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The dynamic interfacial phenomena during high-temperature reaction between an Fe-Al alloy droplet
and a CaO-SiO2-Al2O3 slag were analyzed by evaluating the thermocapillary, solutocapillary, and
electrocapillary effects. The magnitudes of these effects were determined using the local equilibrium
model and utilizing kinetic data to determine local composition, temperature, and electrical potential.
The electrocapillary effect was found to be dominant. It contributed approximately 85 pct of the
maximum interfacial depression while the solutocapillarity contributed 15 pct. The thermocapillary
effect was found to be negligible. In this work, the local gradient of interfacial tension along the
interface due to the solutocapillary effect was estimated, i.e., ��m-s � 274 to 440 mN/m over a 1- to
2-�m distance.

I. INTRODUCTION

DYNAMIC interfacial phenomena during reactions between
liquid metal and liquid slag have been of interest to many inves-
tigators.[1–6] In the case of a liquid iron alloy droplet reacting
with liquid slag, the phenomena include interfacial turbulence,
a decrease in dynamic interfacial tension indicated by droplet
flattening or spreading, and spontaneous emulsification where
the droplet breaks into numerous droplets.[1–6] The term
“dynamic” in dynamic interfacial tension is used to distinguish
it from the value of equilibrium interfacial tension, although it
may actually be a local equilibrium phenomenon. In fact, in
the present work, dynamic interfacial tension has been analyzed
in terms of local equilibrium. These phenomena occur without
external forces being applied, have an important role in process
metallurgy since they can increase the global rate significantly
through the spontaneous increase of interfacial area, and enhance
mass transport up to several orders.[7]

Previous Work on Dynamic Interfacial Phenomena

Kozakevitch et al.[1] were among the first to report the
interfacial phenomena during reactions between iron alloy
and slag. They conducted experiments in which liquid Fe-
C-S droplets reacted with a blast furnace slag, CaO-SiO2-
Al2O3. They observed, from an X-ray photograph, a drastic
lowering of dynamic interfacial tension and droplet shape
changes during the desulfurization reaction followed by recov-
ery of the droplet shape at the end of the reaction. Ooi et al.[2]

confirmed these phenomena and showed that they also occur
during the oxidation reactions of Fe-Al and Fe-Ti alloys with
CaO-Al2O3-SiO2 slag. In the case of reaction between Fe-
Al alloys with CaO-SiO2-Al2O3 slag, they suggested that

droplet dynamic phenomena were due to the reduction reac-
tion of silica in the slag by aluminum as follows:

[1]

where “_” indicates the element is dissolved in iron and “( )”
indicates the compound is dissolved in slag.

More extensive experiments in this area were carried out
by Riboud and Lucas[3] as they studied the influence of mass
transfer upon interfacial phenomena. They found that the
phenomena also occur in the reaction between oxidizing
slags and most liquid iron systems containing oxidizable
alloying elements, namely, Fe-Al, Fe-C-S, Fe-Ti, Fe-P, Fe-B,
Fe-Cr, and Fe-Si alloys. They reported that the dynamic
interfacial tension tends to zero when the oxygen flux is
larger than 0.1 g atom m�2 s�1. Riboud and Lucas also
carried out microscopic observations in the vicinity of the
interface of the quenched droplets and observed numerous
metallic droplets with diameters ranging from 1 to 100 �m
near the interface in the slag phase when the reaction is most
intense. This spontaneous emulsification increases the inter-
facial area and can further affect the reaction rate.

Cramb and co-workers[4,5,6] continued the study of dynamic
interfacial phenomena between liquid metal and slag. Sharan
and Cramb[4] observed a lowering of interfacial tension dur-
ing reaction between Fe-20 wt pct Ni-2.39 wt pct Al and CaO-
SiO2-Al2O3 slag at 1550 °C. In the case of Fe-Al alloy reacting
with CaO-SiO2-Al2O3 slag, Chung and Cramb[5,6] further inves-
tigated aluminum contents ranging from 0.25 to 3.3 wt pct
and observed the droplet dynamic phenomena for aluminum
contents as low as 0.25 wt pct. However, spontaneous emul-
sification and drastic lowering of dynamic interfacial tension
were observed only for a system containing aluminum greater
than 3 wt pct. Upon microscopic observation of the quenched
samples, they found that at 5 minutes of reaction, one side
of the droplet was deformed and optical microscopy obser-
vation showed entrapped slag in this region, suggesting that
a local reaction may have occurred. Chung and Cramb also
reported that the dynamic phenomena occur in reactions
between liquid 321-stainless steels and ladle or mold slags.[6]

The phenomena also occur in systems other than liquid iron/
steel and slag. Some investigators reported the phenomena in
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reactions between liquid copper and molten Na2CO3
[8] or dur-

ing reactions between Cu-Ni-Al alloy with Li2O-Al2O3-SiO2

slag.[9]

The phenomena described are well observed and recognized;
however, they are not fully understood. They are usually asso-
ciated with the presence of Marangoni flow/convection, a fluid
flow driven by gradients of surface and interfacial tension. The
gradient of surface or interfacial tension itself can be caused
by three factors: a gradient of temperature (thermocapillary),
a gradient of electrical potential (electrocapillary), and a gra-
dient of surface-active solutes (solutocapillary). It may be
that all of these factors are present and contribute to the
Marangoni convection and interfacial phenomena. However,
the dominant factor may differ from one system to another.

In the case of Fe-Al droplets reacting with CaO-SiO2-Al2O3

slag, it is still not clear which effect is the dominant factor.
Richardson[10] suggested that the build up of interfacial charges
during rapid reaction, i.e., the electrocapillary effect, may
lead to the lowering of interfacial tension due to increased
London forces or dipole interactions across the interface.
Sharan and Cramb[4] suggested that the increase of oxygen
potential at the interface due to reaction and mass transfer
from the slag is responsible for the lowering of interfacial
tension. This article will address this issue, i.e., investigate
the dominant source, by calculating the thermocapillary, solu-
tocapillary, and electrocapillary effects from kinetic data.

