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Abstract

Sustainable electric propulsion systems require sophisticated combination of pole de-
sign and magnetic materials to provide the needed torque at a wide range of rotational
speeds. One possible way to meet this challenge is the application of tailored magnetic
materials. Magnetic composites often act as functional materials with properties tai-
lored to their applications. With microstructural modification, properties like coercivity
(Hc), remanence (B;), saturation magnetization (M) and maximum energy product

(BHmax) can be optimized.

In this thesis, the feasibility of magnetic composite fabrication by high-pressure
torsion (HPT) is studied. Magnetic composites are fabricated using the multi-sector disk
approach for bulk materials. In addition, the magnetic composites are fabricated by
powder mixing and HPT. HPT-deformation experiments of single phase materials are
conducted using Polymers (PTFE, PEEK, POM, PVC, PP) and commercial Y35-ferrite
ceramics. To study the co-deformation of polymers, copper (Cu) -polymer composites
are fabricated by a multi-sector disk approach. In a 2"¢ step, composites are fabricated
using Sr-M-type hexaferrite phase as the hard magnetic component and iron (Fe),
copper (Cu), chromium (Cr) and PTFE as a matrix. Furthermore, the effect of HPT
deformation on commercial Y35-ferrites and the AINiCo grades: AINiCo 3, AINiCo 5,
and AINiCo 8 are studied. Samples are examined by X-ray difraction (XRD), scanning

electron microscopy (SEM), and light microscopy.

The magnetic properties of pristine magnets, deformed Y35-ferrites, powder com-
posites, and deformed AINiCo alloys are investigated. For magnetic measurements, a
hystograph is used. To determine microstructural evolution, commercial Y35-ferrite is
annealed at 300 °C, 500 °C, 700 °C, 900 °C and 1100 °C, under atmospheric conditions
and analyzed by XRD and light microscopy. HPT experiments reveal the deformability
of bulk polymers to be limited. Properties of PTFE and POM are considered suitable
for composite fabrication. Plastic incompatibility of bulk ferrite ceramic with metals
and polymers leads to the fabrication of no structurally stable composites, using the
multi-sector disc approach. Polymer-metal composites are successfully fabricated using

the multi-sector disk approach. Application of post deformation annealing (PDA)



combined with pressing increases the adherence between layers in polymer-metal and
polymer-ceramic composites. Moreover, powder composites are successfully fabricated
with ceramic-metal and ceramic-polymer combinations. Despite a homogeneous distri-
bution and sufficient refining no coupling between the magnetic phases is observed.
The evolution of magnetic and structural properties shows a dependence on the pow-
der combination used and is in good agreement with the literature. HPT of commercial
Y35-ferrites leads to a grinding of sintered grains followed by a re-consolidation by
pressing and interlocking of particles. These results are in good agreement with the lit-
erature. Annealing experiments show a sufficient stabilized microtructure. In addition,
observed substitution effects of calcium (Ca) and aluminum (Al) lead to a shrinkage of

the unit cell accompanied by an increase of H...



Kurzfassung

Nachhaltige elektrische Antriebssysteme erfordern eine ausgekliigelte Kombination
aus Poldesign und magnetischen Werkstoffen, um das benotigte Drehmoment in einem
breiten Drehzahlbereich bereitzustellen. Der Einsatz mafigeschneiderter magnetischer
Werkstoffe bietet vielversprechende Moglichkeiten. Magnetische Verbundwerkstoffe
fungieren oft als Funktionswerkstoffe mit Eigenschaften, die auf die jeweilige Anwen-
dung zugeschnitten sind. Durch mikrostrukturelle Verdnderungen konnen Parameter
wie Koerzitivfeldstarke (H¢), Remanenzflussdichte (B;), Sattigungsmagnetisierung (M)

und das maximale Energieprodukt (BHmax) optimiert werden.

In dieser Arbeit wird die Herstellbarkeit von magnetischen Verbundwerkstof-
fen durch Hochdrucktorsion (HPT) untersucht. Die magnetischen Verbundwerkstoffe
werden mit Hilfe der segmentierten Proben Methode (Tortenstticktechnik) fiir Bulk-
Materialien, sowie mittels Pulvermischen gefolgt von HPT hergestellt. Erste HPT-
Experimente mit einphasigen Materialien werden mit Polymeren (PTFE, PEEK, POM,
PVC, PP) und handelsiiblichen Y35-Ferritkeramiken durchgefiihrt. Zur Untersuchung
der Co-Verformung von Polymeren werden Kupfer (Cu)-Polymer-Verbundwerkstoffe
mit Hilfe der segmentierten Proben Methode hergestellt. In einem zweiten Schritt
werden Verbundwerkstoffe mit einer Sr-M-Typ Hexaferritphase als hartmagnetische
Komponente und Eisen (Fe), Kupfer (Cu), Chrom (Cr) und PTFE als Matrix hergestellt.
Dartiber hinaus werden die Auswirkungen der HPT-Verformung auf handelsiibli-
che Y35-Ferrite und die AINiCo-Legierungen: AINiCo3, AINiCo5, und AINiCo8
untersucht. Mikrostrukturanalysen werden mittels Rontgenbeugung, Rasterelektronen-

mikroskopie und Lichtmikroskopie durchgefiihrt.

Die magnetischen Eigenschaften von unbehandelten Magneten, verformten Y35-
Ferriten, Pulververbundwerkstoffen und verformten AINiCo-Legierungen werden
untersucht. Fiir magnetische Messungen wird ein Hystograph verwendet. Zur Bestim-
mung der mikrostrukturellen Entwicklung werden handelsiibliche Y35-Ferrit Proben
bei 300 °C, 500 °C, 700 °C, 900 °C und 1100 °C unter atmosphérischen Bedingungen ge-
glitht und mittels Rontgenbeugung und Lichtmikroskopie analysiert. HPT-Experimente

zeigen eine begrenzte Verformbarkeit von Polymeren. Die Eigenschaften von PTFE



und POM sind geeignet fiir die Herstellung von Verbundwerkstoffen mittels HPT. Die
unterschiedlichen mechanischen Eigenschaften von Ferritkeramik, Metallen und Poly-
meren behindern eine erfolgreiche Herstellung mittels segmentierter Proben Methode.
Polymer-Metall-Verbundwerkstoffe werden erfolgreich mit dieser Methode hergestellt.
Die Anwendung von Warmebehandlung nach der Verformung (PDA) in Kombination
mit Pressen erhoht die Haftung zwischen den Schichten in Polymer-Metall- sowie
Polymer-Keramik-Verbundwerkstoffen. Des Weiteren werden Pulververbundwerkstoffe
mit Keramik-Metall und Polymer-Keramik Materialkombinationen erfolgreich herge-
stellt. Trotz einer homogenen Verteilung und auftretender Kornfeinung wird keine
Kopplung zwischen den magnetischen Phasen beobachtet. Magnetische und struktu-
relle Eigenschaften zeigen eine Abhdngigkeit von der verwendeten Pulverkombination
und steht in guter Ubereinstimmung mit der Literatur. HPT von handelsiiblichen
Y35-Ferriten fithrt zum Brechen von Kornern, gefolgt von erneuter Kompaktierung
durch Pressen und Verhaken von Partikeln. Diese Ergebnisse stehen in guter Uberein-
stimmung mit der Literatur. Glithversuche zeigen ein ausreichend stabilisiertes Gefiige.
Zusitzlich beobachtete Substitutionseffekte von Kalzium (Ca) und Aluminium (Al)

tiihren zu einer Schrumpfung der Einheitszelle, begleitet von einem Anstieg von H..

VI
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1. Introduction

Magnetic materials are a fundamental basis of our modern lifestyle. Computer, electric-
mobility, and medical treatments are only a short list of applications of magnets [1,
2]. With a fast-evolving technology, an rising awareness about limited resources like
rare-earth metals and energy efficiency, new challenges are present in this field of
research. In this work, the fabrication of tuneable magnetic composites by severe plastic
deformation (SPD) is examined. Hereby, the focus lies on hard magnetic materials

typically used for electric motors.

Propulsion systems for electrical-mobility should be able to provide a high torque
at low rotational speed and maintain an efficient operating state throughout a wide
speed range. However, depending on the magnets used, the maximum speed is limited.
For the high starting torque, a high coercivity (H.) is necessary. On the other hand, the
same magnets required for the high torque lead to increasing losses at high rotational
speed, due to the high resistance against remagnetization [3, 4]. Therefore, modern
motors exhibit a special flux design, which allows to vary the magnetic flux density
with respect to the rotational speed. Such motor constructions allow the minimization
of losses caused by the remagnetization and eddy currents. This motor design combines
different magnetic materials and shapes to create a rotor with an optimized net flux.
To further optimize this approach required magnets have to be tailored themselves
according to the needs of the motor design [5, 6]. The approach studied in this thesis
is the fabrication of such tuneable magnets as hard magnetic composites by SPD. The
chosen method is high-pressure torsion (HPT). Through the fabrication via HPT, a
refinement of the used materials occurs. The aspired structure of the samples is a fine
layered sheet system. As different material combinations can display various forms
of interactions, five material combinations are studied. As a magnetic material, Y35
strontium hexaferrite is used and combined with a polymer, a ferromagnetic metal,
iron (Fe), a diamagnetic metal, copper (Cu) as well as an antiferromagnetic metal,
chromium (Cr). In a first step, the pristine materials, such as Polytetrafluorethylene
(PTFE), Polyoxymethylene (POM), Polyetheretherketone (PEEK), Polyvinylchloride
(PVC), Polypropylene (PP), Y35-ferrite, and the AINiCo grades AINiCo 3, AINiCo5



1. Introduction

as well as AINiCo 8 are processed by HPT. The microstructural changes are analyzed
by X-ray difraction (XRD), light microscopy (LIMI) and scanning electron microscopy
(SEM). Furthermore, magnetic characterization is performed for the deformed Y35
ferrite and the AINiCo alloys.

Composites are fabricated via the multi-sector disk approach for HPT [7], using
polymers, metals, and magnetic materials. After initial microscopy analysis, the HPT
process is optimized. First, the polymers are combined with Cu. In a second step,
the metal is replaced by the Y35-ferrite and optimized once again. To compare the
influence of different starting materials, the same composites are produced as powder
composites. Magnetic measurement in the axial direction, XRD as well as microscopy
are conducted on the powder composites. Additionally, an annealing series of Y35-
ferrites at 300 °C, 500 °C, 700 °C, 900 °C and 1100 °C at air is performed. To analyze
microstructural and chemical changes, an XRD and microscopy analysis are carried

out.



2. Theory

2.1. Theory of Magnetism

Magnetic properties of matter originate in the movement of electrons in their orbitals.
Considering the reaction of materials to an external magnetic field (H), one can
determine five different types of magnetism. Some materials like Cu, gold (Au),
bismuth (Bi) or graphite do not show any spontaneous magnetization, but if an
external magnetic field is applied, a repulsive force is detected. These types of materials
are diamagnetic (DM). This behavior results from an electron configuration where
the orbitals are fully filled, or net spins are compensated by another atom in case
of molecules. The repulsion originates from the interaction of the field with the
movement of electrons. This mechanism is based on quantum mechanical effects and is
present in all types of materials. A schematic illustration of diamagnetism is shown in
figure 2.1 (a). Materials showing no magnetization without an external field, but feature
a magnetic moment when a magnetic field is applied, are called paramagnetic (PM).
Despite having no net magnetic moment, single atoms of these materials show a net
magnetic moment due to unpaired electrons. At H = 0 field, randomly oriented spins
are present, as shown in figure 2.1 (b). When a H-field is applied, the spins align with
rising H gradually, until a H-field is reached where all spins point in the same direction
of H. An example of a paramagnetic material is aluminum (Al). This alignment rivals
thermal disordering and therefore is temperature-dependent. In some materials, spins
are able to interact via spin-coupling mechanisms, leading to a defined magnetic order
at H = 0 field. There are three different types of magnetic ordering, as can be seen
in figure 2.1 (¢, d and e). In the case of ferromagnetism (FM), figure 2.1 (c) all spins
are aligned, showing a net magnetization at H = 0 field as well as an amplification
of an applied H-field. The alignment in FM materials is accomplished by quantum
mechanical interactions and interloking of the spins. The same behavior, but with a
weaker net magnetization at H = 0 field holds for ferrimagnetic (FiM), figure 2.1 (d)
material. Such materials inherent a spin ordering in alternating directions, with the

spin in one direction being less pronounced within the material, leaving the observed
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net magnetization. Materials like Fe or cobalt (Co) are examples of FM materials
while ceramics or minerals like SrFe;,0;4 and Fe;0, are examples of FiM materials.
In the latter substances, coupling of the electrons belonging to different ions results
in different FiM ordering. If a material shows alternating spin order with equal spins,
tigure 2.1 (e) they belong to the group of anti-ferromagnetic (AFM) materials. Materials
like chromium or manganese oxide do not show any magnetic moment at H = 0 field,

but behave in a far more complex way under applied magnetic fields [2, 8, 9].

Figure 2.1.: Schematic illustration of magnetic behavior in matter.

2.1.1. Microstructure of Magnetic Materials

Magnetic materials are divided into soft magnetic and hard magnetic materials depend-
ing on their magnetization behavior. In figure 2.2, the typical shape of magnetization
curves for soft- and hard magnetic materials are shown. Whilst hard magnetic materials
exhibit a broad magnetization curve, resulting from a large coercive force. Materials
displaying an low intrinsic coercivity (Hj) of Hg < 100kA/m are called soft magnetic

[10].

Figure 2.2.: Magnetization curves for soft and hard magnetic materials, showing characteristic param-
eters as remanence (H;), saturation polarization (Js) and coercivity (H). Adapted from
Weissitsch et al. [11] and Goll et al. [12].
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2.1.2. Characterization of Magnets

The measurement of complete hysteresis loops is one of the most used characterization
methods for magnetic materials. Besides high-resolution methods like the supercon-
ducting quantum interference device (SQUID) or vibrating sample magnetometer
(VSM), DC hystograph measurements are a suitable and fast solution for the charac-
terization of permanent magnets. A measurement set-up with the Brockhaus HGz200

hystograph is depicted in figure 2.3 [2].

Figure 2.3.: Hystograph Brockhaus HG200 used at the Erich Schmid Institute in Leoben.

In this measurement, the sample is placed between two moveable poles in a
closed circuit. The H-field and the magnetic polarization (J) are measured with an
integrating flux meter via a J-compensated surrounding coil, using induction. The
principal function of the surrounding coils is shown in figure 2.4. For simplicity, the
J-compensation is not illustrated in this schematic. J-compensated surrounding coils
represent a special sort of sense coils in which p H is subtracted from the magnetic
flux density (B) coil electrical, creating a direct signal for J. The signals of ] and H are
then processed in an integrating flux meter. Further mathematical calculations and
the determination of magnetic parameters are made within the associated software

package [2, 13].
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Figure 2.4.: Coaxial surrounding coils inserted in the air gap of the electromagnet
redrawn from [13].

One big benefit of this method is the short time needed for the measurements. On
the other hand, there are some drawbacks to consider. During long measurements the
flux meter drifts, causing an error which is corrected in the software package, but limits
the maximum reasonable measuring time and thus the resolution. Also, the field at the
contact points is not homogeneous, leading to a small deviation from the behavior of
an ideal closed circuit [13]. Besides these limitations, there is also a known magnetic
image effect, leading to an apparent decrease in magnetization after saturation. This
effect arises out of localized saturation of the poles coupled with a sample geometry
dependence of the H field. Especially small b ratios (where D is the diameter and L is
the length of the sample) combined with high saturation magnetization are prone to
show this effect. For samples with L/D > 1.8 no image-effect occurs. While this effect
leads to distorted magnetization curves in the 1% and 3¢ quadrant, the 2"! quadrant is
not affected. For a sufficient measurement of full hysteresis loops, the electrical current

must be set high enough to reach the J; [2, 14-16].

For hard magnetic materials, especially the properties measured in the 2"! quad-
rant are important. Besides remanence (B;), Hg and coercivity (Hg), maximum energy
product (BHmax) is an important property. It describes the energy which can be stored
by the magnet. Therefore, the BHpax is an important parameter in the layout of electric
motors and generators. In figure 2.5, the most important parameters, which can be

measured by a hystograph are shown.
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Figure 2.5.: Schematic illustration of a magnetization curve (a) . The magnetic parameters intrinsic coer-
civity (Hy), coercivity (Hcg), remanence (B;) and saturation polarization (Js) are shown at the

corresponding pints of the magnetization curve. Also the 2"? quadrant of the magnetization
curve, showing the energy product BHpax (b).

2.1.3. Hard Magnetic Materials

As described before, BHmax and the squareness of a magnetization curve can be used to
describe the magnetic hardness of a material. By far more important for hard magnetic
materials is the consideration of the magneto crystalline anisotropy, described by the
1% anisotropy constant K;. This relation can be used to formulate a magnetic hardness
parameter k. Magnets with a x>1 are considered hard permanent magnets, while

magnets like AINiCo with x <1 are considered semi-hard [17, 18].

Kq
K = —_— 2.1
\| noM2 (1)

2.1.4. Magnetic Composites

As can be seen from modern magnetic materials such as NdFeB or AINiCo magnets,
which inherently consist of two different phases, the structuring of magnetic materials
in multiphase materials can lead to outstanding magnetic properties. The tuning trough
structuring of the magnetic microstructure is a complex process not only depending
on the magnetic properties of the single phases but also on the shape, size, and
orientation of single phase regions. The influence of coupling phases with different
magnetic behaviors like AFM and FM on the magnetization curve of the resulting
composite is described by Weissitsch et al. in [11]. Figure 2.6 shows the influence of

phase combinations on the magnetization curves. In NdFeB magnets often the type
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I microstructure is implemented. Every grain represents a small permanent magnet,
decoupled from other grains by a thin layer of DM material. As a result the type I
microstructure shows a high H.. Reducing the grain size towards the size of single
domain particles increase this effect even further. If only a single hardmagnetic phase
is present, the grains show exchange interactions leading to an increase in B;. Such a
single phase microstructure is represented by a type II microstructure. For composites
of hard and soft magnetic materials with a sufficient small grain or particle size,
exchange coupling is possible. An exchange coupled hard-soft magnetic microstructure
is discribed by type III. Stabilization of the magnetization of the soft magnetic phase
by the coupling with the hard magnetic phase, leads to an increase in B;. By mixing of
a AFM material with a FM material it is possible to achieve a type IV microstructure,
where the spins of the AFM and FM material are locked in the same direction at the

interface resulting in an exchange bias [11, 12, 19].
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Figure 2.6.: Coupling mechanisms and magnetization curves of soft and hard magnetic composite
materials. Type I: hard magnetic phase decoupled by a DM material at the grain boundaries,
like in NdFeB-magnets. Type II: exchange interaction between domains in multiple grains
within a single phase FM material. Type III: exchange coupling between a soft magnetic
and a hard magnetic phase. Type IV: coupling of an AFM and a FM material leading to
exchange coupling. Reprinted from Weissitsch et al. [11].

According to Skomski [17] aligned layered structures of hard- and soft-magnetic

materials can result in an improved BHmax up to 1000 k//m3, by the combination of the
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high magnetization of soft-magnetic materials with the high H. of the hard magnetic
material. The thickness of the soft-magnetic material is crucial for sufficient coupling,
and should not be larger than twice the Bloch wall width &}, of the hard magnetic
phase [17].

2.2. Materials

2.2.1. Deformation Mechanisms in Materials

The deformation mechanisms of metals are well understood and described in numerous
scientific papers and textbooks [20—32]. For ceramics and polymers, deformation is a
far more complex process. A comparison of deformation maps can help for a better
understanding of deformation mechanisms present in metals and ceramics at certain
parameters. In figure 2.7 deformation maps of nickel (Ni) (a) and Fe (b) are depicted.
Clearly visible is the region between the ideal stress and the tensile stress. In this
region, dislocations can move, if the activation stress is reached and more than five
glide systems are active. At lower stress, several creep mechanisms can be thermally

activated [20, 21].

Figure 2.7.: Deformation map of pure nickel according to Notis et al. [20] (a) and pure iron according to
Frost et al. [21].

Compared to the deformation map of an oxide ceramic, like NiO in figure 2.8,
it can be seen that dislocation activity is far more restricted in this curve and at a

homologous temperature of 0 no dislocation activity is possible. It is also worth noting
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that the velocity of dislocations in ceramics is by orders of magnitude slower. At
elevated temperature like in metals, diffusion and creep comes into play. In metals, the
velocity of diffusion-controlled processes is set by the mean free path, the amount of
impurities, and lattice defects. For ceramics, diffusion is more complex, due to the ionic
bond character. In ceramics, depending on the specific diffusing substance, diffusion
can be anion or cation-controlled [20]. Dislocation activities in ceramics have been
reported around crack tips and at elevated temperatures in the form of twining or
slipping [33, 34]. According to Langdon et al. [35], the sliding of grain boundaries plays
an important role in the deformation of ceramics, especially at elevated temperatures.
Hodge et al. [36] describes the deformation processes in Sr and Ba ferrite materials. At

temperatures around 1200 °C, also strain hardening effects are observed.

Figure 2.8.: Deformation map for NiO [20].

