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Abstract

Dissolution kinetics of Ca0-2A1,03 (CA,) particles in a synthetic CaO-Al,O5-SiO, steelmaking slag system have been
investigated using the high-temperature confocal laser scanning microscope. Effects of temperature (i.e., 1500, 1550, and
1600 °C) and slag composition on the dissolution time of CA2 particles are investigated, along with the time dependency
of the projection area of the particle during the dissolution process. It is found that the dissolution rate was enhanced by
either an increase in temperature or a decrease in slag viscosity. Moreover, a higher ratio of CaO/Al,O3 (C/A) leads to an
increased dissolution rate of CA, particle at 1600 °C. Thermodynamic calculations suggested the dissolution product, i.e.,
melilite, formed on the surface of the CA, particle during dissolution in slag with a C/A ratio of 3.8 at 1550 °C. Scanning
electron microscopy equipped with energy dispersive X-ray spectrometry analysis of as-quenched samples confirmed the
dissolution path of CA, particles in slags with C/A ratios of 1.8 and 3.8 as well as the melilite formed on the surface of CA,
particle. The formation of this layer during the dissolution process was identified as a hindrance, impeding the dissolution
of CA; particle. A valuable reference for designing or/and choosing the composition of top slag for clean steel production
is provided, especially using calcium treatment during the secondary refining process.

Keywords In-situ observation - Dissolution kinetics - Confocal laser scanning microscope - Calcium aluminate inclusion -
Steelmaking slag - Clean steel

1 Introduction

The presence of non-metallic inclusions (NMIs) in steel
degrades the mechanical properties of final product, like
tensile strength and corrosion resistance [1, 2]. Moreover,
specific types of NMIs can cause some engineering
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problems, like clogging of the submerged entry nozzle
(SEN) during continuous casting [3]. As a result, it is
crucial to minimize the presence of NMlIs in steels.
Different approaches have been developed and applied
to control and remove NMIs during the secondary steel-
making process. Two common approaches are introduced
here. The first one is the modification of composition and
morphology of NMIs in liquid steel. A well-known
example is the calcium treatment for aluminum killed steel,
which modifies the solid alumina inclusions to become
liquid or semi-liquid calcium aluminates and changes their
shape from irregular to spherical. These modifications
significantly reduce the risk of SEN clogging and product
defects [4-6]. However, inadequate calcium addition can
result in incomplete alteration of alumina inclusions,
leading to the creation of undesired solid inclusions like
Ca0-2Al1,05 (CA5) and Ca0O-6Al,05 (CAg). If these com-
pounds form, there is an enhanced risk of blockages within
the SEN during continuous casting. The second approach is
the removal of NMIs from the liquid steel into the molten
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slag. The removal of NMIs out of the liquid steel can occur
in the ladle, tundish, or continuous caster. Irrespective of
the process, removal occurs in three stages: flotation of the
inclusion from bulk steel to the steel-slag interface, sepa-
ration of the inclusion from the steel-slag interface, and
dissolution of the inclusion into the steelmaking slag. For
the last stage, a rapid dissolution of NMIs is desirable. If
the dissolution kinetics of NMIs are insufficient, they may
oscillate at the slag interface, elevating the risk of re-
entrainment.

Over the past few decades, different approaches have
been applied to investigate the dissolution of NMlIs in the
steelmaking slags, and especially, temperature is the key
parameter to be investigated [7-9]. The most common
approach is the so-called rotating finger test, or named
rotating cylinder test and rotating dip test. For this method,
firstly, an oxide cylinder with a diameter of about 1 cm is
inserted into the liquid slag; and secondly, the dissolution
kinetics are determined from the reduction in the diameter
of the cylinder. While this method has provided much
insight into NMI’s dissolution, a significant limitation is
the substantial difference in size between the immersed
oxide cylinder and oxide inclusions that occurs during the
process. Potentially, the difference raises doubts regarding
the applicability of data obtained from centimeter-sized
samples to dissolution kinetics at micron-scale dimensions.

