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1)

INTERNATIONAL ELECTROTECHNICAL COMMISSION

MAGNETIC MATERIALS -

Part 5: Permanent magnet (magnetically hard) materials —
Methods of measurement of magnetic properties

FOREWORD

Thee International Electrotechnical Commission (IEC) is a worldwide organization for standardization comj
alll national electrotechnical committees (IEC National Committees). The object of IEC s to prf
infernational co-operation on all questions concerning standardization in the electrical and,'electronic fiel
this end and in addition to other activities, IEC publishes International Standards, Techhnical Specific

Tdchnical Reports, Publicly Available Specifications (PAS) and Guides (hereaftef )referred to as|

IEC Publications have the form of recommendations for international use and are accepted by IEC N
Cgmmittees in that sense. While all reasonable efforts are“made to ensure that the technical content

Pyblications is accurate, IEC cannot be held responsible “for the way in which they are used or fq
miginterpretation by any end user.

Inforder to promote international uniformity, IEC National Committees undertake to apply IEC Publig
trgnsparently to the maximum extent possible \jd ‘their national and regional publications. Any diver
beftween any IEC Publication and the corresponding national or regional publication shall be clearly indica
the latter.

IELC itself does not provide any attestation\of conformity. Independent certification bodies provide conf]
aspessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification bodies.

All users should ensure that they 'have the latest edition of this publication.

Nq liability shall attach to IEC%or its directors, employees, servants or agents including individual exper
me¢mbers of its technical committees and IEC National Committees for any personal injury, property dam
otlher damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
expenses arising out (of)the publication, use of, or reliance upon, this IEC Publication or any othe
Pdblications.

Atjention is drawn\to the Normative references cited in this publication. Use of the referenced publicati
indispensableforthe correct application of this publication.

Atiention is.'drawn to the possibility that some of the elements of this IEC Publication may be the sub
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.
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This redline version of the official IEC Standard allows the user to identify the changes
made to the previous edition. A vertical bar appears in the margin wherever a change
has been made. Additions are in green text, deletions are in strikethrough red text.
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International Standard IEC 60404-5 has been prepared by IEC technical committee 68:
Magnetic alloys and steels.

This third edition cancels and replaces the second edition published in 1993
Amendment 1:2007. This edition constitutes a technical revision.

and

This edition includes the following significant technical changes with respect to the previous
edition:

The fext of this standard is based on the following documents:

Full information on the voting for the approval of this standard\can be found in the repo
voting indicated in the above table.

This publication has been drafted in accordance with the{ISO/IEC Directives, Part 2.

A lisf of all parts in the IEC 60404 series, publishéd-under the general title Magnetic mats
can ke found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged
the
relate¢d to the specific publication. At this date, the publication will be

adaption of the measurement methods and test conditions to newly introd

rrannnﬁr\all\l hard materiale with coercibvitvvalilas 771 hiadherthan 2 MA/m-
SgHetcaty—Ha-aHateHaS W GO e ety —YatHe HHGHE a5

S gEEToN|

C

bdate of the temperature conditions to allow the measurement of new materials.with
temperature coefficients.

FDIS Report on voting
68/497/FDIS 68/505/RVD

4tability date indicated on the IEC,web site under "http://webstore.iec.ch" in the
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¢gplaced by a revised edition, or
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IMPORTANT < The “colour inside” logo on the cover page of this publication indig
that jt contains colours which are considered to be useful for the correct understan
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INTRODUCTION

The previous edition of IEC 60404-5 was issued in October 1993 and amended in 2007. Since
then, new applications of NdFeB sintered magnetic materials with intrinsic coercivity, Hj,
higher than 2 MA/m for hybrid electric vehicles and fully electric vehicles have appeared.

Thus, IEC TC68 decided in 2011 at their meeting in Ghent to revise IEC 60404-5.

For the measurement of the coercivity relating to polarization, H.;, at values higher than
2 MA/m and the measurement of magnetic properties at elevated temperatures, the methods
described in the non-normative Technical Reports IEC TR 61807 and IEC TR 62331 can be

considered

The gmbient temperature previously recommended was (23 + 5) °C. However, fo

3

r%}wﬁn
magnet materials such as NdFeB and hard ferrites that have large temperature e%e icients, it

anent

is stongly recommended that the ambient temperature should be controlled in this fange
to §1°C or better. It is desirable to apply this temperature rec! endation] for
othel hard magnet materials. This recommendation was alr§@1y included in

IEC $0404-5:1993/AMD1:2007.
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MAGNETIC MATERIALS -

Part 5: Permanent magnet (magnetically hard) materials —
Methods of measurement of magnetic properties

1—General

1

The
mag

2015

cope

purpose of this part of IEC 60404 is to define the method of measurement o
etic flux density, magnetic polarization and the magnetic field strength®and als

detefmine the demagnetization curve and recoil line of permanent magnet materials, su

thos

throughout their volume.

The

performance of a magnetic system is not only dependentdon the properties o

pernEnent magnet material but also on the dimensions of the'system, the air-gap and

elem

mea

2

The
are

nts of the magnetic circuit. The methods described in this’part of IEC 60404 refer t
gurement of the magnetic properties in a closed magnetic circuit-simulating-a—ring.

Normative references

following documents, in whole or in part, are'normatively referenced in this documen
indispensable for its application. For dated references, only the edition cited applieg

undafted references, the latest edition, of the referenced document (including

ame

IEC

dments) applies.

%0050 (all parts), International Electrotechnical Vocabulary (available

http:f/www.electropedia.org)

3

For
IEC

4

4.1

Terms and Definitions

fhe purposes ‘of this document, the terms and definitions given in IEC 60050
$0050-151,and IEC 60050-221 apply.

Electromagnet and conditions for magnetization

f the
50 to
th as

specified in IEC 60404-8-1 [1]1, the properties of which are presumed homogeneous

f the
bther
b the

 and
. For
any

at

121,

General

For permanent magnet materials, this part of IEC 60404 deals with both the coercivity H.g
(the coercivity relating to the magnetic flux density) and the intrinsic coercivity H; (the
coercivity relating to the magnetic polarization).

The measurements specified in this part of IEC 60404 are for both the magnetic flux density,
B, and the magnetic polarization, J, as a function of the magnetic field strength, H. These
quantities are related by the following equation:

1T N

umbers in square brackets refer to the Bibliography.
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B=ugH +J (1)

where

B is the magnetic flux density, in teslas;

Y4y is the magnetic constant = 4n x 10-7, in henry per metre;

H is the magnetic field strength, in amperes per metre;

J is the magnetic polarization, in teslas.

Using this relationship—H_, H g values can be obtained from the B(H) hysteresis loop and-H_g
Hg, Ialues from the J(H) hysteresis loop. The point represented by A, and B, at which the

moddlus of the product BH has a maximum value is called the—werking point of maximum
energy product for (BH),,x (see Figure 1).

The fterm “squareness” of the demagnetization curve described in this pard) of IEC 60404
speclfies roughly the characteristic shape of the demagnetization curve betweén the remanent
flux density and the coercivity relating to the magnetic polarization in the\J<#/ curve.

H Hgg Hy EC

Figure 1 — Demagnetization curve showing (BH),, .« point

The measurements are carried out in a closed magnetic circuit consisting of an electromagnet
made of soft magnetic material and the test specimen. The construction of the yokes shall be
symmetrical; at least one of the poles shall be movable to minimize the air-gap between the
test specimen and the pole pieces (see Figure 2). The end faces of both pole pieces shall be
ground as nearly as possible parallel to each other and as nearly as possible perpendicular to
the pole axis to minimize the air-gap (see Figure A.1).

NOTE For certain measurements, the yoke and the poles can be laminated to decrease eddy currents. The
coercivity of the material-sheuld is normally-be not more than 100 A/m.
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To obtain a sufficiently uniform magnetizing field in the space occupied by the test specimen,
the conditions described in 4.2 and 4.3 below shall be fulfilled simultaneously.

T
Device for moving the pole ~——0 ___ |, Yoke
i /
|
, ; v 7
[ ' I
I
! __Maanetizing winding
1
i //
; -1
. Magnetic-field
Search coil (B) —_| —strefigth sensor
_______Pole face
lest specimen ™|
Fole of Pole piece
electromagnet .
1
! IEC]
Figure 1 — Schemdtic diagram of electromagnet
4.2 | Geometrical conditions
Refefring to Figure 2;
dyzdy+ 1210 (2)
di 22,00 (3)
wherg
d, ig—the—diameterof acircularpole—piece—orthedimension—of the—smallestside-'of a

rectangular pole piece, in millimetres;
[’ is the distance between the pole pieces, in millimetres;

d, is the maximum diameter of the cylindrical volume with a homogeneous field, in
millimetres.

