Thermal Energy Harvesting based on
Magnetic Shape Memory Alloys

zur Erlangung des akademischen Grades
Doktor der Ingenieurwissenschaften

der Fakultat Maschinenbau
Karlsruher Institut fur Technologie (KIT)

genehmigte
Dissertation
von

Dipl.-Ing. Marcel Gultig

Tag der mundlichen Prifung: 12.05.2016

Hauptreferent: Prof. Dr. Manfred Kohl
Korreferent: Prof. Dr. Chris Eberl



Karlsruher Institut fur Technologie (KIT)
Institut fUr Mikrostrukturtechnik
H.-v.-Helmholtz Platz 1

76344 Eggenstein-Leopoldshafen

This document is licensed under the Creative Commons Attribution 3.0 DE License
(CC BY 3.0 DE): http://creativecommons.org/licenses/by/3.0/de/



For my wife and my parents.



Thermal Energy Harvesting with Magnetic Shape Memory Alloys Marcel GUltig

Preface

Working in the field of shape memory alloys and energy harvesting was a great
pleasure for me. | primarily want to thank my supervisor Professor Dr. Manfred Kohl for
introducing me to these topics. | am thankful for his ongoing support and guidance in
my research, providing me with plenty of opportunities to learn and to increase my
knowledge. | thank Professor Dr. Chris Eberl for being co-supervisor and taking the
time to review my work.

Special thanks go to my colleague Hinnerk OBmer, who, beside supporting me in DSC-
Measurements and material characterization, always lend an ear to me if interesting
topics needed to be discussed. For physical and mathematical discussions concerning
simulations and the theory behind my work | want to thank Dr. Frank Wendler. For the
last two years he also enriched the corridor atmosphere by introducing open doors. |
want to thank Franziska Lambrecht for interesting discussions, proof-reading and im-
proving the working atmosphere in our corridor. Many thanks also go to Christian Lay
for proof-reading parts of my thesis. | also want to thank my colleagues of FUE1-SMD:
Ruizhi Yin, Viktor Pinneker, Randy Fechner, Christof Megnin, Dr. Berthold Krevet, Mario
Schmitt and Julian Hartbaum for making research and working a thoroughly enjoyable
experience.

Special thanks go to my collaborators at Tohoku University in Japan for providing me
with samples of magnetic shape memory alloys and thermomagnetic measurements.
Without the material of exceptional quality, this work would not have been successful.
Therefore, | want to thank Professor Takagi for supporting the collaborative work as
leader of IFS, Professor Miki for discussions and supervision of student work, and Dr.
Ohtsuka for fabrication of magnetic SMA films, discussions, and supervision of stu-
dents. | also want to thank the students Koki Tsuchiya and Eijiro Abe for fabricating the
magnetic SMA material and visiting Germany, supporting my research work.

For performing laser cutting of magnetic SMA films, | want to express my gratitude to
Heino Besser from IAM (KIT). | thank Frieder Markle for instructions in the laser handling
for performing laser-heating experiments. Further proof-reading was performed by my
friends Christoph and Uli - thank you for your time and effort.

Making lunch break a special pleasure | want to thank everyone who joined playing
"Kicker" after lunch! | am also thankful to all other IMT staff, helping me through paper-
work and all kinds of obstacles. Also my fellow PhD students made working at IMT a
really interesting and enjoyable time.

Finally | want to thank my dear wife Franziska, my parents Kornelia and Werner, and my
family for their ongoing support. You provide a quiet place | can always return to.

i



Abstract

Thermal energy harvesting technologies like thermoelectrics or heat engines suffer from
a number of difficulties on miniaturization, which is required for being competitive with
small batteries. While heat engines cannot be miniaturized below a certain size limit,
thermoelectric generators can be fabricated also as MEMS structures. However, at
small size the demand for heat sinking beyond natural convection increases or large
heat sinks become necessary. Also the power density, the most important measure for
energy harvesting technologies, is limited. Thermomagnetic energy harvesting opens
up a new approach to overcome the limitations of miniaturized thermal energy harvest-
ing systems. While having a relatively low efficiency, the thermomagnetic conversion
principle shows a large power density upon miniaturization. However, only little re-
search on thermomagnetic energy harvesting at miniature scale has been performed
and no competitive electrical output has been reported until now.
This work presents a series of novel thermomagnetic energy harvesting principles as
well as developments of corresponding layouts and demonstrators based on magnetic
shape memory alloys (SMA) belonging to the group of Heusler alloys. Sputter deposited
ferromagnetic Ni-Mn-Ga and Ni-Co-Mn-Ga films, and metamagnetic Ni-Co-Mn-In films
are characterized regarding their mechanical, thermal, and magnetic properties in order
to identify suitable materials. Large magnetization changes of up to 3.1 and
2.3 emu-(g K)' are found at the first order phase transformation and ferromagnetic
transition, respectively. These films are used to develop and investigate energy harvest-
ing demonstrators, based on self-actuated miniature cantilevers. A pick-up coil con-
verts the mechanical oscillation to electricity according to Faraday's law.
Making use of an external pick-up coil and frequency up-conversion, first generation
energy harvesting demonstrators achieve power densities of 0.8 pW-cm™® at thermal
frequencies below 6 Hz. By introducing micro-coils, fabricated from 15 pm copper wire
and attached to the cantilever tip, metamagnetic SMA energy harvesting with power
densities of up to 1.6 pW-cm™ is achieved. By reducing the thickness of magnetic SMA
material at the cantilever tip, thermal actuation frequencies of above 80 Hz are reached.
The matching of heat transfer times and eigenfrequency of the cantilever is identified as
a key to boost the power density up to 3 mW-cm™®. Further optimization in magnetic
design and integration of the heat source to the external permanent magnet leads to
considerable improvement in power density, reaching above 100 mW-cm™ at an aver-
age power output of 2.34 yW. This is an improvement of above 5 orders of magnitude
compared to the first demonstrator. Thus, thermomagnetic energy harvesting com-
petes for the first time with state-of-the-art thermoelectrics.
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Kurzfassung

Um mit Batterien konkurrieren zu konnen, mussen thermische Energy-Harvesting-
Technologien wie z.B. Thermoelektrik oder Warmekraftmaschinen verkleinert werden,
was jedoch eine Reihe von Problemen mit sich bringt. Eine Verkleinerung von
Warmekraftmaschinen ist nur bis zu einer gewissen Untergrenze moglich, wéahrend
thermoelektrische Generatoren auch als MEMS-Strukturen hergestellt werden. Diese
Miniaturisierung hat jedoch zur Folge, dass ein Bedarf an Klhlung jenseits naturlicher
Konvektion besteht, bzw. groBe Kihlkdrper eingesetzt werden mussen, um eine aus-
reichend groBe Temperaturdifferenz zu gewéahrleisten. Auch die Leistungsdichte, die
wichtigste Kennzahl fur Energy-Harvesting-Technologien, ist begrenzt. Thermomag-
netisches Energy-Harvesting bietet einen neuen Ansatz, um die Einschrankungen
miniaturisierter thermische Energy-Harvesting-Systeme zu Uberwinden. Obwohl es eine
relativ niedrige Effizienz aufweist, zeigt das thermomagnetische Prinzip bei Miniatur-
isierung eine hohe Leistungsdichte. Bislang wurde jedoch erst vergleichsweise wenig
zum thermomagnetischen Energy-Harvesting auf der Miniaturskala geforscht und die
berichteten elektrischen Ausgangsleistungen sind sehr gering.

Diese Arbeit prasentiert eine Reihe neuartiger thermomagnetischer Energy-Harvesting-
Prinzipien sowie die Entwicklung entsprechender Entwlrfe und Demonstratoren
basierend auf magnetischen Formgedachtnislegierungen (FGL), die zur Gruppe der
Heusler-Legierungen zahlen. Mittels Kathodenzerstaubung hergestellte ferromagnet-
ische NiMnGa und NiCoMnGa-Schichten sowie metamagnetische NiCoMnIn-Schichten
werden bezuglich ihrer mechanischen, thermischen und magnetischen Eigenschaften
charakterisiert, um geeignete Materialien zu identifizieren. GroBBe Magnetisierungsan-
derungen von bis zu 3,1 und 2,3 emu-(g K)"' werden jeweils fir die Phasenumwandlung
erster Ordnung sowie die ferromagnetische Umwandlung gemessen. Diese Schichten
werden genutzt, um Energy-Harvesting-Demonstratoren zu entwickeln und zu unter-
suchen, die auf sich selbst anregenden Miniatur-Biegebalken basieren. Eine Spule
wandelt die mechanische Oszillationsbewegung in einen elektrischen Strom um.

Eine erste Generation der Energy-Harvesting-Demonstratoren, die auf eine externe
Spule setzt und Frequenz-"Upconversion" nutzt, zeigt eine mittlere Leistungsdichte von
etwa 0,8 uW-cm™ bei niedrigen Frequenzen flr den thermischen Zyklus von unter 6 Hz.
Mikrospulen, die mit 15 pm dickem Kupferdraht hergestellt und auf der Biegebalken-
spitze angebracht werden, ermdglichen es, metamagnetische FGL-basierte Demon-
stratoren mit Leistungsdichten von bis zu 1,6 uW-cm™ herzustellen. Eine Reduzierung
des magnetischen Materials auf der Balkenspitze fUhrt zu thermischen Aktorzyklen von
Uber 80 Hz. Hierbei wird die Ubereinstimmung thermischer Ubergangszeiten und der
iv



mechanischen Eigenfrequenz als Schllsselkriterium identifiziert, um die Leistungsdichte
auf bis zu 3 mW-cm™ zu steigern. Eine weitere Optimierung des Magnetdesigns und
die Kombination von Wéarmequelle und Magnet fihren zu einer weiteren erheblichen
Steigerung der Leistungsdichte auf mehr als 100 mW-cm™® bei einer mittleren Aus-
gangsleistung von etwa 2,34 pW. Dies ist eine Verbesserung um mehr als funf
GréBenordnungen gegenuber den ersten Demonstratoren. Mit diesem Ergebnis
konkurrieren thermomagnetische Generatoren zum ersten Mal mit modernen miniatur-
isierten thermoelektrischen Generatoren.
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Smart Materials 1: Introduction

1. Introduction

1.1. Energy Harvesting

"Energy Harvesting" stands for the use of surrounding energy sources in order to har-
vest small amounts of energy and converting them to electricity. Possible energy
sources can be vibrations, light, wind, and thermal gradients. This thesis addresses en-
ergy harvesting of temperature gradients, which can be found in a variety of places like
a combustion engine, pipes and tanks with hot fluids in chemical or steel factories, radi-
ators in private households, and more. Harvesting energy of these sources to generate
small amounts of electricity is important to enable wireless sensor networks, as they are
proposed for the internet of things [1, 2]. By avoiding batteries and thereby high main-
tenance costs, wireless sensor networks can be established in factories, civil struc-
tures, and in nature. The data obtained through these sensor networks, measuring,
e.g, vibration, temperature, and humidity, enable the monitoring and understanding of
complex systems. This leads to health monitoring of buildings [3], optimization of
production parameters, better forecasts, and impact assessments.

Until now, research on thermal energy harvesting is focused mainly on thermoelectric
energy conversion. However, thermoelectric generators (TEG) are limited in applicability
because of their need for heat sinking beyond natural convection. Especially on minia-
turization, the performance of TEG decreases strongly, making it necessary to look for
alternatives. This work presents several novel thermomagnetic energy harvesting princi-
ples, based on using the intrinsic transducing capabilities of smart materials.

1.2. Smart Materials

The term "smart materials" describes materials that exhibit multifunctional properties,
changing significantly when stimulated by an external (thermal, electric, magnetic, me-
chanical stress) field. A large group of smart materials are ferroic or even multiferroic
materials, showing several ferroic properties such as ferroelectricity, ferromagnetism, or
ferroelasticity. Multiferroic materials feature a coupling between primary order parame-
ters as shown in Figure 1.1. By changing the magnetic field for instance, not only the
magnetization of the material changes, but also the strain of the material can be con-
trolled. These properties of multiferroic materials enable new and advanced actuation
principles. Different from conventional actuators like electromagnetic motors, the multi-
functional properties enable smart actuation, i.e. the "Material is the Machine" [4]. The
setup of such actuators is very simple in comparison with conventional actuators, and
therefore well suited for miniaturization. While it is very difficult to miniaturize the com-
plexity of an electromagnetic motor, the fundamental mechanisms of multiferroic mate-
rials take place at the atom length scale, allowing down-scaling to the nano-regime.



1: Introduction Microsystems and Thin Films

Examples for couplings in multiferroics are the magnetic field induced reorientation
(MIR) [5], the change of magnetization on external mechanical stress [6], or the change
of temperature due to an external pressure or changing magnetic field [7, 8]. These
couplings can be found in magnetic shape memory alloys, a part of the group of multi-
ferroics. They show a strong coupling between thermal, magnetic, and mechanical
properties. However, the couplings differ for each magnetic SMA material and depend
strongly on the electronic and spin interactions on atomic scale. This can be influenced
by tuning the chemical composition and microstructure of the alloys [9].

Mechano-magnetic effects
Magnetoelasticity

Figure 1.1: Coupling of thermal, magnetic, and mechanic properties in multiferroic materials. T, tempera-
ture; H, magnetic field; g, stress; S, entropy; M, magnetization; ¢, strain.

1.3. Microsystems and Thin Films

In modern technology, miniaturization is an essential element for future development. It
is driven by the desire for portability, light weight construction, decreasing costs, and
integration density in novel high-tech products. While microelectronics have seen an
extreme downsizing development over the last decades, this can also be registered for
micro-electro-mechanical systems (MEMS). Silicon based inertial sensors and electro-
static mirror arrays are examples for MEMS in new mass-market applications as smart-
phones and projectors. Microsystems are essential for the development of such new
product categories.

Thin films with transducing capability play an important role for microactuation because
of limited actuation potential of silicon based MEMS devices like electrostatic or thermal
microactuators. Especially shape memory alloy (SMA) based actuators like microvalves
[10], microscanners [11], and microgrippers [12], benefit from the advantages of thin
films. An overview of magnetic SMA microactuators is given in [13]. The high surface-
to-volume ratio enables fast heat transfer and short actuation times. Thin films are easi-
ly structured using laser machining or MEMS processes like UV-lithography [14]. An
easy assembly can also be realized, using a layer-based setup [15]. In order to fabri-
cate thin films, physical vapor deposition methods as vacuum deposition or magnetron

2



Goal of this Work 1: Introduction

sputtering are used. The fabrication mechanism of magnetic SMA thin films is de-
scribed in detail in Chapter 2.5.1. However, the integration of SMA in MEMS technolo-
gy is very challenging, as most silicon-processing steps are incompatible to SMA han-
dling and vice versa. Therefore, most SMA actuators use packaging technologies to
combine MEMS and SMA actuators.

1.4. Goal of this Work

The goal of this work is the development of novel thermal energy harvesting devices
based on magnetic SMA thin films. For this purpose, seven different magnetic SMA
films are investigated and compared in detail, determining their mechanical, thermal,
electrical, and magnetic properties. Choosing the best suited materials, concepts for
ferromagnetic SMA (FSMA) and metamagnetic SMA (MSMA) based energy harvesting
have to be developed. For each energy harvesting principle, the most important design
parameters can be identified and first proof-of-principle demonstrator devices have to
be build up. Based on the mechanical and electrical characterization of the demonstra-
tors, the possibilities and the potential of using ferroic and multiferroic magnetic SMA
thin films for energy harvesting are to be assessed. Finally, the results have to be com-
pared to other miniature thermal energy harvesting technologies such as miniature
thermoelectrics.
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2. Basics and Fabrication

This chapter describes the most important basics of the materials used in this thesis as
well as corresponding measurement and fabrication methods.

2.1. Shape Memory Alloys

As mentioned in Chapter 1.2, SMAs and magnetic SMAs are part of the ferroic material
class, showing coupled physical properties. In this chapter, several coupling effects like
the one-way and the magnetic shape memory effect are explained. Additionally, the fer-
romagnetic and metamagnetic SMAs are introduced and their main properties and
differences are described.

2.1.1 Shape Memory Effect (SME)

The shape memory effect (SME) was first discovered in the 1930s but interest remained
low until the discovery of Ni-Ti. It was commercialized as Nitinol, in the 1960s [16], and
shows remarkable properties like strains of up to 10%. Shape memory effects are ob-
served not only in metal alloys, but also in polymers and ceramic materials. This de-
scription of the SME and its mechanism will only cover metal shape memory alloys.

The occurrence of the SME requires two solid phases, a low temperature phase, called
martensite, and a high temperature parent phase, called austenite. The lattice structure
of the austenite has a high symmetry and is, e.g., cubic, while the martensite lattice has
a low symmetry with, e.g., tetragonal unit cells. In martensitic state the low symmetry
unit cells arrange with different orientations, so called variants, forming twin boundaries
in between. Generally, these twin boundaries may move easily, causing reorientation of
the martensitic unit cells. Because of the cubic lattice structure of the austenite, only
one variant and no twin boundaries exist, leading to just an elastic deformation below
the yielding point. Reverse transformation to austenite from any combination of marten-
site variants results in the same variant and therefore only one shape exists in the high
temperature state. The concept of different lattices and twin boundaries that form in
martensite is shown in Figure 2.1. Starting from austenite, having cubic unit cells, self-
accommodated martensite forms on cooling, which allows to retain the overall shape.
On applying an exernal load to the SMA, the lattice can be easily deformed by reorien-
tation of martensite unit cells and the mechanism of twin boundary motion. Depending
on the lattice structure of the material, large deformations of up to 12% in Ni-Mn-Ga
can be achieved by this effect [17]. On heating, the lattice transforms back to austenite,
recovering the original shape, as just one variant and no twin boundaries exist in the
high temperature phase.
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Phase transformations take place at certain transformation temperatures, which are de-
fined as martensite start and finish temperatures Ms, M, and austenite start and finish
temperatures As, Ay, respectively. Due to elastic strains and material inhomogeneities,
start and finish temperatures differ, particularly in polycrystalline materials. Because of
the activation energy needed to initiate the transformation a hysteresis exists between
the martensitic and the reverse transformation. This can be seen in Figure 2.9 and Fig-
ure 2.11, which show typical measurements to identify the transformation properties.
The hysteresis width depends on the compatibility of martensite and austenite lattice
structures [18].

Cooling Cooling
=) )
‘ Heating Deformation l
Heating
<= [l Austenite

J7 S\ Martensite variants

Figure 2.1: Schematic of shape memory alloy lattices on cooling, deformation, and heating.

2.1.1.7 One-Way Effect

The one-way effect of SMAs is based on a loading and heating cycle as shown in Fig-
ure 2.2. The original shape of the SMA is deformed under a mechanical load passing a
stress-plateau where detwinning of martensite variants takes place. On unloading, this
pseudo-plastic strain remains because of the detwinned martensite variants.
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Figure 2.2: Stress-strain-temperature graph of the one-way effect in SMA. The change of lattice and re-
orientation of martensite variants is depicted in the insets.

The SMA is then heated up above its austenite phase transformation start and finish
temperatures A; and A;. Thereby, the original shape is recovered because of the trans-
formation to the cubic austenite phase. Reducing the temperature again results in the
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martensitic phase transformation, starting at martensite start temperature M;, and end-
ing at the finish temperature M;. The overall shape is maintained, as the martensite vari-
ants form in a self-accommodated way.

2.1.1.2 Two-Way Effect

By training it is possible to induce lattice defects, which favor a certain orientation of the
martensite variants at the martensitic transformation. Therefore, a full two-way shape
memory effect can be triggered, as shown in Figure 2.3. On heating the original shape
is recovered, while on cooling an induced second shape is regained. There must be no
mechanical load on cooling, as this effect is not capable to deliver work output.

Cooling

=

Heating
<=

Figure 2.3: Lattice change in two-way shape memory effect. On cooling, a certain orientation of marten-
site variants is favored.

2.1.1.3 Superelasticity

The phase transformation temperatures of SMA materials depend on the free energy
equilibrium of martensite and austenite. Therefore, the change of the external energy by
a mechanical load shifts the transformation temperatures. This leads to the so called
superelasticity. If a stress is applied to SMA material at a temperature above A; in
austenitic state, martensite is formed from a critical stress on, oriented with the short
axis perpendicular to the load direction. This leads to a large stress-strain plateau, as
shown in Figure 2.4. On unloading, the transformation back to austenite takes place,
and the original shape is recovered.

O_A

G #o.
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>
e
Figure 2.4 Stress-strain graph for the superelastic effect of SMA. By applying stress, a phase transfor-
mation is induced, releasing heat. On load removal, the reverse transformation takes place, absorbing
heat.

As the stress-induced transformation releases heat, and the reverse transformation ab-
sorbs heat, this effect can also be used for cooling and heating. In [19] the elastocaloric
7
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properties of Ni-Ti flms are investigated in detail.

2.1.2 Ferromagnetic Shape Memory Alloys (FSMA)

As described in the introduction, magnetic SMA belong to the class of multiferroic ma-
terials, showing various couplings between their physical properties. Ferromagnetic
SMA (FSMA) materials belong to the group of Heusler alloys, described in detail in [20].
In FSMAs, both martensite and austenite phases are ferromagnetic, and a ferro- to
paramagnetic transition takes place at the Curie temperature Te.

The most popular FSMA material is Ni-Mn-Ga. As a bulk single crystal, it shows mag-
netic field-induced reorientation (MIR), first described in 1996 [5]. Recoverable strains of
up to 21% are possible, depending on the modulation of martensite variants [21]. The
MIR effect can be explained by the strong coupling of the short c-axis and the magnet-
ic easy axis of Ni-Mn-Ga martensite unit cells (see Figure 2.5) due to magnetic
anisotropy. Therefore, a reorientation of the martensite variants cannot only be induced
by stress, but also by an external magnetic field. The magnetization of the FSMA mate-
rial depends on the orientation of the magnetic easy axis and thereby on the orientation
of the martensite variants. By reorienting them with an external load, a magnetization
change can be induced [6].

Figure 2.5 shows the principle of the magnetic shape memory effect. In the initial single
variant state all short axes are oriented in horizontal direction (a). On mechanically load-
ing the sample, martensite variants start to reorient, and a twin boundary forms at a
certain angle (b). By the external load a large part of the sample can be reoriented in a
way that all short axes are in loading direction (c). Only a small rest of unit cells with
horizontally oriented c-axes remains, due to the pinning of the twin boundary at the
clamping. If a magnetic field is applied, the magnetic moments in the unit cells begins
to rotate (d). When the anisotropy energy is overcome, the unit cells reorient by twin
boundary motion (e). Thereby, their magnetic easy axes are aligned in the direction of

the magnetic field, as indicated (f).
f)

The MIR works best in bulk single crystals but recently it was found to work also in epi-
taxial thin films on a substrate [22]. Polycrystalline Ni-Mn-Ga material does not show

c)

a) b) '0

Figure 2.5: Schematic of the magnetic shape memory effect based on reorientation.
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MIR, because of much higher detwinning stresses due to the grain boundaries. How-
ever, the thermomagnetic behavior remains very similar, and the sharpness of the ferro-
to paramagnetic transition is only dependent on the homogeneity and the stoichiometry
of the material. Besides the transformation temperatures, in FSMA also the Curie tem-
perature can be tuned by changing the composition [23].

