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Abstract

The systems/products and their design processes have become more and more complicated due to the
fact that their requirements in terms of function, durability, reliability and energy efficiency have been
increased significantly and that their leading time has to be short and their materials cost has to be low.
To meet these requirements, individual parts and subsystems have to offer increased functionality and
efficiency themselves. It has been found that smart materials, such as piezo ceramics or various shape
memory alloys as well as less known dielectric elastomers or magnetic shape memory alloys, offer
ideal preconditions to fulfil such requirements. Among the various shape memory alloys, the Magnetic
Shape Memory (MSM) alloy is a kind of smart material that can elongate and contract in a magnetic
field. Based on the MSM alloy a new type of smart electromagnetic actuators have been designed and
developed. This kind of actuator exhibits the features above. Typically, the MSM material is a
monocrystalline Ni-Mn-Ga alloy, which has the ability to change its size or shape very fast and many
million times repeatedly. State-of-the-art alloys are able to achieve a magnetic field induced strain of
up to 12%. The magneto-mechanical characteristic of MSM alloys is being constantly improved.
However, as far as the author is aware, there are no efficient and commercially available tools for
engineers to design MSM-based actuators. To achieve this, simulation tools for design are
indispensable. This thesis is dedicated to this task.

In this PhD thesis, new design and simulation techniques for MSM-based actuators have been studied.
In particular, three simulation methods have been proposed. These three methods extend standard
magneto-static FEM simulation techniques by taking into account the magneto-mechanical coupling
and the magnetic anisotropy of the MSM materials. They differ in terms of the necessary a priori alloy
characterisation (i.e., measurement effort), computational complexity and consequent computing time.
The magneto-mechanical characteristics of the MSM material are a necessary and fundamental
ingredient for this type of simulation. However, the characterisation of the MSM materials is a very
challenging task and requires specific modifications to standard measurement approaches. So, in this
thesis, some specific measurement methods of the magneto-mechanical characteristics of the MSM
materials have been proposed, designed and developed. It is described how existing measurement
instruments can be modified to measure the unique magneto-mechanical characteristics of MSM, so
they are applicable and with practical values. Various tests have been carried out to validate the new
methods and the necessary characterisations of the properties of MSM materials have been performed,
such as the measurement of the permeability of MSM under a defined stress during elongation. The
new measurement results have been analysed and the findings have been used to design and develop
the simulation methods. The three simulation methods can be used to predict and optimise the current-
elongation behaviour of an MSM element under the load of a mechanical stress while excited by a
magnetic field. Extensive experiments have been carried out to validate these three simulation
methods. The results show that the three methods are relatively simple but, at the same time, very
effective means to model, predict and optimise the properties of an MSM actuator using finite element
tools. In addition, the experiment results have also shown that the simulation methods can be used to
gain some deep insights into the magneto-mechanical interaction between the MSM element and the
electromagnetic actuator. In this thesis an evolutionary algorithm which works together with the
simulation methods has been developed to achieve individual optimised solutions in very short times.

In summary, from the experiment results, it has been found that the measurements and simulation
methods proposed and developed in this thesis; enable designers to perform simulations for a high-
quality actuator design based on the magneto-mechanical properties of MSM alloys. This is the first
time that a MSM can be characterised for simulation purposes in a fast and precise way to predict
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MSM and electromagnetic actuator interactions and identify and optimise the design parameters of
such actuators.

However, these simulation methods are strongly dependent on the measurement of the magneto-
mechanical characteristics of magnetic shape memory alloys, whose precision can be further
improved. To reach commercial success as well higher precision in the simulation prediction, further
achievements in the field of material science (e.g. smoothness of mechanical curves) are also
necessary.
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1 Introduction

1.1 Project Background

Increased product requirements with respect to functionality, durability, and energy efficiency lead to
more and more complex systems and design processes. These requirements, however, have to be
fulfilled at competitive system and life-cycle costs. In consequence, individual parts and subsystems
have to have more functions and work with high efficiency. The broad class of smart materials,
including prominent examples such as piezo ceramics or shape memory alloys as well as less known
magnetic shape memory (MSM) alloys, offer ideal preconditions to fulfil such requirements.
Therefore, they have a great potential to play an important role in future actuation technologies.

MSM actuators represent a new type of smart electromagnetic actuators where the magnetic shape
memory element (MSME) elongates and contracts in a magnetic field. Typically, the MSM material is
a monocrystalline alloy that consists of Nickel (Ni), Manganese (Mn) and Gallium (Ga), which has the
ability to change its size or shape very fast (Marioni, O'Handley, & Allen, 2003) and many million
times repeatedly (Aaltio, Soroka, Ge, Stéderberg, & Hannula, 2010). As shown in Figure 1.1, MSM
actuators exhibit unique advantages such as fast switching with large work output that could open a
new area for various applications. Furthermore MSM actuators offer an ecological advantage, when
they are designed as multistable actuators with near-zero current consumption in any stable position
(Gauthier, Hubert, Abadie, Lexcellent, & Chaillet, 2006), (Pagounis & Schmidt, 2012). At the moment
standard material is available and ready to be used successfully in actuators. However, the MSM
technology is still in a research state and further improvements in the material are expected.
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Figure 1.1: Work output vs. operation frequency of actuator types (Benon, 2001)

The market of electromagnetic actuators is a competitive environment in which some technologies are
known since the Englishman William Sturgeon invented the first electromagnet in 1825 (Watkins,
1833). To be able to enter this market it is necessary to have a unique selling proposition (USP) and
offer an economical advantage. So it is advantageous to start in niche markets, where cost pressure is
lower. But in the case of actuator technology the costs are of interest as well and it is necessary to
design actuators on customer demand fast and easy to reduce costs already in the design stage and also
to be able to compete with established actuator technologies. Therefore MSM requires modified
approaches in the complete design process. Simulation tools like the finite element method (FEM),
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also known as finite element analysis (FEA) (Kallenbach, et al., 2012), are indispensable in many
areas of today engineering. With these tools, engineers can test their designs at an early stage of the
design cycle. They determine causes of premature failure in subsequent use; furthermore they can
check fast design changes to reduce cost and weight as well as to determine the safety factor of
products. Analysis tools for mechanical engineers are of particular value since they can help
identifying design problems, which might otherwise not be recognised due to complexity of the
developed systems, due for instance to the dynamics of many moving parts of machinery in the
construction assessment (Bungartz, Zimmer, Buchholz, & Pfliiger, 2009). In the area of MSM,
simulations were used for several issues such as the optimisation of the casting procedure or of the
material composition. Indeed, electromagnetic simulation was also done with the intention to produce
demonstrators to proof functionality of the MSM effect, or for characterisation purposes of the MSM
technology. But the improvement of the interaction with an electromagnetic actuator and design
optimisation in dependence on a specific customer requirement was subordinated.

1.2 Motivation

To be able to reach commercial success with the MSM technology these simulation tools are
indispensable. Because of the specific behaviour of the MSME in combination with the fact that MSM
is a young class of material, there is no commercially available software that offers the calculation of
an MSM-based actuator. This work investigates such simulation techniques applied to the MSM
technology, to allow designing MSM actuators in a fast and precise way and additionally identify and
optimize the design parameters of such actuators.

Researchers from different areas were working on MSM and successfully used several simulation
techniques with the target to optimise and characterise the material properties. But still no sufficient
simulation approach is known, which is adequate for the engineering of a complete actuator and a
successful product. The final customers usually provide the desired electrical requirements (e.g., max.
voltage and max. current) and are more interested in the overall mechanical properties of the final
system. Thus, the main focus of this thesis is to offer tools for the precise prediction of the electro-
magneto-mechanical behaviour of an MSM actuator.

1.3 Research Questions, Overall Aim and Objectives

The overall aim of this thesis is to develop simulation methods for the design of MSM actuators, to
enable engineers to apply this technology in several application areas. In the case of commercialisation
a method is needed that is as fast as possible, as precise as necessary and applicable for product
engineers. In contrast, for research purposes it is desired to get a deeper understanding of the effect
itself and calculation time is secondary. In any case it is necessary to describe the MSM actuator as a
system to receive realistic results. This leads to the following research questions:

o  Which simulation model can be used to predict the behaviour of a MSM actuator system?
e Which input data are necessary to perform a simulation with the researched methods?
o Are the researched models adequate for simulation purposes?

Out of these questions arise the following objectives:

e Investigation on simulation models that can represent the MSM behaviour in the FEA/FEM
simulation environment.

e Research relevant material properties of MSM and modification of measurement methods for
magnetic simulation purposes.

e Validation of the simulation methods.

17
Thomas Schiepp 24.04.2015



In the first objective the emphasis is on the simulation model that should describe the magneto-
mechanic behaviour of an MSM actuator as a whole system. The model has to consider the
macroscopic behaviour of the magnetic circuit and to emulate the behaviour of the MSME as detailed
as useful in adequate computing time. Therefore, three simulation methods are developed with varying
complexity in terms of preparation (measurement) and execution (calculation).

In magnetic simulations data like magnetisation curves of all ferromagnetic materials are necessary but
in this research the properties of all ferromagnetic materials other than MSM play a minor role. But as
this has an impact on the simulation results, it should be mentioned here that these are taken into
account. Hence in the second objective MSM alloy properties are in focus. The material itself is in
research state and ongoing work in this area has continuous impact on the magnetisation curve or on
the value of the twinning stress for example. This influences the actuation behaviour and enables
further possibilities for customer needs. It is target to research the relevant characteristics of MSM as
deep as necessary to receive all ingredients for a working simulation model. Therefore the standard
measurement devices have to be modified. This necessary because of the current research state of
MSM are no standard measurement devices as well as procedures for particular this kind of material
established.

To achieve the third objective, the characteristics of actuator designs have to be evaluated to validate
the simulation results. Therefore, 8 MSM samples are characterised with modified measurement
methods. Afterwards the samples are implemented in a prototype actuator and the switching behaviour
is compared with the simulated behaviour to evaluate the preciseness of each simulation model.

1.4 Contributions to the New Knowledge Generation
The contribution of this PhD thesis to the new knowledge generation would be:

e Simulation methods
o The Stress Based Simulation (SBS) is very precise model that represents the physical
phenomena as reasonable for FEM
o The Dynamic Magnetisation Curve (DMC) is a quite fast method that need relatively
low amount of measurement
o The Stress Dependent Magnetisation curve (SDM) can estimate functionality in only
one simulation run
e Magnetic measurement technique
o Magnetisation curves of hard and easy axis of MSME
o Magnetisation curve of MSME at several levels
o Magnetisation curve in combination of external stress

1.5 Thesis Structure

The structure of the thesis follows basically the chronological course of actions. It starts with the
following literature review to get an overview of current work in the area of smart materials and
particular with MSM. Chapter 3 describes the research methods. Because MSM is a young class of
material and the simulation of such an actuator requires techniques developed in different technical
areas, also the methods that are discussed here are from different areas. The researched simulation
methods are presented in Chapter 4. It is shown how the model interacts with the magnetic simulation
tool as well the simulation procedures and which type of input data is necessary. Especially, the input
data are the basis for Chapter 5, which describes how the measurement devices are modified to receive
such input data. All measurement results which are necessary to perform the simulation of all three
proposed methods as well as the measurements on a MSM prototype are shown in Chapter 6.
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Chapter 7 presents the simulation and the benchmark results that compare the performance or even
computing time and preciseness of the methods. In Chapter 8 several examples are shown where these
methods are used for research issues as well as first steps for commercialisation.
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2 Literature Review

2.1 Introduction

An actuator is a device that can be used to act upon a environment. This kind of device is driven
typically by electric current, hydraulic fluid pressure, or pneumatic pressure, and converts this energy
into motion and can also be used to apply a force (Sclater, 2011). In particular, an electrical actuator is
characterised by the fact that it is driven electrically with current or voltage, ideally by low power
(Janocha, 2013). Such a device transduces the electrical power into a magnetic field and finally this
field into mechanical energy (Kallenbach, et al., 2012). It is typically used in manufacturing or
industrial applications such as pumps, switches, combustion engines and valves. Many of those
devices are using the reluctance principle, which is based on the behaviour of the magnetic circuit that
tends to achieve the state of lowest energy. As a consequence, every moveable part of the circuit will
be displaced by a magnetic force to reduce air gaps and minimize the magnetic energy. Among the
various actuators, a Magnetic Shape Memory Actuator (MSMA) is a new type of actuator that
employs a shape memory alloy to respond to magnetic fields.

2.2 Smart Materials

Smart Materials are a class of materials that can change their properties or characteristics such as
shape, size, colour or stiffness depending on an external stimulus like temperature, pressure, electric or
magnetic field etc. These materials can be solids, liquids or gases. (Addington & Schodek, 2007).
Smart materials have been known since the 19" century, when J.P. Joule discovered magnetostriction
(Joule, 1847). Since then, the properties of smart materials have been continuously improved and
various new materials have been discovered. Some of these like piezo, or thermal shape memory
alloys, have already been successfully commercialised. Further property improvements and more new
types of smart materials can be expected in the future. In this section, some of the materials shown in
Table 2.1 will be reviewed.

Electrorheologic fluids electric field viscosity
Electrostrictive electric field force/stroke
Photomechanical light force/stroke
Piezo electric field force/stroke

Magnetorheologic fluids magnetic field viscosity
Magnetic shape memory magnetic field force/stroke
Magnetostrictive magnetic field force/stroke
Shape memory heat force/stroke

Table 2.1: Selection of smart materials

2.2.1 Piezoelectricity

Piezoelectricity is a smart material that is already in the market. This material was already discovered
in 1880 from the brothers Jacques and Pierre Curie (Janocha, 2013). As shown in Figure 2.1, they
identified, that a deformation, for example of quartz, caused by an applied mechanical stress, polarises
this material in a way that the surfaces are charged and an electric field is created. If the surfaces
(electrodes) were short-circuited, the surface charges are equalised by a current. This behaviour is
called the direct piezoelectric effect. In contrast, the inverse piezoelectric effect, i.e. a material
deformation due to an applied voltage, was forecasted by Gabriel Lippmann in the following year due
to thermodynamic considerations and confirmed by the Curie brothers experimentally (Janocha,
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2013). The piezoelectric effect in natural monocrystalline materials such as quartz and tourmaline is
very small. The discovery of polycrystalline ceramics such as barium titanate (BaTiOs), during the
second world war (Lee & Aksay, 2001), as well as the findings of their ferroelectric properties (von
Hippel, 1950) and the discovery of lead zirconate titanate (PZT) was a breakthrough for the
piezoelectric effect (APC International Ltd., 2011).

Voltage

Figure 2.1: Schematic of the piezo effect

This discovery in combination with increasing demands on positioning resolution and actuator
dynamics moved the piezo actuators in the focus of interest. Besides the material composition, the
main influence on stroke and force is based in the design of the actuator. The most common actuators
are the stack actuator and the bending transducer.

The stack actuators are composite structures as shown in Figure 2.2. They are made by stacking
separately finished piezoelectric ceramic discs or rings with alternating polarity and metal electrode
foils to drive all these actuator elements (green). With this construction, they are connected
mechanically in series and electrically in parallel. The changes in length of the individual ceramic
layers are finally resulting in an elongation of the stack. Today such piezoelectric actuators show very
large forces up to several kN and can reach strokes from nanometres up to several hundred
micrometres. Furthermore they are very quick with a response time of a few microseconds (APC
International Ltd., 2011). The large forces are an advantage of this technology, but state of the art
elongation is often insufficient for applications. To reach a stroke of 1 mm a stack of more than 100
mm in length is necessary. Such a stack actuator is from the costs perspective as well as from the size
rather unattractive. Therefore the customer has to modify his system or to transform the force and
elongation with a gear mechanism.

Figure 2.2: Stack actuator principle (Physik Instrumente GmbH & Co. KG, 2012)
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One alternative is the piezo bending actuator, which is designed to produce a relatively large
mechanical deflection. In a bending actuator two thin layers of piezoelectric ceramics are bonded
together, usually with parallel polarisation direction, and are electrically connected in parallel. When a
voltage is applied, one ceramic layer expands and the other contracts causing the actuator to flex. This
deflection offers a large displacement but a limited force compared to a stack actuator. Anyhow for the
control of piezo actuators, voltages in the range of several 100 V are required (APC International Ltd.,
2011). This high voltage is for safety reasons often not allowed or at least undesired. In industrial
applications 24 V is standard, so that these types of actuators need additionally current sources and
safety precautions.

2.2.2 Magnetostriction

Magnetostriction was the first smart material to be recognised. As shown in Figure 2.3, as long as a
material is not magnetised, the orientation of so-called domains in the inner of a ferromagnetic
material is random. When a ferromagnetic crystal is magnetised the spontaneous magnetisation occurs
and the domains become oriented with their axes roughly parallel to one another, causing a shape
change. This phenomenon is called magnetostriction. When the magnetisation is taken away the
orientation of the domains, as well as the shape, goes back to its original state (Bozorth, 1951). In the
case of iron this length change can be of about 14 um/m or 0.0014 % which is normally invisible.
Nevertheless this effect can be recognised easily by the transformer “Hum” noise. Magnetostriction
experienced a renaissance in the 1970s, when Terfenol-D was developed. This is an alloy with a “giant
magnetostrictive effect” of about 1000-2000 um/m and therefore is capable to produce shape changes
of up to 0.2 % (Janocha, 2013). This material is named after the ingredients terbium, iron (Fe) and the
place where it was developed, the Naval Ordnance Laboratory in USA (NOL), the ‘D’ comes from the
addition of dysprosium (Jiles & Devine, 1994).

Figure 2.3: Magnetostriction

In 1865 Emilio Villari discovered the inverse magnetostrictive effect, also known as Villari effect.
This effect is the change in magnetisation in dependence on stress and is based in the behaviour of
magnetic domains. This has impact on magnet steels. Due to high cutting forces during the mechanical
treatment the material can be braced mechanically and hinder an orientation during the magnetisation
that finally leads to reduced permeability. On the other hand this effect is suitable for sensor
applications. Such devices were researched for example for underwater acoustic sensors (Hunt, 1947)
and are used as level sensors for turbines of gas and steam power plants.

In general, magnetostriction can be used for actuators (Nyce, 2003). Devices such as sonar transducer
linear motor or electro-hydraulic actuators for example were researched (Olabi & Grunwald, 2007).
The reachable elongation depends on the length of the main element besides on material properties in
general. Although Terfenol-D offers a remarkable magnetostrictive effect, the obtainable strain value
is still small for many applications. For example, for an application that needs 1 mm of elongation the
Terfenol-D element needs to be 500 mm long, nearly three times longer than the commercially
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available samples (Janocha, 2013). The magnetic characteristics of Terfenol-D (Linnemann, 2007) are
relatively poor compared to iron, which makes it difficult to apply a sufficient magnetic field along a
big Terfenol-D sample. Therefore this effect is suitable for applications with high forces in
combination with small elongation. Otherwise a gear mechanism is needed, which leads, in
combination with the necessary electromagnetic circuit, to a bulk device, which in turn makes
magnetostriction rather unattractive for many actuation purposes.

2.2.3 Shape Memory Alloy
This section is based on the contents of Glimpel (2004), Smith (2005), Lagoudas (2008).

Shape Memory Alloys (SMA) are a group of metallic alloys that "remember"” their original shape
when they are exposed to a stimulus. This could be temperature or stress. This function is realised by
the transformation between two phases or structures accompanied by a shape change, which is called
shape memory effect (SME). In contrast to most metals, SMAs have two temperature-related phases in
the solid state: the high temperature phase is called austenite and the low temperature phase is called
martensite. As shown in Figure 2.4, the shape change between these two phases, that is induced by
heat, is called thermal shape memory effect. Differently from the austenite, the martensite phase has
two possible crystal structures, called variants. An applied mechanical stress can favour the presence
of one or the other variant. Furthermore if the material shows magnetic anisotropic behaviour, this
mechanical stress could also be induced by applying an external magnetic field. In this case, the shape
change is called MSM effect. The two martensite structures are sometimes described as twinned and
detwinned martensite (Liu & Xie, 2007). But in context of an actuator, it is rather precise to refer to
the differently oriented crystallographic axis of the two martensite variants (the short and long axes of
the martensite variants are depicted in Figure 2.4 as red and black arrows). The class of MSM alloys
will be discussed in detail in Section 2.4.
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Figure 2.4: Illustration of the microscopic shape change effect

In thermal shape memory alloys, the shape change is based on the temperature dependent lattice and
phase transformation between martensite and austenite. According to Otsuka and Wayman (1999),
Arne Olander discovered the pseudoelastic behaviour of the Au-Cd alloy in 1932. In 1963 the
discovery of Nitinol (Buehler, Gilfrich, & Wiley, 1963) was a breakthrough for this class of material.
The name Nitinol is an acronym for its composition of nickel, titanium and the name of the research
institute (Naval Ordnance Laboratory). In contrast to pure titanium and nickel the composition shows
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an ordered cubic crystal structure. This composition is able to perform a shape change of up to 8 %
(Langbein & Czechowicz, 2013) and can be used up to 400°C (Janocha, 2013). Over the last seven
decades several compositions have been researched by alloying elements to existing compositions
with a variety of properties (Lagoudas, 2008).

The actuation of this kind of material can be divided into the one way and the two way effect. The one
way effect can be observed when a specimen is deformed mechanically in the low temperature
martensite phase and afterwards heated up above its phase transition temperature. The specimen will
undergo a phase transition to the austenite and can “remember” its shape. Because of that it changes
back to its original shape, the one before it was deformed. If the specimen is cool down to the
martensite again, it will remain until it gets a new stimulus for deformation. The two-way shape
memory effect appears any time when material undergoes, a phase transition between austenite and
martensite; therefore it shows the shape memory effect during both, heating and cooling phases.

