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Abstract

Permanent magnets based on raresarth elements (REES), as the NeFe-B system, are akey material in
overcoming climate change, due to their usage in traction motors of electric vehicles or generators in
wind turbines. However, if Nd -Fe-B magnets are used at elevated temperatures, the critical heavy rare
earth elements (HREs) such as Dy or Tb have been added to increase temperature stability.To reduce
the usage of HREs to a minimum, an additional time- and energy-intensive diffusion process, the so
called grain boundary diffusion process (GBDP), is conventionally used. The GBDP leads to decreased
criticality but to an enhanced energy demand during magnet manufacturing. In order to maintain the
advantage of the GBDP of reducing criticality but without the disadvantages of requiring additional
energy-intensive thermal treatments, the 2-powder method for manufacturing of Nd-Fe-B sintered
magnets was developed.

The 2-powder method (2PM) for the production of more sustainable and less critical high-performance
Nd:FeisB-based sintered magnets is investigated by blending coarselRE-free main phase powders (MFs)
with finer HRE -containing anisotropy powders (APs). In the first part of this work, a proof-of-concept is
demonstrated with all processing stepsup to a 20 kg range by using the manufacturing methods of strip
casting, hydrogen decrepitation, and jet milling on an industrial ly relevant pilot line for magnet
production at Fraunhofer IWKS, Hanau. Blending a HRE-free MP (Dso ; 3,1 EKkK° |l b
containing AP (Dso; 0, 4 EKkK' ugrf _ Bw amlrcl r md-enfrichedcare;
shell structure is observed and the magnetic properties and the microstructure are analyzed in detail.
As a result, the coercivity was enhanced from an initial value of 1342 kA/m without Dy to 1457 kA/m,
1601 kA/m, and finally 1735 kA/m, having 1, 2, a nd 3 wt.% Dy respectively without a significant
decrease in remanence. Further microstructural investigations show the formation of a coreshell
development, in which the HREs are only located in the outer regions of the grains, the shell regions.
For a better understanding of the core-shell development, the diffusion behavior of the 2PM is
investigated, and the diffusion coefficient for Dy is determined to be D= (1.83 + 0.54) 10! cm?/s.

In the second part of this work, the enabling of the production of big HRE lean magnets with a
homogeneous microstructure is shown, and thus the utilization of the 2PM for industrial magnet

manufacturing is demonstrated. At first, the particle size effect is investigated by engineering afiner and

a larger MP (Dso = 3.7 and 5.4 um) and four different APs with average particle sizes of Dsp = 2.5, 3.1,

3.6, and 4.0 um. As a result, the coercivity gain is determined to be between 350- 450 kA/m, and

roughly 100 kA/m is attributed to the particle size effect, meaning that finer grain sizes lead to higher
coercivity enhancements. The possibility of producing magnets with a coreshell structure independent
of their size by using the 2PM is demonstrated ona 3409 big cylindrical magnet with dimensions of
approximately 45 mm in height and 40 mm in diameter, containing 2 wt.% Dy. The magnetic properties
are determined to be 1.32 T in remanence and 1408 kA/m in coercivity, leading to an energy product
of 336 kJ/m 3. Microstructural investigations of th e core-shell development show that the grain size and
core thickness after sintering increase with increasing size of the initial powder mixtures. On the other
hand, the shell thickness is always in the same range of approximately 2 um, independent of theparticle
size of the MP and AP, showing thatprecipitation of the Dy atoms of the AP has a crucial role in core
shell development. Next, the approach ofremoving the finest powder particle fraction of less than 1pum
is investigated, leading to better magneic properties for magnets produced out of the MP only. However,
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the coercivity gain by using the 2PM is lesssignificant and is attributed to an increasednitrogen pickup
during jet milling, which could be avoided if, for example, argon is chosen as milling gas.

Finally, a life-cycle-assessmen{LCA) compares theglobal warming potentials of conventional magnet
manufacturing, the industrial used GBDP, and the 2PM. The LCA shows that about 8 %amore CO»-eq./kg
is consumed in the additional GBDP steps On the other hand, the 2PM consumes only 2 % more C@
eg./kg. Therefore, the potential of the 2PM as an alternative manufacturing method for the production
of more sustainable and less critical NdFe-B magnets for climate-friendly applications is proven and
demonstrated on an industrially relevant scale.
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Kurzfassung

Permanentmagnete auf Basis von Seltenen Erden (SE) wie das Materialsystem Née-B, sind aufgrund
ihrer Verwendung in Traktionsmotoren von Elektrofahrzeugen oder Generatoren in Windraftanlagen ein
Schlisselmaterial zur Bewaltigung des Klimawandels. Werden M-Fe-B Magnete jedoch bei erhdhten
Temperaturen eingesetzt, miussen die kritischen schweren Seltenen Erden (SSE) Dy oder Tb
hinzugegeben werden, damit die Temperaturbestandigkeit verbessert wird.Um den Einsatz an SSE auf
ein Minimum zu reduzieren, wird herkdmmlicherweise ein zuséatzlicher zeit und energieintensiver
Diffusionsprozess, der sogenannte Korngrenzdiffusionsprozess (engl. grain boundary diffusion process,
GBDP) angewendet. Durch die Anwendung des GBDP wird zwadie Kritikalitat reduziert, allerdin gs
stiegt der Energiebedarf fir die Magnetherstellung. Um den Vorteil des GBDP, namlich die Reduzierung
der Kiritikalitat beizubehalten, ohne jedoch die Nachteile der zusatzlichen energieintensiven
Warmebehandlung in Kauf nehmen zu missen, wurde die 2Pulvermethode (2PM) zur Herstellung von
Nd-Fe-B Sintermagneten entwickelt.

Die 2-Pulvermethode (2PM) zur Herstellung von nachhaltigeren Hochleistungs-Sintermagneten auf der
Basis vonNd.FewsB wird durch das Mischen eineggroben SSE freien Hauptphasenpulvers (H P) mit einem
SSE haltigen Anisotropiepulver(AP) untersucht. Im ersten Teil dieser Arbeit wird unter Verwendung der
Fertigungsprozesse des Strip Castings, der Wasserstoffversprodung und der Feinstzerkleinerung mittels
Strahlmahlen, der Machbarkeitsnachweis erbracht. Dabei werden alle Prozessschrittebis zu einem
MalRstab von 20 kg anhand einer Pilotlinie fur die Magnetherstellung des Fraunhofer IWKS in Hanau
durchgefuhrt. Genauer gesagt wird durch das Vermischen eines SSE freien HP (B = 5,3 Em) und eines
feineren SSE haltigen AP (o = 2,6 Em) mit einem Dy-Gehalt von 10 Gew.%, die Ernstehung einer
Kern-Schale-Struktur (engl. core-shell) beobachtet sowie die magnetischen Eigenschaften und die
Mikrostruktur im Detail analysiert. Als Ergebnis wurde die Koerzivfeldstarkevon anfanglich 1342 kA/m
ohne Dy, auf 1457 kA/m, 1601 kA/m und schlief3lich 1735 kA/m erhoht, wobei jeweils 1, 2 und 3 Gew. -
% Dy verwendet wurden. Die Remanenz zeigt dabei keine signifikante Verringerung. Weitere
Untersuchungen der Mikrostruktur zeigen die Bildung einer Kern-Schale Struktur, bei der die SSE nur
in den &uReren Bereichen der Koérner, denSchalen, angereichert sind. Zum besgren Verstandnis der
Entstehung der KernSchaleStruktur wird das Diffusionsverhalten der 2PM untersucht und der
Diffusionskoeffizient fiir die SSE Dy mit D= (1,83 + 0,54) A10'* cm?/s bestimmt.

Im zweiten Teil dieser Arbeit wird die Herstellung von grolen SSE armen Magneten mit einer
homogenen Mikrostruktur gezeigt, was die Verwendung der 2PM in einer industriellen Magnetfertigung
demonstriert. Dazu wird zunachst der Einfluss der Partikelgréf3e urtersucht, indem ein feineres und ein
groberes HP (Do = 3,7 und 5,4 um) und vier verschiedene APs mit durchschnittlichen Partikelgrof3en
von 2,5, 3,1, 3,6 und 4,0 um hergestellt werden. Als Ergebnis nimmt die Koerzivitat zwischen 350 -
450 KA/m zu, wobei ca. 100 kA/m auf den PartikelgréReneffekt zurickzufihren sind, da feinere
resultierende Korngro3en zu héheren Zunahmen der Koerzivitat fihren. Die Mdglichkeit, grol3e Magnete
mit einer Kern-Schale Struktur unabhangig von inren Dimensionen mittels der 2PM herzustellen, wurde
anhand eines 3409 grof3en zylindrischen Magneten mit den MalRen von ungefahr 45 mm Hohe und
40 mm Durchmesser demonstriert. Dieser Magnet beinhaltet 2 Gew.% Dy. Die resultierenden
magnetischen Eigenschaften sind 1,32 T Remanenz und 1408kA/m Koerzivitdt was zu einem
Energieprodukt von 336 kJ/m 3 fiihrt.
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Mikrostrukturuntersuchungen der Kern-Schale-Struktur zeigen, dass die Korngréf3e und dieDicke der
Kerne nach dem Sintern mit zunehmender GroR3e der urspringlichen Pulvermischungen zunehmenDie
Dicke der Schalenbleibt dahingegen mit ca. 2 um die gleiche. Das zeigt, dass die Ausscheidung der Dy
Atome des APs eine entscheidende Rolle bei deEntstehung der Kern-Schale Struktur einnimmt. Des
Weiteren wird der Ansatz untersucht, die feinsten Puverpartikel kleiner als 1 pm zu entfernen, was zu
besserenmagnetischen Eigenschaften der Magnetethrt, welche nur aus dem HP hergestellt werden.
Wird die 2PM angewendet ist die Zunahme in der Koerzivitdt geringer, was auf eine erhéhte
Stickstoffzunahme wahrend des Mahlens zuriickzufiihren ist. Das wiederum kénnte durch Verwendung
von zum Beispiel Argon als Mahlmedium vermieden werden.

Letzten Endes vergleicht eine Lebenszyklusanalyse (engl. life-cycle-assessment, LCA) das
Erderwarmungspotential fur die konventionelle Magnetherstellung, den industriell eingesetzten GBDP
und die 2PM. Die LCA zeigt, dass die zusatzlichen Prozessschritte des GBDP ca. 8% meb©,-eq./kg

emittieren und die 2PM lediglich nur 2 % mehr CO,-eq./kg. Dies unterstreicht das Potenzial der 2PM als
alternatives Herstellverfahren zur Produktion von nachhaltigeren und weniger kritischen Nd-Fe-B
Magneten fur klimafreundliche Anwendungen unter industrienahen Bedingungen.
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1 Introduction

Permanent magnetsmade from rare earth elements (REEs) based onthe Nd-Fe-B or SmCotype alloys
are the most important hard magnetic materials for energy-efficient technologies. Especially, the
Nd:FesB-system has outstanding magnet properties at room temperature (RT)and therefore, Nd-Fe-B-
based magnets show the highest energy density (BH)ax of all permanent magnetic materials [1- 3]. For
permanent magnetic materials, the energy density (BH)ax is the figure of merit, describing the
maximum energy that can be stored in a specific volume. In Figure 1.1, all industrially used permanent
magnetic materials of the 20" century are shown in terms of their discovery dates Further, itis indicated
how much material or volume of other permanent magnets is needed togenerate the same surface flux
at RT as NdFe-B-based permanent magnetq1] .

Figurel.1: Comparison of different industrially used permanent magnetic materials of tfec2@tury. The
colored cylinders indicate the volume cessary to store the same energy compared teHed. The energy
density (BH)axis the figure of merit for permanent magnetic materials. This figure is figm

This demonstrates why Nd-Fe-B magnets arecurrently not substitutable in a lot of different applications,
including sustainable energy applications like the generators of wind turbines or the electric motors of
electric vehicles (EV9, which are both applications necessary to mitigate climate change [1, 4-6].
Besides these energyfriendly technologies of the wind energy and e-mobility sector, Nd-Fe-B magnets
are used in many other applications such as robotics, automation, digitalization, air conditioning,
magnetocaloric cooling, loudspeakers, or consumer electronic$3, 5-10]. However, when the use of Nd-
Fe-B magnets is required, material supply must always be consideredbecause of therare earthsARES)
value chain. As shown inFigure 1.2, China already holds the highestmarket share of 60 % of the global
mining industry. This Chinese dominance grows even stronger along the value chain of RE oxide
processingand metallization, resulting in a monopolistic situation with more than 90 % of global magnet
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supply [4-6, 11]. Because of this monopolistic value chain, the European Commission declared all REs
as highly critical raw materials ( Figure 1.3).

Malaysia 11%
Australia 9% I EU 1% /EU 1%
USA 13% ’/. ROW 7% /;'“d‘“"fu pROW T
.\‘ /

China 94%

China 60% China 87% China 91%

Rare Earth Oxide Rare Earth Oxide Rare Earth Permanent
Mining Processing Metals Magnets

Figurel.2: The global value chain for RBsed permanent magnets. Along the value chain of RE oxide mining,
RE oxide processing, RE metallization, and final magnet manufactinénghinese markeshare increases to a
clear monopolistic positiorThis figure is adopted froid].