II. EXPERIMENTAL

A. Metal and Slag Preparation

The experiments involve reactions between Fe-Al alloy
droplets, containing 3.5, 4, 4.45, and 5 wt pct Al, with CaO-
SiO2-Al2O3 slag. Metal droplets of different weights, 1.7,
2.35, 2.5, and 3.45 g, were prepared by melting iron pieces
99.99 pct, vacuum remelted with ultra low oxygen content,
and Al wire 99.9999 pct, in a small electric arc furnace in
a high-purity argon atmosphere of 0.5 atm (O2 and H2O
�5 ppm molar). The alloys remelted three times to ensure
homogenization of the alloying element. The compositions
of the metal droplets were reconfirmed using the inductively
coupled plasma (ICP) analysis technique. The oxygen con-
tent was measured using the inert gas fusion technique and
was found to be 50 ppm in average. This value, represent-
ing the total oxygen, did not change in a significant way
with Al content. This low variation may reflect the fact
that the starting Al content did not change greatly (3.5 to
5 wt pct) and the total oxygen is dominated by the oxygen
contributed from the surface oxide layer of the droplet. Mas-
ter slag of composition CaO-SiO2-Al2O3 (40 pct:40 pct:20 pct
in weight) was made by melting a mixed batch in the Pt cru-
cible at 1600 °C. The amounts of slag used in each exper-
iment were 50 and 140 g.

B. Apparatus and Procedure

A vertical tube furnace equipped with molybdenum dis-
ilicide heating elements along with gas and vacuum systems
was used in this study, as shown in Figure 1. High-purity
argon gas (O2 and H2O �5 ppm molar) was used during the
experiments. The gas was passed through a gas purifying
system consisting of columns filled with anhydrous CaSO4

(drierite) and a furnace containing copper turnings running
at 600 °C prior to entering the main furnace. This is to ensure
that the atmosphere condition in the furnace has a very low
moisture and oxygen content.

Slag was placed in a ZrO2 crucible and suspended in the
furnace using molybdenum wire. A silicone seal was used
on the furnace end cap to seal and hold the wire. A solid iron
alloy droplet was placed inside the alumina injection tube
and suspended on the cap by using an Nd magnet (Figure 1).
The diameter of the lower part of the tube was smaller than
the diameter of the droplet. High-purity argon gas was then
introduced into the furnace after the atmosphere inside had
been purged by applying a vacuum pump. The furnace was
then turned on and set to the desired temperature to melt the
slag and held for 20 minutes to allow homogenization. The
magnet was then removed so that the droplet would fall and
be suspended at the bottom part of the alumina injection tube.
When the temperature of the droplet exceeded its melting
point, the droplet fell into the zirconia crucible. Preliminary
experiments were conducted to determine the time required
for the droplet to melt. It was found that the droplet fell into
the crucible 2 minutes (�17 seconds) after the magnet had
been removed. Therefore, the zero time for the reaction was
set at 2 minutes after magnet removal.

After reaching a particular time, the bottom part of the fur-
nace was opened by removing the clamp. The wire was cut
from the top and the entire crucible containing molten slag
and alloy droplet was quenched rapidly into water. The time
from the zero time to the time when the crucible quenched
into water was set to be the reaction time. The crucible con-
taining quenched slag and metal was then crushed manually
using a hammer. A gentle tap easily disintegrated the slag
without deforming the metal droplets. The metal droplets were
then collected for analysis by means of magnetic separation.

C. Interfacial Area Measurements

Interfacial areas, droplet shapes, sizes, and distributions
were measured and determined for each reaction time, prior
to chemical analysis of the droplets. The interfacial area was
determined using two methods. The first method involved
direct measurement of the dimensions of each metallic par-
ticle using a vernier caliper and a micrometer and also by
employing image analysis. The second method used involved
sticking small pieces of paper sized from 1 	 1 to 5 	 5 mm2

to the surface of the droplets and calculating the total area
of the paper required to cover the entire surface. The first
method was used for droplets with a simple shape, while
the latter method was used for more complicated shapes.
For a simple shape such as a near spherical droplet, both
methods gave the same value within �5 pct. Multiple exper-
iments were carried out focusing on the periods before, dur-
ing, and after maximum emulsification. A fair repeatability
of the experiment in terms of interfacial area data was
obtained within a maximum error of �10 pct.

D. Chemical Analysis

The quenched droplets were ground to remove the outer
surface and then subjected to ultrasonic cleaning in acetone.
The droplets were then dissolved in hydrochloric acid and the
resulting solution was diluted. The chemical compositions,
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Fig. 1—Schematic of the experimental apparatus: tube furnace, vacuum, and gas purifying system used in the experiment.

Al and Si contents, were analyzed from the diluted solution
against established standard solutions using an ICP emis-
sion spectrometer.

III. RESULTS AND DISCUSSION

A. Interfacial Area, Droplet Number, and Shape Changes

The interfacial area, droplet shapes, sizes, and distribu-
tions of the quenched droplets from each reaction time were
examined. The recovered droplets during the progress of reac-
tion showed a similar sequence of shape changes and droplet
emulsification as those observed by previous investigators
using X-ray radiography.[3,5] Both dynamic interfacial tension
depression and spontaneous emulsification were observed in
all four Fe-Al systems studied. For example, Figure 2 shows
the droplet shape changes during the progress of the reac-
tion in the case of reaction between 2.35 g Fe-4 wt pct Al and
CaO-SiO2-Al2O3 slag at 1650 °C. The changes in interfacial
area and number of recovered droplets during the reaction
are presented in Figures 3 and 4.

In the early stages of reaction, at 5 minutes, the recov-
ered droplet has a flatter shape with a wavy and irregular
interface indicating a decrease in the dynamic interfacial ten-
sion. The interfacial area was higher than that of the start-
ing value. Although naked-eye observation suggests that
only one droplet was recovered, microscopic observations
at the interface revealed that, at 5 minutes, microscopic emul-
sification had occurred. These microscopic droplets were
not taken into account in developing Figures 3 and 4 as they
did not significantly change the overall interfacial area.
Details of microscopic observations of the reacting interface
have been described elsewhere.[11]

Numerous droplets, millimeter and micrometer in size,
were recovered in the intermediate stage where the reac-
tion was at its most intense, at 10 minutes. During this emul-
sification, the droplet disintegrated into a single droplet of
a flatter shape, compared to the original, accompanied by
numerous much smaller droplets, i.e., more than 100 very
small droplets with average diameter less than 1 mm. The
main droplet had a very irregular interface resulting in a
high interfacial area. The maximum increase of interfacial
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Fig. 2—Shape and number of droplets changes during reaction between
2.35 g Fe-4 wt pct Al and CaO-SiO2-Al2O3 at 1650 °C.

Fig. 3—Interfacial area changes during reaction between 2.35 g Fe-4 wt pct
Al and CaO-SiO2-Al2O3 at 1650 °C.

Fig. 4—Number of droplets recovered from the reaction between 2.35 g
Fe-4 wt pct Al and CaO-SiO2-Al2O3 at 1650 °C.

area during the reaction, about 375 pct of the initial value,
was observed at this time of reaction.

As the reaction proceeded, the droplets recoalesced and the
interfacial area and the number of droplets started to decrease.

