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Abstract: Based on the CALPHAD (Calculated of Phase Diagrams) approach, micro-scale amorphous/crystalline composite
powders of (Feo.75Si0.1Bo.15)100-«CUx(X = 30, 45, 55, 65, at%) with core/shell microstructure were designed and successfully
fabricated by using the gas atomization method. The obtained gas-atomized powder exhibits a Fe-Si-B-rich
amorphous-core/Cu-rich crystalline-shell composite microstructure. Results indicate that the coercive force of the composite

powders is almost the same as that of FessSi1oB1s amorphous powder, but their saturation magnetization decreases with

increasing Cu concentration. The formation mechanism of such amorphous-core/crystalline-shell composite powders is
originated from the occurrence of liquid phase separation at high temperature and the different glass-forming ability (GFA) of
the two separated liquids (Cu-rich and FeSiB-rich) during the rapid solidification process.
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Amorphous alloys have attracted considerable attention
over the past decades due to their attractive properties such
as large elastic limit, high tensile strength, excellent corro-
sion resistance and good soft magnetic characteristics!™.
However, in many cases, a majority of amorphous alloys
fracture catastrophically under compression or tension at
room temperature on account of the highly localized shear
bands, which limited the applicability of amorphous alloy as
engineering or structure materials'. Therefore, many at-
tempts have been made to improve the plasticity of amorph-
ous alloys. One of those is the fabrication of amorphous ma-
trix composites, which has been proved to be an effective
approach®“. These composites containing a secondary duc-
tile crystalline phase have been successfully produced by
different methods in many systems, such as the ex-situ in-
troduction of crystalline particles or fibers® ", the nanocrys-
tal precipitation®®, and the in-situ formation of crystalline
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dendrites"®*. However, in abovementioned fabrication me-
thods, the challenge of the inhomogeneous distribution of
secondary ductile crystalline phase still exists.

Recently, liquid phase separation phenomenon has been
paid widespread attention on developing in-situ amorphous
matrix composites, including amorphous/amorphous and
crystalline/amorphous composites™ ¥, In a liquid miscibility
system, when the thermal melt is rapidly cooled into the lig-
uid miscibility gap, the liquid phase separation takes place
and separates into two liquids. If the two separated liquids
have different glass-forming ability (GFA) in the further
cooling process, then the amorphous/crystalline composite
could be formed after rapid cooling process, such as melt
spinning and suction casting. In addition, the gas atomization
method is also a rapid solidification method, and has been
widely used to produce amorphous alloys and monotectic al-
loys?*#1. However, this method has not been extensively
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used in fabricating micro-scale amorphous/crystalline com-
posites with novel microstructures. The purpose of the
present work is, to design and prepare the micro-scale
amorphous/crystalline composite powder in Fe-Si-B-Cu alloy
system by using calculation of phase diagrams (CALPHAD)
technique and gas atomization method, respectively. Then,
the microstructure, thermal and magnetic properties were in-
vestigated in detail, as well as the formation mechanism of
these core-shell type amorphous/crystalline composite
powders.

1 Experiment

1.1 Composition design

In order to obtain the abovementioned composite powder,
an immiscible alloy system should be firstly selected. We
note that the Fe-Si-B-Cu system is a great candidate for this
investigation. This is primarily according to the following
two factors: (1) Fe-Cu system has a flat liquid line and large
positive mixing enthalpy (Fig.1a), and it shows a metasta-
ble liquid miscibility below the liquids®® *!; (2) Fe-Si-B
ternary alloy has a rather high GFA and could be prepared
into fully glass ribbons up to 400 um in thickness, espe-
cially for Fe;sSi;oB;s alloy?®.

The CALPHAD (Calculation of Phase Diagrams)
technique, which has been recognized to be an important
tool to reduce time and cost significantly during the
development of materials, can effectively provide a clear
guidance for the materials design®!. In the present work,
based on the database of Fe-based alloys which have been
established by our group, a vertical section of the
Fe-Si-B-Cu quaternary system for the composition cut
between Fe;sSi;oB1s and pure Cu has been calculated, and is
shown in Fig.1b. It can be seen that there exists a stable
liquid-liquid phase separation region (L1+L2) with wide
composition and temperature range. Fig.lc shows the
calculated miscibility gap in the (Feg75Si0.10Bo.15)100-xCUx
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alloy as a function of Cu concentration. The critical
temperature and the copper content of the miscibility gap is
about 1657 <C and 57 at%, respectively. A stable region, a
metastable region and an unstable region were divided into
by binodal (solid line) and spinodal (dash line) lines.
According to this vertical section, the liquid immiscible
(Feg.75Si0.1Bo.15)1004CUx (x = 30, 45, 55, 65, at%) alloy
composition was designed, and the calculated compositions
of two separated liquids appear to be Fe-Si-B rich and
Cu-rich, respectively.
1.2 Powder preparation

