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Abstract: 12 

Dissolution kinetics of CaO∙2Al2O3 (CA2) particles in a synthetic CaO-Al2O3-SiO2 steelmaking slag system has 13 

been investigated using high-temperature confocal laser scanning microscope (HT-CLSM). Effects of temperatures 14 

(i.e., 1500, 1550, and 1600°C) and slag composition on the dissolution time of CA2 particles are investigated, along 15 

with the time dependency of the projection area of the particle during the dissolution process. It is found that the 16 

dissolution rate was enhanced by either an increase of temperature or a decrease of slag viscosity. Moreover, a higher 17 

ratio of CaO/Al2O3 (C/A) leads to an increased dissolution rate of CA2 particle at 1600°C. Thermodynamic 18 

calculations suggested that the dissolution product, i.e. melilite formed on the surface of the CA2 particle during 19 

dissolution in slag with a C/A ratio at 3.8 at 1550°C. SEM-EDS analysis of as-quenched samples confirmed the 20 

dissolution path of CA2 particles in slags with C/A ratio at 1.8 and C/A  ratio at 3.8 as well as  melilite formed on the 21 

surface of CA2 particle. The formation of this layer during the dissolution process was identified as a hindrance, 22 

impeding the dissolution of CA2 particle. The current study offers a valuable reference for designing or/and choosing 23 

the composition of top slag for clean steel production, especially using calcium treatment during the secondary refining 24 

process.  25 
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1 Introduction 31 
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The presence of non-metallic inclusions (NMIs) in steel degrades the final product’s mechanical properties, such 32 

as tensile strength and corrosion resistance.[1, 2]  Moreover, specific types of NMIs can cause some engineering 33 

problems, such as clogging of the submerged entry nozzle (SEN) during continuous casting.[3]  As a result, it is crucial 34 

to minimize the presence of NMIs in steels.  35 

Different approaches have been developed and applied to control and remove NMIs during secondary steelmaking 36 

process. Two common approaches are introduced here. The first one is the modification of NMIs’ composition and 37 

morphology in liquid steel. A well-known example is the calcium treatment for aluminum killed steel, which modifies 38 

the solid alumina inclusions to become liquid or semi-liquid calcium aluminates and changes their shape from irregular 39 

to spherical. These modifications significantly reduce the risk of SEN clogging and product defects.[4-6] However, 40 

inadequate calcium addition can result in incomplete alteration of alumina inclusions, leading to the creation of 41 

undesired solid inclusions like CaO∙2Al2O3 (CA2) and CaO∙6Al2O3 (CA6). If these compounds form, there is an 42 

enhanced risk of blockages within the SEN during continuous casting. The second approach is the removal of NMIs 43 

from the liquid steel into the molten slag. The removal of NMIs out of the liquid steel can occur in the ladle, tundish, 44 

or continuous caster. Irrespective of the process, removal occurs in three stages: 1) flotation of the inclusion from bulk 45 

steel to the steel-slag interface, 2) separation of the inclusion from the steel-slag interface, and 3) dissolution of the 46 

inclusion into the steelmaking slag. For the last stage, a rapid dissolution of NMIs is desirable. If the dissolution 47 

kinetics of NMIs are insufficient, they may oscillate at the slag interface, elevating the risk of re-entrainment. 48 

Over the past few decades, different approaches have been applied to investigate the dissolution of NMIs in the 49 

steelmaking slags, especially  temperature is the key parameter to be investigated.[7-9] The most common approach 50 

is the so-called rotating finger test, or named rotating cylinder test and rotating dip test. For this method, firstly, an 51 

oxide cylinder with a diameter of about 1 cm is inserted into the liquid slag, and secondly, the dissolution kinetics are 52 

determined from the reduction in the diameter of the cylinder. While this method has provided much insight into 53 

NMI’s dissolution, a significant limitation is the substantial difference in size between the immersed oxide cylinder 54 

and oxide inclusions that occur during the process. Potentially, the difference raises doubts regarding the applicability 55 

of data obtained from centimeter-sized samples to dissolution kinetics at micron-scale dimensions.  56 

High-temperature confocal laser scanning microscope (HT-CLSM) is a robust facility that has been developed in 57 

the last two decades and provides an in-situ real-time observation capability for investigating the behavior of micron-58 

size NMIs under conditions relevant to the steelmaking process. Sridhar et al.[10] first reported the dissolution process 59 

of alumina inclusion in the molten slag. Since then, several studies have been carried out to study the dissolution of 60 

different types of inclusion in molten slags. These studies were primarily directed towards the elucidation of the 61 

dissolution mechanisms and kinetics of single-phase NMIs including Al2O3 [1, 10-21], MgO [1, 13, 15, 22], CaO [23, 62 

