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In this study, we prepared monodisperse spherical particles of a desired diameter using
[(Feo.5C00:5)0.75B0.2Si0.05 ]osNb4 alloy; the particles were prepared by using an atomization process devel-
oped by us. The particles have perfect sphericity and narrow size distribution along with a homogeneous
composition. The phase transitions of particles from the fully glassy phase to the crystalline phase via
mixed phase structures occurred as the particle diameter was increased; the particles produced in the
fully glassy phase in an argon atmosphere had a diameter of less than 300 pm. This allowed the estima-
tion of the intrinsic critical cooling rate for the particles with a fully glassy phase, R.:R. varied in the range
of 700-900 K/s and depended only on the initial temperature of the alloy melt.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Fe-based metallic glass has attracted considerable attention as
a potentially practical amorphous material because it has vari-
ous desirable properties as well as cost advantages. Numerous
researches have demonstrated that the Fe-based metallic glass pos-
sesses high strength and excellent soft magnetic properties [1,2].In
particular, the composition of [(Feg 5C0g 5)0.75B0.2Si0.05 ]9 Nb4 alloy
makes it more suitable to be used for producing glass than other
Fe-based compositions [2,3]. This composition, however, requires
a high cooling rate of over 103 K/s for the formation of the glassy
phase as compared to the cooling rate required by other typi-
cal metallic glasses, because the thermal stabilities of this alloy
are comparatively less than Zr- and Pd-based alloys [4]. Thus,
conventional glass-forming techniques such as melt spinning and
casting are unsuitable for producing practically large quantities
of the Fe-based metallic glass because of size limitations and a
lack of quenching capability. Therefore, the fabrication of Fe-based
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metallic glasses has been recently attempted by using powder met-
allurgic approaches. Typically, a metallic glass powder is prepared
and then consolidated for bulk formation by hot compressing or
spray forming [5,6]. These approaches are expected to achieve not
only bulk formation but also a near net shape.

So far, gas atomization and spraying processes have been used to
prepare the metallic glass powders [5-8]. These mature powdering
processes can easily produce powders of any metal in large quan-
tities. The powders produced, however, are fairly polydispersed;
consequently, the individual particles inevitably solidify under dif-
ferent cooling conditions such as flight velocity, trajectory, droplet
size,and atmosphere temperature. Thus, it is very difficult to ensure
full glassification in the polydispersed powder. In addition, the
unintended polydispersity is not suitable for the subsequent con-
solidation process. To prevent crystallization, the consolidation of
metallic glass powder is based only on the powder compacting pro-
cess within a viscous flow deformation of particles [9], whereas the
consolidation of a common glass powder also involves sintering. In
general, most of the metallic glasses, particularly the Fe-based ones,
show a viscous flow behavior in a narrow temperature range, i.e.,
in the narrow undercooled liquid region, in which the sensitivity of
viscous flow deformation is widely known [10,11]. Thus, it is feared
that long heating and fluctuation of temperature during the process
could cause crystallization. One effective method to obtain high-
quality and dense bulk metallic glasses is to carry out densification
using a glassy powder whose size can be precisely controlled; the
use of a powder whose particle size distribution can be controlled
will improve the densification process dramatically owing to dense
packing.

From this point of view, we propose the preparation of monodis-
perse spherical particles of Fe-based metallic glass. Hitherto, we
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have successfully developed a unique atomization process which
is capable of producing monodisperse particles of various materi-
als, by a method called the pulsated orifice ejection method (POEM)
[12,13]. The POEM is able to mass-produce monodisperse particles
of the desired diameter in the range of several tens to hundreds of
micrometers. Furthermore, the prepared particles have a narrow
size less than 2% of the standard deviation unit. The capability to
control the size and the monodispersity allow effective densifica-
tion of powders as mentioned above. In addition, the monodisperse
powders formed by this method completely undergo the same cool-
ing procedure. This means that all the particles completely repeat
the identical cooling and solidification processes. Therefore, the
preparation of monodisperse particles facilitates the understand-
ing of the solidification behavior and consequently the preparation
of high-quality metallic glass particles.

This study aims to prepare monodisperse
[(Feg.5C00.5)0.75B0.2Si0.05]9sNbs metallic glass alloy particles
with a narrow size distribution and a homogeneous glassy phase
structure by the POEM. We also discuss the direction of approach
of preparing a high-quality metallic glass powder, based on the
fundamental study of the mechanism of glass phase formation
during container-less solidification.

