed in melt-
spun ribbons is offset by annealing. Examples for this behaviour are seen in NisoMn37Sn13
ribbons with a transformation temperature around 212 K (Santos et al. 2008) while the bulk
alloy transformed at a temperature around 300 K (Krenke, Duman, et al. 2005), in
NisoMn41Sng alloy ribbon the martensitic transformation temperature occurred at around
330 K, which was nearly 150 K less than the bulk alloy (Wang, W et al. 2013) and in
NisoMnseIni4 wherein the as-cast ribbons showed lower transformation temperatures than

annealed samples (Cai et al. 2008).

From the preceding discussion it is understood that a majority of the ferromagnetic
ternary and quaternary NiMn-based Heusler alloys have been synthesized predominantly
by liquid processing for the purpose of achieving structural homogenization. Compositional

homogenization and other microstructural issues such as elimination of secondary phases
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or grain refinement in ribbons have been carried out by subsequent heat treatment.

3.2.2 Magnetostructural effects seen in liquid processed alloys

A good number of liquid processed Heusler alloys are seen to exhibit remarkable
magnetostructural effects described earlier, primarily because of the compositional
homogenization and also because of composition tuning. Niz.19MnggiGa exhibited
concomitant structural transformation and the magnetic transition with an entropy change
of 20 J/kgK when compared to 5 J/kgK in Niz.15sMng gsGa in which only structural transition
occurred (Pareti et al. 2003). (Krenke, Duman, et al. 2005) discovered large inverse
magnetocaloric effect of 18 J/kgK and 15 J/kgK respectively in arc-melted and annealed (at
1273 K for 2 h) NisoMn37Sn;13 and NisoMn35Snis (composition rewritten) alloys which was
comparable with Gds(SixGei-x)s in which the observed giant magnetocaloric effect of -20
J/kgK was due to the simultaneous occurrence of first-order structural and magnetic phase
transitions (Pecharsky & Gschneidner 1997). A small tuning of the Ni/Mn ratio reportedly
increased the transformation temperature from 248 to 337.5 K and brought about an inverse
entropy change of 23.5 J/kgK (with a net refrigeration capacity of 53 J/kg) at 308 K in arc-
melted and annealed NisoxMn37+xIni3 alloy system with x = 3 for a field change from 0 to 2
T (Rama Rao et al. 2010). The effect of compositional tuning and homogenization through
melting and annealing are also seen in quaternary NisoMn34Co2Sn14 (Yang, LH et al. 2014),

Nig1CooMn32Al g (Kim, Y et al. 2014) and NisoMn33Cu2Snis (Gao et al. 2009) alloys.

NissMn2o.6Gazs.4 and NissMniocGazs4 ribbons with changes in phase transformation
temperatures, entropy and refrigeration capacity (Rao et al. 2009), NissMn37Ini3 ribbons
with an entropy change of 30.1 J/kgK at martensitic transformation and -6.5 J/kgK at Curie

temperatures after both temperatures increased due to annealing (Zhao et al. 2010) and

24|Page



NizoMn39Sni» ribbons with a large entropy change of 8.2 J/kgK after annealing (Wang, W
et al. 2015) show that melt-spinning and annealing influence the degree of atomic order,
thermal hysteresis and microstructure in turn affecting the transition temperatures and
magnetocaloric effect. Interestingly the wheel speed at which the alloy ribbons are
synthesized can influence the magnetocaloric effect and effective refrigerating capacity in
NiMn-based ferromagnetic Heusler alloys (Ma, SC et al. 2015). In order to achieve a giant
magnetocaloric effect with an isothermal entropy change of 23 J/kgK at a low actuating
magnetic field of 2 T, (Cong, D. Y. et al. 2018) added a tiny amount of Al to the Ni-Co-
Mn-Sn alloy so as to decrease the stacking fault energy and generate a specific stacking-
mediated martensite structure that also improved the geometric compatibility. This alloy
with composition NisoCo10Mn4oSnoAl; also exhibited excellent compressive properties and

high fracture toughness similar to structural intermetallics.

Magnetic shape memory in NiMn-based ferromagnetic alloys synthesized preferably
as single crystals can be seen in an unstressed NioMnGa (Ullakko et al. 1996) with large
magnetic field-induced strain of 0.2% along [001] direction, in slightly off-stoichiometric
Ni47.4Mn32.1Gazo.s with 6% field-induced strain (Murray et al. 2000) and Nisg sMn2o 7Gaz1 s
with approximately 10% strain (Sozinov, Alexei et al. 2002). Magnetic field-induced shape
recovery by reverse phase transformation (metamagnetic shape memory) was seen on
NissCosMnse 7In13 3 single crystal (Kainuma, Imano, Ito, Sutou, et al. 2006). Single crystals
exhibited large pseudoelastic recovery besides chemical segregation, or a composition
gradient due to which changes in transformation temperatures are obtainable. Single crystals
of NissMn24GaxoCo4Cus were used to establish that a large magnetic field induced strain of
12% is solely dependent on the twinning stress being lower than the maximum equivalent
magnetic stress given by o4y = K/g i.e. K/gy > oy, where gy = |1 — c/a| = 0.11is the
twinning strain determined by the lattice parameters and K is the magnetic anisotropy
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density (Sozinov, A. et al. 2013).

Two off-stoichiometric alloys, Niz.19MnogiGa (Inoue, Kazuko et al. 2000) and
Ni2.1sMnos2Ga (Inoue, K. et al. 2002) alloys fabricated by arc-melting under argon
atmosphere, followed by homogenization at 1073 K for 24h and 100h respectively and then
ice water quenched have been used to reiterate the composition dependence of martensitic
transformation, the influence of magnetic field on the transformation and shape memory
effect. The compositions were adjusted to make the transformation and Curie temperatures
coincident so that the application of a magnetic field at above the transformation
temperature partially transformed the cubic Heusler phase to a martensite phase which was
a combination of orthorhombic and monoclinic phases. This implied possibility of
controlling shape memory through an application of a field. The shape memory effect was
thermoelastic suggesting that although field-induced strains do not involve phase
transformations and are dependent on the twinning stress being lower than the maximum
equivalent magnetic stress, recovery is certainly due to thermoelastic martensitic

transformation.

While the conversion of magnetic stimuli on the mechanical response of a
ferromagnetic shape memory alloy has been studied, the reverse viz. the effect of external
mechanical stimuli on the magnetic behaviour of the alloy was also possible to generate a
voltage from the variant reorientation mechanism under a biased field. The magnitude of
the change depended on the magnetization difference between the hard and easy axes of the
martensite. This was demonstrated on single crystals of Nis;.1Mn24Gazs 9 alloy in which a
voltage output of 60 mV was observed under 5 Hz loading frequency. The peak voltage
output vs bias magnetic field plot displayed an increase in voltage output with increasing

field followed by a decrease, because the magnetization difference between the easy and
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hard axes increased until saturation magnetization (Ms) was reached and dropped upon
further increase in the field (Karaman et al. 2007). The example of the singular quaternary
arc-melted NissCosMnsoSnio alloy which could generate a voltage of 0.6 mV utilizing a
large and sudden thermally induced change in magnetization at phase transition could be a

harbinger of direct waste heat to electricity conversion from sources at less than 200 °C.

3.2.3 Characterization of liquid processed alloys

3.2.3.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique of thermal analysis, which measures,
depending on whether heat is absorbed (endothermic) or liberated (exothermic), the
enthalpy of phase transformation in a structurally transforming material as a function of
time or temperature. First-order transformations obey the classical Clausius-Clapeyron law
and are identified by the evolution of latent heat whereas second-order transitions do not
evolve latent heat, however are identified by abrupt variations in compressibility, heat

capacity, thermal expansion coefficients, etc.

DSC has several uses. It is often the first step in the characterization sequence,
used for the determination of the martensitic and magnetic transition

temperatures, heat flow curves, thermal hysteresis and enthalpy/entropy changes in

ferromagnetic Heusler alloys (Aksoy et al. 2009; Dubenko et al. 2015; Krenke, Duman,
Acet, Wasserman, et al. 2007; Liu et al. 2011). Compositional dependence of martensitic
transformation (Krenke, Duman, Acet, Moya, et al. 2007), progressive evolution of the
martensitic transformation behaviour in response to increasing Co content in MnsoNiso-
xIn1oCox (Wu et al. 2011) and the mechanism of suppression and recovery of martensitic

transformation in NiCoMnlIn alloys fabricated under non-equilibrium conditions
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(Wang, ZL et al. 2012) have been established using DSC.

The structural transformation temperatures of interest are the martensitic start (Ms)
and finish (Mr) temperatures, exothermic peak of martensitic transformation (Mp),
austenitic start (4s) and finish (4r) temperatures and the endothermic peak of austenitic
transformation (4p) (Cong, D.Y., Roth & Schultz 2012). Other notations such as Tas, Tar,
Twms and Twmr respectively for austenitic and martensitic start and finish temperatures are
also used (Lazpita et al. 2016). The martensitic transformation temperature 7wv is then
obtained from (MS+Mf+AS + Af)/4. It is also computed as (MS + Af)/2 (Liu et al. 2011;
Srivastava et al. 2011). Thermal hysteresis given by As — Mris desired to be minimum (less

than 10 °C) for improved reversibility of phase transformation (Srivastava et al. 2011).

Figure 7 shows the DSC curves of Nisp2CosMn3oSni; alloy with martensitic and
magnetic transformations clearly seen (Lazpita et al. 2016). The austenitic and martensitic
start and finish temperatures are marked on the plot and are determined by drawing tangents

to the base and largest slope of the peaks.
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Figure 7. DSC curves showing forward and
reverse martensitic transformation and Curie

temperature of Nisx2CosMn39Sn11 alloy (Léazpita
et al. 2016).
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Figure 8 shows the DSC plots of the ternary NisoMnsoxSnx alloy system for 5 < x < 15.
Endothermic and exothermic peaks point up and down to respectively indicate the heating
and cooling processes (Krenke, Acet, et al. 2005). The transformation temperatures are
determined as shown in Figure 7. The hysteresis width AT has been determined by obtaining
the difference between the peak temperatures. The martensitic start temperature can be seen

to be increasing with decreasing Sn composition.
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Figure 8. DSC plots of NisoMnsoxSnx alloys undergoing martensitic
transformations (a) x=15; (b) x=13; (c¢) x=0.10; (d) x=0.05 (Krenke,
Acet, et al. 2005).

Figure 9 (a) shows the DSC plot of NissCosMnz9Sni; in the Niso-xCoxMn3zoSni; (0 <x
< 10) alloy system and Figure 9 (b) shows the composition dependence of the
transformation temperatures, all decreasing with increasing Co composition (Cong, D.Y.,
Roth & Schultz 2012). Even in Nis3.xMn2sGaxnCox (at.%, x = 0, 2, 4, ..., 14) alloys the
transformation temperatures decreased with increasing Co (Cong, D. Y. et al. 2008). It has
to be seen that the decrease in temperatures is slow when x <4 and rapid for x > 5. Figure

10 (a) shows the DSC plot of an example NisoMnsz4.5In;s.5s alloy in a series of NisoMnos+xInos.
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x (0Co alloy), NigsCosMnas+xInzsx (5Co alloy) and Nisz5C07.sMn2sixInzsx (7.5Co alloy)
systems (Ito, W et al. 2007). The curve is shown to identify Curie temperature Tc as the
minimum point of the endothermic peak in the heating curve in this curve. The M;
temperatures of these alloys are seen to increase with increasing In concentration while on
the contrary decrease with increase in Co content. The increase or decrease in

transformation temperatures is reportedly dependent on whether Mn or Ni is substituted in
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Figure 9. (a) DSC curve of NisCo0sMnzoSni;1 alloy in Niso-xCoxMn39Sni; system; (b)
Composition dependence of transformation temperatures in NisoxCoxMnzoSni1 alloys
(Cong, D.Y., Roth & Schultz 2012).

stoichiometric quaternary alloys. Whenever an alloying element substitutes Mn the

temperatures increase while they decrease if Ni is substituted (Ahamed et al. 2018).
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Figure 10. DSC curves of: (a) NisoMnsssIniss alloy (Ito, W et al. 2007); (b) MnsoNiaso-
«InioCox alloys (Wu et al. 2011).
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With Co substituting Ni in Niso-xCoxMnzoSni; alloy system the temperatures are decreasing
which is also the case in MnsoNi4o-xIn10Cox alloys in Figure 10 (b). In yet another example
the transformation temperatures are seen to decrease with increasing amounts of Cu, Cu
instead of Co substituting for Ni (Jing et al. 2013). On the other hand in NisoMn34xCuxInis
(x=1.3 and 1.6), with Cu substituting Mn, the transformation temperatures increase, shown

in Figure 11 (Kaya, M. et al. 2014).
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Figure 11. DSC curves of: (a) NisoMn32.7Cu; 3Inig
alloy; (b) NisoMn32.4Cui ¢Inis alloy (Kaya, M.
et al. 2014).
DSC scans for NisopMn37Sni3 are shown in Figure 12 (a) and (b) corresponding to the
as-cast and heat-treated samples at various durations of heat-treatment. These curves

demonstrate that longer durations of heat treatment lower the compositional variations,

which tend to mask the intrinsic martensitic transformation and magnetostructural
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Figure 12. DSC data NisoMn37Sn13 showing the effect of heat treatment duration at 950 °C
on the occurrence, temperature, and sharpness of the martensitic shape memory
transformation (Schlagel, McCallum & Lograsso 2008).
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behaviour. This can be seen from either the absence of or broad variations representing
martensitic transformation in DSC curves of as-cast and 1 or 2h annealed samples
respectively in Figure 12 (a) and also from the increasing sharpness and intensity of the

DSC peaks with increasing duration of annealing in Figure 12 (b).

Among other uses of DSC is determination of metastable phases with properties
different from equilibrium phases, obtained through undercooling. Glassy solidification that
sometimes occur in ferromagnetic Heusler alloys can be understood by subjecting the
material to large undercooling. (Wang, ZL et al. 2012) used DSC to show that the Curie
temperature of austenite of an undercooled (AT = 69 K, annealed for 10 h)
NissCosMnse 7In133 alloy decreased by 75 K to yield a microstructure with dendrite-like
precipitates which is not characteristic of the conventional (low undercooling, AT=5°C) as-
cast alloy. After prolonged annealing at 1123 K for 72 h, the austenite Curie temperature
increased and the characteristic stripe-like (lath) martensite phase reappeared. The effect of
undercooling or non-equilibrium solidification is the lowering of In content in dendrite-like
precipitates compared to the matrix with a reduced e/a ratio which caused suppression of
martensitic transformation, recovery being facilitated by prolonged annealing (Wang, ZL et

al. 2012).

3.2.3.2 Optical microscopy

Optical microscopy (OM) is an important tool for the morphological characterization of
microstructures of materials. OM techniques provide insight into the field-induced effects
in real space. (Krenke, Acet, et al. 2005) have, through optical microscopy and x-ray
diffraction, shown that the L2 austenite in NisoMnsoxSnx alloy system transformed as 10M,

14M and L1o modulated martensitic structures corresponding to its composition with x =
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25, 13, 10 and 5 respectively. From the micrographs shown in Figure 13 the grain size of
both austenite and modulated martensites of this alloy system is within the range 50 — 300
um. The composition effect was reflected in the morphologies of the modulated martensites.
The 10M martensite had broader, parallel plates, 14M had finer, parallel forms and L1o had
disordered plates of intermediate size. The martensites were single phase as no phase

separation was observed.

e o e A s N
Figure 13. Optical micrographs of Nig.soMno s0-xSnx revealing L.2; structure

for x = 0.25, 10M for x = 0.13, 14M for x = 0.10 and L1y for x = 0.05
(Krenke, Acet, et al. 2005).

(Schlagel, McCallum & Lograsso 2008) present optical micrographs of
NisoMn37Sn;3 in Figure 14 to show the effect of heat-treatment. The as-cast microstructure
in Figure 14 (a) is multiphase dendritic structure, which transforms quickly to almost single
phase structure in 1 — 2h at 950 °C. The quick transformation is attributed to the initial
refined structure (small length scale) from chill casting and large range of solubility below
the solidus temperature, seen in Figure 14 (b) and (c). After 72 hours the structure is purely

single phase, seen in Figure 14 (d).
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Figure 14. Optical micrographs of NisoMn37Sni3 showing the effect of
heat treatment: (a) as-cast; (b) 1 h; (¢) 2 h; (d) 72 h at 950°C. (Schlagel,
McCallum & Lograsso 2008).

Investigations on the solidification process and phases after solidification in
metamagnetic  Niss5C055Mn3zo5Snios, NiszCosMn3eSnii and NissCosMnsoSnio  alloys
revealed three phases of: L2i/martensite, D03, and y-phase (disordered fcc) (Pérez-Sierra,
AM. et al. 2015). The as-cast microstructures are indicative of three phases not in
equilibrium because of the fast cooling rate happening when the alloy melt is cast into cold
crucibles. Annealed alloys (for different times up to 14 days at 900 °C) confirm the
martensitic phases, however in Nis3Co7Mn39Sni; alloys, the y-phase was present at the grain
boundaries, seen in Figure 15 (a). Further annealing of Nis3Co7Mn3oSni; at 950 °C for
different times up to 15 days, in Figure 15 (b) and (c), again revealed y-phase whose
composition depended on the Sn and Mn content. Even at different cooling rates the
solidification microstructures revealed the three phases although of different morphologies

and relative amounts, shown in Figure 15 (d) — (f).
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Three things stand out from these experiments: the multiphase solidification of quaternary
metamagnetic Ni-Co-Mn-Sn alloys, dual solidification of L — D03+ L2; and the
peritectic reaction D0z + L — L2, and the y-phase precipitation from L2 upon cooling.
The peritectic process overrides the B2-L2 order-disorder transition normally seen in other
Ni-based alloys like Ni-Mn-Ga around 650 — 800 °C (Segui, Pons & Cesari 2007). Both

DO0s; and L2 phases exhibit second neighbour ordering? and precipitate directly from the

liquid state. D03 however completely dissolves in L2 during annealing (Pérez-Sierra, A.M.
et al. 2015). The presence of the y-phase in a metamagnetic shape memory alloy has a
detrimental effect on the shape memory effect because it hinders the reorientation of the
martensitic variants (Chen, F et al. 2013). They adopted melt-spinning to suppress the
formation of the y-phase in NizgCo12Mn41Sny cast alloy. The y-phase formed because the
Co-content is higher, at 12at%. The appearance of this phase at higher Co-content in (Cong,
D.Y., Roth & Schultz 2012) was however not identified, Figure 15 (g). In Ni-Al based shape
memory alloys y-phase appeared at higher concentration of Co as in Nis7Al2sFe11Co17 alloy,

shown in Figure 15 (h) (Oikawa et al. 2006).

2 This refers to the ordering within one sublattice of the basic bcc unit cell, such that this sublattice alternates
atoms from different elements which introduces a face-centred symmetry in the unit cell (Pérez-Sierra, A.M.
etal. 2015).
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Figure 15. Optical micrographs of (a) Ni43C07Mn39Sn; alloy after 14 days at 900 °C
(b) after 5 days at 950 °C (c) after 15 days at 950 °C (d) Niss.5C05.5Mn395Snios at
uncontrolled cooling rate; (e) NissCosMnsSnip at 10 °C/min and (f)
Nig3Co7Mn3eSni; at 10 °C/min [(a)-(f) (Pérez-Sierra, A.M. et al. 2015)] (g)
NizoCo10Mn39Sni1 (Cong, D.Y., Roth & Schultz 2012) (h) Nis7AlxsFe11Coi7 (Oikawa
et al. 2006).



3.2.3.3 Electron Microscopy — scanning electron microscope (SEM), transmission

electron microscope (TEM), electron probe microanalysis (EPMA)

SEM has a depth of field for resolved detail much greater than the spatial resolution in the
field of view. As a result, the flatness of the topological and morphological detail in the
optical or transmission electron microscope is replaced by an image that is very similar to
the play of light and shade over hills and valleys. An SEM has signal detectors for high
energy (backscattered) electrons, low energy (secondary) electrons, and some other signals.
Detectors for excited (characteristic) X-rays can provide spectra whose intensity is either a
function of energy or the wavelength giving rise to terms such as energy-dispersive
spectroscopy (EDS) and wavelength-dispersive spectroscopy (WDS) respectively. Both are
used for the determination of the chemical composition of the region of the sample excited
under the electron beam. Chemical analysis is carried out as a) an X-ray spectrum for
identification of chemical elements at a specified location (point), b) an X-ray line scan for
the determination of concentration gradients, segregation at grain boundaries, phase

boundaries and interfaces, or ¢) an X-ray chemical composition map.

SEM techniques are necessary procedures for characterization of materials.
Backscatter electron (BSE) images depict the appearance of the y-phase in NizgCo12Mn41Snog
metamagnetic shape memory alloy as the dark phase within the inter-dendritic eutectic
microstructure in Figure 16 (a), evenly distributed dark phase in Figure 16 (b) and its
suppression by the melt-spinning synthesis procedure in Figure 16 (c) wherein only the
martensitic twin bands are observed (Chen, F et al. 2013). Chemical analysis of the phases
using SEM-EDS (Energy Dispersive Spectrometry) microanalysis revealed the similarity in
composition of the matrix phase in the bulk alloy and ribbon. Likewise in
Ni44.1Mn35.1Sn108Co10 alloy, a coarse dendritic B-phase and lamellar (B+y) eutectic

microstructure formed from which the B-phase transformed to L2 through an ordering
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transition. This is shown in Figure 16 (d) and (e). The y-phase was indexed to Nij7Sn3 with
fcc structure (Yu et al. 2014). However the absence of the lamellar eutectic structure in the
melt-spun ribbons of the same alloy even as the y-phase formed nano-precipitates along
grain boundaries indicated that the secondary phase resulted from a divorced eutectic
reaction in limited residual liquid phase after the primary phase formed (Yu et al. 2014).
Figures 16 (f) - (h) confirmed the multiphase solidification NissCosMn4oSnio,
Niss.5C05.5Mn39.58n10.5 and NissCo7Mn39Sni; alloys respectively with the y-phase in contact
with the martensite phase in all three alloys. EDS analysis supported the SEM observations

(Pérez-Sierra, A.M. et al. 2015).

(Bruno, Nickolaus M. et al. 2014) presented electron micrographs of
NiszsMng2Co4Sny; alloy bulk and ribbon samples to emphasize that grain size refinement,
shown in Figure 17, through melt-spinning and heat treatment greatly improved the
magnetocaloric properties of the alloy. By subjecting the alloy ribbons to secondary heat
treatment for 1 h at varying temperatures below the B2/L2 ordering temperature of around
650-800 °C in addition to the solution heat treatment at 1173 K for 2 h, the authors were
able to enhance the refrigeration performance parameters of the ribbons greatly. After
secondary heat treatment the ribbons were furnace cooled or rapidly quenched. The sample
treated at 673 K and rapidly quenched showed largest magnetization change across
martensitic transformation AM and smallest AT, omp. (ATcomp = AThys + ATeias, ATeras is
the average of forward and reverse elastic transformation ranges and ATy, is the thermal
hysteresis). More importantly the ribbons exhibited ~1.7 times larger grain size to specimen
thickness (GS/f) ratio than the bulk sample. This meant that less elastic energy is stored in
the microstructure requiring less driving force to complete the transformation just as in
conventional shape memory alloys wherein the GS/f ratio is inversely proportional to the
elastic energy storage, ATy 4.
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Figure 16. BSE images of Ni3gCo12Mn41Sng (Chen, F et al. 2013): (a) as-cast ; (b)
annealed at 1173 K for 1 h; (¢) as-spun ribbon: (d) & (&) Ni4s.1Mn3s.1Sni0sCoio alloy
at different magnifications (Yu et al. 2014); (f) NissCosMnsoSnio; (g)
Ni44.5C055Mn39.5Sn10.5; (h) NigzsCosMnzoSnii [(f)-(h) (Pérez-Sierra, A.M. et al.
2015)]
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(Schlagel, McCallum & Lograsso 2008) demonstrate through the use of EDS line
scans on NisoMn37Sn13 alloy that while structural homogenization is rapid the compositional
homogenization evolved over extended periods in excess of 72 h. The EDS line scans in
Figure 18 (e) across a 500 pm length can be seen to quantify compositional variations in Sn
content as a function of homogenization time. For the as-cast structure the variations are

marked with their spacing corresponding to the inter-dendritic spacing in it, seen in Figure

18 (a).
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Figure 18. SEM micrographs of NisoMn37Sni3 showing the effects of heat treatment at 950 C
followed by water quench: (a) as-cast; (b) 1 h; (c) 2 h; (d) 72 h; (e) EDS line scans spanning
500 pm on NisoMn37Sn;3 samples after different lengths of heat treatment at 950 C. The

frequency and range of the compositional changes decrease with heat treatment (Schlagel,
McCallum & Lograsso 2008).
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The variations are greatly reduced within the first two hours corresponding to Figure 18 (b)
and (c) and are absent after 72 h of annealing in Figure 18 (d). These suggest that chemical

homogenization has been reached.

Transmission electron microscopy (TEM) analysis has been effective in identifying
the crystal structures of the single phase and in many cases multiphase microstructures
resulting from the synthesis. The austenite structure in ferromagnetic Ni-Mn-X (X = Sn, In,
Ga, Sb) alloy systems is of L2 atomic order. The martensite structure varies from a body-
centered tetragonal (with c¢/a < 1) to layered S5M or 7M structures or even unmodulated
body-centered tetragonal (L 1o, with c/a > 1) for compositions different from stoichiometric.
SM and 7M structures are also referred to as 10M and 14M respectively. The structural
modulations of the martensite are periodic stacking faults of atomic planes along determined
crystallographic directions, seen as extra reflections in XRD and TEM characterization.
These reflections enable the modulations to be represented as nM, indicating n-fold
modulation, where n = s + 1 (‘s’ being the satellite spots lying between the main spots) is

the number of unit cells that constitute the superstructure (Righi et al. 2011).

Figure 19 (a) — (f) show bright field, selected area diffraction patterns and high
resolution TEM images of the structures of the multiple phases of three metamagnetic shape
memory alloys discussed earlier (Pérez-Sierra, A.M. et al. 2015). Figure 19 (a) — (c¢) depict
the bright field images of the DOs/martensite, martensite plates and the L2i/y-phase
respectively. A martensite structure corresponding to a 6-layered modulated martensite is
shown in Figure 17 (d) for a single variant of martensite. This identification is possible by
counting the number of satellite spots between principal reflections, in this case 5. Figure
19 (e) shows the 6-layered structures of two variants of martensite almost orthogonal to

each other Figure 19 (f) shows the high resolution image of the microtwinned martensite
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Figure 19. Bright field TEM images of: (a) DOs/martensite; (b) martensite plates; (c)
v/L21 phases; (d) SAED patterns of the 6-layered martensite of 1 variant; (¢) SAED
patterns of the 6-layered martensite of 2 variants nearly orthogonal; (f) high
resolution TEM image of the microtwinned 6-layered martensite (Pérez-Sierra, A.M.

et al. 2015).

Figure 20 (a) and (b) show that the y-phase is face centred cubic in the alloys
NissCo5sMnaoSnio, Niss 5C0s5.5Mn39.5Sn10.5 and NigzCosMn3oSni; discussed in (Pérez-Sierra,

A.M. et al. 2015) and in Ni44.1Mn3s5.1Sn108Co10 (Yu et al. 2014) respectively. (Zheng et al.
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2013) used TEM extensively to substantiate the X-ray diffraction analysis identifying 14M
for NisoMna1Sno, coexistent 40, 10M and L1o for NisoMn39Sn;; and 40 for NisoMn37Sn;3
alloys. For NisoMn41Sng in Figure 21 (a), the martensite is predominantly 14M. The 14M
martensite has six satellite spots between the principal spots as shown in Figure 21 (b).
NisoMn39Sn;; with 40 modulated martensite showing nanotwinned structures is seen in the
bright-field image of Figure 22 (a). 10M and Llo (unmodulated double tetragonal)
martensites in the same alloy are seen in Figure 22 (b). SAED patterns in Figure 22 (c) —
(e) confirm the structures. The 10M structure has four satellite spots while the L 1o martensite

has a three-layered periodicity (also referred as 3R or 2M).

ZA=[001]

Figure 20. SAED patterns of the face centered cubic y-phase in metamagnetic shape
memory alloys: (a) NissCosMnaoSnio, Niss sCos.sMn39.5Sni0.5 and NiszCo7sMnzoSnii
(Pérez-Sierra, A.M. et al. 2015); (b) Nis4.1Mn35.1Sn108Co10 (Yu et al. 2014)
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Figure 21. (a) TEM bright-field image of the 14M martensite in as-cast
NisoMna1Sno: (b) corresponding SAED patterns taken from the
highlighted area (Zheng et al. 2013).
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Figure 22. (a) and (b) TEM bright-field images of as-cast NisoMn3oSnii. (c) - (e)
corresponding SAED patterns of 40, 10M and L1o martensites (Zheng et al. 2013).

NisoMn37Sni3 exhibited L2; austenite and four-layered orthorhombic 40 structure (Zheng

et al. 2013). Figure 23 (a) displays high-density twins of martensite plates whereas a high

resolution TEM image in Figure 23 (b) displays the coexistence of L2 and 40.

4 layéi‘-é' :
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Figure 23. (a) TEM bright-field image of as-cast NisoMn37Sni3; (b) HR TEM image
of L2; austenite and 40 martensite (Zheng et al. 2013).

EPMA makes a qualitative and quantitative elemental analysis of small regions

(lateral and depth dimensions ranging from 50 nm to 5 um) at the surface of materials of
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major, minor and trace elemental concentrations as low as a mass-fraction of ~107
(CAMECA). Quantification to 1% reproducibility is obtained over several days. It is the
most precise and accurate microanalysis technique available and all elements from B to U

and above can be analysed (CAMECA).

3.2.3.4 X-ray diffraction (XRD)

A diffraction spectrum arising from an elastic scattering of radiations (X-rays, high-energy
electrons or neutrons) can be used to understand a crystal lattice structure. A plot between
the intensity of the diffracted beam and the scattering angle (twice the diffraction angle)
provides microstructural information such as the Bravais point lattice, unit cell dimensions
and atomic numbers of the constituent atoms (chemical species). While the intensities of
the diffracted spectra are dependent on the atomic numbers, diffraction angles depend on
the other two lattice signatures. This spectrum, construed as a ‘fingerprint’ of the crystal
structure is usually compared with a diffraction standard such as a JCPDS (Joint Committee
on Powder Diffraction Standards) file to determine the phases. The spectrum can also be
compared with other calculated spectra and based on the degree of fit the crystal structure
is ascertained. X-ray diffraction can be used for determination of particle size, structure
refinement by spectrum fitting (Rietveld analysis) and residual stress analysis. This section
shows how XRD has been used to identify the austenitic phase, various modulations of the
martensitic phase including incommensurate martensite, coexistence of austenite and

martensite, y-phase, other intermetallic phases and the B2 — L2 transition.

X-ray diffraction patterns shown in Figure 24 of NisoMn37+xSnizx (x = 0, 2, 4) and
Niso.yMn37+ySni3 (y = 2, 4) identify L2; structure for austenite and 40, 10M and 14M

structures for the martensite. The as-cast NisoMn37Sni3 had L2; and 40 structures which
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after homogenization annealing at 1273 K for 4 h, reduced to a fully martensitic structure.
X-ray analysis showed the effect of composition on the microstructure. With Mn

substituting Sn in NisoMn37+xSni3x as in NisoMn39Sni; and NisoMng;Sno the structure is

(b)
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Figure 24. XRD patterns of: (a) as-cast; (b) annealed alloys. The alloys
bottom-up are  NisMnsiSniz, NiggMnzoSniz,  NisoMn37Snis,
NisoMnzoSni1 and NisoMn41Sng (Zheng et al. 2013).

martensitic 10M and 14M respectively. On the contrary with Mn substituting Ni the
structure turns the alloy austenitic, suppressing the martensite (Zheng et al. 2013). The
analysis also showed that annealing also eliminates secondary phases such as MnSn; (220)

and MnNi ((110) and (200)) in NissMn41Sni3 as-cast alloy.

X-ray diffraction patterns seen in Figure 25 (a) of the 6-layered martensite, D03, L2;
and y phases confirm the observations from electron microscopy in the alloys discussed in
(Pérez-Sierra, A.M. et al. 2015). The suppression of the formation of y-phase as a result of
melt-spinning is clear from the diffraction patterns shown in Figure 25 (b). The as-cast

structure of the Ni3gCo12Mn41Sno alloy consisted of the parent phase, 10M martensite and
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the y-phase while the diffraction patterns from the melt-spun sample showed only the parent
phase and 10M structure, with no traces of the y-phase (Chen, F et al. 2013). Identical
observations were reported in Nis4.1Mn3s.1Sn10.8Co10 as-cast and melt-spun samples wherein
the as-cast bulk alloy had a fair amount of L2 austenite and the y-phase indexed to Ni17Sn3
whereas the melt-spun ribbon the peaks corresponding to y-phase were very weak (Yu et al.

2014). The appearance of y-phase is only when the Co content is higher.
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Figure 25. XRD patterns of: (a) the 6-layered martensite, D03 and a mixture of L2 and v-
phase (Pérez-Sierra, A.M. et al. 2015) (b) bulk and as-spun alloy samples at room temperature

(Chen, F et al. 2013)

(NigoMn39Sni2)100xCox (x = 0, 2, 4, 6, 8) melt-spun ribbons exhibited different
structures depending upon the composition of Co. For x = 0 and 2 the structure was L2;.
The structures were L21 and 40, L2 and 5-layered orthorhombic (10M) and purely 7-
layered martensite (14M) for x =4, 6 and 8 respectively (Zheng et al. 2014). The study of
solidification rate and heat treatment on the magnetostructural and magnetocaloric
properties of NisiMn34ln14Sii melt-spun ribbons revealed that higher wheel speeds and
hence higher solidification rates resulted in partially ordered B2 structure instead of the

ordered L2 austenite structure (Das et al. 2013). The authors use X-ray diffraction analysis
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to describe the transition from L2 to B2 structure. L2 structure is identified by reflections

from (111) and (311) planes. In Figure 26, the presence of (200) reflection and no L2
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Figure 26. Room temperature XRD patterns of
(a) as-spun ribbons and (b) Rz ribbons annealed
at different temperatures (Das et al. 2013).

reflections point to a B2 structure. Bragg reflections with non-zero structure factors result
from the cubic L2, structure when the Miller indices are all either even or odd. From the
figure for the first three reflections, the structure factors are F(111) = 4(fy — fz),
F(200) = 4[2f, — (f, + f,)], and F(220) = 4[2f, + f, + f;], where f, f, and f, are
the average scattering amplitudes for respective sublattices X, Y and Z. In the B2 structure
the atoms from Y and Z sub-lattices are intermixed and hence the structure factor F(111) is
zero (no peaks with all odd indices) indicating a transition from L2; to B2. Additionally an
estimation of the degree of L2 order from the patterns using the relation (I111/1520) exp/

(I111/1520) tn» Where I represent the intensity of reflection from the plane with Miller
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indices (hkl) and the suffices ‘exp’ and ‘¢h’ correspond to experimental and theoretical data,
is necessary. A decrease in the degree of order with increasing solidification rate will show

that disordered B2 structures will form as a result of this.

