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ABSTRACT Amorphous Fe73.5Cu1Nb3Si13.5B9 alloys have been nanocrystallized by microwave field
annealing and the effect of microwave field on the nanocrystallization has been investigated. It is shown
that by microwave field annealing at 480 # for 5 min, 80% fine nanocrystalline α–Fe(Si) grains about
15 nm formed in the amorphous matrix. With increasing annealing time to appropriate value (30 min),
the nanocrystallization completed and the grain size of the α–Fe(Si) phase stays nearly the same, but
the lattice parameter decreases to 0.2461 nm, and the alloy has a very high Ms of 1.79 T. Comparing to
annealing by laser, shock wave, current and magnetic field, after the alloy was annealed by microwave field
single α–Fe(Si) phase, smaller grain size and higher crystal phase volume can simulantly obtained. It is
also revealed that microwave field benefits the transition of atom B toward vacancy, which increases the
nucleation rate of α–Fe(Si) phase and promotes the nanocrystallization of the alloy.

KEY WORDS metallic materials, amorphous Fe73.5Cu1Nb3Si13.5B9, microwave field, crystallization,
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1 �� !
I/�CD65FG5F Fe73.5Cu1Nb3Si13.5B9

$% &(��, </*J@H8�KEH�. </
A*$LF5�/6=5G5F!$��M*5*
I/� 4 mm%H/B� 30 μm $� NO, CG'
�DJ (1×10−5Pa)�P=Q$ �68*/#R0
-7< �68�S> �68. 7< �68�
7<C2� 2.45 GHz $A*TK?EL�0-, I

/ Al2O3 @A8�KB�, /ICUBFJU �B
/.7<�4K2� 200–400 W,�4B/� 400–600

#, �4DL� 5–40 min. �MMG�0-4N �
68. / HH–20 �EVGN(OOUPGN$QE
(�; /RH8� Rigadu X FGHFFUP.56,

UHIP: CuKα LJ4ÆF, Q:K 35 kV, Q:

; 20 mA; LF:SHGI/4N/T,-*5, M

701RWI#N� JEM–2000EX :JM7SO0
-, �P:K� 160 kV.
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2.1 '()*K+%,-'.LM/'0N1

Fe73.5Cu1Nb3Si13.5B9 � 550 #4N� 68

5 min!+,"� 6*, QD)RP$ α–Fe(Si) 

�.4*. SXDLO 15 min D, +," α–Fe(Si)

.6*, � .$�7#0YYSR, CSXDL
O 30 min D, α–Fe(Si) .$�7#0Z�[Y, =

\ XRD TOTUV]2� .,U^� (T 1).

Fe73.5Cu1Nb3Si13.5B9 �7<;6 480 # �68

5 min D>UW �* α–Fe(Si) ., SXDLO 20

min � 30 min, HFVO/�H[Z (T 2).

</ Scherrer WV,  BCD�

D =
Kλ

βcosθ
(1)

'� K � Scherrer 40, <_X 0.89; λ � X FG

<X, X 0.154056 nm; β �BHFV0-WP!XU
'V$`*I$X/; θ �HFY.ZY XRD UP5

2 1 Fe73.5Cu1Nb3Si13.5B9 Q 550 ab[Y\cZ

dZ[]A XRD \

Fig.1 XRD analysis of Fe73.5Cu1Nb3Si13.5B9 sub-

mitted to annealing at 550 a for 5 min (a),

15 min (b) and 30 min (c)

2 2 Fe73.5Cu1Nb3Si13.5B9 Q2?@� 480 a3=

=cZdZ[]A XRD \

Fig.2 XRD image of Fe73.5Cu1Nb3Si13.5B9 annealed

at 480 a for 5 min (a), 30 min (b) and 40 min

(c) in microwave field

R 1 550 a==cZ^A=[ef D S=_b] a

Table 1 Grain size D and crystal lattice constant a

of the magnet annealed at 550 a

t/min β D/nm θ/◦ a/nm

5 0.950 9.1 22.460 0.2480

15 0.603 14.5 22.629 0.2462

30 0.617 14.1 22.590 0.2466

`, a<-O^2 b40
a =

1.23λ

2sinθ
(2)