Polymers show a viscoelastic and viscoplastic behavior. Therefore, deformation is
stress and time-dependent. The molecular model, as depicted in figure 2.9, describes
the stages of deformation in semi-crystalline polymers. At first, the deformation is
restricted to amorphous regions since the close arrangement of chains in the crystalline
regions leads to additional binding forces and a higher youngs-modulus. In the second
stage also the crystalline regions are elastically stretched and bent. After this stage, the
elastic deformation reaches its maximum and the lamellar-arranged chain segments

begin to tilt, followed by the separation of blocks in the crystalline regions. In the last

10
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stage, the separated crystalline blocks align in the direction of the tensile stress [22, 37].
More advanced models describing the interaction between molecules in the amorphous
regions are described by Argon [38, 39], Lin et al. [40], Boyce et al. [41, 42], and Bartczak
et al. [43—45]. Today it is well known that simple rearrangement of molecular chains
can not fully describe the complex process of deformation in polymers. Properties like
chain entanglement, free volume, chain length, and branching are determining factors
for deformation behavior. Since thermal treatment has a significant impact on these
variables, the thermal history must be taken into account. Despite the existence of
many different models, describing the deformation of unordered solids in their glass
state, there is one specific mechanism controlling plastic deformation. Deformation
takes place through shear transformation zones (STZ), localized rearrangement of
molecular clusters accompanied by yielding. This is also the case for amorphous
polymers at temperatures beneath the glass-transition temperature (Tg) [46, 47]. For
semi-crystalline polymers, the configuration of intercrystalline tie chains also plays
an important role [48]. Bowden et al. [49] and Bartczack et al. [50] describes further
mechanisms present in the deformation of crystalline regions in polymers. In addition
to the slip of molecular chains over each other and crystal fragmentation, the presence
and influence of dislocation activity are described. The response of polymers to stress
in the dependence of applied strain and temperature can be described by constitutive

modeling [51-53].

11
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Figure 2.9.: Deformation mechanism of crystalline polymers, described by the molecular model: unde-
formed polymer (a), elongation of amorphous regions (b), increase in lamellar crystallite
size due to bending and stretching of chains in crystalline regions (c), onset of the plastic
deformation, tilt of crystalline chain segments (d), separation of crystalline regions (e) and
orientation of crystalline segments along the tensile stress axis (f). Reprinted from Callister
et al. [22].

The two most common damage mechanisms in polymers are crazing and shear
band damage. A craze is formed when multiple microvoids build up, leading to a
crack-like structure with fibrils connecting the edges. Crazes occur preferably in tensile
conditions where voids can build up easily. Shear band damage mainly occurs in
deformation processes with constant volume [22, 37]. An example of these damage

mechanisms is shown in figure 2.10

12
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Figure 2.10.: Shear bands in acrylonitrile butadiene styrene copolymerisate (a) and crazes in polystyrene
(b), reprinted from Ehrenstein et al. [37]. © CARL HANSER VERLAG GMBH & CO. KG.

2.2.2. Structure and Properties of Polymers
Polypropylene (PP)

The chemical structure and a schematic illustration of an isotactic polypropylene (PP)

chain is shown in figure 2.11.

Figure 2.11.: Chemical structure of polypropylene (a), chain of isotactic polypropylene visualized using
VESTA [54] (b).

PP is a polyolefin belonging to the standard polymers. It is widely used in technical
applications, due to its versatility. In technical applications, the isotactic configuration
(iPP) is a determinant for the crystallinity and plays a major role in adjusting mechanical
properties. Furthermore, PP often is customized by either controlling the tacticity,
copolymerization or by the formation of polymer blends [55]. The differences in
thermo-mechanical behavior can be described by the dynamic shear modulus, as

shown by Osswald et al. [56] in figure 2.12.

13
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Figure 2.12.: Shear modulus and mechanical loss factor of PP, reprinted from Osswald et al. [56] .

Typical forming methods like vacuum forming, blow forming, rolling, stamping,
or stretching are performed around the crystallite melting temperature (Tr,) [55, 57].
According to Geier et al. [55] cold-forming like rolling and cold stamping represent
suitable forming processes for PP in addition to thermoforming. In table 2.1 an excerpt
of technical properties is shown. A more detailed overview of properties is presented

in Appendix B.

Table 2.1.: Technical properties of PP [37, 57-59].

Property Value

Density [8/cm?] 0.895-0.92
Copolymer 0.89-0.905

Glass transition temperature [°C] -10—+20

Maximum service temperature [°C] 110
Crystallite melting temperature [°C] 158-168

Elastic modulus [MPa] 1100-1800
Copolymer 900—1200

Tensile strength [MPa] 21—40
Copolymer 28-40

14
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Polyvinyl Chloride (PVC)

The chemical structure of polyvinyl chloride (PVC) is shown in figure 2.13.

Figure 2.13.: Chemical structure of PVC.

PVC is an amorphous thermoplast belonging to the standard polymers. PVC
can be customized with the use of different fillers and additives as plasticizers. One
common filler for PVC is CaCO;. For not plasticized PVC (PVC-U), mass fractions

between 5 % to 10 % are common as processing agents [55, 57].

Forming processes are performed in a temperature range from 110 °C up to 140 °C
or in a second process window at 160 °C to 180 °C. The latter is especially useful
to maximize dimensional stability at elevated temperatures. The temperature of the
tools plays an important role in the forming process [57]. In table 2.2 an excerpt of
technical properties is shown. A more detailed overview of properties is presented in

Appendix B.

Table 2.2.: Technical properties of polyvinyl chloride without plasticizers (PVC-U) [57-59].

Property Value
Density [8/cm?] 1.32-1.58
Glass transition temperature [°C] 70-80
Maximum service temperature [°C] 60

Elastic modulus [MPa] 1000—3500
Tensile strength [MPa] 40-75

Polyoxymethylene (POM)

The chemical structure of polyoxymethylene (POM)) is shown in figure 2.14.

Figure 2.14.: Chemical structure of POM-C.
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POM is a polymer with a wide range of applications. Since it shows highly linear
chains, crystalline fractions of 70 %, and even higher are possible. For stabilization
against UV-radiation aging, carbon black is used as an additive. In this thesis, POM is
used as a copolymer (POM-C). Trioxane and 2-3-Dioxalane” react to form a copolymer
[55, 57]. Such copolymers can display different arrangements of the chain blocks, as

described by Osswald et al. [56] and displayed in figure 2.15.

Figure 2.15.: Schematic illustration of different chain arrangements in copolymers reprinted from Owald
et al. [56].

Usually, POM is processed using powders in a sintering process [60] or using a
viscous mold state for blow molding, extrusion, or injection molding [55]. For special
applications hot forming is possible in a process window between 160 °C and 170 °C
[57]. At high temperatures POM is prone to decay releasing toxic formaldehyde [57].

An overview of the properties of POM is given in table 2.3 and appendix B

Table 2.3.: Technical properties of POM-C [37, 57-59].

Property Value
Density [8/cm?] 1.39-1.43
Glass transition temperature [°C] -70

Maximum service temperature [°C] 9o-110
Crystallite melting temperature [°C] 164-172
Elastic modulus [MPa] 2600—3200
Tensile strength [MPa] 60-75

*Also different species, mainly ether or formalene can be used as co-monomer
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Polyetheretherketone (PEEK)

The chemical structure of polyetheretherketone (PEEK) is shown in figure 2.16.

Figure 2.16.: Chemical structure of PEEK.

PEEK is considered a high-performance polymer and is well known for its high
service temperature. It can exist in an amorphous and semi-crystalline state, by control-
ling the cooling rate from the melt, as described by Kemmish et al. [61]. Semi-crystalline
PEEK is mostly processed by injection molding with heated tools. The tool temperature
between 150 °C and 180 °C. Also, extruding is possible. For surface coatings and special
applications, PEEK is also processed as powder utilizing sintering mechanisms [57].

An overview of the properties of PEEK is given in table 2.4 and appendix B.

Forming processing in the solid state is rather uncommon for PEEK. Nevertheless,
the deformation of PEEK is a popular field of research for medical applications where
PEEK implants are used as bone joints and membranes as described by Papia et al.
[62].

Table 2.4.: Technical properties of PEEK[37, 57-59].

Property Value

1.265 amorphous
1.32 crystalline
Glass transition temperature [°C] 143—+145
Maximum service temperature [°C] 250

Crystallite melting temperature [°C] 334—381

Elastic modulus [MPa] 3600—3650
Tensile strength [MPa] 90—200

Density [8/cm?]

17
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Polytetrafluorethylene (PTFE)

The chemical structure and a schematic illustration of a polytetrafluorethylene (PTFE)

chain in the % configuration, is shown in figure 2.17.

Figure 2.17.: Chemical structure of PTFE (a) and a polymer chain in the '%; helical configuration visual-
ized using VESTA [54] (b).

PTFE is considered a thermoelast since a gelatinous mass is formed instead of
melting at the crystallite melting temperature. This is the result of the high binding
forces between fluor (F) and carbon (C). Therefore, the primary processing operations
are rather comparable with sintering processes. Typical forming processes are extrusion,
hot stamping (250 °C to 320 °C) or impact molding after sintering at temperatures
> 327°C. An overview of the properties of PTFE is given in table 2.5 and appendix B.

Table 2.5.: Technical properties of PTFE[37, 57-59].

Property Value
Density [8/cm?] 2.15-2.20
Glass transition temperature [°C] 125— 130

Maximum service temperature [°C] 250
Crystallite melting temperature [°C] 325-330
Elastic modulus [MPa] 400-750
Tensile strength [MPa] 7—30

PTFE is somewhat special as it displays four different arrangements of the crys-
talline microstructure. A schematic phase diagram, created from the work of E. Clark
[63, 64], G. Fatti [65] and E.N. Brown [66] is given in figure 2.18. The transition from
PTFE II to PTFE IV at ambient pressure is worth mentioning, as it is accompanied by a

change in volume of the crystalline fraction of ~ 1 %.
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Figure 2.18.: Phase diagram PTFE, according to the work of E. Clark [63, 64], G. Fatti [65] and E.N.
Brown [66]. Structures visualized using VESTA [54].

2.2.3. Structure and Properties of Metals

As metal phases in the composites, Cu, Cr, and Fe are chosen. Essential for the
experiment is the use of one AFM, one DM, and one FM material in a composite with
FiM material. The deformation behavior also differs forchosen metals as they have
different crystallographic structures and exhibit different dislocation mobilities as well,
as different work hardening behavior [67]. The general properties of these metals are
depicted in table 2.6, body-centered cubic and face-centered cubic are abbreviated with

bce and fec.

Table 2.6.: General properties of used metals.

Material Crystal structure Magnetic behavior Yield Strength [MPa] Elastic modulus [GPa]
Cu fce (Fimsm) DM 144 [68] 117 [69]

Cr bec (Im3m) AFM 280 -300 [70] 161 [71]

Fe (Armco iron) bcc (Im3m) FM 110 [72] 206 - 214 [73]
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2.2.4. Structure of Magnetic Materials
SrFe;2019 M-Type Hexaferrites

M-type hexaferrites are magnetic oxide ceramics. Their structure is hexagonal belong-
ing to the space group "mmc with a chemical composition like MFe;,O,y where M
is barium (Ba), strontium (Sr) or lead (Pb). Through indirect exchange mechanisms,
a ferrimagnetic spin ordering is established [74—76]. Figure 2.19 shows the crystal
structure of SrFe,,0,9, where the Fe atoms marked with f; and £, exhibit-spin down

whilst a, b and k have a spin-up orientation [74, 75].

Figure 2.19.: Crystal structure of SrFe;,0,q , reprinted from MC Callum et al. [74].

Through substitution of the primary element Sr with atoms like Ba, calcium (Ca),
or similar cations, the magnetic properties can be tuned as the dimensions of the
unit cell slightly vary [77]. Commercial ferrite magnets are usually produced using
pressing of powders followed by sintering and magnetization processes. SrFe; ;044
powder particles exhibit a hexagonal platelet form, which can be influenced during
the calcination process [75, 78, 79]. SrFe;,O,4 ferrites show a rather high magneto
crystalline anisotropy (3.5 x 10°J/m3 [80]) along the c-axis. This leads to high values of
H. and rather low B;, compared with AINiCo magnets [79].
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AINiCo Alloys

AINiCo magnets were discovered in the 1930s and are based on the spinodal precipita-
tion of ferromagnetic o, particles in a paramagnetic o, matrix [81, 82]. According to

Mc Currie [81], the precipitation reaction in Fe,NiAl follows
3.25 Fe50Ni25A125 S Fe95Ni25A125 +2.25 F630N135A135 . (2.2)

In this early Al-Ni-Fe System a third y phase is also existent. Whilst both o phases
are bbc structured, the y phase is fcc structured and exhibits a DM behavior. Thus, the
Y phase is unwanted and harmful to the magnetic properties. In modern magnets, the
Y phase is suppressed by sophisticated cooling processes or alloying elements, which
narrow down the y region in the phase diagram [81, 83]. Optimization efforts resulted
in new alloys, in the AINiCo 3 alloy Cu increases the BHpax. In AINiCo 5, and AINiCo 8
alloys, the introduction of Co not only resulted in higher H. and BHnax but also a
critical change in microstructure. The a; phase now is a ferromagnetic FeCo-rich phase
while the o, phase is a paramagnetic AINi-rich phase [81, 83]. Mc Callum et al. [74]
describes the occurring lattice ordering in AINiCo as bcc or B2 structure for AINiCo
grades without Titanium (Ti) and as a combination of B2 and L2; structure for AINiCo
grades with Ti, as depicted in figure 2.20. In all cases, the precipitates form in a bcc or
B2 structure. Furthermore, Rehmann et al [84] showed in their work that additives in
AINiCo 8 alloys, like silicon (5i), zirconium (Zr), and niobium (Nb) can form additional
ferromagnetic phases at the grain boundaries. In table 2.7 the chemical composition of
the AINiCo grades AINiCo3, AINiCo5 and AINiCo 8 are described.

Figure 2.20.: Crystal structures in AINiCo alloys, reprinted from MC Callum et al. [74].
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Table 2.7.: Chemical composition of AINiCo alloys according to MMPA standard
No. 0100-00. [85]

Alnico Al [0/0] Ni[o/o] Co [0/0] Cu [O/o] Ti [O/o]

3 12 25 - 3 -
5 8 14 24 3 -
8 7 15 35 4 5

2.3. Severe Plastic Deformation (SPD)

The tuning of materials by deformation is a long and well-known method to achieve ma-
terial grades with exceptional properties. Classical methods utilizing phenomena like
work hardening or recrystallization to produce new materials are thermo-mechanical
treatments. SPD takes it one step further, using deformation parameters like high pres-
sures to hinder crack formation. Therefore, not only the creation of ultrafine-grained
(UFG) and nano-crystalline materials are possible, but new alloys by supersaturation
or hybrid materials can be created [86]. The first historical SPD-like methods are the
forging of damascus steel and the japanese mokume-gane technique. In both methods,
the sheets of two different metals are stacked in an alternating order and were then
deformed. Whilst damascus steel is produced by forging and folding and the mokume-
gane sheet is processed by rolling and folding, repeated folding and deformation have
a similar effect in both techniques. A huge amount of strain is imposed on each layer,
with each deformation leading to a layered microstructure, multiplying the number
of layers with every folding. These two examples are also the first ones using such
a method for composites. In the late 20" century, new possibilities and technologies
emerged. With an increasing amount of studies and understanding of deformation
and damage mechanisms in materials, the deformation methods evolved. Modern SPD
techniques are a feasible way to produce UFG and nano-crystalline materials without
complicated heat treatments and precipitation building elements [86]. Today, there are

a variety of SPD methods:

¢ Accumulative roll bonding (ARB)
¢ High-pressure torsion (HPT)
¢ Twist extrusion (TE)

¢ Equal channel angular pressing (ECAP)

to mention only a few. Especially in the last two decades, SPD became more
popular with rising demand for materials with unique properties or functional nano-
materials for nuclear applications, the energy sector, aerospace, or medical applications
[86, 87].
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2.3.1. High-Pressure Torsion (HPT)

HPT is a SPD technique, applying uni-axial pressure on a disk-shaped sample between
two anvils. After the pressure loading, one anvil rotates against the second fixed
anvil, leading to a plastic deformation within the sample. This deformation is usually
accompanied by a microstructural refinement, depending on the material used [88].

For an idealized HPT process, the applied strain can be calculated using;:

r (2.3)

or using the von Mises strain

271n
r

EoM = \/§t (2-4)

where 7 is the strain, n is the number of revolutions, r is the radial position from
the center of the rotational axis, and t is the thickness of the sample [89]. In consequence
of this relation, idealized HPT, figure 2.21 (b), leads to a linear strain gradient, rising
from 0 at the rotation axis and ending in a maximum at the outer edge of the sample

instead of a uniform strain and microstructure.

Moreover, the geometry of the sample has an influence on the evolving microstruc-
ture. For a homogeneous microstructure in the axial direction, it is critical to maintain a
t/d ratio. Where d is the sample diameter. This aspect ratio of the sample is dependent
on the ductility and deformation mechanisms present in the sample. For metals, an
aspect ratio of %1 to ¥s usually leads to a uniform microstructure, whilst for ceramics
much thinner samples are needed [89, 9o]. In normal torsion testing, ductile mate-
rials exhibit failure by void formation followed by coalescence and crack initiation,
and shear damage mechanisms as mathematically described in the shear-modified
Gurson-Tvergaard—Needleman model. In the HPT process, these mechanisms can be
partly suppressed by the pressure imposed on the sample. Therefore, cracks mainly
form along shear bands and propagate under a Mode III loading [91, 92]. Suppression
of these damage mechanisms leads to much higher possible strains, in some cases also
to superplasticity. One more important parameter is the friction between the sample

and the anvil surface. To ensure a uniform and well-defined deformation, slipping
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of the sample is not allowed. A sufficient high friction between sample and anvil
is required. This can be ensured by sandblasting of the anvils and implementing a
defined surface roughness. Furthermore, the sandblasting accompanied by cleaning

with ethanol ensures that the surface is clean and free from any lubricating substances

[92].

Experimental Implementation

Today three different HPT set-ups are used. In the idealized unconstrained HPT,
depicted in figure 2.21 (a), the sample is deformed between two flat anvils without
any change in volume or thickness. Since in a real experiment, the material used can
unhinderedly flow out between the edges of the anvils. This often is considered as a
major drawback of this set-up, hence the sample gets thinner during compression and
with a rising amount of revolutions, eventually leading to contact between the anvils.
To avoid this drawback, especially for ductile and soft materials the constrained HPT,
tigure 2.21 (b), can be used. The idealized constrained HPT ensures a constant volume
of the sample as well as a uniform shear deformation by placing the two anvils in
a frictionless outer cylinder. This also changes the loading conditions from uniaxial
pressure to a hydrostatic pressure. Whilst these changes theoretically bring huge
improvements, the realization is difficult. Since a frictionless assembly is impossible
and the anvils must be slightly smaller than the outer cylinder, the real process holds
some challenges. Hence, there is a small slit between the anvils and the outer cylinder
sample material will flow into the slit, causing an increasing additional friction, which
could lead to cold welding of the set-up. Another drawback is the limitation of the
loading force. This limitation is caused by the fact that the anvils and sample are equal
in diameter, and the pressure is limited to the compressive strength of the anvils. The
third set-up shown in figure 2.21 (c) is the quasi-constrained HPT. With this set-up the
advantages of the idealized constrained HPT are implemented in a controllable real
process. Here, the sample is placed in a cylindrical cavity in the rotational center of the
anvils. While the surface of the cavity is sandblasted, the cavity walls and the anvil
surface are smooth and should posess a low friction coefficient. While the sandblasted
cavity ensures deformation without slip, the cavity walls impede material flow and
provide some guidance. When pressure is applied to the sample it is compressed
accompanied by a change in the thickness of 5% to 10 %. This excess material flows in
the slit between the anvils, forming a burr, resulting in a slight back pressure. Thus,
this bur is much thinner than the sample it gets much more deformed. In metals, this

leads to work hardening, and further material is hindered from flowing out of the
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cavity, resulting in quasi hydrostatic conditions in the sample processing zone [89, 92].

Figure 2.21.: Schematic illustration of possible HPT set-ups: a) unconstrained HPT b) constrained HPT
and c) Quasi-constrained HPT.

For metals and ductile materials, the quasi-constrained HPT is the favorable pro-
cess. But specimens that need a far lower aspect ratio and a less pronounced flow, like
ceramics and minerals, may perform better in the unconstrained process [90, 92]. This

thesis is focused on the quasi-constrained HPT.

Microstructural Evolution during HPT

Whilst the microstructural evolution is subject to many experimental studies, the
mechanisms leading to the refinement are still under debate. During the deformation,
a grain refinement and eventual mixing of phases occurs. Also, amorphization can
occur in some cases. The main mechanism responsible for grain refinement is an
accumulation of dislocations in the grain, leading to the generation of new grains out
of subgrains. This refinement results in a nano-crystalline microstructure. Figure 2.22
shows this process of subgrain formation. At first, the dislocation density rises because
of extensive straining (a), when dislocations pile up at grain boundaries or defects
they begin to rearrange and form small angle subgrain boundaries (b). With ongoing
deformation, the orientation mismatch of these subgrain boundaries increases (c),
resulting in the formation of new smaller grains (d). In addition to this concept of
grain refinement twining, and phase transformation can also contribute to the grain

refinement [88].
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Figure 2.22.: Shematic of the grain refinement in ductile materials via (a) accumulation of dislocations
(b) generation of small angle subgrain boundaries (c) increase of the misorientation (d)
formation of new grain boundaries out of the subgrains [88].

In ceramics, the deformation mechanisms are different (cf. chapter: 2.1.3). For, in
ceramics, a deformation based on dislocation gliding is far less pronounced than in
metals. Often additional to the activation of twinning mechanisms and glide systems
by a critical strain, temperature-activated diffusion mechanisms must be activated.
Thus, high temperatures are needed for deformation. As a consequence, the main
effect of the HPT is the breaking of existing grains along slip planes. this grinding

effect is accompanied by the geometrical interlocking of the debris [36, 90].

