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Abstract

In the present-day steel processing, interfaci@npimena between molten steel and oxides, whickcalted slag or mold flux, play
important roles in materials design. Thereforegrifaicial tension must be known for process coritr@ll From this requirement, we proposed
the interfacial tension measurement technique bEtweolten steel and oxides using the modified lagiciy drop method with levitation
techniques. The interfacial tension data usingitfcadhl technique based on the sessile drop mettex@ been obtained only at melting
temperature of iron due to dissolution of contasramd the substrate into molten steel and oxidbfgimer temperature regions. The technique
of our proposal to technique to obtain temperatigpendence of interfacial tension between molten &nd oxides uses a core-shell form
droplet including interface between two liquids ngsithe electrostatic levitation, which can achidgkie containerless conditions. The
measurementare performed in International Space Station utiiegelectrostatic levitation furnace (ELF) in KIBO.
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1. Introduction shape. For welding part shape controlling the fatéal tension
between welding flux and steel melts plays impdrrates. In
these processes, the interfacial tension is enaflirichanged by
the oxide composition change. Therefore, in oraercantrol
systematically the interfacial tension between emolbxide and
steel melts, the interfacial tension values betweany kinds of
molten oxides and steel melts must be obtdinddowever,
oxide compositions were limited due to temperatimrethe
previous measurements using a sessile drop witlkay x-r
radiograph methdd since it is difficult to raise temperature
over the melting point of iron with the conventibmaethod
using container.

Therefore, we planned the measurements of thezfacial
tension between molten oxides and steel melts using-shell
droplet with oscillating drop technique under mgnavity
conditiong). For this plan of the interfacial tension
measurement, we must use the containerless ancomact
method. We must select the electrostatic levitatisethod to
achieve both requirements for the measurement teffacial
tension between molten oxide and steel melts foromed-shell

Immiscible two liquids make a core-shell dropledanthe
microgravity condition. The core-shell formatisydominated
by the surface and interfacial free energies. Tiéans that we
can know the interfacial tension, which is the ifsteial free
energy per unit area, using the core-shell dropl&te can
measure the surface tension from the surface atoill
frequencies using the levitated liquid droplets,iclhis called
surface oscillation technique. Based on the ideashave tried
to measure the interfacial tension of immiscibleghhi
temperature liquids using core-shell droplet by theface
oscillation technique. The interfacial tension swwament is
required from the industrial applications, espégial the steel
industries, such as the smelting, the continuostirgaand the
welding. In the continuous casting process, malat finade of
molten oxides covers steel melts in the castingl.pda the
casting pool, the interfacial tension preventsipglidown the
oxide into the steel melts. In the welding procelse welding
flux made of oxide encloses steel melts in ordemptevent
oxidation of steel melts and in order to controlldireg part
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droplet by the oscillating drop technique. The tlestatic
levitation furnace (ELF¥, will be installed in the International
Space Station (ISS), KIBO during 2015, we can biefacility
for our measurement plan. In this paper, we reaewresearch
project using ELF in ISS, KIBO for the interfacignsion
between molten oxides and steel melts.

2. Bass of Oscillating Drop Technique using
Core-Shell Droplet

2.1 Normal Mode Analysis of Core-Shell Droplet

Under the microgravity conditions, immiscible ligsi form
core-shell droplet. The surface oscillation of eshell droplet is
analyzed from the equation of moti®agUnder the conditions
of core-shell droplets dealing with incompressilaled non-
viscous fluids, the equation of motion of core-shdioplet
describes following equations using velocity pogntin
spherical coordinate$(r,6,¢.t);
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For core and shell liquids velocity potentiglsy, and outer
atmosphere velocity potentiglare given by following using
boundary condition of continuous at two interfaces
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Here,Y"(6,¢) is spherical harmonic functionR,R, are core and
shell radius respectivelyl,m) is mode of oscillation. From the

equation of motion and velocity potentials, we oi#d the
conditions of oscillation frequencies,
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In egs. (6) - (7), parameters are follows,
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Here, p.p, are density of core and shell liquids respectively,
o, is surface tension of shell liquids aad is interfacial tension
between core and shell liquids. Alsg =80/pR* is normal
mode frequency of single droplet derived by Rayi®ign the
frequency conditions, two frequencies must exiklsing two
frequencies, we calculate the equations (5)-(79, famally we
obtained surface tension valgesnd interfacial tension values
0,,. From observed two frequencies, important pararaefor
determination of interfacial tension values are im0 of core
and shell radius and the density difference betwame and
shell liquids.

