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Symbols and abbreviations

Symbols:

Ga gallium
Mn manganese
Ni nickel

NioMnGa the stoichiometric Ni-Mn-Ga alloy

L2, ordered structure in ternary system of Heusler alloy

B2’ partially ordered structure in ternary system of Heusler alloy
oM five layered martensite

™ seven layered martensite

NM non-modulated martensite

Abbreviations:

MSMA magnetic shape memory alloy

MFIS magnetic field induced strain
MIR magnetically induced reorientation
MIPT magnetically induced phase transformation

DS directional solidification
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Symbols and abbreviations

HR

HE

HPT

EBSD

SEM

HESR

CS

PF

IPF

ODF

K-S

N-W

hot rolling

hot extrusion

high pressure torsion

electron backscatter diffraction
scanning electron microscope
high-energy synchrotron radiation
coordinate system

pole figure

inverse pole figure

orientation distribution function
Kurdjumov - Sachs

Nishiyama — Wassermann
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Abstract

Ni-Mn-Ga alloys close to the stoichiometric composition Ni;MnGa belong to the quite
new family of ferromagnetic shape memory alloys. These alloys are characterized by
the magnetic field induced strain (MFIS) based on the comparably easy motion of twin
boundaries under a magnetic field. They are mostly chosen as a potential candidate
for practical application especially promising for actuators and sensors because they are
showing the largest MFIS so far. Depending on the chemical composition and heat
treatment, at least three martensitic structures can be distinguished in the Ni-Mn-Ga
system. However, the effect mentioned above only exists in two modulated structures.
Since for the intended application of MFIS in technology polycrystalline materials seem
to be more appropriate in contrast to single crystals, the specific polycrystalline aspects
are considered. Factors important for decreasing the twinning stress and increasing the
twinning strain of polycrystalline Ni-Mn-Ga alloys are texturing, adjusting the structure
by annealing and training by thermomechanical treatments.

To achieve pronounced MFIS in polycrystals, fabrication processes are needed to
produce specific strong textures. The material texturing has been obtained by directional
solidification and plastic deformation by hot rolling and hot extrusion as well as high
pressure torsion (HPT). To examine the texture of coarse-grained Ni-Mn-Ga alloys (due to
a solidification process or dynamic recrystallization), diffraction of synchrotron radiation
and neutrons was applied. The texture results show that the texture of Ni-Mn-Ga subjected
to directional solidification, hot rolling and hot extrusion is a fibre or weak biaxial texture.
However, local synchrotron measurements reveal that the global fibre texture of the hot
extruded sample is a "cyclic” fibre texture, i.e. it is composed of components related to
the radial direction rotating around the extrusion axis. This allows finding regions with

a strong texture component. The texture after HPT is characterized by a strong cube




Abstract

component with the cube favourably oriented.

The initial microstructure of the Ni-Mn-Ga alloys is a typical self-accommodated
microstructure of martensite. High resolution EBSD mappings show macro, micro twins
and two types of microstructure. The twin plane is determined to be {110). In a typical
martensitic transformation the high-temperature phase has a higher crystallographic
symmetry than the low-temperature phase. Consequently, austenite may transform to
several martensitic variants, the number of which depends on the change of symmetry
during transformation. Generally, in a cubic-to-tetragonal transformation (5M case) three
variants can form with the c-axis oriented close to the three main cubic axes of austenite.
However, close examination of the high resolution EBSD mapping reveals that more than
just three orientations, as expected from the Bain model, exist in NisoMnogGasg,. Each of
three Bain variants may be split in some twin relations in different regions of the sample
which differ from each other by about few degrees creating a much higher number of
variants.

The training process, as the last step in the preparation procedure of Ni-Mn-Ga alloys,
consists of multi-axis compression finally leading to a single-variant state. Compression
of polycrystalline samples leads to motion of those twin boundaries changing the volume
fraction of particular martensitic variants in such a way that the shortest axis (c-axis)
becomes preferentially aligned parallel to the compression axis. It allows reducing the
twinning stress and maximizing the twinning strain. To understand the training process
in more detail, the interaction of the twin variants with the neighbourhood of parent

austenite grains was investigated.
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Chapter 1

Introduction

1.1 Background

Due to their application potential, intelligent smart active and adaptive systems have
arisen much interest. Smart behaviour such as change of shape, stiffness, colour, optical
properties, or viscosity in response to its environment by external stimuli provides sensing
and actuating functions. Intelligent materials can be classified according to type of response
and activation, including stress, temperature, moisture, pH, electric or magnetic fields.
Magnetic shape memory alloys (MSMAs) like Ni-Mn-Ga belong to these materials due to
a shape change in response to a significant structural orientation change in the magnetic
field.

Large magnetic field induced strain (MFIS) [1, 2, 3] can be realized either by a
magnetically induced phase transformation (MIPT) or a magnetically induced reorientation
(MIR). In MIPT, reported in several alloy systems like Ni-Mn-Ga-Fe and Ni-Mn-In [4],
the martensitic transformation is initiated by application of a magnetic field due to a
lowering of the transformation temperature which allows starting the martensitic phase
transformation early. In contrast, MIR is due to an easy twin boundary motion and a high
magnetocrystalline anisotropy in the martensitic state. Both possibilities make MSMAs
suitable for a large number of technological applications like actuators or sensors. Since the
discovery of 0.2% MFIS in a Ni-Mn-Ga alloy by Ulakko et al. in 1996 [1], with regard to this
effect, several other alloy systems have been investigated like Co-Ni-Al, Co-Ni-Ga, Ni-Fe-Ga
and Fe-Pd. However up to now, MFIS has mainly been reported for Ni-Mn-Ga [5, 6, 7).
The key characteristic making this material so attractive is the large MFIS observed in
single crystals. Since for broad technical applications growth of single crystals is quite

time consuming and cost intensive it is necessary to investigate polycrystalline samples on




1.2 Martensitic transformation

their suitability for MFIS. To approach single crystals behavior, fabrication processes of
polycrystals are needed which produce a strong texture. In general, twin boundary motion
is affected by parameters such as order, modulation and grain size. Therefore, it is the
task of this thesis to systematically investigate the effect of these parameters on MFIS in
Ni-Mn-Ga alloys, especially in the five-layered phase. Factors important for decreasing
the twinning stress and increasing the twinning strain of polycrystalline Ni-Mn-Ga alloys
can be controlled by texturing, annealing and training processes. The training process,
last step in the preparation procedure of Ni-Mn-Ga alloys, leads to a single-variant state

allowing to reduce the twinning stress and maximize the twinning strain.

1.2 Martensitic transformation

The shape memory effect is strongly linked to martensitic phase transformations, i.e.
first order, diffusion-less phase transformations where the lattice structure is changed by
homogeneous deformation of the parent phase. The change of the lattice parameters is
discontinuous with temperature. In displacive transformations each atom moves a very
small distance but the macroscopic strain is quite large. As in mechanical twinning there
is an invariant plane, also called habit plane, with respect to which a coordinated motion
of atoms takes place creating mirror orientations. However, in contrast to mechanical
twinning, martensitic transformations involve a lattice shear on both sides of the invariant
plane and the term "parent lattice” is reserved for the austenite.

To minimize the strain energy the austenite transforms to several martensitic variants
allowing large local shears to be accommodated with minimal macroscopic shear. Variants
are single orientations created from the austenite. Originally, the name martensite was
used to describe the "hard” microstructure found in quenched steels which is of great
technological importance for steels because it combines an outstanding strength with
high toughness. However, compared to shape memory alloys the shape memory effect
is not observed in steels because in these materials the transition is not reversible (non-
thermoelastic). The martensitic structure has also been found in many other materials
including nonferrous metallic alloys, pure metals, ceramics, minerals and polymers. In a

typical martensitic transformation the high-temperature phase (also called austenite as




1.2 Martensitic transformation

in steel) has a higher crystallographic symmetry than the low-temperature phase (called
martensite). Consequently, austenite may transform to several martensitic variants, the
number of which depends on the change of symmetry during transformation. In a cubic-
to-tetragonal transformation three variants can form with the c-axis oriented close to the

three main cubic axes of austenite (Fig. 1.1).

cubic austenite tetragonal martensite
a¥c

a

three possible tetragonal variants
according to the Bain model
\ C - ' '

Figure 1.1: Three martensitic variants according to the Bain model and six different twins in
tetragonal 5M Ni-Mn-Ga

There are a few models in the literature describing the orientation relationship between
austenite and martensite. The three most important models considering the cubic-to-
tetragonal transition are: Bain [8], Kurdjumov-Sachs [9] and Nishiyama-Wassermann
[10, 11]. They describe this transition just as a rotation of some angle about a specific axis.
Nevertheless, none of them is able to describe this phenomenon accurately in the Ni-Mn-Ga
5M structure. Therefore, the orientation relationship between austenite and martensite
is examined thoroughly in this thesis. The martensitic transformation temperature in
Ni-Mn-Ga alloys strongly depends on the alloy chemical composition [12, 13, 14] and

generally increases with increasing average number of valence electrons.




1.3 Crystal structure

1.3 Crystal structure

The crystal structure of Ni-Mn-Ga alloys has been studied by X-ray, electron and neutron
diffraction. As X-ray atomic scattering factors of the elements Ni, Mn and Ga are close
to each other compared to neutron scattering factors, neutron diffraction has been used
as a powerful tool to determine the crystal structure of Ni-Mn-Ga. However, despite of
several investigations, details of the crystal structure of martensite are still far from being
understood. This problem is mainly addressed to modulated phases where the character

and nature of modulation are constantly discussed in the literature.

4+ 1100°C

B2 structure

750°C Ni @ MniGa@
L2, structure
-120°C — 120°C Ni@ Mn@ Ga®
Martensite

NM

Figure 1.2: Schematic illustration of all phases in the Ni-Mn-Ga system

During cooling from high temperatures, Ni-Mn-Ga alloys experience different phase
transitions, from B2 via L2; austenite to martensitic structures (Fig. 1.2). A systematic
study carried out by Brown et al. [15] reports that the high-temperature austenitic parent
phase has a cubic L2; Heusler structure with a lattice parameter of about 5.82A. The L2,
structure belongs to the space group Fm3m, no. 225 with atom positions: Ni - 8¢ (0.25,

0.25, 0.25), Mn - 4a (0, 0, 0) and Ga - 4b (0.5, 0.5, 0.5). This order arises from the partially




1.3 Crystal structure

disordered B2” phase at about 750°C where Ni atoms occupy sites on one sublattice while
Mn and Ga atoms are randomly distributed on the other (see Fig. 1.2)[16].

Depending on the chemical composition and heat treatment at least three martensitic
structures can be distinguished in the Ni-Mn-Ga system: seven-layered modulated (7M,
monoclinic approximately orthorhombic), five-layered modulated (5M) and non-modulated
(NM), (both tetragonal) structures [1, 12, 17]. Martynov [17] interpreted the 7M structure
as monoclinic with the lattice parameters a = 6.14 A, b = 578 A, c = 5.51 A, v = 90.5°
and NM as tetragonal with a = 5.52 A and ¢ = 6.44 A. For the 5M martensite Pons et al.
[18] report that the unit cell is body-centred tetragonal with a = 5.90 A and ¢ = 5.54 A. Tt
should be noted that the lattice parameters of the modulated phases are given as average
values of the 5M and 7M structures excluding modulation. The MFIS effect mentioned
above only exists in the two modulated structures. The lowest observed twinning stress for
the non-modulated martensitic phase is much higher (=~ 15MPa) than that required for
MFIS. Moreover, an uniaxial magnetic anisotropy [19] does not exist in the NM structure.
Therefore much attention has been paid to the modulation, which can play a basic role
during motion of twin boundaries. In brief, the modulation can be described as a periodic
shuffling of atomic planes along the <110] direction [18, 20] and in diffraction patterns it
is observed as extra spots along this direction (four and six extra spots in the 5M and 7M
structure, respectively) [21, 22, 23].