Thermal shape memory, from a commercial point of view, is a already successful smart material that
is used for example in automotive applications in pneumatic valves for seat adjustment, camera
autofocus or in minimally invasive endovascular medical applications. Here, Nitinol is used in
particular as a self expanding stent induced by body temperature that has the ability to adapt to the
shape of certain blood vessels. In particular this example the actuator device in its simplest form just
consists of the SMA itself. In this case the heat source is the human body; therefore this device needs
only one actuation over lifetime. In such passive systems the heat is caused by the environment,
whereas in active systems some heat source is necessary. Usually SMA devices are heated electrically
with an electrical current that produces Joule heating, while the cooling is typically obtained by free
convective heat transfer to the environment. This makes this actuator quite small and low in weight.
As a result of this actuation principle only the first shape change from martensite to austenite can be
performed very fast. However, the cooling is relative slow because it cannot be controlled and is at
present a drawback of this technology. As shown in Table 2.2 the transformation temperature from
austenite to martensite (cooling) is minimum 15 K lower than the transformation temperature from
martensite to austenite, i.e. in the heating phase. This makes the cooling by free convective heat
transfer even more time-consuming. An improved heat transfer to the environment would lead on the
one hand to a faster cooling, but would also reduce the heating performance as well as the overall
efficiency of the actuator system. Another drawback of SMA is the amount of reachable switching
cycles. As shown in Table 2.2 the NiTi alloys are capable to reach 100,000 switching cycles, which is
a too small number for many actuation purposes. Furthermore, the maximum elongation can be
obtained only with the one way effect, while with the two way effect it is reduced by more than 50%.

One way effect 7 4 6 %

Two way effect 3.2 0.8 1 %
Permitted stress 100...130 40 70 N/mm?

Transformation range -100...+100 -200..+110 -200...+170 °C

Hysteresis 30 15 20 K

Peak temperature 400 150 300 °C
Heat conductivity 10...18 120 75 W/mK

Switching cycles > 100,000 > 10,000 > 5,000

Table 2.2: Properties of SMA (Janocha, 2013)
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2.3 Magnetism

2.3.1 The Magnitude of Magnetism

This section is based on the contents of Kallenbach, et al. (2012), Feynman, Leighton, & Sands (2007)
and Janocha (2013).

In order to be able to design electro-magnetic actuators, it is important to know the impact variables.
The international system of units (abbreviated as SI from French: Le Systéme international d'unités)
uses two different physical units to describe the value of a magnetic field, on the one hand the
magnetic field strength H in Ampere per meter (A/m) and the magnetic flux density B (so-called
"magnetic induction™) with the unit Tesla (T), named after Nikola Tesla.

The magnetic field strength H describes a field, which is generated in the centre of a single circular
coil with n turns and a diameter d carrying a current I:

_In

= 2-1
dm

Meanwhile the magnetic flux density is defined by its experimental measurable force on moving
electric charges (Jiles, 1998). The magnetic flux is typically given by the Greek letter Phi, (®) in the
units of Weber (Whb) after Wilhelm Eduard Weber. The amount of flux within a given unit area is the
flux density. Since flux is measured in Wb and area (A) in metres squared (m?), the flux density is
therefore measured in Weber per meter? (Wh/m?); since 1960 the flux density is denoted by B and its
unit is called Tesla (T). The magnetic permeability (1) determines the permeability of a matter to
magnetic fields. In absence of magnetic material (vacuum), the flux density vector B, and the magnetic
field strength vector H are depend proportionally via a constant factor, the permeability of the vacuum
Ho (4 m 1077N/A?):

—

By = u, H. 2-2

Depending on the class of material, the relation between B and H can be linear or nonlinear. In the
case of ferromagnetic materials, the relation involves their relative permeability p,, which can be
constant but in general depends on H. In particular, the relative permeability plays an important role in
this thesis, because the model of the magnetic behaviour of MSM alloys is described by W,:

§=,u0,urljl). 2-3

Isotropy implies identical properties in all directions, whereas anisotropy implies direction-dependent
properties. The physical characteristics of materials reflect the symmetry of the inner material
structure. In many materials the anisotropy of the magnetic properties is small and a scalar
permeability (as in Equation 2-3) is a sufficient description for magnetic behaviour of the material. In
MSME the anisotropy is large and it has to be considered depending on the simulation model and
usage in the actuator. The magnetic permeability of MSME is (like many physical properties of
materials) actually a three-dimensional tensor of second order:

By 00
B=u,|0 4, O|H. 2-4
0 0 u,
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Furthermore the overall magnetic flux density B can be divided into the flux in vacuum B, and the flux
in magnetic material J at the same field strength. To calculate mechanical stress, which is caused by
magnetism, it is important to consider which amount of magnetic field actually acts upon the MSME.
Therefore the polarisation describes the material contribution to the total magnetic flux density B, and
is also referred to as intrinsic magnetic flux density:

B=By+]. 2-5

As mentioned, depending on the material class the relation between field strength and flux density can
be a constant factor or can have nonlinear behaviour.

2.3.2 Magnetisation and Polarisation Curve

The magnetic flux density and the magnetic field strength are related to the permeability. The relative
permeability can be directional dependent and shows nonlinear behaviour in all ferromagnetic
materials and therefore also in MSM. There are several known graphs that represent the permeability
functions of such materials. In the area of electromagnetic actuators, two graphs are common. One is
the so-called polarisation curve, which shows only the flux in the magnetic material (J) in dependence
on the field strength; the other is the magnetisation curve that shows the flux density (B) in
dependence on the field strength (thus, it additionally considers the contribution of By).When a
ferromagnetic material is magnetised for the first time it shows a curve starting at the origin, with
strong gradient at the beginning and subsequent reduction of the gradient, as sketched in Figure 2.5. It
is called the initial magnetisation curve or virgin curve (blue). From the point where the gradient is
constant the material is magnetically saturated. A polarisation curve only displays the material
contribution and shows therefore an asymptotic behaviour. If the magnetic field is now reduced, the
magnetisation follows a different curve. At zero field strength (when H = 0), the magnetisation is
offset from the origin by an amount B,, called the remanence. To bring the remaining flux density back
to zero an external field in the opposite direction is necessary, which is called coercivity H.. If an
alternating (e.g., a sinus) magnetic field is applied to the material, its magnetisation will follow a
“hysteresis” loop (red). The word hysteresis, derived from an ancient Greek word, was used in 1890
by Sir James Alfred Ewing to describe the behaviour of magnetic materials which relate to the
existence of magnetic domains: if the material is not demagnetised by a coercive magnetic field or by
a temperature above the Curie temperature, it will remain magnetised with a remanence indefinitely
long (Tipler & Mosca, 2004) (Feynman, Leighton, & Sands, 2007). The process of decreasing or
eliminating the remanence is called degaussing. Due to magnetic hysteresis it is generally not possible
to reduce a magnetic field completely to zero, so degaussing typically induces a very small "known"
field referred to as bias.

B(T)

Remanence (B:)

H(A/m)

Figure 2.5: Schematic initial magnetisation curve (blue) hysteresis loop (red)
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2.3.3 Classes of Magnetic Material

In order to perform magnetic simulations, it is important to consider the properties of the magnetic
materials that are adopted in the actuator design. For example, components having a permeability of
about =1 can be simply neglected. So to reduce the complexity of the simulations, it is necessary to
estimate which components are neglectable. All common matter show magnetic effects, some
materials more than others (Tipler & Mosca, 2004). A material with distinctive magnetic properties is
iron and similar effects are observed in nickel or cobalt. Also aluminium is interacting with a magnetic
field but this interaction is so negligible, that a human can hardly perceive it. The reason for the
different magnetisation and permeability is based on interacting magnetic moments in the material.
Each atom has, according to its structure from the electron shell and the core, a shell and a core
moment (Feynman, Leighton, & Sands, 2007). The core moment has a much weaker contribution than
the shell moment and can therefore be neglected (Mayer-Kuckuk, 1997). In some materials, there is no
collective interaction of atomic magnetic moments, whereas in other material the interaction is very
strong. One way to introduce the different types of magnetism is, to describe how materials respond to
external magnetic fields and finally the value of relative magnetic permeability p,.. The magnetic
behaviour of materials can be classified into the following groups:

e Diamagnetism M <1
e Paramagnetism M >1
e Ferromagnetism M>>1

o Antiferromagnetism
o Ferrimagnetism

Diamagnetism is a very weak form of magnetism where a material, when magnetised in an external
magnetic field, reduces the magnetic field proportional in its interior. Gold, copper, and bismuth are
examples of such known elements. These materials have a tendency to migrate out of an
inhomogeneous magnetic field, so it shows a type of a repulsing effect. The diamagnetic
magnetisation has a gradient lower than that of vacuum. In contrast, paramagnetic material (e.g.
aluminium or platinum) shows slightly improved magnetisation compared to vacuum. When an
external magnetic field is applied, the magnetic moments will tend to align themselves in the same
direction as the applied field, thus reinforcing it and therefore paramagnetic materials have a tendency
to be drawn into a magnetic field. Anyhow Diamagnetism as well as Paramagnetism shows a very
weak kind of magnetic effect and are often not applicable in a device and so, are perceived as non-
magnetic.

Ferromagnetism shows the strongest magnetic effects: when ferromagnetic materials are magnetised,
the magnetic flux density in their interior is increased enormously by a relative permeability that can
exceed several thousands in the non-saturated range, as shown in Figure 2.6 for the carbon steel (blue).
In an inhomogeneous field, a ferromagnetic body as well as a paramagnetic one undergoes a force
toward the location of the strongest magnetic field, generated in order to reach a low energy states as a
consequence, mechanical work is performed. The amount of this work is the same that is necessary to
remove the attracted body from the field. Ferromagnetic and paramagnetic materials are attracted to
the magnetic pole of the external magnetic field, irrespective of the polarity. The ferromagnetism
arises from elementary magnetic moments that have a parallel order, which persists through the
interaction of the moments with each other, even without an external magnetic field. The direction of
the parallel-aligned areas, so called domains or Weiss domains, within the ferromagnetic material
rotates in order to align parallel to the external magnetic field (Bergmann, Schaefer, & Raith,
2006).These domains typically occur in sizes from 0.01 microns to 1 micron and are not uniformly
oriented in the non-magnetised state of the material.
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Figure 2.6: Magnetisation of materials

In the periodic table the chromium element is close to iron, nickel and cobalt. Therefore it might be
expected that chromium shows the same magnetic behaviour, but the spin direction of each atom in
chromium is alternating (spin up 1 and spin down |). There is an interaction with the external
magnetic field, but from a technological point of view this is of lower interest because there is no
usable interaction with an external magnetic field. This behaviour is called antiferromagnetism.
(Feynman, Leighton, & Sands, 2007). In contrast, in ferrimagnetism the orientation of the magnetic
moments in either direction is stronger and they do not cancel each other completely (Kittel, 2006) but
again the useful effect is low, compared to iron.

2.3.4 Temperature Dependence

Ferromagnetic behaviour is depending on temperature. So every ferromagnetic material has its own
characteristic temperature, called the Curie temperature (T.), or Curie point, (named after Pierre Curie)
above which it loses its ferromagnetic properties. This critical temperature point can be considered or
neglected, depending on the operational temperature. For example iron is often assumed to have
constant magnetic properties at about room temperature, because room temperature is far away from
its Curie point (768°C). At room temperature only three elements are known to show ferromagnetic
behaviour (iron, nickel and cobalt), while at lower temperatures only some lanthanides. A special class
of ferromagnetic alloys are the so-called Heusler alloys, which exhibit characteristics, that mostly
would not be expected from the combination of the alloying elements. For example, the first
discovered Heusler alloy consists of the non-ferromagnetic elements copper, manganese, and
aluminium (Cu,MnAl), but the alloy shows ferromagnetic behaviour even at room temperature
(Heusler, 1903). The MSM alloy is such a Heusler alloy. It shows ferromagnetic behaviour at room
temperature, but in contrast to iron MSM has a lower Curie point of 100°C. Therefore, either the
particular temperature dependence of MSM alloys needs to be taken into account, or it must be
ensured that all measurements are performed far away from the Curie point, or at the same
temperature.

2.4 Magnetic Shape Memory (MSM)

The MSM alloys, also ferromagnetic shape memory alloys (FSMA), are smart materials that show
effects at the low temperature martensite phase. In 1977 early results were shown in which a plastic
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deformation occurred by an applied mechanical stress as well as magnetic field at cryogenic
temperatures of 4.2 K in Dysprosium (Liebermann & Graham Jr., 1977). MSM received growing
interest since the discovery in 1996, when strains of nearly 0.2 % have been induced in a Ni,MnGa
alloy by a magnetic field ten times lower than in previous works, at 265 K (Ullakko, Huang, Kantner,
& O’Handley, 1996). Up to now, Ni,MnGa is the most studied alloy and shows strain up to 12 %
(Sozinov, Lanska, Soroka, & Zou, 2013) and temperature stability up to 353 K (Pagounis, Chulist,
Szczerba, & Laufenberg, 2014). In these materials the transformation between two martensite variants
can be performed easily by applying a mechanical stress. For application in actuators several shapes
can be cut out of the casted crystal. A typical bulk sample has a tetragonal shape and each edge is
several mm long and is often called Magnetic Shape Memory “stick” or Magnetic Shape Memory
“clement” (MSME). Because of their magnetic properties this stress can be induced by an applied
external magnetic field. This is advantageous because the magnetic field can be switched fast
compared to thermal shape memory alloy. However, the reachable stress in MSM is lower because the
phase transformation of the thermal shape effect shows higher stress.

MSM also undergoes a temperature induced phase transition from martensite to austenite by heating
and thus shows also thermal shape memory behaviour. Therefore it could be thinkable to use both
effects, for example in a circuit breaker. In the case of sudden power overload, they could be activated
by applying a magnetic field or, if a continuous load leads to a creeping thermal overload, it could be
activated by the resulting heat (Claeys & Vogel, 2006). Anyhow for typical applications where only
the MSM effect should be used the temperatures have to be kept below the austenite temperature.

To receive the MSM effect, a combination of material characteristics is required:

e Martensitic crystal structure
e Magnetic anisotropy
e Low twinning stress

2.4.1 Crystal Structures

The atoms in crystals are packed in a periodic pattern, known as the atomic lattice. A crystal consists
of so-called unit cells. These unit cells are stacked next to each other in every direction and give the
structure of the crystal. The unit cell is defined by the lattice constants, which are the lengths of the
cell edges (a, b and c) and the angles between them (a, B and y) (Kopitzki & Herzog, 2007).

e

Figure 2.7: Example of a Tetragonal Bravais lattice
For actuation purposes, the ideal MSME completely consists of the same crystal structure which is
called a single crystal. Also polycrystalline material could be used, but in this case the macroscopic

29
Thomas Schiepp 24.04.2015



effect of the shape change is reduced, so that finally lower elongation of the sample can be expected.
The most common composition is an off-stoichiometric Ni,MnGa alloy that shows a tetragonal
Bravais lattice in the low temperature martensite phase. The phase transition temperature from
martensite to austenite is today up to about 60°C (ETO Group, 2013) and for improved materials as
MAGNETOSHAPE® up to 80°C (Pagounis, Chulist, Szczerba, & Laufenberg, 2014). While cooling
down from the austenite phase with a cubic lattice, the crystal typically transforms to a tetragonal
lattice as shown in Figure 2.7. The cubic lattice of austenite has obviously a higher symmetry than the
tetragonal lattice of the martensite. Consequently, there are multiple configurations of the martensite
lattice possible, which are called variants.

Figure 2.8: Schematic twin variants (white arrow indicates orientation of ¢ axis) and twin
boarder

As shown in Figure 2.8, a twinning is formed when two variants (green and blue area) of the
martensite phase with different orientation of the c axis (white arrow) coexist. The symmetry axis (red
dotted line) between two adjacent variants is called twin boundary. Macroscopically the twins appear
as parallel bands (Figure 2.9) alternately containing a different variant. In the case of MSM those twin
boundaries, i.e. the borders of such twins, can move when the martensitic variants are oriented by
applying a mechanical stress. This microscopic orientation leads finally to a macroscopic shape
change and the c/a-ratio of the lattice constants is maximum possible shape change of a complete
single crystal MSME. This ratio depends on the modulation of the unit cell.

P74

Figure 2.9: lllustration of MSM Sick with martensitic variants and easy axis (red arrows)

During the crystal growth the Ni,MnGa is cooled down from the high-temperature austenite phase to
the martensite phase, where the atomic lattice is transferred from a cubic to the tetragonal form. And
because of the different edge length a shift in the lattice will appear as shown in Figure 2.10 on the
right. In the simplified schematic view a pattern is recognisable, which is called modulation and is
understood as the arrangement or the stacking sequence of a unit cell. The most common modulation
is the 10M which is also described as (3 2), (Otsuka, Ohba, Tokonami, & Wayman, 1994) and enables
an elongation of the MSME of 6 %. The 10M structure is also referred to as 5M structure. As shown in
Figure 2.10 the planes shift three times to the right, two times to the left and the unit cell structure is
periodic after these five planes (5M). However, after 10 planes not only the structure, but also the
chemical sequence is repeated, so that the structure is called 10M. Additionally, in the scientific area
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the 14M structure is known, which should enable a shape change of 10 % and furthermore the so-
called nonmodulated structures are supposed to enable an elongation of 20 % (Chmielus, 2010).

10 .
9
" .

-

Figure 2.10: Cubic unit cell in the austenite phase (left) and thel0M modulation of unit cell in
the martensite phase (right) according to Schoppner, 2011

2.4.2 Magnetic Anisotropy

The anisotropy of MSM enables the possibility to have a magnetically-induced stress in the material,
which allows the variants reorientation and thus the shape change of the material. This anisotropy is
based in the magnetic behaviour of the unit cells, for which the permeability along the short edge, is
better than the one along the long edge. This has also effects to the behaviour of a complete sample.
When a macroscopic single crystal consists only of a single variant, the magnetisation curve of the
complete sample should show the characteristic similar to the unit cell. In Figure 2.11 two polarisation
curves of a complete sample are shown. This sample was compressed in a near single variant state: the
blue curve represents the hard axis and the red curve represents the easy axis, i.e. the axis with low and
high permeability, respectively. This behaviour enables a torque, that is acting upon the crystal
structure, when a magnetic field is applied. So the easy axis of each martensitic variant tends to
orientate in the direction of the external magnetic field to reach a lower energy state in the magnetic
circuit. This torque related to the difference in the magnetisation of the hard and easy axis.
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Figure 2.11: Magnetisation curves of a Ni-Mn-Ga element measured along the magnetic easy
(red) and hard axis (blue)
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2.4.3 Low Twinning Stress

Even a small MSM sample of 1 mm3 consists of several trillions unit cells, so it is also easy to imagine
that several imperfections could affect the sample. These imperfections are called defects. Whereas in
standard materials like carbon steel they are common or even wanted, in MSM they are undesired
because they prevent the reorientation of the martensitic variants and therefore reduce the amount of
the MSM effect. These defects can have several sources. One could be the crystal growth process,
where imperfections in the crystal grid could be caused by the phase change from austenite to
martensite; because of the asymmetric crystal structure of the martensite. After the production of an
MSME a specific mechanical treatment, the so-called “training”, can break up some of those defects in
the MSME or reduce their amount. This treatment could considerably improve the mobility of the
microstructure. But finally imperfections in the crystal are unpreventable. Another source of defects
could be inhomogeneity, which can be reduced by an additional thermal treatment. Any of these
imperfections will cause lower mobility of the martensitic variants. This is comparable to a bearing
without lube or, even worse, to corrosion where the required amount of energy will rise so high that it
will be finally immoveable. In a final MSME a minimum amount of stress is needed to induce this
reorientation, which is called Twinning stress (o7).

2.5 MSMA in Actuators

Most electromagnetic actuators are based on the reluctance principle. Magnetic reluctance is also
called magnetic resistance. This magnetic resistance is analogous to the electrical resistance, but rather
than dissipating electric energy it stores magnetic energy. Similar to the electric field that causes an
electric current to flow across a resistance, a magnetic field generates a magnetic flux over a magnetic
reluctance. In a magnetic circuit many magnetic resistances are switched in serial or in parallel. As
shown in Figure 2.12, an “air-gap” is a local increase of this magnetic resistance and, as such it tends
to store more energy. It is a physical principle that every system tries to get into the lowest energy
state and also the magnetic circuits will do. Moveable ferromagnetic parts, like the armature tend to
change their position to reduce gaps (the so-called reluctance principle); for the movement forces are
generated, called Maxwell forces. MSM actuator obeys to the same principles: the motion of the
variants under magnetic the field in MSM actuators occurs because the actuator tries to reach a low-
energy state. Anyhow there is a second contemporary effect that can have impact to the actuator
behaviour. The reluctance principle will also try to reduce the air gap between the MSME and the
magnetic core and will generate Maxwell forces, which rotate the sample within the actuator.

Furthermore it needs to be considered, that in contrast to electricity, air has not the function of
isolation. Air is mere a worse magnetic conductor than iron. A part of the magnetic flux does not take
the path of the magnetic circuit but possibly flows into air. This flux that gets “lost” in the air is called
leakage flux.
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Figure 2.12: Sectional view of a solenoid and schematic magnetic field

To design an MSM based actuator that enables a usable MSM effect the working principle has to be
considered. As shown in Figure 2.12, in a solenoid the external usable Maxwell force is acting upon
the armature when the magnetic field flows directly from the armature across the air gap into the core.
The effective direction of the force is the same as the direction of the magnetic vector field and also
equivalent to the direction of motion. As shown in Figure 2.13, in an MSME the external usable
expansion force is perpendicular to this vector field. This change of the effective direction has an
influence on the design of the actuator itself (Suorsa, 2005). Since the volume remains constant the
MSME shrinks in the direction of the vector field. This is caused in the permeability of actual
available MSM that is compared to pure iron relative low, but of course much better than air. Finally
this leads to a relative thin and long MSME to realize an efficient design with relative small
contraction in the direction of the vector field and comparative big elongation along the long side.
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Figure 2.13: Actuator principles in comparison (Left: Solenoid; Right: MSME)

In any reluctance actuator the resistance of the magnetic circuit decreases with increasing stroke (i.e.
shrinking air gap) and the resulting force increases accordingly. In contrast, in the MSM actuator
(where the air gap is small at the beginning and will grow with the stroke) the force is maximum in the
beginning and reduces continuously during elongation. In both cases the force delivery is based on the
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principle of the lowest energy state. In the MSM actuator this state is not reached when the air gap is
the smallest, but it is reached when the easy axis is aligned to the external magnetic field. The
configuration of the anisotropy in the MSME is arranged in a way that the easy axis is along the short
edge, and therefore when the MSME is oriented in that way the maximum air gap will appear. This
circumstance needs a different kind of thinking while designing an MSM actuator. This shape change
has several impacts for the simulation procedure. It influences the magnetic resistance and inductance
of the magnetic circuit. As shown in Figure 2.14, with increasing stroke the surface of the MSME (in
blue) pervaded by the magnetic field grows and causes a reduction of the magnetic resistance.
Simultaneously the air gap between the MSME and the cores (in green) grow, which causes an
increase of the magnetic resistance.

