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ABSTRACT

The ternary Ni-Mn-Ga system has already been studied for several decades. Although
the present work concentrates on the alloys with the 7-layered near-orthorhombic
martensite structure (7M) and the non-modulated tetragonal martensite structure (T), it
introduces 37 alloys altogether, including materials that have the 5-layered tetragonal
martensite (5M) at ambient temperature. The dissertation shows briefly how the
different compositions of ternary Ni-Mn-Ga alloys affect the phase transformations and
the crystallographic structures of various phases. This thesis presents new alloys with
the 7M structure and, for the first time, the Curie point of such a martensitic structure
(TC7M). This TC7M is mainly detected in the cooling of the alloys, showing the co-
occurrence of the magnetic transition and the double-step reverse transformation where
the hysteresis of the Curie point is connected to the two martensitic phases.

The service temperature region of the MSM alloy depends on the existence of the
proper ferromagnetic twinned martensite. Consequently, the transformation sequence of
the studied 7M and T alloys is investigated in more detail. According to the magnetic
and crystalline transformation, the alloys are divided into six groups: A (7M ambient),
B (7M above), C (7M co-transition), D (T high), E (T low) and F (T co-transition).
In the groups A, B, D and E, the magnetic and crystalline transitions are separated,
while in the groups C and F they co-occur.

The pre-straining processes for obtaining the single-variant state in the 7M and the T
martensite are presented. In the compression of the 7M alloys, three deformations to
two crystallographic directions are needed, while the T alloys require three
deformations to three crystallographic directions. However, it is also shown that with
the tensile/compressive cycling of the T phase the full single-variant state has been
obtained already, during the second cycle. The twinning stresses (σtw) needed for the
martensite variant reorientation could be lowered by pre-straining close to 1 MPa in the
7M phase, while in the T phase only the level 6 MPa was reached, even at elevated
temperatures. The magneto-mechanical tests confirmed that the magnetically induced
stress (∆σmag) in the 7M structure is 1.5 MPa and in the T structure approximately
1 MPa. By applying the criteria of ∆σmag ≥ σtw for the magnetic shape memory effect
(MSME), it is obvious that MSME is possible in the 7M structure, but it can not be
obtained in the T structure.

Keywords:
Ni-Mn-Ga alloys, martensite, intermartensitic transformation,
twinning, magnetic shape memory
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BRIEF DESCRIPTION OF THE PUBLICATIONS
The present thesis collects and analyses the main results of the publications mentioned
above. Their main results, in summary, are as follows:

PUBLICATION I, “Composition and temperature dependence of the crystal structure
in Ni-Mn-Ga alloys”, the results of a comprehensive study of the crystal structures in 33
different Ni-Mn-Ga alloys are collected. Several new compositions with ferromagnetic
modulated martensitic crystal structure (5M or 7M) yielding up to 353 K with their
martensitic transformation region (TM) and being good candidates for practical
applications of MSM are presented. The evolution of the crystal parameters in different
martensite types is shown as a function of the transformation temperatures.
Furthermore, the non-modulated tetragonal martensite (referred as NM in Publications I
and III and as T in the other publications) is the only possibility for the crystal structure
in the martensitic alloys with TM  > TC, while 5M and 7M structures, which are
transformed straight from the parent phase, were observed only in the alloys TM < TC.

PUBLICATION II, “Transformation behaviour of two Ni-Mn-Ga alloys”, the
transformation sequence of the alloy Ni53.7Mn26.4Ga19.9 was confirmed to be
Pparam→Tparam→Tferrom in cooling with reverse reactions in respective order during
heating, and for Ni50.5Mn30.4Ga19.1 Pparam→7Mparam→7Mferrom→Tferrom during cooling
and Tferrom→Tparam→7Mparam→Pparam during heating. In this publication, it was for the
first time suggested and confirmed that the hysteresis of Curie points during heating and
cooling was due to the different magnetic transition temperatures of the 7M martensite
and the T martensite. Furthermore, the melting and solidification parameters together
with the L21→B2’ transition temperature were established for the studied alloys.

PUBLICATION III, “Stress-induced variant rearrangement in Ni-Mn-Ga single
crystals with nonlayered tetragonal martensitic structure”, the transformation sequence
of three Ni-Mn-Ga alloys were studied in detail. Two of the alloys showed the cubic
parent phase to non-layered tetragonal phase transformation while in the third one the
T-phase at ambient temperature was a result of an intermartensitic transformation
(7M-T). X-ray diffraction, optical polarized microscopy and mechanical testing were
used to study variant rearrangement in compression. A twinning strain of approximately
19 % was observed for all alloys. The temperature dependence as well as the influence
of the magnetic field on the stress-strain curves is presented. It was found that the
twinning stress in compression could not get below 6 MPa and, as the magnetically
induced strain triggering the MSM effect was of a class 1 MPa, the alloys did not show
detectable magnetic-field-induced strain.

PUBLICATION IV, “Stress- and magnetic-field-induced variant rearrangement in
Ni-Mn-Ga single crystals with seven-layered martensitic structure”, presented four
alloys showing cubic-7M martensitic transformation. It was confirmed that, if the
structure was of pure 7M, the low twinning stress (approximately 1-2 MPa) could be
reached by successive compressions. Consequently, these alloys showed the magnetic-
field-induced strain of approximately 10 % at ambient temperature in a magnetic field
of the order of 1 T (approximately 800 kA/m). The temperature dependence of the
twinning stress was studied as well as the influence of the magnetic field on the stress-
strain curves.
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PUBLICATION V, “Martensitic transformations and mobility of twin boundaries in
Ni2MnGa alloys studied by using internal friction”, the internal friction (IF) was
measured in two non-stoichiometric Ni2MnGa alloys with non-modulated martensite
(T) structure. From the strain dependence of IF, the activation enthalpy for the
movement of twin boundaries between martensitic domains was estimated to be equal
to 0.02-0.04 eV. The temperature dependence of the internal friction, i.e. twin-boundary
mobility, was confirmed for the studied alloys.

PUBLICATION VI, “Tensile/compression behavior of non-layered tetragonal
Ni52.8Mn25.7Ga21.5 alloy”, showed the total strain of the T martensitic alloy during one
tensile-compression cycle to be 21-22 % while the detwinning stress could be decreased
from the 18-20 MPa value at the beginning to about 10-12 MPa after some cycles. It
was suggested that the shape variations of approximately 15 % during tension and
approximately 7 % during compression were due to the maximum crystallographic
changes of the two martensite single-variant states, in between which the material
altered during the cycling. The single-variant state of the material after the tensile load
was confirmed by the X-ray method. The effect of temperature on the
tensile/compression behaviour was also studied and it was confirmed that, in the
vicinity of the reverse transformation to the parent phase, the detwinning stress
approached 6.7 MPa.

PUBLICATION VII, “Effect of crystal structure on magnetic-field-induced strain in
Ni-Mn-Ga”, gives a comprehensive overview of the crystal structures, magnetic
anisotropy and twinning stress of the martensitic phases in Ni-Mn-Ga alloys. The most
important experimental results are reported on the alloys having tetragonal five-layered,
orthorhombic seven-layered and tetragonal non-layered structures. Depending on the
martensite crystal structure, Ni-Mn-Ga alloys are able to show a really giant strain
response (approximately 6 % in tetragonal five-layered or 10 % in orthorhombic seven-
layered martensitic phase) in a magnetic field less of than 1 T (approximately
800 kA/m). However, a detectable field-induced strain is not observed in the non-
layered tetragonal martensitic phase in the Ni-Mn-Ga system. The effect of the crystal
structure is in good agreement with the calculation of the magnetic-field-induced strain,
based on the model requiring the magnetically induced stress to be larger than the
twinning stress.

PUBLICATION VIII, “Giant magnetostrictive materials”, gives an overview of the
magnetic shape memory effect, its principles and the major material groups presenting
it.
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SYMBOLS AND ABBREVIATIONS
Ni nickel, in the alloys as atomic-%
Mn manganese, in the alloys as atomic-%
Ga gallium, in the alloys as atomic-%
Heusler alloy chemical composition of X2YZ
e/a the average number of valence electrons per atom
bcc body centered cubic crystal lattice
a, b, c crystal lattice parameters in the cubic parent phase coordinates

am lattice parameter a of the martensite
ap lattice parameter a of the parent phase
bm lattice parameter b of the martensite
cm lattice parameter c of the martensite

aort, cort lattice parameters in the orthorhombic coordinates
a-axis, b-axis, c-axis correspondent crystallographic axis in the cubic parent phase

coordinates
α, β, γ angles between crystallographic axes
c/a ratio of the lattice parameters a and c

B2’ the disordered high temperature phase of Ni-Mn-Ga
L21, P, A the ordered cubic parent phase of Ni-Mn-Ga

Pparam the paramagnetic cubic parent phase
Pferrom the ferromagnetic cubic parent phase

M a martensite phase
IM an intermartensitic phase
M1 a modulated martensite with c/a <1, ref. [89]
M2 a non-modulated martensite with c/a >1, ref. [89]
5M the five layered tetragonal or slightly monoclinic martensite
7M the seven layered orthorhombic or slightly monoclinic

martensite
7Mparam the paramagnetic 7M martensite phase
7Mferrom the ferromagnetic 7M martensite phase

T, NM the non-modulated tetragonal martensite
Tparam the paramagnetic T martensite phase
Tferrom the ferromagnetic T martensite phase

8M, 10M modulated martensite structures, modulation according to
number, ref. [88]

T temperature in Kelvins (K)
Tambient ambient temperature, i.e. room temperature (K)
Ms the start temperature of the martensitic transformation (K)
Mf the finish temperature of the martensitic transformation (K)
As the start temperature of the reverse transformation (K)
Af the finish temperature of the reverse transformation (K)
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Ms7M→T the start temperature of the intermartensitic transformation
7M→T (K)

Mf7M→T the finish temperature of the intermartensitic transformation
7M→T (K)

AsT→7M the start temperature of the reverse intermartensitic
transformation T→7M (K)

AfT→7M the finish temperature of the reverse intermartensitic
transformation T→7M (K)

To the martensite transformation temperature, ½ (Ms + Af) (K)
TM the average of all transformation temperatures