Moreover, the nature of modulation determines the crystal structure of both modulated
lattices. There are two approaches of modulation: one concept proposes sinusoidal shifts
of atom position in one direction [18] while the other considers the layered structure as
nano-twinning [24, 25]. Recent research tends to describe the modulation as nano-twinning,
providing only small distortion of the tetragonal 5M structure. Thus, in order to determine
the exact crystal structure of modulated phases, it is necessary to study the character
of modulation and behaviour during twin boundary motion. Figure 1.3 presents the
stability of the above mentioned phases as a function of temperature and e/a ratio. During
cooling from high temperatures the martensitic phases occur in a specific sequence, namely:

dM=>T7M=>NM.




1.4 Twinning and twin boundary motion

Ni, Mn, Ga,,_ , composition (e/a)

solidification l
B2’- partially ordered
disorder - order transition l

L2 — ordered cubic austenite

|

5M

|

™ 7™M

N

5M ™ NM NM NM

c/a~094 c/a~0.89 cla~1.2
£~0% £~11% £=09%

cooling

Figure 1.3: Phases in Ni-Mn-Ga alloys as a function of temperature and e/a ratio (according
to [4])

1.4 Twinning and twin boundary motion

Besides crystallographic slip, deformation twinning is the most prevalent mechanism of
plastic deformation in many materials. However in contrast to slip, twinning is a highly
coordinated process. The parent lattice is reoriented by homogeneous atom displacement,
which is equivalent to simple shear of the lattice. Similar to martensitic transitions, each
atom moves only a small distance relative to its neighbours but the macroscopic effect is
quite large. A twin plane is a highly symmetric interface that acts as mirror for the lattice
on both sides. In the classic definition the relationship between twin and parent lattice
has to comply with an invariant plane and can be realized either by a reflection in some

plane or by a rotation of 180° about some axis. These operations are [26]:
o reflection in K;

« rotation of 180° about 1




1.4 Twinning and twin boundary motion

« reflection in the plane normal to n;

» rotation of 180° about the direction normal to Ky,

with

K, first invariant plane

K, second invariant plane also called conjugate plane
n shear direction

2 conjugate shear direction

S shear plane

being the twinning elements in the classical theory of deformation twinning based on
minimum shear and shuffle of atoms. Additionally, in the 5M structure the twinning
relationship can be satisfied by rotation of 86.4° about the <100] common a-axis. This
approach is commonly used here in the subsequent chapters. For 5M Ni-Mn-Ga polycrystals
the twinning elements were determined to be: K; = {101), Ky = {101), r; = <101], o =
<101] and S = {100). Fig. 1.4 shows the geometry of twinning.

NN\ ]
\
\

Figure 1.4: Geometry of twinning: the invariant twin planes are K; and Ky, the shear and
conjugate shear directions are n; and 1, respectively.

K,

The martensitic transformation, which is similar to twinning, in addition involves a change
of crystal structure. There also exists an invariant plane, with respect to which the lattice
is sheared. As consequence of the energy minimization during martensitic transformation,

twin boundaries are formed separating the martensitic variants, which fit together at the




1.4 Twinning and twin boundary motion

H=0
G=0 GII’HIT GII’HIT

a

a — a B
—>
c=0.94a C

twin boundary

Figure 1.5: Schematic diagram showing MIR in the 5M structure. The red variant grows at
cost of the grey variant by moving the twin boundary with a magnetic field (H) or mechanical
compressive stress (o).

twin plane without distortion. These twin boundaries can be easily moved by a mechanical
stress changing the volume fraction of particular variants. Compression of single crystals
in the two-variant state, i.e. with different c-axis directions, leads to the alignment of the
c-axis (shorter lattice parameter) along the compression direction. Due to the tetragonal
5M and approximately orthorhombic 7M structure, a macroscopic strain occurs by twin
boundary motion exchanging the a- and c-axis (Fig. 1.5). As the c-axis is the magnetic
easy direction, this effect can also be achieved by application of a magnetic field.
Theoretical MFIS values in the Ni-Mn-Ga system are given by the a/c ratio of the
lattice parameters (eq. 1.1) and are in good agreement with maximum observed values.
The lattice parameters used are expressed with respect to the so-called cubic coordinate
system (see Chapter 1.6). In the modulated structures the theoretical maximum strains for
5M and 7M is 6% and 10%, respectively, while the maximum mechanical induced strain

for NM martensite is about 20%.

Emax = 1 — — (1.1)




1.5 Magnetic properties of Ni-Mn-Ga alloys

1.5 Magnetic properties of Ni-Mn-Ga alloys

It is the prerequisite for MFIS in the Ni-Mn-Ga system that the alloys must have the
twinned ferromagnetic martensitic microstructure in the range of working temperature.
This means that the reversible martensitic transformation has to take place below the
Curie temperature (Tc). For Ni-Mn-Ga alloys Tc is reported to be around 370K [27, 28].
Since it is weakly dependent on composition [29, 30|, almost the whole range of useful
Ni-Mn-Ga compositions has a martensitic structure below Tc.

Another crucial parameter for MFIS is the magnetic anisotropy, which leads to twin
boundary motion under an applied magnetic field. Magnetic anisotropy is the dependency
of the internal energy of a system on the direction of the spontaneous magnetization. In
general, the magnetic anisotropy is related to the crystal symmetry of a material and this
is known as magnetocrystalline anisotropy. The magnetocrystalline anisotropy energy is
defined as the work required to rotate the magnetization from the magnetic easy axis to

the hard one and is described as:

E = K03 + Kya3 + Ksaj (1.2)
with:
K; magnetic anisotropy constants
o direction cosines of magnetization

For the 5M structure with uniaxial anisotropy relation 1.2 simplifies to:

E = K, 5in®0 + Kysin0 (1.3)
with:
0 angle between magnetization direction and magnetic field

For the 5M and 7M structures K is about 1.7x10° J/m?, and the easy axis of magnetization
is along the c-axis which is the shortest lattice parameter. Due to the strong anisotropy,

the magnetization vectors correspond to the easy magnetization axis in each martensite




1.6 Conventions of coordinate system in the 5M structure

a)

Figure 1.6: The magnetic domain structure in a 5M single crystal imaged with type II magnetic
contrast. The orientation of the magnetic easy axis is marked in (b).

variant. This means that the magnetization inside the domains is aligned with the c-axis.
An example is shown in Fig. 1.6, where 90° and 180° magnetic domain boundaries are

depicted with type II magnetic contrast in the SEM.

1.6 Conventions of coordinate system in the 5M
structure

There are two coordinate systems (CS) commonly accepted in the literature, in which the

structure of 5M martensite is expressed:
« tetragonal CS related to the martensitic principle axes (marked with T)
« cubic CS

From the crystallographic point of view only the first CS is correct because it is constructed
on the basis of the lowest number of atoms (smallest unit cell) and is used to determine
orientations by EBSD (see Chapter 3.2). The so-called cubic coordinate system is also
built up of a tetragonal lattice but with more atoms and rotated by 45° about the c-axis
in such a way that the martensitic principal axes are aligned with the axes of the unit
cell of the cubic parent L2; phase (Fig. 1.7). It should be mentioned, that all planes and
directions mentioned in this thesis are given in the so-called cubic CS. Usually this CS is

chosen for description of MFIS (see eq. 1.1). Note that the c-axis expressed in the cubic

10



1.6 Conventions of coordinate system in the 5M structure

Martensite (tetragonal Fm3m) Martensite (tetragonal I4mmm)

F
_
Ni@ Mn@ Ga@ [001]T, [001]T, # [001],

Figure 1.7: Two concepts of coordinate system: cubic (a) and tetragonal (b).

CS is the shortest lattice parameter while in the tetragonal CS it is the longest one often
providing confusion in MFIS estimation.

The cubic CS is also chosen here for texture description. Since generally the texture
is formed in the high-temperature cubic phase, it is easy to compare it with other metallic
compounds with cubic structure, which do not undergo the martensitic transformation.
Additionally, the tetragonal CS causes difficulties in the interpretation of texture. A good
example is the <100> fibre texture in the cubic CS, which in the tetragonal CS is described
as biaxial [001] and <110] fibre texture making the texture description more complex.

It should be also mentioned that the lattice parameters as well as planes and directions
expressed in both CSs differ from each other. The transformation matrices to calculate

any direction or plane in the tetragonal CS are given by eqs. 1.4 and 1.5, respectively.

ur 1 -1 0 U
or =11 1 0]*| v (1.4)
wr 0O 0 2 We

11



1.7 Objectives

hT 1 - 1 O hC
kr | =11 1 0|*]| ke (1.5)
Ly 0 0 2 lo

1.7 Objectives

It is the main goal of the present thesis to establish the conditions under which MFIS can be
achieved in polycrystalline Ni-Mn-Ga alloys. To develop new MFIS materials, respectively
optimize the MFIS effect of known materials, it is a challenge to understand the physical
processes determining the motion of twin boundaries in these materials. Twin boundary
motion, in general, is affected by parameters such as order, modulation, grain size and
texture. Therefore, it is the task of the work to systematically investigate the effect of
these parameters on the MFIS in Ni-Mn-Ga alloys. In particular, the study comprises the
microstructural investigations on polycrystalline samples. Such experiments allow revealing
the martensitic microstructure and relationship between martensitic variants. Moreover,
it allows observing twin boundary motion and, especially, directly seeing twin-twin and
twin-grain boundary interactions (including other twin boundaries) and possible crack
formation.

Texture is also an important object of interest. It determines the amount of strain
to be achieved, which in a randomly textured sample is about 20% of that of a suitable
oriented single crystal. With suitable type and strength of texture this percentage can
be increased. Therefore, different processing routes like directional solidification (DS),
casting plus hot rolling (HR), casting plus hot extrusion (HE) and casting, hot extrusion
plus high pressure torsion (HPT) are used to obtain the texture desired. Texture is a
crucial structural parameter of polycrystalline Ni-Mn-Ga alloys, which has to be optimized.
Another important aspect with respect to the main goal is the training process of single as
well as polycrystalline Ni-Mn-Ga. Up to now, it was not really evident why this process is
needed. As polycrystalline samples are quite brittle, special care has to be taken during
training to avoid microcrack formation.

