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Ni-Mn-Ga based magnetic shape memory 
alloys have attracted scientific interest for 
more than ten years because of their 
exceptional properties. They can be applied 
e.g., for magnetic shape memory actuation 
and for mechanical vibration damping. The 
most mobile twin boundaries are found in 
high-quality single crystals, but their 
mobility often varies significantly. In the 
present work, twin mobility of several types 
of Ni-Mn-Ga single crystals is studied under 
shear loading as well as in monotonic 
uniaxial and dynamic loading at different 
temperatures. It is found that the stress 
onset for the twin boundary motion in the 
single martensite variant state can be more 
than an order of magnitude higher than in 
the state with existing twin boundaries 
between two variants. It is demonstrated 
that 10M Ni-Mn-Ga has potentially a long 
fatigue life. Factors influencing the long-
term performance are proposed and 
discussed. 
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proposed. 
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shape memory actuators and the magneto-mechanical behavior of these

materials. The importance of the twin boundary mobility and its utiliza-

tion for several purposes, e.g. actuation, sensing, power generation and

vibration damping is pointed out.

Publication II: “Twin boundary nucleation and motion in Ni-Mn-Ga
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Twin boundary mobility of 10M Ni50.1Mn27.7Ga22.2 single crystal stick was

studied by mechanical compression and magnetic measurements. The dif-

ferent variant states were created by applying a magnetic field.

The results of the Publication reveal the influence of the pre-existing

twin variant structure to twin boundary motion. It was shown that in a

low twinning stress 10M Ni-Mn-Ga, the stress onset needed for the mo-

tion of the twin boundary in the (essentially) single variant state is re-

markably higher than that in the two variant state with existing twin

boundaries. This was confirmed by the magnetic switching field measure-

ments. It is proposed that the stress onset is caused by the nucleation of a

second variant and the formation of the related twin boundary. Further-

more, the results suggest that the mechanism for a shape change of the

MSM material may be different in different variant states.
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with increasing temperature up to the parent phase region, where the

tan δ dropped drastically. It is notable that the twinning stress and the

maximum twinning strain of martensite decreases with decrease of the

storage modulus. Because of the lower phase transformation temperature

the drop in the damping in the 10M alloy takes place at a lower tempera-

ture than in the NM alloy.

The results of this Publication show the temperature dependency of twin

boundary motion and damping in the Ni-Mn-Ga martensites. Based on

the results, it is suggested that the high damping of Ni-Mn-Ga single crys-

tals is related to the motion of twin or phase boundaries.
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In order to confirm the role of twin boundary movement in damping, the

stress amplitude dependency of the loss tangent and the dynamic modu-

lus of NM Ni52.3Mn27.4Ga20.3 was studied at various temperatures by the

DMA method.

In the martensite phase, tan δ increases with stress amplitude, and thus

with strain amplitude as it is experimentally confirmed elsewhere in this

Thesis, whereas in the parent phase tan δ remains at a low level. The

damping in NM Ni-Mn-Ga martensite only increases above a threshold

stress level, namely the twinning stress of the material. The results of

this Publication confirm that in the martensite phase the high damping

is mainly due to the hysteretic motion of twin boundaries.
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Publication V: “Effect of magnetomechanical cycling on 10M Ni-Mn-
Ga magnetic shape memory material”

Response of the 10M material to magneto-mechanical uniaxial cycling

was studied in order to understand the influence of long term cycling on

the twin boundary mobility.

When the twin boundaries are driven back and forth, the material with-

stands a large number of cycles without failure, but at the same time some

microcracks developed on the specimen surface. The twinning stress in-

creased by about 10 % during cycling of over 200 ·106 cycles when calcu-

lated by the displacement-current cycle of the actuator. It was discovered

that despite the large scatter of the results, the magnetic field induced

strain is decreased because of reduction of twin boundary mobility associ-

ated to surface deformation induced by wear.

Publication VI: “High-cycle fatigue of 10M Ni-Mn-Ga magnetic shape
memory alloy in reversed mechanical loading”

The Publication focuses on the response of the 10M materials to long-

term mechanical cycling. Tests were conducted with ten 10M samples

using a specifically made cycling test apparatus. The major changes of

the material properties, as well as microstructure and crack growth, are

presented.

The mechanical cycling tests confirmed the nucleation and growth of

the fatigue cracks, but demonstrated also a fatigue life up to 2 · 109 cy-

cles without failure of the sample. The slope of the dynamic stress-strain

loop was increasing with the number of cycles in the range beyond sev-

eral tens of millions, which correlates with increased twin boundary den-

sity. The fatigue-induced cracks and fracture surfaces were studied. It is

shown that the material withstands a large number of cycles without fail-

ure when the straining is realized by the cyclic twin boundary movement.

The fatigue life of the material is reduced by growth of fatigue cracks and

changes in the actively moving twin boundary area. Possible reasons for

the evolution of cracks are proposed elsewhere in this Thesis.
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1 Introduction

1.1 Martensite phases and twinning in Ni-Mn-Ga alloys

1.1.1 Martensite in Ni-Mn-Ga alloys

Martensite phase transformation (MT) is a diffusionless solid state shear

transformation, where the crystal lattice is dilatated from the parent

phase (usually the symmetric face centered cubic (FCC) austenite struc-

ture) to a lower symmetry martensite structure during cooling or by ex-

ternal stress [1]. It occurs by a displacive shear-like mechanism involving

a minor (less than the interatomic distance in the crystal) shift of atomic

positions, driven by the lower level of free energy of martensite in compar-

ison to that of the parent phase. The martensite transformation from the

cubic parent phase may occur in different ways, which are defined by the

transformation matrix, resulting in different martensite structures such

as the monoclinic (found, e.g, in Ni-Ti), orthorhombic (e.g., Cu-Al-Ni), etc.

[2]. Due to the asymmetrical crystal structure of martensite, several re-

gions with different orientations in the martensite of the same crystallo-

graphic structure are usually formed in MT. These differently oriented

regions are called martensite variants (i.e., martensite correspondence

variants) [1, 3]. The adjacent variant regions are separated by a coherent

variant boundary, which allows the crystal structure to continue unbro-

kenly from one variant to the neighboring variant. The possible number

of differently oriented variants is limited by the crystal structure.

When the material is cooled over the phase transformation regime, a

self-accommodated martensite variant structure is formed in such a way

that the lattice dilatations of different variants inside the material tend

to compensate for one another. If the martensite material is heated, it

transforms back to the parent phase of the original orientation by reverse

transformation. The martensite transformation starting temperature Ms

and the finishing temperature Mf vary to a large extent from one alloy to
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another, as well as the starting and completion temperatures for the re-

verse transformation (As, Af ). There is a hysteresis between the forward

and the reverse transformations.

As discussed above, in addition to temperature, martensitic reaction

may also be triggered by the external stress on the parent phase [4], or

in the case of ferromagnetic martensite, by applied magnetic field Happl.

Transformation may also be induced by the combination of these param-

eters, i.e., temperature-stress [5], temperature-magnetic field [6], or mag-

netic field-stress [7]. Triggering by the applied magnetic field or by stress

is possible only in a limited temperature window. For example, the mag-

netic field-induced reverse transformation in Ni45.5Co5Mn37.6In13.3 was

demonstrated at 9 K below As, and the required field strength was rather

high Happl = 2388 kA
m

(approximately 3 T) [8]).

During cooling, before the start of martensite reaction, there may be

a premartensitic transformation, as in Ni2MnGa [9]. This has been ex-

plained by the phonon softening, which is expected to increase the ampli-

tude of the lattice vibrations [10], promoting the vibration damping of the

parent phase.

In 1903, at the same time when the German engineer Adolf Martens

(1850-1914) worked with martensite, F. A. Heusler published results of a

new kind of metal alloy Cu2MnAl that after quenching and tempering in

the ordered state exhibited ferromagnetism, despite it consisting of para-

magnetic elements Cu, Mn and Al [11]. The alloy, which was named after

Heusler, was to be used for the construction parts made by rolling. The

crystal structure of the Heusler alloy Cu2MnAl was determined as an or-

dered L21 according to the Structure Report notation [12]. It has in the

ordered state a distinctive sublattice composition of four interpenetrating

FCC-sublattices [13]. Later this kind of crystal structure has been found

in several metal alloys (or intermetallic compounds) and with the com-

position of the type X2Y Z which is generally referred to as the Heusler

structure.

At first, research of the Heusler alloys at first only concentrated on

studying the interatomic distances on the ferromagnetic properties, and

on determining the alloy valences from their magnetic properties. Ni2MnGa

was reported in 1960 by Hames as being at room temperature a ferromag-

netic Heusler alloy [14] with strong ferromagnetic properties based on the

Mn-Mn-atomic distance of a specific range. However, many details such

as the contribution of Ni on the ferromagnetic properties of the alloy were
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not entirely clear at that time. Lattice structure and magnetic properties

were studied by Webster [15] and atomic ordering by Soltys [16]. The lat-

ter found that the Ga-atoms could be ordered with heat treatment near

1173 K for several tens of hours in a protective atmosphere followed by

quenching. The highly ordered L21 Heusler crystal structure (austenite)

was also described by Soltys. The Ga atoms are placed at all eight corners

and at the six face centers of the cubic unit cell. The Mn atoms are placed

in between the Ga atoms, i.e., one at the middle of each edge and one Mn

at the center of the unit cell. The Ni atoms have positions in the <1
4
1
4
1
4>

sites, i.e., at the center of each eight cubic sub-unit of the unit cell. Accord-

ing to Webster et al. [13] the Ms temperature of stoichiometric Ni2MnGa

is 202 K and the Curie temperature (TC) 376 K. Tetragonal martensite

with a = 5.920 Å and c = 5.566 Å was found to appear in the MT.

In order to control the crystal structure of the alloy, the high temper-

ature properties should be known. The melting temperature of the stoi-

chiometric Ni2MnGa is 1382 K, while those of the off-stoichiometric alloys

vary typically from 1347 K of Ni50Mn35Ga15 to 1396 K of Ni50Mn20Ga30

[17]. The Ni2MnGa alloy shows a disordered B2′ phase above 1071 K

[13, 17]. In B2′, the Mn and Ga atoms have a random lattice site distri-

bution, contrary to the ordered phase (L21) which was discussed before.

For the non-stoichiometric Ni-Mn-Ga alloys, the L21−B2′ transformation

temperature depends on the chemical composition. It is in the range from

800 to 1000 K [17, 18] depending on the Ni/Mn ratio [19]. The ordering

takes place by diffusion. Diffusivity of Ni and Mn is higher than that of

Ga in the temperature range of 954 - 1191 K. Diffusion in the Ni-Mn-Ga

alloys has been proposed to involve vacancies and to occur by a coupled

mechanism [20]. Thus the above mentioned long ordering heat treatment

is usually needed for obtaining a highly ordered structure.

As the densely packed Heusler L21 structure is commonly defined for

the stoichiometric composition, in the off-stoichiometric Ni-Mn-Ga alloys

an incompletely ordered structure is expected to appear at the B2′ − L21

transformation, since the number of atoms does not equal the number

of available Heusler lattice sites for these elements. Since the Ni-lattice

remains intact in this transformation, in the case of Ni �= 50 at-% the

resulting L21 structure may be assumed to contain a discontinuous Ni-

sublattice, with an excess of Mn or Ga atoms or vacancies. The ordering

of the L21 structure affects to a great extent the properties of the marten-

site, since the ordering of the parent phase is inherited in the MT. The
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ordering of the off-stoichiometric alloys is today not entirely known in

detail, but studies have been conducted of this topic [21, 22]. Atomistic

simulation has shown that the Mn excess favors the antiferromagnetic

alignment with respect to neighboring Mn atoms by 2.5μB per each excess

Mn atom [23]. It has been suggested that the excess Ni prefers to oc-

cupy the Mn sites, reducing the lattice distortion, by driving the displaced

Mn to the Ga sites of the compound Ni9Mn4Ga3 [22]. The most applicable

multifunctional properties, e.g., a combination of ferromagnetic state, rea-

sonably high As combined with the Curie temperature (TC) around 373 K,

and a fluent mobility of twins, have been found in the off-stoichiometric

Ni-Mn-Ga alloys with excess Mn and deficient Ga, such as Ni50Mn28Ga22.

The martensite transformation temperature has been found to increase

with the electron to atom ratio (e/a), whereas the Curie temperature is

less sensitive to compositional changes, being usually in the range of 360

to 380K [24, 25]. TC of Ni2MnGa is also relatively insensitive to compres-

sive stress, as it grows with stress only at a rate of dTC/dσ ≈ 5 K/GPa

[26]. The degree of atomic ordering of the L21 phase has been shown to

increase TC in the alloy Ni51.2Mn31.1Ga17.7 by ≈100 K, evolving in a par-

allel way with the observed intermartensitic transformation, whereas in

Ni53.1Mn26.6Ga20.3 the effect is less (≈10 K) [27].

Different martensite structures exist in the Ni-Mn-Ga alloys of different

chemical compositions. A correlation has been found between the electron

to atom ratio (e/a) of the alloy and its tetragonality and the martensite

type [28]. Orthorhombic 7-layered (14M, also referred to as 7M) which

exists in e.g. Ni48.8Mn29.7Ga21.5 has the maximum strain ε0 of 0.106, and

tetragonal, non-layered, non-modulated (NM, also referred to as 2M, or

T) martensite in e.g. Ni52.1Mn27.3Ga20.6 has ε0 ≈ 0.2 [29, 30]. Density

functional calculations of Ni2MnGa have shown that the energy of the

modulated structure is higher than in the NM martensite [25]. Inter-

martensitic transformation may exist as well at certain compositions [31].

When cooled the Ni50.5Mn30.4Ga19.1 alloy transforms in a solid state from

the non-ordered one to cubic structures and then to different martensites

in the following order: B2′ → L21 → 10M → 14M → NM . The crystal

structures of martensites have been studied in many publications, e.g.,

[32, 33, 34]. In the X-ray diffraction (XRD) study of constrained epitaxial

Ni-Mn-Ga thin film grown on MgO(100) substrate [35] it was noted that

the 14M martensite consists of nanotwinned layers of the 5-layered (10M)

and the non-modulated (NM) martensites. This has been explained by the
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adaptive martensite concept introduced by Khachaturyan et al. [36]. The

macroscopic NM variants connect to the nanotwinned 10M and the NM

martensites by a branching mechanism. The adaptive martensite con-

cept may be applied to the well-known intermartensitic transformations.

The adaptive 14M structure has been stated to be metastable [36] - in

contrary to the stable 10M and NM martensite structures. In the case of

thin film, the constraint caused by the substrate would have promoted the

metastable 14M phase. However, since experimental studies of the bulks

with the stable 14M phase have been presented in many publications, the

reasons for its stability is not entirely clear. For example, it has been sug-

gested that there would exist an energy barrier related to the repulsive

forces between twin boundaries and the lattice defects [35].

The twin plane between the neighboring martensite variants in the 10M

martensite is described using either the crystal space group Fmmm (space

group number 69) or alternatively I4/mmm (space group number 139)

[33]. The first way has been frequently used due to the adequate match-

ing of the easy axis of magnetization with the [001] crystal direction [33],

and it is used also in this Thesis. In the Fmmm system, the twin plane

is {101}, i.e., (101), (101̄), (011) or (011̄). Detailed neutron diffraction in-

vestigations have shown that the unit cell of the martensite may be only

approximately described using the Fmmm space group 69 unit cell and

a monoclinic presentation is necessary when described accurately [28].

When the close to tetragonal [37, 34] martensite is transformed from the

Ni2MnGa FCC parent phase (L21), a five layered periodic superstructure

is formed in the martensite by shuffling along the (110) plane in the [11̄0]m

direction [38]. This 5-layered (5M) modulated martensite is detectable

from the four extra spots in the X-ray diffraction (XRD) pattern. This

superstructure is repeated over 10 atomic planes along the (110) plane,

which is why this same type of martensite is in many publications called

10M, where the letter M denotes a monoclinic crystal structure in Rams-

del notation. In a more detailed study, the shuffling has been concluded

to be a sum of two different contributions: the wave-like modulation and

additional not-wave-like tetrahedral distortions of Ga and Mn, including

radial and angular parts [39]. However, the amplitudes of the tetrahedral

distortions are only about 1% of the modulation amplitude. 10M marten-

site is found in the stoichiometric and off-stoichiometric alloys such as

Ni49.2Mn29.6Ga21.2, where ε0 = (1− (c/a)) of 0.058.