The high-temperature confocal laser scanning micro-
scope (HT-CLSM) is a robust facility that has been
developed in the last two decades and provides an in-situ
real-time observation capability for investigating the
behavior of micron-sized NMIs under conditions relevant
to the steelmaking process. Sridhar and Cramb [10] first
reported the dissolution process of alumina inclusion in the
molten slag. Since then, several studies have been carried
out to study the dissolution of different types of inclusions
in molten slags. These studies were primarily directed
towards the elucidation of the dissolution mechanisms and
kinetics of single-phase NMIs including Al,O5 [1, 10-21],
MgO [1, 13, 15, 22], CaO [23, 24], and SiO, [2, 25, 26], as
well as the complex NMls, MgAl,O4 [1, 13, 15, 27] and
Al,TiOs [28-30] in the steelmaking slag systems, e.g.,
Ca0-Al,03-SiO, with or without MgO at high tempera-
ture ranging from 1250 to 1630 °C. Besides the above
mentioned inclusion types, limited information is available
in the open literature regarding the dissolution kinetics of
calcium aluminate inclusions, e.g., CA, [6] in steelmaking
slags. Miao et al. [6] conducted pioneering research on the
dissolution of CA, in two CaO-Al,03-Si0, type slags at
different temperatures. Their findings indicated that mass
transfer of the dissolving species within the molten slag is
the rate-limiting step for CA, particles dissolution. Fur-
thermore, they observed that the dissolution rate of CA,
particles was enhanced by higher temperature and lower
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SiO, content in slag. However, the study employed two
types of slags with different CaO/Al,O5 (C/A) ratios and
SiO, contents to study the effect of SiO, content on the
dissolution rate of CA, particles. This introduces uncer-
tainty regarding the role of the C/A ratio in accelerating
CA, dissolution. Moreover, the impact of one of the most
critical factors, the C/A ratio of the refining slag, affecting
the total oxygen in molten steel [31], was not explored in
relation to the dissolution kinetics of the CA, particles.
Systematic study of the important process parameters is
required for a better understanding of the dissolution
kinetics and mechanisms of these complex inclusions for
achieving clean steel production during the secondary
steelmaking process.

This study fills the above-mentioned knowledge gap by
combining in-situ observation of CA, particle dissolution
via HT-CLSM, thermodynamic calculations, and electron
microscopy. The effect of temperature and slag properties
(C/A ratio and slag viscosity) was quantified. Moreover,
the dissolution path of CA, in two slags at 1550 °C was
determined.

2 Methodology
2.1 Materials

Steelmaking type slags were synthesized in the laboratory
using high purity (> 99.5%) laboratory-grade powders of
CaCO;, CaO, SiO, and Al,O5 obtained from Alfa Aesar,
USA. The CaO powder was roasted at 1100 °C for 12 h
under air before the use to eliminate moisture and
decompose any residual CaCOj present in the powder.

2.1.1 CA, particle preparation

For the preparation of CA, particles, a total of 100 g
CaCOs5 and Al,O53 powders in stochiometric proportions,
were prepared. The mixture underwent a mixing process to
get the well mixed powder. The details of the mixing
process can be found elsewhere [6]. The powder was
lightly moistened with approximately 5 wt.% distilled
water. Approximately 20 g the dried and moistened pow-
der was compacted into a pellet with a diameter of 2.5 cm
and a height of 2 cm. A pressure of 20 MPa was applied
for 30 s to ensure proper pellet formation. These pellets
were then transferred into an alumina crucible and sub-
jected to sintering in a vertical tube furnace. The sintering
process involved heating the pellets at a rate of 10 °C/min
until reaching 1600 °C followed by an isothermally hold-
ing for 24 h. Subsequently, the pellets were gradually
furnace cooled at 10 °C/min to room temperature.
Throughout the entire sintering process, argon gas was
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injected to maintain an inert atmosphere. The sintered
pellets were characterized by performing room-tempera-
ture powder X-ray diffraction (XRD) measurements using
a PANalytical X’Pert diffraction instrument, which uses a
copper source with a wavelength of 1.54056 A. A Rietveld
refinement of the XRD pattern was performed using the
FULLPROF suite. As can be seen in Fig. 1, the acquired
XRD patterns matched those of the standard reference CA,
[32]. Notably, no additional phases were detected, con-
firming the successful preparation of high-purity CA,.

2.1.2 Slag preparation

Several key factors were considered when designing the
slag composition for dissolution experiments using HT-
CLSM. First, the slag had to be transparent (or semi-
transparent) to enable clear observation of particle disso-
lution. Second, the liquidus temperature of the slag needed
to be lower than that of the inclusions to ensure that the
slag was completely liquid and had a homogeneous com-
position. Finally, slags were designed to provide different
C/A ratios and different SiO, contents. CaO and Al,O3
were included to enhance the wettability of the slag with
inclusions, while SiO, supported the transparency of the
slag. Transition-metal oxides such as FeO and CrO, were
avoided as they increased the opacity of the slag.

The preparation of slag samples involved mixing pow-
der of CaO, SiO,, and Al,O5 in stochiometric amounts and
heating them to the target temperature, i.e., 50 °C higher
than the theoretical liquidus temperature of the slag. This
mixture was fully melted in a platinum crucible placed in a
box furnace and then held isothermally for 4 h to
ensure that homogenization. Post-preparation, the compo-
sition of slag was confirmed by inductively coupled plasma
optical emission spectroscopy (ICP-OES).