It is important to recognize that Polymers exhibit a completely different behavior
in the HPT process. One reason is the difference in constitution of metals and polymers.
Materials like metals and ceramics display a long-range order between single atoms,
which occupy places in a lattice structure depending on the chemical bonds between
the atoms. However, polymers form complex structures by arranging their macro-
molecules, as described in chapter 2.2.2. These structures are not uniform over the
whole material, which leads to regions with different deformation properties. In semi-
crystalline thermoplastic polymers, for example, crystalline lamellae are embedded
in an amorphous matrix. In amorphous regions, polymer chains coil up to entangled
structures. Deformation properties depend on the crystallinity, form, and orientation
of crystalline sections and the present crosslinking density in the case of thermosets
and elastomers. In general, polymers react much more sensitively to pressure and
the occurring deformation. While in the case of metals, the interesting range of de-
formation can easily reach up to 100 or more revolutions, the maximum achievable
deformation in polymers lies between 5° and 400° or even below. The reason for this is
the mechano-chemical destruction induced by pressure and or the deformation itself.
Especially homopolymers are prone to fast degradation in HPT. Adverse to this, the

properties of copolymers and polymer blends can be optimized and even new phases
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can be formed. For that reason, HPT processing during the polymerization process
of copolymers and polymer blends, resulting in a bimodal molar mass distribution,
can be used to create polymers with new properties. Depending on the Polymer used,

chemical and structural altering, amorphization, or new phases are observed [93].

2.3.2. Composite Materials by HPT

As mentioned before, HPT is capable of producing metastable materials utilizing
the change of thermodynamic behavior of the materials under high pressure accom-
panied by excessive straining. Also, nanocomposites can be produced in a variety
of possible processes. A. Bachmaier and R. Pippan [94] described how metal-metal
and metal-ceramic composites are obtained by HPT. As starting materials powders,
pre-deformed sheets or bulk materials are suitable. Qi et al. 2018 [95] also describes the
combination of ceramic powder and metallic bulk materials. Depending on possible
supersaturated solutions, the form and arrangement of the starting materials and

different microstructures can be found in the processed samples.

The difference in mechanical properties should also be considered given the
deformation processes present in HPT. Depending on the difference in yield strength
and strain hardening the material displaying a lower yield strength is deformed
tirst. During deformation, the necessary stress for further plastic deformation of this
material increases due to strain hardening. Eventually, the yield strength of the stronger
material is reached and co-deformation sets in. If the difference in yield strength is
too big, fracture of the strain hardened material is more likely to occur than co-
deformation. In addition, the size of material regions implies the deformation behavior,
since deformation mechanisms are different in nanostructures and single crystals
than in bulk materials. This factor can be influenced by ball-milling and sufficient
mixing methods, as well as by the size and amount of segments in the multi-sector

disc approach [7, 96—99].

The multi-sector disc approach is especially useful in the processing of layered
metal composites. Since metal powders are prone to oxidation and therefore powder
handling can be challenging, bulk material samples are an suitable alternative. Im-
portant parameters of this method are the amount of segments in the sample and the
difference in mechanical properties [7]. If other materials than metals are used in this
approach it also is important to ensure the adherence between those materials. Since

with ongoing deformation new surface areas are created, which can not be surface
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treated in advance and cold welding is not possible between some materials, a certain

level ov adherence is necessary to form stable, layered composites [7, 97, 99].

28



3. Experimental

3.1. High-Pressure Torsion of Polymers

For the initial experiments, two routes of sample preparation for the HPT experiments
are chosen. The samples of PP ( supplied by RS-online) and PTFE ( unknown grade),
for preliminary experiments, are prepared by turning rods 8 mm in diameter out
of a sheet material. In a further step, discs with 1mm thickness are cut from the
rods using a Struers Secotom cutting machine. All other polymers are cut into disk-
shaped samples, with the same geometry, from extruded rods. Thereupon, the sample
surfaces are roughened with sanding paper, whilst the cavity surface of the HPT
anvils is sandblasted. An anvil cavity of 0.2mm in depth and 8 mm in diameter is
selected for the HPT process. For each polymer, the deformation is carried out at room
temperature (RT) and an elevated temperature between the glass transition temperature
and the crystallite melting temperature [57]. Preliminary experiments are performed
on PTFE with 1GPa, and 5 revolutions at room temperature and 270 °C. All following
experiments are limited to 1 revolution. Table 3.1 shows the selected process parameters.
A rotational speed during deformation 0.6 rpm is used for all experiments. During all

HPT experiments the applied pressure and torque are measured continuously.
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Table 3.1.: Polymer HPT Samples.

Sample Diameter [mm] Pressure [GPa] Revolutions Temperature [°C]

PP_oo1 8 1 1 21
PP_oo2 8 1 1 100
PP_oo3 8 1 1 100
PVC_oo1 8 1 1 21
PVC_oo2 8 1 1 120
POM_oo1 8 1 1 21
POM_oo02 8 1 1 21
POM_oo03 8 1 1 160
PEEK_oo1 8 1 1 21
PEEK_o02 8 1 1 21
PEEK_o03 8 1 1 200
PEEK_oo04 8 1 1 200
PTFE_oo1 8 1 1 21
PTFE_oo2 8 1 1 200
PTFE_oo3 8 1 1 200
PTFE _t_oo1 8 1 5 21
PTFE _t_oo2 8 1 5 200

For the experiments at elevated temperatures, a hot air gun was used for tem-
peratures < 160 °C and an inductive heating device for temperatures higher than
160 °C. Figure 3.1 shows these set-ups for the hot forming experiments. To characterize

microstructural changes, all samples are examined with XRD.
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Figure 3.1.: Schematic setup of the HPT for the processing of polymers at elevated temperatures: (a)
the heat is applied by inductive heating coils reprinted from Vorhauer et al. [100], (b) for
samples with a low melting point, a hot air gun is applied to adjust the temperature and
allow processing temperature < 160 °C. (c) shows the orientations of the sample.

3.2. High-Pressure Torsion of Y35-Ferrite

Y35-ferrite magnets with a diameter of 10.3 mm in height are purchased from super-
magnete.com. Purchased magnets boast a high porosity. To find the optimal parameters
for the HPT processing, a series of experiments, starting with the axial pressing of
Y35 ferrites at different pressures followed by deformation with 0.25, 0.5, 1 and 5
revolutions are conducted. The rotational speed is set to 0.6 rpm and the cavity depth
of the anvil is 0.2 mm for all experiments. Table 3.2 and table 3.3 show the detailed

parameters used for the Y35-ferrite samples.
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Table 3.2.: Y35-ferrite HPT deformed samples.

Sample Diameter [mm]

Pressure [GPa]

Revolutions Temperature [°C]

Y35_001
Y35_002
Y35_003
Y35_004
Y35_005
Y35_007
Y35_008
Y35_009
Y35_010
Y35_011
Y35_012
Y35_013
Y35_015
Y35_016

10
10
10
10
10
10
10
10
10
10
10
10
10
10

2

5

5

5

5

5

5

5 0.25
5

5

5

5

5

5 0.25
5

21
21
21

500

500
21
21
21
21
21
21
21
21
21

Table 3.3.: Y35-ferrite HPT compressed samples.

Sample

Diameter [mm]

Pressure [GPa] Temperature [°C]

Y35_comp_o001
Y35_comp_002
Y35_comp_003
Y35_comp_004
Y35_comp_o05
Y35_comp_006
Y35_comp_oo07

10
10
10
10
10
10
10

5
5
2.5
2.5
5
5
5

21
500
21
21
21
21
21

3.3. High-Pressure Torsion of AINiCo Magnets

Commercially used AINiCo magnet grades of cast AINiCo 3, AINiCo5 and AINiCo 8
are purchased from Bunting magnets. Each AINiCo grade is sandblasted and deformed
for 1 revolution afterwards. For the HPT process, a pressure of 7.5 GPa, and a rotational
speed of 0.6 rpm is used. After the deformation, optical microscopy, SEM, and XRD are
used to characterize microstructural evolution. In table 3.4 the AINiCo with associated

parameters are shown.
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Table 3.4.: AINiCo HPT Samples.

Sample Diameter [nm] Height [mm] Pressure [GPa] Revolutions Temperature [°C]
AINiCo3_oo1 8 3 7.5 1 21
AINiCo3_oo2 8 3 7.5 1 21
AINiCo5_oo1 8 3 7.5 1 21
AINiCo5_oo2 8 3 7.5 1 21
AINiCo8_oo1 8 3 7.5 1 21
AINiCo8_oo2 8 3 7.5 1 21

3.4. Fabrication & Optimization of Magnetic Composite

Materials

For the fabrication of composite materials, the multi-sector disc approach proposed by
A. Hohenwarter is used [7]. In contrast to the experiments performed by A. Hohen-
warter, single pieces were arranged in an alternating pattern without any bonding and
then processed via quasi-constrained HPT. The expected result is a composite with
a fine layered structure. In figure 3.2 a schematic illustration of the multi-sector disc
approach is shown. In the first proof of concept, a composite consisting of Cu and
Armco 617 is fabricated. The sample consists of ¥, pieces with a thickness of 1 mm,
manufactured by electrical discharge machining. All pieces and the anvil’s cavities are
sandblasted and cleaned before assembling. For all composites anvils with a cavity of
0.2mm is used. The multisector stock is consolidated at a pressure of 5 GPa prior HPT
deformation applying 5 revolutions at a rotational speed of 0.6 rpm. Bulk metals are
provided by the Erich Schmid Institute Leoben (ESI).
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Figure 3.2.: Schematic setup of the HPT for the multi-sector disc approach: the segments are assembled
in a disc and then deformed by HPT. The resulting sample shows a thin-layered architecture
of the two alternating phases.

3.4.1. Fabrication & Optimization of Polymer-Metal Composites

To assess the co-formability of the different polymers, composites are fabricated by
combining PVC, POM and PEEK with Cu in the multi-sector disk approach. To
optimize the resulting structure and compensate for the huge difference in yield
strength of the metal and the polymers several optimization steps are conducted. It is
shown in Figure 3.3 the first composite is fabricated using the standard constrained
HPT set-up, using anvil cavities of 0.2 mm in depth. In the first optimization the loss
of polymer material is minimized by inserting a ring in the cavity, which can be seen
in figure 3.3 b). To increase the homogeneity of the composite and further mitigate the
difference in the mechanical properties, the anvil is modified. A larger plane surface
around the cavity increases the present outlet resistance caused by higher friction.
Thus, leading to an increase of lateral pressure on the sample. In addition, the axial
pressure is also increased to 5 GPa. One final optimization is implemented figure 3.3 c)
by using 8 segments and increasing the number of revolutions to 3. To simplify the
assembling process the diameter of the Cu-ring is increased. The latter set-up is shown

in figure 3.3 d).
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Figure 3.3.: Schematic illustration of the optimization steps in the fabrication of polymer-metal com-
posites: a) deformation with ¥ pieces and standard quasi-constrained HPT and the process
parameters previously used for polymers. b) an inserted copper ring provides additional
pressure and mitigates vast differences in mechanical properties. c) the enlargement of
the flat surface around the cavity provides a higher lateral pressure on the sample and
minimizes the material loss through the slit. Also, the pressure is increased to 5GPa. d).
The ring is now located outside the cavity and the amount of deformation is increased to 3
revolutions with a sample consisting of ¥ pieces.

One important factor in the fabrication of polymer-metal composites is the ad-
hesion between the polymer and the metal. To improve the adhesion and minimize
degradation, experiments are also conducted at elevated temperatures. The parameters

used for each sample are summarized in table: 3.5.

Table 3.5.: Polymer-metal composite multi-sector disc HPT samples.

Sample Diameter [mm] Pressure [GPa] Revolutions Sectors Temperature [°C]

PVC-Cu_oo1 8 1 1 4 120
PVC-Cu-R_oo1 8 1 1 4 120
PEEK-Cu_oo1 8 1 1 4 200
PEEK-Cu_R_oo1 8 1 1 4 200
POM-Cu_R_oo1 8 5 1 4 160
POM-Cu_R_oo2 8 5 3 8 21

3.4.2. Fabrication & Optimization of Y35 Composites

Composite fabrication is performed by cutting commercial Y35-ferrites using a wire
saw and deformed with metals and polymers. Cr 625, Fe, and Cu-bulk metals are
prepared in ¥, sectors by electro-discharge machining. To ensure a high friction between
the sample and the anvils, and also clean surfaces, the metal sectors are sandblasted.
All ferrite sectors are sanded by abrasive paper to roughen the surface. Then the ferrite
and metal sectors are assembled in the anvil cavity in an alternating pattern. As process
parameters, 5 GPa pressure and 5 revolutions are chosen. The rotational speed for all

Y35 composites is set to 0.6rpm. After the deformation all samples are cut in half
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using a wire saw, and the phase distribution is evaluated by light microscopy. Table 3.6

shows the process parameters for the Y35-metal composites processed using 4 sectors.

Table 3.6.: Ferrite-metal composite multi-sector disc HPT samples.

Sample Diameter [mm] Pressure [GPa] Revolutions Sectors Temperature [°C]

Y35-Cu 10 5 5 4 21
Y35-Fe 10 5 5 4 21
Y35-Cr 10 5 5 4 21

To achieve an enhancement in the phase distribution, the samples are processed
by decreasing the volumetric fraction of the metal sectors. Thus, 8 sectors of Y35 are
separated by assembling 8 Y35-sectors separated by metal sheets. Figure 3.4 shows the
following optimizations in the process. In addition, the thickness of the metal sheets is
modified [101]. In Table 3.7 the process parameters of the samples, using sheets, are

presented.

Figure 3.4.: Optimization of the fabrication process of magnetic Y35-metal composites using the multi-
sector disc approach: the ¥, sectors used at the beginning are subsequently replaced by sheet
metal.

Table 3.7.: Ferrite-metal composite multi-sector disc with sheet inlay, HPT samples.

Sample Diameter [mm] Pressure [GPa] Revolutions Sectors Sheet thickness [mm] Temperature [°C]

Y35-Cu_s_oo1 10 5 5 8 0.3 21
Y35-Cu_s_oo2 10 5 5 8 0.1 21
Y35-Fe_s_oo1 10 5 5 8 0.15 21
Y35-Fe_s_oo2 10 5 5 8 0.54 21

For the Y35-polymer composites, a similar approach is used. As samples sur-
rounded by a copper ring exhibit far better deformation behavior in the case of
metal-polymer composites, this set-up was initially used for the Y35-polymer compos-
ites. In the preparation process, ¥ sectors are cut from Y35 and polymer disks using
a wire saw and sanded for assembly. The sectors are cleaned with ethanol and then
assembled alternating inside a copper ring. In a final preparation step, the surface is

roughened with sandpaper to ensure high friction between the sample and the anvil.
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After the assembly, the samples, shown in table 3.8 are deformed at a pressure of 5 GPa
for 2 revolutions. To assess the influence of post-deformation annealing (PDA) on the
bonding and the adhesion at the interfaces between phases one identical sample is
annealed after the deformation. The composites are bisected and the microstructure is

evaluated.

As shown in table 3.8 POM was examined in this set-up. The PDA is conducted
under atmospheric pressure at 160 °C for 15 min. This temperature is used for hot
forming of POM in the industry [57]. Therefore, the polymer is able to flow and fill

out pores and cavities leading to a better cohesion of the composite.

Table 3.8.: Ferrite-polymer composite multi-sector disc HPT samples.

Sample Diameter [mm] Pressure [GPa] Revolutions Sectors Temperature [°C]
Y35-POM_Roo1 10 5 2 8 21
Y35-POM_Roo2 10 5 2 8 21°C and annealed 160 °C 15 min

Further, POM and PTFE are processed using a slightly modified sample assembly.
The % sectors are replaced by polymer sheets and the remaining Y35 are sanded to
fit in the now smaller spaces, as depicted in figure 3.5. Deformation parameters are
changed to 2 revolutions at 5 GPa. The PDA process now is conducted under pressure,

using the hot air gun. All process parameters are shown in table 3.9

Figure 3.5.: Optimization of the fabrication process of magnetic Y35-polymer composites using the
multi-sector disc approach: the ¥ sectors pressed in a Cu ring used at the beginning are
replaced by polymer sheets.

Table 3.9.: Ferrite-Polymer composite multi-sector disc with sheet inlay, HPT samples.

Sample Diameter [mm] Pressure [GPa] Revolutions Sectors Sheet thickness [mm] Temperature [°C]
Y35-PTFE_s_oo1 10 5 5 8 0.85 21
Y35-POM_s_oo1 10 5 2 8 0.5 21°C +annealed 160 °C 15 min
Y35-POM_s_oo2 10 5 2 8 0.5 21
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3.4.3. Fabrication of SrFe;2019 Powder-Composites

For the fabrication of composite materials by HPT using powders as starting materials,
SrFe ;0,4 is mixed with a second species in a volume ratio of ¢; = 50 %. The starting

materials are listed in table 3.10.

Table 3.10.: Starting powder.

Manufacturer ~ Chemistry Purity Specification
Hauner gmbH Cu 99.70% 100 pm
Alfa Aesar Cr 99% -325 mesh
Matek Fe 99.90% -100+200 mesh
SigmaAldrich PTFE > 40pm
SigmaAldrich  SrFe;,O.9 99.50% -325 mesh

After the mixing by shaking, the powder was processed by HPT as shown in
tigure 3.6. All process steps including loose powder are performed in a glovebox under
an inert atmosphere. In a first step a copper ring is glued on the lower anvil, with a
cavity of 0.25mm, and filled with powder, and an enclosure is placed around the anvil.
After the second anvil is placed on top of the lower anvil and aligned, the enclosure is
sealed to ensure an inert atmosphere during compaction. Billets with a diameter of
2 8mm and an average height of 1.5 mm are pressed with 2.5GPa and %, revolution.
For the compaction and deformation the same rotational speed of 0.6 rpm is used. The
Billets are later cleaned and deformed. For the deformation the anvils with a cavity
of 0.2mm are prepared by sandblasting. Then the deformation is conducted at 5 GPa
for 5 revolutions with the same rotational speed as used for compaction. The samples
and parameters are summarized in table 3.11. After the HPT process, a microstructural
analysis using SEM and XRD is conducted. Additionally, magnetic hysteresis loops are

measured in the compressed and deformed state.
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Figure 3.6.: Schematic setup of the HPT for the powder processing: the powder is filled in a copper ring.
Then pressed as the anvil moves for 90°, in an enclosure. In a further step, the pressed disc
is deformed via HPT. During deformation, the particles get stretched and refined.

Table 3.11.: SrFe12019-powder composite HPT samples.

Sample Diameter [mm] Pressure [GPa] Revolutions Powder Temperature [°C]

PCoo1_SrFeO-PTFE_Poo4 8 5 5 Poog 21
PCoo2_SrFeO-PTFE_Poo4 8 5 5 Poog 21
PCo03_SrFeO-Cr_Poo2 8 5 5 Poo2 21
PCoo4_SrFeO-Cr_Poo2 8 5 5 Poo2 21
PCoos_SrFeO-Fe_Poo3 8 5 5 Poo3 21
PCoo6_SrFeO-Fe_Poo3 8 5 5 Poos 21
PCoo7_SrFeO-Cu_Poo1 8 5 5 Poo1 21
PCo08_SrFeO-Cu_Poo1 8 5 5 Poo1 21
PCoog_SrFeO-Cu_Poo1 8 5 5 Poo1 21
PCo10_SrFeO-Cr_Poo2 8 5 5 Pooz 21
PCo11_SrFeO-Fe_Poo3 8 5 5 Poos 21
PCo12_SrFeO-PTFE_Poo4 8 5 5 Poog 21
PCo13_SrFeO-PTFE_Poog 8 5 5 Pooyg 21
PCo14_SrFeO-PTFE_Poog 8 5 5 Pooyg 21
PCo15_SrFeO-Cr_Poo2 8 5 5 Poo2 21
PCo16_SrFeO-PTFE_Poo4 8 5 5 Poog 21
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3.5. Annealing of Y35-Ferrites

To study the influence of thermal treatment on commercial Y35-ferrites, a series of
annealing experiments are conducted. Commercial ferrites are annealed under atmo-
spheric conditions at 300 °C, 500 °C, 700 °C, 900 °C and 1100 °C. After the annealing,

the ferrites are air cooled. A schematic profile is given in figure 3.7.

Figure 3.7.: Schematic temperature profile of the annealing process.

Analysis of the microstructure and occurring changes in chemistry or crystallogra-
phy are conducted with light microscopy (Olympus BX51) and XRD like described in
chapter 3.6. Changes in porosity are evaluated using the Image] software. A detailed
description of the method used is provided in appendix A.1. The influence on the
magnetic properties is evaluated via measurements of full hysteresis loops using a

Brockhaus hystograph HG 200.

Table 3.12.: Annealed Y35-ferrite.

Sample Temperature [°C] Time [h]

Y35_006 500 4
Y35_014 300 4
Y35_018 500 4
Y35_019 700 4
Y35_020 900 4
Y35_021 1100 4
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3.6. X-Ray Diffraction

For the XRD experiments, a Bruker D2 Phaser table-top instrument is used. All experi-
ments are conducted with Co K, radiation with a mean wavelength of 0.179 026 nm.
To collimate the incident beam, a 2.5° soller slit and a 0.6 mm divergence slit are used.
A 1mm scatter screen above the sample reduces the signal coming from the sample
holder, by reducing the irradiated area. In the secondary beam path, an Fefilter is
used to reduce the Kg peaks in front of a soller slit and the 1D Lynxey line detector as

shown in figure 3.8.

Figure 3.8.: Schematic setup of the XRD Measurements with the Bruker D2 Phaser.