5



Introduction

1.1.2 Twinning mechanisms

Twins are classically defined as two adjacent crystals, with their lattices

related either by a reflection in some plane or by a rotation of 180◦ around

some axis. The planar interface between the adjacent twins is called the

twin boundary. The main twinning mechanisms are mechanical and ther-

mally induced twinning. Mechanical twinning occurs when atom move-

ments in a crystal results in a new crystal of different orientation but

identical structure. Together with slip it is the major deformation mode

allowing a shape change under stress at temperatures below which in-

dividual atoms are mobile. Thermal twins are formed by the thermal

stresses and they are basically mechanical in nature, existing in some ma-

terials when heated from a low-temperature stable phase [40]. Transfor-

mation twins form in cooling from the parent phase to the low-symmetry

phase, when cooperative atom movements near nucleating sites take place

in two or more ways. The motion of the atoms can be presented by a homo-

geneous deformation matrix added by a set of shear waves called shuffles,

which together form the correspondence variants [1].

In certain single crystal metals (e.g., BCC) twinning occurs under in-

creasing stress in the elastic region before the plastic deformation by

slip, whereas in other metals (FCC) twinning does not occur before a

certain amount of deformation by slip is reached. Presently it is well

accepted that twinning in metals is initiated by pre-existing dislocation

configurations which dissociate into multi-layered stacking fault struc-

tures forming a twin nucleus [12]. This formation of the twin nuclei when

a suitable defect configuration is present is named heterogeneous nucle-

ation, while the presumed formation under the action of an applied stress

in a near-perfect crystal is called homogeneous nucleation [41]. Several

mechanisms have been proposed for describing the twin nucleation. In

FCC structures twinning can be explained based on the glide of Shock-

ley partial dislocations, that is, twinning dislocations with Burgers vector

b̄ = a
6 < 112 >, where a is the lattice constant. The Shockley partial dislo-

cations would glide on the successive twin planes and create multi-layered

faults that could produce a twin [42].

The immediate twinning in the elastic region before slip occurs typically

by fast generation of twinned regions and results in sudden load drops of

the stress-strain curve [41]. The macroscopic shape change of the material

in mechanical twinning is exactly simple shear [40]. The tendency of a
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material to deform by twinning or by slip varies widely with, e.g., chemical

composition and temperature.

In the materials which exhibit mechanical twinning, it is preferred at

low temperatures in comparison to slip. Twinning may occur immediately

from the parent phase during or after martensite transformation, since it

accommodates the stress. The martensite transformation from the parent

phase by stress is called the stress induced MT. Mechanical twinning may

occur entirely in the martensite phase, as the relative amounts of the cor-

respondence variants then change. In this type of mechanical twinning,

twin boundaries (i.e., twin planes between variants [43]) move as the pre-

ferred variants grow at the expense of other variants - this is also called

detwinning or the rearrangement of martensite variants [43]. The extent

of deformation by twinning in a martensite single crystal depends on the

relation of the lattice parameters. In a tetragonal lattice the maximum

degree of deformation by twinning is ε0 = (1 − c/a), when the lattice is

changed from one single variant state to another. The deformation prin-

ciple by the moving twin boundaries is presented in Publication I.

In the classical martensite theory, twins of the centrosymmetric lattice

structures are classified to type I (reflection in the twin plane K1), type II

(180 ◦ rotation about twinning shear direction η1), or compound (mirror)

twins [44]. In Ni-Mn-Ga, the observed twins are of the compound twin

type, but they have an internally twinned superstructure [33]. Because

of the mirror symmetry between the twin and the parent at K1, there is

a change of the atomic positions at the adjacent planes due to the discon-

tinuous lattice. Despite the Wechsler-Lieberman-Read definitions of the

lattice correspondence of the variants in the atomic scale [1], there ex-

ists an energy barrier ΔE0 in relation to the surrounding atoms, and the

twin boundary thickness l is thus finite as the atomic order reaches to the

mesoscopic scale. Barsch and Krumhansl [45] state that by the energy ap-

proach the twin boundary thickness l may be calculated by the localized

strain energy and the energy barrier as:

l =

√
E(Δu)2

ΔE0
(1.1)

where Δu is the lattice displacement over l and E is modulus. E.g., in

ferroelastic tetragonal In-Tl the twin boundary thickness l is suggested to

be several atomic layers. In the mesoscale and atomic levels the issue of

prediction of the critical stress τcrit (twinning stress), at which a twin initi-

ates in FCC metals, can be approached by the generalized planar stacking
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fault energy (GPSF). Kibey et al. [42] suggest that τcrit is dependent on

the GPSF, but it is influenced by both the intrinsic stacking fault energy

and in the nucleation stage by the unstable twin stacking fault energy.

For Ni-Mn-Ga martensites, exact values for the twin boundary thickness

have not been reported so far. The hierarchical nature of twins implies

that twins of different scales exist in Ni-Mn-Ga alloys.

1.1.3 Twinning systems

Mechanical twinning is characterized by the twinning plane {hkl} and the

direction of shear, i.e. direction of displacement < uvw > [46]. The twin

interface depends on the lattice-invariant plane called the habit plane H.

In the simple case of primary twinning (i.e., in the absence of internal

twins), H coincides with the twinning plane. In addition to the twinning

plane, there exists another invariant plane, which is rotated as a result

of the twinning shear [47]. This plane is called the conjugate twinning

plane, and its intersection with the twinning plane is the conjugate direc-

tion. In the commonly used sign convention by Bilby and Crocker [48], the

twinning plane is denoted by K1, the conjugate plane by K2, the twinning

shear direction by η1 and the conjugate direction by η2 as shown in Fig-

ure 1.1. The plane of shear has previously been denoted by S, but more

recently it is common to use the symbol P as in [41]. The magnitude of

the twinning shear is st. As shown in Figure 1.1, η1 is defined by the

intersection of K1 and P , whereas η2 is similarly defined by K2 and P .

In some martensite types (also in Ni-Mn-Ga) there exist internal twins,

which are secondary twins within the primary twins. The habit plane of

the secondary twin forms during the primary twinning, and its prototype

is the conjugate twin plane. The twinning elements of the secondary twins

are η′1, η
′

2, K
′

1, K
′

2 and st [49].

K
2

K
1

��’�
2

P

�1

Figure 1.1: The four twinning elements, including the twinning plane K1

and the plane of shear P presented schematically [41].
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Figure 1.2: A schematic projection of twinning in Ni-Mn-Ga 10M marten-

site showing the shift of the atomic positions (courtesy of Dr. Y. Ge, Aalto

University, published with permission).

Table 1.1: Twinning systems of some lattice types [41, 46, 50, 51].

Lattice Twinning Twinning Conjugate Conjugate Displace- Example

shear shear ment

type plane direction plane direction plane

K1 η1 K2 η2 P

FCC {111} < 112̄ > {111̄} <112> {110} Ag, Cu

BCC {112} < 1̄1̄1 > {112̄} <111> {110} α-Fe

HCP {101̄2} < 101̄1 > {101̄2̄} <101̄1> {12̄10} Cd, Zn

10M (Fmmm) {101}C < 101̄ > {1̄01} <101> {1̄00} Ni-Mn-Ga

NM (I4/mmm) {112}M < 111̄ > {112̄} <111> {11̄0} Ni-Mn-Ga

A particular twinning mode is fixed by a pair of K2 and η2, but usually

twinning mode is expressed by K1 and η1. The possible twinning modes

are specific for each type of crystal lattice. The conjugate mode has the

same P and magnitude of shear, but the twinning planes and directions

are interchanged. Some twinning systems are presented in Table 1.1,

where also the mainly tetragonal Ni-Mn-Ga martensite structure (10M)

is shown. Two coordinate system notations of the 10M Ni-Mn-Ga are men-

tioned separately, Fmmm referring to the parent phase (subscript index

C) and I4/mmm to martensite phase (M ) coordinates. A projection of the

twinning in the 10M lattice normal to plane of shear P is shown in Figure

1.2. In this figure, K1 = (101), K2 = (101̄), η1 = [101̄] and η2 = [101], with

10M lattice parameters a=5.95 Å and c=5.61 Å.
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The operative twinning mode has to fulfill the following conditions, ac-

cording to the Bilby-Crocker theory [41]:

• it has a small shear,

• it requires only simple atomic shuffles,

• it requires only shuffles of small magnitude (if possible), or

• it has shuffle displacements parallel to η1 if large shuffles are essen-

tial.

1.2 Twin boundary motion

1.2.1 Influence of stress

Movement of the twin boundaries in Ni-Mn-Ga martensite under applied

mechanical stress leads to a shape change and to the pseudoplastic be-

havior [52]. Various macroscopic modes of deformation such as shear or

elongation are enabled by their motion. A simple schematic presentation

of the deformation by twin boundary motion in the 10M martensite sin-

gle crystal material, with only a single twin boundary is shown in Figure

1.3a. As the twin boundary moves, the twin variant 1 (with its short c-

axis in [001] direction, shown by the blue arrow) shrinks while the neigh-

boring variant 2 simultaneously grows. In the atomic scale the motion

of twin boundary requires shifts of the atomic positions, in such a way

as schematically shown in Figure 1.2. In a martensite Ni-Mn-Ga crystal

there are various small scale shifts of the different kinds of atoms, i.e.,

shuffling and de-shuffling taking place in the vicinity of the moving twin

boundary as proposed by Han et al. [32]. There have been several detailed

mechanisms proposed for the motion of single crystal twin boundaries un-

der the influence of stress. The motion of the twin boundary has been pro-

posed to occur by the action of glissile Shockley partial dislocations [41] or

by twinning disconnections and disclinations [53]. Despite the movement

of twin boundaries under stress being simple to verify in the macroscopic

scale, the phenomenon related to it have not yet been entirely clarified in

the atomic scale. The direction of the applied load determines the direc-

tion of the twin boundary movement (in the limits of ε0), resulting e.g. in

contraction or elongation of the material. However, in practice there are
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Figure 1.3: Elongation (a) and shear deformation (b) by twinning in the

single crystal 10M Ni-Mn-Ga (schematic). The c-axis of the variants 1 and

2 are shown by blue arrows. The load F causes the twin boundary trace

on the surface (red) to move, as the variant 1 reorientates into variant 2.

The twinning angle causes a small tilt of the surface at the twin boundary.

The direction of F is assumed to be on the plane P in (b).

often many parallel twin boundaries in the material in the direction set by

K1, and the macroscopic deformation is a result of their combined motion.

The twin boundaries may nucleate or annihilate during the deformation

if it is energetically favorable. In Figure 1.3b the principle of twinning

shear deformation is shown, when the flat surfaces of a disc specimen are

cut along the 101 planes, and the shear load F is then applied in the plane

of the a and b axes. In this case, the trace of the twin variant boundary is

parallel to the flat surfaces, and in Figure 1.3b the single twin boundary

moves up as the forward shear deformation continues.

The deformation of the material by the twin boundary motion is lim-

ited by the crystallographic geometry and when the single variant state

is obtained. Outside of the single variant regime, the material cannot be

deformed by this mechanism. In a single variant state, a second twin vari-

ant in a suitable orientation must nucleate before twinning deformation

is possible. In practical measurements by mechanical compression in the

[100] and [001] directions, the maximum obtained strain is slightly lower

than the lattice-parameter-dependent ε0. In [52] the obtained strain value

was about 7 % smaller than the lattice-parameter dependent value, which

was determined from the lattice parameters established by X-ray diffrac-

tion. In the high quality single crystal, the strain reaches ε0, as is shown

in Publication II. In the Ni-Mn-Ga 10 M single crystal martensite, the

twin boundary motion begins with a significantly lower axial stress level

than what is needed for plastic deformation by slip. When the applied

magnetic field is not considered, a sufficient component of shear stress τ

in the twinning shear direction, or sufficient resolved shear stress along

K1 in uniaxial compression, is necessary for the twin boundary motion to
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occur. When shear stress is applied, the average stress needed for twin-

ning is twinning shear stress τt. In uniaxial loading, the resolved shear

stress level τr for slip may be estimated for example by the Schmidt fac-

tor [46, 54]. However, Christian states in his comprehensive review [41]

that this approach usually cannot be applied to twinning, as there is large

scatter in the measured twinning stresses. The stress-strain curve for the

10M Ni-Mn-Ga single crystal usually shows a plateau as the deformation

occurs by twin boundary motion. This is followed by a clear and rapid

steepening after the twins are fully reoriented. The uniaxial stress value

connected to this plateau is generally called the twinning stress σtw, and

describes the resistance to the movement of the twin boundaries. The

stress at the start of the plateau σstart is often slightly lower than the

stress at the end of the plateau σfinish. A commonly used way for defin-

ing the twinning stress is the mean engineering stress of the plateau (i.e.,

averaging the serrations by a tangent), corresponding to 50 % of the twin

variant reorientation. In the case of the 10M material this approximates

to 3 % strain. σtw, σstart, σfinish and the corresponding shear stress values

are measurable properties which describe the resistance of twin mobility

in martensite. When twin mobility in a crystal is high, these stress values

should be low. The strain of the plateau describes the extent of twinning

in the crystal, especially when starting from the single variant state. If

twin boundaries are not mobile in the entire crystal, the strain remains

lower than ε0.

The recent development of the single crystal quality by the material

manufacturers has decreased the twinning stress remarkably. The uni-

axial twinning stress level of the 10M Ni-Mn-Ga has reduced from a few

MPa [55, 56] to σtw=0.05MPa [57]. Despite the objection in [41], the twin-

ning stress is a crucial material property for the Ni-Mn-Ga alloys. Since

it describes the behavior of the material and dictates its performance in

several applications [58], it is a central measure of crystal quality and

performance.

In addition to the one presented above, twinning stress has been mea-

sured in several ways. The most common way for 10M specimens is the

uniaxial compression of the pre-oriented sample with the short crystallo-

graphic lattice direction transversal to the direction of compression. Some

methods of measuring the twinning stress of Ni-Mn-Ga are presented in

[59]. Values for the shear stress required for twinning plane movement

τreq in various Ni-Mn-Ga alloys are reported by Kakeshita and Fukuda
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[60]. For the stoichiometric Ni2MnGa 10M the minimum value is τreq = 0.5

MPa at T = 160 K, for the non-stoichiometric 14M the min. τreq = 0.8 MPa

at T = 300 K, and for NM the min. τreq = 7 MPa at 300 K. Young’s modulus

E for the 10M martensite Ni-Mn-Ga is about 10 GPa, when determined

from the stress-strain-curve [61]. Recently, a value of E = 2.2 GPa has

been reported by Müllner and King [49] in the elastic regime before the

onset of twinning. In the measurements of the elastic constants by the

ultrasonic method, the austenite parent phase had C ′ elastic modulus of

about 2.5 GPa and the martensite had C ′ of about 9 GPa which, when

cooled further, dropped to about 4 GPa by the proposed intermartensitic

transformation [56].

It has been suggested [62] that surface stresses are important for the

successful performance of the MSM alloy. It has been long known, as re-

ported in e.g. [63], that the residual surface stresses, such as the stresses

arising from the mechanical grinding, will easily prevent the motion of

twin boundaries. Here, the practical solution has been the electropolish-

ing of the specimen surfaces, which reduces the possible surface stresses

and thus, enhances the twin boundary motion.

1.2.2 Influence of temperature

The lattice distortion (1-(c/a)) of 10M martensitic Ni49.0Mn29.6Ga21.4 unit

cell decreases almost linearly with increasing temperature, as was shown

with X-ray diffraction by Glavatska et al. [64]. When considering the

twin boundary mobility, the decreasing stress needed to move a bound-

ary between variants with decreasing lattice distortions can be expected,

since the associated shifting distances of the inter-atomic positions also

decrease. This explains the decreasing MFIS and the decreasing critical

field for twin boundary activation in 10M Ni-Mn-Ga martensite when the

temperature increases [64].

