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2.2.1.1  

2.1 CIP [2] CIP

Fe(CO)5 Fe CO

 

 Fe(CO)5 → Fe + 5CO (2.1) 

 Fe + CO2 → FeO + CO (2.2) 

CIP
[3]  

 3Fe + 2CO → Fe3C + CO2 (2.3) 

 Fe + CO2 → FeO + CO (2.4) 

 

 

2.1 [2] 
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2.2.1.2  

2.1 CIP CIP

CIP 1 	m

1.6 	m CIP 2 T

 

 

2.1  

Composition wt.% [2] 98.2Fe-0.7C-0.7N-0.4O 

Mean diameter [2] 1.6 	m 

Saturation magnetization 2 T (200 emu/g) measured using VSM 

Coercive force 240 A/m (3 Oe) measured using Coercivity-Meter 

Powder resistivity 0.1 	� m 
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2.2.1.3  

2.2.1.3(1)  

2.2 CIP Field Emission-Scanning Electron 

Microscope SEM SU8000

SEM  

2.3 CIP
[2]  

[2] STEM CIP

2.4 CIP STEM 2.5

2.4 CIP 20 nm

2.5 CIP

CIP

CIP

 

 

 

 
2.2 SEM  
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2.4 STEM [3] 
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2.2.1.3(3) X  

2.7 X X-ray photoelectron spectroscopy XPS

QuanTera
[4]

Magnetite Fe3O4 0 eV

Hematite Fe2O3 3 eV 13 

eV

0 eV
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2.2.2  

EPSON ATMIX Fe-AMO

 

 

2.2.2.1  

2.9

D50 = 2-10 	m
[8]  

Fe-AMO SWAP[9] Spinning Water Atomization Process

2.10

SWAP

Spinning Water  

 

2.9 [7] 

 
2.10 SWAP Fe-AMO [9] 
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2.2.2.2  

EPSON ATMIX Fe-AMO

2-3 	m 2.4 	m

 

2.2 Fe-AMO 2.11 2.4 	m Fe-AMO

Fe-AMO Fe-Si-B-Cr-C Fe-AMO

EPSON ATMIX

10 ppm  

2.2  

Composition wt.% 87.83Fe-6.59Si-2.54B-2.53Cr-0.51C 

Mean diameter 2.4 	m 

Saturation magnetization 1.25 T (142 emu/g), measured using VSM 

Powder coercive force 128 A/m (1.6 Oe) measured using Coercivity-Meter 

Powder resistivity 1.3 	� m 

 

 
2.11  
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2.2.2.3  

2.2.2.3 (1)  

2.12 Fe-AMO Field Emission-Scanning 

Electron Microscope SEM SU8000

SEM

 

2.13 Transmission Electron 

Microscope TEM JEM-2010 2.12 Fe-AMO

5 nm  

 

 
2.12 SEM  

 

 

2.13 TEM  

 

5 µm
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2.2.2.3 (2) X  

2.14 X X-ray Diffraction XRD RIGAKU RINT2200V

Fe-AMO X 2.14 44°

�-Fe (110) X

 

 

 

2.14 X  
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2.2.2.3 (3) X  

2.15(a)(b) X X-ray photoelectron spectroscopy XPS

QuanTera

Fe-2p Si-2p 2.13 Fe-AMO

Fe Si Fe Si X

2.15(a) Fe

2.15(b) Si 2.13

Fe-AMO

 

    

(a) Fe-2p  

 
(b) Si-2p  

2.15 XPS  
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2.2.2.4  

2.2.2.4 (1)  

2.16 Vibrating Sample Magnetometer VSM

BHV-55 Fe-AMO 2.15

Fe-AMO 1.25 T 142 emu/g  

 

 
2.16  
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2.2.2.4 (2)  
Fe-AMO HC-1031

128 A/m 1.6 Oe
[11] 2.12

 
 

2.2.3  

2.3

2 2 T

10

 
 

2.3  
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2.3  
MHz

3

 

 

2.3.1  

Stöber [12] (2.6)

NH3  

 Fe + Si(OC2H5)4 + 2H2O + NH3 → SiO2 on Fe + NH3 + 4C2H5OH (2.6) 

2.17

1500 rpm 30

TEOS

2000 rpm 60°C

60°C  

 

2.3.1.1  

CIP

CIP FE-SEM

X EDX X XRD

VSM Hc

  

 
2.17   
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2.3.1.1.1  

2.4 CIP TEOS Si TEOS

CIP 1 g TEOS

 

 

2.3.1.1.2  

2.3.1.1.2 (1)  

2.18 1070 	l-TEOS/1 g-CIP 320 	l-TEOS/1 g-CIP SEM

2.18(a) TEOS-rich CIP 40-60 nm

2.18(b) TEOS-poor

CIP 20-40 nm

 

2.19 2.18(b) EDX CIP body A CIP

B 2.19 A Fe B O Si

CIP

 

2.20 320 	l-TEOS/1 g-CIP 160 	l-TEOS/1 g-CIP SEM

Si TEOS TEOS

(b)

10-20 [nm]  

 

 

2.4 CIP  
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100 nm

CIP

Silica

 
(a) 1070 	l-TEOS/1 g-CIP  (b) 320 	l-TEOS/1 g-CIP 

2.18 CIP SEM  

 

 

2.19 2.18(b) EDX  

 

  
(a) 320 	l-TEOS/1 g-CIP (b) 160 	l-TEOS/1 g-CIP 

2.20 CIP SEM  
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2.3.1.1.2 (2) X  

2.21 As-made CIP CIP X

CIP X As-made CIP CIP

 

 

 

2.21 CIP X  

  

20 30 40 50 60 70 80

As-made CIP

Silica-coating on CIP

2� [°]

In
te

ns
ity

 [a
rb

. u
ni

t]

�-Fe (110)

�-Fe (200)
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2.3.1.1.3  

2.3.1.1.3 (1)  

2.22 As-made CIP CIP

10 % As-made CIP

2 T 200 emu/g 320 	l-TEOS/1 g-CIP 1.8 T 181 emu/g

160 	l- TEOS/1 g-CIP 1.9 T 188 emu/g

 

 

 
2.22 CIP  
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2.3.1.1.3 (2)  

2.23

TOS7200 Keysight Technologies

HP 4339A

2.24 As-made CIP CIP

CIP 10-20 nm 160 	l- TEOS/1 g-CIP 2.24

CIP

CIP

 

 

2.23  

 

2.24 CIP   
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2.3.1.2  

Fe-AMO

Fe-AMO SEM VSM

 

 

2.3.1.2.1  

2.5 Fe-AMO CIP TEOS Si

TEOS Fe-AMO 1 g

TEOS  

 

2.3.1.2.2  

2.3.1.2.2 (1)  

2.25 Fe-AMO 1 g TEOS Fe-AMO

2.26 Fe-AMO 1 g TEOS

2.25(a) TEM 2.25(b)-(g) SEM 2.25(a)

Fe-AMO 2 1 2.2.2.3

Fe-AMO 2 2.25

2.26 Fe-AMO Fe-AMO 1 g

TEOS CIP TEOS

 

 

 

2.5 Fe-AMO  
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(a) 20 	l-TEOS/1 g-Fe-AMO           (b) 40 	l-TEOS/1 g-Fe-AMO 

 

 

(c) 80 	l-TEOS/1 g-Fe-AMO           (d) 160 	l-TEOS/1 g-Fe-AMO 

 

