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Fig.1  Schematic illustration of the development history of Fe-based soft magnetic alloys
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Fig.2  Relationship between permeability (µ
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) at 1 kHz and satu- 

ration polarization (B
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) for soft magnetic materials

[6] 

 

Î��i],3��|U"ù���	����,�2 

�����FINEMET�����	
 

�8 20 �� 70 �)¥�G	Å�������

����3�mVt�Ç/iÈ©w� �«TUÅ

��]�}J��¥�P����2�È 20 �� 80

�)�¢é�êº»CJ���67Ñ��Õ���

Â�67�ÒB=����Ò� Yoshizawa

[8]

S� 

Ã¡¢ÈìT|a�£¤ÈVt�Ç§\�hiôC

1979~ 

1906~ 

1988~ 

Grain size: 0.1~5 mm 

Cluster size: ~2 nm 

Nanocrystalline grain size: 

10~20 nm 

Fe-based crystalline soft magnetic 

alloys (Si-steels) 

Fe-based amorphous soft 

magnetic alloys 

Fe-based nanocrystalline soft 

magnetic alloys 

0.0    0.5    1.0    1.5    2.0    2.5 

B

s

/T 

50

20

10

5

2

1

0.5

0.2

0.1

µ

e

/
�

1
0

4

 

Co-based amorphous alloys

NANOPERM alloys

HITPERM alloys

NANOMET alloys

FINEMET alloys

Silicon steels 

Mn-Zn ferrites 

Fe-based amorphous alloys 



�2906�                                          £MB¤*+"%&                                           � 49� 

Nõ��^�N�N÷��3������¥��H

�4¦�{"3Ã§Vt�Ç���µVVÇ¹3�

E�bÂ�	�ì"ù������2¦�ó§q¨�

�	%&©ªL>«�1�̂ _��µVVÇÁE�Õí

îV����Q�2�8�����¬: CuE�ÇVt2

m� Cu� FeCJ�®�¯�VÇ] Cueó§j�

��°�/<�Y±²³³´Q�3�µ=��3�Nx

µV²b��Ð¶� Fe-Si-B3<�·���̂ _Ù¸

?¹Î Cu º»ñ��ò�2«U¼½�µV��V

Ç��}Jhi¾��Vtfgx��3�¿/�|

ÀÁÇ2`Â��%&ÖÃÄ¬: Cu 9�¬:ìE

NµV��� Nb�Ta�Mo� WS_ÅÆúÇ��Õ

hi�µV�ÔVÇ�ÈCJÜY���3�2ÉÜ

bc� Fe

73.5

Si

13.5

B

9

Cu

1

Nb

3

 (at%)�ï����Õ��

�«4µVÊËD8 550 Ì�� 1 h�ëi��fg�

2 nm ÍÎµV�ÏÐ2 10 nm ÍÎ� DO

3

fg�

α-Fe(Si)íîVt�â�fg�íîV��µV�ëÑ

D�c[W� 64%� 34%2��3�Ò[�«õ��

öBüN(B

s

)� 1.3 T�LM�(H

c

)Ó 1.3 A/m�Ji�

OP(µ

e

)ÔN� 70000 (1 kHz)�õ��ªRS3[(λ

s

)

� 2×10

-6

2�	òÕ�ï��GÖ×�KQ��Kλ

s

Ø�Nµ

e

� B

s

ØbÂÙ) Mn-Zn�ÚDB=8ìÛ(

X¿Y�

[8]

2 

�����NANOPERM�� 

1989��ÜÝÞ�(ALPS)Ëº»�¢£ßàw

*67
�ë�<
�=	á��ÇÁ�	���

Fe-Zr����â

[9]

2¦�ÉÕ��ã4^_�Õ|U

µ½ä bcc-Fe(Zr)º»D�EhiÐø�VWXY3�

�/ÄÅ��ÜY���3��«¡ñåæ_Ò�ç

�è�éê/Rë2ì FINEMET ���I	�¦�

í£¤ÈVt�Çí4ÄÅ��ÜY��3��q

ÖX2ñ4¦��=î¹�VÇ�bÂ�	�ì

Fe-M-B-(Cu) (M=Zr, Hf, Nb)íîV����Aùbc�

Fe

91

Zr

7

B

2

�yà�bNANOPERMc24î¹�Õ�

Fe-Zr-B-(Cu)µVÓÔ� 350∼650 Ì�� 1 h��²b

¡µVl�ÏÐï 10∼20nm D´éÖ α-Fe ��â�

fg2ï���3�5ð�«B

s

� 1.5~1.8 T�µ

e

�

30000~51000 (1 kHz)�λ

s

ñòó�8 1.4 T� 50 Hz]

��Q�W�� 0.11∼0.21 W/g�ôøñ Fe

78

Si

9

B

13

µV

��� Fe-3.5%Si��� WØ

[9]

