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=i dea? Outlook

U Introduction:
- Permanent magnets (PMs):
A Can we imagine our technological development without PMs?
A Historical evolution and challenges

- Wise diversification in the PMs sector

U Nanoscience working towards Rare Earth-Free Permanent Magnet alternatives:
- Improved Sr-ferrite
- MnAIC

U Research and Innovation combined towards technological applications
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Magnets are present in a broad spectrum of technological applications

( \ Aerospace applications

- HDDs
- Smartphones
- Washing machines

/ - Elevators

—

Large industrial
equipment

PMs in Motors
and Generators

S '
A.Q\‘.m
& v, Hard disk drive

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

1012T

Human brain

101c1T

A magnet can be considered as _
: : Refrigerator

an energy-storage device which magnet

provides a magnetic field in a

particular volume of space.

NdFeB
permanent magnet
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C Historical evolution and magnetic performance

Themaximum energy w-  (BH)max is @ measure of the 50
product (BH)maxprovides strength of the magnet
a measure of the magnetic
energy density that can be 320 Nd-Fe-B — 40
stored in the magnet % 3
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Historical Evolution of Permanent Magnets
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C Historical evolution and magnetic performance

Themaximum energy
product (BH)maxprovides

a measure of the magnetic
energy density that can be
stored in the magnet

(BH)max (kJm3)

400 —

320 —

240 —

160 =

80 —

(BH)max is @ measure of the
strength of the magnet

KS-Steel
[ 2

MK-Steel
* o-Ferrite

Rare earth-
based magnets

(BH)max (MGOe)
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(a) 18000
Sales of Permanent Magnets
c (in current dollars, future years inflated)
o
= 12000 4{3 Alnico [0 Samarium Cobalt [l Ferrite [l Neodymium
=
T &+
Aerospace applications 5
’ - HDDs = 6000
- Smartphones (7))
- Washing machines
- Elevators 0
’ = \
1985 1990 1995 2000 2005 2010 2015 2020
P \
=% \
C 4
- \
- \
_e® \
©)
World: NdFeB magnet production by region, 2005 to 2020 (kt)
— 120 M china M Japan I Europe Il Other regions (including USA)
g
N e g L X< 10
arge industria — = 2 80,
Large industrial Need for innovative S
equipment . . . B
-» ’ ~ )\ materials contributing 3«
PMs in Motors . LU © »
and Generators , 4 T tO a PM mal’ket o
4 . . . 20
= P ~ diversification 0
.2 ‘\ Hard disk drive l 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 l

2005 Year 2020

(@) Metall. and Mater. Trans. A, 44A, S2 (2013)
(b) J. Sustain. Metall. 3:12249 (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
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Numbers show the fragility of the European model in the permanent magnet sector:

Malaysia 11% Japan 7% Jana.n 5%
Australia 9% { EU 1% T EU 1% EU <1%

USA 13%
..

/4

China 60% China 87% China91% China 94%

Rare Earth Oxide Rare Earth Oxide Rare Earth Permanent
Mining Processing Metals Magnets

2019 data i Source: EIT RawMaterials
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Numbers show the fragility of the European model in the permanent magnet sector:

Malaysia 11%
{ EU 1%

[;India 1%

/4

V

Australia 9% EU <1%

+ Europerecycles< 1%

China 60% China 87% China 91% China 94% of the permanent
magnets
Rare Earth Oxide Rare Earth Oxide Rare Earth Permanent (recyclings not the

Mining Processing Metals Magnets

solution but part of itX)

2019 data i Source: EIT RawMaterials

Y. Yang et al., J. Sustain. Metall. 3, 1227 149 (2017)
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Economidmportance

lungsten

Resultof the 2023 Elkriticality 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
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; Impact on You brings an Impact on Me

Environmental
impact from
extraction and
refinement of the
rare -earths

residues



Critical Raw Materials and Permanent Magnets

China 23%

Wind technology production

A Green energy technologies, and in particular wind energy
technology (aerogenerators), require high-performance
permanent magnets to operate.