2
é Si d CA
2 intered CA,
= l A 1 u 1%@%@
CA, standard peak
a M.A 1h MMMM
20 30 40 50 60 70
24/(°)

Fig. 1 XRD patterns of CA, prepared by sintering at 1600 °C for
24 h. 260—Diffraction angle

Five different slags were prepared, with the composition
shown in Table 1. Slag C/A_1, C/A_2, and C/A_4 had a
similar SiO, content but different C/A ratios to study the
effect of C/A ratio on CA, dissolution kinetics; Slag S50,
S40, and S10 had a similar C/A ratio and but different SiO,
contents. These were fabricated to investigate the effect of
slag viscosity on CA, dissolution kinetics. The influence of
temperature on the dissolution of CA, particles was con-
ducted in slag C/A_1. Please note that slag C/A_2 and S40
are identical. The different nomenclatures are used in order
to facilitate the discussion of experimental results.

2.2 In-situ observation experiments

An HT-CLSM (VL2000DX-SVF17SP, Yonekura) was
employed to perform the dissolution experiments on the
CA, particles while making continuous in-situ observa-
tions. The technical details of the HT-CLSM facility and
operation procedure can be found elsewhere [33]. The
experiment was conducted as follows. Firstly, approxi-
mately 0.15 g slag was pre-melted in a Pt crucible of 5 mm
in diameter and 6 mm in height within the high tempera-
ture furnace via fast heating and cooling. Secondly, a CA,
particle was placed on the top of the pre-melted slag. Third,
the CA,—slag assembly was heated to the test temperature
following a specified heating profile. Finally, the dissolu-
tion process was recorded via HT-CLSM at a frame rate of
10 Hz. To avoid changing the composition of the slag, the
mass of the CA, particle was kept very small, and less than
0.1% of the pre-melted slag.

Figure 2 illustrates the entire sample assembly. As can
be seen, the Pt crucible, slag, and the CA, particle were
positioned within an alumina crucible, and on the top of a
sample holder. A B-type thermocouple, sheathed in an
alumina tube, was affixed to the base of the sample holder
to measure temperature. This setup resulted in a tempera-
ture gradient between the slag surface and the bottom of the
alumina crucible; temperature calibration was performed
using a pure iron disc of 5 mm in diameter and 2 mm in
height. This revealed a temperature difference of
around + 17 °C between the surface of the iron disc and
the thermocouple. It should be noted that the molten slag
wetted the Pt crucible and showed a concave surface;
however, this does not affect the observation of the dis-
solution process.

Each test followed the same thermal profile, as shown in
Fig. 3. A rapid heating rate of 1000 °C/min was used to
elevate the sample temperature to a value of 50 °C lower
than each testing temperature. Subsequently, a lower
heating rate of 50 °C/min was used to heat the sample to
the testing temperature. This approach served to mitigate
the premature dissolution of CA, particle without over-
heating past the desired temperature. To ensure
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Table 1 Slag composition and experimental temperatures

Slag Composition/wt.% C/A T/°C
CaO A1203 SlOz

C/A_1 29 32 39 0.9 1500, 1550, 1600
C/A2 38 21 41 1.8 1550, 1600
C/A_4 49 13 38 3.8 1550, 1600

S50 33 18 49 1.8 1550

S40 38 21 41 1.8 1550

S10 52 38 10 1.5 1550

T—Temperature

CA,
" ) _4 Al O,
e T “crucible
Slag Pt crucible
Thermocouple @ holder
S mm
7 mm

Fig. 2 Sample holder assembly used in high temperature furnace
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Fig. 3 Thermal cycle for dissolution and interrupted experiments

the experimental repeatability, the dissolution experiments
conducted in slag C/A_1 at 1550 °C were repeated 4 times.
Note that the onset time of CA, dissolution, 7,, was defined
as the moment the particle was fully immersed in the
molten slag after reaching the testing temperature.

@ Springer

Furthermore, the dissolution path of the CA, particles in
slag C/A_2 and C/A_4 at 1550 °C was interrupted after 90
and 70 s of dissolution by quenching the system using
helium with a cooling rate at 2000 °C/min, respectively.
After the experiments were completed, scanning electron
microscopy-energy dispersive X-ray spectrometry (SEM-
EDS) microanalysis was performed on the two quenched
samples using a JEOL6610LV. Thermodynamic calcula-
tions were carried out using FactSage 8.0 [34]. These
calculations included generation of ternary phase diagram,
and the determination of slag viscosity using the FToxid
databases.

