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Kurzfassung

Additive Fertigung ist heute der de-facto Standard in der Industrieproduktion. Der
,industriellen Revolution aus dem Drucker” wird enormes Potenzial bescheinigt. Da-
bei konnen Werkstiicke ohne der Hilfe von Werkzeugen direkt aus Halbzeugen wie
in Pulver oder Stangenform hergestellt werden. Eine grofse Zahl an unterschiedlichen

additive Fertigungsmethoden ist zur Zeit am Markt verfiigbar.

Doch bis dato ist keine additive Fertigung von magnetischen Materialien moglich.
Obwohl ein grofies Marktpotential darin besteht, Permanentmagnete so zu designen,

damit sie ein spezielles magnetisches Feld erzeugen.

Ziel dieser Dissertation ist es, polymer gebundene Selten Erden (NdFeB) Materia-
lien mittels eines handelsiiblichen 3D-Drucker zu verarbeiten. Ein entschiedener Vor-
teil unseres Druckers ist die Moglichkeit zwei unterschiedliche Materialien zu mischen.
Die Druckereinstellung und das verwendete Matrixmaterial beeinflussen entscheidend
die Druckqualitét. In dieser Arbeit wird ein kommerziell erhéltliches magnetisches iso-
tropes Pulver (MQP-5-11-9 von Magnequench Corporation) in einer PA11/PA12 Ma-
trix verwendet. Das Material wird — fiir den 3D-Drucker {iibliche Stangenform — ex-
trudiert. Detaillierte Messungen der magnetischen und mechanischen Eigenschaften

werden durchgefiihrt und bewertet.

Um das magnetische Feld der gedruckten Magneten zu vermessen wird der Dru-
cker zu einem 3D Magnetfeld Messsystem aufgeriistet. Mittels eines speziellen Kalibrier-
Algorithmus entfillt das adjustieren des 3D Hall Sensors. Ein weiteres Upgrade ermog-
licht das Erzeugen von magnetische Pixeln (,,maxels”) auf die Oberfldache des gedruck-
ten Objektes.

Um Magnete mit einer speziellen Magnetfeldverteilung erzeugen zu kénnen, wer-
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den spezielle Simulationswerkzeuge vorgestellt. Mittels Finite-Elemente-Methoden und
eines Inversen Streufeldcodes kann die Dichte des Magnetmaterials berechnet werden.
Zusétzlich wird ein Topologieoptimierung vorgestellt mit welcher die Geometrie des
Magneten berechnet werden kann. Detaillierte Tests dieser Methoden zeigt eine gute

Ubereinstimmung mit analytischen Lésungen.

Verschiedenste Anwendungen aus dem Bereich der Messtechnik zeigen die Effekti-
vitdt des 3D-Druckes von polymer gebunden Magneten. Mittels den Simulationswerk-
zeugen werden spezielle Magnetgeometrien berechnet, anschliefflend gedruckt und ver-
messen. Diese Arbeit beschreibt daher den kompletten Entwicklungsablauf von der
Entwicklung der 3D-Drucktechnologie tiber die speziellen Simulationstools bis zur An-

wendung der Magneten.
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Abstract

Additive manufacturing has become the de-facto standard in industrial production.
The “industrial revolution out of the printer” is seen as having enormous potential.
Workpieces can be produced directly from form-neutral products such as powders or
filaments without the aid of tools. A large number of different additive manufacturing

methods are currently available on the market.

Up to now, no additive manufacturing of magnetic materials has been possible.
Although, there is a big market potential for special designed permanent magnets that

generate a special magnetic field.

The aim of this dissertation is to process polymer-bounded rare-earth (NdFeB) ma-
terials by using a commercial 3D printer. An advantage of our printer is the possi-
bility to mix two different materials. Printer settings and matrix material properties
have a decisive influence on the print quality. This work uses a commercially avail-
able magnetic isotropic powder (MQP-5-11-9 from Magnequench Corporation) in a
PA11/PA12 matrix. The material will be extruded to filaments, which is the common
source-material for 3D printers. Detailed measurements of the magnetic and mechani-

cal properties are carried out and evaluated.

In order to measure the magnetic field of the printed magnets, the printer is up-
graded to a 3D magnetic field mapping system. A special calibration algorithm elab-
orate an adjustment of the 3D Hall sensor. By means of a further upgrade, magnetic

pixels (“maxels”) can be written on the surface of the printed object.

In order to produce magnets with a special magnetic field distribution, special sim-
ulation tools are presented. The density of the magnetic material can be calculated

using a finite element method and an inverse stray field code. In addition, a topol-
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ogy optimization procedure is presented to calculate the geometry of the magnet for a
predefined magnetic field distribution. Detailed tests of these methods show a good

agreement with analytical solutions.

Various applications in measurement technology show the effectiveness of 3D print-
ing of polymer bonded magnets. Using the simulation tools, special magnet geometries
are calculated, printed and measured. Therefore, this work describes the complete de-
velopment process from the development of 3D printing technology to special simula-

tion tools and the application of such magnets.
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AM
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BEM
BJ
CAD

CAM
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DAQ

DIN

DMA
DUT
EBM
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FEM

acrylonitrile butadiene styrene
analog-to-digital converter
additive manufacturing
adjoint variable method
boundary-element method
binder jetting

computer-aided design

computer-aided
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computer-tomograph
data acquisition

german institute for

standardization

dynamic mechanical analysis
device under test
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GMR
12C
M
JIT

LOM

M]
NC
PA
PC
PCL
PDE
PET
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Abbreviations

FEniCS form compiler
giant magnetoresistance
inter-integrated circuit
injection molding
just-in-time

laminated object

manufacturing
material jetting

numerical control

polyamide

polycarbonate
polycaprolactone

partial differential equation
polyethylene terephthalate
pulsed field magnetometer
photopolymer jetting
polylactide

polypropylen
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ABBREVIATIONS

PPMS

PPS

PTFE

PVA

RE

ROI

SEM

SLA

SLM

SLS

physical properties

measurement system
polyphenylensulfid
polytetrafluoroethylene
polyvinyl acetate

rare-earth

region of interest

scanning electron microscope
stereolitograpy

selective laser melting

selective laser sintering

SNR

SQID

STL
TGA
TPE
UFL
USB

VSM

VTK

viii

signal-to-noise ratio

superconducting quantum

interference device

standard tessellation language
thermal gravimetric analysis
thermoplastic elastomer
unified form language
universal serial bus

vibrating sample

magnetometer

visualization toolkit
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Introduction

1.1 Motivation

Additive manufacturing (AM) or 3D printing processes offer many advantages and ad-
ditional benefits compared to conventional manufacturing processes. These processes,
which first emerged in the mid-1980s, have undergone considerable improvements in
quality, precision and material selection in recent years. Since 2006, there has also been
an increase in the number of low-cost 3D printers for home use. The accessibility of 3D
printers for both industrial and general public use has grown dramatically in the past
decade. Worldwide sales in the 3D printing sector that include the devices, materials
and services for industrial-scale to consumer-based printers have grown to $ 6 billion in
2017 [1]. AM creates an object layer-by-layer by adding material instead of subtracting
it like a conventional manufacturing process. It has the possibility to create single-unit
structures with a huge variety of different materials that have been impossible to build

previously.

Permanent magnets and its applications have another, or even a bigger influence on
our daily life. They are found in almost every modern product ranging from speakers
to electrical motors, medical diagnostic systems to wind turbines. Permanent magnets
that can be used in industrial applications were developed in the 20th century. Due to
intensive research efforts, the maximum energy density of such magnetis is 60 times
higher than 90 years ago. The global market of permanent magnets grow to $ 15 billion
in 2018 [2]. Since the 1970’s another form of magnet has become important, the bonded
magnet. Bonded magnets opened a new world of application possibilities. Originally
developed with elastomers and ferrite powder to make flexible magnetic materials.
Nowadays, a large variation of different binders and magnetic powders, ranging from

inexpensive ferrites to high-performance anisotropic NdFeB materials are available.
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CHAPTER 1. INTRODUCTION 2

Different manufacturing methods like injection molding, calendaring or compressing
exist to form these kind of magnets. Magnets with a complex geometry and even with
a defined magnetization distribution can be produced easily. Bonded magnets claim

around 10 % of the global permanent magnets market sales.

All manufacturing methods for bonded magnets have the same weak point, they
are not suitable for single-unit production. This leads to the first motivation of this dis-
sertation, use the possibilities of additive manufacturing methods, to create polymer-
bonded permanent magnets with a specific complex geometry. In times of tight bud-
gets, low-cost but effective methods are the first choice. Therefore, the well-established,
low-cost 3D printers for home use are the preferred method. Suitable compounds of
thermoplastics and magnetic powders should be found and investigated. To measure
the field of the printed magnets, a 3D field scanner would be necessary. The XYZ-table
and controller of the 3D printer can be used to upgrade the printer to a full 3D magnetic

field scanner.

The opportunity to create magnetic structures of arbitrary shapes opens up a new
world of magnetic system designs. This leads to the second motivation of this thesis; a
simulation framework to solve the inverse stray field problem of permanent magnetic
systems is desired. With such a simulation tool, the topology and/or the magnetiza-
tion distribution of a permanent magnetic system that generate a predefined field in
a defined volume outside the magnet can be calculated. The idea is to find a suitable
magnetic design for a specific problem and print it with our 3D printer setup directly.
Afterwards, the 3D printed and magnetized samples can be characterized by the field

scanner.

1.2 Structure of the Dissertation

This thesis is divided into two main parts. The first part describes the experimental
work of additive manufacturing of polymer-bonded magnets by the aim of a com-
mercial fused deposition modeling 3D printer. Suitable compounds of thermoplastic
binders and isotropic NdFeB magnetic are investigated and characterized. To measure
the external magnetic field density of the printed magnets, the 3D printer is upgraded
to full-automated 3D magnetic field scanner. To avoid an exact positioning of the sen-

sor, a calibration routine based on detailed field measurements is presented. In the
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CHAPTER 1. INTRODUCTION 3

Figure 1.1: 3D printed magnets on a whiteboard.

second part, we introduce a finite element method (FEM) simulation framework to cal-
culate the topology and magnetization distribution, of a magnetic system respectively
in order to create a tailored magnetic field. Several problems in the fields of magnetic
sensing devices, position measurements, and neutron interferometry experiments are
explored. With our simulation tools, optimized magnetic designs are found and physi-

cally fabricated with the 3D printer setup.

In every particular,

B Chapter 2 gives a short introduction into the currently most relevant additive
manufacturing (AM) methods, and the challenges and perspectives of AM. Then,
some of the basics in magnetism are discussed in general and for polymer-bonded
magnets in detail. The current status of AM technologies of magnetic materials

with its advantages and disadvantages are reviewed.
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CHAPTER 1. INTRODUCTION 4

B Chapter 3 describes the 3D printer parameters in general, and the specific features

of our setup, as well as the optimized parameters for each material are given. The
3D printer upgrade to a full 3D magnetic field scanner is described. A specific
calibration procedure to avoid a complex mounting setup is introduced. To mag-
netize various regions of a 3D printed structure in different regions, a upgrade to

a magnetic pixel (“maxel”) printer is described.

Chapter 4 presents the different compound materials for the printing process. At
the beginning, prefabricated compounds are described. Mixtures of plastics and
magnetic powders are introduced, and the filament production are described in
detail. Detailed tests on their physical, magnetic, and mechanic behaviors are

performed and discussed.

Chapter 5 introduces a simulation framework to compute the demagnetization
field of permanent and soft magnetic materials. Even more, an implementation
to solve the inverse stray field problem as well as a topology optimization code is
presented. All simulation techniques are implemented with a pure finite element
method, based on FEniCS and Dolfin-Adjoint. Several numerical experiments
and comparisons with well-known techniques show the effectiveness of the im-

plemented methods.

Chapter 6 combines all the previous introduced methods, knowledges and uses
it for specific defined applications. The 3D printing process is benchmarked with
magnetic speed wheel sensing applications. By the aim of the mixing extruder
and the inverse stray field simulation framework, several examples are given for
sensing applications. With the “maxel” printer, a magnetic scale for position de-
tection is described. The last application deals with a neutron spin manipulation
device. Detailed simulations and measurements shows the effectiveness of the 3D

printing technique.

Chapter 7 summarizes the dissertation and its conclusions, as well as potential

future works in the field of AM of magnetic materials.
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Fundamentals and Related Work

2.1 Additive Manufacturing

Additive manufacturing (AM), rapid prototyping, or colloquially called 3D printing
became known in the 1980s with the enormous growth in computer aided design and
manufacturing (CAD/CAM) technologies [3]. A technology that quickly and easy con-
verts CAD data into a workpiece or prototype without expensive manufacturing tech-
niques or molds was desired. The international standardization organization ASTM
defines AM as the “process of joining materials to make objects from three-dimensional (3D)
model data, usually layer upon layer, as opposed to subtractive manufacturing methodolo-
gies” [4]. AM is a rapid and price-conscious manufacturing process for production of
models, prototypes, patterns, and tools, as well as functional parts with special proper-
ties for direct industrial applications. It is called as a generative manufacturing process,
which means that the manufacturing is carried out directly based on computer models.
The basic idea of AM is always that a CAD object is converted to a triangular mesh
form; typical encoded as a standard tessellation language (STL) or similar file. Then,
the STL file is sliced into small layers. These layers are converted into a tool path for
the AM-machine by the means of a slicing program [5,6]. The object is fabricated in
a layer-by-layer manner of a formless (liquids, powders, etc.) or form-neutral (tape,
wire, etc.) construction material by means of thermal or chemical processes. The indi-
vidual layers are joint together and form bit by bit the finished object. Many different
kinds of materials can be processed. Some common used materials are thermo plastics
like polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polyamide (PA12; also
called as Nylon 12), and polycarbonate (PC), photo-curable resin, wax, metal/ceram-
ic/polymer powders, adhesive coated sheets, compounds of plastic and metals, as well

as new advanced materials. The tool-chain of the AM process is shown in figure 2.1.
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CHAPTER 2. FUNDAMENTALS AND RELATED WORK 6
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Figure 2.1: Tool-chain of the additive manufacturing process.

Over the last 30+ years AM processes have been investigated and developed [7].
Some of them, among others, stereolitograpy (SLA) [8], photopolymer jetting (PJ) [9],
binder jetting (BJ) [10], fused deposition modeling (FDM) [11], selective laser sintering
(SLS) [12], selective laser melting (SLM) [13], electron beam melting (EBM) [14], ma-
terial jetting (M]J) [15], and laminated object manufacturing (LOM) [16]. In this three
decades, the industry and the research community applied these AM processes in the
automotive [17], aerospace [18], biomedical [19,20], and many other fields. Figure 2.2

shows a classification of these AM methods on their basic principle.

Additive Manufacturing Technologies
I
| | |

{ bonding agent ) (melting] (sheet lamination)

Stereolitography Photopolymer Jetting Binder Jetting Laminated Object Manufacturing
(SLA) (PJ) (BJ) (LOM)
| |
plastic plastic all binder paper,
compatible materials composite
Fused Deposition Modelling  Selective Laser Sintering Selective Laser Melting Electon Beam Melting Material Jetting

(FDM) (SLS) (SLM) (EBM) (MJ)
plastic, plastic metal, metal plastic,

composite ceramic wax

Figure 2.2: The most important additive manufacturing technologies classified on their basic
principle.
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CHAPTER 2. FUNDAMENTALS AND RELATED WORK 7

2.1.1 Additive Manufacturing Principles

As pictured in figure 2.2, additive manufacturing can roughly classify into four basic

principles. This section gives a brief overview of these techniques.

Polymerization

Additive manufacturing by means of polymerization uses photopolymers for the man-
ufacturing process. The construction material is liquid in its initial state, when it is irra-
diated with ultraviolet (UV) light, the phase of the material chances from liquid to solid.
A typical photo-curable resin as printing material is the acrylic or epoxy resin. Polymer-
ization is the chain reaction that links molecules to macromolecules (polymers). This
process produces a cured, interlinked plastic from a liquid mixture of monomers [21].
All photopolymerisation processes work basically with the same technique, but differs

in the procedure.

Stereolithography (SLA) was the first commercially available AM technology. The
layers of the sliced CAD model is scanned by the UV light to cure the resin selec-
tively for each cross-section. The procedure is carried out in a bath filled with the basic
monomers of the photosensitive plastic. After each finished layer, the workpiece is low-
ered by one layer thickness. Then, the resin sweeps across the cross-section of the partly
tinished object, and coating it with a new layer of fresh resin. This layer is scanned and

cured-on the previous hardened layer. Figure 2.3(a) shows the principle of SLA.

Photopolymer jetting (P]) uses a movable ink-jet printer head that generates jets of
the UV curable liquid resin. The printer head builds each single layer, followed by a
UV lamp curing of the deposit resin. When one layer is finished, the builder platform
is lowered by one layer and the next layer is build upon the previous layer. A sketch of

this technology is pictured in figure 2.3(b).

Bonding Agent

Binder jetting (B]) is an AM process that builds the part in a bed of the construction
powder. A movable ink-jet printer head sprays a liquid binder at selected points to
form the workpiece layer-by-layer. An advantage of this method is that many different
materials as well as composites of powder materials can be used. Due to the binder, the

produced parts made by BJ are limited in their maximum volumetric mass density and
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(a) Xy-scanning (b)
mirror \ laser beam ?4
= I UV curing ink-jet printer
sweepgr ) lamp é § head .
. build part 3 build part
=== / ‘ == pAa—
build platform build platform
liquid
polymer

Figure 2.3: AM processes that use polymerization to form an object. (a) Stereolitograpy (SLA).
(b) Photopolymer jetting (PJ).

their mechanical resilience. Post-processing techniques like sintering or infiltration can
be applied to increase the density and the mechanical properties of the structures [22].
Figure 2.4 shows the principle of BJ.

liguid adhesive

- supply
IEVelmg roller 7—4— . E;BL]{Et printer

*0_} i /bu.ild part

build platform

|

Figure 2.4: Binder jetting (B]) uses a binder agent to join the powder together.

powder
supply

Melting

Five processes involve the melting and subsequent solidifcation of the construction ma-
terial. The first one is the fused deposition modeling (FDM) technique, it is the most
popular low-cost, end-user 3D printing process. Stratasys Inc. (USA) developed it in
the 1980s. Nowadays, many different types and manufacturer exist. The open-source
replicating rapid prototyper (RepRap) project developed a low-cost 3D printer, that can
print most of its own components by themselves [23]. This triggered a boom of new
possibilities in the field of AM. This system uses meltable thermoplastic (PLA, ABS,
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CHAPTER 2. FUNDAMENTALS AND RELATED WORK 9

etc.) or a compound material (e.g. PA12+metal powder) as construction material. By
the aid of a movable extruder with a heated nozzle on its end, the wire-shaped plastic is
heated up slightly above its softening point. Molten thermoplastic is pressed out of the
printer head nozzle and builds up the object layer-by-layer on the already solidified
material on the building platform. Advances have been made by using multi-nozzle
or mixing-extruder systems, where each nozzle extrude a different material or mixing
different materials together in order to print objects with special properties [24,25]. Fig-
ure 2.5 shows a sketch of the FDM principle.

The next three processes are selective laser sintering (SLS), selective laser melting
(SLM), and electron beam melting (EBM). All of them working on the same principle.
The object is build out of the construction powder layer-by-layer by a localized heat
source. After each finished layer, the workpiece is lowered by one layer thickness.
Then, a new layer of powder is spread on the top of the object and selectively sintering
or melting the powder by scanning the cross-section. SLS and SLM use a focused laser
source, EBM uses an electron beam as a heat source. The difference of these techniques
is their maximum energy of the heat source. SLS uses a carbon dioxide (CO3) laser,
and SLM a high-power laser beam usually an ytterbium fiber (Yb:YAG) laser with hun-
dreds of watts [26]. The electron beam of EBM has the highest energy density of these
methods. SLS selectively fuses and sinters polymer particles or coated metal/ceramic
powders. A post processing is necessary to remove the coating. SLM completely melts
the metal/ceramic powder by the aid of the high-power laser source. The manufac-
tured object is completely dense. EBM has the same area of application, but due to the
higher energy density of the electron beam, it has higher building rates. A sketch of

these methods is shown in figure 2.5(b).

The last method is Material Jetting (M]), it is similar to photopolymer jetting, but
instead of a curable liquid resin, the construction material is heated up above its melting
point and jetted onto the build surface or platform, where it cools and solidifies. Wax or

plastic with a low viscosity are processable. The technique is sketched in figure 2.5(c).

Sheet Lamination

The last manufacturing process that will be discussed in this work is the laminated

object manufacturing (LOM) process. The construction material for this process is sup-
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xy-scanning

| . mirror \ laser beam
extrusson gD I
74 leveling roller '

head
ﬁla{; ot ea build part ::‘_, : build part
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build platform
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Figure 2.5: The workpiece is created by melting the construction material together. (a) Fused
deposition modeling (FDM). (b) Selective laser sintering (SLS), selective laser melting (SLM),
electron beam melting (EBM) (instead of a laser source and a zy-scanning mirror, an electron
beam source and lenses are used.) (c) Material jetting (M]).

plied in sheet or foil form. The material can be layers of adhesive-coated paper, plastic,
ceramic, or metal. The cross-section of each layer of the workpiece is cut out of the foil
and attached on the previous layer. A laser cuts out the contour of the movable foil,
and a hot roller bonds the the layer coating together subsequently. With this method, a
high process speed is achievable because the laser has to scan only the contour of the

layer. Figure 2.6 shows the working principle of the method.

2.1.2 Challenges and Perspectives of AM

Initially created as a method for rapid prototyping, AM has grown into a true manufac-
turing process. AM giving scientists, engineers and companies the ability to both pro-
totype and manufacture end-use products and it offers significant advantages over tra-
ditional manufacturing processes. These advantages include enabling mass customiza-

tion, increasing design freedom, allowing the reduction of assemblies, and can serve as
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xy-scanning

mirror \ laser beam
L]

heated roller

/build part

Figure 2.6: Laminated object manufacturing (LOM) uses a cut-out of the cross-section in the
sheet of the building material to form the end product.

a cost-effective low volume production process. At the same time, there were people

citing disadvantages of AM as well.

The fact that products or objects are produced one at a time in AM gives us the
benefit of maximum customization potential. However, the same fact also gives us one
of the most potent disadvantage of AM processes i.e. the absence of economies of scale.
Economies of scale can be defined as mass production improves the profit margin of
manufacturers. Figure 2.7 compares a hypothetical break-even analysis of conventional

and AM processes.

{a) limit of conventional (b) _
break-even ,f( manufacturing break-even ~__ conventional
A mamifacturing
- +3 s
d design space ] __ additive
'“E: expansion o _ manufacturing
2 L5
= trough AW =
. ug =
: =
complexity quantity

Figure 2.7: Hypothetical break-even analysis comparing conventional and AM processes. (a)
Up until a break-even point, it is more economical to uses a conventional manufacturing
method instead of AM of the part. At some point, the complexity reach a level where parts
can be only manufactured by AM processes. (b) For mass-production, conventional manufac-
turing methods are more economical.

Poor surface roughness is one of the main limitation of AM processes. Surface con-

dition is an important design criteria in applications involving friction, lubrication, and
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wear [27]. Surface finish is mainly influenced by tessellation of the original CAD model
and slicing during the manufacturing process [28]. Slicing generates the contour in the
xy-plane. The z-direction results from single layers being stacked up on top of each
other. This means, the tolerances of AM parts are small in zy-direction, but leads to
a stair-stepping effect in the z-direction. By reducing the layer thickness, the surface
roughness is better but this increases the build time significantly. Post processing of the
surface can improve the surface condition, but this also increases the building time, as
well as this changes the geometrical definition of the model. Errors due to tessellation

and slicing of an example is pictured in figure 2.8.

ideal surface

Figure 2.8: Errors due to tessellation and slicing of the original CAD file. (a) Chordal error as
the result of tessellation of the surface of a CAD model. (b) Staircase effect in AM parts.

