<]
TUDelft

Delft University of Technology

Dissolution kinetics and mechanisms of calcium aluminate inclusions in CaO-AI203-SiO2
(MgO) steelmaking slags

Wang, Guang; Nabeel, Muhammad; Dogan, Neslihan; Mu, Wangzhong; Phillion, A. B.

DOI
10.1016/j.ceramint.2025.06.445

Publication date
2025

Document Version
Final published version

Published in
Ceramics International

Citation (APA)

Wang, G., Nabeel, M., Dogan, N., Mu, W., & Phillion, A. B. (2025). Dissolution kinetics and mechanisms of
calcium aluminate inclusions in CaO-Al_O_-SiO_-(MgO) steelmaking slags. Ceramics International, 51(24),
42315-42326. https://doi.org/10.1016/j.8eramint’2025.06.445

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.ceramint.2025.06.445
https://doi.org/10.1016/j.ceramint.2025.06.445

Ceramics International 51 (2025) 42315-42326

Contents lists available at ScienceDirect

CERAMICS

INTERNATIONAL

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

FI. SEVIER

Check for

Dissolution kinetics and mechanisms of calcium aluminate inclusions in
Ca0-Al,03-Si05-(MgO) steelmaking slags

a,”

Guang Wang * ®, Muhammad Nabeel °, Neslihan Dogan*""~, Wangzhong Mu ““®,

A.B. Phillion®

@ Department of Materials Science and Engineering, McMaster University, Hamilton, L8S4L7, Ontario, Canada

Y Department of Materials Science and Engineering, Delft University of Technology, Mekelweg 2628CD, Delft, the Netherlands

¢ Department of Materials Science and Engineering, KTH Royal Institute of Technology, Brinellvagen 23, 10044, Stockholm, Sweden
d Engineering Materials, Department of Engineering Science and Mathematics, Luled University of Technology, 97187, Luled, Sweden

ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The dissolution kinetics and mechanisms of solid calcium aluminate inclusions (CaOe2Al,03 (CA2) and
Ca0e6Al,03 (CA6)) in CaO-Aly03-SiO2-(MgO) metallurgical slags at 1550 °C were investigated using high
temperature confocal laser scanning microscopy (HT-CLSM). The effects of slag viscosity, CaO/AlyO3 (C/A) ratio,
and MgO content on the dissolution time of CA6 and slag MgO content on that of CA2 particles were examined by
tracking the time dependent changes of particle projection areas. The obtained results showed that the disso-
lution kinetics of CA2 and CA6 particles was enhanced by an increase in slag MgO content. Moreover, increasing
C/A ratio of slag or decreasing slag viscosity improved the dissolution rate of CA6 particles. Post dissolution
analysis using scanning electron microscopy equipped with energy dispersive X-ray spectroscopy (SEM-EDS)
combined with thermodynamic calculations revealed the dissolution paths of CA6 particles in slag S3 with C/A
ratio 3.8 and S6 with 8.0 wt% MgO, where the dissolution time is out of expectation. It was found that an in-
termediate solid layer melilite formed around the undissolved CA6 particle in slag S3 with C/A ratio 3.8,
reducing its dissolution rate. Conversely, the formation of randomly dispersed intermediate solid products
around the undissolved CA6 particle in slag S6 with 8 wt% MgO did not impend their dissolution rate. Finally,
based on the obtained findings, two distinct dissolution mechanisms were proposed advancing the understanding
of solid inclusion dissolution in metallurgical slags. The findings obtained from this study aim to provide new
insights to further improve steel cleanliness for a longevity of the product service life.
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1. Introduction of the refractory lining by the molten slag and steel can result in the

formation of exogenous calcium aluminate NMIs, especially for those

Steel cleanliness significantly affects the production efficiency and
the properties of steels, where the size, number, shape, and composition
of non-metallic inclusions (NMIs) are critical factors [1]. Unfortunately,
NMIs inevitably form during the secondary steelmaking due to deoxi-
dation and calcium treatment during the ladle furnace (LF) refining
process, reoxidation between steel and slag, containers or atmosphere,
and erosion and/or corrosion of refractory materials [2]. Inadequate
calcium additions during calcium treatment, used to modify irregularly
shaped solid alumina-based NMIs to liquid or semi-liquid calcium alu-
minates with more spherical morphology, can lead to the formation of
endogenous solid calcium aluminate NMIs [1,3]. Erosion and corrosion
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incorporated with solid calcium aluminates to improve their thermal
shock resistance and extend their service life [4-6]. Both endogenous
and exogenous NMIs detrimentally affect steel cleanliness and can also
hinder steel castability by causing submerge entry nozzle clogging.
During secondary steelmaking, most NMIs are removed by dissolu-
tion into the molten slag after floating to the liquid steel — slag interface
[7,8]. Rapid dissolution kinetics are crucial to prevent re-entrainment
into molten steel and/or clustering within the submerged entry nozzle
[9,10]. Conversely, slow dissolution kinetics is desirable to ensure their
longevity and maintain service life as refractory materials. Over the past
two decades, high-temperature confocal laser scanning microscopy
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(HT-CLSM) has been developed and extensively used to investigate the
dissolution behaviors of solid NMIs under conditions relevant to steel-
making, providing in-situ real-time observation. Studies have investi-
gated the dissolution mechanisms and kinetics of NMIs in various
steelmaking slag systems as summarized in [11]. However, only a few
studies have examined the effect of slag composition and temperature on
dissolution kinetics of complex calcium aluminates, particularly
Ca0e2Al,03 (CA2). Miao et al. [12] reported that higher temperature
and lower SiO, content in the slag increased the dissolution rate of CA2
particles. Wang et al. [13] reported that the dissolution kinetics of CA2
particles was enhanced with increasing temperature and slag CaO/Al,O3
ratio, as well as decreasing slag viscosity. However, the formation of a
melilite layer around CA2 particle hindered its dissolution in slag with
Ca0/Al,03 ratio of 3.8 at 1550 °C [13]. Guo et al. [14] observed that an
increase in MgO content in slag decreased the dissolution time of CA2
particles. Despite those findings, to the best of the current authors’
knowledge, no studies have reported the dissolution kinetics and
mechanisms of CA6 particles in CaO-Aly03-SiO2-(MgO) slag system in
the open literature.

