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Abstract

Magnetic shape memory alloys (MSMAs) have recently emerged as one of the
most extensively researched groups of modern functional smart materials. This is
due to the fact that their complex magnetostructural nature is very often associated
with a variety of significant properties that may be influenced by different stimuli,
including thermal, magnetic and mechanical field. Among the relatively narrow
group of MSMAs, NiMnGa-based Heusler alloys stand out as one of the post prom-
ising candidates for many future multifunctional applications, due to the numer-
ous magneto-thermo-mechanical properties, including magnetic field-induced
strains, thermal and magnetic pseudoelasticity, giant magnetoresistance, magneto-
and mechanocaloric effects or exchange bias. All of the multifunctional properties
of Ni-Mn-Ga alloys stem from the reversible first-order martensitic transformation
and the reversible second-order magnetic transformation. The martensitic trans-
formation undergoes from high-symmetry austenite phase to low-symmetry mar-
tensite phase, whereas the magnetic transformation undergoes from paramagnetic
to ferromagnetic state. The main characteristic feature of the Ni-Mn-Ga compound
is that both transformations are independent and can be shifted individually
through compositional tunning, introduction of additional alloying elements or
proper heat treatment. As a result the functional properties of the final material
may be adjusted to the particular application, which is the main idea of modern
material engineering. However, in order to establish the consistent designing rules
for some future potential applications, a detailed knowledge of the complex mag-
netostructural behaviour of doped Ni-Mn-Ga compounds is required.

The purpose of this thesis is to investigate the influence of elemental doping and
atomic ordering on the magneto-thermo-structural behaviour of NiMnGa-based
magnetic shape memory alloys. To achieve this, the series of polycrystalline Ni-
Mn-Ga alloys doped with Co and/or Fe were produced by the arc-melting tech-
nique. All samples were carefully annealed and subjected to a cooling procedure
involving three different cooling rates realized by water, air and furnace cooling,
which simulates the different atomic ordering. The presented comprehensive
characterization of microstructure, magnetic and micromechanical properties of
the produced multifunctional alloys is carried out in terms of the electronic pa-
rameters, including the valence electron concentration and the non-bonding elec-
trons concentration.

In the presented dissertation, two main parts can be distinguished: the theoretical
framework and the experimental part. The theoretical part provides an introduc-
tion to the topic of multifunctional NiMnGa-based magnetic shape memory Heu-
sler alloys. This part mainly focuses on microstructural features of the investigated
materials and the corresponding complex nature of the reversible martensitic
transformation. Furthermore, the introduction includes detailed information on
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the major functional properties of Ni-Mn-Ga compounds, including thermal and
magnetic shape memory, giant magnetoresistance, exchange bias and mechanoca-
loric effects. Particular emphasis is also placed on the compositional dependence
of off-stoichiometric alloys and the influence of selective alloying elements. The
last parts of the theoretical introduction presents the different forms of Ni-Mn-Ga
materials and describes some recent advanced promising applications of different
types of NiMnGa-based Heusler alloys.

The research part of the dissertation is divided into two areas. The first one in-
cludes the characterisation of the production process of the polycrystalline
NiMnGa-based materials, as well as the description of the characterization meth-
ods used in the presented studies. The second part of the research area is entirely
devoted to the presentation of the investigation results and the broad discussion of
the emerging outcomes.

The first section of the research chapter is dedicated to microstructural and crystal-
lographic investigations conducted on polarised optical microscope, SEM/EDS,
XRD and AFM. These studies reveal the single phase microstructure for all fabri-
cated materials and confirm the obtained chemical composition with the designed
ones, which validates the production process of NiMnGa-based materials in bulk
polycrystalline form. The detailed temperature dependent Rietveld refinement
analysis allows to identify the crystal lattice parameters for cubic austenite, tetrag-
onal non-modulated martensite and five-layered modulated martensite, and
demonstrates the clear dependence of structural properties of Ni-Mn-Ga Heusler
alloys on the considered electronic parameters. The additional, supporting, AFM
investigation reveals the complex microstructure of self-accommodated martensit-
ic structures observed at three different length scales and manifested by various
twinning models. Moreover, a quantitative approach to the analysis of AFM pro-
files for martensitic relief is also proposed to distinguish the non-modulated and
modulated types of martensite.

The second section of the research chapter is focused on both the reversible mar-
tensitic transformation and magnetic transformation observed in the fabricated
multifunctional alloys. In this case, the magneto-thermo-structural behaviour of
the produced samples was investigated with the help of DSC, M-TG and VSM,
which allows for extensive characterization of first- and second-order transfor-
mations. These studies clearly show that the structural transformation in Ni-Mn-
Ga-Fe-Co system is strongly dependent on the elemental doping and can alter over
a wide range of temperature, independently of the magnetic transformation.
Moreover, it is also demonstrated that the temperature of martensitic transfor-
mation may be predicted by the electronic parameters, regardless of the type of
dopant.

The third part of the research chapter is strictly focused on the magnetic properties
of the studied alloys estimated on the basis of VSM measurements carried out at
wide ranges of temperatures and external magnetic fields. In this section, the
atomic ordering of differently cooled samples is discovered to greatly influence the
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magnetic properties of the samples, such as coercivity. Moreover, the investigation
of the martensite and austenite hysteresis loops clearly depicts the considerable
magnetostructural anisotropy of the low-symmetry martensite phase in compari-
son to the high-symmetry austenite phase. To quantitatively describe the observed
differences, the low of approach to magnetic saturation model were used to esti-
mate the energy of magnetocrystalline anisotropy in all fabricated NiMnGa-based
materials. The strong relationship between magnetocrystalline anisotropy, chemi-
cal composition and electronic parameters is also described in detail in this sec-
tion.

The last part of the research chapter considers the micromechanical properties of
the produced polycrystalline samples investigated by instrumented nanoindenta-
tion mapping. The presented studies reveal considerable anisotropy of the elastic
and plastic properties of neighbouring grains and twins in the austenite and mar-
tensite phase, respectively. The statistical approach based on the 2D Gaussian mix-
ture model used for clustering, labelling and calculating the mechanical parame-
ters of individual grains is also proposed and comprehensively discussed in this
section. In the case of micromechanical properties, the obtained vales of hardness,
elastic modulus and elastic energy ratio are once again discussed with respect to
the examined electronic parameters. Lastly, the additional AFM investigation of
the residual imprints displays two significant phenomena: reorientation of twins in
self-modulated martensite and mechanical stress-induced martensitic transfor-
mation, which is widely reviewed in this section.

The submitted dissertation contains a comprehensive and methodological exami-
nation of the microstructure and magneto-thermo-mechanical characteristics of
Ni-Mn-Ga magnetic shape alloys influenced by Co and Fe doping. The provided
results and accompanying discussions demonstrate that correct elemental doping
results in a substantial change in all of the crucial multifunctional features of final
material, including structural, magnetic and mechanical properties. The estab-
lished influence of Co and/or Fe on the Ni-Mn-Ga composition, as well as the ef-
fect of varied cooling conditions, can be exploited to modify and alter the necessary
functional properties of the material to make it suitable for a certain demanding
application. Furthermore, in the Ni-Mn-Ga-Co-Fe system investigated in this the-
sis, the universal approach regarding both the valence electron concentration and
the non-bonding electron concentration may be used to determine the specific
multifunction functional characteristics. The extensive research presented in this
dissertation makes a distinct and original contribution to the future development
of polycrystalline NiMnGa-based Heusler alloys, especially in the promising Ni-
Mn-Ga-Co-Fe system.

Keywords: magnetic shape memory alloys; multifunctional materials; reversible
martensitic transformation; twinned martensite; magnetocrystalline anisotropy;
nanoindentation mapping
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Introduction

1.1 The origin of Heusler alloys

1.1.1 Brief history of Heusler alloys

The history of Heusler alloys started in 1903 from the discovery of Cu,MnSn alloy
by German mining engineer and chemist - Friedrich Heusler. He demonstrated
that the proper addition of Sn to the Cu-Mn composition changes the magnetic
properties of the material [1,2]. The newly discovered alloy appeared to be ferro-
magnetic, even though it contained only paramagnetic elements. This unusual
phenomenon attracted the attention of many other scientists, but the lack of so-
phisticated measuring techniques had restricted the subsequent development of
this group of materials for many years. Later, it was found that the addition of oth-
er elements such as Sn, Sb or Bi to the Cu-Mn compound also results in ferromag-
netic alloy, but the full explanation of this effect remained unknown. Only the
progress of X-ray measurements allowed Potter [3] to discover that the constituent
atoms of the Cu-Mn-Al alloy are organized in a four face-centred cubic (fcc) sublat-
tices. Five years later, the X-ray studies over the Heusler compounds were also
substantially extended by Bradley and Rogers [4], who described the Cu,MnSn
compound as fully ordered L2; structure. The discovery of the crystal structure of
Heusler alloys accelerated their future investigations.

In 1983 in the pioneering theoretical work, de Groot et al. [5] have shown that
many of the potential Mn-based Heusler alloys are half-metals. His predictions
were subsequently experimentally confirmed by Hanssen and his research group
in 1990 [6]. Today, this class of materials is known as half-heusler alloys, since one
of the fourth fcc sublattices in the full-heusler compound remains empty in half-
Heusler (Fig 1.1). The unoccupied sublattice means that some of the atoms in unit
cell are replaced by vacancies, which consequently allows for many compositional
alterations between full- and half-Heuslers. The discovery of half-metallic half-
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Heusler compositions is accompanied by the development of a brand new branch
of physics and electronics, i.e. spintronics (or spin electronics).

Half-metallic ferromagnetic materials are metallic (conducting) in one spin chan-
nel, while insulating in the opposite spin. Consequently, all the electrons at the
Fermi level in half-metallic material are spin up or spin down, which results in
almost 100% spin polarization (in common ferromagnetic metals like Fe, both spin
directions are present at Fermi level, which results in polarisation notably lower
than 100%). This phenomenon laid the foundation for a potentially giant (or theo-
retically even infinite) magnetoresistance (GMR) of the half-metallic material [7],
which is now required in the majority of efficient spintronics applications, includ-
ing spin filters, tunnel junctions and GMR devices. The discovery of this unusual
magnetic behaviour in half-Heusler compounds provided the spark for further
intensive research in understanding the nature of the Heusler alloys.

(a) Full-Heusler L24 (b) Half-Heusler C1y (c) Inverse-Heusler XA

Fig. 1.1. Unit cell structure of (a) full-Heusler, (b) half-Heusler and (c) inverse-Heusler alloys.

From this moment on, three main groups of Heusler alloys emerged:

» Full-Heusler - with the composition of X,YZ exhibiting L2; unit cell
(Fig. 1.1(a)) with Fm3m symmetry, e.g. Ni,TiAl [8]. Full-Heuslers are typi-
cally characterised by high magnetic moment and high Curie tempera-
tures.

» Half-Heusler - with the composition of XYZ exhibiting C1;, (Fig. 1.1(b))
unit cell with F43m symmetry, e.g. ZrNiSn [9]. Half-Heuslers are character-
ised by lower magnetic moment and lower Curie temperatures than full-
Heusler.

» Inverse-Heusler — with the composition of Y>XZ exhibiting XA unit cell
(Fig. 1.1(c)), with F43m symmetry, e.g. Mn,CoAl [10]. Inverse-Heuslers
are characterised by high Curie temperature.

The X and Y in the aforementioned compositions are typically transition metals or
lanthanides and Z is the p-block element (group III-V). Nevertheless, these rules
are not very restrictive, and there are several compositional exceptions, which are
graphically summarised in the periodic table presented in Fig. 1.2. It is seen that
possible combinations of atoms for Heusler compound cover more than a half of
periodic table, which leads to a remarkable fact that, until now, theoretical Heusler
family contains more than 1500 different compositions [11]. What is more, in the
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last couple of years the three main groups of Heusler alloys have been extended
even more to binary (X3Z) [12] and quaternary compositions (XX'YZ) [13].

1 8
q X5YZ  Full-Heusler 2
Hj> XYZ Half-Heusler 3 4 5 6 7 |He

XYZ Inverse-Heusler é lzl 6 |9: r\]oe
1 15 16 17 18
Na 3 4 5 6 7 8 9 10 M 12 S [CI|Ar
19 20 34 35 36
K |Ca Se|Br |Kr
37 38 43 52 53| 54
Li (Be Tc Te| | | Xe
55 56 57-71 73 75 76 80 81 84 85 86
Cs|Ba Ta Re|Os Hg| Ti Po|At|Rn
87 88 |89-103| 104 105 106 107 108 109 110 11 112 113 114 115 116 117 118
Fr |[Ra Rf |Db|Sg(Bh|(Hs Mt |Ds |Rg|Cn|Nh| FI [Mc|Lv | Ts |Og

Lanthanide

Fig. 1.2. Periodic table of elements. The colour scheme depicts numerous different variations of
full-, half- and inverse-Heusler alloys (based on [11,14]).

1.1.2 The development of Ni-Mn-Ga alloys

NiMnGa-based Heusler alloys have been of scientific interest for more than 60
years [15]. However, at the beginning of their development, only some of their
potential magnetic and structural properties were studied [16-19]. It can be said
that Ni-Mn-Ga alloys were treated just like one of the many possible Heusler com-
pounds. This situation changed radically in 1983, when Webster discovered the
reversible martensitic transformation from cubic austenite to tetragonal martensite
in full-Heusler Ni,MnGa alloy [20]. His discovery opens a completely new path for
the development of a different types of Heusler alloys, which undergoes the re-
versible phase transformation. Since then, a number of studies considering the
nature of martensitic transition in near-stoichiometric Ni;MnGa compounds were
publish, including the Kokorin [21] and Chernenko [22] work.

However, the most significant breakthrough was presented only 13 years after
Webster discovery. In 1996 Ullakko et al. reported the reversible magnetically in-
duced strain of 0.15% for the near-stoichiometric single crystal NiMnGa-based al-
loy [23]. These significant reversible strains in the metallic material were compa-
rable to the giant magnetostriction reported for the smart piezoelectric materials
based on intermetallic compounds such as Terfenol-D [24]. From this time on,
NiMnGa-based Heuslers started to be classified as magnetic shape memory alloys
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(MSMAS) or ferromagnetic shape memory alloys (FSMAs) - a relatively small group
of smart materials already represented by Fe-Pt [25-27] and Fe-Pd [28,29] alloys.
As a result, the unusual phenomenon of magnetically induced shape recovery con-
tributed to the great experimental and theoretical interest in NiMnGa-based Heu-
slers, as until now (September 2022) Ullakko work have been cited more than 3150
times.

The Ulakko discovery has made an impact on the new findings of other group of
Heusler-type magnetic shape memory alloys. Today, it is known that at some cer-
tain off-stoichiometric compositions, almost every Ni-Mn-based Heusler com-
pound will exhibit martensitic transition, but due to various technological reasons,
the most promising one are Ni-Mn-X (X = Ga, In, Sn and Sb) alloys [30,31]. Fur-
thermore, in addition to NiMn-based Heusler alloys, several other Heusler-type
systems undergoing martensitic transformation have been reported, including Co-
Ni-Al [32,33], Co-Ni-Ga [34-36], Co-Mn-Al [37,38] or Ni-Fe-Ga [39-41]. Despite
the development of other compounds, the NiMn-based alloys have been still re-
ceiving the greatest research interest and there are a number of reasons to explain
this situation.

First of all, the temperature of phase transformation in NiMn-based Heuslers can
be easily shifted by altering the Ni-Mn-X composition. Secondly, the martensitic
transformation undergoes from the cubic austenite phase to both tetragonal non-
modulated martensite or — what is especially important - to 5M or 7M modulated
structures [42,43]. Moreover, martensitic structures may exhibit stress-induced
intermartensitic transformation, resulting in superelasticity (or more accurately
pseudoelasticity), attributed to martensite variant reorientation [44,45]. Thirdly,
due to the relatively easy twin boundary motion in the martensitic phase, a large
magnetic field-induced strain (MFIS) of up to 12% can be generated in the marten-
sitic structure [46], which is not achievable in other MSMAs. In addition, the com-
bination of the reversible martensitic transformation and subsequent MFIS leads
to a two-way shape memory effect [47,48]. Finally, in 2001 Hu et al. reported
a large magnetocaloric effect (MCE) in a single-crystal Ni-Mn-Ga alloy, which again
attracted the scientific community [49]. Considering the fact that reversible mar-
tensitic transition is strongly dependent not only from thermal and magnetic stim-
ulus but also from mechanical stress, in the last couple of years one of the main
research topics was focused on other giant caloric effects including elastocaloric
[50] and barocaloric [51] effects, which are recently more often summarised as
mechanocaloric effects [52]. Lastly, it is worth noting that the strong coupling be-
tween structural and magnetic properties of the Ni-Mn-Ga alloys may also be
a source of other interesting physical effects not directly related to shape memory,
such as previously mentioned giant magnetoresistance [53-55], exchange bias [56-
58], or strain glass behaviour [59,60].
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This short introduction shows that NiMnGa-based alloys are not ordinary shape
memory materials. They combine a unique set of thermally, magnetically and me-
chanically driven properties (Fig. 1.3) that may be altered by chemical composi-
tion, alloying additions, manufacturing parameters or post-fabrication heat treat-
ment. On the basis of their versatile properties, they are nowadays more often clas-
sified as smart multifunctional materials, rather than standard MSMAs.

Multifunctional features
of Ni-Mn-Ga Heusler alloys

— —

Thermal- or mechanical-field Magnetic-field
induced properties induced properties
» shape memory effect » shape memory effect
* phase transition * phase transition
* barocaloric effect * magnetic field induced
« elastocaloric effect strain

* magnetocaloric effect

» giant magnetoresistance
» exchange bias

+ strain glass

Fig. 1.3. List of numerous multifunctional features of the Ni-Mn-Ga Heusler alloys divided into
two groups: (1) thermal- or mechanical field-induced and (2) magnetic field-induced.

The theoretical part of this thesis provides an overview of NiMnGa-based multi-
functional Heusler-type alloys. The first part of the theoretical background is fo-
cused on atomic structure of both the parent austenite phase and different varia-
tions of martensite phase. This part also discussed the nature of the reversible mar-
tensitic transformation associated with the premartensitic and intermartensitic
transition. Moreover, the magnetic and magnetostructural transitions are also dis-
cussed in this section. The second part of the theoretical introduction follows the
most significant magnetostructural properties of Ni-Mn-Ga alloys, including shape
memory effect, magnetic field-induced strains, pseudoelasticity and mechanoca-
loric effects. The third section of the theoretical background is mainly focused on
the compositional dependence of Ni-Mn-Ga alloys and the influence of alloying
additions on their microstructure and magnetomechanical properties. In addition,
different modern forms of MSMAs are also briefly discussed in order to show the
fabrication versatility of Ni-Mn-Ga compound. The last part of the introduction
provides a summary of the recent and possible future applications of the different
forms of multifunctional Ni-Mn-Ga alloys.
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1.2 Structure of Ni-Mn-Ga alloys

1.2.1 Austenite phase

1.2.1.1 Ordered L2; phase

At the beginning, it should be clarified that due to the existence of reversible phase
transition in Ni-Mn-Ga alloys two main phases are distinguishable in this com-
pound: low temperature martensite and high temperature austenite. High and low
temperature phases are just a common names to describe the structure of alloy be-
fore and after martensitic transition, but it does not mean that the particular mar-
tensitic transformation temperature is neither low nor high, as it can be altered in
a very wide range depending on the chemical composition (for details see Sec-
tion 1.3.4).

It was already mentioned at the beginning of the theoretical introduction that the
crystal structure of the stoichiometric Ni,MnGa alloy was firstly described by Web-
ster et al. [20]. Based on the high-resolution neutron powder diffraction measure-
ments, he reported that Ni,MnGa alloy is characterised by cubic L2, unit cell with
lattice parameter a = 5.825 A and may by explained as four interpenetrating fec
sublattices. Further investigations by other researchers [43,61,62] confirmed the
Fm3m space group (no. 225) for L2; crystal structure with the following Wyckoff
atomic positions: 8¢ (0.25, 0.25, 0.25), 4a (0, 0, 0) and 4b (0.5, 0.5, 0.5) sites for Ni,
Mn and Ga atoms, respectively. What is interesting, the neutron diffraction meas-
urement were crucial for a clear determination of austenite phase in Ni-Mn-Ga
alloy, because more popular and accessible X-ray diffraction measurements for
these particular Heusler alloys are restricted by similar X-ray scattering factors of
Ni, Mn and Ga atoms.

1.2.1.2 Disordered B2' phase

From a technological and fabrication point of view, another significant factor of
the crystal structure of the austenite phase is its crystallization behaviour from the
liquid state. For the stoichiometric Ni,MnGa Heusler alloy the melting tempera-
ture is 1382 K [63]. During cooling from the liquid state, below the melting tem-
perature, the Ni-Mn-Ga system solidifies in an intermediate B2’ phase [63]. The
B2’ cubic structure with Pm3m symmetry is partially ordered, as only Ni atoms are
ordered in the crystal lattice, whereas both Mn and Ga atoms randomly occupies
their sites as it is depicted in Fig. 1.4(a). During further cooling, the Ni-Mn-Ga
alloy undergoes the disorder-order transition from a partially ordered B2’ phase
into fully ordered L2, phase (Fig. 1.4(b)). For the stoichiometric Ni,MnGa Heusler
the second order B2’ 2 L2, transformation takes place at 1071 K [63], but it can
vary in non-stoichiometric composition [64-66].
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(a) B2' (b) L24
Mn/Ga

Fig. 1.4. Unit cell model of (a) the partially ordered B2' structure and (b) the fully ordered L2;
structure of the Ni-Mn-Ga alloys.

1.2.2 Martensite phase

The crystal structure of low temperature martensite phase is more complex than in
the case of the austenite phase. During cooling below the martensitic transfor-
mation temperature, the Ni-Mn-Ga alloy undergoes a phase transition involving
the lattice deformation (also called Bain distortion) from L2; cubic structure to L1,
tetragonal structure [20]. The orientation of the L1, unit cell in the parent L2; cell
is presented in Fig. 1.5(a) and single L1, unit cell is also shown separately in
Fig. 1.5(b). It is seen that, the symmetry between the L2, and L1, unit cell requires
the precise correlation between the crystallographic axes of these two structures.
Depending on the composition, alloying addition and manufacturing conditions,
the tetragonal structure of martensite may be both non-modulated (NM) or modu-
lated (M). The most commonly observed modulated structures are five-layered 5M
(also known as 10M) and seven-layered 7M (also known as 14M) modulated mar-
tensite [43]. It is worth to noting that NM martensite is the most stable low-
temperature phase, whereas 5M martensite is the least stable. The stability of 7M
martensite is between NM and 5M martensite [67].

1.2.2.1 Non-modulated martensite

Non-modulated martensite is the most simple and stable variant of low tempera-
ture phase of Ni-Mn-Ga alloys. The tetragonal crystal structure of the NM marten-
site is defined by I4/mmm space group with Ni, Mn and Ga atoms occupying the
4d (0, 0.5, 0.25), 2b (0, 0, 0.5) and 2a (0, 0, 0) Wyckoff positions, respectively
[68,69]. The microstructure of NM martensite is characterised by internally
twinned plates. However, internal twinning is not regular and may vary even in
the same main martensite plate [43].
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Fig. 1.5. Different types of Ni-Mn-Ga alloys structures: (a) austenite L2; cubic cell with marked
crystallographic axes, (b) martensite L1y tetragonal cubic cell oriented with respect to the L2;
axes, (c) non-modulated martensite, (d) 7M and (e) 5M modulated martensite marked according
to Zhdanov’s notation with monoclinic distortion characterised by 3 angle (based on [70-72]).

1.2.2.2 5M and 7M modulated martensite

In the last 30 years many different theoretical models have been established to
explain the nature of martensite modulation in Ni-Mn-Ga alloys. Among them,
two main models received the most considerable attention and were verified both
theoretically and experimentally.
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The first model is based on a specific periodic shuffling of the {110}-type atomic
layers (derived from L2, lattice) along the [110] direction due to the instability of
the cubic phase. In this model, every fifth (for the 5M structure) or every seventh
(for the 7M structure) basal plane remains in its initial position, while other planes
are subjected to characteristic shift [43,73-75]. As a result, five or seven consecu-
tive unit cells form a characteristic five- or seven-fold superstructure, respectively.

The second model is based on the approach that was firstly presented for the very
similar modulations observed in Ni-Al-Mn Heusler alloys [76] and then successful-
ly adapted in Ni-Mn-Ga alloys [77,78]. In this model basal {110}-type plane from
L2, austenite stacks in regards to the (32), or (52), sequence in Zhdanov’s nota-
tion, which is shown in Fig. 1.5(d)-(e). According to this approach modulated
martensite is characterised by a and b axes on the basal plane and c axis along the
stacking direction. It is seen in Fig. 1.5(d)-(e) that three (3) or five (5) basal planes
stacked along the c-axis are shifted in a direction of the a-axis, whereas the two (2)
remaining planes are shifted in the opposite direction. The combination of two
neighbouring blocks (referred as subscript in Zhdanov’s notation) with two or five
differently shifted planes forms the (32), or (52), sequence. What is more, this
model assume the monoclinic distortion of martensite unit cell with the angle
only slightly higher than 90° (~90.3° for 5M and ~93.3° for 7M [61,78,79] marten-
site).

To make the structural properties of the martensite variants even more complicat-
ed, further comprehensive XRD studies at low temperatures revealed that the
modulated structures of martensite may be commensurate (C) and incommensurate
(IC) [79-82]. Righi et al. reported that the previously assumed monoclinic distor-
tion of five-layered martensite is valid only for the commensurate structure (12/m
space group), as the 5M incommensurate martensite is more likely orthorhombic
(Pnmn space group) than monoclinic [80,82]. In case of seven-layered martensite,
only incommensurate structures with monoclinic distortion (P2/m space group)
were found in the Ni-Mn-Ga alloys [79]. Later on Glavatskyy et al., based on the
neutron diffraction measurements, also suggested the monoclinic distortion of the
5M commensurate structure but with slightly different space group - P2/m [83].
Examples of lattice parameters of different commensurate and incommensurate
crystal structures of Ni-Mn-Ga alloys are summarized in Table 1.1.

Table 1.1. Examples of the lattice parameters for the austenitic as well as NM, 5M and 7M mar-
tensitic structures in different reported crystallographic systems of the Ni-Mn-Ga alloys.

Alloy composition Cell Symmetry Lattice parameters (A) Angle (°)
a b C B

NisoMn2sGaas [20] L2: Cubic 5.825

Nis3sMn2sGazo [68] NM Tetragonal 3.865 6.596
NizsMn30Gas [80] 5M(C) Monoclinic 4,228 5.575 4.200 90.3
NisoMn2sGays [82] IC) Orthorhombic  4.219 5.553 4,190
NisoMn30Gasp [79] IC) Monoclinic 4.267 5.507 4,223 93.3
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What is interesting, the differences between the two presented models are relative-
ly small and may be distinguishable only on the atomic level. The detailed high
resolution transmission electron microscopy (HRTEM) investigations of the off-
stoichiometric Ni-Mn-Ga alloys shows that in the case of 5M martensite both
models (i.e. modulation by periodic shuffling and stacking of basal planes) are
equally satisfactory, resulting in almost the same atomic positions [77,78,80].
However, the theoretical interpretation of the nature of 5M modulated structures
favours the modulation by periodic shuffling due to the existence of a prior pre-
martensitic transformation from austenite to an intermediate modulated phase
[43]. Consequently, the martensitic transformation follows a reduction in sym-
metry from cubic to tetragonal structure and subsequent change in the modulation
period from 3M (also known as 6M) to 5M [72,84-86].

In contrary, when it comes to the 7M martensite, the second model based on the
stacking of close-packed planes seems to be more accurate, as the seven-layered
structure is reported to be nanotwinned in nature [77,78]. Following this fact, the
existence of the nanotwinned modulated structure may be well explained by the
theory of an adaptive martensite [72,87-90]. In this theory, adaptive nanotwinning
is required to balance the energy generated by the elastic stress at the phase
boundaries with low nanotwin boundary energy. As a result, the concept of the 7M
modulation as an adaptive phase is more probable than the simple modulation by
shuffling observed in the 5M martensite.

1.3 Phase transformations in Ni-Mn-Ga alloys

Phase transformations in Ni-Mn-Ga multifunctional alloys can be divided into two
main groups: (1) structural transformations and (2) magnetic transformations. This
division is especially important because in NiMn-based Heuslers the magnetic and
structural transformation are independent, which is generally a rare phenomenon
in solid-state physics. It means that, depending on the chemical composition, both
the austenite and martensite phases may be in ferromagnetic or paramagnetic
state. Due to that fact, the structural and magnetic transformation will be dis-
cussed in separate subsections.

1.3.1 Structural transformations sequence

When it comes to structural phase transformations, the best way to describe the
transition behaviour of Ni-Mn-Ga alloys is to follow their transformation sequence
from the liquid state up to the low temperature martensite phase. Understanding
the complex phase transformation behaviour of Ni-Mn-Ga compounds is necessary
to utilize this group of multifunctional materials in modern applications. A sche-
matic representation of phase transformation paths for the Ni-Mn-Ga alloys is pre-
sented in Fig. 1.6.
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Fig 1.6. Schematic diagram of the sequence of structural transformations in Ni-Mn-Ga alloys

during cooling from liquid state (based on [91]).
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As seen in Fig. 1.6, at the beginning, at a high temperature above 1350°C, the ma-
terial is in a fully liquid state. During cooling, the first transformation undergoes
from liquidus into partially ordered B2’ phase. Further cooling leads to the charac-
teristic disorder-order transition from the B2’ phase to the fully ordered L2, austen-
itic phase. Close to the martensitic transition temperatures, depending on the
chemical composition, some Ni-Mn-Ga alloys may undergo the premartensitic
transition from the L2; phase into the intermediate modulated phase. Other Ni-
Mn-Ga alloys do not exhibit the premartensitic phase and transform to the mar-
tensitic phase directly from the L2; structure. The martensitic transformation is the
most complex transition as it may undergo to three different types of martensite
phase: (1) non-modulated, (2) 5M and (3) 7M modulated martensite, which were
in detail described in previous section (see Section 1.2.2). On the basis of the
chemical composition and thermal history of the alloy, as well as the additional
alloying elements, the resulting martensitic structures may or may not be stable
during further cooling. If the martensite modulation is stable enough, it will be
present in the material even at very low temperatures. However, in case of unsta-
ble modulated structures (5SM or 7M) during further cooling the Ni-Mn-Ga alloy
undergoes the intermartensitic transformations from 5M to 7M martensite and/or
from 7M to NM martensite. The detailed description of the above-mentioned
transformation will be discussed in the following sections.

1.3.2 Crystallization and disorder-order transformation

It was already mentioned in Section 1.2.1 that Ni-Mn-Ga alloys solidifies into the
partially ordered B2’ phase, where only Ni atoms are ordered in the crystal lattice.
Upon further cooling, the material undergoes second order B2’ & L2; transfor-
mation [63]. This transformation is an disorder-order type, as the L2; austenite
phase is a fully ordered structure in which not only Ni, but also Mn and Ga atoms,
occupy their final position in the crystal lattice (see Section 1.2.1).

The B2’ 2 L2, transformation is especially important from a manufacturing point
of view. The Ni-Mn-Ga alloys are commonly produced from pure metallic ele-
ments, which can be melted using many different fabrication techniques. In the
vast majority of cases, during cooling from liquid state, the cooling ratio is so high
that it impedes the homogeneous distribution of atoms in the crystal lattice of the
alloy. As a result, the produced materials require additional post-fabrication heat
treatment to accelerate the diffusion of atoms and homogenize their distribution.
For the Ni-Mn-Ga alloys, the most effective annealing temperature is above the
disorder-order transformation, where the material still has a B2’ structure. This
helps the disordered Mn and Ga atoms to by uniformly spread throughout the
crystal lattice of the alloy. In view of the above, accurate estimation of the B2’ 2
L2, transformation is crucial for the appropriate determination of the heat treat-
ment conditions for the as-cast Ni-Mn-Ga Heusler alloys.
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1.3.3 Premartensitic transition

Premartensitic transformation in Ni-Mn-Ga alloys is a pretransition phenomenon
that can occur just before the former martensitic transformation. It is a weak first
order transition that stems from the magnetoelastic coupling. It means that the
premartensitic transition is a precursor phenomenon that announces the prior
martensitic transition by changing the dynamic response of the austenite crystal
lattice (known as phonon softening) [92]. Remarkably, the premartensitic transi-
tion is observed only in specific NIMnGa-based Heuslers, which are usually very
close to the stoichiometric Ni,MnGa composition [93]. As a consequence, the
premartensitic transition is only reported for alloys with the martensitic transfor-
mation temperature lower than 270 K [94].

The temperature of the premartensitic transformation, Tp, is higher than the tem-
perature of the martensitic transformation, Ty, which means that in the range be-
tween Tp and Ty, the Ni-Mn-Ga alloy is in an intermediate phase between austen-
ite and martensite. Detailed studies of neutron powder diffraction and electron
diffraction shown that this intermediate phase is characterised by a commensurate
three-layered modulated structure (3M) with orthorhombic distortion defined by
the Pnnm space group [85,95-97]. However, several recent researches reported
that the 3M intermediate martensitic phase can also be incommensurate in nature
[86,98].

1.3.4 Martensitic transformation

Historically, martensitic transformation refers to a phase transformation that ac-
company the quenching process of steel [99]. However, in the course of the devel-
opment of material engineering, the term martensitic transformation broadens its
original definition. Today, there is still no clear definition of martensitic transfor-
mation, though it is usually used to describe diffusionless, reversible phase trans-
formations in metallic alloys, ionic solids and oxides [100].

In case of shape memory materials the martensitic transformation is first order
type (as there is latent heat related with this phase transition), diffusionless trans-
formation during which atoms in crystal lattice shift on very short rage in strictly
determined pattern [101]. The temperature-induced martensitic transformation is
characterized by four temperatures: martensitic transformation start and finish
temperature, Mg and My, as well as austenitic transformation start and finish tem-
perature, As and Ar. Fig. 1.7(a) presents an example of the differential scanning
calorimetry (DSC) curves recorded for the Ni-Mn-Ga alloy. It is seen that marten-
sitic transformation starts when the alloy is cooled below M; and ends when tem-
perature is lower than M and the whole sample is in martensitic state (Fig 1.7(b)).
Likewise, the reverse martensitic transformation (austenitic transformation) oc-
curs when the alloy is heated beyond the A until the temperature exceeds Af and
the whole material is in the austenitic state (Fig. 1.7(b)). The forward transfor-



14 1 Introduction

mation from austenite to martensite is exothermic, which means that energy is
released and the change in enthalpy is negative. On the contrary, the reversible
transformation from martensite to austenite is endothermic, which means that heat
is absorbed by the reaction and therefore the change in enthalpy is positive.
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Fig. 1.7. (a) Example of the DSC curve for the Ni-Mn-Ga alloy recorded during the heating and
cooling cycle (data from [102]). Heating is represented by the red curve, and cooling is repre-
sented by the blue curve. The arrows show the estimated start (Ms/As) and finish (Ms/A¢) tempera-
tures for the martensitic and austenitic transitions, respectively. The peaks filled with colour are
related to the latent heat absorbed (red colour) or released (blue colour) during endothermic or
exothermic transitions, respectively. (b) Fraction of the austenite and martensite phases as a
function of temperature.

In order to compare the transformation temperatures between different shape
memory Heusler alloys, the average martensitic transformation temperature Ty is
defined as:

_MS + M;+ Ay + Af
- 4

T (1.1)
The necessity of using the average martensitic transformation temperature is
caused by the characteristic hysteresis observed during heating and cooling of the
alloy. According to the basics of thermodynamics, the hysteretic behaviour of the
martensitic transition in MSMAs is driven by Gibbs free energy. Fig. 1.8 shows the
schematic representation of Gibbs free energy as a function of temperature for
both the austenite and martensite phase. Generally, both presented phases are
characterised by different entropies and enthalpies, which leads to the two differ-
ent curves that intersect at specified temperature. At high temperatures (above Ay)
the Gibbs free energy of austenite, Ga, is significantly lower than the free energy of
martensite, Gy. As a result, the alloy is in austenitic state, since the whole system
aims to minimize the Gibbs potential (system energy). An analogous situation is
present at low temperatures (below My). This time, the Gy is notably lower than
Ga, thus martensite is more thermodynamically favoured. The temperature at



1.3 Phase transformations in Ni-Mn-Ga alloys 15

which Gibbs free energies of the martensite and austenite phases are equal (both
phases are equally stable) is identified as the martensitic transformation tempera-
ture. In ideal conditions, without thermal hysteresis, the transition should occur at
equilibrium temperature Ty. However, due to the contribution of the surface and
elastic energy stored during the phase transformation, the martensitic transition
requires an additional driving force to induce this transformation [103]. In the most
simple model, this driving force is generally achieved by overcooling for the for-
ward martensitic transition or by overheating during the reverse martensitic tran-
sition. The temperature difference AT, between Ty and M (during cooling) or A
(during heating) produces the difference in Gibbs free energy, AGa-m or AGya,
which is represented in Fig. 1.8 by the blue and red arrows, respectively. When the
difference in free Gibbs energy exceeds the accumulated surface and elastic energy
- the transformation begins.
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Fig. 1.8. Schematic representation of the Gibbs free energy for the austenite (Ga) and martensite
(Gm) phases. The intersection of the curves represents the temperature of martensitic transfor-
mation (Tw). ATs is the overcooling or overheating required for the transformation. AGa.m and
AGw-a is the driving force for the martensite and austenite transformation, respectively (based
on [103]).

1.3.5 Intermartensitic transformation

The intermartensitic transformation (IMT) is a first-order transformation between
two different type of martensite [104-109]. It was already mentioned and showed
in Fig. 1.6, that depending on the stability of the modulated martensite structures
(7M or 5M), during cooling the modulated martensite may seek to transform into
the more stable form. Depending on the chemical composition and internal stress
accumulated in the alloy during fabrication [110,111], the intermartensitic trans-
formation may take place between 7M — NM, 5M — NM and 7M — 5M — NM
martensite variants (Fig. 1.6). The structural details of the modulated and non-
modulated martensite structures are explained in Section 1.2.2.
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The abrupt change of martensite structure results in notable changes in the physi-
cal properties of the material, including thermal [106,110,112], electrical
[108,109,111], magnetic [106,108,109,111,112] and mechanical [107,110,113] prop-
erties. The example of the changes of magnetic properties represented by AC mag-
netic susceptibility and electrical properties represented by electrical resistivity is
presented in Fig. 1.9. It is seen that both martensitic and intermartensitic trans-
formations are accompanied by a significant change in magnetic and electrical
properties.
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Fig. 1.9. Temperature dependence of (a) the AC magnetic susceptibility and (b) the electrical
resistivity for the single crystal Nis;Mn4Gaas alloy (data from [111]). Tw is the martensitic trans-
formation temperature, Ta is the austenitic transformation temperature, T, is the intermartensit-
ic transition temperature during cooling, Tir is the reversible martensitic transformation tem-
perature, and Tc is the Curie temperature.

The phenomenon of intermartensitic transformation may be both an advantage
and a disadvantage feature in the potential application of the Ni-Mn-Ga alloys.
From a positive perspective, it broadens the multifunctional potential of the
MSMAs, as each martensite variant, which may be induced in the same specimen,
is characterised by their own physical properties. On the other hand, when only
one modulated martensite variant is required, the intermartensitic transition sets
the lower temperature limit for future applications of the alloy.
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1.3.6 Magnetic transformation

The ferromagnetic properties of Ni-Mn-Ga alloys mainly originate from the mag-
netic moment of the Mn atoms, as Ni atoms carry only a small magnetic moment,
whereas the influence of the Ga atoms is negligible [114-116]. This phenomenon is
very interesting, because in the normal state Mn is antiferromagnetic. In case of
the Ni-Mn-Ga compound, the Mn atoms are placed according to the characteristic
L2, structure in which distances between Mn atoms are increased in comparison
to pure metallic Mn. These structural changes between Mn atoms lead to a change
of Mn-Mn exchange interaction from antiferromagnetic to ferromagnetic [116]. It
illustrates how the strong magnetic properties of the NiMnGa-based alloys are de-
pendant on the chemical composition, since every excess of Ni, Mn or Ga as, well
as other alloying elements, introduce extra atoms to the crystal lattice and changes
their original stoichiometric occupation [116-118].

Similarly to the other ferromagnetic materials, Ni-Mn-Ga alloys undergo the sec-
ond order reversible magnetic transformation from a ferromagnetic to a paramag-
netic state during heating and from a paramagnetic to a ferromagnetic state during
cooling. The temperature at which material loses its ferromagnetic order is called
the Curie temperature, T¢, or Curie point and, for example, is clearly visible in Fig.
1.9 as an abrupt drop of magnetic susceptibility. The T¢ is a very essential tempera-
ture, as it limits the potential usage of all magnetic-indued effects of ferromagnetic
Heusler material. For the stoichiometric Ni,MnGa alloys the T¢ is equal to 376 K
[119]. What is interesting, the temperature of magnetic transformation is signifi-
cantly less dependant on the chemical composition of the alloy than it is for struc-
tural transformation [120-123]. This phenomenon is especially evident for ternary
Ni-Mn-Ga compositions. Fig. 1.10 shows the temperature of both structural mar-
tensitic and magnetic transformation as a function Ni excess in favour of Ga and
Mn for the off-stoichiometric Ni,;xMn;_xGa and Ni,xMnGa;_x alloy. It is clearly
seen that structural and magnetic transformations are independent from each oth-
er and that the changes of T\ are far more substantial than variations in T¢. In
addition, three characteristic regions where (1) Tm < T¢, (2) T = Tc and (3) Tv >
Tc are also distinguishable. In such situations both martensite and austenite phas-
es may be ferromagnetic or paramagnetic, which is very rare feature in solid-state
physics. The more substantial alteration of the Curie temperature requires signifi-
cant deviations from the stoichiometric composition as well as proper alloying
additions.

1.3.7 Magnetostructural transformation

In the previous section, it was shown that structural and magnetic transformations
are independent and may change separately. Following that fact, it is possible to
obtain the material where both transformation temperatures coincide, i.e., Tc = Tm
(Fig. 1.10). This leads to the so-called magnetostructural transition, which under-
goes between the ferromagnetic martensite and the paramagnetic austenite [124].
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The interplay between magnetic and structural properties of the NiMnGa-based
Heusler alloys leads to the extraordinary magnetoelastic behaviour of these mate-
rials [125-127]. The evolution of the magnetostructural transformation enhances
the magnetoelastic interactions in the crystal lattice of alloy and sets the origin for
the giant magneto- and mechanocaloric effects [52,125,128], which will be dis-
cussed in detailed in Section 1.5.3.
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Fig. 1.10. Magnetic phase diagrams for the (a) NixxMnixGa (based on [121]) and (b)
Ni2+xMnGai-x (based on [120]) shape memory alloys. Tw corresponds to the martensitic transition
temperature and Tc shows the Curie temperatures. The PM and FM abbreviations represent the
paramagnetic and ferromagnetic states, respectively. The dashed lines divide the phase dia-
grams into three regions: (1) Tu<Tc, (2) Tu=Tcand (3) Tw>Tc.

1.4 Shape memory properties

The Ni-Mn-Ga based alloys have been subjected to very intensive research mainly
because of their unique magnetomechanical properties, including magnetoplasticy
- responsible for the magnetic shape memory effect, and pseudoelasticity — a phe-
nomenon similar to those observed in other shape memory materials like NiTi
alloys. The following section examines a brief explanation of the origin and general
features of these uncommon magnetomechanical properties.

1.4.1 Thermal shape memory

Generally, typical shape memory alloys are materials that can recover their origi-
nal shape after large permanent deformation only by heating above a certain tem-
perature [129]. The origin of the shape recovery stems from the thermoelastic phase
transformation from a high symmetry austenite phase to a low symmetry marten-
site phase. The schematic representation of the thermally induced shape memory
effect is presented in Fig. 1.11. It is seen that due to the low symmetry of marten-
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site phase certain differently oriented martensite variants are present in martensite
phase below transformation temperature (to enhance clarity, only two different
variants are shown in Fig. 1.11). The observed polyvariant structure is the result of
self-accommodation of martensite variants minimizing the elastic energy of the
crystal lattice. On a macroscopic scale, no significant changes in material shape are
observed. Only application of external mechanical stress leads to a twin boundary
motion according to the currently favourable crystallographic orientation. In other
words, the fraction of the martensite variant with the largest strain along the direc-
tion of the external stress grows at the expanse of other variants. The structural
reorientation of martensite variants is characterised by a flat plateau observed in
the stress-strain curve (Fig. 1.11). The mechanism of twin boundary motion results
in a significantly higher macroscopic change of shape than the martensite trans-
formation. It should be noted that the reorientation of martensite variants occurs
within the same martensite modulation (NM, 5M or 7M) and is not connected
with previously described intermartensitic transitions. The new crystallographic
orientation of martensite variants is stable even after stress removal, so the materi-
al will remain in its deformed shape. The corresponding relationship between
stress (0), strain (¢) and temperature (T) during phase transformation and subse-
quent stress loading is also shown in Fig. 1.11.

Austenite Martensite Martensite Martensite Austenite
(self-accommodated)  (detwinned) (detwinned)
o [N/m?]
loading —
S
S
S
~
S
Foe[%]
/ >
5
Y
- heating
T[°C]

Fig. 1.11. Schematic representation of thermally induced shape memory effect followed by twin
boundary motion mechanism induced by mechanical stress. The additional graph shows the
corresponding stress-strain-temperature (o-¢-T) relationship (based on [130,131]).
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In order to restore the initial shape, the alloy needs to be heated above the austen-
ite transformation temperature. Above the Ag, the sample transforms back to a
parent austenite phase, followed by the upfront deterioration of the martensite
variants. The full shape recovery between parent austenite and twinned martensite
is achievable due to two main reasons: (1) diffusionless character of martensitic
transformation and (2) twin boundary motion mechanism, which in its origin pre-
served the topological structure of the crystal structure.

1.4.2 Pseudoelasticity

The pseudoelasticity effect is another interesting phenomenon that is strongly re-
lated to the reversible martensitic transformation. The origin of pseudoelasticity
stems from the fact that diffusionless phase transformation in shape memory ma-
terials may be also induced only by external mechanical stress. When the material
is in austenitic state, the application of sufficiently high external stress favours the
appearance of martensite variant characterised by the higher shear stress, which is
schematically presented in Fig. 1.12. In contrast to the thermally induced shape
memory effect, after phase transition, only one single preferred variant of marten-
site is induced in the microstructure of the material, directly resulting in signifi-
cant deformation of the sample (Fig. 1.12). After vanishing of mechanical stress,
the martensite phase becomes unstable and is no longer the energetically favoura-
ble phase. As a result, the sample turns back to a parent austenite phase followed
by a full deformation recovery. Moreover, it is worth mentioning that the pseudoe-
lasticity is very often called superelasticity. However, in this case, the pseudo prefix
is more suitable, as it emphasises that the deformation of the alloy is not connected
with common plastic deformation mechanisms, which is characteristic to majority
of metallic materials.
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Fig. 1.12. Schematic representation of the pseudoelasticity mechanism with the corresponding
stress-strain-temperature (o-¢-T) graph (based on [131]).

1.4.3 Magnetic shape memory

The discovery of the magnetic shape memory effect was a significant breakthrough
in the development of smart shape memory materials. The additional degree of
freedom in the form of an external magnetic field opens a completely new way of
controlling and understanding the origin of shape memory mechanism. On the
other hand, the precise control and alteration of shape memory characteristics of
MSMAs are far more complicated than in case of standard shape memory materi-
als, due to the mutual relation between three degrees of freedom: magnetic, ther-
mal and mechanical field. In NiMn-based Heusler alloys the shape memory effect
is strictly connected with two interesting separable phenomena: magnetic field-
induced structure reorientation (MIR) and magnetic field-induced phase transfor-
mation.