At 45 minutes of reaction, only a single droplet was recov-
ered and it was nearly spherical and similar to the original
droplet shape. However, it had a slightly higher volume
(lower in density). This is associated with slag entrapment
in the metal phase, as reported by previous investigators.[5,6]

The recovered droplets from other sets of experiments
conducted under different experimental conditions showed
a similar sequence to that described previously. The droplet
flattened at the beginning of the reaction and immediately
underwent spontaneous emulsification. The maximum
increase of interfacial area was found to lie between 300
and 500 pct of the original value depending on the experi-
mental conditions. The emulsified droplets then recoalesced
as the reaction neared completion.

B. Chemical Composition and Reaction Kinetics

The metal droplets from each reaction time were analyzed
and the chemical composition changes of the metal droplets
during the reaction were determined. For example, Figures 5
and 6 show the change in Al and Si content for a reaction
between 2.35 g Fe-5 wt pct Al and CaO-SiO2-Al2O3 slag at
1650 °C and for 2.5 g Fe-4.45 wt pct Al at 1600 °C, respec-
tively. These figures were developed from a composite of
many experiments. As can be seen from the graphs, Al con-
tent in the metal droplets decreased while Si increased, sug-
gesting that Reaction [1] took place during the process.

Kinetic analyses of the reaction were carried out using
chemical composition data and interfacial area changes. It
has been suggested from previous work that the kinetics fol-
low a first-order relationship with respect to aluminum and
the rate is controlled by mass transfer in the metal phase.[12,13]

The details of the development of a transient treatment of
kinetic data in the presence of spontaneous emulsification
along with analyses and determination of the mass-transfer
coefficients have been described elsewhere.[11,12,13]

C. Thermocapillary Effect

It has been suggested[2,3] that droplet dynamic phenomena
were due to the reduction reaction of silica in the slag by alu-
minum, i.e., Reaction [1]. The reaction is exothermic in nature
and if the droplet is assumed to be thermally isolated, the
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Fig. 5—The change of aluminum and silicon content of the 2.35 g Fe-5
wt pct Al droplet during reaction with CaO-SiO2-Al2O3 slag at 1650 °C.

Fig. 6—The change in aluminum and silicon contents during a reaction
between 2.5 g Fe-4.45 wt pct Al alloy droplet with CaO-SiO2-Al2O3 slag
at 1600 °C.

amount of heat generated can lead to an increase of temper-
ature of 2.35 g Fe-5 wt pct Al sample by 414 °C. In actuality,
the heat generated by the reaction is given off over time and
the increase in the temperature will be much less than 414 °C.
It is important to know the time scale over which the heat
will dissipate and the temperature increase of the system dur-
ing the reaction to understand their contribution to Marangoni
convection and interfacial phenomena.

A simple heat-transfer model was developed. For a first
approximation, the radiation effects were neglected. This assump-
tion will provide a conservative estimate of the heat transfer,
which will give an overestimate of the thermocapillary effect.
Further, it was assumed that the droplet is spatially isothermal.
The energy balance relates the rate of heat generated from the
chemical reaction to the rate of heat loss (heat for increasing
the droplet temperature and heat released to the slag through
convection). Thus, the heat balance can be written as

[2]�HR
# R(t) � n # Cp

# dT

dt
� h # A # (T � T0)

where �HR is the heat of reaction (J/mol), R(t) is the rate
of reaction (mol/s), n is concentration (mol), Cp is the molar
heat capacity (J/mol K), T is the temperature, h is the con-
vection heat-transfer coefficient (W/m2 K), and A is the
droplet interface area (m2).

Defining the temperature difference, 
 � T � T0, and rec-
ognizing that d
 � dT, Eq. [2] can be rearranged into

[3]

Equation [3] is a linear differential equation and can
be solved by calculating an exponential factor of exp
(hA/nCp)�dt and writing

[4]

or

[5]

Equation [5] is obtained by assuming that Cp and A are con-
stant. The assumption of constant interfacial area would give
an overestimate of the thermocapillary effect. In this calcu-
lation, initial droplet interfacial area is used for the value
of A. The R(t) function is sought to solve Eq. [5]. The R(t)
function is determined from the change of composition dur-
ing reaction. Figure 5 shows the change in aluminum con-
tent of the droplets during the reaction between Fe-5 wt pct
Al alloy and CaO-SiO2-Al2O3 slag at 1650 °C. The Al
changes were curve fitted and represented by an exponen-
tial decay equation shown in the graph. Thus,

[6]

where

[7]

that is the change in Al content in weight percent. Substi-
tuting the R(t) function into Eq. [5],

[8]

By integrating and rearranging Eq. [8], the following is
obtained:

[9]

By applying the boundary condition 
 (0) � 0 or 
 (∞) � 0,
it follows that

[10]

By substituting G into Eq. [10], the equation becomes

[11]
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Fig. 7—(a) The increase of temperature during the reaction between 2.35
g-Fe-5 wt pct Al droplet and CaO-SiO2-Al2O3 slag at 1650 °C for various
values of heat-transfer coefficient, h. (b) The decrease of interfacial tension
due to thermocapillary effect for the case of laminar natural convection.

The increase of temperature during the reaction can then
be evaluated from Eq. [11]. In this analysis, it was assumed
that the slag temperature does not change during the reac-
tion due to the large slag-to-metal ratio.

X-ray observations by Chung and Cramb[5,6] showed a dis-
placement of smaller droplets and suggested some fluid flow
in the slag phase, which is induced convectively by motion
at the slag-metal interface or by natural convection in the
slag. In our calculations, it is assumed that natural convec-
tion dominates the heat transfer from the droplet. The con-
vective heat-transfer coefficient of a natural convection around
sphere can be evaluated using the following relation:[14]

[12]

where Nu and Ra are the Nusselt and Rayleigh numbers,
respectively. For laminar natural convection, the value of Ra
is around 105. Taking the value of Ra � 105, one will obtain
the convective heat-transfer coefficient h � 1250 W/m2 K,
which corresponds to the value of Nu � 10. The Biot num-
ber, Bi, for this case is equal to 0.05, which justifies the
assumption of a spatially isothermal droplet. A value of h �
2500 W/m2 K is the critical value in which the Biot number,
Bi, equals 0.1.

By substituting the parameters from Table I into Eq. [11],
the increase of temperature during reaction can be determined.
The changes of the temperature for various values of h are
shown in Figure 7(a). It can be seen that the maximum increase
of temperature is less than 6 K. For a limiting value of Nu � 2
or h � 250 W/m2 K, in the absence of any convection, the
maximum increase of temperature is 23.8 K (or °C).

