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Background: About us

Company name

Head office location
Founded

Number of employees

Net sales

Common stock

Daido Steel Co., Ltd.
Nagoya, Japan
August 19t 1916

12,054 (consolidated)
3,347 (non-consolidated)

FY2024: JPY 574.945 hillion (consolidated)
JPY 385.260 billion (non-consolidated)

L Approx. USD3.9 billion
JPY 37,172 million USD2.6 billion

oA

SINCE 1916

Segment

High-performance
materials &

Magnetic materials

Specialty steels 38 % ﬂ

Share of net sales

L
DAIDO ELECTRONICS
Anisotropic Isotropic
hot-deformed magnet Bonded magnet
(Nd-Fe-B) (Nd-Fe-B, Sm-Fe-N)
Features Features
» Heavy Rare Earth Free » Free-form

# High heat resistance
» Radially oriented

- Ring shape
- Plate / Arc shape

Application

Traction motors of HEV
EPS, AC servo

# Various sub-assemblies

- Compression molding
- Injection molding

Application

HDD motor
Sensors for automobile
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https://www.daido.co.jp/en/
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Background: Hot-deformed magnets

v' Melt spinning and hot press / hot deformation processes are critical to the performance of the magnets.

Production process of hot-deformed magnets

Induction melting

0000
O0O0O0

100nm

Melt spinning Crushing Cold press Hot press &

D

Hot deformation

Avg. 250 um

Crystal Grain
20~50nm

|sotropic

Melt spun ribbons

Anisotropic
Hot-deformed magnets

Crystal grains: 200~500 nm

— Optional

Annealing

R

Machining
(Cutting and/or griding)

Textured

o

Conventional
sintered magnet
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Objective and Experimental procedure

v Improve magnetic properties of hot-deformed magnets without heavy rare earth elements.

Induction melting composition / at.% note
I N3 7F€44.C015Ga05Bss  Aiming for high B,
Melt spinning Ndy,,Fe,, Co,5GagsBss  Aiming for a better balance between B, & H,;
| Nd,, sFe,; Co,:GaysB: s  Conventional (for comparison)
Crushing / classification

| device

Cold press Magnetic properties VSM
I Ribbon thickness Coaxial laser displacement gauge

Hot press / hot deformation Microstructure FE-SEM

| *Forward extrusion

Annealing device
“' —— Magnetic properties Pulse magnetometer, DC-BH tracer

Evaluation Microstructure FE-SEM
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Experiments: Optimization of melt spinning process

v Nozzle diameter (d,,), wheel speed (u) and differential pressure (AP) were optimized.

nozzle

melt

d, >

<

velocity boundary layer

H, &/

u

From flow balance conservation,

Q=H-W-u (1)

where, melt flow rate Q [m3/s] is
(Cross-sectional area of orifice, A) X (Velocity of melt, V,)

nd 2
Q=4 4 az - (2)
2AP
V,=c¢, |—+2gh -3
P | Q

: melt flow rate (m?3/s)

puddle i H : thickness of ribbon (m)
+ W width of ribbon (m)
From equation (1) and (2), Thickness of ribbon H is ;U :Wheelspeed (m/s) - i
T 1 A cross-sectional area of orifice (m?)
_____ W____Q_’Z_;____ __@ 'V, : velocity of melt (m/s)
TL’d 2 2AP » d, :nozzle diameter (m)
—— 4+ 2a0h - (4 ' ¢, : velocity constant (-)
4uW p Y (4) ' AP : differential pressure (Pa)
Fig . Schematic image of melt spinning i o melt density (kg/m3)
i g gravitational acceleration (m/s?)
_ i h : height of melt surface (m)
[2] K. Miyazawa and T. Choh, J. Japan Inst. Metals, 47, 8 (1983),pp. 717-723 L.
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Results: Magnetic properties of Nd-Fe-B melt spun ribbons

v" Quenching state was changed by melt spinning conditions

» Optimized : finer and more homogeneous grains . : o
P J J jl> Thickness and its deviation can be