This work was carried out within the priority program SPP 1239 "Magnetic shape

Memory: Change of microstructure and shape of solid materials by external magnetic

12



1.7 Objectives

fields” of the German Research Society (DFG) in cooperation with the Institute for
Metallic Materials [F'W Dresden and Fraunhofer Institute for Machine Tools and Forming
Technology, Chemnitz. To produce and optimize the MFIS in Ni-Mn-Ga alloys extended
cooperation of these three institutes was required. This includes experience in materials
preparation and macroscopic characterization of IFW Dresden (Dr. S. Roth), experience
in materials processing and engineering of Fraunhofer Institute (Dr. A. Bohm) as well as
experience with microstructural and textural characterization of metals or intermetallics
of the Institute of Structural Physics, TU Dresden (Prof. W. Skrotzki). Combination
of these expertises allowed characterizing in great detail the real structure of Ni-Mn-Ga

alloys.

13



Chapter 2

State of the art

So far the Heusler alloy NisMnGa close to stoichiometric composition yields the largest
MFIS. This alloy shows length changes of the order of 10% for moderate magnetic fields
of about 1T at frequencies of the order of 1 kHz [1, 6]. The length change is produced
by the movement of twin boundaries originating in this alloy from the transformation
of the high-temperature cubic phase (austenite) to the low-temperature non-modulated
(NM) and modulated (5M), both tetragonal, or (7M) monoclinic or even higher modulated
phases (martensite) [18, 24, 25]. Applying a magnetic field leads to growth of those twin
variants having the smallest inclination of the easy axis of magnetization with the magnetic
field, i.e. which lower the magnetization energy.

Important for MFIS is the existence of a strong magnetic anisotropy making a simple
rotation of the magnetization direction difficult, and a low twinning stress as well as an
appropriate orientation of the twins. The composition, structure and microstructure of the
alloy have to be adjusted to meet these prerequisites. The type of the magnetic anisotropy
is determined by the c/a ratio of the tetragonal (or "nearly tetragonal”, orthorhombic or
monoclinic) martensite. The c¢/a ratio depends on composition [31], but various martensitic
structures can also be found for the same composition depending on the sample type
(powder, bulk) [32, 33].

Twinning can be achieved by applying a mechanical stress. Compression tests done
on single crystalline samples of differently modulated structures (5M, 7TM, NM) [34, 35, 36]
in general show stress-strain curves with weak work-hardening. The stresses at the onset
of deformation range from 0.1 [37] to 2 MPa and the maximum strains obtained by
twinning range from 5.5 to 10.1%, depending on the c/a ratio, and are lowest in the
5M and 7M structures, while corresponding values are 7 to 15 MPa and 17 to 20.5% in

the NM structure. Deformation experiments were carried out at different temperatures

14



(38, 39, 40, 41]. Twinning has also been produced by applying a magnetic field [6, 42].
The magnetic fields to induce twinning are 0.5 T and 0.4 T for the 5M and 7M structure,
respectively. Twinning can be blocked by a compressive stress of the order of 2 MPa
applied orthogonal to the magnetic field [2].

A dislocation model was proposed for MFIS in NisMnGa based on the motion of 0.144
<111> type twinning dislocations on {112} type planes [43] (here referred to the tetragonal
CS). Successive shear operations of twinning dislocations on {112} planes result in the
reorientation of a microtwin. Calculations show that the application of a 0.4 T magnetic
field can induce a shear stress of approximately 2.7 MPa on the twinning dislocations,
a value exceeding the Peierls and yield stress for Ni;MnGa single crystals. Twinning
dislocations were detected by [44] while [45] based on their observations explained twin
boundary motion by an atomic mechanism. Impurities and inclusions may impede the
motion of the twin boundaries, e.g. by interaction with twinning dislocations. It was
reported that very small amounts of sulphur (~ 100 atomic ppm) lead to formation of
MnS precipitates in Ni-Mn-Ga-alloys [46], while oxygen leads to MnO precipitates [47].
Therefore, the amount of inclusions has to be reduced by avoiding oxidation and refining
the starting materials, especially by extracting sulphur from the manganese, whereas size
and distribution of these precipitates are to be controlled by proper annealing.

To study MFIS, so far mainly single crystalline samples have been used. However,
because of economic reasons for technical applications only polycrystalline alloys or
composites seem to be appropriate. The length change of polycrystalline aggregates is
significantly lower than that of single crystals. For a random orientation distribution it is
21%, it amounts to 50% when the normal of the twin boundary is parallel to the magnetic
field [48, 49]. According to investigations on twinning in metals [50], the twinning stress
follows a Hall-Petch relation, i.e. with decreasing grain size the twinning stress increases and
hence MFIS becomes more difficult to realize. This has been confirmed for polycrystalline
Ni-Mn-Ga samples. Material texturing was obtained by using directional solidification
[51, 52|, rapid solidification through planar flow casting [53], plastic deformation by hot
forging [54], hot rolling [51, 55, 56|, hot extrusion [57, 58], high pressure torsion [59] and
additional heat treatments for grain growth [60]. The movement of twin boundaries in

polycrystalline samples was clearly shown in [61, 62]. Similar to single crystals, adjusting the
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structure [63] and training [62] is important. Coarse-grained polycrystals with solidification
texture show MFIS as large as 1% after proper treatment including two step annealing

and mechanical training [64].

16



Chapter 3

Materials, processes and

experimental methods

To achieve pronounced MFIS in polycrystals, fabrication processes are needed to produce
specific strong textures. Materials fabricated with directional solidification or plastic
deformation like hot rolling, hot extrusion and high pressure torsion (at high temperature
to avoid brittle fracture) have a coarse-grained microstructure due to solidification or
dynamic recrystallization. Therefore, to investigate the texture of a coarse-grained material
with a good grain statistics high energy X-ray and neutron diffraction were used. On
the other hand to reveal fine martensitic microstructures, electron backscatter diffraction
(EBSD) in the scanning electron microscope (SEM) was applied. The combination of both
techniques was mainly used to systematically investigate the effect of the above mentioned

parameters on MFIS in Ni-Mn-Ga alloys.

3.1 Materials and processes

The main criterion for the selection of materials for MFIS is the actuation performance.
As mentioned above, the Ni-Mn-Ga Heusler alloys so far are giving the largest MFIS.
These alloys show length changes up to 10% and 6% for 7M and 5M structure, respectively.
At first sight due to the larger MFIS, the 7TM structure seems to be more suitable for
technical application. However, because of the following problems the 5M structure
with exact composition NisgMnggGag; was chosen. 7M martensite is highly limited to
a narrow temperature and composition range. Additionally, due to internal stresses in
7™M polycrystals, the NM phase may occur acting as barrier for twin boundary motion

[51]. Therefore, investigations on 5M Ni-Mn-Ga predominate in recent research. The
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3.1 Materials and processes

single crystals investigated were prepared by the Bridgman method and supplied by
the company Adaptamat. The polycrystalline samples were prepared from prealloys by
induction melting of pure elements [65]. The martensitic transition of NisgMnggGag; takes
place at a temperature of 328 K. The individual fabrication processes are described in the

following chapters.

3.1.1 Directional solidification

Pronounced material texturing has been produced by directional solidification (DS). DS
was carried out under Ar atmosphere. A prealloy was prepared by induction melting
of pure elements (Ni 99.98, Mn 99.8, Ga 99.999) [65]. The alloy was annealed for 48 h
at 1273 K under (Ar/5% H,) atmosphere for homogenization. The casting process was
performed in an Indrudet S investment casting machine followed by furnace-cooling to
room temperature. The principle of the experimental setup is as follows. A hot mold is
mounted on a copper cooling plate. To avoid heating of the cooling plate by the hot mold,
an insulation ring is placed between the mold and the plate. When the melt is cast into
the mold, a temperature gradient and thereby a heat flow through the melt toward the
bottom is generated. This causes DS in opposite direction. Coarse columnar grain growth
was achieved by using a hot mold with a cooled copper plate at the bottom. The mold
was heated in a separate furnace to a temperature close to melting. The cylindrical sample
cut from the cast ingot above about 1 ¢m from the bottom had a diameter and height of 8

mm and 15 mm, respectively.

3.1.2 Hot rolling

Another route to obtain texture is plastic deformation by hot rolling (HR). To perform
HR a master alloy of composition NisgMnggGag; produced by induction melting in Ar
atmosphere followed by casting into a cold copper mold was prepared. The mass loss
was negligible, hence the composition is assumed to be the intended one. Subsequently,
the ingot (7.9 x 11.9 x 44mm?) canned in steel was rolled at a temperature of 1273 K
up to 50% reduction and then air-cooled to room temperature. No crack formation was

observed during processing. For textural and microstructural investigation the sample
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3.1 Materials and processes

with dimensions of 10 x 15 x 3mm?® was cut by spark erosion from the rolled sheet.

3.1.3 Hot extrusion

An important technological process to achieve specific strong textures is hot extrusion
(HE). The initial material was prepared in the same way as in the hot rolled case. Cast
NisoMnygGag; sample was hot-extruded through a round die. To decrease friction during
extrusion, the cylindrical ingot (100 mm length, 35 mm diameter) was canned in stainless
steel. Direct extrusion processing was done at 1273 K with an extrusion ratio of 4/1. The
extruded rods were air-cooled. For the texture measurements three cylindrical samples
with height and diameter of 10 mm were cut from the extruded rod at the front, middle
and end. Additionally, five different samples as shown in Fig. 4.29 where cut for EBSD

and synchrotron radiation measurements.

3.1.4 High pressure torsion

An advanced fabrication process applied is high pressure torsion (HPT). As starting
material the hot extruded sample was used. From the extruded rod at half length in the
centre, a cylindrical sample with length and diameter of 10 mm was cut by spark erosion.
High strain torsion of the sample with torsion axis parallel to the extrusion axis was done
with a Paterson rock deformation machine [66] at 1073 K under a confining pressure of
400 MPa. The maximum shear strain and shear strain rate applied were about 3 and
2 x 107%s71, respectively. The pressure produced by Argon gas creates large contact forces
between the parts of the sample assembly as well as between the internal load cell and
the upper end of the sample assembly. Due to this, a torque can be transmitted to the
sample by friction through the movement of the torsion actuator. The torque is limited by
possible slipping between the components of the sample column. The shear stress — shear
strain curve for the surface of the sample was calculated from the measured torque and
twist data according to the procedure given in [66, 67]. After some undefined oscillations
the shear stress at a shear strain of about 2 reaches a steady state value of about 18 MPa,
which is the maximum shear stress acting in the torsion sample. The shear strain increases

from zero in the centre of the bar to a maximum at the edge according to [68].
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3.2 Experimental methods

3.2 Experimental methods

3.2.1 Electron backscatter diffraction

In the last decade electron backscatter diffraction (EBSD) has become a well-established
technique for obtaining microstructural and crystallographic information in the scanning
electron microscope (SEM). EBSD reveals grain orientation, grain size, grain boundary
character, micro texture, and allows phase identification. The nominal angular resolution
limit is about 0.5° and the spatial resolution in modern field emission SEMs is about 40
nm.

The EBSD experiments are mostly used for crystal orientation mappings (also called
orientation imaging, TSL Companies). In crystal orientation mapping, the electron beam
is scanned over the sample measuring the orientation from the diffraction pattern at each
point. The experimental setup and indexing process are shown in Fig. 3.1. A sample
commonly tilted at 70° is irradiated by an electron beam forming a diffraction pattern
of Kikuchi lines on a phosphor screen. Special computer software analyzes these Kikuchi
lines using the Hough transform and compares them with theoretical Kikuchi lines for a
known crystal structure to get the best orientation fit. These data can be used to show
the crystallite orientations (here referred to as texture) of the material as well as their
spatial distribution. For microstructure and texture investigations of Ni-Mn-Ga single and
polycrystals two SEMs (Zeiss Ultra 55 at TU Dresden and Zeiss Supra 25 at Fraunhofer
Institute for Machine Tools and Forming Technology in cooperation with Dr. A. Bohm)
were used.