It is not easy to select the most suitable manufacturing method for a specific design.
In general, it can be summarized that for small quantities, high complex workpieces,
parts that need to be customized, and fully assembled components, AM is the best
choice. Nevertheless, if material properties and surface finish are of critical importance
and the quantities are low, mechanical machining may be a better option. For high
quantities and simple plastic parts, injection molding or forming is the best manufac-
turing process [29]. Table 2.1 lists the advantages and disadvantages of some important

additive and conventional manufacturing methods.

The accessibility of 3D printers for both industrial and general public-use has grown
dramatically in the past decade. The major challenges at the moment and the future is
to increase the accuracy, surface condition, and the number of processable materials,

as well as to decrease the costs and the execution time of the process. New composite
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Table 2.1: Comparison chart of different additive and conventional manufacturing technolo-
gies. Additive manufacturing: SLA: stereolitograpy, P]: photopolymer jetting, BJ: binder jet-
ting, FDM: fused deposition modeling, SLS: selective laser sintering, SLM: selective laser melt-
ing, EBM: electron beam melting, MJ: material jetting, LOM: laminated object manufacturing.
Conventional manufacturing: CNC: computerized numerical control machine, IM: injection
molding, F: forming, J: joining. (Table adapted from [30-33])

additive manufacturing conventlogal
manufacturing

SLA PJ B] FDM SLS SLM EBM MJ] LOM | CNC IM F ]
cost- low volume v v v v v v - v v - X X X
cost- high volume X x X X x x X x x x v v -
lead time v v v v v v v v v v X x x
material selection - - v - - - - X X v - v v
surface finish - - X X - - - X - v v v v
tolerance v v X X - v v X - v v v v
integrated assembly | v v v v v v v v - X X X X
complexity v v v v v v v v v - - x x
customizability v v v v v v v - - v x x x

v is good, - is fair, x is poor

materials may offer greater opportunities to extend the present limitations of materials
in AM.

2.2 Magnetism

In order to understand the experimental investigations and the calculation methods
of this work, it seems necessary to examine some of the basics of magnetism more in
detail. These basics will be limited to topic-specific areas, and do not claim to provide

a complete description of all magnetic effects.

2.2.1 Magnetic Properties

A material introduced into a magnetic field, leads to an interaction between the field
and the atomic properties of the material. This result in a deviation of the magnetic
tield inside the material compared with the external magnetic field. Atomic, magnetic
spin and orbital moments are generated by the rotation of the electrons in the mate-
rial around the atomic nucleus. These spin- and orbital moments of an atom represent
the smallest magnetic elementary entity (magnetic dipole), it is described by its dipole
moment. The material-specific electron structure means that each material has fun-

damentally different magnetic properties. Five types of magnetism can occur in solid
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states (diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism, and ferri-

magnetism) [34].

Ferromagnetic materials are of particular technical importance. The magnetic mo-
ment of individual particles are not independent of each other, but they are sponta-
neously parallel aligned. The coupling of the magnetic moments inside the material is
not a long range effect, it is limited to small areas (magnetic domains) [35]. The mag-
netic domains are aligned to form a minimum energy state. This means that the entire
body appears as non-magnetic. The domains can be aligned by an external magnetic
tield. This orientation of permanent magnets is fixed even after the external field has
been removed, so that a permanent magnetization of the material is obtained. If the ma-
terial is heated up above its ferromagnetic Curie temperature, the magnetic properties

of the material changes from a ferromagnetic to a paramagnetic behavior.

If a magnetic material is inside a magnetic field strength H, the atomic dipole mo-
ments m are aligned parallel to H. This leads to a magnetization of the material. The

magnitude and direction of the magnetization M results in

dm
M= — 2.1
v (2.1)

with the volume V' of the material. The magnetization M has the unit (A/m).

The magnetization describes the relationship between the magnetic flux density B

and the magnetic field strength H inside the material
B = (H+ M) = poprH = pH 2.2)

where 1 is the vacuum permeability (1o = 47 x 1077 Vs/(Am)), u, is the relative per-
meability, and ;1 = popu, is the permeability (for ferromagnetic materials: ¢ > 1). In
general, i varies with the magnetic field (1.(H)). For technical calculations and appli-
cations, the German Institute for Standardization (DIN 1324-II) gives eleven different
definitions of ;(H). The magnetic flux density ;1o M is also known as magnetic polar-
ization J with the unit (T).

2.2.2 Magnetic Hysteresis

If an initially ferromagnetic but non-magnetic body is magnetized by an increasing ap-

plied magnetic field H, an increasing flux density B can be observed in the material.
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The correlation between the two quantities is non-linear and it saturates B; when the
tield strength H is sufficiently high (initial magnetization curve). If the field strength
decrease again, the magnetization will no longer run back on the initial curve. Instead,
it decreases less and at H = 0 A/m, a magnetization or remanent field B, remains -
it has become a permanent magnet, due to its ferromagnetic behavior under the influ-
ence of H. In order to generate a non-magnetic state in the material (B = 0 T) after
magnetization, a magnetic counter-field, the so-called coercive field strength H. must
be applied. It is a material-specific value and it is a criterion of the robustness of the
magnetic flux density against external magnetic fields. A further reduction of H leads
to a negative saturation of the material. The coercive field strength H. is smaller as the
intrinsic coercive field strength H.;. This is the magnetic field strength that is required
to reset the polarization J or magnetization M to zero, and it is a criterion of the in-

herent stability of the magnetic properties of a material. Figure 2.9(a) shows a typical

hysteresis curve for a permanent magnetic material.

()

oA
il ~
load line p Q 1B,
By
\
N \
—Licg 7HL‘ Hd H (A/Iﬁ)

Figure 2.9: (a) Hysteresis curve for a typical hard magnetic material. B, is the remanence at
H = 0, H.; is the intrinsic coercivity (i.e. the reverse field that reduces the polarization J(H)
to zero), H. is the coercivity (i.e. the reverse field required to reduce the magnetic flux density
B(H) to zero), B; is the saturation magnetization, (BH )max is the maximum energy product. (b)
Shape of an magnet and its demagnetization field for a low and high D/h ratio. (c) II. Quadrant
of the hysteresis loop with a load line p.

To compare different magnetic materials, the energy density w is a crucial factor.
If the permeability p is constant in the II quadrant, the energy density w = [ HdB is
proportional to the product of the magnetic flux density B and the magnetic field H on
the B — H curve (figure 2.9(a)). Then, the maximum energy product (BH )max is with
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H =B/
BH)max = 7B7% (23)
(BH) 2

with the unit kJ /m3.

2.2.3 Magnetic Anisotropy

Magnetic anisotropy describes that magnetic materials may have a preferred direction
for magnetization. Here, two sources of magnetic anisotropy are important and will be
discussed. For permanent magnetic system, the magnetic flux density also dependents
on the geometry of the system (also called as shape anisotropy). It is important to con-
sider the shape anisotropy for microscopic grains (i.e. magnetic powders), as well as
for macroscopic magnetic structures. The magnetization of the material itself generates
a magnetic field in the opposite direction of the magnetization direction, this is the de-
magnetization field H,. The magnitude of this demagnetization field H, is proportional
to the polarization J and is expressed as
J

Hj=—-N— (24)
Ho

with the demagnetization factor NV (0 < N < 1). N is determined by the shape of the
magnetic body (the sum of N along the major axis is: >3_; N; = 1). N decreases with
the relative height i of the magnet in relation to its diameter D. Figure 2.9(b) shows
a sketch of a magnet with a high D/h (magnetized along easy axis) ratio and its low
demagnetization field H;, and a magnet with a low D/h (hard axis) and a high H,

respectively.

Practically, analysis of a the magnetic behaviors of magnetic structures use the B—H
hysteresis curve. Therefore, instead of this demagnetizing factor N, the permeance
coefficient p defined as

Bq
 uoHy
is used. In figure 2.9(c) the II. quadrant of the hysteresis curve with a load line p is

p= (2.5)

shown. The intersection between p and B — H curve is defined as the operating point
of a magnet. The permeance coefficient p is determined by the shape of the magnetic
body, just like the demagnetizing factor V. The relationship between p and N is

1-N

P=—N" (2.6)
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The second source for anisotropy is the magnetocrystalline anisotropy. It is an in-

trinsic property of a ferromagnet single crystal, independent of grain size and shape.

In simple terms, it is not possible to magnetize a single crystal along the hard axis.
In other words, the magnetization along the hard axis is reversible, therefore theoret-
ically no hysteresis appears. These directions are usually related to the principal axis
of its crystal lattice. Practically, the shape and the magnetocrystalline anisotropy oc-
cur together. The total magnetic easy axis does not necessarily has to correlate with the
easy axis of the geometric shape [36]. If we consider an alignment of magnetic particles,
e.g. in a plastic binder, this refers to the orientation of the particles easy axis along the

external magnetic field inside the binder.

If the magnetic easy axis of the particles in a magnet are stochastic distributed, the
magnetic properties do not depend on the direction of the magnetization field. The
material is magnetically isotropic. To estimate the magnetic performance ((BH )max),
the Stoner-Wohlfarth model can be used to describe magnetic anisotropic and isotropic
materials [37]. The model describes the anisotropy energy and Zeeman energy of a
ferromagnetic single domain particle with uniaxial anisotropy in an external magnetic
tield. For a single Stoner-Wohlfarth particle, where the easy axis is orientated parallel
to the external field, the remanence is equal to the saturation magnetization B, = B;.
If the field is orientated along the hard axis, the remanence is zero (B, = 0). For an
isotropic material, the particles are randomly oriented. This leads statistically to rema-
nence of B, = B, /2. Therefore, theoretically B, and (B H )max of an isotropic orientated
material, respectively, is only 1/2 of the remanence of an anisotropic orientated mate-

rial.

2.2.4 Magnetic Materials

Magnetic materials are divided into soft and hard magnetic materials regarding to their
coercivity strength H,;. Soft magnetic materials have a H..; between 107! and 103> A/m
or 107" and 1072 T, respectively. Typical soft magnetic materials are nickel-iron mate-
rials (H.; ~ 1 A/m, B, ~ 0.8 — 1.2 T), ferrites (H.; ~ 10> A/m, B, ~ 0.5 T), the same
H_.; but with a much higher B, have iron-silicon, pure iron and iron-cobalt materials
with a B, up to 2.5 T [38]. Due to the low H,; and the high B, these materials have a
high permeability 1 which in turn leads to a low (BH )max (equation 2.3).
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Hard or permanent magnetic materials have a coercivity strength H.; greater than
10* A/m or 1072 T. If a permanent magnetic material is saturated inside a external field,
the remanence flux density remains after turning-off the external field. The magnetic

properties of the most relevant permanent magnetic materials are shown in figure 2.10.
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Figure 2.10: Magnetic properties of common permanent magnetic materials. Bonded magnets
are colored. (Adapted from [39])

Alnico was invented and commercialized in the early 1940’s. It is an alloy made
of aluminum (Al), nickel (Ni) and cobalt (Co), it has a high maximum working tem-
perature of around 500 °C. Due to the low H,; and its high price compared to other
materials, applications of Alnico materials are restricted nowadays. Alnico magnets
are produced by casting of the liquid alloy or by pressing and sintering metal pow-
ders [40].

Ferrite magnets were first commercialized in 1952. Ferrite with a high electrical re-
sistance and chemical resistivity are interesting. Ferrites with a hexagonal crystal struc-
ture like barium (BaO-6FesO3) or strontium ferrite (SrO-6FesO3) are the first choice.
Ferrites are cheap compared with rare-earth (RE) materials. They are made by mix-
ing of the barium or strontium carbonate with Fe;Os at a temperature of about 1200 °C.
This material is then ball milled to reduce the particle size, pressed in a die, and sintered
at about 1200 °C to make the final magnet [36,41].
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Samarium-—cobalt was introduced in 1961, it is RE material. Technical relevant are
the alloys SmCos and SmyCoy7. An advantage of these alloys is the high maximum
working temperature of around 300 °C by a sufficient high H.;. The SmCo magnetic
powder is produced by melting and casting of the alloy, milling to produce a pow-
der with particle size near 10 um. In order to maximize B,, the magnetocrystalline
anisotropic SmCo powder is aligned in a magnetic field so that the easy axis of all the
particles are parallel, and then compressed in a die. The compressed powder is sintered
above 1000 °C [42].

The most recently developed magnetic material is neodymium-iron-boron (Nd,Fe4B),
it was first available in 1984. It has compared to SmCo materials a lower volumet-
ric mass density and the highest available H.; and therefore, they have the highest
(BH )max of all currently known materials. Disadvantages of this material are the high
price and the low working temperature compared to other materials [43]. NdFeB mag-
nets can be divided into micro and nanocrystalline structures [44]. Microcrystalline
NdFeB magnets are produced by casting of the material and milling to a powder of
around 5 pm. Nanocrystalline NdFeB mostly produced by a melt spinning process.
This produces ribbons of flakes with a size of about 200 um [45]. Inert gas atomiza-
tion processes produce spherical powder with a particle size of around 45 pm. [46].
Each flake or sphere contains many randomly orientated grains with an uniaxial mag-
netocrystalline anisotropy. This leads to isotropic magnetic properties of the bulk mate-
rial. For a higher maximum energy product, anisotropic NdFeB is desirable. By means

of a hot press (die-upsetting) procedure, an anisotropic structure can be generated [47].

2.3 Polymer Bonded Magnets

On the one hand, sintered magnets have the highest maximum energy product (BH )max;
on the other hand, the geometric freedom in shaping of magnetic structures by pressing
and sintering is restricted. For this reason, for many applications it is useful to grind a
permanent magnet material into powder and embed the particles in a matrix of a plas-
tic or rubber. Completely new geometry shaping capabilities occur with such bounded
magnets. By the aid of a proper matrix material, specific mechanical behaviors can be
achieved, like flexible bonded magnets with a rubber matrix. Even complex magnetiza-

tion distributions are possible. Applying an external magnetic field while the the matrix
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material is melted, leads to a physical rotation of the particle. This rotation leads to an
alignment between the magnetic easy axis of the particles and the external field [36,39].
Another advantage of injection molded polymer-bonded magnets is the possibility to
mold the magnet to an object with special mechanical properties such as a shaft or a
hub. A crucial disadvantage of bonded magnets is their reduced (BH )max compared to
sintered magnets. However, due to the procedural advantages of plastic technologies,
bonded magnets have a wide area of applications in many different industrial fields, it

ranges from sensors to various electric drive technologies [48-50].

2.3.1 Overview of Highly Filled Compounds

Compounds of permanent magnetic and plastic materials are just a special application
of highly filled compounds. The intentions of applications are fundamentally different.

Some examples are:

Adding additives such as, anti-oxidants to avoid a degeneration of the polymer,
or UV-stabilizers to absorbing the UV radiation preferentially, and dissipating the

energy as low-level heat [21].

* Mechanical improvement of the component by adding a strengthening compo-

nent such as glass fibre [51].

¢ Filling of the matrix material with electrical conductive (i.e. carbon black, alu-

minum flakes) material to produce electric shielding elements [52].

¢ The usage of soft magnetic fillers with polymer materials for low frequency and

inductive device applications [53, 54].

All applications of filled compounds unite the fact that parts of the compound
should be produced by forming (i.e. injection molding), but the fillers considerably
change the rheological and material properties of the component in contrast to the pure
matrix material. In most applications, a maximum filler content is desired, but it is

limited by the loss of flowability of the melted compound.
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2.3.2 Matrix Materials

For technical applications, the matrix materials for polymer-bonded magnets are mostly
thermoplastics, thermosetting polymers, and elastomers (rubber) [39]. Thermoplastic
matrix plastics must have a comparatively low processing viscosity and high strength,
as well as the matrix should also provide a high elasticity. Polyamide has a good com-
bination of these properties, and is therefore suitable for the processing of highly filled
plastics. Especially polyamides such as PA6, PA11, and PA12 are commercially rele-
vant. For applications with an increased operating temperature, polyphenylensulfid
(PPS) and polyphthalamide (PA6T) are established [55,56].

Compared to thermoplastic matrix systems, thermosetting polymers compounds
have the advantage that their low viscosity allows higher filler contents of up to 85 vol.%
and thus higher magnetic properties can be achieved. The magnets also have the ma-
terial advantages of thermosetting polymers, such as high chemical resistance and in-
creased operating temperatures. On the other hand, due to the required hardening

process, the manufacturing process is more complicated [57].

An advantage of elastomer-bonded magnets is their viscoelastic behavior. This can
be used to make elastic magnets; a first application for such a magnet was a refriger-
ator door gasket seal. With an elastomer matrix, magnetorheological materials can be
produced. This class of materials can vary their rheological properties by application of
an external magnetic field. These kind of materials can be used for vibration isolation

applications since their stiffness changes within a magnetic field [58,59].

2.3.3 Compound Properties

The fraction of the filling material has a crucial influence on the characteristic properties
of the compound material. In figure 2.11 the qualitative influence of the filling fraction

is shown.

Some of the most important physical properties will be described in the next sub-

sections.
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Figure 2.11: Qualitative influence of the filling fraction on the characteristic properties of filled
thermoplastics. (Adapted from [60])

Volume Fraction vs. Mass Fraction

Practically, the filling fractions of a compound are listened in mass fractions (wt.%),
but to compare the special properties of a compound, the volume fractions (vol.%) of
the filler constituents are necessary. The volume fraction ¢; of a constituent with the
volume V; is [61]:
Vi
¢ = 2.7)
with the volume of all constituents of the mixture V' = "IV, V; prior to mixing. The

sum of all volume fractions of a mixture is equal to 1
N N-1
dpi=1= on=1-> ¢. (2.8)
i=1 i=1

For a binary system with a filling and a matrix material, the relation between filler

volume fraction ¢ and filler mass fraction wy is

_ wy /oy
1= A= wp)jom + wy/es 29)

with the densities of the filling material oy and matrix material g,,, respectively.

Due to the different densities of the fillers, the same filler volume fraction leads to
significantly different filler weight fractions and vice versa. versa. Figure 2.12 shows
the relation between volume and mass fraction of a PA12+Sr Ferrite and PA12+NdFeB
compound, respectively. The densities are: gpa12 = 1.01 g/ cm?, ongres = 7.43 g/ cm3,
o5 = 5.08 g/cm?®. A typical volume fraction of magnetic materials for injection molded
(IM) parts is between 50 — 70 vol.%
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Figure 2.12: Comparison between the filling volume and mass fraction of PA12+Sr-Ferrite and
NdFeB compounds, respectively. The filling fraction for typical injection molding (IM) com-
pounds is highlighted.

Rheology

Rheology describes the flowability and flow behavior of matter, primarily of liquids or
soft states. The essential variable within the rheology is the viscosity, which defines
the required pressure to press a medium through a nozzle, or it defines the maximum
flow path length for a given flow cross-section during injection molding. For bonded
anisotropic magnetic material, the viscosity is a significant parameter for the alignment
behavior of the magnetic particles and thus the resulting magnetic properties. The vis-
cosity can be formulated for different forms of mechanical stresses. For plastic com-
pounds, the shear stress model describes the viscosity reasonable. For low shear rates,
the viscosity is almost independent of a change in shear rate, depending on the plastic.
This range is also known as zero viscosity. Highly filled compounds usually form no
zero viscosity range. As the shear rate increases continuously, this behavior changes
and the dependence on shear rate increases significantly. A theoretical description of

highly filled compound is complex, or can only approximated by a simplified model.

In the literature, an increase in viscosity due to solid fillers is described [62]. An
explanation for a viscosity increase is the model of the inner shear rate. The model

is based on a flow channel, which is reduced by the filler particles, whereby the solid
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fillers and the polymer are homogeneous distributed over the height of the flow chan-
nel. This results in a higher internal shear rate of the polymer at constant external shear
rate. Therefore, a higher shear stress is generated at a constant viscosity of the matrix
plastic [63].

Mechanical Properties

The mechanical properties are influenced by the filling fraction and particle geometry.
To achieve a high Young’s modulus, the filler content should be as large as possible
and the particle size of the filler should be as small as possible. Additionally, suitable

additives can influence the Young’s modulus in a good way.

The temperature of the object plays a crucial role. For a given filler fraction, the
tensile strength decreases with increasing temperature. Bonded magnets made of melt
spun flakes powder have a higher tensile strength compared with bonded magnets

made of powder with a spherical morphology [64].

Electrical & Thermal Conductivity

If an electrical conductive filler is added to a plastic matrix, the material becomes con-
ductive as soon as the percolation threshold is exceeded. At the percolation threshold,
the particles touch each other and conductive paths are formed. It is shown that when
using larger particles, the resistance decreases faster with the same filler content and
the same filler [65].

Like electrical resistance, thermal resistance decreases with increasing filler content
when suitable fillers such as ceramic powder or carbon fibers are used. The thermal
conductivity of the compound can be adjust, as well as the electrical conductivity, by
modifying the filler material, filler fraction, and particle size. Plastics with thermally
conductive fillers heat up or cool faster with increasing filler content. Compared to
electrical conductive compounds, no contact between the particles are necessary [66].
Thermal conductivity is important for additive manufacturing systems that work based

on melting of the building material.
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Magnetic Properties

To describe the magnetic properties of polymer-bonded magnets, it is important to dis-
tinguish between bonded soft and hard magnets. For bonded soft magnets, the relation

between coercivity and filler fraction ¢ can be described be the equation from Néel [53]

He(¢g) = He(0)(1 — ¢y) (2.10)

with the coercivity H.(0) at a magnetic particle content against zero and the coercivity
H.(¢y) for a filler fraction ¢. This relation leads for ¢y = 1 to a coercivity of H.(1) =
0 A/m. H. for soft magnets is small but not zero. Nevertheless, the relation describes

the coercivity of bonded soft magnets very well [67].

The relative permeability 1. of soft magnetic compounds can be described by the

equation from Bruggeman [68]

pe(¢r) = T_6rF fzf)g (2.11)

this model assumes that the permeability of the filler material ; — oo as a basis, as well
as that the particles are far away from each other and intersection can be neglected.
Therefore, this model is only applicable for low filler fractions (¢; < 0.85). The perme-

ability of the polymer matrix material is 1, ~ 1.

The polarization J and remanence B,, respectively can easily described by a linear

relation

J(pp) = J(op = 1)y (2.12)

The relation for the polarization and remanence is also valid for bonded hard mag-
netic materials. Compared to bonded soft magnets, the coercivity for bonded NdFeB
hard magnets is independent of ¢. The nano-sized NdFeB grains, produced by melt
spinning or inert gas atomization are responsible for the coercivity of the compound
and there are not changed, or their modification is negligible [69]. This behavior is

proofed in section 4.5.3.

2.3.4 Packing Density

To archive a high remanence B, and (BH )max, respectively, a high filler fraction is de-

sirable. Therefore, the packing density of the filler particles is a crucial parameter. For
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a mixture of spherical particles with a unimodal particle size distribution, the highest
achievable packing density for a face-centered cubic (fcc) alignment is ¢ = 0.74. For a
fec lattice a cavity, or called octahedral site between the particles accrues. In this octahe-
dral site, a particle with the maximum radius r = R(v/2—1) ~ 0.414R can be embedded.
For this bimodal particle size distribution in a fcc arrangement, the maximum packing
density increase to ¢; = 0.81. Figure 2.13(a) shows a cross section of fcc lattice with a
particle in the octahedral site. A fcc lattice arrangement of the particles inside the ma-
trix is almost unlikely. In reality, the particles are statistically distributed. For a bimodal
mixture of spherical particles, a maximum density of 86 % can be achieved for a parti-
cle size ratio of R/r = oo and an amount of 70 % large particles [70,71]. Figure 2.13(b)
shows the basic behavior of a bimodal mixture of spherical particles. Consider, this
relation is only valid for spherical particles. For flakes from a melt spinning process the
maximum packing density decrease significant. Figure 2.13(c) shows the qualitative

influence of the particles sphericity on the packing density.