3.7. Magnetic Measurements

To examine the influence of HPT on the Y35-ferrite and the powder composite samples,
full loop magnetization curves are measured using a Brockhaus HG 200 hystograph. For
this reason, the surfaces of the samples are leveled using sanding. Since the minimum
height for measurements is 1.3 mm, two deformed samples are stacked and measured.
Compacted powder billets and undeformed Y35 samples fulfill the specifications and
are measured as depicted in figure 3.9. The sample is inserted in the surrounding coil
with a @ 10 mm and placed between the poles of the electromagnet. After the poles are
secured against movement with two eccentric levers, the measurement is performed
using the Magexpert software. Artifacts can occur at high fields using this set-up, the

initial current is set to 15 A to magnetize the sample and then reduced step-wise, till
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an acceptable hysteresis loop, reaching Js but displaying a minimum image effect, can

be measured.

Figure 3.9.: Schematic setup of the magnetic measurement. The magnetization curve is measured with
a flux meter and 2 surrounding coils placed around the sample in the air gap. For better
centering the polymer holder of the coils are attached to the pole shoe with a concentric
ring.

The measured data is processed by a Python script to eliminate any offset. Also,
this script is used to extract magnetic parameters, like H, Js, B and BHpax. In some
cases, a relatively flat crossing of the magnetization curve and the magnetic field, H, axis
occurred. In these cases, the measured values around 0 are interpolated using a linear
function to avoid errors in the correction and calculation caused by fluctuations leading

to multiple crossings of the H-axis. The used coder is shown in the appendix A.2.
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For every class of samples the results of experiments described in chapter 3 are
presented with representative micrographs. The results of the magnetic measurements

are given in the corresponding tables.

4.1. HPT of Polymers

Figure 4.1 shows the samples of PP, PEEK, PVC, PTFE and POM. Except for PP
and POM a deformation for 1 revolution at 1 GPa leads to heavy surface damage.
In the PTFE sample, a rupture in the middle of the disc occurred in addition to
the lamellar surface damage seen in the PEEK RT sample. The PP sample displayed
good deformability at RT at low torque levels, with a relatively smooth surface. PEEK
displayed heavy surface damage while POM displayed a similar behavior as PP with
some structures, similar looking to shear bands visible at the surface. PVC on the
other hand shows a slightly different behavior. Instead of the lamellar surface damage
observed at PEEK, small cavities are formed. At elevated temperatures, near Ty,, the
behavior changed for all polymers. At 100 °C, PP shows a wavy surface with visible
structures looking similar to shear bands. As it can be seen in figure 4.1 the increase in
temperature has a slight impact on the deformability of PEEK. Also, the formation of

voids and cracks within the sample volume is observed.
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Figure 4.1.: Images of the sample surface of HPT discs made of PP, PEEK, PVC and PTFE, processed at
RT and processed near the melting point. At the right: image of the sample surface of the
POM HPT disc processed at RT.

A detailed micrograph is given in figure 4.2. The lamellar, pouch-like damaged
surface structure can clearly be seen in (a). Further examination reveals cracks and
voids in the cross section of the HPT disc (b). The slightly visible pattern under
the polarized light used for this image also suggests the presence of smaller defect
structures. This is confirmed in by image (c) where several smaller pores can be seen
and a crack tip with coalescing lenticular pores is visible. PVC deformed at 120 °C
shows good deformability with only small surface defects, compared with PEEK. But
exhibits a rather low torque. Similar to PEEK the surface defects on the PVC sample
exhibit a lenticular shape. As seen in figure 4.1 some structures similar to shear bands
are visible at the surface. POM displayed a similar behavior with a remarkable decrease

in visible surface structures at 160 °C.
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4.1. HPT of Polymers

Figure 4.2.: Surface of the PEEK sample deformed at 200 °C (a), radial cross section overview of the
PEEK sample deformed at 200 °C (b), void- and crack formation in the sample (c).

As described in chapter 3.1, a PTFE sample made from PTFE sheet material is
deformed in preliminary HPT experiments. XRD analysis confirmed its composition of
pure PTFE. These samples behaved similarly to the samples cut from extruded virgin
PTFE (THOMAPLAST ®) at RT but shows a different behavior in the deformation near
Tm. Whilst the virgin PTFE samples displayed torque about 60 to 70 N/mm? during the
whole deformation and, in contrast to all other polymer samples, the sample surface
looked mostly untouched. The PTFE sample turned out from the sheet material displays
a similar torque in the 5 revolution, after strain hardening. A smooth surface without
cracks after deformation was accomplished. For PP and PEEK, the amorphization
process takes place during HPT. Amorphization is confirmed by XRD and shown
in figure 4.3 (a-c) and figure 4.4 (a-c). While for PEEK a complete amorphization is
observed, PP shows an increase in orientation along the (200) plane and a higher
remaining crystallinity at elevated temperatures. XRD patterns for PP are indexed
using data from Clark [102] and De Rosa et al. [103]. For PEEK, crystallographic data

from Fratini et al. [104] is used.
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Figure 4.3.: XRD of PP deformed for 1 revolution Figure 4.4.: XRD of PEEK deformed for 1 rev-
at 100°C (a), deformed for 1 revolu- olution at 200°C (a), deformed
tion at RT (b) and pristine PP (c). for 1 revolution at RT (b) and

pristine PEEK (c).

4.2. Metal-Polymer Composites by Multi-Sector Disk
HPT

In the first experiments utilizing ¥ segments (Cu-PEEK and Cu-PVC), most of the
polymer is pressed out of the anvil cavity. The remaining polymer in the sample
displayed no co-deformation and weak adhesive interfaces. A slight increase of polymer
fraction in the deformed sample is achieved for samples with an additional constraining
Cu-ring (Cu-PEEK and Cu-PVC). But no co-deformation is observed. In contrast
to previous samples, the Cu-POM composites show co-deformation in 2 different
configurations. The first sample consisting out of ¥, segments pressed in a Cu-ring
was deformed for 1 revolution at 5GPa and RT. In figure 4.5 (a) the microstructure
of this sample is depicted. A further optimization is achieved through the increase of
segments to ¥ and in amount of revolutions. For the sample deformed for 3 revolutions,
a layered composite structure is observed and depicted in figure 4.5 (b). One persistent
drawback is the low adhesive bonding between the metal and the polymer leading to

a clearly visible delamination.
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4.3. HPT of Magnetic Materials

Figure 4.5.: Micrographs of Cu-POM composites: ¥, segments deformed at RT and 5 GPa for 1 revolution
(a) and s segments deformed at RT and 5 GPa for 3 revolutions (b).

4.3. HPT of Magnetic Materials

4.3.1. HPT of Y35 M-type Hexaferrite

As described in chapter 2.2.1 mechanisms of deformation in ceramics are rather intricate
processes. An interesting behavior is displayed by the commercial Y35 magnets during
HPT. Despite observed stick-slip during HPT, processed samples show some affected
regions. A deformation at 2.5GPa and RT for 1 revolution results in a significant
change of microstructure. Grains are fractured into particles, rearranged and refined.
The whole sample cross section displays a nonuniform microstructure containing
regions with fine rearranged particles besides regions with big particles, as shown in
tigure 4.6 (a) and (d). The white dots in the pictures are fused silica relicts. Elongated
small particles suggest the existence of plastic deformation. However, thin lines through
these small particles show that the main forming process is the compaction of small
particles into these elongated structures. The refined areas become more pronounced
with higher pressure and more rotations. This correlation is depicted in figure 4.6 (a - f).
A slight shift of peak positions in the deformed samples also indicates the existence of
lattice strain, although the exact behavior is not reproducible like shown in figure 4.7 (a-
c). Also, a change in preferred orientation is observed by the XRD analysis, since the
maximum intensity shifts from (8) to (107) and (114) respectively. All samples also

exhibit parallel angular microcracks through the particles, visible in figure 4.6.
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Figure 4.6.: SEM micrographs of Y35 deformed by HPT : for 1 revolution at 2.5GPa in the center of
the sample (a), for 1 revolution at 5 GPa in the center of the sample (b), for 5 revolutions at
5GPa in the center of the sample (c), for 1 revolution at 2.5 GPa at the outer radius of the
sample (d), for 1 revolution at 5 GPa at the outer radius of the sample (e) and 5 revolutions
at 5GPa at the outer radius of the sample (f).

Figure 4.7.: XRD pattern of Y35 deformed by HPT for 5 revolutions at 5GPa (a-b) and the pristine
commercial Y35-ferrite. Indexed using data from Obradors et al. [76] and Rahman et al.

[105].

SEM micrographs obtained after compression in the HPT tool showed that the

angular microcracks already form at this step. Also, a reduced porosity is observed
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4.3. HPT of Magnetic Materials

in the HPT processed and compressed state. Figure 4.8 shows the microstructure
of the pristine magnets (a) compared to the microstructure resulting from uniaxial
compression with 5GPa (b). Images are taken in the center of the samples. After HPT
processing, Y35 samples incline to fragment spontaneously during cutting, grinding,

or even through slight vibrations.

Figure 4.8.: SEM micrographs of pristine Y35 (a) and Y35 after uniaxial compression with 5 GPa (b).

Magnetic measurements reveal an increase of the magnetic hardness, from x =1.63
to 2.99 for samples deformed for 1 revolution. But a sharp reduction in BHmax, Ms,
H., and B; is observed. An overview of measured values is given in table 4.1 and
figure 4.9 (a-e). Figure 4.9 (b-e) describes the ond quadrant of the single measured
magnetization curves. In summary, HPT processing results in smaller magnetization
curves with a less rectangular shape with a significant variation of measured magnetic
parameters even for samples deformed with the same process parameters. This can be
seen in figure 4.9 (a) where the samples deformed for 0.25 revolutions yield a rather

high discrepancy.
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Figure 4.9.: Magnetization curves of Y35 deformed by HPT: overview J-H curves for uni axial pressed to
deformed for 1 revolution (a), 2™ of the magnetization curves for pressed samples (b), ond
of the magnetization curves for deformed samples 0.25 revolutions (b), 0.5 revolutions (c), 1
revolution (d), and 2" of the magnetization curves for the pristine material (e).
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4.3. HPT of Magnetic Materials

Table 4.1.: Magnetic parameters of the deformed Y35 Hexaferrites.

Deformed Y35 Hg[kA/m] Heg[kA/m] BemT] Js[mT] BHmax[K/m’]
Pristine 226.7 222.8 386.5  405.7 27.9
(X-Y corrected raw data)

Pristine . 226.7 222.9 380.3  405.5 26.9
(Interpolation)

Pressed 2.5 Gpa

(X-Y corrected raw data) 911 69.6 198.4 269.75 +9
Pressed 25 Gpa 94.38 71.9  199.5 285.1 4.9
(Interpolation)

Pressed 5 Gpa

(X-Y corrected raw data) 806 69-4 2113 2961 >3
Pressed 5 Gpa

(Interpolation) 80.87 69.3 204.9  295.8 5.0
0.25 revolutions 5GPa 103.2 7.3 2185 249.28 54
(X-Y corrected raw data) ' ' ' ’ '
0.25 revolutions 5GPa 94.071 4.2 28 3332 6.1
(Interpolation) ' ' ' '
0.5 revolutions 5GPa

(X-Y corrected raw data) 963 651 1755 263.6 33
0.5 revolutions 5GPa

(Interpolation) 96.55 65.0 177.6  265.0 3.4
1 revolution 5GPa 112.7 74.5 161.8  222.1 3.6
(X-Y corrected raw data)

1 revolution 5GPa 1127 46 150.9 221, 35

(Interpolation)
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Despite no shift in peak position is observed in XRD, the structural evolution
of samples deformed at 500 °C shows no significant difference to experiments at RT.

Associated XRD patterns are shown in figure 4.10.

Figure 4.10.: XRD pattern of Y35 deformed by HPT at 5 GPa and 500 °C for 1 revolution (a), 5 revolutions
(b) and the pristine commercial Y35-ferrite. Indexed using data from Obradors et al. [76]
and Rahman et al. [105].

Y35 samples deformed at higher temperatures exhibit a conical shape, as shown
in figure 4.11 accompanied by a deformation of the anvil. A insufficient deformation

behavior is expected, thus, no further experiments have been conducted.

Figure 4.11.: Y35 samples deformed by HPT, at 5 GPa and 500 °C for 5 revolutions (a-b), 1 revolution (c).
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4.3. HPT of Magnetic Materials

4.3.2. HPT of AINiCo Alloys

The microstructure of all 3 AINiCo grades is investigated preliminary to the deforma-
tion. Figure 4.12 (a-c) shows the microstructure of AINiCo8, AINiCo5 and AINiCo3
respectively. No etching is applied to the polished samples. In AINiCo 3 black struc-
tures can be seen on the polished sample with the naked eye, suggesting some degree
of porosity due to casting defects. Since small round or elongated objects visible in
microscopic images likely are nonmetallic inclusions [106, 107], further studies are
necessary to distinguish between precipitates and pores in this micrograph. The bright
regions indicate the presence of a 3™ phase. In the AINiCo5 alloy the existence of non-
metallic inclusions is also observed. AINiCo 8 displays a more complex microstructure
with elongated nonmetallic inclusions, small areas of a 3™ phase and small round

inclusions.

Figure 4.12.: Optical micrographs of the pristine AINiCo magnets, AINiCo8 (a), AINiCo5 (b) and
AINiCo 3 ().

Further investigation with BSE microscopy reveals the nano-structured microstruc-
ture of the AINiCo alloys. In figure 4.13 (a-f) the microstructure of AINiCo 3, AINiCo5
and AINiCo 8 is shown respectively. Whilst (a-c) shows overview images, affirming the
observations of the light microscopy described previously, the images (d-f) show the
detailed structure. The marbled pattern originates in the arrangement of the darker o,
precipitates in the a; matrix. One intriguing observation is the decrease in size and
the increase in orientation of the «, precipitates, from AINiCo3 to AINiCo 8. The 3¢
phase observed in the light microscopy image of AINiCo 8 is found to form at grain

boundaries and shows a multi-phase configuration.
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Figure 4.13.: BSE micrographs of the pristine AINiCo magnets, AINiCo3 (a and d) , AINiCo5 (b and e)
and AINiCo 8 (c and f).

After the deformation microstructural analyses are carried out by SEM. A colum-
nar refined microstructure with broken and deformed inclusions is observed for all
AINiCo grades. Figure 4.14 (a-i) shows the pristine microstructure compared to the
refined. In AINiCo5, (e), a fracture, growing from a deformed inclusion is seen. Also
in AINiCo 8 cracks are seen at the interface between the 3™ phase along the old grain
boundaries. Remarkable is the change in orientation and form of the precipitates. A
similar microstructure is observed by Zhang et al. [108] in AINiCo alloys deformed by
hotrolling. Whole grains get smaller, the precipitations, formed by spinodal decompo-
sition get tilted (creating a seemingly coarsening)and less defined. This especially can
be seen in the comparison between figure 4.14 (g) and (i). During XRD, a change in
the peak sequence is observed. After deformation, all 3 AINiCo grades show the same
peaks. In contrast to their pristine state, where the patterns are distinct for each grade.
In the case of AINiCo 8, the a, present in the pristine pattern can not be resolved in

the deformed state. XRD patterns of AINiCo alloys are presented in appendix D.
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4.3. HPT of Magnetic Materials

Figure 4.14.: BSE micrographs of deformed AINiCo magnets. The pristine microstructure is shown in
the left column as reference. AINiCo 3 (a—c), AINiCo5 (d-f) and AINiCo 8 (g—i).

Magnetic measurements reveal a similar trend as for the HPT processed Y35-
ferrites. Figure 4.15 (a-c) shows the measured magnetization curves of pristine and
deformed AINiCo alloys. The x increases about 0.2 for AINiCo 5 and AINiCo 8 whereas
the BHmax drops to values between 0.60k/m® and 2.97 K//m3. The measured magne-
tization curves get smaller and tilted. Measured values are given in table 4.2 and

table 4.3.
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Figure 4.15.: Magnetization curves of AINiCo magnets, AINiCo 8 (a), AINiCo 3 (b) and AINiCo5 (c).

Table 4.2.: Magnetic parameters of pristine AINiCo.

Pristine He[kA/m] HgkA/m] BymT] JsmT] BHmax[K/m?]
AINiCo 3 68 ‘ oone 8
(X-Y corrected raw data) 445 40 5754 5 67
AINiCo 3
(Interpolation) 44-5 46.8 570.9  1000.6 8.6
INCod 0 2 1212.8 128 6
(X-Y corrected raw data) 47 47 : 9.9 305
AINiCo 5
(Interpolation) 471 47.3 1208.7 1288.9 36.3
AINiCo 8
(X-Y corrected raw data) +? 1223 785.0  1041.1 315
AINiCo 8
(Interpolation) 1143 1221 7703 10345 30.6
Table 4.3.: Magnetic parameters of deformed AINiCo.
Deformed He[kA/m] HgkA/m] BymT] JsmT] BHmax[K/m?|
AINiCo 3
(X-Y corrected raw data) - 29-4 106.8 7758 0.6
AINiCo3
(Interpolation) 223 29-2 105.9 7610 0.6
AINiCo 5 261 ] N o 1
(X-Y corrected raw data) ' 315 72 929. :
AINiCo5
(Interpolation) 260 315 1722 9248 1.2
AINiCo 8 o , 6o i .
(X-Y corrected raw data) 2> 729 . 713 3
AINiCo 8

52.8 73.0 213.7 700.6 2.9

(Interpolation)
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4.4. Metal-Y35-Hexaferrite Composites by Multi-Sector
Disk HPT

For each material combination, a microscopic overview is given in figure 4.16 (a-d).
In general, plastic deformation is mainly limited to the metal. The ceramic builds big
islands in the sample, prone to delamination, if isolated at the sample surface. Also
visible is the influence of difference in strength and hardness of the materials on the
co-deformation. Composites containing Cu (a) or Fe (b) display more interconnected
ceramic regions. The Cr composite (c) displays more detached ceramic islands in the
metal matrix. No sample shows a sufficient layered microstructure. In figure 4.16 (d), a

Cu-Fe sample deformed with the same parameters is shown for reference.

Figure 4.16.: Microgaphs of HPT samples fabricated by the multi-sector disk approach using ¥, segments:
a) Y35-Cu composite, b) Y35-Cr composite, c) Y35-Fe composite and d) Fe-Cu Composite.

In Figure 4.17 (a-d), resulting microstructures of the deformation with sheet metal
are shown. No positive effect of reducing the ductile metal fraction is observed.

Figure 4.17.: Microgaphs of HPT samples fabricated by the multi-sector disk approach, using ¥ segments
and sheet metal inlays: a) Y35-Cu composite using 0.3 mm sheet material, b) Y35-Cu
composite using 0.1 mm sheet material, ¢) Y35-Fe composite using 0.54 mm sheet material
and d) Y35-Fe composite using 0.15 mm sheet material.
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4.5. Polymer-Y35-Hexaferrite Composites by Multi-Sector
Disk HPT

Figure 4.18 (a-d) shows micrographs of the samples Y35-PTFE s oo1, Y35-POM Roo2
and Y35-POM s oo1 respectively. HPT processing of Y35-PTFE composites result in a
fragile HPT sample. No bonding is achieved between PTFE and the ceramic phase.
Image a) shows half of an HPT disc fractured after cutting along the polymer-ceramic
interface. The majority of PTFE is lost during the HPT process. Remaining PTFE
functions as interface causing material failure. The Y35-POM sample shows a slightly
different behavior. Since the deformability of POM is better than PTFE during HPT
deformation at RT, POM fills out gaps and flows around ceramic islands. Still bonding
of the polymer and the ceramic phase is not sufficient. Although the applied PDA
improves stability, still a satisfactory joint does not develop. Minimizing the fraction
of the polymer does not improve structural stability, similar to the metal-ceramic

composites.

Figure 4.18.: Optical micrograph of the deformed polymer-hexaferrite composites via multi-sector disk
HPT: Y35-PTFE sample with PTFE sheet inlays a); Y35-POM % pieces pressed in the Cu
ring, the Cu lining in the picture is added to ensure stability during sample preparation b);
Y35-POM with POM sheet inlay (c).

4.6. SrFe 2019 Powder Composites by HPT

Figure 4.19 (a-c) shows micrographs of compacted SrFe;,0.9-M samples, where M
is the metal. All three combinations show a sufficiently distributed two-phase mi-
crostructure with some remaining porosity. Also remarkable is the size of the formed
single-phase regions. Whilst Fe and Cu form rather coarse structures, the structure of

the compacted Cr sample is comparatively fine.
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Figure 4.19.: Optical micrograph of powder composites compacted at 2.5GPa: SrFe;,O,9 - Cu (a),
SrFe;,0;4 - Cr (b) and SrFe;,0,4 - Fe (c).

For the SrFe;,O,4-PTFE sample a successful compaction also is achieved by the
same method. As seen in figure 4.20 PTFE is distributed between the SrFe;,0,4 particles,
forming thin films along particle surfaces in a net-like manner. Also, large PTFE islands

are observed. All compacted samples show some porosity.

Figure 4.20.: Optical micrograph of the compacted SrFe;,0,4 - PTFE powder composite: polarized light
microscopy (a) bright field microscopy (b).

After deformation for 5 revolutions at 5 GPa the four samples show various degrees
of refinement. Optical micrographs of the composites are given in figure 4.21 (a-d)
respectively. The Cu composite displays the best stability and a uniform microstructure
over the sample thickness. A clearly visible gradient in phase refinement in the radial
direction is observed. In the sample containing Fe and Cr an gradient is also found in
the axial direction. Also, surface chipping and cracks are seen with increasing amounts
to the outer radial position. Cr composites show a stronger phase refinement as well
as a higher amount of chipping. In general, the Cr composite is fragile and prone
to fracture. Remarkable are the light gray areas on the sample surface at the outer
radius. These regions show fine lamellar structures of Cr and SrFe;,O,y. The polymer
composite, containing PTFE shows a microstructure similar to the compacted sample,
with some refinement at the outer radius. Polymer composite samples are prone to

delamination and fracture.
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Figure 4.21.: Deformed powder composites, 5 revolutions at 5 GPa: SrFe,,0:4-Cu (a), SrFe;,O,4-Fe (b),
SrFe;,0:9-Cr (c) and SrFe;,O,y-PTFE (d).