2.1.3 Metamagnetic Shape Memory Alloys (MSMA)

In addition to FSMA, there is another group of magnetic SMA Heusler Alloys, which are
called metamagnetic shape memory alloys (MSMA). The most prominent representa-
tives are Ni-Mn-X (X=In, Sn, Sb) alloys [24]. There are numerous other Heusler Alloys,
showing a metamagnetic behavior. Characteristic for MSMA is a para- or antiferromag-
netic martensitic phase, while the austenite is ferromagnetic. This leads to a rapid
change of magnetization at the phase transformation, as can be seen in the thermo-
magnetization curve of a Ni-Co-Mn-In sample in Figure 2.6. In contrast to the ferro- to
paramagnetic transition of FSMA, the magnetization change of the first order phase
transformation in MSMA shows a hysteresis. However, this hysteresis can be mini-
mized by tuning the lattice parameters of martensite and austenite unit cells [25].
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Figure 2.6: Typical thermo-magnetization measurements of MSMA material. In this graph the magnetiza-
tion of a Ni-Co-Mn-In alloy is shown at different external magnetic fields. The transformation tempera-
tures depend on the external magnetic field. [26] © 2006 npg

Besides the change of magnetization on heating or cooling, it is shown that an external
magnetic field can influence the transformation temperatures of MSMA. This can be
used to trigger a magnetic field induced phase transformation, which is especially inter-
esting in the field of magnetocalorics [26].

2.2. Pyroelectricity

Pyroelectricity is the effect of changing electric polarization on heating or cooling of a
pyroelectric material. The equation describing the effect shows a linear correlation of
polarization change AP and the temperature difference AT:



2: Basics and Fabrication Electromagnetism - Faraday's Law
AP=p-AT . (1)

p is the pyroelectric coefficient. Pyroelectric materials have an intrinsic dipole moment,
like piezoelectric materials. A simple explanation of the pyroelectric effect is given in Fig-
ure 2.7. On the left side, the crystal structure of a pyroelectric material is shown, includ-
ing its polarization P. On the right side, the potential energy vs. the position d of the
cation is given. The thermodynamically most favorable position for the cation is dg in
the center of the potential well. At higher temperatures or potential energies, deg
changes due to the asymmetric potential well. Thereby, the distance of the cation and
anion increases and the overall polarization decreases. If the surfaces of a pyroelectric
material are coated with metal electrodes, a surface charge is generated. On heating or
cooling, this surface charge changes, leading to an electric current, which can be used
for sensing or energy harvesting as described in Chapter 3.2.2. A more detailed de-
scription of the pyroelectric effect can be found in [27].
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Figure 2.7: Schematic of the pyroelectric effect. The equilibrium position deq changes at higher potential
energy.

2.3. Electromagnetism - Faraday's Law

Faraday's law, or the law of induction, discovered by Michael Faraday in 1831, de-
scribes the induction of an electromagnetic force upon a changing magnetic flux in a
wire loop. The change of magnetic flux can be formulated by a surface integral on the
time derivative of the flux density. Equation (2) shows the coupling of the induced elec-
tric field along the wire loop and a time-dependent change of the magnetic flux.

56 Eds=—[ B 4a 2)
A A ot

A more thorough description of Faraday's law and basic principles of electromagnetic
energy harvesting can be found, e.g., in [28].

10



Measurement Methods 2: Basics and Fabrication

2.4. Measurement Methods

In this section the measurement methods used for characterizing the material proper-
ties and the performance of the energy harvesting devices are described. As most of
the techniques are widely known, only a short introduction to each method is provided.
Further information on material characterization can be found in [29].

2.4.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique with the capabil-
ity to characterize phase transformations in a variety of different materials. The principle
is based on subjecting two cups, one with the material to investigate, the other a refer-
ence cup, to the same thermal sequence. Ideally, the reference cup has a perfectly lin-
ear response due to a constant heat capacity. This means that the amount of heat,
which is absorbed from the reference material, increases linearly with the temperature.
Phase transitions can be identified by a deviating heat flow to the second cup, contain-
ing 5 to 40 mg of the material to investigate. The differing heat flow is identified by
comparing the measured temperature below the two cups. A schematic of the working
principle is shown in Figure 2.8. Treference @NA Tsampie denote the temperatures measured
below the reference cup and the sample cup. @ and @¢ denote the heat flux for heat-
ing and cooling, respectively, and @, the heat flux into the sample related to the latent
heat.

Heating / Cooling System Heating / Cooling System

Reference cup Sample cup Reference cup Sample cup

™ Sensor—"

TReference > TSampIe THeference < TSampIe

Figure 2.8: Schematic of DSC working principle on heating and cooling, respectively.

The temperatures Treerence @Nd Teampee INCrease linearly until a phase transition takes
place. If the phase transformation is endothermic, like the reverse martensitic transfor-
mation from martensite to austenite, latent heat is absorbed by the sample. This leads
to a temperature difference, which is proportional to the absorbed heat. On cooling, the
martensitic transformation, which is exothermic, takes place and the sample provides
the latent heat as additional heat flux, which leads also to a temperature difference.
Measuring this temperature difference, and therefore the heat flux into the sample ver-
sus a temperature sequence, leads to material specific DSC curves. A DSC measure-
ment for the magnetic SMA thin film material Ni-Mn-In-Co is shown in Figure 2.9. The

11
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beginning and ending of the peaks, determined by the tangent method, indicate the
start and end temperatures of phase transformation. The latent heat can be calculated
by calculating the area below the transformation peaks. Further information on how to
perform and analyze DSC measurements is given in [30].
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Figure 2.9: DSC curve of a magnetic SMA thin film material.

2.4.2 Electrical Resistance Measurement

The lattice parameters of SMA materials change strongly between austenitic and
martensitic phase. This change in lattice parameters also influences the electrical con-
ductivity of the material. Therefore, measuring the electrical resistance of a SMA sample
at different temperatures, is a relatively easy means to check the transformation tem-
peratures. In order to measure the resistance as function of the temperature, the SMA
material is placed in a thermostat where it is connected according to the four-wire
method as depicted in Figure 2.10.

Four-Wire Measurement

e
[ ] [ ]
Voltage ‘ Current
\
\ Power
Suppl
Heating/ Y “PRYy
Cooling System

Vacuum

Figure 2.10: Schematic of electrical resistance measurement using the four-wire method.

The heating and cooling systems are controlled to hold a steady temperature, at which
the resistance of the sample is measured. The whole thermostat is in vacuum to pre-
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vent the SMA from oxidation at elevated temperatures.

Figure 2.11 shows a typical electrical resistance vs. temperature curve of a magnetic
SMA thin film, showing first a linear increase of resistance in the martensitic phase, then
a drop in resistance. In most cases, the austenitic phase has higher conductivity due to
the higher symmetry of the lattice. Therefore, the transformation from martensite to
austenite can be identified by a drop of resistance on heating. Further heating causes a
linear increase in resistance of the austenitic sample. At about 80 °C, a second nonlin-
earity can be identified, which is due to the loss of magnetic ordering at the ferro- to
paramagnetic transition.
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Figure 2.11: Electrical resistance versus temperature of a Ni-Mn-Ga sample.

On cooling, the increase of electrical resistance is at lower temperatures than the resis-
tance drop, due to the hysteresis of the transformation. In martensite, the electrical re-
sistance then decreases linearly. For evaluation of the measurement, the linear increase
in resistance of the martensitic and austenitic phase, as well as the resistance drop
during transformation, are fitted by tangents. The intersections of the tangents then de-
note the start and finish temperatures of the martensitic and reverse transformation,
which are As and A; for the transformation from martensite to austenite, and M and M
for the reverse transformation. The hysteresis width is derived by the equation

;
AT=5 (A =M +A=M). 3

Hys

2.4.3 Tensile Measurements

Investigations of the mechanical properties of the SMA materials, as well as of other
structural elements, are performed with a Zwicki-Line tensile test machine from Zwick
Roell. It is equipped with a 50 and a 5 N load cell with an accuracy of 1%. Before the
actual measurement of the samples, a rigid reference measurement has to be per-
formed in order to compensate the error evoked by the intrinsic strain of the load cell.
Figure 2.12 shows a photo of the tensile test machine. For the tensile test experiments
the magnetic SMA films are structured by lithography to stripes of 2 mm width. The
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specimens are then mounted by adhesive bonding to ceramic plates, which are fixed in
the tensile test machine.

Figure 2.12: Photo of the Zwicki-Line tensile test machine.

2.4.4 Elastometer

For small forces below 0.1 N, the tensile test machine is not suited very well. Therefore,
measurements requiring a higher resolution are performed with an elastometer. The
working principle of this machine is similar to a high precision balance, but with an in-
verse setup and a hook to apply forces on the specimens. The hook rests stationary,
while a platform, upon which the specimen is fixed, can be moved up and down. The
position of the platform is monitored by an electronic micrometer gauge with a resolu-
tion of 10 pm.

2.4.5 Current Measurement

The electric output of the energy harvesting system is measured using a low-noise cur-
rent preamplifier Model SR570 of Stanford Research Systems. Depending on the elec-
tric signal, a sensitivity of 107, 10°, and 10 A/V is chosen, having an input impedance
of 10000, 100, and 1 Q, respectively. The output of the current preamplifier is a voltage
between +£5 V, which is measured with an A/D card of National Instruments at a rate of
1000 to 5000 Hz.

2.4.6 SQUID Measurement

Thermomagnetic measurements are performed at Tohoku University in Japan with a
superconducting quantum interference device (SQUID), capable of measuring very
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small magnetic fields. The used machine is an MPMS2 from Quantum Design, Inc. It
measures the material magnetization of the magnetic SMA material at external magnet-
ic fields of up to 1 T and in a temperature range between 1.8 and 400 K. The resolution
is 1-107"" A-m™.

2.4.7 X-Ray Diffraction Method (XRD)

Using the X-ray diffraction method (XRD), it is possible to investigate the crystal struc-
ture of materials. Caused by Bragg-reflections, peaks appear at certain angles of X-ray
irradiation. Thereby, it is possible to identify the lattice structure of austenite and differ-
ent martensitic variants. The method is especially helpful to characterize the crystalliza-
tion process taking place during the heat treatment of free-standing magnetic SMA
films after sputtering (see Chapter 2.5.2).

2.4.8 Infrared Thermography

Infrared thermography is performed using the FLIR A655 camera, equipped with a
measurement system based on bolometers. The camera is able to record infrared
videos with its full resolution of 640 x 480 px at up to 50 fps. High speed videos at
200 fps are recorded with limited resolution. However, because of the physical limita-
tions of the passively cooled bolometer, the dynamic range at high frame-rates is limit-
ed. To achieve a higher resolution of the investigated area, the camera is equipped with
a macro lens, which allows to record infrared videos of an area of 16 x 9.5 mm?® with a
pixel resolution of approximately 25 pm. Figure 2.13 shows a picture of the camera
model.

Figure 2.13: Infrared thermography camera FLIR AB55.

2.4.9 Image Tracking

The movements of the energy harvesting demonstrators are investigated with a high
speed camera (Keyence VW-6000 Motion Analyzing Microscope) with 50x magnifica-
tion optics, 250 fps and a shutter time of 1/2000 s. Using the built in image-tracking
software, the x and y component of the movement can be measured. As the move-
ments recorded during this work are sometimes quite fast, this method has limitations
because of the blurring during movement. This leads to an insufficient detection of the
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tracked object. However, in some cases image-tracking is the only feasible method, as
the camera can be placed on the side and does not to be positioned in line of the
movement as it is the case for, e.g., a laser distance sensor.

2.4.10 Laser distance sensor

For displacement measurements at high sample rates of up to 5000 Hz with a spatial
resolution of 0.5 pm, a laser triangulation sensor is used (Panasonic HL-G103). It
measures in a range of 8 mm and can record 3000 samples. At 5000 Hz, the recorded
time in the buffer is 0.6 s. The triangulation method is based on a reflection of the laser
beam back to the sensor. By evaluating the arrival angle of the reflected light, the dis-
tance of the object can be tracked. This method is limited to applications in which the
sensor can be aligned with respect to the (linear) movement.

2.5. Fabrication

The magnetic SMA films used in this work are all fabricated at Tohoku University,
Japan. This section describes the sputtering process of the magnetic SMA films of 1 to
10 pm thickness and presents the most important fabrication techniques used at IMT.

2.5.1 Magnetron Sputtering

The term sputtering describes a physical vapor deposition technology, used to either
coat a substrate, or to fabricate free-standing thin films by releasing them afterwards.
Particles like argon ions form a plasma and are accelerated towards a sputter target,
consisting of the material which needs to be transmitted to the substrate. On impact,
the particles break the atomic bonds and release atoms of the target, which then de-
posit on the substrate. A schematic of a sputtering chamber using the magnetron sput-
ter technique is shown in Figure 2.14.
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Figure 2.14: Schematic of magnetron sputtering process. lons are accelerated towards the target,
breaking atomic bonds and releasing target atoms, which deposit on the substrate.

The thin magnetic SMA films in this work are fabricated in a radio frequency (RF) mag-
16
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netron sputtering machine Shibaura CFS-4ES. Magnetron sputtering means that a
magnetron is used to increase the ion density above the target, thereby increasing im-
pact power and sputtering speed. The RF sputtering helps to prevent a charge build-
up on the targets. As a speciality, the sputtering machine has an additional DC sputter-
ing source, making dual magnetron sputtering with a second target possible. The RF
sputter target is used to deposit the main component as Ni-Mn-Ga or Ni-Mn-In, and
the DC sputter target is used to add small amounts of Co or Fe. PVA sheets are used
as substrates, from which the sputtered films can be easily detached. The pressure in
the chamber is 2:10 Pa. More data on the sputtering process is provided in [31].

2.5.2 Heat treatment

Heat treatment of as-deposited free-standing magnetic SMA films leads to a crystalliza-
tion of the initially amorphous samples. Transformation properties like sharpness and
hysteresis strongly depend on the heat treatment parameters, i.e. overall heating time
and temperature. Generally, heat treatment takes place at 700 to 1000 °C for 1 to 10
hours. In [32], the correlation of microstructure and heat treatment is described. Fig-
ure 2.15 shows cross sections of Ni-Mn-Ga films, sputtered with 200 W in a RF mag-
netron sputtering apparatus, after different heat treatment.
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Figure 2.15: Changing microstructure of sputtered Ni-Mn-Ga films at different heat treatment tempera-
tures. [32] © 2000 IOS press

2.5.3 Lithography and Wet Etching

Lithography is a basic and well established microstructuring technology. The process
used in this work to structure magnetic SMA film cantilever is depicted in Figure 2.16.
The magnetic SMA film is fixed on a substrate with a sacrificial layer in between. Using
a spin coater, a thin layer of photosensitive "positive" resist is deposited on the sample.
After soft baking at 90 °C for 5 minutes, which is a curing step for the resist, a printed
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foil mask is put onto the resist layer. UV-light in a well defined dosage is used to selec-
tively break the linkages in the resist polymer. The exposed resist dissolves in a devel-
opment step with special developer solution, and a resist mask remains. The magnetic
SMA thin film is structured with the fabricated resist mask by submerging the substrate
in an etchant mixture of hydrofluoric acid, nitric acid, and deionized (DI) water. After 1 to
2 minutes, the magnetic SMA film in unprotected regions without resist is completely
etched off, and the substrate is rinsed with DI water. Afterwards, the remaining resist is
stripped away with Acetone, and the structured sample is released from the sacrificial
layer. A detailed wet-etching process of Ni-Ti is described for instance in [33].

MSMA film

Sacrificial layer ﬁ Development
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Figure 2.16: Schematic of the chemical wet-etching process.

2.5.4 Laser Cutting
Besides the possibility to structure the free-standing magnetic SMA films by lithography
and wet chemical etching, as described in Chapter 2.5.3, it is also possible to use a
laser cutting technique. Figure 2.17 shows typical laser structured samples of a Ni-Co-
Mn-In free-standing film of 5 ym thickness.

Figure 2.17: Laser-structured Ni-Co-Mn-In films on alumina substrate. The lengths of the rectangle sides
are 1 and 1.5 mm, respectively.

At the Institute of Applied Materials (IAM), which is part of the KIT, it is possible to use
the ACSYS Piranha Il Multi F20. It is equipped with a 20 W Nd:YAG laser-source of
1064 nm, having a minimum beam width of 40 pm, a pulse frequency of 20 - 80 Hz
and a pulse length of 100 ns. The laser speed is between 1 and 3000 mm-s™. Because
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this laser system makes use of the ablation method, some residuals of the melted ma-
terial redeposit at the edges.

2.5.5 Microcoil Fabrication

For the electromagnetic conversion of mechanical motion to electricity, a miniature coil
is needed. The set-up for fabrication of this coil is shown in Figure 2.18.

Figure 2.18: Set-up for fabrication of microcoil, using a 2 x 2 mm? coil core on a rotating pin and a 15 um
thick copper wire.

In order to maximize efficiency and power output, a high number of coil windings is de-
sired. The goal of maintaining a small size is achieved using a very thin copper wire of
only 15 pm diameter. The microcoils are fabricated manually. An individual coil-core is
made from polyimide or polyester foils, consisting of an inner core and outer, limiting
sheets. The thicknesses of the foils are 25 um for the outer sheets and 200 to 500 pm
for the core. The parts are assembled by stacking and using an epoxy adhesive. After-
wards, the coil-core is mounted to a rotating pin. By careful manual rotation, the coil-
core is filled with thin copper wire windings in between the outer limiting sheets, as can
be seen in Figure 2.18. Generally, microcoils with 100 or 200 windings are fabricated in
such a manner. The overall size of a typical microcoil is 2 x 1.5 x 0.4 mm?®.
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3. State of the Art of Thermal Energy
Harvesting

Large scale energy harvesting from light and wind, using solar cells and wind turbines,
is widely used today and competitive to other on-grid electric power generation. Apart
from this large scale energy harvesting, off-grid systems, powering smaller isolated ap-
plications, also often use light, wind or small thermal power plants in combination with
batteries to guarantee full service time.

Micro-energy harvesting for systems with low energy need is an essential part of future
extensive wireless sensor networks [1, 34]. As batteries have only a limited lifespan, al-
ternative energy supply becomes important, especially at places difficult to reach,
where a replacement of batteries is not possible. This can be achieved by harvesting
energy from light, vibration, and temperature differences in the environment [35]. As this
work has its focus on thermo-magneto-mechanical energy harvesting using magnetic
SMA film devices, first a short introduction to kinetic (mechanical) energy harvesting is
given, followed by an overview of different thermal energy harvesting principles. In the
second part the state-of-the-art of research on thermomagnetic energy harvesting and
magnetic SMA actuation is presented.

3.1. Kinetic Energy Harvesting

Research on vibrational energy harvesting has been performed extensively in the last
decade. Piezoelectric [36], electromagnetic [37], electrostatic [38], and triboelectric [39]
principles are the most important ones, and they are already very close to application in
energy harvesting systems. The principles are mostly based on a mass-spring system
and exist from MEMS size up to macro scale. Figure 3.1 shows a typical piezoelectric
energy harvesting principle based on a bimorph cantilever. Cantilever designs are favor-
able for piezoceramics, as only small strains are possible. The proof mass leads to a
deflection of the cantilever if the anchor is accelerated. Thereby, a voltage is induced in
the piezoelectric layer.
Anchor

Piezo layer
I - Passive layer

Proof mass
Figure 3.1: Typical piezoelectric energy harvesting principle.

Electromagnetic energy harvesters are mainly based on linear movements of a mass-
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spring system, e.g., a permanent magnet moving with respect to a pick-up coil. Also
moving (planar) coils are fabricated to oscillate in the magnetic field of a fixed perma-
nent magnet. An example for a MEMS based electromagnetic energy harvesting device
with @ moving magnet and electroplated planar coils is shown in Figure 3.2 [40].

' % F popooooooooO
; 7 Bog8000800
NdFeB m '
Two-layer Cu coil
Supporting s:llcon structure Glass substrate

Figure 3.2: Schematic and picture of a MEMS based electromagnetic energy harvesting device with elec-
troplated Cu coils. The magnet has a dimension of 2x2x1 mm?®. [40] © 2010 IEEE

Electrostatic energy harvesting is based on the relative movement of the electrodes of a
capacitor. One elastically supported electrode is the mass, moving in relation to the
fixed plate. Figure 3.3 shows the principle of an electrostatic energy harvester. A de-
tailed overview of different principles and their theoretical description thereof can be
found in [38].

A » x2S p x g B
o—— bbbl

Figure 3.3: Schematic of electrostatic energy harvesting devices. [38] CC BY 3.0 © 2012 The Authors

All these systems, but especially the piezoelectric harvesters, have in common that they
work best in resonance. This limits their application potential. Research is ongoing to
overcome this problem, e.g., by introducing self-adjusting vibrational energy harvesting
systems, suitable for a broad range of stimulation frequencies [41].

Besides conventional kinetic energy harvesting, numerous exceptional principles can
be found. One of these, the FSMA based kinetic energy harvesting method, is of spe-
cial interest, as the used FSMA material is very similar to the material investigated in this
work. Because of the high anisotropy of magnetization along the magnetic easy axis
and magnetic hard axis of single crystalline Ni-Mn-Ga, also described in Chapter 2.1.2,
it is possible to use a mechanically induced reorientation to change the magnetic flux in
a magnetic circuit. If the mechanical load is coupled to an external vibration source, an
energy harvesting device with remarkable energy density can be build, as is shown in
[42-44].
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3.2. Thermal Energy Harvesting

Thermal energy sources in the environment can be categorized into high grade and low
grade heat sources. High grade heat sources at temperatures above 250 °C are avail-
able in aluminum, iron, and cement production facilities, amongst others. However,
most of the available heat energy comes from low grade heat sources like waste heat
of power plants, air conditioning, process heat from chemical industry, and human
body heat. As the accessible energy is limited by the Carnot efficiency, the number of
available heat sources should be multiplied by their maximum Carnot efficiency. The
result shows that the maximum of accessible thermal energy can be found at heat
sources of about 100 °C [45]. For this reason, thermal energy harvesting with low
grade heat sources at 100 °C is a very convenient way to supply low power systems
like wireless sensor nodes at unaccessible places.

The absolute efficiency n.s is defined by the electrical output W, and the thermal input
energy Q.

