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¬âº�3é�§Ýþû½
 Fe ÄB�¬Ü7�^Æ5U, Ù�ò»§ÝCz�ÔnÅn´B�¬+��
�ïÄSN. ïÄ
Ð©¬z§Ý��g¬z§Ý�mò» 1 h Fe ÄB�¬Ü7¬âº��ò»§Ý�Cz, ¿ï
á
�A��.. |^JÑ��.©Û
T§Ý��S Fe ÄB�¬Ü7¬âº��ò»§Ý,pk~��O��
ÔnÅ�. ïÄuy, 3Ð©¬z§Ý��g¬z§Ý�m��ò», �ò»§Ý�� Fe ÄB�¬Ü7L:� 0.6

��Ù¬âº���. 3ïÄ�§Ý«mS, nØïÄ(J�¢�ÎÜ��Ð. �ïÄJø
�«¯�¼��¬â
º�B�¬Ü7��{.
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1 Ú ó

Fe ÄB�¬Ü7äk4�`É�^^5U, 3
>å!>f&E9Daì�+�k2,�A^c
µ, guy±5É�
ÔnÚá�Æ.�2�'
5 [1−7]. ^�Ç´L� Fe ÄB�¬Ü7^^A5
���Ônþ��, Fe ÄB�¬Ü7^�Ç�
���ûuÙB�¬¬âº�, B�¬Ü7�¬â
º���, Ù^�Ç�p [8]. Ïd, ¬â[zEâ
´Jp Fe ÄB�¬Ü7^^5U�'�Eâ. 8
c¬â[z��{Ì�k: �¬ò»¬z{![z
{Ú��¬z{, Ù¥�¬ò»¬z{´8c��
[�¬â Fe ÄB�¬Ü7�~^�{ [9−11]. ,
, 8cÿØ��²(¬âº��ò»§Ý��m
�äN'X, I�©O3ØÓ�§Ýeò», �â
^^5U(½Ü7�n�ò»§Ý [12−14]. Ïd,

ïÄò»¬zL§¥ Fe ÄB�¬Ü7¬âº��
ò»§Ý�äN'Xé��[�¬âB�¬Ü7
�ï�äk�¿Â. ��@�, Fe ÄB�¬Ü7

�¬âº��ò»§Ý,pO� [15−17]. ,,

©z [18—20] %²(�Ñ
 Fe73.5Cu1Nb3Si13.5B9,

Fe76.5Si15.5B7Cu1, Fe77.5Si15.5B7 B�¬Ü7¬â
º��ò»§Ý,pk~��O���~y�, ©
z [21—23] �ïÄ�L²¬âº��ò»§ÝÑ
y
���. ,, Ty�¿vkÚåïÄöv

�À, �mk©zé Fe ÄB�¬Ü7¬âº�
�ò»§Ý�Cz5Æ?1�\�\�ïÄ.

�
U
)º Fe ÄB�¬Ü7¬âº��ò
»§Ý�~Cz�ÔnÅ�, ïÄ Fe ÄB�¬Ü
7¬âº��ò»§Ý�Cz5Æ, �©(Ü¬Ø
/¤9)�nØ [24], Áãïá¬âº��ò»§
Ý�m�'X�., �^^5U`É� Fe ÄB�
¬Ü7�ï�JønØ��.
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d/ØÚ¬Ø��ü�Ä�L§|¤, ùü�L§
Ñ´ÏL�fl�¬��¬�L¡*Ñ5�¤, ´
Ø�2©�Ä�L§ü�. Fe ÄB�¬Ü7´3Ù
�¬Ä.þ¬z/¤�äkAÏV�(��Ü7,

�¬ò»¬z/¤B�¬�L§¥, eØ�Äò»
�m!,ü§L§�Ï��K�, /Ø�Ç I(Ta)

Ú¬Ø���Ç U(Ta) �©OL«� [25−28]

I(Ta) ≈ NvkTa

3πa3
0η

exp
[
− γT 5

m

(Tm − Ta)2T 3
a

]
× exp

(
− En

RTa

)
, (1)

U(Ta) ≈ fkTa

3πa2
0

{
1 − exp

[
−∆G

RTa

]}
× exp

(
− Eg

RTa

)
, (2)

Ù¥ Nv �CÏ³�Û~ê, k � Boltzmann ~ê,

Ta �ò»§Ý, a0 �²þ�f�», η �ÅÝ, f �
.¡þ�f`kNX½£�� �©ê, γ �Ãþ
j~ê, Tm �Ü7�L:, R �n�íN~ê, ∆G

� Fe Ä�¬!B�¬�m�.¡gdU, En Ú Eg

©O�Ü7�/Ø-¹UÚ¬Ø��-¹U, U0,

I0 �~ê.

