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Abstract: Interfacial phenomena occur when two immiscible liquids
come into contact with each other and are of interest in a variety of
scientific and technical fields. Understanding and observing the inter-
facial phenomena between molten oxide and liquid iron (Fe) is of great
importance in controlling the steelmaking process. We are studying
the interfacial phenomena by observing composite droplets composed
of molten oxide and liquid iron in the electrostatic levitation furnace
(ELF) of the International Space Station (ISS). Since there is no density
difference in the microgravity environment, the composite droplets
form core-shell droplets. While observing melting at a constant temperature, we observed the increase in liquid volume.
This volume expansion was attributed to the dissolution of Fe from the core liquid to the shell melt oxide at the interface
due to the oxidation of liquid Fe. To clarify this hypothesis, it is necessary to investigate the volume change of the
core-shell droplet. Therefor, we measured the density od the molten oxide when Fe was dissolved into the molten oxide
using the aerodynamic levitation method on the ground and analyzed the volume change. Through these analyses, the
oxidation of liquid Fe at the interface with the molten oxide was discussed.

Keywords: International Space Station, Electrostatic Levitation Furnace, Microgravity, Compound Droplet,
Density of High Temperature Liquid

1. Introduction

Interfacial phenomena between immiscible liquids are intriguing in many fields from scientific and
technological viewpoints.Liquid iron (Fe) and molten oxides are immiscible, and their immiscibility is used in
the steel industries, including smelting, continuous casting, and welding. Understanding and observing the
interfacial phenomena between molten oxide and liquid Fe is crucial for process control in steel manufacturing.
During the separation process, liquid Fe is placed at the bottom due to its significant difference in density
compared to molten oxide under normal ground conditions. Therefore, X-ray radiographs were used during
ground experiments to observe the interface between molten oxides and liquid Fe by immersing a drop of
liquid Fe in a molten oxide bath.1) During the observation using X-rays, the shape of the liquid Fe was clearly
visible, but the changes in the molten oxide could not be detected from the slight contrast of the X-ray through
the molten oxide parts.2) Thus, previous studies of liquid Fe immersed in molten oxides, including the interface
between them, did not consider the change in the molten oxides. However, when molten oxide and liquid Fe are
combined under microgravity conditions, they form a core-shell droplet due to their interface and surface-free
energies. For a compound drop of molten oxide and liquid Fe, the molten oxide forms a shell around the liquid
Fe due to its lower surface tension.
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We studied the interfacial phenomena by observing the surface oscillation of the core-shell droplets of
molten oxide and liquid Fe in the electrostatic levitation furnace (ELF)3−6) onboard the International Space
Station (ISS). We formed a coreshell droplet by molten oxide (SiO2:CaO:Mn3O4:TiO2:Fe2O3 = 25:7:20:18:30
mass%) and liquid Fe in an Ar atmosphere. The molten oxide composition is designed for welding fluxes. The
molten oxides used in welding flux have good wettability to the liquid Fe, enabling coverage of the liquid Fe
parts. The molten oxides fully cover the liquid Fe droplet. Therefore, liquid Fe is prevented from contacting
atmospheric Ar gas conditions. In these conditions, we observed an increase in core-shell droplet volume.7) We
also observed a reduction in the core Fe volume through X-ray radiography after the samples returned to Earth
from the ISS.7) This result might be due to the liquid Fe oxidation at the interface with the molten oxide. The
phenomenon could not be observed previously in ground experiments using X-ray radiography for the system
of a liquid Fe drop immersed in a molten oxide bath. Since the view area of the X-ray radiograph was close to
the interface between the molten oxide and liquid Fe, the molten oxide volume could not be measured.2)

From the background, we analyzed the volume increase in the core-shell droplets by molten oxides and
liquid Fe under the hypothesis that Fe dissolves into the molten oxide from the core liquid Fe by oxidizing
liquid Fe at the interface to the molten oxides. If Fe dissolves into molten oxide, the density of the molten
oxide will change. We must determine the density change of the molten oxide used as the shell for coreshell
droplets with Fe additions to analyze the volume change. Therefore, we investigated in more detail the density
changes of molten oxide by adding Fe using the aerodynamic levitation (ADL) method on the ground. These
measurements allow us to discuss the oxidation of liquid Fe at the interface with the molten oxide.