Wout
nabs = Q— ' (4)

For evaluating different thermal energy harvesting concepts the efficiency is compared

to the thermoelectric maximum of the Carnot cycle, resulting in the relative efficiency
N, @S Shown in Equation (5).

na S
nre/ =— (5)

Ncarmot

However, in many cases it does not make sense to only look at the efficiency, especial-
ly if the available heat is abundant. In these cases, the power density of the energy har-
vesting devices is of much more interest, as it defines the overall package size of a sys-
tem, e.g., a self powered sensor node. Energy harvesting devices in general have to
compete with batteries and are therefore required to have a maximum power density to
gain an advantage over a battery of the same size, but with only a limited energy reser-
voir. The power density can be given either relative to the surface or the volume. This
work mainly focuses on the power density p,. The definition is dependent on the electri-
cal power P and the volume v:

b, =2 ©
74

Until now, the main focus of thermal energy harvesting research is on thermoelectric
generators. Only little research is performed on pyroelectric, shape memory, thermo-
magnetic harvesting, and miniature heat engines. Therefore, in this chapter only the
state-of-the-art of the most common thermal energy harvesting principles will be dis-
cussed, with a focus on thermoelectrics. Thermomagnetic energy harvesting, as the
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main focus of this work, will be discussed in Chapter 3.3.

3.2.1 Thermoelectric Generators
The thermoelectric effect was discovered by Thomas Johann Seebeck in 1821 and de-
scribes the occurrence of a voltage in an electric circuit of two different conductors if
the links between the conductors are held at different temperatures, as shown in
Figure 3.4.

Wire A

Figure 3.4: Generation of a voltage if the electric circuit, consisting of wires of different conductors, is ex-
posed to a hot temperature Ty at the left, and a cold temperature T¢ at the right link.

This effect can be explained by the principle of thermodiffusion. The charge carriers at
the hot side have a longer free path, caused by their higher energy compared to the
charge carriers on the cold side. This difference leads to an accumulation of charge
carriers at the cold side by diffusion. Resulting from that, an electric field forms along
the material, as depicted in Figure 3.5. A more detailed explanation of this effect in-
cludes the temperature-dependent change of the Fermi-function of the material [46].

Thermodiffusion

Thot _> Tcool

Electric field

S —_— ©

Figure 3.5: Principle of thermodiffusion: hot charge carriers have a longer length of run. Therefore, diffu-
sion towards the cold side takes place. An electric field is generated in the material.
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The Seebeck coefficient describes the materials capability to generate an electric field
when submitted to a thermal gradient. While pure metals only show very low Seebeck
coefficients, semiconductors can show much larger values. The voltage V, generated in
a thermoelectric material, is dependent on the temperature difference AT and the See-
beck coefficient S:

V=S-AT. (7)
A thermocouple, basis of thermoelectric generators (TEG), comprises two thermoelec-
tric materials with Seebeck coefficients of opposite signs. These materials are electri-
cally connected in series, as shown in Figure 3.6. Because of the opposite sign of the
charge carriers, the diffusion induces an increased voltage, consisting of the contribu-
tions of both thermoelectric materials. The voltage can be raised linearly by just
connecting more thermocouples in series.

Figure 3.6: Thermocouple of a thermoelectric generator. A hot and cold reservoir are connected. Be-
cause of different Seebeck coefficients, a voltage is generated in the thermocouple.

A figure of merit ZT was introduced in order to evaluate and compare different thermo-
electric materials and devices. It comprises the electric conductivity o, the Seebeck co-
efficient S, the thermal conductivity 4, and the mean temperature T:

2
7O ST

T. (8)

The figure of merit can be used to calculate the maximum conversion efficiency in de-
pendence of the Carnot efficiency nc (see [47])

R ©)

The maximum power output correlates directly with the heat flux through a thermoelec-
tric generator. As the thermal conductivity of a thermoelectric device is often relatively
low, the main drawback for thermoelectric energy harvesting is the need for heat sink-
ing beyond natural convection [48]. Usually, a large heat sink, several times the size of
the harvester itself, is necessary to achieve a sufficient thermal gradient of several de-
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grees Celsius and a large heat flux.

Another problem of thermoelectrics is the challenge to develop new materials with a
higher efficiency than conventional thermoelectric materials showing ZT values of about
1 in a limited temperature range. After extensive research in the field of thermoelectrics,
the highest ZT value, found at 900 K in a SnSe single crystal, is 2.6 [49]. At room tem-
perature even nanostructured material does not exceed a ZT value of 1.5 [50]. Another
approach to make thermoelectrics interesting for applications, despite their relatively
low efficiencies, is to make them very cheap by printing organic thermoelectric material
on a thin foil in a roll-to-roll process [51]. Nonetheless, the limited power density re-
mains a flaw, making it interesting to search for alternatives.

3.2.2 Pyroelectric Energy Harvesting

The pyroelectric effect, described in Chapter 2.2, was first described scientifically in the
early eighteenth century [27]. For a long time, it was only an interesting phenomenon. It
became important for application after it was proposed to use pyroelectric tourmaline
crystals as IR sensors in spectroscopy [52]. This is still the most important use of pyro-
electric material today. As pyroelectric materials are closely related to piezoelectric ma-
terials, it is obvious to investigate also the energy harvesting capabilities of the pyro-
electric principle, as the pyroelectric effect is inherent to a lot of piezoelectric materials,
already used for energy harvesting. In [53], the theoretical competitiveness of pyro-
electrics compared to thermoelectrics is described, but a practical device to verify the
potential of the pyroelectric energy conversion is still missing. This is probably also due
to the difficulty to provide a changing temperature instead of a stationary temperature
gradient in order to generate electricity. However, several proof-of-principles were pre-
sented, making use of small heat engines, moving the pyroelectric material between a
heat source and a heat sink [54-56].

3.2.3 Other Thermal Energy Harvesting

Besides thermoelectric and pyroelectric energy harvesting there exist numerous other
possibilities to convert heat to electricity in small dimensions. A collection of MEMS
based and miniature thermal energy harvesting systems and micro-heat engines can
be found in [45]. The field of thermomagnetic energy harvesting will be discussed in de-
tail in Chapter 3.3.

3.3. Thermomagnetic Actuation and Energy Harvesting

It is possible to use the thermomagnetic effect of a changing magnetization on heating
or cooling of a material due to a 1st or 2nd order phase transformation to drive a motor
and generate mechanical energy. The second option of using the changing magnetiza-
tion at the ferromagnetic transition has been first proposed 1889 by Nicola Tesla in his
US patent "Thermo Magnetic Motor" [57]. A patent drawing is shown in Figure 3.7,
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comprising a permanent magnet (N), ferromagnetic material (A), and a heat source (H).
In this chapter, the previous work on thermomagnetic motors will be summarized and
an overview of thermomagnetic actuation based on magnetic SMA will be given.

Figure 3.7: Thermomagnetic motor, patented by Nicola Tesla in 1889. [57]

3.3.1 Thermomagnetic Motors based on Ferromagnetic Transitions

Research on thermomagnetic motors has been very slow during the last century be-
cause of the very low efficiencies achievable by the available materials. In 1949,
Brillouin did some theoretical estimates on the efficiency [58]. Further research was
then conducted mostly by taking Gadolinium into account as active material, as it be-
came more readily available [59-61]. Gadolinium has a Curie temperature close to room
temperature and is therefore interesting for experimental work [62]. Different concepts
based on fluidic heating and cooling of this thermomagnetic material were proposed by
Kirol [63]. In 1988, Solomon did further calculations and optimizations and developed a
general model [64]. In recent years, new models and investigations of the thermomag-
netic motor, also called Curie machine, were build up, making use of the finite element
method (FEM) and multiphysics simulation to optimize the design [65-68]. A solely
theoretical and very general study on efficiencies of thermomagnetic motors is present-
ed in [69].
Researchers at UCLA presented a miniature energy harvesting prototype based on the
change of magnetization of Gadolinium. A piezoelectric spring structure moves the ma-
terial between a hot and cold reservoir, as shown in Figure 3.8 [70, 71]. The results of
this work comprise a characterization of the mechanical energy available in the system
and an analytical approach to estimate a potential electrical output. A maximum area
density of power of 3.6 mW-cm™? is claimed to be achievable, using high efficiency
piezoelectric energy conversion. The system design was analyzed theoretically in sub-
sequent work with regard to power output and efficiency, stating that with optimiza-
tions an average power output of more than 250 pyW is achievable, corresponding to a
power density of up to 1 mW-cm™ [72]. Also, a study on improved material was con-
ducted showing maximum relative efficiencies of up to 20% of Carnot. A need of mate-
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rials with large AM/AT and very homogeneous magnetization, found in single crystals
for instance, was identified as well [73]. Sandoval et al. investigated the use of Nickel
nanofilims and the change of thermodynamic efficiencies [74].

Leave Spring Amb|ent/CoId Side
\ Spacer
Soft Ferromagnet
Hot Side l t Hard Magnet
c)

Figure 3.8: Demonstrator device of a miniature thermomagnetic energy harvester. [70] © 2007 AIP Pub-
lishing LLC

Further work on miniaturized thermomagnetic energy harvesting includes the modeling
of a harvester based on a thermomagnetic fluid [75], another model of a Gadolinium
based harvester with piezoelectric transduction [76], and two demonstrator devices,
using Gadolinium as well as piezoelectric material to generate electric energy [77, 78].
These demonstrators showed very low frequencies (<0.6 Hz) and therefore an extreme-
ly low power output.

This previous work on thermomagnetic harvesting and the numerous models of effi-

ciency and power output give some very important clues on further development of

thermomagnetic energy conversion systems.

e The thermomagnetic energy conversion is interesting for small temperature differ-
ences AT. The overall efficiencies are low because of the small AT but the relative effi-
ciency compared to the Carnot cycle can get as high as 50%.

e Thermomagnetic energy harvesting is very suitable for small scale and thin films as
the reduction of mass and large surface to volume ratios enable high cycling frequen-
cies. This allows for high power densities.

* In order to achieve high relative efficiencies 7., materials should show a large change
of magnetization AM in a small temperature interval AT.

3.3.2 Energy Harvesting by 1st Order Phase Transformation
Besides using the ferromagnetic transition in order to create electricity, magnetization
changes of the material due to first order phase transformations can be used. Metam-
agnetic materials such as MSMAs, having a nonmagnetic martensite and a ferromag-
netic austenite phase, show very abrupt changes in magnetization [25]. This is due to a
large change in lattice parameters on phase transformation. For energy harvesting at
small temperature differences, the hysteresis of the phase transformation has to be
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close to zero. In order to obtain zero-hysteresis material, the lattices of martensite and
austenite have to be tuned to a good compatibility, which can be expressed by the A,
parameter [79]. 1, = 1 gives a perfect match of the lattices, leading to zero hysteresis
material [80]. At A, values close to 1, with a deviation below 0.0032, the hysteresis of
most SMA is below 10 K [80], enabling abrupt changes of physical properties like mag-
netization on heating or cooling. Besides narrow hysteresis, a good compatibility of
martensite and austenite phase also ensures a low functional fatigue [81], as a good re-
versibility of the first order phase transformation is ensured. Srivastava et al. present in
ref. [25] the quaternary Heusler alloy Nis;sCosMnseSnye with 1, = 1.0032, showing a hys-
teresis of just 6 K and additionally very sharp transformations.

Based on the strong magnetization change and narrow hysteresis, Srivastava et al.
propose an energy harvesting principle which directly converts a temperature change
into electricity [82]. This is achieved by heating and cooling a bulk sample of the meta-
magnetic Ni-Co-Mn-Sn material, placed inside a pick-up coil and magnetized by an ex-
ternal permanent magnet as shown in Figure 3.9. The changing magnetization on first
order phase transformation leads to an induced current in the pick-up coil, according
to Faraday's law. The energy harvesting principle is explained in detail in Chapter 6.

Figure 3.9: Energy harvesting principle based on the direct conversion of heat to electricity, using the first
order phase transformation of MSMA. [82] © 2011 WILEY-VCH

The experimental efficiencies are very low, however, a high power density is pro-
claimed, competing with state-of-the-art thermoelectric energy harvesting devices. A
theoretical model of the efficiency is presented in ref. [83], and ref. [84] introduces a
simulation of an energy harvesting principle, similar to the thermomagnetic actuator
presented in [70].

3.3.3 Magnetic Shape Memory Actuation

Thermomagnetic conversion principles are not limited to generate electricity from heat,
they also can be used for thermal actuation. An overview of miniature magnetic SMA
based actuators can be found in [13]. A more detailed description shall be given on the
magnetic SMA microscanner, proposed and shown in [85].

A double beam cantilever, made from free-standing Ni-Mn-Ga thin films, is fixed on a
substrate on one end and a mirror is attached to its front end. The double-beam
cantilever is electrically contacted and can be heated by periodic electric heating puls-
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es. Above the cantilever, a magnet is positioned, deflecting it in its initial state, as can
be seen in Figure 3.10. On heating, the magnetic force decreases and the shape mem-
ory force occurs, setting the cantilever back to a horizontal position.

....

Figure 3.10: Principle of magnetic SMA based microscanner and a picture of the actual demonstrator
device. [86] © 2006 IOS press

By pulsing the electric current in order to periodically heat the cantilever, very high actu-
ation frequencies of up to 200 Hz are achievable. The high deflection angle of the
cantilever makes it possible to use it for optical scanning applications, e.g., detection of
obstacles in driving assistance systems [86].
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4. Material Characterization

The material systems used in this work are ferromagnetic SMA (FSMA) based on Ni-
Mn-Ga, and metamagnetic SMAs (MSMA) based on Ni-Mn-In. The fabrication and opti-
mization of these materials has been done at the Tohoku University in Sendai, Japan.
Thin films of 5 um thickness are fabricated by dual magnetron sputtering, described in
Chapter 2.5.1. Co is added to these base systems to increase the magnetization and
adjust the Curie-temperatures Tc.

Four FSMA and three MSMA films are investigated in detail, listed in Table 4.1 and Ta-
ble 4.3. Measurements of mechanical, thermal, electrical, and magnetic properties are
performed to identify the samples that are most suited for actuation. These samples
can be differentiated by desired properties like:

¢ |arge deformation before crack,

e narrow hysteresis,

¢ sharp martensitic and reverse transformations,

¢ large change of magnetization AM/AT in a small temperature window,

® large maximum magnetization.

By identifying FSMA and MSMA films showing these properties, first steps towards ma-
terial optimization are taken by tailoring the composition of sputtered films and applying
a suitable heat treatment.

4.1. Ferromagnetic Shape Memory Alloys

Table 4.1 shows an overview of the Ni-Mn-Ga and Ni-Mn-Ga-Co films, which are char-
acterized in this chapter. Pspu1 iS the RF sputtering power, used for target 1, Pspu-o IS
the DC sputtering power for target 2. The heat treatment is described by the heat treat-
ment temperature Ther and the heat treatment time given by tyeq.

Table 4.1: Overview of the investigated FSMA films.

Target 1 Psou1 (W) Target 2 Pspue (W) Composition Theat (°C)  Thieat (8)
Nisg sMnosGags 5 200 - - Nis1.sMnog sGao s 84?80+ 3§ggo+
Nis,Mn,,Gas, 200 Co S Nis1 6MN22 ,Ga39C0s 3 900 3600
Ni49.5Mn286a22,5 200 CO 5 Ni49,3Mn26.3GaZZ.4COZ.O 900 3600
Nisg.sMnN2sGans 5 200 Co 12 Nis7 sMnN2s .Gan1 §C04 7 900 3600
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4.1.1 Mechanical Characterization

The mechanical characterization is performed by tensile tests. The principle and the
measurement setup are described in Chapter 2.4.3. The results of the tensile tests are
shown in Figure 4.1. The sample Nis; sMn22.Gags oCo,5 With the highest Ni content is very
brittle and reaches a comparatively low maximum strain of 0.4%. However, it also
shows a relatively high Young's modulus of about 64.3 GPa. The NisgsMngssGass sCosp
sample shows a larger maximum strain of up to 0.73%, having a Young's modulus of
38.3 GPa. The third sample (Nis; sMnys.Gass sC047), Shows a much larger maximum strain
of up to 1.23%, and a significantly lower Young's modulus of 14.3 GPa.
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Figure 4.1: Tensile test of Ni-Co-Mn-Ga samples. The Young's modulus is marked in the graph.

4 1.2 Thermal Characterization

The thermal characteristics, such as transformation width and hysteresis of the FSMA
films, are measured with DSC and electrical resistance measurements, as described in
detail in Chapter 2.4.1 and Chapter 2.4.2. Figure 4.2 shows the temperature depen-
dent electrical resistance of the four FSMA film samples. The transformation start and
finish temperatures As, A, Ms, M, as well as the Curie temperature T, are indicated in
the graphs. It can be observed that the transformation temperatures are spread over a
wide range and differ strongly between the different samples. This indicates that the
composition and especially the Co content strongly affects the transformation.

The Nz sMngs.Gag sC0, 7 film sample with the highest Co content also shows the high-
est transformation temperatures between 120 and 190 °C. The Nis; MnNys2Gas39C0, 3
film shows a similar course of electrical resistance vs. temperature with transformation
temperatures between 97 and 145 °C. Different from the Nisg3sMnussGagzs 4C0o,0 and
Nis1 sMnos sGag.s Samples, no kink, indicating the Curie temperature T, is observed. This
is due to the relatively high transformation temperatures above T.. The changing lattice
structure from martensite to austenite has a larger effect on the electrical resistance
change and covers the effect of the ferro- to paramagnetic transition. The To of
Nis.sMnos3Gass 4C0os g is Clearly visible in the electrical resistance measurement, as the
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transformation temperatures are much lower in the range from 56 to 78 °C. A narrow
hysteresis of just 9 K width is seen and the sample shows sharp martensitic and rev-
erse transformations. This indicates that a very homogeneous composition is achieved
by heat treatment. As discussed in Chapter 3.3.2, the narrow hysteresis is a sign for a
good matching of martensite and austenite lattice, leading to near zero hysteresis and
very low fatigue, making this material interesting for cyclic actuation.

The Nis; sMn,g5Gas s Sample shows even lower transformation temperatures below room
temperature, and also a lower T of 95 °C.
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Figure 4.2: Temperature dependent electrical resistance measurement (normalized) of FSMA samples,
the exact composition of the samples is marked in the graphs.

The correlation of the electrical resistance vs. temperature curve with the thermo-mag-
netization measurement is shown in Figure 4.3 for the NisgsMnyssGas 4Co.0 sample.
The ferro- to paramagnetic transition at 7o matches the kink in the electrical resistance
at about 115 °C.
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Figure 4.3: Correlation of temperature dependent resistance and magnetization measurement.
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As mentioned before, T¢ is not visible in the temperature dependent electric resistance
measurement of the Nis;sMnag2Gas §C047 and Nisy Mnas .Gags oC0.3 Samples, as the
magnetic transition and the phase transformation merge to a mixed transition with a
transformation from a ferromagnetic martensite to a paramagnetic austenite.

Figure 4.4 shows the DSC measurements of the FSMA film samples. A heating rate of
10 K'min™ is used. The transformation temperatures correlate with the ones calculated
from the temperature dependent electrical resistance measurements. They are indicat-
ed in the figure, as well as T¢, which is recognizable as step. The heat capacity, which
can be calculated from these measurements by dividing the specific heating power with
the heating rate, is approximately 0.6 J-(K g)' for the samples NiysMnus-Gas sC0s7,
Nis1 sMN222Gas39C023, and NisgsMnNog3Gass 4C0s0. The NisisMnyssGasps Sample shows a
higher heat capacity which can not clearly be determined from the measurement data.
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Figure 4.4: DSC measurements of the FSMA materials.

4.1.3 Thermo-Magnetic Characterization

Figure 4.5 shows the thermo-magnetization measurements of Nis;sMnN2s2Gass 9CO 3
and NizgsMnys5Gaxs 4Cos g films. The experiment is performed at an external magnetic
field of 0.05 T. The highest magnetization for the Ni-Mn-Ga-Co samples is found to be
approximately 26 emu-g™'. The maximum rate of magnetization change is found close
to the Curie temperature T¢ with 0.8 and 1.17 emu-(g K)', respectively.

The thermo-magnetization measurement of the NisisMnagsGazps sample is shown in
Figure 4.6. A very sharp change of magnetization due to the ferro- to paramagnetic
transition at T with AM/AT of 2.33 emu-(g K)' can be identified. However, further ther-
mo-magnetization measurements at higher external magnetic fields of up to 0.5 T show
that the magnetization change decreases with higher magnetic fields, as can be seen in
Figure 4.6.
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The magnetization vs. magnetic field of the Nis; sMn,g3Gas s Sample is presented in Fig-
ure 4.7 for different temperatures before and after the first order phase transformation.
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Figure 4.5: Thermo-magnetization measurements of Ni-Mn-Ga-Co films. [87] © 2015 IEEE
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temperatures.
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It can be noted that the susceptibility is similar for very low magnetic fields in the
austenitic state at 52 °C and in the martensitic state at 27 and -23 °C. However, the
saturation is much more distinct and very sharp at 0.03 T for the austenite. This leads
to an advantageous magnetization behavior at higher temperatures for low magnetic
fields. Especially in the range up to 0.08 T, the austenitic state has a superior actuation
capability. Low magnetic fields are sufficient to access the maximum magnetization
available at the given temperature.

4.1.4 Summary of FSMA Material Characterization
Table 4.2 gives an overview of the thermal properties of the FSMA films. The transfor-
mation temperatures As, A, M, M, and T are given in °C. The hysteresis width ATy
and the sharpness of the reverse and martensitic transformation, ATy.a and ATa_w, re-
spectively, are displayed in K. Additionally, the maximum magnetization M., in emu-g
and the maximum slope of the magnetization change AM/AT in emu-(g K)" are given
for an external magnetic field of 0.05 T.

Table 4.2: Summary of thermal properties of investigated FSMA films.

Composition As As M M Te  ATps ATyon ATaom Moo AM /AT
Nis1.4Mn2g 3Gaco s 17 39 33 18 96 95 22 15 50 2.33

Nis1 sMN22,Gaps sC025 101 145 123 97 107 22 44 26 20 0.8
NizgsMnN2e3Ga 4C0s0 62 78 69 56 115 9 16 13 27 1.17
Nis7sMngs.GanisCos7 135 186 152 122 - 34 51 30 - -

Based on these results the NigsMnuesGagn 4Co.0 and Nisi sMnggsGas s films are identified
for implementation in demonstrator devices. The sharp transformations of only 16 and
13 K width in NigsMnys3Gass 4Co, o due to a homogenous composition make it the most suit-
able for thermal actuation using the shape memory effect. The narrow hysteresis of only 9 K is
probably due to a 4, value close to one and indicates low fatigue.

The large magnetization change AM/AT of Nis; sMnassGasos Of 2.33 emu-(g K)™ allows for
efficient thermomagnetic actuation and energy conversion, challenging single crystalline
gadolinium, showing a magnetization change of approximately 3 emu-(g K)™' [62].

4.2. Metamagnetic Shape Memory Alloys

The investigated Ni-Co-Mn-In films are listed in Table 4.3. Pspu.1 is the RF sputtering
power, used for target 1, Pspu2 is the DC sputtering power for target 2. The heat treat-
ment is described by the heat treatment temperature T @and the heat treatment time
given by thea. Three Ni-Mn-In based films fabricated from a NissMnyolnyis and a Co target
with varying Co sputtering powers are examined.

36



Metamagnetic Shape Memory Alloys 4: Material Characterization

Table 4.3: Overview of the investigated MSMA films.