The effect of temperature on the change of interfacial ten-
sion can then be evaluated. The surface and interfacial ten-
sion of most liquids decreases with increasing temperature.
The variation usually follows a linear relation with a nega-
tive value of (d�/dT). The observed values of the tempera-
ture coefficient of surface tension of liquid iron, (d�m/dT),
lie between �0.02 and �0.5 mN/mK.[15] In the case of an
Fe-C alloy in CaO-SiO2-Al2O3 slag, the value of (d�m-s/dT)
is �1.48 mN/mK.[16] Assuming the similar d�m-s/dT applies
for an Fe-Al alloy, thus for a value of h � 1250 W/m2 K,
the interfacial tension depression, ��m�s, will be �1.48 mN/
mK 	 6 K � �8.88 mN/m, as shown in Figure 7(b). This
magnitude is very small compared to the original interfacial

Nu � 2 � 0.45 (Ra)0.25

tension (about 1300 mN/m at 1650 °C). It corresponds to
the change of interfacial tension of only 0.7 pct. For a lim-
iting value of Nu � 2 (h � 250 W/m2 K), the change of inter-
facial tension is only 2.7 pct.

The same approach can be applied for the case of a 2.5 g
Fe-4.45 wt pct Al droplet reacting with the slag at 1600 °C.
The maximum increase of temperature for this system was
found to be 4.2 K, which corresponds to an interfacial ten-
sion change of 0.5 pct, as shown in Figures 8(a) and (b). These
values may be considered negligible relative to the electro-
capillary and solutocapillary effects discussed subsequently.
Although the reaction is exothermic, the rate of heat accu-
mulation is less then the rate of heat release. The model pre-
sented gives an overestimate temperature increase during the
reaction because radiation was neglected. The actual temper-
ature increase is likely to be lower than that calculated using
the model. The authors did not consider it worthwhile to
develop a more detailed heat-transfer model, because to con-
sider radiation would merely render it even more negligible.

D. Solutocapillary Effect

In the case of reaction between Fe-Al alloy and CaO-SiO2-
Al2O3 slag, oxygen adsorption may occur. Oxygen may pref-
erentially reside along the interface as opposed to the bulk
due to its surface-active nature. This may significantly decrease
the interfacial tension between the metal and the slag.

The effect of surface-active elements on the surface and
interfacial tension of liquids can be described by the
Szyszkowski[17] equation, i.e., combination of the Gibbs and
Langmuir adsorption isotherm equations. The application of
this equation to liquid metals was first demonstrated by
Belton.[18] The equation is written as

[13]g0 � g � Rg T �0
i   ln (1 � Kai)

Table I. Properties of Liquid Iron, Liquid Slag, and
Parameter Values

2.35 g–Fe-5 wt pct Al droplet (D � 8 mm) in CaO-SiO2-Al2O3

slag at 1650 °C

Heat of reaction, �HR �180, 170J/mol Al
Molar heat capacity, Cp 41.8 J/mol K
Interface area, A 2.01 	 10�4 m2

Molar Fe, n 0.0448 mol
Convection heat-transfer 

coefficient of slag, h 250, 1250, and 2500 W/m2 K
Thermal conductivity of 

liquid droplet, kdroplet 33 W/mK
Thermal conductivity of 

liquid slag, kslag 1 W/mK
Bi (Biot number) hR/3kdroplet

Nu (Nusselt number) hD/kslag

Ra (Rayleigh number) GrPr � g�� /�TL3
c
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Fig. 8—(a) The increase of temperature during the reaction between 2.5 g-
Fe-4.45 wt pct Al droplet and CaO-SiO2-Al2O3 slag at 1600 °C for various
values of heat-transfer coefficient, h. (b) The decrease of interfacial tension
due to thermocapillary effect for the case of laminar natural convection.

where �o–� is the surface/interfacial tension depression, Rg

is the gas constant, T is the absolute temperature, is the
saturation excess concentration of surface-active elements
at the interface, K is the adsorption equilibrium constant,
and ai is the activity of surface-active elements. The appli-
cation of Eq. [13] in explaining the effect of oxygen and
sulfur on the interfacial tension between liquid iron and slag
has been demonstrated by many investigators, as described
in the work of Sun et al.[19]

The effect of oxygen on the interfacial tension between
liquid iron and CaO-SiO2-Al2O3 slag at 1600 °C, by means of
the curve fitting of data from Gaye et al.,[20] can be written as

[14]

Figure 9 shows the decrease of interfacial tension as a func-
tion of oxygen activity in the case of liquid iron and CaO-
SiO2-Al2O3 slag at 1600 °C.[20] It can be seen that oxygen
can decrease the interfacial tension from about 1350 mN/m
to 550 mN/m, or about 60 pct.

The issue of oxygen in high-temperature reactions is com-
plicated and not fully understood. For example, in an Fe-
Al alloy reacting with a CaO-SiO2-Al2O3 slag, mass transfer
and adsorption of oxygen occur simultaneously and the fact
that oxygen takes part in the reaction makes the matter more
complicated. The oxygen is present in two forms, i.e., dis-
solved oxygen and oxygen bound in oxides. Dissolved oxy-
gen present in the bulk of the droplet and adsorbed along
the interface. Oxygen as oxides includes an entrapped CaO-
SiO2-Al2O3 slag, Al2O3 inclusions, and Fe2O3.

To understand better the effect of oxygen on the Marangoni
flow and moreover on the interfacial phenomena in general,
knowledge of how oxygen is distributed in the metal is vital.
There has been significant work on oxygen in high-temper-
ature systems in terms of adsorption study, for example, in

gm�s � 1350 � 233 ln (1 � 328 aO), mN/m

�0
i

determining the oxygen surface excess.[20,21,22] However, there
is only limited work on the actual oxygen concentration dis-
tribution along the interface and toward the bulk. Measure-
ment of bulk oxygen contents can be performed by employing
inert gas fusion analysis. However, oxygen in the form of
inclusions and entrapped slag contributes some complication
in determining the actual bulk oxygen content.

In this work, the oxygen composition changes during the
reaction were calculated numerically from the kinetic data, i.e.,
composition changes in the droplets. It was assumed that the
interfacial tension was in local equilibrium with the instanta-
neous interface metal chemistry, an assumption that is simi-
lar to the common assumption that equilibrium is achieved at
interfaces for reacting systems under mass-transfer control.

