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Magnets are crucial for the energy transition
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https://www.electricaleasy.com/
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Best magnets contain rare-earth elements
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The best magnet in the world, in terms of
performance, has the composition
Nd2Fe14B

In 2030, total NdFeB demand is set to
triple compared to 2020 levels
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Rare-earths are critical raw materials -
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Reason 1: Price fluctuations
Total REO Production REE Prices
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Reproduced from Nabeel Mancheri (EIT Raw Materials)
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Rare-earths are critical raw materials

Reason 2: Supply risk

EUROPEAN -
RAW MATERIALS | ERMA (et
ALLIANCE

Rare Earth Magnets and Motors:
A European Call for Action

A report by the Rare Earth Magnets and Motors Cluster
of the European Raw Materials Alliance

Malaysia 11%
Australia 9% I Eum

. T o .

PEU 1% " EU<i%

China 60% China91% China 94%
Rare Earth Oxide Rare Earth Oxide Rare Earth Permanent
Mining Procassing Metals Magnets

A single country controls the supply chain

European Union
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China expands rare earth export

restrictions ahead of possible Trump-Xi
meeting

PUBLISHED THU, OCT 9 2025.3:57 AM EDT

A Anniek Bao siare £ X in B4
&IN/ANNIEK-BAO-460A48107/
@ANNIEKBYX

KEY * China has tightened export controls on rare earths and related ®
POINTS technologies, while barring its citizens from participating in
unauthorized mining overseas. Breferia Listen)
NOW
® The latest move is a “major upgrade for rare earth export control,” UP NEXT

expanding restrictions from only raw materials to intellectual
properties and technologies, said Dan Wang, China director at
Eurasia Group.
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Rare-earths are critical raw materials
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Reason 3: Social and environmental problem

Myanmar's
poisoned
mountains

The toxic rare earth mining
industry at the heart of the

1 ton of NdFeB = 13 kg of toxic powder, 75 m? of f T v ; globsl grean snrgy
residual water, 12,000 m8 gas, y 1t de radioactive I e
waste B ovino

S - ol So “Green”
| Technology: The
Rare earth mining may be key to Complicated Legacy
our renewable energy future. But
at what cost?

We take you inside Mountain Pass, the only rare earth mine in the United States.

ol Rare Earth Mining

2.AUG.20219:00 AM . 7 MIN READ

lllegal mining, human rights violations
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How can we reduce our REE dependence?
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» Develop new REE supply chains /

BEETHE'VEN I \;

o —

» Develop new magnets that can substitute rare-earths

« Reduce REE content greene

European Critical Raw Materials Act
2030 benchmarks for strategic raw materials

» Develop rare-earth-free/lean devices

& Increase the recycling rate (currently 1%) )

EU EXTRACTION EU PROCESSING EU RECYCLING EXTERNAL SOURCES
At least 10% of At least 40% aof At least 159 of Nat more than 65%
the EU's annual the EU's annual the EU's annual of the EU's annual
consumption for consumption for consumption for consumption of each

extraction processing recycling strategic raw material

at any relevant stage
of processing from a
single third country

- i I
Commission
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The BEETHOVEN project
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The BEETHOVEN project
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suBstitution of rarE-EarTHs for advanced nOVELI
magNets in energy and transport applications

i WattsUp Power
4 years G Creerspur )/ Sy
T

14 partners
10 countries

7.7 M€

o Usbiana, Siovenia "\‘Slralagcm

KOLEKTOR
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The BEETHOVEN project

3 types of magnets
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Table 2. BEETHOVEN magnets

g properties and substitution potential

Sample Ms(Am*kg) Tc(K) Hc (expected) (BH)“"‘" Substitution Estim. cost
(T) (kI/m?) potential (€/kg)
55-220 20-40% of NdPr- 50-60 €/kg

(RE-HEAS),-

125-145 550-600

Fe, B Dy
SrFe ;010 65-100 723 K >0.3 55-65 100% of NdPr-Dy 40 €/kg
~~  composites
W-type Ferrites 80-91 700 K >0.4 55-70 100% of NdPr-Dy 50 €/kg
Beethoven Applications
E 1200}
i 1000 it g 180
= . 0 . 1160
%‘ R 5 g 2 140
% 600 8 o o o o 120
Q o o > o
; 400 t o o o ° 160
'é ROt 80 2 AN
- %4 05 06 07 08 09 1 1A Fmd f..,ee.s

Remanence B (T)
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BEETHOVEN outputs
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Output/Result SIGNIFICANCE

WA S S0 (VA R TR P (el BT E LS E R Re B New gap magnets to be commercialized from Europe
ferrites and HEAs (ER1-3)

REE-free/-lean 2,100 - 4,900 tons substitution by 2033
devices and magnets & sustainability assessments

Recycling Enhance recycling rate of
Strategies (ER9) PMs in production facilities by at least 15%

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
European Union Each individual speaker is responsible for the content of their presentation.



Slide 13

Bttt TH&'VEN

e

e

Thank you for your attention!

Adrian Quesada

a.quesada@icv.csic.es Eu Beethoven
m GREENE Project m Beethoven Project

greene-project.eu C s l C projectbeethoven.eu
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Nd-Fe-B

magnetic polarization J
magnetic flux density B8

Permanent Magnets’ Properties

B-H curve

Intrinsic properties ‘ Applied properties .

BH

N58
N56 56M
i ' N54 54m
\ N52 52M
’ N50 50M
~ 9 N48 4sm
N45 45M
external magnetic field H N42 42M
izati Hci=(XXHa_Neffos N40 - doM
Br - Remanent magnetization N38  38Mm
iHc - Intrisic coerciivty N35 35M
gHc - Extrinsic coercivity
BHmax- Energy prOdUCt Traditional Process
|LOP+GR
Dy/ Tb Diffusion
Future Direction
-HRe Free

Tc(°C) 315

M,(T) 1.61
H,(KA/m) 5342 kA/m

max teor (kJ/m?3) 509

N52>: Small consumer electronics (max
strength at low temp).

* N42SH-EH: Motors, renewables, EVs.

* N35EH-AH: Aerospace, defense, extreme
high-temp stability.

"
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M -100°C, Hci=1100 kA/m
H- 120°C, Hci = 1400 kA/m
L SH-150°C, Hci = 1600 kA/m
UH -180°C, Hci = 2000 kA/m

45EH EH -200 °C, Hci = 2400 kA/m
42EH AH - 220-230°C, Hci =2 2800 kA/m
40EH 40AH

38EH 38AH

35EH 35AH

> Improved properties, greater energy efficiency & Recourse efficiency — processing, recycling

GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
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The Scientific Challenge Addressed By GREENE
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» Improved magnetic properties: Better utilization of the extensive theoretical potential of
magnetocrystalline anisotropyNd,Fe,,B H, = 5342 kA/m, while Hciis only 35% of H,

s

Single-grain Re-engineered Nd-Fe-B Permanent Magnets

* The anisotropy of the Nd,Fe,,B crystal cell is uniaxial — high H,

* Thelocal anisotropy on the surface of the Nd,Fe,,B crystal cell is planar — lower H, and lower Hc;i

* Defects/imperfections at the boundaries between the Nd,Fe,,B matrix phase and the intergranular phase result in lower
H, and lower Hc;

¥

+

K, (Surface) —o— 2
k
> /
i -'+- . .

Magnetic anisotropy EI per Nd atom (meV)

- ° a (001) surface o) °
0.35 ° s - *
ol émcroEsrtgcture QQ"L ¥, MgAl 51 Ca S¢ 11 V (,‘ernFc CoNi CuZn GaGe @T. Schrefl
’ o o Fea s
e 5.9 wi.% Dy . . . .
= ) il s GREENE - engineering of grain boundaries
- / 5
L P 3 : i * Cu,Ca,Cr
o¥noy @ E e Locally, where we start from theoretical
0.15- a . o
y ey £ : - SEN principles
O e S pemea I ' Globally, where we aim to create a new
65 7 T-ZA m“ 85 9 ’ microstructure

Atom substitution in Nd,Fe,,B

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
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The GREENE Concept
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Redesignhed/renewed Nd-Fe-B magnets — based on grain boundary e i—— o

engineering, starting from a single grain
- . . Optimization of grain boundaries & Production of magnets
Modellin
SRl with improved properties and fewer critical materials
* Conventional approach: Phase equilibria (PE)
governed processes

* ,Novel“ GREENE approach: deviation from the PE, SG
approach and fast consolidation.

NI+ Cu + NI

GREENE GB
recreation

Nd,fe B Grain Novel GB Short-range
grain boundary  precursors exchange couplig

NG -~ 2

500 nm

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
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GREENE — Concept Innovation /
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GOAL: Tailor and define the structure and

chemistry at the phase boundary with the

highest retained Ha

* Higher Hci values and increased utilization
of the extensive theoretical Ha potential

* Higher energy efficiency

sk * Betterresource utilization

Nd-Fe-B
magnet

BEETH&'VEN

———

o

Sample:
Coated
DC Pulse.

Nd,Fe;,B | Geentor
grains

Re-designed
o Bulk
1999  ndres
magnets’
A WAY i
>O O( microstructure

H )= M

Novel GB
);0;‘ phase
== Defined

interfaces

Conventional approach -
conditioned by thermodynamic
equilibrium, which determines the
phase composition and chemistry

= GREENE approach —moving away from phase equilibrium,

direct grain coating and rapid consolidation

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
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GREENE — Value chain and Goals

s greene

ORE MINING

INTEGRATION AND
TESTING

PROTECTIVE
ATMOSPHERE

GRAIN BOUNDARY NEW SINTERING
JET-MILLING ACID LEACHING ENGINEERING METHODS

(O]
=
=
=
z
=4
@
o
=)

GREENE intertwines Efficiency — Environmental sustainability - Economic sustainability — and addresses the
Criticality of materials

> Resource-efficient, high-performance Nd-Fe-B magnets with -10-20% RE content, +20% coercivity, and
maximum energy product +20%

> Increased sustainability of magnet production with -5% scrap rates, -15% energy consumed and -30%
toxicity

> Independent, resilient and scalable supply of key materials, magnets and components within Europe

> Society and stakeholders better equipped for a sustainable green transition in Europe

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
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GREENE — Consortium and Key Figures
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Coordination € g

.z. ozef 8 M€ 1 SPEl; :sgresan 4 years
Stefan
0 Institute

06/2024 — 05/2028

ﬁ?ermanent magneth / Fundamental \ /
material science

Advanced \ LCA/TEA / Industry \
magnetism, characterizaton
modelling ‘
@@ Jozef
:‘.Stefan

@®  Institute

&
S

4,

*
*

fﬂ‘\

- 40 Universiteit IOI " A N E ' l
J Leiden B LJUBLJANA, d.d.
‘!}E,\” The Netherlands
Y (it #CSIC )
HS PF 5 B9 VITU e
—~— CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS
Sng 14> HYPREMAG
Dissemination, wﬁecycﬁng
D Y e B B . . outreach, exploitaion
#: Hochschule Aalen TU B s Universidad P
VAR WIEN g Zaragoza
«r ] Consiglio Nazionale

Steinbeis BOSCH
delle Ricerche / K / \ / ‘ Europa Zentrum
Funded by the
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Thank you for your attention!

Kristina Zuzek
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Atomistic Foundations of Magnetism
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Atomistic Foundations of Magnetism — _—
N
¢ Introduction to magnetism: from the hysteresis loop to the quantum concept of spin
J
)
* Multiscale simulations in magnetism: ab initio — atomistic —> micromagnetics
J
)
¢ Ab initio methods: the Density Functional Theory (DFT)
J
)
® Extracting magnetic features from DFT simulations
J
)
e Connection between DFT and atomistic models
J
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Introduction to magnetism
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A magnetic material is one that has a net magnetization per unit volume.

The individual local magnetizations are ordered below a critical temperature, and depending on their relative alignment,
different types of materials exist.

Funded by the
European Union

TCurie TNéeI

®OO®® DO OOO®
Ordered®®®® @@@@ @@@@
<. OOO®  HODE = OODD
OO LOC® OCOO®

Ferromagnetic Ferrimagnetic Antiferromagnetic
M#0 M=0

@®@®
Disordered @
T>Te ®@E&
SCICe,

Paramagnetic Borrowed from M. Coey (lecture 5006-1)
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Classification of materials by their response to a magnetic field (H)

©
SIVIY
ivie)]

©
.@“

/0]

O
aligned

SO
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000
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¥

Noolo
OOO

OO
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QOO

: (DOD
QV@

Randomly aligned Aligned leading to Always aligned leading to large - Opposing induced
large magnetization magnetization Zero magnetization magnetization
Paramagnet Ferromagnet Diamagnet

Adapted from http://nptel.ac.in/courses/

European Union and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
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Introduction to magnetism
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Classification of materials by their response to a magnetic field (H)

VOO 9O | |00, 888 | O00 @8
00 90 OO 9005 O00 OO
Lo gog OO QOQ " |O00 g
H=0 H>0 H=0 H>0 H= H>0 i
e e ol

Paramagnet Ferromagnet Diamagnet

M M M
" e " ' (x1000) oM

(
(
(
(
BD Plouffe et al., Rep. Prog. Phys. 78, 016601 (2015).

