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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Modellierung und Simulation der Mikrostruk-
turentwicklung in funktionalen magnetischen Materialien, insbesondere in magnetischen
Formgedéchtnislegierungen (MSMAs). Das Ziel der Arbeit ist die Entwicklung eines Ma-
terialmodells, in dem Informationen iiber die Mikrostruktur in einem effektiven Sinne
erfasst werden, und dessen Einbettung in die Finite Elemente Methode (FEM). Zunéchst
wird ein mikromagnetisch inspirierter variationeller Modellierungsrahmen eingefiihrt.
Die zugrunde liegende Mikrostruktur wird parametrisiert und sowohl zugehorige Ener-
giedichten als auch Dissipationsfunktionale werden spezifiziert. Dabei wird unter ande-
rem das Konzept der Energierelaxierung angewandt. Mit Hilfe von Demagnetisierungs-
faktoren lassen sich makroskopisch homogene Zusténde simulieren und die Eigenschaf-
ten des Materialmodells untersuchen. Anschlieend liegt der Fokus auf der Implemen-
tierung solcher Materialmodelle in die FEM. In dem vorgeschlagenen Ansatz werden
unter anderem Zustandsvariablen als globale Feldgréfien aufgelost und Ungleichheits-
Nebenbedingungen auf globaler Ebene beriicksichtigt. Anhand von magnetostatischen
und darauf aufbauenden vollstiandig gekoppelten Simulationen werden die Vorteile der
FEM demonstriert.

Abstract

This thesis deals with the modelling and simulation of the microstructure evolution in
functional magnetic materials, especially in magnetic shape memory alloys (MSMAs).
The objective of this work is the development of a material model, where information re-
garding the microstructure is taken into account in an effective sense, and its embedding
into the finite element method (FEM). Firstly, a micromagnetics-inspired variational
modelling framework is introduced. The underlying microstructure is parametrised
and the corresponding energy densities as well as dissipation functionals are specified.
Amongst others, the concept of energy relaxation is applied. Using demagnetisation
factors, macroscopically homogeneous states are simulated and the properties of the
material model are analysed. Afterwards, the focus lies on the implementation of such
material models into the FEM. In the proposed approach, state variables are resolved as
global fields and inequality constraints are taken into account on the global level. The
advantages of the FEM is demonstrated for magnetostatic simulations and—based on
them—fully coupled simulations.
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Notation

Most of the notations used in this thesis become obvious from the context. For the sake
of the reader’s convenience, the essential relations are briefly summarised below. Here,
Einstein’s summation convention is used for a compact representation.

Tensors The three-dimensional Euclidean space is represented by a set of basis vectors
{e;}, with i = 1,2,3. First- to fourth-order tensors are expressed in terms of their
coefficients by

a=uae; (first-order tensor) ,
=Ae®e; (second-order tensor) ,

a=ua e Qe ey (third-order tensor) ,

A=A e ®e Qe,® e (fourth-order tensor) .

Non-bold letters are used for scalars, bold-face lower-case italic letters for vectors and
first-order tensors, bold-face upper-case italic letters for second-order tensors, bold-face
lower-case sans-serif letters for third-order tensors, and bold-face upper-case sans-serif
letters for fourth-order tensors.

Inner tensor products Inner tensor products are represented by dots. The number of
dots is equivalent to the number of contractions, e.g.

a-b=ab;,
A-b=A;bie;,
A-B=A;Bje e,
A:B=A;B;,
A:B=AyBue ®e;.

The colon is used for a contraction of a pair of neighbouring indices. A scalar results for
the special case of n-fold contraction of two n-th-order tensors.
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Notation

Outer tensor products Outer tensor products, respectively dyadic products, are rep-
resented by the symbol ®. The non-standard symbols ® and ® are used for special
tensor products for pairs of second-order tensors.

a®b=aqabjeXe;,
ARb=A,be®ej e,
A®B = A;;Bye;Re;Re, e,
A®B =A;Bjei®e; Qe e,
A®B = A;Bjre®@e;Re e .

Identity tensors The second-order identity tensor I is
I= 5ij e €;,

wherein J;; =e; - e; is the Kronecker delta with §;; =1 for i =j and otherwise §;; = 0.
The fourth-order symmetric lgy,, volumetric Iy, and deviatoric lge, identity tensors are
specified using the tensor products introduced above as

|

liym 5[I®I+I@I],
1

|v01:§[I®I] ’

Idev = Isym - Ivol .

Operators In the following, a comma is used to represent the partial derivative of a
quantity w.r.t. ,. The symbol V, represents the Nabla operator.
The (spatial) gradient of a scalar or tensor is represented by, e.g.,

Vea=a,e;, Vea=uqa;e,e;, VoyA=A;,e,Q0e Qe;.

The (right) divergence of a first- and second-order tensor is represented by
div,a=Vy-a=aq;;, divgyA=V,-A=A4;,€,.

The (right) curl of a first- and second-order tensor is represented by
curla =V, xa = —a;j€jpe,, culb,A=Vy,xA= —Ajeue e,

wherein ;55 is the Levi-Civita symbol with €;;, =1 for 7, j, K being an even permutation
and ¢ =—1 for ¢, j, k being an odd permutation.



1 Introduction

The present thesis is based on work that was carried out in the context of the re-
search unit FOR 1509: Ferroic Functional Materials funded by the German Research
Foundation (DFG). The research unit has set itself the goal of achieving a new quality
in the modelling, simulation, and experimental characterisation of multifield couplings
in multiferroic materials across various length scales, see [1]. Project P7 focusses on the
modelling of the effect of microstructure evolution in magnetostrictive materials using
numerical energy relaxation approaches. In this chapter, a brief introduction to mag-
netic functional materials and, in particular, magnetic shape memory alloys (MSMAs)
is presented, followed by a short summary of established modelling approaches. The
structure of the thesis is outlined at the end of this chapter.

1.1 Magnetic functional materials

According to [112], functional materials are by definition materials that provide addi-
tional engineering functionality due to intrinsic properties on top of the usual structural
requirements. Typical applications are their use as sensors, actuators, or energy har-
vesters. One subclass of these materials are magnetic functional materials, in particular
magnetostrictive materials that are used in sensors, actuators, transducers, or to store
information, see [47, 214]. The magnetic field-induced strain in giant magnetostrictive
materials is approximately two orders of magnitude above the strain that is observable
in magnetostrictive elements, such as iron. Typical examples are Terfenol-D [37, 149]
and Galfenol [102]. Due to the commercial availability of these materials, the research
interest has increased during the last years. Exemplary applications are the use as mag-
netostrictive transducers in the cutting head of a milling machine to achieve tolerances
of approximately 1pum at frequencies in the kHz region, see [192]. Other applications
are their use in sonar equipment due to the greater bandwidth, reliability, and reduced
transducer size and weight, see [2], or in high pressure fuel injectors [184], see also
[48]. Another group of materials that recently gained much research interest is the
group of (multi)ferroic materials. Ferroic materials exhibit a spontaneous magnetisation
(ferromagnetics), a spontaneous polarisation (ferroelectrics), or a spontaneous straining
(ferroelastics). They are promising canditates for the development of novel applications
that require functional materials. Multiferroics typically occur in composite form and are
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designed to have desired, e.g. magnetoelectrical, coupling properties. The individual con-
stituents are usually weakly coupled or even uncoupled, see [48]. Magnetic shape memory
alloys, however, are intrinsically multiferroic materials, since a spontaneous straining
and a spontaneous magnetisation occurs, when below both the phase transformation
and Curie temperatures. The probably best-known MSMA is Ni;MnGa, where mag-
netic field-induced strains of up to 6-10 % [74, 90, 106, 134, 160, 164, 172, 195, 197, 200]
in a large bandwidth of up to 1-2 kHz [25, 79, 106, 139, 209, 210], respectively 5 kHz
in thin films [192], have been reported in the literature. In addition to strong mag-
netomechanical coupling, they possess the conventional shape memory effect. Due to
their nonlinear, hysteretic, and highly stress level-dependent response behaviour under
combined magnetomechanical loading conditions, Ni;MnGa is considered to be a chal-
lenging model problem. For the development of, e.g., actuator and sensor applications,
modelling approaches are required which can accurately predict the real material be-
haviour and which are, moreover, numerically robust. Major parts of this work focus on
the modelling and simulation of magnetomechanically coupled materials, in particular
NisMnGa single crystals. The shape dependent demagnetisation effect that heavily in-
fluences the response behaviour is explicitly taken into account in the present modelling
approaches. In the following, the terms magnetic order and disorder in materials are
discussed. A brief overview is presented of the topic of magnetic functional materials
and shape memory alloys (SMAs), including their historical discovery, and MSMAs are
introduced in detail.

The state of the magnetisation of a material is defined as the magnetic moment density
per unit volume. It depends on the individual magnetic moments of the individual ions,
atoms, or molecules of a material and their dipole interactions as well as interactions
with external magnetic fields. “Magnetism is inseparable from quantum mechanics, for a
strictly classical system in thermal equilibrium can display no magnetic moment, even in
a magnetic field”, see [116]. The following classification of magnetic (dis)order in terms
of diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism, and ferrimag-
netism, among others is adopted from [92, 167]. According to [92], “all materials exhibit
a diamagnetic susceptibility, although not all are classified as diamagnets. Some materi-
als have a net magnetic moment per atom, due to an unpaired electron spin in each atom
which leads to paramagnetism or even ordered magnetism.” The magnetisation is very
weak in materials classified as diamagnets and opposes the applied magnetic field. The
typical order of the susceptibility x in such materials is —107> or —107%, with y being
defined as x =m/h, wherein m is the magnetisation and h is the magnetic field strength.
In paramagnetic materials, the magnetic field is slightly amplified and the susceptibility
is positive and typically of the order of 107° to 1073, Ferromagnetism, antiferromag-
netism, and ferrimagnetism are different types of magnetic order that might occur in
solids. In ferromagnetic materials such as iron, nickel, and cobalt, a transition from the
paramagnetic to the ferromagnetic state is observable at temperatures below the Curie
temperature T, This transition is accompanied with the occurrence of a spontaneous
magnetisation m,. Magnetic domains, viz. regions of equal spontaneous magnetisation,
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form, wherein the magnetic moments are aligned parallel even in the absence of an
external magnetic field. The initial susceptibility in such materials is typically of the
order of 10 to 10°. The individual domains are separated by domain walls, wherein
the magnetisation vectors rotate to ensure a continuous transition to the adjacent do-
main. Domain wall thicknesses are typically between 10nm and 1 pum, see [106, 170].
According to [127], domains form to reduce the magnetostatic energy and minimise the
internal energy in the material, see also [36, 85, 106, 116, 170]. Heusler alloys are also
ferromagnetic, although their alloy elements are not. In antiferromagnetic and ferrimag-
netic materials, the nearest-neighbour moments are aligned antiparallel. However, the
magnetic moments in the different sublattices in ferrimagnetic materials have different
magnitudes, see also [168]. Ferrimagnets also possess a spontaneous magnetisation below
the Curie temperature and a domain structure is observable.

Magnetostriction refers to strains that occur during the second-order paramagnetic
to ferromagnetic phase transition at the Curie temperature or as a response of the
ferromagnetic phase to an applied magnetic field, see [192]. The following outlined his-
torical discovery of magnetostrictive materials and further evolution is, in large parts,
adopted from [192]. James P. Joule discovered magnetostrictive materials in 1842 when
he observed that an iron sample changed its length under the application of a magnetic
field. The effect was termed the Joule effect. The inverse effect, where an applied stress
changes the magnetisation, also known as the Villari effect, was discovered shortly there-
after. Two additional effects are the Wiedemann effect where a twisting in a specimen
is observed under a helical magnetic field, and the inverse Wiedemann effect, respec-
tively Matteucci effect. Nickel, cobalt, and their alloys were typical materials used in
transducers during the first half of the 20th century, with saturation magnetostrictions—
i.e. the maxima of the magnetic field-induced strains—of the order of 50 p L/L. Giant
magnetostrictive materials were initially discovered in 1963 in terbium and dysprosium
alloys, where strains of the order of 10.000 1 /L were observed at cryogenic tempera-
tures. Giant magnetostriction at room temperature was discovered shortly thereafter,
see [33, 122], by a combination of these rare earth elements and iron as the transition
metal. This resulted in the development of Terfenol-D (Ter: terbium, fe: iron, nol:
Naval Ordnance Laboratory, D: dysprosium) shortly thereafter, where strains of the or-
der of 1.600 p /L. were observed that increase up to 3.600 p L/L at resonance. Magnetic
field-induced strains of the order of 4-7 % were observed in terbium and dysprosium
single crystals in large magnetic fields of the order of 10-40 T in 1965 and 1975, see
[31, 133, 200]. Therein, mechanical twins form and deform plastically, which is similar
to the effect observed in MSMAs.

The macroscopic response of a magnetostrictive specimen is directly related to the
underlying microscale mechanisms that are briefly discussed in this section. The rep-
resentation is based on [192]. Even though the magnetisation vectors are non-zero at
every point inside a ferromagnetic specimen, the macroscopic magnetisation might be
zero, which is identical to a completely demagnetised specimen. As already pointed out,
multiple domains form on the underlying microscale to lower the overall magnetostatic
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energy. Domains with opposingly oriented easy-axes, i.e. the preferred directions of
the spontaneous magnetisation vectors that minimise the magnetocrystalline anisotropy
energy [31, 92|, are separated by 180° domain walls. Additional 90° closure domains
might form in, e.g., cubic materials to close the magnetic flux path. This results in an
even lower magnetostatic energy and allows the macroscopic magnetisation to vanish.
The deviations of the spontaneous magnetisation vectors from the magnetic easy-axes,
termed rotation of the magnetisation vectors, is accompanied with additional magne-
tocrystalline anisotropy energy. The overall configuration results from a balance of the
exchange energy that favours an alignment of neighbouring magnetic moments, also
referred to as domain wall energy, and the magnetocrystalline anisotropy energy in ad-
dition to the magnetostatic energy. The domain walls in ferromagnetic materials are
usually thicker than their counterparts in ferroelectrics. In a macroscopically fully mag-
netised specimen, all spontaneous magnetisation vectors point in the same direction and
are completely aligned. The macroscopic magnetisation saturates. The two mechanisms
that allow the magnetic state to change are domain wall motion, where favourable do-
mains grow at the expense of the others, and rotation of the magnetisation vectors,
see also [36, 106, 116, 170] and the discussion of the microscale mechanisms in MSMAs
below. In single crystals, the easy- and hard-axes, i.e. the directions with the largest
magnetocrystalline anisotropy energy, magnetisation response curves are typically di-
verse, whereas a polycrystalline material might respond isotropic due to the variety
of differently oriented grains. Due to the magnetostrictive effect, a deviation of the
magnetisation vectors from the preferred directions results in a deformation of the crys-
talline lattice. Consequently, the magnetocrystalline anisotropy energy and (reversible)
strains are intrinsically magnetomechanically coupled. The initial magnetostriction that
occurs during the paramagnetic to ferromagnetic phase transformation is termed sponta-
neous magnetostriction \g, whereas the largest additional magnetic field-induced strain
is termed saturation magnetostriction ;. The above introduced linear relation between
the magnetisation and the magnetic field strength is only a coarse approximation that
is not capable of predicting hysteretic response behaviour. Microscale pinning and other
phenomena might result in a strong internal resistance to magnetic domain wall motion
that is exploited to built permanent magnets, where the macroscopic magnetisation re-
mains in the absence of an external magnetic field, see [36, 50, 106, 170]. The universal
relation b = o [h + m], wherein b is the magnetic induction and g is the vacuum
permeability, can, however, always be used. Figure 1.1 shows experimentally deter-
mined magnetic field-induced strain and magnetisation response curves of Terfenol-D
and Galfenol. In order to model such a complex response, a detailed knowledge of the
underlying mechanisms is indispensable. Another class of materials that was not men-
tioned so far includes piezomagnetic materials as a subgroup of the antiferromagnetic
materials. The material behaviour is similar to the behaviour in ferromagnetic materi-
als. The two main differences in piezomagnetic materials are: the strain depends on the
sign of the magnetic field and a strain can induce a magnetic induction in the absence
of a magnetic field, see also IEEE-Standard 319-1990.
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Figure 1.1: Experimentally measured magnetic field-induced (a), (c) strain and (b), (d) normalised
magnetisation responses under multiple levels of constant compression stress and cyclic magnetic field
loading (0.05Hz in (c), (d)) of (a), (b) a Terfenol-D (Tbg.3Dy¢.7Fe1.92) transducer reported by [37] and
(¢), (d) Galfenol (Feg g1Gag.19) reported by [102].

Shape memory alloys (SMAs) belong to the group of functional materials. The follow-
ing outline of their historical discovery, their properties, and the underlying mechanisms
is adopted in large parts from [192]. The first observed materials that returned to their
original shape when heated were AuCd alloys. The shape memory effect (SME) was
discovered by Arne Olander in 1932 [176]. A temperature-dependent nucleation and
disappearance of martensite phases was observed in 1938 in CuZn. In 1951 [24], it was
discovered that the application of the SME allows work as an output. The probably
most widely known SMA is NiTi and its alloys. Its discovery started in 1961 at the
Naval Ordnance Laboratory, see [22], and is known as Nitinol (Nickel Titanium Naval
Ordnance Laboratory). Several other SMAs were discovered later, such as CuAINi,
CuZnAl, FeMnSi. Up to 10% of temperature and stress induced strain are observ-
able in SMAs, due to an induced phase transformation, respectively variant switching.
The operating frequencies reach up to 100 Hz in thin films and are mainly limited by
heat transfer, see [16, 106]. The martensitic transformation from the high temperature
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austenite parent phase to the lower temperature martensite product phase, according
to [187] typically lower symmetric, is a first-order diffusionless, displacive, shear-like,
and reversible phase transition that occurs during cooling, see [141, 179]. Four critical
temperatures characterise the martensitic transformation, see [62]. During cooling, the
martensite start temperature M, and martensite finish temperature My mark the points
where 1 %, respectively 99 %, of the material have converted to martensite. The re-
verse transformation from martensite to austenite during heating is characterised by the
austenite start temperature A, and austenite finish temperature Ay, where 1 %, respec-
tively 99 %, of the material have converted to austenite. Generally, the multiple variants
of martensite are energetically equivalently favourable. They may occur in twinned and
de-twinned form. A macroscopic strain is typically not observable when cooling below
the phase transformation temperature, due to the self-accommodating arrangement of
the martensite variants, see also [15]. SMAs are considered to be ferroelastic materi-
als due to the occurrence of domains of austenite and the multiple martensite variants.
The one-way shape memory effect is typically observable at low temperatures when
the self-accommodated martensite is strained. After an initial linear response, a stress
plateau occurs for increasing strain until, again, a linear response is observable in the
now completely de-twinned configuration. After unloading a remanent strain occurs.
This behaviour is termed pseudoplastic or quasiplastic behaviour, since the initial shape
may be recovered during heating. At sufficiently high temperatures, one starts in the ini-
tial austenite phase and switches into the martensite phase during straining. The initial
austenite phase and the shape is recovered during unloading. This behaviour is termed
pseudoelastic or superelastic, since the phase transformation is dissipative in nature
and a visible hysteresis occurs. The two-way shape memory effect allows two different
shapes of a workpiece by training, where plastic deformations produce material or stress
anisotropies that favour certain martensite variants. Although the SME allows unique
actuator and potentially sensor capabilities, single crystal SMAs suffer from functional
degradation during cyclic loading, see [9, 55, 190]. Nevertheless, SMA are for instance
used for vibration attenuation in civil structures or as stents, see [9, 68, 124, 144], also
for further applications.

The martensitic transformation and conventional shape memory effect was also ob-
served in the NiMnGa Heusler alloys, see [25, 29, 98, 106, 140, 185, 226, 232]. The mag-
netic shape memory effect (MSME) was discovered in 1996 in stoichiometric NioMnGa
[215], where 0.2% magnetic field-induced strain were measured in magnetic fields of
0.8 T. Unlike in conventional magnetostrictive materials, the magnetic field was able to
induce a switching of the martensite phase into the magnetic field-favoured martensite
variant—hence the name, magnetostriction of martensite, see also [171, 200]. Shortly
thereafter, 4-6% strain under magnetic fields of the order of 1 T were observed in slightly
off-stoichiometric 5M NisMnGa single crystals, see [74, 90, 106, 134, 164, 200]. Up to
10% strain is achievable for 7TM martensite, see [106, 160, 172, 195, 197, 200]. In addi-
tion to the large magnetic field-induced strains, that are directly related to the lattice
parameters [75, 84, 106, 135, 226, 232], MSMAs allow operation frequencies of 1 kHz
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[25, 79, 106, 139, 209, 210] and up to 5 kHz in thin films [192]. They possess nearly per-
fect efficiency of coupling magnetic energy to mechanical load [78, 80, 139, 171, 200, 210].
The previously discussed mechanism of domain wall motion and rotation of the mag-
netisation vectors occur likewise in NioMnGa, since it is a ferromagnetic material, see
also [36, 106, 116]. The Curie temperature shows only a slight variation for different
compositions, but the transition temperature from austenite to martensite may differ
significantly, see [3, 4, 72, 106, 217|. Three different martensite morphologies might oc-
cur in NipMnGa alloys, see [76, 106, 136, 185]. The most common morphology is five
layered modulated (5M) martensite, which has an approximately tetragonal unit cell
that is modulated by a five layer periodic shuffling, see [181, 196, 200]. A maximum of
6% magnetic field-induced strain occurs due to the rearrangement of the three possible
martensite variants. In contrast, the seven layered modulated (7M) martensite has an
approximately orthorhombic structure which is modulated by a seven layer periodic shuf-
fling. A maximum of 10% magnetic field-induced strain occurs due to the rearrangement
of the six possible martensite twin variants, see [160, 195, 200]. The non modulated (NM)
martensite has a tetragonal unit cell. A magnetic field can slightly influence the me-
chanical behaviour, but has no influence on the shape, see [193, 198, 200]. Several other
alloys can also be assigned to the group of MSMAs, such as NiMnGaFe [228], NiMnGaB
[121], NiMnAl [52], NiCoMnSn [180], NiFeGa [67, 131, 175, 208], FeNiCoTi [163], FePd
(35, 89, 132, 191, 219, 231], FePt [96, 186], CoNiGa [152, 230], CoNiAl [98, 150, 153, 174],
and LaSrCuQy [128], see also the overviews in [25, 106, 200, 229]. FePd is more ductile
than Ni;MnGa and CoNiAl contains no expensive elements, see [25, 153]. Due to the
antiferromagnetic order in LaSrCuQy, the term magnetic shape memory alloys is more
appropriate than the also common name ferromagnetic shape memory alloys (FSMAs),
see [50, 83, 90, 106, 164, 171, 194, 200]. A magnetic field-induced austenite martensite
phase transformation has been reported in FePt [95], NiMnGa [100], and NiMnFeGa
[28], see also [106]. One drawback of MSMAs that limits possible applications is the
relatively low compression stress that completely suppresses the magnetic field-induced
variant reorientation, also termed blocking stress, that is typically well below 10 MPa,
see [25, 56, 57, 73, 99, 108, 151, 164]. Nevertheless, MSMAs are promising materi-
als for, e.g., sensors, actuators, and to control the structure of the material itself, see
[106, 182, 193, 200, 210]. A list of applications is provided in [25]: Linear actuators
[58, 206, 210}, micro and nano actuators [103, 119], and bending actuators [117, 118]
are exemplary applications as actuators. The application as sensors and energy har-
vesters is outlined in [101, 120, 199, 207|. Possible damping applications are reported in
[225, 233]. The magnetic field induced strain in polycrystalline MSMAs is significantly
smaller than the strain in single crystals, see [28, 91, 106, 138, 162, 216, 219]. One idea to
alleviate this restriction is the texturing of polycrystalline materials, see [25, 32, 53, 54].
Two other things have not been mentioned so far. Another mechanism to change the
magnetic state of the material by inducing a phase transformation is discussed in [63].
In the magnetocaloric effect, an external magnetic field induces an isothermal entropy
change, respectively an adiabatic temperature change, see [25] for a detailed discussion.
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The focus of this work lies on the micromagnetics-inspired modelling and simulation
of the ferromagnetic nearly tetragonal (5M modulated) martensite variants of NisMnGa
under magnetomechanical loading conditions. This approach necessitates a fundamental
understanding of the underlying microstructure and the mechanisms that occur on the
microscale. Experimentally determined microstructures of ferromagnetic 5M modulated
martensite in NipsMnGa, that occur below both the Curie and the phase transformation
temepratures, are shown in Figure 1.2 and 1.3, reported by [60] and [136]. Both figures
clearly show the occurrence of order in terms of martensite twins that are subdivided
into magnetic domains with internal domain walls.

Figure 1.2: Experimentally determined microstructure (scanning electron microscopy) of a nearly
tetragonal (5M modulated) NioMnGa MSMA specimen. Type II magnetic contrast of the two-variant
specimen in (left) COMPO mode and (right) TOPO mode. Reprinted from [60] with kind permission.

Figure 1.3: Experimentally determined twin and magnetic microstructure (situ optical and magneto-
optical) of nearly tetragonal (5M modulated) NisMnGa MSMA specimen. Multiple magnetic domains
are observable in each twin band of the martensite variants. Reprinted from [136] with kind permission.
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A schematic representation of the ferromagnetic product phase and its higher symmet-
ric cubic parent austenite phase is shown in Figure 1.4, see also [106, 112, 161, 165]. The
three (tetragonal) martensite variants are distinguishable by their distinct transforma-
tion strains. Each variant has two opposingly oriented magnetic easy-axes, i.e. preferred
directions of the spontaneous magnetisation vectors, along the short c-edge of the unit
cell. In the absence of magnetomechanical loading, the overall six variant and domain
configurations are generally energetically equally favourable. The complex interaction
of these six states, possible deviations from the sketched energy well states, and the
evolution of the microstructure result in the complex response behaviour of NioMnGa
under magnetomechanical loading conditions.
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Figure 1.4: Schematic representation of the parent cubic austenite phase and the lower symmetric
ferromagnetic martensite product phase. Adopted from [112] with kind permission.

Typical experimentally determined response curves of nearly tetragonal (5M mod-
ulated) single crystalline Ni;MnGa specimens are shown in Figure 1.5. The (a) strain
and (b) magnetisation responses depend highly on the level of the applied constant com-
pression stress. Prior to the experiments, the sample is compressed to obtain a single
martensite variant configuration. In the actual experiments, multiple levels of constant
compression stresses which favour the initial single martensite variant state are applied.
In addition, one cycle of an external magnetic field is applied perpendicular to the com-
pression stress, favouring the other martensite variant. Initially, the change in strain is
almost negligible, whereas a linear magnetisation response is observable during loading.
The underlying mechanism is the rotation of the magnetisation vectors away from their
preferred magnetic easy-axes in the direction of the external magnetic field. At a certain
point, the onset of the martensite reorientation is visible in the strain response, where an
almost vertical response behaviour is observable and large strains are measured, and the
magnetisation response curves, where the slopes of the curves drastically increase, for
low and medium compression stresses. The magnetic field induces the martensite vari-
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ant switching into the magnetic field-favoured martensite variant, which is magnetised
in one of its easy-axes directions. After the almost vertical strain response, both curves
flatten and approach asymptotically a certain strain level until the magnetisation satu-
rates and the switching process stops. The higher the compression stress, the lower the
maximum magnetic field-induced strain and the later the onset of the reorientation until
the compression stress completely suppresses the variant switching. Here, the variant
switching is nearly completely suppressed for high compression stresses, where the strain
remains mostly zero and where the magnetisation response is almost linear for the whole
loading cycle. During unloading, the onset of the martensite switching process is delayed
due to dissipation associated with the martensite reorientation. The initial martensite
variant is completely /partially recovered for medium/low compression stresses during
unloading. In the absence of the external magnetic field, the magnetisation reduces to
zero. The mechanism of domain wall motion is activated in the magnetic field-favoured
martensite variant. The second half of the loading cycle is almost identical to the first
half for medium and high compression stresses, but differs significantly for low compres-
sion stresses due to the initial occurrence of both martensite variants and all domains
at zero magnetic field. This effect is known in the literature as the first cycle effect.
For low compression stresses, the magnetisation response is almost linear with a higher
slope during this second half, since domain wall motion requires less energy than the
rotation of the magnetisation vectors. At a certain point, the martensite switching pro-
cess is initiated. From this point on, the response is almost identical to the first half of
the loading cycle. The highly nonlinear strain and magnetisation response of Ni;MnGa
under magnetomechanical loading conditions is due to the (simultaneous) occurrence of
all magnetisation mechanisms on the microscale. In the following, the three mechanisms
are isolated in some thought experiments.
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Figure 1.5: Experimentally measured magnetic field-induced (a) strain and (b) normalised magnetisa-
tion responses under three levels of constant compression stress and perpendicular cyclic magnetic field
loading of a Nizo.7Mnag 4Gagg.g MSMA specimen reported by [71].
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The magnetic response of MSMAs such as NiosMnGa under magnetic field loading
is mainly governed by three mechanisms that are schematically sketched in Figure 1.6.
The first mechanism is called (180°) magnetic domain wall motion, see Figure 1.6 (top).
Here, a single variant of martensite is considered with two opposingly oriented mag-
netic easy-axes. Areas of equal magnetisation are known as domains and are separated
by 180° domain walls. In the initial configuration in the absence of externally applied
magnetic fields, the total areas of both domain types are of equal size and the macro-
scopically observable net magnetisation is zero. Under the application of an external
magnetic field, the mechanism of (180°) magnetic domain wall motion is initiated. The
sizes of all magnetic field-favoured domains, where the spontaneous magnetisations are
oriented in the direction of the external magnetic field, grow at the expense of the
others and a non-zero net magnetisation is observable. During this magnetisation, the
demagnetisation self-field acting against the magnetisation builds up and the magne-
tostatic energy of the self-field increases. At certain magnetic fields, the unfavourable
domains vanish completely and the magnetisation saturates. For the considered ideal
case, the magnetisation response is completely linear. During this whole process, the
magnetisation is always oriented along the easy-axes. In experiments one tries to iso-
late this easy-axis response by applying a magnetic field in one of the easy-axes of a
single crystalline NisMnGa specimen, see Figure 1.7 taken from [134] for an experimen-
tally measured magnetisation response curve. The response is almost linear. The single
martensite variant configuration is maintained by the application of a suitable compres-
sion stress. The easy-axis magnetisation response in Ni;MnGa is nearly hysteresis-free.
The second mechanism is called rotation of the magnetisation vectors, see Figure 1.6
(middle). Again, a single variant of martensite with an initially zero net magnetisa-
tion is considered. A suitable compression stress above the blocking stress is applied in
the easy-axes direction to maintain the single martensite variant configuration and to
suppress the third mechanism, see below. An external magnetic field is applied perpen-
dicular to the magnetic easy-axes. The spontaneous magnetisation vectors within all
domains start to rotate towards the direction of the applied magnetic field, resulting in
a macroscopically observable magnetisation. For high magnetic fields, the spontaneous
magnetisation vectors fully align with the external field and the magnetisation satu-
rates. Magnetostatic energy is stored in the demagnetisation field that builds up during
the magnetisation. In addition, magnetocrystalline anisotropy energy is stored due to
the reversible deviation of the spontaneous magnetisation vectors from the magnetic
easy-axes. This additional energy storage usually results in the requirement of higher
externally applied magnetic fields to magnetise a specimen in its hard-axes directions.
An experimentally determined magnetic field-induced hard-axis magnetisation response
curve of a single crystalline NisMnGa specimen is shown in Figure 1.7 taken from [134].
Like in the thought experiment, a suitable compression stress is applied to the specimen.
The response curve is almost linear and dissipation is hardly if at all observable. Con-
ventional magnetostriction is neglected in this thought experiment, due to the relatively
low strains in contrast to the strains obtained by the third mechanism named marten-
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site variant reorientation, respectively variant switching which is unique to MSMAs, see
Figure 1.6 (bottom). For the sake of clarity, the magnetisation vectors permanently
point in the easy-axes directions for this schematical representation. Initially, a single
martensite variant is considered with zero net magnetisation. An external magnetic
field is applied in the hard-axis direction. At a certain magnetic field, the martensite
reorientation process in initiated, accompanied by large magnetic field-induced strains.
Due to the relatively high magnetocrystalline anisotropy energy in NisMnGa and the
relatively low threshold for the martensite reorientation, it is favourable to switch to
the magnetic field-favoured martensite variant to reduce the overall energy. The arising
second martensite variant is magnetised in its easy-axis direction. Higher magnetic fields
are required to complete the switching process. Unlike for the other two mechanisms,
the initial configuration is not regained during unloading. There are two reasons for
this behaviour. Firstly, the mechanism of martensite reorientation is dissipative in na-
ture. Secondly, the two martensite variants are energetically equally favourable in the
absence of external loads. During unloading, domains with the spontaneous magneti-
sation oriented in the other easy-axis direction will form and allow a reduction to zero
net magnetisation at zero applied magnetic field. Figure 1.5, taken from [71], shows
magnetic field-induced (a) strain and (b) magnetisation response curves of a single crys-
tal Ni;MnGa specimen. Large magnetic field-induced strains and dissipative switching
behaviour is observable. Unlike for the other two mechanisms, it is not possible to iso-
late the martensite reorientation process in experiments. It should be mentioned that
it is possible to initiate and complete the variant switching process by applying suitable
mechanical loading conditions, see, e.g., [71].

1.2 Modelling approaches

This section briefly introduces modelling approaches that were used to model and simu-
late the response behaviour of magnetic shape memory alloys under magnetomechanical
loading conditions. Several other authors have provided overviews over established mod-
elling approaches, see, for instance, [25, 48, 104, 106, 110, 220, 222]. These publications
were used as a basis for the following representation.

One of the earliest models provided in [89] is based on the constrained theory of mag-
netoelasticity which was developed for materials with high anisotropy, see also [41, 213].
One central assumption is the large body limit where not all details of the underly-
ing laminate type microstructure, such as domain arrangements and domain walls, are
resolved. The martensite variants and magnetic domains are both mechanically and
magnetically compatible, since deviations from the energy well states, i.e. elastic defor-
mations and rotated magnetisation vectors, are not considered. The overall response
results from the solution of a constrained optimisation problem.