1.4.3.1 Magnetic field-induced structure reorientation

The schematic representation of magnetic shape memory effect is shown in Fig.
1.13. The whole mechanism is presented similarly to the thermal shape memory
effect from Fig. 1.11, but instead of mechanical load the external magnetic field is
introduced. It is seen that below the martensitic transformation temperature, the
material consists of various structural martensite variants with different crystallo-
graphic orientations, separated by twin boundaries. Because of the ferromagnetic
nature of magnetic shape memory alloys, below the Curie temperature, each mar-
tensite variant is characterised by the easy magnetization axis. In macroscopic
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scale, all magnetization axes in different martensite variants are ordered to reduce
the magnetostatic energy (self-energy of the material exposed to an external mag-
netic field [132]). The application of an external magnetic field leads to the reorien-
tation of magnetic moments along the magnetic field. In standard ferromagnetic
materials, due to low magnetic anisotropy, this reorientation occurs within the
crystal structure of the material, without any noticeable macroscopic changes.
However, Ni-Mn-Ga magnetic shape memory materials are characterized by high
magnetic anisotropy, which requires a significant amount of energy to rotate the
magnetic domains. If this energy exceeds the elastic energy required for twin
boundary motion, magnetically induced reorientation occurs [133-135]. In the
simplest model, the magnetic energy AEn,; needed for the twin boundary motion
is defined by the relation [135]:

AEmag 2 €00tw (1.2)

where ¢ is the tetragonal distortion (¢p = 1 — ¢/a) and oy, is twinning stress. Con-
sequently, after application of external magnetic field the magnetically induce re-
orientation of twin variants takes place in order to promote the martensite variant
favourably oriented with respect to the this magnetic field (Fig. 1.13). The lower
the twinning stress, the higher the twin mobility. If a single variant of martensite
nucleates and grows on the expanse of others, a significant macroscopic change of
length will be noticeable. This unique mechanism of strain generation is called
magnetic field-induced strain (MFIS) and is often investigated on its own, without
considering the whole shape memory path.

Austenite Martensite Martensite Martensite Austenite
(self-accommodated) (detwinned) (detwinned)

magnetic easy axis

Fig. 1.13. Schematic representation of the magnetic shape memory effect with magnetically
induce reorientation of twin variants. The arrows in martensite phase variants represent the
easy axis of magnetisation and the arrow next to the H shows the direction of an external mag-
netic field (based on [131]).

When the magnetic field disappears, the induced strains remain in the sample be-
cause the structure is still characterised by a single martensite variant. In standard
shape memory materials, the strain recovery is achievable only by heating the
sample above the austenite transformation temperature. In case of MSMAs addi-
tional degrees of freedom broaden the possibilities of strain recovery. First of all,
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strain recovery may be induced by rotation of the magnetic field, which will in-
duce twin boundary motion according to the new direction of the magnetic field
[136-138]. Secondly, the application of mechanical stress perpendicular to the
magnetic field will promote the martensite variant favourably oriented with re-
spect to shear stress, not easy magnetization axis, which is schematically depicted
in Fig. 1.14. In this case, the additional external mechanical stress, oex;, should be
included in the energy model, previously presented in Eq. 1.2, by relation [138]:

Omag = AEmag/so 2 Otw £ Oext (1.3)

where o, is the equivalent magnetic stress, oex is the external mechanical stress
and the positive or negative sign before oex defines if the stress works against or in
unison with the magnetic field, respectively.

This model clearly shows that the proper application of both magnetic field and
mechanical stress may facilitate or hinder the magnetic field-induced strains. Up
to now substantial magnetic field-induced strains exceeding 7% for 5M martensite
[139], 9% for 7M martensite [140] and even 12% for NM martensite [46] have been
reported for single crystalline NiMnGa-based alloys. Moreover, in principle, the
maximum strain limit is only restricted by tetragonal distortion of the crystal lat-
tice, which in the case of the Ni-Mn-Ga compound is even up to 25% [138]. Still, at
some point, such high strains are limited by large twinning stress and insufficient
magnetic anisotropy, so that condition from Eq. 1.3 cannot be fulfilled.
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Fig. 1.14. Schematic representation of the magnetic field-induced strains phenomenon con-
trolled by concurrent magnetic field and mechanical stress (based on [141]).
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In case of polycrystalline alloys, magnetic field-induced strains are not as impres-
sive because of two main reasons [142]:

» grain boundaries (and other lattice imperfections) that are suppressing the
twin boundaries mobility,

» randomly oriented grains with different types of martensite variants that are
averaging the induced strains in different crystallographic directions.

Thereby, the MFIS in bulk polycrystalline Ni-Mn-Ga alloys are currently limited to
about 0.2-2% for the directionally solidified samples with highly textured micro-
structure [143-149]. On the other hand, the abovementioned problems of polycrys-
talline structure may be overcome by choosing different manufacturing processes.
Chmielus and Witherspoon have shown that the introduction of small pores into
the microstructure of the material reduces crystallographic constrains, which may
increase the MFIS even up to 8.7% [150-153] (see Section 1.7.6). Another ap-
proach was very recently presented by Laitinen et al., who shown that Ni-Mn-Ga
samples produced using an additive manufacturing method called laser powder
bed fusion are characterised by repeatable MFIS of 5.8% [154] (see Section 1.7.9).
Further detailed information about different forms of magnetic shape memory
alloys is discussed in Section 1.7.

Apart from the MFIS phenomenon in the martensitic phase, full shape recovery to
the parent austenite phase is finally achieved by heating the deformed Ni-Mn-Ga
material above the austenitic transformation temperature (Fig. 1.13). During the
whole magnetic shape memory path presented in Fig. 1.13 the topological struc-
ture of the alloy is constantly preserved, which helps to retain the complete shape
recovery.

1.4.3.2 Magnetic field-induced phase transformation

It was already explained in Section 1.4.1 that for standard shape memory materi-
als martensitic phase transformation may be induced only by mechanical stress,
which results in so-called pseudoelasticity effect. Considering the additional de-
gree of freedom in magnetic shape memory materials, the same phase transfor-
mation may be induced only by an external magnetic field, which in general ap-
proach can substitute the mechanical stimuli. The magnetic equivalent of
pseudoelasticity effect is called magnetic pseudoelasticity, however in the literature
considering MSMAs the greater emphasis is put on the magnetic field-induced
transformation rather than on special elasticity behaviour. This is the reason why
the term magnetic field-induced phase transformation is much more popular than
magnetic pseudoelasticity. However, it is still worth mentioning that these two
terms correspond to the same physical phenomenon.
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Fig. 1.15. Schematic representation of the magnetic field-induced structural transformation
(magneto pseudoelasticity effect). (a) The external magnetic field stabilizes the martensitic
phase and induces the forward martensitic transition. (b) The external magnetic field stabilizes
the austenitic phase and induces the reverse martensitic transformation (based on [131]).

The schematic representation of magnetic field-induced phase transformation is
presented in Fig. 1.15. It is seen that the induced strains are the result of a phase
transition instead of a twin boundary motion. At isothermal conditions, close to
the martensitic transition, the application of external magnetic field changes the
comparative stability between austenite and martensite phases because of the
strong magnetostructural coupling existing in MSMAs. In this situation, the exter-
nal magnetic field will promote the phase characterized by higher magnetization.
Thus, the magnetic field may shift the martensitic transformation temperature to
higher or lower temperatures depending on whether martensite or austenite have
higher magnetization. In case of forward martensitic transformation, the induced
strains are significant, as under magnetic field, martensite nucleates only as a sin-
gle variant (Fig. 1.15(a)). On the contrary, in case of reverse martensitic transition,
the resultant strains are not so significant, as austenite phase has no preferable
crystallographic orientation (Fig. 1.15(b)).

The corresponding Gibbs free energy diagram influenced by the magnetic field is
presented in Fig. 1.16. Fig. 1.16(a) shows the situation, where magnetic field stabi-
lizes the martensitic phase, which introduces the additional driving force for trans-
formation in the form of Zeeman energy. As a result, the required energy differ-
ence between martensite and austenite is achieved at higher temperatures, which
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increases the martensitic transformation temperatures. The opposite situation is
presented in Fig. 1.16(b), where the external magnetic field stabilizes the parent
austenitic phase. In such case, the required energy difference between austenite
and martensite is lowered due to the existence of Zeeman energy, which conse-
quently decreases the martensitic transformation temperature.
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Fig 1.16. Gibbs free energy diagram in the vicinity of the martensitic phase transition influenced
by an external magnetic field. The dashed lines represent the free energy under an external
magnetic field. AGr is the driving force required to induce the martensitic transition and AEz is
the magnetic Zeeman energy arising from exposition to the magnetic field. (a) The external
magnetic field stabilize the martensitic phase, thus increasing the martensitic transformation
temperature. (b) The external magnetic field stabilize the austenitic phase, thus decreasing the
martensitic transformation temperature (based on [155]).

The field dependence of the martensitic transformation is strongly dependent on
the chemical composition of MSMAs and may significantly differ even in the same
NiMn-based group of Heusler alloys. The highest magnetic field dependence of T
up to about —10 K/T is reported for Ni-Mn-In alloys [156-158]. On the other hand,
the weakest rate of change of about —(1-3) K/T is reported for the Ni-Mn-Sn alloys
[159-161]. In both Ni-Mn-In and Ni-Mn-Sn compounds, the negative sign before
the value means that temperature of martensitic transformation decreases with the
increasing field. The different phenomenon is reported for the Ni-Mn-Ga alloys, in
which application of the magnetic field shifts the phase transformation to the
higher temperature. Interestingly, depending on chemical composition, different
magnetic field dependences are reported for NiMnGa-based alloys: from a weak
rate of change of about +(0.5-1.5) K/T [162,163], through notably higher rates
close to +(6-7) K/T [108,164], up to even +14 K/T for the Co-doped Ni-Mn-Ga
alloys [165]. This contrast clearly shows the strong correlation between chemical
composition and magnetostructural coupling in the Ni-Mn-Ga system.
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1.5 Various multifunctional properties of Ni-Mn-Ga
alloys

It was already mentioned that NiMnGa-based alloys owe their attention due to
shape memory properties, that are obviously the most spectacular ones, especially
when it comes to macroscopic effects. However, the existence of a reversible mar-
tensitic transition influenced by three different degrees of freedom stands the basis
for other noteworthy multifunctional properties. From the thermodynamic point
of view, the strong interplay between mechanical, thermal and magnetic field may
promote many other cross-variable phenomena that are schematically summa-
rized in Fig. 1.17. As a matter of course, not all of the presented effects are observ-
able in every Ni-Mn-Ga- alloy, but the complexity of the presented relations
demonstrates the vast multifunctional potential of magnetic shape memory Heu-
sler alloys. In this section, some interesting functional properties of these materials
will be briefly discussed.

MECHANICAL MAGNETIC

Fig 1.17. Schematic representation of the thermodynamic relations between thermal, mechani-
cal and magnetic variables observed in the multifunctional Ni-Mn-Ga Heusler alloys (adapted
from [166]).

1.5.1 Giant magnetoresistance

Magnetoresistance (MR) is a phenomenon that describes the changes in resistance
of the material when it is exposed to the external magnetic field [167]. This feature
is especially significant in order to define the relations between magnetic and elec-
tric properties of the metallic materials, but in the case of large (LMR) or giant
(GMR) magnetoresistance, it may also be utilized in modern sophisticated
spintronics applications [168].
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The NiMn-based Heuslers exhibit negative magnetoresistance in the vicinity of
martensitic transition [53,54,169,170]. What is interesting, the explanation of this
phenomenon is still not yet fully developed. There are three main mechanisms
proposed to explain the MR processes in MSMAs, i.e. (1) anisotropic MR, (2) in-
trinsic magnetic scattering and (3) interface spin scattering [53,169]. Apart form
the exact detail explanation of MR origin, the experimental data confirm the exist-
ence of large magnetoresistance effect in Ni-Mn-Ga alloys in both in single-crystal
and polycrystalline form. In case of polycrystalline structure, about ~5% MR was
reported for simple bulk samples [171] and for more structurally sophisticated mi-
crowires [172]. For the Ni-Mn-Ga single crystal, even ~25% MR resulting from
magnetic field-induced twin boundary reorientation was reported by Zeng et al.
[173]. The presented interplay between the structural ordering of MSM Heusler
alloys and their magnetoresistance properties is a very important topic for some
future magnonic applications [53].

1.5.2 Exchange bias

The exchange bias (EB) or exchange anisotropy is another interesting effect that is
observed in NiMnGa-based MSMAs. Generally, this phenomenon occurs in lay-
ered materials, where one antiferromagnetic layer with a preferred magnetization
direction (pinning layer) causes shift of the magnetic hysteresis loops of the other
soft magnetic layer (pinned layer) [174]. This effect normally requires field-assisted
cooling below the blocking temperature of ferromagnetic layer due to its remnant
magnetization, therefore is usually observed at low temperature. However, in
NiMnGa-based Heusler alloys, the EB could be observed during cooling, but with-
out the presence of an external magnetic field. In this case, the unidirectional ani-
sotropy may be created only by the prior phase transition. That is why this phe-
nomenon is sometimes called spontaneous exchange bias (SEB) [58]. The first dis-
covery of SEB in the NiMn-based system was reported by Wang et al. for the Ni-
Mn-In alloys [175]. In later years, due to intensive research, SEB was also observed
in other NiMn-based Heusler systems, including Ni-Mn-Ga alloys [56,176-178]. It
is worth noticing that the interest in the research of SEB phenomenon is especially
important in the development of magnetic recording and sensor applications, as
for many years the standard EB restricts the development of currently used solu-
tions [177,179].

1.5.3 Magnetocaloric and mechanocaloric effects

One of the most promising and intensively developing properties of MSMAs are
various caloric effects, including the standard magnetocaloric effect (MCE), but re-
cently also the mechanocaloric effect (nCE) manifested by the elastocaloric (eC) or
barocaloric (BC) response of the material. A great deal of attention is focused on
this subject due to the emerging need for a potential replacement of current refrig-
eration technologies based on vapor compression technology, which has a consid-
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erable harmful impact on our environment [180]. Following that fact, the Ni-Mn-
Ga Heusler materials are a promising candidate for future magneto- and mecha-
nocaloric technologies, due to their complex thermodynamical interplay between
magnetic, mechanical and thermal properties (see Fig. 1.17).

1.5.3.1 Magnetocaloric effect

The Magnetocaloric effect refers to the thermal response of a solid material when
exposed to an external magnetic field. The first explanation of this effect was pro-
posed almost 100 years ago independently by Debye [181] and Giauque [182], but
only the discovery of the giant magnetocaloric effect (GMCE) in GdsGe,Si, [183]
makes a significant impact on the ongoing development of magnetocaloric materi-
als.
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Fig. 1.18. Magnetocaloric cooling cycle divided into four characteristic stages: adiabatic mag-
netization, isomagnetic cooling, adiabatic demagnetization and isomagnetic cooling. The ar-
rows represent the magnetic moments of atoms that create the crystal lattice of MC material
(adapted from [184] and [185]).

The easiest way to explain the magnetocaloric effect is to follow the changes dur-
ing the magnetocaloric cycle in two different subsystems of solid material, that is,
magnetic and structural subsystems (Fig. 1.18) [184,186]. When the material is at
constant temperature and is not exposed to an external magnetic field, the magnet-
ic moments of the atoms fluctuate and the crystal lattice vibrates in a manner of
current temperature. After application of an external magnetic field, the magnetic



30 1 Introduction

moments align according to the field direction. To maintain the constant entropy
of material under adiabatic conditions, the decrease in the magnetic anisotropy is
compensated be an increase in lattice entropy. Consequently, the overall tempera-
ture of the material increases during magnetization. In a standard cooling cycle, at
this stage, the induced heat is removed from the material by the circulating cooling
medium. The reverse situation occurred after removal of an external magnetic
field. This time, due to the demagnetization process, the magnetic entropy increas-
es, which implies the decrease in lattice anisotropy and consequently the material
is cooled. During the cooling cycle, the heat extracted from the refrigeration sys-
tem can be cooled by the magnetocaloric material.

From a thermodynamical point of view, MCE may be described by entropy
change, ASy, and adiabatic temperature change, AT,q. The temperature depend-
ence of the entropy as a function of temperature and magnetic field with corre-
sponding ASy and AT,q is presented in Fig. 1.19. Assuming the adiabatic condi-
tion, when there is no heat dissipation between the material and the surrounding
environment, the magnetic entropy change follows the Maxwell relation [183]:

H
ASy(T, AH) = — f (%) dH (1.4)

0

where ASy is the magnetic entropy change, H is the external magnetic field, M
refers to the magnetization of the material, and T is the current temperature.

AS\ - isothermal process
ATgaq - adiabatic process

Entropy, S

ATs=T1-Tp

To (H=0) T (H>0)
Temperature, T

Fig 1.19. Temperature dependence of the entropy of magnetocaloric material with (H > 0) and
without (H = 0) the application of the external magnetic field. The corresponding magnetic en-
tropy change, ASu, and the adiabatic temperature change, ATaq, are presented as vertical and
horizontal arrows, respectively (adapted from [187]).
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The ASy can be measured indirectly using conventional experimental devices,
however, it does not show the real change in the temperature of the material and
sometimes differs with direct measurements or theoretical studies [188]. More
convenient, but experimentally harder to determine is the adiabatic temperature
change AT,q, which directly shows the temperature change of the material during
the adiabatic magnetization process. The AT, is defined by the relation [184]:

H
T (8M(T, H)
AT,y = —/—<—) dH (1.5)
a J ¢ oT

where AT,q is the adiabatic temperature change and ¢, is the specific heat capacity.

Over the past few years, several metallic-based systems that exhibit a large or giant
magnetocaloric effect were found, such as Gds(Si,Ge)s [183], Mn(As,Sb) [189],
MnFe(P,Ge) [190], MnCoGe [191], La(Fe,Si);3 [192] and finally NiMn-based Heu-
sler alloys [193-195], including the considered Ni-Mn-Ga MSMAs [49,196-199].
The magnetic entropy change in Ni-Mn-Ga system was firstly reported at moderate
values between 6-18 J-kg '-K™! for the external magnetic field up to 5 T
[49,127,196,199]. However, due to chemical composition changes and appropriate
production technologies, the AS was recently increased up to 30 J-kg™'.K™!
[197,198,200,201]. Interestingly, the Ni-Mn-Ga alloy is the only NiMn-based Heu-
sler material that exhibits direct magnetocaloric effect (above 1 T), whereas other
systems like Ni-Mn-In, Ni-Mn-Sn and Ni-Mn-Sb are characterized by inverse mag-
netocaloric effect [202].

Similarly to the other MC materials, the magnetocaloric phenomenon in Ni-Mn-
Ga Heusler alloys originates from the reversible structural transformation, which
in this case is represented by the austenite 2 martensite transition. Furthermore,
it was previously mentioned that one of the most unique features of this group of
materials is the independence between structural and magnetic transformation,
which may be separately tailored by proper compositional changes. Following that
fact, the standard MCE can be substantially increased when both transformations
overlap, resulting in the so-called magnetostructural transition (see Section 1.3.7)
[199,200,203]. In such specific situation both structural and magnetic contribu-
tions have simultaneous considerable influence on the total entropy change, as
ferromagnetic martensite transforms into paramagnetic austenite. What is im-
portant, the occurrence of magnetostructural transformation is extended to many
different compositions, which is an essential advantage of the Ni-Mn-Ga system
[200].

The amount of entropy change during the transition is highly dependent on the
structural properties of martensite and austenite phases. The low symmetry of
twinned martensite and the high symmetry of regular austenite favour the giant
magnetocaloric effect. Moreover, it should be remembered that the symmetry of
martensitic phase is governed by magnetocrystalline anisotropy. Similarly to the
MFIS, the application of external magnetic field forces the magnetic moment to
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align according to the field direction, which subsequently results in twin boundary
motion. Therefore, the magnetocaloric effect in NiMnGa-based alloys stems from
two different factors [131]:

» magnetostructural coupling during the martensite 2 austenite transfor-
mation induced by the change of symmetry,

» strong magnetocrystalline anisotropy of martensitic phase that directs the
magnetic domains orientation.

Lastly, it should be noted that due to the thermoelastic nature of martensitic trans-
formation, the local thermal hysteresis is also an inherent part of magnetostruc-
tural transition [203,204]. For standard MC materials, the existence of thermal
hysteresis hinders the effective magnetocaloric effect, which is undesirable in po-
tential applications. However, for the Ni-Mn-Ga-based Heusler alloys, due to their
complex structural properties, imminent hysteresis could be successfully narrowed
by the introduction of premartensitic/intermartensitic transformation [205] or by
the application of other stimuli supporting the magnetic field, e.g. hydrostatic pres-
sure [195].

1.5.3.2 Mechanocaloric effects

One of the main disadvantages of magnetocaloric materials, which is still restrain-
ing them from wider usage, is the requirement for the relatively high external
magnetic field of several tesla. As a result, in the last decade, great attention has
been paid to shape memory materials in which magnetic and structural properties
may be influenced by mechanical stimuli [206]. One of the first important modern
research was published in 2008 by Bonnot et al. [207], who reported the giant elas-
tocaloric effect (eCE) in the Cu-Zn-Al single crystal alloy associated with stress-
induced martensitic transition. Later on, in 2010 Manosa et al. [208] reported the
giant barocaloric effect (BCE) in the Ni-Mn-In Heusler alloy. Since these two im-
portant discoveries, the development of mechanocaloric materials begins rapidly
and NiMn-based Heusler alloys, including the Ni-Mn-Ga compound, have become
one of the most promising candidates in this field [209-212].

The origin of the mechanocaloric effect in MSMAs is analogous to the magnetoca-
loric effect. The only difference is that in the case of the mechanocaloric effect, the
isothermal entropy change or the adiabatic temperature change occurs because of
the application of the mechanical field instead of an external magnetic field. The
same strong coupling between the stimuli (mechanical stress) and crystal lattice is
the source of the giant caloric response of the material. It is important to highlight
that the magnetothermal properties of Ni-Mn-Ga Heusler alloys have the same
foundation as the magnetomechanical properties described in Section 1.4.3, i.e.
magnetic or mechanical field-induced reversible martensitic transformation.
When it comes to a distinction between elastocaloric and barocaloric effect, they
differ by the form of mechanical stress, which is schematically presented in Fig.
1.20. The elastocaloric effect occurs under uniaxial stress Ao, whereas the baro-
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caloric effect originates from isotropic stress, such as hydrostatic pressure AP. For
the adiabatically applied mechanical field, the previously mentioned change in
temperature (from Eq. 1.5) takes the following form [210]:

Y
T (0x
ATy = — / =~ (55)ar (1.6)
a cp \OT

0

The above equation corresponds to the barocaloric response for Y=pand x =V
and to the elastocaloric response for Y = o and x = ¢, where AT,q is the adiabatic
temperature change, c, is the specific heat capacity, p is the hydrostatic pressure, V
is volume, o is the uniaxial stress and ¢ is the uniaxial strain.
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Fig. 1.20. Schematic illustration of mechanical stress, with the corresponding tensor notation
showing the difference between (a) the elastocaloric and (b) the barocaloric effects (adapted
from [213]).

The development of the mechanocaloric cooling is in its early stages, nevertheless,
there are several promising advantages of mechanocaloric NiMn-based Heusler
alloys that surpass the standard magnetocaloric materials. First of all, the wide
temperature range of the adiabatic temperature change, effectively extending the
working temperature region and thus the application possibilities of these materi-
als [214,215]. Secondly, the variety of available types of mechanical stresses, in-
cluding tensile, compressive, flexural, shear or bending stress, as well as hydrostat-
ic pressure [213]. Thirdly, the lower cost of obtaining sufficient mechanical field in
comparison to the corresponding magnetic field. Last, but not least, the possibility
of multicaloric application that will exploit the synergy between mechanical, mag-
netic and thermal properties of the material during magnetostructural phase trans-
formation [216]. The simultaneous use of more than one stimuli is a very promis-
ing opportunity, that may reduce the required driving magnitude of single field,
which is schematically depicted in Fig. 1.21. Moreover, the proper alteration of
different stimulus allows for better reversibility of phase transition and control of
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thermal hysteresis [217]. What is interesting, most recent advances in this field
also report that the typically detrimental hysteresis may be even used as an ad-
vantage to reduce the magnitude of the magnetic field in the mechanocaloric cool-
ing cycle [218].
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Fig. 1.21. Schematic representation of the synergy between the magnetocaloric and mecha-
nocaloric properties of the magnetic shape memory Heusler alloys manifested as multicaloric
effect. The simultaneous application of magnetic and mechanical fields reduces the magnitude
of the stimulus in comparison to monocaloric effects (adapted from [216]).

1.6 Compositional dependence and selective alloying
elements

The previous sections are devoted to the crystal structure and multifunctional
properties of NiMnGa-based Heusler alloys. It was announced that all significant
properties are strictly connected with the chemical composition of the material,
including the Ni/Mn/Ga ratio in the non-stoichiometric alloy, as well as the influ-
ence of additional alloying elements. In this context, the following section will be
fully devoted to outline the strong influence of chemical composition on magneto-
structural behaviour of Ni-Mn-Ga MSMAs, with particular emphasis on the alloy-
ing elements that were used in the experimental part of this thesis, i.e. iron (Fe)
and cobalt (Co).

1.6.1 Ni/Mn/Ga ratio in non-stoichiometric alloys

In the early stages of the development of Ni-Mn-Ga MSMAs, the main focus waw
directed toward non-stoichiometric compositions. Despite the fact that only three
elements constitute this subgroup of Heusler alloys, the investigation of the influ-
ence of chemical composition on the magnetostructural behaviour of the resulting
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alloy is still complicated. The main problem is that some of the previously de-
scribed magnetostructural properties are very sensitive to even slightest deviation
from specific chemical composition. Consequently, some unintentional errors in
the definition of chemical composition may result in ambiguous results. Secondly,
a clear definition of the influence of one element is always connected with the
strong influence of other elements. For example, if one wants to define the influ-
ence of Ni excess in relation to stoichiometric composition, the increased amount
of Ni atoms is always introduced at the expanse of Mn, Ga or both Mn and Ga
combined in a different ratio. In every case, the properties of the alloy will be dif-
ferent, due to the different ratio of remaining atoms. By analogy, the same problem
occurs for Mn or Ga atoms excess or deficiency studies. Last, but not least, the re-
versible martensitic transformation in Ni-Mn-Ga system takes place in a wide
range of off-stoichiometric chemical compositions, which is unprecedented among
other Heusler alloys and, thus, complicates the overall analysis and description of
the considered group of MSMAs.

One of the most popular approaches for modifying the Ni-Mn-Ga composition is
the introduction of Ni excess. Many researchers report that increasing concentra-
tion of Ni in the expanse of Mn increases the martensitic transformation tempera-
ture, but simultaneously decreases the Curie temperature [116-118,122,219-226].
Moreover, it should be remembered that the changes in Ty are much more pro-
nounced than changes in Tc. As a result, for Ni-rich non-stoichiometric
Ni,+xMn;_xGa compositions, the coincidence of Ty and T¢ manifested as magne-
tostructural transition occurs for compositional range 0.18 < x < 0.27 [225]. The
same monotonical increase in the martensitic transformation temperature and a
slight decrease in the Curie temperature with the increasing concentration of Ni
atoms were also reported for alloys in which Ni atoms were substituted for Ga
[118,120,122,224,227] or partially for both Ga and Mn [122,224]. Interestingly, in
the case of the Ni/Ga ratio, Singh et al. reported the opposite results [228]. In con-
trary, in his research, the T tends to increase, and the T¢ tends to decrease with
the increasing concentration of Ga at the expanse on Ni. However, the investigated
composition Ni,_yMnGa4x (0.4 < x < 0.9) deviates strongly from the stoichio-
metric Ni;MnGa compound and was closer to the other theoretical Heusler alloy
Ga,MnNi [229]. This may be the reason for the discrepancies between his findings
and other aforementioned research.

When it comes to Mn excess, the majority of published researches are considering
the substitution of Mn for Ga in non-stoichiometric Ni;Mn;;xGa;_x alloys
[117,118,123,219,222,230]. This is due to the fact, that a similar tendency of Ty
increasing and T¢ decreasing with the increase of Mn concentration is observed in
this type of Ni-Mn-Ga MSMAs as it is for Ni-rich compositions. In the less popular
approach, when Mn is substituted for Ni, both transformation temperatures be-
have in the opposite way, that is, the Ty is decreasing, while the T¢ increasing
[116,231,232].
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There are two different origins that are presumably responsible for the transfor-
mations temperatures changes with the deviation in the Ni/Mn/Ga ratio. The
aforementioned martensitic transformation temperature changes are commonly
attributed to the variation in the valence electron concentration e/a. The e/a param-
eter arises from the Hume-Rothery mechanism [233] and describes the average
number of valence electrons per one atom in the Ni-Mn-Ga composition. Interest-
ingly, the connection between the physical properties of numerous Heusler com-
pounds and the number of their valence electrons is well established for many dif-
ferent groups of Heusler alloys besides MSMAs [11]. In case of Ni-Mn-Ga system
the number of valence electrons for Ni, Mn and Ga is 10 (3d%4s?), 7 (3d°4s?) and 3
(4s%4p"h), respectively, therefore the e/a parameter follows the relation:

10 - Niat% +7- Mnat% +3- Gaat%
Niat% + Mnat% + Gaat%

e/a = (1.7)
where Nigsg, Mnge, Gage is the atomic concentration of nickel, manganese and
gallium, respectively.

The e/a parameter is widely used to describe the structural transformation behav-
iour of different types of Ni-Mn-Ga MSMAs, including Ni-rich and Mn-rich alloys
[104,109,120], which is schematically presented in Fig. 1.22. It is seen that in each
group of alloys the basic tendencies between Ty and e/a are similar. However, the
evident differences in transformation temperature values are also noticeable,
which restricts the use of the e/a as a universal parameter [120]. Moreover, it
should be noted that the e/a parameter has another disadvantage appearing in the
vicinity of the magnetostructural transition for the Ni-rich alloys (Fig. 1.22(a)-(b)).
Close to Curie temperature, the volume magnetostriction increases the crystal lat-
tice parameters, which subsequently exhibits a stronger influence on martensite
transformation temperature than e/a [219].
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Fig 1.22. The e/a dependence of the martensitic (Tm) and magnetic (T¢) transformation tempera-
ture for different types of Ni-Mn-Ga compounds: (a) Niz+xMnGai—x, (b) Nizx Mni_xGa and (c)
Ni2Mn1+xGai—x (derived from data collected in [120]).
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When it comes to magnetic transformation temperature, the physical origin of its
changes is probably different than in the case of martensitic transition [234]. As
mentioned in Section 1.3.6 the magnetic moment of Ni-Mn-Ga Heusler alloys is
mainly based on Mn atoms. Lazpita et al. showed that for the non-stoichiometric
alloys with Ni excess, Ni atoms occupy Mn sites and some of Mn atoms are forced
to move to Ga sites [116]. On the other hand, for the Mn-rich alloys with Ni defi-
ciency, Mn atoms may occupy both Ni and Ga positions. In such off-stoichiometric
situations, magnetic coupling of Mn atoms is various at different sites [116,235],
which subsequently influences the Curie temperature of alloy.

1.6.2 Selective alloying elements

In addition to the alteration in non-stoichiometric Ni-Mn-Ga composition, one of
the main methods to change the magnetostructural properties of MSM Heusler
alloys is the introduction of additional alloying elements. Because of the wide
range of different atomic elements, the possibility of using dopants is a very broad
and complex subject. Considering the already wide group of non-stoichiometric
ternary Ni-Mn-Ga compositions, the additional doping elements lead to the exist-
ence of countless different chemical composition. In this situation, the majority of
researchers are focused on four, five or utmost six element compositions including
one, two or three different dopants, respectively. In the following section, due to
the strong coupling between magnetostructural properties of Ni-Mn-Ga MSMAs
and their electronic structure (e/a parameter), the selective alloying elements were
divided into different groups based on their general valence configuration defined
by a p-, d- or f-block.

1.6.2.1 p-block elements

The most obvious p-block elements that may be used as an alloying addition to the
Ni-Mn-Ga composition are In, Sb and Sn. This is due to the fact that these three
elements originate from the greater Ni-Mn-X (X = Ga, In, Sn and Sb) group. How-
ever, if the In, Sb or Sn are used as the fourth element in the Ni-Mn-Ga system,
they should be considered as a standard alloying addition, not as constitutive ele-
ment.

Early studies showed that the addition of In at the expanse of Ga in the stoichio-
metric Ni,MnGa,_4Iny alloy leads to a decrease in both martensitic and magnetic
transformation temperatures [236]. Furthermore, the maximum limit for the exist-
ence of martensitic transformation was reported to be x < 0.14 [236]. Later, other
researchers confirms that the substitution of In for Ga significantly stabilizes the
austenitic phase in both stoichiometric [237,238] and off-stoichiometric com-
pounds [239,240]. What is more, proper alteration of In concentration allows for
the existence of magnetostructural transformation close to room temperature. In-
terestingly, in the case of In for Ga substitution, the e/a parameter becomes inef-
fective as both In and Ga are characterized by the same number of valence elec-
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trons. Consequently, in this case, significant changes in magnetostructural proper-
ties cannot be directly associated with constant e/a.

Very similar influence on the magnetostructural properties of doped Ni-Mn-Ga-X
alloys is reported for Sn and Sb dopants [57,241-244]. In the case of Sn or Sb, even
vary small addition of these elements (below 2 at.% [243,244]) leads to a substantial
decrease in the martensitic transformation temperature followed by neglected
changes in Curie temperature. Again, as in the case of In doping, the reported be-
haviour of Ty does not follow the e/a parameter in the same way as for ternary Ni-
Mn-Ga alloys.

Another documented p-block alloying element is Al. The Al atom contains the
same number of valence electrons as the Ga atom and is characterised by a similar
atomic radius. It should also be noted that the influence of Al on the Ni-Mn-Ga
system is a very complex topic, as Al can completely substitute Ga in the Ni,MnGa
composition by forming another Ni;MnAl Heusler alloy [245]. Following this top-
ic, Ishikawa et al. [246] investigated the Al for Ga substitution in the Ni-Mn-Ga
system starting from the Ni,MnGa and ending in the Ni;MnAl composition. He
reports that the temperature of martensitic transformation decreases monotonical-
ly with increasing Al content, whereas the Curie temperature is almost constant
and changes only close to the Ni,MnAl composition. Similar results for a high con-
centration of Al (4-18 at.%) in the Ni-Mn-Ga-Al composition were also presented
by Xin et al. [247]. Further detailed studies for the lower concentration of Al (up to
5 at.%) revealed the opposite trend, i.e. the Ty increased with increasing Al content
[248,249]. Moreover, the reported increase in Ty was non-monotonic and the same
complex deviations from the monotonical trend were also observed for other
thermal and electrical properties of Al-doped Ni-Mn-Ga alloys [248].

The last interesting p-block alloying element is B. Is was reported that substitution
of B for Mn in the close stoichiometric Ni;Mn;_xGaBy alloy has almost no influ-
ence on the martensitic transformation temperature for the B concentration x <
0.08 [250]. Surprisingly, for x > 0.08 the Ty decreases abruptly with the further
increase in the B content. At the same time, the magnetic transformation tempera-
ture decreases almost linearly with increasing B content. Following the magnetic
behaviour of the Ni-Mn-Ga alloys doped with B, for the Ni-rich off-stoichiometric
compositions with a low concentration of B, a significant increase in saturation
magnetization was also reported [251]. Additionally, the magnetic coercivity of the
material can also increase greatly by proper B doping, which is found to extend the
magnetomechanical functionality of the alloy [252,253]. The last significant re-
ported advantage of B addition to Ni-Mn-Ga composition is a notable improve-
ment in the mechanical properties of the doped material [254,255].

1.6.2.2 d-block elements

Among various doping elements, one of the best documented d-block alloying ad-
ditions is Cu. Early research showed that the proper addition of Cu to the Ni-Mn-
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Ga compound significantly increases the martensitic transformation temperature,
which may overlap with the slightly decreasing Curie temperature, leading to the
magnetostructural transition [256-258]. Furthermore, Kataoka et al. reported that
phase diagrams for the doped Ni,Mn;_yGaCuy and ternary Ni;xMn;_xGa alloys
are very similar, which may by helpful in predicting the transformation tempera-
tures of Cu-doped MSMAs [259]. Further investigations showed that the addition
of Cu has almost no negative influence on the magnetic entropy change for mate-
rials exhibiting magnetostructural transition, which is crucial for prospect magne-
tocaloric applications [256,260]. Recent studies reveal that the giant magnetocalor-
ic effect and overall caloric performance are significantly better in Cu-doped Ni-
Mn-Ga alloys, than in standard ternary Ni-Mn-Ga alloys [261-263]. Lastly, re-
searchers focused on the mechanical performance of Ni-Mn-Ga-Cu alloys reported
the a significant improvement of mechanical properties of Cu-duped alloys [264].
What is worth noting, Liao ef al. presented very promising high damping capabili-
ties of Cu-doped Ni-Mn-Ga materials that utilize the twin boundary mobility
mechanism enhanced by proper Cu addition [265].

Another important d-block alloying element is Co. At the beginning, the main role
of Co addition to Ni-Mn-Ga system was an effective increase in Curie temperature,
which is required for high-temperature magnetic shape memory alloys [266,267].
More detailed studies confirmed that the T¢ increases when Co is added in the
expanse of Ni or Ga [266,268]. The unusual non-monotonous trend of T¢ was re-
vealed for alloys with Mn substituted by Co [269]. The similar strange non-
monotonous behaviour of T¢ was also observed for alloys in which Co was added
to the overall Ni-Mn-Ga composition, without sacrificing any particular elements
[270]. Subsequently, it was also established that substitution of Mn or Ga by Co
increases the martensitic transformation temperature [267,271-273], whereas sub-
stitution of Ni by Co decreases the Ty [268,272,274,275]. Moreover, the addition of
Co was found to increase the magnetic moment of the austenitic phase and de-
crease the magnetic interaction in the martensitic phase [270,276,277]. As a result,
the magnetization change during magnetostructural transformation may be signif-
icantly increased for Co-doped Ni-Mn-Ga alloys, which may promote the magnetic
field-inducted martensitic transformation (see Section 1.4.3.2). It is also worth
noting that many researchers present a comparable dependence between the e/a
and the temperature of phase transitions for the quaternary Ni-Mn-Ga-Co alloys as
for the standard ternary Ni-Mn-Ga alloys [270-272,278]. These similarities may be
connected with the close electronic structure of Co, Ni and Mn atoms, which are
all attributed to 3d transition metals. However, it should be remembered that the
number of different non-stoichiometric Ni-Mn-Ga compositions is high and there
are several papers [273,275] that report the different dependence of Ty versus e/a,
which deviates from general trends characterising other Ni-Mn-Ga-Co and Ni-Mn-
Ga compositions. Lastly, a detailed description of Ni-Mn-Ga-Co alloys is also ham-
pered due to the possible dual-phase microstructure of Co-doped MSMAs
[274,279-282]. Generally, Co is soluble in Ni-Mn-Ga matrix in a wide range of stoi-
chiometry, but with a proper chemical composition and after careful heat treat-
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ment, the additional y phase may precipitate along the grain boundaries [274,280-
282]. The additional phase is ductile, thus it enhances the mechanical properties of
the brittle material, but also complicates the investigation of magnetostructural
properties of the alloy.

For the same reason as Co, over the last couple of years, a considerable attention
has been also devoted to Fe, as one of the possible dopants in the Ni-Mn-Ga sys-
tem. Fe is another 3d transition metal, which has almost the same atomic radius as
Co and is also characterised by ferromagnetic properties. From the technological
point of view, Fe and Co exhibit similar melting and boiling temperatures, which
also suggests the strong similarities between these two dopants. Early researches
showed that the substitution of Mn for Fe shifts the martensitic transformation
temperature to lower values and stabilizes the austenitic phase [267,283-285]. It
was also observed that, at the same time, the Curie temperature increases with
increasing Fe content [267,284]. On the other hand, some researchers suggested
that the substitution of Mn with Fe has almost no influence on both Ty and Tc
[286,287], due to the negligible changes in the e/a ratio, and only Ni substitution
with Fe may significantly decrease the T and increase the T¢ [286-288]. The op-
posite effect on transformations behaviour was found for alloys, where Ga was
substituted by Fe, which in this case follows the general e/a ratio tendencies for
the Ni-Mn-Ga MSMAs [286,287,289,290]. Remarkably, it is also reported that the
addition of Fe to the Ni-Mn-Ga composition may induce the intermartensitic tran-
sition [288,291-293] and/or contribute to the formation of the complex martensitic
structures [292,294]. When it comes to magnetic properties, despite the fact that Fe
is a ferromagnetic element, its introduction to the Ni-Mn-Ga system has a minor
influence in enhancing the ferromagnetic properties of the material and may even
lower the saturation magnetization [295,296]. In recent years the greatest attention
has been paid to the magnetocaloric properties of the doped Ni-Mn-Ga Heusler
materials and in this field quaternary Ni-Mn-Ga-Fe alloys exhibit the promising
large MCE [297-300]. Lastly, it should be noted that similarly to Co-doped alloys,
the sufficiently high addition of Fe to the non-stoichiometric Ni-Mn-Ga composi-
tion may promote the precipitation of the additional y phase [301,302]. This sec-
ondary phase leads to an increase in the general ductility of the material and im-
prove its mechanical properties.

There are several others less documented alloying additions from the d-block, in-
cluding Nb [303], Zn [242,304,305], Cr [306,307], V [308-310] or Ti [311-314]. Tian
et al. [303] reported that the addition of Nb to the Ni-Mn-Ga composition increases
the martensitic transformation temperature. However, it also promotes precipita-
tion of the Nb-rich second phase, which is characterised by low ductility and poor
mechanical properties. Both experimental [242] and theoretical [304,305] studies
suggest that small Zn doping at the Ga site in the Ni-Mn-Ga compound results in
an increase in Ty and has a vary slight effect on Curie temperature. A similar no-
table increase in Ty was also reported for Cr-doped alloys [306,307]. However, this
time, the Cr doping also had a strong influence on magnetic transformation, by
shifting the T¢ to lower values [307]. The opposite influence on the phase trans-
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formation of the Ni-Mn-Ga-based materials was obtained by V doping. Several
studies reported that Mn or Ga substitution for V significantly decreases the Ty
and broadens the thermal hysteresis of phase transformation [308-310]. Some re-
search is also focused on Ti as a possible advantage dopant to the Ni-Mn-Ga sys-
tem, as its solubility in near-stoichiometric Ni-Mn-Ga alloys is up to approximately
8 at.% [312]. It was reported that Ti substitution for Ga increases the martensitic
transformation temperature with a neglected influence on Curie temperature
[311,312]. Moreover, the addition of Ti improves the mechanical stability of the
material [314] and enhances its mechanical properties, which was also reported in
[313] by the Author of this thesis.

1.6.2.3 f-block elements - rare-earth elements

In contrast to s-block and d-block elements, the f-block rare earth elements (REEs)
have a large atomic size and considerably complex electronic structure. Because of
this fact, the REEs are seen as possible dopants that may induce the precipitation
of other phases in normally single-phase MSMAs, which may result in significant
changes in magnetomechanical properties of the doped materials. In the last cou-
ple of years, many different REEs have been proposed as possible dopants, includ-
ing Gd [315-319], Ge [320], Tb [321-324], Sm [324], Dy [325-327], Nd [324] or
Y[328]. It was reported that that the solubility of RE elements are relatively low
[317,324,325,327,328], which leads to the formation of RE-rich phases distributed
along the grain boundaries of the Ni-Mn-Ga matrix [315-318,322-328]. The main
advantage of the second phase was the effective reduction in material brittleness
[318,324,326] and the notable improvement of their mechanical properties
[317,322,323,326-328], which was also reported in [315,316] by the Author of this
thesis. Moreover, the minor amount of REE in the Ni-Mn-Ga matrix leads to an
increase in Ty and a decrease in T¢ [320,321,323-325,328]. It is also worth noting
that the microstructure of Ni-Mn-Ga-RE alloys is strictly dependent on their ther-
mal history [317,321,326], which was also discussed in [316,319] by the Author of
this thesis.

1.6.2.4 Ni/Mn/Ga ratio in doped Ni-Mn-Ga alloys

It was presented in previous subsections that even small addition of an extra alloy-
ing element to Ni-Mn-Ga compound may significantly change the magnetostruc-
tural properties of the material. It was also shown that regardless of whether the
doping element originates from the s-, d- or f-block, the transformation paths be-
come more complex than in the case of ternary Ni-Mn-Ga alloys, and some local
anomalous behaviour may appear in doped compositions. Due to that fact, in
many cases, the widely used e/a parameter is losing its importance, which is
graphically summarized in Fig. 1.23. It is seen that, usually, within one group of
doped alloys, the transformation temperatures follow some individual trends with
respect to the e/a ratio. Unfortunately, the comparison between different composi-
tions is clearly not feasible. Even if the general trends between quaternary and
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ternary alloys are analogous, the exact comprehensive comparison between these
two subsystems is still problematic.
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Fig. 1.23. Temperatures of martensitic (Tw) and magnetic (Tc) transformations for different
groups of doped Ni-Mn-Ga MSMAs (based on the data summarised in [329]). Solid lines repre-
sents some general trends for selective group of materials.

Recently, Ramudu et al. [330] presented an alternative way to estimate the valence
electrons per atom. He proposed the N./a parameter, which represents the average
number of empirically derived non-bonding electrons per atom in one formula
unit. In this approach, based on Pauling’s principle of electroneutrality [331], only
non-bonding electrons contribute to the physicochemical properties of the metallic
alloy. The number of non-bonding electrons e, is then defined as [330]:

€h = E— NWS (18)

where E is the number of valence electrons and Nws is the corrected electron den-
sity parameter derived from the Miedema’s empirical model [332,333].

The Nws for each element in Ni-Mn-Ga composition is equal to 5.36, 4.17 and 2.25
for the Ni, Mn and Ga, respectively. Taking into account these values and based on
Eq. 1.8 the N¢/a for the ternary Ni-Mn-Ga alloy is as follows:

_ (10 = 5.36)Nig; ¢ + (7 —4.17)Mng; 4 + (3 — 2.25)Gag 4

N./a -
¢ Nlat.% + Mnat.% + Gaat.%

(1.9)

The advantage of the N./a parameter over the e/a ratio was firstly demonstrated
for the quaternary Ni-Mn-Ga alloys doped with In or Fe [330]. Later on, several
other studies discussed the better correlation of magnetostructural properties of
doped Ni-Mn-Ga alloys using the N./a parameter rather than the e/a ratio
[320,334,335].
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Lastly, it should be remembered that all the abovementioned discrepancies be-
tween the magnetostructural and thermomechanical properties of the different
groups of doped MSM Heusler alloys may also stem from the thermal history of
the material inherited during the sample preparation process. It is widely reported
[253,336-342] that depending on the processing conditions of the NiMn-based ma-
terial, the various types of post-fabrication heat treatment result in a different de-
gree of atomic order, which subsequently influences the temperatures of phase
transitions.

1.7 Forms of material

All of the multifunctional properties of NiMnGa magnetic shape memory alloys
described in Sections 1.4 and 1.5 are mostly well documented for the single crystal
alloys. The absence of grain boundaries in single crystal materials favours the
magnetostructural properties that stem from the phase transitions. However, the
technology beyond the single crystal fabrication is limited, especially for Ni-Mn-Ga
compound characterized by significant segregation of chemical composition [343-
346], which hinders the production of uniform bulk material with stable magne-
tomechanical properties. On the other hand, polycrystalline materials are much
cheaper and easier to produce, however, the existence of grain boundaries, as well
as the random orientation of grains, impedes the magnetostructural properties of
these specimens. Considering the advantages and disadvantages of both single
crystal and polycrystalline structures, many different types and forms of NiMnGa-
based MSMAs have been fabricated and reported in the literature, which will be
briefly described in the following section.

