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The dissolution of amorphous SiO2 particles in CaO–Al2O3–
SiO2 slags was investigated at 1450°C by high-temperature

confocal scanning laser microscopy (HT-CSLM) and thermo-
dynamic/kinetic analyses. The SiO2 particles used in this

experimental study had a spherical form so that any rotation

of the particle did not cause errors in the determination of the
particle size during the dissolution. Moreover, a wide composi-

tion range of the slag could be chosen without forming any

solid reaction layer which could distort the evaluation of the

dissolution mechanism. The evolution of the diameter of the
spherical SiO2 particle was measured by image analysis of

pictures obtained from the HT-CSLM. It was found that the

dissolution curve of the SiO2 particle (size as a function of

time) exhibited either a parabolic-like curve or an S-shaped
curve depending on the slag composition. The patterns were

compared with a well-known shrinking core model (SCM), and

it was shown that the SCM could not represent the dissolution
behavior of the SiO2 particle observed in this study. It was

experimentally found that the shape of the dissolution curves

varies as a function of the slag composition. The curve exhib-

ited a parabolic-like shape for low SiO2-containing slags and
changed to an S-type shape with increasing SiO2 concentration

in the slag. To elucidate the dissolution mechanism, a model

based on approximations for the diffusion near the particle was

proposed by modifying the previously available model [M. J.
Whelan, Met. Sci. J., 3, 95–97 (1969)]. From the experimental

data and the model calculations, the viscosity of the slag was

shown to be the major factor affecting both dissolution rate

and mechanism. Effective binary diffusion coefficients were esti-
mated using the model and experimental data. Those were

shown to be in the range of literature data.

I. Introduction

STEEL wires are high-strength steel products which require
high cleanliness. Demanding steel wire products include

for example tire cord, valve spring, and saw wire. Nonmetal-
lic inclusions are known to be the main reason for wire
breakage during both production and application.1,2 Coun-
termeasures to avoid nondeformable inclusions causing
breakage have mainly targeted at alumina inclusions in the
past. In particular, replacing ladle refractories with nonalu-
mina type materials, using ferroalloys of low Al content, Si
deoxidation, and low alumina ladle slags helped to reduce

the wire breakage rate.2,3 However, low alumina CaO–
Al2O3–SiO2 (CAS) slags and a relatively high silicon content
in the steel then caused the formation of SiO2 inclusions.
The thermodynamics of the mentioned slags were studied
extensively by various authors.4–8 It was shown that crystal-
lized SiO2 inclusions can cause wire breakage as they are
nondeformable.9 The origins of SiO2 inclusions found in final
wire products are categorized into two types: SiO2 inclusions
might either form as a deoxidation product or precipitate
during casting. While the latter is out of scope in this study,
the former should be removed as much as possible during
the refining process. It requires a relevant investigation about
the dissolution of SiO2 inclusions in refining slags. Design of
top slags which leads to fast dissolution of SiO2 inclusions is
thus necessary to be investigated. As the formation of non-
metallic inclusions cannot be avoided completely, efficient
removal of nonmetallic inclusions by slags needs to be
ensured.10

In the past, postmortem research was conducted to study
the dissolution behavior of solid oxides in slags. In these
studies, shaped oxide material (e.g., disks, cylinders) was
dipped statically or was rotated in liquid slag for a fixed
time.11–14 This method is quite cumbersome and requires
many numbers of samples to obtain a dissolution rate. High-
temperature confocal scanning laser microscopy (HT-CSLM)
enables in situ dissolution studies of oxide particles (e.g.,
nonmetallic inclusions) in slags at high temperatures relevant
to steelmaking processes. Previous HT-CSLM studies mainly
focused on the dissolution of Al2O3, MgO, and MgAl2O4, in
CaO–Al2O3–SiO2 or CaO–Al2O3–SiO2–MgO slags. However,
irregular shape of the particles generated rotation during the
dissolution, which was reported as a main source for experi-
mental scatter and uncertainties about the governing reaction
mechanism.

For the interpretation of the dissolution mechanism, the
shrinking core model (SCM), which can be solved analyti-
cally, has been widely applied.15–19 This model assumes one
of two rate-controlling steps of the dissolution, namely chem-
ical reaction at the interface between inclusion and slag, or
mass transport of the dissolving species in the boundary
layer of the slag. Later, a diffusion equation coupled with a
lattice-Boltzmann modeling has been proposed to determine
the underlying dissolution mechanism of Al2O3.