Further characterization of the microstructure using SEM reveals the difference in
shape and size of ceramic islands in the metal matrix. SEM images of the SrFeO-Fe
sample are shown in figure 4.22 (a, d and g) respectively. Fe shows rather thick wavy
Fe bands between large blocks of SrFe;,O,4. In these bands smaller ceramic islands
are visible. The elongated form of the smaller ceramic regions suggests some degree
of co-deformation. SEM images of the SrFeO-Cr sample are shown in figure 4.22 (b,
e, and h) respectively. Similar to the SrFeO-Fe composite, the SrFeO-Cr composite
displays elongated but more uniform structures. In general, the thickness of individual
regions is smaller than in the SrFeO-Fe composite, and also fine Cr-linings are seen in
the SrFeO regions. SEM images of the SrFeO-Cu sample are shown in figure 4.22 (c,f
and I).In contrast to the Cr and Fe composites the SrFeO-Cu sample shows a relatively
uniform microstructure with fine dispersed SrFeO particles and some larger ceramic

islands.
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Figure 4.22.: BSE image at the outer radius of SrFe;,O,y-M powder composites. Overview: SrFe;,O;4-Fe
(a), SrFe;,049-Cr (b), SrFe;,014-Cu (c). Detailed micrograph: SrFe;,O14-Fe (d), SrFe;,0:4-
Cr (e), SrFe;,0,4-Cu (f), ceramic particles in metal matrix SrFe;,O,4-Fe (g), ceramic particles
in metal matrix SrFe;,0;4-Cr (h), ceramic particles in metal matrix SrFe;,O.4-Cu (i).

For SrFeO-PTFE samples microstructural investigation is only conducted using
light microscopy. As seen in figure 4.23, deformation leads to a reduction of the PTFE
content between the SrFeO particles. This trend is accompanied by a decrease in

stability. Only limited refinement of the microstructure is observed.
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Figure 4.23.: Optical micrographs of the PTFE powder composite at the radial positions of 1.5 mm and
3.5mm: bright field microscopy (a- b) and polarized light microscopy (c-d). The red arrow
marks the location of (d).

For the SrFeO-Fe composite, no valid magnetization curves are measured. Magne-
tization curves of SrFeO-Cu, SrFeO-Cr and SrFeO-PTFE are shown in figure 4.24 (a-c)
respectively. For the Cu and Cr composites, the deformation leads to increasing H. and
decreasing B; values. On the other hand, H. and B; increase for the PTFE composite.
For the SrFeO-Cu and SrFeO-PTFE samples BHpax is slightly increased by deformation
but decreases for SrFeO-Cr. The maximum BHpmax of the composites is displayed by
SrFe,O,y-PTFE. Magnetization curves of SrFe;,0;4-Cu and SrFe;,0,4-Cr are rather
tilted and narrow. Measured values are given in table 4.4 and 4.5. Displacements of the
magnetization curves are not reproducible. Therefore, these displacements can not be

used as indication of exchange coupling.
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Figure 4.24.: Magnetization curves of powder composites: SrFe;,0;9-Cu (a), SrFe;,0.¢-Cr (b) and

SrFe;,0:9-PTFE (c).

Table 4.4.: Magnetic parameters of Compacted Powder Composites.

Compacted Powder Heg[kA/m] HgkA/m] BymT] JsmT] BHmax[K/m?
SrFe12019-PTFE 22.9 41.6 _— 1405 034
(X-Y corrected raw data) ' ' ' ' '
SrFe12019-PTFE 145 26.5 4o.2 1390 02
(Interpolation) ’ ' ' ' '
SrFe12019-Cr

(X-Y corrected raw data) 237 417 5870 1350 04
SrFe12019.-Cr 23.5 41.8 55.7 136.0 04
(Interpolation)

SrFe12019-Cu

(X-Y corrected raw data) 232 419 563 1327 03
SrFe1zO19.-Cu 23.2 42.1 54.5 133.6 0.3
(Interpolation)

Table 4.5.: Magnetic parameters of Deformed Powder Composites.

Deformed Powder Composites Hcg[kA/m] Hg[kA/m| BymT| Js[mT] BHmax[K/m?]
SrFe12019-PTFE

(X-Y corrected raw data) 271 518 678 1659 05
SrFe12019.-PTFE 27.2 51.51 68.7 156.1 0.5
(Interpolation)

SrFe12019-Cr

(X-Y corrected raw data) 297 1350 441 598 03
SrFe12019-Cr

(Interpolation) 30-5 674 433 63.8 03
SrFe12019-Cu

(X-Y corrected raw data) 297 109-2 475 743 0-4
Sre12019-Cu 29.7 109.5 48.0 77.4 0.4

(Interpolation)
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4.7. Annealing of Y35 Hexaferrites

Optical micrographs and determined porosity, for the annealing experiments up
to 700 °C are shown in figure 4.25 and table 4.6. Analyzing the microstructure of
annealed samples, an increase in relative density (p) of roughly 2% is observed
for the annealing at 700 °C. XRD analysis reveals no additional phases or significant
changes in relative intensities. On the other hand a slight shift to higher angles with
increasing temperatures is observed. The (008) peak shifts from 36.177° for the pristine
ferrite to 36.318° for the annealed ferrite at 1100 °C.

Figure 4.25.: Microstructure of annealed Y35 hexaferrite: annealed at 700 °C (a), 500 °C (b) and pristine
Y35 (0).

Table 4.6.: Porosity of Annealed Y35 Hexaferrites.

Temperature Pristine 500°C 700°C

Porosity 9.52 8.78 7.74

No significant influence on magnetic parameters and the magnetization curves are
observed. An overview of the resulting magnetization curves and the corresponding

parameters are given in figure 4.26 and table 4.7.
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Figure 4.26.: Magnetization curves of annealed Y35 hexaferrite: overview of J-H curves (a), the 2™
quadrant of the magnetization curve, including the B-H curve (b).

Table 4.7.: Magnetic parameters of Annealed Y35 Hexaferrites.

Annealed Y35 Hg[kA/m] Heg[kA/m] BymT] JsmT] BHmax[K/m?]
Pristine

(X-Y corrected raw data) 222.6 218.7 3861 4033 279

Pristine

(Interpolation) 223-2 219-2 3859 4045 276

300°C for 4h

(X-Y corrected raw data) 233-5 230.8 379-5 402.0 28.0
300°C for 4h
(Interpolation) 233:5 230.8 3823 4033 274
500°C for 4h
(X-Y corrected raw data) 238.6 235-2 384.7 397.8  27.0
00°C for 4h
?Interpolaéon) 238.6 235.2 373.0 3974  26.1
700°C for 4h
(X-Y corrected raw data) 230-5 226.8 387.0 399.1  27.8
00°C for 4h
Zlnterpolaéon) 2305 226.8 384.8 4004 277
900°C for 4h
(X-Y corrected raw data) 2330 2293 3719 386.2  26.0
00°C for 4h
?Interpolaéon) 2330 229.2 3715 3878 26,0
1100°C for 4h , . o ot
(X-Y corrected raw data) 355 59 369. 304. 5.7
1100°C for 4h
4 235.5 225.8 369.9 386.2 25.7

(Interpolation)
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5. Discussion

5.1. HPT of Polymers

The difference in formability of different polymers is correlated to the chain mobility
and molecular interactions. PP at RT already exists in a softened configuration with
high chain mobility. In consequence, the relaxation behavior as well as the time
dependence of deformation are more pronounced [39]. The phase-transition model
can explain the smooth surface with hardly any visible defects shown in figure 4.1.
This model suggests localized melting of the polymer, at the deformation temperature,
followed by a reorganization and crystallization at the same temperature [109]. Liu et al.
[109] also suggests that the degree of crystallinity of deformed PP only depends on the
deformation temperature. At higher temperatures dislocation activity in crystalline
areas is more pronounced [49]. This coupled with the higher chain mobility and
lower shear modulus results in a lower torque during the deformation. Despite surface
structures looking like shear bands are visible, it is more likely that these structures and
the wavy surface form through interaction between the anvil surface and the sample
combined with flow instabilities. According to Farrotti et al. [110] shear bands in iPP
are more pronounced at low temperatures and high strain rates. For both samples,
the high degree of crystal fragmentation followed by amorphization arises in strains
exceeding the maximum strain of amorphous regions. A simplified deformation model
including the crystal fragmentation is given in figure 2.9. According to Habumugisha
et al. [111], stress-induced crystal amorphization and shear-induced crystal slipping
are the controlling mechanisms during deformation. The higher crystallinity of the
sample deformed at elevated temperature originates in relaxation and crystallization
mechanisms during the cooling process accompanied by the formation of oriented
tibrils [112—-114]. To specify the present damage along with responsible deformation

mechanisms and possible influence of the copolymer, further research is needed.

In contrast to PP, a pressure dependence of the dominant damage mechanism at a

given stress is confirmed by the literature. Yuan et al. [115] describes the presence of a
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brittle to ductile transition under pressure. Above this pressure, the formation of shear
bands is favored instead of crazing. On the other hand, formability is dependent on
the applied strain rate, temperature, and relaxation of the polymer. As a consequence
of the high strain rate applied, the sample deformed in the glass state (at RT) shows a
rather brittle damaged structure at the surface. However, no rupture of the sample is
observed in succession to an increase in ductility. A rise in temperature in general leads
to an increase in chain mobility. A higher chain mobility coupled with high pressure
causes an increase in ductile deformation leading to less surface damage. Moreover,
the white color of some surface structures on the PVC sample, deformed at 120 °C,
also substantiates the presence of shear bands. Further studies are needed to study the

influence of single parameters and present deformation mechanisms [39, 115, 116].

The good deformation capability of POM is mostly caused by the low Tg. As the
RT lies above Tg, the chain mobility is relatively high. Accompanied by thermally
activated deformation of crystalline regions, a high strain without severe damage is
achieved. An increase in deformation temperature leads to a further increase of free
volume, chain mobility, and crystalline deformation, enhancing deformability [39, 49,

117, 118].

At RT, PEEK is deformed at 0.15 Tg. Therefore deformation is mainly moderated
by the amorphous phase in its glass state leading to localized strains between crys-
talline regions. Despite a complete fragmentation of crystalline regions is achieved,
material damage is more pronounced at RT, as the polymer chain movement is limited.
At 200 °C, lower relaxation time and higher chain mobility accompanied by thermal
activated dislocation activity in crystalline regions leads to a better and uniform defor-
mation. Further investigation of the sample surface and cross section not only revealed
heavy surface damage, but also void formation and coalescence in the sample. Voids in-
dicate that the deformation no longer fulfills the condition of volume constancy at this
point [119-123]. According to Pawlak et al. [124] and Argon [39] the formation of voids
is mainly induced by crazing, as cavitation should not occur under pressure loading.
Moreover, a complete amorphization at 200 °C indicates a complete fragmentation of
crystalline regions and the culmination of maximum deformation capability, set by the

chain length. Further investigation on the exact damage mechanisms is recommended
[119-123].

PTFE consists of a soft, amorphous phase and crystalline regions. In contrast to
polymers like PE, PP, or PEEK, PTFE has no spherulitic structure. Instead, it consists

of oriented grains surrounded by the amorphous phase, comparable with the structure

of polycrystalline metals [125]. At both temperatures, the deformation occurs in the
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planar zigzag structure due to the imposed pressure [65]. At RT, the deformation is
mainly moderated by chain amorphous regions, accompanied by some planar slipping
in the crystalline regions [125, 126]. On the other hand, sufficient plastic deformation
is possible due to the less complex microstructure and possible relaxation in the
amorphous regions [125]. With increasing pressure, an increase in elastic modulus is
reported by Sauer et al. [127, 128]. This increase in elastic modulus is accompanied
by a decrease in tensile strain. The limitation in crystal deformation at RT is mainly
responsible for the material failure observed. At 200 °C, crystal deformation is more
likely to occur. Moreover, deformation in amorphous regions no longer is limited by
the glassy state. Instead, the amorphous regions are more comparable with a rubbery
substance, making rearrangement and orientation of crystalline regions easier [126,
127, 129, 130]. This substantially affects the deformability. Comparing the preliminary
experiments with the deformation of THOMAPLAST®, two reasons for the difference

in deformation behavior are existent [125, 126, 129, 130]:

1. A different orientation of the microstructure due to processing. The preferred
orientation in the THOMAPLAST® sample is in the axial direction. Since the
PTFE rod is extruded, polymer chains are oriented in the axial direction, while
in the sample produced by turning, the preferred orientation lies in the radial
direction.

2. In the preliminary experiment the sample is heated to a temperature of 270 °C in
an oven. A change in deformation properties due to thermal history accompanied
by a more even temperature gradient across the sample influences deformation

properties.

Further studies and characterizations, to fully understand the processes during HPT

are advised.

5.2. Metal-Polymer Composites by Multi-Sector Disk
HPT

Sandwich sheet compounds (sheet metal system, SMS) are well-known as innovative
materials in the automotive and aerospace industries. As testing of SMS includes co-
deformation in deep drawing, a comparison of processing SMS with HPT experiments
is reasonable. In literature, the adhesion at the metal-polymer interface is one of
the most important parameters. The initial adhesion in such materials is usually

accomplished using resins as adhesive substances followed by a mechanical treatment
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like role bonding (RB) or injection molding. In all cases, the treatment of the metal
surface plays an important role in the bonding processes. Moreover, all suitable
bonding processes include heat treatment of the metal and an adhesive or melting
of the polymer.[131-134]. Samples in this thesis are not joint before deformation.
Furthermore, no additional surface modifications, like etching or nanostructuring by
laser or plasma treatment, are applied to metal parts, besides sandblasting and cleaning
with ethanol (CH;CH,OH). Pohl et al. [99] describes the mechanism of co-deformation.
At the beginning of deformation, the material with the lower yield point deforms
solely, followed by the emergence of an interface-affected zone. Due to the adhesion
of the joint, this zone is deformed more severely, acting as a stress redistribution and
leading to further plastic deformation in the second phase. Also, the stress shielding
of the stiffer material and phase thickness plays a role. This especially holds for
metallic laminates and also was observed in [101]. In metal-polymer systems, the co-
deformation mechanism including the interface interaction is more complex. There is
the viscoelastic/ viscoplastic behavior of polymers which leads to a different amount of
strain-hardening or softening, depending on the material, as well as different recovery
and relaxation mechanisms. According to van Tijum [131], the interaction of the metal-
polymer interface in the strain-hardening stage of deformation is dominated by the
roughening of the polymer surface. This is due to the emergence of shear bands. The
stored elastic energy in the polymer is one further factor determining the deformation
behavior. Whether delamination occurs depends on the dominating mechanism and
the thickness of the polymer layer. Van Tijum [131] found that polymer layers with
increasing thickness enter a metastable state and are no longer considered stable
against delamination. In addition, Kundig et al. [135] observed similar delamination

effects in HPT co-deformation of polymers and metallic glasses.

In contrast to the studies discussed above, polymer regions in the unprocessed
HPT samples are rather large and deformation is not performed under tension. The
main problem observed in these samples is a lack of adhesion leading to delamination.
For the PVC-Cu and PEEK-Cu samples, the processing temperatures lie between Ty
and Ty, (1.5Tg and 1.38 T4 respectively). Despite Carrado et al [133] suggest better
deformation results at elevated temperatures the pressure is set too low for sufficient
deformation. Also, the similarity of the PVC and PEEK samples is intriguing. PVC is
an amorphous polymer and lacks the additional stability of crystalline regions in the
rubbery state, supporting the hypothesis of possible deformation at higher pressure.
However, at higher pressure (5 GPa) a co-deformation was accomplished at RT and
2.13 Tg using POM. In the multi-sector disk approach, new surfaces are additionally

created during deformation, making bonding more difficult [7, 133]. The improvement
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in the layer structure, observed for increasing amount of segments is most likely
caused by the smaller size of the segments accompanied by a smaller layer thickness.
But at the same time, the POM-Cu sample consisting of 8 segments is more prone
to delamination. One suggestion to overcome this problem is post deformation hot
pressing, to ensure the adhesion. The exact mechanisms present in this co-deformation
process are not fully understood yet and further studies could be of great scientific

interest.

5.3. HPT of Magnetic Materials

5.3.1. HPT of Y35 M-type Hexaferrite

Commercial M-type Hexaferrites in cylindrical shape consist of grains oriented in
the axial direction. The preferred orientation is given by the magnetic easy axis
in [0001] direction [36]. The existent high degree of orientation in Y35 ferrites is
achieved by uniaxial pressing under an external magnetic field [136]. Hodge et al.
[36] describes in his work the usage of deformation by compressive hot forming for
the optimization of magnetic properties. These deformation experiments are based
on creep mechanisms at temperatures above 1000 °C. No deformation experiments
of M-type ferrites at lower temperatures are documented in the literature. At RT,
diffusion processes necessary for creep are not active. In addition, grain boundary
sliding described by Langdon [35] and dislocation movement is not possible at such
low temperatures [20]. Therefore, no sufficient deformation is possible. However the
dominating mechanism for deformation during HPT at RT is the fracture of grains.
This is consistent with the findings of Greenberg et al. [go]. Similar to Hodge et al.
[36], no increase of density during compressive loading is observed. This changes
with applied torsion. Compression creates a microstructure with smaller pores and
a beginning of particle refinement. However, the refined particles are not able to fill
all pores. While during compression reorientation is limited, during HPT, oriented
grains are refined and a material movement towards the edge of the anvil is introduced
[36, 89, 90, 92]. This material flow leads to an increase in reorientation as shown in
figure 5.1. The refinement of grains occurs along stress-activated slip systems in the
hexagonal unit cell marked by linear parallel cracks visible in the SEM micrographs.
The change in geometrical grain shape to rounded edges, with an increasing number

of revolutions is also documented in the literature. Wang et al. [137] describes the HPT
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processing of Mn;O, powder. Moreover, the large variation in grain size in the samples

is based on the same mechanisms described before.

Figure 5.1.: Evolution of crystallite orientation of ceramics during HPT: pristine sample with highly
oriented crystallites (a), reorientation of crystallites during HPT (b) and sample with rear-
ranged crystallites after HPT (c). The loading conditions of the sample, pressure (P), torsion
momentum (M) and the rotational speed (¢) are indicated with arrows.

Measured changes in the magnetic properties are mainly based on the change
of orientation. The influence of change in particle size of the fine grain fraction is
masked by the higher fraction of large grains. Despite the particle size of SrFe;,0;,,
lattice strain can influence the magnetic properties and the latter even can influence
the inter-atomic exchange, through the spacing between atoms. No such influence can
be detected with the used methods [138-140].

Samples deformed at 500 °C show a different behavior. This is mainly to due
the increase in diffusion linked to the elevated temperature. The amount of diffusion
possible in Y35-ferrite is not only dependent on de diffusion in SrFe;,0O;4, but also on
the used additives. SiO,, for example, inhibits grain boundary diffusion [79]. Since
no Si is found in the used commercial materials, grain boundary diffusion should be
possible to some amount [141, 142]. Moreover, this supports the presence of lattice

strain in the deformed sample [20, 35, 36].

5.3.2. HPT of AINiCo Alloys

During HPT in the AINiCo alloys the grain boundary phases break and tilt like it is
presented in figure 4.14. The precipitations are tilted and reoriented. The reorientation
process and grain refinement represent expected development during HPT.AINiCo
alloys are nanostructured materials, displaying a coupled deformation of two o; and

o, phases at RT. Zhang et al. [108] found similar lamelar structures, as shown in figure
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4.14, in AINiCo 8 alloys after hot rolling. According to [108] grains oriented in the
deformation direction are deformed directly in lath-like structures, while other grains
first break into particles followed by reorientation and formation of laths at a defined
angle to the previous grain boundary. Angles between the same o phases are found to
be either 60° or 120°. These angles also are found in the SEM micrographs of AINiCo 5
and AINiCo 8 samples. However, the absence of the de angular relation in deformed
AINiCo 3, is most likely due to the isotropic microstructure before the deformation
[81, 85]. In addition, Zhang et al. described a change in phase composition during
the deformation. The change in composition accompanied by the reorientation and
structural refinement causes the change in the XRD pattern. In AINiCo3 a (110) peak
shift of 0.24° to lower diffraction angles shows the presence of lattice strain [143, 144].
All three AINiCo grades are free of y phase before and after deformation. Magnetic
measurements show a decrease of H, By, Js and BHnax leading to a narrow tilted
magnetization curve. These findings are correlated to the disturbance of the ordered
structure present in the undeformed samples, in particular, to the correlation between
the preferred orientation of the FeCo-rich phase relative to the AlNi-rich phase. This is
consistent with the results of swagging experiments on AINiCo5 by Kolbe et al. [145]
and Zhang et al. [108]. Kolbe et al. [145] conducted magnetic measurements directly
after swagging and reported a decrease in Hc, B; and BHpax. On the other hand Zhang
et al. [108] reported an increase of these properties combined with a change of relative
orientation of the o; and o, phase, after magnetic-field heat treatment. Moreover,
magnetic-field heat treatment and thermal aging play a crucial part in increasing Hc

and BHpay after deformation [108].