2«¡ñï���ÕÓ

ûõöx������/÷�ì��ÆÇB=2 

�����HITPERM�� 

��íîV�����íîV-µV-íîVò¶

���ø$ù�<=Î�CJÜY���3��«T

Uø$ù�<=8µV�D�ú�ûNò�]ten

Kü��R�÷�ì��8Nûýþ>�B=2

McHenryS¥

[6]

^_ Co�cy) Fe-M-B-(Cu)���

� Fe úÇ/bÂ�ÕìíîV���ÉÜbc�

Fe

44

Co

44

Zr

7

B

4

Cu

1

�èà�bHITPERMc24µVÓÔ

8 550~750 ÌSû�� 1 h�iÈ bcc-Fe(Co)íîV

�:µV�D����fg�8 980 Ì�CJ�N�

�ÇüN2�û>�8~2 kHzN÷>�ø¿λ

s

� 1800�

8 B

s

� 10 kG� 1 kHzøÉ�;>��QÓ 1 W/g�

\��=Nû������·�\<�NûÓû>�

�#���µ67

[10]

2 

����NANOMET�� 

�����õ��ÇüNy�ñ��¶�ø$ù

�<=�̂ 	� Fe¼�bÝ2«�Õ_Ò�¬:�

ENµV²b���Ê_ÅÆúÇ�L Nb�Zr�Mo

S�enK Fe¼���/nK���õ��ÇüN2

�EN���õ��öBüN�nK��Q�� 

Makino
���X�A� Fe-Si-B 3���¬:�

�� Cu� PE�ÕN Fe¼��íîV�����h

iìbÂ2Ê/bc� Fe

83.3~84.3

Si

4

B

8

P

3~4

Cu

0.7

��Ü

Ç� Fe

85

Si

1~2

B

8~11

P

1~4

Cu

1

[11]

�ÉÜbc� Fe

85

Si

2

B

8

- 

P

4

Cu

1

�yà�bNANOMETc2ï����Õ��d

a4N:u@PSû���:u@P8 400 Ì/minÍ

Î2jfg�Ek��µVÊËD�Nc����

�HRTEM�������È 2∼3 nm�Z α-Feø���

�å��ÀlfgCJ0rs32���fg�µV

V¶�Ðï 10~17 nm� α-FeíîV��â�fg��

3�2ï��� B

s

� 1.88∼1.94 T�H

c

øñ 10 A/m�λ

s

� 2×10

-6

~3×10

-6

�1 kHz>µ

e

� 16 000~25 0002Øi

|E�4�ï��8 50 Hz]���QRåÞøñ!

j� 1K101A (Fe

78

Si

9

B

13

)µV���yX��67�d

e48 B

s

� 1.7~1.8 T]����QR4ÅJ��67 

 

 

 

 

 

 

 

 

 

 

 

� 3  Fe

83.3

Si

4

B

8

P

4

Cu

0.7

<=>ABG TEM¥¦§z SAED¨© 

Fig.3  TEM bright field image and SAED pattern of nanocry- 

stalline Fe

83.3

Si

4

B

8

P

4

Cu

0.7

 alloy

[11]

 

α-Fe 

(211) 

(200) 

(110) 

50 nm 



� 8�                               ����(:;<=>?@AB�^bcz��c�                           �2907� 

�Éø�

[11]

2�|0P�4ï��µV²b�����

íîVÇ_ÒÐ���/Î��ÆÇ�Õ��Ç

[12]

2 

�������������������

¡ñ�;oI�01�:�¸6ò�E4"ù�

�íîV����¯�oìw���	
�2j 2011

�� Shen 
��4�	KýNµV²b����

�íîV���oì���
�2ï
�� 2012�!

"ì PÙ) BúÇ4 Fe

82.65

Si

2

Cu

1.35

B

14-x

P

x

íîV��

���3��#A

[13]

2
�	Å� P¼���:�

íîVVtJ$ø�%�2�� Fe

82.65

Si

2

Cu

1.35

B

9

P

5

�

��Å�ÜY���3��{� α-FeíîVtuv�

15 nmÍÎ�B

s

� 1.8 T�H

c

� 1.1 A/m�λ

s

�1 kHz�

� 37000��Q P

10/50

� 0.22 W/kg22018�ï
��

!"ì C Ù) P úÇ4 NANOMET íîV����

3��#A

[14]

2
��å C8î¹_Ò�e&' α-Fe

Vt°��my�ÞßEN��µVÊËD�µV²

b���«_� CeÎíîV���LM��w2�

ÉÜbc� Fe

83.3

Si

4

B

8

P

2

C

2

Cu

0.7

�µVÓÔ�N\�

35 µm�α-FeíîVtuvÛ 22 nm�B

s

N� 1.8 T�

H

c

� 4.8 A/m��OP� 13540�1 kHz���Q P

10/50

� 0.22 W/kg�²³�N� 5.2×10

22

 m

-3

22019��ï


����	�ì Fe

79.2

Co

4

P

10

C

6

Cu

0.8

���� B

s

�

1.8 T�H

c

� 6.6 A/m�λ

s

� 15510�1 kHz�

[15]

