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The world of technological magnetic materials
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Hard ferrites
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19.23 USD billions in 2018

66.6 USD billions in 2019
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Growth:  8.6% per year



What is a permanent magnet?

A COMPOUND WITH A WELL KNOWN STOICHIOMETRY ABLE TO PRODUCE 
STRONG MAGNETIC FIELDS WITHOUT APPLYING A CURRENT TO A COIL, I.E. 

WITHOUT ANY ENERGY CONSUMPTION
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u MAIN CHARACTERISTICS OF A PERMANENT (HARD) MAGNET

𝑩 = 𝝁𝟎 𝑯 +𝑴 = 𝑱 + 𝝁𝟎𝑯

1. Remanence Br
2. Coercivity:

1. Intrinsic coercivity JHC
2. Inductive coercivity BHC

3. Maximum energy product (BH)max.
4. (Maximum working induction P)
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MAIN CHARACTERISTICS OF A PERMANENT MAGNET

Maximum energy product (BH)max

For an ideal magnet

𝑩𝑯 𝑴𝑨𝑿.
𝒊𝒅𝒆𝒂𝒍 =

𝑩𝒓𝟐

𝟒𝝁𝟎
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MAIN CHARACTERISTICS OF A PERMANENT MAGNET
By courtesy of Magneti Permanenti Industriali (I)

NdFeB

By courtesy of Vacuumschmetze G.m.b.H (D)
Sm-Co
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MAIN CHARACTERISTICS OF A PERMANENT MAGNET

Typical second quadrant B and J curves for some permanent magnets
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J

J



u REQUIREMENTS TO CHOOSE A FERRO(FERRI)MAGNETIC MATERIAL TO BE A HARD 
MAGNET

Curie Ferromagnetic temperature above 500 K
to allow a reasonable working temperature range

Low simmetry crystal structure
to achieve a preferential crystallographic axis

Positive first order anisotropy constant
to obtain the c-axis as the easy magnetization direction

High value of the room temperature saturation polarisation (> 0.8-1 Tesla)
to produce a high magnetic field
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u PRODUCTION OF PERMANENT MAGNETS

ALNICOs
Spinodal decomposition ® two phases
a phase Fe-rich
a’ phase Ni-Al rich

Columnar growth ® Microstructural anisotropy ® coercivity (Low)

// H ^ H
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Dependence of  maximum energy product on  the  aluminium content
of  alloys containing Fe-63%  Co-15%  Ni-3%  Cu  (a)  without
thermomagnetic treatment  (b)  with thermomagnetic treatment 

NO H



ALNICOs

u PRODUCTION OF PERMANENT MAGNETS
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a. Quenching and 
tempering

b. Continuous
cooling



Ferrites (hexagonal)

BaO·6Fe2O3

The magnetism is done by Fe3+ ions carrying each 5 µB.
12 Fe3+ ions f.u.:
8 ions ­
4 ions ¯
The resulting magnetic moment is 20 µB/f.u.

Superexchange interactions

u PRODUCTION OF PERMANENT MAGNETS
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Ferrites (hexagonal)
Complex commercial production protocol

The effect of addictives
1. Without SiO2 (A)
2. With 0.5% SiO2 (B)

The effect of sintering temperature

u PRODUCTION OF PERMANENT MAGNETS
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A. Anisotropic (textured) magnets

B. Isotropic magnets
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u PRODUCTION OF PERMANENT MAGNETS



Rare Earth – Metal transition Intermetallics

Up to now magnets with best magnetic characteristics

Rare Earth (R)

Magnetic 4f shell
Ferromagnetic coupling
between 4f and 5d spins

Strong magnetocrystalline
anisotropy

Weak R – R coupling

Transition element (M)

Magnetic 3d electrons

Strong T – T coupling

High Curie temperatures

Antiferromagnetic coupling between M 3d spins and R 5d spins

3d band

u PRODUCTION OF PERMANENT MAGNETS

16

V Italian School of Magnetism Roma  3 – 7 Febbraio 2020



Rare Earth – Metal transition Intermetallics

Strong antiferromagnetic coupling
between 4f spins and 3d spins

Two different results for light and heavy
rare earths related to spin-orbit coupling

in R

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics

Curie temperatures of transition metal-rich RE-
TM(-B) compounds of interest as the main phase 
in permanent magnets. 

