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Amorphous-crystalline dual-layer structures resulting

from metastable liquid phase separation in
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(Fe50Co25B15Si10)80Cu20 ribbons are prepared by using the single-roller melt-spinning method. A dual-layer

structure consisting of a (Fe, Co)-rich amorphous phase and a Cu-rich crystalline phase forms due to metastable liquid

phase separation before solidification. The magnetic hysteresis loops of the as-quenched and annealed samples are

measured at room temperature. It is indicated that the coercivity of the ribbon is almost zero in the as-quenched state.

The crystallization leads to the increase of coercivity and decrease of saturation magnetization.
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1. Introduction

The development of metallic glass matrix com-
posites has attracted much interest due to the unique
structures and properties in comparison with conven-
tional metallic glasses.[!=4 By means of rapid solidifi-
cation, composites can be obtained through the nearly
simultaneous occurrence of liquid phase separation
and amorphous phase formation, such as La—Zr—Al-
Ni-Cul®! and Fe-Zr-B-Cu.[6

It is well known that the Fe-Cu and Co—Cu sys-
tems are characterized by a large positive heat of mix-
ing and Fe—Co-based alloys with B and Si have nega-
tive heat of mixing. Therefore, Fe-Cu,l”) Co-Cu, 810!
and Fe-Co-Cul''~13! alloys undergo metastable lig-
Fe-Co—
B-Si alloy is a typical metallic glass material.l'4 Tt

uid separation in the undercooling state.

was reported that the metallic glass matrix compos-
ites containing an in situ formed ductile crystalline
phase were prepared in Fe-Cul'® and Co-Cu-based
alloys.'! In these alloys, Cu plays an important
role in increasing the density of crystal nuclei and
forming liquid phase separation. During quenching,
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metastable liquid phase separation occurs, followed by
a liquid-to-glass transition happening in the liquid re-
gion. Eventually a composite with amorphous phase

forms. Fe-based metallic glasses are promising soft

magnetic materials for many electrical devices.['”—2%]
And Fe;0Co25B155119 has been used as the magnetic
function carrier.[2!] It is expected to in-situ synthesize
a kind of composite characterized by good soft mag-
netic property as well as high electrical conductivity.

In the present study, we present the amorphous-
crystalline dual-layer structures and magnetic proper-

ties of (Fes0Cog5B15Si10)s0Cugp melt-spun ribbons.

2. Experiment procedures

(FesoCo25B155i10)80Cuzo  and  FesoCog5B15Si10
ingots were prepared from pure Cu (99.999%), pure
Co (99.99%), pure Si (99.9999%), and Feyq 6Bss5.4
alloy in an arc-melting furnace. Melt-spun rib-
bons were prepared from the ingots by the conven-
tional single-roller melt-spinning method in Ar atmo-

sphere. The (FesoCo25B15S110)80Cuzg ribbons and the
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FespCoo5Si190B15 ribbons were annealed at 873 K for
15 min and 2 h in a tubular furnace with a purified
argon atmosphere.

An X-ray diffractometer (XRD, PANalytical B.V.
X'Pert Pro using Cu-K radiation), an optical micro-
scope (OM, Zeiss Axio Imager Alm) and a scanning
electron microscope (SEM, Zeiss Supra 55) were em-
ployed to examine the structures of the melt-spun rib-
bons. The thermal properties of the ribbons were
measured by a Netzsch STA449C differential scanning
calorimeter (DSC) in Ar atmosphere. The magnetic
hysteresis loops were measured by a Lake Shore 7300
vibrating sample magnetometer (VSM).

3. Results and discussion

Figure 1 shows the XRD patterns of the free sur-
face and the roller surface of (FesoCo25B15Si10)80Cuzg
ribbon, together with that of Fe5qCos5Si19B15 ribbon.
The XRD pattern of Fe5gCoq5B15Si1¢ ribbon does not
show sharp diffraction peaks but two broad diffuse
peaks near 20 = 23° and 20 = 45°, which indicate
that the main structure of the sample is in an amor-
phous state. The XRD patterns of both the free sur-
face and roller surface of the (FesoCo25B15Si10)80Cuzg
melt-spun ribbon show sharp diffraction peaks corre-
sponding to the fcc (Cu) crystalline phase. However,
it is evident that amorphous phase forms at the roller
surface of the (FesCog5B155110)s80Cugp melt-spun rib-
The XRD patterns also reveals that FesSi,
Fe;Si3, and FesSi intermetallic compound phases pos-

bon.

sibly form on both sides. The intensity of the peaks
of the fcc (Cu) crystalline phase at the roller surface
The
position of the broad peak overlaps that of the fcc
peak of (Cu) (111) at approximately 26 = 45°, while
the position is similar to that of the FesqgCoo5B15Si19
ribbon.

Figure 2

is slightly lower than that at the free surface.