3 Results and discussion
3.1 In-situ observations

In-situ images taken from the CCD camera are used for the
evolution of the cross-section area of a CA, particle. It is
critical that the chosen images focus on the same surface of
the CA, particle throughout any one dissolution experi-
ment. The area measurements were conducted using the
commercial software Image J [35]. To minimize manual
error, the measurement of each image measurement was
repeated three times, and the average value was calculated.
Note that the measurements represent the 2D projection
area from the view observable via HT-CLSM.

Figure 4 provides a sequence of images showing the
dissolution process of CA, in slag C/A_1 at 1500, 1550,
and 1600 °C, in slags with different viscosities at 1550 °C,
and in slags with different C/A ratios at 1600 °C. Each
image within Fig. 4 depicts the CA, particle positioned
centrally, with the red line denoting the CA, particle—slag
boundary. The initial area of the CA, particle at #, is
denoted as Ag. Across all three series of experiments, a
continuous reduction in area with time is observed, with no
discernible product layer evident on the surface of the CA,
particle. The equivalent radius (r) of CA, was calculated
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(a) 1500°C

1600°C

(b) S50 S40 S10

360s, 174 um | 245, 154 pm
200 pm

CIA_4

# 320,168 pm

© C/A_L C/A2

405,286 um

=4 =]

]
215, 190 um

372, 189 um 765,201 pm

200 pm

Fig. 4 A sequence of images showing dissolution process of
CA, particles at different dissolution time of particle and equivalent
radii of particle. a In slag C/A_1 at 1500, 1550 and 1600 °C; b in slag
with different viscosities at 1550 °C; ¢ in slag with different C/A
ratios at 1600 °C

according to the area assuming that CA, particle is
spherical. As shown in Fig. 4a, the dissolution time at high
temperatures is much shorter than that at low temperatures.
Further, as shown in Fig. 4b, a decrease in slag viscosity
enhances the dissolution time reduction. Note that semi-
transparent S10, owing to its low SiO, content, results in a
less distinct boundary line between CA, particles compared
to other slags. Finally, as shown in Fig. 4c a higher C/A
ratio slag qualitatively correlates with a decreased disso-
lution time. It is interesting to observe that the CA, particle
in slag C/A_2 progressively became transparent during
dissolution. This phenomenon could potentially be attrib-
uted to the faster transport of Ca*" cations compared to
AlO)” anions in the molten slag [36]. A similar phe-
nomenon was also observed by Liu et al. [22] for the dis-
solution of a MgO particle in the ternary CaO-Al,03-Si0,
slag at 1600 °C.

In addition to dissolution, the CA, particles are observed
to rotate, move, and dissociate during experimentation.
Figure 5 shows one such process, the dissociation of CA,
particle in slag C/A_1 at 1550 °C after 846 s of dissolution.
At that time, several tiny particles began to detach and
move away from the primary particle, as shown in Fig. 5b.
Then, all particles continued to dissolve in the molten slag,
with the small particles disappearing first due to their
smaller size. Since the dissolution rate of NMIs is pro-
portional to their contact area with the molten slag [37, 38],
the dissociation of CA, particles would augment the con-
tact area, leading to a higher dissolution rate. To mitigate
the influence of dissociation on the dissolution kinetics,
data after CA, dissociation was excluded from the original
dataset in all experiments. This approach enabled to isolate

100 pm

Fig. 5 Dissociation of a particle during dissolution in slag C/A_1 at
1550 °C. a 846 s; b 876's; ¢ 897 s; d 917 s
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the effects of dissociation and ensured a more accurate
assessment of dissolution Kinetics.

3.2 Effect of temperature on dissolution time
of CA2 particle

In Fig. 6, the normalized area changes with the time of a
CA, particle in slag C/A_1 at three distinct temperatures
are compared. The dissolution time from Ag to Ag/4 sig-
nificantly decreased from around 1560 to 617, and to 370 s
as the temperature increased from 1500 to 1550 °C, and
further to 1600 °C. The influence of temperature on the
dissolution time of particles can be elucidated from both
thermodynamic and kinetic perspectives
[14, 16, 17, 20, 23, 24]. Thermodynamically, assuming
local equilibrium at the particle/slag interface, the driving
force for particle dissolution is related to the concentration
difference (AC) of dissolving species between the particle—
slag interface and the bulk of the slag. The former can be
evaluated from the phase diagram, given by the saturation
limit. The temperature significantly impacts the dissolution
rate of particles by changing this driving force; generally,
an increase in temperature augments the saturation con-
centration of particle. In the present study, it is assumed
that the driving force for CA, particle dissolution was the
concentration difference between the bulk slag and the
saturation content for Al,O3 (ACal,0,)- This assumption is
grounded in the fact that the size of the Ca*" cation is
smaller than that of the AlO}™ anion and the diffusion
coefficient of Ca>" cation is considerably higher than that
of AlO)™ anion [36]. ACay,0, increased from 458 kg/m3
(13 wt.%) to 867 kg/m3 (25 wt.%) with an increase in