20–25

Although the latter approach is more versatile to elucidate
the dissolution mechanism, it requires a high computational
effort that is less attractive to be practically applied.20

As the HT-CSLM inclusion dissolution studies are a rela-
tively new approach, only a few previous investigations are
accessible. At present, to the best knowledge of the authors,
no in situ study of the dissolution of SiO2 in liquid slags
remains known. Samaddar et al. conducted postmortem
studies concerning the corrosion behavior of dipped poly-
crystalline alumina, single-crystalline sapphire, mullite, anor-
thite, and vitreous SiO2 in a 40% CaO–20% Al2O3–40%
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SiO2 slag at temperatures between 1350°C and 1500°C. It
was found that the dissolution of vitreous SiO2 was con-
trolled by diffusion in the boundary layer.12

In this study, to investigate the dissolution mechanism of
SiO2 inclusions in liquid slags, the HT-CSLM was employed
using well-shaped spherical glassy SiO2 particles. Slags with
various compositions were tested to represent slags relevant
to the steelmaking process of steel wire products. To avoid
any solid layer on the SiO2 particle, the slag composition
was carefully determined by checking the CaO–Al2O3–SiO2

phase diagram. Moreover, the use of a spherical particle
ensures better accuracy for the measurement of the particle
size during its dissolution, contrary to the use of irregular
shaped particles in previous studies.15–19 These two facts dis-
tinguish the present investigation from previous studies, and
allowed a more reliable interpretation about the particle dis-
solution mechanism in fluids, such as inclusion dissolution in
slags. It will be shown in this article that the dissolution pat-
tern of the SiO2 particle is strongly affected by the slag vis-
cosity (relevant to mass transport), not by the concentration/
activity of SiO2 (relevant to chemical reaction). A modifica-
tion in an existing model based on diffusion of SiO2 in the
slag is proposed to interpret the conducted SiO2 dissolution
experiments in this study.

II. Experimental Procedure

(1) High-temperature Confocal Scanning Laser
Microscopy experiments
Details about HT-CSLM have been widely published.26–30

After pioneering investigations by Emi et al.,29,30 it has been
identified that the advantages of using the HT-CSLM com-
pared with a conventional optical microscope are twofold.
The contrast of an image is significantly increased by using a
laser as the light source, characterized by wavelengths below
the thermal radiation spectrum of the observed samples.
Because of a high maximum power of 1500 W of the heat
source (a halogen lamp) and a low sample weight, high heat-
ing and cooling rates exceeding 1000°C/min are achievable.
The maximum operating temperature is only limited by the
chosen thermocouple and is about 1700°C at standard con-
figuration.27

Six different slag samples were investigated in this study
and the composition of each slag is listed in Table I. The
experiments with slags 1–4 were carried out at the Chair of
Ferrous Metallurgy, Montanuniversitaet Leoben, Austria.
Experiments with slags 5 and 6 were conducted at the Grad-
uate Institute of Ferrous Technology, Pohang University of
Science and Technology (POSTECH), Republic of Korea.
The experimental procedure on both microscopes was the
same except for a minor difference [the refractory disk under-
neath the platinum crucible (Leoben: MgO, POSTECH:

Al2O3)]. The two microscopes were of the same type (Laser-
tec, VL2000DX-SVF17SP, Yokohama, Japan). The tempera-
ture measurement of the sample in the platinum crucible was
calibrated on both microscopes as described in Section II(2).

(A) Slag Preparation: The slags were prepared by
mixing SiO2, Al2O3, and CaCO3 powders and premelting the
mixture in platinum crucibles in an electrical heating furnace
at 1600°C for 2 h. The liquid slags were then quenched on a
stainless steel plate floating on water to prevent the slags
from segregations and crystallizations. Subsequently, the
glassy solid slag was crushed in an agate mortar. The chemi-
cal composition of the slag was then analyzed by X-ray
fluorescence spectroscopy (XRF). For the dissolution experi-
ments, the crushed slag powder was filled and compacted
into the platinum crucibles (10 mm OD 9 5 mm height).
Then it was molten in an electrical furnace to avoid any
foaming of the slag in the CSLM furnace. The premolten
slag in the platinum crucible was then molten again in the
CSLM furnace and cooled down rapidly by turning off the
power of the CSLM furnace to prepare a homogeneous
solidified chunk of slag on which a single SiO2 particle was
put for each experiment. The high cooling rates avoid segre-
gations and crystallization during cooling. An MgO or Al2O3

disk was placed between the platinum crucible and the plati-
num sample holder to avoid sticking (Fig. 1). The slag com-
positions were chosen based on thermodynamic calculations
which will be mentioned in Section II(2).