2.2 Numerical simulation of core-shell droplet

In analytical studies of the surface oscillation cofre-shell
droplet, since core and shell liquids are assungtha non-
viscous fluids, we cannot know how the viscositfeets the
surface oscillations. Because viscosity of moltgites is large
and changes with compositions, we performed nurakric

Tablel Physical properties and geometrical parameters used in wargmulations’

Physical properties Iron melt Molten slag
Density p;[kg/m?] 7.03 x 103 2.85x 103
Viscosity y;[mPa.s] 5.50 21.4,107,214
Surface tension ¢;[N/m] 1.76 0.450
Interfacial tension o;,[N/m] 1.30
Geometrical parameters
Equilibrium radius R;[mm] 0.549,0.618,0.706,0.760, 0.823 0.988

Initial drop shape (b;/a;)o[-]

1.20,1.50
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simulations to know how the surface oscillation changes with
changing the viscosity of molten oxides and also the ratio of
shell and core liquids”. For the numerical simulations, we
solved Navier-Stokes equations without external force, and
Volume of Fluid (VOF) function was used for the interface
motions. Input parameters are listed in Table 1. Core part values
are used for pure iron values obtained by our experiments using
electromagnetic levitations. Shell part of oxides values are not
experimental values. We use the average values of literature
values of Si02-CaO-AlOs, smelting slag. Figure 1 shows
radius change with time for core and shell liquids with different
ratio. In this results, viscosity ratio of shell to core liquids is
fixed 3.9. Figure 2 shows the power spectrums of surface
oscillations shown in Fig. 1. From these power spectrums, we
can find two peaks’ appearance and also we can find that two
peaks’ intensity depends on the radius ratio. Through numerical
simulations with different conditions of viscosity and radius
ratios, we found that optimized conditions to observe precisely
two peaks of surface oscillation of core-shell droplet is viscosity
ratio below 40 and radius ratio 1.3.7

3. Short Time Microgravity Experiments by
Parabolic Flight

We must confirm formation of core-shell droplet by molten
oxides and steel melts under the microgravity conditions before
on-orbit experiments in ISS. For the requirements, we observed
the formation of core-shell droplet under the microgravity
condition by parabolic flight experiments using Gulfstream-II
airplane operated by Diamond Air Service (DAS). On the
parabolic flight experiments, we cannot use the electrostatic
levitation furnace because it is difficult to keep the sample
position during parabolic flight due to rapid change of the

gravity level. Therefore, we used electromagnetic levitation to
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Fig. 1 Effects of radius ratio of shell to core liquids on
oscillation behaviors of compound droplets for the
case of viscosity ratio of 39
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Fig.2 Effect of radius ratio of shell to core liquids on
frequency spectrum of a compound droplet for the
case of viscosity ratios of 3)9

Fig. 3 Top views of electromagnetically levitated metal/oxide sample under pG condition. (A) Ag/B203, (B)Fe/Ilmenite
type welding flux, (C)Fe/Smelting slag (SiO2-CaO-AlLOs base) .
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observe the formation of core-shell droplet by molten oxide and
steel melts. We newly developed the compact size
electromagnetic levitation facilities specialized for the parabolic
flight experiments by G-Il airplane®. Using the facilities, we
succeed to observe the formation of core-shell shape droplet by
molten oxides and iron melts. Figure 3 shows time-series
images of the formation of core-shell droplet by molten oxide
and metal liquids taken by high-speed camera under
microgravity during parabolic flight®. Figure 3 (A) is a
reference experiment using molten B2O3 and Ag melts. Since
melting temperature of these samples is below 1000 K, we used
these samples for trial experiments under microgravity
conditions by parabolic flight to check out the new facilities.
Figure 3(B) and(C) are results of molten oxide and Fe melts.
Molten oxides in Fig. 3 (B) are commercially used welding flux
of the ilmenite type, main compositions of Al2O3;, CaO and
Fe203. On the other hand, molten oxides in Fig. 3 (C) are
smelting slag compositions of Al203-CaO-SiO2. The case of
molten oxides by welding flux of ilmenite type covered fully
over the iron melts and formed core-shell droplet as shown in
Fig. 3 (B). On the other hand, the case of molten oxides of
smelting slag covered with the half area of iron melts and
therefore did not form core-shell droplet as shown in Fig. 3 (C).
The difference is attributed by the interfacial tension
differences. Since the interfacial tension of smelting flux to iron
melts are relatively high, the free energy contributed from the
surface and the interface is large in the present experimental
conditions with large volume of iron melt due to the
electromagnetic induction efficiency. This means that we must
optimize the radius ratio of core-shell droplet by minimizing the
free energy contributed from the surface and the interface. From
the parabolic flight experiments, we obtained important
information of core-shell droplet to prepare the samples for the

on-orbital experiments in ISS.