Adapted from http://nptel.ac.in/courses/
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Introduction to magnetism
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The hysteresis loop of a ferromagnet ——

A M

spontaneous magnetization Mg f.

\ Mr rgmanen {-“/:1-\/

irgin cpirve
initial fusceptibility H

major loop

The hysteresis loop shows the irreversible, nonlinear response of a ferromagnet to a magnetic field.
It also reflects the arrangement of the magnetization in ferromagnetic domains.

Borrowed from M. Coey (lecture 5006-1)
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Introduction to magnetism
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But where do those magnetic moments come from? ... the mysterious Weiss field

Phenomenological Weiss theory
Scale of the interactions

A 1
W = —Z(aiM)2 + K(M-u)? — =M - Hy \ Energy

Mg £ 2 -
l/ / I Exchange = 100 meV
interaction 5
Magnetic exchange Anisotropy Demagnetization
= 10 meV
““ ; Spin-orbit interaction
Fundamental magnetic interactions
In a static situation, the magnetic energy of a material is the sum | il -
of the contributions from magnetic exchange, magnetic anisotropy
and stray fields. & 0.1 mev

Adapted from F. Hellmann et al., Rev. Mod. Phys. 89, 025006 (2017)
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Introduction to magnetism
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Pauli exclusion principle: two identical fermions cannot occupy the same quantum state simultaneously.

Origin of magnetism: the Quantum Theory of Physics

To understand the electronic levels leading to the Periodic Table of the Elements, we need to introduce a fourth quantum
number: |n € m, mg > =E, orbital, orbital moment, spin

1’ E, E.., = E, Magnetic Atoms with electronic levels not completely filled
i T E, E...x = E; Diamagnetic Atoms where all electrons are paired
. . . . . ) ) i¢
General form of a spinor (wavefunction in spin space) for a spin % particle: “P> = COSE‘+>Z + smze —>z

The local magnetic moment of an atom arises from its spin moment. In the case of solid state systems with broad
electronic levels (bands), it takes values different from + .
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Introduction to magnetism

Origin of magnetism: the Quantum Theory of Physics

Interaction between spins: the magnetic exchange (J).

BEETHE'VEN |Eﬂ$ffg’reene

When two atoms with a net magnetic moment come close, the overlap of their wavefunctions gives rise to an interaction
(magnetic exchange) that depends on the distance between atoms. Governed by the Pauli exclusion principle and the
balance with kinetic energy, this leads to the parallel (ferromagnetism) or antiparallel (antiferromagnetism) alignment of

spin moments.

This interaction is usually represented by a Heisenberg model:

An indirect exchange interaction may also exist mediated by neighboring non-magnetic atoms

Direct exchange

Superexchange

(hybridization)

(B

44_ <D 44_
1 t2g O2p _4799

Double exchange

(hopping)
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Origin of magnetism: the Quantum Theory of Physics

Orbital magnetic
moment mf

Electronic levels: |n £ m, mg> =E, orbital, orbital moment, spin

Electron
orbit

Spin magnetic
moment Electron

€ m, describe the orbital motion of the electron around the nucleus (orbital moment) m,

The spin admits a classical interpretation as the angular momentum of an electron

rotating around its own axis.
https://www.sciencefacts.net

As two angular momenta interact, there is a spin-orbit coupling (SOC) due to the electron orbit around the nucleus.

eh

H.  =-
50¢ Amic*1-v?/c?

The SOC can be interpreted classically: the electron is a charged particle in movement that feels a magnetic field (H)
originated by the electric field E created by the positive nucleus. Thus, the SOC is higher for the heaviest elements of the

Periodic Table of the Elements (5d metals, rare earths, etc.)

(VV xp)G=EL-S

GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only

Funded by the
E yU R and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
uropean union ., i gividual speaker is responsible for the content of their presentation.



Slide 31

Introduction to magnetism

Origin of magnetism: the Quantum Theory of Physics
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One of the consequences of the SOC is that it connects the spin space to the real space. This brings the concept of
magnetic anisotropy (MA): the existence of preferred real space directions (easy axis) for the orientation of the

magnetization.
25 [l s e TR e TR AT TS S
r  Magnetite

20 |

S
s [100] - hard direction
: 15 7 ) Easy ]
g [111] - easy direction Medium <>
E I
§ 10 | -
5 i -
0 L 1 1 1 PR L
0 50 100 150 200 250 300

Hitchiker's Guide to Magnetism

Soft magnet — low MA Hard magnet — high MA

.M (MAm™") | M(MAmY —

'%F,_,—- / !

-50 o 50 HAm -l 0 1| HMAmY

| ‘ —

Borrowed from M. Coey (lecture 5006-1)

When a magnetic field H is applied along the direction of an easy axis, the
reorientation of the magnetization upon reversal of H has an energy cost.
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Multiscale simulations in magnetism

Atomistic

Ab initio

* Electronic level (quantum) * Atomic level (quantum or classical)
* ~100 atoms * 103to 10° atoms
e Ground state properties * Mesoscopic dynamical properties

(isolated system, T=0) (effect of fields & T)

BEETHE'VEN |;a$?’g’reene

Micromagnetics

Continuum theory

Scale of microns (shape, domains)
* Macroscopic dynamical properties
(effect of fields & T)
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Multiscale simulations in magnetism
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Ab initio Atomistic Micromagnetics

* Electronic level (quantum) * Atomic level (quantum or classical) * Continuum theory
 ~100 atoms * 103to 10° atoms * Scale of microns (shape, domains)
e Ground state properties * Mesoscopic dynamical properties * Macroscopic dynamical properties
(isolated system, T=0) (effect of fields & T) (effect of fields & T)
No parametrization Import material parameters
Materials properties & design Dynamical response
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Multiscale simulations in magnetism
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Ab initio Atomistic Micromagnetics

* Electronic level (quantum) * Atomic level (quantum or classical) * Continuum theory

 ~100 atoms * 103to 10° atoms * Scale of microns (shape, domains)

e Ground state properties * Mesoscopic dynamical properties * Macroscopic dynamical properties
(isolated system, T=0) (effect of fields & T) (effect of fields & T)

Computational cost

Transferability
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Multiscale simulations in magnetism
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Ab initio Atomistic Micromagnetics

g M, A, K
$

| Tc; Msr HR: Hc (BH)max

Refine model

) ; o Experiments
u = atomic moments M = saturation magnetization
J = exchange constants A = exchange stiffness
d = atomic anisotropies K = effective anisotropy
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Ab initio methods: DFT
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We describe a many-body system formed by N, electrons and N nuclei, solving the Schrédinger equation:

Born-Oppenheimer approximation

[Ty +T. + Voo +Vyn Ve ] O(r,R) = ED(r,R)

The differences in the time-scales of nuclear and electronic motions enable to separate the variables describing
the electron (r) and nuclei (R) positions:

d(r,R) = W(r,R)x(R)

This way we decouple the adiabatic Schrodinger equations of electrons and nuclei:
[Te + Vee +VNe(rIR)] LIJ(I",R) = E(R)w(r,R) electrons
[Ty +Van(R)+ €(R)] x(R) = EX(R) nuclei
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Ab initio methods: DFT
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Born-Oppenheimer approximation

The B-O is based on two assumptions:

1) Adiabatic approximation: the ions move on the potential-energy surface of the electronic ground state.

2) Neglect quantum effects in ionic dynamics: replace time-dependent ionic Schrédinger equation by a classical
Newtonian equation of motion.

[Ty +Van(R)+ €(R)] X(R) = EX(R)

I:> Solved by molecular mechanics: consider atoms as classical objects.

[T, + Voo +Vel(r,R)] W(r,R) = €(R)¥W(r,R) I:> Quantum mechanics to determine the electronic ground state.

Hellman-Feynmann theorem. Couple the electronic Schrédinger equation and the ionic Newtonian equations: The

forces acting on the ions are given by the expectation value of the gradient of the electronic Hamiltonian in the ground
state.

—

Fy ==V E(R)=-V [e,(®)+ Vyy(R)]
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Ab initio methods: DFT
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Solving the Schrodinger equation (DFT)

The Hohenberg-Kohn-Sham theorem:

1) The ground state energy, E, of a many-body system is a unique functional of the particle density, n.

2) The functional has its minimum relative to variations of the particle density at the equilibrium density, n,,.
E[ny] = min{E[n]}

The total energy functional:

E[n] = T[n] + E,[n] + E,[n] + V[n] [ Size scale: O(N°) ]

T = kinetic energy

E, = Hartree energy (electron-electron repulsion)

v Vv

Unknown functional forms

E,. = exchange correlation energy

V = external potential term
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Ab initio methods: DFT
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Solving the Schrodinger equation (DFT) — choice of functional forms e

Heavenof Accuracy

pr—
+UnoccKS Orbs The exact form of T[n] & E.[n] is
| il .l‘li"l“i';:g:;:‘;'j;"’*"’ unknown. The different choices lead to
Hybrid DFT-HF the different flavors of DFT: LDA (free
electron gas), GGA (general gradient
: . Vplr), . . . .
meta GGA me;ﬂ.ﬂ:@“d‘ﬂ;f@rm approximation), hybrid functionals
(mixtures with Hartree-Fock model),
S GGA: p(r), Vplr) DFT+U (addition of a local Hubbard
Orbital-independent: v,
— ' term), etc.
LDA
I LDA: p(r)
X, Orbital-independent: v,
Earth of qu-ree M. Zbiri, M. Johnson, H. Schober, S. Rois, Collection SFN 12, 77 (2011)

- Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only

E Uni and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
uropean Union ¢, individual speaker is responsible for the content of their presentation.



Slide 40

Ab initio methods: DFT

DFT computational flow diagram END

Hellman-Feymann

nuclei
forces =07
electrons
iy Asine
[ L
®0

<:> Structure

, Magnetic order
NiFe,0, START

European Union Each individual speaker is responsible for the content of their presentation.
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Electronic gap, magnetization (M), energy

I Fed
| — Felt
ﬁ | (8]
=] e [
= ‘;"v"'.' e
i_ j i ¥
E il I
& i
L] ] A 3 ] 2 'l
Frsrgy da's'i

C. Tejera-Centeno, R. Rico, S. Gallego, J Mater Sci 58, 5658 (2023)

Theoretical
conditions
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Ab initio methods: DFT
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* Choose the complete basis set to express that of your system.
e Choose if core and valence electrons are considered on equal footing.

Structure

Choose your code !

Solving the Schrodinger equation (DFT)

JuKKIh

, ]
" The concept of ka I KKR

) [
:,' pseudopotentials S I e Sta machikaneyama
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Solving the Schrodinger equation (DFT)

Accuracy: determine the dependence of the theoretical conditions
(truncation of complete basis set, Brillouin Zone sampling, etc.) on the
required precision.

~207.5 1 o
No.k,, Energy (eV) [ "NiFe,0, (001) surface 0 g
6 -209.6557 -208.0 1 2
+ Energy g
. . 7 -209.6548 S 085 | P30 =
' 1 Scale of the interactions o -20s. T
Exchange b= 100 meV Ll g
interaction ' 8 -209.65693 o B
-209.0 | é
AR e — 9 -209.65686 g
““ SpIR-obiE -209.5 | 10 S
— interaction 10 209.65614 .
B L
d 2 4'1 6 8 10
= 0.1 meV Number of kxy points

Borrowed from Victor Sosa Fierro, PhD thesis
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Ab initio methods: DFT
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Solving the Schrodinger equation (DFT)

Choice of the xc functional: the example of DFT+U

nuclel Hellman-Feymann
forces =07

New structure

Structure
Magnetic order,

e+ UNOCE KS Orbs
|
e Hybrid DFT-HF

Eprriv = Erspa + 5

Theaoretical
conditions

.._.- i n '. J &
Hybrid functionals: p(r), Vp(r), E 7 i .\_' i gy o o L4
Orbital-dependent: v, ; : = _ o . R | '..
2 Wy W
meta GGA: p(r), Vp(r),T, 0p(r) I HIE e L W e _"'

Orbital-dependent: v,

e ME12 GGA l
= GGA
DA

| F—

Earth of Hartree

.
—
GGA: plr), Vplr) Lt _!L"\'- a . AN
Orbital-independent: v, 1 " L N L

_ -
| o
LDA: p(r) |_|l:| _-I-_. - -F\.: II|I
Orbital-independent: v, r - - n —

ik A & TR T &

Eswpy i)

U -J)

§ : a E : AT ~ T
‘nﬂll ,mny nrn] B nmg Jng

my my,ma

NiFe,0, is known to have an insulating gap
around 1.5 eV. To reproduce this with DFT, a
E,. beyond LSDA or GGA is needed.