24], and SiO2 [2, 25, 26], as well as the complex NMIs, MgAl2O4 [1, 13, 15, 27] and Al2TiO5 [28-30] in the steelmaking 63 



slag systems, e.g. CaO-Al2O3-SiO2 with or without MgO at high temperature ranging from 1250 to 1630 °C. Besides 64 

the above mentioned inclusion types, limited information is available in the open literature regarding the dissolution 65 

kinetics of calcium aluminate inclusions, e.g., CaO∙2Al2O3 (CA2)[6] in steelmaking slags. Miao et al.[6] conducted 66 

pioneering research on the dissolution of CA2 in two CaO-Al2O3-SiO2 type slags at different temperatures. Their 67 

findings indicated that mass transfer of the dissolving species within the molten slag is the rate-limiting step for CA2 68 

dissolution. Furthermore, they observed that the dissolution rate of CA2 was enhanced by higher temperatures and 69 

lower SiO2 content in slag. However, the study employed two types of slags with different C/A (CaO/Al2O3) ratios 70 

and SiO2 contents to study the effect of SiO2 content on the dissolution rate of CA2 particles. This introduces 71 

uncertainty regarding the role of the C/A ratio in accelerating CA2 dissolution. Moreover, the impact of one of the 72 

most critical factors, the C/A ratio of the refining slag, affecting the total oxygen in molten steel[31], was not explored 73 

in relation to the dissolution kinetics of the CA2 particles. Systematic study of the important process parameters is 74 

required for a better understanding of the dissolution kinetics and mechanisms of these complex inclusions for 75 

achieving clean steel production during the secondary steelmaking process.  76 

This study fills the above-mentioned knowledge gap by combining in-situ observation of CA2 particle dissolution 77 

via HT-CLSM, thermodynamic calculations, and electron microscopy. The effect of temperature and slag properties 78 

(C/A) ratio and slag viscosity) was quantified. Moreover, the dissolution path of CA2 in two slags at 1550oC was 79 

determined.  80 

 81 

2 Methodology 82 

2.1 Materials 83 

Steelmaking type slags were synthesized in the laboratory using high purity (>99.5%) laboratory-grade powders 84 

of CaCO3, CaO, SiO2 and Al2O3 obtained from Alfa Aesar, USA. The CaO powder was roasted at 1100°C for 12 hours 85 

under air before use to eliminate moisture and decompose any residual CaCO3 present in the powder. 86 

2.1.1 CA2 particle preparation 87 

For the preparation of CA2 particles, a total of 100 g of CaCO3 and Al2O3 powder in stochiometric proportions, 88 

were prepared. The mixture underwent a mixing process to get the well mixed powder. The details of the mixing 89 

process can be found elsewhere.[6] The powder was lightly moistened with approximately 5% distilled water. 90 

Approximately 20 g of the dried and moistened powder was compacted into a pellet with a diameter of 2.5 cm and a 91 

height of 2 cm. A pressure of 20 MPa was applied for 30 seconds to ensure proper pellet formation. These pellets were 92 

then transferred into an alumina crucible and subjected to sintering in a vertical tube furnace. The sintering process 93 

involved heating the pellets at a rate of 10°C/min until reaching 1600°C followed by an isothermal hold for 24 h. 94 

Subsequently, the pellets were gradually furnace cooled at 10°C/min to room temperature. Throughout the entire 95 



sintering process, argon gas was injected to maintain an inert atmosphere. The sintered pellets were characterized by 96 

performing room-temperature powder X-ray Diffraction (XRD) measurements using a PANalytical X’Pert diffraction 97 

instrument, which uses a copper source with a wavelength of 1.540 56 Å. A Rietveld refinement of the XRD pattern 98 

was performed using the FULLPROF suite. As can be seen in Fig. 1, the acquired XRD patterns matched those of the 99 

standard reference CA2[32]. Notably, no additional phases were detected, confirming the successful preparation of 100 

high-purity CA2. 101 

 102 

Fig. 1. XRD patterns of CA2 prepared by sintering at 1600°C for 24 h 103 

 104 

2.1.2 Slag preparation 105 

Several key factors were considered when designing the slag composition for dissolution experiments using HT-106 

CLSM. First, the slag had to be transparent (or semi-transparent) to enable clear observation of particle dissolution. 107 

Second, the liquidus temperature of the slag needed to be lower than that of the inclusions to ensure that the slag was 108 

completely liquid and had a homogeneous composition. Finally, slags were designed to provide different C/A ratios 109 

and different SiO2 content. CaO and Al2O3 were included to enhance the wettability of the slag with inclusions, while 110 

SiO2 supported the transparency of the slag. Transition-metal oxides such as FeO and CrOx were avoided as they 111 

increase the opacity of the slag.  112 

The preparation of slag samples involved mixing powder of CaO, SiO2, and Al2O3 in stochiometric amounts and 113 

heating them to the target temperature, i.e., 50°C higher than the theoretical liquidus temperature of the slag. This 114 

mixture was fully melted in a platinum crucible placed in a box furnace and then held isothermally for 4 h to ensure 115 

homogenization. Post-preparation, the composition of slag was confirmed by inductively coupled plasma optical 116 

emission spectroscopy (ICP-OES).  117 

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 118 

similar SiO2 content but different C/A ratios to study the effect of C/A ratio on CA2 dissolution kinetics; Slag S50, 119 