Melt-spun polycrystalline Niso-xFexMnsoSnio (x =0, 2, 4, 6, 8) ribbons showed well-
indexed cubic P222 austenite and orthorhombic 6M martensite above and below the
austenite finish and start temperatures in addition to (200) reflection for a B2 atomic order
(Aguilar-Ortiz et al. 2016). Between these temperatures the structure was a coexistent dual
phase of austenite and martensite. (Rama Rao et al. 2007) used XRD analysis on Ni-Mn-
Ga alloys to suggest that the crystal structure is dependent both on the chemical composition
and the processing of the alloys. The degree of L2 order of the alloys NissMn2o.sGaza.4,
NissMni9.6Gans.4, NissMnoo4Gazss and Nigo sMno43Gaze2 improved after melt-spinning and

hence the B2 to L2 transformation.

Shown in Figure 27 are XRD patterns of Cu-doped alloys. Figure 27 (a) shows the
Rietveld refinement of NisoMns32.7Cui3Ini6 and NisoMn32.4Cuislnis alloys indicating pure
austenite structures with fundamental lattice reflections of (220), (400) and (422). The
presence of superstructure reflections at (111), (311) and (331) are an indication of the
austenite phase being an ordered Heusler structure (Kaya, M. et al. 2014). Figure 27 (b)
shows the room temperature diffraction patterns of Niso-xCuxMn3gSniz alloys with L2
structure for x = 6, 10M martensite for x = 0, 2 and coexistent austenite and martensite for

x =4 (Jing et al. 2013).

The top panel of Figure 28 (a) shows the XRD plot of Nisg4sCusMn39Sni; alloy (Kaya,
Melike & Dincer 2017). The crystal structure of this alloy is indexed to a pure orthorhombic

40 structure belonging to the space group Pmma. The bottom panel shows
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Figure 27. (a) Rietveld refinement patterns of NisoMn327Cuislnie alloy (top) and
NisoMn32.4Cui glnie (bottom) alloy (Kaya, M. et al. 2014); (b) Room temperature XRD patterns
of Niso-xCuxMn3gSni2 (x=0, 2, 4, 6) alloys. For x = 0 and x = 2, the crystal structures are 10\
modulated martensitic structures. For x = 6 the structure is L2 and for x = 4 the structure is a

coexistent L21 and 10M (Jing et al. 2013).

Nis3CusMn3oSny; alloy crystallizing to the L2 cubic structure in space group Fm3m (Kaya,
Melike & Dincer 2017). With Cu substituting Ni in these alloys the transition temperatures
shift towards lower values. Figure 28 (b) shows the room temperature XRD patterns of
Nis2CosMn39Sni; alloy (Lazpita et al. 2016). The peaks are indexed to an ordered L2;
belonging to the Fm3m space group. Additionally fcc-y is also identified. Small amounts

of low-symmetry martensitic phase indexed to orthorhombic crystal structure are also seen.
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Figure 28. Room temperature XRD diffraction patterns of: (a) NissCusMn39Sni; alloy (top
panel) and Nig3CusMn3oSni; alloy (bottom panel) (Kaya, Melike & Dincer 2017); (b)
Nis2CosMn39Sn1; alloy (Lazpita et al. 2016).



(Cakar et al. 2015) studied magneto-structural phase transitions and the stability of the
different crystallographic structures of NisoMnsoxSnx alloys under varying temperatures for
a broad range of composition 5.1 <x <20.3 (7.91 < e/a < 8.34). Figure 29 (a) to (k) show
the temperature dependent diffraction patterns of the alloys. Using superspace approach
(Righi et al. 2011), the different modulated phases of martensites are indexed as SM (IC),
7M (IC) in addition to SM and L1y structures for various cooling and warming sequences.
IC stands for incommensurate, understood from the additional supplementary vector
(modulation vector) necessary to index weak diffraction peaks in diffraction data in the

superspace approach (Ahamed Khan et al. 2018). Added to the austenite-to-martensite

transformation, intermartensitic transformation® are observed at lower temperatures in

Figure 29 (e), (f) and (i). In Figure 29 (e) an intermartensitic transition changes the 5M (IC)
martensite to SM (IC) + L1o mixed martensite on cooling. In Figure 29 (f) similar
transformation yielded 5M (IC) + 7M (IC) mixed martensite on cooling and at further lower
temperature intermartensitic transformation resulted in a mixed 7M (IC) + L1o from 7M
(IC). It has been found that intermartensitic transitions lead to stabilization of the Llo
structure and involve broad hysteresis of up to 100 K. This meant that functional properties
of the Heusler alloys will be affected if the temperature of the working material is the below

the intermartensitic start temperature (Cakir et al. 2015).

3 Intermartensitic transformations happen when the martensitic phase transforms to other modulated phases at
lower temperatures. These are important because reversal back to the original martensitic phase may be
difficult and may lead to loss of magnetic shape memory effect (Cakur et al. 2013)
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Figure 29. X-ray diffraction patterns shown in the range 30°

(a)-(k)

<20 < 60°.

show patterns with varying temperature for x = 20.3, 16.2, 15.1, 13.0, 11.4, 11.0,

10.1, 8.8, 7.1 and 5.1 respectively (Cakir et al. 2015).
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3.2.3.5 Magnetometry

Magnetization measurements are usually carried on a superconducting quantum
interference device (SQUID) magnetometer or a vibrating sample magnetometer (VSM) to
establish the temperature dependence of magnetization M(T) in applied magnetic fields.
The SQUID magnetometer can detect incredibly small magnetic fields. The principle is that
in a superconducting ring with one or two weak contacts, the phase difference between the
superconducting wave functions is additionally influenced by any magnetic flux through
this ring. This magnetic flux is converted into electrical voltage. When a multiferroic alloy
sample is moved up and down, it produces an alternating magnetic flux in the
superconducting pick-up wire shown. The coil together with the antenna shown in red in
Figure 30, transfer the magnetic flux from the sample to the SQUID device shown in blue,
where a corresponding voltage is generated which is read in the magnetometer’s electronic

module (National SQUID Facility).
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Figure 30. Principle of working of a SQUID magnetometer (National SQUID Facility).

Most of the SQUID magnetometers have a temperature range of 0 K < T < 400 K,
while measurements up to 700 K are also possible [Ref]. The measurements are done in
sequential zero field cooled (ZFC), field cooled (FC) and field heated (FH) protocols.

During ZFC, the specimen is cooled from higher temperature to lower temperature without
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the application of the magnetic field. The specimen is then heated to higher temperature in
the presence of a magnetic field while recording the magnetization values with increasing
temperature. With the magnetic field still present the specimen is cooled to lower
temperature for FC protocol. The specimen is subsequently heated in the applied magnetic

field to a higher temperature for a FH protocol.

Characterization of magnetic behaviour is by determining the M-T and M-H curves.
An observed hysteresis in the FC and FH curves is indicative of structural transition while
the observed split between the ZFC and FC curves is surmised as the effect of pinning by
antiferromagnetic (AF) exchange of the ferromagnetic (FM) matrix. When the Mn-Mn
spacing gets smaller due to change in stoichiometry, AF exchange happens giving rise to
non-collinear spin structures. These in turn pin the FM domains in different configurations
which is the reason for the separation of the FC and ZFC curves (Krenke, Acet, et al. 2005).
The magnetic properties are further characterized by measuring the magnetic field
dependence of magnetization M(H) in applied fields up to 50 kOe. Examples of magnetic
characterization of NisoMnsoxSnx for x=15 (Krenke, Acet, et al. 2005), by superconducting

quantum interference device (SQUID) magnetometry are shown in Figures 31 (a) to (d).

From Figure 31 (a) it can be seen the sample with x=15 in the NisoMnsoxSnx alloy
system is ferromagnetic (FM) below T# = 320 K. Figure 31 (b) shows the splitting
between the ZFC and FC for x=18 and x=20. The samples are ferromagnetic down to 190
K, the ferromagnetism decreasing beyond 190 K. In Figure 31 (c) the narrow hysteresis
around 190 K is attributed to a first-order structural transition. In the martensitic state the
split between ZFC and FC by AF exchange is more pronounced. This can be seen from the

ferromagnetic nature of the martensitic state below Ms = 189 K, in Figure 31 (d).
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Figure 31. (a) — (d) M(T) and M(H) curves of Nigps0Mno3s5Sno.15 alloy
(Krenke, Acet, et al. 2005)

Figure 32 (a) shows the magnetization vs temperature curves of as-cast, 2 h and 4
weeks annealed NisoMn37Sni3 alloy (Schlagel, McCallum & Lograsso 2008) in magnetic
fields varying from 0 to 5 T. These curves establish the occurrence of magnetostructural
transformation besides furnishing information on the effect of annealing on the
transformations. In the as-cast alloy a magnetic ordering is observed at around 350 K on
cooling from the high temperature austenite region. As it is cooled further the slope of M
(T) curve is seen to change abruptly suggesting presence of overlapping transitions or
secondary phases. For the 2 h annealed alloy three transitions are evident. The first magnetic
ordering occurs at around 325 K. The second is a structural transition at ~300 K to
martensite with a drop in magnetization by 33%. The third is a magnetic transition of the
martensite at 250 K with an overlap between the 2" and 3™ transitions. The alloy annealed
for 4 weeks shows no overlap but clear separation between the structural transformation and
magnetic ordering temperature of the martensite. The structural transformation to
martensite results in a drop of magnetization to zero and the second magnetic ordering of

the martensite occurs at ~250 K.
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Figure 32. (a) Magnetization as a function of temperature for NisoMn37Sn13 alloy in the as-
cast condition and annealed at 950 °C for 2h and 4w (Schlagel, McCallum & Lograsso 2008);
(b) Magnetization vs Temperature curves of NisoMnsoxSny (x = 13, 14,15 & 16). For x = 13
the magnetization data was measured at 5 T and 0.1 T while for others the applied field was
5 T (Khan et al. 2008).

Figure 32 (b) shows the magnetization vs temperature curves of NisoMnso.xSny (X =
13, 14, 15 and 16) alloys. For x = 13, the curve at 5 T resembles the curve for the 2 h
annealed alloy of same composition in Figure 32 (a). At H= 0.1 T, the magnetization is
seen to increase with temperature. Near 200 K the system approaches the Curie temperature
of the martensitic phase T2, with a drop in magnetization. This drop is a result of the system
becoming paramagnetic or antiferromagnetic. At near 310 K the transition to paramagnetic
state is interrupted by a martensitic transformation to austenitic structure with a
corresponding magnetization increase. Finally the system shows purely paramagnetic
behaviour as the temperature exceeds the Curie temperature of the austenite state at TZ ~
350 K. The martensitic and austenitic structures can be seen to ferromagnetic with separate

Tc as shown in Figure 32 (b).

Figure 33 (a) shows the magnetization vs temperature curve under 0.05 T of the alloy
NissCosMn39Sn; alloy belonging to the Niso-xCoxMn3zoSni; system of alloys (Cong, D.Y.,

Roth & Schultz 2012). The Curie temperature (7¢) is also determined as the temperature at
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which dM/dT shows a minimum in the temperature range 7 > Ay. A Curie transition at ~376
K occurs during cooling with a sudden increase in the magnetization. Abrupt changes at

~345
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Figure 33. M-T curve under a magnetic field of 0.05 T in the
temperature range of 500 - 300 K of NissCosMn3zoSni; alloy; (b) M-H
curves of the austenite at 355 K and 365 K (below Tc) of
NigsCosMn39Sni; alloy; (Inset) M-H curve of martensite at 180 K of
sigmoid shape(Cong, D.Y., Roth & Schultz 2012).

K and ~360 K with corresponding decrease and increase respectively of the magnetization
at these temperatures confirm the martensitic and reverse transformations. Figure 33 (b)
shows the magnetization vs applied field of austenite at 355 K and 365 K (Cong, D.Y., Roth
& Schultz 2012). With the magnetization being high it is clear that the austenite is

ferromagnetic below 7T¢c. Shown in the inset of Figure 33 (b) is the magnetization vs applied
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field of the martensite at 180 K which is of sigmoid shape with absolutely no hysteresis.

Such behaviour is indicative of superparamagnetic behaviour of the martensite.

3.2.4 Effects of microstructure on properties

The most important aspect concerning the magnetostructural effects, microstructures,
properties and functions of ferromagnetic Heusler alloys is the composition (Ahamed Khan
et al. 2018). NissMnyoGazs thin films prepared by magnetron sputtering demonstrated
martensitic phase transformation above room temperature (Shevyrtalov, Miki, et al. 2018)
because of a greater extent of hybridization between the excess Ni and Ga in the alloy
besides film stress. The effect of composition is not restricted to the prototype Ni-Mn-Ga
alloys alone. Metamagnetic shape memory alloys are growing to be technologically
significant (Chen, X et al. 2014; Lazpita et al. 2016; Wu et al. 2011) where the
stoichiometric composition is varied by tuning the compositions at will with remarkable
magnetocaloric effects. To cap it all is the tuning of the composition to draw a perfect
austenite-martensite interface with no stressed transition layer which yielded the highest
saturation magnetization several orders higher than normally observed (Srivastava, Chen &
James 2010). The alloy NissCosMn4oSnio resulting from the tuning was later used in direct

energy conversion (Srivastava et al. 2011).

While the crystal structure has a certain effect on the magnetostructural properties,
tuning the composition changes it affecting the property being studied. The exact
martensitic structure that would evolve for a particular composition and its effect on the
properties could not be predicted as there are no rules to predict them. Nevertheless the
structure may evolve as cubic — 10M — 14M — L1y as seen earlier in accordance with an

increasing e/a ratio and temperature (Planes, Ma™nosa & Acet 2009). In the case of Ga-
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doped NiMn alloys, for the structure to be technologically significant the twinning stress
has to be minimum for which the lattice distortion, ¢/a of the martensite has to be minimum.
SM and 7M martensites were suitable for magnetic-field-induced strain (MFIS) by virtue of
the low twinning stress and high anisotropy in them while the non-layered tetragonal T(L10)
reportedly exhibited high anisotropy and high twinning stress, but not MFIS (Sozinov,
Alexei et al. 2003). However addition of small amounts of Co and Cu to NiMnGa yielded

a non-modulated structure with an MFIS of 12% (Sozinov, A. et al. 2013).

The differences in the magnetic entropy change (ASwm) in off-stoichiometric Ni-Co-
Mn-Sn alloys are due changes in composition as seen from arc-melted NisiCooMn4oSnio,
Nis3C07Mn39Sn;1 and NisoMn34C02Sni4 alloys and melt-spun NiggCo,Mn3sSni» alloy. The
composition apparently overrides the crystal structure in the determination of the properties.
Interestingly the nature of the transformations too, influences the magnetostructural
characteristics (Ahamed Khan et al. 2018). For instance, it may be seen that inter-
martensitic or martensite-to-martensite transformations yield intermediate structures which
may undergo irreversible transformation to b.c.t structures capable of deteriorating the
MSM eftfect (Pérez-Landazabal et al. 2015). This may be partly due to the presence of
extended grain boundaries and dislocations (Cakur et al. 2013). Step-like thermoelastic
martensite transformation resulting from the compositional segregation in a directionally
solidified polycrystalline Nis0.6CossMn4ooSnio enhanced the magnetocaloric properties
while at the same time widening the working temperature range (Chen, F et al. 2017). Inter-
martensitic and step-like transformations however are still not clearly understood (Sozinov,

Alexei et al. 2003).

Across the martensitic transformation a change in the unit cell volume has a profound

effect on the magnetostructural properties, particularly magnetocaloric and also on the
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martensitic transformation (Rama Rao et al. 2009; Zheng et al. 2013; Zheng et al. 2014). A
volume contraction of -1.31% accounted for a magnetic entropy of 31.9 J/kg K in
Nis1Co9Mn4oSnio polycrystalline alloy (Huang et al. 2015). Similarly a volume change of
4% accounted for an entropy change of -47.3 J/kg K in Mn-Co-Ge-B alloy (Gschneidner Jr,
Mudryk & Pecharsky 2012; Trung et al. 2010). This correlation between the unit cell
volume change and structural entropy change with a corresponding magnetic entropy
change can be used to predict high-performance magnetocaloric materials from

crystallographic data.

The degree of long range L2 atomic order significantly lowers the transformation
entropy change through large shifts in the transformation temperatures in relation to the
change in magnetization of the austenite phase (Kustov et al. 2009; Pérez-Sierra, A. M. et
al. 2016; Recarte et al. 2012; Sanchez-Alarcos, V. et al. 2012). While L2, atomic order
refers to the fraction of atoms located in the correct sub-lattice of L2; structure, studies show
it can be varied by thermal treatment (Sanchez-Alarcos, Vicente et al. 2014). There are
intricate relationships between microstructural factors such as long-range ordering and
glassy behaviour coinciding with the arrest of martensitic transformation (Bruno, N. M. et
al. 2018). The authors (Bruno, N. M. et al. 2018) show that an unclassified defect quenched
in vacancies co-existed with B2 and L2 long range ordering and led to transformation
arrest. Microstructural changes through tuning of stoichiometry also have the effect of
increasing the transformation temperatures thus transporting the alloys into the realm of
high temperature shape memory alloys (HTSMAs, with temperatures up to 300°C above
the standard SMAs such as TiNi with operating temperature of 100°C) (Ahamed Khan et
al. 2018). The structure remains cubic L2; at higher temperatures and transforms to
tetragonal upon cooling. Such alloys are useful for applications in automotive and aerospace

engines, limited by issues such as brittleness of the alloys. The formation of a ductile y-
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phase with (Ma, Y et al. 2009; Yang, S et al. 2016) or without (Ma, Y et al. 2007) addition
of dopants like Co improves the ductility of the alloy, however does not contribute to shape
memory effect (SME). The loss of SM/MSM is offset by an improvement in the mechanical
properties. The SME is observed to decrease with increasing y-phase fraction in the
combined microstructure of tetragonal martensite and face-centred cubic y-phase. On the
contrary the single-phase martensite with no y-phase in NissMn2sGaz; recorded a good
SME. Where there has been an appreciable shape memory effect (SME) in two-phase
martensite with y-phase, it is because the grain size of the y-phase is smaller with circular
morphology brought about by annealing (Yang, S et al. 2016) and thermomechanical

treatment of hot rolling (Ma, Y et al. 2009).

Neither the modulation of crystal structure nor the type of magnetic ordering
determined the reported giant magnetic field induced strain (Sozinov, Alexei et al. 2003). It
was believed that 10M or 14M modulated martensitic structures with c/a < 1 yielded MFIS
while non-modulated tetragonal structure with ¢/a >1 did not. However it has been seen that
the mechanism by which field-induced strain occurred is the same irrespective of the
modulated  structure as in  directionally  solidified = NissMn24GaCosCus,
NissMn23GazoCosCus and NigsMno2 5GaxsCosCuz s, all of which had c¢/a = 1.14 and
exhibited near 10% magnetic field-induced strain (Rames et al. 2018). Also that the
magnetic field-induced strain occurred in the martensite phase and did not involve phase

transformation.

3.2.5 Heat treatment of ferromagnetic Heusler alloys

The microstructures of the alloys, which wield enormous influence on their

magnetostructural properties, are to a great extent dependent on the heat treatment
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procedures adopted. Long period annealing achieves structural and chemical
homogenization (Schlagel et al. 2008), after which the magnetostructural behaviour is more
pronounced. The reasons are understandable because multiphase solidification leads to
compositional variations which persist even after short anneals and are capable of annulling
the magnetostructural behaviour (Schlagel, McCallum & Lograsso 2008). Annealing of
NisgMn3olIni3 ribbons caused changes in the atomic ordering and the grain size of the alloy
ribbon due to which the transition temperatures and magnetic entropy change increased
considerably (Zhao et al. 2010). Low temperature annealing of homogenized samples (1223
K for 4 weeks) of NisoMnsoxSnx (x=10-25) alloys at 773 K caused decomposition to
compositions near x = 1 and x = 20. While one composition would likely exhibit
transformation above 700 K, the other exhibited none (Yuhasz et al. 2009; Yuhasz et al.
2010). It was confirmed that the L2; phase is metastable at 773 K over an intermediate
composition range and that transformations below 400 K account for the ferromagnetic
shape memory behaviour. The combination of processes and heat treatments also contribute
to the microstructure. Heat treated ribbons exhibited ~1.7 times larger GS/t (grain size to
thickness ratio) than solutionized bulk sample and were more suited for magnetocaloric
applications (Bruno, Nickolaus M. et al. 2014). Wheel speed and annealing temperature
control grain size, inter-atomic distance, smaller thermal hysteresis and degree of atomic
ordering in order to achieve remarkable magnetic properties (Das et al. 2013; Wang, W et

al. 2015).

3.2.6 Phase equilibria

Phase diagrams, usually drawn between structural/magnetic phase transition temperatures
and the e/a ratio in the case of Heusler alloys, underscore the composition dependence of

the transforming phases as in Ni-Mn-Sn alloys (Krenke, Acet, et al. 2005). Phase changes
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in transforming material can be represented graphically as phase diagrams. Alloy phase
diagrams are useful to metallurgists, materials engineers, and materials scientists in four
major areas: (1) development of new alloys for specific applications, (2) fabrication of these
alloys into useful configurations, (3) design and control of heat treatment procedures for
specific alloys that will produce the required mechanical, physical, and chemical properties,
and (4) solving problems that will arise with specific alloys in their performance in

commercial applications (Campbell 2012).

Phase diagrams present the relationship between different phases essentially in
equilibrium conditions. An exception to equilibrium phases is the presence of metastable
phases which decompose extremely slowly even under the most favourable conditions and
are at variance with the principles of phase equilibria. Ferromagnetic Heusler alloys exhibit
a low-temperature, non-equilibrium metastable state called the magnetic glass, resulting
from a kinetic arrest of martensitic transformation under a magnetic field during cooling.
The fraction of the arrested austenite persists down to lower temperatures as magnetic glassy
state. The applied magnetic field either increases or decreases the kinetic arrest. When the
alloy is cooled and heated in differing magnetic fields of Hc and Hw respectively, de-arrest
or unfreezing of magnetic glass is possible and a re-entrant transition from the metastable

state happens for a critical value of (Hc — Hw) (Lakhani et al. 2012).

Phase diagrams of ternary/quaternary Ni-Mn-Sn alloys are limited in literature. A vertical
section of the NisoMnsoxSnx system (0 < x < 50at %) in Figure 34 (a) showed B2 phase
melting congruently at 25at% Sn and going over into the high temperature MnNi (H) phase
as the Sn content decreased (Wachtel, Henninger & Predel 1983). From the three-phase
(L+Ni3Sn+Ni3Snz) region at 32 at% Sn, single phase NizSnz hexagonal phase formed at

lower temperatures. A face-centered cubic y-region of Mn-Ni system appeared at small Sn
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concentrations and a face-centered tetragonal MnNi (T) phase of the CuAul (L1o) type also

existed as a single narrow region.

A similar phase diagram of the NisoxCoxMn3oSni; alloy system in Figure 34 (b)
delineates the structural phases and magnetic states in response to compositional variations
of element Co (Cong, D.Y., Roth & Schultz 2012). In this diagram with 0 < x < 4, the

austenite is paramagnetic while martensite is paramagnetic, superparamagnetic (SPM) and
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Figure 34. (a) Vertical section of the NisoMnsoxSnx (0 < x < 50 at%) (Wachtel, Henninger
& Predel 1983); (b) Phase diagram of NisoxCoxMn3oSni; (0 < x < 10) alloy system (Cong,
D.Y., Roth & Schultz 2012).

superspin glass (SSG) in different temperature ranges during cooling. With 5 < x < 8 the
austenite is paramagnetic above Curie temperature Tc and ferromagnetic below Tc and the
martensite is SPM and SSG in different temperature ranges. For 9 < x < 10 the austenite is
again paramagnetic above Tc and ferromagnetic below Tc, down to 10 K (Cong, D.Y., Roth
& Schultz 2012). SPM refers to the magnetic behaviour with no magnetic hysteresis (zero
remanence and coercivity), while SSG has a spin configuration which is random in nature,
similar to a paramagnet frozen time (Sharma, Chattopadhyay & Roy 2007). The phase

diagram in Figure 35 of the NisoMnsoxSnyx alloys show the intermartensitic transformation
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boundaries with temperatures represented by red triangles (Cakir et al. 2015). The Llo

martensite is at the ground state phase. 5M and 7M phases act as adaptive phases between

L21 and L1o structures to compensate the strains occurring during forward and reverse

transitions. The concept of adaptive martensite is that modulated martensite is not an

equilibrium phase but a nanoscale microstructure of non-modulated (NM) martensite

(Niemann et al. 2012). Modulated phases form to minimize elastic energy near the phase

boundary by introducing low-energy twin boundaries between lamellaec of NM martensite

that have widths of a few unit cells (Niemann et al. 2012).
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Figure 35. Phase diagram of NisoMnsoxSnx alloys. Filled circles represent
austenite-martensite transition temperatures, open circles correspond to the
martensitic and austenitic Curie temperatures. Intermartensitic transition
temperatures are shown by red triangles (Cakir et al. 2015).

(Yeldhose 2015) formulated a phase diagram using ThermoCalc software for the

quaternary NissCosMn4oSnio alloy, presented in Figure 36. While FCC L12 and

FCC_L12#2 correspond to the cubic austenite, the phase FCC L10 relates to the non-
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modulated L1o martensite. BCC B2 is the B2 phase with nearest neighbour ordering,
characteristic of ferromagnetic Heusler alloys. This phase transforms to austenite at around
750 °C which is in agreement with other works. However (Pérez-Sierra, A.M. et al. 2015)
have ruled out B2 solidification for the composition being studied. NI3SN LT corresponds
to the low temperature y-phase while HCP A3 is the dendritically solidified hexagonal
Ni3Sn; structure mentioned in the vertical section of NisoMnsoxSnx system (0 < x < 50at %)

developed by (Wachtel, Henninger & Predel 1983).
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Figure 36. Phase diagram of Ni4sCosMn4oSnio alloy developed using ThermoCalc (Yeldhose 2015).
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3.3 Solid Processing

3.3.1 Powder metallurgy — powder production, mixing and consolidation

Solid processing is by powder metallurgy (PM). PM is important for three reasons —
economical processing, unique properties and captive processes (Upadhyaya 1996). The
basic PM process involves (1) powder production (2) mixing or blending (3) pressing or

consolidation and (4) sintering.

Powder production is an important stage of the PM process because the size, shape and
texture of powders used in production and the properties of the finished part are dependent
on powder production methods. Gas-atomized powders are more regular and spherical than
water-atomized which are irregular and contain more oxide impurities. Particularly suited for
shape memory materials is gas-atomization because water-atomization produces oxidized
particle surfaces which hinder compaction mechanisms and further affect the martensitic
transformation and associated properties (Perez-Saez et al. 2000). Blending of different size
fractions of powders is needed to control part porosity, aid subsequent sintering (e.g. with
use of fine fractions) and facilitate powder compaction (e.g. with use of coarse fractions)
(Asthana, Kumar & Dahotre 2006). Blending of elemental powders is advantageous than
prealloyed powders. Prealloyed powders are harder, have poor compaction characteristics
and poor composition control unlike elemental powders which are best suited for obtaining

new alloy compositions.

The mechanical alloying process applied on blended elemental or pre-alloyed powders
ensures homogeneity of the starting powders. This process deforms, fractures and cold welds
the particles through impact, abrasion, shear and compression. It refines the powder size
through impacting the coarse powders entrapped between hardened balls via a process called

microforging (Asthana, Kumar & Dahotre 2006). Excellent shape memory properties in
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shape memory alloys can then be obtained if the problem of contamination of the powders
by mechanical alloying is suitably addressed. Minimizing powder contamination during
mechanical alloying may be carried out using methods listed by (Suryanarayana 2001). In
the case of Ti-Ni alloys (Terayama & Kyogoku 2010) a short duration milling process turned
out to be effective. High duration milling is counter-productive as it can damage
microstructure, induce dislocations, nanotwin bands, strain and contamination (Valeanu et

al. 2011).

Powder compaction is partial densification of powders through application of external
pressure in order to create the part shape. This is carried out either as single-action
compaction or double-action compaction depending upon the geometric complexity of the
part being produced. The powders are uniaxially pressed in a die by a single punch or by two
punches pressing in opposite directions for more uniform densification. Between the first and
second pressing strokes, de-airing occurs to remove the entrapped air which otherwise leads
to increased spring-back (release of elastic energy stored in the compressed powders during
part ejection) and defects in the green parts. It is useful to preheat the die and powder
(NisoTiso-xZrx) briefly to a certain temperature preferably in vacuum so that the green density

increases before sintering leading to a high final density (Bertheville 2005).

The densification of powders during compaction occurs in three stages (Asthana,
Kumar & Dahotre 2006). In stage I, densification is less because the applied pressure is small
and only sliding/rearrangement of particles takes place. In stage II, greater densification
occurs under much higher applied pressures through deformation and fracture of powder
particles because of which porosity is reduced and density is increased. In stage III, higher
applied pressures than during stage II do not significantly improve the compact density which

is more or less constant. The final process of sintering is dealt elaborately in the following
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section.

3.3.1.1 Sintering — pressure-assisted and pressureless

Sintering is a thermal treatment for bonding particles into a coherent, predominantly solid
structure via mass transport events that often occur on the atomic scale. The bonding leads
to improved strength and lower system energy (German 2014a). Sintering techniques fall
into general categories — pressure-assisted and pressureless sintering. The pressure-assisted
sintering techniques include hot isostatic pressing, hot pressing and spark sintering that
produce high fractional densities by applying temperature and pressure (from 0.1 MPa up to
6 GPa) simultaneously. In the case of hot pressing lower pressures are sufficient for
consolidation because resistance to plastic deformation of the powder particles decreases
with increase in temperature. Processing parameters such as pressure, temperature, time and

working atmosphere are important in hot pressing.

Hot isostatic pressing combines powder compaction and sintering. It is carried out in
sheet metal moulds containing powder mixture suspended in a gas (argon) pressure vessel.
The temperature and pressure are increased to pre-determined values. The densification is
rapid under the combined influence of pressure and temperature. Spark sintering or spark
plasma sintering uses electrical energy and mechanical pressure on conductive powder
mixtures (occasionally non-conductive powder mixtures as well) to obtain a desired density
in the finished component. High frequency AC and DC combined accelerate and augment
particle to particle bonding at relatively low pressures resulting in a more uniform part

density.

Pressureless sintering on the other hand comprises solid-state and partially liquid phase
processes. Single phase sintering and mixed phase sintering such as those applied to form

composites, homogenization of mixed powders and activated sintering through the inclusion
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of insoluble elements preferentially segregating at the grain boundaries in order to provide a
high diffusivity path and lower activation energy barrier are solid-state processes.
Homogenization is dissolution of stray second-phase particles at elevated temperatures
during heat treatment. Liquid processes involve persistent or transient liquid phases that
improve the sintering rate, with the former existing throughout the high temperature portion
of the sintering cycle and the latter eventually dissolving into the solid (German 2014a).
(Monastyrsky, Odnosum, et al. 2002; Monastyrsky, Van Humbeeck, et al. 2002) reported
both solid-state diffusion and transient liquid phase stages in high temperature NiTiZr shape

memory alloys sintered conventionally in different gas atmospheres.

There are various stages in sintering beginning with the particle contacts, neck growth
or enlargement of individual contacts, further neck growth giving rise to tubular pores and
finally the closure of the tubular pores to form spherical pores. The neck formation during

the early stages of sintering is as shown in Figure 37.

circle neck

(P)

Figure 37. The circle approximation for the neck saddle surface (convex curvature is described by the
diameter X while concave curvature is described by the diameter p) enables linkage between neck size
and neck volume. A modified geometry with center-center attraction links neck size to sintering
shrinkage (German 2014b).

The different sintering stages are clearly represented in Figure 38. The initial stage sintering

corresponds to X/D < 0.33 and the intermediate stage corresponds to 0.33 < X/D < 0.50.

Table 2 gives the approximate geometric changes associated with each stage.
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Loose powder Initial stage

Intermediate stage Final stage

Figure 38. Graphical representation of the sintering stages, assuming the
spherical particles start as a loose structure. Neck growth produces
densification, round pores, and a strong body. Grain boundaries form at the
particle contacts and grow as the necks merge (German 2014b).

Table 2 Geometric changes in the Three Stages of Sintering for Monosize Spheres (German
2014b)
Initial Stage Intermediate Stage Final Stage

Neck size ratio, X/D <0.33 0.33t0 0.5 >0.5
Coordination, N¢ <7 8to 12 12 to 14
Density, % 60 to 66 66 to 92 >92
Shrinkage, AL/Lo % <3 3to013 > 13
Surface area, S/So % 100 to 50 50to 10 <10
Grain size ratio, G/D =1 >1 >> 1
Pore size ratio, d/G <0.2 Near constant shrinking

X =neck diameter, D = particle diameter, Nc = coordination number.

AL/Lo = sintering dimensional change over initial size, commonly termed shrinkage.
S = specific surface area, So = initial specific surface area prior to sintering.

G = grain size, Go = starting grain size, d = pore diameter.

3.3.1.2 Mechanism of sintering, densification and transport mechanisms
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Sintering takes place through diffusional movement of mass toward the neck region
facilitated by the sintering force. In the absence of pressure, sintering takes place by surface

curvature gradient. The stress associated with a curved surface is approximated on the two

sphere initial sintering model, shown in Figure 39, as 0 =y (% - j{—g) where X is the neck

diameter and D is the particle diameter, y denotes surface energy (J/m?) (Xu 2000). In the
initial stage when the neck is small, the curvature gradient and hence the stress are quite large
resulting in quick neck growth. As neck growth proceeds further the curvature gradient
reduces resulting in the relaxation of the driving forces and the process slows down. The
mass transport mechanisms during sintering are categorized as adhesion and densification

mechanisms.

