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Fe75CosZri190B1o amorphous alloy prepared by melt-spinning was annealed at various temperatures. The ther-
mal property and microstructures were investigated by differential thermal analysis, X-ray diffraction, and trans-
mission electron microscopy. The crystallization process of Fer5CosZri0B1o amorphous alloy is complex. The a-Fe
phase precipitates from the amorphous matrix in the initial stage of crystallization. The a-Mn type (x) phase
precipitates at 570 °C, but transforms to a-Fe phase and the Laves C14()\) phase at higher temperature. In the
final stage of crystallization, FesZr, FesZr, and unknown phases are observed and the A-phase disappears. The
a-Fe phase preferentially nucleates after annealing at 530 °C for 10 min and the y-phase preferentially nucleates
after annealing at 600 °C for 10 min. The nucleation barrier of y-phase is larger than that of a-Fe phase. The local

structure of x-phase is more similar to amorphous phase.
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1. Introduction

Fe-based nanocrystalline soft magnetic alloys have
been extensively investigated over the past several
decades [1-8]. The study on crystallization process is
one of the key research contents of Fe-based amorphous
alloys. Many special metastable phases formed during
the crystallization process have attracted continuous in-
terest in recent years. The cubic quasiperiodic (CQ),
nanocrystalline CQ (NCQ), Laves C14(\), a-Mn type ()
and hexagonal (H) phases were observed in the primary
crystallization processes of Fe-Si-B-Nb alloys [8-10].
Feo3Bg phase was observed in other Fe(Co)-Si-B-Nb al-
loys [5, 11]. For Fe-M-B (M = Zr, Nb) alloys, a-Mn type
[6, 12] and Feg3Bg [13-15] metastable phases were ob-
served in the primary crystallization processes. So many
kinds of metastable phases form as primary crystalliza-
tion phases. The formation of specific phases and their
fast nucleation are associated with three aspects: similar-
ity between local structures of the metastable and amor-
phous phases, high activation barriers for long range re-
arrangement necessary for formation of primary phases
in stable supercooled liquid and surface energy [8].

In this paper, the a-Mn type (x) and Laves C14())
metastable phases were observed during the crystalliza-
tion process of Fer;;CosZr19B1g alloy. The phase trans-
formation was studied.

2. Experimental details

Fe;5CosZr19B1¢ amorphous alloy ribbon was prepared
by melt-spinning and annealed at 530, 570, 600, 630, 680,
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and 730 °C for different annealing times. Structural char-
acterizations of samples were examined by X-ray diffrac-
tion (XRD, D/max 2500/PC, Cu K,, A = 1.5406 A) and
transmission electron microscopy (TEM, JEM-2100E).
The thermal analysis was investigated by differential
thermal analysis (DTA, TG/DTA-6300) at a heating rate
of 20 K/min.

3. Results and discussion

XRD patterns of Fer5CosZri19B1g alloy corresponding
to different annealing temperatures for 40 min are shown
in Fig. 1. No crystalline peaks are detected in the XRD,
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Fig. 1. XRD patterns of Fer5CosZr10B1o alloys corre-

sponding to different annealing temperatures for 40 min.

which indicates that the alloy as-quenched forms amor-
phous. After annealing at 530°C, only the a-Fe phase
precipitates from the amorphous matrix. At 570°C, the
a-Mn type () phase also precipitates in addition to a-Fe
phase. Further increase of annealing temperature leads
to the disappearance of x-phase, the growth of a-Fe vol-
ume fraction, and the formation of Laves C14(X) phase.
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The x-phase is metastable and transforms to a-Fe phase
and A-phase. The A-phase is also metastable and dis-
appears at higher temperature. The FesZr, FesZr, and
unknown phases are observed in the final stage of crystal-
lization, but it is difficult to judge which phase is trans-
formed by A-phase.
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Fig. 2. DTA traces of FersCosZrioBig alloys as-
-quenched and annealed at different temperatures for
40 min.

TABLE

The characteristic crystallization temperatures
determined from all DTA curves.

Tp1 [K] Tpo [K] Tps [K]
as-quenched 601.0 646.2 685.3
530°C 603.9 643.2 682.4
570°C - 665.3 714.0
630°C - 674.4 711.8
680°C - - 723.2
730°C - - -

Figure 2 shows the DTA traces of Fe;;CosZrigB1g al-
loys as-quenched and after annealing. The characteristic
crystallization temperatures determined from all DTA
curves are shown in Table. There are three exother-
mic peaks in the DTA trace of the alloy as-quenched.
There is little change in the DTA trace of the alloy an-
nealed at 530°C. For the alloy annealed at 570°C, the
first exothermic peak (7,;) disappears and the second
exothermic peak (T},2) shifts obviously to a higher tem-
perature region, which indicates that the first stage of
crystallization is complete. The first exothermal peak
should correspond to the formations of a-Fe phase and
x-phase. For the alloy annealed at 680°C, only a little
peak at high temperature region is observed, which indi-
cates that the second stage of crystallization is complete.
The second exothermal peak corresponds to the trans-
formation of y-phase. For the alloy annealed at 730 °C,
no peak is observed, indicating that the crystallization is
complete. The third exothermal peak (T}3) corresponds

to the transformation of A-phase, and the precipitations
of FesZr, FeyZr, and unknown phases.