1.0
g = 1500 °C
™ m e 1550°C
0.8 “ . A 1600 °C
L ‘. ]
A [ ]
0.6 F 3 -
§ [ a® "u
®
041 Ay b
a % (617,024) =
A °® o
02 £* * .
(320, 0.24) =
u | |
0.0 1 1 1 1 -l-.
0 500 1000 1500 2000 2500 3000

Time/s

Fig. 6 Evolution in normalized area of a CA, particle with time in
slag C/A_1 as a function of temperature. Star symbol—Moment when
particle dissociation happened, and data after that point are not
collected
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temperature from 1500 to 1600 °C. Additionally, the
activity of the dissolving component at the particle-slag
interface and in the bulk slag can influence the dissolution
time as well [2]. In this study, the activity of Al,O5 at the
particle—slag interface is used as the activity of the reactant
Al,O5 rather than that in the solid CA,. Using FactSage 8.0
with the FToxid databases [34], the activities of Al,O3 in
slag C/A_1 at 1500, 1550, and 1600 °C were calculated to
be 1.47 x 107", 1.76 x 107", 2.07 x 10™" at the particle-
slag interface, and 7.11 x 10_2, 743 x 10_2, and
7.74 x 1072 in the bulk slag, respectively. These results
indicate that the difference in Al,O5 activity between the
particle—slag interface and bulk slag increases as the tem-
perature rises. The increase in this difference results in
improved mobility of the AlO)™ anion within the molten
slag, thereby reducing the overall dissolution time.

From the kinetic perspective, temperature changes will
also strongly affect the rate of chemical reaction and/or
boundary layer diffusion. For a first-order chemical reac-
tion, the rate of particle dissolution is given by:

J = kxC, (1)

where J is the molar flux of particle per unit area; k is a rate
constant; and C,; is the concentration difference of the
dissolving species between solid oxide and bulk slag. For
boundary layer diffusion, Fick’s first law can be applied to
the diffusion across the boundary layer. In this case, the
rate of particle dissolution is given by:

J=—-Dx G (2)

0

where D is the diffusion coefficient of dissolving species;
and C, is the concentration difference of the dissolving
specie between the inside and outside of the boundary layer
with thickness 6. An Arrhenius relation describes the
temperature dependency of both k and D [14]:

k = koxe En/(RT) (3)
D = Dyxe Ea/(RT) (4)

where kg and D, are constants; E,; and E,, are activation
energies; R is the universal gas constant; and 7 is the
absolute temperature. It is clear from Eqs. (3) and (4) that k
and D increase with increasing temperature and therefore
so does J, increasing the dissolution rate. In addition to the
change in driving force, viscosity impacts the dissolution
rate as well. By increasing the temperature from 1500 to
1600 °C, the slag viscosity was calculated to decrease from
3.12 to 1.32 Pa s. The elevated ACa,0, and activity dif-
ference, and reduced viscosity are conducive to accelerat-
ing the transport of AlO)~ from the CA,—slag interface to
the bulk slag [2, 6, 20].
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3.3 Effect of slag viscosity on dissolution time
of CA, particle

As shown in Fig. 7, the total dissolution time of the CA,
particle at 1550 °C exhibited a slight decrease from 800 to
650 s as the viscosity of the slag decreased from 1.35 Pa s
(S50) to 0.63 Pa s (S40). A further reduction in the slag
viscosity to 0.17 Pa s (S10) resulted in a substantial drop in
the total dissolution time to 37 s. The change in dissolution
time could be a result of two phenomena: the concentration
difference of the dissolving species between the particle—
slag interface and the bulk of the slag since each of these
slags has different compositions, or the underlying slag
structure which directly controls the viscosity (along with
slag composition and temperature).

Examining the first phenomenon, it can be seen that the
decrease in ACan,0, (kg/m’) from S50 (1481 kg/m’®, 32
wt.%) to S40 (887 kg/m3, 26 wt.%) is much larger than the
decrease from S40 to S10 (801 kg/m3, 22 wt.%). This trend
is opposite to what was observed for the total dissolution
time, and thus, the decrease in the total dissolution time is
not so much affected by the change of AC4,0,. Miao et al.
[6] also reported that the total dissolution time for CA,
particle in CaO-Al,03-Si0, slag with 5.5% SiO, content
was shorter than that with 46.3% SiO, content at the same
temperature, despite ACap0, being lower in 5.5% SiO,
slag.

