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RARE EARTH SINTERED MAGNETS -
STABILITY OF THE MAGNETIC PROPERTIES
AT ELEVATED TEMPERATURES
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IEC 62518, which is a technical report, has been prepared by IEC technical committee 68:
Magnetic alloys and steels.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
68/376/DTR 68/383/RVC

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.
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INTRODUCTION

SmCog was the first sintered rare earth magnet to be developed (1967) [1]1, followed by
Sm,Co47[2, 3, 4] and Nd-Fe-B [5]. These magnets are used in a wide variety of applications.
Recently, these magnets have been used in higher temperature applications such as in heavy
duty permanent magnet motors. For these high temperature applications, the temperature
stability of the permanent magnet has to be considered along with the design of the magnetic
circuit. This is particularly relevant for the relatively inexpensive Nd-Fe-B magnetic material
which has a comparatively low Curie temperature. The temperature stability of the rare earth
sintered magnets has a critical influence on the reliability of high temperature motors and this
will, in turn, contribute to energy savings in the future.

Therefpre, the subject of this technical report will be of considerable interest)|to the
manufacturers of this type of motor and to the developers of permanent magnet materigls.

1 The figures in square brackets refer to the Bibliography.
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RARE EARTH SINTERED MAGNETS -
STABILITY OF THE MAGNETIC PROPERTIES
AT ELEVATED TEMPERATURES

1 Scope

The scope of this technical report is to describe the temperature behaviour of rare earth
sintered _magnets in detail for use in designing magnetic circuits exposed to elevated
tempenatures. The temperature behaviour of SmCogs, Sm,Co4; and Nd-Fe-B sintered-frjagnets
is desdribed.

The various changes of open circuit flux which can occur due to temperature.are discugsed in
Clausel 4. The long term stability of the magnets is discussed in Clause 5+ The exper|mental
procedures are described in Clause 6. Results of the measurements of theflux loss occurring
at the ambient temperature after heating isothermally at 50 °C, 75 °C;/100 °C, 125 °C, [150 °C
and 20P °C for up to 1000 h are given in Clause 7. The effect of length to diameter ratip (L/D)
of the magnet samples and the influence of H;; on the flux loss were also studied. The(results
are dispussed in Clause 8.

The data in this technical report was provided by the Institute of Electrical Engineers of Japan
(IEEJ) Jand its subcommittees. This data has been gathered from the members of these sub-
commiftees.

The temperature stability correlated with the complex corrosion behaviour and the spin re-
orientation phenomena at cryogenic temperatures will not be given in this technical report.

2 Ngrmative references
IEC 60Pp50-121, International Ele¢trotechnical Vocabulary — Part 121: Electromagnetism

IEC 60P50-151, International Electrotechnical Vocabulary — Part 151: Electrical and magnetic
devicey

IEC 60050-221:1990, " International Electrotechnical Vocabulary — Chapter 221: Magnetic
materials and camponents
Amendment 1\(1993)

IEC 60404-8-1, Magnetic materials — Part 8-1: Specifications for individual materials -
Magneticalty frard materials

3 Terms and definitions

For the purpose of this document, the following terms and definitions apply. In addition, most
of the technical terms used in this document are defined in IEC 60050-121, IEC 60050-151,
and IEC 60404-8-1(the product standard).

31

magnetic flux loss

the reduction due to an external influence, primarily temperature, in the flux of permanent
magnets in a magnetized state, unit of Wb. Three kinds of flux loss, reversible flux loss,
irreversible flux loss and permanent flux loss, are used to discuss the temperature stability of
rare earth sintered magnets.
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3.2

reversible flux loss

a magnetization change which is recovered by the removal of a disturbing influence such as
temperature. Irreversible flux loss is the partial demagnetization change caused by the
temperature changes. The irreversible flux loss is fully recovered by remagnetization.
Permanent flux loss is caused by permanent change in the metallurgical state and is generally
time and temperature dependent. The permanent loss cannot be recovered to the initial
magnetization value by remagnetization.