 

(e) 240 	l-TEOS/1 g-Fe-AMO           (f) 320 	l-TEOS/1 g-Fe-AMO 

2.25 Fe-AMO  
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2.26 Fe-AMO 1 g TEOS  
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2.3.1.2.3  

2.3.1.2.3 (1)  

2.27 2.28

2.27

2.28 70 nm As-atomized 

Fe-AMO 5 %  

 

 
2.27  

 
2.28  
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2.3.1.2.3 (2)  

2.29

70 nm As-atomized 

Fe-AMO 16 %

 

(2.7)  

 
Ku = �

�
�

s
� cos2� [J/m3] (2.7) 

Ku  [J/m3] �s ��  [N/m2]

�� Ms �� �s

0 � Ku (2.8) Ku

 

 
Hc ≈

2Ku

Ms
 [A/m] (2.8) 

 

 
2.29  
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2.3.1.2.3 (3)  

2.23

TOS7200 Keysight Technologies HP 4339A

2.30 As-atomized 

Fe-AMO Fe-AMO

Fe-AMO 8 nm 20 	l-TEOS/1g-Fe-AMO

2.30

8 nm

Fe-AMO

 

 

2.30 Fe-AMO  
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2.3.2  

 

KDF-009G 2.31

 

 

2.3.2.1  

CIP

CIP SEM STEM XRD XPS VSM Hc

 

 

2.3.2.1.1  

2.6 CIP 180-320°C 1-10h

 

 

 
2.31  

 

2.6  
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2.3.2.1.2  

2.3.2.1.2 (1) SEM  

2.32 CIP SEM 2.33

CIP 2.32 CIP

CIP 2.33

6 h

2.34

CIP SEM 2.35 CIP

2.34

260°C

240°C

CIP

200°C ii iii iv  
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(a) 1 h (b) 2 h 

   
(c) 6 h  (d) 10 h 

2.32 CIP SEM 240°C  

 

 
2.33  

  

1 	m
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(a) 200°C (b) 220°C 

  
(c) 240°C (d) 260°C 

  
(e) 280°C (f) 300°C 

 
(g) 320°C 

2.34 CIP SEM 6 h  

  

1 	m1 	m
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2.35  
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2.3.2.1.2 (2)  

2.36(a) 240°Cx6 CIP STEM

2.36(b) Electron Beam Holography EBH 2.36(a)

CIP As-made CIP

20 nm 2.36(b)

240°C

240°C

CIP

 

 

 

(a) STEM (b) EBH  

2.36 240°Cx6 h CIP  
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2.3.2.1.2 (3) X  

2.37 240°C CIP

X As-made CIP �-Fe

CIP

Fe3O4 Fe2O3  

2.38 6 CIP

X CIP

Fe3O4 Fe2O3

2.3.2.1.2(1)

X 200°C ii

iii iv  

 
2.37 CIP X  

 

2.38 CIP X  

20 30 40 50 60 70 80
2� [°]
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As-made CIP
1 hour
2 hours

6 hours
10 hours

�-Fe (110)

�-Fe (200)

Fe3O4 (311)

Fe3O4 (220)
Fe3O4 (422)

Fe3O4 (440)
Fe2O3 (104)

Annealed at 240°C
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2.39 240°C

2.37 �-Fe (110)

6

6 2.40

2.38 �-Fe (110)

240°C

200°C ii iii iv  

 

2.39  

 
2.40  
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2.3.2.1.2 (4) X  

2.41 240°C CIP

XPS 2.42 6

CIP XPS As-made CIP Fe3O4

X

Fe2O3

2.37 2.38 X

CIP Fe3O4 Fe2O3

Fe3O4 Fe2O3  

 
2.41 240°C CIP XPS  

    
2.42 6 CIP XPS  
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2.3.2.1.3  

2.3.2.1.3 (1) CIP  

2.43 240°C CIP

CIP

2.44 6

CIP

200°C ii iii iv  

 
2.43 240°C CIP  

 
2.44 6 CIP  
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2.45 240°C

2.45

2.46

6

2.33 2.35

200°C ii iii iv  

 
2.45  

 

 
2.46  
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2.3.2.1.3 (2) CIP  

2.47 CIP

�-Fe �-Fe

 

2.48 2.38 �-Fe X

2.48

 

2.49 D µm

Hc 1/D D nm

D Hc
[6] nm

D

[13]  

Lex

Lex (2.9)  

 Lex = ( A K1) [m] (2.9) 

A K1 A = 2.0 x 10-11 J/m

K1 = 4.2 x 104 J/m3 CIP Lex (2.9) 22 nm 2.47

Lex 8 nm

 

G. Herzer [14]

2.50 G. Herzer [15]
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D vcr D Lex

Ke (2.10) [15]  

 
Ke  vcr

2 K1
D

Lex

6 vcr
2 K1

4 D6

A3  (2.10) 

K1  

Hc Ms (2.11)

Hc D6  

 
Hc = 2 Ke

Ms
= 2 vcr

2 K1
4 D6

Ms A3  [A/m] (2.11) 

Hc D3

Hc D2

[16] CIP 200°C

 

CIP
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2.47 CIP  

 

 

2.48 CIP  
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2.49 Hc D  

 

 

 
2.50  
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2.3.2.1.3 (3)  

2.23

TOS7200 Keysight Technologies HP 4339A

2.51 As-made CIP

CIP CIP

30 nm 75 nm 200°Cx6h 240°Cx6h 2.51

CIP

0.4 N m

Fe-AMO

2.23 CIP

 

 

2.51 CIP  
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2.3.2.2  

Fe-AMO

Fe-AMO

2.3.2.2 Fe-AMO

Fe-AMO

SEM TEM XRD XPS VSM  

 

2.3.2.2.1  

2.7 Fe-AMO 200-600°C

1-6 h  

 

2.3.2.2.2  

2.3.2.2.2 (1)  

2.52 6 Fe-AMO

SEM 400°C 420°C

20-80 nm

400°C  

2.53 300°C 3 h Fe-AMO

TEM 2.52(b) SEM 2.53

Fe-AMO 10 nm

2.13 As-atomized Fe-AMO nm

2.53 2  

 

 

2.7  
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1 m	
 

1 m	
 

(a) 200°C                         (b) 300°C 

1 m	
 

1 m	
 

(c) 400°C                    (d) 420°C 

1 m	
 

1 m	
 

(e) 440°C                  (f) 460°C 

1 m	
  

(g) 480°C 

2.52 SEM 6 h  
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2.53 300°Cx3 h TEM  

 

 

2.3.2.2.2 (2) X  

XRD X

2.54 400-500°C 6 h X 2.55

300°C 1-6 h X 2.54

400°C 420°C

400°C

 

2.55 300°C As-atomized Fe-AMO

�-Fe (110)
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2.54 Fe-AMO X  

6 h  

 

 
2.55 Fe-AMO X  

300°C  
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2.3.2.2.2 (3) X  

Fe-AMO X

2.56 6 h Fe-2p

Si-2p 2.57 6 h

Fe Si 2.58 XPS

2.56(a) 2.2.2.3(3) As-atomized 

Fe-AMO 300°C

300°C

Fe-AMO 2.56(b) Si-2p

400°C 400°C

2.57(a) Fe( )

