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Ni-Mn-Ga alloys close to stoichiometric Ni50Mn25Ga25 (at. %) composition have recently gained considerable interest
due to the possibility of rearrangement of their martensite microstructure in magnetic field. The rearrangement is
accompanied by large strains of up to 10%. This effect is different from ordinary magnetostriction and it is referred to
as magnetic shape memory effect (MSME).

The Thesis presents the first attempt to study the temperature limits of irreversible and reversible MSME by exploiting
a theoretical model and experimentally determined temperature dependences of magnetic and other material properties
governing the existence of MSME. The obtained predictions are compared with direct observations of MSME. Extraor-
dinary magneto-mechanical effects in Ni-Mn-Ga alloys, not discussed previously, are investigated and compared with
theoretical models in this Thesis. These effects include reversible MSME with strain close to 6%, magnetic field con-
trolled superelasticity with strain close to 6%, and up to 30% changes of magnetization during loading in static magnetic
field. Unique simultaneous measurements of strain and magnetization on Ni-Mn-Ga alloys are presented for various
experiments such as, e.g., during MSME and reversible MSME.

The broad spectrum of experiments presented in the Thesis corroborates the important role of magnetic anisotropy,
twinning stress and temperature for existence and reversibility of MSME. The simultaneous measurement of strain and
magnetization in various experiments confirms experimentally the close relation between martensite microstructure and
its magnetic properties and demonstrates the interplay between martensite microstructure and magnetic field. Good
agreement of all presented experimental results with the used theoretical model supports validity of the model and
shows that the model is suitabile for predicting temperature and stress limits of MSME or reversible MSME, and for
modelling of magnetic-field induced superelasticity. Some of the presented experiments can additionally be considered
as application examples. The original findings presented in this Thesis broaden the general scientific understanding
of MSME and can serve as informative source when considering possible engineering usage of Ni-Mn-Ga alloys as
actuators, sensors, or intelligent material.
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Short summary of the Publications
PublicationI

The aim of publication “Study of Austenite-Martensite Transformation in Ni-Mn-Ga
Magnetic Shape Memory Alloy” is to investigate the possibility of influencing marten-
sitic transformation by external forces in such a way that a specimen consisting of
a single martensitic variant is obtained after transformation. The study explores the
effects of magnetic field up to 1T and of compressive stress up to 4MPa on the char-
acter of martensitic transformation and on the final martensite microstructure of a
Ni49.7Mn29.1Ga21.2 alloy. It is shown that application of 4MPa compressive stress
or of 1T magnetic field during the transformation ascertain development of a nearly
single martensitic variant in the specimen.

PublicationII

Publication “Temperature Dependence of Magnetic Anisotropy in Ni-Mn-Ga Alloy Ex-
hibiting Giant Field-induced Strain” focuses on investigation of magnetic anisotropy
of Ni48.8Mn28.6Ga22.6 alloy with a five-layered modulated tetragonal crystal structure.
Dependence of the first anisotropy constant Ku1(T ) is determined from measured mag-
netization curves of a rectangular parallelepiped single crystal specimen in temperature
range of 130–315K; Ku1(130K) = 2.65×105 J ·m−3, Ku1(285K) = 2.0×105 J ·m−3.
Measurement of the magnetization curves of a thin disc is also presented. It is shown
that the second anisotropy constant is negligible and is not higher than 4% of Ku1.
The publication also presents observation of a large magnetic shape memory effect
by means of simultaneous measurement of strain and magnetization during the effect.
This measurement corroborates the basic mechanism of the magnetic shape memory
effect.

Publication III

Publication “Investigation of Magnetic Anisotropy of Ni-Mn-Ga Seven-layered
Orthorhombic Martensite” focuses on investigation of magnetic anisotropy of a
Ni50.5Mn29.4Ga20.1 crystal with a seven-layered modulated orthorhombic crystal
structure. A procedure used for obtaining the specimen containing a single marten-
sitic variant, which is needed for correct determination of anisotropy constants, is
presented in the publication. Magnetic anisotropy constants are determined from mea-
sured magnetization curves of the specimen in the temperature range allowed by the
stability of the structure, i.e. 296–340K. At room temperature, K1 = 1.7×105 J ·m−3,
K2 = 0.9×105 J ·m−3, K3 ≈ 0.

Publication IV

In publication “Temperature Dependence and Temperature Limits of Magnetic Shape
Memory Effect”, the temperature dependence of magnetic shape memory effect

VII



(MSME) is investigated on Ni49.7Mn29.1Ga21.2 single crystal. A theoretical model of
the MSME is employed for prediction of the temperature range in which the MSME
can be observed. The measured temperature dependence of twinning stress in the
range of 113–307K shows a very steep increase at low temperatures. This implies
that the MSME will be suppressed at low temperatures. The model calculation using
measured twinning stress, magnetic anisotropy and tetragonal distortion of the lattice
predicts that the MSME is suppressed below 165K. This agrees rather well with direct
measurement of the MSME, which gives the limit of 173(±20)K. High temperature
limit is imposed by start of reverse martensitic transformation at 315K.

Publication V

Study “Superelastic Response of Ni-Mn-Ga Martensite in Magnetic Fields and a Sim-
ple Model” shows an alternative way of exploiting the magnetic shape memory effect.
Instead of the typical configuration of the experiment with quasistatic magnetic field,
the magnetic field is kept constant and Ni49.7Mn29.1Ga21.2 single crystal is loaded by
a compressive stress. The alloy behaves as a magnetic-field-controlled “superplastic”
(for lower fields of 0–0.3T) or “superelastic” material (for field ≥0.4T). A reversible
strain close to 6% is observed. The main features of magnetic-field controlled “supere-
lastic” and “superplastic” behavior are modeled and compared with the experiments.

Publication VI

Study “Magnetization Changes in Ni-Mn-Ga Magnetic Shape Memory Single Crys-
tal During Compressive Stress Reorientation” complements PublicationV. It presents
experimental observations of magnetization changes of Ni48.5Mn30.8Ga20.7 specimen
loaded compressively in static magnetic fields of up to 1.15T. It is shown that the
magnetization-strain dependency is monotonic, nonlinear and posses a small hystere-
sis. The maximum change of relative magnetization, about 30%, is observed at about
half of the saturation field.

Publication VII

Publication “Temperature Dependence of Reversible Field-induced Strain in Ni-Mn-
Ga Single Crystal” demonstrates that the shape changes associated with the magnetic
shape memory effect can be made fully reversible when opposing stress is applied
to a specimen with a very low twinning stress. The reversible strain observed on
Ni49.7Mn29.1Ga21.2 single crystal lies near the theoretical maximum, i.e. 6%, at room
temperature but decreases considerably, to 1–2%, between 263K and 253K. The tem-
perature and stress dependency of the observed reversible and maximum strains are
interpreted using a theoretical model of the magnetic shape memory effect and com-
parison between the model and experiment is drawn. The condition of full reversibility
of the magnetic shape memory effect is formulated.
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Abbreviations and symbols

5M five-layered modulated approximately tetragonal martensite with short c-
axis

7M seven-layered modulated approximately orthorhombic martensite
a-axis crystallographic axis
b-axis crystallographic axis
c-axis crystallographic axis
AC alternating current
DC direct current
L21 order group, symmetry group
MSM magnetic shape memory
MSME magnetic shape memory effect
NM tetragonal martensite with long c-axis
SQUID superconducting quantum interference device
T tetragonal martensite with long c-axis; Tesla (SI unit)
VCM vibrating coil magnetometer
VSM vibrating sample magnetometer

Af transformation temperature (finish of reverse martensitic transformation)
As transformation temperature (start of reverse martensitic transformation)
aA,aM lattice parameter of austenite, lattice parameter of martensite
bA,bM lattice parameter of austenite, lattice parameter of martensite
cA,cM lattice parameter of austenite, lattice parameter of martensite
H magnetic field strength
HA,HA1,HA2 anisotropy fields
l length of a specimen
l0 initial length of a specimen
K1,K2,K3 magnetocrystalline anisotropy constants
M magnetization
M001 magnetization along [001] axis
M100 magnetization along [100] axis
MS saturation magnetization
Ms transformation temperature (start of martensitic transformation)
Mf transformation temperature (finish of martensitic transformation)
TC Curie temperature
x,y,z Cartesian coordinates

α1,α2,α3 direction cosines
ε experimental (macroscopic) strain
ε0 distortion of the lattice
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εMAX maximum strain
εr reversible strain
ϕ polar coordinate
χ volume fraction of induced martensitic variant
µ0 permeability of vacuum (air), µ0 = 4π×10−7 H·m−1

σEXT external stress
σTW twinning stress
σM magnetic stress
θ polar coordinate
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1

1 Introduction

1.1 Magnetic shape memory alloys
The magnetic shape memory (MSM) alloys present a new class of materials, which are
receiving considerable interest from scientific groups and industry. They are similar to
shape memory alloys (SMAs), with which they share many common properties. They,
in fact, form a special subclass of SMAs. The essential requirement for a material to
belong to the group of shape memory alloys is that the thermoelastic martensitic trans-
formation occurs in it, during which the higher-symmetry parental phase transforms
to lower-symmetry daughter phase, called martensite [1]. The typical way of inducing
this transformation is cooling the material below the martensitic transformation tem-
perature (Ms). A reverse transformation can be observed when the material is heated
from temperature below Ms to a higher temperature denoted usually as As (Ms < As).
The product of martensitic transformation, martensite, is a mesoscopic structure (mi-
crosctructure), the arrangement of which is reflected in macroscopic shape of the ma-
terial. The martensite microstructure can be manipulated by mechanical stress, which
leads to large macroscopic strains of up to several percent or even larger in some cases.
This effect is usually denoted as superplasticity. The martensitic and reverse transfor-
mation can be further accompanied by shape changes. This is usually called shape
memory effect (SME). The material can reconstruct its original shape during reverse
transformation (one-way SME), restoring from previous shape changes induced by
manipulation of martensite microstructure. It can even switch between two defined
shapes by undergoing martensitic and reverse transformations (two-way SME). Other
unusual mechanical properties of SMAs include superelasticity, rubberlike behavior
etc. [1].

