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The text of this Technical Report is based on the following documents:

DTR Report on voting
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Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Report is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.
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INTRODUCTION

Permanent magnet materials with high coercivity e.g. Nd-Fe-B magnets, have been used in
industry and its usage increases rapidly to meet demands to improve energy saving and to
increase efficiency of electromagnetic applications, e.g. traction motors for Electric Vehicle (EV)
and Hybrid Electric Vehicle (HEV).

However, there is no standard method which can determine all the magnetic properties of the
permanent magnet materials with coercivity H;; higher than 2 MA/m. The method specified in

IEC 60404-5, which is a method of measurement in a closed magnetic circuit, can lead to
significant measurement errors for measurement of 4, 2 1,6 MA/m due to magnetic saturation

in partg of the pole faces of the yoke (see I[EC 60404-5).

In ordgr to solve the problem, several methods of measurement in an open magnetiq circuit
using & superconducting magnet (SCM) without a yoke have been developedx The methods
using 4§ SCM have been considered to be candidates for solution to accurate~measurefnent of
high pgrformance permanent magnets.

The method using a conventional SCM made of metallic superconducting coil has nqgt been
used Wwidely for industrial applications due to costs for using expensive liquid helium, [limited
speed pf variation of magnetic field strength, and the difficulty\tordeal with test specimens of
industrjal size.

However, nowadays these problems have been solved-{hanks to the development of a deramic
SCM made of ceramic high temperature superconducting coil. This method has enabled the
higher |speed of variation of magnetic field strengthywithout using precious resource of liquid
helium|(see Annex C). Furthermore, test apparatus ‘using the ceramic SCM which can trg¢at test
specimens of industrial size have been commetcialized globally for industrial use.

However, results of measurement in an“open magnetic circuit are different from tHose of
measufement in accordance with IEC 60404-5, particularly in terms of the squarerjess of
demaghetization curves. This is caused by the influence of the self-demagnetizing fielq in the
test specimen, which is opposed. to*magnetization. This is particular to the measurement in an
open magnetic circuit. Therefore, a correction of the influence of self-demagnetizirlg field
(demagnetizing field correction) on the demagnetization curve measured in an open magnetic
circuit |s indispensable.

This dgcument describes three methods of measurement in an open magnetic circuit §ising a
supercpnducting,magnet (SCM), as follows:

a) SCM-Vibrating Sample Magnetometer (VSM) method;
b) SCM-Extraction method;

A_RA 4 + +lo ol
C) SC FIviayTTctuTITotieT TITTuTouU.

In these methods, a test specimen is placed in a detection coil placed in a uniform magnetic
field generated by a SCM. For methods a) and b), the magnetic dipole moment of the test
specimen is detected by voltage induced in the detection coil due to a vibration and an
extraction of the test specimen, respectively. For the method c), a variation of magnetic
polarization of a stationary test specimen is detected by voltage induced in the detection coil
due to a variation of the magnetic field strength applied to the test specimen.

The reproducibility of measurements of the methods a) and b) has been confirmed by an
international round robin test (RRT) that was comparable with that of IEC 60404-5 (see
Annex F). However, the reproducibility of the method c) has not been confirmed by a RRT yet.
Therefore, the method c) is described separately in Annex A.
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There is another method of the measurement in an open magnetic circuit, i.e. the pulsed field
magnetometer (PFM), which is described in IEC TR 62331 [1]'. The PFM is different from the
methods described in this document. The PFM measures a steep AC magnetic response of a
test specimen in a pulsed current magnetic field. Consequently, additional correction is
indispensable due to the influence of eddy currents in the test specimen and the magnetic
viscosity of the magnetic materials.

A demagnetization curve should be measured by decreasing the magnetic field strength with a
sufficiently slow speed during the reversal of the polarization to avoid significant magnetic
viscosity and eddy current effects in accordance with IEC 60404-5. In the case of adopting a
conventional metallic SCM made of metallic superconducting coil, the speed of variation of the
magnetic field is too slow so that it takes an hour to obtain a demagnetization curve because
of a limit of variation rate of the magnetic field to maintain the coil in a superconducting state.
The prpblem has been solved by adopting a newly developed ceramic SCM madeof gqeramic
high temperature superconducting coil so that a demagnetization curve can be measured within
severa| minutes (see Annex C).

A new method of the demagnetizing field correction has been developed-(see Annex E). It is a
finite glement method (FEM) considering the spatial distribution of /self-demagnetizing field
strength in the test specimen. The squareness of the corrected “demagnetization clirve is
comparable with that measured in accordance with IEC 60404-5.

T Numbers in square brackets refer to the Bibliography.
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METHODS OF MEASUREMENT OF THE MAGNETIC PROPERTIES OF
PERMANENT MAGNET (MAGNETICALLY HARD) MATERIALS IN AN OPEN

MAGNETIC CIRCUIT USING A SUPERCONDUCTING MAGNET

1 Scope

This Technical Report describes the general principle and technical details of the methods of

measu

rement of the DC magnetic properties of permanent magnet materials in a

magne

ic circuit using a superconducting magnet (SCM).

open

This method is applicable to permanent magnet materials, such as those |specified in

IEC 60

There are two methods:

— the
— the

This ddg

SCM-Vibrating Sample Magnetometer (VSM) method,;
SCM-Extraction method.

cument also describes methods to correct the influence of the self-demagnetizi

104-8-1, the properties of which are presumed homogeneous throughout'their vglume.

ng field

in the test specimen on the demagnetization curve measured in an open magnetic circyit. The

magne

NOTE
higher tH
significa
coercivit

2 Nd

The fol
constit
For un
amend

IEC 60
Method

IEC 60
Magne

ic properties are determined from the corrected demagnetization curve.

an 2 MA/m. The methods of measurement in a closed magnetic circuit specified in IEC 60404-5 ca

higher than 1,6 MA/m (see IEC 60404-5).
rmative references

owing documents are referred to in the text in such a way that some or all of their

ments) applies.

s of measurement of magnetic properties

fically’hard materials

hese SCM-methods can determine the magnetic properties of permanent magnet materials with qoercivity

h lead to

ht measurement error due to saturation effects in‘the pole pieces of yoke for the magnetic matelfials with

content

ites requirements of this document. For dated references, only the edition cited gpplies.
dated references, ,the latest edition of the referenced document (including any

104-5, Magnetic materials — Part 5: Permanent magnet (magnetically hard) materials —

104-8-1, Magnetic materials — Part 8-1: Specifications for individual matefials —

IEC 60050-121, International Electrotechnical Vocabulary — Part 121: Electromagnetism

IEC 60050-151, International Electrotechnical Vocabulary — Part 151: Electrical and magnetic
devices

IEC 60050-221, International Electrotechnical Vocabulary — Chapter 221: Magnetic materials
and components

