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and their Effects for Motor Applications
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Abstract :

Dy diffused magnets which could reduce Dy content of Nd-Fe-B sintered magnets are well
known as one of the method achieving high performance magnet. We have developed the
demagnetization analysis method using Dy diffused magnets which have graded coercive
force distribution from surface to inside of magnet. In this paper, it is discussed about the
most suitable Dy diffusion methods and magnets using newly developed demagnetization
analysis method and also reports their effects for motor applications.
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2003 — August 2011

Nd (US$/ke) Dy (US$/kg)
700 £ Y & 3,500
Chinese rare earth export ceiling (Thousands of tons) % ‘/$3,21889
600 +— 2006 | 2007 | 2008 | 2009 2010 2011 3.000
1ot 2 | Total 1ot ¢ | Total !
(a) (b) (c) | (b/a) | (c/b)
500 1 61.6]602[474 [501[223]80 [303 [144]157][302 [ 60% [100% 2 500
An additional rare earth ferrous alloy falls under the export ceiling (Effectively a reduction of the export ceiling) '_’ $ 4 6 3 0 6
400 May 2011: An additional 2,000
rare earth ferrous alloy falls
under the export ceiling
300 1,500
-Ng
200 | ~®-Dy - 1,000
100 500
0 - —— \ ————t 0
S © AR @ L0 A L N AN b A ®
e /g © ROIIRNISRY .\0\\.\0\\.\0\\ AN \'\\\\\\\ AT AN
May 2005: Elimination of June 2007: January 2008: Increase in the January 2011: Increase in
the export added price Imposition of export customs rate the export customs rate
tax refund customs duties (Nd 10% to 15%, Dy 10% to 25%) (Nd 15% to 25%)
(Approx. 13% to 0%) (0% to 10%)
Source: Metal-Pages
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Dysprosium (Dy) vapor deposition diffusion method

Conventional Dy diffusion material 5pm

material

The Dy exists The Dy gathers around the
uniformly grain boundary part

i 0
—3200 -2400 -1600 -—800 0
Magnetic field H [kA/m]

Hcd improvement without degrading Br
—Demagnetization heat resistance
improvement

Vapor atmosphere — 1.45
— . ial
=

Pattern diagr_am
(Approx. 5% UP)

___’| Mold H Sinter H Dy diffusion ‘ | i —Making it highly efficient
| o) S N g
= orr 7 " N " n ]
Process |-»(  AE8 L, Swfwe L, 08 12 16 20 24 28

Coercive force HcJd [MA/m]
The process
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Fixture

It is possible to use material high
in Br that is equivalent to HcJ

17 - 3



December 7-8, 2011 JMAG Users Conference 2011

Wy, .
I * The Magnetic Properties of Dy Diffused Magnets Materials Maglc

Hitachi Metals

Coercivity (Ho) (kOe)

14

Remanence (Br)(T)
Remanence (Br) (kG)

12

i~ Perpendiculor
’ =" Pressing

-~ Parallel Pressing

10 10
1000 1500 2000 2500

Coercivity (Ho) (kA /m)

% . Ask the sales supervisor about the quality of these materials

There are times when it is difficult to ensure the above properties due to geometry and
dimensions, so we will set the warranty properties upon consultation.
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The key design point of motors using Dy diffusion magnets is:
Irreversible demagnetization design

Dy diffusion magnets have coercive force (HcJ) distribution in the magnet’ s
interior

~— [Design challenge] N Lo High

Modelization of coercive force
distribution

D Hcd distribution

Demagnetization analysis of
magnets that have HcdJ distribution

=3
Al

=
I
2
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Modelization of Coercive Force Distribution ™', e

It has distribution AHcJ for a depth of & from the diffusion surface.

Dy

Dy diffusion surface

ZHceJ

Depth &

N

s

ﬁoes not turn out like:
i1

The reason is that /HcJ for the Dy introduction
amount does not have linear properties.