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics
Easy-axis magnetocrystalline anisotropy required

R2M14B  ( M = Fe, Co)R2Co17

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics

Strong magnetocrystalline anisotropy

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Co 

Two different industrial processes for bulk synthesis

R2O3 + 10 Co + 3 Ca 2 RCo5 + 3 CaO (General Electric Inc. U.S.A.)

R2O3 + n Co3O4 + (10 – 3n) Co + (4n + 3) Ca   2RCo5 + (4n + 3) CaO

(Goldschmidt AG. Germany)

4555° 7,9:;<<=,> ?@<AB

44C5° 7, DE,> ?@<AB

Material synthesis

Magnetic alignment
compaction

Crushing, Powder milling Powder blending

SinteringHeat treatment

Machining
Magnetizing

Final product

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Co 

Typical temperature-time profile for  the  
sintering  of  SmCo5 magnets. 

Typical temperature-time profile for  the  
sintering and heat treating  of 2:17 – type 
magnets. The relative hysteresis cycles 
obtained are also reported. 

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Co 

Sm2Co17 SEM images

From MagDrive european project

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Fe – B magnets

Material synthesis

Primary milling

ULTRAmilling

Pressing and allignment

Sinterization

Thermal treatment

Mechanical working
Coating*

Magnetizing
FINAL PRODUCT

Material synthesis
• Powder metallurgy
• Ca – reduction process
• Melt spun

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Fe – B magnets

Coating*

Rinsing

Rinsing

High polish Ni plating

Ni plating

Etching

Rinsing

Degreasing

Annealing

Hot Rinsing

Control

From MagDrive european project

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Fe – B magnets

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Fe – B magnets

What does it mean the grade of a NdFeB
magnet?  (N35 – N52) 

N° Material Name Grade Binside [T] Max Twork [°C]

1 Z0.3´0.3 Ni N35 1.17 80
2 Z0.3´0.3 Ni N38 1.22 80
3 Z0.3´0.3 Ni N40 1.25 80
4 Z0.3´0.3 Ni N42 1.28 80
5 Z0.3´0.3 Ni N45 1.32 80
6 Z0.3´0.3 Ni N48 1.38 80
7 Z0.3´0.3 Ni N50 1.4 60
8 Z0.3´0.3 Ni N52 1.43 60
9 Z0.3´0.3 Ni 40M 1.25 100
10 Z0.3´0.3 Ni 40H 1.25 120
11 Z0.3´0.3 Ni 40SH 1.24 150
12 Z0.3´0.3 Ni 40UH 1.24 180

N35
Element

Line Type Apparent 

Concentration

k Ratio Wt% Wt% 

Sigma

Atomic %

Al K series 0.60 0.00428 1.26 0.12 3.24

Fe K series 65.42 0.65422 65.53 0.56 81.56

Pr L series 7.05 0.07053 7.33 0.37 3.62

Nd L series 23.23 0.23228 24.05 0.49 11.59

Total: 98.16 100.00

N52
Element

Line Type Apparent 

Concentration

k Ratio Wt% Wt% 

Sigma

Atomic %

Fe K series 68.46 0.68462 68.46 0.56 85.99

Pr L series 6.45 0.06455 6.68 0.36 3.33

Nd L series 21.33 0.21331 21.98 0.47 10.69

Total: 97.12 100.00

40UH
Element

Line Type Apparent 

Concentration

k Ratio Wt% Wt% 

Sigma

Atomic 

%

Al K series 0.16 0.00113 0.33 0.11 0.85

Fe K series 67.38 0.67376 66.78 0.57 81.49

Co K series 2.47 0.02473 2.51 0.28 2.91

Pr L series 5.78 0.05776 5.96 0.35 2.88

Nd L series 18.90 0.18903 19.44 0.46 9.18

Dy L series 5.42 0.05420 6.41 0.73 2.69

Total: 101.43 100.00

u PRODUCTION OF PERMANENT MAGNETS
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Rare Earth – Metal transition Intermetallics:  R – Fe – B magnets

The problem of temperature in RFeB magnets
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u PRODUCTION OF PERMANENT MAGNETS
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What is a SOFT magnet?