During high levels of mass transfer, the oxygen activity
in the layer immediately adjacent to the interface will be
higher than the bulk oxygen activity. There is also a gradi-
ent in aluminum and silicon concentration with respect to
the bulk, as schematically shown in Figure 10. Consequently,
the region near the interface will have a depleted Al con-
centration resulting in an elevated local oxygen activity. It
is this “near interface” oxygen activity that will provide the
driving force for surface segregation and interfacial tension
depression. Thus, this value should be used for calculation
using Eq. [14]. It was further assumed in the calculation that
the oxygen concentration is governed by the dissociation
reaction of silica at the interface as follows:

[15]

The preceding assumptions will provide an overestimate of
the solutocapillary effect because they will give maximum
values of local equilibrium oxygen activities.

Mass transfer of aluminum and silicon through the bound-
ary layer in the metal phase was considered and the fol-
lowing equations were written:

[16]� ZSi 1pct Siint � pct Sibulk 2
d pct Si

dt
�

kSi
m

# S(t)

Vm
 1pct Siint � pct Sibulk 2

(SiO2) � Si int � 2 O int

Fig. 9—The effect of oxygen activity on the interfacial tension between
liquid iron and CaO-SiO2-Al2O3 slag at 1600 °C, from Gaye et al.[20]
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[17]

If discrete changes are considered,

[18]

[19]

where ZSi � �S(t)/Vm, ZAl � �S(t)/Vm, and are
the mass-transfer coefficients of silicon and aluminum in
the metal, S(t) is the instantaneous interfacial area, and Vm

is the volume of the metal phase. It has been suggested from
previous work[12] that the kinetics of the reaction are con-
trolled by mass transfer of aluminum in the metal phase.
The mass-transfer coefficient of aluminum, , in the case
of reaction between 2.5 g Fe-4.45 wt pct Al and CaO-SiO2-
Al2O3 slag at 1600 °C has been determined and found to
be 1.5 	 10�6 m/s.[12] The value of the mass-transfer coef-
ficient of silicon, , was estimated to be 1.25 times higher
than the mass transfer of aluminum, , because the value
of DSi � 1.25 DAl

[23] at 1600 °C. The silicon and aluminum
concentrations at the interface during the reaction were then
determined numerically from kinetic data and the results are
shown in Figures 11(a) and (b), respectively. An example
of calculations for determining these concentrations at the
interface is presented in the Appendix.

The local equilibrium oxygen contents were determined
using thermodynamic calculations and by considering the

kAl
m

kSi
m

kAl
m

kAl
mkSi

mkAl
mkSi

m

1pct Albulk
t�1 � pct Albulk

t 2
tt�1 � t

� �ZAl
# 1pct Albulk

t � pct Alint
t 2

1pct Sibulk
t�1 � pct Sibulk

t 2
tt�1 � t

� ZSi
# 1pct Siint

t � pct Sibulk
t 2

� �ZAl 1pct Albulk � pct Alint 2
d pct Al

dt
 �

kAl
m

# S(t)

Vm
 1pct Albulk � pct Alint 2

activity of silica in the slag, a(SiO2) � 0.25[24] and the inter-
face silicon and aluminum concentrations in the metal phase.
The local activity of oxygen in the metal droplet was cal-
culated from the activity coefficient of oxygen times the
weight percent of oxygen (fO [wt pct O]). The activity coef-
ficients of oxygen, fO, for each time in the reaction were
determined by considering the instantaneous composition of
Si, Al, and O and by considering the first- and second-order
interaction coefficients. The interaction coefficients used
in the calculation were taken from Deo and Boom[25] and
Sigworth and Elliott,[26] as shown in Table II. An example
of a calculation for determining the local equilibrium oxy-
gen activity is presented in the Appendix.

Figure 12(a) shows the result of the calculation of local oxy-
gen activity during the reaction. As the reaction started, the

Fig. 11—The (a) silicon and (b) aluminum contents in the bulk (from exper-
iments) and at the interface (calculated numerically) during reaction between
2.5 g Fe-4.45 pct wt Al droplet and CaO-SiO2-Al2O3 slag at 1600 °C.

Table II. Interaction Coefficients Used in the Present
Work[25,26]

i j

Al Al 0.043 �0.001
O �4.77 —
Si 0.056 �0.0006

O Al �2.81 1.7
O �0.2 0
Si �0.131 0 (�0.0006*)

Si Al 0.058 —
O �0.23 0 (0.00332*)
Si 0.11 �0.0021

*The values are calculated from the second-order terms using rec-
iprocal relationships.[27]

r j
iri, j

i

r j
i (r

i , j
i )e j

i

Fig. 10—Schematic of aluminum and silicon concentration gradients in the
boundary layer during reaction controlled by mass transfer in the metal phase.
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oxygen activity decreased and leveled off to a value of oxygen
activity in equilibrium with the final silicon and aluminum con-
tents at the interface. The closed circles in the graph represent
the result from calculation from experimental data points con-
sidering both first- and second-order interaction coefficients.
The curves in Figure 12(a) show the results calculated from
curve-fitted Si and Al concentration profiles, i.e., dashed curves
in Figures 11(a) and (b). The solid curve considers both first-
and second-order interaction coefficients, while the dotted one
considers only first-order interaction coefficients. There is a
difference between these two curves during a period up to
4 minutes of reaction time. However, the difference is rather
negligible, which suggests that the consideration of second-order
coefficients is not essential. As has been mentioned earlier in
this section, the region near the interface will have a depleted
instantaneous Al concentration or may be down to zero if the
transfer of Al to the interface is very slow. The dashed curve
is the result from calculation assuming zero Al concentration
at the interface, which gives the maximum possible levels of
local oxygen activity during the reaction. It can be seen from
the graph that this curve gives a higher oxygen activity com-
pared to the other two up to 20 minutes of reaction. However,
the difference is still in the range of experimental error. The
three curves level off at the same level of oxygen activity toward
the end of the reaction, i.e., �8.5 ppm.

The approach used in this work gives the maximum pos-
sible value of oxygen activities, hence the maximum effect
of solutocapillarity. Supersaturation phenomenon during alu-
minum oxidation by silica has been reported by previous inves-
tigators.[28,29] The observed oxygen activity may reach a value
of 4 times that of its equilibrium value (assuming constant
aAl with composition of 0.0017 to 0.41 wt pct Al). The
supersaturation decreases with an increase of silicon and is
not observed when the silicon content is higher than 0.5 wt
pct.[29] In the system studied, the silicon content at the inter-
face at the beginning of the reaction is calculated and found to
be higher than 1.0 wt pct, as shown in Figure 11(a). This level

of silicon increases as the reaction proceeds. Thus, supersat-
uration of oxygen activity near the interface in this case is not
expected to occur.

