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Magnets in life
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Hard magnetic materials G)

NdFeB NdFeB magnets
RE magnets L 3  Mz=1.6T, H,=8T Complex metallurgy 40-100 €/kg
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Improving magnetic properties in the past 100 years.
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Rare-Earth Magnets in the Green Transition @
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Magnets constitute key
elements of many Green
Transition technologies

Wind turbines Electric mobility

Reduction of CO2 emissions
Green Energy
Low Carbon technologies
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Permanent magnets production

RE production

| Global Production of
;oL Rare Earth Oxides,
L 1950 — 2000
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Rare Earth Oxide
Mining Processing Metals

Rare Earth Oxide Rare Earth Permanent
Magmets

Gaul} et al. 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.
Berlin 2021
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Geopolitical crisis

2012

The Price of Dysprosium Oxide Increased
26-Fold in 31 Months
China FOB, January 2009 — August 2011
52,500 26-fold price
increase in just
31 months
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2025

World v  Business v Markets v inability v  Legal v ingvi v v

China hits back at US tariffs with export
controls on key rare earths

By Lewis Jackson, Amy Lv, Eric Onstad and Ernest Scheyder

April 4, 2025 9:40 PM GMT+2 - Updated 2 months ago l u ‘ ‘ Aa I ‘ < ‘
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The EU answer

CRM Lists

European Commission, Study on
the EU’s list of Critical and
Strategic Raw Materials
2011- 2025

Cross-institutions projects
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EU EXTRACTION
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EU PROCESSING
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processing

Political actions

At least 15% of
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recycling

EXTERNAL SOURCES

Not more than 65%
of the EU’s annual
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at any relevant stage
of processing from a
single third country

Economical actions

Strategic Projects for the EU
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Pulawy Rare Earths Separation
Plant Mkango Resources Ltd.

MagFactory MagREEsource

LIFE-22-ENV- IT- INSPIREE Itelyum Regeneration SpA |
ReeMAP Project: Malmberget, Lulea Industrial Park

CAREMAG CAREMAG SAS

BEETHOVEN and GREENE projects

MATERIALI MAGNETICI
E MULTIFERROIC smem




The EU answer

Scientific projects | HORIZON-CL4-2023-RESILIENCE-01-37
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HORIZON-CL4-2023-RESILIENCE-01-37 - Advanced materials G)
__ formagnets in applications for the New Energies Market =

Production of RE-free
or RE lean magnets B
NOFeB | reene
3
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Independent, resili
p ||er|t and scalable Sm,Fe. N,
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Society and stakeholders better = 40 kJ/m?3
1900 1950 2000

equipped for a sustainable green
transition in Europe
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Market of the Magnets
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The BEETHOVEN Project
BEETHE'VEN

SUBSTITUTION OF RARE-EARTHS FOR ADVANCED NOVEL —
MAGNETS IN ENERGY AND TRANSPORT APPLICATIONS

Project Leader:

Dr. Adrian Quesada

Institute of Ceramics and Glasses
Spanish Research Council 4 years
E-mail: e-mail: a.quesada@icv.csic.es
https://projectbeethoven.eu/

7.7 M€

BEETHOVEN has received funding from the European Union’s Horizon Europe programme under the agreement 101129912. Views and opinions expressed are however those of the authors(s) Only and are not
necessary reflect those of the European Union or of the European Health Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.



The BEETHOVEN Project
BEETHE'VEN

SUBSTITUTION OF RARE-EARTHS FOR ADVANCED NOVEL —
MAGNETS IN ENERGY AND TRANSPORT APPLICATIONS
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Materials W- ferrite phase

New (old) Oxides Composites Uniaxial pressure
ﬁ & — *ﬁ
Goethit SrcO3 ?
Mixing Pressing Heating

Strontium ferrite-
Fe Nanowires
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Magnets production

— Materials production —

Pilot plants

Use of commercial = HP densification
(nano) precursors \ Ultra-fast treatments J

Green precursors — recycling criteria- Sustainability
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BEETHOVEN magnets

Hc
MS(AmZ/ kg) [ (K) (expected) Adva ntages
(T)