S40, and S10 had a similar C/A ratio and but different SiO2 content; these were fabricated to investigate the effect of 120 



slag viscosity on CA2 dissolution kinetics. The influence of temperature on the dissolution of CA2 particles was 121 

conducted in slag C/A_1. Please note that slag C/A_2 and S40 are identical. The different nomenclature is used in 122 

order to facilitate the discussion of the experimental results. 123 

 124 

Table 1 the slag composition and experimental temperatures 125 

Slags 
wt.% 

C/A T (°C) 
CaO Al2O3 SiO2 

C/A_1 29 32 39 0.9 1500, 1550, 1600 

C/A_2 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 

 126 

2.2 In-situ observation experiments 127 

An HT-CLSM (VL2000DX-SVF17SP, Yonekura) was employed to perform the dissolution experiments on the 128 

CA2 particles while making continuous in-situ observations. The technical details of the HT-CLSM facility and 129 

operation procedure can be found elsewhere[33]. The experiment was conducted as follows. Firstly, approximately 130 

0.15 g of slag was pre-melted in a Pt crucible of 5 mm in diameter and 6 mm in height within the high temperature 131 

furnace via fast heating and cooling. Secondly, a CA2 particle was placed on the top of the pre-melted slag. Third, the 132 

CA2-slag assembly was heated to the test temperature following a specified heating profile. Finally, the dissolution 133 

process was recorded via HT-CLSM at a frame rate of 10 Hz. To avoid changing the composition of the slag, the mass 134 

of the CA2 particle was kept very small, and less than 0.1% of the pre-melted slag.  135 

Fig. 2 illustrates the entire sample assembly. As can be seen, the Pt crucible, slag, and the CA2 particle were 136 

positioned within an alumina crucible, and on top of a sample holder. A B-type thermocouple, sheathed in an alumina 137 

tube, was affixed to the base of the sample holder to measure temperature. This setup resulted in a temperature gradient 138 

between the slag surface and the bottom of the alumina crucible; temperature calibration was performed by using a 139 

pure iron disc 5 mm in diameter and 2 mm in height. This revealed a temperature difference of around +17°C between 140 

the surface of the iron disc and the thermocouple. It should be noted that the molten slag wetted the Pt crucible and 141 

showed a concave surface; however, this does not affect the observation of the dissolution process. 142 

 143 



 144 

Fig. 2. The sample holder assembly used in the high temperature furnace  145 

 146 

Each test followed the same thermal profile, as shown in Fig. 3. A rapid heating rate of 1000°C/min was used to 147 

elevate the sample temperature to a value of 50°C lower than each testing temperature. Subsequently, a lower heating 148 

rate of 50°C/min was used to heat the sample to the testing temperature. This approach served to mitigate the premature 149 

dissolution of CA2 particle without overheating past the desired temperature. To ensure experimental repeatability, 150 

the dissolution experiments conducted in slag C/A_1 at 1550°C were repeated 4 times. Note that the onset time of 151 

CA2 dissolution, t0, was defined as the moment the particle was fully immersed in the molten slag after reaching the 152 

testing temperature. Furthermore, the dissolution path of the CA2 particles in slag C/A_2 and C/A_4 at 1550°C was 153 

interrupted after 90 s and 70 s dissolution by quenching the system using helium with a cooling rate at 2000°C/min, 154 

respectively. After the experiments were completed, SEM-EDS microanalysis was performed on the two quenched 155 

samples using a JEOL6610LV. Thermodynamic calculations were carried out using FactSage 8.0[34]. These 156 

calculations included generation of ternary phase diagram, and the determination of slag viscosity using the FToxid 157 

databases. 158 
 159 

 160 



Fig. 3. The thermal cycle for dissolution and interrupted experiments employed in this study 161 

  162 

3 Results and discussion 163 

3.1 In-situ observations experiments 164 

In-situ images taken from the CCD camera are used for the evolution of the cross-section area of a CA2 particle. 165 

It is critical that the chosen images focus on the same surface of the CA2 particle throughout any one dissolution 166 

experiment. The area measurements were conducted using the commercial software ImageJ [35]. To minimize manual 167 

error, each image’s measurement was repeated three times, and the average value was calculated. Note that the 168 

measurements represent the 2D projection area from the view observable via HT-CLSM. 169 

Fig. 4 provides a sequence of images showing the dissolution process of CA2 in (a) the C/A_1 at 1500°C, 1550°C, 170 

and 1600°C, b) in slags with different viscosities at 1550°C, and c) in slags with different C/A ratios at 1600°C. Each 171 

image within the figure depicts the CA2 particle positioned centrally, with the red line denoting the CA2 particle-slag 172 

boundary. The initial area of the CA2 particle at t0 is denoted as A0. Across all three series of experiments, a continuous 173 

reduction in area with time is observed, with no discernible product layer evident on the surface of the CA2 particle. 174 