Figure 2.14: Impact of magnetic field-induced shape change of MSM element on magnetic
circuit

2.6 Simulation Techniques Related to MSM

Simulation is an approach to analyse dynamic and complex systems. Irrelevant or negligible things
can be hidden by simplifications and boundary conditions to gain a deeper insight into the real system
(Bungartz, Zimmer, Buchholz, & Pfluger, 2009) (Atherton & Borne, 1991). Although MSM is a very
small component, there are several effects in different areas and on different geometrical levels that
are worth to research with simulation tools to get a deeper understanding of the nature of MSM.

2.6.1 Phase Field Simulation

The phase field method is a numerical simulation which is mainly focused on the simulation of
solidifications including phase transformations (Boettinger, Warren, Beckermann, & Karma, 2002),
(Koyama, 2008). This method is qualified for simulations of solidification of dendrites of metals.
Therefore, multiple diffusion equations can be coupled and finally allow to solve eutectic
solidifications of alloys. These type of simulation is intended on order to determine problems as
crystal growth, crystal size or growth direction regarding thermodynamic laws. It also has been
extended and utilised across many fields of material science and for types of complex microstructure
changes, like in MSMA (Mennerich, Wendler, Jainta, & Nestler, 2011). Nevertheless, this type of
simulation is adequate for researching microstructure and to understand the deeper nature of the MSM
effect, but not useful to simulate and evaluate the interaction between electromagnetic actuator and the
MSME.
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Figure 2.15: Phase field simulation (Mennerich, Wendler, Jainta, & Nestler, 2011)

2.6.2 Ab-initio Simulation

Ab-initio simulations are used to simulate molecule dynamics. This type of simulation calculates the
interaction between atoms and molecules for a short period. Because of the huge computing
requirement, it is possible to do such simulations for medium-size systems only (Gruner, Entel,
Opahle, & Richter, 2008) meaning that these systems are still on a molecular level. So it is suitable to
research new compositions and to predict their properties but not for actuator simulation.

Figure 2.16: Complete actuator (left) vs. schematic Ab-initio (right)

2.6.3 Magnetic Field Simulation

The calculation of the magnetic field plays a central role in the simulation of MSM because the
magnetic stimulus induces the shape change in this material. In the area of electromagnetic actuators
several simulation methods are well known and used. Thereby the geometric complexity of the
problem and the research targets has to be considered (Schneider, 2000). The two most commonly
used are the Magnetic Network Method (MNM), also known as 1D and the Finite Element Method
(FEM), also called Finite Element Analysis (FEA). The MNM calculates the magnetic flux @ in a
defined magnetic circuit extremely fast. But the time spent on modeling increases with the accuracy
requirements and the demand on the engineer is particularly high when the model needs
simplifications. FEM is an effective instrument for solving the Maxwell equations for a geometrically
based model (Kallenbach, et al., 2012). FEM is fast but compared to the MNM it is a time-consuming
method. Both methods are widespread and often used in the scientific and product-engineering areas.
Both methods can be extended by multi-domain physics simulations and for instance be coupled to
thermodynamics, fluid dynamics and structural analysis. This so called multi-physic simulation
enables to emulate the magneto mechanical behaviour of MSM in the simulation. These advantages
could be the reason that a lot of work in the area of MSM has been done with this method. There are
several measurements and findings that describe and explain the reaction of a MSM as a response to a
magnetic field as well as external stress (James & Wuttig, 1998), (Tickle, James, Shield, Wuttig, &
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Kokorin, 1999), (Likhachev & Ullakko, 2000), which can be used for building simulation models. One
of the first of these models was presented by Suorsa in 2005 where a MNM approach is proposed for a
particular actuator (Suorsa, 2005). Ziske proposed also a MNM, with a Tellinen hysteresis model
(Tellinen, 1998) based on look-up tables (Ziske, Ehle, Neubert, Price, & Lienig, 2014). Also this
model suits to one particular actuator. A drawback of the MNM is that the calculation preciseness of
leakage flux is limited (Kallenbach, et al., 2012). To receive precise results it is necessary to adjust the
leakage either by a real prototype or a FEM simulation, otherwise, depending on the actuator design, a
deviation of more than 10 % is possible (Roos, 2015). So it can be said that MNM is more suited for
the analysis of existing actuators and less for the design of new ones.

The main focus of this research is the modelling of MSMA in a magnetic circuit for industrial
applications. As mentioned, FEMs are often used for new actuator concepts because of the precision
they offer for simulations, and such early-stage precision is indispensable for a successful engineering
processes. In industry, simulations with FEMs having deviations from reality below 5 % are quite
common. This is due to the possibility to estimate the magnetic flux as well as the leakage flux of an
electromagnetic device in a very precise manner. Nevertheless, the unusual behaviour of MSM,
compared to any standard magnetic material, can cause difficulties for the simulation with
commercially-available simulation software. A critical issue is that MSM alloys change their magnetic
characteristic curve (B-H curve) and thus their magnetic properties during elongation. While nonlinear
behaviour of magnetic materials and the presence of moving parts, such as a magnetic armature, are
standard and solved problems for simulation software, the presence of strong anisotropies (e.g., the
magnetic anisotropy of MSM alloys) and the interconnection with the shape change are not. In the
field of MSM, standard simulation approaches have often been used for designing actuators mainly
devoted to laboratory testing and research. The objective was to obtain an electromagnetic device, that
is able to correctly excite a MSMEs (Stephan, Pagounis, Laufenberg, Paul, & Ruther, 2011), while no
issues about optimisation were taken into account (Gauthier, Hubert, Abadie, Lexcellent, & Chaillet,
2006), (Krevet, 2010), (Niskanen & Laitinen, 2012). Nowadays, the possibility of a precise FEM
calculation of a MSME in an actuator still needs an approach which embeds the peculiar properties of
MSM in such simulation environment; for the time being, commercial FEM software does not offer
the required features. For instance, an important one would be the description of the changes induced
in the magnetic circuit during deformation of the MSM alloy (Schiepp, Laufenberg, Pagounis, &
Maier, 2011). For example, the compression of the MSME in the direction of the magnetic field and
the elongation perpendicular to the field shown in Figure 2.14 lead to a change of the magnetic
resistance and inductance of the magnetic circuit. With increasing elongation the surface of the MSME
pervaded by the magnetic field grows, and the permeability of the element in the field direction also
improves, causing a reduction of the magnetic resistance of the element. At the same time the air gap
between the MSME and the cores (in green) shrinks, which causes an increase of the magnetic
resistance, i.e. a degradation of the magnetic circuit. In general FEM software is not able to capture
such interconnected variations in standard solutions. To conclude, to design actuators for commercial
applications it is desired and necessary to develop a FEM simulation model that allows considering the
peculiar characteristics of MSM alloys, and that offers to the actuator/product-designer enough
precision and adequate calculation time. This thesis discusses and investigates a simulation approach,
which gives to the user such a FEM model of MSM-based actuators.

2.7 Problem Discussion

To gain commercial success with this kind of technology, it is indispensable to consign a possibility
for product designers to estimate the behaviour of such a MSM actuator. So he can design an efficient
device that suits to customer requirements and is competitive to existing solutions in the market.
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Therefore a simulation approach is needed that can simulate the actuator with good precision, low
computation burden and in a possible easy-to-learn way.

FEM simulation is an established solution for engineers to design products in several areas. Because
this tool is particular suitable for non linear problems where geometrical behaviour is relevant and
deeper insight is desired. Although several researchers were working in this field, there is no
commercial software available that offers the calculation of MSM based actuators. This is due to the
fact that MSM, up to now is not that commercial important like reluctance actuators for instance.

Anyhow such a simulation model has to consider the function principle of MSM, the magnetic
anisotropy and the calculation of stress. It is possible to induce mechanical stress by an applied
external magnetic field and lead to a fast actuation in both directions. To predict the behaviour of a
MSM, that is pervaded by an external magnetic field, several physics are to consider. While electricity
is transformed in magnetism which is transferred in the MSME into a mechanical stress it has to be
considered if the shape will change or not is also depending on several stresses for example. Because
MSM is a ferromagnetic material and has also a solid austenite phase, this class of materiel
additionally shows a magnetostriction as well as a thermal shape memory effect.

The combination all effects into a simulation model is only restricted possible and often not necessary.
While engineers are accustomed to work with FEM software it is not easy to transfer all these
considerations into existing standard simulation software. The thermal shape memory effect as well as
magnetostriction is neglected in the frame of this thesis because it is assumed that in the device the
temperatures are kept below the austenite temperature and the magnetostriction effects are that low
that they can be neglected.

2.8 Conclusion

Actuators are controllable work producing devices. There are several types of actuators existing. Many
of them are electromagnetic actuators that are working after the reluctance principle. Particular these
actuators are drawing their energy from electricity but others also can be from chemical or mechanical
sources for example. These devices differ in their characteristics like stroke (elongation), force and
capable switching cycles among others (Zupan, Ashby, & Fleck, 2002). The so-called smart materials
are a class of materials that provide interesting properties and therefore can be used as such actuators.
They already can and certainly will solve more and more problems in several devices. Since 1996
MSM received growing interest and current state of research makes this class of smart material
interesting for actuation purposes.

Several researchers were working on modelling of MSM in several fields. The main focus was on the
research of the characterisation and improvement of the MSM alloy. Therefore Ab-initio simulation is
an attempt to improve the composition of the MSM alloy and the phase field simulation is a method to
optimise the production process like crystal growth. Some attempts also involve the modelling of
MSM as response of external stimuli, like magnetism. Nevertheless the interaction between an
electromagnetic device and the MSM, for engineering purposes was not on focus. In order to perform
magnetic simulations, it is important to consider the properties of the magnetic materials that are
adopted in the actuator design. Therefore the magnetic properties of MSM, as well as all magnetic
material in the circuit, need to be considered. For the engineer it is desired to be also able to estimate
the actuator behaviour of complete new designs so that he can design an efficient actuator that suits to
customer requirements and is competitive to existing solutions in the market.
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3 Research Method

3.1 Data Collection and Presentation Method

MSM is young and the availability of data is limited to scientific publications. These however are
from materials of the ongoing research. Therefore they show variation in the composition as well as
production procedure and finally they have variation in the material characteristics. At the moment
there is no standard material with defined characteristics available. To be able to validate the
simulation approaches, it is necessary to have the characteristics that sufficiently describe the material
behaviour. ETO is capable to produce MSM material and is able to characterise standard magnetic
material. In this thesis some already existing measurement devices are modified, to enable the
characterisation of MSME sufficiently. Therefore these primary data are quantitative and are measured
to validate the simulation approaches. Some of these data confirm measurements from the scientific
publications and some are totally new. Furthermore these measurement techniques will be used for
further studies.

3.1.1 Magnetisation Curves

For any magnetic simulation purpose, magnetisation curves are required, in particular initial
magnetisation curves. Usually simulation software possesses a standard database with useful magnetic
materials, but at present, there is no data about MSM magnetisation curves. Therefore measurements
are necessary. The PERMAGRAPH® is a standard in academia and industry for measuring
magnetisation behaviour of “hard” magnetic material. While “soft” magnetic material (for example
pure iron) can be magnetised but does not tend to stay magnetised, “hard” magnetic material (for
example NdFeB35) in contrast exhibits a high remanence B,. To measure the coercive field strength
Hc the sample needs to be demagnetised in the measurement device. In contrast to iron some
permanent magnets have such a high energy density that a magnetic field strength H bigger than
1000 kA/m is necessary. The change form “hard” to “soft” magnetic materials is fluent and the
MSMA itself is no “hard” magnetic material in the usual understanding, but its behaviour requires a
huge measurement range up to 600 kA/m as shown in Figure 3.1.
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Figure 3.1: Polarisation curves of a MSMA sample measured in the elongated (solid line) and the
compressed state (dashed)

The PERMAGGRAPH® is designed to measure remanence, coercivity, maximum energy product and
magnetisation curves of permanent magnets up to a field strength of 1800 kA/m. It can handle small
specimens with diameter of less than 3 mm up to 60 mm and minimum height of 1 mm which makes
this device suitable for MSME measurements and meets the requirements of DIN EN 60404-4:2009-
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08. As shown in the schematic view in Figure 3.2, the core can be adjusted by a crank so that the
specimen can be placed with the measurement coil in the inner of the device and higher magnetic
fields can be reached during measurement by reducing the air gap.

Adjustable

Field coil

Specimen

Measurment

Field coil

Figure 3.2: Schematic view of PERMAGRAPH® left without and right with sample

When the field coils are energised, the specimen is magnetised and the resulting magnetic field in the
specimen can be calculated. The measurement of the magnetisation curve with the PERMAGRAPH®
(Steingroever & Ross, 2009) is an indirect measurement method. This means, that conclusions are
drawn on the magnetic field in the specimen for selected conditions. As shown in Figure 3.3, the
measurement device (yellow on the right) has two coils (left). During the measurement all three areas
(green, light blue and dark blue) are pervaded by the magnetic field, generated by the field coils. The
dark blue area is the specimen measurement zone, which is partially filled with the specimen (green).
The light blue area is the reference zone of the surrounding coil, which measures the magnetic field in
the air near the specimen. Therefore, the magnetic flux density B, as well as the magnetic field
strength H that surrounds the measurement zone is known. Finally this makes it possible to calculate
the magnetic polarisation J of the sample because the surface ratio of the specimen and the
measurement zone are known. (Steingroever & Ross, 2009)

Surrounding coil Measurment coil

Figure 3.3: Measurement arrangement in the PERMAGRAPH®
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3.1.2 Stress-Elongation Curves of a MSME

A force-strain curve describes the quasi-static (i.e., dynamics is neglected) characteristic of force
output over strain of a MSME with a particular size at a specific magnetic field. The measurement set-
up to obtain such a characteristic entails three devices: the magnetic field generator, the MSMA and
the force measurement device. As shown in Figure 3.4, a dipole electromagnet Type 5403 from GMW
Electromagnet Coils is used. This device can generate magnetic fields up to 2 T in the measurement
zone. An additional temperature unit can cool or heat the MSMA from -30°C to 100°C.

Force sensor L. ¥
] A
—— ‘: —) e

Push rod

MSME
E! Magnetic I

circuit

Figure 3.4: Stress elongation measurement device, schematic (right) and photo (left)

For the measurement a device is necessary that can follow a specified position trajectory with an
adequate resolution and continuously records the force. Normally this device is used for mechanical
testing in tensile and compression mode and is intended for quasi-static loading with continuous,
static, pulsating or alternating load sequences and can be controlled by an external computer. A
measurement sequence can be programmed and repeated several times, if necessary. The single
column Zwicki Line testing machine type 2.5 can operate with a positioning repetition accuracy of +/-
2 um and drive a system with travel resolution of 0.0828 um, and is combined with a KAF-TC force
sensor which can measure up to 200 N with a resolution of 0.005 N.

In Figure 3.5 typical measurements at room temperature are shown. The upper branch (H#£0) shows
the generated force over strain, when a magnetic field, sufficient to elongation, pervades the MSME.
The lower curve (H=0) shows the needed amount of force, that is necessary to recompress the MSME
into its initial state. The illustrated measurement was made with a particular sample, having
dimensions of 2 x 3 x 15 mma,
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Figure 3.5: Stress-elongation behaviour of an MSME measured in the test setup

3.1.3 Stress-Displacement Curves of a MSM Actuator

This measurement is similar to the one described in Section 3.1.2 with the difference that here a
complete MSM actuator is characterised and the resulting force of the complete MSM actuator is
measured. The force will be typically lower than measured in the GMW because the actuator, having
smaller coils than the GMW, will likely generate a lower magnetic field. As shown in Figure 3.6, the
GMW is replaced by the MSM actuator. It is possible to control the current profile with an external
circuit through an interface. This is necessary because the measurement current has to be applied to
receive the elongation and has to be switched off during compression to measure the restoring force.

Force sensor

Push rod

MSM
Actuator

Figure 3.6: Measurement setup with mounted MSM actuator

3.1.4 Current-Displacement Curves of a MSM Actuator

The electrical current flowing through a conductor generates a magnetic field. If the coil, the magnetic
circuit and the MSME are arranged in an ideal configuration a low current is necessary to induce a
shape change in the MSME. In this measurement the shape change in relation to the needed amount of
current is shown. To measure the strain as shown in Figure 3.7, a triangulation laser from Micro-
Epsilon optoNCDT 1630-10 is mounted. This laser can measure a range of 10 mm with a resolution of
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0.5 um and a linearity of +/-20 um. The MSM actuator with a MSME with typically 15 mm length can
elongate of about 0.9 mm so that the strain can be measured in approximately 1800 steps.

Reset Spring

MSM
Actuator

Figure 3.7: MSM actuator and triangulation laser

3.1.5 Elongation-Field Curves (Butterfly Curves)

The so-called “butterfly curves” characterise the reachable elongation of a MSME under a defined
load (pre-stress) and over the applied field strength (Karaman & Lagoudas, 2006). These curves are
particularly useful to design MSM actuators with external load. The pre-stress is related to the cross-
section of the specimen, but the cross-section will decrease during elongation and increase during
compression because of the shape change. Therefore this measurement is challenging because ideally
the pre-stress should remain constant all along the measurement. In this measurement procedure the
magnetic field will increase continuously from zero to maximum and decrease back to zero. The
measurement of the magnetic field is, in this case, also challenging, because it is only possible to
measure the magnetic field beside the MSMA in an air gap of the magnetic circuit. The location of the
sensor has to be considered carefully to draw correct conclusions because of inhomogeneity of the
magnetic field between the poles.

I Coil I
l Magnetic l

circuit

Figure 3.8: Measurement setup for elongation field curves

The black curve in Figure 3.9 shows the behaviour with nearly zero pre-stress, where maximum
displacement at lowest external magnetic field can be achieved. The blue curve shows the behaviour
under a load (pre-stress) of 0.5 N/mm2. The required magnetic field strength increases to receive
maximum stroke but after the magnetic field is switched off the MSME almost comes back to its
initial state. The red curve shows a complete elongation and a complete return to the initial state as
well. So it can be seen that the pre-stress should be slightly higher than for the blue one, because this
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allows full stroke at a minimum magnetic field strength. Furthermore the orange curve at a pre-stress
of 3.0 N/mmz2 shows elongation of 1.5 % at higher fields. It can be seen that it would be possible to
receive a small elongation at very high pre-stress, or full stroke at lower pre-stress, so that a design
trade-off must be met. The value of pre-stress which does not allow the elongation of the MSME is
called blocking stress.
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Figure 3.9: Butterfly curve at several pre-stress levels (ETO Group, 2013)

3.1.6 Field-Stress Curves

To estimate the magnetically induced force of an MSME it is necessary to measure the force
development in relation to the magnetic field. For this measurement again the GMW dipole
electromagnet in combination with the Zwicki testing line machine is used. The sample is in the initial
state and blocked by the Zwicki line testing machine, so that the force generated by the applied
magnetic field can be measured. As previously mentioned for the strain-field curves it has to be
considered that the measured field strength is between MSME and magnetic core and obviously not
within the MSME.

3.1.7 Simulation Software

As already discussed for this thesis FEM software is used to simulate the behaviour of MSM.
Depending on the simulation approach Software is needed that can handle anisotropic behaviour of
MSM and it is also necessary that it is possible to access the simulation procedure to implement
changes in the sequence. The 2-D open source software FEMM (Meeker, Finite Element Method
Magnetics, 2012) is able to calculate magnetic fields and resulting Maxwell forces in a given
geometry, under defined boundary conditions, in a precise and efficient way. FEMM is not able to
solve mechanical problems and cannot include magneto-mechanical stress or transient behaviour.
Therefore a second software tool is needed which generates the MSME geometry, evaluates the
simulation results and restarts the simulation with new geometries, if necessary. FEMM has also the
ability to be used in a slave mode via an ActiveX interface, in which an external program can use
FEMM only for solving the magnetostatic problem. For instance, this can be realised with Microsoft
Visual Studio Express or Visual Basic embedded in Microsoft Excel. Excel is effective because the
amount of data which has to be processed in both directions is huge and Excel is suitable to do the
mechanical calculations.
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Excel (VBA)

Worksheet

Figure 3.10: Principle of interaction between Excel and FEMM

FEMM is not able to directly magnetic handle anisotropy (Meeker, Finite Element Method Magnetics,
2012), but it is possible to take into account a lamination of magnetic material in any direction. This
feature can be used to treat anisotropic behaviour (Mohammed, Demerdash, & Nehl, 1983).
Lamination means that sheets of material are stacked. Between the sheets is a small gap filled with
non-magnetic material. This gap reduces the magnetic conductance in the out-of-plane direction. This
effect is frequently used for reducing eddy current effects in transformers. Anyhow, it can be a
solution to consider an easy and a hard magnetic direction.