Technologies
Materials
3 Batteries H
Supply Risk Sectors
(sorted largest to smallest)
Fuel i 3
cells Renewables
High
Traction
Strontium
Moderate Cabalt

PGMs
Matural graphite

Figurel.3: Overview of different material flows and their supply risk to certain key technologies. The thickness
of the lines for the material flows represents the awareness of criticality. This figure i$f&m

The REEs are divided into the more available light REs (LRBsand the relatively less available and,
therefore, more critical heavy REs (HRE) [12] . From a chemical point of view, the REs are very similar,
and depending on the application, Nd is often partially substituted by other REs in the RE-Fe-B system
[13, 14] . Nd itself, as well as Pr, are LREs with very similar magneticproperties. Because of this and
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their natural occurrences of Nd:Pr of 3:1 in the ores, Nd is often partially substituted with Pr in this ratio

[6, 13] . Other LREs that can be observed in NeéFe-B-based magnets are Ce or La, mostly leadindo a
decrease in magnetic properties[15-17]. In terms of applications, running at elevated temperatures up
to 200 °C, for example, electrical motors of EVs, HREs such as Dy or Th have to be added because they
increase the temperature stability of the magnetic NdzFewsB-phase [5, 6, 13] . The varying availability
and demand for REs also lead to different prices and thus different criticalities as listed in Table 1.1.

Tablel.1: Metal prices for chosen REEs. The prices aretherh6™ of Septembe2025and were requested on
the 24" of Septembe2025 fromwww.mineralprices.com/rarearths[18].

Element Lanthanum  Cerium  Neodymium Praseodymium Dysprosium  Terbium
$ USD/kg 3.11 4.41 75.95 82.89 298.70 1229.60

Returning to the context of green and energyfriendly technologies such aswind energy and e-mobility,

the global demand for Nd-Fe-B-based magnets is expected to increase drastically in the following years.

In the e-mobility sector, outlooks for 2030 anticipate an increase from 5,000 tons of Nd-Fe-B-based

k _elcrgqg rm 5.*. .. rml g umpj bugbe 1,000hlliod and prokiding i cr
employment opportunities for approximately 6 million employees[4]. The wind energy sector is
expected to have a demand of 30,000tons of permanent magnets in 2030 and a market volume of
_nnpmvgk _rcjw ¢g 3.. * g j gmployées[19]g Thee jglsbhl doreeasts. for the yeay j | g |
2030 are summarized in Table 1.2.

Tablel.2: Expected market volume, magnet demaadd estimated costs based on forecasts for the year 2030
[4, 19]

Estimated costs

o Estimated
Application Market volume Employees material demand per kg mggnet
material
e-mobility 625-1,. . . ° 6.0 Mio. 70,000 t 70-7. ¢
wind power 3.. 1, 0.7 Mio. 30,000t 40-3. ¢

Considering the future demand for Nd-Fe-B magnets in the Eiropean Union (EU), especially the usage
in wind turbines and electric vehicles, will be the main driver, and is visualized in Figure 1.4. For
selectedapplications, the demand for Nd-Fe-B magnetsis expected to increase from about 12000 tons
in 2020 to approximately 36,000 tons in 2030, whereby the share for EVs and wind turbines (offshore
and onshore) is responsible for 40 % and 32 % respectively. Even if the relativeshare in the EV sector is
expected to slightly decrease in the following decades the consumption is assumed to be more than
20,000 tonsin 2050 with a market share of 35 %. At this time, most of the demand for Nd-Fe-B magnets
will be in the wind energy sector, with a total amount of ca. 25,000 tons for onshore and offshore,
leading to a market share of 44 %[20] . Besides this large demand for the whole EU, the dependencyn
magnet imports is even more critical for the German industry. In 2023, Germany was the secondlargest
importer of RE-based permanent magnets worldwide after Japan, with an import volume of more than
g 30. kgjjgml m+ybasat‘magnet matendls.qin condpariBo@, Japan's import volume was
slightty hief cp* ugrf pmselj.w g 32. kgjjgml
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Figurel.4: Expected demand for NEeB magnets for selected applications in the EU in kilo tons per year on
the left side and corresponding shares on the right side. The figure is adopted2@hm

In addition to the increasing demand for magnets, the environmental impact of mining and separating
REs hasalso to be considered since radioactive waste, heavy metalgontaining waste, and wastewater
are generated[22 - 24] . Therefore, such forecasts describe a further increase in the criticality of REs and,
thus, the need for mitigation strategies to ensure a sufficient and sustainable supply chain of Nd-Fe-B-
based permanent magnets.During the writing of this PhD thesis the requirement of a more resilient
European supply chain comes into sharp focus again, because giolitical instabilit ies followed by a trade
war between the USA and Ching with export restrictions from Chinese REES[25, 26] .

To meet the demand of permanent magnets needed forelectrification in the automotive sector and the
expansion of renewable energies the mitigation strategies are divided into three main directions. One
mitigation strategy is the recycling and reuse of magnets since no industrial recycling of end-of-life
(EoL) magnets has taken place at the momen{7, 11, 27, 28] . The second one is the substitution of Nd
with the LREs Ce and/or La by the utilization of the so-called rare earth balance[15-17]. The rare earth
balance describes the circumstance that there is more production of Ce and La than demandelated to
the natural abundancies in a typical REore like monazite or bastnaesite Thus, a lot of research activities
are being done to try to increase the amount of Ce and La in NdFe-B magnets. Thechallenge here is to
keep the magnet properties as high as possible because €&&-B and La-Fe-B-basedmagnets show lower
magnetic properties [13, 16, 29, 30] . However, the Ce and La prices arealso much lower compared to
the other REEs. The third mitigation strategy focuses on the reduction of highly critical HREs like Dy and
Th. A very efficient approach for the reduction of HRES is the sacalled grain boundary diffusion process
(GBDP), which has been industrially implemented for several years[31, 32] . Magnets produced with
the GBDP show a secalled core-shell microstructure in which HRE-enriched shells surround the
magnetic 2:14:1 grains to increase the resistance of demagnetization at elevated temperature$32] . As
efficient as the GBDP in terms of HREs savings, therare decisive disadvantage: the demand for
additional time and energy-consuming grain boundary diffusion procedure, and the size of the magnets
is limited because of the diffusion-driven character of the GBDR with diffusion depths less than 10 mm
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[33] . This is where the topic of this work, the investigation of the 2 -powder method (2PM) comes into
place, since the approach of the 2PM is to have a similar efficierty in terms of critical element reduction
but without the additional expensive and time -consuming production steps and to produce magnets
independent of their dimensions [34 - 36].

For invedigating the 2PM and bringing it closer to industrial application, the following scientific
approaches are figured out:

i) First of all, the proof-of-concept on anindustrially relevant scale for magnet manufacturing of
the 2PM has to be demonstrated. Manufacturing of sintered NdFe-B-based magnets is not trivial
and throughout the whole process chain, starting with alloying, milling to fine powder in the
single micrometer range, magnetic alignment and pressing,followed by sintering and post-sinter
treatment procedures, the process control is very important and challenging in terms of avoiding
unwanted magnetic phases or observing too high impurity pickup, like oxygen, for example. To
demonstrate the feasibility of the 2PM in an industrial -related environment, the pilot plant for
magnet manufacturing, developed over the years at Fraunhofer IWKS, Hanau, is usedor
producing magnets by utilizing the 2PM with a homogeneous coreshdl structure throughout the
whole volume. In addition, huge magnets much thicker than 10 mm have to be produced as well
by using the 2PM.

i) Secondly, the mechanism of the coreshell development of the 2PM has to be investigated to save
as much as possibleof the critical HRES. Ideally, the HREs are only located in the shell regions
and the shells are as thin as possible.For this, the core-shell formation will be studied by
producing powders with different properties in terms of particle sizes and HRE content. Again, a
very good process control is necessary since finer powders have higher affinity for oxidationand
the sintering conditions, as well asthe resulting final magnetic properties, are affected by starting
powders of varying sizes as well.

iii) Lasty, the sustainability of the 2PM will be investigated by a life-lycle-assessment (LCA Since
the 2PM is not realized in industry yet, there will be no data available for comparison of the
energy consumption of the 2PM with the GBDP and the conventional processing without using
the GBDP. Therefore, the energy climatefootprint for all of those processing routes will be
compared by detecting the consumption of the devices of the pilot line at Fraunhofer IWKS,
Hanau. Thus, a first estimation of the sustainability by utilizing the 2PM can beobtained from a
relatively point of view.

In order to provide a common thread throughout this PhD thesis it is structured as follows. Chapter 2
explains this thesis's fundamentals The experimental procedure and analytical methods are described
in Chapter 3. Chapter 4 demonstrates the proofof-concept, the upscaling of the 2PM, and investigates
the core-shell formation. Chapter 5 shows the enablingof the production of big HRE lean magnets with
a homogeneous microstructure Therefore, the effect of different particle sizes is investigatedfor further
improvement of the 2PM. Further, a huge 340g magnetis produced, and a first LCA is done, which
compares the 2PM with the conventional production routes. Finally, the work is summarized in
Chapter 6, which also includes recommendations for further studies.
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2 Fundamentals

2.1 Magnetism

This chapter explains the fundamental concepts of magnetism for functional magnetic materials such

asthe Nd-Fe-B system A description of quantum mechanical effects and the detailed origin of magnetism

can be found in several textbooks and is not repeated here. For a classification of magnetic materials,
the magnetic susceptibility whas to be introduced first. The magnetic swsceptibility w describes the

magnetic interaction of materials as defined in the following equation [37] :

0 O 1)

Thereby, M represents the magnetization (defined as the magnetic momentm in AAn? per unit volume),
and H an externally applied magnetic field with the unit of A/ [38] . Another important quantity is
the magnetic permeability p of a material. It describes the relative increase of the magnetic flux densityB
as the response of the material if an externalmagnetic field H is applied. Since the units for wand p are
the same, the susceptibility can be measured in units of the constant vacuum permeability po

(A T“ Op m — ) andis denoted by us[37] :

A ()

Since the magnetic flux density B is directly proportional to the external applied magnetic field H
through the permeability p, the following physical relations are valid [37, 38] :

5 AO AAO AD O 0 AO 3)

Thus, the polarization J describes the contribution of the magnetization to the magnetic induction, and
Hr is the relative permeability.

2.1.1 Diamagnetism and Paramagnetism

Bg_k_elcrga k_rcpg_jq bml%r f_tc _lw ncpk_Ilclr
law, an external magnetic field H will induce circular currents, causing an antiparallel magnetization of
the diamagnetic material. This leads to a reduction of the applied magnetic field, and therefore, the
resulting susceptibility of a diamagnetic material is w< 0. Further, it has to be noted that the magnetic
susceptibility of diamagnetic materials is very low [37] .

Instead of diamagnetic materials, paramagnetic materials have magnetic dipole momentsthat are
randomly oriented in the ground state. If an external magnetic field is applied, a magnetization is
induced in the material. For paramagnetic materials, the induced magnetization is parallel to the applied
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field, and therefore the susceptibility w> 0 [37] . Since magnetic materials are characterized by their
response to an external magnetic field, it should be pointed out that the absolute magnetic susceptibility
of diamagnetic and paramagnetic materials is very low |u << 0 [37].

2.1.2 Antiferromagnetism and Ferrimagnetism

Antiferromagnetism is a phenomenon in magnetic materials where the spins are antiparallel aligned on
the different sublattices in the crystal structure. Therefore, there is no macroscopic spontaneous
magnetization in antiferromagnets. Antiferromagnetic materials show a positive susceptibility that
changes with temperature. Above a critical temperature, the so-called Néel temperature Ty,
antiferromagnetic materials behave like paramagnetic materials because the electron spins become
oriented randomly. Below Ty, the spins of the electrons are aligned antiparallel and cancel each other
out [37] .

Similar to antife rromagnetic materials, ferrimagnetic materials have antiparallel-aligned spins on the
different sublattices. The main difference between antiferromagnets and ferrimagnets is that in the case
of ferromagnetic materials, the magnetization of one lattice is more pronounced, leading to spontaneous
magnetization. However, above the sacalled Curie temperature T¢, Ferrimagnets become paramagnetic
because they are losing their spontaneous magnetization due to alisordering of the spin alignment [37,
38].

2.1.3 Ferromagnetism

Ferromagnetic materials exhibit spontaneous magnetization due to the alignment of magnetic moments
within the atomic lattice. If all magnetic moments are aligned parallel to an external magnetic field and
to each other, the highest magnetization, the saturation magnetization M, appears.Determined by the
sample shape,crystal structure, or micro-scaletexture, the magnetization tends to lie along certain easy
directions. This tendency is represented by the anisotropy energyE,, with its basic equation as
follows [38] :

O Ui Q& 4)

Thereby, dis the angle betweenthe direction of M and the easyaxis. The anisotropy EnergyE. and the
anisotropy constant K, are given in JJm?3, and typical values range from less than 1kJ/m?® to more than
10 MJ/m3. Without an externally applied field, the temperature-dependent anisotropy tends to zero at
the Curie temperature Tc. The main causes for anisotropy are defined as the magnetocrystalline
anisotropy, shape anisotropy, and inducedanisotropy [38] . Induced anisotropy occurs ater creating an
easy direction of magnetization by applying stress or annealing or depositing a disordered alloy in a
magnetic field to create an atomic-scale texture.

An overall isotropic behavior for the necessary energy to magnetize polycrystalline samples without
favorable orientations of the grain, in arbitrary directions, is only given for spherical samples. In non-
spherical polycrystalline samples, one or more speific easy axes occur just because of the sample's shape,
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which is known as the shape anisotropy.Since shape anisotropy is related to its sample shape, it cannot

be an intrinsic property. Shape anisotropy results from thedemagnetizing field Hy and the stray field of

a sample. The relation of equation (3), where B = o (M + H), is only valid for an infinite system. For
arealsampleek el crga nmjcq _r rfc gq_knjc%g gspd_ac bctec
and that results in the exhibition of a demagnetizing field inside the sample. The stray field energyEs:

of a sample in its own stray field is described as[38, 39] :

P

(o) A 001 & 5)

There, 1V is the volume element, and for ellipsoid-shapedsamples, the demagnetizing fieldHq is given
by:

O 00 (6)

with M lies along a principal axis (x, y, or z), and N; describes the corresponding demagnetizing factor
[2, 38] . For some simpk shapes, the demagnetization factors are listed inTable 2.1.