Meyers has gathered several experimental results of twinning stress

[65], and concludes that the twinning shear stress τt of many metals (Fe,

Ag, Cu-20%Zn and others) are in a regime from 50 to 400 MPa. He also

states that the critical twinning stress does not strongly depend on tem-

perature, but admits that diverging results exist.

Twinning stress of Ni-Mn-Ga martensite increases when temperature

decreases [55, 66]. Kokorin et al. found that the TA2 phonon condensation

causes anomalies in the mechanical properties when approaching the MT,
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and the material exhibits a premartensitic phase [67]. Thermal phonons

were suggested to promote the reorientation of 10M Ni-Mn-Ga martensite

under magnetic field [68, 66].

Thermo-mechanical training decreases the onset stress needed for the

martensite variant reorientation (Ullakko et al. [69]). In the thermally

formed self-accommodated martensite the orientations of the martensite

variants are usually random. Thermo-mechanical treatment may be ap-

plied in order to obtain a variant structure with a desired texture. When

the material is stressed during cooling over the MT regime, the low-symmetry

martensite phase orientates to accommodate the stress in such a way

that a predominant variant is formed. For the 10M tetragonal martensite

with (c/a)=0.94 a compressive stress is more applicable, while in the NM

martensite with (c/a)>1 tensile stress is more effective. However, in the

cyclic experiments a preceding thermo-mechanical treatment over the MT

regime reduces the fatigue life of Ni-Mn-Ga, while a mechanical training

in the martensite phase provides better performance [70].

Accommodation and reorientation of the variants takes place in the

martensite regime, when the twinning stress of the material is not too

high. Here, the unfavorable variants vanish by reorientation during a

few mechanical straining cycles, and the twinning stress reduces together

with the smoothening stress-strain curve, as in [71]. In a material which

is possible to train in this way, the macroscopic onset of twin boundary

motion and the twinning stress of the entire material decreases. In a

material with only favorably oriented variants, further training does not

reduce the twinning stress. However, some time-dependency of magnetic

field induced strain at a constant temperature has been reported, when

the constant field and stress is applied for several hundred seconds [72].

1.2.3 Influence of structure

In a randomly oriented martensite material, there may be twin variants

of all possible twinning planes present. In a ferromagnetic martensitic al-

loy such as Ni-Mn-Ga with many differently oriented variants, a predom-

inant variant state may be created with mechanical training, magnetic

field [70] or a combination of them [71]. This applies to the macroscopic

twins though referring to the hierarchical twinning concept, there may

still be internal twins with different orientation and appearance in the

mainly single variant state [73]. In practice, magneto-mechanical train-
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ing is usually necessary in order to obtain mobile enough twin boundaries,

e.g., for the MSM effect to appear. In a sample where only the prefer-

ably oriented martensite variants are present [Publication I], the twin

boundaries move at a relatively low applied stress - or by a low magnetic

switching field Hsw in a MSM alloy. The variant state is found to have

a significant influence on the onset stress of the twin boundary motion

[Publication II]. The twin boundary motion in a mainly single variant

state sample starts with a significantly higher stress than in a sample

with readily existing twin boundaries. A probable explanation for this is

that the nucleation of a twin requires higher stress than for the motion of

twin boundary; this behavior is also observed in several other metals [65].

In a polycrystalline material the grain boundaries form incoherent in-

terfaces in the crystal, through which the twins cannot easily penetrate.

Thus the grain boundaries reduce the mobility of twin boundaries, and

the onset stress of twin boundary motion in textured polycrystalline Ni-

Mn-Ga is significantly higher than that of the single crystals [74]. Also,

the obtainable strain is low and the material behaves more brittle [75].

Usually, the level of twinning stress is too high to obtain MFIS, but with

adequate training, a MFIS of 0.5 % has been reached [75]. The brittleness

has been partially reduced by hot rolling [76] or by controlled porosity

[77]. In the latter case also a repeatable MFIS of 0.115 % was detected. In

addition to the grain boundaries, small angle boundaries, and cell bound-

aries are expected to reduce the twin mobility in a single crystal, but these

issues remain to be quantified.

1.2.4 Influence of crystal imperfections and impurities

Crystal imperfections and impurities are known to reduce the mobility

of magnetic domain boundaries (generally utilized in hard magnetic ma-

terials), and the mobility of dislocations (pinning effect and increase of

friction the stress σfr at dynamic loading [78]). Based on the presented

models of the twin boundary nucleation and motion by the twinning dis-

locations or disclinations [49], a similar hindering effect could be expected

for twin boundaries. Marioni et al. [79] proposed that the stochastic mo-

tion of twin boundaries is a result of the obstacles with varying pinning

effect at various positions in the material. Recent experimental results

show that reduction of impurities and imperfections improves the mobil-

ity of twin boundaries and decreases the twinning stress [57]. In the Ni-
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Mn-Ga alloys with relatively low twinning stress, the effective impurity

levels are obviously small, although not yet published, and this reduction

has required consistent work over several years by the manufacturer. The

improvement of the crystal quality was found to enhance the mobility of

twin boundaries also in [80].

Several models have been developed for describing the twin boundary

motion of MSM materials under the influence of applied stress and mag-

netic field such as those by Likhachev et al. [81], O’Handley [82], Heczko

et al. [83] and Gauthier et al. [84]. Due to the use of generalizations such

as mean magnetic field they do not take into account the non-uniform

distribution of defects in the material, but their influence is included in

the hysteresis or twinning stress parameter. Influence of defects is taken

into account in the micromagnetic modeling approach by Paul et al. [85].

Their study presents a simplified model based on the magnetic and strain

energy equilibrium states for the moving twin boundary. Its movement

depends on the stress field of the defect and the energy originated by the

external magnetic field. The normalized components of the magnetic field

energy h and the strain energy s (originating from the defect) are calcu-

lated by normalizing them in respect to the anisotropy energy. The twin

boundary is to move, if h > 1 and s < 1. If s>1, then the twin boundary

will not move beyond the defect. L’vov et al. state that the positions of

crystal defects reconfigure in the martensitic transformation and in vari-

ant rearrangement, which contributes to aging. They proposed a slowly

varying order parameter, according to the symmetry-conforming theory,

for modeling the aging of Ni-Mn-Ga martensite [86].

Typical impurities found in Ni-Mn-Ga materials are sulfides [87] and

oxides Publication V, [88]]. In [87], Richard et al. state that a sufficient

amount of sulfide inclusions prevent the twin boundary motion. In their

experiments they used a sublimation process on a Ta-based substrate in

order to purify Mn prior to crystallization. The main impurities in the

Ni-Mn-Ga alloy were Ta, Ti and S. The existing Ta inclusions allowed the

twin boundary motion but they were found to generate cracks when the

material was cycled. Ti-inclusions of 5-20 nm acted as pinning sites for

twin boundaries, but their pinning effect was possible to overcome by a

sufficient magnetic field.
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1.3 Magnetic field induced twin boundary motion

1.3.1 Influence of magnetic field

Magnetic field induced twin boundary motion was first reported by Ul-

lakko et al. with a magnetic field induced strain (MFIS) of 0.2 % in

Ni2MnGa [89]. The high magnetocrystalline anisotropy of the ferromag-

netic twinned martensite in this material made the twin structure to

reorient due to the applied external field, simultaneously changing the

shape of the material, since the twinning stress was low enough to al-

low the twin boundary motion. Measured MFIS values reported for some

Ni-Mn-Ga alloys are presented in Table 1.2.

In the MSM material, the preferred direction of magnetization changes

in the neighboring twin, thus, the application of a magnetic field results

in a difference in the Zeeman energy μ0MSH across the twin boundary

[95]. This energy difference imposes a pressure on the twin boundary,

and eventually forces it to move. Saturation magnetization, magnetic

anisotropy, and the coercive field of Ni-Mn-Ga are all strongly temper-

ature dependent [43, 96, 97, 98]. They also depend on the chemical com-

position together with the Curie temperature. A magnetization curve for

10M Ni50.5Mn28.0Ga21.5 at 300 K is shown in Figure 1.4. The sample has

been pre-oriented by applying a 1 T magnetic field at the [001] direction,

and then at the [100] direction. The abrupt increase of magnetization, due

to the reorientation of the twin variants by the field occurs at about 2.7·108

A/m, as shown in details in the inset. The measured magnetic saturation

at 300 K is MS=75 emu/g. The temperature dependency of magnetization

Table 1.2: MFIS (magnetic field induced strain) values for some Ni-Mn-Ga

alloys.

Composition Martensite MFIS Reference

(at-%) type

Ni50Mn25Ga25 10M 0.002 Ullakko et al. [89]

Ni48Mn31Ga21 10M 0.051 Söderberg et al. [90]

Ni49.8Mn28.5Ga21.7 10M 0.06 Murray et al. [91]

Ni50.7Mn28.4Ga20.9 10M 0.061 Heczko et al. [92]

Ni48.8Mn29.7Ga21.5 14M 0.095 Sozinov et al. [93]

Ni53.1Mn26.6Ga20.3 NM 0.017 Chernenko et al. [94]
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Figure 1.4: Magnetization curve of Ni50.5Mn28.0Ga21.5 at 300 K. The inset

shows in detail the abrupt change of magnetization due to MSM effect.

at the field of Happl = 15.9 · 106A/m is shown for the range of 4 to 400 K in

Figure 1.5. The MT and the reverse transformations, as well as the Curie

temperature are indicated clearly by the changes of the magnetization.

1.3.2 Criteria for twin boundary motion in magnetic field

In their model Likhachev et al. [99] have stated an equilibrium condition

for the MSM effect, namely that the magnetic-field-induced stress has

to equal the sum of the internal mechanical stress (at Happl=0, i.e. the

twinning-onset stress) and the possible external compressive stress:

σmag(h) = σmech(ε) + σext (1.2)

The obvious criterion for the twin boundaries to move by magnetic field is

that σmag is sufficiently large enough to overcome the equilibrium state of

Equation 1.2. The magnetic field induced stress is calculated by Equation

1.3:

σmag(h) =
1

ε0

∫ h

0
(ma(h)−mt(h)) dh, (1.3)

where the ma is the magnetization of the axial and mt is the magnetiza-

tion of the transverse twin variant. In a later publication [81] Likhachev

concludes that the higher limit for σmag (when h → ∞) is exactly the same

as the uniaxial magnetic anisotropy KU of the material.
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Figure 1.5: Magnetization as a function of temperature for

Ni50.5Mn28.0Ga21.5 at Happl = 15.9 · 106A/m.

Okamoto et al. [54, 43] have measured the magnetocrystalline anisotropy

constants KU of 10M, 14M and NM martensites as a function of tempera-

ture and showed that they all decrease as temperature increases. For the

stoichiometric Ni2MnGa 10M martensite, the highest value for KU = 430

kJ/m3 was obtained at the lowest measured temperature 4.2 K [43]. The

same authors report also the calculated magnetic induced shear stress

τmag and the mechanical shear stress τreq required for rearrangement of

the martensite variant at different temperatures, and found that τreq in-

creases with decreasing temperature in 10M and 14M martensites. The

rearrangement of martensite variants by magnetic field occurred when

τmag exceeded τreq regardless of temperature and the structure of marten-

site [43]. Glavatska et al. [100] determined the temperature dependency

of the Ni1.99Mn1.14Ga0.87 lattice parameters by the neutron diffraction

method in 4-354 K temperature range. They reported that both the mag-

netic field required for moving the twin boundaries and the MFIS value

increase with decreasing temperature as the crystal lattice anisotropy be-

comes larger. The role of the phonons has importance in Ni-Mn-Ga accord-

ing to the atomistic simulations made by Entel et al. [25]. As twinning

stress increases when the material is cooled, it eventually prevents the

magnetic field induced strain [96]. The increase of τreq with decreasing
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temperature provides an explanation for the lower temperature limit for

the occurrence of MSM effect. Heczko and Straka studied the twinning

stress σtw and magnetic anisotropy constant K1 divided by ε0 for the 10M

Ni-Mn-Ga, and concluded that when the temperature decreases below 165

K the σtw will increase above (K1/ε0), thus preventing the MSM effect [96].

According to these results, the decrease of MFIS and the lower tempera-

ture limit for the MSM effect in these materials is due to the increased

resistance to twin boundary motion.

1.4 Energy dissipation and damping

The high vibration damping capacity of the shape memory alloys is gen-

erally linked to the presence and the hysteretic mobility of the inter-

phase and inter-variant planar interfaces, but recently it has been re-

vealed that the whole defect structure has to be considered, including

those in martensite, as explained in the review of this subject by Hum-

beeck et al. [78]. Each type of defect contributes in damping to a differ-

ent extent. This allows the optimization of the damping capacity of the

SMA based on the requirements set by the later use of the material. The

concept of twinning stress σtw of the martensite material (Equation 1.2)

comprising of the hysteretic internal friction-like stresses at Happl = 0 di-

rectly relates the resistance to straining by twin boundary motion to the

damping property. The level of internal friction in Ni-Mn-Ga is relatively

high, when compared to, e.g., steel [101]. It is possible to evaluate the re-

sistance to the twin boundary motion by studying the vibration damping

properties.

Damping in a magnetic field at low frequencies is expected to be mainly

due to hysteresis of twin boundary motion, and the dissipated energy in

the material is converted to heat, alike in many metals. At high fre-

quencies (of several hundred Hz), eddy currents may appear and enhance

damping, especially when a dynamic magnetic field is present. When

damping occurs by the twin or phase boundary motion, a sufficient vi-

bration amplitude as well as stress amplitude based on Hooke’s law, must

be obtained because of the onset stress for the motion of twin boundaries

(and for the possible phase boundaries). Strain amplitude of 10−5 is given

for this threshold in Cu based and Ni-Ti martensites [78]. Since the strain

regime of the twin boundary motion ε0 depends on the lattice parameters,
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the effective damping regime is limited by this strain. It is in Ni-Mn-

Ga approximately 0.06 for 10M, 0.107 for 14M and 0.20 for NM marten-

sites [58, 30], and approximately 0.04 for the martensite phase boundary

damping, when considering the shape memory effect of 4.2 % [102]. Inter-

nal friction of the stoichiometric Ni2MnGa has been studied by Kokorin

et al. below T = 300 K [10], by Wuttig et al. [103] below T = 470 K, and

for the non-stoichiometric NM Ni54.5Mn21.5Ga24.0 and Ni52.1Mn27.3Ga20.6

by Gavriljuk et al. in the temperature region from 77 to 473 K [104].

However, in the latter amplitudes only up to Δεa = 10−4 were used and

the measured damping properties were not exceptionally high. Stress-

induced hysteretic restructuring of martensite was found to retard twin

boundaries, and internal friction peaks were found at the phase trans-

formation regimes. Amplitudes Δεa = 10−4...10−3 were applied at tem-

peratures between 125 and 470 K for the non-stoichiometric Ni-Mn-Ga

by Segui et al., who obtained loss tangent tan δ values below 0.25 [105].

Room temperature damping in Ni50Mn33Ga17 was studied by Gans et al.

[106], who obtained values from 0.6 to 1.1 for the loss tangent tan δ, and

the stress onset for twin boundary motion was 1 MPa. Later studies in-

clude those of the author et al. (Publications III, IV), and Zeng [107].

Zeng et al. reported the damping of 10M martensite in the three different

lattice directions and the highest value of tan δ was found in the a-c config-

uration. The tan δ dropped significantly when the reverse transformation

temperature was exceeded.