¼ (Ms + Mf + As + Af) (K)
TM the martensite transformation average temperature,

½ (Ms + Mf) (K) [applied in Publication I]
TC the Curie point in Kelvins (K) – temperature at which the

magnetic transition between the paramagnetic and ferromagnetic
state takes place

TCM the Curie point of a tetragonal martensite M (K)
TCP the Curie point of the parent phase P (K)
TCh the Curie point during heating of the alloy (K)
TCc the Curie point during cooling of the alloy (K)
TC7M the Curie point of the 7M martensite phase (K)
TCT the Curie point of the T martensite phase (K)

σtw twinning stress, the critical stress needed for the twin-boundary
motion, i.e. twin variant rearrangement,
indicated with stress-plateau in a stress-strain curve

ε0 the maximum strain associated to the twinning stress,
i.e. the maximum deformation of the structure

σmag the magnetic field induced stress
MFIS a magnetic field induced strain (%)
MSM magnetic shape memory
MSME magnetic shape memory effect
FSMA ferromagnetic shape memory alloys

H magnetic field in SI-unit kA/m (800 kA/m ~ 1 Tesla)
KU the magnetic crystallographic anisotropy in J/m3

Ka, Kb the magnetic anisotropy constants to the given axis directions in
J/m3

K1, K2 the magnetic anisotropy constants in T martensite in J/m3

EA the magnetic anisotropy energy in J/m3

Q-1 the internal friction



- xii -

TABLE OF CONTENTS

ABSTRACT ...............................................................................................................iii

FOREWORD .............................................................................................................iv

LIST OF PUBLICATIONS I-VIII...........................................................................vi
Brief description of the publications.......................................................................vii
Author’s contribution ...............................................................................................ix

SYMBOLS AND ABBREVIATIONS ......................................................................x

TABLE OF CONTENTS .........................................................................................xii

1. INTRODUCTION.................................................................................................1
1.1. General introduction.......................................................................................1
1.2. Objectives and scope of the study ..................................................................1

2. Ni-Mn-Ga ALLOYS .............................................................................................2
2.1. High-temperature phases of Ni-Mn-Ga..........................................................3
2.2. Martensites in Ni-Mn-Ga system ...................................................................3

2.2.1. Martensite transformations in Ni-Mn-Ga........................................4
2.2.2. Martensitic structures ......................................................................5

2.3. The Curie point...............................................................................................7
3. DETWINNING OF THE Ni-Mn-Ga ALLOYS....................................................8

3.1. Detwinning .....................................................................................................8
4.  MAGNETIC SHAPE MEMORY EFFECT..........................................................9

4.1. Magneto-mechanical stress requirement for MSME....................................11
5. EXPERIMENTAL METHODS ..........................................................................12
6. CRYSTAL STRUCTURES OF THE STUDIED ALLOYS

AT AMBIENT TEMPERATURE ......................................................................12
7.  TRANSFORMATION SEQUENCES IN SELECTED ALLOYS .....................14
8.  MECHANICAL BEHAVIOUR OF THE SELECTED ALLOYS .....................22
9. MAGNETO-MECHANICAL BEHAVIOUR OF SELECTED ALLOYS.........28
10. CONCLUSIONS .................................................................................................31

LIST OF REFERENCES.........................................................................................32

PUBLICATIONS......................................................................................................40

APPENDIX A........................................................................................................... A1



INTRODUCTION

- 1 -

1. INTRODUCTION

The aim of the present work is to advance the Ni-Mn-Ga alloys towards the magnetic
shape memory applications at elevated temperatures. The basis of this are the alloys
with the ferromagnetic twinned martensitic crystal structure showing the high
magnetocrystalline anisotropy, relatively high transformation temperatures and the low
stress of the twin-variant rearrangement.

1.1.  General introduction

The term “smart” or “intelligent” material is usually used in the context of adaptive
structures having sensing, control and actuation capabilities [1-3]. These structures
respond to changes of the surrounding environment such as external loads, altering
temperature, electrical or magnetic fields, humidity or to internal changes such as
damage or failure. Smart materials possess potential to embody the function of a smart
structure. They may achieve several functions such as sensor, processor, actuator
(effector) and feedback-forward. It is generally required that the intelligent material
performs multifunctionally, i.e. it possesses at least two or three of these attributes,
for example, simultaneously as sensors and actuators.

An ideal material for actuator-sensor applications has a high-frequency response with
large-strain and high-force production under precise control. So far, a single material
that exhibits all these features is not available. In actuator applications based on smart
materials, the electrically driven piezoelectric materials, magnetically controlled
magnetostrictive materials and the thermally activated shape memory alloys have been
utilized [1,4,5].  The obtainable strains in the first two groups are comparably small,
while the third group has a relatively slow working frequency. The magnetic shape
memory (MSM) alloys, also referred to as ferromagnetic shape memory alloys
(FSMAs), produce a large strain with rather high frequencies without a change in the
external temperature [6]. So far, the best working MSM materials are based on
Ni-Mn-Ga alloys [7-22]. In these, the MSM phenomenon has been demonstrated in two
of the martensitic structures with the phase transformation close to the ambient
temperature.

1.2.  Objectives and scope of the study

As the aim of the present thesis is to seek Ni-Mn-Ga alloys for the magnetic shape
memory applications at elevated temperatures, where the main focus is given to the
high-temperature alloys showing the 7-layered near-orthorhombic martensite structure
(7M) and the non-modulated tetragonal martensitic (T) alloys. The currently best
working Ni-Mn-Ga MSM alloys have usually a 5-layered modulated tetragonal (5M)
crystal structure with the phase transformations up to 333 K.



Ni-Mn-Ga ALLOYS

- 2 -

The literature review of the present work gives an overview of the Ni-Mn-Ga alloys,
their crystal structures and their behaviour, as well as of the principles of MSME.
The basic requirement for the MSME is presented as follows: the magnetically induced
stress must exceed the stress needed for the rearrangement of the twin structure, i.e.
twinning stress, both of which are characteristic of the particular crystalline structure.

The experimental results present 37 Ni-Mn-Ga alloys including, especially, some new
alloys with the 7M structure. The transformation sequences of the 7M and the T phases
are studied in more detail in order to establish the possible service temperatures of
MSME. The studied alloys are also classified according to their magneto-crystalline
transformation behaviour.  The hysteresis of the Curie point connected to the
co-occurrence of the magnetic transition and the double-step martensitic/reverse
reaction revealed the Curie point of the 7M martensite (TC7M).

With mechanical testing, the pre-straining procedures for obtaining the single-variant
state in the 7M and T martensite are introduced. The mobility of the twin boundaries in
the T phase is established by means of the internal friction measurements.
The magneto-mechanical experiments confirm the postulation that the MSME is
possible in the 7M structure in which the magnetically induced force exceeds the
twinning stress. It is also shown that in the T phase this is not the case and,
consequently, the magnetic shape memory effect is not possible in it.

2. Ni-Mn-Ga ALLOYS

The Ni-Mn-Ga alloys have been already studied for approximately 40 years when the
work exhibiting Ni2MnGa alloy as one of the Heusler alloys having the formula X2YZ
[5,23-28] is included. The first copper-manganese-based Heusler alloys, discovered by
Heusler, Starck and Haupt [23], were unique, since they were ferromagnetic whereas
their constituent elements were not.  Soltys was the first to concentrate only on this
alloy system [29,30]. The martensitic transformation in Ni2MnGa at low temperatures
was discovered by Webster et al. [31]. More systematic studies, the work carried out by
Kokorin et al. [32,33], for example, and by Chernenko et al. [34] was initiated in the
early 1990’s as Ni-Mn-Ga alloys were investigated as potential shape-memory alloys.
After Ullakko et al. [9] had demonstrated the magnetically induced strain (MFIS) in
a Ni-Mn-Ga single crystal, a totally new era of investigations started. The Ni-Mn-Ga
alloys have now been studied in more detail by different researchers and it has been
established that the martensitic and magnetic transformation temperatures [35-40],
transformation enthalpy [36,37], magnetocrystalline anisotropy [40] and saturation
magnetization [39,40] are highly composition dependent. Consequently, certain
important properties of Ni-Mn-Ga have been mapped together with their composition
[40,41].
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2.1.  High-temperature phases of Ni-Mn-Ga

As the behaviour of the materials depends on their thermal history, it is important to
study the details of the solidification process and heat treatments. This is especially
crucial in the Ni-Mn-Ga alloys in which the material properties are extremely
composition dependent. Schlagel et al. [42] as well as Wedel and Itakagi [43] studied
the solidification. Soltys [30], Overholser et al. [44] and Khovailo et al. [45]
investigated the high-temperature ordering of Ni-Mn-Ga alloys. Schlagel et al. [42]
studied the solidification process of Ni-Mn-Ga alloys and confirmed that the solidified
materials possess a great inhomogeneity. Ni-Mn-Ga alloys solidify to a partially
disordered intermediate phase B2’, in which the Ni atoms form the frame of the lattice
while Mn and Ga atoms are situated arbitrarily [5,44]. Wedel and Itakagi [43] found
that this single-phase cubic structure exists in a broad range of Ni-Mn-Ga compositions.
Ni45Mn55-xGax alloys, for example, have the cubic structure ( mPm3  or B2’) at 1073 K
for all x values from 0 to 55. According to Overholser et al. [44], this crystal structure
transforms to Heusler type ( mFm3  or L21) at a particular composition-dependent
temperature. For the stoichiometric Ni2MnGa alloy, this structure appears below
1071 K. According to Khovailo et al. [45], the conversion B2’→L21 is a second-order
phase transition of the disorder-order type. The first-order phase transition, i.e. the
martensitic reaction, takes place at much lower temperatures.

Kreissl et al. [46] studied the effect of the high-temperature structure ordering on the
martensitic transformation. The martensitic transformation is suppressed down to 100 K
in the Ni2MnGa alloy with the disordered B2’ structure from 200 K obtained with the
ordered L21 structure. Tsuchiya et al. [47] and Pasquale et al. [48,49] have confirmed
that with the ordered L21 structure obtained in the correct annealing procedure the
martensitic transformation temperature region is narrower. The annealing procedure
also affects both the martensite transformation temperature and the Curie point.

The ordered L21 structure of the cubic parent phase (P) can be represented with
a bcc lattice in which the Ni atoms are in the positions at the centre of the cube and Mn
as well as Ga atoms occupy alternatively the positions at the apexes [5,31]. For the
stoichiometric Ni2MnGa alloy, the cubic lattice constant at ambient temperature is
0.5825 nm, but since the cubic structure is stable down to 202 K it should be noted that
this value is temperature dependent [5,31,35]. In addition to the temperature
dependency, the lattice constant is also composition dependent. For the alloy
Ni51.2Mn31.1Ga17.7, for example, the cubic lattice constant is 0.583 nm [50], while for the
alloy Ni51.1Mn28.4Ga20.5 a value of 0.5837 nm is measured at 373 K [51]. The cubic
parent phase is much stronger than the martensitic structures [52,53]. The magnetic
anisotropy of the cubic phase is much lower than that of the martensitic structures and
the magnetization saturates at H = 160 kA/m [35]. In the stoichiometric alloy,
the Curie point of the cubic phase is 376 K [35].

