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Applications ïPermanent Magnets

> 200 PMs

Magnets are present in a broad spectrum of technological applications

A. Bollero and E.M. Palmero, Recent advances in hard - ferrite magnets, in J.J. Croat 

and J. Ormerod (eds.) Modern Permanent Magnets, pp. 65-112, Elsevier (2022)



Magnetic field: orders of magnitude

Human brain

Earth

Refrigerator 

magnet

NdFeB 

permanent magnet

10-12 T

10-5 T

10-3 T

10-1 ς 1 T

A magnet can be considered as
an energy-storage device which
provides a magnetic field in a
particular volume of space.



Ç Historical evolution and magnetic performance

Historical Evolution of Permanent Magnets

Themaximum energy 

product (BH)max provides 

a measure of the magnetic 

energy density that can be 

stored in the magnet

(we will come back later 

to ité)

(BH)max is a measure of the 

strength of the magnet 



Ç Historical evolution and magnetic performance

Historical Evolution of Permanent Magnets

Rare earth-

based magnets

Themaximum energy 

product (BH)max provides 

a measure of the magnetic 

energy density that can be 

stored in the magnet 

(BH)max is a measure of the 

strength of the magnet 
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(b) 
World: NdFeB magnet production by region, 2005 to 2020 (kt) 
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(a) Metall. and Mater. Trans. A, 44A, S2 (2013)
(b) J. Sustain. Metall. 3:122ς149 (2017)

About 95% of Rare-Earth imports are coming from China. 

Problem asks for the search of alternatives to controversial 

rare earth-based PMs in well-focused applications

Need for innovative 

materials contributing 

to a PM market 

diversification

> 200 PMs



2019 data ïSource: EIT RawMaterials 

Numbers show the fragility of the European model in the permanent magnet sector:

Volatile situation for Europe



Numbers show the fragility of the European model in the permanent magnet sector:

Volatile situation for Europe

+ Europe recycles < 1% 

of the permanent 
magnets 

(recycling is not the 
solution, but part of itΧ) 

2019 data ïSource: EIT RawMaterials 

Y. Yang et al., J. Sustain. Metall. 3, 122ï149 (2017)



European Commission - Critical Raw Materials List
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Economic importance

Heavy REEs
(e.g. Dy and Tb)

Light REEs
(e.g. Nd)

Results of the 2023 EU criticality assessment

Economic importance -
aims at providing insight 
into the importance of a 
material for the EU 
economy in terms of end-
use applications.

Supply risk - reflects the 
risk of a disruption in the 
EU supply of the material.  



Critical Raw Materials

residues 

Uncontrolled 
mining Impact on You brings an Impact on Me

Environmental 
impact from 
extraction and 
refinement of the 
rare -earths



Critical Raw Materials and Permanent Magnets

ÅGreen energy technologies, and in particular wind energy 

technology (aerogenerators), require high-performance 

permanent magnets to operate.

ÅThere is only one material available at present in the market 

able of delivering the energy density required to guarantee an 

efficient workability of the wind turbine (high-power capacity 

exceeding 2.5 MW): Nd-Fe-B (containing Nd, Dy, Tbé). 

Wind technology production



Critical Raw Materials and Permanent Magnets

Quantities of permanent magnets

required worldwide for e-vehicles

will grow from 5,000 tonnes in

2019 to up to 70,000 tonnes per

year by 2030.

A car contains about 200

permanent magnets (major

content in the traction motor):

1.5 - 2 kg of rare-earth

magnets (Nd-Fe-B)

What quantities are we referring to?



What quantities are we referring to?

[Courtesy of Dr. Bogi Bech, University of Faroe Islands]

ÅA wind turbine uses up to 4 tons of Nd-Fe-B magnets in the motor

Critical Raw Materials and Permanent Magnets



What quantities are we referring to?

x 2000

[Courtesy of Dr. Bogi Bech, University of Faroe Islands]

ÅA wind turbine uses up to 4 tons of Nd-Fe-B magnets in the motor

ÅThis is the same as about the content of Nd-Fe-B magnets in 2000 hybrid cars

Critical Raw Materials and Permanent Magnets



European Green Deal

ά¢ƘŜ European Green Deal aims to make 

Europe climate neutral by 2050, boost the 
economy through green technology, create 
sustainable industry and transport, and cut 
ǇƻƭƭǳǘƛƻƴΦέ 

https://reform-support.ec.europa.eu/what-we-do/green-transition_en

A GLOBAL goal:
In July 2022, the European Commission, France, Germany, Italy, Canada, Chile, Mexico, Norway, and the United Kingdom 
joined the United States ina collective 2030 zero-emission vehicle (ZEV) deployment goalof having ZEVs make up 50 
percent of new light-duty vehicle sales by 2030, to include battery electric, fuel cell electric, and plug-in hybrid vehicles.



EC Critical Raw Materials Act

¶ Setting benchmarks for domestic capacity and diversification of supply.

¶ Developing national programmesfor exploring geological resources.

¶ Requiring large companies to audit their supply chains through company-level stress tests.

¶ Investing in research, innovation and skills to promote breakthrough technologies in critical 

raw materials.

¶ Establishing a Raw Materials Academy to promote skills relevant to critical raw material 

supply chains.

¶ Mitigating environmental impacts, labourrights, human rights and regional stability issues.

¶ Promoting economic development in third countries.

¶ Seeking mutually beneficial partnerships with reliable trading partners to strengthen global 

supply chains.

ñLithium and rare earths will 

soon be more important than 

oil and gasò (Sept. 2022)

16th March 2023

Establishing recommendations for:



Critical Raw Materials and Permanent Magnets

üTarget: to provide at least 40% of the EUôs annual deployment needs for strategic net-zero 

technologies by 2030.

üPromote the use of clean technologies within the EU and equip it for the clean-energy transition 

(urgent: guarantee provision of the needed raw materials).