The model proposed in [169] assumes two variants that are separated by a single twin
boundary to study the magnetic field-induced martensite reorientation. The driving
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Figure 1.6: Schematic representation of the magnetic field-induced microscale mechanism. The mech-
anism of 180° domain wall motion (top) and the rotation of the magnetisation vectors (middle) occur
in all ferromagnetic materials. For the latter, a stress is applied to suppress the mechanism of marten-
sitic variant reorientation (bottom), respectively variant switching, which is unique to MSMAs and
accompanied with large magnetic field-induced strains. For the sake of clarity, the latter mechanism is
sketched isolated without rotations of the magnetisation vectors.
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Figure 1.7: Experimentally measured magnetic field-induced normalised magnetisation response in easy-
and hard-axis direction of a single variant NiggMngoGaga MSMA specimen reported by [134].

force for the twin boundary motion is the difference between the magnetic energies
of the two variants across the boundary. The model was extended by considering an
additional mechanical potential in [166] and further in [157] by considering magnetisation
vectors that may deviate from the magnetic easy-axes. Hysteretic effects and generalised
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magnetomechanical loading conditions are considered in [69, 70]. The models predict an
abrupt switching whenever the energy changes its sign or the difference of the energies
reach a certain threshold, but qualitatively capture the magnetic fields and stresses where
switching occurs. In addition, the energy analysis outlined in [69, 70] suggests that
magnetic field-induced variant switching might occur in MSMAs at high stress levels,
even above the blocking stress, under multiaxial stresses. The experiments outlined in
[26] suggest that the intrinsic hysteresis of the material and strain change due to variant
switching are constant under various biaxial compression stresses.

Another early model was proposed in [134]. It requires only a few parameters, respec-
tively energies, that can be determined by experiments, e.g. by integration of experimen-
tal magnetisation response curves in easy- and hard-axis direction of a single martensite
variant. The driving force for the twin boundary motion is introduced so as to depend
on the ratio between the magnetic anisotropy energy difference of the two variants in
addition to the strain change that occurs during the martensite reorientation. The onset
of the twin boundary motion is independent of the physical nature of the driving force
and starts at equivalent load levels. Several other models are based on this work, such
as [104, 105, 201].

The modelling of the macroscopic behaviour using statistical approaches is outlined
in, e.g., [30, 61, 158]. Therein, the evolution of the variant volume fractions is determined
as a function of the effective stress acting on the specimen. Thermally activated variant
switching is considered in [20, 123, 173]. The switching rates of the variants are related
to an energy barrier.

The path dependency of the response behaviour and dissipative effects are taken into
account in thermodynamics-based models. In these approaches, internal state variables
are introduced that characterise the state of the underlying microstructure. A Helmholtz
or Gibbs free energy is typically proposed. The constitutive equations that correspond
to the different independent variables are derived and used to determine the magne-
tomechanical response as well as the evolution equations for the internal state variables.
A one-dimensional constitutive model with two internal state variables was proposed
in [82] to capture the martensite reorientation of two variants. The models outlined in
[34, 59] additionally allow the magnetisation to rotate away from the preferred magnetic
easy-axes. This is also true for the models proposed in [107, 108, 110], but they pro-
vide a more systematic thermodynamic treatment. Therein, internal variables describe
the crystallographic and magnetic microstructure. Hysteretic effects that occur under
magnetic field-induced variant reorientation are captured. A special emphasis is placed
to capture the nonlinearity and stress level-dependency of the strain and magnetisation
response. Experimental data is provided in [111] and compared to simulated response
curves. The model is used for the simulation of magnetic boundary value problem in
[64, 109, 125]. The spatial influence of the demagnetisation effect is analysed in detail
in [65]. Three dimensional models are proposed in [5, 14, 27]. In [220], a variational
approach is proposed and applied to derive the governing system of equations. The
shape dependency of the response behaviour is taken into account. The embedding of
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this model into a finite element framework requires a special numerical treatment in
terms of an iterative scheme, see [221]. Overall, the outlined models generally predict
the magnetic field-induced strain and magnetisation response curves as well as the stress
induced strain response curves quite well. The evolution of the state variables can be
utilised to investigate the underlying mechanisms that are responsible for the response
behaviour observable in experiments.

Phase field models allow the spatial resolution of the microstructure. Different order
parameters may be used to capture the evolution of the martensite variants that are
subdivided in magnetic domains with internal domain walls. Examples are the models
outlined in [93, 129, 130, 142, 143, 183, 234]. The non-local nature of the response is
directly taken into account in micromagnetics-based phase field models.

A series of papers [222-224] deals with the establishment of a material model for
MSMAs and its finite element implementation to investigate the twin interface movement
in single crystalline MSMAs under magnetomechanical loading conditions. Therein,
the properties of the configurational force on the twin interfaces are analysed in three-
dimensional cuboid bodies. In their finite element simulations, a finite size free space
box is used and the demagnetisation effect is directly taken into account.

1.3 Structure of the thesis

The objective of this thesis is described in two different parts. The first part focusses
on the development of a suitable material model to capture and simulate the nonlinear,
hysteretic, and stress level-dependent response of NipMnGa MSMAs under magnetome-
chanical loading conditions for macroscopically homogeneous states. The second part,
however, focusses on the implementation of such models into a finite element framework
to simulate macroscopically inhomogeneous material and structural responses. The fol-
lowing chapters are independent of each other and are briefly summarised below.

Chapter 2 deals with the development of a suitable material model for the simulation
of Ni,MnGa MSMAs single crystals. Three global primary fields, viz. the displacement
field, the magnetic potential of the demagnetisation field, and a general set of state
variables, are introduced, followed by the micromagnetics-inspired variational frame-
work. The assumption of macroscopically homogeneous states allows the reduction to
a constrained minimisation problem to determine the evolution of the state variables
for the coupled magnetomechanical problem. After a short discussion regarding nu-
merical relaxation techniques, the underlying microstructure is parametrised by a set
of state variables and the stored energy density as well as a dissipation functional are
specified. Several numerical examples demonstrate the capabilities of the specific con-
stitutive model. The chapter ends with a short summary and an appendix, wherein the
stored energy density is further analysed.

Chapter 3 can be regarded as the first step in the implementation of these kinds of
material models into a finite element framework. The focus of this chapter lies on the
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simultaneous solution of the magnetostatic boundary value problem and the evolution
equations for the state variables, since the non-local demagnetisation field heavily influ-
ences the evolution of the state variables. The assumption of homogeneous stress and
strain distributions allows a reduction of the number of primary field variables of the
micromagnetics-inspired variational framework to two. The first variation of the con-
tinuous variational framework serves as a basis for the finite element implementation,
where arising Karush-Kuhn-Tucker (KKT) conditions are directly taken into account.
The state variables and the constitutive model are briefly summarised. The finite ele-
ment implementation and the algorithmic treatment are discussed with an emphasis on a
newly introduced mixed element formulation and the treatment of the constraints. The
magnetostatic boundary value problem as well as the evolution equations are solved
monolithically using a global Newton-Raphson scheme. Several numerical examples
demonstrate the capabilities of the finite element implementation. The chapter closes
with a short summary and an analysis of the stored energy density.

Chapter 4 can be regarded as an extension of the finite element implementation. To
be precise, the focus lies on the simultaneous solution of the fully coupled magnetome-
chanical boundary value problem and the evolution equations for the state variables.
Again, the first variation of the continuous variational framework, including the aris-
ing KKT conditions, serves as a basis for the finite element implementation. Multiple
parametrisations of the underlying microstructure are discussed and the constitutive
model is introduced, including the application of numerical relaxation techniques for
the elastic strain energy density of the phase mixture and the rate-dependent evolution
equations for all state variables. The finite element implementation and the algorithmic
treatment are discussed in detail. Many numerical examples demonstrate the capabil-
ities of the fully coupled finite element implementation in comparison to experimental
findings and calculated macroscopically homogeneous response curves. The chapter is
briefly summarised, followed by an appendix, wherein the different parametrisations are
connected, the constitutive driver is detailed, and the shape functions as well as the
stiffness matrix contributions are listed.

Chapter 5 concludes the thesis and the main achievements of this work are briefly
summarised. The chapter closes with an outlook on future research perspectives.
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2 An energy relaxation-based MSMA
model

The material presented in this chapter is, in large parts, based on the ideas outlined in
the recent work [10]. A constitutive modelling framework is presented for magnetic shape
memory alloys, NiosMnGa in particular, that builds on global variational principles. The
approach relies on concepts of energy relaxation and generalised notions of convexity
to compute effective energy hulls of the non-convex energy landscape associated with
the underlying multi-phase solid, from which the prediction of microstructure evolution
results. In this sense, it fundamentally distinguishes itself from MSMA models that
essentially follow phenomenological concepts of classic plasticity, see, e.g., [108, 110]. The
microstructure is not spatially resolved, but microscale quantities are taken into account
in an effective sense by internal state variables and appropriate mixture rules. The
model allows all mechanisms central to MSMA behaviour to occur simultaneously. The
modelling approach can quantitatively capture key characteristics of single-crystalline
MSMA response under magnetomechanical loading conditions, such as variant switching
diagrams, magnetic field-biased pseudo-elasticity and the influence of specimen shape
anisotropy, see also [112]. Moreover, the global variational framework is formulated in a
manner that lends itself to the finite element implementation. In this chapter, however,
numerical examples are considered in which the non-local nature of the demagnetisation
field is taken into account in an approximate sense through appropriate shape factors.

The chapter is structured as follows: Section 2.1 introduces the three global primary
fields and presents the general micromagnetics-inspired variational modelling framework.
Section 2.2 begins by introducing the general concept of energy relaxation and thereby
ties the modelling of microstructure evolution to the notion of the loss of material sta-
bility (quasiconvexity). Afterwards, the global energy storage and dissipation potentials
are specified for the proposed MSMA model. A number of insightful numerical examples
are presented in Section 2.3. The chapter closes with a short summary of the key findings
and conclusions drawn from this work and an outlook on future work in Section 2.4. A
further analysis of the stored energy density is given in the appendix in Section 2.5.
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2.1 Variational framework

In this section, the general variational framework for the modelling of magnetisable solids
with evolving microstructure under the consideration of dissipative effects is introduced.
Although the focus of this chapter is set on spatially homogeneous problems—since it
already allows comparisons to experiments—the governing variational principle shall be
introduced in a general manner.

2.1.1 Global field variables

First, the spatial positions are denoted as € R?, which partly refer to a magnetisable
body B C R? and the surrounding free space R*\ B. In general, the underlying state
variables are introduced as

‘{BXI—>R3 '{R3XI—>R3 .{sz—w@ 1)

(x,t) = u(x,t) (x,t) — h(x,t) (x,t) = m(x,t)

where u denotes the displacement field, h the magnetic field strength, m the magneti-
sation, and Z C R the considered time interval. In the absence of free currents, the
magnetic field may be related to a scalar magnetic potential ¢ via h:=—V,¢, which a
priori fulfils Ampere’s law, with Ve defined as the gradient with respect to the underly-
ing Cartesian frame. Furthermore, the magnetic field can be subdivided into prescribed
spatially homogeneous contributions h and demagnetisation field h so that h=h +h
holds. As a consequence, an analogous decomposition can be applied to the scalar mag-
netic potential as well, hence one obtains ¢ =¢ + ¢, h=—V,¢, and h= —Vae qb In the
present micromagnetics-inspired framework, magnetisation m is not treated as a field
variable itself, but is rather parametrised by a set of additional state variables p, so
that m(p). As elaborated in Section 2.2, these state-dependent variables—whose total
number of scalar-valued coefficients is n,—describe the material’s microstructure. With
these modifications at hand, the alternative set of global field variables is given by

‘ {sz—>R3 g {R3 xIoR {sz—m% ey
(x,t) — u(x,t) (z,t) — o(x,t) (z,t) — p(x,t)
which serves as a basis for the subsequent model development.
2.1.2 Continuous variational principle
Conceptionally in line with [49], the micromagnetics inspired functional
(u,,p) = ™ (u,p) + [1"() + I1** (u, p) (2.3)
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2.1 Variational framework

is defined, wherein 7™ accounts for the energy stored in the magnetisable and de-
formable solid, 17 accounts for the magnetostatic energy stored in the body and the
surrounding free space, and IT™" accounts for the external magnetomechanical loading.
To be precise, the individual contributions are defined as

1™ (u, p) = /1/1“““ e,p)dv, (2.4)

[7ee(g) = 1o / B2 dv | (2.5)

I (u, p) = —,uo/ﬁ-m(p) dv — /f- uda , (2.6)
B 0B,

with the small strain e:=VY"u = % [Vzu+ Veu'] and t denoting prescribed tractions
on the boundary 0B;. Hence, the functional I1(u, ¢, p) is specified as follows

H::/¢mat(s,p) dv + 1o /||h|]2dv—u0/h m(p )dv—/t wda.  (27)
B B OB

Assuming, that the demagnetisation potential vanishes at infinity, the following identity
holds, see [41, 88],

/||v¢||2 - /nhu?d— /h mdv. (2.8)

This allows the formulation of an alternative energy-enthalpy functional 1 (u, 5, p) de-
rived from (2.7), which is in line with [146] and defined as follows

ﬁ::B/;Dmat(e,p) v—— ||h|| dv—,uos/[h—i—h} m(p )dv—/f-uda. (2.9)

OB

Exchange energy terms are not considered in the present approach in (2.7) as well as
(2.9), due to the assumption of the large body limit, cf. [41].

The functional (2.9) is used for the definition of a power-type potential, cf. [23, 145,
178],

Lo=TT+ /g(p,p) dv , (2.10)
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2 An energy relaxation-based MSMA model

where o denotes the material time derivative and where ( is a dissipation potential ac-
cording to, e.g., [17, 46, 235], which is used to account for the dissipation associated with
the evolution of the state variables. In addition, equality and inequality constraints—
depending on the chosen set of p—may need to be considered in order to limit the
evolution of the state variables. The application of the—at this point unconstrained—
mixed minimisation/maximisation principle

{w, s, p} =arg [inf sup inf {L} (2.11)
U 5 P

yields the set of stationarity conditions, respectively Euler-Lagrange equations, of the
variational principle

dive =0  inB, (2.12)
o-n=t ondB, (2.13)
divb=0  in B, (2.14)
divg[—Vep] =0  inR*\ B, (2.15)
[6] n=0 ondB, (2.16)
0 -—F+0(+0¢ inB, (2.17)
with
o= 0" (2.18)
b= 1o [iNl—l—m(p)} , (2.19)
e [E + ii] - 9,m (2.20)

introduced as stresses o, magnetic induction of the demagnetisation field 5, and the
generalised thermodynamical driving forces F and [b]=b, — b_ denoting the jump in
b between the sides 0B, and 0B_ of the interface 9B. The definition of b introduced
above—with the magnetisation as a part of the magnetic induction of the demagnetisa-
tion field—is used here for a compact notation of the underlying equations. As mentioned
above, the exact relation between the magnetisation and the internal state variables p
will be provided subsequently—resulting in the exact expression for d,m. The stationar-
ity conditions reflect the balance of linear momentum (2.12), Gauss’s law for magnetism

(2.14)—(2.16), and the Biot-type evolution equations for the internal state variables p
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2.1 Variational framework

(2.17), whereas (2.13) denotes Neumann boundary conditions. In addition, one has to
consider the Dirichlet boundary conditions

u=u ondB,, (2.21)

with 0B=0B, U 0B,, and the magnetic potential vanishes at infinity, i.e. a =0, cf. (2.8),
in order to solve the complete boundary value problem.

2.1.3 Incremental variational principle

As an alternative to the aforementioned approach, one may also consider an incremental
variational principle, cf. [9, 12, 23, 145, 178]. The functional

tn+1 tnt1

= /ﬁdt:/ ﬁ+/g(p,p)dv dt (2.22)
B

tn tn

is based on the potential £ introduced in (2.10) and is defined for the time interval
t € {tn,tns1}, cf. [9]. This functional can be transformed into the equivalent form

U= I, — I, + C(p,p) dvdt, (2.23)
/]
where
I, = II(ta, ¢, p,) = I (u(ts), $(ta), p(ts)) - (2.24)

The actual values of the underlying variables, i.e. the values of w, 5, and p at time ¢,,,1,
are determined by the following—at this point likewise unconstrained—mixed minimi-
sation/maximisation problem, cf. (2.11),

{unﬂ,gnﬂ,pn“} = arg [ inf sup inf {¥} | = arg [ inf sup inf {@} , (2.25)
Un+1 Pn+1 Pnt1 Un+1 Pn+1 Pni1
where the alternative functional
tn+1
Ol [ [ ) dva (2.26)
tn B

can be used, since the values of u, 5, and p at time ¢, and f[n are known. In general,
the solution of (2.25) requires a time-discretisation of the rates present in the dissipation
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2 An energy relaxation-based MSMA model

potential ((p,p). They are approximated by p~[p,., — p, |/At with At =t,11 —t,,
which is covered by

tn+1

D([Pni1 — Pu /AL D) & /C(p,p) dt . (2.27)

tn

With this quantity at hand and, in addition, by defining

DDy, py) = / D([Prsr — Pol/ALpyy) du | (2.28)
B

the functional to be minimised /maximised is expressed by

-~ ~

U = Hn+1 + g(pn+17pn) y (229)
so that
{wny1, $n+17pn+l} = arg [ inf sup inf {ﬁn-i-l + @(pnﬂapn)}] . (2.30)
Untl g1y Prti

It should be mentioned that the application of variational calculus in order to optimise ¥
as introduced in (2.22) yields identical stationarity conditions as given in Section 2.1.2.

2.1.4 Simplifications for homogeneous problems

The main aim of the present study is to establish a material model that is capable
of reproducing essential phenomena of MSMA, which were observed in experiments
conducted by using single crystals, see, e.g., [71, 202, 211, 212]. In order to investigate
the material behaviour itself, the underlying problem—in experimental investigations
and concerning the simulations—should be as simple as possible, preferably providing
homogeneous states of the essential fields. In this section, the model introduced so far
will be specified for such cases.

In particular, deformations are assumed to yield homogeneous total strains €(p) and
consequently homogeneous stresses o without the necessity of considering compatibility
or boundary conditions. Furthermore, the demagnetisation field is directly expressed
as a function of the magnetisation. Inside specifically shaped bodies, e.g. ellipsoids, an
on the considered length scale spatially homogeneously distributed magnetisation m
minimises the magnetostatic energy, see [41]. In analogy to the Eshelby solution for the
purely mechanical case, the homogeneous magnetisation and the likewise homogeneous
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2.1 Variational framework

demagnetisation field inside the magnetisable body B are then related by the analytical
solution, cf. [115, 155],

h=-Vep=—D -m, (2.31)

with D as the second-order demagnetisation tensor depending on the shape of the body,
which is symmetric and positive definite. For bodies with a homogeneous distribution
of the magnetisation and an inhomogeneous demagnetisation field, (2.31) holds for the
averaged quantities. From now on, we will only consider bodies with a spatially homo-
geneous distribution of the magnetisation. The inhomogeneous demagnetisation field
outside the magnetisable body is of no interest and consequently not calculated. For
the shape dependent demagnetisation tensors, either analytical solutions may be used,
cf. [36, 155, 170, 188], or they may be calculated in advance in magnetostatic finite
element simulations, see also the discussion in [65].

By the combination of (2.31) and (2.8), the specific functional I1™™, based on (2.9),
can, for the considered homogeneous case, be expressed as

1" (p) = {wm%p) +%m(p)-D-m(p) —,ugﬁ-m(p)} Vi — /i-uda, (2.32)
OB

with Vg as the volume of the magnetisable body B. Finally, the surface integral can be
transformed into a volume integral via

/f~uda:/[ﬁ~n]~uda5/E:undv:/ﬁzst:E:EVB, (2.33)

0B OB B B

so that one obtains

1 (p) = [ " (p) + B2 m(p)- D -m(p) — o h-m(p) 7 : e(p) | Va  (2:34)
as the final representation of the energy-enthalpy function for homogeneous states inside
the body. It should be emphasised here that h and & are prescribed quantities, whereas
m as well as € are outcomes of the material model and thus generally depend on the
internal state variables p. These can now be determined by applying (2.30) for the
dissipative case, which results in

Pniq = arg inf {]N]ilﬁl(pnﬂ) + @(pn+1,pn)} s.t. p,4, being admissible . (2.35)
p

n+1

The precise representation of the functions ™ (p), m(p), and &(p) and the arising
equality /inequality constraints are, however, part of the specific constitutive model and
will thus comprehensively be discussed in the following section.
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2 An energy relaxation-based MSMA model

Remark 1 The constrained minimisation problem (2.35) for the non-dissipative case,
1.e. ® =0, without considering energy stored in the magnetisable and deformable body,
i.e. Y™ =0, and the magnetisation m, respectively the strain €, as convexr combina-
tions of the energy well states, i.e. easy-ares magnetisations ms* and transformation
strains €, represents the minimisation problem in the context of the constrained theory

of magnetoelasticity introduced by [41].

2.2 Constitutive framework

After having introduced the overall thermodynamical framework, the precise material
model for the considered MSMA shall now be discussed in detail.

2.2.1 General aspects of quasiconvexity

In this section, the concept of energy relaxation shall be outlined and its relation to
constitutive modelling shall be discussed. Energy relaxation methods—as used for the
development of material models by, e.g., [7, 12, 177]—stem from quasiconvex analysis
and the direct methods in the calculus of variations. If one considers a minimisation
problem of the form

min /wmat(V;ymu) dv—Vl(u) p , (2.36)
B

where /(u) is a linear function w.r.t. w, this problem is mathematically well-posed if the
energy density ™ is (i) bounded, (ii) coercive, and most essentially (iii) quasiconvex.
The first two aspects may be interpreted as certain (i) smoothness and (ii) growing
assumptions which can be taken into account rather easily in the context of the present
modelling approach. The notion of quasiconvexity has been introduced by [154] who
showed that quasiconvex potentials are indeed weakly lower semicontinuous and thus
the existence of minimisers and solutions can be proved. The condition for ¢¥™*(g) to
be quasiconvex, viz.

1
P (VM) < 7 /wmat(V;ymu + V"M w) dv (2.37)
"5
with
/Vmw dv=0 and w=0 ondB, (2.38)
B

24



2.2 Constitutive framework

also exhibits an intuitive physical interpretation in terms of a material (in)stability
condition: As long as the energy associated with homogeneous strain states is lower
than or equal to energy densities obtained by any admissible displacement perturbation
field w, this energy density is said to be quasiconvex. In contrast, if (2.37) does not hold,
it means that perturbation fields w—which may be related to specific microstructure
models as discussed in the subsequent section—further minimise the underlying energy
and a phase mixture will occur accordingly.

As a consequence, the energy density ™" present in (2.36) should be substituted by
its quasiconvex envelope

QY™ (V¥™y) := min /wmat(V;ymu + V) do subject to (2.38) (2.39)
B

in order to guarantee well-posedness of the overall problem, which is now given by
min /meat(V;ymu) dv—Ll(u) 3 . (2.40)
B

It is well known that the quasiconvex envelope of a formerly non-quasiconvex energy
landscape is hardly, if at all achieveable, see, e.g., [40] for a rare case in which this optimal
energy bound has been determined. In general, approximations of the quasiconvex hull
have to be applied. Such approximations can be conducted by calculating the convex
hull Cyp™@* (see, e.g., [94, 112]), the polyconvex hull Py™* (see, e.g., [7]), or the rank-
one convex hull R,1™ w.r.t. laminates of n-th-order (see, e.g., [9] for laminates of first
order), where it can be proved that

C,¢mat S P¢mat S meat S Rw¢mat S L S Rn¢mat S L S R1¢mat ) (241)

In this work, first-order laminates will be used in order to determine an upper bound of
the quasiconvex hull, as will be explained in the following section.

2.2.2 Representation of MSMA microstructure

We generally consider a multi-phase solid which, for the considered model material
system—a magnetic shape memory alloy (MSMA), such as Ni;MnGa—typically con-
sists of ferromagnetic martensite at the relevant operating temperature, see Figure 2.1.
As a basis for our micromechanically-motivated constitutive model, we assume the ide-
alised representation of the microstructure illustrated in Figure 2.2. The assumption
of such (first-order) laminate-type arrangements does not necessarily always need to di-
rectly correspond to an actual microstructure. In the case of the rank-one relaxation,
they may represent rather generic realisations of perturbation states used to approx-
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2 An energy relaxation-based MSMA model

imate the quasiconvex hull. However, such twinned martensite patterns with internal
domains have actually been experimentally observed in MSMAs [60, 205]. Moreover, the
assumption of neglecting the third crystallographic variant, see Figure 2.1, is in line with
typical experiments [202], provided that the single crystal specimens are carefully cut
along selected crystallographic directions, that the (virtual) coordinate system is placed
accordingly and that the magnetomechanical loading is applied only in the e;-es-plane.

ag

cooling

Figure 2.1: Crystallographic variants. Below both the Curie and the phase transformation temperatures,
typical MSMASs consist of ferromagnetic martensites, here of tetragonal structure. The variants of this
lower symmetry phase—compared to the cubic austenite parent phase—are distinguishable by their
respective transformation strains. While the easy-axis of each variant is always along the short edge of
the unit cell, the sense of direction (positive/negative) of the spontaneous magnetisation can be used to
further distinguish different domain types. Consequently, a total of six domain/variant combinations
can be identified as individual “phases”. Adopted from Kiefer et al. [112] with kind permission .

In this two-dimensional arrangement, the martensite variants may form perfectly co-
herent interfaces, with a twin boundary whose orientation is described by the unit normal
vector nYy, with ||72}5 || =1. The orientation of 72}5 is one of the micromechanical degrees
of freedom, cf. [9]. The two martensite variants, which may coexist, are associated with

the transformation strains (cf. Figure 2.1)
ef =he®e +bhe;®e;tesRes], €5 =be;Qeytbiei®e tes@es], (2.42)

with by, by as Bain strain coefficients, that are related to the lattice parameters, cf. Fig-
ure 2.1, by by =[a — ag|/ap and by=[c — ag|/ag. As also indicated by Figures 2.1 and
2.2, each of the two crystallographic variants of martensite decomposes into two distinct
domains exhibiting converse spontaneous magnetisation directions basically aligned with
the crystallographic easy-axes—depicted as mS§*—, which correspond to the short axes of
the tetragonal crystals. The orientation of those may vary and deviate from the respec-
tive easy-axis under applied magnetic loading. Therefore, the angles §; with j=1,...,4
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Figure 2.2: (a) Two-dimensional idealisation of the MSMA microstructure. Twinned arrangement of
the martensite variants introduced in Figure 2.1, with each twin band further separated into magnetic
domains. (b) The microstructure is parametrised in terms of the volume fractions «;, the fixed 180°
domain wall orientations A5°™, and the orientation of the twin boundary 73 (), which also represents
a 90° domain wall. The planar rotation of the local magnetic moments away from their respective
easy-axes is measured in terms of the angles ;. See also Kiefer and Lagoudas [108].

are introduced as well as the relations for the the domain magnetisations m?om(ﬁj),
cf. Figure 2.2 and [108],

mi™(0s) := — my[sin(03) e; — cos(fs) es ] , 2.45
mio™(0y) := my[sin(fy) e; — cos(fy) es] , 2.46

where the magnitudes of the domain magnetisations are treated as a constant material

parameter, viz. ||m{°™||=m, with m, as the saturation magnetisation.

It is worth noting that the angles 6; are generally not restricted to a certain value
range. In order to be able to distinguish the different domains throughout the calcula-
tions it is, however, necessary to define the limits

—r/2<0; <m/2. (2.47)

We assume conservation of mass in terms of negligible density changes and identi-
cal densities for all martensite variants and for the underlying domains. The volume
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2 An energy relaxation-based MSMA model

fractions of the individual domains are introduced as «; with 7 = 1,...,4. The variant
volume fractions & and & are related to the domain volume fractions via

Si=artar, S=azt+a. (2.48)

In addition, the net magnetisations of each domain n; and 7, are introduced, which are
related to the domain volume fractions via

Mm=0Q—Qz, 7N2=03— Q4. (2.49)

The inverse relations are then given by

1
[&+m], oz =[G —m], withi=12. (2.50)

Qgi—1 =

N | —

The introduction of the domain volume fractions, respectively alternative representation
in terms of variant volume fractions and net magnetisations, are inevitably accompanied
by the consideration of equality and inequality constraints, i.e.

4
j=1

With these quantities at hand, the total magnetisation is obtained by averaging over all
domains, which results in

m(a; (&, m),0;) = Z%(&»ﬁz’) m{"(6;) (2.52)

and which yields the precise relation between the magnetisation and the internal state
variables that were formerly introduced as p.

The interfaces of the respective domains referring to one martensite variant are per-
pendicular to the interface normal directions ni“™ and 73°™. These orientations are

initiated and kept fixed as shown in Figure 2.2, namely

- d - d
ny"" = ey, ny" =e; . (2.53)

The last aspect of the microstructure model deals with compatibility conditions,
cf. [15]. In order to fulfil mechanical compatibility at the intermartensitic twin bound-
aries with respect to the local displacement field within the assumed underlying mi-
crostructure in an idealised representative volume element (RVE) consisting of two
martensite variants, cf. Figure 2.2, the Hadamard condition implies a rank one connec-
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tion in terms of the jump [F] between the deformation gradients of the two martensite
variants F;, cf., e.g., [9],

[F] =F, -~ Fy=a®n}y, (2.54)

where a € R? reflects another internal state variable, which can be interpreted as the
jump in the deformation gradient or the strain jump—in the small strain setting—
projected onto the interface normal f{5. It is also possible to relate jump a to the
amplitude of a perturbation field that yields homogeneous deformation gradients, see
[9]. The mechanical compatibility between the respective domains present in one variant
do not need to be taken into account, since these are fulfilled a priori due to identical
crystal orientations. In addition to the compatibility conditions at the twin boundary,
the averaged deformation gradients present in the RVE need to be identical to the
macroscopic counterpart, i.e.

2
F = Zfz F;. (2.55)
i=1

The combination of (2.54) and (2.55) yields the deformation gradients F'; of both marten-
site variants

Fi=F+&a®nly, F,=F—-&a®n)y. (2.56)

Equation (2.54) represents the invariant plane condition. A vector v, which lies on the
interface with the interface normal n\y satisfying v - nly =0, is equally deformed by F,
and F'o, cf. [15],

F,.v-Fy - v=[a®ny]-v=alv-njy]=0. (2.57)

In the present small strain setting, relations (2.54) to (2.56) are symmetrised using the
relation e=5 [F + F*| — I, with I being the second-order unit tensor. The Hadamard
condition in terms of total strains of the individual martensite variants €; is introduced
as the symmetrised version of (2.54), viz.

~ tw

[e] =1 —ex=[a®@A[ ]| =-[a®@n+ny®a]. (2.58)

N —

In analogy to (2.55), the averaged strains present in the RVE need to be identical to the
macroscopic counterpart, i.e.

2
=) & (2.59)
=1
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Combining (2.58) and (2.59), i.e. the small strain version of (2.56), yields the strains €;
of both martensite variants

er=ect+&la@ny Y, e =e—Glawny . (2.60)
The magnetic compatibility at the domain interfaces, viz.

[mio™ —mdm]. afo™ =0, withi=1,2 (2.61)
as well as similar conditions across the twin boundary are, however, not taken into
consideration in the present framework. This is justified by the fact that the overall
model could be too restrictive in the sense that the complete set of restrictions may not
allow a continuous evolution of the variables which parametrise the microstructure. In
other words, the compliance of these constraints could directly result in the values of
the related variables. Furthermore, it is generally still a topic in scientific discussions
as to whether magnetisation compatibility between domains need to be enforced or if
violations may be allowed and then accounted for by additional contributions to the
excess energy, see, e.g., [41], without creating unphysical magnetic monopoles.

In order to summarise this section, the complete set of internal state variables used
in the subsequent calculations is given by

D= {51752777177727617(927037947aa(p} ) (262)

where the twin interface normal
Ay = cos(p) e; + sin(y) ey (2.63)

has been parametrised by the angle ¢, cf. Figure 2.2.

2.2.3 Specific constitutive model

On the basis of the microstructure model introduced above, the constitutive model in
terms of suitable energy densities shall now be discussed. More precisely speaking, the
energy density ¥™* introduced in Section 2.1.2 shall be specified. To this end, this
energy density is generally defined by

2
Pt = Z&' Yi (2.64)
i=1
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where the phase energy densities v; further decompose into an elastic part ¢§ and
contributions due to the magnetocrystalline anisotropy ¥3", viz.

21
1
W = ¢§1+§ > apyt, withi=1,2. (2.65)
b j=2i-1

The elastic energy densities are chosen as quadratic forms

1
Y= 3 e E; e, withi=1,2, (2.66)
wherein E; denotes the fourth-order elasticity tensor of the i-th martensite variant. The
additive decomposition of the strain tensors introduced in (2.60) into elastic €' and
transformation €' parts, viz. g; = ! + €l yields the elastic strains present in each
martensite variant as

el —e+GlawalPm el el —e—Glawaly " - ey (267)

In line with, e.g., [116, 170], the magnetocrystalline anisotropy energy density is chosen
as

mdom

2
w?n = kl 1— [ J . n;a] = kl sin2(9j) s (268)

ms

with k; as a material parameter and n$* =mS*/m; as the orientation of the easy-axis
for the j-th domain, cf. Figure 2.1.

Having specified the individual contributions and having assumed identical elasticity
tensors for both martensite variants, i.e. E; = Ey =E, the energy density ™ in (2.64)
is specified as follows

1 1 ~ TW 1sym ~ TW 1sym T I
= geiBret s hblawnn B [[a® Ay [P+ 2 ey —ef]]

2 4
1 T T .
* 5;& e E:[ef —2¢e]+ ’ﬁ;%(&,m) sin(6;) . (2.69)

For the sake of simplicity, and since the anisotropy of the inelastic response dominates
the overall behaviour, the elastic properties of all martensite variants are assumed to be
identical and isotropic, so that the elasticity tensor can be expressed as

E; [Aézgékl +/L[5ik5jl+5iléjk“ ei®ej®ek®el s (270)
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with the Lamé constants A = v E/[[1+v][1 —2v]], p = E/[2][1+v]] and E, v
denoting Young’s modulus and Poisson’s ratio, respectively.

