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Abstract

The dissolution of magnesia particles in synthetic CaO-Al,03;-Si0, (CAS)-based slags with and without MgO addition was investigated in situ
with a confocal scanning laser microscope (CSLM) at 1500 and 1600 °C. The dissolution process was recorded. The effects of slag composition
and temperature on the dissolution process and the time dependency of the MgO particle size during dissolution were obtained. Increasing the
temperature increases the dissolution rate. However, MgO addition to the slag retards the dissolution rate significantly. The rate limiting steps
are discussed. It is shown that boundary layer diffusion is responsible for the dissolution. By combining in situ observations with post mortem
analyses, thermodynamic calculations of local and global equilibrium, and kinetic considerations, the conditions under which MgAl,O, spinel can

be formed at the particle—slag interface are clarified.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: CSLM; Corrosion; MgO; Spinel; CaO-Al,03-SiO; base slags

1. Introduction

Dissolution of solid oxides such as magnesia into slag melts
can occur either through a direct or an indirect mechanism. In the
case of indirect dissolution, the oxide dissolves into the melt by
first forming an intermediate, solid reaction product at or near the
oxide/melt interface.!~> The process of indirect dissolution may
be rate limited by a chemical reaction, by solid-state diffusion
through the reaction product, by liquid-phase diffusion through
the boundary layer, or by a combination.* Typical examples of
indirect MgO dissolution include the formation of a dense spinel
(MgO-Al,03) or magnesiowustite ((Mg,Fe)O)/((Mg,Fe,Mn)O)
layer, which protects the MgO from further degradation.>8

Understanding the nature of oxide dissolution into a slag
phase is relevant for at least three applications. In the case of
refractory materials, one may target slow, indirect dissolution in
order to enhance the service lifetime of the refractory lining. In
the other two cases one requires fast dissolution. When one deals
with oxidic inclusions during (clean) steel production, inclusions
need to dissolve promptly into the slag phase. If the kinetics
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of dissolution is not sufficiently fast, non-dissolved inclusions
will rest near the interface and thereby increase the risk of re-
entrainment.’ Thirdly, when one deals with slag additives, such
as dolomite and doloma in primary steelmaking processes (BOF
and EAF processes), one normally expects a rapid dissolution.
Doloma and dolomite are used in steel refining as fluxing addi-
tions as well as lime to obtain a basic slag for the removal of
oxidation products and sulphur. They enhance the dissolution
of lime into the molten slag by forming an early basic slag at
the start of refining. As with inclusion oxides, dolomite and
doloma need to dissolve rapidly into the slag phase. The mecha-
nisms by which dolomite and doloma dissolve into a model BOF
slag in the system CaO-MgO-Si0,-FeO-MnO were studied by
Satyoko and Lee.!?

The most common method used to investigate the dissolution
mechanisms of solid oxides into liquid slags and their kinetics
involves finger test techniques whereby a refractory material
is dipped into a molten slag and exposed for a certain period.
The dipped refractory sample may be positioned statically or
may be rotated, as is the case in the classical rotating finger or
disk method. After completion of the test, the finger is removed
and analyzed (post mortem) for slag penetration and/or corro-
sion. The dip technique is a reliable and simple method that
has been used for generating relevant data."*!! Especially with
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the rotating method, it is possible to extract the rate controlling
mechanism of the dissolution process.