� 550 #4N� 68! α–Fe(Si) $ BCD_T
 �DL$SXcT\UX, =, �DLF 15 min

! BCD�H[Z, B� 14.1 nm. α–Fe(Si) $ 

b40 a"V0$ 0.2480 nmT\dO 0.2462 nm(g
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1). �7<;8/6 480 # �68, α–Fe(Si) $ 

BCD� 5 min ]^Fh 15.1 nm, SX �DL 

BCD�H[Z; α–Fe(Si) .$ b40� 0.2461–

0.2467 nm(g 2), � 480 #68 30 min D�V), `

_iDWJjXL$`aV). �/b=,-*5
$ Fe73.5Cu1Nb3Si13.5B9 � α–Fe(Si) .$ b40

A)#�ac,56$ α–Fe $ b40 (a=0.2892

nm). +,WY,� α–Fe �d!"<QP$ Si, 8

)$ Si WJbk" bcc α–Fe �$ Fe WJ<lZ4
0S) [10].

R 2 480 a==cZ^[eA=[ef D S=_
b] a

Table 2 Grain size D and crystal lattice constant a

of the magnet heat treated at 480 a

t/min β D/nm θ/◦ a/nm

5 0.579 15.1 22.590 0.2466

30 0.593 14.7 22.640 0.2461

40 0.588 14.8 22.589 0.2467

2.2 '()*34
α–Fe(Si) .cf#� ��.] (T 3). 550 #

4N� 68 5 min !�(�+,"� 56�R
P$ α–Fe(Si) .6*, α–Fe(Si) .$ BCDB�
9–10 nm(T 3a); m �68DLSXO 15 min D,

)YP$ α–Fe(Si) .d*, ' BCDXY� 15 nm

\], =,� α–Fe(Si) .$^eg)YP$� .
^�, α–Fe(Si) .X_$�7#0B� 50%–60%(T

3b). 7<;8/6 480 # �68 5 min !(�

 �. α–Fe(Si) .$�7#0F 80%, α–Fe(Si) .

$hA BCDB� 15 nm(T 3c); efSX �

DL,  BCD� �.$�7#0Z�[Y. "i
<f, 7<; �68<1* �.$4g2. I2
4 �68%2< �68%:9:;�:9(; 

�68.E, 7<; �68<QD"'L<$ α–

Fe(Si) �.%>)$ BCD�>*$ �.�7

#0, c Fe73.5Cu1Nb3Si13.5B9 $.�(�O/+,
" α–Fe(Si)  B$*#��7#0iQ, X-��
0)*$.�(�O/� j$&(�#.

2 3 Fe73.5Cu1Nb3Si13.5B9 A TEM g2hi

Fig.3 TEM morphology of Fe73.5Cu1Nb3Si13.5B9 crystallined at 550 a for 5 min (a), 15 min (b) in

traditional furnace and at 480 a for 5 min (c), 30 min (d) by microwave field
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R 3 Fe73.5Cu1Nb3Si13.5B9 QdZhj3==cZ^A Ms `
Table 3 Ms value of Fe73.5Cu1Nb3Si13.5B9 submitted to annealing at different condition

Annealing in traditional furnace Annealing by microwave field Annealing by microwave field at

at 550 a for different time at 480 a for different time different temperature for 20 min

t/min Ms/T Mr/T t/min Ms/T Mr/T T/a Ms/T

5 1.57 1.09 5 1.48 1.21 450 1.24

15 1.70 1.33 20 1.58 1.22 480 1.58

20 1.50 1.23 30 1.79 1.54 500 1.52

30 1.49 1.20 40 1.48 1.10 550 1.20

2.3 56ab789:';<*'(=>
� ���7<8/6 �D, ��ij$7<

#P� [10]:

P = ω(ε0ε
′′E2 + μ0μ

′′H2) (3)

'� ω �7<C2, ε0 �JLk:40, ε′′ k:k

l, E �7<:;O/, μ0 �JL(12, μ′′ (k

l, H �7<(;O/. �7<(;�, � ��$

A"#�k+,8/$,C(;# GH �(n�#

Gλ((clm#)[11]. '�C(;#

GH = μ0
�Ms · �Hp = −μ0MsHp (4)

'� μ0 �DJ�$(12, Ms �(o$Am(�
O/, Hp �:9(;O/. c(n�#

Gλ = −2
3
λsσcos2φ (5)

'� φ �63 σ ,5I Ms ,5$nY, λs �.�

(clmn0. l`:;dk$#PZ�� GE(φ),

e�7<;�fA"#�

G = GH + Gλ + GE (6)

G = −μ0MsHpsinφ − 2
3
λsσcos2φ + GE(φ) (7)

�mg.Z43�A"#o)W8$IP6 (p

∂G/∂φ=0) o=8/Fhhq, �7<;��� �
�]p7qdG(clm. -5�/6-4*$� 
��, ]63<V1cWJ1/#r<V$qd, <

� ���2*WJ1/*#hA1/$Kmnp
p �n�WJ1/s#hA1/$ohnp n �n,

'� n �nr)8TJp [12]. �<s:9I/],

(;O/ Hp �<Qte]Z�, (clm�7<$
*C:;t0WJEVu�� ]qdLqor�
Jp�ps$qi. QD, �"ds� ��n>$

#P, � Lq�$..�rWJG5Jpjq, �

���t. α–Fe(Si) $ u4gN2vkIP [13].

2 4 Fe73.5Cu1Nb3Si13.5B9 Q2?@ 480 a==c

Z 30 min A M − H sv

Fig.4 M − H curve of Fe73.5Cu1Nb3Si13.5B9 an-

nealed at 480 a for 30 min in microwave field

EV$rWJ"'$#Pl*, 5Jpjq$P/l
\, )m#���t α–Fe(Si) .$4g2UY, t0

$% �.

2.4 6ab'(n>? Fe73.5Cu1Nb3Si13.5B9 ;
<*@oAB

� 550 # 4 N �  15 min, � �

Fe73.5Cu1Nb3Si13.5B9 $ Ms � Mr AFVYp, '

� Ms � 1.70 T(g 3). �7<;8/6 480 # �

68, (�$ Ms u_T �DL$SXcUY, m

 �DLSXh 30 min D, Ms � 1.79 T � Mr �

1.54 T AFVYp, u_TDL$0<wSXcd
s. xu7<K2< �B/\ 450 #w*h 480

#, e Ms \ 1.24 T U�h 1.58 T, u_TK2$0
<w1*,  �B/w*1c Ms ds (g 3).

3 " &
Fe73.5Cu1Nb3Si13.5B9 � � 550 #4N� 

5 min, +,"� �RP α–Fe(Si)  �.6*;

 �DLXO 15 min  �U*, α–Fe(Si) .$�

7#0YYU�, '.�(�O/ Ms FhVY
p (1.70 T). �7<;6 480 # �68 5 min,
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Fe73.5Cu1Nb3Si13.5B9 � >UW �, 4* α–

Fe(Si) .�RPyq� ., α–Fe(Si) .$ BC

DB� 15 nm;  �DLSXh 30 min,  B[CX
Y, '.�(�O/ Ms FhVYp (1.79 T). I2
4 �68%2< �68%:9:;�:9(;

 �68.E, 7<; �68<QD"'L<$
α–Fe(Si)  �.%>)$ BCD�>*$ �.

�7#0, <��0)*$.�(�O/� j$
&(�#. 7<;)t#� ���$rWJ5J
pjq, 1c���t. α–Fe(Si) .$4g2UY,

t0��$$% �.
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