1.7.1 Directional solidification

Directional solidification is one of the most common techniques to produce poly-
crystalline material with the preferred grain orientation. The alloys produced with
favourable crystal orientation using temperature gradient and/or magnetic field
are characterised by long columnar austenite grains along the desired direction of
solidification (Fig. 1.24(a)) [347-349]. Within this microstructure, below the Ty,
the martensite twin boundaries can move along the single lamellar grains without
major obstacles. Moreover, this production technique allows the elimination of
unwanted martensite variants and promotes one certain variant [350-352]. As a
result, after proper magnetomechanical training [353-355], the MFIS in direction-
ally solidified Ni-Mn-Ga alloys may reach 1-2% [144,147,148]. Several studies re-
port that directionally solidified alloys are characterised by improved mechanical
stability [354-357], high strength [350,354,357] and superior magneto- and mech-
anocaloric properties [349,356-358].
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1.7.2 Ribbons

It was previously mentioned that atomic disorder in the Ni-Mn-Ga system intro-
duced during the fabrication process may significantly influence the magneto-
structural properties of the material. In this context, many researches produce and
investigate the melt-spun ribbons manufactured by rapid solidification using a
melt spinning technique. Generally, NiMnGa-based ribbons exhibit different tem-
peratures of phase transformations than their bulk counterparts with the same
chemical composition, which is strongly dependent on the degree of atomic order
and internal stresses [359-361]. Subsequent annealing of melt-spun ribbons signif-
icantly changes both the Ty and T¢, due to the atomic segregation and vanishing
of internal stresses [360-363]. Hence, Ni-Mn-Ga ribbons are a promising candidate
for multifunctional materials, where temperatures of phase transformations may
be widely altered only by proper heat treatment. It is also important that rapidly
quenched ribbons are characterised by notably finer microstructure than typical
bulk materials [359,363-366]. Moreover, the notable preferred orientation of the
microstructure inherited from the melt spinning technique is also widely observed
for this form of material (Fig. 1.24(b)) [360,363,364,367-369]. Finally, very promis-
ing magnetocaloric properties of NiMnGa-based ribbons were also reported for
samples exhibiting magnetostructural transition [198,368,370].

1.7.3 Microwires and microfibres

Microwires or microfibres are another possible form of NiMnGa-based materials,
which are produced by rapid solidification using the melt extraction method. This
manufacturing technique is similar to the melt-spinning method, however, this
time, the rotating extraction wheel touches the melting pool of the molten alloy
[371]. As a result, the Ni-Mn-Ga polycrystalline wires with the diameters of 50-100
um may be fabricated. Similarly to the aforementioned rapidly cooled ribbons, the
rapid solidification technique allows to receive fine grain microstructure [371-
373]. It should be noted that sometimes even the oligocrystalline bamboo-like
grains are reported in Ni-Mn-Ga microwires, which example is depicted in Fig.
1.24(c) [374-377]. This very characteristic bamboo-grains microstructure leads to
relatively large magnetic field-induced strains up to 1% [376,377], due to the reduc-
tion of grain constrains that usually limits the twin boundary motion. Another
interesting property of Ni-Mn-Ga microwires that differs them from the other
types of Ni-Mn-Ga materials is excellent superelasticity. Recently, many research-
ers reported that the superelastic strain of non-stoichiometric Ni-Mn-Ga mi-
crowires may even be close to 10% [372,375,378-380]. Last, but not least, the fine-
grained microstructure of the microwires results in the a significant reduction in
thermal and magnetic hysteresis during magnetostructural transformation [300],
which is beneficial for the magnetocaloric effect. Following this concept, the ex-
ceptional MC properties, exceeding those of bulk polycrystalline alloys, were re-
ported for ternary and doped NiMnGa-based microwires [300,374,381].
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1.7.4 Thin films and foils

Films and foils are another group of thin multifunctional structures that can be
produced on the basis of the Ni-Mn-Ga compound. There are two main approach-
es for fabricating very thin NiMnGa-based materials: (1) the epitaxial growth on a
specific substrate and (2) machining from the previously produced bulk samples.

When it comes to epitaxial growth, this method allows to produce very thin films
with thickness varying from several to hundreds of nanometres [382]. Epitaxial
growth is considered to be an effective way of fabricating Ni-Mn-Ga films, as the
materials are produced in a favourable single crystalline form. Early researches on
this topic demonstrated that magnetically induced reorientation, responsible for
many functional effects, can be achieved in off-stoichiometric Ni-Mn-Ga composi-
tions, especially in freestanding films released from rigid substrate (Fig. 1.24(d))
[383-387]. However, the resulting martensite structure is exceptionally complex,
exhibiting different types and variants of martensite [388-391], which may be par-
tially controlled by the crystal orientation of the substrate [392,393]. Despite com-
prehensive research of NiMnGa-based epitaxial films, a full detailed description of
their magnetostructural behaviour is still lacking. Still, recent findings are very
promising and show the promising path for new generation of smart nanomateri-
als suitable for future micromechanical devices [394-397].

The second method for the fabrication of thin Ni-Mn-Ga samples is the machining
from the bulk alloy. In this approach, it is much easier to control the chemical
composition and final structure of the sample, as the starting materials for the
thinning process are in the form of bulk alloy. Typically, the whole machining pro-
cess includes abrasive and electrochemical thinning [398]. The complexity of the
fabrication process depends on the required thickness of the final specimen. Until
now, the thinnest foils manufactured by machining were close to 1 um thick [399],
while the standard reported thickness ranges from 80 to 200 um [398,400-402]. In
order to distinguish micrometre-sized specimens fabricated by machining from
nanometre-sized epitaxial films, the term foils is used in the literature to describe
the first ones. The greatest advantage of foils over freestanding epitaxial films is
the possibility of obtaining only one variant of martensite [399-402]. Such micro-
structure does not inhibit magnetostructural effects characterising Ni-Mn-Ga al-
loys, including twin boundary motion and magnetic field-induced strains. Conse-
quently, the NiMnGa-based foils are considered as prospect micrometre-sized ac-
tive elements for different types of sensors and actuators [401,402].

1.7.5 Micropillars

Micropillars, just as abovementioned thin foils, are another form of micrometre-
sized materials that can be produced from single crystalline bulk Ni-Mn-Ga sam-
ples. The fabrication of micropillars is based on the focused ion beam (FIB) mill-
ing, which allows to cut a rectangular samples with dimensions of single to several
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tens of micrometres (Fig. 1.24(e)) [403-405]. Due to the sophisticated FIB tech-
nique required for production, very little research is available on this subject. Re-
cent publications suggested the existence of giant magnetic field-induced strains in
Ni-Mn-Ga micropillars [404,405]. What is interesting, the actuation speed of man-
ufactured micropillars was found to be higher than that of bulk material, which
can extend the working frequencies of some future MEMS devices [404].

1.7.6 Foams and porous structures

One of the most advanced and novel types of Ni-Mn-Ga alloys are foams and po-
rous structures. The idea of introducing porosity to Ni-Mn-Ga material was firstly
presented by Boonyongmaneerat et al. [406]. He suggested that grain boundary
constrains may by reduced by free space pores and demonstrated the Ni-Mn-Ga
foam with 76% porosity that exhibit MFIS of 0.12% with excellent mechanical sta-
bility exceeding 30 million cycles. The idea of porosity was later developed and
improved by Chmielus et al., who in their pioneering work [153], reports a maxi-
mum value of MFIS reaching even 8.7%. The unique NiMnGa-based foam charac-
terized by bimodal pore size distribution is presented in Fig. 1.24(f). In microscale
it was build from small struts connected together at nodes [150]. Each strut was
characterised by bamboo-like grains, so it behaves close to a single crystalline
sample. Later on, the idea of foam Ni-Mn-Ga structures was developed and inves-
tigated by other researches in the subject of pores architecture [407], porosity level
[151,408], magnetomechanical training [151,152] or pore fabrication method
[408,409].

1.7.7 Particles and powders

Other forms of Ni-Mn-Ga material that have been greatly studied in the last decade
are particles and powders. There are many different techniques to fabricate metal-
lic Ni-Mn-Ga particles, from sophisticated spark-erosion [410-412] or gas atomiza-
tion [413] methods to more common ball milling [414-418] or even manual grind-
ing [419-421]. From the technological point of view, the most promising method is
ball milling, as it is a versatile, repeatable, and cost-effective technique that allows
producing mico-, submicro- and nanosized particles (Fig. 1.24(g)). What is more,
the starting material for the ball milling may be a conventional bulk polycrystal-
line alloy with formerly designed magnetostructural properties. Certainly, the mill-
ing process changes both the structural and magnetic properties of the Ni-Mn-Ga
alloy, which are determined by the final size of particles [414-418] and the internal
parameters of the milling process [415,416,418]. In comparison to bulk samples,
the milled particles are characterised by lower phase transformation temperatures
[414,416], higher Curie temperature [414], enhanced saturation magnetization
[414,416] and reduced thermal hysteresis [416].
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1.7.8 Polymer-based composites

The presented versatility of different forms of Ni-Mn-Ga based alloys encouraged
many researchers to utilize these various types of samples as a constituent active
element in polymer-based composite materials. It should be recalled that one of
the biggest disadvantages of the broader application of Ni-Mn-Ga alloys is their
high brittleness and poor workability, which might be significantly improved
when combined with the polymer matrix [422,423]. One of the most popular com-
binations of MSM composite incorporates polycrystalline Ni-Mn-Ga particles
mixed with flexible polymer matrix (Fig. 1.24(h)) [422,424-431]. In these materi-
als, the polymer matrix is responsible for composite integrity, whereas Ni-Mn-Ga
particles provide multifunctional properties. It was reported that particle/polymer
composites retain their shape memory behaviour and exhibits MFIS from 0.1%
[425] even up to 4.0% [430]. Another important distinctive feature of composite
materials are very interesting smart damping properties at temperatures close to
the structural transformation of the particles [424,426-429]. What is worth noting,
Goswami et al. [431] reported the concurrent magnetocaloric effect of Ni-Mn-
Ga/polymer composite and, very recently, Gao et al. [432] presented promising
preliminary studies of porous Ni-Mn-Ga samples filled with epoxy resin.

1.7.9 Additive manufacturing

The additive manufacturing of metallic alloys is one of the most popular techno-
logical topics in modern materials engineering [433]. Consequently, magnetic
shape memory materials drew the attention of many researchers as they seek the
opportunity to print complex structural objects characterised by multifunctional
properties. In the case of Ni-Mn-Ga compounds, additive manufacturing is still a
fledging topic, however, there are several promising studies showing a completely
new way to manufacture MSMAs, such as laser powder bed fusion (L-PBF)
[154,434-438] or binder jet 3D printing [439-441]. The best documented method to
produce Ni-Mn-Ga alloys by additive manufacturing is laser powder bed fusion, as
this method is widely used for other various metallic alloys [433]. For Ni-Mn-Ga
compound, L-PBF struggles with many technological problems, including selective
evaporation of Mn or significant quenching stresses during material cooling [434-
436]. Consequently, the fabrication process introduces many internal defects to the
manufactured material, which can be reduced only in some point by additional
heat treatment [436]. As a result, very low MFIS of about 0.01% were reported in
additively manufactured Ni-Mn-Ga materials [439]. The example of the cubic Ni-
Mn-Ga specimen fabricated using L-PBF is depicted in Fig. 1.24(i). Despite the
described obstacles, very recently, Laitinen et al. [154] proved that all the afore-
mentioned disadvantages of L-PBF can be overcome by proper adjustment of the
process parameters. On that basis, he showed the additively manufactured milli-
metre-sized element that exhibits a repeatable MFIS of 5.8%, which is superior to
the standard bulk polycrystalline Ni-Mn-Ga alloy.
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Fig. 1.24. Images of different forms of NiMnGa-based materials: (a) directionally solidified the
NissMn24Gay, alloy [348], (b) cross section of the NisiMn27Gaa; ribbon [364], () bamboo grains of
the NisosMnzg0Gazia microwires [374], (d) cross section of the epitaxial free-standing

Nis2.5Mn19.5Gazs.o film [390], (e) single crystalline NisoMnas.sGaz1s micropillar [404], (f) cross sec-
tion of the Nis2.0Mn24.4Gazs6 foam [153], (g) polycrystalline NisssMn2o5Gazs micro-particles [421],
(h) Ni-Mn-Ga/polymer composite based on the Nis;MnsGay, particles and polysulfone matrix
[431], (i) 3D cubic Nisg7Mny91Gaz1, samples fabricated by the additive manufacturing L-PBF
method [436].

1.8 Applications and future prospects

Previous chapters describes the nature and variety of different multifunctional
properties of Ni-Mn-Ga magnetic shape memory alloys that may be induced by
magnetic, thermal or mechanical stimulus. The combination of three different
degrees of freedom opens a completely new path for many modern smart applica-
tions, which require multifunctionality in order to reduce the number of active
and/or sensing elements. Another important aspect of the multifunctional nature
of the Ni-Mn-Ga alloys is the synergistic behaviour of stimulating fields that may
be exploited in many applications. For example, the high thermal inertia of classic
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thermally induced shape memory effect may be drastically reduced by application
of a fast-switching magnetic field. On the other hand, the high energy required to
apply a sufficient external magnetic field might be particularly reduced by addi-
tional mechanical stress, which is yet more energy efficient than the magnetic
field. Lastly, it should be remembered that Ni-Mn-Ga compounds can be fabricat-
ed in many different forms and sizes (see Section 1.7), which broadens the possi-
bilities of their feasible applications from common-size electronic devices up to
sophisticated submicron or nanoscale solutions. In this section, various potential
applications of Ni-Mn-Ga alloys will be discussed, considering their magnetic
shape memory behaviour, magnetic field-induced strains, superelasticity phenom-
enon and giant magneto- and mechanocaloric effects.

1.8.1 Sensing and actuating applications

Sensors and actuators are probably the most obvious application of Ni-Mn-Ga al-
loys, because of the exceptional shape memory effect and magnetic field-induced
strains. Over the last two decades, these uncommon phenomena have drew the
attention of many researchers who have tried to exploit and describe these effects
for the purpose of future devices.

When it comes to sensing applications, the early experiments reported in [442]
showed that there is a clear connection between the inductance of the Ni-Mn-Ga
material and the compression strain. The authors suggested that elongation of the
MSMA may be defined by simple inductance measurement, however, no detailed
model of this dependence was established. In the same time, Sarawate et al.
[443,444] proposed a similar approach, which was also based on the flux density
measurement. Later on, the novel developed idea for strain sensing was also pro-
posed by Stephen et al. [445], who reported the linear dependence between the
tensile elongation of the Ni-Mn-Ga sample and the magnetic flux density of stray
fields. What is interesting, in his concept, presented in Fig. 1.25, the strain sensor
did not require the electrical contact with the rest of the device and the only part
that needs to use electric power was the magnetic field sensor. In the next version
of his setup [446], he also reported that the external magnetic bias field may be
partially substituted by the thermal field, which notably reduced the size of a large
permanent magnet. In a more recent sensing solution, reported in [447], the large
permanent magnet required for the bias field was changed to a dual coil system
powered by a small AC voltage, significantly reducing the size of the whole device.
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permanent
magnet

Ni-Mn-Ga
MSMA
Hall sensor

Fig 1.25. Schematic representation of the strain sensor based on Ni-Mn-Ga MSMA. The MSM
element is exposed to the bias magnetic field and loaded with mechanical stress, o. The Hall
sensor measures the distorted magnetic stray field close to the elongated MSM element (based
on [445]).

In terms of the actuation solutions, it is worth noticing, that this branch of Ni-Mn-
Ga applications is far more widely well documented than aforementioned sensors.
This is due to the fact, that it is technologically easier to induce stains in active
element and simply measure its displacement, rather than measure the magnetic
field effects accompanying the deflection of the material. Generally, as a result of
complex magnetostructural behaviour of Ni-Mn-Ga alloys, there are several differ-
ent approaches to design MSM actuator, which differs by excitation and restoring
forces acting on active element. Holtz et al. [448] proposed five unique operation
modes characterized by different possibilities to achieve the elongation or contrac-
tion of the alloy. Due to technological restrictions the most popular operation
mode, investigated by many researchers [449-452], is based on the magnetically
induced elongation and mechanically induced contraction generated by a typical
spring, which is schematically presented in Fig 1.26(a). The usage of spring in
spring-loaded actuators reduces the maximum actuation force, narrows the dis-
placement range and demands constant electric power to maintain magnetic field
required to hold the MSM element at a given position [453,454]. To overcome the-
ses problems the concept of push-push actuators were also discussed in literature
[455-457]. The push-push configuration, schematically depicted in Fig 1.26(b),
contains two MSM elements working against each other and connected by a mov-
able part. In this case the excitation of single coil elongates only one corresponding
MSM element, which subsequently contract the other one. As a result, the MSM
elements may work in bidirectional actuation and hold at given position without
the redundant electrical power consumption.
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Fig 1.26. Schematic representation and the principle of working of (a) spring-loaded and (b)
push-push actuator constructed on the Ni-Mn-Ga magnetic shape memory alloy (based on
[455]).

It is worth noting that Pinneker et al. [458] presented a completely different mech-
anism of linear actuation based on the reversible martensitic transition, not on the
magnetic field-induced strains. In his approach, the reproducible strain of about
4.1% was obtained by application of a temperature gradient along the single crys-
talline Ni-Mn-Ga foil exposed to the bias magnetic field, which subsequently re-
sults in the visible movement of the austenite-martensite phase boundary. It must
be emphasized that the observed actuation phenomenon was possible due to the
usage of thin Ni-Mn-Ga foil instead of bulk alloy. In this context, it should be re-
membered that thin Ni-Mn-Ga films are considered to be one of the most promis-
ing smart actuation materials. Until now, there has been several well-documented
studies [459-464] that discussed the sophisticated submicron or nanoscale actua-
tors based on Ni-Mn-Ga alloys.

The majority of the abovementioned actuator solutions are in the laboratory or
prototype stage. However, despite many technological drawbacks, very recently
ETO Magnetic revealed the first commercial line of innovative actuators named
MAGNETOSHAPE® [465], which are based on the Ni-Mn-Ga alloy. The first two
available types are linear spring-loaded and push-push actuator.

1.8.2 Hydraulic and pneumatic applications

Very interesting prospect applications of Ni-Mn-Ga magnetic shape memory alloys
have been emerging in modern hydraulic and pneumatic designs. This is attribut-
ed to the two important features of MSMAs: (1) fast actuation response - excellent
for vales designing and (2) complex deformation behaviour that may be used as a
pumping mechanism in miniaturized hydraulics.

Generally, pneumatic and hydraulic valves fabricated using MSMAs are the more
advanced developed forms of actuators discussed in the previous subsection. The
first practical prototypes of pneumatic [466] or hydraulic [467] valves were directly
based on spring-loaded or push-push actuators. One of the first unique design for
MSM airflow valve was presented by Schiepp et al. [468]. In his prototype concept,
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the actuating MSM element was both elongated and contracted by the sets of two
opposite coils. The elimination of the spring allowed for minimization of energy
consumption and increased the overall efficiency of the valve. The important as-
pect of power consumption was also discussed in [469,470], where authors investi-
gated two different valve concepts in order to improve the energy efficiency of fu-
ture constructions. Lastly, it is worth mentioning that some researchers successful-
ly supported the valve design prototyping with complex numerical simulations
[471-473].

Another important prospect application of Ni-Mn-Ga MSMAs in modern hydrau-
lics and pneumatics are precise micropumps. One of the first and most interesting
designs of micropump was demonstrated by Ullakko et al. [474]. In his concept,
presented in Fig. 1.27, the active Ni-Mn-Ga element was fixed at both ends, so
MSM material cannot change its relative length. After the application of an exter-
nal magnetic field, the Ni-Mn-Ga element cannot contract, and hence characteris-
tic shrinkage for fluid occurs. The precise control of magnetic field, e.g. by diamet-
rically magnetized magnet, allowed to move the shrinkage and the liquid inside
from inlet to outlet of the micropump. It is worth highlighting that in this solution
the MSM element works as both pumping and valve mechanism. Moreover, the
authors suggested that MSMA solution presents advantages over piezoelectric mi-
cropumps, as it is more compact, generates higher pressure and may operate at
different flow rates, which was later also proved in [475]. The most spectacular use
of MSM micropump was reported by Barker et al. [476], who used it for the intra-
cranial drug delivery in rats. Recently, Saren et al. [477] presented even more so-
phisticated micropump based on the same working principle, however, manufac-
tured as a precise lab-on-a-chip model. In his design, the micropump may work
with both gases and liquids with the accuracy of transmitted volumes reaching
even single nanolitres.

Elastomer Fluid Ni-Mn-Ga MSMA Glass

il

Fig 1.27. Micropump based on the Ni-Mn-Ga magnetic shape memory material (without the
sealing base and permanent magnet) compared to 1 euro cent coin (reprinted from [478]) and
schematic representation of its working principle (based on [474]).
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1.8.3 Energy harvesting

In the last couple of years, due to the worldwide trends for energy efficient applica-
tions and renewable sources of energy, the demand for different forms of mobile
electricity increased significantly. These mobile sources of electricity are essential
in the modern automotive, aerospace or marine industry to power the monitoring
and diagnostics devices, which nowadays require micro- or milliwatts of energy
[479]. Taking into account these specialistic requirements, the energy harvesting
systems are found to be the leading solution that may dominate the market in the
near future.

Among the various smart materials that have been developed and investigated for
energy harvesting applications, Ni-Mn-Ga MSMAs are evolving as one of the most
promising alloys [480]. This is due to the multifunctional nature of the Ni-Mn-Ga
compound, that may be influenced by thermal, magnetic and mechanical field,
which makes it possible to harvest and convert three different types of energy by
only one active element. There are numerous sources of waste energy that can be
harvested and subsequently reused, however, from the a technological perspective,
the greatest attention is currently focused on mechanical vibration, thermal and
acoustic energy. It should be emphasized that each aforementioned energy may be
supposedly harvested via Ni-Mn-Ga MSMAs.

Generally, the idea of vibration energy harvesting is based on the coupling be-
tween mechanical and magnetic properties of the Ni-Mn-Ga alloy, nevertheless,
the exact design of the harvester may change depending on application and re-
quirements. In the solution discussed in [481-483], the Ni-Mn-Ga element is fixed
with one end of the cantilever beam (Fig. 1.28) and the inert mass element is situ-
ated at the other end. The vibrating beam generates the strain in the MSM element
and consequently stimulates reorientation of the martensite variant. The structural
changes of martensite are strongly connected with the magnetization of the Ni-
Mn-Ga alloy, therefore, these fluctuations induced the current in a neighbouring
pickup coil according to the Faraday’s law [484]. In other approaches, discussed in
[485-488], the vibrating beam is replaced by strains generated directly in the hori-
zontal direction of the active Ni-Mn-Ga element that simulates the actual vibrating
mass. Despite the fact that the working principle of each aforementioned harvester
is the same, the trickiest technological aspect is the voltage induction. The voltage
induced in the pick-up coils is strongly related to the changes in magnetic flux,
which in turn is influenced by structural changes and vibration frequency
[489,490]. That is why the further development of NiMnGa-based vibration energy
harvesters is still needed to provide a reliable technological solution.
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MSMA element

Fig 1.28. 3D model depicting the idea of vibration energy harvester based on the Ni-Mn-Ga
MSMA (derived from [483]).

,,. Pick-up cail

When it comes to prospect thermal energy harvesting via MSMAs, a very interest-
ing solution was proposed by Gueltig et al. [491,492]. He demonstrated the thermal
energy harvester for low-temperature differences constructed on a polycrystalline
NiMn-based thin film attached to the free end of the cantilever. The working prin-
ciple of this harvester was based on the sudden magnetization change during the
magnetostructural transformation of the MSM material. Even small changes of
temperature in the vicinity of phase transformation result in significant changes in
magnetization of the thin film. As a result, the MSM films were repeatedly attract-
ed to the permanent magnet, causing the oscillation of the flexible beam. These
oscillations can be then harvested by a pick-up coil in the same manner as in the
case of the vibration energy harvesters.

In terms of acoustic energy harvesting via Ni-Mn-Ga MSMAs, very recently,
Farsangi et al. [493] presented the acoustic harvester based on the Helmholtz reso-
nator. In his design, the MSM element was fixed to the elastic membrane of the
Helmholtz resonator. The enhanced sound pressure generated by the loud envi-
ronment vibrates this membrane, resulting in the strain generation in the Ni-Mn-
Ga element and, therefore, in reorientation of the martensite variants. The struc-
tural martensite changes are then converted to a voltage in the surrounding pick-
up coils, just like in other harvester solutions.

1.8.4 Magnetocaloric refrigeration

The magnetocaloric as well as mechanocaloric properties of the Ni-Mn-Ga alloys
were described in detail in Section 1.5.3. It was presented that MSMAs can suc-
cessfully compete with other well-known magneto- and mechanocaloric materials.
Additionally, the magnetocaloric properties of NiMnGa-based Heusler alloys may
be tuned by compositional or structural changes, which always limits the usage of
other MC materials. When it comes to actual refrigeration application, it must be
explained that in this field, the main focus is placed on technological aspects, like
cooling cycles, magnetic field generation or control algorithms, rather than on ma-
terial aspects. Moreover, despite the variety of MC materials, most researchers
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have been using common Gd as a benchmark element in order to compare differ-
ent devices, excluding the influence of the MC material [494]. In this context, it
should be remembered, that the majority of the magnetocaloric devices may possi-
bly operate equally well on Ni-Mn-Ga alloys as on Gd. The latest comprehensive
reviews of magnetocaloric refrigeration prototypes were presented by Kitanovski
[180] and Greco et al. [494].

In order to show the future magnetocaloric potential of Ni-Mn-Ga alloys, it is
worth noting that between 2014 and 2018 General Electric (GE), one of the world’s
leading energy companies, in cooperation with Oak Ridge National Laboratory,
presented several different iterations of prototypes of magnetocaloric refrigeration
systems [495]. On of the prototype revealed in 2015 is depicted in Fig. 1.29. Their
devices were based on magnetocaloric microchanneled elements fabricated from
the Ni-Mn-Ga alloy by additive manufacturing technology. Remarkably, the objec-
tive of the project was to reduce the energy consumption of refrigeration systems
by 20-30% in comparison to conventional vapor compression technology.

Fig. 1.29. Prototype of the magnetocaloric refrigeration system based on the Ni-Mn-Ga alloy
developed by General Electric and Oak Ridge National Laboratory (derived from [495]).
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1.9 Aim and scope of thesis

The presented theoretical introduction clearly shows the complex magneto-
thermo-structural nature of NiMnGa-based magnetic shape memory alloys. Cur-
rent research in this topic is extensive and focused on many different multifunc-
tional applications of stoichiometric, near-stoichiometric and doped materials, as
was discussed in the introduction. Furthermore, the wide variety of Ni-Mn-Ga
alloy morphologies, from bulk single crystals to very thin nanometric films, broad-
ens the scope of available research in this area. All of this complicates the uniform
and consistent description of this particular group of smart materials, which is one
of the main obstacles in their future prospect application.

Many researchers are trying to find the solution to this problem by introducing the
universal electronic parameters, such as the well-known valence electron concen-
tration e/a and recently reported non-bonding electrons concentration N./a. How-
ever, the uncertainties in reported chemical compositions, relying on theoretical
estimations of these parameters, rather than calculating them on the basis of the
experimental chemical compositions, combining various doping elements with
different electronic structures, mixing different heat treatment procedures, and
focusing on the particular group of structural, magnetic or mechanical properties
significantly reduce the practical usefulness of the e/a or N¢/a parameter.

Taking into account the aforementioned problems, the objective of this thesis is it
produce a series of polycrystalline NiMnGa-based materials doped by Co and/or Fe
in order to provide fundamental comprehensive research on their structural,
thermal, magnetic and mechanical properties. Moreover, the produced series of
alloys will be exposed to different cooling conditions to elucidate the role of atomic
ordering on the examined magneto-thermo-structural properties. The proposed
wide-ranging investigation consists of most important aspects of multifunctional
behaviour of magnetic shape memory materials that may be useful in designing
their future potential applications. Finally, all of the presented studies are consid-
ered with respect to universal electronic parameters, including valence electron
concentration and non-bonding electrons concentration, to establish the clear dif-
ferences between these parameters.

The author of this thesis states that the proper selection of chemical composi-
tion, alloying additions and heat treatment conditions allows for the fabrica-
tion of multifunctional NiMnGa-based magnetic shape memory alloys char-
acterized by complex magnetomechanical properties, which could be closely
correlated with their intrinsic electronic parameters.
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2.1 Preparation of alloys

After careful preliminary studies on the subject of compositionally tuned multi-
functional Ni-Mn-Ga Heusler alloys, in part already published in
[313,315,316,319], a series of NiMnGa-based polycrystalline alloys doped with Fe
and/or Co were chosen as a general group of MSMAs investigated in the presented
dissertation. The chemical compositions of the materials were carefully estab-
lished, with the aim of studying the influence of Co and Fe addition on the magne-
tomechanical properties of the doped Ni-Mn-Ga alloys, as well as the effects of
partial substitution of Co by Fe. Consequently, the following eight compositions
were proposed (in at.%):

» Ni43M1’132G8.20

»  NiggMnsz1GazgCos

» Ni43M1’130G8.20C02

»  NiggMnygGazgCoy

»  NiggMnysGaygCosFey
»  NisgMn,5Gay; Co,Fe,
»  NiggMnysGaygCoiFes
»  NiggMn,gGasoFeq

It is seen that the reference undoped alloy is an off-stoichiometric Mn-rich compo-
sition and the proposed alloying elements are introduced in the Ni-Mn-Ga compo-
sition at the expanse of Mn. Generally, for the stoichiometric Ni,MnGa alloys Ni,
Mn and Ga atoms occupies the 8¢, 4a and 4b site, respectively, which was de-
scribed in Section 1.2. However, for the Mn-rich alloys with Ga deficiency the ex-
tra Mn atoms occupy the free Ga sites. In this situation the structural limit when
every unit cell theoretically contains an additional Mn atom is Mn = 31 [126]. Tak-
ing this into consideration, the reference undoped composition is in the vicinity of
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the that limit, which should allow for more controllable Mn substitution towards
more stoichiometric Ni/Mn/Ga ratio.

The chemical compositions of the Heusler alloys are always denoted in atomic
percentage (at.%), which is a well-established practice in material science. Howev-
er, for production purpose, the atomic percentage must to be converted to the
weight percentage (wt.%) according to the following relation:

at. % - A,
n
Zi: 1at. %i 'Ari
where A; is the relative atomic mass, n is the number of different atomic elements

in the chemical composition, i indicates the selected element, and wt.% and at.%
are weight and atomic percentage, respectively.

wt. % = - 100% (2.1)

The chemical compositions of the abovementioned alloys expressed in at.% and
wt.% are summarised in Table 2.1. The calculated wt.% were used to weigh the
appropriate amount of each alloying element using the electronic scale with the
precision of 0.001 g. The materials were prepared from high purity raw elements,
including Ni (99.99%), Mn (99.98%), Ga (99.99%), Co (99.95%) and Fe (99.99%)
provided by Alfa Aesar (now Thermo Scientific). The preparation of raw Mn re-
quired an additional mechanical and chemical cleaning step to remove the inevi-
table oxidation layer. The final mass of all elements was balanced to be close to 10
g, which is also listed in Table 2.1. It should be mentioned that preliminary exper-
imental studies revealed the high, but relatively constant volatility of Mn close to 2
wt.%, which was caused by the significant vapor pressure of Mn. At 1500°C (tem-
perature close to the melting point of Ni, Fe and Co) the vapor pressure of Mn is
more than 20 times higher than for other constituent elements [496]. In order to
reduce the loss of Mn and maintain the nominal chemical compositions, the final
weight of Mn was increased by about 2 wt.% in each fabricated material.

The rest of the fabrication process of the investigated NiMnGa-based alloys was
divided into three stages:

1. First melting to receive the homogenous samples from raw elements.
Second melting (remelting) to receive the cylindrical specimens from the
previously as-cast alloys.

3. Heat treatment procedure followed by three different cooling rates ob-
tained by water, air or furnace cooling.

In the first stage, the prepared raw elements were melted by the use of arc melter
(Edmund Biihler GmbH). In this technique, the required heat is produced by an
electric arc generated between tungsten electrode and pure metallic elements
placed on the water-cooled copper plate, as shown in Fig 2.1. Prior to the melting
process, the chamber of the furnace was evacuated three times to high vacuum
condition, each time subsequently flushed with high purity argon. The fourth
evacuation stage was carried out to 5-107° mbar and then the chamber was filled
back with protective argon to a pressure of 800 mbar. The relatively low DC cur-
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rent of 150 A was used during the melting process to reduce the evaporation of
Mn. Each ingot was turned upside down and remelted four times to ensure the
good homogeneity of the materials. The final form of the as-cast samples had a
button-like shape, which is presented in Fig. 2.2(a).

DC power supply

gas outlet __| Ar gas inlet
B __
tungsten
electrode
chamber
copper plate arc /
\ sample :/ 1
L ]
water inlet water outlet

Fig 2.1. Schematical representation of arc melter equipped with water cooled copper plate op-
erating under protective argon atmosphere that were used in the presented studies to produce
the polycrystalline bulk Heusler alloys.

After the first melting process,, the button-shaped samples were mechanically
crushed into smaller pieces and again placed in the arc melter chamber, this time
on the water-cooled copper palate with u-shaped groove. Before the second melt-
ing process, the same evacuation and argon flushing procedure was undertaken as
in the first melting stage. Mechanical crushing of the as-cast alloys, followed by the
second melting procedure, ensures even better chemical homogeneity of the alloys
and allowed to receive the materials in a form of ~30 mm long and ~5 mm in di-
ameter cylinders, as depicted in Fig. 2.2(b). The final weight loss after the two-
stage melting process is summarized in Table 2.1. It is seen that in each alloy, the
weight loss was less than 1%, which is a very satisfactory result considering the arc
melting technique.

(a) (b)

O ——

10 mm 10 mm
Fig 2.2. The example of the NisoMn2sGaz1CozFe; alloy after (a) the first melting procedure - but-
ton-shaped sample, and (b) the second melting procedure - cylindrical sample sealed in an
argon filled quartz ampoule.
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Table 2.1. The summary of the chemical compositions of the investigated NiMnGa-based alloys
expressed by atomic (at.%) and weight (wt.%) percentages, as well as the total masses of the
prepared materials before and after the melting procedure with the corresponding weight loss-

es.
Alloy EL. Ar at.% wt.% Massbefore Mass after Weight
melting (g) melting (g) loss(%)
NisgMn32Gazo Ni 58.693 48 47.19 10.118 10.043 0.74
Mn 54938 32 29.45
Ga 69.723 20 23.36
NisgMn31GazoCos Ni 58.693 48 47.16 10.122 10.051 0.70
Mn 54938 31 28.51
Ga 69.723 20 23.34
Co 58.933 1 0.99
NisgMn39Gaz0Coz Ni 58.693 48 47.13 10.022 9.936 0.86
Mn 54938 30 27.57
Ga 69.723 20 23.33
Co 58.933 2 1.97
NisgMn2sGaz0Cos Ni 58.693 48  47.07 10.047 9.976 0.71
Mn 54.938 28 25.70
Ga 69.723 20 23.30
Co 58.933 4 3.94
NisgMn2gGazoCosFer  Ni 58.693 48 47.09 10.090 10.015 0.74
Mn 54938 28 25.71
Ga 69.723 20 23.31
Co 58.933 3 2.96
Fe 55.845 1 0.93
NisoMn2sGaz1CooFez  Ni 58.693 50 48.90 10.096 10.012 0.83
Mn 54938 25 22.88
Ga 69.723 21 24.40
Co 58.933 2 1.96
Fe 55.845 2 1.86
NisgMn2gGazoCoiFes  Ni 58.693 48 47.14 10.002 9.930 0.72
Mn 54.938 28 25.74
Ga 69.723 20 23.33
Co 58.933 1 0.99
Fe 55.845 3 2.80
NisgMn2gGazoFes Ni 58.693 48 47.16 10.028 9.950 0.78
Mn 54.938 28 25.75
Ga 69.723 20 23.34
Fe 55.845 4 3.74
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In the third manufacturing stage, the as-cast materials were exposed to the heat
treatment procedure consisting of high-temperature annealing and the subsequent
cooling process. Each alloy was cut into three even pieces assigned to three differ-
ent cooling conditions: (1) water cooling, (2) air cooling and (3) furnace cooling. To
prevent the oxidation of the alloys during high-temperature annealing, the fabri-
cated cylindrical samples were sealed in quartz tubes filled with high purity argon.
The stand for vacuum sealing, schematically presented in Fig. 2.3, was designed
and assembled by the Author of this thesis. The applied solution allowed for the
prior air evacuation of the quartz ampoule and subsequent argon filling. The ex-
ample of the sample sealed in an argon-filled quartz ampoule is shown in Fig.
2.2(b).

3-way valve

gas outlet

soutiet AN
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cutting torch _— ’

Fig. 2.3. The schematic representation of the self-made stand developed to seal metallic speci-
mens in argon-filled quartz ampoules.

In order to homogenize the samples and increase the degree of atomic order, the
Ni-Mn-Ga alloys should be annealed above the L2; 2 B2’ transformation tempera-
ture, which was described in detailed in Section 1.3.2. To ensure the proper an-
nealing conditions, preliminary differential scanning calorimetry (DSC) measure-
ments of the undoped as-cast NiggMns,Gay sample were carried out. Fig. 2.4
shows the DSC curve recorder for the aforementioned sample at 10 K/min heating
rate. The apparent characteristic small peak starting at Ty = 1028 K is connected
with the L2; 2 B2’ order-disorder transformation, whereas the significant endo-
thermic transformation at T, = 1362 K represents the melting process. In both
cases the temperature of transformation was evaluated from the onset tempera-
ture, as it less dependant on heating rate and mass of the sample [497]. Based on
the estimated Tpy and T, the temperature for annealing for all fabricated samples
was set to 1173 K (900°C), which was above the order-disorder transformation, but
still safety below the melting point.
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Fig. 2.4. The DSC curve recorder for the as-cast NissMnz2Gayo alloy at 10 K/min heating rate. The
inset shows the part of the curve with the characteristic distinctive transformation related to the
L2,2B2’ transformation starting at Tg, temperature. The Tr corresponds to the melting point of
the alloy.

In the next stage, the sealed specimens were annealed in a muffled furnace (Na-
bertherm) at an established temperature of 1137 K for 24 h with a 2 h preheating
stage. After annealing, the first group of alloys was immediately quenched in ice
water, the second group was removed from the furnace and cooled in room tem-
perature conditions and the third group was left inside the chamber to slowly cool
in the furnace (~1 K/min). The summary of the applied heat treatment conditions
is depicted in Fig. 2.5.
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Fig. 2.5. The heat treatment procedures applied for the fabricated NiMnGa-based alloys. The 3
main groups of materials were produced: (1) water cooled, (2) air cooled and (3) furnace cooled.
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2.2 Preparation of samples for experiments

After the fabrication process, the samples were removed from quartz tubes and
prepared according to the different experimental requirements. For each investiga-
tion, the cross-section slices from the cylindrical sample were cut on the wire Elec-
trical Discharge Machine (EDM). This approach ensures that each specimen was
exposed to the same temperature gradient during the production process and that
it will be characterized by comparable crystallographic texture. The received cross-
section slices were initially polished by grinding paper to remove any unwanted
oxidation.

For the X-Ray Diffraction (XRD) studies, the prepared slices of materials were first
mechanically cut into smaller pieces and then manually grinded using an agate
mortar and pestle. The same mass of the received powder was used during the X-
ray diffraction.

For the Differential Scanning Calorimetry (DSC) and Magnetic Thermogravimetry
(M-TG) measurements, one quarter of each cross-section slice was used. The dif-
ference between the mass of the samples was less than 5%.

For the Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy
(SEM-EDX), Atomic Force Microscopy (AFM) and Instrumented Nanoindentation
(NHT) examinations, the cut off slices were mounted in an acrylic resin and then
thoroughly polished. To ensure the flat oxide-free surface, the materials were
grinded from 800 to 4000 grit sanding paper and subsequently polished using 6 to
0.25 um diamond suspensions. For the final polishing step, the 0.05 um colloidal
silica suspensions were used. After all polishings steps, the specimens were rinsed
with distilled water and cleaned with the help of an ultrasonic cleaner.

For the Vibrating Sample Magnetometer (VSM) investigations, the thin needle-like
specimens were cut from the previously prepared samples. The needle shape of the
material, with a length to diameter ratio of more than 10, allowed reducing the
influence of the demagnetizing field [132].

2.3 Experimental methods

2.3.1 Polarised optical microscopy

The microstructures of the manufactured and thoroughly polished NiMnGa-based
materials were investigated by the optical microscope equipped with polarized
light and supplied as a module of the Nanoindentation Tester (NHT?, Anton Paar).
To eliminate the influence of the possible uneven thermal history of the heat treat-
ed alloys, prior to the observations, all specimens were cooled down to the temper-
ature of liquid nitrogen (~77 K) and then slowly warmed up to room temperature.
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2.3.2 Scanning Electron Microscopy (SEM) and Energy Disper-
sive X-ray Spectroscopy (EDX)

The detailed microstructure observations were performed using a Scanning Elec-
tron Microscope equipped with an Energy Dispersive X-ray Spectroscopy attach-
ment (SEM-EDX Quanta FEG 250, FEI). The SEM images were recorded by both
secondary electrons (SE) and backscattered electrons (BSE) detectors.

The SE are low-energy electrons emitted from the shallow surface of the sample
through interaction with the high-energy electrons of the primary beam (Fig 2.6).
The emission of SE electrons is strongly dependent from the incidence angle of the
primary beam, therefore, the SE signal is mostly influenced by the topography of
the sample. On the contrary, the BSE electrons are high-energy electrons from the
primary beam backscattered due to inelastic collisions with atoms from the surface
of the investigated specimen (Fig 2.6). As the atomic number of atoms from inves-
tigated material increases, the energy of the backscattered electrons also increases.
Consequently, the BSE emission reveals the variations in specimen atomic num-
ber, which is commonly known as material contrast or compositional contrast.
However, it is worth noticing that BSE emission is also influenced by other mech-
anisms including magnetic field or crystallographic orientation [498]. The crystal-
lographic orientation contrast is associated with the diffraction of electrons by the
lattice planes of the single grain. The intensity of this signal is weak and consider-
ably dependent on the angular relationship between incident electron beam and
observed crystal structure. As a result any changes in sample tilt or rotation allows
for identification if the signal originates from variations in atomic number or from
crystallographic orientation.

Incident electron beam

Characteristic X-rays (EDX)

atomic composition

Secondary Electrons (SE)
¢ topographical contrast

Backscattered Electrons (BSE)
l/ atomic number contrast

sample

Fig 2.6. The idea of scanning electron microscopy (SEM) and energy dispersive X-ray spectros-
copy (EDX). Secondary electrons are low energy electrons from the most shallow penetration
depth responsible for the topographic image. Backscattered electrons are high energy electrons
reflected or backscattered out of the sample dependent on the atomic number. Characteristic X-
rays are emitted from the sample when electrons from outer shell fill a vacancy in the inner shell
of an atom. The characteristic X-ray pattern is recorded by EDX detector.
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The energy dispersive X-ray spectroscopy detector analyses the X-ray signal emit-
ted from the investigated material due to interaction with the primary electron
beam (Fig 2.6). The electrons from the primary beam knock out the electrons from
the inner shells of atoms, which are subsequently replaced by electrons from outer
shells. When a high-energy electron from the outer shell occupies the place of a
low-energy electron, the energy difference is emitted in the form of X-ray spec-
trum. The generated X-rays are characteristics for the elements present in the
measured specimen. Hence, the EDS provides qualitative and quantitative infor-
mation about the chemical composition of the material.

Before the SEM-EDX observations the EDX detector was calibrated using high-
quality reference standards. For each investigated specimen the EDX analysis were
performed in at least 5 different random areas covering both the central and outer
part of the prepared cross sections. The final chemical composition of the manu-
factured NiMnGa-based alloys was calculated as an arithmetical mean of all con-
ducted EDX analysis.

2.3.3 X-Ray Diffraction (XRD)

The detailed crystal lattice investigations were conducted on an X-Ray Diffractom-
eter (XRD MiniFlex 600, Rigaku) equipped with a monochromator isolating Cu Ka
radiation (A = 1.5406 A). The XRD patterns were collected at a Bragg angle 26 be-
tween 20° and 85° with a step size of 0.02°. In order to follow the evolution of the
crystal lattice of the investigated samples during phase transformations, the XRD
measurements were performed at three different temperatures: 295 K, 320 K and
400 K with the help of supporting heating stage attachment (BTS 500, Anton Paar).
The schematic representation of the X-ray diffraction setup utilized in this thesis is
presented in Fig. 2.7.

heating stage

Fig. 2.7. Schematic representation of the X-ray diffraction setup equipped with the additional
heating stage.

During the measurement, the X-rays generated by a cathode tube are scattered by
atoms from crystal lattice of the samples because of the interactions with encoun-
tering electrons. The atomic plane of the crystal causes incident X-ray beams to
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interfere with each other while leaving the crystal. The constructive interference
occurs when the Bragg’s Law condition is satisfied [499]:

niA = 2dsin6 (2.2)

where d is the distance between the crystallographic planes, 6 is the incident angle,
A is the wavelength of the X-ray beam and # is an integer.

The d-spacing is characteristic to periodic arrangement of the unit cell, and thus it
allows for crystal lattice determination, if measured under different incident an-
gles. In the presented studies, the recorded experimental diffraction patterns were
subsequently evaluated according to the Rietveld refinement method [500] using
Profex software [501] based on the BGMN kernel. The computer-aided Rietveld
refinement requires the additional information about the examined crystal lattice
to perform the numerical fitting procedure. For the BGMN kernel the crystallo-
graphic information is represented in the special crystallography CIF file, which is
a standard file format recommended by the International Union of Crystallog-
raphy (IUCr) [502]. In the presented work, the CIF files for each identified phases
were created from scratch on the basics of most recent diffraction studies reviewed
in theoretical part of this thesis in Section 1.2. The applied CIF files are attached
in the Appendix A.

The main idea of Rietveld analysis is to refine an ideal diffraction pattern of the
modelled sample until the differences between the calculated model and experi-
mental XRD spectra are minimized. In order to estimate and quantify the degree of
this convergence, three most commonly used profile agreement indices, i.e. Ryp,
Rexp and GoF, were calculated during the refinement control. The first parameter is
the weighted profile R-factor (Ryyp) defined as [503]:

1
Ziwi(yci _yoi)2 2 (2.3)
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where y,; and y,; corresponds to the observed and calculated intensity values at 26;,
respectively, and wj is the weight described as [503]:
w 1 1
i = = 2.4
Dol (ot — Ga)) @4
where oly,i] represents the standard uncertainty and angle brackets ( ) indicates
the expected intensity values.

It is seen in Eq. 2.3 that Ry, compares the calculated model to the experimental
data by weighting the residual difference between experimental and calculated
diffraction patterns. As a result, during fitting procedure, the high intensity diffrac-
tion peaks are more significant than low intensity background, which seems rea-
sonable from the analytical point of perspective.



2.3 Experimental methods 67

The second agreement index is the expected R-factor (Rexp), Which assesses the
quality of the experimental data according to the following relation [503]:

N~

N-P ] (2.5)

Ziwiyoiz

where N is the number of data points and P is the number of refined parameters.

Rexp =

It should be noted that for the presented powder diffraction data, the overall value
of “N—P” is overwhelmingly dominated by N, thus P may be safely ignored. The
Rexp measure the quality of experimental data limited by the inevitable noise and
low peak intensities. From other perspective, it also indicates the best possible Ryp
that can be theoretically achieved for the particular data, as Ry, can converge, but
never be lower than the Reyp. Considering that fact, the third parameter known as
goodness of fit (GOF) is introduced to compare the Ryp to Rexp using the relation
[503]:
2

R
GOF = [ Wp] (2.6)
Rexp

The GOF estimates how close the refined diffraction pattern is to the ideal ex-
pected diffraction pattern considering the quality of experimental data. For the
theoretically perfectly converged fit the GOF is equal to 1.

2.3.4 Atomic Force Microscopy (AFM)

The microstructural characterisation was also supported by the comprehensive
studies on the Atomic Force Microscope (AFM XE-100, Park System). The surface
of the samples were scanned in contact mode (C-AFM) with the help of the PPP-
CONTR (NANOSENSORS) cantilever glued on the dedicated alignment chip. Ac-
cording to the specification provided by the manufacturer, the radius of the canti-
lever tip was less than 7 nm, which ensured reproducible images and superior res-
olution. The maximum scan area was limited to 45 um X 45 um. The additional
scanning parameters, such as scan frequency, proportional and integral gains or
force set point, were adjusted during measurements, depending on the current
surface properties.

In C-AFM, the flexible cantilever with a tip radius of a single nanometre remains
in a constant contact with the studied surface, i.e. the measurements are carried
out in a repulsive interaction regime. The laser beam, directed on the cantilever by
the optical system, is reflected on the position-sensitive photodiode (PSPD), which
is schematically depicted in Fig. 2.8. In this configuration, even slightest deflection
of the cantilever, caused by topographical deviations of the sample, is displayed on
the PSPD. The measurements are conducted in a feedback loop control, which
means that the system keeps a constant interaction between the tip and the sample
during scanning. Any topographical changes are compensated by the vertical posi-
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tioning system (z-drive), as the physical deflection of the cantilever is reckoned as
an error signal used for the feedback loop.