Table2.1: An overview of the demagnetization factors for certain shapes like long needles, spheres, and thin
films. The tablés adopted from[38].

Shape Magnetization direction Demagneti zation factor N

Parallel to axis 0
Long needle . .
Perpendicular to axis 1/2
Sphere Any direction 1/3
i Parallel to plane 0
Thin film . P

Perpendicular to plane 1

The magnetocrystalline anisotropy is an intrinsic property and the most important type of anisotropy
[38, 39] . The anisotropy reflects the symmetry of the crystal, and a different magnetization process is
needed by applying the external field along different crystallographic directions. For the three
ferromagnetic elements Fe, Ni, and Co, this reldionship is visualized in Figure 2.1.

4 [100]
S (0 151 101
T 12471111 r
> 1.0
= 087 [100]
0.5 1
S04t pe Co
0 —tt 1 t > 0 t —
0 20 40 0 10 20 30 250 500

Field, H (kA m-1)

Figure2.1: TheMagnetization of single crystals of Fe, Ni, and Co. The etiagtion curves of the single crystals
show different saturation behaviors when magnetized in different crystallographic directions. This figure is

from [38].
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There, it can be seen that the cube edgesl00aof Fe are easy axes and the cube diagonal& 11aare hard
directions. In the case of Ni, it is reversed. For Co, having a hexagonal crystal structure, the hexagonal
axis [001] is the unique easy axis. Thus, an uniaxial anisotropy results, which is the prerequisite for
permanent magnetism[38] . For the three ferromagnetic elements Fe, Ni, and Co, tle three-dimensional
anisotropy surfaces are shownin Figure 2.2.

[001]

K1 >0 K1 <0 K1 >0
bcc Fe fcc Ni hcp Co

Figure2.2: lllustration of the magnetocrystallingnisotropy surfaces for Fe, Ni, and Co. There are three easy
axes for Fe, four in Ni, and one easy axis if88] This figure isnodified from [39].

In the case of uniaxial anisotropy, the anisotropy energy Es can be expressed in a simplified way a438,
40]:

O 0vi Qe 0i Q& (6)

The anisotropy field Ha, which is the field needed to saturate the magnetization of a uniaxial crystal in
the hard direction, is defined as follows [38] :

(O @)

Ha can range from < 2 kA/m to > 20 MA / m, since yoMs a 1 T for typical ferromagnets [38] . The origin
of magnetocrystalline anisotropy is distinguished into single-ion anisotropy and two-ion anisotropy.
Single-ion anisotropy contribution is due to the electrostatic interaction of the orbitals that contain the

magnetic electrons with the potential created at the atomic site by the rest of the crystal. This crystat
field interaction stabilizes a certain orbital, and because of the spirtorbit interaction, the magnetic
moment is oriented in a particular crystallographic direction. In the case of the two -ion anisotropy, the
anisotropy of the dipole-dipole interaction is often reflected. It can be distinguished between the
broadside configuration (¥ ¥) and the head-to-tail configuration (Y Y ) of two dipoles, each with a
magnetic moment m. Thereby, the head-to-tail configuration is lower in energy, and thus magnets tend
to align in this configuration. The dipole interaction is an appreciable source of ferromagnetic anisotropy
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in noncubic crystal lattices. By means of the exchange lengthle,, the shortest scale for twisting the
magnetization to minimize the dipolar interaction is expressed [38] :

5
AD

(8)

With A describing the exchange stiffness. Common ferromagnetic materials show exchangkengths in
the range of 2 - 5 nm [38] . The dimensionlessmagnetic hardness parameter] is the ratio of anisotropy
and dipole energy, and for permanent magnetg, has to belarger than 1, since the relation is described as
follows [38, 41]:

)

2.2 Magnetic Domains and Hysteresis

In ferro -or ferrimagnetic materials, there is no net magnetization below the Curie temperature Tc
observable without external influences. Minimizing the total free energy leads to a so-called domain
structure within the single or polycrystalline structure. Within one domain, the magnetic dipoles are
aligned in a specific direction, but with a random orientation for the individual domains rel ative to each
other, resulting in the mentioned above zero net magnetization (Figure 2.3 left). There are six terms
influencing the total free energy Uo [38, 42] :

(10)

To some extent, the exchange energy(k, magnetocrystalline anisotropy (U, and the demagnetizing
field (4 are always present in a ferromagnet.(} defines the magnetization process and hysteresis loop as
the response to an applied field. The last two terms, Cress and Chs, are the consequence of applied stress
and magnetostriction [38] . The domains, also called Weiss areas, are separated by domain walls. Inside
the domain walls, the magnetization rotates. Depending on how the magnetization rotates, a distinction
is made between Bloch walls and Néel walls Figure 2.3 right).

In Bloch walls, the magnetization rotates in the plane of the wall, and in Néel walls, it rotates within the

plane of the magnetization. It has to be pointed out that Néel walls are only stable in films thinner than
the domain wall width. The domain wall width 7w depends on the exchange stiffnessA and the
anisotropy constantK as follows [38] :

.. 8 (11
U
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Figure2.3: lllustration of a domain structure in a ferror ferrimagnetic material on the left. The arrows indicate

the atomic magnet dipoles, which are aligned within each domain. From one domain to another, the alignment
varies, separated by domain walls. Thigife is adopted fronj43] On the right, a Bloch wall (top) and a Néel
wall (bottom) are illustratedin Bloch walls, the magnetization rotates in the plane of the wall, and in Néel walls,
it rotates within the plane of the magnetization. Néel walls are onlylstébthin films.Thisfigure is adopted

from [38].

For REbased magnets like SmCe¢ or Nd;Fei4B, the domain wall width jw is 2.6 nm and 3.9 nm,

respectively[38] . If an external magnetic field is applied, domains that are nearly aligned with the

applied field start to grow at the expense of domains that are unfavorably oriented by domain wall

motion. The process of domain wall motion continues until the whole magnet consists of one single
domain, which is most oriented to the external magnet field. Saturation is achieved when this domain
orients parallel to the applied field by rotation in the la st step. The change in magnetizationoccurs
discontinuously by so-called Barkhausen jumps[38, 42, 43] . Removing the external magnetic field H

leadsto nucleation of reverse domains. However, some domains remain oriented in the former direction,
and the residual magnetization at H = 0 kA/m is known as the remanenceM; or B,. The magnetic field
needed to bring the magnetization back to zero is called the coercivityHc, and it must be applied in the

opposite direction to the initial field. At this state, the domains are forced to be randomly oriented again
and cancel one another's effectThis multidomain state is a minimum in the energy landscape. The virgin

state of the material can be reached by heating it above the Curie temperature and cooling it down
without the presence of an external magneticfield. Further increasing the external field in the opposite
direction leads to aligning the domains to saturation in the opposite direction as well. This alternating

relationship between magnetization and magnetic field is called hysteresis and is often eéscribed as the
B-H loop or M-H loop.

Another important property is the energy product or energy density (BH) max. It describes the required
energy to demagnetize a permanent magnet and shows the largest square within the second quadrant
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of the hysteresis loop and is the figure of merit for permanent magnetic materials [38, 42, 43] . The
hysteresis behavior and the corresponding magnetic quantities are shown irFigure 2.4.

M, B = py(H+M)
B-H loop applied Field
M|
M,,B, M-H loop
(BH)max
-Ho [ -H H R
H, H H
‘M,,-B,
_Mr

Figure2.4: Hysteresis loops of aB loop in red and a NH loop in blueon the left side.Indicated are the
following magnetic parameters: saturation magnetizathdg the remanencéV; or B;, the coercivityH, and the

energy product(BH).ax. The figure is adopted frorf8]. On the right side, a N loop describes the domain
movement if an externaliéld is applied. The dashed line shows the initial magnetization curve. This figure is

adopted from[44].

For real bulk materials, magnetization reversal starts to nucleate in a small nucleation volume around a

defect. Surface defects are sources for high local demagnetizing fields and often act as nucleation centers,

since in the second quadrant of the hysteresis loop, the reverse magnetic fieldH is enhanced in the
vicinity of these defects. After a critical nucleus volumeV & 3, has formed, the wall begins to propagate
magnetization reversal throughout the entire material. However, pinning on defects may hinder or stop
the domain wall propagation. Therefore, any kind of defects, such as grain boundaries, dislocations,
precipitates, or inclusions, may offer resistance to domain wall movement. Based on how the initial
magnetization curve develops, it can be determined if the material is a nucleationtype or pinning-type
magnet. In nucleation-type magnets such as NdFei4sB or SmCa, domain walls may propagate easily
through the magnet. On the other hand, their movement is permanently hindered in pinning -type
magnets such as SmCay [37, 38]. Different magnetization approaches and the hysteresis loops for
nucleation and pinning type magnets are illustrated in Figure 2.5.

Practically, it is not possible to calculate a complete hysteresis loop, and for hard magnetic materials, an
empirical approach, the so-called Kronmiller equation, is used [38, 45-47]:

0 | =— 0 O (12)

Here, | k and Nerr are empirical parameters, where the dimensionless factor k reflects the microstructure
of the magnet (including pinning and nucleation centers) and multiplies the anisotropy field. Nes is an
effective local demagnetizing factor.? nf ¢l mk c | ml i | mul _Fgure@p6indesclbes
the discrepancy between the theoretically possible value of the anisotropy fieldHa. and the obtained
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coercivity Hc in real bulk hard magnetic materials. Indeed, only 20 to 30 % of the anisotropy field can
be achieved so far. The reason is that magnetization reversal is initiated in the nucleation volumes
around defects, since real materials are inhomogeneou$38, 48] .

(a) S () B \

magnetization

Reversed
magnetization

I Bloch wall

Ty
) J

Bloch-wall
propagation

(O |Pinning centres

Figure2.5: Schematic illustration odlifferent magnetization reversal approachis(a) A describes a reverse
domain, nucleating in the bulk at a crystal defect. B represents a reverse domain growing until it is pinned. C is
a reverse domia nucleating at a surface obstaclehe hysteresis loops with initial magnetization curves in (b)
show whether the hysteresis loop is controlled by a nucleation (left side) or pinning process (righTdile).
figure is from[38].
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Figure2.6: The discrepancy between the theoretically possible value of the anisotropyfialud the obtained
coercivityHeA Y NBIFf o0dzf {1 KFENR YIF3IySGAO YFGSNRI[E. Aa (Y26

The coercivity Hc defines whether a material is considered a hard or soft magnetic material, and
therefore, this can be derived from the width of the hysteresis, as well. Soft magnetic materials show
coercivities less than 1 kA/m and hard magnetic materials more than 10 kA/m. Materials in between are

defined as semihard materials. Soft magnetic materials are used for alternating magnetic fields with low
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energy losses, such asores forelectromagnets, electric motors,transformers, and generators They have
high permeability, small remanence, and a small coercive field. Hard magnetic materials used as
permanent magnets have high remanence, high coercivity, and high saturation flux density. The group
of the RE-based permanent magnets, namely SrCo and Nd-Fe-B-based alloys, stows the best overall
properties of all permanent magnetic materials. Because of the outstanding magnetic performance of
the Nd-Fe-B system, this material is often not substitutable in applications at RT up to 200 °C[1, 38, 42,
43], and will be further explained in more detail in section 2.4. An overview of soft, semihard, and hard
magnetic materials, divided by their coercivity is shown in Figure 2.7.
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Figure2.7: Overview of soft, semihard, and hard magnetic miaierdivided by the intrinsic coercivity. This figure
is from[1].

2.3 Diffusion Theory for Bulk Materials

Before introducing the Nd-Fe-B system in section2.4 and describing the manufacturing processes of
sintered Nd-Fe-B systems in section2.4.2, the diffusion theory of bulk materials is introduced because it

is needed for calculations in chapter 4. The following descriptions and explanations are based on the
textbooi 8§ Rf c K_r fck_r gaq mp9] BDiffdsibrs dgsgribésfne prosesstby whisipthel i
random motion of molecules or atoms transports matter from one part of a system to another. In isotropic
substances, the mathematical theory of diffusion is based on the hypothesis that the transfer of the
diffusing agents through a unit area is directly proportional to the concentration gradient measured
normally to the section of this area and can be expressed as follows:

Fundamentals 14



\ O— 13
ood) (13

This equation (13" gqg il mul _ g Dg aki%be trdngfer care per unitiarea of & seption, w
C represents the concentration of a diffusing substance x describes the space coordinate normal to the
section, and D is the so-called diffusion coefficient with the dimension of cm #/s. In terms of an isotropic
medium and considering time aspects in diffusion theory, as well as the diffusion is one-dimensional,
meaning that there is a concentration gradient only along the x-axis, the fundamental differential
equation can be expressed as followsandisthesoa _j j ¢cb Dgai %q qcamlb j u8

1—2 'Ol—mo 14

In cases like the interdiffusion of metals, D depends on the concentration of C. If a constant diffusion
coefficient is assumed, obtaining diffusion equations depend on the initial and boundary conditions.
Usually, there is one of two standard solutions, depending on whether it is in the early stage of diffusion
or at large values of time. For a plane source, a solution to equation(14) can be expressed as follows:

0

0 T Uohgy (15)
¢* 0o

This solution describes the spreading of an amountM, of the substance that is deposited at the time
t = Ointhe plane x =0 . Figure 2.8 illustrates a representative distribution.