(a) (b) A o A
= . 100 % o
:‘% maximum -ﬁ
=} homogeneous ;
"8 mixture rule of __g O
2 mixtures 0 .
: =1
o o ]
e 5 e f
e I A )
small large

particle size relative sphericity

Figure 2.13: Influence of the size distribution and filler morphology on the maximum packing
density. (a) Cross section of a face-centered cubic (fcc) lattice with the maximum filled octahe-
dral site. (b) Packing density variation for a bimodal mixture. The homogeneous mixture and
the rule of mixtures line gives the theoretical upper- and lower-bound for the packing density.
(c) Influence of the relative sphericity of particles of equal size on the maximum packing density.
(Adapted from [66,71])

2.3.5 Compound Production

The manufacturing of highly filled polymer-bonded magnets, is carried out by two
plastic processing steps. It starts with the mixing of a filler into a plastic matrix material.
The second step is the subsequent shaping of the object from the melt. Special mixing

equipment is necessary for a homogeneous incorporation of the filler into the matrix.
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The compounding process needs to be fast enough to avoid oxidation processes of the
magnetic material. Practically, in industrial processes a co-rotating twin-screw extruder

is used to mix highly filled compounds [72].

A compound extruder plastifies, mixes, compress, and conveys the plastic through
a special screw geometry running in a cylinder. A schematic picture of a twin-screw
extruder is shown in figure 2.14. The extruding process can produces endless profiles
like filaments for FDM 3D printer, or granules by chopping the compound after the die

of the extruder. These granules can be further processed by conventional processing

techniques.
‘ vacuum solids polymer
y die degassing feeding feedl
/\
SR | R | 8 | T s
melt . . . | melting+ | initial
. kneating ' conveying: kneating ; .
pumping; . conveying | conveying
temperature profile
220 °C 240 °C 25 °C

Figure 2.14: Schematic sketch of a twin-screw extruder for compound manufacturing.

2.3.6 Conventional Processing Techniques

The shaping of polymer-bonded permanent magnets is carried out by using conven-
tional, continuous and cyclical plastic processing methods. Continuous processes are
extrusion and calendering, cyclical processes are injection molding and compression.
Figure 2.15 shows these four manufacturing processes with their used magnetic and
binder material. The end product is rigid for compressing and injection molding, and
flexible for calendering. Depended on the matrix material, extrusion can produce rigid
or flexible parts. Special changes on the forming tool and process control are necessary
for processing compounds with magnetically anisotropic fillers. An external magnetic
alignment field in the forming tool is required to align the easy axis of the particles
along the field. Therefore, a major advantage of isotropic magnetic powders is their
simplified fabrication. Since there is no residual magnetization that attract ferromag-
netic particles to the magnets, enhanced cleanliness during subsequent handling and

assembly operations is obtained. Nevertheless, this leads to a lower (B H )max compared
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to anisotropic materials as discussed above. Due to the high viscosity of the compound,
it is difficult to realize long melt flow paths and the forming of complex geometries
(compared to additive manufacturing methods) [39,55]. The shaping processes that are

important in practice, are briefly explained below.

Conventional Processing Techniques

|
@
A
9w NdFeB NdFeB NdFeB NdFeB
'?'g s 5 SmCo SmCo
) E ferrite ferrite ferrite
2 g 2 Alnico Alnico
hybrids hybrids hybrids
| | | |
g |
g thermoset thermoplastic elastomer
3 | | |
rigid flexible

end
product

Figure 2.15: Conventional manufacturing methods and their used magnetic and matrix materi-
als. (Adapted from [39])

Compression bounded magnets usually use as matrix material a thermoset epoxy.
The compound flows into a press cavity and compact it under high pressure. After-
wards, the compacted magnet is cured at temperatures of around 160 °C. An advantage
is the possibility of a high filler fraction of about 80 %. Compression offers a near-net-

shape fabrication. This makes a post-processing step generally unnecessary.

Injection molding (IM) is the most important mass manufacturing process. The
heated compound is pressed under high pressure into cavities where it cools down.
After the object is harden, the molt cavity is opened and the object will be ejected. IM
is a highly efficient process, it allows the production of bounded magnets with a filler
fraction of up to 70 %. The formed objects have precise dimensions and the usage of

anisotropic powder is state-of-the-art.

Extrusion uses the same technique as for the compound production process. It
squeezes the melted compound through a die (orifice) where it cools down. Rigid or

flexible compounds with a magnetic loading of about 75 % are possible. Due to the high
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abrasive magnetic particles, one challenge for manufactures is to develop tools that are

resistant to wear.

Calendering forms the hot plastified compound between rollers to a continuous
strip with a typical thickness between 0.25 and 6 mm. Due to the usage of elastomer

binders, highly flexible magnets with a filling fraction of around 70 % can be fabricated.

2.4 Additive Manufacturing of Magnets

This section give a short overview of the current status of other research projects in the
field of additive manufacturing of soft and hard magnetic materials. The first project
is a derivate of the photopolymer jetting. Instead of an ink-jet printer head that gen-
erate jets of the UV curable liquid resin, a paste of low-viscosity curable polymer with
magnetic powder is used to create the layers of an object [73]. Additionally, a paste
of electrically conductive silver can generate conductive paths such as windings for a
transformer. A commercial FDM 3D printer is modified to deposit the paste onto the
printer table. After the structure is printed, it is cured at 250 °C for a hour without any
external pressure to form a layer of the magnetic component. The electrical resistivity
of the printed winding is about three times higher than that of bulk silver. The main
disadvantage of this method is the high curing temperature and curing time to print
one layer. On the other side, full-integrated electrical components like a transformer

core can be print in one step.

Soft magnetic materials can be in-situ synthesized by selective laser melting (SLM).
Typically, permalloys like FeNi3 or Ni-Fe-V and Ni-Fe-Mo, respectively are used [74]
[75]. A big advantage of this method is to manufacture dense soft magnetic objects
with an arbitrary shape. While the saturation magnetization of these alloys is compa-
rable to conventionally processed versions of similar composition, the coercivities were
higher for the laser-processed alloys, presumably due to microstructural defects. The
magnetic properties can be modified by the processing laser parameters, that can be
used to produce tailored soft magnets for various applications like transformers, elec-

tric motors, inductive, and other electromagnetic devices.

Compared to dense magnets produced by SLM, FDM of compounds with soft mag-

netic particles are investigated [76]. Samples of commercially available extruded com-
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posite filament from Proto-Pasta (Magnetic Iron PLA) are printed. This filament con-
sists of 40 wt.% Fe particles embedded in a polylactic acid (PLA) polymer matrix. As
discussed in section 2.3.3, the magnetic properties of soft magnetic compounds are
mainly influenced by their filler fraction. Filling fraction of more than 65 vol.% would

be necessary to fabricate functional soft magnetic parts.

The next project uses SLM and commercial spherical NdFeB powder (MQP-S sup-
plied by Magnequench Corporation) to create permanent magnetic structures [77]. The
produced structures have a density that is 92 % of the ideal one. Therefore, it outper-
forms polymer-bonded magnets regarding of the maximum energy product and the
temperature stability. The difficulties of this procedure is to find the optimal process
parameters. Due to the complex phase diagram of NdFeB, the liquefaction and the
subsequent cooling down of the melt influences the size and the composition of the

grains [78].

Another suitable technology for the additive manufacturing of magnets is binder
jetting (BJ) [79]. A resin-coated isotropic NdFeB magnetic powder (referred to as MQP
from Magnequench Corporation) is used for this study. After printing, the structures
are cured in an oven by a temperature of 150 °C for 4 — 6 h. Disadvantages of this
method is the porous and rough surface, as well as only densities up to 46 % compared
to a full-dense part can be archived. This leads to minor magnetic performance com-
pared to magnets manufactured by other AM techniques. One possibility to enhance
the coercivity of the BJ printed magnets is by alloy infiltration [80]. Low-melting point
eutectic alloys (i.e. NdCuCo, PrCuCo) can be used to infiltrate a structure and double

the coercivity.

To 3D print polymer-bonded magnets by the aim of a FDM process with a big size,
the big area additive manufacturing (BAAM) technology can process NdFeB powder
(MQP-B+ supplied by Magnequench Corporation) with a filling fraction of 65 vol.%
[81]. The build volume of the system is 3.56 x 1.65 x 0.86 m?® (LxWxH), this is greater
as for the most other systems. Due to the big size of the BAAM system, a single screw
extruder is directly mounted on the printer head. Therefore, no prefabricated filaments
are necessary. However, this leads to a limitation of miniaturization of feasible struc-

tures.
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Experimental Setup

Portions of this chapter were previously published in [82] and have been reproduced
with permissions of the coauthors and in accordance with the publisher’s policy. Con-
tent which was not generated by the author of this thesis is explicitly denoted, copyright
is held by American Institute of Physics.

3.1 3D Printer

This section describes the 3D printer for the manufacturing of the polymer-bonded
magnets. As described below, a commercial 3D printer is used without any modifica-
tions. To get well printing results, it is important to optimize the printing parameters.

A general overview of these printer parameters is given.

3.1.1 Main Features of the 3D Printer

For the printing process, the conventional end-user 3D printer Builder from Code P is
chosen. This printer works by use of the FDM principle. It has a maximum building
size of 220 x 210 x 164 mm? (LxWxH). Structures with a layer height resolution between
0.05 and 0.3 mm can be printed. The stepper motors have a resolution in x and y-axis of
0.1 mm. The printing speed ranges from 10 to 80 mm/s, and the traveling speed ranges
from 10 to 200mm/s. To print the highly filled compound the nozzle has a diameter
of 0.4mm, and by the means of a dual feed extruder, two different filaments can be
mixed in a contentious ratio, or defined regions of the printing object can be printed
with different materials. If two different filaments are mixed together, only filaments
made of the same plastic can be processed. This means for a compound, that the matrix
material must be the same. Otherwise, the two different materials cannot bind together.

The filaments must have a diameter of 1.75 &= 0.2 mm, to avoid sticking of the filament
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in the printer head. The maximum nozzle temperature is 260 °C. For a better adhesion
of the printing object, the printer bed can be heated up to 80 °C. Figure 3.1(a) shows a

picture of the printer, (b) shows a sketch of the mixing extruder.

(b) material 1

—material 2

gear — ] S5 $ ":“ y&
g‘m,x‘" e

nozzle

heated bed

(c)

— > printing direction

o
(A RRRRNRN

50 100

Figure 3.1: 3D printer Builder from Code P with its mixing extruder. (a) Picture of the 3D
printer. (b) Sketch of the mixing extruder. (c) Picture of the printed test pattern to estimate the
minimum switching volume.

The Builder 3D printer is a variant of the open source RepRap 3D printer [23]. This
means that the syntax to control the printer movements are well documented, what is a
big benefit for our usage. The commands for the printer are send via a serial interface.
The syntax of the code is based on the G-code (also known as RS-274), what is the com-
mon name for the most widely used numerical control (NC) programming language.
All RepRap printers follow the NIST RS274NGC G-code standard [83]. An example of

such a G-code syntax to control the 3D printer functions is listed in listing 3.1.

Listing 3.1: Example of the G-code syntax for a RepRap 3D printer.

G90 ; use absolute coordinates

M104 S260 ; set extruder temperature to 260 °C

G28 ; home all axes

G1 Z5 F5000 ; lift nozzle to 5 mm, feedrate 5000 mm/minute

M109 S260 ; wait for temperature to be reached

GO0 F1500 ; Set the feedrate to 1500 mm/minute

G1 X10 Y20 Z30 E10 ; move to 10/20/30 mm (X/Y/Z) while extruding 10 mm of material
M104 SO ; turn off temperature

M84 ; disable motors
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An important attribute of the mixing extruder is how fast the extruder can switch
between two different materials. To estimate the minimum switching volume, a me-
ander like test pattern is programmed with G-code commands and printed with the
parameters as listed in table 3.1. The test starts by extruding material 1 (PLA, blue)
until only blue material comes out of the nozzle. Then, the extruder is switched to
extruder 2 (PLA, white) and the printer starts to print the test pattern. After a charac-
teristic printing distance, the color changes. This length determines, with the nozzle
diameter and layer thickness, the minimum switching volume. Figure 3.1(c) shows a
picture of the printed test structure. After a length of around 45 mm the color changes
from blue to white, but spoors of blue color are visible until 100 mm. However, this is
only a rough estimation of the switching volume, a printing length of 50 mm, a layer
hight of 0.25 mm and a track width of 1 mm are assumed. This leads to a minimum
switching volume of 12.5 mm?. This means that during the printing process only struc-
tures with this minimum switching volume can be printed with the desired material
or mixing ratio. To reduce this volume, a wipe and prime tower can be printed [84].
Before the material or mixing ratio is changed, a tower nearby the object is printed to

fill the nozzle with the new composition.

Theoretically, it would be possible to print any objects by directly writing the G-
codes for the extruder movements in a file, but this would be a really inefficient way to
print complex structures. A more comfortable way to transform a CAD file, mostly a

STL file into G-code is a slicer program.

3.1.2 Slicer

As mentioned in section 2.1, to 3D print an object, the STL file must be sliced into layers.
Two different slicing techniques are relevant, the direct and the adaptive slicing. The
direct method slices the object into layers with the same thickness. This leads to the
staircase effect, and therefore, to a rough surfaces and incorrect dimensions (figure 2.8).
To minimize this effect, the adaptive slicing algorithm was developed. Each layer has
a individual thickness h between a minimum and maximum (hpin < h < hmin).- The

thickness of each sliced layer is mainly determined by the curvature of the surface [85].

After slicing of the object, the tool path for the extruder movements must be defined.

Several types of tool path strategies and algorithms such as zigzag, contour, spiral and
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partition patterns have been developed with different considerations of the build time,
cost, surface quality, strength and stiffness of AM objects [86]. Figure 3.2 shows the
steps from a STL file to G-code for the 3D printer.

slicing
—>

tool path
STL file generation¢

Figure 3.2: Tool-chain for slicing of a STL file. The object is sliced into layers with a specific
height. for each layer, the tool path of the extruder is calculated (perimeters: yellow, infill: red).
The tool paths of all layers are converted into G-code.

Nowadays, many different slicing and tool path generation programs exist. One of
the most effective and efficient programs is the open source Slic3r (v.1.3.0) software. It
generates the G-code directly from a STL file, as well as manual printer control func-
tions exist. Many different variables can be modified to optimize the printing result for

a given material.

3.1.3 Printer Parameters

To get quality prints, many different slicer settings are available for optimization, as
well as the mechanical processes needs to be calibrated. The following list gives a brief
overview of the most important FDM 3D printer settings. Attention should be paid that

the material selection influences the settings and thus the printing result.

Printing bed preparation: the printing bed can be heated to increase the adhesion be-
tween the bed surface and the print. Bed leveling is necessary to calibrate the gap
between the nozzle and the bed across the entire bed surface. Depending of the

printing material, a coating of the bed surface enhances the adhesion.
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Temperature: If the extrusion temperature is too low, the layers have difficulties to
stick together. Too high temperatures lead to undesirable artifacts. The optimal

temperature is highly depended of the material.

Speed: the print speed defines the overall printing time. A short printing time is de-
sired, but if the speed is too high, it might be the case that the extruder will lay
down next layer although the previous layer had not managed to cool down. This
will cause unnecessary bends, cavities and other defects of the detail. Too high

printing speed can also result in messy and inaccurate look of the print.

Layer thickness: prints with thinner layers create more detailed prints but the printing
time increase significantly. A special problem of highly filled compound filaments

is that the layer height must be greater than the particles size of the infill.

Infill: infill refers to the density of the space inside the outer shell of an object. For the
most 3D printing applications, it is advantage to set the infill as low as possible.
It reduces the printing time and the mass of the print. In our case, the fill density
correlate with the magnetic properties of a print. Therefore, the infill should be as

a high as possible.

All settings depend on the used 3D printer, material selection, and the structure of
the print. This means that all settings must be adjusted individually on the specific re-
quirements. The optimal printing setting for our setup and our filaments (the materials

are described in chapter 4) are listed in table 3.1.

3.2 3D Magnetic Field Scanner

3.2.1 Introduction

To characterize the quality of the magnetic field of the printed magnets, a magnetic field
mapping system is required. This is a crucial part of this thesis, because without the
knowledge of the field distribution, no statement about the effectives of the 3D print-
ing process of polymer-bonded magnets can be given. For a full characterization of a
magnet, all three components of the magnetic flux density B(r) at the position r € R?
must be measured. Commercial available 3D field mappers with a 3-axis Hall probe

and a probe positioning accuracy of 0.1 mm cost around $ 20, 000 (M3D-2A-PORT from
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Table 3.1: Best empirically found printer parameters for the different used materials.
arameter ‘ material
P PLA PA12 PCL
extruder temp. (°C) 220 260 100
layer height (mm) 0.1 0.1-0.15 0.15
printer speed (mm/s) 25 20 23
fill density (%) 30 — 80 30 — 100 20 — 100
fill pattern rectilinear rectilinear rectilinear
bed adhesion Kapton + PLA juice tape tape
bed temp. (°C) 60 60 -
material
Neofer ® 25/60p PA12+NdFeB PCL+NdFeB
255 260 100
0.1 0.15 0.2
20 20 23
100 100 100
rectilinear, contour rectilinear, contour rectilinear, contour
solvent free layer of Polyvinyl tape
Pritt glue stick acetate (PVA) b
40 60 -

Senis), and the price goes to $ 80, 000 for a high end system with a magnetic field reso-
lution of < 10 uT and a probe positioning accuracy of 2 pm (MMS-1A-RS from Sensis).
These kind of commercial systems are not affordable for this project. This comes to the
idea to use the 3D axis capability of our 3D printer to measure the field distribution.
A 3D magnetic field probe which measures all field components B simultaneously is
attached on the printer extruder. A script that uses G-code commands to move the ex-
truder in a specific measurement volume, area or line controls the printer. An advanced
measurement software is developed that reads the STL file of an object and calculates
the minimum distance between object and sensor. This is useful to measure the field
distribution of complicated structures. An accurate calibration of the sensor is a crucial
step to get reasonable measurement results. To skip this elaborate adjustment of the
sensor, a method is developed that easily calculates the calibration parameters from the

deviation between measurement and simulation results.
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3.2.2 Sensor Characteristics and Data Processing

There is a huge variety of magnetic sensors for a wide range of applications [87]. The
majority of these applications use the magnetic field to detect other informations such
as position, angle, speed, and informations with a reading head for hard disks. In our
case, a sensor is required that provides the components of the magnetic flux density
vector. The sensing principle is not important, but the following requirements must be
tulfilled: (i) measurement range from 10 pT to at least 100 mT, (ii) the sensor has a linear
output without hysteresis effects, (iii) adequate detectivity. This requirements leads to

Hall effect sensors.

A Hall effect sensor is a transducer that changes the output voltage as a function
of an external magnetic field. These kind of sensors use the Hall effect, it describes a
voltage difference across an electrical conductor if a current is applied along it and a
magnetic field acts perpendicular on the conductor [88]. To measure all three compo-
nents of the magnetic field density B(r) of one point 7 at the same time, a 3D sensor
is necessary. Such a 3D Hall sensor consists of a centered Hall sensor to measure the
perpendicular field, and at least four vertical Hall plates to measure the in-plane field
components. The average of each in-plane component is calculated, this is a good ap-

proximation of the corresponding component in the center [89].

Investigations of commercial available Hall sensors lead to the suitable 3D Hall
transducer 3A-03L02F-A.2T2K5] from Sensis, but a price of more than $ 6,000 for the
equipment explodes the budget of this project. Nevertheless, the new available 3D Hall
sensor TLV493D-A1B6 from Infineon fits perfectly four our purpose. It has a price of
under $ 2, a usable magnetic linear range of all three axis of £130 mT, and a digital
output via 2-wire standard inter-integrated circuit (I>C) interface. A Genuino 101 mi-
crocontroller is programmed to read out the components of B via I2C with a frequency
of 3.3 kHz and sends it to a personal computer (PC) by the serial interface. The bot-
tleneck of the data transmission between Hall transducer and the PC is the Genuino
microcontroller. It restricts the sampling frequency to 0.5 kHz. By the aim of a specific
data acquisition (DAQ) hardware, the sampling frequency could be increased signifi-
cantly, but for measurements of static magnetic fields, the sampling frequency is only

important to reduce the measurement time.

The analog-to-digital converter (ADC) of the TLV493D transducer has a resolution
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of 12 bits, and a maximum field range of 200 mT. This leads to a field resolution
of 400/2'2 = 97 uT. In practice, the useful resolution of a converter is limited by the
best signal-to-noise ratio (SNR) that can be achieved for a digitized signal. The SNR is
defined as

SNR — Linal (3.1)

Proise

with the power of the signal Fyigna and the noise power Fhgise, respectively. The noise
power is the measured total noise in a given bandwidth of the Hall transducer when
the signal is not present. Several types of noise such as thermal noise, shot noise, 1/ f
noise superimpose each other. The power of thermal noise and shot noise is constant
over the frequency, 1/ f noise is mainly signifcant at lower frequencies. The minimum
signal that can be detected of a measurement system has a SINR = 1. If white noise is
the main noise part (independent of frequency) the SN R can be enhanced by averaging
of the measurement data. Figure 3.3(a) shows a noisy static signal s( fsigna1 = 0 Hz) with
different averages n. The new averaged signal 5 has a better SN R but a lower sampling

rate f = f/n.

In order to compare various sensor systems to measure the magnetic flux density B,
the detectivity D (SN R = 1) is introduced. It sets the sensitivity of the transduced volt-
age signal dV/d B into the relation of the noise power Poise and the sampling frequency
J [90]. For static field measurements (fsignat = 0 Hz) and a linear transfer function of

the sensor, the lowest detectable field is:

Y
5B_D¢n_D¢ﬂ (3.2)

The lowest detectable field is equal to the standard deviation §B of the averaged sig-
nal with the sampling rage f = f/n. Figure 3.3(b) shows dB of the Infineon 3D Hall
transducer as a function of n, as well as a fit of equation 3.2 to verify the B ~ 1/y/n
correlation of the transducer. Table 3.2 lists the calculated detectivity D; for all three

Hall transducers of our setup.

3.2.3 Upgrade 3D Printer

A traditional calibration of the sensor position, angles of the 3D Hall sensor would lead

to a complex mounting and adjusting system. In this work, a different approach is
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Figure 3.3: Noise signal and the detectivity measurement. (a) Noise signal with different aver-
ages n. (b) Measurement of the standard deviation 6 B of the used 3D Hall transducer and a fit
of the relation §B ~ 1/+/n.

Table 3.2: Detectivity measurement for the 3D Hall transducer scanner for static magnetic fields
for all three direction in space.

direction | detectivity D;(fsignat = 0 Hz) (nT/vHz)

T 2.65
Y 2.43
z 2.10

taken. As described in section 3.2.5, a calibration routine based on stray field simula-
tions is used to find the calibration parameters. This allows us to use a simple self 3D
printed mounting jig as mounting system. Different sensor positions can be realized by
several mounting jigs. In figure 3.4 three different jigs are pictured. This system allows
the operator an easy and fast change between the different jigs, as well as a comfortable

handling of sensor.

3.2.4 Measurement Software

Usually, the magnetic field distribution around, or near to the surface of a magnetic
object is demanded. To avoid damages and crashes between object and sensor, an intel-
ligent measurement software is required. Some measurement frameworks use a optical
distance measurement system to detect the shape of the device under test (DUT) [91].