Net Zero Industry Act

Critical Raw Materials Act

March 16th, 2023 



Sustainability

Sustainability in the Permanent Magnet Sector
[challenge: current situation with rare-earth elements (REE)]

Recycling 
(< 1 % nowadays)

Innovation in REE-based 
Permanent Magnets

Innovation in REE-free
Permanent Magnets

Advanced fabrication techniques
+
Re-design (products 
and devices)

Secure resources of critical raw materials + production in Europe



Outlook

Sustainability in the Permanent Magnet Sector

Recycling 
(< 1 % nowadays)
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Permanent Magnets

Advanced fabrication techniques
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Strategy Methodology Benefit Weakness (at present) Feasibility

Improved 
engineered 
Nd-Fe-B structure

Cellular structure + 
optimized 
intergranular phase

ü Increased coercivity ü Dy content
ü Reduced 

magnetization

ü Already happening 
based on advances in 
knowledge (& 
characterization tools)

Development of 
reducedheavy rare-
earth (HRE) magnets

Grain boundary (GB) 
diffusion 

ü Reduction of HRE
ü Improved coercivity

ü Inhomogeneous 
distribution of Dy/Tb

ü Re-designof magnet 
structure to profit

Development of 
HRE-free magnets 

Cerium-based NdFeB
magnets

ü Avoidance of Dy
ü Substitution of Dy 

by an abundant and 
cheap REE (Cerium)

ü Use of Cerium (REE)
ü Decreased magnetic 

properties ĄRequired 
use of Cobalt (CRM)
[NdCe-FeCo-B]

Critical but less critical:
ü Ce is REE but dominant 

one in RE ores
ü Use of Co remains an 

issue

Nanocrystalline 
magnets 

ü Avoidance of Dy
ü Improved coercivity 

and T dependence

ü Need to go to the 
nanoscale (costly)

ü Development of 
feasible procedures

+ Re-ŘŜǎƛƎƴƛƴƎ ǘƻ ǘŀƪŜ ŀŘǾŀƴǘŀƎŜ ƻŦ ǇǊŜǎŜƴǘ ŀƴŘ ŦǳǘǳǊŜ ŀŘǾŀƴŎŜǎ όάƛƴǘŜƭƭƛƎŜƴǘ ŘŜǎƛƎƴέ Ą Efficiency + Sustainability)
+ Computational approach to explore new combinations of elements
+ Advanced manufacturing techniques

Rare-earth PMs: Whatôs up in research and innovation?

K. Loewe et al., Acta Mater. 124, 1, 421-429 (2017)

K.P. Skokov and O. Gutflesich, Scripta Mater. 154, 289-294 (2018) 



Ç Historical evolution and magnetic performance

Historical Evolution of Permanent Magnets

(BH)max is a measure of the 

strength of the magnet 
ü Higher (BH)maxĄDecreased magnet volume

ü (BH)max is not everything as performance relates but also:

(i) corrosion resistance

(ii) temperature stability (optimum: wide operation 

range)

(iii) weight (material density)

(iv) recyclability and sustainability



Sustainability

Sustainability in the Permanent Magnet Sector

Recycling 
(< 1 % nowadays)

Innovation in REE-based 
Permanent Magnets

Innovation in REE-free
Permanent Magnets

Advanced fabrication techniques
+
Re-design (products 
and devices)

Secure resources of critical raw materials + production in Europe

J. Cui et al., Current progress and future challenges in rare-earth-free permanent magnets, Acta Mater. 158, 118-137 (2018)



Research and Innovation: Sr-ferrite

Scale bar: 1 um

Prototype e-motorbike 
with motor based on Sr-
ferrite (SrFe12O19) magnets

complete substitution of 
Nd-Fe-B magnets

Powder Prototype 
magnets

Final segment 
magnets

Video at: https://vimeo.com/185447798

25
EU FP7 Project NANOPYME (Ref: 310516)

https://vimeo.com/185447798


1966

Going smaller: Fabrication of a micromotor

Going smaller



FET-Open Project

(2019-2023)

UWIPOM seeks to develop micro-robotic mechanisms for minimally invasive micro-surgery

techniques and in-vivo health treatments.

UWIPOM Consortium counts with the participation of expert neurosurgeon Dr. Luis Ley Urzáiz and cardiologist Dr. José A.

García Lledó

European Patent Application 21382782.7

/ 103

Coordinator UWIPOM

Going smaller



Catheter for microsurgery

Boston Scientific Cardiology: https://www.youtube.com/watch?v=H5s0sqxS_wA



The French scale is commonly used to measure the size of a catheter. 1 Fr = 1/3 mm 

Realization of a micromotor to be 
placed at the end of the catheter to 
allow for microsurgery applications

Successful achievements in the project: 

Å Fabrication of a 3 Fr micromotor
Å Fabrication of a 1 Fr micromotor

Catheter for microsurgery



3 Fr motor - Micromagnets

Rotor

Permanent 
magnets

Micromotor

Making the choice of the 
permanent magnet ƳŀǘŜǊƛŀƭΧ



Ç Historical evolution and magnetic performance

Historical Evolution of Permanent Magnets

Themaximum energy 

product (BH)max provides 

a measure of the magnetic 

energy density that can be 

stored in the magnet

(BH)max is a measure of the 

strength of the magnet 



Commercial Nd-Fe-B micromagnets

Hc,i = 160 kA/m

JR = 1228 mT 

Ni/Cu/Ni 

capping

0.5 mm

0.2 

mm

Hc,i = 788 kA/m

JR = 1258 mT 

Au capping1 mm

0.5 

mm

No capping

Hc,i = 750 kA/m

JR = 1258 mT 

0.25 mm

0.25 

mm

Issue: Poor quality of 

commercial small-size 

NdFeB magnets.