2.2.  Martensites in Ni-Mn-Ga system

The Ni-Mn-Ga alloys show a variety of different martensitic structures. The crystal
structure of the martensite depends strongly on the chemical composition as shown by
Chernenko et al. [34,36,50], Pons et al. [54] and Tsuchiya et al. [55]. When the
possibility of the MSM effect is studied in Ni-Mn-Ga alloys, the main interest is
focussed on the ferromagnetic twinned martensite structures.
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The crystal structure of martensite is an important factor that affects the magnetic
anisotropy and behaviour [56-58] as well as the mechanical properties of Ni-Mn-Ga
alloys [for example, 57-59] and the chemical behaviour [60,61]. The martensitic
structures, transformation temperatures and the Curie points have been systematized as
functions of the average number of valence electrons per atom (e/a) [36,39,54,55]. This
approach was introduced by Chernenko et al. [36], who calculated the electron
concentration using the electron concentration of the outer shells for each chemical
component of the Ni-Mn-Ga alloy as follows:
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Here, the value of 10 is applied for nickel, in which the outer electron shells are
occupied as 3d84s2, while for manganese the value becomes 7 from 3d54s2 and for
gallium 3 from 4s24p1.

2.2.1. Martensite transformations in Ni-Mn-Ga

The martensite reaction is a diffusionless solid state phase transformation in which a
short-range atom shift occurs over a certain temperature region usually showing
hysteresis between the forward and reverse reactions [1,5,62]. The chemical
composition of the alloy does not change. The parent and the martensite phases have a
clear correspondence with the crystal structures. Martensite reaction is usually
accompanied by large heat and volume effects [5]. The shape change is accommodated
either by plastic slipping of the dislocations or by twinning, i.e. a mirror-like stacking
fault of the closest packed atom layers [1]. The hysteresis and the large heat effects are
due to the increase of the elastic and the surface energies during the martensite
formation. When the new phase grows inside the parent phase, energy is stored to the
structure. During reverse transformation, this stored energy is released, usually at
temperatures higher than those at which it was stored. If the stored energy is small, the
hysteresis is narrow and the interface between the parent and martensite phases is very
mobile upon cooling and heating [1]. Twinning can carry out the accommodation of the
intrinsic transformation strain of the martensitic transformation totally, if the elastic
modulus of the phases is small and their elastic limit is high [5]. Here, the parent phase
structure can be restored in the reverse transformation. This thermoelastic martensite
transformation is a requirement for the shape memory effect and superelasticity, as well
as for the magnetic shape memory effect [5,19].

Supercooling is necessary for the nucleation of the martensite and, consequently, the
martensitic reaction is usually athermal with the particular temperatures for the start of
the martensite formation (Ms) and the finish of it (Mf). In the reverse transformation,
while martensite transforms back to the parent phase during heating, the parent-phase
formation starts at temperature As, and finishes at temperature Af. The transformation
region can be characterized by the martensite transformation temperature
To = ½ (Ms + Af) [1]. In the thermodynamical calculations, To refers to the temperature
at which the Gibbs energies of the martensitic and parent phases are equal [63].
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The transformation temperatures of martensites in the Ni-Mn-Ga alloys depend strongly
on the chemical composition: both the deviation from the stoichiometry [for example,
refs. 19,34,35,37-39,41,49,54,55,64-69] and the doping with other elements [for
example, refs. 36,51,70-79]. Chernenko et al. [34] conclude that the Ga addition in
Ni2-xMnGa1+x alloys and the Mn increase in Ni2-xMn1+xGa alloys decrease the Ms
temperature. In NiMn1+xGa1-x alloys, the higher Mn content raises the Ms value. This is
in accordance with Wirth et al. [64] and with Dikhstein et al. [66], who show that the
martensitic transformation temperature increases with Ni content in the alloys
Ni2+xMn1-xGa (x = 0-0.2). Ezer [19] shows that the Ms temperature increased with the
increasing ratio of Mn/Ga. According to these studies, one may suggest that increasing
the Ni content and increasing the Mn/Ga while keeping the Ni amount fixed, should
result in the higher martensite transformation temperature. Jin et al. [39] describe the
increase of the martensite transformation temperature as a linear function with
the e/a concentration.

In the stoichiometric Heusler Ni2MnGa alloy, the martensitic reaction at approximately
200 K leads to a modulated tetragonal martensite with lattice parameters a = b =
0.5920 nm and c = 0.5566 nm [31]. However, several other martensite structures also
exist in the Ni-Mn-Ga system. The most important of them are the five layered
tetragonal martensite (5M), the seven layered near-orthorhombic martensite (7M) and
the non-modulated tetragonal martensite (T) [5,6]. Which of them appears during
cooling depends on the composition of the alloy and the thermal stability of the
different martensitic phases. There seems to be a certain order according to which they
emerge in the martensite reaction or change in the intermartensitic transformations. This
has been described schematically by Enkovaara and Sozinov [80]. The T structure is the
most stable one of the three martensite phases [57,69,80,81] and the alloys transforming
straight to the T martensite from the parent phase have typically transformation
temperatures close or above the Curie point [34,35,37,54,80-89]. The 5M structure
transforms directly from the parent phase at lower temperatures close to the ambient
one, while the 7M martensite appears directly from the parent phase only in a narrow
temperature range below the Curie point [22,80]. The transformation to the stable
non-modulated martensite with c/a>1 can also take place via the intermartensitic
reactions such as P→→→→M1→→→→M2, P→→→→8M(10M)→→→→T or P→→→→5M→→→→7M→→→→T [87-90].
Chernenko et al. [88] showed that the ratio of the transformation enthalpies is 10:1 in
the sequence P→→→→8M(10M)→→→→T. Due to the change in the crystal structure, the
intermartensitic reaction (IM) seems to set the lowest service temperature for the
magnetic shape memory effect (MSME) [91].

2.2.2. Martensitic structures

The crystal structure of Ni-Mn-Ga martensites strongly depends on composition and
temperature. A correlation between the average number of valence electrons per atom
(e/a) of Eq. (1) and the tetragonal distortion of the cubic lattice caused by the martensite
reaction expressed with the ratio of the lattice parameters has been suggested
[36,50,54,55]. The lattice parameters can be given in the so-called orthorhombic
coordinates in which the axes are parallel to the diagonal directions of the cubic
coordinates [54]. This approach is convenient in the description of the crystal lattice
modulation as a long-period superstructure. However, for a simple description of the
strain values induced by stress or magnetic field, the cubic parent phase coordinates are
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more practical [4]. Consequently, in the present work the lattice parameters refer to the
cubic parent phase coordinates. The correlation of the lattice parameters of these
different coordinate systems given by Pons et al. [54] is

2
ortaa =  and ortcc = (2)

where a and c refer to the lattice constants given in the cubic parent coordinates and
aort and cort are the parameters in the orthogonal coordinates.

When applying the cubic coordinate system, the modulated structures 5M and 7M have
a lattice parameter ratio c/a<1 and in the non-modulated tetragonal T martensite c/a>1.
Chernenko et al. [50] showed that the change of the c/a to values above 1 takes place at
e/a = 7.7. Tsuchiya et al. [55] estimated this critical value to be 7.61-7.62. In both cases,
the observed change has been based on the data of the T martensite, while no data for
the 7M was used and the alloys with 5M structure showed martensitic phase
transformation below ambient temperatures.

5M martensite
The 5M martensite was first discovered by Webster et al. [31] in the stoichiometric
Ni2MnGa alloy. Martynov and Kokorin [81,82] and Fritsch et al. [92] discovered that
the crystal structure is modulated by a transverse displacive wave along the [110]
direction. This may be presented as a periodic suffling along (110)[110]p system or a
long-period stacking of {110}p close-packed planes [54,81]. The modulation can be
observed in neutron, electron or X-ray diffraction measurements as four additional spots
between the main reflections along the [110]* direction in the reciprocal space
(for example, [93,94]). The average lattice is approximately tetragonal or monoclinic
with a short c-axis, with ratio c/a<1 (the cubic coordinates). The effect of temperature
on the lattice parameters in the stoichiometric Ni2MnGa alloy has been studied by Ma et
al. [95], while Glavatska et al. [94,96] studied a working MSM alloy with the
5M structure. They discovered that the tetragonality of the martensitic lattice increases
with decreasing temperature and saturates at very low temperatures. The short c-axis is
also the easy axis of magnetization [8]. The saturation magnetization of 64.2 Am2/kg for
the 5M alloy Ni50.7Mn28.4Ga20.9 is given by Heczko et al. [56]. At the ambient
temperature, the magnetic anisotropy of the 5M martensite may have values in the
range KU = 1.45…1.67 x 105 J/m3, depending on the alloy composition [12,13,56,57].
KU is fairly stable from very low temperatures close to the reverse transformation
region, when it decreases quickly [91,97,98].

7M martensite
Martynov and Kokorin [81,82] found the 7M martensite. The average lattice is
approximately orthorhombic with c/a ≈ 0.89 and c/a<1 (in cubic coordinates) with a
monoclinic distortion of less than 0.4o, as observed by Sozinov et al. [99]. In the
orthorhombic coordinates, the lattice of the 7M martensite is seen as a monoclinic one
with β ≈ 93-94o [54]. The 7M martensite gives in diffraction studies a pattern where the
distance between the main reflection along [110]* direction in reciprocal space is
divided into seven parts by six additional spots, as shown by Fritsch et al. [92],
Ge et al. [93] as well as by Lanska and Ullakko [100]. Sozinov et al. [22] observed that
the seven-layer modulation took place along the p]011)[110( system. They established
that in the 7M martensite the easy axis of magnetization is the shortest c-axis, while the
longest a-axis is the hardest to magnetize and the magnetization of the b-axis is the
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intermediate one. Consequently, two magnetic anisotropy constants Kb and Ka are
needed to characterize the orthorhombic crystal structure. At ambient temperature, for
the alloy Ni48.8Mn29.7Ga21.5, the values of Kb = 0.7 x 105 J/m3 and Ka = 1.6 x 105 J/m3 are
given [22], while for the alloy Ni50.5Mn29.4Ga20.1, the obtained values were
Kb = 1.02 x 105 J/m3 and Ka = 1.74 x 105 J/m3 [56]. Heczko et al. [56] give the
saturation magnetization 60.3 Am3/kg for the alloy Ni50.5Mn29.4Ga20.1.