Adding a local Hubbard-like repulsion
potential (U) to the d electrons enables to
recover the experimental gap for U = 4 eV.

Introducing U as a parameter, the ab initio
feature is partially lost.

Collection SFN 12, 77 (2011)
J Mater Sci 58, 5658 (2023)
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Ab initio methods: DFT

Solving the Schrodinger equation (DFT)
Variation vs. U of the ground state energy, the net magnetization & the internal

pressure at the experimental lattice parameter for different magnetic orders.

T Heliman-Feymann L] =] ) . 1:. ﬂ . . .
ut e NiFe,0, { | o 1l | The ground state magnetic configuration
N i,,:: Oy o €2l | (c0) is well identified for all U. The
- L u . . .
St ru.. o = energy barrier between configurations
ignetic order, conditions ik 1 ] .
& asl — | decreases with U.
0k O—O—o—0—0—0—0
M1 v - N ’
. ap 0000
el - 1 . . « .
NiFe,O, . 8 . ) The net magnetization is independent of
Fe 2 —_— : :
B 3 il U for all configurations.
cO + - - ! o
a2 E
Fe cl + | + | + ap
A a o,
. c2 + + - . a o p—o 0
0 Ni | The ground state volume depends on U,
c3 + - + im Q_..:r--"':"' @=a] — | but differences between configurations
v .,,»'“f are similar for all U values.
C. Tejera-Centeno, R. Rico, S. Gallego, J Mater Sci 58, 5658 (2023) *=f

L] ! 2 3 4 ] 4
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Ab initio methods: DFT
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Choice of the xc functional: the example of DFT+U

Solving the Schrodinger equation (DFT)

nuclel

(U-J)

Eprriu = Erspa + T Z: (Z ngu,ml) . ( Z ﬁzn.mz ﬁ'mz.ml) ’
. a my ny Mo

The specific value of the materials features depends on U, and this can be
used to optimize it comparing to the experimental data.

But usually trends between different systems/configurations are robust
vs. variations of U.
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Extracting magnetic features from DFT
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SrFe,50,,
oy O Sr Site Moment (p;)
& Fe(de) se 3.52
o
AT & Fe(4f,) 4f1 3.52
Fe(6
o & Fe(62) g 535
Magnetization & Fe(4f,)
4f2 3.70
Solution of the Schradi i § Fecizy
gutlon o) .t e Schrodinger eq.uat!on b Fetar) 12k 3.75
directly provides the total magnetization 3
at the ground state (equivalent to M) and & Fe(2d) 413 -3.24
the local atomic contributions. A 2d 3.65
ae-l—Ob Total (f.u.) 56

Borrowed from Victor Sosa Fierro, PhD thesis

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
Each individual speaker is responsible for the content of their presentation.

European Union



Slide 47

Extracting magnetic features from DFT

~
LI
; -/
BEETH®VEN o ":'rg reene
_—’_——__
L gx
e e SrFe,0,,
New structure i = R M - 8. 28 I.lB
K, =0.96 meV
oo — _
- Y. - — | K, =E—E,
Fe,Oq4
S M=17.80p;
i i K, = —0.06 meV
Magnetic Anisotropy (MA) < u MAE = E(M,) - E(M))
The MA is determined from the ~ S
differences between the total energies of =~ '
configurations with the magnetization ; S
. . . . — R* AT -l T g
aligned at different directions. o 8| T~y a
0.2 X!_ = N . .
- D'?m < > < == Ny .
- S* WOA 82

Borrowed from Victor Sosa Fierro, PhD thesis
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Extracting magnetic features from DFT

Heliman-Feymann

nucle!
force:

New structure

electrans
Structure Theoretical
Magnetic order, conditions
START

Magnetoelastic properties
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CoFe,0,
Variation of the MAE of CoFe,0, for
MnFe,0, . .
CFO/MFO/CFO different directions under the deformation
imposed by growth on MnFe,0O,
0.6 .
Ferrite CoFe,0, MnFe,0, » 7 4\ " ® a(MFO)
. 0 / R o a(CFO)
S a (R) 8.35 8.46 S 1 § |
Magnetoelasticity is the change of the > 04 /;/ S
magnetic properties of a material under E oar |/
. = /
mechanical deformation. DFT determines Deformation when CoFe,0, adopts Eo2] |/
it from the correlation between the system the lattice parameter of Mnfe;0, L.'J o1 :
energy, the magnetic anisotropy and the Orientation =
Ax +1.6 % L —
00z Oy0 x00 «xy0 xyz
Az 2.7 % Aois
César Tejera-Centeno, PhD tesis (2022)

structural deformation.
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From DFT to atomistic models  criticar T o
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How to extract the Magnetic Exchange interactions (J)

The method is based on the mapping of the DFT energies
to a Heisenberg-like Hamiltonian, assuming all changes
between different magnetic orders can be assigned to
the magnetic exchange interaction.

n; number of inequivalent sites at sublattice i

N N
. 1 (@) () o
Energy from Heisenberg model: E,., = 5 E E nizijdi;SiSi0; o z; number of i j neighbors
= S; 0. spin at i site in sublattice a

Assuming invariance of the local moments S, across the different configurations «, the magnetic exchange interactions

between magnetic sublattices (J;) can be obtained:
a, magnetic configuration at ground state

_ A(“ij — o) — Ao — @) — A(“j — ao) a; configuration reversing sublattice i

i 7..5.S.0.(0)g.(0
4n;2;;5:5;0;(0;(® Ala; - a,) energy difference between configurations
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Extracting the magnetic exchange interactions (Jij)

An already visited example, the case of NiFe,0,: Jii = Aay — @) = Aei — o) — ey — @)
J 4nizijSiSjo-i(0)O-j(0)
Configurations a Magnetic sublattices S; Energy differences 4 (vs. U) Relative J; value vs. U (J;;/Jy,)
Mag. Fe, Fe; Ni F=Feg
Config. L] I ) o— 0 il | . ® J2FA |
LF] L= . O ';‘ G - ’
cO + - - o 2p | ]
A=Fe, ‘ LT S N, - o -
c1 + |+ | + ‘ | b ° £
=i 38 & : ®3T |
c2 + | + | - 8} O GG it . : . ® J3An
| . ™ v v 4 T @ s J1NE
c3 + - + N= Ni -0, 16 v - : J::H
~5.3 r .- 2
| 2 3 4 L] [ s
U )

C. Tejera-Centeno, R. Rico, S. Gallego, J Mater Sci 58, 5658 (2023)
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From DFT to atomistic models  criticar T o
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Extracting the magnetic exchange interactions (Jij)

. J.vs. U between pairs of sublattices
A BEETHOVEN example, the W-hexaferrite SrFe,30,: . —
4f, 4e 12k & .
4.0 4.0 W\/ i
35 WJ 35 WA l
30 30 Variation of S, S, vs. U for
25 2sp —w3 | different sublattices. : ¥ BB we e B &E
25 - 0 25 ' 0 — lﬁ:o B I
The method is hased on the mapping of the DFT energies to a Heisenberg- = h B
like Hamiltonian, assuming all changes between different magnetic orders .
can be assigned to the magnetic exchange interaction. L |
1.09 e U=0.3(T.=1283K) mm"s
«  U=1(T,=1216K)
0.81 e U=2 (T.=910K) y
. e U=3(T,=535K)
Determination of the magnetic ordering g"'ﬁ’
temperature based on atomistic simulations | o]
VAMPIRE code 02/
( ) Borrowed from Victor Sosa Fierro, PhD thesis
0.0+

0 250 500 750 1000 1250 1500
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Micromagnetic simulation and domain dynamics

Presenter: Thomas Schrefl

16-10-2025
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Computing magnetization reversal
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Outline
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* Unboxing micromagnetic solvers
* Small particles
* Domain walls and domain patterns

Micromagnetic software
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Micromagnetism "
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* Continuum theory

* Magnetization is a continuous
vector function in space

M = M(x)
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anisotropy energy
+

Zeeman energy (external field)
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c-axis

E = KV sin%p — po Hey M V cOS(6—0)

anisotropy Zeeman
enhergy energy

K anisotropy constant in units of J/m?
V volume of the particle in units of m?®
M, sponfaneous magnetization in units of A/m
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Anisotropy energy
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C-axis 4 M

/

Eoni = KV sin?g

electrostatic interaction energy between the charge cloud
of the 4f electrons and the electrostatic crystal field

KronmUller, F&hnle, Micromagnetics and the microstructure of magnetic solids,
Cambridge University Press, 2009
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Zeeman energy pd”
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EexT —— Mo Hexf@COS(e—(p)

magnetic moment
External Magnetic Field —

vYy

VVYVYVYyYeyewe ‘rvl

magnetostatic energy of a dipole in an external magnetic field
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Try yourself
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€ launch | binder

https://mybinder.org/v2/gh/thomasschrefl/micromagnetic_basics/HEAD
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hysteresis curve of a small particle

anisotropy energy density and Zeeman energy
Eai =K Sinz((D)V

Ezee = —HJs cos(60 — @)V, Js = poM;
normalize energies: divide by 2K J/

— B 2
eam—ESIH(QD)

€zee = —hcos(0 — @), with h = szTS(
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= 1 =D
eani_isul((o)

€zee = —hcos(0 — @), with h = H%}—

energy density

In [2]:
def energy density(phi, h, theta):
e ani = 0.5*(np.sin(phi))**2
e _zee = - h*np.cos(theta-phi)
return (e_ani + e_zee).squeezel()
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import matplotlib
import matplotlib.pyplot as plt
matplotlib.rcParams.update({ 'font.size': 12})

import numpy as np
from scipy.optimize import minimize
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hysteresis loop

In [3]:
h_values = np.concatenate( (np.linspace( 1.2,-1.2,100), # down
np.linspace(-1.2, 1.2,100)) ) # up

theta = np.radians(15.0) # field angle
phi = theta # initial magnetization angle

mh = [ |
for h in h_values:
res

minimize(energy density,phi,args=(h,theta))
phi

res.x/ 0]
mh.append(np.cos(phi-theta).squeeze())
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plt.plot(h_values,mh,label=f"'{np.degrees(theta):.2f} degrees’)
plt.xlabel(r'external field $(2K/J \mathrm{s})$')
plt.ylabel(r'magnetic polarisation $(J_\mathrm{s})$")
plt.legend()
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-1.0 -05 0.0 0.5 1.0
external field (2K/J;)
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Angle dependence of coercivity
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anisotropy energy
+

exchange energy
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Exchange energy
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e Exchange interactions between neighboring spins ~ S; - S;
e Replace spin with continuous function of x
 Taylor expansion of ¢(x)

g\IZ Brex = A _qb dx

P dm

A exchange constant in units of J/m
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Magnetization distribution in domain walls

Funded by the
European Union

| -Wall

Domain 1

O O O

Domain 2

BEETH&'VEN

z(

~Easy

Y axis

sgreene

GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.

Each individual speaker is responsible for the content of their presentation.