As this would lead to a complex setup, another path is taken. To 3D print a structure,
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Figure 3.4: Different sensor mounting capabilities on the printer extruder. (a) Long thin rod
with the sensor on the bottom. (b) Horizontal mounting. (c) Vertical mounting.

a STL file of the object is necessary to generate the G-code. This file can be used as
input to define the measuring space in R3. The STL format describes the surface of 3D
bodies by means of triangular facets (tessellation). Each triangle facet is characterized
by the three corner points (p1, p2, p3) and the corresponding surface normal n of the
triangle. The triangles use a three-dimensional Cartesian coordinate system. A grid of
measurement points P;;(z,y) with a specific resolution dr is span over the zy-plane.
A algorithm that finds all points inside a given triangle is necessary. A simple method

uses Barycentric coordinates of the triangles [92].

At the beginning, the triangle 7' € R3 is projected on the zy-plane (1" € R?). Fig-
ure 3.5(a) shows a sketch of the method. The triangle 7" is defined by the three vertices
P}, 5 and pj. Each point P’ located inside this triangle can be written as an unique

convex combination of the three vertices (figure 3.5(b)).
P’ = \1p} + Xoph + A3pf (3.3)

The triple A is then called barycentric coordinates of the triangle, with the condition
Zle Ai = 1. To solve the conversion from Cartesian to barycentric coordinates, it can

be rewritten as matrix form so that
RA =P (3.4)

with R = (p}|ph|ps) and A = (A1, A2, A\3)T. Then, the condition 3% ; \; = 1 and the
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Figure 3.5: Principle of the software to define the measuring grid. (a) Projection of the triangle
T € R3toT" € R? to test if the point P’ is inside 7”. Find the distance between P’ and P by the
usage of the Hesse normal form. (b) Barycentric coordinates (A1, A2, A3) of a triangle. It can be
seen as the area of the sub-triangles p} p, P’ (for \;), p5p5 P’ (for A2), and p/ p5 P’ (for A3). (c)
Extension of the measuring grid to R3. Due to the sensor size, some points must be withdrawn

to avoid crashes between sensor and the device under test (DUT) or building platform.

barycentric coordinates can be solves as the solution of the linear system

p:c’l px’2 pxé Px,
Py, Py Py | A= B (35)
1 1 1 1

P’ lies in T" or on the edge or corner of the triangle if the linear system is solvable and
ifo< )\ <1Viinl,2, 3.

After all points P;; that lie inside a given triangle are found. The z-component of

each point must be calculated. The Hessian normal form
n-(P—p;) =0, (3.6)

with the normal vector n and a vertex p;, can be used to find the point P(z, y, z) on the
plane T'. This calculation provide the height information of the DUT for all points of

the measuring grid.

To measure the magnetic flux density B in a specific volume around the magnet, the
measuring grid with the points P;;(z,y,2) € R? and a resolution dr must be extended
in all three directions in space. To avoid crashes between sensor and object or building
platform, the size of the sensor must be considered. The sensitive area of the sensor is
inside the casing of the sensor. In our case, the sensitive area for the x and y-direction is

in the middle of the sensor with a size of s, = 10 mm and s, = 2 mm. This finite sensor
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size makes it necessary to withdraw some points of the measuring grid to avoid crashes.
Figure 3.5(c) shows the principle of the expansion of the grid with the measuring points
P;jr(z,y,2) € R?, and the withdrawn points due to the sensor size. An example of a

DUT with a complex shape is shown in figure 3.6(a). Not only the resolution dr between
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Figure 3.6: Height profile of a complex structurure for the 3D magnetic field mapping system.
(a) STL file of the object. A line scan along the z-axis (y = 0) is marked. (b) Picture of the finite
sensor size above the printed magnet. (c) Line scans along the z-axis (y = 0) with different
sensor sizes (s; = 0.1 x 0.1 x 0.1 mm?, s = 1 x 1 x 0.1 mm?, s3 = 2 x 5 x 0.1 mm?) and a
resolution of 0.1 mm. (d) Height profiles in the xy-plane around the object with different sensor
sizes and a resolution dr = 0.1 mm.

the measurement points affects the quality of the measurement. The sensor size s has
a big influence on the field measurement of small structures. Figure 3.6(b) shows the
sensor above a DUT. The influence of the sensor size s is illustrated in figure 3.6(c-d). If

the sensor size s is too large, a scan inside the cavity is no longer possible.

The algorithm to find the points P;jx(z,y,z) € R* with a resolution dr inside the
measuring volume is implemented in Python 2.7. The software creates the G-code for
the extruder movement (G1 command) and sends it via the serial interface (USB) to the

3D printer. At each measurement point, » measurements are taken and the average
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and standard deviation is calculated. The results are exported into a data file for a
further post-processing step. ParaView can quickly build visualizations to analyze the
data using qualitative and quantitative techniques. To interpolate the field between the

points P;ji(x,y, 2), the Delaunay triangulation algorithm of ParaView is used [93].

3.2.5 Calibration Routine

An advanced adjustment and alignment of the sensor is important for the accuracy of
the stray field measurement. The idea is to avoid an exact positioning and alignment of
the sensor, because this would lead to a complex sensor mounting system. A calibration

method relying on detailed stray field simulations is proposed.

The calculated magnetic flux density B of a predefined object (e.g. cylinder magnet)
is used to calibrate the sensor. The main idea of the calibration is to use an inhomoge-
neous reference field, which relates to the geometry of the calibration sample and its
stray field. The field mapping system scans the magnetic field in a defined volume
outside the calibration magnet. With the numerical solution B, and the measured field
Bexp, an optimization problem can be formulated, where the squared error between
the calculated and measured values is minimized, in order to determine the calibration
parameters. A reference field of a calibration magnet can be simulated with the finite

element (FEM) stray field simulation framework as described in section 5.2.

Figure 3.7(a) shows a sketch of a calibration setup. The calibration jig has a cavity
on a defined position for a rough calibration of the sensor offset. The step on the corner
guarantees an exact positioning of the DUT. A picture of the setup with the 3D Hall
transducer in the horizontal mounting jig and the calibration magnet is pictured in
tigure 3.7(b). The cylindrical calibration magnet has a diameter of 10 mm and a height
of 5 mm. It has the grade N35, this number represents the (BH)max in Mega-Gauss
Oersteds (MGOe) where 1 MGOe (cgs units) equals 7.96 k] /m? (SI units). This leads to

a remanence for a N35 magnet of B, = 1.21 T.

The simulated field By, in relation to the calibration parameters s, v, 5, o, Ar is

defined as
Bsim = SRZYX(77 67 a)Bs(r - AT) (37)

where s is the sensitivity of the 3D Hall sensor, Rzy x is the rotation matrix with the
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Figure 3.7: Sketch and picture of the calibration procedure. (a) Sketch of the calibration jig with
a device under test (DUT) and the 3D Hall transducer. The measurement volume €2}, above the
cylinder magnet is 20 x 20 x 2 mm?® (LxWxH). For a rough calibration of Ar, a small cavity
is in the jig. (b) Picture of the 3D Hall transducer with the horizontal mounting jig and the
calibration setup.

Euler angles (v, 3, a) (equation A.1) to compensate the tilting of the sensor, and Ar is

the sensor offset.

Solving the following minimization problem results in the unknown parameters of
the calibration

sy%%lviaI,lAr ||Bexp - Bsim||2- (38)

Powell’s conjugate direction method is used to find a local minimum of the function
[94]. For this algorithm, the function need not be differentiable, and no derivatives are
taken. The calibration algorithm is implemented in Python 2.7 and Scipy 0.18. For a
fast computation of the minimization problem, the fields By, and Bexp are converted
into a visualization toolkit (VTK) file. VIK is an open-source software system for 3D
computer graphics, image processing and visualization. It has a Python interface and it
allows advanced modeling techniques such as interpolation of vector fields in the space
(R3). This package allows a fast calculation of the field Bs(r — Ar) for a sensor offset.

Table 3.3 lists typical calibration parameters of our setup.
Table 3.3: Typical calibration parameters for the 3D field mapping setup.

Parameter ‘ Value
s() 0.97/0.95/0.76

v, B8, (°) | 1.9/0.9/2.3
A7 (mm) | 0.427/0.010/ — 0.108

Figure 3.8(a) indicates a significant difference between simulation and measurement

of a cylinder magnet (d = 15 mm, [ = 8 mm). After applying the calibration procedure
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(figure 3.8(b)), the measurement fits very well with the simulation after the calibration
method. The Infineon TLV493D-A1B6 3D Hall sensor has a X/Y to Z sensitivity devia-

tion of approximately 20 %.
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Figure 3.8: Magnetic flux measurement before and after calibration. (a) Line scan (y = 0, z =
16 mm) of Bey, above the cylinder magnet (d = 15, [ = 8 mm) without calibration, and the
simulation By, at the same line. (b) Measurement data in comparison with the simulation
after calibration.

3.2.6 Benchmark Measurement

To benchmark the 3D magnetic field mapping system, a cylindrical magnet with un-
known magnetization is measured at the magnetic testing laboratory at Infineon Tech-
nologies Austria AG and with our system. The setup at Infineon consist of a XYZ-table
with a resolution of 0.1 pm and an absolute accuracy of +2 pm. . An optical probe
measures the size and the positioning of the DUT. The 3D magnetic field transducer is
a 3D Hall probe (T-H3A, Sensis GmbH) with a accuracy of 0.1 % [91].

The cylindrical magnet has a diameter of 3 mm and it is 3 mm height. No informa-
tions about the material or magnetization distribution are provided. After the calibra-
tion routine as described above, a area scan 1 mm above the magnet with a resolution

of 0.1 mm is performed (figure 3.9).

Infineon measured the field distribution of the same magnet and distance with a

resolution of 0.5 mm. Figure 3.10(a) shows a line scan along the z-axis, 1 mm above the
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Figure 3.9: Area scan of the magnetic flux density B, 1 mm above the cylinder magnet.
magnet for both field measuring setups. As seen in figure 3.10(b) and figure 3.11, the

absolute error A B between these two setups is lower than 1 mT. This benchmark test

proofs the effectiveness of the presented affordable field measurement setup.
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Figure 3.10: Comparison between the Infineon and the 3D printer field mapping system. (a)
Line scan of B, along r,, 1 mm above the cylinder magnet. (b) Absolute error AB between
both systems.

3.3 “Maxel” Printer

An advantage of isotropic materials is the possibility to magnetize various regions of
a magnetic structure into different directions, even if the magnet is already solid. This

characteristic of the bonded magnetic materials can be used to upgrade the 3D printer to
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Figure 3.11: Area scan of the absolute error A B between the Infineon and the 3D printer field
mapping system, 1 mm above the cylinder magnet.

a magnetic pixel (“maxel”) printer. A commercial available system exits that magnetize
different regions of a magnet either along 2 or —z-direction [95]. Undoubtedly, this
system can only “print” such “maxels” on a already defined structure. This section
describes the possibility and a procedure to print “maxels” not merely on the surface

of a magnet, but rather on each layer of the 3D printed magnetic structure.

The commercial system uses a pulse coil to generate a magnetic field near to the
saturation magnetization of a “maxel”. A pulse coil is a strong electromagnet that is
powered by a brief pulse of electric current through its windings rather than a contin-
uous current, producing a brief but strong pulse of magnetic field. Advantages of such
a pulse coil compared to a coil with a continuous current through its windings are: (i)
highest achievable magnetic fields, (ii) no or less cooling is required. On the other side
are the disadvantages such as: (i) capacitor bank is required to generate a high current
pulse, (ii) due to eddy currents and the inductance, only air coils with low windings
are relevant. The Biot-Savart law gives a quick estimation of the required current 1
through the wire of a circular loop (figure 3.12(a)) [34]

Ids x r’
B(r' :L‘O/ s .
(T) 47T C |,rl|3 (39)

r’ is the distance between a point p at which the field is being computed and the wire
element s. Carrying out the integration along the closed path C in cylinder coordinates,
the z-component (center line) of the magnetic flux density is

/LOITQ

2(r2 + 22)3/2 (3.10)

B.(z) =

with the radius 7 of the circular loop. A radius of r = 0.25 mm seems to be a good
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(a) (b) Tl
[0
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D- TZ

Figure 3.12: Concepts to realize a “maxel” printer. (a) Magnetic field due to a circular loop
carrying a steady current. (b) Permanent cylinder magnet with a soft or permanent magnetic
conical frustum.

compromise between size of the coil and spatial resolution of a “maxel”. The saturation
magnetization of bonded magnet is around B, = 1 T (section 4.5.3). This assumptions

lead to a minimum current to reach B, in the middle of the coil (z = 0 mm) of I ~ 400 A.

Due to the relative low saturation magnetization of bonded magnets, and the fact
that a “maxel” printer with a pulse field coil would lead to a relative complex electronic
setup, another technique should be discussed. Anisotropic sintered NdFeB magnets
generate the strongest permanent magnetic fields. A conical structure can be used to
concentrate the flux on the apex of the cone. Theoretically, the field diverges at the apex
of a conical magnet [96]. In section 5.4, a calculation of the optimal cone angle of a
such a magnet is presented. The fact that only conical frustums are practicably realiz-
able, simulations based on the Comsol Multiphysics 5.2 FEM software of a structure as

pictured in figure 3.12(b) are carried out.

The circumstance that NdFeB magnets are coated to prevent oxidations processes,
it is difficult to shape a cone on a lathe. Therefore, another idea uses a NdFeB cylinder
magnet with a soft magnetic conical frustum as a flux concentrator. For this reason, the
ARMCO Pure Iron material with a minimum Fe content of 99.85 % and a saturation
magnetization By = 2.15 T is used. A similar simulation as for the NdFeB frustum is
carried out. Due to the nonlinear hysteresis behavior of the soft magnetic material, the

Comsol simulation must solves the nonlinear Maxwell equations.

The Comsol simulations for the NdFeB and the Fe conical frustum are performed
in 2D axisymmetric space. The upper cylinder magnet has a radius 7y = 5 mm and a
length of [ = 5 mm, the conical frustum has a top radii of r, = 0.25 mm and a height of

h = tan(a)(rg —r1). A parameter sweep of the angle «a is performed to find the optimal
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angle were the magnetic flux density B. at z = 0.1 mm has a maximum (figure 3.13(a)).
The optimal angle for the NdFeB and the Fe frustum is angreg = 35 © and ape = 48 °,
respectively. Figure 3.13 shows the simulated B, along the z-axis for the optimized

cone angles angres and age and the current loop with I = 400 A.

14} (a) .
1.2
1.0
0.8
0.6
0.4}

o2y | current loop

—— NdFeB cone
— — Fe cone

O‘O | | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 0.00 0.05 0.10 0.15 0.20 0.25
angle a (°) distance z (mm)

magnetic flux density B, (T)

Figure 3.13: Simulations results for the “maxel” printer. (a) Parameter sweep to find the optimal
cone angle « that maximize the magnetic flux density B,(z = 0.1 mm). (b) Simulation of B,
along the z-axis for the optimized cone angles and the current loop with I = 400 A.

It is obvious that a pulse coil has the most advantages regarding flexibility, but the
electronic setup would lead to a considerable additional effort and expense. The solu-
tions with a permanent magnet and hard or soft magnetic conical frustum have similar
tield densities. Therefore, the “maxel” printer is realized with cylindrical permanent
magnets (Grade N35, B, = 1.21 T) and ARMCO Pure Iron frustums. Two of such con-
trary magnetized structures are fixed in a 3D printed jig. Figure-3.14(a) shows a picture
of the 3D printer with the attached “maxel” printer. These two different orientated
magnets have a gap of 50 mm to avoid mutual influences. To print a “maxel”, the cone
moves to the desired position and touch the 3D printed object. The “maxel” printer has
a spatial resolution of a “maxel” (a region where all particles aligned in the same di-
rection) of around 0.5 mm. To print a pattern of different orientated “maxels”, a vector
graphic software such as Inkscape can be used to draw the pattern. A Python script
imports the graphic and convert it into G1 move commands for the 3D printer. Fig-
ure 3.14(b) shows a magnetic field scan (1.5 mm above surface) of the z-component of

the magnetic flux above a 3D printed flat structure with different orientated “maxels”
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on the surface. The “maxel” pattern shows the letters “TU".

&, mT)
2.50

!1.25

=0
i'-l.zs
0o ®z50
Figure 3.14: Upgrade of the 3D printer to a “maxel” printer. (a) 3D printed jig to hold the mag-
nets (magnetized along z or —z-direction) with the soft magnetic conical frustum. (b) Magnetic

flux density B, area scan (1.5 mm above surface) of a 3D printed magnet with an annotation of
the surface.

5 6
x-axis (mm)

It should be mentioned that each “maxel” is not full saturated during the “maxel”
printing process. This results in a lower measurable magnetic field of the printed
structure. However, this “maxel” printer shows a acceptable performance, as well this
stage of expansion is just a pilot study to investigate the possibilities of such a “maxel”
printer. It is conceivable that the 3D printer is upgraded to a full 3D pulse coil “maxel”

printer in a further upgrade.

3.4 Magnetization

The 3D printed magnetically isotropic structures are magnetized inside an electromag-
net. It is a self-built water-cooled electromagnet, and it is powered by a low-voltage
power supply (Siemens NTN 35000-200). Maximum output current is 150 A with an
operating voltage of 200 V. This setup has a maximum magnetic flux density inside the
electromagnet of 1.9 T in permanent operation mode. The gap between the pole shoes

is 50 mm.
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Materials

Portions of this chapter were previously published in [82,97,98] and have been repro-
duced with permissions of the coauthors and in accordance with the publisher’s policy.
Content which was not generated by the author of this thesis is explicitly denoted,

copyright is held by American Institute of Physics and Nature Publishing Group.

4.1 Introduction

The source material for FDM 3D printers is a thermoplastic feedstock in wire form.
There are many different types of such filaments with different properties available,
requiring appropriate printer parameters like temperature or printing speed. Commer-

cial filaments are obtainable in the dimensions of 1.75 and 3 mm.

This chapter deals with the production of the polymer-bonded filaments for the
3D printing process. Several compounds are fabricated and extruded into suitable fila-
ments. The advantages and disadvantages of the different filament diameters for highly
filled compound materials are discussed. Several tests are performed to deduct the me-

chanical and magnetic properties of the compounds.

4.2 Source Materials

Up until now, no commercial filaments made of magnetic compound are available. This
means that the filaments for this project must be produced by ourselves. It exists sev-
eral magnetic compound formulations for the the manufacturing of polymer-bonded
magnets by IM. Such feedstock materials can be used to extrude filaments by an ex-

truder. On the other hand, by the aim a twin-screw mixing extruder as described in
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section 2.3.6, the pure matrix plastic can be mixed with magnetic particles and extrude

it into filaments at the same time.

4.2.1 Prefabricated Compound

Our partner Magnetfabrik Bonn GmbH, manufactures polymer-bonded permanent mag-
nets in different forms and compositions. The Magnetfabrik has several different isotropic
NdFeB compounds in their portfolio. Most of the compounds consist of a PA11 matrix;
only one compound uses a PA12 as matrix material. For this project, two different
isotropic compounds from the Magnetfabrik are chosen and extruded into filaments.
Table 4.1 shows the characteristic properties of these compounds.

Table 4.1: Characteristic properties of the used isotropic compounds from the Magnetfabrik
Bonn GmbH.

name code after (BH)H?aX By He Hey 2 .. composition
DIN 60404-8-1 | (KJ/m?®) (mT) (A/m) (A/m) (g/cm?) P

Neofer® 25/60p REFeB 27/60p | 27 400 260 630 4.35 NdFeB + PA11

Neofer® 65/ 70p REFeB 64/60p | 64 630 400 600 5.75 NdFeB + PA12

4.2.2 NdFeB Powder

The magnetic isotropic powder MQP-5-11-9 from Magnequench Corporation is used as
magnetic filler for all filaments. This grade has a spherical morphology and it is suitable
for the manufacture of bonded magnets, particularly by injection molding, extrusion
and calendering. It is based on a patented NdPrFeCoTiZrB alloy [99]. The NdFeB
grains have a uniaxial magnetocrystalline anisotropy, and the orientation of the grains
is random leading to isotropic magnetic properties of the bulk magnet. The powder is
produced by employing an atomization process followed head treatment. The powder

characteristics are summarized in table 4.2.

Table 4.2: Properties of the used isotropic powder from Magnequench Corporation.

name (BH)max Br Hc HCJ 0
(KJ/m®)  (mT) (A/m) (A/m) (g/cm?’)
MQP-5-11-9 | 85 750 440 700 7.43

The powder has a maximum operation temperature of 140 — 180 °C, and a maxi-

mum process temperature of 350 °C. The Currie temperature of the powder is 320 °C.
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The compounds consist of different filler fractions of the isotropic NdFeB particles.
With the densities of the powder (ongres = 7-43 g/cm?), the matrix materials (opa11 =
1.04 g/cm3, gpa11 = 1.01 g/cm?), and the compounds (table 4.1), the filler fractions
of the compounds ¢ can calculated to 52 vol.% for Neofer® 25/60p and 74 vol.% for
Neofer® 65/70p.

The morphology of the NdFeB particles is identified by scanning electron micro-
scope (SEM) (FEI Quanta, 200 FEG) images. The samples are Au-coated with a sputter
coater (Quorum, Q150T S). As pictured in figure 4.1, the mean diameter of these spher-
ical powder particles is approximately 45 pm with a standard deviation of 20 pm. Both
the spherical powder and bimodal particle size distribution of this powder offers many
advantages for injection molding and the production of advanced applications. The

bimodal size distribution feature enables high filler fractions in bonded magnets [46].

Figure 4.1: Scanning electron microscopic (SEM) image of Neofer® 25/60p. (a) Magnification
of 1000x. (b) Detail of the image (magnification 5000x).

To expand the range of processable magnetic filaments and for a deeper understand-
ing of the production process of polymer-bonded magnets, self-mixed compounds would
be a benefit for this work. For this reason, and for the extrusion of the Neofer® com-
pound granules into filaments, a cooperation agreement with the Department of Poly-

mer Engineering and Science at the Montanuniversitit Leoben is entered.

4.2.3 Feedstock Production

As described in section 2.11, the ultimate strength of highly filled compounds decrease

with increasing filler fraction. This leads to brittle filaments for large filling fractions.
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This section describes the compounding process to produce feedstocks out of the ma-
trix materials and the magnetic filler with enhanced mechanical properties. The first
feedstrock is a compound of PA12 (Polyking, 221-TR) and the magnetically isotropic
powder MQP-5-11-9 from Magnequench with a filler fraction of 45 vol.% as described
above. It has a lower filler fraction as Neofer® 65/70p, but the same PA12 matrix. This
leads to better mechanical properties, as well as the possibility to use the mixing ex-
truder capability of the 3D printer to mix the compound filament with a pure PA12

filament in any ratio.

The second compound is a more sophisticated formulation from the Department of
Polymer Engineering and Science of the Montanuniversitdat Leoben. The matrix consist
of 30 vol.% thermoplastic elastomer (TPE) and 15 vol.% Polypropylen (PP), the filler is
the same MQP-5-11-9 powder with a filler fraction of 55 vol.%. TPEs are plastics that
behave similarly to conventional elastomers at room temperature, but can be formed
by heat input and thus exhibit thermoplastic behavior [21]. This compound mixture is
more ductile as compounds with comparable filler fractions. All materials are dried at

80 °C for 8 hours to guarantee a moisture-free material.

These feedstocks are compounded in a co-rotating twin-screw extruder (figure 2.14),
specially designed for compounding of highly-filled polymers with metal or ceramics
(Leistritz Extrusionstechnik GmbH, ZSE 18 HPe-48D). The heating zones of the twin-
screw are temperate. The feed section is the coolest with 80°C, and the temperature
increases up to the shaping die, which has a temperature of 260 °C. Screw rotation is
set at 900 rpm. To avoid oxidation processes of the magnetic material, the extruder has
a vacuum degassing system. The extruded compound is pull away from the die with
a conveyor belt (Reduction Engineering Scheer) and later granulated in a cutting mill.
All four feedstock compounds are further processed into filament by the aim of another

extruding process.