Fe2O3

2.57(b) Si

Si

2.58 300°C

400°C B

B

B 0.078 nm Fe Si 0.102 nm 0.128 

nm B [17] 2.50 SEM

400°C B

B  

2.59 300°C Fe-2p

Si-2p 2.60 300°C

Fe Si 2.61 XPS

2.59 Fe-2p Si-2p

2.60 Fe Si

2.61 300°C B
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(a) Fe-2p  

 

 

(b) Si-2p  

2.56 Fe-AMO XPS  

6 h  
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(a) Fe 

 

 
(b) Si 

2.57 6 h  
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2.58 6 h  
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(a) Fe-2p  

 

 
(b) Si-2p  

2.59 Fe-AMO XPS  

300°C  
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(a) Fe 

 

 

(b) Si 

2.60 300°C  
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2.61 300°C  
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2.3.2.2.3  

2.3.2.2.3 (1)  

2.62 300°C 3 h Fe-AMO

2.60 300°Cx3 h Fe-AMO

As-atomized Fe-AMO  

 

 
2.62  
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2.3.2.2.3 (2)  

Fe-AMO 2.63 6 h

2.64 300°C

2.63 375°C
[11] 80 A/m 1 Oe

300-375°C 400°C

[11]

300°C  

2.64 300°C 1 h

3 h

Fe-AMO

300°C 3 h  
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2.63  

 

 
2.64  
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2.3.2.2.3 (3)  

2.23

TOS7200 Keysight Technologies HP 4339A

2.65 As-atomized 

Fe-AMO Fe-AMO

Fe-AMO 10 nm 300°Cx3 h 2.65

Fe-AMO

0.4 N m

Fe-AMO

2.30

Fe-AMO

Fe-O Si-O  

 

 

2.65 Fe-AMO  
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2.3.3 2  

H3PO4 HCl 2

2 Si

Fe-AMO 2.66 2 H3PO4

As-atomized Fe-AMO H3PO4 Fe-AMO

H3PO4 Fe-AMO HCl

2 Fe-AMO

60°C  

Fe-AMO SEM TEM XRD XPS VSM

 

 

 

(a) H3PO4  

 
(b) HCl  

2.66 2  
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2.3.3.1 2  

2.8 2 Fe-AMO H3PO4 HCl

 

(1) H3PO4 6 h 0.25-5 %

 

(2) H3PO4 H3PO4 1 % 5 % 2

1/6-6 h  

(3) HCl 5 % 0.5-4 h  

 

2.8 Fe-AMO  

(a) H3PO4  

Fe-AMO H3PO4 concentration Time Temperature Dispersing method 

10 g 0.25-5 % 1/6-6 h 60°C Ultrasonic waves 

 

(b) HCl  

Fe-AMO 
H3PO4 

concentration 

HCl 

concentration 
Time Degree Dispersing method 

10 g 5 % 5 % 0.5-4 h 60°C Ultrasonic waves 
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2.3.3.2  

2.3.3.2 (1)  
2.67(a), (b) H3PO4 1 % 6 h 5 % 6 h

H3PO4 Fe-AMO SEM SEM H3PO4 1 %

6 h H3PO4 Fe-AMO 100 nm

H3PO4 5 % 6 h H3PO4 Fe-AMO

500 nm Fe-AMO

 

 

 

 
(a) 1%-H3PO4/time 6 h 

 

 
(b) 5%-H3PO4/time 6 h 

2.67 Fe-AMO SEM  
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2.68 H3PO4 Fe-AMO X H3PO4

H3PO4

2.67 2.68 H3PO4 Fe-AMO

Fe 2.66

Fe-AMO

 

 

 
2.68 Fe-AMO X  
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H3PO4 Fe Si

H3PO4 Fe-AMO Fe-2p Si-2p XPS 2.69

6 h H3PO4 0.01-5 % XPS

2.70 H3PO4 5 % 1/3-6 h

XPS (a) Fe-2p (b) Si-2p

2.69(a) As-atomized Fe-AMO Fe(0)

H3PO4 0.01 % 6 h H3PO4 Fe-AMO

Fe(0) Fe 2.69(b)

As-atomized Fe-AMO Si2O3 Si H3PO4

H3PO4 0.75 % SiO2

2.67 2.68 2.69 H3PO4 6 h H3PO4

0.75 % Fe SiO2

2.70 H3PO4 5 % 1/3 h Fe

Si SiO2 H3PO4

Fe SiO2  
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(a) Fe-2p  

 

 

(b) Si-2p  

2.69 Fe-AMO  

XPS 6 h  
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(a) Fe-2p  

 

 

(b) Si-2p  

2.70 Fe-AMO  

XPS 5 %  
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2.3.3.2 (2)  

2.71 As-atomized Fe-AMO H3PO4 1 % 6 h

5 % 6 h H3PO4 Fe-AMO 2.72

H3PO4 Fe-AMO H3PO4

H3PO4 6 h  

2.72 H3PO4 H3PO4

1 % As-atomized AMO 48 % 5 % 93 %

2.72 H3PO4 Fe-AMO

Fe-AMO Fe

H3PO4 H3PO4

H3PO4

Fe-AMO
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2.71 Fe-AMO  

 

2.72 Fe-AMO  

6 h  
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2.3.3.3  

2.3.3.3 (1)  
2.73(a) (b) H3PO4 Fe-AMO HCl

Fe-AMO SEM SEM Fe-AMO H3PO4

5 % 6 h HCl 5% 2 h

5 % 4 h 2 2.67 H3PO4 Fe-AMO

2.73

HCl H3PO4

3.5 H3PO4 HCl Fe-AMO

2 2.73 H3PO4

Fe-AMO As-atomized 

Fe-AMO  

 

 

(a) 5%-HCl/time 2 h 

 

(b) 5%-HCl/time 4 h 

2.73 Fe-AMO SEM  



90 
 

2.74 As-atomized Fe-AMO H3PO4 (H3PO4 5 % 6 h)

HCl HCl 5 % 4 h 3 X

2.68 Fe-AMO

As-atomized Fe-AMO H3PO4

HCl As-atomized Fe-AMO

As-atomized Fe-AMO H3PO4

HCl  

 

 

2.74 Fe-AMO X  
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H3PO4 Fe-AMO HCl Fe-AMO XPS

As-atomized Fe-AMO H3PO4 ( 5 % 6 h)

HCl 5 % 0.5-4 h XPS Fe-2p

Si-2p 2.74 2.70 Fe-2p

As-atomized Fe-AMO H3PO4

Fe(0) Si-2p SiO2

HCl 5 % 1 h Fe-2p

Si-2p HCl SiO2

 

2.76 As-atomized Fe-AMO H3PO4 5 % 6 h

HCl 5 % 0.5-4 h XPS

H3PO4 Fe-AMO

Fe( ) Si( ) O( ) P( ) C(×) HCl Si( )

O( ) Si O 1 2 HCl

SiO2  

As-atomized Fe-AMO H3PO4

Fe-AMO HCl H3PO4

SiO2 2.77

H3PO4/HCl  
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(a) Fe-2p  

 

 

(b) Si-2p  

2.75 Fe-AMO XPS  

5 %  
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2.76 HCl Fe-AMO XPS  

 

 

 
2.77  
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2.3.3.3 (2)  

2.78 As-atomized Fe-AMO H3PO4 Fe-AMO H3PO4

5 % 6 h HCl 5 % 2 h 4 h

HCl Fe-AMO H3PO4

Fe

HCl H3PO4

As-atomized Fe-AMO

As-atomized Fe-AMO HCl

SiO2 HCl

 