Slide 71

Magnetization distribution in domain walls
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sharp transition has higher energy than smooth domain wall
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How to calculate M(x)
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Material properties

In [2]:
K = 410e3 # J/m3 anisotropy constant
A = 3le-12 # J/m exchange constant

delta® = np.sqrt(A/K) # Bloch parameter
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Computational grid
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start of region in nm

I
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number of cells
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cell size
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Energy

def energy(phi,d,L,K,A):
phic = 0.5*(phi[:-1]+phi[1:]) # phi in center of each element
dphi (phi[1:]-phi[:-1])/d # first derivative
e ani = K*(np.sin(phic)**2) # anisotropy energy density

e ex = A*(dphi*dphi) # exchange energy density
e = np.sum( d*(e_ex + e_ani) ) # sum up energy of each cell
return e
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minimize energy

phio (N//2)*[np.pi] + (N//2)*[0] # initial magnetization
phi@ = np.array(phio)

IFE€S

minimize(energy,phi@,args=(d,L,K,A))
phi = res.x
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np.linspace(a,b,N) # coordinates of nodes for plotting

.figure(figsize=(12, 6))
.plot(X*1e9, np.cos(phiof), '--',label="initial")
.plot(x*1e9, np.cos(phi), label="final")

.plot(x*1e9, np.tanh(x/deltao),':',label="analytic', color="r")

.quiver(x*1e9, np.zeros_like(Xx),

np.zeros_like(x), np.cos(phi),
scale=40, linewidth=0.05, minshaft=2, width=0.002, pivot="mid")
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Out [6]:
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Minimizing the energy gives domain pattern
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y 0
E(m) =de A axx + By azz - K(m-k)? - > ~(Hg - m) — poM(Hexe - m)
| Y J \ Y J\ Y )\ Y )
= parallel spins = eas;y: ‘di'ré(;t.ions = domains < rotation
m = M/|M|
Im| =1 —> Diffusion on the surface of a sphere
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Domain patterns in Nd,Fe,,B foils
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Finite element micromagnetics o &
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greene

subdivide grains into
finite elements

interpolate magnetization
and magnetic scalar potential

minimize the energy
for varying applied fields
“M

I

H
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Finite element micromagnetics %
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coercive field
remanence
energy product

Magnetic hysteresis
properties

Infrinsic magnetic Physical / chemical
properties structure
magnetization grain size
magneto-crystalline anisofropy grain shape
exchange constant grain boundary phases ...
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Summary

Funded by the

Micromagnetism is a continuum theory

Fine computational grid to resolve the transition
of the magnetization in domain walls

The competitive effects of the energy terms
upon minimization determine the magnetic state

You can run micromagnetic simulations in
the browser https://ubermag.github.io/

Check your results carefully
change mesh sizes and tolerances

Micromagnetics helps to design
magnetic materials and devices
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Introduction to magnetism
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27 || 3+ s e ) ;
spontaneous magnetization - eleven elements (purple) are antiferromagnetic

antiferromagnetic transitions
—

Elements with ferromagnetic and

—
Metals

v clgments

=

Funded by the
European Union

62 Sm
1504
3+ 4P

0l Pm
43

91 Pa
231.0
5+ 51

70 Yb
173.0
34

00 Fm

57

102 No
250

103 L
60

From M. Coey, Trinity College, Dublin.
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Microstructural Engineering and Magnet Properties
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The hysteresis loop represents
the reversal process of the

magnetization
Magnets
1,0 —— — — T
7
c 05F ]
-}
_e' L
o
- 00
ke
g / |
3 s ‘
S o5l -
1735 1985 5
: = Gl P E—
Magnetite Nd-Fe-B ~ -15 10 05 00 05 10 15 Microstructure and
Hexaferrite Applied field (T)

magnetic properties
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Reversal process in single domain particles

Single domain Co nanoparticles particles

[001]

1357 atoms

E(y,0)=-M ; H cos(y — 0) {r|K, sin” (0) + K, sin”* (6)

a b Magnetostatic term Magnetic anisotropy terms

Adapted from Janet PRL 86 (2001) 4676

* Coherent magnetization
Dream conditions * Noninteracting particles
* No thermal effects

Stoner E C and WohlfarthE P (1948), Phil. Trans. Roy. Soc. A240:599-642
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Reversal process in single domain particles
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Stoner — Wolfarth model

The reversal process
combines the rotation and

Angular dependence of the histeresis loops

1 . A 1 1 1 L 1

1 , Rotation _ . switching processes of the
l _ magnetization
Switching !
g 1 0o | | Full oriented magnet
20° Easy axis parallel to the magnetic field direction
45° |
;g: - He=Ha=2K,/1oMg
Best properties
& N M=Ms of a IVFI)aan)et
-1.0 -0.5 0.0 05 1.0
H [2K /M K1 is the magnetocrystalline anisotropy

term depending on material

Stoner E C and WohlfarthE P (1948), Phil. Trans. Roy. Soc. A240:599-642
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Magnet market & energy product
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Random oriented particles
(isotropic magnets)

1-0 S Y e
M,=1/2 Mgq ;
l .
o ® 9 |
\ cos ¢ .
@ ® :
\ =
i
/ \
/' - 1 HC_O.48 HA
_1'0__-=:::.f_':':—-’: ___________ J— |
- - w00 . 05 10 15

h

Stoner E C and WohlfarthE P (1948), Phil. Trans. Roy. Soc. A240:599-642
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Reversal process in single domain particles

e
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The morphology determines the internalfield

Shape anisotropy

f distribution that act as a determagnetizing
1 O effect. This give rise to the shape anisotro
Magneto-crystalline T',-f is give ri pe ani Py

easy axis

¢
I

Hs=Np Ms Ny is shape depending

Stoner — Wolfarth model.

H,=2K,/nyMg+ Ny Ms

SR e
U:I:

(

Other contributions can be present due to the pressure
(magnetostriction), surface and interface (surface
anisotropy)
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Effect of size 7
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Coherent rotation ———
Incoherent
A rotation Dsp = 72/AK1/uoMé Single domain size

Super-
paramagnetism

Deop = 4 /3A/H0M52 Coherent size

Superparamagnetic
DSP == 23‘/ 6kBT/K1 Size

Coercive field

lex = , /A//*‘O]VI.Sg
Multidomain

o5 N
oy = mA/K
Dgp Dcon Dsp v /K

Particle size

- Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only

Thermal demagnetization

Domain wall length
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Brown’s parado

X

BEETHOVEN I/waffggfeeﬂe

Comparison between real and model magnet

HoMs[T]
2
Nd-Fe-B fl”
sintered

H. = 2K/puoM;
« R

I | "
2 4 6 8 10 pH[T]

'3 HC < HA
H,
H, i
Discrepancy Laoo'a/:o',f
o | Sm,Co.. Nd.Fe B
Alnico Fere

Production

1950 1960 1970 1980 1990  vyear

Key role of the nanostructure
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Reversal process and nanostructure

"
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Local variations of
A and/or K,

Polycrystals
Stray fields

Dipolar and
exchange coupling
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Microstructural Engineering and Magnet Properties
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Reversal process exhibits different steps of nucleation, domainwall ————
movement and pinning, driven by exchange or dipolar interparticle grain

s

~#&qgreene

Multidomain Monodomain

M nucleation Domain wall pinning

— |~'l‘?|1r5 )
Sas)
\E/

Switching process s .
. Propagation of the wall )
@ driven by the pag Domain wall movement

process with (interparticle coupling)

smaller H reversal
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Performance of hard magnets

Coercivity—-H_;
(kA/m)

Remanence - M, or B,
(T)
Maximum energy

product—(BH).... (kJ/m3)

max (

Operating temperature
(°C)

Rare-earth content
(at.%)

Nd-Fe-B

=~ 3000
(Dy, Tb doped)

>1.4

=450

~ 230
(Dy, Tb doped)

~13
(Nd - highly
critical RM)

Sm-Co

= 2000

= 240

=~ 500

~16.7
(SmCoq) or

~10.5
(Sm,Co,,)

Sm-Fe-N

=~ 2000

=110

=180

(Sm,Fe ;N;)

Hard

ferrites
=~ 340

~0.44

=~ 300

Alnico

=~ 150

~1.25

= 525

European Union Each individual speaker is responsible for the content of their presentation.
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M-type hexaferrites (Sr, Ba)Fe,40,,
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Ly
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Magnetic properties and lengths

®  Tetrahedral structure T M ” H 5
o . . . c s 1 Mol coh
°| © WithSmagneticsites - (MAm*/T) | (i) |EEE
' BaM 740 ) 330 1,7

0,38 (0,45

~600 ~60 ~8 14
SrM 746 0,38(0,45) 350 1,8

12f OO0 00

Doping with La-Co allows to obtain best properties

2a 1
2b 1 Ferrimagnetic behaviour
. Temperature dependence of the
determines Mg L T coercive field
41 43 c
4f2 114 Anisotropyis associated
to 2b bipyramidal site

— Easy axis || C direction
— E, =K, sin?0

K4(T)/M(T)

0 50 100 150 200 250 300

Temperature (K)
- Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only

R.C. Pullar Progress in Materials Science 57 (2012) 1191-1334
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M-type hexaferrites (Sr, Ba)Fe,;O,, o
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Platelet morphology Particle size

Dgp ~0,6 um, D, ~60 Nm

Interactions
80

60

401
20 /
N

V

Tl e ¥

G. D. Soria et al. Scientific Reports 9 (2019) 11777

Specific magnatization (Am?*/kg)

80 — T — T J
60l size > Dy, ] -40 -
size <D, ; T Dispersed particles
40 4 -60
] Packet particles
-80 T

20l 12H, / ]
0 { ] 20 45 40 05 00 05 10 15 20
2 / 1 Applied magnetic Field (T)

Mainly dipolar driven
demagnetization processes

F 3

Mass Magnetization (Am?%/kg)

0 1 1 1 1 1 1
20 45 40 05 00 05 10 15 20
HoH (T)
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Nd,Fe,,B PHASE: ORIGIN OF MAGNETISM

BEETH&'VEN

SEM image of a sintered Nd-Fe-B magnet: —

- -

&8 greene

Intrinsic properties: *

A > Anisotropy field - H,: 5350 kA/m
®nag (demagnetization resistance — VERY GOOD)
- M » Saturation magnetization- Mg:1.61T
® Fej,
e (strength - EXCELLENT)
= » Curie temperature-T;:312°C
(thermal stability — MODERATE)

*Governed by exchange interaction involving the
unpaired spins in the 3d-4f system

10.0xV COMPO SEM WD 15.2mm

E=K, sin?0 + K, sin*0

* Body-centered tetragonal crystal structure (space group P42/mnm)

* Unitcell: 4 formula units, 68 atoms

* Uniaxial magnetocrystalline anisotropy favoring c-axis (= “easy’’ axis of
magnetization)

(simplified presentation...)

- Nd and Fe moments are ferromagnetically coupled & aligned along this direction.

European Union and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
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Nd-Fe-B: EXTRINSIC PROPERTIES & MICROSTRUCTUR

BEETH&'VEN

s
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BUT, real magnets are multiphase, polycrystalline materials...

=> INTRINSIC PROPERTIES VS  EXTRINSIC PROPERTIES

(Nd,Fe, B) (real bulk magnets)
H,: 5350 KA/m H_.;:20-30 % of H,
A Mikam] . Ms:1.61T M. (orJ.orB):~0.6-15T
(BH),...: Jr?/4p,

(maximum energy product)

My

H[kA/m]

* “Intrinsic” coercivity — H_: The magnitude of the external field required to
completely demagnetize the magnet

* Remanent magnetization — M,: The magnetization that remains “indefinitely”
after the magnet is magnetized

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
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Nd-Fe-B: MICROSTRUCTURE & REMANENCE
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Remanent magnetization - M.:

* Volume fraction of the Nd,Fe,,B phase Chemical composition of a

. Density sintered Nd-Fe-B magnet:
(best: fully-dense, metallic magnets) COMPLEX.

* Crystallographic texture Rare-earths (REs): Nd,, sPr, ;Dy,
(alignment of c-axes of individual hard magnetic grains)

e A Fegs ;€03
* Chemical composition By
(each arrow presents one magnetic (due to changes in intrinsic properties) Gag Al ,Cug 4

domain in a Nd,Fe,,B, i.e., matrix
grain*)

Dy, Tb:
" increase H, and consequently H,;

= Reduce M, due to antiferromagnetic

Anisotropic magnets: textured
> M, closeto 1.6 T

(typically ~ 1.4 T) coupling with Fe
. . . Co: improves Tc
Isotropic magnets: randomly oriented grains
SM=~05x16T=08T Ga, Al, Cu: grain boundary structure
T ’ ' refinement...

* In a magnetized state, each grain contains one domain

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
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Nd-Fe-B: MICROSTRUCTURE AND COERCIVITY 2
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Intrinsic coercivity - H_; (* 20 - 30 % of H,):

Kronmiiller equation: H,; = ooy, x Hy

Dipolar interactions: source of a demagnetization field of the order of material’s
magnetization!

10.0kV COMPO SEM WD 15. Omm|

N.--.. Effective demag. factor; depends on the magnet’s shape, grain size &
shape, amount of non-magnetic impurities

Uestuener et al., IEEE trans. on mag. . . . P .
’ CO”Slder eaCh rain as a separate tiny magnet Whose maagnetization is trying to
42 (2006) 2897-2899 ( 9 p y mag g ying

demagnetize its neighbors...)

1260

1200

1150 &\\
1100 i‘
1050

1000 -

950
900
850
800

Coercivity Hes (kAim)

Coercivity depends on the grain size, because: Dipolar interactions are larger in bigger grains.