Usually, electron microscopic investigations require special preparation steps. As
EBSD patterns are formed in a surface layer of 10 — 50 nm, any residual surface deformation
introduced during the preparation must be minimized in order to maximize pattern quality.

To achieve this, several preparation steps were used:

o mounting of the samples into a two-component epoxy system consisting of a con-

ducting and insolating layer
« mechanical grinding with SiC papers (up to 2000 size)

o polishing with alumina suspension (particle size 1.0 and 0.3 um)
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3.2 Experimental methods
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Figure 3.1: Experimental EBSD setup and indexing procedure

« clectro-polishing using a mixture of nitric acid and ethanol (volume ratio 1:3) and

polishing parameters: T = 273K, U = 8V and t = 90s.

3.2.2 High energy synchrotron radiation

Diffraction with high-energy synchrotron radiation (HESR) is a quite new experimental
method to determine textures of materials. The high penetration depth of synchrotron
radiation opens the possibility to investigate representative large sample volumes. HESR
wavelengths in the range of 0.1A can penetrate deep into the materials allowing mea-
surements in transmission geometry. Additionally, HESR texture measurements with
an area detector based on Debye-Scherrer ring analyses are extremely time-saving. The
main part of the experimental setup of texture measurements with HESR is shown in
Fig. 3.2. The collimated X-ray beam transmits through the sample volume (red area) and
a Debye-Scherrer ring pattern is recorded on a flat area detector. Each Debye-Scherrer
ring corresponds to a family of lattice planes (hkl) and its intensity is transformed with
a special software into a corresponding pole figure. In order to obtain the complete
texture information, the sample is rotated on a goniometer around the o axis by 180°. A

detailed description of the synchrotron texture measurement is given in [69]. The texture
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3.2 Experimental methods

area detector

sample

collimator

Figure 3.2: Experimental setup for texture measurements by HESR (schematic diagram made
by R. Tamm)

measurements with HESR (100 keV) [70] on Ni-Mn-Ga alloys were carried out using the
beam line W2 and the GKSS materials science beam line HARWI-IT at DESY in Hamburg,

Germany.

3.2.3 Neutron diffraction

The geometrical aspects of neutron and X-ray diffraction are the same but in contrast to
X-rays, which are scattered by electrons, neutrons are mainly scattered by the atomic nuclei
and magnetic moments. Due to their low attenuation by most materials, neutrons penetrate
deeply into the samples. Additionally, neutron as well as HESR texture measurements
do not require any special sample preparation. Thus, neutron diffraction may be used to
measure textures of coarse-grained materials. The texture measurements with neutron
diffraction (9.3 keV) on Ni-Mn-Ga alloys were carried out at GKSS Research Centre

Geesthacht, Germany.

3.2.4 Training experiments

To achieve MFIS in Ni-Mn-Ga alloys, a training process has to be applied. This process
consists of successively compressing mostly cuboid samples along two or three axes. As

a result the twinning stress is reduced and the twinning strain is maximized. Training
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3.3 Representation of texture

of polycrystals was performed in an Instron 8562 testing machine at room temperature

~1. The training

under a compressive stress up to 30 MPa at a strain rate of 1073 s
process on single crystals using the same parameters was carried out in an Instron 5566
testing machine in cooperation with Prof. M. Szczerba at AGH University of Science and

Technology, Faculty of Non-Ferrous Metals, Cracow, Poland.

3.3 Representation of texture

3.3.1 Coordinate systems

In order to describe an orientation of a crystallite in a polycrystal, it is necessary to
establish two coordinate systems (CSs), one related to the crystal and another one related
to the sample taking into account the geometry of fabrication, deformation process or
relevant directions related to the external shape of the specimen. Usually, Cartesian
right-hand CSs are used for both the crystallite and the sample (Fig. 3.3). For example in
Fig. 3.4c, for a rolled sample the rolling direction RD and normal direction ND are parallel
to X, and Zjg, respectively. Generally, in cubic, tetragonal and orthorhombic materials the
crystal CS is fixed to the basis vectors a, b and ¢ of the Bravais lattice. Commonly, the
following representations of texture are used: pole figures, inverse pole figures, sections of
the orientation distribution function and ideal components. These are described in the

next subsections.

3.3.2 Pole figure and inverse pole figure

A pole figure (PF) represents the projection of specific crystallographic directions of grains
in the sample CS. In the stereographic projection, illustrated in Fig. 3.4a, a direction
(dashed line) cutting the sphere at point P is projected from the south pole S into the
equatorial plane at the point P’. Different PFs illustrating the same crystal orientation are
shown in Fig 3.4b. The inverse pole figure (IPF) represents the distribution of a selected
sample direction in the crystal CS (Fig. 3.5). An IPF is a convenient way to show fibre

textures.
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3.3 Representation of texture

Figure 3.3: Relationship between crystal (red) and sample coordinate system (blue) with three
unit cells differently oriented

RI> R RD
P T —_ 200 e e e I

oo RD
{100} <001> component

Figure 3.4: Stereographic projection of a <100> crystal direction (a). (200), (220) and (111)
pole figures showing the {100} <001> ideal component (b) and the same component placed in a
rolled sheet of a metal (c)
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3.3 Representation of texture
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Figure 3.5: Inverse pole figure of an ideal <110> fibre texture (a) and a reduced triangle due
to cubic crystal symmetry (b)

L

3.3.3 Orientation distribution function

An orientation g is unambiguously defined by a set of three angles ¢, ® and ¢,. These
so-called Euler angles represent successive rotations of the crystal CS with respect to
the sample CS, for example according to the Bunge notation [71]). Any orientation g
represents a point in the three-dimensional orientation space spanned by the three Euler

angles. The volume fraction of grains with orientations between g and g + dg is given by

[72]:

d7V = f(g)dg

where

f(g) orientation distribution function (ODF')

g orientation (¢, @, @)

dv volume of crystallites with orientations between g and g+dg
\Y% sample volume

The intensity (strength) of texture is given in multiples of a random distribution (mrd).

For triclinic crystal and sample symmetry, the ODF is defined in the range of 0° — 360°
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3.3 Representation of texture

for @, and ¢y and 0 ~180° for ®. In the case of cubic sample and crystal symmetry it can

be reduced to 0° — 90° for all Euler angles. Any three-dimensional ODF can be expressed

Levels
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1.0

Figure 3.6: Shear texture after HPT at 1073K of 5M Ni-Mn-Ga represented as three-dimensional
ODF. Intensities are given in multiples of a random distribution (mrd).

by two-dimensional cross sections through the Eulerian space. These sections simplify
the texture analysis, especially when sections are used which contain the most important

components. Additionally, a key figure allows better interpretation of textures.

3.3.4 ldeal orientation

A practical way to describe an orientation is via crystal plane and direction aligned parallel
to principal planes and directions of the sample. It is expressed with Miller indices, for
example, for the ideal cube component described as {100} <001> (Fig. 3.4c) the {100}
plane corresponds to the rolling plane normal (ND) while the <001> direction is parallel
to the rolling direction (RD). The indices for the plane and direction are rounded to the

nearest low index. Ideal orientations of fcc metals deformed by simple shear are given in
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3.3 Representation of texture

the key figure of Fig. 3.7 and in table 4.2.
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Figure 3.7: ODF sections at @2 = 0° and ¢p = 45° of Fig. 3.6. The key figure gives the ideal
components of simple shear of bct metals plus the cube component.
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Chapter 4

Results and discussion

4.1 Microstructure of Ni50MI’l29G821

A very interesting feature of the martensitic transformation is the microstructure it
produces. In a martensitic transformation the lattice of the high-temperature austenite
phase has a higher crystallographic symmetry than that of the low-temperature martensite
phase. Consequently, austenite may transform to several martensitic variants, with the
number depending on the change of symmetry during transformation. In a cubic-to-
tetragonal transformation three variants may form with the c-axis approximately oriented
parallel to the three main cubic axes of austenite. Different regions of the crystal transform
to different martensitic variants in such a way that there is no macroscopic change in
shape allowing large shears to be accommodated with minimal macroscopic shear. This
characteristic feature is called self-accommodation.

The arrangement of variants can occur on different length scale, from a few nanometres
up to a few millimetres depending on grain size, specimen size, change of lattice parameters
(austenite-martensite) and processing. The initial microstructure of Ni-Mn-Ga alloys is a
typical self-accommodated martensitic microstructure containing a mixture of variants.
The Ni-Mn-Ga polycrystals investigated consist of macro and micro twins (Figs. 4.1, 4.2).
The coarse twin lamellae extend through the whole parent austenitic grains while the fine
lamellae frequently cross the coarse variants in a zig-zag manner with mirror symmetry
(Fig. 4.1b). This kind of microstructure was observed in all polycrystals investigated. It
should be mentioned that the fine twin lamellae can only be resolved by EBSD at high
magnification (Fig. 4.1b). It is obvious that there exists a hierarchy in twin formation.
At first the coarse twin lamellae are formed (shown in Fig. 4.1a) and subsequently the

fine twins develop (Fig. 4.1b). This is concluded from the fact that the fine twins are not
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4.1 Microstructure of NiggMnggGagy

continuous across the coarse lamellae.

Figure 4.1: Macro (a) and micro twins (b) in a hot extruded 5M Ni-Mn-Ga alloy

To investigate the relationship between macro and micro twins a bicrystal was used. The
bicrystal also consists of macro and micro twins [62] (Fig. 4.2a). The twin planes are
within about 2° parallel to {1 0 1). Close examination of the microstructure (for example
in Figs. 4.2a, b) shows that the fine lamellae are twin related with respect to the macro
twins and create a so-called “twins within twins” structure.

The initial orientation mapping reveals a distribution of three different martensitic
variants in both parent austenitic grains. These martensitic variants with c-axis ap-
proximately parallel to the main cubic axes of the parent austenite originate from the
cubic-to-tetragonal transformation according to the Bain model. All three variants of
the tetragonal unit cell revealed in the pole figures of the bicrystal are displayed in Fig.
4.2¢c. The c-axis and a-axes, short (5.51 A) and long (5.91A) lattice parameter, represent
[001] and <100] directions. Since the twin plane is of {1 0 1) type, the trace of this plane
should be placed exactly in between two c-axes. To demonstrate this, the stereographic
projection has been used. For example within grain 1, the trace of the twin plane between
the pink and blue orientation is indicated as a black line (Fig. 4.2b). The black dashed line
shows how this plane crosses the flat surface and corresponds very well to the orientation
mapping on the left hand side (Fig. 4.2a).

Similarly, the other traces of twin planes (red and green) correspond to the orientation
mapping. It should be noted that the green line marks the macro (main) twins and the

red and black lines mark the micro (fine) twins. As mentioned above the twin planes
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4.1 Microstructure of NiggMnggGagy

(by means of two-surface trace analysis on two perpendicular surfaces of the bicrystal)
were also geometrically determined to be {101). Besides the so called “twins within
twins” structure another type of microstructure can be observed in NisgMnogGasg; alloys.
Orientation mapping shows that the boundary plane of one of the micro twins is far away
from ideal position (Figs. 4.3a, b, the ideal position is marked with a red line), while the
second micro twin and the main twin remain unchanged. In this configuration the micro
twin planes look like a mirror image with respect to the main twin boundary on both

perpendicular surfaces (Fig. 4.3c) but in fact one of them is not twin related.