Figure 39. Mass transport paths illustrated in the two sphere sintering model. E-C,
evaporation-condensation; SD, surface diffusion; VD, volume diffusion; GD, grain
boundary diffusion; PF, plastic flow (Xu 2000).

Surface diffusion, evaporation-condensation and volume diffusion from surface are
adhesion mechanisms. Grain boundary diffusion, volume diffusion from grain boundary,
viscous flow and plastic flow are densification mechanisms which cause densification by
transporting mass.

Surface diffusion — refers to movement of atoms between surface defects such as vacancies,

kinks, ledges and adatoms at low temperature when less activation energy is sufficient for
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diffusion to occur. It facilitates neck growth however does not cause densification or
shrinkage

Evaporation-condensation — occurs due to the difference in vapour pressure between the

convex sphere surface and concave neck region causing material from the convex particle
surface to deposit at the concave necks between particles. Leads to neck growth, no
densification

Volume diffusion — necessarily occurs due to difference in vacancies in the sintering

microstructure. Involves movement of vacancies from the particle surface to the neck surface
through the particle interior as the temperature is increased (volume diffusion adhesion, no
densification). Atoms also move from grain boundaries to neck surface (volume diffusion
densification, involves densification).

Grain boundary diffusion — is a densification mechanism. Involves mass flow along grain

boundaries and deposition at the bond between particles. The activation energy is
intermediate between surface and volume diffusion.

Plastic flow — dislocations move under stress associated with a curved surface. Happens
during heating. Plastic flow declines as the dislocation density is decreased during sintering.
Viscous flow — suitable for amorphous materials and not significant for metal powders.
Viscous flow can be responsible for densification of alloy powders because they show a semi-

solid mixture during supersolidus liquid phase sintering and are densified by viscous flow.

The various mass transport mechanisms discussed above have been accommodated into
theoretical models as in the equation given below which predicts variation of neck radius

with sintering time. In the initial stage the neck growth is given by a general equation

({)n = 2L where

rR) — R™
n,m depend on the mechanisms of mass transport

X, R neck and particle radii respectively
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B constant dependent on material properties, particle geometry and atomic diffusion

coefficient, D (Asthana, Kumar & Dahotre 2006).

The values of constants are deduced from various transport mechanisms operative
during sintering. It can be seen from the above equation that temperature (due to parameter
B related to diffusion coefficient) and particle size (smaller particle size increases sintering
rate) influence the sintering rate more than the time of sintering. With finer particles, through
enhanced surface and grain boundary diffusion, the neck growth is faster requiring less

sintering time or lower sintering temperature.

In the intermediate stage grain growth through movement of grain boundaries occurs
during which time the residual pores are either dragged along with the grain boundaries or
separated from them to form isolated pores. The pores pin the grain boundaries with some
binding energy. At high temperatures in the intermediate stage, the pinning force on the grain
boundaries decreases and the driving force for grain boundary mobility increases
consequently lowering the density. Thus for enhanced densification grain growth is to be
retarded by means of suitable inclusions or using narrow particle size distribution of the

starting powders (Asthana, Kumar & Dahotre 2006).

The final stage of sintering is marked by slowed densification, appearance of spherical

isolated pores and pore coarsening or Ostwald ripening.

3.3.2 A review of solid processed Heusler alloys

PM could be applied on conventional/ferromagnetic shape memory materials primarily for
the compositional control during processing, evolution of fine-grained microstructures and

elimination of segregation seen in casting. (Murakami et al. 1981) synthesized (Ni7s.
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xMnySnys) alloys using elemental powders by sintering and reported correlation between
phase change and ferromagnetism in them. The structure of these alloys varied from DOjo-
type hexagonal in the range x=0~6.5 at%, DOs-type cubic in the range x=9~15 at% and
32~47 at%, and L2-type cubic in the range of x=15~32 at% at room temperature depending
upon Mn content (Murakami et al. 1981). Several powder processing procedures such as
pressureless sintering of alloy (Ito, K et al. 2010) and porous alloy (Ito, K et al. 2011)
compacts as well as spark plasma sintering (Ito, K et al. 2009) and annealing (Ito, K et al.
2008) of alloy powders of ferromagnetic Nis3Co7Mn3oSni; alloy were carried out. The
starting material was gas-atomized alloy powder in all experiments. Pressureless sintering of
alloy compacts sintered for 12 — 144 h demonstrated two stages in sintering — before and

after a sintering time of 100 h, shown in Figure 40. The first stage was characterized by
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Figure 40. Sintering time dependence of
porosity fraction (Ito, K et al. 2010)

formation and growth of necks together with a drastic reduction in porosity content with
sintering time. The second stage showed porosity to be independent of sintering time with

sluggish densification.

Very recently (Lee et al. 2018) adopted spark plasma sintering (SPS) among other
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fabrication methods to fabricate Cogs.sSnssHfio and Coss.sSnssZrio alloys in order to study
the entropy changes caused by phase transformation. Neither elemental nor alloyed powders
of Co, Sn, Hf and Zr were used during SPS synthesis. Instead bulk samples of amorphous
and crystalline ribbons of the alloys fabricated by melt spinning of arc-melted and suction
cast alloys were used. Various processing routes including powder metallurgy employed to
process conventional Cu-Al-Ni shape memory alloys have been reviewed (Agrawal & Dube
2018). Mechanical alloying of elemental or pre-alloyed powders followed by sintering, hot
isostatic pressing, hot pressing, mechanical working or a combination of these processes and
their effects on the shape memory properties of the alloy are discussed in this paper. While
nanocrystalline and ultra-fine grained powders could be obtained from mechanical alloying,
subsequent sintering alone did not improve either the density or the shape memory properties.
Hot pressing instead of sintering eliminated porosity and produced a near-net shape alloy.
Additional extrusion resulted in chemical homogeneity with near full density. The use of gas
atomized powders before hot pressing or hot isostatic pressing turned out to be expensive
however was offset by the desired martensitic transformation temperatures, hysteresis and
transformation width obtained. Hot rolling after sintering of Cu-Al-Ni alloy strips on the
other hand produced a sub-grain structure permitting stress distribution along grain
boundaries because of which substantial plastic deformation occurred before fracture
resulting in improved shape memory properties (Agrawal & Dube 2018). Compacted powder
preforms of this alloy were sintered at 873 K and hot rolled by reheating the preforms at 1273

K.

Both hot pressing and hot isostatic pressing were found feasible on NiAl shape memory
alloys in which the martensitic transformation characteristics were identical to cast alloys in
addition to exhibition of superelastic behaviour seen in stress-induced martensite (Kim, YD

& Wayman 1990). Hot isostatic pressing of the classic NiTi shape memory alloy, particularly
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from prealloyed NiTi powders (Schuller et al. 2003) as also gas-atomized powder of
Cui3.1Al3.16N1 (Perez-Saez et al. 2000), yielded not too deviant shape memory characteristics

and pseudoelastic effects compared to cast alloys.

Shape memory alloys of TiNi and TiNiCu synthesized through pulse current pressure
(spark plasma) sintering produced superior shape memory properties (Terayama & Kyogoku
2010). After nine cycles of shape-memory training two-way shape memory effect was
observed. Shape memory training refers to loading in the martensite phase and then heating
under no load after unloading completely, while two-way shape memory refers to the
decrease in strain during heating and increase in strain during cooling. This two-way shape
memory is related to dislocations and coherency strain by precipitation of Ti3Nig. It is due to
the internal stress field formed by the accumulation of dislocations (Terayama & Kyogoku
2010). Spark plasma sintering was applied to prepare porous samples of TisoNis.9Moo.1 and
Tis0Nis9.7Mo0o.3 from gas atomized powders to study how powder size affected transformation

temperatures and shape memory properties (Kim, Y-W, Lee & Nam 2013).

Pressure-assisted PM methods are used in order to reduce brittleness so that their
suitability for practical applications is enhanced. The brittleness is attributed to four factors
a) large elastic anisotropy, b) large grain size, c) large orientation dependence of the
transformation strain, and d) grain boundary separation (Perez-Saez et al. 2000). (Ibarra et
al. 2004) used mechanical alloying before HIP so that from the resulting compositional
homogenisation, desired martensitic transformation temperatures are obtained in Cu-Al-Ni
shape memory in addition to an improvement in ductility. (Popa et al. 2017) studied the
formation of NizMnSn alloy by solid state reaction from elemental powders, employing a
process called mechanosynthesis. After 28 h of planetary ball milling a mixture of Ni2MnSn

— B> Heusler alloy (90% wt) and NiMnSn — Cip half Heusler alloy (10% wt) was obtained
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(Popa et al. 2017). (Perez-Saez et al. 2000) performed thermomechanical treatment after HIP
process to achieve a fracture strain of 12.6% in Cu-Al-Ni alloys. Even ferromagnetic Heusler
compositions showed improved ductility after such processes as seen in the case of vacuum
hot pressed NisoMn375Sni25xInx (x =0, 2, 4, 6) alloys (Maziarz, W. et al. 2017). Atx =0
this alloy with plasticity of about 5% and 2000 MPa strength, showed promise of

machinability.

It is seen that even though PM processes offered tremendous advantages and scope for
synthesis of conventional/ferromagnetic shape memory materials, their application is only
fairly widespread in conventional and sparse in ferromagnetic shape memory alloys. The
common cliché through the extant literature pertinent to this work and discussed above is
lack of sufficient information on powder processing and characterization of both types of
alloys. This offers tremendous scope to employ PM processes on ferromagnetic shape

memory alloys and investigate reasons for their neglect.

3.3.3 Magnetostructural effects seen in solid processed alloys

Powder compacts synthesized by pressureless sintering of gas atomized powders of high

frequency induction-melted Nis3CosMn3oSnii alloy exhibited decreasing shape recovery

ratio (R, = z_r X 100, where &, is the shape memory strain and ¢, the residual strain) for
14

increasing sintering times (Ito, K et al. 2010). The sintering times varied from 12 to 144 h.
Its porosity fraction decreased with the increase in the sintering time, from 65% at 12 h to
5% at 144 h. Even though the microstructures in Figure 41 (a), (b) and (c) exhibited single-
phase structures, still the shape memory property of the 12 h sintered sample was superior
because dense specimens with grains surrounded by neighbouring grains impose constraints

during martensitic transformation. There will be restrictions on martensite reorientation in
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response to an anisotropic strain build up during the cubic to tetragonal phase transformation.
Furthermore, the surrounding grains act as an impediment to strain recovery in dense

specimens where there is a plastic accommodation of incompatibilities at the grain

boundaries.

40 pum 40 um

Figure 41. Porous sample sintered for: (a) 12 h; (b) 96 h; (c) 144 h (Ito, K et al. 2010);
(d) sample synthesized by spark plasma sintering (Ito, K et al. 2009).

The same alloy powder after synthesis by SPS at 1173 K under 50 MPa for 15 min,
exhibited enhanced ductility reportedly due to the reduction in grain size and introduction of
ductile fcc precipitates because of which the grain boundaries are strengthened. An imperfect
shape recovery corresponding to 48% of the residual strain resulted because the sintered
microstructure contained the second phase (Ito, K et al. 2009). The microstructure of the SPS
alloy is shown in Figure 41 (d). Concentrations of a precipitate phase rich in Co were

observed. The compositional inhomogeneity due to the presence of a second phase and
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contamination by the graphite die during the spark process resulted in an imperfect shape
memory effect.

The magnetic field-induced strain in the case of a porous compact of
Nis3C07Mn39Sni; alloy (Ito, K et al. 2011) was better than the SPS synthesized alloy (Ito, K
et al. 2009) of the same composition. At 320 K with the application of magnetic field up to
8 T, the recovered strain was 0.84% corresponding to a shape recovery ratio of 43%. In the
SPS alloy the shape recovery ratio corresponded to 18% which was 2.5 times less than the
porous compact. The SPS sample exhibited gradual transformation and hence a large
transformation interval. This is attributed to the compositional inhomogeneity by carbon
contamination and by internal stresses from surrounding grains. Magnetization
measurements indicated negative shifts in the recorded transformation temperatures at two
different magnetic fields 0of 0.05 T and 7 T, suggesting the stabilization of the austenitic phase
by the magnetic field. A kinetic arrest phenomenon is believed to be the reason for the

difference in magnetization between heating and cooling curves at 150 K.

The high shape recovery ratio in the powder compacts with high porosity fraction
provided a basis for selectively introducing porosity in the samples in order that their
properties are improved. Solid state replication was attempted on Nig3Co7Mn39Sn11 powders
in which the powders were blended with ammonium bicarbonate space holders with a particle
size distribution between 350 and 500 um. Magnetization measurements are shown to be
identical to an ideally heat-treated baseline specimen (Monroe et al. 2012). (Loépez-Garcia et
al. 2018) performed annealing at different temperatures of 573 K, 773 K and 873 K on a
mechanically milled NisoMn3sSnis alloy and found that relaxation due to annealing brought
about recovery of martensitic transformation and enhancement of magnetism. The density of
non-magnetic inclusions (defects) and their stress field decreased leading to an increased

saturation magnetization and lower martensitic transformation temperature. An important
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finding is that with the transformation temperature fixed by the composition,
thermomechanical treatments are the best way to improve the functional properties (Lopez-

Garcia et al. 2018).

The advantages of PM methods in terms of composition control, easier mixing of
elemental powders than alloyed powders which have poor compaction characteristics and are
also harder and the cost-effectiveness of the process are strong reasons to explore the PM
route of synthesis of ferromagnetic Heusler alloys. In doing so the observations that PM
processing resulted in incomplete martensitic transformation (Ito, K et al. 2008) or evolved
secondary phases (Ito, K et al. 2009) which are detrimental to the magnetostructural

transformation and properties are to be given careful consideration.

3.3.4 Characterization of solid processed alloys

The characterization of PM fabricated Heusler alloys is based on the same techniques
employed for liquid processed alloys as briefly discussed in the following with DSC, XRD
and microscopical analysis as the main tools. (Maziarz, W. et al. 2017) characterized the
microstructure of the NisoMn37.5Sni25xInk (x = 0, 2, 4, 6 at%) synthesized by vacuum hot
pressing. Room temperature X-ray diffraction patterns of NisoMn37.5Sni2.s5xInx (x =0, 2, 4,
6, 8) alloy powders in Figure 42 indicate that at x = 0 and x = 2 the structure is coexistent
L2 and 40 which however changes to a single phase at higher concentrations. It is 40 at x

=4 and 10M at x = 6.

Based on the X-ray diffraction patterns in Figure 5 and with the help of scanning
transmission electron micrograph high angle angular dark field (STEM-HAADF) image in
Figure 43 (a) which has an atomic number contrast it was pointed out that the microstructure

consisted of equiaxed grains of austenite and martensite of size ~ 2 um. This grain size
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Figure 42. X-Ray diffraction patterns of sintered alloys in 2theta range a) 30 — 115°; (b) 45
— 55°.(Maziarz, W. et al. 2017).

refinement was the reason for the 5% plasticity and 2000 MPa strength observed in this alloy.
Dislocations within the austenite grain, whose existence is related to factors such as order of
L2 phase, location at antiphase boundaries, stress induced dislocations during sintering or
incompatibility between austenite and martensite crystal structures are shown in in Figure 43

(b). The structure of 40 modulated martensite is shown in Figure 43 (c).
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Figure 43. Set of TEM microstructures consist of (a) STEM-HAADF image; (b) and (¢)
bright field images and corresponding selected area diffraction patterns of In0 sintered
sample (Maziarz, W. et al. 2017).
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The thermomagnetization curves measured at field heating (FH) and field cooling (FC)
protocols together with superimposed DSC curves in the same temperature range of
NisoMn375Sni2s5xIng  alloy powder compare the temperatures of magnetostructural
transformations directly shown in Figure 44. The difference in magnetization between the
alloys NisoMn37.5Sn12.5.xInx and NisoMn37.5Sni2.5xInx is explained by the difference in the
relative proximity and essentially overlap between the MT temperature and TZ' (Maziarz,

W.etal. 2017).
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Figure 44. Thermo-magnetization curves measured at low magnetic field (100 Oe) during

field cooling (FC) and field heating (FH) with superimposed DSC curves in the same

temperature range for a) In0 and b) In5 sintered samples (Maziarz, W. et al. 2017).
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3.4 Summary

A clear and cohesive review of NiMn-based ferromagnetic Heusler alloys from fundamental
concepts to their technological significance through synthesis and characterization is
presented. In the absence of adequate literature on synthesis and characterization of PM
alloys, available literature on liquid processed alloys is to be examined. Comparisons can be
made between the liquid processed and PM alloys in aspects governing the synthesis and
characterization to draw conclusions about the microstructure and effect of microstructure

on the magnetostructural properties. However there can be limits as liquid and solid

84 |Page



processing procedures are different. Liquid processing ensures compositional homogeneity
necessary for phase transformation and associated magnetostructural properties. Sintering on
the other hand is a thermal treatment that bonds particles through diffusion. The more
effective the diffusion the more effective is the sintering and hence compositional
homogeneity. This can be seen in the different microstructures obtained after each process.
PM microstructures may possess porosity, intermediate phases or even small amounts of un-
sintered compositions. In spite of this PM microstructures can exhibit a diffusionless
martensitic transformation at the transformation temperature and well-defined martensitic
lath structures at room temperature similar to a cast alloy. The differences in the magnetic
behaviour of liquid processed and PM alloys could then be related to the structure of the
formed martensite. If the structures are the same other microstructural aspects may possibly

influence the magnetic behaviour.

This research on employing conventional pressure-less sintering to fabricate
ferromagnetic Heusler alloys and characterize them was driven by the amazing reversible
phase transformation in the singular NigsCosMn4oSnio alloy enabling it to be used for the
conversion of low grade heat into electricity. As a high potential energy material, this and
other ferromagnetic Heusler alloys of multifunctional significance need be synthesized
through cost-effective alternatives to casting. The fact that solid processing has been sparsely
applied in the synthesis of ferromagnetic Heusler materials provided the impetus. Synthesis
of just a handful of alloys using alloyed not elemental powders, opened up vistas to employ

elemental powders which are more advantageous.

The scope for employing powder metallurgy is vast in terms of characterization using
different solid processes, process parameters governing the synthesis, transport properties of

the alloys, magnetostructural transformations and microstructural characteristics. The
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objectives as stated in section 1.3 are narrowed down to study the feasibility of conventional
press and sinter method on elemental powders and the effects of process parameters on the

transformations and microstructural characteristics of the sintered alloys.
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Chapter 4

4 Materials and Experimental Procedure

The various experimental methods with which the multiferroic NiMn-based quaternary
Heusler alloys were synthesized and characterized are detailed in this chapter. Powder
characterization which includes particle size and size distribution was first carried out.
Fabrication of samples using conventional press and sinter, hot pressing and spark plasma
sintering is detailed in the following sections. All the different characterization procedures
employed on the samples are elaborated in sections that follow. While a part of the
experimental procedure has been published (Chapter 5) and included in Chapter 6, it has been

endeavoured to avoid duplication of text and data in this chapter except where necessary.

4.1 Powder characterization — particle size and distribution

Commercial purity elemental powders of nickel, manganese, cobalt, tin and a mixture of tin
and copper (2.5 wt %) were used. The as-received elemental powders were first

characterized for particle size, distribution and morphology.

The particle size and distribution were measured on a Mastersizer 2000 from Malvern
Instruments (now Malvern PANalytical), UK, working on the principle of Mie scattering
which refers to the elastic scattering of light by particles with diameter comparable to the
wavelength of incident light. Mie theory allows completely accurate results over a large size
range on the assumption that the particles are spherical. However the refractive indices for
the material and medium must be known and the absorption part of the refractive index must
be known or estimated. The Mastersizer 2000, picture shown in Figure 45, uses laser

scattering by particles suspended in a fluid medium with a size range of 0.02 to 2000 pum.
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For the powders used in this work the dispersant is distilled water with a refractive index of
1.33. A small quantity of individual powders (1 — 2 g) was dispersed in the medium and the
measurements were saved on a computer. Reports of particle size measurement were later

generated using the proprietary software of the manufacturer of the equipment.

Figure 45. Mastersizer 2000 used in particle size analysis

D(v, 0.1), D(v, 0.5), D(v, 0.9), D[3,2] and D[4,3] values of the powder sizes are tabulated in
Table 3. D(v, 0.1) is the size of the particle below which 10% of the sample lies and D(v,
0.9) refers to the size below which 90% of the sample lies. D(v, 0.5) is the size at which 50%
of the sample is smaller and 50% is larger. This value is also known as the Mass Median
Diameter (MMD) or the median of volume distribution. D[4,3] is the Volume Weighted
Mean of mass moment mean diameter. D[3,2] is the Surface Weighted Mean, also known as

the Surface Area Moment Mean Diameter or Sauter mean.

Figure 46, reproduced from (Ahamed et al. 2018) in Chapter 5, shows the particle
size distribution of the constituent powders including the Sn-Cu mixture. Additionally the
distribution of Sn powder alone is also shown. The particle sizes range from 8 um for Co to

32 pum for the Sn-Cu mixture. All particle sizes are less than 20 pm except for Sn-Cu powder.
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The inset of Figure 46 shows the morphology of tin powder (without Cu) used in this work.

Table 3 Particle sizes of different powders

Powder Ni/um Mn/pym  Sn/pm Sn-Cu/um  Co/nm
Volumetric 13.83 20.58 23.43 37.24 52.53
mean/D[4,3]
Surface mean/D[3,2] 8.94 10.07 14.92 21.13 6.01
D (v, 0.1) 5.06 4.38 8.94 10.28 3.40
D (v, 0.5) 11.52 16.91 19.14 31.8 8.05
D (v, 0.9) 253 41.77 36.2 71.59 18.79
~— Ni-powder ——Sn-powder
—— Mn-powder ——SnCu powder
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Figure 46. Particle size distribution of constituent powders (reproduced from
(Ahamed et al. 2018)) and (inset) SEM micrograph of Sn powder.

A similar procedure was adopted to determine the size and size distribution of Ni, Ti

and Zr powders used in the powder processing of high temperature Ni-Ti-Zr alloys

(Monastyrsky, Odnosum, et al. 2002). The analysis was carried out on a Coulter laser

scattering particles sizes analyser. Another method of determining powder particle sizes is
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through use of software on BSE images of powders that go into the alloy, as done on pre-
alloyed, melt-spun and milled NisoMn375Sni2sxIng (x = 0, 2, 4, 6) powders, using Gata

DigitalMicrograph software (Maziarz, Wojciech et al. 2016; Maziarz, W. et al. 2017).

4.2 Fabrication processing

4.2.1 Powder mixing and compaction

The powders were then used to prepare the samples. Two compositions were prepared -
NissCosMnsoSnio(at%) and NigsCosMnao(Sn,Cu)io(at%) by carefully weighing to atomic
composition. To the powders was added 0.5 to 1% A-wax (Acrawax; N, N’ Ethylene
Bisstearamide) for lubrication. The composition of powders were then sealed in a clean,
degreased and sealed cylindrical stainless steel mixing tube with 5 mm diameter steel balls
and rotated at 120 rpm for 1 -2 hrs. An approximate ball to powder ratio of 4:1 was used.
Compaction for densification of powders through uniaxial pressing in a die by a double acting
punch was carried out in a manner similar to (Jabur, Al-Haidary & Al-Hasani 2013; Valeanu
et al. 2011) who used uniaxial cold compaction in tool steel dies to prepare green compacts
of Ni-Ti and TisoNi30Cuz0 shape memory alloys at compaction pressures ranging from 300 to
800 MPa. The mixed powders were filled in a tool steel die 11 mm in diameter and closed
with a punch. The powder was then compacted by pressing in a Mohr & Federhaff universal
testing machine with a maximum capacity of 200 kN. The compacting loads were 70 KN
(184 MPa) and 80 KN (210 MPa). The compacting pressure was applied for 30 to 45 s for
all samples before it was released. After ejection from the mould the compacts measured 11
mm in diameter and up to 10 mm in length. Figure 47 (a) shows the picture of the die and

punch. Figure 47 (b) shows a pair of green and sintered compacts.
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Figure 47. (a) Die and punch; (b) a pair of green and sintered compacts

4.2.2 Pressureless sintering in Ar atmosphere

The sintering procedure briefly explained in Chapter 5 is elaborated in this section. The
compacts were then sintered in a Henan Andy high temperature tube furnace (AY-TF-80-
175). The maximum working temperature of the furnace is 1650 °C with a maximum
heating/cooling rate of 3 °C/min above 1200 °C and 5 °C/min below 1200 °C. The size of
the high purity cylindrical alumina tube is 70 mm ID and 1000 mm length. The tube chamber
is heated by 1800 grade MoSi» heating elements. The central heating zone of 150 mm is
calibrated to be at the maximum temperature where the set (programmed) temperature and
temperature from thermocouple synchronize. The alloy samples are place in alumina boat-
crucibles and pushed into the central heating zone from one end of the tube. The alumina
tube is sealed tightly, with a narrow tubing providing a vent for the argon gas and fumes
generated during the heating to escape into the atmosphere. Pure industrial argon (061 G2)
is passed through the other end of the tube in order to prevent oxidation. The furnace also

has a vacuum rotary pump to create vacuum (max. 1072 torr.) in the tube before introducing
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argon. The samples were sealed-off in silica tubes at argon-partial pressure and heated at 950

°C and 1050 °C for 24 h, 72 h and 144 h. Table 4 shows the processing conditions of the

different alloys. X-ray analysis on sintered powders of Ti, Ni and Zr in argon and nitrogen

atmospheres revealed that, based on the reflections in the X-ray spectrum, argon was best

suited for sintering because a number of phases, intermetallic compounds and nitrides formed

during sintering in nitrogen atmosphere (Monastyrsky, Odnosum, et al. 2002).

Table 4. Processing conditions used for the preparation of the alloy samples

Sample Sample Compaction Holding  Temperature/°
D Composition pressure/MPa time/h C
1050a2C  NiysCosMngo(Sn,Cu) 184 24 1050
950a2Cu 184 24 950
S950al 184 12 950
S950a2 184 24 950
S1050al 184 12 1050
S1050a2 NissCosMnsoSnio 184 24 1050
S950b1 210 12 950
S950b2 210 24 950
S1050b1 210 12 1050
S1050b2 210 24 1050
S950a3 184 72 950
S950a4 184 144 950
S1050a3 184 72 1050
S1050a4 NissCosMngoSnio 184 144 1050
S950b3 210 72 950
S950b4 210 144 950
S1050b3 210 72 1050
S1050b4 210 144 1050

4.3 Density measurements

The densities of the green and sintered compacts were determined in accordance with

Archimedes principle using a custom-built density measuring apparatus. The measured

densities can be used for the determination of porosity%. (Jabur, Al-Haidary & Al-Hasani
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2013) determined the densities and porosity% Ni-Ti shape memory alloys prepared by

powder metallurgy using the expression Porosity% = [1 — (Z—T)] x 100
o

where ps is the actual density of the sample calculated by dividing the weight (measured
with a balance) by volume; p,, is the theoretical density calculated as

po = [p5F x (at% ND)| + [pd" x (at% Ti)| + [pa@itive x (at% additive)]

where pJt, pht and pdd9itive are the theoretical densities of the Ni, Ti and additives such as
Cr and Al used in their work.

In this work the theoretical densities of NissCosMnsoSnio and NissCosMnao(Sn,Cu)io

compositions were determined as given above. The %theoretical density values instead of

%porosity were used for analysis.

4.4 Metallography

Thin sections of the samples were cut using Struers slow speed diamond saw for the different
characterization analyses to be carried out. The cut sections of the samples were hot mounted
on 25 mm mounts using Struers Citopress-5 hot mounting equipment. The equipment has
two attachments for preparing 25 mm and 30 mm diameter mounts. ‘Multifast’ resin was
used. The heating temperature was 180 °C and applied pressure 30 MPa. The heating and
cooling cycles were programmed for 3 and 2 min respectively. Subsequently the mounts were
metallographically polished on a Struers Tegramin-25 automatic polisher (Chapter 5) with a
variable disc speed of 40 — 600 rpm and variable specimen mover head speed of 50 — 150
rpm (clockwise and counter-clockwise). The specimen holder on the specimen mover head
can accommodate six specimens. A new method specific to polishing of multiferroic material
samples was created in the single specimen methods module. This method specified the
different mounting resins, suspensions, lubricants, direction of rotation of both the disc and
mover, the force at which the specimens are held, the rate of dosing of the suspension and
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the time of polishing. Grinding and polishing was carried out sequentially, as shown in Table
3, on various resin mounts with appropriate dosing suspensions to obtain a good surface

finish on the samples.

Table 5. Table shows the metallographic preparation for microstructural analysis

Step PGl;I;fiing Diamond Polishing (P?(flii(siﬁing

Surface MD-Piano™  MD- MD-Dur™  MD-Nap™ MD-
200/500/1200  Allegro™ Chem™

Suspension DiaP. DiaP. Dur3  DiaP. Nap-Bl  OP-U

All/Lar. 9

Rpm 150 150 150 150

Force (N) 25 20 20 20

Time (min) 7 4 4 4

For microstructural examination using optical and electron microscopy the polished
samples are suitably etched. Metallographic etchants reveal microstructural details which
cannot be observed on the as-polished sample. The details include grain size, segregation,
shape, size and distribution of the phases and inclusions. Different etchants are used on
ferromagnetic Heusler alloys — Oberhoffer solution (1 g CuCly, 30 g FeCls, 0.5 g SnCla, 42
ml HCI, 500 ml H>O and 500 ml C;HsOH) (Krenke, Acet, et al. 2005), Kalling’s reagent
(50% HCI, 50% CH3O0H, 2-5 g CuCl,), Nital or other etchants which may include 99 ml
CoHsOH + 2 ml HNOs; + 5 g FeCls (Yang, S, Wang & Liu 2012). For the present work
Kalling’s reagent (Ahamed et al. 2018) and Nital were used through swabbing on the surface

for 1 — 2 min.

4.5 Hardness measurements

Microhardness measurements were carried out on a LECO Microhardness Tester LM
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700 AT with Vickers indenter. All measurements were recorded for an applied load of 500 g
and 15 s dwell time. A majority of the ferromagnetic shape memory alloys have been
characterized only for their magnetostructural transformations and properties. Mechanical
properties such as hardness of the alloys are usually not determined or discussed. However
in the case of NisoMn375Sn125xInx (x = 0, 2, 4, 6) alloys the microhardness of the ribbons
which were pulverized and milled to obtain powders were determined at an applied load of
0.49 N. This was done in order to understand the effect of composition on the hardness which

was evident from its decrease as the In content increased (Maziarz, W. et al. 2017).

4.6 Differential scanning calorimetry

Differential scanning calorimetry experiments were first performed on very small quantities
of all sintered samples. The experiments were carried out on a Mettler-Toledo TGA/DSC 2
equipment. This equipment has a maximum temperature of 1600 °C, balance capacity of up
to 1 g including the weight of sample and two crucibles and a balance resolution of 1 ug.
Three types of gases — purge, protective and reactive gases are used. Purge gases are either
air, oxygen, carbon dioxide, or an inert gas such as nitrogen used in the furnace. Protective
gas is nitrogen flowing continuously at the rate of at least 20 ml/min up to 54 ml/min used
for the balance. Reactive gases are used when required. Heating and cooling methods
specifying the minimum and maximum temperatures and the heating/cooling rates are first
created using the ‘Routine Editor’ of the ‘STARe’ software associated with the equipment.
For experiments in this work the heating method was specified with a minimum temperature
of 25 °C, a maximum temperature of 650 °C and a heating rate of 5 °C/min. The cooling
method was specified with starting temperature of 650 °C, ending temperature of 25 °C and
a cooling rate of 5 °C/min. After the sample is placed inside the furnace, it is closed and the

experiment is started. The results are evaluated on the ‘Evaluation Window’ of the STARe
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software. The enthalpy changes (AH) around the phase transformation are calculated from

DSC data using the software.

4.7 Microstructural analysis

4.7.1 X-ray diffraction

To understand the microstructure better, X-ray diffraction studies were carried out on Rigaku
MiniFlex 600 diffractometer. This diffractometer is a benchtop machine capable of
crystalline phase identification and quantification, determination of % crystallinity,
crystallite size and strain, lattice parameter refinement, Rietveld refinement and molecular
structure. The advanced PDXL powder diffraction software associated with the equipment
uses a fundamental parameter method (FP) for accurate peak calculation. Phase identification
of the different phases present in the microstructure is done using Crystallography Open
Database (COD) and JCPDS of International Center for Diffraction Data (ICDD). The
patterns were obtained using Cu-Ka radiation with a wavelength of 1.5406 A. For the quinary
samples diffraction studies were carried out as detailed in Chapter 5. This diffractometer at
School of Mechanical Engineering, University of New South Wales, is a multipurpose
diffractometer suitable for all sample types such as powders, thin films, nanomaterials, etc.

and uses an advanced search-match HighScore software.

In order to offset the difficulty in the exact search-match of phases in the ferromagnetic
Heusler alloy discussed in this work, the peaks were indexed in accordance with the space
groups to which the phases belonged. Different cubic, orthorhombic/monoclinic, tetragonal

structures etc. corresponding to the austenite, martensite and other phases were identified.

4.7.2 Optical microscopy
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Microstructural examination was carried out using optical and electron microscopy. The
optical microscope used was a Zeiss Axio Imager.M2m from Carl Zeiss Microscopy GmbH
with a range of different contrasting techniques. The samples can be examined in brightfield,
darkfield, differential interference contrast (DIC), circular differential interference contrast

(C-DIC), polarization or fluorescence using reflected light.

The microscope is equipped with AxioVision 4.9.1 software with specialized modules
for image acquisition, processing and analysis. Various phases present in the microstructure
are determined using the Multiphase module. The software necessitates the creation of a
materials analysis archive for storing and managing data including test specifications
necessary for phase analysis. Phases are determined based on both the size of the individual
particles of a phase as well as the percentage of area they represent. Optical microscopy was
used to differentiate the microstructures between the as-atomized and annealed powders (Ito,
K et al. 2008) as well as conventionally sintered, porous and SPS sintered alloy of
composition NigzCo7Mn3eSni; (Ito, K et al. 2010; Ito, K et al. 2011; Ito, K et al. 2009).
Besides identifying the phases in the microstructures, it also allows the determination of

phases and porosity contents using the associated image analysis software of the equipment.

4.7.3 Scanning electron microscopy

The microstructure examination in this work was carried out using scanning electron
microscopy. Both secondary electron (SE) and backscattered electron (BSE) images were
obtained from FESEM (Quanta 450 FEG, USA) microscope. A beam probe size of 5 nm at
an accelerating potential (voltage) of 20 kV was used. The compositions of the alloy were
determined through spectrometry (EDS), using TEAM software associated with the system.