In order to fully specify the total potential ghom ip (2.35), the dissipation potential
needs to be defined and a suitable time discretisation needs to be chosen, see Sec-
tion 2.1.3. In advance, it is necessary to distinguish variables whose evolution cause a
noticeable amount of dissipation and those where this is not the case. A reliable indi-
cator for this is exemplified by the question as to whether or not the evolution of one
specific internal state variable is associated with local heating of the material and if
hysteresis loops occur in diagrams revealing the effective material behaviour.

In the present framework, the martensite variant volume fractions are chosen to be
dissipative in nature so that the dissipation function becomes

¢={(6,6,6.6) . (2.71)

This is motivated by experimental observations, see [211, 212], where the mechanism of
domain wall motion (evolution of 7; at constant &;) and magnetisation rotation (evolution
of 6;) causes negligible dissipation, while the mechanism of martensite reorientation is
clearly dissipative in nature, see [71, 202]. The evolution of the strain jump a and the
interface orientation N5 () are also assumed to cause no dissipation. More precisely
speaking, the dissipation function is chosen to be positively homogeneous of degree one,
so that Euler’s Lemma 0,(¢ - p = ¢ holds, cf. [9, 147], viz.

Ci= 3 Yele) &l (2.72)

where

Vele) = YO+ & A, & >0e &<0 2.13)
YO+ [1-&]AY:, &G <0 &>0

is introduced as a hardening-type function. This specific choice for the dissipation func-
tion ¢ renders the evolution of the related state variables rate-independent. Furthermore,
a time discretisation scheme needs to be applied prior to solving (2.35) which is achieved
via forward differences, cf. Section 2.1.3, of the form

oo, —e,|/Al. (2.74)

With this at hand, quantity © (as introduced in Section 2.1.3) reads

2
1
D= xr E Ye(&int) Sint1 — &inl | VB (2.75)
=1
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where the hardening-type yield limit is now given as

Y? + E1nt1 AYe if 101 > &0 © Sonp1 <o
Ye(&in1) = f) " ‘ ' " ' (2.76)
Y£ + [1 - fl,nJrl ] AYE ) if 51,7],4’1 < gl,n ~ 52,n+1 > 52,71

in its time-discretised form.

Using the incremental variational approach discussed in Section 2.1.3, the solution of
the minimisation problem (2.35) does not only explicitly yield the current values for the
internal state variables. It moreover, in a kind of implicit manner, yields the (partially)
relaxed energy density with respect to first-order laminates via the sub-problem

Rygp™" := inf {g™*} (2.77)

with ™ specified in (2.69). Here, this sub-problem can be carried out analytically
which yields the optimal strain jump (projected onto nty)

* . ma ~ TW ~ TW -1 ~ TW T r
a’(p\a) := arg inf {p™} =—[nly-E-nly] - [n-E:[ef —ef']] . (2.78)
The effective material behaviour in terms of stresses is given by
o :=0 "™ =E:[e—e"] (2.79)

with the averaged transformation strains

2
e =) gel. (2.80)
=1

In order to reproduce the material response obtained via experiments on single crystal
Ni;MnGa specimens, see, for instance, [71, 76, 111], the effect of prescribed constant
stresses has to be taken into account, cf. & in (2.34). The strains which exactly yield the
stress state to be prescribed are therfore still to be determined. Here, the linear relation
(2.79) can be used to find

e(p)=E':7+e", (2.81)

which enters the energy function [Thom ip (2.34), including the stored energy density ™"
(2.69). The inverse of the elasticity tensor is often also referred to as the compliance
tensor S:=E~", cf. [112].

In addition to the analytical solution for the optimal strain jump a as outlined in
(2.78), the equality constraint & + & =1 in (2.51) might be used to reduce the number
of variables and constraints by, e.g., replacing & =1 — &;. As shown in the appendix,
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2 An energy relaxation-based MSMA model

see Section 2.5.1, the following relations between the magnetisation orientations among
the domains of one martensite variant hold

92 = —91 s 04 = —03 . (282)

This allows a further reduction of the number of variables and inequality constraints to
be considered.

2.2.4 Summary of constitutive equations

This section summarises the essential problem to be solved. The values for the variables
at time ¢, i.e.

Dy = {fl,n+17€2,n+1,771,n+1,772,n+1,91,n+1, 92,n+1793,n+1794,n+17 Qpi1, %0n+1} (2-83)

are determined via

P,41 = arg min {ﬁi‘i’?(pnﬂ) + Q(pn+1,pn)} (2.84)

subject to

Cint1 >0, &nt1 T&n1 =1, |Mint1] <&ngp1, withi=1,2,

Osmer| S /2, withj=1,...4, (285)

where ©(p,,,1,P,,) is given by (2.75). With the analytical solution for a1, cf. (2.78),
instead of II'97, the partially relaxed energy-enthalpy function at time ¢, for the
underlying case of homogeneous states might be used

M = [ Re™ (,\anis) + 2 mip,\ani) - D mlp,\aner) (256

40 Png1 - M(Dy i1\ @ng1) = Tgr : €(Dyy1\ @) ] Vs

with Ry (p,, 1\ @y 1) determined by (2.77), €(p,41\@n11) is specified in (2.81), and
m(p,,1\@n+1) is defined in (2.52). The quantities h,,4; and &, denote the prescribed
values of the magnetic field and stresses at time ¢,, .

Standard solvers of nonlinear constrained minimisation can be utilised to find the
solution of (2.84) subject to (2.85), cf. [13, 137]. For the numerical examples presented
in the following section, the GlobalSearch and MultiStart functions of the MATLAB
optimisation toolbox were employed. Further details regarding the numerical implemen-
tation are outlined in [112].
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2.3 Numerical examples

Table 2.1: Material parameters for NiosMnGa (slightly off-stoichiometric composition with five-layered
modulated tetragonal structure).

Model parameter | Symbol | Value Unit | Reference

Young’s modulus E 5000.0 MPa —

Poisson’s ratio v 0.3 — —

Saturation magnetisation M 514.0 kA /m [76]
Anisotropy constant k1 0.167 | MJ/m? [76]
Dissipation coefficient Yg 0.03 MJ/m? —
Dissipation coefficient AY¢ 0.003 | MJ/m? —

Bain strain coefficient b1 0.0188 [204]

Bain strain coefficient ba -0.0394 — [204]
Demagnetisation coefficient D11 0.2154 — —

2.3 Numerical examples

In this section, the response of prismatic single-crystalline NisMnGa MSMA specimens
to magneto-mechanical loading—which is the typical experimental scenario [111, 204]—
is modelled with a focus on the martensitic variant reorientation or, in other words, the
variant switching behaviour. The material constants and model parameters used for all
simulations are listed in Table 2.1. For the considered prismatic specimen (length: 9 mm,
width: 5mm, height: 5mm, cf. Heczko [71], Straka et al. [204]), the demagnetisation
tensor has the form

D:D11€1®61+—

5 [€2®€2+63®63] s (287)

where the demagnetisation coefficient D;; in Table 2.1 was calculated in advance using
a magnetostatic finite element simulation.

2.3.1 Variant switching diagrams

The term phase diagram for MSMAs was introduced in [107, 108], see also DeSimone [39]
and others, in analogy to the concept of phase diagrams in SMA modelling [124]. Unlike
the critical stress-temperature surfaces for the austenite-martensite phase transformation
in conventional SMAs, phase diagrams in MSMA visualise the initiation and termination
of the wvariant reorientation, i.e. the stress and magnetic field-driven switching between
different variants of the martensite phase. We consequently refer to them as wvariant
switching diagrams in this publication.

The calculations underlying the results shown in this section are designed to determine
critical states of the martensite reorientation processes, namely the initiation and the
completion of variant switching in Ni;MnGa as functions of applied stresses and magnetic
fields. To this end, a first set of numerical studies were performed under the loading
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2 An energy relaxation-based MSMA model

conditions illustrated in Figure 2.3. Here, a single crystal specimen, initially entirely
in the stress-favoured variant state, potentially switches to the magnetic field-favoured
variant under the action of the applied magnetic field h = hy(t) e; and the constant
compressive bias stress @ =07 e; ®e;. See, e.g., [71, 202] for experimentally determined
response curves under similar loading conditions.

€1

Figure 2.3: Illustration of the applied loading for the magnetic field-driven numerical studies under
constant stress. Initial conditions: single variant 1 state ({3 =1) with zero net magnetisation (n; =0).

Figure 2.4 shows the corresponding variant switching diagram. The indicated switch-
ing surfaces—here lines representing their traces in the two-dimensional plot—were ob-
tained in the following manner: The load was increased in small loading steps and the
critical state was detected when &—initially being zero—exceeded a specific tolerance
value (tol =107*). The various points determined in this manner were then used to
define a regression curve (solid red line). The dashed red line analogously denotes the
states where the reorientation into variant 2 is completed, i.e. a value of & > 1 — tol
is reached for the first time. During unloading, the reverse reorientation process into
variant 1 is indicated by the dashed blue line (initiation) and the solid blue line (com-
pletion). A total of five response regions can be distinguished in the switching diagram
for different applied stress levels: (I) For low stress levels, a full reorientation process
(1 — 2) occurs, but the initially present martensite variant 1 will not form again dur-
ing unloading. (II) While the behaviour during loading is essentially the same, reverse
switching does occur when unloading at higher stress levels, however not completely.
(IIT) The reorientation into the stress-favoured variant 1 is always completed during un-
loading at these now sufficiently large bias stress levels. (IV) The reorientation process
is no longer completed during loading, since the mechanism of magnetisation rotation
becomes energetically relatively less costly. However, the partially-switched material is
always completely reoriented into variant 1 after unloading. (V) For compressive stress
levels above the blocking stress, see Kiefer et al. [111], the variant switching process is
never initiated.

Remark 2 Regression curves are used to smooth the nonlinear segments in the curves
that represent the initiation and completion of the variant switching in Figure 2.4 and

36



2.3 Numerical examples

of all following martensite variant switching diagrams. The horizontal, respectively ver-
tical, segments are not taken into account for the determination of the regression curves.
Hence, the plotted curves may consist out of multiple segments.

11| [MPa)

Figure 2.4: Martensite variant switching diagram. Compressive stresses 711 are kept constant during
several calculations with different prescribed values, while one loading/unloading half cycle is performed
with respect to the magnetic field pg ho €[0T, 1T]. The red lines indicate the critical states of variant
reorientation during loading, whereas the blue lines indicate the same during unloading. The black solid
horizontal lines separate five different regions characterised by complete, partial, or even fully-suppressed
forward /reverse variant switching.

For each of the response regions (I)—(V) discussed above, characteristic strain and
magnetisation curves are depicted in Figure 2.5. The corresponding stress levels have
also been indicated in the switching diagram of Figure 2.4 by dashed horizontal lines of
matching colour. The nonlinearity of both the predicted strains—which are shifted in the
plot by a respective elastic and variant 1 Bain strain offset for better comparability—as
well as the magnetisation responses clearly reflect the occurrence of the variant reorienta-
tion process. Moreover, their observed hysteretic nature solely stems from dissipative ef-
fects associated with the corresponding twin boundary motion. Similar variant switching
diagrams were previously proposed in Kiefer and Lagoudas [110]. In this approach, how-
ever, variant switching, magnetisation rotation, and magnetic domain evolution could
not occur simultaneously. The energy relaxation-based MSMA model presented here,
on the other hand, is not limited by such restrictions.

The next set of results stems from similar calculations as mentioned before, except
that the applied magnetic field h=h, e is now kept constant—at different levels for each
calculation—and the applied stress & =711(t) e; ® e; is varied in a loading-unloading
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Figure 2.5: Magnetic field-induced (a) strain and (b) magnetisation response curves exemplarily selected
for each of the five response regions defined in Figure 2.4. The different behaviour patterns are due to
complete or partial variant reorientation (during loading and/or unloading) as well as fully-suppressed
variant switching for compressive stresses above the blocking stress.

half cycle between 0.0 and 10.0 MPa, see Figure 2.6 and, e.g., [71] for experimentally
determined response curves under similar loading conditions. In this case, the initial
state is that of the magnetic field-favoured variant. The variant switching diagram for
this loading case is shown in Figure 2.7. The dashed blue line connects critical states
at which the switching into the first variant starts (51 > (). The solid blue line indicates
the states where this process is completed (£, =1). During unloading, critical values
for the potential reverse reorientation into variant 2 are illustrated by the solid red
line (initiation) and the dashed red line (completion), respectively. Due to the lack
of an alternative mechanism to reduce the strain energy, there is always a complete
switching into the stress-favoured variant under compressive stress loading at constant
magnetic bias fields. During unloading, however, three different response regions can be
distinguished: (I) For low magnetic fields, no reverse reorientation occurs. (II) For higher
levels of the applied magnetic field, martensite variant 2 begins to form, but is not fully
regained. (III) The behaviour is similar to (II), except that the variant switching to the
magnetic field-favoured variant 2 is always completed at these sufficiently large magnetic
bias field levels. It is important to point out that the variant switching diagrams under
magnetic field-driven (Figure 2.4) and stress-driven (Figure 2.7) loading in fact coincide.
In other words, the critical surfaces perfectly match—albeit that not all such points can
actually be reached under magnetic loading at constant stress.

For each of the response regions (I)—(III) mentioned above, i.e. corresponding stress-
driven simulations at three distinct levels of the bias magnetic field, the representative
strain—which are shifted in the plot by a respective elastic and variant 2 Bain strain
offset for better comparability—and magnetisation responses are depicted in Figure 2.8.
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2.3 Numerical examples

Figure 2.6: Illustration of the applied loading for the stress-driven numerical studies under constant
magnetic field. Initial conditions: single variant 2 state (§2 = 1) with zero net magnetisation (72 = 0).

|511 ‘ [MPa]

Figure 2.7: Martensite variant switching diagram. The magnetic field uoho €[0T, 1T] is kept constant
during several calculations with different prescribed values, while one loading/unloading half cycle is
performed with respect to the compressive stress @11. The black solid vertical lines separate three
different regions characterised by complete, partial, or even fully-suppressed reverse variant switching
during unloading.

The selected loading paths have again been indicated in the associated variant switching
diagram (Figure 2.7). It should be pointed out that, although the initial condition is set
to me =0, the initial net magnetisation of the specimen observed in the magnetisation
curves of Figure 2.8 (b) is not zero. The calculations in the first step—at zero stress—
correctly predict a reduction of the unfavourably-oriented domain type at low fields
(110 h2=0.13T) and even their complete elimination at higher fields (1o ho=0.30 T and
0.55T), yielding not only a single variant, but also a single domain state to which the
stress loading is subsequently applied.
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Figure 2.8: Stress-induced (a) strain and (b) magnetisation response curves exemplarily selected for
each of the three response regions defined in Figure 2.7. The different behaviour patterns indeed reflect
complete, partial, or no variant reorientation during unloading.

The response with full recovery of the magnetic field-favoured variant (yellow curve)
has been referred to as the magnetic field-biased super-, magneto-, or pseudoelastic effect
[99, 110, 159, 201, 203] in the literature. Responses with partially or fully-suppressed
reverse switching (orange and blue curves) have been termed magnetic field-biased super-
plasticity [201], or simply magneto-plasticity [99, 159]—although both labels are some-
what misleading, since, unlike plastic deformation, variant switching is a crystallograph-
ically reversible effect. This phenomenon is more comparable to the one-way shape
memory effect [124], with the magnetic field playing the role of temperature as a means
to recover the initial state that is not reached when unloading.

The loading conditions for the last example related to variant switching diagrams
are illustrated in Figure 2.9. Here, one component of the applied magnetic field h =
h1(t) e + hy ey is varied over time, namely jo hi(t) €[0T, 1.75 T ], while the other com-
ponent is held fixed at different levels. Such loading effectively corresponds to a rotating
applied magnetic field vector with varying magnitude—which might seem difficult to
apply and interpret from a physical view. In practice, however, this can be realised
with a variable magnetic field applied through an electromagnet or enveloping solenoid
promoting one variant and a counteracting perpendicularly-arranged permanent magnet
favouring the other. The assumed zero-stress conditions, on the other hand, are always
an approximation—albeit usually quite reasonable—, since, in the experiment, one must
(mechanically) prevent free rotation of the specimen under magnetic field application.

The predicted variant switching diagram for these load cases is shown in Figure 2.10.
Again, blue lines indicate critical switching points, in terms of initiation (dashed line) and
completion (solid line), from variant 2, preferred by the constant magnetic field hy, into
variant 1, in this case favoured by the magnetic field h;. This switching under magnetic
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Figure 2.9: Illustration of the applied loading for the magnetic field-driven numerical studies under
perpendicular magnetic bias field at zero stress. Initial conditions: single variant 2 state (£ = 1) with
zero net magnetisation (1, = 0).

field loading is always completed for all bias field levels. The critical switching points
during unloading are indicated by red lines for the initiation (solid line) and completion
(dashed line) of the variant switching. Again, three different response regions may occur:
(I) For low hy levels, the energetic incentive to switch back is insufficient and no reverse
reorientation occurs. (II) For higher bias field values, martensite variant 2 forms again,
but will not be fully regained. (III) The behaviour is similar to (II), except that the
reverse switching into the ho-favoured variant is completed.

IIT

Figure 2.10: Martensite variant switching diagram. The magnetic field pohe € [0T,0.8T] is kept
constant during several calculations with different prescribed values, while one loading/unloading half
cycle is performed with respect to ;. The black solid horizontal lines distinguish three different regions,
which are characterised by complete, partial, or no variant reorientation during unloading.

Predicted strains—which are shifted in the plot by a respective elastic and variant 2
Bain strain offset for better comparability—and magnetisation curves for three distinct
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bias field levels, each representing one of the characteristic response regions (I)—(III), are
shown in Figure 2.11. Some interesting observations can be made by comparing these
results to the corresponding curves of Figure 2.8. While the induced strain responses are
qualitatively very comparable under stress and magnetic field loading—except for the
slight slopes in the strain curves caused by elastic deformations in the former case—the
magnetisation responses are actually quite different. They begin and end up at identical
vertical axis intercepts, i.e. at the same magnetisation values at zero cyclic loading.
Under h; magnetic field loading—at constant hy—, however, the magnetisation curves
show significant nonlinearity in the pre- and post-switching response stages. This effect
is caused by the rotation of local magnetic moments away from the easy-axis in variant
2-—and later analogously towards the easy-axis in variant 1—as the h; field is increased at
constant hy. The reverse is true for unloading. In the loading region, where the response
is dominated by variant switching, the magnetisation curves are essentially linear. The
magnetisation responses at the lowest bias field level (ug hy = 0.13T) further suggests
the activation of domain wall motion—see, for instance, the constant ms response in
the direction of the hy at low loading/unloading fields—, where the initial and final
configuration are multi-domain settings. These allow the magnetisation to rotate in the
h1 direction, while being constant in the ks direction. To better understand the interplay
of these mechanisms and their influence on the effective MSMA behaviour as predicted
by the proposed model, the next section will take a closer look at the evolution of
microstructures—in terms of their internal state variable representation—along selected
loading paths.
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Figure 2.11: Selected magnetic field induced (a) strain and (b) magnetisation response curves under
constant magnetic field hy and perpendicular magnetic field h; (¢) for each of the three different response
regions defined in Figure 2.10. The different behaviour patterns are due to complete, partial, or fully-
suppressed variant reorientation during unloading.
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2.3.2 The connection of effective material responses to
microstructure evolution

In this section, we return to selected results previously presented in Section 2.3.1, in
order to more carefully interpret the effective responses in terms of the underlying mi-
crostructure evolution, as predicted by the energy relaxation-based model. All strain
response curves are shifted in the plots by a respective elastic and Bain strain offset for
better comparability.

As the first example, we again consider the response simulations for the load case of
magnetic field-driven variant reorientation under constant bias stress (see Figure 2.5),
particularly at the compressive stress levels of a;; = —1.1 MPa and —1.75MPa. Fig-
ure 2.12 shows these responses, this time for a full loading cycle, and is further enriched
by microstructural sketches at selected loading stages, labelled @) to ©). As a natural
consequence of our approach to not spatially resolve the microstructure, but to effec-
tively represent it in terms of a set of microstructural variables, these sketches reflect
the idealised microstructure only in the sense of variant, respectively domain, volume
fractions and magnetisation vector orientations. For the sake of simplicity, the calcu-
lated twin boundary orientation—which, in fact, turned out to be constant at ¢ =45°
regardless of the loading conditions—is not indicated in these sketches.

The microstructure evolves as follows: Starting in (D from a macroscopically unmag-
netised single variant 1 state, the application of the magnetic field h, firstly causes a
rotation of the local magnetisation vectors. At a certain stage in ), it becomes energet-
ically less costly to switch into the second martensite variant, while the rotation of the
magnetisation vectors in variant 1 still slightly increases, cf. @). The second variant then
grows at the expense of the first—this is interpretable as twin boundary motion—until
it is either entirely eliminated and the largest possible magnetic field-induced strain
is obtained under constant o;; = —1.1 MPa or the magnetisation in the direction of
the applied magnetic field saturates and the switching process stops under constant
711 =—1.75 MPa. The final configuration during loading is shown in @). Upon unload-
ing, the reverse switching is initiated at a much lower field than was needed to complete
the forward process, which effectively results in hysteretic behaviour. The initial first
o11-favoured martensite variant grows during unloading, wherein the volume fractions of
both domains are equal, as shown in (). At zero magnetic field loading under constant
711 =—1.1MPa, see ©), one observes a state in which all variant/domain combinations
are present. For this stress, however, while the overall magnetisation correctly averages
to zero—thus minimising the demagnetisation field energy—the volume fractions are
such that a remanent strain results. For the higher compression stress 71, =—1.75 MPa,
the initial martensite variant is completely recovered in (6) and the configuration at zero
magnetic field is identical to the initial configuration in @).

Similarly, we again consider the case of stress-driven loading at constant magnetic bias
field (see Figure 2.8), particularly o ho =0.3T. Figure 2.13 shows the computed strain
and magnetisation response curves and visualises associated microstructures for four dif-
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Figure 2.12: Predicted butterfly hysteresis curves, in terms of magnetic field-induced strain (left
column) and magnetisation responses (right column) for two selected loading cases (cf. Figure 2.5).
Graphs (a) and (b) show the response for the bias stress level of 717 = —1.1 MPa, (c¢) and (d) those
for 711 =—1.75 MPa. The attached sketches reflect the state of the microstructure in terms of vari-
ant/domain volume fractions and local magnetisation orientations, for six characteristic loading stages.
The twin boundary orientation of ¢ =45° is not visualised for the sake of simplicity. Sketched mecha-
nism: magnetisation vector rotation, martensite variant switching, and domain wall motion.

ferent stages during the loading/unloading sequence. The microstructure evolves as fol-
lows: Starting from a single variant and in this case also single domain, i.e. magnetically-
saturated state, the compressive stress loading causes slight elastic deformation but
initially no changes in the magnetisation, as we have neglected conventional magne-
tostriction. After variant switching is initiated in (1), variant 1 shows domains in which
the magnetisation vectors are slightly rotated towards the bias field direction, see @.
This interplay of mechanisms clearly has a nonlinear effect on the strain response. Once

44



2.3 Numerical examples

the variant reorientation process is completed in @), the magnetisation again stays con-
stant during further load increase. The domain volume fractions and the magnetisation
rotations are such that they compensate each other in the e;-direction, in which no
magnetic field is applied, and the magnetisation m; is equal to zero. During unloading,
variant 1 partially switches back, see . But, at zero stress, neither a single variant
nor a single domain state is reached for the given bias field level, so that both remanent
straining as well as magnetisation are observed.
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Figure 2.13: Predicted hysteresis curves, in terms of compression stress-induced (a) strain and (b) mag-
netisation responses for the bias field level of o hy =0.3 T (cf. Figure 2.8). The attached sketches reflect
the state of the microstructure in terms of variant/domain volume fractions and local magnetisation
orientations for four characteristic loading stages. Again, the twin boundary orientation of ¢ = 45°
is not visualised for the sake of simplicity. Sketched mechanism: magnetisation vector rotation and
martensite variant switching.

Finally, we return to the load case of magnetic field-driven variant switching un-
der the influence of a perpendicularly applied bias field of jiohy =0.3 T and stress-free
conditions (see Figure 2.11). Figure 2.14 again shows the predicted hysteretic magnetic
field-induced strain and magnetisation responses for a complete loading cycle, with seven
selected loading stages highlighted in terms of their microstructural state. To better un-
derstand the full impact that the microstructure evolution has on the effective response,
the strain and magnetisation components in the respective other field directions have
now also been included.

The microstructure evolves as follows: Starting from a single 2nd martensite variant
and magnetically-saturated single domain state in (D), the field application in the e;-
direction causes a rotation away from the variant 2 easy-axis, see (2). While this effect has
a linear influence on my, it clearly introduces nonlinearity in ms. When variant switching
is initiated in @), variant 1 forms in a single domain state, since—unlike under stress
loading—domains can now be favourably or unfavourably oriented (magnetised) with
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Figure 2.14: Predicted butterfly hysteresis curves, in terms of magnetic field-induced strain (left column)
and magnetisation responses (right column) under a perpendicular bias field of 119 ho =0.3 T. Graphs (a)
and (b) show the plots previously presented in Figure 2.11—here for a full loading cycle—which are now
supplemented by the graphs (c¢) and (d) showing the corresponding responses in the respective other
field directions. The attached sketches reflect the state of the microstructure in terms of variant/domain
volume fractions and local magnetisation orientations, for seven characteristic loading stages. The twin
boundary orientation of ¢ = 45° is not visualised for the sake of simplicity. Sketched mechanism:
magnetisation vector rotation, martensite variant switching, and domain wall motion.

respect to the applied field, see 3). Further load increase eventually again results in a
single variant, single domain state in 4) with a slight rotation of the magnetisation vector
towards the direction of the bias field. This rotation increases as the h;-loading becomes
less influential during unloading, see (. It then becomes energetically preferential to
initiate the reverse switching process in (), which stops in ®). However, at zero h; load
in (7, remanent strains—reflecting a remaining variant mixture—and non-vanishing mso
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magnetisation are observed. In contrast, the value of m; at hy =0 is zero, due to the
emergence of the second domain type in variant 1 at low applied h; field levels.

2.3.3 The influence of the shape anisotropy and a closer look at
the demagnetisation effect

The first example presented in this section dealing with numerical results is devoted to
the investigation of the influence of specimen shape orientation, which corresponds to the
well-known effect of shape anisotropy in magnetostatics. To study this phenomenon, the
prismatic specimen under consideration—but not the single-crystalline material itself—
is rotated through the angle 3 in the e;-es-plane. Consequently, the crystal orientation,
including the magnetic easy-axes, and the loading directions are still assumed to be
aligned with the respective coordinate axes. The demagnetisation tensor, however, is
updated according to

D:=R-D*"-R', (2.88)
where
R = COS(B) [61 RKe+e® 62] + Sln(ﬁ) [—61 ey t+e® 61] +e3X®e;s (289)

is a proper-orthogonal rotation operator—with the usual properties of R' = R™! and
det R=1—and where D™ denotes the reference demagnetisation tensor that was defined
in (2.87).

The computed influence of selected specimen orientations (f==+30°) on the magnetic
field-induced strain—which are shifted in the plot by a respective elastic and variant 1
Bain strain offset for better comparability—and on the magnetisation hysteresis curves
is presented in Figure 2.15. The rotation of the specimen with respect to the magnetic
loading directions affects the coefficients of the demagnetisation tensor, according to
(2.88), and consequently clearly influences the effective specimen response. This effect
of the shape anisotropy is most easily observed in the m;i-response which, under the
original specimen orientation (5 =0) is essentially negligible, but shows significant values
in rotated settings. The sign of the prescribed rotation angle is only registered in the
my magnetisation behaviour, but not in the other response curves.

In the second and final example of this section, the influence of the demagnetisa-
tion field is analysed. In all previous examples, the response curves were presented as
a function of the externally applied magnetic field, as often reported in experiments
in the literature, cf. [71, 202, 211, 212]. Due to the demagnetisation effect, the total
internal magnetic field is significantly lower than the externally applied magnetic field.
Consequently, system responses were calculated instead of purely constitutive responses.
For this final investigation, the prismatic specimen consists solely of the first or second
martensite variant. A suitable compression stress is applied to maintain the single vari-
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Figure 2.15: Predicted response in terms of (a) magnetic field-induced strains and (b) ms, (¢) my
magnetisation curves under a compressive bias stress of 713 =—1.1 MPa (cf. Figures 2.5 and 2.12), here
for a full loading cycle. The angle 5 defines the rotation of the prismatic specimen (with 9:5:5 aspect
ratios) in the e;-es plane.

ant configuration. The magnetic field-induced easy- and hard-axis response curves of
both martensite variants are depicted in Figure 2.16. Obviously, specimens are mag-
netised easier along the longer edge. In a postprocessing routine, the total magnetic
fields h; were calculated as the sum of the externally applied magnetic fields and the
demagnetisation fields. The (constitutive) responses in easy- and hard-axis direction of
both martensite variants as a function of the total magnetic field perfectly coincide, see
Figure 2.16 and also the discussion in [147].
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Figure 2.16: Magnetic field-induced magnetisation response curves in the (a) easy- and (b) hard-
axes directions of the prismatic specimen alternating consisting solely of the first (£ = 1) or second
martensite variant (§2=1). The system responses as functions of the externally applied magnetic fields
h; are compared to the constitutive responses as functions of the total magnetic fields h;. The latter
responses perfectly coincide for both configurations.
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2.4 Summary and outlook

In this chapter, we have presented a general variational modelling framework for magneti-
sable multiphase solids, whose effective behaviour is governed by stress and magnetic
field-driven microstructure evolution. This approach accounts for the non-local influ-
ence of the demagnetisation field on magnetic domain formation in a micromagnetics-
inspired framework. The key ingredients to the total potential on which the global
variational principle is based are the energy storage function and the dissipation poten-
tial. Under the homogeneous loading conditions—with prescribed stress and magnetic
field—considered here, the simulation of constitutive and system responses reduces to
a constrained minimisation problem with respect to the variables that parametrise the
microstructure. In this context, the free energy density is incorporated in a partially-
relaxed sense, i.e. an energy hull that effectively describes the energy of a phase mixture,
when the unstable (non-quasiconvex) homogeneous material has decomposed into mi-
crostructure. In other words, only the individual potentials of the constituent phases
must be specified, the effective (homogenised) potential naturally follows through ap-
propriate mixture rules and energy relaxation concepts.

This very general approach was successfully applied to the simulation of magnetic
shape memory alloy behaviour as a challenging model problem. Motivated by the char-
acteristic microstructures of MSMAs—twinned martensite single crystals with laminate-
like internal ferromagnetic domain structures—a rank-one relaxation scheme with re-
spect to first-order laminates was specifically considered. In this model, the strongly in-
teracting microscale mechanisms of variant switching, magnetisation rotation away from
easy-axes, and magnetic domain evolution are all incorporated and allowed to evolve in-
dependently, but also to be active at the same time. Since the driving forces for the
evolution of the internal state variables are energetic in nature, both magnetic field and
stress-driven variant switching can be modelled. Several numerical examples were run to
demonstrate that the model captures all of the key characteristics of MSMA behaviour,
particularly its nonlinear, anisotropic, inelastic, and magnetomechanically-coupled na-
ture. Typical response types, such as the field-induced magnetic shape memory effect
or magnetic field-biased pseudo-elasticity and pseudo-plasticity, were successfully pre-
dicted. Switching diagrams were computed as particularly insightful tools to visually
link variant switching processes to the effective strain and magnetisation response curves
for essentially arbitrary loading paths. Finally, emphasis was placed on carefully explain-
ing the connection between the predicted evolution of microstructure and the effective
behaviour, as predicted by the model for selected loading cases. It is also important to
emphasise that the model is able to make quantitatively-accurate predictions of MSMA
response, with relatively few standard input parameters—e.g. elastic constants, satura-
tion magnetisation, magnetocrystalline anisotropy constant, Bain strains, respectively
unit cell dimensions.

The following chapters deal with the numerical implementation of the general varia-
tional framework, briefly described in Section 2.1, by means of the finite element method.
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2 An energy relaxation-based MSMA model

This allows the modelling of local and effective MSMA specimen responses for arbitrary
geometries. In terms of future work, one natural extension of the presented MSMA
model would be to include the third tetragonal variant—or a generalization to an n-
variant setting for other crystal symmetry classes. This mainly applies to an adequate
parametrisation of the magnetisation vectors in three-dimensional space, an adequate
parametrisation of the interface normals between all occurring martensite variants, as
well as suitable numerical homogenisation schemes for the energy densities, where, e.g.,
laminates of higher order may be considered. Likewise, a more subtle point deserves
attention, namely the fact that the rank-one relaxation scheme applied here fulfils strain
compatibility and the force balance at material interfaces (twin boundaries), but that no
attention is paid to an analogous satisfaction of the magnetic jump conditions across do-
main walls. On-going work is concerned with establishing equivalent relaxation concepts
for the magnetic, and eventually for the fully-coupled, cases.

2.5 Appendix

2.5.1 Dependencies among the domain magnetisations

As elaborated in Section 2.2, the set of variables describing the material’s microstructure
is given by

D= {51,5277]1,7’]2,91,02,93794,CI,,QO} . (290)

In this section, analytical relations between the angles #; and 6y as well as 03 and 6,
are derived. This allows us to reduce the number of internal state variables and related
inequality constraints.