3 Te

rms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-121,
IEC 60050-151, IEC 60050-221 and the following apply.
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ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1
demag

netization curve

part of a hysteresis loop in which the magnetic polarization goes from the remanent magnetic
polarization to zero when the applied magnetic field strength varies monotonically, as illustrated

in Figure 1
J
J; i
> - - - - --=mTT T IIIEEERTR
II,
1
1
1
1 \"’
4
1
I
1
/I
—H HCJV I |
IEC
Key
J,  satpration magnetic polarization, in T
J. remanent magnetic polarization, in T
H_, cogrcivity relating to the magnetic polafization, in A/m
Figare'1 — Demagnetization curve J(H)
Note 1 t¢ entry: A demagnetiZation curve can be measured from near magnetic saturation.
[SOURCE: IEC 60050-121:1998, 121-12-72, modified — magnetic flux density is repla
magnetic polarization~and Note 1 to entry and Figure 1 have been added]
3.2

magnetic dipole moment
m
€ volume integral of the magnetic polarization

vector quantity given by

ced by

[SOURCE: IEC 60050-221:1990, 221-01-07, modified — the symbol j is changed to m which is
used industrially and the note has been removed]

3.3
M coil

detection coil for magnetic dipole moment

3.4
J coil

detection coil for magnetic polarization
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4 General principle

4.1 Principle of the method

Figure 2 illustrates schematic diagrams of typical test apparatuses. The test apparatus consists
of a superconducting magnet (SCM), a moving device, a specimen rod, a magnetic field sensor
(hereafter H sensor), a magnetic dipole moment detection coil (hereafter M coil), measuring
devices and a data processing device (PC). The measurement is carried out in an open
magnetic circuit to enable the determination of magnetic properties of permanent magnet
materials with coercivity higher than 2 MA/m.

M coil
specimen rod. The moving test specimen is placed in a zone where the magneiic field
strength is uniform with a tolerance of £1 % at the centre of the SCM. The H sensaris|placed
in a zqne where the influence of the magnetic dipole moment of the test specCimen fan be
ignored.

A test gpecimen is firmly attached on the specimen rod so that the direction-of magnetizption is
paralle| to the axis of the specimen rod, and then placed in the test apparatus as shown in
Figure |2.

'_J4— Moving device
Position sensor _ ﬂd— Moving device
Specimen rod ]
Specimen rod
Superconducting s i
) magnet _ uperconducting
M coil ‘ g M coil magnet
l ]
v ;
] ch:l
Test specimen H sensor Test specimen H sensor
Pre-amplifier H detection Pre-amplifier H detection
or SQUID device or SQUID device
|
|| |/, Rhase sensing Variable Variable
device DC source DC sourde
|
PC PC
IEC IEC
a) The SCM-VSM method b) The typical SCM-Extraction method

Figure 2 — Schematic diagrams of the test apparatus

The test specimen is initially magnetized to saturation (see 6.2), and then a DC magnetic field
is applied to the test specimen in the direction opposite to that used for the initial magnetization.
The magnetic field strength is measured by the H sensor (see 4.3).
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The magnetic dipole moment of the test specimen is detected by the voltage induced in the M
coil due to the movement of the test specimen (see 4.4). The magnetic polarization of the test
specimen is calculated from the magnetic dipole moment and the volume of the test specimen
(see 7.2). For calibration aspects, see Clause 9.

There are two methods different in modes of the movement of the test specimen:

a) the SCM-VSM method: the test specimen is vibrated with a small amplitude in the M coil;
b) the SCM-Extraction method: the test specimen is extracted through the M coil.

NOTE There is another method to determine the magnetic polarization of the test specimen, i.e. the SCM-
Magnetometer method. In this method, variation of the magnetic polarization of the stationary test specimen due to
variationrofthremagneticfietdstrengtirapptiedtothestatiomary testspecimen s detected by thevottageimduced in
the detegtion coil (J coil) (see Annex A).

The me¢asurements are carried out at an ambient temperature of (23 £ 5) °C. For-permanent
magnef materials which are known to have significant temperature coefficients a(/;) and ja(H ),

the temperature of the test specimen should be in a range between 19°€ " and 27 [C and
controlled within a tolerance of £1 °C during the measurements in accordance with IEC 6(0404-5.
The temperature of the test specimen should be measured by a nen-magnetic tempgrature
sensor

The dejmagnetization curve measured in an open magnetic circuit’is influenced strongly| by the
self-demagnetizing field in the test specimen which opposesmagnetization.

In ordgr to determine the intrinsic demagnetization curve-of the permanent magnet material, a
correctjon of the influence of the self-demagnetizing field (hereafter demagnetizing field
correctjon) should be applied to the measured:demagnetization curve (see Clause 11).
Magnetic properties of the permanent magnet¢material are determined from the cofrected
demaghetization curve.

These fwo methods have the following features:

1) Thg most important feature is that-it is possible to determine all the magnetic prope’Lties of
permanent magnet materials. with coercivity higher than 2 MA/m in contrast to the method
of measurement in a closed magnetic circuit in accordance with IEC 60404-5.

2) Thg reproducibility of measurement by the methods is comparable with that of IEC 6(0404-5.
It Was confirmed by theinternational round robin test (see Annex F).

3) The influence of eddy currents in the test specimen is negligible.

4) By |adopting the"ceramic SCM made of ceramic high temperature superconducting coil,
demagnetization curve can be measured within several minutes without using expgensive
liguid hefium and its incidental facilities (see Annex C). Also test apparatus using the
ceramic.SCM which can deal test specimens of industrial size has been commercialized for
industrial use. So, it is convenient for industrial use globally.

5) There is no drift in the signal of the magnetic dipole moment, owing to the use of a phase
sensing device (lock-in amplifier) in the SCM-VSM.

4.2 Superconducting magnet (SCM)

A variable DC source supplies a DC current to the superconducting coil, with sufficiently low
voltage noise (see Figure 2). The current source should be a bipolar type which can switch
positive-negative polarity continuously.

The SCM is recommended to have a capacity to generate a magnetic field strength more than
4,8 MA/m (6 T in magnetic flux density) in order to measure the magnetic properties of
permanent magnet materials with coercivity higher than 2 MA/m, e.g. Nd-Fe-B sintered magnets.
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It is recommended to adopt the ceramic SCM made of ceramic high temperature
superconducting coil rather than a conventional metallic SCM made of metallic superconducting
coil, in order to reduce the time required to measure a demagnetization curve within several
minutes. It is particularly convenient for industrial use (see Annex C).

The zone of uniform magnetic field strength generated at the centre of the SCM should be
sufficiently large to include the space of the moving test specimen.

4.3 Magnetic field strength sensor (H sensor)

An H sensor such as a Hall probe is used to measure the magnetic field strength together with
a suitable H detection device (see Figure 2). The H sensor should be calibrated by an
appropfiate method such as Nuclear Magnetic Resonance (NMR).

In the |case of a calibrated SCM, the magnetic field strength may be measured frpm the
magnetizing current supplied to the SCM. Care should be taken if there is a~small hydteresis
betwedgn the magnetizing current and the magnetic field strength of the SCNI

The tofal measuring error of the magnetic field strength should be smalter than +1 %.