+ 800
1 —_
§ 600
2(=1+1) ]
'?)' 400
Even if you join together AHcJ for the depth & from each % 200

diffusion surface
0
K 0

\

0.2
Dy introduction amount

04 06 08 1

It is necessary to calculate the Dy
introduction amount distribution and AHcJ.

m:cmw(
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I Modelization of Coercive Force Distribution " ‘e wetas O
Step 1: Calculate the Dy introduction amount distribution
<Method 1> <Method 2>
Add up the Dy introduction amount Calculate the Dy introduction amount
distribution from each diffusion surface distribution with Fick’ s diffusion equation.
Dy djffusion surface 1 62C 62C 62C oC
Co— DS+t at 2|5
S e #)
- Dy diffusion surface 2 C : Concentration [mass?] o
D : Diffusion coefficient [m?/
— -
Dy diffusion sqrface 3 +
ﬁ
. Dy B Dy
| Mainly used in 2D analysis | Dy f
Dy
Mainly used in 3D analysis |
¢ E
Step 2: Convert to AHcJ distribution <
$
L 4 g
Step 3: Convert to Hed distribution
(Base material HeJ+AHcJ) 0 02 04 06 08 1
Dy introduction amount [p.u.]
8/25 NEOMAX
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Dy diffusion

surface 3

Dy diffusion
surface
3

oy D1t

Magnet
'thicknes
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6 —Dy introduction

Use the depth & — Dy introduction amount and Neumann boundary condition to modelize the Dy introduction
amount distribution

[A diffusion model using the Neumann boundary condition] N

Neumann boundary condition: The boundary condition where the gradient of the
physical amount in the boundary plane becomes zero.

Dy introduction amount

\ Neumann boundary
condition

amount property

Dy diffusion
¥ surface 1

Dy diffusion
surface

_~amount distribution ’
/

Neumann boundary

condition

7
1
/

|/

Dy introduction

A

distributions from each Dy diffusion
surface.

Combine the Dy introduction amount

Dy diffusion

surface g;

+

Convert the Dy introduction amount
distribution from:

Dy introduction amount - AHcJ
properties

To: AHcJ distribution

Y,
9/25 NEOMAX
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Use Fick’ s diffusion equation (Second law) to modelize the Dy introduction amount distribution.
2 2 2
a C 8 C @ C 8C Dy concentration
D 5 + 5 + ) - Diffusion fl distribution
iffusion flux [mass%]
ox* oyt a2t ) ot uson Py
C: Concentration [mass%]
D: Diffusion coefficient [m2/s]
t: Time [sec.]
I A
>
€
< Analysis input> a
@ Time 5
@ Diffusion flux §
@ Diffusion coefficient ;
(Concentration dependence) £
a
t Fix the Dy diffusion conditions ‘ Ooncentrtion G [maes]
and identify them in advance. The diffusion coefficient accounts for
concentration dependence.
10/25 NEOMAX
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Magnet dimensions: 5(M) X 30 X 30

100 200 300 400 500 600 700 800 900 [kA/m]

(a) 2D (Method D) (b) 3D (Method @)

HeJ distribution comparison (Contour)

2D 3D O Measureme: nt.
T T T
< < <
S oL N N
L |
-30 -20 -10 00 10 20 30 -30 -20 -10 00 10 20 30 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Location (mm) Location (mm) Location (mm) Location (mm)
(a) Line D (b) Line @ (c) Line ® (d) Line @
ZHcJ distribution comparison (Line)
11/25 NEOMAX
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Ex.: Nd-Fe—B sintered magnet, demagnetization occurring at 100°C

Compute the post—demagnetization magnetic properties on an M—H curve, and input them
by converting the analysis to a B—H curve.
M

A

i (During no-load Pc)

1. Calculate the Pc and operating point A when

there is no load (20°C)
2. Calculate the demagnetic field and operating

ITemperature point B when there is no load (20°C)
3. Calculate operating point C at 100°C

E ) coefficient
v 4. Calculate the equivalent M-H curve @ at
H 100°C
f 5. Modify M-H curve D’ s Br, HeJ with the
20°C _: temperature count, and calculate M-H curve @
i at 20°C.
-
H < :
D — D ——
Temperature Demagnetic field
coefficient
By recording the no—load Pc and the demagnetic field, it is possible to
handle arbitrary magnetic properties (Br, HcJ, temperature)
12/25 NEOMAX
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[The temperature coefficient B of the coercive force is dependent on the absolute value of the coercive force.]