4.3 Filament Extrusion

The prefabricated Neofer® compound materials, as well as the produced feedstocks
have a granules form with a size of around 5 mm. To prepare th filaments with a di-
ameter of 1.75 mm a single screw extruder (Dr. Collin GmbH, FT-E20T-MP-IS) is used.
The extruder barral has five heating zones and they are set at 180,/200/205/205/210 °C.
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The die is also heated to a temperature of 220 °C. The rotational speed of the screw is
set at 90 rpm. At the outlet of the die, a polytetrafluoroethylene (PTFE) conveyor belt
(Geppert-Band GmbH) is placed to pull the filament as it is extruded. After the filament
pass the conveyor belt, it is guided to a spooling device with the help of a haul-off unit.
Finally, the filament is winded into spools using a spooling device made by the Monta-
nuniversitdt Leoben. The diameter and ovality of the produced filament are controlled
by a diameter-measuring system (Sikora Laser, Series 2000). A schematic sketch of the
filament extrusion line is shown in figure 4.2.

diameter

ex‘guder measurement

_—

NES

%

haul-off
unit

spooling
device

conveyor belt

Figure 4.2: Sketch of the filament extrusion line.

According to the measured diameter of the filament, the haul-off and the spooling
speeds are manually regulated to obtain a filament with an appropriate diameter of
1.75 4+ 0.2 mm. Due to the high filling fraction of the Neofer® 65/70p compound and
the accompanying brittle structure of the filaments, it is unfortunately impossible to
spool this filaments. However, all other filaments are coiled on spools as pictured in

figure 4.3.

4.4 Filament Quality

3D printing filament is the construction material used by a 3D printer and its impor-
tance cannot be underestimated when aiming for top-quality results. A 3D printer
with an advanced extruder can produce high-quality prints with many different materi-
als. Nevertheless, the finest calibration and most carefully printable designing leads to
printing failures if the filament has a poor quality. Among others, there are three main
quality criteria for the filament quality. The first one is that the filament is free from

air-pockets and it has a low moisture content. These errors of the filament can cause
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Figure 4.3: Picture of the extruded and spooled filaments, as well as a SEM image of the
Neofer® 25/60p filament.

to blowouts as the filament is heated, or gaps in the printed model. A solution for this
problem is to dry the source materials before the filament extrusion process, as well as
uses a degassing system to remove the air pockets in the filament. A special problem
of highly filled compound filaments are the fact that the filler particles can result in a
intermittent blocking and unblocking of the nozzle. Therefore, a role of thumb is that
the nozzle diameter should be around 8x larger as the particle size to avoid clogging of

the nozzle. In our case, a minimum nozzle diameter of 0.4 mm works well.

The other two important quality criteria are the tolerances of the diameter and the
roundness of the extruded filament. The used filaments should be both consistently
round and consistent in its diameter along the length of the spool. The cross-sectional
area of the filament and therefore, the diameter of the filament determines the amount
of extruded material through the nozzle. The flow-rate of the extruded material (mm/s)
and feed-rate, what is the extruder movements relative to the printer bed (mm/s), con-
nect the filament diameter D with the extrusion width W and the layer height ¢. For
small errors ep of the filament, a linear approximation of the width error ey can be
considered. This leads to a minimum extrusion width error of ejy = 2¢p. The same
tolerance on a filament with smaller diameter leads to greater difference in the extru-
sion width area. Identical tolerances for both 3 mm and 1.75 mm filament will result in
nearly two times the error for 1.75 mm. Figure 4.4 shows a sketch of the filament and
the extrusion width error. The error of the filament leads to voids inside the 3D printed

object. Which in turns leads to reduced magnetic performance of the printed magnet.
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(a)
!

o

Figure 4.4: Printing errors caused of the filament quality. (a) Change of the filament diameter.
(b) Change of the extrusion width due to the tolerances of the filament diameter.

On the one side it would be easier to extrude 3 mm filaments with better tolerances,
but there are several disadvantages of the 3 mm filaments: (i) 3 mm filaments, especially
highly filled ones, are more rigid, this makes it impossible to coil it on a spool, (ii) more
pressure is necessary to press it through the nozzle, (iii) higher printing temperature is

required, and (iv) larger extruder heads are necessary.

4.5 Material Characterization

This section describes the material properties of the extruded compounds. Only Neofer® 25/60p

and the PA12+MQP-S compound are relevant for the 3D printing process. Due to the
high filler fraction of Neofer® 65/70p, the filament breaks and chokes the rotating parts
inside the extruder. The TPE+PP+MQP-S compound is too flexible for our 3D printer.
The high flexibility is a result of the high amount of TPE inside the compound. How-
ever, two different compounds are processable and works well with the Builder 3D

printer.

4.5.1 Thermogravimetry Analysis

To conduct the thermal degeneration temperature and the filler fraction of the used
compounds, thermal gravimetric analysis (TGA) of the materials are performed. The
model TGA 2050 from TA-Instruments has a resolution of 0.2 pg and a temperature
range of 25—1000 °C. In our case, a heating rate of 10 K/min and a nitrogen atmosphere
to avoid oxidation of the particles are used. Figure 4.5(a) shows the TGA analysis of
the investigated compounds. The corresponding temperature of the peak in the first
derivative of weight loss with temperature (dAw/dT), is defined as the degradation
temperature Ty. It indicates the corresponding temperature to the highest weight loss
rate (figure 4.5(b)).
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Figure 4.5: Thermogravimetric analysis (TGA) of different compound materials. (a) Weight loss
Aw during TGA analysis. (b) Weight loss rate dAw/dT of the analysis.

The results of the TGA are summarized in table 4.3. It clearly shows that the samples
with higher amount of magnetic filler have a lower temperature of thermal degrada-
tion and lower weight loss rates. The volumetric mass densities for the prefabricated
compounds (Neofer®) are slightly higher as listed in the data sheets (table 4.1).

Table 4.3: Thermal degeneration temperature Ty, filling mass fraction wy, volume fraction ¢y,
and the calculated volumetric mass density ¢ obtained from TGA curves.

sample | T4 (°C)  wy (Wt.%) ¢y (vol.%) o (g/cm?)
Neofer® 25/60p 460 89 52.0 4.41
Neofer® 65/70p 440 96 76.5 5.92
PA12+MQP-S (85 wt.%) 450 84 41.6 3.68
TPE+PP+MQP-S (90 wt.%) | 450 93 64.4 5.14

Obviously, the weight loss Aw increases at higher temperatures. This is allege-
able by the nitrogen atmosphere during the test. On the one hand it avoid oxidation
processes of the NdFeB particles, on the other hand the nitrogen can react with the el-
ements of the powder to form nitrides. However, the nitrogen does not influence the
determination of the degeneration temperature as well as the filling fraction. To avoid

the formation of nitrides at high temperatures, an argon atmosphere is preferable.
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4.5.2 Volumetric Mass Density of Printed Structures

To archive best magnetic properties, a high volumetric mass density of the 3D printed
structures is desirable (equation 2.12). Conventional manufacturing methods like IM
press the melted compound with a pressure up to 400 bar into the cavity. Due to the
high injection pressure, the end product has a volumetric mass density of gcomp = (1 —
b1)Opolymer + @ foNdFes- The 3D printing FDM process creates an object layer-by-layer.
Even if the fill density in the slicer parameter is adjusted to 100 %, small defects on
the infill occur. To estimate the deviation of the maximum volumetric mass density
Ocomp and the density of 3D printed structures, two different measurement methods are

performed.

Scale Method

To determine the volumetric mass density g of 3D printed and IM structures consisting
of Neofer® 25/60p, respectively and of PA12+MQP-S (85 wt.%), three cubes with a
side length of ¢ = 10 mm are printed and milled, respectively. This rough cubes are
further grind to a side length of a = 5 4= 0.02 mm. The mass of the cubes are measured
with an analytical balance (ME 235P-OCE, Sartorius), with a precision of 0.01 mg. The

volumetric mass density o of a cube with the side length of a is
o=m/a> 4.1)

with the mass m of the cube. To determine the maximum measurement uncertainty, a

error propagation calculation can be performed

do

Aa=2Am+ 2. (4.2)
Oa m a

Ao = ’aQ‘Aer
om

Table 4.4 lists the measured side length a, mass m, and the calculated volumetric

mass density p of the tested compounds. The measured p for the 3D printed and the

Table 4.4: Calculation of the volumetric mass density o for 3D printed and IM Neofer® 25/60p,
and PA12+MQP-S (85 wt.%) compound.

sample method ‘ m (mg) a(mm) o (g/cm?)
3D printed | 446 +1.4 5+0.02 3.57+0.05
® p
Neofer™ 25/60p M 5444+ 1.1 54002 4.35+0.06

PA12+MQP-S (85 wt.%) 3D printed | 406 1.5 5+0.02 3.25£0.05
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IM cube of Neofer® 25/ 60p deviates of around 22 %. For the PA12+MQP-S (85 wt.%)
prints, the deviation between the measured and the theoretical value is approximately
15 %. This result can be interpreted that for the used setup, printer and slicer param-
eter, prints with the PA12 matrix filaments have a higher volumetric mass densities as

comparable prints with a PA11 matrix.

3D p-CT Investigation

To proof the former measurements of Neofer® 25/60p based on the scale method, a 3D
micro-computer-tomograph (p-CT) scan is performed to investigate the porosity of the
3D printed sample. The morphology is visualized in a SkyScan 1173 3D u-CT device
from Bruker with a source voltage of 130 kV, source current of 61 nA, brass filter with
0.25 mm, frame average of 4, image pixel size 7.12 ym, and an exposure time of 1.2 s.
The dataset is analyzed with CT Analyser v.1.14.4.1 and CTvox v.3.3. A 3D printed cube
of Neofer® 25/60p with an edge length a of 5 mm is prepared for the scan. In figure 4.6,
the density distribution of the scan on different cross-sections is shown. It can be seen,
that the density of the magnetic material (green) is higher for the first layers of the
sample. The p-CT scan results in a 26 % lower density as compared with full-dense

injection molded parts. This is 4 % lower as measured by the scale method.

(@ (b) B (c)

printing
— > fl
direction
\
\

Figure 4.6: 3D u-CT scan of a 3D printed cube (¢ = 5 mm) made of Neofer® 25/60p. (a) Surface
of the printed cube, The spherical magnetic particles are clearly visible. (b) Cross-section of
the scan with multiple planes orthogonal to the printing direction. (c) Topview of u-CT scans
orthogonal to the printing direction.
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4.5.3 Magnetic Properties

The most important material parameters of this work are the magnetic properties of the
3D printed structures. This section describes these properties of the Neofer® 25/60p
and the PA12+MQP-S compound.

Analysis Methods

To determine the magnetic properties of hard magnetic materials, hysteresis loop mea-
surements are mandatory (figure 2.9). To measure the complete hysteresis loop, a suf-
ficient high external magnetic field is required. Generally, this field should be two or
three times larger than the coercive field [100]. Systems to measure the hysteresis loop
can be divided into magnetically open and closed systems. For open systems, the inter-
nal field Hjy; is related to the external field Hey: (see also section 2.2.3)
J (Hext)
Ho
The demagnetization factor NV is equal to zero for a closed system, whereas N depends

Hint = Hext — N (43)

on the shape of the magnetic object for an open system. The demagnetizing factor
of a uniformly magnetized ferromagnetic prism can be calculated according to equa-
tion A.2. To obtain the correct tilt of the hysteresis loop, the measured polarization
J(Hext) needs to be corrected to J(Hint).

An example of a magnetically closed system is a hysterezigraph. It uses an electro-
magnet to magnetize the device under test (DUT). Pickup coils detect the time variation
of the polarization and the magnetic field strength (d.J/dt, dH/dt), respectively. Two
integrators are necessary to process the signal from the pickup coils. The measurement
procedure and requirements are defined in DIN EN 60404-5. Hysteresis measurements

by a hysterezigraph is most common in industry.

The most sensitive system to measure magnetic fields changes is currently the su-
perconducting quantum interference device (SQUID). It is able to detect field changes
in the range of femto-Tesla. The principle is based on the magnetic flux quantization
and the Josephson effect. A SQUID magnetometer is a open system therefore, the shape

of the object influences the measurement.

The next two methods are relevant for this project, because they are available and

usable for us at the TU Wien. The first one is the vibrating sample magnetometer (VSM).
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A sample vibrates periodically by the aim of a loudspeaker or a piezoelectric transducer
between the poles (homogeneous field) of an electromagnet or a superconducting mag-
net. This induce a voltage in the pickup coil, a lock-in amplifier with an enhanced SNR
is used to archive a high sensitivity of the system. It is always a magnetically open
system. In our case, a physical properties measurement system (PPMS) Q6000 from
Quantum Design is used. It has a temperature range from 1.9 to 1000 K and the su-
perconducting magnet generates a maximum field of +9 T, the sample vibrates with a

frequency of 40 Hz. Figure 4.7(a) shows a schematic diagram of the VSM.

(a) vibrator (b)
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diod capacitor thvrist
iode yristor
lock-in blank

A{controler
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()
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| M supply J(dH/dt) dt

Figure 4.7: Measurement of the magnetic properties. (a) Schematic diagram of the vibration
sample magnetometer (VSM). (b) Block diagram of the pulse field magnetometer (PFM).

The second system is a pulse field magnetometer (PFM). This setup allows a fast
measurement of the hysteresis loop of magnetic materials in sufficient high external
fields. A capacitor bank is charged up to several kV, then the condenser is discharged
through the pulse magnet. The capacitance C and the inductivity L determines the
pulse time, that lies between 1 — 100 ms. The sensitivity of the system is mainly de-
termined by the used pickup coil system. Figure 4.7(b) illustrates a block diagram of a
typical PVM. Due to the fast field change H over time ¢t (dH/dt), measurements errors
must be considered. Faraday’s law of induction creates eddy currents inside a metal-
lic conductive sample in a transient field. To estimate the right shape of the hysteresis
curve, the so-called f/2f method can be used [101]. Fortunately, polymer bonded mag-
nets have a low electrical conductivity and therefore, measurement errors due to eddy
currents can be neglected. The second time-depending error is the so called magnetic
viscosity. It is the property of a magnetic material because some time is required for the

polarization to reach an equilibrium value under a given external field [102]. This ef-



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

CHAPTER 4. MATERIALS 63

fect changes the shape of the hysteresis loop as well as the coercivity of the investigated
sample. Figure 4.8 shows hysteresis measurements of a IM sample of Neofer® 25/60p
with different analysis methods. The data sheet values is a provided hysteresis curve
from Magnetfabrik Bonn GmbH. It is measured accordingly DIN EN 60404-5 with a
magnetically closed measurement setup. It is obvious that the VSM measurement fits
very well with the data sheet values. On the other side, PEM measurements of the

hysteresis loop differ compared with VSM measurements.
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Figure 4.8: Hysteresis measurement of a IM sample of Neofer® 25/60p with different charac-
terization methods.

The VSM measurements at the TU-Wien, are performed by a PFM11 from Hirst In-
dustrial System. It charges a 22.5 k] capacitor bank (C' = 5 mF) to 3 kV in approximately
25 s. The whole charging process of the PEM, f/2f selection (40 ms and 57 ms) and the
data acquisition is computer controlled by using a Z80 microprocessor. The signal is
integrated with a stable analogue integrator with selectable time constants, and further
processed by an ADC card (PCI-416N, Datel) with a A/D sampling rate of 5 MHz and
14-bit A/D resolution. The system is capable of accepting samples up to 30 mm diam-
eter and 10 mm length within a £1 % pickup coil homogeneity range. The maximum
field is 5 T. It is calibrated with an absolute error in H and J of +1.5 % [103].
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Results

Hysteresis measurements of the used filaments (Neofer® 25/60p and PA12+MQP-S)
are performed by PFM, and VSM to measure the temperature dependence. For PFM
measurements, cubes with a side length of a = 10 & 0.2 mm are printed. The deviation
of the nominal size of a is too high for adequate hysteresis measurements. Therefore,
the cubes are further processed by cutting and grinding to archive a side length of
a = 5£0.02 mm. For VSM measurements, thin plates with a size of 4+0.05 x 4+0.05 x
0.25 & 0.05 mm? (LxWxH) are prepared. The demagnetization factor N (equation A.2)

for a cube and for a thin plate with these dimensions is 1/3 and 0.07, respectively.

The first test investigates the magnetic isotropic behavior of the 3D printed cubic
test specimens of the Neofer® 25/60p compound. PFM hysteresis measurements are
performed in z, y, and in z magnetization direction to identify the magnetic behaviors
of the layer structure of the printed cubes. All these measurements are carried out with
the same parameters - temperature of 297K and a magnetic field up to 4 T peak field.
Figure 4.9(a) shows the hysteresis measurement of IM and 3D printed cubes for each
magnetization direction. The injection molded sample shows an isotropic behavior,
like the 3D printed cube which indicates, that the layer structure of the printing process
is irrelevant for the magnetic properties. For the IM sample, B, differ between the
data sheet and the measured value of around 4 % (table 4.1) This deviation can be
explained by the difference between VSM and PFM measurements as mentioned above.
The deviation of the volumetric mass density ¢ between the IM and the printed cube
is 22 % and therefore, in the same range as the deviation of B, of 25 %. The measured
remanence B3,, the intrinsic coercivity H.;, and the volumetric mass density o of the

compounds are listed in table 4.5.

The temperature dependence of the compound materials is of vital importance for
applications and the printing process. For this reason, temperature depended VSM
measurements of both materials are performed. After magnetization of the sample
(4 T) at 450 K, the remanence is measured subjected to to temperature (B,(7")). For
the investigated temperature range between 300 — 450 K, B, shows a linear behav-
ior. No VSM measurements are possible above 450 K, because the matrix material be-
comes pasty, which could damages the VSM. Figure 4.9(b) shows the relation B,(T)
for the Neofer® 25/60p compound. The temperature coefficient a is —0.18 %/K and
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Figure 4.9: Magnetic properties of 3D printed Neofer® 25/60p. (a) PFM measurement of all
three directions of space to investigate the isotropic behavior of the layered 3D printed cube. (b)
VSM measurement of the temperature dependence of the remanence B,..

—0.19 %/K for the Neofer® 25/60p and the PA12+MQP-S compound, respectively. The

complete hysteresis loops for various temperatures are shown in figure 4.10.

0.6
—~ 04
=
~ 0.2
g
2 00
o]
N
5 —0.2
IS
A —04F
_6 l l l l l l l l l l l l l l
—-4-3-2-10 1 2 3 4 —-4-3-2-10 1 2 3 4

magnetic field strength poHpy (T)  magnetic field strength g Hiye (T)

Figure 4.10: VSM measurements at different temperatures. (a) Neofer® 25/60p. (b)
PA12+MQP-5-11-9.

A big advantage of the 3D printing setup with a mixing extruder is the possibility to
mix two different materials as mentioned in section 3.1.1. With this feature, structures

of a mixture of PA12+MQP-S compound and pure PA12 can be printed. This means
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that B, can be adjust between 100 % and 0 % of the maximum value (4.5) for individual
sections of the print and layers, respectively. To investigate the magnetic properties,
cubes with different compound fractions g, are printed and measured in the PFM.
Figure 4.11 shows the hysteresis loops for different g, and the dependence of B, (¢0.,).
It is obvious that B, decrease linearly with the magnetic compound fraction g,,, but
the intrinsic coercivity H.; is independent of the compound fraction. This test confirms

equation 2.12 and the assumptions of section 2.3.3.
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Figure 4.11: PFM measurements of PA12+MQP-5-11-9 with different compound fractions o,,.
(a) Hysteresis loops for different g,,. (b) Remanence B, for different g,,,.

Table 4.5: Summary of the magnetic properties of the 3D printed samples.

sample ‘ B, (mT) H.;(kA/m) «(%/K)
Neofer® 25/60p 310 740 —0.18
PA12+MQP-S (85 wt.%) | 314 745 —0.19

4.5.4 Tensile Test

Mechanical properties of the working piece are of crucial importance for the design
and the functionality. For this reason, tensile tests of pure PA12 and Neofer® 25/60p
are performed. The standard test method for tensile properties of plastics is defined in
ASTM Standard D638-10. The standard type-IV specimen specified in ASTM Standard
D638-10 is printed (printer parameter as listed in table 3.1) for both materials. This

dog-bone shaped specimen has a rectangular cross-section, 3.2 mm thick and 6 mm
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wide. The total length of the specimen is 115 mm. The gauge length of the test section
is 60.08 mm [104]. To reduce the statistical uncertainty and to determine the degree
of variability in microstructure and mechanical properties between samples, four test
structures are printed and tested for both materials. Pictures of the printed specimens

before testing are shown in figure 4.12(a)(c).

Figure 4.12: ASTM D638-10 Type IV specimens for tensile tests. (a) Prints with pure PA12. (b)
PA12 prints after tensile tests. (c) Prints with Neofer® 25/60p . (d) Neofer® 25/60p after tensile
tests.

A universal test machine (RM 100, Schenck Trebel) is used for tensile tests. All tests
are performed at roomtemperature (295 K). A plot of the tensile stress-strain curves of
Neofer® 25/60p and pure PA12 are shown in figure 4.13. The standard deviation of the

measurements is marked with pale colors. Pictures of test structures after testing are
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pictured in figure 4.12(b)(d). It is clearly visible that the tensile strain at break is much
higher for pure PA12.
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Figure 4.13: Tensile stress-strain test results of Neofer® 25/60p and pure PA12.

Mechanical properties of highly filled compounds as Neofer® 25/60p significantly
depends on the powder fraction as well as the morphology of the powder particles.
Polymer-boned magnets made of irregular melt-spun powders have a higher tensile

strength compared to those made from atomized spherical powders [64].

Test results of tensile tests are summarized in table 4.6. Manufacturer’s data for
tensile strength o,,, of pure PA12 (Polyking, 221-TR) is ¢,,, = 60 MPa and o, = 30 MPa
for for Neofer® 25/60p. Therefore, the printing process halves the tensile strength .
It should note, that the tool path (see section 3.1.2, as well as the fill density of the FDM
printing process has a crucial impact on the tensile strength of the produced object [105].

Table 4.6: Tensile test results of Neofer® 25/60p and pure PA12. o,,...tensile strength,
E .. Young’s modulus, o} .. .tensile fracture stress, and ¢, . . .tensile strain at break.

sample ‘ om (MPa) E (MPa) op (MPa) ey (%)
pure PA12 38.95+2.51 1099.52 £319.72 34.98 +£4.72  65.75+5.01
Neofer® 25/60p | 14.46 +£1.05 219248 +£164.21 13.477+1.17 1.81+0.17
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4.5.5 Dynamic Mechanical Analysis

The mechanical tensile test of last section is a quasi-static test procedure, but polymers
are viscoelastic materials, i. e. they show viscous and elastic properties at the same time.
The viscoelastic behavior depends on the temperature and the measurement frequency.
The dynamic-mechanical analysis (DMA) enables the determination of the linear me-
chanical properties of polymer materials at different temperatures and measurement

frequencies. The method is applicable to polymeric solids and melts.

The DMA measurement system (DMA 8000, Perkin Elmer) has a temperature range
from —150 to +600 ° C and a frequency range between 0.01 — 500 Hz. It has a force res-
olution of 1 nN and 5 nm for the length. Figure 4.14 shows the DMA measurements for
pure PA12, PA12+MQP-S (85 wt.%), and Neofer® 25/60p at a measurement frequency
of 1 Hz and 10 Hz. Detailed measurements of the storage modulus E’, loss modulus
E" and the dissipation factor tan(d) = E”/E’ are performed. This tests give just a qual-
itative description of the material behavior, because to determine the absolute values
of E' and E”, a calibration of the DMA system would be necessary. An increase in
the filler content shifted the glass transition (the peak in the loss modulus) to higher
temperatures. This indicates that the powder particles constrained the polymer com-
ponent [106]. It is also clearly visible that a higher filler content decrease the damping
behavior of the material [107].
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Simulation Framework

Portions of this chapter were previously published in [97,98] and have been reproduced
with permissions of the coauthors and in accordance with the publisher’s policy. Con-
tent which was not generated by the author of this thesis is explicitly denoted, copyright
is held by Nature Publishing Group and American Institute of Physics.