Previous studies have shown that intermediate solid products can
either accelerate or hinder dissolution. For instance, Park et al. [15]
found that CA2 and CA6 formation in the Ca0-Al;03-SiO; type slags did
not retard Al,O3 particles’ dissolution rate, whereas the formation of a
ring-like layer of MgOeAl,O3 and 2CaOeSiO, slowed MgO particles
dissolution. Similarly, Guo et al. [16] reported that the formation of a
(2Ca0eSiOy) layer impeded CaO particles dissolution in CaO-AlpO3--
Si02-(MgO) slags. Despite these observations of intermediate solid
products formation during particles’ dissolution, studies on their for-
mation mechanisms and impact—even their common industrial occur-
rence—remain limited.

A deeper understanding of the dissolution kinetics and mechanisms
of CA2 and CA6 NMIs in Ca0-Al;03-Si02-(MgO) metallurgical slags is
essential, particularly the role of intermediate solid products. In this
research, a comprehensive study of the dissolution behavior of CA2 and
CA6 particles in eight different CaO-Alp03-SiO2-(MgO) metallurgical
slags has been investigated at 1550 °C using HT-CLSM. The effects of
slag chemistry on the dissolution kinetics of CA2 and CA6 particles were
examined by varying the C/A ratio, viscosity, and MgO content of slags.
Interrupted dissolution experiments of CA6 particles in two slags were
conducted separately, supplemented by post-experiment analyses using
SEM-EDS and thermodynamic calculations to reveal the dissolution re-
actions at the particle — slag interface, paths and mechanisms. The re-
sults of this study aim to clarify the dissolution kinetics, reactions, paths,
and mechanisms of CA2 and CA6 particles in CaO-Al,03-SiO2-(MgO)
metallurgical slags and to understand how underlying factors influence
their dissolution behaviors. The obtained knowledge will help improve
steel cleanliness, production efficiency and the service life of refractories
by enabling the design or selection of optimal slag compositions during
refining.

2. Methodology
2.1. Material

Reagent-grade powder of CaCO3, CaO, Al,0s3, SiO,, and MgO (Alfa
Aesar, USA) was used to synthesize calcium aluminates inclusions (CA2
and CA6) and slags. To avoid the effect of moisture, CaO and MgO were
roasted in a muffle furnace for 12 h at 1050 °C, while the CaCOs3, Al»O3,
and SiO; were dried in an oven for 24 h at 150 °C before use.

Both CA2 and CA®6 pellets were prepared by sintering a 100 g mixture
of CaCO3 and Al,O3 powder in stochiometric amounts at 1600 °C for 24
h under an argon atmosphere, respectively. CA2 particles were obtained
from our previous study [13] and detailed descriptions of the powder
mixing and sintering are available elsewhere [12]. The same method
was employed to produce CA6 particles.

Three regions of sintered CA6 pellet, i.e. the center layer (purple
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line), middle layer (blue line), and outer layer (black line), were char-
acterized using X-ray diffraction with a Panalytical X'pert diffraction
instrument equipped with a cobalt source (wavelength: 1.789 A). As
shown in Fig. 1, the X-ray diffraction peaks of all three layers align well
with the standard CA6 peaks [17] (ICSD 202316, red line), with no other
phases detected. These results confirm the successful synthesis of
high-purity CA6 particles by sintering. Similar findings were made for
CA2 particles [13].

Additionally, the porosity of CA2 and CA6 were measured by X-ray
computed tomography (XCT) with a ZEISS Xradia 630 Versa system. The
average volume fraction of porosity in CA2 and CA6 particles was found
to be 0.25 and 0.39, respectively. This difference in porosity arises from
their respective melting points: CA6 particles (1833 °C) and CA2 par-
ticles (1765 °C) [18]. Since both were synthesized at 1600 °C, the
smaller temperature gap between the sintering and melting point of CA2
particle promotes the growth of “grain” in the particle and reduces the
pores in the particle, resulting in a lower porosity in the particle. The
procedure for carrying out X-ray tomography, and then determining the
volume fraction of voids, can be found in [11].

Slag samples were prepared by mixing powders of CaO, Al,O3, SiO2,
and MgO in stochiometric amounts based on the designed composition.
The mixtures were heated to a temperature, at least 50 °C higher than
the theoretical liquidus temperature (Tj;q, As shown in Table 1) of each
slag, in a platinum crucible (70 mL volume) and placed in a Si-Mo rod
resistance furnace under air atmosphere. After fully melted, the slag was
held isothermally for 4 h to ensure homogenization. The platinum cru-
cible was then removed from the furnace, and molten slag was poured
into a steel plate for cooling. Note the T, for each slag was calculated
using the Equilibrium module of FactSage 8.0 with FToxid database
[19].

Eight different slags were prepared, with the composition presented
in Table 1. S1, S2, and S3, which have similar SiO, contents but different
C/A ratios, were used to study the effect of the C/A ratio on the disso-
lution kinetics of CA6 particles. S4, S5, and S6, with similar SiO5 content
and C/A ratios but varying MgO contents, were used to investigate the
influence of MgO content on the dissolution kinetics of CA2 and CA6
particles. Additionally, S8 was designed to further explore the effect of
MgO content on the CA2 dissolution kinetics with similar ACaj203 as S4.
S1, S4, and S7 were employed to explore the effect of viscosity on the
dissolution kinetics of CA6 particles.

The composition of cooled bulk slags except slag S7 was measured
using inductively coupled plasma optical emission spectroscopy (ICP-
OES). Slag S7 was prepared by melting 0.0063 g MgO powder in 0.1500
g slag S1 at 1600 °C within a platinum crucible (5 mm in diameter and 6
mm in height) using HT-CLSM for 30 min under an argon atmosphere.
Its composition was measured via SEM-EDS. The viscosities of all eight
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Fig. 1. XRD patterns of the CA6 pellets sintered at 1600 °C under argon at-
mosphere for 24 h.
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Table 1
List of slag composition and properties used in the experiments.

Ceramics International 51 (2025) 42315-42326

Slag slag composition wt.% Tiiq. (°C) C/A ratio u (Pa.s) Q Particle ACa203 (kg/m>)
Cao Al,03 SiO, MgO
S1 28.9 31.8 39.3 0.0 1500 0.9 4.4 3.7 CA6 606
S2 38.3 20.7 41.1 0.0 1305 1.8 2.8 3.1 CA6 887
S3 49.1 13.0 37.9 0.0 1440 3.8 1.2 2.3 CA6 372
S4 48.0 36.0 16.0 0.0 1509 1.3 0.9 3.0 CA2 694
CA6 227
S5 45.4 34.4 16.3 4.0 1450 1.3 0.8 2.8 CA2 819
CA6 707
S6 43.3 32.7 16.1 8.0 1526 1.3 0.7 2.6 CA2 959
CA6 114
S7 27.6 30.8 37.6 4.0 1405 0.9 3.3 3.5 CA6 521
S8 39.5 44.1 8.5 8.0 1524 0.9 0.7 3.1 CA2 688

slags were calculated using Urbain model [20], which has been widely
employed to determine the viscosity of steelmaking slags based on the
function of each oxide component on the slag structures.