2. Forming composite droplets using ELF in ISS

The core-shell droplet samples consisting of molten oxide and liquid Fe were prepared on the ground
using a two step ADL method. First, spherical samples of Fe and oxide were prepared, then oxide samples
were heated and melted using a CO2 laser, and Fe spheres were dropped into the melt. The spherical Fe
sample was incorporated into the oxide melt by the action of interfacial tension, and then quenched to obtain
a solid composite droplet with a radius of about 2 mm. The oxide sample used was a model composition of
flux material used in the welding process (SiO2:CaO:Mn3O4:TiO2:Fe2O3 = 25:7:20:18:30 mass%, Flux-9 for our
named). Fe samples were prepared using the electro-refining method to reduce the oxygen concentration.

In the ELF installed on the ISS, four semiconductor lasers with a 980 nm wavelength were used to heat
and melt the solid composite, forming a core-shell droplet. The sample was kept at a constant temperature
at the center of the ELF electrodes. The atomospheric conditions in the ELF during sample melting were Ar
gas atmosphere at 0.2 MPa. The shape of the sample as it was melting was observed using a standard-speed
charge-coupled device camera at 60 fps, and the formation of core-shell droplets showed a perfect circular
shadow. When observing the shape of the molten sample, the volume of the entire core-shell droplet was also
simultaneously obtained from its shape using backlight optics. The sample temperature was measured as an
apparent temperature using a single-color pyrometer with a wavelength range of 1.45-1.8 µm and an emissivity
set to 1.0. This apparent temperature was corrected using the emissivity of the sample and the system constants,
as described in.8) The emissivity of the Flux-9 oxide is 0.76, a value obtained by our own method based on the
melting point of liquid Fe and its emissivity.9)

3. Volume chnage of core-shell droplets composed of liquid Fe and molten oxides

The sample was generally spherical during melting, but the sphere was partially deformed in were
deformed in the early stages of heating. This is thought to be due to changes in the total free energy due to
surface and interfacial tension and its area. After a few minutes, the sample became spherical again due to the
change in interfacial area. The volume of the core-shell droplet was measured from the sample geometry during
melting, and it was found that the volume increased linearly with time under constant temperature (Fig.1).
This trend was confirmed for all composite samples tested at ELF, with the example in Fig.1 held at 1610 ◦C
for 1.2 × 103 s. The core-shell sample volume is Vtotal, and the initial volume is V0

total, as shown in Fig.1. X-ray
results before and after the experiment (Fig.2) show that the volume of core Fe decreased while the mass of the
entire droplet remained unchanged. After solidification, the Fe in the core was distorted rather than spherical,
which may be due to differences in volume shrinkage of Fe/Flux-9 and other factors. As shown in Fig.3, the
distorted core shape was approximated by two circles and the volumes were calculated as spherical base and
spherical lack. Using the density of solid Fe to determine the mass10),11), the mass of core Fe decreased from 12
mg to 9.88 mg.

From this, it is concluded that the increase in volume is the result of core Fe being oxidized and dissolved
into the shell oxide. It can be assumed that the volume of Fe incorporated into the shell oxide is proportional to
the amount of dissolved Fe. To accurately determine the volume in the molten state, the density and mass of the
Fe-containing oxide are required. Since the reduced mass of Fe is available from the X-ray results and the mass
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of the entire sample remains the same, we can assume that all of the reduced mass has been dissolved into the
shell. Under this assumption, we investigated the density variation of Flux-9 oxides with Fe content using a
combination of ELF and ADL on the ground.12),13)

𝑉𝑡𝑜𝑡𝑎𝑙 = 4.35 + 1.1 × 10−4𝑡 [mm3]

1200s

Figure 1. Volume change of the core-shell droplet with time at 1610 ◦C; the significant deviation is originated from the
sample position change by applying as electrical field to excite the drop oscillations.

1mm

1mm

1mm

(a) (b)

Figure 2. X-ray radiograph images of solidified core-shell drop samples after being processed by the electrostatic levitation
furnace (ELF) in the International Space Station (ISS):(a) Observation image from a direction parallel to main electric
field directions and (b) observation image from a direction perpendicular to the main electric field directions.

Figure 3. The core Fe volume determination method using the fitting of core Fe parts by two circles. The radii of fitted
circles were used to approximate the upper region delineated by the red dashed line as a spherical cap and the
lower part as a spherical segment. The volumes of these regions were calculated individually and summed to
obtain the total volume of the core Fe.