With reference to the magnetic field strength at the centre of the air-gap, condition (2)
ensures that the maximum field decrease at a radial distance of d,/2 is 1 % and condition (3)
ensures that the maximum field increase along the axis of the electromagnet at the pole faces
is 1 %.
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4.3 Electromagnetic conditions

During the measurement of the demagnetization curve, the flux density in the pole pieces
shall be kept substantially lower than the saturation magnetic polarization so that the pole
faces shall be brought as near as possible to an equipotential. In practice, the magnetic flux
density shall be less than 1 T in iron and less than 1,2 T in iron alloy containing 35 % to 50 %
cobalt.

The yoke is excited by magnetizing coils which are arranged symmetrically as near as
possible to the test specimen (see Figure 2). The axis of the test specimen shall be coincident

with the axis of the-magnetizing-coils pole pieces.

Befofe measurement, the test specimen shall be magnetized in a magnetic field® |H,,,

intended to bring the test specimen—eclose to saturation—({see—the folowing—ete}.| The
deteqmination of the demagnetization curve shall then be made in a magnetic field-r with the

direcfion opposite to that used for the initial magnetization.

If it {s not possible to magnetize the test specimen to near saturation within the yoke (for

instahce if the-conditions-in-the-following-nete requirements of formuldéy(4) and (5) cannpt be

met)] the test specimen shall be magnetized outside the electromagnet in a superconducting
coil gr pulse magnetizer.

Recdmmended values for H
IEC TR 62517 [2].

max TOr various permanent magriet materials can be found in

NOTEl| Where the product standard or the manufaCturer does not specify the value of the
magnetizing field strength, Hpgx, it is recommended that before the measurement of the
demagnetization curve, the test specimen-shodld—be is magnetized to saturation. Theg test
spec|men will be considered to be saturated.if’the following relationships hold for two values
of-maignretic magnetizing field strength Hq1 and Ho:

P < p 0,024 5410 (H, /H,) (4
= ’ A\
ar (5)
O -PZ—GPI—'I-GMW 5 7
and H,>12H, (5)

wherg

P, ig the maximum attainable value of (BH)y, in joules per cubic metre, or of coercivity| Hcp,
in amperes per metre;

P ic tha lowear valuia nf (P11 mni nara er
| is-thelowervaly mpetes p

L [« 3 aY
lveof (BH)m—rinjoulespercubic-metre-orof Fehvity
metre;

H, is the-magnretic magnetizing field strength corresponding to P,, in amperes per metre;

H, is the-magnretic magnetizing field strength corresponding to P4, in amperes per metre.

In the special case of H,/ H,=1,5, relationship (4) becomes P, < 1,01 P;.

In all cases, the magnetization process shall not cause the test specimen to be heated

excessively.

5 Test specimen

The test specimen shall have a simple shape (for example a right cylinder or parallelepiped).
The length [ of the test specimen shall be not less than 5 mm and its other dimensions shall
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be a minimum of 5 mm and shall be such that the test specimen and the sensing devices shall
be within the diameter d, as defined in 4.2.

NOTE As a consequence of the high (BH)_,, values exhibited by rare earth permanent magnet materials, the
length / in the direction of magnetization can be less than 5 mm. When measuring test specimens with such a
length, the homogeneity of the magnetic field between the pole pieces of the electromagnet deteriorates. The effect
of this on the measurements was reported by Chen et al. [3]. It can be considered when evaluating the results and,
if necessary, a contribution included in the measurement uncertainty. At these thicknesses, the influence of air-gap
is also increased. Therefore the air-gap is carefully minimized. Since the magnetic properties of machined surfaces
of sintered REFeB have poorer properties, the magnetic properties of specimens that have a thickness of less than
5 mm and/or higher S/V ratio are carefully evaluated (where S is the surface area of the test specimen and V is the
volume). In this case, a poor squareness of the demagnetization curves is usually observed.

The gnd faces of the test specimen shall be made as nearly as possible parallel To each pther
and perpendicular to the test specimen axis to reduce the air-gap (see Annex A).

The ¢ross-sectional area of the test specimen shall be as uniform as possible ajong its lepgth;
any variation shall be less than 1 % of its minimum cross-sectional area. The mean cfoss-
sectipnal area shall be determined to within 1 %.

The {est specimen shall be marked with the direction of magnetization,

6 Determination of the magnetic flux density

The ghanges in magnetic flux density in the test specimefn)are determined by integrating the
voltapes induced in a search coil.

The gearch coil shall be wound as closely as possible to the test specimen and symmejtrical
with respect to the pole faces. The leads shalkbe tightly twisted to avoid errors caused by
voltages induced in loops in the leads.

The {otal error of measuring the magnetic flux density shall be not greater than + 2 %.

The yariation of the apparent maghetic flux density ABg, uncorrected for air flux, betweep the
two ipstants ¢4 and ¢, is given by:

1 22
ABy, = By — By =——| ~ Udt 6
ap 2 1 AN Iy ( )
wherg
B, is<the ' magnetic flux density at the instant ¢,, in teslas;
B, is"the magnetic flux density at the instant ¢,, in teslas;
A S thecross-sectiomalarea of the testsSpecimeTn, i square metres;
N is the number of turns on the search coil;
12

) Udt is the integrated induced voltage, expressed in webers, for the time interval of
1
integration (z, — ¢4), in seconds.

This change in the apparent magnetic flux density AB,, shall be corrected to take into account
the air flux included in the search coil. Thus, the change in magnetic flux density AB in the
test specimen is given by:

(4 — 4)

AB = ABgp — pigAH ~——
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where

Ho is the magnetic constant = 47 x 10~7, in henry per metre;
AH is the change in the measured magnetic field strength, in amperes per metre;
A4y is the average cross-sectional area of the search coil, in square metres.

7 Determination of the magnetic polarization

The changes in magnetic polarization in the test specimen are determined by integrating the
induced voltages at the terminals of a two-search-coil device composed of COIL 1 and COIL 2
wherg the test specimen is contained in-enbyoene-of-thesecoils COIL 2, while COIL 1 is\egmpty.
If ea¢h of the individual coils has the same product of cross-sectional area and the number of
turns|, and if both are connected electrically in opposition, the output of COIL 1 cdmtpengates
for tHe output of COIL 2 except the magnetic polarization J of the test specimen¥_The change
of magnetic polarization AJ in the test specimen is given by:

1 ¢t
AT =Jy—Jy =— | 2Udt (8)

AN 4]
wherp
Jo is the magnetic polarization at the instant ¢,, in teslas;
Jq is the magnetic polarization at the instant ¢,, inyteslas;
A is the cross-sectional area of the test specimen, in square metres;
N is the number of turns on the search coil;

t
Izth is the integrated induced voltage;- expressed in webers, for the time interval of
integration (z, — t4), expressed\in seconds.

Thus| the output of COIL 1 compensates for the output of COIL 2 except for J within the test
spec|men.

Because no individual air flux correction is needed, test specimens having a range of cross-
sectipnal areas may beimeasured with the same two-search-coil device.

The fwo-search-c@il -device shall-lie be located totally within-the-homeogeneous-field-defingd-by
conditions{2)-ghd-{(3) the area limited by the diameter d,. Referring to conditions (2) and (3),

this will proyidé ‘the required field homogeneity.

The Intégrator and B coil (or J coil) used for the determination of the magnetic flux density (or

The total error of measuring the magnetic polarization shall not be greater than + 2 %.

8 Measurement of the magnetic field strength

The magnetic field strength at the surface of the test specimen is equal to the magnetic field
strength inside the test specimen only in that part of the space where the magnetic field
strength vector is parallel to the side surface of the test specimen. Therefore, a magnetic field
strength sensor is placed in the homogeneous field zone as near as possible to the test
specimen and symmetrical with respect to the end faces (see Figure 2).

To determine the magnetic field strength, a flat search coil, a magnetic potentiometer or a
Hall probe is used together with suitable instruments. The dimensions of the magnetic field
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sensor and its location shall be such that it shall be within the area limited by the diameter d,
(see conditions (2) and (3)).

To reduce the measurement error, the air-gap between the test specimen and the pole pieces
shall be small. The influence of the air-gap is considered in Annex A.

The magnetic field strength measuring system shall be calibrated. The effective area turns,
NA (N is the number of turns and 4 the effective area), of the flat search coil shall be
calibrated. For the magnetic potentiometer the length of the potential coil is also required. The
Hall probe shall be calibrated using a suitable method such as NMR (Nuclear Magnetic
Resonance).

The fotal measuring error shall be not greater than £ 2 %.

NOTE| The pole faces of-the—peles—of the electromagnet—sheuld—be are normally magnetically equipofential
surfades (see Clause 4). In some permanent magnet materials with high-remanence remanentflux density, high
coercility, or both, magnetic flux densities higher than 1,0 T or 1,2 T can occur. Thesecan then—geperate
unaccpptably—high cause magnetic—flux—densities saturation in parts of the pole pieces’ adjacent to the test
specimen. In such cases the pole faces are no longer equipotential surfaces and increased errors can occur.

9 Determination of the demagnetization curve

9.1 General

The femagnetization curve can be-ebtained-orplotted produced as a B(H) or a J(H) gfaph.
Conyersion of an originally obtained B-signal into a J-signal and vice versa can be perfofmed
electfically or numerically by subtracting or .adding, respectively, uyH according to
Equdgtion (1).