Examining the second phenomenon requires a short
review of slag structure. One approach is to analyze slag
structure through polymer-based and structure-based the-
ories [39], where the slag structure is affected by the
content of different oxides present in the slag as they
strongly affect the degree of polymerization. SiO, is an
“acid oxide”, and forms an intricate three-dimensional

1.0
A", = S50
L = ° S40
E A S10
0.8 .
A @
n
0.6 (4 "
| |
A °
04 =
° ]
®
0.2 - $i
2 . " »
00 A . 1 . 1 N ®e :.. n | |
) 200 400 600 800
Time/s

Fig. 7 Evolution in normalized area of a CA, particle with time at
1550 °C in slags with different SiO, contents and different viscosities

network of anion complexes, whereas CaO is a “basic
oxide”, and disrupts the three-dimensional networks
formed from the SiO, oxides. Finally, Al,Oj is classified as
an “amphoteric oxide” which does not have any distinctive
nature. The higher content of network formers, SiO, in S50
and S40, significantly surpasses that of S10, while the
content of network breakers, like CaO, in S50 and S40 is
lower than that in S10. As a result, the presence of complex
three-dimensional networks in S10 was comparatively
reduced, making it easier for species to transport away
from the interface in S10 as compared to in S40 and S50.
This reduced resistance facilitates faster dissolution of a
CA, particle in S10. The degree of polymerization can be
quantified using the Q parameter, which in the CaO-
Al,03-Si0; slag system is determined via [36]

NBO = 2(Xca0 — 2Xa1,0;) %
Xt = Xsio, + 2Xan0, 7

where NBO is the number of non-bridge oxygen atoms; Xt
is the number of tetragonally-coordinated atoms; and X; is
the molar ratio of component i in the slag. A higher Q
indicates a greater degree of polymerization of the molten
slag and consequently, reduced mobility of dissolving
species within the slag. The Q value for S10 is 2.7, con-
trasting with 3.3 for slag S50 and 3.2 for slag S40. This
disparity potentially enhances the transport of AlO)~
anions from the CA, particle-slag interface to the bulk
slag, thereby significantly accelerating the dissolution
process in slag S10 as compared to that in slags S40 and
S50. Therefore, similar Q values would result in close
dissolution profiles of S50 and S40. Moreover, as discussed
in Ref. [40], Q values between 3 and 4 result in a slag
structural unit known as “sheet” whereas slag with Q val-
ues between 2 and 3 have a structural unit known as
“chain”. As a result, the significant decrease in total dis-
solution time from slags S40 to S10 is primarily affected
by the change in slag structure. Finally, it should also be
noted that the particle in the S10 experiment was observed
to rotate much faster than the particles in slags S40 and
S50. This could also have affected the dissolution time.

3.4 Effect of C/A ratio on dissolution time of CA,
particles

The effect of the C/A ratio on the dissolution of CA,
particles was investigated in three slags having C/A ratios
of 0.9, 1.8, and 3.8, each possessing similar SiO, content
(~ 40%) at 1550 and 1600 °C, respectively. Figure 8a
illustrates the normalized area change of CA, particles with
time at 1600 °C. As can be seen, the dissolution time from
Ag to Ap/4 of CA, particle at 1600 °C decreased from
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Fig. 8 Evolution of normalized area of a CA, particle with time as a
function of slag C/A ratio at 1600 (a) and 1550 °C (b). Star symbol—
Moment when particle dissociation happened, and data after that point
are not collected

around 315 to 81 s by increasing the C/A ratio from 0.9 to
3.8. This decrease in dissolution time can be attributed to
the continuous decrease in slag viscosity from 1.32 to
0.17 Pa's, coupled with an increase in ACapo, from
867 kg/m> (25 wt.%) to 1271 kg/m® (40 wt.%) as the C/A
ratio increased from 0.9 to 3.8. Both factors, low viscosity,
and high driving force, enhanced the dissolution of the
CA, particle, resulting in a shortened dissolution time.
Figure 8b depicts the normalized area change with time in
slags with different C/A ratios at 1550 °C. Initially, the
dissolution time A to Ap/4 of CA, particle decreased from
617 to 340 s with an increase in C/A ratio from 0.9 to 1.8.
This decrease can be attributed to a reduction in slag vis-
cosity from 2.00 to 0.63 Pa s, coupled with an increase in
ACano, from 606 kg/m® (18 wt.%) to 887 kg/m’ (49
wt.%). These factors collectively promote the dissolution
of the CA, particle. However, with a further increase in the
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C/A ratio to 3.8, the dissolution time unexpectedly
increased to 710 s. At this C/A ratio, the viscosity was
further decreased to 0.22 Pa's, and ACyy,0, dropped to
372 kg/m® (26 wt.%). This unexpected behavior suggests
that factors beyond ACay,0, and slag viscosity may influ-
ence the dissolution kinetics of the CA, particle at higher
C/A ratios.