» Over quenched : Partially amorphous > M g
» Under quenched : Coarse grains controlled by optimized melt spinning

1.0
—Under quenched Nd 13.7 at%
—Optimized I 0.9 40 -
—Conventional i 0.8 N=60 Under quenched
—Over quenched E 35 | Max.
07 — T -
iy
0.6 S" 32
S
0.5 S
0.4 S 28 75% N=60
' 0 Median
0.3 g 24t 25% $
o
0.2 C g
oo L
Min. Over guenched
| | | l 1 0.0 16 ' !
-2000 -1600 -1200 -800 -400 O 400 800 Conventional Optimized
H/kA - m
Fig . Demagnetization curves of melt spun ribbons Fig .Thickness of melt spun ribbons
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Results: Microstructure of Nd-Fe-B melt spun ribbons

Grain size measurement of melt spun ribbons SEM observation area Cross section of melt spun ribbon
v Photos of 10 positions in fractured surface Free-Side
v' Grain identification by CNN (U-Net) =
v’ Calculate the circle equivalent diameter of grains . L o _
Left edge Left-center Center  Right-center Right-edge
Conventional Wheel-Side
Left edge Left center Center Right center Right edge
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Results: Microstructure of Nd-Fe-B melt spun ribbons

Grain size measurement of melt spun ribbons Cross section of melt spun ribbon

SEM observation area

v Photos of 10 positions in fractured surface Free-Side
v" Grain identification by CNN (U-Net) =
v’ Calculate the circle equivalent diameter of grains L L o U _
Left edge Left-center Center  Right-center Right-edge
Conventional Wheel-Side
Left edge Left center Center Right center Right edge
S ﬁ ' & o !\ £ .'o'.:"".
- &0‘ ¢ . '=3" » ¢’
s -.

Free side

Wheel side
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Results: Microstructure of Nd-Fe-B melt spun ribbons

Grain size measurement of melt spun ribbons SEM observation area Cross section of melt spun ribbon
v Photos of 10 positions in fractured surface Free-Side
v' Grain identification by CNN (U-Net) =
v’ Calculate the circle equivalent diameter of grains . L o _
Left edge Left-center Center  Right-center Right-edge
Optl m | Zed Wheel-Side
Left edge Left center Center Right center Right edge
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Results: Microstructure of Nd-Fe-B melt spun ribbons

Grain size measurement of melt spun ribbons Cross section of melt spun ribbon

SEM observation area

v Photos of 10 positions in fractured surface Free-Side
v" Grain identification by CNN (U-Net) =
v’ Calculate the circle equivalent diameter of grains L L o U _
Left edge Left-center Center  Right-center Right-edge
Opti mized Wheel-Side
Left edge Left center Center Right center Right edge
gg 3::'...@;. . ‘:é ..‘ - * ":"‘ 'S
. é“_.#;f e .uﬂr;s. ‘:;’;"‘
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Wheel side
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Results: Microstructure of Nd-Fe-B melt spun ribbons

v' The grain size was finer on both the wheel and free side of the optimized ribbon.
v Average grain size of the ribbons was 45nm in conventional ribbons, and 37 nm in optimized one.

Conventional Optimized

Free side

Free side |

(a) Conventional (b) Optimized
80 | 80 |
E 60 £60 |
~ ~
8 8
c 40 240 |
© ©
O o
20 | | —aA—Free side 20 ¢ —— Free side
—0— Wheel side _o- Wheel side
0 0 :
Left < » Right Left < » Right

Fig . Grain size of melt spun ribbons (a) conventional and (b) optimized ribbon

Table. Average grains size of melt spun ribbons

Conventional Optimized
Average grain size 45 nm 37 nm

Standard deviation, o 15.1 11.8

Fig. SEM images of fractured surface of melt spun ribbons (center)
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Results: Magnetic properties of hot-deformed Nd-Fe-B magnets

v' Optimized hot-deformed magnets show a good temperature coefficient of coercivity B.
v Remanence +6% or Coercivity +14% due to the optimization of melt spinning.
Nd -1.0 wt.% Nd -0.4 wt.%