3.1.8 Pressure and Stress Measurement

The Fuji Film Prescale is a foil that allows measuring maximum applied stresses locally. Prepared
foils can be placed between two components and the contact pressure can be measured between them
with a lateral resolution lower than 0.1 mm. In the case of stress lower than 50 MPa a two sheet
solution is used. The foil thickness of the two sheet solution is about 110 £ 5 pm. As shown in Figure
3.11, one sheet is coated with differently sized microcapsules that are filled with a colour forming
material and the other one with a colour developing material. In the case that the applied pressure
bursts the capsules the released liquid reacts with, the sensitive colour-developing layer of the second
sheet and causes a pressure dependent red colour (FUJIFILM Europe GmbH, 2007).

Two sheet type (Ultra Super Low: LLLW~Medium: MW)

A film — Polyester base
OOOOOO Y ¥ Y Y OO — Micro-encapsulated color-
{ * * + ; forming layer

——Co or developing layer
— Polyester base

C-Afilm

Figure 3.11: Two sheet types of Fuji Film Prescale

The functionality range and preciseness is restricted but depending on the terms of influence it is a
smart and adequate solution.

- typical accuracy + 10% or better
- recommended temperature range from 20°C to 35°C
- recommended humidity range from 35% RH to 80% RH
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3.2 Data Analysis and Validation Method

To validate a simulation model, a comparison between simulation results and measurements on a
prototype is necessary. The current-elongation curve is for the end user a meaningful graph that allows
estimating the performance of the MSM actuator. From the simulation point of view, it is challenging
to estimate this behaviour because several modelling steps, such as the various energy transformations
that occurs (starting from the input electrical energy to a output mechanical work), are quite hard to
describe. In distinction to Section 3.1.5, the current-elongation curves are measured with the complete
actuator and depend on the complete design. For comparison, the elongation calculated from the
simulation will be compared to the elongation measured from the actuator.

To judge whether a simulation method is good or not, a validation method is needed to quantify the
error/deviation between the measurements and simulation results. In Figure 3.12 two simulated (red
and blue) and one measured butterfly curve (purple) is shown. Visually it can be estimated that the red
suits slightly better to the measured behaviour. Anyhow to evaluate which simulation method is the
most precise it is necessary to use a quantitative approach.

The correlation analysis serves to determine the direction and strength of a relationship between two or
more variables. The correlation handles both variables equally and it cannot prove a causal
relationship, or explain a relationship, in terms of cause and effect. But it can estimate the linear
association of continuous variables, which is determined by a correlation coefficient R. R is also
known as the product moment correlation (Bravais, 1846), or Pearson correlation (Pearson, 1901).
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Figure 3.12: Current strain curve, simulated (blue and red) and measured curve (purple)
The range of values of the correlation coefficient lies in the interval [-1, 1] with:

e R =0:there is no linear relationship.

e R =-1: there is a perfect negative linear correlation, the larger X, the smaller is Y and vice
versa.

e R =1:there is a perfect positive linear relationship, the larger X, the larger will be Y, and vice
versa.

The coefficient of determination (R?) is the square of the correlation coefficient R. It can be interpreted
as the percentage of the spread of a variable, that can be explained by the other variable (and vice
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versa). It is the ratio of explained variance to the total variance. Because R is squared it is not possible
to recognise if the correlation is negative or not. But especially in this case a negative correlation can
be neglected because a negative elongation or better a compression of the MSME by an applied
magnetic field is not possible. The coefficient of determination is used to judge the preciseness of the
simulation runs.

3.3 Summary

To develop a simulation method that can predict the behaviour of an electromagnetic actuator with
MSMA, several input parameters are necessary. The methods used are, as expected, commonly used in
the area of electromagnetic actuators. Nevertheless, most of the required measurements have to be
modified because of the unusual behaviour of MSM material. The simulation software has to be FEM
software, because this allows observing the interaction between the electromagnetic circuit and the
MSMA, if an adequate MSMA model can be found. It also can be expected, that the simulation
software has to be modified because the shape change and reorientation of magnetisation is unusual
for this type of simulation. For the validation of the simulation quality, a direct comparison between
simulated model and prototype will show if the simulation approach is appropriate.
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4 Proposition of New MSMA Simulation Methods

4.1 Introduction

To predict the behaviour of MSME in electromagnetic actuators, in this Chapter, three new methods
will be proposed, designed and developed, with the goal of reaching precise and computationally
efficient models:

e  Stress based simulation (SBS)
e Dynamic magnetisation curve (DMC)
e Stress dependent magnetisation curve (SDM)

These simulation methods are varying in the complexity of modelling of the MSME and the data
preparation. All models were designed, to suit into a magnetic FEM simulation that calculates the
elongation behaviour under the defined external stress, in relation to an applied current. It was decided
to choose 2D instead of a 3D FEM environment, because the simulation model can run faster and the
MSM material researched in this thesis exhibit an almost bidimensional magneto mechanical
behaviour. Each method takes into account the interaction between the electromagnetic source, the
magnetic circuit, and the behaviour of the MSME. Particularly the consideration of the MSME
behaviour in FEM software is a contribution of this thesis. The behaviour of this interaction will be
described for all models in the following order for the comparative analysis of the simulation models.

e MSME geometry behaviour
e Magnetic behaviour

e  Switching behaviour

e Simulation architecture
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4.2 New Stress Based Simulation (SBS)

The concept of the Stress Based Simulation method (SBS) presented in this section was published in
the proceedings of COMPUMAG2013 (Schiepp, Maier, Pagounis, Schlter, & Laufenberg, 2013) and
in (Schiepp, Maier, Pagounis, Schluter, & Laufenberg, 2014). The idea of this method is to emulate
the structure of martensite variants on a macroscopic level (Straka, 2007). This model is, compared
with the conventional FEM simulation, an unusual and complex attempt to get as close as reasonable
with this kind of simulation type. As shown in Figure 4.1, the MSME will be divided into different
slices and the magneto mechanical stress will be calculated in each of these slices individually.

Magnetic field MSM orientation

Figure 4.1: Switching behaviour in the SBS model

4.2.1 MSME Geometry Behaviour

In an actual MSME the twin boundaries, i.e. the boundaries between slices with differently oriented
martensitic variants, are tilted by 45° with respect to the sample edges (Figure 4.2). As shown in
Figure 4.3, this structure is represented in FEMM by slices. This is an attempt to imitate the MSME
geometry as close as reasonable and a unique property of the SBS and the fundamental difference to
other simulation models available in literature. The size, width and twinning stress of each slice are
defined and generated in Excel. This can be determined either by measurement data of an individual
MSME or average values of standard material. For a complete simulation run, this particular MSME
geometry remains unchanged until a shape change, for example an elongation induced by a magnetic
field. Only the reorienting slices produce strain and the MSME itself elongates with the amount of
shape change caused by these slices. All other slices remain in their state. Although the strain of each
individual slice is taken into account, a possible tilt was neglected otherwise an overlap with the
magnetic circuit could not be avoided.

Figure 4.2: Microscopy of a MSME (Source: www.magneticshape.de)
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Figure 4.3: MSME in FEM simulation (FEMM)

4.2.2 Magnetic Behaviour

In the SBS method the slices are provided with an anisotropic magnetisation curve as shown in Figure
4.5. The hard axis is oriented in each twin area, depending on the current state of external field and
stress (Figure 4.1). In the tetragonal lattice the hard axis is always along the longer crystallographic a-
axis and the easy axis is the shorter c-axis. Therefore, in this type of model two magnetisation curves
exist (Figure 4.5) and the orientation of the area affects the direction of the hard and easy axis. The
magnetic axis and the geometry are directly linked to each other in every individual slice. The
orientation of the slices depends on the current state of the MSME. This orientation affects the
electromagnetic behaviour of the whole MSME and thus the actuator.

FEMM cannot be used directly to handle anisotropic curves, i.e. a separate magnetisation curve for
each direction. But it is still possible to take into account the anisotropic behaviour. Many magnetic
devices are built of thin laminations in order to reduce eddy current effects. One unusual and, from
computational point of view, time consuming way is to model these materials by designing the
laminations and the insulation in several sheets which finally requires a 3D simulation and leads to a
complex mesh and very high computational efforts. An alternative is to treat the laminated material
(Figure 4.4) as a continuum and derive bulk properties that yield essentially the same results, while
requiring a much less elaborate finite element mesh (Mohammed, Demerdash, & Nehl, 1983).

Jr 4 I

Figure 4.4: Equivalent magnetic circuit for flux in the hard (blue) and easy (red) direction

A disadvantage of this treatment is that in FEMM over the entire range of the magnetisation curve the
anisotropy can only be described with a constant factor (i.e. the lamination fill factor), which is
insufficient. Since in the case of MSM the permeability difference between hard and easy axis is
depending on the field strength, as shown in Figure 4.5 where after saturation the inclination of the
hard magnetisation curve (blue) is better than in the easy axis, the magnetic permeability for the hard
axis improves until it reaches the level of the easy axis. Therefore this lamination factor needs to be
modified in every simulation step, depending on actual field strength in each individual slice.
Anyhow, this approach of simulation is stepwise and the current and the magnetic field will be
increased constantly, under the premise that the current steps are finely graded and the enfoldment of
the magnetic field is slow. Thus, the fill factor can be adapted by the magnetic field continuously in
every slice depending on the applied magnetic field of the previous simulation runs.
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Figure 4.5: Magnetisation curves of hard (blue) and easy (red) axis

4.2.3 Switching Behaviour

Inside an actuator the MSME can be affected by several types of stress (Figure 4.6) which can be
divided into internal and external stresses (Straka, 2007). The internal stresses can be subdivided into
magneto stress and twinning stress a;. In the SBS method the magneto-, twinning and restoring stress
as well as Maxwell forces are calculated individually for each slice, depending on direction and
amount of magnetic field. Finally the orientation of each slice can be predicted, as explained in detail
in the following.

Magneto

stress
Internal B—
Twinning
stress

Magneto
machanical stress

Restoring
stress

Maxwell
Forces

Figure 4.6: Stress types that act in or upon the MSME

Internal: Magneto Stress

The maximum magneto stress o .c is caused by an external magnetic field and depends on the

magnetic anisotropy constant K; and the maximum strain &, of the material, which is determined
directly from the ratio of the lattice constants of the tetragonal lattice (Straka, 2007).

Oy = K1/ 4-1
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In this model the generated magneto stress will be calculated in dependence on the magnetic field that
pervades the individual MSME slice, and will be evaluated with the measured force-field behaviour
shown in Section 5.4.

Internal: Twinning Stress

The twinning stress hinders the reorientation of the martensitic twins and is the minimum amount of
energy that has to be overcome by the magneto stress, to enable twin variant reorientation in the
MSME. Once they are reoriented the same amount of energy is necessary to get back to initial
orientation, which leads to the typical hysteresis of the MSM. It must be considered that a measured
curve does not reveal the position of the particular switched twins in the MSME.

External Stress

The external stresses a§’§t in X- and y-direction can be caused by a spring, a pneumatic pressure or due
to friction effects that all can act on the MSME. Depending on its direction, they favour or hinder a
reorientation of twins and therefore the macroscopic strain of the MSME. Especially the friction and
magneto-mechanical stress based on Maxwell forces, can be considered in an Excel tool and easily be
calculated by the FEM simulation tool.

Magneto-Mechanical Stress

Finally all internal and external influences are summarised. During simulation the current and thus the
magnetic field H is increased stepwise. Using equation 4-2 (graphically explained by Figure 4.7),
where a;f;,ag are the magneto-stresses in x- and y-direction, respectively, it can be determined in every

simulation step and for each individual slice, whether this slice will reorient or not.
o8 (o8 H) + 085 > 0y + 0P + 0, 8 (o, H) 4-2

For example the reorientation of any individual slice, having the easy axis oriented in y-direction,
occurs when the overall stress in x-direction is larger than the stress in y-direction. It must be noted
that the reorientation of each slice, corresponding to a change of geometry, is simulated as an instant
process: as soon as the stress condition is met, the slice instantly deforms up to the maximum (e.g., 6%
for commercial MSM).

ma ma ma ma
Oy 2(Omax H) + 0™ > G+ B8 + ay S(omac H)

Figure 4.7: Magneto mechanical stress equation

51
Thomas Schiepp 24.04.2015



The maximum magneto-stress o, which is a constant value for a specific alloy, is obtained using
measured field-force curves of MSM material. This parameter allows determining the magneto stress
o™ (H) in x as well as in y direction as a function of the external magnetic field H. The highest
positive stress value of all slices, which has not yet reoriented, is multiplied by the MSM element
cross-section in order to calculate the resulting force. After each simulation step the FEM
representation of the MSM element is rebuilt, based on the same slice pattern, but with slices that have
undergone a switching. These slices are strained by 6% and their magnetic easy and hard axes are
rotated by 90°.

4.2.4 Simulation Process (Flow Chart)

To calculate the current-stroke behaviour, the current needs to be increased and decreased step by step.
The complete simulation sequence is shown in Figure 4.8. Before a simulation can be started the
boundaries and properties, that describe the used MSME as well as the actuator geometry, have to be
entered. This method is based on fundamental considerations and therefore only a low amount of
measurement data is necessary. However, to be able to predict the behaviour of a standard MSM,
material statistical data of this MSM type must be available. Furthermore, the average width or
distribution of the slices (twins) and twinning stress as well as the magneto-stress behaviour is needed.
At present, these statistical data are not known and therefore individual measurements for each used
sample were used. In summary the following input data are required:

Actuator geometry

MSME size

MSME type (modulation: 10M, 14M or NM)

Minimum and maximum current and current step width

Twin width (average, distribution or directly measured data)
Twinning stress (average, distribution or directly measured data)
Magneto stress behaviour

Magnetisation curves (hard and easy axis)

O O O 0O 0O O O ©O

Once these parameters are set, the simulation procedure starts with the definition of the MSME
structure and setting a start current. Next, a connection between Excel and FEMM will be initiated and
the geometry data as well as magnetisation curves (easy and hard) will be transferred to FEMM to
build the MSME geometry with all slices, within a predefined magnetic circuit. Afterwards the first
calculation step can be executed.

After the magnetic field is calculated in FEMM, information, such as field strength and magnetic flux
of each slice, is transferred to Excel and the connection to FEMM is cut off. In the next step the
magneto-mechanical stress has to be calculated in each slice individually. In the case that the magneto
stress in a slice is large enough, the single slice elongates and the magnetisation curves will change.
The deformation of one slice influences the overall deformation of the MSM bar, which is updated.
After the data is stored, the next simulation step is performed by increasing the current with a
predefined current step and using the MSME geometry, updated from the previous simulation step.
This procedure will be repeated until the maximum current is reached. Afterwards the current is
decreased again step by step, so that the restoring behaviour can be calculated. As soon as the current
reaches the starting current again, the simulation is finished and the current stroke curve can be
displayed.
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Figure 4.8: Flow chart of the stress based method
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4.3 New Dynamic Magnetisation Curve (DMC) Method

The concept of the dynamic magnetisation curve method (DMC), presented in this section, was
published in the proceedings of (Schiepp, Laufenberg, Pagounis, & Maier, 2011). The magnetisation
curve of MSM depends on strain and anisotropic behaviour. In an intermediate state each variant has
one of the magnetisation curves shown in Figure 4.5 but the whole sample shows an average
magnetisation curve as in the measurements of Figure 4.9. This magnetisation curve will improve with
increasing strain, while the average magnetisation curve in the perpendicular direction will
simultaneously degrade. In the following this is called “dynamic anisotropic behaviour” (Schiepp,
Laufenberg, Pagounis, & Maier, 2011). This is caused by the strain of the MSME, where more and
more areas adjust their easy axis along the magnetic field and the average magnetisation curve of the
sample will improve continuously. The idea of this approach, is to treat the MSME as a “black box” in
contrast to the SBS approach presented in Section 4.2, where the twin structure of the element was
explicitly taken into account. The DMC is less complex than the SBS, although it may require more
measurement effort.

Magnetisation Curves

1.40
==Strain_0.49%
1.20 e=Strain_1.1%
Strain_1.72%
1.00
e==Strain_2.33%
— 0.80 ==Strain_2.94%
E’ Strain_2.94%
0.60 Strain_3.55%
Strain_4.17%
0.40 -
Strain_4.78%
0.20 Strain_5.39%
Strain_6%
0.00 -
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Figure 4.9: Dynamic anisotropic behaviour of a MSME elongated in y direction

4.3.1 MSME Geometry Behaviour

The MSME is represented geometrically by a rectangle. As mentioned before, the internal structure of
the alloy is not considered explicitly in the DMC, whereas only average macroscopic magnetisation
behaviour is taken into account. In case of a shape change, both side lengths will be changed
accordingly, so that the effect of shape change is adequately represented in this type of simulation
method.

4.3.2 Magnetic Behaviour

As already said the average magnetisation curve of a complete sample is varying in dependence on
strain. Therefore, in each simulation step, a magnetisation curve is implemented for the MSME,
depending on the current strain level. In this work 100 magnetisation curves, corresponding to 100
strain levels have been used.
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4.3.3 Switching Behaviour

The stress calculation is similar to the SBS method, with the important difference that the magneto
stress is calculated for the complete sample and not for an individual slice. This reduces computing
time significantly because less data has to be transferred between FEMM and Excel, the mesh of the
FEM has fewer nodes and finally the calculation of the elongation is faster.

The material is not treated as anisotropic in the DMC. In other words, the MSM “rectangle” has
isotropic magnetisation properties, based on the average strain-dependent magnetisation curves. Since
the MSME is treated as a “black box” and local effects between differently oriented areas / twins are
neglected, any field through the material is not expected to leave the original direction, so that a uni-
axial description of the material becomes possible. As shown in equation 4-3, the uni-axial assumption
also reduces the complexity of the stress calculation as only the magnetic field in one direction has to
be computed.

amag(arrr?:f, H) + o > o + oy *t 4-3

In the DMC method the geometry change is also depending on stress. As soon as the combined
external stresses and the magnetic stress are higher than the twinning stress, the shape of the MSME
will change. In the next step length and width of the MSME will be updated, based on the calculated
strain level. Even though the twins are not represented in the FEM model, the size and the twinning
stress distribution are considered in Excel, where a twinning stress is assigned to the slices and the
magneto stress that is calculated in the FEM can be used to determine if it has switched or not. The
accuracy of the simulated strain depends finally on the precision of these parameters in the simulation
model.

4.3.4 Simulation Process (Flow Chart)

Similarly to Section 4.2 the minimum required data, such as actuator geometry, MSME size, and type
of lattice modulation as well as minimum current step are necessary. In the case that these data are not
available, additionally the twin width and stress information as well as magnetisation and magneto
stress are indispensible.

While in the SBS model two magnetisation curves were sufficient to describe the MSME in all its
elongation states, in this case many (e.g. 100) strain dependent magnetisation curves are necessary.
This indicates an increased amount of measurements or data processing for the preparation of a DMC
simulation.

When the input data are defined, a connection between Excel and FEMM will be initiated and the
geometry data (the MSME “black box”) as well as the initial magnetisation curve will be transferred to
FEMM. Afterwards the first calculation can be performed, which starts in accordance with the lowest
current. Then the magnetic field of the MSME, calculated in FEMM, is transferred to Excel to
determine the stress in the MSME sample and the connection to FEMM is cut off. In the DMC method
this magnetic field information is only a single value in contrast to the SBS where the magnetic field is
evaluated in every slice.
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Figure 4.10: Flow chart of the dynamic magnetisation curve method
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Nevertheless, also the size, width and twinning stress of the twins is set here, so that the switching
behaviour can be considered in the next step. Each twin for which the calculated magneto stress
exceeds the sum of twinning and external stress, leads to elongation of the MSME and accordingly to
an improved magnetisation curve. The shape of the MSME and the magnetisation curve are adjusted
in dependence on the strain. Afterwards the current is increased continuously and the elongation is
calculated, as described, until the maximum current is reached. Subsequently the current is decreased
again stepwise until the start current is reached.

4.4 New Stress Dependent Magnetisation Curve (SDM) Method

In the stress dependent magnetisation curve method (SDM) the computational and modelling
complexity is further reduced. Therefore a deeper understanding of the magnetic behaviour and a
modified measurement method for magnetisation curves of the MSME is necessary. The main idea of
the SDM s, to transfer a part of the magneto-mechanical calculation into the input data. In particular
in the SDM it is assumed, that a magnetisation curve, corresponding to a defined stress scenario, is
available. This leads to the advantage that the stress calculation during simulation becomes
unnecessary. In the SBS and the DMC it is necessary to simulate iteratively, to estimate the elongation
behaviour and to determine if the full stroke is achievable within a particular actuator design. The
SDM instantly allows the estimation if the maximum current is sufficient for full stroke. This
possibility leads to new opportunities, like the implementation of optimisation algorithms
(Rechenberg, 1994), which helps to improve the actuator. The drawback of this approach is that a
specific magnetisation curve must be found for a specific stress scenario.

4.4.1 MSME Geometry Behaviour

In the SBM the MSME will be a simple rectangle like in the DMC. However, here the shape change is
neglected because it is included in the magnetisation change. Due to the twinning stress the MSME
shows a hysteresis that leads to a different magnetisation curve for the elongation and the
compression. Finally, for this method only two magnetisation curves are necessary for the complete
simulation procedure and it is not necessary to perform a shape change, which reduces computing
time.

4.4.2 Magnetisation Curve Behaviour

The magnetisation curve has to fulfil several functions in the SDM. Since the strain has a significant
impact on the magnetisation behaviour of the MSME, the idea is to measure the magnetisation curve
of the MSME during elongation and compression under defined pre-stress. This pre-stress is working
antagonistically as soon as the magneto stress exceeds the sum of external stress and the twinning
stress, the MSME will change its shape and the magnetic permeability as well.

The large hysteresis of MSM has to be considered by individual magnetisation curves for an
increasing and for a decreasing magnetic field. In the case that an MSME does not reach full
elongation, a magnetisation curve is necessary to represent the current state of elongation. Finally for
this approach a lot of measurement data is necessary to simulate a MSME under any conditions.
Furthermore the simulation may be very alloy specific.

