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o0 Magnetic properties of materials: types of magnetic behaviour
o Families and behaviour of magnetic materials

Lecture Il, Tue Nov 28
o Materials for magnets: structural, cryogenics, vacuum
o Non-magnetic materials, phase transformations and measurements
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Handbook of Magnetism and Advanced Ma-

I n t rO d u Ct am gnetic Materials, 5 Volume Set

We gratefully acknowledge

Search...

Ferromagnetism

Physics > Accelerator Physics

‘ [Submitted on 5 Mar 2011]
RICHARD M. BOZORTH Physics and measurements of magnetic materials

S. Sgobba (CERN)

Magnetic materials, both hard and soft, are used extensively in several components of particle accelerators. Magnetically soft iron-nickel alloys are used as shields for the vacuum chambers of accelerator injection and extraction septa; Fe-based material is widely employed for cores of
accelerator and experiment magnets; soft spinel ferrites are used in collimators to damp trapped modes; innovative materials such as amorphous or nanocrystalline core materials are envisaged in transformers for high-frequency polyphase resonant convertors for application to the
Intemnational Linear Collider (ILC). In the field of fusion, for induction cores of the linac of heavy-ion inertial fusion energy accelerators, based on induction accelerators requiring some 107 kg of magnetic materials, nanocrystalline materials would show the best performance in terms of
core losses for magnetization rates as high as 105 T/s to 107 T/s. After a review of the magnetic properties of materials and the different types of magnetic behaviour, this paper deals with metallurgical aspects of magnetism. The influence of the metallurgy and metalworking processes
of materials on their microstructure and magnetic properties is studied for different categories of soft magnetic materials relevant for accelerator technology. Their metallurgy is extensively treated. Innovative materials such as iron powder core materials, amorphous and nanocrystalline
materials are also studied. A section considers the measurement, both destructive and non-destructive, of magnetic properties. Finally, a section discusses magnetic lag effects.

Comments: 25 pages, presented at the CERN Accelerator School CAS 2009: Specialised Course on Magnets, Bruges, 16-25 June 2009 . .
Subjects: Accelerator Physics (physics.acc-ph); Materials Science (cond-mat.mtrl-sci) httDS R //d O I . O rqllo R 48 5 5 O/arxlv R 1 1 03 R 1 O 6 9
Cite as: arXiv:1103.1089 [physics.acc-ph]

(or arXiv:1103.1069v1 [physics.acc-ph] for this version)
https://doi.org/10.48550/arXiv.1103.1069 o
Journal reference: CERN-2010-004, pp. 39-63
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ROBERT C. O'HANDLEY
Nanocrystalline materials

Amorphous materials

Fe-Co alloys

B.D. Cullity, C.D. Graham, Introduction to Magnetic Materials, 2nd ed., Wiley (2009)
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https://doi.org/10.48550/arXiv.1103.1069

Magnetic properties of materials

1. Somegeneral definitions

2. Types ofmagnetic behaviour

diamagnetism
paramagnetism
ferromagnetism
antiferromagnetism
[ferrimagnetism
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3. Families and behaviour of magnetic and nonmagnetic materials

a. materialsfor magneticapplications (vith point 2.c)
b. non-magneticmaterials(point 2.b and 2.d)

4. Phase transformations and their influence on magnetic behaviour (- 28/11)
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Magnetic properties of materials

A Focused on temperature range of interest for magnet construction
A Focused on materials of technological interest

A Non-magnetic and structural materials and specific risks covered
(examples issued from CERN and ITER applications)

A Applied and technological approach
A Sl units used
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Magnetic properties of materials, some definitions

Flux density, magnetic induction B

Permeability meny

Magnetic field strength H e
B=m-H

Do To I

A Magnetization M (am?

B=m - (H+M)
Permeability of free space nmy -y
Susceptibility f imensionessy= M/H
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Magnetic properties of materials, some definitions

A From above equations
A m=m - (1 +])
A Relative permeability defined as
A m=m/m=1+
A and frequently encountered in discussions offerromagnetic
materials
A mm, {f are properties of materials
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Magnetic properties of
materials , some
definitions

Sl units exclusively used

202311-27 Material for magnets & me

Tabie-6.1_Linits for magnetic properties.

Conversion
cgs emu Factor, mks SI
Property Symbol Units [ il Symbol Units
Flux density, magnetic B gauss (G) 10 B tesla (T) °
induction
Flux ) maxwell (Mx) 107 @ weber (Wb)
Magnetic field strength, | H oersted (Oe) 10° /4 H A-m"¢
magnetizing force
(Volume) magnetiza- M emu-cm ¢ 10° M' Am’
tion
(Volume) magnetiza- 4 M gauss (G) 10/ 4 M A-m™
tion
(Mass) magnetization o, M emu-g'l 1 o, M A~m2-kg'l
(Volume) susceptibility X dimensionless 4 K dimensionless
emu-cm -Oe”'
emu-cm”’
(Mass) susceptibility Xp cm’-g 4r X107 | «, m’ kg
emu-g -Oe’'
emu-g '
(Molar) susceptibility Xmol cm’-mol™ 47X 10 | Kmol m’-mol™
emu-g "-mol-Oe™'
emu-mol '
Magnetic moment m erg-Oe ', erg:G™' 107 m Am’, JT'
Permeability i dimensionless X107 | u henry-m’'
(Hm™)®
Relative permeability — — l By dimensionless

T=Wbm = Vsm™ .

‘Dimensionally, | Oe =1G.

4Often expressed as ampere-turn-m’ .
The designation “emu” is not a unit. Sometimes substitu
{Often called intensity of magnetization. /. or magnetic po

*Hm'= Wb-A"'-m™".

u system by C to convert it to mks SI.

tion of “erg-Oe '™ ar “erg-G™ " will yield correct units.
larization. J. Itis the magnetic moment per unit volume.

R.P. Reed, A.F. Clark (1983)




Magnetic properties of materials, some general
definitions

A2@= :9KA; F9LMJ9D MFAL >GJ E9?F=LAKE
my=eQn / 4p@n, = 9.274024 Aln?

A Three sources of themagnetic force of a freeatom (Kittel):
a. The spinwith which electronsare endowed
b. Theirorbital angularmomentum about the nucleus
c. The change in orbital momennhducedby anapplied magneticfield

A a and bgiveparamagneticcontributions to themagnetisation
A cgivesadiamagneticcontribution
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ement de poussiéres magnétiques dans 1’écran
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Figure 7: analyse sur particule voir Fig. 5 (fléche rouge):

Aimant: ' :
C-0-Al-Si—-Sn-Ca—-Cr—Mn—-Fe-Ni-Cu

prélévement 1 = poussiére
prélévement 2 = particules
sur la section de I’aimant

Elmt Spect. Element Atomic
Type % %
AlK 2,13 4.0l
SiK 1.89 393

Gant intérieur :
rélévement 3 a I’'intérieur
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