 

 

2.78 HCl Fe-AMO  
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2.3.3.3 (3)  

2.23

TOS7200 Keysight Technologies HP 4339A

2.79 As-atomized 

Fe-AMO HCl Fe-AMO

2.3.3.2 0.75% H3PO4 H3PO4 SiO2

Fe-AMO 10 nm

2 SiO2 nm

nm H3PO4 0.75%-2h 1%-2h

HCl 2%-3h 30-80 nm

30-90 nm 2.79 2

H3PO4 2

Fe-AMO

  

 

 

2.79 Fe-AMO  
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2.3.4  

2.9 2.80 3

3

Fe-AMO  

TEOS

4

10 nm Fe-O Si-O

Fe-AMO

2

Fe-AMO

 

2.80 3 Fe-AMO

As-atomized Fe-AMO

2

2

2

Fe-O Si-O

 

3

2
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2.9

 

 
2.80 3 Fe-AMO  
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2.4  
MHz SiC GaN

DC-DC

2 3  

 

(1) 2 T 200 emu/g

240 A/m 3 Oe

 

 

(2) 1.25 T 142 emu/g

5 nm Fe-Si-O

 

 

(3) TEOS
TEOS-rich

CIP

0.32 ml-TEOS/1 g-CIP CIP

 

 

(4) Fe-AMO

TEOS 20 

	l-TEOS/1 g-Fe-AMO 8 nm 320 	l-TEOS/1 g-Fe-AMO 70 nm

 
 

(5) 6
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200°C 800 A/m 10 Oe

240°C

 

 

(6) 

300°C

3 300°Cx3 h

10 nm Fe-Si-O

88 A/m 1.1 Oe  
 

(7) 2

SiO2 H3PO4

Fe Fe-Si-O-P

H3PO4 0.75 % 6 h

SiO2

H3PO4 HCl H3PO4

SiO2  

 

(8) 3

2
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3   
 

3.1  

 

Fe-AMO

CIP 200°Cx6 

h 240°Cx6 h CIP Fe-AMO

300°Cx3 h

2

Fe-AMO

 

 

3.2  
3.1

3.1

 

 

 

3.1  
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3.3  

�

e-1 0.368 s [m]

(3.1) �

 
�	

2
�s  [m] (3.1) 

 [� m� � [rad/s] 	  

s d [m] d s

Pe C

(3.2)  

 
Pe = We f = (πdBmf)2

Cρ
 [W/m3] (3.2) 

C , 

d  C = 6 

  d  C = 16 

d   C = 20 
[1]  

Pe_composite (3.3)  

 
Pe_composite = K We f = K (πdBm f)2

20ρ
 [W/m3] (3.3) 

K

Vpowder N

K (3.4)  

 K = NVpowder (3.4) 

Bs Ms

(3.5)  

 Bs = KMs [T] (3.5) 

(3.3)
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d 2  1 MHz

 

 

3.4  
3.4.1  

3.1

BT  

3.2 BT

BT

ARV-310LED

[2] 500 

rpm  250 rpm 30 s 0.6 kPa 1000 rpm 500 rpm

2 min 3.3

BT 150°Cx2 BT

81°C 2 MPa

HC300-01

v  
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3.1  

  

 

 

D50=2.4 	m 

EPSON ATMIX  

 

BT CA200  

 Tg 300°C 

81°C 

150-220°C 

 

 
3.2  
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3.3  
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3.4.2  

Fe-AMO

BT Fe-AMO

20 	l-TEOS/1 g-Fe-AMO 10 	l-TEOS/1 g-Fe-AMO 5 	l-TEOS/1 g-Fe-AMO 3

20 	l-TEOS/1 g-Fe-AMO

8 nm Fe-AMO

91.5 wt.%  

 

3.4.2.1 BT  

3.4.2.1 (1) BT  

3.4 VSM BHV-55 As-atomized Fe-AMO

BT Fe-AMO BT

3.4

8 nm 20 	l-TEOS/1 g-Fe-AMO 20%  

 

 
3.4 BT  
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3.4.2.1 (2) BT  

3.5 As-atomized Fe-AMO BT Fe-AMO

/BT 2.3.1.2.3(2)

3.5

nm  

 

 

 
3.5 BT  
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3.4.2.1 (3) BT  

3.6, 3.7, 3.8 Keysight Technologies

HP4291B As-atomized Fe-AMO BT

Fe-AMO BT

RF-IV [3]

(3.6)  

 '

"

tan
	
	� �  (3.6) 

3.6 As-atomized Fe-AMO BT 7

Fe-AMO BT 5 20 ml-TEOS/1 

g-Fe-AMO 8 nm

3.7 3.8 MHz

 

 

3.6 BT  
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3.7 BT  

 

 

3.8 BT  

tan�  
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3.5  
3.5.1  

3.2

3.9

2

3.10 3.11

 ARV-310LED

[2]

[2] [2]

500 rpm  250 rpm

30 s 500 rpm  250 

rpm 30 s 0.6 kPa 1000 rpm 500 rpm 2 min

3.12 2

120°C 5

 KDF-009G

v  
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3.2  

  

 

HQ  

D50=1.6 	m 

BASF  

 

D50=2.4 	m 

EPSON ATMIX  

 

2 CELVENUS® W0973  

A B  = 1 1.2 

530 mPa s 

 Tg 140°C 

120°C 

 

 

 

171°C 
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3.9  
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3.10  

 

 

 
3.11  

 

 

400 rpm 
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3.12  
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3.5.2  

CIP

CIP

200°Cx6 h 240°Cx6 h CIP

CIP 89.2 wt.%  

 

3.5.2.1  

3.5.2.1 (1)  

VSM BHV-55

3.13 As-made CIP CIP 89 wt. %

CIP 1.08 T 200°C 

x 6 h CIP 1.00 T 240°Cx6 h

CIP 0.93 T

Mn-Zn

Ni-Zn

200 kA/m 2.5 kOe

 

 

 

3.13  
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3.5.2.1 (2)  

CIP

HC-1031 3.14

2.3.2.2.3(2)

CIP

CIP

 

 

 
3.14  
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3.5.2.1 (3)  

3.15 Keysight Technologies

HP4291B As-made CIP CIP 89 

wt. % 3.15

500 MHz As-made CIP

8 200°Cx6 h CIP

6 240°Cx6 h CIP

5 3.16 As-made CIP CIP

89 wt. % 3.17

(3.6)

CIP

CIP

CIP

 

 

 

3.15  
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3.16  

 

 

3.17  
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3.5.2.2  

3.5.2.2 (1)  

3.3 As-made CIP CIP 89 wt. %

4 4 2

3.18 4 3.19

��5 mm 50 mm 24 mm

(3.7)  

 
S
lR r�  [�] (3.7) 

R [�] � [� m] lr [m] S [m2] 3.3

As-made CIP 65 m� m 200°Cx6 

h CIP 100 � m 240°Cx6 h

CIP 38 � m CIP

Epoxy As-made CIP Epoxy 600-1600

CIP

CIP

240°Cx6 h- CIP 200°C 

x 6 h- CIP/

240°Cx6 h CIP

vi  

 

3.3  

Composite core material Volume resistivity 

As-made CIP/Epoxy 65 m� m 

200°Cx6 h-Surface-oxidized CIP/Epoxy 100 � m 

240°Cx6 h-Surface-oxidized CIP/Epoxy 38 � m 
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3.18 4  