2Éò�

XuS!"ìbc� Fe

84.2

Si

6-x

B

9

P

x

Cu

0.5

C

0.3

�íîV�

��� B

s

8 1.81~1.83 Tò¶�H

c

8 6.1~6.6 A/mò¶�

CJÜY���3�

[16]

2 

��íîV������	�!jÉÕ(H�	

74�úËû������67�(#���	N

÷	#���������24NµV²b��N�

¼�K�Q���íîV������	§e4�Ê

�>|)*67¤*�<D+��ÖX2� 1w,ìC

J)�3���íîV�����bc�3�5ð2 

���������	
�����

��íîV�����³|l~�3��.4�

-.ñµVíî�Ï�D��N�N/�íîVf

g�TU0Y�â�fgÎ�1CJVl���N�

^�N�CJµV���KLM�d322Ê�'�

ÕTUâ�fg�ÝÐØÙJi�ÖÁ�4��µV

VÇÁ2w�
��å���íîV�����VÇ

Ö3�ÕVùVÇ��²³�4_Ò¡n5a�28

j67µVlÈ½äVl_Ò��VÇc 2 l)*�

o�\�8L>« 

Amorphous→α+amorphous→α+β           �1� 

3��α4¡µV�D°��ÕV��β4�ê¶Ç�

è�2
��å���íîVµVÊËD��89:�

u�DSC�;ª�Þ8� 2l¿B<u=ce4B3(1)

� 2l)*�¿B

[17]

2�ÎVÇ���bÕV α-Fe�

:µV�D��â�fg�>?	�@ 2)*¿B�b

�ê¶Ç�è�/Î��3�ÁÇ����VÇûNB

µAðñ@ 1<u=ûN�@ 2<u=ûNò¶2
�

�å�����3��ÕVíîV�uv'bc'²B

�D�c[]�CDµV�D��*3�����2H

pqÃ`aTUºl�É�hiE��â�fg�4�

��íîVÇ	,�pq,F4�c,H�2«G�A

²³,-�Hhi�µV��íîVÇÉw²³�N

� 10

19

 m

-3

�ôøñÄ�Ii� 10

23

~10

24

 m

-3

�²³�

N�ë]=�A²³,-´ÁE�,FsíîV���

��VÇ	,

[18]

2J5 FINEMET���	bÂ���

VÇ	,G��ì*D��©w�K��oìw��


��]>ØH/L�U(H�VÇ	,(ù2 

�����Cu������ !�"#$%& 

8 FINEMET���Õ_Ò��̂ _M� CuúÇ

�¬:`ahiíîVfg�4��íîV����

�	�|w{"28���	��|*]¶6�w�

NOP� Cu úÇ�Y±²³<=4íîVN�N²

³�(m2QR��S7;T�ÞM�(APFIM)�n

. X�ªU�fgVWX�EXAFS�%&

[17,19]

c°�

å�8VÇÕ )*�¡ñ Cu� FeCJ�®�¯�

Cu YNó§�Å�Z�²b�[�íî�Z fcc Cu

���DO

3

fg�ÕV Fe

3

Si ��nK²³5¡�e

] Cu ���³´²³�42y_Ò��Si úÇ01

X α-Fe º»�Nb'B úÇÔm�0»ñ α-Fe �/8

CDµV�D��\�&]���n5�̂ � α-Fe(Si)

���|À4w�Î�É²b 10 nmÍÎ�íîV

�2DO

3

fg4w_Ò�s<�� Cu e_�µV� 

 

� �������� Fe 	
������������� 

Table 1  Typical soft magnetic nanocrystalline alloys and their magnetic property

[6] 

Alloy Typical composition/at% B

s

/T H

c

/A·m

-1

 µ

e

 (1 kHz) T

c

/K Grain size/nm 

FINEMET Fe

73.5

Si

13.5

B

9

Nb

3

Cu

1

 1.24 0.53 100000 573 10~12 

NANOPERM Fe

91

Zr

7

B

2

 1.70 7.2 14000 ~750 10~20 

HITPERM Fe

44

Co

44

Zr

7

B

4

Cu

1

 1.61 10 1800 980 10~17 

NANOMET Fe

85

Si

2

B

8

P

4

Cu

1

 1.85 5.8 27000 728 ~20 



�2908�                                          £MB¤*+"%&                                           � 49� 

D� Cu ���4w�/ Ostwald `Ç<=eÎ�=

Cu��É4� 5 nmÍÎ�� 4�2 

�����'�()*)+, !�"#$%&�

«� 0¼ Cu ���íîV����Å�¯J

�aP�VÇ_Ò���»±YN�ÉÇí4��í

îVVÇ��m24 FINEMET � NANOPERM ��

u�*���*_Ò�
�	Å

[20]