The fetermination of B(H) curves is described in 9.2 and 9.3. In the case of J(H) curvep, an
analggous reasoning holds if the maghetic flux density B is replaced by the magnetic
polafization J in the relevant formulae and curves.

The |measurements shall be carried out at an ambient temperature of (23 = 5) °C| For
permanent magnet materialsithat are known to have a significant temperature coefficient
a(Hg)), a specimen temperature of 19 °C to 27 °C shall be controlled within this range to
+ 1 °C or better duringsthe measurements (see Annex B). The temperature of the| test
spec|men shall be measured by a non-magnetic temperature sensor affixed to the pole pleces
of the electromagnet.-Any temperature dependence of the measuring instruments (e.g] Hall

probg) shall be taken’into account.

NOTE| 1 For measurement of H_; > 1,6 MA/m, saturation effects in the pole pieces can lead to signfificant
measyrementerrors.

NOTE| 2\{Burther information about the method (non-normative) of measurements at elevated temperatures is
providedintEC TR 61807 [4]

9.2 Principle of determination of the demagnetization curve, test specimen
magnetized in the electromagnet

The search coil device to be used for measuring B or J is connected to a calibrated flux
integrator which is adjusted to zero. The test specimen is inserted into the search coil and
assembled into the electromagnet and magnetized to saturation. The magnetizing current is
then reduced to a very low level, zero, or reversed if necessary, to produce zero magnetic
field strength. The corresponding value of magnetic flux density or polarization is recorded
(see Figure 3).

With the current in the reverse direction to that used for magnetization, the current level is
slowly increased until the magnetic field strength has passed the coercivity H g or H.,.—Fhe
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With some materials there is a significant delay between the change in the magnetic flux
density and the change in magnetic field strength. In this case, the time constant of the flux
integrator shall be long enough and the zero drift sufficiently low to ensure accurate
integration.

The speed of variation of the magnetic field strength during the reversal of the polarization
shall be sufficiently slow to avoid significant magnetic viscosity and eddy current effects.

Corresponding values of H and B or H and J on the demagnetization curve shall be obtained
either_from a continuous curve produced by a recorder connected to the outputs of the
magnetic field strength measurement device and the-magnetic flux integrator or from poirjt-by- |
pointf measurements of the magnetic field strength and the magnetic flux density orsmagnetic
polarfization.

H probe ) _
Test specimen / B coil or J coil
N, £

Poles ofelectromagnit\‘\ / /
(L

LA B R
l Ak (J) J

[]

E
| S
IEC

Key
H } measuring equipment E power supply to magnetize the specimen
B B measuring equipment S switching equipment
J J measuring equipment
R -Y recording equipment

Figure 3 — Measuring circuit (schematic)

9.3 | Principleof determination of the demagnetization curve, test specimen
magnetized in a superconducting coil or pulse magnetizer

The {est Specimen is magnetized to saturation in either a superconducting coil or by usjng a
pulsq .fmagnetizer in accordance with Clause 4. The magnetic field strength requiref for
e

IEC TR 62517 [2].

The search coil device to be used for measuring B or J is connected to a calibrated flux
integrator which is adjusted to zero. The test specimen is inserted into the search coil and
assembled into the electromagnet and magnetized towards saturation in the same direction as
previously magnetized in the superconducting coil or pulse magnetizer.

The magnetizing current is then reduced to a very low level, zero or reversed if necessary, to
produce zero magnetic field strength. The corresponding value of magnetic flux density or
magnetic polarization is recorded.

The current in the electromagnet is then slowly increased further in the reverse direction in
accordance with 9.2 until the magnetic field strength has passed the coercivity H.g or H,,.
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The magnetic field strength that can be achieved using an electromagnet may not be sufficient to

meas

ure very high values of the coercivity relating to the polarization, H;. In such a case, the

measurement can be carried out using other methods such as a superconducting solenoid or
a pulsed field magnetometer (for the latter see IEC TR 62331 [5]). Generally, to determine the
magnetic properties of permanent magnet materials with a coercivity higher than 2 MA/m, the

method described in this standard is used for B,, H.g and (BH)

uses
are n

max: @nd a magnetometer that
a superconducting solenoid or a pulsed field is used for H;;. However, these methods
ot normative.

Corresponding values of H and B or H and J on the demagnetization curve shall be obtained
in accordance with 9.2.

10 ILetermination of the principal characteristics

10.1
The

demagnetization curve with the B or J axis.

10.2

The
value

The 1

a) e
€

b) c
th

c) e
o
10.3

The
B =4
J=0
10.4

For

Magnetic remanence Remanent flux density
-magnetic—remanence remanent flux density is given by theintercept of| the

(BH)nax Product

BH)pax Product is the maximum value of the modulus ©of-the product of corresponding
s of B and H for the demagnetization curve.

ollowing are examples of methods by which it can~be determined:

valuation by direct reading or interpolation ftem a family of curves of B x H = constant
ee Figure 1);

blculation of the B-H for a number of points of the demagnetization curve and ensuring
at the maximum value has been covered;

valuation by multiplying B and H electronically and plotting the product as a function| of H
F B.

Coercivities H.g and H

coercivity H.g is given by the intercept of the demagnetization curve with the straight line
. The coercivity Hgjis given by the intercept of the demagnetization curve with the line

Determination of the recoil line and the recoil permeability

he stacting point B,g., H,o; Of the recoil line (Figure 4), the test specimen shgll be

previ
the

pusly magnetized by a magnetic field strength H,,,,. Operating in the second quadrgnt of
ysteresis loop, the—demagnetizing demagnetization current is increased to the Yyalue
i oKL hen—the magneticfield ength—isreduced  the

rec: 7 = = = ik =
corresponding change in magnetic flux density AB is measured. The relative recoil
permeability 4. is calculated from the equation:

wher

Hrec
AB

AH

1 AB
Hrec :ﬂ_oﬁ 9)

e

is the recoil permeability;
is the change in magnetic flux density corresponding to the change AH, in teslas;

is the change in magnetic field strength from H,., in amperes per metre;
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Ho is the magnetic constant = 4x x 10~7, in henry per metre.

Since the recoil permeability is not usually constant along the demagnetization curve, the

values H. B and AH shall be indicated.

rec’ ~rec’

BorJ

J(H) = B — uoH

T A

IEC

Figure 2 — Demagnetization curve and recoil loop

11 Reproducibility

The feproducibility of the measUrements is characterized by a standard deviation given ih the
following Table 1.

Table 1~'"Reproducibility of the measurement of the magnetic
characteristics of permanent magnetic materials

Quantity AINiCo Hard ferrites; RE-magnet,
RECo, REFeB
B, 1% 2%
H.g 1% 2%
HCJ T % 2%
(BH) 1 ax 1,5 % 3%

12 Test report

The test report shall contain, as applicable:

— type and identification mark of the material;

— shape and dimensions of the test specimen;

— temperature of the test specimen during measurement;
— the ambient temperature;
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the value of the magnetizing field strength H ,;
demagnetization curve;

magheticremanence remanent flux density B, or J;

coercivity Hyg and H;

(BH)max Product;

values of B and H for (BH)n,4y that is B, and H, (see Figure 1);
recoil permeability 1o, and the values B, H ¢ and AH,

in the case of anisotropic material: the direction of magnetization with respect to the

£ 1 H bl 4 Y Y ! (44 £ !
p CICTITTU dATS UT UIT THatTlidal 1T s difygic Utiiclrs TTUTT Z&TU UTylrcco,

eptimated uncertainty of the measurements;
type of H, and B or J sensor;

sfatement of Sl traceability of the measuring system.
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Annex A
(normative)

Influence of the air-gap between
the test specimen and the pole pieces

The relative maximum error of the measurement of the magnetic field strength, AH/H, due to

the ai

r-gap, can be calculated approximately from the equation:

A _ Zdb
H /.lolH
where
B, H| are the values of magnetic flux density (expressed in teslas) @anhd” magnetic

Ho

For
Tabl

strength (expressed in amperes per metre), respectively, at @sgiven point o
demagnetization curve;

is the length of the test specimen, in metres (Figure A.1);

is the length of the air-gap between the face of the test.specimen and the pole p
in metres;

is the magnetic constant = 41 x 107, in henry per metre.

xample, near the (BH),, point, the error is/1"\% for the—feHewing d/l ratios giv
A1,

Table A A% d/l ratios

(A.1)

field
f the

iece,

BN in

Material d/l
AINiCo 37/5 0,000 25
Hard ferrite 25714 0,003
RECo0<}20/96 180/150 0,005
REFeB 340/130 0,005
wl
]
7 § 1
|
~ R L. . _l_.. Pole pieces

Test specimen

IEC

Figure A.1 — Air-gap
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Annex B
(informative)

Influence of the ambient temperature

on measurement results

Table B.1 shows the temperature coefficients of B, and H_; of various kinds of
magnet materials.