 

 

 

3.19  

 

  

� 5 mm 
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3.5.3  

Fe-AMO

Fe-AMO

300°Cx3 h

CIP 91.5 wt.% 67 vol. %  

 

3.5.3.1  

3.20 67 vol.% 91.5 wt.% Fe-AMO

SEM 3.20

Fe-AMO 3

 

 

 
3.20 67 vol.% SEM  
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3.5.3.2  

3.5.3.2 (1)  

Fe-AMO VSM

BHV-55 3.21 As-atomized Fe-AMO

Fe-AMO

Ni-Zn 20

As-atomized Fe-AMO 0.82 T

Fe-AMO 0.84 T Fe-AMO

Ni-Zn 0.2 T

Fe-AMO / 4

150 kA/m  1.9 kOe

 

 

 
3.21  
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3.5.3.2 (2)  

Fe-AMO

HC-1031 3.22 Fe-AMO

3.23 Fe-AMO

2.3.2.2.3(2)

Fe-AMO 300°Cx3 h 3.22

As-atomized Fe-AMO Fe-AMO

Fe-AMO

3.23 3.22

Fe-AMO

Fe-AMO 3 h

3 h

 

 

  



125 
 

 

3.22  

 

 

 
3.23  
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3.5.3.2 (3)  

3.24, 3.25, 3.26 Keysight Technologies

HP4294A As-atomized Fe-AMO Fe-AMO

[3]  

3.24 Ni-Zn 17 Fe-AMO

9 Fe-AMO

Fe-AMO  

3.25 3.26 Fe-AMO / 8 MHz Ni-Zn

As-atomized Fe-AMO

Fe-AMO

Fe-AMO

Fe-AMO  

 

 

3.24  
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3.25  

 

 

 
3.26  

tan�   
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3.5.3.2 (4)  

3.27 BH SY-8218 1

Who 3.28 2 MHz

3.27 Ni-Zn Bm
2.9

Fe-AMO 20 mT

Bm
2.7 20 mT Bm

1.8 Who Bm
3 Bm

2.7

Bm 20 mT Who Bm
1.7 Bm

1.8 Bm 20 

mT Fe-AMO

20 mT Bm  

3.28 2 MHz Fe-AMO

Ni-Zn 20 mT

Fe-AMO Ni-Zn 1/6

Fe-AMO

MHz  
[4]

2 1/3

MHz

Ni-Zn  
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3.27  

1   
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3.28  

2 MHz   
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3.5.3.3  

3.5.3.3 (1)  

67 vol.% Fe-AMO

HIRESTA-UX MCP-HT800 3.4

DC 250 V As-atomized Fe-AMO

0.41 MΩ m

As-atomized Fe-AMO

Fe-AMO

0.62 MΩ m As-atomized Fe-AMO 1.5

300°Cx3 h

 

 

3.4 DC 250 V Fe-AMO  

 

Fe-based amorphous alloy powder DC volume-resistivity of core 

As-atomized powder 0.41 M� m 

Surface-oxidized powder 

annealed at 300°C for 3 hours 
0.62 M� m 

 
3.5.3.3 (2)  

[5] 3.0 	m As-atomized Fe-AMO

59 vol.% �’ 100 MHz 1 GHz

14 �’ 2.7

5

MHz �’ 14
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3.5.4  

3.5 Ni-Zn

CIP

Ni-Zn 5

1/2.5 MHz 1/4 Fe-AMO

Ni-Zn

4 MHz 1/6

3.5 Fe-AMO

CIP Fe-AMO

 

Ni-Zn

MHz

 

 

3.5  
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3.6  
 

3.5.4 Fe-AMO /

9

[7],[8]  

 

Fe-AMO

2 Fe-AMO

3.29

2

 

 

 
3.29 Fe-AMO  
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3.6.1  

2 Fe-AMO

Fe-AMO

 

Fe-AMO

3.30

Fe-AMO D

d1 d2 D d1

d2
[9],[10]  

 d1 = 6-2
2

D = 0.225D [m] (3.8) 

 d2 = 2-1 D = 0.414D [m] (3.9) 

2.4 μm Fe-AMO ( 2.4 μm 

Fe-AMO ) (3.8) (3.9)

(3.8) Fe-AMO

10.7 μm Fe-AMO

12.8 μm Fe-AMO 12.8 μm Fe-AMO

12.8 	m Fe-AMO vii  

 

 
(a) (b)  

3.30  
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3.6.2  

2

Fe-AMO

Fe-AMO

Fe-AMO

2.4 	m Fe-AMO 300°Cx3 h

12.8 	m Fe-AMO 400°Cx3 h  

 

3.6.1.1  

3.6.1.1 (1)  

 

3.31 2 Fe-AMO

3.32 2.4 μm Fe-AMO 35 wt.% 2.4 

μm 12.8 μm 3.31 3.32 2.4 μm 

Fe-AMO 35 wt.% 12.8 μm Fe-AMO 65 wt.% 0.9 T

71.4 vol.% 3.31 2

Fe-AMO

 

12.8 μm Fe-AMO 2.4 μm 

Fe-AMO 2 Fe-AMO

3.6

2.4 μm Fe-AMO 1

Fe-AMO m [g] Fe-AMO 1 V 

[cm3] N [ ] Fe-AMO 7 g/cm3 (3.10)  

 m = 7 × V × N [g] (3.10) 

(3.10) 3.6 2.4 μm Fe-AMO 12.8 μm Fe-AMO

2.4 μm Fe-AMO 1.9 wt.% 12.8 μm Fe-AMO 98.1 wt.%

75.6 vol.% Fe-AMO

2.4 μm Fe-AMO 35 wt.% 12.8 μm Fe-AMO 65 wt.%

71.4 vol.% 75.6 vol.% 4.2 vol.%  
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3.31  

2.4 μm 12.8 μm Fe-AMO  

 

 
3.32 2.4 μm Fe-AMO 12.8 μm Fe-AMO  
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3.6 Fe-AMO  

Hexagonal closely-packed 

(hcp) structure model 
Particles location 

Number of 

particles 

Median diameter 

D50 

 

at hcp structure 6 12.8 μm 

at tetrahedral gap 12 
2.4 μm 

at octahedral gap 6 

 

 

3.33  

2.4 μm Fe-AMO 12.8 μm Fe-AMO  

 

3.6.1.1 (2)  

3.33 2 Fe-AMO

2.4 μm Fe-AMO

2.4 μm Fe-AMO  
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3.6.1.1 (3)  

3.34(a) (b) 2 Fe-AMO

1 MHz μ’ 1 3 MHz tanδ 3.34(a)

2.4 μm Fe-AMO 2.4 μm Fe-AMO 25 

wt.% 12.8 μm Fe-AMO 75 wt.% 20.5 2.4 μm 

Fe-AMO 12.8 μm Fe-AMO

1.2 2.4 μm Fe-AMO 2.3

3.34(b) 2.4 μm Fe-AMO 60 %

1 MHz 3 MHz tanδ 12.8 μm Fe-AMO

 