A material, typically an alloy, an amorphous or a metallic glass, 
with very small coercive field, which is able to be magnetized and 

demagnetized several times in the time unit (up to GHz 
frequencies)
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u MAIN CHARACTERISTICS OF A SOFT MAGNET

1. Initial permeability µi
2. Maximum permeability µmax.
3. Coercivity.
4. DC permability at selected fields
5. AC permeability at selected

fields and frequencies
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31
u MAIN CHARACTERISTICS OF A SOFT MAGNET

The magnetic properties strongly depend from the thermal process

Various shapes of  hysteresis loops
measured for  65  Permalloy
(a)annealed at 1000°C,  
(b)annealed at 425°C  for  24 h, 
(c)annealed in  a  longitudinal field
(d) annealed in  a  transverse field. 



u MAIN CHARACTERISTICS OF A SOFT MAGNET

Typical magnetic properties of 
soft Fe-Co alloys
(from Vacuumschmelze G.m.b.H
Germany)
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Typical magnetic properties of 
soft Fe-Ni alloys (strips)
(from Long Line Electronic 
Company Limited China)

u MAIN CHARACTERISTICS OF A SOFT MAGNET
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u DISSIPATIONS IN SOFT MAGNETS 

A. Hysteresis losses
The hysteresis loss is the energy
dissipated (by heat) in one
loop.

MATERIAL HC 
(A/m)

WH 
(J/m3)

P(1) (watt) P(2) (watt)

Fe 80 500 0.03 500
Fe – 4% Si 40 350 0.02 333.33
Mumetall <1 4 2.4 ´ 10-4 4.0
Permalloy

78
4 20 1.2 ´ 10-3 20

Permendur 160 1200 0.07 1167

(1)soft magnet
Volume = 1cm3   At 60 Hz work frequency
(2)soft magnet
Volume = 1cm3   At 1 MHz work frequency

𝑷𝒉𝒚𝒔𝒕. = 𝜼 L 𝑩𝒎𝒂𝒙.𝟏.𝟔 L 𝝂 L 𝑽
Steinmetz law
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u DISSIPATIONS IN SOFT MAGNETS 

B. Eddy current losses
Eddy current losses arise from the fact that the core itself is composed of 
conducting material, so that the voltage induced in it by the varying flux
produces circulating currents in the material.
(Faraday’s Law)

d
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𝑷𝒆.𝒄. =
𝑲 L 𝑩𝒎𝒂𝒙.𝟐 L 𝝂𝟐 L 𝒅𝟐

𝝆
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u DISSIPATIONS IN SOFT MAGNETS 

C. Domain wall motion losses

Permalloy 70

𝑷𝒅.𝒘.𝒎. = 𝑨 L 𝑩𝒎𝒂𝒙. L 𝝂 W𝟑 𝟐 L 𝝈 L 𝑺

Hysteresis

Domain wall
Eddy current
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u PRODUCTION OF SOFT MAGNETS: METALLIC ALLOYS 

Fe

Co

Ni

1. Fe – Al alloys
2. Permalloy
3. Mumetall
4. Permendur
5. Perminvar
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u PRODUCTION OF SOFT MAGNETS: METALLIC ALLOYS 

1. The effect of the annealing temperature
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u PRODUCTION OF SOFT MAGNETS: METALLIC ALLOYS 

2. The use of a magnetic field during the synthesis protocol

PERMINVAR
PERMALLOY 65

PERMINVAR: THE ANNEALING PROCESS IN MAGNETIC FIELD HAS THE 
RESULT TO CHANGE COMPLETELY THE HYSTERESIS LOOP
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u PRODUCTION OF SOFT MAGNETS: AMORPHOUS ALLOYS 



1. SHIELDING

Requirements: Very high permeability

Ultra pure iron (very difficult) Permalloy or Mumetal

u CHOICE OF SOFT MAGNETS 
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Requirements: Very high polarization

Permendur (50:50 Fe – Co)
J = 2.4 T
HC = 200 A/m
µr = 3000

2. DC Field power electronics
u CHOICE OF SOFT MAGNETS 

Fe – Co 

42

V Italian School of Magnetism Roma  3 – 7 Febbraio 2020



3. AC Field Low Frequency ( 1 Hz…100 kHz)
u CHOICE OF SOFT MAGNETS 

Requirements: Low hysteresis loss
Low eddy currents loss

Amorphous alloys (Metallic Glasses), Permalloys

43

V Italian School of Magnetism Roma  3 – 7 Febbraio 2020



4. AC Field High Frequency (…up to GigaHertz)
u CHOICE OF SOFT MAGNETS 

Requirements: Very low hysteresis loss
Very low or null eddy currents loss
Very low domain walls loss

High simmetry ferrites (based on NiZn or MnZn ferrites)

Garnet ferrites (1 – 10 GHz ) 
Spinel ferrites ( 3 – 30 GHz )
Hexagonal ferrites ( 1 – 100 GHz )
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