However, post mortem determination of dissolution mecha-
nisms and kinetics suffers from being an elaborate and intrinsi-
cally indirect procedure. Recently, a new technique has become
available which offers a complementary approach. The high-
temperature confocal scanning laser microscope combined with
an infrared image furnace (CSLM-IIF) allows for in situ obser-
vations of the dissolution behaviour of micro-particles in a slag.
One requirement is that the slag needs to be transparent for
laser light. This excludes slag systems that contain transition
metal oxides such as FeO and CrO,. However, for transparent
slags, it is possible to complement the previously mentioned
post mortem procedure with the in situ dissolution behaviour
of micro-particles. CSLM work has been done on the dissolu-
tion kinetics of MgO, Al,O3 and/or MgAl,O4 micro-particles
in Ca0-Si0,-Al,03(-Mg0),”!%13 Ca0O-Al,03-MgO'* and
Si0,—Al,03-MgO!? slag systems. The main attention has gone
out to determine the rate controlling step of the dissolution pro-
cess. Some of these studies”!'>!* highlighted the possibility of
indirect MgO dissolution (through the formation of a MgAl,O4
spinel layer). Nevertheless, for the CaO-SiO,—Al,O3 system,
the maximum temperature involved was 1530°C,*!2 which is
substantially lower than actual steelmaking temperatures. Con-
sidering that the formation of spinel is highly sensitive to tem-
perature and that the conditions under which it forms remain
unclear, additional work is required to fully understand the dis-
solution of MgO particles in slags under steelmaking conditions.

In the present CSLM work, the focus is on the in situ direct
observation of the dissolution of MgO particles at temperatures
up to 1600°C. The chosen slag system is CaO-SiO,—Al,03
based, with and without the initial presence of slag MgO. The
choice for MgO as solid oxide is two-fold. Magnesia is the base
material for a number of important refractory types (including
magnesia—carbon, magnesia—chromite, and magnesia—spinel)
that are used in steel processing vessels. Likewise, exogeneous
MgO also occurs as a typical inclusion particle during the pro-
duction of steel.! It is, therefore, of paramount importance to
study the dissolution behaviour of MgO in typical slag systems.
Special attention is given to the possibility of in sifu formation
of an intermediate spinel layer around the magnesia particle
which would be beneficial for the sake of refractory protec-
tion but detrimental in the case of inclusion dissolution. Direct
observations are coupled with post mortem analyses, kineti-
cal considerations and thermodynamic calculations using the
FactSage® and ChemApp® software packages. We make a dis-
tinction between global and local equilibrium, which clarifies the
conditions under which indirect dissolution may occur. Through
the combination of these techniques the nature of the dissolu-
tion mechanism of MgO particles in CaO-Si0,—Al,03(-MgO)
slags is unravelled.

2. Experimental
A confocal scanning laser microscope with a high temper-

ature cell (CSLM, Lasertec, 1LM21H-SVF17SP) was used. In
the CSLM, high resolution (0.25 um) images of a material can

Table 1
Composition (mass%) of the slags used in this study as determined with EPMA-
WDS

CaO Al,O3 SiOy MgO Basicity (C/S)
Slag A 29.7 24.1 46.2 <0.5 0.65
Slag B 29.9 23.5 39.3 7.3 0.76

be obtained that cannot be produced by most other conven-
tional imaging techniques. Such imaging enables real time in
situ observation of high temperature (up to 1700 °C) transient
phenomena. The CSLM allows observation at any plane between
the surface of the transparent slag and the bottom of the crucible.
The advantages of the CSLM technique with reference to tradi-
tional dissolution experiments of rods and cylinders are twofold.
The CSLM method allows for continuous in situ observation as
opposed to post mortem analysis of quenched samples. Further-
more, the ratio of volume of dissolving species to the volume of
solvent slag is small. Therefore, dissolution takes place without
significant changes in the bulk composition of the slag. Details
of the CSLM technique have been published elsewhere.!'®!”

The composition of the slags used in this study as deter-
mined with EPMA-WDS is given in Table 1. CaO, MgO, Al,O3,
and SiO; are slag components that aggressively attack refrac-
tory materials in industrially important processes.'8!° The slags
were prepared by mixing the oxide compounds and melting the
mixture in a molybdenum crucible in a tube furnace under Ar
(1600 °C, 24 h). After melting, the slag was quenched against a
steel plate and crushed to powder. This powder was then melted
in the CSLM to release all the gases absorbed by the powder
prior to running an experiment.