Issue: Lack of 

reproducibility for 

same batch.
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Extremely poor 

quality probably 

due to inefficient 

coating (not 

fulfilling 

specifications)

Kink in the loop 

likely due to 

inhomogeneities 

or partial 

oxidation

Same issue as 

for previous 

magnets
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F. Dumas-Bouchiat et al, 
Thermomagnetically patterned 
micromagnets, Appl. Phys. Lett. 
96, 102511 (2010)

M. Kustov et al., Magnetic characterization of 
micropatterned NdςFeςB hard magnetic films using 
scanning Hall probe microscopy, J. Appl. Phys. 108, 
063914 (2010)

E. Fontana et al., Fabrication and 
Characterization of Polymer-Bonded 
Flexible Anisotropic Micro-Magnet 
Arrays, IEEE TRANSACTIONS ON 
MAGNETICS, VOL. 58, NO. 2 (2022)

(a, b) Plan-view optical images of a 50 µm thickNdFeBfilm deposited 
on a pre-patterned 4-inch Si substrate together with (c) a cross-
sectional scanning electron microscope image of a few micro-
magnets and (d) a Magneto-Optical image of the stray magnetic field 
produced at a scan height of 50 µm above the film.

https://magneticsmag.com/fabrication-of-ndfeb-micro-magnets-at-institut-neel-unlocks-enormous-potential-for-mems/

bƻǊŀ 5ŜƳǇǎŜȅΩǎ ƎǊƻǳǇ ŀǘ  Lƴǎǘƛǘǳǘ b99[ 



FET-Open Project

(2019-2023)

Micromagnet

Made at/ 103
Soft lithography

UWIPOM seeks to develop micro-robotic mechanisms for minimally invasive micro-surgery

techniques and in-vivo health treatments.

UWIPOM Consortium counts with the participation of expert neurosurgeon Dr. Luis Ley Urzáiz and cardiologist Dr. José A.

García Lledó

Going smaller



Approach:

Ultrafast pulsed laser microcutting (collaboration between UAH, IMDEA and LIDROTEC)

Cutting under fluid environment Ą Reduction of thermal shocks 

and avoidance of melting effects

Starting Sm2Co17 magnet

ūext: 900 um

ūint: 200 um

thickness: 110 um 

3 Fr motor - Micromagnets
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Approach:

After cutting

Ultrafast pulsed laser microcutting (collaboration between UAH, IMDEA and LIDROTEC)

Cutting under fluid environment Ą Reduction of thermal shocks 

and avoidance of melting effects

ūext: 900 um

ūint: 200 um

thickness: 110 um 

Loose segments

3 Fr motor - Micromagnets

Starting Sm2Co17 magnet

Work submitted for publication



3 Fr motor - Micromagnets

Work submitted for publication 100 µm



cutting

Comparable magnetic response for the whole magnet 

and a selected sector (laser cutting) Ą Efficiency of the 

method with no significant change in magnetic properties.

-30 -20 -10 0 10 20 30

0

20

40

60

80

100

120
 SmCo whole disk

 SmCo segment

M
 (

e
m

u
/g

)

Applied Field (kOe)

50 um

Mr = 98 emu/g; Jr = 1.02 T

Hc > 25 kOe (> 1990 kA/m)

Magnetic response after saturating (SC-magnet) at 8 T 

(measurement done at VSM with Hmax=2.5 T):
Starting SmCo magnet

After cutting

Loose segments

3 Fr motor - Micromagnets

Work submitted for publication



cutting 50 um

Comparison of magnetic flux density values: Experimental 

vs Simulations (Finite Element Method, FEM):

Starting SmCo magnet

After cutting

Loose segments

3 Fr motor - Micromagnets

Work submitted for publication Integration in the rotor



Outlook

üIntroduction:

- Permanent magnets (PMs): 

Ą Can we imagine our technological development without PMs?

Ą Historical evolution and challenges

- Wise diversification in the PMs sector

üNanoscience working towards Rare Earth-Free Permanent Magnet alternatives:

- Improved Sr-ferrite

- MnAlC

üResearch and Innovation combined towards technological applications



Sustainability

Sustainability in the Permanent Magnet Sector

Recycling 
(< 1 % nowadays)

Innovation in REE-based 
Permanent Magnets

Innovation in REE-free
Permanent Magnets

Advanced fabrication techniques
+
Re-design (products 
and devices)

Secure resources of critical raw materials + production in Europe



REE-free PMs: publications

Historical evolution of the published

scientific papers on NdFeB, ferrites,

MnAl(C) and MnBi as permanent

magnet materials since the 1950s

until 2022 (Source: Scopus - results

obtained through an advanced search

by keywords ferrite, Mn-Al(-C) and

Mn-Bi permanent magnet).



Combination of the evolution in price of

neodymium and dysprosium in the

period 2005-2015 (including the ñrare

earth crisisòevent in 2011) and the

historical evolution of the published

scientific papers on NdFeB, ferrites and

Mn-based alloys (considering MnAl(C)

and MnBi) as permanent magnet

materials since the 1950s until 2022.

REE-free PMs: publications



Ç Historical evolution and magnetic performance

Historical Evolution of Permanent Magnets

Rare earth-

based magnets

Possible 
substitution?
 



Nd-Fe-B magnets

What do we understand by a wise substitution?

Wind turbine (high-power capacity exceeding 2.5 MW)

http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=iVEBVpCDWe9AaM&tbnid=oKeHLOMpVbiQGM:&ved=0CAUQjRw&url=http://news.thomasnet.com/fullstory/Rolling-Bearings-enhance-wind-turbine-rotor-shaft-performance-594285&ei=IdCYU5GsCYHOygP244HwDg&psig=AFQjCNFds5AlDZPhEXpdK2vu0qnlHe095Q&ust=1402610058955356
http://www.google.es/url?sa=i&rct=j&q=onshore&source=images&cd=&cad=rja&docid=VWRo3XOvvX7yaM&tbnid=kh97QVjzcCbAiM:&ved=0CAUQjRw&url=http://www.guardian.co.uk/artanddesign/jonathanjonesblog+design&ei=UY47UaqNE6qu0QW2moDgAQ&bvm=bv.43287494,d.ZGU&psig=AFQjCNE2-0z_Z2vdGUFRP7E373SbyNrcAQ&ust=1362943856643059


Nd-Fe-B magnets Ferrite magnets

Realistic goals.