A There 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
exceeding25MW):Nd-Fe-B( cont ai ni ng Nd,
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What quantities are we referring to?

s . Quantities of permanent magnets

O mmmee ) mmemwmes required worldwide for e-vehicles

e TS ———— - -~ 7 womenseme S\ will grow from 5,000 tonnes in

Barremy \ 2019 to up to 70,000 tonnes per
------ year by 2030.

HEADLIGHT
GLASS

~ CATALYTIC
CONVERTER
ERIUM / ZIRCO

A car contains about 200
permanent magnets (major
content in the traction motor):
1.5 - 2 kg of rare-earth
magnets (Nd-Fe-B)
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What quantities are we referring to?
A A wind turbine uses up t tons of NdFeB magnetsn the motor

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



‘ =i dea? Critical Raw Materials and Permanent Magnets

What quantities are we referring to?

A A wind turbine uses up té tons of NdFeB magnetsn the motor
A This is the same as about the content ofReB magnets in 2000 hybrid cars

e e

[Courtesy of Dr. Bogi Bech, University of Faroe Islands]
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a ¢ E8ropean Green Deaims to make
Europe climate neutral by 205M®oost the
economy through green technology, create

sustainable industry and transport, and cut
LI2 f £ dzi A 2 Y D€

- WYIBE L A o
Y BGs) LA T
~“hitps:/ireformssupfo

A GLOBAL goal:

In July 2022, the European Commission, France, Germany, ltaly, Canada, Chile, Mexico, Norway, and the United Kir
joined the United States iacollective 2030 zer@mission vehicle (ZEV) deployment gadilhaving ZEVs make up 50
percent of new lightduty vehicle sales by 2030, to include battery electric, fuel cell electric, andrphydprid vehicles.
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m European
Commission
Home > Press corner > European Critical Raw Materials Act
fLithium and rare earths will
o=t 16" March 2023

soon be more important than
oland gaso (Sept.

Tress release 16 March 2023 Brussels

Critical Raw Materials: ensuring secure and sustainable
supply chains for EU's green and digital future

Establishingecommendationdor:

1 Setting benchmarks fafomestic capacity and diversification of supply.

1 Developing nationgirogrammedor exploringgeological resources.

1 Requiring large companies &udit their supply chainghrough companytevel stress tests.

1 Investing irresearch, innovation and skilt® promote breakthrough technologies in critit
raw materials.

1 Establishing &aw Materials Academto promote skills relevant to critical raw material
supply chains.

1 Mitigating environmental impactslabourrights, human rights and regional stability issu

1 Promotingeconomic development in third countries.

1 Seekingnutually beneficial partnershipsvith reliable trading partners to strengthen glot
supply chains.
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European
Commission | March 16", 2023

16 March 2023 Brusse Is

Critical Raw Materials: ensuring secure and sustainable Critical Raw Materials Act
supply chains for EU's green and digital future

Internal Market, Industry, Entrepreneurship and SMEs

Net Zero Industry Act

Home | Single market and standards | Industry | Entrepreneurship and SMEs | Access to finance | Sectors | Tools and databases

U Promote the use of clean technologies within the EU and equip it for the clean-energy transition
(urgent: guarantee provision of the needed raw materials).

U Target: to provide at least 40% of the E U dasnual deployment needs for strategic net-zero
technologies by 2030.