1-25

I-ﬂr

075

CIM

Figure 2.8: Different concentratiordistance curves are illustrated for an instantaneous plane source. The
numbers on the curves are values of Dt. This figure is adopted[##8n

If the initial distribution occupies a finite region, the initial state is defined by C =Cy, x<0,C =0,
x> 0,andt =0 . This describes the problem if e.g., two metal bars are in contact end to end. Such a
problem can be solved if the extended distribution of composing is already considered for an infinite
number of line sources and by superposing the resulting infinite elementary number of solutions. Using
the error function, of which extensive tables are available, the diffusion of a substance that is initially
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limited in a region -h <x <+h can be investigated. With the integration from x - h to x + h instead of
from x to B the result is described as follows:

5 Ps 01 B g8 16
c oo ¢ ©Ob (16)

In Figure 2.9, the concentration distribution at subsequent times is shown. The system can be cut in half
at x = 0 and will not affect the distribution because it is symmetrical at x = 0. Thus, equation (16)
describes the distribution of a semi-infinite system, which means practically that a change of
concentration will not reach the top of the column during the experimental investigation.
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Figure2.9: The concentratiordistance curves are shown for an extended diffusion sourceliofiged extent.
The numbers on the corresponding curves are values of {B#hThe figure is adopted frofd9].

If the diffusion source is of finite length |, the former conditions (concentration tends to zero as X
converges to infinity) have to be replaced by the conditions that no diffusion flow of the substance
through the top surface will occur, meaning that 1C/1x =0 and x = | . For a finite system where the
concentration curve is reflected atx =1 and is reflected again atx = 0 and again atx =1 and so on,
each subsequent reflection of the results is superposed to the original curve described by equatio(il6).
This leads to an infinite series of error-function complements for the expression of the concentration in
the finite system, and the following equation can be deduced:

. P Q¢ an . Qcaw
(0] -0 QI —QT Ql —Q—_‘ (17)
C ¢O o ¢ 00

This solution can calculate a concentration distribution in early diffusion stages. Subsequent reflections
on the boundaries arise from the subsequent terms in the series. Therefore, the type of reflection depends
on the condition to be contented.
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2.4 Nd-FeB Permanent Magnets

In 1984, Nd-Fe-B-based permanent magnets were simultaneously developed by John Croat at the
General Motors Research Laboratories using rapid solidification[50] and Masato Sagawa at the
Sumitomo Special Metals Corporation using powder metallurgy [51] . They discovered independently
the stoichiometric Nd-FesB-phase and its excellent magnetic properties[13, 50-52]. The outstanding
magnetic properties of REbased permanent magnets consist of alloys with the transition metals such as
Fe or Co, as a result of the interaction between the magnett moments of the 3d-electrons of the
transition metals and the moments of the 4f of the REES[53] .

2.4.1 The 2:14:1Phase

The tetragonal crystal structure of the Nd:FeisB-phase, alsoknown as the 0 -phase,which comprises 68
atoms, is shown in Figure 2.10. It belongs to a P4/mnm (#136) space group. In the crystal lattice, the
Nd atoms occupy two distinct sites, the Fe atomsoccupy six, and the B atoms occupy one site. The
Nd:FeisB-phase has staggered oblique hexagonal lattices of iron atoms separated by planes of Nd and
boron atoms. According to the parallel alignment of the Nd and Fe atoms in the cdirection, the c-axis is
the easy axis[3, 13, 52, 54] . At RT, the Nd:FewsB-phase has a saturation magnetizationgoMs of 1.6 T
and an anisotropy field H, of about 5809 kA/m or 7.3 T [13] . The Curie temperature Tc of the Nd;Fe4B-
phase is 312 °C (585 K)[54, 55] and the density of the Nd.FeisB-compounds is about 7.60g/cm?3 [13,
51].
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o B4f e Fe 8j,
® Fe 16k,
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v ‘-‘ 9
®--_ 4| «—2z=0

Figure2.10: The tetragonal crystal structure of the M@ .B-phase, including 68 atoms in total. The Nd atoms
occupy two distinct sites, the Fe atoms six, and the B one site. On the bottom right, a view througgxifiésc
shown. The figure is froffd2].
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To transfer the intrinsic magnetic properties into extrinsic magnetic properties, additional secondary
phases are obligatoryby producing the starting alloy for further magnet production . On the other hand,
the formation of unwanted soft magnetic phases (especially | -Fe) has to be avoided. An isothermal
section at 1000 °C (approximated sintering temperature) through the Fe-rich region of the ternary Nd -
Fe-B phase diagram is shown inFigure 2.11. As will be explained in section 2.4.2 in more detail, the
chemical composition and the temperature treatment of melting, casting, and sintering have to be
performed in the 0 + L region. Otherwise, unwanted phases like the Nd.:FexBs-phase (d-phase), o-Fe,
FeB, and Nd:Fei; appear. The last three mentioned are soft magnetic phases, and at RT they
magnetically interact with the 2:14:1 -grains, acting as nucleation sites for reversed domains, which lead
to a decrease in coercivity. The Nd,1FesBs-phase is paramagnetic and therefore it decreases the
remanence of a final sintered magnet, because it increases the noffierromagnetic volume fraction [56,
57].
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Figure2.11: The NdFeB phase diagram of the Fieh region at an isothermal section at 1000 °C. Phases marked

in red are soft magnetic at RT. This figure is adopted f&#h

Next to Nd, also the other REEsform the tetragonal 2:14:1-phase, and for the most common REEs used
in Nd-Fe-B-based permanent magnets, an overviewof magnetic properties is given in Table 2.2. Note
that the unit cell (lattice parameters) is decreasing with increasing atomic number because of the
lanthanide contraction (except for Ce) [51] .
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Table2.2: Intrinsicmagnetic properties of the REa4.B-phases for the most common REs used irfRd®-based
permanent magnets. The values are takieom the reference[13].

REFewB Saturation magnetization Anisotropy field Curie temperature Density
MoMs [T] Ha [MA/m] T [°C] [g/cm 3]
Ce 1.17 2.07 151 7.67
Pr 1.56 5.97 292 7.54
Nd 1.60 5.81 312 7.60
Gd 0.89 19.09 388 7.87
Tb 0.70 17.51 347 7.96
Dy 0.71 11.94 325 8.05

2.4.2 Manufacturingof Sintered NdFe B Magnets

Besides sintered NdFe-B magnets made via powder metallurgy, there are other processing technologies
for Nd-Fe-B magnets like the rapid solidification via melt spinning and the so -called HDDR process
(hydrogenation, decomposition, desorption, recombination). In terms of melt spinning, the raw
materials are inductively melted and quenched (cooling rates up to 1 K/s) to get a nanocrystalline
microstructure. Afterward, the so-called melt-spun flakes are crushed to particle sizes in the range of
100 - 300 um and are either bonded with a polymer to get isotropic polymer-bonded magnets, or the
flakes are hot pressed, followed by a hot deformation to get anisotropic hot deformed magnets[58- 61].
In terms of the HDDR process, the NdFe-B alloy is hydrogen treated to get a hightextured
microstructure that also consists of nanograins. The HDDR alloys are thercrushed and mixed with a
polymer to produce anisotropic polymer-bonded magnets[62 - 65]. In addition to the fact that Nd -Fe-B
magnets have a market share of almost 60 % of the globalpermanent magnet market in general, the
share of sintered NdFe-B magnetsamong the other types of Nd-Fe-B-based magnets is about 90 %42,
11]. For this reason, and since the 2PM is applied to sintereeNd-Fe-B magnets, this PhD thesis focuses
on the sintering route, and this manufacturing process will be explained in more detail.

The conventional powder metallurgy production process for Nd-Fe-B sintered magnets includes the
processing steps of i) strip casting the raw materials, ii) hydrogen decrepitation (HD) of the strip cast
flakes iii) milling to fine powder particles in the micrometer -range via jet milling, iv) the alignment of
the powder and the compaction to green bodies, v) the sintering and postsintering treatment and finally
vi) the finishing including cutting, corrosion coating and magnetizing of the final sintered magnets.
However, before explaining the manufacturing process for sintered NdFe-B magnets, the quasibinary
phase diagram of Nd-Fe-B has to be introduced first (Figure 2.12):

The quastbinary phase diagram is especially important for the strip casting process in terms of alloying

and for the HD and jet mill procedures. At a fixed ratio Nd/B of 2:1, it shows that the magnetic 2:14:1

0 -phase is only a vertical line. The liquid-phase sintering procedure usually takes place at higher Nd and
B contents because of the surplus of Nd needed to compensate for the unwanted phase forming with the
impurity of oxygen, nitrogen, and carbon [66-68]. Therefore, a surplus of Nd of at least 2 wt.% is

necessary[69, 70] , as indicated in Figure 2.12 with the dashed line.
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Figure2.12: Quasibinary phase diagram of Fe and Nd/B with a fixed ratio Nd:B of 2:1. Indicatediisghase
(2:14:1phase), thed-phase (NdiFeBs-phase) and different states of Fe £ =  |-B®RThe dashed line
highlights the fields where sintering and pasiter annealing take plac&he figure is redrawn froffv1].

i) Strip casting

Using the strip casting (SQ technology, the raw materials are inductively melted in an alumina crucible
at around 1400 °C under a protective atmosphere. After the melt is homogenized, it is cast onto a water
cooled copper wheel, where the material is quenched with quenching rates up to 1¢ K/s. The big
advantage of grip casting, especially the quenching procedure, is that the resulting sacalled strip cast
flakes have a homogeneous microstructure of ideally only the 2:14:1phase and the RErich phase. If the
melt is not quenched, softmagnetic | -Fe would segregate, aad the alloy has to be homogenized at
temperatures near the melting temperature to let the Fe diffuse and form the 2:14:1 phase, which is very
time and energy-consuming. The thickness of the strip cast flakes is around 300 um, and the columnar
microstructure of the 2:14:1 areas hasthicknesses of about 1- 3 um separated by RErich lamellas with
thicknesses of about 100 nm [72-74]. In Figure 2.13, real strip cast flakes and the resulting
microstructure at different magnifications, as well as a schematic sketch of the columnar arrangement,
are shown.

ii) Hydrogen decrepitation (HD)

Before the strip cast flakes can be milled to a fine powder, they have to be precrushed by using hydrogen
decrepitation [75] . During the hydrogen treatment, the Nd.FeisB and the Nd-rich phase convert to the
Nd:FeisBH27 and NdH; phase by a volume expansion of 4.8 and 16.7 %, respectively76] . Due to the
different volume expansion, the material cracks at the interfaces. The temperature at which the
decrepitation starts depends on the RE content. If the RE content is high enough, the decrepitation starts
at RT, already[77] . After the embrittlement, t he material is heat-treated in a vacuum to let the hydrogen
desorb from the Nd:FeisBH; 7-phase, which otherwise would decrease the anisotropy field[76, 78, 79] .
The NdHs-phase stays hydrogenated, which keeps the material more brittle and enhance the following
milling procedure [75, 79, 80] . A schematic description of the HD process is shown irFigure 2.14.
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Figure2.13: On the top left real strip cast flakes are shown. The resulting microstructure is shown at different
magnifications on the top right and bottom left. Hereby, the dark areas correspond to the 2:14:1 phase, and the
white areas correspond to the REh lamellas (all threémages are copyright of Fraunhofer IWKS). On the
bottom right, a schematic cutout is shown whereby the small cuboids represent powder particles after jet milling
(The schematic image on the bottom right is taken fi@&ii).
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Figure2.14: Schematic description of the HD treatment: (a) before, (b) during the treatment, and (c) the
resulting HD powder. The figure is adopted fr{ga].

iii) Jet milling

With jet milling, the HD powder particles can be easily milled to particle sizes less than 10 pm. Fluidized
bed jet mills are usually used for this purpose. The concept of fluidized bed jet mills is that the starting
material (HD -powder) is fed into the milling chamber and hit by several gas jets to be accelerated to one
focus point, leading to crushing via particle-particle interaction. If the crushed particles achieve a specific
size, they can pass an inluded classifier. Depending on the speed of the classifier, the particle size
distribution can be adjusted, meaning that increasing the classifier wheel speed leads taa decrease in
particle size [83] . After passing the classifier, the ground material can be collected and in theory, the
very fine powder particles smaller than one micrometer are rejected by a cyclone. The resulting jet mill
powder has to be carefully handled because of its pyrophoric character and therefore, be kept in a
protective atmosphere. Nitrogen or argon is usually used as a miling medium for the milling procedure
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itself. Next to conventional fluidized bed jet mills, so -called target jet mills are available, too. Hereby,
the starting material is crushed by hitting a ceramic target, like SisN4, for instance. The difference
between the target jet mill sand the fluidized bed jet mill sis that the particles can be more easily milled
to finer particle sizes because of higher impact energyfrom hitting the target instead of particle -particle
interaction. However, the throughput capacity is less. The operation principles of a conventional
fluidized bed jet mill and a target jet mill are shown in Figure 2.15. Besides those jet mills, spiral jet
mills can also be used for milling [84, 85] . There, the starting material is transported tangentially into
the grinding chamber and forced into a ring-shaped distribution system, leading to particle-particle
interactions like fluidized bed jet mills. It is mentioned that because of the specific design of the spiral
jet mill, the content of the starting material during the milling procedure is less, leading to almost no
fluctuations in the particle size distribution of the milled powder at the start and the end of the process.
A schematic illustration of a spiral jet mill can be seen in Figure 2.16.