The equivalent radius (r) of CA2 was calculated according to the area assuming CA2 is spherical. As shown in Fig. 175 

4a), the dissolution time at high temperatures is much shorter than at low temperatures. Further, as shown in Fig. 4b), 176 

a decrease in slag viscosity enhances the dissolution time reduction. Note that semi-transparent S10, owing to its low 177 

SiO2 content, results in a less distinct boundary line between CA2 particles compared to other slags. Finally, as shown 178 

in Fig. 4c) a higher C/A ratio slag qualitatively correlates with a decreased dissolution time. It is interesting to observe 179 

that the CA2 particle in slag C/A_2 progressively became transparent during dissolution. This phenomenon could 180 

potentially be attributed to the faster transport of Ca2+ cations compared to AlOx
y−

 anions in the molten slag[36]. A 181 

similar phenomenon was also observed by Liu et al.[22] for the dissolution of a MgO particle in the ternary CaO-182 

Al2O3-SiO2 slag at 1600°C. 183 

 184 



 185 

 186 



 187 

Fig. 4. A sequence of images showing the dissolution process of CA2, a) in slag C/A_1 at 1500°C, 1550°C and 188 

1600°C, b) in slag with different viscosities at 1550°C, and c) in slag with different C/A ratios at 1600°C. s and μm in 189 

each sub-image donate dissolution time and the equivalent radius of particle, respectively. 190 

 191 

In addition to dissolution, the CA2 particles are observed to rotate, move, and dissociate during experimentation. 192 

Fig. 5 shows one such process, the dissociation of CA2 particle in slag C/A_1 at 1550°C after 846 s of dissolution. At 193 

that time, several tiny particles began to detach and move away from the primary particle, as shown in Fig. 5b. Then, 194 

all particles continued to dissolve in the molten slag, with the small particles disappearing first due to their smaller 195 

size. Since the dissolution rate of NMIs is proportional to their contact area with the molten slag,[37, 38] the 196 

dissociation of CA2 particles would augment the contact area, leading to a higher dissolution rate. To mitigate the 197 

influence of dissociation on the dissolution kinetics, data after CA2 dissociation was excluded from the original dataset 198 

in all experiments. This approach enabled isolating the effects of dissociation and ensured a more accurate assessment 199 

of dissolution kinetics. 200 

 201 



 202 

Fig. 5. Dissociation of a particle during dissolution in slag C/A_1 at 1550°C, a) 846 s, b)876 s, c) 897 s and d) 203 

917 s 204 

 205 

3.2 Effect of temperature on the dissolution time of CA2 particle 206 

In Fig. 6, the normalized area changes with the time of a CA2 particle in the slag C/A_1 at three distinct 207 

temperatures are compared. The dissolution time from A0 to A0/4 significantly decreased from around 1560 s to 617 s, 208 

and to 370 s as the temperature increased from 1500°C to 1550°C, and further to 1600°C. The influence of temperature 209 

on the dissolution time of particles can be elucidated from both thermodynamic and kinetic perspectives.[14, 16, 17, 210 

20, 23, 24] Thermodynamically, assuming local equilibrium at the particle/slag interface, the driving force for particle 211 

dissolution is related to the concentration difference (∆C) of dissolving species between the particle – slag interface 212 

and the bulk of the slag. The former can be evaluated from the phase diagram, given by the saturation limit. The 213 

temperature significantly impacts the dissolution rate of particles by changing this driving force; generally, an increase 214 

in temperature augments the saturation concentration of particle. In the present study, it is assumed that the driving 215 

force for CA2 particle dissolution was the concentration difference between the bulk slag and the saturation content 216 

for Al2O3 (∆𝐶𝐴𝑙2𝑂3). This assumption is grounded in the fact that the size of the Ca2+ cation is smaller than that of the 217 

AlOx
y−

  anion and the diffusion coefficient of Ca2+ cation is considerably higher than that of AlOx
y−

 anion.[36] The 218 

∆𝐶𝐴𝑙2𝑂3increased from 458 kg/m3 (13 wt.%) to 867 kg/m3 (25 wt.%) with an increase in temperature from 1500°C to 219 

1600°C. Additionally, the activity of the dissolving component at the particle – slag interface and in the bulk slag can 220 

influence the dissolution time as well.[2] In this study, the activity of Al2O3 at the particle – slag interface is used as 221 

the activity of the reactant Al2O3 rather than that in the solid CA2. Using FactSage 8.0 with the FToxid databases[34], 222 

the activities of Al2O3 in slag C/A_1 at 1500°C, 1550°C, and 1600°C were calculated to be 1.47×10⁻¹, 1.76×10⁻¹ , 223 