4.4 Magnetic dipole moment detection coil (M coil)

The mggnetic dipole moment of the test specimen is measuréed'by the voltage induced in the M
coil plgced near the test specimen (see Figure 2). The M Coil is wound coaxially with the axis
of magnetic field and placed symmetrically with respect/to the centre of the magnetic field.
Electrigal leads of the M coil should be tightly twisted.to avoid errors caused by voltages induced
in loopg of the leads.

The vdltage induced in the M coil should be“calibrated using a standard specimen of nickel
sphere| and the influence of the shape and'dimensions of the test specimen on the yoltage
should|be verified (see Clause 9).

The tofal measuring error of the magnetic dipole moment should be smaller than +1 %.

The M|coil used in this document is the first order gradiometer coil which is composef of an
upper ¢oil and a lower coil €onnected electrically in opposite polarity as shown in Figure|3. The
second order gradiometerycoil combined with a SQUID (superconducting quantum interference
device] circuit can also be used for the M coil (see Annex D).

NOTE Figure D.2.illdstrates the dependence of the induced voltage on the position of the test specimen in the SCM-
Extractign method\

IVibration

ext

Hegyi | @:E‘/ Upper M coil
E:E‘/ Upper M coil
Test
Lower M coil

] «— specimen [IE‘/
Test specimen

Lower M coil

Y &R s e

a) The SCM-VSM method b) The typical SCM-Extraction method

Figure 3 — Schematic diagrams of the first order gradiometer coil
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4.5 Specimen rod and moving device

The test specimen should be attached firmly at the bottom end of the specimen rod to avoid
unexpected movement of the test specimen in the magnetic field. Then the specimen rod is
inserted vertically in the SCM and connected to the moving device at the top end as shown in
Figure 2.

The specimen rod should be non-magnetic and should have high rigidity to keep the test
specimen on the axis of the magnetic field without trembling.

The moving device can be a linear motor, a voice coil or other system which can move or vibrate
the specimen rod linearly along the axis of the magnetic field.

Movind modes of the test specimen are as follows.

a) the|SCM-VSM method

Thg test specimen is vibrated at a fixed frequency and amplitude sufficiently smaller than
the|length of the M coil. The frequency is normally 20 Hz to 200 Hz¢and the amplitude is
typically from 0,5 mm to 2 mm [see Figure 3 a)].

b) the|SCM-Extraction method

The test specimen is extracted along the axis of the magnetic field. The start point of the
moying specimen is below the lower M coil or above the upper M coil [see Figure 3 b)].

4.6 Measuring devices and the data processing device

The vdltage induced in the calibrated M coil due 10 the movement of the test specimen is
proporlional to the magnetic dipole moment of the test specimen. The signal of the M cojl is fed
to a preamplifier. In the case of the second orderégradiometer coil, a SQUID circuit is enployed
to integrate the signal (see Figure 2).

In the $CM-VSM method, the amplified signal is fed to a phase sensing device such as|a lock-
in amplifier to output the amplitude of‘the signal synchronized to the vibration frequency of the
test spgcimen. The output signal is!fed to the data processing device.

In the $CM-Extraction method, the amplified signal is directly fed to the data processing flevice.

The output signal of the.magnetic field detecting device, which is proportional to the magnetic
field stfength, is fed.to-the data processing device.

The dafa procegssing device is usually composed of a digitizer and a digital signal calculgator for
the determination of the magnetic properties. The digitizer converts the input signals intq digital
data simulfaneously with analogue-to-digital converters (ADC). The ADC should have at least
a 16-bit resolution. T

The digital signal calculator is usually a personal computer (PC) and calculates the magnetic
properties from the digitized signals of the magnetic dipole moment and the magnetic field
strength.

5 Test specimen
The shape of the test specimen is cylinder or cuboid.

The ratio of the length L to the dimension D i.e. L/D is 1,00 within £0,05, where D is the edge
length of the cuboid test specimen or the diameter of the cylinder test specimen. In the case of
cuboid with L/D = 1,00, care should be taken that the direction of magnetization is marked
properly during the test specimen preparation. The direction of magnetization is parallel to the
length L of the specimen.
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NOTE A small difference between L and D of a cuboid test specimen is convenient to easily identify the magnetizing
direction of the test specimen.

The dimension of the test specimen, i.e. L and D, is equal to or larger than 3 mm but sufficiently
smaller than that of the M coil (see Annex B).

The test specimen should be cut carefully to the predetermined dimension from a large block
of the permanent magnet material. Care should be taken to avoid damage on its surface which
can deteriorate the magnetic properties.

Test specimens with a dimension less than 3 mm can be used, provided that the damaged
surface layer is negligible or a special treatment is applied on the damaged surface layer to
recove[the IMFNSIC mMagnetic propertes.

The tegt specimen should be marked with an arrow to indicate the direction of magnetizftion in
order tp make it easy to attach the test specimen to the specimen rod.

6 Preparation of measurement

6.1 Measurement of volume of the test specimen

The voJume V of the test specimen should be calculated from.thé mass and the density of the
test specimen. The mass of the test specimen can be determined accurately by meang of an
electrohic balance. The density of the test specimen can-b€ determined accurately with ja large
block df the permanent magnet material.

The volume V can also be calculated from the dimensions of the test specimen measuyred by
means|of a calibrated micrometre with four significant figures.

The volume V of the test specimen should’be determined within a tolerance of £1 %.

6.2 [Initial magnetization of the test specimen to saturation

Before|measurement, the test-specimen is magnetized to saturation in a DC magnefic field
strength H

mag-

If it isnTot possible to magnetize the test specimen to saturation in the test apparatus, the test
specimlen should be\ntagnetized to saturation outside the test apparatus in a superconglucting
coil or p pulse magnetizer in accordance with IEC 60404-5.

Recommended*values for the DC magnetic field strength Hmag for various permanent magnet
materials{ean be found in IEC TR 62517 [2].

7 Determination of magnetic polarization

71 Measurement of the magnetic dipole moment

In the SCM-VSM method, the test specimen is vibrated at a fixed frequency and amplitude, and
then the output voltage of the phase sensing device is measured (see 4.6).

The magnetic dipole moment m is calculated from Formula (1):
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m is the magnetic dipole moment, in Wb-m;

is the output voltage of the phase sensing device, in V;

(1)

UV

C, is

a is

f s

In the

voltage

4 + 2
cofrstant 1

he amplitude of the vibration, in m;
he frequency of the vibration, in Hz.

SCM-Extraction method, the test specimen is extracted through the’ M coil. The
of the pre-amplifier or the SQUID circuit is measured (see 4.6).

The magnetic dipole moment is calculated from Formula (2):

t2
m = C1-[t1 U(r)dt

where

m i$ the magnetic dipole moment, in Wb-m;

U(t) i$ the output voltage of the pre-amplifier or the SQUID circuit, in V;

1 i$ the time when the test specimen-goes through the lower part of the M coil and U(|
in s;

ty i$ the time when the test specimen goes through the upper part of the M coil and U
ins;

C, i$ a constant, in m.