What makes the magnetic shape memory alloys distinct from ordinary shape mem-
ory alloys and what makes them quite unique among any material is that the marten-
site microstructure can be manipulated by exposing them to a magnetic field, Figure1.
This can lead to large macroscopic strains of several percent induced only by the mag-
netic field. Additionally, these changes can be “remembered” by the martensite mi-
crostructure. The first observation of this kind of rearrangement on Ni-Mn-Ga was
made by Ullakko et al. in 1996 [2]. They demonstrated 0.2% strain in stoichiomet-
ric Ni50Mn25Ga25

1 specimen induced by 0.8T magnetic field and they interpreted the
effect as result of rearrangement of martensite microstructure. Strains of 4–6% of
Ni-Mn-Ga alloys caused by a magnetic field close to 1T were demonstrated by var-
ious groups in 1999–2000, see e.g. Refs. [3–6]. The largest magnetic-field induced
shape change in Ni-Mn-Ga MSM alloy so far observed, with strain almost 10%, was
presented by Sozinov et al. in 2002 [7] and Müllner et al. in 2004 [8]. The history
and development of the Ni-Mn-Ga MSM alloys are well described in Refs. [9, 10].
The shape changes due to rearrangement of martensite microstructure in a magnetic

1The NixMnyGaz labeling of the alloys is used throughout this work, where x is atomic % of Ni, y is
atomic % of Mn, z is atomic % of Ga in the alloy, x+ y+ z = 100.
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Figure 1: Shape memory alloys and their relation to magnetic shape memory alloys.

field have been also observed in Ni-Mn-Ga-Fe [11], Fe-Pd [12], and La-Sr-CuO4 [13]
alloys. The antiferromagnetic order in La-Sr-CuO4 and a suggestion of antiferromag-
netic order in Ni-Mn-Ga [14] justify the term “magnetic shape memory alloys” as
more appropriate than a relatively often used term “ferromagnetic shape memory al-
loys”, see, e.g., Refs. [6, 15, 16].

It is worth noting here that behavior of terbium and dysprosium in magnetic field
is very similar to the behavior of MSM alloys. About 4–7% magnetic-field-induced
strain due to formation of mechanical twins (plastic deformation) was observed on
terbium and dysprosium single crystals in large magnetic fields (10–40T) as soon as
in 1965 and 1975 [17] (pages 275–276), [18].

Thus, in MSM alloys, the interactions between the magnetic field and the marten-
site microstructure lead to shape changes induced by the magnetic field. The changes
of the martensite microstructure are, on the contrary, reflected in macroscopic mag-
netic behavior of the material. For example, the net macroscopic magnetization and
magnetization curve of the alloy change when the magnetic martensite microstruc-
ture is rearranged by mechanical stress [19, 20], [Publication VI]. The term magnetic
shape memory effect (MSME) is used throughout this work for interactions between
magnetic field and martensite microstructure resulting in shape changes.

Generally, the shape changes induced by magnetic field are denoted as magne-
tostriction. Due to similarity of behavior of MSM alloys and the well known mag-
netostrictive materials (e.g. Terfenol) it is tempting to equal the terms MSME and
magnetostriction. But the necessity of existence of martensite microstructure and its
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active role in shape changes and especially its “memory” make the MSME very differ-
ent from ordinary magnetostriction. Thus, distinction of the MSME, which is essen-
tially a mesoscopic effect, from ordinary magnetostriction, which is an atomic-level
microscopic effect, must be made. Using the theoretical apparatus developed for ordi-
nary magnetostriction is neither justifiable nor can it predict the highly extraordinary
magnetomechanical interactions observed in MSM alloys. More detailed discussion
of differences between ordinary magnetostriction and MSME is given in Ref. [15].

A common argument justifying scientific research, development and utilization of
the MSM alloys is that the alloys combine the best properties of the SMAs and ordi-
nary magnetostrictive materials. They are potentially able to actuate at large strains
(up to 10%) and large frequencies (at least 1kHz) with nearly a perfect efficiency of
coupling of magnetic energy to mechanical load [15,21–25]. Promising possibilities of
embedding sensing, actuation and even control into the structure of the material itself,
or, in other words, using it as an “intelligent” material [26] are also considered [9].
Consequently, the MSM alloys are not just a better shape memory or “magnetostric-
tive” material but their complex behavior due to the MSME can possibly be utilized in
totally new applications.

Present work focuses exclusively on Ni-Mn-Ga magnetic shape memory alloys be-
cause of the availability of this material and its very good performance of MSME.
Apart from MSME, the Ni-Mn-Ga MSM alloys exhibit several other interesting prop-
erties [27], e.g. conventional shape memory effect, traditional superelasticity, mag-
netocaloric and special transport properties (large magnetoresistance [28]) and large
elastic anisotropy [29].



4 1 INTRODUCTION

1.2 Objectives of the research
A broad research effort targeting the Ni-Mn-Ga MSM alloys was carried out at
Helsinki University of Technology in the framework of the Magnetic Shape Memory
Project (MSM-project) during 1998–2003. The aims of the MSM-project included
modelling, materials processing, characterization and research of magnetic properties
of the MSM alloys in close cooperation with industrial partners. Present work is based
mainly on the results obtained by the Author in MSM-project during 2000–2003.
At the time when the work on the Thesis started, the properties of the Ni-Mn-Ga
alloys were mostly unknown. The MSME was a very new phenomenon and only few
research groups worldwide reported observation of this effect. The true mechanism of
MSME was still being discussed at the time (a detailed discussion continues up to this
date) and only few models of the effect were available.

A general objective of any material research and development is to obtain material
with the best properties for a given application. The most important property of the
MSM alloys is the MSME, thus, the conditions of the existence of MSME are inves-
tigated in the presented work. The knowledge essential for engineering use of any
material is the material’s performance at high and low temperatures. Therefore, in-
vestigation of temperature dependence of the MSME, modelling of the dependence,
and exploration of the temperature limits of the MSME were selected as some of
the main aims of this work. As the MSME was a new phenomenon, the work also
aimed to demonstrate, investigate, interpret and model the interplay between marten-
site microstructure and its magnetic properties and associated extraordinary magneto-
mechanical effects as reversible MSME, magnetic-field induced superelasticity and
changes of magnetization with changes of martensite microstructure. The objectives
can be summarized in the following list:

• Developing the experimental apparatus suitable for investigation of MSM alloys
and MSME.

• Exploring the possibilities of creating single variant specimens by different
methods.

• Determining the magnetic and other material properties controlling the existence
of MSME and their temperature dependences using single variant specimens.

• Experimental investigation and modeling of the effect of temperature on MSME.

• Experimental investigation and demonstration of the interplay of the martensite
microstructure, its magnetic properties and magnetic field.

• Experimental investigation and demonstration of extraordinary magneto-
mechanical effects in Ni-Mn-Ga alloys, i.e reversible MSME, magnetic-field
controlled superelasticity, and changes of magnetization with changes of
martensite microstructure (reorientation of martensite).
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Figure 2: Structure of the work. Publications associated with the particular parts are
indicated as follows: TP = this publication, PI = Publication I, PII = Publication II, etc.

1.2.1 Organization of the work

The structure of the work is shown in Figure2. An essential part of the work was
development of experimental apparatus used for investigation of MSME.

Presence of magnetic martensite microstructure in an MSM alloy is a necessity but
not the only condition for existence of the MSME. Additionally, the martensitic vari-
ants constituting the microstructure must be properly oriented and arranged. More-
over, controlling the martensite microstructure is essential for magnetic and other
studies. Acquiring a technique of creating a controlled arrangement of martensitic
variants is, therefore, a basic requirement for any systematic investigation and utiliza-
tion of MSME. That is why several possibilities of creating controlled configuration
of the martensite microstructure (i.e., creating single variant specimen) were studied
in PublicationI and PublicationIII.

It follows from the model first proposed by Ullakko and Likchachev in 1999 [30]
that there are three key material parameters controlling the existence of the MSME
— magnetic anisotropy of the martensite, twinning stress (macroscopic parameter re-



6 1 INTRODUCTION

flecting resistance of martensite microstructure to rearrangement), and distortion of
the lattice. The work, therefore, focused intensively on experimental studies of these
material parameters, these studies are presented in PublicationII–PublicationV and in
PublicationVII.

The experimentally determined parameters served as a basis for interpretation and
modelling of the behavior of MSM alloys in various conditions, as shown in Figure2.
The most interesting phenomena studied were the temperature dependence of MSME
(PublicationIV) and of reversible MSME (PublicationVII), influence of external stress
on the existence and reversibility of MSME (Publ.VII), magnetic-field controlled su-
perelasticity (PublicationV), and changes of magnetization with rearrangement of
martensite microstructure, i.e. with reorientation of martensite (PublicationVI). The
issue of “training” of the martensite microstructure, i.e. decreasing the twinning stress,
was partly explored in this work.

The summary part of this Thesis gives short introduction about MSM alloys and
objectives of the research (Chapter1), necessary minimum general information about
the Ni-Mn-Ga alloys and used theoretical model (Chapter2) and describes used ex-
perimental methods and apparatus (Chapter3). The most interesting properties of Ni-
Mn-Ga alloys determined during the course of this work are summarized in Chapter4,
which presents selected original results some of which are new and complement the
results given in the Publications.
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2 Ni-Mn-Ga alloys
This chapter gives general introduction to the material properties of Ni-Mn-Ga alloys
intended to support understanding of the results presented in this Thesis by a general
reader. Crystal structure of Ni-Mn-Ga, observed types of martensite, mobility of twin
boundaries, and used theoretical model of MSME are described.

2.1 Crystal structure of Ni-Mn-Ga alloys

A stoichiometric Ni50Mn25Ga25 alloy has cubic, Heusler type (L21), crystal structure
with lattice parameter a = 0.5825nm at room temperature. This structure undergoes
martensitic transformation at about 200K and the product of this transformation has
been identified by X-ray diffraction as modulated tetragonal martensite with lattice pa-
rameters a = b = 0.5925nm and c = 0.5563nm [31]. High resolution neutron diffrac-
tion indicates, however, that the structure is only approximately tetragonal, and, in fact,
it is slightly orthorhombic or even monoclinic [32]. The large strains associated with
the martensitic transformation are accommodated by twinning, i.e. by the formation of
martensitic twin variants (martensitic variants, variants) and twin boundaries between
them so that the internal energy is minimized. The different martensitic twin variants
have the same primitive cell but different structural orientation [1].

The very low transformation temperature of the stoichiometric Ni50Mn25Ga25 can
be shifted above ambient temperature by slight adjustments of the alloy composition.
The type of crystal structure, lattice parameters and magnetic properties also depend
on the alloy composition. The transformation and crystallographic properties are usu-
ally mapped to average number of valence electrons per atom as presented e.g. in
Refs. [33, 34]. The three observed martensite structures in a Ni-Mn-Ga bulk close to
stoichiometric composition are usually marked as 5M (or 10M), 7M (or 14M) and T
(or NM). They are described e.g. in Refs. [9, 33, 35, 36].

5M martensite The lattice of 5M, or five-layered modulated, martensite has an
approximately tetragonal unit cell but is modulated by a five-layer periodic shuffling
along (110)[11̄0]p system [37]. The tetragonal symmetry axes of the 5M are approxi-
mately parallel to the 〈100〉 directions of the parental cubic cell [30, 33]. The approx-
imately tetragonal cell has ratio c/a < 1. There are three possible martensitic twin
variants twinned on {110} planes [30]. An excellent description of twins and marten-
sitic variants in 5M is given in Ref. [38]. Most of the observations of MSME have
been done for this type of martensite, including present study, and many others. 5M
martensite is often termed the most promising candidate for practical applications.