(B) Thermocouple Calibration: To calibrate the ther-
mocouples used in the HT-CSLM, two holes for the thermo-
couple wires (type R) were drilled into the cover glass of the
HT-CSLM heating chamber. Subsequently, the thermocouple
wires were stuck through the two holes and dipped into
ground slag powder in the same platinum crucible which was
also used for the experiments. The assembly was then heated
up to the temperature range of interest (1000°C–1500°C).
The temperature difference between the thermocouple dipped
into the slag (TC-A) and the thermocouple beneath the sam-
ple holder of the HT-CSLM (TC-B) was logged every 50°C

Table I. Experimental Conditions, Physicochemical Properties of the Slags, and Results Obtained in this Study: (a) Slag
Compositions, (b) Viscosity (g), (c) Activity of SiO2 (with Respect to Pure Tridymite) of each Slag Sample, (d) (wt% SiO2) in the

Slag if the Slag Sample is Saturated by Solid SiO2, (e) Experimentally Determined Average Dissolution Rate, (f) Dimensionless

Saturation Concentration of each Slag Defined in Eq. (4), (g) Mean Diameter of SiO2 Particles at the Beginning of Dissolution, and
(h) Mean Dissolution Time of the Particle for each Slag. Slag Samples are Listed in the Order of Decreasing Viscosity of the Slags.

Values in (b), (c), and (d) were Calculated at 1450°C by FactSage34–36

Sample no.

(a) (b) (c) (d) (e) (f) (g) (h)

SiO2 CaO Al2O3

g (Pa.s) aSiO2
(wt% SiO2)sat Dissolution rate (lm/s) k Mean d0 (lm) Mean ttotal (s)(wt%)

Slag 1 54.6 34.1 10.6 2.41 0.46 67.6 1.45 � 0.02 0.94 342 � 3.4 235
Slag 2 50.5 38.3 10.6 1.25 0.31 67.3 3.18 � 0.34 1.19 348 � 17.8 110
Slag 5 37.1 36.4 26.5 1.08 0.09 70.5 3.63 � 0.09 3.03 344 � 1.7 95
Slag 6 42.3 38.8 18.9 1.02 0.14 69.1 3.84 � 0.05 2.17 326 � 2.2 85
Slag 3 45.3 43.7 10.4 0.60 0.16 66.9 8.51 � 0.56 1.48 306 � 5.5 36
Slag 4 42.8 46.6 10.8 0.47 0.10 66.8 11.02 � 1.86 1.64 347 � 29.9 34

Fig. 1. Experimental setup employed in this study.
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after the furnace had reached a constant temperature. This
temperature difference was then used to calibrate the temper-
ature measured by TC-B which was used to set the experi-
mental temperature.

(C) Dissolution Experiments: Each experiment was
conducted by placing a single SiO2 particle (diameter:
~350 lm) on the surface of the premolten slag in a platinum
crucible as described in Section II(1) and heating up the
assembly to the target temperature in the HT-CSLM. High-
purity argon (flow rate of 100 cm3/min) ensured a neutral
atmosphere in the infrared furnace chamber. As the particle
weight was less than 0.01% of the slag weight, composition
changes by the dissolution of the particle were assumed to be
negligible.

The polished spherical particles (Sandoz Fils, Cugy, Swit-
zerland; ~350 lm) were made of commercially available
vitreous high-purity (99.99%) SiO2. The softening point is at
1650°C which means that the material exhibits a logarithmic
viscosity of 6.6 Pa�s at this temperature.31

Figure 2 shows a typical heating cycle of the dissolution
experiments. The scales are based on approximate values.
The high heating rate of 1000°C/min ensured that the inclu-
sion hardly started to dissolve before the experimental tem-
perature was reached. At a temperature 50°C below the final
temperature, the heating rate was reduced to 100°C/min to
avoid overshooting.

The video saved by the HT-CSLM was converted into
pictures by using the public domain software VirtualDub.32

The pictures were then analyzed by the public domain image
analysis software ImageJ.33 A border was manually drawn
around the dissolving particle. Under the assumption that
the particle retains its spherical shape throughout the dissolu-
tion, an equivalent particle diameter was calculated from the
measured inclusion area. Time zero in the interpretations was
defined as the time when the experimental temperature had
been reached. In this article, plots of the decreasing diameter
versus time or normalized diameter (transient diameter
divided by initial diameter) versus normalized time (time
divided by total dissolution time) serve to elucidate the disso-
lution mechanism. For each slag, the same experiments were
repeated three times to confirm reproducibility.

(2) Thermodynamic Calculations
The slag compositions used in this study were chosen to be
both relevant to wire steel production and well suited to
identify the role of the concentration/activity of SiO2 and the
slag viscosity on the dissolution of SiO2 particles. The activ-
ity of SiO2 in the slags with respect to pure tridymite was
calculated using FactSage thermochemical computing system
(ThermFact Ltd., Montreal, Canada and GTT-Technologies,
Aachen, Germany) along with model parameters optimized

by Bale et al. and Eriksson and Pelton.34,35 The viscosity of
the slag was also calculated by FactSage along with the vis-
cosity model developed by Grundy et al.36 The calculated
results are shown in Table I.