% @i dea“ Sustainability

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

P N =

Innovation inREEbased /Advanced fabrication techniques Y4 Recycling A
Permanent Magnets RN 1 (< 1 % nowadays)

- } Redesign (products

Innovation inREHree and devices) =
Permanent Magnets 0
N \ =

p
Secure resources of critical raw materials + produdimoBurope }

-
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=% @i dea® Rare-earth PMs: Wh at 6s up in resear

Methodology Weaknesdqat present) | Feasibility

Improved Cellular structure + U Increased coercivity U Dy content U Already happening
engineered optimized U Reduced based omdvances in
Nd-FeB structure intergranular phase magnetization knowledge(&
characterization tools)
Development of Grain boundary (GB) U Reduction of HRE U Inhomogeneous U Redesignof magnet
reducedheavy rare  diffusion U Improved coercivity distribution of Dy/Tb structure to profit

earth (HRE) magnets
CeriumbasedNdFeB 0 Avoidance of Dy U Use of Cerium (REE) Ciriticalbut less critical

magnets U Substitution of Dy G Decreased magnetic G Ce is REE but dominar
by an abundant and propertiesA Required one in RE ores
Development of cheap REE (Cerium) use of Cobalt (CRM) G Use of Coremains an
HREfree magnets [NdCeFeCcB] Issue
Nanocrystalline U Avoidance of Dy U Need to go to the U Development of
magnets U Improved coercivity nanoscale (costly) feasible procedures

and T dependence
+ReRSaAaAIYAYIT (2 GI11S I RAIYIl AY ST { WNISFScERySHBA M abEity (i dzNX
+ Computational approach to explore new combinations of elements
+ Advanced manufacturing techniques

K. Loewe et al., Acta Mater. 124, 1, 421-429 (2017)
K.P. Skokov and O. Guitflesich, Scripta Mater. 154, 289-294 (2018)
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C Historical evolution and magnetic performance

(BH)max is @ measure of the L
strength of the magnet

400 —

u Higher (BH),,A Decreased magnet volume
320 Nd-Fe-B — 40 U (BH),. IS not everything as performance relates but als

5 o Cotecuzn § (i) corrosion resistance
: i Smp(Lo-Fe-Cu-4r),5 Loss &, .. L . ] . .
g . L g (i) temperature stability (optimum: wide operatior
@ Sm-Pr-Co % ran g e)

160 R & (iii) weight (material density)

(iv) recyclability and sustainability
B = S Columnar Alnico SmCo — 10
" MK-Steel ;s Ba-Sr Ferrite A
2 'teel o-o-Ferrite YCo. M
19I20 19|30 19!10 19|SO 19|60 19|70 19I80 19190

Year



Sustainability

Sustainability in the Permanent Magnet Sector

Z N § =

Innovation inREBEbased

Advanced fabrication tech
Permanent Magnets + .
Redesign (products
Innovation inREHree and devices)
Permanent Magnets
-

J. Cui et al., Current progress and future challenges in rare-earth-free permanent magnets, Acta Mater. 158, 118-137 (2018)
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Video at: https://vimeo.com/185447798

s “;--_- | e — ___m"
o - oy
——as,

F

Powder Prototype Final segment
magnets magnets

-

complete substitution of
Nd-FeB nragnets

EU FP7 Project NANOPYME (Ref: 310516)


https://vimeo.com/185447798
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(Going smaller: Fabrication of a micromotor

A FANTASTIC AND SPECTAGULAR VOYAGE... 19660 % A
THROUGH THE HUMAN BODY...INTO THE BRAIN.

- A% > R Y
a"rastlc “‘.;%‘\\ .-
> \\ a




=i dea? Going smaller

nanociencia

£5% Universidad '”]‘.S,t‘ifmo Politechnika Boston
de Alcald !]a n g!)leB?C ia \Varszawska Scientific
CoordinatorUWIPOM

FET-Open Project\

(2019 2023)

European Patent Applicatid2l382782.7 /

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 Urzaiz and cardiologist Dr. José A.
Garcia Lledé



=i dea? Catheter for microsurgery

Boston
Scientific

BostonScientificCardiology https://www.youtube.com/watch?v=H5s0sgxS_wA
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The French scale is commonly used to measure the size of a catheter. 1 Fr = 1/3 mm

S

Bosto

clenti

Hic

Catheter for microsurgery

Realizatiorof a micromotorto be
placed athe end of the catheterto
allow for microsurgeryapplications

Successfuhchievementsn the project:

A Fabricationof a 3 Fr micromotor
A Fabricationof a 1 Fr micromotor
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nanociencia .