7M martensite The 7M, or seven-layered modulated, martensite has an approxi-
mately orthorhombic structure with c/a < 1 modulated by a seven-layer periodic shuf-
fling along (110)[11̄0]p system [37]. There are six possible martensitic twin variants
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twinned on {110} planes [8]. Only two observations of the MSME in this type of
martensite have been published so far, with strain close to 10% [7, 8]. This Thesis
presents experimental observation of a strain of about 4% due to MSME in this struc-
ture.

T martensite The T martensite has a tetragonal unit cell with c/a > 1. This marten-
site does not exhibit shape changes in magnetic field. Nevertheless, its mechanical
behavior can be slightly influenced by magnetic field [39]. Possible deformation of
this structure is about 20% [40]. For more details on T martensite, see Ref. [9].

2.2 Mobility of twin boundaries and twinning stress

The easiness of motion of the twin boundaries between martensitic variants of Ni-Mn-
Ga alloys is striking and has been known for long [2] but it has not been satisfactorily
explained. The modulation of the lattice may play some role in the extraordinary
mobility of the twin boundaries, as the mobility in a non-modulated Tmartensite is an
order of magnitude lower than in modulated 7M and 5M martensites. Application of
1–2MPa external compressive stress along the [100] direction of 5M or 7M martensite
is sufficient for radical rearrangement of martensite microstructure by the motion of the
twin boundaries [3, 37], while for T martensite at least 6–12MPa stress is needed [7,
9,37,40]. The external stress inducing the rearrangement of martensite microstructure
is usually denoted as twinning stress, σTW or σTW(ε), where ε is macroscopic strain
caused by the rearrangement.

2.3 Model of magnetic shape memory effect

There are various models describing the magnetic shape memory effect in Ni-Mn-Ga
in magnetic field. A short review on this topic can be found in Ref. [41]. In this
work, a simplified version of model presented by Likhachev and Ullakko in 2000 [3]
was used for several reasons. Firstly, this model was developed at the site of research,
therefore, many aspects of this model could be discussed directly with its authors.
Moreover, it was only one of a few models available at the time when the work on
this Thesis started. The model is reasonably simple and its few material parameters
can be easily determined by experiment. The model carries no arbitrary parameters.
Thus, it has a considerable predictive potential as presented e.g. in Refs. [7, 30] and
also in this Thesis. The essential assumption of the model is that the driving force
for the twin boundary motion (i.e. rearrangement of the martensite microstructure) is
the difference in magnetization free energies between different martensitic variants.
From this follows immediately that the magnetic anisotropy of the alloy is a crucial
parameter and that the driving force cannot exceed its saturation value. In a typical
arrangement of the experiment used throughout this work, the magnetic driving force,
σM, or “magnetic stress” is
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σM(H) =

R H
0 M001(H)dH −

R H
0 M100(H)dH

ε0
(1)

where H is the strength of the magnetic field, M001and M100 are magnetizations of
the martensitic variants with [001] and [100] directions along the magnetic field and
ε0 = 1−c/a is the distortion of the lattice. When also the external stress, σEXT, is con-
sidered the model gives a net driving stress σM(H)−σEXT [42]. The twin boundaries
move as far as the condition

σM(H)−σEXT > σTW(ε) (2)

keeps satisfied. Based on this relation a macroscopic strain dependency ε(H) can be
easily determined. The σTW(ε) dependence and magnetization curves as well as the
distortion of the lattice can be obtained experimentally.

In a simplified version of the model, σTW(ε) dependency is replaced by a single
value, which corresponds to the position of the plateau on the stress strain curve. This
is justifiable for specimens with a very flat plateau. The maximum possible driving
force can be determined from Equation1 as

σmax
M = K1/ε0 (3)

where K1 is uniaxial anisotropy constant of the martensite. Using this simplification,
the existence of MSME can be predicted using the relation

K1

ε0
> σTW +σEXT. (4)

When this relationship is satisfied, large MSME with strains close to distortion of
the lattice will be observed in large enough field. Alternatively, one can choose any
arbitrary macroscopic strain ε < ε0 and use the condition

K1

ε0
> σTW(ε)+σEXT (5)

for prediction of a possibility of observing this “threshold” macroscopic strain.
Thus, according to the model, there are three key material parameters controlling

the existence of the MSME — magnetic anisotropy of the martensite, twinning stress,
and distortion of the lattice. Knowledge of these three material parameters is sufficient
for prediction of the existence of MSME.
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3 Experimental methods
In this chapter, apparatus used for experimental investigation are described alongside
with used experimental methods and contribution of Author to the apparatus devel-
opment. Developed apparatus for AC susceptibility measurement, vibrating sample
magnetometer and MSM-apparatus are described. The key factors determining selec-
tion of the composition of the studied alloys are explained in the end of this chapter.

3.1 Apparatus for AC susceptibility measurement
The AC susceptibility measurement was used for the following: determination of the
Curie points of Ni-Mn-Ga specimens, determination of temperatures of martensitic
and reverse transformations, and detection of intermartensitic transformations. It was
demonstrated e.g. in Ref. [43] that the changes of AC susceptibility correspond well to
transformation temperatures of a Ni-Mn-Ga alloy determined by differential scanning
calorimetry measurements.

The AC susceptibility measurement is based on the change of mutual inductance
of a primary coil and two identical but oppositely wound secondary coils with the
specimen placed in one of them. The primary coil (long solenoid) is coaxial with the
two secondary coils positioned inside it. The same type of arrangement is presented
e.g. in Ref. [44]. A flow of nitrogen gas is used for cooling, an auxiliary coil (bifilary-
wound) is used to heat the specimen. Temperature of the specimen is measured by a
thermocouple. A lock-in amplifier is used to generate the driving signal (488Hz) and
to measure the signal from secondary coils, which is proportional to the (complex) AC
susceptibility of the specimen. The data are logged and the measurement is controlled
by a personal computer using the IEEE488 interface.

The Author’s contribution to the development of this apparatus comprised of the
design and implementation of temperature control of the device. He also rewrote from
scratch the main control program of the device. This allowed to set time dependency
of temperature prior to the measurement by means of filling a table containing temper-
ature limits and heating and cooling rates. The improvements of the apparatus made
by the Author enabled convenient automatic measurement of AC susceptibility in a
wide temperature range.

3.2 Vibrating sample magnetometer
The vibrating sample magnetometry is one of the most common methods for measure-
ment of magnetization [45, 46]. It was first introduced by Foner in 1959 [47]. It is an
induction technique, which detects the AC magnetic field produced by an oscillating
magnetic moment. A magnetized specimen oscillates at a low frequency (20Hz) and
induces signal proportional to magnetization in pick-up coils. The measurements of
magnetization and magnetization curves is one of the most useful tools for investiga-
tion of magnetic materials, hence for MSM alloys. Magnetic anisotropy and satura-
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tion magnetization are determined exploiting the magnetization curves. The shape of
the magnetization curve reveals information about the existence of MSME and about
distribution of martensitic variants. Additionally, measurement of DC susceptibility
combined with the measurement of magnetization curves reveals information about
structure transformations [48].

The Author has contributed largely in design and building of the vibrating sample
magnetometer. He redesigned the main vibrating mechanism and associated mechani-
cal parts, participated in design of cryostat, designed and built a polarity current switch
and implemented software for temperature control and software controlling the mea-
surement. The improvements made by the Author allowed unattended sophisticated
measurements of magnetization curves at various temperatures and also measurement
of DC susceptibility and saturation magnetization as functions of temperature. The
improvements also increased reliability, stability and sensitivity of the magnetometer,
which on its turn allowed using the magnetometer even for measurement of Ni-Mn-Ga
thin films [49].

3.3 MSM-apparatus

For the purposes of the MSM-project, a device for measurement of mechanical proper-
ties comprising of a cylinder and a piston driven by a compressed air was constructed.
A specimen is enclosed between two copper parts, which transmit the force from the
piston to the specimen. Heating of the specimen is done by means of electrical heating
of these copper parts. Cooling of the specimen below room temperature is facilitated
by introducing a stream of cold nitrogen gas into the specimen region.

The above described device was combined with a vibrating coil magnetometer2.
This combination resulted in unique instrument which allows for a simultaneous mea-
surement of strain and magnetization as functions of external stress, magnetic field
and temperature. This instrument is termed MSM-apparatus in following text. The
mechanical part of the MSM-apparatus is shown schematically in Figure3.

The Author’s contribution to this apparatus was design and implementation of tem-
perature control executed by software and design and implementation of a complex
software which allowed various kinds of measurement via control of the magnetic
field, temperature, or stress as well as simultaneous monitoring of stress, strain, and
magnetization. The Author implemented a laser interferometer into the apparatus, al-
lowing a well calibrated measurement of large strains. The Author also participated
largely in multiple improvements and continuous maintenance of this apparatus during
the course of the research.

2The vibrating coil magnetometer works on similar principles as the vibrating sample magnetometer
but the pick-up coils vibrate instead of the sample [50]. This arrangement allows to carry out magneti-
zation measurements for such specimen which cannot be vibrated for some reason.
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Figure 3: Schematic drawing of the MSM-apparatus designed for measurement of
magneto-mechanical properties of MSM alloys. The specimen is loaded by a piston
driven by compressed air. The position of the piston copies the dimension of the
specimen and is tracked by laser interferometer. Vibrating coil magnetometer uses two
coils – a pick-up coil and a coil compensating for voltage induced due to the presence
of a large field of the magnet.

Typical experimental arrangement The identical experimental arrangement was
used for studying the magneto-mechanical properties of MSM alloys throughout this
work, consequently all results refer to this type of arrangement unless otherwise said.
Single crystal specimens had typically form of a rectangular parallelepiped with the
faces along {100} set planes of the cubic cell of L21 or along {100} and {001} set
planes of the tetragonal cell (for 5M martensite) or along {100},{010},{001} set of
planes of the orthorhombic cell (for 7M martensite). The typical size of specimen was
4mm× 5mm× 9mm. Magnetic field and stress were always applied perpendicularly
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to each other along two of the three principal axis of the specimen and strain was
measured along the direction of the stress. Several modes of measurement were used:

• Stress and temperature were kept constant and magnetic field was increased and
decreased quasistatically. Strain and magnetization were obtained as functions
of magnetic field. This mode was used for observation of MSME in quasistatic
magnetic field.

• Magnetic field was zero, temperature constant and stress was increased and de-
creased. Strain was obtained as a function of stress. In such a way, twinning
stress was determined. This mode also served for training of martensite mi-
crostructure.

• Magnetic field was nonzero and constant, temperature constant, and stress was
increased and decreased. Strain and magnetization were obtained as functions
of stress. This mode of measurement was used for investigation of magnetic-
field controlled superelasticity and for study of changes of magnetization with
changes of martensite microstructure (reorientation of martensite).

• Stress was constant, magnetic field constant and temperature was changed at
a constant rate. Strain and magnetization were monitored. This mode mostly
served for studies of martensitic transformation but also for direct observation
of low temperature limit of MSME.

Further description of experimental methods is given in the Publications and partly in
Chapter4.1.