2.07×10⁻¹ at the particle – slag interface, and 7.11×10⁻², 7.43×10⁻², and 7.74×10⁻² in the bulk slag, respectively. These 224 

results indicate that the difference in Al2O3 activity between the particle-slag interface and bulk slag increases as the 225 

temperature rises. The increase in this difference results in improved mobility of the AlOx
y−

anion within the molten 226 

slag, thereby reducing the overall dissolution time. 227 

From the kinetic perspective, temperature changes will also strongly affect the rate of chemical reaction and/or 228 

boundary layer diffusion. For a first-order chemical reaction, the rate of particle dissolution is given by:   229 
𝐽 = 𝑘 ∗ 𝐶1                                                                    (1) 230 

where J is the molar flux of particle per unit area, k is a rate constant, and C1 is the concentration difference of the 231 

dissolving species between solid oxide and bulk slag. For boundary layer diffusion, Fick’s first law can be applied to 232 

the diffusion across the boundary layer. In this case, the rate of particle dissolution is given by: 233 

𝐽 = −𝐷 ∗
𝐶2

𝛿
                                                                   (2) 234 

where D is the diffusion coefficient of dissolving species, and C2 is the concentration difference of the dissolving 235 

specie between the inside and outside of the boundary layer with thickness δ. An Arrhenius relation describes the 236 

temperature dependency of both k and D:[14] 237 

𝑘 = 𝑘0 ∗ 𝑒
−𝐸𝑎1/(𝑅𝑇)                                                          (3) 238 

𝐷 = 𝐷0 ∗ 𝑒
−𝐸𝑎2/(𝑅𝑇)                                                          (4) 239 

where k0 and D0 are constants, Ea1 and Ea2 are activation energies, R is the universal gas constant, and T is the absolute 240 

temperature. It is clear from Eqs. (3) and (4) that k and D increase with increasing temperature and therefore so does 241 

J, and by extension the dissolution rate. In addition to the change in driving force, viscosity impacts the dissolution 242 

rate as well. By increasing the temperature from 1500°C to 1600°C, the slag viscosity was calculated to decrease from 243 

3.12 to 1.32 Pa∙s. The elevated ∆𝐶𝐴𝑙2𝑂3  and activity difference, and reduced viscosity are conducive to accelerate the 244 

transport of AlOx
y−

 from the CA2 – slag interface to the bulk slag. [2, 6, 20] 245 

 246 

Fig. 6. The evolution in the normalized area of a CA2 particle with time in slag C/A_1 as a function of temperature. 247 

Star symbol illustrates the moment when particle dissociation happened, and the data after that point is not collected. 248 



 249 

3.3 Effect of slag viscosity on the dissolution time of CA2 particle 250 

As shown in Fig. 7, the total dissolution time of the CA2 particle at 1550˚C exhibited a slight decrease from 800 s 251 

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 252 

viscosity to 0.17 Pa∙s (S10) resulted in a substantial drop in the total dissolution time to 37 s. The change in dissolution 253 

time could be a result of two phenomena: (1) the concentration difference of the dissolving species between the particle 254 

– slag interface and the bulk of the slag since each of these slags has a different composition, or (2) the underlying 255 

slag structure which directly controls the viscosity (along with slag composition and temperature). 256 

Examining the first phenomenon, it can be seen that the decrease of ∆𝐶𝐴𝑙2𝑂3  in  kg/m3 from S50 (1481 kg/m3, 32 257 

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 258 

is opposite to what was observed for the total dissolution time, and thus, the decrease in the total dissolution time is 259 

not so much affected by the change of ∆𝐶𝐴𝑙2𝑂3 . Miao et al.[6] also reported that the total dissolution time for CA2 in 260 

CaO-Al2O3-SiO2 slag with 5.5% SiO2 content was shorter than that in a slag with 46.3% SiO2 content at the same 261 

temperature, despite the ∆𝐶𝐴𝑙2𝑂3  being lower in the 5.5% SiO2 slag.  262 

Examining the second phenomenon requires a short review of slag structure. One approach is to analyze slag 263 

structure through polymer- and structure- based theories [39], where the slag structure is affected by the content of 264 

different oxides present in the slag as they strongly affect the degree of polymerization. SiO2 is an “acid oxide”, and 265 

forms an intricate three-dimensional network of anion complexes, whereas CaO is a  “basic oxide”, and disrupts the 266 

three-dimensional networks formed from the SiO2 oxides. Finally, Al2O3 is classified as an “amphoteric oxide” which 267 

does not have any distinctive nature. The higher content of network formers, SiO2 in S50 and S40, significantly 268 

surpasses that of S10, while the content of network breakers, like CaO, in S50 and S40 is lower than that in S10. As a 269 

result, the presence of complex three-dimensional networks in S10 was comparatively reduced, resulting in making it 270 

easier for species to transport away from the interface in S10 as compared to in S40 and S50. This reduced resistance 271 

facilitates faster dissolution of a CA2 particle in S10. The degree of polymerization can be quantified using the Q 272 

parameter, which in the CaO-Al2O3-SiO2 slag system is determined via [36]: 273 
𝑄 = 4 − 𝑁𝐵𝑂/𝑋𝑇                                                              (5) 274 

