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Table 1 — The recommended internal magnetizing field strengths, H,,,,, to achieve

complete saturation for
the final heat treatment

modern permanent magnets, starting from the initial state after
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MAGNETIZING BEHAVIOUR OF PERMANENT MAGNETS

FOREWORD

009(E)

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To

this end and in_addition to other activities

IEC publishes International Standards, Technical Specifications,

Techpical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred te
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The text of this technical report is based on the following documents:

Enquiry draft Report on voting
68/377/DTR 68/384/RVC

ee 68:

Full information on the voting for the approval of this technical report 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.


https://iecnorm.com/api/?name=8873704310a488b86fc8bd2917b9a3f8

TR 62517 © IEC:2009(E) -5-

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

+ replaced by a revised edition, or
*+ amended.

A bilingual version of this publication may be issued at a later date.
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INTRODUCTION

The full performance of a permanent magnet can only be obtained if it is magnetized properly
to saturation. In IEC 60404-5 a definition of the saturation of a permanent magnet is given.
Accordingly, a magnet is defined as saturated at a magnetizing field strength H; if a 50 %
higher field strength leads to an increase of (BH),,,4 or H.g of less than 1 %. However, such a
definition cannot explain the substantial differences in the magnetizing behaviour of modern
permanent magnets which is mainly determined by their coercivity mechanisms. Unfortunately
the variety of magnetizing behaviours cannot be accommodated by a simple recommendation
such as “magnetize with magnetizing field strengths of three to five times the coercivity H;".
In particular for RE permanent magnets with high coercivity H_, this simplification would lead
to unacceptable overestimations of the required magnetizing field strengths.
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MAGNETIZING BEHAVIOUR OF PERMANENT MAGNETS

1 Scope

It is within the scope of this technical report to describe the magnetizing behaviour of
permanent magnets in detail. Firstly, in Clause 3 the relationship between the applied
tic field strength and the effectively acting internal field strength is reviewed. In Clause
initial state prior to magnetization is discussed. Then, in the main Clause 5, the

magne
4 the

magne
subdiv
sintere

d Ferrites, RE-Fe-B and SmCog magnets, the pinning type for carbon)stelel and

Sm,Cqa47 1 magnets and the single domain type for nano-crystalline RE-Fe-B, Alriico and Cr-

Fe-Co
magne

2 Ef

magne
streng
assem
the loa

(1):

N dengtes the demagnetization coefficient and J the polarization of the magnet material.

Most 4
capacit
long, i
large

magnets. Finally, the recommended magnetizing field strengths for medern pernanent
s are compiled in a comprehensive table.

fective magnetizing field strength

is the critical parameter. The internal field strength §s‘determined by the appli¢d field

For mlgnetization of permanent magnets, the internal magnetic field strength H,.|in the

Happi @nd the self-demagnetizing field strength Hjemaq Of the magnet or the magnet
Dly. ‘|phe self-demagnetizing field strength depends/on the dimensions of the magnet or
d line of a magnet assembly and the polarization of the magnet material, see equation

H.

it =H H N-J/ g (1)

appl — Hdemag = appl —

dvanced magnets are magnetized by a short pulse field, achieved by dischafging a
or bank through a copper coil. The duration of the field pulse must last suffijciently
order to overcome the-eddy currents at the surface of the magnets, in partictilar for
locks. In general,Va ‘pulse duration of 5 ms to 10 ms is sufficient for cgmplete

penetration. The penetration depth 1, see equation (2), depends on the electrical res|stance

o, the permeability y 6f the magnet material and the frequency f of the field pulse [1]2:

K denotes a constant.

Preferably, magnets will be magnetized after assembly, since handling of unmagnetized
magnets is easier and prevents contamination by ferromagnetic particles. In addition chipping

of mag

1 The
trans

net-edges due to the mutual attraction of magnet parts is avoided.

composition SmyCo47 is used as the generic name for a series of binary and multiphase alloys with
ition elements such as Fe, Cu and Zr replacing Co, see also IEC 60404-8-1; 2" edition 2001.