1.5 Influence of cycling on twin boundary motion

1.5.1 Structural changes

Shape memory alloys may deteriorate after a reasonably short period

when strained with thermal cycling over the phase transformation region

in order to obtain the two-way shape memory effect. At first, after 15-20

cycles, there occurs stabilization, and later there is often a decrease of

strain output and evolution of cracks. For the Ni-Ti based SMAs, some re-

sults are collected in [108], where the maximal reported number of cycles

before failure is stated to be 103 to 104 cycles. Thermal shape memory cy-

cling for over 200 cycles conducted by Xiong et al. for Ni49.74Mn28.88Ga21.63

single crystal caused crack growth, for which the coexistence of multi-
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variants of martensite were proposed to be responsible for [109]. When

compared to thermally actuated shape memory alloys, the fatigue life of

MSM materials actuated in the martensite phase has been shown to be

significantly longer: the highest reported number of cycles is 2 · 109 at

εa ∼= 2% [Publication VI]. The main reason for this difference is the differ-

ent deformation mechanism. In the conventional SMA the mechanism is

based on the phase transformation and temperature change, while MSM

materials change their shape in one phase at a constant temperature. In a

MSM material, the cyclic deformation is enabled by the alternation of the

fractions of the suitably oriented twin variants (f1 and f2). This occurs by

the motion of the boundaries separating these variants. The correlation

of strain and the variant fractions has been verified by neutron diffraction

measurements [52].

In the following, cycling of 10M martensite in uniaxial elongation and

contraction under strain control is studied. The two martensite variants

are the [100] and [001], distinguished by the orientation of their c-axis in

the parent phase coordinates. The fraction of variant 1 is denoted by f1

and that of variant 2 by f2, with f1 + f2 = 1. Depending on the cycling

strain amplitude Δε, fractions change in each cycle by the amount ±Δf :

Δε

ε0
= Δf (1.4)

If f1 + Δf < 1 and f2 −Δf > 0, there exists a region where the crystal

can be cycled. When Δf < 0.5 there exist two parts in the crystal. A

mobile part, where the twin boundaries are sweeping across and another

part(s) where the twins do not move (static part). As a consequence of

this, cycling may change the structure of the material only in the former

part. In case of a multivariant state, there may be more than one mobile

part or static part in the sample, and the sums of the variants in each

part corresponds to the total strain obtainable.

It has been proposed that motion of the twin boundary occurs by mu-

tual movement of twinning dislocations or disclinations in the direction

of the twinning plane. As suggested by Müllner et al. the twinning dis-

locations would accumulate to produce a pile-up at a pinning point in the

lattice [53, 110]. In general, such pinning points are typically impurity

atoms or crystal defects with a stress field, such as dislocations or exist-

ing cracks. In Ni-Mn-Ga, pinning of the micromagnetic domain walls, as

proposed by Paul et al. [85] may also impose a local stress concentration
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of the lattice. As was explained before, the preferable direction of magne-

tization changes across the twin boundary, and the domain wall and the

twin boundary coincide as shown by Ge et al. [111]. Also, the antiphase

boundaries may act as pinning points for domains [112]. Growth of the

dislocation or disconnection pile-up can eventually introduce a crack, or

cause growth of pre-existing cracks.

1.5.2 Development of twinning stress and strain

Observations of the evolution of twin boundary motion in fatigue have

been published in previous studies [62, 113, 114]. They are based mainly

on the observations of the MFIS, which is actually also on σext and σmag.

Crack growth was found to lead to an eventual failure of the specimen in

the magneto-mechanical cycling of both 10M [62] and 14M martensite [70,

114]. Sample preparation methods, such as polishing, have been observed

to influence greatly the performance of 10M material.

Changes of the MFIS and fatigue life have varied significantly in all

of the previous published experiments, and in all reports the MFIS has

changed. The reasons for this are not yet clear, thus further studies need

to be performed on the influence of fatigue on the twin boundary motion,

and the microstructural changes induced by fatigue.
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1.6 Aim of the work

The aim of this Thesis is to clarify the role of twin boundary mobility

in the performance of Ni-Mn-Ga alloy single crystals, and to investigate

the differences in their behavior in monotonic and cyclic straining. The

scientific aims are discussed in more detail below:

1. It is reasonable to assume that twin boundary mobility depends

on the structural parameters (such as twin variant configuration,

amount of crystal defects and degree of crystal homogeneity) and

temperature both in monotonic loading and in dynamic loading (also

reflected in vibration damping). It can also be assumed that the mo-

bility of twins in the essentially single variant state, when moving

twin boundaries do not exist, is lower than in a structure with ex-

isting twin boundaries, i.e. in a two-variant state, because of the

nucleation barrier of twins.

Monotonic stress-strain tests and dynamic vibration damping tests

are conducted for different crystals, in order to establish dependen-

cies of twin mobility on different crystal structures and temperature.

2. Twinning in 10M martensite occurs by shear on the {101}C twinning

planes, and in η1 = <101̄> direction. It may be assumed that twin

boundary motion in 10M martensite is dependent on deformation

mode and may result both from shear deformation or uniaxial de-

formation, with comparable twinning stresses but different lattice-

parameter-dependent twinning strains.

To conform this the twinning behavior of 10M martensite is inves-

tigated by both uniaxial tests and shear tests in the said twinning

mode. The mobility of twins and the behavior of the material in the

different modes of deformation is studied.

3. Twins of a Ni-Mn-Ga single crystal can be actuated back and forth

over a long term and up to a frequency of several hundred Hz and

at several per cent strains. However, it is expected that differences

in the material structure influence the twin boundary motion in cy-

cling, and twinning fatigue of the crystal results in microstructural

changes that influence the twin mobility and the long-term perfor-

mance of the material.

To substantiate these hypotheses vibration damping properties of sev-

eral Ni-Mn-Ga alloys, using strains of up to several per cent, and the
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long-term fatigue performance at cycling frequencies up to several

hundred Hz are studied.
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2 Experimental

2.1 Sample materials

The Ni-Mn-Ga alloy single crystals used in this Thesis were manufactured

by Adaptamat Ltd. Finland (alloys Ni49.9Mn28.2Ga21.9, Ni50.0Mn28.3Ga21.7,

Ni50.1Mn27.7Ga22.2, Ni50.4Mn28.3Ga21.3, Ni50.5Mn28.0Ga21.5

and Ni52.3Mn27.4Ga20.3) and by Outokumpu Research Inc. Finland (alloys

Ni49.0Mn30.0Ga21.0, Ni49.7Mn29.1Ga21.2, Ni50.1Mn29.0Ga20.9,

Ni52.3Mn27.4Ga20.3 and Ni55.0Mn22.1Ga22.9). All crystals were heat treated

in vacuum quartz ampoules for structural homogenization (at 1273 K for

48 h) and for atomic ordering (at 1073 K for 72 h). After the determina-

tion of the crystal structure and orientation by XRD measurements, sam-

ples were cut by electron discharge machining (EDM) and the surfaces

were wet ground and electropolished. The chemical compositions were

measured by energy dispersive (EDS) or wavelength dispersive X-ray mi-

croanalysis (WDS) by the scanning electron microscope SEM LEO-1450

equipped with Oxford Inca software. For specimens Ni49.9Mn28.2Ga21.9,

Ni50.0Mn28.3Ga21.7 and Ni50.1Mn27.7Ga22.2, X-ray fluorescence (XRF) anal-

ysis method was applied. The chemical compositions and the primary

martensite types are presented together with the corresponding refer-

ences to results in Table 2.1. Despite the disc shaped shear stress test

specimen, the samples were of rectangular shape and their sizes and ori-

entations are described in detail in the corresponding Publications I to

VI.

2.2 Microstructural characterization and magnetic
measurements

Microstructures of the single crystal surfaces were studied by optical mi-

croscope (OM: Leica DMRX using polarized light) and by scanning elec-
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Table 2.1: Chemical compositions, martensite crystal structures, transfor-

mation and Curie temperatures of the test materials. A reference to the

related publication is also given.

Ni Mn Ga Martensite Ms Mf As Af TC Related

crystal Publication

(at-%) (at-%) (at-%) structure (K) (K) (K) (K) (K)

49.0 30.0 21.0 mixed 311 297 313 320 375 PIII

49.5 29.4 21.1 10M 324.7 324.4 331.8 331.9 374.0 This Thesis

49.7 29.1 21.2 10M 307 300 316 320 372 PIII

49.9 28.4 21.7 10M 309.2 n.a. n.a. n.a. n.a. PV

49.9 28.2 21.9 10M 314.0 311.5 320.0 321.4 376.3 This Thesis

50.0 28.3 21.7 10M 315 313 318 320 376 PVI

50.1 27.7 22.2 10M 306.8 305.5 310.6 312.4 376.0 PII

50.1 29.0 20.9 10M 311.2 309.0 319.2 321.4 371.9 This Thesis

50.4 28.3 21.3 10M 322.4 322.0 328.3 328.6 372.5 This Thesis

50.5 28.0 21.5 10M 306.8 305.5 310.6 312.4 376.0 PV

52.3 27.4 20.3 NM 407 400 410 418 380 PIII

52.3 27.4 20.3 NM 406 394 409 420 373 PIV

55.0 22.1 22.9 NM 374 367 376 386 377 PIII

tron microscope (SEM LEO 1450). X-ray diffraction (Philips X’Pert MRD

Pro with Co Kα radiation) was applied for studying the crystal structures

and orientations of the samples. A laboratory made low-field AC magnetic

susceptibility measurement system and a differential scanning calorime-

ter (Linkam DSC 600, temperature range 77...573 K or Shimadzu DSC-50

with range 123...573 K) were used to determine the magnetic transition

and phase transformation temperatures of the alloys.

Magnetic properties at room temperature were studied by a laboratory-

built vibrating sample magnetometer (VSM). Temperature-dependent mag-

netic properties were studied by a Quantum Physics MPMS magnetome-

ter with the temperature range from 4.2 to 400 K. Magnetic field induced

strain (MFIS) of the MSM samples was measured by subjecting the sam-

ple stick to transverse magnetic field of Happl = 1 T in an electromagnet

with a suitable sized air gap after which the sample length lT was mea-

sured by a digital caliper. This was repeated after applying a longitudinal
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Happl of 1 T, resulting in length lL. MFIS was then calculated by the fol-

lowing equation:

MFIS =
lT − lL

lL
(2.1)

During the studies these thin samples were supported by a paper roll

wrapped around to prevent their buckling in the magnet. When the caliper

measurements were carried out any excess force to the sample was avoided.

Altogether three independent readings of dimension were always taken

and their average values were used. A similar method was used for mea-

suring the dimensions of the samples by caliper, e.g. when determining

the cross sectional areas for the engineering stress.

In the case of MSM alloys, also the applied switching field measurement

may be used to characterize the mobility of twins. When the sample ini-

tially contains twins having the easy axis of magnetization non-parallel

to the direction of the slowly increasing applied field, the twins are ex-

pected to reorient along the field when the magnitude of the applied field

reaches a sufficiently high level. In the MSM alloy the initiation of twin

reorientation, i.e. when the triggering field to move the inter-variant twin

boundaries is exceeded, a sudden increase of magnetization occurs. This

triggering field is distinguishable in the M-H-curve, especially when the

curve is compared to the magnetization curve of the sample which does

not have such an abrupt change. The (Happl) value where the magnetiza-

tion starts to increase due to twin boundary motion, is defined as switch-

ing field Hsw. Based on the model of Likhachev et al. [81], if the magnetic

anisotropy and permeability are assumed to be the same, the value of Hsw

correlates with the twinning stress.

The VSM measurements of Hsw were made at the vibration frequency of

20 Hz. Special care was taken in the sample holder configuration in order

to avoid external stresses, when holding the sample.

2.3 Mechanical and magneto-mechanical measurements

Uniaxial twinning stress σtw at monotonic loading was determined from

the compressive stress-strain curves, which were measured at room tem-

perature by the servo-mechanical tensile test machine Lloyd 1000R using

a load cell withe a range of ±20 N range. The displacement was mea-

sured by an internal LVDT type sensor of the test machine. A pre-stress
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spring assembly was used for eliminating the possible errors induced by

the grip and load cell slack. A separate compression measurement with a

steel cylinder having a diameter of 38 mm and length of 33 mm was car-

ried out to verify the stiffness of the system. The test system was found

to be adequately stiff in the force range used, and the internal displace-

ment sensor of the machine corresponded well with the displacement of

the sample. Static twinning stress measurements were conducted at dis-

placement control with a crosshead speed of 1 mm/min. The limit for

compressive stress was set at 3 MPa.

Twinning shear stress tests were conducted using the same test ma-

chine as for the uniaxial compression tests but equipped with a ±500 N

load cell. The sample was mounted in a steel test jig (Figure 2.1) by ap-

plying cyanoacrylate glue with an activator. The strength of the selected

glue was suitable for the experiment, since the sample could be removed

mechanically from the jig without damage, but the bonding was stronger

than the stress needed for the twinning shear. This jig included a linear

bearing track, which allowed the shear displacement and prevented es-

sential transverse or rotation displacements, although there was a small

amount of slack in the precision bearings. The disc shaped sample with a

diameter of 10 mm and thickness of 5 mm is also shown in Figure 2.1a.

The strain rate used was 3.3 · 10−3s−1, and the maximum shear stress

was limited to approximately 2 MPa. In all the experiments stresses were

calculated as engineering stress and the strain as engineering strain.

Vibration damping properties were studied as a function of tempera-

ture by applying two different dynamical mechanical analysis (DMA) sys-

tems. T&A Q800 was used in Publication IV and Perkin Elmer DMA-7

in Publication III. In the T&A system the sample can be loaded in two

directions, e.g. to impose tensile and compressive linear loading, or alter-

natively bending back and forth when used in the single cantilever mode.

The single cantilever configuration was used for the measurements in the

T&A system. The Perkin Elmer device was capable of loading the spec-

imen in only one direction, e.g. bending upwards, while the returning

force was created mainly by the weight of the loading members and the

elasticity of the sample. It operates under the three point bending (3pb)

mode. Both used systems have temperature controlled test chambers and

programmable controls as well as data acquisition. Sinusoidal waveform

was used for loading the samples. The strain and stress at the single

cantilever and 3pb modes, corresponding to the maximum values at the
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(a) (b)

Figure 2.1: (a): The shear straining test jig with the two parts disassem-

bled. The sample is attached to the lower part. (b): The operating princi-

ple of the shear jig. Either compressive or tensile load F can be applied,

resulting respectively in reverse or forward shear.

bending beam type sample surface, were calculated by the DMA system.

Magneto-mechanical cycling of the MSM material is based on the re-

peated magnetic field induced straining and reverse mechanical loading.

This kind of actuation principle is commonly used in actuators, mainly

due to its relatively simple realization, e.g. [84, 113, 115, 116, 117]. Thus,

it is important to study magneto-mechanical cycling of the MSM material

and the effects of twin boundary motion in the long–term cycling. In the

test system used, a magnetic field was applied in transverse direction to

the stick sample, to elongate it. Contraction of the sample was induced by

the force of a pre-stress spring, when the magnetic field was reduced. This

mechanical loading system ultimately reduces the maximum stroke of the

actuator so that in practice it does not achieve the theoretical maximum

lattice-dependent strain value. Magneto-mechanical fatigue testing was

performed by a specially built actuator-like testing rig, including a non-

magnetic sample holder, electromagnetic circuit, and a pre-stress spring

for the returning force (Figure 2.2).

The magnetic field was controlled by the applied sinusoidal coil current,

regulated by the specifically programmed control software. The frequency

was limited to 30 Hz in order to avoid excess heating. Temperature was

observed by a thermocouple near the static end of the stick, and the sys-
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Figure 2.2: The magneto-mechanical cycling test system (schematic).

tem was air cooled. The relative strain of the MSM specimen was cal-

culated by dividing the output stroke of the test jig by the length of the

specimen in the axial [001] single variant state (i.e., the short state). Be-

fore both the magneto-mechanical tests and the mechanical fatigue tests

in Publications V and VI, the rectangular stick samples were magneto-

mechanically trained to settle their structure to the two-variant state so

that all the twins had their c-axis in the longitudinal direction of the sam-

ple or in the transversal (normal to the wider side face) direction of the

sample. The amount of individual variants as well as the number of the

corresponding twin boundaries varied between the samples and during

the tests, as the appearance and disappearance of the variants depends,

e.g., on the state of the martensite material and the loading conditions.