Distinction 
between 
Science 
and
Science Fiction

What do we understand by a wise substitution?

Wind turbine (high-power capacity exceeding 2.5 MW)

http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=iVEBVpCDWe9AaM&tbnid=oKeHLOMpVbiQGM:&ved=0CAUQjRw&url=http://news.thomasnet.com/fullstory/Rolling-Bearings-enhance-wind-turbine-rotor-shaft-performance-594285&ei=IdCYU5GsCYHOygP244HwDg&psig=AFQjCNFds5AlDZPhEXpdK2vu0qnlHe095Q&ust=1402610058955356
http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=iVEBVpCDWe9AaM&tbnid=oKeHLOMpVbiQGM:&ved=0CAUQjRw&url=http://news.thomasnet.com/fullstory/Rolling-Bearings-enhance-wind-turbine-rotor-shaft-performance-594285&ei=IdCYU5GsCYHOygP244HwDg&psig=AFQjCNFds5AlDZPhEXpdK2vu0qnlHe095Q&ust=1402610058955356
http://www.google.es/url?sa=i&rct=j&q=onshore&source=images&cd=&cad=rja&docid=VWRo3XOvvX7yaM&tbnid=kh97QVjzcCbAiM:&ved=0CAUQjRw&url=http://www.guardian.co.uk/artanddesign/jonathanjonesblog+design&ei=UY47UaqNE6qu0QW2moDgAQ&bvm=bv.43287494,d.ZGU&psig=AFQjCNE2-0z_Z2vdGUFRP7E373SbyNrcAQ&ust=1362943856643059


Ç Historical evolution and magnetic performance
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Ç Mn-based alloys:

(e.g. MnAlC)

Ç Improved ferrites

Ç New players 
(Nitride based materials, 3d-

4f/5d combinations, L10alloysé)

Source graph (BH)max vs YEAR: M.J. Kramer , W. McCallum , I. A. Anderson, and 
S.Constantinides , JOM 64, 752 (2012)
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Ç REE-lean magnets

Diversity in permanent magnet materials



ü (BH)max is not everything as performance relates but also:

(i) corrosion resistance

(ii) temperature stability (optimum: wide operation range)

(iii) weight (material density)

(iv) recyclability and sustainability

Can we substitute Nd-Fe-B magnets?

Van !ƪŜƴΩǎcreation: Tree of 40 Fruit (source: CNN)

ü Some applications will allow it. Many others NOT 
(based on existing alternatives)

Reinforced diversification based 

on joint research and innovation

(BH)max is not the only figure to look at



ID card of a Permanent Magnet

J

Remanence, 

Mr

Coercivity

Hc H

Hysteresis loop for an ideal permanent magnet:

[Adapted from S. Chikazumi, Physics of Ferromagnetism , Oxford Science Publications (1997)]

The response of a ferromagnetic

material to an external magnetic field H

is represented by its hysteresis loop.

The hysteresis loop is broad for a good permanent magnet which has to resist

demagnetization by external fields and the field created by its own magnetization.



M 

Remanence, 

Mr 

Coercivity, 

Hc 
H 

+ Þ  Excellent 
ingredients 

Delicious   
dish 

Processing 
(cooking) 

+ Þ  Intrinsic 
properties 

Extrinsic 
properties 

Nanostructuring & 
Phase transformation 

Excellent starting intrinsic 
properties of the material: 

Å saturation magnetization, Ms 

Å anisotropy field, Ha 

Å Curie temperature, TC 

Å remanence, Mr 

Å coercivity, Hc 

Å energy density, (BH)max 

Excellent extrinsic properties 
defining preformance: 

We can control it by proper 

choice of the preparation/

processing parameters 

MnAlC: Conclusions

ü Phase evolution and coexistence of functional phases Ą Key for coercivity development
ü Crystallite size
ü Induced microstrain
übŀƴƻǇǊŜŎƛǇƛǘŀǘŜǎ Χ όvery interesting approach based on surface energy considerations)

performance:



Intrinsic and extrinsic magnetic properties

saturation magnetization, Ms

anisotropy field, Ha

Curie temperature, TC

remanence, Mr

coercivity, Hc

energy density, (BH)max

microstructure+ Ý

M or B

Mr or Br

Hc

BHc
H

B= 0˃H+J = 0˃(H+M) , with 0˃ = 4̄  × 10-7 Tm/A

B (T): magnetic induction

J (T): magnetic polarization

M (A/m): magnetization M

H (A/m): magnetic field

intrinsic 

properties

extrinsic 

properties



Intrinsic and extrinsic magnetic properties

M or B

Mr or Br

Hc

BHc

(BH)max

H

B= 0˃H+J = 0˃(H+M) , with 0˃ = 4̄  × 10-7 Tm/A

Themaximum energy product (BH)max provides a 

measure of the magnetic energy density that can be 

stored in magnet Ą (BH)max is a measure of the strength 

of the magnet. 

(BH)max is the maximum value of B×H on the second 

quadrant of the B-H loop.

microstructure+ Ýintrinsic 

properties

extrinsic 

properties

saturation magnetization, Ms

anisotropy field, Ha

Curie temperature, TC

remanence, Mr

coercivity, Hc

energy density, (BH)max



Intrinsic and extrinsic magnetic properties

saturation magnetization, Ms

anisotropy field, Ha

Curie temperature, TC

remanence, Mr

coercivity, Hc

energy density, (BH)max

M

Hc

H

Ms 

M

H

Ideal hysteresis loop for a 

permanent magnet

In practice Mr < Ms due to:

Å incomplete particle alignment;

Å magnetic domains;

Å density lower than the ideal density of the main magnetic phase;

Å presence of secondary phases;

é

Ms 

Mr 

Mr 

Hc

microstructure+ Ýintrinsic 

properties

extrinsic 

properties



Anisotropy field and Coercivity

Plot of anisotropy K1 as a function of polarization of ɛ0Ms for 

a variety of magnetic materials with uniaxial anisotropy (ə 

states for the magnetic hardness):

Anisotropy energy (to first order approximation): Ea = K1sin2ʻ

ɗ is the deviation of the magnetization from the easy direction.