𝑁𝐵𝑂 = 2(𝑋𝐶𝑎𝑂 − 2𝑋𝐴𝑙2𝑂3)                                                     (6) 275 
𝑋𝑇 = 𝑋𝑆𝑖𝑂2 + 2𝑋𝐴𝑙2𝑂3                                                           (7) 276 

where NBO is the number of non-bridge oxygen atoms, 𝑋𝑇 is the number of tetragonally-coordinated atoms, and Xi is 277 

the molar ratio of component i in the slag. A higher Q indicates a greater degree of polymerization of the molten slag 278 

and consequently, reduced mobility of dissolving species within the slag. The Q value for S10 is 2.7, contrasting with 279 

3.3 for S50 and 3.2 for S40. This disparity potentially enhances the transport of AlOx
y−

anions from the CA2 particle-280 

slag interface to the bulk slag, thereby significantly accelerating the dissolution process in S10 as compared to that in 281 



S40 and S50. Therefore, similar Q values would result in close dissolution profiles of S50 and S40. Moreover, as 282 

discussed in [40], Q values between 3 to 4 result in a slag structural unit known as “sheet” whereas slag with Q values 283 

between 2 to 3 have a structural unit known as “chain”. As a result, the significant decrease in total dissolution time 284 

from S40 to S10 slags is primarily affected by the change in slag structure. Finally, it should also be noted that the 285 

particle in the S10 experiment was observed to be rotating much faster than the particles in the S40 and S50 286 

experiments. This could also have affected the dissolution time. 287 

 288 

 289 

Fig. 7. The evolution in the normalized area of a CA2 particle with time at 1550°C in slags with different SiO2 290 

contents, having different viscosities 291 

 292 

3.4 Effect of C/A ratio on the dissolution time of CA2 particles 293 

The effect of the C/A ratio on the dissolution of CA2 particles was investigated in three slags having C/A ratios of 0.9, 294 

1.8, and 3.8, each possessing similar SiO2 content (~40%) at 1600°C and 1550°C, respectively. Fig. 8a) illustrates the 295 

normalized area change of CA2 particles with time at 1600°C. As can be seen, the dissolution time from A0 to A0/4 of 296 

CA2 at 1600°C decreased from around 315 s to 81 s by increasing the C/A ratio from 0.9 to 3.8. This decrease in 297 

dissolution time can be attributed to the continuous decrease in slag viscosity from 1.32 Pa∙s to 0.17 Pa∙s, coupled 298 

with an increase in the ∆𝐶𝐴𝑙2𝑂3from 867 kg/m3 (25 wt.%) to 1271 kg/m3 (40 wt.%) as the C/A ratio increased from 0.9 299 

to 3.8. Both factors, low viscosity, and high driving force, enhanced the dissolution of the CA2, resulting in a shortened 300 

dissolution time. Fig. 8b) depicts the normalized area change with time in slags with different C/A ratios at 1550°C. 301 

Initially, the dissolution time A0 to A0/4 of CA2 particle decreased from 617 s to 340 s with an increase in C/A ratio 302 

from 0.9 to 1.8. This decrease can be attributed to a reduction in slag viscosity from 2.00 Pa∙s to 0.63 Pa∙s, coupled 303 

with an increase in  ∆𝐶𝐴𝑙2𝑂3  from 606 kg/m3 (18 wt.%) to 887 kg/m3 (49 wt.%). These factors collectively promote the 304 



dissolution of the CA2 particle. However, with a further increase in the C/A ratio to 3.8, the dissolution time 305 

unexpectedly increased to 710 s. At this C/A ratio, the viscosity was further decreased to 0.22 Pa∙s, and the 306 

∆𝐶𝐴𝑙2𝑂3 dropped to 372 kg/m3 (26 wt.%). This unexpected behavior suggests that factors beyond ∆𝐶𝐴𝑙2𝑂3   and slag 307 

viscosity may influence the dissolution kinetics of the CA2 particle at higher C/A ratios.  308 

309 

 310 

Fig. 8. The evolution of the normalized area of a CA2 particle with time as a function of slag C/A ratio at a)1600°C, 311 

b) 1550°C. Star symbol illustrates the moment when particle dissociation happened, and the data after that point is 312 

not collected. 313 

 314 

To gain increased insight into the effects of the C/A ratio on the dissolution of CA2 at 1550°C, the stable phases 315 

potentially present in the CA2 – SiO2-Al2O3-CaO system at this temperature were calculated using FactSage 8.0 with 316 

FToxid database[34]. Fig. 9 shows the relevant ternary diagram, marked with the composition of CA2, and the initial 317 