2.2. Experimental procedure

An HT-CLSM (VL2000DX-SVF17SP, Yonekura) was used to carry out
the CA2 and CA6 particles dissolution and interrupted experiments,
enabling continuous in-situ observation. Technical details and operation
procedures for the HT-CLSM facility are available elsewhere [21,22].
The CA2 and/or CA6 particle dissolution experiments were conducted as
follows: approximately 0.15 g of slag was pre-melted in a platinum
crucible (5 mm in diameter and 6 mm in height) within the HT-CLSM
furnace. A CA2 or CA6 particle was then placed on top of the
pre-melted slag, and the assembly was heated to the experimental
temperature according to a specified heating profile. High purity Argon
gas (99.999 %) was purged into the furnace with a flow rate 20 mL/min
(cc) throughout the dissolution experiment. The entire dissolution pro-
cess of the CA2 and CAG6 particles was recorded in real-time using a CCD
camera at a frame rate of 5 Hz. It should be noted that the mass of the
CA2 or CA6 particle used in each dissolution experiment is less than 0.1
wt% of that of slag to avoid changing slag composition and properties.
Post-experimentation, the ImageJ [23] software was used to measure
the changes in the projection area (A) of the dissolving CA2 and CA6
particles. A was measured manually based on the contrast difference
between the particle and molten slag. Each image was measured three
times, and the average values were reported.

Fig. 2 illustrates the schematization of the sample setup and the
heating profile. The CA2 or CA6 particle and platinum crucible con-
taining pre-melted slag were placed in an alumina crucible positioned on
a sample holder. A B-type thermocouple at the base monitored the
temperature (Fig. 2(a)). Each dissolution experiment followed the same
heating profile (Fig. 2(b)), including a rapid heating rate of 1000 °C/min
to 1500 °C, followed by 50 °C/min until reaching the test temperature of
1550 °C. The start time of dissolution, ty, was defined as when the CA2
or CA6 particle was seen to be fully immersed into the molten slag at the
test temperature. The experiment continued until the particle had fully
dissolved.

Interrupted dissolution experiments were performed on three CA6
particles in slag: S3 after 60 s and 600 s, and S6 after 10 s, respectively.
The system was then quenched using helium (Fig. 2(b)). The samples
obtained from the interrupted experiments were grounded and polished
for electron microscopy. SEM-EDS analysis (with carbon coating, 15 nm
thickness) was performed using a JEOL 6610 LV to characterize the CA6
particle — slag interface.

3. Results and discussions

This section begins with the thermodynamical analysis of CA2 and
CAG6 particles dissolution in slags at 1550 °C using the Phase Diagram
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Fig. 2. Schematic illustration of (a) sample setup and (b) the heating profiles
used in dissolution and interrupted experiments.

module of FactSage 8.0 with FToxid database [19]. The objective of
Section 3.1 is to better understand the influence of slag composition on
the dissolution paths of CA2 and CA6 particles and predict potential
stable phases. Section 3.2 provides experimental results on the impacts
of slag viscosity, C/A ratio, and MgO content on the dissolution kinetics
of CA2 and CA6 particles. The underlying mechanisms of these effects
are analyzed and discussed. In Section 3.3, the dissolution paths of CA6
in slag S3 and S6 are determined. A comparison of the dissolution paths
between the thermodynamic predictions (calculations) and the experi-
mental observations incorporating SEM-EDS analysis of particle - slag
interface is presented, providing the formation mechanisms of the in-
termediate solid products. Building on both thermodynamic predictions
and experimental results, Section 3.4 proposes two different dissolution
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mechanisms of solid particles and evaluates their impact on the disso-
lution kinetics. Finally, Section 3.5 provides a brief discussion on slag
selection considerations for optimizing NMIs removal while balancing
refractory service life.

3.1. Thermodynamics analysis

Fig. 3 compares the phase changes with respect to MgO content in
slag phase, including the ternary phase diagram for CaO-Al;03-SiO5
(Fig. 3(a)), the pseudo-quaternary phase diagram 4 wt% MgO-CaO-
Aly03-Si0O2 (Fig. 3(b)) and 8 wt% MgO-Ca0-Aly03-SiOy (Fig. 3(c)).
These diagrams highlight the compositions of CA2 and CA6 particles,
the initial compositions of the eight slag groups, and potential phase
zones. Additionally, black solid lines represent two-phase tie lines, while
red dashed and solid arrows denote the expected dissolution paths of
CA2 and CAG6 particles in the eight slags.

Although the particle dissolution is inherently a non-equilibrium
process and the dissolution path may not follow a straight trajectory,
the phase diagrams provide valuable insights into the phases that may
precipitate near the CA2 and CA®6 particles during dissolution. Notably,
the initial compositions of all eight slags are located within the fully
liquid region of the phase diagrams, as shown in Fig. 3.

Fig. 3(a) presents the expected dissolution paths of CA6 particles in
slag S1 - S4 and CA2 particles in slag S4. The expected dissolution paths
of CA6 particles in slag S1 and S2 do not intersect phase zones ay or ag,
suggesting that no intermediate solid products are likely to form.
Conversely, the dissolution paths of CA2 and CA6 particles in slags S3
and S4 traverse the phase zone containing melilite, suggesting potential
precipitation on the particle surface.

Fig. 3(b) depicts the expected dissolution paths for CA6 particles in
slag S5 and S7, and the dissolution path of CA2 particles in slag S5. For
the dissolution of CA2 particles in slag S5, the dissolution path crosses
phase zones by and bs, predicting the formation of intermediate product
like spinel (MA). Similarly, for CA6 particles in slag S5 and S7, the in-
termediate solid products like 2CaOe2MgOe14Al,03 (C2M2A14),
CaOe2MgOe8Al,03 (CM2A8), and MA are expected to form.

Fig. 3(c) illustrates the dissolution path of CA6 particles in slag S6
and CA2 particles in slag S6 and S8. For CA6 particles in slag S6, similar
intermediate solid products (CA2, CM2A8, and MA) are expected as in
slag S7. For CA2 particles, MA is the only predicted intermediate solid
product in slag S6 and S8.

