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Preface

Magnetic materials have become a key com-
ponent in a large variety of electrical and
electronic devices and have also gained a sig-
nificant commercial relevance. VACUUM-
SCHMELZE is one of the few companies
worldwide that produces magnetic materials
with a very broad range of properties: from
soft magnetic materials with tailored hystere-
sis loops or with the highest permeabilities, to
strong permanent magnets having extremely
high coercive field strengths and energy
products.

This book updates the previous editions of
“Soft Magnetic Materials” which had been
compiled and edited by Dr. Richard Boll, and
which for many years had been a standard
guide to soft magnetic materials and their
major applications.

This publication is a completely revised and
substantially extended version of the last edi-
tion of 1990. New inclusions are nanocrystal-
line soft magnetic materials, permanent mag-
netic materials such as the RE-TM magnets
based on Sm-Co and Nd-Fe-B alloys, and
certain ductile permanent magnets. As a
number of additional materials have been in-
troduced, the title has been changed to “Mag-
netic Materials™.

The current edition is arranged in three parts:

Part | introduces the reader to the fundamen-
tals of magnetism and the basic processing
routes and their impact on the properties of
magnetic materials. The principles of the
magnetization process are outlined and the
different groups of soft and hard magnetic
materials are discussed. In addition, the char-
acteristics of the magnetic circuit, the effect
of the specimen shape on the magnetic prop-
erties and the basic relationships between
magnetic and electrical properties are re-

Preface

viewed, with an emphasis on the magnetiza-
tion conditions and the different methods of
magnetic measurements.

Part 2 covers the magnetic materials pro-
duced by VACUUMSCHMELZE, the typical
properties of the different material grades and
their characteristic curves. Specific attention
is given to the metallurgy and the basic pro-
cessing technologies, such as vacuum induc-
tion melting, hot and cold forming, heat treat-
ments, rapid solidification or powder metal-
lurgy and sintering processes. Numerous ta-
bles and characteristic curves are included
which can support engineers in the design of
magnetic circuits and assist in the appropriate
selection of the correct magnetic materials for
the large diversity of technical applications,
e.g. in magnet assemblies or inductive com-
ponents.

Part 3 summarizes selected examples and
case studies of applications of magnetic ma-
terials, in order to demonstrate the impact of
magnetic materials on our daily life. In many
cases, these magnetic materials are the key
components for the following devices and ap-
plications: Magnetic Shielding, Residual
Current Devices, Current Transformers for
Electronic Electricity Meters, Current Sen-
sors with a Magnetic Probe, Common Mode
Chokes, Power Transformers, Automotive
Applications, Wind Turbines, Permanent
Magnet Motors, Wigglers, Undulators and
Free Electron Lasers.

We hope that this new edition will help to im-
prove the basic understanding of soft and
hard magnetic materials and assist designers
to innovate with optimised and cost effective
designs.

This book has been produced with the in-
put of many colleagues from VACUUM-



SCHMELZE who deserve our sincere grati-
tude. We especially acknowledge the help
of those colleagues who commented on the
drafts of the individual chapters. In particu-
lar, we would like to thank Jim Nunn for
his constructive amendments and his ad-
vice on the correct use of English terms.

The final expression of thanks goes to our
wives Renate and Ingrid for their patience
and continuous encouragement during the
preparation and writing of this book.

Hanau, August 2012
Rainer Hilzinger and Werner Rodewald

Preface



Contents

1

1.1

1.2

1.2.1
1.2:2
1.3

1.3.1
1.3.2
1.33
1.34
1.3.5
1.3.6

2

2.1
2.1.1
212
213
2.2
2.3
23.1
232
233

31
32
33
3.3.1
332
333
34

4.1

4.1.1
4.1.2
413
414

Contents

Introduction to Magnetic Materials

Fundamentals of Magnetism ... e A T N S A 8 S90S e 3 14
Discovery of magnetism 14
Magnetic field .15
Electromagnetic coils 16
Permanent magnets o v 19
Origin and types of magnetism ... .27
DIAMAaREtiSI ..o 31
PAramagnetiSmy eoms: i i s mnims s 5 5 5 SRiieavs Sid i JaFowoRS i 14 PR INREIIN AL §F 55 S 32
Ferromagnetism .. ............ ... .34
Antiferromagnetism ... ... 38
FeITImaENEtISNN & o, o i3 v, 1t ngheen i ousis 1o 080,47 /sty S0 50070 0 Sl T T el o R S8 40
SUBMDIATY ¢ < 1.04¢ o 5 minats £ 3¢Mewrs d s Lpawise g .42
Magnetic Domains and the Process of Magnetization . 45
Magnetic energy terms ... 45
Magnetic eXchange energy ...l 45
Magnetostatic energies . Siaili 26 .46
Magnetic aniSOOPY SACTEIES - cusi e s i s sesesumwassve i swsainnss i in e sasasna s e 47
Magnetic domain structure ... 53
Magnetization ProcesSes ..................oooviiiieioiiiriiireiiiieiiarireinieseii: 98
Uniform rotation of magnetization ........................................... ... 58
Motion of domain walls ..o ... 63
Characteristic magnetization Curve ... 67
Basic Material Properties ........... . .73
IO REHOM : ¢iiiis i vn svsmsiraiss 5 7aswaenssmmsnas i Yo saires s3e % 5 .73
Requirements for soft and hard magnetic materials ... . 13
Relevant groups of magnetic materials ... ... ... ... 76
Soft magnetic materials ... 80
Permanteht ERAGHEIR ... 1 vy we sneons i amis crvae sbaion (e s #xaE i §eyauasiaiali s e S0 92
Special materials ... . ... 99
World of magnetic materials ...... ... 101
The Magnetic Circuit — Basic Relationships between
Magnetic and Electrical Terms 103
DC Magnetization ; . 103
Open magnetic CIrcuit ... 104
Sheared magnetization curves .......................... 105
Magnetic cores with an air gap . 106
Magnetic shape characteristics of cores ... 111
7