IEC 60404-5:2015 RLV © |IEC 2015

permanent

T
Material a(B,) %l°C a(H_)) %l°C %
AINiCo -0,02 -0,07 to +0,03 Q\
CrFeCo -0,05 to -0,03 -0,04 .‘.1/
FeCoVCr -0,01 0 b‘fo
RECo -0,04 to -0,03 -0,3 to —O@
REFeB -0,12 to -0,09 -0,6 tfog,%
Hard ferrite -0,2 +?,/G)o +0,40
\V

The
rang¢ is considered to be adequate in the case of
magnet materials because the absolute value o
materials is smaller than 0,1 %/°C.

’ &&

ambient temperature recommended in this standeé
AQ

0, CrFeCo and FeCoVCr

Howgver, in the case of temperature sensi

ferrites, a temperature variation within th

significantly. For example, in the case

valugs for a temperature of 18 °C (th'e\}owest temperature in the range) to 28 °C (

temperature in the range) is esti

tempkrature coefficient of HCJ‘oabOﬁO %/°C.
N

Whe
recof
+1°

1
hmended that a t

C or better. O
@)
N
S
NS

measuring magnet materials that are sensitive to temperature, it
pecimen temperature of 19 °C to 27 °C should be contr

able B.1- Temperature coefficients of B, and H_; of permanent magnet mate@is

Q}/

oo|s (23 + 5) °C. This temper

magnet materials such as REFeB and
range of + 5 °C may change the measured rg
ofyREFeB 240/200, the difference in the measure

nfated to be 0,1 MA/m assuming a H.y of 2 MA/m 4

ature

permanent

er perature coefficient of H,; of fhese

hard
sults
i H
the highest
nd a

is str
olled v

bngly
vithin
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MAGNETIC MATERIALS -

Part 5: Permanent magnet (magnetically hard) materials —
Methods of measurement of magnetic properties

FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization comy
national electrotechnical committees (IEC National Committees). The object of IEG is to pr

end and in addition to other activities, IEC publishes International Standards, Technical Specifica
Telchnical Reports, Publicly Available Specifications (PAS) and Guides (hereaftef )referred to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inte
in |[the subject dealt with may participate in this preparatory work. International, governmental and
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates g
with the International Organization for Standardization (ISO) in accordan€eywith conditions determin|
agfeement between the two organizations.

Thie formal decisions or agreements of IEC on technical matters expressy{as nearly as possible, an interng
cohsensus of opinion on the relevant subjects since each technical committee has representation fr
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC N3
Cdmmittees in that sense. While all reasonable efforts are“made to ensure that the technical content
Publications is accurate, IEC cannot be held responsible “for the way in which they are used or fq
mipinterpretation by any end user.

rising
pmote
fis. To
tions,
“IEC
rested

non-
losely
ed by

tional
bm all

tional
bf IEC
r any

In|order to promote international uniformity, IEC National Committees undertake to apply IEC Publications

trgnsparently to the maximum extent possible \in ‘their national and regional publications. Any diver
between any IEC Publication and the corresponding national or regional publication shall be clearly indica
the latter.

IEC itself does not provide any attestation\of conformity. Independent certification bodies provide conf|
aspessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification bodies.

Alllusers should ensure that they have the latest edition of this publication.

Nd liability shall attach to IEC\ar its directors, employees, servants or agents including individual exper
megmbers of its technical committees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
expenses arising out (of)the publication, use of, or reliance upon, this IEC Publication or any othe
Publications.

At{ention is drawn\to the Normative references cited in this publication. Use of the referenced publicati
indispensable forthe correct application of this publication.

At{ention is . drawn to the possibility that some of the elements of this IEC Publication may be the sub
pafent rights. IEC shall not be held responsible for identifying any or all such patent rights.

gence
ted in

brmity

br any

s and
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Interpational Standard IEC 60404-5 has been prepared by IEC technical committee
Magnetic alloys and steels.

68:

This third edition cancels and replaces the second edition published in 1993
Amendment 1:2007. This edition constitutes a technical revision.

and

This edition includes the following significant technical changes with respect to the previous
edition:

adaption of the measurement methods and test conditions to newly introd
magnetically hard materials with coercivity values H, higher than 2 MA/m;

update of the temperature conditions to allow the measurement of new materials with
temperature coefficients.

uced

high
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The text of this standard is based on the following documents:

FDIS Report on voting
68/497/FDIS 68/505/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A lisf of all parts in the IEC 60404 series, published under the general title Magnetic-materials,
can ke found on the IEC website.

The committee has decided that the contents of this publication will remainyunchanged| until
the gtability date indicated on the IEC web site under "http://webstore¢ec’ch" in the|data
relate¢d to the specific publication. At this date, the publication will be

gconfirmed,

* withdrawn,

gplaced by a revised edition, or
* amended.

-

.

—
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INTRODUCTION

The previous edition of IEC 60404-5 was issued in October 1993 and amended in 2007. Since
then, new applications of NdFeB sintered magnetic materials with intrinsic coercivity, Hj,
higher than 2 MA/m for hybrid electric vehicles and fully electric vehicles have appeared.
Thus, IEC TC68 decided in 2011 at their meeting in Ghent to revise IEC 60404-5.

For the measurement of the coercivity relating to polarization, H.;, at values higher than
2 MA/m and the measurement of magnetic properties at elevated temperatures, the methods

described in the non-normative Technical Reports IEC TR 61807 and IEC TR 62331 can be
considered

The gmbient temperature previously recommended was (23 + 5) °C. However, for/permanent
magnet materials such as NdFeB and hard ferrites that have large temperature coefficients, it
is stongly recommended that the ambient temperature should be controlled within this fange
to H{1°C or better. It is desirable to apply this temperature recommendation for
othen hard magnet materials. This recommendation was alréady included in
IEC $0404-5:1993/AMD1:2007.
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MAGNETIC MATERIALS -

Part 5: Permanent magnet (magnetically hard) materials —
Methods of measurement of magnetic properties

1 Scope

2015

The [purpose of this part of IEC 60404 is to define the method of measurement ‘\of the
magnetic flux density, magnetic polarization and the magnetic field strength and also to
detenqmine the demagnetization curve and recoil line of permanent magnet materials; su¢h as
those¢ specified in IEC 60404-8-1 [1]1, the properties of which are presumed ) homoge
throughout their volume.

The [performance of a magnetic system is not only dependent on_ thé properties o
permanent magnet material but also on the dimensions of the system,)the air-gap and

elem
meas

bnts of the magnetic circuit. The methods described in this paft*of IEC 60404 refer t
urement of the magnetic properties in a closed magnetic circuit.

2 Normative references

The following documents, in whole or in part, are narmatively referenced in this documen
ndispensable for its application. For dated references, only the edition cited applies. For
undated references, the latest edition of «the referenced document (including

are i

amer

dments) applies.

IEC 60050 (all parts), International Electrotechnical Vocabulary (available

http:

3 1

For

www.electropedia.org)

‘erms and definitions

he purposes of this .document, the terms and definitions given in IEC 60050

IEC $0050-151 and IEC60050-221 apply.

4

4.1

Flectromagnet and conditions for magnetization

General

For

eous

f the
bther
b the

I and

any

at

+121,

ermanent magnet materials, this part of IEC 60404 deals with both the coercivity H.g

(the

coercivity relating to the magnelic Tlux density) and the Intrinsic coercivity H,

coercivity relating to the magnetic polarization).

(the

The measurements specified in this part of IEC 60404 are for both the magnetic flux density,
B, and the magnetic polarization, J, as a function of the magnetic field strength, H. These
quantities are related by the following equation:

B=ugH +J

1 Numbers in square brackets refer to the Bibliography.

(1)
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where

B is the magnetic flux density, in teslas;

Ho is the magnetic constant = 4 x 10~7, in henry per metre;

H is the magnetic field strength, in amperes per metre;

J is the magnetic polarization, in teslas.

Using this relationship H_g values can be obtained from the B(H) hysteresis loop and H,
values from the J(H) hysteresis loop. The point represented by H, and B, at which the
modulus of the product BH has a maximum value is called the point of maximum energy

prodiict for (BH),,.x (see Figure 1).

The term “squareness” of the demagnetization curve described in this part of 1EC 6
specifies roughly the characteristic shape of the demagnetization curve between.the rema

flux density and the coercivity relating to the magnetic polarization in the J-H-curve.

BH = constant
i
1
1
'

1

1
1
!

H

The
mad

HcB Ha

IEC

Figure 1 — Demagnetization curve showing (BH),,.x point

easurements are carried out in a closed magnetic circuit consisting of an electromg
of“soft magnetic material and the test specimen. The construction of the yokes shall be

0404
nent

gnet

symmetrical; at least one of the poles shall be movable to minimize the air-gap between the
test specimen and the pole pieces (see Figure 2). The end faces of both pole pieces shall be
ground as nearly as possible parallel to each other and as nearly as possible perpendicular to
the pole axis to minimize the air-gap (see Figure A.1).