Non-modulated T martensite
The non-modulated T martensite of the Ni-Mn-Ga system was also found by Martynov
and Kokorin [81].  The crystal structure is tetragonal with a long c-axis and c/a >1
(in cubic coordinates). According to [50,54], the change from c/a < 1 to c/a > 1 takes
place when e/a ≥ 7.7. Since the T phase is the most stable one of the martensitic
structures in Ni-Mn-Ga alloys, it can exist at very low temperatures as a last
transformation product of intermartensitic reactions, but it is also the only martensitic
phase that exists at elevated temperatures and above TC [34-37,54,64,80-88,90,101-
103]. The magnetic anisotropy of the T phase is higher than the one of the 5M and 7M
martensites [56,57,97]. Since in this structure the long c-axis is the axis of hard
magnetization and the shorter a- and b-axis are easily magnetized, the ferromagnetic
T martensite has an easy plane of magnetization [56-58,97]. At ambient temperature,
the magnetic anisotropy constants for the easy and hard magnetization axes of the alloy
Ni50.5Mn30.4Ga19.1 are K1 = -2.3x10-3 J/m3 and K2 = 0.55x10-3 J/m3 [97]. The total sum
of these two, -1.45x10-3 J/m3, coincides well with the area between the magnetization
curves for easy and hard directions [97]. According to ref. [56], the magnetic anisotropy
energy is EA = 1.44x105 J/m3. For the alloy Ni52.1Mn27.3Ga20.6, the value of
KU = -2.03×105 J/m3 is given [57]. The non-modulated tetragonal T structure seems to
possess the best chemical properties among the Ni-Mn-Ga martensites [60,61].
Its corrosion resistance in artificial seawater was higher than the one of the 7M and 5M
martensites. Generally, the studied Ni-Mn-Ga alloys tolerated the artificial seawater
better than the common low-alloyed steel, but not as well as the AISI316L stainless
steel.

2.3. The Curie point

At the Curie point (TC), a ferromagnetic material becomes paramagnetic by loosing
the long-range magnetic order. This magnetic transition is one of the main limits when
considering the service temperatures of the MSM effect. The magnetic moment of
Ni-Mn-Ga alloys originates mainly from Mn having the largest magnetic moment,
while the small magnetic moments of the Ni sites are also confined to it [31].
The calculations in [80] show that the excessive Mn atoms may couple
antiferromagnetically to their neighbouring Mn atoms and, thus, decrease of the effect
of Mn alloying on the magnetic moment. In this case, the Ni content is important in
determining the Curie temperature. It is suggested that the profound magnetic moment
at the Ni sites is correlated with a low Curie temperature.

Chernenko et al. [50] and Tsuchiya et al. [55] have shown that in Ni-Mn-Ga alloys with
e/a < 7.6-7.62 the martensitic transformation takes place below TC, while in the alloys
with e/a > 7.62-7.7 the structural transition occurs in the paramagnetic state. The
co-occurrence of the structural and magnetic transitions has recently been studied more,
due to the possibility of the magnetocaloric effect. It could be applied to the
magnetic-field-controlled  heat  production  [104].  Chernenko  et  al.  [50],  as  well  as
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Khovailo et al. [105], have studied in more detail the magnetic transition of the
Ni-Mn-Ga alloys. They suggested that the cubic parent phase and the tetragonal
martensitic phase both have their own Curie points with an approximately 30 K
difference. The Curie point of the low-volume tetragonal martensite (TCM) was higher
than the one of the high-volume cubic parent phase (TCP). In addition to the different
lattice volumes, the different Curie points were explained by the dissimilar Mn-Mn
atom distances and the different electronic structures.

3. DETWINNING OF THE Ni-Mn-Ga ALLOYS

The current work presents the mechanical behaviour of the studied materials only in the
stress-region needed for moving the twin boundaries. This information is needed, since
the magnetic shape memory effect (MSME) is based on the rearrangement of the twin
variants by the twin-boundary motion. The rearrangement is the same as obtained in the
detwinning when the conventional shape memory alloys are mechanically deformed.

3.1. Detwinning

The thermally formed martensitic twin structure is usually very complex. For example,
a tetragonal structure may consist of twelve different larger habit plane variants (HPV),
each of which can be formed from six different lattice correspondence variants (LCV)
[1]. In detwinning, those martensite twin variants that are favourably oriented towards
the applied force grow at the expense of the other martensite variants [1]. The
detwinning starts when a certain critical stress is exceeded. This critical stress
corresponds to the force needed for the twin-boundary motion and it is referred to as the
twinning stress, σtw, in studies of the MSME. As the detwinning continues, the amount
of the different variants in the structure decreases so that, in the end, the whole structure
is of one variant, i.e. it is in single-variant state. This procedure is indicated by a stress-
plateau of the stress-strain curve [1] and the maximum strain associated with it depends
on the crystal lattice distortion of the structure. This maximum strain (ε0) can be given
as a function of the lattice parameter ratio as follows

ε0 =  1- c/a (3)

where c and a are lattice parameters of martensite (the cubic coordinates) [4]. In the
modulated structures (5M and 7M), the maximum strains are about 6 % and 10 %,
while in the non-modulated T-structure it is approximately 20 %
[12,13,15,22,57,59,86]. The twinning stress in compression varies from less than 2 MPa
of the 5M and 7M structures to the 18-20 MPa of the T martensite. The behaviour of
different martensite types is shown in Figure 1, where the detwinning of the martensite
phases of one alloy (Ni50.6Mn28.5Ga20.9) is measured at the characteristic temperatures
related to them. The detwinning of the structure in correlation to the stress-strain curve
is shown schematically in the insert.
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Figure 1. The stress-strain curves in compression of the alloy Ni50.6Mn28.5Ga20.9 at
different temperatures. The crystal structure changes from the 5M martensite at ambient
temperature to the 7M structure after cooling to 173 K and then heating up to 283 K and
finally to the T martensite 203 K. The detwinning and the stress plateau connected to it
are shown schematically in the insert. [Results obtained in the HUT-MSM project in the
studies connected to the ref. 90].

4.  MAGNETIC SHAPE MEMORY EFFECT

The magnetic shape memory effect (MSME) is based on the rearrangement of the
martensitic crystallographic domains (twin variants) in an applied magnetic field. As in
the mechanically induced detwinning, the maximum magnetic-field-induced strain
(MFIS) can be 6 % (5M) or 10 % (7M) depending on the crystal structure and the
applied field [see, for example, 4,5,13,15,22,57].  The rearrangement of the twin
variants lowers the magnetization energy [9]. Since MSME works in certain kinds of
ferromagnetic twinned martensites, it is possible only at temperatures below the Curie
point (TC) and below the reverse transformation (As). The minimum of the MSME
operating temperature is set either by the intermartensitic transformation 5M→7M
[94,106] or 7M→T [22] or by the twinning stress, which increases with cooling [59]
and exceeds the magnetic force at very low temperatures [106]. The critical material
parameters for MSME are the magnetocrystalline anisotropy (KU), the saturation
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magnetization and the twinning stress (σtw) [106-108]. The obtainable MFIS is
temperature dependent. In addition to the twinning stress, also the tetragonality of the
crystal lattice and the magnetocrystalline anisotropy are strongly temperature dependent
[59,94,96-98,106]. The lattice parameter a in the 5M martensite increases slightly and
the parameter c decreases with the decreasing temperature resulting in the increase of
the lattice distortion while cooling down [94,96]. Heczko et al. [97,98,106] have shown
that the magnetocrystalline anisotropy increases with decreasing temperature saturating
at low temperatures. In [97] the MFIS of the alloy Ni49.7Mn29.1Ga21.2, increases with the
decreasing temperature.

Figure 2. MSM element (1) in the constant unidirectional and (2) in the rotating
magnetic field and (3) in the actuator. a, b and c are crystallographic axes of martensite
(c < a,b). The short c-axis is the easy axis of magnetization. Publication VIII.
[Reprinted from The Encyclopedia of Materials: Science and Technology Vol. 1 O. Söderberg,
A. Sozinov and V.K. Lindroos Giant magnetostrictive materials. In: J. Buschow (Ed.), p. 1. Copyright
(2004), with permission from Elsevier.]

In Figure 2, magnetic shape memory is illustrated with the Ni-Mn-Ga alloy having
a modulated structure. The crystallographic c-axis is the shortest one and the easy axis
of magnetization. The magnetic anisotropy is large compared to the energy needed for
the twin-boundary motion. The preferred direction of magnetization changes across the
twin boundary. Consequently, the applied magnetic field creates a difference in
magnetic energy across the twin boundary. This energy exerts pressure on the twin
boundary to grow those twin variants that are favourably oriented to the direction of
magnetization (Figure 2-1). Those martensite variants having the c-axis along the
magnetic field become dominant and the material contracts in the direction of the
applied field.
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This shape change, MFIS, remains even after removing the magnetic field. Actuation is
possible only either by turning the magnetic field perpendicular to its original
orientation, for example, by rotation (Figure 2-2) or with an external spring-back load
(Figure 2-3). Then, the single-variant structure obtained at the beginning changes to
another single-variant structure generating the actuation of MFIS.

4.1. Magneto-mechanical stress requirement for MSME

Several model approaches have been proposed to help understand the magneto-
mechanical phenomena observed in the ferromagnetic shape memory alloys [15,106-
113]. Likhachev presented in [15,108] the magneto-mechanical model for the
possibility of MSME. This approach is applied to the selected Ni-Mn-Ga alloys in the
present thesis. According to this, the alloy can be transformed between two single twin
variants with twin-boundary motion, if the magnetic-field-induced stress (σmag) exceeds
the twinning stress (σtw). Since the σmag cannot exceed the saturation value given by the
ratio of the magnetic anisotropy (KU) and the maximum field-induced strain from
Eq. (3), this requirement can be formulated

tw
U

mag
K

σ
ε

σ >=
0

(4)

The value for the strain ε0 can also be evaluated from the experimental stress-strain
curve as the maximum strain of the detwinning. The maximum magnetic-field-induced
stresses, together with the twinning stress and the observed MFIS of some Ni-Mn-Ga
alloys, are presented in Table 1. These results coincide with Eq. (4) rather well.