The effect of oxygen on the interfacial tension of the
droplet during the reaction then can be evaluated by using
Eqs. [13] and [14]. Figure 12(b) shows the effect of oxy-
gen (solutocapillary effect) on the interfacial tension depres-
sion during the reaction. It can be seen from the graph that
originally the decrease of interfacial tension is �30 mN/m,
and as the reaction proceeds, it decreases and levels off at
zero. This magnitude is higher than that from the thermo-
capillary effect (��6 mN/m).

E. Electrocapillary Effect

There is only limited work on electrocapillary behavior in
high-temperature systems, especially in liquid iron in liquid
CaO-SiO2-Al2O3 slag.[30–36] Figure 13 shows an electrocapil-
lary curve for liquid iron in liquid CaO-SiO2-Al2O3.

[36] Upon
curve fitting of the data, the effect of applied electrical poten-
tial to the changes of interfacial tension can be written as

[20]

where � is the polarization in volts. The interface charge
density is calculated by using the first derivation of Eq. [20]:

[21]
dgm�s

dh
� �q � � 1388h �  509.4, mN #V/m

gm�s �1165 � 694(h � 0.367)2, mN/m

Fig. 12—(a) Calculated local equilibrium activity of oxygen and (b) inter-
facial tension depression due to solutocapillarity during reaction between
2.5 g Fe-4.45 pct wt Al droplet and CaO-SiO2-Al2O3 slag at 1600 °C.

Fig. 13—The effect of applied electrical potential to the interfacial tension
between liquid iron and liquid slag CaO-SiO2-Al2O3 (40 wt pct-40 wt pct-
20 wt pct) at 1550 °C, from Panfilov.[36]
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Slag-metal reactions can be regarded as an electrochemical
reaction that accompanies transfer of electrical charge. Thus,
Reaction [1] can be written in terms of the following reactions:

[22]

[23]

[24]

It has been suggested from previous work[12] that the kinetics
of the reaction are controlled by mass transfer of aluminum
in the metal phase. Therefore, we can assume local equi-
librium at the interface at all times and the Nersnt equation
is applicable for calculating the instantaneous electrical poten-
tial difference across the interface, ��(t), as follows:

[25]

or in terms of concentration,

[26]

where Rg is the gas constant; F is the Faraday’s constant; T
is temperature; and (t), (t), (t), (t), 
(t), (t), (t), and (t) are the instantaneous activ-
ities and concentrations of Al3�, Si4� in the slag and Al, Si
in the metal, respectively. It was further assumed in the cal-
culation that the concentrations (thus activities) of Al3�

and Si4� in the slag are constant throughout the reaction,
which is reasonable due to the large slag-to-metal volume
ratio and that kinetic analysis of these results concluded that
the overall rate is metal-phase mass-transfer controlled.[12]

The instantaneous polarization, �(t), at the interface was
calculated using the following equation:

[27]

where ��eq is the global equilibrium electrical potential dif-
ference, i.e., at t � ∞. Thus,

[28]

Because is constant with time,

[29]

Therefore, the shape of the polarization curve will only be
affected by the activities of Al and Si at the interface in the
metal side.

By considering that �(∞) � 0, the polarization profile was
developed. The kinetics information of Al and Si at the inter-
face in the metal phase was used for the calculation, i.e.,
dashed curves in Figures 11(a) and (b). Figure 14(a) shows
the change in the polarization during the reaction between
2.5 g Fe-4.45 wt pct Al droplet with CaO-SiO2-Al2O3 slag.

h(t) �
RgT

12F
 ln 1aSi i

(t)23
1aAl

i
(t)24 
1aAl

i
(�)24

1aSl
i
(�)23

1aAl3� 24> 1aSi4� 23
	
1aSl i

 (t)23
1aAli

 (t)24 
1aAl i

 (�)24
1aSi i

 (�)23
h(t) � �w(t) � �weq �

RgT

12F
 ln 
1aAl3�(t)24
1aSi4�(t)23  

1aSi4�(�)23
1aAl3�(�)24

h(t) � �w (t) � �weq

CSi i
aSi i

CAl i

aAl i
CSi4�aSi4�CAl3�aAl3�

�w (t) �
RgT

12F
 ln c aCAl3�(t)

CAl 
i
(t)
b4a CSi 

i
(t)

CSi4�(t)
b3 d

�w (t) �
RgT

12F
 ln c aaAl3�(t)

aAl i
(t)
b4a aSi i

(t)

aSi4�(t)
b3 d

Overall reaction: 4Al � 3Si4� � 4Al3� � 3Si

Cathodic reaction: 3Si4� � 12e� � 3Si

Anodic reaction: 4Al � 4Al3� � 12e�

It can be seen from the graph that, as the reaction started,
the polarization jumped to a level of 250 mV. The polar-
ization decreased as the reaction proceeded and diminished
as the rate of mass transfer slowed.

To calculate the effect of polarization on the interfacial ten-
sion depression, one needs to know the value of d�m-s /d� and
�m-s = f(�). Assuming that Eqs. [20] and [21] applies in the
system studied, the change in interfacial tension can be cal-
culated. Figure 14(b) shows the interfacial tension change dur-
ing the reaction due to the electrocapillary effect. It can be
seen from the graph that as the reaction started, the interfa-
cial tension rapidly dropped 175 mN/m. As the reaction pro-
ceeded, the depression of interfacial tension decreased to its
equilibrium value at the end of the reaction. The magnitude
of the interfacial tension depression from the electrocapillar-
ity is much larger than that of the thermocapillary effect.

F. Combined Effects

The effects of temperature, electrical potential, and oxy-
gen on the dynamic interfacial tension during the reaction
between 2.5 g Fe-4.45 wt pct Al and CaO-SiO2-Al2O3 slag
were combined in one graph and shown in Figure 15. It can
be seen from the graph that the effect of temperature is very
small and can be neglected. The dominant effect in the sys-
tem comes from the electrocapillary effect. Therefore, a mech-
anism involving the electrocapillary effect, as proposed by
Richardson[10] to explain the lowering of interfacial tension,
appears to be very significant. The contributions of soluto-
capillary and electrocapillary effects at the maximum inter-
facial tension depression are about 15 and 85 pct, respectively.
Also shown in Figure 15 is the combined effect on the
dynamic interfacial tension depression during the reaction.

Figure 16 shows the comparison between the calculated
dynamic interfacial tension and the apparent interfacial tension

Fig. 14—(a) The change in polarization and (b) its effect on the interfa-
cial tension during reaction between 2.5 g Fe-4.45 wt pct Al and CaO-
SiO2-Al2O3 slag at 1600 °C.
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Fig. 15—Calculated interfacial tension depression due to thermocapillary,
solutocapillary, and electrocapillary effects during reaction between 2.5 g
Fe-4.45 pct wt Al droplet and CaO-SiO2-Al2O3 slag at 1600 °C.