NOTE For certain measurements, the yoke and the poles can be laminated to decrease eddy currents. The
coercivity of the material is normally not more than 100 A/m.

To obtain a sufficiently uniform magnetizing field in the space occupied by the test specimen,
the conditions described in 4.2 and 4.3 below shall be fulfilled simultaneously.
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Yoke

/‘

/Magnetlzmg winding

® T

4.2

Refe

wher

iS
p
iS

=

~

Search coil (B) —_|

Magnetic field

—strength sensof

Geometrical conditions

ring to Figure 2;

a)
-

Figure 2 — Schematic diagram of electromagnet

dy2dy+ 1,210

d; 2200

| Pole_face
[est specimen — |
ole of Pole piece
ectromagnet

IEC]

the diameter of a circular pole or the dimension of the smallest side of a rectan

ble piece, in millimetres;

the distance between the pole pieces, in millimetres;

(2)

®)

gular

d, is the maximum diameter of the cylindrical volume with a homogeneous field, in
millimetres.

With reference to the magnetic field strength at the centre of the air-gap, condition (2)
ensures that the maximum field decrease at a radial distance of d,/2 is 1 % and condition (3)
ensures that the maximum field increase along the axis of the electromagnet at the pole faces
is 1 %.

4.3

Electromagnetic conditions

During the measurement of the demagnetization curve, the flux density in the pole pieces
shall be kept substantially lower than the saturation magnetic polarization so that the pole
faces shall be brought as near as possible to an equipotential. In practice, the magnetic flux
density shall be less than 1 T in iron and less than 1,2 T in iron alloy containing 35 % to 50 %
cobalt.
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The yoke is excited by magnetizing coils which are arranged symmetrically as near as
possible to the test specimen (see Figure 2). The axis of the test specimen shall be coincident
with the axis of the pole pieces.

Before measurement, the test specimen shall be magnetized in a magnetic field H,,,
intended to bring the test specimen to saturation. The determination of the demagnetization
curve shall then be made in a magnetic field with the direction opposite to that used for the
initial magnetization.

If it is not possible to magnetize the test specimen to near saturation within the yoke (for
instance if the requirements of formulae (4) and (5) cannot be met), the test specimen shall
be mpgnetized outside the electromagnet in a superconducting coil or pulse magnetizer

Recgmmended values for H,,, for various permanent magnet materials can,be foufd in
IEC TR 62517 [2].

Where the product standard or the manufacturer does not specifythe value of the
magnetizing field strength, H,,, it is recommended that before the measurement of the
demggnetization curve, the test specimen is magnetized to saturationh.~The test specimen will
be cgnsidered to be saturated if the following relationships hold for\two values of magnetfizing
field ptrength /4 and H,:

and Hy>1,2 Hy (5)

wherg

P, ig the maximum attainable value of (BH)y,, in joules per cubic metre, or of coercivity| H,g,
in amperes per metre;

P, i the lower value of (BH)5x in joules per cubic metre or of coercivity H.g, in amperepg per
nmetre;

H, ig the magnetizing field strength corresponding to P,, in amperes per metre;
H, ig the magnetizing field strength corresponding to P4, in amperes per metre.

In thT special case of Hy/\H{=1,5, relationship (4) becomes P, < 1,01 P4.
In all cases, the_magnetization process shall not cause the test specimen to be hegated

excessively.

5 Test-specimen

The Ubi bpb‘billlcll bild” ildVb d billlpic bildpb (fUI U)\dlllpib‘ d Ilg;lt byiillulcl Ul palaiicit::piJed).
The length / of the test specimen shall be not less than 5 mm and its other dimensions shall
be a minimum of 5 mm and shall be such that the test specimen and the sensing devices shall
be within the diameter d, as defined in 4.2.

NOTE As a consequence of the high (BH)_,, values exhibited by rare earth permanent magnet materials, the
length / in the direction of magnetization can be less than 5 mm. When measuring test specimens with such a
length, the homogeneity of the magnetic field between the pole pieces of the electromagnet deteriorates. The effect
of this on the measurements was reported by Chen et al. [3]. It can be considered when evaluating the results and,
if necessary, a contribution included in the measurement uncertainty. At these thicknesses, the influence of air-gap
is also increased. Therefore the air-gap is carefully minimized. Since the magnetic properties of machined surfaces
of sintered REFeB have poorer properties, the magnetic properties of specimens that have a thickness of less than
5 mm and/or higher S/V ratio are carefully evaluated (where S is the surface area of the test specimen and V is the
volume). In this case, a poor squareness of the demagnetization curves is usually observed.

The end faces of the test specimen shall be made as nearly as possible parallel to each other
and perpendicular to the test specimen axis to reduce the air-gap (see Annex A).
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The cross-sectional area of the test specimen shall be as uniform as possible along its length;
any variation shall be less than 1 % of its minimum cross-sectional area. The mean cross-
sectional area shall be determined to within 1 %.

The test specimen shall be marked with the direction of magnetization.

6 Determination of the magnetic flux density

The changes in magnetic flux density in the test specimen are determined by integrating the
voltages induced in a search coil.

The $earch coil shall be wound as closely as possible to the test specimen and symmetrical
with respect to the pole faces. The leads shall be tightly twisted to avoid errors*Causgd by
voltapges induced in loops in the leads.

The fotal error of measuring the magnetic flux density shall be not greaterthan + 2 %.

The yariation of the apparent magnetic flux density ABgp uncorrected for air flux, betweep the
two ipstants ¢4 and ¢, is given by:

AB,, = B, — B —LJ'IZUdz (6)
ap 2 1 AN 1
wherg
B, is the magnetic flux density at the instant ¢,, in teslas;
B, is the magnetic flux density at the instant ¢,, in teslas;
A is the cross-sectional area of the“test specimen, in square metres;
N is the number of turns on the search coil;

Ud: is the integrated induced voltage, expressed in webers, for the time interval of

integration (¢, — ¢4),"in seconds.

This change in the apparent magnetic flux density ABgp shall be corrected to take into ac¢ount
the dir flux included in the search coil. Thus, the change in magnetic flux density AB ip the
test gpecimen is<given by:

(4 — 4)
A

AB = AB, — gAH (7)

ap —

where

Ho is the magnetic constant = 4x x 107, in henry per metre;
AH is the change in the measured magnetic field strength, in amperes per metre;
Ay is the average cross-sectional area of the search coil, in square metres.

7 Determination of the magnetic polarization

The changes in magnetic polarization in the test specimen are determined by integrating the
induced voltages at the terminals of a two-search-coil device composed of COIL 1 and COIL 2
where the test specimen is contained in COIL 2, while COIL 1 is empty. If each of the
individual coils has the same product of cross-sectional area and the number of turns, and if
both are connected electrically in opposition, the output of COIL 1 compensates for the output
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of COIL 2 except the magnetic polarization J of the test specimen. The change of mag
polarization AJ in the test specimen is given by:

1

netic

2
A =Jy,—-J=——| " Udt 8
2=1="75 1, (8)
where
Jo is the magnetic polarization at the instant ¢,, in teslas;
J1 is the mngnptir‘ polarization at the instant L4 in teslas:
A is the cross-sectional area of the test specimen, in square metres;
N is the number of turns on the search coil;
t
.[2 Uft is the integrated induced voltage, expressed in webers, for the+time interval of
i
integration (z, — t4), expressed in seconds.

Thus| the output of COIL 1 compensates for the output of COIL 2 exeept for J within the test
spec|men.
Because no individual air flux correction is needed, test specimens having a range of cross-
sectipnal areas may be measured with the same two-searchcoil device.
The {fwo-search-coil device shall be located totally wjthin the area limited by the diametér d».
Refefring to conditions (2) and (3), this will provide.the required field homogeneity.
Thenlntegrator and B coil (or J coil) used for_thé determination of the magnetic flux density (or
the npagnetic polarization) shall be calibrated using a traceable source of magnetic flux.
The fotal error of measuring the magnetic polarization shall not be greater than + 2 %.
8 Measurement of the magnetic field strength
The magnetic field strength’at the surface of the test specimen is equal to the magnetic|field
strenjgth inside the test specimen only in that part of the space where the magnetic|field
strength vector is parallel to the side surface of the test specimen. Therefore, a magneticfield
strenjgth sensor_is\placed in the homogeneous field zone as near as possible to the test
specimen and symmetrical with respect to the end faces (see Figure 2).
To determine the magnetic field strength, a flat search coil, a magnetic potentiometer|or a
Hall probe is used together with suitable instruments. The dimensions of the magnetic|field
senser—and- ocation-sh be-such-that-it-shall-bewithinthearealimitedbyvthe 'erdz

(see condiios (2) ad 3)).

To reduce the measurement error, the air-gap between the test specimen and the pole pieces

shall be small. The influence of the air-gap is considered in Annex A.