Øò»§Ý�K�	, /Ø�Ç9¬Ø���
Ç��ò»�m���'. ïÄL² [19,20], �§ò
»L§¥/Ø�Ç I(ta)!¬Ø���Ç U(ta) �
ò»�m ta �'X�±©OL«�

I(ta) ∝ t−5/2
a , (3)

U(ta) ∝ t−1/2
a . (4)

ò»L§¥B�¬Ü7�¬âº� D d/Ø
�Ç I Ú¬Ø���Ç U �Óû½, �L«� [24]

D(Ta, ta) ≈
4
√

U(Ta, ta)
I(Ta, ta)

. (5)

-

D0 =
(

Cfa0η

Nv

)1/4

, (6)

α = γT 5
m, (7)

Ù¥ C �~ê, Kò»L§¥ Fe ÄB�¬Ü7�
¬âº� D �L«�

D(Ta, ta) ≈ D0
4

√{
1 − exp

[
−∆G

RTa

]}
exp

[
α

(Tm − Ta)2T 3
a

]
exp

(
−Eg − En

RTa

)
t1/2
a , (8)

d (8) ª��, �§ò»L§¥ Fe ÄB�¬Ü7�
¬âº� D ∝ t

1/2
a , �©z [29] �(Ø��.

�ò»§Ý Ta > Tx1 �, Fe ÄB�¬Ü7
�/Ø-¹U En ÚØ��-¹U Eg ê�é�
C [30]; qduò»L§¥Ü7� ∆G À RTa

[31],

K (8) ª¥ 1 − exp
(
−∆G

RTa

)
��ªCu 1. (8) ª

�?�ÚL«�

D(Ta, ta) ≈ D0 exp
[

0.25α

(Tm − Ta)2T 3
a

]
t1/2
a . (9)

3 (J�?Ø

T�.�Ñ
,ü§L§�Ï��K�, ·^
uØÓò»§Ý^�e���ò». ��3Ð©¬
z§Ý (Tx1) ��g¬z§Ý (Tx2) �mò» 1 h

(ò»�m��, ¬��¬âº�L�, ^^5U�
z; ò»�m�á, ¬zØ�� [32]). ±þ©ÛL²,

3Ð©¬z§Ý (Tx1) ��g¬z§Ý (Tx2) �m
ò» 1 h, Fe ÄB�¬Ü7¬âº����Ì�´
dò»§Ýû½�. d (9) ª��, ò»L§¥ Fe

ÄB�¬Ü7¬âº��ò»§ÝCz�CzÇ

�
∂D(Ta, ta)

∂Ta
≈ 0.25αD0t

1/2
a exp

[
0.25α

(Tm − Ta)2T 3
a

]
×

[
5Ta/Tm − 3

(1 − Ta/Tm)3(Ta/Tm)4

]
. (10)

d (10) ª��, �ò»§Ý Ta ≈ 0.6Tm �,

∂D/∂Ta ≈ 0, =ò»§Ý��Ü7L:� 0.6 ��,

Fe ÄB�¬Ü7�¬âº���; � Ta < 0.6Tm

�, ∂D/∂Ta < 0, ¬âº��ò»§Ý,p~
�; � Ta > 0.6Tm �, ∂D/∂Ta > 0, Ü7¬âº
��ò»§Ý,pO�. ù´du¬â[z´
dp/Ø�ÇÚ$¬Ø���Ç��Ó�^5
¢y�, ��¬Ü73ò»§Ý�� 0.6Tm ?1
ò»�, Ü7�/Ø�Ç�¬Ø���Ç�, 3
d§ÝNCò»�k|u/¤[�¬â(��
B�¬Ü7. ù�8cÏ~æ^�©O3ØÓ§
Ýe?1ò», �â^^5U5(½n�ò»§
Ý��{'�, �±!� Fe ÄB�¬Ü7���
óS��m, é��[�¬âº�B�¬Ü7�
ï�k�½���¿Â. �
�y�©(Ø, e¡
Ì�ÀJ Fe73.5Cu1Nb3Si13.5B9, Fe74.5Nb3Si13.5B9
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9 Fe76.5Si15.5B7Cu1 Ü75�[`².

Fe73.5Cu1Nb3Si13.5B9 B�¬Ü7�Ð©¬z
§Ý�� 760 K, �g¬z§Ý�� 900 K[33,34],

©z [18] 30u�ö�m�§Ý«mS©O�
ØÓ�ò»§Ýò» 1 h, �â X ��û�{©
OO���ò»§Ýe�¬âº�, �Ñ
X�
©¤£ã�¢�(Ø, uyÜ7¬âº��ò»
§ÝCzÑy
²w���: Äk¬âº��ò
»§Ý,p~�; ò»§Ý�� 823 K �, ¬â
º������; �¬âº�q�ò»§Ý�
,pO�. T(J���
ß�>fw�º*
ÿ(J (°Ý�� 0.1—0.2 nm) ��y, Xã 1 ¤
«. é Fe74.5Nb3Si13.5B[21]

9 , Fe76.5Si15.5B7Cu[19]
1 B

�¬Ü7¬âº��ò»§Ý�ïÄ�L², ©
O3ØÓ�ò»§Ýeò» 1 h, Ü7¬âº�
Äk�ò»§Ý�,p~�; Fe74.5Nb3Si13.5B9

Ú Fe76.5Si15.5B7Cu1 B�¬Ü7�¬âº�©O
3ò»§Ý� 875 K, 775 K ������; �¬
âº�q�ò»§Ý�,pO�, ©OXã 2 Ú
ã 3 ¤«.

