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Motivation: GHGs and global warming  We need BIG & FAST changes

Annual CO, emissions by world region

Emissions from fossil fuels and industry* are included, but not land-use change emissions®. International
aviation and shipping are included as separate entities, as they are not included in any country's emissions.
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Global greenhouse gas emissions by sector G
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This is shown for the year 2016 - global greenhouse gas emissions were 49.4 billion tonnes CO,eq.
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OurWorldinData.org - Research and data to make progress against the world's largest problems.
Source: Climate Watch, the World Resources Institute (2020). Licensed under CC-BY by the author Hannah Ritchie (2020)

https://www.visualcapitalist.com/a-global-breakdown-of-greenhouse-gas-
emissions-by-sector/

Urgent decarbonization: sustainable energy product|on
systems and urban mobility
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What can we use?
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« Benchmark Nd-Fe-B type rare earth permanent magnet PO

» Unchallenged material on the market for high-performance magnets, since its invention

» However, for the metric “cost performance” several alloys surpass Nd-Fe-B https://doi.org/10.1016/j.actamat.2022.118654
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“The gold standard™ Nd,Fe,,B magnets

Wy
= Non-symmetrical crystal structures

= Elevated intrinsic magnetic properties, essential for PMs — large hysteresis, BH, ., A very sensitive and intricate
scientific and engineering construct
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Permanent magnets — why do we need them?
Wind turbines

= NdFeB

. 500 — 600 kg of Nd-Fe-B
M Ferrite
= NdFeB-polymer- magnets per MW
bonded
m SmCo .
AINiCo EV/HEV/PHEVs powertrains
m Other

1%
https://www.deutsche-rohstoffagentur.de:
DERA Rohstoffinformationen 60

MRI
value in 2030
2022 (EUR) 2022 (EUR)

~ 1.5-5 kg of Nd-Fe-B magnets per unit

(EUR)
Nd-Fe-B 14 B |
| ST
. ) - ) ' -
Ferrites 7.6B
Sm-Co 230 M 238 40 B
Alnico 230 M —
Others 230 M

But we produce much more ferrites than NdFeB magnets! https://commons.wikimedia.org >
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So, let's not forget soft magnets!

Soft Ferrites
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https://doi.org/10.3390/mal6165610
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The rising need of magnets
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Global production and CO, CO, emissions per tonne

Global REE production’
0% 10% 20% 30% 40% 50% 60% 70% 80%

China 70%

USA 14.33%

Australien

Burma

Production of 1 ton REEs:

Thailand
= 9.600-12.000 m3 waste as

concentrated dust, hydrofluoric
acid, sulphur dioxide, sulphuric
acid

= 75 m3 acidic wastewater

= 1 t radioactive waste

Vietnam

Indien

Russland

Madagaskar

Brasilien

Steel 1.7 t Manganese

Source: US Geological Survey; ID 281730 15t
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Environmental impact Chemical processing alone:

Pollution Health risks 40-70% of COZ 500-780 Mt of earth and
TN e a7 40 - 75t CO,-eq

Cognitive Healthil

ore excavation per year!

\cute Toxicity i

Heal gl

Fertility B
3urden '

Chronic Toxicits

SR -

Acids such as HCI, H,SO,, and HNO,
https://doi.org/10.1021/acssuschemeng.7b04165

Huge irreversible consequences

Sources depletion, lower ore quality will make it worse! 9
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Energy demand for producing REE & recycling rates
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https://doi.org/10.1016/j.resconrec.2023.107281

https://doi.org/10.3390/nan011030810
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Exploring Sustainable Magnet Strategies

Sustainable
Magnet

Price (USD/kg)

Strategies

Raw materials Used magnets
(primary material)  (secondary raw material)

Material for magnet production

m2017 w2022

https://www.deutsche-rohstoffagentur.de
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Recycling potential

250

200 -

150 -

100

Cost ($/kg) RE basis

High environmental impact &
high costs

Reuse of RE magnets

Recycling of alloys

\' RE elements/ oxides recycling

Damage of EoL magnets

Ore-concentrate

1 v 1 » 1 e 1 X 1 1 = 1

—_— —_—
0 20 40 60 80 100 120 140 160

Energy Requirement (kWh/kg) RE basis
https://doi.org/10.1007/s11837-021-05045-7

Resources needed for recycling & environmental impact

https://doi.org/10.3390/met14060658
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The loops of recycling

Recycling

Reuse

Smelting/

strip-casting Sintered magnets

Hydrogen Sintered magnets
o P Polymer-bonded magnets

Hot-deformed magnets
Melt-spinning

Polymer-bonded magnets

Short-loop recyclin
Used p recyciing
magnets

Liquid-liquid extraction

Selective precipitation/bioleaching

Liquid metal extraction
Slagging

Long-loop recycling

https://www.deutsche-rohstoff
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Magnets