Fig. 16—Calculated and apparent interfacial tension measured from X-ray
images from Riboud and Lucas[3] during reaction between 2.5 g Fe-4.45
pct wt Al droplet and CaO-SiO2-Al2O3 slag at 1600 °C.

measured from X-ray photographs from Riboud and Lucas.[3]

The calculation (solid curve) suggested that maximum depres-
sion occurs immediately after the reaction starts, while the
measurement from Riboud and Lucas shows that maximum
depression occurs after 7.5 minutes. The authors think that this
is due to the lag of the response of droplet shape changes to the
change of interfacial tension. The calculated value never reached
an extent where the interfacial tension was extremely low (very
high interfacial tension depression). Interfacial tension, what-
ever the value, will tend to minimize the interfacial area.
Clearly, in reacting systems, including the current work, this
area is not at a minimum. This suggests that reaction may lead
to other forces that oppose the effect of interfacial tension
and result in the flattening of the droplet. In fact, it appears
that observations widely attributed to so-called “dynamic inter-
facial tension” are much more than just interfacial tension.

The discrepancies between the calculated and the observed
values could also be partly related to our ability to measure
interfacial tension of a rough reacting interface. It should be

noted that Riboud and Lucas measured the interfacial tension
by analyzing the X-ray photographs assuming a smooth shaped
sessile droplet. Visual and scanning electron microscopy obser-
vations suggest that the interface is actually far from smooth,
particularly when the depression is at a minimum. The droplets
may also experience nonsymmetrical shape changes due to
localized reactions, as has been reported by Chung and Cramb.[5]

Spontaneous emulsification of both metal in slag and slag in
metal can occur. This, especially slag emulsification, can change
the main droplet density during the reaction and alter its shape
and size. These facts will give large errors or even invalid mea-
surements of the dynamic interfacial tension, especially dur-
ing the period where spontaneous emulsification occurs.

The thermocapillary, solutocapillary, and electrocapillary
effects on the dynamic interfacial tension of a reacting metal
droplet have been analyzed by considering the reaction kinetic
data. The temperature, electrical potential, and oxygen activity
at the interface, or in the bulk immediately adjacent to it, change
with respect to their bulk or equilibrium values due to reaction
and mass transfer across the interface. Consequently, these com-
bined effects lower the dynamic interfacial tension. However,
the calculated value using the proposed local equilibrium model
is not sufficient to explain the observed phenomenon. Whether
this is a consequence of difficulties associated with experimen-
tal measurements or other physical chemical effects not yet con-
sidered has not been established and is worthy of further study.

G. Microscopic Consideration

Unlike the lowering of interfacial tension, a more localized
and microscopic approach is required in analyzing the interfa-
cial turbulence and spontaneous emulsification of the droplet
during the reaction. As mentioned in Section I, these phenomena
are usually associated with the Marangoni flow due to the con-
centration, thermal and electrical potential gradients along the
interface. These gradients may be created by localized or nonuni-
form exothermic reaction at the interface and different rates of
mass transfer along the interface. Evidence of nonuniform reac-
tion in this system have been reported elsewhere.[5,37]

The mechanism for spontaneous emulsification is not fully
understood and is still a subject of discussion. Chung and
Cramb[6] proposed a mechanism for spontaneous emulsifica-
tion through interfacial instability due to the Kelvin–Helmholtz
instability. Since the reaction appears to initiate locally, it will
cause both thermal and chemical variations at the interface.
These will lead to variations of interfacial tension and give rise
to Marangoni flow along the interface. Since the viscosities of
metal and slag largely differ, the velocity of the motion of each
phase parallel to the interface will be different. This will pro-
duce waves and perturbations along the interface. The pertur-
bations can grow and form protrusions to both phases. Once
these protrusions are formed, they tend to lower their interfa-
cial area by becoming spherical and detaching themselves to
form small emulsion droplets.

Based on the Kevin–Helmholtz model, Chung and
Cramb[6] obtained the stability criteria of the interface. They
suggested that the interface become unstable if the differ-
ence of velocity of metal and slag is greater than 25 cm/s.
When the velocity difference exceeds 25 cm/s, waves can
be generated with length 0.82 cm and velocity 18.4 cm/s.
However, the observed wavelengths were much shorter than
those obtained from the Kelvin–Helmholtz instability model,



602—VOLUME 36B, OCTOBER 2005 METALLURGICAL AND MATERIALS TRANSACTIONS B

i.e., ranging from 0.7 to 0.6 mm with majority of wavelength
less than 1 �m. They claimed that the difference may be
from an error in the estimated interfacial tension value used
in the calculation or from a much greater driving flow result-
ing in low-wavelength interfacial perturbations.

Regardless of the mechanism for spontaneous emulsification,
information about the local gradient of oxygen concentration,
electrical potential, and temperature and also the length scale
in which they are acting is vital for a comprehensive under-
standing of the interfacial phenomena. However, collection of
these experimental data for high-temperature systems is inher-
ently difficult and also limited by the instrument capabilities.

An attempt at quantifying the local oxygen concentration
gradient using dynamic secondary ion mass spectrometry
(SIMS) has been made by Rhamdhani and Brooks.[38,39] The
results from their investigations suggested the presence of pock-
ets of fluid of the scale 1 to 2 �m with different oxygen con-
tents within the bulk during the reaction. Differences of local
oxygen concentration up to 100 and 250 ppm were found near
the interface and toward the bulk. Scanning electron microscopy
observations of the interface show metal-phase protrusions
normal to the interface with a round tip of 1 to 2 �m in diam-
eter.[11] The similarity of the length scale of the protrusions
with the scale of the pockets of fluid measured by dynamic
SIMS suggests that some pocket of fluid was once at the inter-
face before it moved to the bulk (surface renewal model),
and this same pocket of fluid may have caused the oxygen
concentration gradient along the interface at the same length
scale and may be partly responsible for the formation of the
protrusions that may lead to emulsification in microscale.

The effect of oxygen on the surface and interfacial ten-
sion are usually described by the adsorption isotherm equa-
tion (Eq. [14]), which implies that

[30]

or, considering discrete changes,

[31]

where is the initial oxygen activity and �aO is the differ-
ence in oxygen activity along the interface. The calculated ini-
tial oxygen activity at the interface is about 14 ppm (Figure 12).
By combining this with the results of Rhamdhani and Brooks,
the change of local interfacial tension along the interface due
to solutocapillary effect can be estimated. Assuming Henry’s
law is valid and taking the value of � 14 ppm and �aO �
100 to 250 ppm, the local decrease of interfacial tension
of ��m�s � 274 to 440 mN/m can be obtained. The decrease
of interfacial tension of these magnitudes over distances 1 to
2 �m along the interface is significant and may produce more
than enough driving flow to induce interfacial instability. Local
differences in reaction rate could lead to similar effects due to
electrocapillarity and thermocapillarity; however, we have no
data to estimate the likely magnitude of such effects.