The copstants C,, and"€ should be determined by a calibration of the M coil (see Claug

7.2

Determination of magnetic polarization

output

()

e 9).

Volume

The mI;gnetic polarization J is calculated from the magnetic dipole moment m and the

of the

si'specimen V according to Formula (3).

where

m
J=—

J is the magnetic polarization, in T;

m is the magnetic dipole moment, in Wb-m;

V is the volume of the test specimen, in m3.

@)
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8 Measurement of magnetic field

The magnetic field strength H corresponding to the magnetic polarization is measured by the
calibrated H sensor, e.g. a Hall probe, and the H detection device (see Figure 2).

The temperature dependence of the measuring instrument is to be taken into account.

9 Calibration of the magnetic dipole moment detection coil (M coil)

The calibration of the M coil should be carried out by measuring a standard specimen of nickel
sphererferwhich-the—magnretic—h refmen at-an—ambien ate—-o +
an applied magnetic field strength of 398 kA/m (5 kOe) is certificated by a national or.acg
calibration laboratory with the temperature coefficient [3]. The standard specimen,shqg
made ¢
occupied by the standard specimen including its movement during the measurement should be
sufficiﬁtntly smaller than the uniform field region of the SCM coil. Then,‘the magnefjic field
generated by the standard specimen is a perfect dipole field and identicalto-the field generated
by an ifeal dipole in the centre of the spherical standard specimen.

NOTE A saturation magnetic moment is not suitable for calibration in this document.

The cqnstant C, of Formula (1) or C; of Formula (2) is determined so that the mejasured

magnetic dipole moment at magnetic field strength of 398 kA/m (5 kOe) matches with the
certificated value of magnetic dipole moment of the nicke) sphere. The difference betwg¢en the
ambier|t temperatures at the calibration and that.specified in the certification shqguld be
compensated by using the temperature coefficient specified in the certification.

The sr:]ape and dimension dependence of the measured magnetic dipole moment of the test
specimlen should be verified and compensated. The verification should be carried |out by
compafison of measurements using a nickél sphere with the same dimension as the standard
specimen and a nickel cube or cylinder with the same shape and dimensions as the test
specimlen. The nickel sphere and the nickel cube or cylinder should be made of thg same
materigl of 99,9 % or higher purity nickel and stress-relief annealed without oxidation.

10 Ddtermination of demagnetization curve
The dejmagnetization curve is a part of the hysteresis loop J(H) (see Figure 1).
The mg¢asuremeént procedure of the demagnetization curve is as follows.

At first, dhe”test specimen, which is initially magnetized to saturation, is placed|in the
homogeneous magnetic field as shown in Figure 2. The position of the test specimen is afljusted
vertically and horizontally at the centre of the M coil.

The magnetizing current supplied to the SCM is increased to magnetize the test specimen to
saturation.

Then the magnetizing current is reduced to zero to reach zero external magnetic field strength.
Then the magnetizing current is turned to the reverse direction and increased until the magnetic
field strength has passed the coercivity H.

The speed of variation of the magnetic field strength is sufficiently slow in accordance with
IEC 60404-5 to avoid significant magnetic viscosity and eddy currents which can affect the
measured value.
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The magnetic dipole moment of the test specimen is measured by vibrating the test specimen
(SCM-VSM method) or by extracting the test specimen (SCM-Extraction method) (see 7.1). The
corresponding magnetic field strength is measured.

The demagnetization curve is obtained either from a continuous measurement with changing
the magnetic field strength or from point-by-point measurements at discrete magnetic field
strength.

The value of magnetic polarization is determined from the measured value of the magnetic
dipole moment (see 7.2), and then the demagnetization curve J(H) is drawn relating values of
the magnetic polarization to the corresponding values of the magnetic field strength.

The meLasured demagnetization curve is influenced strongly by the self-demagnetizing|field in
the tes specimen. Therefore, in order to determine the intrinsic demagnetization ctrvé @nd the
princippl magnetic properties, the demagnetizing field correction should be, applied [on the
measufed demagnetization curve.

11 Demagnetizing field correction

11.1 General

Figure4 illustrates the relationship between the magnetic' polarization J and the self-

demagpetizing field ﬁd. When a block of a permanent magnet material is magnetized in an

external magnetic field ﬁext, magnetic poles are generated on the ends of the blockl in the

directign of the external magnetic field, simultangously with the magnetic polarization J in the
block.

— =TT mwL t

— Magnetic polarization +

- ) +

(Hd) +
Demagnetizing field

— +

+

- Cmpnm="

—

External magnetic field (Hgyy)
>

IEC

Figure 4 — Relationship between magnetic polarization and self-demagnetizing field

NOTE 1 The demagnetizing field is uniform only in case of ellipsoidal form of the test specimen. As can be seen
from Figure 4 the demagnetization field of the cube test specimen is not uniform. That is why it is difficult to evaluate
the real value of i, and several methods are proposed.

A self-demagnetizing field I:Id is generated by the magnetic poles in the block opposite to the
direction of the external magnetic field I;’ext. The self-demagnetizing field ﬁd increases

proportionally with the magnetic polarization J. The effective magnetic field Fleff acting on the
magnetization of the permanent magnet material is expressed by Formula (4).
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Heff :Hext+ﬁd (4)

where

H
eff is the effective magnetic field, in A/m;

H
et s the external magnetic field, in A/m;

H

d is the demagnetizing magnetic field, in A/m.
Figure |5 illustrates a schematic diagram of the demagnetizing field caqrrection. The
demagpetizing field correction converts the measured demagnetization curve\JA(H,,;) into the

intrinsit demagnetization curve J(Hg).

IEC
Figure 5 — Schematic diagram of the demagnetizing field correction

There are three methods of the-demagnetizing field correction:

— Method A: the methed using a demagnetizing factor determined by the shape of the test
specimen only;

— Method B: the-method using a demagnetizing factor determined by the shape
magnetic susceptibility of the test specimen;

— Method G:=~the method using an inverse analysis considering the spatial distribution of the
self-demagnetizing field strength in the test specimen.

gnd the

imen is

NOTE 2 —tmtheTtase of am opemrr magnetic citcuit, thesetf-demmagnetizimgfietdgeneratedm thetestsp
generally distributed spatially. In the case that an accurate squareness of the demagnetization curve is needed,
Method C is preferable for high accuracy of squareness evaluation since this method simulates the actual distribution

of the self-demagnetizing field strength.

Table 1 compares features of the above demagnetizing field correction methods for correction
accuracy and calculation time. The correction accuracy is evaluated as the difference between
the corrected demagnetization curve and the demagnetization curve measured by means of a

permeameter in accordance with IEC 60404-5.
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Table 1 — Features of the demagnetizing field correction methods
in comparison with Method B

Method A Method B Method C
Correction accuracy not high (reference) sufficiently high
Calculation time shorter (reference) longer

NOTE 3 These methods are applicable to the demagnetization curve measured in an open magnetic circuit. In the
pulsed field magnetometer (PFM) method, corrections of the eddy currents in the magnet and the magnetic viscosity
of the permanent magnet material are applied to the measured demagnetization curve in addition to the
demagngtizing field correction (See IEC TR 62331:2005, 7.1.6. [1]).