Target 1 Psou1 (W) Target 2 Pgpuiz (W) Composition Theat °C)  tiiear (S)
NissMnyolnys 200 Co 12 Niss5C052MnNg72lN4 5 850 3600
NizsMngolnys 200 Co 5 Nisg7C01.9MnNgg 5lN13 4 900 3600
NissMnyolnys 200 Co 8 Ni50.4C037MnNgz glN13 1 900 3600

4.2.1 Mechanical Characterization

Similar to the Ni-Mn-Ga based FSMA material, the Ni-Mn-In based MSMA films are very
brittle. Figure 4.8 shows the tensile test of the NissC0s2Mns72In411, Nisg7Co19Mngeslnis,
and Niso4Cos7Mngzglniz1 samples. The Nisg sC0os.Mna;2In11 and Nisp 4Cos ;Mnasp glnis s Samples
show relatively large critical strains for fracture of about 0.5% and 0.38%, respectively.
As the Nisg,CoqgMnzssliniss sample only shows a small critical strain of 0.17% this indi-
cates that a higher Co amount leads to larger critical strains. The Young's moduli of
56.4 and 49.8 GPa for the NigsCos:Mns;7.Ini11 and Nisg;CosgMnsssiniz 1, Show no clear
correlation to the Co content. As the Nisy4Cos:Mngaglnigs film shows an even lower
Young's modulus of only 28.5 GPa, the Ni content could be correlated with the
Young's moduli. The results indicate that the MSMA films are more brittle than the in-
vestigated FSMA films. Therefore, a direct actuation of the material is very difficult as a
cantilever would easily break on large deflection.
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Figure 4.8: Tensile tests of Ni-Co-Mn-In samples. Young's modulus is indicated in the graph.

4.2.2 Thermal Characterization

The temperature dependent electrical resistance measurements, allowing the deter-
mination of the transformation temperatures, are shown in Figure 4.9. The
Nisg 7C01 sMnN363IN131, @and Niso4C037Mngs6lnis 4 films show a similar course of electrical
resistance versus temperature, starting from a high electrical resistance, which is
strongly decreasing to about 40% of the original value during phase transformation.
This is different for the NissC0s2Mn372IN41 4 film, which shows a steadily increasing elec-
trical resistance until the transformation, when it decreases by about 10%. Afterwards
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the increase of the electrical resistance compares to the increase observed before the
transformation, while the other fims show only a slight increase. The
NisesC0s2Mng70lngy 4 film has a very large hysteresis of 64 K. In contrary, the
Nis0.4C0s7Mnsz8lN434 film shows an exceptional small hysteresis of only 6 K. This small
hysteresis is comparable to the Ni-Co-Mn-Sn alloy presented in [25]. It is supposed
that the compatibility of martensite and austenite lattice parameters lead to these near
zero-hysteresis as discussed in Chapter 3.3.2. Additionally, also the martensitic and re-
verse transformation take place in small temperature intervals of only 11 and 9 K, re-
spectively. This is due to a very homogeneous composition of the sample because of
good crystallization at heat treatment. The influence of heat treatment on the sharpness
of the transformation is discussed in more detail in Chapter 4.3.
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Figure 4.9: Temperature-dependent electrical resistance measurements of the MSMA film specimens,
the exact composition is marked in the graphs.

The DSC measurements shown in Figure 4.10 confirm the transformation temperatures
identified by the temperature-dependent electrical resistance measurements. The
transformation temperatures are marked in the corresponding graph. For the DSC
measurement of Niss5C0s.Mns70Ing15, NO distinct transformations can be identified,
which is because of the incomplete martensitic transformation, which starts only at
about -50 °C. In the DSC curve of Nisg;C019Mnseslniz; also T¢ can be identified. The
measurement of Nis,sC0os:Mnsoglnys ;s Shows very sharp and distinct transformations, in-
dicating a very homogeneous material composition and a good compatibility of marten-
site and austenite phase. From the integration of the transformation peaks the latent
heat of Niso4C0s7;Mng,6lNis1 is determined to be 17 J-g'. The amount of latent heat also
makes the material interesting for application in magnetocalorics, as already proposed
by [88]. The heat capacity of the three investigated specimens is about 0.6 J-(K g)" but
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would have to be measured in a separate experiment to get reliable and exact values.
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Figure 4.10: DSC measurements of the MSMA film specimens.

4.2.3 Thermo-Magnetic Characterization
The magnetic properties are characterized by thermo-magnetization measurements of
the Ni-Co-Mn-In films. Figure 4.11 shows that the NisssC0s.Mns;7.0In44 4 film, having a
very high Co content, reveals a ferromagnetic characteristic similar to the Ni-Mn-Ga
and Ni-Mn-Ga-Co films. This is different from the thermomagnetic properties of the
Nisg 7C019Mngs3lN131 @and Niso4C037MnNspglnyg films (Figure 4.12), showing a metamag-
netic charactersitic. The results correlate with the resistance measurements, shown in
Figure 4.9, where also the NissC0s.Mng70IN1 4 resistance differs strongly from the other
MSMA films. Besides the ferromagnetic characteristic it shows a very high maximum
magnetization of above 90 emu-g” and slope of magnetization change of about

2 emu-(g K)".
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Figure 4.11: Thermo-magnetization measurements of the NisssC0s.Mnaz 2IN1+4 film.

The thermo-magnetization measurement of the Nis.Cos7Mnssglnis; film is shown in Fig-
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ure 4.12. In martensitic phase the magnetization is close to zero. This is most probably
due to an antiferromagnetic state below M, [89]. Upon heating from martensite to
austenite, the magnetization increases sharply, followed by a decrease when the film is
fully transformed to the austenitic state due to the ferro- to paramagnetic transition at
Tc. Cooling from the paramagnetic state leads to a strongly increasing magnetization
and a maximum peak of 25 emu-g™' at 0.05 T external magnetic field or 50 emu-g™ at
3 T. When the martensitic transformation begins, the magnetization drops quickly to
0.1 emu-g™” in a 0.05 T external magnetic field. The magnetization changes AM/AT are
up to 3.17 emu-(g K)" at the martensitic transformation, as indicated in Figure 4.12.
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Figure 4.12: Thermo-magnetization measurement of the Nisg4C0s7MnNzp glNya 4 film.

The magnetization versus magnetic field characterisitc of the NissC0s7Mngzglnisy film is
shown in Figure 4.13. At room temperature, the magnetization is almost zero, even for
high magnetic fields up to 4 T. When measuring the magnetization upon cooling at
107 °C, which is just before the start of martensitic transformation at Ms, a high sus-
ceptibility of the film can be seen. Saturation occurs at magnetic fields larger than
100 mT. Also a small magnetic hysteresis of the magnetization can be identified for the
measurement at 107 °C.
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Figure 4.13: Magnetization characteristic of the Nisg4C0s7Mnazglnys 4 film at 27 and 107 °C.
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4.2.4 X-Ray Diffraction

XRD measurements are performed to investigate the Nis4Cos;Mnsglnigs film at room
temperature before and after heat treatment. The results are shown in Figure 4.14.
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Figure 4.14: XRD measurement Of Nis, 4Cos,Mng,glnss1 before and after heat treatment. [90]
© 2014 WILEY-VCH

Before heat treatment, no martensitic or austenitic phase can be identified, as the ma-
terial is not yet crystallized. Afterwards, the peaks indicate the modulated martensitic
phase, which has formed similar to other MSMA films with L2, Heusler-type structure
[31].

4.2.5 Summary of MSMA Material Characterization

In Table 4.4 the results of the thermal and magnetic properties are summarized. The
transformation temperatures As, As, Ms, M, and T are given in °C. The hysteresis width
ATy, and sharpness of the reverse and martensitic transformation, ATy-, and ATawu,
are displayed in K. Additionally, the maximum magnetization M., in emu-g" and the
maximum slope of the magnetization change AM/AT in emu-(g K)' are given for an ex-
ternal magnetic field of 0.05 T.

The Nis4Cos;Mngglnqs s film stands out because of its very small hysteresis of only 6 K,
large magnetization changes AM/AT of 3.17 emu-(g K)', and sharp transformations be-
low 11 K. Therefore, this is the most suitable MSMA material for thermomagnetic ener-
gy harvesting in this investigation, showing thermomagnetic characteristics similar to
bulk material, e.g., shown in Ref. [25].

Table 4.4: Overview of the thermal and magnetic properties of the MSMA films.

Composition As A M, M; Te  ATus ATyon ATaom Mupax AM /AT
Nisg5C055MnN37 2N+ 1 6 36 28 92 116 64 30 64 92 2.21
Ni48A7CO1,9Mn36,3|n13.1 35 58 42 2 - 16 23 40 - -

Niso.4C0Os7Mngoglnizs 94 103 97 86 115 6 9 11 260 3.17
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4.3. Influence of Heat Treatment on MSMA Films

The heat treatment conditions play an important role in tailoring transformation temper-
atures as well as adjusting the sharpness of transformations and hysteresis width. Fig-
ure 4.15 illustrates how large the influence of heat treatment on the hysteresis can be.
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Figure 4.15: Temperature dependent electrical resistance of Nisg;Mngs3lny51C0O4 ¢ Sputtered film with the
initial and a second heat treatment as indicated.

While the initial Ni-Co-Mn-In based film shows a hysteresis of above 70 K, a second
heat treatment at 900 °C for 9 h decreases the hysteresis to about 30 K. The sharp-
ness of the martensitic transformation ATy, which extends to almost 75 K for the initial
heat treated film reduces to approximately 25 K. Such improvements indicate, that the
crystallization of the film was not complete after the first heat treatment.
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Figure 4.16: Temperature dependent electrical resistance of the initial and re-heat treated
Nigg 7C01.sMnge 5lN154 filMms.

Figure 4.16 shows the initial and re-heat treated Nisg,C019Mnggslnys 4 film. After the sec-
ond heat treatment at 900 °C for 9 h, the transformation temperatures increased by
about 20 K and the sharpness especially of the martensitic transformation is improved
by 5 K. Also the hysteresis decreased by 10 K, which is very useful for actuation of the
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film, as will be explained in Chapter 6.
Figure 4.17 shows the influence of the heat treatment time on the Nis.Cos7;Mngzglns
film. When re-heated for another 9 h after an initial heat treatment at 900 °C for 1 h, the
transformation temperatures decrease by about 10 K. The hysteresis and also the
sharpness of the transformations increase by 5 K and 2 K, respectively, but stay very
similar to the initial film. This indicates that the initial heat treatment was sufficient to
generate a well crystallized and homogeneous film structure.

Figure 4.17: Temperature dependent electrical resistance of initial and re-heat treated

Ni5o,4COg.7Mn32,8|n13,1 films.
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5. FSMA-based Energy Harvesting

The aim of this chapter is to present the options of FSMA based thermal energy har-
vesting, making use of the materials intrinsic actuation capabilities and the thermomag-
netic characteristics. The FSMA-based energy harvesting principles, validated in this
work, are presented in detail. Table 5.1 lists the options, which are available to create
FSMA-based thermal energy harvesting systems. Three categories can be distin-
guished for the design:

e thermal actuation principle to provide periodic heating/cooling,

¢ thermo- or mechanomagnetic transducing effect,

¢ method of energy conversion.

Table 5.1: Summary of actuation mechanisms, effects, and methods of energy conversion of FSMA-
based energy harvesting. [90] © 2014 WILEY-VCH

Thermal actuation / Method of energy

Material . Transducing effect ;
reset mechanism 9 conversion

Magnetostatic attrac-

tion / one-way SME T-induced change of
. magnetic anisotropy
Magnetostatic attrac-

FSMA films tion / elastic resetting  T-NAUCETTEMOmag- — paragay's jaw
One-way SME / elastic o
resetting Actuation induced

induction
Two-way SME

For FSMA harvesting, the first two thermal actuation mechanisms, shown in Table 5.1,
are investigated in this work, combined with the transducing effect of actuation induced
induction. The operation principles of these different energy harvesting systems, are ex-
plained in this chapter as well as the fabrication and properties of the energy harvesting
demonstrators. They are characterized by their mechanical and thermal properties as
well as their electrical output. Mechanical properties comprise the actuation frequency,
displacement, stiffness, and actuation forces. Heating and cooling times, as well as
thermal profiles, are described in thermal characterization sections. The electrical out-
put chapters cover the induced current as well as the average and peak power output.

5.1. Basic Operation Principle of FSMA-based Energy Harvesting

Besides the one-way SME, described in Chapter 2.1.1.1, FSMA materials show a ferro-
magnetic transition, leading to thermomagnetic characteristics similar to the schematic

curve depicted in Figure 5.1. This behavior is also shown in the material characteriza-
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tion in Chapter 4.1. The material is ferromagnetic in martensitic and austenitic state,
with slight changes in magnetization, up to the Curie temperature T¢. When approach-
ing T¢, the magnetization drops to zero in a temperature interval AT. This results in a
large change of magnetization AM. Because of the 2" order ferro- to paramagnetic
transition, the magnetization increases on cooling without any hysteresis.
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2
N
©
C
S AM
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Temperature Tc

Figure 5.1: Schematic thermomagnetic characteristic of FSMA material. For clarity only the heating is
shown.

This change in magnetization, combined with the one-way SME, can be used for actu-
ation similar to the microscanner presented in Chapter 3.3.3. Figure 5.2 shows the ba-
sic principle of self-actuated thermal FSMA actuation, using temperature dependent

<

T>Tc

magnetostatic attraction and resetting due to the one-way SME.

7

. Fmag
FSMA cantilever
N o7, T T>To  Fme

Heat source

Figure 5.2: Schematic of FSMA based actuation.

In initial state, a FSMA cantilever, fixed on one end to a substrate, is in martensitic state
below the transformation temperature T, and below T¢. A permanent magnet, posi-
tioned above the cantilever, induces a magnetic attraction force F,,, on the cantilever,
deflecting it towards a heat source which is located next to the magnet. On touching
the heat source, the FSMA cantilever heats above T, and T¢, leading to an increased
reset Force Fsye, due to the one-way SME, and at the same time to a strong decrease
of Frag. These effects result in a reset movement of the FSMA cantilever. When the
cantilever is in non-deflected position again, it cools below T, and T¢, and a periodic bi-
directional actuation is evoked. The following sections present several variations of this
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basic self-actuation mechanism, including different methods for energy conversion.
5.2. FSMA-based Energy Harvesting using an External Pick-Up Coil

5.2.1 Operation Principle

The basic FSMA actuation principle is varied by attaching additional FSMA material on
the front end of the FSMA-film cantilever. For energy conversion, a pick-up coil is
placed around the FSMA-tip in initial state, as depicted in Figure 5.3. Self-actuation of
the cantilever leads to a periodic movement of the FSMA-tip in and out of the pick-up
coil, inducing a current according to Faraday's law.

Heat source
F 'mag
T<To,Tc "‘"

9,9

Ni-Mn-Ga film _.«
— Co,,.,,/( v, [ NenGatim

Ni-Mn-Ga tip

Figure 5.3: Schematic of a FSMA-based energy harvesting device using a stationary pick-up coil.

In this concept, the magnetic attraction force and the reset force can be adjusted sepa-
rately by tailoring the thickness of the cantilever and the tip individually. Increasing the
thickness of the FSMA-tip increases the magnetic attraction force, but also decreases
the actuation frequency as the heating and cooling times increase. Besides FSMA also
other ferromagnetic materials, showing a strong decrease of magnetization at 7¢ like
ferrite, can be used as tip material.

5.2.2 Fabrication

In order to fabricate a demonstrator for FSMA-based energy harvesting, a setup con-
sisting of a substrate holder, a regulated heat source, and a permanent magnet is build
up. The cantilever is structured by lithography and wet-etching from Ni-Mn-Ga films us-
ing the fabrication method described in Chapter 2.5.3.

Substrate

Figure 5.4 Picture of a first demonstrator for FSMA energy harvesting by using an external pick-up coil.

47



5: FSMA-based Energy Harvesting FSMA-based Energy Harvesting using an External Pick-Up Caoil

The thickness of the Ni-Mn-Ga films is 10 ym. The investigated cantilever sizes are
4 x 2 mm® and 1.5 x 3 mm®. The pick-up coil, placed around the cantilever, is manu-
factured commercially (Jelonnek Transformatoren und Wickelgut GmbH). The wire di-
ameter is 40 pm. The number of windings is varied between 250 and 1000 and the inn-
er size of the coil is 2.1 x 2.5 mm?. Different ferromagnetic materials are mounted on
the tip of the cantilever. Sawed ferrite samples of 100 to 500 pm thickness and single
crystalline Ni-Mn-Ga foils of 200 pm thickness with a size of approximately 1.5 x 2 mm?
are used. Figure 5.4 shows a demonstrator device with all components. The different
parts as heat source, magnet, coil, and substrate can be adjusted separately with re-
spect to each other to find the best arrangement.

5.2.3 Mechanical Characterization

The demonstrator is first characterized by measuring stationary forces using the elas-
tometer described in Chapter 2.4.4. In order to understand the bi-directional actuation,
the magnetic attraction forces in ferromagnetic state (7<T¢) Frn and paramagnetic
state (T>Tc) Fparay @S Well as the reset forces of the cantilever in both states (T<M; and
T>Ay), have to be known. Figure 5.5 shows the experimental results of the force

measurements and the calculated net force, dependent on the cantilever deflection.
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Figure 5.5: Experimental force-displacement characteristics for the FSMA harvesting device with an ex-
ternal pick-up coil under stationary conditions. [91] © 2013 IEEE

The net force is positive for temperatures below M, and T¢, and is negative for tempera-
tures above Ar and Tc. This guarantees a deflection of the cantilever towards the mag-
net in the cold state and a reset motion when it is heated above A and Te.

Besides the stationary measurements, in-situ measurements of the displacement are
performed by image tracking, described in Chapter 2.4.9. The heat source temperature
is varied between 110 and 160 °C to investigate the working temperature range and
temperature dependencies. For each temperature, the time-dependent deflection is
measured, and the oscillation frequency is calculated as shown in the lower graph of
Figure 5.6. For a heat source temperature of 130 °C, the deflection is exemplarily
shown in the upper graph of Figure 5.6.
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At a deflection of 0.5 mm, the cantilever tip touches the heat source and heats up for
about 100 ms. After leaving the heat source the cantilever tip oscillates at a deflection
of 1.2 mm, cooling down for about 400 ms. The stroke of the oscillation decreases
from 800 pm to about 100 pm due to air damping. The resulting thermal frequency is
about 2 Hz, while the measured oscillation frequency at this temperature is about
82 Hz, which is the maximum for an investigated temperature range of 110 to 160 °C.
The frequency up-conversion of a low thermal frequency to a higher mechanical oscilla-
tion frequency leads to a much higher mechanical actuation duty cycle.
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Figure 5.6: a) Time-dependent deflection for a heat source temperature of 130 °C. b) Operation frequen-
cies of the FSMA harvesting device for different heat source temperatures.

The waviness of the declining oscillation amplitude that can be seen in the upper graph
of Figure 5.6 is probably due to the nonlinearity of the magnetic attraction force and a
limited time resolution of the high speed camera. Because of the changing temperature
of the cantilever tip during oscillation, the magnetic attraction force increases while still
being to small to fully deflect the cantilever tip again, resulting in a changing neutral po-
sition of the oscillation. Additionally, the time resolution of the image tracking is limited
by the high speed camera shutter speed of 1/2000 s, leading to incomplete tracking.
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Figure 5.7: Oscillation frequency dependent on the number of FSMA plates at the cantilver tip.

The oscillation frequency is mainly determined by the eigenfrequency of the cantilever.
This is revealed in Figure 5.7, showing the measurement of oscillation frequencies,
which are derived from the frequency of the induced current, of three FSMA cantilevers
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with a different amount of FSMA material attached to the cantilever front end.

Stacks of 5, 10, and 20 5 pm thick FSMA films are applied on the tip of 5 pm thick
cantilevers with a 3 x 1.5 mm? size. The measured oscillation frequencies of these
demonstrators decline from 134 Hz for the smallest stack to only 74 Hz for the stack of
20 films. This is expected from the dependence of the eigenfrequency on the tip mass,
shown in Equation (28) in Chapter 7.3. The stiffness of the cantilever remains the same,
while the mass increases with the stack size. However, a dependency proportional to
J(1/m) is not clearly visible due to limited data and the additional dependence on mag-
netic attraction forces.

In order to examine the influence of the position of the magnet on the performance of
the overall system, a measurement for five different magnet positions at a magnet ori-
entation of about 45° is performed. At each position, the heat source temperature is
varied between the lowest and highest value at which periodic actuation can be
achieved. The different magnet positions M1 to M4 are depicted in the schematic of
Figure 5.8. The magnet position M is between the positions M2 and M3, which is
found by experiment. Figure 5.8 shows the results of the thermal operation frequency
of the overall heating and cooling cycles as well as the mechanical oscillation frequen-
cy. The mechanical oscillation frequency is derived from the alternating movement of
the cantilever inside the pick-up coil, which is proportional to the frequency of the gen-
erated current.
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Figure 5.8: Influence of different magnet positions M1 to M4 (indicated in schematic) and heat source
temperatures on operation and oscillation frequencies. M is between M2 and M3.

The upper graph, depicting the thermal operation frequency, shows that the tempera-
ture operating-range varies for each magnet position. At position M1, actuation can
only be achieved in a small range from 85 to 100 °C, close to the Curie temperature T¢
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of the Ni-Mn-Ga tip. The actuation temperature range, as well as the minimum working
temperature, increase with a closer position of the magnet to the cantilever tip. At M4,
the minimum temperature for actuation is 145 °C, but the working temperature range is
very large, up to 240 °C. Additionally, for every position of the magnet an optimal heat
source temperature can be identified, at which the operation frequency is at maximum.
For position M1 to M4 it increases step-wise as follows: 95 °C, 125 °C, 135 °C (for
Mo), 140 °C, and 180 °C. The overall trend of the thermal operation frequencies shows
that for positions of the magnet far from the cantilever tip as well as very close to it, fre-
quencies are relatively low, between 1 and 2 Hz. For the magnet position M, located
between M2 and M3, the thermal frequency is at a maximum of almost 6 Hz at a heat
source temperature of 135 °C. This is probably due to a good match of cooling and
heating times needed for a sufficient change in magnetization and reset forces. The
lower graph of Figure 5.8, showing the mechanical oscillation frequency, indicates that
the frequency is not only influenced by the eigenfrequency of the cantilever, but also by
the position of the magnet and therefore the magnetic attraction forces and slightly by
the temperature of the heat source. Especially in the temperature range of 80 to
150 °C, the oscillation frequency increases steadily. This could be due to a larger part
of the cantilever transforming to the austenitic phase, which has a higher Young's mod-
ulus than the martensitic phase, affecting the cantilever stiffness. The abrupt change of
oscillation frequency at position M2 and 130 °C is likely induced by a higher oscillation
amplitude of the cantilever, leading to a periodic contact of the cantilever with the edge
of the pick-up coail. This evokes a higher eigenfrequency, as the length of the oscillating
part of the cantilever is reduced. The changes of the oscillation frequency at position
M3 is presumably due to a small change of position of the pick-up coil, leading to a
different active length of the oscillating cantilever, and therefore to a change in the fre-
quency. At the position M4, the frequency stays constant at about 150 Hz.