(a) Fluidized Bed Jet Mill (b) Target Jet Mill

Ground

o

Exhaust Air

Figure2.15: Operation principles of (a) fluidized bed jet milling and (b) target jet mill. In terms of (a) the bed jet
mill, the gas jets (blue arrows) of the grinding nozzles for grinding are focused on one point (image on the top).
This leads to crushing by partigbarticle interactions (green arrowis the bottom image). The images are
screenshots taken fro86] . In terms of (b)the target jet mill, the ground material is fed in and accelerated by
one gas nozzle to hit a target for crushing. In the upper image, the schematic milling procedure is shown (this
image is fron{87]), and the image on the bottom shows the milling chamber of the target jet mill instatled
Fraunhofer IWKS (this image is copyrighted by Fraunhofer IWKS).

Current trends in milling technology are to mill to finer powders up to 1 um in the D sp-value (the Dso
value means that less than 50 volume percent of the powder has a particle size smadlr than the
mentioned value), because finer powders lead to finer grain sizes of the magnets. Thus, the coercivity
increases because the probability of surface defects where magnetization reversal nucleates decreases
[88-90]. However, at such fine particle sizes, the oxygen pickup increases because of the increasing
surface area of the particles coupled with the high affinity of the REs to oxidize. This is why milling gases
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like helium or hydrogen are under investigation, but then the handling in terms of safety (hydrogen) or
rentability (volatility of helium) is discussable [91] . An approach for decreasing the oxygen pickup, in
general, is to adjust an additional classifier that sorts out the very fine powder particles, which decreases
the overall oxygen content of the powder [92, 93] . Finally, it is very important to engineer a specific
microstructure of the strip -cast flakesas illustrated in the schematic image inFigure 2.13, bottom right.
In theory, the lamella distance of the Nd-rich phases should be in the same range as the resulting powder
particles. This will ensure that each particle includes the RErich phase, which increases the wettability
during liquid phase sintering and finally im proves the decoupling of the grains, leading to an enhanced
coercivity [81, 94] .
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Figure2.16: Schematic illustration of a spiral jet mill. The starting material is transported tanggritiedl the
grinding chamber and forced into a risshaped distribution system, leading to partiglarticle interactions like
fluidized bed jet mills. This figure is adopted fr{#b).

iv)  Alignment and compaction

In this processing step, the direction of the final magnetization is defined by the alignment of the powder
particles in an externally applied magnetic field, followed by mechanical compaction to keep the
orientation [95, 96] . The density of the green bodies is about 60 % of the theoretical density of the
corresponding final sintered alloy [96, 97] . Conventionally, there are three different ways to align and
compact, as sketched inFigure 2.17. Performing axial pressing, the powder is compacted in a magnetic
field parallel to the pressing direction. When the transversal field pressing is applied, the powder is
compacted in a magneic field perpendicular to the pressing direction. In terms of isostatic pressing, the
pressing force is applied isostatically to the powder in the presence of an external magnetic field, leading
to the highest degree of alignment (DoA) [96] . The DoA can be calculated by using the equations of
Fernengel g al. [98] or Quispe et al. [99] . In both cases, their calculations are based on measuring the
remanent polarization J; perpendicular and parallel to the hard magnetic axis of a final sintered magnet.
The main difference is that using the approach of Quispe et al. allows determining the DoA for high and
low-textured magnets [99] . The squarenessSQ also describes the alignment and can be derived from
the second quadrant of the BH curve. SQis defined as the quotient of the external magnetic field at
which the remanence has dropped by 10 % divided by the coercivity. Naturally, the whole process step
must also be performed under inert conditions.
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Figure2.17: Schematic representation of (a) the axial pressing, (b) the transversal field pressing, and (c) the
isostatic pressing. The pressure is indéchas black lines and p, the applied magnetic field is indicated as blue
lines and H. The figure is adopted fr¢@6].

v)  Sintering

The production of sintered materials can be very challenging, and the fundamentals of powder
metallurgy and sintering can be read in several textbooks [100, 101]. Therefore, the following
description is only related to the Nd-Fe-B sysem, which solidifies during a liquid phase sintering
procedure. The green bodies are densified into bulk magnets during the liquid phase sintering. The
sintering takes place under an inert atmosphere at temperatures between 1000 and 1100 °Cdepending
on the specific alloy and powder particle size[80, 102] . Upon sintering, the outer regions of the Nd-Fe-
B grains and the Ndrich phase melt and form the liquid phase. One or two post-sinter annealing (PSA)
steps follow, depending on the chemical composition. Since the temperature regimes strongly vary with
the certain amount of the additives, the first PSA takes place in the range of 700- 900 °C and the second
PSA at temperatures between 400- 600 °C[103-106]. Low melting elements like Cu or Al do support
the PSA because they enhance the wettability, leading to an improved decoupling of the 2:14:1
grains [104, 105, 107] . The grain size of the final microstructure is about twice the initial powder particle
size, whereby finer powders have a higher tendency for abnormal grain growth[90, 94, 102] .

Vi) Finishing (cutting, corrosion coating , and magnetizing)

Depending on the application for which the magnet is produced, the magnet has to be cut out, e.g., via
wire cutting from larger sintered blocks, followed by surface polishing. If the magnet is produced with a
near-net shape already, there is no need for the cutting procedure. The environmental conditionsunder
which the magnet has to perform define if a surface coating is necessary108-111]. The final step is the
magnetizing of the magnet, which can alsobe done in the application itself [97] .

All the processing steps for the manufacturing of sintered NdFe-B-basedmagnetsare summarized in the
following Figure 2.18. On the left side, the processing steps are linked to the state of the magnetic
moments in the alloy. Since they are randomly oriented in the SC flakes, an ideal powder size after jet
milling would be a single domain size. The parallel orientation of the magnetic moments adjusted during
the alignment is destroyed during the sintering becauseT. is exceeded. However, the orientation of the
grains is stored, and the magnetic moments can be aligned again if the temperature is lowered belowr..
The magnet can be magnetized again by applying an external magnetic field. On the right side ofFigure
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2.18, the actual devices installed at Fraunhofer IWKS are shown. Most of the experiments in this PhD
thesis were performed with those devices.
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Figure2.18: Summarizing the processing steps for manufacturing a sintereeMBibased magnet. On the left
the state of the magnet moments for each processing step is shown (the figure i§HfYmrhe actual devices
installed at Fraunhofer IWKS are shown on the right (copyrightdyynRofer IWKS).

2.4.3 Microstructure of NdFeB Magnets

A smart design of the microstructure of the NdzFeis B-phase is indispensable to transfer the excellent
intrinsic magnet properties of the Nd:FesB-phase into a real bulk Nd-Fe-B-based magnet. The
stoichiometric composition of the Nd:Fes B-phase is Ndi7sFe&s235Bsss in atomic percent (at.%) or
Nd2s.esF€72.30B1.0 in weight percent (wt.% ). However, it is necessary to magnetically decouple the 2:14:1
grains in the microstructure by a so-called Nd-rich or, in general, RE-rich intergranular ph ase[88, 95] .
This is why a surplus of Nd has to be added, which is also important to compensate for the noravoidable
pickup of impurities like carbon, oxygen, and nitrogen duri ng processing. It is supposed that carbon
forms Nd:Ci, oxygen Nc:Os, and nitrogen NdiN; with resulting mass ratios of Nd:C & 12:1, Nd:O & 6:1,
and Nd:N & 10:1 [66-68, 88]. Furthermore, a boride phase (d-phase) may appear having the
stoichiometric composition Ndi1FesBs with a mass ratio Nd:B & 0.6:1 [13, 89]. Also, it will not be
possible to engineer an ideal microstructure where the magnetic moments of all 2:14:1-grains are ideally
parallel orientated, having the same size, and are surrounded by the same amount of Netich phase[14,
88, 95]. Compared to the intrinsic properties of the Nd-Fei4 B-phase,pure Nd-Fe-B-type sintered magnets
without any additives achieve remanences of alout 1.4 - 1.5 T and coercivities in the range of 700- 900
kA/m, depending on the detailed processing, exact chemical composition, and the adjusted grain size
[13, 89, 112]. Figure 2.19 shows an ideal and a real microstructure of a sintered Nd-Fe-B-based
permanent magnet.
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Figure2.19: Real (on the left) and ideal (on the right) microstructure of a sintered-&lB-based permanent
magnet. Furthermore, the intergranulaNdrich phase, theNd:Os-phase, and the NdFeBs-phase are
indicated.The figure is fronil13].

Staying in the same chemical composition, the values for the coercivity and remanence can be adjusted
by increasing or decreasing the grain size of the final sintered magnet. With decreasing grain size, the
coercivity will increase because finer grains hae less surface area where the magnetization reversal
starts [88-90, 93]. However, in conventional Nd-Fe-B sintered magnets, the grains cannot be too fine;
otherwise, the oxygen pickup during processing increases rapidly, leading to no good magnetic
properties anymore [93] . If a microstructure consists of coarser grains, it has more magnetic 2:14:1
volume because of a smaller share of grain boundary phase (GBPRand the degree of alignment is also
increased, which finally leads to higher remanences.[88, 114] . Therefore, depending on the desired
magnetic properties for coercivity and remanence, usual grain sizes are in the range of three to ten um
[88, 93] .

2.4.4 Additives for NdFeB Magnets

For adjusting the properties, different elements must be added to the Nd-Fe-B system for use in real
applications. A very comprehensive overview was given by Fidler and Schrefl if14] . First of all, Nd can
be substituted by other REs, and indeed, in the most commercially available NdFe-B-based alloys, Nd is
substituted by Pr in a ratio Nd:Pr of 3:1 as they occur naturally in RE-ores. As listed above inTable 2.2,
the Nd-FeisB-phase and the PsFesB-phase have similar intrinsic magnetic properties. N&bFesB shows
a slightly higher saturation magnetization and, in return, has a slightly | ower magnetocrystalline
anisotropy [5, 6, 13] . Further, the elaborate, very expensive, and environmentally critical separation of
the NdPr compound by a similar market price makes it industrially useful to keep the natural ratio as a
base alloy for magnet production and is called didymium [5, 6] . Another common substitution is with
the HREs Dy or Tb since the higher magnetocrystalline anisotropy and Curie temperature allow
applications at elevated temperatures up to 200 °C. However, it has to be consideredhat the HREs
couple antiferromagnetic with the Fe in the sublattice, and therefore saturation magnetization is less[5,
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6, 13, 14]. In some low-performance applications, Nd is substituted by the LREs Ce and La, leading to a
decrease in overall magnetic properties but also to a cheaper alloy since there is an overproduction of
Ce and La, meaning that more Ce and La are produced as theare needed|[5, 6, 13, 15-17]. The Fe
atoms can be substituted with Co, Ni, and Cr, whereby Co isthe common substitution. It increases the
corrosion resistance, Curie temperature, and magnetocrystalline anisotropy and shows only a slight
reduction of the spontaneous polarization [5, 14, 38, 50] . Other additives can be divided into two
groups, for example, Al, Cu, Ga, Sn (group D1) or Ti,Zr, V, Mo, Nb, and W (group D2), which act more
as dopants than substitutional elements. The first group, D1 (Al, Cu, Ga, Sn), forms binary or ternary
D1-Nd or D1-Fe-Nd phases, which improve the wettability during liquid -phase sintering, leading to
enhanced decoupling of the grains and better corrosion properties. The second group D2 (Ti, Zr, V, Mo,
Nb, W precipitates as binary D2B or ternary D2-Fe-B phases, leading to domainwall pining due to
obstacles in the intergranular phase[14] . An overview of the different additives and their influence on
Nd-Fe-B-based permanent magnets is listed inTable 2.3

Table2.3: Overview of the different additives and their influence on-ReB-based permanent magnets. The
data are adopted fronjil4].

Nd, S1- Fe, S2 - B (D1, D2)
S1 La, Ce, Pr, Dy, Tb Influence on intrinsic parameters (Curie temperature T, saturation
S2 Co, Ni, Cr magnetization, Ms, anisotropy field Ha)
Form binary D1-Nd or ternary M1-Fe-Nd-phases, which improve
wettability and corrosion resistance
Form binary D2-B or ternary D2-Fe-B-phases, which precipitate in
the intergranular phase leading to domain-wall pinning

D1 Al, Cu, Ga, Sn

D2 Ti, Zr, V, Mo, Nb, W

2.4.5 The Grain Boundary Diffusion Process

For the use of sintered magnets in applications that perform at elevated temperatures, like traction
motors of EVs where operating temperatures between 120 to 200 °C may occur, the coercivity has to be
increased by the partial substitution with HREs like Dy or Th. However, the HREs couple
antiferromagnetic with the Fe sublattice, and the remanence will decrease by simply adding the HREs
to the alloy. To overcome the challenge of decreasing remanence, which is accompanied by reducing the
energy product, Park et al. [115] introduced the so-called grain boundary diffusion process (GBDP) in
2005. The approach of the GBDP is that a final sintered magnet is coated with a HRE source, followed
by a thermal-activated diffusion treatment at temperatures of 800 - 900 °C for 6 to 8 h [116-120].
During the diffusion heat treatment, the RE-rich phase becomes liquid, allowing the HRES to infiltrate
through the magnet and surround the hard magnetic 2:14:1-grains, forming a so-called core-shell
structure at which the HREs are only located at the outer regions of the grains. As a consequence, the
coercivity can be increased without a significant decrease of the remanence while simultaneously saving
a lot of the very expensive and crucial elements like Dy or Tbh[31, 119-122].