Generally, the formation of an intermediate solid product layer on
the surface of a solid particle can impede the dissolution of particles by
retarding the transport of products from and reactants to the particle
surface [24]. Moreover, the formation of intermediate solid layer around
the undissolved particle would decrease the concentration difference
(ACQ) of the dissolving species by changing the bulk slag and the particle
- slag interface to solid product layer - slag interface, thereby reducing
the AC for dissolution compared to systems without intermediate solid
layer formation [16]. In the present study, the AC for CA2 and CA6
particles dissolution is assumed to be the concentration difference be-
tween the bulk slag and the saturation content for Aly03 (ACay,0,). This
assumption is supported by the significantly small size and higher
diffusion coefficient of Ca®* cation compared to AlO)~ anion [25].

3.2. Dissolution kinetics parametric study

3.2.1. Effect of slag viscosity on the dissolution kinetics of CA6 particles

The influence of slag viscosity on the dissolution kinetics of CA6 was
examined using slags, S1, S7, and S5, with similar ACyy,0, and slag C/A
ratio but varying slag viscosities. In slag S1 and S7, CA6 particles
exhibited slow motion during the dissolution process, while in slag S5,
the particle moved rapidly.

It is well known that the slag viscosity strongly relates to its structure
at molten status. Polymer- and structure-based theories [26] suggest

Ceramics International 51 (2025) 42315-42326

a,: slag
a,: melilite + slag

ay: melilite + slag

a,: CA2 + melilite + slag
as: CA2 + slag

ag: CA6 +slag

a;: CA2 + CAG + slag
ag: A+ CA6 +slag

: A +slag

1550°C, latm

ag 75 A ¢
ALO; cAé o08ca2 06 04 0.2 CaO
mass fraction
sio,

(b)
4 wt.% MgO,

v, slag
1550°C, latm D

b
byt MA + slag

by: CA2 + MA + slag

by CA2 + CM2A8 + MA + slag

bs: CA2 + CM2AS +slag

bg: CA2 + C2M2A14 + CM2AS + slag
by: CA6 + CA2 + C2M2A14 + slag
bg: C2M2A 14 + slag

o C2M2A 14 + CM2AS + slag

bo: CM2AS8 + slag

o

g O 2\
ALO; ca6 o08caz 06 04 0.2 Ca0O
mass fraction
© Sio,
8 wt.% MgO, ¢ :slag
o 1 g
1550°C, latm ¢y MA + slag

o & “A2 + MA + slag
& ¢;: CM2A8 + CA2 + MA + slag

ALO; cas 08CA2 06 04 02 CaO

mass fraction

Fig. 3. Prediction of phase stability of the CA2 and CA®6 particles — CaO-Al,O3-
SiO, based slag systems at 1550 °C, (a) slag without MgO, (b) slag with 4 wt%
MgO, and (c) slag with 8 wt% MgO. Dash and solid arrows represent the
dissolution path of CA6 and CA2 particles, respectively. (C: CaO, A: Al,O3, S:
SiOy, M: MgO).
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that the types and quantities of oxides influence the structure of slag, as
these can function as either network formers or breakers. Slag oxides are
typically classified into three categories. The first category, “acid oxides,
” such as SiO9, forms complex three-dimensional networks of anionic
complexes. The second category, “basic oxides,” including CaO and
MgO, disrupt these networks. The third category, “amphoteric oxides,”
exemplified by AlyOs, exhibits behavior that varies depending on the
slag composition and lacks a distinct categorization [26,27].

To quantitatively describe the slag structure, the parameter Q, i.e.
the degree of slag polymerization, was developed [25]. A higher Q value
denotes that the structural unit within the slag is larger, leading to
higher resistance for dissolving species transport in this molten slag.
Decreasing the Q value from 4 to 0 is known to modify the slag structural
unit from a 3D tetrahedra to a monomer [25]. For the CaO-Al;O3--
Si02-MgO slag system, Q can be calculated using the following equations
[25]:

Q=4 - NBO/Xr M
NBO = 2(Xcao0 + Xugo — 2X1,0,) ()]
X1 =Xsio, + 2Xa,0, 3)

where NBO is the number of non-bridge oxygen atoms, Xr is the number
of tetragonally-coordinated atoms, and X; is the molar ratio of compo-
nent i in the slag. The Q values for slag S1, S7, and S5 are 3.7, 3.5, and
2.6, respectively.

Fig. 4 presents the normalized area change of CA6 particles over
time. The total dissolution time of CA6 particles decreased from 819 s to
432 s by decreasing the slag viscosity from 4.4 to 3.3 Pa s, coupled with
an increase in ACyy,0, from 506 kg/m3 (15.5 wt%) to 521 kg/m3 (16.1
wt%). With a further decrease in the viscosity to 0.8 Pa s, coupled with
an increase in ACyj,o, to 707 kg/m3 (20.5 wt%), the total dissolution
time dropped to around 36 s. Moreover, the reduction in Q values from
3.7 to 2.6 suggests a transformation in the slag structure from a sheet-
like to a chain-like configuration [25]. This transformation decreased
the transportation resistance for dissolving species in the molten slag
and enhanced particles dissolution, consistent with previous studies
[13].

3.2.2. Effect of C/A ratio on the dissolution kinetics of CA6 particles
The influence of slag C/A ratio on the dissolution kinetics of CA6
particles was investigated in three slags with C/A ratios 0.9, 1.8, and 3.8,
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- ® S7,u=33Pas
0.8 1 " A S5 4=08Pas
A [ ]
A @ | |
i ®
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Fig. 4. Normalized area changes of CA6 particles as a function dissolution time
at 1550 °C in slags with different viscosities.
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each possessing approximately 40 wt% SiO5 at 1550 °C. Throughout the
dissolution process, CA6 particles exhibited slow motion in all three
slags.

Fig. 5 shows the normalized area change of CA6 particles with time.
The total dissolution time of CA6 particles was initially dropped from
819 s to 174 s by increasing the C/A ratio from 0.9 to 1.8. This decrease
can be attributed to a reduction in slag viscosity from 4.4 to 2.8 Pa s and
adecrease in Q from 3.7 to 3.1, coupled with an increase in ACyy,0, from
506 kg/m® (15.5 wit%) to 912 kg/m® (28.7 wt%). However, with a
further increase in the C/A ratio to 3.8, the total dissolution time un-
expectedly increased to 1001 s despite a further reduction in slag vis-
cosity and Q to 1.2 Pa s and 2.3, respectively. This suggests that although
the resistance was lower for the transportation of the dissolving species
in this slag, the change in the slag structure, from a sheet-like to a chain-
like structure, may have altered the dissolution behavior. [25]. Even
though there is a drop in ACyy,0, to 793 kg/m3 (26.5 wt%), this increase
is likely due to the potential formation of intermediate solid product
melilite, as predicted by the phase diagram in Section 3.1. Similar
dissolution behaviors have been reported by the current authors [13] for
the dissolution of CA2 particles in those three slags at 1550 °C.