11.2 Method A: Method using a demagnetizing factor determined by the shape of the
fest specimen only

Method A assumes that the self-demagnetizing field strength in the test-specimen is @iniform
and defermined by the shape of the test specimen only. The strength efithe self-demagrietizing
field is|calculated from Formula (5).

J
H,=-N-*- 5
d m (5)

Hy is fhe strength of the self-demagnetizing field, in A/m;
N is the demagnetizing factor;

J is the magnetic polarization, in T;

Uy is the magnetic constant, in Him; uy =4 © x 1077,

The dgmagnetizing factor N is.calculated from the permeance coefficient P, of the pernanent
magnef material, which is determined according to the shape of the test specimen [4], [P].

The mgasured demagneétization curve J(H,,,) is converted to the demagnetization curve| J(Hq)
using Hormulas (4)and (5).

NOTE There is-a\Spatial distribution of the self-demagnetizing field strength in actual magnets except for the case
that the ghapé of‘the test specimen is ellipsoidal. However, Method A assumes the self-demagnetizing field|strength
in the teg$t specimen is uniform independent of the shape. Hence the accuracy of this method is not high.

11.3 Method B: Method using a demagnetizing factor determined by the shape and the
magnetic susceptibility of the test specimen

Method B calculates the demagnetizing factor N of the test specimen using a finite element

method (FEM) with respect to the shape and the magnetic susceptibility ¥ of the test specimen.

The demagnetizing factor N corresponding to the shape and magnetic susceptibility ¥ of the
test specimen can be found in literature (see Table 1 in [6]).

The measured demagnetization curve J(H,,;) is converted to the demagnetization curve J(Hg¢)
using the above demagnetizing factor N and Formulas (4) and (5).

NOTE Method B assumes the self-demagnetizing field strength in the test specimen is not uniform, and is dependent
on the shape and the magnetic susceptibility & . Hence the accuracy is improved, but not high enough.
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11.4 Method C: Method using an inverse analysis considering the spatial distribution
of the self-demagnetizing field strength in the test specimen

Method C initially assumes a temporary hysteresis loop J(H) and then modifies it so that the
ted demagnetization curve coincides with the measured hysteresis loop J(Hg,¢). This
method executes an inverse analysis considering the spatial distribution of the self-
demagnetizing field strength in the test specimen using a FEM [7].

calcula

Method C does not use the demagnetizing factor N to correct the measured demagnetization
curve J(Hgyy)-

This Tﬁwdmmwerﬁwe—mm—hystemsrbcpﬁhﬁwdeﬁned—m—Wﬁ) The
parameter a(H) is corrected in iterations of calculation so that the assumed hysteresis'lopp J(H)

influen
loop J(

ced by the self-demagnetizing field strength Hy coincides with the measurgd)hys
LIext)'

teresis

H-p
J(H)=ytanh| ———— H-)A+0,1a(H
(#1)= a2 a1 pya+0.1aan) ®)

where
J is the magnetic polarization, in T;
H is the magnetic field strength, in A/m;
a(H) is a parameter as a function of H;
pand j are parameters.
Figure |6 illustrates a conceptual diagram.of the procedure of this method. Based |on the
assumed hysteresis loop J(H) defined in\Férmula (6), the distribution of the self-demagnetizing
field stfength and local hysteresis loops J(H) in cells of the magnet model is calculated psing a
FEM. Then, parameters a(H), S and y<in Formula (6) are modified by comparing the cal¢ulated
hystergsis loop J(Hys) and the mgasured hysteresis loop J(Hgyy).
Such gperations are repeated until the difference between those hysteresis loops bgcomes
smallef than 5 %. If this~condition is satisfied, the calculated hysteresis loop J(Hs) can be
considg¢red as the corrected demagnetization curve. For the detailed algorithm, see Annex E.
Hysteregis loop in the6pen ,/F _____________ 7 _\\\ Hysteresis loop in the closed
magneti¢ circuit (measured) f LE ‘} magnetic circuit (calpulated)

i S0 7 :

Input > J 0 | output>
= . T8 ! Z—

i Spatial distribution of the demagnetization field and local i

| hysteresis loops (closed circuit) in cells is calculated so ,i

*that the whole hysteresis loop matgy_\ivitﬁ_the input ong./ IEC

Figure 6 — Conceptual diagram of the procedure of Method C

12 Determination of principal magnetic properties
12.1 Remanent magnetic polarization J,
The remanent magnetic polarization J, is given by the intercept of the corrected

demagnetization curve J(H,

off) With the J axis (Hqg = 0).
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NOTE The remanent magnetic polarization has the same value as the remanent flux density.

12.2 Maximum energy product (BH)y,ax

The maximum energy product (BH),,,x is the maximum value of the modulus of the product of
corresponding values of B and H¢ on the demagnetization curve B(Hgg).

The demagnetization curve B(Hg) is calculated from Formula (7) using the corrected

demag

where
B
J

Ho
Hegg¢

12.3

The co

the H dxis (J = 0).

The co
(B=0)

13 Reproducibility

The re

relativg standard deviation.given in Table 2 based on the results of the international roun
test (sg¢e Annex F).

$ the magnetic flux density, in T;
$ the magnetic polarization, in T;
$ the magnetic constant, in H/m; yg =4 n x 1077;

$ the effective magnetic field strength, in A/m.

netization curve J(H¢).

B— 1. 4 H
707 eft

Coercivity (H ., and H_g)

prcivity H is given by the intercept of the cotrected demagnetization curve J(H,

Breivity H.g is given by the intercept of the demagnetization curve B(H¢) with the

producibility of the measurements described in this document is characterize

Table 2 — Reproducibility of the magnetic properties

7)

#) With

H axis

d by a
d robin

Relative standard deviation
J, 1%
Hy, 1%
(BH) ax 1,5 %

NOTE The reproducibility of the measurements can be comparable with that of IEC 60404-5. The magnetic dipole
moment of the test specimen is measured instead of the magnetic flux through the detection coil (J coil), and there
is no measurement error caused by non-uniform air gaps between the test specimen and the pole pieces.