5.4. Metal-Y35 Hexaferrite Composites by Multi-Sector
Disk HPT

In experiments using the multi-sector disk approach, the formation of ceramic islands
embedded in metal and alongside pure ceramic regions is based on the same mecha-
nisms described in the chapters above. After compression, the ceramic is cracked in
pieces of various size. During HPT, plastic deformation first occurs in the ductile metal.
Dislocations accumulate at the metal-ceramic interface, imposing additional stress on
the ceramic phase. Since no deformation of ceramic bulk material is possible, these
additional stresses lead to cracking and breaking. On the other hand, this mechanism
is primarily active at the metal-ceramic interface. Thus leading only to the chipping of

small particles from the interface. These particles are further distributed in the metal

73



5. Discussion

by the emerging material flow. In consequence, big ceramic parts are still present in
the finished sample[97]. Following this argumentation, a reduction in ductile metal
fraction leads to less stable samples, without any improvement of co-deformation.
The main reason for the filigree samples is the minimized stabilizing effect of the
ductile phase. Leading to samples mostly consisting of wedged ceramic fragments
[90]. Similar effects were observed by Qi et al. [95] during the fabrication of Cu-ZnO
composites using ZnO powder and Cu sheets. Despite the absence of co-deformation
for this set-up, co-deformation of ceramic and metals is not impossible. According to
Mara et al. [97], co-deformation of metal-ceramic nanolayered composites is possible

for ceramic layer < 5nm (for AI-TiN system). The resolved shear stress in the ceramic

layer (TCIZrSaSmi o) for such a system is described by
RSS  __ _interaction dislocation applied
Teeramic = T + M (Oeramic . + 0 TP) (5.1)
where T/eraction g the stress imposed by the interaction of accumulated dislocations at

the interface, gislocation

. . . . 11 a ll@d .
in o is the residual stress due to plastic incompatibility, c?PP"¢* is

the applied stress and m is the Schmid factor [97].

5.5. Polymer-Y35 Hexaferrite Composites by
Multi-Sector Disk HPT

For the co-deformation of ceramics with polymers not only the plastic incompatibility,
but also the bonding at the interface are major challenges. For PTFE the deformation
temperature is below Ty leading to limited plastic deformation. In addition, the surface
does not bond with the ceramic. The latter is no surprise as PTFE is frequently used as
a lubricant and anti-stick coating [57]. POM, on the other hand, exhibits a good flow
around ceramic fragments. The difference in the deformation behavior of the polymer
is based on the lower Tg. Despite POM is forming a matrix, like shown in figure 4.18
, no co-deformation can be determined and the main refining process present in the
ceramic is based on high pressure and grinding of ceramic particles between the anvils
[90]. This also is supported by the increase of fine and dispersed ceramic fragments
in the sample using POM sheets. Due to the less amount of damping by the polymer
and the higher volume fraction of ceramic, contact between ceramic fragments is more
frequent leading to finer fragments. The limited improvement of sample integrity by
PDA is mainly caused by to short annealing time. In addition, pressure loading during

the annealing provides better wetting of the interface [146, 147].
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5.6. SrFe12019 Powder Composites by HPT

Visible differences in phase distribution, grain size, and porosity in the compacted
samples are caused by the difference in particle size of used powders [96, 148]. The
difference in the shape of metal phases after the compaction is based on the stress
shielding effect of the ceramic phase. Since Fe shows the lowest yield strength it
displays the largest amount of deformation after compacting [97, 99] . In contrast to
the metal-ceramic composites, the polymer—ceramic composites are less porous. This
originates in the PTFE powder displaying a soft, almost spongy consistency. Chen
et al. [98] describes the microstructure of virgin PTFE powder as particles consisting
out of many nanoparticles held together by intermolecular forces. Such agglomerated
particles would describe the observed properties. Moreover, during the compaction
process, these nanoparticles flow in cavities and small pores creating the PTFE network

between ceramic grains observed in light microscopy.

During HPT Cu, Fe, and Cr show a different amount of work hardening. Starink
et al. [149] describes the difference in hardness of pure metals after 15 revolutions. His
result reveals that the difference in Vickers hardness (AHy) of Cr is 9.5 AHy of Cu
and Fe displays a AHy of 6.2 AHy of Cu. Hardness is related to the tensile strength
(curts) by the relation [150-153]

Hy =~ 3oyrs. (5.2)

This combined with the tendency of metals to show decreasing ductility with increasing
ours, lays the basis for the different amount of spalling present in the metal-ceramic
powder composites [22, 154]. As the work hardening increases from Cu to Cr the
samples are more prone to mechanical failure. A similar effect is visible for regions
of different amounts of strain, starting from the middle to the radial direction, result-
ing in different amounts of spalling along this gradient. Most cracks are formed in
the ceramic phase or at the ceramic-metal interface, while the ductile metal phase
acts like a crack arrest. With decreasing ductility, the cracks propagate along the
grain boundaries and ceramic—metal interfaces. A second observation limited to the
SrFe;,0,9—Feand SrFe;,O,9—Cr composites is the pronounced gradient in grain re-
finement and phase distribution along the axial direction. This effect is based basically
on three interlinking effects, co-deformability of the ceramic phase, chosen aspect ratio
(a), and phase distribution. The outer layers of the sample are subject to the most strain
and therefore the first work-hardened zone. In a pure metal the outer layer would

deform, work harden and as the yield strength of the material beneath is reached the
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next layer is deformed. This subsequently leads to the whole sample being uniformly
deformed and work-hardened if a Ya ratio between % and Vi is maintained [89]. In the
investigated composite samples, the powder particles of the ceramic phase are too big
in size to co-deform. This leads to fragmentation of the ceramic as described before for
the multi-sector disk composites. On the other hand, it shields metal layers beneath
from deformation, leading to an increase in work hardening of layers near the surface.
A major difference is the condition of the ceramic phase. Powder particles < 44 um
are only pressed together and fracture of the structure occurs at lower stresses. Since
single-phase regions are a multiple of the particle size in the compacted samples, the
work hardening of surface layers increases and spalling occurs before the material
beneath is deformed homogeneously. This also is supported by the existence of a
fine lamellar structured layer at the surface of the SrFe;,O,y~Cr sample. In this layer,
SrFe;,0O,4 particles first were transported in the Cr phase by the same mechanism
described for the multi-sector disk composites. But as the work hardening and the
grain refinement increase the ceramic phase is distributed in fine laths. The structure
of the layered structure is depicted in figure 5.2 For lath sizes less than 10 b where b is

the burgers vector, even co-deformation is believed to be possible [97, 137].

Figure 5.2.: Optical micrographs of the deformed SrFe,;,0;9—Cr powder composite at radial position
3mm at the sample surface.

To achieve an exchange coupling interaction between the soft and hard magnetic
phases, the maximum dimensions of soft magnetic regions are limited. At a layer

thickness of the soft magnetic phase, higher than double the domain wall thickness (J;)
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in the hard magnetic material, no exchange coupling is possible. Since in SrFe;,0;,,

Opis ~ 10.5nm, the maximum thickness of metal phase should not exceed ~ 21 nm
[155, 156].

Bigger Cr or Fe regions in the composite are shaped in curls. These curls resemble
structures observed by Qi et al. [95] as a result of vortex-like flow instabilities in the
HPT sample. A microstructural optimization of the SrFe;,O,y—Feand SrFe;,O,4—-Cr
powder composites should be possible with powder of smaller particle size, sufficient
mixing, higher deformation pressure, and a decrease in sample thickness [89, 92].
The SrFe;,0;¢—Cu powder composite displays a different deformation behavior. Due
to the lower work hardening, the SrFe;,O;4 phase is more evenly distributed. The
metal phase exhibits plastic material flow dispersing ceramic fragments, without crack
propagation in Cu. But still ceramic fragments are too large in size for co-deformation
to occur. However, it is remarkable that many clusters of SrFe;,O,y accompanied with
a significant porosity remain in the finished sample. Considering this besides the lower
amount of flow instabilities in the SrFe;,O,q—Cu sample points to another important
influence, the particle size ratio of used ceramic and metal powder (>/pm=, where D

is the average particle size) [96].

In the SrFe;,O,y—PTFE powder composite the refinement of the ceramic phase
is less pronounced. Since the hardness of PTFE is much lower than the hardness of
SrFe;,0,4, even in the work-hardened state, no co-deformation is possible. Moreover,
the polymer phase consisting of nanoparticles, is pressed out between the ceramic
grains with increasing deformation. Therefore refinement of the ceramic is dominated
by chipping of fragments under the imposed pressure. Deformation is limited to the
PTFE phase in the form of nanoparticles sliding over each other with a small amount
of deformation of the nanoparticles itself where sliding is not possible [97, 98, 126].
In literature, PTFE-ceramic composites are often accomplished using a cold sintering
approach. While the method controlling the arrangement and size of the two phases
is variable, the sintering step is important to form a stable polymer matrix along the
grain boundaries of the ceramic phase. If a powders processing approach is chosen
sufficient mixing is crucial. In addition, the ceramic powder can be surface treated to

optimize interfacial adhesion [157-160].

Hard magnetic composites in literature are either based on dispersed magnetic
particles in a polymer phase or nano-composite materials with tuned properties
utilizing coupling mechanisms between the phases. In magnetic composites where both
phases are too coarse for coupling interactions, the net magnetic flux is a superposition

of the magnetic flux of both phases. This mechanism is the same for soft and hard
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magnetic materials [156, 161-169]. In general, the magnetic properties of the composite
material are related to the fraction of magnetic phase, the orientation of the magnetic
particles, the particle size and shape [161-164]. The decrease of B; in the SrFe;,0,4-Cu
and SrFe;,0,¢-Cr composite with deformation is based on the slight decrease of [0001]
orientation of the ferrite. H, on the other hand, increases slightly due to the existent
grain refinement [161, 170]. In the deformed composites, the single phases still are too
coarse for exchange interactions [78]. Due to the large particle size, the SrFe;,0;4-Fe
composite shows the behavior of a soft magnetic composite [162, 163, 170]. For the
SrFe;,0,y-PTFE composite the main parameter is the amount of polymer between the
ceramic particles accompanied by the distribution of the magnetic phase. In contrast to
the compacted SrFe;,O,4-PTFE samples, the deformed sample show larger SrFe;,Oq
clusters with less PTFE between the ceramic particles. The PTFE, still present in the
ceramics, is distributed as thin film along the grain boundaries. This leads to a increase

of H. and B, with deformation [171].

5.7. Annealing of Y35 Hexaferrites

The observed densification is supported by grain boundary diffusion processes [141,
172]. Typical sinter temperatures for M-type ferrites lie in the range of 1000 °C to
1300 °C. Since temperatures beneath 700 °C are significantly lower, only grain boundary
diffusion is active at the temperatures considered above [136, 138, 141, 173]. For higher
temperatures, volume diffusion and increasing triple point mobility [174] are also to
be considered. The peak shift in the XRD is most likely caused by defects. A shift to
higher 2 6 values is linked to a decrease in the size of the unit cell. Moon et al. [175]
and Lee et al. [176] observed similar peak shifts as an result of Ca and Al substitution
in SrFe;,O,y M-type ferrites. The slight decrease in B, is also an effect documented
by Lee et al. [176] for Substitution, but grain growth and a change in orientation
also play a role. The increase of H. with increasing temperature also supports the
substitution theory as Wang et al. [77] and Lee et al. [176] observed similar effects
for low levels of substitution by Ca and Al. Furthermore, the drop in Hg at 700°C
followed by an afresh increase, is caused by the increase of grain boundary diffusion.
At 300 °C to 500 °C, the grain growth is slow, as the grain boundary diffusion is low
at these temperatures. Ca® and Al" ions are already mobile enough to participate
in Schottky and Frenkel reactions [141, 142]. Since no diffusion data for SrFe;,0O;,,
except self-diffusion described by Zhukovsky et al. [142] is available further studies

are advised. With further increase in temperature, the grain growth rate gets larger
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and Hg drops to a lower value. Since not only the grain growth, but also the cation

diffusion increases, H increases. Ca and Al are confirmed in the used material by
EDX.

Figure 5.3.: Evolution of Hgj with increasing temperature.

Values for Js should be reconsidered in further studies since the Ub ratio is only 0.3.
According to Higgins et al. [14] and Chen et al. [15, 16] the b ratio should be > 1.8 to
ensure a well defined magnetic field across the whole sample, which is important for
valid measurement results. This value of minimal b ratio is also affirmed by Bapu [13].
The results in this thesis affirm the negligibility influence of grain growth on magnetic
properties up to the sinter temperature. Moreover, CaO and Al,Oj; are used to achieve
small grain sizes, along with a high density, optimized B, and a higher stability against

excessive grain growth [79, 136].
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The feasibility of magnetic composite fabrication by HPT is studied in this thesis. Vari-
ous material combinations, as Y35-POM, Y35-PTFE, Y35-Cu, Y35-Cr, Y35-Fe were pro-
cessed in the multi-sector disc approach. In addition, SrFe,,0,4—PTFE, SrFe;,0,4—-Cu,

SrFe;,0,9-Cr, SrFe;,O,y—Fe were processed as powder composites.

Preliminary experiments reveal POM and PTFE to be adequate polymers for
composite fabrication by HPT. Despite the limitation of deformation in polymers, Cu-
polymer composites are fabricated with up to 3 revolutions. For samples created at RT,
delamination is a common problem. Possible solutions for better surface adherence are
surface treatments, bonding agents, and post-deformation hot pressing [146, 147]. Also,

it is shown that process optimization leads to a more refined lamellar microstructure.

Bulk ceramics display a brittle behavior during HPT. The controlling factor is
found to be the fracturing of existing grains followed by reordering and compaction
of the created particles [9o]. Since the reordering of the material is random, emerging
orientations are hard to predict. Magnetic parameters like Mg, B;, Hc, and BHpax
are reduced with the decrease in orientation. The resulting HPT disks display a low

structural integrity and a sintering step is needed to provide stable disks.

Upon plastic deformation, AINiCo magnets show a refinement of the microstruc-
ture accompanied by a decrease in the orientation of the spinodal precipitations. The
decrease in orientation causes a reduction of Mg, B;, H. and BHpax. Optimization of
magnetic properties is expected to be possible by magnetic field heat treatment, as

reported by Zhang et al. [108] and Kolbe et al. [145].

A fabrication of layered ceramic-metal composites using 8 segments in the multi-
sector disk approach, is not feasible. One main drawback is the difference in plastic
deformability accompanied by the low refinement rate of the bulk ceramic. This
hinders a co-deformation and an even distribution of ceramic fragments in the metal.
Experiments using less metal phase only lead to more fragile samples. No optimization
in phase arrangement could be accomplished [95, 97]. The same holds for ceramic

polymer composites, with additional adhesion problems at the ceramic—polymer
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interface. Deformation of sintered bulk ferrite ceramics is reported to be possible at
temperatures around 1200 °C [36]. Since the maximum temperature possible for the
used HPT set-up is about 700 °C, deformation of bulk ferrites is considered as not

feasible [92].

SrFe;,0.9—M composites are successfully fabricated by HPT processing of powder
mixtures. The work-hardening properties of the metal accompanied by the particle
size of the powders and the preceding mixing process, is found to be determining
for the resulting microstructure. Spalling occurred in the SrFe;,0;4-Fe and SrFe;,O4-
Cr sample. The reason for spalling is the stress shielding mechanism imposed by
large ceramic islands on metal regions beneath. Furthermore, this leads to excessive
work hardening of metal layers at the surface. Due to the high amount of work
hardening, the refinement of the ceramic and metal phases reaches a level where
lamellar structures are formed and even co-deformation might be possible [97]. To
achieve a homogeneous microstructure in the axial direction single-phase regions must
be smaller and a homogeneous phase distribution in the compacted state is necessary.
In the microstructure of fabricated samples, no co-deformation is present. For magnetic
composites without exchange coupling between phases, magnetic properties are mainly
governed by the orientation of magnetic particles and the amount of second phase
between magnetic phase clusters and particles. On the other hand magnetic properties
of the metal or polymer phase have an influence, especially for soft magnetic materials
like Fe. While the deformation of compacted samples leads to a decrease in H, the
SrFe;,0,y—Fe composite is already a soft magnetic composite in the compacted state.
Using different material compositions combined with chosen powder particle sizes,
magnetic properties can be tuned to some extent. Additional magnetic field heat
treatment provides further tuning by controlling the orientation of magnetic particles
[108, 138, 161-164, 166, 168, 169)].

Annealing experiments of commercial Y35-ferrites affirm the grain size stability
up to temperatures above 700 °C. The stabilizing effect of additives, like Al or Al,O;
are used in those commercial ferrites [79, 136]. Furthermore, substitution processes

in SrFe;,0;4 during annealing are affirmed by XRD and magnetic measurements [77,

175, 176].
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Appendix A.

Data Processing

In the following pages, the methods of data processing used in this thesis are described
in detail.

A.1. Micrograph Based Calculation of Porosity

For sintered materials, the porosity is an important parameter. This not only holds
for ceramics as powder metallurgical processed metals and alloys also exhibit similar
mechanisms and values of porosity. The most accurate way to determine the relative
density (0,e; = 1 — Porosity) with the Archimedean principle. In this process, a known
volume of the material is weighed in air and a medium with known density. Based on
the difference between these two measurements p,,; can be calculated.Without such
a measurement, it is possible to estimate the porosity using a micrograph. in this
process, a section of the sample, which should represent the average porosity of the
sample, is chosen. The Image] software is used to set a threshold for black spots. This
threshold is adjusted till all pores are colored, but no coloring of grain boundaries
or grains is allowed. The areal fraction of the pores is representative of the estimated
value of porosity. To achieve better results, more than one area of the sample should
be processed, and the arithmetic average used as the estimated porosity. An example
of a processed sample is shown in figure A.1. A porosity of 9.97 % is observed in this
example.
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Appendix A. Data Processing

Figure A.1.: Estimation of porosity of Y35 magnetic ceramics using the Image] software. Pores are
colored red.

A.2. Magnetic Data Acquisition with Python

B
HHHHHH Program Analysis of magnetic data, HEHHHH
HHHHHH measured with the Brockhaus Hysterograpf at ESI Leoben HHUHHHH
B
© created by Felixz Romer and Philipp Payer

This program needs the Input data in form of an Ezcel file with
following structure:

Worksheet named "RawData"

1st row including the Header

H[kA/m], J[mT], B[mT]

The Program first corrects any shifts in the hysteresis and
calculates the walues for:
HeB [kA/m]
Br [mT]
HeJ [kA/m]
Js [mT]
Ms [kA/m]
BHmaz [kJ/m?]
BHmaz [MGOe]
the curve BH over B is calculated
and used for the calculation of BHmax

HORH R R R OH oW W OB R R OH W OWH R R R RR
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A.2. Magnetic Data Acquisition with Python

HORHOKR OH W oW W R R R W R W™ W

HARARBHAARRRARRBARRRARRRRARR R AR R R RAAR R AARRRRARBRARRARRRRRARBAARRRARRRARRRAARR R

#
#
#
#

HURRAAARARARR R AAAAAAARRE Import of Python packages #HHAHAHHHHHHHHHHAHAHHHRIHIH

The H-M curve is calculated using the corrected H-J wvalues

In the second part, the Hysteresis is split and interpolated with
segmented polynomials. I recommend to use of 6 to 12 segments
with polynomial functions of mazimum 6th order

After the interpolation the Data ts stored and the same Parameters
are calculated again. In one additional step, the wvalues for ur are
calculated as a function of B.