The dissolution studies took place in a platinum crucible
(5 mm in diameter and a height of 4.5-6 mm) by placing one
MgO particle of 350—400 pm radius on the surface of a solid slag
and heating this assembly to the desired temperature under an
ultra-high purity Ar atmosphere. Fig. 1 shows the sample holder
assembly. The added MgO particle constituted 0.09-1.3% of the
total slag sample weight. The source of MgO particles was fused
lump (1-3 mm, Alfa Aesar) with a purity of 99.95%.

The thermal cycle during the dissolution experiment is of
great importance and should allow the slag to melt before initi-
ating the dissolution process. Therefore, the sample was heated
from an intermediate temperature of 1000 °C up to the desired

MgQO Particle
Slag Sample

N

Pt crucible

/ Al, O, crucible

+—— Pt holder

Thermocouple

Fig. 1. Schematic representation of the CSLM specimen holder.
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experimental temperature within 2-3 min. The sample temper-
ature was measured by a B-type thermocouple welded on the
bottom surface of the Pt holder. The temperature accuracy was
confirmed by melting experiments of pure copper, pure nickel
and pure iron. Experiments were conducted at 1500 and 1600 °C.
Once the slag melted and the particle submerged, the size of the
particle was monitored as a function of time through the trans-
parent molten slag.

The video recordings of the dissolution process were ana-
lyzed to obtain the change in particle area with time. The
procedure involved capturing and digitizing images from the
video, then reading the digitized image into a public domain
image analysis software.?’ Once in the digital analysis system,
a border was manually drawn around the MgO particle. On the
assumption that the particle is a sphere, a radius of an equivalent
circle was computed at defined time intervals. It is this calculated
equivalent radius that forms the basis of the results presented in
this paper.

In order to study the slag/particle interface, after the exper-
iment at 1600 °C in slag B the Pt crucible was cross sectioned
with a diamond saw, and one half of the specimen with MgO
particle was ground and polished. The polished specimen was
coated with a conductive carbon layer to allow characterisation
of the particle/slag interface by a scanning electron micro-
scope (Philips XL30 FEG) equipped with an energy disper-
sive spectroscopy detector, and an ARL electron microprobe
equipped with a wavelength dispersive spectroscopy detector
(EPMA-WDS). Characterisation included documentation of the
microstructure of the corrosion products using the backscattered
electron imaging mode with Philips XL.30 FEG and quantitative
chemical analysis of the corrosion products with ARL electron
microprobe.

3. Results and discussion
3.1. Behaviour of MgO particles during dissolution

3.1.1. Rounding of angular particles

The initial shape of the particle before the dissolution experi-
ment was angular. After some time the surface of the dissolving
particle became rounder. Fig. 2 shows this phenomenon. During
refractory corrosion, solid phases dissolve. As a consequence the
composition of adjacent liquid changes locally. The first com-

t=0s T=1500 °C

125.1 pm

ponents of the refractory material that dissolve tend to be those
with the highest solubility. Smaller particles with small radius of
curvature and angular shaped protruberances have higher spe-
cific surface areas and higher dissolution rates. Removal of the
angular shaped protruberances of a dissolving particle leads to
a rounding of the particle.?!

3.1.2. Dissolution and detachment

The MgO particle used in this study is built up by small
subgrains thus containing an intragranular network of grain
boundaries. In the present corrosion study, detachment is defined
as the removal of minor fragments from the dissolving MgO par-
ticle. On the other hand, dissolution is defined as the slow and
gradual removal or diffusion of MgO from the dissolving parti-
cle into the slag. Both detachment and dissolution were observed
in this study. Fig. 3 illustrates these phenomena at 1500 °C in
slag A.

Refractories are generally made as prefired shapes (bricks) or
as unfired monolithic materials installed by, for example, cast-
ing or gunning before in situ drying and firing. The resulting
microstructure typically consists of large (up to several mm)
aggregates, grains or filler held together by a finer, more porous
bond or matrix. The higher porosity and fine texture of the bond
make it more reactive than the grain. This leads to the preferen-
tial corrosion of the bond and detachment of big particles from
the main refractory body.