Average Grain Size (um)
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Nd-Fe-B: MICROSTRUCTURE AND COERCIVITY

Vo
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——
Intrinsic coercivity- H,; (~ 20 - 30 % of H,): * )(Wikipedia
) b)h
Kronmiiller equation: H_; = - N ¢ x M_ + 0 I I l
Y

Defects on the surface of the matrix grains: in terms of structure, surface is always
different than the bulk

10.0kV COMPO SEM WD 15. Omm|

- Lower magnetocrystalline anisotropy, meaning lower resistance against
demagnetization = nucleation of reverse domains

Uestuener et al., IEEE trans. on mag.

42 (2006) 2897-2899 (o SR Decrease ip the magnetocrystalline anisot}"opy of the grain surface
(oA Effect of misalignment of the Nd,Fe,,B grains

1250
3 bl ‘\\ - in si
2 100 e Coercivity depends on the grain size, because:
3 1050 ™~
= g . . . . N
A — » In small (single-domain grains, < 200 nm), the defects are less likely to cause magnetization
& o T | reversal due to nucleation of reverse domains

800

$ LV p » Bigger grains: magnetostatic energy is lowered by splitting large domain into smaller ones
(net magnetization of the magnet is lost...)
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Nd-Fe-B: MICROSTRUCTURE AND COERCIVITY 2
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Intrinsic coercivity - H_; (* 20 - 30 % of H,):

Kronmiiller equation: H; = - N4 x M, + aga,, x H,

A “million €” question: How to improve the coercivity?

» Reduce the grain size

X 5,000 10.0kV COMPO SEM WD 15. Omm|

» Ensure good grain boundary wetting to magnetically decouple the matrix

SUMMARY: grains (in terms of exchange interaction)
v Small grains (GOAL: reversal of one grain does not effect the magnetization of its neighbors)
v" Magnetically decoupled grains » Improve grain-boundary structure

. h 1l jon: what is th B ?27?
v Good grain-boundary (GB) structure (another million € question: what is the perfect GB structure???)

» Increase H, by substituting a fraction of Nd with heavy-rare-earth (HRE)

v" Optimized (local) chemical composition elements (Dy or Tb)

PROCESSING.

—> !l We lose magnetization (reduced M)
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Thank you for your attention!

Dr. Tomaz Tomse
tomaz.tomse@ijs.si

ff] GREENE Project @O
greene-project.eu ..

Dr. César de Julian Fernandez
cesar.dejulianfernandez@cnr.it
Eu_Beethoven

‘rl [ Beethoven Project

— . projectbeethoven.eu
Consiglio Nazionale s

delle Ricerche

/

BEETHRVEN ]\
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Processing Techniques for Permanent
Magnets
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of? Jozef Stefan Institute
materials o.o Ljubljana, Slovenia

Presenter: Prof. Kristina Zuzek
Organisation: Jozef Stefan Institute, Ljubljana, Slovenia

v Nanostructured
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Permanent magnets: perspectives and challeng o g
BEETHEVEN _;;@grg’reene

= A permanent magnet is an energy stcl)ga&
device. The maximum energy product (B § kg Nd-Fe-B PMs / TMW

max
determines how much energy it can store. https://renewcosolar.com.au/windmills/
Nd.Fe,,B
BHmax
- 400 kJ/m3 = Nd-Fe-B permanent magnets exhibit the
highest BH_,,.
Sm,Co,,
= They are indispensable in e-motors in e-
Sm,Fe,;;N; }0— mobility and green energy applications
$ = The EU considers them to be key in th .~
AINiCo Ferrites [ European Green Deal, the Zero Industry Acﬁﬁ
the New Circular Economy Act, and th D\ & ier
ste Critical Raw Materials Act. s

1900 1950 1984* 2000

*Masato Sagawa, Japan, metallurgical process, John J. Croat, General Motors, U.S., melt-spinning
https://blog.upsbatterycenter.com/electric-car-battery-differenc
' . 2.5 kg Nd-Fe-B PMs/e-vehicle
. ° .o L
Ferite SmCo NdFeB Magnet powerT magnet sizel motor size battery size J
ilage T
milage
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Nd-Fe-B permanent magnets' properties S
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magnetic polarization J
magnetic flux density B B-H curve

B=J J-H curve

60 Aniso-Bonded
Nd-Fe-B

(BH)nex
4
He fHen external magnetic field H Br- Ren.'lanfant 50
magnetization _
iHc - Intrisic coerciivty Magnetocrystalline
gHc - Extrinsic coercivity 4
BH,,..- Energy product

Strain || Shape

N\

(BH)max, MGOe
~N
3
(BH)max, kJ/m3

\{ 160

(BH),...,"Br2/p, 1TMGOe ~ 8 kJ/m? \ \ -

Hci 10 KOe ~ 800 KA/m 0 MKSte‘eI oica Alni:°5 Alnico 5- 80

B 16~104T e T :
1900 1920 1940 1960 1980 2000

Magnetic units CGS Sl Year

https://www.slideshare.net/slideshow/2019-01-17-magnetics-2019/129998652

» Improved properties, greater energy efficiency & Recourse efficiency - processing, re
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Nd-Fe-B permanent magnets' properties
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'_f-—..
(13
»,N48 UH
* Numberindicates BH(max)in MGOe 48 x 8 =384
kJ/m?3 * N52>: Small consumer electronics (max
 Suffixindicatesthe Hci strength at low temp)
Bk 15 10 15 10 15 13 1R 1% 16 10 10 18 1 e « N42SH-EH: Motors, renewables, EVs
Lab GRADES i * N35EH-AH: Aerospace, defence, extreme
A |3 R A A A ] high-temp stability
B %00 M0 MEH SO M MR O n
UH | NUH BUN SUR UM ACH OUN BN WOH RUH UM N | W 1000 Hei
M~ 100°C, Hci21100 kA/m } Nd,Fe,,B
il WSH H BOH WSH WSH 4SH S SH S0sH SusH 0 H- 120°C, Hci 2 1400 kA/m
i WOBHOBH W N g s s A0 R w  SH-150°C, Hci=1600kA/m
UH - 180°C, Hci = 2000 kA/m
TR T O T T W EH- 200°C, Hci > 2400 kA/m Tb, Dy,Fe,,

MOONG O MEONB NI OMDONG NN N ONH NG| O AH - 220-230°C, Hci = 2800 kA/m

B ¥ B OH K O# 0 & 6 8 N R BB MO Cardoso CED et al., Nanomaterials 2019 9(6):814
Rao D et al., Machines MDPI 2021, 9, 124

» Improved properties, greater energy efficiency & Recourse efficiency - processing, re
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Nd-Fe-B PMs production routes

BEETH&'VEN

§ Nanosfcrrctured gg' Jozef Stefan Institute

materials o® Ljubljana, Slovenia
Q’Eﬁ "
- ,
~dprgreene
| ] | ]

 ———

I Alternative Nanocrystalline Routes

I Melt Quench Nanocrystalline Route

Microcrystalline Powder Metallurgy Route

HDDR or Mechanical Alloying

Casting of basic composition from Nd, Fe, Fe,B

Melt spin ribbon or Atomize: powder

| | Ingot, strip or

casting of micro-struct

Microcrystalline Nd-Fe-B
SINTERED

Coarse grind ribbon 10 ~ 100-200um particles |

Puwdell l Binder
Prem:xlng —

Mixing and
pelletizing
YRS

Thermal debinding/
Qnluantdahindina  Dresinterina

A 4

ing to full crytallinity-600°C, few minutes

|<|—| |
|

Coarse mil/HD to~100-200um particles

Jet Mill to - 1 to 10um particles

A 4

Blend with binder and lubricant

Blend to correct composition and add molding agent

A 4

v

v v

T. Crozier-Bioud et al., Mater. Today Phys. 34, 2023, 101082 Tt pete)

Compression mold Injection Extrude or calender
magnet mold magnet form magnet
T | I
Magnetize

Isotropic:B;~5-7.1kG, H~4.2-16.5k0e(BH)5,~5-10MGOe:
Anisotropic:Br~10kG,Hic~13kOe(BH)max-18MGOe

| Hot Press.
(a)

e

Align and compact into preform

[ I

‘ Axial Press |

Transverse Press |

Rubber Isostatic Press |

(BH)max, MGOe
(BH)max, kJ/m3

L 2

v v

Sinter ~ 1100°C, few hours

Heat treat - 600°C, few hours

Die Upset or Back Extrude into ring
I

Slice and machine to shape |
Apply protective coating to magnet |

Magnetize

¥

Y

Isotropic:

20 nm

By - 8.3G, Hg; - 18kOe BH),, ~ 15MGOe

Anisotropic:

B,-1213.1KG, H,;~12.5-20k0e (BH), .

~32-42 MGOe

Anisotropic:
B, ~ 12-15 kG, Hg; - 13-27kOe(BH)qy - 30-50MGOe

R. Chaunbing et al., Chn. Phys. B, 2028, 27(11):117502

Funded by the
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1980

https://www.slideshare.net/slideshow/2019-01-17-
magnetics-2019/129998652

Source: Al

D. Brown et al., JMMM, 248 (2002)
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Sintered: Nd-Fe-B — Coercivity Hci

0.4 @
9 wt.% Dy
0.35
° ®
dﬂicrostruclure i
Eng. oy
ST
P o S 5.9wt.% Dy
% 0.25 ® ’42vat_‘¢:. Dy
i ® P =
[0 2 S ®
x ' 1wt /w.yu =
i
02 .‘" =2 U
Owt% Dy @ =4 ®
Y o
0.15 =
Nd-Fe-B @ g ®
2 e
0.1 2 )
(Ndg75Prg 25)-Fe-B < Pr-Fe-B
6.5 7 7.5 8 8.5 €

Ha (T)

2}

Reduced coercivity of the

magnet
Hci ~25 %~ 35 %Ha

Kronmiiller equation:

Hci =Qay, X Ha - Neff X Ms

BEETHE'VEN

How to improve coercivity?

* Reduce grain size - Neff

~

sgreene

* Ensure good grain boundary wetting - magnetic
decoupling of grains

*  Optimize grain-boundary structure (What is the perfect GB
structure?) aya,,

* Increase anisotropy field (HA) by partial substitution of Nd
with Dy or Tb -, high Ha, but this lowers magnetization
(Mg) and increases cost

X. Tang, K. Hono, NPG Asia Materials 15 50 (2023)

« Neff & Grain size ¥

« Grain size {, manufacturing method & procesing method, thermal t.

Sintered

T

s

European Union

Single domain size 20
35 Nd:Fe14B phase =323 K
: N ¥ R Ramesh atal. [13] 18+ —==1353K
~ Sintered v W.F Liatal [14] E
30 - v Y. Une at al. [15] 3 ——1383K
25 s : 316
S N @ Y. Kawashita at al. [16] N
= AN ® R. Nakayama at al. [17] L4
E 20 | ** S HDDR @ @ H. Sepehri-Amin at al. [18] 5 14
-‘§ N ® Y. Kawashita at al. [19] )
‘S 15+ H. Sepehri-Amin at al. [20] o
g * . g
O 10k Q N % A Hutten atal. [21] 5
* Melt s un* # C. L. Harland at al. [22] é
o v eltsp % H.C Huaatal (23] o
05 - N J. H. Vincent at al. [24] ) s'
00 I 1 1 Thinfilm | ™ W. B. Cuiatal. [25] g[ 1 R — . 4
0.01 0.1 1 10 100 0 5 10 15 20 25
Grain Size (um) . MIQI’OCI’yStallIne
Sintering time/h
k. Hono etal., Scripta Mater. 2012 L. Xianglian et al., J. Rare. Eart. 25 (2007)
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Sintered: Nd-Fe-B — Coercivity Hci

BEETHE'VEN

Vot potariz

~greene

—
o5 {ESE T T T T T T T T W T T T T T T T T
Table 1, Some properties of permanent magnets (PMs) relevant to electrical machines. gm: “»-\r:a-Ta (#s) i 15| Nd-Dy-Fe-Co-B(30 sm’m'::;,ﬂm 1
2 45+ b SmTM (32) ] s f NETERE 1
Quantity Symbol [unit]  NdFeB SmCo Ferrie  Alnico é.ém-_ NiDy ﬂ_wm\‘ Sm,TMT o %w- l } i
Renanence B [T 184 0k 05T 521 e~ | \| | sncou) g1
Infrinsic coercivity HikAm] 862700 130400 140405 38-151 81 T~ ] r gy
Relative permesbly el ) ISV TS LA g ] 5 7
Energy product M @1 185 a8 1076 o Lo e T 2 5 -] “*rﬁw.mm
Density Digdn’ 7475 8245 a1 6813 E°1] T4 I - g s @
Bt sty bt pd omEm WA w2 oo d\ ]
Curietemperature T.['C] 7082 80 80 o= Tow_
Maximal operation temperature T ['C) TR & 15 Kl 50 . .(,:d.(;?’{.z}.l. o .S'ff“?'f‘?"fﬂl . : Ainiee? £
_ -160-120 -80 -40 0 40 80 120 160 200 240 280 320 450 400 50 O 50 100 150 200 250 300 -08 o T A
S. Kontos et al., Energies 2020, 13, 554 Temperature (°C) Grain size (um)

Temperature (°C)

O. Gutfleisch et. Al., Advanced Materials, Volume: 23, Issue: 7, Pages: 821-842 R. Chen et al.. MDPI materials. 16, 13, 2023

» Relatively low Tc for Nd-Fe-B 310°C
» BH .0 @nd H; decrease with T
» High T applications desired
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Sintered: Nd-Fe-B — Coercivity Hci

greene

* Interfacial control, H, control

* Microcrystalline

Additive Location in Effect on microstructure

Effect on magnet’s properties

element the
microstruct
ure

Matrix phase

Cr,Zr, Ti
ext.