All three formats of the X-ray signal used in composition analysis such as spectrum, line scan
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Figure 48. (a) BSE image of sample 1 (refer Table 2); (b) Compositional map of phase
MnK/NiK/SnL/CoK; (c) Element overlay; (d) to (h) Elemental distribution of Sn, Mn, Co,
Ni and Cu respectively; (i) and (inset) Composition of phase shown in red in (b).
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and chemical concentration map (X-ray map) have been used. An example of the
composition map for a region of sample 1 (refer Table 4) is shown in Figure 48. BSE image
of the microstructure mapped is shown in Figure 48 (a) and the live map of composition is
seen in Figure 48 (b). Figure 48 (c) shows the elemental overlay. Figure 48 (d) to (h) are the

elemental maps and Figure 48 (i) (and inset) is the EDS compositional analysis.

4.7.4 Transmission electron microscopy

The use of a high resolution (0.10 nm) CM200 FEG transmission electron microscope
operating at 200 kV for examining the structure of martensite and the application of dual-
beam focused ion beam system (DB-FIB, XT, Nova Nanolab 200) for the preparation TEM
thin foil samples are mentioned in Chapter 5. The DB-FIB system has the electron and ion
columns separated by an angle of 52° between them such that both the beams are
concentrated on the same region of interest. TEM samples are very precisely and rapidly
prepared by DB-FIB using the ‘lift-out’ approach from among the two approaches discussed
in (Munroe 2009). After deposition of the protective metal layer (Pt) on the region of interest,
a series of mills were performed on the DB-FIB to prepare an electron transparent membrane
of thickness ~ 1000 — 2000 A. The transparent lamella was removed from the milled trench
using a micromanipulator and placed on a carbon-coated Cu grid. Alternatively TEM
specimens can also be prepared through jet polishing using an electrolyte (Maziarz, Wojciech
etal. 2016; Maziarz, W. et al. 2017) or through mechanical polishing followed by ion milling

(Valeanu et al. 2011).

4.7.5 Electron probe microanalysis (EPMA)

More accurately the compositions of a few of the samples synthesized at different conditions

were determined through wavelength dispersive spectrometry (WDS) routines on an EPMA
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microscope were carried out. CAMECA SXFive electron probe microanalysis machine with

advanced WDS spectrometers for accurate analysis of trace and light elements was used.

4.7.6 Magnetization measurements

Magnetization measurements were carried out using the Quantum Design Magnetic Property
Measurement System (MPMS3) magnetometer with a 7 T magnet and magnetic field

control with < 10® emu sensitivity. DC scan mode was employed for a continuous plotting
of the M-T (Magnetization-Temperature) diagram. Standard zero-field-cooled (ZFC), field-
cooled (FC) and field-heated (FH) protocols were followed to determine the M-T curves of
the samples. The ZFC protocol consisted of heating the sample to 400 K at H = 0, cooling to
2 K and then measuring M-T with H = 100 Oe. The FC protocol consisted of heating the
sample to 400 K and applying 7 T field in order for the samples to be magnetized and then
cooling to 2 K in an applied field of 100 Oe. The M-T is then measured with H = 100 Oe.
AC susceptibility mode was employed to determine the AC susceptibility of the samples at
different temperatures. M-H curves were determined using a vibrating sample magnetometer

(VSM) under a maximum applied field of 18 kOe.

In order to further explain magnetometry, an example is presented here from literature.
The M-T, DSC and M-H curves of NissCosMn4oSnio ferromagnetic Heusler alloy is shown
in Figure 7 (Srivastava et al. 2011). The properties seen in the curves are the properties
desired in ferromagnetic Heusler alloys for them to be multifunctional. It can be seen from
Figure 49 (a) that at an applied field of 1 T, the magnetization suddenly increases from less
than 10 emu/cm?® in the martensite phase to more than 1100 emu/cm? in the austenite phase
(Srivastava et al. 2011). Figure 49 (c) indicates that the structure of the alloy has a small

volume fraction of ferromagnetic particles in an antiferromagnetic matrix due to a pinning
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effect of non-collinear or antiferromagnetic structures in the ferromagnetic domain. Despite
the saturation magnetization being very high (1100 emu/cm?), the susceptibility of the
austenite is determined as y, = 2.3 emu/cm®Oe near H = 0, indicating that the austenite is
magnetically soft, shown in Figure 49 (d). The DSC plot is shown in Figure 49 (b). The
thermal hysteresis from the hysteresis plot is determined as 6 °C (Af-Ms). This low thermal
hysteresis and high value of saturation magnetization is any material scientist’s delight and

is dependent on the composition of the alloy.
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Figure 49. NissCosMnaoSnio alloy (a) M-T under 1 T field; (b) DSC plot; (c)
M-H curve of martensite; (d) M-H curve of austenite (Srivastava et al. 2011).
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1. Introduction

Heusler alloys have attracted considerable interest due to their
multiferroic attributes [1]. Often described as X;YZ (X, Y - transition
metals and Z - main group element), these alloys usually possess
two of three ferroic characteristics - ferromagnetism, ferroelectricity
and ferroelasticity, making them attractive functional materials for
various applications [2]. What makes them multiferroic and therefore
multifunctional is a phase transformation from austenite (at high
temperatures) to martensite (at low temperatures) that occurs at a
temperature below their Curie temperatures. This is also accompanied
by a magnetic transition that changes the magnetic order of the phases
[3]. For Heusler alloys martensitic transformation can occur over a range
of temperature [4-7]. It can also be induced by the application of a mag-
netic field. The application of magnetic field may reduce martensite
starting temperature and therefore cause reverse martensitic transfor-
mation by forming the high temperature ferromagnetic phase. Both
structural and magnetic properties become strongly coupled to one
another, giving rise to properties such as magnetic shape memory effect
|8], magneto-caloric effect [9-11], magneto-resistance [7,12] and direct
conversion of heat into electricity [13].

Quite important in the study of Heusler alloys is the difference
in magnetisation between the martensitic and austenitic phases, the
larger the gap is, the better it is for driving structural transformation
by application of magnetic fields. The field induced reverse martensitic
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study demonstrate that the powder processing could be used to replace time-consuming arc/induction melting
process in the development of high performance Heusler alloys at a lower cost.

© 2017 Elsevier B.V. All rights reserved.

transformation adds further to the functionality of the materials
such as a large inverse magneto-caloric effect, giant strain and giant
magneto-resistivity [ 14]. The alloy chemistry and atomic arrangement
within crystal structure play an important role in phase transformation
and resultant magnetization. A large difference in magnetisation be-
tween the phases is realised by the addition of Co to the Ni-Mn-Sn
alloy [14] to replace Ni or Mn. Since Co has a higher magnetic moment
than Ni [15], substitution of Ni with Co lowers the martensitic transfor-
mation temperature (Ms), while at the same time increases the Curie
temperature (T.). On the other hand, substitution by Co for Mn increases
both M; and T, [16]. Addition of other elements such as Cu, too, has the
effect of changing the martensitic transformation temperature depend-
ing on whether it is substituted for Ni or Mn [17,18]. For example, the
substitution of Cu for Mn in NisgMns4lnig (NisgMnsg — xCuylngg)
showed an increase in martensitic transition temperature along with a
drop in Curie temperature [19]. However addition of Cu has not been
shown to bring about a large difference in magnetisation between
phases as Co does [17,18].

It is common to synthesize Heusler alloys by arc/induction-melting
of high purity elements in a controlled environment. The alloy casts
are usually remelted over several times to improve homogeneity and
reheated and kept at high temperatures (normally 80% of the melting
point) for up to several days before quenching in ice water [20]. The
rationale behind such prolonged treatment is to ensure a uniform
distribution of constituent elements and the formation of fully mar-
tensitic structure at room temperature. Another technique used is to
prepare the alloy ribbons by melt-spinning through a rapid solidifica-
tion process. While the melt-spinning could bring about advantages
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Fig. 1. Particle size distribution of constituent powders.
Table 1
Powder particle size.
Powder Ni/pm Mn/um Sn-Cu/pm Co/nm
Volumetric mean/D [4,3] 238 20.6 37.2 4029 (Z-Ave)

like increased solid solubility limits and refinement of microstructure

[21], it is difficult to prepare bulk materials and limits its application.
Powder metallurgy (P/M) is relatively simple material pro-

cessing technique, where alloy composition can be tailored for specific

application with minimum waste. Although the P/M process has
been employed for fabrication of conventional shape memory alloys
|22-28], it has been less common in the synthesis of ferromagnetic
shape memory (Heusler) alloys. Furthermore, very few P/M fabrications
reported in the literature used costly alloy powders rather than
simple elemental powders. For example, spark plasma sintering (SPS),
pressure-less sintering (PLS) and solid state replication were used to
consolidate alloy powders of Nis3Co7;MnsgSnyy, to explore the martens-
itic and magnetic properties usually found in cast alloys [29-31]. One
advantage of P/M route is the control of porosity, which affects the duc-
tility and shape recovery (memory) characteristics of these alloys [31].

Since no report can be found on the synthesis of Heusler materials
by P/M using elemental powders, there is a practical need to explore
the P/M routes in fabricating high performance Heusler alloys at
low costs. This work reports on powder processing, microstructural de-
velopment including phase transformation, magnetisation behaviour
and the energy conversion function of quinary Ni-Mn-Co-Sn-Cu alloys
prepared using elemental powders. The advantage of this method is
discussed when compared to alloys prepared by melting.

2. Experimental procedure and sample preparation

The powder mixture was prepared with a starting stoichiometric
composition of NiysMnyeCosSnqq [13] reported for cast alloy that ex-
hibited attractive martensitic and magnetic behaviour. Commercial
purity elemental powders of nickel, manganese, cobalt and a mixture

Fig. 2. SEM micrographs to show the morphology of (a) Mn (b) Co (¢) Niand (d) Sn-Cu powders.
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Fig. 3. Device used for energy conversion test.

Table 2

Specifications of coils.

Coil Turns  Wire Outside Inside Height of
diameter/mm  diameter/mm  diameter/mm  coil/mm

Copper 4000 0.15 38 16 26

Copper 8000 015 38 19 20

of tin and copper (2.5 wt.%) were used. The size distribution of the as-
received elemental powders is given in Fig. 1 analysed using laser dif-
fraction particle size analyser (Mastersizer 2000, Malvern Instruments,
UK). The mean size for all powders is given in Table 1. The SEM micro-
graphs in Fig. 2 provide an indication of powder morphology and size
including some degree of agglomeration of the elemental powders.
The powders were carefully weighed and blended with an organic
binder in a cylindrical mixer for 3 h to render a good mixing. Following
the mixing, the powders were compacted in a double action press at
a maximum load of 70 kN to produce cylindrical compacts of 11 mm
diameter. The green compacts were sintered at 1050 °C for 24 hin a
high temperature resistance heating tube furnace using an Ar atmo-
sphere. The compacts were first heated at a heating rate of 5 °C/min to

400 °C, held for 30 min to burn off the binder and then ramped up to
the sintering temperatures at the same rate.

For the microstructural analysis of as-sintered alloys, samples were
cut using a slow speed diamond saw with surfaces prepared using an au-
tomatic polisher (Tegramin-25, Struers, Denmark). The etchant used was
Kalling's reagent (50 ml HCl, 50 ml CH50H and 2-5 g CuCl,). The micro-
structure and composition of the as-sintered samples were evaluated
using FESEM (Quanta 450 FEG, USA) and electron microprobe (SXFive,
CAMECA, France) with both EDS and WDS attachments. The formation
of phases was confirmed by XRD (PANalytical Empyrean) using Cu-Ko ra-
diation. The microstructure of the as-sintered specimens was also investi-
gated by a transmission electron microscope (FEG-TEM, Philips CM200)
operating at 200 KV. The samples used for TEM observation were pre-
pared by a dual-beam focused ion beam system (FIB, XT Nova Nanolab
200), using a sample preparation method described elsewhere [32].

The phase transformation temperatures were measured using differ-
ential scanning calorimeter (Mettler-Toledo TGA/DSC) within the tem-
perature range of 20-400 °C at heating and cooling rates of 5 °C/min.
The magnetisation behaviour of the alloys was studied within a temper-
ature range of 0-400 K under an applied magnetic field of 100 Oe using a
superconducting quantum interference device (SQUID) magnetometer.
Standard zero-field-cooled (ZFC), field-cooled (FC) and field-heated
protocols were followed.

To demonstrate the ability of the alloy in energy conversion, a
custom-made device was built as shown in Fig. 3 [33]. The underlying
principle of the experimental set-up is based on the fundamental dipo-
lar relationship between magnetization M, magnetic induction B and
magnetic field H given by B = H + 4nM. Phase transformation in
the alloy is expected to induce a non-zero dB/dt on which Faraday's
law curlE = 148 can be applied. A neodymium permanent magnet of
70 mm diameter and 15 mm thickness was used. Two coils of copper
were used whose specifications are shown in Table 2. A digital multimeter
was used to measure the voltage. Temperature changes were recorded
using a thermal imager targeting the top of the coil. IRBIS3 Plus was
used to analyse the images from the imager. The sample was heated
to 400 °C and then cooled differently using water and ice packs.

3. Results and discussion

The volumetric mean diameter D [4,3] values of nickel, manganese
powders and tin-copper mixture are ~23 um, ~20 pum and ~37 pm

Fig. 4. (a) Inset shows an EDS line scan between points 1 & 2 (main panel) showing uniform distribution of constituent elements (b) SEM and (c) optical micrographs of the as-sintered

specimen showing the distribution and morphology of the pores.
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Table 3
Microprobe analysis of alloy composition of the as-sintered specimens.

Table 4
Composition of micro-constituents determined by EDS.

Ni/at.% Mn/at.% Co/at% Sn/at% Cu/at.% Total Ni/at% Co/at% Mn/at% Sn/at% Cu/at% Total

443 40.4 52 7.7 24 100 Martensitic grains 444 5.1 409 7.5 22 100
Spongy phase 438 5.1 378 10.2 32 100
Dark grey intermetallics 439 11.0 41.0 1.1 29 100

)
7

Fig. 5. Optical and backscatter electron micrographs to show the development of Heusler
alloy synthesis.

respectively. The Z-average value of cobalt powder is ~4 um. As ex-
pected, there is some degree of agglomeration of constituent powders
that may affect the density of green compacts. The green density aver-
aged around 70% of the theoretical density for the applied pressure of
~735 MPa. The measured density of the sintered specimens was around
90% of the theoretical density after being kept for 24 h at 1050 °C. An
EDS line scan shown in inset, between points 1 and 2 in the main panel
of Fig. 4(a), confirms a uniform distribution of Mn, Ni, Co and Sn within
the bulk alloy. The increased density is an indication of an effective dif-
fusion amongst the particles of the constituent powders that helped
close down the pores in between, Fig. 4(b) & (c). The microprobe anal-
ysis of the as-sintered specimens, as shown in Table 3, confirmed the
alloy sample composition matches the design very well.

3.1. Microstructure

The optical and SEM micrographs of Fig. 5 provide a detailed view
of the microstructural features in the sintered alloys. The formation
of ‘grains’ or colonies bearing a clear martensitic morphology can
be clearly seen in Fig. 5(a). The backscatter electron micrographs in

Fig. 6. TEM and compositional map of the as-sintered specimen (a) Martensite grains.
Inset shows the map of constituent elements. The presence of Ga is due to ion
sputtering during TEM specimen preparation (b) EDS spectrum of marked points on the
martensitic laths within the grains, shown in inset.
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Fig. 5(b) & (c), reveal the presence of the martensitic grains along with a
bulky dark grey phase that have the distinct feature of intermetallics,
both phase compositions are summarised in Table 4. In addition,
a small number of little spongy-like phase, shown by red arrows in

a

+ 6-layered martensite

+ NiSn

Intensity (a. u.)

ZA=[210] . *

2 1/nm

Fig. 7. (a) XRD spectrum of the alloy showing a 6-layered martensite structure and Ni3Sn
phase (b) Bright field TEM image of martensite phase (c¢) SAED pattern revealing 6-layered
martensite.
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Fig. 8. DSC curves of the alloys sintered at two different temperatures.
Table 5
Phase transformation temperatures.
Alloy Processing condition A/°C Ai°C M,/°C M;/°C
1 70/1050/24 188 225 199 159
2 70/950/24 - - - -

Fig. 5(b), was detected near the pores, whose composition is also
given in Table 4. The spongy phase appears to be Sn-rich, while the
bulky dark grey phase is rich in Co with a trace amount of Sn in solution.
The formation of the spongy phase may be due to that the low melting
point Sn flowed through the green compact at the early stage of
sintering and accumulated within the pores. Dark regions which are
rich in Co may have resulted from the agglomeration of Co particles,
which had the smallest particle size, probably due to inadequate mixing.
However, it is quite clear that more than 95% of the region is made of
martensite phase as seen in Fig. 5(a).
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Fig. 9. (a) Temperature vs Magnetisation (b) Temperature vs ac susceptibility curves of the
new alloy.



74 R. Ahamed et al. / Powder Technology 324 (2018) 69-75

Table 6

Test data for evaluation of voltage generation.
Test start Method Measured  Specimen Specimen Turns
temperature/°C of cooling voltage/mV diameter/mm thickness/mm of coil
200 Wet pack 0 10 6 4000
220 Wet pack 0.1 10 6 8000
250 Wet pack 0.2 10 2 8000
310 Wet pack 04 10 2 8000
335 Ice pack 0.6 10 2 8000

Furthermore, TEM studies were carried out to examine composi-
tional variations across the martensitic laths and also provide infor-
mation on the degree of homogeneity across entire grains. The main
panel of Fig. 6(a) shows a twinned structure with martensitic laths
evenly distributed. The compositional map of the thin section which
confirms the uniform distribution of alloy elements is seen in the inset
of Fig. 6(a). An EDS spectrum is shown in Fig. 6(b) for the points marked
in the inset of Fig. 6(b).

The indication of martensite formation shows the potential of the
P/M for the synthesis of Heusler alloys. To identify the martensitic struc-
ture and other phases which may form, XRD analysis of the specimen is
shown in Fig. 7(a), in which the peaks are indexed to a six-layered mar-
tensite structure and an intermetallic compound, NisSn. Corresponding
bright field TEM image of the heavily twinned martensite is shown in
Fig. 7(b) and the SAED pattern of the martensite is shown in Fig. 7(c).
The presence of five satellite spots between principal reflections is con-
sistent with the six-layered structure [34].

3.2. Thermal characterisation
The results of DSC measurements carried out to determine the

structural transformation temperatures of the alloys are shown in
Fig. 8. Exothermic and endothermic peaks are seen corresponding to
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the forward and reverse martensitic transformation. There are however
no peaks seen for alloys sintered at 950 °C shown in brown colour. This
indicates that the sintering temperature (950 °C) is not adequate to in-
duce reactions which may cause martensitic transformation to occur.
For the alloys sintered at 1050 °C the austenite start and finish (As and
Ays, Ar shown) temperatures, as well as the martensitic start and finish
temperatures (Mg and Mg, Mg shown), are given in Table 5. A thermal
hysteresis of ~25 °C is observed. The transformation temperatures
are higher when compared to the cast alloys [13], probably due to the
presence of Cu in the alloys [35,36].

3.3. Magnetisation behaviour

The magnetic transition of the new alloys was characterised from
saturation magnetisation (Ms) and ac susceptibility () vs temperature
(T) measurements using standard protocols in a biased field of 100 Oe
in the temperature range of 0-400 K. As seen from Fig. 9 a) the
magnetisation begins to increase at a temperature in the vicinity of
400 K to ~17 emu/g at 0 K. The Curie temperature could not be clearly
established. However it could be inferred that using susceptibility mea-
surements shown in Fig. 9(b) there is a transition from paramagnetic to
ferromagnetic behaviour at ~360 K. It is obvious that the martensitic
transformation and magnetic transition temperatures are different
when compared to the cast alloy in [13]. The decrease in magnetic tran-
sition temperatures may be due to the effect of the applied magnetic
field which has the effect of decreasing the magnetic transition temper-
atures in Nisg  ,Co,Mn3gSn;; multifunctional alloys when 5<x<8 [35].
The separation seen between the zero field-cooled and the field-cooled
curves may be attributed to the pinning of ferromagnetic domains in
different orientations by anti-ferromagnetic exchanges resulting from
changes in Mn-Mn spacing introduced by the addition of Sn atoms as
suggested in [36]. This may be a further indication that the new alloy
sintered has the typical characteristics of a Heusler alloy.
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Fig. 10. a) Voltage recorded at the condition of maximum voltage generation b) temperature of sample recorded by the thermal imaging system c) rate of cooling of specimen and

d) variation of voltage with temperature for the condition shown in a).
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3.4. Evaluation of voltage generation

To reveal the energy conversion function of the developed alloy, the

electrical voltage generated by the alloy as it cooled from elevated tem-
peratures, was measured and displayed in Table 6. The samples were
heated in a furnace to above 400 °C and then immediately transferred
into the coil. The start temperature listed in the table is the actual tem-
perature at which the voltage measurement was started after the sam-
ples were transferred from the furnace and cooled by momentarily
placing them on wet and ice packs. From elemental calculations using
the methods discussed in [37] the specimen thickness and number
of turns in coil were determined. It can be seen from Table 6 that the
condition of maximum voltage generation was when the sample was
rapidly cooled using an ice pack. This is because higher cooling rates
as in rapid quenching have a greater influence on the martensitic
transformation. The sample thickness was 2 mm and the number of
turns in the coil was 8000 at this condition. Fig. 10(a) shows the condi-
tion of maximum voltage generation in which a voltage of 0.6 mV was
recorded. Fig. 10(b) shows the temperature of the sample as recorded
by the thermal imaging system. The rate at which the sample cooled
down to room temperature upon ice cooling, measured separately,
is seen in Fig. 10(c). The drop in temperature was quite abrupt with
the temperature dropping nearly 200 °C in 2 s. The variation of voltage
generated with temperature for the condition of maximum voltage
generation is shown in Fig. 10(d). The temperature at which the maxi-
mum voltage was recorded was 175 °C.

4. Conclusions

The Ni-Co-Mn-Sn-Cu quinary alloy was prepared by simple powder

metallurgy route in this study. The new findings can be summarised as
follows.

1.

Synthesis of Ni-Mn based Heusler alloys by powder processing using
elemental powders is feasible. A sintering temperature of 1050 °C
is sufficient for diffusion to occur leading to desired structural trans-
formations. The room temperature microstructure appeared to be a
six-layered martensite.

. The addition of Cu shifted the structural transformation temperature

to a higher value, compared to the cast alloys.

. Magnetic transition from paramagnetic to ferromagnetic occurs at

around 360 K (~90 °C) when a magnetic field of 100 Oe is applied.

. A voltage of 0.6 mV was generated at a temperature of 175 °C with

the sample thickness being 2 mm.
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Abstract: NigsCosMnyoSnjg Heusler alloy was fabricated with elemental powders, using a powder
processing route of press and sinter, in place of vacuum induction melting or arc melting route.
The effects of process parameters, such as compaction load, sintering time, and temperature,
on the transformation characteristics and microstructures of the alloy were investigated. While the
effect of compaction pressure was not significant, those of sintering time and temperature are
important in causing or annulling martensitic transformation, which is characteristic of Heusler alloys.
The processing condition of 1050 °C/24 h was identified to be favorable in producing ferromagnetic
Heusler alloy. Longer durations of sintering resulted in an increased y-phase fraction, which acts as
an impediment to the structural transformation.

Keywords: Heusler alloy; powder processing; process parameters; microstructure; martensite

1. Introduction

Ni-Mn-X (X - Ga, Sn, In, Sb)-based ferromagnetic Heusler alloys are multifunctional materials
on account of their multiferroic nature [1]. This has its origin in a couple of remarkable and
reversible solid-state transformations, viz., the primary martensitic phase transformation and the
secondary magnetic transition. While the former transforms the parent cubic L2; austenite to
modulated orthorhombic/non-modulated tetragonal martensite, the latter changes the magnetic
order of the phases from ferromagnetic austenite to anti-ferromagnetic/paramagnetic martensite [2].
The reversibility of the transformations is uniquely identified with a shape memory effect (SME),
either magnetic (MSME) or metamagnetic (MMSME). In the former, strain recovery is by martensitic
twin variants reorientation under an applied field as in Ni-Mn—Ga alloys [3], while in the latter, it is
by a field-induced reverse transformation from the martensite phase back to parent austenite phase,
as in other Ga-free alloys (e.g., NispMn34Ini6) [3]. MSME [4] and other effects of magnetocaloric [5-8],
magneto-resistance [9,10], exchange bias [11], and direct conversion of heat into electricity [12] are
interconnected [2], which explains the multifunctional behavior.

These alloys are usually synthesized by liquid processing, followed by annealing. Examples of
Heusler alloys prepared by arc/induction melting and characterized for their remarkable
magnetostructural properties include compositions in the NispMnsg_4Sny system (composition rewritten)
with large inverse entropy change, leading to a large inverse magnetocaloric effect [6], Nigs CogMnyoSnig
with large magnetic entropy change and magnetoresistance [5], compositions in the NispMnsg.y Xy
(X=1In, 5Sn, Sb) system with magnetic shape memory [13], Nis3CoyMn3z9Sny; with magnetic field-induced
shape recovery by reverse phase transformation [14], and Nis5CosMnyoSnyg for potential energy
conversion [15]. Other alloys, such as NispMn3;5n;3 [16], compositions in the NisgMnsp.Sny system
(composition rewritten) [17], NigyCogMnszeSnjq [18], compositions in the NisgMns.«Sny system [19],
and Ni-Co-Mn-5n alloy [20] synthesized by liquid processing, deal with microstructural aspects,
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such as the effect of compositional variations on microstructure in response to heat treatments, crystal
structures of austenite and martensite, determination of crystallographic phases, and stability of
different crystallographic structures under varying temperatures and solidification microstructures
respectively. Carried out under controlled conditions of a vacuum (10~ bar), an inert atmosphere
(argon) with/without the addition of suitable oxygen getter materials, such as Ta or Ti to prevent
oxidation [21], arc/melting ensures compositional homogeneity, resulting in a stable single phase L2;
structure. Melt-spinning [22-26] produces highly textured samples with controlled austenitic grain
size, suitable for practical applications. In a process in which the alloy melt stream is allowed to
solidify rapidly on a fast-rotating (10 m/s to 60 m/s) substrate wheel, the wheel speeds which are an
indication of the solidified foil thickness and its solidification rate, influence the magnetostructural
phase transformations and characteristics of the alloys [27]. Directional solidification results in
chemical segregation or a composition gradient with a control over the transformation temperatures.
Bridgman-Stockbarger [28] and Czochralski [29] techniques of directional solidification have been
used for preparing single crystals of the alloys.

Solid processing by conventional powder metallurgy (P/M) has been used in a limited manner
with alloy powders [30-33] with properties identical to or less than the bulk material. The use of
elemental powders in a conventional compaction/sintering procedure has been attempted in the
synthesis of a quinary Ni-Co-Mn-Sn—Cu alloy [34]. The transformational characteristics and the
observed microstructure of the sintered quinary alloy are similar to cast alloy, thereby offering scope for
further investigation. Given that good compositional control can be obtained with the use of elemental
powders, the P/M route warrants further study to fabricate high performance Heusler alloys at low
costs. This paper endeavors to elucidate the effects of the conventional powder metallurgy parameters,
such as compaction load, sintering time, and temperature, upon the transformation characteristics and
microstructural features of a quaternary NigsCosMnyoSnjg Heusler alloy.

2. Materials and Methods

Quaternary NigsMnyoCos5n1g alloys were prepared using the P/M technique from commercial
purity elemental powders of nickel, manganese, cobalt, and tin. The particle size and distribution were
measured on a Mastersizer 2000 (Malvern Panalytical, Worcestershire, UK) laser diffraction particle
size analyzer. D (v,0.5) sizes of the powders are tabulated in Table 1. D (v,0.5) refers to the size at which
50% of the sizes are smaller and 50% are larger.

Table 1. Particle sizes of different powders.

Ni (um) Mn (um) Sn (um) Co (um)
D (v,0.5) 11.52 16.91 19.14 8.05

The individual powders were carefully weighed to atomic composition. About 0.5 to 1% A-wax
(Acrawax; N, N’ Ethylene Bisstearamide) was added for lubrication. The powders were sealed in
a clean cylindrical steel tube and mixed at 120 rpm for approximately 2 h with 5 mm diameter balls at
an approximate ball to powder ratio of 4:1. They were then compacted into 11 mm diameter cylindrical
compacts, using a tool steel die and punch on a Mohr and Federhaff universal testing machine with
a maximum capacity of 200 kN. The green compacts were sintered in a high-temperature tube furnace
(70 mm ID and a heating zone of 150 mm) by sealing them off inside silica tubes at argon-partial
pressure at a heating rate of 5 °C/min. Table 2 shows the prepared samples and corresponding
processing conditions. All samples were furnace cooled (furnace turned off after desired sintering
time) to room temperature.
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Table 2. Processing conditions of the alloy samples.

S950a1 184 12 950
S950a2 184 24 950
S51050a1 184 12 1050
51050a2 184 24 1050
S950b1 210 12 950
S950b2 210 24 950
S51050b1 210 12 1050
S51050b2 210 24 1050
51050a3 184 72 1050
51050a4 184 144 1050
S51050b3 210 72 1050
51050b4 210 144 1050

The densities of the green and sintered compacts were determined in accordance with the
Archimedes principle, using a custom-built density measuring apparatus. Phase transformation
temperatures were determined through differential scanning calorimetry (DSC), using a TGA/DSC 2
equipment (Mettler-Toledo AG, Schwerzenbach, Switzerland) differential scanning calorimeter within
the temperature range of 25-400 °C. Heating and cooling rates of 5 °C/min were followed in the
heating and cooling routines. The enthalpy changes (AH) around the phase transformation were
calculated from DSC data, using the ‘STARe’ software (Version 9.30, Mettler-Toledo AG, Schwerzenbach,
Switzerland) associated with the equipment. Metallographic procedures were similar to those applied
on the quinary alloy samples described elsewhere. A LECO LM 700 AT Microhardness Tester (LECO,
Saint Joseph, MI, USA) with Vickers indenter with an applied load of 500 g for 15 s dwell time was used
for microhardness measurements. Examination of microstructures was carried out on an Environmental
SEM (Quanta FEG 450, Hillsboro, OR, USA) scanning electron microscope, equipped with an energy
dispersive spectroscopy (EDS) attachment for composition determination. A Rigaku MiniFlex 600 X-ray
diffractometer (XRD) (Rigaku, Akishima-shi, Tokyo, Japan) was used for phase determination. All the
patterns were obtained using Cu-Ko radiation with a wavelength of 1.5406 A. Additionally, XRD and
M-H curves of the samples were obtained from another laboratory for the purpose of verification of
our results.

3. Results and Discussion

The actual compositions of the samples were measured using EDS and listed in Table 2.
The compositions are not too deviant from the starting composition of NigsCosMnyoSnjg, except for
slight variations in Sn and Mn. This confirms that the powder metallurgy route can also be employed
to synthesize Heusler alloys.

3.1. Density and Hardness

The theoretical density of the quaternary alloy was determined as 8.02 g/cm®. The measured
densities of the quaternary alloy samples are expressed as percentages of the theoretical density
(% theoretical density). The % theoretical densities and the microhardness values of the conventionally
sintered alloys, sintered for 12 h and 24 h, are plotted in Figures 1 and 2. The variation in the %
theoretical densities is around 77% for S950al, S950a2, S950b1, and S950b2 alloys, as seen in Figure 1a,b,
while it is around 89% for S1050al, S1050a2, S1050b1, and S1050b2 alloys, shown in Figure 2a,b.
The percentage of porosity of samples sintered at 950 °C is approximately 23%, while that of alloys
sintered at 1050 °C is approximately 11%. Figure 2 shows that longer sintering times and higher
temperatures are desirable for effective sintering and reduction in porosity. Microhardness variations
of the alloys also reveal that specimens sintered at 1050 °C (51050 alloys) have higher hardness values
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varying from 260 HV to 290 HV, while alloys sintered at 950 °C (5950 alloys) have relatively lower
hardness values varying from 140 HV to 175 HV. In all of them, the microhardness is seen to be
increasing with the sintering duration. The effect of compaction load is not as significant. The measured
densities of the quaternary S1050a3, S1050a4, S1050b3, and S1050b4 alloys expressed as percentages of
the theoretical density are plotted in Figure 3. After 144 h, the % density is approximately 96%.
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Figure 1. Variation of % theoretical density and microhardness with sintering time of: (a) S950al,
S950a2; (b) S950b1, S950b2.
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Figure 2. Variation of % theoretical density and microhardness with sintering time of:
51050a2 and (b) S1050b1, S1050b2.
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Figure 3. Variation of % theoretical density with sintering time of quaternary alloys S1050a3, S1050a4,
51050b3, and 51050b4.

SEM micrographs of 5950a2, S950b2, S1050a2, and S1050b2 alloys, sintered for 24 h, are shown in
Figure 4. It can be seen that the alloys sintered at 950 °C show a poor microstructure with large amounts
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of porosity, as in Figure 4a,b. On the other hand, alloys sintered at 1050 °C show microstructures that
are indicative of the occurrence of effective sintering in them, as in Figure 4c,d. Although more than
one phase seemed to appear, the porosity is less in these alloys. The porosities of the alloys are in
agreement with the measured densities discussed earlier. It becomes clear that higher temperatures are
necessary for effective diffusion between powder particles. The effect of compaction is observed to be
less significant. The compositions of the alloys listed in Table 2 are identical to the starting composition,
with the Ni and Co values being nearly equal. However, alloys S950al, S950a2, S950b1, and S950b2
have less Sn and more Mn. This may be attributed to the sintering temperature being insufficient
for effective diffusion of the powder particles to attain homogeneity. As a result, the microstructures
seen in Figure 4a,b show high levels of porosity. Alloys S1050al, S1050a2, S1050b1, and S1050b2 also
have less Sn and more Mn. However, the difference is about half the difference seen in S950a1, S950a2,
S950b1, and S950b2 alloys. The sintering temperature and duration of sintering seemed to have favored
increased diffusion, thereby reducing the inhomogeneity. This can be seen from the reduced porosity
in the microstructures in Figure 4c,d and also from the measured densities.

1

© - ' @

Figure 4. BSE images of samples: (a) S950a2; (b) S950b2; (c) S1050a2; and (d) S1050b2.