All data corrections, Parameters, and interpolated Data are stored
in .txt files in a folder with the name of the input file.
For each step a figure ©s created and saved in the same folder

import numpy as np

import matplotlib.pyplot as plt

get_ipython() .run_line_magic('matplotlib', 'notebook')
import csv

import os

import math as m

#
#

hysteresis package —-> mot used jet,
import for eventual further analysis

import hysteresis as hys

#
#
#

stoner package for Data analysis in physics
-> not used jet, import for
eventual further analysis or adaptation

import Stoner

#

Pandas for work with data frames

import pandas as pd

from scipy.integrate import simpson

from numpy import trapz

import tkinter as tk

from tkinter import filedialog

from matplotlib.gridspec import GridSpec
from scipy.optimize import curve_fit

from scipy.optimize import leastsq

from scipy.optimize import minimize_scalar
from scipy.optimize import brentq

from scipy.interpolate import interpld
import warnings
warnings.filterwarnings("ignore") #Ignore all warnings!
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Appendix A. Data Processing

HARRARAARAHAARARRARAARARRARAR Load File HARAHBAHAABRAHBARAABAHHARAHBARHARARHARH
root = tk.Tk()

root.withdraw()

filename = filedialog.askopenfilename ()

print (filename)

directory = filename [:-5]

print(directory)

# Check whether the specified path exists or not

isExist = os.path.exists(directory)

if not isExist:

# Create a new directory because it does not exist
os.makedirs(directory)
print ("The new directory is created!")

#defines varable for maming the exported files and the folder
full name = os.path.basename(filename)
name = os.path.splitext(full_name)
print (full_name)
print (name [0])
RURBHARAAAA AR R R R Definitions and methods #HHHHHHHHBHHHHAHHHAHHRIH I
#read hysterests data from file
def read_hysteresis(file):
df = pd.read_excel(filename, sheet_name='RawData', usecols=[0, 1, 2],
names=["H [kA/m]", "J [mT1", "B [mT]"1)

xH = df ['H [kA/m]']
yJ = df['J [mT]']
yJ_name = 'J [mT]'
yB = df['B [mT]']
y_B = 'B [mT]'

myhyst = df

plt.close()
plt.plot(xH,yB, label
plt.plot(xH,yJ, label
plt.xlabel (df .keys() [0])

plt.ylabel(f'{df.keys() [1]1[:-51} , {df.keys()[2]}')

plt.grid()

plt.legend ()

plt.savefig(f'{directory}/JB vs H_uncorrected.png', bbox_inches='tight')

nn
(SR v o)
[N

return xH,yJ,yB,df,myhyst
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A.2. Magnetic Data Acquisition with Python

#correction of shifts in the Hysteresis

def correct_y_shift(y_data):
y_corr =
y_data - (max(y_data)-(abs(max(y_data)-+abs(min(y_data))))/2)
return y_corr

#split of hysterests
def split_curve(x_data, y_data):
boundaries = []
for n, _ in enumerate(x_data):
if _ == max(x_data) or _ == min(x_data):
boundaries.append (n)
x1 = x_data[boundaries[0] :boundaries[1]]

yl = y_data[boundaries[0] :boundaries[1]]
x2 = x_data[boundaries[1]:]
y2 = y_data[boundaries[1]:]

x_loop = x_datal[boundaries[0]:]
y_loop = y_datal[boundaries[0]:]
return x1,y1,x2,y2

def find_crossing(x1,x2,y1,y2):
m= (y2 - yl) / (x2 - x1)
b=yl -m=x*x1
X_intersect = -b / m
return x_intersect

def correct_x_shift(x_data, y_data):
all_crossings = []
for i in range(len(y_data)):
if i >= 1:
if y_datal[i]l<0
and y_datal[i-1]>0
or y_datal[i]>0
and y_datal[i-1]<0:
X_intersect =
find_crossing(x_datalil ,x_datali-1],y_data[i],y_datal[i-1])
all_crossings.append(x_intersect)
delta_x = all_crossings[1]-(all_crossings[1]-all_crossings[0])/2
Hc = abs(all_crossings[1]-delta_x)
x_corr = x_data-delta_x

return x_corr, Hc
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#alternative code ©f a problem with the code above appeares
def find_crossingsl(x_data, y_data):
crossings = []
for i in range(len(y_data)-1):
if y_data[i] * y_datal[i+1] < O:
crossing =
x_data[i] - (x_data[i+1] - x_datalil)
*x y_datal[i]l / (y_datali+1] - y_data[i])
crossings.append(crossing)
return crossings

def correct_x_shift2(x_data, y_data):
crossings = find_crossingsl(x_data, y_data)
delta_x = np.mean(crossings)
x_corr = x_data - delta_x
crossings_corr = find_crossingsl(x_corr, y_data)
# Hc = np.abs(np.mean(crossings_corr))
Hc = abs(crossings_corr[1] - delta_x)
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return x_corr, Hc

positive_indices
negative_indices

correct_x_shiftl(x_data, y_data):

# Find the indices of positive and megative values
np.where(x_data > 0) [0]
np.where(x_data < 0) [0]

# Find the indices of the closest posttive
# and negative values to the origin
closest_positive_index
positive_indices[np.argmin(x_data[positive_indices])]
closest_negative_index
negative_indices [np.argmax(x_data[negative_indices])]

# Interpolate the z-coordinates of the crossings

np.interp(0, [x_datalclosest_positive_index],
x_data[closest_negative_index]],
[closest_positive_index, closest_negative_index])

np.interp(0, [x_datal[closest_negative_index],
x_data[closest_positive_index]],
[closest_negative_index, closest_positive_index])
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A.2. Magnetic Data Acquisition with Python

def

# Adjust the xz-coordinates to center them around the origin

center = (x1 + x2) / 2
delta_x = (x1-center+x2-center)/2

x1 -= center
X2 —-= center

x_corr = x_data - delta_x

crossings_corr = find_crossingsl(x_corr, y_data)

# Hc = np.abs(np.mean(crossings_corr))
Hc = abs(crossings_corr[1] - delta_x)

return x_corr, Hc

correct_x_shift3(x_data, y_data):

# Convert Pandas Series to NumPy arrays

x_data = x_data.to_numpy()
y_data = y_data.to_numpy()

# Create a piecewise linear interpolation function
interpolator = interpld(x_data, y_data, kind='linear')

# Find the xz-coordinates of the crossings of the interpolation with the z-azis
crossings = x_data[np.where(np.diff (np.sign(y_data))) [0]]

# Find the two crossings closest to the origin without sorting

origin = 0.0

closest_crossings = crossings[np.argsort(np.abs(crossings - origin)) [:2]]

# Adjust the z-coordinates to center them around the origin

center = np.mean(closest_crossings)

x_corr = x_data - center

# Calculate the corrected Hc as the absolute wvalue of the

# corrected crossings

crossings_corr = closest_crossings-center

Hc = np.abs(crossings_corr[0])

return x_corr, Hc

#polynomial interpolation of the whole B-H hysteresis

def

objective_func(coeffs, x, y):
return np.polyval(coeffs, x) - y

91



11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

42
43
44
45
46
47
48

Appendix A. Data Processing

def int_segmented_polynomial(x, y, num_segments, max_degree):

num_points = len(x)

points_per_segment = num_points // num_segments
segment_starts = []
segment_ends = []
segment_degrees = []
int_curves = []

for i in range(num_segments) :
start = i * points_per_segment
end = start + points_per_segment
segment_starts.append(start)
segment_ends.append (end)

best_degree = None
min_residuals = float('inf')

for degree in range(l, max_degree+1):
segment_x = x[start:end]
segment_y = y[start:end]

initial_coeffs =
np.polyint (segment_x, segment_y, deg=degree)
coeffs, _ =
leastsq(objective_func,
initial coeffs,
args=(segment_x, segment_y))

residuals =
np.mean((np.polyval (coeffs, segment_x) - segment_y) ** 2)

if residuals < min_residuals:
min _residuals = residuals
best_degree = degree

segment_degrees.append (best_degree)

segment_x = x[start:end]

segment_y = y[start:end]

initial_coeffs =

np.polyint (segment_x, segment_y, deg=best_degree)
coeffs, _ =

leastsq(objective_func, initial_coeffs, args=(segment_x, segment_y))

int_curve = np.polyval(coeffs, segment_x)
int_curves.append(int_curve)

return segment_starts, segment_ends, segment_degrees, int_curves
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A.2. Magnetic Data Acquisition with Python

HAR#AAAAAAR Teading and plotting of the uncorrected data #HHAHHHHHAHAAHAHHHHHHHHAA

xH,yJ,yB,df ,myhyst = read_hysteresis(filename)

plt.title('Uncorrected Data')

plt.savefig(f'{directory}/JB vs H_uncorrected_.png',
bbox_inches='tight')

HuRHAAAAAAARRHHHH H-J correction of the y Shift HHAHHHAAAAAHHHHHHHHAAAAAHHRHHHE

yJ_corr = correct_y_shift(yJ)
print (f'{min(yJ_corr)},{max(yJ_corr)}')

plt.close()

plt.plot(xH,yJ, label = 'uncorrected J")

plt.plot(xH,yJ_corr, label = 'y-corrected J')

plt.xlabel (df .keys() [0])

plt.ylabel(f'{df.keys() [1]1[:-5]1} [mT]"')

plt.grid()

plt.legend ()

plt.savefig(f'{directory}/J vs H_y-corrected.png',
bbox_inches='tight')

#AR R R AAAARE H-B correction of the y sShifil #HHAAHHHHBHHHHAHAHHHHRRUHUHHBHAHARRYR

yB_corr = correct_y_shift(yB)
print (f'{min(yB_corr)},{max(yB_corr)}')

plt.close()

plt.plot(xH,yB, label = 'uncorrected B')

plt.plot(xH,yB_corr, label = 'y-corrected B')

plt.xlabel (df.keys() [0])

plt.ylabel (f'{df.keys()[2]}')

plt.grid()

plt.legend()

plt.savefig(f'{directory}/B vs H_y-corrected.png',
bbox_inches='tight')
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HARAAA AR AR HRRAAAAAA H-T correction of the x shift #AAAAAHAHAHHHHHHHHHHHAHANA
#calc of HcJ

#chose 'correct_xz_shift2’

#or 'correct_xz_shift3' instaed if 'correct_z_shift' does mot work

xJ_corr, HcJ = correct_x_shift3(xH,yJ_corr)

print(f'HcJ = {HcJ}')

Js = np.max(yJ_corr)
print('Js = ',Js)

plt.close()

plt.plot(xJ_corr,yJ_corr, label = 'xy-corrected J')
plt.xlabel (df.keys() [0])
plt.ylabel(f'{df.keys()[11}')

plt.grid()
plt.legend ()
plt.text (100,
500,
£'$J_s = {max(yJ_corr):6.2f}{df .keys() [0] [1:1}%",
backgroundcolor="w"')
plt.savefig(f'{directory}/J vs H_xy-corrected.png', bbox_inches='tight')
print (HcJ)

HARUHAHAR AR R R AHH#HR H-B correction of the © Shift #AHHHHHAHHHHHAHHHHHAAHHHHA
#calc of HcB

#chose 'correct_xz_shift2’

# or 'correct_z_shift3' instaed if 'correct_z_shift' does mot work

xB_corr, HcB = correct_x_shift (xH,yB_corr)

plt.close()

plt.plot(xB_corr,yB_corr, label = 'xy-corrected B')

plt.plot(xH,yB, label = 'uncorrected B')

plt.xlabel (df.keys() [0])

plt.ylabel (f'{df.keys()[2]}')

plt.plot(HcB,0,'o")

plt.plot(-HcB,0,'0")

plt.xlim(-HcB*2,HcB*2)

plt.ylim(-400,400)

plt.grid()

plt.legend ()

plt.text(-0.1,0,f'$H_c = {HcB:6.2f}{df.keys() [0]1[1:]1}$')#, backgroundcolor="w".
plt.savefig(f'{directory}/B vs H_xy-corrected.png', bbox_inches='tight')
print (HcB)
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A.2. Magnetic Data Acquisition with Python

HAAARRARAHRAAAARAAAA calculation of the magnetization M #HHHHHHHAHHAHAHHHAHAAHHHHA
#scaling of J with pu0 to get M
#setting the maxz of M as Ms

# Magnetic vaccuum permeability (magnetic field constant)
#in St units (Vs/Am) or (Tm/A)

mu0 = 4*xm.pix10%*(=7)

# Magnetization in St units (4/m)

M_ = (yJ*10%x(-3))/mu0

# Magnetization in Si units (kA/m)

M = M_*x10%*(-3)

#corrected Magnetization in Si units (A/m)
M_corr_ = (yJ_corr*10%**(-3))/mul
#corrected Magnetization in Si untits (kA/m)
M_corr = M_x10%*(-3)

#calc of Ms

Ms = np.max(M_corr)

#H###H##A#R saving the corrected Data of H, J, B and M to a Text file #HAHHHH#HH#H##

df = pd.DataFrame({'HB [kA/m]':xB_corr,
'B [mT]':yB_corr,
'HJ [kA/m]':xJ_corr,
'J [mT]':yJ_corr,
'M [kA/m]':M_corr
1))
print(df)
df .to_csv(os.path. join(directory,
f'{filename[:-5]}/{name[0]} corr.txt'),
index=False

)

####ARAAAAAA## calculation of Br, BHmax and BH as a function of B ##A##HHHH#HH#H#H#
#results are stored in a txt file
# Reduction of Data to 2nd quadrant
second_quadrant_data =
np.array ([ (xB_corr[i], yB_corr([i])
for i in range(len(xB_corr))

if xB_corr[i] <= 0

and yB_corr[i] >= 0])
# Extract H and B wvalues from second quadrant data
H_quadrant = second_quadrant_datal[:, 0]
B_quadrant = second_quadrant_datal:, 1]

# print("Br:", Br)

# Find the index of the closest point to the y—azis
closest_index = np.argmin(np.abs(H_quadrant))
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# Retrieve the closest = and y values
closest_x = H_quadrant[closest_index]
closest_y = B_quadrant[closest_index]

print("Closest point to the y-axis (B-axis):")
print("x =", closest_x)
print("y =", closest_y)

# Extrapolate to find the crossing point
extrapolated_x = 0 # The z-value at which we want to find the crossing
extrapolated_y = np.interp(extrapolated_x, H_quadrant[::-1], B_quadrant[::-1])

print ("Extrapolated crossing point:")
print("x =", extrapolated_x)
print("y =", extrapolated_y)

Br = extrapolated_y
print ("Br estimated:", Br)

# calculate BH

BH = np.abs(B_quadrant*10**(-3))*np.abs (H_quadrant*10**(3))

BHmax_ = np.max(BH*10**(-3)) # [kA/m] * [mT] * 10°(-3) = [kJ/m°]
BHmax = np.max (BH*(10%10%*(=6))*(10%*(3)/79.577))# [Oe]*[MG] = [MGOe]

print ('BHmax in Si-units [kJ/m®]: ',BHmax_)
print ('BHmax [MGOe]: ',BHmax)

BH_data_df = pd.DataFrame({'H [kA/m]':H_quadrant,
'B [mT]':B_quadrant,
'BH [kJ/m?3]"':BH*10%*(-3)
1)
print (BH_data_df)
BH_data_df.to_csv(os.path. join(directory,
f'{filename[:-5]}/{name[0]} BH data.txt'),
index=False)
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A.2. Magnetic Data Acquisition with Python

# Plot the second quadrant data

plt.
plt.

fig

gs =

close()
show ()
= plt.figure(figsize=(7, 5))
GridSpec(nrows=1, ncols=2)

gs.update (wspace=0.5, hspace=0.5)

ax0
ax0

ax0

axi
axl

axl.
axl.

axi

axl.
axl.

fig.

= fig.add_subplot(gs[0])

.plot (H_quadrant, B_quadrant)
ax0.
axO0.
ax0.

set_xlabel('Magnetic Field Intensity, H [kA/m]')
set_ylabel('Magnetic Flux Density, B [mT]')
set_title('Hysteresis 2nd Quadrant')

.grid(True)
ax0.
ax0.

set_x1lim(-HcB, 0)
set_ylim(0,Br+5)
= fig.add_subplot(gs[1])

.plot (BH*10**(-3), B_quadrant)
axl.

set_xlabel ('Energy product, BH [kJ/m*]')
set_ylabel('Magnetic Flux Density, B [mT]')
set_title('BH')

.grid(True)

set_ylim(0,Br+5)
set_x1im(0,BHmax_+ O.5*BHmax)

savefig(f'{directory}/BH.png', bbox_inches='tight')

HHAABBRHARRAAR R AR #AHE export of HcB, HcJ, Br, Js, Ms, BHmaxm, ###H##HHAHRBHAARRHE

print(directory)
index = [0]
magnetic_data_df = pd.DataFrame({'HcB [kA/m]':HcB,

'HcJ [kA/m]':HcJ,
'Br [mT]':Br,
'Js [mT]':Js,
'Ms [kA/m]':Ms,
'BHmax [kJ/m®]':BHmax_,
'BHmax [MGOe]':BHmax
}, index=index)

print (magnetic_data_df)
magnetic_data_df.to_csv(

os.path. join(directory,
f'{filename[:-5]}/{name[0]}_magnetic_data.txt'),
index=False)
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HAHARAR AR AR HHRE masking of the H-B hysterests data #HAHHHHHHAHHHHHBHBHHHAHHAH
# masks out the re-curve part of the hysteresis (first increasing points)
#(cause this part could cause trouble with the splitting of the hysteresis)

# 1f you have good data you can adapt the splitting to use the whole

# corrected data by setting zB_corr as input of the splitting

# Define a threshold for the slight decrease in T
threshold = 0.1

# Find the index of the first occurrence of a slight decrease in
decrease_index = np.argmax(np.diff(xB_corr) < -threshold)

# Create a mask to ignore data points before the decrease index
mask = np.arange(len(xB_corr)) >= decrease_index

# Apply the mask to the data
masked_xB_corr = xB_corr[mask]
masked_yB_corr = yB_corr [mask]

# Plot the masked hysteresis data
plt.close()

plt.plot(masked_xB_corr, masked_yB_corr)
plt.title('Masked Hysteresis Data')
plt.xlabel('H [kA/m]")

plt.ylabel('B [mT]')

plt.grid(True)

plt.show()

print (masked_xB_corr, masked_yB_corr)
HAHRRRAHARBRRA A RAAARR Split the H-B Hysteresis HHHHHHHHHHHHHHAHHHHHAHHHHAHIHHH
#Find the indexr where the = values start increasing

increase_start_index = np.where(np.diff (masked_xB_corr) > 0)[0] [0]

# Split the data into two segments
x1 = masked_xB_corr[:increase_start_index]

y1 = masked_yB_corr[:increase_start_index]
x2 = masked_xB_corr[increase_start_index:]
y2 = masked_yB_corr[increase_start_index:]

# Plot the two segments

plt.close()

plt.plot(xl, yl1, label='Decreasing branch')

plt.plot(x2, y2, label='Increasing branch')

plt.xlabel('H [kA/m]"')

plt.ylabel('B [mT]')

plt.legend ()

plt.grid(True)

plt.savefig(f'{directory}/B vs H_splitt.png', bbox_inches='tight')

# Print the data of the two segments

print ("Decreasing branch (x1):", x1)
print ("Decreasing branch (y1):", y1)
print("Increasing branch (x2):", x2)

print ("Increasing branch (y2):", y2)
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A.2. Magnetic Data Acquisition with Python

#unnHHAAAA AR H Split the H-B hysterestis Data alternative code ###HHAHHHHHHHH

# #chose this code <f the lines above do nmot work
# plt.close()
# boundaries = []

# for n, _ in enumerate(zB_corr):

# if _ == maz(zB_corr) or _ == min(zB_corr):
# boundaries.append(n)

# print (boundaries)

# x1 = xB_corr[boundaries[0] :boundaries[1]]

# y1 = yB_corr[boundaries[0] :boundaries[1]]

# x2 = xB_corr[boundaries[1]:]

# y2 = yB_corr[boundaries[1]:]

# ©_loop = zB_corr[boundaries[0]:]

# y_loop = yB_ corr[boundaries[0]:]

# plt.plot(zl,yl, label = 'falling brance')
# plt.plot(z2,y2, label = 'rising branche')
# plt.zlabel ('H [kA/m]")

# plt.ylabel ('B [mT]"')

# plt.grid(True)

# plt.legend()

# plt.savefig(f'{directory}/B vs H_splitt.png’,
# bboz_inches='tight'
# )

# print (z1,z2)

#unnnnaARRR R nnnaad H-B polynomial interpolation #HHHHHHHHRHHHHHHHAHHNRRHHHH

# Create empty arrays to store the interpolated = and y

# values for both branches
int_x1 = np.empty(0)
int_yl = np.empty(0)
int_x2 = np.empty(0)
int_y2 = np.empty(0)
num_segments = 10
max_degree = 6
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Appendix A. Data Processing

1 # Interpolate and plot the first branch
> segment_startsl, segment_endsl, segment_degreesl, int_curvesl =

3 int_segmented_polynomial(xl, yl, num_segments, max_degree)
4+ segment_starts2, segment_ends2, segment_degrees2, int_curves2 =
5 int_segmented_polynomial (x2[::-1],

6 y2[::-11,

7 num_segments,

8 max_degree)

10 plt.close()

1 plt.show()

13 plt.scatter(xl, yl, label='Branch 1 - Original Data')
14 for segment_startl, segment_endl, int_curvel

15 in zip(segment_startsl, segment_endsl1, int_curvesl):

16 segment_x1 = x1[segment_startl:segment_end1]

17 segment_yl = int_curvel

18

19 #plt.plot(segment_z1, segment_yl, label='Branch 1 - Segment int')
20

21 int_x1 = np.concatenate((int_x1, segment_x1))

2 int_y1 = np.concatenate((int_y1, segment_y1))

23
24 # Interpolate and plot the second branch

25

26 plt.scatter(x2, y2, color='c' ,label='Branch 2 - Original Data')
27 for segment_start2, segment_end2, int_curve2

28 in zip(segment_starts2, segment_ends2, int_curves2):

29 segment_x2 = x2[::-1] [segment_start2:segment_end2]

30 segment_y2 = int_curve?2

31

32 #plt.plot(segment_z2, segment_y2, label='Branch 2 - Segment int')
33

34 int_x2 = np.concatenate((int_x2, segment_x2))

35 int_y2 = np.concatenate((int_y2, segment_y2))
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A.2. Magnetic Data Acquisition with Python

# Combine the interpolated = and y values for both branches
#into a single array or DataFrame
combined_int_data =
np.column_stack((np.concatenate((int_x1, int_x2[::-1]1[1:1)),
np.concatenate((int_y1,
int_y2[::-1][1:]
D))
combined_int_df =
pd.DataFrame({'H': combined_int_datal[:, 0],
'B': combined_int _datal:, 1]
b
combined_int_df.to_csv(os.path.join(directory,
f'{filename[:-5]}/{name[0]} B-H_int.txt'),
index=False)

xB_int = combined_int_datal[:, 0]

# Plot the combined interpolation
plt.plot(combined_int_datal:, 0],
combined_int_datal:, 1],
"r-", label='Combined interpolation')

# Add labels, title, and grid

plt.xlabel ('H [kA/m]')

plt.ylabel('B [mT]')

plt.title('Polynomial Interpolation of the Hysteresis Curve')
plt.grid(True)

plt.legend ()

plt.savefig(f'{directory}/B vs H_int.png', bbox_inches='tight')

# Print the combined interpolated data
print (combined_int_data)
print (combined_int_df)

#a#annnnnntnt calculation of BH and BHmaz with interpolation #HHHHHHHHHHHHHHHH

# Reduce the combined interpolate or the first branch of the hysteresis

# to the second quadrant data
reduced_H_int = combined_int_datal:, 0]
reduced_B_int = combined_int_datal:, 1]

# Select only the data points in the second quadrant
second_quadrant_indices_int =

np.where((reduced_H_int <= 0) & (reduced_B_int >= 0))
H_quadrant_int =

reduced_H_int [second_quadrant_indices_int]
B_quadrant_int =
reduced_B_int[second_quadrant_indices_int]
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Appendix A. Data Processing

# Find the index of the closest point to the y-axis
closest_index_int = np.argmin(np.abs(H_quadrant_int))

# Retrieve the closest = and y wvalues
closest_x_int = H_quadrant_int[closest_index_int]

closest_y_int = B_quadrant_int[closest_index_int]

print("Closest point to the y-axis (B-axis):")

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

42
43
44
45
46

print("x =", closest_x_int)
print("y =", closest_y_int)

# Extrapolate to find the crossing point
extrapolated_x_int = O # The z-value at which we want to find the crossing
extrapolated_y_int = np.interp(extrapolated_x_int,

H_quadrant_int[::-1],

B_quadrant_int[::-1])

print ("Extrapolated crossing point:")

print("x =", extrapolated_x_int)
print("y =", extrapolated_y_int)
Br_int_ = extrapolated_y_int

print ("Br estimated:", Br_int_)

# calculate BH
BH_int =

np.abs(B_quadrant_int * 10 ** (-3)) * np.abs(H_quadrant_int * 10 ** (3))

BHmax_int_ =

np.max (BH_int*10**(=-3)) # [kA/m] * [mT] * 10°(-3) = [kJ/m?]