To this end, additional variables 7;, 75 with 0 <~; <1 are introduced, which relate to
the variant and domain volume fractions according to

=857, =& [1—m], az=2E§", and ey =& [1 — 2] (2.91)
and which can be interpreted as relative magnetic domain volume fractions. The “com-
patibility” conditions with respect to the magnetisations in each domain m;-iom and
effective magnetisations m; in each variant ¢ = 1,2 then read

mi = myg e, =5 mi(0) + [1 — v ]mi™(0y) with [|m}]| < my , (2.92)

my = mop €, = YoM (03) + [1 — 7o | m™(0,) with ||m3]| < ms . (2.93)

Such a representation could also be used as an effective parametrisation of the under-
lying microstructure, where 7; or even the coordinates m;; themselves would act as
internal state variables. Here, this formulation is, however, just used for further deriva-
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tions. These relations are now inserted into the magnetocrystalline anisotropy energy
(cf. (2.65), (2.68))

4
Y =Yy ky sin®(6;) (2.94)
j=1

which for instance yields

2
V" =aq ky [ [ mya+[1— 1] myg sin(6s) ]] + g ky sin®(6y)

Y1 M

+as ky [ [—may + [1 — 42 ] my sin(6y) ]] + ay ky sin®(6y) . (2.95)

Y2 M

The effective magnetisation in each variant ¢ essentially depends—for the underlying
two-dimensional setting—on two coordinates m;; and m;,. However, it is parametrised
by three variables, namely 71, 61, and 65, respectively vs, 03, and 6,. Hence, there need
to be relations between the latter variables. In this line, 6, and 6, shall be eliminated
and determined via minimisation of the magnetocrystalline anisotropy energy. The other
energy contributions depending on the magnetisation can be disregarded due to the fact
that the magnetisation state is considered prescribed here. In fact, one obtains

6y = arg min {¢*"} = cos(bh) =0 0, = ig Vo osin(fy) = _ Mz (2.96)
mg
. ™ . Mot
0, = arg min {™"} = cos(0y) =0« 0y = i§ Vo osin(fy) = . (2.97)
ms
In this context, the Hessian matrix reads
2k -1
H o= &lm ] [my2 sin(fy) — my cos(202)] e; ® e;
ms §é!
-1
—M [mgl Sill(94) + my COS(2 94)] € X es s (298)
Y2
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2 An energy relaxation-based MSMA model

where the respective non zero Eigenvalues A\¥* for the different solutions are given by

2k
)\?|92:ﬂ/2 - _ms’yl 51[1_’}/1] [m12+ms] SO 5 (299)
H 2k
A S, ell=nl[ma—m]<0, (2.100)
2k
)\’{{|02:—7r/2 = ——— &1 —m] [mi2—ms] <0, (2.101)
1 2k
Ay |94*—7r/2 ~ T m, v &[1=7] [ma+ms] <0, (2.102)
and
2k
z-Llsin(92)=fm12/ms = T 51 [1 - /71] COS2(02) >0 ) (2103)
2k
;[|sin(94):m21/ms = ? 52 []- - ’72] 0082(84) >0. (2104)
It is noted that
Mg +ms 20, mi, —ms <0, (2.105)

due to the fact that |[m|| <m,. Thus, the feasible solution is always given by

. mi2 . Moy
0y) = — 04) = . 2.1
sin(6s) — sin(6y) . (2.106)
Reinserting these results into (2.92), (2.93) yields
sin(6;) = 7:;2 — —sin() =sin(—60,) = O =—0,, (2.107)
. ma1 . .
sin(f3) = — = sin(fy) =sin(—6,) = 6O3=—0,. (2.108)

2.5.2 Analysis of the martensite twin boundary orientation

The results presented in Section 2.3.2 have shown that the intermartensitic twin bound-
ary orientation ¢ =45° remains constant for all considered loading cases. The following
derivation will show that ¢ =45° in fact minimises the elastic strain energy density as
part of (2.69).

In Section 2.2.2, the compatibility condition was derived w.r.t. the total strains of
both martensite variants. The martensite variants may form kinematically compatible
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interfaces, even in the absence of elastic strains. The Hadamard condition implies a rank
one connection in terms of the the strain jump [e"], cf. (2.58), viz.

~ tr 1sym 1 S Sany
["] = e — e = [ba Ay P = S [boah + A b] (2.109)

wherein b is the strain jump and 7t} is the interface normal. The two solutions fulfilling
the compatibility condition are

~ tr 1
b:\/i[bl—bg][:Fel—l-EQ], nizz—[:l:el—i—eg], (2110)

V2

cf. [15], for the transformation strains introduced in (2.42). In previous work [112], the
convex hull Cy™? of the elastic strain energy density was derived. With the transforma-
tion strain jump (2.109) at hand, the application of the convexification approach results

. . . . . LG .
in the elastic strains of both martensite variants €, viz.

SOt Glbe Al e, 0= —albonlt ey, (211)

For the interface orientations in (2.110), the optimal strain jump in the context of
the rank one convexification approach (2.78) are calculated as follows. The interface
orientations in (2.110) are equivalent to ¢ = +45° cf. (2.63). Having the elasticity
tensor for the isotropic case (2.70) at hand, the first part in (2.78) is

nly - E-nly =[A+plny@nly +ul (2.112)
and the analytical solution for its inverse (¢ =2445°) is

A3 pu F [ A Hp]

t tw 11 4”?3&“? 4M>\2+32M>\ !
[an -E- nl?] = 41;FP+2Z)\ 4;3?2;;,\ 0 (2.113)
0 0 1
I
The second part in (2.78) is
ny - E:[ef —el'] = Anly [tr(el) —tr(ef) ] +2unly - [ef —el'] . (2.114)
Insertion of p=445° and tr(ef") =tr(e¥) results in
Y E:[ef —el | = V2ulby— b ][T el +ey]. (2.115)
Insertion of (2.113) and (2.115) into (2.78) results in
a=V2[b—b][Te +es], (2.116)
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2 An energy relaxation-based MSMA model

which is identical to strain jump b in (2.110). As a consequence, the elastic strains and
the corresponding strain energy densities in the context of the rank one convexification
approach and the convexification approach are identical for o=+ 45°. Since the convex
hull is the lowest possible energy bound, see (2.41), the interface orientations ¢ ==+ 45°
in fact minimise the elastic strain energy density.
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3 A micromagnetics-inspired
FE-framework — spatial resolution
of magnetic degrees of freedom

The material presented in this chapter is, in large parts, based on the ideas out-
lined in the recent work [21]. The chapter can be regarded as the first step in the
finite element implementation of micromagnetics-inspired constitutive models, such as
the model introduced in Chapter 2. The focus of this chapter lies on the simultaneous
solution of the magnetostatic boundary value problem and the evolution equations for
the microstructure-describing state variables.

Microstructure evolution in magnetic materials is typically a non-local effect, in the
sense that the behaviour at a material point depends on the magnetostatic energy stored
within the demagnetisation field in the entire domain. To account for this, we propose
a finite element framework in which the internal state variables parametrising the mag-
netic and crystallographic microstructure are treated as global fields that optimise a
global potential. Contrary to conventional micromagnetics, however, the microscale is
not spatially resolved and exchange energy terms are neglected in this approach. The
influence of microstructure evolution is incorporated in an effective manner which allows
the computation of meso- and macroscale problems. This approach necessitates the de-
velopment and implementation of novel mixed finite element formulations. It further re-
quires the enforcement of inequality constraints at the global level. To handle the latter,
we employ Fischer-Burmeister complementarity functions and introduce the associated
Lagrange multipliers as additional nodal degrees of freedom. As a particular application
of this general methodology, a recently established energy relaxation-based model for
magnetic shape memory behaviour is implemented and tested. Special cases—including
ellipsoidal specimen geometries—are used to verify magnetic field-induced magnetisation
and strain responses obtained from finite element simulations compared to calculations
based on the demagnetisation factor concept.

The chapter is structured as follows: Section 3.1 introduces the general variational
setting of the non-local approach for the modelling of magnetic materials with evolv-
ing microstructures. In Section 3.2, the central governing equations of our constitutive
model for magnetic shape memory alloys are briefly presented. It should be emphasised
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3 Spatial resolution of magnetic degrees of freedom

here that, strictly speaking, the classic distinction between local material model and
global boundary value problems can no longer be made in the non-local setting. This
notwithstanding, we will occasionally still refer to the constitutive model when specify-
ing energy storage or dissipation terms associated with a particular material behaviour.
Section 3.3 subsequently discusses the main aspects regarding the finite element im-
plementation of the theoretical framework as well as particular algorithmic treatments,
for instance the approach selected to enforce physical constraints. The aforementioned
verification of the model is presented in Section 3.4 in terms of finite element analyses of
the behaviour of circular, quadratic, ellipsoidal, and rectangular specimens. Finally, the
central contributions of this work are summarised in Section 3.5, followed by an outlook
on our ongoing and future research activities in this area. Further important details
regarding the stored energy density are given in the appendix in Section 3.6.

3.1 Variational framework

Prior to the elaborate discussion on the variational framework, the general magnetic vari-
ables and some relations among them shall be introduced. The magnetic field strength
h =h + h can be decomposed into a prescribed part h and demagnetisation field h.
The latter occurs due to the magnetisation m of a magnetisable body B placed within
the magnetic field and also affects the medium surrounding the body, which is often
referred to as free space. The magnetic field and the magnetisation both contribute to
magnetic induction b which is decomposed in the same manner in this contribution as h,
viz. b=b+b. As general relations, one has b= [h 4+ m], with u as the vacuum per-
meability of the free space. Accordingly, such relations can also be introduced separately
for the applied part and the demagnetisation part, viz. b= poh and b= po[h + m].
This definition of b is rather ~of conceptual nature—from a physical standpoint it may
be more reasonable to relate b only to h.

The micromagnetics-inspired total potential of a magnetostrictive material with con-
figuration B embedded in R? is introduced as a function of the global primary field
variables, i.e. the displacement field u, the scalar magnetic potential of the demagneti-
sation field ¢, and a set of state variables p that describe the underlying microstructure,
e.g. the magnetisation m(p), as

I(u,d,p) = ™ (u, p) + I($) + 1™ (u, p) . (3.1)

The internal potential IT™ contains the stored energy density ¢™, the free energy
potential I7*¢ accounts for the stored energy density in the demagnetisation field, and
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3.1 Variational framework

the external potential IT®* covers mechanical loading via tractions £ and magnetic field
loading h. Therefore, II can be specified according to

w6.p) = [ 6™ ep)dos s [IRPav= [Euda-p [Bemp)ao, (32
B R3 0B B

with € := V&¥™u = 1 [V,u + V,u'] as strains and the demagnetisation field strength

h:= —Vwa . The latter relation automatically satisfies Ampere’s law, i.e. curlw(fz) =0.
The substitution, see [41, 88|,

J 1921 dv = [ IR av =~ [ Bmip)do 33)
R3 R3 B

with || @ || := /e - e, is used to gain an alternative representations of (3.2), namely
fu6.p) = [ v (ep)do-"2 IR do- [Fudo-p [homip)do. 30
B R3 0B, B

The energy potential defined in (3.4) serves as a basis for the following derivations and
for the specific finite element implementation.

The tractions t applied at the Neumann boundary dB; can be related to the stress
distribution o within the bulk of the body B, i.e.

/f-uda: /[U-n]-uda:/divm(at-u)dv
B

8Bt 8Bt
:/V;ymu:a'dv+/u-divza'dv:/€:adv, (3.5)
B 5 B

wherein additional body forces are assumed to vanish identically, such that div,o =0.
Here and in what follows, we consider elastic strains to be negligible, cf. [39, 41]. As
a consequence, the displacement field w can be omitted and the total strains e(p) are
given by explicit relations depending on the state variables p, see Section 3.2 for a
detailed discussion. In this context, the stress states considered as this work proceeds
are homogeneously distributed within B and are denoted &.

With these assumptions at hand, the total potential (3.4) reads

(3. p) :/%dv—%/nfl“?dv, (3.6)
R3

B
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3 Spatial resolution of magnetic degrees of freedom

wherein the energy density 7 is defined as

7=y (p) —€e(P): T — poh-m(p) . (3.7)

Based on this global potential, the power-type potential

ﬁ::/ ﬁ—i—/((i)) do | dt (3.8)

can be defined based on the approach suggested in, e.g., [23, 145, 178] and in line with,
e.g., [8], which takes dissipative effects into account via the dissipation functional ((p),
cf. [17, 46, 235]. The magnetomechanical response is generally modelled to be governed
by the global rate-type variational principle

{i6,6,p} = arg | inf sup inf £(is,,p) | subject to re(p) <0, (3.9)
L P

where the constraints r.(p) < 0 are introduced and will be specified later. Since the
displacement field u was omitted, the global rate-type variational principle reduces to

{:5, p} = arg [ sup inf £(<Z, p)} subject to r.(p) <O0. (3.10)
5 P

Due to the assumption that the rates of the underlying state variables minimise this
potential, it follows—in line with the Karush-Kuhn-Tucker (KKT) theorem—that the
first variation of £ needs to fulfil

5L = —6 /A-f«cdt =5 /)\-arc-pdt . (3.11)
op
t t
With
- o7 L oF -
n:/{—,vm +—-'} dv + /h-Vw dv 3.12
b ¢ op P uoR3 ¢ (3.12)
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one obtains the stationarity condition of the power-type potential

oF = 9% . 9C . ~ s
5£:/ /{ = - V30 +— -0 +—,-6]dv+ /h~Vw5 dv | dt
iy . ¢ ap o ap P uoRs ¢

:_t/HA.%";l.épl dt . (3.13)

One may then consider three individual stationarity conditions via

or ~ ~ .
——4puoh | -Vidopdv | dt =0, 3.14
/ / { on 1 1 ¢ 314
t LB i
/ 1o / h-Vesodo | dt =0, (3.15)
¢ R3\B ]
or  0C . or. . B
/ /[a—p—ka—p}-épdv—kx\-apﬁp dt=0, (3.16)
t LB i
which can be recast into
or ~ ~ )
— — 4+ poh | -Viépdv =0, 3.17
/ [ b } o (3.17)
B
Lo / h - Vwégdv =0, (3.18)
R3\B
or  0C ) or. . .
T I . . = 1
/{ap—i—ap] opdv+ A op op=0, (3.19)

if (3.14) to (3.16) shall hold for any time ¢. The interpretation of d¢ and &p as test
functions reveals the similarities between the first variation displayed via (3.17) to (3.19)
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3 Spatial resolution of magnetic degrees of freedom

and the weak form of the stationarity conditions. The corresponding strong forms (Euler-
Lagrange equations) can be shown to follow as

divyb=0 in B, (3.20)
divgh = —Agd =0 inR*\ B, (3.21)
[b] m=0 ondB, (3.22)
or O or. .
or o6 . 2
OE/{ap—l—ap]dv—l—)\ op in B, (3.23)
B

where (3.20) to (3.22) reflect Gauss’s law of magnetism and where (3.23) is the Biot
equation governing the evolution of the internal state variables. However, these relations
are simply displayed here for the sake of completeness and physical insight. Equations
(3.17) to (3.19) will further serve as the basis for the finite element implementation
elaborated in Section 3.3. The occurring derivatives of the energy density 7 can be
regarded as (negative) thermodynamically conjugate driving forces and specifically read

on
T em(p) 3.24
ol (p) (3.24)
or  oy™i(p) _ 0Oe(p) om(p)
_ _ 5. 08P Lomip) 2
op op 7 op to op (329)

With (3.24) at hand, (3.17) is recast into

,uo/ [ﬁ—l—m] ~Vm5?¢§d1)£0. (3.26)
B

The combination of (3.26) and (3.18) yields

MO/[E+m]-vm5$dv+uo / E-Vwagdvz/g-vwégdvso, (3.27)

B R3\B R3

with the—above introduced—magnetic induction b= 140 [fNL + m} and m=0 in R?\B.

3.2 Constitutive model

In this section, the constitutive model based on microstructural quantities related to the
different crystallographic phases of the material is elaborated. For the considered two
dimensional case, two (nearly) tetragonal (5M modulated) variants of martensite exist,
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3.2 Constitutive model

see Figure 3.1, with the corresponding variant volume fractions &;, where é&,=1—&; due
to the conservation of mass, provided that the mass densities of the respective phases
are identical. The transformation or Bain strains of the two martensite variants (2D)
are introduced as

€ir = b2 e ® €1 + bl €9 ® €9 and €gr — bl €1 ® €1 + b2 €9 ® €2 ) (328)

where b; and by are the Bain strain coefficients, which have to be determined experi-
mentally, and {e; 23} is an orthonormal frame aligned with the crystallographic axes.
The two martensite variants may form kinematically compatible interfaces, see, e.g.,
[60]. Since elastic strains are not considered in the present approach, the total (aver-
aged) strain depends only on the transformation strains €{" and the martensite volume
fractions &;, viz. a convex combination of the energy well states, cf. [41],

e:=C el +&ey. (3.29)

In addition to the volume fraction of the first martensite variant &, further state vari-
ables are introduced to describe the magnetic state of the underlying microstructure.
Here, the normalised effective magnetisations of the first and second martensite variant
m; =m; e; + m;z ey are used. The total magnetisation is calculated by averaging the
contributions of the two martensite variants

m:=m; [&gm] +Emb (3.30)

where m, is the saturation magnetisation which has to be determined experimentally.
Usually, the value of my is temperature-dependent, but due to the assumption of isother-
mal conditions, it is kept fixed during the simulations discussed as this work proceeds.
The set of variables describing the microstructural state is consequently denoted as
p=|&, m11, Mia, Ma1, Moz |*. These variables are accompanied by the constraints

ri=—6<0, ri=6-1<0, rpi=|mi-1, r=[my| -1, (3.31)

so that . = [r1,79,73,74]" and A = [\, Ay, A3, \4]" as the corresponding Lagrange
multipliers, see Section 3.1.

Due to the fact that elastic strains and conventional magnetostriction are omitted,
the stored energy density 1™ generally introduced in Section 3.1 reduces to

P = =k [Eymi, + Em3, ] (3.32)

where 12" denotes the magnetocrystalline anisotropy energy density that depends on
the material parameter k; according to [116, 170]. This energy contribution accounts
for the stored energy due to deviations of the magnetisation vectors from the respective
magnetic easy-axes in both martensite variants.
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Figure 3.1: Parametrisation of the microstructure and constraints for the corresponding state variables.
Martensite variants (transformation strains !, variant volume fractions ¢;) and effective magnetisations
of the martensite variants (m}=m;; e; + m;2 e2).

To complete the constitutive framework, the dissipation function ( is chosen as
SN : TNe ¢ 12
(&) =Yelal+ 5 [&]” (3.33)

where Y can be interpreted as a threshold and 7 as a viscosity-type parameter. As
for example discussed in [7], such dissipation functions result in evolution equations of
viscoplastic type. As a consequence, the volume fraction &; is assumed to be the only
state variable associated with dissipation. The reason for this lies in the fact that the
dissipation related to the mechanism of domain wall motion (easy-axis magnetisation)
and the deviation of the local magnetisation direction from the respective easy-axis
(hard-axis magnetisation) is considered negligible according to experimental findings, see
Figure 3.2, where the single variant response curves show almost no hysteretic behaviour.

‘l L
0.8
e
*S% 0.6
~
g 0.4
—— easy-axis
0.2 — hard-axis
0 : : : : :
0 0.2 0.4 0.6 0.8 1

o hi [T]
Figure 3.2: Measured easy- and hard-axis magnetic field-induced magnetisation response of a thin

nearly square wafer consisting of a single martensite variant under the constant compression stress of
1.9 MPa in the easy-axis direction, cf. [211, 212].

The threshold parameter Y¢ is the absolute value of the corresponding driving force—
also termed critical driving force—that must be overcome in order to initialise the
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martensite reorientation. The corresponding driving force F¢, is generally defined as
the negative gradient of (3.25) w.r.t. & in B and for the specific constitutive model

Fe :kl[mgl_m32]+ﬁ3 [5t1r_€§r]+ﬂomsh' [m] —mj] . (3.34)

With the definition of the Macaulay brackets (o) :=0.5[e + |o|], the explicit form of the
evolution equation for &; is written in a compact form

£ = nigsign (Fe) (| Fal - Ye) - (3.35)

For the numerical implementation, rate él is discretised in time in time interval At =
tni1 — t, by the forward difference

 gtiog
&1 =~ to— b (3.36)

Since the evolutions of the effective magnetisations are not dissipative, their evolution
equations are derived from the stationarity of (3.25) as part of (3.19) w.r.t. m;; in B

Y™ (p) 5. 0¢ (p)

8mzj ’ amij

)
Ch TP g o1 (3.37)

8mij

The residual vector 7*¥° containing the time discrete evolution equation for &; (3.35) and

for all other state variables (3.37) is defined as

- — s (Fe) (1F | = Y0
—poms &1 hy

T = 2k & mag — poms &1 e ’ (3.38)

2k1 [1 = &]may — poms [1 — &) Iy

—Ho M [1 - fl] ha

where all quantities are evaluated at time t=¢"*! (backward Euler method), except for
&7, which is considered to be a known quantity.

Remark 3 The field variables myy, my2, Moy, and mey describe the effective magnetisa-
tion inside the first, respectively second, martensite variant. They are directly related
to other variables describing the microstructure, also used in previous works [39, 112],
viz. the angles measuring the deviations from the magnetic easy-azes 0;, the net magneti-
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3 Spatial resolution of magnetic degrees of freedom

sations n;, the relative domain volume fractions of the corresponding martensite variants
Vi, and the absolute domain volume fractions o; by

01 = — 0y = arcsin(mys) , 03 = — 0, = — arcsin(may) (3.39)
_ mi —¢ m22
m 1 COS(&l) ’ 2 2 COS(eg) )
mi1 Ma2
=05 1 =05 1 0. 0

i1 =05[&+m] =&y, a=05[&—m]=&[1—v], withi=1,2,

The magnetic compatibility within one martensite variant is fulfilled across the 180°
domain interface with its normal perpendicular to the magnetic easy-axes inside each
martensite variant for the angles 601 = — 0y, respectively 03 = — 60, . In addition, the
magnetocrystalline anisotropy energy is minimised for this combination of angles, see
Section 3.6 for details. For cos(6;) = 0, the magnetisation inside the corresponding
martensite variant is fully aligned with one of the magnetic hard-axes. Consequently,
the magnetisation vectors in both domains point in the same direction. In such a case,
the relative domain volume fractions v; and the net magnetisations n; may take arbitrary
values satisfying the constraints stated above, without having an influence on the effec-
tive material response. The previously used microstructure and the corresponding state
variables are schematically sketched in Figure 3.3.

ef’, & ey, & Constraints:
W*fﬁlzigl 9 O§f1§1
1 3 ' '
: /{91 m‘gx le £=1-4
! ! 1ni| <&
Q | « 04 )
—1 ™M 2 4 0] <m/2
(6%}

e T

° my e V=& =& n2 m=E&

Figure 3.3: Previously used parametrisation of the microstructure and constraints for the corresponding
state variables. Martensite variants (transformation strains ¥, variant volume fractions &;), magnetic
domains (net magnetisations 7;), and magnetisation vectors (m;(#;) with 6, as the deviations from the
easy-axes). Absolute domain volume fractions a; as dependent variables.

3.3 Finite element discretisation

In this section, the general finite element-based implementation and different aspects
concerning the algorithmic treatment are discussed, where the two-dimensional case is
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3.3 Finite element discretisation

considered. In general, two different regions are considered separately, viz. the magnetis-
able body B and the surrounding free space R*\B. Concerning the latter, it is convenient
to define a sufficiently large free space box 2 C R?, with gg =0 on 0f2. The different
regions are spatially discretised via

nf nfitng
B~JB, 2\B~ |J B, (3.40)
e=1 e:ng—ﬁ—l

where ng denotes the total number of finite elements B¢ used to geometrically approx-
imate the respective region e € {B,2\B}. As shown in Figure 3.4 in terms of the
underlying master element, the different field variables are discretised by using interpo-
lation polynomials of different order: For the spatial discretisation of ¢, an eight-node
quadratic serendipity element is used, see [43]. Therefore, the number of nodes used to
discretise 5 within the respective finite element is n¢, =8. In contrast, a bilinear four-
node element is used for the variables p and X resulting in nP, =n} =4. This choice
is due to the fact that only the gradient of 5 appears in the underlying equations in
contrast to p, which solely appears as a global field itself. Accordingly, ¢ is interpolated
by using polynomials of higher order compared to the discretisation of p. The field p
and the corresponding A are solely resolved in the n5 elements of the body, while field

¢ is resolved in all elements, cf. Section 3.1.

nA
1
Fﬁ 7 .= %j ® Nodes 1-8
dof: ¢ in 2
8 6L L
—3 s [ ] Nodes 1-4
dof: p,Ain B
4 5 2
o 5o

Figure 3.4: Mixed bilinear (nodes 1-4) and incomplete quadratic serendipity element (nodes 1-8) in
the &, n-space. While discrete values of $ exist at all nodes, discrete values of the variables p and A
exist only at the nodes 1-4 marked with a box. The variables p and A are only resolved in B and on
0B. The corresponding shape functions are listed in, e.g., [43].

In the following, the finite element-based derivation of the governing equations is
presented, where ¢, p, and the Karush-Kuhn-Tucker parameters A denote the global
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3 Spatial resolution of magnetic degrees of freedom

variables. First, the individual variations 5;5 and 0p are spatially discretised using the
above introduced mixed element formulation w.r.t. the element e according to

n((z;n . ngn
D I N& 0P~ > apC NS, (3.41)
A=1 Cc=1

where 55”‘, 6p°“ denote the discrete values of the respective variations and where N4,

Ng reflect the respective shape functions. The gradient of (55 is thus given by

3

Ten

V00 = > 5 ValNZ (3.42)
A=1

With these approximations at hand, (3.27) and (3.19) can be recast into

nbi-ﬁ-n(i\g n$
> 54 / V. V2 bdv=0, (3.43)
e=1 A=1 Be
nB P op
el Ten "np a/’o
51:)60 X /NI? ,reVO d,U _ deE . |:AE . a C:| — O , (344)
e=1 C=1 E=1 p

Be

with nfg as the number of node points used for the discretisation of p in B and the
residual concerning the evolution of the state variables r°° as defined in (3.38). It is
noteworthy that the Karush-Kuhn-Tucker parameters A are treated differently from gg
and p. Due to the choice of bilinear shape functions for the state variables p, the compli-
ance of the constraints at all nodes is identical to satisfying the constraints everywhere
else, cf. [11]. As a consequence, no interpolation of X is required and thus the set A
can be introduced as discrete values at node E without defining a global field. Referring
to (3.44), the term in brackets can be specified according to

AP \p
5 MY ma /|| m3|
r. .

AY may /[lmi|

AT may/||ms ]|
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3.3 Finite element discretisation

The actual field variables are spatially discretised using the same sets of shape functions

nfn ngn

O Y OMNE = R = Vel ==Y VNS (3.46)
A=1 A=1
nky

P Z p°© NE : (3.47)
C=1

Furthermore, the additional Karush-Kuhn-Tucker conditions, i.e.
<0, N>0, mAN=0 with i=1,...,4, (3.48)

need to be taken into account. In line with, e.g., [7, 51, 189], the Fischer-Burmeister
nonlinear complementarity problem functions

gi=VIEP+ NP+ —N=0 with i=1,....4 (3.49)

are used to substitute (3.48). According to the discretisation of A, these equations are
solved at every node referring to B and the underlying four-node elements, where

g<p7 )\) = [91;92793794]t (350)

is introduced, cf. [11]. With all the above relations at hand, the final system of equations
is assembled using assembly operators A by

A A
< 2\B = B 2\B < B
I A B S e A I B Sor ne | 0
AL A oAl A 6] AL
'r.—A1 |+ p 0 —I—E 1 T, | = \ {r$} +E 1 r, |, (3.51)
e= e=nB+1 = e= =
0 el 0 r¥ 0 rY
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3 Spatial resolution of magnetic degrees of freedom

wherein {#} marks entries that contribute only to the e=1,...,n5 elements, to allow

a compact notation of (3.51) and the following equations. The individual residuals
occurring in (3.51) are defined as follows

rd ::/VwN§~5dv, (3.52)
Be
rd = / NS r®° du (3.53)
Be
or(p®)
E E C
T, = {)\ T opE , (3.54)
ry = g(P",A") . (3.55)

In this contribution, the corresponding nonlinear system of equations is solved by using
a Newton-Raphson scheme. Therefore, the linearisations (first-order Taylor expansions)
of the individual contributions of (3 51) are required. Having introduced the elementwise
approximations for gb p, and V, gb, which depend on the nodal values at the nodes A
and C, and the Lagrange multipliers A at nodes F, the node-specific increments of
the linearisations are defined as follows. Firstly, the non-zero increments of rg and rg

w.r.t. the variables at node B, respectively D, are considered via

né, drA nkn
arp= S A 1S s
@ = d(bB d
b p
Nen d’r'c . Nen d,r.C
Cc _ P B Y4 D
B=1 D=1

where A 53 and A pP are the increments of the nodal degrees of freedom at node B and
D. Secondly, the non-zero increments of ) and 7§ at node £ w.r.t. the variables at
the same node are considered

drE drE
E E E
A’I"pzdp%Ap +ﬁAA ,
dr¥ dr¥

where A p? and A A¥ are the increments of the nodal degrees of freedom at node FE.
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3.3 Finite element discretisation

The terms in front of the nodal increments in (3.56) and (3.57) are defined as the
stiffness matrices. In this contribution, the total derivatives are replaced by partial
derivatives, since no implicit dependencies exist. The individual stiffness matrices are
defined as follows

dr4
AB ._ __ ¢ _ _ A, B
K&g = ng = Mo/ va¢ vaab dv , (3.58)
Be
dr# o
AD . 9 _ A 9M D
K2 = pP —MO/VmN¢ op N, dv, (3.59)
Be
d C evo
KOB.— T /—NPC O™ GNP d (3.60)
po d¢B J oh ¢
op . dry cOr p
Kpp = dpj = Np % Np dv R (361)
Be
KEE d'f’g )\E 82r0<pE> 3.62
pp dpﬁ - ' 8pE2 ) (3.62)
dry _[or.p")]"
EFE c
drf _ 9g(p”. A")
EE A )
dr¥  0g(p”,A")
KEE . ST\ _ ’ 7 3.65
M AN OAE (3.65)
with
op” op” EeraEv R (366)
VIr?) o+ ]
agi(pE7)‘iE) )‘zE
INE - - -1, (3.67)
: VIr®®) 2 4+ [AF]
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3 Spatial resolution of magnetic degrees of freedom

and ¢+ = 1,...,4. The total global stiffness matrix of the system is obtained by the
following assembly operations

s [ KA {KéD} o] [0 0 0

el T 7% o ¢p np

K= {KSP) (RSP} o + Ao K22 KEP| (3.68)
e=1 P9 pp E=1

0 0 0 0 K\ Kjy

The nodal increments occurring in (3.56) and (3.57) are formally assembled in a global
vector of the nodal increments in analogy to (3.51) and (3.68), i.e.

nE S | AP | e [0
Ad = A1 {ApP) +}A ApP| (3.69)
N 0 ~laaf

The newly introduced quantity Ad is used in the compact representation of the update of
the nodal degrees of freedom during the global iteration. The global system of equations

"+ K'-Ad=0, with Ad=d""'-d', (3.70)

where [ is the iteration counter, is solved for Ad during each iteration step until |r| <tol,
where a convenient choice for the tolerance is tol=1075.

3.4 Numerical examples

In this section, several numerical examples show the capability of the finite element
model and the advantages over calculations performed using a demagnetisation tensor
to capture the demagnetisation effect. All finite element simulations are two dimen-
sional. Total strains in the form of (3.29) are two-dimensional and, moreover, any strain
contributions to the stored energy density are neglected, see (3.32). This renders both
the strain state as well as the stress state to be two-dimensional for the subsequently
discussed numerical examples. The magnetic quantities are resolved in the plane, which
corresponds to specimens with infinite size in the ez-direction. The response behaviour
patterns under magnetomechanical loading of four different specimens embedded in a
free space box are investigated. A circular, a quadratic, an ellipsoidal, and a rectangular
specimen are used, where the axes, respectively edges, are aligned with the coordinate
system. The aspect ratios of the ellipsoidal and the rectangular specimen are 5/3. Area-
averaged responses of finite element simulations are compared to response behaviour
patterns of calculations performed in a driver routine, where the demagnetisation effect
is captured by using a demagnetisation tensor. The demagnetisation coefficients were
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3.4 Numerical examples

calculated in advance in magnetostatic finite element simulations, where a homogeneous
magnetisation state was prescribed and the demagnetisation field was computed. The
body-averaged demagnetisation factors D;; and Dyy were calculated as a function of
the area-averaged demagnetisation field h{"®, or respectively h5"®, and the prescribed
magnetisation m;, i.e.

’Have ’Eave
! and D22 = — 2
mq ma

D11:—

(3.71)

The averaged demagnetisation field perpendicular to the ﬁ?ve is zero, since the coordinate
system and the principal axes of the specimens coincide in this two-dimensional example.
The material and model parameters as well as the calculated demagnetisation factors
used for the simulations presented below are listed in Table 3.1. Concerning the magnetic
field, homogeneous Dirichlet boundary conditions ¢ =0 are applied at the boundary 90f2
of the free space box (2.

Table 3.1: Material constants and model parameters for Nigg 7Mnog 1 Gasoy 2.

Model parameter Symbol Value Unit | Reference
Bain strain coefficients by 0.0188 ] [204]

by | —0.0394 B 204]
Anisotropy constant k1 0.167 MJ/m? [71, 76]
Saturation magnetisation Mg 514.0 kA/m | [76, 106
Reorientation threshold Ye 0.03 MJ/m3 -
Viscosity e 0.005 | 1/[kPas] -
Demagn. coeff. circle (D11 = Da2) Dy 0.4824 -] -
Demagn. coeff. square (D13 = Da2) Dy 0.4746 ] -
Demagn. coeff. ellipse short edge D1y 0.6085 -] -
Demagn. coeff. ellipse long edge Do 0.3586 ] -
Demagn. coeff. rectangle short edge D1y 0.5854 -] -
Demagn. coeff. rectangle long edge Do 0.3660 ] -

The first example considers the magnetisation response in easy- and hard-axis direc-
tion of a circular and a quadratic specimen essentially consisting of a single martensite
variant (£&,=0.99). A constant compression stress of g9 =—3.0 MPa is applied in order
to maintain the initial configuration during a half cycle of h; magnetic field loading.
Figure 3.5 shows the area-averaged magnetisation response of a circular and a quadratic
specimen, where the edges of the latter are oriented in horizontal and vertical direction.
The responses calculated with a driver routine utilising demagnetisation factors of the
ideal circle, so that Dy = D9y = 0.5, as well as calculated values, see Table 3.1, are
plotted for comparison. The latter ones coincide with the area-averaged responses of the
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3 Spatial resolution of magnetic degrees of freedom

circular specimen and serve as a first verification of the finite element implementation.
Although theoretically unconditionally valid for ellipsoidal geometries, the spatial distri-
bution of the underlying state variables may not turn out to be perfectly homogeneous
in the simulations. Therefore, averaged quantities are used for comparison in particular.
While the quadratic specimen shows a nonlinear response for both loading cases—which
is also observable in experiments, see Figure 3.2 for comparison—all other response
curves are linear. The hard-axis magnetisation does not saturate for the maximum ap-
plied magnetic field of 1T. Since the mechanisms of domain wall motion (easy-axis) and
magnetisation rotation (hard-axis) were introduced to be non-dissipative, the response
curves for the unloading case are identical to the loading case, i.e. no hysteresis occurs.