These results show the applicability of frequency up-conversion from a relatively low
thermal operation frequency of only a few Herz to a mechanical oscillation frequency,
suitable for electromagnetic energy conversion.

5.2.4 Thermal Characterization

In-situ thermography is performed using an infrared camera system in order to investi-
gate the time-dependent temperature evolution in ferrite and Ni-Mn-Ga tips. The tem-
perature of the ferrite tip changes from about 130 °C at the heat source to 110 °C
when oscillating in the air, as can be seen in Figure 5.9 (left). This temperature change
matches the Curie temperature of the ferrite at 125 °C very well. In order to have the
best actuation, the heat source is heated to 150 °C during the investigation of the fer-
rite tip. The Ni-Mn-Ga single crystalline tip has a lower Curie temperature of only about
95 °C. Therefore, a lower heat source temperature of 130 °C is sufficient to achieve
good actuation. The measurement of the temperature change of the Ni-Mn-Ga tip is
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only reliable when in contact to the heat source, as the very thin tip of 200 ym moves
too quickly when oscillating. Therefore, the infrared camera cannot measure the ab-

solute temperature change because the images are too blurred, as can be seen in Fig-
ure 5.9 (right).
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Figure 5.9: Time-resolved in-situ infrared thermography of a demonstrator device with ferrite tip (left) and
Ni-Mn-Ga tip (right) during oscillation. The cantilever size is 2 x 4 mm?. [91] © 2013 IEEE

5.2.5 Electrical Output

The electrical output is characterized by connecting the external pick-up coil to a cur-
rent amplifier as described in Chapter 2.4.5. The moving ferromagnetic tip induces a
current in the external pick-up coil according to Faraday's law. Figure 5.10 shows a

typical time-resolved current signal of a 10 pm thick Ni-Mn-Ga cantilever with a size of
2 x 4 mm? and a Ni-Mn-Ga tip.
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Figure 5.10: Time-resolved electrical current signal in the pick-up coil for a cantilever of 2 x 4 mm? size
with a Ni-Mn-Ga tip. [91] © 2013 IEEE

The current signal corresponds to the deflection course shown in Figure 5.6. During
heating, no current signal is induced. Only when moving away from the heat source,
the mechanical oscillation of the magnetic material with respect to the pick-up coil
leads to generation of an electric current. The induced current shows peaks of about
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10 pA, corresponding to an average power of 0.54 nW and a power density of about
0.8 pW-cm®,

Investigating the influence of different pick-up coils, measurements with 200, 500, and
1000 windings coils are performed. Two different cantilevers consisting of Ni-Mn-Ga
films produced with a sputtering power of 50 W and 200 W are used. A single crys-
talline Ni-Mn-Ga foil of 200 pm thickness is mounted on each cantilever tip. For each
pick-up coil a load resistor matching the internal resistance is used to insure optimal
power output. Figure 5.11 summarizes the measurement results, showing only a small
decrease of the induced current for coils with less turns, but increasing power for coils
with a higher number of windings. This is due to the higher load resistance.
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Figure 5.11: Current and power output of two cantilevers consisting of Ni-Mn-Ga films (sputtered with
200 W and 50 W power). Mounted on the tip is a 2 x 1 mm? x 200 pm single crystalline Ni-Mn-Ga foil.
The heat source temperature is 140 °C.

Regarding the time-dependent current and power signals, as shown in Figure 5.11, it
can be seen that the current amplitude first increases and then decreases. As the am-
plitude of the cantilever deflection only decreases, this effect is not due to the mechani-
cal movement, but due to a combination of the magnetization change in the material
and the mechanical oscillation. When the material cools down due to air cooling, its
magnetization increases, and therefore the effect of inducing a current in the pick-up
coil according to Faraday's law increases. Further mechanical oscillating is damped by
the air and the non-elastic parts of the FSMA cantilever, and the amplitude decreases,
leading to a decreased velocity of the ferromagnetic tip movement in the pick-up cail.
This leads to a decreasing induced current. Therefore, the induced signal is a superpo-
sition of the increasing magnetization and the decreasing amplitude, leading to first an
increase of induced current and then a decrease.
As already shown in Chapter 5.2.3, the overall system performance is strongly depen-
53



5: FSMA-based Energy Harvesting FSMA-based Energy Harvesting using an External Pick-Up Caoil

dent on the position of the magnet. Figure 5.12 shows the maximum induced currents
for five different magnet positions. The graph shows a large increase of the maximum
current if the magnet is positioned closer to the cantilever tip. This is due to a higher
magnetic field in the pick-up coil, and thereby a higher magnetization change induced
by the ferromagnetic tip, oscillating inside the coil. The data corresponds to the fre-
guency measurements in Figure 5.8. It can be seen, that the optimal magnet position
Mot is very favorable for high thermal operation frequencies, but has only a relatively
low maximum current output compared to the magnet positions M3 and M4, closer to
the magnet. The proximity to the magnet provides larger magnetizations in the FSMA
tip, and thereby increases the electromagnetic induction effect.
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Figure 5.12: Maximum induced current for different magnet positions M1 - M4 (indicated in the schemat-
ic). Moy is located between M2 and M3.

5.2.6 Conclusions

The results of the FSMA-based energy harvesting device using an external pick-up coil
provides important insights. The principle of frequency up-conversion of low thermal
operation frequencies allows to harvest electrical energy from a temperature gradient
using ferromagnetic transitions. However, the duty cycle of the electrical power output
is limited. This is mainly because the heating and cooling times do not match the actua-
tion frequency, leading to time periods in which the cantilever rests at the heat source
to heat, or in initial position to cool.

Another important result is the limited suitability of an external pick-up coil. On the one
hand, the magnetization of ferromagnetic material, moving in the coll, is far from its
maximum, due to the proximity to its T¢. On the other hand, the magnetic field cannot
be maximized because of the distance of the permanent magnet to the pick-up coil.
Also the difficulties in the setup - positioning the pick-up coil and allowing for a free ac-
tuation of the cantilever - suggest to think on alternatives to the external pick-up coil.

54



FSMA-based Energy Harvesting using an Integrated Microcoil 5: FSMA-based Energy Harvesting
5.3. FSMA-based Energy Harvesting using an Integrated Microcoil

5.3.1 Operation Principle

The new design described here comprises the FSMA-cantilever, a heat source, a per-
manent magnet, and a microcoil attached to the front end of the cantilever, as depicted
in Figure 5.13. The actuation principle is the same as for the basic bi-directional FSMA
actuation principle. In order to decrease the heating and cooling time constants to en-
able faster actuation compared to the energy harvesting demonstrator described in
Chapter 5.2, no additional FSMA-material is attached to the FSMA-cantilever tip.

A new energy-transducing mechanism is introduced, based on Faraday's law as well.
Instead of inducing a current by moving magnetic material inside an external pick-up
coil, the new energy transducing mechanism is based on a microcoil moving in the
magnetic field gradient of the external permanent magnet. This overcomes the problem
of low magnetization of FSMA material due to its proximity to T¢. The electrical contact
of the microcoil is done either by using a double beam structure of the cantilever as
electrical conduction lines, or by using thin copper wires, fixed to the substrate.

a) b)
Heat source

Fm
MSMA cantilever T % T>Tec
N T, 7. O Coil

T>To  Fsme

Figure 5.13: FSMA-based Harvesting principle using an integrated microcoil attached to the tip of the
FSMA-cantilever. [87] © 2015 |EEE

5.3.2 Fabrication

Wet-etched Ni-Co-Mn-Ga cantilevers with a size of 2 x 4 mm? are fabricated by litho-
graphy and wet-chemical etching. They are mounted by adhesive bonding at one end
to a 500 um thick AlL,Oz substrate. The thickness of the sputtered Ni-Co-Mn-Ga
(FSMA-material) is about 5 pm. A manually fabricated microcoil with a wire diameter of
15 um is fixed on the tip of the cantilever by adhesive bonding. The fabrication of the
coils is described in Chapter 2.5.5. The wires are then electrically connected to the
substrate with an electrically conductive adhesive. From the substrate they are
connected to the load resistance and the measurement setup. The number of turns of
the microcaoil is varied between 100 and 400. The size of the coil with 100 turns is ap-
proximately 2 x 1.5 mm?, with a thickness of about 200 pm. The external setup, includ-
ing substrate holder, heat source, and magnet, is the same as for the FSMA harvesting
device with an external pick-up coil. Figure 5.14 shows a first demonstrator without
heat source and magnet, comprising the FSMA cantilever and the microcoil, mounted
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on its tip. The thin copper wires are the electrical interconnections between coil and
substrate.

.. Coil
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Figure 5.14: FSMA-based energy harvesting demonstrator using an integrated microcoil. [87] © 2015
IEEE

5.3.3 Mechanical Characterization
A laser triangulation sensor, described in Chapter 2.4.10, is used to measure the me-
chanical movement of the FSMA-based energy harvesting device with integrated mi-
crocoil. The sensor is placed in line of the cantilever-tip movement. Figure 5.15 shows
the time-resolved displacement of the device for a heat source temperature of 170 °C.
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Figure 5.15: Time-dependent displacement measurement of the FSMA-based energy harvesting device
using an integrated microcail.

The maximum stroke is about 2.3 mm at a frequency of approximately 87 Hz. Most im-
portantly, the oscillation amplitude is not declining, as it has been observed for the
FSMA-based energy harvesting device using an external pick-up coil. The duty cycle of
actuation is therefore almost 100%. Heating of the Ni-Co-Mn-Ga cantilever happens
when approaching the heat source, while elsewhere the cantilever cools by convection
and heat conduction through the cantilever. The resulting high thermal oscillation fre-
quency is mainly due to strongly reduced heating and cooling times, as only material of
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5 pm thickness needs to heat up and cool down. This has to be compared to ferro-
magnetic tips of 50 to 500 pym thickness in the FSMA-based energy harvesting devices
using an external pick-up coil. Equation (15) in Chapter 7.1 shows the linear correlation
of the thermal mass of the active material and the heating-/cooling time. As the thermal
mass is linearly dependent on the thickness of the FSMA film, 10 to 100 times shorter
heating and cooling times are expected than before. For the FSMA-based energy har-
vesting device using an external pick-up coil they are 100 and 400 ms, respectively.
Therefore, it can be assumed that the thermal operation frequency matches the me-
chanical oscillation frequency. Besides the thermal operation frequency also the ampili-
tudes are higher than in devices based on an external coil. This is due to the thinner
cantilever films, enabling larger deflections at slightly smaller magnetic attraction forces
because of a reduced cantilever stiffness (see Chapter 7.2).

Figure 5.16 shows the correlation of temperature-dependent operation frequency and
stroke. Both, the operation frequency as well as the maximum stroke, are dependent
on the heat source temperature. The operation frequency, shown in the upper graph,
starts with approximately 125 Hz at 120 °C, and decreases rapidly to below 90 Hz at
140 °C, settling down to 82 Hz for 160 to 220 °C. The stroke of the cantilever tip in-
creases steadily up to a heat source temperature of 200 °C. From 210 °C onwards, the
actuation is not stable anymore, and periods of actuation with only small or decreasing
amplitudes occur. This leads to decreasing maximum displacements.
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Figure 5.16: Operation frequency and stroke of the FSMA-based energy harvesting device using an inte-
grated microcoil as a function of the heat source temperature.

The high frequency at lower heat-source temperatures correlates with a small stroke of
only 1 mm. Probably, the magnetization change of the cantilever, and therefore the
nonlinear magnetic attraction force, is predominant in the range of heat-source temper-
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ature of 120 to 140 °C. From 140 °C on, the operating frequency stays almost con-
stant. This frequency matches approximately the eigenfrequency of the cantilever.
However, the stroke increases further until a heat source temperature of 200 °C is
reached. As will be explained in Chapter 5.3.4, this is due to the need for sufficient
cooling by forced convection. By optimizing the magnet and heat source positions,
higher resonance frequencies of above 90 Hz can be achieved. However, the corre-
sponding amplitudes are lower as will be described below.

5.3.4 Thermal Characterization

Figure 5.17 shows the temperature profile, measured by infrared thermography, along
a self-actuated cantilever without an attached microcoil. The heat source temperature
is set to approximately 140 °C. The variable x describes the position along the
cantilever, starting from the tip at 0 mm until 3.25 mm, which is close to the fixation of
the cantilever at 4 mm. The temperature drop between O and 0.5 mm is due to oscilla-
tion of the cantilever tip, causing a blurred thermography image. Between 0.5 and
2 mm, the temperature is almost constant at 105 °C. This area is almost identical to the
part of the cantilever which is in contact to the heat source and where the microcoil
would be attached. From 2 mm on, the temperature decreases towards the fixation of
the cantilever due to heat conduction through the fixation. During oscillation, the
measured temperature of the cantilever back only varies in a small range, not visible in
the measurement setup. This is on the one hand because the measurement method of
the used infrared camera system is not optimal for tracking fast temperature changes.
On the other hand, it also has to be considered that the overall change of temperature
in the cantilever tip is small, and only a partial transition from the ferro- to paramagnetic
state provides sufficient magnetization change for actuation. It is assumed from the os-
cillation time that the temperature change is in the range of 2 K.

110
100
1%
% 90
<
g
g 80
1)
E
70
60 L L L L L L L
0 0.5 1 1.5 2 2.5 3 35
X / mm

Figure 5.17: Temperature profile along the cantilever at a heat source temperature of about 140 °C.

An additional measurement of the average tip temperature, dependent on the heat
source temperature, is performed to further characterize the thermal behavior of the
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FSMA-based energy harvesting device using an integrated microcoil. The results are
shown in Figure 5.18. Starting at a heat source temperature of 50 °C, the tip tempera-
ture follows the heat source temperature almost exactly, as the cantilever tip is in direct
contact to the heat source. At approximately 100 °C, the tip temperature saturates and
increases only slightly. Observations indicate that this is due to a partial release of the
tip from the heat source, decreasing the thermal contact. Starting from 120 °C, the
cantilever tip moves away from the heat source and starts oscillating. During oscillation,
the average tip temperature stays almost constant at 105 °C. The inset of Figure 5.18
shows the infrared image at a heat source temperature of 145 °C.
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Figure 5.18: Thermography of the average tip temperature at different heat source temperatures.

The tip temperature stays almost constant below 110 °C for increasing heat source
temperatures up to 220 °C. This significant cooling effect is achieved due to self-actua-
tion with increasing oscillation amplitudes, as was already shown in Chapter 5.3.3, and
a change of the oscillation center position away from the heat source. For a larger
stroke the active cooling by air convection increases. This self-tuning allows a broad
temperature operation range, keeping the tip-temperature at an almost constant level.

5.3.5 Electrical Output

Due to the large amplitudes and the high frequency of the FSMA cantilever, the in-
duced current of the FSMA-based energy harvesting system using an integrated mi-
crocoil is much higher than in devices with an external pick-up coil. Additionally, the mi-
crocoil is passing directly in the magnetic field gradient of the permanent magnet. This
is favorable compared to a ferromagnetic tip oscillating in an external pick-up coil. The
magnetic field gradient in this setup provides a similar maximum changing magnetic
field in the microcoil as the magnetized cantilever tip in the external pick-up coil, how-
ever the losses due to the air gap of the external pick-up coil are smaller. Additionally,
this setup enables electromagnetic induction throughout the whole cantilever-tip move-
ment, compared to the limited immersion in the pick-up coil of the magnetic cantilever
tip. This leads to induced currents of approximately 100 pA as shown in Figure 5.19.
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Figure 5.19: Deflection and corresponding induced current of the FSMA harvesting system with a
microcaoil.

The induced current corresponds well to the displacement measurements, as indicated
by dashed lines. At zero and maximum deflection, the induced current is zero, as there
is no movement of the coail at the turning points. When the cantilever is closest to the
heat source and the external magnet, the induced current is at its maximum just before
and after the maximum deflection. This is because the magnetic field gradient, which
the microcoil experiences, is higher close to the external magnet. Near zero deflection,
the induced current is relatively small due to the distance of the microcoil to the magnet
and the smaller magnetic field gradient.
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Figure 5.20: Correlation of the average power output and the operation frequency of the FSMA harvest-
ing device with microcoil. D; and D, indicate two magnet positions optimized for maximum power and
large actuation temperature range, respectively.

Figure 5.20 shows the correlation of the average power density of the FSMA harvesting
device with the operation frequency, dependent of the heat source temperature. For a
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magnet and heat source position (D), optimized for a large actuation temperature
range from 120 to 220 °C, a maximum of about 1 mW-cm™ at a heat source tempera-
ture of 160 °C is found. This is three orders of magnitude higher than the average pow-
er density of the FSMA-based energy harvesting device using an external pick-up coail.
The increase of power in the temperature interval of 120 to 150 °C despite the de-
crease of frequency can be explained by increasing oscillation amplitudes. This leads to
a higher velocity of the microcoil in the magnetic field gradient, resulting in higher in-
duced currents. After reaching a maximum at 160 °C, the power output decreases
again even though the frequency stays the same. This can be explained by the shifting
of the oscillation center position further away from the heat source and thereby from
the magnet. The almost constant amplitudes of the cantilever and the constant tip tem-
perature shown in Figure 5.16 and Figure 5.18 affirm this explanation.

By optimizing the heat source and external magnet position (D,) the output power can
even be increased to almost 3 mW-cm™®. However, the optimized positioning of the
heat source and magnet leads to a limited actuation temperature range of only 150 to
170 °C. At the optimum heat source temperature of 160 °C with the optimum setup,
the average electrical power output is calculated to be 0.12 yW.

5.3.6 Energy Harvesting Array

As described in Chapter 5.3.2, the electrical contact to the microcoil is established with
a 15 pm thick copper wire between microcoil and substrate. This leads to a fairly com-
plicated setup if several energy harvesting devices should be build up side by side.
Therefore, a different fabrication method is evaluated, using the beams of a double
beam cantilever as the electrical contact. Figure 5.21 shows a 3 x 1.5 mm? Ni-Co-Mn-
Ga double beam cantilever on which the microcoil is electrically contacted to the
beams by an epoxy silver glue. This setup facilitates larger arrays of FSMA-based ener-
gy harvesting devices using an integrated microcoil, as the harvesting device does not
need any further interconnection to the substrate besides the cantilever itself.
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Figure 5.21: Double beam cantilever with a microcoil electrically contacted to the legs of the cantilever.
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Figure 5.22 shows an array of six 2 x 4 mm?® Ni-Co-Mn-Ga cantilevers, all with mi-
crocoils connected to the cantilever beams. Experiments with a heat source and an ex-
ternal magnet, suitable for simultaneous actuation of three cantilevers in a row, show
that this scaling up is possible in principle. Challenges are the difference between the
mechanical properties of the cantilevers and therefore differing optimal heat source and
magnet positions. This can be overcome by an automated instead of manual fabrica-
tion of the harvesting devices. Actuating all six cantilevers and electrically connecting
them could already lead to interesting power outputs of almost 1 uW, suitable for a va-
riety of ultra low power applications.

Figure 5.22: An array of six FSMA harvesting devices, each with a microcoil electrically connected via
double beam cantilevers. [87] © 2015 IEEE

5.3.7 Conclusions

The results of the experiments with the FSMA-based energy harvesting device using an
integrated microcoil show significant improvements, especially concerning operation
frequency and power output. The reduction of active material leads to much faster heat
transfer times. By matching the heat transfer times to the mechanical oscillation period,
it is possible to generate continuous oscillations with a near optimum duty cycle. Yet,
the amount of active material and the thickness of the cantilever are correlated in this
design, not allowing for an independent tuning of mechanical and magnetic properties.
Using an integrated microcoil, moving in the magnetic field gradient, contributes to the
improved power output compared to the usage of an external pick-up coil. However,
the electromagnetic conversion is limited when the cantilever tip is away from the heat
source, because of a small magnetic field. This is due to the disadvantageous position
of the magnet next to the heat source and due to the magnet geometry, allowing only
for relatively small magnetic field gradients. Therefore, it would be very beneficial to in-
crease the magnetic field and the magnetic field gradient by tuning the magnet geome-
try as well as the magnet position.
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5.4. FSMA-based Energy Harvesting using a Magnetic Heat Source

5.4.1 Operation Principle

Taking into account the knowledge based on previous experiments, described in the
chapters before, a modified FSMA-based energy harvesting demonstrator is designed.
The FSMA-based energy harvesting device using a magnetic heat source comprises a
brass cantilever, a FSMA film attached to its tip, a microcoil, and a magnetic heat
source, as shown in Figure 5.23. The FSMA film, fixed on the tip of a non-magnetic
cantilever, allows for the independent tuning of magnetic and mechanical properties.
The actuation therefore differs from the basic FSMA-based actuation principle, as there
is no active SME based reset force, but only a passive elastic reset force, counteracting
the magnetic attraction force of the FSMA film.

The magnetic heat source is optimized in order to increase and improve the magnetic
field gradient and its distribution. By combining the magnet and the heat source, the
movement of the microcoil happens in the highest magnetic field gradient of the exter-
nal magnet. The overall magnetic field is increased additionally by the longish magnet
geometry, which provides a more favorable distribution of the magnetic field gradient.
The goal of this setup is to increase the amplitude of oscillation of the electromagnetic
conversion, as the microcoil moves in a large magnetic field gradient during its whole
actuation period.

Heat source/
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Figure 5.23: FSMA-based Energy Harvesting Concept using a magnetic heat source and a FSMA film at-
tached to a non-magnetic brass cantilever.

5.4.2 Fabrication

Similar to the FSMA-based energy harvesting device using an integrated microcoil, also
for this energy harvesting demonstrator a microcoil is fabricated according to the
method described in Chapter 2.5.5. The size of the coil is slightly larger with an overall
dimension of 2 x 3 mm? and a thickness of approximately 400 pm. The number of turns
is 200. The microcoall is fixed on the bottom side of a brass cantilever tip, cut from a
10 pm thick brass foil. The cantilever size is 3 x 5 mm?. On the top of the cantilever tip
a 2 x 2 mm? Nis; sMnyg3Gags film of 5 um thickness is attached. In Figure 5.24 the set-
up of the demonstrator is shown. For the magnetic heat source, a 3 x 3 x 8 mm® CoSm
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magnet with a maximum operation temperature of 350 °C is used. It is equipped with a
small resistance heater and a temperature sensor. A good heat transfer coefficient is
ensured by polishing the front side, which is in contact with the FSMA film on the
cantilever tip.

Brass cantilever

L

\

‘\\:‘- $
N

Figure 5.24: Fabrication of the FSMA harvesting demonstrator, based on a brass cantilever and a mag-
netic heat source.

5.4.3 Mechanical Characterization

First, the free oscillation of the cantilever is investigated, as shown in Figure 5.25. The
negative displacement at the beginning of the oscillation is not complete, due to a mis-
alignment of the laser beam and the large deflections of the cantilever tip. Therefore,
the measurable maximum negative displacement is limited to -2.5 mm. For the decay-
ing oscillation, a strong damping at high amplitudes, and a much lower damping at am-
plitudes below 1 mm can be identified. The quality factor is determined by

E
Q=27 -2, (10)
Loss
whereas Ec,ce iS the energy stored at a certain amplitude, and E, . is the energy loss,
calculated from the amplitude decrease.
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Figure 5.25: Decrease of the free oscillation of the brass cantilever with a microcoil at the tip. The resolu-
tion is limited at the lower maximum displacement due to a misalignment of the laser beam.
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The quality factor Q; for the fast decay is 430, while the oscillation at about 1 mm am-
plitude has a quality factor Q. of 2340. The eigenfrequency is measured by Fast Fourier
Transformation to be 91.67 Hz.