3.3

uniformity field strength
H,
thlte uniformity field strength (of a magnetically hard material) as defined in [IEC 60050-221-02-
62 (Amendment 1 (1993)) was originally called “knee field” [6]. H, is the negative valug of the
magnetfic field strength when the magnetic polarization of a magnetically hard.matgrial is
brought from saturation to 90 % of the value of the remanent magnetic polarization by a
monotagnically changing magnetic field.

3.4
reversjble temperature coefficient
the reyersible temperature coefficient of magnetic flux is the ercentage changes [in flux
per degrees Celsius by the change in temperature, which is/reversible. The tempgrature
coefficlent is expressed as %/°C. The temperature range “must be stated to make them
quantify. The reversible temperature coefficient of magnetic flux (denoted as o(¢))| is the
quotient of the percentage change of magnetic flux by that\change in temperature:

a’(¢)=(¢9 - ¢ref)/ ¢ref' 1/(9_ eref)

where gy and ¢, are the flux at temperature\d'and 6., respectively.

Generally rare earth sintered magnets-exhibit a non-linear change of flux with temperatpre.

“Temperature coefficient of Bprf(denoted as o(B,))” can be defined from the tempgrature
dependence of B, in the temperature range to have the quantitative values. The tempprature
coefficlent of B, is the quotient of the relative change of B, due to a change in temperature by
that chpnge in temperature:

0(B;)=(Brg— Byref)/Byret Bro™ 1/(0 = Gref)

where |Bg(and B, are the B, at temperature of & and 6, respectively. “Tempgrature
coefficlent.of H,; (denoted as o(H,;))” can be also defined as mentioned above.

The revised evaluation method for temperature coefficients of B, and H,, are given in IEC/TR
61807(1999) in which the temperature dependence of B, and H_, is expressed by a quadratic
function of temperature, see Annex B. To define the “temperature coefficient” the temperature
range must be stated because of the non-linearity of the temperature dependence.

3.5

anisotropy field

Ha

the anisotropy field (denoted as H,) is the field required to rotate into the hard direction or the
field to saturate the material in the hard direction, and it is a measure of the anisotropy. The
relationship between H,, K, (crystalline anisotropy constant) and Mg (saturation
magnetization) is as follows:

u

HA=2KU/MOMS
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4 Classification of magnetic flux loss due to temperature

4.1 Reversible flux loss

The reversible change in the magnetic properties of rare earth magnets as a function of
temperature originates from the change in saturation magnetization. Reversible flux loss is a
magnetization change which is recovered by the removal of a disturbing influence such as

temper

ature.

4.2 Irreversible flux loss

With ir

reversible flux loss, after the removal of the disturbing influence, the magne

ization

does n
change
recove

4.3

Perma

ot return to its original value. Examples of the disturbing influence are temp
s, local temperature fluctuations and magnetic fields. The irreversible flux.loss
red by remagnetization.

Permanent flux loss

nent flux loss is caused by a permanent change in the metallurgical state

generarll‘ly time and temperature dependent. Examples are precipitation and growth, ox

the an
the init

The v
schem
temper
given t

The cu
to 6 °C
temper
recove

Curves
change
recove

When
micros
no lon

ealing effects and radiation damage. The permanent flux@oss cannot be recov
al magnetization value by remagnetization.

erature
is fully

and is
dation,
ered to

prious flux losses mentioned above are shown in Figure 1. The figureg were

btically presented by R. Tenzer [7, 8]. In Figure 1 the magnetic flux densit
ature and demagnetization curves at various, temperatures with a certain load |
b explain the three kinds of losses.

y B vs
jne are

rves in Figure 1(a) apply only for shorttemperature excursions, for example from 25°C

. Magnetic flux density B changes reversibly along a demagnetization curve at
atures. By(25) - B4(0) is calleddhe “reversible flux loss”. This flux loss
red by returning the magnet to room temperature.