4.4.3 Mechanical Switching Behaviour

In the SBS and DMC methods a stepwise simulation is mandatory. The advantage of the SDM method
is that the magneto mechanical behaviour of MSME is implemented in the magnetisation curve. This
allows determining in a single simulation run, if an actuator is efficient or not. Additionally the
amount of elongation can be calculated from the magnetic field, in the inner of the MSME.
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4.4.4 Simulation Process (Flow Chart)

The emphasis in this method is on a complex magnetisation curve. This makes this method on the one
hand attractive for simulation purposes and on the other time-consuming for the required
measurements.

The simulation process starts with the input data and a selected magnetisation curve that corresponds
to the external stress profile of the final actuator. To estimate if this actuator is efficient only one
simulation step is necessary, but in order to compare the simulation methods, it is necessary to
calculate the current-elongation behaviour. Therefore the current will be increased stepwise, as shown
in Figure 4.11. The elongation state can be estimated by the actual magnetic field in the inner of the
MSME. Therefore a stress calculation is not necessary. After the maximum current level is achieved, a
different magnetisation curve for the decreasing current is used. This curve has to suit to the
elongation state that is achieved with the increasing current. Then the current is decreased again.
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Figure 4.11: Flow chart of the stress dependent magnetisation curve method
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4.5 Conclusion

Each simulation model has its individual advantages and drawbacks. The SBS tries to get as close as
reasonable to the real phenomena within the MSME. So the geometrical simulation of the MSME is
complex and the stress calculation is based on fundamental considerations. The DMC is an attempt to
reduce the complexity of the FEM model, at the cost of a larger measurement effort. The SDM is a
“black box” approach that handles the MSME as any other ferromagnetic material without any shape
change, but an unconventional magnetisation curve in such a magnetic FEM simulation. Therefore a
deep understanding of the model behaviour as well as further improvements and modification of
measurement devices is necessary. In the SDM the complete stress calculation is implemented in the
magnetisation curve of this element and therefore the magnetisation curve has to correspond to the
external stress profile. This leads finally to a large amount of measurements.
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5 Modification of Measurement Methods

5.1 Introduction

The simulation methods proposed in Chapter 4 are useful for FEM simulation purposes. The
framework of magnetic FEM simulation typically uses the magnetisation curves. In the case of MSM
this is even more important because the magnetisation of the material is the basis for the variant
reorientation and thus the mechanical strain. At the moment there are no commercially available
devices that are suitable to measure the characteristics of MSM. Therefore existing measurement
methods have to be modified, to be able to collect the necessary data for the simulation of MSM
materials.

5.2 Magnetisation Curve

To measure the magnetisation curve or the relative permeability of a material, several devices are
available. Normally they are optimised for a particular measurement demand. The company Magnet-
Physik distributes two devices for hard and soft magnetic materials. The main difference between
those two measurement devices is the sample size as well as the measurement range. The
PERMAGRAPH® (Figure 5.1) is designed for permanent magnets and therefore for hard magnetic
materials (Physik Instrumente GmbH & Co. KG, 2012). Anyhow if MSME is rather soft or hard,
magnetic material plays a minor role in this case. For MSM alloys it is of interest that the device is
able to measure at least up to a magnetic field strength of 600 kA/m (Heczko, 2005) and that it can
handle an ETO typical MSME of 2x 3 x 15 mm3. The aforementioned PERMAGRAPH® is an
adequate device for those requirements.

Figure 5.1: PERMAGRAPH® L Type EP2 (Source: MAGNET-PHYSIK)
5.3 Static Magnetisation Curves

5.3.1 Measurement of the Magnetisation along the Hard and Easy Axes

The anisotropic behaviour of the MSMA can be appreciated from the magnetisation curves along the
hard and easy axes as shown in Figure 3.1 and Figure 6.1. These curves are the core of the SBS
method, because the material slices are described as magnetically anisotropic areas. For measuring the
magnetisation curve, the specimen is placed in the PERMAGRAPH device, as shown in Figure 3.2,
and the coils are excited by a current to generate a magnetic field through the element. However, it
must be noted that to measure the magnetisation along the easy axis the MSME should stay
completely elongated; similarly, to measure the magnetisation along the hard axis the MSME should
stay completely contracted during the measurement. This is a main issue. For example, if the specimen

61
Thomas Schiepp 24.04.2015



would be free to elongate during the application of the field, its magnetic permeability will change
along with the variants reorientation and the measured magnetisation curve will be something in
between the hard and the easy magnetisation curves. Another issue is, that the elongation of the alloy
in one direction (perpendicular to the field) produces a contraction in the direction of the field,
increasing the air gap between the PERMAGRAPH coils and the MSME. This introduces some
undesired error in the magnetisation measurements. Both issues can be solved by mechanically
constraining the MSME to the contracted state when measuring the magnetisation along the hard axis,
and to the elongated state when measuring the magnetisation along the easy axis. To this aim some
block-discs (Figure 5.2) were designed out of aluminium. The inner shape of the discs suits to the
MSME and prevent the elongation mechanically.

Measurement coil

Block-disc 0.5 % strain

Figure 5.2: Block-discs for hard (left) and easy axis (right) with MSME (middle) in
PERMAGRAPH®

5.3.2 Magnetisation Curves at Intermediate Strain Stages

When a MSME is half elongated, it consists of only two differently oriented martensitic variants and a
measurement of the magnetisation of the complete specimen will yield an averaged curve, that is
ideally in the middle of the hard and easy axis. This magnetisation curve depends on the actual
elongation stage as shown in Section 6.2.2. In the DMC, in every simulation step the whole MSME
sample is treated as a homogenous area with only one magnetisation curve which is bound to the
actual elongation value. Consequently for the DMC magnetisation curves are needed that correspond
appropriately to ideally any strain stage. Additional block-discs (Figure 5.3) were produced, to
constrain the deformation of the MSME to intermediate magnetisation states, similarly to what was
done for the measurement of the hard and easy axis magnetisations. For these measurements bigger
samples were used to reduce measurement failure.

Figure 5.3: Bloc-discs to measure magnetisation at several strain stages
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5.3.3 Stress Dependent Magnetisation Curves

For the SDM a magnetisation curve is needed that corresponds to the MSME behaviour under a
certain stress profile. In this case elongation only takes place, when the magneto stress exceeds
twinning and external stress. Also, the magnetisation improves with the elongation and exemplary
measurement results are shown in Section 6.2.3. Therefore a device is needed, that allows applying an
adjustable stress on the MSME and suits into the measurement coil of the PERMAGRAPH®. To
receive best results pre-stress value as well as profile should correspond to the typical stress that will
appear in the final actuator. This is only partial possible because the available space around the sample
is limited by the surrounding measurement coil (Figure 5.4). On the one hand a bigger surrounding
coil could provide more space, but on the other hand a greater measurement error is expected, because
of a poor ratio between surrounding coil and specimen surface. Therefore a device was designed that
suits into the measurement coil with the diameter of 26 mm and MSME samples size of
2x3x15mms,

The device shown in Figure 5.4 consists of two brackets (blue) that are combined with two return
springs (black) which are mounted around threaded bolts (orange). The MSME (red) is placed between
these two brackets. The pre-stress on the element can be adjusted by the screws. The device is made of
non ferromagnetic material, so that the influence on the measurement device should be negligible. The
ratio of sample to surface of the surrounding coil is round about 8.5 % and 9 %, depending on the
elongation state. Therefore a higher measurement error is expected from these curves.

Upper
bracket

Adjustment
screw

Lower
bracket

Figure 5.4: Measurement device Schematic view (left) in Permagraph® (right)

Furthermore it has to be considered that Maxwell forces appear while measuring. These forces cause
an additional mechanical stress in the MSME and additionally they increase the friction force between
the MSME and the core pieces. This effect was confirmed to be most severe, where the relative motion
between the MSME and the adjacent magnetic cores is maximum, which is typically the case at the
upper end of the MSME (Schiepp, Detkov, Maier, Pagounis, & Laufenberg, 2013). It is worth
mentioning that this Maxwell forces also appear in the MSME actuators, although they can be partially
neglected.

5.3.4 Measurement Preciseness

To ensure that the PERMAGRAPH® is an adequate device for MSME, it is necessary to estimate
reachable preciseness. It is recommended that the sample surface should be at least about 50 % to
70 % of the measurement coil surface (Steingroever & Ross, 2009). The standard MSME sample
geometry at ETO is 2 x 3 x 15 mm3, while the available standard coil has a diameter of 26 mm. In this
configuration the ratio between surrounding coil and specimen surface is about 8.5 %, which is quite
low. To estimate the error of a comparatively low ratio of coil and specimen surface, a MSM sample
of 2x17x17 mmé was prepared, which roughly corresponds to a surface ratio of 55%. The
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magnetisation of this sample was compared to the magnetisation of a standard small sample (surface
ratio of 9%) in order to appreciate the deviations in the measurements. Both MSMEs were cut from
the same crystal, so they have the same composition as well as the same casting parameters and
therefore they should have the same magnetisation curve.
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Figure 5.5: Polarisation at 3 strain levels of two different sized MSME

As shown in Figure 5.5 the small specimen (dashed lines) with the small surface ratio tends to higher
saturation than the huge sample (continuous line) with a surface ratio of 55%. This kind of error would
artificially and erroneously overestimate the magnetisation properties of the sample. This, in turn,
would affect the simulation of a complete actuator, leading to higher calculated magnetic fields.
Finally the needed amount of current in the real built actuator would be higher than the proposed and
the actuator would not be in an optimised configuration. Although this measurement method is well-
established, it is not designed to measure MSME specifically and therefore reduced preciseness is
unavoidable.
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Figure 5.6: Polarisation of one MSME sample with deviated input data of the surface area in
percent
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Concluding, the measurement preciseness depends essentially on the surface ratio. It is also interesting
to know if the variation of the surface itself leads to deviations. To research the impact of a sample
surface variation on the measurement of the magnetisation curve, a MSME sample of 2 x 3 x 15 mm?3
was used and the size was varied of + 10 %. The result is shown in Figure 5.6. It is shown that the
measured magnetic saturation tends to be higher if the flooded surface is corrected downwards and
vice versa. A deviation of 5-10 % of the surface leads also to about 5-10 % failure in the measured
magnetisation, especially at saturation. Anyhow in all cases the surface of the specimen plays a role in
the measurement of the magnetisation curve.

5.4 Force Field Behaviour

The force field curve of MSME is necessary for the SBS and DMC approaches. This curve describes
how much force is generated by the MSME, when a field is applied in perpendicular direction. The
approach followed here is experimental and two ideas are presented to measure this curve. Results are
shown in Section 6.4.

The first idea is to measure additionally the force during the measurements of the magnetisation
curves in the PERMAGRAPH®. But the issue of restricted measurement space still exists and an
impact of the high magnetic field on a force measurement device cannot be excluded completely. The
second idea is to use the device shown in Section 3.1.2. This is advantageous because the force sensor
is far away from the influence of the magnetic field and furthermore there is space around the
specimen that can be used for magnetic field measurement. Also in this case it is not possible to
measure directly the magnetic field within the material. One possibility is to measure the magnetic
field near the MSME with a Hall sensor. The second idea is more feasible than the first.

‘ “ ‘  measurement

Pole shue

Hall sensor

Figure 5.7: Measurement (left) and simulation (right) of force field behaviour

As shown in Figure 5.7 on the left, a MSME sample is placed in the measurement device between the
pole shoes. The pushrod compresses the MSME to the start state. Then a magnetic field is applied, that
pervades the MSME homogeneously. A sample with very low twinning stress (less than 0.1 MPa)
enables the possibility to read off the magneto stress directly.

To receive the value of the magnetic field in the inner of the MSME, in relation to the applied current,
simulations of the GMW dipole magnet are performed (Figure 5.7, right). During the measurements
the MSME is in the start state and therefore in the simulations the MSME is defined by the
magnetisation curve of the hard axis.

5.4.1 Initial State and Start State

It is important to make a distinction between the start and initial state. The initial state is the state
when all areas are oriented in the same direction. This state is a theoretical state because defects in the
atomic lattice or inhomogeneity make it statistically unlikely that the complete MSME is orientated in
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one direction. This situation is in the following defined as the starting state. This could be the initial
state or even in an actuator any other quasi static situation which is shown in Figure 5.8 as S;.

4

Initial state

Figure 5.8: Schematic force elongation curve

Particularly in this case it is necessary to emphasize the fact, that the measurement procedure itself can
have an impact on the specimen and finally could influence the measurement results. Figure 5.8 shows
an exaggerated force elongation curve. that demonstrates an effect that has to be considered with
MSME in actuators. The blue curve represents the theoretical force of an MSME, while it is pervaded
by a sufficient magnetic field. The red curve represents the needed amount of force to reset the MSME
to its initial state. The black line represents a counteracting spring and it can be seen that after first
activation (orange path) this actuator will switch between stroke position S; and S,. For a final
application this amount of elongation could be sufficient but for the analysis of the measurements it is
necessary to consider that, after very first usage, the working point of the device could be shifted and
any following measurements will be based on this state. This could affect the elongation and force
measurements as well as the magnetisation curves. For the measurements it must be ensured that the
starting conditions are defined, or even that the MSME is in the initial state. In other words, the
measurements must be done carefully to minimise the error yield by a wrong or changing start state.

5.5 Conclusions

MSM is a relative young technology, which is also commercially hardly acquirable. Therefore it is
obvious that there are no tailored measurement devices for MSME available. Nevertheless it is
necessary to characterise the properties of MSME for commercialisation as well as simulation
purposes. Therefore existing measurement methods have been modified.

For the magnetisation curves the PERMAGRAPH® is used. This device is a good compromise
between high flux density (saturation of MSMA at round about 600 kA/m) and reachable preciseness
with small samples. With several modifications it is possible to receive the desired magnetisation
curves for the simulation purposes. Reduced preciseness is expected in the case of inaccurate geometry
as well as poor ratio of the surface of specimen and measurement coil.

The force field behaviour can be estimated by the combination of the force measurement and static
simulation. In a first step the force can be measured in relation to the magnetic field in air near to the
MSME and in a second step the persisting magnetic field in the MSME can be calculated by using the
simulation tool.
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6 Measurement Results

6.1 Introduction

To verify the effectiveness of the simulation methods, eight MSME samples out of three different
single crystals were chosen with the target to compare simulation and measurement of an MSM
actuator. Therefore the MSME were characterised with the modified measurement methods described
in Chapter 5. The results shown here are the input data for the simulation methods. Additionally the
current-elongation curves of all samples are measured in a prototype actuator to compare the
simulation accuracy of the simulation methods with each other.

6.2 Magnetisation Curves

6.2.1 Hard and Easy Axis

The measurement of the easy axis, shown here, confirms earlier results (Sozinov, Likhachev, &
Ullakko, 2002), (Heczko, 2004), (Suorsa & Pagounis, 2004). Figure 6.1 shows in blue the
magnetisation curve obtained with the MSME blocked at 0.5 % strain. The mounting gap in the
blocking disc is slightly bigger than the MSME in the initial state. This gap is necessary to mount the
MSME in the disc without any damage. The red magnetisation curve is measured without a block-disc
and shows the permeability change, which is caused by the reorientation of the martensitic variants.
Furthermore it shows that the permeability until 70 kA/m is lower than for the 0.5 % strain curve
(blue). Finally it is possible to estimate the 0 % strain curve (green dotted). The preciseness of these
magnetisation curves is of high importance for the prediction quality of the SBS method. In particular
a wrong 0 % strain magnetisation curve causes an error in the calculation of the force field behaviour.
This error may be compensated by the circumstance that the force field behaviour is calculated on the
basis of the magnetisation curve, but such undiscovered deviations could lead to wrong conclusions in
further work. Anyhow to improve the quality of this measurement it is necessary to completely
compress the MSME to bring it to the initial state. This can be an issue because of inhomogeneity or
small defects in the MSME that hinder martensite areas from reorientation. Therefore it cannot be
always ensured that the whole sample is totally compressed or slightly elongated.

—6 % Strain

——0.5 % Strain

——0-6 % Free Strain
(unblocked and
fitted)

0 % Strain
(estimated)

0 100 200 300 400 500 600
H (kA/m)

Figure 6.1: Polarisation curve of hard axis (blue), easy axis (black) and strained (red)
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6.2.2 Magnetisation Curves at Intermediate Strain Stages

In a next step the blocking discs with intermediate gaps were used to measure the permeability of the
MSME at different elongation stages. The results of these measurements are shown in Figure 6.2. It
can be seen that the permeability at low fields continuously improves with the strain. Therefore the
average saturation of the MSME depends on the elongation state and vice versa.

0.70 ~

0.60 - —0.49%

—1.10%
0.50 -

1.72%

0.40 - —2.33%

I(m

—2.94%

0.30 -
2.94%

0.20 - 3.55%

4.78%

010 1 5.39%

6.00%

0.00 h T T T T T 1
0 100 200 300 400 500 600

H (kA/m)

Figure 6.2: Measured strain dependent polarisation curves

Figure 6.2 shows measured polarisation curves at nine different strain stages. So they are strain
dependent and represent the polarisation of MSM in an intermediate state while reorientation. The
dark blue is measured along the hard axis and represents nearly zero strain and the light blue nearly
full strain is along the easy axis, all others are in between. However, the curves at intermediate strain
values can be obtained by interpolation of the measured curves. Finally 100 magnetisation curves are
calculated that represent strain steps of 0.06 % of the MSME length. It can be observed that above
600 kA/m the polarisation of the MSME at all strain stages reaches the same maximum value of about
0.68 T. Once, at this magnetisation value, it can be assumed that a further increase of magnetic field
will not increase the magneto stress and, as a result, a further elongation is impossible.

6.2.3 Stress Dependent Magnetisation Curve

It has to be ensured that the magnetisation curve of the start state is measured. Figure 6.3 shows a
measurement of the polarisation. The red curve represents the first measurement, that begins in a
compressed state and ends with the elongated MSME. The blue curve shows the directly following
measurement during compression. The initial permeability of the blue curve is higher because some
martensite variants of the MSME were reoriented by the field during the measurement of the red
curve.
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Figure 6.3: Polarisation curve of 1 MPa pre-stressed MSME

As already said, the twinning stress must be overcome by the magnetically induced stress so that a
new orientation is possible. As long as in these variants the magnetic stress and the twinning stress are
lower than the external stress, they remain along the applied field and are therefore not reset to the
initial state. This causes a hysteresis in the force as well as in the polarisation. The green curve shows
the behaviour when the return spring is not able to reset the MSME completely and some regions
remain oriented in the direction of the measurement field, also after the magnetic field is reduced to
zero.

The permeability, as well as the specimen surface, pervaded by the magnetic field increases during the
measurement but the measurements of the magnetisation curve in the PERMAGRAPH® somehow
assumes that the geometry of the specimen, to be characterised, is known and constant. However, the
change of geometry, as in the case of MSME, has an impact on the estimation of the magnetisation
curve (Steingroever & Ross, 2009). Figure 6.4 shows polarisation curves that demonstrate the impact
on the shape change during the measurement. All three measurements (blue, red, and green) are taken
from the same MSME sample: the blue curve corresponds to the compressed MSME, the red curve to
the intermediate state at 3 % strain and finally the green curve to full elongation. The black, dashed
curve shows the estimated polarisation that represents a real polarisation. This curve overlaps for low
magnetic fields with the blue one which is correct only at lower field strength. The sudden increase of
the polarisation at about 60 kA/m is caused by the reorientation and the resulting shape change.
Between 60 and 100 kA/m the polarisation increases suddenly (red curve) because it represents the
intermediate shape while elongation. Above the 100 kA/m the shape change is nearly completed and
the green curve represents the polarisation curve of a complete elongated sample.
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Figure 6.4: Free strain polarisation of one sample with varied surface data

6.3 Stress and Force Measurements

6.3.1 Twinning Stress

The twinning stress is a measure of the mobility of the twin boundaries of the MSM sample. Defects
in the atomic lattice could increase this value. In the case that these defects occur with certain
regularity, it would be possible to determine a deviation of this twinning stress behaviour. Since this
value is equal to required minimum energy, that is needed to initiate reorientation of the martensitic

variants, it is a necessary value for the SBS as well as the DMC method.

1.4

Twinningstress (N/mm?)
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Figure 6.5: Measurement of twinning stress of the samples C99 14 and C99_16 with three

The twinning stress can be measured by using the method described in Section 3.1.2, in which the
samples are pushed back from the elongated to the compressed state. The force over the sample
surface that is necessary to contract the sample is the twinning stress. And, as shown, this is varying
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along the sample elongation. The twinning stress is measured with the target to identify a statistical
distribution, which is representative for any samples cut from an identical crystal. Furthermore the
samples of C99 are cut from one slice of the same crystal. It is expected that the slices are
homogenous and all samples have nearly the same properties. Nevertheless, despite the expected
homogeneity, local displacements in the lattice could occur and small changes in the mobility of twin
boundaries can have impact on final behaviour in the actuator. As shown in Figure 6.5, the twinning
stress of MSME C99 14 (blue) is low and nearly constant, while the MSME C99 16 (red) shows
slightly increased twinning stress up to more than 1.2 MPa for small elongation. Additionally it can be
seen that the repeatability of the measurements is good and uniform. This deviation between the
twinning stresses can be an indication of defects in the atomic lattice of these samples. Finally this
difference of the twinning stress has a huge impact on the functionality of an actuator and on the
simulation results as well. The measurements of all MSME used in this thesis are shown in Figure 6.6.