The magnetic field strength measuring system shall be calibrated. The effective area t
NA (N is the number of turns and 4 the effective area), of the flat search coil sha
calibrated. For the magnetic potentiometer the length of the potential coil is also required
Hall probe shall be calibrated using a suitable method such as NMR (Nuclear Mag
Resonance).

The total measuring error shall be not greater than + 2 %.

urns,
Il be

. The

netic
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NOTE The pole faces of the electromagnet are normally magnetically equipotential surfaces (see Clause 4). In
some permanent magnet materials with high remanent flux density, high coercivity, or both, magnetic flux densities
higher than 1,0 T or 1,2 T can occur. These can then cause magnetic saturation in parts of the pole pieces
adjacent to the test specimen. In such cases the pole faces are no longer equipotential surfaces and increased
errors can occur.

9 Determination of the demagnetization curve

9.1 General

The demagnetization curve can be produced as a B(H) or a J(H) graph. Conversion of an
originally obtained B-signal into a J-signal and vice versa can be performed electrically or
numerically by subtracting or adding, respectively, uyH according to Equation (1).

The getermination of B(H) curves is described in 9.2 and 9.3. In the case of J(H) curvep, an
analggous reasoning holds if the magnetic flux density B is replaced byhthe magnetic
polarjzation J in the relevant formulae and curves.

The [measurements shall be carried out at an ambient temperature\of (23 + 5) °C| For
permjanent magnet materials that are known to have a significant\\temperature coefficient
a(H.[), a specimen temperature of 19 °C to 27 °C shall be controlled within this range to
+1°C or better during the measurements (see Annex B).The temperature of the| test
spec|imen shall be measured by a non-magnetic temperature §ensor affixed to the pole pleces
of thg electromagnet. Any temperature dependence of thé measuring instruments (e.g.| Hall
probg¢) shall be taken into account.

NOTE[ 1 For measurement of H , >1,6 MA/m, saturation effects in the pole pieces can lead to signfficant
measyrement errors.

NOTE| 2 Further information about the method (non-normative) of measurements at elevated temperatdres is
provided in IEC TR 61807 [4].

9.2 | Principle of determination of the demagnetization curve, test specimen
magnetized in the electromagnet

The pearch coil device to be used for measuring B or J is connected to a calibrateq flux
integrator which is adjusted to'zero. The test specimen is inserted into the search coi| and
assembled into the electromagnet and magnetized to saturation. The magnetizing currgnt is
then [reduced to a very low. level, zero, or reversed if necessary, to produce zero magnetic
field |strength. The corfesponding value of magnetic flux density or polarization is recqrded
(see [Figure 3).

With [the current.in the reverse direction to that used for magnetization, the current leyel is
slowly incregsed until the magnetic field strength has passed the coercivity H.g or H,.|With
somég matérials there is a significant delay between the change in the magnetic flux dgnsity
and 1he change in magnetic field strength. In this case, the time constant of the flux integrator
shalllbefong enough and the zero drift sufficiently low to ensure accurate integration.

The speed of variation of the magnetic field strength during the reversal of the polarization
shall be sufficiently slow to avoid significant magnetic viscosity and eddy current effects.

Corresponding values of H and B or H and J on the demagnetization curve shall be obtained
either from a continuous curve produced by a recorder connected to the outputs of the
magnetic field strength measurement device and the flux integrator or from point-by-point
measurements of the magnetic field strength and the magnetic flux density or magnetic
polarization.
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H probe ) _
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H M measuring equipment E power supply to magnetize«the specimen
B B measuring equipment S switching equipment
J J measuring equipment
R -Y recording equipment
Figure 3 — Measuring circuit (schematic)
9.3 | Principle of determination of the demagnetization curve, test specimen
magnetized in a superconducting coil or palse magnetizer

The {est specimen is magnetized to saturation ‘inJeither a superconducting coil or by usjng a
pulsg magnetizer in accordance with Claus€; 4. The magnetic field strength requireg for
saturjation depends on the magnetization> process involved. For more information| see
IEC TR 62517 [2].
The pearch coil device to be used)for measuring B or J is connected to a calibratedq flux
integrator which is adjusted to zerd. The test specimen is inserted into the search coi| and
assefnbled into the electromagnet and magnetized towards saturation in the same direction as
previpusly magnetized in the_superconducting coil or pulse magnetizer.

The :|‘r1agnetizing current is then reduced to a very low level, zero or reversed if necessa

prod
magf

The
acco

ce zero magnetic field strength. The corresponding value of magnetic flux densi
etic polarization is recorded.

currentiin/the electromagnet is then slowly increased further in the reverse directi

dancewith 9.2 until the magnetic field strength has passed the coercivity H g or H_{.

y, to
ty or

bn in

The

nagnetic tield strength that can be achieved Using an electromagnet may not be suiiicient to

measure very high values of the coercivity relating to the polarization, H;. In such a case, the
measurement can be carried out using other methods such as a superconducting solenoid or
a pulsed field magnetometer (for the latter see IEC TR 62331 [5]). Generally, to determine the
magnetic properties of permanent magnet materials with a coercivity higher than 2 MA/m, the
method described in this standard is used for B,, H.g and (BH),ax, and a magnetometer that
uses a superconducting solenoid or a pulsed field is used for H.;. However, these methods
are not normative.

Corresponding values of H and B or H and J on the demagnetization curve shall be obtained
in accordance with 9.2.
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10 Determination of the principal characteristics

10.1

Remanent flux density

The remanent flux density is given by the intercept of the demagnetization curve with the B or
J axis.

10.2

(BH),ax Product

The (BH)qax Product is the maximum value of the modulus of the product of corresponding
values of B and H for the demagnetization curve.

The following are examples of methods by which it can be determined:

a) e

b) c

10.4

For the starting point B H

previ
the h
Hrec-
chan
calc(

wher

Hrec

valuation by direct reading or interpolation from a family of curves of B x i) = con
ee Figure 1);

blculation of the B-H for a number of points of the demagnetization<eurve and ens
at the maximum value has been covered;

valuation by multiplying B and H electronically and plotting theproduct as a function
[ B.
Coercivities H.g and H,

coercivity H g is given by the intercept of the demagnetization curve with the straigh
. The coercivity H_, is given by the intercept of the demagnetization curve with th

Determination of the recoil line and the'recoil permeability

recr Hrec Of the recoil line (Figure 4), the test specimen sha
pusly magnetized by a magnetic field'strength H,,,,,. Operating in the second quadra
ysteresis loop, the demagnetization current is increased to the value correspondi

pe in magnetic flux density_AB is measured. The relative recoil permeability u;
lated from the equation:

Lo = 1 AB
rec — T 1,
Ho AH

[

is the'recoil permeability;

stant

uring

of H

line
line

Il be
nt of
hg to

Then, the magnetic field stremgth is reduced by a value AH and the corresponfding

ec IS

9)

AB

is.the change in magnetic flux density corresponding to the change AH, in teslas;

AH

Ho

is the change in magnetic field strength from H,.., in amperes per metre;

is the magnetic constant = 47 x 10~7, in henry per metre.

Since the recoil permeability is not usually constant along the demagnetization curve, the

values H,

B and AH shall be indicated.

rec’ ~rec’
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Figure 4 — Demagnetization curve’and recoil loop

11 Reproducibility
The feproducibility of the measurements issCharacterized by a standard deviation given i
following Table 1.
Table 1 — Reproducibility of the measurement of the magnetic
characteristics of permanent magnet materials
Quantity AINiCo Hard ferrites, RECo,
REFeB
By 1% 2%
Hg 1% 2%
H,, 1% 2%
(BH) 10 1,5 % 3%
12 Test'report

n the

The test report shall contain, as applicable:

— type and identification mark of the material;

— shape and dimensions of the test specimen;

— temperature of the test specimen during measurement;
— the ambient temperature;
— the value of the magnetizing field strength H

— demagnetization curve;

— remanent flux density B, or J;

— coercivity H.g and H;

max:
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(BH) product;

values of B and H for (BH),, that is B, and H, (see Figure 1);

max

recoil permeability 1o, and the values B, H,¢; and AH,

in the case of anisotropic material: the direction of magnetization with respect to the
preferred axis of the material if this angle differs from zero degrees;

estimated uncertainty of the measurement;
type of H, and B or J sensor;
statement of Sl traceability of the measuring system.
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Annex A
(normative)

Influence of the air-gap between
the test specimen and the pole pieces

The relative maximum error of the measurement of the magnetic field strength, AH/H, due to
the air-gap, can be calculated approximately from the equation:

AH _ Zdab (A1)
H /,lolH

wher!

[

B, H| are the values of magnetic flux density (expressed in teslas) @ahd” magnetic |field
strength (expressed in amperes per metre), respectively, at \@sgiven point of the
demagnetization curve;

is the length of the test specimen, in metres (Figure A.1);

d is the length of the air-gap between the face of the test.specimen and the pole piece,
in metres;
Ho is the magnetic constant = 47 x 10~7, in henry per metre.

For gxample, near the (BH),,,4 Point, the error is 1 %)for the d/I ratios given in Table A.1.