SEM micrographs of 5S1050a3 and S1050b4 alloys shown in Figure 5 suggest melting has occurred
at an extended duration of sintering (72 and 144 h, respectively) resulting in a dendritic structure.
The microstructures in Figure 5a,b show the light gray cells surrounded with a two phase mixture
of light and dark gray regions, with porosity (black) being minimal. In Figure 5b of the sample
sintered for 144 h, the progress of powder particle interaction is seen, with interparticle regions
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becoming more developed and the large light gray cells coarsened and smoothed off when compared
to Figure 4a. The composition of S1050a3 is close to the starting composition with a small variation in
Sn. However, when the sintering time increases to 144 h, the difference between Mn and Sn expands,
which is an indication that more Sn has been removed from the powder mixture, S1050b4 and 51050a4.
The reduction in the level of tin may be attributed to the tin moving into the pores, due to the capillarity
effect, as Sn has a very low melting point (232 °C) and is expected to have very low viscosity at the
sintering temperature.

(a) (b)
Figure 5. BSE images of samples: (a) S1050a3 and (b) S1050b4.

3.2. Differential Scanning Microscopy

Differential scanning calorimetry (DSC) measurements were obtained from identical heating and
cooling cycles for all the samples. The austenite start (Ag), finish (Ar), and peak (Ap), martensite start
(Ms), finish (M), and peak (Mp), martensitic transformation (Ag + Mg)/2, thermal hysteresis (Ap — Mg)
temperatures, and enthalpy changes around phase transformation (AH) of the samples are presented
in Table 3. These temperatures are also suitably identified in the DSC curves shown below in Figure 6.
The enthalpy changes (AH) around the phase transformation are calculated from DSC data.

Table 3. Composition of the alloys obtained from EDS.

Sample ID Ni (at %) Mn (at %) Co (at %) Sn (at %) Total
5950al 44.7 42.8 53 7.2 100.0
S950a2 45.8 411 5.1 7.9 100.0

51050al 44.8 41.8 5.4 8.0 100.0
51050a2 45.9 39.9 4.6 9.5 100.0
S950b1 45.0 422 5.1 7.7 100.0
S950b2 45.2 42.0 4.9 7.8 100.0
51050b1 449 41.0 5.0 8.9 100.0
51050b2 45.2 40.8 5.1 8.9 100.0
51050a3 45.8 40.3 5.0 8.9 100.0
51050a4 449 41.6 5.6 7.8 100.0
51050b3 453 40.9 5.9 7.7 100.0

51050b4 44.6 42.7 5.8 6.9 100.0
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Figure 6. DSC curves of: (a) S1050b2; (b) S1050a2; (c) S950b2; (d) S950a2; (e) S1050b1; (f) S1050al;
(g) S950b1; and (h) S950al.

Exothermic peaks corresponding to austenite-martensite transformation (cooling) and
endothermic peaks corresponding to a reverse martensite—austenite transformation (heating) seen on
the DSC curves indicate the occurrence of forward and reverse martensitic transformation, while the
absence of peaks is not indicative of martensitic transformation. The effects of temperature and time
on the phase transformations are to be examined. A sintering temperature of 950 °C resulted in an
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incomplete martensitic transformation in which the transformation and hysteresis temperatures could
not be decisively determined. This can be seen in samples 5950al and S950b1 in Figure 6h,g, respectively,
wherein the sintering duration of 12 h also does not favor a complete transformation sequence. On the
contrary, both forward and reverse martensitic transformation sequences are discerned in samples
S950b2 and S9502 in Figure 6¢,d, sintered at 950 °C for 24 h. The transformation and hysteresis
temperatures determined for these samples appear to be an aberration as the peaks are not sharp and
narrow. It is conjectured that even a longer sintering duration at an insufficient sintering temperature
could result in an inhomogeneity or, more likely, the incomplete synthesis of phases with large changes
in the stoichiometry. Martensitic transformation is dependent on the composition and thermal events
associated with it increase in sharpness and intensity upon additional annealing [35]. Quenching after
annealing completes the formation of martensite. It can be seen that fast heating/cooling freezes the
calorimetric response of the samples in terms of both the transition temperature and enthalpies [36].

In samples 51050al and S1050b1, compacted at different pressures but sintered at 1050 °C and
12 h, the transformation temperatures are 103 °C and 107 °C, respectively. These are seen in Figure 6fe.
The temperatures are lower than 125 °C, obtained for the cast alloy [15]. In samples S1050b2 and
51050a2, seen in Figure 6a,b, the transformation temperatures are not very different from those reported
in [12,15], because the sintering time for these samples was 24 h. Sintering temperature and duration
of sintering are important. Figure 7 shows the DSC curves of samples S1050a3 and S1050a4. It can be
seen that these samples record no martensitic transformation. The lack of martensitic transformation is
due to the formation of other phases, which are explained in detail in the next section.

—14h —72h

Heat flow, mW
®
L

|

8 T T T T T
50 100 150 200 250 300 350 400
Temperature, °C

Figure 7. DSC curves of: Samples S1050a3 and S1050a4.

3.3. Microstructure Analysis

Figure 8a shows the BSE micrograph of alloy S1050al and Figure 8b shows that of alloy S1050a2.
Both structures show martensitic grains with “lath” structures clearly seen. The average grain size
determined by the intercept method is 13.95 um and 10.97 um, respectively. The structures are
predominantly single phase, labelled as martensite. However, in 51050a2, additional dark gray
regions are seen. S1050b1 has martensitic and non-martensitic regions with an average grain size
of 14.57 um, seen in Figure 8c, while 51050b2, seen in Figure 8d, has a similar microstructure to
51050a2, with an average grain size of 8.28 um. The decrease in grain size with increasing sintering
time does not go with the well-accepted concept that further diffusion will bring about coarsening,
i.e., larger grain size. As will be discussed later, this is due to reactions at the grain boundaries,
which tend to consume part of the grains, resulting in reduction of grain size, in contradiction to
popular belief. Martensitic and non-martensitic regions, along with the dark gray phases, are identified
on the micrographs. The compositions of the phases seen in Figure 8 are presented in Table 4.
The composition of the dark gray region in all samples shows an increased Co content and only traces
of Sn. These dark gray regions with excess Co are identified as y-phase and the non-martensitic
regions are identified as L21/martensite, in accordance with literature [20]. The non-martensitic phase
is actually the L2 austenite, which transforms to martensite upon cooling. From Table 4, it can be seen
that the compositions of martensitic and non-martensitic regions are nearly similar.
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© | )

Figure 8. BSE micrographs of NigsCosMnyoSnyg alloy: (a) S1050al; (b) S1050a2; (c) S1050b1;
and (d) S1050b2.
Table 4. Transformation and hysteresis temperatures obtained from differential scanning
calorimetry (DSC).

A A A M M M (As + Mp)/2 (Af - Mg) AH/Jg!

Sample ID il F P VS v E o P ST N s

0 0 0 O (@) ©0) (@) (@) Heat Cool
8950a1 135 - - - 103 - - - - -
895022 140 215 175 210 105 156 123 5 2008 3375
51050a1 120 182 160 155 85 125 103 27 26.45 25.60
$1050a2 130 175 157 158 109 135 120 17 1275 13.89
S950b1 132 - - - - - - - - -
5950b2 130 220 170 205 100 155 115 15 19.42 22.66
$1050b1 125 160 148 132 88 112 107 28 2227 1956
$1050b2 130 187 174 168 100 140 115 19 3217 3429
$1050a3 - - - - - - - - - -
$1050a4 - - - - - - - - - -

Figure 9 shows the back scattered electron (BSE) micrograph of 51050a3 alloy and the EDS spectra
of different regions in it. Figure 10 shows the micrograph of S1050b4 alloy along with the EDS spectra.
The compositions of the phases represented by the regions are included in Table 5. Of identical
regions, the compositions are fairly uniform. The microstructures can be seen to resemble a cast
structure when melting and solidification takes place. In addition to non-martensitic light gray cells,
the inter-cell structure comprises three regions—martensitic structure having a faint lath morphology,
predominantly forming at the periphery of the inter-cell region, light gray of a similar feature to that
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of cells, and dark gray regions having a bulky morphology. It is seen from Figures 9 and 10 that the
light gray phase within the inter-cell regions is transformed to bulky dark gray phase. In 51050a2 and
51050b2 samples, sintered for 24 h, the presence of dark gray phase is less and the microstructures
resemble a predominantly martensitic structure, as seen in Figure 8b,d respectively. In samples S1050a3
and S51050b4, sintered for 72h and 144 h, the dark gray regions identified as y-phase earlier are present
in large measure, as seen from Figures 9 and 10 and also from Figure 5a,b. The compositions of the
phases are included in Table 6. The volume fraction of the y-phase is more in 51050b4 when compared
to 51050a3, which means that increased amounts of y-phase have stabilized at 144 h of sintering. This is
because phases with excess Co stabilize at higher temperatures beyond 950 °C [20]. Thus, with dark
gray regions stabilizing in the phase boundaries, relegation of martensite to the boundaries by the light
regions occurs because the 'y-phase acts as a heat sink for the martensite, which usually forms through
a shear and diffusionless mechanism during quenching. The alloys being furnace-cooled underwent
an incomplete martensitic transformation with the martensite confined only to the boundary region
adjoining the y-phase. This, together with the formation of the y-phase, accounts for the absence of
distinct martensitic transformation peaks in the DSC graphs.

snlo Nika snla

Figure 9. BSE micrograph and EDS spectra of different regions seen in S1050a3.
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Figure 10. BSE micrograph and EDS spectra of different regions seen in S1050b4.

Table 5. Composition of regions in the microstructures of the S1050a1l, S1050a2, S1050b1, and S1050b2.

Sample ID Ni (at %) Mn (at %) Co (at %) Sn (at %) Total In Figure
51050a1 452 40.8 5.1 8.9 100.0 8a: Martensite
51050a2 45.6 404 5.4 8.7 100.0 8b: Martensite
51050a2 449 419 11.1 2.1 100.0 8b: y-phase
51050b1 45.0 417 5.1 8.2 100.0 8c: Martensite
51050b1 455 411 4.6 8.8 100.0 8c: Non-martensite
51050b2 45.0 41.0 5.1 8.9 100.0 8d: Martensite
51050b2 423 452 11.3 12 100.0 8d: y-phase

Table 6. Composition of regions in the microstructures of the S1050a3 and S1050b4.

Sample ID Ni (at %) Mn (at %) Co (at %) Sn (at %) Total In Figure
S51050a3 46.0 40.2 4.4 9.4 100.0 9: Martensite, 6
51050a3 44.6 43.7 9.6 21 100.0 9: y-phase, 1
51050a3 46.9 38.3 3.9 10.9 100.0 9: L2¢/martensite, 2
51050a3 46.9 38.1 4.0 11.0 100.0 9: L2¢/martensite, 3
51050a3 459 40.0 3.7 10.4 100.0 9: L2¢/martensite, 4
51050a3 457 39.6 4.0 10.7 100.0 9: L2¢/martensite, 5
51050b4 46.6 39.2 4.5 9.7 100.0 10: L21/martensite, 1
51050b4 40.3 454 11.6 2.7 100.0 10: y-phase, 2
S51050b4 45.9 40.9 4.6 8.6 100.0 10: Martensite, 3

Shown in Figure 11 is the microstructure of S1050a4 at high magnification. This sample is sintered
for 144 h. A lamellar structure can be seen within the y-phase (dark gray regions) at the grain
boundaries. The composition of lamellae alternately corresponds to L2;/martensite (light gray) and
v-phase (dark gray) regions. This is akin to a eutectoid L2; and y-phase precipitating from D03 phase
in a solid state [20]. The D03 phase has higher Sn content, while in 51050a4, no such phase is seen.
From the microstructure shown in Figure 11, it can be deduced that the non-martensitic light gray
region, since D03 is absent, formed the eutectoid structure. Another characteristic of Heusler alloys is
that a B2-L2; order—disorder transition occurs at around 500-800 °C, however the compositions of
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the alloys in [20] do not favor such a transition. Therefore, the B2-L2; order-disorder transition is not
a characteristic in the powder processed alloys being discussed in this work.

Figure 11. BSE micrographs of S1050a4 higher magnification.

From the composition map of alloy 51050a3 shown in Figure 12b, it can be seen that 63% of the
area is light region (red) and 36% contains the dark region (y-phase), light region, and the eutectoid
region (blue). Sample 51050b4, sintered at 144 h, also exhibited around 62% of light region and 37% of
light, dark, and eutectoid regions (not shown). Figure 13a shows the BSE micrograph of alloy S1050a3.
This also has large light grey regions relegating the martensitic and dark grey regions to and in between
the grain boundaries.

MnK/NiK/SnL/CoK 63%
MnK/NiK/SnL 36%

(a) (b)

Figure 12. (a) BSE micrograph of S1050a3 and (b) compositional map of the microstructure.



Materials 2019, 12, 1596 13 of 18

—950C, 144h

10 A

Heat Flow, mW
o

-10 4

-15 T T T T T T 1
50 100 150 200 250 300 350 400

Temperature, °C

(a) (b)

Figure 13. (a) BSE micrograph of S950b4 and (b) DSC curve of S950b4.

The microstructure of alloy S950b4 is shown in Figure 13a. Seen in this microstructure are
martensitic, non-martensitic, and dark gray regions, as in any other alloy. The average grain size is
6.95 um. While the martensitic lath structures are as in 51050a2 and S1050b2, the presence of pores and
y-regions is fairly appreciable. The DSC (Figure 13b) of this alloy does not clearly define any phase
transformation, even though the microstructure exhibits martensite. This is because both the structural
and compositional homogeneity are not attained in the alloy, in spite of having been sintered for 144 h
at 950 °C.

Figure 14a,b shows the room temperature diffraction patterns of the quaternary samples $1050a2
and 51050al, sintered at 24 h and 12 h, respectively. The inset in Figure 14b shows 2 theta values
from 40 to 45 degrees. The spectrum in Figure 14a was indexed to Heusler L2; (space group Fm3m)
in addition to a single peak indexed to monoclinic (6M) phase (space group C12/ml), typed in
red. The spectrum in Figure 14b was indexed to Heusler [2; (space group Fm3m, lattice parameter
a = 6.0250 A) and monoclinic (6M) phases (space group C12/m1, lattice parameters: a = 12.2000 A,
b =4.0550 A, c = 5.2150 A, B = 105.03°). Monoclinic reflections are typed in red letters. The coexistence
of austenite and martensite in the as-cast NisopMns;Sni3 alloys has been reported [37]. The room
temperature XRD patterns of alloy S1050b4, S1050a3, S950b4, and S950b3 are shown in Figure 15.
They point to the presence of austenite/L2; phase (light gray regions in all microstructures) and y-phase
(dark gray), denoted by (220). The y-phase is seen in all the samples. 5950b4 shows the structure
is largely six-layered martensite, coexistent with austenite. Additionally, there is a weak reflection,
specific to D03 phase, which is absent in samples sintered at 1050 °C.
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3.4. Magnetization Measurements

Figure 16a,b shows the M-H curves of samples 51050b4 and S1050b3, sintered at 1050 °C for
144 h and 72 h, respectively. The measurements were carried out at room temperature. The magnetic
parameters determined from the measurements are shown in Table 7, including S950b4 (M-H curve
not shown). All the samples tested for magnetization are soft magnets, seen from the low values of

remanence, coercivity, and squareness.

sample 1--1050deg C emulg sample 2- 1050 deg C

18.0
/ 16.0 I
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Figure 16. M-H curves of samples: (a) S1050b4; (b) S1050b3.

Table 7. Magnetic parameters of samples S1050b4 and S1050b3.

Saturation

Coercivity, Remanence, o Squareness,
Sample magnetization, Ms
Hc Oe Mg emu/g emu/g Mg/Mg
51050b4 4.64 0.09654 26.148 0.532
51050b3 6.596 0.12719 21.483 0.552
5950b4 7.623 0.1566 12.34 0.593

4. Conclusions

The effects of the sintering parameters on the transformation characteristics and microstructure of
a Nis5CosMnyoSnyg alloy synthesized using pressureless powder metallurgy were studied. The findings
are summarized as follows:

1.

Synthesis of Ni-Co-Mn-Sn Heusler alloys by powder processing using elemental powders
is feasible;

The effect of compaction pressure on the magnetostructural characteristics is not as significant;
A higher sintering temperature of 1050 °C enables adequate sintering to occur, demonstrated by
the decrease of the porosity and the increase of hardness;

Sintering at 1050 °C results in a predominantly single phase L2; structure and a small fraction of
v-phase. At a lesser duration of 12/24 h, the y-phase is less and at a higher duration of 72/144 h,
it stabilizes to around 36% of the alloy composition;

At 72/144 h, the L2, solidified again into L2; and y-phase in a eutectoid process;

A slightly lower process temperature of 950 °C did not ensure adequate diffusion and sintering
and, consequently, no martensitic transformation, essential for magnetostructural applications.
However, after 144 h, the microstructure had clear martensitic grains with grain refinement.
Still, no martensitic transformation was recorded, due to the persistence of inhomogeneity;
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7. A processing condition of 1050 °C/24 h is favorable for synthesizing ferromagnetic Ni-Co-Mn-Sn
alloys. A secondary thermomechanical procedure is necessary for the elimination of the y-phase
that masks magnetostructural behaviour.
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Chapter 7

7 Conclusions

Powder metallurgy synthesis of ferromagnetic quaternary Ni-Co-Mn-Sn and quinary
Ni-Co-Mn-(Sn, Cu) Heusler alloys was carried out using elemental powders with the
objectives of examining the feasibility of the PM process and the effects of process
parameters such as compaction pressure, sintering temperature and sintering duration on the
magnetostructural properties of the alloys. The process employed was conventional pressure-
less sintering on an important composition with a potential for energy generation from low-
heat waste heat, namely the off-stoichiometric NissCosMn4oSnio quaternary Heusler alloy
and NisgsCosMnaso(Sn,Cu)io quinary alloy. The first conventional sintering experiments were
carried out on the quinary alloy at two different temperatures of 950 °C and 1050 °C at two
different times of 12 h and 24 h. The alloy was compacted at 184 MPa pressure.
Compositional homogeneity was important in these alloys for martensitic transformation and
magnetostructural behaviour to occur. In order to attain compositional homogenization
extended sintering durations of 72 h and 144 h at the same temperatures were employed
during the second experiments on the quaternary alloy in addition to 12 and 24 h. The usual
characterization procedures detailed in Chapter 4 for these kinds of alloys were carried out.

The findings are summarised as follows:

Quinary alloy:

= Of the two temperatures selected for synthesis, 950 °C did not cause satisfactory
sintering. The composition was not homogeneous, the microstructure reflected
greater porosity and martensitic transformation did not occur as seen from the DSC

analysis.
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The second temperature of 1050 °C favoured satisfactory sintering showing
decreased porosity and increased hardness. The microstructure resembled a cast
microstructure with a more uniform distribution of the constituent elements and a
fairly rich room temperature martensitic structure. The presence of second phase such
as y-phase was minimal.

A processing condition of 1050 °C/24 h yielded good results in terms of
magnetostructural transformation and behaviour. At this processing condition the
quinary alloy exhibited a 6 modulated martensite at room temperature.

The presence of Cu in the quinary alloy shifted the transformation temperatures to a
higher value compared to the cast alloy. In Heusler alloys of this type the addition of
Cu increases or decreases the transformation temperatures depending on whether it
substitutes Mn or Ni respectively.

Paramagnetic to ferromagnetic transition occurred in this alloy at around 360 K under
an applied magnetic field of 100 Oe.

A voltage generation of 0.6 mV at a temperature of 175 °C by sample of thickness 2
mm. The equipment used for custom-built using a neodymium permanent magnet of
70 mm diameter and two copper coils with 4000 and 8000 turns. This demonstrated

the efficacy of conventional pressure-less sintering using elemental powders.

Quaternary alloy:

In quaternary alloys the higher sintering durations at the sintering temperature of 1050
°C resulted in the reduction of porosity. At 24 h the porosity was around 11% and at
144 h the porosity was around 4%.

From an examination of the microhardness of alloys sintered at 12 h and 24 h at both
sintering temperatures, the microhardness was seen to increase with increasing

duration. At 950 °C the variation in microhardness was from 140 to 175 HV. At 1050
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°C the variation in microhardness was from 260 to 290 HV. This variation was nearly
identical for alloys compacted at both the compacting loads indicating that the effect
of compaction load is not as significant.

The microstructures of the alloy samples compacted at both 184 and 210 MPa and
sintered at 1050 °C for 12 and 24 h showed a decrease in grain size with increasing
sintering time which was in contradiction to the well-accepted concept of coarsening
as diffusion progresses with sintering. This is attributed to reactions at the grain
boundaries and formation of y-phase which tend to consume parts of the grains with
martensitic structure resulting in reduction of grain size martensitic phase.

In the case of quaternary alloys sintering at 1050 °C resulted in a predominantly single
phase L2, structure and a small fraction of y-phase. At lesser duration of 12/24 h the
v-phase is less and at higher duration of 72/144 h the y-phase stabilizes to higher
amounts of the alloy phases concentration.

The microstructures of alloy samples compacted at both 184 and 210 MPa and
sintered at 1050 °C for 72 and 144 h alloys resembled cast alloys with melting and
solidification having occurred. Three regions corresponding to as many phases were
seen — non-martensitic light gray, martensitic (lath morphology) and dark gray (y-
phase).

The non-martensitic light gray region related to L2i/martensite phase which is
actually austenite transforming to martensite upon cooling.

The martensite is seen relegated to the boundaries probably because the alloys were
furnace cooled and not cold water quenched. With quenching the martensite forms
through a shear and diffusionless mechanism, however in these alloys it formed at the
boundaries with the y-phase which acted as a heat sink.

In comparison no melting is seen S950b4 alloy sintered at 950 °C for 144 h. The

microstructure however has the same three phases of non-martensitic light gray,
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martensitic and dark gray regions in addition to enlarged pores. No martensitic
transformation is recorded from DSC which meant that the transformation is
incomplete.

»= DSC analysis of samples compacted at both 184 and 210 MPa and sintered at 1050
°C for 72 and 144 h showed that the martensitic transformation was incomplete with
the curves showing no sharp exothermic/endothermic peaks and consequently no
minimal thermal hysteresis.

* Room temperature magnetization tests revealed a ferromagnetic phase although it is

seen as a soft magnet from the low values of remanence, coercivity and squareness.

7.1 Significance of this study and future work

Significance:

Ferromagnetic Heusler alloys which have not been synthesized through PM route using
elemental powders have been fabricated and characterized through PM route using elemental
powders. This study thus established the feasibility of employing the press and sinter method
of synthesis using elemental powders. Merely stating that the alloys were powder processed
is an understatement because this study has opened up enormous opportunities for
conducting a whole range of studies on solid processed ferromagnetic Heusler alloys that

have been predominantly carried out on liquid processed alloys.

The results and insights gained from this study are vital for the development and

application of a new generation of ferromagnetic Heusler alloys via solid processing.

Future work:
Suggestions for future work include elimination of secondary phases which annul

magnetostructural behaviour through heat-treatment of as-sintered samples at low
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temperatures, and grain refinement through extensive use of pressure-assisted sintering
procedures such as vacuum hot pressing and spark plasma sintering and evaluating all the
magnetostructural properties such as shape memory, magnetic entropy change,
magnetoresistance etc. Many NiMn-based alloys with reportedly remarkable properties
could be used for the purpose. Use of powders of differing sizes such as micron, sub-micron
and nano on the magnetostructural effects could be investigated. The exact relationship
between the modulated structures and the magnetostructural effects could also be

investigated by modeling approaches.
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A comprehensive review about the physics, chemistry, materials science and metallurgical
aspects of ferromagnetic NiMnX (X = group IIIA-VA elements) Heusler alloys that might
be of interdisciplinary interest, is presented in this section. More importantly, different
methods of synthesis, characterization and effects of microstructure on the magnetostructural
properties of these alloys are given. Concepts presented here will equip researchers with a
background knowledge necessary to carry out meaningful research in this field. For instance
one might be drawn to idea that martensitic transformation in these alloys is driven by a band
Jahn-Teller effect and magnetostructural coupling responsible for the multiferroic nature
occurs through an indirect oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange
interaction. Basic information about the crystal structure such as Wyckoff atomic positions
and their relationship to the magnetic behaviour is understood from close neighbours Mn-
Mn at 4a positions coupling ferromagnetically and those at 4a-4b positions coupling
antiferromagnetically. Or the idea that martensitic transformation could be isothermal or
athermal depending on the kinetics could be interesting. In isothermal transformation the
amount of martensite formed depends on both time and temperature. In athermal

transformation it is dependent only on temperature, with both transformations influencing
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the electronic state of the alloys. Isothermal nature of transformations can be established

through differential scanning calorimetry (DSC).

Various methods of synthesis of NiMn-based Heusler alloys are elaborated with their
merits and demerits. Liquid processing techniques include arc/induction melting and casting,
rapid solidification by melt-spinning, directional solidification using Bridgman-Stockbarger
and Czochralski techniques, Taylor-Ulitovsky method of fabricating glass-coated
microwires and hot-forging and rolling. Solid processing techniques of pressure-less
sintering, spark plasma sintering and solid-state replication using pre-alloyed atomized
powders of constituent elements can be employed. Combinatorial material synthesis and
composition-spread methods of materials design as well as the geometrical non-linear theory
of martensite (GNLTM) solutions to alloy design that ensure high levels of reversibility of
phase transformation greatly help in alloy development and application. Of particular interest
are the microstructural effects on the magnetostructural properties of the alloys.
Microstructural factors such as composition, crystal structure changing according to the e/a
ratio, unit cell volume, degree of long-range L2; atomic ordering and the presence of
additional phases such as the y-phase have a profound influence on the transformation

temperatures and the magnetostructural properties of the alloys.

Section 3.2.4 of this thesis draws considerably from this review article. The primary
intent of this review and Chapters 2 and 3, in the absence of literature on PM alloys with
elemental powders, is to provide a platform to look for comparisons between solid processed

and liquid processed alloys.
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Abstract: An overview of the processing, characterization and magnetostructural properties of
ferromagnetic NiMnX (X = group IIIA-VA elements) Heusler alloys is presented. This type of alloy is
multiferroic—exhibits more than one ferroic property—and is hence multifunctional. Examples of
how different synthesis procedures influence the magnetostructural characteristics of these alloys
are shown. Significant microstructural factors, such as the crystal structure, atomic ordering,
volume of unit cell, grain size and others, which have a bearing on the properties, have been
reviewed. An overriding factor is the composition which, through its tuning, affects the martensitic
and magnetic transitions, the transformation temperatures, microstructures and, consequently,
the magnetostructural effects.

Keywords: Heusler alloys; martensitic transformation; magnetic/metamagnetic shape memory;
magnetocaloric; liquid and solid processing; microstructure

1. Introduction

The term multiferroic refers to the simultaneous exhibit of multiple ferroic behaviors of
ferromagnetism, ferroelectricity and ferroelasticity in materials. Each is characterized by the presence
of a distinct hysteresis loop when switched magnetically, electrically or mechanically. Various factors,
such as chemistry, symmetry, conductivity (conductor/insulator), mechanical distortion, etc., do not
place any constraint on a material being multiferroic. Multiferroic behavior can therefore be engineered
by bringing about a coexistence of phases with unlikely properties [1]. Several conditions, such as
(a) phase boundary between phases, (b) phase transformation by application of fields or stresses,
(c) sufficiently fast kinetics of transformation and (d) reversibility, are to be satisfied. Martensitic
transformation in materials by virtue of being diffusionless could be a basis for the realization
of multiferroic behavior. With reversibility and compatibility between phases ensured by tuning
the composition, the ferroic orderings can be combined [1] with a large potential for applications.
Heusler materials (e.g., CupMnAl: magnetic even though constituent elements are nonmagnetic,
TiNiSn: semiconducting even though constituent elements are metals), discovered by Fritz Heusler in
1903, are multiferroic by martensitic phase transformation. Multiferroic effects in NiMnX (X = group
IIIA-VA elements) Heusler materials [2] form the subject matter of this overview paper. Prominent
effects seen in them are magnetic/ metamagnetic shape memory (MSM/MMSM), magnetocaloric (MC)
and direct energy conversion.

The terms MSM/MMSM are all-pervading in the discussion of these materials. Martensitic
transformation renders variants in the product (martensite) phase, which possesses magnetic domains
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below the Curie point. Upon the application of a magnetic field and given a strong magnetic anisotropy
of the material, the martensitic variants rotate to bring their easy axes in the direction of the applied
field by utilizing the difference in their Zeeman energy levels in a manner similar to rearrangement by
twin boundary motion under an applied stress [2]. Heating to above the austenite finish temperature
reverts the product phase back to the parent phase and the large deformation from the application of
magnetic field can be recovered. This is magnetic shape memory effect. Early research on magnetic
field-induced strain (MFIS) in single crystals of Ni;MnGa alloys through twin boundary motion was
reported in [3-7]. It has been found that necessary conditions for large MFIS are a low twinning stress
(otw) and a high energy of magnetic anisotropy [8]. The magnetic field-controlled strain response
e(MSM) is supposedly equal to the maximum strain ¢y = (1 — c¢/a, c and a are lattice parameters
for tetragonal crystal structure) allowed by twinning when the magnetic anisotropy energy density
K > gpoww (egoww—mechanical driving force) [8]. Metamagnetic shape memory effect, observed in
off-stoichiometric Ga-free alloys, on the other hand, refers to the recoverability upon heating of large
strains obtained when a reverse martensitic transformation from the product phase to parent phase
is induced by the application of a magnetic field, with emphasis on the reverse transformation from
martensite to austenite [9-12].

Magnetocaloric effect is given as the change in entropy induced by the applied magnetic field,
measured by calorimetric measurements or from magnetization isotherms. Typically, it is quantified
by an adiabatic temperature change or an isothermal entropy change occurring on the application
or removal of an external magnetic field. The product of the changes in isothermal field-induced
entropy (AS) and the adiabatic field-induced temperature (AT), |[ASAT|, is maximum when the
magnetization change at the transition is maximum for an optimal composition in ferromagnetic
Heusler alloys [13]. Interest in magnetocaloric materials was triggered by the discovery of a giant
magnetocaloric effect (GMCE) in Gd5(Si;Ge;) around room temperature [14]. Research on MCE in
NiMnX alloys followed later on, with the NiMnGa system most studied [15-18]. The observed large
isothermal entropy change is broken up into the magnetic and structural entropy changes arising
out of the spin-lattice coupling [2,19], occurring at the point where the martensitic transformation
temperature and the magnetic transition temperature are close to one another [20]. A positive value of
entropy change is termed as inverse effect and is related to the magnetocrystalline anisotropy of the
martensitic phase. The inverse effect is more pronounced when the difference between the martensitic
transition and Curie temperatures is an appreciable value. Conversely, a negative entropy change is
termed conventional effect, and the change from inverse to conventional occurs as the martensitic
transformation temperature approaches the Curie temperature at higher values of applied field [20,21].
Alloys such as Nig 50Mng 50_xSnx, NispMn3sSn5 and NisgMnsz 66Cro 34In14, which have been reported
to exhibit inverse/conventional magnetocaloric/giant magnetocaloric effects, are reported in [10,22,23].
Polycrystalline NigsMny3CrSn;q alloy exhibited large inverse magnetocaloric effect with magnetic and
total entropy changes of 35 ] /kgK and 39.7 ] /kgK, respectively [24].

The direct conversion of thermal energy (waste heat) to electricity is a more recent phenomenon,
exhibited by a singular quaternary ferromagnetic Heusler alloy. A sudden and large thermally induced
change in magnetization in a biased magnetic field initiated by phase transition was utilized to generate
a voltage of 0.6 mV. This is using the fundamental dipolar relationship between magnetization M,
magnetic induction (magnetic flux density) B and magnetic field H, given by B = H + 47M and
Faraday’s law curlE = %% based on the premise that the magnetostructural transformation essentially
induces a non-zero dB/dt [25]. This phenomenon, as envisaged by the researchers, could be taken to
the stage of actual application, with the alloy having the potential to be used for harvesting energy
from low waste heat sources of the order of less than 200 °C [25].

For all intents and purposes, the synthesis and microstructures play a vital role in the functionality
of these materials. There are a large number of alloys prepared in this class of materials, evidenced
by the number of publications appearing in ISI Web of Science each year [26]. Additionally, review
articles have been published on MSM/MMSM materials [13] and magnetocaloric materials [2,20,27].
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Particular to MCE, research is also being carried out on using materials with reduced dimensions,
such as thin films, ribbons and microwires [28]. Even though there is a vast amount of literature about
multiferroic materials proportionate to the growing interest in them, a review of how the synthesis
procedures and microstructures influence their magnetostructural properties would be appropriate.
This article mostly restricts itself to NiMn-based MSM/MMSM and MC materials, since it will be
impossible to summarize the data of a large number of publications on a whole range of ferromagnetic
alloy systems, most of which just report a new composition with an enhanced magnetostructural
characteristic. This article is written with intent of providing enough information to the uninitiated
researchers in order that they can meaningfully channelize their research and contribute their might
toward extending the realm of these multiferroic materials from experimental to actual application.

The first section of this article deals with the fundamental concepts necessary for the
understanding of the concept of multiferroic behavior in materials. The second section of this article
deals with the fundamental concepts necessary for the understanding of the concept of multiferroic
behavior in materials. The third section covers the synthesis and characterization procedures
employed on these class of materials, with some inputs to design. The fourth section looks into
how the magnetostructural characteristics of various ferromagnetic Heusler alloys are influenced by
microstructural features.

2. Fundamental Concepts

2.1. Crystal Structures of Austenite and Martensite

The austenite structure in ferromagnetic Ni-Mn-X (X = Sn, Sb, In, Ga) alloy systems is of L2;
atomic order [2,29]. The cubic L2; (space group F43m) structure has four interpenetrating face-centered
cubic (fcc) sublattices. The crystal sites are designated as A (0,0, 0), B(1/2,1/2,1/2),C(1/4,1/4,1/4)
and D (3/4, 3/4, 3/4) in Wyckoff notations, which indicate positions of atoms in a crystal. Generally,
in XpYZ Heusler alloys, the X atoms occupy (A, C) sites, Y atoms occupy B sites and the main group
element Z occupies the D sites. Between X and Y, the one which has a higher number of valence
electrons occupies the (A, C) sites and the one with fewer valence electrons occupies the B site. In some
alloys, an order—disorder phase transition (L2;-B2) occurs, transforming the nonequilibrium B2 to
a more stable L2; phase. This sometimes causes confusion in distinguishing the two phases correctly
from electron diffraction studies, as the atomic scattering is similar. The B2’ structure has Y/Z atoms
occupying A positions and X atoms occupying B positions and exhibits a first neighbor ordering,
while L2; exhibits a second neighbor ordering [30]. The austenitic structure is L2; at room temperature
in the case of quaternary Heusler alloys with the stoichiometry defined by 1:1:1:1. Wyckoff atomic
positions 4a (0, 0, 0), 4b (1/2,1/2,1/2),4c (1/4, 1/4,1/4) and 4d (3/4, 3/4, 3/4) are occupied by
Z,Y, X and X', respectively, in XX"YZ alloys (X = Ni, X" = Co, Y = Mn and Z = main group element) [31].
As in ternary alloys, in quaternary alloys, B2-type structural disorder appears with variation of the
Z element, particularly Al.