Figure 3 shows a calculated isothermal section of the
CaO–SiO2–Al2O3 system at 1450°C by FactSage. Symbols
shown in the figure correspond to the slag composition listed
in Table I. Dotted lines and dashed lines are calculated
iso-aSiO2

and iso-viscosity lines, respectively (by FactSage as
described above). Under the assumption of a straight disso-
lution path, it becomes clear that product layers will not
form on the surface of the SiO2 particle dissolving into the
slag. This was also confirmed by a SEM/EDS micro analysis
of a SiO2 particle dissolving into the slag as shown in
Fig. 4.

The compositions of the slags used in this study were
designed with the aid of the thermodynamic analysis as
follows: Slags 1–4 exhibit the same alumina content, but dif-
ferent SiO2 concentrations. Slag 5 and slag 6 both show simi-
lar viscosities to slag 2. Slag 5 is characterized by a similar
SiO2 activity as slag 4, slag 6 has a similar SiO2 activity as
slag 3. The experimental temperature of 1450°C was chosen
because of two reasons. On the one hand, the liquid slag
phase field at this temperature is wide enough to allow for

Fig. 2. Temperature profile for experiments with the SiO2 particle
in liquid slags with approximate axes scales.

Fig. 3. Phase diagram of the CaO–SiO2–Al2O3 system at 1450°C
calculated by FactSage34,35 showing the studied slag compositions
(symbols), isoviscosity (dashed lines) and isoactivity lines (dotted
lines).

Fig. 4. Micrograph of a SiO2 spherical particle dissolving into a
slag composed of CaO–SiO2–Al2O3 at 1450°C and a SEM-EDS line
scan showing a qualitative comparison between the contents of Si,
O, Ca, and Al.
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the variation in the slag compositions. On the other hand,
the inclusion dissolution rates are slow enough to obtain
reproducible results and to distinguish between the dissolu-
tion times of slags with similar chemical compositions.

III. Results and Discussion

(1) Comparison of Dissolution Rates
Comprehensive interpretation of the dissolution mechanism
requires the evaluation of the influence of slag properties on
both the dissolution pattern and dissolution time. In this arti-
cle, it will be discussed how the activity of SiO2 in the slag
and the slag viscosity affect the dissolution pattern.

The dissolution rates of SiO2 inclusions in the slags at
1450°C are shown in Table I. The average dissolution rates
were calculated by dividing the initial diameter by the total
dissolution time. The slags are ordered by the dissolution
rate. It is readily seen that there is a correlation between vis-
cosity and average dissolution rate in such a way that an
increasing viscosity decreases the dissolution rate. This agrees
with the Eyring relation revealing that the diffusion coeffi-
cient is inversely proportional to the viscosity.37 Moreover,
the thickness of the boundary layer around the particle
increases with increasing viscosity, resulting in a gentle con-
centration gradient.38 If the dissolution is controlled by mass
transfer (diffusion) in the boundary layer, a slag with higher
viscosity would therefore lead to a slower dissolution.12,37–40

The second parameter which was considered is the activity
of SiO2 in the slag. The higher the activity of SiO2, the closer
is the slag to the SiO2 saturation limit. In general, this means
that slags with higher SiO2 activities can be expected to
dissolve SiO2 inclusions more slowly than slags exhibiting
low SiO2 activities.

40,41

Slag 5, slag 6, and slag 2 are characterized by similar vis-
cosities. The SiO2 activities of slag 5 and slag 4 as well as the
SiO2 activities of slag 6 and slag 3 are comparable. The dis-
solution rates of SiO2 in slags 2, 5, and 6 are close to each
other. However, the dissolution rate in slag 5 is significantly
different to that in slag 4, and that in slag 6 is also much
lower compared with slag 3. The results show that the influ-
ence of the viscosity might outweigh the influence of the
SiO2 activity in the slags investigated in this study.

Figures 5 and 6 show the dissolution patterns of SiO2

particles in slag 1 and slag 3, respectively, represented by
the measured particle diameter d versus the dissolution time
t. Initial particle diameters for slag 3 in Fig. 6 were gener-
ally less than those for slag 1, which might be attributed to
the faster dissolution of the particle in slag 3 before the
final temperature in the HT-CSLM was reached. However,
two experiments for slag 4 did not show such a faster
dissolution at the beginning of the experiments. Therefore,
the faster dissolution observed for slag 3 might occur due
to local inhomogeneities of slag composition or slag temper-
ature near the SiO2 particle during the experiment. The
average dissolution time in slag 1 was 235 s for a mean ini-
tial diameter of 342 lm. In slag 3, the average dissolution
time was 36 s for an average initial inclusion diameter of
306 lm.

Figure 7 gives a comprehensive overview on the experi-
mental results obtained in this study showing the normalized
dissolution patterns of SiO2 particles in all studied slags. As
illustrated in the figure very clearly, increasing slag viscosity
results in a transition of the SiO2 particle dissolution pattern
from a parabolic-like shape to an S-type shape, regardless of
the activity of SiO2.