Micromotor Rotor

T

Permanent
magnets

Makingthe choiceof the
permanentmagnetY | i S NJR | §

G UWIPOM



=i dea? Historical Evolution of Permanent Magnets

C Historical evolution and magnetic performance

Themaximum energy w-  (BH)max is @ measure of the 50
product (BH)maxprovides strength of the magnet
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2

Commercial Nd-Fe-B micromagnets

/
0.5 mm

—

Issue: Poor quality of et
commercial small-size | o990
NdFeB magnets. 1.0 |- —o—0.25x0.25
05|
E 0.0
S
0.5 |
1.0 F
15 ¢ A

-

0.2

mm

Ni/Cu/Ni
capping

H.; =160 kA/m

Jp=1228mT

Extremely poor
guality probably
due to inefficient
coating (not
fulfilling
specifications)

i p— Cylinder 1
r —o— Cylinder 2

0.5} &’ S > 0
o 9 : ,I
L (]
- - N I 9
Z 00 o— o
Law} O’ 9000
I f' O oo
pl? 5L o
05 + /o o <5°°o
$ ¢
/
o]

-1.0 | s 7/
()
°"O’-o-o-ooooood§

-0
-1'5_. L |’.9’|° ............

25 20 -15 10 05 00 05 10 15 20 25
Effective Field (T)

Issue: Lack of
reproducibility for
same batch.

A Kink in the loop

Jimm Au capping likely due to
Ejl o5 H¢i= 788 kA/m inhomqgeneities
o .= 1258 mT or.part.lal
_/ oxidation
( 0.25 mm _ \
No capping Same issue as
I%gns Hq; = 750 kajm | for previous
Jp=1258 mT | J




Nd-Fe-B micromagnets

0 05 10 1.5

"HHEHHYYE”®
0 05 1.0 15

)
N
(=]

X (mm) X (mm)
_ _ o E. Fontana et alEabrication and
F. DumasBouchiatet al, M. Kustovet al.,Magneticcharacterizationof Characterization of PolymeBonded
Thermomagneticallypatterned micropatterned Nd¢Fe;B hard magneticfilms using Flexible Anisotropic MicreMagnet
micromagnets Appl Phys Lett. scanningHall probemicroscopy J.Appl Phys 108, Arrays,|IEEE TRANSACTIONS ON
96, 102511 (2010) 063914 (2010 MAGNETICS, VOL. 58, NO. 2 (202:
—T) =
§ Fhng (@ -50 i 2 v A w « “ v “ <
-2 L LR N 00 b2N)} 5SYLJAaSeQa 3IANRdAzLI | U Ly auAudzi
N{Lngh (o (a, b) Plarview optical images of a 50 um thiskiFeBfilm deposited

on a prepatterned 4inch Si substrate together with (c) a cross
sectional scanning electron microscope image of a few micro
magnets and (d) a MagnetOptical image of the stray magnetic field
produced at a scan height of 50 um above the film.

https://magneticsmag.com/fabricatiof-ndfeb-micro-magnetsat-institut-neetunlocksenormouspotential-for-mems/
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%6% Universidad im.s,“.mﬂ ea Politechnika

AH S L-: Bostonﬁc

Scienti

FET-Open Project\

(2019-2023)

dvanced Hall Sensors Ltd

Soft lithography

[ EHT= 300KV D= 68mm Mag e resaluion = 1024 768
F——  sgwAsse  spwusesos L0 inagePeSuas 1117

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 Urzaiz and cardiologist Dr. José A.
Garcia Lledé
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Ultrafast pulsed laser microcutting (collaboration between UAH, IMDEA and LIDROTEC)