1.20 \

1.00 \1 \J\
;,g 0.80 " —(C80_04
E QM \N —C87_03
= 0.60 \ XY €87_04
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(7]
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& 040 N —(99_14

—C99_15
0.20 —C99_16
0.00 J
0.00 0.20 0.40 0.60 0.80 1.00
Elongation (mm)

Figure 6.6: Measurement of twinning stress

6.3.2 Twinning Stress, Size Distribution and Training Effects

One objective of all simulation methods here proposed is, to be able to predict the performance of an
actuator in exciting the MSM alloy adequately. Therefore the simulation model should represent
MSME samples with reasonable tolerances. The idea is thus to estimate some twinning stress
distribution and twin width for a given MSM material type, so that the behaviour can be estimated for
all samples made from this material type. In Figure 6.5 and Figure 6.7 the stress over strain of two
samples is measured three times. However the behaviour of the two samples is however different.
While the distribution of stress shows similarities in the distribution peak, the maximum stresses are
differing, in particular between 0.5 MPa and 1.4 MPa.
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Figure 6.7: Stress distribution of C99 14 and C99 16

As shown in Figure 6.6, the twinning stress seems to be different in any MSME. C99 14 has the
lowest twinning stress of all samples. The maximum stress of C99 16 is the highest of all samples,
although all samples are cut from the same crystal. This makes it difficult to make a statement about
the distribution of the twinning stress. Furthermore it is known, that the structure of the martensitic
variants improves after many switching cycles (Aaltio, Soroka, Ge, Soderberg, & Hannula, 2010).
This refinement has an effect on the twin size as well as on the mobility and therefore the twinning
stress is lower and more homogenous. It can be said that the amount of measurements and samples is
not enough to define a generalised stress distribution that describes a material in a general way and
under various conditions. In this thesis all measurements were carried out in a timely manner, so that it
can be assumed, that such refinements, as well as aging effects, are negligible. On the other hand it
plays a subordinate role to determine the quality of the simulation method, because every sample can
be individually tested. Therefore in each simulation run the individually measured data, such as
twinning stress, as well as twin size, is used directly. Particularly in the SBS method the data of each
individually measured sample is randomly assigned to the slices of the MSME in the simulation.

6.4 Force-field Behaviour

As discussed in Section 5.4, direct measurement of the magnetic field in the inner of the MSME is not
possible, but can be accessed indirectly. The resulting force-field behaviour is shown in Figure 6.8. It
can be seen, that the force, as well as the maximum value, differ from sample to sample. This can be
caused by differences in the twinning stress or by individual defects in the atomic lattice of each
MSME. This variation will also have an impact on the current elongation curve of the prototype
actuator. The force-field behaviour shows an asymptotic behaviour that can be explained by the
polarisation results in Section 6.2.2, when above a certain magnetic field no anisotropy is visible.

72
Thomas Schiepp 24.04.2015



) A"—’

\
\
\

—C80_04

2 8 4 ~ ——(87_03
8 / c87_04
S ;P €87_05
o 6 7
L / —C99_13

/ —C99_14
4 /
Pt ——(99_15
—(C99_16
2
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Flux Density (T)

Figure 6.8: Force-field behaviour of MSME samples

6.5 Geometrical Measurements of MSME

Although all samples are produced in the same dimensions (2 x 3 x 15 mm3) it can be seen that in
reality every sample shows deviations from these dimensions (Table 6.1). This is due to the
manufacturing process of the elements, in particular the cutting of the crystals. When the MSM
crystals are casted as martensitic single crystals, the arrangement of the atomic lattice is measured.
Subsequently they are cut out by EDM and the obtained orientation of hard and easy axis is unknown.
That means that all areas are either in one or another state. Finally the dimensions of the samples can
vary by 6%. The elongation was measured without any stress and shows, that some samples reach
higher elongation than others.

Sample Ymin Elongation
Cutting date
number (mm) (mm)

1 (C80_04 2012-09-14 2,98 14,71 15,5 0,79
2 C87_03 2012-11-09 1,87 3,04 14,68 15,61 0,93
3 C87_04 2012-11-09 1,86 3,01 14,66 15,57 0,91
4 C87_05 2012-11-09 1,85 2,97 14,63 15,49 0,86
5 (09913 2013-05-24 1,88 2,99 14,33 15,19 0,86
6 C99_14 2013-05-24 1,87 2,97 14,32 15,18 0,86
7 (099_15 2013-05-24 1,86 2,98 14,36 15,2 0,84
8 C99_16 2013-05-24 1,86 3,01 14,39 15,2 0,81

Table 6.1: Geometrical measurements of MSME samples

6.6 Current Elongation Curve of MSM Samples in an Actuator

To be able to validate the simulation, measurements with actuator prototypes are necessary. Therefore
an MSM standard actuator (Figure 6.9) from ETO MAGNETIC was used. This actuator is designed to
achieve large strokes, combined with fast frequency response. The MSME sample is placed in the
centre of the actuator, beneath a return spring. This counter acting spring is used to return the MSME
to its start state after elongation through the magnetic field. The spring’s initial tension can be adjusted
and was measured by a force sensor beneath the MSME sample. The elongation over current was
measured with a triangulation laser and recorded with an oscilloscope. In general, this actuator is able
to demonstrate a stroke of almost 0.9 mm at frequencies up to 400 Hz, with a response time of about
1.6 ms. To ensure that the simulation approach is able to consider the external load adequately, the
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spring pre-stress was increased so that full elongation is never possible, also for MSMEs that have
very low twinning stress. The pre-stress ensures that any element remains in an intermediate state of
deformation. A good simulation method should be able to predict the reachable elongation of an
MSME under such conditions. The measurements were performed with all samples and are shown in
Figure 6.10.

Figure 6.9: MSM prototype actuator (rendered sectional image)
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Figure 6.10: Measurement of current-displacement curves
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6.7 Conclusion

In preparation of the simulation procedures the characterisation of all MSME samples was done and
the performance of 8 samples was measured in an MSME prototype actuator. The sample preparation
is of high importance for precise results and therefore high attention is set on this procedure.

The geometrical measurements of the MSME, as well as elongation under pre-stress in the prototype
actuator, are measured with standard measurement devices. The measurements of the magnetisation
curves needed modified ad-hoc methods. The precision of these modified methods, in particular with
the Permagraph, is limited by several practical aspects, which are depending on the measurement
procedure. However there is enough room for improvements.

The width and twinning stress of each material slice, which are elementary parts of the material that is
used in the simulation methods, cannot be determined precisely from measurements. As shown, the
samples characterised here have random tendencies and nearly unpredictable behaviour. This suggests
that also some additional interaction in the slices could have an effect on the twinning stress. Such
effects could be reduced by a cyclic usage, which is also known as training effects. It was not possible
to estimate a distribution that is suitable to describe the behaviour of a complete MSMA cast. To the
aim a deeper understanding of aging effect and of the stabilising of twinning types is necessary.
Anyhow, to prove the quality of the simulation methods in this work, we perform our experimental
results and tests on some MSME and avoid generalisation to a complete cast.
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7 Analysis and Evaluation of Simulation Results

7.1 Introduction

In this Chapter the simulation results are presented and discussed, to evaluate the quality of the
simulation methods proposed in this thesis, as well as their computing time. Therefore each approach
is rated in terms of the following parameters:

e Computing time
e Precision

The computing time aims at comparing the complexity of the simulation methods in a qualitative way.
To make the results consistent, all models were calculated on the same computer so that the influence
of the hardware is approximately negligible. The quality of each model also plays a role for the
computing time, in the sense that some models need less simulation steps to reach an acceptable
precision. Anyhow, the main focus is on the quality of the simulation methods, intended as the
precision of predicting real actuator behaviour in the simulations. The characterisation data of the
MSME, obtained with the measurements techniques described in the previous chapters, were used as
input to each simulation model, to estimate and predict the elongation of the MSME in the prototype
actuator under design. Afterwards the accuracy of each simulation, compared to the measurement, is
evaluated by means of a correlation analysis.

7.2 Stress Based Simulation (SBS)

The SBS method is the most complex of these three simulation approaches. Depending on the current
step width and the amount of twins/slices, a simulation run needs several hours. Furthermore, solving
the Maxwell equations is time consuming, especially when two connected MSM areas are differently
oriented. Particularly critical is the high anisotropy of the MSME itself, which is difficult to handle
also for commercial FEM programs.

7.2.1 Precision

The measurements shown in Figure 7.1 demonstrate the measured current-elongation behaviour of the
particular MSME sample in the prototype actuator (black) and the predicted behaviour using the SBS
method (blue). It can be observed that the maximum achievable elongation in many cases can be
predicted quite precisely. Nevertheless, in the early phase, when current rises all simulations show
strong increase of elongation. As shown in Figure 7.2, the results are with an average coefficient of
determination of 0.89 and an average deviation of 10.1 % in general in good agreement with the
experiments, though the shape of the elongation does not coincide with the predicted profile. It is
noticeable that when the current is decreasing, the compression of the MSME is very abrupt in all
simulations. Particularly the sample C99 15 shows the lowest coefficient of determination of 0.78 and
maximum average deviation of 16.3 %. It is visible that the hysteresis, especially in this case seems to
be narrower in the calculation than in the measurement.
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Figure 7.1: Measurement (black) and SBS simulation (blue) of current-displacement curves
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Figure 7.2: Coefficient of determination and average deviation of all SBS simulation runs

SBS

Sample r? Deviation
C80_04 0,88 12,2%
C87_03 0,91 9,9%
C87_04 0,89 7,1%
C87 05 0,93 8,1%
C99 13 0,91 7,9%
€99 14 0,94 6,9%
C99_15 0,78 16,3%
C99 16 0,89 12,1%
Average 0,89 10,1%

Table 7.1: Coefficient of determination and average deviation of all SBS simulation runs

7.2.2 Computing Time

Because of the complexity the SBS approach is a time consuming method. Simulation times between 4
and 8 hours were experienced. The necessary computing time for predicting the deformation at one
current value varies between one or two minutes, and the simulation methods performs this calculation
for each current value between the chosen minimum and maximum currents. Furthermore it can be
seen (Table 7.2) that the calculation time is largely determined by two factors. The first is the number
of “slices” of the MSME and the necessary interaction between FEMM and Excel to calculate the
stress in every individual slice at all current values. Obviously the calculation can be shortened by
choosing a reduced number of slices. Nevertheless a minimum number of slices are needed to predict
the elongation with good agreement with experiments. The second factor is that the simulation for
each current value needs one or two minutes and therefore the current-step width has an impact on the
overall computing time of a simulation run. Since each simulation step always starts from the states
calculated at the previous step, the quality of the simulation prediction depends on the current-step
width and therefore a relatively small width is necessary.
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Sample Slices Step size (A) Time Time (per step)
C80_04 201 0.02 477 min 114 sec
C87_03 201 0.02 527 min 126 sec
C87_04 162 0.02 511 min 123 sec
C87_05 177 0.02 440 min 106 sec
C99_13 176 0.02 440 min 106 sec
C99 14 96 0.02 232 min 56 sec
C99_15 108 0.02 266 min 64 sec
C99_16 158 0.02 393 min 94 sec

| Average | 411 min | 99 sec

Table 7.2: Computing time of SBS approach of all samples

7.2.3 Evaluation

This approach shows an adequate precision and allows a deeper understanding of the material
behaviour in combination with a complete magnetic circuit. The actuator design can strongly benefit
from this detailed knowledge and simulation result.

7.2.4 Further Improvements

The biggest drawback of this approach is the huge computing time. This could be reduced by several
means. A lower amount of slices could reduce the computing time. It can be very roughly assumed,
that the calculation of one slice over all currents takes about 2 minutes so that a reduction of slices
would have a large effect. This has to be treated carefully, because the reduction of slices would also
reduce the elongation resolution and could lead to wrong results. Anyhow, the calculation of the
sample C87_03 with 201 slices needs two times longer than C99 14 with 96 slices and comparable
precision.
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Figure 7.3: SBS with 0.2 A steps (red) and 0.02 A steps (blue)

Moreover the width of the current-step could be reduced. In Figure 7.3 two simulation results of the
same MSME are shown. The red curve shows the predicted elongation with a current-step width of
0.2 A and the blue with a current-step width of 0.02 A. The other simulation parameters, such as the
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size, the position and twinning stress of every individual slice, are identical. It can be seen that the red
curve shows a sudden elongation at 2 A. Because of the comparatively large current-steps of the red
curve, several twins switch together with the suddenly increased current. While the blue one shows
small intermediate switching states that lead to a different elongation process, which in turn results in
a different variation of strain and thus permeability of the electromagnetic circuit. In other words,
since each simulation step influences the consequent step, a finer current grid is recommended to
obtain meaningful results.
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7.3 Dynamic Magnetisation Curve (DMC)

The DMC method is less complex than the SBS, from a computing point of view. The computing time
for one simulation is always about 1 hour. The geometrical complexity of the simulation model is
reduced and the permeability is taken into consideration by a set of strain dependent magnetisation
curves. This is an advantage, because the entire sample in every simulation step needs only one
particular magnetisation curve that suits to the strain situation and reduces the complexity of solving
the Maxwell equations in the MSME.

7.3.1 Precision

The average coefficient of determination is 0.73 and the deviation 20.8 % (Table 7.3). Figure 7.4
shows the behaviour of the MSME samples, predicted by the simulation in red and the measurements
in black. It is striking that all simulation runs reach the full elongation, in contrast to the real measured
samples, and the DMC method is thus not able to predict the intermediate state properly. In fact, the
average permeability of the MSME corresponds to the actual strain and therefore, as the strain
increases, the magnetic resistance of the alloy decreases and the magnetisation of the alloy improve,
leading to higher fields and higher forces produced by the alloy. A higher force would produce a
higher strain at the next simulation step: as a consequence, the strain of the MSM alloy increases
continuously during the simulation. This problem is due to the fact that in real alloys the maximum
magneto-stress is not a constant, but decreases with the strain.
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Figure 7.4: Measurement (black) and DMC simulation (red) of current-displacement curves
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Figure 7.5: Coefficient of determination and average deviation of all SBS simulation runs

DMC
Sample r2 Deviation
C80_04 0.74 32.6%
C87_03 0.63 23.9%
C87_04 0.84 11.3%
C87_05 0.76 17.9%
C99_13 0.72 20.3%
C99 14 0.49 28.5%
C99_15 0.83 19.1%
C99_16 0.83 13.0%
Average 0.73 20.8%

Table 7.3: Coefficient of determination and average deviation of all SBS simulation runs

7.3.2 Computing Time

As expected, the DMC approach is about seven times faster than the SBS, because of lower
complexity in the MSME model and the handling of the switching behaviour. As shown in Table 7.4,
every simulation run needs about 1 hour to calculate the current-elongation behaviour with a current-
step width of 0.01 A, which is also two times finer than the SBS and the calculation of one current step
is nearly 14 times faster. Furthermore the computing time of any simulation run is very close. This is
caused by the circumstance that the MSME is described with only one magnetisation curve in each
simulation step and the required interaction between FEMM and Excel is limited.
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Sample Step size (A) Time (min) Time (per step)

C80_04 0.01 62 min 7.4 sec
C87_03 0.01 52 min 6.3 sec
C87_04 0.01 55 min 6.6 sec
C87_05 0.01 61 min 7.3 sec
C99_13 0.01 61 min 7.3 sec
C99 14 0.01 61 min 7.3 sec
C99 15 0.01 62 min 7.5 sec
C99_16 0.01 61 min 7.3 sec
| Average | 59 min | 7.1 sec |

Table 7.4: Computing time of DMC approach of all samples

7.3.3 Evaluation

The DMC is faster, but less precise, compared to the other methods. The smaller calculation time is an
advantage to test an actuator design qualitatively. Anyhow, the low precision is an issue, especially
when several actuator concepts should be compared, based on the simulation prediction offered by the
DMC.

7.3.4 Further Improvements

The main drawback of this method is the low precision. This is caused by the self-supporting effect,
whereby every calculated sample reaches full elongation. This effect could be compensated by a
modified stress calculation. In particular for this model, a damping factor or a separation of the MSME
into several sections could be helpful, but this would be a drawback because the advantage of short
calculation time will get lost. Another possible option is a different stress calculation, but this has to be
researched. Although improvements of the computing time are possible, the precision offered by the
DMC seems too low to be taken into consideration for simulation of MSM actuators.
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7.4 Stress Dependent Magnetisation Curve (SDM)

The SDM method has the lowest computational complexity of all three methods but needs huge
preparation in advance. This is caused by the stress and strain depended magnetisation curves
described in Section 4.4.2. The computing time per simulation step is a little bit lower, compared to
the DMC. But in contrast the SDM approach has the possibility to estimate the performance of an
MSM actuator in only one simulation step. Therefore the step width can be chosen very small and
particularly in this case an average predicted current-force curve is calculated by the SDM in less than
17 minutes. The sample C80_04 was excluded from this method, because the sample was damaged.

7.4.1 Precision

The coefficient of determination is in average 0.9 and the deviation with 10.3 % is comparable with
the SPS approach (Figure 7.6). Also in this simulation run is one sample (C87_03) because of lower
accuracy and higher deviation conspicuous. As shown in Figure 7.7, some simulations (green) are in a
very good agreement to the measurement (black), while some are deviating. Also the reached
elongation precision is, compared to the SPS method low however much but better than the DMC
method.
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Figure 7.6: Coefficient of determination and average deviation of all SDM simulation runs

SDM

Sample r2 Deviation
C80_04

C87_03 0.79 18.9%
C87_04 0.95 7.7%
C87_05 0.97 4.9%
C99_13 0.92 10.2%
C99_14 0.89 10.7%
C99_15 0.91 7.4%
C99_16 0.90 12.4%
Average 0.90 10.3%

Table 7.5: Coefficient of determination and average deviation of all SDM simulation runs
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Figure 7.7: Measurement (black) and SDM simulation (green) of current-displacement curves
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7.4.2 Computing Time

A comparison of the calculation time in this case is difficult. Since simulation steps are in fact not
necessary to estimate the functionality, the needed computing time can be reduced to less than 10
seconds (Table 7.6). Anyhow, to obtain a meaningful current-elongation curve, a step size of 0.05 A
was chosen and a single simulation step is about 30 % slower than one of the DMC but 10 times faster
than the SPS.

Sample Step size (A) Time Time (per step)
C80_04 0.05 - -
C87_03 0.05 15 min 8.7 sec
C87_04 0.05 15 min 9.2 sec
C87_05 0.05 16 min 9.7 sec
C99 13 0.05 18 min 10.7 sec
C99_14 0.05 20 min 11.8 sec
C99_15 0.05 14 min 8.2 sec
C99 16 0.05 19 min 11.1 sec

| Average | 16.7 min | 9.9 sec

Table 7.6: Computing time of SDM for all samples

7.4.3 Evaluation

The SDM is as precise as the SBS. The circumstance that the SDM needs only one simulation run to
estimate if the actuator is efficient to reach full elongation, makes this method attractive for
optimisation tasks. The precision of this simulation approach is sufficient for designing actuators.

7.4.4 Further Improvements

As already shown, the measurement results of the pre-stressed magnetisation curve have low
precision. This is caused by the low ratio of sample surface to measurement coil diameter, as well as
inaccurate pre-stress adjustment. Furthermore it is an issue that the measurement device is designed to
measure samples with constant geometrical behaviour. Finally it can be said that there is room for
improvements on the magnetisation curve measurements that should lead to better data collection and
thus to improved precision of the SDM as well as other simulation methods.

7.5 Conclusion

In magnetic FEM simulations for reluctance actuators a good agreement is achieved with a deviation
of less than 5% (ETO MAGNETIC GmbH, 2012). On the other hand, in the last centuries many
researchers were working in this area and the experience in this class of actuators is very high, in
contrast to actuators based on MSM. Furthermore the calculation of MSM is in principle a multi-
physics problem and therefore more complex, which in turn reduces the prediction accuracy.

Results are presented showing that sufficient prediction of the response of MSMEs in an actuator is
possible (Figure 7.8). Depending on the approach, good precision in adequate computational time is
achievable. The SBS and the SDM have comparable precision. The SDM shows a performance
advantage (Figure 7.9). Furthermore it would be possible to improve the quality by improved
measurement techniques. Anyhow, it should not be neglected that the measurement of data like the
stress dependent magnetisation curves is challenging and time consuming. The specific magnetisation
curve, which is measured for the method, is only suitable for one particular stress situation. In the case
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that the stress situation is changing dynamically, for instance in dependence on the Maxwell force, the
simulation method will fail to predict the response of the MSME, unless additional measurements are
taken into account by the user.

The SBS approach is interesting for research purposes for an ideal actuator and MSME interaction.
Although it cannot rebuilt the physical phenomena in detail, it gets as close as reasonable for this type
of simulation in combination with the complete actuator. Anyhow, it seems that this approach hits its
borders; therefore further improvement in the measurement of magnetic properties is mandatory. On
the one hand, the surface ratio between diameter of measurement coil and dimension of the specimen
is less than 10 %, whereas it should be bigger than 50 %, on the other hand the measurement of these
curves is a fundamental issue, because the circumstance that the measurement method itself affects the
geometry, influences measurement result.

The DMC approach has the shortest current simulation time but the lowest precision of all three
methods. The self-supporting effect plays a dominant role in this simulation and needs to be improved
or compensated to make this method attractive. The proposed idea of a modified stress calculation
would certainly contribute to an improvement, but would also increase the complexity of the model
and thus would reduce the advantage of this method. It can be said that the SBS and SDM are good
choices for most simulation issues. They are sufficient for optimisation of actuators with MSM and
enable a deeper insight of the MSME behaviour in combination with an electromagnetic actuator.

Finally it has to be mentioned that in this work the time-dependent effects such as the training and the
aging of the MSME, were neglected. These effects play a minor role in this thesis because the number
of performed switching cycles during measurements is quite low.
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Figure 7.8: Simulation quality of all approaches
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Deviation Deviation Deviation

C80_04 0.88 12.2% 0.74 32.6%

C87_03 0.91 9.9% 0.63 23.9% 0.79 18.9%
C87_04 0.89 7.1% 0.84 11.3% 0.95 7.7%
C87_05 0.93 8.1% 0.76 17.9% 0.97 4.9%
C99_13 0.91 7.9% 0.72 20.3% 0.92 10.2%
C99_14 0.94 6.9% 0.49 28.5% 0.89 10.7%
C99_15 0.78 16.3% 0.83 19.1% 0.91 7.4%
C99_16 0.89 12.1% 0.83 13.0% 0.90 12.4%

Average

Table 7.7: Simulation quality of all approaches
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Figure 7.9: Computing time of one simulated current step of all approaches
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8 Application of MSME simulation methods

In the following, examples are shown, in which the established simulation methods were used to gain
insight, optimise actuators and improve fatigue. In some cases the methods are supporting
assumptions, in others they have a central role and lead to a deeper understanding of the material
behaviour and reveal neglected effects as important impact factors.