. macro twin ‘, grain Boundary

o Z 5
micro twins

|

C) w ww Ww

Figure 4.2: Orientation mapping (a) and stereographic projection with indication of twin traces
in grain 1 (b) of the bicrystal. Pole figures of differently coloured areas of the tetragonal 5M
phase of grain 1 (c¢). The c-axis and a-axes (short and long lattice parameter) represent [001]
and <100] directions of the tetragonal 5M structure, respectively. 1 and 2 denote the two grains
of the bicrystal.

The second plane is about 3° away from {1 1 0), which is not equivalent to the {1 0
1) twin plane in the tetragonal system. However, the traces of these planes look like a
mirror image with respect to the main twin boundary on both sides of this plane but

crystallographically they are not twin related. Furthermore, in Fig. 4.2a characteristic
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4.2 Microstructure of NiggMnsoGagg
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Figure 4.3: Orientation mapping on two perpendicular surfaces (I and II) of the 5M Ni-Mn-Ga
bicrystal (a, b). Schematic diagram showing the angles between micro and macro twins (c)

branching of the micro twins is observed due to lowering of the elastic energy at the macro
twin boundary. Branching is favoured by a small interface energy, large grain size and soft

elastic behaviour in the martensite [73].

4.2 Microstructure of Ni;gMns,Gay

As mentioned above, the 7M martensite is highly limited to a narrow temperature and
composition range. Additionally, due to internal stresses in 7M polycrystals, the NM phase

may occur acting as barrier for twin boundary motion. It is known that for NisoMnsoGasgg

0.1 mm : 2 O a¢

Figure 4.4: BSE image of the microstructure of DS NiggMngyGasgg polycrystals with EBSD
mappings showing the local distribution of different phases (5M red, 7TM blue, NM green)
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4.3 Relationship between austenite and martensitic variants

single crystals the 7M structure can be achieved by thermo-mechanical treatment. However,
this composition chosen to be only 7M structure, is difficult to achieve in polycrystals.
X-ray or neutron diffraction diffractograms of bulk samples show that the as-cast and
as-rolled polycrystals used simultaneously contain two martensitic phases (NM and 7M,
[51]). This can be clearly seen in the EBSD mapping of the directionally solidified sample
characterized by long columnar grains (Fig. 4.4) where 7TM and NM phases exist in different
regions of the ingot their volume fractions varying along the growth direction. In the
lower part of the ingot 7M dominates while in the upper part it is NM. Minor existence of
5M is also recognized. Coexisting different martensitic phases have also been found by
high resolution transmision electron microscopy. Additional heat treatment increases the
portion of the 7M structure. Nevertheless, it does not remove the NM phase completely.
Therefore, furthere investigations were only carried out on Ni-Mn-Ga alloys with 5M

martensite at room temperature and nominal composition of NisoMnggGao;.

4.3 Relationship between austenite and martensitic
variants

There are few models in the literature describing the orientation relationship between
austenite and martensite. The most important models considering the fcc to bet transition
are those proposed by Bain [8], Kurdjumov-Sachs [9] and Nishiyama-Wassermann [10, 11].
All of them describe this transition just as a rotation by some angle about a specific axis.
The Bain description is the simplest one explaining the fcc to bet transformation as a 45°

rotation about the main cubic axes of the austenite. The lattice relationship is given by:
{001}, || {001}, and <100>4 || <110>¢

There exist three possible martensitic variants for this orientation relationship depicted in
the pole figures of Fig. 4.5. However, high resolution EBSD mapping reveals that there
exist more than just three orientations in NisgMnogGas;. As shown for a HPT sample
(Fig. 4.6), the blue variant is split into three orientations, which differ from each other by
about 4° to 8° (Figs. 4.6a, b). This is possible because the three blue orientations create

three twin relations in the different regions of the sample (A, B, C). For example in region

32



4.3 Relationship between austenite and martensitic variants

1 @ Austenite 2

m Bain variants

Figure 4.5: Illustration of the three Bain variants

A the first blue orientation is twin related to the pink one by a rotation of 86.6° around
the common a-axis (Figs. 4.7a, b). In region B the second blue orientation satisfying the
twin relation with the green orientation is also rotated by 86.5° but around the common
a~axis of the blue and green variant (Figs. 4.7c, d). In region C the third blue orientation
creates again a twin with the pink one, however, in this case the blue variant is rotated
86.6° in opposite direction (Figs. 4.7e, f). Based on this, it can be concluded that between
two variants one of them can be adjusted in four different ways, which correspond to four
orientations. The permutation of the three Bain variants gives at least twelve orientations
in 5M NizoMnggGag; polycrystals. Thus, the three transformed orientations according to
the Bain model are too rudimentary for general use but nevertheless provide a good basis

for understanding the more complicated case.

.

a) b)
Figure 4.6: EBSD mapping (a) and c- and a- axis pole figures of NisgMnagGag; after HPT (b)




4.3 Relationship between austenite and martensitic variants

Two more complex models were presented by Nishiyama — Wassermann (N-W) and
Kurdjumov — Sachs (K-S). The first one describs the relationship between austenite and
martensite as rotation of 95.27° about a common <14+v/2+v/3, -1 +v/2+/3 ,v/2 > axis

satisfying the following orientation relationship:
{111}, || {011}, and <112>4 || <O11>p

It gives twelve possible martensitic variants. Kurdjumov-Sachs explain this transformation
as a simple shear resulting in a rotation of 90° about the <112> direction. Since there are
twelve <112> rotations possible and two senses of rotation, twenty four variants may be

created from one austenitic orientation. The orientation relationship is given as:
{111} , || {110}, and <101>4 || <111>p

Fig. 4.8 presents the result of the above three models. As can be clearly seen, one Bain
variant is an average of four N-W or eight K-S variants. Nevertheless, none of both models
describes this phenomenon accurately in the Ni-Mn-Ga 5M structure. For example, in Fig.
4.9a the orientation is shown of an austenitic grain and its corresponding four martensitic
variants measured with EBSD.

To measure this, first the orientation of the martensite was taken and then the sample
was heated up above the martensite-austenite transformation temperature and measured
again in the austenitic state with EBSD. For comparison with the above mentioned models,
the whole coordinate system was rotated in such a way that the measured austenite had
a cubic orientation. As can be seen in Fig. 4.9a, the measured variants do not have the
ideal orientation of any of the models. The maximum deviation from N-W is about 5° and
from K-S 4°, which seems to be quite large especially because the minimum difference
between two K-S and two N-W variants is 6.59° and 10.42°, respectively.

Therefore, a new model is proposed for the 5M structure. It is explained in the cubic
CS by means of rotations about the c- and a-axes. As shown in Fig. 4.10, at first just
one martensitic variant (green) arises by rotation of 3.6° about <110>. Subsequently,
the next variants follow the twin relationship. The second variant (brown) is rotated by
86.5° around the common a-axis. The third and fourth variants (violet) follow the twin
relationship as described before. In other words, this approach is based on three steps.

The first step is a rotation of 3.6° around <110>. Since there are six <110> directions
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common a-axis

g)

Figure 4.7: EBSD stereographic projection with indication of twin traces in regions marked A,
B, C (a, b, ¢, d, e, f) and illustration of the ideal twin relationship in 5M Ni-Mn-Ga alloys (g)
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Figure 4.8: (001) pole figures demonstrating the three models (Bain, N-W and K-S) with
respect to an initial austenite cube orientation

and two senses of rotation, the first main martensitic variant can be rotated in twelve
ways (four of them are depicted in Fig. 4.10 with orange circles). During the second step,
the second variant arises creating the macro twins. Similarly, as found before, the second
variant can be adjusted in four different ways, which corresponds to four orientations.
The same holds for the third step where the micro twins are created. There are again
four possibilities to adapt the micro twins. However, half of them overlap with variants
which can be formed in the second step. As a result, an austenitic orientation can be
adjusted by martensitic variants in 96 possible ways (12 x 4 x 2). Using this method,
the simulated positions of the martensitic variants do not deviate more than 0.5° from
the theoretical positions, which is the nominal angular resolution of EBSD. Note that in
the 5M structure there usually occur only few variants within a parent austenitic grain.
However, these four or five martensitic orientations can be adapted in 96 different ways.
This model also was confirmed by the measured martensite orientations. This is possible
because the initial orientation of austenite can be calculated from two measured martensitic
orientations. As the martensite can be calculated from the austenite using the transforma-
tion matrix (rotation of some degree about some axis), the austenitic orientation can be
calculated in the opposite way using the matrix transposition. Both measured martensitic

variants give several possible austenitic solutions but just the common orientation is the
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4.3 Relationship between austenite and martensitic variants
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Figure 4.9: Measured and simulated positions of the c-axis of martensitic variants in a DS
sample (a) and calculated austenite orientation for 5M Ni-Mn-Ga deformed by HPT (b)
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Figure 4.10: Austenite-martensite orientation relationship in DS 5M Ni-Mn-Ga
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4.4 Direction of modulation during twin boundary motion

correct one, from which martensite arises. An example for such a calculation matching

very well with experiment is shown in Fig. 4.9b for a HPT sample.

4.4 Direction of modulation during twin boundary motion

The lowest observed twinning stress in Ni-Mn-Ga alloys can only be found in two modu-
lated structures (5M, 7M) [37]. The twinning stress of the third, non-modulated (NM),
martensitic phase is much higher than those measured for the modulated structures [74].
Additionally, because of the absence of a uniaxial magnetic anisotropy [19], MFIS does not
exist in the NM structure. Therefore, much attention has been paid to the modulation,
which can play a basic role during motion of twin boundaries. As mentioned above the
modulation can be described as a periodic shuffling of atomic planes along the <110]
direction [18, 20] and in diffraction patterns it is observed as extra spots along this direction
(four and six extra spots in the 5M and 7M structure, respectively). The nature, stability

and role of the modulation are described by Zayak et al. [21, 22, 23].
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Figure 4.11: Laue diffraction pattern of the single crystal with 5M structure and orientation
analysis
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Figure 4.12: X-ray diffraction of a 5M single crystal with twin band (c-axis differently oriented).
The modulation is only visible when the beam is parallel to the c-axis.
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Figure 4.13: X-ray diffraction of a 5M single crystal with twin band (c-axis differently oriented).
Upper diffraction pattern shows a twin relation.
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Figure 4.14: X-ray diffraction of a 7M single crystal with twin band (c-axis differently oriented).
The modulation is only visible when the beam is parallel to the c-axis.