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 318 

lines denoting the expected dissolution paths of CA2 in the three slags, and the melilite and CA6 solid phase regions. 319 



Although the dissolution is inherently a non-equilibrium process and the dissolution path does not have to be a straight 320 

line, the phase diagrams allow for the prediction of phases that may precipitate adjacent to the CA2 particle.  321 

As can be seen in Fig.9, at 1550°C, the composition of all three slags was situated within the fully liquid region. 322 

However, the expected dissolution path for slag C/A_1 comes very close to the solid CA6 phase boundary, while the 323 

dissolution path for slag C/A_4 crosses through the solid melilite phase boundary. Thus, the formation of intermediate 324 

solid products during the dissolution process, especially for C/A_4, is anticipated. Generally, the formation of an 325 

intermediate solid phase on the surface of a solid particle can impede the dissolution of particles by decreasing the 326 

transport rate of products from and reactants to the particle surface.[23] In extreme cases, solid products may halt the 327 

dissolution if they are densely packed on the particle surface and do not dissolve into the bulk slag. It would appear 328 

that the formation of a solid layer on the surface of the CA2 particle during its dissolution in slag C/A_4 at 1550°C, 329 

which could have contributed to the observed prolonged dissolution time.  330 

 331 

 332 

Fig. 9. Prediction of phase stability of the CA2 particle-slag system with FactSage 8.0[34] at 1550°C 333 

 334 

3.5 Determination of the dissolution path 335 

To gain deeper insights into the dissolution path of a CA2 particle in slag C/A_2 and slag C/A_4, SEM-EDS line 336 

scan analysis was conducted along the CA2 particle/slag interface and combined with FactSage thermodynamic 337 

calculations. The results are shown in Figs. 10-12. In order to interpret the line scan information with respect to the 338 

dissolution path, a mechanism for distinguishing the CA2 particle, slag C/A_2, slag CA_4, and melilite must be 339 

identified. As shown in Table 2, each of these compounds has a distinct elemental composition. Thus, in the CA2 340 

particle – slag C/A_2 system, regions at the particle/slag interface that lack Si can be classified as CA2, while regions 341 

where Ca, Al, and Si stably coexist can be labeled as slag C/A_2. Boundary layers are regions having a decreasing Ca 342 



and Si composition while the Al content steadily increases. Similarly, in the CA2 particle – C/A_4 slag system, the 343 

non-Si regions at the particle/slag interface can be designated as CA2, while regions where Ca, Al, and Si coexist, 344 

with Al and Si constituting ~20 wt.% and ~10 wt.%, can be identified as melilite. All other regions can be classified 345 

as slag C/A_4. 346 

 347 

Table 2 The elemental composition (wt.%) of CA2 particle, slag C/A_2, slag CA_4 and melilite at 1550°C 348 

Wt.% Ca Al Si 

CA2 15 42 0 

C/A_2 27 11 19 

C/A_4 34 7 17 

Melilite 29 20 10 

 349 

 350 

Fig. 10. SEM back scattered electron image and EDS line scan analysis of CA2 particle - CA_2 slag interface after 351 

90 s dissolution at 1550°C 352 

 353 

Fig. 10 displays the SEM back scattered electron image, and the elements Ca, Al, and Si distribution obtained from 354 

the EDS line scan of the CA2 particle – C/A_2 slag interface after 90 s of dissolution at 1550°C. Following the defined 355 

criteria, different regions were identified. The dark-colored middle region in the SEM image represents CA2. An outer 356 

layer around the CA2 particle was determined to be the boundary layer, with a thickness of 230 μm to 240 μm. The 357 



C/A_2 slag region followed the boundary layer. Moreover, a visible color difference between the slag and the boundary 358 

layer was evident in the SEM image. The presence of a boundary layer confirmed that the assumption of the rate 359 

determining step for the dissolution process is the mass transfer of AlOx
y−

 anion in the slag phase. Note that fluctuations 360 

in element concentration, especially within the CA2 particle itself, result from slag penetration into the CA2 particle 361 

through its pores.  362 

Fig. 11 shows the SEM back scattered electron image and the elements Ca, Al, Si distribution by EDS line scan of 363 

CA2 particle – C/A_4 slag interface after 70 s of dissolution at 1550°C. As can be seen, there is the CA2 particle in 364 

the central region, followed by a layer of melilite 105 μm -111 μm in thickness, and then a boundary layer of about 365 

115 μm.  366 

Fig. 12 shows the dissolution paths of CA2 in slag C/A_2 (circle symbol) and slag C/A_4 (triangle symbol) at 367 