3.35(a) (b) 2.4 μm Fe-AMO 12.8 μm Fe-AMO

(2.4 μm 12.8 μm = 25 wt.% 75 wt.%) μ’ tanδ

3.35(a) 2.4 μm Fe-AMO 25 wt.%

12.8 	m Fe-AMO 6 MHz 	’ 3.35(b)

tanδ 2.4 μm Fe-AMO 5 MHz 12.8 μm 

Fe-AMO 1 MHz

12.8 μm Fe-AMO

2.4 μm Fe-AMO
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(a) Relative permeability μ’ at 1 MHz 

 

 
(b) tanδ at 1 MHz and 3 MHz 

3.34  	’ tan�  

2.4 μm Fe-AMO 12.8 μm Fe-AMO  
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(a) Relative permeability μ’ 

 

 

(b) tanδ 

3.35 2.4 μm Fe-AMO 12.8 μm Fe-AMO  

	’ tan�  
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3.6.1.1 (4)  

3.36 2.4 μm Fe-AMO 12.8 μm Fe-AMO 2.4 

μm 12.8 μm = 25 wt.% 75 wt.% Bm=20 mT

3.36 2.4 μm Fe-AMO

1 MHz 12.8 μm Fe-AMO

1/2 2.4 μm Fe-AMO

1 MHz 1.3 3 MHz

2.4 1 MHz 12.8 μm 

Fe-AMO

2 Fe-AMO

1 MHz

Fe-AMO

MHz  

 

3.36 2.4 μm Fe-AMO 12.8 μm Fe-AMO  

20 mT  
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3.6.2  

3.7 Ni-Zn

Fe-AMO

Fe-AMO

2 20.5 1 MHz

Fe-AMO

Ni-Zn

Fe-AMO 12.8 	m

Fe-AMO 1 MHz

Fe-AMO

 

 

3.7  
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3.7  

2 Fe-AMO

 

 

(1) 

 

 

(2) Fe-AMO

As-atomized Fe-AMO

tan�

Fe-AMO

 
 

(3) CIP As-made CIP

600-1600

CIP

Ni-Zn Nn-Zn 5

1/2.5 MHz 1/4  

 

(4) Fe-AMO

As-atomized Fe-AMO

1.5 Fe-AMO

9.6
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Ni-Zn 4 0.84 T Ni-Zn

MHz Ni-Zn 1/6  

 

(5) Fe-AMO

2.4 μm Fe-AMO 35 wt.% 12.8 μm Fe-AMO

65 wt.% 71.4 vol.% Fe-AMO

75.6% Fe-AMO

Fe-AMO

2.4 μm Fe-AMO 25 wt.% 12.8 μm Fe-AMO

75 wt.% 20.5 12.8 μm 

Fe-AMO 1.2 2.4 μm Fe-AMO 2.3

 

 

(6) Fe-AMO

2.4 μm Fe-AMO 25 wt.% 12.8 μm Fe-AMO 75 wt.%

2.4 μm Fe-AMO 1 MHz

1.3 3 MHz 2.4 12.8 μm Fe-AMO

1 MHz
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4  MHz  

 
 

4.1  

MHz Ni-Zn

1/6-1/3  

Fe-AMO GaN

LLC DC-DC

MHz Ni-Zn

 

 

4.2  
Ni-Zn

1

2  

 

4.2.1  

4.1 Ni-Zn

Ni-Zn 15.5 mm 9.1 mm 11 mm

1 70 	m 300
[1] 2 0.8 mm

2 1 5 2 3

4 LLC

viii  
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4.1  
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4.2.2  

1 2

IM7581

100 kHz 100 MHz

OPEN SHORT

k 2 1

LOPEN 2 LSHORT

(4.1)  

 

 k = 1 -
LSHORT

LOPEN
 (4.1) 

4.1 Ni-Zn

1 4.2

4.1 Ni-Zn 1 609 nH@5 MHz

1

333 nH@5 MHz Ni-Zn

2

4.2 Ni-Zn MHz

0.87 0.85

48 MHz Ni-Zn 40 

MHz  

4.3 2 4.3 10 MHz

Ni-Zn

1 3 m�

Ni-Zn
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4.1 1  
 

 

4.2  
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4.3 2  
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4.3  
4.4(a)(b) LLC 4.2 48 V 24 V LLC

DC-DC 4.3

LLC DC-DC

GaN-HEMT GS61004B GaN Systems Corp.

GS61004B 100 V 15 m�

6.2 nC

SiC SCS220AJ ROHM

4.2

Ni-Zn

24 V 0.5 A 1

9.4 nF 2 Ni-Zn

2.2 nF 2

4.7 	F 2

4.7 	F 0.1 	F 0.01 	F 4.7 	F

2  

PWR1600L

VOAC7520H PWZ164WL

GaN

FG-350  

  



152 
 

 

(a)  
 

 
(b)  

4.4 LLC DC-DC  

  



153 
 

 

4.2 LLC DC-DC  

Vi 48 V 

Vo  24 V 

Po 120 W 

f 4-7 MHz 

 

 

4.3 LLC DC-DC  

 

Q1, Q2 

GaN-HEMT  

GaN Systems Corp. GS61004B 

15 m� 6.2 nC 

 

D1, D2 

SiC  

ROHM SCS220AJ 

VF = 1.5 V @ IF = 20 A 

 

Cr 

10 nF // 2.2 nF Ni-Zn  

4.7 nF // 4.7 nF  

 

Ci 
4.7 	F // 4.7 	F 

 

Co 
4.7 	F // 4.7 	F // 0.1 	F // 0.01 	F 
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4.4  
4.5 Ni-Zn

GaN MHz LLC DC-DC

24 V

4.6 4.7 4.8 60 W

 

4.5

36 W 93.1 % 1-5 A 24-120 W

90 % Ni-Zn

3.2 A 77 W 4.5 MHz

Ni-Zn 100°C

 

4.6

Ni-Zn

DC-DC

4.5 4.6

Ni-Zn

Ni-Zn

 

4.7 Ni-Zn

6-7.5 mT

4.8 60 W

Ni-Zn 5 MHz

Ni-Zn 1

Ni-Zn

MHz
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4.5  

 

 

4.6  
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4.7  

 
4.8 60 W   
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4.9 LLC DC-DC GaN

SiC-SBD

LLC

Cr Co

GaN Phalf-bridge

(4.2) DC Pin,DC AC Pin,AC

 

 
Phalf-bridge = Pin,DC – Pin,AC [W] (4.2) 

Pin,AC /

120 W 5 A GaN

Phalf-bridge 3.8 W SiC-SBD

SiC-SBD SCS220AJ[2] ROHM

) VF ID 5 A 1 V

SiC-SBD 5 W SiC-SBD

ON 120 W

12.9 W 9.1 W

4.1 W

AC Pin,AC 129.1 W 125 W

97 %

90 W/cm3  

MHz

MHz 3.27

3.28 Ni-Zn

 

SiC kHz 100 V 380 V

100-500 W Mn-Zn
[3]
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4.9 LLC DC-DC  
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4.5  

Fe-AMO MHz

 

 
(1) GaN

48 V 24 V MHz LLC DC-DC

36 W 93.1 % 24-120 W 90 % 120 

W 97 %

MHz

Ni-Zn

Ni-Zn

1  

 

(2) MHz

Ni-Zn

 

 

(3) SiC kHz 100 V 380 V

100-500 W Mn-Zn

[3]
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4  
 

[1] 

LLC

MAG-16-50 LD-16-042

pp. 63-68 (2016) 

[2] SiC Schottky Barrier Diode-SCS220AJ 

http://www.rohm.com/web/global/products/-/product/SCS220AJ, accessed on Oct. 31, 2018 