arious
s fully

in Figure 1(b) apply for-larger temperature excursions. In this case a part of the flux

will be recovered on cogting, By’(25) - B4'(8). The other part, B4(25) - B4'(25),
red by remagnetization, and is called the “irreversible flux loss”.

he exposure temperature exceeds several hundred degrees Celsius, changes
ructure of the magnet, surface oxidation etc., cause an additional flux loss wh
jer be recovered by remagnetization. By(25) - By”(25) in Figure 1(c) is cal

can be

in the
ich will
ed the

‘permgnent fluxiloss”. The reversible By vs 6 closely reflects the temperature varigtion of
saturation magnetization and remanence. It is commonly approximated by a straight li

is call

“thelreversible temperature coefficient”, see 3.4.

nhe and
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B 25C B
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5 25c_Ar
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d '.\ ——————— B 25
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A
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Temperature

(c) Permanent effect: B,(25) #B,(25)

IEC 382/09

Figyre 1 — Change of magnetic flux density operating on a load line during elevated
temperature’ageing after R. Tenzer (schematic) [7, 8]

5 Laong term ageing-of rare earth magnets

When @ magnetis: newly magnetized and the flux (open circuit flux or its operatinjg-point
inductipn) is observed for a long period of time, a slow decay is found to occur. It usually
follows| a time-function. This behaviour is shown in Figure 2 schematically after K. J. Strnat [9].

The chiange can be separated into three stages First_there is a relatively fast initial flux loss,
ab. This is followed by a long period of increasing stability, marked the “plateau”, bc, during
which there is often a constant irreversible flux loss per logarithmic time cycle on the plateau.
This time dependency of B on the plateau is proportional to log t (t is time) from the result of
the magnetic after-effect which was given by Street et al. [10]. To show this constant flux
change, the “irreversible flux loss per decade” [the flux change per decade (%/decade)] is
used. The irreversible flux loss per decade is the flux loss during the time period ranging from
1 hto 10 h, from 10 h to 100 h or from 100 h to 1 000 h.

At higher temperatures and for some magnets, the flux decline, cd, will later accelerate and is
sometimes catastrophic. This was observed very clearly for rare earth bonded magnets with
an improper surface treatment under harsh environment conditions. For rare earth sintered
magnets only small flux changes were observed. The temperature stability correlated with the
complex corrosion behaviour will not be given in this technical report.
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Initial flux loss: mainly magnetic change,
recoverable by remagnetizing

100 [a Plateau: constant flux loss per logarithmic
\/ time cycle
B (%)
95 Long term instability
c
Y d
Yo "1 10 100 109
Time (h) IEC 383/09

Figure 2 — Long term ageing of rare earth magnets (schematic) [9]

6 Experimental

The dir
D, L: g
mm. T
(P;) fo
ratio of

hensions of the specimens used are 10 mm in diameter.and 12 mm in length (digmeter:

ngth), D=10 mmand L =7 mm, D =10 mm and L =3 mm and D = 10 mm an
ne relationship between length to diameter ratioe™(L/D) and the permeance co¢g
[ cylinders was obtained by Du-Xing Chen et@l."[11]. The permeance coefficiqg
the magnetic flux density, By, to its self-demagnetisation field, Hy, P, = By/uoHy

The initial magnetization was performed with a(pulsed magnetic field of 4,1 MA/m to 4,4
(5,1 T fto 5,6 T). The rise time to the peak.field was longer than 1 ms. The flux (open
flux) was measured with a close fitting pickup coil and a digital integrating fluxmeter. U

speci
fixed a

After n
atmosg

ens were pulled out of the close fitting pickup coil. In this experiment, the c
hd specimens passed through<the coil [12].

neasuring the flux in thevinitial state, specimens were kept in an oven with
here in which the tempeérature was controlled to £1 °C. Specimens were placeq

d [ =2
fficient
nt is a

MA/m
circuit
sually,
pil was

an air
in the

oven af a distance of 150.mm from each other to avoid magnetic interaction. During the long

term sf
the flu
term fl
coeffic

Irrever

ability tests, the(specimens were cooled to room temperature and kept for 1 h

Lx measurement, the measured flux was corrected using the reversible temp
ent.

