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Fe64Co16Zr10B10 amorphous alloy prepared by a single roller melt spinning was annealed under isother-
mal treatment at temperatures ranging from 550 to 650◦C in a vacuum. Phase evolution and mag-
netic characteristic of Fe64Co16Zr10B10 amorphous alloy were investigated in detail by combining X-ray
diffraction, transmission electron microscopy, scanning transmission electron microscopy/energy disper-
sive spectroscopy, and vibrating sample magnetometer. At 550◦C, the metastable intermediate α-Mn
type phase precipitates, as well as an α-Fe(Co) phase. At 575◦C, only metastable α-Mn type phase is
observed. Scanning transmission electron microscopy/energy dispersive spectroscopy indicates that the
α-Mn type nanocrystals contain Fe, Co, and Zr. More Zr is at the interface between the nanocrystals
and the amorphous matrix. There is little change in Co concentration among the remaining amorphous
matrix, the nanocrystals, and the interface between the nanocrystals and the amorphous matrix. With
a further increase in annealing temperature, the crystallization volume fraction of the α-Mn type phase
decreases, and the crystallization volume fraction of the α-Fe(Co) phase increases accordingly. Coerciv-
ity of Fe64Co16Zr10B10 alloy undergoes a sharp rise above 550◦C and a sharp decline above 600◦C.
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1. Introduction

With the development of material science, the
discovery and application of many metastable phase
materials [1–9] make the formation and character-
istics of the metastable phase one of the scientific
and technological interests. The metastable phase
of alloy materials has always been a hot and fron-
tier issue in material science research. Researchers
are committed to identifying metastable phases in
some of the alloy materials and the influence of
metastable phases on the properties of alloy ma-
terials.

Fe-based nanocrystalline soft magnetic alloys, as
important functional materials, have widely at-
tracted attention. Over the past several decades,
during the primary crystallization of Fe-based
amorphous alloys, different kinds of metastable
phases have been reported, such as Fe23B6

type [10–13], Fe12Si2ZrB type [14, 15], β-Mn
type [16, 17] and α-Mn type (χ) [18–22], χ-FeCrMo-
like structure [23] and Nb5Fe33B10 phases [24]. The
α-Mn type phase is the most common primary
metastable phase in Fe-based alloys.

Our research group has reported some
metastable phases precipitated in Fe-based al-
loys [14, 17, 25–27]. On the basis of our previous
research, we choose Fe64Co16Zr10B10 alloy as
the research object. For Fe64Co16Zr10B10 alloy,
we found that the faster the heating rate is, the
higher the content of the α-Mn type phase is [27].
However, the distribution proportions of Fe, Co
and Zr in the remaining amorphous matrix, the
α-Mn type nanocrystal, and the interface between
the nanocrystal and the amorphous matrix, are still
unclear. The phase evolution of this alloy in detail
and the corresponding magnetic characteristics
need to be further studied.

2. Experimental details

The ingot with a nominal composition of
Fe64Co16Zr10B10, prepared by arc melting with the
mixtures of high pure elements (99.98 wt% Fe,
99.99 wt% Co, 99.92 wt% Zr, 99.99 wt% B), was
remelted four times with magnetic stirring in a high
purity argon atmosphere to ensure its homogene-
ity. The corresponding ribbon was prepared by
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Fig. 1. XRD patterns of Fe64Co16Zr10B10 alloys
as-quenched and annealed at different tempera-
tures. The insert gives the XRD patterns of alloy
annealed at 575◦C taken by the free surface and
the wheel contact surface.

a single roller melt spinning and rapidly isother-
mally annealed at 500, 550, 575, 600, 625, and
650◦C for 40 min in a vacuum. The copper-wheel
rate is 38 m/s. Structural characterizations of alloys
were measured by X-ray diffraction (XRD)(D/max
2500/PC, Cu Kα, λ = 1.5406 Å, 40 kV, 200 mA,
scan speed: 4 deg/min) and transmission elec-
tron microscopy (TEM)(FEI Talos F200). Fis-
chione Model 1050 TEM Mill was used to pre-
pare TEM samples. Scanning transmission electron
microscopy/energy dispersive spectroscopy (STEM-
EDS) was used to observe the element concentra-
tion. Coercivity (Hc) was determined by a vibrating
sample magnetometer (VSM)(Lake Shore M7407).

3. Results and discussion

XRD patterns of Fe64Co16Zr10B10 alloys as-
quenched and annealed at 500, 550, 575, 600, 625,
and 650◦C taken by the free surface are shown
in Fig. 1. Fe64Co16Zr10B10 alloy as-quenched is in
an amorphous state. When the alloy is annealed
at 550◦C, both α-Fe(Co) and α-Mn type (χ-phase)
crystallization phases precipitate from the amor-
phous matrix. However, when the alloy is annealed
at 575◦C, a single metastable intermediate α-Mn
type phase can be seen.