1 1} -
0.8} 1 0.8}
o o
® 0.67 $ 0.67
£ £
N 4l ——cir. spec.imen | = 04b ——cir. spec.imen |
g —— qu. specimen g —— qu. specimen
0.2} driver Dtheo | | 0.25 driver Dtheo
— driver DFEM — driver DFEM
% 02 04 _ 06 o8 1 % 02 04 _06 08 1
p1o ha [T] pio b [T]
(a) (b)

Figure 3.5: Magnetic field-induced magnetisation response in (a) easy- and (b) hard-axis direction under
the constant compression stress oo = —3.0 MPa. Both figures show the area-averaged magnetisation
response of a circular (cir.) and a quadratic (qu.) specimen embedded in a free space box compared
to the response calculated using a driver routine, with a theoretical (D11 = D22 =0.5) and a calculated
(D11 =D33=0.4824) demagnetisation tensor of the circular specimen.

As a further verification of the finite element implementation, the magnetisation re-
sponse curves in easy- and hard-axis directions of different specimens of single variant
martensite are analysed. While the response of ellipsoidal specimens is identical to the
response calculated with a driver routine using the demagnetisation factors given in Ta-
ble 3.1, see Figure 3.6 (a) and (b) for the body-averaged response curves of ellipsoidal
bodies, the response of rectangular specimens is nonlinear and differs from the driver rou-
tines, even though the demagnetisation factors were calculated using the same meshes.
The reason for this effect is that the demagnetisation factor concept assumes spatially
homogeneous magnetisations, whereas their actual distributions are inhomogeneous in
non-ellipsoidal specimens—with derivations particularly large in the corner regions—as
correctly predicted by the full-field finite element solutions. Figure 3.6 shows (c) the
easy- and (d) the hard-axis magnetisation response curves of the rectangular and the
square specimen. The short, or respectively the long, edges of the rectangular speci-

72



3.4 Numerical examples

men coincide with the applied magnetic field loading direction. The shape anisotropy is
clearly observable, where specimens are more easily magnetised along longer edges.

e 1r
0.8f
e
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%02 04 _06 08 1 %02 04 _06 08 1
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(a) (b)
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Figure 3.6: Magnetic field-induced magnetisation response in (a), (c¢) easy- and (b), (d) hard-axis
direction under the constant compression stress @ = —3.0 MPa applied to maintain the initial single
martensite variant. All figures show the area-averaged magnetisation response of (a), (b) a circle and
an ellipse and (¢), (d) a square and a rectangle, all embedded into a free space box (loading applied along
the short and long edge of the ellipse and the rectangle). In (c) and (d), the responses are compared to
the response calculated using a driver routine. The demagnetisation factors are given in Table 3.1.

The previous examples had in common that only the mechanisms of domain wall mo-
tion and rotation of the magnetisation vectors, associated with magnetisations along the
easy- and the hard-axis directions in each martensite variant, were active. The mecha-
nism of martensite variant reorientation which is essential for the response behaviour of
MSMAs was suppressed by a sufficient high compression stress. In the following exam-
ple, a square specimen is subjected to a constant compression stress of G99 =—1.0 MPa,
which is below the blocking stress and favours the initial configuration (§&;=0.99), while
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3 Spatial resolution of magnetic degrees of freedom

a perpendicular cyclic h; magnetic field loading is applied, favouring the first martensite
variant. Responses of MSMA specimens experimentally measured under similar load-
ing conditions are used for comparison, see Figure 3.7. In Figure 3.8, the simulated
body-averaged (a) strain, where the initial value is shifted to zero, and (b) normalised
magnetisation response of the square specimen are plotted and compared to simulations
of a driver routine utilising a demagnetisation tensor, given in Table 3.1. In addition,
the body-averaged underlying microstructure in terms of martensite volume fractions,
magnetic domain volume fractions and the orientations of the magnetisation vectors is
schematically sketched for selected loads. Here, “area-averaged microstructure” means
the area-averaged values of the underlying microstructural state variables and its asso-
ciated graphical representation. Starting with zero magnetisation in the single variant
state (D, a nearly linear magnetisation response is observable, while the strain remains
mostly zero as the main mechanism is magnetisation rotation towards the hard-axis. At
a certain point @), the onset of martensite variant reorientation is visible in the strain
response, and the increasing slope of the magnetisation response is associated with easy-
axis magnetisation (domain wall motion) in the forming first martensite variant. At state
@), large areas of the body have completely switched into the first martensite variant and
the slope in both response curves decreases clearly for increasing external field loading,
until a nearly homogeneous state is achieved in 4). For decreasing magnetic field, the
onset of the martensite variant reorientation into the initial second martensite variant
is delayed due to the threshold for the variant reorientation in the dissipative response,
which yields the clearly visible hysteresis loop. From () onwards, both response curves
are again nearly linear. For zero magnetic field, the initial configuration is recovered.
Interestingly, the response calculated using a demagnetisation tensor approximates the
body-averaged response quite well, except for states of high magnetisation from @)-().
The second half of the cycle is very similar to the first and therefore not discussed in
detail. Figures 3.9, 3.10 and 3.11 show the corresponding spatial distributions of &1, my,
and mg, in addition to iso-lines of the magnetic potential ¢—not to be confused with
the field lines of h—for the selected loading points marked in Figure 3.8. In addition to
these spatial distributions, Figure 3.12 shows the homogeneous distribution of &;, my,
and msy in the circular specimen and iso-lines of the magnetic potential ¢ during the
martensite reorientation process under identical boundary conditions.
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Figure 3.7: Experimentally measured magnetic field-induced (a) strain and (b) magnetisation response
under the constant compression stress @ =—1.0 MPa and perpendicular h cyclic magnetic field loading
as reported by Straka and Heczko [202].
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Figure 3.8: Simulated body-averaged magnetic field-induced (a) strain and (b) magnetisation response
under the constant compression stress oo = —1.0 MPa and perpendicular cyclic h; magnetic field
loading of a square specimen embedded in a free space box. The response calculations utilising a
demagnetisation tensor, given in Table 3.1, are plotted for comparison. The evolution of the body-
averaged microstructure is sketched for selected loading states.
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3 Spatial resolution of magnetic degrees of freedom

Figure 3.9: Spatial distribution of the variant volume fraction &; for selected load steps marked in
Figure 3.8. In addition, iso-lines of the magnetic potential ¢ are plotted in black.

0

Figure 3.10: Spatial distribution of the magnetisation m; in the direction of the applied h; magnetic
field for selected load steps marked in Figure 3.8. In addition, iso-lines of the magnetic potential ¢ are

plotted in black.
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@
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Figure 3.11: Spatial distribution of the magnetisation msy perpendicular to the applied hy magnetic
field for selected load steps marked in Figure 3.8. In addition, iso-lines of the magnetic potential ¢ are
plotted in black.
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Figure 3.12: Spatially homogeneous distribution of the variant volume fraction &; and the magnetisa-
tions m; and mo for a circular body during the martensite reorientation under the constant compression
stress G2 = —1.0 MPa and cyclic h1 magnetic field loading. In addition, iso-lines of the magnetic po-
tential ¢ are plotted in black.
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3 Spatial resolution of magnetic degrees of freedom

Remark 4 Initially, the same elements were used for the discretisation of body B and
surrounding free space 2\ B. Magnetic potential ¢ and state variables p were spatially
discretised using the same set of shape functions. In a first approach, the magnetic
potential of the demagnetisation field ¢, the magnetisation of the first martensite variant
m; (constraint r := mg|mi|| — ms), and one KKT-parameter \ were used as the global
degrees of freedom. Neglecting dissipative contributions and considering stress free states,
the evolution of state variables m under h magnetic field loading was analysed for a
purely phenomenological stored energy density, cf.[49],

wphen — &

2X’m~m : (3.72)

wherein x s the magnetic susceptibility and m =msmy. Two distinct susceptibilities
were used for the body (xg = 100) and the free space (xo\p = 0.01). For unsaturated
states, the magnetisation is highly inhomogeneous inside the body, see Figure 3.13 (a).
For saturated states, however, the magnetisation is mainly homogeneous inside the body,
except for the outer element row, see Figure 3.18 (b). The outer edge does not saturate
due to the neighbouring slightly paramagnetic free space. By using two distinct element
routines for the body and the surrounding free space, where the magnetisation is only
resolved in B, the free space behaves like a perfect vacuum (xo;p=0) and the magnetisa-
tion response is homogeneous inside the circular body during all loading conditions, see
Figure 8.13 (c). Figure 3.1/ shows a comparison of the body-averaged magnetisation re-
sponse using identical and different elements, wherein the non-saturating outer element
row 1s clearly visible in the effective body-averaged response curve.
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(a)

ml/ms =mi1 =0.2619

(c)

Figure 3.13: Phenomenological model: magnetisation distribution inside a circular body. Inhomoge-
neous response due to the use of the same elements for the body and the surrounding free space for
(a) an intermediate and (b) a saturated state. (c) Homogeneous response due to the use of different
elements for the body and the surrounding free space during all loading conditions. Interpolated nodal
values in (a) and (b). Element-averaged values in (c).
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Figure 3.14: Phenomenological model: Effective body-averaged magnetisation response in the direction
of the applied magnetic field using identical (blue) and different (red) elements for the body and the
surrounding free space. See Figure 3.13 for selected spatial distributions.

Secondly, the magnetocrystalline anisotropy energy density 1*", as introduced in Sec-
tion 3.2, was used as the total stored energy density for a single variant of martensite
(&1 =1). Figure 3.15 shows one selected magnetisation distribution inside the circular
body under hy magnetic field loading in the hard-axis direction. A high oscillation of
the magnetisation in the easy-axis direction is observable, see Figure 3.15 (a). This
behaviour is prevented by using shape functions of a higher polynomial degree for the
magnetic potential of demagnetisation field ¢ in comparison to the polynomial degree of
the shape functions used for the state variables, see the discussion in Section 3.3.

-1 my/ms=mi1 1 ma/ms=m12=0.063

(a) (b)

Figure 3.15: Single variant of martensite: magnetisation distribution inside a circular body in (a) easy-
and (b) hard-axis direction under hy magnetic field (hard-axis) loading. Interpolated nodal values in

(a). Element-averaged values in (b). In addition, iso-lines of the magnetic potential ¢ are plotted in
black. All spatially resolved field variables are discretised using the same set of shape functions.
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3.5 Summary and outlook

This chapter presented a micromagnetics-inspired finite element framework for the mod-
elling and simulation of the material and structural behaviour of MSMA specimens. This
framework is micromechanically-motivated since crystallographic information is taken
into account, which is reflected in the consideration of different martensite variants
associated with the respective Bain strains and directions of spontaneous magnetisa-
tion. Due to the non-local nature of the magnetostatic problem, the state variables p
which carry this crystallographic information, have to be introduced as global degrees
of freedom, just as the scalar magnetic potential ¢. Furthermore, the consideration
of unavoidable constraints with respect to p necessitates the introduction of Karush-
Kuhn-Tucker parameters at the global level or, in other words, as additional degrees
of freedom. The fulfilment of the KKT-type inequality constraints is accomplished by
nonlinear Fischer-Burmeister complementarity functions, which are introduced as addi-
tional algebraic equations at each node. Dissipative effects arising from the martensite
reorientation processes are captured via a dissipation functional, where the resulting
evolution equations of elasto-viscoplastic-type are obtained in a variationally-consistent
manner as Biot equations. The presented results show the capabilities of the finite
element framework regarding the prediction of the effective behaviour of arbitrarily-
shaped two-dimensional specimens, where, for instance, the demagnetisation field and
the magnetisation are inhomogeneously distributed in space. The results achieved for
square-shaped specimens turn out be in good agreement with experimental findings. The
framework has been verified in terms of calculations for circular specimens, where the
results obtained via the novel finite element framework coincide with analytical solutions
obtained by using the concept of demagnetisation tensors.

In the following chapter, the presented framework shall be enhanced in terms of the
additional consideration of mechanical degrees of freedom, i.e. the displacement field.
Thus, the variational framework will be equivalent to solving the mechanical equilibrium
equations simultaneously to Maxwell’s equations. Furthermore, elastic strain contribu-
tions will be taken into account within the material model, where energy relaxation
principles w.r.t. the energy of the phase mixture will be discussed and employed. In
future work, another important milestone will be the extension to three-dimensional
problems as well as the application of the framework to other magnetostrictive material
classes, for instance Terfenol-D, Galfenol, and cobalt ferrite.

3.6 Appendix

In previous works, see, e.g., [112], the magnetic state of the underlying two-dimensional
microstructure was parametrised by using the net magnetisations 7; of both marten-
site variants, the deviations of the magnetisation vectors from the magnetic easy-axes
characterised by the angles 6; in each of the four magnetic domains, and the martensite
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variant volume fractions &;. Results of numerical simulations suggested that the devia-
tions of the magnetisation vectors within one martensite variant are not independent,
since the optimal deviations were #, = —#; and 6, = — #3. This relation can be shown
analytically, allowing a reparametrisation of the underlying microstruture by simultane-
ously decreasing the number of constraints. In the following derivation, only the first
variant of martensite is considered, i.e. & = 1. The second martensite variant may be
treated analogously.

In the first step, the effective magnetisation of the first martensite variant mj is
defined as

m; = [cos(01) e; +sin(fy)ex| +[1 — 1] [—cos(bs) e; —sin(bs) ea] (3.73)

wherein v; = 0.5[n;/&; + 1] denotes the relative magnetic domain volume fraction of
the i-th martensite variant. The constraints for the variables are 0 < ~; < 1 and
—m/2 < 6; <7m/2. The magnetisation vectors are introduced for each domain of one
martensite variant, whereas in the modelling framework described in Section 3.2 an ef-
fective magnetisation vector for the whole variant is used. This approach is interpretable
as the introduction of a plane spanned by the magnetisations of the two domains m;,
where several combinations of those and the domain volume fraction v, yield the same
effective magnetisation mj. It is assumed that angle ; minimises the anisotropy energy
density. In the following, 7; # 0 and ~; # 1 shall hold, i.e. both domains exist, and
0; # £ /2. The anisotropy energy density of the first martensite variant (§; =1,
replaced by ;) 9" =~ sin®(0;) + [1 — 71 ] sin?(#y) is reformulated using (3.73) via

1an _ m%2+2m12 [1 —’}/1] Sin(92) + [1 —’}/1] sin2(92)

3.74
k‘l o (3.74)
The partial derivative of (3.74) w.r.t. 6, results in
1 o™ 2[1—
Uit _ 201 =] cos(6) [y + sin(6y)] . (3.75)

k?_l 006, B 4!

The necessary condition for a minimum w.r.t. 0y states dp,1){" = 0, which, under the
assumptions mentioned above, is always satisfied for mj,=—sin(fy) or cos(fy) =0. The
second partial derivative of (3.74) w.r.t. 6, i.e.

Lo 2(1-m]
ky 89% a!

cos?(62) — sin(fa) [maa + sin(6s)] | (3.76)

is used to check the sufficient condition for a minimum, respectively maximum. Insertion
of myy=—sin(fy) into (3.76) yields

ky ———= cos’(6y) >0, for cos(fy)#0, (3.77)
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viz. the sufficient condition for a minimum. The insertion of cos(f2) =0 into (3.76) yields

2[1 =]
M [

k1 —sin?(6,) — sin(fy) mlg} <0, for —1<mp<l1, (3.78)

viz. the sufficient condition for a maximum. Since (3.73) must be fulfilled, the cases
cos(fy) = 0,m13 = —1, and myy = 1 yield either 6, = —0; or v; = 0, respectively v, =
1, which were excluded in the assumptions mentioned above. As a consequence, the
anisotropy related energy density is minimised for a given effective magnetisation mj
with 0, =— 6;. The derivation for the second martensite variant follows by analogy and
yields ;= — 3. The number of state variables can therefore be reduced by two: Instead
of [n1,m2, 61, 062,05,0,]", the new set of variables [ mq1, m12, ma1, Mo | is used to describe
the magnetic state in the finite element implementation, where, in addition, the number
of inequality constraints is reduced from fourteen to four.
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4 A micromagnetics-inspired
FE-framework — spatial resolution
of mechanical and magnetic degrees
of freedom

The chapter can be regarded as the second step in the finite element implementation of
micromagnetics-inspired constitutive models, such as the model introduced in Chapter 2.
It is generally based on the ideas presented in Chapter 3, but extends the formulation by
incorporating the displacement field as a further field variable that is spatially resolved.
The focus of this chapter lies on the simultaneous solution of the fully coupled mechanical
and magnetic boundary value problems as well as on the evolution equations for the
microstructure-describing state variables.

As demonstrated in Chapter 3, the non-local demagnetisation field effects the evo-
lution of the microstructure at any point of the magnetic material. The finite element
framework proposed in this and in the previous chapters account for this by treating the
internal state variables that parametrise the magnetic and crystallographic microstruc-
ture as global field variables in addition to the other primary field variables. The present
framework is considered to be inspired by the micromagnetics theory, but exchange en-
ergy terms are neglected and the microscale is spatially not resolved. The underlying
microstructure and its evolution is incorporated in an effective manner. The present
approach necessitates the development of a novel mixed element formulation. Addi-
tional inequality constraints arise due to physical bounds of the state variables that
must be enforced at the global level. Fischer-Burmeister complementarity functions are
employed and the associated Lagrange multipliers are incorporated as additional nodal
degrees of freedom. An energy relaxation-based model for NiosMnGa MSMAs based on
previous works is presented and implemented in the general framework. Many numerical
examples demonstrate the capabilities of the finite element implementation.

The chapter is structured as follows: the general variational framework for the consid-
ered three-field problem is summarised in Section 4.1. In addition to the introduction of
multiple parametrisations of the microstructure and the constitutive model for NiosMnGa,
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4 Spatial resolution of mechanical and magnetic degrees of freedom

the rate-dependent evolution equations for the state variables are derived in Section 4.2.
The finite element implementation and the algorithmic treatment are discussed in detail
in Section 4.3. Section 4.4 is dedicated to numerical examples. The implementation is
verified by comparison to results obtained by the application of the concept of demag-
netisation factors. The response behaviour of several specimen geometries is analysed
and, to some extent, compared to experimental findings. The chapter is briefly sum-
marised, followed by an outlook on possible future work in Section 4.5. The different
parametrisations are connected in the appendix at the end of the chapter in Section 4.6.
In addition, the constitutive driver is detailed, and the shape functions as well as the
stiffness matrix contributions are listed.

4.1 Variational framework

In this contribution, we consider a magnetostrictive material with configuration B, which

is embedded in R?. The spatial positions are denoted x. The state of the material and

the surrounding free space is characterised in the time interval Z C R using the global
primary field variables

|BxZI—R? ~ JR*xZI =R |BXxI—R™ (4.1)

(@, 1) = u(x,t) (@,1) = oz, 1) (@,1) = p(z,t) '

wherein w(x) is the displacement field, ¢(x) is the scalar magnetic potential of the
demagnetisation field, and where p(x) is the vector containing the n, state variables,
which characterise the underlying microstructure, e.g. the magnetisation m(p), cf. [10,
21, 146]. Figure 4.1 shows a schematic representation of a magnetostrictive material
B embedded in a finite size free space box {2, the mechanical, respectively magnetic,
boundary value problems, and the spatial resolution of the state variables. See below
for details regarding the free space box. Due to the gradient type relations

f=You, e=V""u=_-[Vou+|[Veul']l, h:=-V,0, (4.2)

DN | —

wherein € is the infinitesimal strain tensor and h is the magnetic field strength of the
demagnetisation field, respectively the demagnetisation (self-)field, the deformation com-
patibility curl, f=0 and Ampere’s law in the absence of free currents curl, h=0 can be
satisfied a priori. The demagnetisation field h builds up as the magnetostrictive body
magnetises due to the application of a prescribed superimposed spatially homogeneous
magnetic field strength h. The total magnetic field strength is consequently denoted as
h=h + h. The magnetic induction is calculated by using the relation b=y [h + m],
wherein g is the vacuum permeability. In analogy to the magnetic field h, the magnetic
induction is decomposed into b=b+ b, wherein the spatially homogeneous part b= h
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is due to the applied magnetic field and wherein b= s [f~L + m] is the demagnetisation
part. The latter definition is more of a conceptual nature, cf. [21], and allows a com-
pact notation of the following derivations. Since the state variables are only resolved in
x € B, the magnetisation m(p) and magnetic induction b, as dependent quantities, are
consequently m =0 and b= Lo h in R3\ B. Since the demagnetisation field is known to
decrease rather rapidly with distance from the magnetisable body, cf. [114], it is com-
mon practice to consider a finite size free space box 2 C R? in numerical simulations,
as depicted in Figure 4.1 (middle). If purely homogeneous Dirichlet conditions for the
magnetic potential 5 = (0 are applied on the boundary of the free space box 042, it is
possible to show that

/ﬁdv:—/vfc%dv:—/%ngda:O, (4.3)
2 o

2

see [146]. In consequence, calculating the volume-averaged magnetic field

1 Lo -
(h).:V—Q/hdv:V—Q [h+h} dv="h, (4.4)
(0] (0]

shows that the applied magnetic field A can be interpreted as the volume-averaged
magnetic field.

oB

Figure 4.1: Schematic representation of a magnetostrictive material 5 embedded into a sufficiently
large finite size free space box {2, which serves as an approximation of R? in the simulations, and
the corresponding (left) mechanical boundary value problem, (middle) magnetostatic boundary value
problem, and (right) spatial distribution of the state variables. In addition, a superimposed spatial
homogeneous magnetic field h acts on the magnetisation m(p), cf. [48, 146].

Conceptionally in line with [146], see also [18, 19, 42], the micromagnetics-inspired
total potential of the system is introduced as

(u,,p) = I™(u, p) + IT™($) + 1™ (u, p) , (4.5)
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4 Spatial resolution of mechanical and magnetic degrees of freedom

wherein I7'™ accounts for the stored energy density ™ in the magnetisable body,
IT¢ accounts for the energy stored in the demagnetisation self-field in the body and
the surrounding free space, and where I7T°** accounts for the externally applied tractions
t and the applied spatially homogeneous magnetic field h. To be precise, the total
potential is assumed to be

Mw.d.p)i= [0 (ep)dv+ / Ao~ [Euda—po [ Bomip)do, (16

B OB B

wherein the latter term is also known as the Zeeman energy, which favours an alignment
of the magnetisation with the externally applied magnetic field, cf. [48, 97, 146]. In
contrast to classic micromagnetics approaches, see, e.g., [18, 42, 146], the magnetisation
depends on a set of state variables p and is not directly introduced as an order parameter
field. In addition, the exchange energy contributions that penalise gradients of the
magnetisation are neglected. This is in line with, e.g., [38, 41], and known as the
assumption of a large body limit. The evolution of the microstructure will be taken into
account in an effective sense and not all details are resolved, e.g. the number of domains
and the size of the domain walls. With the magnetic potential ¢ vanishing at infinity,
the substitution, see [41, 87, 8],

IVed|* do = [ [|a]* dv =~ [ h-m(p)dv, (4.7)
Jrrete e

wherein || e ||:=+/® - e, is used to gain two alternative representations of (4.6), namely
(u, o, /wat e p dv——/HhH dv—/tuda uo/ [h+h,} m(p)dv, (4.8)
B, B

which is in line with [146], and

/Wnat €,p) v——/ dv—/f-uda—uo/ﬁ"m(mdv» (4.9)

0Bt B

which is in line with [19].

The potential II defined in (4.8) serves as a basis for our finite element implementa-
tion. The alternative form of (4.8)

ﬁ(u,&p):/ (u,p) dv — 22 /||h||2dv—/t uda (4.10)

B 0By
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wherein the energy density 7 is defined as
F(u,p) = 0" (e,p) — o R+ h|-m(p) . (4.11)

is introduced for a compact representation of the following derivations, cf. [21]. Con-
ceptionally in line with [49], the magnetomechanical response is then modelled to be
governed by the global variational principle

{u,gg, p} = arg | inf sup inf ﬁ(u, o, p)| subject to r.(p) <0, (4.12)
u (E P

wherein vector r.(p) is a collection of all physical inequality constraints r; <0 for the
state variables p and will be specified later. Based on the energy potential (4.10), the
power-type potential, cf. [8, 10, 21, 23, 145, 178],

c::/ ﬁ+/g(p) dv | dt (4.13)
t B

is defined, where dissipative effects are taken into account by the newly introduced
dissipation functional {(p), see [17, 46, 66, 177, 235], using the concept of standard
dissipative materials. In this time dependent setting, the magnetomechanical response
is then modelled to be governed by the global rate-type variational principle

{11,5, p} = arg | inf sup inf L(wu, (E, p) subject to r.(p) <0, (4.14)
w o< P

wherein, in analogy to (4.12), vector r.(p) is a collection of all physical inequality con-
straints r; <0 for the state variables p and will be specified later. Due to the assumption
that the rates of the state variables minimise the potential £, see (4.14), the stationarity
condition, according to the Karush-Kuhn-Tucker theorem, cf. [21], reads,

: or. .
SL=—0 /)\-'ﬁcdt =5 /A- " pdt]| (4.15)
op
t
wherein the Karush-Kuhn-Tucker parameters, often also denoted as Lagrange-multipliers,
are collected in vector A. The numerical treatment of the arising Karush-Kuhn-Tucker
conditions is outlined in Section 4.3. The following derivation is in analogy to the au-
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thor’s previous work, see [21]. The non-zero contributions of the energy functional (4.10)
in (4.13) are

< o o =97 ~ -
H:/[—:vmu+—~-vm +_«'}dv+ /h.vm dv—/t.uda. 4.16
] Loe OV "t op P MORS ’ o5 o

With (4.16) at hand, the variation of (4.13) combined with (4.15) yields the stationarity
condition

on ) or ~ or .. 0C ..
552/ /{—:Vaﬁu—i— = Vedp+ — -0 —I——,~5}dv
Oe OV ¢ op P op P
t LB
~ o _ . . 8rc .
+u0/h-vm5¢dv—/t-5uda dt:—/[[}\-aplép} dt .

R3 OBy t

(4.17)

The four individual stationarity conditions of (4.17) for the primary fields are

/[/g—zzmudv/iduda At =0, (4.18)
t B oB; h
/ /[_@+ E]-V b dv | dt =0 (4.19)
a”‘i Ho x ) .
t B J
/ 1o / h-Vedodo | dt =0, (4.20)
t R3\B 1
ox  aC) .. ore . .
or 96|, (O ~ 0. 4.21
/{/{ap—kap} opdv+ A op op| dt=0 (4.21)
t B .
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Since (4.18) to (4.21) shall hold for any time ¢, they are recast into

g—Z:Vm5udv—/f~5uda£0, (4.22)
B 0B
/[—%—F ﬁ] V00 dv = 0 (4.23)
8'}; Ho x ) :
Lo / h - Vwégdv =0, (4.24)
R3\B
or  0C , or. . .
AR . 0p=0. 4.2
/{ap—l—ap} opdv+ A op p=0 (4.25)

The Euler-Lagrange equations of the rate type variational principle may be derived
by applying integration by parts and generalised divergence theorems to (4.22), (4.23),
(4.24), and (4.25), see also [10, 21]. They are displayed here for the sake of completeness.
For arbitrary but admissible variations, they are

0 L: divao=0 inB, o-n=t ondb, (4.26)

(5(;6 : divgb=0 in B, divyh = —Am&?: 0 inR*\B,

[b] m=0 onoB, (4.27)
' or ¢ or. .
0pL 06/{8p+8p] dv+ A op in B, (4.28)
B

wherein the constitutive relation o := 0.9™* (e, p) for the stress has been introduced.
The Euler-Lagrange equations are interpretable as follows. The terms in equation (4.26)
are the balance of linear momentum and the Neumann-type boundary conditions. From
the variation w.r.t. the magnetic potential in (4.27), Gauss’s law of magnetism is derived,
wherein the Laplace operator A, and the jump condition [[g]] :5+ —5_, i.e. the jump in
b between the sides OB, and dB_ of the interface OB, were used. Equation (4.28) is the
Biot equation governing the evolution of the state variables. In the following, equations
(4.22)—(4.25) will serve as a basis for the finite element implementation. The derivatives
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of the energy potential may be interpreted as the negative thermodynamically conjugate
driving forces

8% B awmat B

e e = (4.29)
o

— o5 =mm(p) (4.30)
or _ 9™ (p) =, 71 Om(p) _ W™ (p) Om(p)
oap op ° [h+h] op  Op ~ ok op (4.31)

Insertion of (4.30) into (4.23) yields

uo/ [E + m(p)] Vhdv =0 . (4.32)
B

Combining (4.32) and (4.24) results in

MO/[H+m(p)] V66 dv + 1o / ﬁ-vw(sé}dv:/ﬂvmagdv, (4.33)

B R3\B R3

where the above introduced magnetic induction E:uo [’Nl +m] and m=0 for e R3\B
was used. The individual contributions depend on the chosen constitutive model and
will be specified in the subsequent sections.

4.2 Constitutive model

After having introduced the global variational framework, the set of state variables p
describing the underlying microstructure, the free energy density Y™ (e, p), as well as
the dissipation potential ((p) associated with the evolution of the state variables need
to be specified.

In this contribution, for the two dimensional case, two variants of nearly tetragonal
(5M modulated) martensite are considered. The corresponding variant volume fractions
are introduced as &, with 0 <& <1, and & =1 — &, where the constraint of volume
preservation, assuming mass conservation in terms of negligible density changes and
identical densities of both variants, is directly incorporated, i.e. &+& =1. The associated
transformation or Bain strains of the two martensite variants are

5? = bz €1®€1+b1 62®€2+b1 esXes s Egr = b1 61®€1+b2 €2®62+b1 es;Xes , (434)
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with the Bain strain coefficients b; and by and {e; 23} as an orthonormal frame aligned
with the crystallographic axes. The coefficients are directly related to the lattice con-
stants of the cubic austenite parent phase ay = 0.584nm and the martensite product
phase a=0.595nm and ¢=0.561 nm, see [204], by by =[a — a¢]/ap and by=|c — ag]/ao.
The transformation strains are related to the transformation matrix U; by €' =U,; — I.
It is worth noting that the shape memory effect only occurrs in materials where tr(ef") ~0
and that the considered martensite variants may form compatible twins that fulfil the
strain compatibility condition in the small strain setting, see [15, 112, 218], viz.

—_

el —ef = [ap@niy | = ) [az @nj; + 1 @a] | (4.35)
with the strain jump a2 and the interface normal nty. The two solutions fulfilling (4.35)
for the transformation strains introduced in (4.34) are

1
a12:\/§[b1—b2][:|:€1+€2], ng:—[iel—i—eg]. (436)
V2
Figure 4.2 illustrates one possible arrangement of the two martensite variants, coloured
in blue and yellow, for the first of the two possible twin interfaces.

In the present modelling approach, the spatial distribution of the two martensite
variants and the occurring interfaces are not resolved in full detail. Instead, the material
behaviour and the assumed underlying microstructure are taken into account in an
effective or homogenised sense. The underlying microstructure is assumed to consist of
a single martensite variant or a mixture of both variants with different transformation
strains, introduced in (4.34). The effective or homogenised strain of the phase mixture
€ on the macroscale is assumed to be the weighted average of the total strains of the
two martensite variants €;, cf. [112], viz.

g = 51 €+ 52 g9 , (437)

where the €; need not be identical. The difference of the strains of both martensite
variants is defined as the strain jump [e] :=e; — 2. The strains €; are assumed to be
additively decomposable into elastic €§' and transformation parts e, viz. ;=€ + €'r.
With this decomposition at hand, the insertion of the strain jump in (4.37) yields the
elastic strains of the two martensite variants

el =etGle]l e, e =e—&fe] —eb (4.38)
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They account for the energy storage due to reversible deviations from the energy well
states. In this contribution, the elastic strain energy density ' of the i-th martensite
variant is defined as

1
Y = 3 e E; e, with i=1,2, (4.39)

7

wherein E; is a fourth-order elasticity tensor. For the sake of simplicity, the elasticity
tensors of the two martensite variants are assumed to be identical, i.e. E=E; =E,, and
isotropic, viz.

E = [)\lam 5@‘]‘ 5kl + ,ulam [5zk 5jl + 51‘! 5Jk] } €; X ej (29 €L (029 e , (440)

with the Lamé constants A'*™ and z'*®, which are related to the Young’s modulus E and
the Poisson’s ratio v through N**=[Ev]/[[1+v][1—2v]] and ™ =E/[2[1+v]].
The total elastic strain energy density—applying a standard mixture rule—is defined as
the average of the strain energy densities of the martensite variants, cf. [112],

2
=) Gt (4.41)
i=1
The strain jump [e] occurring in the elastic strains (4.38) is assumed to be determinable
by the constrained minimisation of (4.41)
Pl(e, &) = 1[[11]]f Y (e, [€],&) subject to [e] being admissible (4.42)
where 9™ is the so called relaxed energy density. In the context of numerical homogeni-

sation, the admissible space of the strain jump is restricted, see [114, 156] for comparison,
Viz.