The final post-processing and analysis of the collected AFM images was carried
out using Gwyddion software [504]. The post-processing includes simple back-
ground levelling, height line correction and linear artifacts removal.

photodiode

laser

cantilever
with tip

|

Fig. 2.8. The schematic principle of working of contact AFM (C-AFM) working in feedback loop
control.

XYZ scanner

2.3.5 Differential Scanning Calorimetry (DSC) and Magnetic
Thermogravimetry (M-TG)

The martensitic transformation behaviour of the manufactured NiMnGa-based
alloys was investigated by the means of the Differential Scanning Calorimeter
(DSC 404C Pegasus, Netzsch). The heat flux DSC, schematically presented in Fig.
2.9(a), allows for simultaneous measurement of the temperature difference be-
tween the studied sample and the reference side. Due to the different heat capaci-
ties of the investigated material and the reference side (e.g. empty pan), any first-
order transformations are observed as an increase or decrease in the measured
temperature difference, which is directly connected to the enthalpy of this transi-
tion. As a result, the DSC allows for indirect measurements of endothermic or exo-
thermic transformations undergoing during the heating or cooling process.

In the presented studies, all measurements were performed under a protective
argon atmosphere. The measurements were conducted in a heating and cooling
loop from 225 K to 425 K and subsequently from 425 K to 225 K with the same
heating and cooling rate of 10 K/min. In order to check the thermal stability of the
phase transformations, three consecutive loops were measured for each studied
alloy. The characteristic temperatures of the forward and reverse martensitic trans-
formations were determined by tangent method using corresponding endothermic
and exothermic peaks.
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Fig. 2.9. The schematic representation of (a) the heat flux differential scanning calorimetry
(DSC) and (b) the magnetic thermogravimetry (M-TG). Ts and Tr are the temperatures of sample
and reference side, respectively; AT is the temperature difference between Ts and Tg; Qsr is the
resulting heat flow difference.

The DSC technique is suitable for the investigation of the first-order transfor-
mations, such as considered martensitic transition, in which the latent heat is
evolved. On the contrary, second-order phase transformation, like magnetic transi-
tion, does not have accompanying latent heats, which restricts the usage of heat
flux DSC. In some systems with strong magnetostructural coupling, abrupt varia-
tions in heat capacity can be detected in the DSC signal as A-shape anomalies ob-
served close to the Curie temperature [505]. However, this is not a reliable univer-
sal method for defining the temperature of the magnetic transformation. Taking
into account this limitation, additional magnetic thermogravimetry (M-TG) stud-
ies were conducted on the Simultaneous Thermal Analyzer (STA 449 F1 Jupiter,
Netzsch). In the M-TG method, presented in Fig. 2.9(b), the precise balance
measures the relative mass of the sample during the heating or cooling process. If
the ferromagnetic material is exposed to the external magnetic field, the magnetic
Faraday force acts upon the sample, introducing the magnetic weight. Close to the
Curie temperature, the magnetic weight abruptly decreases or increases, which
results in substantial change in the TG signal. In the presented studies, the M-TG
measurements were carried out in a heating 2 cooling loop from 350 K to 425 K
and from 425 K to 350 K at the same constant heating/cooling rate of 10 K/min.

2.3.6 Vibrating Sample Magnetometry

The characterization of the magneto-thermo-structural properties of the manufac-
tured magnetic shape memory alloys was carried out using the Vibrating Sample
Magnetometer (VSM) unit from the VersaLab System (Quantum Design). The
VSM instrument operates according to the Faraday’s induction law:

V=g~ (@&)@ @

where V'is the induced voltage, ¢ is time, @ is the magnetic flux and z is the current
vertical position of the magnetic sample.
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During measurement, the investigated ferromagnetic sample is exposed to an ex-
ternal magnetic field that aligns its magnetization according to the direction of the
external field. This specimen, characterized by the magnetic dipole moment, vi-
brates vertically in a pickup coil in a strictly defined manner (Fig. 2.10). As a con-
sequence of a time-dependent position change, the voltage is induced in the
pickup coil. Taking into account the Eq. 2.7, the induced voltage is proportional to
the magnetic moment of the investigated material.

vibration
unit

sample pick-up coils
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Fig. 2.10. The vibrating sample magnetometer setup operating on the basis of Faraday’s induc-
tion law. Hext represents the external magnetic field generated by the electromagnet.

In the presented studies the temperature dependence of magnetization under low
external magnetic field of 100 mT was collected from 70 K to 370 K following the
zero-field cooled (ZFC) and field cooled (FC) protocols with constant heating and
cooling rates of 10 K/min. In ZFC mode the investigated specimen was firstly
cooled to 70 K without external magnetic field. At 70 K the constant magnetic field
of 100 mT was applied and then the measurement were performed following the
increasing temperature up to 370 K. Next, in FC mode the magnetization of the
sample was measured during cooling from 370 K to 70 K under the same constant
external magnetic field of 100 mT. The relatively low magnetic field was chosen to
reduce the influence of strong magnetocrystalline anisotropy of the produced mul-
tifunctional Heusler alloys on their magnetization process [506].

2.3.6.1 Low of approach to magnetic saturation

The magnetic DC hysteresis loops were also recorded at 100 K and 320 K or 360 K
under an external magnetic field of up to 2 T. The selected temperatures were es-
tablished to cover the magnetization process of both the low-temperature austenite
phase and the high-temperature martensite phase.

The recorded hysteresis loops were subsequently used to estimate the effective
magnetocrystalline anisotropy of each fabricated Heusler alloy in both austenitic
and martensitic state according to the low of approach to magnetic saturation (LoA)
[507]. However, in order to use the LoA model correctly, some important assump-
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tions have been made. First of all, the LoA model refers to the high field magneti-
zation process where H > Hc, thus only the last 5% of magnetization (M > 0.95Ms)
were used for the actual fitting procedure. The proposed assumption is also sup-
ported by the fact that in the selected magnetization range the recorded hysteresis
loops were full closed, which suggests that all hysteretic processes can be neglect-
ed, as the further increase in magnetization is mainly govern by the rotation of
magnetic domains and not by the domain wall movement. The selected high field
magnetization curves were then analysed following the low of approach to mag-
netic saturation model [507]:

M(H) = Ms(l - % - I%) + yH (2.8)
where M; is the magnetization saturation, a is the coefficient related to the local
structural inhomogeneities (i.e. non-magnetic inclusions, point-like defects or in-
ternal microstresses) [508], b is the actual coefficient defining the magnetocrystal-
line anisotropy [508,509], and the last term yH corresponds to the high field spon-
taneous magnetization (i.e. the magnetic moment increases by itself due to Zee-

man splitting) [508].

Depend on the magnetization behaviour of investigated hysteresis loop, the Eq. 2.8
can be expressed in different forms. For the soft magnetic materials with low coer-
civity and high initial magnetic permeability, the coefficient a may be neglected, as
it plays a significant role only in relatively low magnetic fields [507,510]. In such
case the Eq. 2.8 is simplified to:

M(H) = Ms(l - }%) + yH (2.9)

On the other hand, for materials with lower permeability, the coefficient a may
have considerable influence even at relatively high magnetic fields. In this situa-
tion the high field spontaneous magnetization term yH can be ignored, because it
becomes dominant at very high magnetic fields [507,510]. As a result, the Eq. 2.8 is
then expressed as:

M(H) = Ms(l & i) (2.10)

Depend on the observed magnetization behaviour of high-temperature austenite
phase and low-temperature martensite phase, the coefficient b were estimated fol-
lowing the Eq. 2.9 and Eq. 2.10, respectively. The coefficient b and magnetization
saturation Ms determined from the applied fitting were subsequently used to calcu-
late the effective magnetic anisotropy constant K in terms of the relation:

2
b= c(#K]e\flf ) (2.11)
0+¥s

where c is the constant related to the crystal structure of the investigated material
and yo is the magnetic permeability constant.
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Knowing the structural anisotropy of the examined alloy from other microstruc-
tural studies, the K¢ were finally calculated as:

b
Kett = “OMS\/; (2.12)

2.3.7 Nanoindentation (NHT)

The micro- and nanomechanical properties of the produced NiMnGa-based Heu-
sler alloys were investigated in detail with the help of the Nanoindentation Tester
(NHT?, Anton Paar). The selection of this sophisticated characterization technique
was forced by the small sizes of the fabricated materials, as conventional methods
for examining mechanical properties are commonly destructive and require large
bulk samples. Additionally, the NHT method allows for the determination of sub-
tle differences of mechanical properties across the microstructure of the sample
that are normally averaged in conventional mechanical testing.

2.3.7.1 The Oliver and Pharr approach

In the traditional hardness test, which forms the basis for the instrumented inden-
tation, the hardness is calculated on the basis of the size of the penetration imprint
left by the rigid probe and the applied static load. In this situation, no additional
information on the elastoplastic deformation process is provided. In case of in-
strumented indentation, the current applied load and the indentation depth are
continuously recorded throughout the loading and unloading sequence. Owing to
this, the collected load-displacement curve (Fig. 2.11(b)) contains significant in-
formation on both plastic and elastic properties of the examined material. The
most popular and commonly used method to quantitatively analyse the load-
displacement curve is the Oliver and Pharr procedure originally proposed and de-
scribed in [511] and later developed in [512]. This approach was also applied in the
presented studies.
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Fig. 2.11. The idea of the instrumented nanoindentation test. (a) Dependence of applied load
(Fmax) versus time (t) during the load-control indentation. (b) The resultant load-displacement
curve recorded during the indentation. (c) The corresponding displacement of the indenter dur-
ing the indentation. The following characteristic stages of the indentation test are distinguished:
A-B loading at constant loading rate, B-C dwell at maximum load and C-D unloading at constant
unloading rate. The hmax is the maximum depth, hc is the contact depth and hs is the final depth.
The unloading stiffens is denoted as S (S = dF/dH). The plastic and elastic deformation energy is
indicated as an area under the corresponding loading and unloading part of the load-
displacement curve.

The method proposed by Oliver and Pharr assumes that the loading process is gov-
erned by elastic and plastic deformation, whereas the unloading process is domi-
nated only by elastic deformation (Fig. 2.9(b)). The characteristic parameters that
may be obtained directly from the load-displacement curve are maximum load
(Fmax), maximum depth of indentation (hnmax), the elastic stiffness (S) defined as an
initial slope during unloading (S = dF/dh) and the final depth of indentation (k).
The noticeable difference between hn,.x and h¢ arises from the elastic nature of the
material and is observable as a characteristic sink-in during maximum load (Fig.
2.9(c)). This elastic behaviour requires the introduction of the true corrected con-
tact depth (h.) at which the indenter is in full contact with the sample:

R
Pe = Mg — s 222 (2.13)
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where ¢ is a geometry-dependant parameter of the indenter. In the presented stud-
ies, the three-sided pyramidal Berkovich indenter characterized by € = 0.75 was
used.

The proper estimation of h. is essential to calculate the true projected contact area
A. The contact area strongly depends on the geometry of the indenter, so any devi-
ations from the ideal shape of the indenter tip must be compensated. To do that,
the so-called area function is introduced. The area function is established on the
basis of the calibration performed on standard fused quartz prior to the actual test-
ing. What is important, the determined area function does not have a physical
meaning and describes only the experimental calibration data. In the presented
study, the area function is defined as:

7 .
A=Coh+ Y G (2.14)
i=1
where Cj and C; (i = 1-7) are the polynomial coefficients of the obtained from the
calibration data fitting.

The calculated contact area may be finally used to determine the instrumented
hardness (Hir) of the sample using the same relation as in case of the traditional
hardness measurements, which is:

F
HIT = IIIXIX (215)

The estimated hardness is related to the plastic properties of the sample. When it
comes to elastic properties, the contact area and stiffness during unloading can be
used to calculate the reduced elastic modulus (E;) defined as:

_SVz
28VA

where (8 is the dimensionless geometrical correction factor equal to 1.034 for the
Berkovich indenter.

E, (2.16)

The reduced elastic modulus specifies the elastic properties of the sample-indenter
pair. Knowing the exact elastic properties of the diamond indenter, the elastic
modulus of the examined material (Eyr) is estimated using the following relation:

1— g2

Erp=— S

71 1-v2 (2.17)
E, E;

where s is the Poisson’s ratio of the sample, and v; and E; are the Poisson’s ratio
and the elastic modulus of the indenter, respectively.
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Further analysis of the load-displacement curve allows for estimation of the energy
dissipated during indentation. The plastic energy (W) and elastic energy (W) cor-
respond to the areas below the loading and unloading part of the curve, respective-
ly (Fig. 2.9(b)). The distinction between elastic and plastic deformation energy is
important to discuss the deformation behaviour of the investigated material. Con-
sidering this, the fraction of elastic energy in total deformation energy is defined as
the elastic energy ratio (nr) and is expressed as follows:

_ W™

2.3.7.2 Nanoindentation mapping

In order to investigate the mechanical properties across the surface of the fabricat-
ed materials, the nanoindentation mapping technique was applied. In this tech-
nique, the single indentations are arranged in a uniform grid that covers the cer-
tain area of the sample. The statistical analysis of the data collected from this grid
allowed for subsequent mapping of mechanical properties.

The single nanoindentation test was conducted in the load control mode with a
maximum load of 50 mN. The loading and unloading rate was set to 100 mN/min
with 10 s dwell at maximum load. The measurements were arranged in a 15 x 15
indentation grid with 15 um space between neighbouring measurements, which
results in a 210 um X 210 um map covered with 225 indentations. The preliminary
study shows that the applied distance between the indentations prevents the adja-
cent measurements from having a mutual impact on their mechanical properties.
Each single indentation was subsequently analysed according to the aforemen-
tioned Oliver and Pharr protocol. Finally, each indentation in a grid was character-
ized by hardness (Hir), elastic modulus (E;r) and elastic energy ratio (r).

The obtained mechanical properties were subsequently subjected to statistical
analysis. It is worth mentioning that there is no clear well-established methodolo-
gy for such evaluation. This situation is caused by the large number of different
investigated group materials and their various mechanical properties. In some ap-
proaches to indentation mapping, the authors analyse each mechanical property
independently [513-516], whereas in other works the analysis is performed con-
sidering combined mechanical properties [517-520]. In addition, the statistical
tools and methods described in the literature, including histograms [515], proba-
bility density functions (PDF) [513], cumulative density functions (CDF) [514,516],
or clustering algorithms [517-520], also differ between the numerous studies re-
ported on this topic. After the comprehensive examination of different statistical
approaches, the Author of this thesis developed a proprietary methodology
adapted to the studied metallic polycrystalline Heusler materials, which is summa-
rized as flow chart in Fig. 2.12.
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output: verified labeled dataset
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Assessment of nanoindentation mapping
based on local mechanical properties and ~-e4—————
corresponding microstructural features

Fig. 2.12. Flow chart representing the nanoindentation mapping analysis methodology devel-
oped and applied in the presented thesis.

After preliminary studies, the produced NiMnGa-based alloys were assumed to be
single phase materials characterized by austenite or martensite structure at room
temperature without unwanted secondary phases. However, the probable different
orientations of the austenite grains or the characteristic texture of the martensite
laths may influence the distribution of the local mechanical properties of the fabri-
cated materials. To include these deviations in the statistical analysis, the deconvo-
lution method was incorporated into the presented methodology.
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The first assumption for the deconvolution process is the strong relationship be-
tween the plastic and elastic properties of the materials. It means that each inden-
tation is characterized by two subsidiary values: elastic modulus and hardness that
may be plotted against each other (Hjy versus Eir). If the mechanical properties of
different microstructural features vary, certain groups of points will be observable,
each corresponding to a different feature. However, in most situations, the number
of groups (microstructural features) is not so evident and requires additional clus-
tering to gain significant information about the dataset. In the proposed methodol-
ogy, the two-dimensional Gaussian Mixture Model (2D GMM) was used as a prob-
abilistic model for data clustering [521]. In general, the idea behind 2D GMM is to
find a two-dimensional Gaussian distributions of probability that best models the
input data. On its basis, it assumes that the investigated dataset originates from
Gaussian distributions, which is a characteristic distribution for mechanical prop-
erties testing. Taking these assumptions into account, each indentation data point
is expressed as a mixture of Gaussians with the following probability density func-
tion:

K
p(x) = Y P N(X. thier Zi)
k2l (2.19)
D d=1
k=1

where K is the number of Gaussian components, ¢, is the weight of each k-
Gaussian, ux is the mean of k-Gaussian and Xy is the covariance of k-Gaussian.

The first equation shows that each investigated data point is a linear combination
of K Gaussian distributions represented by mean and covariance. The second
equation indicates that the weight coefficients must sum up to 1. Additionally, the
groupwise covariances structure assuming the different means and covariances of K
Gaussian distributions were used in this studies. In a view of discussed equations,
the GMM is a linear superposition of K Gaussian distributions. However, it is also
seen that the GMM is a generative probabilistic model for density estimation ra-
ther than a pure clustering algorithm. Due to that fact, it requires a determination
of the number of Gaussian components (clusters) in the dataset. If the number of
components (microstructure features) is known from other studies, it may be used
in a model as a recognized known value. The best fitting parameters for each
Gaussian will then be evaluated following the Expectation-Maximization (EM)
algorithm [522]. However, in many situations, the number of components is un-
known. In such a case, since GMM is basically a probability distribution, the like-
lihood of the optimal number of clusters can be evaluated using some analytic cri-
teria. In the following methodology, the Bayesian Information Criterion (BIC) was
used [523]. The BIC compares the models with different numbers of components
previously optimized by the EM algorithm. The model characterized by the lowest
BIC is considered the best fitting model that indicates the most probable number
of clusters. What is especially significant, the use of BIC, instead of assumed num-
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ber of components, makes the deconvolution results less dependent on the opera-
tor.

The proposed methodology for nanoindentation grid data analysis (Fig. 2.12) al-
lowed to evaluate the number of different microstructural features on the tested
areas of studied samples, as well as determine their corresponding mechanical
properties. Furthermore, after clustering, each single indentation was labelled ac-
cording to the corresponding cluster, allowing the localization and identification of
particular microstructural feature. The labelled indentations were also finally used
to estimate the average values of the elastic energy ratio for each microstructural
component of the studied MSM materials.



Results and discussion

3.1 Microstructure and crystallography

3.1.1 Microstructure in macroscale

The first stage of microstructural characterisation of the fabricated NiMnGa-based
multifunctional alloys was the microstructural analysis using polarised optical
microscopy. The usage of polarised light allows to reveal the microstructural fea-
tures of the investigated metallic materials without the additional chemical etch-
ing process, that is required in case of standard optical microscopy. Fig. 3.1 pre-
sents the images for the water cooled reference undoped NissMn3;Gayg alloy and
Co—doped Ni43M1’131G8.20C01, Ni4gMn30G320C02 and Ni48M1’128G320C04 alloys, while
Fig. 3.2 shows the images for the alloys in which Co was gradually substituted by
Fe, i.e. Ni43MD28G320C03F61, NisoMl’lszaleOzFez, Ni48M1’128G320C01F63 and
NisgMny3GayoFe,s alloy. The presented micrographs are organized in a way that
shows two different areas for the same investigated sample. It is clearly seen in
Fig. 3.1 and 3.2 that due to the exposition to polarized light, the grain boundaries
are evident in every investigated alloy. The slight differences in the intensity of the
blue colour correspond to the different crystallographic orientation of individual
grains of martensite laths. The observable colour contrast is also more noticeable
at grain boundaries being the interface between two neighbouring grains. One
needs to bear in mind that grain boundaries are classified as defects in the crystal
lattice and that defects will be exposed in polarised light microscopy.
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(a) NizgMn3z2Gayg water cooled

(b) NisgsMn31GazCoy

(C) Ni48Mn30Gaz()COz

(d) Ni43Mn28Gaz()CO4

Fig. 3.1. Polarised light microscopy images of the water cooled (a) NisxMns2Gaz, (b)
NisgMn31Gaz0Co1, () NisgMn30GazCo, and (d) NisgMn2sGazoCos Heusler alloys.
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(a) NizgMnygGagnCosFeq water cooled

(b) N i50Mn25Ga21 COzFez

(C) N i43Mn28GagoCo1 Fe3

(d) Ni43Mn28Ga20Fe4

Fig. 3.2. Polarised light microscopy images of the water cooled (a) NisgMn2gGaxoCosFei, (b)
NisoMn25Gaz1CozFey, (€) NisgMn2sGazoCoiFes and (d) NisgMnasGazoFes Heusler alloys.
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In is seen in Fig. 3.1 and 3.2 that all fabricated water cooled NiMnGa-based mate-
rials are characterised by single phase microstructure free of any additional un-
wanted phases. It confirms that the addition of Co, Fe, or Co and Fe up to 4 at.% is
fully soluble in the proposed Ni-Mn-Ga compositions after the heat treatment pro-
cedure. Furthermore, at room temperature, the NissMns,Gay, NiggMn3;GayCoy,
NisgMn3pGazCoy, NisggMnysGaCoiFes and NiggMnysGasoFey alloys are in the aus-
tenitic state, whereas NiysMn,sGaygCoy, NiysMn,gsGa,oCosFe;q and
NisgMn,5Ga,;Co,Fe, are in the martensitic state, which indicates the counter in-
fluence of Co and Fe on the martensitic transformation temperature. Interestingly,
some post-martensitic textures (marked by a circle in Fig 3.1(c)) were also ob-
served for the Nis;gMn3oGayCo, alloy. The indicated post martensitic reliefs are
located only in some part of austenitic grains and their morphology differs from
that of the conventional martensitic structure depicted in Fig. 3.1(d) and 3.2(a)-

(b).

What is worth noticing, both austenitic and martensitic microstructures inherited
the characteristic texture created during the cooling process. In all microstructures
presented in Fig 3.1 and 3.2 the individual grains are elongated and arranged
along one preferred direction, which reflects the heat gradient propagation during
the fast water cooling process. As can be seen in the samples in the austenitic form
(Fig. 3.1(a)-(c) and Fig. 3.2(c)-(d)), the individual grains are relatively large,
ranging in width from 100 to 500 um and length up to a single millimetre. In the
case of martensitic alloys, the martensite laths are arranged within the boundaries
of the former austenite phase. Depending on the crystallographic features of the
prior austenite grains, the martensitic structure is characterized by various mor-
phologies, differing by the specific boundary misorientations and sizes of single
laths. No other evident differences between the microstructure of the Co-doped
and Co-Fe-doped samples were noticed. However, the gradual substitution of Co
by Fe results in the shift of the martensitic transformation temperature, which
does not have the substantial influence on the particular austenite or martensite
microstructure.

When it comes to air cooled NiMnGa-based Heusler materials, Fig. 3.3 and 3.4
present the Co-doped and Co-Fe-doped alloys, respectively. The arrangement of
these figures is the same, as in case of the water cooled samples (Fig. 3.1 and 3.2).
Again, it is clear that the same alloys exhibit an austenitic or martensitic micro-
structure. The austenitic phase is present in the NisgMn3,Gayg, NiggMn3;GazoCos,
Ni43M1’130G8.20C02, Ni4gMn28G820C01F63 and Ni48Mn28Ga20Fe4 alloys, while the
martensitic phase is present in the NisgMny3GazoCos, NisggMnysGazoCosFe; and
NisoMn,sGaz; Co,Fe, alloys. This time, no post-martensitic relief was observed in
any air cooled materials, including the NissMn3GayoCo, sample.

The sizes of individual austenite or martensite grains of air cooled samples are
similar to those of water cooled ones. In contrast, air cooled samples exhibit less of
the distinctive texture that is affected by the heat gradient throughout the cooling
process. During optical microscopy investigations, the lack of an evident texture
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direction was mostly apparent in the centre of the austenitic specimens. For in-
stance, this loss of microstructure texture can be seen in the NisgMn3;GazCo; (Fig.
33(b)), Ni4gM1’l30G8.20C02 (Flg 33(C)) and Ni4gMn28G3.20C01F63 (Flg 3.4(0)) al-
loys. On the other hand, in the case of air cooled materials in the martensitic state,
the strong directional texture is still observed across the whole examined cross
sections (Fig. 1(d) and Fig. 2(a)-(b)). The difference in cooling rates between the
water and air medium did not cause any additional noticeable variations in the
microstructural properties, despite these minor variations in the texture.

Regarding the slowest cooling alloys, Fig. 3.5 and 3.6 presents furnace-cooled
NiMnGa-based samples arranged similarly to water and air cooled materials, i.e.
Fig. 3.5 shows alloys with Co doping and Fig. 3.4 depicts samples where Fe gradu-
ally replacing Co. What is interesting, for the furnace cooled Heusler materials, the
variations in microstructural features caused by very slow cooling rate are different
for the Co-doped and Fe-Co-doped specimens.

When it comes to Co-doped alloys (Fig. 3.5), their microstructures generally looks
very similar to the corresponding water and air cooled samples. Despite the ex-
tremely slow cooling rate, these specimens still have the distinctive texture, mainly
on the outside of the investigated cross sections. Although the observed directional
texture is less prominent than in samples that were quickly cooled in water, the
elongation of the grains along the radial direction is still visible. The biggest differ-
ence in microstructural features between the water or air cooled sample and the
furnace cooled Co-doped alloys is found for the NissMn3;GasoCo; alloy depicted in
Fig. 3.5(a). It is seen that the microstructure of this alloy contains significantly
larger grains than those in corresponding water or air cooled samples, but also
those of other studied materials in austenitic state, regardless of their prior cooling
process.

The Co-Fe-doped alloys depicted in Fig. 3.6 showed the most substantial changes
between furnace and water/air cooled NiMnGa-based materials. For example, the
NissMn,sGazoCosFe; specimen, which was characterized by the martensitic struc-
ture for the water and air cooled materials, is nearly entire austenitic after furnace
cooling (Fig. 3.6(a)). Throughout the whole cross section of the investigated alloy,
only occasional post martensitic reliefs (depicted by a black circle in Fig. 3.6(a))
were identified. The morphology of these post-martensitic structures is very simi-
lar to the one observed for the water cooled NissMn3oGaCo, sample. It suggests
that these post martensitic reliefs appear close to the martensitic transformation
temperature and that slow furnace cooling shifts this temperature for the
NissMn,sGazoCosFe; alloy. For the Co-Fe-doped alloys, the fully martensitic struc-
ture is only observed for the NisyMn,sGa,;Co,Fe, sample, however, in this case,
the microstructural characteristics of martensite also differ from those of other
water and air cooled samples. The greatest difference is the size of the prior aus-
tenite grains that are significantly larger and less directionally textured in the fur-
nace cooled NisoMn,sGa, Co,Fe; alloy, resulting in larger and more uniform mar-
tensite laths (Fig. 3.6(b)). For the furnace cooled NiysgsMnysGayyCoFe; and
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NissMn,sGayoFe, alloys, their microstructure is almost identical to that of the cor-
responding water and air cooled samples. since they share the same grain sizes and
similar directional texture.

(a) NiggMn3z,Gayg air cooled

(b) NisgMn31GazoCoq

(c) Ni43Mn3oGazoC02

(d) Ni48Mn28GazoCO4

Fig. 3.3. Polarised light microscopy images of the air cooled (a) NissMn32Gaz, (b)
NiagMn31Ga20Co1, (€) NiagMn30GazoCo2 and (d) NissMn2sGaz0Co4 Heusler alloys.
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(a) Ni43Mn28GazoCO3Fe1 air cooled

(b) N i50Mn25G321 COzFez

(C) N i43Mn23GazoCO1 Fe3

(d) Ni43Mn28Ga20Fe4

Fig. 3.4. Polarised light microscopy images of the air cooled (a) NissMnysGaxCoszFei, (b)
NisoMn25Gaz1CozFey, (€) NisgMn2sGazoCoiFes and (d) NisgMnasGazoFes Heusler alloys.
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(a) NiggMnogGazoCosFeq furnace cooled

(b) N i50Mn25Ga21 COzFez

(C) N i43Mn23GazoCO1 Fe3

(d) NisgMnogGazoFes

Fig. 3.5. Polarised light microscopy images of the air cooled (a) NisgMn3zGaz, (b)
NisgMn31Gaz0Co1, () NisgMn30GazCo, and (d) NisgMn2sGazoCos Heusler alloys.
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Fig. 3.6. Polarised light microscopy images of the air cooled (a) NissMn2sGaxCoszFei, (b)
NisoMn25Gaz1CozFey, (€) NisgMnysGazoCoiFes and (d) NisgMn sGazoFes Heusler alloys.

The figures presented from Fig. 3.1 to 3.6 focus on the microstructural differences
between the NiMnGa-based alloys with different chemical compositions. In order
to illustrate and review the differences between various cooling techniques for
alloys with the same chemical compositions, the obtained images are also summa-
rized in Fig. 3.7 and 3.8. Fig. 3.7 presents the selected microstructure image of the
produced Co-doped Ni-Mn-Ga alloys for each cooling procedure and Fig. 3.8 de-
picts the further micrographs of the Fe-Co-doped alloys organise in the exact same
way.

water cooled air cooled furnace cooled

NisgMn3z2Gagg

Ni48Mn31 G820C01

Ni48Mn28GazoC04

Ni48Mn3oGaz()COz

w
S
S

=
3

Fig. 3.7. Polarised light microscopy images of the water, air and furnace cooled NissMn3z,Gazo,
NisgMn31Ga20Co1, NiagMn30GazoCoz and NisgMn2gGazeCos Heusler alloys. The uniform scale is pre-
sented in the bottom right hand corner.
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water cooled air cooled furnace cooled

Ni48Mn28G820C01Fe3 Ni50MI’]25G821COZFez Ni48Mn28Ga20003Fe1

Ni48Mn28Ga20Fe4

Fig. 3.8. Polarised light microscopy images of the water, air and furnace cooled
NissMn2gGazoCosFel, NisoMn2s5Gaz1CozFez, NissMnagGazeCoiFes and NisgMnagGazoFes Heusler al-
loys. The uniform scale is presented in the bottom right hand corner.

This direct comparison of different cooling procedures in Fig. 3.7 and 3.8 demon-
strates that the aforementioned differences between water, furnace and air cooled
samples are not so obvious and require the careful observations to see the dis-
cussed changes in microstructural features. Generally, the grain size in all fabri-
cated materials is comparable under different cooling conditions and the only ex-
ceptions were found for the austenitic NiszgMns3;GaoCo; and martensitic
NisoMn,sGa,; Co,Fe; alloys. At room temperature, all water, air and furnace cooled
Ni4gMI’l32Gazo, Ni4gMn31Ga20C01, Ni43M1’l30G3.20C02, Ni48angGa20C01Fe3 and
NisgMnysGayoFes alloys are in austenitic state, whereas NigsMn,sGayCos and
NisoMn,sGazCo,Fe, are in martensitic state. The only exception is the
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NisgMn,3GayoCosFe; alloy, which remains austenitic after extremely slow furnace
cooling but becomes totally martensitic after cooling in water or air.

3.1.2 Microstructure in microscale

Scanning electron microscopy investigations in secondary electrons and backscat-
tered electrons modes were carried out to study the topographical and material (or
crystallography) contrast of the produced NiMnGa-based multifunctional alloys.
The SEM observations were conducted at magnifications higher than those of op-
tical microscopy, because of the significantly larger magnification capability of this
technique. Fig. 3.9 presents the example SE and corresponding BSE images for the
same area of the sample for the reference Nis;sMns3,Gay,y and Co-doped
NisgMn3;GazpCo;, NiggMnszpGazyCo, and NiggMnysGazoCoys alloys. The equivalent
SE and BSE images for the Fe-Co-doped NissMny3GazyCosFe;,
NisoMn,sGaz; CosFe,, NisggMnysGazpCo;Fes and NisggsMnysGayoFey alloys are shown
in Fig. 3.10.

It is important to keep in mind when discussing SE images that the prepared spec-
imens were carefully polished without any additional chemical etching. Because of
this, the final topography of the sample should theoretically be perfectly flat,
which consequently results in negligible SE contrast. This assumption was con-
firmed for all water cooled alloys in austenitic state, including NissMn3;Gay,
NissMn3;GazCo; and NiggMnsoGayCo, samples from Fig. 3.9, as well as
NissMn,sGa,oCo; Fe; and NigsMnygGayoFe, alloys from Fig. 3.10. The slight SE con-
trast observed for some aforementioned samples is caused by the fact that the SE
signal also, to some extent, depends on other local surface properties, such as crys-
tallographic alterations or changes in the atomic number of elements. When topo-
graphical features are absent from very flat samples, the typically ignored influ-
ence of other elements becomes more apparent and may eventually result in very
little contrast that can be still detectable. On the other hand, in the case of speci-
mens in martensitic state, i.e. NiggMnygGazCos, NisigMnosGa,oCosFe; and
NispMn;,sGaz;CoyFe, alloys, the observed SE contrast may stem from the actual
topographical deviations. This is because the martensitic structure is distinguished
by specified micrometric relief that affects the completely flat surface due to its
crystallographic nature. The intensity of this contrast is obviously affected by the
local morphology of the particular martensitic structure, therefore it may differs
between the studied samples. For the water cooled alloys, the highest topograph-
ical contrast is observed for the NisgMnysGazoCosFe,, sample depicted in Fig.
3.10(a).

The BSE signal, which is mostly influenced by the atomic number of elements and
partially by crystallographic orientation, may provide additional information about
the microstructure of the material for the flat, unetched metallic samples. For all of
the examined water cooled alloys, it is generally observed that material contrast is
relatively low. Even at high magnification, there are no unexpected precipitations
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or secondary phases to be seen in the presented micrographs, which supports the
consistent single-phase microstructure of the manufactured materials. The slight
contrast observed in the BSE images is related to the different crystallographic ori-
entation of large austenite grains or martensite laths for alloys in the austenitic or
martensitic state, respectively. In such a case, the intensity of the BSE contrast de-
pends on the level of crystallographic disorientation between the neighbouring
grains. This phenomenon occurs at random across the cross sections of all pro-
duced alloys and do not depends on chemical composition or heat treatment con-
ditions. For instance, for the water cooled materials in austenitic state the high
BSE contrast is observed for the NissMn3;GazoCo; (Fig. 3.9(b)) or NissMnysGasoFey
(Fig. 3.10(d)) alloys, whereas almost unnoticeable contrast is seen for the
NissMn3,Gayg (Fig. 3.9(a)) or NiggMnysGagCo,Fes (Fig. 3.10(c)) sample. It should
be emphasized that the images discussed here are consistent with previous polar-
ized light microscopy studies (Section 3.1.1).

In regards to air cooled NiMnGa-based alloys, Fig. 3.11 and 3.12 shows the SEM
images of the air cooled specimens that are presented similarly to Fig. 3.9 and 3.10.
Fig. 3.11 depicts the reference and Co-doped alloys, while Fig 3.12 shows the Fe-
Co-doped materials. Again, no additional secondary phases are observed in all
studied multifunctional Heuslers, confirming the single-phase microstructure of
water cooled materials. Furthermore, the origin of both SE and BSE signals is de-
termined by the same conditions as in the aforementioned water cooled Heuslers.
Thus, the SE and BSE images presented in Fig. 3.11 and 3.12 are mostly influence
by the local morphology of the martensite phase or crystallographic misorientation
of austenite grains, respectively. The highest SE and the corresponding BSE signal
is observed for the NiygMn,sGayoCosFe; alloy (Fig. 3.12(a)) characterized by rela-
tively large martensite laths, which form a notable topographic relief and also dif-
fers by crystallographic orientation. When it comes to specimens in austenitic
state, the majority of the studied alloys reflect almost undetectable BSE contrasts
and the most evident difference between the BSE signal of neighbouring grain is
seen for the NissMn,sGa,oCo,Fes alloy depicted in Fig. 3.12(c). It should be also
stressed that no additional significant differences between water and air cooled
materials were noticed during the SEM investigation.

Concerning the slowest cooled NiMnGa-based specimens, Fig. 3.13 and 3.14 pre-
sents the furnace cooled Co-doped and Fe-Co-doped alloys, respectively. These
figures are arranged in the same way as in the case of water and air cooled sam-
ples. It can be observed once more that furnace-cooled alloys are single-phase ma-
terials with no unfavourable secondary phases. It demonstrates the good solubility
of Co and Fe in Ni-Mn-Ga composition, which does not require the fast cooling to
increase the saturation of the alloying elements. In addition, the general micro-
structure of furnace cooled materials shown in Fig. 3.13 and 3.14 is comparable to
that of water and air cooled materials, demonstrating the differences in crystallo-
graphic orientation of large austenite grains.
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It is interesting to note that the NissMn,3Ga,oCosFe; alloy is found in an austenitic
state after furnace cooling (Fig. 3.14(a)), while it is fully martensitic after water
(Fig. 3.10(a)) or air cooling (Fig. 12(a)). The presented SEM findings are in line
with optical microscopy investigations.

(a) NiggMn32Gayg water cooled

(b) NiggMn3z,GazCoy

(c) NisgMn3pGazCo2

(d) Ni48Mn23GazoCO4

Fig. 3.9. SEM images obtained with the SE and BSE detector for the water cooled (a)
NisgMn32Gazo, (b) NissMn31Gaz0Co1, (€) NisgMn3zoGazeCoz and (d) NisgMnagGazoCos magnetic shape
memory alloys.
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(a) NiggMn2sGazpCosFeq water cooled

(b) NisoMny5Gaz1CosFe;

(C) Ni48Mn23GazoCO1 F63

(d) Ni48Mn28GazoFe4

Fig. 3.10. SEM images obtained with the SE and BSE detector for the water cooled (a)
NisgMnasGazoCosFe1, (b) NisoMnasGaziCozFes, (€) NisgMnagGazoCoiFes and (d) NisgMnagGazoFes
magnetic shape memory alloys.
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(a) NiggMn32Gayg air cooled

(b) Ni43Mn31GazoCO1

(c) NisgMn3pGazCo>

(d) Ni48Mn23GazoCO4

Fig. 3.11. SEM images obtained with the SE and BSE detector for the water cooled (a)
Ni48Mn3zGazo, (b) Ni48Mn31GazoC01, (C) Ni4sMn3oGazoC02 and (d) Ni48ansGazoCO4 magnetic Shape
memory alloys.
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(a) NiggMn2sGazpCosFeq air cooled

(b) Ni50Mﬂ25G821C02F62

(C) Ni48Mn28GazoCo1 Fe3

(d) Ni43Mn23GazoFe4

Fig. 3.12. SEM images obtained with the SE and BSE detector for the air cooled (a)
Ni48ansGazoC03Fel, (b) NisoMn25G821C02Fez, (C) Ni48ansGazoC01Fe3 and (d) Ni43ansGazoFe4
magnetic shape memory alloys.
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(a) NiggMn3Gayg furnace cooled

(b) Ni48Mn31GaZOCo1

(C) Ni48Mn30Ga20002

(d) NiggMny3GagoCoy

Fig. 3.13. SEM images obtained with the SE and BSE detector for the furnace cooled (a)
NisgMn32Gazo, (b) NisgMn3z1GazoCoy, (c) NisgMn3zoGazeCo2 and (d) NisgMn2gGazoCos magnetic shape
memory alloys.
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(a) NiggMnysGazoCosFeq furnace cooled

(b) Ni50Mﬂ25Gaz1COQF62

(C) Ni43Mn28GazoCO1 Fe3

(d) NiggMnysGagoFey

Fig. 3.14. SEM images obtained with the SE and BSE detector for the furnace cooled (a)
NisgMnasGazoCosFe1, (b) NisoMnasGaziCoaFes, (€) NisgMnagGazoCoiFes and (d) NisgMnagGazoFes
magnetic shape memory alloys.
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3.1.3 Chemical compositions

The energy dispersive X-ray detector was used during SEM studies to evaluate the
final chemical composition of the fabricated alloys as well as the homogeneity of
their chemical compositions. The EDX analysis was performed randomly from
different areas of the specimens including both the central and the outer parts of
the studied cross sections. It should be noted that the chemical composition for
each investigated material was almost constant across the entire studied area and
the difference between the atomic percentage was less than 0.2 at.% for all ele-
ments used for the particular alloy. The high homogeneity of the chemical compo-
sition was observed for all manufactured NiMnGa-based materials. Moreover, nei-
ther the low nor high cooling rates achieved by the water/air or furnace cooling
process contribute to the segregation of additional doping elements, i.e. Fe and/or
Co.

Fig. 3.15-3.17 presents the example of recorded EDX spectra for water, air and
furnace cooled NiMnGa-based alloys, respectively. In order to highlight the peaks
related to the doping elements, the Fe and Co symbols were bolded and under-
lined. It is clearly seen in all figures that the obtained characteristic X-ray spectra
contains only well defined peaks related to the used Ni, Mn, Ga, Co or Fe ele-
ments. Furthermore, the continuum X-ray background is comparatively low and
no undesired peaks from typical contaminating elements, such as carbon, oxygen
or nitrogen, are also observed. For Ni-Mn-Ga Heusler alloys, this is particularly
challenging to obtain because of the high oxygen affinity of Mn. The collected EDX
spectra confirm that the proposed methodology for the fabrication of NiMnGa-
based materials, described in Section 2.1, provides the pure uncontaminated bulk
alloy characterized by the desired chemical composition.
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Fig. 3.15. The example of EDX spectra collected for the water cooled (a) NisisMnz2Gazo, (b)
NisgMn31GazoCo1, (€) NisggMn3pGazoCoz (d) NisgMnasGazoCos, (€) NissMnygsGazeCosFer, (f)
NisoMn25Gaz1CozFes, (g) NisgMnagGazoCoiFes and (h) NisgMnasGazoFes magnetic shape memory
alloys. The doping elements Co and Fe are bolded and underlined.
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(a) NiggMn3z2Gazg Mn Ni air cooled (e) NiggMnzsGazoCosFeq Ni air cooled
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Fig. 3.16. The example of EDX spectra collected for the air cooled (a) NisgMnz.Gazo, (b)
NisgMn31GazoCo1, (€) NisggMn3pGazoCoz (d) NisgMnasGazoCos, (€) NissMnygsGazeCosFer, (f)
NisoMn25Gaz1CozFes, (g) NisgMnagGazoCoiFes and (h) NisgMnasGazoFes magnetic shape memory
alloys. The doping elements Co and Fe are bolded and underlined.
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Fig. 3.17. The example of EDX spectra collected for the furnace cooled (a) NissMnz,Gazo, (b)
NisgMn31GazoCo1, (€) NisggMn3pGazoCoz (d) NisgMnasGazoCos, (€) NissMnygsGazeCosFer, (f)
NisoMn25Gaz1CozFes, (g) NisgMnagGazoCoiFes and (h) NisgMnasGazoFes magnetic shape memory
alloys. The doping elements Co and Fe are bolded and underlined.
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The high quality of the X-ray spectra shown in Fig. 3.15-3.17 ensures the reliable
outcome of the quantitative EDX analysis. Due to the aforementioned low devia-
tion of chemical composition of the examined materials, the final chemical com-
position of individual alloys was evaluated as an arithmetical mean from five dif-
ferent areal EDX analysis. The experimentally determined chemical composition
together with the formerly designed composition are summarized in Table 3.1. It
is seen that the final chemical compositions of alloys fabricated in a two stage
melting process followed by high temperature annealing are in good agreement
with the designed compositions. Additionally, alloys with the same chemical com-
position exposed to a different cooling procedures exhibit the same chemical com-
positions with atomic percentage deviations that do not surpass 0.1 at.%.. These
results confirm the good homogeneity of produced alloys in the whole volume of
material, as water, air and furnace cooled samples were prepared from the same
single specimen produced in a two stage melting procedure. Following a consistent
EDX analysis, the valence electron concentration e/a and the non-bonding elec-
trons concentration N¢/a were calculated using the experimentally determined
chemical compositions. The average value of at.% from water, air and furnace
cooled materials were taken for further calculations, however it should be men-
tioned that neglectable difference between the at.% did not influence the final val-
ue of e/a and N./a.

The physical explanation of the valence electron concentration is described in de-
tail in the theoretical part of this thesis in Section 1.6.1. For the fabricated
NiMnGa-based materials doped by Co and/or Fe, the e/a was calculated according
to the following relationship:

_ 10 - Niat% +7- Mnat% +3- Gaat% +9. COat% + 8- Feat%

e/la = - 3.1
Nlat% + Mnat% + Gaat% ( )

where 10, 7, 3, 9 and 8 are the number of valence electrons derived for outer elec-
trons configuration of the corresponding Ni (3d34s?), Mn (3d°4s?), Ga (4s4p'), Co
(3d"4s%), and Fe (3d%4s?), respectively.

The nature of non-bonding electrons concentration was also comprehensively de-
scribed in the theoretical part of the thesis in Section 1.6.2.4. The calculation of
N./a parameter required the prior estimation of the number of non-bonding elec-
trons e, in individual elements expressed as:

€h = E— NWS (32)

where E is the number of valence electrons and Nws is the corrected electron den-
sity parameter derived from the Miedema’s empirical model.
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The Nws obtained from for the Miedema’s model for the used elements is 5.36,
4.17, 2.25, 5.36 and 5.55 for Ni, Mn, Ga, Co and Fe, respectively [332,333]. Taking
into account the Nws and abovementioned number of valence electrons for the
examined elements, the e, is equal to 4.46, 2.83, 0,75, 3.64 and 2.45 Ni, Mn, Ga, Co
and Fe, respectively. Following the obtained values of e,, the Ne/a parameter was
estimated as follows:

4.64Niy; o + 2.83Mnyg; o + 0.75Ga, ¢ + 3.64C0,; 4 + 2.45Fey; o

N./a = -
¢ Nigsq + Mng; ¢ + Gag g

(3.3)

The calculated e/a and N./a parameters for all produced NiMnGa-based materials
are as well listed in Table 3.1. These electronic parameters are used in the later
part of the thesis to discuss their dependence on the structural, magnetic and me-
chanical properties of fabricated multifunctional Heusler alloys. Here, it is worth
noticing that the alloy defined by NisoMn;sGa,;Co,Fe, composition were designed
with the different Ni/Mn ratio, but still comparable e/a parameter, as rest of the
fabricated NiMnGa-based materials. This was done intentionally to determine
whether the influence of electronic parameter outweighs the presence of alloying
elements represented by both Fe and Co.
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Table 3.1. The summary of the chemical compositions determined from EDX analysis for the
produced water, air and furnace cooled NiMnGa-based alloys. The electronic parameters e/a and
Ne/a were calculated on the basis of the average values of at.% from water, air and furnace
cooled samples.

Alloy El. Base Water Air Furnace e/a Ne/a
(at.%) (at.%) (at.%) (at.%)

NisgMn3,Gazo Ni 48 48.2 48.3 48.3 7.67 3.21
Mn 32 323 32.1 32.2
Ga 20 19.5 19.6 19.5

NisgMn31GazoCo; Ni 48 48.4 48.4 48.5 7.70 3.22
Mn 31 31.0 31.1 31.1
Ga 20 194 19.4 19.3
Co 1 1.2 11 11

NizgsMn3oGazoCos Ni 48 48.6 48.6 48.7 7.72 3.23
Mn 30 29.7 29.6 29.6
Ga 20 19.5 19.6 19.5
Co 2 2.2 2.2 2.2

NizgMn28Gaz0Coa Ni 48 48.3 48.3 48.4 71.76 3.25
Mn 28 28.0 28.0 28.0
Ga 20 194 19.4 19.4
Co 4 4.3 4.3 4.2

NisgMn2gGazoCosFex Ni 48 48.6 48.7 48.6 T7.75 3.23
Mn 28 27.1 27.1 27.1
Ga 20 19.7 19.6 19.7
Co 3 3.2 3.2 3.1
Fe 1 1.4 1.4 15

NisoMn2s5Gaz1CozFes Ni 50 50.2 50.2 50.2 7.76 3.23
Mn 25 24.9 24.9 24.9
Ga 21 20.3 20.2 20.3
Co 2 2.1 2.2 2.1
Fe 2 2.5 2.5 2.5

NisgMn2sGazoCorFes Ni 48 48.6 48.6 48.7 7.73 3.21
Mn 28 27.1 27.1 27.1
Ga 20 19.6 19.6 19.6
Co 1 1.1 11 1.0
Fe 3 3.6 3.6 3.6

NisgMnysGazoFes Ni 48 48.2 48.1 48.2 1.72 3.19
Mn 28 27.8 27.9 27.8
Ga 20 194 19.4 19.4

Fe 4 4.6 4.6 4.6
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3.1.4 X-Ray crystallography

The strong coupling between crystal lattice and multifunctional properties of Ni-
Mn-Ga Heusler alloys are described in the theoretical part of the presented thesis.
In light of the foregoing introduction, the detailed X-ray diffraction studies of the
produced NiMnGa-based materials were performed at room temperature (295 K)
as well as at elevated temperatures equal to 320 K and 400 K. The preliminary
studies shows that the structural differences between water, air and furnace cooled
alloys with the same chemical compositions are comparable at room temperature
and at higher temperatures. In view of this preliminary findings and considering
the long measuring times of X-ray patterns, the temperature dependent XRD stud-
ies were conducted only for the alloys that were cooled in water. For the air and
furnace cooled materials the X-ray spectra were collected only at room tempera-
ture. All measurements were performed with the same scanning conditions, which
were thoroughly explained in Section 2.3.3.