óAnisotropy fieldô Ha = 2K1/ɛ0M (Ą energy increase due to small deviations from the easy axis)

R. Skomski and J.M.D. Coey, Scripta Mater. 112, 3-8 (2016)

J.M.D. Coey, Engineering 6, 119-131 (2020)

Upper limit of the coercivity 



Hcƛǎ ŀōƻǳǘ ʰHA ǿƛǘƘ ǘȅǇƛŎŀƭƭȅ ʰ ғғ м όάYǊƻƴƳǸƭƭŜǊ ŦŀŎǘƻǊέύ 
addressing the effect of nanostructuralfeatures

Brown's paradox

H. Kronmüller, phys. stat. sol. (b) 144, 385ς396 (1987).
D. Givordand M. F. Rossignol, Coercivity. in Rare-earth Iron Permanent Magnets, 
Coey, J. M. D. (ed.), 218ς285 (University Press, Oxford, 1996).
D. Givordet al., J. Magn. Magn. Mater. 258-259, 1 (2003).

coercivity is not an intrinsic material property due to local 
defects

Anisotropy field and Coercivity

Anisotropy energy (to first order approximation): Ea = K1sin2ʻ

ɗ is the deviation of the magnetization from the easy direction.

óAnisotropy fieldô Ha = 2K1/ɛ0M (Ą energy increase due to small deviations from the easy axis)

Upper limit of the coercivity 

R. Skomski and J.M.D. Coey, Scripta Mater. 112, 3-8 (2016)

J.M.D. Coey, Engineering 6, 119-131 (2020)



M 

Remanence, 

Mr 

Coercivity, 

Hc 
H 

+ Þ  Excellent 
ingredients 

Delicious   
dish 

Processing 
(cooking) 

+ Þ  Intrinsic 
properties 

Extrinsic 
properties 

Nanostructuring & 
Phase transformation 

Excellent starting intrinsic 
properties of the material: 

Å saturation magnetization, Ms 

Å anisotropy field, Ha 

Å Curie temperature, TC 

Å remanence, Mr 

Å coercivity, Hc 

Å energy density, (BH)max 

Excellent extrinsic properties 
defining preformance: 

We can control it by proper 

choice of the preparation/

processing parameters 

Intrinsic and Extrinsic Magnetic Properties

performance:



Outlook

Sustainability in the Permanent Magnet Sector

Recycling 
(< 1 % nowadays)

Innovation in REE-based 
Permanent Magnets

Innovation in REE-free
Permanent Magnets

Advanced fabrication techniques
+
Re-design (products 
and devices)

Secure resources of critical raw materials + production in Europe



Large area to 
search for 
alternatives
(but challenging)

Energy product vs Cost

üWisecombination of Nd-Fe-B [high BHmax/high cost] and alternatives [lower BHmax/lower cost]

Book ɈModern Permanent Magnetsɉ, 
Elsevier (2022). J. Croat  and J. Ormerod  (eds.)

> 200 PMs



Permanent magnets and applications

	
Ferrite

> 200 PMs

Nd-Fe-B



	
Ferrite

> 200 PMs

Nd-Fe-B

Permanent magnets and applications



Sr-ferrite (SrFe12O19) permanent magnet material
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Hard hexaferrites show a good performance

at high temperature based on:

Å higher Curie temperature than Nd-Fe-B 

(enabling them to operate all the way up to 

300 ºC);

Å positive temperature coefficient of the 

intrinsic coercivity (mitigating magnetic 

flux loss at elevated temperatures)

Commercial  Sr-ferrite  (no La, Co content )
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SrFe12O19 
Ms = 74.5 A m2/kg

TC = 746 K

Ha = 1.5 MA/m  
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However:

Low coercivity when decreasing 

temperature Ą Risk of demagnetization 

at lower temperatures, being critical in 

automotive applications at operation 

temperatures below -40 ºC. 

Sr-ferrite (SrFe12O19) permanent magnet material
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However:

Low coercivity when decreasing 

temperature Ą Risk of demagnetization 

at lower temperatures, being critical in 

automotive applications at operation 

temperatures below -40 ºC. 

Goal:

Improve the performance of

Sr-ferrite at low and high

temperature with NO USE of

critical and expensive

materials such as La and Co. 

Commercial  Sr-ferrite  (no La, Co content )

Sr-ferrite (SrFe12O19) permanent magnet material
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This project has received funding from the EuropeanC« ­«Ż´Horizon 2020 
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Materials (R&I Action)
ÅMnAlC
ÅImproved Sr-ferrite

Towards a wise substitution

www.passenger-project.euby 2025

Pilot Action for Securing a Sustainable European
Next Generation of Efficient RE-free magnets

Translation from research (started as basic research) 
in the lab to innovation at industrial level

Coordination: IMDEA Nanociencia



Integration into e-mobility applications 
ώҌ ŘŜƳƻƴǎǘǊŀǘƛƻƴ ƛƴ ǇǳƳǇǎ όǿŀǘŜǊύΣ ŀŎǘǳŀǘƻǊǎΧϐ

PASSENGER: The Goal



Strategy in the project ïSr-ferrite nanocomposite 

Starting (commercial)

5 min

25 min

40 min

Increasing milling time 

+ heat treatment in air 

(1000 ºC)

üNanostructuringǘƘǊƻǳƎƘ La59!Ωǎ ǎŜƭŦ-developed Flash-Milling process 
(minutes vstens of hours reported in literature). Formation of agglomerates.