When actuated with the magnetic heat source near the optimum position, one millime-
ter above the neutral position of the cantilever, the oscillation of the cantilever tip be-
comes almost harmonic, as can be seen in Figure 5.26. The positive and negative dis-
placement are almost the same and the frequency of 84 Hz is close to the
eigenfrequency of the cantilever. At the heat source temperature of approximately
150 °C, no distinct heating time can be identified. It seems that a short impact on the
heat source, not visible in the displacement measurement, is enough to transfer a suffi-
cient amount of heat in order to keep the oscillation going.
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Figure 5.26: Mechanical displacement, measured with the laser distance sensor.

5.4.4 Thermal Characterization

Thermal characterization of high frequency temperature changes with thermography
becomes very challenging and partly impossible with the available measurement setup,
described in Chapter 2.4.8. Therefore, a new technique, using a thin thermoelectric ele-
ment of 4.4 x 4.4 x 0.5 mm?® size, is implemented to determine the heat flux through the
sensor element. It is mounted directly on the magnetic heat source. The open circuit
voltage of the thermoelectric sensor is measured with a high definition measurement
unit, being capable of measuring very small changes in voltage and current. The sens-
ing mechanism behind this principle is explained in more detail in Chapter 3.2.1. With
the measurement setup it is possible to determine the heat flux through the heat source
during actuation with a rate of 5000 Hz.

Figure 5.27 shows the combination of the measured heat flux, calculated from the ther-
moelectric sensor data, the open circuit voltage of the harvesting demonstrator, and
the displacement, measured with the laser distance sensor. It can be seen that the
heat flux increases abruptly at the maximum displacement of the cantilever (closest to
the heat source), until the cantilever moves away. The heat flux then decreases to a
base level until the cantilever touches the heat source again.
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The change of heat flux is about 1.5 mW. Integrating the signal without the base level
leads to the result that a net-heat of about 15 pd per cycle is transferred. This value is a
lower limit of heat transferred to the energy harvesting system and would account for a
temperature change of the FSMA tip of only 0.19 K. The calculation does not take into
account the parasitic heat loss, which is released during the whole time to the sur-
rounding. This heat flux is about 90 mW, corresponding to the base level of the
measured voltage on the thermoelectric sensor. Additionally, the time constant of the
heat flux sensor my be to slow for an accurate measurement of the highly dynamic heat
exchange at the magnetic heat source.

The electrical output and the mechanical oscillation amplitude (stroke) are not as high
as in the setup without thermoelectric sensor because the sensor has a finite thickness
of 0.5 mm and thus limits the actuation range of the cantilever. Only half of the ampili-
tude is possible. In addition, the heat transfer coefficient is affected. It is therefore not
possible to measure the heat flux during optimal actuation, limiting the interpretation of
the results to a qualitative description of the harvesting system.
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Figure 5.27: Heat flux measurement combined with the open circuit voltage of the harvester and its
displacement.
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5.4.5 Electrical Output

The electrical output of the FSMA-based energy harvesting demonstrator using a mag-
netic heat source shows even higher duty cycles than the FSMA-based energy harvest-
ing demonstrator using an integrated microcoil and an individual heat source. This is
because the amplitude is not reduced as strongly, when the microcoail is at its turning
point away from the magnet due to the larger magnetic field. The current signal for ac-
tuation at a heat source temperature of 150 °C is shown in Figure 5.28.

Besides the very high current amplitude of above 150 pA at 220 Q load resistance, the
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induced current signal is very smooth and no break at the turning points of the
cantilever can be identified. Only a slight decline in slope at the turning point away from
the heat source is visible. This improvement is due to the integrated magnetic heat
source, which facilitates a much more homogeneous magnetic field gradient during the
complete actuation of the cantilever tip. The frequency of the induced current signal is
84.7 Hz. The average power, which can be calculated from the current signal, is found
to be 2.38 YW and the power density, derived from the used 2 x 2 x 0.005 mm?®
Nis1 sMnossGases film, is 118.5 mW-cm™. This is a further significant increase by two or-
ders of magnitude in average power and power density compared to the previous
FSMA -based energy harvesting principles. A comparison to thermoelectric state-of-
the-art energy harvesting devices is made in Chapter 8.3 to underline the importance of
this result.
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Figure 5.28: Electrical output of the FSMA harvesting device based on a brass cantilever and a magnetic
heat source.

5.4.6 Performance at Different Ambient Temperatures

The applicable temperature range of the FSMA-based energy harvesting device using a
magnetic heat source is investigated by measuring the performance at different tem-
perature differences AT between ambient (7,;) and heat source temperature (Tsouce). AS
the heat source temperature has to remain above T¢, the temperature difference is
reduced by increasing the ambient temperature. In order to do so, the whole setup is
placed in an oven, where a temperature sensor close to the FSMA-based energy har-
vesting device measures the air temperature, while a second sensor monitors the heat
source temperature. The ambient temperature is increased from 25 to a maximum of
70 °C, while the heat source temperature is adjusted between 135 and 100 °C. At high
ambient temperatures, the heat source temperature had to be decreased to allow ac-
tuation, as otherwise the heat transfer and cooling time would not match sufficiently
and actuation becomes non-periodic. Figure 5.29 shows the results of the measure-
ment series. The electrical power decreases strongly by two orders of magnitude when
the temperature difference AT is below 30 K. For AT below 50 K, no continuous actua-
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tion is observed, as the heating and cooling times are increased strongly compared to
larger temperature differences. For AT > 50 K, however, a continuous periodic oscilla-
tion can be measured. The frequencies are determined with Fast Fourier Transforma-
tion. From a temperature difference of 50 K on, frequencies of above 60 Hz are found
in a wide temperature range. The system also shows the effect of self-tuning, allowing
for a broad operation range with much larger temperature differences. The power out-
put remains almost constant at about 1 yW at AT > 70 K. It seems that larger tempera-
ture differences only have a minor effect on the oscillation frequency and heat transfer
times. Therefore, it seems that for optimal actuation a temperature difference of about
70 K'is sufficient and no direct correlation of temperature difference and power output
is existent.
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Figure 5.29: Electrical power output at different temperature differences.

5.4.7 Conclusion

By adjusting the magnet geometry and individually tuning the mechanical properties of
the cantilever and the active material, significant improvements in the overall power out-
put can be achieved. Thereby, the tuning of the magnetic field had the largest influence
on the enhanced electrical power output. The results of the demonstrator device of the
FSMA-based energy harvesting device using a magnetic heat source show the impor-
tance of the optimization of magnetic and mechanical design in order to get an efficient
conversion of ferromagnetic transitions to electrical energy, competitive to state-of-the-
art thermal energy harvesting devices.

Further improvements of the material, especially the ratio of AM/AT would allow even
more efficient FSMA-based energy harvesting devices. Besides the ferromagnetic tran-
sitions, also first order phase transformations show large abrupt changes in magnetiza-
tion on heating and cooling. If hysteresis-widths decrease to a minimum, it is expected
that similar actuation and energy harvesting can be realized, as will be discussed in the
next chapter.
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6. MSMA-based Energy Harvesting

This chapter presents MSMA-based thermal energy harvesting devices, which use the
thermomagnetic properties of the materials for energy harvesting and self-actuation. As
for FSMA-based energy harvesting systems, three design categories can be
differentiated:

¢ thermal actuation principle to provide periodic heating/cooling,

e thermo- or mechanomagnetic transducing effect,

¢ method of energy conversion.

Table 6.1 lists possible design options for each category in order to create MSMA-
based energy harvesting systems.

Table 6.1: Summary of actuation mechanisms, effects, and methods of energy conversion for MSMA-
based energy harvesting. [90] © 2014 WILEY-VCH

: Thermal actuation / reset . Method of energy

Material mechanism Transducing-effect conversion

Direct harvesting -
no actuation T-induced change of
i i magnetization
| Magneltogtatlc attraction / | 9 | Faraday's law

MSMA films elastic resetting T-induced ferromagnetic Byroslectric f

One-way SME / elastic transition yroelectric effect
resetting Actuation induced induction
Two-way SME

This chapter describes operation principles, fabrication, and properties of MSMA-based
energy harvesting demonstrators, using the direct conversion of stationary MSMA film
specimen as well as the magnetostatic attraction actuation mechanism. All three trans-
ducing effects listed in Table 6.1 are considered. Also, both methods of energy conver-
sion are validated by energy harvesting demonstrator devices.

For all experiments, the Nis.Cos;Mngaz¢lniz+ MSMA film material is used, as it shows su-
perior thermomagnetic properties, as discussed in Chapter 4.2.

6.1. Basic Operation Principle of MSMA-based Energy Harvesting

MSMA materials are either in non-magnetic martensitic state below the transformation
temperature As or in ferromagnetic austenite state above Ax. A schematic thermomag-
netic characteristic is shown in Figure 6.1. At the transformation, a large, abrupt mag-
netization change (AM) in a small temperature range AT happens. This effect of high

AM/AT can be used directly by using the energy-transducing mechanism of tempera-
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ture induced change of magnetization. It requires a dynamic heat source, showing a
time-dependent change of T. The principle was first shown by [82] for bulk metamag-
netic Ni-Co-Mn-Sn material. If no time-dependent heat source is available, an external
actuation can be used to periodically heat and cool the material by moving the material
between heat source and sink.

The change of magnetization, however, can also be used for self-actuation between a
stationary heat source and a heat sink. By using this actuation mechanism, similar to
the self-actuation presented in Chapter 5.1, MSMA-based energy harvesting is also ap-
plicable for most of common thermal energy harvesting applications. Possible imple-
mentations of working principles of the mentioned MSMA-based energy harvesting
methods are described below.
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Figure 6.1: Schematic thermomagnetic characteristic of MSMA material. For clarity, only the characteris-
tic upon heating is shown.

6.2. MSMA-based Direct Energy Harvesting by Laser Heating

6.2.1 Operation Principle

The principle of direct generation of electricity by heating a MSMA material comprises
bulk MSMA material, a biasing permanent magnet, and a pick-up coil, as presented in
ref. [82]. The MSMA material is placed above the magnet and inside the coil. Heating
the sample induces a phase change in the material, leading to an abrupt change of
magnetization. This change of magnetization in a biasing magnetic field induces a cur-
rent in the coil according to Faraday's law.

In order to increase the electrical output of the MSMA-based direct energy harvesting,
proposed by ref. [82], an important step is to increase the duty cycle. The heating time
was about 40 seconds for the described sample, having a volume of about 0.35 cm?.
However, by using thin films, the heat transfer time can be improved significantly down
to 10 ms for a sample of 0.001 cm?®, as it increases with the specimen thickness [82]. In
order to heat the sample periodically, a laser is used as depicted in Figure 6.2. This en-
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ables very fast cycling times. The adapted setup for thin films comprises the MSMA
film, a microcoil, and a permanent magnet. The components are stacked onto each
other. The MSMA film is coated with black carbon to guarantee a good absorption of
the laser beam. Heating the MSMA film leads to a change of magnetization. This influ-
ences the magnetic flux through the microcoil, inducing a current according to Fara-
day's law.

MSMA film

N

Figure 6.2: Schematic of MSMA-based direct energy harvesting using a laser heat source. [90] © 2014
WILEY-VCH

6.2.2 Fabrication

In order to investigate the direct conversion of heat to electricity of MSMA thin films, a
demonstrator is build up consisting of a magnet, a pick-up coil, and a stack of MSMA
thin films, coated with an absorption layer. The simulation software COMSOL 4.3 is
used to optimize the position of the pick-up coil. The highest magnetization change
within the pick-up coil is achieved for a setup in which the coail is placed in between the
magnet and the MSMA film. Figure 6.3 shows the magnetic field density for a cold,
non-magnetic MSMA film and a hot, ferromagnetic MSMA film.
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Figure 6.3: Simulation of magnetic field for a cold MSMA film (left) and a hot MSMA film (right).

The red cuboid is the permanent magnet. Below is a polyimide film, followed by a poly-
imide spacer with the pick-up coil placed around (not depicted), and the MSMA film. It
can be seen that the magnetization in z-direction inside the coil core (polyimide spacer)
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increases strongly from 0.18 to 0.33 T when the magnetization of the MSMA film in-
creases by heating.

The MSMA film is first laser cut to 2 x 2 mm? pieces to fabricate the simulated setup.
Because a single film of 5 um thickness did not evoke a sufficient magnetization
change for a measurable current signal, ten pieces are stacked using an epoxy adhe-
sive. One side of the stack is coated with black carbon, dissolved in the epoxy adhe-
sive. It is then fixed by adhesive bonding to the pick-up coil. A 2 x 2 x 0.5 mm?® magnet
is mounted on the other side of the coil. Figure 6.4 shows the energy harvesting device
for direct conversion. This setup is then placed below a heating laser. The Nd-YAG
laser operates at 532 nm with a maximum power of 1.06 W, controlled by a LabView
program. The surface-temperature of the black carbon coated MSMA film stack is
measured by an infrared camera as described in Chapter 2.4.8.

Figure 6.4: Demonstrator of the MSMA-based direct energy harvesting principle.

6.2.3 Results

Figure 6.5 shows the temperature change of the surface temperature and the corre-
sponding induced current. Additionally, the magnetization change for the critical tem-
peratures of martensitic and reverse phase transformation is depicted. The sample is
first heated by low laser power for 500 ms. During a time of 1 s, the sample cools
down by natural convection. Four different time phases can be differentiated. In phase
|, the phase transformation from non-magnetic martensite to the ferromagnetic austen-
ite takes place. This increase of magnetization leads to a first peak in the induced cur-
rent signal. Further heating in phase |l leads to a decreasing magnetization due to the
ferro- to paramagnetic transition at 7¢, leading to an opposite peak in the current sig-
nal. On cooling in phase Ill, the magnetization increases strongly, corresponding to the
pronounced current peak. The last peak in the induced current is due to decrease of
magnetization, while the MSMA material transforms back from ferromagnetic austenite
to non-magnetic martensite in phase IV. On cooling, the martensitic transformation can
be identified not only by the peak in the current signal, but also by a change of slope in
the temperature curve, due to the latent heat released during the phase transformation.
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Figure 6.5: Correlation of magnetization change, measured surface temperature and the induced current
for the demonstrator device shown in Figure 6.4, excited by laser heating. [90] © 2014 WILEY-VCH

Taking full advantage of the speed of laser heating, further experiments with a faster
heating and cooling cycle are performed. The left graph in Figure 6.6 shows a cycle
with 15 ms heating time and 85 ms cooling by convection. The right graph shows the
experiment for an even shorter duration of heating and cooling of 5 and 45 ms,

respectively.
20 15 T
|
|
10 }
10 !
E T 5F i
g ok :5 (g i
g 5
O o 5F
_10 -
,10 -
-20 n 1 n 1 n 1 n 1 n 1 n —15 M| | IR LI U N T NS N T N SR N
0 05 0.1 0.15 02 0.25 03 0 0021004 006 008 0.1 0.12 0.14 0.16 0.18 02
1T 11T 1 I
. f ‘ 40
worl A A
\ \ \
4 i g\
A [\ [\ 30
60 [ \ \ |
o A I3 I3 o
~ | | | -
L0 [ [ 20k
=0T Iy s <
| | \ |
20F1 | | | 10
| | |
0 n 1 n n 1 n ‘/". 1 n Nl L N1 1 1 1 1 1
0 0.05 0.1 0.15 02 0.25 03 0 002 004 006 008 0.1 0.12 0.14 0.16 0.18 02
Time /s Time /s

Figure 6.6: Current signal and corresponding surface temperature change at 10 Hz heating rate (left) and
20 Hz heating rate (right).

At these heating and cooling rates, the material does not undergo the complete cycle
form phase | to IV as described above, but only from phase Il to lll, as the sample rests
in austenitic state and the temperature changes only between Mg < T < T¢.

The current output of all laser heating experiments is very low, not exceeding peaks of
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60 nA at maximum. This leads to corresponding average power densities below
15 nW-cm™ even for fast heating cycles. Still, the power densities are two orders of
magnitude higher than for the reported experimental results of [82], which did not ex-
ceed 0.1 nW-cm™ for the presented demonstrator device.

6.2.4 Conclusions

The principle of direct energy harvesting by laser heating and cooling in air of MSMA
material is shown. However, the experimental results show a very small electrical out-
put. The output could possibly be increased slightly by optimizing the magnetic setup,
but will remain at low power densities.

Additionally, the use of a laser based dynamic heat source is not feasible for energy
harvesting applications. A stationary heat source, heating the MSMA material by direct
contact is a more realistic assumption for the investigation of MSMA-based energy
harvesting.

6.3. MSMA-based Direct Energy Harvesting by External Actuation

6.3.1 Operation Principle

The presented concept of MSMA-based direct energy harvesting can also be applied
to an externally actuated system, which moves the MSMA-based energy harvesting de-
vice between a heat source and sink. Figure 6.7 depicts such a principle where a poly-
imide cantilever, acting as a reset spring, is carrying the magnet, pick-up coil, and the
MSMA material. The tip is deflected from the heat source by an external force. While in
contact to the heat source, the temperature induced phase transformation of the
MSMA material, and the corresponding magnetization change induces a current in the
pick-up coil, as shown for the laser heated MSMA-based energy harvesting device in
Chapter 6.2.1.
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Figure 6.7: Schematic of an externally actuated MSMA-based energy harvesting device, working by di-
rect conversion of heat change to electricity.

6.3.2 Fabrication

The setup of the externally actuated MSMA-based energy harvesting device is very
similar to the device for the direct energy harvesting by laser heating, described before.
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The device consisting of magnet, pick-up coil, and MSMA film stack is fixed on an elas-
tic reset spring, which could be a polyimide cantilever or a silicone foil bridge. The reset
spring pushes the device against a copper heat source. It is deflected by an external
linear actuator, pulling the reset actuator away from the heat source. Figure 6.8 shows
the setup. At the bottom, the copper heat source is visible. Above, the MSMA-based
direct energy harvesting device with a MSMA film stack, pick-up coil, and magnet can
be seen. The device is fixed on a silicone foil double bridge of 50 pm thickness, which
is deflected by a cord, pulling it away from the heat source. The external linear actuator
is controlled by LabView, moving the energy harvesting device to a maximum distance
from the heat source of about 3 mm.

Linear actuator ‘ ;

~ Heat source
2 mm

Figure 6.8: Photo of a MSMA-based energy harvesting device using direct conversion of heat to electrici-
ty by external actuation.

6.3.3 Results

Figure 6.9 shows a typical current signal, measured for the externally actuated setup.
The figure also depicts the displacement of the MSMA-based energy harvesting device.
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Figure 6.9: Induced current and the preset displacement for the externally actuated MSMA-based direct
energy harvesting. [90] © 2014 WILEY-VCH

The overall cycle takes 1.5 s, including heating by direct contact to the copper heat
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source (phases | and Il), as well as cooling by convection (phases Ill and V). The heat-
ing time is 0.3 s and the heat source temperature is 160 °C.

The induced current signal is similar to the full cycle shown in Figure 6.5. This is due to
the full martensitic transformation and ferro- to paramagnetic transition in the phases |
to IV. The two small peaks in phase | and Il indicate the first and second order transition
from non-magnetic martensite to ferromagnetic austenite and to paramagnetic austen-
ite at Tc, respectively. The larger peaks indicate the ferromagnetic transition and the re-
verse transformation to non-magnetic martensite. The maximum induced current peaks
reach about 20 nA.

By tailoring the heating and cooling times, the power output can be strongly increased.
In Figure 6.10, the sample temperature range is reduced to Ms < T < T¢ by shortening
the heating and cooling time to approximately 0.1 and 0.3 s, respectively. Thereby, only
phase Il and Ill are passed, but with an increasing effect in phase Il, as the decreasing
magnetization does not start from the relatively low magnetization at A;, but the higher
magnetization close to Ms. This leads to current peaks of almost 100 nA at a relatively
high operation frequency of approximately 2.5 Hz. The corresponding maximum power
density is about 1.25 nW-cm™®.
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Figure 6.10: Reduced heating and cooling times for the MSMA-based direct energy harvesting device,
leading to higher current peaks by only passing phase Il and lll. [90] © 2014 WILEY-VCH

6.3.4 Conclusions

The results of the externally actuated MSMA-based direct energy harvesting device
show that the use of stationary heat sources is possible. However, the electrical power
output remains low. Because of the slower heating and cooling times, the power densi-
ty is even lower than for the MSMA-based energy harvesting device heated by laser
pulses. For thin films it is challenging to design a magnetic setup with small losses. As
already stated in [82], a coil around thin rods would be more beneficial for electromag-
netic conversion. However, such rods would be very disadvantageous for fast heating
and cooling. Therefore, indirect electromagnetic conversion should be considered, sim-
ilar to the FSMA-based energy harvesting device shown in Chapter 5.3.
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Another limitation of the presented energy harvesting device is the use of external actu-
ation. Self-actuated harvesting principles can be much more efficient, as no external
energy for actuation is needed. It is therefore beneficial to make use of the self-actua-
tion capability of MSMA films.

6.4. Self-Actuated MSMA-based Energy Harvesting

6.4.1 Operation Principle

As the most common available heat sources for energy harvesting are stable in time
and space, providing a stationary temperature gradient, it is beneficial to develop a self-
actuated energy harvesting system in order to subject the MSMA material to a chang-
ing temperature. Such a principle is shown in Figure 6.11. Similar to the externally actu-
ated device, the MSMA material is attached as a stack of MSMA films to a pick-up coil
on the tip of a polyimide cantilever. The cantilever, working as a reset spring, brings the
film into contact with a heat source. On heating up, the magnetization change induces
the magnetic attraction force, leading to a deflection of the cantilever towards a mag-
net, placed above. On cooling below the transformation temperature T,, the cantilever
is reset back to the heat source where the MSMA film heats up again.

Magnet & &
s :

Ni-Co-Mn-In film Coll Pl cantilever TNT<To
Heat source

Figure 6.11: Schematic of the self-actuated MSMA-based energy harvesting device.

This principle not only uses the direct conversion of heat to electricity by magnetization
change of the material. The change of magnetic attraction force, switched on and off
by the first order phase transformation, induces a mechanical motion, which then can
be used to generate electricity: the microcoil, attached to the cantilever tip, moves in
the magnetic field gradient generated by the external magnet, inducing an electrical
current according to Faraday's law.