Figure 3 shows the TEM image and the corre-
sponding selected-area electron diffraction pattern of
Fe;5CosZr19B1o alloy annealed at 570 °C for 40 min. The
nanocrystals surrounded by a residual amorphous matrix
are irregularly shaped. Polycrystalline electron diffrac-
tion pattern shows the evidence for a-Fe and a-Mn type
phases.

Fig. 3. TEM image and the corresponding selected-
-area electron diffraction pattern of Fer5CosZr10B1o al-
loys annealed at 570 °C for 40 min.

XRD patterns of Fer5Co5Zri19B1g alloys correspond-
ing to 530, 600, and 630 °C for different annealing times
are shown in Fig. 4a—c. The «-Fe phase forms in the
alloy annealed at 530°C for 10 min (Fig. 4a). When an-
nealing time reaches 90 min, the y-phase precipitates in
addition to a-Fe phase. Both the intensity of a-Fe and
x-phase diffraction peaks increase with increasing anneal-
ing time. The x-phase and very little a-Fe phase precip-
itate in the alloy annealed at 600°C for 10 min (Fig. 4b).
With increasing annealing time, the diffraction intensity
of y-phase increases firstly and then decreases. The in-
tensity of a-Fe diffraction peak increases continuously.
The x-phase transforms to a-Fe phase. The x-phase and
a-Fe phase are observed in the alloy annealed at 630°C
for 10 min (Fig. 4c). With increasing annealing time,
the volume fraction of y-phase decreases with increasing
annealing time. The A-phase is observed in the alloy an-
nealed at 630 °C for 40 min. Further increase of annealing
time leads to the disappearance of y-phase. Only a-Fe
phase and A-phase are observed in the alloy annealed at
630 °C for 180 min.

The crystallization process consists of two major
events: nucleation and crystal growth. The formation
of new phases begins with the process of nucleation [16].
After annealing at 530°C for 10 min, o-Fe phase pref-
erentially nucleates. When increasing annealing time or
temperature, y-phase precipitates. It indicates that nu-
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Fig. 4. XRD patterns of Fer5CosZr10B1o alloys corre-
sponding to 530 (a), 600 (b), and 630 °C (c) for different
annealing times.

cleation barrier of x-phase is larger than that of a-Fe
phase. Moreover, x-phase preferentially nucleates after
annealing at 600°C for 10 min. It should be that the
local structure of yx-phase is more similar to amorphous
phase. If thermal energy provided by heat treatment
overcomes the nucleation barrier of y-phase, x-phase
preferentially nucleates rather than a-Fe phase. The
x-phase is metastable and transforms to a-Fe phase with
increasing annealing time at 600°C. When thermal en-
ergy provided by heat treatment overcomes the nucle-
ation barrier of A-phase, y-phase not only transforms to
a-Fe phase but also A-phase, which is observed in the
alloy annealed at 630 °C for 40 min.

4. Conclusions

(1) Fer5CosZr10B1o alloy as-quenched forms amor-
phous. After annealing at 530°C for 40 min, only a-Fe
phase precipitates from the amorphous matrix. The
x-phase and A-phase are metastable, which are observed
at 570 and 630°C for 40 min, respectively. With increas-
ing annealing temperature, x-phase transforms to a-Fe
phase and A-phase. The FezZr, FeyZr, and unknown
phases are observed and the A-phase disappears in the
final stage of crystallization.

(2) There are three exothermic peaks in the DTA trace
of the alloy as-quenched. The first exothermal peak cor-
responds to the formations of a-Fe phase and yx-phase.
The second exothermal peak corresponds to the trans-
formation of x-phase into a-Fe phase and A-phase. The
third exothermal peak corresponds to the transformation
of A-phase, and the precipitations of FezZr, FesZr, and
unknown phases. It is difficult to judge which phase is
transformed by A-phase.

(3) The a-Fe phase preferentially nucleates after an-
nealing at 530°C for 10 min and the y-phase preferen-
tially nucleates after annealing at 600 °C for 10 min. The
nucleation barrier of y-phase is larger than that of a-Fe
phase. The local structure of y-phase is more similar to
amorphous phase.
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