0 Taylor /Voigt
[e] € X {[a®@n™]*™|a e R} partial rank-one . (4.43)
RE Reuss/Sachs

The Taylor /Voigt assumption, viz. identical strains, yields the upper bound of the total
strain energy density. In this contribution, the strain jump [e] shall not be restricted
which is identical to the Reuss/Sachs assumption and yields the lower bound of the
strain energy density of the mixture, where the stresses in both martensite variants are
identical, see below. However, kinematic compatibility of the total strains at the twin
interface between the two variants is not enforced and hence not guaranteed, which would
be the case for the jump being a rank-one tensor, with the strain jump a projected onto
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the interface normal n™, see the compatibility of the transformation strains in (4.35) for
comparison. Using the constitutive relation o :=3d.1, the necessary condition states

81/1 el
Ole]
which is satisfied for equal stresses and—for the assumptions stated above—equal elastic

strains in both martensite variants. Insertion into (4.38) yields the optimal strain jump
[e] =€ — Y and equal elastic strains

=8 &GE: [ —€l] =660 —02] =0, for [e] € R¥3 (4.44)

sym

2
el =gl = - Z Gel . (4.45)
i=1
With (4.45) at hand, insertion into (4.41) yields the convex energy hull, cf. [94, 112],

2 2
C@/Jel:% [s—zgegr] E: [e—Z&sgf] , (4.46)
=1 =1

which depends only on the macroscopic strain € and the variant volume fraction &
(&a=1—&;). The macroscopic stress is calculated by

ooy o
o= —E.[s—;&si : (4.47)

see (4.44) for comparison.

In order to fully characterise the underlying microstructure, the magnetic state needs
to be specified. Each of the above introduced martensite variants has two opposingly
oriented magnetic easy-axes directions aligned with the short ¢ edge of the tetragonal
unit cell. The volumes, respectively areas, of equal magnetisation are defined as the
magnetic domains with the absolute domain volume fractions «;, where 0 < «; < 1.
They are related to the variant volume fractions &; and the so-called net magnetisations
within each martensite variant n;, with — & <m; <¢;, cf. [213], by

1 1
Qi1 = 5 [& + T/z] and Qg = 5 [é.z - 7]@] s with = ]_,2 . (448)

The inverse relation yields

éi = Q9;_1 + Qg and N, = Qig4—1 — Qlg; with ¢ = 1, 2. (449)
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The domains within each martensite variant are separated by 180° interfaces with the
interface normals n{°™

ni" =e, and ny™ =e, (4.50)
which are assumed to remain constant during all loading conditions. The magnetisation
vectors in each domain are not fixed to point in the easy-axes directions and may rotate
away, which is associated with some finite magnetocrystalline anisotropy energy and
captured by the rotation angles 6;, which are, in order to allow a distinction of the
individual domains, restricted to —n/2<#; <m/2. The magnetisations within the four
domains m; are defined as, cf. [108, 112],

my = mg

)

cos(f1) ey + sin(f;) e,
(

ms:= —mg|sin(fz) e; — cos(b3

Q
)

Y

[ ) (61) e, ]
my:= —m, [cos(fy) € +sin(6y) es]

[ ) (0s) e: ]

[ ) (64) e2]

my:= m,|sin(fy) e, —cos(fy) ey, (4.51)

n,

with the saturation magnetisation m, describing the lengths of the magnetisation
vectors. It is usually a temperature dependent material parameter, but kept constant due
to the assumption of isothermal conditions. The effective or homogenised magnetisation
m is calculated as the weighted average of the magnetisations inside the individual
domains by

m o= a;(&,m) m;(0;) - (4.52)

J=1

One possible arrangement of the domains «;, each with a corresponding domain mag-
netisation m;, and the domain interface normals nd™ is illustrated in Figure 4.2. In
addition to the twin compatibility of the tetragonal martensite variants, the magnetic
compatibility, cf. [39, 41],—here specified for the domain interfaces within each marten-
site variant—is given as

[m27;71 — in] . n?om =0 s with 7= 1, 2. (453)
It is fulfilled for the energy well states, i.e. if no deviation from the easy-axes occurs,
within each martensite variant and across the twin interface for domain one and three,
respectively two and four.

The magnetic compatibility condition may be violated at the expense of some excess
magnetostatic energy, see [41]. In this contribution, we neither enforce the magnetic
compatibility at the domain interfaces nor across the twin interface for arbitrary ro-
tation angles 6;. However, it is possible to show that satisfying (4.53) minimises the
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4.2 Constitutive model

Constraints:
0<6 <1
SH=1-&

D il <&
0| <m/2

1‘E§i;
e2h ag_1=0.5[& + 1]
az =0.5[& — ;]

€1

Figure 4.2: Initial parametrisation of the microstructure and constraints for the state variables. Marten-
site variants (transformation strains e, variant volume fractions &;), magnetic domains (net magneti-
sations 7;), and magnetisation vectors (m;(#;) with 6; as the deviation from the respective easy-axis).
Absolute domain volume fractions a; as dependent variables. In addition, one possible twin inter-
face normal nty (compatibility of the transformation strains) and the domain interface normals n{™

i
(compatibility of the easy-axes magnetisations) are sketched. Adopted from [112]. See [60, 205] for
experimentally observed twinned martensite patterns with internal domains.

magnetocrystalline anisotropy energy density within each martensite variant, see the
derivation below and the appendix in Section 4.6.1. The magnetocrystalline anisotropy
energy density within each domain for the considered case of uniaxial symmetry of the
tetragonal martensite variants is, cf. [115, 170],

N
YEO;) =D ko sin®(0;) , with j=1,....4, (4.54)
n=1

with the anisotropy constants k,, and the §; introduced in (4.51). Since the magnetisation
curves of 5M modulated martensite are nearly perfectly linear, cf. [73, 169, 200, 211],
only the term of lowest order is important and consequently N =1, see also [116, 170].
The effective magnetocrystalline anisotropy energy density is calculated by applying a
standard mixture rule

4 4

6= 3 ag(Gm) U 0) = ki Y o€ my) sin®(0)) (4.55)

j=1 i=1
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4 Spatial resolution of mechanical and magnetic degrees of freedom

In summary, the state of the underlying microstructure is determined by seven state
variables p* =&, M1, 12,01, 02, 63,0, 1", each constrained to lie in a specific interval with
lower and upper bounds, written in terms of inequality constraints 7 <0

TT = _51 ) ’T‘; = 51 —1 ) T§,5 = Sz ) TZLG =1 52 )

™ ™

T;,9,11,13 = —0; — 9 7“§,10,12,14 =0; — 95 (4.56)

As mentioned above, it is possible to show that fulfilling (4.53) minimises the magne-
tocrystalline anisotropy (4.55) within each of the two martensite variants. In addition,
the number of variables that describe the state of the underlying microstructure may
be reduced by two and the number of corresponding inequality constraints may be re-
duced by ten. Firstly, the net magnetisations 7; are replaced by the relative domain
volume fractions ~;, using the relation v;=0.5[n;/& + 1], with 0<~,; <1, cf. [108, 110].
Secondly, effective normalised magnetisations m; =m;; e; + m;3 5 of each martensite
variant, with ||[m}|| < 1 are introduced, cf. [21]. The former are used to replace the ab-
solute domain volume fractions in (4.52) and the latter characterise the magnetic state
of the two martensite variants, parametrised with ~; and the domain magnetisations m,
as introduced in (4.51), by

m=¢& [yimy+[1—m]me]+&[ems+[1—7]my]

=ms[&mi +ms ] =mem” . (4.57)

This relation is not unique, since three variables, namely the relative domain volume
fraction ; and the two angles 05, _; and 60s;, characterise the effective magnetisation
within the ¢-th martensite variant parametrised with the two variables m;; and m;. It
turned out that the magnetocrystalline anisotropy energy (4.55), with the alternative
representation

z/}an

" =& m sin2(91)—|—[1—71] sin2(92)]—|—€2 [ Ve sin2(93)—|—[1—72] sin2(94)] , (4.58)

is minimised for y; = — 0y;_1 within the i-th martensite variant at constant magnetisa-
tion, see the appendix in Section 4.6.1 for details. In addition, the magnetic compat-
ibility condition across the 180° domain interfaces (4.53) is satisfied for 0y = — 6y;_;.
As already mentioned above, the number of variables may be reduced by two for opti-
mal angles 0y and 64. From now on, the effective magnetisations are used to describe
the magnetic state of the underlying microstructure. The new set of state variables is
p=[&1, my1, M1, Moy, Moz | ¥, with four corresponding inequality constraints r; <0

r=—=&, re=6—-1, rga=|ml|—-1=ymi-mi—1. (4.59)
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4.2 Constitutive model

The constraints are collected in vector r., defined as
r. = [T17T27T37T4]t : (460)

Figure 4.3 illustrates the parametrisation with the newly introduced effective normalised
magnetisations m; of both martensite variants.

Figure 4.3: Parametrisation of the microstructure and constraints for the state variables. Martensite
variants (transformation strains e'f, variant volume fractions &;) and effective magnetisations of the

79

martensite variants (m} =m;; e; + m;z e2), see also [21].

Remark 5 Due to numerical reasons, slightly modified versions r’ of the constraints r.
are used for the numerical implementation. The admissible range of the volume fraction
&1 and the m is slightly reduced and a small value € is added in the latter constraints
to avoid a division by zero in the derivatives of r3;q w.r.t. m;, viz.

==l o, 15 =8 =146, Th = /My omi +e—[1—mi,] . (4.61)

Convenient choices for the tolerance values are e =107'% and & = mj,; =1073. The
modified constraints are collected in the vector r}, defined as

o=yt (4.62)

Remark 6 The variables of the new set p are directly related to the initial variables p*,
as also used in previous works [10, 112, 114], see also [21], viz.

91 = — 92 = arcsin(mlg) s 93 = — 94 = — arcsin(mgl) s (463)
. mi . M2
T]l - 51 COS(&I) ) /'72 - 52 COS(93) ’
mi1 ma2
=0.5 1 = 0.5 1 0, 0
i |:COS(01) + :| ) Y2 |:COS(93) + :| ) fO?" COS( ]) 7é )

a21,1:05[§z+171]:§%, &21205[&—7]1]:&[1—’%], ’thh’lzl,Q
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4 Spatial resolution of mechanical and magnetic degrees of freedom

The excluded values cos(f;) =0 are equivalent to a full alignment of the corresponding
magnetisation with the hard-axis direction. In such a case, both magnetisation and
anisotropy enerqy density are independent of the the associated relative domain volume
fraction v; or net magnetisation n;. Consequently, they may take arbitrary values that
satisfy the constraints stated above.

Insertion of (4.63) in (4.55) or (4.58) results in the compact form of the magnetocrys-
talline anisotropy energy density

P =k [51771%2 +§2m§1] =k [& m%Q +[1 _fl]mgl] . (4.64)

The averaged magnetisation m, see (4.57), is characterised by four variables for optimal
angles 0, =—6; and 0, =— 63, viz.

m=msm" =m,[{m] + & ms ]

=mg [[&omar + Eamar ] e + [E1mag + Eamas ] es] . (4.65)

The total stored energy density is the sum of the strain energy density (4.46), which
depends only on the state variable & that occurs in p* as well as p, and on the magne-
tocrystalline anisotropy energy density (4.64)

V™ (e, p) = Cv (e, p) + ™ (p) - (4.66)

So far, the parametrisation of the underlying microstructure p, the stored energy
density, and the constraints were introduced. Experiments suggest that the mecha-
nism of martensite variant reorientation (evolution of &;) is associated with a significant
amount of dissipation, since the stress and magnetic field induced strain and magneti-
sation response curves show a clearly visible hysteretic behaviour, see [71, 202] and the
response curves taken from [200] in Figures 4.17 and 4.20. In other experiments, the
mechanisms of domain wall motion (evolution of v; or my;/mag at constant mqa/ma;)
and rotation of the magnetisation vectors (evolution of mjs/ma;), hence the easy- and
the hard-axis magnetisation curves, were in fact isolated and only relatively low dissipa-
tion occurred, see the response curves taken from [211, 212] in Figure 4.8. In previous
works by [10, 21, 112, 114], only the evolution of the martensite volume fractions were
considered to be dissipative. In this contribution, however, the evolutions of all other
state variables are also considered to be dissipative. In addition to the possibility of
an even better approximation of experimental curves, the convergence of the global
Newton-Raphson method improves, since the evolution of the state variables, especially
m11/Ma9, is smoothed and erratic changes no longer occur. In the following, the time
discrete evolution equations for all state variables of the set p are derived in analogy to
[21].
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4.2 Constitutive model

In a first step, the vector containing all driving forces JF, which are conjugate to the
rates of the state variables p, are derived as the negative gradient — d,7 in B, cf. (4.31),

awma‘c L om 8C¢ el aw an om*
Fo—— [h h]- — — h- 4.67
op + Lo + op op op + pom op (4.67)
With the individual contributions
(o : [ef — €t1r]- ' _m%z - m%l- '
| 0 0
OCe Opan
ap ) ap 1 £1 mio )
0 28 ma
- O - - O -
om* _ _[mn —ma] & 0 & 0 | (4.68)
Op _[m12 —myp] 0 & 0 &
the driving force vector (4.67) reads
(0 [ef — e ]+ ki [m3, — m3y ]+ pomah - [mi —m3]] "
fomg hi &
F = —2 k’l €1 m12 —I—,uo mg h2 51 . (469)
—2 k1 & mar + poms by o
i o ms ha & |

In the non-dissipative case where state variable p; is determined by minimising the total
potential—neglecting contributions due to the constraints—, the necessary condition
states —F;=0. The evolution of the martensite volume fraction is triggered by mechan-
ical as well as magnetic field loading, and all other variables evolve only due to magnetic
field loading, see (4.69). The contributions due to the constraints (4.60), respectively
(4.62), as outlined in (4.25), are often part of the so-called enhanced driving forces,
cf. [44, 45]. In our finite element implementation, however, the contributions are only
taken into account at discrete nodes of the finite element mesh and are not part of the
volume integrals, as also suggested in (4.25), see Section 4.3 for details.

The second step is the choice of suitable dissipation functionals to derive thermo-
dynamically consistent evolution equations, see, e.g., [81]. Here, we restrict ourselves
to viscous rate-dependent evolution without and with a threshold, where no additional
consistency conditions occur. It is expected that a rate dependent evolution is a suitable
approximation of the real material behaviour, since otherwise instantaneous changes of
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4 Spatial resolution of mechanical and magnetic degrees of freedom

the microstructure could evolve with infinite speed. In addition, an increase in the
numerical robustness is expected.

The non-smooth dissipation potential of Perzyna type for viscous rate-dependent
evolution with a threshold, respectively yield limit, that must be overcome by the driving
force, cf. modelling of plasticity and [7], is defined as

Gi(pi) = Yi|pi| + %zﬁ? ; (4.70)

where Y; >0 can be interpreted as a threshold and 7; >0 as a viscosity parameter. For
1; — 0, the rate-independent case is approximated. The threshold may be set to zero
and consequently any driving force, except for F; =0, will trigger an evolution of the
corresponding state variable. The total dissipation functional is defined as follows

5 5

€)=Y Gl =Y [ Yilinl + 552 - (4.71)

=1 i=1

With (4.69) defined in (4.67) and (4.70) at hand, the explicit evolution equations—
neglecting the contributions due to the constraints—are derived from (4.25) in B, see
[81], as

. L.

pi = —sign (F)) (| F = Vi) | (4.72)
where Macaulay brackets, defined as (e):=0.5[ e+ |o| |, are used for a compact notation.
For the numerical implementation, the rate of the i-th variable of p is approximated
assuming constant rates in the time interval At=t,,, —t, by

‘ At tpo1 —tn '

with a known initial state pl. Using the approximation of the rates (4.73), the evolution
equation (4.72) shall be solved using the backward Euler method, viz.

gt = A (77 (77 v =0 ar

3
7

After having introduced the dissipation potential and after deriving the corresponding
evolution equation in general, the specific forms of the evolution equations for the state
variables p are specified. The individual driving forces are collected in the driving
force vector, as specified in (4.69). The threshold for the evolution of the martensite
variant volume fraction is introduced as Y and for the effective magnetisations as Y,,, =0.
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4.3 Implementation and algorithmic treatment

Analogously, the viscosities 7¢ and 7,, are introduced. The vector containing all residuals
of the time discrete evolution equations is defined as

-6 () (-3
i~y — A F g,

oo . — m?jl _ m?Q — % .F;'L+1/€1 ) (475)

myt —myy — SLFI/E

n+1 n At +1
Moy — Map — n_m]:g /&

where the driving forces for the evolution of the effective magnetisations were normalised
by the corresponding martensite variant volume fraction of the corresponding martensite
variant, since the evolution of the effective magnetisation within one martensite variant
is assumed to be independent of the corresponding martensite variant volume fraction.
For the sake of completeness, it should be mentioned that it is also possible to introduce
a dual dissipation functional (* and to interpret the evolution equation as the solution of
a penalty type approach with a reversible domain in the context of the classic principle
of maximum dissipation, see [148].

4.3 Implementation and algorithmic treatment

This section deals with the finite element implementation of the equations stemming
from the micromagnetics inspired power-type potential (4.13) introduced in Section 4.1
and the constitutive model introduced in Section 4.2. Details regarding the algorithmic
implementation and the numerical treatment of the inequality constraints are discussed.
The derivation follows mostly standard finite element procedures, see, e.g., [86, 227] and
[113]. It is based on previous work of the authors, see [21].

In this contribution, we focus on the two dimensional plane case, where the surround-
ing free space R? is approximated by a sufficiently large finite size free space box 2 C R2.
As introduced in the energy potential (4.10) and the dissipation functionals as part of
the power-type potential (4.13), two different regions, namely the areas of the magne-
tostrictive body B and the surrounding free space box 2\, are considered. The areas

are geometrically approximated using n% elements B¢ for the body and ng\B elements
B¢ for the surrounding free space box
ng nfitng
B~ B, 2\B~ |J B (4.76)
e=1 eznf]—s—l

The displacement field 4 and the magnetic potential of the demagnetisation field 5 are
spatially discretised using eight-node quadratic serendipity elements, see, e.g., [43], with
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4 Spatial resolution of mechanical and magnetic degrees of freedom

ng = nfn = 8. The state variables, however, are spatially discretised using four-node

bilinear elements, with n? =4. This choice results from the fact that the displacement
field 4 and the magnetic potential (E shall be spatially discretised using shape functions
of a higher polynomial degree than the polynomial degree of the shape functions used
for the spatial discretisation of the state variables p, since the gradients of the first two
occur in the underlying equations, viz. the strain € and demagnetisation field h, and
since the state variables p appear solely as a global field itself. In contrast to all of
these spatial discretisations, the KKT-parameters A are only resolved at nfg discrete
nodes of the finite element mesh—in particular the nodes where discrete values of the
state variables p exist—and are not spatially discretised. This is motivated by the fact
that by fulfilling the inequality constraints r.(p) <0 at all of these nodes, the inequality
constraints are fulfilled everywhere inside the elements of the body, due to the choice of
bilinear shape functions for the state variables p, cf. [11]. The master elements in their
local &, n-coordinate systems used for the discretisation of the body and the surrounding
free space are shown in Figure 4.4. The shape functions and their gradients of the eight-
node serendipity element and the four-node bilinear element are listed in Table 4.6 in
the appendix, see Section 4.6.3.

n8 body elements: ng\B free space elements:
nA ni
1 1
® Nodes 1-8 (o] = - fo] ® Nodes 1-8 - =
dof: u,(z~5 4 3 dof: 5 4 3
8 6 8 6
(] No.des 1-4 . Y 1 Y
dof: p, A
1 2 1 2
y] ) P 5
(6] -1 (6] -1
(a) (b)

Figure 4.4: (a) Mixed bilinear (nodes 1-4) and incomplete quadratic serendipity element (nodes 1-8)
in the &, n-space used for the discretisation of the body B. While discrete values of u and gg exist at
all nodes, discrete values of the variables p and A exist only at nodes 1-4 marked with a box. (b)
Incomplete quadratic serendipity element in the &, n-space used for the discretisation of the free space
2\ B. Only the magnetic potential of the demagnetisation field ¢ is resolved. See also [21] and [43].

Remark 7 Due to the use of mixed elements for the discretisation of the body, the
areas in the considered two dimensional setting of the eight- and the four-node elements
need not be identical, e.q. for elements used for the approximation of round parts of the
geometry. To avoid overloading the notation, we do not distinguish between the areas of
the eight- and the four-node elements. For a less coarse discretisation, their areas are
approzimately equal which is especially the case for the total area of the body.
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4.3 Implementation and algorithmic treatment

In the following, the governing equations of the finite element implementation are

derived. Firstly, the three individual variations o, (55, and 0p are spatially discretised
using the above introduced mixed element formulation with n% =n? =8 and nP, =4
nodes, w.r.t. element e

n;sun . ng)n . ’I’Lgn
out = Ut NS, 6¢t =) 56 NS, op° = > sp PNy (4.77)
A=1 C=1 E=1

wherein d4, 5560, and §p° are discrete values of the variations and where N7, Ng ,

and Nf are the shape functions used for the spatial discretisation of the variations within

element e. Only the gradients of the first two variations du® and 556 are calculated, since
the gradient of the variation dp does not occur in the governing equations, viz.

Vedu' =Y 0ut @ VuNt, Vedgt =) 06 VNS (4.78)
A=1 C=1

wherein VwN;f and Vng are the gradients of the shape functions.

With the spatial discretisation of the regions (4.76) and the spatial discretisation
of the variations (4.77), respectively their gradients (4.78), at hand, (4.22), (4.33), and
(4.25) are recast, by additionally using (4.29) and the vector containing the time discrete
evolution equations (4.75), into

B u
el Ten

> sut /J-VwN,{:‘dv—/foda =0, (4.79)
e=1 A=1 Be Be
nG+ni e g
> 5¢C / V. NS bdv =0, (4.80)
e=1 (C=1 Be
n 1 HBP G
- — - € evo - M arc(p )
6pE'/for' dv+Z§pG~[AG-W =0, (4.81)
e=1 E=1 Be G=1
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4 Spatial resolution of mechanical and magnetic degrees of freedom

wherein
—AF + Y
or(p) AS ma /|| mi|
T .
AC. AP ) G, m) | (4.82)

op% ’
A§ Moy /||ms]|

S mas/ |||

Remark 8 The latter term in (4.81) accounts for the discrete contributions due to the
constraints r. <0 at all nfg discrete nodes of the body B. It is worth mentioning that
the variations and the primary fields themselves are spatially approximated by using the
same sets of shape functions. Consequently, discrete values of the variation 6p© exist at
exactly the same nodes as discrete values of the state variables p& and the corresponding
KK T-parameters XC .

The next step is the spatial discretisation of the primary fields and their gradients. Using
the above introduced mixed element formulation with n¥% =n? =8 respectively n?, =4,
nodes and the same sets of shape functions, the spatial discretisations w.r.t. element e
are

n, n, nE,
uf ~ ueA N;:l : 56 ~ Z 560 N(EC ’ pe ~ peE NpE :
A=1 C=1 FE=1
nen g
Veu' =Y ut @ VN, Vedt =) VN, (4.83)
A=1 C=1

wherein u®4, 560, and p°F are discrete values of the primary fields. As introduced in
(4.2), the spatial discretisation of the strain and the magnetic field are calculated by

¢

Ten

[+ (£]'] . A == VNG . (484)

Nen 1
fe:Z'UJEA@va{?, 5625
A=1 C=1

As already stated above, the KKT-parameters A that account for the compliance of
the inequality constraints 7;(p®) <0, are introduced at all discrete nodes nfg and are
not spatially discretised. The Karush-Kuhn-Tucker conditions

<0, A>0, and M\r,=0, with i=1,...,4 (4.85)
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4.3 Implementation and algorithmic treatment

need to additionally be taken into account at all of the nfg discrete nodes. In line with
[7,51, 189], the Fischer-Burmeister nonlinear complementarity problem (NCP) functions

gi = AP+ NG+ = A7 (4.86)

are used, where g; = 0 is equivalent to satisfying the three KKT-conditions stated in
(4.85). The function g; is plotted in Figure 4.5.
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Figure 4.5: Representation of the Fischer-Burmeister function g¢; (4.86), adopted from [6].

Remark 9 The derivation of the Fischer-Burmeister functions g; is, e.g., detailed in
[6] and summarised here. Starting with

a multiplication with “~27 and addition of “N2+r2” yields
No—2 i =4t (4.88)

With (4.85) and the binomial theorem at hand, (4.88) is recast into

Ni—ri =/ AP+, (4.89)

respectively

VAN =N =0, (4.90)

which is equal to ;=0 in (4.86).
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4 Spatial resolution of mechanical and magnetic degrees of freedom

The Fischer-Burmeister NCP functions g; =0 are solved at every one of the nfg nodes
of the body. The vector containing all Fischer-Burmeister NCP functions for node G is
defined as, cf. [11],

9P X%) = 191,92, 93, 94]" . (4.91)

Remark 10 Due to numerical reasons, as already stated in Remark 5 in Section 4.2,
slightly modified versions (4.61) of the constraints (4.59) are used. In addition, due to
the possibility of a division by zero in the derivatives of the Fischer-Burmeister function
(4.86), a small value € is added to the square root and consequently the modified versions

g =P+ DT 4 et =08 (4.92)

where a convenient choice is e=1071%, are used for the numerical implementation.

All of these quantities are assumed to exist at time ¢t =t%,,1. In order to not overload
the notation, the quantities at this time are not separately marked with an n + 1. The
state variables at time ¢t =t¢,, occurring in the time discrete evolution equations—see
Section 4.2 for details—are known and thus constants.

The necessary condition for the stationarity of the system, fulfilling the constraints
r; <0, states that (4.79), (4.80), and (4.81) must be zero for all admissible variations,
satisfying the Dirichlet boundary conditions which are at the least used to prevent rigid
body motions and to prescribe the magnetic potential ¢ =0 on the surface 92 of the
free space box. This allows the definition of element-wise as well as discrete residuals.
At first, the contributions due to the volume and surface integrals of element e at node
A,C, and FE are defined as

rd ::/U~Vmedv—/foda,
Be B¢
c ._ C T E . E _.evo
rs = /Vng bdv, 1y = /Np r° dv | (4.93)
Be Be
wherein
ﬁfm:/a.vmzvj dv and fﬁgt:/vmzvgﬁdu (4.94)
Be Be
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4.3 Implementation and algorithmic treatment

might be interpreted as internal force (vectors) corresponding to node A and C of element
e. In addition, the second term in (4.93)

ot = / N2t da (4.95)
B¢

might be interpreted as the surface force vector corresponding to node A of element e.
Secondly, the contributions due to the constraints at node G of the nfg discrete nodes
are defined as

o G
rd =X % and 7§ :=g(p® ), (4.96)
wherein the first term was specified in (4.82) and wherein the second term is the vector
containing the Fischer-Burmeister equations introduced in (4.91). The total residual

vector of the system 7 is defined as the assembly of the contributions over all elements
e (4.93) and over all discrete nodes G (4.96), viz.

i 0 0 {ri} 0
nB c neBI—i-ng\B C nSp 0 neBl—l—ng\B C nSP 0
— ® ¢ — ¢
ACA AL A AL e
e=1 p e=nB+1 G=1 p e=1 p G=1 p
0 0 r$ 0 r§
wherein the curly brackets {e} mark entries that contribute only to the e=1,... ,n5

elements of the magnetisable body, to allow a compact notation of (4.97) and of the
following equations. The necessary conditions for the stationarity of the system state
that the global residual vector (4.97) is identical to zero (r=0), i.e. its norm ||| =0.
In this contribution, the corresponding nonlinear system of equations is solved using a
Newton-Raphson scheme. Therefore, the linearisations (first-order Taylor expansions) of
the individual contributions of (4.97) are required. Having introduced the element-wise
approximations for w, 5, and p and their gradients (4.83)—depending on the discrete
values at the n¥ ng , and nP, element nodes—in addition to the KKT-multipliers at
the nS? discrete nodes, the node-specific increments of the linearisations are defined as
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4 Spatial resolution of mechanical and magnetic degrees of freedom

follows. Firstly, the non-zero increments of 72, 7’%, and 'rg at node A, C, and E w.r.t. the
variables at node B, D, and F' are considered

Ren dra nén dr4
A__ u B u F
Ar,= d’u,B'Au +ZF~A1§ ,
B=1 F=1
c LI Lo { L
ArC— = -A¢” ¢+ ) —=-Ap ¢,
’ poy do” F=1 dp
ne, d,r,E nen d,r, " ngn d,r,E
Arf= —P . AuP+ AP+ —P2 . Apf, 4.98
v Bzzldug quw 2 (4.98)

where A uB, A ¢P and A pf are the increments of the nodal degrees of freedom at nodes
B, D, and F. For other constitutive models, a direct coupling between the displacement
field w and the magnetic potential ¢ might occur, resulting in additional non-zero contri-
butions in (4.98). Secondly, the non-zero increments of r$ and r§ at node G w.r.t. the
variables at the same node G are considered

dré dr¢ dr§ dr§
Argzcth.ApGerAG AN Ar,agzcth.ApGer)\g AXY | (4.99)

where A p© and A XY are the increments of the nodal degrees of freedom at node G. The
terms in (4.98) and (4.99) in front of the nodal increments are defined as the stiffness
matrices. In this contribution, the total derivatives are replaced by partial derivatives,
since no implicit dependencies exist. The individual stiffness matrices are defined as
follows
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dri} 4 Oo B
Tub = /VmNu e VN, dv
Be
dra oo
—u — [ V,NA. —— NI
dp” / wiopr
Be
dr¢ o b
Be
dr¢ o
c om ..p
dpj_/'uova‘b %Np dv
Be
dTE orevo
P _ NE mNBd
duB / P De ValVy dv,
Be
dry _ [ _ne 0 G nD g
ng P 5h )
Be
d’l‘E oreve
E F
dp’;—/Np ap div,
Be
% _ )\G . aZTC(pG)
dp® opc?
yy
drg _ [8rc(pG) } ’
d)\G 8pG )
dr§  9g(p®, X9)
dp© opC ’
dr§ _ 9g(p”, %)
dA¢ oXe

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

(4.109)

(4.110)
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4 Spatial resolution of mechanical and magnetic degrees of freedom

with the i=1,...,4 entries in ng and K5
09i(p%, X7) _ Ori(p%) ri(p°) +1 (4.111)
G G ’ '
» | im0 P+ 6T
9gi(p%, X7) Y
QA d 1. 4.112
NG (4.112)

VIne®) 2+ X6

The individual stiffness matrices are specified in the appendix in Section 4.6.4. The total
global stiffness matrix of the system is obtained by the following assembly operations

{Kwt 0 {Ky} 0] 00 0 0
et g ke (K} o “loo o o
K = ¢ op +A o o] s (4113)
= |{KEEy {KEPY (KES) of o |0 0 Ky Ko
0 0 0 0 0 0 K3 KX

wherein the first assembly operator accounts for the contributions of the volume integrals
defined in (4.98), i.e. a summation over all elements e, and wherein the second assembly

operator accounts for the contributions due the inequality constraints at the nfg nodes

G defined in (4.99).

Remark 11 As indicated in the definition of the global residual vector (4.97) and the
stiffness matriz (4.113), two different assembly routines are used in the finite element
implementation. The first assembly operator accounts for the contributions evaluated in
the distinct element routines for the nE elements of the body and the ng\B elements of
the surrounding free space box. Therein, the contributions due to the volume integrals are
evaluated by using a numerical integration scheme. The surface integrals, accounting for
the prescribed tractions t on the surface of the body OBy, see (4.93) and (4.95), are usually
calculated in a preprocessing routine and later added to the global residual vector. After
having assembled the contributions due to the volume integrals of all elements, the global

residual vector r and the stiffness matriz K are modified and the contributions rg and

KIC;;? are added to the already existing entries of the nfg nodes. All other contributions
arising from the constraints are directly stored in the residual vector and stiffness matrix.
It is convenient to reserve memory for these contributions by adding temporary entries

in the element routine of all body elements.
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4.3 Implementation and algorithmic treatment

The nodal increments occurring in (4.98) and (4.99) are formally assembled in a global
vector of the nodal increments in analogy to (4.97) and (4.113), hence
{AuP} 0

\B
neBl-l—n \ Bp

el AaD Mnp 0
Ad = + . 4.114
A {Apf} CA Ap© ( )

0 AN

The newly introduced quantity A d is used in the compact notation for the update of
all nodal degrees of freedom during the global iteration. The global system of equations

r4+*K-Ad=0, with Ad="'d-"d, (4.115)

where k is the iteration counter, is solved for A d during each iteration step until ||| <
tol, where a convenient choice for the tolerance is tol=10"%. The finite element scheme
is depicted in Table 4.1. The mixed element routine used for elements of the body is
shown in Table 4.2.

Remark 12 A discretised system consist usually of ny, number of node points with nqs
degrees of freedom per node. The total number of degrees of freedom is consequently
Nnp-Nar- LThe “natural” order of all degrees of freedom of the discretised system in the
vector containing all global degrees of freedom would be

t t

o

Tyt oot Zt oot Tt oyt t 7 t
d_[u17¢17p17A17u27¢27p27)\27"' 7unnp7¢nnp pnnp A

Since uw, p, and A are not resolved in elements of the free space region, and since p and
the associated Lagrange multipliers X are only resolved at nfg nodes of the discretised
body B, this order is no longer directly applicable. A straightforward way to keep this
order of the nodes is the assumption of ngs degrees of freedom per node. At the beginning
of a finite element simulation, all nodes that belong only to the free space elements
are identified. In addition, the nodes 5-8 of all body elements are identified as well.
The degrees of freedom 1,2 (displacement field) and 4-ng; (state variables and KKT-
parameters) of all nodes that belong solely to the free space, as well as the degrees of
freedom 4-ngq; of the nodes 5-8 of the body elements are not involved in the calculation
of the nodal increments during the global Newton-Raphson iteration, since their residual
and stiffness matrix contributions are identical to zero.
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4 Spatial resolution of mechanical and magnetic degrees of freedom

112

Table 4.1: Finite element scheme.