14 Test report

The test report contains the following, as applicable:

a) the

type and condition of the test specimen;
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b)
c)
d)
e)
f)

9)
h)
i)

j)

k)

the
the
the
the
the
the
the
the
the
the

the
the
the
the

int
axi
the

shape, dimension and volume of the test specimen;

temperature of the test specimen during measurement;

method of initial magnetization to saturation;

measuring method of the magnetic dipole moment;

type of magnetic dipole moment detection coil (M coil);

speed of variation of the magnetic field strength during the measurement;
method of demagnetizing field correction;

measured demagnetization curve;

corrected demagnetization curve;

saturation magnetic polarization Jg;
remanent magnetic polarization J;
coercivity (H,y and Hg);

maximum energy product (BH)ax;
values of B and H for (BH);ax;

ne case of anisotropic material: the angle of magnetization'with respect to the pr
5 of the material if this angle differs from zero degrees;

estimated uncertainty of the measurement.

bferred
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Annex A
(informative)

SCM-Magnetometer method

Figure A.1 illustrates the schematic diagram of a typical test apparatus of the SCM-
Magnetometer method [8]. The test apparatus consists of a superconducting magnet, a
positioner, a specimen rod, a magnetic field sensor (H sensor), a magnetic polarization
detection coil (J coil), measuring devices and a data processing device (PC). The measurement
is carried out in an open magnetic circuit to enable to determine magnetic properties of
permanent magnet materials with coercivity higher than 2 MA/m.

rJQ— Positioner

Specimen rod
) Superconducting

J coll magnet
f
14
Test specimen H sensor
Nano- H detection

voltmeéter device
Variable
DC source
PC

IEC

Figure A.1 — Schematic diagram of the test apparatus
for the SCM-Magnetometer method

This method—is—differen om he SCM SM-—and SCM action methods in he—type of
detection coil and keeping the test specimen stationary. The detection coil and the stationary
test specimen are similar to the method of measurement in a closed magnetic circuit in
accordance with IEC 60404-5 (see Figure A.2).

The ceramic SCM made of ceramic superconducting coil should be used. The conventional
metallic SCM made of metallic superconducting coil is not suitable for this method, because the
speed of variation of the magnetic field is too slow to achieve enough sensitivity to measure the
magnetic polarization (see Annex C).
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The detection coil is a concentric search coil (hereafter J coil), which is composed of an inner
detection coil and an outer field compensation coil connected electrically in opposition to
compensate air flux. Since the voltage induced in the J coil is extremely weak due to the lower
speed of variation of the magnetic field in this method, the number of the coil turns is usually
more than 1 000. The signal of the J coil is fed to a nanovoltmeter and amplified. The amplified
signal is fed to the data processing device and integrated numerically. For details of the data
processing device, see 4.6.

0

Electromagnet
- Magnetizing
Sasest indi

|+ winding

i m{g |~ J coll

\

L {— H sensor

@ [~ Test specimen

IEC

Figure A.2 — Schematic diagrams of the teéstvapparatus for the method
in a closed magnetic circuit in accordance with IEC 60404-5

The J doil detects the magnetic polarization of thé‘test specimen which is inserted into thie J coil
(see Figure A.1). The voltage induced in the J“coil is proportional to the time derivativg of the
magnefic polarization of the test specimen;*The magnetic polarization J is determined|by the
integration of the voltage induced in the.J'coil caused by the applied magnetic field.

The voltage U induced in the J cojlis given by Formula (A.1).

dJ
U=(Ny=Ns)Ss - (A1)

where
U
Na

$ the-veltage induced in the J coil, in V;
$ the’number of turns on the inner detection coil;

Ng is the number of turns on the outer field compensation coil;

Sg  is the cross-sectional area of the test specimen, in m2.

The magnetic polarization J is given by Formula (A.2).

J= ——jUdt (A.2)

In this method, a correction of drift in the J signal, which is accompanied with the integration of
weak signals, is indispensable.
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Effects of the test specimen dimensions

This Annex B describes the effects of the test specimen dimensions on the coercivity
mechanism and the magnetic properties measurement of permanent magnets. It gives also

dimension restrictions for the measuring test specimen.

The coercivity of SmCog and Nd-Fe-B sintered magnets is dominated by the nucleation

mechaj

tion of

test specimens at preparation. The effect of the surface degradation which appears |on the
demagpetization curves of Nd-Fe-B sintered magnets are precisely reported including the
recovely procedure with grain boundary diffusion [9], [10], [11], [12].

Figure
H

corresf
3mm~
magne

B.1 shows the effects of test specimen dimensions on measured magnetic properiies [B,,
cJ» Hig and (BH)..,] for Nd-Fe-B sintered magnets with different €oercivities. The test
specimens are cubes with side lengths of 1,0 mm, 2,0 mm, 3,0 “mm and 4,0 m
onding S/V values (S: surface area and V: volume of thetest specimen) are 6

, 2mm~1 and 1,5 mm~!, respectively. Measurements .6f magnetic properties
materials without influence of the surface degradation<are preferable. Thereforg, lower

. The
mm-1,
pf bulk

S/V values are preferable. From Figure B.1 the test specimen’of 3,0 mm cube can be used for

evalua
are required.

The VS
in the
magne
evalua

ion of magnetic properties of the bulk magnet maténal. So, S/V values lower than 2 mm~1

M method has been used to evaluate magnetic properties of very small test spefimens
field of materials science. After development of high energy product Rare Earfh (RE)
s, very small magnets have been applied to optical pick-up devices, etc. Therefqre, the
ion of small magnets has been required in industry. Rigidity of the specimen rod rgstricts

the larger dimensions of the test specimen’'in the VSM method. Recently a highly rigid spgcimen

rod, wh

in thickness, has been developed for the VSM method [13].

ich is capable to measure Nd<Fe-B sintered magnets of 10 mm in diameter and
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Figure B.1 — Effects of test specimen dimensions on magnetic properties [B,, H.,;, H.g
and (BH),.x] for Nd-Fe-B sintered magnets with different coercivities
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Annex C
(informative)

Superconducting magnets (SCMs)

This Annex C describes two kinds of SCMs for the magnetic field generator, i.e. the
conventional metallic SCM made of metallic superconducting coil and the newly developed
ceramic SCM made of ceramic superconducting coil. The ceramic superconducing coil is also
called a high temperature superconducting coil due to its high transition temperature from the
normal state to the superconducting state. The metallic superconducting coil has a weak point
that the speed of variation of magnetic field strength is limited in a low value to avoid a quench

which dlestroys the superconducting state of the coll.