3.1.3. Particle rotation

During dissolution the dissolving particle rotates. Fig. 4a
shows the dissolution curve of a MgO particle. A rotation period
of 38—46 s is observed (Fig. 4b). The oscillation of the equiva-
lent radius of the MgO particle during dissolution is probably
due to the non-spherical character of the particle. During the dis-
solution process, the build-up of a composition profile near the
particle surface could be responsible for changes in slag prop-
erties and associated mass fluxes. If the particle is not spherical,
there could be a change in the local radius that will result in
locally varying mass fluxes that could produce rotation. Because
of rotation, the measured average radius decreases in an oscillat-
ing way. Rotation of the particles introduces errors and hinders
the determination of the dissolution mechanism. Rotation can
also affect the rate limiting mechanism since this motion may
alter the diffusion fields around the particle.

t=815s T=1500 °C

125.1 ym

Fig. 2. Dissolution leads to rounding of angular particles.
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Fig. 4. (a) Dissolution curve of a rotating MgO particle in slag A at 1500 °C.
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Fig. 3. Detachment (a—c) and dissolution (d—f) in slag A.

The shape of the particle is an important source of scatter in
the total dissolution time. The equivalent radius was calculated
by assuming that the particle is spherical. Due to the particle
rotation it could be observed that this is not always the case:
some particles were flat (lenses) or slender (cylinders).

3.2. Dissolution mechanism

In order to investigate the dissolution mechanism of MgO,
the classical shrinking core reaction models were used.?> We
considered as rate-determining steps: (1) surface reaction (Eq.
(1)) and (2) boundary layer diffusion in the Stokes regime (Eq.
(2)). In the case of surface reaction:

R
_Z(l_f)
Ry T

and

(1a)

PR

' kCc® — o) (1b)

where R and Ry are the actual and initial radius of the dissolving
MgO patrticle, p its density, ¢ and 7 the actual and total disso-
lution times, k the reaction rate constant and (C®® — C®) is the
difference between the concentration of MgO in the slag (s) and
the concentration of MgO in a saturated slag in equilibrium with
the MgO particle (p). This concentration difference is the driving
force for dissolving the MgO particle. In the case of boundary
layer diffusion:

R t 1/2
&= (1 - ;) (2a)
and
R2
z P (2b)

~ 2D(CP — CO)
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where D is the diffusion coefficient of the slowest diffusing
species resulting from the dissolution process, which needs to
be transported into the bulk slag across the boundary layer.

If R/Ry is plotted versus #/7, the dissolution mechanism can
be determined from the resulting curve. According to Eq. (1a),
dR/dt is constant, and the dissolution curve is a straight line.
However, according to Eq. (2a), dR/dt increases as the particle
radius decreases. Fig. 5a shows the actual dissolution curves for
the MgO particles.

From Fig. 5a it is difficult to verify the dissolution mech-
anism by direct comparison of the experimental results with
the theoretical curves. However, if we look at the average
dissolution curve (curve generated from the average data) of
the experimental results shown in Fig. 5b, we may conclude
that boundary layer diffusion controls the dissolution of MgO
particles in this study, although the average dissolution curve
does not fit the theoretical curve perfectly. Some reasons for
the deviation are: the rotation of the dissolving particles and
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Fig. 5. (a) Normalised dissolution curves for MgO particles in CAS slags. (b)
Average dissolution curve for MgO particles in a CAS slag.

the definition of the particle boundary in the image analysis
procedure.

3.3. Kinetic considerations of the dissolution process

3.3.1. Effect of temperature

Fig. 6 shows the equivalent radius, R, versus time, t, curves
for MgO particles dissolving in slag A, respectively, at 1500
and 1600 °C. It is clear that the dissolution rate increases with
increasing temperature. If we ignore the minor change in slag
composition (MgO content) caused by the dissolution of MgO
particles, we can see from Fig. 6 that starting from an equivalent
radius of about 305 pm, the MgO particle dissolved in the slag
in 83 min at 1500 °C and in 39 min at 1600 °C.