The martensite structure varies from a body-centered tetragonal (with c/a < 1) and is modulated
along the (100) crystallographic direction of L2; lattice for stoichiometric alloys to layered 5M or 7M
structures, or even unmodulated body-centered tetragonal (L1y, with c/a > 1) for compositions different
from stoichiometric. The martensite structure also varies with the dopant and its concentration.
It is interesting to note that depending on the temperature of martensitic transformation M,
the martensite is five-layered for both stoichiometric and off-stoichiometric compositions below
M, five- or seven-layered near M and seven-layered /10M /unmodulated above M; [30]. The L2
structure of austenite [32] is shown in Figure 1a. The 5M (also referred to as 10M) and 7M (also referred
to as 14M) modulated structures of martensite are shown in Figure 1b. Martensitic structures can even
coexist in the same composition, e.g., 6M and 10M [9] and 10M and 14M [33]. The different stacking
sequences of the martensite are evaluated on the basis of the 2M structure, which has a unique lattice
correspondence with the L1 structure [34].
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Figure 1. (a) The L2 structure representing the crystalline structure of austenite [32], with copyright
permission from © Trans Tech Publications; (b) the 5M and 7M modulated structures of martensite.
Light grey—X, white—Y, black—Z [2], with copyright permission from © IOP Publishing.

The structural modulations of the martensite are periodic stacking faults of atomic planes along
determined crystallographic directions, seen as extra reflections in XRD and TEM characterization [35].
These reflections enable the modulations to be represented as nM, indicating n-fold modulation,
where n = s + 1 ('s’ being the satellite spots lying between main spots) is the number of unit cells
that constitute the superstructure, as in 5M, 6M, 7M, 10M and 12M martensite with 5, 6, 7, 10 and
12 unit cells, seen in Figure 2a. On the other hand, the Zhdanov notation identifies the modulation
of martensitic structures as a series of numbers indicating the atomic layers in a periodic shift
corresponding to the fundamental lattice vector, with the minus sign indicating the opposite shift
and the suffix indicating the number of zigzag motifs which make up the crystal lattice, shown in
Figure 2b. However, the incommensurateness associated with the structure is best described by the
(3 + 1) superspace approach. An additional supplementary vector (modulation vector) is used to index
the weak diffraction peaks seen in the diffraction data. The generic diffraction vector H becomes

H = ha * +kb * +lc* +mgq

where g = aa * b * +yc*.
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Figure 2. (a) Graphical representation of the nM = s + 1 relationship; (b) three examples of Zhdanov
sequences of martensitic layered surfaces—7M and 5M modulations [35], with copyright permission
from © Trans Tech.
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Each Bragg reflection has four indices Ikim corresponding to a*, b*, ¢* (conventional lattice) and 4.
When coefficients &, § and 7y correspond to a rational number, the modulation is commensurate, and
when they correspond to an irrational number, the modulation is incommensurate, requiring the
introduction of superspace [35].

2.2. Magnetostructural Coupling and Magnetic Behavior

The mechanism of magnetostructural coupling in Heusler materials is very startling. Physicists
and materials scientists have used density functional theory (DFT), ab initio methods and several
approximations of DFT, such as the Perdew, Burke and Ernzerhof (PBE) functional, to understand
magnetostructural coupling and determine the underlying principles which govern it. The magnetic
ordering is reported to occur through an indirect oscillatory Ruderman-Kittel-Kasuya—Yosida (RKKY)
exchange interaction [13,19], since there is no direct overlap between neighboring magnetic electrons.
This magnetic ordering induces a hybridization of the electronic states through band Jahn-Teller
(J-T) effect [36,37], which influences the martensitic transformation. In Heusler alloys, the magnetic
moments are localized at the d states of Mn atoms. These localized moments overlap to cause
ferromagnetic ordering. However, the shortest distance between Mn-Mn atoms is ~4.2 A, which is
insufficient for a direct overlap of the localized moments. Therefore, spin polarization of conduction
electrons induced by the localized moments indirectly link the actual localized moments to create
either a ferromagnetic/antiferromagnetic order [13]. Mn-Mn pairs at 4a (0, 0, 0) positions couple
ferromagnetically and close neighbors Mn—-Mn pairs at 4a—4b (0, 0, 0-1/2,1/2, 1/2) positions couple
antiferromagnetically. The martensitic transformation itself is known to occur in Heusler alloys at
off-stoichiometric compositions. The magnetic moments from local distortions evident from shorter
Ni-Mn bond distances cause hybridization between the Mn(d) and Ni(d) states at or near Fermi
level and influence the martensitic transformation. In NiMnGa alloys, the hybridization is between
spin-down 3d electrons of Ni and 4p electrons of Ga.

The magnetic order state of martensite is paramagnetic, mixed ferro-antiferromagnetic or even
ferromagnetic. At lower temperatures, ferro- and antiferromagnetic components show up, leading
to a complex state that is dependent on the doping element. Cong et al. reported martensite as
paramagnetic, superparamagnetic (SPM) and superspin glass (S5G) in different temperature ranges
during cooling [38] for compositions 0 < x < 8 in the Nisp_xCoxMn3zgSny; alloy system. SPM refers to
the magnetic behavior with no magnetic hysteresis (zero remanence and coercivity). Its M(H) curve
fits the Langevin model given as

M(H) = NL(&) + xoH

where L(§) = coth(¢) — % is the Langevin function, ¢ = uoiH/kgT, xo is the magnetic susceptibility,
1 is the average magnetic moment, p is the vacuum permeability, N is the cluster density of SPM
clusters and kp is the Boltzmann constant. SSG has a spin-configuration which is random in nature,
similar to a paramagnet frozen in time [39]. SPM and SSG behaviors are understood from magnetic
susceptibility measurements at lower temperatures and at different frequencies. SSG behavior is
further explored from aging, rejuvenation and memory experiments conducted on a magnetometer.
More information on the details of the experiments can be read in [38]. Additionally, the spin glass state
occurs when the crystallite size is less than a critical value of 10 nm, with its morphology comprising
a combination of small grains (<10 nm) and nanograins (~100 nm), as seen in electrodeposited Ni-Fe
permalloy films [40,41]. Magnetic configurations in quaternary alloys are in accordance with the
occupancy of the fourth element [42].

The formation of SSG or magnetic glass state is linked to isothermal transformation, wherein
the austenite-martensite transformation is arrested when held isothermally in high magnetic fields.
The knowledge of the kinetics of transformation becomes therefore necessary. Based on transformation
kinetics, martensitic transformation is classified as either isothermal or athermal [43,44]. While in
the former the amount of martensite formed depends on both time and temperature, in the latter
it is dependent only on temperature, with both transformations influencing the electronic state of
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ferromagnetic Heusler alloys [45]. The description of athermal transformation is contrary to thermally
activated transitions, wherein the relaxation from a metastable state occurs due to thermal fluctuations.
Attention is drawn to the fact that martensitic transformation occurs through a cooperative movement
of a large number of atoms at intersonic speeds (speeds exceeding the materials shear wave velocity),
implied from a report on twin motion being faster than the speed of sound [46]. The compositions
of the product and parent phases are the same, which serves to exclude time-dependence of the
transformation. The kinetics changes from isothermal to athermal in the presence of high magnetic
fields [47]. From an analysis of Fe-Ni-Mn alloys, Kakeshita et al. proposed a model to explain
the natures of both transformations [45]. Assuming that martensitic transformation may start when
a minimum size of a cluster of particles is formed and simultaneously excited in the austenite, the model
accounts for the presence or absence of a C-curve in the time-temperature-transformation (TTT)
diagrams of isothermal and athermal transformations, respectively, by considering the temperature
dependence of Gibbs chemical free energies, AG(T), of austenite and martensite (see Figure 3), in which
isothermal transformation of the alloy formed an asymmetric C-curve, with the time required to
form 0.1% volume fraction of martensite being different on the higher and lower temperature sides.
Lee et al. also confirmed the formation of a C-curve in the TTT diagram of an Nis5CosMngg5In13 5
alloy [48].

300 — . S—
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Figure 3. Time-temperature-transformation (TTT) diagram of the isothermal martensitic transformation
in Fe-Ni-Mn alloy. Thick lines with closed circles represent measured values and dotted lines represent
calculated values [45], with copyright permission from © JIM.

Several studies on isothermal /athermal martensitic transformation have been reported [49,50].
The kinetic arrest of martensitic transformation under a magnetic field during cooling and the
subsequent increase in the amount of martensite phase during heating under zero magnetic field
is attributed to the low mobility of the habit plane between austenite and martensite phases [51].
Thermomagnetization, electrical resistivity and X-ray structural analysis studies confirm the kinetic
arrest phenomenon (incomplete transformation), in which the kinetics of the martensitic transition
(first order) gets disrupted. The resulting low-temperature phase, which is not in an equilibrium state,
has both fractions of the transformed stable martensite and metastable high-temperature austenite
phases. The metastable state is referred to as magnetic glass, with the applied magnetic field either
increasing or decreasing the kinetic arrest. This leads to the condition that when the alloy is cooled
and heated in differing magnetic fields (Hc and Hy) [52], the de-arrest or unfreezing of magnetic
glass happens and a re-entrant transition (reverse magnetic transition) happens for a critical value of
(HC and Hw)
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3. Methods of Synthesis and Characterization

It is pertinent that the design aspects of an alloy system are known. Different ways of design
are discussed which are central to synthesis and characterization of ferromagnetic Heusler alloys.
An important characteristic of ferromagnetic Heusler materials is the reversibility of martensitic
transformation that holds the key to the realization of coexistent phases with different electromagnetic
properties [1]. Moreover, as the transformations are composition-dependent, tailoring the composition
suitably will enhance the reversibility of the martensitic transformation such that switching between
coexistent phases (austenite and martensite) occurs cyclically without any diminishing of properties,
electromagnetic in particular. Mathematical conditions called cofactor conditions, adapted from the
geometric nonlinear theory of martensite (GNLTM), provide a definite way to design highly functional
alloys [53]. The geometrical conditions satisfy the premise that there should be no stressed transition
layer between switching phases for the realization of least thermal hysteresis and enhanced reversibility.

The GNLTM solutions, as such, correspond to the twinning volume fractions, f and 1 — f [53].
When f =0 or f =1, the absence of an elastic transition layer between the austenite and the single variant
martensite interface is possible when the middle eigenvalue A; of a transformation stretch matrix ‘U’
(3 x 3, obtained from X-ray measurements of lattice parameters and knowledge of space groups of the
two phases) takes a value 1. For other volume fractions given by 0 < f <1, two additional conditions
corresponding to different twin types are to be satisfied. The volume fraction of the twin variants
can then be continuously varied, while at the same time keeping the low-elastic-energy interface
with austenite [53]. Using these conditions on the basic NisgMnsp_«Sny alloy system, a composition
Nig5CosMnypSnjg was perfected with unusual magnetostructural properties [54]. The efficacy of the
compatibility conditions have been proved experimentally in Zn-Au-Cu [53], Ti-Ni-Pd [55] alloys and
used in modeling the austenite-martensite interface in shape memory materials [56].

Another approach to synthesis of ferromagnetic Heusler materials is by the combinatorial
approach, which accelerates the discovery and optimization of known and new materials by combining
efficient synthesis of a large number of different material compositions and high-throughput property
screening methods to delineate composition—structure-property relationships and hence identify
compositions with desired properties [57]. Combinatorial materials synthesis combined with GNLTM
will certainly help in accelerated discovery of new and highly multifunctional Heusler alloys.
More about combinatorial materials synthesis is detailed in Section 3.1.

It is possible to predict compositions having room temperature martensitic transformations or
martensitic structures through the determination of the valence electron concentration per atom,
written as the e/a ratio. An e/a value of 7.6 favored room temperature martensitic transformations [58].
The structure changed from cubic-10M-14M-L1j in accordance with an increasing e/a ratio and
temperature [2], as shown in Figure 4.

The e/a ratio is calculated as concentration-weighted average of the valence (s, p and d) electrons
using the expression

e .
o= itV + fane™ + fxeX + fre”

X Z

eMn X

where fni, famn, fx, fz represent the atomic fractions of the elements, e, are the
corresponding numbers of valence electrons and, X, Z represent the third and fourth elements of
a quaternary alloy, respectively.
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Figure 4. The magnetic and structural phase diagram of Ni-Mn-Z Heusler alloys with Z as: (a) Sn; (b)
In; (c) Ga. The triangles and circles correspond to the magnetic and martensitic transformation
temperatures, respectively. The regions corresponding to the different structures are separated by
discontinuous lines [2], with copyright permission from © IOP Publishing.

Phase equilibria information about Ni-Mn-based alloys, which would equip researchers in alloy
development, is scarce. The work by Yang et al. in consolidating the phase equilibria of the Ni-Mn-Ga
system, using the equilibrium compositions obtained from the diffusion couples and two-phase alloys,
highlights critical compositions favoring near room temperature martensitic transformations as those
with e/a of 7.6 [58]. A similar work on Ni-Mn-In alloy system confirmed a single 3 phase region
existing over a composition range of 0-20 atom % In, in addition to the martensite [59]. Microstructure
observation with magnetic colloid (Magnetic colloid refers to a technique of observation of magnetic
structures smaller than 100 nm. Ferrofluids with magnetic particles like Fe3O4, y-Fe,O3 or metallic
particles of iron, nickel or cobalt having 10-15 nm diameter dispersed in water or an inorganic liquid
are used for imaging the fields of magnetization. The particles in the ferrofluid interact by magnetic
forces and by electrostatic and van der Waals forces. The liquid is usually dried up or rinsed, leaving
the colloid particles to form Bitter patterns, after F. Bitter) [60] yielded a critical boundary between
the ferromagnetic and paramagnetic phases spread over a wide composition range from the Ni-rich
region to the Mn-rich region.

However an isothermal section of the Ni-Mn-In ternary phase diagram at 773 K showed a host of
single, two- and three-phase regions [61] with no bearing on the martensitic and magnetic behavior.
A vertical section of the NispMnsp_Sny system (0 < x < 50 atom %) drawn from magnetic susceptibility
measurements and saturation magnetization vs. temperature, structural and X-ray investigations
also identifies different low- and high-temperature phases as also a face-centered cubic y phase at
small Sn concentrations [62]. Martensitic structures formed after annealing at high temperatures
followed by quenching in water for Sn content from 0 to 11 atom %. Phase diagrams showing both
high- and low-temperature regions of Nisy_xCoxMn3z9Snj; quaternary Heusler system enhance the
understanding of the composition and temperature-dependent functional properties and associated
physical phenomena [38], shown in Figure 5.
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Figure 5. Phase diagram of Nisp_,CoxMnsgSnj; (0 < x < 10) alloy system [38], with copyright
permission from © Elsevier.

3.1. Synthesis

Ferromagnetic Heusler materials are synthesized through both liquid and solid processing
routes. The commonly employed processing route is melting and casting [63]. The techniques
include arc/induction melting under controlled conditions and rapid solidification by melt spinning.
Directional solidification using Bridgman-Stockbarger [64] and Czochralski [65] techniques also have
been used. Solid processing is by powder metallurgy (P/M) using alloy [66] and elemental [67]
powders. Sintering techniques include pressureless sintering [68,69], spark plasma [70] and solid-state
replication to obtain a porous alloy sample [71].

Liquid processing route has been predominantly applied in synthesizing the Heusler alloys
primarily because of the compositional homogeneity obtained after several rounds of remelting.
The alloys are melted, turned over and remelted in arc or induction melting furnaces, either in vacuum
or an inert atmosphere. The arc melting furnace uses an electric arc struck between an electrode
(tungsten) and the metal mix placed in crucibles for melting where temperatures in excess of 2500 °C
can be reached. Induction melting, on the other hand, combines the advantages of a controlled
atmosphere and control of the melting process, where heating is by eddy currents from an induction
coil with no direct contact between the metal and coil. The process capability is defined by temperatures
of up to 2000 °C that can be reached [72].

Liquid processing yielded multiphase microstructures, as can be seen from the investigations
by several researchers. L2;/martensite, DO3 and y (disordered fcc) phases were observed in the
as-cast microstructures of various Ni-Co-Mn-5Sn alloys [73], shown in Figure 6a,b. Cong et al.
reported the presence of unidentified second-phase particles, even after annealing in quaternary
Nisg_xCoxMnzgSny; alloy system for x = 9 x = 10 [73]. Ni-Mn-Sn alloys solidified as multiphase
microstructures, which affected both the phase stability of the L2; phase and martensitic
transformation [74]. Cubic DOj3, L2 and hexagonal DO19 phases were reported in Nizs_,Mn,Snys
(0 < x <40) alloys [75]. The multiphase microstructures, however, changed to single-phase
microstructures upon annealing. The vertical section of the phase diagram of the NisoMnsg_ySny
(0 < x <50) alloy system in Figure 6¢c shows the as-solidified alloy changing to a single-phase
structure [62]. If the compositional variations are still seen, it is because chemical variations require
longer annealing treatments than the time scale for structural conversion.

Since phase transformations in ferromagnetic Heusler alloys are highly composition-dependent,
it is necessary that chemical variations are equilibrated over extended time scales through long
annealing treatments and not limited to shorter time scales used for structural conversion in order
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that compositional homogeneity is achieved [76]. The magnetic and structural transitions then
become distinct. Figure 7a shows the as-cast structure of NispMns;5n13 ternary alloy which exhibited
multiphase microstructure, which changed to single-phase microstructure rapidly upon annealing.
Figure 7b shows of the sample annealed at 950 °C for 72 h, during which the compositional variations
were eliminated. Extended annealing periods of up to 4 weeks sharpened the thermal peak of
martensitic transformation, shown in Figure 7c, which was a result of homogenization occurring
through the duration of annealing [76].

Another dimension to synthesis of polycrystalline magnetic shape memory alloys is the
application of directional solidification to prepare highly oriented alloys [64]. These alloys exhibit
a large pseudoelastic recovery besides chemical segregation, or a composition gradient due to which
changes in transformation temperatures are obtainable. Czochralski and Bridgman-Stockbarger
techniques are the two widely employed techniques of directional solidification for synthesizing
ferromagnetic shape memory alloys. The Bridgman-Stockbarger method has a high-temperature
zone, an adiabatic loss zone and a low-temperature zone. While Czochralski technique is known
for its relatively high growth rate, modified Bridgman-Stockbarger technique employs gradient
freezing, which requires no translation of either the crucible or furnace, and temperature gradient is
affected through programmed control of the multiple heat zones in the furnace. A schematic of the
Bridgman-Stockbarger method [77] is shown in Figure 8.

1500
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Figure 6. (a) Optical micrograph of as-cast Nigq 5C05 5Mnsg 55n1¢ 5 alloy [73], with copyright permission
from © Elsevier; (b) SEM micrograph of the as-cast alloy [73], with copyright permission from
© Elsevier; (c) vertical section of phase diagram [62], with copyright permission from © Elsevier BV.
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Figure 7. (a) As-cast; (b) heat-treated for 72 h; (c) differential scanning calorimetry (DSC) data showing
the effect of heat treatment [76], with copyright permission from © Elsevier BV.
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Figure 8. Schematic of the Bridgman-Stockbarger method [77].

A unidirectional crystal of NiggCogs5MnygooSnjg grown using Bridgman-Stockbarger
technique [64] yielded a microstructure which had no secondary vy phase precipitate, as seen in
Figure 9a. The resulting compositional segregation with an increase in Ni, Sn and decrease in
Mn, Co, as shown in Figure 9b, induced a steplike martensitic transformation, shown in Figure 9c,
which broadened the working temperature range for magnetic entropy [64]. The magnetic entropy
change and refrigeration capacity were better than those in NiygCojoMnyySnig [78], Gd5Ge;Siy [79]
and NispMnssSny4 [80] alloys, reported for their exceptional magnetocaloric properties. The functional
properties of magnetic shape memory alloys are usually best seen in single crystals, as in [81].
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Figure 9. (a) Microstructure of directionally solidified alloy; (b) composition profile along the
growth direction; (c) DSC curves across the structural transition [64], with copyright permission
from © Elsevier BV.

Other synthesis methods which have been used on ferromagnetic shape memory alloys
are hot-forging and rolling, where the resultant strong textures and large in-plane plastic flow
anisotropy are attributed to the rearrangement of martensitic variants during the thermomechanical
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processes [82-84]. The Taylor-Ulitovsky method of fabricating glass-coated microwires [85] is
increasingly being applied on MCE materials [86-90]. The process, which has a capability of up
to 10,000 m of continuous microwire, consists of induction heating a few grams of the master alloy
in a borosilicate glass tube. As the alloy is melted, the glass tube softens around the molten alloy
droplet, from which a glass capillary is drawn out with the alloy filling the capillary and forming
a microwire. The microwire has the glass shell surrounding the alloy (metal) core. The formation
of the core is limited by the initial amount of master alloy and its microstructure is dependent on
the rate of cooling [85] as it is wound on a receiving coil. The microstructure of as-cast microwire
of Nigg 5Mnys 4Gags 1 was seen to consist of two phases—tetragonal I4/mmm and cubic Fm3m [86],
which, after annealing, turned into single phase favoring martensitic transformation.

Rapid solidification processing with solidification rates ranging from 10% K-s~! to 101 K-s~1 [91]
has been a very useful method for preparing ferromagnetic Heusler alloys. The characteristics of
rapid solidification processing are extension of solid solubility limits, microstructural refinement and
formation of nonequilibrium phases, such as metastable intermediate phases, metallic glasses and
quasicrystalline phases with crystallographically forbidden 5-fold, 10-fold and other symmetries [91].
The discussion about crystallographically forbidden lattices is beyond the scope of this overview,
even though such microstructures are not reported in Ni-Mn-based Heusler alloys as they transform
to modulated, commensurate/incommensurate 6M, 10M, 14M, 40 or L1y martensitic structures.
Crystallographically forbidden lattices in conventional shape memory materials, such as Cu-Al-Ni [92]
and Cu-Zn-Al [93] alloys, modify the normal 2H (orthorhombic) microstructure of the martensite.

Melt-spinning as a rapid solidification technique is gaining wide acceptance in synthesizing
Heusler alloys [94-96] for varying reasons, such as obtaining textured samples suitable for practical
utilization as sensors, actuators and magnetocaloric materials which optimize the heat transfer in
a refrigeration unit [97-99]. Furthermore, it lends credence to the fact that the processing methods
can tailor the functional attributes of Heusler alloys by controlling the lattice parameters, interatomic
distance, degree of atomic ordering and microstructure. It is primarily employed to control the grain
size of the austenite phase. This is because the martensitic transition can occur only when the austenite
grain size is bigger than the martensite plate [100]. Also, homogeneity in terms of grain size and
elemental composition is achieved by melt spinning [100]. Another reason for using melt spinning is
that it favors avoidance of prolonged annealing.

Synthesis by melt spinning is by allowing the alloy melt stream jet to solidify rapidly on
a fast-rotating and thermally conducting substrate to produce a continuous strip or ribbon of the
alloy up to 500 mm in width [91]. Wheel speed, nozzle size, ejection pressure and material of the
rotating substrate (wheel) are some of the parameters which influence the process. Typical wheel
speeds vary from 10 m/s to 60 m/s and the substrate is usually copper. Melt spinning has the effect of
eliminating the secondary y phase in NizgCo12Mny;1Sn;g alloy as a result of which an enhancement of
magnetocaloric properties equivalent to the bulk alloy was observed [101]. The effective refrigeration
capacity (RCqs) values of ~48.8 and 47.8 J/kg were obtained for as-spun ribbons and annealed
ribbons prepared at 15 m/s and 25 m/s, respectively [99]. The MCE characteristics of as-cast and
annealed melt-spun NisgMns3sIng4 5B 5 alloy ribbons, in which the isoelectronic B is substituted for
In, were identical to the bulk alloy. A relative cooling power of 150 J/kg for annealed ribbons was
reported [102].

Solid processing using P/M has also been applied to synthesize both conventional [103-108]
and ferromagnetic shape memory materials [66-71], although its application has been widespread
in the former category. Apart from the application of P/M in conventional shape memory
materials, its observed benefits have been the ability to obtain the desired martensitic transformation
temperatures, transformation width (range) and hysteresis, as in Cu-Al-Ni [109], drop in transformation
temperatures, as in Ti-Ni-Cu [110] and, more importantly, significant reduction in the number of
secondary phases using vapor phase calciothermic reduction (VPCR) in solid-state sintering of
Ni50Ti50,XZI‘X [111]
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Synthesis of ferromagnetic Heusler alloys by P/M is often not the preferred choice of processing
because it resulted in incomplete martensitic transformation [66] or evolved secondary phases [70],
which are detrimental to the magnetostructural transformation and properties. Nevertheless,
application of P/M in the case of ferromagnetic Heusler alloys opens opportunities for interested
researchers. With pressureless sintering of porous samples of Nig3Co7Mn3z9Sn;; alloy powders at
1173 K, the porosity fraction decreased with the increase in the sintering time, from 65% at 12 h to
5% at 144 h [68]. Even though the microstructures in Figure 10a,b exhibited single-phase structures,
still the shape memory property of the 12 h sintered sample was superior because dense specimens
with grains surrounded by neighboring grains impose constraints during martensitic transformation.
The microstructure of the same alloy composition sintered by spark plasma sintering is shown in
Figure 10c. Concentrations of a precipitate phase rich in Co were observed. The compositional
inhomogeneity due to the presence of a second phase and contamination by the graphite die during
the spark process resulted in an imperfect shape memory effect [70].

Figure 10. Porous sample sintered for: (a) 12 h; (b) 144 h [68], with copyright permission from
© Pergamon; (c) sample synthesized by spark plasma sintering [70], with copyright permission from
© Pergamon; (d) microstructure of the quinary alloy synthesized by powder metallurgy (P/M) [67],
with copyright permission from © Elsevier S.A.

It is well known that P/M methods are advantageous in terms of composition control.
Furthermore, use of elemental powders instead of alloy powders can ensure substantial composition
control while, at the same time, making P/M processes more cost-effective. Elemental powders,
in addition, are easier to mix than alloy powders, which are harder and with poor compaction
characteristics. Synthesis and characterization of a quinary Ni-Co-Mn-(Sn,Cu) alloy from elemental
powders using P/M amply demonstrated the usefulness of the solid state processing method [67].
The alloy exhibited martensitic transformation, 6M martensite and magnetic field-induced
transformation, seen in Figure 10d. However, analogous to the spark plasma sintered sample [70],
the addition of a fifth element to the quaternary alloy, the existence of a multiphase microstructure
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(shown by red arrows) and grain growth affected the magnetostructural characteristics, which were
reflected in the saturation magnetization not being similar to the bulk alloy. Thus, for solid state
processing to become the preferred choice of synthesis of ferromagnetic shape memory alloys,
compositional homogeneity through elimination of second phases by secondary heat treatment
and inhibiting grain growth by secondary thermomechanical treatments are critical for identical
magnetostructural characteristics, as in bulk alloys, to be apparent.

In the combinatorial approach of materials synthesis, a large number of different materials are
synthesized by advanced fabrication methods on a single substrate under identical conditions and
are subsequently screened for properties by parallel or fast sequential methods of high-throughput
characterization. Combinatorial thin-film fabrication methods include physical vapor deposition,
chemical vapor deposition, ion implantation and other continuous/discrete composition methods.
Automated energy dispersive spectroscopy, X-ray diffraction, focused ion beam machining for TEM
investigation and temperature-dependent magnetoelectronic property measurement are some of the
high-throughput characterization techniques. Critical reviews of the combinatorial thin-film materials
science [57] and combinatorial approaches for the high-throughput characterization of mechanical
properties [112] add to the understanding.

Composition-spread method, which is a continuous composition technique of thin-film synthesis
based on co-deposition, is the most common synthesis method employed on shape memory and
ferromagnetic shape memory materials. The schematic of the technique is shown in Figure 11.

Figure 11. Schematic of the composition-spread method with three vapor sources [57], with copyright
permission from © Elsevier S.A.

This system is capable of sequential sputtering with six magnetron cathodes arranged along
a movable arm sequentially depositing layered films on a substrate. Four computer-controlled shutters
move during the deposition to create wedge-shaped thickness gradients across the substrate [113].

Phase transformation characteristics of conventional shape memory alloys systems Ti-Ni-Cu
and Ti-Ni-Pd for microactuator applications were investigated using composition-spread
technique and high-throughput characterization by cantilever deflection methods and automated
measurements [113,114]. With GNLTM, a combinatorial approach in ternary Ni-Ti-Cu and Ni-Ti-Pd
systems [115], as well as in quaternary Ti-Ni-Cu-Pd shape memory alloy systems [116], yielded alloy
compositions with thermal hysteresis width (AT = Af — M;) converging to zero, close to Ay = 1.
Figure 12a shows thermal hysteresis width values on a pseudoternary Ni-Cu-Pd phase diagram,
which itself is a projection of the quaternary composition tetrahedron with Ti content limited to
47-67 atom %. Compositions with near-zero AT are shown in blue. Figure 12b shows AT vs. A, plots
of various ternary and quaternary alloy compositions, with the AT values converging to zero for
quaternary compositions close to Ay = 1.
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Figure 12. (a) AT values on a pseudoternary projection of the quaternary composition tetrahedron with
the red box highlighting compositions for which AT approached zero; (b) thermal hysteresis values
in Ti-Ni-based ternary and quaternary shape memory alloys [116], with copyright permission from
© IOP Publishing.

Thin-film composition-spreads deposited on micromachined arrays of cantilevers were screened
using scanning superconducting quantum interference device (SQUID) microscope and X-ray
microdiffractometer to map the functional phase diagram of the Ni-Mn-Ga ferromagnetic shape
memory alloy system [117]. Figure 13a shows the Ni-Mn-Ni,Gajs spread deposited on the cantilever
library. Figure 13b shows the functional diagram, with the hatched region comprising compositions
with average ¢/a ratio of 7.3-7.8, dotted line surrounding the region of reversible martensites and the
red region having the highest magnetization in the yellow ferromagnetic region. A similar study was
conducted on Ni-Mn-Al alloy system, where it was seen that both ferromagnetic and shape memory
properties coexisted [118]. High-throughput screening using nanoindentation was performed on
Ni-Mn-Al thin-film composition spreads to delineate martensitic regions, which were found to have
low elastic modulus and hardness [119].
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Figure 13. (a) Photograph of the cantilever library; (b) functional phase diagram of the Ni-Mn-Ni,Ga3
alloy system [117], with copyright permission from © Nature Publishing Group.

3.2. Characterization

In this section, we discuss how the different techniques of characterization have contributed to
the understanding of several issues concerning magnetostructural behavior in ferromagnetic Heusler
alloys from physical and metallurgical perspectives.
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Differential scanning calorimetry (DSC) is a technique of thermal analysis which measures,
depending on whether heat is absorbed or liberated, the enthalpy of phase transformation in
a structurally transforming material as a function of time and temperature. It is often the first
step in the characterization sequence, used for the determination of the martensitic and magnetic
transition temperatures, heat flow curves, thermal hysteresis and enthalpy/entropy changes in
ferromagnetic Heusler alloys [120-123]. Compositional dependence of martensitic transformation [124],
progressive evolution of the martensitic transformation behavior in response to increasing Co content in
Mns50NiggxInjgCox [125] and the mechanism of suppression and recovery of martensitic transformation
in NiCoMnln alloys fabricated under nonequilibrium conditions [126] have been established using DSC.
The suppression occurs when dendrite-like precipitates hinder the martensitic transformation [126].

An irreversible transformation of face-centered tetragonal (f.c.t) martensite to a body-centered
martensite (b.c.t) at low temperature in a martensite-to-martensite transformation in Fe-Pd alloys
has been captured using DSC [127]. Subsequent aging treatments stabilize the f.c.t martensite at low
temperatures, which again has been determined using DSC [127]. The isothermal (time-dependent)
nature of martensitic transformations was observed from elaborate interrupted forward and reverse
transformation sequences carried out using DSC [50]. The transformation behavior of Nis3CoyMny;Sng
alloy after a full transformation cycle is shown in Figure 14a, and during interrupted cooling in
Figure 14b-1. The interrupted transformation is shown as comprising two stages—part P1 (austenite)
to M1 (martensite), and the remaining part P2 (austenite) to M2 (martensite) later during the

interrupted process.
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Figure 14. DSC curves of the transformation behavior of the Nig3Co;Mny;15ng alloy measured: (a) after
a full transformation cycle (b-1) and during interrupted cooling [50], with copyright permission from
© Elsevier Ltd.

Figure 15 shows the latent heat values of P1-M1, P2-M2, total latent heat and reverse latent
heat after interrupted cooling as a function of amount of M1 formed. Not shown is a similar
interrupted heating process. From both the sequences it was seen that the transformations continued to
completion (AQR constant in all interrupted cycles in Figure 15) demonstrating the time-dependence
of austenite-martensite transformation at finite cooling rates [50]. However, the authors refute the
findings that the time-dependent sequences of the transformations are just “artefacts” in which
the latent heats of transformation dissipate by “inertia” continuation during thermal equilibration,
which again are due to metallurgical causes. Identical experiments on NiTi and NiCoMnln alloys [128]
evaluate the latent heats, shown in Figure 16, of transformation in a supposedly thermal inertia-driven
isothermal behavior.
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Microscopy, including in situ microscopy and diffraction techniques, provides insight into
the field-induced effects in both real and reciprocal space, respectively. Metallurgical samples
are usually examined in reflection because the conduction electrons render metals opaque to
visible light [129] and, consequently, the contrast seen in optical micrographs is topological.
The characterization of martensitic structures as L1, 14M, 10M and L2 for x = 0.05, 0.10, 0.13 and 0.25,
respectively, in Nig 50Mng 50_xSny alloys [130] and /or multiphase microstructures in NissCosMnyoSnj,
Nigq 5C055Mn3955n195 and NiggCozMnsoSnig alloys, which included an fcc y-phase representing
decreases in Ni and Sn and increases in Mn and Co in both as-cast and annealed samples [73],
are examples wherein optical microscopy has been put into good use.
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Figure 15. The absolute value of latent heat of P1-M1 and P2-M2, total latent heat and the reverse
latent heat after interrupted cooling as a function of M1 percentage [50], with copyright permission
from © Nature Publishing Group.
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Figure 16. Absolute values of latent heat determined by interrupted measurement at different stages
during: (a) forward and; (b) reverse L2;-orthorhombic martensitic transformation in Nis3Co7MngzgInyg
at a cooling/heating rate of 10 K/min [128], with copyright permission from © Elsevier Ltd.