The qualitative and quantitative evaluation of the recorded XRD patterns were
carried out following the Rietveld refinement method. Fig. 3.18-25 presents the
results obtained from the Rietveld analysis for the NiszgMn3,Gazg, NigsMn3;GaoCoy,
Ni43MD30G8.20C02 Ni4gMn28Ga20C04, Ni4gMn28Ga20C03Fe1, NisoMn25G821C02Fez,
NissMn,sGa,oCo;Fe; and NiggMnysGayoFe, alloys, respectively. All figures are ar-
ranged in the same manner, including the XRD spectra for the water cooled sam-
ples recorded at 295 K, 320 K and 400 K, as well as corresponding XRD patterns for
the air and furnace cooled samples collected at 295 K.

In all fabricated NiMnGa-based magnetic shape memory materials the austenitic
phase was characterized by L2; unit cell arranged in the cubic Fm3m space group
(no. 225). Moreover, the following Wyckoff atomic positions: 8c (0.25, 0.25, 0.25),
4a (0, 0, 0) and 4b (0.5, 0.5, 0.5) were identified for the main Ni, Mn and Ga atoms,
respectively (the crystallography file for the identified phase is attached in the Ap-
pendix A). What is interesting, no water, air or furnace cooled alloy exhibits a to-
tally austenitic structure at room temperature. This is particularly of concern when
viewed in conjunction with the previously discussed microstructural observations
suggesting that martensitic phase is present only in NigMnygGazCos,
NissMn,sGazCosFe; and NisoMnysGas;CosFey, alloys. In contrary to previous as-
sumptions, the XRD studies performed at room temperature reveal that some
amount of the residual martensitic phase exhibits in almost all investigate materi-
als. This is mainly seen close to the highest intensity (220) peak of austenite phase
at 26 = 44°, where the characteristic bimodal distribution is observed for all exam-
ined samples, except the fully martensitic NisgMnysGayoCos alloy. The Rietveld
refinement indicates that the low intensity peak responsible for this bimodal dis-
tribution is, with the highest likelihood, related to the non modulated martensite
phase. This NM martensite is well defined by tetragonal crystal structure of
I4/mmm space group (no. 139) in which Ni, Mn and Ga atoms occupies the 4d (0,
0.5, 0.25), 2b (0, 0, 0.5) and 2a (0, 0, 0) Wyckoff positions, respectively (the detailed
crystallography file is also attached in the Appendix A). On the one hand, the
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amount of the NM martensite in alloys previously identified as austenitic is rela-
tively low, as it is mainly manifested close to the main (220) austenite peak. On the
other hand, the influence of NM martensite peak is clearly visible in the collected
XRD spectra and cannot be ignored during further examination. This minor occur-
rence of NM martensite phase suggests that it may originates from residual micro-
structural stresses remaining in the sample volume. These residual stresses pro-
vides a local driving force for martensitic transformation that may undergo at low-
er temperatures than in stress-free material. It is important to note that the residu-
al stress may result both from thermal history of the alloy as well as from the re-
peated forward and backward martensitic transformation. In the presented work,
the fabricated alloys were subjected to the same number of several heating and
cooling cycles that may induced some local internal stresses in their microstruc-
tures. These explanations of the presence of NM martensite is also supported by
the fact that the NM martensite (112) peak close to 26 = 43° is observed to a vary-
ing extent for the alloys with the same chemical composition but exposed to the
different cooling procedures. This phenomenon is clearly demonstrate by the ex-
ample of the NiszsMns3,Gayy (Fig. 3.18), NisggMnysGayCo Fes (Fig. 3.24) or
NissMn,sGayoFe4 (Fig. 3.25) samples, where the influence of NM martensite com-
ponent in the overall XRD spectra is noticeably more distinct for the furnace
cooled specimens than for the water cooled samples. The presented findings point
out that both the thermal and structural transformation history plays an important
role in the crystal structure of NiMnGa-based Heusler alloy.

The non-modulated martensite is not the only martensite type that was discovered
during the XRD studies. For the neighbouring Co-doped NisgsMn3;GayyCo; (Fig.
3.19) and NissMn3oGazCo, (Fig. 3.20) alloys the characteristic additional peaks
components close to NM martensite phase peaks at 20 approximately equals to
45°, 63° and 77° were identified during the Rietveld refinement. These additional
components of XRD spectra collected at room temperature cannot be explained
only by NM martensite phase, hence implying the existence of modulated struc-
tures. The complexity of modulated martensite, for example expressed by the
number of Bragg’s positions in X-ray spectra (Fig. 3.19-3.20), restricts the detail
evaluation of this structures with the help of only XRD method and require more
sophisticated neutron diffraction techniques. This issue was already introduced
and discussed in the theoretical part of the thesis in Section 1.2.2.2. However, de-
spite the aforementioned difficulties, both 5M and 7M martensite structures were
employed for the preliminary Rietveld refinement analysis. Examinations of both
modulated martensite structures showed that 5M modulation significantly better
matches the experimental data than 7M modulation. The same reliable fitting out-
comes were obtained for the both NisgMnsGayCo; (Fig XXX) and
NissMn3pGa,oCo, (Fig XXX) alloys after every cooling procedure, which is reflected
by the small discrepancy between the observed and theoretically predicted XRD
patterns expressed by blue solid line in Fig. 3.19 and 3.20, respectively. Taking this
fitting consistency into account the 5M modulated structure, defined by monoclin-
ic unit cell of P2/m space group (no. 10), were used in this work to describe the
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observed modulation of martensite phase (crystallography file is attached in the
Appendix A). Surprisingly, the modulation of martensite disappears with the fur-
ther increase of Co addition, because the water, air and furnace cooled
NissMn,sGazoCoy, alloy is defined by solely NM tetragonal martensite, as depicted
in Fig. 3.21. Furthermore, other Co-doped or Fe-Co-doped Heusler materials
showed no evidence of martensite modulation.

The vanishing of residual unstable NM martensite phase is clearly observed on the
example of the water cooled materials for which the additional XRD spectra were
recorded at 320 K and 400 K, and presented in Fig. 18(a)-25(a). It is seen that for
all investigated water cooled alloys characterized by small volume of NM marten-
site at room temperature (295 K), i.e. NiggMnsGaz, NiggMns3iGazeCoy,
Ni4gMn30G3.20C02, Ni43MH23G320C03F€1, NisoMn25G321C02Fez, Ni48Mn28Ga20C01Fe3
and NiggsMnysGayoFeys alloy, the amount of residual martensitic phase begins to
decreases at 320 K and completely disappears at 400 K. The only exception is the
NissMn,sGazoCoy alloy, which is entirely martensitic at room temperature and also
at 320 K. For this alloy characterized by the highest amount of Co, the first evident
indications of high-temperature austenitic phase is observed at 400 K, however,
even at such elevated temperature, the NM martensite still predominates. The
stated observations supports the previous findings that the observed bimodal dis-
tribution of the main (220) austenite peak is related to the existence of NM tetrag-
onal martensite, which should generally disappears with the increasing tempera-
ture as is seen for fabricated NiMnGa-based materials.

Additionally, the temperature dependent XRD studies of the water cooled samples
revealed the different thermal stability of the NM and 5M modulated martensite
identified for the NissMn3;GazCo; (Fig. 3.19(a)) and NiygMn3oGayCo, (Fig.
3.20(a)) alloys. In both presented materials, the influence of martensite modula-
tion vanishes completely at 320 K, whereas the NM martensite is still observed at
the same temperature and disappears only at 400 K. Furthermore, the direct com-
parison of XRD patterns for the NiszgMn3;GazCo; (Fig. 3.19) and NisgMn3oGayCo,
(Fig. 3.20) materials that were cooled in water, air and furnace reveals that the
furnace cooled samples have the highest levels of the 5M martensite and the wa-
ter-cooled samples have the lowest levels. This suggests that high cooling rate sta-
bilizes the NM martensitic structure, while low cooling rates allows for additional
structural modulations of martensite. These behaviour is in accordance with gen-
eral theory indicating the notably better stability of NM martensite in comparison
to SM and 7M modulated structures. The detailed explanation of the martensitic
phase stability were provided in theoretical part of the thesis in Section 1.2.2.
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Fig. 3.18. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NisgMn3,Gazo alloy. The red points, black solid line and blue
solid lines represent the observed and calculated XRD spectra of the investigated sample, as well
as their difference. The short vertical green and violet lines show the positions of the Bragg re-
flections for L2; austenite and NM martensite, respectively.
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Fig. 3.19. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NissMn31GazoCo; alloy. The red points, black solid line and
blue solid lines represent the observed and calculated XRD spectra of the investigated sample,
as well as their difference. The short vertical green, violet and brown lines show the positions of
the Bragg reflections for L2; austenite , NM martensite and 5M martensite, respectively.
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Fig. 3.20. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NissMn3pGazoCo; alloy. The red points, black solid line and
blue solid lines represent the observed and calculated XRD spectra of the investigated sample,
as well as their difference. The short vertical green, violet and brown lines show the positions of
the Bragg reflections for L2; austenite , NM martensite and 5M martensite, respectively.
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(a) NizgMn3sGazoCo4 - water cooled

295 K * observed

—~ | — calculated

3 — difference

S | NM martensite

> |

2

.9 A A A‘

£ I [ (| I I |
320 K * observed

—~ | — calculated

=3 — difference

S | NM martensite

2> 4

‘®

C

5] Py

£ 7 Il I I I Il |
400 K e observed

~ | — calculated

3 — difference

S | L2, austenite

2 4 | NM martensite

‘®

C

g

£

20 30 40 50 60 70 80

28 (°)
(b) NisgMnzsGazoCos - air cooled
295 K e observed

~ | — calculated
S — difference
S | NM martensite
2> 4
‘®
C
..q_). R
£ I jI}{‘I | (| I i |

20 30 40 50 60 70 80

26 (°)
(c) NiggMnysGayoCoy - furnace cooled

295 K e observed
| — calculated
— difference
| NM martensite
- J

4/‘

20 30 50 60 70 80
20 (°)

Intensity (a.u.)

Fig. 3.21. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NissMn2gGazoCos alloy. The red points, black solid line and
blue solid lines represent the observed and calculated XRD spectra of the investigated sample,
as well as their difference. The short vertical violet and green lines show the positions of the
Bragg reflections for L2; austenite and NM martensite, respectively.
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Fig. 3.22. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NisgMn23GazoCosFe; alloy. The red points, black solid line
and blue solid lines represent the observed and calculated XRD spectra of the investigated sam-
ple, as well as their difference. The short vertical green and violet lines show the positions of the
Bragg reflections for L2; austenite and NM martensite, respectively.
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(a) NisoMn25Gaz1CoyFe; - water cooled
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Fig. 3.23. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NisopMn25Gaz1CozFe; alloy. The red points, black solid line
and blue solid lines represent the observed and calculated XRD spectra of the investigated sam-
ple, as well as their difference. The short vertical green and violet lines show the positions of the
Bragg reflections for L2; austenite and NM martensite, respectively.
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(c) NiggMnysGayoCoFes - furnace cooled
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Fig. 3.24. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NisgMn23GazoCoiFes alloy. The red points, black solid line
and blue solid lines represent the observed and calculated XRD spectra of the investigated sam-
ple, as well as their difference. The short vertical green and violet lines show the positions of the
Bragg reflections for L2; austenite and NM martensite, respectively.
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Fig. 3.25. Rietveld refinement of XRD patterns recorded at indicated temperatures for the (a)
water, (b) air and (c) furnace cooled NisgMnsGaxoFes alloy. The red points, black solid line and
blue solid lines represent the observed and calculated XRD spectra of the investigated sample,
as well as their difference. The short vertical green and violet lines show the positions of the
Bragg reflections for L2; austenite and NM martensite, respectively.
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Fig. 3.18-3.25 are mainly focused on direct comparison of XRD patterns collected
for the examined alloys exposed to different cooling conditions. In order to show
the structural evolution of the produced NiMnGa-based materials induced by ele-
mental doping, Fig. 3.26-3.28 provides the XRD spectra obtained at room temper-
ature for all the investigated water, air and furnace cooled alloys, respectively. Fol-
lowing the path of Co and subsequent Fe doping, it is clearly seen that the refer-
ence undoped NisggMns3;Gayg alloy is predominantly characterised by austenitic
phase, mainly defined by (220), (400) and (422) peaks of the cubic Fm3m structure.
Moreover, previously aforementioned presence of NM martensite phase, manifest-
ed as a slight (112) peak of tetragonal I4/mmm structure, is also observed for the
reference water, air and furnace cooled samples (Fig. 3.26-3.28). With the increas-
ing Co content, the intensity of this (112) martensite peak starts to increase, indi-
cating that the amount of martensite grows at the expanse of austenitic phase. For
the NissMnysGayoCoq alloy with the highest Co content, the presented XRD spectra
reveal the fully martensitic structure identified by its characteristic (112), (200),
(004), (220), (204) and (312) peaks. On the contrary, when Co is gradually substi-
tuted by Fe, the reverse trend of structural evolution is observed for the produced
Heusler materials. This time, the amount of austenite phase starts to increase at
the expanse of NM martensite, which is particularly evident in an increase in the
(220) austenite peak and simultaneous decrease in the (112) and (200) NM mar-
tensite peaks. For the final NiggMnysGaxoFe, alloy with the highest content of Fe,
the XRD spectra reveals the high predominance of austenite phase over the NM
martensite phase, comparable to the reference NiggMn3,Gayy sample.

It should be highlighted that the direct comparison of XRD patterns for alloys with
different chemical compositions shown in Fig 3.26-3.28 allows for more accurate
distinction of 5M modulated martensite structure found in the NisgsMnsz;GayoCo;
and NisgMn3GayCo; alloys. The existence of the five-layered martensite modula-
tion is manifested as the additional component of XRD spectrum close to (220)
austenite peak (close up in Fig 3.26-3.28). The other extra components originating
from modulated martensite were also noticed closed to (400) and (422) austenite
peaks. As it was stated before, the least thermally stable furnace cooled samples
shown in Fig. 3.28 exhibit the strongest signs of the presence of 5M modulated
martensite.
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Fig. 3.26. The XRD patterns obtained at room temperature (295 K) for the water cooled

NisgMn32Gazo,

NizgMn31GazoCos,

NizgMn30Gaz0Cos,

NisgMn28GazoCoa,

NisgMn,sGazoCosFes,

NisoMn5Gaz1CozFes, NisgMnagGazCoiFes and NisgMnysGazoFes magnetic shape memory alloys.
The peaks corresponding to the L2; austenite, NM martensite and 5M modulated martensite are
indicated by circle, square and triangle symbol, respectively.



3.1 Microstructure and crystallography 117

air cooled 295K
O L24 austenite
O NM martensite - —
S N
g i
. o
N|48Mn28Ga20Fe4 0
N
—~ AN
8 2
&3 o
Ni4gMn23GazoCO1Fes (e} A
S g9 T N
g 88 882
Ni5oMngsGaz1COQFez O o O O o |
—— A\ /C\T
=N\ ~ S
- =~ =9 T N NN ] I
. < o S N2 AN =
S g 88 3§48 g @
:g Ni43angGaz()C03Fe1 O (@) o O O o -
.a D g
g _ < 2
£ g ) < N o
8 8 8§ ¢ 0
Ni48MnggGazoCO4 | O O o
NG A N r=Ye)
N
V 5M martensite a3
S < [V
=) [N
3 s =0
. 3 5 || E
NisgMn3oGasgCo, vO \v/ —_
QO
V 5M martensite ~ ST\
g || 2o
3 o <
NisgMn31GazoCo1 VO v —_
Q0
AN
o
— — P~
S g || £
Ni4gMn32Ga20 (0] o o
T T T — — T T T T T T T T T T T T
20 30 40 50 60 70 80 42 44 46 48
20 (°) 26 (°)

Fig. 3.27. The XRD patterns obtained at room temperature (295 K) for the air cooled
NisgMn32Gazo, NizgMn31Gaz0Co1, NissMn30GazpCoz, NisgsMnsGazoCos,  NisgMnagGazoCosFes,
NisoMn5Gaz1CozFes, NisgMnagGazCoiFes and NisgMnysGazoFes magnetic shape memory alloys.
The peaks corresponding to the L2; austenite, NM martensite and 5M modulated martensite are
indicated by circle, square and triangle symbol, respectively.
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Fig. 3.28. The XRD patterns obtained at room temperature (295 K) for the furnace cooled
NisgMn,sGazoCosFes,

NisgMn32Gazo,

NizgMn31GazoCos,

NizgMn30Gaz0Cos,

NisgMn28GazoCoa,

NisoMn5Gaz1CozFes, NisgMnagGazCoiFes and NisgMnysGazoFes magnetic shape memory alloys.
The peaks corresponding to the L2; austenite, NM martensite and 5M modulated martensite are
indicated by circle, square and triangle symbol, respectively.
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In a matter of qualitative description of crystal structure of the produced NiMnGa-
based multifunctional alloys, the Rietveld refinement analysis presented in Fig.
18-25 allowed to estimate the crystal lattice parameters for the individual austenit-
ic and martensitic phases identified in the fabricated water, air and furnace cooled
samples. Table 3.2 shows the summary of the performed Rietveld analysis for all
evaluated alloys depicted in Fig. 18-25. The refinement results presented in Table
3.2 include the crystal lattice parameters for the cubic austenite, tetragonal NM
martensite and monoclinic 5M modulated martensite, as well as the related
agreement indices (Rwp, Rexp and GOF) representing the actual refinement quality.
The mathematical definition of each refinement factor is given in the experimental
part of the thesis in Section 2.3.3.

First of all, it should be emphasised, that according to the presented agreement
factors, all performed refinements are characterized by reliable and consistent fits.
Regarding R-factors, the low values of Reyp, below 2.5 for all the investigated sam-
ples, indicates the high-quality data with negligible noise and background influ-
ence. Moreover, it is widely accepted in the crystallographic community that a
successful fit requires the GOF of less than 4. In the majority of the presented re-
finements, the GOF is typically less then 2.0, and occasionally only slightly above
2.0, which suggests an excellent convergence between the recorded XRD patterns
and proposed crystallographic model of the produced NiMnGa-based materials.
Apparently, one has to bear in mind that strictly mathematical background of the
abovementioned agreement indices could lead to a scenario in which the wrong
crystallographic solution achieves an excellent match that is solely characterized
by low values of Ryyp, Rexp and GOF. In a view of this, two things should be priori-
tized in Rietveld analysis: first, decreasing the discrepancy between predicted and
observed XRD patterns, and second, mathematical agreement factors. This com-
plementary approach was used for the presented Rietveld refinements, with par-
ticular attention devoted to the discrepancy between crystallographic model and
the observed XRD spectrum. These differences in XRD patterns were already de-
picted as blue solid lines in Fig. 18-25, demonstrating the satisfactory accuracy of
the proposed crystallographic models. Based on that crystallographic solution, the
additional convergence of experimental and recorded XRD patterns were carried
out to minimize the aforementioned refinement agreement factors. As a result, the
obtained low values of Ryp, Rexp and GOF, summarized in Table 3.2, provides a
reliable information about the quality of the accomplished fits.
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Table 3.2. Crystal lattice parameters obtained from the Rietveld refinement of the XRD patterns
recorded at different temperatures for the produced water, air and furnace cooled NiMnGa-
based alloys. The identified and refined phases include cubic austenite (Fm3m, no. 225), tetrag-
onal martensite (/4/mmm, no. 139) and monoclinic 5M modulated martensite (P2/m, no. 10). The
agreement factors Rwp, Rexp and GOF specifies the quality of the performed fits.

NisgMn32Gazo
Water cooled Air cooled Furnace cooled
295K 320K 400 K 295K 295K
Austenite [Fm3m)]
a(A) 5.850 5.844 5.844 5.846 5.843
Veell (A3) 200.2 199.6 199.6 199.8 199.5
NM martensite [14/mmm]
a(A) 4,034 3.998 4,039 3.973
c(A) 6.255 6.285 6.239 6.354
c/a 1.551 1.572 1.545 1.599
Vel (A3) 101.8 100.5 101.8 100.3
Agreement factors
Rwp 3.31 3.21 4.66 4.03 3.31
Rexp 1.87 2.31 2.26 2.01 2.16
GOF 1.77 1.39 2.06 2.00 1.53

NizsMn31GazCo1

Water cooled Air cooled Furnace cooled
295K 320K 400 K 295 K 295 K
Austenite [Fm3m)]
a (R) 5.845 5.841 5.839 5.843 5.839
Veell (A3) 199.7 199.3 199.1 199.5 199.1
NM martensite [14/mmm]
a (R) 3.985 3.982 3.996 3.971
c(A) 6.331 6.328 6.302 6.373
c/a 1.589 1.589 1.577 1.605
Veell (A3) 100.5 100.3 100.6 100.5
5M martensite [P2/m]
a(A) 4.199 4.197 4.199
b (A) 5.692 5.636 5.681
c (R) 20.85 20.97 20.89
B 90.3 90.3 90.3
Vel (A3) 498.3 496.1 498.3
Agreement factors
Rwp 3.02 5.00 4.30 2.46 2.95
Rexp 1.94 2.30 2.28 1.87 1.92

GOF 1.56 2.17 1.89 1.32 1.54
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Ni43Mn30GazoCOz
Water cooled Air cooled Furnace cooled
295 K 320K 400 K 295 K 295 K
Austenite [Fm3m)]
a (7—\) 5.838 5.831 5.830 5.835 5.833
Veell (A3) 1.990 198.3 198.2 198.7 198.5
NM martensite [14/mmm]
a(A) 3.961 3.952 3.957 3.955
c(A) 6.372 6.368 6.357 6.383
c/a 1.609 1.611 1.607 1.614
Vel (A3) 100.0 99.5 99.5 99.8
5M martensite [P2/m]
a(A) 4.197 4.197 4.198
b (A) 5.638 5.636 5.632
c(A) 20.949 20.970 21.045
B 90.3 90.3 90.3
Vel (A3) 495.7 496.1 497.6
Agreement factors
Rwp 2.79 3.36 4.68 2.74 3.02
Rexp 1.99 2.23 2.34 1.92 2.01
GOF 1.40 1.49 2.00 1.43 1.50
NizsMn,sGaz0Co4
Water cooled Air cooled Furnace cooled
295K 320K 400 K 295K 295K
Austenite [Fm3m)]
a(A 5.815
Vel (A3) 196.6
NM martensite [14/mmm]
a (i—\) 3.902 3.903 5.815 3.900 3.904
C (A) 6.457 6.444 6.422 6.458 6.452
c/a 1.655 1.651 1.646 1.656 1.653
Vel (A3) 98.3 98.2 97.7 98.2
Agreement factors
Rwp 3.75 4.48 3.02 4.35 4.10
Rexp 1.71 2.23 2.32 1.86 1.77
GOF 2.19 2.01 1.30 2.34 2.32
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Ni4sMn23GazoC03Fel
Water cooled Air cooled Furnace cooled
295K 320K 400 K 295K 295K
Austenite [Fm3m)]
a (A) 5.822 5.818 5.814 5.821 5.823
Veell (A3) 197.3 196.9 196.5 197.2 197.4
NM martensite [14/mmm]
a(A) 3.920 3.932 3.917 3.929
c (A) 6.421 6.395 6.426 6.401
c/a 1.638 1.626 1.641 1.629
Veell (A3) 98.7 98.9 98.6 98.8
Agreement factors
Rwp 2.94 3.45 3.84 3.60 3.42
Rexp 2.05 2.27 2.34 2.03 1.87
GOF 1.43 1.52 1.64 1.77 1.83
NisoMn2s5Ga,;1Co,Fe,
Water cooled Air cooled  Furnace cooled
295K 320K 400 K 295K 295K
Austenite [Fm3m)]
a (A) 5.815 5.812 5.808 5.818 5.810
Vel (A3) 196.6 196.3 195.9 196.9 196.1
NM martensite [14/mmm]
a(h) 3.914 3.908 3.915 3.910
c(A) 6.443 6.419 6.446 6.441
c/a 1.646 1.642 1.646 1.647
Veell (A3) 98.7 98.0 98.8 98.5
Agreement factors
Rwp 3.45 3.02 3.40 4.46 3.64
Rexp 1.87 2.31 2.33 1.97 1.83
GOF 1.84 1.31 1.46 2.26 1.99

NissMn,gGazoCoiFes

Water cooled Air cooled Furnace cooled
295K 320K 400 K 295K 295K
Austenite [Fm3m)]
a (A) 5.832 5.826 5.825 5.827 5.832
Veell (A3) 198.4 197.8 197.7 197.9 198.4
NM martensite [14/mmm]
a (A) 3.952 3.965 3.947 3.957
c (R) 6.365 6.312 6.366 6.351
c/a 1.611 1.592 1.613 1.605
Vel (A3) 99.4 99.2 99.2 99.4
Agreement factors
Rwp 2.79 2.68 3.84 3.00 2.95
Rexp 1.89 2.22 2.28 2.07 2.09

GOF 148 121 1.68 1.45 141
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Ni48ansGazoFE4

Water cooled Air cooled Furnace cooled
295K 320K 400 K 295K 295K
Austenite [Fm3m)]
a (A) 5.836 5.832 5.831 5.832 5.834
Veell (A3) 198.8 198.4 198.3 198.4 198.6
NM martensite [14/mmm]
a(A) 3.967 3.986 3.962 3.973
c (A) 6.336 6.274 6.343 6.321
c/a 1.597 1.574 1.601 1.591
Vel (A3) 99.7 99.7 99.6 99.8
Agreement factors
Rwp 3.58 3.32 4.19 2.85 2.65
Rexp 1.87 2.18 2.19 1.92 2.02
GOF 1.91 1.52 191 1.48 131

To visualise some most important crystallographic data attached in Table 3.2, the
supporting figures were additionally developed and presented below. Fig. 3.29
depicts the values of crystal lattice parameters for the cubic austenite and tetrago-
nal NM martensite for all the examined alloys exposed to different cooling condi-
tions. The presented plots are expressed as a function of doping elements, i.e. the
left part of the Fig 3.29 shows the Co-doped samples, whereas the right part of the
plot presents the Fe-Co-doped materials (the exact at.% of doping elements are
presented on the x axis). The following study ignores the lattice parameters for the
5M modulated martensite since this structure was observed only in two composi-
tions (NissMn3;GazCo; and NissMn3oGayoCo, alloy — Table 3.2), thus limiting the
ability to draw any valuable conclusions from the few data.

In the cubic austenite L2, unit cell (Fig 3.29(a)), it can be observed that the lattice
parameter a decrease almost linearly, with the increasing Co content and then
increase linearly, when Co is gradually substituted by Fe. The observed changes in
estimated lattice parameter are not spectacular, as for the water cooled Co-doped
alloys the a drops from 5.850 A for the NigMn3,Gasg sample to 5.838 A for the
NisgMn3pGazoCo, specimen and then increase for the Fe-Co-doped alloys from
5.822 A for the NissMnysGayCosFe; sample to 5.836 A for the NijgMn,sGagoFey
specimen (Table 3.2). Interestingly, the slight, but noticeable difference between
the austenite lattice parameter are observed for the materials with the same chem-
ical composition, but fabricated using different cooling procedure. In almost all
presented cases the highest values of a were estimated for the water cooled sam-
ples, whereas for the air and furnace cooled materials the values of a differ be-
tween the equivalent chemical compositions. It should be also noted that the
NisoMn,sGay;CoyFe, alloy clearly stands out from the other produced materials
due to a different Ni/Mn ratio (Fig 3.29(a)). It shows that the Ni/Mn ratio, as op-
posed to Fe and Co elemental doping, has a greater influence on the lattice param-
eter for Fe-Co-doped NiMnGa-based alloys.
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The tetragonal unit cell of NM martensite is characterized by two lattice parame-
ters a and c, graphically presented in Fig. 3.29(b). Similarly to the austenite phase
(Fig. 3.29(a)), the changes in lattice parameters of martensite are also almost line-
ar, which is represented by corresponding dotted lines. Once again, the influence
of Fe doping on lattice parameters of NiMnGa-based Heusler alloys is in direct
opposition to the effect of Co doping. For the Co-doped samples the basal length a
decreases with the increasing Co content and then slightly increases when Co is
gradually substituted by Fe. At the same time, the unit cell height ¢ notably in-
creases with the increasing Co content and than decreases with the ongoing Fe
doping. When it comes to differences between the water, air and furnace cooled
alloys they are mainly observed for the Co-doped samples, as furnace cooled mate-
rials exhibits significantly lower changes in both lattice parameters than water and
air cooled specimens (Fig. 3.29(b)). These differences vanishes for the
NissMn,sGazoCo,s alloy and can be disregarded for additional Fe doping. The
aforementioned initial increase in c, followed by the gradual decrease, occurs at
higher rate than the opposite changes in a. Therefore, as shown in Fig 3.29(c), the
variations in lattice parameter ¢ governs the tetragonality (c/a) of the NM marten-
site unit cell. It can be seen that the tetragonality of the NM martensite for differ-
ently cooled alloys behaves analogously as ¢ parameter shown in Fig. 3.29(b). For
example, the tetragonality for the water cooled alloys changes from 1.550 for the
NissMn3,Gayo sample to 1.655 for the NissMn,sGazoCoq alloy and back to 1.597 for
the NiggMn,sGayoFes sample.

Lastly, it is worth mentioning that, the NisoMn,sGa,;Co,Fe, alloy differs from oth-
er samples in terms of the lattice characteristics and tetragonality of NM marten-
site, just like it does with the austenitic phase. This is manly due to the previously
mentioned differences in Ni/Mn ratio, which are significant in determining the
crystal lattice parameters of NiMnGa-base Heusler alloys.

The previously introduced temperature dependent XRD investigations of the water
cooled NiMnGa-based alloys, followed by Rietveld refinement summarized in Ta-
ble 3.2, also provide some important information about the crystallographic nature
of the fabricated Heusler materials. Fig. 3.20 presents the lattice parameters of the
austenite and NM martensite phase as well as the tetragonality parameter for the
water-cooled samples obtained at 295 K, 320 K and 400 K. The figure is arrange in
the same way as Fig. 3.29, exposing the division between Co-doped and Fe-Co-
doped specimens.

As can be clearly seen in Fig. 3.30(a), the cubic austenite phase, which is charac-
terized by parameter a, exhibits the most pronounced differences in lattice charac-
teristics. For all the investigated NiMnGa-based materials, the differences between
a estimated at two extreme temperatures, i.e. 295 K and 400 K, are relatively con-
stant and close to 0.01 A (Table 3.2).
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Fig. 3.29. The crystal lattice parameters of (a) the cubic austenite (aa) and (b) tetragonal mar-
tensite (anm and cnm), as well as (c) the tetragonality of NM martensite (c/a) estimated from the
water, air and furnace cooled NisggMn32Gazo, NisgMn31Gaz0Co1, NissMn30Gaz0Co2, NisgMn2sGazeCoa,

NisgMn2sGazoCoszFe1, NisoMnzsGaz1CozFe;, NisgMnogGazoCoiFes and NisgMnagGazoFes alloys. The
symbols corresponding to the NisoMnysGaz1CosFe; alloys characterized by different Ni/Mn ratio
are indicated by frames.



126

3 Results and discussion

5.86 -
| (a) austenite Co-doped | Fe-Co-doped
585 ®._ :
5.84 e e
_ S ® : e
‘5‘; 5.83 e : e
© N ‘
5.82 e
® 400K ® e
5.81 : I
° 330 ﬁ 10 different
5 Ni/Mn ratio
580 T T T T T T T T T T T T T
0 1 2 3 4 3 2 1 0 at.% Co
0 1 2 3 4 at% Fe
6.50 .
1 (b) martensite  Co-doped : Fe-Co-doped
6.45 B o
T (o) O-. 10 different
6.40 - : 0 Ni/Mn ratio
—~ 1 0 P T T
< 6.35 : O
: o 5 ©
© 6.30 :
6251 O
] : O @ 400K
.20 :
6.20 ~ 320K
4.05 : O ® 295K
{ @ ;
:<(\: 4.00 - "‘5\. - -
= 3.95 1 8. L &
@© 1 H ozttt
Soa, gacet® L 4 N M
3.90 - @ e N different
1 : Ni/Mn ratio
385 T T T T T T T T T T T T T T
0 1 2 3 4 3 2 1 0 at.% Co
0 1 2 3 4 at% Fe
1.68 T
(c) tetragonality Co-doped : Fe-Co-doped o
1 . I — different
-~ o o Ni/Mn ratio
Z 164 Ve i@ M '
E .
= & o
'(—g 1.60 @
e} .
g .
® 1.56 ® 400K
= [ 320 K
® 295K
1 52 T T T T T T ; T T T T T T
0 1 2 3 4 3 2 1 0 at.% Co
0 1 2 3 4 at%Fe
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In consideration of NM martensite phase, the proper comparison of temperature
dependent lattice parameters can be carried out only for data obtained at 295 K
and 320 K, as at 400 K the martensitic phase was identified only in the
NissMn,sGazoCoy alloy. In such a case, the aforementioned austenite lattice differ-
ences becomes neglectable for the tetragonal NM martensite. As can be seen in
Fig. 3.30(b), the values of a and ¢ parameters obtained at 295 K and 320 K are very
comparable with only minor differences for the Fe-Co-doped samples. Conse-
quently, in Fig. 3.30(c) the same negligible differences between tetragonality of the
NM martensite phase estimated at various temperatures are also observed for all
the examined Heusler materials.

The results presented in Fig. 3.29 and 3.30 demonstrates the usefulness of the
straightforward elemental doping strategy in defining the structural evolution of
NiMnGa-based materials. However, this approach works only as a function of one
compositional factor, e.g. substitution of Ni/Mn/Ga by selected alloying element.
As a result, the discussed method is not universal, because any additional varia-
tions in chemical composition of the alloy results in the changes in the overall be-
haviour of lattice parameters. When Co is replaced by Fe, the increasing or de-
creasing trend of a particular lattice parameter is abruptly reversed, while any
changes in Ni/Mn ratio discard the material form the primary structural trend.

In order to study the potential dependence of crystal lattice parameters with the
electronic parameters of the fabricated NiMnGa-based alloys, the crystallographic
data from Table 3.2 were also investigated as a function of valence electron con-
centration e/a and the non-bonding electrons concentration N./a parameters de-
scribed in theoretical part of the thesis in Sections 1.6.1 and 1.6.2.4. The calcula-
tions of both parameters were formerly carried out based on EDS analysis and
listed in Table 3.1 (Section 3.1.3).

Fig 3.31 and 3.32 presents the crystal lattice parameters for the austenitic and mar-
tensitic phase of the produced water, air and furnace cooled NiMnGa-based alloys
express as a function of e/a and N,/a, respectively. According to Fig. 3.31, the gen-
eral behaviour of austenite and martensite lattice parameters for water, air, and
furnace cooled alloys is comparable in terms of valence electron concentration.
The ax of cubic austenite and any of tetragonal NM martensite decrease with the
increasing e/a, whereas cyv of NM martensite simultaneously increases. Neverthe-
less, there are some noticeable differences between the variously cooled speci-
mens. Firstly, it is discovered that not all produced samples exhibit a monotonic
increase or decrease of a given crystal lattice parameter, resulting in a distinction
between Co-doped and Fe-Co-doped alloys. This discrepancy is seen for parameter
c for the water cooled alloys, which has slightly lower values for the Fe-Co-doped
alloys than for the Co-doped alloys. However, it should be noted that both trends
for Co-doped and Fe-Co-doped specimens exhibit the same linear tendency and
that these differences are actually quite small when compared to the average value
of exm. These discrepancies between Co-doped and Fe-Co-doped materials become
more noticeable only for furnace cooled alloys and show the characteristic non-
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linear monocity of cxy. For the air cooled alloys both martensite lattice parameters
(anm and cnm) changes linearly, without any significant deviations. However, in
this case, the as of austenite losses its monotonic behaviour and splits into two
distinct trends for Co-doped and Fe-Co-doped samples.

Despite the aforementioned differences in aa the lattice parameters expressed as a
function of e/a for the water and air cooled alloys are comparable and characteriz-
es by the same monotonical changes of a, as well as the linear dependence of axm
and cyv. The most evident discrepancies in lattice parameters behaviour between
differently cooled materials are observed for the furnace cooled alloys presented in
Fig 3.21(c). It can be seen that when alloys are slowly cooled in furnace, changes
in aa are more distant from linear dependence than in case of water and air cooled
samples. Moreover, the anv and cxy parameters no longer display their prior obvi-
ous linear behaviour. These significant differences stems from the thermal history
of the slowest cooled alloys and indicates the lowest stability of crystal lattice pa-
rameters both before and after martensitic transformation.

What is important to note, the NisoMn,sGa,;CoyFe; alloy, which has a different
Ni/Mn ratio, do not stands out from the other alloys presented in Fig. 3.31 and
evenly follows the examined structural changes. This implies that for the Fe
and/or Co doping the e/a is a more accurate parameter to define the changes in
crystal lattice of the NiMnGa-based material, than basic elemental doping ap-
proach presented in Fig. 3.29 and 3.30. As shown in Fig. 3.31 and 3.32, when Heu-
sler alloys with different Ni-Mn-Ga composition are doped by Fe and/or Co the e/a
ratio relatively effectively takes into account both the amount of constituent Ni,
Mn and Ga atoms, as well as the additional alloying elements.

Another investigated electronic parameter defined as non-bonding electrons con-
centration is presented in Fig. 3.32. The figure is arrange in the same manner as
Fig. 3.31, however this time the evaluated crystal lattice parameters are plotted
against the N¢/a parameter. The first main obvious difference observed for N./a
dependence is the clear distinction between the crystal lattice parameters behav-
iour for Co-doped and Fe-Co-doped alloys. This distinction is evident for both cu-
bic austenite and tetragonal martensite for all alloys exposed to different cooling
procedures. The general tendency for increasing or decreasing of the individual
lattice parameter with the increasing value of N¢/a is the same for both Co-doped
and Fe-Co-doped alloys, however the introduction of different atomic element to
Ni-Mn-Ga composition substantially decreases (for ax and any) or increases (for
cnm) the overall trend (Fig. 3.32). This is partially caused by the notable difference
between the number of non-bonding electron equal to 3.64 and 2.45 for Co and Fe,
respectively. In case of previously discussed e/a parameter (Fig. 3.31), the Co and
Fe were characterized by 9 and 8 electrons, respectively, making the relative dif-
ference between the electronic parameters of neighbouring alloys less significant.
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Furthermore, it is also seen that the NisyMn,sGa,;Co,Fe, alloy, with a different
Ni/Mn ratio, is not consistent with the general trends observed in Fig. 3.32. It was
discovered that in case of NiMnGa-based alloys doped by Fe and Co, in contrast to
the e/a parameter, the N¢/a is sensitive to changes in Ni/Mn ratio. This situation is
most evident on the example of lattice parameters estimated for the furnace cooled
samples presented in Fig. 3.31(c) and 3.32(c). For the e/a parameter (Fig. 3.31(c))
the NisoMn,sGa; CoyFe, alloy follows the general trend of lattice parameter
changes, but for the N./a parameter (Fig. 3.32(c)) the same sample distinguished
by different Ni/Mn ratio considerably deviates from the generally established
monotonic trends.

Despite the discussed lack of universality in defining the crystal lattice variations
with the help of N./a parameter, one important advantage of N¢/a should be em-
phasised. Within a distinguished group of alloys for which only two elements are
mutually substituted, i.e. Mn for Co in Co-doped samples and Fe for Co in Fe-Co-
doped samples, the general almost linear changes in lattice parameters are ob-
served. Similarly to the e/a parameter, this linear monotonicity is particularly evi-
dent for the tetragonal martensite unit cell, especially for the water and air cooled
materials depicted in Fig 3.32(a) and 32(b), respectively. It should be noted that
the visible changes in austenite unit cell parameter are also very close to linearity,
which was not so obvious for the counterpart a/e parameter (Fig. 3.31). Once
again, the general tendencies for all studied lattice parameters are comparable for
NiMnGa-based materials cooled in water or air, but deteriorates for samples slowly
cooled in furnace (Fig. 3.31(c)). This is caused by the low crystal lattice stability of
the furnace cooled alloys obtained after very slow cooling from disorder B2’ phase.

The tetragonality of the NM martensite phase also reflects the discrepancies be-
tween e/a and N¢/a parameters. Fig. 3.33 presents the c/a for the water, air and
furnace cooled alloys expressed as a function of both e/a (Fig. 3.33(a)-(c)) and
N./a (Fig. 3.33(d)—(f)). It is evident that in case of e/a parameter, the martensite
tetragonality follows the same increasing linear trend with the increasing values of
e/a for all alloys cooled in water or air. However, this linear behaviour differenti-
ates between Co-doped and Fe-Co-doped alloys for samples that were cooled in a
furnace. When it comes to N¢/a parameter, two separate, but almost perfectly line-
ar relationships are observed for the Co-doped and Fe-Co-doped materials cooled
in water or air. Once again, the linear dependence deteriorates for the furnace
cooled samples (Fig. 3.33(f)). Additionally, the tetragonality of the
NisoMn,sGazCo,Fe, alloy with different Ni/Mn ratio deviates from the general
linear trends observed for N./a parameter, which is not noticeable for the concur-
rent e/a parameter.
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Fig. 3.33. The tetragonality of NM martensite (c/a) expressed as a function of valence electrons
concentration e/a and non-bonding electrons concentration Ne/a for the (a) water, (b) air and
(c) furnace cooled NiMnGa-based Heusler alloys doped by Co and/or Fe. The dotted lines are
guide for an eye to show the trends in c/a.

Considering the influence of increasing temperature on the studied electronic pa-
rameters, Fig. 3.34 and 3.35 shows the dependence of the examined crystal lattice
parameters estimated at 295 K, 320 K and 400 K for the water cooled NiMnGa-
based alloys on the e/a and N./a parameter, respectively. As can be observed in
Fig. 3.34, the general relationship between aa and e/a is quite comparable at all
investigated temperatures. It is caused by the fact that austenite is a high tempera-
ture phase, thus the increasing temperature may only stabilize this particular
structure. This effect is partly seen in direct comparison of as estimated at two
extreme temperatures, i.e. 295 K and 400 K. It is seen that a, refined for the doped
alloys (e/a > 7.7) follows more linear trend at 400 K than at 295 K. This differences
are not very significant, however still well justified by the crystallographic nature
of the Ni-Mn-Ga compound.
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Significantly more pronounced differences in crystal lattice parameters along the
e/a were found for the NM martensitic phase. In this case, it is clearly seen that at
elevated temperature of 320 K, both axy and cny splits into two different linear
trends related to Co-doped and Fe-Co-doped samples. The first minor signs of this
separation are seen for the cyy at 295 K, however they become notably more obvi-
ous at 320 K. It should be remembered that martensite is a low temperature phase,
so it becomes less stable with increasing temperatures, until it completely trans-
form into austenite. In such situation the crystal lattice characteristics and marten-
site stability may be significantly impacted by elemental doping. That is way, the
general trend of axy and ey along the e/a divides at elevated temperatures, when
Co is substituted by different dopant, i.e. Fe. Lastly, the NisjgMn,sGa,oFes sample s
the only examined alloy that is not entirely austenitic at 400 K, hence no trends in
anm and cxy can be identified.

When it comes to N¢/a dependence, it has already been demonstrated that even at
room temperature (295 K) two distinct linear relationships are observed for Co-
doped and Fe-Co-doped alloys. As a result, the crystal lattice parameters obtained
at elevated temperatures are also divided into two groups, according to the type od
alloying element, as presented in Fig 3.35. It is seen that the general relationship
between aa, anm, cnm and Ne/a are analogous at room and at elevated tempera-
tures, with linear or close to linear trends being apparent at 320 K and 400 K. The
only notable deviation from general linearity of tetragonal martensite cell parame-
ters is observed for the any for the Fe-Cop-doped samples at 320 K (Fig. 3.35(b)).

The abovementioned observations are also reflected in the temperature dependent
tetragonality of NM martensite phase. Fig. 3.36 presents the tetragonality of mar-
tensite estimated at 295 K and 320 K, and expressed as a function of both e/a (Fig.
3.36(a)-(b)) and N./a (Fig. 3.36(c)—(d)) parameter. Once more, it seemed inevita-
ble that the c/a would inherit the general behaviour of the axy and env parameters
depicted in Fig. 3.34 and 3.35. This indicates that at room temperature all investi-
gated alloys follow the same linear trend in terms of tetragonality as e/a increases
(Fig. 3.36(a)). For Co-doped alloys and Fe-Co-doped alloys, this linear connection
separates at 320 K into two independent dependencies.. In case of N./a parameter
almost perfect linear trends observed independently for the Co-doped and Fe-Co-
doped samples are generally preserved at 320 K, with slight deviation for the Co-
doped materials.
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Fig. 3.34. The crystal lattice parameters dependence of the valence electrons concentration e/a
for the cubic austenite (aa) and tetragonal martensite (anw and cnm) estimated from the Rietveld
refinement at (a) 295 K, (b) 320 K and (c) 400 K for the water cooled NiMnGa-based Heusler al-
loys doped by Co and/or Fe. The dotted lines are guide for an eye to show the trends in lattice

parameters.
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Fig. 3.35. The crystal lattice parameters dependence of the non-bonding electrons concentra-
tion Ne/a for the cubic austenite (aa) and tetragonal martensite (anw and cnm) estimated from the
Rietveld refinement at (a) 295 K, (b) 320 K and (c) 400 K for the water cooled NiMnGa-based
Heusler alloys doped by Co and/or Fe. The dashed and dotted lines are guide for an eye to show

the trends in lattice parameters for the Co-doped and Fe-Co-doped alloys, respectively.
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Fig. 3.36. The tetragonality of NM martensite (c/a) expressed as a function of (a)-(b) valence
electrons concentration e/a and (c)-(d) non-bonding electrons concentration Ne/a at 295 K and
320 K for the water cooled NiMnGa-based Heusler alloys doped by Co and/or Fe. The dotted lines
are guide for an eye to show the trends in c/a.

3.1.5 Topography of austenite and martensite phases

The previously discussed microstructural characterisation using polarised optical
microscopy and SEM shown that at room temperature the NissMns,Gay,
Ni43M1’l31G8.20C01, Ni4gMn30Ga20C02, Ni4gMn28Ga20C01Fe3 and Ni48Mn28Ga20Fe4
alloys are in austenitic state, while NiggMn,3GazyCoy4, NiggMnysGazoCosFe; and
NisoMn,sGay;CoyFe, are in martensitic state. The later in-depth XRD studies re-
vealed that residual martensite phase is also present in austenitic alloys and corre-
spondingly the residual austenite is present in the martensitic samples. In order to
complement and expand the microstructural analysis of the fabricated NiMnGa-
based multifunctional materials the atomic force microscopy studies were carried
in contact mode.

The AFM examination may be particularly significant in the case of Ni-Mn-Ga
shape memory material since it offers 3D images of the studied surface with all
crucial topographical details. For the standard optical microscopy or SEM the ob-
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tained images are two dimensional with no quantitative information about the
topography. Moreover, the usage of optical microscopy and SEM for the unetched
single phase samples is also partially limited, which was already discussed in Sec-
tion 3.1.2. In contrary, the AFM technique allows to identify complex topograph-
ical features, such as martensitic reliefs, with the resolution of single nanometres.