2 The figures in brackets refer to the Bibliography.
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tial magnetization state

For nucleation type ferrite, SmCo5 and REFeB magnets, the initial state prior to magnetizing
is usually the state after the final heat treatment, i.e. after sintering. This state shows no net
remanent magnetization and is often called the thermally demagnetized, or virgin, state.
Ferrite and REFeB magnets, once magnetized, may be reset to the initial state by heating
them to above the Curie temperature. This will return them to the thermally demagnetized
state without permanent loss of properties. SmCog magnets can be reset to the initial state
only by repeating the full final heat treatment. To prevent chemical changes which can lead to
surface damage and permanent loss of properties, rare earth magnets shall be protected in
an inert atmosphere during this procedure.

For an
temper
magne
slowly
type m

4 Mg

4.1

The m
mecha
divided
magne
domair

sotropic Alnico and CrFeCo magnets, where heat treatment in a magnetic (fig
ing are involved, some residual magnetization may remain in the magnets.
s may be completely demagnetized from any degree of magnetization by app
reducing alternating magnetic field. The same holds for any pinning ,0n single

gnetizing behaviour of permanent magnets

Seneral

agnetizing behaviour of permanent magnets is closely related to their co
nisms, therefore they need to be discussed. Mgdern permanent magnets n
into three groups with respect to their coercivity mechanism. The p
ization behaviour for these groups, the nucleation type, the pinning type and the
particle type is illustrated in Figure 1.

SmyCo47 magnet,
Sintered Hcy = 800 kA/m

anisotropic -
Nd-Fe-B
magnet 1,0 =

Polarization in T ———p
k=)
Polarization in T ———

agnet such as Sm,Co4; and rapidly quenched or HDDR-treated REFeB 'magnets|

Id and
These
lying a
Homain

ercivity
hay be
fincipal
single

0,5 0,5
Rapidly
< solidified -
Nd-Fe-B
- ribbon r
i A /szCow magnet,
. d Hgy =2 070 kKA/m
0,0 | N B BN B [ BN B B R 1
0 500 1000 0 1000 2000 3 000
Field strength H in kA/m Field strength H in kA/m
B IEC 523/09 _ IEC 524/09
(a) (b)

a) Nucleation-type anisotropic RE-TM magnets, for instance sintered Nd-Fe-B or SmCog
magnets, or single domain particle type isotropic nanocrystalline RE-TM magnets, for
instance rapidly solidified Nd-Fe-B ribbons

b) Pinning-type RE-TM magnets, for instance Sm,Co,; magnets with coercivities H; of
800kA/m or 2 070 kA/m, respectively.

Figure 1 — Principal magnetizing behaviour of RE-TM magnets after final heat treatment
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4.2 Nucleation type magnets, sintered Ferrites, RE-Fe-B, SmCo;
4.2.1 General

The commercially very important sintered Ferrites, RE-Fe-B and SmCog magnets are
nucleation type materials. In the following discussion, the magnetization behaviour of
nucleation type magnets will be discussed using anisotropic sintered RE-Fe-B magnets as an
example.

4.2.2 Initial magnetization curve after final heat treatment

For nucleatlon type magnets such as smtered Ferrrtes and Rare Earth Transmon Metal (RE-
TM) mepgnrets—bases ~ oF; rS—ce ote—rmagne g¢pmains
after fnal heat treatment The magnetrc domams are separated by domam waIIs which can
move gasily within the grains, so that the polarization increases steeply, even-in small
magnetizing fields, see Figure 1 a) [2]. For sintered RE-Fe-B magnets, a polarization of about
95 % df the saturation polarization results even after magnetizing with a small magretizing
field stfength of about 200 kA/m.

4.2.3 Approach to saturation after final heat treatment

The pqlarization decreases, once a low magnetizing field is removed, since no sigpificant
coerciity H., has been developed. In the multidomain graips,’the domain walls are [free to
move lack toward their original positions, to minimize thecmagnetic stray field energy, see
Figure |2.