�8ÕV α-Fe��

²³4w_Ò��Nb'Zr'B S»±��È§�ab

È α-Fe��µV�D��c¾��²bCJYNdN

�ân5Ï�µV�D�VÇûN�»±��YN�

¬N/¬N�eDÈ§&] α-Fe�4w�É²bµ

V�Ðï α-FeíîV��â�fg2ï(ùP��C

JYNdN�ân5Ï�f8í4N�NíîV²³

�(H�m2Cu �(H<=48���µV���

Cu��¶²bK�n5c¾��nKÕV��²³g

h��_� α-FeíîV�²³2 

�����-./012345 !%&�

Sharma S¥^_i9� DSC Sû:uSj*]

0\��@N�Ö3
�ì NANOMET ���íî

VÇ	,

[21]

2^_4VÇ_ÒÜklî5[(Avrami 

exponent)c°	Å�¬û@P� 400 Ì/min�Sû�

�_ÒÛ�Å 2 Uml«370 Ì]>��]VÇ²³

P�ó��8���²³]nf²³�²³³´Q370 

Ì]���]VÇ²³P�	[��8���²³Ö 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  FINEMETABG>�ª«�¬y& 

Fig.4  Schematic representation of proposed model for the nuclea- 

tion and growth of the FINEMET alloy

[19]

 

3�?@w�Y±²³Ö32�ñTUÅ��¦�P

� NANOMET���N Fe�Cu¼�ª�Àl0rs

3:o2���]©?@P¬û��]�����0

rspÍ�¹l²³/qÍbc�Z/��/��pS�ë

�ª�nf²³r:Nû]°�� Cu��ës	�Y

±²³eD1���t`íOª α-Fe Vtuv3�

4�Î�����ìN�Û 8×10

22

 m

-3

�²³�N2 

ò�E�� 4µV��fg��£±P¤�w

��w�xyP��µV���£z0r3Tl(m'

VÇ_Ò��qÍ»±��n5Oª�YNdN]�

0�»���Y±²³S<�<=Bï4��íîV

��VÇ_ÒN�N²³��m

[22]

2 

���������	
��	���

L�ë=�!j���67�L�������^

_hiÐwVtuv�~5 mm�]>?{|}~���

�����ÎVtAÜyXEhiÜY���3�2/

4ñCJíîuN�~t\�DEF�Ô	m�Å¾�

�3/Î67���3�ÁÇ2my��Õ��ØÙ'

ýþ�4K�'�VWXY3	[�õ��ªRS3[

È%Xñó���íîV���|�Å����	,G

��ì¥�©w�
����Herzer

[23]

���8

Alben

[24]

��µV�	WXY3(ù��+�4��

íîV�����3��oìpq�rs2 

�����678�����9#:;�<%&�

��íîV�����3�����µV��Ê

ËD�*3�������yJ,H4��µV�*

3��
��Ò<|ØHp�2¡ñ������´

kaz�8µVl���	òÕ¤*���|NP�

{0CJ���32�È 1960� Gubanov

[25]

ó§j,

-�n�ìµVlº»D�\]CJ��3���

MaderS

[26]

Ä��Äì���� Co-AuµV��CJ

��3�¥�íP¤ÈµVl���§CJ©Ï��

*3�21967��Duwez
���	�ìCJ��3

�� Fe

75

P

15

C

10

µV��

[25]

��FsµVl����

�Å��Alben E�ìßà�µV����	WXY

3(ù

[24]

2ï(ù5��¡ñµV��fg�¹uv

ôøñ�����ø$4N���WXY3§¡ñd

zfg�×�Òk��´k/�½rÇ/$ø�j/

ÎµV��CJ�ø��WXY3	[���Å��

ø�LM��m/Þ8ÜY���3�2 

�������������=>�<?�

��67�LM���OPS9��3�¡67

�M�fgë�¨�467�VWXY3	[(K

1

)�

Z[28 Alben (ù��+��Herzer

[23]

ó§
�ì

a 

10 nm 

DO

3

 nanocrystal 

Copper cluster 

b 

d 

c 



� 8�                               ����(:;<=>?@AB�^bcz��c�                           �2909� 

Ù� α-FeVtuv(D)4 FINEMET��LM���O

P�#A24Vtò¶f8��ù�����	yX

�íîuN~t\�D���JiWXY3<K>4Ù

líîV��WXY3 K

1

�½rØ�JiWXY3

<K>�« 

6 6 3

1

/K K D A< >≈                         �2� 

3��A�ø$	[2 

4íîV���D øñ�����ø$ù�4N

L

ex 

(20~40 nm)]�LM��Õ �OPce�« 

4 6 3

c c 1 s

/H p K D J A≈                        �3� 

3 4 6

µ s 1

/

i

µ p J A K D≈                        

�4�

 

