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of core Fe–Si–B-based amorphous alloy and cover Cu crystal was formed by liquid phase separation
during rapid quenching of thermal melt.
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. Introduction

It is important to enhance material processing methods in order
o develop new materials with superior structural and functional
roperties, since these materials can contribute to the sustain-
ble development of human society and maintenance of the global
nvironment. The rapid solidification technique is of considerable
nterest for the development of new materials. Rapid solidification
nvolves amorphous phase formation, change in the phase selec-
ion and solidification mode, liquid phase separation, suppression
f segregation, etc. Recently, two-phase amorphous alloys such as
a–Zr–Al–Ni–Cu [1], Y–Ti–Al–Co [2], and Ni–Nb–Y [3] have been
btained through liquid phase separation and amorphous phase
ormation by means of a conventional single-roller melt-spinning

ethod. During the rapid solidification of a multicomponent alloy
ystem, phase separation in a liquid state occurs first, after which
ach liquid region undergoes a liquid-to-glass transition, result-
ng in the formation of a new type of metallic material called a

wo-phase amorphous alloy.

The Fe–Cu alloy system shows a metastable liquid miscibility
ap below the liquidus [4–6] because of the demixing compo-
ent of the Fe–Cu atom pair. Simultaneous liquid phase separation
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and amorphous phase formation have been reported in Fe–Cu-
based alloys such as the Fe–Cu–Si–B alloy prepared by the rotation
water atomizing (RWA) method [7] and the Fe–Cu–Ni–Si–Sn–B–Y
[8] and Fe–Cu–Zr–B alloys prepared by the melt-spinning (MSP)
method [9,10]. Of the several rapid solidification techniques, the
arc-melt-type melt-extraction method yields continuous metallic
glass wire [11,12]. In this paper, we report the preparation of a
rapidly solidified wire of the Fe–Cu–Si–B alloy by the arc-melt-type
melt-extraction method and the formation of a unique core-
wire/surface-cover-layer structure through liquid phase separation
and amorphous phase formation. To the best of our knowledge, this
is the first time such a rapidly solidified wire was prepared.

2. Experimental procedure

The microstructure of the rapidly solidified (Fe75Si10B15)70Cu30 alloy was inves-
tigated in this study. As mentioned earlier, the Fe75Si10B15 exhibits the standard alloy
composition of the melt-spun amorphous phase former Fe-based alloy [13]. The ratio
of Fe–Si–B to Cu was selected as 70–30 on the basis of a previous study that involved
simultaneous liquid phase separation and amorphous phase formation during rapid
solidification [9]. Master ingots of (Fe75Si10B15)70Cu30 alloy were prepared from Fe,
Cu, Si, B, and ferro-boron by means of arc-melting under purified Ar atmosphere on
a water-cooled copper substrate. Melt-extracted wire was prepared from the ingots
by the arc-melt-type melt-extraction method [11,12]. Fig. 1 shows (a) a schematic
illustration and (b) the corresponding image of the apparatus (NISSIN-GIKEN, NEV-

AT3). The diameter of the Cu roll used in this method was 200 mm, and the angle
of the edge was fixed at 60◦ . The rotation speed was maintained at 1000 rotations
per minute (rpm) or 2000 rpm, and the circumferential velocity of the Cu roll was
21 ms−1 at 2000 rpm. Mother alloys were arc-melted from the master ingots under
Ar gas atmosphere on a water-cooled Cu mold. This apparatus allowed us to con-
trol the position of the Cu roll. The molten mother alloy was extracted by moving
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ig. 1. Schematic illustration of arc-melt-type melt-extraction method used in this
tudy. (a) Schematic illustration of the method and (b) photograph of the apparatus.

own the rotating Cu roll. The lower the rotation speed, the larger is the diameter
f the melt-extracted wire. In the present study, the melt-extracted wire prepared
t 2000 rpm was investigated in detail. For comparison purposes, melt-spun rib-
on was also prepared by the conventional single-roller melt-spinning method. The
tructure of the melt-spun ribbon was examined by X-ray diffractometry (XRD)
sing Cu K� radiation, an optical microscope (OM), a back electron scattering X-
ay image (BEI) obtained by scanning electron microscopy (SEM), an electron-probe
icro-analyzer (EPMA), and differential scanning calorimetry (DSC) at a heating rate

f 0.67 K s−1 in Ar atmosphere.