# [0e]*[MG] = [MGOe]
BHmax_int =

np.max(BH_int * (10 * 10 ** (-6)) * (10 ** (3) / 79.577))

print ('BHmax in Si-units [kJ/m®]: ',
BHmax_int_)

BH_data_df_int = pd.DataFrame({'H [kA/m]':
'B [mT]"':
'BH [kJ/m3]"':

1))
print (BH_data_df_int)

BH_data_df_int.to_csv(os.path.join(directory,
f'{filename[:-5]}/{name[0]} BH_int data.txt'),

index=False)

H_quadrant_int,
B_quadrant_int,
BH_int * 10 *x (-3)
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A.2. Magnetic Data Acquisition with Python

# Plot the second quadrant data with interpolated curve
plt.close()
plt.show()

fig 1 = plt.figure(figsize=(7, 5))
gs = GridSpec(nrows=1, ncols=2)
gs.update (wspace=0.5, hspace=0.5)

ax4 = fig_1.add_subplot(gs[0])

ax4.plot (H_quadrant_int, B_quadrant_int)
ax4.set_xlabel('Magnetic Field Intensity, H [kA/m]')
ax4.set_ylabel('Magnetic Flux Density, B [mT]')
ax4.set_title('Hysteresis 2nd Quadrant with interpolated Curve')
ax4.grid(True)

ax4.set_x1im(-HcB, 0)

ax4.set_ylim(0, Br_int_ + 5)

axb = fig 1.add_subplot(gs[1])

ax5.plot(BH_int * 10 ** (-3), B_quadrant_int)
ax5.set_xlabel ('Energy product, BH [kJ/m*]')
axb.set_ylabel('Magnetic Flux Density, B [mT]')
axb.set_title('BH with interpolated Curve')
ax5.grid(True)

ax5.set_ylim(0, Br_int_ + 5)

axb5.set_x1im(0, BHmax_int_ + O.5*BHmax_int)

fig 1.savefig(f'{directory}/BH_int.png', bbox_inches='tight')

HARARARHAHARAHAARRAHARHAA calculation of Ur HAHHHHHAARHARAHHHAAAHHARARHARAAHHIA
# calculation with interpolated data
#H=B/ (u0*ur)
mur =
(np.abs((int_x1#10%*(3)) * 4*m.pi*10%*(=7)) )/np.abs((int_y1 *10%*(-3)))

plt.close()

plt.show()

fig2 = plt.figure(figsize=(7, 7))
gs = GridSpec(nrows=1, ncols=1)
gs.update (wspace=0.5, hspace=0.5)

ax0 = fig2.add_subplot(gs[0])

ax0.plot(int_x1, int_yl, label='B')

ax0.plot(int_x1, mur, label='pr')

ax0.set_xlabel('Magnetic Field Intensity, H [kA/m]')
ax0.set_ylabel('Magnetic Flux Density, B [mT]')
ax0.set_title('Hysteresis 2nd Quadrant with interpolated Curve')
ax0.grid(True)

fig2.savefig(f'{directory}/B_vs_H_mu-r_int.png', bbox_inches='tight')

# plt.close()

# plt.plot(int_z1, int_yl, label='B')

# plt.plot(int_x1, mur, label='ur')

# plt.grid(True)

# plt.legend()

# plt.savefig(f'{directory}/B vs H_mur.png', bbox_inches='tight')
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Appendix A. Data Processing

print (mur)

HURBHAAAAARRRRRBRAAAARAARE expoTrl Of LT HHAHHHHHHRBHHHHAAAARR BB RRAAARAA R

mu_data_df = pd.DataFrame({'H [kA/m]':int_x1,'B [mT]':int_y1, 'pr

[1':mur})
print (mu_data_df)
mu_data_df.to_csv(os.path. join(directory,

f'{filename[:-5]}/{name[0]} mu_data.txt'),
index=False)

RURUHAARARARRR R RHAAAAAAAR calculation of Br and HcB wit interpolation #####

# Find the index of the z-axis crossing closest to O

xB_index = np.abs(int_y1).argmin()
xB_crossing = int_x1[xB_index]

# Find the index of the y-azis crossing closest to 0

yB_index = np.abs(int_x1).argmin()
yB_crossing = int_y1[yB_index]

HcB_int = abs(xB_crossing)
Br_int = yB_crossing

# Print the z-axis and yYy-aris Crossings
print ("HcB:", HcB_int)
print("Br:", Br_int)
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A.2. Magnetic Data Acquisition with Python

HAAARBHARRAARRHAARRHAAE masking of the H-J hysteresis data #HHAHHHAHBHAHNBHHAHY

# Define a threshold for the slight decrease in T
threshold = 0.1

# Find the index of the first occurrence of a slight decrease in
decrease_index = np.argmax(np.diff(xJ_corr) < -threshold)

# Create a mask to ignore data points before the decrease index
mask = np.arange(len(xJ_corr)) >= decrease_index

# Apply the mask to the data
masked_xJ_corr = xJ_corr [mask]
masked_yJ_corr = yJ_corr [mask]

# Plot the masked hysteresis data
plt.close()

plt.plot(masked_xJ_corr, masked_yJ_corr)
plt.title('Masked Hysteresis Data')
plt.xlabel('H [kA/m]"')

plt.ylabel('J [mT]')

plt.grid(True)

plt.show()

print (masked_xJ_corr, masked_yJ_corr)
HARAAARBHAHHHARAHAHAA split the H-J hysterests Data HHAHHHHHHAHAHHHHHBHHHHHHHHHAAH
# Find the index where the z values start increasing

increase_start_index = np.where(np.diff (masked_xJ_corr) > 0)[0] [0]

# Split the data into two segments
x1J = masked_xJ_corr[:increase_start_index]

y1J = masked_yJ_corr[:increase_start_index]
x2J = masked_xJ_corr[increase_start_index:]
y2J = masked_yJ_corr[increase_start_index:]

# Plot the two segments

plt.close()

plt.plot(x1J, y1J, label='Decreasing branch')

plt.plot(x2J, y2J, label='Increasing branch')

plt.xlabel('H [kA/m]"')

plt.ylabel('J [mT]"')

plt.legend()

plt.grid(True)

plt.savefig(f'{directory}/B vs H_splitt.png', bbox_inches='tight')
# Print the data of the two segments

print ("Decreasing branch (x1):", x1)
print ("Decreasing branch (y1):", y1)
print ("Increasing branch (x2):", x2)

print ("Increasing branch (y2):", y2)
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#uniAnnddnn# polynomial tnterpolation of the H-J hysteresis Data #HH#H#AHAH#HHH
# Create empty arrays to store the interpolated = and y values

# for both branches

int_x1J = np.empty(0)

int_y1J = np.empty(0)
int_x2J = np.empty(0)
int_y2J = np.empty(0)

num_segments_J = 6
max_degree_J = 6

# Interpolation and plot the first branch
segment_startslJ, segment_endslJ, segment_degreeslJ, int_curveslJ =
int_segmented_polynomial(x1J, y1J,num_segments_J, max_degree_J)
segment_starts2J, segment_ends2J, segment_degrees2J, int_curves2J =
int_segmented_polynomial (x2J[::-1],
y2J[::-1],
num_segments_J,
max_degree_J)

plt.close()
plt.show()

plt.scatter(x1J, y1J, label='Branch 1 - Original Data')

for segment_startlJ, segment_endlJ, int_curvell]
in zip(segment_startslJ, segment_endslJ, int_curveslJ):
segment_x1J = x1J[segment_start1J:segment_end1J]
segment_yl1J = int_curvell]

#plt.plot(segment_z1, segment_yl, label='Branch 1 - Segment int')
int_x1J = np.concatenate((int_x1J, segment_x1J))
int_y1J = np.concatenate((int_y1J, segment_y1J))

# Interpolation and plot the second branch

plt.scatter(x2J, y2J, color='c' ,label='Branch 2 - Original Data')

for segment_start2J, segment_end2J, int_curve2]
in zip(segment_starts2J, segment_ends2J, int_curves2J):
segment_x2J = x2J[::-1] [segment_start2J:segment_end2J]
segment_y2J = int_curve2]

#plt.plot (segment_z2, segment_y2, label='Branch 2 - Segment int')

int_x2J = np.concatenate((int_x2J, segment_x2J))
int_y2J = np.concatenate((int_y2J, segment_y2J))
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# Combine the interpolated = and y values for both branches
# into a single array or DataFrame
combined_int_dataJ =
np.column_stack((np.concatenate((int_x1J,
int_x2J[::-11[1:1)),
np.concatenate((int_y1J,
int_y2J[::-1][1:]
))))
combined_int_J_df =
pd.DataFrame ({
'H': combined_int_dataJ[:, 0],
'J': combined_int_dataJ[:, 1]
b
combined_int_J_df.to_csv(
os.path. join(directory,
f'{filename[:-5]}/{name[0]} J-H_int.txt'),
index=False)

xJ_int = combined_int_dataJ[:, 0]

# Plot the combined interpolation
plt.plot(combined_int_dataJ[:, 0],
combined_int_dataJ[:, 1],
"r-", label='Combined interpolation'

)

# Add labels, title, and grid

plt.xlabel ('H [kA/m]")

plt.ylabel('J [mT]')

plt.title('Polynomial interpolation of the Hysteresis Curve')
plt.grid(True)

plt.legend(loc='upper left', fontsize='x-small')
plt.savefig(f'{directory}/J vs H_int.png', bbox_inches='tight')

# Show the legend and the plot
#plt.legend()
plt.show()

# Print the combined interpolated data
print (combined_int_datalJ)
print(combined_int_J_df)
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A.2. Magnetic Data Acquisition with Python

#unantasat calculation of Js, M(H) and Ms with interpolated data #AH#HAHHAHH#A
Js_int = np.max(int_y1J)

#corrected Magnetization in Si units (A/m)

M_int_ = (int_y1J*10%*(-3))/mu0

#corrected Magnetization in Si units (A/m)

M_int_full = (combined_int_dataJ[:, 1]*10%*(-3))/mu0

#corrected Magnetization in Si units (kA/m)

M_int = M_int_full*10%x(-3)

Ms_int = np.max(M_int)

print('Ms [kA/m] = ',Ms_int)

HARHARAAAAARH#H calculation of HeJ with interpolated data #HHAHHHHHHAHAAAHHHHHHH#H
# Find the index of the z-axtis crossing closest to 0

xJ_index = np.abs(int_y1J).argmin()

xJ_crossing = int_x1J[xJ_index]

# Find the index of the y-azis crossing closest to O

yJ_index = np.abs(int_x1J).argmin()

yJ_crossing = int_y1J[yJ_index]

HcJ_int = abs(xJ_crossing)
Jr_int = [yJ_crossing]
# Print the z-azis and Yy—-aTisS CTrossSings
print("HcJ:", HcJ_int)
print("Y-axis crossing:", yJ_crossing)
###### exporting the magnetic data calculated wit the interpolated data ######
index = [0]
magnetic_data_int_df = pd.DataFrame({'HcB [kA/m]':HcB_int,
'HeJ [kA/m]':HcJ_int,
'Br [mT]':Br_int,
'Js [mT]':Js_int,
'Ms [kA/m]':Ms_int,
'BHmax [kJ/m®]':BHmax_int_,
'BHmax [MGOe] ':BHmax_int
}, index=index)
print (magnetic_data_int_df)
magnetic_data_int_df.to_csv(
os.path. join(directory,
f'{filename[:-5]}/{name[0]}_magnetic_data_int.txt'),
index=False)
e
# To get more information out of your data, the data must be of good quality.
# You can model the isotropic parameters with the Jilles-Atherton model or
# use the Preisach model.
e o

Source code A.1: Python code for processing magnetization data measured with a Brockhaus hystograph.
Occurring shifts of the hysteresis on both axis are corrected and magnetic parameters,
as H¢, By, Mgand BH,axare calculated.
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Appendix B.

Material Cards of Used Polymers

The following material cards should give a broad overview of the properties of poly-
mers used in this thesis. All material cards are extracted from G. Ehrenstein’s work
[37] and supplemented with details from Osswald et al. [56].
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Material card B.1.: General properties of polypropylene[37].
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Appendix B. Material Cards of Used Polymers

Material card B.2.: General properties of poly(vinyl chloride)[37].
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Material card B.3.: General properties of poly(oxymethylene) [37].
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Material card B.4.: General properties of polyetheretherketone [37].
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Material card B.5.: General properties of poly(tetrafluoroethylene) [37].
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Appendix C.

Magnetic Properties of Materials

C.1. Magnetic Properties of Pristine Materials

Table C.1.: Magnetic parameters of the pristine magnetic materials according to the supplier.

Material Hg [kA/ m] H.g [kA/ m] B, [mT] BHnax [k] /m?3 ]
AINiCo3 40 38 650 10
AINiCo5 52-54 50 1100-1250 34—44

AINiCo8 112-117  110-115 800—900 38-44
Y35 Ferrit 180-200  175-195 400—410 30-32
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C.2. Evolution of Magnetic Properties During HPT

C.2. Evolution of Magnetic Properties During HPT

C.2.1. Y35 M-Type Hexaferrite

Figure C.1.: Evolution of Magnetic parameters of Y35, deformed by HPT: BHmax(a), B:(b), Hep(c), Ms(d),
HC] (e)
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C.2.2. AINiCo Magnets

Figure C.2.: Evolution of magnetic parameters of AINiCo deformed by HPT: BHpax(a), B:(b), Hep(c),
M;(d), He(e).

118



C.2. Evolution of Magnetic Properties During HPT

C.2.3. SrFe 2019 Powder Composites

Figure C.3.: Evolution of magnetic parameters of powder composites pressed and deformed by HPT:
BHmax(a), Br(b), Hep(c), Ms(d), HC](e).
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Appendix D.

XRD Analysis of Studied Materials

D.1. Polymers

Figure D.1.: XRD pattern of PVC: deformed for 1 revolution at 120 °C and 1GPa (a), deformed at RT
for 1 revolution and 1GPa (b) and pristine (c). XRD peaks from inorganic filler (CaCos)
indexed using data from Kontoyannis et al [177].
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D.1. Polymers

Figure D.2.: XRD pattern of POM: deformed for 1 revolution at 160 °C and 1 GPa (a), deformed at RT
for 1 revolution and 1 GPa (b) and pristine (c). Indexed using data from Clark [102].

Figure D.3.: XRD pattern of PTFE: deformed for 1 revolution at 160 °C and 1 GPa (a), deformed at RT
for 1 revolution and 1 GPa (b) and pristine (c). Indexed using data from Clark [102].
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Appendix D. XRD Analysis of Studied Materials

Figure D.4.: XRD pattern of all three used PTFE grades: PTFE provided by the in-house workshop (a),
PTFE (THOMAPLAST ®) provided by Reichelt Chemietechnik GMbH + Co. (b), and PTFE
powder provided by Sigma-Aldrich (c). Indexed using data from Clark [102].
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D.2. Y35 Hexaferrite

D.2. Y35 Hexaferrite

Figure D.5.: XRD pattern of pressed and deformed Y35-ferrites: pressed with 5GPa (a), pressed with
5GPa (b), deformed at 5GPa for 5 revolutions (c), deformed at 5GPa for 1 revolution
(sample Y35_002) (d), deformed at 5 GPa for 1 revolution (sample Y35_o011) (e), deformed
at 5GPa for 0.5 revolutions (f), deformed at 5 GPa for 0.25 revolutions (g), deformed at
2.5 GPa for 1 revolution (h) and the pristine commercial Y35-ferrite (i). Indexed using data
from Obradors et al. [76] and Rahman et al. [105].
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Appendix D. XRD Analysis of Studied Materials

Figure D.6.: XRD pattern of annealed Y35 for 4h at 1100 °C (a), 900 °C (b), 700 °C (c), 500 °C (d), 300°C
(e) and the pristine Y35- ferrite (f). Indexed using data from Obradors et al. [76] and Rahman
et al. [105].
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D.3. AINiCo

D.3. AINiCo

For the indexing of measured data, peak positions are approximated using crystallo-
graphic data of AINi (ICSD-151386) [178], and FeCo (ICSD-155839) [179]. The pattern
of AlFe,Ni (ICSD-57808) [180], shows a approximation for peaks of Co-free AINiCo
before spinodal decomposition. After the spinodal decomposition, the «; and o, phases
have a bec structure [81, 83]. According to this, the 1% peak in the pattern of AINiCo3
and AINiCo 8 is the (100) peak followed by the (110) peak. The (110) peak is the
peak with the highest intensity for all three AINiCo grades.

Figure D.7.: XRD pattern of AINiCo: pristine AINiCo 8 (a), pristine AINiCo5 (b), pristine AINiCo 3 (c),
AINiCo 8 deformed at RT and 5GPa (d), AINiCo5 deformed at RT an 5GPa (e), AINiCo 3
deformed at RT an 5GPa (f), reference patterns calculated using the VESTA software [54]

for Fe (amcsd oo11214) [181], AINi [178], FeCo [179], AlFe,Ni [180] (g).
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Appendix D. XRD Analysis of Studied Materials

In Contrast to the indexed XRD data depicted above, Zhao et al. [182] and Rehman

et al. [183] suggest a different sequence in position of the «; and o, phase, as shown in
tigure D.8.

Figure D.8.: XRD pattern of AINiCo 8: deformed at RT and 5GPa for 1 revolution (a), and pristine (b).

[H]

D.4. Powder Composites

Figure D.g.: XRD pattern of pressed SrFe,,O:4-PTFE (a) powder composites and pure powders, PTFE
(b) and SrFe;,O+4 (c). PTFE indexed according to data from Clark [102]. SrFe;,0;4 indexed
according to data from Obradors et al. (OCD-1006000) [76] and Kimura et al. (ICSD-69022)
[184].

126



D.4. Powder Composites

Figure D.10.: XRD pattern of deformed (a) and pressed (b) SrFe;,O,4-PTFE powder composites.

Figure D.11.: XRD pattern of pressed SrFe;,O,y-Fe (a) powder composites and pure powders, Fe (b)
and SrFe;,044 (). Fe indexed according to data from Wyckoff [181]. SrFe;,O,4 indexed
according to data from Obradors et al. [76] and Kimura et al. [184].

Figure D.12.: XRD pattern of deformed (a) and pressed (b) SrFe;,O,y-Fe powder composites.
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Appendix D. XRD Analysis of Studied Materials

Figure D.13.: XRD pattern of pressed SrFe;,O.4-Cu (a) powder composites and pure powders, Cu (b)
and SrFe;,0,4 (c). Cu indexed according to data from Bragg [185] and Wyckoff [181].
SrFe;,0,4 indexed according to data from Obradors et al. [76] and Kimura et al. [184].

Figure D.14.: XRD pattern of deformed (a) and pressed (b) SrFe;,O;4-Cu powder composites.
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D.4. Powder Composites

Figure D.15.: XRD pattern of pressed SrFe;,O.4-Cr (a) powder composites and pure powders, Cr (b) and
SrFe;,0;4 (c). Cr in bee configuration (Im3m), indexed according to data from Wyckoff

[181]. SrFe;,0,4 indexed according to data from Obradors et al. [76] and Kimura et al.
[184].

Figure D.16.: XRD pattern of deformed (a) and pressed (b) SrFe;,O;4-Cu powder composites. Cr in bce
configuration (Im3m), indexed according to data from Wyckoff [181].
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Appendix E.

EDX Analysis of Y35 Hexaferrites

EDX analysis of the commercial Y35-ferrite reveals the presence of metallic impurities.
Especially the elements: Ca, Al and Ba have an influence on the magnetic properties.
Since these elements can substitute Sr or Fe in the unit cell. This substitution is
supported by the uniform distribution of Sr, Ca, Ba, and Al, shown in figure E.2 [77,
186]. The EDX spectrum is given in figure E.1.

Figure E.1.: EDX analysis of commercial Y35 hexaferrite.

Figure E.2.: EDX mapping of elements in commercial Y35 hexaferrite.
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Appendix F.

Additional Data on Deformed Powder
Composites

Figure F.1.: Optical micrographs of the PTFE powder composite at the radial positions of 0mm (a)
1.5mm (b) and 3.5 mm (c).
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Appendix F. Additional Data on Deformed Powder Composites

Figure F.2.: BSE image of gradient microstructure in radial direction of SrFe;,O.9-M powder com-

132

posites. Microstructure at radial position 0.5mm SrFe;,O;o-Cr (a), at radial position
1.5mm SrFe;,0,¢-Cr (b), at radial position 3.5mm SrFe;,O,y-Cr (c), at radial position
Omm SrFe;,0,y-Cu (d), at radial position 1.5mm SrFe;,O,¢-Cu (e), at radial position
3.5mm SrFe;,0,y-Cu (f), at radial position 0 mm SrFe;,O,q-Fe (g), at radial position 1.5 mm
SrFe;,O.4-Fe (h), at radial position 3.5mm SrFe;,O,q-Fe (i), reference images of Y35-Fe
sample using ¥, segments at al radial positions respectively (j-1).
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