(2) Common Kinetic Models
In previous investigations on oxide particle dissolution in
various slags, the SCM has been widely applied to identify
the rate controlling mechanism of the dissolution.15–19 Leven-
spiel introduced a model which distinguishes between two

rate controlling steps, mass transfer (diffusion) control in a
boundary layer (in a Stokes flow regime) and reaction rate
control. Generally, it is presumed that the slag is saturated
with the dissolving species at the interface between the slag
and the dissolving particle.40 The saturation or equilibrium
concentration of the dissolving species is obtained by avail-
able phase diagrams or by thermodynamic calculations,
under the assumption of a straight dissolution path.15–17,19,25

A detailed explanation of the SCM can be found elsewhere.40

Typical results proposed by the SCM are either a linear
dependence of the particle size on the dissolution time in the
case of reaction rate control, or a parabolic dependence of
the particle size on the dissolution time in the case of mass
transfer control.

In some cases the experimental results could not be
described sufficiently by the SCM.10,25 Alternatively, the solu-
tion of the diffusion equation may yield better results (diffu-
sion into a stagnant fluid).21,22,25 The diameter versus time
curves show a typical S-shape when diffusion into a stagnant
fluid is rate controlling. At the beginning of the dissolution,
the steep concentration gradient around the particle leads to
a fast dissolution rate. As the dissolution proceeds, the
concentration gradient becomes less steep, thereby the disso-
lution rate decreases. Toward the end, the dissolution rate
increases again as the volume of the particle becomes very
small relative to the surface of the particle through which the
dissolution occurs.42 The diffusion equation for the dissolu-
tion of a spherical particle has to be solved numerically, con-
trary to the SCM which provides simple analytical solutions.
Lattice Boltzmann modeling was proved to be a well suited
method for the numerical treatment.20–25

Approximations of the diffusion equation for spherical
inclusions can be used for analyzing if the dissolution is

µ

Fig. 5. Evolution of the SiO2 particle diameter in slag 1 at 1450°C.

µ

Fig. 6. Evolution of the SiO2 particle diameter in slag 3 at 1450°C.
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governed by diffusion.41,43,44 Dissolution controlled by diffu-
sion in a stagnant fluid can generally be described by Fick’s
first and second laws of diffusion.41,43,44 The stationary inter-
face or invariant interface approximation assumes that the
diffusion field is not altered by the movement of the interface
between particle and slag. That means that the diffusion field
would have stayed as if the particle/slag interface had been
fixed at R0 from the beginning of the dissolution
(Fig. 8).41,43,44 The concentration gradient of the dissolving
species in the slag at the interface (r = R) between the parti-
cle and the slag is the driving force for the diffusion. For the
case of dissolving particles in slags, the flux of solute from
the interface equals the rate of loss of solute from the parti-
cle by the diffusion41:

�ðcp � csatÞ � dR
dt

¼ �D �
�
oDc
or

�
r¼R

(1)

where r is the distance from the center of the particle, R is
the radius of the particle, cp, csat, and Dc are the concentra-
tions of SiO2 of the particle, that of the slag at the interface,
and the difference of the SiO2 concentrations at r and in the

bulk slag (c0) at a time t, respectively. D is an effective binary
diffusion coefficient of SiO2 in the slag.

Also, by Fick’s second law of diffusion, the following
equation is obtained:

Dcðr; tÞ ¼ ðcsat � c0Þ � R
r

� erfc
�

r� R

2 � ffiffiffiffiffiffiffiffiffi
D � tp

�
(2)

Combining Eqs. (1) and (2) yields the stationary interface or
invariant interface approximation that has to be solved
numerically41:

dR

dt
¼ � k �D

R
� k �

ffiffiffiffiffiffiffiffi
D

p � t

r
(3)

The dimensionless saturation is defined as follows41:

k ¼ csat � c0
cp � csat

(4)

The SiO2 concentration c in the dimension kg/m3 is
obtained as follows:

c ¼ x � q (5)

where x is a mass fraction of SiO2 in the slag, and q is the
slag density in kg/m3.

On the other hand, the invariant field approximation is
obtained by also neglecting the time-dependent change in the
concentration profile in the slag. In other words, from the
beginning of the dissolution on, the concentration profile has
the same shape as for long times (steady state), as shown in
Fig. 941,43,44:

dR

dt
¼ � k �D

R
(6)

a a a

a a a

(a)

(d) (e) (f)

(b) (c)

Fig. 7. Normalized dissolution patterns of SiO2 particles in all the slags investigated in this study, in the order of decreasing viscosity of the
slags.

Fig. 8. A schematic concentration profile of the stationary
interface/invariant size approximation.
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when the equation above is used to derive the normalized
dissolution curve (normalized radius versus normalized time),
the same expression as in the mass transfer controlled SCM
is obtained (a parabolic normalized dissolution curve).