2. Material and methods

Raw alloy ingots with a composition of [(Feg5C0g 5 )o.75Bo2Sio.05 JosNbs were pre-
pared by induction melting from the following constituent materials: 99.9% cobalt
blocks, 99.99% iron granules, 99.5% boron granules, 99.999% silicon granules and
99.9% niobium granules (all were manufactured by Japan Pure Chemical Co. Ltd.,
Japan). The starting materials were remelted in an argon atmosphere to avoid oxi-
dation.

Meanwhile, the POEM forms monodisperese particles through three steps: ejec-
tion of a molten droplet downward from an orifice in the bottom of a crucible by a
pulsated mechanical pressure, spontaneous spheronization of the falling droplet,
and container-less solidification. The repetition of this sequence at a quick rate
enables the mass-production of monodisperse particles. The details of the POEM
have been described in previous studies [12,13].

A first touchstone in this study was to stably form the monodisperse droplets of
[(Feo.5C00.5 )0.75B0.2Si0.05 Jas Nb4 alloy. Selecting material for the parts that are directly
exposed to the molten alloy was the most important factor to achieve stable ejec-
tion and purity of droplets. Our previous studies have shown that the ejection of
droplets is mainly governed by the wettability of the molten raw material to the
orifice surface [12]. Hence, the contact angles of the alloy to boron nitride and alu-
mina, which were chosen as the ceramic candidates for the orifice, were measured
by a sessile drop method in an argon atmosphere. As a result, both the ceramics
had adequately high contact angles of around 120-160° above 1493 K (the melting
point of the raw material). We adopted boron nitride as the material for the orifice
and crucible because of its workability. Only the rod, which played the role of prop-
agating the pulsated pressure to the melt, was made of alumina, because of its high
temperature strength.

Crushed pieces of the raw alloy were put in the crucible, the orifice of which
had a 400 pm-diameter. The rod and the crucible containing the raw alloy were set
up on the ejection device, which was fitted on the top of a drop-tube in the POEM
apparatus. One end of the rod was interlocked with a piezoelectric actuator in the
ejection device, and the other end was positioned at 0.9 mm from the orifice. The
sealed crucible and tube were purged with high-pure argon gas (>99.9995%), and
then the crucible was heated up to 1473 and 1523 K by a tungsten resistance heating.

To eject the droplets, pulsated pressure was applied to the melt near the orifice
by a vertically reciprocating action of the rod at a frequency of 10 Hz. The downward
and upward velocities of the rod motion and the rod displacement can be precisely
controlled by a voltage waveform applied to the piezoelectric actuator. Constant
gas pressure was also applied to the molten alloy to assist the droplet ejection.
Actually, the particles were prepared by varying the process parameters of the rod
displacement, downward velocity of the rod, and assistant gas pressure.

The size and geometry of the prepared particles were measured using an optical
microscope coupled to an image analyzer. The surface morphology and cross-
sectional microstructure of the particles were observed by a scanning electron
microscope (SEM: JSM-6060, JEOL Co. Ltd., Japan). To identify the microstructure, the
polished cross-sections were chemically etched using a mixture of 100 ml ethanol
and 6 ml nitric acid (HNO3)(1.38 M). The crystal structures of the particles were iden-
tified by X-ray diffraction (RINT-2400, Rigaku Co. Ltd., Japan) with CuKa. Thermal
stabilities including glass transition temperature Tg, crystallization temperature Ty
and supercooled liquid region AT, =T, — Ty were determined by differential scan-
ning calorimetry (DSC: DSC 6300, Seiko Instruments Inc., Japan) at a heating rate
of 0.67 K/s under pure argon atmosphere. The detailed microstructure and compo-

Fig. 1. SEM images of particles with diameter of 311 pum.

sition of the particles was also observed by a field emission transmission electron
microscope coupled by energy dispersive X-ray spectroscope (TEM-EDX: HF-2000,
Hitachi Ltd., Japan). The TEM specimens were polished by an ion milling.