Dy diffusion magnets have coercive force distribution in their magnets’ interiors, so
the coercive force’ s temperature coefficient 8 also has distribution.

&

[ Use an approximation function and calculate 8 for an HcJ of your choosing.]

HeJkA/m]
500 1000 1500 2000 2500
0 : ; :
-0.1 F 3 |
! O  Catalog list value
-02 - - — 2"d approach 0 f--—---—--——-———-
L % Dy diffusion material
-03 : 1

The coercive force’ s temperature coefficient

13/25 NEOMAX
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- S - Motor Specifications
Gl —— . o
2 . & Rotor material quality 35A360
A Stator material quality 35A360
Shaft material quality S45C
Coil Turns [turn/coil] 115
specs Connection 3 phase Y connection
3 series/phase
Drive method Sinusoidal current
Evaluation | Turns [rpm] 1000
. . points
Motor dimensions Current [A] 8
Current phase [deg.] 30
angle
Torque [Nm] 10.1
900 6.0
800 [ eeees bomooolooo % 50 : :
Dy diffusi 0 F— iffusi --
\E 600 i i *g 40 i i
£ 500 o € 40 -
3 400 ‘ s~ ‘
T 2
J 300 320
o
200 2
£10 F
100 2
0 L L 0.0 I ! ! L
0 2 4 6 8 10 0 2 4 6 8 10
Depth & [mm] Depth & [mm]
14/25 6 -HcJ properties & -Dy introduction amount properties NEOMAX
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-

soo 1000 [kA/m] ’
From above the external diameter From below the internal diameter
L ZHcJ distribution )
( N\
0 400 600 800 1000 [kA/m]
2D model 3D model (Axial direction center section)
ZHcJ distribution comparison
15/25 WEOTIAX
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s

wE—— T — ——

Thermostatic oven

Load motor (Induction machine)
| pram— - ﬂ I‘. s

Torque meter

[Possible measurement range)
Max. output :3.7[kW]
Max. rotation :3000[rpm]
Max. torque :23[Nm]
Temperature :Room temp—300*[°C]

% : Limited by motor parts (Coil, insulating members,
adhesives)

16/25 NEOMAX
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Demagnetization evaluation temperature [°C]
0 20 40 60 80 100 120 140 160
0 T
_
2
S 2
K -3 Measurement A\ o N
2
s 4 F Analysis 2D Base material
§ I Analysis 3D
: -6
§ o b ® Measurement °
s Analysis 2D Dy diffusion
§ -8 material | 9 "\
9 F — Analysis 3D
-10 Motor demagnetizing ra;:io: Tlhe reduction ra‘te of the rated
torque at normal temperature
Motor demagnetization property comparison
2% demagnetization temperature comparison
Base material Dy diffusion material
Measurement E Analysis 2D i Analysis 3D | Measurement E Analysis 2D E Analysis 3D
Motor 2% demagnetization 100 ! 92 1 101 122 i 113 ] 124
temperature [°C] i 1 i )
T T T T
Analysis error [°C] - i -8 ! +1 - ! -9 i +2
The error is within 10°C in 2D analysis
Analysis precision improvement in 3D analysi
17/25 alysis precisio provement in 3D analysis NEOMAX
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Upper/
lower
surfaces

Both

Ends

Al

——-
Base surfaces

Demagnetization evaluation temperature [°C] 0 2 4 6 8 10 0 100 200 300 400 500 [kA/m]

_ 80 100 120 140 160 180 200 [ —
&
2 0 ae® o
- — —
2
N 4
®
c — .
2 6 No-load Pc Demagnetic field
§ - J
=}

-10

Dy diffusion material
Base material
Both ends Upper and lower planes All surfaces

HeJ distribution

0 560 [kA/m]
B H

Br reduction rate distribution
during 2% demagnetization

Dy =

0 10 [%]

~y o~

(124°C)

Ny o

(131°C)

(158°C)

2y &=

(160°C)

tt

() :2% demagnetizing
temperature

+24[°C] -3[°C]