Figure 10 shows the dissolution patterns measured in this
study for the slags with the highest (slag 1) and the lowest
viscosity (slag 4). d0 is the initial diameter of the SiO2 parti-
cle, ttotal stands for the total dissolution time. Each symbol
in the figure represents a fifth-order polynomial fit to the
present authors’ data of three experiments per each slag at
1450°C (R2 of the fit is better than 0.99). Using the polyno-
mial fits to the raw experimental data rather than using the
raw data was considered to be helpful to show the two
dissolution patterns for slag 1 and slag 4 distinctively. The
S-shaped curve of slag 1 is similar to the curve of the
invariant interface diffusion approximation. It has to be
noted that the curve of the invariant interface diffusion
approximation is affected by the dimensionless concentration
k defined in Eq. (4) which depends on the slag composition
c0. In the figure, only one curve of the invariant interface
diffusion approximation for k = 1 is shown for the sake of
clarity.

The dissolution pattern of slag 4 shows parabolic-like
shape similar to the curve of the mass transfer controlled
SCM or the invariant field diffusion approximation. Never-
theless, it is not in perfect agreement with the proposed
curve. The dissolution mechanisms of the different slags seem
to depend on the viscosity of the slag. A transition of the
pattern from an S-shaped curve for high viscosity slags (slag
1) to a parabolic-like curve for low viscosity slags (slag 4)

was observed, which has never been identified in the previous
investigations.10,15–18,25 The normalized curves by those three
different models in Fig. 10 show that the mentioned mathe-
matical models cannot describe the experimental results
sufficiently. The polynomial fits of the experimental results lie
between the three calculated curves. It is thought that those
models do not consider the role of the slag viscosity that has
been identified to affect the dissolution mechanism. The tran-
sition from an S-shaped to a parabolic-like dissolution
pattern could not be explained by the previously mentioned
models. Even though real dimensionless concentration values
k for slags 1 and 4, which can be easily calculated using the
values given in Table I, were used for the calculation of the
invariant interface diffusion approximation, it was not suc-
cessful. It is likely that the dissolution in the six investigated
slags is controlled by a mixture of boundary layer mass
transfer and diffusion in the stagnant fluid of the slag. As the
reaction rate controlled SCM does not seem to match the
experimental results, it was excluded in the following consid-
erations.

(3) Modification in the Previous Model
In this study, it is proposed to use a modified model based
on approximations of the diffusion equation41,43,44 that can
be solved with less numerical effort. The concept of the mod-
ified mathematical model can be described by merging the
two (invariant interface approximation and invariant field
approximation) cases. When a slag exhibits high viscosity
such as slag 1 in this study, the SiO2 particle feels a resis-
tance against moving in the slag. If the slag is extremely
viscous, the particle is trapped in the slag, and the particle
dissolution is only governed by diffusion in the stagnant fluid
(slag) with virtually no boundary layer (or infinite boundary
layer). Then, the dissolution of the particle should be
described by the invariant size approximation. On the other
hand, when the slag exhibits low viscosity similar to slag 4 in
this study, the SiO2 particle easily moves in the slag. If the
slag is extremely fluid, the particle moves in the slag without
resistance, and the dissolution of the particle is only gov-
erned by diffusion in the very thin boundary layer. In the
actual case, due to finite viscosity of a slag, the particle
moves in the slag with a finite resistance along with a bound-
ary layer of finite thickness. This is now examined in more
detail.

(A) When a Slag Exhibits High Viscosity (Fig. 11):
Because of less convective flow, the concentration profile is

Fig. 10. Normalized dissolution pattern of SiO2 inclusions in slag 1
and slag 4 at 1450°C. Symbols represent the present experimental
data fitted to a fifth-order polynomial fit. Lines are calculated by
several models: mass transfer controlled SCM or invariant field
diffusion approximation (full line), reaction controlled SCM (dash-
dot line), and diffusion in the stagnant fluid or stationary interface
diffusion approximation (dashed line).

Fig. 11. Assumed concentration profile for inclusion dissolution in
higher viscous slags.

Fig. 9. A schematic concentration profile of the invariant field
approximation.
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not completely eliminated. It is assumed that a concentration
profile evolves in an extended boundary layer surrounding
the particle. At the beginning of the dissolution, the concen-
tration gradient in the slag is steep and the dissolution is
fast. As the concentration profile in the extended boundary
layer evolves and the concentration gradient flattens out, the
dissolution slows down. Nevertheless, particle movement and
fluid flow prevent the concentration profile from being
formed to a long distance which would result in an evident
S-shaped dissolution curve. Consequently, in a slag with infi-
nitely high viscosity without convective flow, particle move-
ment and rotation, the dissolution would be governed by
diffusion in a stagnant fluid only (S-shape). In the real case,
however, the diffusion is effective only in the extended
boundary layer, resulting in a less pronounced S-shaped
dissolution curve.