4. Sample Preparation for on-orbital

Experiments

Based on these results of core-shell droplet phenomena, we
selected 15-types sample for on-orbital experiments in ISS of
interfacial tension measurements. Our experiments in ISS have
two series period to achieve final results of interfacial tension
between molten oxide and steel melts. In first series of
experiments, density, viscosity and surface tension of molten
oxides will be obtained in order to predict the interfacial tension
before on-orbital experiments. The samples of first series on-
orbital experiments in ISS are listed in Table 2. Molten-oxide
samples are selected the refining slag based on Al203-CaO with
small amount of SiOz. Since the slag viscosity is relatively low,
using these slags as molten oxides the conditions of viscosity
ratio below 40 will be kept. From the numerical simulations and
the parabolic flight experiments, we can decide the volume ratio

of oxide and iron for the core-shell droplet. For the first series
samples of core-shell droplet using ilmenite-type welding flux
based oxide and iron, we prepared the radius ratio of 1.3. The
ilmenite-type welding flux based oxides are predicted relatively
low viscosity and interfacial tension. Thus the radius ratio was
decided mainly from the viscosity effect predicted from the
numerical simulations. We prepared 15-type samples in one
cartridge, shown in Fig. 4 (c), and three same cartridges for
repeating measurements of three times. Figure 4 (a) is example
of oxide samples and Fig. 4 (b) is example of core-shell droplet
samples. Our three cartridges containing oxide and core-shell
droplet samples succeeded launching on December 6, 2015
using Cygnus CRS OA-4 from Cape Canaveral Air Force
Station. On-orbital experiments in ISS of the interfacial tension
measurements will start from March, 2016.

5. Conclusion

We started research project of the interfacial tension
measurements using core-shell droplet with the electrostatic
levitation under long-time microgravity conditions in ISS. The
measurement of interfacial tension between molten oxides and
steel melts required from the steel industry applications. The

Table 2 Sample list for first series on-orbital experiments

Si02 | Al203 | CaO | Mg0 | MnO | Tio2 | FeO
@ |Refining Slag 1 100 400|500
@ |Refining Slag 2 100 350| 550
@ |Refining Slag 3 100| 300|600
@ |Refining Slag 4 140 360|500
® |Refining Slag 5 100 440|460
® |Refining Slag 6 200| 300| 500

Welding Flux

7 250 70 230 180] 270
8 |imenite type 360 60 210| 150| 220
9 250 70 200 180| 300
10 270 70 130|530
[11|High Tio2 Type 240 30 90| 640
2| 220 120 210| 450
13 |Fe-FeO 100.0
14 |Fe-limenitetype Flux 250 70 200| 180] 300
15 |Fe-High TiO2-type Flux 220 120 210| 450

(a) Oxide samples

(c) ELF sample-holder installed samples

| P

(b) Fe/Oxide samples

s
° 15 samples x 3 holders

Fig. 4 Samples and sample holder for on-orbital
experiments by ELF in ISS, KIBO. (a) Oxide
sample, (b) Fe/oxide samples and (c) ELF
sample holder.
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measurement of interfacial tension between molteideoand
steel-melts uses the modified oscillating drop mdthusing
core-shell droplet levitated using the electrostdévitation

furnace in ISS. Since the modified oscillating dmethod to
measure the interfacial tension is challenging asdnot

precedent, we must prepare much attention to olgeégise
data of interfacial tensions. For the preparatiérow-orbital

experiments in ISS, numerical simulations and stionr

microgravity experiments by parabolic flight haveeeb

performed in order to understand the surface asidh

phenomena of core-shell droplet. Through these guations,
the samples of first-series on-orbital experimeantdSS were
launched on December 6, 2015. For the first serkperiment
from March, 2016, we are refining the analysis lté surface
oscillation of core-shell droplet combined with rencal

simulations in order to obtain precise interfatémsion between
molten oxide and steel melts.
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