HRE Matrix phase
(Dy, Th)

Funded by the
European Union

Partly substitutes Fe atoms of

Inhibits the grain growth
Forms borides in grain
boundary phase or/and matrix
phase

Partly substitutes Nd atoms of
the matrix phase

Increases T, of Nd,Fe, ,B phase

the formation of non-magnetic
phases

Improves H; due to increasing
magnetocrystalline anisotropy
Decreases B, due to anti-
ferromagnetic coupling

and grain the matrix phase Improves the corrosion resistance
. . @T. Schrefl
boundaries Forms Nd;Co at grain boundary Increases B,
phase Decreases H; 1) K. Léwe, D. Benke, C. Kiibel,
T. Lienig, K. Skokov und O.
Gutfleisch, Acta Materialia,
Grain Modifies grain boundary phase Improves H; by small additions B 12821, 200
boundaries Improves wettability > Unaffected B, by small additions Nd,Fe,,B
smoother grain boundary phase
Matrix phase Partly substitutes Fe atoms of Improves H; due to higher Nd-rich grain

and grain the matrix phase anisotropy field of Nd,(Fe,Al),,B boundary phase
boundaries Forms low-melting phases in phase .
the grain boundary phase Decreases B, due to the formation N a nOnysta “‘I ne
Improves wettability > of non-magnetic phases N d F
e,,B
smoother grain boundary phase Decreases T, 2 14
—_ 0 ~
Grain Improves wettability > Improves H,; Nd 267 Wt A) + Surplus
boundaries smoother grain boundary phase Decreases B, and (BH),,, due to 30 wit. %
Forms non-magnetic phases the formation of non-magnetic
—_ 0,
that magnetically isolate grains phases Fe 732 wt A‘
Grain Suppresses the formation of a- Improves H B — 0 09 wt %
boundaries Fe to some extend Decreases B, and (BH),,, due to

+ Dy, Tb
1wt % Dy, Tb
T Hc~120kA/m, {Br 3%

Al, Nb, Gd, Ga, Co, Pr ect...

Fe-terminated ?

-
Nd-terminated ?

A. Mazilkin et al., Mater. Desig. 199 (2021)

@S. Sturm, M. Komelj
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Sintered: Nd-Fe-B — Coercivity Hci — Remanence Br
BEETH®'VEN

Wi
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= Grain boundaries

Reduction .of coercivity owing to f‘gfj&h

e niarony s deece @ NERA ™ K162 BB B T iy,

boundary geometry on coercivity

@M. Komelj

= Tripple pockets

J.Sugiyama et al., Phys. Rev. Mater 3(6):064402—1—9. EffeCt Of Oxyge nan d OXI d es

Reduced Coercivlty forms at trlp[e TIStisuki'elui./.ﬂcmMureriaﬁa 115 (2016) 269-277

junctions minimize it via grain

o \ refinement and rounded, concave
Ly junctions, reducing the Br

O
i
i
|
i
*]
{
i
.
[SEel]

=

T
ey
o

KS

&
2 AW = Oxide phases

. . \ . r !
Real — Ideal Removing the oxides from R hmowws Low.,
@J. Fischbacher, T. Scherfl dlreCt (::ontaCt Wlth the maln i .1 ol.z u.’s n‘,n o.ls T
phase improves coercivity i, 10
and the remanence A. S.Kim J. Appl. Phys. 64, 5571-5573 (1988)

- Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only

E Uni and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
uropean Union ¢, individual speaker is responsible for the content of their presentation.



Sintered: Nd-Fe-B — production

BEETHE'VEN

Ar Strip-cast alloy:
pmmmmmmm——————— ~o .
,/ CastMataria \ ( (microstructure)
Crucible o ! p
! |
Strip ! 5 T 1
: ’,' \ | +Hydrogen : 1
¥ Cooled i - ! irz] B
e P Em o = |
1 o 7 B ,
Strip Casting ! '&r?' ! Ll Fier !
H — 1 - P
! W o H P
' Hydrogen Decrepitation /! \ R Pressing y
N e — Jet Milling Mag. field

HD powder:
(morphology)

Magnetize

Plating Machining Sinter and Heat Treat )

J. Cui, J. Ormerod J. Min. Met. Mater. Soc, 74(4) 1-17, 2022

* Strip-cast alloy: lamellar-like structure, a-Fe free

* Hydrogen decrepitation (HD) = coarse, friable powder

* Jet-milling = micron-sized, near-monocrystalline powder
* Aligning in magnetic field, pressing = high anisotropy
* Sintering, annealing, machining, coating

Jet-milled powder: *

©@T.TomSe
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Sintered: Nd-Fe-B — production

Temperature, T (K)

1800

1600

1400

1200

1000

L : Liquid
T1:Nd2Fe14B
T21Nd1+5Fe¢B4

L

Fe+T,

Q\m

-

1313K

L+T,+T,
938K

\

T NGHT 4T,

0 10

20 30
Nd (at%)

Inert Atmosphere

Strip Casting | 6155

Hydrogen
Decrepitation
l
Jet-Milling
|

Aligning in
magnetic field

I
Pressing

l

Sintering

GBDP/

Annealing

Machining /
Coating

|

Magnetising

AR
¢
oo

Flakes with standardised

microscale grain size
b

@696 Crushed brittle coarse
%6@6 powder
@OQ@ Single crystal powder
®® particles of 3-5 um
X
® @g Powder aligned
&

Green compact
~ 66% density

Uiquid phase sintering
100% dense

Grain Boundary Ditfusion of heavy

rare earth (blue) and annealing

Cutting, grinding, surface
passivation, coating (red)

Magnetised sample

X. Yang et al., J. Sust. Metal. 2017

S. Sugimoto, Journal of Physics D: Applied Physics, vol. 44, p. 064001, 2011.

Funded by the
European Union

©@T.TomSe
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Nd-Fe-B no HRE
Sintering profile multiple steps: 0-1000-
1100°C, time: h-Hci~ 1200 kA/m, Br ~ 1.3-

1.46T

~

sgreene

Grain size control vs. Hci

Average Grain Size (um)

(<))
—
-
]
()
| .
O
o
5
|_
Time
80 ke
70 }
6,0
50 ¥
40 /
¥
30

15

20 25 30 35
Average Particle Size according to F.S.S.S. (um)

40

1250 |

120 N —_
£ 150 .
$ 1m0 : \ [m[ — -
2 1050
2 NG| ly=amec |
z .
Bowof— W | S——
g o
(3] o B J

80

3 4 5 6 7 8

Average Grain Size according to ASTM E112 (um)

(Uestuener et al., IEEE Trans. on Magn., 2006)
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Sintered: Nd-Fe-B — production
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1800 ; ™ (b) optimally annealed
i L:Liquid
g T1.'Nd2Fe14B
1600 i ToNd;,;Fe B,
< Fe+l L
: 1428K
. - , ; [ Ina
g 1400 Q\ L+T1 ; E :uq,h \ .
@ L\ 1313K T e BR 4 ) ~ =
é’ 1200 B g L H. Sepheri — Amin et al., Act. Mater, 2012
.9 Fe+T| E L+T1+T2 (b)
; Post sintering annealing i S
1000 = |; 938K Post-sintering c1E 50°C
6‘__,#* annealing O Builds Cf)ntlnuous Nd-rich graln-bour?dary phase/non- £ ol
(7 Nd+T+T, magnetic layers around Nd,Fe4B grains > ool =R
U Exchange-decouples grains & removes easy nucleation | | |/ x8%. i . cs3 ]
0 10 20 30 sites 041 — PSARZ5
i =
0, 0.2 PSA R200 A
Nd (at%) O Improves micromagnetic factors: Stress relief + cleaner U N
S. Sugimoto, Journal of Physics D: Applied Physics, vol. 44, p. 064001, 2011. boundaries improving coercivity without changing Br-. ~1200 -1000 -800 'i”‘(’w‘;")" 200 0 200

Nd-Fe-B no HREs
Sintering profile- multiple steps: 0-1000-1100°C, time: h -Hci~ 1200 kA/m, Br ~ 1.3-1.46T
Post sintering annealing: 2 step - 500-620 °C, time: h-Hci~ 1600 kA/m, Br ~ 1.3-1.46T

T. TomSe et al., Adv. Eng. Mater. 2024
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Sintered: Nd-Fe-B — CRM - Hci - GBDP

X. Tang, K. Hono, NPG Asia Materials 15 50 (2023)

0.4
9 wt.% Dy
0.35{ o 5
dllicrostructure éf;
L ng. N
i s é? 59wt.% D
< g = V
=, 025 ® Q.AZW‘I"/uDy
r P g =
Il B S ®
> '1 wt./o’yr =
N
0.24 P E L
owt% Dy @ s ®
® (@]
0.15- a
Nd-Fe-B @ E ¢
© ®
0.14 = 3
(Ndo 75PTo 'H) Fe-B < Pr-Fe-B
6.5 7 75 8 8.5 9
Ha (T)

50 MRI, Speaker (31Nd-68Fe-1B)
. Various digital audio devices, Digital
’Bcamera, PC
BT @ ABS sensor
[
(0] OAJFA motor
Swl o @ (26NG-50y-68Fe-18)
“ Inthe natural world, ™ g servo motor
ig _D_v_ <° 1 @ Compressor motor
o 3 Nd @otor for robotics{
@ Generator
30 HEV motor >0
(21Nd-10Dy-68Fe-1B)
| ] ]
10 20 30
He; (kOe)
373K Heat-resistance 473K __‘f:»

Z. Liu, J. He and R.V. Ramanujan, Materials & Design

2024

» HRE content up to 9 wt %, for Hci in e-mobility
» How to achieve high coercivity for e-motors without scarifying too much of precious Dy, Tb (HREs)?

» We only have to do it locally!