3.3.2. Influence of temperature and slag composition

The dissolution rate of an MgO particle is strongly influ-
enced by the composition of the slag (Fig. 7). Initially, slag A
contains no MgO and therefore the driving force for dissolution
in slag A is high. Slag B initially contains 7.3% MgO (solubility
limit & 11.5%) and therefore the driving force for dissolution in
slag B is lower.

If local equilibrium is assumed at the particle/slag interface,
the driving force for MgO dissolution is related to the concentra-
tion difference of MgO between the particle/slag interface and
the bulk of the slag. The former can be evaluated from the phase
diagram, where it is given by the saturation limit. Both tempera-
ture and slag composition have marked effects on the dissolution
rate of MgO through the change of this driving force. The effects
of temperature and slag composition can be explained with ref-
erence to the CaO-Al,03-Si0,-MgO phase diagram. Ignoring
the presence of minor constituents, the compositions of slags
A and B are shown in the CaO-Al,03 (25 mass%)-Si0,-MgO
phase diagram (Fig. 8). One can see that increasing the tem-
perature from 1500 up to 1600 °C enhances the saturation limit
of MgO in slag A from about 12.5-19 mass%. Thus, the con-

SR m 1600 °C

350 — ﬂ."' A 1500 °C

300 —
250 —
200 — n Aa

150 — b S

Equivalent radius (um)

100 - - A

A
50 " 4

y 1 A I . I 4 I 5 I » I
0 1000 2000 3000 4000 5000 6000

Time (s)

Fig. 6. Evolution of equivalent radius of fused MgO particles in slag A at dif-
ferent temperatures.
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Fig. 7. Effect of slag composition on the dissolution rate of MgO particles at
1500°C.

centration difference is enlarged, and the driving force for MgO
dissolution is increased. Moreover, the increase in temperature
accelerates the diffusion process. Therefore, higher temperatures
lead to a faster dissolution rate and a decrease in dissolution time,
as was observed. As expected, increasing the initial MgO content
in the slag (slag A — slag B) decreases the amount of MgO that
can be dissolved thermodynamically. This leads to a decrease in
the driving force for MgO dissolution as expressed by the con-
centration difference between the slag/particle interface and the
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Fig. 9. Dissolution curves of MgO in slag B.

bulk of the slag (the difference being reduced in this case from
12.5 to 4.2 mass%).

3.4. Spinel formation

3.4.1. In situ spinel formation

As shown in Fig. 6, temperature has a marked influence on the
dissolution rate of a MgO particle in slag A. Fig. 9 shows the dis-
solution curves of MgO in slag B at two different temperatures.
Likewise, we observe that increasing the temperature increases

25% Al,O,
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Fig. 8. Liquidus projection of the CaO—-Al,03-Si0,-MgO phase diagram.?
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Fig. 11. Evolution of reaction layer around one MgO particle at 1600 °C in slag B.

the dissolution rate. However, it is necessary to point out that
the real dissolution process as observed at 1600 °C in slag B is
not simply described by the reduction of the equivalent radius.
Indeed, during the dissolution process the focus plane of the
laser was kept at the bottom of the crucible. It was observed that
the MgO particle’s transparency was altered with time. Fig. 10
shows that — although the diameter of the MgO particle did not
change much during the dissolution process — the transparency
of the particle first increased and later decreased. We suggest
that the increase in transparency is related to a selective dissolu-
tion from the top and the bottom of the particle, which changes
the spherical shape to a lenticular one with the same radius.
We also suggest that the formation of a reaction layer thereafter
decreases the transparency again. Shifting the focus plane to the
upper surface of the particle, the evolution of the reaction layer
can be seen (see Fig. 11). By the end of the dissolution exper-
iment, large grains of the new product could be observed, as
shown in Fig. 12.