Table 1. The maximum magnetic-field-induced stresses together with the twinning
stresses and the observed MFIS values for some Ni-Mn-Ga alloys.

Alloy (martensite crystal structure)
 KU
(105 x
J/m3)

ε0
(%)

σmag
(MPa)

σtw
(MPa)

Observed
MFIS
(%)

Reference

Ni48Mn30Ga22 (5M) 1.3 5.8 2.25 2.12 5 [108]
1.22 5.7 2.14 2 4.78 [57]Ni49.2Mn29.6Ga21.2 (5M)
1.45 5.8 2.1 1 5.8 [58]

Ni50.7Mn28.4Ga20.9 (5M) 1.67 6.2 2.8 1-4 > 6 [56]
1.6 10.66 1.5 1.5

(< 2)
9.5 [22,114]Ni48.8Mn29.7Ga21.5 (7M)

1.6 (a)
0.7 (b)

10.66 1.9 1.1 9.4 [58]

Ni50.5Mn29.4Ga20.1 (7M) 1.74
(a/c)

10.7 1.6 3-5 0.47 [56]

Ni50.5Mn30.4Ga19.1 (T) 1.44 21.0 0.7 17-25 None [56]
Ni52.1Mn27.3Ga20.6  (T) 2.03 20.5 1.1 15 < 2x10-2 [57,58]
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5. EXPERIMENTAL METHODS

The microstructures and the properties of the alloys were studied by several
experimental methods in the research leading to this thesis. The X-ray method for
crystallographic studies is presented in Publication I, the differential scanning
calorimetry (DSC), ac magnetic susceptibility and optical methods in Publication II,
the mechanical and magneto-mechanical testing in Publications III-IV and VI-VII.
More detailed information about the applied methods is given by Lanska and Ullakko
[100], Seuranen [115], Koho [53] and Jääskeläinen [116]. The measurement of the
internal friction in Publication V was carried out by means of the the automated
inverted pendulum equipment presented in Attachment 1. The chemical analysis was
carried either by energy dispersive spectrometry (EDS) or wavelength dispersive
spectrometry (WDS) or both after the heat treatment procedure for the homogenized
alloy and later on by EDS-method for the ready specimens. Details and limitations of
the applied chemical analysis methods are discussed in [117].

6. CRYSTAL STRUCTURES OF THE STUDIED ALLOYS
AT AMBIENT TEMPERATURE

Altogether, 37 Ni-Mn-Ga alloys are studied in the Publications. Of these, 33 alloys are
from Publication I and four alloys from Publications IV, V and VII. The alloys are
presented in Table 2 together with their chemical compositions, the parent-martensite
(P↔M) transformation temperatures together with the Curie points, the valence
electron concentrations as well as the crystal structures at ambient temperature.
Here, the alloys with the multiple-step (P→M→IM) and single-step (P→M) structural
transformations are not separated from each other and no separation of the alloys
showing the hysteresis in magnetic transition is made.

Table 2 shows several previously unpublished alloy compositions with ferromagnetic
modulated martensitic crystal structure (5M or 7M) at ambient temperature.
The martensitic transformation region of these alloys yields up to 353 K and they are
good candidates for the practical applications of MSM. According to Table 2, it is clear
that the martensitic alloys with TM = (Ms+Mf)/2  > TC have the non-modulated tetragonal
crystal structure. The 5M and the 7M structures were observed only in the alloys
TM < TC. In Figure 3, the alloys of Publication I are plotted according to their c/a ratio
as a function of the martensitic transformation temperature and as a function of the
valence electron concentration e/a. At ambient temperature, the alloys with
the T martensite have a c/a ratio close to 1.2, while the 5M alloys show the c/a ratio in
the area 0.9-0.95 and the 7M alloys approximately 0.89. The 5M alloys exist until e/a
close to 7.70 and the T alloys mainly above e/a >7.68, while the 7M alloys stay within
the range of 7.67 < e/a ≤ 7.71.
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It is important to know how the chemical composition influences the crystal parameters,
since they determine the crystal type and affect the obtainable stress-induced and
magnetic-field-induced strains of the alloy. In Publication I, the evolution of lattice
parameters for the 5M and T alloys is plotted as a function of their transformation
temperatures (Figure 4). There is no chart for the 7M alloys, since the c/a ratio of all the
studied alloys was approximately the same, i.e. 0.890-0.894. Their TM values were also
in the rather narrow temperature range of 335-353 K. According to these results, the
theoretical maximum strain values from Eq. (3) are approximately 7 % for
the 5M martensite, 11 % for the 7M martensite and 23 % for the T martensite.

Table 2.
The chemical compositions of the studied alloys with the parent-martensite
transformation temperatures, the average of Curie points during heating and cooling,
the valence electron concentrations and the type of the martensitic phase at 298 K.

Alloy Content (at %) Ms Mf As Af TC e/a Phase
Ni Mn Ga (K) (K) (K) (K) (K)

1 50.7 28.4 20.9 334 325 339 345 367 7.685 5M
2 50.7 28.3 21.0 330 323 338 343 363 7.681 5M
3 50.7 27.8 21.5 325 323 331 334 371 7.661 5M
4 50.6 28.5 20.9 333 331 339 341 371 7.682 5M
5 50.0 29.8 20.2 344 340 347 351 370 7.692 5M
6 50.0 28.9 21.1 321 311 320 330 374 7.656 5M
7* 49.2 29.6 21.2 297 293 302 306 372 7.628 5M
8 49.9 29.9 20.2 344 338 350 354 369 7.690 5M
9 49.7 29.1 21.2 311 309 319 321 372 7.643 5M

10 49.6 29.2 21.2 303 301 309 309 376 7.640 5M
11 49.2 30.6 20.2 328 323 333 337 370 7.668 5M
12 49.1 30.7 20.2 324 321 332 335 370 7.665 5M
13 49.0 30.3 20.7 312 309 318 323 370 7.642 5M
14 48.5 30.3 21.2 302 299 305 308 372 7.607 5M

15 51.0 28.5 20.5 356 350 354 360 365 7.710 7M
16 50.5 29.4 20.1 351 343 348 357 366 7.711 7M
17 49.5 30.3 20.2 341 337 344 348 363 7.677 7M
18 48.8 31.4 19.8 337 333 338 342 368 7.672 7M
19* 48.8 29.7 21.5 337 333 338 342 368 7.604 7M

20 54.9 23.8 21.3 559 541 568 587 360 7.795 T
21 54.0 24.7 21.3 497 487 498 510 328 7.768 T
22 53.9 24.4 21.7 530 524 551 560 336 7.749 T
23 53.7 26.4 19.9 523 512 538 546 344 7.815 T
24 53.3 24.6 22.1 465 459 468 476 371 7.715 T
25 52.9 25.0 22.1 348 344 354 363 356 7.703 T
26 52.8 25.7 21.5 390 367 377 404 382 7.724 T
27 52.7 26.0 21.3 434 416 424 446 376 7.729 T
28 52.4 25.6 22.0 423 414 424 434 375 7.692 T
29 52.3 27.4 20.3 398 391 403 408 380 7.757 T
30 51.7 27.7 20.6 383 369 381 394 386 7.726 T
31 51.5 26.8 21.7 393 374 380 400 377 7.677 T
32 51.2 27.4 21.4 371 366 371 375 370 7.680 T
33 51.0 28.7 20.3 379 366 376 385 372 7.721 T
34 50.5 30.4 19.1 391 376 383 397 378 7.751 T
35 47.0 33.1 19.9 326 323 329 331 366 7.614 T
36* 54.5 21.5 24.0 373 365 376 384 371 7.675 T
37* 52.1 27.3 20.6 399 391 401 410 380 7.736 T

* From Publications IV, V and VII.
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(a) (b)

Figure 3. The c/a ratio of the alloys with the 5M, the 7M and the T structure at T = 298
K as a function of (a) martensitic transformation average temperature (TM) and  (b) the
valence electron concentration e/a. Temperature region with several crystal structures is
presented (a) in the insert and (b) with the dotted lines. Publication I.
[Reprinted from Journal of Applied Physics Vol. 95 N. Lanska, O. Söderberg, A. Sozinov, Y. Ge,
K. Ullakko, V.K. Lindroos, Composition and temperature dependence of the crystal structure in
Ni-Mn-Ga alloys, p. 8077. Copyright (2004), with permission from American Institute of Physics.]

7.  TRANSFORMATION SEQUENCES IN SELECTED ALLOYS

As shown before, it is necessary to know certain processing parameters of the alloy to
obtain the solid-state transformations in the desired temperature region. Study of the
melting and solidification as well as L21→B2’ transition is reported in brief in
Publication II for Alloys 34 and 36. It was confirmed that their melting and
solidification took place in a temperature region of 1380-1400 K, while the
homogenizing of the alloys should be carried out above 990 K.

The information relating to the transformation sequence of the Ni-Mn-Ga alloys is
important for determining the service temperatures of the MSM effect. The information
of the temperature regions is needed where the correct twinned martensite 5M or 7M
structure appears. The magnetic transitions during both heating and cooling should also
be established to ensure that the desired structure is ferromagnetic. In Publication II,
the transformation paths of Alloys 34 and 36 were examined in detail, whereas in
Publication III, a more general approach was presented, dealing with the transformation
sequence of Alloys 18, 29 and 35.
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(a)

(b) (c)

Figure 4. c/a ratio at T=298 K as a function of the martensitic transformation average
temperature TM (a) for the alloys with T phase and (b) for the alloys with 5M phase.
(c) Monoclinic distortion for the alloys with 5M phase at T=298 K as a function of the
martensitic transformation average temperature TM; difference of parameters a and b,
(a-b) and deviation of the angle γ from 90o, (γ-90). Publication I.
[Reprinted from Journal of Applied Physics Vol. 95 N. Lanska, O. Söderberg, A. Sozinov, Y. Ge,
K. Ullakko, V.K. Lindroos, Composition and temperature dependence of the crystal structure in
Ni-Mn-Ga alloys, p. 8076. Copyright (2004), with permission from American Institute of Physics.]



