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NdFeB Permanent Magnet Applications

> NdFeB magnets are by market value the strongest currently available permanent magnets
> Developed in 1980s, then captured the market
> High energy product (BH),,., = use in high-performance applications
> Still increasing demand due to trends (e-mobility & renewable energy)
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Source: S. Constantinides: The Demand for RE Materials in Permanent Magnets. Arnold Magnetic Technologies, 2012.
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Rare Earth Element (REE) Reserves and Mining

» China

» Vietham

»  China: huge share of global REE reserves (37 %) * Brazi

Russia
18%

s India
»  Europe has much smaller reserves « Australia
» United States
» Canada

»  REE production: China has a near-monopoly position:

= Other Countries

China Light Rare Earths Production China Heavy Rare Earths Production

REST OF THE
WORLD

REST OF THE
WORLD

CHINA
70% of Global
NdPr Supply

CHINA
88% of Global
DyTb Supply

Sources:
https://www.aclara-re.com/heavy-rare-earths/hree
https://etech-resources.com/rare-earth-elements/
https://periodictable.com/index.html
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Environmental Aspects of Rare Earth Elements

> Problem: REEs are difficult to substitute for production of high-end magnets

A\

Mining of REEs is energy consuming and costly
> Resources are mined under problematic conditions for workers and environment

- Major environmental damage

Source: https://www.scientificamerican.com/article/dont-panic-about-rare-earth-elements/ Source: https://www.fpri.org/article/2022/03/chinas-rare-earth-metals-consolidation-and-market-power/
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Sources:

L L4 L L European Commission; Bobba, S.; Carrara, S.; Huisman, J.; Mathieux, F.; Pavel, C. Critical Raw
Ra re E a rt h E I e m e nt S a n d t h e I r C r I t I ca I Ity Materials for Strategic Technologies and Sectors in the EU—A Foresight Study; European
Commission: Brussels, Belgium, 2020; ISBN 9789-2761-53375.
Cherkezova-Zheleva, Zara, et al. "Green and Sustainable Rare Earth Element Recycling and

Reuse from End-of-Life Permanent Magnets." Metals 14.6 (2024): 658.

Technologies
Materials

. > Batteries n
Supply Risk
(sorted largest to smallest) ,

/ Fuel

Sectors

cells

e-mobility

Defence &
Space e

Raw material flows and their criticality for key technologies used in strategic sectors.
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Market Situation and Potential of NdFeB Recycling

> China has the power to control the market price for Rare Earth Elements

> Dependency situation for Europe from China’s REE exports

Export restrictions imposed by China
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Source: https://www.aclara-re.com/heavy-rare-earths/hree
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The MIM Process and
its Design Freedom




> Metal Injection Molding (MIM) of NdFeB-Magnets

MAY.IMA

o Union #MIDMAXIMA 4 March 2025 Santiago de Compostela » 10



Magnets in MIM — Unique Design Freedom

> Highest shape complexity PatentEd by
> Complex magnetization fields Mi Mpl us
> No post processing

Saves resources

Sintered magnet |/ / I§/| |
Y s m '
X

X e
/ MIM magnet BT AR
Polymer bonded magnet s S \V‘\«\
e o W
N\ o

> MIMplus globally only supplier for NdFeB magnets produced by MIM at industrial scale

X

N4 Funded by )
MA>ZIMA - the European Union #MIDMAXIMA 4 March 2025. Santiago de Compostela



MIM Magnets from MIMplus

p tiny P comp|ex Y. e-drives

Designed in cooperation with SciMo
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Metal Injection Molding is a
unique manufacturing process
for NdFeB magnets!
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Recycling Process
of NdFeB Magnets




Sources:

Schonfeldt et al. (2024): Recycling of NdFeB magnets in Germany. Commissioned study. DOI: 10.25928/snyy-
yk95. https://www.deutsche-
rohstoffagentur.de/DE/Gemeinsames/Produkte/Downloads/DERA_Rohstoffinformationen/rohstoffinformation

[ [
Overview: recycling rout f PM S O
° y I g o u e S o S GauB, R., Diehl, O., Brouwer, E., Buckow, A., Guth, K. & Gutfleisch, O. (2015): Verfahren zum Recycling von

seltenerdhaltigen Permanentmagneten. — Chemie Ingenieur Technik. Heftnr. 11. DOI:10.1002/cite.201500061.