The generation of core-shell structures is already known from other material systems like WGMo2-C or
SiC[101] . During the sintering procedure, core-shell structures may appear if solid solutions are formed
during dissolution and reprecipitation if the liquid phase is soluble in the solid phase or in the case of
powder blends. Then, the thermodynamically unstable pure phases dissolve and precipitate wit the
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continuation of the crystal lattice without a grain boundary [100, 101] . But also, without a liquid phase,
a core-shell structure may appear in terms of grain boundary diffusion consisting of non-reacting cores
covered by solid solution shells[101] .

Coming back to sintered Nd-Fe-B magnets, SepehriAmin et al. [121] investigated the grain boundary
structure and the chemistry of a diffusion-treated magnet in more detail. They figured out that the Dy
diffusion source only diffuses in the Nd-FeisB-phase, substitutes theLRESs, and does not enrich in the
GBP. Thus, the substituted LRESs have to concentrate in the GBPs, leading to a thickening, which improves
the decoupling of the hard magnetic grains and is considered to be coercivity enhancement as well.
Finally, it has to be pointed out that the GBDP can only be applied to magnets thinner than 10 mm
because of its diffusiondriven character [32, 117] . Figure 2.20 illustrates a schematic description of the
microstructure of a sintered Nd-Fe-B magnet before and after the GBDP.

Recently Liu et al. [32] and He et al.[116] published very detailed reviews about the historical evolution

of the GBDP, diffusion sources, and their coating methods, respectively.Table 2.4 summarizes the
different coating sources, corresponding magnet thicknesses, and coercivity enhancements classified by
the three generations of the GBDP.

Before GBDP After GBDP

Dy/Tb-rich
diffusion source

Figure2.20: Schematic diagram of the microstructure of a sinteredfédB magnet before and after performing
the GBDP. The figure is frqdi8].

As diffusion sources, pure metals, metal oxides, fluorides, or hydrides, or lowmelting alloys can be used.
Nowadays, the evolution of the GBDP can be classified into three generations. In the first generation,
the diffusion sources always contain HRESs. Inthe second generation, the HREs in the diffusion sources
were substituted by LRESs, and in the third generation, nonRE alloys or compounds were used. If no
HRESs or no REs in general are used, the coercivity enhancement becomes less, but costs can be saved
as well as critical RES[32, 116] .

The coating of the final sintered magnets can be done by (1) adhesive coating in terms of dipping,
spraying, or coating the slurries or suspensions of thediffusion source in powder form. Another option
is (2) electrodeposition using electroplating and electrophoresis of the diffusion source, or the magnets
can be coated by (3) vapor deposition, mainly physical vapor deposition (PVD methods like ion plating,
evaporation deposition, or sputtering. The different coating approaches are also schematically illustrated
in Figure 2.21.
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Table2.4: Overview of some coating sources, the thicknesses of the magnets, and the corresponding coercivity
enhancements for the different generations of the GBDP.

Coating source Magnet thickness [mm] ooHcy [KA/m] Reference
Dy metal foll 5 278 [33]
Dy.03 <0.5 440 [31]
DyFs 3 529 [123]
DyHs 1 940 [124]
S Dy73NigsAl17.5 5 600 [125]
- b= Dy70Cuso 5 288 [126]
= 0 PrssDyssClso 5 586 [126]
& Th metal foil 5 477 [33]
ThFs 3.5 750 [127]
TbH; 1 1198 [128]
Th70Cuso 5 696 [129]
PreoTh20Al20 5 795 [129]
Nd7oCU3o 4 312 [130]
§ PresCuUsz 5 528 [126]
g, S Pr70Al20CUso 2 714 [131]
§ LaroAlso 2 50 [132]
LazoAl20Cuio 2 156 [132]
c MgO 4 76 [133]
. % ZnO 4 205 [134]
@ % Al 1 212 [135]
o Al75Clps 2 125 [136]

In terms of production capacity, cost, and coercivity gain, the adhesive coating methods show the highest
production capacity at low cost, but even with the lowest potential in coercivity gain. The
electrodeposition techniques have medium quality in all the categories, and the vapor deposition
approaches have the highest cost, with the lowest production efficiency though the coercivity
enhancement is the highest[116] . So, the technology for coating the final magnet has to be chosen
depending on which magnet grade has to be produced. Also, there is no reasonable data available
concerning the quantity of the diffusion source (which is mostly the HRES) used for coating. In some
works, the content of the diffusion source applied to the magnet is measured before and/or after the
GBDP, however, it is not mentioned how many of the elements remain in the slurry or suspension or
how many of the sputtered material hits the process chambers o weight of a sputtering target when it
is EoL and useless for sputtering anymore.
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form. Another option is (2) electrodeposition using electroplating and electrophoresis of the diffusion source.
Also, the magnets can be coated by (3paadeposition, mainly PVD methods like ion plating, evaporation
deposition, or sputtering. The figure is frddi6].

2.4.6 The 2Powder Method

Another approach to the utilization o f the HREs in sintered Nd-Fe-B-based permanent magnets is the so
called 2-Powder Method (2PM), which is investigated in this PhD thesis [34, 35] . It was developed by
Konrad Léwe and colleagues at TUDarmstadt in 2016 [36] in the framework of his PhD studies in a lab
scale [137] . The principle of the 2PM is to blend two different RE.FeisB powders with different
magnetocrystalline anisotropies, for example, a HREfree so-called main phase powder and a HRE
containing so-called anisotropy powder. Further, the two powders need to differ in the average particle
size. ldeally, the HREfree main phase powder (MP) is at least 50 - 100 % higher in particle size (the
Dso-value) compared to the HREcontaining anisotropy powder (AP). After blending the powders, the
conventional sintering procedure is performed. The finer AP particles are assumed to turn earlier into
the liquid phase and surround the MP particles, leading to a core-shell structure in the final sintered
magnet, like in the GBDP. The 2PM is schematically illustrated inFigure 2.22.
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Figure2.22: Schematic illustration of the 2PM. The blended powder before sintering on the left, during the liquid
phase sintering in the middle, and the final cefgell structure after the sintering procedure on the right. The
figure isfrom [137].

The obvious advantages compared to the GBDP are that i) no additional HRE source has to be produced,
i) no additional coating step has to be performed, iii) no additional cost and time -intensive diffusion
heat treatment has to be carried out, and iv) there is no limitation of the magnet size. Simply speaking,
the 2PM shows the potential to be more sustainable and save a lot of costs with respect to the statef-
the-art GBDP. A schematic comparison of the coreshell development of the GBDP and the 2PM is sbwn

in Figure 2.23.

Grain boundary diffusion process
HRE source addition

e 25

Sintered magnet Diffusion heat treatment

2-powder method B Nd-Fe-B
HRE source
[ (HRE,Nd)-Fe-B
Nd-rich GBPs

(HRE,Nd)-rich GBPs

HRE-containing AP
Green body Standard sintering process

Figure2.23: Schematic diagram of the GBDP (top) and the 2PM (bottom). Performing the GBDP, a final sintered
magnet has to be coated befotlee diffusion heat treatment. Note that only a cutout is shown since the magnets

are usually coated from several sides. In the case of the 2PM, two powders are blended before the conventiona

sintering process is performed without any need for a diffusieat treatment. This figure is frof35].

Besides the 2PM approach investigated in this PhD work, there are other approaches to powder blending
techniques, earlier mentioned as two-alloy methods [138-140], underlining that the focus of those
works was on the engineering and blending of different alloys instead of the powder characteristics. In
1994, Kusunoki et al. [140] blended two alloys of similar particle size, where one alloy contained LREsS,
and the other did not, leading to an enriched HRE content near the grain boundaries. Another two-alloy
approach was reported by Velicescu et al. in 1995[141] and 1998 [142] . They blended Nd-Fe-B-based
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alloys with low melting eutectic alloys such as Dy;Co, NdsCo DysCo,, and Dy sNd1 sCo, [141] . Later they
carried out similar experiments with REs(CoGa); or DyCo; [142] . The result was an increase in coercivity
because, during liquid phase sintering, the low melting eutectic alloys improved the wettability of the
grains. However, the amount of the hard magnetic 2:14:1-phased decreased, whth led to a reduction
of the remanence, and the particle sizes of the additive powders were larger compared to the 2:14:1
based powders[141] . Nevertheless, the increase in coercivity was assumed to be due to a corghell
formation already. A similar approach was investigated by Groot et al. in 1998[143] . They observed a
core-shell structure via electron probe micro-analysis by blending Nd-Fe-B basedalloys with DyGa. Their
study showed that Dy does not diffuse in the center of the grains and mentioned that Dy is
homogeneously dstributed in the outer region of the grains, which have precipitated from the melt
during sintering. However, the remanence also decreases with the addition of the DyGa powderg143] .
Also, other research groups observed corehell structures like in the 2PM approach by blending HRE
containing alloys like Dys;sFes>Cuss [144] or DyssMni» [145] to a REFeB-alloy. In terms of
Dys2 sFes2Cus 5 also, no drop of the remanence was observed, but after adding 3 wt.% of this alloy, the
coercivity gain was only 20 % [144] . The addition of 3 wt.% of the Dy gsMn 1 alloy showed a considerable
loss in remanence of more than 0.1T [145] . In 2020, Yuping et al. [146] presented their study on using
ball milling under a hydrogen atmosphere to produce a fine HREcontaining powder with particle sizes
between 0.4 to 1.5 pum; after blending with a Nd -Fe-B-based alloy, a coreshell structure formed as well.
Compared to these blending approaches above, the 2PM studied in this PhD thesis focuses on tiparticle
size effect on the one hand and the easy technical feasibility in actual mass production. This means
conventional powder sizes in the range of 2- 6 um will be produced instead of quite more dangerous
goods like the very fine powders of Yuping etal. [146] . Further, conventional RE-Fe-B alloys for the MP
and AP make it easy to transfer the 2PM approach to industriatproduced magnet grades. Only the
necessary particle sizes for the MP and AP have to be adjusted.
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3 Experimental Methods

3.1 Powder Metallurgical Sintering Route for Magnet Manufacturing

3.1.1 Experimental Procedure for th&pscaling of the ZPowder Method

The first task of this PhD was the proofof-concept of the 2PM on an industrial-relevant scale on the pilot
plant for magnet manufacturing of the Fraunhofer IWKS. Therefore, two SC batches of about 20 kg were
produced using elemental raw materials (Nd, Pr, Dy, Fe Co, Al, Cu, Ga, purity > 99.5 %) and FeB, and
DyFe as master alloys. After the elements and the master alloys were melted, the melt was kept at ca.
1400 °C for 30- 40 min and poured onto a water-cooled copper wheel afterward, leading to typical SC
flake thicknesses of 0.25- 0.35 mm. The nominal composition for both alloys was identical, except for
the difference in the Dy content. One of the alloys was HREfree and represented the alloy for the MP,
and the second alloy represented the alloy for the AP,and 10 wt.% of the RE content was substituted
with Dy. The nominal chemical compositions are listed in Table 3.1.

Table3.1: The Nominal chemical composition of the starting alloys for the MP and the AP in wt.%. TRE means
the total RE content and TM represents the transition metal Cu and the elements Al and Ga.

wt.% Nd Pr Dy TRE Fe Co ™ B
MP 22.7 7.5 0 30.2 bal. 1.9 0.32 0.91
AP 15.1 5.1 10 30.2 bal. 1.9 0.32 0.91

In a large 478 | furnace chamber the SC flakes were hydrogen decrepitated under a 3 bar hydrogen
atmosphere and subsequently partially dehydrated in vacuum. The coarser MP was milled with a
fluidized bed jet mill, and the finer AP was milled with a target jet mill using a Si 3N4 target on a
8ksjrgnpmacgqgle gwgrckpgy md 8§Fmgmi u_ ?jnglcu, Rf
8§KK2. . u md 8Pcrgafpu ugrf [ fios th get foumdifferént kinds gofl powdar t p
mixtures, including 0, 1, 2, and 3 wt.% of Dy (which is the same as a share of 0, 10, 20, and 30 % of the

AP in the powder mixture). Before sintering, the powder blends and the MP were compacted and aligned

in a transversal magnetic field of about 2.6 T. For each green body, the initial weight was about 5.5-

6.0 g. The resulting green bodies were wrapped in Mafoil and sealed with a vacuum valve in quartz

tubes, all carried out in an argon atmosphere. The sintering and PSA procedures were performed in tube
dspl acg md 8A _p mjgrc Ecpmp, Qg l- d10®°g fore2h and the filstm| ¢
PSA step at 900 °C for 1h followed by a second PSA at 500 °C for 1h. The heating rate was 10 K/min

and after each sintering step, the samples were quenched to RT using water, still sealed in the quartz
tubes. The fully dense magnets had dimensions of approximately 12x10x6 mm?3. To investigate the
core-shell formation mechanism of the 2PM, powder blends with 3 wt.% Dy were heat treated at
different time scales and quenched to RT to imitate different sintering states. The different sintering

states are (i) sintering at 1090 °C for 2h followed by the first and second PSA at 900 °C and 500°C
respectively, (ii) sinteri ng at 1090°C for 2h followed by only the first PSA at 900°C, and (iii) sintering at

1090 °C for 2h without the PSA procedures. Further samples were quenched after reaching the sintering
temperature of 1090 °C after 60, 30, 10, and 5 min, leading to seven dfferent sintering states in total.
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3.1.2 Experimental Procedure for Enabling the Production of Big HRE Lean Magnets with the
2-Powder Method

In the second task, powder engineering is the focal point. Based on optimizing the powder blends, the
amwastoprobsac _ 8 gep k_el cr* wuf gaf %helgstructaré in the wipalel q ¢ *
magnet, which has a size that is not possible to produce with the GBDP. Finally, the approach of
additional classifying of jet mill powders to sort out the finest powd er particles was investigated, and an

LCA compares the conventional magnet manufacturing route with the GBDP and the 2PM.