Magnetizing field strength Hpmag in kA/m 15

1600

Polarization Jin T ———Jp»

-1 500 -1 000 -500 0 500

‘— Magnetic field strength in kA/m

IEC 525/09

Figure 2 — Magnetizing behaviour of sintered Nd-Dy-Fe-B magnets
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The demagnetization curves J(H) were measured on different samples, each in the state after
the final heat treatment, after magnetization by the indicated field strengths Hmag. For
complete magnetization an applied field of 2 000 kA/m is recommended.

Magnetization by a field strength of about 500 kA/m saturates some grains, resulting in some
coercivity. Such grains do not contain domain walls anymore. Since most of the grains are still
multidomain, the J(H) demagnetization curves of such partially magnetized magnets show a
very poor squareness, see Figure 2.

To saturate a nucleation type magnet after final heat treatment, all domain walls within every
single grain must be removed. To achieve this, the internal field strength must become

positiv occur
at the |grain edges [3,4]. The magnitude of the local stray fields can be estimatedCfrpbm the
following equation:

Hiocal = — Nett /g (3)

J denptes the polarization of the magnet material and Ny presents an effective
demagpetization coefficient, which depends on the local microstructure. In practice, Ny can
be of the order of two [4]. As a result, perfect saturation requires,a magnetizing field sfrength
of at lefast twice the saturation polarization Jg (divided by ) of/the’magnet material [4(5]. For
the RE-Fe-B magnet shown in Figure 2, complete magnetization requires a strong internal
field sfrength of more than 1 600 kA/m. In that case, nearl§)every grain is saturated:| hardly
any grains contain small reversed domains.

In cong¢lusion, the internal magnetizing field strength for complete saturation of anigotropic
nucleafion type permanent magnets after final heat'treatment can be written as

Hmagy = 2Js /1o 4)

where [Jg denotes the saturation polarization of the magnet material. The factor 2 depcribes
the effect of the local stray fields.(as discussed above. It is worth mentioning that the
magnefizing field strength required to saturate such magnets does not depend pn the
coerciity H.; at all, but instead-it-increases with increasing remanent polarization, see|Figure
3 and Reference [6].
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100

;
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40 / /
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IEC 526/09

Figure 3 — Magnetizing behaviour of sintefed Nd-Dy-Fe-B magnets with varioulis
remanence B, and coercivity H_, values after final heat treatment

The ogen circuit flux was measured with-avHelmholtz coil after each magnetizing pulse and
related|to the remanent flux density aften'saturation with 4 780 kA/m.

However, the magnetizing field strength depends on the texture of the magnets, tgo. For
misaligned grains, the effective.magnetizing field strength decreases with the cosing| of the
misalignment angle. Consequently, the required magnetizing field strengths for poorly aligned
magnefs, in particular for isotropic magnets, are higher.

4.2.4 Coercivity mechanism of nucleation type magnets

The cpercivity <mechanism in nucleation-type magnets has been described by the
micromagneticitheory for nucleation of reversed domains [3, 7-10] or by an empiricall model
for the [existence and expansion of nuclei of reversed domains [11-14].

Th ranatyy Lf afnualaot: m-aaneta olid: nt ad-aonica troanio forritac C
ecC FOTVItYy 1715 O Ruereaton ly'JG Tagricts; |||u|uu|||\d SHrterea (AIIIOUI.IU'JIU TCTTItC S, m 05

and Nd-Fe-B magnets, is determined by the nucleation of reversed magnetic domains in each
previously fully saturated grain, since the grains are decoupled magnetically from each other.
Once a reversed domain has been nucleated, it expands and the whole grain is demagnetized
immediately. The minimum volume of such a reversed magnetic domain is proportional to the
domain wall thickness cubed [11,12]. In general, nucleation will occur at crystal defects,
where the magnetocrystalline anisotropy is reduced or at edges of grains, where strong local
stray fields assist the nucleation.

There is a dominant impact of the microstructure of a magnet on the coercivity H.; in these
magnets. Besides having a high anisotropy field strength H,, the coercivity H;; depends on
local demagnetizing stray fields, which are described by an effective demagnetizing
coefficient Ny [3, 8, 10, 16], see equation (5).