3.2.3. Effect of MgO content on dissolution kinetics of CA2 and CA6
particles

The influence of MgO content on the dissolution kinetics of CA2 and
CAG6 particles was analyzed at 1550 °C in three slags with MgO content
of 0, 4, and 8 wt%. Those slags had a similar C/A ratio of 1.32 and a
similar SiO, content of 16 %.

Fig. 6 illustrates the normalized area change of CA2 particles as a
function of time. The total dissolution time of CA2 particles decreased
from 47 s to 17 s with an increase of MgO content from 0 (slag S4) to 8 wt
% (slag S6). This trend is attributed to the combined effects of an in-
crease in ACy,0, from 694 kg/m?> (19.7 wt%) to 959 kg/m? (27.0 wt%),
a reduction in slag viscosity from 0.9 to 0.7 Pa s, and a decrease in Q
from 2.97 to 2.56.

Slag S8 with 8 wt% MgO (red circle in Fig. 6) and slag S4 without
MgO (solid red circle in Fig. 6), had similar ACyy,0, (690 kg/mB), were
compared to examine the specific influence of MgO content on the
dissolution kinetics of CA2 particles. Additionally, the Q values are
comparable for S4 (3.0) and S8 (3.1). The total dissolution time of CA2
particles decreased from 47 s to 22 s by increasing the MgO content from
0 to 8 wt%. The slight reduction in slag viscosity from 0.9 to 0.7 Pa s is
unlikely to contribute this improvement. By comparing the dissolution

1.0
®H S1,C/A=09
h ® S2,C/A=18
0.8 - A S3 C/A=338
T e TAa
|
A
-0'6_. IAA
= ® .*A
<
LY N
044 @ m A
o "a A
H A
A
0.2 1 r
[ J .l“A
° .5- "
() A
0.0 S— , R
0 300 600 900 1200
time (s)

Fig. 5. Normalized area changes of CA6 particles as a function of time at
1550 °C in slags with different C/A ratios.
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Fig. 6. The normalized area changes of CA2 particles as a function dissolution
time at 1550 °C in slags S4-S6 with different MgO contents but same C/A ratio,
slags S4 and S8 with different MgO contents but similar ACaj203.

paths of CA2 particles in slags S4 and S8, shown in Fig. 3(a) and (c), it is
seen that the intermediate solid product MA only forms during CA2
particle dissolution in slag S8. The current authors claim that the for-
mation of MA phase positively impact the dissolution kinetics, con-
trasting the role of melilite in slag S3 for CA2 dissolution reported in
[13]. This comparison suggests the formation of intermediate solid
products might have different impacts on the dissolution kinetics of
particles. More discussions were given in Section 3.4.

CAG6 particles moved and rotated in all three molten slags during the
dissolution process. Fig. 7 shows the normalized area change of CA6 as a
function of time for slags with varying MgO contents. The total disso-
lution time of CA6 decreased from ~49 s to ~36 s as the MgO content
increased from O to 4 wt%, due to the increase of ACyj,0, (229 kg/m3
(6.8 wt%) to 707 kg/m3 (20.5 wt%)), combined with a slight decrease in
slag viscosity from 0.9 to 0.8 Pa s and a decrease in Q from 3.0 to 2.8.
Further increase in the MgO content to 8 wt%, the dissolution time
further decreased to 24 s. At this MgO content, the slag viscosity and Q
were slightly decreased to 0.7 Pa s and 2.6, respectively, while the A
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Fig. 7. The normalized area changes of CA6 particles as a function dissolution
time at 1550 °C in slags with different MgO contents.
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Cal,0, dropped to 114 kg/m> (3.6 wWt%). Moreover, an examination of
the dissolution pathways indicated that the intermediate solid products
were expected to form during CA6 dissolution in all three slags, as
detailed in Section 3.1. This behavior suggests that factors, such as the
formation of intermediate solid products, beyond ACyj,0, and slag vis-
cosity may influence the dissolution kinetics of the CA6 particles at high
MgO content, or the formation of intermediate solid products might
affect the prediction of ACyj,0, using FactSage 8.0 [19]. More discus-
sions were given in the following sub-section.

3.3. Determination of dissolution path

To gain deeper insights into the impact of the dissolution path of CA2
and CAG6 particles on the dissolution kinetics, the interrupted dissolution
experiments for CA6 particles were performed in slag S3 after 60 s and
600 s, and in slag S6 after 10 s dissolution, respectively. SEM-EDS
analysis was conducted along the CA6 particle — slag interface, and
the results were analyzed in conjunction with thermodynamic calcula-
tions using FactSage 8.0 [19]. The results are presented in Figs. 8-11.
Moreover, the potential chemical reactions forming the intermediate
solid products, indicated by phase diagrams and SEM-EDS results, dur-
ing those dissolution processes were obtained using Reaction module of
FactSage 8.0 with FToxid database [19], as listed in Table 2. From the
thermodynamic point view, the free Gibbs energy of each reaction at
1550 °C is negative, indicating all those reactions can happen at
experimental conditions. It also can be found that the reaction constant,
Keg, at equilibrium condition for Reactions (2), (4-6), and (8-10) is
much greater than that of Reactions (1), (3) and (7), showing Reactions
(2), (4-6), and (8-10) are much faster compared to that of Reactions 1, 3
and 7 under the same experimental conditions.

Fig. 8(a) shows the in-situ image of the CA6 particle dissolving in slag
S3 at 1550 °C after 600 s. The undissolved particle is outlined by a red
dash boundary. A surrounding layer, visible between the solid black line
and red dash line, exhibits a semi-transparent appearance distinct from
the opaque undissolved particle. This indicates the formation of a new
product layer during the dissolution process. A similar phenomenon has
been reported by Liu et al. [10] for the dissolution of MgO particle in
29.9Ca0-23.5A1,03-39.35i05-7.3Mg0O (wt.%) slag at 1600 °C. Addi-
tionally, gas bubbles are visible on the surface of the undissolved par-
ticle, likely resulting from air trapped within the pores of the CA6
particle.

Fig. 8(b) illustrates the SEM backscattered electron image of the CA6
particle — slag S3 interface after 600 s dissolution, highlighting three
distinct regions based on variations in contrast and line scan results
(Fig. 9(c)). The white region beyond the solid black line corresponds to
slag S3, the gray region between the solid black line and the red dashed
line represents the intermediate solid product layer melilite, and the
dark gray region within the red dashed boundary contains a mixture of
undissolved CA6 particle, melilite, CA2 and slag. These features align
well with the morphology observed in the in-situ image (Fig. 8(a)). The
apparent shape difference between the particle in the in-situ image and
the SEM image arises from the projection area captured in the in-situ
image, while the SEM image reflects the actual cross-sectional shape
after polishing. Note that in some circumstances, over-polishing can lead
to shape alterations in the sample.