In situ optical microscopy conducted on NigsCosMngse7Injz3 alloys studies the magnetic
field-induced transformation (MFIT) and heating-induced martensitic transformation (HIMT),
also known as kinetic arrest (KA) [131]. During the field-induced transformation from martensite to
parent phase, the parent phase freezes upon removal of the applied field and the reappearance of
martensite phase is not until the sample is heated. A high-speed microscopic imaging system (HSMIS)
capable of in situ microscopic examination under a pulsed high magnetic field and at extremely low
temperatures [132] has been used in this study. Figure 17 shows how the parent phase freezes when
the magnetic field became zero and unfreezes upon heating to 180 K, giving rise to heating-induced
martensitic transformation.
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Figure 17. Micrographs: (a) before and (b) after a 31 T pulsed magnetic field application at 8.5 K. Parent
phase (P—austenite) was arrested even when the magnetic field became zero in (b); (c) martensite
phase obtained at 180 K out of an abnormal heating-induced transformation; (d) the martensite phase
eventually transferred back to parent phase when further heated to 300 K [131], with copyright
permission from © Pergamon.

X-ray and neutron diffraction techniques measure in reciprocal space and provide
an understanding of the typical states of identical entities, such as martensitic twin variants.
The diffraction spectrum from a crystalline material during X-ray diffraction testing can be represented
by the Bragg condition A = 2dsin®, where A is the wavelength of the incident wave, d is the interplanar
lattice spacing and 0 is half the angle between the incident and the scattered beam. The distance
d between planes is a function of the Miller indices of the planes and the lattice parameters of the
crystal lattice [133]. With a polychromatic incident beam, individual Bragg reflections from lattice
planes with same interplanar spacing of d are used to characterize similar microstructural entities
and monitor twin reorientation [26]. To measure magnetic moments of the individual twin variants,
neutron scattering is best suited, as the neutrons carry a spin [26] and with spin-polarized neutrons
the rotation of magnetic moments can be separated from the crystallographic twin reorientation.

Small-angle neutron scattering has been used to observe the existence of nanosomic magnetic
clusters at low temperatures in ferromagnetic shape memory alloys, which, along with the
magnetometry data, helps in understanding physical phenomena such as nanoscale magnetic
inhomogeneity, spatial distribution of clusters, their mean spacing and diameter, nature of magnetic
order in martensite matrix and the spatial extent of the intercluster magnetic interactions [134].
The techniques of characterization complement each other, as can be seen from the results of neutron
diffraction experiments which confirm the martensite-to-martensite transformation in Fe-Pd alloys
identified using DSC [127]. High-resolution neutron diffraction experiments are usually performed to
study changes in crystallographic structure with respect to temperature. An example of this kind of
study is found in [135], where over a temperature range from 400 K to 20 K, the lattice parameters for
the transformation sequence of austenite (L2;)-pre-martensite (30)-martensite (7O) were established.

Scanning electron microscope has a depth of field for resolved detail much greater than the spatial
resolution in the field of view and, consequently, the flatness of the topological and morphological
detail in the optical or transmission electron microscope (TEM) is replaced by an image that is very
similar to the play of light and shade over hills and valleys [136]. TEM, on the other hand, extends
the resolution available for morphological studies to the order of 0.1 nm or even sub-angstrom.
TEM combines real space data at excellent resolution and the information from reciprocal space,
i.e., electron diffraction patterns, can be recorded [137]. TEM has been used to investigate the evolution
of martensite morphology, shown in Figure 18, as the composition of Ti5oNisy_xPdx system is tuned to
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achieve geometric compatibility at the austenite-martensite interface [55,138]. The perfect one-to-one
correspondence between the antiphase boundaries (APBs) and the magnetic domain walls in the
parent phase of Ni2Mn(Al, Ga) has been studied by combining Lorentz TEM [139].

Figure 18. Evolution of microstructure with composition: (a) internally twinned martensite plates in
Ti5oNipsPdys, A, B; (b) plate in TisgNisgPdyp with a smaller twin ratio, C; (¢) example of microstructure
in TispNizgPd;1 composed of a mosaic of twinless martensite plates (denoted E, F, G, H) and a group of
compound twins (D) [138], with copyright permission from © Taylor and Francis.

The use of electron backscattered diffraction (EBSD) to determine the orientation information
of the martensitic lamellae is demonstrated in [140,141]. EBSD patterns of bulk NiyMnj 44Ing 56 are
shown in Figure 19a for an incommensurate 6M modulated martensite, and the calculated Kikuchi
lines (solid red) can be seen from Figure 19b [142]. The main and satellite reflections are highlighted by
the white dashed line.

Figure 19. (a) Measured and (b) simulated electron backscattered diffraction (EBSD) Kikuchi patterns.
One of the satellite reflections is highlighted with a white dashed line [142], with copyright permission
from © Elsevier.

Magnetization measurements are usually carried out by magnetometry on a superconducting
quantum interference device (SQUID) magnetometer or a vibrating sample magnetometer (VSM) to
establish the temperature dependence of magnetization M(T) in applied magnetic fields. The SQUID
magnetometer can detect incredibly small magnetic fields of the order of fields in living organisms [143].
Most of the SQUID magnetometers have a temperature range of 0 K < T < 400 K, while measurements
up to 700 K are also possible. The measurements are done in sequential zero-field-cooled (ZFC),
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field-cooled (FC) and field-heated (FH) protocols. During ZFC, the specimen is cooled from higher
temperature to lower temperature without the application of the magnetic field. The specimen is then
heated to higher temperature in the presence of a magnetic field while recording the magnetization
values with increasing temperature. With the magnetic field still present, the specimen is cooled to
lower temperature for the FC protocol. The specimen is subsequently heated in the applied magnetic
field to a higher temperature for an FH protocol.

An observed hysteresis in the FC and FH curves is indicative of structural transition, while the
observed split between the ZFC and FH curves is surmised as the effect of pinning by antiferromagnetic
(AF) or non-collinear magnetic structures present in the ferromagnetic (FM) matrix or in the twin
boundaries of martensite. The magnetic properties are further characterized by measuring the
magnetic field dependence of magnetization M(H) in applied fields up to 50 kOe. Examples of
magnetic characterization of Nig50Mng 50_xSny for x = 0.15 by SQUID magnetometry are shown in
Figure 20a—d [130].

From Figure 20a, it can be seen the sample is ferromagnetic (FM) below T4 = 320 K down to about
190 K, beyond which the magnetization decreases. Figure 20b shows the splitting between the ZFC
and FC, which is wider in the martensitic state because the lattice distortions in the martensitic state
greatly influence the pinning of non-collinear magnetic configurations in the ferromagnetic domain.
Hysteresis observed near 190 K, as seen in Figure 20c, indicates a first-order structural transition, and
M(H) curves in Figure 20d indicate the samples are ferromagnetic below the martensitic temperature.
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Figure 20. (a-d) Temperature-dependent magnetization (M(T)) and magnetic-field-dependent
magnetization (M(H)) curves of Nigs50Mng355ng15 alloy [130], with copyright permission from
© IOP Publishing.

4. Microstructural Effects on Properties

In this section, the various microstructural factors which affect all or any of the magnetostructural
properties of ferromagnetic Heusler alloys are discussed. It begins with a description of the effect of
composition on the properties.

The most important aspect concerning the magnetostructural effects, microstructures, properties
and functions of ferromagnetic Heusler alloys is the composition. NissMnyoGayge thin films prepared by
magnetron sputtering demonstrated martensitic phase transformation above room temperature [144]
because of a greater extent of hybridization between the excess Ni and Ga in the alloy besides film stress.
The effect of composition is not restricted to the prototype Ni-Mn-Ga alloys alone. Metamagnetic shape
memory alloys are growing to be technologically significant [100,124,145-148], where the stoichiometric
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composition is varied by tuning the compositions at will with remarkable magnetocaloric effects.
To cap it all is the tuning of the composition to draw a perfect austenite—-martensite interface with no
stressed transition layer, which yielded the highest saturation magnetization several orders higher
than normally observed [54]. The alloy Nis5CosMnyoSn; resulting from the tuning was later used in
direct energy conversion [25].

While the crystal structure has a certain effect on the magnetostructural properties, tuning the
composition changes it, affecting the property being studied. The exact martensitic structure that
would evolve for a particular composition and its effect on the properties could not be predicted,
as there are no rules to predict them. Nevertheless, the structure may evolve as cubic-10M-14M-L1,,
as seen earlier, in accordance with an increasing e/a ratio and temperature [2].

In the case of Ga-doped NiMn alloys, for the structure to be technologically significant, the
twinning stress has to be minimum, for which the lattice distortion, c/a, of the martensite has to be
minimum. 5M and 7M martensites were suitable for MFIS by virtue of the low twinning stress and
high anisotropy in them, while the nonlayered tetragonal T(L1y) reportedly exhibited high anisotropy
and high twinning stress, but not MFIS [149]. However, addition of small amounts of Co and Cu to
NiMnGa [150], as shown in Table 1, yielded a non-modulated structure with an MFIS of 12%.

Table 1. Crystal structure and magnetic field-induced strain (MFIS) in magnetic/metamagnetic shape
memory (MSM/MMSM) alloys retrieved from literature.

Example Alloys Process Crystal Structure MFIS Ref.
Ni49'gMn28'5Ga21,7 Bridgman bct, 14/ mmm 6% [6]
Nigg gMnyg 7Gayy 5 Bridgman 7M orthorhombic 9.50% [5]

NipMnGa Single crystal bct 0.20% [3]
Ni506Mn28'3Ga21'1 . 7M 500 m
Nigg 0Mn3g.6Gaz1 5 Arc-melting 5M 160 ggm [151]
NiggMnysGayyCosCuy Induction melting NM 12% [150]
Nig5CosMnsze 7Ing3 3 Induction melting L2; and 14M 3% [11]
Nig3CoyMn3z9Snyq Induction melting L2; and 10M/6M 1.00% [12]
Ni45'7C04'8MI’135'6In13'8 Bridgman L21 3.10% [152]
NigsMngz4 5Co5Ing3 5 Induction melting 12, and 6M 1.20% [153]
Nio'50Ml’lo_34Ino_] 6 Arc-melting 10M 0.12% [123]
NiggCosMn3z9Snyq Arc-melting L2 0.01% [154]
Ni5[)M1’134Il’116 - —4.5%
Ni44'9C05'1 Mn37'5 In12'5 Density functional theory - —5.1% [] !.'75]
Nig.9Co91Mn3755n17 5 using PBE formulation - —2.6% )
Nij5 2C0148Mn3755b12 5 - —2.7%

Table 2 shows a list of example MC alloys along with the magnetic entropy change ASy, values.

Table 2. Crystal structure and ASy, values in magnetocaloric (MC) alloys retrieved from literature.

Example Alloys Process Crystal Structure ASm (J/kgK) Ref.
NigsMny3CrSnyq Arc-melting, annealed Cubic and tetragonal 39.7 [24]
Nigq CogMnyySnyg Arc-melting, annealed 6M 31.9 [146]
Nisg3CoMnzoSny; As-spun annealed L2, and L1, 95 [99]
L2; and L1, 239
Nigp ¢Mnsg ¢Sng 7Feg 1 Melt-spun ™ 11.0 [156]
NigpCogMnz9Sniq Arc-melting, annealed at 1170 K, 14 d 12, - [145]
NigoMn3z9Snyp Melt-spun L2 8.2 [94]
NisoMn34CosSny4 Arc-melting L2 48.8 [157]
NizgCorMnzgSnin Melt-spun Austenite 32 [100]
Nip 50Mng 34Ing 16 Arc-melting 10M 12 [123]
NisoMn33 66Cro 34016 Arc-melting Austenite and orthorhombic 17.7 [23]
Nigg 5sMnys 4Gaps 1 Single crystal Austenite ~11 [17]
Nip 19Mng g1Ga Arc-melting Monophase 20 [16]
Nisg §Mnyg3Gapg g Arc-melting Non-modulated -7.0 [158]
NissMnig9Gang 1 Arc—melting 7™M —-52 [158]
Niss 3Mnyg1Gagg ¢ Arc-melting Austenite -1.3 [158]
NissMnyg ¢Gang s Melt-spun 7M —-9.5 [159]
NissMny9 6Gaps 4 Melt-spun M —10.4 [159]
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The differences in ASy, in off-stoichiometric Ni-Co-Mn-Sn alloys are due changes in composition,
as seen from arc-melted Nig;CogMnygSnjg, NigzCozMnzgSny; and NispMnzsCopSnyy alloys and
melt-spun NisgCoyMnzgSni, alloy. The composition apparently overrides the crystal structure in
the determination of the properties. It may be seen that intermartensitic or martensite-to-martensite
transformations yield intermediate structures which may undergo irreversible transformation to
b.c.t structures capable of deteriorating the MSM effect [127]. On the other hand, steplike thermoelastic
martensite transformations are likely to enhance magnetocaloric properties [64]. Intermartensitic and
steplike transformations, however, are still not clearly understood [149].

Across the martensitic transformation, a change in the unit cell volume has a profound effect
on the magnetostructural properties, particularly magnetocaloric, and also on the martensitic
transformation [160-162]. One has to know the orientation relationship between austenite and
martensite to better understand the effect of lattice and, consequently, the volume change, as can
be seen from Figure 21, where the variations of V2ap1, V2cp1/6 and by (instead of ayy, cpr and byy)
and Vj,/3 (instead of V)) are plotted. The lattice can be seen to expand along ays and cy; axes
and shrink along by axis. The volume contraction is —1.31%, accounting for a magnetic entropy of
31.9 J/kgK [146]. Similarly, a volume change of 4% accounted for an entropy change of —47.3 J/kgK in
Mn-Co-Ge-B alloy [163,164]. This correlation between the unit cell volume change, structural entropy
change and magnetic entropy change [163] can be used to predict high-performance magnetocaloric
materials from crystallographic data [146].
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Figure 21. (a) Effect of lattice parameters; (b) unit cell volume change with respect to temperature [146],
with copyright permission from © Elsevier BV.

The degree of long-range L2; atomic order significantly lowers the transformation entropy change
through large shifts in the transformation temperatures in relation to the change in magnetization
of the austenite phase [165-168]. While L2; atomic order refers to the fraction of atoms located in
the correct sublattice of L2; structure, studies show it can be varied by thermal treatment. Thermal
treatments are better than post-quench, as quenching does not affect the retained degree of L2; atomic
order to be able to have appreciable effect on the martensitic transformation [169]. Post-quench aging
(post-quench atomic ordering), as in polycrystalline NigsMnsg 7Ing3 3Co0s, has the effect of increasing
the difference between the austenite Curie temperature (due to improved ferromagnetic coupling
between Mn atoms) and the martensitic transformation temperature, thereby lowering the martensitic
entropy change [169].

Microstructural changes through tuning of stoichiometry also have the effect of increasing the
transformation temperatures, thus transporting the alloys into the realm of high-temperature shape
memory alloys (HTSMAs, with temperatures up to 300 °C above the standard SMAs, such as TiNi
with operating temperature of 100 °C). The structure remains cubic L2 at higher temperatures and
transforms to tetragonal upon cooling. Such alloys are useful for applications in automotive and
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aerospace engines, limited by issues such as brittleness of the alloys. The formation of a ductile y phase
with [84,170] or without [171] addition of dopants like Co improves the ductility of the alloy, however,
it does not contribute to shape memory effect (SME). The loss of SM/MSM is offset by an improvement
in the mechanical properties [171]. No SME is observed when the martensite is two-phase, including y
phase. On the contrary, the single-phase martensite with no y phase in Nis4Mny5Gajp; recorded a good
SME, whose microstructure shown in Figure 22a consists of coarse (1-5 um) and fine (0.05-0.1 pum)
microtwins, both twinned along [111] directions, which strongly favors thermoelasticity.

Figure 22. (a) TEM bright-field image of NisgsMny5Gay; alloy (b); SAED pattern in the [110] taken from
area A in (a); (c) SAED taken from area B in (a) with the incident electron beam tilted to [011] [171],
with copyright permission from © Elsevier.

Where there has been an appreciable shape memory effect (SME) in two-phase martensite with y
phase, it is because the grain size of the y phase is smaller, with circular morphology brought about by
annealing [170] and thermomechanical [172] treatments. The stress—strain behavior in these alloys is
characterized by dislocation slip and high strain hardening.

It is important also to note that y phase is dependent on whether the Co atoms substitute Ni
alone or Mn alone or both Ni and Mn. Figure 23a shows the microstructure of NissMn;7CogGajg alloy
(Co substituted for Mn) with the highest volume of v phase amongst the various alloys investigated,
wherein the vy phases join together to form slender bars (black arrows), and Figure 23b shows the
recovery strain decreasing to almost zero at the highest y phase content of 43% for various values
of prestrain [84]. This was because the y phase affected reversible martensitic transformation by
hampering the martensite reorientation. To retain the MSME at high temperatures even though the
temperatures are not as high as conventional SME, the choice of the doping element has to be judicious.
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Figure 23. (a) Optical micrograph of NisgMn;yCogGajg with highest y phase content; (b) shape memory
effect in relation to the volume content of y phase [84], with copyright permission from © Elsevier.
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While rare earth elements like Gd, Tb or Nd serve the purpose [173] in addition to improving the
mechanical properties by way of grain refinement, the most suitable high-temperature magnetic shape
memory alloy so far has been reported as the six-element NigsCosMny; FesGayyCus alloy [174], in which
doping with Co, Cu and Fe instead of Co/Cu or Fe/Co increased the martensitic transformation
temperature to 400 K and a Curie temperature to 458 K.

The microstructures of the alloys which wield enormous influence on their magnetostructural
properties are greatly dependent on the heat treatment methods adopted. Long-period annealing
achieves structural and chemical homogenization [21], after which the magnetostructural behavior is
conspicuous. The reasons are understandable because multiphase solidification leads to compositional
variations which persist even after short anneals and are capable of annulling the magnetostructural
behavior [76]. Annealing of NiggMng3gIn;3 ribbons caused changes in the atomic ordering and the grain
size of the alloy ribbon, due to which the transition temperatures and magnetic entropy change
increased considerably [175]. Low-temperature annealing of homogenized samples (1223 K for
4 weeks) of NisgMnsp_xSny (x = 10-25) alloys at 773 K caused decomposition to compositions
near x = 1 and x = 20. While one composition would likely exhibit transformation above 700 K,
the other exhibited none [74,176]. It was confirmed that the L2; phase is metastable at 773 K over
an intermediate composition range and that transformations below 400 K account for the ferromagnetic
shape memory behavior.

The combination of processes and heat treatments also contribute to the microstructure.
Heat-treated ribbons exhibited ~1.7 times larger GS/t (grain size to thickness ratio) than solutionized
bulk sample and were more suited for magnetocaloric applications [96]. Wheel speed and annealing
temperature have been reported to be controlling factors for grain size, interatomic distance, smaller
thermal hysteresis and degree of atomic ordering in order to achieve remarkable magnetic properties,
such as high values of magnetic entropy change (ASy) and refrigeration capacity (RC) [94,177].
There are, however, conflicting claims that in alloys in which L2;-B2 ordering transition is absent,
thermal treatments are in vain with regards to the tuning of the magnetostructural properties [178],
while high-temperature annealing has been reported to favor the tuning of the degree of atomic order
in NiggMn39Snj, alloy ribbons with L2;-B2 ordering [94]. This aspect requires further investigation.

In the case of microwires, the inhibiting influence of internal stresses on the magnetostructural
characteristics are compensated by annealing them, with and without the glass coating. Internal
stresses are induced during solidification and by the difference in the coefficients of thermal expansion
of the glass coating and the metallic alloy. Microwires annealed after glass coating removal showed
an increased value of saturation magnetization (495 emu/ cm?) [89]. However, their remanence
(245 emu/cm?) and coercivity (248 Oe) are decreased in comparison with the microwire annealed with
glass coating first and then after removal. Relaxation of the induced stresses in the microwire improved
the atomic ordering, thus reducing the coercivity and remanence. On the other hand, high-temperature
annealing of NigzMnj,Gays microwire resulted in a partial evaporation of Mn from the outer region
of the metallic core [90]. This combined with the glass melting led to the formation of MnOy at the
surface. The middle part consisted of Mn-depleted NizGa and an L2 structure with a composition of
NiggMngGag;. Such a structure resulted in a soft ferromagnetic behavior below 270 K [90].

5. Summary

In this paper, we have reviewed the Ni-Mn-based ferromagnetic Heusler alloys from the
perspective of design, synthesis, characterization and structure—property relationships.

e  On the basis of design, given that NiMn-based Heusler alloys are multiferroic and multifunctional,
adaptation of cofactor conditions from GNLTM will certainly be useful in arriving at highly
superior multifunctional compositions which can be readily used in applications. Combinatorial
approach combined with GNLTM has the potential to revolutionize materials search by
accelerating discovery and optimization of new and known materials.
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Processing methods and techniques have an influence on the MSM/MMSM and MC properties
of these materials through benign changes in their microstructures. Every method has its
advantages and disadvantages. While liquid processing ensures homogeneity of the alloys,
issues such as multiphase solidification and chemical segregation, which tend to cover up the
magnetostructural transitions, still persist. Melt-spinning can be useful in terms of homogeneity
of grain size and avoidance of annealing but may still require secondary treatment for the
realization of desired characteristics. In view of this, exclusion of a particular method, like P/M,
may not be justified. The disadvantages of incomplete martensitic transformation, formation of
secondary and intermetallic phases, etc., which are characteristic of P/M, can be overcome by
appropriate heat treatment or thermomechanical procedures and through exact characterization
of the starting powders.

Various factors, such as composition, crystal structure, atomic ordering, volume of unit cell, grain
size, presence or absence of secondary phases and heat treatment methods, which influence
the MSM/MMSM and MC effects of these alloys, have been reviewed. The overriding
factor is the composition, which influences both martensitic and magnetic transformations,
the transformation temperatures, crystal structures, saturation magnetization and consequently
the magnetostructural effects.
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10 Appendix 2

Techniques to characterize ternary and quaternary magnetic shape
memory alloys.

Ahamed Khan, R.A.; Ghomashchi, R.; Xie, Z.; Chen, L

Ferromagnetic shape memory Heusler alloys are traditionally characterized through
differential scanning calorimetry (DSC), microscopy, diffractometry, and magnetization
measurements using superconducting quantum interference device (SQUID) magnetometer
or a vibrating sample magnetometer (VSM). Of all characterization procedures, crystal
structure determination and quantification of phases using diffraction techniques such as X-
ray diffraction (XRD), neutron diffraction (ND) and selected area electron diffraction
(SAED) using transmission electron microscopy (TEM) are very significant even though all
of them complement each other very well. Diffraction studies in particular can be rewarding
or frustrating depending upon the equipment being used, nature of alloys being synthesized
for analysis, available search/match databases, tools for analysis and expertise of the analyst.
Frustration arises where exact search/match of peaks in the diffraction patterns to available
phases in the databases could not be obtained making the whole process complex and tedious.
This is because the databases are still evolving. This calls for a knowledge of space groups
to which the resultant structures of martensitic transformation may belong or a look up of
possible unit cell structures to proceed with. This work documents from literature,
characterization studies of several NiMn-based Heusler alloys using XRD with a view to

assist researchers in the characterization of new and significant alloy compositions.
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Abstract

Ni-Mn-X (X = group IlIA-VA elements) Heusler alloys have been seen to exhibit multiferroic
effects such as magnetic/metamagnetic shape memory (MSM/MMSM), magnetocaloric (MC),
direct energy conversion etc. and have a large potential for diverse applications in actuation,
magnetic refrigeration and conversion of low grade waste heat into electricity. Beneath the
multifunctional potential of these alloys is a magnetostructural coupling encompassing
structural and magnetic transformations, which in turn depends on alloy compositions. As
compositions are varied different crystal structures are evolved and it becomes essential that
the structures are accurately characterized for their microstructures. This paper provides a
short review of characterization techniques such as X-ray diffraction (XRD), transmission
electron microscopy (TEM) and differential scanning calorimetry (DSC) with examples from our
work as well as literature. Emphasis is laid on XRD, TEM and DSC, which are very important for

microstructural characterization.



Introduction

Ni-Mn-X (X = group llIA-VA elements) Heusler alloys can be considered multiferroic by phase
transformation involving sensitivity of electromagnetic properties to crystal lattice changes. An
example is seenin NizMnGa, which transforms martensitically with a 25% increase in saturation
magnetization accompanied by a dramatic change in magnetic anisotropy [1]. The Mn atoms
are shown placed far apart in an expanded lattice after martensitic transformation to explain
the dependence of electromagnetic properties to structural changes [1]. Multiferroic effects
such as magnetic/metamagnetic shape memory (MSM/MMSM) [2-4], magnetocaloric (MC) [5]
and direct energy conversion [6] seen in such alloys are outcomes of a magnetostructural
coupling brought about by a combined first-order structural martensitic transformation and
second-order magnetic transition. The former transforms high-temperature austenite phase
to low-temperature martensite phase and the latter brings about a change in electromagnetic

ordering in the phases in a biased field .

Martensitic transformation which holds the key to the emergence of magnetostructural
coupling depends on alloy composition usually represented as the valence electron
concentration (e/a). The composition dependence of martensitic transformation is explained
as formation of martensite in response to a free energy build-up in the alloy when a change in
e/a ratio destabilizes the parent L21-structured austenite. Even a unit-cell contraction of the
parent austenite changes the relative positions between the Fermi surface and Brillouin zone
and causes martensitic transformation [7]. The electrons above the Fermi surface move to the
corner states of the (1 1 0) Brillouin zone distorting the lattice structure to minimize the free
energy. This distortion of the lattice above the Fermi surface is termed as a nesting
phenomenon considered responsible for various modulations of the martensite structure.
During martensitic transformation the original 21 structure transforms to body-centered-
tetragonal (bct), orthorhombic or monoclinic symmetry depending on the composition. The
nesting phenomenon expands the bct (or other) unit cell along certain crystal axes to give
modulated structures such as 5M, 7M etc. with numbers 5, 7 defining the times the unit cell
expanded. The atomic positions overlap after every 5t or 7t layer along the given axis. Where
the modulation wave vector is absent, the structure is termed as non-modulated (NM). Other

representations include 40 for the four layered orthorhombic or notations such as 5R, 7R for
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five-layered or seven layered structures. A superspace (3+1)-dimensional approach [8] is being
adopted as a powerful mathematical tool for the determination of the structural,
compositional and physical modulations and commensurateness or incommensurateness

associated with them [9].

What has been seen is that the material composition is a very significant factor for the
occurrence of magnetostructural coupling and evolution of crystal structure of austenite and
martensite phases. However the exact martensitic structure that would evolve for a particular
composition and its effect on the magnetostructural characteristics could not be predicted [10]
even though a transition from cubic - 10M(5M) = 14M(7M) = L1o in accordance with an
increasing e/a ratio and temperature has been the norm [11]. Some martensitic structures
such as tetragonal five-layered (5M) and orthorhombic seven-layered (7M) martensitic phase
in NiMnGa alloys are seen to favour magnetic field induced strain (MFIS) while a non-

modulated tetragonal L1o does not favour (MFIS), when exposed to a magnetic field [12].

For higher order multicomponent Heusler alloys, the martensitic structure is also
composition dependent as for instance in a giant magnetocaloric material with composition
NisoCo1o0MnaoSnio  [13], the structure is not known while in another large
magnetocaloric/magnetoresistance material with composition Niz1CosMnsoSnio [14] the
structure is monoclinic 6M. The monoclinic 6M structure is representative of Ni-Co-Mn-In
alloys with martensitic transformation near room temperature and incommensurate from the
superspace standpoint [15]. In the singular NissCosMnaeSnio [6] alloy capable of energy
conversion at very low temperature difference, the martensitic structure is monoclinic 5M.
Hence it is the composition, which yields the resultant structure and it is necessary that the

structures are accurately determined.

Ferromagnetic shape memory Heusler alloys are traditionally characterized through
differential scanning calorimetry (DSC), microscopy, diffractometry, and magnetization
measurements using superconducting quantum interference device (SQUID) magnetometer
or a vibrating sample magnetometer (VSM). DSC allows us to know details about the
temperatures at which the first-order phase and second-order magnetic transformations

happen, the Curie temperatures, effects of compositions on these temperatures and phases in
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the alloys above and below the transformation temperatures. Microscopy, optical (OM) and
scanning electron microscopes (SEM), identifies the phases, morphologies and their
compositions. Magnetometry reveals the magnetic behaviour of the alloys and the levels of
magnetization attained in the alloys during transformation. In situ procedures involving all of
these characterization techniques provide an insight into the magnetostructural
transformations in real-time. For instance, in situ optical microscopy throws light on the
phenomenon called kinetic arrest (KA) which is freezing of austenite upon removal of the
magnetic field applied during a magnetic field induced transformation (MFIT) in Ni-Co-Mn-In
alloys [16]. Of all characterization procedures, crystal structure determination and
guantification of phases using diffraction techniques such as X-ray diffraction (XRD), neutron
diffraction (ND) and selected area electron diffraction (SAED) using transmission electron
microscopy (TEM) are very significant even though all of them complement each other very
well. Diffraction studies in particular can be rewarding or frustrating depending upon the
equipment being used, nature of alloys being synthesized for analysis, available search/match
databases, tools for analysis and expertise of the analyst. Frustration arises where exact
search/match of peaks in the diffraction patterns to available phases in the databases could
not be obtained making the whole process complex and tedious. This is because the databases
are still evolving. This calls for a knowledge of space groups to which the resultant structures
of martensitic transformation may belong or a look up of possible unit cell structures to
proceed with. This work documents from literature, characterization studies of several NiMn-
based Heusler alloys using XRD with a view to assist researchers in the characterization of new
and significant alloy compositions. Additionally methods and examples of transmission
electron microscopy (TEM) procedures used to supplement XRD are also dealt with. DSC has
been explained briefly to emphasize its significance in ferromagnetic Heusler alloys

characterization. As a short review, it is not very exhaustive, but still can be very useful.

Diffractometry

X-ray and neutron diffraction

When a collimated beam of X-rays is directed at a material sample, a constructive interference
of the spectrum of elastic scattering of these X-rays at Bragg positions defined by the Bragg

equation (nA = 2dsin 0) show unique diffraction patterns characteristic of the crystal structures
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of the material sample. Ideally, a plot between the intensity of the diffracted beam and the
scattering angle (twice the Bragg diffraction angle) provides microstructural information such
as the Bravais point lattice, unit cell dimensions and atomic numbers of constituent atoms
(chemical species). The intensities of the diffracted spectra depend on the atomic numbers
and the diffraction angle depends on Bravais point lattice and unit cell dimensions. High-energy
X-ray diffractometers and synchrotron X-ray diffractometers have in-situ capabilities wherein
the material properties such as phase composition, crystal structure, epitaxy, texture,
orientation, crystallite size and macro/microstrain are evaluated as functions of time,

temperature and gas environment [17].

The diffraction spectrum is a ‘fingerprint’ of the crystal structure and is usually compared
with a diffraction standard such as the Powder Diffraction File (PDF) from the International
Centre for Diffraction Data (ICDD). An ensemble of d-spacings (‘d’s) and intensities (‘I's) are
compared with the d-I files in the PDF to determine phases. The spectrum can also be
compared with other calculated spectra and based on the degree of fit the phases are
ascertained. Powder diffraction is often used in microstructure characterization of NiMn-based
ferromagnetic Heusler alloys as it is easier and more convenient than single crystal diffraction
which requires individual crystals to be made. The process is well suited for determination of
phases and their crystal structures including superlattices of modulated structures besides
being rapid with ease of data interpretation. However samples need be ground to fine powders

less than ~ 10 um (or 200-mesh) in size [18].

Neutron diffraction is different from X-ray diffraction in that scattering depends on the
nature of the scattering nuclides (atoms of a specific isotope) and consequently atoms of
similar atomic number have different scattering lengths which is very hard to distinguish in X-
ray diffraction [19]. Furthermore magnetic scattering by neutrons resulting from an interaction
of neutrons with both spin and orbital magnetic moments in a magnetic material makes it
useful to study magnetism on an atomic scale. Neutron diffraction is used to exactly monitor
twin reorientation in ferromagnetic shape memory alloys while polarized neutron diffraction
helps in separating the rotation of magnetic moments from the twin reorientation. A brief
description of how these studies are carried out is available in [20]. Through a combination of

small-angle neutron scattering (SANS) and in-situ magnetometry, Leighton et al. provide a clear

5



understanding of the superparamagnetic freezing of nanoscopic spin clusters of unknown
origin and the nature of the ground-state magnetic ordering in the martensitic phase of Niso-
«CoxMnaoSnio (x = 6 and 8) alloys [21].

High-resolution synchrotron X-ray diffraction is necessitated by the limitations of
laboratory-based diffraction techniques in terms of resolution of the d-space range, signal-to-
noise ratio and shape and width of observed reflections. The high-resolution diffractometry
possible using synchrotron diffraction makes it suitable for precise in situ examination of
chemical processes, structure/property studies, phase identification and quantification and
examination of stress and strain. Small lattice distortions such as seen in the adaptive phases
of ferromagnetic Heusler materials, Jahn-Teller distortions etc. appear as subtle peak splitting
or weak superlattice reflections in diffraction data. Synchrotron diffraction is best suited to
resolve these issues. Rietveld refinement (adopting a least squares approach to refine a
theoretical line profile) in (3+1)-dimensional space for precise structural refinement and ab
initio methodologies for atomic occupancies provide a complete crystal structure information.
The structural refinement by itself is not straight forward as numerous interdependent
structural parameters such as lattice parameters, modulation wave vector function and its
coefficients, atomic displacements and atom occupancies are to be refined to arrive at a
calculated diffraction pattern. An identical calculated pattern with an unknown sample pattern
is then used to obtain crystal structure information. No standards are needed to achieve
accurate results to within + 1% and this makes Rietveld refinement an exceptionally valuable
method for structural analysis for all classes of crystalline materials not available as single
crystals. Rietveld refinement and ab initio techniques are now software driven. Commercial
packages such as FullProf, Jana2006 for Rietveld and Vienna ab initio simulation package are
available for analysis, however requires an extensive knowledge of crystallography and powder
diffraction for a credible structural analysis. We present here examples of XRD characterization

of ferromagnetic Heusler alloys.