ACS Sustainable Chem. Eng. 2017, 5, 3243 (2017)

A. Bollero and E.M. Palmero, Recent advances in hard - ferrite magnets, in J.J. Croat 

and J. Ormerod (eds.) Modern Permanent Magnets, pp. 65-112, Elsevier (2022)



Sr-ferrite nanocomposite 
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Increased milling time

enhanced coercivity:

close to 480 kA/mCommercial
ferrite

2nd quadrant of the hysteresis loop (room temperature):

10´20´
40´

A. Bolleroet al., PCT/EP2018/063222, ɈFerrite type materials and process for the production thereofɉ (2018) 
Work In preparation .
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Sr-ferrite nanocomposite 
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Commercial
ferrite

2nd quadrant of the hysteresis loop (room temperature):

10´20´
40´

A. Bolleroet al., PCT/EP2018/063222, ɈFerrite type materials and process for the production thereofɉ (2018) 
Work In preparation .

Single domain size for Sr-ferrite: 

about 900 nm
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2-Theta (deg.)

 P02Sr starting TT 1000ºC

 P02Sr M10min + TT 1000ºC

 P02Sr M15min + TT 1000ºC

 P02Sr M20min + TT 1000ºC

 P02Sr M40min + TT 1000ºC

Fe2O3

Recrystallization: 

SrFe12O19 + -Fe2O3

Commercial
ferrite

-hFe2O3

Å Reduction in the mean crystallite size (<100 nm) combined with 

the formation of Ŭ-Fe2O3 leads to a coercivity enhancement.

10´20´
40´

Sr-ferrite nanocomposite 

A. Bolleroet al., PCT/EP2018/063222, ɈFerrite type materials and process for the production thereofɉ (2018) 
Work In preparation .
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 P02Sr starting TT 1000ºC

 P02Sr M10min + TT 1000ºC

 P02Sr M15min + TT 1000ºC

 P02Sr M20min + TT 1000ºC

 P02Sr M40min + TT 1000ºC
The formation of -Fe2O3 during 

processing (flash-milling + heat treatment) 

promotes a large increase in coercivity

Why not to accelerate the process through 

addition of Fe2O3 prior milling? 

Sr-ferrite nanocomposite 

A. Bolleroet al., PCT/EP2018/063222, ɈFerrite type materials and process for the production thereofɉ (2018) 
Work In preparation .

Recrystallization: 

SrFe12O19 + -Fe2O3

-hFe2O3

Fe2O3

40 min

10 min

15 min

20 min

starting



Commercial Sr-ferrite without La or Co

+ 5 wt.% Fe2O3 (pre-addition)

flash-milled for different times

tmill = 5 ς45 min

The formation of -Fe2O3 during 

processing (flash-milling + heat treatment) 

promotes a large increase in coercivity

Why not to accelerate the process through 

addition of Fe2O3 prior milling? 

Process:

Å Pre-addition of 5 wt.% Fe2O3 

Å Flash-milling (5 - 45 min)

Å Heat treatment in air at 1000 ºC

Sr-ferrite nanocomposite 

A. Bollero et al., PCT/EP2018/063222, ɈFerrite type materials and process for the 
production thereofɉ (2018) 

Ferrite Fe2O3
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XRD patterns:

The formation of -Fe2O3 during 

processing (flash-milling + heat treatment) 

promotes a large increase in coercivity

Why not to accelerate the process through 

addition of Fe2O3 prior milling? 

Process:

Å Pre-addition of 5 wt.% Fe2O3 

Å Flash-milling (5 - 45 min)

Å Heat treatment in air at 1000 ºC

Sr-ferrite nanocomposite 

A. Bolleroet al., PCT/EP2018/063222, ɈFerrite type materials and process for the production thereofɉ (2018) 
Work In preparation .

Recrystallization: 

SrFe12O19 + -Fe2O3

-hFe2O3

40 min

10 min

20 min

30 min

starting
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2nd quadrant of the hysteresis loop (room temperature):

Sr-ferrite nanocomposite 

Recrystallization: 

SrFe12O19 + -Fe2O3

-hFe2O3
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Milling for 30 min: coercivity =480 kA/m 

XRD patterns:
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Ferrite + 5 wt.% Fe2O3 

flash-milled + HT1000ºC 

Milling for 30 min: coercivity =480 kA/m 
A. Bolleroet al., PCT/EP2018/063222, ɈFerrite type materials and process for the production thereofɉ (2018) 

Does this reduction in remanence mean a major 
issue?
Not because a good balance can be found between a 
large coercivity and a reduction in remanence not 
exceeding 10% of the remanence value of the starting 
commercial product (as discussed with manufacturers).

We can tune coercivity and remanence based on 
requirements of the final application by varying the 
milling time (just a few minutes). Integration already 
in progress in the project in specific prototypes:

30´

Sr-ferrite nanocomposite 

2nd quadrant of the hysteresis loop (room temperature):
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 P02Sr_5Fe2O3 milled + HT1000ºC
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Evolution of coercivity vsmilling time measured at room 
temperature (comparison: without and withFe2O3 pre-addition):

The origin of the coercivity enhancement is most

likely twofold:

Å Nanocrystalline size maintained after heat

treatment at 1000 ºC.

Å Exchange interactions between SrFe12O19 and

-Fe2O3 induced during heat-treatment

+ pinning effect.

TEM images: Sr-ferrite_m25min + HT (1000 ºC)

(scale bar: 10 nm)

(scale bar: 20 nm)
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R. Skomski and J.M.D. Coey, ñPermanent Magnetismò, Institute of Physics 

Publishing Ltd. (1999).