[3] JST

29 1 SiC

(2017) 
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5  
 

5.1  

 

MHz

MHz

 

 

5.2  
 

1  

DC-DC

Si kHz 1 MHz

SiC GaN MHz

1 MHz MHz Ni-Zn

Ni-Zn 300°C

100°C

SiC GaN

Ni-Zn

 

MHz

MHz

MHz
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2  

2

3

 

 

(1) 2 T 200 emu/g

240 A/m 3 Oe

 

 

(2) 1.25 T 142 emu/g

5 nm Fe-Si-O

 

 

(3) TEOS
TEOS-rich

CIP

0.32 ml-TEOS/1 g-CIP CIP

 

 

(4) Fe-AMO

TEOS 20 

	l-TEOS/1 g-Fe-AMO 8 nm 320 	l-TEOS/1 g-Fe-AMO 70 nm

 
 

(5) 6



163 
 

200°C 800 A/m 10 Oe

240°C

 

 

(6) 

300°C 3 300°Cx3 h 10 nm

Fe-Si-O 88 A/m 1.1 Oe

 
 

(7) 2

SiO2 H3PO4

Fe Fe-Si-O-P

H3PO4 0.75 % 6 h

SiO2

H3PO4 HCl H3PO4

SiO2  

 

(8) 3 Fe-AMO

As-atomized AMO

2

2

 

 

3  

3

2 Fe-AMO
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(1) 

 

 

(2) Fe-AMO

As-atomized Fe-AMO

tan�

Fe-AMO

 
 

(3) CIP As-made CIP

600-1600

CIP Ni-Zn

Nn-Zn 5

1/2.5 MHz 1/4  
 
(4) Fe-AMO

As-atomized Fe-AMO

1.5 Fe-AMO
9.6

Ni-Zn 4 0.84 T Ni-Zn
MHz Ni-Zn 1/6
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(5) Fe-AMO 2.4 μm 

Fe-AMO 35 wt.% 12.8 μm Fe-AMO 65 wt.%

71.4 vol.% Fe-AMO

75.6% Fe-AMO

Fe-AMO

2.4 μm Fe-AMO 25 wt.% 12.8 μm Fe-AMO 75 wt.%

20.5 12.8 μm Fe-AMO 1.2

2.4 μm Fe-AMO 2.3

 

 

(6) Fe-AMO

2.4 μm Fe-AMO 25 wt.% 12.8 μm Fe-AMO 75 wt.%

2.4 μm Fe-AMO 1 MHz

1.3 3 MHz 2.4 12.8 μm Fe-AMO

1 MHz

 

 

4 MHz  

4 MHz

Fe-AMO MHz

 

 
(1) GaN

48 V 24 V MHz LLC DC-DC

36 W 93.1 % 24-120 W 90 % 120 

W 97 %

MHz

Ni-Zn
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Ni-Zn

1  

 

(2) MHz

Ni-Zn
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5.3  

As-made

1 MHz

 

 

5.3.1 MHz  

(1)  

�s < 1 ppm

10 ppm  = 1.2 

	� m

 

 

Si Fe Si-Fe-O

MHz  

 

(2)  

5.1

 

 

(3)  

5.2
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Hk

(5.1) fr  

 
 fr =

γ
2π

MsHk
μ0

 [Hz] (5.1) 

� [1/s T] Ms [T] Hk [A/m] 	0

	0 = 4� x 10-7  

5.3 5.3

(5.1)

Ms =1 T 100 MHz

1 kA/m

 

 

 

5.1  
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(a)  

 

 
(b)  

 

5.2  
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(a)  

 

 

(b)  
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(c)  

 

5.3  
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5.3.2 10-100 MHz  

10-100 MHz

10 MHz  

2

MHz

M. 

Mu [1] MIT A. J. Hanson [2] 10 MHz

[3]

2

1/3

MHz

Ni-Zn

 

 

5.3.3  

AL

[4] [5]

10
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5.3.4 SiC GaN MHz  

DC-DC  

SiC GaN

MHz DC-DC  

VRM Voltage Regulator Module DC-DC 90 %

kHz

SiC GaN

MHz VRM

LLC

MHz

DC-DC  

 

5  
 

[1] M. Mu, Q. Li, D. J. Gilham, F. C. Lee, K. D. T. Ngo : “New Core Loss Measurement 

Method for High-Frequency Magnetic Materials”, IEEE Transactions on Power Electronics, 

Vol. 29, No. 8, pp. 4374-4381 (2014). 

[2] Alex J. Hanson, Julia A. Belk, Seungbum Lim, David J. Perreault, Charles R. Sullivan, 

“Measurements and Performance factor Comparisons of Magnetic Materials at High 

Frequency”, IEEE Transactions on Power Electronics, Vol. 31, No. 11, pp. 7909-7925 

(2016). 

[3] 

27 MAGDA in Katsushika G2-4 pp. 290-295 (2018) 

[4] “

”

–Transactions of the Magnetics Society of Japan (Special Issues), Vol. 

1, No. 1, pp. 44-52 (2017). 

[5] 

MAG-17-76

LD-17-44 pp. 77-82 (2017) 
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i  
BASF CIP

SiC SiC

 

 

i. 1  

CIP

CIP 200-320°C

1 2 6 10  

 

i. 2  

XRD STEM

STEM EBH  

 

i. 3 X  

i.1 XRD X

240°C 1 2 6 10

As-made CIP �-Fe 2

FWHM full width at half maximum

i.2

i.1 �-Fe (110)

6

6  

i.3 XRD X

6 200-320°C i.1

�-Fe 2

i.4

i.4 �-Fe (110)



175 
 

240°C

 

 

 

 

 

i.1 X  

 

 

i.2  

  

20 30 40 50 60 70 80
2� [°]

In
te

si
ty

 [a
rb

. u
ni

t] �-Fe (110)
�-Fe (200)

As-made CIP

1 hour
2 hours

6 hours

10 hours

Annealed at 240°C
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i.3 X  

 

 

 

i.4  

  

20 30 40 50 60 70 80
As-made CIP

200°C annealing

240°C annealing

280°C annealing

320°C annealing

�-Fe (110)

�-Fe (200)

2� [°]

In
te

ns
ity

 [a
rb

. u
ni

t]
Annealed for 6 hours
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i. 4   

i.5 300°C 6 CIP STEM

i.5 CIP 30 nm

i.6 i.4

STEM X

i.7 CIP EBH

i.7 CIP

As-made CIP

300°C-6

  

 

i.5 300°Cx6  

 
i.6   

1 		m
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i.7 300°C -6  

  

1 		m



179 
 

i. 5  

i.8 Hc K-HC1000)

240°C 1 2

6 10 i.2

6 

XRD 6  

i.9 Hc 6 

200-320°C 200°C

[1] i.10

i.1 i.3 X

G. Herzer [1]

Lex D6

(i.1) Lex A

K1  

 1KALex �  (i.1) 

A = 2.0x10-11 J/m K1 = 4.2x104 J/m3 22 nm

240°C

240°C

 

 
i.8  
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i.9  

 
i.10  

 
 

[1] M. Koeda, A. Harada, H. Ono, T. Ishikura, T. Kuroda, H. Moro “Research of Carbonyl Iron 

Powder for Development of the Power Inductor for High Frequency” IEEJ Transactions on 

Fundamentals and Materials, Vol. 131, No. 11, pp. 949-954 (2011). 