When the specimen is installed to the magneto-mechanical test rig, it is

first placed in the groove of the sample holder plate made of brass. Then

the plate and the sample are together inserted into the air gap of the

magnetic circuit. Here the distance from the sample to the surfaces of the

magnetic circuit is about 0.3 mm in maximum. The air gap between the

sample and the magnetic circuit has to be small in order to allow a strong

enough magnetic field to be subjected to the sample. Therefore alignment

of the samples is of great importance in avoiding mechanical friction and

wear, because the magnetic circuit and the sample holder are static and

the sample is moving in respect to them.

When strained, the stress of the MSM material is relatively low in the

strain regime where the twin boundary motion occurs. Outside of this
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regime, i.e. in the single variant state, the stress increases rapidly. It

is important to ensure that the sample is not strained beyond the twin-

ning/detwinning regime under strain control, since the resulting high

stress would damage the sample. In the magneto-mechanical cycling test

no external load is applied to the sample, except the load of the pre-stress

spring. The stress of the MSM specimen in this case is limited by the

magnetic field induced stress (in the 10M material typically about 3.5

MPa) and by the approximately 1 MPa compressive stress of the pre-stress

spring, if the mechanical friction forces and the dynamic mass forces are

neglected. In this respect, it may be assumed that the stress during the

magneto-mechanical cycling is mainly within -1 to +3.5 MPa. However, in

the case of purely mechanical cycling at zero (ambient) magnetic field, the

applied external stress is generated by the test system, and the stress is

not limited by the intrinsic material properties. Especially when cycling

crystals under strain control, the unwanted transient stresses have to be

separately considered.

In order to limit the stress transients in the mechanical fatigue test, the

sample was prepared and installed to the test rig in a certain manner.

Before the start of the test, the sample was settled manually to about 3 %

strain, i.e., about half of the theoretical maximum of the lattice dependent

maximum strain allowable by the twin boundary motion. When the strain

amplitude is limited to the strain regime below approximately 2.5 %, the

sample cannot enter the single variant state, which is suspected to be

hazardous for the fatigue life.

For the mechanical fatigue experiments at zero (i.e., ambient) magnetic

field, a laboratory-made testing rig was used. It was built as a part of

the Master’s degree [118] supervised by the author. The testing rig is

capable of loading the sample at the frequency of several hundred Hz and

at several percent strains. The system is programmable and can be run

either at displacement control or at load control. The data acquisition

system was used to record averaged stress-strain loops at user defined

intervals. In addition, a computer program recorded the twinning stress

as well as several other parameters. Twinning stress in this case was

calculated as half of the difference of the tensile and compressive stress

at the zero strain value, corresponding to the initial length of the sample

at the start of the experiment. Adjustable displacement limiters were set

by the software in addition to the mechanical limiter for the moving axis of

the system. These are needed to limit the stroke within the two-variant
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state. In this mechanical cycling rig the sample is compressed between

the grips from its side surfaces <001> at the stick ends. Consequently,

in this region the twins do not reorient because of the compressive stress,

and this length is omitted from the measurement length when calculating

the strain. In this construction the sample is between the grips free of any

contact, so there is no possibility for mechanical friction.
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3 Summary of the Results

3.1 Twin boundary motion in magnetic and mechanical monotonic
loading

3.1.1 Uniaxial compression and switching field tests

Twinning behavior and its dependence on temperature was studied in

Publications II and III. The alloy Ni49.0Mn30.0Ga21.0 with an inhomoge-

neous mixed martensite structure was studied in monotonic uniaxial com-

pression in Publication III. At room temperature the onset of twinning

took place with the applied stress of approximately 1.2 MPa, and at the

end of the plateau the stress was approximately 3.5 MPa. Both of these

stress values decreased as temperature increased to approach As. At the

same time the maximum twinning strain reduced by about 1 % strain.

The twinning behavior of Ni50.1Mn27.7Ga22.2 10M martensite single crys-

tal in the ambient magnetic field was studied in the essentially single

variant state and in the presence of two twin variants at room tempera-

ture in Publication II. The sample was prepared so that it had its sides

along the {100} crystal planes. The initial variant state was produced to

the sample by applied transverse magnetic field before the mechanical

loading. The single variant state ([100]) was produced by applying a field

of Happl=1 T and the two-variant state ([001] and [100]) with Happl=0.35 T.

In the optical microscope the single variant state of the sample appeared

to lack the macroscopic twin boundaries, whereas in the two-variant state

twin boundaries were visible. Since it is in principle possible that in the

former state there exists very thin twins, which are too fine to be detected

by the optical microscope, the term essentially single variant state is used

here. The compressive stress strain curves of Figure 3.1a and b show that

the onset stress needed for twin boundary motion is significantly larger

in the essentially single variant state than when even a small amount of

secondary variant exists. This variant state dependent behavior of the
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material was repeatable, which is shown by the compressive curves.
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(a) Essentially single variant state. (b) Two-variant state.

Figure 3.1: Compressive stress strain curves of Ni50.1Mn27.7Ga22.2 in the

essentially single variant state (a) and in the two variant state (b) [Publi-

cation II].

To investigate in detail the behavior of the 10M martensite Ni-Mn-Ga

single crystals in the different variant states, uniaxial stress was applied

to <100> oriented rectangular single crystal specimens at room tempera-

ture. The repeated compressive stress-strain curves of Ni50.1Mn29.0Ga20.9

material in the zero applied magnetic field and at room temperature are

shown in Figure 3.2. Before the experiment, the sample was partly re-

oriented to the [001] variant state by applying a 1 T magnetic field in al-

ternating angles relative to the sample. This yields different pre-strains

corresponding to the different fractions f2 of secondary variants of type

[100]. In the test the twinning stress varies in a saw-tooth-like way as

the sample is compressed, which is typical of heterogeneously twinning

martensite [41]. In an essentially single variant state (f2 = 0, M1 in Fig-

ure 3.2) twin boundary motion starts at σstart=1 MPa, and it continues

with gradually increasing stress up to σfinish=1.8 MPa with compressive

strain ε ≈ 0.06, when the entire twin structure is reoriented. With larger

amounts of the secondary variant (increasing f2) the onset stress for twin-

ning appears to be lower starting from 0.6 MPa. In this experiment, at all

the variant states, the twin boundary motion takes place in the stress

range from 0.6 to 1.9 MPa. The highest stresses for twinning occur for the

f2 = 0 state. The difference of the stress levels for the samples in various

f2 initial states is ∼0.5–0.6 MPa.

In the compressive stress-strain curves of another type of 10M material

Ni50.4Mn28.3Ga21.3, there is a large variation in the compressive stress

needed to move the twin boundaries (Figure 3.3). When the fraction of

the secondary variant is very low (f2 = 0 or f2 = 0.09) detwinning requires
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Figure 3.2: Compressive strain-stress curves of Ni50.1Mn29.0Ga20.9 at dif-

ferent secondary variant fractions f2. The numbers at the end of the leg-

end indicate the order in which the compressions were done.

a distinctively high stress, when compared to the stress needed with the

larger f2. In these successive compressive tests at larger fractions of the

secondary martensite variant, the twinning stress was in some tests very

low, even about 0.05 MPa at f2 = 0.35, but in all cases the twinning stress

increased to the level corresponding to f2 = 0 before the maximum strain

ε0 was reached.

Thus, depending on the twin variant structure, the stress needed to

move the twin boundaries in a sample varies from between 0.05 to above

1.0 MPa. The highest twinning stress was related to the essentially sin-

gle variant state structure. Furthermore, the boundary requires a contin-

uously increasing stress while moving through the sample (Figure 3.3).

This suggests that in addition to the high amount of energy necessary for

the nucleation of the secondary variant, as reported in Publication II, in

some alloys the twinning stress may remain high while a twin boundary is

moving. In these cases, the onset of the twin boundary motion is sudden

and instantaneous - in contrast to the smooth and gradual stress onset

found for example in Ni50.1Mn29.0Ga20.9 (Figure 3.2).

The crystallographic structure of the 10M martensitic specimens

Ni50.4Mn28.3Ga21.3 and Ni50.1Mn27.7Ga22.2 was studied by X-ray diffrac-

tion from the thin sides of the rectangular specimens, which were sup-

posed to be oriented along the (010) planes. This surface corresponds to

the front surface (the one with the blue arrows) in Figure 1.3a. The two
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Figure 3.3: Compressive strain-stress curves for Ni50.4Mn28.3Ga21.3 at dif-

ferent secondary variant fractions f2. The numbers at the end of the leg-

end indicate the order in which the compressions were done.

specimens were settled to intermediate lengths, corresponding to multi-

variant states, by elongating and contracting them gently with the fin-

gers of the hands. The 10M martensite peaks using Co Kα radiation

were found as expected near 2Θ=74◦ (corresponding to (040) or (400))

and 79◦ (004). This confirmed that the specimens were in a multivariant

state. In addition there existed minor peaks near 2Θ=66◦ and 2Θ=83◦,

which can be interpreted to be modulation peaks based on the superlat-

tice [119]. The intensities of the peaks were studied as a function of the

sample length by manipulating the specimen along its long axis while

keeping the rotation and tilt of the XRD goniometer constant, correspond-

ing to the observed peak position. The intensity of the modulation peaks

showed more variation in specimen Ni50.1Mn27.7Ga22.2 than in the speci-

men Ni50.4Mn28.3Ga21.3. This result suggests that the latter specimen has

a more homogeneous crystal structure than the previous specimen, where

the modulation is not as evenly distributed.

The macroscopic twin structure of the broad surface of the sample stick

Ni50.4Mn28.3Ga21.3 was studied by polarizing optical microscopy after the

XRD measurement. This surface corresponds to the top surface in Figure

1.3a. The microscope revealed the traces of the macroscopic inter-variant

boundaries (Figure 3.4). The width of the twins varied, and there ex-

isted broader twins than in the Ni50.1Mn27.7Ga22.2 sample. The motion

of the twin boundaries in the Ni50.4Mn28.3Ga21.3 sample was studied by
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elongating and contracting it manually after microscopy, where the eas-

ily and hard moving twin boundaries were located in the sample at dis-

tinct regions. In Figure 3.4a the variant boundary at the left side of the

marked region was movable with a very low stress below 0.1 MPa until

the twin boundary reached the right side of the marked region. Beyond

this point the further deformation was not possible at such a low stress,

as the part of the sample outside the marked region contained only hard

moving boundaries. The more detailed Figure 3.4b of the surface shows

that the marked twin boundaries on the left side of the marked region are

not parallel, but have an angular difference of about 5 ◦. This is unex-

pected, since the twins in the single crystal sample are expected to have

either the same twinning plane K1, or to have a larger angular differ-

ence, e.g. approximately 45 ◦ due to having been twinned on separate

planes of the same form, such as (101) and (101̄). Figure 3.4c details the

right side of the region showing that there is a difference of about 0.6 ◦

in the twin boundaries at the border of the easily moving regions and at

the hard moving regions. In addition, the twin boundary separating the

easily moving region from the hard moving one has a different structure,

as there are two straight twin boundaries emerging from opposite sides

of the surface, meeting at a bending point at the angle of approximately

4.5◦, forming an obtuse V-shaped interface. It is notable that the motion of

the easily moving twin boundaries are limited by this V-shaped interface

shown in Figure 3.4d, and also by the angularly differing twin boundaries

shown in Figure 3.4b. Further experiments showed that the locations

and the amounts of the hard and easily moving boundaries changed when

the sample was trained by successive mechanical bending and uniaxial

magneto-mechanical training. However, this behavior did not seem to be

easily repeated. The optical microscope also revealed that the density

of visible twin variant boundaries in the multivariant state was greater

in specimen Ni50.1Mn27.7Ga22.2 than in specimen Ni50.4Mn28.3Ga21.3, sug-

gesting a more homogeneous crystal structure for the latter specimen.

In addition to the mechanical straining, a method based on the magneti-

zation was also applied in order to study the twin boundary mobility in the

single crystal Ni-Mn-Ga material. The results in Publication II showed

that the applied switching field Hsw onset-value is larger for the sample

in the single variant state than for the sample with a reasonable amount

of the secondary variant. The magnetic field-induced stress at the onset

of twin boundary motion was calculated from the obtained Hsw values by
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Figure 3.4: Optical micrographs of the twin variant boundaries on sample

surface. The angle of the twin boundary in relation to the sample side

surface is shown in the inset (b) for easily moving boundary and in (c) for

hard moving boundary. The tilted hard boundary is shown in detail in (d).

Equation 1.3. In Figure 3.5 the Hsw and magnetic field induced stress

is shown together with the measured compressive stress onset values at

different secondary variant fractions in the Ni50.1Mn27.7Ga22.2 sample.

3.1.2 Shear tests

Shear twinning behavior

Since the macroscopic shape change in twinning of martensite is simple

shear, twinning behavior of the single crystal 10M Ni49.9Mn28.2Ga21.9 and

Ni49.5Mn29.4Ga21.1 was studied under shear stress at room temperature.

The samples were magneto-mechanically trained before the experiment

at room temperature with Happl=1 T field. The disc-shaped samples were

sheared at a constant strain rate γ̇ = 3.3 · 10−3 1
s

to selected directions,

forwards and backwards. The experiments are listed in Table 3.1, and

their results are presented in detail in the following section.

The shear strain-stress curves of Ni49.9Mn28.2Ga21.9 sample S1 along

the shear direction [101̄] are presented in Figure 3.6. Both the first and

second forward shear curves are shown. The offset of the shear strain

scale is not exact, since the original displacement was measured by the

internal sensor of the test machine, however, the shear strains calculated
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Figure 3.5: Hsw, calculated magnetic field induced stress and compressive

stress for twin boundary motion at different secondary variant fractions

in Ni50.1Mn27.7Ga22.2.

with the tangent lines (shown in Figure 3.6) are correct within reasonable

accuracy (≈ ±0.02%).
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(a) (b)

Figure 3.6: Shear stress-strain curves for 10M Ni49.9Mn28.2Ga21.9 at room temperature.

Curve (a) shows the results of the first and (b) second forward shear test. The points of

τstart and τfinish and the shear strain γ are indicated.

Twinning in the first shear test (sample S1) initiated at τstart=0.91 MPa

(Figure 3.6a). The shear proceeds with a slightly fluctuating and increas-

ing stress as the twin variants of the sample reorient. At the end of the

plateau the shear stress is τfinish=0.97 MPa. The extent of shear in the

first shear test was γ=0.076, when determined from the onset of twin-

ning to the end of the plateau. When straining was continued further, the

glue between the sample and the jig ruptured off. The sample was then
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Table 3.1: Shear test results for the 10M single crystals. The shear load

was applied along the [101̄] direction.

Alloy Sample Number of τstart τfinish τt γ

name preceding

strainings (MPa) (MPa) (MPa)

Ni49.9Mn28.2Ga21.9 S1 0 0.91 0.97 0.94 0.076

S1 1 0.60 0.93 0.77 0.085

S2 1 0.49 0.60 0.55 0.08

Ni49.5Mn29.4Ga21.1 SO 0 1.4 1.3 - 0.117

SO 3 0.41 0.75 0.58 0.111

SO 10 0.33 0.58 0.46 0.113

re-glued to the jig, and reversely sheared back to its original shape. For

the second forward shear experiment (sample S1) τstart=0.60 MPa and

τfinish=0.93 MPa were obtained, while the twinning shear was γ=0.085

(Figure 3.6b). The τstart is now clearly lower than in the first straining,

and also the τfinish has reduced slightly. The twinning shear stress, calcu-

lated as the average value of the plateau is in the first cycle τt=0.94 MPa

and in the second cycle τt=0.77 MPa. For another similarly shaped sample

S2, prepared of the same material and having same orientation as S1 (Fig-

ure 3.7), the corresponding τstart is 0.49 MPa and τfinish is 0.60 MPa, and

γ=0.08 when measured from the forward strain of the second cycle. Corre-

spondingly, τt of the second sample is 0.55 MPa. The twinning shear stress

results show rather large variation between the different specimens and

also the shear stress seems to decrease during the successive straining

cycles i.e., the so called training effect typical of compressive tests exists

also in shear. The twinning shear γ shows variation between the different

specimens and strainings.