To gain increased insight into the effects of the C/A
ratio on the dissolution of CA, at 1550 °C, the
stable phases potentially present in the CA,, SiO,—Al,O3—
CaO system at this temperature were calculated using
FactSage 8.0 with FToxid database [34]. Figure 9 shows
the relevant ternary diagram, marked with the composition
of CA,, and the initial compositions of slags C/A_1,
C/A_2, and C/A_4, as well as black solid lines denoting the
two-phase tie lines, dashed lines denoting the expected
dissolution paths of CA, in the three slags, and the melilite
and CAg solid phase regions. Although the dissolution is
inherently a non-equilibrium process and the dissolution
path does not have to be a straight line, the phase diagrams
allow for the prediction of phases that may precipitate
adjacent to the CA, particle.

As can be seen in Fig. 9, at 1550 °C, the composition of
all three slags was situated within the fully liquid region.
However, the expected dissolution path for slag C/A_1
comes very close to the solid CAg phase boundary, while
the dissolution path for slag C/A_4 crosses through the
solid melilite phase boundary. Thus, the formation of
intermediate solid products during the dissolution process,
especially for C/A_4, is anticipated. Generally, the for-
mation of an intermediate solid phase on the surface of a
solid particle can impede the dissolution of particles by
decreasing the transport rate of products from and reactants

Si0,

B Melilite
B CA,

T=1550°C
1.01x10° Pa

0.5
mass %

CaO Al,O;

Fig. 9 Prediction of phase stability of CA, particle-slag system with
FactSage 8.0 at 1550 °C [34]
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to the particle surface [23]. In extreme cases, solid products
may halt the dissolution if they are densely packed on the
particle surface and do not dissolve into the bulk slag. It
would show the formation of a solid layer on the surface of
the CA, particle during its dissolution in slag C/A_4 at
1550 °C, which could have contributed to the observed
prolonged dissolution time.

3.5 Determination of dissolution path

To gain deeper insights into the dissolution path of a CA,
particle in slag C/A_2 and slag C/A_4, SEM-EDS line
scan analysis was conducted along the CA, particle/slag
interface, combined with FactSage thermodynamic calcu-
lations. The results are shown in Figs. 10-12. In order to
interpret the line scan information with respect to the dis-
solution path, a mechanism for distinguishing the CA,
particle, slag C/A_2, slag C/A_4, and melilite must be
identified. As shown in Table 2, each of these compounds
has a distinct elemental composition. Thus, in the CA,
particle—slag C/A_2 system, regions at the particle/slag
interface that lack Si can be classified as CA,, while
regions where Ca, Al, and Si stably coexist can be labeled
as slag C/A_2. Boundary layers are regions having a
decreasing Ca and Si compositions while the Al content
steadily increases. Similarly, in the CA, particle-C/A_4
slag system, the non-Si regions at the particle/slag interface
can be designated as CA,, while regions where Ca, Al, and
Si coexist, with Al and Si constituting ~ 20 and ~ 10
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Fig. 10 SEM backscattered electron image and EDS line scan
analysis of CA, particle-C/A_2 slag interface after 90 s of dissolu-
tion at 1550 °C
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Fig. 11 Back scattered electron image of SEM and EDS line scan
analysis of CA, particle-C/A_4 slag interface after 70 s
of dissolution

wt.%, can be identified as melilite. All other regions can be
classified as slag C/A_4.

Figure 10 displays the backscattered electron image of
SEM, and the elements of Ca, Al, and Si distribution
obtained from the EDS line scan of the CA, particle—
C/A_2 slag interface after 90 s of dissolution at 1550 °C.
Following the defined criteria, different regions were
identified. The dark-colored middle region in the SEM
image represents CA,. An outer layer around the CA,
particle was determined to be the boundary layer, with a
thickness of 230-240 pm. The C/A_2 slag region followed
the boundary layer. Moreover, a visible color difference
between the slag and the boundary layer was evident in the
SEM image. The presence of a boundary layer confirmed
that the assumption of the rate determining step for the
dissolution process is the mass transfer of AlO) anion in
the slag phase. Note that fluctuations in element concen-
tration, especially within the CA, particle itself, result from
slag penetration into the CA, particle through its pores.