. Preprocessing:

Specify Dirichlet boundary conditions, viz. prevention of rigid body motions (optional:
additional supports) and ¢ =0 on 92, and calculate the nodal contributions of the
surface traction integrals (4.95) for the desired mechanical loading curve.

. Initialisation:

Set load counter n =0, choose admissible initial configuration p, satisfying the con-
straints, initialise the Lagrange multipliers \; =5 - 107!3, and identify global degrees
of freedom that are not taken into account in the simulation, see Remark 12.

. Load stepping:

Read Dirichlet and Neumann boundary conditions, the latter in terms of nodal contri-
butions of the applied surface tractions &, 1, and specify the superimposed magnetic
field h,41. Set iteration counter k = 0 and set initial values for the primary field
variables and Lagrange multipliers, viz. ¥d,, 11 =d,,, cf. (4.114).

. Assembly of the global residual vector r and the global stiffness matriz K :

— Loop over the nﬁ body elements, numerical integration of (4.93)
and the integrals (4.100) — (4.106) as detailed in Table 4.2

— Loop over the ng\B free space elements, numerical integration of r% in (4.93)

and the integral (4.102)
— Assembly of the e element-wise contributions as outlined in (4.97) and (4.113),
(take the nodal contributions due to the Neumann boundary conditions into account)
~ Loop over all n5P nodes, calculation of (4.96) and (4.107) to (4.110)
and assembly of the G discrete contributions as outlined in (4.97) and (4.113)

. Newton update:

Check for convergence by calculating ||*7|:
— if ||*7|| <tol, with e.g. tol=10"%, go to 5.

— otherwise, update the discrete nodal values as outlined in (4.115)

k+1 k ky—1 k
+ dn+1: dn-}-l_ K T

9

with the global vector of all nodal values d, cf. (4.114).
Set the iteration counter k<k + 1 and return to 3.

. Postprocessing:

Calculate all relevant body area-averaged quantities of the current step, save history
datap,, = kp., 41 (occurring in the evolution equations), write output file for external
postprocessing, set step counter n<n + 1 and return to 2.




4.3 Implementation and algorithmic treatment

Table 4.2: Schematic representation of the mixed element routine used for elements of the body B.

Tap
e Summation over all nq, quadrature points Y
q=1

Read the shape functions N, calculate their gradients V,N and the volume dv

Calculate e, h and p

— Material routine: calculate O',E, °¥° and the corresponding gradients

Store quantities for postprocessing

u_pé
nen*nen*8

— Serendipity element
A=C=1

x Calculate and store _fﬁfnt and ffic;t as detailed in (4.93) and (4.94)

u b
nen*nen*8

x Serendipity element >
B=D=1

- Calculate and store K252 and KQ%D as detailed in (4.100) and (4.102)

nP =4
* Bilinear element
F=1

- Calculate and store Kﬁg and Kgf as detailed in (4.101) and (4.103)

P _
nen_4

— Bilinear element Y
E=1

* Calculate and store rf as detailed in (4.93)

[T
ncnincnis

x Serendipity element >
B=D=1

- Calculate and store Kgf and Kff as detailed in (4.104) and (4.105)
nP =4
x Bilinear element
F=1
- Calculate and store K gf as detailed in (4.106)
nP =4

e Reserve memory for the constraints >
G=1

— Store dummies for 7§, Kgf, ng and Kgf
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4 Spatial resolution of mechanical and magnetic degrees of freedom

4.4 Numerical examples

In this section, several numerical examples demonstrate the capabilities of the finite
element simulations where inhomogeneous distributions of all quantities might occur,
and show the advantages over calculations performed by using a demagnetisation tensor
to capture the shape dependent demagnetisation effect, where solely macroscopically
homogeneous states inside the bodies are considered. As introduced in Section 4.3,
the finite element simulations are two dimensional and plane strain conditions are pre-
scribed. As a consequence, the total strain 33 is equal to the transformation strain,
viz. £33 = by, since €53 =0, see (4.34) and (4.45). The resolution of the magnetic quan-
tities in the plane corresponds to specimens with infinite size in the es-direction. The
response behaviour of five differently shaped specimens is investigated, each embedded
in a free space box, under magnetomechanical loading. To be precise, a circular, an
ellipsoidal, a quadratic, a rectangular, and an I-shaped specimen are analysed, where
the respective symmetry axes are aligned with the coordinate system. The aspect ratios
of the major- to the minor-axis of the ellipsoidal specimen, respectively the long to the
short edge of the rectangular specimen, are 5/3. The body area-averaged responses of
finite element simulations are partially compared to calculations performed using a de-
magnetisation tensor in a constitutive driver routine, see the appendix in Section 4.6.2
for details regarding the constitutive driver. Even though the finite element simula-
tions of ellipsoidal specimens show a spatially homogeneous response inside the area of
the body, we consider body area-averaged response curves to minimise the influence of
numerical errors. Some of the response curves are enhanced by sketches representing
the body area-averaged microstructure in terms of martensite volume fractions, domain
volume fractions, and the orientations of the magnetisation vectors inside the domains
at selected load steps. The associated state variables are area-averaged quantities. The
spatial distributions of multiple quantities are enhanced by iso-lines of the magnetic po-
tential of the demagnetisation field ¢, not to be confused with the demagnetisation field
h =—-V,¢ itself. The demagnetisation factors of the specimen geometries used in the
finite element simulations were calculated in magnetostatic finite element simulations
using exactly the same meshes. For a prescribed homogeneous magnetisation m;, the
body area-averaged demagnetisation fields (h;) were computed and the body-averaged
demagnetisation factors (Dy;) are calculated by

(hi)

(Dy;) = m (4.116)
see [65] and the discussion therein and also [36, 155, 170, 188] for analytically deter-
mined demagnetisation tensors. Due to the symmetries of the considered specimens,
the body area-averaged demagnetisation field perpendicular to the (h;) is zero. In the
following, the body area-averaged quantities are not marked with (e) for aesthetic rea-
sons. The material constants and model parameters for Nigg7Mnog Gagi o are listed
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4.4 Numerical examples

in Table 4.3. The calculated demagnetisation factors for the meshes used in the finite
element simulations are listed in Table 4.4.

Table 4.3: Material constants and model parameters for Nigg 7Mnog 1 Gasoy 2.

Material constant/model parameter | Symbol Value Unit | Reference
Young’s modulus E 5.0 GPa -
Poisson’s ratio v 0.3 ] -
Bain strain coefficients b1 0.0188 -] [204]

by | —0.0394 ] [204]
Vacuum permeability po | 4m1077 N/A? -
Anisotropy constant ky 0.167 MJ/m? [71, 76]
Saturation magnetisation ms 514.0 kA/m | [76, 106]
Martensite reorientation threshold Ye 0.03 MJ/m? -
Martensite reorientation viscosity ne | 0.00125 | 1/[kPas] -
Magnetic evolution viscosity Tm 0.0001 | 1/[kPas] -

Table 4.4: Calculated demagnetisation factors for the considered specimen geometries.

Specimen geometry Demagnetisation factor | Value
Circle D11 = D9 | 0.4824
Ellipse: minor-axis D11 | 0.6085
Ellipse: major-axis Do | 0.3586
Square Dy1 = D9y | 0.4746
Rectangle: short edge Dy1 | 0.5854
Rectangle: long edge Do | 0.3660
I-profile Dq1 | 0.4664
I-profile Doy | 0.4953

4.4.1 Magnetic field-induced easy- and hard-axis magnetisation
response

In the first example, the easy- and hard-axis magnetisation response curves of the circular
and the quadratic specimen consisting of a single variant of martensite (£, =0.999) are
considered. Prescribed tractions t, are applied resulting in a constant compression stress
090 = — 5.0 MPa, which suppresses the martensite reorientation process and maintains
the initial single variant of martensite. Half a cycle of magnetic field loading h; is applied
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4 Spatial resolution of mechanical and magnetic degrees of freedom

in the easy- and the hard-axis direction of both specimens, where the field is linearly
increased from g hi(to=0ms) =0T to a maximum of i h;(t; =1ms)=1T and linearly
decreased back to the initial value at time ¢t = 2ms. The boundary value problems
(BVPs) are schematically sketched in Figure 4.6 for (a), (b) the circle and (c), (d) the
square under a magnetic field in their respective (a), (c) easy- and (b), (d) hard-axis

directions. The corresponding body area-averaged easy- and hard-axis magnetisation

€2 superimposed !
—_
,,,,, b ine ]

(b)
N o S o
i ¢=0o0n 02 to =const. ! 1 ¢=0o0n 0N to =const. !
I : [ :
! 0 ! | 0 superimposed !
f ! ‘ Tu(t) in 2 !
! superimp. ho(t) in 2 : ! :

Figure 4.6: Schematic representation of the magnetomechanical BVP of (a), (b) an ellipsoidal and (c),
(d) a rectangular body B embedded into a finite size free space box (2. Prescribed loading in terms
of tractions ty = const. favouring the initial second martensite variant (€2 =0.999) and superimposed
spatially homogeneous magnetic fields h;(t) in the (a), (c) vertical and (b), (d) horizontal direction.

curves are shown in Figure 4.7. The responses calculated by using a constitutive driver
routine are plotted for comparison. For the circular specimen, they coincide perfectly
with the response curves using the correct demagnetisation factor D¥*M see Table 4.4,
and serve as a first verification of the finite element implementation. The response curves
calculated using the theoretical demagnetisation factors Dy = Dy =0.5 generally predict
the same response behaviour. The slight deviation is possibly due to discretisation errors
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0.8} | 0.8}
e -
< 06 < 05
~ ; " ~
§ 0.47 — CIL. specinen, g 0.47 ——cir. specimen]
——qu. specimen — qu. specimen
0.2} Dtheo 1 0.2} Dtheo
_DFEM _DFENT
%02 01 _06 08 1 % 02 04 06 08 1
to 2 [T] po by [T

(a) (b)

Figure 4.7: Magnetic field-induced magnetisation response in (a) easy- and (b) hard-axis direction
under constant compression stress go2 = — 5.0 MPa to maintain the initial single martensite variant.
The body area-averaged magnetisation responses of a circular (cir.) and a quadratic (qu.) specimen,
both embedded into a free space box, are shown in comparison to calculations using a constitutive
driver routine with the theoretical demagnetisation tensor D'*° and the calculated one DFEM of the
circular specimen.

or the size of the free space box. In contrast to these linear responses, the quadratic
specimen clearly shows nonlinear responses which were also observed in experiments, see
Figure 4.8 for comparison. In the finite element simulation of the quadratic specimen,

1,
0.8f
-
=
= 04r
S —— easy-axis
0.2 — hard-axis
O i i i i i
0 0.2 0.4 0.6 0.8 1

110 hi [T

Figure 4.8: Measured easy- and hard-axis magnetic field-induced magnetisation response of a thin nearly
square wafer consisting of a single martensite variant under compression stress of 1.9 MPa applied in
the easy-axis direction taken from [211, 212].

the mechanisms of domain wall motion and rotation of the magnetisation vectors are not
isolated. During the easy-axis magnetisation, the mechanism of magnetisation rotation
occurs particularly in the corners of the quadratic specimen. During the hard-axis
magnetisation, the mechanism of domain wall motion occurs likewise particularly in the
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4 Spatial resolution of mechanical and magnetic degrees of freedom

corners of the specimen. For a maximum magnetic field of pgh; =1T, the magnetisation
in the hard-axis response curve of the quadratic specimen is still not saturated. Spatial
distributions of the magnetisation in the direction of the magnetic field are shown in
Figure 4.9 for (a), (b) the easy-axis and (c), (d) the hard-axis response. The occurring

A SN WS
) N / \‘,, : 1 \:\\ N \\\ \\ y/ /’/ /" // /// -
A SN 7 -
[ \ oaB 1 e b N / \ \ ‘\\ D \‘ ~
N4 ’ /7 ‘ > ~ // / \\ \\ P
B ([T 777 I BT ([T
ma=0.642my 0 ma/ms 1 mq=0.208 m 0 mi/ms 0.222
(a) (b) (c) (@

Figure 4.9: Easy-axis: selected spatial distributions of mg under 119 ha =0.2'T of (a) a circle and (b) a
square, see Figure 4.7 (a). Hard-axis: selected spatial distributions of m; under pghy =0.2T of (c) a

circle and (d) a square, see Figure 4.7 (b). In addition, iso-lines of the magnetic potential ¢ are shown
in black.

mechanisms of domain wall motion (easy-axis) and magnetisation rotation (hard-axis)
were both introduced to be viscoelastic. Due to the low viscosity parameter, the response
curves for the unloading case are in fact indistinguishable from the loading case.

In addition to the first example, the body area-averaged magnetisation responses
of the ellipsoidal and the rectangular specimen are calculated analogously in terms of
similar mechanical boundary conditions and magnetic field loading. They are compared
to the response of the circular and the quadratic specimen in order to further verify the
finite element implementation. In this case, the ellipsoidal and the rectangular specimen
consists of the alternating first and second variants of martensite to investigate the
shape dependency of the magnetisation response. Prescribed tractions ¢; are applied
resulting in a constant compression stress @;; = — 5.0 MPa that suppresses the martensite
reorientation process by keeping the variant volume fraction & =0.999. Figure 4.10 shows
the response curves of (a), (b) the ellipsoidal specimen and (c), (d) the rectangular
specimen under a magnetic field applied in (a), (c¢) the easy- and (b), (d) the hard-
axis directions. In addition, the response curves of the circular and quadratic specimen
are plotted for comparison. The linear response behaviour of the ellipsoidal specimen
coincides with the results of the calculations made by using a demagnetisation tensor.
In contrast, the response behaviour of the rectangular specimen is clearly nonlinear,
as previously observed in the response of the quadratic specimen. The linear response
obtained by calculations utilising a demagnetisation tensor may be considered as a useful
approximation until a certain saturation level is reached. Both figures clearly show the
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Figure 4.10: Body area-averaged magnetic field-induced magnetisation responses of (a), (b) an ellipsoid
and a circle and (c), (d) a rectangle and a square, all embedded into free space boxes. The ellipsoid
and the rectangle consist of the first, respectively second, alternating variants of martensite to study
the shape dependency of the response. Magnetic fields are applied in (a), (c) the easy- and (b), (d) the
hard-axes directions. Constant compression stresses ¢ = — 5.0 MPa are applied to maintain the initial
single martensite variant states. The area-averaged responses are shown in comparison to calculations
using a constitutive driver routine (D), see Table 4.4 for the calculated demagnetisation tensors.

shape anisotropy, where a lower magnetic field is required to magnetise a specimen along
the axis with the largest aspect ratio.
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4 Spatial resolution of mechanical and magnetic degrees of freedom

4.4.2 Magnetic field-induced martensite reorientation

In the first examples, the easy- and hard-axis magnetisation responses of differently
shaped specimens were considered where the mechanisms of domain wall motion and
rotation of the magnetisation vectors occurred. The third mechanism, the martensite
variant reorientation, was suppressed by sufficiently large compression stresses applied
in terms of tractions on the boundary of the specimens. It turns out that the latter
mechanism is essential for the response behaviour of MSMAs under magnetomechanical
loading, see [71, 202] and Figure 4.17, taken from [200], for experimentally determined
response curves. In this example, a circular and a quadratic specimen are subjected to
constant prescribed tractions ¢, that favour the initial second martensite variant and
result in a body area-averaged constant compression stress o9 = —1.0 MPa, which is
below the blocking stress, see [111]. One period of a triangle wave shaped magnetic field
loading h; with a frequency of 250 Hz favouring the first martensite variant is applied
perpendicular to the compression stress. The viscosity parameter for the martensite
reorientation is set to n; = 4ne. The boundary value problems for both specimens
are schematically sketched in Figures 4.6 (b) and (d). Figure 4.11 shows the body
area-averaged magnetic field-induced (a) strain and (b) magnetisation response of the
circular and the quadratic specimen in comparison to simulations of the constitutive
driver routine. The initial strain is shifted to zero. The response of the circular specimen

] S ] 1
! T
5r 1
{ 0.5r

— 4r 1 ®

< < /
3t = 1

CN\] i

© g
2f —c%rcle FE 05k —circle FE ||
A ---circle D - --circle D

square FE square FE
07-—-squareD\ | R - ---square D |
-1 -0.5 ( 0.5 1 -1 -0.5 0 0.5 1
po b [T] o ha [T]

(a) (b)

Figure 4.11: Magnetic field-induced (a) strain and (b) magnetisation response under constant com-
pression stress oo =—1.0 MPa favouring the initial single martensite variant. The body area-averaged
responses of a circular and a quadratic specimen embedded into a free space box (FE) are shown in
comparison to calculations using a constitutive driver routine (D).

and the corresponding response of the constitutive driver routine coincide. Since the
demagnetisation factors of the square specimen are similar to the circular specimen,
see Table 4.4, the response curves are close to each other. In contrast, the response of
the quadratic specimen clearly deviates for nearly saturated magnetisation states during
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loading and, in particular, during unloading. All four responses have in common that the
initial response is identical to the hard-axis response, which was discussed in more detail
in the previous example. At a certain externally applied magnetic field, the mechanism
of martensite variant reorientation into the magnetic field-favoured variant is activated,
which is noticeable in the strain response curves and the slopes of the magnetisation
response curves where the arising first martensite variant magnetises in its easy-axis
direction. For larger magnetic fields, the martensite reorientation process is completed,
observable in the strain response curves and in the saturation of the magnetisation.
During unloading, the onset of the martensite reorientation into the stress-favoured
initial martensite variant is delayed due to the threshold in the dissipation associated
with the evolution of the martensite variant volume fraction. After a full reorientation
into the initial variant, the strains are again zero and the magnetisation response curves
coincide with the hard-axes response curves. The response behaviour during the second
half of the loading cycle is similar to the first half and not discussed in detail.

The magnetic field-induced martensite reorientation process is analysed for the el-
lipsoidal and the rectangular specimen and compared to the response behaviour of the
circular and the quadratic specimen. In this case, the ellipsoidal and the rectangu-
lar specimen consists initially of the first, respectively second, alternating variant of
martensite to investigate—in analogy to the first example—the shape dependency of the
magnetic field-induced strain and magnetisation response. Prescribed tractions ¢; are
applied and result in a body area-averaged constant compression stress o; =—1.0 MPa,
that favours the initial martensite variant. The boundary conditions are set in analogy
to the previous example. The corresponding boundary value problems are schemati-
cally sketched in Figure 4.6 (b) and (d) for the initially second martensite variant. The
boundary conditions for the initially first martensite variant are set analogously. The
triangle wave shaped magnetic field loading is applied with a frequency of 250 Hz and
the viscosity of the martensite volume fraction is set to n; = 4. Figure 4.12 shows
the body area-averaged response curves of (a), (b) the ellipsoidal specimen and (c), (d)
the rectangular specimen in terms of (a), (c¢) the strain and (b), (d) the magnetisation
responses. In addition, the response curves of the circular and quadratic specimen are
plotted for comparison. The initial values of the strains are shifted to zero. All figures
clearly show the shape anisotropy where lower magnetic fields are required to initialise
and complete the magnetic field-induced martensite reorientation process and to reach a
saturated state of the magnetisation in the direction of the axis with the largest aspect
ratio. Selected spatial distributions of &; and the magnetisation m;/m; in the direc-
tion of the applied magnetic field h; are shown in Figure 4.13 for the ellipsoidal and
rectangular specimen under vertical and horizontal magnetic field loading.

In addition to the investigation of the shape dependency of the magnetic field-induced
martensite reorientation, the influence of the number of elements used for the discreti-
sation of the body and the surrounding free space box, in terms of a mesh dependency
study, is analysed. Since the distribution of the strain and the magnetisation are in fact
homogeneous inside ellipsoidal bodies, the quadratic specimen, where inhomogeneous
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Figure 4.12: Body area-averaged magnetic field-induced (a), (c) strain and (b), (d) magnetisation
response under constant compression stress @ = —1.0 MPa and perpendicular cyclic magnetic field h
loading of (a), (b) an ellipsoid and a circle and (c), (d) a rectangle and a square, all embedded into free
space boxes. The magnetic field is applied along the minor and major axis of the ellipsoid, respectively
the short and long edge of the rectangle, to show the shape dependency of the response behaviour.

distributions occur, is used for this study. The number of elements is successively in-
creased up to a factor of five in both spatial directions. Prescribed tractions ¢, are applied
resulting in a body area-averaged constant compression stress g99 =—1.0 MPa favouring
the initial second martensite variant. The boundary conditions are set in analogy to the
previous examples. The boundary value problem is schematically sketched in Figure 4.6
(d). The triangle wave shaped magnetic field loading h; is applied with a frequency of
250 Hz and the viscosity parameter of the martensite volume fraction evolution is set to
ng =4ne. Figure 4.14 shows the body area-averaged (a) strain and (b) magnetisation
response curves where the initial values of the strain are shifted to zero. Both figures
show that the body area-averaged responses of the quadratic specimen are qualitatively
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ma/ms  0.983 mi/ms  0.699

(f) (h)

Figure 4.13: Selected spatial distributions of &;(h;) and m;(h;) under g h;(t=0.5ms)=0.499 T of (a),
(b) the ellipsoid under hy loading, (c), (d) the ellipsoid under h; loading, (e), (f) the rectangle under
hs loading, and (g), (h) the rectangle under h; loading, see Figure 4.12 for the body area-averaged
response curves. In addition, iso-lines of the magnetic potential qz~5 are shown in black.

in very good agreement. A small visible deviation is observable in the strain response
during the reorientation into the first martensite variant above g9 5.6 %. The response
curves calculated using very coarse meshes deviate noticeably from these response curves
(not pictured). Selected spatial distributions of ¢; and the magnetisation m;/mg in the
direction of the applied magnetic field h; loading are shown in Figure 4.15 for the three
meshes considered in this study. In the following, the element sizes used for the dis-
cretisation of all other bodies are approximately the same as those used for the coarsest
discretisation shown in this study, since the simulation results obtained are considered
to be reasonable.

After having demonstrated that the finite element simulations are generally able to
predict the mechanism of magnetic field-induced martensite reorientation and the shape
dependency of this effect, the influence of the viscosity of the martensite reorientation
¢ as a material parameter, respectively a model parameter, is studied. The body area-
averaged strain and magnetisation responses of the circular and the quadratic specimen
are considered. Prescribed tractions t, are applied resulting in a body area-averaged
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Figure 4.14: Body area-averaged magnetic field-induced (a) strain and (b) magnetisation response
under constant compression stress @z = —1.0 MPa and perpendicular cyclic magnetic field h; loading
of a quadratic body embedded in a free space box. The number of elements in each spatial direction is
increased up to a factor of five to study the mesh dependency.

constant compression stress oy, = —1.0 MPa favouring the initial second martensite
variant. The boundary conditions are set in analogy to the previous examples. The
boundary value problems are schematically sketched in Figures 4.6 (b) and (d). The
triangle wave shaped magnetic field loading A, is applied with a frequency of 250 Hz. The
viscosity of the martensite reorientation is initially set to n; =41, afterwards decreased
to ng =21, and finally set to 1 =g, which is the value listed in Table 4.3. Figure 4.16
shows the body area-averaged response curves of (a), (b) the circular specimen and (c),
(d) the quadratic specimen in terms of (a), (c) the strain and (b), (d) the magnetisation
responses for different viscosity parameters. The initial values of the strains are shifted
to zero. The response curves of the circle clearly show that the onset of the martensite
reorientation is independent of the chosen viscosity parameter, while the completion of
the reorientation is delayed for larger viscosities. In addition, the slopes of the curves
increase for decreasing 7;. These observations are generally applicable to the quadratic
specimen, while the slopes increase even more for lower viscosities, in particular in
the beginning of the initial reorientation for the lowest viscosity parameter. This, at
least initially, almost vertical response behaviour is also observable in experiments, see
Figure 4.17 for comparison. Even though experiments show that the magnetic field-
induced martensite reorientation occurs at very high frequencies, as also prescribed in
the simulations, the response is by no means rate-independent, cf. [77, 126]. In the
following, the viscosity parameter 7; = 7, as listed in Table 4.3, is used, due to the
generally good approximation of the the response behaviour observed in experiments.
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Figure 4.16: Body arca-averaged magnetic field-induced (a), (c) strain and (b), (d) magnetisation
response under constant compression stress o9o=—1.0 MPa and perpendicular cyclic magnetic field hy
loading of (a), (b) a circular and (c), (d) a quadratic specimen embedded in a free space box. The
response behaviour is compared for multiple viscosities of the martensite variant reorientation.
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4.4.3 Stress level dependency of the magnetic field-induced
response behaviour

In this example, the stress level dependency of the magnetic field-induced martensite
reorientation in terms of body area-averaged strain and magnetisation responses are
analysed. Previously, two levels of body area-averaged compression stress have been
considered, namely 0 =—1.0 MPa and o0 =— 5.0 MPa. The perpendicularly applied mag-
netic field loading % induced a complete reorientation into the magnetic field-favoured
martensite variant at the lower compression stress. The initial variant was completely
recovered during the removal of the magnetic field. For high compression stresses, the
perpendicularly applied magnetic field could not induce a martensite variant reorienta-
tion due to the blocking stress effect. Experimental observations suggest that the strain
and magnetisation response of specimens subject to a constant compression stress and a
perpendicular cyclic magnetic field loading highly depends on the applied compression
stress level, see [71, 202] and Figure 4.17, taken from [200]. Although the experimentally
determined curves are not directly comparable to the simulations where plane boundary
value problems are considered, many aspects of the experimental findings are captured
by the finite element simulations as discussed below.

Figures 4.18 (a)—(d) show body area-averaged (a), (c) strain, where the initial val-
ues are shifted to zero, and (b), (d) magnetisation response curves of the rectangular
specimen under multiple levels of constant compression stress a;;—applied in terms of
tractions t;—favouring the initial martensite variant. In addition, one cycle of triangle
wave shaped magnetic field loading hy with a frequency of 250 Hz is applied perpendicu-
lar to the tractions along the long edge of the body. The boundary conditions are set in
analogy to the boundary value problem sketched in Figure 4.6 (d). In the following, the
response behaviour is compared to the response of the constitutive driver routine as well
as experimental observations. All simulated response curves have in common that the
magnetic field is able to initialise and complete the martensite reorientation process into
the magnetic field-favoured second martensite variant. The onset of the reorientation
process is delayed for higher compression stresses, observable in the experiments and the
simulations. The body area-averaged response curves show a steeper response compared
to the constitutive driver in all curves during the initial martensite reorientation, until
a certain magnetic field is applied and until the slope of the area-averaged curves flat-
tens noticeably, both is also observable in experiments. During unloading, the smoother
response behaviour of the finite element simulations captures the response behaviour of
experiments better than the simulated constitutive driver response. For low—or even
zero—compression stress, a partial reorientation into the stress-favoured initial marten-
site variant is observable in the finite element simulations and the experiments, while
the constitutive driver predicts zero reorientation for low compression stresses. Due to
only partially or even completely suppressed reorientation during unloading, the cor-
responding response behaviour of the second half of the cycle differs from the initial
first half of the loading cycle. All response curves have in common that the width of
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Figure 4.17: Experimentally measured magnetic field-induced variant reorientation under constant
compression stress & and perpendicular cyclic magnetic field h loading, taken from [200]. (a)—(f) show
the strain e | perpendicular to the magnetic field (at the top) and the normalised magnetisation response
m);/m}; in the direction of the magnetic field (at the bottom) at different levels of compression stress.

the magnetisation and, in particular, the strain response curve increases for increasing
levels of compression stress. Although the simulations of the constitutive driver routine
capture the response behaviour observed in experiments quite well, the finite element
simulations approximate the real response behaviour even better. In addition to the pre-
sented response curves, the response under a fifth level of constant compression stress
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4.4 Numerical examples

711 = — 0.5 MPa is considered. Figures 4.18 (e) and (f) show the body area-averaged
response curves and some sketches of the body area-averaged underlying microstructure
in terms of the martensite volume fractions, the domain volume fractions, and the orien-
tations of the magnetisation vectors inside the domains at selected loading states. The
corresponding spatial distribution of & and mgy/mg is shown in Figure 4.19. Starting
in (), the magnetisation starts to rotate in the hard-axis direction. The onset of the
martensite reorientation is initialised in 2). During further loading, the second marten-
site variant grows in the expense of the first, see @ and @ and during unloading, the
initial martensite is partly recovered, see ). In addition, the mechanism of domain
wall motion in the second martensite variant is activated allowing a reduction of the
magnetisation in the direction of the applied magnetic field. At the end of the first half
of the loading cycle, all domains occur and a remanent strain is observable in ©. See
also our previous work [10] and the discussion therein for comparison.
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Figure 4.18: Body area-averaged magnetic field-induced (a), (c), (e) strain and (b), (d), (f) magnetisa-
tion response under multiple levels of constant compression stress 11 (611 =— 0.5 MPa for (e) and (f))
and perpendicular cyclic magnetic field ho loading of the rectangular specimen (magnetic field applied
along the long edge) embedded in a free space box. The responses of the finite element simulations
(F) are compared to the response of a constitutive driver routine (D) in (a)—(d). The evolution of the
body-averaged microstructure is sketched for selected loading states in (e) and (f). Sketched mechanism:
magnetisation vector rotation, martensite variant switching, and domain wall motion.
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Figure 4.19: Spatial distributions of (a) & and (b) ma/m; for selected load steps marked in Figures 4.18
(e) and (f). In addition, iso-lines of the magnetic potential ¢ are shown in black.
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4 Spatial resolution of mechanical and magnetic degrees of freedom

4.4.4 Stress-induced martensite reorientation under constant
magnetic field

In contrast to all previous examples where constant tractions were applied on the bound-
aries of the specimens in addition to a parallel or to a perpendicular cyclic magnetic
field, the response behaviour under multiple constant magnetic fields and cyclic per-
pendicularly applied tractions, resulting in a cyclic compression stress, is analysed in
this example. Experimental observations suggest that an externally applied compres-
sion stress is always able to completely switch the configuration into the stress-favoured
martensite variant, see [71] and Figure 4.20, taken from [200], for experimentally de-
termined response curves. Depending on the amplitude of the perpendicularly applied

ey 7]
e 1%

ey [7%]
e %]

0 2 4 6 8 0 2 4
7| [MPa] 7| [MPal
(c) (d)

6 8

Figure 4.20: Experimentally measured compressive stress-induced variant reorientation under constant
magnetic field h and perpendicular cyclic compression stress & loading, taken from [200]. (a)—(d) show
the strain in the direction of the applied stress at multiple levels of constant magnetic fields.

constant magnetic field, the initial martensite variant is not at all, partially, or com-
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pletely recovered during unloading. Although the experimentally determined curves
are not directly comparable to the simulations where plane boundary value problems
are considered, many aspects of the experimental findings are captured by the finite
element simulations and the constitutive driver routine as discussed below.

A square specimen embedded into a free space box is used for the finite element
simulations. The boundary value problem is schematically sketched in Figure 4.21.
Multiple levels of constant magnetic field loading h; favouring the initial first martensite
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Figure 4.21: Schematic representation of the magnetomechanical BVP of a sqare body B embedded
into a finite size free space box 2. Prescribed loading in terms of tractions t3(t) favouring the second
martensite variant and superimposed spatially homogeneous magnetic field h; = const. favouring the
initial first martensite variant (£; =0.999).

variant are applied. The magnetic field is held constant without applying tractions until
time t; =0.5 ms, allowing the state variables to evolve into a stationary state. Afterwards,
the compression stress—applied as tractions t, on the boundary—is linearly increased
until reaching 759 = —10.0 MPa at time t5 = 1.5ms, followed by a linear decrease to
022 =0.0 MPa at time t3=2.5ms. Figure 4.22 shows (a), (c) the strain where the initial
values at time t; =0.5ms are shifted to zero, and (b), (d) the magnetisation responses
under multiple levels of constant magnetic field loading. In the following, the body area-
averaged responses are compared to the response of the constitutive driver routine as well
as experimental observations. All simulated response curves have in common that the
compression stress is able to initialise and complete the martensite reorientation process
into the stress-favoured second martensite variant. The onset of the reorientation process
is delayed for higher magnetic fields, observable in the experiments and the simulations.
For zero magnetic field, the response behaviour of the finite element simulation and
the constitutive driver routine coincide due to the absence of the demagnetisation field.
For the smallest considered magnetic field o hy =0.2'T, a partial reorientation into the
second martensite variant occurs during the initial 0.5 s, visible in maximum value of the
stress-induced strain response. Experiments and simulations have in common that the
reorientation into the magnetic field-favoured variant occurs partially after exceeding
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Figure 4.22: Body area-averaged stress-induced (a), (c) strain and (b), (d) magnetisation response
under multiple levels of constant magnetic field h; and perpendicular cyclic compression stress 2o
loading of the quadratic specimen embedded in a free space box. The response behaviour of the finite
element simulations (FE) is compared to the response of a constitutive driver routine (D).

a critical magnetic field, or fully occurs for even larger critical magnetic fields during
unloading. Generally, the constitutive driver routine captures the response behaviour
quite well. The smooth onset of the martensite reorientation during the first half of
the loading cycle is captured even better in the finite element simulation. Since no
experimental data regarding the magnetisation response is available for the considered
strain response curves, the body area-averaged magnetisation response curves are only
compared to the response of the constitutive driver routine. Generally, the response
curves are quite similar. For low magnetic fields, the magnetisation does not saturate
in the direction of the applied field. For large magnetic fields, an initial saturated
state is imposed that remains constant during the whole loading cycle for the largest
magnetic fields only in the constitutive driver routine. In all other response curves the
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magnetisation drops off during the martensite variant reorientation, since the arising
martensite variant magnetises in its hard-axis direction. In addition to the presented
response curves, the response under a fifth level of constant magnetic field po hy =0.3 T is
considered. Figure 4.23 shows the body area-averaged response curves and some sketches
of the body area-averaged underlying microstructure in terms of the martensite volume
fractions, the domain volume fractions, and the orientations of the magnetisation vectors
inside the domains at selected loading states. The corresponding spatial distribution of
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Figure 4.23: Body area-averaged stress-induced (a) strain and (b) magnetisation response under con-
stant magnetic field pgh; = 0.3T and perpendicular cyclic compression stress o loading of the
quadratic specimen embedded in a free space box. The evolution of the body-averaged microstruc-
ture is sketched for selected loading states. Sketched mechanism: magnetisation vector rotation and
martensite variant switching.