Approach: < Cutting under fluid environment A Reduction of thermal shocks

and avoidance of melting effects
Starting Sm,Co,, magnet

U ... 900 um

ext*
U, 200 um
thickness: 110 um



3 Fr motor - Micromagnets

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

Approach: < Cutting under fluid environment A Reduction of thermal shocks

and avoidance of melting effects
Starting Sm,Co,, magnet

After cutting

U ... 900 um

ext-
U, 200 um

thickness: 110 um D



3 Fr motor - Micromagnets

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

Approach: < Cutting under fluid environment A Reduction of thermal shocks

and avoidance of melting effects

Starting Sm,Co,, magnet

S
2P, & . |

7R
X

After cutting

Loose segments

U s 900 UM
U, 200 um

thickness: 110 um

Work submittedfor publication
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HT=200kV WD=21mm Hag= 83X  Storeresolution=1024*768 Date:225ep2020] (j@g
ignal A= InLens  Aperture Size =10.00 um  Image Pixel Size = 1.351 ym Time :16:37:25

N Std.-PC 50,0  HighVac [B1x270 I 50 UM

Work submittedfor publication



3 Fr motor - Micromagnets

3 L Magnetic response after saturating (SC-magnet) at8 T
M, =98 emu/g; J,=1.02T (measurement done at VSM with H,..,=2.5 T):
H. > 25 kOe (> 1990 kA/m)

120 L LI L L 7 o
| —O=—SmCo whole disk
=0= SmCo segment

=

o

o
I

After cutting 80

—

sl BN

Loose segments

-30 -20 -10 0 10 20 30
Applied Field (kOe)

Comparable magnetic response for the whole magnet
and a selected sector (laser cutting) A Efficiency of the
method with no significant change in magnetic properties.

Work submittedfor publication



3 Fr motor - Micromagnets

Comparison of magnetic flux density values: Experimental
vs Simulations (Finite Element Method, FEM):

1000
— 100 ——FEM SMCO35 ® Negative Pole Positive Pole
E
o
After cutting 2 1
"
z
g S
© .
Loose segments & o WS
M Universidad '\*\
de Alcal4
0.01
0 500 1000 1500 2000 2500

Distance from surface [um]

Work submittedfor publication Integration in the rotor



=i dea? Outlook

U Nanoscience working towards Rare Earth-Free Permanent Magnet alternatives:

- Improved Sr-ferrite

U Research and Innovation combined towards technological applications
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Permanent Magnets




dea‘ REE-free PMs: publications
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3500

1404 [ Hexaferrites

[ | Mn-based
1200 Dysprosium
Neodymium
100 -

D
o
]

Yearly number of published articles
S S

N
o
]

R W

1950 1960 1970 1980 1990 2000 2010 2020
Year

- 3000

- 2500

— 2000

— 1500

— 1000

- 500

REE-free PMs: publications

Metal price (USD/kQ)

Combination of the evolution in price of
neodymium and dysprosium in the
period 2005-2015 (including the A r ar
earth ¢ r i ®vest dn 2011) and the
historical evolution of the published
scientific papers on NdFeB, ferrites and
Mn-based alloys (considering MnAI(C)
and MnBi) as permanent magnet
materials since the 1950s until 2022.
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Historical Evolution of Permanent Magnets

C Historical evolution and magnetic performance

(BH)max (kJm3)

400 —

320 —

240 —

160 =
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KS-Steel
‘i

(BH)max (MGOe)

1
1920

|
1930

I
1940

|
1950

Year

|
1960

|
1970

1
1980

|
1990

Rare earth-
based magnets

Possible
substitution?
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wind turbine (high-power capacity exceeding 2.5 MW)
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wind turbine (high-power capacity exceeding 2.5 MW)

Ferrite magnets

What do we understand by a wise substitution?