3.4.2. EPMA-WDS analysis of the particle/slag interface

In order to investigate the reaction layer and to determine
its chemical composition, the Pt crucible after the experiment
at 1600 °C in slag B was sectioned. The interface between the

particle and the slag was observed under the scanning electron
microscope (SEM) and electron microprobe (EPMA). Fig. 13
shows the backscattered electron images of a cross section of
the specimen taken with SEM. As shown in Fig. 13, the MgO
particle did not dissolve completely within 90 min of experiment
at 1600 °C in slag B. New products were formed during the dis-
solution process. EPMA-WDS analysis has shown that there are
two new crystalline phases surrounding the partially dissolved
MgO particle, namely, magnesia—alumina spinel phases and a
CMS phase (monticellite). Two spinel layers were observed:
outer (Fig. 13b) and inner spinel (Fig. 13c). Quantitative analysis
of the inner spinel layer with EPMA-WDS yields a normalised
composition of 30wt.% MgO and 70 wt.% Al,O3. However,
neither of these two spinel layers are continuous on this cross
section of the specimen. The inner spinel layer was attached to
the MgO particle at only a few points, which are believed to be
the points of nucleation of spinel, and slag was trapped between
the MgO particle and spinel (Fig. 13d). It is believed that this
microstructure developed by sideways growth of spinel nuclei in
the slag adjacent to the MgO particle. Sideways growth of spinel
on sapphire in contact with silicate melts was also reported by
Sandhage and Yurek! The outer spinel layer was found in the
melt away from the MgO particle, as seen in Fig. 13b. Quantita-

1600.0%

Big grains

Fig. 12. MgO particle after dissolving in slag B at 1600 °C for 90 min.
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Fig. 13. Backscattered electron image of a cross section through a MgO particle that has been exposed to slag B at 1600°C for 90 min (M =magnesia,
Sp=magnesia—alumina spinel, S =slag, C;M,S; =xCa0O-yMg0-zSi0,). (a) Overview of the specimen cross-section; (b) overview of the particle cross-section;
(c) partially dissolved MgO at high magnification; (d) enlargement of small area in (c).

tive analysis of this spinel layer yields a normalised composition
of 27wt.% MgO and 73 wt.% Al,Os. It is believed that this
spinel layer was formed due to the counter fluxes of dissolved
MgO away from the MgO particle and Al,O3 from the bulk of
the slag toward the MgO particle.! The CMS phases between
two spinel layers were believed to be formed during cooling
from the experimental temperature of 1600 °C.

3.4.3. Discussion on in situ spinel formation

Based on the in situ observation and characterisation with
SEM and EPMA-WDS, the formation of in situ spinel is
discussed now both from a thermodynamic and kinetic point of
view.

3.4.3.1. Thermodynamics.
(a) Global equilibrium

Using the computational thermodynamics package
Factsage® and the programming library ChemApp© it is

(b)

possible to calculate stability diagrams in the investigated
CMAS system. Fig. 14 shows these diagrams for 1500 and
1600 °C, and for basicities of 0.65 and 0.76, the basici-
ties of slags A and B, respectively. As can be seen on the
diagrams, the initial slag composition of both slags is in
the fully liquid region at both temperatures, with or with-
out MgO addition. Since the addition of the MgO from
the particle only comprises a minor increase in the MgO
content of the total system, the particle will be completely
dissolved in the slag, from a thermodynamical point of
¢ view.
Spinel formation

Although the final state of the system is complete dissolu-
tion of the particle in the slag, the global stability diagrams
do not contain information on the path followed toward this
global equilibrium. We show that for certain compositions
of the slag in contact with the MgO particle, it is possible to
lower the Gibbs free energy locally by forming spinel. The
formation of a spinel layer on an MgO particle in a CASM
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PW(s) = pseudo-wollastonite (CaSiO3); in (a) and (b) the cross indicates the initial composition of slag A, in (c) and (d) that of slag B): (a) 1500 °C, basicity =0.65;
(b) 1600 °C, basicity =0.65; (c) 1500 °C, basicity =0.76; (d) 1600 °C, basicity =0.76.

melt can be represented by the reaction:
[MgO] + {ALOs} . = [MgALOs] (3)

Using the above mentioned packages FactSage® and
ChemApp®, we calculated the following equilibria:

[MgO] + {A1203}Slag + excess of slag = equilibrium @)
and
[MgAl,04] + excessof slag = equilibrium (@)