18/25

[l With Dy diffusion in only the ends, there isn’ t much benefit from demagnetization heat resistance improvement.
[l The benefit from upper/lower plane or circumference diffusion demagnetization heat resistance is large

| The difference in demagnetization heat resistance between upper/lower plane and circumference distribution is
3°C (2.75mm thickness)
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Analysis that changes the magnet thickness of an IPM motor used for analysis precision verification

Motor size: ¢ 175 % 35 ——— e — O PP/ Al
. . Ends lower surfaces
Magnet dimensions: 5.0(M) X 11.8 X 35 surfaces
Demagnetization evaluation temperature [°C]
80 100 120 140 160 180 200
s 0 —
_.:%i _2 _______________________
R S R . |
N ;
R S B
f=4
§ _8 777777777777777777777777777
O
_ 8 —10 Lememceeoocboio
Analysis model
Dy diffusion material
Base material
Both ends Upper and lower planes All surfaces

HcJ distribution

I I e o o s

Br reduction rate

distribution during 2%
demagnetization
0 10 [%]

W (150°C) (158°C) (172°C) (177°C) () :2% demagnetization
I 11 I temperature
+22 [°C] -5 [°C]
Even if the thickness is 5mm, the difference in demagnetization heat resistance between ’
19/25 upper/lower surfaces and all surfaces is 5°C. NEOMAX

Iﬁ Design Example (IPM Motor) Materials Mag!c

~— [Motor specs] ~N
External diameter ¢ :110[mm]
Rated current density :5[A/mm?]
torque :2.39[Nm]
rotation :6000[rpm] (Base rotations)
Max. current density :10[A/mm?]
torque :4.53[Nm]
Max. line voltage :160[V]
\_ Demagnetizing ratio: 140°C @ 10 [A/mm?Z], B=90° with torque reduction below 1% )

~— [A motor using normal materials] - N

Motor body . ¢ 110% 33[mm]

Magnet material : NMX-43SH
(Br=1.305[T], HcJ=1671[kA/m]) 8 |

Magnet dimensions: 2.5(M) X 25 X 33 [mm] &

Rated torque : 2.39 [Nm]

Max. torque : 453 [Nm]
L Demagnetizing ratio: 0.0 [%] y
20/25 NEOMAX
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—

[ Applied diffusion conditions]

800

700
Calculate with Dy diffusion material E’ s diffusion

900

E 600
conditions < 500
. . 2‘400 r
Dy diffusion from all surfaces ] J300 |

200 |

[
|
[

100 |

The magnet section geometry is the same as a 0

normal material

]

.

2.5(M)

[«

6
Depth & [mm]

6 - HcJ properties

0 200 400 600 800 1000 [kA/m]
[ SRS
| 2 :
o _

HeJ distribution

—

[Base material selection]
Make the base material NMX-48BH (Br=1.390[T],

HcJ=1114[kA/m]) from the demagnetization specifications.

Normal material 0 5 10 15 20
(NMX-48BH)
1.50
145 | S R
140 F @ - DY diffusion
= No-load Pc
S 185 [ 6.5% UP
1.30 | L] .
125 b Normal material
1'20 ) ) 2\ (NMX-43SH) 0 100 200 300 400 500 [kA/m]
. [ ee—— |
500 1000 1500 2000 2500
Hed[kA/m] = =
Demagnetic field
(10[A/mm?], B =90[deg.])

0 2 4 6 8 101[%

Normal material: NMX-43SH
(160°C)

- -

NMX-48BH+Dy diffusion
(151°C)

Br reduction rate during 2% demagnetization

(10[A/mm?Z], B8 =90[deg.])