8.1 Interaction of MSME in an actuator

Since the pioneering publication of Kari Ullakko in 1996, over 1000 papers have been published in the
MSM area citing his work. Some of these study how an MSME behaves in a magnetic field or
concentrate on how single crystals can be produced, which composition could lead to better
performance and so on. But direct interaction between an MSME and an actuator that generates a
magnetic field with a minimised amount of electrical energy consumption is normally not in focus.

As discussed in Section 4.2.3, the direction of the magnetic field in the MSME is responsible for the
reorientation of the martensitic variants. The SBS method is able to calculate the magneto-stress in
every slice and is taking into account the x and y components of the magnetic field as well as external
and internal stress individually. Figure 8.1 shows the magnetic FEM simulation of an exemplary
MSME inside an external magnetic field. The field is directed vertically and the red areas represent
martensitic twins with comparatively lowest twinning stress value so that these can switch with a low
amount of current and therefore in an early actuation. After these first areas have switched the
magnetic field is concentrated inside these areas, because their magnetic easy axis is already oriented
parallel to the external magnetic field.
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H)w |
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Figure 8.1: Magnetic interaction between switched areas (red) and non switched (yellow)

On the contrary, the field in non-switched areas reduces. Figure 8.1 also shows, that the flux lines
nearby and especially between the two switched areas are tilted by 45° with respect to the external
field. The result is a locally increased magnetic field component in x-direction (horizontal in Figure
8.1) that in turn causes a local compressive stress contribution in x-direction. As shown in Equation
4.2 the stress component in x-direction (£**) has an impact on the switching behaviour and impedes
the elongation in the x-direction.
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Figure 8.2: Calculated magneto-forces in MSME, with non-switched areas (blue) and two
switched areas (red)

Figure 8.2 shows the calculated magneto-forces along the x-direction through the MSME. A non-
switched MSME (blue) is taken as reference and compared with an MSME as shown in Figure 8.1,
where two twin areas have already switched. As expected, the local forces for switched twin areas
increase, they roughly double because of increased permeability. However, in the proximity of these
areas a force drop is observed which affects even relatively distant areas of the element. This local
force drop is explained with the local tilting of the field lines, as discussed before. The external field
has to be increased to obtain a value inside the MSME, which is sufficient to induce further switching.

Furthermore it is known that the mobility of twin boundaries could increase over many switching
cycles, because a finer twinning structure arises (Aaltio, Soroka, Ge, Soderberg, & Hannula, 2010).
The amount of martensitic variants has a direct impact on the resolution of the elongation and could
also have an impact on the current-elongation behaviour of an actuator. The SBS allows reproducing
and observing this effect just by varying the number and the width of martensite slices. Additionally
the distribution of twinning stress can be varied and effects of this variation can be observed. Thus, the
SBS also allows estimating how a MSME would behave in the case of aging, or modification of twin
microstructure.

It should be noted that the SBS only estimates what happens in reality. Nevertheless the simulation
results allow a very important design insight about the response of a MSME during actuation, and
have proven that SBS-based models depict the real phenomena adequately. A very important detail
shown by the SBS simulation is that the orientation of the variants influences the magnetic field
locally and distorts the magnetic field because of the anisotropic permeability. This distortion could be
partially influenced by a certain design of the magnetic circuit. An idea is schematically shown in
Figure 8.3. In the schematic two magnetic circuits are shown. The flux lines for the blue magnetic
circuit are illustrated in red and the ones for the green circuit in black. Flux lines are closed loops that
follow the path of lowest resistance. In such a situation, the diagonal path through the MSM is much
longer than the path which goes directly to the other end of the magnetic circuit and therefore has
higher magnetic resistance, so that the deviation of the flux lines should be lower. It can be assumed,
that such a solution should reach full elongation with a lower magnetic field and therefore lower
electrical energy.

92
Thomas Schiepp 24.04.2015



Figure 8.3: Schematic representation of magnetic circuits

8.2 Actuator optimisation with evolutionary algorithms

For a further improvement and consequent commercialisation of the MSM technology, effective
simulation tools are required to identify optimised actuator designs in short time. However, the
optimum is defined by individual requirements of particular applications, such as smallest space or
lowest energy consumption or combinations of both. Due to the variety of requirements, the
nonlinearity of electromagnetism and the large number of design parameters, an evolutionary
algorithm (EA) has been tested for the optimisation of MSM actuators. Evolutionary algorithms are
robust optimisation methods, for nonlinear problems with many decision variables and linear or
nonlinear constraints. EA’s are a class of stochastic metaheuristic optimisation methods which are
inspired by the natural evolution of living beings and help to solve problems particularly for computer
simulations and applications of computer science appropriate models. Based on the nature of candidate
solutions to a given problem are artificially evolved, EA are so natural analogue optimisation methods
(Rechenberg, 1994). The assignment to the class of stochastic and metaheuristic algorithms means,
that an EA usually does not find the best solution for a problem, but a sufficiently good one. The
different EAs differ primarily by the used selection, recombination and mutation operators, the
genotype-phenotype mapping and the problem representation (Schéfer, 2012).
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Figure 8.4: Interdependencies of design parameters
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A modification of the (uw/u, A) EA of Rechenberg has been proven as a good choice for nonlinear
magnetic problems (Rechenberg, 1994), (Schafer, 2012).

8.2.1 Optimisation procedure

This method usually consists of an initialisation step and a first evaluation, as well as a succeeding
loop, that is executed until a termination criterion is satisfied (Weicker, 2007). As shown in Figure 8.5,
the optimisation process starts with the initialisation, where the first generation of candidate solutions
to the problem is generated randomly. In the next step these candidates are evaluated and their
properties are assessed by the so-called value function. The value function delivers finally a single
value (or, in multi-objective EAs, a vector value) which allows evaluating if the tested parameters are
a good solution or not. Based on the value function the best individuals, also called parents, are
selected and subsequently recombined to the next generation and the optimisation loop starts again.
Additionally a random variation of the descendants is performed (mutation). In the next step an
evaluation of these individuals is performed. Again, depending on the value function, a selection and
determination of a new generation is done, or the optimisation loop is stopped if the termination

criterion is fulfilled.
m

Selection

Termination

P Recombination
criterion

Optimisation Loop

Mutation

Figure 8.5: Optimisation procedure

This optimisation strategy thus is a kind of intelligent trial and error method. In the case of multi-
parametric and nonlinear problems several local maxima exist. Therefore a high nhumber of random
samples are necessary to have a better chance to identify a sufficiently good solution. Based on the
work of Rechenberg, in this thesis an EA with 5 parents, 8 parameters and 20 mutated children was
implemented (Figure 8.6). In every generation only the best five individuals are considered for the
next generation and 20 children imply also 20 simulations per generation. This suggests that the
computing time of a single simulation run should be as fast as possible. For one optimisation attempt
more than 100 generations are expected which finally means 2000 simulations. The SDM is able to
estimate in one simulation step and with adequate precision if an actuator design is able to reach full
elongation of the MSME, even under stress. Therefore the SDM approach is suitable for such
optimisation purposes. In this case the termination criterion was chosen to be fulfilled, when no
significant improvement occurs in about 50 generations.
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Figure 8.6: Workflow of the one optimisation loop in this particular case

8.2.2 Value function

The value function determines how good a solution is for the problem. At first the definition of
“optimal” has to be found. Especially when the objectives, such as required electrical energy, actuator
size, maximal current or voltage and operational temperature, are somehow in contrast, the final
“optimal” solution can only be a compromise. Anyhow, during the optimisation a decision must be
made, which states ultimately if the current solution is an improvement for the optimisation or not. In
order to make this decision, it is necessary to have a single value that allows quick and easy evaluation
of the grade of fulfilment of the objectives. This value is returned by a function that takes into account
the different objectives, called value function (Miettinen, 1999). The different objective in the value
function can also be properly weighted. An a priori weighting of the parameters in the value function
performs only at good-natured problems to a meaningful solution, namely the compromise between
the various objective attributes. (Weicker, 2007).

In this case the objectives for the MSM actuators were:

e minimisation of the size Qs,

e minimisation of the power consumption Qp,

e minimisation of the Maxwell forces Qy that act on the MSME

e minimisation of the magnetic flux density Qg required for full elongation

e minimisation of the mechanical instability Qg (geometrical moment of inertia) of the MSME

To avoid unbalanced weighting, the quality indexes Q. were normalised, and then depending on
prioritisation weighted with the weights w, finally they are summed up to an overall quality index Qa.
The target of the optimisation is the minimisation of such a quality index:

Qait = Ws X Qs +wp X Qp + Wy X Qy + W X Qp + W X Qg 8-1

Furthermore it has to be ensured that any improved objective leads to a decreased index so that an
optimised criterion leads to lower Qg; otherwise it is necessary to work with the reciprocal value.
Here the weighs of Qs, Qp and Qy were doubled, with respect to other indexes, with the goal to get a
small actuator with low power consumption, as well as low Maxwell force acting on the sample.

8.2.3 Parameters

As shown in Figure 8.7, a full parametric model was created. Parameter P, to Pg are geometrical
attributes and parameter Py is the number of windings in dependence on the wire diameter, which is
indirectly depending on the parameters P, and P;. The reachable force of an MSME depends on the
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cross section, as well as on the amount of the magnetic field. In this case the cross section was
specified, so that the MSME width Pg was adjusted as a parameter and the thickness P; was calculated
to ensure that the MSME cross section remains equal. In general it was assumed that a symmetrical
design is advantageous in terms of manufacturability and production costs. Therefore the actuator
model is defined with these relevant parameters.

Figure 8.7: Parametric model of MSM actuator

8.2.4 Results

Due to the relative small number of parameters (8) the EA converges in less than 100 generations. The
termination criterion is reached even though it can be seen that the required magnetic flux density Qr
as well as the power consumption Qp show in some cases increased values. Anyhow, the termination
criterion refers to the overall quality index (Qa) and it can be seen in Figure 8.9 that a further
reduction of power consumption (Qp) has a negative effect on the needed magnetic field, i.e. the
guality index Qg increases. The increment of power results in an increased magnetic field and
therefore increased Maxwell forces, i.e. Qr and Qu. However, in relation to Q,y, the effects are
compensating, as can be seen in Figure 8.9. The optimisation time in this case was less than 6 hours.
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Figure 8.8: Q over all simulation cycles
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Figure 8.9: Q in the final 100 simulation cycles

8.2.5 Conclusion

The EA has been combined with a magnetostatic FEM tool. Based on value functions, that evaluate
the quality of the magnetic and geometric design under different boundary conditions, hundreds of
actuator variants are analysed in short time. The actuator volume optimised by the EA has been
compared with the engineered solution. In conclusion the chosen FEM simulation approach is an
advantageous tool for the complex and iterative development process, aiming to high efficiency MSM
actuators. For a further commercialisation of the MSM technology effective simulation tools are
required to identify an optimised actuator design in short time. An optimum MSM actuator design
shall meet the requirements such as smallest space or lowest energy consumption or combinations
thereof. Different optimisation objectives are thinkable, depending on the customer application.
FEMM is not able to simulate transient, however a low static inductance can serve as an indicator for
the electrical dynamics of the actuator, so that also this dynamics could be an objective with this
method. Today’s MSME have an operation temperature limit of 80°C (Pagounis, Chulist, Szczerba, &
Laufenberg, 2014). It is thus necessary to predict the maximum operating temperature of the MSM
actuator in a particular application scenario. In some customer applications the MSME must withstand
the introduced energy, which is converted to thermal energy. FEMM is also able to perform thermal
simulation and therefore it is also possible to optimise the maximum steady-state temperature
(Schiepp, Schliiter, Schafer, Maier, & Laufenberg, 2014).

8.3 Fatigue investigations

Fatigue of engineering components is a major concern when considering their industrial applications.
High-cycle fatigue seems to be one of the MSME technological advantages. The fatigue behaviour of
MSME received considerable interest, when high cycle fatigue was demonstrated in 2004 (Mullner,
Chernenko, Mukherji, & Kostorz, 2004). Additionally in some first attempts, an actuator fatigue life of
200 x 10° (Altio, Ge, Liu, Soderberg, & Hannula, 2008) and of 425 x 10° cycles (Pagounis, Maier, &
Laufenberg, 2011) has been reported. In a comprehensive investigation Aaltio et al. studied the fatigue
behaviour of MSME using a set-up which mechanically elongates and contracts the material (Aaltio,
Soroka, Ge, Soderberg, & Hannula, 2010). They measured a fatigue life of more than 10° cycles,
however without taking into account magnetic effects. Furthermore the strain amplitude was restricted
to = 1%. The situation, where the MSM material is placed in the air gap of an actuator with a strain
output of > 4 %, is considerably different. However, to realise this high number of switching cycles is
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not trivial. Therefore knowledge of the key factors influencing the fatigue of the actuator is
indispensable.

8.3.1 Effects in an actuator

By implementing the MSME into an actuator, additional effects like friction induced by Maxwell
forces on the ferromagnetic MSME and/or high local stresses can occur, which may affect the material
as well as the actuator performance (Schiepp, Detkov, Maier, Pagounis, & Laufenberg, 2013).
Therefore a type of actuator was designed, to study fatigue properties and investigate failure
mechanisms, which also helps to improve simulation quality. In the actuator shown in Figure 8.10 the
pre-stress and the air gap between the MSME and magnetic circuit parts can be adjusted in order to
study geometrical influences on fatigue. In order to observe the motion of the MSME during actuation
with a high speed camera, the magnetic circuit was designed asymmetrically with coils that were
placed on the backside of the MSME.

i 1 wrir Thnon sehy EOERE

Figure 8.10: MSM actuators for studying the fatigue behaviour

The Maxwell forces in MSM actuators are often neglected. In particular in small actuators this effect
can have a huge impact. As shown in Figure 8.11, the Maxwell forces twist and bend the MSME such
that the magnetic resistance of the magnetic circuit is minimised. This mechanical stretching
influences the switching behaviour as well as fatigue life. Even though the Maxwell forces, as well as
the resulting torque, can be calculated easily with FEM software, in the case of MSME this is more
difficult. The calculated force depends on the magnetic field, as well as on the magnetic permeability,
and the permeability depends on strain. Using the SBS method it is possible to calculate the Maxwell
forces, as well as the resulting stresses depending on internal as well as external loads of any
individual slice in any elongation state of the MSME. The SDM approach is suitable to receive the
resulting force of the complete MSME for optimisation purposes fast and easily.
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Figure 8.11: Maxwell forces (Fy) acting on the MSME (green)

As shown in Figure 8.11, the magnetic field that acts upon the MSME generates Maxwell forces (Fy)
which bend and tilt the element. Additionally the force of return spring (Fs) acts upon the MSME. The
mechanical resistance depends on the geometry of the MSME and the maximum mechanical stress
omax resulting from the forces Fs and Fy is given by

Fs Fy xXh
= 6 ,
wxd+ w X d?

Omax 8-2
where w, d, and h are width, depth and height of the MSME, respectively. But the situation is more
complex, because depending on the strain the MSME has different stiffness and shows quasi-elastic
behaviour.

Figure 8.12: Bending of an MSME in an actuator, FEM analysis (left) and prototype (right)

For a first estimation simplified assumptions were made and magnetic calculations were performed
with an MSME in fully elongated state. In order to determine the Maxwell forces acting on the

99
Thomas Schiepp 24.04.2015



MSME, magnetostatic FEM simulations (Figure 8.12, left) were performed using the MSME aligned
in its magnetically favoured position, as shown in Figure 8.12 on the right. A static simulation, using
the SBS method in the single variant state, fully compressed and elongated, was performed. For
intermediate states the DMC method was used to calculate the Maxwell forces that act upon the
MSME. Additionally the Maxwell forces were measured using Fuji Prescale foils (Figure 8.13). These
foils were placed in-between the MSME and the core pieces and the actuator was energised. The
resulting forces cause a colour change of the foils and indicate, locally resolved the maximum pressure
exposure during measurement.

Figure 8.13: Measurement method with Fuji Film Prescale foils (bottom) show local stress up to
about 10 N/mm?

These experimental results confirm the simulation results and show that the Maxwell forces may cause
a torque of 15 Nmm and local stresses of up to about 10 MPa on a 2x3x15 mm3 MSME. The local
stress can dramatically exceed the twinning stress of about 0.5 MPa by more than an order of
magnitude. Therefore damage and fatigue problems are expected already in an early stage. It is
obvious that the torque or the Maxwell forces are growing with the smaller gap, when the MSME is
aligned in its magnetically favoured position. It could be advantageous that the element is guided so
that it remains ideally in the middle between the core pieces, in such a way that the Maxwell force
would be low (PCT/EP2014/065565).

Furthermore the Maxwell force contributes to the friction force between the MSME and the core
pieces. This effect was confirmed to be most severe where the relative motion between the MSME and
the adjacent magnetic cores is maximum, which is typically the case at the upper end of the element.
MSM prototype actuators were built to study fatigue effects at operation frequencies above 50 Hz, so
that many switching cycles can be realised and the fatigue behaviour can be tested in a short time. The
design allows to adjust the pre-stress externally and to measure the elongation continuously in real
time. To investigate the magneto-mechanical properties of the MSME itself, it is possible to remove
the element easily. Furthermore a force sensor with a high sampling rate can be attached beneath the
MSME, so that a dynamic force measurement, during elongation and compression of the MSME,
operating up to 400 Hz can be observed. Five identical actuators were built and fitted into a test bench
(Figure 8.14), so that statistically reliable test results can be obtained. The actuators where driven with
a frequency up to 60 Hz in a water cooled test bench so that approximately 5 x 10° switching cycles
can be realised per day without overheating the MSME.
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Figure 8.14: MSM actuator test bench with five fatigue test actuators

These actuators were not optimised for fatigue testing and the mechanical load was increased so that
the discussed effects appeared early. As shown in Figure 8.15, abrasive wear appeared at the core
pieces as well as on the surface of the MSME and caused damages of the twin structure which leads to
higher twinning stress and higher magnetic fields for complete elongation. A degradation of the
magneto-mechanical properties after less than 1x10 cycles (Figure 8.16) is visible.

Figure 8.15: Abrasive wear on the core pieces
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Figure 8.16: Force-stroke curves of MSME before testing (blue), after 8.5x106 (green), and after
13x10° cycles (red)
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8.3.2 Dynamical effects

Short current pulses can cause overshoots of the mass spring system that finally can get into resonance
or even an overshoot with spring back effect that could lead to damage in the MSME. FEM was used
to reduce the acting Maxwell forces to a minimum and an additional fatigue test was performed. As
shown in Figure 8.17, a MSME was destroyed after 23 10”6 cycles in the fatigue test by dynamical
effects. The fracture of these samples is intracrystalline and looks similar to findings in already
published work (Aaltio, Soroka, Ge, Soderberg, & Hannula, 2010). In order to further investigate the
failure mechanism, the force was measured during a single switching operation.

Figure 8.17: Photograph of MSM element after 23 million switching cycles

In Figure 8.18 the force curve (blue) and the corresponding stroke (red) of the push rod, which is
spring loaded to the MSME, are shown. As already mentioned the force sensor was mounted below
the MSME and shortly before reaching the full elongation, the contact between the MSME and the
mass-spring system is obviously lost for roughly 800 ps (plateau of blue curve with zero force). This
overshoot presumably damaged the MSME during the test when the rod was thrown back onto the
MSME with a certain Kinetic energy. From the measured force a resulting peak stress on the MSME of
about 1.3 MPa can be estimated. Remarkably all actuators still operated with reduced performance or
even with broken elements.
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Figure 8.18: Switching behaviour of MSM actuator. Elongation (red) force (blue)

In a second test run, the excitation voltage was controlled with a pulse-width modulation (PWM) in
such a way that the movement of the MSM is slower and the contact between the rod and the MSME
is always ensured and the overshoot in the elongation measurement disappeared (Figure 8.19). Figure
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8.19 shows the PWM profile (blue) and elongation (red), it can be seen that dynamics are reduced but
could be optimised.
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Figure 8.19: Switching behaviour of the MSM actuator excited by a PWM voltage (blue),
elongation (red)

Even though the PWM profile avoided a destruction of the MSME, it can be seen in Figure 8.20 that
the magneto-mechanical performance of the MSME was still degrading. The blue curve was measured
directly after the production process (i.e. after electro polishing) and shows maximum force as well as
lowest reset force (corresponding to lowest twinning stress). The green curve is measured after
40 x 10° cycles and shows that the performance of the MSME is further reduced. An investigation of
the surface of the friction partner using energy dispersive X-ray spectroscopy (EDX) revealed abrasive
wear because nickel, manganese as well as gallium were identified in the analysis. This clearly
indicates that even the low friction forces were high enough to damage the MSME. Finally the MSME
underwent an additional electro polishing treatment and the red curve in Figure 8.20 was measured. It
can be seen that this process recovers the performance to a large extent, supporting that the abrasive
wear damaged a surface layer of the element with a certain depth. It can be deduced that friction
between the MSME and the adjacent iron cores needs to be reduced possibly close to zero in order to
achieve lifetimes in the 10° or even 10° regimes.
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Figure 8.20: Magneto-mechanical behaviour of a MSM sample, before fatigue testing (blue),
after 40 x 1076 cycles (green) and recovered (red)
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Figure 8.21 shows design suggestions that reduce Maxwell forces as well as friction between the
MSME and the magnetic circuit. At the bottom of the MSME it can be guided by the magnetic circuit,
because the relative movement of the sample is low, while at the top the MSME needs to be gripped
by the pushrod, where the relative movement is big.
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Figure 8.21: Frictionless design (Laufenberg & Schiepp, 2013)

8.3.3 Conclusion and outlook

To further improve the fatigue life and to guarantee a proper functionality of MSM actuators, also in
various environments under series application conditions, a deeper understanding is required. These
results help to understand failure mechanisms of MSM materials like:

o Maxwell forces

e Friction

e Torque

e QOvershoot/ resonance

Based on these results it can be assumed, that Maxwell forces have to be carefully considered when
designing an MSM actuator, because these forces can significantly exceed the twinning stress locally.
With the SDM method an actuator can be designed, which takes into account the Maxwell forces.
Additionally with the SBS method the MSM material twin structure can be considered, which could
significantly improve the actuator fatigue life. Therefore it was visualised that the deviation angle of
the MSME during actuation has a huge impact on the Maxwell forces. They contribute to the friction
force between the MSME and the magnetic core of the actuator and reduce the material lifetime
drastically. The result of 15 Nmm torque of the simulation was confirmed by the measurement and
results in local stress of more than 10 MPa. This effect was confirmed to be most severe, where the
relative motion between the MSME and the adjacent magnetic cores is maximum, which is typically
the case at the upper end of the element.