3.4 X-ray diffraction, EDS, and optical microscopy
The X-ray diffraction studies were mostly done by N.Lanska using Philips X’pert
single crystal X-ray diffractometer. Composition of the alloys was determined using
energy dispersive spectroscopy (EDS) by Y.Ge or by Outokumpu Research Center Oy,
Finland. Presented optical microscopy studies were performed by the Author. Using
polarized light enabled to observe martensite bands even on completely flat surfaces
due to different optical activity of martensitic variants with different orientations.

3.5 Selection of composition
Although experiments made by Author served as supportive information in develop-
ment, selection and production of new Ni-Mn-Ga alloys, Author was not directly in-
volved in this process. To date, there is no established criterion for the alloy selection
and the selection of the optimal composition remains one of the problem of the re-
search of Ni-Mn-Ga alloys. Since, the selection and production of Ni-Mn-Ga alloys is
not described in this Thesis.
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The main criterion for the selection of the alloys and specimens for investigation
was any performance of MSME, i.e., alloy or a specimen was usually selected for in-
vestigation if it was a good candidate for existence of MSME. The good candidates
were rather scarce, and, additionally, the studied specimens got often destroyed during
the experiments due to their brittleness. Therefore, due to the scarcity of specimens,
the composition was minor parameter for selection of the specimens, the main pa-
rameter was MSME performance and that is why the composition of the alloys varies
in Publications and in summary part of this Thesis. Sometimes the composition was
changed because a new (better) alloy was developed and knowledge of its properties
was important for the research group. The varying composition is not considered cru-
cial for this work since many of the presented results have general character describing
general behavior of Ni-Mn-Ga MSM alloys (or 5M or 7M martensites) rather than be-
havior of only one particular composition.
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4 Results

4.1 Martensitic transformation in Ni-Mn-Ga alloys

In this chapter, aspects of martensitic transformation important for this Thesis are pre-
sented. Changes of strain and magnetization associated with martensitic transforma-
tion are described and possibility of creating single variant specimen is discussed.
Magnetization curves of single variant specimen are presented.

4.1.1 Strain associated with martensitic transformation

Martensitic transformation from L21 cubic parental phase to 5M martensite is illus-
trated in Figure 4a. The transformation temperatures for Ni48.6Mn26.3Ga25.1, an ex-
ample of a typical MSM alloy, as determined from AC susceptibility curve are As ≈
A f = 317K and Ms ≈ M f = 308K [PublicationI]. The very narrow hysteresis (9K) be-
tween the transformation temperatures indicates that the martensitic transformation is
thermoelastic, i.e. the interface between the parent phase and the martensite is highly
mobile and the driving force for martensitic transformation is small [1].

There are three possible martensitic variants in the 5M martensite with the three
principal axes of the tetragonal lattice unit lying approximately along the three prin-
cipal axes of the cubic structure. These variants form a twinned microstructure and
are separated from each other by twin boundaries. Distribution of the martensitic vari-
ants in a specimen is generally arbitrary after the martensitic transformation. Some
information about the variant distribution after the martensitic transformation can be
obtained by dilatation measurement as illustrated in Figure4b, which also shows the
experimental arrangement. The strain caused by the transformation is measured along
one edge of a specimen in form of rectangular parallelepiped (with faces along the
{100} set of planes of the cubic phase). The principal axes of all the three tetragonal
martensitic variants (the[001], [010], [100] directions) are approximately parallel to the
principal axis of the parental cubic phase. Therefore, when the whole volume of the
specimen transforms to martensitic variant with the short axis (i.e. [001] direction)
along the measured edge, the strain of (cM − aA)/aA = −3.92% should be observed.
When, on the contrary, this variant is not present at all after the transformation, the
observed magnitude of strain should be (aM − aA)/aA = 1.82%. However, when this
is the case, there can still be two variants present in the specimen, with different orien-
tations of the short axis (perpendicular to the measured strain). Any strain inside these
margins indicates that there is a mixture of two or three variants in the specimen. Note
that the lattice parameters were not determined exactly at the transformation temper-
ature but at room temperature (approx. 297K) and at 323K. Thus, the real margins
of strain can slightly differ from the predicted limits since there is a large change of
lattice parameters close to the transformation [51].
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Figure 4: Martensitic transformation in Ni48.6Mn26.3Ga25.1 alloy and the effect of
variants arrangement on observed macroscopic strain. a) Changes of crystal struc-
ture during martensitic and reverse transformation. The presented lattice parameters
were determined at room temperature (approx. 297K) for martensite and at 323K for
austenite. b) Possible observed strain during martensitic transformation for different
final distribution of martensitic variants (different microstructure) in indicated experi-
mental arrangement.

4.1.2 Changes of magnetization during martensitic transformation

The parental phase is magnetically soft, K1(295K) = 2.7× 104ergs/cm3 (= 2.7 ×
103 J/m3) [52], while the 5M martensite exhibit large uniaxial magnetic anisotropy
(K1(283K) = 2.0× 105J/m3 [PublicationII]) with easy axis of magnetization (easy
axis3) along [001]. Consequently, the arrangement of variants (i.e. martensite mi-
crostructure) and progress of the martensitic transformation reflect in changes of AC
and DC susceptibility of the specimen. Measurement of strain and DC susceptibility
during martensitic and reverse transformation is shown in Figure5. Figure5a shows
the case where most of the volume of the specimen transforms to a tetragonal marten-
sitic variant with the [001] direction along the measured strain, which is deduced from
magnitude of strain of −3.4%. The DC susceptibility is measured perpendicularly to
the strain along [100] direction of the parental phase. The tetragonal martensitic variant
with [001] direction along the strain has [100] direction (hard axis), along the direction
of DC susceptibility measurement. Thus, a decrease of DC susceptibility is observed
during the martensitic transformation as this variant forms and, vice versa, the DC
susceptibility increases during reverse transformation where this variant is replaced by

3The [100] direction will be referred to as hard axis since it is difficult to magnetize the marten-
site along it, Figure8. Note that the [100] and [010] directions are equivalent in the tetragonal crystal
structure of 5M martensite; they form, in fact, (001) hard plane.
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Figure 5: Observation of strain and DC susceptibility measured by MSM-apparatus
(Chapter3.3) during martensitic and reverse transformation of Ni48.6Mn26.3Ga25.1 al-
loy. The DC susceptibility was measured perpendicularly to the measured strain in
magnetic field of approximately 0.005T. Cooling/heating rate was 1–2K/min. The
large noise observed on DC susceptibility curve is caused by a relatively low sensitiv-
ity of the vibrating coil magnetometer.

the magnetically soft parental phase. Figure5b shows a situation where 1.8% strain
caused by martensitic transformation is observed. This magnitude of strain indicates
that the specimen constitutes of variants with [100] direction along strain measurement
direction. Since the DC susceptibility shows almost no change, it can be deduced that
most of the volume of the specimen consists of a variant with [100] direction along
the strain measurement and [001] (easy axis) along the DC susceptibility measure-
ment. Similar considerations apply for AC susceptibility measurements, which are
much more sensitive [62].

Martensitic transformation can also be detected by a measurement of saturation
magnetization, since the parental phase exhibits lower saturation magnetization than
the martensitic phase [52]. This phenomenon was investigated in Ref. [48]. It was
shown that it can be used for monitoring the progress of martensitic transformation
in situations where dilatation measurement cannot be used directly as, e.g., in thin
films [53]. The saturation magnetization as a function of temperature during cooling
is shown in Figure6a. As the Curie temperature is relatively close to the martensitic
transformation temperatures, the saturation magnetization increases rapidly with de-
creasing temperature. The martensitic transformation is observed as a sudden increase
of saturation magnetization, which is indicated by an arrow in Figure6a. The saturation
magnetization does not depend on the arrangement of martensitic variants (martensite
microstructure). Simultaneous measurement of strain and saturation magnetization in
1T field during martensitic and reverse transformation is shown in 6b. The changes of
structure are clearly reflected in the changes of saturation magnetization.
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Figure 6: Saturation magnetization along the [100] direction of parental phase of
Ni48.6Mn26.3Ga25.1 alloy. a) Measured by SQUID magnetometer during cooling in
a 2T field with cooling rate 6K/min. Since the saturation magnetization of the marten-
site is higher than the saturation magnetization of parental structure, the martensitic
transformation can be detected on the curve. Courtesy of Oleg Heczko. b) Simultane-
ous measurement of strain and relative magnetization in a 1T field during martensitic
and reverse transformation with cooling/heating rate 1–2K/min. Measured by MSM-
apparatus described in Chapter3.3. The small steps observed on the magnetization
curve are caused by a relatively low resolution of the apparatus, large changes of mag-
netization (about 4%) in coincidence with strain changes are caused by martensitic
transformation.

4.1.3 Single variant specimen production

For investigation of magnetic and other properties of MSM alloys and for obtaining the
largest shape changes due to the MSME, it is preferable to have single variant speci-
mens, i.e. specimens containing only single martensitic variant. This can be facilitated
by applying additional force during the martensitic transformation, i.e external stress
or magnetic field. The applied stress makes the growth of the variant with a short
axis ([001] direction) along the stress energetically more favourable, while the mag-
netic field makes the growth of the variant with a short axis ([001] direction, easy axis)
along the field energetically more favourable. An example of such effect for various
magnitudes of compressive stress (0.2–4MPa) and magnetic field (0, 0.5, 1T) is shown
in Figure7. Without the external forces the transformation behavior is rather random.
When a medium stress (1–4 MPa) or magnetic field (1T) is applied, it facilitates the
creation of the single variant specimen. This is deduced from measured strain and
magnetization.
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Figure 7: a) Effect of external stress and magnetic field on strain associated with
martensitic transformation of Ni48.6Mn26.3Ga25.1 MSM alloy. The data are taken
from the PublicationI (Table 1), where details of measurement can be found. In to-
tal, 39 transformation cycles (austenite-martensite-austenite) were measured with var-
ious magnitudes of compressive stress and magnetic field. The total strain obtained
during each transformation from austenite to martensite (A-M strain) was evaluated
from the monitored strain. Magnitudes of the applied stress, applied magnetic field
and determined A-M strain for each cycle are given in three separate bar charts. The
five regions marked in the charts correspond to: I:Cycles 1–11 — nearly zero external
forces. II:Cycles 12–17 — large compressive stress. III:Cycles 18–23 — nearly zero
external forces. IV:Cycles 24–32 — certain combinations of stress and field. V:Cycles
33–38 — nearly zero stress, large or zero field. b) Determination of A-M strain from
monitored strain.

4.1.4 Magnetization curves of single variant specimen

Magnetization curves of single variant specimen measured along the [100] and [001]
directions are shown in Figure8. The structure exhibit uniaxial magnetic anisotropy
with easy axis along [001] direction. The very small hysteresis of the curve measured
along the [100] direction indicates that the magnetization process along this hard axis
is mainly due to magnetization rotation. The magnetization curve of L21 parental
cubic structure measured along the [100] direction is shown for comparison in the
same figure.
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Figure 8: Magnetization curves of Ni48.6Mn26.3Ga25.1 alloy. The specimen (rectangu-
lar parallelepiped) was compressed by approximately 10MPa stress during measure-
ment along the [100] direction of 5M martensite to prevent MSME. The curves were
corrected for demagnetization.