4. Density changes of molten oxides of Flux-9

The density of Flux-9 without Fe was measured under microgravity using the ELF, under the same
conditions as the core-shell droplet experiments. The measurement method is described in detail elsewhere.3)

For temperature correction, we applied the same procedure as in the core-shell experiments using the emissivity
value of 0.76 for Flux-9 molten oxides, previously determined by our group.9) As a result, the density at
the liquidus temperature was found to be 3.27 × 103 kg/m3, in good agreement with the calculated value of
3.24 × 103 kg/m3 obtained using ThermoCalc 2023a with the TCOX12 database.16) Therefore, the calculated
value was used as the representative density of Flux-9 at the liquidus temperature.12),13) In contrast, due to
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limitations in sample preparation before launch, it was not possible to measure the density of Fe-containing
Flux-9 oxides using the ELF. Instead, we conducted density measurements of Flux-9 with added Fe using the
ADL on the ground. Samples were prepared by mixing oxide powders with electro-refined Fe powder, followed
by milling and CO2 laser sintering into spherical shapes. Measurements were performed in an open system,
with the sample floated by Ar gas and the chamber open. In ADL, the lower part of the sample is hidden by
the nozzle, and aerodynamic and gravitational effects distort the shape from a perfect sphere. Therefore, the
uncertainty of measurement (UOM) is larger ±10% than in ELF. Nevertheless, the results from ELF and ADL
showed consistency, allowing evaluation of density changes as a function of Fe content.7) As the Fe mass ratio
(x = mFe/mox) increased, the density of the molten oxide rose initially and then plateaued above x = 1.9 (Fig.4).
In this range, the density increased from 3.24 × 103 to 3.75 × 103 kg/m3. consistent with the predicted value at
equilibrium with liquid Fe from ThermoCalc (3.49 × 103 kg/m3). The density change with Fe content was fitted
by the following equation:

ρox+Fe = 0.6403(1 − e−3.3374x) + 3.24[×103 kg/m3]. (1)

Figure 4. The density of Fe-added Flux-9 oxides was measured on the ADL method. The mass ratio between Flux-9 and
Fe was varied for each sample, and the corresponding density values were obtained. The results indicate that
the density of the molten oxide increases with Fe addition and becomes saturated when the Flux-9 to Fe mass
ratio exceeds 1.9. A fitting curve was applied to the density data up to Fe mass ratio of 1.5, yielding an empirical
expression for the density variation as a function of Fe content.

5. Investigation of shell oxide volume expansion induced by core Fe dissolution

Since the experimental samples were composed of Fe and oxides, the total volume of the sample can be
expressed as the sum of the Fe core volume (VFe) and the shell oxide volume (Vshell).

Vtotal = VFe + Vshell (2)

As described above, X-ray radiographic observations confirmed a reduction in the core Fe volume. Given that
the total mass of the sample remained unchanged before and after the experiment, it is considered that the core
Fe dissolved into the surrounding oxide shell. Using the reduced Fe mass (∆mFe), the mass of core Fe and oxide
can be expressed as follows, where mo denotes the initial mass:

mFe = mo
Fe − ∆mFe, (3)

mox = mo
ox + ∆mFe. (4)

Additionally, by applying the definitions of density as the ratio of mass to volume for both Fe (mFe/VFe) and
oxide (mox/Vox), the reduced Fe mass can be as shown in Eq.(5). Using this, the total initial mass of the
compound droplet is given by Eq.(6).

∆mFe = mo
Fe − ρFeVFe, (5)

mo
Fe + mo

ox = ρFeVFe + ρoxVox. (6)

Given the dissolution of core Fe into the surrounding oxide shell, the density of the oxide in Eq.(5) can be
described using the density variation value with respect to Fe content given in Eq.(1).

mo
Fe + mo

ox = ρFeVFe + ρox+FeVox (7)
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The liquid Fe density ρFe is used the reported data of Refs14,15). From Eq.(2) and Eq.(7), the volumes of the oxide
shell (Vshell) and the core Fe (VFe) can be expressed in terms of the total volume, densities, and the initial masses
of the oxide and core Fe, thereby quantifying the volume changes in the composite droplet.The total volume of
the sample (Vtotal) and the density of the oxide (ρox+Fe) change over time.