HCJ = C'HA - Neff.J/IUO (5)
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The anisotropy field strength, H, , is the field strength required to saturate the magnet
material perpendicular to its easy magnetization direction, J is the polarization of the magnet
material, ¢ is a factor describing the decoupling of neighbouring grains and Ny is an effective
demagnetization coefficient, which depends on the local microstructure.

4.2.5 Reversing the magnetization after magnetic saturation

The magnetizing behaviour of nucleation type magnets which have been demagnetized by a
magnetic field may differ considerably from the state after the final heat treatment described
in 4.2.2 and 4.2.3. If the coercivity H;; of the magnet is small compared to the corresponding
magnetizing field strength, e.g. H_; < Jg /1y, then multidomain grains may be formed during
field demagnetization. Then, the reversing behaviour of field demagnetized magnets is similar
to that jof magnets after the final heat treatment, see 4.2.3.

120

BlugH = 1,17

100 %WH—D—Q—(F
80

£ 60 // /‘ / —W-Br=140T |
. f ;{ Hg&= 1180 kA/m
S 40 |
[0]
C
: /
5§ 20 / / / =O—Br=135T =
I | Hoy=1500kAMm |
[ ] 7
g -20 -
8 / / / —A—Br=127T
2 40 Hey = 1790 kA/m ||
: rr
X _60 L
50 / / ;! —O—Br=121T
- Hoy=2 440 kAIM [
~100 |
~120
0 1000 2000 3000 4000 5000 6000

External magnetizing field strength (kA/m)
IEC 527/09

EFigure 4 — Magnetizing behaviour of sintered Nd-Dy-Fe-B magnets
with various remanence B, and coercivity H.; values after magnetic
saturation in the reverse direction

The open circuit flux was measured with a Helmholtz coil after each magnetizing pulse and
related to the remanent flux density after saturation with 4 780 kA/m.

But, if the coercivity H.; is higher compared to the magnetizing field strength, e.g.
H.y > Jg 11, the individual grains will be completely reversed upon demagnetization and no
multidomain grains will be formed. The magnetic field strength necessary for reverse
magnetization will then be proportional to the coercivity H;;. Generally, for field demagnetized
nucleation type magnets, the magnetizing field strength should be at least twice the coercivity
H.,, see Figure 4.

This behaviour is most pronounced for sintered anisotropic SmCos magnets. Because of the
relatively low saturation polarization, about 1,1 T, an internal magnetic field strength of
1 600 KA/m is sufficient to saturate a magnet after the final heat treatment. After field
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demagnetization, however, magnetic field strengths of up to 8 000 kA/m are required for
complete resaturation, see also Figure 7 and Figure 8.

4.3 Pinning type magnets, Sm,Co,;

4.3.1 General

In pinning type magnets the domain walls are pinned at phase boundaries, precipitates or
planar crystal defects [2]. The old carbon steel magnets and modern Sm,Co,; magnets are
examples of this behaviour. The magnetization behaviour of pinning type magnets is
discussed below for the latter material only.

2000

750 Magnetizing
field strength
Hmag in KA/m

Polarization\Jhin T.

-2 P00 -1 500 —-1.000 -500 0 500 1000 1500 2000

Magnetic field strength in KA/M = =————y
IEC 52B/09

Figure 5 — Magnetizing behaviour of sintered Sm,Co,; magnets
with a coercivity H_; of about 800 kA/m

The demmagrnetizatiom curves S(H)were measured-om differenmtsamptes, eachimthestate after
final heat treatment, after magnetization by the indicated field strengths Hmag. For complete
magnetization an applied field of 2 000 kA/m is recommended.