3��p

c

�p

µ

�	[�J

s

�õ��©ÇüN2Þ��

LM��Vt�[��}Ö�D

6

�bÝ�323(3)�

3(4)�� Herzer ëE��ßà�n.�	WXY3

(ù2 

4ñ!j�CJÐwVtuv�0.1~5 mm���

������Ç_Ò§¡Vc��{|}~�¨2y

]�LM��Õ �OP\���« 

c c 1 s

/H p AK J D≈                        �5� 

2

µ s 1

/

i

µ p J AK≈                          �6� 

\z�LM��wVtuvb¿Ý2� 5 �����

��LM��fguv�3�Ä�[��\]kÈ�

3(3)~(6)�Ä�f|��iµ	¶2 

^_�;�B���hi��Î=Óû���>

ª²m4`a��67�|UÖÁ���_Ò�e�

��ö�WXY324N Fe¼��íîV�����

ö�WXY3enK67���3�2��ö�WX

Y3#A�Suzuki S4n.�	WXY3(ù�oì

�

[27]

« 

2 2 3 3

c c u cr u 1 s

( / 2 ) /H p K V K K D A J≈ +         �7� 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  �������	
������������� 

Fig.5  Relationship between the coercivity and grain size for va- 

rious soft magnetic materials

[23]

 

3��K

u

�ö�Ù�WXY3	[�V

cr

�íîV�ë

ÑD�c[2Þ��y]LM�� D

3

bÝ2
��

å�FINEMET� NANOMETíîV�����3��

� D

6

��/ NANOPERMíîV��Ô�� D

3

�

[28]

2

�Äö�WXY3#A�ÖÁò|44678ú�û

N]����¹�Q³|UÝÐJi�ÖÁ48��

VÇ_Ò�&:|l01î#��;2 

����������	
������

67�6��3�Lõ��ÇüN'ú�ûNS

����bc'VDfgS��2¡ñ��íîV�

����íîV��µV�D�WÑÛ 70%� 30%�

D�c[����3�4��ù��f|��û>�

���õ��©ÇüNB4�Dò�

[23]

« 

J

s

(RT)=V

1

J

1

(RT)+V

2

J

2

(RT)                 �8� 

3��J

1

(RT)�J

2

(RT)ce4µV��íîV��õ�

�©ÇüN�V

1

�V

2

4��ëÑD�c[2HeS

[29]




��å�FINEMET ����α-Fe (Si)��µV�D�

�õ��ÇüN�Ø�∆M

s

������OP����

∆M

s

Éø]�����OP�ÉNØ2Þ��/�fg

�íîV��´kfg�µV��ù�<=�:ò¡B

�sO�ö�WXY3SmÇÈ§467���3�

��#A�T§Î4����3��`a¥%��2 

�ò���íîVÜY���3��5��VW

XY3�ø$ù�<=½rëª2«467��3�

�HIJ]�0ÓÓU4N�OP�KLM��E�

�Ud¨B=;+���>ª²m��E�OP¯�

����D\]^_�;�DB�������;ö

�WXY3E`aÄÅ2 

���������	
����

���89:3�4���|��H�_�3

�2��íîV��¡µV��íîV��b�eD

8Ç*_Ò�e�b��4�����iB2

íîV��µV����c¾¡ñ��ml�bc�

�Y���b���h30\�QD�ù�<=§�

¨���89:3�

[30]

2jíîuNEk�¡ñíî

VVÇ_Ò���qÍ���n5eOª�c¾��

�»±���Å ¡Å����qÍÇ*bc���

����Z�§_�¢ÇúÇ?@»FQ«j��u

NEk�ÐøuN�íîVfg�eOª�±8��

��ÂDrscz�j/�7¨£��¢Ç��²b

EFrs��D28¢ÇúÇf8�¤¥>�íîV

â���CJÐ¶�¦§©©Ç��2T(H¨��

8»©�²brs|ª�¢Ç�J�2«ª`«¢Ç

úÇ�ÔíîV�����89:3�H�ñ�B�

Nanocrystalline 

Permalloy

1�10

-3

          1           1�10

3 

Grain Size, D/µm 

10000

1000

100

10

1

0.1

H

c

/
A

·
m

-
1

 



�2910�                                          ��������                                            ! 49" 

µV��ÊËD

[31,32]

2]>§Gò�E4��íîV

����89:3�ë;�
�;|ØH<=2 

������ Si ��������	
����� 

µ�êø�� Si úÇ4���������H�

búÇ�Lßà Fe-3.5%Si��28w�[��íîV

����µVÊËD�Õ_Ò��Si4=EEN��µ

V²b���� ��3���H���ÇúÇ2\

]�Si8ENíîV��89:3�Ö¾�¯CJ�H

<=24 FINEMET ��µVÊËD��íîV8

H

2

SO

4

�HCl� Na

2

SO

4

»©�89:3��
�f|Þ

8�íîV��89:3�HÜñ�µV��ÊËD�

«9:eOªíîV����3�Jë>n

[33]

24

FINEMET ��µVl'¬l�íîVl8 H

2

SO

4

»

©�89:3��
�f|Ô�å�íîV®�89:

3�É¶�µVl}ò�¬lÉ�

[34]