Figure 11 shows the back scattered electron image of
SEM and the elements Ca, Al, Si distribution by EDS line
scan of CA, particle—slag C/A_4 interface after 70 s of
dissolution at 1550 °C. As can be seen, there is the CA,
particle in the central region, followed by a layer of melilite
105-111 pm in thickness, and then a boundary layer of
about 115 pm.

Figure 12 shows the dissolution paths of CA, in slag
C/A_2 (circle symbol) and slag C/A_4 (triangle symbol) at
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Fig. 12 Dissolution paths of CA; in slag C/A_2 and slag C/A_4 at 1550 °C. Circle—EDS line scan results; triangle dash line—thermodynamic

calculation results

1550 °C. The data points donated by circle and triangle
symbols were taken from the EDS results for both slag
systems at different regions along the scanned line. The
dashed lines in Fig. 12 donate the theoretical dissolution
paths for CA, in these two slags. It is evident that the
prolonged dissolution of CA, in slag C/A_4 compared to
slag C/A_2 at 1550 °C is attributed to the formation of the
solid melilite phase on the surface of the CA, particle. The
same reaction product, melilite, for Al,O5 dissolution at
1550 °C was also reported by Park et al. [41] in a ternary
53Ca0-5A1,05-42810, (wt.%) slag and by Sandhage and
Yurek [42] in a quaternary 27CaO-21Al1,05;-42Si0O,—
10MgO (wt.%) slag, which retarded the dissolution of
Al O3.

3.6 Comparison with literature data
and practical consideration

The dissolution kinetics between Al,O3 and CA, particles
from the literature and current study were compared since
the assumption is that the driving force for CA, particle
dissolution is the concentration difference between the bulk
slag and the saturation content for Al,O3 (ACal,0,), wWhich
is the same as that for Al,O5 dissolution. Figure 13 illus-
trates the average area reduction rate, AA/z, change as a
function of the dissolution factor, ACay,0,/p. AA is area
change of particle during the dissolution time, 7, before
dissociation happens in comparison with Ag. As can be
seen at low ACuy,0,/u value (< 1000), the difference of
AA/r between Al,O3; and CA, particles is small, and it
becomes noticeable when ACa,0,/pt value is higher than
1000. This difference in AAy/t may be due to 1 the greater
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Table 2 Elemental composition of CA, particle, slag C/A_2, slag
C/A_4 and melilite at 1550 °C (wt.%)

Composition Ca Al Si
CA, 15 42 0
C/A_2 27 11 19
C/A_4 34 7 17
Melilite 29 20 10

porosity of lab produced CA, particles compared to com-
mercially available dense Al,O5 particles; 2) the faster
dissolution of CaO in CA, particles, which exposes more
Al,Oj5 surface to the liquid slag, increasing the contact area
between CA, particle and molten slag. Moreover, the dis-
solved CaO from CA, particles can act as a network
breaker, enhancing the mobility of molten slag.

In the present dissolution experiments, CA, particles
were only immersed and dissolved into the molten slag
under natural convection without any additional forces. In
practical applications, the inclusion dissolution typically
occurs at the molten steel/top slags interface during the
steel refining process, the steel/tundish slags interface, as
well as the steel/mold fluxes interface during casting,
conditions that more closely resemble natural convection.
When the melilite phase forms an out around the CA,
particle, the CA, dissolution rate is slower than that in
other cases at the same temperature. The authors believe
that the experimental conditions in this study are relevant
to the industrial conditions and the findings offer a valuable
reference for designing or/and choosing the composition of
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top slag, tundish slag, and mold fluxes. This is particularly
for Al-killed steel with Ca-treatment, where the calcium is
fed into molten steel in the final minutes during the sec-
ondary steelmaking, necessitating rapid inclusion dissolu-
tion by the top slag.

4 Conclusions

1. The increase in temperature enhances the dissolution
rate of CA, across all types of CaO-Al,03-Si0; slags.
Furthermore, the dissolution rate of CA, significantly
decreased when the SiO, content increased from 10%
to 40%. However, a further increase to 50% SiO, did
not significantly influence the dissolution rate.

2. The significant decrease in total dissolution time from
the slag with 40% SiO, to the slag with 10% SiO, is
primarily affected by the change in slag structure.

3. At 1600 °C, a higher C/A ratio leads to an increased
CA, dissolution rate. However, it was observed that
the formation of melilite layer during the dissolution
process acts as a hindrance, impeding the dissolution
of the CA, particle at 1550 °C.

4. The presence of a boundary layer at the CA, particle—
C/A_2 slag interface is identified. A solid melilite
phase which was observed at the surface of the CA,
particle in the CA, particle-C/A_4 slag system. These
observations are consistent with the thermodynamic
predictions, validating the accuracy of the experimen-
tal and analytical methodologies employed.
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