4.3.2 Initial magnetization curve

In pinning type magnets, domain walls are nucleated easily. Therefore, in order to magnetize
a pinning-type magnet, the domain walls must be removed from the pinning sites, requiring
magnetizing fields larger than the pinning field strength, see Figure 1 b). However, in some
magnet materials, the pinning field strength is not well-defined, for instance in Sm,Co,;
magnets with coercivities H.; above 1 600 kA/m, see Figure 1 b). To saturate these magnets,
a magnetizing field of at least twice the coercivity H,, is needed. Since Sm,Co,; magnets are
produced with a wide range of coercivities H,,, the required internal magnetizing field strength
may vary from about 2 000 kA/m to more than 4 000 kA/m.
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4.3.3 Approach to saturation

Magnetization of pinning-type magnets, for instance sintered Sm,Co,; magnets with
coercivities H;; in the range of 600 kA/m to 800 kA/m, needs an internal magnetizing field
strength strong enough to overcome the pinning forces. If a small magnetizing field is applied
to such a magnet, the magnetic domain walls are not moved and there is only a negligible
increase of the polarization, see Figure 5. If it is magnetized with 750 kA/m, which is in the
order of its coercivity H_, it will reach a remanence of about 60 % of its saturation value. But
in contrast to partly magnetized nucleation type magnets, the demagnetization curve already
shows a good squareness. This is because pinning type magnets never contain freely
moveable domain walls. The domain walls are always pinned, irrespective of how the actual
magnetization state has been achieved. As a result, pinning type magnets, irrespective of

their ceereivityH-—are—very-wel-stitedforadiusting—toa—veryrarrew+anrge—oeffhnyalues,
either py incomplete magnetizing or by partial demagnetizing. For nucleation type‘.imagnets
like Nd-Fe-B and SmCog this holds only for grades with high coercivities H, in particular with
H.y > 4-Jg 11y, if they were properly saturated at the beginning of the adjusting,procedufe.
When {he internal magnetizing field is about the same as the coercive field -H,,, domain walls
can be pulled away from the pinning sites and domains with a polarization parallel| to the
magnefic field will grow significantly. Since the strength of the pinning-sites may vary within
the migrostructure, the complete magnetization requires a magnetizing field strength of at
least twice the coercivity H.
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Figure 6 — Magnetizing behaviour of sintered Sm2Co17 magnets
with a coercivity HcJ of about 2 800 kA/m

The demagnetization curves J(H) were measured on different samples, each in the state after
final heat treatment, after magnetization by the indicated field strengths H,,,. For complete
magnetization an applied field of 3 650 kA/m is recommended.
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Sm,Co,47; magnets with high coercivities H;; in the range 1500 kA/m up to 2 100 kA/m
demonstrate a more heterogeneous pinning behaviour. For magnetizing field strengths which
are lower than the coercivity H,,, there is an increase of the polarization up to about a third of
the remanence, see Figure 6. Probably not all pinning sites exert the same pinning strength
on the magnetic domain walls. In fact, in well annealed Sm,Co,; magnets with strong
coercivities H,, it seems that two kinds of pinning sites exist, with different pinning strengths
[17]. The different pinning sites were revealed by the different temperature dependences of
the corresponding coercivities. Increasing the internal magnetizing field strength beyond the
coercive field strength H.; results in a strong increase of the polarization, see Figure 6.
However, complete saturation of Sm,Co,; magnets requires a magnetizing field strength of at
least twice the coercivity H.

4.3.4 Coercivity mechanism of pinning type magnets

Microsgopic models for the coercivity-mechanism of pinning type magnets\\have been
compiled by several authors [15, 18, 19]. Because domain walls are easily nucleated [n such
magnefs, the coercivity mechanism is only determined by the pinning of thendomain walls at
phase poundaries or precipitates. As a result, there is no difference between the magretizing
and the demagnetizing behaviour of such magnets. In particular, thére is no difference
betwegn the required magnetizing field after the final heat tréatment and aftgr field
demagpetization, compare the Sm,Co,; grades in Figure 7. In.contrast to this, it |is also
evident from Figure 7 that nucleation type SmCog magnets are/quite easy to magnetize from
the stafte after final heat treatment but are much harder to magnetize after reverse magnetic
saturatjon, see also 4.2.5.
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Figure 7 — Magnetizing behaviour of sintered Sm-Co magnets with various remanence
Br and coercivity HcJ values, left: after final heat treatment and right: after magnetic
saturation in the reverse direction