5ible, flux losses were evaluated with the following equation:

before

measurement.was made. When the temperature changed from 23 °C during the long

erature

where
Ay is

@ is th

A¢i = {(¢ — o)/ #o} x 100 (%)

the irreversible flux loss,

e flux in the initial state, and

¢ is the flux after exposure to the elevated temperature.

Permanent flux losses were determined with the following equation:

A¢per= {(¢remag - ¢O)/¢0} x 100 (%)
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Agye, is the permanent flux loss due to structural changes, and

$remag 1S the flux after remagnetization with a pulsed field of 4,1 MA/m(5,1T).

The temperature coefficient of flux was evaluated by the measurement of temperature
dependence of the flux for the magnets in a furnace with a fluxgate type digital integrating
fluxmeter. A schematic diagram of the measuring system is shown in Figure 3 [13]. To keep
the accuracy in this method, the ambient noise level of the laboratory was evaluated in
advance. In this experiment the noise level was less than +80 mA/m and the signal was

greate
7 mm
(23 °C
from 3
3 °C/m

than TUU A/m. For the measurement ol the TIuX, specimens or TU mm In diame

n length were employed. The specimen was set in the furnace at room temp

—30 °¢—50 °C—30 °C—100 °C—30 °C—150 °C—30 °C).

The te
depeng
temper

dependence on heating cycle from 30 °C to 100 °C.

mperature coefficient of flux determined above
ence of flux on the cooling cycle from 100 °C to 30 °C/to determine the reyersible
ature coefficient in the temperature range from 30 °C-to 100 °C shows thg same

is reversible. The temp

The magnetic properties, B, H.g, H.y and (BH),, 44 at£oom temperature were measur

a reco

temper

magne

temper

magne

ometer was used [15].

Thermocouple

ding fluxmeter after magnetization in a maximdm pulse field of 4,8 MA/m (6,0
ature dependence of the magnetic properties>was measured with a vibrating
ometer (VSM) or a recording fluxmeter with an attachment which could confrol the
ature of a specimen [14]. To measure _coegercivities of higher than 2 MA/m, a pul

er and
erature

and heated up to 30 °C. The temperature cycling procedure was heating\up to 50 °C
D °C at the heating rate of 3 °C/min followed by cooling to 30 °C at the,co06ling
in and heating up to 100 °C followed by cooling to 30 °C and. “so on

rate of
(23 °C

erature

ed with
[). The
sample

se field

Furnace
Fluxgate
i Bl — ] e PC
L1 digital sequnce
fluxmeter control
+
data
calculation
Specimen .
Digital
thermometer
Power
supply for Temperature
furnace controller
Output

IEC 384/09

Figure 3 — Measuring system of open circuit flux utilizing
a fluxgate type digital integrating fluxmeter [13]
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7 Temperature stability

71 Flux change due to temperature

The changes of flux during temperature cycling for SmCog [16], Sm,Co047 [16] and Nd-Fe-B
[17] magnets are shown in Figures 4, 5 and 6, respectively. The magnetic properties of the
magnets employed for this experiment are summarized in Table 1. The maximum exposure
temperatures for SmCos, Sm,Co,; and Nd-Fe-B magnets were 200 °C, 200 °C and 150 °C,
respectively. Flux changes after exposure at an elevated temperature depend on the
temperature, coercivity and the shape of the specimen, L/D for the cylinders. The flux
changes of SmCogz, Sm,Co47; and Nd-Fe-B magnets after exposure to 150 °C are -1,5 %, -
3,5 % and -21,1 %, respectively.