(B) When a Slag Exhibits Low Viscosity (Fig. 12):
In this case, a concentration profile is only formed in a thin
boundary layer surrounding the particle as the particle can
move rapidly in the slag. The concentration gradient in the
boundary layer is almost unchanged throughout the dissolu-
tion, therefore the dissolution rate is mainly affected by the
changing surface to volume ratio of the particle. For slags
with infinitely low viscosity, it can be assumed that the disso-
lution pattern would be parabolic, governed by diffusion in
the thin boundary layer. However, due to the finite viscosity
of real slags, the concentration gradient in the boundary
layer varies as the dissolution proceeds by building up SiO2

around the particle. This results in a deviation from the para-
bolic curve which is only valid for the infinitely low viscosity
case.

Therefore, a modification introduced in this study is based
on the invariant interface or invariant size approximation of
the diffusion equation [Eq. (3)].41,43,44 The new modified
model is obtained by introducing an additional factor f, to
the second term of the Eq. (3):

dR

dt
¼ � k �D

R
� f � k �

ffiffiffiffiffiffiffiffi
D

p � t

r
(7)

The shape of the normalized dissolution curve is assumed to
be affected by the slag viscosity as mentioned in the hypothe-
sis above. For f = 1, which is the case for slags with infinitely
high viscosity, the modified model turns into the invariant
interface approximation. The normalized dissolution curve
will then be evidently S-shaped. The shape of the curve also

depends on the dimensionless saturation concentration k.
For low saturation values and low resulting k values, the
curve becomes less S-shaped, transforming toward a para-
bolic curve.

The second term in Eq. (3) stands for the time dependency
of the concentration profile and is responsible for the fast
dissolution at the beginning. With ongoing time, the second
term becomes small and only the volume of the particle com-
pared to the area of the diffusion zone is governing the disso-
lution rate.42 For slags with infinitely low viscosity, the
introduced factor f equals 0 and the modified mathematical
model reduces to the invariant field approximation of Eq. (6)
(parabolic normalized curve).41,43,44

Figure 13 shows calculated curves for the model test along
with various f factors and values of k. The curve calculated
with f = 1 shows evident S-shape which becomes more pro-
nounced at higher k values (dimensionless saturation). The
curves change toward a parabolic shape with decreasing f, as
the time-dependent part of Eq. (7) has less impact.

(4) Model Calculations
Table I gives an overview of the slag properties at 1450°C
which are relevant to the calculations. Also the mean initial
diameter (d0) and the mean total dissolution time (ttotal) of
the dissolution experiments are shown. The results stem
from three experiments per slag with ~350 lm SiO2 particles
at 1450°C. The bulk slag concentrations c0 were analyzed
by XRF whereas the SiO2 saturation concentrations csat
were calculated by FactSage.34,35 A collection of slag densi-
ties and density calculation models can be found in Slag
Atlas.37 The density of the bulk slag and the saturated slag
are assumed to be equal due to a lack of reliable literature
data for the studied slag compositions at 1450°C. The parti-
cle density can be found in data sheets of the manufacturer
of the particles.31

To calculate the dissolution of the SiO2 particles under the
conditions employed in this study using the modified model,
the dimensionless concentrations (k) in Eq. (7) were required.
These values were calculated using Eq. (4). The parameter f
was optimized to fit the experimental results for each slag
with the modified model as exactly as possible. It can be
regarded as a fitting parameter that is expected to be strongly
related to the slag viscosity. The results can be summarized
as follows.

Figure 14 shows the normalized dissolution pattern of slag
1. Slag 1 has the lowest dimensionless concentration k of all
studied slags. The best fit with the modified model was
obtained with a parameter f of 0.35.

The normalized results for slag 2 are pictured in Fig. 15.
The experimental results exhibit a slight S-shape and more

Fig. 12. Assumed concentration profile for inclusion dissolution in
lower viscous slags.

Fig. 13. Normalized dissolution curves for k = 3, and k = 0.5 with
different f values calculated by the modified model.
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scatter than the results of slag 1. The modified model was
found to be well suited with f = 0.24.

Slag 4 (Fig. 16) is characterized by the smallest fit parame-
ter f (=0.08) of the four slags (slag 1 to slag 4) which reflects
the parabolic-like shape of the pattern. Slag 1, slag 2, and
slag 4 show that the shape of the normalized experimental
results changes from S-shaped to parabolic, as the viscosity
of the slag decreases.

The normalized curve of slag 5 (Fig. 17) looks similar to
the normalized results of slag 2. Both viscosity and f
(g = 1.08, f = 0.15) of slag 5 are similar to those of slag 2
(g = 1.25, f = 0.24).

(5) More Utilization of the Model
After determining the parameters f by comparing the nor-
malized results with the modified model, the effective binary
diffusion coefficient D in the Eq. (7) can be obtained using
the mean initial diameter and total dissolution time of each
slag. Table II shows the parameters f and the calculated
effective binary diffusion coefficients of the slags investigated
in this study.