TRANSFORMATION SEQUENCES IN SELECTED ALLOYS

- 16 -

In Figure 5, three different paths of transformations are presented. In cooling Alloy 35,
the paramagnetic parent phase turns at first ferromagnetic, and, at lower temperature,
the structural transition occurs in one step to the ferromagnetic T martensite:
Pparam→Pferrom→Tferrom (Figure 5a). Alloy 29 shows, at first, the structural transition as
the paramagnetic parent phase transforms to the paramagnetic T martensite and, in
further cooling, the martensite phase becomes ferromagnetic: Pparam→Tparam→Tferrom
(Figure 5b). In this case, the structural transformation is detected only in the
DSC measurement, since it occurs above the Curie point and is not, therefore,
detectable in the ac magnetic susceptibility curve. In Alloy 18, the parent phase has, at
first, the magnetic transition and the first martensite to appear is the 7M structure.
Clearly, below this transformation, an intermartensitic transformation to
the T martensite takes place leading to the total transformation sequence of
Pparam→Pferrom→7Mferrom→Tferrom (Figure 5c). In heating, the transformation sequence
is the opposite of certain temperature deviations of the structural transitions.
The Curie points during heating and cooling were the same for Alloys 35 and 18
(Figures 5a and 5c), while, in Alloy 29 (Figure 5b), the magnetic transition had a clear
hysteresis. The Curie point in cooling (TCc) was about 10 K below that measured during
heating (TCh). The hysteresis of the magnetic transition is also observed with Alloy 36
in Publication V and with Alloy 26 in Publication VI (Figure 6).

Both of these alloys also showed the co-occurrence of the structural and magnetic
transitions. The transformation sequences of Alloy 26 were Pparam→Pferrom→Tferrom
during cooling and Tferrom→Tparam→ Pparam during heating (Figure 6a). The hysteresis
with TCh > TCc is in accordance with the suggestion of the different Curie points of the
cubic parent phase (TCP) and the tetragonal martensitic phase (TCM) [52,105]. In
Alloy 34 in Publication II, the magnetic hysteresis was encountered with a double-step
structural transformation (Figure 6b). Here, the magnetic transition during cooling
occurred in the 7M structure (Pparam→7Mparam→7Mferrom→Tferrom) and when
the material was heated, it took place in the T martensite
(Tferrom→Tparam→7Mparam→Pparam). Consequently, the hysteresis in magnetic
transition is suggested to be due to the different Curie points of the different martensitic
phases. The magnetic transition in the 7M martensite occurs at lower temperature than
in the T martensite, i.e. TC7M < TCT. To confirm this suggestion, the alloy was cooled
between the martensitic and intermartensitic transformation temperatures in such a way
that the structure was the 7M. Thereafter, the material was heated to the parent phase.
The Curie point did not show the hysteresis in this measurement, since the magnetic
transition took place in the 7M structure during both cooling and heating.

Figure 7 shows the Curie points together with the valence electron concentration e/a as
a function of the c/a ratio. The Curie points of the TCT decrease from 386 K to 328 K,
while the c/a at ambient temperature increases from 1.2 to 1.235. The TC7M decreases
much less and the average of the measured Curie points is 372 K. The Curie point of the
cubic parent phase (TCP) is approximately 366 K. The high TCP value 378 K of Alloy 26
is a combination of the different Curie points weighted by the phase quantities. This
measured value also partly includes the Curie point of the martensitic phase. The
obtained results agree well with the suggestions that each phase has its own Curie point
and that the Curie point decreases with the increasing lattice volume.
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(a)

(b) (c)

Figure 5. Temperature dependence of the low-field ac magnetic susceptibility measured
during cooling (dashed) and heating (solid) for (a) Alloy 35, (b) Alloy 29 with DSC
data as inset, and for (c) Alloy 18. Arrows mark the phase transformations.
P � the cubic parent phase, 7M � the orthorhombic seven-layered martensite phase, T �
the tetragonal non-modulated martensite phase, TC � the Curie point,
TCc � the Curie point during cooling, TCh � the Curie point during heating.
Publications III, VII.
[Reprinted from Journal de Physique IV Vol. 115 A. Sozinov, A.A. Likhachev, N. Lanska, O. Söderberg,
K. Koho, K. Ullakko, V.K. Lindroos, Stress-induced variant rearrangement in Ni-Mn-Ga single
crystals with nonlayered tetragonal martensitic structure, p. 123. Copyright (2004), with permission
from EDP Sciences.
Reprinted from Proceedings of SPIE International Society for Optical Engineering Vol. 5053 A. Sozinov,
A.A. Likhachev, N. Lanska, O. Söderberg, K. Ullakko and V.K. Lindroos, Effect of crystal structure on
magnetic-field-induced strain in Ni-Mn-Ga, p. 590. Copyright (2003), with permission from SPIE
International Society for Optical Engineering.]
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Figure 6. The ac magnetic susceptibility results and the Linkam DSC results for  
(a) Alloy 36 and (b) Alloy 34. Publications II, V. 
[Reprinted from Scripta Materialia Vol. 49 V.G. Gavriljuk, O. Söderberg, V.V. Bliznuk, N.I. Glavatska 
and V.K. Lindroos, Martensitic Transformations and Mobility of Twin Boundaries in Ni2MnGa 
Alloys Studied by Using Internal Friction, p. 805. Copyright (2003), with permission from Elsevier. 
Reprinted from Zeitschrift für Metallkunde Vol. 95 O. Söderberg, M. Friman, A. Sozinov, N. Lanska,  
Y. Ge, M. Hämäläinen and V.K. Lindroos, Transformation behaviour of two Ni-Mn-Ga alloys, p. 728. 
Copyright (2004), with permission from Carl Hanser Verlag.] 
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Table 3 shows the alloys with the 7M or the T structure at ambient temperature from
Table 2. Now, the structural and magnetic transitions are described in more detail by
reporting the transformation temperatures connected to the martensitic and
intermartensitic reactions as well as the Curie points during cooling and heating.
The Curie point of Table 2 is applied if there is no remarkable hysteresis of the
magnetic transition. The transformation sequences are assumed to be as those described
above, i.e. the structural phase transformation obeys either P↔T or P↔7M↔T
transformation path and the crystal structure at the Curie point is given according to the
phase existing at the magnetic transition.

In those alloys in Table 3 showing the magnetic transition in a single-phase region, the
Curie point is either the one of the parent phase (TCP) or the one of the T martensite
(TCT). In Alloys 25, 31 and 33, no hysteresis exists at the Curie point, even though the
magnetic transition occurs in addition to the single-phase region in a two-phase
structure. It is suggested that in these alloys the observed Curie point has been
connected to the single phase. This gives the following Curie points: TCP in Alloy 25,
TCT in Alloy 31 and TC7M in Alloy 33. With Alloys 26, 34 and 36 showing the
hysteresis of the magnetic transition, the suggestions TCP < TCM and TC7M < TCT are
applied. Consequently, the Curie points during cooling are TCP in Alloy 26, TC7M in
Alloy 34 and TCT in Alloy 36. In heating they are TCT, TCT and TCT, respectively.
For Alloy 32, the low value of the Curie point is assumed to be TCP. Alloy 30 with two
double-phase transitions shows during cooling the TC7M, while, in heating, the high
Curie point is supposed to be TCT.

Figure 7. The Curie points connected to different structural phases and the valence
electron concentrations of the alloys given in Table 3 as function of the c/a ratios.
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Table 3. The structural and magnetic transitions of the alloys showing the 7M or T
structure at ambient temperature. The previously unpublished data data was obtained
during the HUT-MSM project.
Ms, Mf = the start and the finish temperatures of P→M (T or 7M) transformation. Ms7M→T, Mf7M→T = the start and the finish
temperatures of the intermartensitic transformation 7M→T. As, Af = the start and the finish temperatures of the reverse
transformation M (T or 7M) → P. AsT→7M, AfT→7M = the start and the finish temperatures of the intermartensitic reverse
transformation T→7M. TCc = the Curie point during cooling. TCh = the Curie point during heating. The crystal structure during the
magnetic transition is given below the Curie point as well as below certain c/a ratios. Publications are marked PI, PII, PIII, PIV,
PV, PVI and PVII.

*1 DSC results from 2 K/min measurements – in Publication IV, only magnetic susceptibility results are taken into account.
*2The 7M value corresponds to the structure during cooling at ambient temperature and T the structure after cooling to 80 K and
heating to ambient temperature.
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A 7M ambient D T high
- TCc=TCh=TC=TCP

- Ms,Mf,As,Af < TC

- Ms7M→T, AsT→7M < Tambient

- At ambient temperature the 7M structure
- In cooling the ferromagnetic 7M at

Mf > T > Ms7M→T

- In heating ferromagnetic 7M at
AfT→7M < T < As

- Alloys 15, 16, 17, 18,19

- TCc=TCh=TC=TCT

- TC < Ms,Mf,As,Af

- At ambient temperature the T structure
- In cooling and heating the ferromagnetic T

at
TC > T

- Alloys 20, 21, 22, 23, 24, 27, 28, 29,37

B 7M above E T low

- TCc=TCh=TC=TC7M
- Ms >TC > Mf, TC < As,Af

- Ms7M→T, Mf7M→T > Tambient

- Tambient > AsT→7M, AfT→7M

- At ambient temperature during cooling the T
structure and during heating the 7M structure

- In cooling the ferromagnetic 7M at
Mf > T > Ms7M→T

- In heating ferromagnetic 7M at
AfT→7M < T < TC

- Alloy 33

- TCc=TCh=TC=TCP
- Ms,Mf ≤ TC

- As,Af < TC or TC ≈ As

- At ambient temperature the T or P
structure

- In cooling the ferromagnetic T at Mf > T
- In heating the ferromagnetic T at T ≤ As

- Alloys 32, 35

C 7M co-transition F T co-transition

- TCc=TC7M ≠ TCh=TCT
- TCc < Ms, Mf

- Tambient < Ms7M→T, Mf7M→T

- TCh ≤ AsT→7M, AfT→7M, As, Af

- The ferromagnetic T structure at ambient
temperature

- In cooling the ferromagnetic 7M at
TCc > T > Ms7M→T

- In heating the ferromagnetic 7M at
AfT→7M < T < TC

- Alloys 30, 34

- TCc=TCP ≠ TCh=TCT
- Ms < TCc< Mf
- As < TCh < Af
- Tambient < Ms,Mf,As,Af

- The ferromagnetic T structure at ambient
temperature

- In cooling the ferromagnetic T at Mf > T
- In heating the ferromagnetic T at T < As
- Alloys 25,26,31,36

Figure 8. The classification of the alloys in Table 3 into the six groups (A-F) according
to their structural and magnetic transitions.
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The ferromagnetic 7M or T phases of the alloys given in Table 3 can be divided into
six groups as shown in Figure 8. This division is carried out by the structural and
magnetic transitions. Alloys in the group A 7M ambient show the 7M structure at
ambient temperatures. In the group B 7M above, the 7M phase exists during cooling
above ambient temperature and during heating it appears in a rather broad temperature
region. Alloys in the group C 7M co-transition have a temperature region where the
7M phase exists during cooling, but, during heating, the reverse intermartensitic and
reverse reactions are very close to each other and the magnetic transition. The group
D T high shows the T phase alloys with the structural transformations clearly above the
Curie point. Those alloys having the magnetic transition above the structural one belong
to the group E T low. The group F T co-transition includes alloys showing
co-occurrence of the structural and magnetic transitions. Figure 8 shows also the
temperature limits for the existence of that ferromagnetic twinned martensite that
transforms directly from the parent phase, since these phases are the most interesting
regarding MSME.