3. Results

Monodisperse spherical particles with a diameter of 70-100%
of the orifice diameter were successfully prepared by adjusting
the process parameters. Fig. 1 shows a typical SEM image of the
particles prepared in this study. These particles had particularly
smooth surfaces compared to the crystalline metal particles that
had ever been obtained by atomization including the POEM. The
crystalline particles have more or less a rough surface texture due to
grain boundaries and preferred growth orientation [12,13], but the
present particles showed no crystalline vestige. In the case of the
indicated particles, the average diameter, the size distribution, and
the sphericity were determined to be 311 wm, 1.24 wm, and 1.57%,
respectively. The other groups of particles obtained also showed a
very smooth surface, high monodispersity, and similar sphericity.

Fig. 2 shows the relationships between the process parame-
ters and the particle size. The particle diameter was found to be
almost linearly dependent on the two process parameters: assistant
gas pressure and rod displacement. The downward velocity also
seemed to be a dominant parameter affecting the diameter. This
result indicated that adjusting these process parameters allows us
to precisely control the diameter in a wide range as expected. In
addition, the precise size controllability will help to prepare high-
quality glass particles, because the droplet size would be dominant
of the cooling rate of the droplets, namely glassy phase formation
in the particles [5,6,9].

Fig. 3 shows the X-ray diffraction patterns for some of the par-
ticles obtained corresponding to Fig. 2(b). The largest particles
(particle A) with the diameter of 390 um clearly showed the crys-
talline peaks. However, the peaks became ambiguous gradually as
the particle size was reduced, and eventually the particle of 291 pm
(particle F) showed only the broad peaks. The resultimplied that the
volume of the glassy phase increased with the reduction in particle
size.

Fig. 4 shows the TEM bright field image and the selected-area
electron diffraction pattern in the central region of the particle F,
which showed the broadest diffraction pattern in Fig. 3. The obvious
crystal structure was not found in this bright field image, and the
halo pattern emerged in the electron diffraction pattern. Thus, the
center region certainly consisted of a single glassy phase. Forming
the glassy phase was supposed to be most difficult in the central
region, because this region would not benefit much by the rapid
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Fig. 2. Diameter of obtained particles (a) in relation to assistant gas pressure (P)
(r=8.0 wm at 1473 K) and (b) in relation to rod displacement (r) and t,, (P=8.0kPa
at 1523 K).

cooling due to the heat transfer between the particle surface and the
gas atmosphere. Furthermore, the entire particle F was estimated
to consist of the glassy phase. On the other hand, Fig. 5 indicates
the SEM image of a cross-section of the particle A, which was the
largest particle showing the crystalline peaks in its X-ray diffrac-
tion pattern. The particle showed white and gray areas, which were
identified as the crystalline and glassy phases by the TEM electron
diffraction patterns. Most of the crystalline phases were embedded

A (D=389.5 um)

M v v

B (D=378.8 um)

Intensity (a.u.)

E (D=311.8 um)

F (D=290.8 um)

30 40 50 60 70 80 90
26/6
o a-(Fe, Co, Si) Vv Fe-Si
¢ (Fe, Co),3Bs 4 (Fe,Co);B O (Fe, Co),B

Fig. 3. X-ray diffraction patterns of monodisperse particles with various diameters
prepared by POEM marked by A, B, E, and F in Fig. 2.

Fig. 4. TEM bright field image and SAED pattern at center part of fully glassy phase
particle marked by F in Fig. 2.

with a circular shape into the glassy phase matrix, although some
emerged at the surface region. Hence, the crystalline phases were
dispersed all over the particle, implying an occurrence of statisti-
cal homogeneous nucleation. Furthermore, the TEM-EDX analyses,
for the sample particle A in Fig. 5, showed that the composition
of the crystalline phases was almost the same as that of the glassy
phases, and it supported the idea that segregation was not the cause
of crystallization in the POEM particles. From these results, it can
be inferred that the nucleation supposedly occurred because the
reduction in the cooling rate, which depends on the particle size.
The glassy fraction of the particles formed through container-
less solidification was presumed to increase as the particle size
reduced, and attain full occupancy below a certain particle size.
So far, some researchers have successfully demonstrated the rela-
tionship between the volume of the glassy phase and the size of the
rod-shaped sample for various compositions by a thermally analyt-
ical approach [1,14]. Fig. 6 shows the result of the DSC analysis for
the particles indicated in Fig. 3. As the temperature increased, all

Fig. 5. SEM image of cross section of mixed phase particles marked by A in Fig. 2.
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Fig. 6. DSC curves of monodisperse particles with various diameters prepared by
POEM marked by F in Fig. 2.