Nevertheless, the quantitative analysis of martensite reliefs in the fabricated Ni-
Mn-Ga alloys required some basic simplifications. First of all, it should be remem-
bered that two different unit cells are used to defined the NM martensite: (1) one
connected with cubic axes of austenite cell and (2) second one arranged in the
principle axes of tetragonal martensite, which is in detail explained in Section
1.2.2. Because the second method results in a smaller unit cell volume, it is signifi-
cantly more popular and was also used in the presented thesis for the crystallo-
graphic description of manufactured alloys (Table 3.2). However, from the geo-
metrical point of view, in order to characterize the martensite twinning, the same
cubic axes system with the identical lattice vectors should be used for austenite and
corresponding martensite cell. Therefore, the relationships between the cubic (in-
dex c¢) and tetragonal (index t) axes for L1, martensite phase are (001)..| (001); and
[100]..| [110];, which corresponds to a. = \/ 2a; and c. = ¢ [43].

Secondly, the 5SM modulated martensite identified in some of the produced Heu-
sler materials is defined by monoclinic lattice (Table 3.2). However, the observed
monoclinicity of the 5M modulation is relatively low (8 = 90.3°), which allows for
slight simplification and direct translation from monoclinic axes to cubic axes, tak-
ing into consideration that new modulated pseudo-tetragonal unit cell stems from
the orthogonal distortion of the former cubic unit cell [43,61]. As a result, the
monoclinic cell (index m) expressed in cubic axes follows the relationship a. =
\/Zam and ¢. = by, [43].

The described transformation of NM and 5M martensite to cubic axes system were
used to estimate the possible twinning angles between neighbouring martensite
twins. It should be stressed out that the similar approach for qualitative evaluation
of modulated martensitic structures for different types of Ni-Mn-Ga Heusler alloys
have been successfully used and reported by various authors [383,524-527].

For the aforementioned tetragonal and pseudo-tetragonal unit cell there is only
one possible twinning system: a-c twinning, which originates according to the
(101) twinning plate and is schematically depicted in Fig 3.37. This kind of twin-
ning occurs between a-type and c-type twin, where a and c prefix defines the crys-
tallographic direction of the twin measured perpendicularly to the observed sur-
face. Using the simple geometrical relations shown in Fig 3.37, the twinning angle
2a can be estimated according to the following relation [524]:

c a
20 = arctan ri arctan z (34)

where a and c are the lattice parameters of martensite unit cell expressed in cubic
axes system. Taking into account the lattice parameters estimated from XRD
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Rietveld analysis (Table 3.2) and transformed into cubic axes, the 2« for the NM
and 5M martensite were calculated and summarized in Table 3.3. Despite the use
of the aforementioned geometrical simplifications, it is seen that significantly dif-
ferently ranges of 2a are expected for 5SM (2a = 2°-3°) and NM martensite 2a =
8°-99),

Fig. 3.37. The geometrical model of the martensite relief formed by a-c twinning. The lower case
a and c shows the orientation of tetragonal unit cells in neighbouring martensite variants. The
capital letters A and C represents the crystallographic direction of each twin variant measured
perpendicular to the surface. The 2a indicates the relief angle, which is equal to the twinning
angle (based on [524]).

Table 3.3. The theoretical twinning angles calculated for the a-c twinning system in NM and 5M
martensite for the fabricated NiMnGa-based Heusler alloys along with the corresponding exper-
imentally determined relief angles. The table covers only alloys exhibiting martensitic structure
during AFM studies for which the relief angle were calculated as an average value from at least
20 twin boundaries.

Alloy composition Cooling condition Calculated 2a (°) Measured 2a (°)
5M NM
NiszgMn31GazpCos Furnace cooled 2.5 2.8
NisgMn30Gaz0Co2 Water cooled 2.9 3.2
Air cooled 3.0 2.5
Furnace cooled 3.0 3.2
NizgMn23Gaz0Co4 Water cooled 9.0 8.4
NisgMn2sGazoCosFe; Water cooled 8.4 9.1
Air cooled 8.5 9.0
Furnace cooled 8.1 7.8
NisoMn2s5Gaz1CosFe; Water cooled 8.7 9.2
Air cooled 8.7 8.8

Furnace cooled 8.7 8.2
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When it comes to materials in fully austenitic state, Fig. 3.38 shows the 2D and
corresponding 3D AFM images for the water, air and furnace cooled NissMn3,Gay
alloys. As expected after previous microstructural investigations, all reference un-
doped samples are characterized by completely flat surfaces with only neglectable
marks and scratches remained after former polishing. Although only one image of
each specimen is shown in Fig. 3.38, the same results were also obtained by prob-
ing multiple distinct areas of the prepared samples.

NiaMl’l;zGazo
water / air / furnace cooled

(a) water cooled

20nm

s =40 nm

(b) air cooled

20nm

10pum
s =40 nm

(c) furnace cooled
20nm
4
-40nm
Fig. 3.38. AFM 2D and 3D topographic images of the (a) water, (b) air and (c) furnace cooled
NisgMn3,Gayo alloy. All images are presented in the same scale.

)
%,

Fig. 3.39 and 3.40 presents the AFM images for the water and air, as well as fur-
nace cooled NisgMn3;GayoCo; alloy, respectively. It is interesting to note that both
water and air cooled materials are found fully austenitic (Fig. 3.39), whereas early
signs of martensitic phase are observed in the furnaced cooled specimen (Fig. 3.40)
and even the characteristic habit plane between austenite and martensite phase is
visible in Fig. 3.40(a). It should be also recalled that the discussed martensitic
phase in NissMn3;Ga,oCo; alloy was not observed with the help of polarised micro-
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scope (Section 3.1.1), but the existence of NM and 5M martensite was revealed in
XRD analysis (Section 3.1.4). As a result, the following AFM results are in line
with the discussed XRD studies and provides complementary information con-
cerning the microstructure of the produced Heusler materials.

The morphology of the martensite phase shown in Fig. 3.40 is characterised by
triangular topography with characteristic sharp ridges and valleys representing the
hierarchical lamellar twins observed at different length scales. It should be noted
that the straightforward description of the investigated martensite at various struc-
tural levels might be misleading and is sometimes differently interpreted in litera-
ture. Theoretically, single unit cells forms the basic twins, depending on their crys-
tallographic orientation (e.g. a-c twinning system), which share the same twin
boundary [525]. The group of twins with the same twinning system forms the twin
domain and matching twin domains creates the exact martensite variant. On the
other hand, recent studies focused on hierarchical [392,528] or adaptive concept
[88-90] of martensite demonstrates that there can be more structural levels of twin
patterns, which was extensively described in theoretical part of this thesis in Sec-
tion 1.2.2. Taking into consideration the obtained AFM images the author decided
to use the prefixes macro-, meso-, micro-, and nano- to describe the observed twins
at different length scales, similarly to the approach proposed in [294,392,529-531].
According to this nomenclature, the macro-scale corresponds to the largest ob-
served areas characterized by the evenly oriented martensite laminates, whereas
the nano-scale considers the twinning mechanism at atomistic scale.

N i4sMn31 GazoCo1
water / air cooled
(a) water cooled

20nm
6\
oN
4. Ix
5,{,07
-40nm
(b) air cooled
20nm
&
SN
95 iy bx
-40nm

Fig. 3.39. AFM 2D and 3D topographic images of the (a) water and (b) air cooled NissMn31Gaz0Co1
alloy. Allimages are presented in the same scale.
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Fig. 3.40. AFM 2D and 3D topographic images of the furnace cooled NissMn31GaoCo; alloy show-
ing (a) the habit plane between austenite and martensite phase, (b) hierarchical twins-within-
twins martensite structure. The exemplary meso-scale and micro-scale twin boundaries (TB) are
indicated by parallel dashed lines. The close ups are marked with rectangles and annotated by
capital letters (A and B). The height profiles along the 1-3 lines are presented in right column,
where A corresponds to twin periodicity and 2a represents the relief angle.

For the furnace cooled NisgMn3;Ga,Co; alloy shown in Fig. 3.40, the observed
hierarchical twins-within-twins structure suggests the existence of at least two
levels of twins: (1) meso-scale and (2) micro-scale ones. Both twin scales differ
from each other in terms of their periodicity A, which is clearly seen on the specific
surface profiles and is also schematically marked by dashed lines indicating the
particular twin boundaries (TB). For the NizsMnj31GayCo; sample A equals to
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about 20 um and 250 nm for the meso- and micro scale twins, respectively. This
shows that the distinction between two levels of twins is certainly justified since
the examined length scales differs by almost two orders of magnitude. Neverthe-
less, despite these variations in periodicity, both meso- and micro-scale twins share
the same relief angle 2a = 2.8°, which was calculated as the mean value from over
20 twin boundaries. Considering the simple geometrical representation of marten-
site relief (Fig. 3.37), the measured twinning angle is quite similar to the theoreti-
cal value 2a = 3.0° estimated for the 5M martensite (Table 3.3). This comparison
suggest that the observed martensitic relief belongs to the 5M modulated structure,
which is consistent with the previous XRD investigation. Certainly, the XRD anal-
ysis revealed the 5M martensite in all NiysMn3;GaCo; samples, whereas AFM
studies found it only in furnace cooled specimen. However, one should bear in
mind, that the scan area of AFM covers only a small selection of the examined
surface, so it is relatively difficult to find the residual martensitic phase across the
whole examined surface even after numerous probing. Therefore, the 5M marten-
site was noticed only for the least thermally stable material, i.e. furnace cooled
sample.

This situation changes for the NissMn3yGayoCo, alloy, where all samples exposed
to various cooling procedures show both the dominant austenite phase and residu-
al martensite phase. Fig. 3.41-3.43 presents the example of AFM images obtained
for the water, air and furnace cooled NisgMn3,GaCo, samples, respectively. Each
figure shows the flat surface associated to the austenite phase and distinctive tri-
angular relief found for the residual martensite phase. In case of water and air
cooled specimens, the observed reliefs are distinguished by meso-scale twins with
various periodicity from single to couple micrometres. The hierarchical twins-
within-twins microstructure is observed only for the furnace cooled alloy, which is
depicted in Fig. 3.43. Yet again, the periodicity of meso-scale twins is in the range
of couple micrometres, while that of micro-scale twins is close to ~250 nm. Re-
markably, all water, air and furnace cooled samples had twinning angle that are
close ~3.0°, indicating the presence of 5M modulated structure (Table 3.3). These
results are also in line with the previous XRD Rietveld analysis.
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Fig. 3.41. AFM 2D and 3D topographic images of the water cooled NisgMn30GazoCo; alloy showing
(a) the austenite phase and (b) the martensite phase characterized by simple twins structure.
The exemplary meso-scale twin boundaries (TB) are indicated by parallel dashed lines. The
height profile along the 1 line is presented in right column.
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.

Fig. 3.42. AFM 2D and 3D topographic images of the air cooled NisgMn30GazoCo> alloy showing
(a) the austenite phase and (b) the martensite phase characterized by simple twins structure.
The exemplary meso-scale twin boundaries (TB) are indicated by parallel dashed lines. The
height profile along the 1 line is presented in right column, where A corresponds to twin perio-
dicity and 2a represents the relief angle.
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Fig. 3.43. AFM 2D and 3D topographic images of the furnace cooled NissMn3oGaoCo; alloy show-
ing (a) the austenite phase and (b) the martensite phase characterized by hierarchical twins-
within-twins structure. The exemplary meso-scale and micro-scale twin boundaries (TB) are
indicated by parallel dashed lines. The close up is marked with rectangle and annotated by capi-
tal letter A. The height profiles along the 1 and 2 lines are presented in right column, where A
corresponds to twin periodicity and 2a represents the relief angle.

In a case involving fully martensitic Heusler materials, Fig. 3.44 presents the ex-
ample of AFM images for the water cooled NisgMn,sGaoCo, alloy, while Fig. 3.45
shows the AFM images for the same alloy after air and furnace cooling. As antici-
pated from prior microstructural investigations, the NiygMnysGayCoys alloy is
found to be fully martensitic with various complex martensite morphologies. Fig.
3.44(a) depicts the typical example of martensite relief for the water cooled sam-
ple, which consist of martensite lamellae that bifurcate or bend due to the reorien-
tations of variants. These different types of simple twins are detected at the meso-
scale without any internal micro-scale self-accommodated structure. Alternatively,
Fig. 3.44(b) shows the example of complex crossing twins structure that was found
on the same water cooled NigsMn,sGayCo4 sample. It can be seen that interpene-
tration between various twin variants results in characteristic pyramidal relief with
two distinct periodicity (marked as Profile 2 and 3). What is interesting, The orien-
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tation between interpenetrated twins is inherited between the micro- and meso-
scales, which is an important feature of the crossing twins microstructure. The
quantitative analysis of relief angle for both simple and crossing twins reveals that
2a is approximately equal to ~8,4° for all types of twinning at different structural
levels. The experimentally measured value of 2« is close to the theoretical value 2a
= 9.0° estimated for the NM martensite (Table 3.3), which suggests that the exam-
ined martensitic structures belongs to NM martensite phase. Once again, the quan-
titative analysis of AFM images confirms earlier XRD investigations.

The martensitic structures of air and furnace cooled Nis;sMn,sGa,oCos shown in
Fig. 3.45 differs from those described for the water cooled specimen. The main
difference is seen on the height of the obtained structures

Typically, the height differences in meso-scale twins are measured in hundreds of
nanometres, however for the air and furnace Nis;gMnysGa,oCos samples, the ob-
served height differences are measured in single nanometres (Fig. 3.45). As a re-
sult, the recorded profiles are characterized by step-like periodicity without char-
acteristic sharp ridges and valleys. The previous XRD studies did not show any
significant microstructural differences between the water, air and furnace cooled
samples, thus the observed differences in AFM images may stem from external
factors. One possible explanation is that the least thermally stable air and furnace
cooled samples are more susceptible to mechanical polishing than water cooled
sample, which could lead to the deterioration of characteristic martensite relief.
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Fig. 3.44. AFM 2D and 3D topographic images of the furnace cooled NissMn23GazoCos alloy show-
ing (a) simple twins and (b) crossing twins martensitic structure. The exemplary meso-scale and
micro-scale twin boundaries (TB) are indicated by parallel dashed lines. The close up is marked
with rectangle and annotated by capital letter A. The height profiles along the 1-5 lines are pre-
sented in right column, where A corresponds to twin periodicity and 2a represents the relief
angle.
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Fig. 3.45. AFM 2D and 3D topographic images of the (a) air and (b) furnace cooled
NisgMnsGazoCos alloy showing the deteriorated martensitic structure. The exemplary meso-
scale twin boundaries (TB) are indicated by parallel dashed lines. The height profiles along the
1-4 lines are presented in right column, where A corresponds to twin periodicity.

In regards to the Fe-doped alloys Fig. 3.46 and 3.47 shows the example of AFM
images obtained for the water, as well as air and furnace cooled
NissMn,sGazCosFe; alloys, respectively. This particular material was also ex-
pected to be fully martensitic, which is confirmed by the presented AFM images.
The martensitic structures for the water cooled specimen (Fig. 3.46) exhibit very
similar morphology as previous samples with different chemical compositions.
Simple meso-scale twins without internal self-accommodation are depicted Fig.
3.46(a), the characteristic twins-within-twins structure built from hierarchical
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meso-scale (4 & 15 um) and micro-scale twins (4 = 400 nm) is shown in Fig.
3.46(b). For the air and furnace cooled alloys presented in Fig 3.47 only the simple
meso-scale martensitic lamellae with different orientations are observed. What
should be also noted is that again the martensitic structures for samples cooled in
air and furnace cooled are again less sharp than for samples cooled in water
cooled. In consideration of experimentally determined relief angle, the value of 2«
are equal to 9.1°, 9.0° and 7.8° for the water, air and furnace cooled alloy, respec-
tively. These values are close to the theoretical ones of 8.4°, 8.5° and 8.1°, calculat-
ed for the NM martensite found in water, air and furnace cooled
NissMn,sGazoCosFe; alloys, respectively (Table 3.3).
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Fig. 3.46. AFM 2D and 3D topographic images of the water cooled NissMn2gGazoCoszFe; alloy
showing (a) simple twins and (b) hierarchical twins-within-twins martensitic structure. The ex-
emplary meso-scale and micro-scale twin boundaries (TB) are indicated by parallel dashed lines.
The close ups is marked with rectangles and annotated by capital letter A. The height profiles
along the 1-3 lines are presented in right column, where A corresponds to twin periodicity and
2a represents the relief angle.
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Fig. 3.47. AFM 2D and 3D topographic images of the (a) air and (b) furnace cooled
NisgMnasGazoCosFe; alloy showing the simple martensitic structure. The exemplary meso-scale
twin boundaries (TB) are indicated by parallel dashed lines. The height profiles along the 1 and 2
lines are presented in right column, where A corresponds to twin periodicity.

The last fully martensitic Heusler materials are water, air and furnace cooled
NisoMn,sGaz; Co,Fe, samples presented in Fig. 3.48 and 3.49, respectively. Fig.
3.48 shows the diversity of martensitic reliefs for the water cooled alloy, including
the already defined simple meso-scale twinning (Fig. 3.48(a)), as well as the char-
acteristic twin-within-twins structure characterized by meso-scale and correspond-
ing micro-scale twins (Fig. 3.48(b)). Similar to other Co-doped and Fe-doped al-
loys, macro-scale twins have an estimated periodicity that ranges from single to
couple micrometres. In contrary, the periodicity for micro-scale twins is about
~500 nm, which is comparable to the Fe-doped NisgMn,3Ga,oCosFe; alloy, but
noticeably higher than for samples that only contain Co doping. In regards to air
and furnace cooled NisoMn,sGa,; Co,Fe, samples, only simple meso-scale twinning
was observed in these materials during AFM investigations, which is presented in
Fig 3.49. For the air cooled alloy almost perfectly symmetrical meso-scale twin-
ning with 4 = 15 pum is depicted in Fig. 3.49(a). For the furnace cooled specimen,
shown in Fig 3.49(b), the previously defined interpenetrating crossing twins struc-
ture is depicted. In this case only one profile for single twin variants is presented
(Profile 2), as the periodicity for the second twinning variants exceeds the maxi-
mum AFM scanning area. Analogous to other investigated NiMnGa-based materi-
als in martensitic state, the relief angle for the examined NisgMn,3Ga,oCosFe; alloy
is characterized by the similar values of 9.2°, 8.8° and 8.2° for the water, air and
furnace cooled alloy, respectively. These values are as well comparable to theoreti-
cal value of 8.7° estimated for the NM martensite (Table 3.3).
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Fig. 3.48. AFM 2D and 3D topographic images of the water cooled NispMnysGaz1CozFe; alloy
showing (a) simple twins and (b) hierarchical twins-within-twins martensitic structure. The ex-
emplary meso-scale and micro-scale twin boundaries (TB) are indicated by parallel dashed lines.
The close up is marked with rectangle and annotated by capital letter A. The height profiles
along the 1-3 lines are presented in right column, where A corresponds to twin periodicity and
2a represents the relief angle.
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Fig. 3.49. AFM 2D and 3D topographic images of the (a) air and (b) furnace cooled
NisoMn25Gaz1CosFe; alloy showing the simple twins (a) and crossing twins (b) structure. The
exemplary meso-scale twin boundaries (TB) are indicated by parallel dashed lines. The height
profiles along the 1 and 2 lines are presented in right column, where A corresponds to twin peri-
odicity.

The last two Fe-doped doped Heusler materials, i.e. NiggMnysGazoCo,Fes; and
NissMn,sGayoFes alloys, produced with a different cooling procedures are shown
in Fig. 3.50 and 3.51, respectively. It is seen that for these alloys, the AFM images
are in line with previous microstructural investigation by polarised microscopy
and SEM since only completely flat surfaces were obtained for all examined mate-
rials during AFM probing. According to the XRD examination, the described alloys
do, in fact, contain residual NM martensite, although this residual phase could be
minor as remain undetected throughout the entire cross-section of the prepared
specimens. Moreover, taking into account the XRD analysis, it should be noted
that the only residual phase that were observed in manufactured NiMnGa-based
materials is the 5M modulated martensite revealed in the NisgsMns;GayyCo; and
NisgMn3pGazoCo, samples. No residual NM martensite was noticed for these two
particular alloys.
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Fig. 3.50. AFM 2D and 3D topographic images of the (a) water, (b) air and (c) furnace cooled
NisgMn2sGazo CoiFes alloy. All images are presented in the same scale.
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Fig. 3.51. AFM 2D and 3D topographic images of the (a) water, (b) air and (c) furnace cooled
NisgMnasGazoFes alloy. All images are presented in the same scale.

In conclusion, the presented AFM investigation is extremely important in micro-
structural characterisation of fabricated NiMnGa-based materials, especially in the
case of complex martensitic structures. The presented studies reveals the hierar-
chical arrangement of martensite twinning, which stems from the self-
accommodation nature of martensite, that need to compensate the orthorhombic
distortion during thermoelastic martensitic transformation. The martensite system
tends to minimize the strain energy (originating from strain incompatibilities at
twin variant boundaries) by deformation of already-existing variants. The previ-
ously presented optical microscopy images (Section 3.1.1) shows the macro-scale
twin boundaries and the discussed AFM examination revealed the meso-scale and
micro-scale twinning patterns with various constructions of laminates, which is
schematically summarized in Fig. 3.52. It is noteworthy that the highest amount of
self accommodated structures at different structural levels are observed for the
water cooled alloys, which suggest that these alloys perform better at compensat-
ing various external and internal stresses. The periodicity of the micro-scale twin
boundaries, which is noticeably higher for the Fe-containing alloys, is the only
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difference in topographical characteristics of martensite structures between Co-
doped and Fe-Co-doped alloys that can be attributed to elemental doping. Finally,
the quantitative analysis of the examined martensite reliefs at different structural
levels allows to identify both NM and 5M martensite structures and reveals the
hereditary nature of martensite features over different length scales.

(a) hierarchy of twins

meso-scale TB N macro-scale TB

A micro-scale TB

(b) construction of twins

A

simple twins twins-within-twins crossing twins

\

Fig. 3.52. The schematic illustration of (a) the hierarchy of observed twins at different structural
levels, from macro-scale (blue lines) through mesoscale (green lines) up to micro-scale (yellow
lines) (based on [525]), (b) different constructions of observed martensite laminates, including
simple twins, twins-within-twins and crossing twins structures (based on [532]).

3.2 Martensitic and magnetic transformation

3.2.1 Thermal behaviour of phase transitions

The differential scanning calorimetry studies were carried out to estimate the tem-
peratures of the first-order reversible martensitic transition in the produced
NiMnGa-based magnetic shape memory alloys. The measurements were per-
formed in at least three heating and cooling cycles to assess the thermal stability of
the reversible structural transition. It should be stressed out that no significant
differences between each heating and cooling cycle were observed for all investi-
gated alloys. Thus, in order not to obscure the figures with numerous overlapping
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curves, only the last heating 2 cooling cycles are shown in all figures presented in
the following section. Moreover, the magneto-thermo-structural properties of all
water, air and furnace cooled materials were also investigated by the VSM, which
will be discussed in the next section (Section 3.2.2). According to preliminary re-
search, there are no significant differences between the temperatures of martensit-
ic transformation estimated from DSC and VSM. Therefore, in view of the time
constraints resulting from the long measuring times, only the main group of water
cooled alloys were fully investigated by DSC technique and presented in the fol-
lowing section. Additionally, the complementary magnetic thermogravimetry
measurements in the vicinity of Curie temperature were also performed to investi-
gate the second-order magnetic transformation in the produced water cooled ma-
terials.

Fig. 3.53 presents the recorded DSC and M-TG curves for the reference and Co-
doped water cooled NigsMns3;Gayy, NiggMnsz GaypCoq, NiggMnszgGazpCo, and
NissMn,sGaCoy alloys, while Fig. 3.54 shows the results for materials in which
Co was gradually substituted by Fe, i.e. NiggMn,3GazoCosFe;, NisogMn,sGas Co,Fe;,
NissMn,sGazCoiFe; and NissMnasGayoFes alloy. The characteristic exothermic
and endothermic peaks observed during cooling and heating process, respectively,
indicates the reversible first-order transition that corresponds to the desired mar-
tensitic transformation. It was thoroughly explained in Section 1.3.4 that thermoe-
lastic phase transition driven by Gibbs free energy is characterized by imminent
hysteretic behaviour due to the required undercooling or overheating being the
driving force of the transformation. As a result, the transformation peaks visible in
Fig. 3.53 and 3.54 are not perfectly sharp and characteristic temperatures repre-
senting start and finish of the forward and backward martensitic transformation
may be clearly distinguished. In this work the martensite start M, martensite fin-
ish My, austenite start A and austenite finish Ar temperatures were estimated using
the linear approximation of tangent lines to the DSC curve close to the inflation
points, as schematically indicated in Fig. 3.53 and 3.54. The obtained transfor-
mation temperatures for all investigated materials are summarized in Table 3.4,
together with the average martensitic transformation temperature Ty, which is
determined as follows:

_ Mg+ Mg+ Ag + Ay

T,
M 4

(3.5)
Furthermore, the thermal hysteresis ATy of the first-order transformation were
also quantitatively estimated as temperature difference between forward and
backward martensitic transition, according the relation:

— (Af +As) - (Ms + Mf)

ATy .

(3.6)

When it comes to the second-order magnetic transformation, the Curie tempera-
ture is also observed on the recorded DSC curves as a small A-shape anomalies.
This is due to the strong coupling between magnetic and structural properties of
the fabricated NiMnGa-based MSMAs. However, the observed kinks in the base-
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line curves are not so pronounced, thus the Curie temperatures were estimated
using the complementary M-TG curves shown in right column in Fig. 3.53 and
3.54. It can be seen that in case of M-TG characteristics, the magnetic transfor-
mation manifested by abrupt increase or decrease of the weight of the sample is
significantly more evident than for the DSC curves. Moreover, the magnetic transi-
tion is also characterized by minor hysteresis of about ~2-4 K between heating
and cooling cycles, thus the final T¢ was evaluated as an average value between
this two processes. The resultant T¢ for all examined water cooled materials are
also summarized in Table 3.4.

Table 3.4. The temperatures of martensitic and magnetic transformation estimated from the
DSC and M-TG curves for the produced NiMnGa-based Heusler alloys. The As/As and Ms/Ms are the
start/finish temperatures for the austenite and martensite transformation, respectively. The Tc is
the average value of Curie temperature determined from heating and cooling M-TG curves. The
Tm and ATy corresponds to average temperature of martensitic transition and the thermal hyste-
resis between the austenite and martensite transformation, respectively.

Alloy composition Transformation temperatures

Martensitic Magnetic
As(K)  Af(K)  Ms(K)  Me(K) Tum(K) ATu(K) Tc(K)

NisgMn32Gazo 279 285 273 267 276.0 12.0 374
NisgMn31GazoCo; 285 291 279 274 282.3 11.5 385
NisgMn30GazoCo2 293 304 290 282 292.3 12,5 391
NizgMn28Gaz0Coa 348 360 339 330 344.3 19.5 400
NisgMnogGazoCosFe 284 293 276 266 279.8 17.5 403
NisoMn25GaziCozFen 308 318 296 288 302.5 21.0 399
NisgMnogGazoCoiFes 262 269 255 249 258.8 13.5 410
NisgMn2sGazoFes 259 264 250 246 254.8 13.5 392

It is seen in Fig. 3.53 and 3.54 that peaks corresponding to the martensitic trans-
formation significantly shifts to the higher temperatures with the increasing Co-
content and then return to lower temperatures as Fe gradually substitutes Co. For
the reference undoped NisgsMn3,Ga,o sample the Ty = 276.0 K and then increase to
344.3 K for the NisgMn,3GayoCoy alloy with the highest content of Co. It shows that
adding merely 4 at.% of Co considerably increases the T in Ni-Mn-Ga system by
over 70 K. On the contrary, the Co substitution by Fe decreases the Ty up to 254.8
K for the NiyggMnysGayoFe, alloy exhibiting the highest content of Fe. The exchange
of 4 at.% of Co to 4 at.% of Fe without altering the Ni/Mn/Ga ratio reduces the TM
by almost 90 K, which confirms the contradictory influence of Fe and Co on tem-
perature of martensitic transition. However, it should be emphasized that com-
pared to Co, Fe has a less significant impact on Ty. The direct comparison of the
reference undoped sample and NissMnsGayoFeq alloy reveals only 20 K difference
in their temperature of martensitic transition, which is 3.5 times less than in case
of aforementioned NiygMn,3Ga,oCo4 specimen.
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Fig. 3.53. DSC and M-TG curves recorded during heating and cooling cycles for the water cooled
(a) NissMn32Gazg, (b) NizgMn31GazoCo1, (€) NiszgMn3oGazoCoz and (d) NizgMn2sGazpCos magnetic
shape memory alloys. The characteristic start and finish temperatures for the martensitic and
austenitic transformations are marked with arrows and denoted as Ms, M, As and Ay, respectively.
The Tiut corresponds to intermartensitic transition. The Curie temperature (T¢) during heating

and cooling cycle is indicated in both DSC and M-TG

curves.
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Fig. 3.54. DSC and M-TG curves recorded during heating and cooling cycles for the water cooled
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sitic and austenitic transformations are marked with arrows and denoted as Ms, Mz, As and A,
respectively. The Curie temperature (Tc) during heating and cooling cycle is indicated in both

DSC and M-TG curves.



3.2 Martensitic and magnetic transformation 159

The obtained values of characteristic temperatures describing the martensitic
transformation are also in accordance with the previous microstructural investiga-
tion of the fabricated NiMnGa-based materials (Section 3.1). As explained in ex-
perimental part of this thesis, all investigated samples were firstly cooled down
considerably below the martensitic transformation temperature and then slowly
warmed up back to room temperature (RT). The proposed procedure allowed to
reduce the introduction of additional driving force for a potential first-order mar-
tensitic transformation. Consequently, in the following analysis, the reference
temperature that implies the diminishing of the formerly induced martensitic
phase is then the austenite start temperature. Table 3.4 shows that the
NisgMn,3GayoCos and NisgMnysGay Co,Fe; alloys, which were actually found fully
martensitic during microstructural studies, have As that are higher than RT. For
the earlier martensitic NisgMn,3Ga,oCo;Fe; sample the A is slightly below the RT,
however the mechanical polishing may induce some internal stresses that stabilize
the martensitic phase below the A estimated for the stress-free sample. Moreover,
the A for the NiyggMn3;GayCo; and NiggMn3pGaygCo, alloy is also very close to the
RT, supporting earlier findings that suggested the existence of the residual marten-
sitic phase in these particular samples. Special attention should be given to the
NissMn3oGazoCo, alloy presented in Fig. 3.53 in which both the endothermic and
exothermic peaks are characterized by corresponding overlapping bimodal distri-
bution. The observed shape of peaks refer to a two-stage process, which in case of
martensitic transformation indicates the occurrence of intermartensitic transition
(Twr), that was previously described in Section 1.5.3. The suggested interpretation
of the bimodal distribution is consistent with the XRD analysis that revealed the
5M modulated martensite structure in this particular alloy (Section 3.1.4).

Furthermore, the increasing content of Co in NiMnGa-based alloys also lead to the
shift of Curie temperature to higher values and the subsequent substitution of Co
by Fe also maintains this tendency. In order visualize these changes with reference
to the examined elemental doping, Fig. 3.55 presents the temperatures of marten-
sitic and magnetic transformation from Table 3.4 plotted as a function of alloying
addition. The obvious contradictory influence of Co and Fe on the temperature of
reversible martensitic transformation is now clearly seen in Fig. 3.55(a). It is
worth noticing that again the NisoMn,sGa, Co,Fe; alloy with different Ni/Mn ratio
stands out from the rest of the samples. This implies the stronger influence of
Ni/Mn ratio than Co or Fe doping, which was already suggested during XRD anal-
ysis (Section 3.1.4).

When it comes to magnetic transformation, the unusual anomalies are observed
for the Fe-Co-doped samples. Generally, it is reported that the addition of Fe to Ni-
Mn-Ga composition increases the Curie temperature [267,284] or occasionally may
have negligible influence on the paramagnetic & ferromagnetic transformation
[286,287]. Comparable results are partially seen in this work on the example of the
NissMn,sGazoCosFe; and NisggMn,sGazCoiFes alloys for which the increasing
trend in T is almost the exact continuation of the trend emerging for the Co-
doped materials (Fig. 3.55(b)). What could be expected, the NisoMn,sGa,;CosFe;
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alloy with different Ni/Mn ratio stands out from the other fabricated samples,
though the significantly lower T¢ observed for last NissMn,sGayoFe4 alloy is un-
foreseen. One should bear in mind that the observed increasing characteristic of
T¢ is simultaneously influenced by both Co and Fe, but the aforementioned anom-
aly is only discovered in samples doped with Fe. Generally, the increase in T¢ ob-
served for alloys doped by Co or Fe can be explained by the fact that Fe or Co has a
greater magnetic moment than Mn, resulting in a stronger exchange interaction of
the system. Nevertheless, the presented results suggests that for the alloys doped
by both Co and Fe the combined effect of these two elements may by remarkably
different than individual influences of Fe or Co. In this context, it should be also
stated that the unusual non-monotonous trend in T¢ in Ni-Mn-Ga-Co-Fe system
was previously reported in [269,270], and was described in Section 1.6.2.2.
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Fig. 3.55. The characteristic temperatures for (a) the martensitic transformation (As, Ar, Ms and
Ms) and (b) magnetic transformation (7¢) estimated from the DSC and M-TG curves for the water
cooled NisgMn3,Gazg, NissMn31Gaz0Co1, NisgMn30Gaz0Coz, NissMnogGazeCoa, NisgMnasGazoCosFes,
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The XRD studies presented and discussed in Section 3.1.4 revealed the partial cor-
relation between the lattice and electronic properties of the fabricated NiMnGa-
based multifunctional alloys. Following that fact, Fig. 3.56 and 3.57 present the
estimated temperatures of martensitic transformation, as well as the Curie tem-
perature expressed as a function of e/a and N¢/a parameter, respectively. It is seen
in Fig. 3.56(a) that the Ty significantly increases with the increasing e/a, indicat-
ing the strong mutual dependence between these parameters. Remarkably, the Ty
for the NispMn,sGa,;CosFe; alloy, which has a different Ni/Mn ratio than the other
alloys, follows the same trends as the rest of the samples, demonstrating the poten-
tial universality of e/a ratio. Additionally, the comparable, but distinctive increas-
ing trends are observed separately for Co-doped and Fe-Co-doped samples. The
temperature difference between these two individual trends is about ~35 K. This
results show that Fe might be employed as a doping element in the quaternary Ni-
Mn-Ga-Co system to significantly lower the Ty by a known constant value. Like-
wise, Co may be used in Ni-Mn-Ga-Fe system to increase the Ty by the same con-
stant value, without influencing the general characteristics of T.

In the context of magnetic transformation, Fig. 3.56(b) shows the obvious linear
relationship between Curie temperature and e/a parameter. Again, Co-doped and
Fe-Co-doped materials exhibit two separate linear relationships. It is interesting to
note that the previously mentioned NisgsMn,sGazoFe, alloy exhibiting anomalous
Tc is now located along the linear trend characterizing the Co-doped samples. This
supports the earlier conclusion that the joint influence of Fe and Co is considera-
bly different than the distinct influence of individual elements.

In consideration of the second electronic parameter defining the non-bonding
electron concentration, Fig 3.57(a) shows the influence of N./a on the martensitic
transformation temperature for the investigated NiMnGa-based alloys. The rela-
tionship between the Ty and N./a is clearly comparable to the one shown for the
e/a parameter (Fig. 3.56(a)), but this time there is no evident distinction between
Co-doped and Fe-Co-doped alloys. The Ty for all examined alloys increases in the
same manner, although the distribution of measured values are more random than
in case of e/a and deviates by around +15 K from the overall trend. It is particular-
ly notable in comparison to the earlier XRD analysis discussed in Section 3.1.4. It
should be recalled that for the crystal lattice parameters, the e/a ratio was consid-
ered as fairly universal parameter for all investigated materials, whereas the re-
fined crystallographic data for Co-doped and Fe-Co-doped materials were clearly
distinguished for N¢/a parameter. This phenomenon was attributed the notable
difference between the number of non-bonding electron equal to 3.64 and 2.45 for
Co and Fe, respectively. However, the investigated temperature of the martensitic
transition now shows the opposite pattern. In the following case, the obvious dis-
tinction between Co-doped and Fe-Co-doped samples are found for the e/a ratio,
whereas N./a parameter suggest to be more universal despite having higher uncer-
tainty.
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Fig. 3.56. The temperatures of (a) the martensitic transformation (Tu) and (b) the magnetic
transformation (7¢) estimated from DSC and M-TG curves and expressed as a function of the
valence electrons concentration e/a for the investigated NiMnGa-based Heusler alloys doped by
Co and/or Fe. The dashed lines are guide for an eye to show the trends in Ty and Tc.

For the magnetic transformation temperature depicted in Fig. 3.57(b), Co-doped
and Fe-Co-doped alloys exhibit two distinct linear relationships of T¢c. The ob-
tained linear characteristics are once more very similar to those presented for the
e/a parameter (Fig. 3.56(b)), with and the only difference found for the
NissMnysGayoFes sample (marked with an addition arrow in Fig. 3.56(b) and
3.57(b)). It is seen that for the N./a parameter the Curie temperature of this spec-
imen do not correspond to other Co-doped or Fe-Co-doped materials. In this case
the e/a ratio appears to be a more relevant metric in determining the Curie tem-
perature than N¢/a when taking into account the results shown in both figures.
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Fig. 3.57. The temperatures of (a) the martensitic transformation (Tu) and (b) the magnetic
transformations (7¢) estimated from DSC and M-TG curves and expressed as a function non-
bonding electrons concentration Ne/a for the investigated NiMnGa-based Heusler alloys doped
by Co and/or Fe. The dashed lines are guide for an eye to show the trends in Tv and Tc.

Last but not least, the mention should also be made of thermal hysteresis ATy es-
timated on the basis of Eq. 3.6 and reported in Table 3.4. Firstly, it is worth notic-
ing that there are two distinct ranges in which the acquired values of ATy can be
placed. The first range between 11.5 K and 13.5 K is related the alloys which were
previously found to be austenitic at room temperature, i.e. the NissMns3;Gay,
Ni4gMIl31G3.20C01, Ni4gMn30G3.20C02, Ni4gMn28Ga20C01Fe3 and Ni43Mn23Ga20Fe4
alloys. The second, noticeably higher region between 17.5 K and 21.0 K corre-
sponds to the fully martensitic samples at room temperatures, i.e. the
NissMn,sGazCos, NiggMnsGazoCosFe; and NisyMnjysGas; CosFe; alloys. This sug-
gests that the shifting of Ty towards higher temperatures by elemental doping en-
tails the increase of thermal hysteresis, which ultimately influences the potential
functional properties of the future magnetic shape memory alloys. This phenome-
non is also observed in a matter of the discussed electronic parameters, which is
presented in Fig. 3.58. According to Fig. 3.58(a), ATy increases steeply with the
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increase of e/a and all Co-doped and Fe-Co-doped alloys follows the same mono-
tonical trend. In contrary, Fig. 3.59(b) shows that the estimated values of ATy are
scattered along the N./a parameter without any evident relationship. This again
favours the e/a parameter in consideration of predicting the temperatures of re-
versible martensitic transformation.
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Fig. 3.58. The thermal hysteresis ATy of reversible martensitic transformation expressed as a
function of (a) e/a and (b) Ne/a parameters. The horizontal dashed line shows the schematic
division for alloys observed in austenitic and martensitic state at room temperature (RT). The
dashed colour lines are guide for an eye to show the trends in AT.

3.2.2 Thermomagnetic behaviour

A large part of the theoretical introduction of this thesis was devoted to show and
describe the exceptionally strong magneto-thermo-structural coupling characteriz-
ing the Ni-Mn-Ga magnetic shape memory alloys. In a view of this information the
thermomagnetic behaviour of the fabricated materials were investigated with the
help of vibrating sample magnetometer. The temperature-dependent magnetiza-
tion curves were recorded in heating and cooling cycle following the ZFC an FC
protocol, which was in detail described in experimental part of this thesis (Section
2.3.6). It should be emphasized that, the measurements were conducted at the
same heating/cooling rate of 10 K/min as the previously discussed DSC investiga-
tion, which allows for direct comparison of the obtained results.

Fig. 3.59-3.61 shows the temperature dependence of magnetization M(T) recorded
for all fabricated water, air and furnace cooled NiMnGa-based alloys, respectively.
It should be remembered that for such low value of external magnetic field (uoH =
10 mT), the quantitative analysis of magnetization may be misleading, as it is
strongly influenced by mass and shape of the sample. Hence, the presented M(T)
curves were normalized to allow for better comparison of numerous specimens. It
is seen in Fig. 3.59-3.61 that every sample exhibits an abrupt increase in magneti-
zation during heating phase and a following sudden drop in magnetization during
the cooling process. The observed rapid change of magnetization is related to the
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austenitic and martensitic transformation, respectively. The magnetization of the
samples changes due to significant difference between magnetic ordering of the
austenite and martensite phase, which was extensively discussed in the theoretical
introduction (Section 1.3). Based on the presented thermomagnetic curves the
characteristic temperatures of forward and reverse martensitic transformation
were established using the linear approximation of tangent lines to the M(T) curve
close to structural transformations, as depicted in Fig. 3.59-3.61. The estimated
values of Ag, As, M, and M;, as well as Ty and AT are listed in Table 3.5.

It is essential to note that the observed sudden change in magnetization is only
connected with structural transformation and should not be confused with the
magnetostructural transformation described in Section 1.3.7. In case of the pro-
duced MSMAs the previously discussed M-TG studies shown that the Curie tem-
perature is above 370 K for all investigated samples. As a results, the T¢ is not ob-
served in M(T) curves and martensitic transformation undergoes between two fer-
romagnetic phases. As a consequence, the following transformation sequence is
then valid for all produced materials:

ferromagnetic ™ ferromagnetic Tc paramagnetic
austenite - martensite - martensite

One characteristic feature that distinguish the heating and cooling part of M(T)
curve is the notable difference between the magnetization of the martensite phase.
This is due to the strong magnetocrystalline anisotropy of the NiMnGa-based ma-
terials as well as the employment of the ZFC and FC mode. At the beginning, dur-
ing heating in ZFC mode, the examined sample is magnetized at low temperature
with no favourable magnetostructural orientation. In the subsequent FC cooling
mode the already magnetized sample in austenitic state undergoes the field-
assisted martensitic transformation, which induces the preferred magnetostruc-
tural orientation of martensite. It is clearly seen in Fig. 3.59-3.61 that despite the
relatively low field of only 10 mT the described phenomenon is still observed in all
examined alloys. What is interesting, the aforementioned differences in magnetiza-
tion are more pronounced in Co-doped samples than in Fe-Co-doped samples,
which suggests the greater influence of Co on magnetostructural properties of
NiMnGa-based alloys than Fe. Moreover, the stated magnetization differences are
less evident for the furnace cooled materials, than for the other of water and air
cooled samples. This implies that furnace cooling process may deteriorate the
magnetostructural coupling of NiMnGa-based alloys or, in other words, it did not
allow for complete structural development of MSMA. This conclusion is also rele-
vant in general direct comparison of temperature-dependent behaviour of magnet-
ization for all fabricated alloys. It is seen in Fig. 3.61 that the slowest cooled mate-
rials are characterized by notably lower changes in magnetization during forward
and revered martensitic transformation than quickly cooled samples, i.e. water
(Fig. 3.59) and air cooled (Fig. 3.60) ones, which also supports the theory that fur-
nace cooling may reduce the complete magnetostructural evolution of NiMnGa-
based Heusler compounds. This is an important finding in light of potential appli-
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cations of Ni-Mn-Ga-Co-Fe alloys since the appearance of the various functional
magnetic field-induced effects discussed in Sections 1.4 and 1.5 depends on the
significant difference in magnetization that emerges during the phase transition.

Table 3.5. The characteristic temperatures of martensitic transformation estimated from the
thermomagnetic curves for the produced NiMnGa-based Heusler alloys. The As/Ar and Ms/Ms are
the start/finish temperatures for the austenite and martensite transformation, respectively. The
Tm and ATy corresponds to average temperature of martensitic transition and the thermal hyste-
resis between the austenite and martensite transformation, respectively.

Alloy composition Cooling Martensitic transition
As (K) As (K) Ms(K)  M¢(K) Tm(K) ATu(K)

NisgMn32Gazo water 279 283 272 267 275.3 11.5
air 280 283 271 269 275.8 11.5
furnace 278 286 274 271 277.3 9.5
NiszgMn31Gaz0Co1 water 285 289 277 274 281.3 11.5
air 286 291 279 276 283.0 11.0
furnace 292 296 286 283 289.3 9.5
NizgMn30Gaz0Co2 water 294 301 288 280 290.8 13.5
air 295 300 287 281 290.8 13.5
furnace 300 303 290 287 295.0 13.0
NisgMn28Gaz0Co4 water 350 360 340 332 345.5 19.0
air 248 259 342 334 345.8 15.5
furnace 354 360 342 336 348.0 18.0
NizgsMnosGazoCosFe  water 286 295 277 266 281.0 19.0
air 287 296 279 267 282.3 18.5
furnace 294 302 291 282 292.3 11.5
NisoMn2s5Gazi1CosFer; water 309 318 298 291 304.0 19.0
air 314 320 301 292 306.8 20.5
furnace 315 324 306 297 310.5 18.0
NisgMn2gGaoCoi1Fes water 262 267 253 249 257.8 13.5
air 261 256 252 248 256.5 13.0
furnace 266 270 259 255 262.5 11.0
NisgMn2gGazoFes water 258 262 249 245 253.5 13.0
air 257 260 248 245 252.5 12.0

furnace 264 268 258 253 260.8 10.5
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Fig. 3.59. Temperature dependence of magnetization M(T) for the water cooled (a)
NisgMn32Gazo, (b) NissMn31GazeCoi, (€) NissMn3oGazeCoz and (d) NisggMnasGazoCos, (e)
NisgMnsGazoCosFes, (f) NisoMn25Gaz1CozFey, (g) NisgMn2sGazoCoiFe; and (h) NizgMn2gGazoFes
alloys recorded during heating (ZFC) and cooling (FC) cycle under an external magnetic field of
10 mT. The characteristic start and finish temperatures for the martensitic and austenitic trans-
formations are marked with arrows and denoted as Ms, M, As and Ay, respectively. The Tiur corre-
sponds to intermartensitic transition.
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Fig. 3.60. Temperature dependence of magnetization M(T) for the air cooled (a) NissMn3z2Gazo,
(b) Ni4sMn3lGazoC01, (C) Ni48Mn3oGamC02 and (d) Ni48ansGazoCO4, (e) Ni4sangGazoC03Fel, (f)
NisoMn25Gaz1CozFes, (g) NisgMnasGazCoiFes and (h) NisgMnysGaxFes alloys recorded during
heating (ZFC) and cooling (FC) cycle under an external magnetic field of 10 mT. The characteris-
tic start and finish temperatures for the martensitic and austenitic transformations are marked
with arrows and denoted as Ms, Ms, As and As, respectively. The Tiut corresponds to intermarten-
sitic transition.