The open circuit flux was measured with a Helmholtz coil after each magnetizing pulse and
related to the remanent flux density after saturation with 4 780 kA/m.
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4.4 Single domain particle magnets

4.4.1 General

In single domain particle magnets, the size of the magnetic grains or cells is comparable to,
or smaller than, the corresponding single domain diameter. Within these grains, no domain
walls can exist at all. The magnetization of these cells can only rotate towards the direction of
the applied magnetic field and, at a certain critical field, the magnetization of the whole grain
jumps into the direction of the applied field. Alnico, Cr-Fe-Co and nano-crystalline RE-Fe-B
magnets prepared by rapid quenching or the HDDR process [20] belong to this type of
magnet.

In nanjo-crystalline Nd-Fe-B magnets, for instance isotropic magnets made_from |rapidly
solidified Nd-Fe-B ribbons, there is only a gradual increase of the polarizatien from the
thermally demagnetized state, see Figure 1 a). The polarization of the individual grains must
be rotgted against the magnetocrystalline anisotropy towards the directiop'6f the magrjetizing
field. In principle, saturation of isotropic magnets will need a magnetizing-fiéld strength|similar
to the fanisotropy field, at least for the grains which are misaligned{by 90°. In practice, the
requiregd magnetizing field to complete saturation of such magnets issabout three to five times
the coercivity H.,, see Figure 8. Similar to the pinning type magnets, there is no sigpificant
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4.4.3 Alnico and CrFeCo magnets

In Alnico and CrFeCo magnets, the coercivity H,; is determined by the shape anisotropy of
the ferromagnetic Fe-Co rods in a non-magnetic matrix. The coercivity H_, is proportional to

the difference between the demagnetizing coefficient N| parallel to the easy axis and N_L
perpendicular to the easy axis of the individual Fe-Co rods, see equation (6).

Hey= f(a)-( Ny= No)-J/sg (6)
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f(g) denotes a distribution function, which takes into account the non-ideal alignment of the
easy axes of the Fe-Co rods [21]. For the case of non-interacting uniaxial single domain
particles, f(q) amounts to 0,5.

For these magnets, the individual Fe-Co cells are magnetized either parallel or antiparallel to
their respective easy axes. Magnetizing or demagnetizing of this type of magnet always
means that the magnetization of reversely magnetized cells is rotated against the shape
anisotropy into the direction of the applied field, irrespective of how the initial magnetization
state was achieved. As a result, the magnetizing field strength for complete saturation is
proportional to the coercivity H;; of the magnet. For anisotropic magnets, the saturation field
strength is about 3 times the coercivity H.j, while for isotropic magnets it amounts to about 5
times the coercivity H.,. Similar to pinning type magnets, the same field strength is necessary
to reverse the magnetization of such magnets as was required to saturate them after.the final
heat treatment.

5 Canclusions

The mjagnetizing behaviour of modern permanent magnets is strongly dependant jon the
coerciity mechanism. Nucleation type magnets such as sintered<Ferrites, RE-FetB and
SmCoq magnets can be fairly easily magnetized from the initial state after final heat
treatment. Magnetic field strengths of twice the saturation polatizations (divided by ) of the
magnelic material are sufficient to saturate these magnets. However, they may requiré¢ much
higher fields of about twice the coercivity H; for reverse magnetization.

For pinning type magnets such as sintered Sm,Co,; magnets, there is no difference bgtween
the magnetizing and the demagnetizing behaviour: For complete saturation, magnetizing
fields gf about twice the coercivity H,, are required.

Single [domain particle type magnets like fianocrystalline RE-Fe-B or Alnico and CrtFe-Co
magnefs show a similar magnetizing behaviour to pinning type magnets. For anigotropic
magnefs, magnetizing field strengths ofabout three times the coercivity H_, are requfred for
saturation and for isotropic magnets’ magnetizing field strengths of up to five times the
coerciity H,; are recommended.

The recommended magnetizing field strengths, H
given ipn Table 1.

mag for commercial permanent magngts are
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