5.1 Introduction

The main advantage of AM methods is the possibility to easily print objects with an
arbitrary shape or even with a variable magnetic compound fraction in defined regions
of the object. To get the most out of the 3D printed methodology, simulation tools are
required to calculate the magnetic field distribution of a given printed structure. Several
commercial finite-element (FEM) software packages exist (e.g. Comsol Multiphysics,
Ansys, FEMME, Magnum.fe) to solve this so called Maxwell’s magnetostatic forward
problem. In contrast to the forward problem, the inverse problem, where, for a given
magnetic field H outside the magnet, the magnetization M or polarization J within

the magnet is reconstructed, is much harder to solve (figure 5.1).

A simulation framework based on a pure FEM implementation is introduced, as
well as an implementation of an inverse stray-field code. The forward problem is a
well-posed problem. This means, a solution exists and the solution is unique. On the
other side, the inverse problem is ill-posed. To provide an approximated solution of the
inverse problem, additional information is necessary. Different methods exists to find
reasonable results [108]. This framework is a powerful tool to calculate the compound

fraction or even the topology of an object for a desired external field distribution.
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Forward Problem Inverse Problem

Figure 5.1: The forward problem computes the stray field H of a given object with a polariza-
tion J. This is a well-posed problem, with a unique solution. It is easy to compute with modern
FEM simulation algorithms. For the inverse problem, outgoing from a predefined stray field H
(i.e. a 3D field scan in a defined region outside the magnet) the polarization J should be calcu-
lated. It is an ill-posed problem and therefore, no exact solution exists. To solve this problem, a
regularization method is necessary.

5.2 Stray Field Computation

This section deals with the solution of the Maxwell’s magnetostatic forward problem.
An implementation of linear isotropic magnetic materials (hard and soft) is described.

Several benchmarks and numerical experiments show the effectiveness of this method.

5.2.1 Demagnetization Field

The demagnetization field, also called magnetic stray field, is the magnetic field H
generated by the magnetization M of a magnet. Due to the long-range effect of H (the
demagnetization field H(r) depends on M at every point of the magnet), most naive
numerical algorithms scale with O(N?), where N is the number of degrees of freedom
of the problem. Numerical methods for the calculation of the demagnetization field
can be divided into three groups: (i) variational methods (e.g. FEM methods [109],
(ii) integral methods (e.g. fast Fourier-transform methods [110]) and (iii) a combina-
tion of them (e.g. FEM-BEM coupled methods [111]). A detailed introduction of some

advanced algorithms can be found in [112].
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In this work, the computation of the demagnetization field is implemented with a
variational (FEM) method. The calculation is based on the classical linear and isotropic

Maxwell’s equations for electrostatics with current J = 0

V-B=0 (5.1)
V x H = 0. (5.2)

The constitutive equation in electromagnetism (equation 2.2) must be divided into
three regions based on their magnetic characteristics. (i) The air space (2, outside a
material, (ii) a ferromagnetic (soft magnetic) material region €2, and (iii) a permanent
magnetic material region €2,,.

Air region (),
B, = uoH, (5.3)
where 4 is the vacuum permeability (19 = 47 x 10~7 Vs/(Am)).

Soft magnetic region
Bs = po (Hs + Ms) = pop H (5.4)
where fi, is the relative permeability (for ferromagnetic materials: p, > 1).

Permanent magnetic region (2,
Bp = MOUme + oMo (5.5)

where fi,,, is the recoil permeability of a permanent magnet. It is defined as
the slope of the demagnetization curve (II quadrant of the hysteresis curve, fig-
ure 2.9(c)). Typical values for p,, of RE magnets are between 1.05 and 1.20, and
between 1.40 and 2.00 for polymer-bonded RE magnets [113]. Mo = B,/ is the

residual magnetization vector, with the remanence B, of the PM.

There exists two approaches to solve these governing equations. A magnetic scalar
or a vector potential can be used to solve the above equations. The scalar potential can

only be used if the current J vanishes as in equation 5.2. Nevertheless, if the model



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

CHAPTER 5. SIMULATION FRAMEWORK 74

describes only linear magnetic materials (u, = const. and j,,, = const.), the scalar
potential is more advantageous, since it has only N degrees of freedom compared to

3N degrees of freedom for the vector-potential approach.

According to Helmholtz’s theorem, the magnetic field H; can be expressed as the

gradient of a scalar potential u
Hi = —Vui (56)

where i € {a, s, p} defines the three different regions. The magnetic field density B of

the entire space can be summarized to

—oVu forr € Q,
B = — oy VU forr € Q, (5.7)

—potbm Vu + poMpo forr € Q.

In order to get a unique solution, a proper boundary condition is necessary. Far-
away from the permanent magnetic region (2,,, the magnetic field must fulfill the rela-

tion lim,| o, H = 0. This leads to the open boundary condition of the system

u(r) =O(1/|r]) for r — oo. (5.8)

5.2.2 Finite-Element Method

To find the demagnetization field of a complex problem, Poisson’s PDE needs to be
solved. This problem can be simplified by using the weak formulation of the Poisson
equation. Weak form means, instead of solving the PDE of the underlying problem, an
integral function is solved. The weak formulation leaves the requirements for smooth-
ness and differentiability of the solution. By the choice of a suitable discrete function

space, the PDE can be turned into a linear system of equations

To derive the weak formulation of the problem, equation 5.1 with the magnetic field
density B (equation 5.7) is multiplied by a so-called test function v and integrated over

a region ()

/ V. Budr =0 (5.9)
Q
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integration by parts using Green’s identity yields

/ BVodr + [ Buds = 0. (5.10)
Q o0
0

Restriction of the test function v to the Sobolev space H{ and the open boundary con-
dition, leads to a vanishing boundary term. Splitting the whole region ) into the
sub-regions with k soft magnetic regions and m permanent magnetic regions 2 =

Q.U Zf Q,, U Z;” )y, and insert equation 5.7, it can be written as

k
/ VuVudr + Z (/ uriVqudr>
a i=1 \78s;

m " (5.11)
+ Z (/ umjVqudr> = Z < Movadr> .
j=1 \/<; j=1 \/¢;
This formulation can be expressed as
a(u,v) = L(v) (5.12)
with the bilinear form a(u,v) given by
a(u,v) = VuVudr + Z (/ ,umVqudr)
Q — \Ja,,
L (5.13)
+ Z ( ,umjVqudr>
j=1 \/%;

and the linear form L(v) given by

Lw) =Y ( / Mo, Vvdr) . (5.14)
=1 \";
Existence and uniqueness of the solution u is provided by the theorem of Lax-Milgram
[114].

The FEM method is a discrete algorithm. This means, the weak formulation 5.11
must be discretized by finite-elements in a polyhedral mesh. Based on the definition of
Ciarlet [115], a finite-element is defined by the:

¢ Geometric domain €, of any shape where the element basis function is # 0.
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* Local element space V}, of the domain 2, what is a N dimensional vector space.

Where N is the number of unknowns per element.

* Degrees of freedom 1,9, ..., ¥y on V}, of the finite-element. The basis function
¢; with 7 = 1,..., N follows the relation v;(¢;) = d;;. Where § is the Kronecker
delta.

This work is based on the most common finite-element, the Lagrange element of first
order. The geometric domain (2, is defined as a tetrahedral in 3D. The local element

space is defined as first order polynomials P;.

In order to obtain a discretized form of equation 5.12, the Galerkin approach can be
used to find a discretized solution of u — wy, in the finite dimensional function space

Vi, by a tuple of coefficients u;

N
up = Y uii (5.15)
i=1

where ¢; are the global basis functions (figure 5.2). The discrete formulation of the

bilinear form 5.13 and linear form 5.14 can be written as

uha¢] Zuz ¢l7¢j (¢j) (516)

This system can be formulated as a system of linear equations (matrix-vector multipli-

cation)
A-u=>b (5.17)
with the matrix A and the vector b given by

A = a(¢i, ;) (5.18)
b= L(¢;). (5.19)

Due to the choice of basis functions ¢;, which have local support, the system matrix
A is sparse. Solution of the system of equations 5.17 usually requires the inverse the
system matrix A. However, the inverse of a sparse matrix is a dense matrix in gen-

eral. Computing the inverse of A can be avoided by application of iterative solvers that
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Figure 5.2: Principle of discretization. The 1D function u is approximated by u, which is a
linear combination of linear basis functions ¢; with the coefficients u;.

require matrix-vector multiplication only. In this work, the iterative numerical general-

ized minimal residual method (GMRES) is used to solve the linear system [116].

As mentioned above, to get a unique solution of the method, the boundary condi-
tion have to be known. The boundary condition of equation 5.8 must be fulfilled for
the calculation of the demagnetization field. Several methods exist to implement this
boundary condition into the FEM method [112]. The simplest method to implement it,
is the truncation method. It extend the mesh of the air region 2, by a large but finite
size. At the surface of this extended region, the homogeneous Dirichlet boundary con-
dition is applied. The main advantage of this method is the easy implementation, but
on the other hand, due to the large extended region, many elements are added to the
mesh, as well as it is not an accurate description of the problem. However, this easy

implementation leads to proper simulation results as discussed in section 5.2.4.

5.2.3 Implementation in FEniCS

The finite-element package FEniCS is used to implement and solve the weak formu-
lation (equation 5.17) of the demagnetization field problem and the inverse stray field
and topology optimization method that is presented in section 5.3. FEniCS is an open-
source software project with the goal to enable automated solution of differential equa-
tions [117]. This involves the automation of: (i) discretization, (ii) discrete solution, (iii)

error control, (iv) modeling, and (v) optimization [118].

A mathematical problem, formulated in its weak form can be written in the uni-

tied form language (UFL) [119]. The core component of FEniCS is the dynamic object-
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oriented library for finite element computation (DOLFIN) [120]. Its functionality in-
tegrates the other FEniCS components and handles communication with external li-
braries. Outgoing from an UFL code, the FEniCS form compiler (FFC) automatically
generates efficient C++ code for the evaluation and assembly of system matrices [121].
A just-in-time (JIT) compiler enables the evaluation of multilinear forms from a Python
scripting environment. Listing 5.1 shows the implementation of the weak formulation
of equation 5.17 in FEniCS. The workflow of FEniCS with its different components is

visualized in figure 5.3.

mathematical

problem DOLFIN

weak form — UFL — FFC <« external libraries

Figure 5.3: Workflow of FEniCS and their components and interplay.

To discretize a model by finite elements in a polyhedral mesh, a mesh generation
tool is required. FEniCS provides a tool to generate meshes in 1D, 2D and 3D. How-
ever, the integrated meshing tool is only functional for simple models. To mesh a com-
plicated geometry, modeled by CAD programs, the open-source software Salome 7.6
can be used to import CAD files or model a problem with the integrated CAD module.
The meshing module of Salome uses a set of meshing algorithms and their correspond-
ing conditions (hypotheses) to compute meshes. Especially the Netgen algorithm and
tetrahedral elements are compatible with FEniCS [122].
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Listing 5.1: FEniCS implementation of the weak formulation of the demagnetization field prob-

lem as described above.

# Function space of the mesh

eleld

V = FunctionSpace (mesh, 'CG", 1)

# Set up test and trial functions
v = TestFunction (V)

u = TrialFunction (V)

# Bilinear form
a = inner (grad(u), grad(v))x=dx(0) + # Air domain
mu_rxinner (grad(u), grad(v))*dx(l) + # Soft magnetic domain

mu_mxinner (grad(u), grad(v))xdx(2) # Hard magnetic domain

# Linear form

L = inner (M_0, grad(v))xdx(2)

# Create Dirichlet boundary condition

bc = DirichletBC(V, Constant (0.0), DomainBoundary ())

# Compute solution

solve(a == L, u, bc, solver_parameters={’linear solver

5.2.4 Validation and Numerical Experiments

The presented implementation of the demagnetization field computation is validated
and benchmarked by several tests. The first one compares the analytical stray-field so-
lution of an uniaxial magnetic domain (equation A.3) with the calculated field of the
implemented stray field code and the commercial software Magnum.Fe [123]. Mag-
num.Fe is also based on FEniCS, but compared to the presented truncation method, it
uses a hybrid FEM/BEM method to solve the open-boundary problem. An unit cube
(side length a = 1) with an extended air region around the cube is meshed by Salome.
To estimate the discretization error of the problem, the same geometry is meshed with
different sizes of tetrahedral elements. The Ls error-norm between simulation Hgjy,
and the analytical solution H,y, in the permanent magnetic region €2, is

HHsim - HanaH% = ,/Q ’Hsim - Hana|2d7°' (520)

P
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Figure 5.4(a) shows the mesh of the permanent magnetic region (2, and the air region
(1, around the unit cube. In this test, the external region is 5 times larger then €2, in each
spatial dimension as suggested in [124]. The magnet is calculated as a ideal permanent
magnet with a recoil permeability of x,,, = 1 (the magnetization is independent from
the acting field). Figure 5.5(a) plots the error as a function of the number of elements Ng
of the mesh. The discretization error decrease with Ng. For a rough mesh, the error is
in the same range for the FEM and the hybrid FEM/BEM method. When Np increases,
the error for the FEM/BEM method decrease faster as for the pure FEM approach.

(a)

Figure 5.4: Validation of the demagnetization field calculation. (a) Air box €, around a cubic
magnet 2,,,. (b) Error estimation of the truncation method with different air box size factors.

On the other hand, the computing time is a crucial factor for the effectiveness of a
simulation framework. For this reason, the computation time ¢ for calculation of the
demagnetization field is investigated. The setup time for the assembly of the FEM
matrices is excluded from the timing. All simulations are carried out at the Vienna
Scientific Cluster (VSC-3). It consists of 2020 nodes, each equipped with 2 processors
(Intel Xeon E5-2650v2, 2.6 GHz). The computation time ¢ for both methods is shown in
tigure 5.5(b). The hybrid FEM/BEM method is around 3 times faster as the pure FEM

with the truncation method.

The next test validates the general rule of thumb for the truncation method as pro-
posed by Chen [124]. It claims proper simulation results if the outer boundary is located

at least 5 times the distance between the most remote outer surface and the center. Start-
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Figure 5.5: Validation of the FEM method for the demagnetization field calculation. (a) The L,
error-norm between the simulated field Hiy, and the analytical solution Hjp, in the permanent
magnetic region €, as a function of the number of elements Ng for the pure FEM implemen-
tation and a hybrid FEM/BEM method. (b) Computation time ¢ as a function of the number of
elements Ny for both methods.

ing point is the same unit cube as above, but instead of a variable number of elements
N, the size of the outer air box domain (2, is variable by an air box size factor. Fig-
ure 5.4(b) illustrates the permanent magnetic region (2, with two air boxes with differ-
ent air box size factors. The same Lo error-norm 5.20 as above is calculated. Figure 5.6
shows the error as a function of the air box size factor for three different maximum
sizes of the tetrahedral elements. The error decreases until the air box is 5 times larger
than the magnetic region. This small numerical experiment confirms the general rule

of thumb that a 5 times larger air region is sufficient.

Last tests show the effectiveness of the implemented FEM routine for the calcula-
tion of an ideal permanent magnet. To validate the simulation capabilities of a non-
ideal permanent magnet with soft magnetic domains, a more sophisticated example is
presented. A permanent magnetic yoke, as pictured in figure 5.7(a) is simulated with
the demagnetization field calculation implemented in FEniCS and the commercial soft-
ware Comsol Multiphysics 5.2. It consists of a permanent magnetic domain €2, with a
recoil permeability (i, = 1.05 and a remanence B, = 1 T along the z-axis, a soft mag-
netic region with a relative permeability x, = 1000 and an air region of interest (ROI)

Q. For the simulation in FEniCS, the yoke is modeled and meshed in Salome, for the
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Figure 5.6: Discretization error as a function of the variable air box size factor for different
maximum sizes of the tetrahedral elements.

Comsol simulation, the internal modeler and meshing tool is used. Comsol solves the
demagnetization field problem with the same truncation approach as discussed above.
The air box around the yoke, is 5 times larger as the magnetic domains €2, and €.
The vector field of the magnetic field density B, computed by the implemented FEM
method in Q, and €, is pictured in figure 5.7(b). Obviously, the presented yoke is not
a good design to concentrate the flux in the ROI In section 5.4.2, an optimized design
is presented that maximize B in ;. However, this test should only compare the two
stray-field simulation frameworks. For this reason, a line scan of B in the middle of €2,
simulated with both methods, is shown in figure 5.7(c). Note, the magnetic flux den-
sity B, is reduced by a factor of 1000. The absolute error A B between both methods is
plotted in figure 5.7(d).

This section showed the effectiveness of the implemented FEM method to calcu-
late the stray field of permanent and soft magnetic models. Nevertheless, in fact, the
presented FEM method, as well as most commercially available FEM tools to calculate
the demagnetization field are only a good approximation for anisotropic permanent
magnets. Isotropic magnetic materials have no distinguished magnetization direction.
Rather the magnetization is influenced by the demagnetization field. For a proper de-
scription of such isotropic materials, a complete characterization of the material, as well

as non-linear simulation tools are required. Another approach takes the simulation of
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Figure 5.7: Comparison of the stray field between the implemented FEM method with Comsol
Multiphysics. (a) Simulation model consists of the permanent magnetic region 2, the soft
magnetic domain €, and the air region of interest (ROI) €. (b) Vector field of the magnetic
field density B, computed by the implemented FEM method in €2, and €. (c) Line scan of B,
simulated with both methods. (d) Absolute error A B between both methods.
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macroscopic isotropic permanent magnets by a freezing field [125]. However, the im-
plemented FEM method of this work do not account for magnetization changes due to
demagnetization fields, since it was shown in [125] that this effect is negligible for our

application.

5.3 Inverse Stray Field Simulation

The idea behind the presented simulation tool is the possibility to compute the mag-
netic field distribution of 3D printed structures. The simulation framework that is pre-
sented in this section, goes beyond this magnetostatic forward problem. To find struc-
tures that create a tailored magnetic field distribution in a defined area, the so-called
inverse stray-field problem must be solved. The inherent difficulty of this inverse prob-
lem is due to the facts that (i) the inverse problem is not unique and (ii) the underlying

system of equations is ill-conditioned.

The generated stray field of a given magnetic system can be designed with different
methods. Examples are an inverse magnetic field computation based on a FEM method
where the magnetization M of a defined structure is optimized [97,126]. Shape opti-
mization improves existing designs for better performance [127]. The reciprocity the-
orem can be employed to calculate the optimal remanent flux density of a permanent
magnet system [128]. Parameter variation simulations can be used to find an optimal

layout of predefined magnetic structures [129,130].

Based on the demagnetization-field implementation in FEniCS, an adjoint variable
method (AVM) is used to solve the inverse stray-field problem. The AVM method is
implemented with the library Dolfin-Adjoint for the automatic derivation of the ad-
joint equation of a given forward problem [131]. Dolfin-adjoint is a framework for the

solution of partial differential equation constraint optimization problems.

5.3.1 Adjoint Variable Method

The inverse problem can be solved by the adjoint variable method (AVM) [132]. It is
a well-known method for sensitivity analysis using FEM. Many different applications,
ranging from sensitivity analysis in mechanical [133] or electromagnetic systems [134]

to topology optimization are based on this method. The main advantage of this method
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is the low computational and storage costs compared to other techniques [135].

For the optimization, we consider a general objective function J that should be min-

imized
min J(M,H) (5.21)

for the inverse stray-field computation, the optimization parameter is the magnetiza-

tion M. Additionally, control constraints can be applied

Miin < M < M forr € Q. (5.22)

For the sensitivity analysis, it is necessary to calculate the functional gradientd.J/d M.

The starting point for the AVM is the linear system of equations 5.17
A-u=b» (5.23)

were A is the symmetric sparse FE matrix whose entities are independent of u. The
derivative of the linear system 5.23 with respect to the design variable M is

A ou n OA  0Ob

oM oM T oM

A ou B OA N ob

oM~ oM T oM
The direct method calculates du/dM directly by equation 5.25 and use this solution
for the calculation of the gradients of J. On the other hand, the AVM method uses

(5.24)

(5.25)

the adjoint variable A to solve the problem. The adjoint equation of the system can be

defined as
AN = g, (5.26)
ou
Multiply A on both sides of 5.25
ou 0A ob

)\Am = —Aa—Mu + )\W' (5.27)

Transpose the equation and use the adjoint equation of the system
a.J r OA obT

The computation of the functional gradient dJ/dM can be easily obtained by solv-

ing the adjoint equation 5.26. Solving this adjoint system is efficient if there is a small
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number of functionals but a large number of parameters. Therefore, this method fits
perfectly for the FEM method, where only one functional is of interest, but many ele-

ments as input parameter are available. The algorithm can be sketches as pictured in

tigure 5.8.
. v
initial M
T update M
FEM <
no
¢
evaluation of J yes
! optimal config.
AVM
| I

Figure 5.8: Optimization procedure by the adjoint variable method (AVM).

As mentioned above, the inverse problem is ill-posed. To provide an approximate
solution of the inverse problem, additional information is necessary. Different methods
exist to find reasonable results [108]. Here, the Tikhonov regularization is implemented
in the inverse-stray field computation framework. Solving the minimization problem
of the following objective function, results in the unknown magnetization M for each

finite element of the model in the region €2,

J= / | Hiim — Hexp|%dr + a/ VM |2dr (5.29)
o Q,

—_—————
regularization

where H;p, is the stray field calculated by the forward problem in a defined region €2,
with the magnetic potential u. Heyp is the measured or target stray field in the same
region Q. a > 0 is the Tikhonov regularization parameter. In this case, a has unit m?.
Usually, a smooth magnetization distribution is desired, this leads to a minimization of
VM in ©,. The inverse problem is solved by means of a continuum approach. This
being said, no individual particles are considered, but instead, the particle density is
approximated by a continuous density field. As a consequence, there is no general
restriction on the mesh size in order to retrieve reasonable results. We discretize all
fields (Hsim, Hexp, M) with piecewise affine, globally continuous functions and apply

the truncation method for the forward problem and the adjoint problem.
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The main challenge for this regularization is the proper choice of a suitable parame-
ter cv. If v is too small, the solution will be dominated by the contributions from the data
errors. If « is too large, the solution is a poor approximation of the original problem. A
well-known method to find an optimal ¢, is the so-called L-curve method [136]. For this
method, the solution norm ||V M||3 is plotted over the residual norm || Hgim — Hexpl|3
in a log-log scale for varying « € [0, c0). The optimal residual parameter « is where the
curve has the maximum curvature (corner of the L-curve). This «a value gives a good

compromise between the change of the residual norm and the reduction of the solution

norm.

S ——
10 A
o overfitting
g 1072 ]
> :
— 1073k ]
: ]
2 1074L )\opt \ -
.S 5 good compromise )\ 3 00
E o underfitting ]
2 » :

107 10°° 10* 107* 1072 107! 10°
residual norm ||Hgy — Hexpl[3 (a-u1.)

Figure 5.9: Theoretical L-curve to determine the best choice for the regularization parameter
a. At the corner the curvature of the L-curve is maximal, which identifies the best compromise
between noise in the residual norm and a poor approximation of the original problem.

5.3.2 Implementation in FEniCS & Dolfin-Adjoint

To solve the inverse stray field simulation with the AVM method, the well-suited Dolfin-
Adjoint library is used [131,137]. Dolfin-adjoint contains a framework to solve PDE
constraint optimization problems. It automatically derives the discrete adjoint and tan-
gent linear models from a forward model implemented in FEniCS and DOLFIN, re-
spectively. Listing 5.2 shows the implementation of the minimization problem of equa-
tion 5.29 in FEniCS and Dolfin-Adjoint.