To provide a clearer view of the interface, a localized area spanning
the three regions, marked by a white dashed boundary in Fig. 8(b), was
magnified to 1000x (Fig. 8(c)). The magnified image distinctly high-
lights the color differences between the regions, revealing gray areas
within the black region. The SEM-EDS point analysis, presented in
Table 3, indicates that spectra 1 and 3 in the white region match the
elemental composition of slag S3, confirming it as the bulk slag. The gray
regions (spectra 2, 4-6, and 10) align with the composition of melilite,
while spectra 8 and 11 in the black region correspond to the CA2 phase.
Moreover, spectra 7 and 9 in the light black region indicate a mixture of
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Fig. 8. Images showing the formation of distinct phases during CA6 particle dissolution in slag S3 at 1550 °C after 600 s. (a) in-situ image, and (b-c) SEM back

scattered electron images.

these phases. The results suggested that molten slag, penetrated through
the pores of CA6, formed new phases of melilite and CA2 through Re-
actions 1-4.

To accurately interpret the line scan results and with respect to the
dissolution path, a systematic approach was employed to distinguish
between the CA6 particle, slags (S3, S6), and intermediate solid products
(C2AS (melilite), CA2, MA, and CM2A8). Each of these compounds has a
distinct elemental composition, as summarized in Table 4. Thus, the
SEM-EDS line scan data along the particle — slag interface were
compared with the theoretical compositions of those potential com-
pounds. Regions along the scanned line were identified as particle, slag,
intermediate solid products or mixture based on their elemental
composition. For example, in the CA6 particle - slag S3 system, the non-
Siregions, with Al and Ca constituting ~48 and ~6 wt% at the particle —
slag interface, can be classified as CA6, while regions where Ca, Al, and
Si coexist, with Ca, Al and Si constituting ~30, ~20 and ~10 wt%, can
be identified as melilite. Boundary layers are regions having a
decreasing Ca and Si composition while the Al content steadily in-
creases. The regions where Ca, Al, and Si coexist, with Ca and Si
constituting ~34 and ~17 wt% can be classified as slag S3. The other
regions can be considered as mixtures.

Fig. 9 presents the SEM backscattered electron image, and the ele-
ments Ca, Al, and Si distribution obtained from the EDS line scan of the
CAG6 particle - slag S3 interface after 60 s (Fig. 9(a) and (b)) and 600 s
(Fig. 9(c)) of dissolution at 1550 °C, respectively. Following the defined
criteria, different regions were identified. In Fig. 9(a), the dark-gray
region in the center of SEM image presented undissolved CA6 particle
whereas light gray outer region was slag S3. New phases, such as CA2
and melilite, were identified between these two regions. This finding is
in good agreement with the thermodynamic predictions shown in Fig. 3
(a). Due to relatively high porosity of the CA6 particle, slag S3 was able
to penetrate towards the core of particle through the pores. No boundary
layer observed between the intermediate solid products and the undis-
solved particle, indicating the mass transfer of the dissolving species
through the intermediate solid layer was not the rate-limiting step for
CA6 particle dissolution. However, a boundary layer between slag S3
and the melilite was identified in Fig. 9(a), though not clearly visible due
to the long scan distance. To clarify this, a localized short line scan along
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the slag S3 — melilite layer was conducted (Fig. 9(b)), revealing a distinct
boundary layer based on the Al and Si contents distribution. Interest-
ingly, the Al content initially increased, then dopped to a content lower
than that in the bulk slag before rising to match that of melilite, while
the Si content increased before decreasing to a content similar as that in
the melilite. This differs from the continuous elements distribution trend
observed for CA2 particle dissolution in 30.5Ca0-23.2A15,03-46.3Si02
(wt.%) slag [12], and AlpO3 particle dissolution in CaO-MgO-SiO3-A-
1,03-TiO5 slags [28]. The observed Al drop at the melilite — boundary
layer interface is likely due to the growth of melilite on this side by
consuming Al, which results in Si enrichment.

A similar trend was observed for CA6 particle in slag 3 after 600 s
dissolution, as shown in Fig. 9(c). However, the average thickness of
melilite layer is noticeably thicker compared to that observed after 60 s
dissolution, suggesting its accumulation over time during the dissolution
process. It is important to note that the CA2 and CA6 regions primarily
consist of CA2 and CA®6, respectively, but also contain minor amounts of
other phases due to the penetration of molten slag through the pores.

In summary, SEM-EDS analysis confirmed that the formation of a
new intermediate solid phase as predicted by the thermodynamic cal-
culations is melilite, presented in the form of solid layer. This solid layer
around the undissolved particle reduced the dissolution rate of CA6
particle in slag S3 by inhibiting the transport of species and reducing A
Cal,0, by altering the interface from slag — particle to slag — intermediate
solid layer, significantly slowing dissolution kinetics.

Fig. 10(a) shows the in-situ image of CA6 particle dissolved in slag S6
at 1550 °C after 10 s. The region enclosed by the red dash boundary
represents the undissolved particle. Surrounding this, a distinct layer
can be observed between the solid black line, which is suggested to be
the boundary layer by the line scan results in Fig. 11. In addition, gas
bubbles were observed on the surface of the undissolved particle, likely
resulting from air trapped in the particle pores.

As shown in Fig. 10(b), the interface between the CA6 particle and
slag S6 after 10 s of dissolution at 1550 °C can be divided into three
distinct regions based on SEM backscattered imaging and EDS analysis:
the white region outside the solid black line corresponds to slag S6, the
gray region between the solid black line and red dashed line represents
the boundary layer, and the light black region enclosed by the red
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Fig. 9. SEM backscattered electron image and EDS line scan analysis of CA6
particle — S3 slag interface (a) through the entire undissolved particle and (b) at
the slag — product layer interface after 60 s dissolution, respectively, and (c)
through the entire undissolved particle after 600 s dissolution at 1550 °C.
Mixture 1 contains CA6 + CA2 + melilite + slag S3.
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dashed line denotes the undissolved particle.