For every reaction we calculate the change in Gibbs free energy.
By subtracting these reactions, the spinel formation reaction is
obtained. By subtracting in the same way the changes in Gibbs
free energies of the reactions, the Gibbs free energy of the spinel
formation reaction can be obtained. This is done for a range of
slag compositions and is represented graphically in Fig. 15. As
can be seen by comparing the different parts of Fig. 15, a lower

temperature tends to stabilise spinel, a lower basicity extends
the spinel stability region to higher MgO content, but tends to
raise the required Al,O3 level. From these diagrams it can be
concluded that for both slags, a thermodynamic driving force
for spinel formation exists at both 1500 and 1600 °C. Whether
or not spinel will form, depends on kinetic factors.

3.4.3.2. Kinetics. Once the thermodynamic conditions for
spinel formation on MgO (Eq. (5)) in a CASM melt are sat-
isfied, spinel can nucleate and grow on MgO. The amount and
morphology of the spinel that actually forms are related to kinetic
factors. According to Sandhage and Yurek! a number of steps are
involved in the nucleation of spinel on MgO that is immersed
into a CASM slag: (1) Aluminium- and oxygen-bearing ions
diffuse to and adsorb on the MgO particle. (2) Breakup of any
complex ions that may be involved occurs at the surface. (3) Sur-
face diffusion of adsorbed ions occurs. (4) Critical concentration
of aluminium, magnesium, and oxygen ions collect at nucleation
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Fig. 15. Reaction Gibbs free energy for the spinel formation reaction (in (a) and (b) the marker indicates the initial composition of slag A, in (c) and (d) that of slag
B): (a) 1500 °C, basicity = 0.65; (b) 1600 °C, basicity =0.65; (c) 1500 °C, basicity =0.76; (d) 1600 °C, basicity =0.76.

sites to form nuclei of MgO-saturated spinel. The exact nature
of the aluminium- and oxygen-bearing ions that are present in
the slag is not known. It is unlikely, however, that transport of
Mg from the MgO particle into the slag, or of Al from the slag to
the MgO particle, involves molecules of MgO or Al,O3. Tracer
diffusion experiments in CaO-Al,03-SiO, melts at tempera-
tures above 1400 °C have shown that oxygen ions diffuse one
order of magnitude faster than Al or Ca ions.?*26 Therefore,
the fluxes of Mg and Al can be described in terms of effective
oxide fluxes by assuming that when cation diffusion occurs, the
oxygen anions distribute themselves rapidly to maintain elec-
troneutrality. Thus, the dissolution of MgO into the slag will be
discussed in terms of an effective flux of MgO into the slag,
and the transport of Al in the slag toward the MgO particle is
discussed in terms of an effective flux of Al,O3.

The extent to which initially formed nuclei can grow, depends
on the relative fluxes of MgO away from the MgO particle
and of Al,O3 toward the MgO. Upon nucleation and growth
of spinel on the surface of an MgO particle, the slag near the

spinel becomes depleted in AlO3, and additional Al,O3 must
diffuse from the surrounding slag to the spinel particles to enable
their further growth. At the same time, however, because the bulk
slag is unsaturated with respect to MgO, the MgO particle dis-
solves into the slag. This increases the MgO concentration in the
slag near the MgO particle, thereby decreasing the local Al,O3
content. The local reduction in the Al,O3 content of the slag,
which is caused by both spinel nucleation and dissolution of the
MgO particle, could inhibit growth of spinel nuclei. It could also
prevent additional nucleation of spinel on the MgO particle by
decreasing the supersaturation at the MgO/slag interface. Disso-
lution of MgO into unsaturated slag occurs from the initial stage
onward, although it is inhibited in locations where particles of
spinel have nucleated. The countercurrent flux of Al,O3 in the
slag toward the MgO particle could yield homogeneous nucle-
ation of spinel particles in the slag adjacent to the MgO particle.
However, sideways growth of existing spinel might require less
supersaturation in the slag and, thus, could be energetically more
favorable. Thus, the spinel layer has serrated edges on the MgO
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particle side and slag was trapped between the MgO particle and
the spinel layer.