Initial magnetization curve for nucleation-controlled

(defect-free microstructure and smooth grain

boundaries) magnets and pinning-controlled

(nanoscale inhomogeneities, sharp boundaries-

intersectionsé ) magnets:

Sr-ferrite nanocomposite 

Pinning effect of the -Fe2O3 nanocrystals

induced during heat-treatment :



Evolution of coercivity with T
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Coercivity at -100 ºC is increased:

x 1.5 (milled 10 min)

x  2   (milled 30 min)

25ºC

Work In preparation .
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81Intermag 2023, Sendai, Japan. May 15th ï19th, 2023

Coercivity values measured at different temperatures (selected: -100ºC ; 20ºC ; 140ºC):

Application of 
Flash-milling

Sample
Hc [-100ºC] 

(kA/m)

Hc [20ºC] 

(kA/m)

Hc [140ºC] 

(kA/m)

Starting commercial: P02Sr + HT1000ºC 207 286 366

P02Sr + 5 wt.% Fe2O3 m10min+ HT1000ºC 334 366 390

P02Sr + 5 wt.% Fe2O3 m30min+ HT1000ºC 430 477 501
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Possibility of meeting an

excellent balance between

coercivity and remanent
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requirements by the final

application

Evolution of coercivity with T

+Fe2O3 m10min

M
r (

A
m

2
/k

g
)



Up-scaled production

Up-scaled production of:
4 tones of improved Sr-ferrite 
under this same principle

One batch

Excellent thermal stability (at high and 

low temperatures) with no use of critical 

raw materials.



Ferrite

> 200 PMs

Nd-Fe-B

Going into applications



Going into applications: water pump system

Water pumping system

Source: www.bolasystems.com/wilo-yonos-pico1-0-15-1-4-electronic-circulator-pump-4248080 Ferrite rotor made in EU H2020 
PASSENGER project

Nanomagnetismfor emerging technologies. άIt is essential to sustain the political momentum of the UN 2023 Water 
/ƻƴŦŜǊŜƴŎŜΣ ǘƻ ŀŎŎŜƭŜǊŀǘŜ ŀŎǘƛƻƴǎ ŦƻǊ ŎƭŜŀƴ ǿŀǘŜǊ ŀƴŘ ǎŀƴƛǘŀǘƛƻƴ ŦƻǊ ŀƭƭ ōȅ нлолΦέ EU efforts on the global water agenda.



ÅWILO made posible the complete 
substitution of NdFeB magnets in one 
of their pumping systems based on:

      - Making use of the advantage that 
        Sr-ferrite not requiring coating to         
        prevent against corrosion.

       - Use of high quality Sr-ferrite.

Å PASSENGER has made posible to use in 
the system a Sr-ferrite material fully 
άMade in EuropeέΥ Ǌŀǿ materials, and 
magnets production

      + rotor fabrication and integration, 
         complete fabrication of the 
         pumping system by WILO in EU.

Going into applications: water pump system



Going into applications: e-scooter

e-scooter with complete substitution 
of NdFeB magnets 
(EU H2020 PASSENGER Project)
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Outlook

üIntroduction:

- Permanent magnets (PMs): 

Ą Can we imagine our technological development without PMs?

Ą Historical evolution and challenges

- Wise diversification in the PMs sector

üNanoscience working towards Rare Earth-Free Permanent Magnet alternatives:

- Improved Sr-ferrite

- MnAlC

üResearch and Innovation combined towards technological applications



MnAlC

High energy density (BH)max = 95 kJ/m3

Low density (5200 kg/m3) 

High-performance 

light magnets

Availability of elemental constituents  

The ferromagnetic t-phase in MnAl shows an attractive 

combination of characteristics for technological applications

TC = 650 K 

The ferromagnetic t -phase in MnAl shows an attractive 

combination of characteristics for technological applications

ÅHigh (BH)max

ÅLow density

High performance

light magnets

Manganese (Mn)

and

Aluminum (Al) 

Low costs

+

Availabilities 

(at least 2 months agoé)

Q. Zeng et al., J. Magn. Magn. Mater. 308, 214 (2007)
J.H. Park et al., J. Appl. Phys. 107, 09A731 (2010)

K º107 erg/cm3

(BH)max=12 MGOe 

=́5200 kg/m3

Ha = 3100 ï4377 kA/m 

H. KǾno, J. Phys. Soc. Japan. 14,  237ï237 (1959)

A.J.J. Koch, et al., J. Appl. Phys. 75, 1ï4 (1960)

Ms = 98.3 Am2/kg

Sustainability:

A. Amato et al., Life cycle assessment of REE-free 
permanent magnet alternatives: sintered ferrite and 
MnAlC, ACS Sustainable Chemistry and Engineering
https://doi.org/10.1021/acssuschemeng.3c02984 



ÇMnAlñphase diagramò(t-phase is a metastable phase)

MnAl t-phase

Only 

ferromagnetic 

phase

Adapted from F. Jimenez-Villacorta et al., Appl. Phys. Lett. 100, 112408 (2012)

MnAlC

C. Yanar, et al., Metall. Mater. Trans. A 33, 2413ï2423 (2002)

Q. Zeng, et al., J. Magn. Magn. Mater. 308,214ï226(2007)

J.H. Park, et al., J. Appl. Phys. 107, 7-10 (2010)

H. Fang, et al., J. Solid State Chem. 237, 300ï306 (2016)

F. Bittner, et al., J. Alloys Compd. 704, 528ï536(2017)



Å MnAl known since 1958 but has never become a competitive permanent magnet. 

Å No reported efficient exchange-coupling in MnAl/Metal composites despite the efforts  done 

by international groups.  

Å 3D-printing of magnets leads to low magnetic performance (dilution of PM properties due to 

a low filling factor). 

Open Questions 

NEWMAGôs disruptive approach 

Disruptive Science Disruptive Technology 

Å Synthesis: Gas-atomization. 

      - Not feasible for NdFeB but YES for MnAl. 

      - Tuneable composition and particles size. 
 

Å Processing: Flash-milling. 

      - Milling times: 30 - 270 seconds  

        (vs 10-30 hours typically used). 

      - Microstrain + phase transformation. 

      - Extremely short milling times avoiding  

        high temperatures. 
 