4.1.5 Conclusion

The martensitic transformation in 5M martensite is accompanied by large (nearly 4%)
shape changes and by large changes of DC and AC susceptibility as well as saturation
magnetization (about 4%). The changes occur due to crystal transformation from cubic
to tetragonal. The changes of strain, susceptibility and magnetization provide infor-
mation about progress of the transformation and arrangement of martensitic variants
(martensite microstructure). Application of a medium stress (1–4 MPa) or magnetic
field (1T) during martensitic transformation facilitates the creation of a single vari-
ant specimen. Determined magnetization curves of such a specimen shows that the
structure has uniaxial anisotropy with easy axis along [001] direction.
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Figure 9: Manipulation of martensite microstructure of Ni48.6Mn26.3Ga25.1 MSM al-
loy. a) Using external compressive stress — a single variant specimen with the [100]
direction along the external stress (created by martensitic transformation in 1T mag-
netic field) is reoriented by the external stress in such a way that it has the [001] direc-
tion along the external stress after the experiment. Contraction of the specimen along
the external stress is observed. b) Using quasistatic magnetic field and nearly zero ex-
ternal stress — the single variant specimen with the [100] direction along the magnetic
field (created by compression as shown on the left) is reoriented by the magnetic field
in such a way that it has the [001] direction along the magnetic field after the experi-
ment. Contraction of the specimen along the magnetic field and elongation along the
external stress are observed. This is the magnetic shape memory effect. Note that the
strain is measured along the external stress, perpendicularly to the applied field.

4.2 Magnetic shape memory effect
This chapter describes the most interesting property of the Ni-Mn-Ga alloys, the
MSME. Reorientation of martensite (rearrangement of martensite microstructure)
accompanied by straining of alloy and changes of magnetization during the MSME
are explained as well as their interrelation.

4.2.1 Shape changes induced by an external stress and by magnetic field

Martensite microstructure of magnetic shape memory alloys can be manipulated ei-
ther by external stress or by magnetic field. In a typical experimental arrangement
(Chapter3.3), a very low compressive external stress of about 2.2MPa is enough to re-
orient a Ni48.6Mn26.3Ga25.1 single variant specimen. The specimen having initially the
[100] direction along the external stress has the [001] direction (short axis) along the
external stress after the compression. This [100]⇒ [001] reorientation along the stress
is accompanied by −5.4% strain, Figure9a. Simultaneously with the [100] ⇒ [001]
reorientation along the stress, [001] ⇒ [100] reorientation along the magnetic field oc-
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Table 1: Ideal reorientation of martensite in two subsequent steps. Initially, the
three principal axes x,y,z coincide with the three principal axes ([100], [010], [001]
directions, respectively) of the tetragonal cell of the structure. Compression is
performed along the x-axis ([100] direction), which reorients the martensite. After the
compression, the x-axis coincides with the [001] direction, the z-axis coincides with
the [100] direction. Magnetic field applied along the z-axis ([100] direction) of the
reoriented martensite produces the initial orientation. The theoretical strains along the
principal axes associated with the reorientations are given in the table (strain x =strain
along the x-axis, etc.).

x y z strain x strain y strain z
Initial [100] [010] [001] - - -

Compression along x [001] [010] [100] -5.63% 0 5.97%
Magnetic field along z [100] [010] [001] 5.97% 0 -5.63

curs. In a subsequent experiment, Figure9b, a relatively small magnetic field of about
0.5T restores the original shape of the specimen. It causes [100]⇒ [001] reorientation
along the magnetic field accompanied by simultaneous [001] ⇒ [100] reorientation
along the stress. A strain of 5.7% is observed in direction of stress, perpendicular to
the field. The observed large shape change due to magnetic field is the magnetic shape
memory effect or MSME.

Maximum possible theoretical strain for complete reorientation of the martensite is
(cM−aM)/aM = −5.63% along [100]⇒ [001] reorientation and it is (aM−cM)/cM =
+5.97% along [001] ⇒ [100] reorientation (lattice parameters are given in Figure4a).
These strains are correlated, i.e. as the specimen elongates in one direction, it contracts
in one of the other two perpendicular directions while its volume remains constant.
The strain is zero along the third direction. These shape changes can be expressed
by strain tensor as e.g. in Refs. [3, 41]. An ideal case of the reorientation of the
Ni48.6Mn26.3Ga25.1 single variant specimen is described in Table1. The magnitudes of
strains observed in Figure9 (i.e. −5.4% and 5.7%) are very close to the ideal strains
(“strain x” in Table1) which confirms that the specimen was single martensitic variant
before and after the reorientations and that the reorientations were complete. The
specimen consists of two martensitic variants during the reorientation with one of the
variants growing at the expense of the other one. The growth of the variant is facilitated
by motion of the twin boundaries between the martensitic variants, i.e. rearrangement
of martensite microstructure. Observation of this process by optical microscopy is
shown in Figure10.

4.2.2 Changes of magnetization during MSME

As said earlier, 5M martensite has the easy axis of magnetization (easy axis) along
the [001] direction, while the [100] direction is hard axis (Figure8). It is, therefore,
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Figure 10: Development of surface morphology of a Ni48.6Mn26.3Ga25.1 rectangular
parallelepiped specimen during reorientation of martensite by compression. Crystal-
lographic orientations of the initial (A) and final (F) martensitic variants are indicated.
Using optical microscopy with polarized light it was observed that the new variant
grows with increasing stress as 45 degrees inclined dark bands (lamellae) in an original
variant (B–E). After magnetic field was applied instead of stress, so that the observed
strain was about 3%, similar pattern as in C was obtained.

possible to monitor the reorientation of the martensite in quasistatic magnetic field
(Figure9b) by measurement of magnetization, which is shown in Figure11b. For a
small field, the magnetization curve follows the curve of the hard axis (Figure11a),
and only magnetization rotation occurs away from the easy axis perpendicular to the
field. As the field increases, the martensite starts reorienting at a certain magnitude of
the field, which can be observed as a sudden increase on the magnetization curve. After
the reorientation is complete, the curve follows the curve measured for the easy axis
(Figure11c). This leads to a hysteresis in the first quadrant of the magnetization curve,
Figure11b. This hysteresis is typical sign of MSME [54]. The martensite remains in
the reoriented state, which can be deduced from a measurement of strain, Figure9b,
i.e. a subsequent application of magnetic field in the opposite direction has no effect
on the martensite and no hysteresis is observed on the magnetization curve in the third
quadrant. The same applies for subsequent magnetization cycles, Figure11c — no
hysteresis is observed and no shape changes occur. To obtain the MSME repeatedly,
martensite must be reoriented after application of magnetic field, e.g. by compression,
by rotating the specimen, by rotating the field, etc.

4.2.3 Interrelation between martensite microstructure and magnetization

A simultaneous measurement of strain and magnetization in an experiment with qua-
sistatic magnetic field is shown in Figure12. The observed simultaneous changes
of strain and magnetization demonstrate the interrelation between the martensite mi-
crostructure, shape, and magnetization of a MSM alloy. Additionally, the measurement
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Figure 11: Typical magnetization curves of an alloy exhibiting the MSME
(Ni48.6Mn26.3Ga25.1). a) The specimen after martensitic transformation under exter-
nal compressive stress of 8MPa. Magnetization curve is measured under the same
stress to prevent MSME. b) Measurement subsequent to the measurement shown in (a)
— for the same specimen exposed to external stress of 0.2MPa MSME occurs. This is
observed on the magnetization curve as the first quadrant hysteresis. c) Measurement
subsequent to the measurement shown in (b) — martensite is already reoriented and no
MSME occurs. The curves were not corrected for demagnetization. Corrected curves
along [100] and [001] directions are shown in Figure8.

corroborates that the mechanism of MSME is due to a twin boundary motion (i.e., re-
arrangement of martensite microstructure) as proposed originally by Ullakko et al. [2].

4.2.4 Conclusion

Full reorientation of martensite with strain close to 6% can be achieved either by ap-
plying external stress of about 2MPa or magnetic field of about 0.4T. The mechanism
of the rearrangement was confirmed by optical microscopy and also by simultaneous
measurement of strain and magnetization to be due to motion of twin boundaries. The
(irreversible) MSME is indicated on the magnetization curves as the first quadrant
hysteresis.
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Figure 12: Simultaneous measurement of strain and magnetization of
Ni48.6Mn26.3Ga25.1 single variant specimen (5M martensite) in a typical experi-
ment with a quasistatic magnetic field. The first quadrant hysteresis on magnetization
curve presents a typical sign of the occurrence of MSME. Since no MSME occurs for
negative field (martensite is already reoriented due to magnetization in positive field),
there are neither any large strain changes observed for negative field, nor is there large
hysteresis observed on magnetization curve in the third quadrant.

4.3 Key parameters determining the existence of MSME
In this chapter, material parameters essential for existence of MSME and their tempera-
ture dependencies are discussed. Using of the experimentally determined temperature
dependencies in the theoretical model for determining the temperature limits of the
MSME is demonstrated.

4.3.1 Key parameters

As already discussed in Chapter2.3, the model by Likhachev and Ullakko used in this
Thesis assumes that the driving force for the MSME is the difference in the magneti-
zation free energies between the martensitic variants. The model predicts the existence
of MSME when one of the Relationships2–5 (Chapter2.3) is satisfied. From the re-
lationships it follows that large magnetic anisotropy, small twinning stress and small
distortion of the lattice are the most important parameters determining the existence of
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Figure 13: Twinning stress in Ni48.6Mn26.3Ga25.1 alloy (5M martensite). a) Measure-
ment of stress-strain curve during [100]⇒ [001] reorientation along external compres-
sive stress at 300K and 105K. Twinning stress is determined as the external stress
necessary to obtain −3% strain in this experiment. This stress corresponds well to
the position of plateau on the stress-strain curve. b) Temperature dependence of the
twinning stress with the dashed curve serving as guide for the eyes.

MSME in a MSM alloy. These parameters depend on many factors, the most important
of which are probably the composition of the alloy and the temperature [9, 55]. Ad-
ditionally, the twinning stress may depend on homogeneity of the alloy, obstacles and
impurities present in the alloy, as well as on the thermo-mechanical-magnetic history
of the alloy. The latest will be shown below.

4.3.2 Distortion of the lattice

Distortion of the lattice, ε0 = 1 − c/a, is increasing with decreasing temperature;
ε0(300K) ≈ 5.5%, ε0(4K) ≈ 7.5% for a 5M martensite [56]. From the model used
in this Thesis it follows, that a larger driving force is necessary to achieve MSME in
an alloy with a larger distortion of the lattice. Thus, the increase of the distortion of
the lattice with decreasing temperature is hindering the possibility of MSME.