To solve the minimization problem in equation 5.29, the quasi-Newton L-BFGS-B
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optimization algorithm, as well as the IPOPT software library for large-scale nonlinear
optimization systems are used [138,139]. These two algorithms allow bounds for the

design parameters.

Listing 5.2: Implementation of the inverse stray field problem in FEniCS and Dolfin-Adjoint

# Set up forward solution with an initial magnetization

# Functional
J = Functional ((inner (H_sim-H_exp, H_sim-H_exp))*dx(2) # field box

+ alphaxinner (nabla_grad (M), nabla_grad(M))*dx(1l)) # magnet

# Design parameter —-> magnetization

control = Control (M)

# Set up minimization problem
rf = ReducedFunctional (J, control)

problem = MinimizationProblem (rf)

# Find the optimal magnetization

n

M _opt = minimize (rf, method="L-BFGS-B",

bounds=M_min_max, options={"gtol": le-6})

5.3.3 Validation and Numerical Experiments

The performance of the implemented inverse stray-field computation is validated by
a permanent magnetic unit cube 2, with a flower-state magnetization M. The stray
field calculation is a scale-invariant problem, therefore length units are irrelevant for
the result. The generated stray field of the magnet is measured in six field domains
2y with a thickness of 0.2 and an air-gap of 0.1 around the magnet. Figure 5.10(a)
shows the magnetic and the field box volume of the problem definition. The flower-

state magnetization in €, is parameterized by

sin(cyef) cos(o) B —
M = | sin(eqd)sin(e) |, 0 VY (5.30)
¢ = arctan(y/x)
cos(cqd)

where ¢y is a parameter to change the tilt of the magnetization vectors. To simu-

late measurement errors, Gaussian noise with zero mean and a standard deviation o
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is added to the calculated field of the forward problem. All simulations are performed
with a tilt parameter of ¢y, = 2, three different standard deviations o = 1079, 1073,1072,

and various regularization parameters « to find the optimal parameter cgp-
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Figure 5.10: Geometric definitions of the problem, and the reconstructed magnetization. (a)
Magnetic domain 2, as an unit cube with six field boxes {2 around the magnet. (b) Cut through
the zy-plane of the magnetic domain 2, with the reconstructed magnetization M for three dif-
ferent regularization parameters «. (c) Cut through the zy-plane with the flower state mag-
netization of the forward problem and the stray field density (green vectors). Reconstructed
magnetization and the generated field with an optimal regularization parameter o = 107°
(red vectors). The relative error between M of the forward problem and the reconstructed
magnetization is visualized by the the gray scale.

Figure 5.10(b) shows the magnetization M of the unit cube for three different regu-
larization parameters a. As expected, without a regularization or with a small param-
eter «, the magnetization has an unphysical distribution, it is over-fitted. By increasing

«, the magnetization is more smooth and is nearly the magnetization of the forward
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problem (equation 5.30). If v is too large, the magnetization is equal to one and is there-

fore a poor approximation of the original problem.

A cut through the zy-plane of the optimal reconstructed magnetization (agpt =
107°) for ¢ = 1072 is shown in figure 5.10(c). The flower state magnetization of the
forward problem and the stray field-density (green vectors) fits well with the recon-
structed magnetization and stray field in the field boxes (red vectors). The relative error
between M of the forward problem and the reconstructed magnetization is visualized
by the the gray scale. Inside the magnetic domain €2, the error is smaller than 0.25, for

the field boxes €2y, the relative error is below 0.1.

To find the optimal regularization parameter aopt, the L-curve method, as described
above, is used. Figure 5.11(a) shows the L-curve for the various standard deviations
of the noise as well as for different minimizers. The optimal parameter for ¢ = 102
is aopt = 107°. Both L-BFGS-B and IPOPT minimizer show a similar performance.
For 0 = 1072 and 0 = 1072 both methods converges at around 20 iterations, and for
o = 107Y at around 50 iterations (figure 5.11(b)). With this numerical experiment, the

effectiveness of the inverse-stray field computation framework is shown.

5.4 Topology Optimization

The main disadvantage for the generation of a tailored magnetic field with above method
is the fact, that an initial geometry of the magnet is required. In contrast, topology op-
timization allows the designer of magnetic systems to find a suitable topology of the
magnets from scratch. Topology optimization was initiated by mechanical and struc-
tural engineers [132,140]. Nowadays, it is a well-established method for magnetic field
problems. Possible applications include optimization of write heads of hard disks [141],
optimization of magnetostrictive sensor applications [142], designing of C-core actua-

tors [143], and optimization of rotors of brushless DC motors [144].

5.4.1 Methodology

In this work, the density method (also known as solid isotropic microstructure with
penalization (SIMP)) is used to solve the topology-optimization problems. This method

considers the density o of the material in each element, which ranges from 0 (void) to 1
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Figure 5.11: Comparison of different solvers to reconstruct the flower state magnetization M
for different standard deviations o of the noise. (a) L-curves to find the optimal regularization
parameter agp. (b) Value of the objective function .J as a function of the solver iterations 1.

(bulk). This leads to one optimization variable per element. Intermediate densities are
penalized in this approach, which means that the density of the final design should be
only 0 or 1 [132]. For permanent magnetic systems, the magnetization of an element in

the design domain (2, € R? can be formulated for the design method as
M (o) = ¢" My (5.31)

where ¢ € [0,1] is the density value of a FEM element, k& = 1 is the penalization pa-
rameter [142], and M is the magnetization vector. For soft magnetic materials, the
relative permeability 1, in the design domain Q; € R? can be reformulated for the

design method to

pr(0) = (o — 1)0" + 1 (5.32)

for topology optimization of soft magnetic materials, a penalization parameter of & = 4

leads to good results.
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The general topology-optimization problem with the density method can be formu-
lated as
Find: m@in J(0)

subject to: / o(r)dr <V; (5.33)

0<o(r)<1, req,
with the objective function J and the maximum Volume V' of the design as a constraint,
i € {p,s} defines the permanent and soft magnetic domain, respectively. The only
difference in the implementation between the inverse stray-field computation, as de-
scribed above, and the topology optimization presented here is the optimization vari-
able. For topology optimization, the design variable is the density ¢ and not the mag-

netization vector M.

5.4.2 Validation and Numerical Experiments

To proof the effectiveness of our topology-optimization framework, the magnetic field
B, in a small target volume €2y should be maximized and compared with a theoretical
consideration (figure 5.12(a)). The design domain (2, has the dimension R = 10 mm,
h = 7 mm, and the target domain is a cube with the side length ¢ = 0.1 mm, 0.1 mm
above the design domain. To maximize B, at {2, the objective function has the follow-
ing form:

1
J(o) = /Qf Wdr (5.34)

with the magnetic field H.(p¢). The result of the topology optimization is a conical

permanent magnet with a cone angle of o ~ 35.2 °.

The theoretical geometry of a magnet that creates a maximum field in a point above
the magnet can be simply considered by magnetic dipoles p in a given design area €2,

(figure 5.12(b)). The magnetic flux density B of a magnetic dipole is [34]

3r(p-r) — pr?
po 3r(p-T)—pr (5.35)

I

B(r) = 472 73

with the vacuum permeability po and the distance 7 to the dipole. Consider B, in the

xz-plane, and for p || e,:

42 73

B.(r) = 1ot <322 - Tz) . (5.36)

>0
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»
>

Hez

Figure 5.12: Validation of the topology optimization framework. (a) Maximize B, in the region
2y above the design volume €2,,. The resulting cone has the same angle o ~ 35.2° as theoret-
ically predicted. (b) Sketch for the calculation of the optimal angle o of a conical permanent
magnet.

The field component B, of a dipole is positive for v > 0, and negative for v < 0.
Therefore, the dipoles must be positioned at all locations where this relation is fulfilled.
This will lead to a maximum field component B,. For the surface condition v = 0,

following relation holds:
z= j:i, or:

V2

tana = —.

V2

Hence, the optimal shape is a cone with an angle o =~ 35.26°. This calculation confirms

(5.37)

the result of the numerical topology optimization.

Next, the same problem as above is considered, but with a cubic design domain €2,
with a side length ¢ = 10 mm, and a hard volume constraint. The magnetic field B, in
Q¢ is simulated for different volume fractions V/Viax. Figure 5.13(a) shows the geom-
etry and the solution for two different volume fractions (40 %: blue, 100 %: yellow). In
figure 5.13(b), B. is plotted in relation of the volume fraction V/Vipax € [1,100] %.

It is found, that with only 40 % of magnetic material, 94 % of the maximum B, is
attainable. These examples show that topology optimization can be used to find the
topology of a permanent magnet for a given target field. Furthermore, this method can

be used to reduce the amount of applied magnetic material.

As last example, the soft magnetic yoke from section 5.2.4 (figure 5.7) should be op-
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@) e
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magnetic flux density B, (mT) &

Figure 5.13: Maximize B, with different volume constraints of the design volume €2,,. (a) Topol-
ogy of two different volume constraints (40 %: blue, 100 %: yellow). (b) Maximum B, with
different volume constraints.

timized in order to maximize the magnetic field in the field box 2;. The design domain
is divided into a two parts. The first domain is the former permanent magnetic domain
2,. Now, each element of the design domain can consist of either permanent or soft
magnetic material. The second, former soft magnetic §2; domain, can be either soft or
non-magnetic. The relative permeability s,, recoil permeability ji,,, and the magnetiza-

tion My are unchanged compared to the former example.

Figure 5.14(a) shows the result of the topology optimization for the given prob-
lem. The vector-field distribution of the magnetic field density B is pictured in fig-
ure 5.14(b). Compared to the initial design in figure 5.7(b), a much smoother transition
of B between permanent and soft magnetic material can be observed, as well as the soft
magnetic yokes are optimized in oder to form a flux concentrator. A line scan through
14 of the initial and the optimized design can be seen in figure 5.7(c). The optimized

design generates more than double the maximum field in the middle of the field box.
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Figure 5.14: Topology optimization of a permanent and soft magnetic combined yoke. (a) Opti-
mization of the topology to maximize the field in the field box Qf, permanent magnetic material
in yellow, soft magnetic material in green (outer box is the initial topology). (b) Vector field of
the magnetic field density B, in {2, and ;. (c) Line scan through Q compared with the initial
design and the optimized topology.
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Applications

Portions of this chapter were previously published in [82,97,98] and have been repro-
duced with permissions of the coauthors and in accordance with the publisher’s policy.
Content which was not generated by the author of this thesis is explicitly denoted,

copyright is held by American Institute of Physics and Nature Publishing Group.

6.1 Introduction

The last chapters gave an overview about AM methods in general and a detailed de-
scription of our setup. Production of magnetic compound materials are described, as
well as characterized. Simulation and design tools, to find a magnetic design that gen-
erate a specific stray field distribution are presented. Now, it is time to combine and
apply all presented methods to 3D print polymer-bonded magnets for a tailored mag-
netic field. Several “real-world” problems are presented that underline the effectiveness

of the 3D printing method.

6.2 Magnetic Speed Wheel Sensing

The first application deals with a magnetic speed wheel sensing system. Such high
precision sensor systems are embedded in many applications, especially in automotive
application, e.g. in anti-blocking system (ABS) or engine management systems [50].
A possible design of such speed sensors consist of a magnetic field sensor, e.g. Hall
effect or giant magnetoresistance (GMR) sensor, a permanent magnet which provide a
bias field, and a soft magnetic wheel. Normally, the magnet is underneath the sensor
(back-bias magnet) and the rotating wheel modulates the magnetic field of the back-bias

magnet. The rotational velocity of the wheel is direct proportional to the modulation of
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the field. Figure 6.1(a) shows a sketch of a possible wheel speed sensing arrangement.

- (0)  Bitttt

magnetic
field sensor

back-bias

1 mm

Figure 6.1: Magnetic wheel speed sensing. (a) Principle of the magnetic speed sensing. A
permanent magnet is underneath the magnetic field sensor (back-bias magnet). A soft magnetic
gear periodically modulates the bias field of the magnet. (b) Special back-bias magnet for giant
magnetoresistance (GMR) sensors.

A possible assembling method is to overmold the sensor by polymer-bonded mag-
netic material by IM [50]. This application shows the full potential of polymer-bonded
magnets, an accurate field distribution is, in some cases, more important than a maxi-
mum field. If a GMR sensor is designated to detect the field modulation, some special
magnetic design criteria must be considered. GMR sensors are in-plane sensitive and
the linear range is very small [87]. This means that the back-bias magnet must have
very low magnetic in-plane field components. This can be achieved by a specific de-
sign of the magnet. Figure 6.1(b) shows the cross-section of a well-known geometry
that minimizes the components of the magnetic stray field B in x and y direction in a
wide range along the x-axis r,. This complex design can be easily manufactured by IM,
but up-to-now, no singe-unit production precess is available for prototyping of such

magnets.

6.2.1 3D Printed Back-Bias Magnet

Outgoing from the design as described above, a back-bias magnet for speed wheel sens-
ing is 3D printed with Neofer® 25/ 60p. The overall size of the magnetis 7x5x5.5 mm?
(LxWxH) with a layer height of 0.1 mm and features with a thickness of 0.8 mm. Af-
ter the printing process, the magnet is magnetized in an electromagnet as described in
section 3.4. An area scan above the magnet as pictured in figure 6.2(a) is performed.

Figure 6.2(b) shows a line scan and FEM simulation results 2.5 mm above the pyramid
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tip (T). Comparison points out a good conformity between simulation and measure-

ment. A picture of the printed magnet is illustrated in figure 6.2(c).

2.5 mm over
pyramid tip (T)

—
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Figure 6.2: 3D printed back bias magnet for magnetic speed sensing applications. (a) Geom-
etry of the back-bias magnet, and area scan of B with a step size of 0.1 mm in the middle of
the printed magnet. (b) Line scan 2.5 mm over pyramid tip (T) compared with FEM simu-
lations of the back-bias magnet with perfect shape. (c) Printed isotropic NdFeB magnet with
Neofer® 25/60p with optimized shape to suppress B, and B, along the z-axis 7.

6.2.2 Reconstructed Topology

As described in section 5.4, topology optimization is a well-known method to design
permanent magnets. This section shows a method for the reverse engineering of per-
manent magnets. This means, that the unknown geometry of a permanent magnetic
system can be reconstructed from field measurements. The objective function for the

minimization problem in equation. 5.33 can be written as
J(o) = /Q | Hsim(0) — Hexp’2d7' (6.1)
f

where Hyin, () is the the simulated field and Hexp is the measured external field outside

the magnet.
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The former printed back-bias magnet with these special characteristics is scanned
with the 3D Hall sensor in a target field volume €2 of size 10 x 10 x 2mm? (LxW xH),
0.5 mm above and under the magnet, with a resolution of 0.2 mm (figure 6.3(a)). Fig-
ure 6.3(b) shows the design domain 2, with the dimension 7 x 4.5 x 5.5 mm? (Lx W xH)
and the reconstructed topology of the permanent magnet. The mesh of 2, consists of
476,225 tetrahedral elements. It is found, that the reconstructed geometry has a dif-
ferent shape as the original one. There is no pyramid tip in the middle of the magnet
and the bars on the top are not vertical. Interestingly, the volume of the reconstructed,
topology optimized structure is around 5 % lower than the volume of the original struc-

ture.

The output of the reconstruction is used to generate a model for the 3D print-
ing process. The model is printed with the same printing parameters, and material
(Neofer® 25/60p) as the original one. Figure 6.3(c) displays a line scan 2.5 mm above
the pyramid tip (T). Comparison between the original printed magnet and the recon-
structed optimized magnets points out a good agreement. A picture of the printed,

reconstructed polymer-bonded magnet is shown in Figure 6.3(d).

6.3 Magnets with a Variable Magnetic Compound Fraction

As described in section 3.1.1, our 3D printer has the possibility to mix two materials
during the printing process. It is used to mix magnetic compound filaments (PA12+MQP-
S (85 wt.%)) with pure commercial PA12 filaments. The magnetic compound fraction
and therefore, the remanence B, is a function of the layer number and building height,

respectively.

6.3.1 Reconstruced Magnetization Distribution

To benchmark the variable magnetic compound fraction printing method, a cuboid of
size 10 x 40 x 10mm? (Lx W x H) with an absolute value magnetic distribution function
(om = 100 %/(W/2)|ry| %) is printed (figure 6.4(a)). The sample is magnetized inside an
electromagnet with 1.9 T along the z-axis. A volume scan (12 x 40 x 2mm? (LxW xH)
with a spatial resolution of 0.2 mm in the magnetization direction r,) of the produced

stray field above and under the magnetized cuboid is pictured in figure. 6.4(b). This
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Figure 6.3: Reconstructed topology of the scanned back-bias magnet. (a) Geometry of the back-
bias magnet that generates a specific field. The magnetic field of the field boxes €2 are scanned
and used for the topology optimization. (b) Reconstructed magnet from measurement data.
(c) Line scan of the magnetic field 2.5 mm above the original and the reconstructed, printed
magnet. (d) Picture of the printed magnet.

measurement will be used to reconstruct the magnetization distribution inside the mag-

net and therefore, deduct the quality of the printed magnet.

The measured Heyp is the input for the inverse stray field calculation (equation 5.29).
The simulation is performed for a range of different Tikhonov regularization parame-
ters @ = 10°m? with z € [-9.4,3] and a step size of 0.4. First, the region with the
optimal parameter « is limited; then, the maximum curvature in this region is calcu-
lated. Figure 6.5(a) shows the L-curve with the different o values, and the optimal
solution with aept = 6.4 x 1073 m?. The mesh of the simulation consists of 315, 941
tetrahedral elements with a mesh size of the magnetic region of 0.25 mm. Figure 6.5(b)

illustrates the magnetization distribution M., which is proportional to the magnetic
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Figure 6.4: 3D print of a polymer-bonded magnet with a variable magnetic compound fraction.
(a) Picture of the printed cuboid (10 x 40 x 10 mm?® (LxW xH)), and the magnetization distri-
bution along the y-axis r,. (b) Volume scan of the produced stray field above and under the
printed magnet.

compound fraction distribution inside the magnet. The magnetization M. is a function
of r, as expected, but it also depends on 7. In our case, only measurements under and
above the magnet are used. Therefore, the algorithm cannot reconstruct the ideal dis-
tribution, and the print is not perfect. However, the example shows good conformity
between experimental and simulation results. A line scan 1.5 mm above the magnet
compared with simulation results is shown in figure 6.5(c). It points out a good agree-
ment between measurement and results from the inverse stray field calculation. The
magnetization distribution along the y-axis in the middle of the magnet is plotted in
tigure 6.5(d). The reconstructed magnetization M.,  fits very well with the ideal mag-
netization distribution of Migea) = Mmax/(W/2)|ry| mT or o, = 100 %/(W/2)|ry| % for
the magnetic compound fraction distribution, where My, is the maximum magnetiza-
tion and W is the width of the magnet. The reconstructed components M, and M,
are small compared to the z component. This complies with the expectations of the

printed permanent magnet.

6.3.2 Tailored Magnetic Stray Field

Instead of using the inverse stray field method to investigate already printed magnets,
the method can also be used to design magnets with specific stray field properties. As
examples, we compute the optimal magnetization distribution for a hollow cylinder
geometry for different target fields inside the cylinder. The hollow cylinders have the
dimension in mm @25, @20, and 50 (douter; dinner, L) With a linear and constant stray

tield distribution inside the hollow magnet. Figure 6.6(a) shows the model of the mag-
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Figure 6.5: Reconstructed magnetization of a cuboid printed structure. (a) L-curve to find the
optimal Tikhonov regularization parameter «. (b) Reconstructed magnetization distribution
poM of the magnet. (c) Line scan of the stray field 1.5 mm above the magnet compared with
the inverse stray field simulation results. (d) Ideal magnetization in the middle of the magnet
along the y-axis r, compared with the reconstructed magnetization distribution.

net with the magnetic region (2, and the region for the predefined stray field Q. The
mesh () of the simulation consists of 455, 306 tetrahedral elements with a mesh size of
the magnetic region 2, of 0.4 mm. The printing direction is along the z-axis. For this
reason, the variable H.yp in equation 5.29 does not represent the measurement data but
rather the desired stray field in distributions €2;. M, and M, are fixed to zero, and the
maximum of M, is limited to the used magnetic material. Otherwise, the real printed
magnet cannot reach the desired magnetization. Two different stray field distributions
are tested. The first is a constant magnetic flux density of B, = 5.5 mT along the z-axis
r, € [10,40] mm; the second one is a linear increasing field of B, = 2+ 0.15r, mT/mm
along the z-axis r, € [10,40) mm. A constant magnetic field inside a hollow cylinder
can be used to calibrate sensors where the sensor position is changing. A linear increas-
ing field can be used to realize a linear positioning system. In this case, a 1D sensor is

enough for an accurate position detecting system [129].
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The resulting magnetic compound fraction distribution along the z-axis is plotted
in figure 6.6(b). Figure 6.6(c) shows the comparison between simulations and measure-
ments in the middle of the hollow cylinders. The inverse stray field simulation for both
examples is performed for various Tikhonov regularization parameter a = 10° m? with
xr € [-10,1]. The L-curve for both simulations is presented in figure 6.6(d). aqpt is
clearly visible and is marked in green (agpt = 2.5 x 10" m? for both designs). Inside
the field boxes with the dimensions in mm of @2, 30 (d, L), a good conformity between
printed and simulated magnets is given. A picture of one of the printed magnets is

presented in figure 6.6(e).
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Figure 6.6: 3D prints of magnetic hollow cylinder with a variable magnetic compound fraction
distribution to generate a predefined stray field inside the cylinder. (a) Model of the hollow
cylinder magnet with the dimension in mm (225, @20, 50 (douter, dinner, L)) with a predefined
stray field in the field box (@2, 30 (d, L)). (b) Magnetic compound fraction distribution g,,, along
the z-axis 7, to create a constant and linear stray field in the field box, respectively. (c) Stray field
measurements of B, compared with inverse stray field FEM simulations in the middle of the
hollow cylinder for the linear and constant field generations magnet, respectively. (d) L-curve
for both designs to find the optimal Tikhonov regularization parameter «. (e) Picture of the
hollow cylindrical magnet.
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The error between measurements and simulations is plotted in figure 6.7(a). The
error changes along the z-axis, and it is around 6 % for the constant and 4 % for the
linear design. Another important feature of this magnetic design is the homogeneity of
B.. The homogeneity is defined as 7 = (B.(r)/B.(0) — 1)100%. Figure 6.7(b) shows
a plot of the homogeneity 7 within a radius of r = 2.5 mm on three planes (r, =
15, 25, 35 mm) inside the hollow cylinder. The deviation of the homogeneity is lower
than 2 %.

a
( ) 10 I I I I I
§ i e c.onstant
~ — — linear
&0
[
S -5
5}
—10 . .

10 15 20 25 30 35 40
z-axis r, (mm)

Figure 6.7: Errors of the printed magnets for a predefined stray field. (a) Error between the
measured stray field and the inverse stray field simulation along the z-axis r, for the linear and
constant stray field generator magnets. (b) Homogeneity 7 within a radius of » = 2.5 mm on
three planes (r, = 15, 25, 35 mm).