ONE DOES NOT SIMPLY

N O 2
'REGYCLE MAGNETS

Manufacturing
swarf

WEEE containing REE
magnets

End- of-Llfe magnets
Irbines

Dr.-Ing. Matic JoviCevic¢-Klug

REEs: Rare earth elements
WEEE: Waste Electrical
&Electronic Equipments
REOs:Rare Earth Oxides
REMs: Rare Earth Metals

mm—/| Recyclates | REeEs in leachate |
containing REEs

I Individual REOs |

REE Master alloys | | Individual REMs |

) Magnet direct recycling Magnet indirect recycling

i.org/10.1051/epjap/2019180289
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Short-loop recycling
= HD
Hydrogen decrepitation
= HDDR https://www.deutsche-rohstoffagentur.de, https://www.youtube.com/watch?v=00ivtRfarvQ

Hydrogenation disproportionation desorption
and recombination

= HPMS
Hydrogen Processing of Magnetic Scrap _Eq. 9: Nd;Fe 4B + 2H; = 12a-Fe + 2NdH; +Fe;B -

https://doi.org/10.1021/acsomega.3c00299

Eq. 10: 12a-Fe + 2Nd +Fe;B = Nd,Fe ;4B

Production of 1 kg of recycled
sintered magnets vs primary
production

= 80% less CO, emissions

N = 60% less energy consumption
A W .. HPMS-powder

= 70% less water needed
https://doi.org/10.1016/j.immm.2023.171475
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https://doi.org/10.1016/j.immm.2016.09.014
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Shortfalls of (classical) hydrogen-based recycling

Will this be possible after 3-4 recycling cycles?

Progressive oxygen/nitrogen contamination
during recycling — limiting factor
1 - Addition of RE-hydrides
2 - RE-rich phase replacement
3 — cannot remove contamination (C)

Use of recycled material is still more
sustainable - costs, energy and resources
consumption
REEs from primary sources are still required!
< 600 ppm of O is ideal
< 800 ppm of C is ideal

15
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Short-loop recycling - smelting

NdFeB Add fluxing RE element Phase separation  RE element extraction from
magnet agent solution slag by leaching

&

4]

&
R o

- -

P

Y Y ¥ https://www.deutsche-rohstoffagentur.de Typical POWder Met

Liquid metal extraction also possible, but expensive!

Temp. ~ 1500 °C

allurgical Processing of NdFeB

Fast process, energy intensive
But potentially low CO, and large mass!

Universal, but not selective
— intrusions with metals is a problem

Losses can be high (20-30% of REE)

Reduce O content 5000 ppm to 300 ppm
Combine with long-loop recycling

REEs from primary sources are still required!
https://doi.org/10.1007/s40831-016-0090-4
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Long-loop recycling: swarf and oxide waste

VALOMAG Project

Manual
dismantling
(SUEZ)

Collection
(SUEZ)

Demagnetisation
{CRM)

B2 -S9O -
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Magnet production Magnet swarf "I”
plant

£

7

b
High grade NdFeB
fraction

Hydrogen Decrepitation /
HDDR (CEA)

NdFeB Alloy HDDR NdFeB

Powder

L

SR S

Sintered Magnets Bonded Magnets
(CEA) (Kolektor)

B S—

Low grade NdFeB
fraction

1

Hydrometallurgy
(BRGM)

!
i

REE oxide

10-20 %

https://doi.org/10.3390/materproc2021005074

i Swarf recycling 1
I E Market | !
l = l
Fragmentation and ! n_ITL !
classification I E Q} !
(BRGM) ] . ]
1 iy, ]
I I
I I
L

https://doi.org/10.1021/acssuschemeng.1c05965

The challenge of oxidized material and waste

Swarf and sludge from polishing and grinding: 15 % in EU, 40 % in China
Material mostly oxidized (5-6 wt.% of O) =——————) trcatment as RE ores
HPMS and HDDR method cannot be used (inability to purify material)

Energy intensive and high amounts of CO, (11 tons CO, per ton of NdFeB more)
But more sustainable than primary sourcing with economic benefit!

> 300,000 tons NdFeB stockpile
https://doi.org/10.1016/j.jenvman.2025.126513
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Long-loop recycling — molten salt electrolysis, metallothermic and solvent extraction

beneficiation
concentration

electrolysis

[ore ] 255 [N04] 5 [Nametl Nd,0,
Nd,O; in i CO, and PFCs _ | Non-carbothermic
NdF;-LiF 1 T + . f"""“”‘" Chlorination
molten salt 7/ 7 !

¢ -

. i F i NdCI f=|'>

. ] % :

% b 5 % | Molten salt

% e 5 % ' velectrolysis

/ S0

. y cl, |+[ Nd

% %

. .