2¼ Si ��µ

V�íîV��8Ç*_Ò�e8��®��¾²

b¯°3� SiO

2

�2¡ñíîV���µV��íî

V�ò¶c¾pÍ�f8�ü±�c¾iBe�ü Si

���n5���Îw� Si ��?@n5È���¾

²b7¨ SiO

2

¢Ç��EN���89:3�

[35]

2m

y�¼ Si ��íîV�����N89:3��|Ö

¾4��� Si¼�P�NÎò²b£�7¨�¢Ç��

³|Ö¾¾��íîVfgÎ�±'²ð�5¡D�r

sczj/�7º£�¢Ç�²bEFìrs�³�2 

������� Si ������	
����� 

SouzaS¥
�ì Fe-M-B (M=Zr, Nb)��� Fe- 

M-B-Cu (M=Zr, Nb, Mo)��8µV�íîVl89

:3��ÉÇ

[36,37]

2¦�	Å 2 U���µVl�í

îVl8 H

2

SO

4

»©�ÈCJåÞ�¢Çp2�Ýµ

Vl�íîVl�89:3�Jë>n2³9�¬:

3 UúÇ����89:3�NK�k�«¼ Nb � 

�>¼ Zr ��>¼ Mo ��2���89:3��É

Ç����¾²b�¢Ç��fg�bcJ�2´�

Souza�,-

[36]

�Ð¼ Nb�Zr�D MoS_ÅÆúÇ

T������¢Ç�\]k;4 n ùµODfg�

ÚÇè�CJ nùµOD��Ôfg2¢Ç��� Nb

T�8�î��¶ca:ð��ýÔò¶²b�

·Ô�¸Hwñ Zr T�� Mo T�ë²b�·Ô�

¸�&'��¹º��Hüñ��D2my�a:

ðHåÞNñ Zr� MoT�2\z����89:

3�»�¢Ç��è,fg��2 

�����Cr ����	
�������� 

CrúÇ4�b!j0¼����úÇ28½:3

»©��Cre²b¾�¿ÀÚÇè�¢Ç�Î0¼�

CJÁ¶�89:3�2��µV��]ÐK Cr¼�

G\]�Å�Ý!j0¼�¥ÜY�89:3��w

wnK���ýþ2
�	Å�µV Fe-10Cr-13P-7C

��8 1 mol/L HCl»©��89:3�H¶ñ!j

� Fe-18Cr-8Ni �304�0¼��/ Fe-Cr-Mo-C-B Â

D�êÃÄ¥48N� 12 mol/L HCl»©��CJ©

K�9:@P

[38,39]

2��µV��89:3�N��

m8ñ�N��¾��h3�rs�Ù�º»Df

g�Î���8���¾Å@²brs|ª�¾�¿

ÀÚÇèS�¢Ç��Îa:Æ]	�ëª

[30]

2 

Duarte S

[40]

Î=úÇc°�]Íc°ÖÁ
�ì

Fe

50

Cr

15

Mo

14

C

15

B

6

µVl'�cVÇíîVl���V

ÇíîVl89:3��ÉÇ2¦�	Å�� Sû�

�ûN�EN������ Mo � Cr e�� ¡2�

 � Cr�ÕV� M

23

(C, B)

6 

(M=Fe, Cr)�²b�Moú

ÇejïÇÇè�XµV�D ¡�²b� Mop��

È η-Fe

3

Mo

3

C �²b

[40]

28¢Ç�²b_Ò���=

CJÈÉíîVfg�� Mo K Cr �§�Ü§½:�

Oª�ê³�0rs�ë²b�íîV���¢Ç��

¾¯ÊË0rsQ/µVl¡ñ�rs|ª�Ù�f

g���¾ë²b�¢Ç�Ô�4ÝÐÌÍ2µVlÌ

Í�¢Ç��¾Î��½:3»©�ñÎ�¾wwn

Km/�Å�ÝíîVlCJ¥¶�89:3�

[32]

2 

�ò�íîV��c¾�µV�ò¶8Ç*©

Ç_Ò����»F_Ò�4��¢Ç��²b'f

g��Ï4©������oH�|Àw�
�2 

��������

LÊë=���íîV����ôCNõ��ö

BüN'N�OP'ÜÁ�N÷3�'K�Q�N�

u7¨3:�{K��ýþ�ØÙ��Õ���Î�

83��ýþ�Ý�Ð�µV��'!j�����

ÚD����CJ��Ü�

[41]

2 

� ()%&�?@	.�4uvø'±�Ñ'

N\Ò3�KÓÔ�õ�¦Ë'����ÕÖñ

×�Õ�oI¢H�42/��íîV����8Ð

ØÐN�÷PO1�10~50 kHz��NÕ �OPd3

Î�8Û(��(¿ÙÚX¿Y�Û=^�ËS

�()úËû��Î=�\©wÃ� ìýþ#A�

��(Ü�ÊÝ$d3��ÄWUÓÔ�^�ª©

5�Þß]�^�!OÞßS�<�3�HÜñ!j

� Mn-Zn �ÚD���µV��S�b�\ZËû

�� 6�

[42]