IV. SUMMARY AND CONCLUSIONS

The solutocapillary, electrocapillary, and thermocapillary
effects in the reaction between Fe-Al droplets and CaO-SiO2-

ai
O
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O

�gm�s

�aO
�
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 ln c 1 � 328 (ai

O � �aO)

1 � 328 (ai
O)
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daO
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76424
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Al2O3 slag have been evaluated. The change of the dynamic
interfacial tension during reaction is calculated by consider-
ing the capillary effects by employing the reaction kinetics
and assuming the interfacial tension to be in local equilib-
rium with the instantaneous interface metal chemistry. The
change in interfacial tension calculated from the current
approach does not agree well with the results of Riboud and
Lucas. However, the current approach has allowed us to com-
pare in a meaningful way the relative effects of electrocap-
illary, solutocapillary, and thermocapillary on the observed
behavior and to draw the following conclusions.

1. The proposed local equilibrium model takes into account
all known contributions to the interfacial tension and still
does not fully describe the observed phenomenon. This
strongly suggests that other forces are at play in the case
of reacting interfaces.

2. The electrocapillary effect was found to be dominant in
the system studied. It contributed approximately 85 pct
of the total magnitude of the maximum interfacial ten-
sion depression.

3. Solutocapillarity was found to give a constant effect on
interfacial tension with the exception of the first few min-
utes of reaction. The solutocapillary effect contributed
15 pct of the total magnitude of the maximum interfacial
tension depression.

4. The thermocapillary effect on the change of interfacial
tension was found to be negligible even with a conserv-
ative estimate of the heat dissipation rate.

5. By combining the calculated oxygen activity at the inter-
face from this work with the dynamic SIMS results, the
local gradient of interfacial tension along the interface
can be estimated, i.e., ��m�s � 274 to 440 mN/m over a
1- to 2-�m distance.

The solutocapillary, thermocapillary, and electrocapillary
effects on the dynamic interfacial phenomena in high-tem-
perature reactions are only partially understood. Thus, our
conclusions on the dominance of electrocapillary effects are
worthy of further research.
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APPENDIX

The following table shows the silicon and aluminum con-
tents in the bulk obtained from experiments and the calcu-
lated silicon, aluminum contents, and corresponding local
equilibrium oxygen activities during reaction between Fe-
4.45 wt pct Al and CaO-SiO2-Al2O3 at 1600 °C up to 10 min-
utes reaction time.

Time S(t) Pct Pct Pct Pct hO

(min) (mm2) (ppm)

0 303 0 4.45 1.55 2.27 13.66
5 440 0.74 3.65 2.54 0.71 10.62

10 1261 1.99 2.01 2.39 0.73 11.13

Alint
tSiint

tAlbulk
tSibulk

t
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The silicon content at the interface was calculated using
Eq. [18].

[A1]

For example, at t � 5 minutes, the value � 1.25 �
1.875 	 10�6 m/s � 0.1125 mm/min, Vm � 357 mm3, and
S(t) � 440 mm2. Thus, ZSi � S(t) /Vm � 0.139 min�1.

[A2]

The same calculation was used to calculate silicon content
at the interface at different times of reaction. The aluminum
contents at the interface during the reaction were also deter-
mined using the same method considering Eq. [19].

The local equilibrium oxygen contents were determined
using thermodynamic calculations and by considering the
calculated concentrations at the interface.

[A3]

[A4]

where hSi � fSi (wt pct Si) and hO � fO (wt pct O).
The activity coefficients of components i, fi, were calcu-

lated by considering the first- and second-order interaction
coefficients as follows:

[A5]

where , and are the first, second, and cross-product
second interaction coefficients. The interaction coefficients
used in the calculation were taken from Deo and Boom[25]

and Sigworth and Elliott[26]] and are shown in Table II. The
cross-product second-order interaction coefficients were
calculated using reciprocal relationships, as derived by Lupis
and Elliott.[27]

Thus, the following equations can be written for silicon
and oxygen, respectively:

[A6]

�  rAl, Si
O      (wt pct Al)(wt pct Si)

� rO, Si
O      (wt pct O)(wt pct Si) � rO, Al

O       (wt pct O)(wt pct Al)

� rO
O (wt pct O)2 � rSi

O (wt pct Si)2 � rAl
O  (wt pct Al)2

 log fO � eO
O(wt pct O) � eSi

O(wt pct Si) � eAl
O (wt pct Al)

�  0.00332(wt pct Si)(wt pct O)

� 0.058(wt pct Al) � 0.0021(wt pct Si)2

 log fSi � 0.11(wt pct Si) � 0.23(wt pct O)

� rAl, O
Si      (wt pct Al)(wt pct O)

� r 

Si,O
Si     (wt pct Si)(wt pct O) �r 

Si,Al
Si      (wt pct Si)(wt pct Al)

� r 

Si
Si (wt pct Si)2 � rO 

Si (wt pct O)2 � r 

Al
Si (wt pct Al)2

log fSi � eSi
Si (wt pct Si) � eO

Si (wt pct O) � eAl
Si (wt pct Al)

r j, k
i

r j, k
ie j

i , r
j

i

log fi � a
n

j�2
e j

i (pct j) �a
n

j�2
r j
i  (pct j)2 �a

n

j, k�2
r j, k
i    (pct j)(pct k)

log K � log hSi � 2 log hO � log aSiO2

K �
hSi

# hO
2

aSiO2

(SiO2) � Si int � 2 O int  log K1873 � �4.64[25]

 → pct Siint
i � 2.54

1.99 � 0.74

10 � 5
� 0.25 � 0.139 1pct Siint

t � 0.74 2
kSi

m

kAl
mkSi

m

1pct Sibulk
t�1 � pct Sibulk

t 2
tt�1 � t

� ZSi
# 1pct Siint

t � pct Sibulk
t 2 [A7]

Substituting log fO and log fSi to Eq. [A4], one will obtain

[A8]

By substituting the values

and

the following is obtained for t � 5 minutes:

[A9]

Equation [A9] is solved using the Newton–Rhapson method,
resulting in

The oxygen activity is then calculated using

[A10]

The same calculation was used to calculate local equilib-
rium oxygen content at different times of reaction.
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