Twinning under shear strain in the η1 = [1̄01] direction was also studied

with a Ni49.5Mn29.4Ga21.1 specimen (SO) having an octagon-shaped cross

section (dimensions 8 x 8 x thickness 5 mm3). On the flat surfaces of

this specimen the twins were more easily observable than on the round

surface of the disc specimens. According to the manufacturer, crystalliza-

tion process improvements had been made when producing this material,

when compared to the earlier produced test material Ni49.9Mn28.2Ga21.9.

This suggests that the former material has a higher purity. The shear
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Figure 3.7: Shear stress-strain curve of sample S2 of Ni49.9Mn28.2Ga21.9.

stress-strain curve for this material (sample SO) in the electropolished

essentially single variant state before significant deformation is shown in

Figure 3.8a and the curve for the mechanically shear-trained (three times)

state is shown in Figure 3.8b. In the essentially single variant state with-

out training (Figure 3.8a) there is a significant increase of stress (peak),

which is abruptly released and then followed by the twinning shear. The

shear stress at the peak is 1.42 MPa, with the stress dropping to 0.55 MPa

at the beginning of the plateau. The stress increases again gradually with

shear strain up to τfinish = 1.33 MPa where the plateau is finished with

plateau strain γ = 0.117. This peak diminished with training, as can be

seen in the curve of Figure 3.8b. The shear strain in the trained state is

almost the same as prior to training, but the peak no longer exists. Fur-

thermore, the twinning shear stress has decreased (τstart = 0.41 MPa) and

the plateau is now almost horizontal, as τ = 0.50 MPa at as high a strain

as γ = 0.10.

The shear stress-strain curves of Ni49.5Mn29.4Ga21.1 (Figure 3.8) differ

from the Ni49.9Mn28.2Ga21.9 curves. The former samples show generally a

lower twinning stress level and in the trained state (Figure 3.8)b) a larger

twinning strain.

With further back and forth shear straining (ten times) the twinning

stress of Ni49.5Mn29.4Ga21.1 reduced even further as shown in Figure 3.9.

Twinning starts now at τstart = 0.33 MPa and then continues with de-

creasing stress at τmin = 0.23 MPa, and then with increasing stress up

to approximately τfinish = 0.58 MPa. When inspected in detail, there is

a small starting shear strain starting already at approximately τ = 0.07
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(a) (b)

Figure 3.8: Shear stress-strain curves of 10M Ni49.5Mn29.4Ga21.1 (sample SO) (a) in the

untrained state and (b) in the trained state.

MPa, although the more continuous twinning begins at 0.33 MPa stress.

When the small shear strain is included γ is 0.119 and without it γ is

0.113.
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Figure 3.9: Shear stress-strain of 10M Ni49.5Mn29.4Ga21.1 at the trained

state.

X-ray diffraction investigation

XRD measurement was carried out before the shear test for determining

the crystal structure and orientation of the shear specimen S1

Ni49.9Mn28.2Ga21.9. The S1 sample was oriented in the (101) direction

with a difference of 4◦, and its lattice parameters were a = 5.94 Å and c =

5.59 Å. Using these values, the maximum lattice-dependent strain in the

shear direction would in the Ni49.9Mn28.2Ga21.9 alloy be γ0=0.12. The ob-
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served shear strain values are smaller than the calculated γ0. According

to the plateau strain, about 70 % of the specimen was reoriented by shear

twinning in the second cycle of the first sample. The corresponding degree

of reorientation of the second specimen was about 67 %.

The 4◦ orientation difference between the sample disc surface and the

(101) twinning plane causes an error of 0.002 to shear strain. The esti-

mated alignment error of gluing the sample to the shear test jig, between

the loading direction and η1 is about ±2◦ in a direction almost perpendic-

ular to the (101) plane. The total error arising from these factors to shear

strain is 0.003, which is approximately 3.8 % of the measured γ values.

The (202) XRD pole figure of the specimen S2 after the shear test is

presented in Figure 3.10a. The figure confirms that the change of the

(202) variants in the shear has been incomplete. Determined by the XRD

texture analysis of the pole Figure 3.10a, the intensity after the shear

test for the peak corresponding to variant 1 is IV 1 = 60.2 · 103cps and for

variant 2 is IV 2 = 170.6 · 103cps. The corresponding peaks are indicated

in Figure 3.10a by circles. Assuming that the specimen would have been

in the single variant state before the shear test, the XRD peak intensities

can be used for calculating the shear strain γ by the following equation:

γ = γ0 · (1−
IV 1

IV 1 + IV 2
), (3.1)

where γ0 is as defined above. When γ0 = 0.12, and IV 1 and IV 2 are as

above, the value of the shear strain γ = 0.088. The optical image of the side

surface of the shear specimen S1 in Figure 3.10b shows that the twins are

aligned along the loading axis in a similar way to that presented in Figure

1.3b. The corresponding image of the shear specimen S2 in Figure 3.10c

shows that the twin boundaries in this case have approximately 55◦ in-

clined orientation in relation to the loading axis, instead of being aligned

parallel to it. However, due to the curvature of the specimen surface,

determination of the angle from the optical image is not very accurate.

Based on the observed approximate orientation of the variant boundaries

in reference to the crystallographic axes of the XRD pole figure, the twins

of Figure 3.10b are {101} twins and the ones in Figure 3.10c are {011}

twins. The images were captured after the shear straining while one jig

plate was still glued to the specimen and the other plate was sheared off.

Scraping off the remaining glue before inspection was not done as it could

have deformed the specimen further. Because of this, some glue is visible

in Figure 3.10b.
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1mm

(202) peaks

(a)

(c)

1mm

Debonded surface
of the disc specimen
which was used for
the XRD measurement

Loading axis

(b)

Glue

parallel twins

inclined
twins

Loading axis

Figure 3.10: (a) (202) XRD pole figure of the second 10M shear specimen

Ni49.9Mn28.2Ga21.9. (b) An optical image of the curved side surface per-

pendicular to the loading direction of the first shear specimen. The twins

parallel to the loading axis are indicated. (c) A corresponding optical im-

age of the curved side surface of the second specimen showing the twin

structure which is inclined in relation to loading axis.

The lattice parameters of the alloy Ni49.5Mn29.4Ga21.1, which were also

determined by XRD, are a = 5,96 Å and c = 5.58 Å. Using these lattice

parameters, the calculated maximum shear strain γ0 along the [1̄01] di-

rection for this alloy is 0.13. The observed shear strain in the trained state

(Figure 3.8)b)) is approximately 85 % of the calculated maximum value γ0.

In the further trained state the observed shear strain is approximately 92

% of γ0.
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3.2 Twin boundary motion in dynamic loading

3.2.1 Twinning induced damping

In Publication III the loss tangent tan δ is applied to describe the differ-

ent damping properties as a function of temperature of several Ni-Mn-

Ga materials having 10M (Ni49.7Mn29.1Ga21.2), NM (Ni52.3Mn27.4Ga20.3,

Ni55.0Mn22.1Ga22.9) or mixed (Ni49.0Mn30.0Ga21.0) martensite structures.

In all these alloys the tan δ is higher in the martensite state than in the

parent phase, and the peak values are obtained at the phase transforma-

tion regions. In alloys with a NM martensite structure, the tan δ increases

gradually until the As temperature. The high damping state of the (NM

martensite) Ni52.3Mn27.4Ga20.3 alloy with As temperature of 410 K ex-

tends to above 400 K. With the samples having a mixed or 10M marten-

site structure, the highest damping during heating is reached already at

290 K, although the phase transformation peak is approximately at 315

K. Similarly during cooling the highest damping property is found 20 K

below the transformation peak. Twinning induced damping was high-

est in the studied martensites in the 10M martensite Ni49.7Mn29.1Ga21.2

(tan δ ≈ 0.25 [Publication II]) and in the NM martensite Ni52.3Mn27.4Ga20.3

(tan δ ≈ 0.5 [Publication IV]).

The dynamic modulus measurements of NM Ni52.3Mn27.4Ga20.3 alloy in

Publication IV show that the modulus in the martensite state is stress am-

plitude dependent, whereas in the cubic phase region there is no essential

dependency on stress. This implies that the primary mechanism of damp-

ing in the martensite phase is the hysteretic motion of martensite twin

boundaries. The tan δ measurements of the same material in Publica-

tion III confirm that the loss tangent in the martensite phase is about two

decades higher than that in the parent phase. The DMA method was used

to study the strain amplitude dependency of the NM Ni52.3Mn27.4Ga20.3

in the single cantilever bending mode. The tan δ as a function of applied

bending strain (as the maximum value on the sample surface) is shown

in Figure 3.11. The tan δ increases clearly with strain amplitude, which

suggests that the damping is induced by the twin boundary motion. The

loss tangent of the martensitic material is slightly more temperature de-

pendent and the maximum strain increases with the temperature, which

is connected to the decrease of the dynamic modulus with the increasing

temperature [Publication III]. When the strain amplitude dependency is

47



Summary of the Results

considered, the tan δ as a function of applied strain amplitude seems to

follow roughly the same levels at different temperatures [Publication III].

All the results shown in Figure 3.11 are clearly in the martensite regime

(below As = 409 K). Since the total distance that the twin boundaries trav-

eled, i.e., the sum of the distances traveled by many boundaries, in single

crystal Ni-Mn-Ga martensite is directly dependent on strain, it is sug-

gested that the damping properties in this martensite depend essentially

on the extent of the twin boundary motion.
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Figure 3.11: The loss tangent (tan δ) as a function of strain amplitude of

Ni52.3Mn27.4Ga20.3 at different temperatures in martensite (As = 409 K).

The measuring frequency was 95 Hz and the measurements were per-

formed in ascending order of temperatures.

3.2.2 Effects of cyclic loading

The practical uses of the twin boundary motion of Ni-Mn-Ga material are

presently in the MSM actuators, and in vibration damping. In these ap-

plications the twin boundaries are expected to be driven back and forth in

numerous cycles by a magnetic field or by applied mechanical stress. It is

generally accepted that fatigue causes structural changes in metals. On

the other hand, the possible changes in onset of motion and the behavior

of the twin boundaries, such as the amplitude dependency of stroke, have

an influence on the performance parameters of the material. Therefore,

the effects of cycling are crucial to the lifespan and controllability of the

material. Thus, it is not enough to study only the effects of the structural

properties on twin boundary mobility, but it is important to obtain exper-

imental information of their possible changes in the long-term cycling.
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In Publication VI the effects of cyclic loading on the 10M

Ni50.0Mn28.3Ga21.7 were studied in the mechanical cycling experiments

at zero magnetic field (i.e. ambient) at room temperature. In the strain

controlled experiments, the twinning stress of one sample measured from

the cycling stress-strain loop increased only slightly up to 160 · 106 cycles,

after which the sample cracked. Another sample of the same material,

when using first load-control and later strain-control, tolerated up to 2·109

cycles, while the strain was changing in the range of 0.013 to 0.0217, and

the twinning stress varied from 0.44 to 0.71 MPa. Many of the changes in

twinning stress are associated with an abrupt change of strain or applied

stress. E.g. in Figure 3.12 at the number of cycles N = 188 · 106 there is

observed a decrease of the twinning stress co-incidental with decreasing of

both applied external stress and strain. A gradual increase of the applied

stress was found after several tens of millions of cycles, which is needed

in order to retain the same strain level in the cycling. This phenomenon

was related to the increased slope of the stress-strain-loop as the cycling

test proceeded. It is observed as the steepened slope of the stress-strain

loops in Publication VI.
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Figure 3.12: Applied stress, strain and twinning stress peak-to-peak (p-p)

amplitudes of the mechanically cycled 10M Ni50.0Mn28.3Ga21.7 [Publica-

tion VI].

In Publication V the magneto-mechanical uniaxial cycling of 10 M

Ni50.5Mn28.0Ga21.5 was performed in the specifically made test jig. The

sample was extended against a pre-stressed spring at approximately 0.015

peak to peak (p-p) strain. The magnitude of the pre-stress was ≈ 1 MPa

in this particular test. The strain decreased while cycling proceeded. This
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was caused by the test system, as the shape-changing sample came in con-

tact with the surfaces of the magnetic circuit, and the sample surface was

damaged by wear. At certain cycle intervals, the sample was removed

from the test jig for inspection. After restarting of the experiment the

strain was recovered. The switching field Hsw value for the twin bound-

ary motion in the sample increased due to cycling, although the results

showed large deviation. The static MFIS at Happl=1 T decreased from

0.053 to 0.043, which corresponds to a reduction in the deformed fraction

of the sample by ≈ 20 %. In Publication VI it was shown that in mechani-

cal cycling tests without surface wear MFIS remained at the original level

of 0.06, when measured after 100 · 106 cycles. These results indicate the

importance of mechanical wear of the sample surface in the long–term

performance of the MSM element and the magnetic field induced twin

boundary motion.

In another test which was conducted by using a magneto-mechanical

test jig, the sample was cycled up to more than 200 · 106 cycles. The stroke

was measured at specific intervals both at the cycling frequency (dynamic)

and by manually adjusting the coil current (static stroke) [Publication V].

The twinning stress, which was calculated from the parameters obtained

from the displacement - coil current loop, increased from 0.30 to 0.33

MPa during cycling. Instead of a gradual increase, the twinning stress

increased abruptly at approximately 70 · 106 cycles.

3.2.3 Twinning induced cracking

Cracks were found to nucleate and grow on the specimen surface in both

the magneto-mechanical and mechanical cycling [Publication V, Publica-

tion VI]. The evolution of the cracks in the magneto-mechanical cycling

was studied by scanning electron microscope (SEM). The sample surface

was studied before cycling and after a selected numbers of cycles. Round

MnO inclusions (approximately 5 μm in diameter) were found in the spec-

imens before cycling. As the twin boundaries were driven back and forth

past the inclusions, microcracks initiated around the inclusions during

the first millions of cycles, but these cracks did not usually not grow when

the cycling continued.

Before the cycling, a few etch pits were present on the surface (Figure

3.13). They seemed to continue approximately as normal to the (001) sur-

face (Figure 3.13a). The associated dislocation line is thus expected to be
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the [001] direction. Also, etch marks resembling a cross were found, with

the line grooves close to the [010] and [100] directions (Figure 3.13b).

(a) (b)

Figure 3.13: SEM images of (a) a dislocation etch pit and (b) cross shaped

etch marks on the Ni50.5Mn28.0Ga21.5 (10M) sample surface in the mate-

rial before magneto-mechanical testing. The surface is normal to (001)

and the long axis of the stick sample is nearly horizontal in the images.

Both pictures are secondary electron images (SEI).

All these etch pits are formed in the electropolishing of the sample.

Therefore, the existence of the etch pits is evidence that some disloca-

tions exist in the single crystals. The width of the pit in Figure 3.13a is

about 35 μm, but 10 μm wide pits were also found. As the specimen has

been prepared from a newly grown and heat treated single crystal ingot,

dislocations are induced to the structure in the crystal growth process,

during heat treatments or during the stick cutting and preparation.

The surface scratches were observed to strongly promote crack growth

in cycling, in contrast to the inclusions, which were not found to effec-

tively enhance crack growth. In Publication V the growth of the cracks

on the surface occurred in the trace direction [011] of the twinning plane

K1 = (011). Thus, the probable crack growth plane would be the twinning

plane. This was confirmed by comparison of the XRD measurements and

the SEM images of the cracks. The SEM study of the mechanical cycled

samples in Publication VI showed on a detailed scale a step-wise growth

of cracks along the twinning planes {101}, leading to gradual macroscopic

crack growth in a direction close to 45◦ in respect to the loading axis

[100]. In Publications V and VI, microcracks were observed in the sur-

face scratches (Figure 3.14), some of them being present already before

the cycling. Figure 3.14 shows that during cycling the microcracks have

appeared at certain distances (≈ 50μm) along the scratch.