6.4.2 Fabrication

The fabrication is similar to the MSMA-based direct energy harvesting device described
in Chapter 6.2.2. The device consists of a stack of MSMA films, microcoil, and magnet,
as can be seen in Figure 6.12. Instead of applying the magnet directly to the pick-up
coil, it is placed externally above the magnet. MSMA film stack and microcoil are fixed
to the tip of a polyimide cantilever by adhesive bonding. The cantilever is cut out of a
25 um thick polyimide foil. The copper wires are wound around the cantilever and fixed
on the substrate.
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MSMA film
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Figure 6.12: Picture of self-actuated MSMA-based energy harvesting device. [90] © 2014 WILEY-VCH

6.4.3 Mechanical Characterization

Because of the limitations of the setup, consisting of a heat source on one side and the
magnet on the other side, an image tracking system is used to investigate the time-de-
pendent cantilever tip displacement. The result of one actuation period is shown in Fig-
ure 6.13. The tip is first touching the heat source at As = 0, heating up above the trans-
formation temperature As. In ferromagnetic state the tip is attracted by the magnetic
attraction force of the permanent magnet. The magnet is located approximately
0.4 mm above the heat source. Therefore, the cantilever is deflected away from the
heat source. At the edge of the magnet, the tip oscillates with a frequency of above
160 Hz for about 0.3 s. The maximum amplitude of above 200 pm is not displayed fully
because of the limited time resolution of the image tracking system. After the decay of
the oscillation due to air damping, the tip moves slightly closer to the edge of the mag-
net until it is reset to the heat source after 0.7 s of cooling.

400

100

0 0.2 04 0.6 0.8
Time /s

Figure 6.13: Displacement of the tip of the self-actuated MSMA-based energy harvesting device with re-
spect to its original position at the heat source (As=0). [90] © 2014 WILEY-VCH

The oscillation at the edge of the magnet is due to the kinetic energy, stored in the
MSMA cantilever tip on approaching the magnet. Reaching its edge, the cantilever os-
cillates around its equilibrium position and cools down. The cooling down to M, first in-
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creases the magnetization of the MSMA material at the tip, which causes the subse-
quent deflection of the cantilever closer towards the magnet. As soon as the
martensitic transformation starts, the magnetization of the MSMA film decreases
strongly. Consequently, the reset force of the cantilever becomes predominant, pulling
the tip back to its original position at the magnet. The small peak at 0.75 s is due to an
elastic impact of the tip on the heat source.

6.4.4 Thermal Characterization

In order to investigate the thermal behavior of the MSMA-based energy harvesting de-
vice, infrared thermography measurements are performed. The temperature of the os-
cillating cantilever cannot be measured correctly, due to fuzziness of infrared thermog-
raphy images. Therefore, the magnet is positioned in a way that the cantilever touches
it on cooling and rests in a stationary position. Thus, the average tip temperature can
be measured at the two extreme states for heating and cooling at the heat source and
the magnet. Figure 6.14 shows infrared pictures of the cantilever on heating and cool-
ing, respectively. A SMD resistor works as a heat source, heated to approximately
135 °C. The magnet is at room temperature and also acts as heat sink.

130 °C

MSMA films

Pl cantilever ' l
20 °C

Figure 6.14: Infrared thermography of the self-actuated MSMA-based energy harvesting system with a
SMD resistor as heat source. [92] © 2015 The Authors CC BY NC ND

The measured time resolved temperature development of the MSMA tip is shown in
Figure 6.15.

—— Ni-Co-Mn-In tip at heat source (135 °C)
8F —-— Ni-Co-Mn-In tip at heat sink (RT)
6F \ \‘ \
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Figure 6.15: Time resolved average temperature of the MSMA tip at the heat source and the magnet, in-
dicating temperature changes in the range of AT = 7 K. [92] © 2015 The Authors CC BY NC ND
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The temperature is only plotted for the time when the tip is either resting on the heat
source or the heat sink. The overall temperature change can be determined to be
about 7 K, indicating that not the whole transformation takes place, as As - M;= 14 K.
Still, it matches well the hysteresis of NisysC0z7Mnso8IN154, Which is measured by DSC
and resistance measurements, to be only about 6 K. The heating and cooling rates are
calculated to be 24.57 and -19.37 K-s™, respectively.

6.4.5 Electrical Output

The current signal of the self-actuated MSMA-based energy harvesting device strongly
differs from the MSMA-based direct energy harvesting. Besides the direct induction of
a current due to magnetization change, an additional current due to the movement of
the coil in the magnetic field gradient of the external permanent magnet is induced. This
indirect use of the magnetization change by using the changing magnetic attraction
force leads to a much higher current signal, as shown in Figure 6.16. Peaks of approxi-
mately 10 pA and a declining oscillation, similar to the first FSMA-based energy har-
vesting devices, can be seen.

10

Current / pA
o
—
.

—-10

0 0.5 1 1.5
Time /s

Figure 6.16: Typical current signal of the self-actuated MSMA-based energy harvesting device with fre-
guency up-conversion on oscillating at the magnet edge. [90] © 2014 WILEY-VCH

The oscillation frequency, determined from the current signal in Figure 6.16, is above
200 Hz, fast declining, corresponding to the mechanical behavior shown in Figure 6.13.
The impact on the heat source is accompanied by a current peak, which corresponds
to the elastic impact in the deflection signal. The average power output of the harvest-
ing device is 0.12 nW, resulting in a power density of 1.6 yW-cm™. The peak power
and the resulting peak power density are 10 nW and 0.13 mW-cm™®, respectively. This
is a significant increase compared to the MSMA-based direct energy harvesting
devices.

By using the magnet as a heat sink, restricting a free cantilever oscillation around its
edge, the elastic impact of the cantilever tip on the magnet gives rise to very high cur-
rent peaks of approximately 60 pA. Figure 6.17 shows on the left side two full cycles
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with first the elastic impact on the magnet and second the impact on the heat source.
The right side shows only the elastic impact of the cantilever tip on the magnet, reveal-
ing that the frequency of the oscillation due to the impact is 1 kHz. Taking into account
a large magnetic field gradient because of the proximity to the magnet, this leads to
high current peaks. However, the oscillation is damped very quickly and therefore the
duty cycle is extremely low. The maximum peak power densities achieved by this actu-
ation are 5 mW-cm™,
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Figure 6.17: Current signal of the self-actuated MSMA-based energy harvesting device, using the elastic
impact on the external permanent magnet.

6.4.6 Conclusions

The experimental results of the self-actuated MSMA-based energy harvesting demon-
strator show the feasibility of the indirect conversion of magnetization change to elec-
tricity, making use of an external magnetic field gradient. The average power density of
1.6 pW-cm™ is almost three orders of magnitude higher than for the MSMA-based di-
rect energy harvesting conversion principles. The peak power density of the energy
harvesting device using the elastic impact on the magnet, which is 5 mW-cm™®, even
compares well to the FSMA-based energy harvesting devices using an integrated mi-
crocoil (Chapter 5.3).

However, the thermal operation frequencies of the self-actuated MSMA-based energy
harvesting devices are relatively low. This can be compensated by frequency up-con-
version only in part. A narrower hysteresis of the first order phase transformation could
decrease the thermal cycle time. This would enable higher duty cycles, eventually
comparable to the FSMA-based energy harvesting devices using a magnetic heat
source (Chapter 5.4). By further optimizing the magnetic design and tuning of mechani-
cal and thermal masses, a substantial improvement in power output and power density
is expected for future devices.

In particular, as the change of magnetization AM/AT of the first order phase transfor-
mation in the investigated MSMA material is larger compared to the ferro- to paramag-
netic transition in FSMA material, a similar or even higher power output should be
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possible.

6.5. Pyroelectric Energy Harvesting by MSMA-based Actuation

Besides the electromagnetic induction based principles also pyroelectricity can be used
in combination with self-actuated MSMA-based energy harvesting devices for energy
conversion.

6.5.1 Operation Principle

Similar to MSMA-based direct energy harvesting, pyroelectric energy harvesting needs
changing temperatures in order to generate a voltage, as described in Chapter 2.2. A
combination of the two techniques is therefore proposed in the schematic shown in
Figure 6.18. Like the self-actuated MSMA-based energy harvesting principle, the sys-
tem consists of a polyimide cantilever with a MSMA plate attached to the front end. Ad-
ditionally, a thin plate of pyroelectric material is added in between or below the MSMA
plate. A magnet above and a heat source below the cantilever are put in place. As de-
scribed in Chapter 6.4.1, this leads to a periodic movement of the cantilever tip. The
pyroelectric material, which is electrically connected to the substrate, generates a volt-
age every time it heats up and cools down.

Magnet ' '
3 1B &

Ni-Co-Mn-In film Pyroelectric plate Pl cantilever /$<To

T>To
- — Heat source [ TGN

Figure 6.18: Schematic of pyroelectric energy harvesting by MSMA self-actuation.

6.5.2 Fabrication

Figure 6.19 shows the pyroelectric energy harvesting device, consisting of polyimide

cantilever for resetting, pyroelectric plate, and MSMA plate.
J— k.

Substrate

% Substrate
MSMA plate

—

2 mm

Figure 6.19: Picture of the pyroelectric MSMA-based energy harvesting device.
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The cantilever of 2 x 4 mm? size is cut out from a 25 um thick polyimide foil. A 200 um
thick pyroelectric plate (PZT) is laser cut to 2 x 2 mm? and attached to the cantilever tip
by adhesive bonding. On the pyroelectric material a 2 x 2 x 0.05 mm?® MSMA plate is
fixed. 15 pm thick copper wires are attached to the electrodes on the top and bottom
face of the pyroelectric plate, using silver adhesive. The copper wires are then connect-
ed to the substrate. In order to electrically isolate heat source and cantilever tip with re-
spect to each other, the heat source is covered by a thin film of epoxy adhesive.

6.5.3 Results

The mechanical actuation is similar to the self-actuated MSMA-based energy harvest-
ing device, as the same material is used to trigger the self-actuation. As a 200 um thick
pyroelectric ceramic is added additionally to the MSMA material, the heating and cool-
ing times increase strongly. Also, the overall temperature change increases, as is
shown in Figure 6.20. AT increases to about 25 K and the heating and cooling rates
are 41.8 and -17.44 K-s™', respectively.
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Figure 6.20: Time resolved measurement of the temperature change at the pyroelectric cantilever tip.
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Figure 6.21: Current signal of the pyroelectric energy harvesting device based on MSMA self-actuation.

The current signal is measured using a 300 kQ resistor as load resistance. The result is
depicted in Figure 6.21. Current peaks of approximately 20 nA are induced, corre-
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sponding to voltages of 6 mV. The electrical peak power output and the peak power
density are 0.12 nW and 0.15 uW-cm™®, respectively.

6.5.4 Conclusions

The results of the pyroelectric energy harvesting demonstrator based on MSMA self-
actuation show the feasibility of using pyroelectric material in combination with the in-
trinsic self-actuation capabilities of MSMA material. The resulting power density of
0.15 pW-cm™® is much higher than for the MSMA-based direct energy harvesting de-
vices, and only one order of magnitude below the self-actuated MSMA-based energy
harvesting device. This is due to the larger amount of active material, as the average
electrical power output of 0.12 nW is the same.

As for the MSMA-based energy harvesting using self-actuation, there is a large poten-
tial in optimization of the pyroelectric energy harvesting principle. The duty cycle can be
increased by better MSMA material showing a narrower hysteresis. Another important
point is the increase of the heating and cooling rates. In the present setup, the epoxy
coated heat source is limiting the heating rate. If a direct contact to the heat source can
be established, the heating rate should increase strongly. For cooling, a more direct
thermal contact to the heat sink could increase the cooling rate substantially. The poly-
imide cantilever hinders a good thermal contact, therefore a metallic reset-cantilever
would be beneficial. The heating and cooling rates influence the induced voltage direct-
ly as the voltage generation depends proportionately on temperature change. As the
electrical power increases exponentially with the induced voltage, better heating and
cooling performances would strongly affect the electrical output.

Additionally, pyroelectric material with higher pyroelectric coefficients can be used, im-
proving the overall efficiency and power, as stated for example in [56].
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/. Design Parameters and Theoretical
Discussion

The performance of the demonstrators, described in the previous chapters, depend on
various design parameters. Thus there are a variety of options in tuning and adjusting
them to optimize the overall performance. The design parameters can be organized
into four categories:

¢ heat transfer,

e Qactuation forces,

e Kkinetic energy,

e energy conversion (thermo- and magnetomechanic, electromagnetic).

They will be discussed in detail in this chapter, including the design parameters for
each category.

7.1. Heat Transfer

Heat transfer takes place on heating and cooling of the magnetic SMA materials. Heat-
ing happens at the heat source, where the cantilever and cantilever tip are heated up
by direct contact or by laser irradiation. Cooling is achieved by either natural or forced
convection through an oscillatory motion in air.

In order to describe the heating process, an equation for the time-dependent tempera-
ture is formulated. For simplification, in the first step the phase transformation is not
considered, as is the case for FSMA-based energy harvesting. The tip temperature T
depends on the heat Qnea, Which is introduced into the magnetic SMA material. This
can be expressed as

Q :AT-m-cp:(T—T )-m-cp. (11)

heat start

Tt 1S the tip temperature at the beginning of heating, m is the mass of the heated ma-
terial and ¢, is the specific heat capacity. The heat flow from heat source to cantilever is
given by

Q. =a-A(T . -T) (12)

heat source

with the heat transfer coefficient a, the contact area A, and the heat source tempera-
ture Teouce- AS the heat flow and the temperature are dependent upon each other, the
two equations can be combined to a differential equation by solving Equation (11) for T
and inserting in Equation (12):
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oA

O * g Vo =8 A (Teowes = T (19)
Integrating this equation by taking into account that Q.«(t=0) = 0, gives
Q=1 (T T ) 10 (14)
Inserting this to Equation (11) and solving for T results in
Pt (T T 1m0 | (15)

As can be seen in Equation (15), the result is an exponential temperature development,
approaching the heat source temperature.

The heat transfer stops as soon as the cantilever leaves the heat source. This happens,
when T increases and the reset or SME force (for FSMA-based principles) exceeds the
magnetic force at a critical temperature T, The heat transfer times can be calculated if
T+ as well as the amount of material, and heat transfer parameters are known.

For cooling, a similar equation as for heating can be derived:

7acoo/'A‘t

T =T~ (T =T )| 1= 7. (16)

S S

The difference in heating and cooling rates is mainly due to a different heat transfer co-
efficient a. For cooling through convection (a..) it is several orders of magnitude small-
er than for direct contact to the heat source (ane.). IN general, the heat transfer times, or
the speed at which the temperature changes, is highly dependent on the surface to vol-
ume ratio A/v. Therefore, thin films are favorable for fast heating and cooling cycles.

If the latent heat Q, of the first order phase transformation in the MSMA-based energy

harvesting principles is taken into account as well, the equation for heating changes to
_wA,

I= Tsource - ((Tsource - Tstan‘) + QL J "% (17)

m-cC
)

The design parameters which can be derived from this consideration are:
® massm,
e contact surface A,
e heat transfer coefficient a:

® a,.. fOr direct contact,

® a.,, for cooling by convection.
Short heating and cooling times can be achieved by a small mass, a large heat transfer
coefficient, and a large contact surface. Contact surface and mass are defined by the
energy harvesting demonstrator's geometry. The thermal interface, where the cantilever
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is in direct contact to the heat source, can be optimized in order to decrease the heat
transfer coefficient. This is achieved for instance by materials with smooth contact sur-
faces and very low roughness. It ensures the best heat transfer and is, depending on
the material, more favorable than introducing additional heat transfer layers which may
increase the thermal resistance [93]. Typical values for heat transfer coefficients for di-
rect contact and forced convection are 400 to 2000 W-(m? K)™' [72, 93, 94] and 20 to
100 W-(m?K) ' [95-97], respectively.

Table 7.1 shows typical heat transfer times for the investigated energy harvesting
demonstrator devices as well as the volume of active magnetic material.

Table 7.1: Typical heat transfer times for the investigated energy harvesting devices and volume of active

magnetic SMA material.

Demonstrator Heating time  Cooling time ~ Volume of active material
FSMA external coil 100 ms 400 ms 2x1.5x0.2mm?
FSMA microcaoil 1-2ms 9-10 ms 2 x 4 x 0.005 mm?®
FSMA magnetic heat source 1-2ms 9-10 ms 2 x 2 x 0.005 mm?
MSMA direct laser heating 5-15ms 45-85 ms
MSMA external actuation 300 ms 1200 ms 2 x2x0.05 mm?®
MSMA self-actuation 300-400 ms 500 ms

7.2. Actuation Forces

The actuation method of self-actuated energy harvesting principles, described in previ-
ous chapters, is based on a freely movable cantilever with a mass attached to its tip.
During the actuation cycle, magnetic and reset forces play an important role for the
overall system performance. These actuation forces and the corresponding design pa-
rameters are described in detail for FSMA-based energy harvesting in this section.
The first step is the magnetic attraction of the cantilever towards the magnet. The
cantilever has a linear reset force, which depends on its geometry (thickness t, length /,
and width w) and the Young's modulus Ey of the material. It can be expressed in de-
pendence of the distance d from the magnet and the initial position d, as followed:
E, w-t°

4.°
The magnetic force for a magnetizable body can be expressed by a volume integral of
the magnetic material and the gradient of magnetic flux density B and magnetization M
as shown in Equation (19) [98].

F . ..=-d.) (18)

reset -
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F.=u|(M-VHaV . (19)

This can be simplified for the case that the magnetic film sample, of volume Vg, is per-
pendicular to the symmetry axis of the permanent magnet:
F =(F)=V_-M -a—B+M -a—B+M a—B =V MM (20)
X ox 1% X 0z mag 0x
As only the x component is needed, the variable d is introduced for the distance from
the magnet. For a simplified approach, the magnetic flux density is approximated by a
exponential fit using the fit parameters a and b [72]:
Bd)~a-e™. (21)

The magnetic attraction force F.4 can therefore be expressed as
F ngmag-M-a-b-e‘b‘d. (22)

ma

For complete deflection of the cantilever by the magnetic attraction force, the sum of
Fmag @Nd Fser NAs to be positive for the entire deflection movement. A schematic of this
relation is shown in Figure 7.1. If the initial position of the cantilever tip d, is fixed, the
maximum stiffness can be calculated, as the absolute values of force and slope of F4g
and Fs are equal at distance d;.

[
»

Force F

Magnet 5 >
d1 do Distance d

F_ =k-d-d,)

reset

Figure 7.1: Schematic of magnetic attraction and reset force in dependence of the distance from the
magnet.

By equating F. and Fese: and their first derivatives at d;, the cantilever stiffness k is ob-
tained, dependent on the initial position dj:

k=V_ -M-a-b’ %, (23)

This equation shows the dependency of the cantilever design on the amount of mag-
netic material V..g, the material magnetization M, and the initial position dy. A larger
magnetization and volume allow for a larger stiffness. If the initial distance d, is in-
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creased, the maximum stiffness decreases. This correlation also allows for tuning the
demonstrator design for a given stiffness by adjusting the initial position db.

From the considerations on attraction and reset forces, several design parameters can
be identified:

e geometric parameters of cantilever and magnetic material,

e initial position of cantilever tip do,

e Young's modulus Ey of the cantilever,

e external magnetic field H

e magnetic field gradient dB/dx,

® magnetization M of the magnetic material.

While in some operation principles the Young's modulus cannot be changed individual-
ly, in other demonstrator layouts the cantilever material can be chosen independently,
allowing for optimized adjustments. The geometric parameters have to be carefully
tuned to match the constraints given by the magnetization characteristics of the used
material, as they do not only influence the mechanical properties, but also the magnetic
attraction force. The external magnetic field as a design parameter should be chosen to
be as high as possible as this is favorable for large actuation forces. Ensuring a large
magnetic field gradient, a relatively large reset cantilever stiffness can be chosen, which
will enable a high resonant frequency, beneficial for high frequency energy harvesting
as will be shown in the next section.

Table 7.2 shows several design parameters, important for actuation forces, which are
implemented in the energy harvesting devices presented in this work.

Table 7.2: Typical design parameters for the investigated energy harvesting devices, including maximum

magnetization, cantilever dimensions, Youngs's Modulus and initial magnet position.

Demonstrator mg/lgixétir;aattice)rr?l/\/l g?nnetgesYgr: rr?:tgtriiEI\,/eEry posl,ir‘::gil, do
FSMA external coil 50 emu-g” 2 x4 x0.01 mm? 1[2\16'\42616[39]
FSMA microcoil 26 emu-g” 2 x 4 x 0.005 mm?® Nié%?é'\énéga’ 1-1.5mm
MSMA self-actuation 26 emu-g’ 2 x4 x 0.025 mm? z_g%yg”;iﬁ%ﬂ 0.5 mm

7.3. Kinetic Energy and Resonance

Heat is transduced to kinetic energy in most of the presented harvesting principles. For
these principles a simple equation of motion can be formulated, comprising the mass
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m, the deflection x from the equilibrium position, damping D, the cantilever stiffness k,
and F(x, T), describing the magnetic and reset forces:
m-x+D-x+k-X=F(x,T). (24)

Damping can be distinguished in structural, air, and electromagnetic damping. Electro-
magnetic damping De, can be described using the number of coil turns N, the area of
the coil A, and the load resistance Rpaq @S

2
(N-A 7.55)
coil  §x
_L g (25)

load

em

After an initial startup time, when the system is in a stable oscillation, the potential ener-
gy stored in the elastic reset cantilever at maximum deflection can be expressed as

3
! k d® = 1Ewr

spring = 2 spring ’ 2 ’ 4 . /3

d?. (26)

Ey is the Young's modulus, w, t, and / are the width, thickness, and length of the
cantilever, respectively. When moving away from the heat source, the energy stored in
the spring is converted to kinetic energy. At zero deflection no more energy is stored in
the spring and the whole energy is in the form of kinetic energy:

E :%m-vz. (27)

kin

If the cantilever can move freely or when the heat transfer times match the mechanical
oscillations, the cantilever tip moves at resonance frequency f.s. If damping is neglect-
ed, the frequency can be calculated by

3
Fo= 1 ] kspring: 1 . Ey'W't ) (28)
2.\ m 2.7 \ m-4-1°

If a magnetic SMA based demonstrator device works as oscillator at resonance, de-
scribed by Equation (24), losses are only caused by damping. In order to keep the sys-
tem running, these losses need to be compensated by an external force. In resonance,
this force may be relatively small, which is favorable for thermomagnetic self-actuation
at small temperature differences.

The design parameters, which can be derived from these considerations are:

e geometric parameters of the cantilever,

e Young's modulus Ey,

® moving mass m,

e damping constants D; for structural, air, and electrical damping.

The geometric design parameters as well as the Young's modulus should be chosen to
match closely the heat transfer times of the energy harvesting system, allowing for a
resonant operation. As has been demonstrated in this thesis, the resulting resonant os-
cillation enables very efficient kinetic to electric energy conversion. If the structural
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damping is small, the input energy matches closely the electrical damping, ensuring
high conversion efficiencies. Therefore, cantilever material with a high quality factor
should be chosen to minimize losses.

Table 7.3 shows typical values for kinetic behavior and coil design parameters for the
energy harvesting devices investigated.

Table 7.3: Kinetic measurement values and coil parameters of investigated energy harvesting devices.