Mﬂd High CO, emissions

Generally applicable to all types of magnets

Current I

Applicable to nonoxidized and oxidized alloys

= Same processing as for primary ores

= Many process steps, can be complex

A lot of chemicals, wastewater, high inherent CO,

";_ade: Nd Electrowinning

molten chloride salt
LiCI-KCI (475°C)

DSA Anode: Cl, Evolution

Room temperature electrolysis — very sustainable!
Green solvents, bio-based extraction alternatives!
Most recycling process focus on specific magnets!

https://doi.org/10.1149/1945-7111/ac6075 https://doi.org/10.1021/acssuschemeng.3c07720

Neodymium Nd-Fe alloys
ONdCl, @ Ca @ CaCl, ONdCl, @ Ca @ Cacl,
@ Kl J NaCl @ Nd @ re @ Nd @ Nd-Fe

Ze N\ 4
]
Ty

™
oL o |
oY 5 S o0 9y

'.Jf ' 4

* .‘ g
.‘g‘ t}'n B
o re B Lee”

B

[Thermal reaction] [Separation] [Thermal reaction] [Separation]

2NdCly,+3Ca,+xKCl,+yNaCl, 2NdCl;,+3Ca,+xFe(,
= Ndj,+CazK,Na,Clg,.yq) — Nd,Fe,,+3CaCly,

https://doi.org/10.3390/mal18050971

Cathode

4

g

&
NO;y
Nd(OH)3
NdFeB NH,S0,0"
magnet
waste

https://doi.org/10.1021/acs.est.3c06775  https://doi.org/10.1021/acssusresmgt.5c00003
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Grain boundary diffusion & infiltration process

Surface
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= | ower CO, footprint https://doi.org/10.1016/j.actamat.2024.120532
= Limits with scale and efficiency
= Challenging recycling/proper recovery of Dy/Tb -
ging recycling/prop y or-y Requires HREEs! 27

= Alternatives with less-critical REE, but limited effect
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Alternative diffusion Processes = Sustain good properties with lower HREE content

Grain boundary diffusion process = Good Scaling pOtentiaI
gt b e = Heterogenous material — difficult control and recycling
\ ; = Complex processing/longer processing
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Deformation-based processing

Powder extrusion
Sl
X

Extrusion direction

Emerging alternatives and versatility
Fine grain size and flexible chemistry
Complex processing and controllability
Can have size limitations!

H. limitation — combination with GBDP
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Pressless processing, powder MEMS and additive manufacturing
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Alternative/sustainable magnet systems
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Phases with high intrinsic magnetic properties must by found
and stabilized

7 X

#2: Anisotropy

High magnetocrystalline anisotropy must be induced for

reaching high coercivity

#3: Remanence

High density and alignment for high remanence

v B

All properties needs to be conserved in bulk magnets

#4: Bulk magnets

Economic and ecologic fabrication technology
for industrial production needed 25
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» Highly sustainable

= High theoretical M (2.4 T) and BH,, .,

» Processing is “simple” & sustainable

» Low thermal stability (limited application)

= Limited bulk production

» Mostly thin film and nanopowder pathways

Great potential but limited synthesis! 27
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Fe-N system: potential for industrial production?
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not overtaking the REEs magnet market so far!
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A FeNiN
ase N as a temporary alloying element (P4/mmm)
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= High potential and natural material exists — meteorites, BH,_ ., = 335 kJ/m3
= Difficult processing — slow kinetics and overlapping instability of the phase
= Limited bulk production

» Sustainability (Ni) and industrial production (kinetics) is questionable

Current synthesis massively relying on pure compounds! 29
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Mn-Al system: another L1, phase
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= Attractive energy density per unit
mass (density of 5.2 g/cm3)

0 -

1 | = Twinning difficulty

i / : » Sustainability is good, low price
= = Processing not too complex

Magnetic Hdd IL\AI)
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Mn-based systems
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Many of the systems in development

High potential

Certain elements limited sustainability
Complex processing
Stabilization of T phase, but reduced
magnetic properties
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Fe-P system: The "new” kid on the block
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Conclusions

¢ Magnets are needed for green transition, lowering CO, and electrification
¢ However, magnets can have high prior environmental impact (mining and purification!)
¢ Sustainable production routes and alternatives are needed

¢ Recycling shows potential, but certain aspects are limited — collection and initiative

¢ Short- and long-loop recycling routes are well developing, but missing intermediate pathways &

3

¢ Sustainability can be improved through different processing, i.e. GBDP, SPS, DCT, AM, PLP

¢ Processing with chemical additions/changes have great potential and versatility

¢ Alternative system that avoid REEs are good options, but have challenges to overcome

¢ Mn-Al and Fe-N closest to commercialization, others need more development
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