. Results and discussion
Fig. 2 shows the outer appearance of a melt-extracted wire
f the (Fe75Si10B15)70Cu30 alloy. A continuous wire can be pre-
ared by the arc-melt-type melt-extraction method. Fig. 2(b) and
c) shows the magnified images of the melt-extracted wire shown

ig. 2. Outer appearance of melt-extracted wire of (Fe75Si10B15)70Cu30 alloy. (b) and
c) show the magnified images of (a). A copper-colored surface is observed instead
f the metallic silver-colored surface that is characteristic of conventional metallic
aterials. (For interpretation of the references to color in this figure legend, the

eader is referred to the web version of the article.)
and Compounds 495 (2010) L1–L4

in Fig. 2(a). It can be observed that the wire does not show a metallic
silver-colored surface that is characteristic of conventional metallic
materials but a copper-colored surface. Fluctuations in the diam-
eter cannot be observed in (b), indicating that the melt-extraction
method is very effective in preparing the rapidly quenched wire
with high-quality morphology. From Fig. 2(c), it can be observed
that the Fe–Cu–Si–B alloy has a slightly rough surface and not a
mirror surface that is characteristic of melt-extracted amorphous
wires [12].

The constituent phases of the melt-extracted Fe–Cu–Si–B wire
were investigated using XRD analysis and DSC measurement.
Fig. 3(a) shows the XRD patterns of melt-extracted alloy wires
together with those of the melt-spun ribbon for comparison. The
XRD pattern of the melt-spun ribbon shows sharp diffraction peaks
corresponding to the fcc-Cu phase and a broad halo ring corre-
sponding to the amorphous phase, and the pattern is similar to
that of the rapidly solidified powders prepared by RWA [7] and
whose constituent phases are an Fe–Si–B-based amorphous phase
and fcc-Cu crystalline phase. In contrast, the melt-extracted wire
shows sharp diffraction peaks corresponding not only to the fcc-
Cu crystalline phase but also to the bcc-Fe crystalline phase. The
shoulder of the diffraction peak can be observed at approximately
2� = 47◦. It is very difficult to identify the existence of a broad halo
ring in the curve because the position of the broad peak overlaps
with the (1 1 0) peak of bcc-Fe. In order to confirm the formation of
an amorphous phase in the melt-extracted wire, DSC measurement
was performed; the measurement results are shown in Fig. 3(b).
The melt-spun ribbon shows two exothermic peaks correspond-
ing to the crystallization of the amorphous phase. The DSC curves
and the crystallization temperatures Tx1 and Tx2 for the melt-spun
ribbon are similar to those for the Fe75Si10B15 melt-spun ribbon
without Cu [13]; the first broad peak (Tx1) corresponds to the pre-
cipitation of the bcc-Fe solid solution from the amorphous phase
and the second sharp peak (Tx2) corresponds to the formation of
intermetallic compounds. The constituent phases of the melt-spun
ribbon can be considered to be the mixture of the Fe–Si–B-based
amorphous phase and Cu crystalline phase. The DSC curve of the
melt-extracted wire shows one exothermic peak at the crystalliza-
tion temperature Tx3. Tx3 is similar to Tx2, whereas the exothermic
heat release at Tx3 is smaller than that at Tx2. The exothermic reac-
tion at Tx3 can be considered to correspond to that at Tx2; the
melt-extracted wire contains an amorphous phase, and crystal-
lization of this amorphous phase for the formation of intermetallic
compounds was observed in the DSC analysis. The exothermic peak
at Tx1 cannot be observed for the melt-extracted wire, indicating
that the bcc-Fe phase was already formed during the rapid quench-
ing of the thermal melt because of the lower cooling rate in the
melt-extraction method than in the melt-spinning method. XRD
and DSC curves show the formation of the Fe–Si–B-based amor-
phous phase together with the formation of the fcc-Cu and bcc-Fe
crystalline phases in the melt-extracted wire.

Fig. 4 shows the SEM–BEI of the microstructure of the melt-
extracted wire and the melt-spun ribbon in the Fe–Cu–Si–B alloy.
The inner region of the melt-spun ribbon shown in Fig. 4(a) shows
an emulsion structure similar to that observed in the SEM image of
rapidly solidified powder [9]; the white circular fcc-Cu crystalline
phase is embedded in the gray Fe–Si–B amorphous matrix. Fig. 4(b)
shows the SEM–BEI image observed in a direction perpendicular to
the wire direction. The melt-extracted wire exhibits a macroscop-
ically separated structure. The inner region of the wire shows a
gray contrast with small white circular globules, whereas the outer

surface region of the wire shows a white contrast, indicating the for-
mation of a core-wire/surface-cover-layer structure. Fig. 4(c) shows
the magnified image of the melt-extracted wire. It shows the emul-
sion structure formation both in the gray matrix region of the inner
core-wire and in the white region of the outer surface-cover layer.
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ig. 3. XRD patterns (a) and DSC curves (b) of melt-extracted wire and melt-spun
ibbon of (Fe75Si10B15)70Cu30 alloy.