To study the effect of twin boundary motion on modulation, Ni-Mn-Ga single crystals with
five-layer (5M) and seven-layer (7M) martensitic structures at room temperature were
chosen. The single crystals prepared by the Bridgman method were supplied by company
Adaptamat. After slight deformation, the orientation of the single crystals was determined
by means of Laue diffraction patterns in undeformed and deformed areas representing
two martensitic variants related by twin relationship. The change of the direction of
modulation was measured by diffraction of HESR (100 keV). To do this, before and after
deformation the single crystals were X-rayed at two specific places. Since the modulation is
only visible when the beam direction is parallel to the c-axis the samples were transmitted
by X-rays along those directions, which are parallel to the main tetragonal (5M) and
orthorhombic (7M) axes (possible c-axis localization) to find optimal diffraction parameters.
As mentioned above, the modulations in the 5M and 7M structure can be distinguished
because of the presence of four (5M) or six (7TM) extra spots along the <110] direction
between the main reflections (Figs. 4.12 and 4.14). The tetragonal and orthorhombic unit

cell dimensions are given in following order a > ¢ and a > b > ¢, respectively.
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4.4 Direction of modulation during twin boundary motion

Synchrotron diffraction in transmission of a sample volume of 3 x 3 x 0.5mm? under
different directions shows that the structure modulation takes place on {110) planes and
that during twin boundary motion the c-axis orientation changes and with this also the
direction of modulation with respect to the initial single crystal reference system (Fig. 4.13).
This result clearly demonstrates that the direction of modulation is crystallographically
fixed normal to the c-axis. While on the one hand this may be a trivial result, on the
other hand it shows that different atom movements are taking place during twin boundary
motion in modulated structures compared to non-modulated ones. This may be the reason
for the much lower stresses (about an order of magnitude) observed for twin boundary
motion in modulated structures. Modulation along the <110] directions has already been
shown by Ge et al. [75] with high resolution transmission electron microscopy. The
different modulation directions belong to different areas in the single crystal and are
separated by a facetted interface [75]. Figs. 4.12 and 4.14 present such situation with two
directions of modulation (normal to (110) and (110)). During twin boundary motion the
c-axis orientation changes and with this also the direction of modulation with respect to
the initial single crystal reference system (Figs. 4.12 - 4.14). A schematic sketch of this

process is shown in Fig. 4.15 for the 7M structure.

initial after deformation
b [110] maodulation
after compression
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a [110]
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a a

twin boundary
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Figure 4.15: Change of direction of modulation in a 7M structure during twin boundary motion
induced by compression in a-direction

The modulation is only visible when the beam direction is parallel to the c-axis. If the

beam direction is along the a-axis the characteristic diffraction features of modulation
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4.5 Training process

are absent. Initially, the modulation is on the {110) plane in one variant while after
deformation it is still on the {110) plane but in the variant generated by twinning. The
modulation direction obeys the twinning relation. Additionally, in Fig. 4.13 the upper
diffraction pattern shows additional spots due to twinning. The non-split spots belong to
the common (202) plane. The results clearly demonstrate that the direction of modulation
in the 5M and 7M structure is crystallographically fixed normal to the c-axis. Thus,
during twin boundary motion in modulated structures different atom movements have to
take place compared to non-modulated ones. This may be the reason for the much lower
stresses observed for twin boundary motion in modulated structures because of a more
"flexible” lattice. Note that in the 7TM structure there also occurs another type of twinning
system on {110) planes. However, motion of these twins only switches the a- and b-axes
while the c-axis remains unchanged. In other words the direction of modulation does not

change.

4.5 Training process

In order to achieve MFIS in Ni-Mn-Ga alloys, a training process has to be applied. This
process consists of successively compressing mostly cuboid samples along two or three axes
up to a certain stress. A cuboid sample is used due to the geometry allowing successive
compression along three axes normal to each other. Compression along these axes results
in the motion of the twin boundaries changing the volume fraction of particular martensitic
variants. As a result the twinning stress is reduced and the twinning strain is maximized.
It is the aim of repeated compression to eliminate those variants with c-axis perpendicular
to the compression axes. A lot of training processes have been applied to single crystals
and polycrystals prepared in different ways. However, the main conclusion which can be

drawn is, that the training process should lead to one type of twin or a single-variant state.

4.5.1 Training of single crystals

Calculations according to [3, 4] show that the application of a 0.4 T magnetic field can

induce a shear stress of approximately 2.7 MPa. Therefore, the main goal of training is to
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4.5 Training process

reduce the twinning stress below this limit. An example for a stress-strain curve of an
untrained 7M Ni-Mn-Ga single crystal is given in Fig. 4.16 with the red line indicating the
maximum magnetic stress, which can be achieved with a magnetic field. As can be clearly
seen, the twin boundaries can not be moved with a magnetic field because of the high
twinning stress level caused by a complex martensitic microstructure (see chapter 4.1).
Thus, the training process has to be done first mechanically. Typical stress-strain curves
for training of a single crystal are shown in Fig 4.17. After six cycles along two axes (1
and 2) the single crystal is well trained. A cycle defines successive compressions along two
or three axes depending on the training type. The subscript 71”7, 72” or ”3” is added to
the number of cycles denoting the axis, along which compression was performed. Fig. 4.17
demonstrates that with increasing number of cycles the twinning stress decreases. After
the second cycle the twinning stress is dramatically reduced. Further compressions lead to
a plateau stress of about 0.5 MPa. Now a magnetic field should produce MFIS. A detailed
examination of the training process applied to a Ni-Mn-Ga bi-crystal is presented in the

next chapter.

4.5.2 Training of a bicrystal

To investigate in detail well defined twin-grain boundary interactions including twin-twin
interactions, a training process of a bi-crystal was studied. A bi-crystal was chosen due to
its simplicity. The change of microstructure (i.e. martensitic variant distribution) during
training was investigated by EBSD on two perpendicular surfaces. A cuboid sample was
cut in such a way that one grain (1) of the bicrystal (Fig. 4-2¢) had the <100> axes
parallel to the specimen edges. The bicrystal is characterized by a general high angle grain
boundary with rotation of about 60° about the <1 2 3> axis and different martensitic
variants within the two grains. The volume fraction of grain 1 of the bicrystal is about
0.6. The initial microstructure of the bicrystal investigated is a typical self-accommodated
microstructure of martensite (Fig. 4.18). The microstructure of the deformed sample is
shown in Fig. 4.3. The orientations of four twin-related martensitic variants of grain 1
on surface II are presented by different colours described in Fig. 4.19e. To simplify Fig.

4.19e, the orientations are characterized just by the c-axis (ca, cp, c¢, cp). After the
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Figure 4.16: Stress-strain curve for an untrained 7M Ni-Mn-Ga single crystal. ¢ mag, max is
the maximum magnetic stress, which can be applied by a magnetic field.

first compression step the twin boundaries between variants A (green) and B (orange)
(called main twin) move to the left in such a way that the volume fraction of variant B
increases (Figs. 4.19a, b) because this variant has the c-axis (the shorter lattice parameter)
along the compression direction. Moreover, the fine blue twins become more regular and
thicker. This clearly shows that the fine twins can be moved, too. The next compression
step results in the motion of the main twin boundary in opposite direction increasing the
volume fraction of the dark green variant (Fig. 4.19¢).

Additionally, after the first cycle (compression along two directions) many fine twins
disappeared. After the second cycle they disappeared completely (Fig. 4.19d). This result
corresponds to the strong decrease of the flow stress in the stress - strain curve below the
maximum magnetic stress, which can be applied by a magnetic field (Fig. 4.20a). Thus,
the fine twins are responsible for the high stress at the beginning of training. This means
that during the training process the orientations not belonging to the main twin (C and D)

are removed and then the main twin boundary can be moved easily. Finally, the training
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Figure 4.17: Stress-strain curve for successive compression cycles of a 7TM Ni-Mn-Ga single
crystal

process creates one type of twin or a single-variant state. Within grain 2 a reorientation
of variants is also observed leading to a reduction of the micro twins and increasing the
volume fraction of that variant with the c-axis nearest oriented to the compression axis.
It should be mentioned that in some macro twins two micro twin variants were found,
which are aligned with their twin planes perpendicular to each other, so-called "crossing
boundaries” (Fig. 4.19f). Compression of these micro twins results in the motion of the
main twin boundary removing the crossing boundaries, too (Fig. 4.19g). This clearly
shows that the training process eliminates this type of barrier as well.

Moreover, the training process should be done just along two axes with respect to the
main (macro) twins. In this case horizontally and vertically, i.e. parallel to the c-axes of
the orange and dark green variants. This is because in general there is only one type of
macro twin extending through the whole parent austenitic grain [57, 59] while even three
different types of micro twins exist. Compression along the third direction related to the

c-axes of the micro twins causes the motion and expansion of twins crossing each other,
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Figure 4.18: Orientation mapping with indication of twin traces in grain 1 of the bicrystal

which makes the training process much more complicated. This is clearly demonstrated
in the stress strain curve of Fig. 4.20b where compression along all three directions is
less effective in comparison to compression along two axes. The repeated training of the
same bicrystal was possible by heating up the sample above the martensite-austenite
transformation temperature. Cooling leads again to a self-accommodated microstructure.
According to Fig. 4.20b three axes training leads to an increasing number of cycles required
to achieve the desired stress reduction and strain maximization. Thus, the fastest way to
train Ni-Mn-Ga 5M single or polycrystals is training just along two axes with respect to
the main (macro) twins.

During the training process new twins are formed close to the grain boundary (Fig.
4.21b). These twins may compensate the different shape changes of both grains during
deformation. As polycrystalline intermetallic samples are quite brittle at low temperatures,
the formation of these additional twin boundaries allows accommodating certain strain
components, thus preventing the formation of micro-cracks at the grain boundary. Beside
the stress level limiting crack formation, it is well promising to investigate also the effect

of temperature during training. On the one hand, training at higher temperatures reduces
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10 pm

f) 9)

Figure 4.19: Orientation mapping of an undeformed (a) and deformed area (b: 1% cycley, c:
1%t cycleg, d: 274 cycles) of the bicrystal taken from the same area during successive compression
cycles. The arrows show the direction of compression. The black spots are not indexed. The
EBSD colour code corresponds to the orientation of the c-axes (e). Example of so-called ”crossing
boundaries” (f) marked with white lines and the same area after two cycles of deformation (g).
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Figure 4.20: Stress-strain curves of a 5M Ni-Mn-Ga bicrystal for successive compression steps
(three cycles) (a) and comparison of the second cycle along the first direction with and without
including the third compression axis (b). Gmag, mae i the maximum magnetic stress, which can
be applied by a magnetic field.
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the twinning stress, on the other hand, it allows an easier formation of new martensitic

variants. Therefore, this will be a future task to find the conditions of "safe” training.

initial state after compression (-3% strain at 30 MPa)

grain baundary grain boundary

new twin boundaries

a) b)

Figure 4.21: EBSD mapping of an undeformed (a) and deformed (b) bi-crystal taken at the
grain boundary showing change of twin arrangement

4.5.3 Training of polycrystals and Hall-Petch relationship

To summarize the training results, the stress-strain curves of trained samples fabricated by
different processes are demonstrated in Fig. 4.22. As can be seen, with increasing grain
size the twinning stress decreases while the twinning strain increases. This clearly shows
that for MFIS a coarse-grained microstructure is preferred and that the twinning stress
in polycrystalline Ni-Mn-Ga alloys obeys a Hall-Petch type relationship. It should be
noted that the materials have been fabricated with different processes leading to different
types and strengths of texture. The effect of texture on the stress - strain curve is not
clear, because texture and grain size cannot be investigated independently. However, by
comparing the hot extruded and HPT sample with comparable grain size an effect of

texture can be observed.
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Figure 4.22: Hall-Petch relationship for twinning in trained 5M Ni-Mn-Ga alloys
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4.6 Texture

To achieve pronounced MFIS in polycrystals, fabrication processes are needed to produce
specific strong textures. Texture is generally defined as the crystallographic orientation
distribution in a polycrystalline sample [76, 77, 78]. Texture affects various unidirectional
properties directly related to anisotropy like Young’s modulus, strength, ductility, magne-
tization or thermal expansion. In the extreme case of a random texture the polycrystals
become isotropic while for a strong single texture component it approaches the anisotropy
of a single crystal.