SEM-EDS points and map scans were conducted on magnified areas
crossing these regions (Fig. 10(c) and (d)). The point scan results (Fig. 10
(c)-Table 5) show that spectra 2, 8, 10, and 11 align with the elemental
composition of CA6, confirming that the dark regions are undissolved
CA6 phase. Adjacent spectra, such as points 1, 7, and 9, match the CA2
phase composition, indicating the formation of CA2 as a reaction
product of CA6 with slag S6 (via Reactions (1) and (2)). In addition,
spectra 3 and 4 identify MA in the deep black regions near the CA2
phase, formed through Reactions (8) and (10). Further analysis reveals
that spectra 5, 6, and 12 correspond to a mixture of molten slag and
potential solid products, while spectra 13 and 14 in the outermost region
confirm the presence of slag S6. Notably, CM2A8 phase was not detec-
ted, possibly due to (a) its content being below the detection limit or (b)
its rapid consumption through subsequent Reaction (10). The SEM-EDS
map scan of another region (Fig. 10(e)) further corroborates these
findings. The elemental distributions observed in the map scan confirm
the compositions and spatial arrangements of CA6, CA2, MA, and slag
S6, consistent with the results of point and line scans.

To gain deeper insight into the dissolution mechanism, the SEM-EDS
line scan was done along the CA6 particle — slag S6 interface after 10 s of
dissolution at 1550 °C. Fig. 11 presents the SEM backscattered electron
image, and the elements Ca, Al, Si, and Mg distribution obtained from
the line scan, revealing distinct regions along the interface. On the left
side of the scanned line, slag S6, followed by a boundary layer of about
80 pm. Beyond this layer, a mixed region is observed, characterized by
fluctuations in elemental concentrations and comprising CA6, CA2, MA,
and slag S6. This finding aligns well with the points scan results at other
regions of this interface.

Based on the above analysis, the dissolution behavior of CA6 parti-
cles in slag S6 can be summarized as follows. Initially, a distinct
boundary layer formed between the particle and the bulk slag. As slag
penetrates through porous CA6 particle, they reacted and produced in-
termediate solid products of MA, and CA2. These products occurred in
small amounts, had a small size, and were randomly dispersed. Due to
their small size, the particles didn’t obstruct the transport of reactants to
the CA6 particle — slag S6 interface, maintaining the slag - particle
interface rather than forming a new intermediate solid product - slag
interface, unlike the dissolution behavior of CA6 particle determined in
slag S3, where the intermediate solid product layer (melilite) formed
around the particle. They were considered not to hinder the dissolution
of CA6 particles. As a result, the ACyj,0, was not affected by the for-
mation of these products on the particle surface. This finding highlights
the importance of where the solid products form and clarifies the dif-
ferences between dissolution experimental results. It also confirmed that
the limitation of thermodynamic model prediction on ACyy,0,, espe-
cially for the presence of intermediate solid products.

3.4. Dissolution mechanisms of particles in molten slags

Based on the detailed analysis of CA2 and CA6 particles dissolution
in different slags, two distinct dissolution mechanisms have been iden-
tified for the dissolution of solid particles, corresponding to three types
of behavior schematically illustrated in Fig. 12(a)-(c), as well as the
concentration profile of the dissolving species in Fig. 12 (al) - (c1). The
dissolution process can generally be categorized into two types: (1)
direct dissolution and (2) indirect dissolution.

In addition to the size evolution, the role of dissolved species diffu-
sion in governing dissolution behavior is considered, as diffusion co-
efficients can vary depending on slag composition, temperature, and the
presence of interfacial reaction products.

3.4.1. Direct dissolution

As shown in Fig. 12(a), the particle dissolves directly into the molten
slag, with its size gradually decreasing until it is fully dissolved. A
boundary layer forms at the interface once the particle is immersed in
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Fig. 10. Images showing the formation of different phases during CA6 particle dissolving in slag S6 at 1550C. (a) in-situ image at 10 s, (b-d) SEM back scattered

electron image, and (e) SEM-EDS map scan results.

the molten slag. Reactants and products are transported across this
boundary layer, making mass transport through the layer the rate-
limiting step. Additionally, the driving force (AC) (concentration dif-
ference of the dissolving species between the particle — slag interface (Cs)
and the bulk slag (Cp)) is constant (AC = Cs - Cp) during the dissolution
process (Fig. 12(al)). CA6 particles dissolving in slags S1, S2, and S4
followed this mechanism. In this case, the effective diffusion coefficient
of the dissolving species in the molten slag is controlled by the tem-
perature and slag viscosity and the values varied between 1.25%10~ !
and 1.09*1071°, These values agree with those available in open liter-
ature [11,12].

Fig. 12(b) presented the second case of direct dissolution, where
intermediate solid products formed during the dissolution process,
presented as randomly dispersed and tiny particles around and within
the undissolved particle, due to the chemical reactions between the slag
and the solid particle, as depicted from ty to tp. Then they dissolved
within the slag together with the undissolved particle, as shown from t;
to t4. The formation of these types of products has no impact on the AC

(Cs - Cp), as their amount is too small to change the C}, and the interface
between solid particle - slag, as shown in Fig. 12(b1). The dissolution of
CA2 and CA6 in MgO-containing slags (S5, S6, S7, S8) is expected to
result in the formation of intermediate products. The presence of MgO in
slags S5-S8 may reduce slag viscosity and enhance ionic mobility,
potentially increasing the diffusion coefficients of dissolving species and
accelerating overall mass transport. Given that the dissolution occurred
more rapidly in the presence of MgO, it can be inferred that the for-
mation of these particles may further consume CA2 and CA6 through
additional reactions alongside the dissolution process in the slag. While
it would be premature to conclude that dissolution is accelerated by
formation of the intermediate particles, they do not impede the disso-
lution process.

3.4.2. Indirect dissolution

Under this mechanism illustrated in Fig. 12(c), once the particle is
fully immersed into the slag, the formation rate of intermediate solid
products exceeds their dissolution rate. As a result, these products grow
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Fig. 11. SEM back scattered electron image and EDS line scan analysis of CA6
particle — slag S6 interface after 10 s dissolution at 1550 °C. Mixture 2 contains
CA6 + CA2 + MA + slag S6.

Table 2

A list of potential chemical reactions for the formation of intermediate solid
products during CA2 and CA6 particles’ dissolution process in molten slags.
These reactions are calculated using Reaction module of FactSage 8.0 with
FToxid database [19].