High purity elements of Fe, Si, Cu and a Fe-B ferroalloy
(>99.9 wt%) with nominal composition of (Feg75Sig1-
Bo.15)100xCUy (at%), where x = 0, 30, 45, 55, 65 (referred as
Cu0, Cu30, Cu45, Cu55 and Cu65 hereafter), were firstly
melted in high frequency induction furnace under an argon
atmosphere. The molten alloys were heated to about 1650 <C
in the crucible, which is over the liquids temperature of the
selected Fe-Si-B-Cu alloys (Fig.1b), and then cast into a
cylindrical cast-iron mold. After that, the master alloy in-
gots were remelted in a quartz nozzle surrounded by a ra-
dio-frequency induction coil. The powders with 10~150 pum
in diameter were prepared using conventional nitrogen gas
atomization and the gas pressure for atomizing is about
5 MPa.
1.3 Analysis techniques

The surface morphologies of the powders were observed
by optical microscope (OM) and scanning electron micro-
scopy (SEM). After standard metallographic preparation,
observation of cross-sectional microstructure and mapping
of constituent elements in each phase of the powder were
carried out by electron probe microanalyzer (EPMA)
(JXA-8100R, JEOL, Japan). The crystal structure
of the constituent phase was co-identified by X-ray
diffraction (XRD) (X’Pert PRO-PANalytical, Philips,
Netherlands) and transmission electron microscopy (TEM)
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Relationship of heat of fusion (kJ/mol) among constituent elements in the Fe-Si-B-Cu quaternary system® (a); the calculated

vertical section of the Fe-Si-B-Cu quaternary system for the composition cut between FezsSi1oB1s (at%) and pure Cu (b); calculated

miscibility gap in (Feo7sSio1Bo.1s)100--Cux alloys as a function of Cu concentration (c)
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Fig.2 Surface morphologies of the gas-atomized Cu0~Cu65 powders and their corresponding magnified images (see the inset): (a) Cu0,

(b) Cu30, (c) Cu45, (d) Cub5, and (e) Cu65

(JEM-2100, JEOL, Japan). The samples for TEM analysis
were prepared using a focused ion beam/scanning electron
microscope (FIB/SEM; FEI Helios Nano lab 600). The
thermal properties of the powders were determined by dif-
ferential scanning calorimetry (DSC) (DSC-404C,
NETZSCH, Germany) at a heating rate of 20 <C/min using
sintered Al,O; as the reference specimen. The magnetiza-
tion curves of the powders at room temperature were meas-
ured using a vibrating sample magnetometer (VSM)
(TVA-5, TOEIKOGYO, Japan) under a maximum applied
field of 1.28x10° A/m.

2 Results and Discussion

Fig.2a~2e show the surface morphologies of the prepared
Cu0~Cu65 alloy powders, respectively. It can be seen that
all the fabricated powders exhibit a good spherical
morphology with clean surface. The inset images in
Fig.2b~2e exhibit a large number of grain boundaries on the
surface of Cu30~Cu65 powders. This indicates that the
powders were fabricated well under clean atmosphere and
suitable powder fabrication conditions. Fig.3 shows the
cross-sectional microstructure image of the prepared
powders. From the cross-section image in Fig.3a, only a
single phase microstructure was observed. With the
addition of Cu, the alloy powders presented a composite
microstructure containing two phases (as shown in
Fig.3b~3e), which is similar to our previous reports on
liquid immiscible gas-atomized powders®?* ?* %, To analyze
the composition of the two phases, a typical composite
powder, i.e Cu45, was analyzed by EPMA. Fig.4 shows the