Revergible temperature coefficients of magnetic flux can be determined from\this data.
Revergible temperature coefficients are summarized in Table 2 in which 2 temperature ranges
were sgelected for comparison. The reversible temperature coefficient has a tehdency tq follow
the temperature dependence of saturation magnetization of the magnets. Reversible
tempenature coefficients of magnetic flux for SmCos, Sm,Co,4; and Nd:Fe-B magnets are
-0,05 %/°C, -0,04 %/°C and -0,13 %/°C, respectively in the temperature-range from 3p °C to
100 °C

Table 1 — Magnetic properties of the rare earth magnets employed
for the open circuit flux measurements-to determine
the reversible temperature coefficient of the magnetic flux

Materials B, H.g H_, (BH) ax
T kA/m MA/m kJ/m3
SmCoy 0,888 694 1,62 154
8Sm,Co,, 0,96 605 0,721 181
Nd-Fe-B 1,171 897 1,38 260

Table 2 — Reversible temperature coefficient of the magnetic
flux_determined by temperature cycling

Materials Reversible temperature coefficient of magnetic flux

%/°C (temperature range)
SmCo;, —-0,0527 ~ -0,0538 (30 °C ~ 100 °C) —0,0618 (30 °C ~ 200 °C)
8Sm,Co, s -0,0370 ~ 0,0391 (30 °C ~ 100 °C) —0,0463 (30 °C ~ 200 °C)

Nd-Fe:B —-0,125 (30 °C ~ 100 °C) —-0,142 (30 °C ~ 150 °C)
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Figure © — Temperature dependence of flux _ Figure 7 — J-H demagnetization curves of
for Nd-Fe-B magnet (L/D = 0,7) [17] Nd-Fe-B magnet measured at different
(See Table 1) temperatures [18]

7.2  Effect of temperature on B, and H_,
(demagnetization curves at different temperatures)

The J-H demagnetization curves of a Nd-Fe-B magnet [18] measured at different
temperatures are shown in Figure 7. The temperature dependence of flux for this Nd-Fe-B
magnet is also shown in Figure 6. The temperature coefficient of B, («(B,)) of a Nd-Fe-B
magnet calculated from the data of B, at 20 °C and 150 °C shown in Figure 6 is —0,122 %/°C
which is in sufficient agreement with the reversible temperature coefficient value, —0,142 %/°C,
as shown in Table 2.
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The J-H demagnetization curves at different temperatures of a Nd-Fe-B magnet [18] are
shown in Figure 8. The magnetic properties at 25 °C are shown in Table 3. With the data in
Figure 8 the temperature dependence of normalized B, and H_, for the Nd-Fe-B magnet [19]

can be

obtained. The same procedure for SmCog and Sm,Co47; magnets was followed.
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n

20,95
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£0,9
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Figurg 8 — J-H demagnetization curves of

Nd-}

Figure

Values

of B, a(Lnd H.y ((B,) and a(Hgj)) were calculated and are tabulated in Table 3. The v

(B, f
by the

The no

The o
Sm,Co
precipi

temperatures [19] and Nd-Fe-B magnets [19]

of B,and H_; were normalized from the values at 25 °C. The temperature coef]

r the Sm,Co47 magnetis the lowest of the three materials. This seems to be ex
Curie temperature«f:Sm,Co,; magnets being the highest of the three materials.

n-linearity of the‘temperature dependence of B, and H,; is given in Annex B.

H.,) of.the three materials range from -0,22 %/°C to -0,50 %/°C, and -0,22 %

47,18 the lowest. The coercivity of Sm,Co4,; magnets is controlled by “pinr
ates’. The ao(H,;) value of Sm,Co4; magnets can be controlled by its compositi

IEC 39(¢/09

Figure'9 — Temperature dependenge of
Fe-B magnet measured at different normalized B, and H_; for SmCog, Sm,Co,5