As a result of the crack growth the cross-sectional area carrying the load
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Figure 3.14: Microcracks (indicated by arrows) at a surface scratch of 10M

Ni50.5Mn28.0Ga21.5 after magneto-mechanical cycling of 107 ·106 cycles at

εa ≈ 1 %. A secondary electron image (SEI).

decreases, and the local tensile stress at the crack tip increases. This en-

hances further the growth of the cracks and nucleation of the new cracks.

This was confirmed in Publication VI, where several closely located cracks

were found in the same region of the cycled samples. These multiple

cracks led sometimes to the final fracture of the sample. In addition, cross-

ing twin boundary configurations were observed in some mechanically cy-

cled and cracked samples in Publication VI. This had led to formation of a

macroscopic triangular shaped twin variant, which has its c-axis oriented

sideways. This is the orientation of the b-axis of the usually existing twin

variants, i.e. the variants with mutually compatible twin boundaries for

the uniaxial cycling.

In Publication VI it was found that the MFIS does not decrease in a me-

chanically cycled sample, even if the cracks evolved in the sample. The

macroscopic twin variant boundary in the cracked area was often termi-

nated to the crack, if the twin boundary and the crack did not have the

same direction. Examples of such twins terminating at the cracks are

in Figure 3.15 which shows a micrograph of a 10M sample surface after

160 · 106 mechanical cycles.

In addition to the terminating twins, there is another new feature in

the cycled twin structure. The original twin boundaries are between [100]

and [001] twin variants, but new twins with perpendicular orientation

have appeared at the right side crack of Figure 3.15. The pattern and di-

rection of the twin and boundaries indicate that this new variant has [010]

orientation, as described schematically in Figure 3.15a. In Figure 3.16c
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0.5 mm

[001]

[100]

Figure 3.15: Twins terminating at cracks in a 10M material after cycling.

there is a SEM image of a mechanically cycled (5.4·106 cycles) and cracked

10M sample Ni50.0Mn28.3Ga21.7, showing the [100]-[010] twin boundaries

on the fracture surface, which can be distinguished by their inclined ori-

entations in the sample cross section. In Figure b there is a detailed SEM

image of the same specimen as in Figure 3.16c, where the step-like mor-

phology is visible. The step edges here seem to be close to [100] direction.

In Figure 3.16d there is a SEM image of another 10M alloy crack surface

(160 · 106 cycles) [120], where the step-like morphology is also shown, but

the step edges in this surface have at least an orientation partly close

to <011̄>. The microscopic steps correspond to the {101} twinning planes

and the height of the steps is along <101> direction, as described in the

scheme of Figure 3.16e. A step-like morphology of the fatigue crack sur-

faces was found in all cracked fatigue specimens of Publications V, VI and

[120], but the step edge directions can vary from one material to another.

Finally, the remaining part of the cross section cracks in a brittle manner

as shown in the lower part of Figure 3.16d.
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[100]-[001] boundary

(101) twinning
plane

[100]

[010]

[001]

[100]-[010] boundary

axial cycling direction

c

[001]-[010] boundary

(a)

(e)

(b)

(d)

(c)

(101) (010)

(100)

Figure 3.16: (a) Scheme of the twin variant areas and the twin boundary

directions in a cycled sample. (b) A detailed SEM image of the broken

10M Ni50.0Mn28.3Ga21.7 fatigue specimen with an overview SEM image

of cracked surface (c). (d) A detail of another fatigue specimen with a

step-like crack surface morphology. (e) A schematic presentation of the

microscopic crack step planes of the crack surface.
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In Publication II, the switching field Hsw for magnetic-field-induced twin

boundary motion in Ni50.1Mn27.7Ga22.2 was found to be higher for the es-

sentially single-variant state than for the two-variant state (Figure 3.1).

This same effect was found both in the magnetic and mechanical mea-

surements. The results in Figure 3.5 show that the magnitude of the

calculated magnetic-field-induced stress and the mechanical stress are

quite similar. According to Figure 3.1a the twinning stress of the essen-

tially single-variant state sample at the onset of deformation is nucleation

controlled, whereas the twinning stress is constant after the first twin

boundary has nucleated. The obtained twinning strain in the essentially

single variant state ε ≈ 0.056 % is similar to several published values,

e.g. [121, 122]. The fact that in the two-variant state the pre-existing sec-

ondary twin variant decreases the calculated energy needed for the twin

boundary motion, i.e. the onset value, supports this assumption.

In addition to these uniaxial compression results, the shear straining

results presented in this Thesis (Figure 3.8) show a distinctively similar

dependency on the variant state also in the shear mode. In Figure 3.8a

the initiation peak exists in an essentially single variant untrained state,

whereas in the trained state (Figure 3.8b) at the beginning of the shear

there can be expected to exist narrow twins or twin boundary nuclei (e.g.

at sites of existing material defects), in which state the twin boundary

mobility is increased. It has been suggested [121] that it is not possible

to obtain a fully single-variant state in 10M, and that there always ex-

ists a small amount of secondary twin variant. Due to hierarchical twin-

ning, internal twin boundaries are expected to exist even in the nominally

single-variant state [73], but their appearance, boundary orientation and

width is different from the inter-variant twin boundaries which are visi-

ble in the optical microscope. Furthermore, since in these shear tests the

specimen surfaces are fixed to the jig by glue, even a slight unparallelity

of the jig surfaces could result in remnant twins in the fully sheared state
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of a trained sample, but in the untrained state there should not exist such

remnant twins, especially if the crystal is homogeneous, like in this case.

Consequently, the shear stress peak of Figure 3.8a is considered to be

caused by twin nucleation.

When the 10M martensite stick is in a two-variant state, i.e., with es-

tablished twin variant boundaries, the mobility of the twin boundaries as

measured by the triggering stress is material dependent. When the stick

specimens are observed optically (or by a video camera), e.g., under uniax-

ial compression, the twinning behavior under monotonic straining is dif-

ferent in Ni-Mn-Ga alloys having a low twinning stress from those with

a high twinning stress. In the constant strain rate compression experi-

ments on the low twinning stress Ni50.1Mn27.7Ga22.2 10M single crystal

specimens (the batch used in Publications II and V), the variant rear-

rangement was associated with only one or at most a few steadily moving

twin boundaries. Also, the number of individual variant boundaries (and

variant regions) remained small during the entire plateau. This plateau

was flat for these specimens, while in the specimens with higher twin-

ning stress the stress-strain curve increased more steeply. In the case

of the specimens with this increasing twinning stress, new twin bound-

aries formed within the pre-existing variant, leading to a large number

of thin separately nucleated twins. The location of the moving (i.e., ac-

tive) boundary was also rapidly changing during straining. In summary,

the stress in the detwinning plateau area of the Ni50.1Mn27.7Ga22.2 single

crystal sample having only one or two twin boundaries (e.g., Figure 3.1)

is almost constant, when compared to the increasing twinning stress of

an alloy having a large number of twin boundaries (see, e.g., Figure 5b of

Publication III). However, there are exceptions and as an example of an

uncommon behavior for the Ni-Mn-Ga samples, the nearly flat plateau of

Figure 3.1 suggests that only the few existing boundaries move, and no

nucleation of new variants occurs throughout the entire plateau [41]. In

several sticks made of the same single crystal there were multiple twin

boundaries present and the plateau was serrated with a gradually in-

creasing twinning stress. If the grinding of the sample was made in too

rough of a way, or the electropolishing was done to an insufficient level,

the twinning stress remained high. Therefore, it is probable that in order

to exhibit a constant twinning stress, the crystal quality has to be high

and the surface stresses of the specimen have to be low.

In the repeated monotonic loadings shown in Figure 3.3 it was noticed
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that the motion of the twin boundary may continuously need a high stress,

when the boundary moves all the way through the sample. This suggests

that instead of the high amount of energy necessary for the nucleation

of the secondary variant, as is reported in Publication II, in a specific

high quality single crystal 10M specimen Ni50.4Mn28.3Ga21.3, the twinning

stress may also be high during the continuous motion of twin boundary.

The twinning stress may be at first very low when the fraction of the sec-

ondary twin variant is at the intermediate level. However, the twinning

stress increases abruptly when the amount of the secondary variant is

large (Figure 3.3). These results suggest that there may be different kinds

of twin variant boundaries or mutually moving combined twin boundaries

(e.g., which consist of more than a single twin boundary) in a high purity

10M material, which are moved at distinctively different stress levels.

These low mobility boundaries are unstable in a high quality single crys-

tal structure, since they appear and disappear during the training of the

crystals. In lower quality 10M Ni50.1Mn29.0Ga20.9 crystals, with obviously

lower purity, the twinning stress did not once decrease to such extremely

low values. As a consequence, the twin boundary mobility seemed to be

more stable, although the explanation for this difference is not entirely

clear. Similar results on 10M structure with a relatively stable twinning

plateau but with a higher twinning stress have been previously reported

in e.g. [52, 123, 124, 125]. So far, the instability of twinning stress has

been reported only in the high quality crystals in [57].

When an increase in twinning stress observed in an essentially single-

variant state [Publication II], or in the two-variant state single crystal

(Figure 3.3), it suggests that the local microcracks or inhomogeneous twin

variant structure may be generated in the material during straining. In

the case of dynamic or cyclic straining, an abrupt change from the mul-

tivariant to the essentially single-variant state is possible if the strain

regime of the Ni-Mn-Ga specimen is shifted by e.g. the influence of ther-

mal expansion or contraction, by the changed external mechanical fric-

tion [Publication V] or by the increased internal dynamic stiffness at high

number of cycles [Publication VI]. In Publication II it is suggested that

especially the fatigue life of the MSM material at large strain amplitudes

may be reduced, when the appearance of the single-variant state is likely.

This can also be noticed in previously published cycling investigations

[70].

The results of the shear stress tests (Figures 3.6 and 3.7) show that the
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onset shear stress for twinning τstart, the end shear stress value of the

plateau τfinish, and the twinning plateau width γ, all depend on the de-

formation history of the sample. They may even vary between different

specimens made from the same crystal, although the heat treatment and

procedures of preparing the sample were similar. These shear stress ex-

periments were conducted with single crystal specimens cut essentially in

the < 1̄01 > direction (K1 = (101)), which is the crystallographic direction

of shear. This implies that the twin mobility in the material at a fixed

temperature is not constant, but it depends on the deformation history,

in addition to the other possible contributing factors such as defect dis-

tribution, twin configuration, or surface stress state. The mean twinning

shear stress τt in the 10M Ni49.9Mn28.2Ga21.9 samples varied from 0.55 to

0.94 MPa, with a reasonable 3.8 % shear strain error. The similar values

for Ni49.5Mn29.4Ga21.1 were τt = 0.23 to 0.58 MPa, excluding the untrained

state single variant peak at 1.5 MPa. The twin configurations in Figures

3.10b and c show that twins with different twinning planes may appear.

The different orientations of twins contributes to the differences in shear

stress values required to move them.

In the present measurements direct shear has been applied, but the re-

solved shear stress could also be approximated by using Schmidt law [54].

The measured τt is about 60 % smaller than that given in the literature,

while the measured γ is 2 to 3 times larger [54]. In several earlier pub-

lications, such as [55, 61, 126], higher twinning tensile or approximated

shear stress values are reported for the 10M Ni-Mn-Ga structure than the

present values of τt (e.g. in Figure 3.8) and σtw (e.g. in Figure 3.3). The

experimentally measured maximum shear strain γ = 0.12 is about 7 %

smaller than the value calculated with the lattice parameters (γ0 = 0.13).

The 7 % difference is not very large, and similar to previously reported

uniaxial mode results, e.g. [121]. The difference of shear strain may be

partly due to the fact that the specimen was glued from both sides to the

shear test jig, and the hardened glue may have limited the deformation

of the specimen near the surfaces. The recent efforts of the 10M single

crystal Ni-Mn-Ga manufacturers to improve the crystal quality and pro-

duction process has considerably reduced the twinning stress [57, 80]. It

is thus reasonable to assume that the present low twinning stress val-

ues are a result of the improved crystal quality, higher homogeneity and

purity.

Vibration damping (tan δ) in martensite and parent phase was studied
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as a function of temperature for the Ni-Mn-Ga single crystal samples hav-

ing 10M, NM or mixed martensite structure in Publication III. In all these

materials tan δ, E′ and E′′ are temperature dependent. The twin bound-

ary mobility of 10M martensite increases with temperature both in mono-

tonic and dynamic loading, when heated towards the parent phase area,

as the lattice tetragonality decreases and the interatomic distances of the

moving atoms in the vicinity of the twin boundary decrease [100]. In the

studied NM martensite specimens, the high damping region extended to

a higher temperature (approximately 385 K or 410K, depending on the

alloy) than in the studied 10M material (approximately 315 K). When the

martensites are heated, there is a drop in the dynamic modulus E′ near

the phase transformation region, which is related to phonon softening.

Damping in the parent phase is generally low, as the mobile twin bound-

aries do not exist. When the specimen is dynamically loaded and cooled

from the parent phase in the DMA system, tan δ in the NM specimens is

slightly larger than when measured prior to heating to the parent phase.

In the 10M and mixed specimens, the tan δ level is retained after phase

transformation from parent to martensite phase. We suggest this differ-

ence to be related to the higher twinning stress and higher E′ of the NM

martensite when compared to the 10M martensite. The specimens were

cycled with limited applied force amplitude, and thus, the accommodation

of the martensite variants is expected to happen at a lower stress in the

10M than in the NM martensite, due to the lower twinning stress of the

10M martensite [54].

The accommodation of twin variants with the applied cyclic stress is ex-

pected to enhance the motion of twin boundaries, similar to training in the

monotonic case in e.g. [127]. In the NM specimens, the accommodation

of twin variants can essentially occur only after the dynamic modulus E′

decreases to a low enough level, and the accommodation is probably fur-

ther enhanced when the martensite transformation occurs under dynamic

loading. This proposed behavior resembles the thermo-mechanical train-

ing by monotonic loading. Thus, damping of the NM martensite could be

higher after the MT than before the transformation, as the results in Pub-

lication III show. In the specimens with the 10M and mixed martensite

structure, however, the accommodated state is reached already before the

transformation to the parent phase.

According to Publication IV, the tan δ values of martensite in dynamic

loading increase at a greater rate with increasing amplitude when tem-
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perature raises. This is a consequence of the decreasing twinning stress,

i.e., the onset for martensite twin boundary motion decreases with in-

creasing temperature [Publication III][59]. However, the strain-amplitude

dependency at different temperatures is essentially similar (Figure 3.11).

Based on the linear relation of the secondary variant fraction and the

strain in the uniaxial loading of the 10M Ni-Mn-Ga single crystal sample

[52], the total traveled distance of the twin boundary, or the sum of the

distances traveled by many boundaries, is directly dependent on strain.

In bending, a linear relationship also exists between the bending strain

(by the variant accommodation) and the variant fraction. With the si-

nusoidal straining at a constant frequency, the distance traveled by the

twin boundaries increases linearly with growing amplitude. The similar

trend of the martensite damping at different temperatures suggests that

the damping properties in these martensitic Ni-Mn-Ga alloys essentially

depend on the extent of the twin boundary motion. As the tan δ of the

cubic parent phase is two orders lower than that of the martensitic phase,

it can be suggested that the main contributor to the high damping in the

martensite phase is correlated to its structure, and especially to the hys-

teretic motion of twin boundaries. This is further supported by the fact

that there seems to be a threshold level for the high damping, in the ex-

ample (Figure 3.11), approximately at εa = 0.02. When the εa increases

to the level 0.10–0.25, the rate of increase of damping slows down. It is

assumed that here the ε0 level of NM structure is reached, beyond which

the twin-boundary-based straining cannot occur.