Table A.1 =g/l ratios

Material d/l
AINiCo 37/5 0,000 25
Hard ferrite 25/14 0,003
RECo 18Q/150 0,005
REFeB.340/130 0,005
v
i
A 1
1
~ \ Pole pieces
|
1 =

Test specimen
A
IEC

Figure A.1 — Air-gap
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Influence of the ambient temperature

on measurement results

Table B.1 shows the temperature coefficients of B, and H_, of various kinds of permanent

magnet materials.

Table B.1 - Temperature coefficients of B, and H_; of permanent magnet materia

Material a(B) %l°C a(H_ ;) %l°C
AlINiCo -0,02 -0,07 to +0,03
CrFeCo -0,05 to -0,03 -0,04
FeCoVCr -0,01 0
RECo -0,04 to -0,03 -0,3 to 0125
REFeB -0,12 to -0,09 -0,6 60,45
Hard ferrite -0,2 +0,1\1 to +0,40

The pmbient temperature recommended in this standard-is (23 + 5) °C. This temper
range¢ is considered to be adequate in the case of AlNi€Co, CrFeCo and FeCoVCr perma

S

ature
nent

magnet materials because the absolute value of<\temperature coefficient of H_; of these

materials is smaller than 0,1 %/°C.

Howegver, in the case of temperature sensifive magnet materials such as REFeB and

ferrites, a temperature variation within the\range of £+ 5 °C may change the measured re

significantly. For example, in the case of)REFeB 240/200, the difference in the measure
valugs for a temperature of 18 °C (the‘lowest temperature in the range) to 28 °C (the highest

temperature in the range) is estimated to be 0,1 MA/m assuming a H_; of 2 MA/m 9

temperature coefficient of H.; 0f+0,50 %/°C.

When measuring magnet materials that are sensitive to temperature,
reconmended that a tesf\specimen temperature of 19 °C to 27 °C should be controlled v

+ 1 °C or better.

it

is str

hard
sults
i H

nd a

bngly
vithin
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2)

3)

4)

5)

7) Augune responsabilité ne doit étre imputée a I'lEC, a ses administrateurs, employés, auxiliaires ou manda

8)

9)

COMMISSION ELECTROTECHNIQUE INTERNATIONALE

MATERIAUX MAGNETIQUES -

Partie 5: Aimants permanents (magnétiques durs) —
Méthodes de mesure des propriétés magnétiques

AVANT-PROPOS

La] Commission Electrotechnique Internationale (IEC) est une organisation mondiale de ‘pormali
composée de I'ensemble des comités électrotechniques nationaux (Comités nationaux de I'lEC), L’'IEC

objet de favoriser la coopération internationale pour toutes les questions de normalisation.dans les don
dell'électricité et de I'électronique. A cet effet, 'lEC — entre autres activités — publie des Normes internati
dep Spécifications techniques, des Rapports techniques, des Spécifications accessibles au/public (PAS)

aux desquels tout Comité national intéressé par le sujet traité peut participer. Les organis|
rnationales, gouvernementales et non gouvernementales, en liaison avec I'lEGC,’ participent égaleme
aux. L’'IEC collabore étroitement avec I'Organisation Internationale de_(Nefmalisation (ISO), selo

copditions fixées par accord entre les deux organisations.
Lep décisions ou accords officiels de I'lEC concernant les questions techniques représentent, dans la nj
du| possible, un accord international sur les sujets étudiés, étant donné/que les Comités nationaux dg

éressés sont représentés dans chaque comité d’études.

Leg Publications de I'lEC se présentent sous la forme de recodmmandations internationales et sont ag
comme telles par les Comités nationaux de I'lEC. Tous les €fforts raisonnables sont entrepris afin qud
s'gdssure de I'exactitude du contenu technique de ses publications; I'lEC ne peut pas étre tenue responsa
I'éyentuelle mauvaise utilisation ou interprétation qui en est faite par un quelconque utilisateur final.

Dgns le but d'encourager l'uniformité internationale, les*Comités nationaux de I'lEC s'engagent, dans tg
mgsure possible, a appliquer de fagon transparente |€s Publications de I'lEC dans leurs publications nati
et|régionales. Toutes divergences entre toutesi'Rublications de I'lEC et toutes publications national
régionales correspondantes doivent étre indiquées en termes clairs dans ces derniéres.

L'IEC elle-méme ne fournit aucune attestation de conformité. Des organismes de certification indéper
fodrnissent des services d'évaluation de-conformité et, dans certains secteurs, acceédent aux marqu
cophformité de I'lEC. L’IEC n'est responsable d'aucun des services effectués par les organismes de certifi
ingépendants.

y ¢ompris ses experts particuliers et les membres de ses comités d'études et des Comités nationaux de
popr tout préjudice causéten cas de dommages corporels et matériels, ou de tout autre dommage de q
nafure que ce soit, directe ou indirecte, ou pour supporter les colts (y compris les frais de justice)
dépenses découlant,_de la publication ou de I'utilisation de cette Publication de I'lEC ou de toute
Pdblication de I'lEC,, ou au crédit qui lui est accordé.

L
référencéesiest obligatoire pour une application correcte de la présente publication.

L’gttentionsest attirée sur le fait que certains des éléments de la présente Publication de I'lEC peuven
I'opjet de“droits de brevet. L'IEC ne saurait étre tenue pour responsable de ne pas avoir identifié de tels

s les utilisateurs doivent s'assurer qu'ils sont en possession de la derniére édition de cette publication|.
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La Norme internationale IEC 60404-5 a été établie par le comité d’études 68 de I'IEC:
Matériaux magnétiques tels qu'alliages et aciers.

Cette troisieme édition annule et remplace la deuxieme édition parue en 199
I’Amendement 1:2007. Cette édition constitue une révision technique.

3 et

Cette édition inclut les modifications techniques majeures suivantes par rapport a I'édition
précédente:

adaptation des méthodes de mesure et des conditions d'essai aux maté

riaux

magnétiquement durs récemment introduits possédant un champ coercitif H,; supérieur a

2 MA/m;
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e mise a jour des conditions de température, afin de permettre la mesure de nouveaux
matériaux avec des coefficients de température élevés.

Le texte de cette norme est issu des documents suivants:

FDIS Rapport de vote
68/497/FDIS 68/505/RVD

Le rapport de vote indiqué dans le tableau ci-dessus donne toute information sur le vote ayant
abouti a I'approbation de cette norme.

Cettg publication a été rédigée selon les Directives ISO/IEC, Partie 2.

Une |iste de toutes les parties de la série IEC 60404, publiées sous le titre général Matériaux
magnétiques, peut étre consultée sur le site web de I'lEC.

Le comité a décidé que le contenu de cette publication ne sera pas modifié avant la date de
stabilité indiquée sur le site web de I'lEC sous "http://webstore.iecich"” dans les données
relatives a la publication recherchée. A cette date, la publication sera
e rgconduite,

e supprimée,

e rgemplacée par une édition révisée, ou

e amendée.
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INTRODUCTION

L'édition précédente de I'lEC 60404-5 a été publiée en octobre 1993 et modifiée en 2007.
Depuis, de nouvelles applications des matériaux magnétiques au NdFeB fritté présentant un
champ coercitif intrinséque, H;j, supérieur a 2 MA/m destinés aux véhicules électriques
hybrides et aux véhicules entiérement électriques sont apparues. Ainsi, lors de la réunion de
Gand en 2011, le CE 68 de I'lEC a décidé de réviser I'lEC 60404-5.

Pour la mesure du champ coercitif se rapportant a la polarisation, H;;, de valeur supérieure a
2 MA/m et pour la mesure des propriétés magnétiques a des températures élevées, on peut
utilise 2 =Yoldl i i 7 et
IEC TR 62331.

Auparavant, la température ambiante recommandée était (23 =+ 5) °C. Toutefois,” poufr les
matéfriaux pour aimants permanents tels que le NdFeB et les ferrites dures de.coefficients de
tempgrature élevés, il est fortement recommandé que la température ambiante’ soit contfdlée
dans| les limites de cette plage avec une précision de =1 °C ou plus¥l est souhaitable
d'appliquer cette recommandation de température pour d'autres matériaux pour aimants gdurs.
Cettg recommandation figurait déja dans I'lEC 60404-5:1993/AMD1:2007.
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MATERIAUX MAGNETIQUES —

Partie 5: Aimants permanents (magnétiques durs) —
Méthodes de mesure des propriétés magnétiques

1 Domaine d'application

La présente partie de I'lEC 60404 a pour objectif de définir la méthode de mesure de
I'indyction magnétique, de la polarisation magnétique et l'intensité du champ magnétique,
mais|aussi de déterminer la courbe de désaimantation et la droite de recul des matériaux|pour
aimapts permanents, comme ceux qui sont spécifiés dans I'lIEC 60404-8-1 [1]!, dont les
propiiétés sont supposées homogenes dans tout leur volume.