he SEM–BEI structure of the inner core-wire region is similar to
hat of the melt-spun ribbon. The interface of the inner core-wire
egion and the outer surface-cover-layer region is very smooth;
his is characteristic of the structure obtained through liquid phase
eparation. In order to investigate the microstructure of the melt-
xtracted wire in detail, EPMA analysis was performed. The results

re shown in Fig. 5; for (a)–(e), the observation direction is per-
endicular to the wire direction, whereas (f)–(j) are cross-sectional

mages. The inner core-wire region contains Fe, Si, and B, whereas
he outer surface-cover layer mainly contains Cu. The formation of
n Fe–Si–B-based alloy core-wire/Cu-rich alloy surface-cover layer
Fig. 4. Back electron scattering image (BEI) of SEM microstructure of melt-extracted
wire and melt-spun ribbon of (Fe75Si10B15)70Cu30 alloy. (a) Melt-spun ribbon and (b)
and (c) melt-extracted wire.

in the melt-extracted wire was confirmed by SEM and EPMA anal-
ysis. The copper color in the melt-extracted wire was attributed to
the formation of the fcc-Cu crystal surface-cover layer. The inner
core-wire region contains fcc-Cu globules that show a white cir-
cular contrast, and the outer surface-cover-layer region contains
Fe–Si–B-based alloy globules that show a gray circular contrast. The
globule formation is attributed to the liquid phase separation of the
Fe–Si–B-based alloy liquid and Cu-rich liquid. The inner core-wire
Fe–Si–B alloy region also shows a fluctuation in the Fe and Si com-
positions. This might be due to the precipitation of the bcc-Fe phase
and/or intermetallic compounds because of crystallization of the
Fe–Si–B amorphous and/or liquid phase. No significant difference
could be observed in macroscopically separated core-wire/surface-

cover-layer structure formation and the microstructure of the
melt-extracted wire between 2000 rpm and 1000 rpm. The rea-
son for the formation of the unique core-wire/surface-cover-layer
structure is not clear; however, the following mechanism can be
considered. Wang et al. reported that an egg-like structure formed
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ig. 5. EPMA-WDX analysis of melt-extracted wire in (Fe75Si10B15)70Cu30 alloy.
a)–(e) The observation direction is perpendicular to the wire direction, whereas
f)–(j) cross-sectional images. (a and f) BEI image, (b and g) Fe image, (c and h) Cu
mage, (d and i) Si image, and (e and j) B image.

n the Cu–Fe–Si–C alloy atomized powders was composed of Fe-
ich core crystalline phases and a Cu-rich surface layer [14], and
he difference in the surface energy and the rotation of drops
nduced by the extremely rapid gas flow in the atomization process

ere the important factors affecting the formation of the egg-
ike structure. The difference between the surface energies of the
e–Si–B-rich and Cu-rich alloy liquids and the Marangoni motion of
he liquids may be the important factors affecting the formation of

he core-wire/surface-cover layer in the melt-extracted wire. Dur-
ng the free flight of thermal melt, the liquid phase separation of
he Fe–Si–B-based liquid and Cu-rich liquid occurs first, which is
ollowed by the aggregation of both liquids, resulting in the forma-
ion of macroscopically separated structures. The formation of the

[

[
[
[
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Fe–Si–B amorphous phase indicates that the Fe–Si–B liquid main-
tains its liquid structure at the glass transition temperature during
the cooling of thermal melt, resulting in the maintenance of the liq-
uid state enough to the formation of macroscopically liquid phase
separation structure.

It is well known that Fe–Si–B amorphous alloys are high-quality
and low-cost soft magnetic materials [15–17]. Heat release from
soft magnetic materials is an important factor for the use of mag-
netic devices. The thin Cu layer of the melt-extracted wire may be
effective for the use of this alloy as a soft magnetic material because
of the high thermal conductivity of Cu and the closely attached
interface without any interrupting elements such as oxides and/or
voids between the Cu surface layer and the Fe–Si–B core wire.

4. Conclusion

In the present study, a rapidly solidified Fe–Cu–Si–B wire was
prepared by the arc-melt-type melt-extraction method. The fol-
lowing conclusions were obtained:

(1) A continuous wire of Fe–Cu–Si–B alloy with a very smooth sur-
face and negligible fluctuation in diameter can be prepared by
the arc-melt-type melt-extraction method.

(2) The rapidly solidified wire shows an Fe–Si–B-based amorphous
alloy core-wire/fcc-Cu crystalline surface-cover-layer structure
obtained through liquid phase separation and an amorphous
phase formation.
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