Magneto-mechanical cycling, based on the extending of the specimen

by the magnetic shape memory effect and contraction by a spring force,

can also be applied to 10M Ni-Mn-Ga alloys [Publication I, Publication

V]. The long-term behavior of these alloys has been well evaluated also

in the mechanical cycling [Publication VI]. The fatigue life of the 10M

single crystals with mobile twin boundaries is long compared to many

other metal alloys. Cyclic mechanical straining of 2 % peak-to-peak strain

was applied for 2·109 cycles without breaking of the sample, although

microcracking and clear changes in the twin structure occurred. Mag-

netic field-induced strain remains in the original level in a cycled sample

when surface wear during cycling is eliminated. However, with the ultra-

low twinning stress 10M material the fatigue life of individual specimens

showed a large variation [Publication VI]. Fatigue tests with very homo-

geneous crystals Ni50.4Mn28.0Ga21.6 showed even more variation of fatigue
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life [120]. With these results it has been confirmed that the differences in

the material structure have an influence on the twin boundary motion in

cycling, as was earlier presented as a hypothesis.

It was found in Publication V that grinding of the MSM specimen sur-

face reduced the obtainable magnetic field induced strain (MFIS) in cy-

cling. Grinding creates surface and subsurface damage associated with

a stress field on the surface. As a hypothesis it is presented that this

hinders motion of the partial dislocations needed for the twin boundary

propagation [128], and thus, reduces the mobility of twin boundaries. The

observed decrease of the MFIS with cycling induced damage supports this

assumption, as well as the fact that also the area of the worn surface

seems to correlate with the decrease of MFIS. The crystal lattice in the

scratch area is perturbed by the stress field of the associated dislocations

[129]. With this assumption, the stress constraint and the perturbation

at the scratch would be partly released by the microcracks forming at the

scratch. The distance between these microcracks would be thus associ-

ated with the magnitude of this stress field. The observation of the evenly

distributed microcracks at the scratch of the fatigue sample in Figure 3.14

supports this assumption. Furthermore, since the motion of twin bound-

ary can be associated with shuffling and de-shuffling motion of the atoms

[32] the perturbed crystal lattice at the scratch could hinder the motion of

a twin boundary moving through this region.

In Publication VI, the changes of twinning stress in mechanical cycling

occurred mostly in coincidence with abrupt changes in the dynamic stress

and strain of the sample. A decrease of the twinning stress was asso-

ciated with the decrease of applied external stress and strain, and vice

versa (Figure 3.12). This result confirms the interdependency of twinning

stress and strain, which was also found in the vibration damping mea-

surements [Publication IV]. One explanation for this is the different local

twin boundary motion resistance in the material due to the structural in-

homogeneity. The structural variation and high inhomogeneity has been

observed by neutron diffraction measurements even in a high quality Ni-

Mn-Ga crystal [130]. Such changes in the structure promote the inho-

mogeneous nucleation of twins. When these differences take place in the

different regions of the MSM sample, there will be locations with easy

and hard moving twins. If the resistance to twin boundary motion, i.e,

the twinning stress, in a certain region remains constant, and the twin

boundaries are mobile only in a specific region of the sample, it could
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be presumed that the defects hindering the twin boundary motion are

at fixed positions in the solid state lattice and that their amount does not

change. However, as shown in Publication II, when the strain is decreased

or increased, the regions of easily moving twin boundaries must change

their location due to the interdependency of the variant fractions and the

strain. Since the resistance of the movement in the new region may differ

from that of the original one, also a change of the twinning stress, applied

stress and strain takes place.

In Publication VI a gradual stiffening of the sample was observed in cy-

cling up to several tens of 106 cycles. This was shown to be associated

with the decrease of the twin variant width in the sample, i.e., refining

of the twins. The refining may occur in different regions of the sample,

having varying resistances to the twin boundary motion. When an exter-

nal stress is applied to the sample, at first the twin boundary with the

lowest resistance (i.e. twinning stress) starts to move. If the twin bound-

ary then moves to a region with a higher resistance for its motion, more

stress is needed for further movement - or if it moves to the region with

lower mobility, the stress needed decreases. Alternatively, there may be

another twin boundary, which starts to move as the energy needed for its

motion is exceeded, or a new twin boundary may then nucleate if that

is energetically preferable. Nucleation is expected to occur especially at

intersections of slip lines or near lattice defects, where the local stress

may be higher than in the heterogeneous twinning [41]. Thus, in the

cyclic long-term straining of Ni-Mn-Ga material, the twin boundary mo-

tion is associated with a gradually increasing stress with the refining of

twin structure, as new and thinner twins are nucleated. This evolution

is associated with the accumulation of local defects in the sample, i.e.

the movement of boundaries creates defects in the active regions causing

movement to spread to other region with higher twinning stress.

Crack growth in the Ni-Mn-Ga 10M martensite single crystals occurred

along steps usually associated with the twinning planes [Publication VI],

which was also observed in the magneto-mechanical and mechanical cy-

cling. The fatigue crack growth in the 10M single crystal Ni-Mn-Ga can

occur in several ways, and were found to depend on the orientation of twin

boundaries, the scratches of the specimen surface, inclusions and other

irregularities of the structure. This supports the presented hypothesis

that twinning fatigue results in microstructural changes that influence

the twin mobility and the long-term performance of the material.
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In Publication VI the microstructural cracks, which evolved during cy-

cling, did not have a significant effect on the MFIS. The continuous twin

boundary may end at the crack surface, instead of continuing across the

entire sample. The crack surface acts for the twin as a free surface where

there is no coherency requirement for reducing the twin boundary surface

energy. However, the twin boundaries on both sides of the crack may still

be mobile, allowing the MFIS. Actually, as cracking may release the lattice

constraints caused by the large defects, it can even enhance twin mobil-

ity. The SEM examination of some samples in the magneto-mechanical

cycling Publication V revealed some MnO type inclusions of the specimen

surface. Some of them were removed probably in the sample prepara-

tion, and in magneto-mechanical cycling the surface microcracks were ob-

served to have grown from such cavities or inclusions, as shown in Figure

4.1.

Figure 4.1: Microcracks at a surface cavity of the Ni50.5Mn28.0Ga21.5 spec-

imen after 10.5 · 106 magneto-mechanical cycles with 1 % p-p strain (a

bright field secondary electron image).

A hard inclusion inside the twinned martensitic material is not expected

to deform alike its surroundings, and an increased local lattice constraint

can nucleate a crack near the inclusion. If such microcracks are located

along the path of a growing crack, the crack could partly grow by the

successive adjoining of the microcracks, which would lead to an uneven

crack surface. Growth of macroscopic cracks at the sites of crystal defects

may be explained by a similar principle, although the actual verification

is not easy, as it is not the only mechanism for the crack growth. Another

growth method may be related to the increased stress concentration due
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to the lattice misfit of the intersection of the compatible and the incompat-

ible (i.e., blocking) twin variants. Nucleation of microcracks by twinning

has been reported in other materials [41].

Based on the macroscopic twinning on K1 planes, when the load is ap-

plied along the 001 direction of 10M martensite the twin is equally likely

to nucleate on any of the four twinning planes that are non-parallel with

the applied stress. Considering this, a blocking twin [41], i.e., a third

variant may nucleate on a crossing twinning plane and it can extend

freely through the stick as long as it does not collide with an existing twin

boundary. The blocking twin will block the twin boundaries from moving

through it. Thus, the twinning strain decreases by an amount determined

by the size of the blocking twin.

Furthermore, it is noteworthy that the rotational component due to

twinning in the single crystal may contribute to the appearance of the

third variant type if the crystal is constrained. In the 10M martensite

structure the twin boundary involves a surface tilt of approximately 3.5 or

7 ◦ (depending on the variants and lattice parameters). For example, sup-

posing that in an originally single variant state rectangular stick cut in

the <001> direction there is a single twin boundary between the [100] and

[001] variants, and the end surfaces of the stick have the corresponding

tilt angle between each other (Figure 4.2). If the stick is compressed be-

tween parallel surfaces, such as in a magneto-mechanical prestress-type

actuator, the stress on the tilted surfaces will not be evenly distributed.

Therefore, the stress concentration can be partly accommodated by the

nucleation of a new [010] twin variant, which can in the framework of

the moving twin boundaries be of an incompatible orientation with the

existing ones, i.e. it is a blocking third variant. The stress concentration

described above increases with the stick width, mainly with the width in

the a-c-plane, and with thin specimens the effect is not expected to be

large.

In summary the crossing twin boundaries are usually expected to lead

to the interlocked state, i.e. increase of the stress is needed to move the

twin boundaries when strained, and to promote cracking. However, as

there are several factors influencing the formation of the crossing twin

boundaries, no single reason for their appearance can be given.

Yet there is still another reason for the cracks to nucleate and grow

provided by the theory of the pile-up of twinning dislocations or discon-

nections, which have been proposed to allow the motion of twin bound-
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aries [53]. With a sufficient back-stress, the growing pile-up could even-

tually nucleate a crack on the plane containing the disconnection wall. Of

course, it is possible that several of the proposed reasons are mutually

interacting. In a material with some impurities such as oxygen, the twin-

ning dislocation pile-ups could be generated at the MnO inclusions. Fur-

thermore, there are the observed etch pits on the sample surface before

cycling. In Figure 3.13 the orientation of the etch pit cavity, extending into

the inside of the <100> oriented sample, appears to be [100]. According

to the literature [46], the square shape of the etch pit is characteristic for

{100}M plane on which it forms in a material with a cubic lattice. The etch

pit in Figure 3.13a has an octagonal shape. Due to the lattice misfit and

elastic energy of the dislocation, the dislocation line is chemically a more

active region than a stress free region. Thus, the line of the dislocation in

Figure 3.13a may be assumed to be in the [100] direction. Together with

the influence of the incompatible variant presented before, these sessile

[100] dislocations could perhaps lead to the twinning dislocation pile-up,

and thus allowing cracking in very high purity samples where no inclu-

sions exist. When cycled further, a new pile-up could appear at the end of

the existing crack. The pile-up would be released when the crack grows

further a suitable distance, and repetition of this event results in a step-

like crack growth. As was observed in this Thesis, the crack grows along

twinning planes, and thus suggests that the new pile ups would appear

on the suitable twinning plane, which in each stage of the crack propa-

gation is most convenient. A proposed mechanism for generation of the

pile-up by the moving twin boundary and the sessile [100] dislocation is

illustrated in Figure 4.3. Such kind of cracking has been recently reported

in [120], but the actual mechanism of the cracking is not yet clear.
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Figure 4.3: A schematic illustration of the moving twin boundary and the

proposed generation of the twinning dislocation pile-up in a 10M Ni-Mn-

Ga single crystal. The material contracts vertically as the twin boundary

moves in the direction of the arrow.
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Based on the results presented in this Thesis and attached publications

the following conclusions may be drawn:

• The onset stress of twin boundary motion of Ni-Mn-Ga 10M marten-

sitic single crystal is higher and controlled by the twin nucleation

in the single variant state, when compared to the case where there

are previously nucleated twin boundaries. This feature is more pro-

nounced in a low twinning stress crystal. Extensive training (i.e.,

back and forth straining) reduces the high onset stress, probably be-

cause twin nuclei are created in the crystal, and the start of the twin

boundary motion thereafter is not any more controlled by twin nucle-

ation. Furthermore, in a low twinning stress crystal, the (nucleated)

twin boundary can move at almost a constant stress. The twinning

stress may be in this case very low but the variation of the twinning

stress and the instability of twin boundaries increases. It was sug-

gested that the decreased mobility of an unstable twin boundary is

related to an additional twin variant being introduced to the bound-

ary. In a high twinning stress crystal the deformation occurs as a

consequence of the motion of multiple twin boundaries having dif-

ferent onset stresses. Boundaries move under changing strain one

after another, at increasing stress. A similar trend of an increas-

ing stress with strain and simultaneous thinning of twins was found

in the long-term fatigue specimens, showing that during fatigue the

accumulating defects cause a corresponding change in the twinning

stress of the crystal.

• Twinning of Ni-Mn-Ga 10M martensite was experimentally stud-

ied for the first time under simple shear. The onset stress for twin

boundary motion was observed to have large variation in the low

twinning stress alloy, depending on the twin variant configuration.

The stress onset for twinning in these alloys could in the trained
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state be very low (τ = 0.07 to 0.23 MPa). In the higher twinning

stress 10M Ni-Mn-Ga alloy the variation of the stress onset was

smaller, and the stress onset for twinning was higher (τ > 0.60). It

can be concluded that a similar effect of the nucleation stress to on-

set stress for twin boundary motion exists in deformation both under

the shear mode and under the uniaxial mode. The measured maxi-

mum twinning shear strain γ was 0.12 and the corresponding value

at uniaxial strain ε was approximately 0.06.

• It was discovered that the twin mobility is lower and the twins also

nucleate during straining in 10M martensite Ni-Mn-Ga crystals, which

show less perfect crystal modulation than the homogeneous crystals.

In these crystals the macroscopic twins are proposed to be nucleated

by the inhomogeneous mechanism, whereas the homogeneous nucle-

ation cannot be excluded in the high quality crystals.

• Damping (tan δ) of the Ni-Mn-Ga martensite is essentially based on

the hysteretic twin boundary motion and thus the loss tangent in-

creases with vibration strain amplitude up to the crystallographic

limit ε0. The mobility of twins in 10M martensite Ni-Mn-Ga is higher

than in the non-modulated martensite. The high damping regime is

found above the twinning stress, typically in 10M at lower stresses

σ of ≈ 1 MPa, when compared to the non-modulated martensite

with the stress level of 20 MPa. Tan δ of martensite can be high

and depends on temperature, since the mobility of martensite twin

boundaries increases with increasing temperature. In the parent

phase this increase of damping with the amplitude does not ex-

ist. There is a threshold strain level for the increased damping

of typically Δε ≈ 0.02. Both magneto-mechanical and mechanical

uniaxial cycling of 10M Ni-Mn-Ga eventually causes fatigue crack

growth which microscopically occurs along steps close to the {101}

twinning planes. Surface microcracks are nucleated by inclusions or

scratches. The fatigue cracks typically grow in a ≈ 45 ◦ direction in

relation to the loading axis.

• Ni-Mn-Ga material has potentially a long fatigue life. The so far

highest reported number of cycles (2 · 109) with a single crystal Ni-

Mn-Ga fatigue specimen was recorded. However, if the cycling con-

ditions are not carefully considered, the fatigue life can be signifi-

cantly shortened. Several reasons for the shortening of the fatigue
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life were confirmed or proposed, such as the specimen damage by

surface wear, adjoining of fatigue cracks, cracking by the influence

of incompatible twin variant and increased internal stress during

the twin nucleation in the essentially single variant state.

The results of the present Thesis contribute to the scientific understand-

ing and shed light on the possibilities for utilizing and further improve-

ments to Ni-Mn-Ga magnetic shape memory materials both in monotonic

and dynamic use. Based on the presented results, it can be concluded that

in order to ensure the repeatability and consistent magneto-mechanical

properties, the creation of large enough twin nuclei by e.g. a training

treatment of 10M Ni-Mn-Ga crystals is necessary especially in high qual-

ity crystals, so that the twinning onset stress is reduced to a stable level.

In addition, for ensuring the performance of material in continuous use,

and for avoiding the increased internal stress connected to the single vari-

ant state or the abruptly appearing hard moving twin boundary, the ap-

plication of Ni-Mn-Ga material and the possibility of wear of the speci-

men surfaces should be taken into account already in the design phase

of the potential actuator or respective apparatus. The high sensitivity of

the twin boundary motion to the crystal structure, defects and impurities,

tends to cause variation in the magneto-mechanical properties especially

when the material has very low twinning stress, and consequently this

issue is a challenge for the industrial utilization of Ni-Mn-Ga MSM ma-

terials. For vibration damping applications, especially in the case of non-

modulated Ni-Mn-Ga martensite, the allowed twinning stress levels are

higher and the properties of the specimens are easier to control.
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Errata

Publication VI

On page 2, on the second column rows 1 and 3 both values of TC = 476 K

should be written TC = 376.
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Ni-Mn-Ga based magnetic shape memory 
alloys have attracted scientific interest for 
more than ten years because of their 
exceptional properties. They can be applied 
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fatigue life. Factors influencing the long-
term performance are proposed and 
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