8.  MECHANICAL BEHAVIOUR OF THE SELECTED ALLOYS

The mechanical behaviour of the Ni-Mn-Ga alloys depends on their crystal structure
and the direction of the applied force, the training status of the material, the mobility of
the twin boundaries and the external temperature. These factors are discussed in
Publications I, III, IV, V, VI and VII.

The crystal structure of the Ni-Mn-Ga martensite controls the maximum straining of the
material via the lattice distortion, Eq. (3). It also affects the twinning stress. According
to the lattice distortion, the maximum straining of different martensites can be given as
approximately 6 % for the 5M alloys, 10 % for the 7M alloys and 20 % for the
T-structure (Figure 9).

The twinning stress is a critical factor for the possibility of the MSM effect, since it
should be smaller than the magnetically induced force, Eq. (4). With the 5M structure of
Ni-Mn-Ga, the twinning stress in a single-variant state can be less than 1 MPa. In the
7M structure, it can decrease below 2 MPa in the single-variant state that is obtained
with pre-straining (Figure 9b). This pre-straining is carried out in the temperature region
of Ms7M→T < T < As, since the structure should be only of the 7M phase. In
compression, the pre-straining is carried out in three steps in two different
crystallographic directions. The first compression along to the specimen height to the
crystallographic <100> direction produces a 6 % shape change in height. During this
deformation, the stress-strain behaviour is rather rough, while the original, thermally
formed, multi-variant state transforms to the two-variant state. The second compression
is made along the specimen width and the final compression again along the specimen
height, after which the two-variant structure has changed to the single-variant state.
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(a)

(b) (c)

Figure 9. The reorientation of the martensite variants in (a) the 5M martensite
(Alloy 7), (b) the 7M martensite (Alloy 19) and (c) the non-modulated T martensitic
(Alloy 35). Publications III, IV, VII.
[Reprinted from Proceedings of SPIE International Society for Optical Engineering Vol. 5053 A. Sozinov,
A.A. Likhachev, N. Lanska, O. Söderberg, K. Ullakko and V.K. Lindroos, Effect of crystal structure on
magnetic-field-induced strain in Ni-Mn-Ga, p. 588. Copyright (2003), with permission from SPIE
International Society for Optical Engineering.
Reprinted from Materials Science and Engineering A Vol. 378/1-2 A. Sozinov, A.A. Likhachev,
N. Lanska, O. Söderberg, K. Ullakko, V.K. Lindroos, Stress- and magnetic-field-induced variant
rearrangement in Ni-Mn-Ga single crystals with seven-layered martensitic structure, p. 400.
Copyright (2004), with permission from Elsevier.
Reprinted from Journal de Physique IV Vol. 115 A. Sozinov, A.A. Likhachev, N. Lanska, O. Söderberg,
K. Koho, K. Ullakko, V.K. Lindroos, Stress-induced variant rearrangement in Ni-Mn-Ga single
crystals with nonlayered tetragonal martensitic structure, p. 125. Copyright (2004), with permission
from EDP Sciences.]
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Figure 10. (a) The complete stress-strain cycles for twin orientation, i.e. detwinning of
the non-modulated T martensitic structure in Alloy 26. (b) Effect of temperature on
the mechanical cycling behaviour shown as a compilation of the stress values at the
4 % straining in tension. Publication VI.
[Reprinted from Materials Science and Engineering A Vol. 386 O. Söderberg, L. Straka, V. Novák,
O. Heczko, S.-P. Hannula and V.K. Lindroos, Tensile/compression behavior of non-layered tetragonal
Ni52.8Mn25.7Ga21.5 alloy, pp. 29,32. Copyright (2004), with permission from Elsevier.]
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Obtaining the single-variant state in the non-modulated T martensite requires either
successive compressions to three different crystallographic directions (Figure 9c) or at
least two tensile/compressive deformation cycles (Figure 10a). In compression, the
first deformation along the sample height decreases this dimension by 6 %, while the
specimen length and width are both increased by 3 %. The structure is transformed to
the two-variant state with a variant ratio of about 50/50. The second compression is
carried out along the specimen length that is decreased and its width increased by
8-10 %. The height of the specimen is not changed; the only variants affected are in the
directions of specimen length and width. In the third compression to the specimen
width, the single-variant state is obtained and the sample length is changed by 18-19 %.
The twinning stress is set with this method at about 10 MPa (Figure 9c). When the
tensile/compressive cycling is applied, the first near to the single-variant state MV1 has
been obtained already from the original multi-variant state after the first rough tensile
deformation. During the subsequent compression, this variant changes to another single-
variant state MV2. Forces needed for this are lower than those during the first tensile
section. During the subsequent cycle, the single-variant state MV1 is obtained again in
tension and it transforms in compression to the MV2. Now the behaviour of the material
has stabilized and the twinning stress on the tensile side is approximately 10 MPa, while
in the compressive side only about 6 MPa is needed for twin-variant rearrangement.

The change of the twin structure in the pre-straining with the tensile/compressive
cycling is shown in Figure 11. In the thermally formed T martensite, the larger twin
areas are separated from each other by rather profound borders and the internal twins
are narrow with an average width of 2.58 µm (Figure 11a). In the single-variant state,
the broad twin boundaries have disappeared and are seen only as faint shadow lines in
Figure 11b. The average width of the internal twins has increased to 3.38 µm, while the
internal twins are now continuing through the structure. These changes ease the shape
change of the material and lead to the decrease of the twinning stress.

(a) (b)

Figure 11. The morphological structure of a non-modulated tetragonal T structure
(Alloy 26) at ambient temperature (a) thermally formed in annealed state and
(b) after tensile/compression cycling. Publication VI.
[Reprinted from Materials Science and Engineering A Vol. 386 O. Söderberg, L. Straka, V. Novák,
O. Heczko, S.-P. Hannula and V.K. Lindroos, Tensile/compression behavior of non-layered tetragonal
Ni52.8Mn25.7Ga21.5 alloy, p. 28. Copyright (2004), with permission from Elsevier.]
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The twinning stress is dependent on the mobility of the twin boundaries that can be
studied with the internal friction (IF), the free decay of the enforced vibrations.
Césari et al. [118] and Seguí et al. [119] suggested that the high IF value of the
Ni-Mn-Ga modulated martensites is connected to the mobile martensite invariant
boundaries and the low elastic modulus. In Publication V, the internal friction was
studied with the non-modulated T Alloys 36 and 37. By measuring the strain-dependent
internal friction at different temperatures, the activation enthalpy for the movement of
twin boundaries was established as 0.02-0.025 eV in Alloy 36 and 0.03-0.04 eV in
Alloy 37. The IF measurements of Alloy 37 are presented in Figure 12.

Both the increase of the IF value and the steeper slope of the IF-strain-curve with the
increasing temperature reveal the better mobility of the twin boundaries at high
temperatures. This is in accordance with the lower twinning stress values observed at
higher temperatures [for example, 59,106] and with the results shown in
Publications III, IV, VI and VII (Figures 10b and 13).

Figure 12. Strain-dependent internal friction (Q-1) as a function of the temperature in
Alloy 37. Publication V.
[Reprinted from Scripta Materialia Vol. 49 V.G. Gavriljuk, O. Söderberg, V.V. Bliznuk, N.I. Glavatska
and V.K. Lindroos, Martensitic Transformations and Mobility of Twin Boundaries in Ni2MnGa
Alloys Studied by Using Internal Friction, p. 807. Copyright (2003), with permission from Elsevier.]
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(a)

(b) (c)

Figure 13. The effect of temperature on the twinning stress (a) in the 7M structure of
Alloy 19, (b) in the non-modulated T martensitic Alloy 35 and (c) in the non-modulated
T martensitic Alloy 29. Publications III, IV.
[Reprinted from Materials Science and Engineering A Vol. 378/1-2 A. Sozinov, A.A. Likhachev,
N. Lanska, O. Söderberg, K. Ullakko, V.K. Lindroos, Stress- and magnetic-field-induced variant
rearrangement in Ni-Mn-Ga single crystals with seven-layered martensitic structure, p. 401.
Copyright (2004), with permission from Elsevier.
Reprinted from Journal de Physique IV Vol. 115 A. Sozinov, A.A. Likhachev, N. Lanska, O. Söderberg,
K. Koho, K. Ullakko, V.K. Lindroos, Stress-induced variant rearrangement in Ni-Mn-Ga single
crystals with nonlayered tetragonal martensitic structure, p. 126. Copyright (2004), with permission
from EDP Sciences.]
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9. MAGNETO-MECHANICAL BEHAVIOUR OF SELECTED ALLOYS

The magneto-mechanical behaviour of the 7M and T structures is studied in
Publications III and IV. The realization of Eq. (4) is evaluated by studying the effect of
the applied magnetic field on the twinning stress of the single-variant sample in
compression at ambient temperature.

Alloys 15, 16 and 19 in Publication IV with the pure 7M structure exhibit the MSME at
300 K (Figure 14a), but Alloy 17 with the mixed 7M+T structure could not transform to
the single-variant state and the large MFIS could not be obtained. When Alloy 19 was
compressed to direction [100] and the magnetic field was applied along the
[001] direction, the twinning stress was increased by the magnetic-field-induced stress
∆σmag (Figure 14b). The magnetic stress values of the half of the maximum strain
(ε ≈ ε0/2) are plotted as a function of the applied field in Figure 14c. Here, the twinning
stress is marked with the dashed line. When the magnetic field exceeds 0.5 T
(approximately 400 kA/m), the magnetic induced strain exceeds the twinning stress and
the MSME is possible. This agrees rather well with the MFIS results for Alloy 19 of
Figure 14a, where the effect has already started at 0.4 T (approximately 320 kA/m). The
maximum field-induced stress is slightly above 1.5 MPa (Figure 14c). This is in
accordance with the theoretical value of 1.6 MPa obtained from Eq. (4) by using the
maximum strain value of 10 % and the KU = 1.6 x 105 J/m3 from [22].