In Fig. 18, the parameter f versus slag viscosity is plotted
for each slag. The modified model is based on the assump-
tion that the normalized curve of particle dissolution in a
slag with infinitely low viscosity should reduce to a parabolic
shape. Consequently, a linear regression line should direct to
the origin (zero viscosity and zero f) to reflect the physical
background chosen in the modified model. The obtained cor-
relation between the viscosity of slag and the fit parameter f
is thus

f ¼ 0:15006� g (8)

where g is in Pa�s.
The regression equation enables the factor f to be esti-

mated from a known slag viscosity, and consequently allows
for the calculation of the dissolution curve along with the
dimensionless concentration k.

Figure 19 shows the correlation between the calculated
effective binary diffusion coefficients and the inverse of the
slag viscosities. The calculated diffusion coefficients have to
be seen as effective binary diffusion coefficients. That means
that the system is reduced to a pseudobinary system consist-

Fig. 15. Normalized dissolution behavior of SiO2 inclusions in slag
2 compared with various mathematical models.

Fig. 16. Normalized dissolution behavior of SiO2 inclusions in slag
4 compared with various mathematical models.

Fig. 17. Normalized dissolution behavior of SiO2 inclusions in slag
5 compared with various mathematical models.

Table II. Fit Parameter f and Calculated Effective Binary

Diffusion Coefficients for SiO2 Dissolution at 1450°C

Sample no. f D (m²/s)

Slag 1 0.35 4.44 9 10�11

Slag 2 0.24 8.49 9 10�11

Slag 3 0.13 1.80 9 10�10

Slag 4 0.08 2.38 9 10�10

Slag 5 0.15 3.79 9 10�11

Slag 6 0.10 6.03 9 10�11

Fig. 14. Normalized dissolution behavior of SiO2 inclusions in slag
1 compared with various mathematical models.
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ing of the considered diffusing component and the slag
consisting of the remaining components.45 For slags 1–4, the
correlation exhibits an almost clear linear relationship. Nev-
ertheless, it can be seen that the effective binary diffusion
coefficients of slags 5 and 6 deviate clearly from the linear
relationship. It has to be noted that slags 1–4 contain
10.4–10.8 wt% Al2O3, whereas slags 5 and 6 contain 26.5
and 18.9 wt% Al2O3, respectively. At present, it is not clear
how Al2O3 affects the diffusion coefficient. However, it is
thought that one set of slags (1–4) and the other set of slags
(5–6) are in different “effective” binary systems, thereby hav-
ing different effective diffusion coefficient. This might be a
reason for the lower effective binary diffusion coefficients in
slags 5 and 6.

In an ex situ study of the dissolution of fused SiO2, the
governing mechanism was found to be boundary layer
diffusion. A value of 4.5 9 10�12 m²/s was reported as the
diffusion coefficient for SiO2 in a 40% CaO–20% Al2O3–
40% SiO2 slag at 1425°C.12 Majdic and Wagner determined
the diffusion coefficient of SiO2 in different slags at different
temperatures. For a slag composed of 38.5% CaO–16.5%
Al2O3–45% SiO2, a SiO2 diffusion coefficient of
2.8 9 10�10 m2/s at 1500°C was found.46 The chemical com-
position of slag 6 in this study is comparable with the two
mentioned slags. For slag 6, the effective binary diffusion
coefficient of SiO2 at 1450°C was found to be
6.03 9 10�11 m2/s which is in the range of the two reported
values. It has to be noted though that ex situ studies with
fixed refractories dipped into a stagnant fluid might be better
suited if the purpose of the investigation is to obtain diffu-
sion coefficients quantitatively.

IV. Conclusions

The dissolution behavior of well-shaped spherical SiO2 parti-
cles in a number of CaO–Al2O3–SiO2 slags at 1450°C was
investigated using HT-CSLM. The dissolution mechanism
was analyzed with the aid of thermodynamic calculations
and the diffusion equation. By calculating the CaO–Al2O3–
SiO2 phase diagram, it was shown that reaction layers were
not expected to form during the dissolution.

Slags with higher viscosities resulted in longer dissolution
times. The correlation between SiO2 activity and average
inclusion dissolution rates did not show a meaningful agree-
ment. Slags with higher viscosities tend to show a slightly
S-shaped normalized dissolution pattern whereas slags with
lower viscosity were characterized by a parabolic-like pattern.
Such a transition of the dissolution pattern, which should
reflect the reaction mechanism, could not be interpreted by
the commonly used models.

Based on approximations of the diffusion equation, a
modified model was proposed. It considers that the forma-
tion of the concentration profile in the slag depends on con-
vective flow in the slag and particle movement which are
both influenced by the slag viscosity. The results reveal a cor-
relation between slag viscosity and the fit parameter f of the
modified model. The calculated effective binary diffusion
coefficients are in favorable agreement with literature data.
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