[2] G. Herzer : ”Grain Size Dependence Of Coercivity And Permeability In Nanocrystalline 

Ferromagnets” IEEE Transactions on Magnetics, Vol. 26, No. 5, pp. 1397–1402 (1990). 
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ii  CIP SEM  
 

ii.1 CIP SEM

6 ii.1

CIP

 

ii.2 200°C CIP

SEM ii.3 240°C

CIP SEM ii.1

200°C

 

ii.4 200°C CIP

SEM ii.5 CIP

ii.4 CIP CIP

ii.5

2.3.2.1 240°C
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(a) 200°C (b) 220°C 

  
(c) 240°C (d) 260°C 

  
(e) 280°C (f) 300°C 

 
(g) 320°C 

ii.1 CIP SEM ( 6 h) 

30 	m
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(a) 1 h (b) 2 h 

  

(c) 6 h (d) 10 h

ii.2 CIP SEM ( 200°C) 

 

  
(a) 1 h (b) 2 h 

  
(c) 6 h (d) 10 h 

ii.3 CIP SEM ( 240°C) 

30 	m 30 	m

30 	m 30 	m

30 	m 30 	m
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(a) 1 h (b) 2 h 

  

(c) 6 h (d) 10 h 

ii.4 CIP SEM ( 200°C) 

 

 
ii.5  

  

1 	m 1 	m

1 	m 1 	m
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ii i CIP X  
 

iii.1 200°C CIP

X As-made CIP �-Fe

2.3.2.1 240°C 200°C

CIP Fe3O4 Fe2O3

 

iii.2 200°C

iii.1 �-Fe (110) 2.3.2.1

240°C 200°C

6   

 

 

 
iii.1 CIP X  

  

20 30 40 50 60 70 80
2� [°]

In
te

ns
ity

 [a
rb

.u
ni

t]

As-made CIP
1 hour
2 hours

6 hours

10 hours

�-Fe (110) �-Fe (200)

Fe3O4 (311)Fe3O4 (220) Fe3O4 (511)
Fe3O4 (440)Fe2O3 (006), Fe3O4 (400)

Annealed at 200°C



186 
 

iii.2 200°C

iii.1 �-Fe (110) 2.3.2.1

240°C 200°C

6

 

 

 

 

 
iii.2  
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iv CIP  
 

iv.1 200°C CIP

2.3.2.1 240°C 200°C

CIP

 

iv.2 200°C

240°C iv.2

 

 
iv1 200°C CIP  

 
iv.2  

-800 -400 0 400 800-2

-1

0

1

2-10 -5 0 5 10

-200

-100

0

100

200

Magnetic field H [kA/m]

M
ag

ne
tiz

at
io

n 
M

 [T
]

Annealed at 200°C

 As-made CIP
 1 hour
 2 hours
 6 hours
 10 hours

M
ag

ne
tiz

at
io

n 
M

 [e
m

u/
g]

Magnetic field H [kOe]
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v  
 

2.3.2.1 ii

CIP v.1

240°C -6 CIP SEM

v.2 CIP SEM v.1 v.2

CIP v.3

v.4 200°C-6 CIP

SEM v.3 v.4 240°C

v.3(c) v.4(c)

CIP
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(a) x40 k (a) x40 k 

  
(b) x10 k (b) x10 k 

  
(c) x5 k (c) x5 k 

v.1 v.2  

  

1 	m

5 	m

30 	m
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(a) x40 k (a) x40 k 

  
(b) x10 k (b) x10 k 

  
(c) x5 k (c) x5 k 

v.3 v.4  

 
  

1 	m 1 	m

30 	m 30 	m
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vi  
 

vi.1 vi.1

vi.2 BT

 

 

vi.1  

1) 

 

 

 

 

ARV-310LED  

THINKY  

[ ] 

500 rpm 

250 rpm 

(30 s. in air) 

[

] 

500 rpm 

250 rpm 

(30 s. in air) 

1000 rpm 

500 rpm 

(2 min. in vacuum

0.6 kPa) 

� 

 

 

� 

 

 

� 

 

 

2)   

KDF-009G  

 

vi.1  

 

3)     

#100 #800 #2000  
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vi.1  
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vi.2  

1) 

 

 

 

 

ARV-310LED  

THINKY  

 [

] 

500 rpm 

250 rpm 

(30 s. in air) 

1000 rpm 

500 rpm 

(2 min. in vacuum

0.6 kPa) 

� 

 

 

2)   

HC300-01  

 

vi.2  

 

2 MPa, 120 min 

 

 
vi.2  
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vii  
12.8 	m-  

 
3.6 12.8 	m-EPSON ATMIX

Fe-AMO  

 
vii. 1  

2.4 

	m-EPSON ATMIX Fe-AMO

12.8 	m  

vii.1 12.8 	m Fe-AMO vii.1

12.8 	m Fe-AMO Fe-AMO Fe-Si-B-Cr-C

EPSON ATMIX

10 ppm  

 

vii.1 12.8 	m  

Composition wt.% 87.83Fe-6.59Si-2.54B-2.53Cr-0.51C 

Mean diameter 12.8 	m 

Saturation magnetization 1.25 T (142 emu/g), measured using VSM 

Powder coercive force 200 A/m (2.5 Oe) measured using Coercivity-Meter 

Powder resistivity 1.3 	� m 
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vii. 2  

vii.2 Fe-AMO Field Emission-Scanning 

Electron Microscope SEM SU8000

SEM

 

 

vii. 3  

Fe-AMO

Fe-AMO

Fe-AMO

 

 

vii.1  

 

 

vii.2 SEM   

10 	m
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(1)  

vii.3 Transmission Electron 

Microscope TEM JEM-2010 vii.3 Fe-AMO

10 nm Fe-Si-O  

 
(2)  

Fe-AMO vii.4 2.4 	m

3 h vii.4 400°C

54 A/m 0.675 

Oe 400°C

12.8 	m- Fe-AMO

400°C 3 h   

 
vii.3 TEM  

 
vii.4  

10 nm
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viii LLC  
 

LLC DC-DC

 

a  

N1min  

N1min N1  

N2  

LLC

DC-DC (viii.1) a

 

 
 a =

Vi

2Vo
Gmin (viii.1) 

(viii.1) a LLC DC-DC Vi [V]

Vo [V] Gmin  Gmin

LLC DC-DC

f0

  

N1 N1

N1min N1min

(viii.2) [1]  

 
 N1min =

ViDi

2BmAcfmin
 (viii.2) 

N1min LLC DC-DC Vi

Di Bmax [T] A [m2]

fmin [Hz] (viii.2) N1min

N1  

N2 N2

a N1 (viii.3)  

  N1 =aN2 (viii.3) 
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LLC DC-DC 48 V 24 V

120 W 4-7 MHz

1.3

0.5 20 mT

35.2 mm2 a N1min viii.1

 

 

viii.1 LLC DC-DC  

Vi 48 V 

Vo  24 V 

Po 120 W 

fs 4-7 MHz 

Gmin 1.3 

 Di 0.5 

 Bm 20 mT 

Ac 35.2 mm2 

a 1.3 

N1min 4.3 

 
 

 
 

[1] IRS2795(1,2) IC LLC

  

https://www.infineon.com/dgdl/AN-1160J.pdf?fileId=5546d46256fb43b301574c5eb7f37bc0, 
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