Darrttor G Masiie R o
FSMA external coil 82 Hz 0.8 mm e)é%eg_‘?'og%”r S 28 LFJT:T:TWQ
FSMA microcoil 80-125 Hz 2.3 mm Tic%?g&”)’ 2 X1155u;nnm2,

7.4. Energy Conversion

Energy conversion takes place in several steps. First, the heat introduced into the sys-
tem changes the magnetization of the magnetic SMA material. After thermomagnetic
conversion, the magnetic energy is converted to mechanical energy (potential and ki-
netic). Using this mechanical energy, electrical energy is gained by electromagnetic
conversion according to Faraday's law.

The thermomagnetic energy conversion is strongly dependent on the change of mag-
netization AM/AT. A simplified general definition of thermomagnetic efficiency is found
in [73] and [102]:

P HAMTH)  SouH, -AM

7’] = T =~ 2 IJO m . (29)
p Thorcp(T)O,-,- p.cp.AT

cold

In literature, the maximum thermomagnetic conversion efficiency is found by simula-
tions to be about 0.2% [72, 73, 84], relating to large relative efficiencies 7., with re-
spect to the Carnot efficiency, of up to 20% [73].

After thermomagnetic conversion, magneto-mechanic conversion takes place by in-
ducing periodic magnetic attraction forces. As described in the section before, the
most beneficial operation mode is a resonant oscillation, as the thermomagnetic input
energy needed is minimized in this case. Only damping losses due to structural, air, im-
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pact, and electromagnetic damping have to be compensated in resonant state. The
quality of resonant oscillation can be rated by the Q factor as is shown in Chapter
5.4.3, Equation (10). It is found to be in the range of 400 to 2000.

The electrical energy generated in the resonant energy harvesting device is proportional
to the electromagnetic damping. In order to maximize the electromagnetic conversion
efficiency, the electromagnetic damping D, has therefore to be increased, while the
other damping losses need to be minimized. This can be achieved by using high quality
factor materials for the cantilever and by tuning the design of the pick-up coil. As
shown in Equation (25), De, increases proportionately by the coil area and the number
of turns. It is also strongly dependent on the magnetic field gradient. A large magnetic
field gradient 6B/8x is beneficial for a high electromagnetic conversion efficiency. The
load resistance Ry.aq IS Chosen to match the internal coil resistance, ensuring the highest
power output according to the maximum power transfer theorem.

Taking into account these considerations, the following design parameters can be
derived:

e temperature-dependent change of magnetization in the material (AM/AT),

e structural and air damping losses,

e coil geometry (area and number of turns),

e external magnetic field gradient.

Therefore, a material has to be chosen which shows large changes of magnetization in
small temperature differences. For the cantilever material, high quality factor materials
are beneficial. Pick-up coils covering relatively large areas are advantageous because
the electromagnetic damping increases without decreasing the resonance frequency to
the same extent, as by increasing the number of coil turns. Finally, also the magnetic
field gradient of the external magnet should be maximized to ensure a high overall con-
version efficiency.

Table 7.4 shows the maximum temperature-dependent change of magnetization in the
magnetic SMA materials used in this work as well as achievable values, found in litera-
ture. Also, the magnetic field gradient of the external magnet, implemented for the
FSMA-based energy harvesting device using a magnetic heat source, and an optimized
magnet geometry is denoted. It shows that further potential exists in tuning the mag-
netic design.

Table 7.4: Magnetization changes and magnetic field gradient used in this work and possibly achievable.

1% order transformation 2" order transformation Magnetic field
AM/AT AM/AT gradient
This work 3.17 emu-(g K)' 2.33 emu-(g K)" 0.23 T-mm’
Possible > 6 emu-(g K)"' [26] ~ 4 emu-(g K)’ 0.44 T-mm™ [103]
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7.5. Design Parameters

For each operation principle, shown in Chapter 5 and Chapter 6, specific design para-
meters, which are described in detail above, can be adjusted individually, or are depen-
dent on each other. Table 7.5 shows an overview of the parameters which can be
tuned for each energy harvesting principle. The optimization of material properties is not
mentioned here, as this would be beneficial for all operation principles.

Table 7.5: Overview on adjustable design parameters in the proposed energy harvesting operation princi-

ples. x: adjustable, o: dependent on other parameters, -: not applicable.

Operation Tip Young's Ext. mag- Heat trans- Contact .
principle Geometry mass modulus netic field fer coeff.  surface Coil
FSMA external coil X X 0 X X X X
FSMA microcoil X 0 0 X X X X
FSMA magnetic
heat source ° x x x x x
MSMA direct X i i " x " «
laser heating
MSMA ext. X i i « « X X
actuation
MSMA self- x x " " . " X
actuation
Pyroelectric X X X X X X -
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8. Comparison and Discussion

In this chapter, the results of the experiments, presented in Chapter 5 and Chapter 6,
will be discussed and a comparison of the different energy harvesting techniques, in-
vestigated within this work, will be presented. The pyroelectric energy harvesting device
with MSMA actuation will be excluded here, as it is not easily comparable with the oth-
er more similar magnetic SMA-based energy harvesting principles using an electromag-
netic energy transducing mechanism.

8.1. Comparison of Energy Harvesting Principles

To compare the results of the presented energy harvesting principles, the main param-
eters and results are given in Table 8.1. All demonstrators are build up with a very simi-
lar overall size, as can be seen in the cantilever dimensions. They differ mainly in the
cantilever material, and especially in the tip material and thickness.

Table 8.1: Comparison of the different energy harvesting principles, investigated in this work.

FSMA FSMA FSMA MSMA
external coil microcoil magnetic heat source microcoil
Cantilever 2 2 2 ’
dimensions 2 x4 mm 2 x4 mm 3 x5 mm 2 X4 mm
Cantilever mater-
ial, thickness FSMA, 10 um  FSMA, 5 um Brass, 10 um Pl, 25 um
Cantilever tip ma-
terial, thickness T oMA, 200 um - FSMA, 5 um MSMA, 50 pm
Coil windings 1000 100 200 50
Therm. actuation
frequency up to 6 Hz 82 -125Hz 85 Hz <2Hz
Mech. oscillation
frequency 82 Hz 82-125Hz 85 Hz 200 Hz
Power output 0.54 nW 0.12 pWw 2.4 uW 0.12 nW
Power density 0.8 pW-cm™ 3 mW-cm?® > 100 mW-cm™ 1.6 yw-cm*

While the FSMA-based energy harvesting principle using an external coil, as well as the
MSMA-based demonstrator have a quite large tip mass of FSMA or MSMA material,
the other two principles have only a 5 um thick active FSMA film, which is used for ac-
tuation. This difference in active material tip mass can be directly correlated to a large
difference in thermal actuation frequencies. The low thermal actuation frequency of the
MSMA demonstrator could additionally be explained by the lower thermal conductivity
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of the PI cantilever, the use of a stack of MSMA films instead of bulk material, and the
hysteresis due to first order phase transformation. While the two principles with relative-
ly low thermal frequencies rely on frequency up-conversion, reaching oscillation fre-
quencies of 80 to 200 Hz, the mechanical oscillations of the principles based on only
5 pm thick active material match the increased thermal frequencies at above 80 Hz.
This facilitates a much higher duty cycle close to 100%, resulting in power densities
which are 3 to 5 orders of magnitude higher compared to the operating principles with
a larger active material tip mass.

Another big difference between the principles presented in this work is the change from
a stationary pick-up coil, situated around the moving cantilever, to a moving pick-up
coil, mounted directly onto the moving cantilever front end. At first, this leads to a sub-
stantial decrease of coil windings because the size and mass of the coil are limited by
the cantilever actuation capabilities. By using a much thinner copper wire this problem
can be overcome and coils with up to 400 windings have been attached to the
cantilever front end. The advantage of having the pick-up coil move in the large mag-
netic field gradient of the permanent magnet, compared to the moving FSMA tip with
relatively low magnetization, leads to a considerable increase in electrical power output.
Comparing the demonstrator with a magnetic heat source and the FSMA-based energy
harvesting device using an integrated microcoil, shows that optimizing the magnetic
field gradient by choosing the right magnet geometry leads to a further considerable in-
crease of output power. Another advantage of the energy harvesting demonstrator de-
sign using a magnetic heat source is the independence of cantilever design and the
amount of active material. Here, a non-magnetic metal is used as cantilever material
and the FSMA film is mounted at the front end. Thereby, matching of the resonance
frequency of the cantilever and the thermal frequency can be achieved, leading to an
optimized system.

8.2. Discussion

The results of the presented magnetic SMA-based demonstrators show that it is possi-
ble to use the unique multifunctional properties of FSMA and MSMA materials to design
novel thermal energy harvesting devices. By using the actuation capability and the
magnetic properties of ferro- to paramagnetic transitions in FSMA or 1st order phase
transformations in MSMA, new options are exploited to convert low grade waste heat
to electricity on a miniature scale. The requirement for this energy conversion is a large
change of magnetization AM in small temperature differences AT. However, reaching
high magnetization changes by using a large amount of material, conflicts with short
heat transfer times, which are needed in order to have high thermal frequencies and
therefore a high power output. Therefore, at miniature scale, FSMA and MSMA thin
films, with a large surface to volume ratio, pose a promising alternative to conventional

96



Comparison with Thermoelectrics 8: Comparison and Discussion

bulk material. Because of their low thermal mass and the large contact areas between
active material and heat source, nearly instantaneous heating in few milliseconds can
be achieved.

As there are mainly stationary heat sources available in the environment, it is crucial
that energy harvesting concepts based on magnetic transitions show an intrinsic actua-
tion to ensure fast periodic heating and cooling. This is achieved in the four principles
presented by using the multifunctional properties of FSMA and MSMA materials. Differ-
ent routes for energy conversion are shown, including direct conversion and external
actuation with MSMA material, self-actuated frequency up-conversion, and matched
resonant oscillation with large amplitudes and maximum duty cycle. A very efficient en-
ergy conversion is shown by using a pick-up coil moving through a magnetic field gra-
dient at high velocities, exploiting the resonant mechanical actuation due to fast
changes of magnetostatic attraction forces.

Looking at the results, it becomes clear that tailoring the material properties of the
FSMA and MSMA material is crucial for further optimization and increased power out-
put. Especially a large ratio of AM/AT is important to obtain competitive energy harvest-
ing devices. On the other hand, the Curie temperature T¢ has to be adapted to the de-
sired application temperature range. It also becomes clear that besides the material
also the design aspects need to be addressed in detail. This includes the geometry of
the cantilever, the size of the pick-up coil, and the magnet, as explained in detail in
Chapter 7.

8.3. Comparison with Thermoelectrics

To compare the presented energy harvesting principles with thermoelectric devices, it
is not sufficient to just consider power density or efficiency figures because of the very
different design. A fair comparison with thermoelectric generators (TEG) requires to
take into account a similar size and similar temperature differences. Only microTEGs al-
low a high density of thermocouples and therefore noteworthy voltages at miniature
size. An example for commercially available microTEGs are electroplated TEGs with
sizes of 4.4 x 4.4 x 0.5 mm?® from GreenTEG [104] or sputter deposited TEGs with an
overall size of 3.3 x 2.43 x 1.1 mm?® from micropelt [105]. For the sake of complete-
ness, also a conventional bulk material based TEG is considered.

Besides the size of the TEG itself, also the size of the heat sink has to be taken into ac-
count. For a maximum efficiency and power output, the thermal resistance of the heat
sink has to be matched to the thermal resistance of the TEG [48]. In order to do so, the
microTEGs need heat sinks a hundred times larger than the actual TEG-area (200x to
500x) and thousand times larger than the active TEG-volume. To guarantee a fair
comparison between the microTEGs and the energy harvester presented in this work,
TEGs with a heat sink of a dimension of the actual TEG-size are considered.

97



8: Comparison and Discussion Comparison with Thermoelectrics

Table 8.2 summarizes the data of the microTEGs and a representative bulk TEG. For
evaluation of their actual power, a heat source temperature of 170 °C and an ambient
temperature of 30 °C is considered, matching approximately the operational conditions
of the FSMA-based energy harvesting device using a magnetic heat source. For the mi-
croTEGs two cases are investigated. For operation without any specially designed heat
source, a natural convection heat transfer coefficient h of 20 W-(m? K)™" is assumed. By
implementing an additional heat source of the area of the TEG, the heat transfer coeffi-
cient of 80 W-(m? K)™' is assumed. One has to keep in mind that such a heat source
would increase the volume of the microTEG-based energy harvesting system substan-
tially. For the bulk TEG a standard heat sink of 25 x 25 mm? size is assumed, having a
matched thermal resistance of 20 K-W™.

Table 8.2: Parameters of TEGs.

micropelt DPG-655 greenTEG gSKIN bulk TEG
Volume 3.3x243x1.1mm® 4.4x4.4x05mm® 20x20x4mm?
Thermal resistance O g 22 KW 18 KW 20 KW
Electric resistance Ry 210 Q 13 Q 11 Q
Open circuit voltage voe 80 mV-K™ 4.3 mV-K" 28.6 mV-K™

To evaluate the thermal resistances of the microTEG heat sinks, the area of the mi-
croTEGs A and the heat transfer coefficient are used:

1
O =—. 30
sink hA ( )

Because of the difference of the thermal resistances of the microTEGs and the heat
sinks, the temperature difference across the microTEGs AT+ is only part of the overall
temperature difference AT, proportional to the ratio of thermal resistances:

AT (&)

TEG _ TEG (31)

AT 0, +0, .

sink

For the bulk TEG, the temperature difference is exactly 0.5, as the thermal resistance of
the TEG and the heat sink are matched perfectly.

In order to calculate the electrical power, it is supposed that the load resistance match-
es the electric resistance of the microTEG. The voltage output is then half of the open
circuit voltage due to the linear electric behavior of TEGs. Then, the power can be cal-
culated as follows:

e AT Y
(2 R TEG) . (32)

TEG

P=

The efficiency of the microTEG system is calculated by dividing the electrical power by
the heat flux through the system:
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=T (33)

For the bulk TEG, the formula of the efficiency at maximum electric power is used,
which can also be found in [48]:
y

—
2+ ——-"2
ZT 4

Moo = o (34)

For the calculation of power density, only the volume of the active TEG material is used,
which has a thickness of only 40 pm in case of the microTEGs.

The results of the calculations are given in Table 8.3. It is important to note that the
temperature difference achievable along the microTEGs is very small, even using a spe-
cially designed heat source with a high heat transfer coefficient of 80 W-(m? K)'. There-
fore, the resulting overall power output, power density, efficiencies of the microTEGs
are small.

Table 8.3: Characterization of TEGs at an overall AT = 140 K, considering power, efficiency, and power

density.
micropelt, Ny, micropelt, hpae  greenTEG, hnn  greenTEG, hppax Bulk TEG
Osink 6235 K-W' 1559 K-W 2583 K-W' 646 K-W' 20 KW'
ATreg 0.49K 1.95 K 0.97 K 3.8K 70K
P 1.83 pW 29 uyW 0.34 uW 514 yW 93.4 mW
n 0.0082% 0.032% 0.0006% 0.0024% 2.67%

P/ 79mW-cm® 125 mW-cm® 09mwW-cm® 13.3mW-cm® 194 mW-cm®

When comparing these numbers with the results on the magnetic SMA-based energy
harvesting devices investigated in this work, most of the presented demonstrators can-
not compete with the microTEG results, which have been developed and optimized
over a long time. However, the FSMA-based energy harvesting device using a magnet-
ic heat source already shows competitive results with an average electrical power of
2.4 YW and a very high power density of up to 118 mW-cm™®, being on par with the
best microTEG and almost reaching the power density of conventional bulk TEGs. The
lack of need for additional heat sinking is also a key for the competitiveness of magnet-
ic SMA-based energy harvesting devices. Heat is transferred only in a discrete and re-
stricted manner, ensuring a sufficient temperature difference instead of steadily flowing
through the TEG.

Therefore, a continuous optimization of the design and the material of magnetic SMA-
based energy harvesting devices could lead to competitive alternatives to TEGs espe-
cially on miniature scale.
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9. Conclusion and Outlook

This chapter concludes the thesis on energy harvesting with magnetic shape memory
alloys (SMA) by a short summary and an outlook on further work, necessary to optimize
and improve thermomagnetic energy harvesting demonstrators.

9.1. Conclusion

Making use of the multifunctional properties of magnetic SMA films, this work shows
different approaches to generate electricity from a thermal gradient. Ferromagnetic and
metamagnetic SMA (FSMA and MSMA) films are distinguished, as the basic material
effects as well as the corresponding working principles are different.

For MSMA materials, the change of magnetization during a first order phase transfor-
mation is used, giving rise to large magnetization changes of up to 3.17 emu-(g K)™.
However, first order phase transformations exhibit hysteresis and, thus, a considerable
amount of latent heat that limits the actuation speed and efficiency. Nonetheless, a
considerable improvement over state-of-the-art thermomagnetic energy harvesting by
first order phase transformation is shown. A self-actuated MSMA energy harvesting
demonstrator is build up consisting of elastic reset cantilever, MSMA tip, and microcaoil
which is attached to the front end. By moving between the heat source and a minature
magnet, the demonstrator shows a power density of 1.6 pW-cm™ at a thermal opera-
tion frequency of 2 Hz.

FSMA-based energy harvesting devices, which use the ferro- to paramagnetic transi-
tion, a second order phase transformation, show also very promising results. Because
of zero hysteresis and strong changes of magnetization of the investigated FSMA films
in small temperature intervals of up to 2.33 emu-(g K)™, the ferro- to paramagnetic tran-
sition is very favorable for thermal energy harvesting.

The first demonstrator is based on an external pick-up coil, a FSMA cantilever, and a
ferromagnetic tip of 200 pm thickness, diving into the coil to induce an electric current.
Because of relatively slow thermal actuation frequencies of about 2 Hz, frequency up-
conversion is established to achieve oscillation frequencies of approximately 80 Hz,
feasible for electromagnetic conversion. The power density of this demonstrator is
measured to be about 0.8 pW-cm™.

A second generation demonstrator uses a microcoil, directly attached to the tip of the
FSMA cantilever, omitting additional FSMA tip material. Because of the lower heat ca-
pacity of the FSMA film of just 5 um thickness, the thermal frequencies are improved
more than tenfold to above 80 Hz. An electric current is generated by the coil moving in

the magnetic field gradient of the external magnet. This second generation harvester is
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able to generate an average electric power output of 0.2 yW, resulting in a power den-
sity of approximately 3 mW-cm™. The boost in power output is achieved by matching of
thermal heat transfer times and oscillation behavior, leading to a resonant movement of
the cantilever tip with an almost maximum mechanical duty cycle.

The third generation of FSMA-based energy harvesting demonstrators on the one hand
combines the heat source with the external magnet to an integrated magnetic heat
source, delivering a strong, almost spatially constant magnetic field gradient. This en-
ables a higher electrical duty cycle. On the other hand, a brass cantilever of 10 pm
thickness is used in order to tune the eigenfrequency of the system independently from
the magnetic attraction force and the heat transfer times, which are influenced by the
amount of FSMA material on the tip. This setup allows for a resonant oscillation at ap-
proximately 85 Hz with large amplitudes of induced current of up to 160 pA. The aver-
age power of the device is 2.38 pW, at a heat source temperature of 150 °C, resulting
in an unprecedented large power density in thermomagnetic energy harvesting of
118 mW-cm™®. This challenges state of the art thermoelectrics on miniature scale.
Important design parameters are identified and discussed in detail for the developed
MSMA and FSMA-based thermal energy harvesting devices. The design of an energy
harvesting system comprises heat transfer, magnetic actuation forces, kinetic charac-
teristics, and energy conversion. Many design parameters of these categories correlate
strongly, making the optimization of the overall system a challenge. However, the most
important design rule, identified in this work, is the matching of heat transfer times and
mechanical oscillation. By implementing this concept, a new generation of miniature
thermomagnetic energy harvesting devices can be developed, feasible for a broad
range of thermal energy harvesting applications.

9.2. Outlook

Optimization of the presented energy harvesting devices by improving the different es-
sential parameters, identified in this thesis, should be the topic of further studies. As
mentioned above, many design parameters correlate and therefore a theoretical model
should be developed for a detailed investigation of parameter space. In particular, the
following steps have to be considered for optimization:
e tailoring of the temperature-dependent magnetization change AM/AT,

e at the ferro- to paramagnetic transition,

e at zero hysteresis first order phase transformations,
¢ thermal contact optimization for decreasing heat transfer times,
e improving quality factor of cantilever oscillation to reduce structural damping,
e optimization of pick-up coil design (area, light-weight wire material like aluminum),
e providing a large magnetic field gradient by optimized magnet design.
By an in-depth research of ferromagnetic thin films with a high magnetization change in
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a small temperature difference AM/AT and a Curie temperature T¢ close or below
100 °C, new materials, better suitable for thermomagnetic energy harvesting, could be
identified. Epitaxial films could provide favorable properties. A larger AM/AT leads to
larger possible amplitudes, higher oscillation frequencies, and thereby higher induced
voltages. By decreasing T¢ [23] or Ty, the range of possible applications could be in-
creased. When adjusting material properties, special attention should be payed to low
functional fatigue. The goal of a long lifetime can be achieved by matching the lattice
parameters of austenite and martensite such that A, = 1. In addition, the cofactors of
the transformation matrix should be close to zero [81]. This ensures a narrow hystere-
sis, favorable for thermomagnetic energy harvesting at small temperature differences.
The thermal contact has to be improved further by ensuring, e.g., a very flat contact
surface [93], [106], [107]. The thermal contact is essential to provide short heat-transfer
times, enabling high frequency thermal energy harvesting.

By improving the mechanical quality factor of the cantilever oscillation, a smaller change
of temperature AT is needed to overcome the damping, leading to shorter heat transfer
times and improving the mechanical efficiency.

The optimization of the pick-up coil design by maximizing the coil area and increasing
the number of coil windings leads to higher induced voltages and therefore a higher
output power. However, the reduced eigenfrequency of a cantilever with larger tip
mass due to the coil needs to be taken into account. This can be addressed by using
aluminum based wires, having a much lower density than copper based wires, allowing
for more lightweight coils on the cantilever tip. The fabrication of the coil also needs to
be changed to an automatic process, e.g., by using wire bonding machines [108], or
conventional winding methods, suited for miniature coil fabrication.

At last, the design of the magnetic field gradient is very important for large electro-
mechanical efficiencies. Choosing an optimal magnet design, having a high internal flux
and a large external magnetic field gradient in the actuation range of the cantilever,
leads to an optimum electromagnetic conversion.

The above mentioned improvements will enable an even higher power output, making
the thermomagnetic energy harvesting principle competitive to microTEG devices, es-
pecially in applications where only small space is available and batteries need to be
avoided. In order to make use of the electricity generated by the harvester, also an
electrical interface has to be developed. This should include a transformation of the
generated voltage to above 1 V and charging of a capacitor or a battery to enable a
continuous power supply for, e.g., a sensor node at a waste heat pipe.

For further development also a particular application has to be taken into account and
the whole energy harvesting system has to be designed for the intended use. The as-
sembly and fabrication for the thermomagnetic energy harvesting should be optimized
as well regarding a competitiveness in costs.
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