Finding an alloy with distortion of the lattice smaller than usual, e.g. 1%, could
allow MSME even for higher twinning stress or external stress (assuming the same
magnetic properties). On the contrary, large distortions, about 10% in a 7M martensite
or 20% in a T martensite, are hindering the MSME. This is one of the reasons why
MSME is difficult to observe in a 7M martensite [7] or is not observed in a T martensite
at all [39].
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Figure 14: Twinning stress development of a Ni49.7Mn29.1Ga21.2 specimen after
martensitic transformation under 7MPa compressive stress. The specimen was com-
pressed repeatedly along two edges. The chart presents a measurement along one of
the edges. The twinning stress decreases rapidly for the first three compressions and
remains approximately the same for the fourth and fifth compressions as it was for the
third one (not shown in the chart for the sake of clarity).

4.3.3 Twinning stress

Twinning stress is determined from the position of the plateau on the stress-strain
curve of a specimen compressed along the [100] direction. The twinning stress in-
creases with decreasing temperature, which was shown e.g. in Refs. [39, 55] and
in PublicationIV. The increase can be rather significant. Measurement of the twin-
ning stress in Ni48.6Mn26.3Ga25.1 alloy is shown in Figure13. The twinning stress
increases from about 1MPa at room temperature to about 8MPa at 105K. Addition-
ally, the stress-strain curves, Figure13a, reveal that the distortion of the lattice changes
with decreasing temperature as the total strain due to [100] ⇒ [001] reorientation in-
creases from −5% at 300K to nearly −7% at 105K. Although the twinning stress
initially grows linearly with decreasing temperature, the growth becomes more steep,
exponential-like, for low temperatures far from martensitic transformation. The large
increase of the twinning stress is the main limiting factor for the existence of MSME
in this particular alloy.

Twinning stress depends on thermo-mechanical-magnetic history of the martensite.
This is demonstrated in Figure14. The twinning stress is much larger in a specimen
immediately after martensitic transformation than the twinning stress measured after
repeated compressions of the specimen along two edges. After a few compressions,
the twinning stress remains approximately constant. The effect was not studied in
a detail but a possible explanation is that there may have been a small amount of
interlocked martensitic variants of various orientation in the specimen, which block
the reorientation of martensite. With repeated compression, these variants disappear
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gradually. Additionally, the specimen could be a very pure single variant before the
first compression and the nucleation of the other variants during the first compression
needed larger energy than a simple motion of the twin boundaries of the existing bands
or embryos of the other variant during the following compressions.

Compression is not the only way to change the twinning stress. Similar effect can
be achieved by rotating the specimen in 1T magnetic field. In such a way a consider-
able amount of specimens originally not exhibiting any MSME was made to display
the MSME, i.e. the twinning stress must have been lowered by the rotation.

An example of a twinning stress reduction by mechanical training finalized by
treatment of the specimen in magnetic field for a 7M martensite is shown in Figure15.
By repeated compression of the specimen along two edges and by rotation in 1T mag-
netic field the twinning stress can be reduced significantly and MSME is observed,
Figure15d. The reorientation due to the MSME is only partial, however. This is in-
ferred from the magnitude of the strain being only 4.2% instead of close to ε0 ≈10%,
which would be the expected magnitude for a full reorientation of this type of a marten-
site. The small magnitude of strain can be explained according the model using the
Relationship2 (Chapter2.3). It is assumed that the martensite reorients directly from
the variant with the long axis ([100] direction) along the field to the variant with short
axis ([001] direction) along the field (the variant distribution after reorientation was
not checked). Anisotropy constant of the Ni50.5Mn29.4Ga20.1 alloy is determined in
PublicationIII as K1 = 1.7× 105 J ·m−3. Consequently, the maximum available mag-
netic stress is σM = K1/ε0 = 1.7×105/0.1 = 1.7MPa. External stress 0.2MPa is used
for fixation of the specimen during the measurement, i.e. σM −σEXT = 1.5MPa. This
value of stress corresponds to 4.6% strain on the stress-strain curve (Figure15, curve8)
and it is the maximum strain expected to be obtained due to magnetic field. The ob-
served maximum value of the strain is 4.2%, Figure15d, showing that the agreement
with the model is good. Similar considerations and results were presented in Ref. [7]
by Sozinov et al. with the exception that they observed larger strain, 9.5%, in 1.05T
magnetic field. The decrease of twinning stress with mechanical training in the 7M
martensite is also presented in Ref. [57]. Treatment of a 7M martensite by rotating
magnetic field is shown in Ref. [8] where an initial 6% strain increased to almost 10%
strain after 140rotations of a specimen in magnetic field of about 1T.

So far, no satisfactory model describing the twinning stress has been developed.
Some authors propose using statistical approach for modelling the twinning stress [58,
59]. The statistical approach is, however, hard to accept for specimens studied in
this work, in which only several (1–10) bands (lamellaes) of a martensitic variant are
observed, see e.g. Figure10 and Figure2 in PublicationIV.

4.3.4 Magnetic anisotropy

Probably the first investigation of magnetic anisotropy of the Ni-Mn-Ga alloy showing
the MSME was presented in Ref. [52]. Magnetic anisotropy is also mentioned in vari-
ous other works on Ni-Mn-Ga as e.g. in Refs. [3,60]. Compositional and temperature
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Figure 15: Reduction of twinning stress of a 7M martensite (Ni50.5Mn29.4Ga20.1) by
mechanical and magnetic treatment. Radical decrease of twinning stress is observed.
Subfigures (a), (b), (c) represent measurements of stress-strain curves along three
edges of the specimen. The specimen was first compressed along one edge (a) and
then repeatedly along the other two edges (b), (c) in a sequence indicated by numbers.
After the 7th cycle the specimen was additionally rotated several times in 1T magnetic
field, which led to a further decrease of twinning stress, (c), cycle 8. The obtained very
low value of twinning stress allowed observation of MSME in a 7M martensite (d),
however, with only part of the martensite reoriented by magnetic field. Subfigure (d)
with courtesy of Oleg Heczko.

dependence of magnetic anisotropy of polycrystalline Ni-Mn-Ga alloys was studied
by Albertini et al. [61]. Nevertheless, most observations of MSME are obtained in sin-
gle crystal specimens. The effect of temperature on magnetic properties and magnetic
anisotropy of a single crystal exhibiting MSME was also mentioned in Ref. [62]. A
study of dependence of magnetic anisotropy on the composition for a 5M martensite
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was presented in Ref. [63]. Dependence of magnetic anisotropy on martensite type is
discussed in Refs. [37, 64].

In the present work, the temperature dependencies of magnetic anisotropy of a
5M and a 7M martensites were studied using single-crystal single-variant specimens
(PublicationII and PublicationIII). These reports show that magnetic anisotropy of
Ni-Mn-Ga MSM alloys increases with decreasing temperature. The increase of the
anisotropy compensates partly for increasing distortion of the lattice and twinning
stress. Thus, it extends the possibility of MSME to lower temperatures (Relationship4
in Chapter2.3).

Determination of magnetic anisotropy of single crystals with known symmetry can
be made based on a measurement of magnetization curves of a single crystal along
relevant crystallographic directions and calculation of the differences in magnetization
energy [65, 66]. In an ideal case, a thin disc (cut in such a way that the disc plane
contains the directions of interest) is measured. Using a thin disc suppresses the shape
effects, i.e. reduces the demagnetization field and corner effects. Production of thin
discs for the measurements was successful only partially since manipulation of the
martensite microstructure in a thin disc often resulted in a fracture of the disc. The
manipulation had to be done to create a single variant specimen, which is necessary
for obtaining of magnetization curves along the selected directions.

It was necessary to constrain the disc against mechanical rotation and to pre-
vent MSME during measurement of magnetization curves. However, the surface re-
lief caused by shape changes associated with the manipulation of the martensite mi-
crostructure made the faces of the disc non-flat. As a result, it was impossible to con-
strain the disc properly. Polishing of the faces to remove the surface relief produced
undesired variants in the martensite microstructure again. Additionally, the fracture of
the disc often occurred in magnetic field.

A small number of discs was produced and measured. Due to the above mentioned
problems, however, specimens in a form of a rectangular parallelepiped were used for
most of the measurements. This requires corrections of the magnetization curves for
shape effects and many unwanted corner effects, but still, it extends considerably the
possibilities of manipulation and constrain of the martensite microstructure and makes
the measurement of magnetization curves reliable. The rectangular parallelepiped can
be compressed along three directions and can easily be constrained against rotation in
magnetic field by fixing at its side (the rotation occurs due to magnetic anisotropy of
the specimen). The correction of the magnetization curves for demagnetization was
made by means of measurement of magnetization curves of a Ni specimen of the same
dimensions and evaluation of the demagnetization factor based on these curves. In a
limited number of cases measured specimens were heated through reverse transforma-
tion and magnetization curves of austenite (magnetically very soft, Chapter4.1) were
measured and used to determine the demagnetization factor.
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Anisotropy constants The potential magnetization energy per unit volume for
tetragonal crystal is [65]

E = K1 sin2 θ+K2 sin4 θ+K3 sin4 θcos4ϕ+ . . . , (6)

where θ,ϕ are polar coordinates and K1,K2,K3 are the first, second and the third
anisotropy constants. For orthorhombic crystal [65]

E = K1α2
1 +K2α2

2 +K3α2
3 +K4α2

1α2
2 +K5α4

1 + . . . (7)

where K1,K2,K3, ... are anisotropy constants and α1,α2,α3 are direction cosines.
The magnetization curves of the 5M (Figure8) and 7M martensites (Publication

III) are perfectly linear and show small hysteresis. This means that only the anisotropy
constants of lowest order are important (i.e. K1 for 5M martensite and K1,K2,K3 for
7M martensite) and that the magnetization process is dominated by rotation of mag-
netization [65]. In such a case, the conception of anisotropy field (HA) can be used
to determine magnetic anisotropy [65]. Then, for 5M martensite (uniaxial crystal with
preferred c-axis) it applies

K1 =
1
2

MSHA, (8)

where MS is saturation magnetization and HA is anisotropy field. For 7M martensite
(orthorhombic crystal with preferred c−axis, i.e. K3 = 0) it applies

K1 =
1
2

MSHA1, (9)

K2 =
1
2

MSHA2, (10)

where MS is saturation magnetization and HA1,HA2 are anisotropy fields in pertinent
directions.