To investigate the effect of different particle sizes, four APs and two MPs with varying sizes of particles

were milled via jet milli ng. For the APs, the same starting material as in sectior8.1.1 before was used.

With increasing particle size, the APs were named AR, AP., AP; and AP;, meaning that AP, has the finest

particle size and AR, the largest. Industrial-produced SC flakes were used for the MPs. The MPs were
named MR and MP;, representing a MP with a larger particle size and a finer particle size, respectively.

?jjJ ?Ng amlr _glgle _nnpmv, [/ . wur,# md Bw ucpc kgj]j
md 8Fmgmi _u_ ?jnglc*u _|I'b rfec KNG ju chplecr pkl gm§ KeSHL QR
Afterward, each MP was blended with each AP to have eight different powder mixtures in total. Thereby

each powder mixture includes a share of MP to AP of 80 to 20 to have a Dy content of approximately

2wt. % andblendngu _q a_ppgcb msr wugrf _ kgvgle kgjj 8KK2.
powder blends, and the two MPs were compacted and aligned in a transversal magnetic field of about

2.6 T. For each green body, the initial weight was about 5.5- 6.0 g. The resulting green bodies were
wrapped in Mo-foil and sealed with a vacuum valve in quartz tubes, all carried out in an argon
_rkmgnfcpec, Rfc gglrcpgle _I'b NQ? npmacbspc ucpc
Sintering was done at temperatures of 1020 - 1100 °C for 2h - 4h followed by one PSA step at 500 °C

for 1h. The heating rate was 10 K/min. Between the sintering steps, the samples were cooled by furnace
cooling, meaning that the furnace stopped heating until the adjusted temperature was reacheal. The fully

dense magnets had dimensions of approximately 12x10x6 mm?3,

The big magnet was produced out of a mixture of 80 % MR and 20% APs. Therefore about 340 g were
“jclbecb ugrf _ kgvgle kgjij §KK2. . u md 8§ P erfoqred p
several times since only 30 g (two mixing containers with 15 g of powder) per procedure could be
blended. Then the powder blend was aligned with 3 pulses of 9 T each and compacted via cold isostatic
pressing with a pressing force of 500 kN. The resulting green body was put in a Mo-box and sintered in

a 25| furnace chamber. Sintering was done with a heating rate of 5 K/min until 500 °C in a vacuum,
followed by further heating with 10 K/min to 1060 °C for 4h. After the sintering step was finished, the
furnace chamber was cooled at 10 K/min until the PSA step at 500 °C for 1h was reached. The cooling
to RT was performed in an Ar atmosphere by furnace cooling. The fully dense cylindrical big magnet
had a dimension of approximately 45 mm in height and 40 mm in diameter.

Using wire cutting, several smaller magnets with a radius of approximately 6 mm and a height of ca. 5
mm were cut out of the inner part of the big magnet. The cut-out samples were additionally heat treated

at 500 °C for 1 h under vacuuminr s *' ¢ dspl _acqg md 8A_p mjgr &«migcpm,
and the furnace cooling was used for cooling to RT.

The approach of additional classifying of jet mill powders to sort out the finest powder particles was
investigated with a spiraljetmg j j mHcrpu 8md 8SLCRXQAFu ugrf _1 _bbgr
Therefore, the same processing parameters as for MRvere used but with the additional inline classifier.
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This produced MP is named MR.. For the production of the additional classified AP, a particle size
between AR and AP, was aimed without the additional inline classifying. After the corresponding
processing parameters were figured out, the additional inline classifier was used to produce further
classified AP named AR.. Afterward, MPac was blended with APy in the ratio of MP ¢ to APy of 80 to 20

to have a Dy content of approximately 2 wt. %. Blending was carriedms r ugr f _ kgvgl e
md 8Pcrqgafu _r [ 3 Fx dmp [ 3 aikvgré compRdted and aligneccipa ~ j ¢
transversal magnetic field of about 2.6 T. For each green body, the initial weight was about 5.5- 6.0 g.

The resulting green bodieswere wrapped in Mo-foil and sealed with a vacuum valve in quartz tubes, all

carried out in an argon atmosphere. The sintering and PSA procedure were performed in tube furnaces

md 8A_p mjgrc Ecpmp, Qgl rcpgl-d4100°Cdor2h nmh followed byrorek n c p
PSA step at 500 °C for 1h. The heating rate was 10 K/min. Between the sintering steps, the samples were
cooled by furnace cooling. The fully dense magnets had dimensions of approximately 12x10x6 mm?3,

The LCA is carried out after DINEN ISO 14040 and 14044 and is concerned with the production chain
of magnet manufacturing of magnets with dimensions of 45 mm in height and 40 mm in diameter with

Bw amlrclr md 0 ur, #, Rf ¢ dsl argml _|j slglrcrug ,qg Oy
the impact assessment, the EF method 3.0 (adapted) has been used. The LCA is aimed to analyze the
gkn_ar a_rcempw 8ajgk_rc afddl ecnm,pnDmpgf pk nib ogj gslgec*b , r
been considered, whereas reusable output strears have not been considered. For the background system
md rfc JA?* rfc 8§camgltclr b_r_"~ _qc 1,6unu f_q "~ ccl

3.2 Analytical Methods

3.2.1 Inductive Coupled Plasm®ptical Emission Spectrometry (IGFES)

The heavy elements were measured bynductively coupled plasmaoptical emission spectrometry using
8§ Ncpigl Cjkcp Mnrgk_61..pupu mp _|I 8?egjclr 36..4u

the samples in a solution, like HNG;, and the excitation of the atoms or ions in an argon plasma at
temperatures up to 8000 K. Theamount of light emitted when the electrons of the atoms or ions return
to the ground state or a state of lower energy is proportional to the number of atoms or ions ongoing
this transition and can be calculated utilizing a calibration graph. The calibration of ICP-OES is done
with a solution of a known amount of each element that has to be measured. Using this data, the
calibration curve can be created, and it determines the relation between the concentration of the
elements in the solution and the intensity of light emitted at the specific wavelengths [147] . The ICR
OES principle, how specific wavelengths are emitted, and the working principle of an ICROES
instrument are sketched in Figure 3.1.

The ICROESmeasurements of powder samples shown in this PhD thesis are not taken on the powder
samples themselve. This is due to the high reactivity and pyrophoric characteristics of the jetmilled
powders. Thus, the powders were compacted in a protective atmosphere, sintered to a dense body, and
then ICP-OES measurements were carried out.
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Figure3.1: On the left side, the IGBES principle is shown: When an electron returns from a higher energy level
to a lower one (usually the ground state), it emits light at a specific wavelength. The type of atom or ion and
the energy levels between which the electron moves determine the wavelength of the light emitted. The right
side shows the working principle of an OES instrument. Both Figures are adopted f{aav].

3.2.2 Hot Gas Extraction

The light elements oxygen, nitrogen, and hydrogen (ONH) were determined using hot gas extraction
ugrf _ 88Jcam MLF 6144 bctgac, Rf cpcdmpc* rfc g_kn
a resistance furnace. The analyte gases were releaseahd carried by an inert gas. The sample's oxygen
reacts with the graphite crucible to form CO and CQ,, and the hydrogen is oxidized to form H,O. After

the CO, CQ, and H;0 are detected by nondispersive infrared cells, the inert carrier gas flushes them out,

and nitrogen is the only impurity remaining [148] .

The values for ONH of powder samples shown in this PhD thesis are not measured on the powder samples
themselves. The reason for tlis is that mostly the powders react during the measurement, leading to a
higher detected oxygen content. Thus, the powders were compacted in a protective atmosphere, sintered
to a dense body, and then the ONH content was measured. By doing so, the oxygenontent will be
higher than the content of the powders as well; however, this procedure imitates the processing steps of
magnet manufacturing (only alignment and annealing are skipped), and therefore, the determined
oxygen content includes the same oxygen jtkup of actual magnet production, which is the oxygen value
of interest.

3.2.3 Differential Scanning Calorimetry (DSC)

Phase transitions as melting or crystallization, were determined with differential scanning calorimetry

(DsC sggle _ 8Lcrxgaf QR? 227 D ZLO;Ersciblgsr omegcpntaimingtthg a ¢
sample and the other remaining empty, were heatedat 20 K/min in an argon atmosphere. The used
heat-flux DSC measured the heat flow betwea the sample and the reference (empty AbOs crucibles) on
which a controlled temperature program is applied using the same furnace. Thereby, each temperature
difference between the reference and the sample leads to a heat flow which is proportional to the
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difference in the heat capacities. The temperature itself is measured directly at the sample holder$149] .
The measurement setup is illustrated in Figure 3.2.

measuring cell

T reference sample T

heat-flux | 7 protective
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with heating g o

o @
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FHgure 3.2: Measurement setip of a heatflux DSC. This figure is frq@9].

3.2.4 Laser Diffraction

@ew rfc sqc md j _gcp bgddp_ar gml ugr f | the paricle gizec p q ¢
distribution (PSD) of the powders was determined. In principle, a laser beam penetratesthe particles,

which are fed into the device, and measures the angledependent scattered light intensity. Thereby,
smaller particles scatter the light at larger angles, and larger particles scatter the light at smaller angles
relative to the laser beam. Using the Mie theory, the particle size that created the scattering patterns is
calculated from the angular scattering intensity data. By the use of a sequential combination of
measuremerts with red and blue light sources, a wide particle size range between 0.01 um and 3.5 mm

can be measured using a single optical measurement path because of a folded optical design in the
Mastersizer 3000[150] . In Figure 3.3, the set-up of the Mastersizer 3000 is shown.

Measurement cell

Focal plane

Back scatter detectos

detectors

470 nm blue
light source

Side scatter
detectors

650 nm

Precision folded red laser

optics
Figure3.3: Measuring seup of the Mastersizer 3000. The red arrows indicate the parts that are needed for the
red laser, and the blue arrow indicates the location of the blue light source. This figure is modified according to
[150] and trainhg documentation from 2018.
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The powders in this Ph.D. thesis were passivated before the measurement to determine their PSD
because of their pyrophoric properties.

3.2.5 X-Ray Diffraction (XRD)

The crystal structure was observed in terms of Xray diffraction (XRD' sqgle _1 -B&Cknw,
bgddp_ar mkcrcpp md 8§ K-Kjtradiption. The tausg of djfiraation isithe scgtterfing A m
of X-rays at the individual atoms of the crystal lattice. This can also be defined as a reflection at the
apwqgr _j %q j_rrgac nj _lcqg _I b ggq s hayoaeconlydreflectecin a f
those angles in which the individual reflections constructively interfere with each other and is described

"w or fc @atione[BB5¥%g co

(0 VEF 2 18

Here, dn is the distance between the lattice planes,dn describes the diffraction angle, n is the
diffraction order, and e-corresponds to the wavelength. The geometry of the Bragg diffraction is shown
in Figure 3.4.

Before the measurements, the samples were crushed in an Ar atmosphermto powders with particle

sizes less than 100Em. The diffraction patterns were recordedina2f p _| ec md O03Arm 6. Au
grcn glrcpt _j md .,./1/ 1A, Rfc j _rrgac n_p_kcrcpgqg
Bail method, which is incorporated in the Rietveld refinement program Fullprof. As a profile function,

the Thompson-Cox-Hastings pseudaVoigt function was chosen.

4 d )

7 \ . /" \
d-s% 4in(9)

Figure3.4: Determination of the phase difference between two reflecteda}(s at two adjacent lattice planes
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3.2.6 Scanning Electron Microscopy (SEM)

The microstructural investigations were done via field emission scanning electron microscopy (SEM
sggle _ 8KCPJGL Glgrpskclrpy dpmk 8A_pj Xcgqq Kgarg
(AsB) detector for imaging and an energy dispersive Xray spectroscopy (EDS) detector for spatially
pcgmjtcbhb amknmqggrgml - v I6.jwqgdggmk f@keeémpb &IVgqr ps}
electron (BSE) detector and electron dispersive Xray (EDX) were used to support the SEM
gltcqrge_rgmlqg, Rfc k_elcr qg_knjcaq, nmjggfcb gspd
k _afglcp md §J cegsamples' sumacegylality This preparation technique leads to typical
line-type artifacts during the SEM observations

For estimating grain sizes, or shell and core thicknesses in the microstructure, the intercept method was

used with the help oftheopel gmdr u_ p 1548 Glkb ercfHu amknsr cp q85 .u_pc

The working principle of a SEM is that a focused electron beam is guided overa sample in a grid pattern

"w bcdjcargml amgjq, Rfc glamkgle cjcarpml “~c¢c_k g
signals coming back out of the sample, which are collected in the different detectors and assembled
synchronously to finally form an image. The different types of signals generated by the electron beam

gl rcp_ar gml ugrf rfc g_knjc _pc bcqgap igueb3.5 The r f c
penetration depth in the material depends on the excitation voltage and is in the range of 1 to 5 pm.
Thereby, the emission of secondary electrons depends on the surface morphology (topographical
contrast), and the intensity of the backscattered electrons depends on the orientation of the crystallites
(orientation contrast). Further, the intensity of the backscattered electrons increases with the atomic
number of the scattering atoms, which allows for distinguishing between different phases of the material.