(RE-HEAs),

550-
125-145 >1
600

-FeCo NWs

composites 65-100 723 K >0.3

W-type

Ferrites
80-91 700 K >0.4

Performances

Novel materials for gap magnets ‘ > 30%

ferrites

100% of NdPr-Dy

100% of NdPr-Dy

20-40% of NdPr-
Dy

RE-free/lean
magnets

50-60 £/kg

Low costs

BE¢ETHE&'VEN

High BH

High
subtitution
potential.
High Tc
High
subtitution
potential,
Scalability

’f

Drawbacks

Lower
subtitution
potential

Lower BH,
challenging
scalability

Lower BH,
low coercivity



Beethoven Applications BEETHE&'VEN
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Claw Pole Alternator

Belt Starter
Alternator

Steering
* Torque Measurement

* Steering Angle

* Motor Rotor Position

Gear Shift

Radiator Flow Control
Active Suspension

Transmission
* Gear Position
* Park Inhibitor

Fuel Level
Urea Level

Pedal Sensing

Power Break Assist
Rotor Position Break
Fluid Level

« Throttle Position

* EGR Control

* Turbo Valve

* Oil level

« E-Engine Resolver
Replacement

Climatization
compressor

REE free Motors and pumps in electric vehicles

Ferrite based flywheels
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Single-grain Re-engineered
Nd-Fe-B Permanent Magnets

Dr. Prof. Kristina Zuzek Rozman

Department for Nanostructured Materials
Jozef Stefan Institute

e-mail: tina.zuzek@ijs.si

https://greene-project.eu/
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PROJECT GOALS @)

Resource efficient, high-performance Nd-Fe-B magnets with -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

greene GREENE project EMUTFRROIG e




GREENE CONCEPT

Redesigned rare-earth magnets

Key role of intergranular region

(Dy,Nd),Fe,,B

Optimized magnets require
o Excess of REEs in PMs
o Dyand Tb REE

A. Mazilkin Mater. Desig. 199 (2021)

Funded by
the European Union




GREENE CONCEPT

Redesigned rare-earth magnets
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‘ = e Nd_Fe B Grain Novel GB Short-range

boundary precursors exchange couplig
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Models & \ Optimisation of the grain boundary & Production of magnets
Simulation with enhanced properties and less critical materials

Funded by
the European Union
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GREENE CONCEPT

A complete value chain

ORE MINING

0%, No-rich phase . ? INTEGRATION AND

o Fe, B g TESTING

OBh

N;}F_e,ﬁ@ Q
GRAIN BOUNDARY NEW SINTERING
ACID LEACHING ENGINEERING METHODS

PROTECTIVE
ATMOSPHERE

URBAN MINING

Motors
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Beethoven and Greene

BEETH®'VEN | ;
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Sustainability

* Green precursors
e Cold production

* Final recycling

* Life and social cycle assessments

Qreene

Techno-Economic
Assessment
including Cost-
Benefit Analysis

BEETHOVEN and GREENE projects
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Substitution of Rare-Earths for advanced novel Magnets in Energy and Transport Applications

Funded by
the European Union

https://projectbeethoven.eu/ https://greene-project.eu/

About v Final Applications Network v Public Materials v News v Contact
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b

WELCOME TO GREENE!
B ee t h oven P rOj ec t Pioneering a Sustainable Future with Single-Grain Re-

Engineered Nd-Fe-B Magnets

WATCH THE GREENE VIDEO

A 7\

Talking Magnets Summer School 2027
From Fundamentals to Sustainable Permanent Magnets

La Cristalera, Miraflores de la Sierra (Madrid) - 25-27 May 2027
Jointly organised by the Horizon Europe projects BEETHOVEN, GREENE and MagNEO
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L = 0 Engineered Nd-Fe-B Magnets
Substitution of Rare-Earths for advanced novel Magnets in Energy and Transport Applications
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e-mail: a.quesada@icv.csic.es @ o @ e-mail: tina.zuzek @ijs.si

e-mail: cesar.dejulianfernandez@cnr.it
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