back-scattered electron (BSE) image of the Cu45 powder.
In the cross-section image (Fig.4a), the gray contrast phase
exhibits multi-sized circular globules dispersed in the
matrix of the Cu45 alloy powders, whereas the matrix phase
of the powder shows a continuous white contrast. The
interface between the two phases is very smooth, which
demonstrates that this core-shell microstructure was
obtained through liquid phase separation phenomenon.
Fig.4b~4e shows the results of mapping analysis of EPMA,
indicating the distribution of constituent elements in the
above composite microstructure. The inner region in gray
contrast was enriched with Fe, Si, and B, while the outer
region in white contrast mainly contains Cu. This can be
explained by the mixing enthalpy of atomic pairs in
Fe-Si-B-Cu system, as shown in Fig.1a®. The positive
mixing enthalpy of the Fe-Cu pair and the larger negative
enthalpies of Fe-Si, Fe-B and Si-B pairs imply the
homogeneous liquid separated to Fe-Si-B rich and Cu-rich
liquid phases. The average composition of the white and
gray phases is Fez;Si; gBg3Cugsg(at%) and Fe;3SigsBis -
Cu, 3 (at%), respectively.

The crystal structure of constituent Fe-Si-B-rich and
Cu-rich phases of the Cu0-Cu45 powder was investigated
using XRD analysis, and the result is shown in Fig.5. The
sharp diffraction peaks together with a broad halo peak at
about 26 from 43°to 45° (the inset in Fig.5) can be
obviously seen. The sharp diffraction peaks correspond to
the fcc Cu-rich crystalline phase, and the typical broad peak,
similar to that for the reported Fe;sSi oB1s (at%) amorphous
alloy B% implies the Fe-Si-B-rich amorphous phase
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Fig.4 Cross-sectional microstructure BSE image (a) and EPMA mapping (b~e) of the Cu45 powder: (b) Fe, (c) Si, (d) B, and (e) Cu

fce (Cu-rich)
= Amorphous
(FeSiB-rich)
:- 42 43 M 45 6
< 4
> ;
‘% [ Cub5 = |/ l |
c ; et
g Cus5 | l A oo
Cud$ \ \
Cu30 [ n .
Cu0 -
20 40 60 80 100
201(9

Fig.5 XRD patterns obtained from Cu0~Cu65 alloy powders

formation in the composite powders. Fig.6 shows the DSC
curve of the prepared powders at a heating rate of
20 <T/min. From Fig.6a, a sharp crystallization peak can be
observed. The onset crystallization temperature T, and the
first peak temperature T, are slightly decreased with Cu
addition. All the representative temperatures and thermal
properties are listed in Table 1. The position and
morphology of the exothermic peak is similar to that of the
Fe.sSiioBis (at%) amorphous alloy®. In the high
temperature range (900~1200 <C), as shown in Fig.6b, it is
found that the powders contain Cu element presenting two
endothermic peaks with onset temperatures of 1029 <C and
1089 <C. From the calculated vertical section of the

Fe-Si-B-Cu quaternary system in Fig.1b, it can be seen that
there exists a three-phase region (aFe + (Cu) +Fe,B ) at the
temperature below 1050 C. When the temperature is above
1050 <C, the (Cu) phase is changed into liquid phase (L2).
With the temperature rising, the occurrence of the melting
of oFe phase at about 1100 <C (L1). Thus, the first
endothermic reaction can be identified as the melting of
Cu-rich crystalline phase (red dotted line) with onset at
T~ 1029 °C. Subsequently, the last peak corresponds to
the melting of the Fe-Si-B rich amorphous matrix (green
dotted line) at an onset temperature T = 1089 °C.

In order to further identify the crystal structure of
constituent Fe-Si-B rich and Cu-rich phases, the micro-scale
Cu45 alloy powders were investigated by TEM. The
bright-field (BF) micrograph of the powders clearly shows
the presence of two different phases with white and dark
contrast, as shown in Fig.7a. Fig.7b shows the selected area
diffraction pattern (SADP) of the white contrast (marked as
“A” in Fig.7a) taken along the [110] zone axis, confirming
the formation of the Cu-rich crystalline phase with the fcc
structure. Fig.7c shows the SADP of the dark contrast
(marked as “B” in Fig.7a), where a halo ring is observed,
indicating the formation of Fe-Si-B rich amorphous phase.
Thus, it can be concluded that, the Fe-Si-B rich
amorphous/Cu-rich crystalline composite powders induced
by liquid phase separation has been successfully developed
by using the gas atomization method.