The anisotropy field can be determined as the position of a knee on magnetiza-
tion curve measured in a relevant direction. We have determined this position as the
intersection between linear extension of the initial part of the magnetization curve
and saturation magnetization. This allows estimation of magnetic anisotropy even in
situations when MSME and associated large (first-quadrant) hysteresis on the magne-
tization curve are observed. Alternatively, the anisotropy constants can be determined
from the area between magnetization curves measured in relevant directions [65, 66],
but this does not allow estimation of anisotropy in situations with MSME. Chernenko
et al. have recently pointed out that the relation between anisotropy field and distor-
tion of the lattice is proportional with changing temperature [67]. It may, thus, allow
determination of temperature dependence of tetragonal distortion from temperature
dependence of anisotropy field and vice versa.
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Figure 16: Determination of the limits for MSME in Ni49.7Mn29.1Ga21.2 MSM alloy.
No MSME can be observed below the temperature at which twinning stress (circles)
exceeds the maximum possible magnetic stress K1/ε0 (triangles). Transformation to
austenite at 315K imposes the ultimate high temperature limit above which no MSME
can occur.

4.3.5 The temperature region of the existence of MSME

When temperature dependences of all three key parameters of the existence of MSME,
i.e. ε0(T ), σTW(T ) and K1(T ), are known then the determination of the tempera-
ture region where MSME exists is relatively straightforward using Relationship4
(Chapter2.3). This is illustrated in Figure16 (detailed discussion is present in
PublicationIV). The existence of MSME is limited by transformation of the structure
to parental phase at 315K (no MSME can occur in an austenite) and by the tempera-
ture region where twinning stress σTW(T ) exceeds the magnetic stress K1(T )/ε0(T ),
i.e., below 165K. Between 165K and 315K, the existence of MSME is predicted by
the theoretical model. Existence of MSME in this temperature region and low tem-
perature limit of MSME were confirmed by direct observations of MSME. Possible
intermartensitic transformations at low temperatures may impose additional limits for
the existence of MSME, this is not, however, the case of the studied alloy in which no
intermartensitic transformations were detected till 10K.

The rather low Curie temperature of the Ni-Mn-Ga alloys, typically TC ≈ 375K,
imposes additional complication when considering usage of MSM alloys at high
temperatures. When approaching the Curie temperature from below, magnetic
anisotropy decreases rapidly with increasing temperature [64], Chapter6.4 in
Ref. [66], Chapter12.3 in Ref. [17]. That is why the driving force for MSME
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Figure 17: Temperature dependence of maximum strain due to MSME in
Ni48.7Mn29.1Ga22.2 alloy. a)Examples of measurement in a quasistatic magnetic field
at 0.2MPa compressive stress at three different temperatures. Maximum strain is de-
termined from the first magnetizing cycle as strain at maximum positive field with the
martensite reorientation continuing, however, also during the second magnetizing cy-
cle (negative field). b)Maximum strain as a function of temperature for three different
compressive loads. Transformation to L21 parent phase at 329K imposes the ultimate
high temperature limit above which no MSME occurs.

(Equations1 and 3 in Chapter2.3) also decreases rapidly and from certain temperature
T < TC the MSME may not occur. Nonetheless, transformation to austenite happens
much earlier before this point has been reached for studied alloys, e.g. Figure16. As
discussed earlier in this Thesis the twinning stress and distortion of the lattice decrease
with increasing temperature. This may compensate for the decreasing driving force.
Above Curie temperature the alloy is paramagnetic, the driving force for MSME is
zero and the MSME cannot occur. Some effort has been made to increase the Curie
temperature by doping the Ni-Mn-Ga alloys by iron or by other metals [68, 69]. The
highest temperature at which MSME was observed directly by the Author was 327K
on Ni48.6Mn29.2Ga22.2 single crystal specimen with AS ≈ 329K, Figure17.

4.3.6 Conclusion

The temperature dependences of the key material parameters governing the existence
of MSME were determined and used for investigation of temperature limits of MSME
in Ni49.7Mn29.1Ga21.2 alloy using the theoretical model. The magnetic stress K1/ε0
saturates at about 4MPa at low temperatures while exponential-like increase of twin-
ning stress with decreasing temperature was observed. Thus, the twinning stress is
the main limiting factor for MSME at low temperatures. The limits determined using
the model and limits determined by direct measurement of MSME agree well. It was
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shown that the MSME exist in region approximately between 165K to 315K for stud-
ied Ni49.7Mn29.1Ga21.2 alloy. The highest temperature at which MSME was observed
directly by Author was 327K on Ni48.6Mn29.2Ga22.2 alloy. This limit was imposed by
transformation of the alloy to austenite at 329K. The demonstrated method of deter-
mining the temperature limits from material parameters using the theoretical model is
general and can be used for any composition.
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Figure 18: The effect of magnitude of external stress on the MSME for
Ni49.7Mn29.1Ga21.2 specimen with a very low twinning stress, σTW = 0.8MPa, in qua-
sistatic magnetic field. a) For small external stress, 0.2MPa, [001] ⇒ [100] reorien-
tation along the external stress is observed, similarly as in Figures9b and Figure12a.
b, c) For 0.6MPa and 0.8MPa stress partial reverse reorientation of the martensite
([100] ⇒ [001] along the external stress) occurs additionally when magnetic field is
decreased below certain level. Maximum strain (εMAX) and reversible strain (εr) are
marked in (b). d, e) The reverse reorientation of the martensite is complete for ex-
ternal stress between 1.0MPa and 1.8MPa, which makes the MSME fully reversible
and repeatable. The reverse reorientation of the martensite is reflected in the shape of
magnetization curve, which is best visible in (e). Due to occurrence of the reorienta-
tion during the following magnetizing in negative field, the hysteresis is observed on
magnetization curve also in the third quadrant. f) For external stress larger than 2MPa
MSME is almost completely suppressed.
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4.4 Reversible MSME
This chapter discusses necessary conditions for reversible MSME and the reversible
MSME is studied experimentally. Observed behavior is compared with the theoretical
model.

4.4.1 Experimental observation of reversible MSME and associated changes of
magnetization

To observe the MSME, Relationship4 (Chapter2.3), i.e. K1/ε0 > σTW +σEXT, must
be satisfied. The K1/ε0 is typically about 3MPa and twinning stress about 2MPa in 5M
martensite. Consequently, for compressive external stress lower than 1MPa the MSME
with about 6% macroscopic strain is observed as shown in Figure9b for external stress
of 0.2MPa. After reorientation and removing of the field, martensite “remembers”
its state, i.e. it remains reoriented. If the external stress is then increased above the
twinning stress, martensite reorients back to the original state, which is accompanied
by about −6% strain as demonstrated in Figure9a.

It follows from the model that the two separate reorientations mentioned above can
be combined into a single experiment with constant external stress provided that the
condition

K1

ε0
−σTW > σEXT > σTW. (11)

is fulfilled. This is only possible for specimens with

K1

ε0
> 2σTW, (12)

i.e., for specimens with very low twinning stress (< 1.5MPa for typical K1/ε0 =
3MPa).

The Relationship11 states that i)the maximum magnetic stress (K1/ε0) must over-
come the sum of twinning stress and external stress (which facilitates the [001]⇒ [100]
reorientation along the constant external stress when the magnetic field reaches a large
enough magnitude) and ii) at the same time the constant external stress must be higher
than the twinning stress (which facilitates the reverse reorientation, [100] ⇒ [001]
along the external stress, when the magnetic stress decreases below certain level).
Experimental observation of such combined reorientation of a specimen with very
low twinning stress for various magnitudes of constant external stress is shown in
Figure18. For constant external stress between 1MPa and 1.8MPa, fully reversible
MSME is observed. I.e., the observed strain is close to 6% for every magnetizing
cycle, not only for the first one as for usual (irreversible) MSME. The magnetization
changes reflect changes of the arrangement of the martensite microstructure, and, thus,
the reverse reorientation of the martensite during decreasing of magnetic field may be
reflected in the shape of magnetization curve as is observed in Figure18e (switching



4.4 Reversible MSME 39

 0
 1
 2
 3
 4
 5
 6
 7
 8

 0  0.5  1  1.5  2  2.5

R
ev

er
si

bl
e 

st
ra

in
 (%

)

External stress (MPa)

MODEL

 0
 1
 2
 3
 4
 5
 6
 7
 8

 0  0.5  1  1.5  2  2.5

M
ax

im
um

 s
tra

in
 (%

)

External stress (MPa)

MODEL

Figure 19: a) Magnitude of the reversible strain (squares) as a function of external
stress and comparison with the model (dashed line). The solid line serves as guide for
eyes. b) Magnitude of maximum strain (irreversible strain) as a function of external
stress (squares) and comparison with the model (dashed line). The solid line serves as
guide for eyes.

from easy to hard direction for near zero field). Due to occurrence of MSME during
every magnetizing cycle, the hysteresis is observed on magnetization curve both in the
first and the third quadrant, Figure18c–e, not only in the first quadrant as for usual
(irreversible) MSME, Figure18a.

4.4.2 Modelling of reversible MSME

The reversible strain, εr, caused by a combined effect of magnetic field and external
stress can be defined as the difference of the strain in a maximum field and the strain
in a zero field in the second magnetizing cycle, as illustrated in Figure18b. This strain
will be close to zero for external stress lower than twinning stress and higher than
K1/ε0 −σTW. Between these two limits a large reversible strain with magnitude close
to distortion of the lattice will be observed. The maximum strain (irreversible strain,
one-cycle strain) is obtained during the first magnetizing cycle, Figure18b. The re-
versible and the maximum strain as functions of external stress determined from the
measurement presented in Figure18 are shown in Figure19. Comparison with the used
model (see above and Chapter2.3) is further shown in Figure19 using an experimen-
tally determined σTW = 0.8MPa and K1/ε0−σTW = 3.1−0.8MPa = 2.2MPa for the
particular specimen. The agreement of experiment with the model is good considering
that σTW was taken as constant for the whole deformation region.

The temperature dependence of the reversible strain was experimentally investi-
gated and discussed within the same model in PublicationVII. A 5–6% reversible
strain was observed in temperature range 307–263K which was in good agreement
with the model.
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4.4.3 Conclusion

The condition for existence of reversible MSME was formulated and reversible MSME
with strain close to 6% was observed on a specimen fulfilling the condition. Temper-
ature and stress dependences of reversible MSME were investigated, they are in good
agreement with the theoretical model.

The experimental observations of changes of magnetization during reversible
MSME demonstrate the close relation between the martensite microstructure and its
magnetic properties. The presence of hysteresis in both the first and the third quadrant
of magnetization curve is clear indication of reversible MSME.
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Figure 20: a) The magnetic stress for a constant field H is determined from the area
between magnetization curves measured for a single variant specimen with [001] and
[100] directions along the field. The two measurements were done with the specimen
in exactly the same position with only the orientations of martensitic variants (arrange-
ment of martensite microstructure) being different. The specimen was constrained by
8MPa external stress during measurement along [100] direction to prevent MSME.
The determined magnetization curves were not corrected for demagnetization. Thus,
effects caused by the shape of a specimen are included in the determined magnetic
stress. The changes of magnetization in the constant field H due to reorientation by
stress are occurring along the line marked with arrows (see Chapter4.6 for details). b)
Determined magnetic stress as a function of applied field.

4.5 Magnetic field controlled superelasticity
This chapter describes extraordinary magneto-mechanical behavior of the MSM alloys
in static magnetic field due to MSME, i.e. magnetic field controlled superelasticity.

