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Permanent Magnets Indispensable for:

Conversion of mechanical into electrical energy or vice versa: \Windpower, speakers

« Exerting a force on magnetically soft body: Relays, waste separation
» Alignment with respect to a field: Compass, stepping motor
» Exerting a force on moving charge carriers: Magnetron, Hall sensors
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Magnetization processes

Ferromagnetic domains

www.ee.umd.edu/~rdgomez/permalloy.htm
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Why do magnets often look like a horseshoe?
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Reduce shape dependent demagnetizing field
Acting in opposite direction to magnetization.

The longer the magnet the lower it is.
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Isotropic (Exchange) Curie temperature

Anisotropic (Spin-orbit coupling)

Cublo j Noncubic ﬁ
l é CI
a

Anisotropy energy

E, (6,p)=K, sin’ 0+K,sin* 6+ K, sin* Ocos” p+...

Easy axis for K,>0 and K,» |K,|
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Hard Magnetic materials

Compound Structure Mg (T) Curie T; (°C) K, (MJ/m3)
Co Hexagonal 1.76 1115 0.53

FePt Tetragonal 1.43 477 6.6

CoPt Tetragonal 1.00 567 4.9

Co,Pt Hexagonal 1.38 727 2.0

MnAl Tetragonal 0.62 377 1.7

MnBi Hexagonal 0.78 357 1.2
BaFe,0,q Hexagonal 0.48 450 0.33

Zr,Coy, orthorhombic  0.52 500 (Hy=34T)
e-Fe, 04 Orthorhombic  0.10 (H.=2.34T)
SmCos Hexagonal 1.14 681 17.0
Nd,Fe,,B Tetragonal 1.60 312 5.0

J.P. Liu Handbook of Magnetic Materials Vol 27
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Permanent magnets

Hysteresis loop

from unmagnetized
.......... state

once magnetized

-M S :Direction
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BH,,..x determination
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Hard vs soft magnets

Sat. magnetization large large
remanence large small
Coercive field large small
Hysteresis loop square narrow
Crystal symmetry uniaxial Cubic, amorphous
elements Co, Fe, RE, SrFe;,0,q Ni, Fe, (Mn,Zn)Fe,0O,
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Permanent magnets units

* Magnetic Field or Magnetization
poH or poM HorM HorM
(A/m) (Oe) (emul/cc)

10 kG 796 kA/m 10 kOe

0.00126 12.6 1 kKA/m 12.6 1

*  Maximum Energy Density (BH),,.x

| iMGOe | 7.96kym’
1 kJ/m3 0.126 MGOe
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Demagnetizing curve of AINiCo, hard ferrite & SmCo;,
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Permanent magnet development
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Nd,Fe,,B structure
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Magnetic domains
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180° Bloch wall
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Nucleation of domain walls

* Sharp edges facilitate nucleation
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p H. Zijlstra Ferromagnetic Materials Vol. 3
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Particlesize-dependent magnetic response
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(— Single Domain —)-(— Multldomaln

Ferromagnetlc region

Extremely
small NPs

__Super-paramagnetic region

Particle size D (nm)

J.P. Liu Handbook of Magnetic Materials Vol 27
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NdFeB sintered magnets

~1-5um particle size

o | hydrogen Jet milling in
- . 2

Post-sinter - Sintering in e_an_ Pressing in a
annealing intert gas magnetic field

~480-600°C for 2h ~900-1100°C 1-5h

H. Sepehri-Amin, S. Hirosawa, and K. Hono Handbook of magnetic materials vol. 27
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NdFeB hot deformed magnets

Hot-press and hot-deformation Hot-deformed magnets

Rapidly solidified flakes

Development of texture
ol
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Hot-deformation

Hot- press -
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H. Sepehri-Amin, S. Hirosawa, and K. Hono Handbook of magnetic materials vol. 27
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Composition of commercial magnets
natural abundance %< 0.1

Nd, Feg,B,

400
MRI. speaker. HDD

ABS sensor

OA/FA motor
Servo motor
Compressor of air conditioner

(Nd,,Dy,)Feg,Bg

Robot motor
oenerator

(BH),,,. (kJ/m?)

, E'1" maoton

Stoichiometry:
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H. Sepehri-Amin, S. Hirosawa, and K. Hono Handbook of magnetic materials vol. 27
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Search for RE free magnets (Gap magnets)

Adopted from PhD thesis Maurits Boeije 2017
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Magnetic anisotropy Fe,P
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L. CARON et al. Phys. Rev. B 88, 094440 (2013) Ekkes Briick ESM 2025
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Magnetic anisotropy Fe,P
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B or Si for high Curie temperature: 1 Fe, Prx Si
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Magnetic anisotr F P, B
ag et ca SOt Opy el 8C002 0.880.12 F. Guillou et al. J. Alloys and Comp. 800 (2019) 403

Field aligned B asaSaaEE T
powder 100 s .
12
1=
50 = | _
: K:=0.35 MJm™3
0

00 01 02 03 04 05 06 07 08

(M) (T2)

T=300K

—
—

—

—

-3 -2 -1 0 1 2 3
FUDelft ~ MoH (T) ck ESM 2025



Magnetic anisotr F P, .S1
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Co & Si1 for high Curie temperature & anisotropy:
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Co & Si for high Curie temperature (< 640 K) & anisotropy:
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Summary permanent magnets

* High magnetization

* High Curie temperature desired
° Large magnetic anisotropy

* Microstructure tuning

* Low cost
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