Funded by the
European Union
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/ Phase C : h
(a) winding £\ I Phasc B TRy -
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W. Lietal., AIP Advances Zy
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Sintered: Nd-Fe-B — CRM - Hci - GBDP

GBDP concept, TDK Patent

H.Nakamura IEEE Transactions son Magnetics, 2005

M. Soderznik et al,, Intermetallics 23 (2012), pp. 158-162.

GBD source

@S. Sturm

I\

Nd,Fe, 8
C GBDP Nd-Fe-B
o= 40% 1
30%Tb 8 ppm
—
Nd,D ] NdFe, 8 02
27E1a] & i non-GBDP Nd-Fe-B
0.5 1
!I v L ¥ i 2 3 4 5
2 0.5 Slice no.
HIMA/m]

K. Zagar Soderznik, et al., JALCOM 2021

» Small HREE (Dy, Tb) addition: from 9 wt.% = <1 wt.% at grain boundaries
» Higher anisotropy at grain edges

» Increased coercivity with minimal remanence loss

» GBDP generations (1-3): addressing both H, and interface control

Funded by the

European Union Each individual speaker is responsible for the content of their presentation.
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500 g Grenboundry difusin rocess 1400
<l (oBP) i T
' Ceityoimened £ 1 HRE ifson sevree
' S TOH, 82
A sessn I,
/ modification S Wl'l; l &I IDYF! M
g 09 LRE diffusion source
Heavy rare earth (HRE) ~ Lightrare earth (LRE)  Non-rare earth (NRE) s .PerNRCu,U[AEI
HRE 1 el terage modifcation E L Vo 2
2 4004 NG, Cu, [121] iy P AL, Cu, 48]
5
[
g 200-W‘60] i Az iy
d>L, Q N, iy 18] Aygo s NRE difusion source
14GBOP (2005)  2'/GBOP(2010) 39 GBOP (2015) 0 2 4 b 8 0 12

Less critical rare earth elements

15" generation (2005)
HRE metals or compounds

& lower cost

] -

2" generation (2010)
LRE eutectic alloys

Thickness of Magnet (mm)
Z. Liu, J. He and R.V. Ramanujan, Materials & Design

2024

3 generation (2015)
Non-RE alloys or compounds

Cost reducing & RE Saving

Z. Liu, J. He and R.V. Ramanujan, Materials & Design
2024
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Remanence Br: Isotropic vs. Anisotropic magnets
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Direction of
magnetizati

-1.0
L o Molded body of isotropic magnet g Isotropic magnet
Tens to hundreds of tens pm 5 §
Imiaige for 8- MQ:Powder Figure 1 Isotropic magnet
_2.0-
1m
N Direction of N
magnetizati -
Molding T S
with magnetic field X | £
* Jemagnehiatlon Magnetlzslon &
- >
2~3 pm s
SFN# T & R i
Molded body of anisotropic magnet Anisotropic magnet S
Figure2 Anisotropic magnet A ; ;i ;
30 40 50 60 70 80
-20- 26 (deg)
https://crossmining.smm-g.com/glossary/isotropic-magnet-and-anisotropic-magnet/ T. Saito et al., J. Jon. Soc. Pow. Met. 63,7, 2016
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Sintered: Nd-Fe-B — Remanence Br

» The composition/amount of the Nd,Fe,,B phase

1) K. Léwe, D. Benke, C. Kiibel,
. Lienig, K. Skokov und O.
Gutfleisch, Acta Materialia,
Bd. 124, p. 421, 2017

Nd,Fe;,B

Nd-rich grain
boundary phase

Nd,Fe,,B

Nd —26.7 wt % + surplus ~ TRE - 30 wt. %
Fe—73.2wt%

B—-0.09 wt %

+ Dy, Tb 1 wt % Dy, Tb

T Hc~120kA/m, {Br 3%

Source: Al

[

U]

N52 - Br (20°C) = 1.4T
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=]
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w
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82

L L L
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Difurn)

1 1
55 6.0 65

Axial

Lubricant doses (wt%)

0.02%

0.05%

0.10%

-

X

Isostatic

Vacuumschmeltze (2012), Magnetic field pressing technology

Transverse

B:(KG) ;H. (BH)max (MGOe)  p (gfem?) Content of C (ppm)
(KOe)
1406 1436 4973 755 s  |sO Static
447 1443 5130 752 233
437 1453 4760 7.36 587

Y. Sun et al.,, IMMM 299 (2006)

Small particle size, difficulty in flowability, pressing, lubricants addition
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Nd-Fe-B permanent magnets' properties outlook ¢
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Blsh 15 L0 15 10 15 13 1R 15 18 10 12 16 18 e .

Temp Hci
Libel GRADES ey C > Interfacial control, H, control
AH |BAH 3AH BAH BAH 38AH 40AH 3 ‘ » Grain size control
BH | MEH MEH NEH EH MEH MEH AEH 4SEH m Br
UH | WUH BUH SUH WUH UK GUH SUH UK SOUW UM UM | 19 » Alignment, pressing, density
SH WSH 33H 36H 365H 40SH 425H 455H 48SH S0SH 525H 150
H WHOBH BH OBH WH @M BH MH SH M i > Improved properties, greater energy
M AMOBMOBM O OBMOAM @M BM MM BM B 10 efficiency

NIDOONB NS N3O ONAD NAZONOS N NSO ONRONMONSR|OB > No or low HREs
Bimax 2% % B H ¥ o0 &£ & £ 0 2 M H MO > Cost efficiency, price driven
> In situ GBDP
Reobetal. Machines MDPIZOZL. 9. 12¢ 3 Recourse efficiency — processing,
recycling
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Consolidated Nd-Fe-B PMs - opportunities
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Fast consolidation via Spark Plasma
Sintering -SPS

sgreene

Conventional sintering:

= Grain growth (limits H )

= Material waste and basic shapes (for electric
motors, magnet’s shape is a factor!)

= Properties trade-off due to alloying

To address/overcome the limitations of the
conventional powder metallurgy approach

PULSEDBL

(GBDP - grain-

boundary diffusion process - FOR THIN MAGNETS) concerning
a m.ni b 4 dew---
IS . .
g ‘ = Materials composition (REEs, Cu, HREE)
- = Microstructure (grain growth, core-shell,
Na,Fo.8 Nao.8 GB chemistry, and structure)

Oono st ot JMMM 523 (2011) 297 - Size and Shape (llmltatlon Of GBDP, Vast'lf(;?;(;eset al, J. Mater. Proc. Tech. 2024, vol. 328, art.
300 _ Route f: sintered Nd-Fe-B magnets _ number Of Shapes and geometries)

. Y e || = Higher densities and Br and BH,,,,

Ne-Fo-B powder
; e & fo) o
Diffusion source B Q 4 § (c) (d) 13004 480-520°C _—: :E’FSA —+-5PS+PSA
D i — N i E - 1200 —»— Cony. st + PSA
A °° § = m:m” gi 1100 ‘f""/ / \ g b §=-0.58 %/°C
detril Mot Dy vapsr | o ! s ; E ‘ g sy 4 ? w
. ":. - = T— SPS-Average grain size 9.3 CS-Average grain size 14 pm %00 [1 ™~ Conventionally o
jue . - i pm sintered + PSA
- ..::“ |‘ 7777 L _-l 1 e 10 10 £00 ; <4—— Conventionally sintered 400
15 t m m T 20 4 60 8 100 120 140
\ In-situ GBDP | Traditional GBDP _ _ oo e T o

| Nd-FeB Diffusionsource

Funded by the
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PSA temperature (°C) Temperature (“C)

Liu et al., Materials & Design, 2021, 2029, 110004 Tomse T., IEEE Trans. Magn.. 2024, 60, 8, 2100406
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Nanocrystalline - Nd-Fe-B — HDDR
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Nd,Fe,,B + 2H, <> 2NdH, + 12a-Fe + Fe,B

Disproportionation -

recombination &

Single domain size
a5 Nd:Fe14B phase
’ < Vv R Ramesh atal. [13]
30 b AN Sintered W v W.F. Liatal. [14]
: .- Y.Une atal. [15]
N
25 | ® Y. Kawashita at al. [16]
E N @ R.Nakayamaatal. [17]
> 20 ** AN HDDR @ @ H. Sepehri-Amin at al. [18]
k3 ~ ® Y. Kawashita at al. [19]
S 15 F y‘ H. Sepehri-Amin at al. [20]
5
S 10 * ‘. o * A Huttenatal. 21]
“r * # C.L Harland atal. [22]
0s L o v Melt spun % H.C.Huaatal [23]
: W J.H. Vincent at al. [24]
00 1 1 I Thin film [lj ® W.B. Cuiatal. [25]
0.01 0.1 1 10 100
Grain Size (um)

K. Hono et al., Scripta Mater. 2012

Hydrogenation — disproportionation — desorption — recombination process:

>
>

Funded by the
European Union

HDDR carried out in H; at elevated temperature

Proper parameters - anisotropic, polycrystalline powder (~300 nm
grains)

Fe,B (tetragonal) phase retains texture memory of the original 2—
14 phase

Key factors: temperature and pressure

Kinetics tunable with alloying (e.g., Co, Ga)

POWDER: Nanocystalline Hci ~ 1T (800 kA/m), Br > 1T — BONDED
MAGNETS

Not appropriate for ,,conventional” sintering — grain growth
BULK MAGNETS: Fast consolidation Hci ~ 1T (800 kA/m), Br > 1T

grain growth

N x15k 50um

R. S. Sheridan et al., JIMMM 401 (2026) 455- 462

tetragonal
Nd,Fe, B

tetragonal
Nd,Fe,,B

Honkura no et al., ]IMMM 290-291 (2005) 1282 -

1285
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Nanocrystalline - Nd-Fe-B — melt spinning

» Flakes, powder ISOTROPIC, ANISOTROPIC (?) + resin

Source: Al
'crucible
/“°22'e solidified
melt
L]
o e

spinning wheel

» Rapid solidification of the
melt, Cooling rates: = 10

Croat et al., Appl Phys Letter 144 (1984) 2083-2087

K/min
» Bonded magnets magnetic l l‘
* powder + binder
* + Large flexibility in shapes and magnetization m’f’ﬂ’"?ingm

patterns
* -Reduced Brand BH
magnetic phase

Injection (ii)

max> due to dilution of the

Thermal debinding/
Qnluantdahindina  Dresinterina

T. Crozier-Bioud et al., Mater. Today Phys. 34, 2023, 101082

Funded by the
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Source: Al

~

l'l) Z.U 3.0 4.0
H (KO¢)

T. H. Nguyen et al., JALCOM, 1005 (2024) 176122

L Anlso-sond-1 480
Nd-Fe-B 440
% [sm-Fen]y W
360
40 320
.
- £
§ | [straim ™ 3
i \ u 3
E E
20
RN -
Alnico
" [MK steel|[PE-Col[Ainico 5] A7 >
ks stee [N
0 0
1960

1900 1920 1940 1980 200

Year

https://www.slideshare.net/slideshow/2019-01-17-
magnetics-2019/129998652
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Nanocrystalline - Nd-Fe-B — hot deformation

Hot deformation (HD)

>
>
>
>

scerneven | e Qreene

Plastic deformation of isotropic precursor results in rotation of grains & grain growth perpendicular to press direction

Grains are below single-domain size = high H,
Good thermal stability due to small grain size

(temperature coefficient of coercivity depends on the grain size)
Not for net-shaping

Temperature coefficient of H_, (%/°C)

-0.2

-0.3 1

-0.44

-0.51

-0.6 1

-0.7 4

-0.8

Thin film

N

‘“ Hot-deformed

1;“‘3*%
T Sintered

0.1 1 '
Grain size (um)

R. Chen et al., MDPI materials, 16, 13, 2023
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Melt-spining Cold press & hot press

4

Hot deformation

Ribbon structure

Grain structure

Powder ribbons

. de
10um

RE-rich phase i i

-—

Pressure

B
izl

R. Chen et al., MDPI materials, 16, 13, 2023
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Nd-Fe-B — 3D printing
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v &

* Powder Bed Fusion * Fused filament

(a)

Scanning Direction

Base Plate

Foam base

Buld platform ~y

‘Support material spool

Build material spool
pool—, |

BHmax=up to 58 kJ/m3

Hci= up to 950kA/m Copyright ® 2608 CustomPartNet
Jhang Jian W-Y et al., Materialia 21, 2022, 101351 K.Dhal, MSc Thesis, 10.13140/RG.2.2.27244.31364

= Complex designs — new magnetic Field-assisted 3D printing of magnets 3D printer for Magnets-

fields L i s Anisotropic @S. Arshad
—— = " g 3 oven

= Fast prototypmg pheaper pompared — e - L 3;;?:;;:::;5;;, .

to molds for injection molding —oomge @2 (PCT/S12025/000004)
“0 § EU patent pending

* Netfree production —less Waste : ZR o 8

material S o

Field (kA/m)

B. Podmiljsak et al., IMMM 2023
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ndustrial manufacturing of ferrite magnets S
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MMAGNETICS @Cecilia Granados, CSIC

3 S
Sl e
s

Weighing Mixing Pelletizing Pre-sintering

Wet process

0.0
0%, 000
Drying Dehydration o o:o e ®
- 000 ©
<>
¢ i
“ Dry process Fine crushing Coarse crushing

Moulding Drying & Dispersion

A— e
R

Sintering Machining Magnetizing Inspection Packaging
https://www.magnet-sdm.com/1186/
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oh-conventional sintering methods for ferrite PM g .
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Spark Plasma Sintering (SPS) Microwave Sintering (MW) Cold sintering process (CSP)
i i @ Glacial acetic acid @{@\E
Sr ferrite * il g

Detail

Sample 50/50 wt %
SiC

Spacer ..
Susceplor

Upperpunchff -
Die )

Foils” Sample

——

Thermal insulation ] i
— 3 Power (optional)
L Source:

PYrometer or
Thermo couple DC,
Pulsed DC,

orAC
CFC plate

Lower punch | (optional)
7 Microwave Cavity

Spacer

Vacuum
chamber

https://doi.org/10.53063/synsint.2023.33129

Hydraulic
loading system

https://doi.org/10.1002/adem.202301391

https://doi.org/10.1016/j.actamat.2021.117262

https://doi.org/10.1007/s10854-013-1333-9

https://doi.org/10.1016/j.jeurceramsoc.2013.07.027
Granados-Miralles et al. 2023 “Permanent Magnets Based on Hard Ferrite Ceramics”, InTech Open - https://doi.org/10.5772/intechopen.1002234 @ C .1
ecilia Granados, CSIC

Granados-Miralles et al. 2021 J. Phys. D: Appl. Phys. 54, 303001 - https://doi.org/10.1088/1361-6463/abfad4
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Conclusion

2
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Global Rare Earth Permanent Magnet Demand Forecast,

e 5] — » Global PM Demand forecast to 2026-2036
1.69x
T 1.69x

® Medical Devices

ﬁ;:?mf::”;. - it » Increase the capacity by several times ~3x
e e only to meet the demand in e-mobilty and

= E-mobility

several folds more in the PMs segment.