Les performances d'un systéme magnétique ne dépendent pas seulement des propriétés du
matéfiau pour aimant permanent, mais aussi des dimensions du systéme, de I'entrefer ef des
autreis éléments du circuit magnétique. Les méthodes décrites dans la présente partie de
I''EC|60404 se rapportent aux mesures des propriétés magnétiques en circuit magnétique
ferme.

2 Reéférences normatives

Les glocuments suivants sont cités en référence.de*maniére normative, en intégralité qu en
parti¢, dans le présent document et sont indispensables pour son application. Pour les
références datées, seule I'édition citée s’applique. Pour les références non datéep, la
derniere édition du document de référence s*applique (y compris les éventuels amendemegnts).

IEC 60050 (toutes les parties), Vocabuifaire Electrotechnique International (disponible $ous:
www|electropedia.org)

3 Termes et définitions

Pour| les besoins du-présent document, les termes et définitions de I'IEC 60050f121,
I'EC|60050-151 et HEC 60050-221 s'appliquent.

4 Electroaimant et conditions d'aimantation

4.1 Généralités

Concernant les materiaux pour aimanis permanentis, la presenie pariie de [I'TEC 60404
distingue le champ coercitif H g (représentatif de la coercitivité de l'induction magnétique) et
le champ coercitif intrinséque H;; (représentatif de la coercitivité de Ila polarisation
magnétique).

Les mesures spécifiées dans la présente partie de I'lEC 60404 sont relatives a la fois a
I'induction magnétique, B, et a la polarisation magnétique, J, en fonction de l'intensité du
champ magnétique, H. Ces grandeurs sont reliées par I'équation suivante:

B = pgH+J (1)

1 Les chiffres entre crochets se référent a la Bibliographie.
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ou

B est lI'induction magnétique, en teslas;

Ho est la constante magnétique = 41 x 107, en henry par métre;
H est l'intensité du champ magnétique, en ampeéres par métre;
J est la polarisation magnétique, en teslas.

Compte tenu de cette relation, les valeurs de H g peuvent étre déduites du cycle d'hystérésis
B(H) et les valeurs de H_, peuvent étre déduites du cycle d'hystérésis J(H). Le point
représenté par H, et B, pour lequel le module du produit BH atteint sa valeur maximale est
appelé point du produit d'énergie maximale pour (BH)._.... (voir Figure 1).

e

Le tgrme “rectangularité” de la courbe de désaimantation décrite dans la présente)partje de
I''EC(60404, spécifie grossiérement la forme de la caractéristique de la_courb¢ de
désajmantation entre l'induction rémanente et la coercitivité de la polarisation_magnétiqye de
la coprbe J(H).

BH = constant

!
] 1
) 1
! 1
!

H H.g H, EC

Figure 1 — Courbe de désaimantation montrant le point (BH) .

Les lesures sont effectuees dans un circuit magnethue ferme const|tue d'un eIectroalmant

S ) a cu étre
de forme symetrlque par constructlon un des pbles au moins d0|t etre mobile afln de réduire
I'entrefer a sa valeur minimale entre le spécimen soumis aux essais et les piéces polaires
(voir Figure 2). Les faces d'extrémité des deux piéces polaires doivent étre rectifiées aussi
paralléles que possible I'une a I'autre et aussi perpendiculaires que possible a I'axe des pdles,
afin de réduire I'entrefer a sa valeur minimale (voir Figure A.1).

NOTE Pour certaines mesures, la culasse et les pbdles peuvent étre feuilletés afin de diminuer les courants de
Foucault. La coercitivité du matériau ne dépasse normalement pas 100 A/m.

Pour obtenir un champ d'excitation magnétique suffisamment uniforme dans I'espace occupé
par le spécimen soumis aux essais, les conditions décrites en 4.2 et 4.3 ci-dessous doivent
étre satisfaites simultanément.
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T
Dispositif de déplacement du péle — | X Culasse
] /
L
, | v 7
[ : 1
I
! | _Bobine d'excitation
! magnétique
1 //
Capteur sensible
Hobine de — |_— a l'intensitésdu
mesure (B) champ magnétique

| Face.polaire

Spécimen soumis
X essais -

Q

Pole de Piéce polaire

I'électroaimant

Figure 2 — Schéma de lprincipe de I'électroaimant -
4.2 | Conditions géométriques
En s¢ référant a la Figure 2;
dy=dy+1210 (2)
dy 2200 (3)

d, ept le diameétre d'un pdle circulaire, ou la dimension du plus petit c6té d'une piéce polaire
gctangulaire, en millimétres;

~
o =

5t |aldistance entre les piéces polaires, en millimétres;

d, eptle diamétre maximal du volume cylindrigue ou le champ est homogéne, en milliméfres.

Par rapport a l'intensité du champ magnétique existant au centre de I'entrefer, la condition (2)
garantit que la décroissance du champ magnétique atteint au plus 1 % sur une distance
radiale égale a d,/2 et la condition (3) garantit que la croissance du champ atteint au plus 1 %
au contact des faces polaires, le long de I'axe de I'électroaimant.

4.3 Conditions électromagnétiques

Pendant la mesure de la courbe de désaimantation, I'induction dans les piéces polaires doit
étre maintenue a des valeurs notablement inférieures a la polarisation magnétique a
saturation, de telle sorte que les faces polaires doivent étre assimilables autant que possible
a des surfaces équipotentielles. En pratique, l'induction magnétique ne doit pas dépasser 1 T
dans le fer et 1,2 T dans un alliage de fer contenant 35 % a 50 % de cobalt.
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La culasse est pourvue de bobines d'excitation magnétique disposées symétriquement, aussi
prés que possible du spécimen soumis aux essais (voir Figure 2). L'axe du spécimen soumis
aux essais doit coincider avec celui des piéces polaires.

Préalablement a la mesure, le spécimen soumis aux essais doit étre aimanté dans un champ
magnetique H,,, pour l'amener a la saturation. La détermination de la courbe de
désaimantation doit alors étre faite en appliquant un champ magnétique de direction opposée
a celui utilisé pour I'aimantation initiale.

S'il n'est pas possible d'aimanter le spécimen soumis aux essais au voisinage de I'état saturé
a l'intérieur de la culasse (par exemple si les exigences des formules (4) et (5) ne peuvent
pas étre satisfaites), alors le spécimen soumis aux essais doit étre aimanté a I'extérielir de
I'éledtroaimant, dans une bobine supraconductrice ou un banc d'aimantation a impulsion.

Les yvaleurs recommandées pour H,,, pour différents matériaux pour aimants-permanents
sont données dans I'lEC TR 62517 [2].

Si lal norme de produit ou le fabricant ne spécifie pas la valeur de|kintensité du champ
magnetique d'excitation H,,,,, il est recommandeé d'aimanter le spécimen soumis aux essais a
saturation avant d'effectuer la mesure de la courbe de désaimantation. Le spécimen sgumis
aux gssais sera considéré comme étant saturé si les relations suivantes sont satisfaites|pour
deux|valeurs H, et H, de l'intensité du champ magnétique d'excitation:

et Hy > 1,2°Hy (5)

ou

Py est la valeur maximale pouvant étre atteinte de (BH),5, €n joules par metre cubg, ou
celle du champ coercitif H g en.amperes par meétre;

P, est la valeur la moins élevée de (BH), 5 €N joules par métre cube, ou celle du champ
coercitif H.g, en ampéres par métre;

H, est l'intensité du champ-magnétique d'excitation correspondant a P,, en ampérep par
metre;

H, est l'intensité duschamp magnétique d'excitation correspondant a P, en amperes par
metre.

Dang le cas particulier ot Hy/H = 1,5, la relation (4) entraine P, < 1,01 P,.

Dang tous les-cas, le processus d'aimantation ne doit pas entrainer un échauffement exggéré
du spécimen soumis aux essais.

5 Spécimen soumis aux essais

Le spécimen soumis aux essais doit étre de forme simple (par exemple un cylindre droit ou un
parallélépipede). La longueur / du spécimen soumis aux essais ne doit pas étre inférieure a
5 mm et ses autres dimensions doivent étre d'au moins 5 mm et doivent étre telles que le
spécimen soumis aux essais et les dispositifs de détection doivent étre inclus dans le
diamétre d, défini en 4.2.

NOTE En raison des valeurs élevées de (BH),,, des matériaux pour aimants permanents a terres rares, la
longueur / dans la direction d'aimantation peut étre inférieure @ 5 mm. Lorsque des spécimens soumis aux essais
d'une telle longueur sont mesurés, I'homogénéité du champ magnétique entre les pieéces polaires de I'électroaimant
se détériore. L'effet de cette détérioration sur les mesures a été rapporté par Chen et al. [3] et peut étre pris en
compte lors de I'évaluation des résultats et, si nécessaire, une contribution peut étre incluse dans l'incertitude de
mesure. A ces épaisseurs, l'influence de I'entrefer augmente également. Par conséquent, I'entrefer est réduit a sa
valeur minimale avec précaution. Puisque les propriétés magnétiques des surfaces usinées du REFeB fritté sont
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