At around the stoichiometric compositions, martensitic transformation in Ni;MnSn alloys
may yield L2; or DOs structures with the binaries Ni-Mn and Ni-Sn vyielding tetragonal or
hexagonal phases [22]. Krenke et al. [22] performed a series of room temperature XRD studies
using Cu-Ka radiation on NisoMnso4Sny (x =5, 10, 13, 15, 18, 20 and 25; composition rewritten)

alloys to determine the crystal structure variation from 21 to modulated 10M, 14M and L1¢
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structures as the Sn concentration decreased. The samples were prepared by arc-melting and
annealed at 1273 K for 2 h and then ice water quenched. The XRD patterns of NisoMnsoxSny (x

=25, 13, 10 and 5) and the corresponding optical micrographs
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Figure 1. Room temperature XRD patterns and corresponding optical micrographs of
NisoMnsoxSny alloy compositions: (a) & (b) x = 25; (c) & (d) x = 13; (e) & (f) x =10 and (g) &
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depicting the microstructures are Shown in Figure 1. The unit cells were orthorhombic for 10V,
monoclinic for 14M and tetragonal for L1o. The grain sizes of all structures are within 50 — 300
um and the morphology of the martensites is platelike even though they are broad for 10M,

finer for 14M and intermediate for L1o.

From among the alloys discussed above NisoMns7Snis is significant because it exhibits
martensitic transformation at room temperature as well as a large inverse magnetocaloric
effect (MCE) of 20 J/kg/K comparable with giant MCE materials such as Gds(SixGeix)s [5].
Inverse MCE refers to a positive value of magnetic entropy change and is potentially useful for
room-temperature refrigeration. A few more XRD patterns of this alloy prepared using identical
or different processing conditions are shown in Figure 2. In the upper panel of Figure 2 (a), at
room temperature a 10M modulated orthorhombic structure is seen for this composition
prepared by arc-melting and annealed at 1000 °C (1273 K) for 24 h followed by slow cooling
[23]. The XRD patterns of this alloy structure including the lattice parameters are in full
agreement with the 10M structure seen in [22]. However, the same arc-melted alloy exhibited
both [21 austenitic and orthorhombic 40 martensitic structures, middle pattern in Figure 2 (c),
which after annealing at 1273 K for 4 h and water quench exhibited only 40 structure, middle
pattern in Figure 2 (d). The L21 structure is seen suppressed [7]. This work [7] also reveals a
martensitic structural evolution sequence of 40 — 10M — 14M — L1 in bulk Ni-Mn-Sn alloys [7].
A melt-spun NispMns7Snis alloy on the other hand exhibited a £21 austenite structure at room
temperature, in Figure 2 (b), and an orthorhombic 7M martensite at 150 K which is lower than
its martensitic transformation temperature [24]. The unit cell is orthorhombic in all these. It
turns out that the basic unit cell is orthorhombic for the composition NisoMns7Sn13 even though

the final modulated structure depended on the processing condition.

Pons et al. [25] studied the crystal structures of martensitic phases in Ni-Mn-Ga alloys from
the perspective of two approaches varyingly used to describe the structures. The first approach
considered long period stacking of {110} closed packed planes of austenite or {111} planes of
the face-centered tetragonal L[1o unit cell. The second approach considered harmonic
modulation due to a periodic shuffling of the basal planes. The crystallographic axes along

which the unit cells are aligned are the same in both approaches, given by [110] (a-axis), [001]
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Figure 2 XRD patterns of: (a) NisoMns;Snis (up) and NisoMnssSnie (down) [22]; (b) as-quenched
NisoMns37Sn13 ribbons at 298 K (up) and 150 K (down) [23]; (c) as-cast and (d) annealed patterns of
NisoMn41$n9, NisoMng,gsnn, Ni50|\/|l’]375n13, NiszsMns9Sn1s and Ni45Mn41$n13, top-down respectively [7]

(b-axis) and [110] (c-axis) of the cubic austenite. The unit cell is monoclinic and the

crystallographic axes are termed ‘monoclinic’ in the former. In the latter these axes are termed
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‘cubic’ because of the correspondence between the basic body-centered martensite structures
and the cubic austenite. While the approaches are different the structures are nearly similar.
Taking into account the superspace formulation, this study found five-layered martensite as a
shuffling modulated structure and the seven-layered martensite as a long period stacking of
basal planes with (52), Zhdanov sequence. The kind of structuring seen in the 7M structure
qualifies it to be treated as an adaptive phase of microtwinned L1o structure as seen in 14M
which also has a (52), stacking sequence. Five- and seven-layered (5M and 7M) martensites
are also referred to as 10M and 14M respectively with respect to a new notation for
martensites. Shown in Figure 3 (a) below is the XRD pattern of the melt-spun ribbon of
Nis3.1Mn2s6Gazos indexed according to a 14M structure while the bulk alloy of same
composition exhibited a L1o (non-modulated tetragonal) structure, similar to that shown for
Niss 7Mns72Gai7.1 in Figure 3 (b), attributed to the grain size reduction and introduction of

internal stresses in melt-spun ribbons.
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Figure 3. (a) XRD pattern of the melt-spun ribbon of Niss 1Mn2s6Gazos at room temperature indexed
according to 14M structure; (b) XRD pattern of Niss;Mnsz2Gaiz.1 indexed according to a L21 order
which is a ‘double’ L1, unit cell although second neighbour ordering is not seen [24].

The modulated lattice approach following a harmonic shuffling of (100),.; unit cell along
[010],.; vielded a 5R (5M) structure for the low temperature martensite in single crystal
NissMn»95Gazi s alloy (composition rewritten), homogenized at 1273 K for 72 h and annealed
at 1070 K for 48 h. This is shown in Figure 4 (a) [26]. The XRD patterns of NissMn206Gazs.4 and
NissMn19.6Gazs.4 alloy ribbons melt-spun at a wheel speed of 17 m/s in Figure 4 (b) are indexed
to show an orthorhombic structure of 7M modulation. Here the structures are analysed

splitting the {202} peaks into (220), (202) and (022) peaks [27]. A maximum value of ASy =-10.4
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J/kgK at room temperature for a field change of 2 T and net refrigeration capacity of 45.5 J/kg
was observed in the NissMn196Gazs 4 alloy with a low average hysteresis loss of =1.5 J/kg at the

merged structural and magnetic transition temperatures.
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Figure 4. (a) Experimental (line) and simulated (bar) 6-26 diffraction patterns of 5R martensite in
Ni1.96Mn1.18Gao g6 alloy at room temperature [25]; (b) XRD patterns of melt spun NissMn2oGaza4 (upper
panel) and NissMn1g6Gazs 4 (lower panel) ribbons [26].

Intensity(a.u.)

Diffractometry in reciprocal space is sometimes necessitated for the exact identification of
crystal structures between peaks and can be carried out by conducting w-26 scans conforming
to Ewald’s sphere in reciprocal space, Figure 5 (a). A Q-type scan between (400) and (620) is
seen to show six approximately equally spaced additional peaks corresponding to a seven-
layered (7M) orthorhombic martensite in NisgsMny97Gazis alloy in Figure 5 (b), which
interestingly exhibited intermartensitic transformation with the low temperature structure

being tetragonal. The single crystal of the alloy was prepared by Bridgman procedure at the
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Figure 5. (a) High resolution diffractometry in reciprocal space; (b) Scattered intensity distribution in
reciprocal space between (400) and (620) nodes in the orthorhombic phase of NisssMnag7Gazi s alloy
with arrows marking additional peaks connected with seven layered modulation of the lattice [27].
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rate of 0.5 mm/min, homogenized at 1253 K for 20 h, aged at 1073 K for 30 h and cooled in air
to room temperature. This alloy is significant for the fact that a giant magnetic field-induced
strain of about 9.5% was observed in it at ambient temperature in a magnetic field of less than
1 T [28]. Two Ga-free NispMnsesSniss and NispMnsglni, alloy ribbons exhibited L21 austenite
and modulated orthorhombic martensite structures respectively as shown in Figure 6. The

crystallographic direction in the martensite is (112) [29].
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Figure 6. Room temperature XRD patterns of melt spun: (a) NisoMnsssSnizs and (b) NisoMnssiniz alloys
[28].

The superspace (3+1) scheme of crystal structure determination requires elaboration in
light of the fact that the supercell scheme previously used to describe modulations is
inadequate. The supercell contained a number of basic unit cells in three-dimensional space.
By counting the number of satellite spots between two main reflections the number of unit
cells were determined. A sinusoidal function or a simple uniform shear is applied to the atoms
of the supercell to achieve structural modulation [15]. This approach, although described the
atomic arrangements obtained through high-resolution transmission electron microscopy
(HRTEM) or diffraction analysis, isn’t rigorous enough to accurately represent the structural
modulation features such as the translational symmetry of the crystal lattice in three-
dimensional space. The superspace (3+1) scheme seeks to redress this and other anomalies
such as evolution of different modulated structures in some alloys with the same composition
under similar processing environments. The superspace model carries an additional
supplementary vector (modulation vector) is used to describe the periodicity of structural
modulation. The generic diffraction vector H becomes H = ha* + kb* + lc* + mq where q =
*

aa® + fb* + yc*. Each Bragg reflection has four indices hkim corresponding to a* b* ¢
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(conventional lattice) and g, which is the modulation vector. When coefficients a, 8 and y of
the modulation wave vector correspond to a rational number, the modulation is
commensurate and when they correspond to an irrational number, the modulation is
incommensurate [8]. Thus both commensurate and incommensurate structures could be

effectively characterized [15].

Yan et al. provide a very detailed account of the determination of incommensurate
modulated martensitic structures in Ni-Mn-In alloys using synchrotron X-ray diffraction, ND,
Rietveld refinement and ab initio structure solution [15]. This study is a very elaborate
structural analysis of ferromagnetic Ni-Mn-based Heusler materials which can be used for the
understanding of the mechanisms of magnetostructural behaviour and hence property
optimization of these alloys. In order to successfully perform structural refinement, spurious
diffraction data arising from factors such as retained austenite in transformed structures are
addressed through a crystallographic inheritance of martensitic transformation represented
by peak splitting. The exact crystal structure determination of martensite involved three steps:
depiction of the unit cell of the average martensite structure (neglecting modulation) in three-
dimensional space based on neutron diffraction data, derivation of modulation wave vector
from the peak positions of satellite reflections from neutron diffraction data and finally
structural refinement of the modulated martensite from synchrotron X-ray diffraction data

using Rietveld and ab initio methods [15].

Figure 7 (a) shows the powder neutron diffraction spectrum of NisoMnssinis (composition
rewritten), austenitic at room temperature and confirmed by DSC measurements. Crystal
structure analysis through Rietveld technique showed the austenite to possess a [21 cubic
structure with space group Fm3m and lattice parameter 6.0062 A. Vertical arrows pointing to
very small peaks resulted from ‘surface martensite’. With DSC measurements confirming a
martensite structure at room temperature for NisoMnsslnia (composition rewritten) alloy, the
powder diffraction pattern shown in Figure 7 (b) is of martensite. The figure carries the
diffraction pattern of NisoMnssinis alloy as a reference. As both compositions are nearly equal,
the austenite structures are approximated one with the other. The martensite has been
generated through a distortion of the austenite lattice during transformation resulting in the

symmetry breaking of austenite. This could be seen as splitting in the diffraction patterns.
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Figure 7. Powder neutron diffraction pattern of: (a) NisoMnssinis alloy at room temperature showing
measured and Rietveld fitted spectra and their difference; (b) NisoMnsslnis alloy at room temperature
with NisoMnsslnis shown as reference. (Compositions of both alloys are rewritten) [15].

Peaks are numbered |, Il and lll around {002}, reflection, IV, V, VI and VIl around {202}, and
VIIl and IX around {222} 4. From the nature of splitting the average martensitic structure is
deduced as monoclinic with space group /2/m. Using Bain correspondence between cubic
austenite and monoclinic martensite, as many martensitic reflections seen from the splittings
are unambiguously identified. Additional Si1, Sy, S3 peaks in Figure 7 (b) which could not be
indexed with the average structure model is analysed using the (3+1)-dimensional superspace
approach. Through application of crystallographic principles, structural refinement and ab
initio calculations the space group of the modulated structure is specified as 12/m(a0y)00 and
the incommensurateness of the modulation is established. The incommensurate structure has
further been confirmed through EBSD analysis (not discussed here) and belonged to the P2/m
space group. Figure 8 shows the high-energy synchrotron XRD patterns of NisoMnsslnia alloy
which was used for the final resolution of the crystal structures with the satellite peaks of

martensite and a single reflection from the retained austenite clearly shown.

Rietveld refinement can be applied using free software such as FullProf, to diffraction
analysis on a laboratory scale where access to sophisticated synchrotron and neutron
diffraction equipment is unlikely. The austenite and martensite unit cells can still be indexed
however, precise description of the modulation of martensite including

commensurate/incommensurate nature may not be possible. Additional SAED patterns from
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TEM are to be obtained to complete the characterization. We present additional examples of

cases where structural refinement is performed as well as those corroborated by SAED data.
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Figure 8. High-energy synchrotron XRD patterns of NisosMnsglnis alloy at
room temperature. The vertical arrow at reflection IV is resolved for
retained austenite and all other arrows indicate satellite peaks of
martensite [15].

Figure 9 (a) shows the refined crystal structures of both austenite (upper panel) and
martensite (lower panel) of NizuaCosMnaoSnio alloy obtained through wide-angle X-ray
diffraction (WAXRD), in situ, on a temperature-dependent Bruker Advance D8 diffractometer
[21]. The austenite at 410 K, above the martensitic transformation temperature of 390 K, is
indexed to a L21 structure with space group Fm3m and lattice parameter 5.987 A. The
martensite at 300 K, below the martensitic transformation, is indexed to a monoclinic 5M
modulated structure with space group P21 and having a = 4.407 A, b=5.643 A, c=21.69 A and
8 = 87.05 ° (a0 = y = 90°). Incidentally this alloy belonged to the category of low thermal
hysteresis alloys derived using cofactor conditions for enhanced reversibility of martensitic

transformation [30].

Figure 9 (b) shows the refined room temperature structure of NizaCusMn3sSn1; alloy in the
upper panel and that of NissCu7Mn39Sn11 alloy in the lower panel [31]. Note that in these alloys
Cu instead of Co substitutes Ni and a small difference in composition gives two different
structures at room temperature, namely orthorhombic 40 martensite in NiaaCusMn39Sni1and
L21 cubic austenite in NiszsCu7MnssSni1. The orthorhombic structure belonged to the space

group Pmma with lattice parameters a = 8.54 A, b= 5.72 A and ¢ = 4.31 A. The austenite is of
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Fm3m space group with lattice parameter 6.00 A. The compositional difference also has the
effect of lowering the transformation temperature from 305 K to 279 K. The alloys are arc-
melted and further annealed at 1173 K for one week before quenching in ice water. Figure 9
(c) shows the refined structures of another Cu-doped alloy, Cu substituting Mn and influencing
the magnetocaloric properties of the alloys. In the upper panel of Figure 9 (c) is shown the XRD
pattern of NisoMns,7Cuislnis alloy and in the bottom panel of Figure 9 (c) is shown that of
NisoMns,4Cuislnie alloy [32]. Both structures are austenitic with fundamental lattice
reflections of (220), (400) and (422). Superstructure reflections at (111), (311) and (331)
indicate an ordered Heusler structure. The lattice parameters are given as 5.987 A and 5.975

A respectively. The compositional difference however increases the martensitic
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Figure 9. (a) WAXRD patterns from NisCosMnaoSnip at T =410 K (up) and T = 300 K (down) above and
below the martensitic transformation. Heavy and light solid lines represent experimental data and the
structural refinement, respectively. The dotted line shows the residual between the experiment and
model [20]; (b) XRD patterns of NisaaCusMnssSnir (up) and NiassCusMnssSnii (down) alloys at room
temperature [30]; (c) XRD patterns of NisoMnsz7Cu1slnis (up) and NisoMns24Cuielnis (down) alloys at
room temperature [31].
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transformation temperature from 267.5 Kto 276.5 K. The alloys measured large positive values
of magnetic entropy changes at 25.2 J/kg/K and 5.7 J/kg/K respectively by Maxwell relation. It
is to be seen that when Cu substitutes Ni the transformation temperature decreases and when
it substitutes Mn the temperature increases. Furthermore, substituting In instead of Sn favours

a large magnetic entropy change making it suitable for magnetic refrigeration.

In yet another example of in situ X-ray diffraction carried out on a Bruker D8 Advance
diffractometer in the temperature range of 227 K to 465 K we present the case of
polycrystalline NisoxFexMnaoSnio (x = 0, 2, 4, 6, 8) alloy ribbons [33]. Structure refined XRD
patterns of NisgsFe, 2Mns39sSng g alloy are presented in Figure 10. The crystal structures above
and below the austenite finish temperature of 386 K and the austenite start temperature of
377 K are indexed to a cubic P222, Figure 10 (a) and an orthorhombic 6M modulated

martensite, Figure 10 (b), respectively. Note that the austenite in this case is not of L2

formulation.
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Figure 10. XRD patterns of NisssFe22MnsgsSngs ribbons: (a) cubic; (b)
orthorhombic and (c) temperature evolution of XRD patterns across
martensitic transformation [32]. 17



Between the two temperatures both austenite and martensite coexist. Additional (200)
reflections near 30° correspond to a B2 structure. The temperature evolution of the XRD

patterns across martensitic transformation is shown in Figure 10 (c).

Perez-Sierra et al. [34] observed multiphase solidification in quaternary NissCosMnaoSnio,
Nisa5C055Mn395Sn105 and NissCoz7MnssSnis alloys. The phases are L21/6-layered martensite,
D0z phase and y-phase. While DOs dissolved during subsequent annealing, the y-phase has
been reported to dissolve in low Co content (6.4 and 7.2 at%) alloys and stabilized in high Co
content (9 at%) alloys. The XRD patterns for the alloy phases are shown in Figure 11, with the
top and middle spectra obtained from NisssCossMnsgsSnios and the bottom spectrum
obtained from Nis3Co7Mn39Sni11 alloys, even though all alloys exhibited three phases. The pure
martensite has been indexed to a monoclinic unit cell with lattice parameters a = 4.42 A, b =
5.54 A, c=12.90 A and 8 = 92.5 ° consistent with a six-layered modulation. The D03 unit cell
has a lattice parameter of 6.01 A while the L21 and y-phase unit cells corresponded to 5.96 A
and 3.71 A respectively. To obtain the top spectrum, Nis.sCossMnsgsSnios was homogenized

for 14 days at 900 °C and for the middle spectrum it was melted and resolidified.
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Figure 11. XRD spectra of: (up) NisssCossMnsgsSnios alloy
showing a pure 6-layered martensite state; (middle)
Niza5C055Mns95Sn105 alloy showing a large proportion of
D03 phase and (bottom) NissCo7MnssSny; alloy containing a
mixture of L2; austenite and y-phase [33].
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The lower spectrum was obtained after annealing the sample for 7 days at 950 °C. The XRD

data is corroborated by the SAED data obtained using TEM [34].

Transmission electron microscopy extends the resolution available for morphological
studies to the order of 0.1 nm or even sub-angstrom [35]. It combines real space data at
excellent resolution and the information from reciprocal space, i.e. electron diffraction
patterns can be recorded [35]. SAED is a crystallographic experimental technique to identify
crystal structure as well as phases’ orientation relationships in a crystalline material. Interested
readers may refer [36] for a better understanding of TEM procedures. Preparing a good
specimen to be examined using TEM is of paramount importance for the success of TEM
analysis. Good samples need to be uniformly thinned to less than 100 nm, while those for
lattice imaging in high resolution TEM should be less than 20 nm thick. Samples are thinned by
mechanical thinning, electrochemical thinning and ion milling [35]. lon milling is performed on
specialized equipment such as a focused ion beam machining system. An account of TEM

sample preparation using a dual beam FIB equipment can be read from [37].

The SAED patterns of the different structures indexed in Figure 11 of [34] are shown in
Figure 12. Figure 12 (a) shows patterns corresponding to a disordered face-centred cubic
structure of the y-phase. In Figure 12 (b) can be seen patterns corresponding to different
ordered structures of DOs and L24, phases. DOs and L2; are both derived from the bcc lattice
and incorporate next-nearest-neighbours ordering within one sublattice of the basic unit cell.
The sublattice alternates atoms from different elements introducing a face-centred symmetry
in the unit cell. In Figure 12 (c) can be seen a single variant of the six-layered martensite, seen

in all three alloys in [34].

ZA =[210]

ZA=[001] ZA=[010]

Figure 12. SAED patterns corresponding to: (a) y-phase along [001] zone axes; (b) DOs; and L21
structures along [010] zone axes and (c) 6-layered martensite for a single variant [33].
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Similarly the SAED patterns corresponding to the indexed 40, 10M and 14M respectively,
of alloys NispMns7Sn13, NisoMn39Sn11 and NisoMn41Sng [7], are shown in Figure 13 (a) to (c). The
XRD data of these alloys is seen in Figure 2 (c) and (d). Interestingly alloy NisoMn3sSn11 also had
coexistent 40 and L1o martensites (not shown). Three satellite spots between the fundamental
maxima in the SAED patterns of the 40 modulated structure of NisoMn37Snis, four satellite
spots in the 10M structure of NisoMn3sSn11 and six satellite spots in the 14M structure of

NisoMna1Sng can be seen from the Figures.
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Figure 13. SAED patterns of: (a) 40 martensite in NisoMns;Sn1s (b) 20M martensite in NispMnssSn1; and
(c) 14M martensite in NisoMnai1Sng alloys [7].

Through in situ high-energy XRD procedures, Huang et al. obtained a cubic structure at 400 K
and a monoclinic six-layered martensite at 100 K. This is shown in Figure 14 (a) and (b). The
SAED diffraction pattern in Figure 14 (c) is seen to have five extra satellite spots between main
reflections which are characteristic of the indexed martensite [14]. Even in an uncommon case
of a powder processed quinary Ni-Co-Mn-(Sn, Cu) alloy prepared by conventional press and
sinter technique using elemental powders, a 6M monoclinic structure was indexed as seen
from the XRD pattern which is also corroborated by SAED pattern along [210] zone axis [38].
This is shown in Figure 15. Room temperature diffraction patterns of NisoMn375Sn12.5xInk (x =
0, 2, 4, 6 at%) synthesized by vacuum hot pressing show a coexistent L2; and 40 martensite
for x =0 and x = 2 which however changes to a single phase at higher concentrations [39]. It is
40 atx =4 and 10M at x = 6. Based on the X-ray diffraction patterns in Figure 16 and with the
help of scanning transmission electron microscope and high angle angular dark field (STEM-
HAADF) imaging mode, Figure 17 (a), with atomic number contrast, the microstructure of

NisoMns755n12.5Ing consisted of equiaxed grains of austenite and martensite of size ~ 2 um. This
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Figure 14. High energy X-ray diffraction patterns at 400 K (a) and 100 K (b) corresponding to
austenite (A) and martensite (M) phase respectively; (c) Selected area diffraction pattern (SAEDP)
for martensite at room temperature [14].
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Figure 15. XRD spectrum of the alloy showing a 6M structure and NisSn phase (Inset) SAED
pattern of the 6M martensite along [210] zone axis [37].

grain size refinement was the reason for the 5% plasticity and 2000 MPa strength observed in
this alloy. Dislocations within the austenite grain, whose existence is related to factors such as
order of [2:1 phase, location at antiphase boundaries, stress induced dislocations during
sintering or incompatibility between austenite and martensite crystal structures are shown in

in Figure 17 (b). The structure of 40 modulated martensite is shown in Figure 17 (c).
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Figure 1637 Set of TEM microstructures consist of (a) STEM-HAADF image; (b) and (c) bright field
images and corresponding selected area diffraction patterns of In0 sintered sample [38].

Secondary phases such as y-phase are seen when the Co content is higher (> 8 at %) [40].
This is shown in Figure 18 (a), where traces of fcc-y structures are detected in Niz2CogMn3sSn11
alloys at 8 at % of Co [41]. In Figure 18 (b) the y-phase seen in the as-cast structure is absent in
the melt-spun alloy of NisgCo12Mn41Sng composition with 12 at % Co [42]. The melt-spinning
process aids in suppressing secondary phases. This aspect has also been confirmed in [43].
Annealing also suppresses spurious phases such as shown by asterisks at 38.2° corresponding
to MnSn; and at 44.5° and 64.8° corresponding to MnNi in the as-cast structures of [7] in Figure

2 (c), absent in the annealed structures in Figure 2 (d).
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Figure 18. Room temperature XRD patterns of: (a) NizxCosMnssSna; alloy [40]; (b) NizsCo12Mn41Sng bulk
and as-spun alloys [41].

In the case of Nis1Mnsaln14Siy alloys higher wheel speeds and hence higher solidification
rates resulted in partially ordered B2 structure instead of the ordered L21 austenite [44]. The
authors use X-ray diffraction analysis to describe the transition from L2 to B2 structure. 21
structure is identified by reflections from (111) and (311) planes. The presence of (200)
reflection and no L2, reflections in Figure 19 point to a B2 structure. Bragg reflections with
non-zero structure factors result from the cubic L2; structure when the Miller indices are all
even or odd. From the Figure 19 for the first three reflections, the structure factors are
F(111) = 4(f, — f;), F(200) = 4[2f, — (f, + f;)], and F(220) = 4[2f, + f, + f;], where
fx» fy and f, are the average scattering amplitudes for respective sublattices X, Y and Z. In the
B2 structure the atoms from Y and Z sub-lattices are intermixed and hence the structure factor
F(111) is zero (no peaks with all odd indices) indicating a transition from L2 to B2. Additionally
an estimation of the degree of [21 order from the patterns using the relation
(1111/1220) exp/(111/1220) tn, Where Ing represent the intensity of reflection from the plane
with Miller indices (hkl) and the suffices ‘exp’ and ‘th’ correspond to experimental and
theoretical data, is necessary. A decrease in the degree of order with increasing solidification

rate will show that disordered B2 structures will form as a result of this.
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Figure 19. Room temperature XRD patterns of (a) as-
spun ribbons and (b) Rs ribbons annealed at different
temperatures [43].

Cakir et al. studied magneto-structural phase transitions and the stability of the different
crystallographic structures of NisoMnsoxSny alloys under varying temperatures for a broad
range of composition 5.1 < x < 20.3 (7.91 < e/a < 8.34) [45]. Figure 20 (a) to (k) show the
temperature dependent diffraction patterns of the alloys. Using superspace approach [8], the
different modulated phases of martensites are indexed as 5M (IC), 7M (IC) in addition to
austenite, 5M and L1o structures for various cooling and warming sequences. IC refers to an
incommensurate structure. Added to the austenite-to-martensite transformation,
intermartensitic transformation® are observed at lower temperatures in Figure 20 (e), (f) and
(i). In Figure 20 (e) an intermartensitic transition changes the 5M (IC) martensite to 5M (IC) +
L1o mixed martensite on cooling. In Figure 20 (f) similar transformation yielded 5M (IC) + 7M

(IC) mixed martensite on cooling and at further lower temperature intermartensitic

! Intermartensitic transformations happen when the martensitic phase transforms to other modulated phases at
lower temperatures. These are important because reversal back to the original martensitic phase may be difficult
and may lead to loss of magnetic shape memory effect.
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Figure 20. X-ray diffraction patterns shown in the range 30° < 26 < 60°. (a)-(k) show patterns with

varying temperature for x

20.3,16.2,15.1,13.0,11.4, 11.0, 10.1, 8.8, 7.1 and 5.1 respectively [44].
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transformation resulted in a mixed 7M (IC) + L1o from 7M (IC). It has been found that
intermartensitic transitions lead to stabilization of the L1o structure and involve broad
hysteresis of up to 100 K. This meant that functional properties of the Heusler alloys will be
affected if the temperature of the working material is lowered below the intermartensitic start

temperature.

Differential scanning calorimetry

Differential scanning calorimetry is a technique of thermal analysis which measures,
depending on whether heat is absorbed (endothermic) or liberated (exothermic), the enthalpy
of phase transformation in a structurally transforming material as a function of time or
temperature. Other physical processes involving change in heat capacity such as glass
transition are characterized using DSC. It essentially measures the energy needed to maintain
a zero/near-zero difference in temperature between the sample and a reference in controlled
heating or cooling regimes. The sample pan with the sample and an empty reference pan are
placed on small platforms inside a chamber with thermocouples arranged below [46], as shown

in Figure 21..

The energy is measured in two modes — power compensation and heat-flux modes. The

former measures the electrical energy provided to heaters below the pans necessary to

Reference Pan  Sample Pan Cylindrical
furnace

s

Thermoeleciric Disc

i
Measurement Thermocouples
Figure 21. Schematic of a DSC equipment [45].
maintain the two pans at the same temperature, while the latter measures the heat flow
(differential temperature) as a function of sample temperature. The output is the differential

heat flow (heat/time), g, between the sample and the reference. The heat capacity is
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determined from C, = Aq—T where Cp is the heat capacity of the sample and AT is the change in

temperature over that same time [46]. Heat changes within a transforming sample provide the
energy difference required to maintain them at near identical temperatures. A small
temperature that may develop between the two is proportional to the heat flow through the
platforms on which the pans are placed. This small temperature difference is important to
ensure that both pans are within the same temperature regime. An important advantage of
DSC is that only a small quantity of material is needed for analysis in order that a uniform
temperature distribution and high resolution is ensured as well as the low operational heating
and cooling rates, which lead to higher accuracies. First-order transformations obey the
classical Clausius-Clapeyron law and are identified by the evolution of latent heat whereas
second-order transitions do not evolve latent heat, however are identified by abrupt variations
in compressibility, heat capacity, thermal expansion coefficients, etc. [47]. When studying
solid-state transformations greater care is needed because the enthalpy changes are smaller
or even infinitesimal. Also stored energy in the form of elastic strains and defects reduce the

enthalpy change [47].

DSC is used for the determination of martensitic and magnetic transition temperatures,
heat flow curves, thermal hysteresis and enthalpy/entropy changes in ferromagnetic Heusler
alloys [48-51]. Compositional dependence of martensitic transformation [52], progressive
evolution of the martensitic transformation in response to increasing Co content in MnsoNiao-
«In10Cox alloys [53] and the mechanism of suppression and recovery of martensitic
transformation in Ni-Co-Mn-In alloys fabricated under non-equilibrium conditions [54] have
been established using DSC. The structural transformation temperatures of interest are the
martensitic start (Ms) and finish (Mf) temperatures, exothermic peak of martensitic
transformation (Mp), austenitic start (As) and finish (Af) temperatures and the endothermic
peak of austenitic transformation (Ap) [40]. Other notations such as Tas, Tar, Tus and Twr
respectively for austenitic and martensitic start and finish temperatures are also used [41]. The
martensitic transformation temperature Ty is then calculated from (MS+Mf+AS + Af)/4. It
is also computed as (Ms + A¢)/2 [6, 51]. Thermal hysteresis given by As — Mk s desired to be

minimum (less than 10 °C) for improved reversibility of phase transformation [6].
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Figure 22 (a) shows the DSC curves of Niz2CogMn3sSna1 alloy with martensitic and magnetic
transformations clearly seen [41]. The austenitic and martensitic start and finish temperatures
are clearly marked on the plot and are determined by drawing tangents to the base and largest
slope of the peaks. The Curie temperature T¢ is identified as the minimum point in both
exothermic and endothermic peaks in the cooling and heating curves. DSC scans for
NisoMns7Sn1s are shown in Figure 22 (b) corresponding to the as-cast and heat-treated samples
at various durations of heat-treatment [55]. These curves demonstrate that longer durations
of heat treatment lower the compositional variations, which tend to mask the intrinsic
martensitic transformation and magnetostructural behaviour. This can be seen from either the
absence of or broad variations representing martensitic transformation in DSC curves of as-
cast and 2h annealed samples and also from the increasing sharpness and intensity of the DSC

peaks with increasing duration of annealing in Figure 22 (b).

Magnetization measurements are measured using standard protocols such as field cooled
(FC) and field heated (FH) either with or without the application of a magnetic field. The
measurement procedures can be read from a review paper on magnetocaloric effect in
ferromagnetic Heusler alloys [11]. Maziarz et al. present in Figure 23 (a) and (b), the

thermomagnetization curves measured in FC and FH protocols superimposed with DSC curves
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Figure 22. (a) DSC curves showing forward and reverse martensitic transformation and Curie
temperature of NixCosMnssSnia alloy [39]; (b) DSC data NispMns;Snas showing the effect of heat
treatment duration at 950 °C on the occurrence, temperature, and sharpness of the martensitic shape
memory transformation [54].
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Figure 23. Thermomagnetization curves at low magnetic field (100 Oe) during FC and FH sequences
with superimposed DSC curves in the same temperature range for NisoMns755n12 5.xInx with: (a) x =
0 (In0) and (b) x =2 (In2) alloys [38].

in the same temperature range in order to explain the difference in magnetization between
different compositions in NisoMns7s5Sn1zsxing (x = 0, 2, 4, 6) alloy system as the relative
proximity and essential overlap between the martensitic transformation temperature and the

T# [39].

Conclusions

In this paper we have reviewed the microstructural characterization techniques of
ferromagnetic Heusler alloys such as XRD, TEM and DSC which are necessary for the
comprehension of their structure-property relationship. The results presented in this report
are very useful for researchers in this field as sometimes the interpretation of results become
very cumbersome due to complexity the spectra (XRD, DSC) or even electron diffraction
patterns. To have the information provided here will be quite useful, as a basis of comparison,
to analyse the experimental results.
=  Martensitic transformation in ferromagnetic Heusler alloys yields a product martensite
phase from the parent austenite phase. The crystal structure of austenite is of [2;
Heusler formulation although a cubic P222 structure has been reported.
® The unit cell of martensite is either body-centred tetragonal, orthorhombic or
monoclinic with modulation leading to the martensitic structure being defined as 5M,
7M, 40, 5R, 7R, depending upon the number of times the unit cell is repeated along
certain crystallographic axes. When modulation is absent, the structure is described as

non-modulated (NM).
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= Asuperspace (3+1) approach is needed to exactly describe the modulations.

= Sophisticated diffraction procedures using synchrotron and neutron diffraction with in-
situ capabilities help in accurately defining the crystal structures.

® On a laboratory scale, simple X-ray diffraction is to be augmented by selected area
diffraction patterns from transmission electron microscopy to determine the
modulated structures.

= DSC helps in identifying the phases before and after the transformation. However, a
combination of DSC and magnetization representation is more definitive than just DSC

or magnetization graph.
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