the types of particles exhibited a decrease in the exothermic heat
from around 830 K due to the glass transition. This was followed by
the sharp exothermic peak derived from the crystallization after a
supercooled liquid region. However, careful comparison of these
particles confirmed that the enthalpy for crystallization and the
range of the supercooled liquid region were likely to increase as
the particle size reduced. These changes indicated the possibility
of estimating the glassy phase fraction quantitatively [15]. Fig. 7
shows the calculated glassy fraction as a function of the diameter
of the particle. The glassy fractions were determined as the ratio of
each enthalpy AH to the enthalpy of the fully glassy phase particle
AHgjgs. In this study, particle F was assumed to be the fully glassy
particle in keeping with the evidence mentioned above. The diame-
ter of the emerging crystalline phases, i.e., transition diameter was
obviously larger than 300 pm. The previous researches have esti-
mated that the diameter of the particle ranged between 200 p.m in
the transition region from fully glassy to crystalline [16,17], but
in our research, it appeared within 100 pwm. This is because the
monodispersity of the POEM particles was more accurately obtain-
able in the transition region, and it was advantageous to estimate
the critical cooling rate strictly.
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Fig. 7. Glassy fraction of particles as a function of particle diameter.

From these results, monodisperse fully metallic glass particles
of the desired size were successfully prepared by the POEM. In addi-
tion, this achievement offered the possibility to estimate intrinsic
critical cooling rate of this alloy.

4. Discussion

In general, the formation of metallic glasses is discussed along
with the cooling process of the liquid alloy passing through its
glass transition temperature, and it is unexceptional in the case
of droplets. As a matter of fact, the container-less solidification of
droplets offers an ideal situation for glass formation in terms of no
nucleation site and small temperature distribution, which has often
been realized by static floating techniques. However, in the case of
atomization processing, it has been extremely difficult to monitor
or estimate the thermal profile of individual droplets. On the other
hand, the POEM forms all the droplets with the same volume and
they fall on an identical trajectory with an identical velocity. Thus,
the cooling rate of the droplets must be estimated fairly exactly.

A droplet falling in static atmosphere gas is assumed as a static
droplet undergoing gas flow. The gas flow rate, thus, is defined to
be equal to the droplet falling velocity. The temperature of droplet
T at time t is expressed as follows.

T=T,—(Tq - To)e_mt (4.1)
with

hS
m= SV (4.2)

where, Tg and T, represent the initial temperature of the droplet
and the atmospheric temperature, S and V are the surface area and
volume of the droplet. p and C, are the density and the specific heat
of the droplet, h is the heat transfer coefficient under forced con-
vection flow, and can be calculated by the Ranz-Marshall equation
[18]:

Re < 1000 : Nu = 2.0 + 0.6Re'/2 . pr1/3 (4.3)

where

Nu:y, Re:d—uandPr:E (4.4)
A v o

here, Nu, Pr, and Re are the Nusselt, Prandtl, and Reynolds num-
ber, respectively; d and u represent the droplet diameter and the
gas flow rate, i.e., the droplet falling velocity, respectively; and A,
v, and « are the thermal conductivity of the gas, kinetic viscosity of
the gas, and thermal diffusivity, respectively. The details of the for-
mulae have been explained in our previous study [13]. In the case
of amorphous structure alloys, atomic movement becomes slower
below the temperature of the liquid and then is frozen at the glass
transition temperature [19]. Thus, we tried to calculate the mean
cooling rate in the temperature range from T; to T,. The cooling rate
R was obtained following:
T —Tg

R=—E (4.5)

here, At is the time to chill from T; to Tg, which can be calculated
by Egs. (4.1)-(4.5).