& and my/mg is shown in Figure 4.24. During loading, a complete switching into
the stress-favoured martensite variant is observable, see () and @ for intermediate
states. Elastic deformations are observable afterwards for increasing stress, whereas the
magnetisation remains constant. In @), the onset is initialised of the reverse switching
into the first martensite variant which is only partly recovered at zero compression stress
in @ and a remanent strain occurs. From @ to @), the magnetisation increases, since
the forming martensite variant is magnetised in its easy-axis direction. Simultaneously,
the rotation of the magnetisation in the hard-axis direction of the second martensite
variant decreases. See also our previous work [10] for comparison and for a detailed
discussion concerning the similarities between magnetic field-induced MSMA response
behaviour and temperature-induced shape memory alloy response behaviour.

4.4.5 Biaxial magnetic field-induced martensite reorientation

In the next example, a biaxial magnetic field is applied to the quadratic specimen.
Multiple levels of constant magnetic field h; are applied, thereby favouring the initial
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Figure 4.24: Spatial distributions of (a) & and (b) my /ms for selected load steps marked in Figure 4.23.

In addition, iso-lines of the magnetic potential ¢ are shown in black.

first variant. During the initial 0.5 ms, the magnetic field in the perpendicular direction
is set to zero, allowing the state variables to evolve into a stationary state. Afterwards,
one period of a triangle wave shaped magnetic field loading hy favouring the second
martensite variant is applied perpendicularly to the other magnetic field with a frequency
of 250 Hz. The response behaviour in terms of strain and magnetisation responses are
investigated for multiple levels of constant h; magnetic field loading. In principle, it
would also be possible to superimpose a compression stress, applied in terms of tractions
on the surface of the specimen. But, since the effect of a biaxial magnetic field on
the response behaviour should be analysed on its own, only rigid body motions are
suppressed and no tractions are applied on the surface of the body. The boundary value
problem is schematically sketched in Figure 4.25.

Figure 4.26 shows (a), (c) the strain where the initial values at time ¢; =0.5ms are
shifted to zero, and (b), (d) the magnetisation responses under multiple levels of con-
stant magnetic field loading. In the following, body area-averaged response behaviour
is compared to the responses of the constitutive driver routine. All simulated response
curves have in common that the cyclic magnetic field is able to initialise and com-
plete the martensite reorientation process into the cyclic magnetic field-favoured second
martensite variant. The onset of the reorientation process is delayed for higher constant
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Figure 4.25: Schematic representation of the magnetomechanical BVP of a rectangular body B em-
bedded into a finite size free space box 2. Prescribed loading in terms of a spatially homogeneous
biaxial magnetic field h(t) loading where the horizontal component h; = const. favours the initial first
martensite variant, and where the vertical component ho(t) favours the second martensite variant.

magnetic fields. For the smaller constant magnetic fields considered, only a partial reori-
entation into the initial martensite variant occurs during unloading. For larger constant
magnetic fields, a complete reorientation into the initial first martensite variant is ob-
servable. The higher the constant applied magnetic field, the lower the magnetisation
in the direction of the cyclic magnetic field. All response curves have in common that
the width of the hysteresis in the magnetisation response curve and, in particular, the
strain response curve increases for increasing levels of constant magnetic field. Gener-
ally, the response behaviour of the constitutive driver routine approximates the response
behaviour of the finite element simulations quite well. The larger the constant magnetic
field, the better the correlation of the corresponding response curves. Only for low con-
stant magnetic fields, the strain response of both simulations obviously does not match.
The response behaviour under biaxial magnetic field loading has, to some extent, certain
similarities with the response behaviour under constant compression stress and cyclic
perpendicular magnetic field loading, see Figures 4.18 for comparison. In addition to
the presented response curves, the response under a fifth level of constant magnetic field
o hy =0.3T is considered. Figure 4.27 shows the body area-averaged response curves
and some sketches of the body area-averaged underlying microstructure in terms of the
martensite volume fractions, the domain volume fractions, and the orientations of the
magnetisation vectors inside the domains at selected loading states. The corresponding
spatial distribution of & is shown in Figure 4.28 and that of m;/m, in Figure 4.29.

Starting from a single variant and single domain state in (D, the second martensite
variant—consisting likewise of only one domain—grows at the expense of the other, see
@. In @), switching is completed and a single domain configuration is observable where
the magnetisation is slightly oriented in the direction of the constant magnetic bias field.
During unloading, the initial configuration is only partially, but nearly completely re-
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Figure 4.26: Body area-averaged magnetic field-induced (a), (c) strain and (b), (d) magnetisation
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response under multiple levels of constant magnetic field h; and perpendicular cyclic magnetic field ho

loading of the quadratic specimen embedded in a free space box. The response behaviour of the finite

element simulations (FE) is compared to the response of a constitutive driver routine (D).

covered, see @) to ), and a remanent strain is observable. See also our previous work

[10] and the discussion therein for comparison.
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Figure 4.27: Body area-averaged magnetic field-induced (a) strain and (b) magnetisation response under
constant magnetic field p1o h; =0.3 T and perpendicular cyclic magnetic field hs loading of the quadratic
specimen embedded in a free space box. The evolution of the body-averaged microstructure is sketched
for selected loading states. Sketched mechanism: magnetisation vector rotation and martensite variant
switching.
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Figure 4.28: Spatial distributions of &; for selected load steps marked in Figure 4.27. In addition,
iso-lines of the magnetic potential ¢ are shown in black.
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Figure 4.29: Spatial distributions of (a) mj/ms and (b) ma/ms for selected load steps marked in
Figure 4.27. In addition, iso-lines of the magnetic potential ¢ are shown in black.
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4.4.6 Investigation of a complex geometry

In the final example, the response behaviour of an I-profile is investigated under con-
stant prescribed tractions t,—favouring the initial second martensite variant—and cyclic
magnetic field loading. One period of a triangle wave shaped magnetic field loading h;,
favouring the i-th martensite variant, with a frequency of 250 Hz is applied. The bound-
ary value problems are schematically sketched in Figure 4.30 for the magnetic field
applied in (a) horizontal and (b) vertical direction.

b~ _
. ¢=0o0n 90N to = const.

b~ _
. ¢=0o0n 0N to =const.

| RN

B

Figure 4.30: Schematic representation of the magnetomechanical BVP of an I-profile B embedded into
a finite size free space box (2. Prescribed loading in terms of tractions ts = const. favouring the initial
second martensite variant (£, =0.999) and superimposed spatially homogeneous magnetic fields h;(t)
in (a) horizontal and (b) vertical direction.

Figure 4.31 shows (a) the strain where the lowest values are shifted to zero, and (b)
the magnetisation response curves for the I-Profile under multiple constant prescribed
tractions 5 and cyclic magnetic field h; loading. Due to the shape of the body, the stress
distribution inside the body is highly inhomogeneous under prescribed tractions. Firstly,
the easy-axis response (e) is considered where the magnetic field hy is applied parallel
to the tractions. The tractions t, applied on the surface are equivalent to applying
a compression stress of o9 = —10.0 MPa. The magnetisation response curve seems
to consist of three nearly linear regions, with the highest slope around low magnetic
fields. Even though the compression stress is larger than the blocking stress in all
previous examples, the magnetic field is able to initialise a partial reorientation of the
martensite variant, observable in the strain response curve. The width of the hysteresis
curve is relatively small. Secondly, the hard-axis response (h) is considered where the
magnetic field by is applied perpendicular to the tractions. The tractions 5 applied on
the surface are, again, equivalent to applying a compression stress of o9, =—10.0 MPa.
The magnetisation response seems to be quite linear, but the slope decreases successively
for larger magnetic fields. A partial variant reorientation into the magnetic field-favoured
martensite variant is observable in the strain response curve. The width of the hysteresis
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Figure 4.31: Body area-averaged magnetic field-induced (a) strain and (b) magnetisation response under
multiple levels of constant compression stress oo that favours the initial second martensite variant and
parallel (e) or perpendicular (h, F, D) cyclic magnetic field h; loading of the I-profile embedded in a
free space box. For T3 = —1.0 MPa, the response behaviour of the finite element simulations (F) is

compared to the response of a constitutive driver routine (D).

curve is also relatively small. Finally, the response behaviour under tractions f, applied
on the surface, that are equivalent to applying a compression stress of o, =—1.0 MPa,
and cyclic perpendicular h; magnetic field loading of a finite element simulation (F)
is compared to the response behaviour of the constitutive driver routine (D). Due to
the spatially highly inhomogeneous response of the I-profile, the predicted response
behaviour of the constitutive driver routine is completely different to the body area-
averaged response. The magnetisation response of the finite element simulations lies
somewhere between the easy- and hard-axis magnetisation response. The strain response
is shaped like “U”. Only an incomplete reorientation into the initial martensite variant
occurs during unloading. A clearly but relatively small hysteretic behaviour is observable
in both response curves. The spatial distribution of &, m;/mg, and my/mg is shown in

Figure 4.32 for selected load steps marked in Figure 4.31.
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Figure 4.32: Spatial distributions of (a) &, (b) m1/ms, and (c) ma/ms for selected load steps marked

in Figure 4.31. In addition, iso-lines of the magnetic potential ¢ are shown in black.
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4 Spatial resolution of mechanical and magnetic degrees of freedom

4.5 Summary and outlook

This chapter presented a micromagnetics-inspired finite element framework used for the
modelling and simulation of the material behaviour and structural response of NiosMnGa
MSMA specimens embedded into finite size free space boxes. At first, a micromagnetics-
inspired power type potential consisting of an energy potential and a dissipation func-
tional was introduced, where the displacement field u, the magnetic potential of the
demagnetisation field ¢, and a set of microstructure-describing state variables p are the
global primary field variables. The stationarity conditions of the power type potential
are equivalent to solving the mechanical equilibrium equations, the Maxwell equations
for the magnetostatic case, and the Biot equations in terms of evolution equations for
the state variables. Secondly, the set of state variables that describe the state of the
assumed underlying microstructure, in terms of a martensite variant volume fraction and
some variables describing the magnetic state, was defined. A numerical homogenisation
scheme was applied to derive the effective elastic strain energy density of the phase
mixture that consists of two tetragonal martensite variants with different Bain strains.
The magnetocrystalline anisotropy energy density that accounts for deviations of the
(spontaneous) magnetisation vectors from their respective easy-axes was introduced for
different parametrisations. The derivatives of the stored energy density of the body, the
derivatives of the magnetisation, and the total magnetic field are part of the driving
forces in the evolution equations of viscoplastic, respectively viscoelastic, type for the
state variables. Due to the non-local nature of the demagnetisation self-field, the mag-
netostatic problem as well as the evolution equations for the state variables have to be
solved simultaneously. The introduction of the state variables as global primary fields
were therefore necessary. The underlying equations of the finite element implementation
were derived from the stationarity conditions of the power type potential, subject to
inequality constraints of the state variables. Two different regions, the magnetostrictive
body and the surrounding free space, were considered. The displacement field and the
state variables were solely resolved in elements of the body which was discretised using
a mixed element formulation. The treatment of the inequality constraints necessitated
the introduction of Karush-Kuhn-Tucker parameters at the global level in terms of addi-
tional nodal degrees of freedom. Fischer-Burmeister NCP functions were used to express
the KKT-conditions in a residual format. Multiple numerical examples demonstrated
the capabilities of the finite element framework. Body area-averaged strain and magneti-
sation response curves were compared to experimental data taken from the literature.
This comparison demonstrated the advantages of the finite element simulations where
inhomogeneous distributions of, e.g., the strain, the magnetisation, and the magnetic
field occurred, over simulations performed using a demagnetisation tensor, where all
quantities are by definition assumed to be homogeneously distributed inside the body.
Finite element simulations of ellipsoidal bodies yielded the same homogeneous responses
as were predicted by simulations utilising a demagnetisation tensor and therefore verified
the finite element implementation.
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In future work, the most important step is the extension to three-dimensional prob-
lems. This will allow the simulation of arbitrarily shaped bodies and make the compari-
son to all experimentally obtained response curves possible. In addition, more advanced
material models will be employed, e.g. other numerical energy relaxation schemes may
be applied to the elastic strain energy density of the phase mixture in terms of rank-
one convexification w.r.t. laminates of first or second order. The general framework
shall be applied to other material classes, for instance (giant) magnetostrictives such as
Terfenol-D, Galfenol, and cobalt ferrite.

4.6 Appendix

4.6.1 Dependencies among the domain magnetisations

In Section 4.2, it was claimed, that 6y; = — ;1 minimises the magnetocrystalline
anisotropy energy density within the ¢-th variant of martensite at constant magneti-
sation, cf. (4.57). In the following proof—based on the derivation in [21]—, only the
first variant of martensite is considered, i.e. &, =1. The proof for the second martensite
variant is analogously possible.

The magnetic state of the first martensite variant is characterised by the domain
volume fraction 7; and the two angles #; and #,. Assuming a coexistence of both do-
mains, the lower and upper bound of the relative domain volume fraction are excluded,
i.e. v1 #0 and v, #1, since otherwise, the angle of the non-existing domain would be arbi-
trary. Additionally, the states ) = — 0y ==+ 7/2, which maximise the magnetocrystalline
anisotropy energy density, are not considered.

Insertion of v sin(6y) = [1 — 1] sin(f2) + my2, from (4.57), into (4.58) results in
an alternative representation of the magnetocrystalline anisotropy energy density of the
first martensite variant

i _ mis +2miz[1— ] sin(02) +[1 — 71] sin®(6)

4.117
ki gi! ( )
The first and second partial derivative of (4.117)
L oysn _ 2[1 -] :
— = cos(fy) [myg +sin(6s) ] 4.118
ki 06, " (62) [maz (02)] ( )
1 2,/,an 211 —
19 1/}1;/“ = L= [ cos?(62) — sin(6) [ma2 + sin(6a)]] (4.119)
k‘l 802 71

are used to check the necessary and sufficient condition for a minimum, respectively
maximum. The two solutions fulfilling 0,9}, =0 are mjy = —sin(f2) and cos(#z) = 0.
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4 Spatial resolution of mechanical and magnetic degrees of freedom

Inserting mio = — sin(fy) into (4.119) results in the sufficient condition for a minimum,
Viz.

2[1—m]
Y1

ky cos?(fy) >0, for cos(fy) #0 . (4.120)

Since the magnetisation (4.57) is assumed to remain constant, see (4.57), mqy=— sin(6y)
results in sin(6;) = —sin(fy) and consequently 0 = — 6, even for cos(fy) =0. Inserting
cos(fy) =0 into (4.119) results in the sufficient condition for a maximum, viz.

2[1—m]
M [

k1 —sin?(6,) — sin(6y) mlg} <0, for —1<mp<l1, (4.121)

Since the magnetisation (4.57) is assumed to remain constant, see (4.57), mis = F1
results in sin(f;) = F1 and consequently sin(0;) = —sin(fy), respectively 0y = — 0, =
+ /2, and also myy=— sin(fy).

For cos(fs) =0, the results of both possible solution state 3 = —6;, which is inter-
pretable as a full alignment of the magnetisation in both domains with the magnetic
hard-axis (maximum of the magnetocrystalline anisotropy energy density). In such a
case, the domain volume fraction may take arbitrary values, even the excluded values
v1 = 0, respectively 7, = 1, without having an influence on the magnetisation or the
anisotropy energy density.

Insertion of 0y = — 6, together with mis = —sin(6;) (£ =1) in (4.58), respectively
(4.117), results in the magnetocrystalline anisotropy energy density of the first marten-
site variant

an

é” L — sin?(6,) = sin?(,) = m2, , (4.122)
1
even for the excluded values v; = 0, respectively 73 = 1, at constant magnetisation,
cf. (4.57).

In summary, the magnetocrystalline anisotropy energy density of the first martensite
variant is minimised for f; =— ;. The analogous derivation results in 6, = — #3 minimis-

ing the magnetocrystalline anisotropy energy density of the second martensite variant.
As already mentioned in Section 4.2, the number on state variables is reduced by two
and the number of inequality constraints reduces from fourteen (4.56) to four (4.59).

4.6.2 Constitutive driver routine

This sections deals with the derivation of a constitutive driver routine to calculate the
response of macroscopically homogeneous states inside bodies under prescribed homo-
geneous stress & and prescribed homogeneous magnetic field h loading. The strain e(p)
and magnetisation m(p) responses, which are also assumed to be homogeneous inside
the body, are completely determined by the evolution of the state variables p, intro-
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duced in Section 4.2. The constitutive driver routine is used for comparison to body
area-averaged strain € and magnetisation m response curves of finite element simula-
tions.

Beginning with the energy potential (4.8), the displacement field w and the magnetic
potential qﬂb/, respectively their gradients, viz. the strain € (symmetric gradient) and the
demagnetisation field h (negative gradient), are directly expressed as functions of the
state variables p. Due to the linear relation of stress and strain in (4.47), the inverse
relation is used to calculate the strain e(o,&;), viz.

2
e=E':0+) Gl (4.123)
=1

The inverse of the elasticity tensor is defined as the compliance tensor S and may be
represented in terms of the compression-modulus k = E/[3[1 — 2v]] and the shear-
modulus /'™

1
2 Mlam

1 1 1
S .= E_lzg_ﬁéij 5kl+ |:§ [5zk 5jl+5z’l 5jk] - g(SU 6kl €i®€j®€k®€l . (4124)
For a prescribed homogeneous stress state, i.e. o =a, (4.123) is completely determined
by the variant volume fraction & (§; =1 — &), cf. [112]. Insertion of (4.123) into the
elastic strain energy density (4.46) yields

1 1
C¢el:§a:E_1:U:§a:S:a, (4.125)
which is independent of p and completely determined for o =0 . The contribution due to
prescribed tractions £ on the Neumann surface are assumed to result in a homogeneous
stress and strain state. In the absence of additional body forces, the reformulation of
the surface integral yields

/f-uda: /[E-n]-uda:/divm(ﬁt-u)dv

OB OB B
Z/V;ymuzﬁdv—k/u-divxﬁdv:/E:Edv, (4.126)
B B

where the strain €, introduced in (4.123), is completely determined by the volume frac-
tion &;. With (4.125) and (4.126) at hand, the incremental potential depends no longer
on the displacement field u for homogeneous states.

147



4 Spatial resolution of mechanical and magnetic degrees of freedom

Remark 13 For general cases, where the relation between the stress and the strain is
nonlinear, the strain € is iteratively determined until the norm of the difference of the
stress o =0.0™ and the prescribed stress @ falls below a certain tolerance value.

A homogeneous magnetisation state yields the lowest possible magnetostatic energy of
the demagnetisation field for ellipsoidal specimens, see [41], and the concept of the de-
magnetisation tensor is applicable, where the demagnetisation field h depends directly
on the magnetisation m and geometry dependent shape factors collected in the demag-
netisation tensor D, see, e.g., [115, 155], through

h=-D-m. (4.127)

This concept is also applicable for arbitrarily shaped bodies, which are homogeneously
magnetised. In such a case, the average demagnetisation field (h) is related to the mag-
netisation by an average demagnetisation tensor (D), cf. [65, 155]. The demagnetisation
tensor D is either known for a given geometry or has to be calculated in advance in a
magnetostatic finite element simulation.

Remark 14 The magnetisation m, as introduced in (4.65) and occurring in (4.127),
15 assumed to be spatially homogeneously distributed inside the body on the considered
macroscale and consequently identical to the body area-averaged magnetisation. Since it
18 an averaged, respectively homogenised, quantity, the distribution of the magnetisation
might be inhomogeneous on the underlying microscale.

Using (4.7) and (4.127), the integrals regarding the demagnetisation field h in the energy
potential (4.8) are replaced, cf. [41], by

—%/Hmpdv—uo/ﬁ-mdv:%/m-D-mdv, (4.128)
0 B B

which depends, for a given demagnetisation tensor D, only on the state variables p,
with m specified in (4.65), and no longer on the magnetostatic potential ¢, respectively

the demagnetisation field h. For homogeneous states, the energy potential (4.8) is
reformulated using (4.123), (4.125), (4.126) and (4.128)

Jhom _ / [wmat(ﬁ’p) + %m(p) -D-m(p) — o h - m(p) — (@, p) :E] dv ,
B
(4.129)

with ¢t (g, p) = C () +1*(p) defined in (4.64) and (4.125). Due to the assumption
of homogeneous states inside B, the volume integral (4.129) yields the volume of the body
V.
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The magnetomechanical response is then modelled to be governed by the global rate-
type variational principle, cf. (4.13) and (4.14),

{p} = arg inf | I1"™ + / ¢(p) dv subject to r.(p) <0 . (4.130)
2
B

In analogy to the derivation of the time discrete evolution equations of the state variables
p for the finite element implementation, see Section 4.2, the driving forces are derived
as the negative gradient —d,II"™ in B, viz.

0| v (@, p) + 22 m(p) - D -m(p) — poh-m(p) —e(@.p) : &

j:hom T 2 4.131
5 (4.131)
and thus
(& [ef — ¥ |+ ki [m3, — m3y |+ pomsh - [mi —m3]] "’
o s hy &
Fhom = —2 k?l 51 mio + Mo Mg hg 51 . (4132)
—2 k1 §amay + poms hy &
| fo ms ha & ]

The driving forces in the homogeneous case (4.132) are in fact identical to the driving
forces stated in (4.69), with o =&. In analogy to the derivation in Section 4.2, the
vector 1™ containing the residuals of the time discrete evolution equations for the
homogeneous case may be derived and is defined as

[ en+1 n At : homn+1 homn™+1 ]
1 —51—151831(]:1 ><~7:1 —Ye
n+1 n At Thomn+1
myy _mn_n_m]'—z /&

hom ,__ n+1 n At Thomn+1
o= miy —miy — = Fy /& : (4.133)

n+1 n At Thomntl
M3y _mzl_n_m]:4 /&

n+1 n At Thom”tl
M2 _m22_n_m-7:5 /&
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The total residual of the homogeneous case contains the time discrete evolution equations
(4.133), contributions due to the inequality constraints r. < 0 introduced in (4.60),
cf. (4.82), and the Fischer-Burmeister functions, cf. (4.91), viz.

or.
ap | - (4.134)

9 g
In this case, an enhanced driving force 7 is formally introduced. Unlike in the finite
element setting, where the nodal contributions account for the evolution due to contri-
butions from all neighbouring elements, they are directly related to the time discrete
evolution equations here. In combination with the Fischer-Burmeister functions g, the
additional terms prevent an inadmissible evolution of the state variables.

Unlike in previous works, where an optimiser was used to determine the evolution of
the state variables, see [9, 10, 112, 114], the solution of the time discrete evolution equa-
tions satisfying the constraints of the state variables, viz. 79V =0, is determined using
the Newton-Raphson method. The constitutive driver routine including the Newton-
Raphson uptate is outlined in Table 4.5. Some of the terms occurring in the Jacobian
are different compared to the finite element setting, since all quantities depend on the
state variables p, see the appendix in Section 4.6.4.

Remark 15 Due to numerical reasons, again, slightly modified version of the con-
straints v} introduced in (4.62) and the Fischer-Burmeister functions g* introduced in

(4.92) are used.
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Table 4.5: Constitutive driver routine.

0. Initialisation:

Set load counter n=0, specify demagnetisation tensor D, choose admissible initial con-
figuration p, satisfying the constraints and initialise the Lagrange multipliers Ao =0.

1. Load stepping:

Specify externally applied stress &,,1; and magnetic field h,,; loading, set iteration
counter k =0, and set initial values for the state variables *p, 11 = P, and Lagrange
multipliers kAn+1 =Ap.

2. Residual vector:

Calculate the demagnetisation self field kh=-D . m(*p,.,), the total magnetic field
kh:EnH + *h and the residual vector

a""C (kpn+1)

k.enh (k k k. h Lk k
k. driver __ r ( Pny1s )‘n+1) _ r om( pn+1) + An—i—l : k
r - - 0 pn+1

k (k kA
9("Ppy1; " Ant1) kg("Ppits FAnst)

3. Newton update:
Check for convergence by calculating |*rdriver|:
—if ||Fpdriver|| <tol, with e.g. tol=10719 go to 4.

— otherwise, calculate the Jacobian

akrenh(kpwrh k)\n+1) akrenh(kpn+1, k>\n+1)

kJ — akpn+1 6kAn+1
gDy 1, FAng1) g1 " A1) |
8kpn+1 akATH-l

update the variables
k+1pn+1 o
k+1 >\n+1

set the iteration counter k< k + 1 and return to 2.

k
pn+1

. kal . krdriver
k
)\n+1

)

4. Postprocessing:

Calculate the strain €, (and magnetisation m,,11) of the current step as functions of
kan. Save history data p,, :kpnﬂ, set step counter n<n + 1 and return to 1.
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4.6.4 Stiffness matrix contributions

In the following representation, the brackets ((e)) marks entries that are only taken into
account for |F;| exceeding the corresponding threshold Y. The individual contributions
of the stiffness matrices (4.100) — (4.106) introduced in Section 4.3 for the constitutive
model introduced in Section 4.2 are specified as follows:

— of K45 in (4.100)

Jo
— =E 4.1

— the non-zero contributions of K 35 in (4.101)
oo o

9 E:[e) —el'], (4.136)

—of K§ in (4.103)

(4.137)

om [mir—ma] & 0 & 0
- = Mg s
Op [mlz - m22] 0 & 0 &

— the non-zero contributions of KL in (4.104)
orsve At .
a:- — <<n—£[sg S E E>> : (4.138)

ED .
~of K = in (4.105)

-<<%—: [mn — May ]>> <<$—: [m12 - m22]>>-
Al 0
8 evo Mm
{r’v = HoMs 0 At ) (4139)
ah Nm
At 0
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—of K in (4.106)

1000 0] [(aram)]
nNeg Op
01000 0
O 1o 010 o0 - | aere (4.140)
ap Mm  Op ’
00010 At OFa/e
NMm Op
00001 | o |
with
[ef — el B ey —et])
oF — Ho s hy
—a—lz 2kymao — pomg hy )
p
-2 k?l Ma1 + Ug Mg hl
| o Mg g
0F3/& 0F4/&
- =22 =0 0 2k 0 O - =22 =0 0 0 2k O] . 4.141
et | . L0 (4.141)

The dimensions of the stiffness matrices due to the contributions of the constraints
at node G, see (4.107) — (4.110), are

KSG e R KST e R KT eRY | K§{ e RV (4.142)

The non-zero terms of (4.142) for the parametrisation and the corresponding constraints
introduced in Section 4.2 are

[ I2><2 * .
KS69(2:3,2:3) =G | —— — O™}

_Hm1|| [mi-mi|2

I2><2 * * 1
KSO(4:5,4:5) =G | — - M2OMa |

KiJ(1,1)=-1, K$(1,2)=1,

*

my

lmill

K{(2:3,3) =
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K§S(L1) = —————1, K§{(21)= ————+1,
T12+)\? T22+/\G
*t
K§9(3,2:3) = 1 RN
[mi| 12 _,_)\3?2
*t
K§G(4,4:5) = =2 .
[ | ri? 4G
AE
KSC(i,0) = d —1 with i=1,...,4. (4.143)

\/Ti2+)\iG2

With (4.68) and (4.141) at hand, the contribution of the evolution equations to the
Jacobian matrix in the constitutive driver routine, as outlined in the appendix in Sec-
tion 4.6.2, is

B _ Atafhom
10000 «Eﬁ?»
i 01000 — e om?er - D - 5
or"om .
00010 %[a%;@_uomgel.p.ag;*]
_0 0 00 1_ i —%/Lom362~D-8£*
wherein
0 -t
o7 — Mo Mg hy 9
om m*
— 6;) = 2 k1 mag — poms ho +M0m§[m’{—m§]-D- Op (4'145)
—2 k1 mo1 + pomg Iy
Ho Mg ha
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5 Concluding remarks

The thesis dealt with the modelling and simulation of the microstructure evolution
in functional magnetic materials under magnetomechanical loading conditions, in par-
ticular in single crystalline NiosMnGa magnetic shape memory alloys. The objective
was the development of suitable material models to capture and simulate the nonlinear,
hysteretic, and stress-level dependent response of such materials and the embedding of
these kinds of material models into a finite element framework. For the latter, one of the
main challenges was the incorporation of the influence of the demagnetisation field that
builds up as magnetisable specimens are subjected to externally applied magnetic fields.
The demagnetisation field typically lowers the total magnetic field that is “visible” in-
side magnetisable specimens. Furthermore, since it is a non-local quantity, it heavily
influences the evolution of the microstructure at every material point. Moreover, the
demagnetisation effect depends on the shape of a specimen, such that simulated and
experimentally determined response curves, when visualised as functions of the exter-
nally applied magnetic fields, e.g. strain and magnetisation responses, always show a
structural response. In the following, the individual chapters are briefly summarised.
An outlook on possible future research activities is given at the end of the chapter.

In Chapter 2, a material model for the simulation of NisMnGa MSMAs under magne-
tomechanical loading conditions was suggested. The chapter began by introducing the
global primary fields and the micromagnetics-inspired variational framework, both being
the basis for this and the two forthcoming chapters. The assumption of macroscopically
homogeneous states allowed the reduction to a constrained minimisation problem to de-
termine the evolution of the microstructure-describing state variables. The underlying
microstructure, assumed to consist of two variants of twinned martensite with internal
domains, was parametrised by a set of state variables. In addition, the stored energy
densities of the individual martensite variants and the magnetocrystalline anisotropy
energy densities were introduced. The effective or homogenised energy densities fol-
lowed through appropriate mixture rules and energy relaxation concepts. Furthermore,
a suitable dissipation potential was introduced. The shape dependency of the system
response was captured by utilising the concept of demagnetisation factors. Several nu-
merical examples demonstrated the prediction capabilities of the proposed model. To
be precise, variant switching diagrams were introduced to visualise critical points during
the martensite reorientation under magnetomechanial loading conditions. A closer look
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5 Concluding remarks

at strain and magnetisation response curves revealed that the model generally captures
all key characteristics of the complex response behaviour of NiosMnGa. The effective re-
sponse behaviour was connected to the predicted evolution of the microstructure. This
analysis revealed that the model allows the individual and simultaneous occurrence of
all mechanisms central to MSMA behaviour.

Chapter 3 was the first step taken in the implementation of energy relaxation-based
material models into a finite element framework to simulate the material and structural
behaviour of MSMA specimens. Inequality constraints that bound the state variables
were directly taken into account in the variational framework. The dependency on
the displacement field dropped out by assuming homogeneous stress and strain distri-
butions. The first variation of a power-type potential served as a basis for the finite
element implementation. By neglecting elastic strains, the microstructure consisting of
two martensite variants with internal magnetic domains was parametrised, the magne-
tocrystalline anisotropy energy density as well as a dissipation function were specified,
and the evolution equations were derived. A newly introduced mixed element formula-
tion allows the monolithic solution of the magnetostatic boundary value problem and the
evolution equations for the state variables, that are discretised as global degrees of free-
dom in this approach. The fulfilment of the Karush-Kuhn-Tucker conditions that arise
due to the constraints was accomplished by nonlinear Fischer-Burmeister complemen-
tarity functions together with the introduction of the associated Lagrange-multipliers as
additional nodal degrees of freedom. The finite element implementation was validated
in comparison to simulations that utilised demagnetisation factors. Other simulations
demonstrated the advantages of finite element simulations, in particular by comparing
effective body-averaged response curves to experimental findings.

In Chapter 4, the ideas presented in Chapter 3 were extended by additionally in-
corporating the displacement field as a global degree of freedom. The focus lay on the
monolithic solution of the fully coupled magnetomechanical boundary value problem
and the evolution equations for the microstructure-describing state variables. Again,
the first variation of a power-type potential served as the basis for the finite element im-
plementation. The constitutive model was discussed in more detail. In particular, elastic
strains were considered and multiple parametrisations of the underlying microstructure
were introduced and connected. Energy relaxation concepts were applied to determine
an effective energy density of the mixture of the martensite variants. In this chapter,
the evolutions of all state variables—including those describing the magnetic state—
were considered to be rate-dependent and dissipative. The previously introduced mixed
element formulation was extended by additionally taking the displacement field into
account. The constraints were treated in analogy to the previous chapter. Several
numerical examples demonstrated the capabilities of the fully coupled finite element
simulations in comparison to experimental findings and simulations that utilised demag-
netisation factors. To be precise, body-averaged response curves, spatial distributions
of various quantities, and the evolution of the underlying body-averaged microstructure
were analysed and discussed for multiple load cases.
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For the proposed energy relaxation-based material models, one possible next step
would be the extension to three-dimensional problems to allow a comparison of exper-
imental data with simulated response curves of the correct specimen geometry. This
would necessitate a new parametrisation of the underlying microstructure in terms of
martensite interface normals—only in the case of a Rank-one convexification approach—
and the magnetic state. One may also consider taking the third tetragonal martensite
variant into account. Instead of isotropic elastic properties, one could use elasticity ten-
sors for tetragonal symmetry. This would require an experimental determination of the
corresponding six material parameters. Other numerical energy relaxation schemes may
be applied, e.g. higher order laminates or the consideration of magnetic compatibility.
Another possibility would be the application of the general framework to the modelling
of seven-layered 7TM modulated nearly orthorombic martensite in NisMnGa or to other
MSMAs. Furthermore, the framework might be applied to the modelling of (giant) mag-
netostrictive materials, for instance Terfenol-D, Galfenol, and cobalt ferrite, where the
effect of magnetostriction would have to be taken directly into account. One possibility
to reduce the numerical effort on the finite element level would be the introduction of
effective magnetisation vectors, whose lengths are limited by a specific value, e.g. the sat-
uration magnetisation, as global degree of freedom, cf. the micromagnetic theory, where
the spontaneous magnetisation with constant length is one global degree of freedom. In
such a case, the number of inequality constraints reduces to one. The magnetisation
on the finite element level would then be connected to the local magnetisation at the
material point level by, e.g., a penalty type approach, such as suggested by [113], where
a global damage variable was connected to a local damage variable. In addition to the
advantage of a reduced numerical effort on the finite element level, this approach would
allow the use of basically arbitrary material models at the material point level.
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