2ÉòJ!"FàW�¤áNl�"67

¤%J÷º»!bÂ��õ��ÇüN8 1.2 T]��

ØN¾ 60 mm��N8 20 µm]>CJN÷�OP�

íîVµV¾�Ô6�]ïÔ6�Õ�´ªâOã� 



! 8#                               $%&'()*+,�	
��-./012304                           �2911� 

 

 

 

 

 

 

 

 

 

 

� 6  5 FINEMET +,���6Vitroperm789���:;

<=)>15?89�@ABCD 

Fig.6  Toroidal wound cores and components of nanocrystalline 

FINEMET alloys (Vitroperm)

[23]

 

 

JC8j	´ªâË�hiw'(B=

[43]

2 

íîV�����³|B=ÌÍ48N÷ÉÊË

�N÷	#�����B=2�� 21���Ú�$

a�¯°ýþ�!b�Û¤2���42Ê¥ZÎ=

���(H��2j�f|Þ8�8��!"�#$

Î=_Ò����QRÑÂl���� 3.4%ÍÎ2

�y�H�2018��¸���	�� 68449ä kWh�

Ô�QÛ� 2327 ä kWh�¸���qÕ��2��µ

V/íîV�������Q�UJ!j�����6

7� 1/3~1/10�ª�=�Õ��$å��µV/��í

îV�����GÉKnKQ� 2/3 ��\æ�ÚÛ

1500ä kWh2]���ÒQç� 2018�	� 1000

ä kWh ����ñæ�ÚÛ|lµQç�	��è

Þ��µV/íîV��67��	
�4ée\��

	.��H£ê2\]nz�KQ��N3ýÝ���

íîV������§ehiw'(��	B=

[43]

2 

Éò��¸!§"ù�+�&#��¬�¸�$

%�{Ðë 5G'¥���'�Æì¹Õ'ÌZÕ�

dNÊÕ'"��íî'è¹ÕS��£±4()

[ïÇ�+�&#�2��íîV����TUãä

N3ýÝ���678�3Ëû'N÷	�N÷É

ÊË����B=§-E	.	./28y*+>�

��
	�L> 2lÖX\]�a�K« 

1) 74�cÇ�YÇ�;oI���íîV�

��D3��	240\B=;+�íîV�����

1\]^_��ÇE`a��3��¯\^_�;s

Oö�WY3��E`a��>ª²m��OPØÎ

�E�d¨oI2 

2) N�¼�'Nõ��ÇüN�K�Q���í

îV������	2��íîV��67��^�

N�~1.8 T��Kñ!j���1.8~2 T�67

[44]

2¡

ñ���D�uv�±�¡��67��^�N�

¨�Îi\SÓû>¡��µV/��íîV��67

�b����D�uv4��� 1.1~1.3ð2my�N

÷Î=Óû>!j��67�Ù)����	§e4

ñ���íîV���	³|lÖX

[45]

2 

 

����    References  

[1] Yan Mi(E  F ), Peng Xiaoling(GHI ). Magnetism and 

Magnetic Materials(��������� )[M]. Hangzhou: 

Zhejiang University Press, 2006: 184 

[2] Mao Weimin(	
�), Yang Ping(� ). Materials Science 

Principles on Electrical Steels(��������� )[M]. 

Beijing: High Education Press, 2013: 1 

[3] Wang Xinlin(���). Metallic Functional Materials(��J

K��)[J], 1996, 3(6): 205 

[4] Yoshizawa Y, Oguma S, Yamauchi K. J Appl Phys[J], 1988, 

64(10): 6044 

[5] Yoshizawa Y, Yamauchi K. Journal of the Japan Institute of 

Metals and Materials[J],1989, 53(2): 241  

[6] McHenry M E, Willard M A, Laughlin D E. Prog Mater Sci[J], 

1999, 44(2): 291 

[7] Herzer G. IEEE Trans Magn[J], 1989, 25: 3327 

[8] Yoshizawa Y, Yamauchi K. Mater Trans[J], 1990, 31(4): 307 

[9] Makino A, Inoue A, Masumoto T. Nanostruct Mater[J], 1999, 

12(5-8): 825 

[10] Willard M A, Huang M Q, Laughlin D E et al. J Appl Phys[J], 

1999, 85(8): 4421 

[11] Makino A, Men H, Kubota T et al. Mater Trans[J], 2009, 

50(1): 204 

[12] Jafari S, Beitollahi A, Yekta B E et al. J Alloy Compd[J], 

2016, 674: 136 

[13] Kong F L, Men H, Liu T C et al. J Appl Phys[J], 2012, 111: 