Realistic goals.

Distinction
between
Science

and

Science Fiction
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Diversity in permanent magnet materials

&

5

1400

320

40

(BH)max, kJ/m?

I short-term

Mn-based alloys:
(e.g. MnAIC)

Improved ferrites

REE-lean magnets

O

New players
(Nitride based materials, 3d-
4f/5d combinations, L1,a |l | o)

I edium-term

nanociencia
C Historical evolution and magnetic performance
60
o [ s NdFeB
Manufacturability, Cost, etc. \
Aniso Bonded Sm-Fe-Nl/,
5 Aniso Bonded Nd-Fe-B \ /
Iso Bonded Nd-Fe-B |
- SmCo \
Ferrite
& Alnico 9\ \
Alnico 5 & 5-7
0 Pt-Co K
kS Steel MK Steel \\
01500 1920 1940 1960 1980 2000
YEAR

Source graph (BH),,.x Vs YEAR: M.JKramer , W. McCallum, I. A. Anderson, and
S. Constantinides , JOM 64, 752 (2012)



(BH),,. IS not the only figure to look at

U (BH),.Is not everything as performance relates but also:
(i) corrosion resistance
(i) temperature stability (optimum: wide operation range)
(i) weight (material density)
(iv) recyclability and sustainability

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

Reinforced diversification based
on joint research and innovation

Van! | S gfe€@ton:Tree of 40 Fruitsource:



‘ =i dea? ID card of a Permanent Magnet

Hysteresis loop for an ideal permanent magnet:

J
Remanence,
M, ~
Coercivity The response of a ferromagnetic
H, — = material to an external magnetic field H
IS represented by its hysteresis loop.

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

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.
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dea? MnAIC: Conclusions

~ Extrinsic
properties

(a8 ¢ N\ e
Nanostructuring &
Phase transformation

: . Intrinsic
’ properties +

Excellent starting intrinsic Excellent extrinsic properties
properties of the material: A defining performance:

A saturation magnetization, M A remanence, M,

A anisotropy field, H, A coercivity, H,

A Curie temperature, T, A energy density, (BH)ax

We can control it by proper
choice of the preparation/
processing parameters

Phase evolution and coexistence of functional phasdsey for coercivity developmen
Crystallite size

Inducedmicrostrain
b I y 2 LINE O AvedAintdrestiBgiapproach based on surface energy considerjtio




dea Intrinsic and extrinsic magnetic properties

Vd

intrins_ic + microstructure Y extrinsic
properties properties
saturation magnetization, Mg remanence, M,
anisotropy field, H, coercivity, H,
Curie temperature, T, energy density, (BH)ax
MorB
B=>oH+J =>¢(H+M), with >0= 4 x 107 Tm/A M. or B,
\
B (T): magnetic induction
. s . : H
J (T): magnetic polarization c__ P
M (A/m): magnetizatiorM /\BH H

H (A/m): magnetic field




dea Intrinsic and extrinsic magnetic properties

Vd

intrinsic SR icrostructure [ extrinsic
properties properties
saturation magnetization, Mg remanence, M,
anisotropy field, H, coercivity, H,
Curie temperature, T, energy density, (BH)ax
MorB
B=>oH+J =>¢(H+M), with >0= 4 x 107 Tm/A M. or B,
\
Themaximum energy product(BH)maxprovides a (Bt )max
measure of the magnetic energy density that can be HC\ y
stored in magnel (BH)max is @ measure of the strength /\BH H
of the magnet. ’
(BH)maxis the maximum value d@xH on the second

quadrant of th&-H loop.