The insert in Fig. 1 shows the XRD patterns of
the alloy annealed at 575◦C, taken by both the free
surface and the wheel contact surface. There is little
difference between the structure of the free surface
and the wheel contact surface. In the single roller
melt spinning technique, there is a cooling gradi-
ent in the cross-section direction of the ribbon dur-
ing the preparation processing. The cooling speed
of the wheel contact surface is greater than that of
the free surface, and there are some differences in
the structures of the two sides of the ribbon. The

Fig. 2. TEM image, SAED pattern (a, b),
HRTEM images (c, d), and FFT (e) of
Fe64Co16Zr10B10 alloy annealed at 575◦C.

magnitude of this difference also varies for different
alloys and different preparation parameters. From
the results of XRD tests, the difference is slight
for the Fe64Co16Zr10B10 alloy ribbon prepared in
this paper. Previous studies by our research group
have shown that when thermal energy provided by
heat treatment overcomes the nucleation barrier of
the χ-phase, the χ-phase preferentially nucleates in-
stead of the α-Fe phase [25]. Therefore, when the
alloy is annealed at 575◦C, the crystalline phase
is only the χ-phase. The intermediate χ-phase is
metastable and transforms into α-Fe solid solution
with an increase in annealing temperature. There is
little of α-Mn type at 650◦C and a lot of α-Fe(Co).
The diffraction peaks of α-Fe(Co) shift to a high
angle, and the corresponding lattice constant of α-
Fe(Co) is 2.8538(3) Å. The lattice constant of pure
α-FeCo is 2.8550 Å, indicating that some B atoms
also dissolve into α-Fe(Co).

Figure 2 shows the transmission electron mi-
croscope (TEM) image, the corresponding se-
lected area electron diffraction (SAED) pattern,
the high resolution transmission electron micro-
scope (HRTEM) images, and the corresponding fast
Fourier transforms (FFT) of Fe64Co16Zr10B10 al-
loy annealed at 575◦C. The nanocrystals distribute
into the remained amorphous matrix, exhibiting dif-
ferent sizes and irregular shapes. The grain size
ranges from 10 to 50 nm. The planes of the α-Mn
phase are marked in the electron diffraction pat-
tern. No other phase was observed. The HRTEM
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Fig. 3. TEM image (a) and STEM-EDS line-scan
(b) of α-Mn type phase nanocrystal.

images (c, d) and FFT (e) of the selected grain are
given. The DigitalMicrograph software was used to
index diffraction spots. It was determined that the
grain is α-Mn type grain. The corresponding zone
axis is [311].

The results of the STEM-EDS line-scan of α-Mn
type nanocrystal are shown in Fig. 3. The nanocrys-
tal, the residual amorphous matrix, and the in-
terface between the nanocrystal and the remain-
ing amorphous matrix all contain Fe, Co, and Zr.
There is little change in Co concentration between
the nanocrystal and the remaining amorphous ma-
trix. The content of Zr is higher, and the content of
Fe is lower in the interface between the nanocrys-
tal and the amorphous matrix compared with the
nanocrystal and the remaining amorphous matrix.
The ratio of Fe:Co:Zr in the intermediate region of
the grain is about 72:18:10, and in the nominal com-
ponent it is 64:16:10. The ratio of Co and Zr in the
intermediate region of the grain is close to that in
the nominal component value. The ratio of Fe in the
intermediate region is higher.

Figure 4 shows the transmission electron mi-
croscope image, the corresponding selected-area
electron diffraction pattern, and the high resolu-
tion transmission electron microscope images of

Fig. 4. TEM image (a), SAED pattern (b), and
HRTEM images (c, d) of Fe64Co16Zr10B10 alloy an-
nealed at 625◦C.

Fig. 5. Coercivity (Hc) of Fe64Co16Zr10B10 alloy
as a function of temperature. The insert shows the
hysteresis loop of alloy annealed at 600◦C.

Fe64Co16Zr10B10 alloy annealed at 625◦C. The
nanocrystals exhibit irregular shapes. The planes
of the α-Fe(Co) phase and α-Mn type phase are
marked in the electron diffraction pattern. The
HRTEM images of grain c and grain d are shown
in Fig. 4c and d, respectively. The interplanar spac-
ing is 2.41 Å and 2.02 Å, which corresponds to the
(321) plane of the α-Mn type phase and the (110)
plane of the α-Fe(Co) phase, respectively.

Figure 5 shows the coercivity(Hc) of
Fe64Co16Zr10B10 alloy as a function of an-
nealing temperature (Ta). It is worth noting that
Hc undergoes a sharp rise above 550◦C and a sharp
decline above 600◦C, which is closely related to
their microstructure. After annealing at 600◦C, Hc

reaches the maximum, whose crystallization prod-
uct contains a lot of α-Mn type phase. The α-Mn
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type phase is a metastable semi-hard magnetic
phase. As annealing temperature increases, Hc de-
creases continuously, accompanied by the vanishing
of the α-Mn type phase.

4. Conclusions

Fe64Co16Zr10B10 amorphous alloy was an-
nealed under isothermal treatments in a vacuum.
Phase evolution and magnetic characteristic of
Fe64Co16Zr10B10 alloy are investigated in detail.

1. At 550◦C, the metastable intermediate α-Mn
type phase precipitates as well as the α-
Fe(Co) phase. At 575◦C, only metastable α-
Mn type phase is observed. With the increase
in annealing temperature, the crystallization
volume fraction of the α-Mn type phase de-
creases, and the crystallization volume frac-
tion of α-Fe(Co) phase increases accordingly.

2. The nanocrystal, the residual amorphous ma-
trix, and the interface between the nanocrys-
tal and the amorphous matrix all contain
Fe, Co, and Zr. There is little change in Co
concentration between the nanocrystal and
the remaining amorphous matrix. The con-
tent of Zr is higher, and the content of Fe is
lower in the interface between the nanocrys-
tal and the amorphous matrix compared with
the nanocrystal and the remaining amorphous
matrix.

3. Coercivity (Hc) of Fe64Co16Zr10B10 alloy un-
dergoes a sharp rise above 550◦C and a sharp
decline above 600◦C.
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