Short rise times can be realised, but with an inappropriate, impulsive voltage excitation an overshoot
of the mass-spring system can appear, which can lead to mechanical damages such as intracrystalline
fracture of the MSME. Using a modified excitation profile and an optimised actuator design, a fracture
of the MSME was prevented and the high cycle fatigue was improved. It has been observed that the
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resonance of the spring-MSM-system can have an impact on fatigue and may destroy the system very
fast. This behaviour also can be calculated by simulation in advance. To reach a high number of cycles
in an actuator this failure mechanism has to be considered.

8.4 MSM Operation in Actuators

The actuators that were used for fatigue testing are combined with a spring as a restoring element. This
is necessary to restore the MSME to its starting state when the field coils are not energised. As shown
in the measurements (Figure 6.10), most of the elements did not reach full elongation because the pre-
stress of the spring was (intentionally) too large. Furthermore the force progression along the
elongation of an MSME is not ideal to work against such an element. As shown in Figure 3.5, the
maximum force of the MSME is greatest at the beginning of elongation and reduces continuously with
elongation. Therefore the described effect in Section 5.2 appears and the result is a reduced elongation
as well as lower work output. This can be improved by optimising the interaction between the MSME
and the restoring element.

8.4.1 Operating modes

B. Holz has established general operating modes for a bar shaped MSME (Holz & Janocha, 2010).
These modes describe five basic possibilities of how to use an MSME in a functional device in
combination of magnetic or mechanical stimulus. As shown in Figure 8.22, where a single MSM cell
is considered, there are in general three types of external stimuli that can induce a shape change and
two differ in their effective direction. Thermal energy is independent from direction because a phase
transformation takes place and this will cause a change of the edge length of the unit cell from
tetragonal to cubic. The mechanical stimulus is depending on the acting direction, so that finally it is
divided in a push or pull stimulus. For the magnetic stimuli the axis is important, the direction is not.
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Figure 8.22: MSM unit cell and possible actuation stimuli

In the case that a phase change is excluded the remaining stimuli can be combined to possible
operation modes. As shown in Figure 8.23, six operating modes can be distinguished.
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Figure 8.23: General operation types without thermal energy (according to Holz & Janocha,
2010)

8.4.2 Passive restoring of the MSME

Type 3 is one of the promising modes. A MSME will be stimulated by a magnetic field and afterwards
it needs to be restored. This can be realised by a passive mechanical component, like a spring, which is
working perpendicular to the magnetic field. It can also be realised with a “magnetic spring”, where
the mechanical spring element is replaced by a magnetic element, based on a permanent magnet. The
advantage of such a magnetic spring is a restoring force, that improves the output ratio of such a MSM
actuator (Laufenberg & Schiepp, 2014b). This magnetic spring can be tuned to give an output stress
ideally slight above the twinning stress level so that the maximum elongation, restoring and therefore
ratio can be achieved. Furthermore it is possible to calculate or to optimise both actuators sequentially
in a simulation run to calculate the interaction of both devices. An example is shown in Figure 8.24,
where a FEMM simulation of the magnetic spring is shown on the left and of the MSM actuator on the
right in only one simulation run. Anyhow to realise this kind of simulation with the SDM approach,
several drawbacks have to be accepted. On the one hand the complete current-elongation curve has to
be calculated because the stress situation at a certain current, as well as the elongation state is
unknown in advance and on the other hand the magnetisation curves of the samples with external load
at any strain level have to be measured in advance. This increases the complexity and the advantage of
simplicity gets lost but this allows the optimisation of a complete system.

Figure 8.24: Simulation of magnetic spring (left) and MSM actuator (right)
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8.4.3 Active restoring of the MSME

The restoring of the MSME further can be realised by an active component like a solenoid (Figure
8.25) or another MSME actuator. These are the so-called push-push actuators and have the advantage
that during elongation the opposing force could be nearly zero, when mass moment of inertia, friction
force and gravity are neglected. This leads to the advantage that the MSME can elongate with a
minimum field in minimum time. Additionally the push rod of this actuator retains in the last state
without consuming power, which is called multistability. An optimisation with the SDM approach can
be performed fast and easily, because the MSME is nearly unloaded. Therefore the elongation state
can be calculated again in only one simulation step and the optimisation procedure can be focused on
the restoring element, which needs to work against the twinning stress of the MSME.
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Figure 8.25: Principle of MSM hybrid actuator combined with a solenoid (Laufenberg &
Schiepp, 2014a)

8.4.4 Conclusion

Considering the different operating modes, it can be said that the MSM technology has advantages in
several applications. The type 3 operation mode has an influence on the ratio. A good design of the
restoring element is of great importance for the success of this type of actuator system. Hence the
functionality and the interaction of the MSM actuator as well as the restoring element have to be
optimised. Especially for the passive restoring element the simulation method becomes more complex.
The optimisation could be realised in sequences, so that a restoring element has to be designed and
optimised in relation to a given and already improved MSM actuator. Nevertheless it can be said that
an MSM actuator combined with an active restoring element, the so called MSM hybrid actuator,
shows maximum benefit for the ratio, the elongation and furthermore it exhibits multistability. This
kind of actuator can be easily optimised with the SDM method in combination of conventional FEM
magnetostatic calculations.
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9 Conclusion and Further Work

9.1 Conclusion

Smart materials are interesting for the design and development of actuators because of their unique
properties. The specific characteristics of Magnetic Shape Memory (MSM) alloys make this class of
material promising for several applications. Actuators based on MSM represent a new type of smart
electromagnetic actuators where the MSM element can elongate and contract fast in a magnetic field.
The MSM material is typically a monocrystalline Ni-Mn-Ga Heusler alloy, which has the ability to
change its size and shape many million times repeatedly. The shape change is realised by a
reorientation of variants in the martensitic state. This reorientation can be obtained by mechanical
stress or by an applied magnetic field. Recently developed MSM alloys are able to achieve a magnetic
field induced strain of up to 12% and work at temperature up to 80°C.

Over the last decades industrial development cycles have become considerably shorter, accompanied
by a continuous demand for the reduction of development time and costs. So, fast and easy-to-handle
engineering and simulation tools, especially tools based on finite element methods (FEM), have been
widely applied for the product design and development. To analyse and evaluate applicability of the
MSM actuator technology, this kind of tools and simulation strategies must be developed and
established. Significant differences towards electromagnets have to be overcome. Several approaches
have been established for simulating the magneto-mechanical behaviour of MSM materials. However,
they are not suitable to effectively simulate the behaviour of a complete MSM actuator for engineering
purposes. For instance, standard, commercially available FEM tools are not suitable to simultaneously
calculate magnetic field, mechanical stress and resulting shape change in MSM. To improve and
optimise actuator designs, it is indispensable to enable engineers to predict the challenging magneto-
mechanical behaviour of a MSM-based actuator. In this thesis three simulation methods based on
FEM analysis have been proposed, designed and developed. These methods can be effectively used for
designing MSM actuators for various applications. These methods rely strongly on a priori magneto-
mechanical characterisation of MSM elements, where the deformation as well as the magnetisation
capability of each element must be analysed with respect to the possible magnetic and/or mechanical
excitation of the sample. Thus, in this thesis several approaches for obtaining the desired element
characterisation have also been proposed, designed and developed.

The main achievements of the PhD thesis are:

1) The systematic review of the literatures to analyse and evaluate the previous work about the study
of MSM properties and their application to the design and development of actuators. Especially, the
problems associated with the simulation methods for the design and development of MSM-based
actuators have been critically discussed and evaluated.

2) A generic framework has been proposed for the simulation of MSM-based actuators, with the aim
of better design and development.

3) New measurement approaches for measuring the unique magneto-mechanical characteristics of
MSM alloys have been proposed.

4) Three new FEM-based simulation methods have been proposed, which are based on the
measurement approaches and require different measurement and computational effort:

e Stress based simulation method (SBS)
e Dynamic magnetisation curve method (DMC)
e Stress dependent magnetisation curve method (SDM)
5) Validation of the overall measurement and simulation process by the prototype MSM actuator
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The proposed simulation methods have advantages and disadvantages, which are on the following
briefly discussed. The SBS offers the opportunity to understand the interaction between an MSM
element and the actuator. It is an attempt to imitate the phenomenological behaviour of MSM element
on a macroscopic level: for the analysis, the MSM element is subdivided in several elementary
volumes called slices. During the simulation the deformation, the magnetic properties and the stress
level in each slice is calculated separately. The overall response of the slices gives the overall
magneto-mechanical response of the MSM element. Thus, a unique advantage of this method is that it
is possible to observe the local stress condition and the local reaction of the MSM element to the
external stimuli. Although it cannot rebuilt the physical phenomena in detail it gets as close as
reasonable to it, offering to the designer several important insights about the material behaviour as
well as about any interaction between the element and the actuator. This makes the SBS very
interesting from the scientific viewpoint. As advantage, the SBS rely on very few characterisations of
the MSM element prior to simulation. However, a drawback of the SBS is the complex, time-
consuming calculation of the stress in each slice and consequently in the MSM element.

In contrast to the SBS, the DMC does not attempt to get insight in the physical process underlying the
variant reorientation, but rather describes it from a purely phenomenological viewpoint at a macro
scale level. In this approach, several magnetostatic simulations are performed for different current
values. In each simulation, the magnetic field value is used to determine the actual deformation. The
magnetisation curve of the MSM element is than updated based on the actual deformation and is used
for the calculation of the magnetic field in the MSM element at the next step. The main advantage of
the DMC is that it needs a very small computing time with respect to the SBS and also the SDM. On
the other hand, the DMC as proposed in this thesis does not reach a satisfactory simulation precision.
In particular, the deformation predicted by the DMC simulation is generally too big with respect to the
measurements. Some ideas which could fix this problem are proposed, but they would probably
increase also the complexity of the method and thus reduce its main advantage.

The last method, the SDM, neither gives insight in the physics of the MSM element nor makes use of
a stress calculation in the element to determine the final deformation. The method is based on the
magnetisation curve measured in a specific stress condition. This magnetisation curve is then used in
the FEM software as reference for the actuator evaluation. The main advantages, as demonstrated in
this thesis, are the computational simplicity and the satisfactory precision in predicting the actuator
behaviour. Nevertheless, the simulation gives a result which is valid in a very specific stress situation
and will not give reliable results if, in the experimental case, the stress situation is time-varying or
different from the estimation. Furthermore, it should be considered that the measurement of such a
stress-dependent magnetisation is challenging and very time-consuming.

The measurements and simulation approaches proposed in this thesis can be used to perform a high-
guality actuator design based on the magneto-mechanical properties of MSM alloys. The three
simulation methods have been used for the rapid prototyping of several MSM actuators. In particular it
is shown, how such methods could be interfaced with powerful, state-of-the-art optimisation
algorithms such as evolutionary algorithms. The interaction allows the designer to find in relatively
short time a design compromise which satisfies a given optimisation criterion.

For the validation of these methods a real prototype actuator was build. Eight MSM samples were
characterised and then used to evaluate the precision of the simulation methods. The unavailability of
standard measurement devices for MSM alloys made the adoption of innovative approaches for the
characterisation necessary. The most important characteristic (on which all of the simulation methods
rely) is the magnetisation curve of the MSM element. Therefore a significant modification had to be
made, at the device that is used to measure the magnetisation and thus the permeability of MSM.
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9.2 Contribution to the New Knowledge Generation

The core contribution of this thesis is the proposal of FEM-based simulation methods for the fast
development of actuators based on the magnetic shape memory technology, in particular:

e The Stress Based Simulation Method (SBS) leads to a very precise model of the MSM alloy
and of the actuator, offering a representation which allows gaining an interesting insight in the
material behaviour and in the physical phenomena related to its magnetisation

e The Dynamic Magnetisation Curve method (DMC) is a very fast method, which needs few a
priori measurements to be started, but at the same time leads to less precise results

e The Stress Dependent Magnetisation Curve method (SDM) can estimate the functionality of a
MSM actuator in one simulation run

The methods are strongly dependent on the measurement of the magneto-mechanical characteristics of
magnetic shape memory alloys. Thus, another important contribution of this thesis deals with the
development of suitable measurement methods for the preparation of the simulations, as follows:

o Measurement of the magnetisation curves along the hard and easy axis of a MSM alloy
o Measurement of one magnetisation curve for one specific strain level
e Measurement of one magnetisation curve in combination with a specific external stress

The methods and techniques developed in this PhD thesis extend standard magnetostatic FEM
simulations techniques to take into account the magneto-mechanical coupling and the magnetic
anisotropy of the MSM materials. The experimental results demonstrate that the developed methods
are relatively simple but very effective way to model and predict the behaviour of a MSM actuator.

9.3 Further Work

For commercial success of the MSM technology the implementation of such simulation tools is
indispensable. To exploit the advantages of this class of material further steps are still to be done:

Future works could in fact deal with the improvement of the simulation methods proposed here.
For all three methods it could be advantageous to optimise the characterisation of the MSM
samples, by improving the measurement equipment. The objective should be the reduction of
measurement inaccuracies.

On the other hand the simulation models can be improved and in particular the DMC. An improved
version of this method could offer a fast and reliable simulation approach, which also relies on a
small measurement/characterisation effort of the user.

Furthermore, all the simulation models proposed in this thesis could be combined additionally with
thermal simulations. This is an interesting aspect because several characteristics, such as
permeability or mobility of the martensitic variants composing the MSM element are depending on
temperature.

A further step could also be to reduce the model order of these simulation methods. This could
enable several advantages. On the one hand it could be possible to perform transient calculation in
very short time, so that the switching speed of an MSM actuator could be calculated and optimised.
On the other hand it would be possible to calculate the interaction of an MSM actuator with a
complete system, thus simulating a complete MSM-based actuator solution. This would definitely
lead to further analysis possibilities, for instance the design of control algorithms for MSM
actuators in a wide variety of applications.
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APPENDICES

In this appendix some diagrams have been presented to demonstrate the procedures of the three
simulation methods proposed, designed and developed in this thesis. A numerical example is also
provided for each simulation method.

APPENDIX A Stress Based Simulation (SBS)

A/l

Input Data

The input data for SBS are: Actuator geometry, MSME type, twin width, magneto stress behaviour,
MSME size, minimum and maximum current, twinning stress and magnetisation curves, as shown in
Figure A.1.

Figure A.1: Needed input data for the SBS method

A/2  Simulation procedure
There are seven steps in the SBS simulation as shown in Figure A.2:

1)
2)
3)
4)
5)
6)
7)

Enable the Master-slave connection between Excel and FEMM

Load the actuator geometry and create the MSME based on the input data
Solve the Maxwell equations (performed by FEMM)

Process the magnetic fields from FEMM to Excel

Calculate the stress in each individual slice

Evaluate if this is sufficient to initiate reorientation in this slice

Save data of this simulation run
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Figure A.2: The steps of the SBS simulation procedure

The first step is to enable the master-slave connection between Excel and FEMM. After this is
initiated in a second step, the actuator geometry is imported into FEMM. This geometry data should
include the magnetic circuit of the complete actuator, including core pieces and coils. Then the MSME
is generated, where the twin boundaries are tilted by 45° with respect to the sample edges as shown in
the centre of Figure A.3. This also includes the choice of the number of “slices”, which should
represent the behaviour of the MSME.
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Magnetic —l
circuit S %/
I
| coil IR
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Figure A.3: Schema of an MSM actuator with MSME

In the third step the field strength is calculated by FEMM. In the fourth step the calculated magnetic
fields in the inner of the MSME are transferred into Excel. In the fifth step the magneto stress in each
MSM slice is individually calculated by using the Equation 4-2 also shown in Figure A.2. A
exemplary calculation is shown at the bottom of Figure A.4. In this appendix a simplified example is
shown; where the MSME only has three slices in the models described in this thesis, several hundred
slices were used). A particular twinning stress is then assigned to each slice. In this example the
twinning stress value is 0.46 N/mm? for the upper slice, 0.41 N/mm? for the middle one and 0.53
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N/mmz2 for the lower slice. The FEM magnetic simulation is performed to calculate the resulting
magnetic flux, as shown in the upper part of Figure A.4.

As long as the left part of the equation is not fulfilled, the slice will not reorient. At higher magnetic
fields the reorientation occurs, when the stress in y-direction is larger than in x-direction, particularly
when the magneto stress exceeds the external and internal (twinning) stress of a slice (e.g.: the middle
slice on the right meets the switching condition and will be considered as switched for the next

simulation step).
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Figure A.4: Detail simulation screenshot and a typical stress calculation example

The sixth step is evaluating for every individual slice if it reorients or not. In the final step these
statuses e.g. orientation, width and twinning stress of the MSME is stored in Excel so that in a
following simulation this particular data can be used as a MSME history.

120

Thomas Schiepp 24.04.2015



APPENDIX B Dynamic Magnetisation Curve (DMC)

B/1 Data Input

The input data for DMC are: actuator geometry, MSME type, twin width, magneto stress behaviour,
MSME size, minimum and maximum current, twinning stress and dynamic magnetisation curves, as
shown in Figure B.1. This method is less complex but the amount of mandatory data is bigger because,
in contrast to the SBS, the magnetisation curves have to be measured at several strain levels, as
discussed:

Figure B.1: The input data for the DMC approach

B/2  Simulation procedure
There are seven steps in the DMC simulation as shown in Figure B.2:

1) Enable the Master-slave connection between Excel and FEMM

2) Load the actuator geometry and create the MSME based on the input data
3) Solve the magnetic equations

4) Process the magnetic fields from FEMM to Excel

5) Calculate the stress situation in every individual slice

6) Evaluate if this is sufficient to initiate reorientation in this slice

7) Save data of this simulation run

Also the DMC method starts with the master-slave connection between Excel and FEMM and in the
second step the actuator geometry is imported into FEMM, like it is done in the SBS. Also the MSME
is generated in the DMC method, but this time it is treated as a black box, which means that the twin
areas are not considered as slices in the FEM simulation model. The permeability of the MSME is
represented with a single magnetisation curve, which describes the strain-dependent magnetic
properties of the MSME. In the third step the field strength is calculated by FEMM and in the next
step the calculated magnetic field value is transferred from FEMM to Excel.
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Figure B.2: Steps of the DMC simulation procedure

After the connection between FEMM and Excel is cut, the magneto stress in the MSM is calculated by
using the Equation 4-3 that is the simplified form of Eq. 4-2 by neglecting the perpendicular field (also
shown in Figure B.2). In the DMC method the twin structure is considered only in the Excel tool, here
each twinning area is assigned a particular twinning stress value as well as geometry (width, height),
to allow the calculation of the elongation of the MSME in the case that the specific slice reorients.
Figure B.3 shows an example of magnetic simulation for the DMC. As discussed the simulation does
not show slices, while the Excel tool considers the same number of slices of the previous example,
with the same values of the twinning stress to get a better understanding of the difference of those two
methods.
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Figure B.3: Detail screenshot and exemplary stress calculation for three typical stress values

The stress situation decides which slice switches and thus the amount of strain obtained at that
simulation step. Subsequently a new magnetisation curve is generated, based on the strain and fed
back to the magnetic FEM simulation for the next step.
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Figure B.4: Strain dependent magnetisation curves of MSM
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APPENDIX C Stress Dependent Magnetisation Curve (SDM)

C/1 Data Input

The focus of this method is on the measurement data. The necessary measurements are challenging,
because the permeability of MSME has to be measured under a certain pre-stress, while the MSME is
elongating due to a sufficient magnetic field. The input data in SDM simulation are: MSME size,
minimum and maximum current (as shown in Figure C.1):

Figure C.1: Input data for the SDM approach

C/2  Simulation procedure
There are six steps in the SDM simulation as shown in Figure C.2:

1) Enable the Master-slave connection between Excel and FEMM

2) Load the actuator geometry and create the MSME based on the input data

3) Solve the magnetic equations

4) Process the magnetic fields from FEMM to Excel

5) Evaluate if the magnetic field is sufficient to initiate reorientation of the MSME
6) Save data of this simulation run
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Figure C.2: Steps of the DMC simulation procedure

124
Thomas Schiepp 24.04.2015



As shown in Figure C.2, the simulation procedure starts with the master-slave connection between
Excel and FEMM and the import of the actuator geometry. Similar to the DMC method, the MSME is
represented as a black box. The permeability of the MSME is described with the magnetisation curve
that is measured under a certain stress during elongation in the measurement device. In the third step
the FEM simulation is started and the resulting magnetic flux is calculated by using FEMM. In the
fourth step the average field strength is transferred to Excel and in the fifth one is used to estimate the
resulting elongation. In this simulation method all the stress calculation is integrated in the behaviour
of this magnetisation curve, under a defined pre-stress; therefore it does not need to be calculated
separately. The permeability of the MSME is represented with a single magnetisation curve, which
describes the strain-dependent magnetic properties of the MSME and, as shown exemplary in Figure
C.3, reachable elongation can be directly taken by the elongation state of the strain dependent
magnetisation curve of the DMC.
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Figure C.3: Stress dependent magnetisation curve vs. several magnetisation curves at different
strain levels
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