9 shows the temperature dependence of normalized B, and H_; for SmCog, S,Co47
and Ng-Fe-B magnets for which the-“magnetic properties at 25 °C are shown in T

bble 3.
ficients
alue of
blained

/°C for

ing by
on and

heat treatment—On—the—contrary;,—the ot ) of SmCoz—armdt—Nd=Fe=B—magnets—cannot be
changed significantly because of their coercivity mechanism of “nucleation”. The coercivity of
“nucleation” type magnets is determined by the nucleation of a reverse domain after removal
of the domain walls, while the movement of existing domain walls within a grain is relatively
easy [20, 21].


https://iecnorm.com/api/?name=f509bdb8e8718b46d794097007af8159

—16 —

TR 62518 © IEC:2009(E)

Table 3 — Temperature coefficients of B, and H_; for SmCog, Sm,Co0,; and Nd-Fe-B
magnets (temperature range for the coefficient: 25 °C to 150 °C)

Materials a(B,) aH,,) Magnetic properties at 25 °C
%/°C %/°C B, H, (BH) .x
T MA/m kd/m3
SmCoy, —0,042 —0,42 0,964 1,50 179
Sm,Co,, —-0,034 —-0,22 1,085 1,62 222
Nd-Fe-B -0,10 -0,50 1,280 1,86 316

7.3 The time effects at constant temperature (influence of temperature exposure and

/D)

The time dependence of the irreversible flux loss for SmCog [22], Sm,C047 [22] and Nd-Fe-B
[23] magnets for various temperatures is shown in Figures 10, 12 ahd-14, respectively. The
magnetic properties of the specimens are shown in Table 4. The initial flux loss ggnerally
depends on the coercivity, L/D (length to diameter ratio of cylinders) of the magnet and the
exposyre temperature. The initial flux losses for SmCog; magnets range from —-0,46 % to —
2,83 %| after exposure from 50 °C to 150 °C. The initial flux losses for Sm,Co4; magnets
range from —0,16 % to —1,86 % after exposure from 50 °GAo 150 °C. The initial flux logses for
Nd-Fe-B magnets range from -0,16 % to —7,32 % after;exposure from 50 °C to 150 °C| There
is also|a tendency for specimens with a higher initial flux loss to exhibit the higher irreersible
flux logs per decade regardless of material.
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Figure 10 — Time dependence of
irreversible flux loss for SmCo; magnet
exposed at different temperatures [22]

Figure 11 — Time dependence of
irreversible flux loss for SmCos; magnets
with various L/Ds [24]
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exposed at different temperatures [23] 100 h for Nd-Fe-B magnets with various
L/Ds [25]

The time dependence of irreversible flux loss for SmCog [24] and Sm,Co47 [24] magnets with
different L/D values is shown in Figures 11 and 13, respectively. The temperature
dependence of irreversible flux loss after exposure for 100 h for Nd-Fe-B [25] magnets with
different L/D values is shown in Figure 15. As shown in the data, specimens with the lowest
L/D exhibit the highest irreversible flux loss. The lower L/D means that a higher

demagnetisation field is applied to magnets by their own magnetization and a higher
irreversible flux loss results.
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The irreversible flux loss behaviour of rare earth magnets is dependent on H,;, L/D, exposure
temperature and H,, the uniformity field strength (see 3.3), which is a measure for the
squareness of the demagnetization curve. The squareness of the demagnetisation curve is
not considered as a parameter to control the irreversible flux loss in this technical report.

Table 4 — Magnetic properties of the specimens for the experiments to evaluate the

effects of temperature and L/D on irreversible flux loss

Materials B, H g H_, (BH) 1 ax
T kA/m MA/m kJ/m?3

mCo, 0,90 680~ 690 U0,9Z~T,T5 T56~159
Sm,Co,, -1 0,97 530 0,57 187
influence of temperature)
Sm,Co,, -2 1,09 540 0,60 209
influence of L/D)
Nd-Fe-B 1,171 897 1438 260