During the gas atomization process, the thermal melt of
Fe-Si-B-Cu is undercooled into the liquid miscibility gap,
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Fig.6 DSC curves obtained from Cu0~Cu65 composite powders at a heating rate of 20 <T/min by Al,O; pans: (a) the range of 300

~800 <C; (b) the range of 900~1200 <

Table 1 Thermal parameters of prepared Cu0~Cu65
composite powders

Alloys TJT /T TMIT TeeIT
Cuo 545 572 - 1089
cu3o 529 543 1029 1109
Cuds 518 535 1042 1111
Cus5 526 538 1052 1098
Cuss 532 555 1055 1107

Fig.7 TEM bright field image of the gas-atomized Cu45 powder (a),
SADP of region “A” in Fig.7a, showing the Cu-rich phase
being a crystalline phase with the fcc structure (b), and
SADP of region “B” in Fig.7a, showing the Fe-Si-B rich
phase being an amorphous state (c)

and the liquid-liquid phase separation will take place, which
results in that the liquid separates into Cu-rich and Fe-Si-B
rich liquids, followed by the aggregation of both liquids.
Because of the higher GFA of Fe-Si-B rich liquid phase
than that of Cu-rich liquid phase, Fe-Si-B rich
amorphous/Cu-rich crystalline composite can be achieved
successfully after complete solidification. The formation of
the Fe-Si-B amorphous phase indicates that the Fe-Si-B
liquid maintains its liquid structure at the glass transition
temperature during the cooling process, resulting in the
maintenance of the liquid state enough to the formation of
amorphous/crystalline microstructure in the gas-atomized
powders.

Fe-Si-B is a famous amorphous alloy due to its excellent
soft magnetic properties, and has been widely used in
transformer™3. Herein, the soft magnetic properties of
present (Feg.75Sip.1Bo.15)100xCUx (X = 0, 30, 45, 55, 65, at%)
powders were investigated. Fig.8a shows the magnetization
curves of the gas-atomized Cu0~Cu65 composite powders
measured by VSM at room temperature with a maximum
applied field of 1.28x10° A/m. All of the prepared
composite powders exhibit a typical characteristic of soft
magnetic materials. On the one hand, these powders have
low coercive force about 8x10° A/m, slightly larger than
Fe-Si-B amorphous powder (2.4x10° A/m). On the other
hand, the saturation magnetization of above-mentioned
powders significantly decreases with increasing of
non-magnetic Cu content. Tian et al P has reported that the
magnetization of Fe-Si/epoxy composites increase with in-
creasing the content of Fe-Si magnetic powder. In the
present Fe-Si-B-Cu composite powders, the Cu-rich phase is
a nonmagnetic phase and has no contribution to the magnetic
properties of the composite powders. Therefore, the main
saturation magnetization of composite is contributed
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Fig.8 Magnetization curves of the gas-atomized (Feg75Sio1-
Bo.15)100«CUx (X = 0, 30, 45, 55, 65, at%) powders at room
temperature  with a maximum applied field of
1.28<10°A/m (a); relationship of both saturation magne-
tization and volume fraction of Cu-rich phase (1300 <C)
via Cu concentration (x/at%) of above mentioned powd-

ers (b)

by volume fraction of Fe-Si-B rich amorphous phase with
excellent soft magnetic properties. The relationship of sa-
turation magnetization (25 <C) and volume fraction of
non-magnetic Cu-rich crystalline phase (1300 <C) as a
function of Cu content are presented in Fig. 8b. It can be
seen that the decrease in saturation magnetization is almost
linear with the increasing of Cu content. The composites
prepared in this study can provide a direction for the
preparation of new composite materials.

3 Conclusions

1) On the basis of the CALPHAD approach, the
(Feg.75Si0.1Bg.15)100xCUx(x = 0, 30, 45, 55, 65, at%) alloys
exhibiting liquid immiscibility have been pinpointed and
the constituents of composite powders have been designed.

2) The composite powders consistent Fe-Si-B rich

amorphous-core/Cu-rich crystalline-shell composite micro-
structures were successfully produced by gas atomization.

3) The coercive force of the prepared composite powders
is almost the same as that of the Fe;5Si;oB;5 (at%) amorph-
ous powder, but their saturation magnetization decreases
with increasing Cu concentration.

4) The formation mechanism of this composite powders
is the liquid phase separation of Fe-Si-B rich and Cu-rich
liquids and the different GFA between these two separated
liquids during the fast cooling condition.
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