1550°C. The data points donated by circle and triangle symbols were taken from the EDS results for both slag systems 368 

at different regions along the scanned line. The dashed lines in Fig. 12 donate the theoretical dissolution paths for CA2 369 

in these two slags. It is evident that the prolonged dissolution of CA2 in slag C/A_4 compared to slag C/A_2 at 1550°C 370 

is attributed to the formation of the solid melilite phase on the surface of the CA2 particle. The same reaction product 371 

melilite for Al2O3 dissolution at 1550°C was also reported by Park et al.[41] in a ternary 53CaO-5Al2O3-42SiO2 (wt.%) 372 

slag and by Sandhage et al.[42] in a quaternary 27CaO-21Al2O3-42SiO2-10MgO (wt.%) slag, which retarded the 373 

dissolution of Al2O3. 374 

 375 

 376 



Fig. 11. SEM back scattered electron image and EDS line scan analysis of CA2 particle - CA_4 slag interface after 377 

70 s dissolution 378 
 379 
 380 

 381 

Fig. 12. The dissolution paths of CA2 in slag C/A_2 and slag C/A_4 at 1550°C (circle and triangle indicating EDS 382 

line scan results, dash line indication thermodynamic calculation results) 383 
 384 

3.6 Comparison with literature data and practical consideration 385 

The dissolution kinetics between Al2O3 and CA2 particles from the literature and current study were compared 386 

since the assumption is that the driving force for CA2 particle dissolution is the concentration difference between the 387 

bulk slag and the saturation content for Al2O3 (∆𝐶𝐴𝑙2𝑂3), which is the same as that for Al2O3 dissolution. Fig. 13 388 

illustrates the average area reduction rate, ∆A/τ, change as a function of the dissolution factor, (∆𝐶𝐴𝑙2𝑂3)/μ. ∆A is area 389 

change of CA2 during the dissolution time, τ, before dissociation happens in comparison with the A0. As can be seen 390 

at low (∆𝐶𝐴𝑙2𝑂3)/μ value (< 1000), the difference of ∆A/τ between Al2O3 and CA2 particles is small, and it becomes 391 

noticeable when (∆𝐶𝐴𝑙2𝑂3)/μ value is higher than 1000. This difference in the ∆A0/τ may be due to 1) the greater 392 

porosity of lab produced CA2 particles compared to commercially available dense Al2O3 particles; 2) the faster 393 

dissolution of CaO in CA2 particles, which exposes more Al2O3 surface to the liquid slag, increasing the contact area 394 

between CA2 particle and molten slag. Moreover, the dissolved CaO from CA2 particles can act as a network breaker, 395 

enhancing the mobility of molten slag. 396 

In the present dissolution experiments, CA2 particles were only immersed and dissolved into the molten slag under 397 

natural convection without any additional forces. In practical applications, the inclusion dissolution typically occurs 398 

at the molten steel/top slags interface during the steel refining process, at the steel/tundish slags interface, as well as 399 

at the steel/mold fluxes interface during casting, conditions that more closely resemble natural convection. When the 400 



melilite phase forms an out layer around the CA2 particle, the CA2 dissolution rate is slower than in other cases at the 401 

same temperature. The authors believe that the experimental conditions in this study are relevant to the industrial 402 

conditions and the findings offer a valuable reference for designing or/and choosing the composition of top slag, 403 

tundish slag, and mold fluxes. This is particularly for Al-killed steel with Ca-treatment, where the calcium is fed into 404 

molten steel in the final minutes during the secondary steelmaking, necessitating rapid inclusion dissolution by the 405 

top slag. 406 

 407 

 408 

Fig. 13. The average area reduction rate of different types of particles as a function of (∆𝐶𝐴𝑙2𝑂3)/μ 409 

4. Conclusions 410 

Effects of temperature and slag composition on the dissolution kinetics of CA2 particles in the CaO-Al2O3-SiO2 411 

slag system were studied at a temperature range from 1500°C to 1600°C using the HT-CLSM technique. From the in-412 

situ observations, SEM-EDS analysis, and thermodynamic calculations, the following conclusions are made: 413 

1) The increase in temperature enhances the dissolution rate of CA2 across all types of CaO-Al2O3-SiO2 slags. 414 

Furthermore, the dissolution rate of CA2 significantly decreases when the SiO2 content increased from 10% to 415 

40%. However, a further increase to 50% SiO2 did not significantly influence the dissolution rate. 416 

2) The significant decrease in total dissolution time from the slag with 40%SiO2 to the slag with 10%SiO2 is 417 

primarily affected by the change in slag structure. 418 

3) At 1600°C, a higher C/A ratio leads to an increased CA2 dissolution rate. However, it was observed that the 419 

formation of melilite layer during the dissolution process acts as a hindrance, impeding the dissolution of the CA2 420 

particle at 1550°C. 421 

4) The presence of a boundary layer at the CA2 particle – C/A_2 slag interface is identified as a solid melilite phase 422 

which was observed at the surface of the CA2 particle in the CA2 particle – C/A_4 slag system. These 423 



observations are consistent with the thermodynamic predictions, validating the accuracy of the experimental and 424 

analytical methodologies employed. 425 
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