NdFeB magnets will rotain
dominant market share of

aver 95% in 2036

2026

2036
B o et S S S s il IORITY:
PRIOR :

» Excellent Know-how

. » Improved magnetic properties

» Greater energy efficiency

. » Recourse efficiency — processing,
T recycling

Optimization of materials flows
Knowledge transfer to full-scale
operation of innovative
pilot/production lines

https://www.idtechex.com/en/research-article/2025-to-be-a-defining-
year-for-the-rare-earth-magnet-market/33601
https://robertbryce.substack.com/p/swedish-rare-earths-wont-dent-chinas
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Thank you for your attention!

Kristina Zuzek

kristina.zuzek@ijs.si Eu_Beethoven
m GREENE Project m Beethoven Project
greene-project.eu *mﬂg%%ﬁured :E:ir:sﬂ:::f%’mzm:‘e projectbeethoven.eu
m i.l;lll m
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Industrial Applications & Challenges

16-10-2025
Presenter: Matej Zaplotnik

Organisation: Magneti Ljubljana d.d.

IOIDIAGN[II

N LJUBLJANA,
Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) onIy
and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
Each individual speaker is responsible for the content of their presentation.

European Union



Slide 132

Magneti Ljubljana milestones
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1951 established
Until 1970 production for domestic market

1988 — new program — REMAG
1989 — no more inISKRA Group

1992 — privatized

09.11.1993 - ISO 9001 (DQS)

1995 — named Magneti Ljubljana, d.d.
17.2.2000 - VDA 6.1. (BVQi)

15.12.2000 - ISO 14001 (BVQi)

8.5.2002 - ISO/TS 16949 (BVQi)
2003 - OHSAS 18001
2012 -IRIS

2016-SAP
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Magneti Ljubljana portfolio

~
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~greene
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li’ ey S TLI T
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®c sl igee
- Bl lesse

Sintered AINiCo magnets

PPS bonded NdFeB

Cast AINiCo magnets magnets

Sintered SmCo magnets Sintered NdFeB magnets Magnetic systems
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Magneti Ljubljana portfolio /
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|
22,3% \‘
19,2%
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Types of magnets

sQleene

Magnets are divided between:
* Sintered magnets
* Plastic bonded magnets

600.,.,;,.,,.600

EO0: oo

ngh Temperature
-] 500
Sm-Co L

-F 400

or

400 -
* Rare earth magnets (SmCo, NdFeB, SmFeN),

* Non rare earth magnets (Ferrite, AINiCo, Fe,N)

Maximum Operating Temperature (°C)

Magnet Operating Corrosion Magnet 20041 | P T — Y.i . }200
Cost Temperature  Resistance Strength Il R ' L = |
=
) 0 10 20 30 40 50 60
Ll . Energy Product (BH) max At 25°C (MGOe)
L’&(ﬁ ‘xbt‘z?: v:‘é\uﬂ(‘éb@t v}‘.\‘ ‘)b*a (a ‘b“ '__’@ ‘\8‘@. S‘ o 'o ‘.\0
Figure 3-2: Families of Permanent Magnet Materials Plotted by Typical Energy Products and

Borrowed from Dura Magnetics Maximum Operating Temperatures. The NdFeB permanent magnets have the highest energy
products but are limited in maximum operating temperature [source: GE Global Research].
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NdFeB/SmCo and AINiCo production production process

~
N Yl
BEETHE'VEN {;@ggﬂr eene
Production till Delivery Process —

Pressingin

Strip Casting ‘ ’ Lydrogen ‘ Jet Milling magnetic field

Decrepitation
AANEE * » ::: * ‘ " - Raw Materials: Al, Ni, Co, Fe
= = &, T ® ' 3 “
| T D ’é- D D IO v ——
_.‘::.{.‘:‘-‘“_ ﬁL— 4‘ ‘. il .] 4 f{ :‘: }‘ ‘ L—‘T-'T:J A ll(j\ \
@ L Casting
\ |

Machining ’ et Annealing l Sintering
RDNes .
I - . = | -« - . @ « P

ST A A -7

U

=X m . T E &
| Lamination T?gam: ‘ ‘ Inspection ‘ Magnetizing ‘ Packaging
— -
(s G =t/S, 3 o
T TN L
'9-0 (6] J:!- ! N o
"= L =1
Borrowed from Magnet Tec GmbH Borrowed from KST Magnet Co.,Ltd
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Market share by magnet type
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Ferrite magnets are valued for their stability, cost-effectiveness, and
corrosion resistance. They represent ~85% of the market in weight.

Ferrite Magnet Market
Market forecast to grow at a CAGR of 3.2%

USD 9.3 Billion

USD 7 Billion ﬂ

U.S. Permanent Magnets Market A 4 -

Size, by Material, 2020 - 2030 (USD Billion) GRAND VIEW RESEARCH

2024 2033

RESEARCH MARKETS

THE WOALD'S LARGEST MARKET RESEARCH STORE

$1.4B 0
7.6% _

U.S. Market CAGR,
2024 - 2030

@ Sintered Ferrite

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

@ Ferrite Aluminum Nickel Cobalt (Alnico)
Neodymium Iron Boron (NdFeB) Samarium Cobalt (SmCo)

Bonded Ferrite

Borrowed from Grand View Research
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Ferrite magnets applications

e
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Electro-Acoustic Products: Their use in the magnetic circuits of
speakers, microphones, and headphones is a significant application.

Electronics: They are employed in various electronic components like
ferrite cores for transformers, inductors, smartphones and antennas.

Power Tools: Ferrite magnets provide the rotational force needed in
power tools such as drills and grinders.
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Ferrite magnets applications

o
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The growing demand for magnets in general is driving an increased use of i ——
ferrites in renewable energy applications

Increased substitution of REE in vehicles

Wave-park generators

%;BASED

Claw Pole Alternator

Belt Starter
Alternator

Steering
* Torque Measurement
+ Steering Angle

* Motor Rotor Position

Gear Shift

Steel Buoy

Radiator Flow Control
Active Suspension

Transmission
* Gear Position
* Park Inhibitor

Fuel Level
Urea Level

Linear generator Pedal Sensing

with translator that
moves through stator

Engine
+ Throttle Position
« EGR Control

Powaer Break Assist
Rotor Position Break

+ Turbo Valve Fluid Level
= Oil level
+ E-Engine Resolver

Gravity Replacement

foundation Climatization

compressor
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Policies, regulation and export ban on rare earths
BecTHeVEN |\

License Requirement:
Exporters must apply for a license for each shipment containing restricted rare earth elements.

End-Use Verification: Detailed documentation about the product's composition, end-use, and end-useris
mandatory.

Exemptions: Certain applications, especially those involving low concentrations of Dy and Tb (< 0.1 w.t. %) for
consumer electronics, may qualify for exemptions.

Rare earth elements on the export ban list: holmium, erbium, thulium, europium, ytterbium, dysprosium, terbium,
samarium, gadolinium, lutetium, scandium, ytrium

Borrowed from Mainrich Magnets
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Policies, regulation and export ban on rare earths (on &
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Announcements made on 9.10.2025

Announcement No. 56

* Exportlicenses from MOFCOM are required for equipment related to rare earth metal and magnet
processing, including machining.

Announcement No. 57

* Imposes export controls on holmium-containing permanent magnet materials, effective from November 8,
2025.

Announcement No. 61

* Related to oversea companies/ individuals distributing/selling products to the countries/regions except Ch
ina products contains controlled elements need to apply the license from MOFCOM.
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Further policies, regulation and export ban
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2B902.o0 - Rare earth permanent magnet vacuum induction strip casting furnaces:
e Periodic vacuum induction strip casting furnace (Customs Code Ref: 85142000)
e Induction melting furnace undervacuum

2B902.p - Components for equipment under 2B902.0:
e \Water-cooled cables
e Copperrollers
e Crucibles
e Tilt controllers
e Cooling systems

2B902.q - Hydrogen decrepitation furnaces for rare earth permanent magnets:
e Continuous atmosphere heat treatment furnace
e Rotary hydrogen decrepitation furnace
* Explosion-proof continuous hydrogen decrepitation furnace

2B902.r - Components for equipment under 2B902.q:

¢ Valves
° Hyd rogen manifold Borrowed from Ministry of Commerce, PRC

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
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Further policies, regulation and export ban
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2B902.s - Air jet mills for rare earth permanent magnets with all the following:
e Particle size< 5 pm
e Total powderyield = 99%
¢ Internal oxygen content < 80 ppm

2B902.t - Rare earth permanent magnet forming presses with magnetic induction = 1.5T
2B902.u - Automatic hot pressing equipment for rare earth permanent magnets

2B902.v - Cold isostatic presses for rare earth permanent magnets not listed under 2B104 (Customs Code Ref:
84798310)

2B902.w - Vacuum sintering furnaces for rare earth permanent magnets meeting all of the following:
e Coolingtime <20 min
* Heating temperature 500-1200 °C
e Temperature uniformity within 3 °C at 1000 °C

e Types:
e Single horizontal sintering furnace Borrowsd from Ministry of
e Continuous vacuum sintering furnace Commerce, PRC

¢ \ertical sintering furnace

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
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Further policies, regulation and export ban
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2B902.x - Equipment for machining rare earth magnets:
e Multi-wire cutting machines
e Laser cutting machines
e Automatic adhesive application machines
e \ertical grinders
* Double-sided grinders
e End grinders
* Through-feed grinders

2B902.y - Grain boundary diffusion equipment:
¢ Physical vapor deposition magnetron sputtering coaters (Customs Code Ref: 84798999)
¢ Rare earth permanent magnet vacuum diffusion furnaces
e Rare earth permanent magnet screen printing devices

Borrowed from Ministry of Commerce, PRC

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
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Challenges /
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Technological
- . . Economical
e very limited/non existent equipment
producers, * EU magnets 50-100 % more expensive
than China,

* technology upscaling,
* high production cost (labour,

* metallization and magnet production are electricity, raw materials),

biggest bottle necks
* underdeveloped supply chain (100 %
of rare earths comes from China)

Political
Social/Environmental
e exportrestrictions on raw materials (Nd, Dy, Sm,Tb),
» strict regulation, general public rejects
* exportrestriction on equipment (strip casting, grain (e.g. mining),
boundary diffusion equipment),
* conflict with climate goals (magnet
* Eol magnets are not being collected (lack of policy) production energy intensive)

e dualuse might harm/stop magnet supply chain

and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
Each individual speaker is responsible for the content of their presentation.
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Possible solutions

Technological

key equipment should be produced in EU

investment in magnet factories, processing
facilities for raw and recycled materials,

Magneti Ljubljana could in current location
produce 500 t/year of NdFeB, 500 t/year of
AlNiCo and 200 t/year of SmCo - with
investment

Political

help from governments, embassy to get
export license (equipment, raw materials),

Eol magnets/materials needs to be

collected, stop sending them on trains/ships

back to China

policy for scrap collection, recycling, magnet

passport

sesTHQ’VE‘th’g reene

* Subsidies in EU produced magnets (30 %)

Economical

* Eol magnets collected in Europe and reused as secondary
material,

* Electricity prices should be controlled (electricity cap)

* New companies for raw material production are emerging
Lynas Rare Earth - 2025/2026

Social/Environmental

* change the perspective, industry in EU
is becoming undesired due to CO,
emissions, waste waters etc.

Funded by the GREENE and BEETHOVEN are funded by the European Union under Grant Agreements No. 101129888 and 101129912, respectively. Views and opinions expressed are however those of the author(s) only
E U and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.
uropean nion Each individual speaker is responsible for the content of their presentation.
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Thank you for your attention!

Matej Zaplotnik
matej.zaplotnik@magneti.si Eu Beethoven
m GREENE Project Magneti Ljubljana d.d. m Beethoven Project

greene-project.eu .O."A"NE'I projectbeethoven.eu

B LJUBLJANA, d.d.
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