H,;(23°C) — H,;(150°C) 100
= X
(23°C — 150°C) H,;(23°C)

1.6 Hcj [kA/m] B [%/K]
Optimized#1 Nd,3 ;F€5a CO15G205B56 14 Temp.[C] 23 150 150
onventional Nd14.3Febava°‘-5Ga°'585;6 Hot-deformed HRE Free 1725 720 -0.458
Optimized#1 10
Optimized#g Ga. B onventiona : Sinered w/ Dy 1873 648 -0.515
(0] 5256 — intere
Nd1a.1F @ 01572705 Optimized#2 | o wTb 1935 668  -0.516
o 2200
| 08: — 2000 | Sintered, W|th Tb
.E 1800 L Sintered, with Dy
106 < 1600 |
~
1400 |
104 3
T 1200 |
P
% 1 0.2 > 1000
@RT @150C O gpg | Hot-deformed
S (HREE-free)
T, 0.0 © 800 optimized#2
-1800-1600-1400-1200-1000 -800 -600 -400 -200 O 400 P . ! !
e m-
H/KA = m 0 50 100 150 200
Fig. Demagnetization curves of Nd-Fe-B hot-deformed magnets Temperature, 7'/ C

Fig. Temperature dependence of coercivity
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Results: Magnetic properties of hot-deformed Nd-Fe-B magnets

v' Optimized hot-deformed magnets show a good temperature coefficient of coercivity B.
v Remanence +6% or Coercivity +14% due to the optimization of melt spinning.

Nd -1.0 wt.% Nd -0.4 wt.%
1.46
Tb-GDB,
1.6 1.44 Sintered
o?
Optimized#1 Nd13_7Feban_CO1.5630-585-6 1.4 142 1 o \‘0,‘ >« Optimized #1
onventional I\1d14_3‘:ebal,co1-5630-5‘35-6 140 -~ t‘_ ‘——V‘“‘
Optimized#1 10 ~ e N
Optimized#2 onventiona - d 30 | \ g | P
Nd., «F€pal Co,45Ga05Bs6 - d#2 ~ | "0,.
14.1 : Optimize 110 = Br +6% | "’ &,9
' o« 1.36 | A\
- £ | Ve
~ © Nd (0.6) at%
1 0.8 9 1.34 (1.0) WtO;o i .:%o
o i _Optimized #2
1 0.6 S 132 t l,,: N
e SF T Hej +14% "\ &
04 g 130 f o s
1 0. | ¢ Nd (0.2) at%e$
! (o)
@RT @150C 1 02 128 | Conventional HREE-ree /0,
' 12 L hot-deformed magnets *
| | | I | | I OO | | i | | $ |
-1800-1600-1400-1200-1000 -800 -600 -400 -200 O 1.24 -
H/kA + m 500 550 600 650 700 750 800

Coercivity at 150°C, H,; / kA-m-1

Fig. Demagnetization curves of Nd-Fe-B hot-deformed magnets _ _
Fig. Magnetic property map of Nd-Fe-B hot-deformed magnets
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Results: Microstructure of hot-deformed Nd-Fe-B magnets

v" Optimized hot-deformed magnets have a finer and more textured grains than the conventional one.

= Conventional

Free side Coarse grains
AT LT TN
Oy 90,000 ag~ RN

lenionsaratenieiss

I...ﬂ‘.‘i*.r"g"'a. -

‘.‘."‘ A )

Wheel side ‘\ Partially amorphous

Fig. Schematic image of cross section
of conventional ribbon
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Fig. Schematic image of cross section
of optimized ribbon
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Conclusion

» High-performance hot-deformed magnets without Heavy Rare Earth Elements
were obtained by optimization of melt spinning process.

» Although the RE content is low, hot deformed magnets with higher performance
than conventional ones were obtained.

Remanence +6% and Nd can be reduced by 1.0 wt.%
or Coercivity +14% and Nd can be reduced by 0.4 wt.%
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Thank you for your attention !
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