Reuss

Smelting/ Sintered magnets

‘ Hydrogen Sintered magnets
s o LIL Polymer-bonded magnets

Hot-deformed magnets
Polymer-bonded magnets

Liquid-liquid extraction Hydrometallurgical

Selective precipitation/bioleaching techniques

e Pyrometallurgical

Slagging techniques
Long-loop recycling

Melt-spinning

Overview: Possible recycling routes for EOL magnets.
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Closed loop PM recycling process at MIMplus

Start Additives (organics,
0.1-3% fresh RE)

Virgin material or
EoL magnets

Magnet powder

R

Complete technical capability to do MIM magnet

NdFeB magnets recycling

01

Y

Constant involvement in Public
Funded Research

EoL magnet
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The HPMS Process

Recycling Technology: Hydrogen Processing of Magnet Scrap (HPMS)

coating removal
(e.g. by sieving)

NdFeB
powder

Pl ol

+ HE .
@ paren Y o (00
o i 2 of Birming

» Efficient process for recycling of EoL magnets

» Coatings or glue residues can be separated
SUSMAGPRO has received funding from the European

Union’s Horizon 2020 research and innovation
programme under grant agreement No 821114,

» Powder can be directly reused in MIM process

Source: www.birmingham.ac.uk/research/activity/metallurgy-materials/magnets/index.aspx
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Challenges in EolL
Magnet Recycling




Reactivity of NdFeB material

> NdFeB powder is highly pyrophoric.

> Reactivity of powder with O, N and especially C has
to be handled

- MIM is a binder-based technology!
> Alloys often contain hazardous elements like Cobalt

—> control of the high reactivity only with
special equipment and know-how!

NdFeB powder in air
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Source: Crozier-Bioud, Thomas, et al. "Current challenges in NdFeB permanent magnets manufacturing by Powder
Injection Molding (PIM): A review." Materials Today Physics 34 (2023): 101082.c

> Increasing O / C contamination:
. Slightly decreasing Remanence
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Influence of carbon content on magnetic properties. Graphic by MiMplus.
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Source: Website of TU Dramstadt https://www.mawi.tu-
darmstadt.de/fm/research_fm/research_topics_fm/permanent_magnets_f
m/gbdp_fm/index.en.jsp

HRE Losses and Grain Boundary Diffusion
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Problem Solution Goals
» Dy & Tb losses during recycling » Grain Boundary Diffusion » Restoration of magnetic
» Critical: jet milling and sintering : (GBD) treatment of recycled : performance
- Property degradation PMs with HRE » Minimial use of HREs (CRM)
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Summary: Challenges in Magnet Recycling

> Magnet extraction from larger assemblies preferred

> Demagnetization before extraction (thermal / reverse magnetic field)
> No mixtures of magnetic materials 2 contaminations
> Corrosion / Oxidation during use (e.g. PM in sea water)

> Separation of foreign materials, e.g. adhesives & coatings

> Minimizing carbon & oxygen contamination

> Property degradation > compensation by GBD

> Challenging patent situation (GBD & HPMS!)
HRE Elements

Sources:
https://www.stanfordmagnets.com/fears-over-the-supply-of-neodymium-magnets-for-wind-turbines.html
https://commons.wikimedia.org/wiki/File:NdFeB_corrosion.jpg

https://periodictable.com/index.html
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MAXIMA Project combines
Potentials of MIM and Short-

loop Recycling to produce
High-end NdFeB Magnets!
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