Intrinsic and extrinsic magnetic properties

Vd

|ntr|ns_|c + microstructure Y extr|ns_|c
properties properties
saturation magnetization, Mg remanence, M,
anisotropy field, H, coercivity, H,
Curie temperature, T, energy density, (BH)ax
Ml
M

In practice M, < M, due to:
A incomplete particle alignment;
A magnetic domains;
A density lower than the ideal density of the main magnetic phase; :

_ Ideal hysteresis loop for a
A presence of secondary phases;
& permanent magnet




Anisotropy field and Coercivity

Anisotropy energy (to first order approximation): E, = K,sir?

d is the deviation of easyldeectiommgneti zati on from t he
Anisotropy fieldo , #H2K,/ $M (A energy increase due to small deviations from the easy axis)

- - N M, (MA m")
Upper limit of the coercivity 1E-3 0.01 0.1 1
D e e e -
Plot of anisotropy K; as a function of polarization of £ ,M, for : =05 | =
a variety of magnetic materials with uniaxial anisotropy (8 i =
states for the magnetic hardness): : H
~ 1000 | o
=
=
=
vl 100 |
10 3 wiFe, 0,
1. bt aaaaal i PRTETEL WY " koA il PR S T T W
1E-3 0.01 0.1 1 10

uMs (T)

R. Skomski and J.M.D. Coey, Scripta Mater. 112, 3-8 (2016)
J.M.D. Coey, Engineering 6, 119-131 (2020)



Anisotropy field and Coercivity

Anisotropy energy (to first order approximation): E, = K,sir?

d is the deviation of easyldeectiommgneti zati on from t he
Anisotropy fieldo , #H2K,/ $M (A energy increase due to small deviations from the easy axis)

- - g M, (MA m")
Upper limit of the coercivity 1E-3 0.01 0.1 1
TOEODD e ey g e mm—cS]
: z
: =0.5 | =
Brown's paradox 10000 | S
; I
. 2 P = “ ~ 1000 | =01 <
HAa | el@dew Kh telLIAOrtte h frf7% 0
addressing the effect afanostructuralfeatures 2 :
- 100
- X
10 3 wiFe, 0,
coercivity is not an intrinsic material property due to loca
defects o Y M LT M ey M W
1E-3 0.01 0.1 1 10
H.Kronmiulley phys. stat. sol. (b) 144, 38306 (1987). u M (T)
D.Givordand M. F. Rossignol, Coercivity. in Reaieth Iron Permanent Magnets,
CoeyJ. M. D. (ed.), 2%285 (University Press, Oxford, 1996). R. Skomski and J.M.D. Coey, Scripta Mater. 112, 3-8 (2016)

D.Givordet al., JMagn Magn Mater. 258259, 1 (2003). J.M.D. Coey, Engineering 6, 119-131 (2020)



Intrinsic and Extrinsic Magnetic Properties

Intrinsic
properties

+

7

“Nanostructuring

Phase transformation

Excellent starting intrinsic
properties of the material:

A saturation magnetization,

A anisotropy field, H,
A Curie temperature, T,

N

Ms

We can control it by proper
choice of the preparation/
processing parameters

- Extrinsic
properties

Excellent extrinsic properties
defining performance:

A remanence, M,
A coercivity, H,
A energy density, (BH), .,
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Permanent Magnets
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Energy product vs Cost

U Wisecombination of NeFeB [highBH, . /high cost] and alternatives [lowd8H, _/lower cost]

Aerospace applications

- HDDs

- Smartphones

- Washing machines
- Elevators

Large industrial
equipment

| PMs in Motors
/L

and Generators

B o o Kodérn Permanent Magnets,
Elsevier (2022). J.Croat and J.Ormerod (eds.)

v
o
O
=
t: Large area to
=)
Transport -g SeaI‘Ch for

=5 ! 8 alternatives

=6 e 2 (but challenging)