Å PM/polymer composites and filament: 

     -  Increased filling factor by combination  

        of particles with dissimilar size. 
 

Å Advanced 3D-printing: Thermal-assisted 

printing (<250 ÜC). 

      - No detriment in PM properties of MnAl.  

      - High filling factor from filament. 
!

MnAl 

Ů-MnAl + CoFe2O4 

Ű-MnAl + Metal 

            (FeCo,Fe) 

Ű-MnAl  +  FeCo 
(high Hc)+(high M) 

Å Coexistance of  Ű + ɓ phases in MnAl for a 

balanced combination of magnetization and 

high coercivity Ą High-coercive powder. 

Å Additives (C,Y) for stabilization of Ű-MnAl. 

Å Realization of exchange-coupling: 

reduction 

Improved interface: 

MnAl 

powder 

Gas-atomization (synthesis) 

Solution casting (PM/polymer composite) 

Particles dispersion  

and polymer solution 

MnAl ï Polymer  

composite material 

1 Õm 

Flash-milling 

 nanostructuration 

+ 

controlled phase  

transformation  

Gas 

Melt MnAlC 

Atomized 
metallic particles 

	

Höganäs AB 

Sweden

Gas-atomizer 
(powder 
metallurgy 
industry)

Mn-Al-C powder

Figure source: Mater. 
Technol. Innovation Co.

MnAlC powder prepared by atomization

T. Keller and I. Baker, Prog. Mater. Sci. 124, 100872 (2022) 
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Watts Shot Tower 

ά¢ƻǊǊŜ ŘŜ ƭƻǎ 
ǇŜǊŘƛƎƻƴŜǎέ
Sevilla (1885)

1782: William Watts patented a process for making 

lead shot. 

Watts poured molten lead through a sieve and 

allowed them to fall from a height into water resulting 

in lead balls.

Gas-atomizer 
(powder 
metallurgy 
industry)

Mn-Al-C powder

Figure source: Mater. 
Technol. Innovation Co.

Lead shot used for 
shotgun ammunition

MnAlC powder prepared by atomization
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Gas-atomized 

Ąe-phase

Annealed powder

Ąt-phase

Most of studies typically focus on developing 100 % 

content of t-phase which results in: 

Å Optimized magnetization (as t-phase is the only 

ferromagnetic phase) 

BUT

Å Excessively reduced coercivity (typically below    

120 kA/m) Ą useless for technological applications

KEY issue: Development of coercivity

Höganäs AB 

Sweden

Gas-atomized powder is not ferromagnetic

MnAlC

J.Z. Wei, et al., AIP Advances 4, 127113 (2014)

V. Øygarden, et al., J. Alloys Compd. 779, 776-783 (2019)



ÇMnAl: e­ttransformation

e-phase

Annealing

ñFlash-millingò
Nanostructuring

+

Phase transformation

Å Development of high coercivity in milling times ranging from 

30 s to 270 s, instead of tens of hours typically reported.

Å Re-ordering of the t-phase upon post-annealing Ą

improved magnetization.

XRD-temperature map

t-phase

Annealing

Acta Mater. 157, 42 (2018)

Engineering 6, 173 (2020)

J. Alloys Compd. 847, 156361 (2020)

ÇMnAl: Development of coercivity

e-into-tphase

transformation

MnAlC



Enhancing PM properties of Mn-Al-C powder
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Graph: 2nd quadrant hysteresis loop

Acta Mater. 157, 42 (2018)

Engineering 6 (2), 173-177 (2020)

J. Alloys Compd. 847, 156361 (2020)

Starting material:

(Mn57Al43)C1.1 

C addition contributes 
to improve stability of 
the t-phase
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Enhancing PM properties of Mn-Al-C powder
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(up to 180 kA/m) BUT
accompanied by a progressive 
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Enhancing PM properties of Mn-Al-C powder

Å Importance of controlling phase transformation Ą coexistence of phases promoting coercivity enhancement (through

pinning mechanism) while maintaining a functional remanence.

Å Flash-Milling Ą reduced mean crystallite size + enlarged microstrain

Gas-atomized:        80 nm

Flash-milled (60 s): 33 nm

Gas-atomized:        0.13%

Flash-milled (60 s): 0.29%
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From powderto magnets

MnAlC: magnets fabrication

(Mn57Al43)C1.1 



Hot extrusion

T. Ohtani, et al., IEEE Trans. Magn. 13, 1328ï1330 (1977)

L. Feng, et al., Acta Mater. 199, 155ï168 (2020)

State of the art:
(BH)max = 55 kJ/m3 

This value has not been yet surpassed 
(to the best of my knowledge)



2-steps fabrication of bulk MnAlC magnets

t-phasee-phase

ANNEALING

2 STEPS PROCESS

COMPACTION
MAGNET



2-steps fabrication of bulk MnAlC magnets

t-phasee-phase

ANNEALING

2 STEPS PROCESS

COMPACTION

e-phase

ONE SINGLE STEP
Simultaneous Ů-to-Űphase transformation ending with a bulk MnAlC magnet

COMPACTION

MAGNET

MAGNET

Why not?



Ů-phase Ű-phase 

Ů-phase 
ANNEALING

Ű-phase Ű-phase 

2-steps

1-step

1-step ĄSimultaneous Ů-to-Ű phase 

transformation and powder compaction 

ending with a bulk MnAlC magnet

Comparable 

results 

2-steps process

1-step vs 2-steps fabrication of bulk MnAlC magnets

1-step process

J. Alloys Compd. 847, 156361 (2020)

MAGNET



Both approaches (1-step and 2-steps processes) end with the same phases after magnet fabrication. 

Ů-phase 
Efficient pinning centers in 
magnetization reversal

1-step vs 2-steps fabrication of bulk MnAlC magnets

(FM phase)

1-step 2-steps

Gas-atomized powder
Gas-atomized powder 

+ annealing

J. Alloys Compd. 847, 156361 (2020)