Fig. 8 shows the relationships between the calculated cool-
ing rate the diameter and the glassy quality for all the particles
obtained in this study. The thermophysical properties of the gases
and droplets in Table 1 were used to calculate the cooling rates
[20-22]. The atmospheric temperature T, and the droplet falling
velocity u were experimentally acquired by a temperature distri-
bution measurement with thermocouples and a high-speed camera
observation, respectively. The glassy qualities were classified into
the following three levels based on the results of thermal analysis:
fully glassy, glass mixed, and fully crystalline particles. As a result
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of the calculations, the change in the diameter was estimated to
yield a large difference in the cooling rate. For example, the cool-
ing rate quadruples when the particle size is reduced to half. The
result of this calculation is a convincing proof of the microstruc-
tural transition depending on the cooling rate. Indeed, Fig. 8 shows
the continuous changes in the glassy quality from the fully crys-
talline phase to the fully glass phase, with an increasing cooling
rate. The critical cooling rate R. for forming the fully glass phase
was definitely determined to be 700-900 K/s from Fig. 8. This value
was less than 103 K/s, which has been reported as the critical cool-
ing rate estimated using the cast Fe-based bulk metallic glass [23].
This implies that heterogeneous nucleations were suppressed in
the POEM because of container-less solidification [13]. Thus, R; was
considered to be the intrinsic critical cooling rate of this Fe-based
metallic glass.

Let us discuss this result in further detail. Solidification of metal-
lic glass is a unique phenomenon as has been reported previously
[7,15-17,19]. Basically, the atom configuration in melt of metal-
lic glass is dense and random according to Inoue’s three rules,
and is frozen without reconstruction to the crystalline phase dur-
ing quenching. Thus, the atomic configuration in melt is supposed
to reflect that after solidification [15,16]. Furthermore, the crys-
talline phase appearance was supposed to start from particular
atomic bindings in the melt, such as quenched nuclei, intermetal-
lic compound, and so on [24,25]. However, the previous reports
have suggested that the atomic configuration including the atomic
bindings changed with the degree of superheating [26-28].

In Fig. 8, when the initial temperature changed from 1473 K
to 1523 K, the critical cooling rate moved to the lower range of

Table 1
Thermophysical properties of gases and droplets used for calculation.

Symbol Nomenclature Value (Ar/He) Reference

Ag Thermal conductivity (W/(mK)) 1.763 x 10-2/15.27 x 102 [20]

o Density (kg/m?3) 1.624/0.162 [20]

ng Kinematic viscosity (m?/s) 13.99 x 1076/122.0 x 10~ [20]

G Specific heat (J/(gK)) 0.5215/5.193 [20]

T Liquidus temperature (K) 1431 [1]

Tg Glass transition temperature (K) 820 [1]

o1 Density (kg/m3) 7710 [21]

Cp Specific heat (J/(gK)) 0.7423 [21,22]

550-700K/s. This phenomenon may be related to the atomic move-
ment in the melt. If so, the higher initial temperature brings a
more random atomic configuration, and as a result reduces R..
On the other hand, in the lower initial temperature, more atomic
bindings would exist as written before [24,25]. The atom config-
uration in the largely overheated melt is more random [26-28].
Possibly, this marked random amorphous structure is maintained
after quenching [15,17,29]. On the contrary, if the overheating
is not large, a certain kind of atom binding easily remains in
the melts. These bindings originate at latent nucleation sites
for solidification [24,25]. It means, the change in R at the ini-
tial temperature could be explained by considering the atomic
configuration.

Meanwhile, when the cooling media changed from argon gas
to helium gas, the critical cooling rate did not change. As a result,
changing the cooling media changed the critical particle size for
the fully glassy phase, but eventually it would not affect the criti-
cal cooling rate. In other words, at a fixed initial temperature, the
occurrence of the crystalline phase depends only on cooling rates,
during solidification.

5. Conclusions

Monodisperse [(Fegs5C00.5)0.75B0.2S5i0.05l9sNbs metallic glass
alloy particles with a high sphericity were successfully prepared by
the POEM. The results of structural and thermal analyses showed
that the prepared particles exhibited a homogeneous glassy phase.
In addition, the microstructure of the particles changed from a fully
crystalline phase to a fully glassy phase with a reduction in the size
of the particle. The calculation of the droplet temperature revealed
that this transition was caused only by the change in the cooling
rate of the falling alloy droplets. In addition, the experiment using
the POEM could be used to determine the critical cooling rate with
relative accuracy due to the size monodispersity. Furthermore, the
critical cooling rate changed depending on the initial temperature
of the melt because of its particular atomic configuration. In addi-
tion, the critical cooling rate of this alloy was 700-900K/s, which
was lower than the lowest value that has been estimated using
ribbon or casting techniques so far (103 K/s). Such estimation will
facilitate the preparation of high-quality metallic glass particles
with a homogeneously glassy phase, monodisperse and spherical
shape stably; such powders can be used in powder metallurgical
processes.
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