A Bi-ba
using

sed ceramic superconducting coil capable to be operated around 20 K cooled
expensive liquid He has been developed. The heat capacity of\.the B

Without
-based

supercpnducting coils is 0,13 MJ/m3K at 20 K which is 100 times higher than-0,001 4 MJ/m3K

at4 K

f NbTi-based metallic superconducting coils [14], [15]. The higherheat capacity €

the higher speed of variation of magnetic field strength while avoiding-a quench. The p

sweep
capacit

rate of the Bi-based ceramic superconducting coil is 48 MA/m/min. The high
y prevents temperature increase caused by AC loss in the €ail.

nables
ptential
br heat

A comparison of the performance of the two SCMs is shown in Table C.1. The rem
properiies of the ceramic SCM is in the higher speed oféyvariation of magnetic field strength,
which is 20 times higher than the metallic SCM. It can_take 3 min to measure a full hydteresis

rkable

loop ofla span of magnetic field strength of £4,8 MA/mdt is comparable with that of the method
of meapurement in a closed magnetic circuit in accotdance with IEC 60404-5.
Table C.1 — Performance of SCMs
Metallic SCM Ceramic SCM
Maximum Magnetic field strength
(MA/m) 4,0to 8,0 4,0t0 8,0
Tylpical speed of variation of 0,42 8,0
magngtic field strength (MA/m/min() ) )
(4,2 MA/m/10 min) (4,0 MA/m/0,5 min)

Figure|C.1 shows a typical structure of a ceramic SCM. The superconducting coil is composed
of stacked pancake-units in layers, thermally insulated from each other. The bore insgrted in

the sup

erconductifig coil is kept at room temperature.
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Figure C.1 — Typical cross-sectional structureéf the ceramic SCM
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Annex D
(informative)

Magnetic dipole moment detection coils (M coils)

This Annex D describes the magnetic dipole moment detection coils (M coils) for the SCM-VSM
and the SCM-Extraction methods. The M coils used in these methods are the first order
gradiometer coil which is composed of an upper coil and a lower coil connected electrically in
opposite polarity as shown in Figure 3. The second order gradiometer coil as shown in
Figure D.1 can be used with a SQUID circuit. The second order gradiometer coil and the SQUID
circuit perform an integrator function as a magnetometer. The response of the SQUID circuit

corresgondmg voltage induced in the second order gradiometer coll due to the moven
the tedt specimen is proportional to the magnetic dipole moment of the test specimg

induce

The pr

a) Thg SCM-VSM method
Sch

int

vibfating direction of the test specimen is parallel to the magpetic field direction. TH

of

specimen is smaller than the dimension of the M coil. The right position of the test sp

isd

b) Thg SCM-Exiraction method

A schematic diagram of the first order gradiometer coil is illustrated in Figure 3 (
degendence of the induced voltage on the position of the specimen is shown in Fig

[20
ab

 voltage in the gradiometer coils is not influenced by the external magnetic.field

bcedures of these SCM-methods are as follows.

nis method are illustrated in Figure 3 (a) and Figure D.1 [16], [17], [18], respectivg

SM was reported by A. Zieba and S. Foner in 1982419]. The dimension of t

IVibration

H, ext

Q:E‘"’ Upper M coil

Ye— Middle M coil - 2

ﬂ 24— Middle M coil - 1

m\ Test specimen

Lower M coil

IEC

Figure D.1(—)Schematic diagram of the second order gradiometer
coil for the SCM-VSM method

,N21]. The test specimen moves from a position below the lower M coil to a f

hent of
n. The

ematic diagrams of the first order gradiometer coil or the second order gradiometer coil

ly. The
is type
he test
bcimen

letermined by observing the output of the gradiométer coil due to change of positipn [16].

D). The
ire D.2
osition

ve the upper M coll along the axis of the magnetic Tield. The signhal proportiona

to the

magnetic dipole moment is obtained by time integral of the induced voltage regardless of
variations in the speed of movement. In the case of SQUID, the second order gradiometer
coil is also employed.
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a) The first order gradiometer coil b) The second order gradiometer coil

Figure D.2 — Schematic diagram of the dependence of induced voltage
on the position of the test specimen in the SCM-Extraction method
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Annex E
(informative/normative)

Details of the demagnetizing field correction

General

This Annex E describes details of Methods B and C of the demagnetizing field correction
described in Clause 11.

E.2
J

J(x,p,z

Symbols

is the magnetic polarization, in T;

is the magnetic polarization vector, in T;

is the magnetic susceptibility;

is the measured magnetic susceptibility in an open magnetic circuit,
Xext = J | Heyy:

is the strength of the effective magnetic field, in A/m;

is the external magnetic field vector, in Alm;
is the strength of the external magnetieg field applied to the magnet, in A/

is the strength of the self-demagnetizing field, in A/m;

is the self-demagnetizing fieldsvector, in A/m;
is the demagnetizing facter,;
is the demagnetizing factor derived from the magnetic polarization;

is the demagnetizing factor derived from the strength of the self-demagn
field;

is the maghetic charge density on the surface of the magnet, in Wb/m?2;
is a unit.normal vector on the surface of the magnet;

isd¢heé magnetic constant (4 = x 10°7) in H/m;

i the surface area of the magnet, in m?2;
is the spatial distribution of the magnetic polarization, in T;

btizing

Hy(x,»,2)
U(X,y,z)
Jopen

JopenSim(H)
Jideal(H)

Jrexp

exp(H)

ex
H %P

H

max

is the spatial distribution of the self-demagnetizing field strength, in A/m;
is the magnetostatic potential, in A;
is the measured hysteresis loop in an open magnetic circuit, in T;

is the calculated hysteresis loop in an open magnetic circuit, in T;

is the intrinsic hysteresis loop of the permanent magnet material, in T;

is the remanent magnetic polarization extracted from the data in an open

magnetic circuit, in T;

is the coercivity extracted from the data in an open magnetic circuit, in A/m;

is the maximum external magnetic field extracted from the data in an open

magnetic circuit, in A/m;
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Hin is the minimum external magnetic field extracted from the data in an open
magnetic circuit, in A/m;

Uave max IS the maximum value of [ /0™ (Hey) = Jopor™™ (Ho )| A aveHer) at all 11, in
T;

9 is the threshold in the convergence calculation of dJ,,e max: IN T;

N(Hgy4) is the parameter of Jyo,(H);

dJerr max is the maximum value of the residues of j(x,y,z) in all meshes, in T;

& is—the-thresheld-n-the-convergence—cateulationol-dlsmr a1

S is the constant value equal to 1, in m/A;

u is the constant value equal to 1, in 1/T.

E.3 [Method using a demagnetizing factor determined by the shape and

magnetic susceptibility of the test specimen (Method B)
The outline of the method proposed by Dr. Chen [6] is described as follows. The demagnetizing

factor § in the z-direction of a cuboid magnet as illustrated in Rigure E.1 is considered.

The magnetic susceptibility y is defined as Formula (E.1).

Assum
the ma

< ext
v S
>

IEC

Figure EX1~ Axes of a cuboid magnet

are parallel to the z-direction.

The relation between J, Hy,; and Hy is given as Formula (E.2).

J = gy Hyy = g (Hoy + Hy)

(E.1)

ng that the magnetic susceptibility y is uniform in the magnet and that the direc{ions of

gnetic polarization J, the external magnetic field A, and the self-demagnetizing field 4

(E.2)
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The demagnetizing factor N is defined as Formula (E.3).

H
N =_Hod (E.3)
J

The magnetic charge density on the surface of the magnet O is expressed by Formula (E.4).

o =78 =y (Heq +Hy)-é (E.4)
The stfength of the self-demagnetizing field Hy due to the magnetic charge on the surface of
the mapgnet is evaluated as Formula (E.5).
1 o(r')(r-r")
L= J' ( )(,3 )dS (E.5)
A, *S |r =7
where
r is the length from the origin, in m;
r is the coordinate variable, in m.
By using numerical discretization, Formulas (E'6) and (E.7) are derived,
Hy=-2i;4 D" — (E6)
Hy
o' g - =ijo i —
—+Zj:1e D" —=¢ -Hext (E.7)
HoX Ho
where
&’ s the normal unit vector of i-th surface element;

D7 s the analytical solution of the integral part in Formula (E.5) related to the i-th and j-th
elements;

n is the number of elements;
i,j is the index from 1 to n.