Vshell =
ρFe

ρFe − ρox+Fe
Vtotal −

mo
ox

ρFe − ρox+Fe
−

mo
Fe

ρFe − ρox+Fe
(8)

VFe =
ρox+Fe

ρox+Fe − ρFe
Vtotal −

mo
ox

ρox+Fe − ρFe
−

mo
Fe

ρox+Fe − ρFe
(9)

Figure 5 shows the results of the volume change of the compound droplet composed of Fe and Flux-9 (Vtotal =
VFe + Vshell). In the same figure, the core Fe volume determined from X-ray radiographic images before and
after melting, as well as the oxide shell volume estimated by subtracting the core volume from the total volume,
are plotted as data points. Additionally, estimated volume change of VFe and Vshell are shown for four assumed
Fe mass dissolution ratios into the oxide:0.125, 0.25, 0.375, 0.5, for a sample held at 1610 ◦C for 1.2 × 103 s. The
results indicate that a higher Fe dissolution ratio into the oxide corresponds to a greater deviation from the
initial volume. The shell volume, Vshell, increases using the density of Flux-9 with adding Fe and correlates well
with the shell volume, Vshell. Therefore, the volume expansion of the core-shell droplets is concluded by the Fe
dissolution from the core Fe to the shell oxide during the melting experiments in ELF. The Fe dissolution into the
shell oxide is larger than the thermal equilibrium. The Fe dissolution for this density increase is due to liquid Fe
oxidation. Since the sample’s mass did not change before and after melting, it is unlikely that the oxygen used
for oxidation was supplied from the outside. The oxygen used source for the liquid Fe oxidation at the interface
is attributed to the oxygen included in the core Fe17) and/or the oxygen from the reaction in the molten oxide
where Fe2O3 decomposed to Fe3O4 and O2 (6Fe2O3 → 4Fe3O4 + O2).19) Decomposed oxygen from Fe2O3 near
the interface is absorbed on the liquid Fe and diffused as FeO into the shell oxide, decomposing into Fe and
O. The Fe decomposed from FeO diffused into the shell, oxide expands in volume because the Fe in the oxide
breaks the oxide network structure. Moreover, we should consider the effect of an electrical double layer19) at
the interface between liquid Fe and molten oxide because the core-shell droplet stays in the electrical charge at
the interface would affect the change in interfacial properties. The emulsification phenomenon of liquid Fe in
oxide melts containing FeO was recently observed using X-ray Computed Tomograph method.20−22) The results
suggest that oxygen movement at the interface between liquid Fe and FeO-containing oxide melts triggers the
emulsification phenomenon.21) X-ray transmitted images of Fe/Flux-9 compound droplets, as shown in Fig.2,
also revealed Fe particles dispersed within the shell oxide. However, in this case, the increase in the volume of
molten oxide with SiO2:CaO:Mn3O4:TiO2:Fe2O3 = 25:7:20:18:30 mass% compositions do not contribute to the
phenomenon. Therefore, further investigation is necessary to determine the extent of core Fe reduction caused
by the emulsification phenomenon.

This phenomenon of dissolution and diffusion of Fe from liquid Fe into the oxide and the increase in the
volume of the molten oxide are challenging to observe on the ground, and we believe that it was first observed
in the levitation experiment in a microgravity environment. In the future, we will elucidate the oxygen source
causing the liquid Fe oxidation and explore the behavior of liquid Fe and molten oxide at the core-shell droplet
interface.

ELF DATA

Vtotal

Vshall

VFe

Figure 5. The estimated volumes of the compound droplet composed of Fe and Flux-9 (Vtotal), the shell oxide with dissolved
Fe (Vshell), and the liquid core Fe (VFe) are shown, along with the experimentally measured volume of the
compound droplet using the ELF under microgravity.
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Conclusion

Core-shell droplets composed of liquid Fe and molten oxide were produced using the ELF on board the
ISS, and their volume change was observed at 1610 ◦C. The droplet volume increased over approximately 20
minutes, which is attributed to the oxidation of liquid Fe and its subsequent dissolution into the shell oxide.
The dissolved Fe likely disrupted the oxide structure, resulting to expansion. This phenomenon was clearly
observed under microgravity, and future investigation is needed to elucidate the interfacial phenomena in
detail.
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