Reactions AG=a+bT T =1823K
(1573-2273K)
AG (J) Keq

1 (CA6)s + (C); = 2(CA2), 97,340-90.65T —432056 17.29
+ 2(A)

2 (CA6)s + 2(C); = 3(CA2);  —212,831 + 11.39T —195375  3.96E5

3 (CA6)s + (C) + (S = 328,603-213.14T —1529 1.11
(C2AS); + 5(A);

4 (CA2)s 4+ (C) + (S = —78,909-20449.01T —110494  1.46E3
(C2AS); + (A)

5 (CA6)s + (Ch +2(M) +8  -1E6+499.49T —495875  1.61E14
(A), = (C2M2A14),

6 2(CA6)s + 2(M); + 2(A), —551,979 + 204.75T —234741  5.31E6
= (C2M2A14),

7 (A) + (M); = (MA) —115,132 + 26.59T —542956  35.94

8 (C2M2A14), + 2 (M) + —442,000 + 144.61T —105900  1.08E3
2(A); = 2(CM2A8),

9 (CA6)s + 2(M); + 2(A)1 =  —496,990 + 174.68T —226376  3.06E6
(CM2A8),

10  (CM2A8)s + 6(M), = 8 —306,316 + 37.71T —276388  8.29E7
(MA)s + (C)

C: Ca0, A: Al,O3, S: SiO5, M: MgO. The subscript s and 1 denote the solid and
liquid state of the phases, respectively.

and form a continuous solid layer around the particle, as indicated from
typ to to. This layer inhibits the transport of reactants and products,
causing no boundary layer to form between the undissolved particle and
the intermediate solid layer. However, a boundary layer formed be-
tween the bulk slag and the intermediate solid layer. Additionally, as
shown in Fig. 12(cl), the formation of the intermediate solid layer
significantly decreased the AC (Cs; - Cp) by altering the interface from
slag — particle to slag — intermediate solid layer, significantly slowing the
dissolution kinetics. CA2 particles [13] and CA6 particles dissolving in
slag S3 followed this mechanism. The formation of this dense layer is
also expected to reduce the effective diffusion coefficients of dissolving
species due to lower ionic mobility through the solid reaction product
layer. This added resistance to mass transport further contributes to the
observed slowdown in dissolution kinetics.
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Table 3

SEM-EDS point scan results along CA6 — slag S3 interface in Fig. 8(c).
Spectrum Elemental Composition (wt.%) Phases

Ca Al Si

1 32 11 17 slag S3
2 29 19 12 melilite
3 31 10 17 slag S3
4 29 17 13 melilite
5 28 20 11 melilite
6 29 20 11 melilite
7 4 38 16 mixture
8 16 41 1 CA2
9 14 24 18 mixture
10 28 20 11 melilite
11 15 40 2 CA2

Table 4

Elemental composition of CA6 particle, slags, and relevant intermediate solid
products.

Elemental composition (wt.%)

Ca Al Si Mg
CA6 6 48 0 0
Slag S3 34 7 17 0
Slag S6 30 18 7 5
CA2 15 42 0 0
MA 0 38 0 17
C2AS 29 20 10 0
CM2A8 4 45 0 5
Table 5
SEM-EDS point scan results along CA6 particle — slag S6 interface in Fig. 10(c).
Spectrum Elemental Composition (wt.%) Phases
Ca Al Si Mg
1 14 40 1 2 CA2
2 6 48 0 0 CA6
3 0 38 0 17 spinel
4 1 38 0 17 spinel
5 26 26 6 1 mixture
6 27 25 7 1 mixture
7 17 41 0 0 CA2
8 6 48 0 0 CA6
9 16 42 0 0 CA2
10 6 49 0 0 CA6
11 6 49 0 0 CA6
12 26 34 0 0 CA
13 29 21 6 4 slag S6
14 29 19 7 5 slag S6

3.5. Practical viewpoint for the steelmaking process

In steelmaking, a comprehensive understanding of the dissolution
behavior of particles in steelmaking slags, particularly those formed as
solid inclusions and used in refractories (e.g., CA2 and CA6), is crucial
for enhancing steel cleanliness and extending refractory service life. To
improve steel cleanliness, this study suggests that slags with a C/A ratio
between 1 and 2, low SiO; content, and approximately 5 wt% MgO are
preferred. This composition promotes particle dissolution via the direct
dissolution mechanisms, enhancing refining efficiency. Conversely, to
extend refractory longevity, the indirect dissolution mechanism is
desirable for interactions between molten slag and refractories. For
instance, high C/A ratio slags promote the formation of a continuous
solid product layer, which acts as a diffusion barrier. This slows the
dissolution process, and prevents contamination, thereby preserving
refractory performance.
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Fig. 12. Schematic diagram for dissolution mechanism of solid particles in molten slag (a) Direct dissolution without intermediate solid products formation, (b)
Direct dissolution with formation of intermediate solid products, and (c) Indirect dissolution. (al) - (c1) present the concentration profile of the dissolving species
corresponding to these dissolution mechanisms (C;, Cp,, and C;, donate the concentration of the dissolving species at particle — slag interface, in the solid product, and

in bulk slag, respectively.).
4. Conclusions

This study systematically investigated the impacts of slag C/A ratio
and slag viscosity on the dissolution kinetics of CA6 and CA2 particles at
1550 °C in Ca0-Al;03-SiO2-(MgO) metallurgical slags, utilizing HT-
CLSM. Post-dissolution analysis through SEM-EDS and thermodynamic
calculations provided insights into the dissolution path and mecha-
nisms. Three distinct dissolution mechanisms were proposed based on
these findings. The key conclusions are as follows:

(1) There are two distinct dissolution mechanisms of solid particles,
(a) Direct dissolution: 1) No intermediate solid products form, and
the dissolution kinetics are controlled by the mass transport
of species through the boundary layer. The driving force
(ACan,0,) is constant. 2) Irregular dispersed intermediate
solid products formed during the dissolution process due to
the chemical reactions between the molten slag and the
particle. However, they do not have an impact on the AC and

do not retard the dissolution kinetics of the particle.

(b) Indirect dissolution with solid layer formation: An intermediate
solid layer forms around the particle, inhibiting the transport
of species and reducing ACy,o, by altering the interface from
slag — particle to slag — intermediate solid layer, significantly
slowing dissolution kinetics.

(2) The impact of intermediate solid products on dissolution kinetics
was strongly influenced by their morphology, whether they
formed a solid layer or randomly dispersed intermediate solid
particles. This morphological effect significantly influenced AC
but was not fully captured in the thermodynamic modelling.

(3) Anincrease in the C/A ratio and a decrease in the viscosity of slag
enhanced the dissolution rate of CA6 particles. However, it was
observed the formation of a solid product layer (melilite) around

the CA6 particle in slag with a C/A ratio of 3.8 acted as a hin-
drance, impeding its dissolution.

(4) The dissolution kinetics of CA2 and CA6 particles were improved
with increased MgO content in slag.
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