7.4

The ti

1,19 M
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descril]

heat tr
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mecha
of the

domair

[20, 2
be red

The influence of H_; on the irreversible flux loss for\Sm,Co,; magnets

e dependence of irreversible flux loss for Sm,Ca; 3y 'magnets with H;; = 0,48 MA/m [26],
/m [27] and 1,97 MA/m [28] is shown in Figurés 16, 17 and 18, respectively. Edch plot
ersible flux loss in the figure is the average of two samples. Using the methods
ed in references [2], [3] and [4], H., can be-increased by changes in compositijon and
patment pattern. The magnetic propertiescof Sm,Co,; magnets used in the expgriment
uate the influence of H.; on the irreversible flux loss are shown in Table %. High
ity Sm,Co4; magnets are relatively: difficult to magnetize because of the coprcivity
nism of “pinning”. The coercivity .of\“pinning” type magnets is determined by the pinning
domain walls at the phase baeundary of the precipitate and the further movement of
walls is strongly impeded. by“pinning, while small reverse domains exist at all times
. From the data in Figures. 16, 17 and 18, it is concluded that irreversible flux Iqss can
ced by an increase in cogercivity under conditions which retain the squareness Igvel.

Compdrison of the irreversible flux losses for Sm,Co4; magnets with different H,, is sfjown in

Figure

Increas

to-19
improv

temper

23. The irreversible flux losses shown in Figure 23 are after an exposure for 1000 h.
ing the H_ frem 0,48 MA/m to 1,97 MA/m reduces the irreversible flux loss from|-13 %
b on exposure to 200 °C for 1 000 h. The coercivity enhancement of Sm,Co,; magnets
s the, temperature stability remarkably and the Sm,Co,; magnets show the best
aturestability among the three materials.
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Figure 18 — Time dependence of irreversible flux loss for a Sm,Co,;
magnet with H_; = 1,97 MA/m and L/D = 0,7 [28]
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Table 5 — Magnetic properties of the Sm,Co,, magnets for the experiment to evaluate
the influence of H_ on the irreversible flux loss

No. B, H.g H_, (BH) ax
T kA/m MA/m kd/m3
1 1,05 449 0,48 192
2 1,10 792 1,19 221
3 1,12 818 1,97 232

7.5

The tinpe dependence of irreversible flux loss for Nd-Fe-B magnets with H;; = 1,16.MA/m [30],
1,66 MIA/m [31], 2,17 MA/m [32] and 2,45 MA/m [33] are shown in Figures 19, 2021 and 22,
respectively. Looking at these figures, we see that the magnets with the higher coprcivity
exhibit|a less irrversible flux loss. The coercivity of Nd-Fe-B magnets may be increased by the
substitption of Dy or Tb for Nd; however, there is a subsequent reduction of B, wjth this
substitption. The magnetic properties of the Nd-Fe-B magnets for the-evaluation of the effect
of H., pre shown in Table 6. The H,, improvement is obtained by the<considerable substitute
of othef rare earths with the sacrifice of B,.
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Higure 19 £.Time dependence of

irreversible flux loss for a Nd-Fe-B magnet
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Figure 20 — Time dependence gf

irreversible flux loss for a Nd-Fe-B magnet
with H. ;= 1,66 MA/m and L/D = 0,7 [31]
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The irreversible flux losses were measured after holding The irreversible flux losses were measured after holding
the sample at a certain temperature for 1 000 h.

the sample at a certain temperature for 1 000 h.

Figure 23 — Comparison of irreversible flux Figure 24 — Comparison of irreversible flux
loss for Sm,Co,; magnets with different

HcJ

loss for Nd-Fe-B magnets with different

A comparison of the irreversible flux losses for Nd-Fe-B magnets with different H,; values is
shown in Figure 24. An increase of H;; from 1,16 MA/m to 2,45 MA/m improves the
irreversible flux loss from —43 % to -2 % after exposure at 200 °C for 1 000 h.


https://iecnorm.com/api/?name=f509bdb8e8718b46d794097007af8159

-22- TR 62518 © IEC:2009(E)

At this time the o(H_;) of Nd-Fe-B magnets has not been improved, though investigations
have been made. Magnets with a higher coercivity up to 2,8 MA/m have been developed and
used for high temperature applications.

