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ABSTRACT The addition of 4% niobium in Fe–Co–Nb–B amorphous alloy may retard the crystal-
lization process, raise the crystallized temperature and enhance the thermal stability. The nucleation of
Fe3B crystallized phase is checked while the nucleation and growth of Fe23B6 phase is promoted. The
average grain sizes can be reduced from 30–60 nm to about 14–20 nm. The crystallization activation
energy calculated by the onset crystallization temperatures decreases obviously. The nucleation pro-
cess of α–Fe(Co), Fe3B and Nd2(Fe, Co)14B phases is more difficult than the growth process, while the
growth process of α–Fe(Co), Fe23B6 and Nd2(Fe, Co)14B phases is more difficult than the nucleation
process caused by the addition of niobium. However, the mechanism of the nucleation and growth
of the crystallized phases is almost unchanged. The crystallization process is mainly dominated by
one–dimensional nucleation and three–dimensional growth with decreasing nucleation rate.
KEY WORDS Fe–based amorphous alloy, crystallization kinetics, crystallization activation en-

ergy, local Avrami exponent
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Fig.1 DSC curves at different heating rates β of the amor-

phous Fe67Co10Nd3B20 (a) and Fe67Co6Nd3Nb4B20

(b) alloys
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Fig.2 XRD patterns of the amorphous Fe67Co10Nd3B20 (a) and Fe67Co6Nd3Nb4B20 (b) alloys annealed

for 8 min at annealed temperature Ta of 853 and 903 K, respectively
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�Dlo- α–Fe(Co), Fe23B6 ! Nd2(Fe, Co)14B(\
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Fig.3 Starink plots for the crystallization process of the

amorphous Fe67Co10Nd3B20 (a) and Fe67Co6Nd3-

Nb4B20 (b) alloys
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Table 1 Crystallization activation energies derived from the

Starink and Kissinger equations by using different

characterization temperatures of the two amorphous

alloys

x Calculation E, kJ/mol

equation Tx1 Tp1 Tx2 Tp2

0 Starink[23] 589.6 495.2 333.7 393.0

Kissinger[23] 589.6 495.0 333.4 392.7

4 Starink[23] 418.4 455.9 523.5 607.4

Kissinger[23] 418.2 455.7 523.3 607.3
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Qg"o&<Q; $A Nb ��!#bX:KX, ! Tx1

dq!�Dc@;[H("! Tp1 dq!�Dc@;, e
[ α–Fe(Co), Fe23B6 ! Nd2(Fe, Co)14B K!o&<Q
+g";^<Q.
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F4z7�D<Q7!�D2k44. �D2k44bT
Lbm}~A! S ;WQ. �D2k44 X(t) bTLb
m ta !lin&F.jE Johnson–Mehl–Avrami(J–
M–A) EQ [25] (H0:

X(t) = 1 − exp[−kT(ta − τ)n] (9)
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Fig.4 Isothermal DSC curves at different temperatures for

the amorphous Fe67Co10Nd3B20 (a) and Fe67Co6-

Nd3Nb4B20 (b) alloys (ta—annealed time)

p7, τ -uvx; kT -X-1�r4, BD; T !j

4; n - Avrami w4, Xx8�D<Q7!;^_o&
E>.

! J–M–A EQF4z'-jEn&p:

ln[ln(1 − X)−1] = nln kT + nln(ta − τ) (10)

{ J–M–A EQ#i, m Avrami w4 n "-c�

D2k44{KND;!ND$ND, . ln[ln(1−X)−1]
M ln(ta − τ) 2\-|78(RZQ, ZQ!x�p-
Avrami w4. \ 5 -AD��! ln[ln(1−X)−1] b
ln(ta − τ) !n&\, HTAyKm!n&B"BSY!
ZQn&, Ce[ Avrami w4 n %�D<Q7B�r

4. &K4KG����!�D<Q"B:<Y(E>?
T, $Ba-Jz. Calka ! Radlinski[26] z-, ���
�!�D<Q7GU%D"S!�DE>, '$I-{{
Avrami w4, tXx8�D<Q"Sfs!;^_o&
E>!ND. G�D2k44- X b!{{ Avrami w
4 n(X) ?NjE:

n(X) = ∂ln{ln[(1 − X)−1]}/∂ln(ta − τ) (11)

M\ 5!WQ?T4/�4, F78{{ Avramiw

O 5 U[�		 ln[ln(1−X)−1] � ln(ta − τ) }|y
Fig.5 Plots of ln[ln(1−X)−1] vs ln(ta − τ) for the amor-

phous Fe67Co10Nd3B20 (a) and Fe67Co6Nd3Nb4B20

(b) alloys
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Nd–B ! Fe–Co–Nd–Nb–B ����!�DF+B(}
 y|>!;^4_;^�cbm`�!~}o&<Q,
B~A!K�A�D. α–Fe(Co), Fe3B ({ Fe23B6) !
Nd2(Fe, Co)14B C 3 D�DKSb;^_o&, '�8
����!(98? .
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Fig.6 Variations of the local Avrami exponents n(X) with

the crystallized volume fraction X for the amorphous

Fe67Co10Nd3B20 (a) and Fe67Co6Nd3Nb4B20 (b)

alloys
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��!�DK- α–Fe(Co), Fe3B ! Nd2(Fe, Co)14B;
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Fe(Co), Fe23B6 ! Nd2(Fe, Co)14B. Nb [Hi>

8 Fe3B �DK!;^, $p?8 Fe23B6 K!;^

_o&. Nb FG�DK!dÆ�eDn`c 14—
20 nm, #6"12�esD.

(2) FA Nb h!`X�DD; Tx1 dq!�Dc

@;[HX(. M Fe–Co–Nd–B ����, ! Tx1 dq

!�Dc@;+t("!T/�DD; Tp1 dq!�D

c@;, e[%�DX-7 α–Fe(Co), Fe3B ! Nd2(Fe,
Co)14B K!;^<Q+g"o&<Q; $A Nb ��!
#bX:KX, ! Tx1 dq!�Dc@;[H("! Tp1

dq!�Dc@;, e[ α–Fe(Co), Fe23B6 ! Nd2(Fe,
Co)14B K!o&<Qg";^<Q.

(3) FA Nb 23O�CN�DK!;^_o&E
>, ch�D"Sfs!bm,rND. ����!�D
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