The same type of magneto-mechanical study was carried out with Alloy 35 having the
T structure (Figure 15), but now the test included more steps. At first, the twinning
stress and the twinning strain were established with compression along the
[001] direction – parallel to the long c axis (Figure 15a solid line). The original structure
transformed to another martensite variant having the long c axis perpendicular to this
first compression direction. Now the sample was rotated 90o in order to have the same
structure as at the beginning. When the magnetic field was applied perpendicular to the
simultaneous compressive stress, the twinning stress increased about 1±0.2 MPa (Figure
15a, dashed line). During the second test, the magnetic field was switched on and off
during the compressive testing to [100] direction (Figure 15b). Again the twinning
stress increased with the magnetic field as in Figure 15a. The stress value returned to
the normal when the field was switched off. The experimentally established magnetic-
field-induced stress is in good agreement with the value σmag = 1.1 MPa obtained from
Eq. (4) with a strain of 19 % and KU= 2.03×105 J/m3 [57,58]. The same test was also
carried out in the other direction of the easy magnetization of the T structure by
applying the force along the [010] direction; however, the magnetic field did not
increase the twinning stress at all (Figure 15c). The observed and calculated
magnetic-field-induced stress values of the class 1 MPa were, however, much lower
than the measured twinning stress – above 6 MPa in Figure 15. Consequently, there is
no possibility of a giant magnetic shape memory effect according to Eq. (4) and, in
practice, the measured magnetic-field-induced strain value is below 0.02 %.
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(a)

(b) (c)

Figure 14. (a) The magnetic-field-induced strain (MFIS) of single-variant Alloys 15, 16
and 19 at 300 K. (b) The effect of the magnetic field on the twinning stress in Alloy 19
(dashed line without, and solid line with, the applied magnetic field H = 0.55 T).
(c) The field dependence of the magnetic-field-induced stress increase ∆σmag at the
strain value ε ≈ ε0/2; the dashed line shows the twinning stress of the alloy σtw.
Publication IV.
[Reprinted from Materials Science and Engineering A Vol. 378/1-2 A. Sozinov, A.A. Likhachev,
N. Lanska, O. Söderberg, K. Ullakko, V.K. Lindroos, Stress- and magnetic-field-induced variant
rearrangement in Ni-Mn-Ga single crystals with seven-layered martensitic structure, pp. 401,402.
Copyright (2004), with permission from Elsevier.]
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(a)

(b) (c)

Figure 15. Stress-strain curves for compression of a single-variant Alloy 35 along the
[001] direction at 300 K. Test with magnetic field applied along the [100] direction:
(a) – without magnetic field (dashed line) and with the magnetic field applied (solid
line) and (b) – magnetic field was switched on and off during the compression test,
dashed line shows the stress-strain curve under continuously applied magnetic field.
Test with magnetic field applied along the [010] direction (c) – magnetic field was
switched on and switched off during the compression test (solid line), dashed line shows
the stress-strain curve without magnetic field. Publication III.
[Reprinted from Journal de Physique IV Vol. 115 A. Sozinov, A.A. Likhachev, N. Lanska, O. Söderberg,
K. Koho, K. Ullakko, V.K. Lindroos, Stress-induced variant rearrangement in Ni-Mn-Ga single
crystals with nonlayered tetragonal martensitic structure, p. 127. Copyright (2004), with permission
from EDP Sciences.]
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10. CONCLUSIONS

Altogether 37 ternary Ni-Mn-Ga alloys with three different crystal structures were
introduced in the present thesis. Of these, alloys with the seven layered nearly
orthorhombic martensitic (7M) or the non-layered tetragonal martensitic (T) structures
were studied in more detail. Three new alloys with the 7M structure at ambient
temperatures (Alloys 15, 16 and 17 in Table 2), as well as three new alloys showing the
7M structure above ambient temperature and the T structure at ambient temperature
(Alloys 30, 33 and 34 in Table 2), were presented.

The detailed information as to the temperatures at which certain ferromagnetic
martensite structure occurs is important for establishing the service temperature limits
of the magnetic shape memory effect. The structural and magnetic transitions were
applied by dividing the studied 7M and T alloys into six main groups:

A 7M ambient, D T high,
B 7M above, E T low,
C 7M co-transition      and F T co-transition.

In the groups A, B, D and E, the structural and magnetic transitions are clearly
separated from each other, while in the groups C and F they co-occur, resulting in
a hysteresis of the Curie point. This hysteresis is explained with co-occurring structural
transformations and with the different Curie points of the phases involved. In addition
to the existing suggestion that the cubic parent phase and the tetragonal martensitic
phase have different magnetic transition points, the present thesis shows that both the
martensitic phases, the 7M and the T, have their own Curie points.

The present work confirms that the 7M ambient alloys show the magnetic shape
memory effect (MSME) at ambient temperature, if they are in the single-variant state.
It is possible to obtain the single-variant structure in a one-phase alloy by pre-training
three successive compressions to two crystallographic orientations. The present work
confirms by the magneto-mechanical testing that the magnetic-field-induced force
exceeds the twinning stress of the single-variant material. Consequently, the theoretical
requirement for MSME is fulfilled and the crystallographically limited maximum
magnetic-field-induced strain of 10 % can be obtained in these alloys. As the MSME
has been observed in the 7M ambient alloys, there might be the possibility of it being
observed in the 7M above and the 7M co-transition alloys also. In both of them, the
pre-straining temperature, the storage and the MSM service temperatures should be
carefully controlled to ensure the 7M structure. However, the MSME of these groups
needs further study since it is also affected by, for example, the effect of temperature on
the magnetically induced stress.

By applying different pre-straining methods and by the magneto-mechanical testing, the
current thesis confirms that, in the non-modulated T phase, the magnetic-field-induced
MSM effect is not possible. The single-variant structure is possible with three
successive compressions to three different crystallographic orientations or by
tensile/compressive cycling. However, in both methods, the twinning stress of the
material exceeds 6 MPa even at elevated temperatures. This value clearly exceeds the
magnetically induced stress of the phase – about 1 MPa – and, consequently, the MSME
is not possible.
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Studies of the internal friction in Ni-Mn-Ga alloys

Internal friction (IF), the free decay of enforced vibrations, is extremely sensitive to any
softening of the crystal lattice. The stress-dependent IF can be used to estimate the value of
the activation enthalpy for the movement of the twin boundaries in Ni2MnGa alloys [a]. By
measuring the temperature dependence of IF it is possible to detect the possible occurrence
of restructuring in martensite. Seguí et al. have applied temperature-dependent IF with Ni-
Mn-Ga alloys to study the austenite-to-premartensitic transition above Ms [b], the double-
step martensite transformation [c] and the behaviour of three different Ni-Mn-Ga alloys [d].

The basic information of the internal friction is given in [e]. According to [b] the IF curves
of the low temperature region have a higher IF level in the martensitic phase than in the
parent phase. The two-phase martensite transformation region is shown by an IF peak
which is concurrent with the elastic modulus minimum [b,d]. According to [b,d,f] the IF
peak is a result of three factors:

(i) The intrinsic damping (IFint) of the co-existing phases. This factor is stress amplitude
dependent. When the stress is oscillated, IFint is related to the mobility of the defects,
including the mobile intervariant boundaries. According to [a] in the studied Ni-Mn-
Ga alloys this vibration of the twin boundaries is the only mechanism of IF, in the
temperature regions where no phase transformations occur.

(ii) The transient IF (IFtr) related to the transformation kinetics, the non-equilibrium
nucleation and growth processes. It depends on the temperature rate involved and it is
proportional to the volume fraction transformed per unit time. IFtr is the most
important factor at low frequencies (∼ 1 Hz). It is strongly dependent on stress
amplitude, temperature rate and frequency. IFtr can be obtained from an isothermal or
high frequency IF spectra [g].

(iii) The denominated non-transient or phase transition contribution (IFs) appearing
during the transformation. It does not depend on the temperature rate. However, it is
related to the amount of the transformed volume fraction per stress unit.

(iv) The IF peaks of the martensitic and reverse transformations are connected with the
elastic modulus (E) minima of the transformation regions [b]. Every point of the
amplitude dependent curve Q-1=f(ε) is proportional to the area or volume involved in
oscillation of twin boundaries in respect to their equilibrium position. When the
mobility of the twin boundaries increases, larger area/volume is involved to the
movement and the elastic energy dissipation is bigger. As a result slope Q-1(T)=f(ε) is
increased. According to [c] the high IFtr,mart is assumed to be related to the easy
movement of the martensitic intervariant boundaries in the modulated structures. As
the mobility of the intervariant boundaries becomes more restricted with decreasing
temperature [g], the IF should decrease and the E-modulus increase upon cooling.
This decrease of the twin variant mobility can be observed as smaller slopes of the IF-
strain-curves measured at lower temperatures, since then the vibrations of the twin
variants remain nearly unchanged as the strain increases [a].
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The inverted pendulum equipment applied in the present study

The internal friction measurements were carried out with the automated inverted pendulum
equipment at Institute for Metal Physics in Kiev. This equipment is laboratory built. The
schematic drawing of the IF equipment and some photos of the construction are shown
below in Figures A1-A4.

The pressure in the vacuum chamber is approximately 4 Pa. The accessible temperature
range is 77 K – 623 K, but in the applied measurements the maximum measuring
temperature was 473 K. The applied linear heating/cooling rate in the measurements was
about 1.5 K/min. The strain dependence of the IF at constant temperatures was measured
with strain amplitudes 106-104, where the upper limit was chosen to avoid any strain
induced lattice effect. The frequency range depends on the sample size and the elastic
constants of the studied alloy. During the measurements of the present work the frequency
range was 0.5-3 Hz, while the sample length was fixed to 65 mm and the cross section of
the samples varied in between (3-5) x 2 mm2.
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Figure A1.
Schematic drawing of the inverted
pendulum equipment for the measurements
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Figure A2.
The set-up of the IF-equipment.
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Figure A3.
The turbo molecular vacuum pump
attached to the IF-equipment.

Figure A4.
The set-up of the control unit
of the IF-equipment.
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