4.5.1 Determination of magnetic stress

When a specimen located in a typical experimental arrangement (Chapter3.3) is mag-
netized by magnetic field of a constant strength H, the magnetic stress can be stated
according to Equation1 (Chapter2.3). It follows from the equation that the magnetic
stress is proportional to the area between the measured magnetization curves of a sin-
gle variant specimen as shown in Figure20a. The dependence of magnetic stress on
applied magnetic field is presented in Figure20b.

4.5.2 Observation of magnetic field controlled superelasticity

When a single variant specimen exposed to a constant magnetic field is compressed by
external stress, the motion of twin boundaries and reorientation of martensite occurs
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Figure 21: Stress-strain curves for Ni49.7Mn29.1Ga21.2 specimen (5M martensite) in
various constant magnetic fields. a) For a zero or a small field the reorientation occurs,
but it is hindered by presence of the field b) Around 0.4T the reorientation becomes
partially reversible, but the stress needed for the reorientation increases further on.
c,d) Further increase of the field results in full reversibility and further increase of the
stress needed for the reorientation. The magnetic driving force is limited (max. K1/ε0),
which is why increasing the magnetic field further above saturation field (0.9T) has no
effect (not shown).

for a large enough external stress. To obtain the deformation ε during [100] ⇒ [001]
reorientation along the stress, the external stress must equal the sum of magnetic stress
σM(H) and twinning stress σTW(ε,H = 0). Both the twinning stress and magnetic field
hinder the martensite reorientation during compression. Typically, magnetic stress is
3MPa (in magnetic saturation) and twinning stress is about 2MPa, and, thus, the stress
necessary for reorientation in an applied field can be about two or three times higher
(i.e. about 5MPa) than in a zero field (given by value of twinning stress, i.e. 2MPa).

There is almost no change in martensite microstructure (no reorientation of marten-
site) in a zero field during unloading, Figure9a. But reverse reorientation of martensite
([001] ⇒ [100] along the external stress) occurs in constant field with magnetic stress
larger than the sum of twinning stress and external stress. If the magnetic stress is large
enough, the reorientation will be complete.

To conclude the above, the presence of magnetic field increases the stress needed
for reorientation of the martensite and it can make the reorientation reversible. Ex-
perimental observation of the effect of constant magnetic field on mechanical proper-
ties of Ni49.7Mn29.1Ga21.2 specimen is shown in Figure21. Similar was observed in
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Figure 22: a) Comparison of measured stress-strain curve and model calculation (solid
line) for applied field 0.8T. b) External stress necessary to induce strain of 3% (σUp,
squares) during loading of specimen and stress induced by magnetic field at strain 3%
(σDown, triangles) during unloading of specimen as functions of the applied field. Solid
curves show calculation from the model.

Ref. [58]. The material behaves as superelastic due to MSME, and this superelasticity
can be controlled by magnitude of magnetic field.

4.5.3 Modelling of the magnetic field controlled superelasticity

The experimental observations of the effect and its modelling are presented in
PublicationV. The model described in Chapter2.3 is used in the publication. It
predicts the behavior of a specimen in constant field based on the measured magneti-
zation curves, determined magnetic stress (Figure20b) and linearized twinning stress
dependence. The model exhibits an excellent agreement with the experimental results
as demonstrated in Figure22a,b.

4.5.4 Partial cycles

An example of partial compressions of a specimen in 1T magnetic field is shown in
Figure23. The area enclosed by the partial curves reflects work converted to heat
during the given cycle. Due to this effective energy dissipation there is a considerable
interest to utilize MSM materials for damping applications [70].

4.5.5 Conclusion

Magnetic field controlled superelasticity in Ni-Mn-Ga was demonstrated, experimen-
tally studied and modelled. Good agreement with the theoretical model was obtained.



44 4 RESULTS

 0
 1
 2
 3
 4
 5
 6
 7
 8

−6−5−4−3−2−1 0

S
tre

ss
 σ

e 
(M

P
a)

Strain ε (%)

(a)

 0
 1
 2
 3
 4
 5
 6
 7
 8

−6−5−4−3−2−1 0

S
tre

ss
 σ

e 
(M

P
a)

Strain ε (%)

(b)

Figure 23: Mechanical behavior of Ni49.7Mn29.1Ga21.2 alloy (5M martensite) in 1T
static magnetic field, partial cycles. a) Loading and unloading between 0% and ap-
proximately 1%, 2%, 3.5%, 4.5%, 6% strain. b) Unloading and loading between -6%
strain and approximately -4.5%, -3%, -1.5%, -1% strain.

4.6 Changes of magnetization during stress-induced reorientation

Since the changes of martensite microstructure and changes of magnetization are inter-
related as shown in Figure12, 18, one can expect that the magnetization of a specimen
will change also during reorientation of the structure by mechanical stress in a constant
magnetic field, Chapter4.5. An example of an experimental observation of this effect
is given in Figure24. The hard axis ([100] direction) lies along the field at the maxi-
mum stress, while the easy axis ([001] direction) lies along the field at zero stress. This
defines the limits for magnetization, which will be minimum at maximum stress and
maximum at zero stress. These two points are located on the magnetization curves for
[001] and [100] directions. Reorientation of the martensite moves the magnetization
from the one point to the another as demonstrated by an arrow in Figure20. Determi-
nation of the magnetization path with increasing degree of reorientation, i.e. M(ε), for
various magnetic fields was subject of PublicationVI. The experimental results con-
firm correspondence of limiting points with the magnetization curves and show that the
dependence is monotonous with a small hysteresis between M(ε) for [100]⇒ [001] re-
orientation and M(ε) for [001]⇒ [100] reorientation along the external stress (see also
Figure24). Nonetheless, the dependence is not linear as could be expected from su-
perposition assumption, i.e. assuming that the total magnetization is given as the sum
of magnetizations of individual variants. Although this is often assumed as well as ob-
served experimentally to some extent, it is not exactly the case. If a thin lamella (band)
of one variant is inside the other variant as e.g. in Figure 10e, the lamella has a large
demagnetization field. On the other hand, when the lamella broadens, its demagneti-
zation field decreases while demagnetization field of the vanishing lamellae increases.
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Figure 24: Compression of Ni48.5Mn30.8Ga20.7 specimen (5M martensite) in static
0.8T magnetic field with partial cycles on loading and unloading. The stress was an
independent variable, strain and magnetization were measured simultaneously. a) The
stress-strain curve showing [100] ⇒ [001] ⇒ [100] reorientation along external stress
and partial cycles due to applied stress and MSME. b) The magnetization changes ac-
companying martensite reorientation, measured simultaneously with the stress-strain
curve shown in (a).

Since the lamellae change their width during reorientation of the martensite, the de-
magnetization fields and magnetizations of the individual lamellae also change during
the reorientation. This situation is obviously fairly complex and can be perhaps solved
using a computer assisted numerical method but is very difficult to express analytically.
Since there are only few lamellae in the specimen and their configuration and amount
differs from alloy to alloy or even from specimen to specimen, the actual M(ε) depen-
dency might be individual for each of the specimens observed. The limiting points of
magnetization at the zero and maximum strains are, however, clearly defined.

In addition to demagnetization effects of the lamellae, the observed nonlinearity
of the stress-magnetization curves and their hysteresis can be associated with elastic
deformation of the 5M martensite. The martensite has Young’s modulus E ≈ 10GPa,
determined from the slope of the stress-strain curve in the region of large stress af-
ter reorientation. Thus, during initial stage of loading, significant elastic straining
occurs before the twin boundaries start moving. This strain lies within a range of
1MPa/10GPa = 0.1%. In the final stage of unloading the applied stress is much
smaller than during the initial stage of loading, i.e. the elastic deformation is also
proportionally smaller. Similar consideration can be applied for the region of max-
imum compression – elastic strain change of the amount of 0.1%/MPa first occurs
during release of the stress from its maximum. Only after that, the motion of the twin
boundaries due to magnetic field occurs, which causes larger strains. The volume frac-
tion of stress-induced variant present in the specimen is, therefore, different for loading
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and unloading for the same strain. This is detected magnetically as the difference in
magnitude of magnetization for the same strain and causes the hysteresis on the strain-
magnetization curve as well as nonlinearities around the zero and maximum strains.
The magnetization must, however, coincide for loading and unloading for zero strain,
which is confirmed by our observation.
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5 Conclusion
The main scientific contributions of the Thesis are summarized in the following list:

• Experimental apparatus for investigation of MSM alloys including unique
MSM-apparatus suitable for measurement of magneto-mechanical properties of
MSM alloys at various temperatures have been developed and built.

• Methods of preparation of single variant Ni-Mn-Ga specimen using external
stress or magnetic field during martensitic transformation have been demon-
strated and used successfully for preparation of single variant specimens. Possi-
bility of training of specimens has been demonstrated.

• Temperature dependences of key material parameters determining existence of
MSME have been obtained experimentally. The temperature dependences of
magnetic anisotropy of Ni-Mn-Ga 5M and 7M martensites have been obtained
for the first time. It has been shown for the first time that the twinning stress in-
crease is exponential-like with decreasing temperature at low temperatures and
that this increase is the main limiting factor for MSME existence at low temper-
atures (for 5M martensite).

• This Thesis presents the first attempt to explore experimentally and model the
temperature limits of the MSME. It was shown that the temperature limits can
be interpreted in the frame of the temperature dependence of the basic material
constants of MSM alloys as twinning stress, magnetic anisotropy and distortion
of the lattice.

• Experimental demonstration of various extraordinary magneto-mechanical ef-
fects in MSM alloys due to MSME, not discussed prior to this work, is presented
in this Thesis. These effects are:

– Fully reversible MSME with strain close to 6%. Condition of existence
of fully reversible MSME was formulated and temperature and stress de-
pendencies of reversible MSME were experimentally determined and dis-
cussed. Existence of the hysteresis on magnetization curve in the first and
the third quadrant was shown and explained.

– Magnetic field controlled superelasticity with strain close to 6%. The effect
of magnetic field on superelastic behavior was experimentally determined
and modelled.

– Changes of net magnetization during loading of material in static mag-
netic field (local magnetization changes discussed previously in Ref. [20],
changes of magnetization curves during loading discussed previously in
Ref. [19]). Dependence on magnitude of static magnetic field was investi-
gated and discussed.
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• Unique simultaneous measurements of strain and magnetization during MSME,
during reversible MSME, during loading of material in static magnetic field,
and during martensitic and reverse transformation are presented in this Thesis.
These measurements demonstrate and confirm close relation between martensite
microstructure and its magnetic properties and corroborate that MSME is due to
rearrangement of martensite microstructure.

• Good agreement of the presented experiment and the theoretical model supports
its validity and demonstrates that this model is suitable for predicting various
aspects of MSME such as temperature limits, reversible behavior and magnetic-
field induced superelasticity.

• Some of the presented experiments can serve as application examples and may
be inspiring for practical usage of the material.
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