3.2 Martensitic and magnetic transformation 169

0 1.2 1.2
g (a) Ni43Mnnga20 Ms\ (e) Ni43Mn23Ga20003Fe1
= 10- 1.0- T
S . My AN s A
§ 08 —=cooling N As 08- f
® . Mg
§ 064 heating —» \As 06 =209 o g
IS ;
§ 0.4 0.4 1 heating —» \As
80.2- 0.2
g o goH = 10 mT 0 goH = 10 mT
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
0 1.2 1.2
§ (b) Ni45Mn31G62(JCO1 (f) Ni50MI’]25G821COzFeg
-~ 1.0 1.0 1
5 MS] AN A Ms]
® 0.8 f 0.8 Ar
S M¢
o . My ~
§0.6 = cooling AN 0.6 <— cooling
€
E 0.4 heating —» \As 0.4 \As
§ 0.2 0.24 heating —»
S o poH=10mT| HoH = 10 mT
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
012 1.2
é (c) NisgMn3oGazoCo, (9) NiggMn2gGazoCoFes ~ Ms
= 1.0 P 1.0 1
] AN
§ 081 T MMS A 0.8 = cooling AN A
N IMT f\ T
%0 64 = cooling \ 064
g — XA
gl heatin
B 041 heating —s A \As 0.4 1 9 °
N Timt
g 0.2 1 0.2
<Z’3 0 poH =10mT| PoH = 10 mT
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
01.2 1.2
= (d) NiggMn33GazoCoy (h) NizsMn2gGazoFes ~ Ms
f_ 1.0- P 1.0-
2 M ; M¢ AN
5 0.8 s \ 0.8 —— cooling Y As
= As T
(0]
50.6 ; Mt 0.6
()]
g = cooling X heating —» \As
o 0.4 " Z 0.4
ﬁ heating — \
g 0.2 1 As | 0.2
S 0 poH=10mT| goH =10 mT
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Temperature, T (K) Temperature, T (K)

Fig. 3.61. Temperature dependence of magnetization M(T) for the furnace cooled (a)
NisgMn32Gazo, (b) NissMn31GazeCoi, (€) NissMn3oGazeCoz and (d) NisggMnasGazoCos, (e)
NisgMnsGazoCosFes, (f) NisoMn25Gaz1CozFey, (g) NisgMn2sGazoCoiFe; and (h) NizgMn2gGazoFes
alloys recorded during heating (ZFC) and cooling (FC) cycle under an external magnetic field of
10 mT. The characteristic start and finish temperatures for the martensitic and austenitic trans-
formations are marked with arrows and denoted as Ms, M, As and Ay, respectively. The Tiur corre-
sponds to intermartensitic transition.
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In a view of elemental doping, it is seen in Fig. 3.59-3.61 and in Table 3.5 that the
martensitic transformation follows the same patterns as in the case of previously
described DSC investigations. Generally, the temperature of martensitic transfor-
mation increases with the increasing Co content and then subsequently decreases
when Co is gradually replaced by Fe. The direct comparison between TM obtained
with the help of DSC and VSM measurements for the water cooled NiMnGa-based
alloys are presented in Fig. 3.62. As shown in Fig. 3.62(a) the T\ estimated from
both DSC and M(T) curves are in almost perfect agreement for all examined sam-
ples and the differences in corresponding data do not exceed +1.5 K (Fig. 3.62(b)).
Moreover, the comprehensive comparison of all characteristic temperatures of
martensitic transition, including As, As, Ms, and Mg, collected in Tables 3.4 and 3.5
also demonstrates that the difference in T between thermally oriented DSC data
and magnetically oriented VSM data do not exceed +2.0K. It is also worth pointing
out that the previously observed intermartensitic transformation revealed in DSC
analysis for the NisgMn3,GaxCo, alloy was as well found during VSM measure-
ments. The unusual deflections of M(T) characteristics observed in Fig. 3.59(c)-
3.61(c) and marked as Tpyr are most likely related to the intermartensitic transi-
tion, which is consistent with the corresponding DSC studies and former micro-
structural investigations.
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Fig. 3.62. The comparison of the martensitic transformation temperature Ty for the produced
water cooled NiMnGa-based alloys expressed as a function of Co and/or Fe doping. (a) The Tu
estimated on the basis of VSM and DSC measurements, as well as (b) the temperature difference
ATw between the corresponding Tuw obtained by different technique. The calculated ATw do not
exceed *1.5K.
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Taking this comparison into consideration, it was decided not to repeat the discus-
sion about the influence of elemental doping and related electronic parameters on
the temperature of martensitic transformation for the fabricated NiMnGa-based
materials since it was already covered in Section 3.2.1. The following part of this
section will be instead focused on the observed differences between the materials
exposed to a different cooling conditions, which will be complementary to the pre-
vious discussion.

Fig. 3.63 presents the average temperature of martensitic transformation for the
water, air and furnace cooled alloys represented as a function of simple elemental
doping and e/a parameter (e/a was previously found as better predictor of Ty then
N./a). It can be seen that samples that have been cooled in water and those that
have been cooled on air exhibit very comparable martensitic transition tempera-
tures. The Ty for air cooled materials are occasionally slightly lower or slightly
higher than Ty obtained for water cooled specimens. The average difference be-
tween Ty established for water and air cooled alloys is close to ~1 K, which is fair-
ly low value considering the uncertainties of linear approximations during the pri-
or estimation of A, A, M, and M;. On the contrary, the furnace cooled samples are
characterized by noticeably higher Ty than both water and air cooled specimens.
Additionally, elemental doping affects the observed difference in Ty:.. For the fur-
nace cooled Co-doped alloys the Ty is about ~4 K higher than Ty estimated for the
water cooled samples, whereas for the Fe-Co-doped alloys this difference increase
to about ~7.5 K. In addition, the Ty for the furnace cooled alloys are also more
scattered from general trends, which is especially evident in the example of e/a
dependency shown in Fig. 3.63(b). Despite the aforementioned differences in TM,
the general behaviour of martensitic transformation is similar for corresponding
water, air and furnace cooled materials since there have been no significant
changes in thermal hysteresis of observed structural transition. The AT estimated
for the Ni4gMIl32G3.20, Ni48Mn31G3_20C01, Ni4gMn30Ga20C02, Ni43M1’128G3_20C01F63
and NiggMnysGayFe, alloys is about ~12 K, while AT for the NissMnysGasoCou,
NisgMn,3GazoCosFe; and NisoMnj,sGaz CozFe; alloys is around ~18 K.

The discussed distinct behaviour of TM for the furnace cooled samples clearly
shows that despite the same chemical composition as water and air cooled materi-
als, the magnetostructural properties of furnace cooled MSMAs are not fully de-
veloped. These structural differences between differently cooled alloys were par-
tially revealed during XRD investigation (Section 3.1.4) and the discussed VSM
measurements confirmed the influence of the examined structural order on the
reversible martensitic transformation.
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Fig. 3.63. The comparison of the martensitic transformation temperature Tw for the water, air
and furnace cooled NiMnGa-based alloys expressed as (a) a function of Co and/or Fe doping, as
well as (b) a function of the valence electrons concentration e/a.

3.3 Magnetic properties

3.3.1 Thermomagnetic hysteresis

The magnetic properties of the produced NiMnGa-based materials were investi-
gated on the basis of DC hysteresis loops recorded at 100 K for the martensite
phase and at 320 K or 360 K for the austenite phase, depend on the established
temperature of martensitic transformation for the individual samples. All loops
were collected under an external magnetic field up to 2 T.

Fig. 3.64-3.66 presents the obtained hysteresis loops for the fabricated water, air
and furnace cooled alloys, respectively. The distinct differences between the mag-
netization behaviour of the high temperature austenite phase and the low temper-
ature martensite phase can be seen in all of the presented cases. For low values of
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external magnetic field (uoH < 0.3 T) the austenite phase is characterized by higher
initial permeability than martensite phase, and therefore, saturates notably faster.
It is noteworthy that this is consistent with the M(T) curves shown in the preced-
ing Section (Fig. 3.59-3.60), where measurements were conducted at a low exter-
nal magnetic field of 10 mT and the austenite phase was found to have a signifi-
cantly higher magnetization than the martensite phase. Nevertheless, the observed
situation changes for the higher values of external magnetic field (uoH > 0.5 T). In
this range of fields the austenite phase becomes almost saturated, whereas the
magnetization of martensite phase is still substantially rising. For the high values
of magnetic field (uoH > 1.5 T), where both austenite and martensite phase are
almost completely saturated, the considerable difference of about ~25-30% be-
tween the magnetization of individual phases is observed for all investigated mate-
rials. This unusual magnetic behaviour of fabricated MSMAs stems from the high
magnetocrystalline anisotropy of the poor symmetry martensitic structure, charac-
terized by differently oriented twin variants, that are absent in high symmetry cu-
bic austenite (Section 3.1.5). This magnetostructural anisotropy diminishes the
initial permeability of the alloy, which may only be overcome by exposure to a
strong enough external magnetic field.

The difference in magnetic properties of austenite and martensite phase are also
evident on the example of coercivity (or coercive field) H¢ derived from the rec-
orded hysteresis loops. The estimated values of H¢ for the austenite and martensite
phases for all water, air, and furnace cooled NiMnGa-based samples are listed in
Table 3.6. Additionally, these results are shown in relation to elemental doping in
Fig. 3.67.

Table 3.6. The coercivity Hc(T) of the martensite and austenite phase estimated from M(H) loops
recorded at 100 K and 320 K (or 360 K*), respectively, for the produced water, air and furnace
cooled NiMnGa-based Heusler alloys.

Alloy composition Coercivity Hc (mT)
Water cooled Air cooled Furnace cooled
100K 320K 100K 320K 100K 320K
NisgMn32Gazo 22.7 0.7 36.7 2.5 4.1 0.6
NizgsMn31GazoCo1 20.2 1.7 35.1 3.0 6.3 0.7
NisgMn30Gaz0Co2 17.3 2.3 344 3.4 7.8 1.1
NisgMn2gGaz0Cos 9.8 3.4* 16.6 4.2* 9.3 1.5*
NisgsMn,gGasgCosFe; 11.3 0.8 21.6 1.8 8.0 0.4
NisoM n256621C02Fez 10.2 0.8 19.7 2.2 8.4 0.5
NisgsMn,gGaygCoiFes 14.9 0.5 21.4 0.7 6.6 0.3

Ni48angGazoFe4 16.2 0.4 22.4 0.5 5.6 0.3
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Fig. 3.64. Magnetization hysteresis loops M(H) obtained for the water cooled (a) NissMnz2Gazo,
(b) NisgMn31GazoCo1, (€) NiszgMnzoGazoCoz and (d) NissMn2sGazeCos, (€) NissMnagGazeCosFe, (f)
NisoMn25Gaz1CozFey, (g) NisagsMnasGazoCoiFes and (h) NissMnasGazoFes alloys. The loops recorded
at 100 K and 320 K or 360 K corresponds to martensitic corresponds to martensite and austenite
phase, respectively.
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Fig. 3.65. Magnetization hysteresis loops M(H) obtained for the air cooled (a) NissMnz2Gayo, (b)
NisgMn31GazoCo1, (€) NissMn3pGazCoz and (d) NissMn2sGazpCos, (€) NisgMnasGazoCosFer, (f)
NisoMn25Gaz1CozFey, (g) NisagsMnasGazoCoiFes and (h) NissMnasGazoFes alloys. The loops recorded
at 100 K and 320 K or 360 K corresponds to martensitic corresponds to martensite and austenite
phase, respectively.



176 3 Results and discussion

100 NizgMn3.G 100 NisgMnogGazoCosF
—_ a) NizgMn3,Ga — e) NiggMnygGasCosFe
5 75_() 48Mn32Gago 5 75_() 48Mn2gGazCosFe4
E 50 E 501
< 5] < 5]
c 0 s 0
o Q
‘g -25 - *g -25 -
2 -50- g 501
g -75 —— 100 K g -754 —— 100K
—— 320K —— 320K
_100 T T T T T T T T _100 T T T T T T T
-2 -1 0 1 2 -2 -1 0 1 2
100 100
— (b) NisgMn31GazyCo1 — (f) NispMnz5Gaz1CozFe;
2 751 2 751
E 501 E 501
<
= 25 = 25 -
s 0 s 0
2 O
E -25 E -25
Q 50+ 2 50+
()] (o]
g -75 4 —— 100 K ‘2“ -75 4 —— 100 K
—— 320K —— 320K
_100 T T T T _100 T T T T
-2 -1 0 1 2 -2 -1 0 1 2
100 _ 100 ,
—_ (c) NisgMn3zoGazCoy — (9) NiggMn2gGazCo1Fes
D 751 D 751
E 501 E 50-
< 5] < 25l
= =
s 0 s 0
RS o
g =25 - _g =25 -
2 50 2 ~50+
()] ()]
g -75 4 —— 100 K ‘2“ -75 4 —— 100 K
—— 320K —— 320K
_100 T T T T _100 T T T T
-2 -1 0 1 2 -2 -1 0 1 2
100 d) NiggMn,gGayC 100 h) NisgMn,gGagoF
—_ i4sMn2sGaynCo — i4sMnogGagoFe
3 75_( ) NiggMn2gGazoCoy e 75_( ) NisgMn2gGazoFeq
E 504 E 501
< <
= 251 = 251
= 5 = 5
s 0 s 0
o i)
_‘g -25 - ‘g‘ -25 -
2 -50- g 501
g -75 —— 100 K ‘2‘5 -754 —— 100K
—— 360 K —— 320K
_100 T T T T T T T T _100 T T T T T T T T T
-2 -1 0 1 2 -2 -1 0 1 2
Magnetic field, poH (T) Magnetic field, pgH (T)

Fig. 3.66. Magnetization hysteresis loops M(H) obtained for the furnace cooled (a) NissMnz2Gao,
(b) NisgMn31GazoCo1, (€) NiszgMnzoGazoCoz and (d) NissMn2sGazeCos, (€) NissMnagGazeCosFe, (f)
NisoMn25Gaz1CozFey, (g) NisagsMnasGazoCoiFes and (h) NissMnasGazoFes alloys. The loops recorded
at 100 K and 320 K or 360 K corresponds to martensitic corresponds to martensite and austenite
phase, respectively.
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Fig. 3.67. The coercivity Hc of (a) the martensite and (b) austenite phase estimated from M(H)
loops recorded at 100 K and 320 K or 360 K, respectively, for the water, air and furnace cooled
NisgMn32Gazo, NizgMn31Gaz0Co1, NiasMn30GazpCoz, NisgsMnsGazoCos,  NisgMnogGazoCosFes,
NisoMn25Gaz1CozFe,, NisgMnygGazoCoiFes and NisgMnasGazoFes alloys expressed as a function of
Co and Fe doping. The symbols corresponding to the NisoMn25Gaz1Co,Fe; alloy characterized by
different Ni/Mn ratio are indicated by additional frames.

Because of the previously mentioned magnetocrystalline anisotropy of the marten-
sitic structure, it is evident from Fig. 3.67 and Table 3.6 that the martensitic phase
has a couple times higher coercivity than the austenite phase. However, a direct
comparison of Hc obtained for the same alloys in two different states reveals that
these variations are significantly influenced by chemical composition. The addi-
tion of Co significantly reduces the coercivity of the martensite phase for both wa-
ter- and air-cooled specimens while simultaneously increasing the coercivity of the
austenite phase. In contrast, the subsequent Co substitution by Fe have contradic-
tory effects on examined coercivity and these effects less pronounced than in case
of Co addition. As a result, the highest relative difference in Hc is observed for the
NisgMn,3GayoFe, alloy, for which the coercivity of martensite is even more than 40
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times higher than coercivity of corresponding austenite phase (Table 3.6). In con-
trary, the NisggMn,sGayCos, alloy exhibits the lowest relative difference in H¢, with
martensite coercivity only being 4 times higher than that of the austenite phase
(Table 3.6). Overall, the relative differences in Hc are noticeably higher for the Fe-
Co-doped alloys than for Co-doped alloys, even despite the fact that Fe-containing
alloys are characterized by lower H¢ than quaternary Co-doped samples.

It should be noted at this point that the coercivity of the austenite phase (Fig.
3.67(b)), which is currently being discussed, and the previously estimated temper-
ature of the martensitic transformation (Fig. 3.55(a)), both relate to the Co and Fe
doping. Taking this into consideration, it is possible to attribute some of the ob-
served changes in Hc to the magnetostructural stability of the austenite or marten-
site phases following the austenitic or martensitic transition, respectively. Since
the measurements were made far from the structural transformation, the coercivi-
ty of austenite is relatively low for alloys with low Ty, such as the NissMn3,Gayy,
NisgMn,3GaoCoiFes or NiggMnysGayoFeq sample. When the Ty approaches room
temperature (e.g. for the NisggMnysGaCos, NiggMnysGayCosFe;  or
NisoMn,sGaz Co,Fe; sample) the coercivity of austenite phase also increases, as in
this case, the hysteresis loops were collected close to the structural transformation.
When it comes to martensite phase, the variations in Hc are even more complex
since the additional influence of magnetocrystalline anisotropy must also be taken
into account. It was reported in literature [253,288,533-535], among others, also by
the author of this thesis [319], that magnetocrystalline anisotropy in Ni-Mn-Ga
MSMAs is temperature dependent and increases with decreasing temperature.

The significant differences in coercivity are also observed for the samples exposed
to different cooling conditions. According to Fig. 3.67, the slowest cooled alloys
exhibit the lowest values of H¢ as well as the smallest changes in H¢, which are
almost neglectable in comparison to quickly cooled materials. This discrepancies
in Hc between variously cooled alloys seems to originates form the nature of mag-
netic coercivity. This variation in Hc between different alloys appears to have its
origins in the nature of magnetic coercivity. The relatively rapid cooling of water-
or air-cooled materials introduces lattice defects and internal stresses that pin the
magnetic domain walls, raising the coercivity of the ferromagnetic material. Due
to the fact that Ni-Mn-Ga MSMAs are typically prepared using water or air cooling,
the Hc values obtained for the martensite structure, which range from 10 to 35 mT,
are very similar to those reported in the literature for other NiMnGa-based materi-
als [252,536,537]. Following this concept, the slow furnace cooling do not intro-
duce any internal stresses and allows for slow diffusion processes. Therefore, the
furnace cooled structure is relatively free form internal stresses and lattice defects
that affects the coercivity of heat-treated alloys. Because of this, samples that have
been cooled in a furnace may have significantly lower coercivity than their water-
or air-cooled counterparts. Remarkably, the H¢ for the furnace cooled samples is
even up to 10 times lower than the Hc estimated for the corresponding water or air
cooled specimens for the alloys shown in Fig. 3.67 and summarized in Table 3.6.
This phenomenon is rarely found in literature, although the comparable remarka-
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ble difference in coercivity for differently cooled NiMnGa-based alloys were also
recently reported by Straka et. al. [253].

In the matter of electronic parameters examined in the following thesis, Fig. 3.68
and 3.69 presents the H¢ obtained for all fabricated NiMnGa-based alloys plotted
as a function of e/a and N,/a parameters. It is clear from both figures that the coer-
civity and electronic properties of the produced materials have a close relationship.
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Fig. 3.68. The coercivity Hc of (a) the martensite and (b) austenite phase estimated from M(H)
loops recorded at 100 K and 320 K or 360 K, respectively, for the water, air and furnace cooled
NisgMn32Gazo, NisgMn31Ga0Co1,  NisgMn30Gaz0Co2, NisgMnasGazpCos,  NisgMnasGazeCosFes,
NisoMn5Gaz1CozFes, NisgMnogGazpCoiFes and NisgMnogGazoFes alloys expressed as a function
valence electron concentration e/a.
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Fig. 3.69. The coercivity Hc of (a) the martensite and (b) austenite phase estimated from M(H)
loops recorded at 100 K and 320 K or 360 K, respectively, for the water, air and furnace cooled
NisgMn32Gazo, NisgMn31GazCoi, NisgMn3pGazpCoz, NisgMnagGazoCos,  NisgMnysGazoCosFes,
NisoMn5Gaz1CozFes, NisgMnogGazpCoiFes and NisgMnogGazoFes alloys expressed as a function
non-bonding electron concentration Ne/a.

Fig. 3.68(a) shows that for water and furnace cooled materials the Hc of the mar-
tensite phase is well represented by the same trend for both Co-doped and Fe-Co-
doped materials, with the exception of samples that were cooled in air. This sug-
gest that for the low-temperature martensite phase the magnetocrystalline anisot-
ropy of multivariant martensitic structure seems to play more important role than
the influence of additional doping elements. However this situation drastically
changes after the reversible martensitic transformation, as very distinctive division
of Hc for Co-doped and Fe-Co-doped samples is observed. Moreover, the revealed
relationship between HC and e/a is almost linear which also suggest the substan-
tial effect of doping elements on the coercivity of cubic austenite. It appears that
for simple, cubic austenite, a rise in valence electron concentration causes a rise in
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the pinning of magnetic domain walls, which eventually leads to a rise in coercivi-
ty.

In terms of non-bonding electron concentration, Fig. 3.69 clearly distinguishes
between Co-doped and Fe-Co-doped alloys for both the martensite and austenite
phases. This again proves that N¢/a parameter is very sensitive to Co and/or Fe
doping, which was also discovered during microstructural investigations (Section
3.1.4). However, the general Hc vs N/a relationships within one group of alloys
are still monotonic and, in the vast majority of cases, also very close to linear, de-
spite the fact that elemental doping is not universal.

Last but not least, it should be noted that the discussed influence of elemental dop-
ing and cooling conditions on coercivity of Ni-Mn-Ga MSMAs are somewhat
unique. Throughout many years, the topic of coercivity were rarely brought up by
other authors, as it was not connected with the multifunctional properties of Heu-
sler alloys. However in recent years the multifunctional nature of Ni-Mn-Ga mate-
rials has been expanded to many new distinct phenomena, such as mechanically
induced demagnetization [252] or mechanically induced remanent magnetization
rotation [252,538], that may exploit the tuneable magnetic coercivity. In light of
these newly reported effects, the discussed effects of Fe and Co doping, as well as
cooling conditions, point to a potential significant alteration of the coercivity in the
Ni-Mn-Ga-Co-Fe system.

3.3.2 Law of approach to magnetic saturation

In order to reveal additional information about the magnetocrystalline anisotropy
of the fabricated NiMnGa-based alloys, the high field magnetization part of iso-
thermal M(H) loops from Fig. 3.59-3.61 were used to perform approach-to-
saturation fitting in accordance with the law of approach to magnetic saturation.
The overall fitting procedure, including the relevant theoretical background was in
detail described in Section 2.3.6.1.

At first the selected high field magnetization curves were fitted according the LoA
model adapted independently for the low-temperature martensite phase and high-
temperature austenite phase in order to cover the last ~5% of saturation magneti-
zation. Due to that fact, the M(H) data collected for the martensite phase the was
fitted in the magnetic field ranging from 1000 kA/m to 1600 kA/m following the
Eq. 2.10 (Section 2.3.6.1):

M(H) = MS<1 4 i) (2.10)

In case of magnetically softer austenite phase, the fitting procedure was carried out
from 500 kA/m to 1600 A/m using the Eq. 2.9 (Section 2.3.6.1):

M(H) = Ms(l - }%) + yH (2.9)
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Fig. 3.70 presents the selected high field magnetization parts of the M(H) loops,
along with the fitted curves, for all water, air and furnace cooled NiMnGa-based
alloys. The fitting parameters, including magnetization saturation and magneto-
crystalline anisotropy are also listed in Table 3.7. Before the final evaluation, it
should be emphasized that the regression models have excellent coefficients of
determination R? higher than 0.999 for all examined magnetization curves. What
is even more important, the additional residual plots do not show any sign of bias
model, supporting the employment of the LoA proposed in Eq 2.9 and 2.10. This
high accuracy of fitting is also clearly evident in Fig. 3.70, where all presented fit-
ted curves overlay with the corresponding magnetization data points.

Table 3.7. The magnetization saturation Ms and effective anisotropy constant Keff for the pro-
duced NiMnGa-based MSMAs in austenitic (100 K) and martensitic (320 K/ 360 K) state estimated
from the fitting of high field magnetization data to LoA model.

Alloy composition Martensite Austenite

Ms (100 K) Kesr (100 K) Ms (320 K) Keff (320 K)

(A-m2/kg) (105 J/m?3) (A-m2/kg) (105 J/m3)
Water cooled
NisgMn32Gazg 89.1 7.27 56.6 1.23
NizgsMn31GazoCo1 87.5 6.04 59.9 1.37
NizgsMn3oGazoCos 84.8 4.88 59.5 1.49
NizgMn2gGaz0Cos 77.1 2.45 52.2 1.67
NisgsMn,gGaygCosFe; 85.6 5.63 63.8 1.31
NisoMn2sGaz1CosFer 83.7 5.30 58.8 1.34
NisgsMn,gGasgCoiFes 88.1 6.56 64.7 1.20
NisgMn2gGazoFes 89.1 6.89 62.4 1.12
Air cooled
NisgMn32Gazo 87.7 6.81 55.9 1.28
NisgMn31GazoCos 87.0 5.88 59.8 1.46
NizgsMn3gGazoCos 83.5 4.17 59.6 1.61
NisgMn2gGazCos 75.9 2.28 51.8 1.79
NisgsMn,gGasgCosFe; 84.7 5.45 63.4 1.38
NisoMn25Gaz1CozFe; 84.2 5.25 59.0 1.52
NiszgsMn,gGazgCoiFes 87.1 6.23 64.4 1.26
NisgsMnogGasoFes 88.9 6.76 62.2 1.17
Furnace cooled
NisgMn32Gazo 90.5 7.22 57.1 1.05
NisgMn31GazoCos 89.0 6.56 62.4 1.27
NizgsMn39GazoCos 86.8 5.95 62.1 1.44
NisgMn28Gaz0Cos 79.5 4.75 53.1 1.63
NiszgsMn,gGazgCosFe; 86.3 6.15 63.8 1.23
NisoMn»sGas1CosFe; 85.3 6.01 59.2 1.29
NizgsMn,gGazgCoiFes 89.8 6.68 66.5 1.14

NisgsMnogGasoFes 91.1 6.91 64.3 1.07
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Fig. 3.70. The high field magnetization parts of M(H) loops fitted to the low of approach to mag-
netic saturation (LoA) for the (a-b) water, (c-d) air and (e-f) furnace cooled NiMnGa-based al-
loys in (a, c, e) austenitic and (c, d, f) martensitic state. The solid lines represents the fitted
curves, while the symbols correspond to the raw data for the (1) NissMn32Gaz, (2)
NissMn31GazpCo1, (3) NisggMn30GazoCos, (4) NissMngGazpCos, (5) NisgMnygGazoCosFer, (6)
NisoMn25Gaz1CozFey, (7) NisgMnagGazoCoiFes and (8) NissMnasGazoFes alloy.

It is worth noting that the magnetic saturation observed in Fig. 3.70 varies be-
tween the investigated samples due to the introduction of additional alloying ele-
ments into the Ni-Mn-Ga system. The maximum values of saturation magnetiza-
tion Ms derived from the considered fittings are presented in Fig. 3.71 as a func-
tion of Co and/or Fe doping.



184 3 Results and discussion

Firstly, it is evident that, regardless of the cooling conditions, the Mg decreases
significantly with the addition of Co the low-temperature martensite phase (Fig.
3.70(a)) and then slightly increases with the gradual substitution of Co by Fe. For
instance, the Mg decreases from 81.1 A-mz/kg for the reference water cooled
NisgMn3,Gayy sample to 77.1 A-mz/kg for the water cooled NizgsMn,3GaygCos Sam-
ple. It is interesting to note that the Ms for the NisgMn,3GayoCosFe; alloy abruptly
increases to 85.6 A-m?/kg when only 1 at.% of Co is replaced by Fe. Nevertheless,
the further increase of Mg with the increasing of Fe content is less spectacular,
thus the final NisgMn,sGayoFe, alloy is identified by the same Mg = 81.1 A-mz/kg
as the reference undoped sample. The analogous relationship between the Ms and
chemical composition of NiMnGa-based alloys is also observed for both air and
furnace cooled materials. The main distinction is that samples cooled by air or a
furnace have slightly lower and slightly higher Ms than those cooled by water.
However, assuming the obtained values of Mg, these changes are negligibly minor,
differing by only +1.5-2.0%.

In regards to the magnetically softer austenite phase, the general trends are nota-
bly different from those seen for the austenite phase. It is seen that for both Co-
doped and Fe-Co-doped alloys the magnetization saturation firstly increase with
the increasing content of doping element, but then starting to decrease for the
samples with 4 at.% of Co or Fe. However the observed variations is Ms are not so
pronounced since the relative difference in Co-doped and Fe-Co doped materials
are close to 5% and 2%, respectively. In addition, the Fe-containing samples are
distinguished by higher Ms than Co-doped specimens, and this phenomenon is
even more pronounced than in the case of the previously discussed martensite
phase (Fig. 71(a)). Once more, it appears that the Mg is unaffected by the various
cooling conditions. The materials that are cooled with water and air have nearly
identical Ms values for the corresponding alloys, whereas a few samples that are
cooled in a furnace have slightly higher Mg values than their water and air cooled
equivalents.

The discovered variation in saturation magnetization for the doped Ni-Mn-Ga al-
loys are strongly connected with the proposed approach to dopants addition. It was
stated in theoretical part of the thesis in Section 1.3.6 that ferromagnetism of Ni-
Mn-Ga Heusler alloys predominantly originates from the localized moment of Mn
atoms. In the case of the fabricated NiMnGa-based materials, Mn was initially sub-
stituted by Co and then Co was gradually replaced Fe. Taking this into considera-
tion, the substitution of Co for Mn have unusual dual effect on magnetic properties
of examined materials, strengthening the magnetic interactions in the austenite
phase while weakening them in the martensite phase. Such extraordinary influ-
ence of Co on the ferromagnetic interactions in Ni-Mn-Ga alloys were also report-
ed by other authors for compositions with different Ni/Mn/Ga ratio .
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Following this assumption, the subsequent gradual replacement of Co by Fe in-
creases the magnetic interaction in both austenite and martensite phases, therefore
Fe have a stronger contribution on the ferromagnetism of the Ni-Mn-Ga alloys
than Co. This is consistent with earlier research on the Curie temperature of aus-
tenite phase, which also increase with the increasing level of Fe doping. However,
it should be also remembered that the examined effects are observed for the Mn-
rich Heusler alloys. As a result, a possible atomic disorder is also expected to play a
significant role in the magnetic properties of the fabricated materials, as it strongly
influence the magnetic coupling of Mn atoms [116,234,278,342].
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The observed variations in saturation magnetization were also investigated in ref-
erence to valence electron concentration, which is presented in Fig. 3.72. It is seen
that even when using the electronic parameter e/a, which was previously discov-
ered to be rather universal for both Fe and Co doping, the austenite and martensite
phases clearly distinguish between Co-doped and Fe-Co-doped alloys. In Mg be-
haviour for the martensite phase steadily decreases with increasing e/a ratio,
whereas the Mg behaviour for the austenite phase is more complex but analogous
to that seen in Fig. 3.71(b). The integration of alloys with varying Ni/Mn ratios is,
once more, the main benefit of employing the e/a parameter rather of a straight-
forward doping relation. The Mg for the NisoMn,sGay Co,Fe, sample exhibit the
same relationship in the Ms vs e/a plot as other Fe-Co-doped materials.
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Fig. 3.72. The saturation magnetization Ms of (a) martensite and (b) austenite phase estimated
from the fitting of high field magnetization data to LoA model for the water, air and furnace
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Surprising results were obtained in the case of the second electronic parameter
describing the non-bonding electron concentration shown in Fig. 3.73. It is im-
portant to keep in mind that the N./a parameter was discovered to be extremely
sensitive to a different type of doping element. As a result, the previously discussed
microstructural properties, temperatures of phase transformations, as well as some
magnetic properties, exhibit different behaviours for Co-doped and Fe-Co-doped
samples. In contrary, Fig 3.73(a) demonstrates that saturation magnetization ex-
hibits a consistent pattern throughout all produced samples, regardless of the
amount and type of alloying elements. Additionally, the measured behaviour of Mg
vs Ne/a for the austenite phase shown in Fig. 3.72(b) is remarkably similar to that
shown for the e/a parameter (Fig. 3.71(b)) and for doping relation (Fig. 3.71(b)).
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In consideration of magnetocrystalline anisotropy the two most important parame-
ters established from the presented fittings are formerly discussed magnetization
saturation Mg and coefficient b, which is directly related to the investigated magne-
tocrystalline anisotropy. These two fitting parameters were used to estimate the
effective magnetic anisotropy constant K. according to the Eq. 2.12 (Section

2.3.6.1):
b
Kesr = :L‘OMS\/; (3-9)

where c is the constant connected to the crystal structure of the material. For the
fabricated untextured polycrystalline alloys with cubic anisotropy, that was re-
vealed during microstructural analysis (Section 3.1), constant ¢ = 8/105 [507]. On
the ground of this, the calculated values of K along with corresponding Mg are
listed in Table 3.7.

Fig. 3.74 presents the estimated values of K. for the produced NiMnGa-based al-
loys in martensite and austenite state expressed as a function of Co and/or Fe dop-
ing. As could be expected from previous investigations the poor symmetry marten-
site, characterized by different twin variants and multiscale twin boundaries, is
generally characterized by notably higher magnetocrystalline anisotropy than high
symmetry cubic austenite. It should be recalled that this large discrepancy between
the K.sr of two existing phases were previously indicated by the separation between
ZFC heating and FC cooling M(T) curves (Fig. 3.64-3.66). But this time, it is obvi-
ous that the observed differences in Kef clearly depend on the actual chemical
composition. On the example of the water cooled materials, the addition of Co to
Ni-Mn-Ga system decreases the Kes of low temperature martensite from 7.27 -10°
J/m?® for the reference NigMns,Gay sample to 2.45-10° J/m* for the
NissMn,sGaCos specimen. Given that magnetocrystalline anisotropy is primarily
caused by the intricate structure of the martensite phase, the approximately three
times difference in Kefr after introduction of single at.% of Co to Ni-Mn-Ga compo-
sition is still really remarkable. Nevertheless, the estimated values of K¢ for NM
martensite are comparable to those reported in literature for both ternary [539-
543] and quaternary [288,535,544] NiMn-based alloys, which tends to support the
obtained results.

In a view of austenite phase, the addition of Co to Ni-Mn-Ga composition increases
the Kesr of the high temperature phase from 1.23-10° J/m? for the undoped material
to 1.67-10° J/m?> for the NijgMn,3Ga,oCos alloy. What is important, the estimated
values of K are also in agreement with the ones reported by other researchers for
various Ni-Mn-Ga Heusler compounds in austenitic state [230,288,542]. Consider-
ing the aforementioned changes in K¢ for Co-doped samples, it is evident that the
NisgMn,3GayoCoy alloy exhibits substantially less variation in magnetocrystalline
anisotropy between austenite and martensite phase than other produced samples.



3.3 Magnetic properties 189

9.0
1 (@) martensite — 100 K
& 8.0 1
£
2 7.0
ks
< 6.0 N
4 1
= 5.0
S P
"g 40-. *.m\\ : (_iifferent_
S 3.0 Ni/Mn ratio
2 ] ~@ water cooled
] 2'0_- ® air cooled
o 1.0 E furnace cooled
0' Co-doped : Fe-Co-doped
o 1 2 3 4 3 2 1 0 at%Co
0 1 2 3 4 at% Fe
2.0

(b) austenite — 320 K / 360 K;

5E‘ : water cooled
S 18- ® ® air cooled
9 L : furnace cooled
¥ 1.6 o : N
g e ; o
2 o 5 . 4 different
2 1.4 ; e | i NiMnrato
c o T :
© < o
2 - e
S 1.2
2 | o
w .
Co-doped ' Fe-Co-doped
1 O T T T T T T T i T T T T T T

0 1 2 3 4 3 2 1 (I) at.% Co

0 1 2 3 4 at.% Fe
Fig. 3.74. The effective magnetocrystalline anisotropy Kest of (a) martensite and (b) austenite
phase estimated from the fitting of high field magnetization data to LoA model for the water, air
and furnace cooled NissMn3>Gaz, NisgMn31GazpCo1, NiggMn3pGazoCoz, NisgMn2sGazeCoa,
NisgMn2sGazoCosFe1, NisoMnzsGazi1CoaFez, NisgMnagGazoCoiFes and NisggMnagGaxoFes alloys ex-
pressed as a function of Co and Fe doping. The symbols corresponding to the
NisoMn25Ga21CozFe; alloy characterized by different Ni/Mn ratio are indicated by additional
frames.

On the other hand, the substitution of Co by Fe in NiMnGa-based composition
have contradictory effect on the examined anisotropies for both considered phases.
The K of the martensite phase gradually increases for the sequence of water
cooled Fe-Co-doped samples, rising from 5.36-10° J/m® for the first
NissMn,3GayyCosFe; sample to 6.89-10° J/m? for the final NigsMn,sGayoFey sample.
Consequently, when the austenite phase is present in the aforementioned samples,
the K. decreases from 1.31-10° J/m? to 1.12-10° J/m? for the NissMn,3GayyCosFep
and NisgMn,3GayoFe, sample, respectively.

What is noteworthy is that the observed changes in K for the martensite phase
follows almost perfect linear trends with respect to the changes in Co and/or Fe
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doping. It is especially valuable due to the possible opportunities for the relatively
easy alteration of magnetocrystalline anisotropy by simple Fe and/or Co doping.
The obtained trends in K for the austenite phase are also almost linear for the Fe-
Co-doped samples and nearly linear for the Co-doped specimens. These results are
also generally favourable in light of potential alterations of K, although it should
be remembered that the multifunctional effects exploiting the magnetocrystalline
anisotropy are typically connected with the martensitic structures, which was ex-
tensively described in Section 1.4.

When various cooling conditions are taken into account, it is seen that there is no
significant differences between the water and air cooled samples. Depending on
the specific alloy, the observed relative variances between these two differently
cooled series are about 4-7%. This findings are consistent with the previously dis-
cussed saturation magnetization changes, which were also very comparable be-
tween corresponding materials cooled in water and air. As could be expected, the
most significant variations in magnetocrystalline anisotropy were revealed for the
furnaced cooled alloys. It is seen in Fig. 3.74 and in Table 3.7 that the slowest
cooled samples are characterized be the smallest values of K for all alloys in high
temperature austenite state. This is most likely a result of the extremely slow cool-
ing rate, which reduced the amount of internal stresses and crystal lattice defects
that have an impact on magnetostructural anisotropy. Similar effects of slow cool-
ing were also previously seen in relatively low values of magnetic coercivity (Fig.
3.67). The furnace cooling produces the least differences in K for alloys with var-
ied chemical compositions when the martensite phase is present in the sample.
This is clearly seen on the example of Co-doped alloys for which the Kg of mar-
tensite drops from 7.22-10° J/m? for the reference NiszsMn3,Gayy sample to 4.75-10°
J/m? for the last Co-doped NisgMn,3GayCoy alloy. Presented characteristics of Keff
suggest that very slow cooling rate may be able to limit the influence of alloying
components on the overall magnetocrystalline anisotropy in martensitic phase,
which may be required in some specific applications.

Taking into account the investigated electronic parameters, Fig. 3.75 and 3.76
show the estimated values of K represented as a function of e/a and Ne/a, respec-
tively. It is clear from both figures that the magnetocrystalline anisotropy constant
is strictly dependent on the considered electronic parameters. In case of valence
electron concentration, the Ki for the martensite and austenite phase decreases
and increases almost linearly with the increasing e/a ratio, respectively. However,
the e/a parameter loses its universal character, as Co-doped and Fe-Co-doped ma-
terials are characterized by the distinctive trends. What is significant, despite the
previously observed differences in the values of K for the corresponding variously
cooled materials, the general trends observed for water and air cooled samples are
comparable to those found for the furnace cooled specimens. Moreover, once again
the NisoMn,sGa,;CoyFe, sample exhibit the same characteristics as other Fe-Co-
doped alloys despite having a different Ni/Mn ratio. All of this demonstrates that
while e/a may be sensitive to a particular sort of alloying elements, the overall be-
haviour of Keff is unaffected by the Ni/Mn/Ga ratio.
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Fig. 3.75. The effective magnetocrystalline anisotropy Kest of (a) martensite and (b) austenite
phase estimated from the fitting of high field magnetization data to LoA model for the water, air
and furnace cooled NissMn3»Gaz, NisgMn31GazpCo1, NiggMn3pGazoCo2, NisgMn2sGazeCoa,
NisgMnasGazoCosFe1, NisoMnzsGazi1CoaFez, NisgMnagGazoCoiFes and NisgMnagGaxoFes alloys ex-
pressed as a function valence electron concentration e/a.

When it comes to the N¢/a parameter, presented in Fig. 3.76, the observed rela-
tionship between K¢fr and non-bonding electron concentration are analogous to the
ones observed for the valence electron concentration. In contrast to other magne-
tostructural features examined in this thesis, it is remarkable that for the N./a the
observed characteristics are relatively universal for both Co-doped and Fe-Co-
doped materials in the austenite and martensite phase. Certainly, the depicted
common relationship found for all fabricated samples is burdened by the higher
dispersion of K., particularly for the alloys with the same N./a = 3.234, i..
NiggMn3pGazpCo,, NiggMnysGazpCosFe; and NisgMnysGayCoyFe, sample. Never-
theless, this findings imply that N¢/a parameter might in some circumstances be
more effective then the widely used e/a ratio.
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Fig. 3.76. The effective magnetocrystalline anisotropy Kesr of (a) martensite and (b) austenite
phase estimated from the fitting of high field magnetization data to LoA model for the water, air
and furnace cooled NissMn3>Gaz, NisgMn31GazpCo1, NiggMn30Gaz0Coz, NisgMn2sGazeCoa,
NisgMn2sGazoCoszFe1, NisoMnysGaz1CooFey, NisgMnogGazoCoiFes and NisgMnogGazoFes alloys ex-
pressed as a function non-bonding electron concentration Ne/a.

Last but not least, it should be noted that the discussed magnetocrystalline anisot-
ropy is found to be strongly related with the previously studied magnetic coercivi-
ty, which is graphically depicted in Fig. 3.77. It is seen that the low temperature,
low symmetry martensite phase is characterized by considerably higher K. and
Hc than high temperature, high symmetry martensite phase. A note of caution
here is that the presented figure is plotted in log-log scale, emphasizing the magne-
tostructural differences between both phases. The obtained results are in line with
the well known phenomenon stating that anisotropy energy is one the key ele-
ments affecting the coercive field in ferromagnets. Moreover, the same effect was
also previously reported by the author of this thesis for other NiMnGa-based
MSMAs [319].
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Fig. 3.77. The effective magnetocrystalline anisotropy Kesf versus the coercivity Hc for the pro-
duced water, air and furnace cooled NiMnGa-based magnetic shape memory alloys.

3.4 Micromechanical properties

3.4.1 Nanoindentation mapping

According to the previously described microstructural characterization of the ex-
amined NiMnGa-based alloys, all produced samples are characterized by single
phase microstructures that may be seen at room temperature as austenite or mar-
tensite phase. Moreover, the utilized production process did introduce any sub-
stantial structural texture that may have affected on the physical properties of the
final material. However, despite this high uniformity of presented microstructures
(especially in austenite state), the preliminary studies revealed that micromechan-
ical properties of the examined samples varies across the studied cross-sections. As
a result, the investigation of micromechanical properties were conduced with the
help of nanoindentation mapping. which allow to distinguished the differences
between the mechanical parameters from different parts of the investigated areas.

As described in the experimental part of this thesis in Section 2.3.7, the
nanoindentation mapping were performed in 210 pm X 210 pm grid covered with
225 indentations. The size of the grid were adjusted according to the average grain
size of austenite phase (Section 3.1.1). The single indentation test was performed
with a maximum load of 50 mN, preventing the mechanical properties of the adja-
cent measurements from being influenced by one another. The mechanical pa-
rameters of each individual indentation, including hardness Hir, elastic modulus
Err and elastic energy ratio n;r, were then estimated according to the Oliver and
Pharr protocol outlined in Section 2.3.7.1. Finally, the obtained nanoindentation
maps were subjected to the statistical analysis in order to distinguish the mechani-
cal properties of the individual neighbouring grains. The proposed approach to
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statistical analysis based on the Gaussian mixture model clustering is comprehen-
sively explained in Section 2.3.7.2. What is significant, the nanoindentation map-
ping was carried out at multiple locations on each sample, including the inner and
outer parts of the examined cross-section, to cover at least 5 different grains. This
approach allows for reliable estimation of the level of micromechanical anisotropy
of the produced MSMAs.

Prior to the statistical analysis, the calculated mechanical parameters, including
hardness Hir, elastic modulus Ejr and elastic energy ratio nir were plotted with
respect to the X and Y coordinates of individual indentations. As a result, Fig.
3.77-3.82 shows the example of nanoindentation maps generated for the
Ni4gM1’l32Gazo, Ni4gM1’l31GazoC01, Ni4gM1’130G3.2()C02, Ni43Ml’128G3.20C04,
Ni4gangGa20C03Fe1, NisoMl’lsz&nCOzFGz, Ni4gMn28Ga20C01Fe3 and
NissMn,sGayoFe, alloys exposed to water, air and furnace cooling, respectively. For
each individual alloy, the depicted hardness, elastic modulus and elastic energy
ratio corresponds the same indentations, hence the same areas of the samples. As
can be seen in all of the presented examples, the significant differences in Hyr, Eir
and #rr are observed across the analysed regions of the investigated materials, re-
flecting the microstructural features of produced alloys. These differences in me-
chanical properties varies between the samples, which is represented by lower or
higher contrast of individual austenite grains or martensite variants. Remarkably,
the observed micromechanical anisotropy was revealed in the single phase
NiMnGa-based MSMAs since the previous microstructural characterization con-
firms the uniform, relatively untextured microstructure of the produced polycrys-
talline materials.

The substantial micromechanical anisotropy in the austenitic phase may be plainly
observed when two neighbouring grains are directly compared. For instance, one
of the highest contrast in mechanical properties can be seen for the water cooled
NissMn3oGazoCo,, alloy (Fig. 3.78(b)), for which the hardness, elastic modulus and
elastic energy ratio changes from 3600 to 4400 MPa, from 86 to 96 MPa and from
23 to 27.5%, respectively. It should be emphasized that regardless of the cooling
conditions, the opposite contrast between the Hyr and Ejr maps is seen for almost
all other austenitic samples. This means that the austenite grains with the higher
Hir are in the same time characterized by the lower Epr. This behaviour is quite
unusual in metallic materials, as typically the higher hardness is followed by high-
er elastic modulus. However, this general well-known rule is commonly applicable
to macro-scale properties, where mechanical parameters of the materials are influ-
enced by the overall microstructure of the bulk sample, which contains many crys-
tal lattice defects, such as simple grain boundaries. In the following work, the indi-
vidual nanoindentations refers to single grains, thus the obtained mechanical
properties are more dependant from the preferred orientation of the particular
austenite grain rather than from other microstructural features. This significant
anisotropy of mechanical properties of Ni-Mn-based MSMAs were recently report-
ed in [545-547]. For example, in [545] authors demonstrated that the Hyr and Eir
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of austenite vary by 27.6% and 37.5%, respectively, depending on the crystallo-
graphic direction of individual grains.

In the case of martensitic structures illustrated in selected nanoindentation maps
in Fig. 3.77-3.82, the observed difference in H;r, Err and 7y contrast corresponds
to the individual martensitic lamella, previously defined in Section 3.1.5. It is evi-
dent that the length scale of the martensite twins has a significant impact on the
produced nanoindentation maps. For instance, the furnace cooled
NissMn,sGazoCo,s sample in Fig. 3.82(d) serves as an example of large macro-scale
twins, whereas the water cooled Nis;sMn,sGayoCosFe; and NispMn,sGayiCosFe,
alloys in Fig. 3.78(a)-(b) serve as an example of meso-scale twins. As seen in
aforementioned figures, in contrast to the former austenite phase, the martensite
lamellae characterized by higher Hir are also characterized by the high Ejr. This
relationship between hardness and elastic modulus was observed for all samples in
martensitic state, regardless of the martensite twin morphology and cooling condi-
tions of fabricated materials.

What is significant, the nanoindentation maps included in Fig. 3.77-3.82 presents
only one selected exemplary measurement collected for each produced NiMnGa-
based alloy, which helps to qualitatively illustrate the micromechanical anisotropy
of the austenite and martensite phases. However, it should be remembered that for
the further quantitative analysis, several different nanoindentation grids for each
investigated specimen were additionally measured and included into the statistical
analysis.



196 3 Results and discussion

(a) NisgMn3,Gayg water cooled
Eir(GPa) nir(%)
97.0 275

91.0
Err(GPa)
97.0
95.0
93.0
91.0

89.0

87.0

(c) Ni48Mn30G820002
E.T(GPa)
96.0

94.0
92.0
90.0

88.0

86.0
(d) Ni4gMn28Gaz()CO4

Hir(MPa)
s 4400
4100
3800
3500
50 ym
3200 95.0

Hardness Elastic modulus Elastic energy ratio

E.T(GPa)
125.0

115.0

105.0

Fig. 3.78. Nanoindentation maps showing hardness (Hir) elastic modulus (Eit) and elastic energy
ratio (n7) for the water cooled (a) NissMn32Gazg, (b) NissMn31GazeCo1, (€) NissMn3oGazeCoy, (d)
NisgMn2sGa20Co4 polycrystalline Heusler alloys. The size of individual map is 210 um x 210 pm.