Texture also has an important influence on MFIS and twinning stress of polycrystalline
Ni-Mn-Ga alloys. It determines the maximum amount of strain to be achieved, which in a
randomly textured sample is about 20% of that of a suitable oriented single crystal. A
strong biaxial texture increases this percentage. In contrast to fibre textures, where just
one direction is preferred, biaxial textures are very important for MFIS because there are
three preferred directions along which MFIS can be realized. If there is just one preferred
direction, the magnetic field can move the twin boundaries along one axis but it is difficult
to move them back because the other directions (or other c-axes) are distributed randomly
normal to the fibre axis. Therefore, in the case of fibre textures, only a one-way (not
resettable) effect can be observed. Thus, texture is a crucial structural parameter of
polycrystalline Ni-Mn-Ga alloys, which has to be optimized. Different fabrication processes
lead to different texture evolution allowing to produce the type of texture desired. Material
texturing has been obtained by directional solidification [51] and plastic deformation by hot
rolling and hot extrusion [57] as well as high pressure torsion (HPT) [59]. These processes
were also followed by thermo-mechanical treatments. Texture analysis is discussed with
respect to both, the parent phase (austenite) and the directly related martensitic phase
considering variant selection.

To examine the texture of coarse-grained Ni-Mn-Ga alloys, diffraction of synchrotron
radiation and neutrons was applied. Both techniques have been provided in transmission
geometry. Additionally, to determine the local texture, EBSD in the SEM was used.
Processing of the texture data was done with the Labotex software. It should be noted

that all planes and directions mentioned in this chapter are given in the so-called "cubic
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coordinate system”, which is related to the cubic axes of the parent L2; phase (see Chapter

1.6).

4.6.1 Directional solidification texture

The first process to produce material texturing was directional solidification. The cast

sample had a diameter and length of 10 mm and 50 mm, respectively. The crystallite

growth is supposed to occur along the direction of the heat flow, preferentially in <100>

 GD

Figure 4.23: BSE image of the microstructure of a directionally solidified 5M Ni-Mn-Ga
polycrystal (a).{400) and (004) pole figures of the tetragonal 5M phase in the directionally
solidified sample measured with synchrotron radiation (intensities: 1.0, 2.0, 3.0 4.0, 8.0, 12.0,
16.0, 20.0, 24.0, 28.0 mrd, GD = growth direction)(b).

direction [79] yielding a <100> fibre texture. The directionally solidified sample is
characterized by long columnar grains with a width of about 0.5 mm. To examine the
texture of coarse-grained Ni-Mn-Ga alloys in a statistically relevant way, diffraction of
HESR (100 keV) was applied. Due to the high penetration depth of high-energy X-rays and
neutrons, texture measurements with these radiations in transmission allow for collecting
orientation data from a large sample volume, i.e. 3 x 3 x 0.5mm? with a good grain
statistics.

The directionally solidified material has a strong <100> fibre texture along the
growth direction (GD) (Figs. 4.23b, 4.24). In the tetragonal 5M Ni-Mn-Ga phase three
martensitic variants may exist. Because of symmetry (two directions of the tetragonal

structure are equivalent) the number is reduced to two in the case of <100> fibre textures.
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During formation of the martensitic phases a variant selection took place favouring one
of the <100> directions parallel to GD (Fig. 4.24). The volume fractions (full width
at half maximum of 20°) of the different variants are for the 5M structure: 21% [001],
74% [100], rest phone. The <100> fibre texture existing in the directionally solidified
Ni-Mn-Ga alloy is typical for cast cubic crystals with the <100> fibre axis aligned along the
temperature gradient determining GD [79]. The variant selection during the martensitic

phase transformation is such that mainly the longest lattice parameter is parallel to GD.

[ 11 O] Levels

22.0
20.0
18.0
16.0
14.0
12.0

21% 74%
[001] [100]

Figure 4.24: Inverse pole figure of GD of the tetragonal 5M phase in the directionally solidified
sample. The volume fraction of different orientations along GD with a spread of 20° is given.
The difference to 100% belongs to the rest of orientations.

4.6.2 Hot rolling texture

Another route to produce textures is plastic deformation by hot rolling. The ingot
(7.9 X 11.9 x 44 mm?) canned in steel was rolled at a temperature of 1000°C up to 50%
reduction and then air-cooled to room temperature. The microstructure of the hot rolled
alloy is recrystallized with an equiaxed grain size of about 400 um (Fig. 4.25). The texture
of the 5M phase investigated by neutron diffraction is a weak {111}<112> rolling texture
(Fig. 4.26). It has been formed by dynamic recrystallization during hot rolling in the
B2 phase field. It is a typical recrystallization texture of body-centred cubic metals [80].
In comparison to directional solidification no obvious variant selection took place during

phase transformation from the cubic L2; phase to the martensitic phases.
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D

Figure 4.25: BSE image of the microstructure of hot rolled 5M Ni-Mn-Ga polycrystals (RD =
rolling direction, TD = transverse direction)

{111} (112) {211)
@TDQ @ i

Figure 4.26: {112} and {111} pole figures of the tetragonal 5M phase in the hot rolled sample
measured with neutron diffraction (RD = rolling direction, TD = transverse direction).

RD

4.6.3 Hot extrusion texture

Hot rolling experiments at 1000°C have shown that plastic deformation of polycrystalline
NisgMnggGag; above the ordering temperature is possible in the B2’ structure without
brittle fracture. The same holds for HE. During extrusion the material mainly experiences
axisymmetric tension. Orientation images obtained by EBSD in the central region of the

rod (Fig. 4.27) show the grain structure after HE.
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" RD,
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Figure 4.27: EBSD mappings of the hot extruded Ni-Mn-Ga sample taken in the central region
of the rod normal to ED (a) and along ED (b), (ED = extrusion direction, RD = radial direction)

It is seen that dynamic recrystallization has taken place. Recrystallization leads to slightly
elongated grains with a size of about 100 ym. The recrystallized grains contain a lot of
twins with the trace of the twin boundaries preferentially aligned along ED (Fig. 4.27b).
Moreover, a large BSE image of the microstructure also taken in the centre of the rod (Fig.

4.28) shows preferred alignment of the twin boundaries with their trace either parallel or

Imm

Figure 4.28: BSE image of the microstructure of the hot extruded 5M Ni-Mn-Ga polycrystal
(cross-section normal to the extrusion direction, position 3 of Fig. 4.29)

perpendicular to the radial direction (RD). Therefore, as demonstrated in Fig. 4.29, five
different samples were cut for local EBSD and synchrotron radiation measurements. These

measurements reveal that the texture of the hot extruded sample is quite complex. It is
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Figure 4.29: Areas in the cross-section of the hot extruded sample measured with different
techniques of texture measurement (dimensions are given in mm)

composed of components related to RD rotating around the extrusion axis. Additionally,
the dominant texture components change from the centre to the edge of the rod. To
capture these changes, different texture measurement techniques have been applied in
five different areas as shown in Fig. 4.29. The microstructure and pole figures measured
with EBSD mappings and HESR (Figs. 4.30 and 4.31), show the cyclic nature of the
microstructure and texture. The {111} pole figures from positions 1 and 2 are almost
identical. Moreover, they resemble those from positions 4 and 5 rotated by 90° around the
extrusion axis (Fig. 4.31). The same holds for the mictrustructure where the traces of
the twin plane are mostly radially distributed (Fig. 4.30). Thus, the off-central regions
do not have rotational symmetry typical for fibre textures. To describe the cyclic texture
observed, the ODF and ideal components are more appropriate. To do so, the sample
CS was chosen with X, Y, Z parallel to the RDy , RD; and ED, respectively. RD; and
RD,, with RD; perpenticular to RD,, are chosen arbitrarily. Such a convention allows
presenting all observed components and fibre textures in a clearer way. The texture is

represented by ¢y = 0° and ¢y = 45° ODF sections using monoclinic sample symmetry.
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The ideal orientations of the measured components are shown in the key figures; for their
designation see Table 4.1. It should be mentioned that the description used for F and J
components does not correspond to the ideal orientations in simple shear deformation.
This description is used here because of the same positions in the ODF. However, it has
different physical meaning with respect to the stress-state. To distinguish between both
cases the upper case letter "E” denotes extrusion. The subscript "A”, "B” or ”C” is added

to describe different variants.

Table 4.1: Main ideal orientations in the 5M martensitic structure after HE in B2’

Component Miller indices Euler angles []
1 RDy | || ED 1 O | o
Ca 001) | [0o10] | 90 | 90 | 0
(001) | [100] | 90 | 90 |90
Cp (100) | [010] 0 | 9 |o
(010) | [100] 90 | 90
Co (100) | [001] 0o
©10) | 001 | 90 | o [o
Fp, oo1) | [110] | 90 | 90 |45
(100) | [o11] 0 [432] 0
Fr, (010) | [101] 0 43290
(010) | 1101 | 180 [432 90
(100) | [011] 180 |43.2| 0
Tn, (I12) | 1 | 90 | 53 |45
i 121) | 1y | 20 | 53 |45
i (211) | [111] | 151 | 53 |45
<100>4 fibre | fibre [100] [ 0-180 | 90 |90

fibre | [010] | 0-180 | 90
<001>p fibre | fibre | [001] |0-180| 0

<110>, fibre | fibre | [110] | 0-180 | 90 | 45
<011>p fibre | fibre | [101] | 0-180 | 43.2 | 90
fibre | [011] |0-180 | 432 0
<111> fibre | fibre | <111>|0-180| 53 | 45
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Figure 4.30: EBSD mappings of the tetragonal 5M phase in the hot extruded sample taken in
five positions according to Fig. 4.29 (ED = extrusion direction, RD = radial direction)

Typically, the deformation texture of B2 materials extruded through a round die is
axisymmetric and consists of a <100>/<110> double fibre texture with <110> dominating

[69]. It changes to a <111> fibre by static and/or dynamic recrystallization [81].
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Figure 4.31: {111} pole figures of the tetragonal 5M phase in the hot extruded sample taken in
positions 1, 2, 4 and 5 according to Fig. 4.29

As measured in the central part of the extruded rod (position 3) by synchrotron diffraction,
the texture in this area is characterized by a <111>/<110> double fibre texture and a
cube component (Fig. 4.32). While in positions 1 and 2 strong Jg, weaker Fg and very
weak cube components are found. In positions 4 and 5 these components are rotated
by 90° around ED with respect to the positions 1 and 2 (Fig. 4.32). This clearly shows
that the texture of the hot extruded NisgMnogGasg is a "cyclic” fibre texture consisting
of components related to RD rotated about ED. The radially distributed J and F cyclic
components can also be observed in the global texture. To measure the global texture
of the hot extruded material neutron diffraction was applied on a cylindrical sample
with height and diameter of 10 mm cut from the center of the extruded rod (Fig. 4.29).
The neutron texture measurement from such a large volume shows that HE produces a

<100>/<110>/<111> triple fibre texture with <100> clearly dominating (Fig. 4.33).
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Figure 4.32: ODF sections at ¢ = 0° and @2 = 45° of the hot extruded 5M Ni-Mn-Ga alloy
measured with synchrotron radiation at five positions (see Fig. 4.29). Key figure gives the ideal
components in extrusion. Intensities are given in multiples of a random distribution (mrd).