A summary of the temperature stability graphs is given in Table A.1.

Table 6 — The magnetic properties of Nd-Fe-B magnets for the evaluation of the
influence of H,; on irreversible flux loss measured by a pulse recording fluxmeter

No. B, H_ g H_, (BH) ax H,

| KA/ VIATM KJlmo IVIATM

1,324 980 1,16 324 7507

1,238 934 1,66 287 7,78

1,179 909 2,17 276 9,74

4 1,154 886 2,45 254 9,74

7.6 Irreversible flux loss per decade

The relationship between the irreversible flux loss per decade and the initial flux loss is|shown
in Figure 25. The data in this figure were collected from the~data on the time dependg¢nce of
irrevergible flux loss in this technical report. The valués of the “irreversible flux Igss per
decadq” were determined by a least square fit using irreversible flux loss data for 1 h o 1000
h. Thelirreversible flux loss per decade is dependent ‘én the initial flux loss value, thafis, the
magnefs with the higher initial flux loss exhibit the higher irreversible flux loss per decade.
There |s no significant difference in the irreversible flux loss per decade between the three
materials. The origin of this tendency in the.ifreversible flux loss per decade of the sjintered

magnels has not been clearly understood.

7.7

Permanent flux loss

The pe¢rmanent flux loss of Smy,€o0,; and Nd-Fe-B magnets after exposure at 10
200 °C| for 1000 h is tabulated\in Tables 7 and 8. The permanent flux loss for Sr
magnef ranges from —1,15 % to +0,377 % and sometimes an increase in flux was ob
The pgrmanent flux loss . seems to be due to a change of the morphology of the pre

and/or

oxidation. The penmanent flux loss for Nd-Fe-B magnets after exposure at 10

200 °Cjfor 1000 h ranges from —1,1 % to +0,14 % and seems to be coming from the ox

of R,F

4B (R: rarelearth elements) main phase and the R rich phase. The results are

systemlatic but_absolute values of the permanent flux loss are distributed around 1 §

conclu

The th
t1/2 (t

jed thatimagnets exposed at the higher temperatures exhibit the higher permang

°C to
N2C047
served.
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D) °C to
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not so
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nt loss.

onal to
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consistent with a t1/2 law on the oxidation behaviour of (Nd, Dy)-Fe-B sintered magnets. The
calculated thickness of surface oxidized layer is less than 1 ym after an exposure at 200 °C

for10

00 h.
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NOTE All data in this figure are collected from the figures on time dependence‘ofvirreversible flux logs in this
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Figure 25 — Relationship between irreversible flux loss per.decade and initial flux loss
Table 7 — The permanent flux loss of Sm,Co37 magnets after exposure
for 1 000 h at different temperatures
H_, Permanent/flux loss
MA/n %
Exposed at 100 °C Exposed at 150 °C Exposed at 200 °C
0,48 +0,16 +0,26 +0,04 +0,16 -0,08 +0,012
1,19 -1,08 -1,15 +0,02 +0,03 +0,377 +0,012
1,97] +0,04 +0416 -0,02 -0,01 -0,27 -0,09

NOTE | The specimens were remagnetized after the experiments shown in Figures 16 to 18.

Table 8= The permanent flux loss of Nd-Fe-B magnets after exposure
for 1 000 h at different temperatures

Hey Permanent flux loss
MA/m Y%
Exposed at 100 °C Exposed at 150 °C Exposed at 200 °C
1,16 -0,54 -0,58 -0,17 +0,14 -0,85 -1,10
1,66 -0,41 -0,34 -0,14 -0,30 ++ ++
2,17 -0,01 -0,22 -0,28 -0,55 -0,16 | = -
2,45 -0,21 -0,23 -0,18 -0,68 -0,55 -0,47
++ : Permanent loss increased but exact values were not obtained.
NOTE The specimens were remagnetized after the experiments shown in Figures 19 to 22.
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