3.4 Micromechanical properties 197

(a) NisgMn2gGazoCosFeq water cooled
Hir(MPa) ' nir(%)
4400 250
4200
23.0
4000
21.0
3800
3600 19.0
(b) Ni50Mﬂ25G321COzF62
Hir(MPa) Err(GPa) nir(%)
4400 120.0 25.0
4200 113.0
23.0
4000 106.0
21.0
3800 99.0
3600 92.0 19.0
(c) Ni43Mn23GazoCO1Fe3
Hir(MPa) [~ Eir(GPa)
4300 106.0
4100 102.0
3900 98.0
3700 94.0
Eir(GPa) nir(%)
106.0 24.5
102.0 23.5
98.0 22.5
94.0 215
Hardness Elastic modulus Elastic energy ratio

Fig. 3.79. Nanoindentation maps showing hardness (H1) elastic modulus (Eit) and elastic energy
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NissMn2gGazoCoiFes and (d) NissMnasGazoFes alloys. polycrystalline Heusler alloys. The size of
individual map is 210 um x 210 pm.
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(a) NisgMn3,Gayg air cooled
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Fig. 3.80. Nanoindentation maps showing hardness (Hir) elastic modulus (Eit) and elastic energy
ratio (nit) for the air cooled (a) NisgsMn32Gazo, (b) NizgMn31GazoCo1, (€) NisgMn3pGazoCoz, (d)
NisgMn2sGa20Co4 polycrystalline Heusler alloys. The size of individual map is 210 um x 210 pm.
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(a) NisgMn2gGazoCosFeq air cooled
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Fig. 3.81. Nanoindentation maps showing hardness (Hr) elastic modulus (Eit) and elastic energy
ratio (mrt) for the air cooled (a) NisgMnagGaxCosFel, (b) NisgMnasGaziCozFes, (c)
NissMn2gGazoCoiFes and (d) NissMnasGazoFes alloys. polycrystalline Heusler alloys. The size of
individual map is 210 um x 210 pm.
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(a) NissMn32Gagzo furnace cooled
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Fig. 3.82. Nanoindentation maps showing hardness (H1) elastic modulus (Eit) and elastic energy
ratio (1) for the furnace cooled (a) NissMn32Gazo, (b) NissMn31GazoCos1, (€) NisgMn3pGazoCoy, (d)
NisgMn2sGazoCo4 polycrystalline Heusler alloys. The size of individual map is 210 um x 210 pm.
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(a) NisgMnysGazoCosFeq furnace cooled
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Fig. 3.83. Nanoindentation maps showing hardness (H1) elastic modulus (Eit) and elastic energy
ratio (mir) for the furnace cooled (a) NisgMnagGazoCosFei, (b) NispMnasGaziCoaFes, (c)
NissMn2gGazoCoiFes and (d) NissMnasGazoFes alloys. polycrystalline Heusler alloys. The size of
individual map is 210 um x 210 pm.
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To demonstrate the idea of utilizing the 2D GMM in micromechanical properties
investigation, Fig. 3.84-3.87 presents the selected examples of different
nanoindentation datasets from Fig. 3.77-3.82 subjected to the formerly described
statistical analysis. According to the flow chart established in Fig. 2.12 and ex-
plained in the Experimental part of the thesis (Section 2.3.7.1), all presented fig-
ures are organized in the same manner to show the subsequent steps of the analy-
sis. The central part of each figure presents the relationship between hardness and
elastic modulus estimated for individual indentations of the examined grid. Addi-
tionally, the corresponding neighbouring histograms shows the individual distri-
bution of both Hir and Ejr. It is seen in Fig 3.84, that in some cases the mechanical
properties of neighbouring grains are so dissimilar that the distinction between
multimodal one-dimensional histograms is clearly observed. However, during
analysis, in the majority of the investigated nanoindentation grinds, the distribu-
tion of mechanical properties of individual grains overlaps, which effectively re-
stricts the one-dimension analysis based only on a single selected parameter (Hir
or Err). This overlapping behaviour of Hir and Ejr distributions is seen for both
austenite and martensite phase, which is for example seen in Fig. 3.85 and 3.87,
respectively. Considering that fact, the presented clustering of nanoindentation
data conducted using the 2D GMM, and the optimal number of clusters (austenite
grains or martensite twins) were evaluated according to the Bayesian information
criterion (Section 2.3.7.2). The clustered datasets are indicated in Fig. 3.84-3.87
with the individual colours and the corresponding matching ellipses represents the
95% confidence region for each group level. Finally, the grain mapping plots
shown in the top right hand corner in Fig. 3.84-3.87 illustrate the clustered dataset
with regard to the individual coordinates of single indentation. In addition, the
example of nanoindentation curves recorded for each identified grain are present-
ed at the bottom of the discussed figures, together with the example of 3D AFM
image displaying the imprint left by a single indentation with Berkovich indenter.
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Fig. 3.84. Elastic modulus (Eir) versus hardness plot (Hir) for the water cooled
NisgMn2gGazoCoiFes alloy clustered with 2D GMM. The corresponding histograms presents the
individual distributions of Eir and Hir. The grain mapping plot is the outcome of the clustering
procedure. The additional nanoindentation curves presents the example plots for the identified
grains. The 3D AFM image shows the residual imprint left by a single indentation.
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Fig. 3.85. Elastic modulus (Eir) versus hardness plot (Hir) for the water cooled NissMn31GazoCos
alloy clustered with 2D GMM. The corresponding histograms presents the individual distribu-
tions of Eir and Hit. The grain mapping plot is the outcome of the clustering procedure. The addi-
tional nanoindentation curves presents the example plots for the identified grains. The 3D AFM
image shows the residual imprint left by a single indentation.
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Fig. 3.86. Elastic modulus (Eir) versus hardness plot (Hr) for the water cooled NisgMn2gGazoCos
alloy clustered with 2D GMM. The corresponding histograms presents the individual distribu-
tions of Eir and Hir. The grain mapping plot is the outcome of the clustering procedure. The addi-
tional nanoindentation curves presents the example plots for the identified grains. The 3D AFM
image shows the residual imprint left by a single indentation.
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Fig. 3.87. Elastic modulus (Eir) versus hardness plot (Hit) for the air cooled NisgMn2sGaz0Cos alloy
clustered with 2D GMM. The corresponding histograms presents the individual distributions of
Eir and Hir. The grain mapping plot is the outcome of the clustering procedure. The additional
nanoindentation curves presents the example plots for the identified grains. The 3D AFM image
shows the residual imprint left by a single indentation.
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The discussed clustering method combined with grain mapping enables a qualita-
tive evaluation of the performed analysis. Fig 3.84-3.87 demonstrate how closely
the final grain mapping resembles the nanoindentation maps displayed in Fig
3.77-3.82. For example, for the water-cooled NiggMn,3GayoCo;Fes; alloy shown in
Fig. 3.78(c) and 3.84, both the associated grain mapping plot and the nanoindenta-
tion maps clearly depicts the different differences between two neighbouring aus-
tenite grains. The vertical grain boundary that is noticed in the middle of the inves-
tigated area matches between all figures, which appears to confirm the accuracy of
clustering process. With regard to another austenitic sample, i.e. the water-cooled
NissMn3;GazCo; alloy, the nanoindentation maps presented in Fig. 3.78(b)
demonstrate at least three distinct austenite grains, which illustrates the more
complex scenario. The corresponding quantitative analysis presented in Fig. 3.85
confirmed the existence of three different data clusters and the subsequent grain
mapping revealed the same microstructural features as those observed in
nanoindentation maps, which ones again validated the accuracy of the clustering
process.

In consideration of martensitic structures, Fig 3.78(d) and 3.86 presents the
nanoindentation maps and corresponding statistical analysis for the water cooled
NissMn,sGazCos sample characterized by meso-scale martensite twins. Once
more, the clustering procedure followed by the grain mapping converge with the
former nanoindentation maps, revealing the same microstructural features of the
investigated martensite structure. Furthermore, the clustering procedure showed
that this specific meso-scale martensite consist of two twin variations, each with
unique mechanical parameters. The effectiveness of the proposed statistical ap-
proach is also demonstrated in Fig. 3.82(d) and 3.86 for the macro-scale marten-
site twins using an example of the NissMnysGaCo, alloy exposed to air cooling.
The direct comparison of nanoindentation maps and statistical grain mapping yet
again shows the same structural features of meso-scale martensite twins. Alt-
hough, for this particular nanoindentation grid, three different martensite variants
are suggested by the clustering procedure.

Very similar results of statistical analysis were also found for other NiMnGa-based
alloys observed at room temperature in both austenitic and martensitic state. In
the majority of cases the clustering process revealed from one up to three different
austenite grains and from one up to four different martensite variants. Each time
the clustering procedure was qualitatively verified with the unprocessed
nanoindentation data to avoid the interpretation errors. The individual mechanical
parameters of the clustered and separated grains (or twins) were then calculated in
order to determine the degree of micromechanical anisotropy in the fabricated
polycrystalline Heusler alloys. The maximum and minimum values of Hyr, Err and
nir found for each studied material are listed in Table 3.8.
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Table 3.8. The maximum and minimum mean values (+ standard deviation) of mechanical prop-
erties obtained from the statistical analysis of nanoindentation mapping for the produced
NiMnGa-based alloys. The Hit, Eir and nit correspond to hardness, elastic modulus and elastic
energy ratio.

Alloy Hir (MPa) Eir (MPa) nir (MPa)
min max min max min max
Water cooled
NisgMn3,Gazo 4075139 4701+46 91.0+0.8 97.2+1.2 24.840.3 27.1+0.3
NisgMn31GazoCo; 3863+73 4341145 89.6+£0.7 95.2+0.6 24.1+0.4 26.7+0.3
NisgMn30GazoCoz 3690434  4427+46 84.8+0.7 92.741.0  24.3+0.2 28.3+0.3
NisgMn28GazoCos 3573£124 4057118 97.8£2.2 115.4+3.6 19.8#0.5 22.7£0.6

NisgMn2gGazoCosFe; 3784+105  4571+56 83.0+1.4 111.4+6.3  22.3+1.2  28.5+0.5
NisoMn5Gaz1CozFe; 3634+£164 4255+104  93.8#4.1 116.3x3.5 20.6x0.6  23.7+0.8
NiggMn2gGazoCoiFes 3596+46 410537 95.7+0.7 103.9+0.9 22.3+0.3 24.1+0.2

NisgMn2sGazoFes 3778142 4218+33 96.7+1.0 105.4+1.1 22.3x0.3 24.5+0.2
Air cooled

NisgMn32Gazo 4191144 4771+94 91.4+0.8 100.1+1.2 25.3x0.3 27.7+0.4
NisgMn31GazoCo; 3892+39 4381130 92.5£0.9 97.0£0.8 24.2+0.2  26.5+0.2
NisgMn30GazoCo2 3791439  4449+45 84.8+0.8 88.0+1.5  25.7+0.2 27.8+0.3
NizgMn28Gaz0Co4 3608+£168 3879+169 102.4+4.1 112.9+4.1 20.4+0.8 21.5%0.7

NisgMn2gGazoCosFe; 3555+166 4137+158  93.2+4.8 105.7+8.1  20.9+0.9 23.2+1.3
NisoMn2sGaz1CozFe; 3651+£147 4118+215  93.0+3.4 113.3%9.2  20.7+0.6  24.6x0.8
NisgMn2gGazoCoiFes 3680+26 4103£29 92.8+0.7 96.9+0.8  22.740.2  24.4+0.2

NisgMn2sGazoFes 3766127 4270145 97.3+0.9 100.4+0.6  22.8+0.2 24.4+0.2
Furnace cooled

NisgMn3,Gazo 4026+49 4464162 88.7+0.9 93.8+1.3 25.4+0.3 27.7+£0.2
NisgMn31GazoCo; 3773145 4176125 84.4+0.6 90.3+0.6 24.31£0.2 26.9+
NisgMn30GazoCo2z 3729464 4136164 82.3+0.7 83.4+1.8  26.0+0.3 27.6+0.2
NisgMn2sGazoCoas 3479+167 3973+184  91.243.6  105.1+5.8 20.2+0.7 22.9+1.0

NisgMn2gGazoCosFe; 3728432 4203462 84.7+0.8 89.1#1.0  24.9+0.2 27.6+0.3
NisoMn5Gaz1CozFe; 3345491 4245+188  87.9+1.4 113.2+4.7  21.2+0.5 24.0+0.6
NiggMn2gGazoCoiFes 3701+46 4126%39 93.1+1.2 100.9+0.9 22.9+0.2 24.1+0.2
NisgMnsGazoFes 4007+42 4425%39 93.8+1.1 97.4+0.9  23.9+0.3 25.7+0.2

Fig. 3.88 presents the calculated values of hardness and elastic modulus of various
grains examined in the investigated NiMnGa-based materials expressed as a func-
tion of Co and/or Fe addition. Each individual symbol denotes a single austenite
grain or martensite twin and the colour-filled band shows the rough estimation of
magnitude of the change for both Eir and Hir of austenitic phase. Due to the signif-
icant scatter of mechanical properties of martensite phase the observed linear
trends are only marked for the austenite phase. First and foremost, it should be
noted that the observed anisotropy of Hir and Ejr is substantial in all produced
samples and exceeds the standard mechanical anisotropies reported for conven-
tional metallic materials [548,549]. The magnitude of Hir changes for the water
and air cooled samples in austenitic state is similar and approximately equals to
18% and 13% for the Co-doped and Fe-Co-doped specimens, respectively. This dis-
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crepancy between the highest and minimum value of Hjr is less noticeable for fur-
nace-cooled alloys and equals 13% and 10% for the corresponding Co-doped and
Fe-Co-doped specimens, respectively. When it come to elastic modulus, these vari-
ations in mechanical properties of austenite phase are less evident and equals to
about 10% for all Fe and Co doped alloys after every cooling procedure. It is also
important to note that the maximum and minimum values of Hir and Er for sam-
ples that were cooled by air and water are comparable, while the values for sam-
ples that were cooled by furnaces are slightly lower. These findings imply that the
mechanical properties of the slowest cooled alloys differ from those of the water
and air cooled materials, which is particularly evident in the case of the hardness
parameter. Generally, the hardness defines the plastic deformation process gov-
erned by the slipping mechanism. Taking this into account, in atomistic scale,
hardness is then strictly dependant from slip system and direction of slip. In this
context According to the prior microstructural analysis outlined in Section 3.1.4,
materials that are slowly cooled have the most uniform lattice parameters, which
appears to lead to the most uniform atomic density of slip planes. This, in turn, led
to the lower magnitude of Hyr measured for differently oriented grains.

Another important topic is the individual influence of Co and Fe on the total mi-
cromechanical parameters of fabricated Heusler alloys. As can be seen in Fig. 3.88
the addition of Co to Ni-Mn-Ga composition decrease both the Hir and Ejr, where-
as the subsequent gradual replacement of Co by Fe increases the described param-
eters. It should be recalled that the evident contradictory influence of Co and Fe
was previously also discovered for number of structural and thermomagnetic
properties of NiMnGa-based materials, which were discussed in previous Sections
of this thesis. These findings point to a strong correlation between magneto-
thermo-structural and mechanical properties of the produced materials and, thus,
shows the promising approach for simultaneous change of the various functional
properties of the alloy by simple Fe-Co doping, which is one of the main idea of
multifunctional materials.

The interpretation of micromechanical properties obtained for the various marten-
sitic structures is more complex since it is influenced by many factors. First off, the
significant magnitude of Hir and Ejr values is observed for all martensitic samples
and the average Hr and Ejr values obtained for individual martensite twins are
distinguished by a noticeably higher standard deviation than for austenite grains.
This suggests that mechanical parameters are distributed more randomly, particu-
larly in the case of the elastic modulus. This significant discrepancies stems from
the complex morphology of martensite twins. It was discussed in Section 3.1.5
that the martensitic structures in the produced materials are characterized by at
least three different levels of twins that may form different constructions, includ-
ing the complex crossing twins patterns (Fig. 3.52). Taking this into consideration,
the crystallographic orientation of particular twins may significantly differs in dif-
ferent areas of the sample, leading to significant differences in obtained mechani-
cal properties. Furthermore, the alloying additions appear to have a significant
impact on the measured values of Ejr in terms of elastic properties because they
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alter the bonding characteristics and planar packing density, which are the main
determinants of elastic properties in metallic materials.
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Fig. 3.88. Hardness (Hi7) (left column) and elastic modulus (Eir) (right column) of individual
grains obtained from statistical analysis for the (a-b) water, (c-d) air and (e-f) furnace cooled
NisgMn32Gazo, NisgMn31Ga0Co1,  NisgMn30Gaz0Co2, NisgMnasGazoCos,  NisgMnasGazeCosFes,
NisoMn25Gaz1CozFe,, NisgMnygGazoCoiFes and NisgMnasGazoFes alloys expressed as a function of
Co and Fe doping. Each symbol corresponding to an individual austenite grain (full symbols) or
martensite twin (empty symbols).
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Last but not least, the martensitic structures observed in the produced Ni-Mn-Ga
materials are prone to self-accommodation mechanism. This means that in order
to minimize the internal energy during stress application the rearrangement of
martensite twins may by induce in the vicinity of particular indentation due to the
significant stress concentration. In order to study the potential rearrangement of
martensite patterns, the additional AFM studies were carried on the residual im-
prints left in martensitic samples. Fig. 3.89 shows the example of selected
nanoindentation curve and corresponding AFM images of the residual imprint for
the water cooled NissMn,sGazoCoy alloy.

Stressed-induced self accommodation in martensite
NisgMn2sGazoCos (water cooled)
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Fig. 3.89. Stress-induced self accommodation mechanism presented on the example of water
cooled NisgMn2gGazoCos alloy. (@) Nanoindentation curve with characteristic “pop-ins” indicating
twin variant reorientation. (b) AFM images of the residual imprint showing the stress-induced
micro-scale twins. The close up is marked with rectangle and annotated by capital letter A. The
height profiles along imprint (profile 1) and martensite twins (profile 2) are presented in right
column, where 2a shows the relief angle.
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As demonstrated in Fig. 3.89(a), the characteristic discernible "pop-ins” marked on
the loading part of the indentation curve are a manifestation of the potential stress-
induced rearrangements of martensite. During stress-induced twins rearrange-
ment the accumulated stress is suddenly relieved due to the twin boundary mo-
tion, which is observed as a local abrupt increase in indentation depth, without the
proportional increase in applied load. The fact that the described "pop-ins” were
only evident in martensitic samples seems to support the proposed explanation for
this phenomenon. Additionally, the direct AFM investigation of the residual in-
dentation imprint shown in Fig 3.89(b) confirms the existence of nearby micro-
scale twins. What should be stressed out, these micro-scale twins were observed
only in close proximity to remaining imprints and disappeared after moving 2-4
um away from the imprint. Remarkably, all stress-induced martensitic reliefs had
twinning angles 2« close to 8,0°, which, according to the geometrical model of
martensite relief discussed in Section 3.1.5, implies the NM nature of induced re-
arranged martensite. The discussed observations were comparable between all
martensitic = samples, i.e.  NigMnysGayCo4,  NiggMnysGayoCosFe;  and
NisoMn,sGaz; Co,Fe; alloys, regardless of their cooling conditions.

The examined stress-induced self accommodation in martensite were observed
only in selected nanoindentation tests since the possibility of twin variant reorien-
tation depends on a number of factors, such as intrinsic internal stresses, type of
martensite variant, crystallographic orientation of twins or stability of martensitic
phase. Taking this into consideration, the presented self accommodation mecha-
nism in part of the performed nanoindentation tests appears to influence on the
previously noted substantial differences in mechanical properties between differ-
ent martensite lamellae.

In consideration of the discussed electronic parameters, Fig. 3.90 presents the ob-
tained values of Hir and Ejt for the water, air and furnace cooled NiMnGa-based
alloys plotted with respect to their valence electron density. Apparently, the large
scatter of mechanical parameters for each chemical composition is the same as
formerly presented in Fig. 3.88. However, taking the e/a ratio into consideration,
the obtained characteristics for Hyr and Ejr differs notably. In terms of hardness
(Fig. 3.90(a), (c) and (e)), both the Co-doped and Fe-Co doped samples follows the
same decreasing linear trend with the decreasing e/a value in the austenite phase
regime (e/a < ~7.75). Interestingly, despite the considerable scatter of Hir values
in the martensite phase regime (e/a > ~7.75), this decreasing tendency is generally
maintained even after martensitic transformation. Moreover, the roughly estimat-
ed rate of this change is comparable for the water and air cooled materials and
equals to 7300 and 7400 MPa/1, respectively. In this case, the exact linear fitting is
restricted by the reference value of Hy, which may be defined as minimum, maxi-
mum or mean value, depend on the required interpretation. Yet again, the rate of
change is significantly lower for the furnace cooled samples and equals to about
5200 MPa.
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Fig. 3.90. Hardness (Hi7) (left column) and elastic modulus (Eir) (right column) of individual
grains obtained from statistical analysis for the (a-b) water, (c-d) air and (e-f) furnace cooled
NiszgMn32Gazo, NizgMn31Gaz0Co1, NiasMn30GazpCoz, NisgsMnsGazoCos,  NisgMnagGazoCosFes,
NisoMn25Gaz1CozFe,, NisgMnygGazoCoiFes and NisgMnasGazoFes alloys expressed as a function of
valence electron concentration e/a. Each symbol corresponding to an individual austenite grain
(full symbols) or martensite twin (empty symbols).

What is interesting, in the case of elastic modulus (Fig. 3.90(b), (d) and (f)), the
observed decreasing linear dependence of mechanical parameters on e/a ratio
splits into two individual trends for Co-doped and Fe-Co-doped compositions. This
behaviour of Epr is observed for all differently cooled materials in austenite state.
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Moreover, the rate of Ejr change is relatively comparable between water, air and
furnace cooled alloys and varies between 120 and 135 GPa/1. What is also worth
noticing, the significant differences between elastic modulus of high symmetry
austenite and low symmetry martensite phase are evidently seen in Fig. 3.90(b),

(d) and (f).

This considerable differences between Hir(e/a) and Err(e/a) characteristics origi-
nates from the differences in plastic and elastic properties of the fabricated
MSMAs. It was previously stated that plastic deformation during nanoindentation
test, defined by hardness parameter, is mainly controlled by the slipping mecha-
nism. On that basis, it can be stated that for the NiMnGa-based materials the slip-
ping mechanism is similarly influenced by Co and Fe addition, which leads to the
same e/a tendency. On the other hand, the elastic properties of the material de-
pends on bonding characteristics and crystal lattice parameters. Considering this,
the Co and Fe seems to have slightly different influence on the resistance of crystal
lattice to bond stretching caused by elastic deformation, which is manifested by
the distinctive e/a characteristics for the Co and Fe-Co containing alloys.

Alternatively, Fig. 3.91 presents the same values of Hijr and Ejp expressed as a
function of second discussed electronic parameter, i.e. non-bonding electron con-
centration. In this case, the observed relationships between investigated mechani-
cal properties and N./a parameter are in contrast to those observed for the e/a ra-
tio. According to Fig. 3.91(a), (c) and (e) the established hardness of individual
grains follows the decreasing linear tendency with the increasing N./a value.
However, the indicated tendency, is now being noticed separately for the Co-doped
and Fe-Co-doped alloys. Moreover the observed rate of change between 11500 and
12500 MPa/1 along the N./a parameter is generally comparable between water, air
and furnace cooled samples. Because of the previously described decline in the
maximum measured values of Hir, the independent trends for Co-doped and Fe-
Co-doped alloys noticeably overlap (Fig. 3.91(e)), which is the only meaning dif-
ference seen for the slowest cooling alloys.

The opposite behaviour of N¢/a and e/a parameters was also discovered for the
elastic modulus shown in Fig. 3.91(b), (d) and (f). In contrary to the previous e/a
characteristics, both Co-doped and Fe-Co-doped alloys clearly follow the same
linearly decreasing trends with respect to the N./a parameter. One important simi-
larity is that the rate of change is comparable between water, air and furnace
cooled samples and equals to about 260 GPa/1 in all three cases. These findings
suggest that e/a and N¢/a parameters slightly differently describes the structural
changes in NiMnGa-based Heusler alloys. The e/a ratio relatively effectively de-
fines the variations in slipping mechanism responsible for plastic deformation,
regardless of the type of dopant. On the other hand, the N./a parameter appears to
be more useful in defining the resistance of crystal lattice to bond stretching by
elastic deformation since it remain unaffected by the type of alloying element (Co
or Fe).
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Fig. 3.91. Hardness (Hit) (left column) and elastic modulus(Eir) (right column) of individual
grains obtained from statistical analysis for the (a-b) water, (c-d) air and (e-f) furnace cooled
NisgMn32Gazo, NisgMn31GazoCoi, NisgMn3pGazpCoz,  NisgMnasGazoCos,  NisgMnysGazoCosFes,
NisoMn25Ga21CozFes, NisgMnasGazoCoiFes and NisgMnasGazoFes alloys expressed as a function of
non-bonding electron concentration Ne/a. Each symbol corresponding to an individual austenite
grain (full symbols) or martensite twin (empty symbols).

The last important parameter that were established from the obtained nanoinden-
tation data is the elastic energy ratio which defines the elastic recovery energy in
the total work of indentation. In many situations, apart from instrumented inden-
tation tests, when the work of deformation is difficult to measure, the elastic de-
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formation is also represented by the dimensionless elastic deformation index H/E
[550]. Taking this into account, Fig. 3.92 presents the calculated elastic energy
ratio for the investigated NiMnGa-based alloys expressed as a function doping el-
ements and additionally as a function of elastic deformation index.
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Fig. 3.92. Elastic energy ratio (ni1) obtained from statistical analysis for the (a-b) water, (c-d) air
and (e-f) furnace cooled NisgMn3,Gazo, NisgMn31Gaz0Co1, NizgMn3pGazpCoz, NissMn2sGazeCoa,
NisgMn2sGazoCoszFe1, NisoMnysGazi1CooFey, NiagMnogGazoCoiFes and NisggMnogGaxoFes alloys ex-
pressed as a function of Co/Fe doping (left column) and elastic deformation index (Hit/Eir) (right
column). Each symbol corresponding to an individual austenite grain (full symbols) or marten-
site twin (empty symbols).



3.4 Micromechanical properties 217

As seen in Fig. 3.92(a), (c) and (e) the #;r exhibits the same behaviour as the pre-
viously discussed Hir and Ejr, i.e. linearly decreases with the addition of Co to Ni-
Mn-Ga system and then slightly increases with the subsequent substitution of Co
by Fe. This inheritance of elastic and plastic properties defined by Eir and Hir is
also supported by the corresponding 7t — Hir/Err plots shown Fig. 3.92(b), (d) and
(). It is shown that all samples exposed to various cooling conditions exhibit the
evident proportionality between n;r and Hyr/E;r. Moreover, the proportionality
factor k = 4.3 is the same for the water and air cooled samples, which provides a
foundation for estimating the deformation energies in Ni-Mn-Ga-Co-Fe system
directly from the simple Hyr/Ejr relation. As could be expected from previous in-
vestigations, the elastic energy behaviour of furnace cooled materials slightly devi-
ates from other alloys, as the proportionality factor between n;r and Hir/Eir is
equal to 4.7. It is also important to note that, despite the considerable scatter of 7ir
estimated for the martensitic alloys (empty symbols in Fig. 3.92), it is still propor-
tional to the elastic deformation index. This fact significantly extends the universal
applicability of the Hyr/Ejr parameter to other NiMnGa-based alloys that undergo
reversible martensitic transformation.

What is interesting, it is evident in Fig. 3.92(a), (c) and (e) that all water, air and
furnace cooled NissMn3yGaCo, samples significantly stand out from the general
linear characteristics obtained for other produced Co-doped materials. In order to
account for this anomaly, these particular specimens were carefully studied in
term of the unprocessed nanoindentation curves. In addition, In order to look into
any potential structural changes, additional AFM experiments were also carried
out in the vicinity of the residual indentation imprints. Fig. 3.93 presents the ex-
ample of the aforementioned analysis performed for the water cooled
NissMn3pGazoCo, alloy. It is seen in Fig. 3.92(a) that the loading part of the
nanoindentation curve exhibits a highly distinctive “pop-in” that occurs very close
to the maximum applied load. The observed “pop-in” is similar to that previously
reported for stress-induced martensite variant reorientation (Fig. 3.89). However,
the observed "pop-in" is more pronounced in the current case and occurs over a
wider range of the plateau phase, when the depth of the indentation increases rap-
idly without a noticeable increase in the applied load. Furthermore for the
NissMn3pGazCo, alloys these “pop-ins” were recorded only very close to maxi-
mum load and each loading curve had only one characteristic deflection. In con-
trast, during stress-induced self accommodation in martensite, the characteristic
“pop-ins” were observed several times in different parts of the same loading curve.
This comparison indicates that the “pop-ins” observed for the NiygMn3y,GayCo,
alloy originates from the stress-induced martensitic transformation that occurs
when a sufficiently high stress is applied to the examined sample. The external
mechanical stress promotes the martensite variant with the higher shear stress
than the former austenite phase. As a result, the material may go through a mar-
tensitic transformation in order to reduce the accumulated energy. The similar
phenomenon of stress-induced martensitic transformation by nanoindentation
were previously reported for other shape memory materials, such as Cu-Al-Ni
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[551], Cu-Al-Be [552], Ni-Ti [553] alloys. The comprehensive explanation od
stressed-induced thermoelastic martensitic transformation was provided in Sec-
tion 1.4 of the theoretical part of the thesis.

Stressed-induced martensitic transformation
NissMn3pGazoCo;, (water cooled)
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Fig. 3.93. Stress-induced martensitic transformation presented on the example of water cooled
NisgMn30GazoCo; alloy. (a) Nanoindentation curve with characteristic “pop-in” indicating phase
transformation. (b) AFM images of the residual imprint showing the stress-induced micro-scale
twins. The close up is marked with rectangle and annotated by capital letter A. The height pro-
files along the imprint (profile 1) and martensite twins (profile 2) are presented in right column,
where 2a shows the relief angle.

The AFM images presented in Fig. 3.93(b) seems to confirm the proposed theory
regarding stress-induced martensitic transformation. As seen in depicted 2D and
3D AFM images the characteristic martensitic relief is present in the close vicinity
of the residual indentation imprint. What should be highlighted, the discussed
imprint was left in austenitic phase of NigsMn3yGa,yCo, sample and no other signs
of martensitic phase were found in this particular area of the examined specimen.
In the light of this, the discovered martensite relief must have been formed during
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indentation as a result of stress-induced phase transformation. Due to the consid-
erable plastic deformation caused by the indenter, the induced martensite re-
mained in the sample after indentation and did not transform back to austenite
phase. This plastic deformation blocks the reversible phase transformation, since it
may occurs only in the elastic deformation range. The quantitative analysis of the
profiles obtained for discovered micro-scale twins shown the same relief angle 2«
= 2.9° for all water, air and furnace cooled NisgMn3oGa,Co, samples. These find-
ings support earlier AFM research (Section 3.1.5), which suggests that the favour-
able martensite in the NissMn3oGayoCo, alloy is a 5M regulated structure.

The observed phenomenon of stress-induced martensitic transformation was
found only for NigsMn3yGayyCo, alloys. This is due to the fact that this particular
alloy is characterized by martensitic transformation temperature very close to
room temperature (Ms = 288 K) at which all nanoindentation tests were carried
out. Because of this, the applied load of 50 mN might provide the sufficient me-
chanical energy required to trigger the phase transition.

Lastly, it is important to note that the discussed supplementary AFM studies of the
residual imprints allowed for a validation of the accuracy of the Oliver and Pharr
analysis. As explained in Section 2.3.7.1 the area of residual imprint is estimated
on the basis of penetration depth. The Oliver and Pharr approach consider the
characteristic “sink-in” underneath the indenter taking into account the elastic
contact mechanics [512]. However, some materials may exhibit abnormal sink-in
or pile-up deformation, which can lead to an under- or overestimation of true in-
dentation area by as much as 60% [554]. In this circumstance, the AFM investiga-
tion helps to evaluate the true contact area and assess the deformation around the
residual imprint. When it comes to the nanoindentation studies discussed in this
Section, Fig. 3.89(b) and 3.93(b) shows very typical residual imprints profiles for
both martensite and austenite phase, respectively. No significant irregularities that
may influence the calculations of true contact area were found in any sample,
which supports the accuracy of the micro mechanical properties analysis present-
ed in this Section.
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Conclusions

The NiMnGa-based magnetic shape memory alloys are one of the most interesting
group of modern smart materials. The complex multifunctional behaviour com-
bining the magnetic, thermal and mechanical properties provides a basis for vari-
ous sophisticated applications. In this context, the understanding of their of the
nature of reversible phase transformation, microstructure and related magneto-
thermo-structural properties is one of the most important topics in future prospect
development of this group of materials. In the presented thesis, comprehensive
investigations of microstructure, martensitic transformation, thermomagnetic be-
haviour and micromechanical properties were carried out in order to establish the
relationship between the chemical composition, electronic parameters, atomic
ordering and aforementioned functional properties of Ni-Mn-Ga alloys doped by
Fe or Co.

The Ni-Mn-Ga-(Co-Fe) alloys, including the NiszsMns;Gayy, NiggMnsziGagzeCoy,
Ni43M1’130G8.20C02, Ni4gMn28G320CO4, Ni48Mn28Ga20C03Fe1, NisoMl’lszElleOzFez,
NisgMn,3GayoCo;Fes, NiggMnysGayoFes were successfully produced in bulk poly-
crystalline form following the proposed fabrication procedure based on the arc-
melting method. All samples were then annealed at the same temperature of 1173
K for 24 h and cooled with three different cooling rates realized by water, air or
furnace cooling.

The microstructural investigations conducted by polarised light microscopy and
SEM shows that all alloys are characterized by single phase microstructure with-
out any undesirable secondary phases. This confirms the good solubility of both Co
and Fe in the Ni-Mn-Ga composition, which was also supported by a long anneal-
ing process above the order-disorder transformation temperature. Moreover, the
proposed fabrication procedure did not introduce any significant microstructural
texture to the examined materials, regardless of the cooling conditions.

The EDS studies confirms that the fabricated alloys have the same chemical com-
position as was initially assumed and that the proposed production method pro-
vides perfect homogeneity throughout the entire volume of the bulk samples. The
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differences between the designed and the obtained compositions do not exceed
+0.5 at.% in case of all single elements. The experimentally established chemical
compositions were used to calculate two electronic parameters: (1) valence elec-
tron concentration e/a and (2) non-bonding electrons concentration N./a, which
were examined as a potential estimators for predicting the magneto-thermo-
structural properties of Ni-Mn-Ga MSMAs.

The detailed XRD studies shows that at room temperature the NisgMn3z,Gayo,
Ni4gM1’l31G&20C01, Ni4gMn30G320C02, Ni4gMn28GazoC01Fe3, Ni4gMn28Ga20Fe4 are in
austenitic state, whereas the Nis;gMnysGargCos, NisigMnysGa,oCosFe; and
NisoMn;sGa,; Co,Fe; are in martensitic state. However, the temperature dependent
XRD studies revealed that almost all alloys contain some amount of residual phase
inherited after forward and reverse martensitic transformation. These residual
phases fully disappear at noticeably higher or lower temperatures than would sug-
gested by the martensitic transformation temperature, which indicates the hyster-
etic character of the phase transformation. According to the Rietveld refinement
analysis, the austenitic phase was identified as a cubic Fm3m structure (L2;) and
the main martensitic phase was found to be of non-modulated type with a tetrago-
nal I4/mmm structure (L1log). Furthermore, the Nis;sMns3Ga,yCo; and
NissMn3oGaoCo, alloys were also characterized by five-layered modulated mar-
tensite defined by a monoclinic P2/m structure. The 5M modulation of martensite
was in this case strictly connected with the chemical composition, as it was ob-
served in all differently cooled materials. The examination of particular lattice pa-
rameters for cubic and tetragonal phase shows the differences in atomic ordering
between water, air and furnace cooled alloys. These differences were most evident
for the slowest cooled samples, which were characterized by the less significant
changes in lattice parameters with the gradual introduction of doping elements
than water and air cooled materials. Regardless of cooling conditions, the decisive
factor influencing the final crystal lattice parameters is the type and content of
doping elements. It was found that Fe and Co have contradictory influence on lat-
tice parameters of both austenite and martensite phase, though the effect of Co is
notably more evident than the effect of Fe. Consequently, in a matter of electronic
structure, the e/a parameter was found to be more successful in predicting the
crystal lattice parameters than Ne/a, since it incorporates both the influence of Co
and Fe doping and the differences in Ni/Mn ratio. In this case, the N./a was no-
ticed to be more sensitive to the aforementioned factors.

Microstructural investigations were also supported by the AFM measurements in
contact mode. The qualitative AFM analysis revealed the areas with residual mar-
tensitic phases in austenitic samples, which was indicated by the former XRD
spectra. The examined residual martensite seems to be present in the observed
microstructures due to the remaining internal stresses, that may locally stabilize
the low temperature phase. For the fully martensitic Heusler alloys, the AFM im-
ages revealed complex martensitic structures characterized by self-accommodated
twins observed at different length scales. In view of this, three distinctive length
scales defining the periodicity of twinning were proposed to describe the marten-
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site phase, i.e. macro-scale (A > 100 um), meso-scale (A < 100 um) and micro-scale
(A <1 um) twins. Moreover, each type of twinning may be organized as simple
twins, twins-within-twins or complex crossing twins structures. The quantitative
analysis of AFM images, based on the proposed geometrical model of the marten-
site relief, shows that the measured relief angle may be approximated by the theo-
retical twinning angle calculated on the basis of crystallographic parameters ob-
tained from the Rietveld refinement. Following this assumption, the 5M modulat-
ed martensite was identified in the NiygMn3;GayCo; and NiggMn3oGayoCo, alloys,
which is in accordance with XRD studies and presents a potential for identification
of martensite modulation without the time-consuming diffraction measurements.

The thermomagnetic behaviour of phase transformations was investigated with
the help of DSC, M-TG and VSM. It was shown that the sequence of transfor-
mations starts from the martensitic transformation between ferromagnetic austen-
ite and ferromagnetic martensite, which then undergoes the magnetic transfor-
mation to paramagnetic martensite at Curie temperature significantly higher than
TM. The estimated temperature of martensitic transformation monotonically in-
creases with the increasing content of Co and then slightly decreases with the
gradual substitution of Co by Fe. It was shown that substitution of Fe by Co, or Co
by Fe, may significantly decrease or increase the Ty by almost 90 K from Ty =
254.8 K for the NisjgMn,sGayoFe, alloy to Ty = 344.3 K for the NiyggMnysGayyCoy
alloy, which is a very promising feature considering the future multifunctional
applications requiring the particular set of properties at different working tempera-
tures. This contradictory influence of Co and Fe is not observed for Curie tempera-
ture, which generally increases with the increasing content of both elements. The
differences in cooling conditions have a very minor effect on the temperatures of
structural and magnetic transformations. Only the furnace cooled samples were
characterized by slightly higher Ty than the corresponding water or air cooled
materials.

In case of Ty, the e/a ratio becomes sensitive to a type of alloying addition, but still
incorporates the differences in the Ni/Mn ratio. In this situation, the N¢/a parame-
ter seems to be more universal metrics in predicting the Ty, even despite the high-
er uncertainties.

The investigation of magnetic properties based on magnetization hysteresis loops
recorded with the use of VSM revealed the considerable differences between the
magnetic behaviour of the austenite and martensite phase, which is ascribed to a
high magnetocrystalline anisotropy of the low temperature martensite phase. It
was revealed that depending on the particular alloy, the coercivity of martensite is
even more than 40 times higher than the coercivity of the corresponding austenite
phase. The examination of coercivity expose the differences in atomic ordering
between differently cooled materials and shows that the slowest cooled samples
are characterised by significantly lower coercivity than the water and air cooled
materials. This suggests that post-preparation heat treatment and subsequent cool-
ing rate have considerable influence on the pinning of the magnetic domain walls
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and, thus, on selected magnetic properties. Furthermore, both the austenite and
martensite phases differ significantly when it comes to their saturation magnetiza-
tion. Because of the high magnetocrystalline anisotropy, the low-symmetry mar-
tensite structure saturate significantly slower than high-symmetry austenite. How-
ever, at high magnetic field, when anisotropy is compensated by magnetic field,
the Mg of martensite phase is about ~25-30% higher than the Mg of austenite
phase. Moreover, the contradictory influence of Co and Fe is also evident on the
example of Mg for the martensite phase, which significantly decreases with the
increase of Co content and then increases with the subsequent substitution of Co
by Fe.

What is significant is that the e/a and Ne¢/a were found to be relatively well predic-
tors of both coercivity and magnetization saturation in produced NiMnGa-based
materials. Nevertheless, both parameters are sensitive to the type of doping ele-
ment and are reliable for the martensite phase than for the austenite phase.

The recorded hysteresis loops were also used to estimate the magnetocrystalline
anisotropy of the fabricated Heusler alloys following the low of approach to mag-
netic saturation. The performed analysis confirmed the significant differences in
magnetocrystalline anisotropy of the martensite and austenite phases. Moreover, it
was also found that the magnetocrystalline anisotropy is strictly dependent on the
chemical composition and is well described by both the e/a and N¢/a parameter. In
this particular case, the N¢/a revealed a more universal character incorporating the
influence of different doping elements. The presented strong relationship between
the elemental doping and Keff shows a promising perspective for future design of
multifunctional Ni-Mn-Ga-(Co-Fe) alloys with the desired level of anisotropy,
which governs the majority of multifunctional properties observed in MSMAs.

Last but not least, the micromechanical properties of the produced NiMnGa-based
materials, including hardness, elastic modulus and elastic energy ratio were inves-
tigated on the basis of instrumented nanoindentation mapping. The high anisotro-
py of the mechanical properties between different neighbouring grains required a
statistical approach to distinguish the mechanical parameters of the individual
grains. In this work, the author proposed the methodology based on the 2D Gauss-
ian mixture model followed by Bayesian information criterion to cluster and label
individual grains and estimate their mechanical properties. Considering the estab-
lished approach, it was shown that the differences between the minimum and
maximum value of the hardness and elastic modulus of the austenite phase meas-
ured for the same alloy reaches up to ~20% and ~10%, respectively, which is an
uncommon phenomenon compared to conventional polycrystalline alloys. In case
of micromechanical properties, the contradictory effects of Co and Fe were one
again noticed in all examined materials. Generally, both the hardness and elastic
modulus decrease with increasing Co content, and then increase with subsequent
increasing Fe content. However, as a result of the strong micromechanical anisot-
ropy, the differences in Hyr and Ejr for individual grains in the same alloy are more
substantial than the variations influenced by the elemental doping. As a conse-
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quence, the maximum values of Hyr and Ejy for the alloys with the lowest mechan-
ical properties are still higher than minimum values of Hir and Ejy for the alloys
with the highest mechanical properties. The discrepancies between mechanical
properties of individual grains are even more pronounced for the martensite phase
due to the complex self-accommodated nature of the martensitic structure. Moreo-
ver, additional AFM investigations of residual imprints revealed the rearrange-
ment mechanism of martensite twins during indentation, which appears to influ-
ence the significant discrepancies between the estimated mechanical properties of
individual martensitic lamellae. Similar phenomena were also found for the
NissMn3oGazoCo, alloys for which mechanical stress under the indenter induced
the martensitic transformation, which is manifested by a significant increase in the
elastic energy ratio.

Despite the large scatter of estimated mechanical properties, both Hir and Ejr re-
vealed strong linear relationships with both investigated electronic parameters.
The e/a ratio was found to have a universal character incorporating the influence
of Co and Fe doping for the hardness estimation, whereas N¢/a was found to be a
better predictor in the case of the elastic modulus. Moreover, in a matter of elastic
properties of the studied materials, it was shown that for both austenite and mar-
tensite phases, the energy of deformation may be expressed by a simple elastic de-
formation index H/E, which may significantly simplify the mechanical characteri-
sation of this group of MSMAs. Lastly, the different cooling rates do not signifi-
cantly influence the examined mechanical properties. Only furnace cooled materi-
als exhibit slightly lower values of Hir and Ejr than corresponding water and air
cooled alloys.

The presented thesis contains a comprehensive evaluation of the microstructure
and magneto-thermo-mechanical properties of Ni-Mn-Ga magnetic shape alloys
influence by Co and/or Fe doping. On the basis of the obtained results, it was
proven that the proper elemental doping leads to a significant change in all im-
portant multifunctional properties of the final material, including structural, mag-
netic and mechanical properties. The exemplified contradictory effect of Co and Fe
addition to the Ni-Mn-Ga composition can be used to alter the desired properties
required for particular complex application. Moreover, the resultant properties of
the alloy may also be, to some extent, influenced by the heat treatment and cooling
conditions. What is significant, in this particular Ni-Mn-Ga-Co-Fe system the con-
sidered functional properties may be predicted by valence electron concentration
e/a and non-bonding electrons concentration Ne/a. However, it should be remem-
bered that non of this electronic parameters are universal and they should be ex-
amined together to fully understand the complex nature of the NiMnGa-based
alloy. Overall, the wide-ranging research presented in this thesis provides a dis-
tinctive and original contribution to the further future development of polycrystal-
line NiMnGa-based Heusler alloys and constitutes a strong foundation for design-
ing the multifunctional materials in the Ni-Mn-Ga-Co-Fe system.
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Appendix A: Crystallographic Information Files

A.1 CIF file created for cubic austenite phase

# Ni2MnGa - cubic austenite (L21)

_cell_length_a 5.821
_cell_length_b 5.821
_cell_length_c 5.821
_cell_angle_alpha 90.0
_cell_angle_beta 90.0
_cell_angle_gamma 90.0

_symmetry_space_group_name_H-M 'F 4/m -3 2/m'
_symmetry_Int_Tables_number 225

_space_group.reference_setting '225:-F 4 2 3'

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_Wyckoff_label
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z

Ni Ni 8 ¢ 0.25000 0.25000 0.25000
Mn Mn 4 a 0.00000 0.00000 0.00000
Ga Ga 4 b 0.50000 0.50000 0.50000

A.2 CIF file created for NM martensite phase

# Ni2MnGa - NM martensite (L10)

_cell_length_a 3.908
_cell_length_b 3.908
_cell_length_c 6.458
_cell_angle_alpha 90.0
_cell_angle_beta 90.0
_cell_angle_gamma 90.0

_symmetry_space_group_name_H-M

'T 4/mm m'

_symmetry_Int_Tables_number 139
_space_group.reference_setting '139: -F 4 2!

Tloop_
_atom_site_label
_atom_site_type_symbol
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_atom_site_symmetry_multiplicity
_atom_site_Wyckoff_label
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z

Ni N1
Mn Mn
Ga Ga

A.3 CIF file created for 5M modulated martensite

4 d 0.00000 0.50000 0.25000
2 b 0.00000 0.00000 0.50000
2 a 0.00000 0.00000 0.00000

# Ni2MnGa - 5M modulated martensite

_cell_length_a
_cell_length_b
_cell_length_c

_cell_angle_alpha
_cell_angle_beta
_cell_angle_gamma

_symmetry_space_group_name_H-M
_symmetry_Int_Tables_number 10
_space_group.reference_setting '10: -P 2y'

loop_

_atom_site_Tlabel

_atom_site_type_symbol

4,197
5.586

20.927
90.0
90.3
90.0

'"P 1 2/m 1"

_atom_site_symmetry_multiplicity
_atom_site_Wyckoff_label
_atom_site_fract_x
_atom_site_fract_y
fract_z

_atom_site
Mn Mn 1

Mn Mn
Mn Mn
Mn Mn
Mn Mn
Mn Mn
Ni Ni
Ni Ni
Ni Ni
Ni Ni
Ni Ni
Ni Ni
Ga Ga
Ga Ga
Ga Ga
Ga Ga
Ga Ga
Ga Ga

FNNMNNNMRENMDAMAMDMNAMNONRNNDNON
(9 33 33 OX 000 O0YW>>> 3 3 3 I

0.
.94800
.04400
.55200
.45600
.50000
.50000
.05200
.54400
.95600
.44800
.00000
.00000
.55200
. 04400
.45600
.94800
.50000

ool ol ool ol olMolMolNoMolMoloMoMolNolNo

00000

ol ool ol oMolol ool ol oMol ololMolM ol o o]

.50000
.00000
.00000
.50000
.50000
.50000
.25000
.25000
.25000
.25000
.25000
.25000
.50000
.00000
.50000
.00000
.50000
.00000

ol ool ol ololol ool ol olMolololMolMol o o]

.25000
.40000
.20000
.10000
.30000
.50000
.00000
.10000
.20000
.30000
.40000
.50000
.00000
.10000
.20000
.30000
.40000
.50000
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