\,
21/75
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[ Magnet weight reduction model ]

Axial length reduction from increased Br

(The magnet cross—section geometry is the same)

| Rated current density: 5[A/mm?] |

Normal material (NMX—-43SH)
Axial length = 33[mm]

>

NM

Axial length = 32[mm]

X-48BH+Dy diffusion

Axial length reduction amount: —3%
(= Magnet usage weight reduction amount)

40 \ 100 ! 1
35 oo ——  Normal material: NMX-43SH o5 L
30 ——  NMX-48BH+Dy diffusion _ ‘
E 25 i 90 [aeme ——  Normal material: NMX-43SH
aé_ ?‘5) :g o5 b ——  NMX-48BH+Dy c‘iif‘Fusion
= 1:0 5 | |
05 80 No change in efficiency
00 75 : : : : : :
0 5 10 15 20 25 0 1 2 3 4 5 6 7
Rotation [krpm] Rotation [krpm]
22/25 NEOMAX
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. . Current (iron loss) reduction from increased Br
[More efficient model] . ( ; )
(Axial length is the same)
~— Rated torque (2.39[Nm]) N Max. torque (4.53[Nm]) —
Normal material (NMX— NMX-48BH+Dy diffusion Normal material (NMX— NMX-48BH+Dy diffusion
435H) = 48[A/mm?] 43sH) = 9.6[A/mm?]
5[A/mm?] . 10[A/mm?]
6.0 ; = Normal material: NMX-43SH 6.0 u —— Normal material: NMX-43SH
2 %0 [ 1 [ —— NMX-48BH+Dy diffusion — %0 L | — NMX-48BH+Dy diffusion
Ea0 | : E ‘
930 | | =
g 20 | | g
F 10 . ss==q====- o
0.0 : :
0 5 10 15 20 25
Rotation [krpm] Rotation [krpm]
+0.65[%] +0.09[%] +1.45[%] +0.45[%]
100 | i 100
— 95 F l/.’—' _ 95 |
2 2
= 90 f = 90
> | | | | | > | | | |
2 g5 | | | | | 2 85 F v 4 I I I I
-g ——— Normal material: NMX-43SH -g / Normal material: NMX-43SH
g 80 ¢ —— NMX-48BH-+Dy diffusion £ 80 —— NMX-48BH+Dy diffusion
75 : 75 :
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
\_ Rotation [krpm] ) l\ Rotation [krpm] )
[ B Effects from increased efficiency are big in areas with low speed and large current. ]
23/25 NEOMAX
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[[ncreased efficiency model] Current (iron loss) reduction from increased Br
(Axial length is the same)
——— Rated torque (2.39[Nm]) N Max. torque (4.53[Nm]) ————
160 160
140 140
120 .
= 100 m] Statorllron loss 1?)2 O Stator iron loss
= 80 O Rotor iron loss z O Rotor iron loss
§ 60 W Magnet eddy current loss @ 80 W Magnet eddy current loss|
a0 m Copper loss S 60 = Copper loss
40
20 20
0 0
1 2 3 4 5 6 1 2 3 4 5
Rotation [krpm] Rotation [krpm]
. / U J

[ B Effects are big in areas where the copper loss ratio is large compared to the total loss. ]

24/25
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[l Developing demagnetization analysis methods for motors that use Dy diffusion magnets

1. Calculate the Dy introduction amount distribution, and convert it to the coercive force increase
amount /HcJ
<Method 1.>
Compute the Dy introduction amount properties from each diffusion surface and add them up
(Mainly used in 2D analysis)
<Method 2.>
Use the diffusion flux conditions and concentration dependence diffusion coefficients to calculate
the Dy introduction amount distribution with Fick’ s diffusion equation (Mainly used in 3D analysis)
2. Demagnetization analysis that accounts for the temperature coefficient of the coercive force, and

not just the coercive force distribution
Motor demagnetizing ratio analysis accuracy is within 10°C for 2%
demagnetization temperature

B Comparing the Dy diffusion plane and the motor demagnetizing properties

« Even when using Dy diffusion to increase HcJ in places that are demagnetized with normal materials,
effects from improvements in motor demagnetization heat resistance are small.

Dy diffusion from the magnetic pole surfaces or the all surfaces produces large effects from
improvements in motor demagnetization heat resistance.

(In model studies, the difference in demagnetization heat resistance between magnetic pole surfaces
and all surfaces diffusion is about 5°C in a thickness of 5mm.)

I Studying outcomes when applied to an IPM motor

« When setting the demagnetization heat resistance, we were able to use material that was 6.5% higher in
Br with Dy diffused magnets when compared to normal material.
—We were able to confirm the outcomes of reducing magnetic weight and of improving efficiency.

25/25 NEOMAX
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