Consumer goods, ) c

Electronics & Communication [ sillesold toines L
- © Loud_speakers
((@)) BB :?:)I/gmg magnets
Home appliance
ﬁ 20 40 60 80 100
Industry Cost [€/ kg]

e £ 4



@i dea? Permanent magnets and applications

nanociencia
60 Nd-FeB
OTHER IMPORTANT CHARACTERISTICS
Required magnetizing field 440 Aerospace applications
Thermal stability, Resistivity : : . . 3
50 Corrosion Resistance Nd.F.:B —1 400 D -:rzaD:tphones
NN, Com ¥ J Aniso Bonded Sm-Fe-Ni /Tf L - - Washing machines
n n 380 \ g - Elevators
Aniso Bonded Ne-Fe-B \ /
40 320
8 Iso Bonded Nd-Fe-B | 280 :E,
g SmCo -
g Ferrite £
> 20 T
g - Alnico 9\ \ 85 g Large industrial
Alnico 5 & 5.7 ] Squipment
120
10 Pt-Co N o
MK Steel
KS Steel \\ 5 1
o -
1900

+ Washing machines A
Starter motors

. : + Refrigerators
+ Small electric motors /\\ p— » Magnetron in
« Actuators and sensors ﬂ microwave ovens

Dynamos + Air conditioner

Transport Home appliance

Ferrite b o

y

Consumer goods, . Indust « Machine tools A

Electronics & Communication [ Microphones Y Small electric motors
+ Loudspeakers

5 : 0, + Transformers
o, + Holding magnets , \ )
((@)) BB + Toys h “ b /\ : Actuators and sensors

Magnetic separators
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nanociencia

60 480 Nd-FeB
OTHER IMPORTANT CHARACTERISTICS
Required magnetizing field 440 Aerospace applications
Thermal stability, Resistivity . p . ol )
50 Corrosion Resistance Nd.F.:B —1 400 D - -:rzaD:tphones
Manufacturability, Cost, etc. J Aniso Bonded SeFel /Tf ‘ . iy - Washing machines
n n 380 - Elevators
Aniso Bonded Ne-Fe-B \ /
40 320
8 Iso Bonded Nd-Fe-B | 280 E
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- 30 240 i
g Ferrite £
T 200 T
m Alnico 9 g Large industrial
- - & 160 equipment
Alnico 5 & 5-7 '
120
10 Pt-Co 80

MK Steel NN > 7
KS Steel \\ S

o -
1900
Transport « Starter motors "~ .eappliance . \I;V;?iglgrgatrgraschlnes
. + Small electric motors — - Magnetron in
Fe rrlte —-— } tm‘ « Actuators and sensors ﬁ microwave ovens
— () e » Dynamos « Air conditioner y
Consumer goods, » Machine tools )

- Microphones Industry

Electronics & Communication Small electric motors
+ Loudspeakers

5 : 0, + Transformers
o, + Holding magnets , \ )
((@)) BB + Toys h “ b /\ : Actuators and sensors

Magnetic separators




Coercivity, H. (KA/m)

Sr-ferrite (SrFe,0,9) permanent magnet material

520

480 T
440
400;
360 ;
320-:
280 ;
240 T

200 7

M, = 74.5 Am?/kg
SrFe;,059 - T. =746 K

H, = 1.5 MA/m

Hard hexaferrites show a good performance
at high temperature based on:

A higher Curie temperature than Nd-Fe-B
(enabling them to operate all the way up to
300 °C);

A positive temperature coefficient of the
Intrinsic coercivity (mitigating magnetic

{ C PO2Sr_starting+HT1000°C

flux loss at elevated temperatures)

Commercial Sr-ferrite (no La, Co content )

160

|
-100

: |
-50 0 50 100

Measuring Temperature (°C)

|
150



Sr-ferrite (SrFe,0,9) permanent magnet material

25°C
520 T T T T T = T y T T T
: : ] However:
w] @ . © - ) |
: : : Low coercivity when decreasing
—~ 440+ : - - S
e 41 JT=1H, t T= t H, temperature A Risk of demagnetization
§ 400 : i at lower temperatures, being critical in
e : —_— automotive applications at operation
T 360 : - -
. : om