By using Formulas (E.2) and (E.3), the demagnetizing factor NS derived from the magnetic
polarization J and the demagnetizing factor NV derived from the strength of the self-
demagnetizing field are written as Formulas (E.8) and (E.9), respectively.
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S H, 1

N =g | 2 —— (E.8)
Y4
“H
Nz (E.9)
Z(Hext'l'Hd)

When fhe magnetic susceptibility y is given, the magnetic charge density on the surfacg of the
magnef O can be determined by solving Formula (E.7). The magnetic polarization J is ¢lerived
from Formula (E.4) and the self-demagnetizing field strength H is derived frem Formula (E.6).
Finally| the demagnetizing factors NS derived from the magnetic palarization J apd the

demaghetizing factor NV derived from the strength of the self-demagnetizing field are calgulated
from Formulas (E.8) and (E.9), respectively.

Formula (E.6) can be numerically solved by using a FEM.

Since generally the demagnetizing factor NS derived frém the magnetic polarization J and the
demaghetizing factor N are not equal to the demagnetizing factor NV derived from the sfrength
of the gelf-demagnetizing field, the demagnetizing factor N is calculated from Formula (E.9).

The degmagnetizing factor N is calculated forsany value of the magnetic susceptibility } using
Formula (E.10).

_(1+NS;()Hd :NV1+NS;(

(E.10)

J 7H 14Ny

ext

By this|procedure, the.relation of the magnetic susceptibility y and demagnetizing factof N can
be found in literature (see Table 1 of [6]).

E.4 [Method using an inverse analysis considering the spatial distribution of
the‘self-demagnetizing field strength in the test specimen (Method CT

Figure E.2 illustrates a conceptual diagram of the procedure of Method C [7].
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Figure E.2 — Conceptual diagram of the procedure of Method C

lowing algorithm is implemented in a computing program and the calculatio
bd in a computer. The procedure is written in the flowchart of Figure E.3.

d a mesh file, e.g. “mesh.dat”, of the magnet madel.

mesh interval is recommended to be more.than 10 per dimension of the magnet
as to consider the spatial distribution ofrthe self-demagnetizing field strength
hnet model.

d an input data file, e.g. “Jopen.dat’; of the data set of the butterfly Jopene’(ID(He
bined by measurement in an open-magnetic circuit. The strength of the external m
i H

ext
more than 300 so as to keeptenough calculation accuracy.

ract the necessary parameters J %P, H.®*P, H .., and H,, for the calculation fr
b set.

the temporary_ hysteresis loop Jiy.4(H) defined in Formula (E.11) to all nodes
5h.

exp H-H exp
Jgea () = 7% tanh| S——— |4 p1o (H - H,™)(1+0,13 (H))
1-N(H)

IEC

ns are
model
in the

t) loop
bgnetic

is discretized. The totaknumber of discretization steps of H,,, is recommended to

om the

of the

(E.11)

Initialize the value of the parameter N(H,,;) to zero.

c) Calculate the spatial distribution of the self-demagnetizing field strength I;’d (x,y,Z) for all
nodes of the mesh by using a FEM.
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A
____( Hext = Huin, Hmax, AH \

Calculate formulas (E.12), (E.13), (E.14)

c) *

dJerr max |J Jlmax

for all meshes

Calculate formula (E.15) to solve Jqpen S™(Heyt)

e) ¢

N|+1 (H, ext) N (H, ext) +[J open

( ext)

open sim (Hext)]

- T )

Hext)lmax

ave_max |open X Heyt) = open sim

aJ ave_max

9 / Print "Jideal.dat" /

End

<o

Figure E.3 — Flowchart of the procedure of Method C

No

IEC

When the spatial distribution of the magnetic polarization J(x y,) is given, the spatial
distribution of the self-demagnetizing field strength # (x y,Z) can be calculated from

Formulas (E.12) and (E.13).

(E.12)

(E.13)
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The magnetic polarization at each node j(x,y,Z) is calculated using Formula (E.14).

~

J = Jiear (Hex + Hy) (E.14)

Repeat calculation of Formulas (E.12) to (E.14) until the maximum value of the residues of the

magnetic polarization J(x,y.z), dJerr max- Pecomes smaller than a predetermined threshold € in

order to_get self-consistent spatial distributions of the magnetic polarization f(x, V,Z) and the

self-demagnetizing field strength ﬁd(x,y,Z). Since the self-demagnetizing field strength has a

spatial|distribution in the magnet, hysteresis loops at meshes calculated by formula’(E.[l4) are

different from each other, as shown in Figure E.2.

d)

e)

g)

Calculate the hysteresis loop JopenSim(Hext) of the magnet model by ayeraging all magnetic
polérizations of all meshes using Formula (E.15).

. 1 o ,
JopenSIm (Hext ) = VJ'V "]ideal (Hext + Hd)dV (E15)

Calculate the difference between the measured hysteresis loop J,nen**P(Hgy) gnd the
cal¢ulated hysteresis loop JopenSim(Hext) and add the difference into the parameter [V(Hg,;)
usimg Formula (E.16).

Ni+1 (Hext ) = Ni (Hext ) U I:Jopenexp (Hext ) - ‘]opensim (Hext )J (E16)

Calculate the difference (injymagnetic polarization, dJ between the megasured

ave_max’
hysfteresis loop J,56,*¥P(Hegy) and the calculated hysteresis loop JopenSim(Hext using

Formula (E.17).

dJave _max

J, o (Hext)_'] o (Hext)

open open

(E.17)

max

Repeat procedure c) to e) until the value dJ, e nax Pecomes smaller than a pregcribed
threshold 4.

Finish the calculation if dJ,,c max Pecomes smaller than the threshold o, and treat the

calculated hysteresis loop J,y5 (/) as the real one.

The calculation accuracy becomes higher as the thresholds 6 and ¢ decrease, but at the
same time the duration becomes longer. That is why it is necessary to set the value of the
threshold properly, and in this procedure the values of § and ¢ are recommended to be
5,0 x 1072 T and 1,0 x 1074 T, respectively.

Output the data set of the calculated butterfly J,yo4/(Hgy) l00OPp into “Jideal.dat”.

The demagnetization curves corrected using different demagnetizing field correction
methods are shown in Figure E.4. The squareness of the demagnetization curve corrected
using the inverse analysis considering the spatial distribution of the self-demagnetizing field
strength (Method C) is the nearest to the demagnetization curve measured in a closed
magnetic circuit in accordance with IEC 60404-5.
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Figure E.4 — Comparison of the demagnetization,curves corrected
using demagnetizing field correction Methods’A, B and C
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