6.4 Linear Position Measurement Setup

Linear position detection systems measure the position of an object in one direction.
Magnetic measurement systems have some great advantages compared with other sys-
tems such as, it is contact-free, low power, cost effective, and it is miniaturizable [145].
Currently, most magnetic measurement systems measure the field of a magnetic system
and convert the sensor output signal to the position of the object. A disadvantage of
these systems is, that without an optimization of the bias magnet, the position of an
object as a function of the sensor output is highly non-linear. Additionally, during the
manufacturing process of such measurement systems, production tolerances are un-
avoidable. Parameter variation simulations for such systems already exist [129]. These
kind of simulations are restricted, because they need an initial layout of the permanent

magnetic system.
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Here, a polymer-bonded permanent magnetic system should generate a linear field
in a wide range above, and along the y-direction of the system. Additionally, the vol-
ume should be minimized with a constraint. A model of the system is pictured in
tigure 6.8. It consist of a predefined not changeable socket. On both sides of the socket
a cubic design domain ,; and 2, for the permanent magnets with a side length of
a = 10 mm are given. The gap between the two domains is 5 mm. The 3D Hall sensor
as described above has a detection volume of 0.22 x 0.22 x 0.20 mm? (LxW xH) and
it is used for the determination of the position. The target field volume )/ has the di-
mension of 1 x 5 x 1 mm? (LxW xH). Therefore, a tolerance of +-0.78 mm for the sensor
position is provided. The target field domain is 1.5 mm above the permanent magnetic
setup.

sensor

E lr,_r Vi

= ’\;ocket

Figure 6.8: Setup of a magnetic configuration to linearize B, in the region Q.

The bias magnet should generate a target field /., . (7.) = Hmax/Wry with pg Hmax =
35 mT. The objective function for the minimization problem in equation 5.33 of this sys-

tem can be formulated as
IQ) = [ 1Hapnl0) = Hepe )P 62)
s

where H (o) is the simulated field component in z direction.

The mesh of one design domain consist of 567, 888 tetrahedral elements. Simula-
tions are performed with five different volume constraints (V' = 300, 500, 1000, 1500,
and Viax) in mm3. To create a linear magnetic field, design domain (2, is magnetized
in z-direction and €),» is magnetized in —z-direction. Figure 6.9(a) shows the magnetic
design with the different volume constraints. The field component B., 2 mm above

the magnetic system for the different volume constraints is plotted in figure 6.9(b), and
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the deviation of the simulated field with the theoretical field B is plotted in fig-

Ztheor
ure 6.9(c). The solution without a volume constraint and with a maximum volume
of V. = 1500 mm? is almost the same. If the maximum applicable volume decrease,

the deviation between the target magnetic field H, . and the simulated field increase.

theor
However, the system can be optimized in both ways. To save volume and costs, or to
maximize the linearity of the system. For a good compromise between applied volume
and linearity of the system, a value of V' = 1000 mm?3 leads to a maximum deviation of

e = 0.3 mT regarding H.,__ and a positioning accuracy of 4.2 pm, respectively. For a

theor
low-cost system with a volume of only V' = 300 mm? the deviation increase to e = 1 mT

and a positioning accuracy of 142 um, respectively.

(a) 2 mm above the bias magnets/#

-
(b) (c)
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Figure 6.9: Topology optimized magnetic configuration with different volume constraints. (a)
Picture of the topology with different volume constraints. (b) Stray field B, 2mm above the
magnets with different volume constraints. (c) Deviation between simulation and the given
linear increasing field.

To verify these simulation results, the magnetic system is printed and the external

field is characterized with two different volume constraints (V' = 300 mm? and V =
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1000 mm?). Figure 6.10(a) shows the system for these two volume constraints. The
optimized magnets are printed with the same configuration and setup as described
above. After the printing process, the magnets are magnetized inside the electromagnet
with a maximum magnetic field of 1.9 T.The socket is printed with pure PA12, and the

system is assembled with the two magnetized magnets.

(b) 20 I r - . s
—~ 15l e ot
E ] - - e Wig
Z 10| g
&n & = = Vaimgy I?ﬂ"’""'
O H gl _

u i oy e ¥ 'Fq_-?-?‘
T.‘- 5k "5":':&‘# 1
E-10F ¥ -
E-15 | o -

— ) ik 1 1 [ 1 I

—~
=

5 mm 5 mm

—

Figure 6.10: Comparison between simulations and measurements of the printed magnetic
setup. (a) Setup for two different volume constraints (Viooo, V300). (b) Line scan of the external
field B., 2mm above the system compared with simulation results for both volume constraints.
(c) Picture of the magnets for both constraints (right: Vigoo, left: Vs09). (d) Picture of the hole
magnetic setup for Vigop.

Figure 6.10(b) displays a comparison between magnetic field scans of the printed
structures and the simulated magnetic field 2 mm above the magnet. For the magnetic
field scanning, the 3D field mapping setup, as described above is used. It shows a good
agreement between the topology optimized and the printed magnet. Figure 6.10(c) pic-
tures the printed magnets for both volume constraints (right: Viogo, left: V3qp), and fig-

ure 6.10(d) from the whole magnetic system with the printed socket for V = 1000 mm?.
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6.5 Magnetic Scale

Last application showed a magnetic absolute linear positioning system. An advantage
of such systems are the continuous measurement of distances. On the other side, such
systems are only practicable for small distances. To measure positions up to 200 m by
magnetic systems, another technique is necessary [146]. One possibility is to magnetize
a scale with a defined magnetic pattern. Advantages of such magnetic encoder systems
are: (i) compact design, (ii) affordable, (iii) a high reliability, and (iv) a minimum resolu-
tions in the range of pm. One application of such magnetic encoder scale is the attitude

control of a super-high speed elevator car [147].

In this work, the capability to generate such a magnetic scale by the “maxel” printer
(see section 3.3) is investigated. As explained above, the minimum resolution of our
setup is 0.5 mm and is therefore, much higher as for state-of-the-art systems. Neverthe-
less, the presented “maxel” printer can magnetize any pattern on a 3D printed magnetic

structure.

To test the effectivness of our system, two cuboid of size 10 x 5 x 3mm? (LxW xH)
are printed with Neofer® 25/60p. The first “printed” pattern are stripes, the second
one a chessboard pattern. Both patterns are produced with the minimum resolution
of 0.5 mm. After each 3D printed layer, the “maxel” printer magnetize the surface
of the cuboid with the characteristic pattern. The result of printed stripes structure is
pictured in figure 6.11(a) and for the chessboard pattern in figure 6.11(b). The peak of
the field amplitude B, various with the position of the z-axis. This can be explained
by the generation process of the “maxels”, A “maxel” with +z-magnetization will be
demagnetized a little bit by a “maxel” with a —z-magnetization. However, these two
examples show the effectiveness of the “maxel” printer to produce a magnetic scale

with a resolution of 0.5 mm.

6.6 Larmor Spin-Rotator

The last application of this thesis deals with a Larmor spin-rotator. For measurements
with neutrons, a high efficient spin-manipulation mechanism is required. As an exam-
ple, neutron interferometry was first demonstrated in 1974 at the 250 kW Triga MARK-

IT reactor at the Technical University of Vienna [148]. In order to demonstrate quantum
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Figure 6.11: Magnetic linear incremental scales. (a) Area and line scan (y = 0 mm) of a 1D linear
magnetic scale (pitch=2 mm), 1 mm above surface of a 3D printed structure (Neofer® 25/60p).
(b) Area and line scan (y = 0 mm) of a chessboard pattern to generate a 2D magnetic scale (same
material and measurement parameters).

mechanical properties of matter, neutron interferometry experiments are indispensable
nowadays. One example, among others, is the test of Bell’s inequality [149]. Testing
of Bell’s inequality violation can be only shown with a high interference contrast and a

high spin polarization.

This section describes a complete new design of a Larmor spin-rotator. Inverse stray
field and topology optimization simulations are performed to find an optimal shape of
a permanent magnetic setup. Such a system has several advantages compared to pre-
vious systems. The effectiveness is shown with comparison between magnetic simu-

lations and measurements as well as with tests with neutrons from the Triga MARK-II
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reactor.

6.6.1 Current Setup

The current setup to test Bell’s inequality violation at the Atominstitut of the Techni-
cal University of Vienna is shown in figure 6.12 [150]. The Larmor spin-rotator has a
Helmholtz coil geometry. It applies an additional field to the guide field in z-direction
locally, and thereby change the spin precession in the zy-plane. The rotation angle is
given by

2unl
a(B.) = 2 2°B, 63)

where iy = —9.6623647x 10727 ] /T is the magnetic moment of a neutron, [ is the length

of the coil and v is the velocity of the neutrons.

Such a Larmor spin-rotator must have high homogeneous field along the neutron
beam path. Because an inhomogeneous field would lead to a dephasing of the neutron
and therefore, to a loss in contrast of the measurement. Another crucial point is the
thermal stability of the setup. A change of temperature during the measurement leads
to a loss in contrast as well as a phase drifts occur, e.g., a temperature change of 1 °C
results in 1.92 rad phase shift. For this reason the current Larmor spin-rotator is water-
cooled (figure 6.12(b)), but this leads to a complex setup of the experiment, as well as a

temperature rise cannot be completely excluded.

To improve the current design, the actual condition should be examine more in
detail. The neutron path is simplified by a field box Q2 with a size of 7 x 7 x 40 mm?
(a x a x L). To describe the influence of the magnetic field on the phase shift of the

neutrons, the action O is defined as

o— %/ B, |dr. (6.4)
a? Jo,

To rotate the neutrons of a = 7, an action of © = 35 mT - mm is necessary. The action of
the current Helmholtz coil geometry is calculated by Magnum.fe. Figure 6.13(a) shows
the geometry as well as field box with vectors of the magnetic field. The field shows
an inhomogeneous behavior outside the coil. A calculation of the current I to reach an
action of © = 35 mT - mm is plotted in figure 6.13(b). An optimized design should be

find with these results.
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a) POLARIZER: s
(MAGNETIC
FIELD PRISM)
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Figure 6.12: Current neutron interferometric setup. (a) Schematic view of the entire triple Laue
interferometric setup. (b) Larmor spin-rotator boxes with coils in Helmholtz geometry (yellow),
magnetic field (red), neutron beam (green) and water flux (blue), (c) Larmor spin-rotator coil
with Helmholtz geometry in box, (d) closed box with connectors for water cooling. (e) Design
and field domain for an optimized 3D printed permanent magnetic system. (Adapted from
[150])
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;
Qf

Figure 6.13: Current Larmor Spin-Rotator. (a) Modified Helmholz coil geometry with the field
box €2y (equal to neutron beam size). Normalized magnetic field vectors in red. (b) Action O as
a function of the current I through the Helmholz coil.

15 1 1 1 1
30 40 50 60 70 80

current [ (A)

6.6.2 Optimized Designs

The idea is to find an optimized permanent magnetic Larmor spin-rotator by the us-
age of the inverse stray field and topology optimization framework. Following design

parameters are given:

* Size of the field box Qf: 7 x 7 x 40 mm? (a X a x L).

e Maximum design volume €2,,: 24 x 24 x 20 mm? (a x a x L).

Action © of the external field: © = 35 mT-mm.
¢ O is adjustable in the range of £5 mT-mm.

* Homogeneous magnetic field density B(r) along z-axis: B(r) = (0,0, B.).

A challenge for a permanent magnetic system is to make the action © adjustable.
For the Helmholtz coil geometry, © is easily adjustable by the current trough the coils.
The easiest way to adjust © for a permanent magnetic setup is to change the distance
between the neutron path (field box) and the magnets. To realize a homogeneous mag-

netic field density in the field box €, following functional for the minimization prob-



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m You

CHAPTER 6. APPLICATIONS 113

lem of equation 5.29 and 5.33 can given by

J :/Q (IVBml2 +|VBy 2+ |(VB.), > + |(vBZ)Z|2) dr (6.5)
f

Two different initial designs are investigated to find a proper replacement of the
Helmholtz coils. The first design is modified Halbach cylinder [151]. To archive a better
tield homogeneity outside the magnet, it is divided into two rows. To adjust ©, it con-
sist of thwo half halbach cylinders and the gap Az between both halves is adjustable.
In total 20 segments are used. Each permanent magnetic segment has a constant re-
manence |B;|, but the direction of B; is open and defines the optimization parameter
for the inverse stray field optimization. Figure 6.15(a) shows the initial design of the
modified Halbach cylinder. The fact that only the direction of the remanence is an opti-
mization parameter, no regularization parameter is necessary. Figure 6.15(b) shows the
result of the inverse stray field simulation for an action of © = 35 mT-mm. In general,
the magnetization (remanence) vectors have the same direction as a standard Halbach
cylinder, only the segments on the top and bottom of the field box show a deviating

direction.

row 1

Figure 6.14: Modified and optimized Halbach cylinder. (a) Initial layout with 20 segments.
Remanence | B, | is constant for each segment. Two rows should provide a homogeneous field
outside of the magnets. (b) Result of the inverse stray field computation.

The second investigated design is a topology optimized one. Figure 6.15(a) shows
the design domain €2, and the field box €2y where J of equation 6.5 should be mini-
mized. To adjust ©, the design consists of two halves, and the gap Az is adjustable.
The mesh of the design domain consist of 256, 542 tetrahedral elements. No volume
constraint is applied for the optimization. Figure 6.15(b) shows the topology optimized

version of a permanent magnetic Larmor spin-rotator.
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Figure 6.15: Initial designs for the optimized Larmor spin-rotator. (a) Modified Halbach cylin-
der for inverse stray field optimization. To generate a homogeneous field outside of the cylinder
it is split into two rows. The action © is adjustable by the gap size Az. Design space (2, for the
topology optimization approach.

Several numerical experiments are performed to find the optimal parameters of
both designs. To adjust © in both directions, a gap of Az = 2.25 mm is chosen. To get an
action of © = 35 mT-mm, a remanence of the permanent magnet of B, = 61 mT for the
topology optimized version and B, = 68 mT for the Halbach design is necessary. How
Az and B, influences ©, are plotted in figure 6.16. It exists a linear correlation between

action and gap size. The topology optimized design is less sensitive for a changing Az.

50 T T I .
h &a) —— topology
g 45 - \ — — Halbach []

w
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Figure 6.16: Simulation results for both optimized designs. (a) Action © as a function of the gap
Az (B, = 61 mT for the topology optimized design and B, = 68 mT for the Halbach cylinder),
and (b) as a function of the remanence B, of the magnet (gap Az = 2 mm).
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A crucial impact on the performance has the homogeneity of B(r) in the field box
Q1¢. The relative error is defined as

J

je=-—"
Jo, |BPdr

(6.6)

with the functional of equation 6.5. Figure 6.17(a) shows the relative error de as a func-
tion of the gap Az. The topology optimized design has a much lower relative error
compared to the Halbach cylinder design, as well as the dependency of the gap is much
lower for the topology optimized design. However, the main question is, if the opti-
mized permanent magnetic design has a lower relative error, or a better performance as
the current Helmholtz coil geometry. Figure 6.17(b) shows a plot of the relative error as
a function of the action for the current and the both optimized designs. For the current
design, de is independent of ©. In the range of around of © = 30 — 40 mT-mm the

topology optimized version shows a better performance.

50 T T T T T 1 1
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Figure 6.17: Relative error for both optimized designs. (a) Relative error ée as a function of the
gap Az. (b) Relative error as a function of the action © for the optimized designs and for the
current Helmholz coil geometry.

6.6.3 Validation

The topology optimized system is printed with Neofer® 25/60p. All four segments
have the same shape. Figure 6.18(a) shows a picture of the printed segments. After
the printing process, the magnets must be magnetized. Compared to all previous ap-

plications, only a weak magnetic field is necessary. The segments must have exactly
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a remanence of B, = 61 mT to generate an action of © = 35 mT-mm for a gap of
Az = 2.25 mm. Magnetization of the segments are performed with an electromagnet
as described in section 3.4. A jig with the exact positions of the segments is 3D printed.
The jig is inserted into the electromagnet and the external field is increased in small
steps. After each step, the magnetic field density of the segments is measured by the
3D Hall probe. FEM simulation of the arrangement yields a field of B, = 1.18 mT in

the center. With this approach a good adjustment of the remanence B, is possible.

After the magnetization procedure, the magnetic field between the segments is mea-
sured and compared with simulation results. Figure 6.18(b) shows a volume scan be-
tween the segments and a line scan of B, at y = 0 mm, z = 0 mm for the measured
topology optimized version and the former Helmholtz coil geometry. Simulation re-
sults for B, = 61 mT and measurements are in a good agreement. The vector field

should illustrate the homogeneity of the measurement and simulations, respectively.
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Figure 6.18: 3D printed Larmor spin-rotator and test of the magnetic performance. (a) Picture
of the printed magnets with Neofer® 25/60p. (b) Volume scan between the magnets for a gap of
Az = 2.25 mm. Magnetic vectors (blue: Helmholz coil simulation, red: topology optimization
simulation, yellow: measurement) illustrates the homogeneity of the field. Line scan of B, at
y = 0mm, z = 0 mm.

The real performance of the 3D printed Larmor spin-rotator can be only tested with
a neutron experiment. For this reason, interference measurements with neutrons are
performed at the Triga MARK-II reactor at the Atominstitut. Figure 6.19(a) shows a
picture of the experimental setup. The gap Az and therefore, the action © can be ad-

justed by a 3D printed mounting system with counter-rotating threads. A first coil after
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the polarizer rotates the spin of the neutrons in flight direction then, a cadmium aper-
ture with size of 5 x 5 mm? (a x a) reduces the beam. After the aperture, the beam enters
the Larmor spin-rotator. The intensity modulation is created by varying the position of
another coil (not visible on the picture) before the neutrons reach the detector and the

spin is analyzed.

Interference patterns for different Az are plotted in figure 6.19(b). The first mea-
surements (black curve) shows a measurement without the Larmor spin-rotator. For a
gap of Az = 2.25 mm a phase shift of x = 7 can be detected. This fits really well to
the simulation for this action ©. Another crucial parameter is the contrast of the setup.
Here, a contrast of more than 95 % can be archived for a gap of Az = 2.25 mm. The old

setup reach a contrast of maximum 91 %, and it dependents on the temperature of the

coils, as mentioned before.

ap Az
gap — Az =00 s Az =0.75mm = = Az =225 mm
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Figure 6.19: 3D printed Larmor spin-rotator neutron interference experiment. (a) Picture of
the experimental setup. The gap Az between the magnets can be adjusted by a self-printed
adjustment mechanism. (b) Interference pattern for different gaps Az.

This last sophisticated example shows the effectiveness of all introduced simulation
methods, as well as the 3D printing process of polymer-bonded magnets in general. At
time of writing this thesis, a more complex experiment at the Institut Laue-Langevin in

Grenoble, France is ongoing.
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Conclusion & Outlook

7.1 Conclusion

This thesis deals with additive manufacturing of polymer-bonded NdFeB magnets with
a commercial available fused deposition modeling 3D printer. AM offers many advan-
tages and additional benefits compared to conventional manufacturing processes. At
the time of writing this thesis, a lot of inventions and innovations are going on that
improves the techniques and processes of AM. Additionally, many technical develop-
ments and evolutions would not be possible without permanent magnets. Here, the

first successful approach is described that combines these two technologies.

At the beginning of the thesis, a brief but wide overview about state of the art AM
techniques is given. Several challenges for all AM process are discussed, as well as
for FDM printer in detail. The challenges to produce objects with a high quality are
the optimal printer parameters and adjustments. A detailed overview about all impor-
tant printing parameters is described. To characterize the quality of the magnetic field
of the printed magnets, the 3D printer is upgraded to a full 3D magnetic field map-
ping system. To avoid an exact positioning of the sensor, a calibration method relying
on detailed stray field simulations is proposed. Our system has a good performance
compared to high-price systems. To magnetize printed material during the printing
process, our setup is upgraded to magnetic pixel (“maxel”) printer. The resolution of

the “maxels” is restricted to 0.5 mm.

An crucial impact on the processability and for the further application is the used
permanent magnetic material, as well as the matrix material for polymer-bonded mag-
nets. A disadvantage of polymer-bonded magnets is their lower maximum energy

product compared to conventional sintered magnets. However, many applications ex-



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

(]
i
r

M YOU

CHAPTER 7. CONCLUSION & OUTLOOK 119

ists which need a tailored magnetic field and not a high field strength. Another impor-
tant feature of polymer-bonded magnet is their procedural advantages of plastic tech-
nologies. In our case, the magnetic isotropic powder MQP-5-11-9 from Magnequench
Corporation is used as magnetic filler material. As matrix materials, PA11 and PA12
are investigated. The filament manufacturing process was a sensitive process. Due to
the high filling load of the powder, the produced filaments are extremely brittle. The
production tolerances of the filaments are crucial, because finest calibration and most
carefully printable designing leads to printing failures if the filament has a poor qual-
ity. The magnetic and mechanical properties of the manufactured filament materials
are characterized by several methods. A big influence of of the magnetic properties has
the volumetric mass density of the prints. Some optimization are performed to increase
the density of the prints, but with our setup and materials, the volumetric mass density

and therefore, the remanence of the prints is reduced of about 25 %.

To get the most out of the 3D printed methodology, simulation tools are required
to calculate the magnetic field distribution of a given printed structure. A simulation
framework based on a pure FEM implementation is introduced, as well as a implemen-
tation of an inverse stray field code. By the aim of the open-source softwares FEniCS
and Dolfin-adjoint, the Maxwell’s equations for electrostatic are easily to implement.
Several validation examples and numerical experiments show the effectiveness of the
methods. Especially of interest for AM methods is the topology optimization approach.
It allows the designer of magnetic systems to find a suitable topology of the magnets
from scratch. Our implementation points out a good agreement between optimized

designs and well known geometries.

Several examples demonstrates the effectiveness of the combination of the 3D print-
ing method for polyer-bonded magnets and the introduced design tools. Examples
ranges from magnetic speed wheel sensing systems to topology optimized linear posi-
tioning measurement systems. By the aim of the mixing extruder of our printer, mag-
nets with a variable magnetic compound fraction can be realized. By the inverse stray
tield simulation framework, tailored magnetic field distribution are realized for sens-
ing applications. A magnetic scale for positioning sensing is printed with the “maxel”
printer. The minimum pitch size of such a system is with 2 mm much higher as for com-
mercial scales, but our system enables to print “maxels” on any 3D printable magnetic

design. The last application deals with neutron interferometric experiments. A new
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design for a Larmour spin-rotator to manipulate the angle of the neutron spin is pre-
sented. The topology optimized design outperform the current design of a Helmhholz

coil geometry.

7.2 Outlook

In this thesis, several new methods of AM and combinations of AM and design tools are
presented. Nevertheless, there exists some possibilities to improve the performance, as
well to extend possible printing materials and applications. The deviation of the ideal
volumetric mass density and the printed one of around 25 % is a result of the flowability
of the material and the FDM technique itself. Here is a potential for improvement of
the printing results, and to reduce the error between simulations and measurements.
At the moment, only prints with a variable magnetic compound fraction along the z-
axis are possible. An improved slicing program should rescind this restriction. An
influence on the quality of the printed structures is the filament diameter, because with
a constant feeding rate, the volume flow through the nozzle varies, which leads to a

patchy printing result.

A tuture challenge is the processing of anisotropic polymer-bonded magnet mate-
rial. A possible composition of anisotropic ferrite is SrOx6Fe,O3+PA12. Such a material
is commercial avialable as Sprox® 11/22p from Magnetfabrik Bonn GmbH. The idea is
to orientate the magnetic easy axis during the printing process by the aim of an elec-
tromagnet and a soft magnet flux concentrator. First tests with Sprox® 11/22p are full
of expectations. An external field of about 100 mT is necessary to orientate the par-
ticles easy axis. With a 3D printer that can orientate anisotropic magnetic materials,

completely new applications are possible.
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Rotation matrix with the Euler angles (v, 3, «)

cosy siny 0 1 0 0 cosae  sina 0
Rzyx = [ —siny cosy 0| |0 cosfB sinf —sina cosa 0. (A1)
0 0 1 0 —sinf cosf 0 0 1

Demagnetizing factor of an uniformly magnetized ferromagnetic prism
(figure A.1(a)) [152]
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Figure A.1: (a) Calculation of the demagnetizing factor of a rectangular prism. The field H,pp
is applied along the z-axis. (b) Calculation of the magnetic stray field of an uniaxial magnetic
domain. The magnetization M is along the y-axis, the dimensions of the magnet are 2xy, 2y,
and 2zy,.

Calculation of the magnetic stray field of an uniaxial magnetic domain
(figure A.1(b)) [153]
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