Once a continuous spinel layer covers the MgO particle (e.g.
MgO particles indicated by arrows in Fig. 13d), the MgO particle
continues to dissolve into the slag through an indirect dissolution
process. The spinel layer increases in thickness by formation of
spinel at the MgO/spinel interface, and it decreases in thick-
ness by dissociation at the spinel/slag interface. A steady-state
thickness of the spinel is achieved when the rates of growth and
dissociation become equal.

Growth of spinel on MgO that is put into contact with a
source of Al,O3 occurs by countercurrent, solid-state transport
of equivalent amounts of Mg?* and AI** through the spinel.?”-?8
Transport of oxygen anions is negligible. AI>* ions that arrive
at the MgO/spinel interface react with MgO to form spinel
and release Mg?* cations that diffuse through the spinel to the
spinel/slag interface (Eq. (6)). At the latter interface, the spinel
dissociates to release Al’* cations and the MgO dissolves in
the slag (Eq. (7). The AI** cations released at the spinel/slag
interface diffuse to the MgO/spinel interface where they react
with MgO to continue the cycle. At steady state, no additional
Al O3 is removed from the slag to form spinel. The net effect
of reactions in Egs. (6) and (7) is the transfer of MgO from
the MgO particle to the slag (Eq. (8)). Because this dissolution
process involves transport through an intermediate phase, it is
called “indirect dissolution.” A schematic model for the steady
state, indirect dissolution of an MgO particle into a CASM melt
is shown in Fig. 16:

4MgO + 2APPT = MgAlL Oy + 3Mg? " (6)
MgAl,O4 + 3Mg?t = 2A13 + 4{MgO} (7
net reaction :  4MgO = 4{MgO} ®)

slag

Fig. 16. Schematic model for the steady state, indirect dissolution for an MgO
particle into a CASM melt.

4. Conclusions

The dissolution of MgO particles in high silica calcia—
alumina-silica-based slags, has been studied in sifu at 1500 and
1600 °C by using a CSLM with an infrared image furnace. The
CSLM technique is shown to be effective for direct observa-
tion of refractory corrosion by metallurgical slags. Any plane
between the bottom of the crucible and the top surface of the
slag can be observed on the condition that the slag is transparent
to laser light:

(1) The main features observed during the dissolution process
are: (a) rotation of non-spherical particles and (b) rounding
of angular particles.

(2) Temperature and MgO content in the original slag have out-
spoken effects on the dissolution process. Increasing the
temperature enhances the dissolution rate. Addition of MgO
to the slag delays the dissolution time of the MgO particle
significantly.

(3) MgO dissolution is primarily controlled by a boundary layer
diffusion mechanism, although the actual dissolution curves
do not perfectly fit the theoretical curve, which can be
explained by inaccuracies associated with the present pro-
cedure.

(4) In the case of the dissolution in slag B at 1600 °C, a dark
reaction layer could be observed. According to EPMA-
WDS analysis, it was shown to be MgAl,O4 spinel. Once
a continuous spinel layer covered the MgO particle, the
MgO particle continued to dissolve into the slag through
an indirect dissolution process. These direct observations
were supported by kinetic considerations and thermody-
namic calculations. The latter showed that it is important
to distinguish between the global equilibrium and the local
equilibrium in the vicinity of the magnesia particle. Global
equilibrium data do not contain information on the path fol-
lowed toward this global equilibrium. This explains why,
even though globally no spinel is expected to form under
the present conditions, for certain compositions of the slag
in contact with the MgO particle, it was possible to lower
the Gibbs free energy locally by forming spinel.

(5) Finally, these findings are both relevant for refractory appli-
cations and clean steel production. In the former one targets
(slow) indirect dissolution to enhance the refractory life-
time, while in the latter it is desirable that no intermediate
spinel layer is formed to allow for rapid dissolution kinetics
into the slag and to avoid re-entrainment of MgO inclusions
into the steel.
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