The neutron texture measurement approximately corresponds to five positions measured
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by synchrotron (Fig. 4.29) extended in ED, where the cyclic Jg and Fg components as
a whole create the <111> and <110> fibres. The <100> fibre is mostly found in the
center of the rod and less frequently in the off-central regions. It should be mentioned
that no obvious variant selection is observed. The reason for the cyclic texture is the grain
structure and texture of the initial cast material which typically consists of three zones
(chill, columnar and equiaxed zone). The texture is random in the outer chill and inner
equiaxed zone, while in the intermediate columnar zone it is a fibre with <100> aligned
in radial direction parallel to the long axis of the columnar grains. During HE <110>
and <111> are aligned parallel to ED creating the cyclic strong components Fg and Jg.
Unfortunately, the initial microstructure was not investigated before extrusion, but the
texture and microstructural observations suggest that the intermediate columnar zone
dominates by volume (positions 1, 2, 4, 5) compared to the two other zones. The textures
of the front and end part of the extruded rod are qualitatively comparable to that of the
middle part.
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Figure 4.33: ODF sections at @2 = 0° and @2 = 45° of the hot extruded 5M Ni-Mn-Ga alloy
measured with neutron diffraction. Key figure gives the ideal components in extrusion. Intensities
are given in multiples of a random distribution (mrd).

4.6.4 High pressure torsion texture

The fourth fabrication process applied is high pressure torsion (HPT). As a starting

material the hot extruded sample was used. High strain torsion of the sample with torsion
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axis parallel to the extrusion axis was done with a Paterson rock deformation machine [66]
at 1073 K under a confining pressure of 400 MPa. The maximum shear strain and shear
strain rate applied were about 3 and 2 x 107%s7!, respectively. The shear stress — shear
strain curve for the surface of the sample was calculated from the measured torque and
twist data according to the procedure given in [66, 67]. After some undefined oscillations
the shear stress at a shear strain of about 2 reaches a steady state value of about 18 MPa,
which is the maximum shear stress acting in the torsion sample (Fig. 4.34). The shear
strain increases from zero in the centre of the bar to a maximum at the edge according to

[68).
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Figure 4.34: Shear stress - shear strain curve for 5M Ni-Mn-Ga deformed by HPT

The microstructure was investigated on longitudinal tangential sections cut at edge positions
across the sample. The starting material as mentioned before is characterized by grains
slightly elongated in the extrusion direction with a size of about 100 um (Fig. 4.35a). The
grains contain a lot of macro twins with the trace of the twin boundaries preferentially
aligned along the extrusion direction. The grain size after torsion is about 250 um (Fig.
4.35b) due to discontinuous dynamic recrystallization and strain-induced grain growth.

The traces of the macro twins are aligned at about 0° and 45° with respect to the shear
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Figure 4.35: EBSD maps showing the microstructure of NisoMnagGag; after hot extrusion (a)
and after additional HPT at a shear strain of about 1.88 (b). At higher magnification micro
twins (c) are detected within the macro twins shown in (b), (ED = extrusion direction, TD =
transverse direction, SPN = shear plane normal, SD = shear direction).
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Figure 4.36: ODF sections at ¢z = 0° and @2 = 45° of the initial hot extruded 5M Ni-Mn-Ga
sample and after HPT at a shear strain of 1.88. Key figure gives the ideal components of simple
shear of bet metals. Intensities are given in multiples of a random distribution (mrd).
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direction. The texture of polycrystalline NisoMnogGag, deformed by HPT at 1073K was
investigated with HESR. The high penetration depth of HESR opens the possibility to
investigate representative small sample volumes (1.0 x 1.2 x 0.5mm?) along the radial
direction of the torsion samples in transmission starting at the middle of a pin of size
1.0 x 1.2 x 1.0mm?. The value of the given shear strain corresponds to the middle of
the respectively analyzed volume. The ODF was calculated from the measured pole
figures ({400}, {220} and {224}). The Euler angles were used in Bunge notation [77].
To account best for the monoclinic symmetry of simple shear, the crystal and sample
reference systems have been defined as X || shear direction (SD), Y || shear plane normal
(SPN), Z || transverse direction (TD) [82]. The textures are represented by ps = 0° and
o = 45° ODF sections, which for body-centred cubic (bce) metals contain all major shear
components [4.36], (Table 4.2).

Torsion changes the initial <100>/<110>/<111> extrusion cyclic fibre texture to a
shear texture with a strong cube and a weak F component, Fig. 4.36. For designation of the
simple shear components see Table 4.2. The ODF maxima of the cube and F components
are 22 and 8 mrd, respectively. Both components are slightly deviated from the ideal
positions in positive ¢, direction, with the deviation being larger for the cube component.
The results obtained on microstructure and texture development correlate quite well with
those reported for the B2 structured intermetallic compound NiAl investigated in a wide
temperature range [83]. There, it was found that at high temperature (above 1000 K) the
cube component increased at the cost of F because of massive grain growth. Moreover,
similar deviations were observed. In comparison to the textures already discussed, the
texture after HPT seems to be more appropriate for MFIS in polycrystals because it is a
biaxial texture consisting of a strong cube component (maximum intensity more than 22

mrd). Similar to the HE case, no obvious variant selection is observed.
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Table 4.2: Main ideal orientations in simple shear deformation of bet metals (SP = shear plane,
SD = shear direction).

Component | Miller indices Euler angles
ISP [[SD | w1 | @ | ¢
Dia (112) | [111] | 33.8 | 90 | 45
Dip (121) | [111] | 126.4 | 43.2 | 90
(211) | [111] | 126.4 | 432 | 0
Doy (112) | [111] | 144.7 | 90 | 45
Dop (121) | [111] | 53.8 | 43.2 | 90
(211) | [111] | 53.8 | 432 | 0
Fi4 (110) | [110] 90 90 | 45
(011) | [100] 0 4321 0
Fg (101) | [010] 0 43.2 | 90
(101) | [010] | 180 | 43.2 | 90
(011) | [100] | 180 |43.2| 0
Ja (110) | [112] 90 53 | 45
JB (101) | [121] 29 53 | 45
Jo (011) | [211] | 151 |54.7| 45
Ea (110) | [111] 90 | 34.8 | 45
Ep (101) | [111] | 37.7 | 64.8 | 26.6
Ec (011 | [111] | 142.2 | 64.8 | 63.4
Ca (010) | [001] 90 90 0
(100) | [001] 90 90 90
Cp (010) | [100] 0 90 0
(100) | [010] 90 90
Ce (001) | [100]
(001) | [010] 90
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Chapter 5

Conclusions and Outlook

The general conclusion drawn from this work is that a suitable type and strength of
texture as well as a proper thermo-mechanical treatment increase the amount of MFIS in
polycrystalline NisgMnggGasg;. The particular results supporting this conclusion can be

summarized as follows:

Investigation on microstructure

The initial microstructure of polycrystalline 5M Ni-Mn-Ga alloys is a typical self-accommo-
dated martensitic microstructure containing different variants. The Ni-Mn-Ga polycrystals
investigated consist of macro and micro twins with the twin planes determined as {1 0 1).
The coarse twin lamellae extend through the whole parent austenitic grains while the fine
lamellae frequently cross the coarse variants in a zig-zag manner with mirror symmetry.
This kind of microstructure is observed in all polycrystals investigated. It should be
mentioned that the fine twin lamellae can only be resolved by EBSD at high magnification.
At first the coarse twin lamellae are formed and subsequently the fine twins develop.
Besides the so called "twins within twins” structure another type of microstructure can be
observed in NisgMnggGag alloys with {1 1 0) grain boundary which is not equivalent to
the twin plane in the tetragonal system. However, the traces of these planes look like a
mirror image with respect to the main twin boundary.

Close examination of the high resolution EBSD mapping reveals that more than just
three orientations, as expected from the Bain model, exist in NizgMnsgGasg;. Each of the
three Bain variants in different regions of the sample may be split according to specific
twin relations which differ from each other by about few degrees creating a high number

of variants. The model presented in this thesis is based on two different rotations which

66



multiply the number of possible variants to 96. Using this method, the simulated positions
of the martensitic variants do not deviate more than 0.5° from the theoretical positions.
Moreover, synchrotron diffraction experiments show that modulation takes place on {110)
along <1 1 0]. During twin boundary motion the c-axis orientation changes and with this
also the direction of modulation with respect to the initial single crystal reference system.
This demonstrates that the direction of modulation is crystallographically fixed normal to

the c-axis.

Training process

The training process, as the last step in the preparation procedure of Ni-Mn-Ga alloys,
consists of multi-axis compression finally leading to a single-variant state. Compression of
polycrystalline samples leads to the motion of those twin boundaries changing the volume
fraction of particular martensitic variants in such a way that the shortest axis (c-axis)
becomes preferentially aligned parallel to the compression axis. It allows reducing the
twinning stress and maximizing the twinning strain. It is shown that the fastest way to
train Ni-Mn-Ga 5M single or polycrystals is by successive compression just along two axes

with respect to the main (macro) twins.

Texture analysis

Table 5.1 summarizes the texture of NizgMnggGasg, polycrystals observed so far for different
fabrication processes and thermo-mechanical treatments. The analyses of global texture
measurements by synchrotron radiation and neutrons of Ni-Mn-Ga subjected to DS and HR
show a fibre or weak biaxial texture. The texture after HPT is characterized by a strong
cube component which seems to be most suited for MFIS in NisgMnygGag; polycrystals.
The cyclic fibre texture of hot extruded material also allows finding off-center regions
with two strong texture components, which are slightly differently oriented. Additionaly,
in Table 5.1 the measured texures are compared with literature results. As can be seen
the measured textures coincide with those reported for related bce metals and B2’, B2

intermetallics.
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Table 5.1: Main textures of NisgMnagGag (RR = reduction ratio)

Process Deformation Texture Texture
parameters reference
directional cast on <100> fibre <100> fibre
solidification | cold copper plate (NiggMnzoGags)
(DS) [65]
hot rolling 1273 K weak {111}<112> {111}<112>
(HR) 50% RR ( — Fe, Mo, W)
[30]
hot 1273 K <100><110><111> <100> fibre
extrusion 4/1 RR cyclic fibre texture | (NiggMng75Gagss)
(HE) round die [58]
high pressure 1073 K cube and F cube and F
torsion v = 1.88 (NiAl)
(HPT) [83]
Outlook

Further work to be done within this field is to study the interaction of the twin variants

as well as their interaction with grain boundaries. Another task will also be to find the

conditions of ”safe” training. Therefore, training at higher temperatures is of great interest.

It is also important to continue texture measurements on thermo-mechanically treated

and mechanically trained Ni-Mn-Ga polycrystals with the aim to optimize MFIS.
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