ã 1 Fe73.5Cu1Nb3Si13.5B9 B�¬Ü7¬âº��ò»§Ý
�'X (�ã�¬âº��ò»§ÝCz�¢��)

L 1 n« Fe B�¬Ü7¬âº��ò»§ÝCz�[Üëê

Fe ÄB�¬Ü7
[Üëê

D0/nm·h−0.5 α/K5 Tm/K

Fe73.5Cu1Nb3Si13.5B9 5.04×10−3 5.34×1015 1370

Fe74.5Nb3Si13.5B9 2.51×10−3 8.46×1015 1450

Fe76.5Si15.5B7Cu1 4.87×10−3 4.84×1015 1300

d (9) ª [ Ü � � Fe73.5Cu1Nb3Si13.5B9,

Fe74.5Nb3Si13.5B9 9 Fe76.5Si15.5B7Cu1 n«B�¬

Ü73Ð©¬z§Ý��g¬z§Ý�mò»�
¬âº��ò»§ÝCz�nØ�, Xã 1—3

¤«, [Üëê�L 1.

ã 2 Fe74.5Nb3Si13.5B9 B�¬Ü7¬âº��ò»§Ý�
'X

ã 3 Fe76.5Si15.5B7Cu1 B�¬Ü7¬âº��ò»§Ý�
'X

d (6) ª��, L 1 ¥ëê D0 Ì��Ü7
²þ�f�» a0, ÅÝ η Ú.¡þ�f`kN
X ½ £ � �   � © ê f k '. é u Ü 7  ó,

f � C u 1[27]; a0 d Ü 7 ¤ © û ½; Ø Ó ¤ ©
Ü 7 � Å Ý η � Ø Ó; Ü 7 ¤ © Ø Ó � D0 �
�ØÓ. d (7) ª��, ëê α dÃþj~ê γ

ÚÜ7�L: Tm û½. kïÄ�Ñ~ê γ �
� � 1.229[27], Ü 7 � L : � Ù ¤ © � � � ',

Ø Ó ¤ © Ü 7 � α � � Ø Ó. d (7) ª 9 L 1

¥Ü7�L:�O��� Fe73.5Cu1Nb3Si13.5B9,

Fe74.5Nb3Si13.5B9 Ú Fe76.5Si15.5B7Cu1 Ü7� α �
©O 5.93×1015 K5, 7.88×1015 K5 Ú 4.56×1015 K5,

�L 1 ¥[Ü¤� α �ÎÜ��Ð.
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d 	, � k © z ï Ä
 Fe77.5Si15.5B7
[19],

Fe78B13Si9[20], Fe74.5Nb3Si13.5B9
[21], Fe73.5Cu1Ta3

Si13.5B9
[22] 9 Fe73.5Cu1Nb3Si13.5B9

[23] �Ü7¬â
º��ò»§Ý�Cz, éÙêâ?1©Û��Ø
Juyù
Ü7�¬âº��ò»§Ý�,p�
�3k~��O��y�.

nØ©ÛÚ¢�(J�é'L², 3Ð©¬z
§Ý±þ�½§Ý��Sò», Fe ÄB�¬Ü7
¬âº��ò»§Ý,pk~��O�, ¬âº�
�3���. 3Ð©¬z§Ý (Tx1) ��g¬z§
Ý (Tx2) �m, ¢�(J�nØ�.ÎÜ��Ð.

4 ( Ø

�©ïÄ
3Ð©¬z§Ý��g¬z§Ý
«mSò» Fe ÄB�¬Ü7¬âº��ò»§
Ý!ò»�m�m�'X, �Ð/)º
3T§Ý
«mS��ò» Fe ÄB�¬Ü7¬âº��ò»
§ÝCzÑy���ÔnÅ�. uy��ò»L§
¥�ò»§Ý��Ü7L:� 0.6 ��, Fe ÄB�
¬Ü7�¬âº���. nØïÄ�¢�(JÎÜ
��Ð.
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Abstract

The magnetic properties of the Fe-based nanocrystalline alloys are determined mainly by their grain sizes, and the mechanism

of the variation of grain size with annealing temperature is an important issue in the study of nanocrystalline alloys. In this paper,

the relationships between grain size and annealing temperature for these alloys within the primary crystallization temperature (Tx1)

and the secondary crystallization temperature (Tx2) for 1 h are investigated, and a corresponding model is proposed. The physical

mechanism of the fact that the grain size first decreases and then increases with the increase of annealing temperature is explained by

using this model. It is found that the grain size has a minimum value when these alloys are isochronally annealed at the temperature

near 0.6 times that of the melting point. Theoretical analysis results are found to be in agreement with the experiments data within the

investigated temperature range. This investigation provides a means to obtain the smallest grain size quickly.

Keywords: Fe-based nanocrystalline alloys, grain size, annealing temperature
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