DSC of the
(Fe50C025B15Si10)gOCu20 and Fe500025B15Si10 melt-

shows the curves
spun ribbons at a heating rate of 10 K/min. It is
found that only one crystallization peak at 813 K
for (FesoCo25B15Si10)s0Cuso ribbon, whereas there
are three peaks at 823 K and near 848 K for
Fes50Co25B15Si19 ribbon. The first peak for both alloys
should correspond to the formation of a-Fe solid solu-
tion phase. It can be inferred that the last two peaks
on the FesqCo25B15Si10 DSC curve are attributed to
the formation of FezSi, FesSiz or other intermetal-
lic compound phases during heating. These phases

form in the (Fe50C025B15Silo)goCu20 ribbon during
quenching.
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Fig. 1. The X-ray diffraction patterns for as-quenched

(Fe50Co025B15Si10)80Cu20 and FesoCo25B15Si1p melt-
spun ribbons: the curve a is the free surface of
(Fe50Co25B15Si10)80Cu20; the curve b is the roller sur-
face of (FesoCo25Si10B15)80Cuz0; and the curve c is the

Fes0Co25B15Si10 (reference).
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Fig. 2. DSC curves of the (FesoCo25B15Si10)80Cuzo and
Fes0Co25B15Si19 melt-spun ribbons.

Figure 3(a) clearly exhibits a dual-layer structure
The
free surface and the roller surface are marked by ar-

of (Fe500025B15Silo)SQCIl20 melt—spun ribbon.

rows. There exists a distinct interface between the two
layers. According to energy-dispersive X-ray (EDX)
analysis, the average compositions of the free surface
layer and the roller surface layer are Fe;9Coi11Cug;Sig
and FeygCo93Cu185i11, respectively. The EDX anal-
ysis indicates that the roller surface layer is enriched
with (Fe, Co), while the free surface layer is enriched
with Cu. The interface between the two layers is more
clearly present in the SEM image in Fig. 3(b). It
can be observed that multi-scale Cu-rich globules from
nanometer order to micrometer order are dispersed in
the matrix of the (Fe, Co)-rich layer. The size of the
nano globule is usually controlled by the alloy com-
position and cooling rate. Nano-and/or multi-scale
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globule with a perfectly spherical morphology could
effectively improve the mechanical properties of metal-
lic glass.?? The formation of the dual-layer structure
and an emulsion structure indicates that multi-step
liquid phase separation has taken place.
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Fig. 3. (colour online) OM (a) and SEM (b) im-
ages showing microstructures of the cross section of
(F8500025B15Si10)8ocu20 melt-spun ribbon.

Figure 4 shows the magnetic hysteresis loop of
(Fes0Co25B15Si10)s0Cusp ribbons in the as-quenched
state at room temperature. The inset displays the
enlarged curve near the central area. The ribbon ex-
hibits a large magnetisability. The saturation mag-
netization My of the (Fes0Co25B15Si10)s0Cugg rib-
bon reaches 118.98 emu/g, and the magnetization
can achieve saturation at a very low external field.
From the inset, it can be observed that the coer-
civity H. is very low and the residual magnetiza-
This indicates the ribbon
shows a tendency toward static soft magnetic prop-

tion M, is almost zero.

erties with good performances. The Fe;qCos5B155i1¢
ribbon obviously may exhibit a superior soft mag-
netic property. It has been confirmed that Fe-based
metallic alloys containing Cu and Nb could form very
small grain microstructures above the crystallization

(23] In the present work the material does

temperature.
not show the deterioration of magnetic properties but

the improvement of magnetic properties. The com-

monly useful parameters of magnetic properties can
be relatively figured.[24
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Fig. 4. The magnetic hysteresis loops of the

(Fe50Co25B15Si10)80Cuzo ribbon and FesoCo25B15Si10
ribbon. The inset is for an enlarged section in the vicin-
ity of the origin of the (FesoCo25B15Si10)s80Cu20 ribbon
(1Gs=10"%T).

Figure 5 shows the room temperature magnetic
hysteresis loops of (FesoCo25B15Si10)s0Cuzo ribbons
annealed at 873 K for different times. The longer
the annealing time, the lower the value of M is. It
is obviously noted that the annealing temperature is
much higher than the starting crystallization temper-
ature. During annealing, the formation of Fe-based
intermetallic compounds possibly reduces the vol-
ume fraction of magnetic phases, thereby leading to
the decrease of M. Figure 5 also indicates that an-
nealing significantly increases H. and therefore, soft
magnetic properties are deteriorated. On the other
hand, H. changes little for different annealing times
(15 min and 2 h).

talline (Cu) phase and the precipitated intermetal-

The main reason is that crys-

lic compound phases cause structure detects, such as
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Fig. 5. Magnetic hysteresis loops of the as-quenched and
annealed (FesoCo25B15Si10)80Cuszg ribbons.
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These
changes in structure lead to the increase of H.. Once

grain boundaries and interfacial defects.

the crystallization process is accomplished, H. ap-
proaches to its maximum. The relaxation of stress
in the heating process also has possibly an effect on
the change of the magnetic properties.

4. Conclusion

A macroscopic dual-layer structure is formed in
the melt-spun (FesoCo25B15S5110)s0Cuzo alloy ribbon
due to metastable liquid phase separation before so-
lidification. There is a clear interface between the
Cu-rich and the (Fe, Co)-rich layer. The (Fe, Co)-
rich layer is solidified as metallic glass. The hystere-
sis loops indicate that the coercivity of the ribbon is
almost zero in the as-quenched state. The crystalliza-
tion leads to the increase of coercivity and the decrease
of saturation magnetization.
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