The information about the elemental composition of the sample is provided by the generated Xrays on

the surface, which are characteristic of each element. A map of a selected area showing the different
elements can be imaged by EDX, and in a sai-quantitative way, EDX provides the chemical composition

md rfc q_kmpéel%mgd. qspd_ac
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3.2.7 Atom Probe Tomography (APT)

For the preparation of the very sharp needleqf _ncb rgng* _ 8Fcjgmg L_I mJ_
was used, following a standard procedure for the tip preparation [158] . The APT investigations were
bmlc wugrf _ 8§JC?N 3. .. VP md 8A_kca_yu, Dmp _

enhanced ion flight path was used to obtain a higher massto-charge resolution. The APT measurements
were performed in laser pulsing mode with a laser energy between 50 to 60 pJ by a repetition rate of
125 kHz. Thereby, the base temperature of the sample was 50 K and the detection rate 0.6 to 1%. With
rfc fcjn md 8A_ _kca_%q Glrcep_rcb Tgqs _j gnstrucgoml
was done.

Atom Probe Tomography (APT or 3D Atom Probe) is an analyzing technique for 3D imaging and
measuring the chemical composition at the atomic scale (ca. 0.1 to 0.3 nm resolution depth and 0.3 to
0.5 nm laterally). APT measurements require the samples to be prepared in the form of very sharp tips.
At high DC voltage in the range between 3 to 15 kV, the cooled tip is biased. A very high electrostatic
field of tens of V/nm at the tip surfaceisinduced ~w r fc tcpw gk _jj p_bgsqg mc
high DC voltage, just below the point at which the atoms of the sample would evaporate. By the use of
HV pulsing or a laser, one or more atoms are evaporated from the surface and projected onto a positio
sensitive detector. The very high detection efficiency of the detector allows the simultaneous
measurement of the time of flight of the ions. So, the time between the laser or voltage pulse and the
arrival at the detector allows to determine the mass-to-charge ratio and measure the XY position of the
ion impact on the detector, and the order of arrival allows to reconstruct the original positions of the
atoms on the sample. If this procedure is repeated several times, the atoms are removed from the tip,
and a 3D image of the material can be reconstructed at an atomic scalg159] . The working principle
and an example of a reconstructed 3D image are shown inFigure 3.6.

Position sensitive detector m/n Mass-to-charge-state ratio
i N2 t:Time of flight
Bhert path length M\ min=2eV,(tll)? i Fight path length
3 0y 2 d D Data Software Electrodeposited Ni-Mn alloy
Needle shape ' _'_) Mne O« Ce
specimen oAl C— Grain boundary (Ni not shown)
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| c“
High voltage d '_:. o == ¥ 7
[t | < = Precipitate
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Figue 3.6: Working principle of the lasexssisted 3D atom prob (left). This figure is fifd®0]. Example of a 3D
reconstruction map (right). This figure is fr¢b9].

3.2.8 Kerr Microscopy

The magneto-optical Kerr effect (MOKE) was used to visualize magnetic domains. The images were
pcampbcb mlI _ 8§8Xcggqgq ?vgm Gk _ecp,BOk kgapmgamncyp
a polarized light function. To reduce the topological effects, the measurements were carried out using

the polar component of the reflected light.
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Kerr microscopy, based on the magneteoptical Kerr effect, describes the changes in polarization of light

that is reflected from a magnetized material, which was reported by John Kerr in 1875 [37, 161] .
Classically, it can be understood based on the Lorentz concept that an electric field vectoE of an incident

linearly polarized light causes an oscillation of electrons in a material along the plane of incidence. The
oscillating electrons experience a Lorentz force (n x E) because of the magnetization vectorm, which
a_sqcqg rfc nj_lc md mgagjj_rgml rm pmr _rc, Ckgrrec
rfc pc-carchb jgefr gq rfppedapcb aaswwiminmicadsversedKerr | m
component Ax. This leads to the mentioned Kerr rotation, which can be clockwise or anti-clockwise,
depending on the direction of magnetization. A domain contrast is produced in an optical polarization
microscope if the light emitted by the domain phases with different rotation angles is blocked. Hence,

by the use of a phase shifter (compensator, e.g., quartetwave plate) in front of the analyzer, the
ellipticity can be compensated if there is a phase shift between the normal and Kerr amplitude[37, 162] .

In Figure 3.7, the principles of MOKE, the typical configurations of MOKE, as well as a schematic Kerr
microscopy setup are shown.
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Figure3.7: The principles of the MOKE are shown in (a). These figures ar¢l@inThe MOKE measurements
configurations of polar, longitudinal, and transverse configurations are shown in (b), as well as a simplified
scheme of a Kerr microscopy setup. These figures are adaptedI68h
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3.2.9 Density

Rfc bclggrw md rfc k_elcr q_knjcg u_q bcrcpkglchb
/| ACSpu ~ _j_lac md 8Q_rmpgsqgp _Phpatigkcphpbcgd mnisehatlhgng
a body completely immersed in a liquid experiences a buoyant force equal to the weight of the volume

of the displaced liquid, and is expressed as followg[164] :

(19)

Here, mbcqgapg cq rfc q_ lmng teedlgnsith of lthg diquid; *which lis temperature -
dependent my; is the mass in air, and m, is the mass measuredafter the sample is put in the liquid.

3.2.10Magnetic Properties

The J(H) demagnetization curves (second quadrant of the hysteresis loop) of he magnet samples were
kc_qgspcb ugrf _ 8§NCPKREWEPNF uBpnd &Giferepid grapmat RT and
elevated temperatures up to 180 °C. Therefore, the samples were magnetized with a 1.5 kV pulse and
placed between two FeCo pole shoes afterwal to measure in closedcircuit conditions. As a result, the
remanenceJ;, the coercivity Hg, and the energy product (BH) max were determined [165] .

The temperature coefficients for the remanence andr for the coercivity are calculated with equations
(20) and (21)

| = P (20)

Pl (21)

3.2.11Physical Property Measurement SystenVibrating Sample Magnetometer (PPM&SM)

The Physical Property Measurement System- Vibrating Sample Magnetometer (PPMSVSM) of

8§0s _| rsk Bcqgelpg npmtgbcqg rfc mnnmpr sl §ardetermmngk c _ g
the hysteresis curve of the samples in this work, the hysteresis was measured at RT in a magnetic field

up to 4 T. The vibrating component of the VSM causes a change in the magnetic field of the sample. This
eclcp_rcqg _|I <c¢cjcarpga_j dgcjb gl _ amgj -~ _qcb ml
a uniform magnetic field, a magnetization M will be induced in the sample. In a VSM, the sample is
placed within suitably placed sensing coils, also held at the desired angle. Further, the vibrating sample
component is made to undergo sinusoidal motion, i.e., mechanically vibrated. The electromagnet
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activates bebre the testing starts, so if the sample is magnetic, it will become more so the stronger the
field that is produced. A magnetic field H appears around the sample and once the vibration begins, the
magnetization of the sample can be analyzed as changes @tir in relation to the timing of movement.
Because magnetic flux changes induce a voltage in the sensing coils that is proportional to the
magnetization of the sample. Changes in the signal are converted tothe magnetization M versus the
magnetic field H strength, which allows for measuring the whole hysteresis graph[166] . The working

principle of a VSM is illustrated in Figure 3.8.

Dmp amkn_pggml* rfc b_r_ kc_gspcb ~w TQK wugrf rf

recorded magnetic momentm is converted into the polarization J as follows:
’ A a ” 22
v ~
5 (22

ufcpc w K gq r f c }as thkendensitfod-or khe S medsurements, the samples are
prepared into cuboids with dimensions of approximately 1x1x5 mm 3. Due to these small geometries, a
noticeable kink may appear in the hysteresis loops, which is evident in very small samples, like 0.5 mm

and 1.0 mm cuboids [167] .

Vibration exciter

Sample holder

Pick-up coils

|

Electro-
magnet
12usew
-04123|3

“signal reference
0 e .
Power supply Lock-in-amplifier

Computer system

Figure3.8: The working principle of a VSM. This figure is ffb88].
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4 Upscaling of the ZPowder Method

This chapter focuses on theproof-of-concept and upscaling of the 2PM, performing all processing steps
in industrially relevant dimensions on the pilot plant for magnet manufacturing of Fraunhofer IWKS.
Further, the core-shell formation of the 2PM is investigated. The results of this chapter have already
been publishedin [34, 35] .

4.1 Starting Materiak for the Upscaling of the-Powder Method

BSE SEM images of the cross sections of the SC alloys for the HREee MP and the HREcontaining AP
are shown in Figure 4.1. The microstructure of the SC flake for producing the MP shows the typical
lamella distribution of the RE -rich phase between the 2:14:1-phase (Figure 4.1a) [72, 73, 169] , but the
Dy-containing SC flake does not (Figure 4.1b, c). Here, an additional dark illustrated region was
identified as the Dy.Fei;-phase via EDX line scan, which can be seen ifrigure 4.1d. Related to the BSE
SEM image of that flake and the corresponding EDX maps for Fe, Nd, and Dy he RErich phase seemed
not to contain any Dy, as can be seen inFigure 4.1e - h, since there is no Dy signal at the areas
representing the RErich phase. However, theformation of the Dy zFei7-phase at Dy contents higher than
10 wt.% was expected because it was already reported in the literature[72] .

After performing the HD process on the SC alloys, the MP was milled to a particle size of [y = 5.3 pm
using a fluidized bed jet mill, and the AP was milled to a particle size of Dsg = 2.6 um u sing a target jet
mill. The oxygen content of the MP and AP was determined to be 0.17 wt.% and 0.31 wt.%, respectively.
The particle size distribution can be seen inFigure 4.2a, and the resulting values of the particle sizes
and the measured oxygen contents are listed inTable 4.1. Further, Figure 4.2b shows the DSC analysis
with determined melting temperatures for the RE-rich phase, and the powder itself is shown.

The DSC measurements of the single MP and the powder mixtures, including 1, 2, and 3 wt.% Dy show
a decreasing melting temperature of the RErich phase with an increasing amount of Dy, which is the
same as an increasingshare of fine AP particles in the powder mixtures. Indeed the amount of additives
like Cu or Al influences the melting temperature of the RE-rich phase and finally influences the wetting
behavior of the grains during liquid phase sintering [170] , but in this study here, all powder mixtures
have the same stoichiometric composition. This is why the decreasing melting temperature of the RE
rich phase starts at 791.7 °C for the MP to 7871 °C (powder mixture with 10% AP) and finally, 785.8
°C for the powder mixtures with 20 and 30% AP is supposed to be because of the increasing share of the
very fine powder particles. An increasing share of AP means that more fine particles with a higher srface
energy include the RErich phase, and therefore, the melting temperature of it for the whole powder
mixtures decreaseq94] . The melting temperature of the powders itself increases with increasing share
of AP because tle Dy.FeisB-phase shows a higher melting temperature compared to the NdFe4.B-phase
[13].
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Figure4.1: Microstructure investigations of theCzalloys for producing the HREe MP and the HR&ontaining

AP. The SME BSE image in (a) shows a typical microstructuré-eBNthsed SC flakes and is used for the-HRE
free MP. In (b) and (c), the microstructure of thedytaining SC flake is showndifferent magnifications, and
the red line in (b) gives the path of the ED¥-scan in (d). The SME BSE image in (e) shows tberiigining
flakes in higher magnification, and ¢f]h) shows the corresponding EDX maps for Fe, Nd, and Dy, respectivel
The figure has already been published34].
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Figure4.2: The particle size distributions of the MP and AP are shown in (a). The particle size distribution of the
AP (red curve) shows an additional peak at particles smaller than 1 um. This second peak appears via jet millin
if the powders were milled to suchng particle sizes ofdp= 2.6 um because the milling pressure of the nitrogen
processing gas is too high and the finest particles cannot be rejected sufficiently anymore by the cyclone and
are collected within the ground material. The results of the D®@sarements for the MP and the powder
mixtures are shown in (b). The determined melting temperatures of the powders and thielRghase are
indicated. This figure has already been publishe@i.

Table4.1: Overview of the Dy content, the oxygen content, and the particle size distribution for the MP and AP.

Dy content  Oxygen content Particle size distribution
[wt.%] [wt.%] Dio [um] Dso [um] Dgo [um]
MP 0 0.17 2.4 5.3 9.2
AP 10.0 0.31 0.5 2.6 4.4

4.2 Magnetic Propertiesof the Sintered Magnets

In Figure 4.3 and Table 4.2, the magnetic properties of the magnets made of the MP only and the
different powder mi xtures by utilizing the 2PM in terms of the squareness SQ, the energy product
(BH) max, the remanenceB;, and the coercivity H¢; are shown. The SQ decreased from 95.8 % (0 wt.%
Dy) to 92.5 % (1 wt.% Dy), 91.9 % (2 wt.% Dy), and finally to 91.7 % (3 wt.% Dy) . The same trend is
observed for B, and (BH) max. Br is decreasing from 1.37 T to 1.36 T having 0 and 1 wt.% Dy and ending
up with 1.33 T and 1.32 T having 2 and 3 wt.% Dy respectively. In terms of (BH) max the energy product
is decreasing from 357 kJ/m 3 to 351 kJ/m 3, 340 kJ/m* and finally to 330 kJ/m 2 with increasing Dy
content at the same time. The opposite trend is observed foiH. There, the coercivity increases starting
from 1342 kA/m to 1457 kA/m, 1601 kA/m, and finally 1735 kA/m. The observed increase in coercivity
with a simultaneous decrease in remanence and energy product by increasing the Dy content was
expected because of the antiferromagnetic coupling of Dy with the Fe in the sublattice on the orhand
and the higher magnetocrystalline anisotropy of the Dy-FeisB-phase compared to the NdFe4B-phase on
the other hand [13] .
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