07A311 

[14] Fan X D, Zhang T, Jiang M F. J Non-Crystal Solids[J], 2019, 

503-504: 36 

[15] Hou L, Fan X D, Wang Q Q et al. J Mater Sci Tech[J], 2019, 

35(8): 1655 

[16] Xu J, Yang Y Z, Yan Q S et al. J Alloy Compd[J], 2020, 816: 

152534 

[17] Hono K. Acta Mater[J], 1999, 47(11): 3127 

[18] Schroers J, Busch R, Masuhr A et al. Appl Phys Lett[J], 1999, 

74(19): 2806 

[19] Ayers J D, Harris V G, Sprague J A et al. Acta Mater[J], 1998, 

46(6): 1861 



�2912�                                          ��������                                            ! 49" 

[20] Yavari A R, Drbohlav O. Mater Trans[J], 1995, 36(7): 896 

[21] Sharma P, Zhang X, Zhang Y et al. Scripta Mater[J], 2015,  

95: 3 

[22] Guan Pengfei(LMN), Wang Bing(O P), Wu Yicheng(Q

R9) et al. Acta Physica Sinica(STUV)[J], 2017, 66(17): 

176112 

[23] Herzer G. Acta Mater[J], 2013, 61(3): 718  

[24] Alben R, Becker J J, Chi M C. J Appl Phys[J], 1978, 49(3): 

1653 

[25] Duwez P, Lin S C H. J Appl Phys[J],1967, 38(10): 4096 

[26] Mader S, Nowick A S. Appl Phys Lett[J], 1965, 7(3): 57 

[27] Suzuki K, Herzer G. Scripta Mater[J], 2012, 67(6): 548 

[28] Sharma P, Zhang X, Zhang Y et al. J Appl Phys[J], 2014, 115: 

17A340 

[29] He K Y, Zhi J, Cheng L Z et al. Mater Sci Eng A[J], 1994, 

181-182: 880 

[30] Scully J R, Gebert A, Payer J H. J Mater Res[J], 2007, 22(2): 

302 

[31] Ma H J, Shen K C, Pan S P et al. J Non-Crysta Solids[J], 

2015, 425: 67 

[32] Duarte M J, Klemm J, Klemm S O et al. Science[J], 2013, 

341(6144): 372 

[33] Szewieczek D, Baron A. J Mater Proc Tech[J], 2005, 164-165: 

940 

[34] Souza C A C, Kuri S E, Politti F S et al. J Non-Crystal Solids 

[J], 1999, 247(1-3): 69 

[35] Ma H J, Wang W M, Zhang J et al. J Mater Sci Tech[J], 2011, 

27(12): 1169 

[36] Souza C A C, de Oliveira M F, May J E et al. J Non-Crystal 

Solids[J], 2000, 273(1-3): 282 

[37] Souza C A C, May J E, Bolfarini L et al. J Non-Crystal 

Solids[J], 2001, 284(1-3): 99 

[38] Hashimoto K. Corrosion[J], 2002, 58(9): 715 

[39] Pang S J, Zhang T, Asami K et al. Corros Sci[J], 2002, 44(8): 

1847 

[40] Duarte M J, Kostka A, Crespo D et al. Acta Mater[J], 2017, 

127: 341 

[41] Tang Cuiyong(WXY), Xiao Zhiyu(Z[\), Zhuang Zhe- 

feng(]^_) et al. Rare Metal Materials and Engineering 

(�������� )[J], 2014, 43(12): 3022 

[42] Marı�n P, Hernando A. J Magn Magn Mater[J], 2000, 215-216: 

729 

[43] Makino A. IEEE Trans Magn[J], 2012, 48(4): 1331 

[44] Suzuki K, Parsons R, Zang B et al. Appl Phys Lett[J], 2017, 

110(1): 012 407 

[45] Ohta M, Yoshizawa Y. J Phys D: Appl Phys[J], 2011, 44:  

064 004 

 

 

 

Research Progress and Application Prospect of Fe-Based 

Nanocrystalline Soft Magnetic Alloys 

 

Ma Haijian

1

, Wei Wenqing

1

, Bao Wenke

1

, Shen Xiangbo

1

, Wang Changchun

1

, Wang Weimin

2

 

(1. Weifang University, Weifang 261061, China) 

(2. Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials, 

Ministry of Education, Shandong University, Jinan 250061, China) 

 

Abstract: Due to the unique amorphous/nanocrystal dual-phase structure, Fe-based nanocrystalline alloys have excellent soft magnetic 

properties; their development is profound in the research of soft magnetic materials. In this paper, the research history of the Fe-based 

nanocrystalline soft magnetic alloys is reviewed. The development and properties of the typical Fe-based nanocrystalline alloys are 

introduced, and the nanocrystallization mechanism, the soft magnetic mechanism and the corrosion resistant properties of Fe-based 

nanocrystalline alloys are depicted. At the end, the application and prospect of the Fe-based nanocrystalline alloys in the power and 

electronic information are proposed. The major objective of this paper is to provide help for the material researchers in designing and 

developing of new Fe-based nanocrystalline alloy and other advanced functional materials. 
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