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Abstract 
 
 
The dissolution of oxide particles is important for steel inclusion metallurgy due to the 

interaction between the refractory material and liquid steel, as well as in the area of 

steel cleanliness.  It is affected by various factors which include the oxide particle´s 

morphology (size and shape), the process’s temperature, and the slag’s composition. 
 
In this study, the dissolution behaviour of oxide particles is investigated via a series of 

dissolution experiments. The dissolution of three different oxide particles (i.e., silica 

(SiO2), alumina (Al2O3), and magnesium aluminate (MgAl2O4)) are observed in pre-

melted CaO– Al2O3– SiO2 slags (of varying composition) with the aid of a High-

Temperature Laser Scanning Confocal Microscopy (HT-CLSM) setup.  
 
The change in the diameter of the spherical oxide particles and the characteristic 

dissolution time is derived from the analysis of images that are extracted from video 

recordings of the dissolution process.  
 
It is observed that silica dissolved with the average fastest dissolution time, and it was 

faster than the alumina and MA spinel particle; but the alumina particle dissolved 

significantly slower with a more uniformly linear dissolution profile. 
 

 



Table of Contents 

iii 
 

Table of Contents  
 
 
Foreword ...................................................................................................................... i 
Abstract .......................................................................................................................ii 
List of figures and tables ............................................................................................v 

List of figures  ........................................................................................................... v 

List of tables ........................................................................................................... vii 

List of abbreviations and symbols ...........................................................................vii 
Chapter 1: Introduction................................................................................................ 9 
1.1 Environmental aspects of steel production................................................................9 

1.2 Oxide particle dissolution.........................................................................................10 

Chapter 2: Modelling of oxide particle dissolution ........................................................13 

2.1 Types of modelling approach .................................................................................13 

2.2 Modelling approach in this work .............................................................................14 

2.3 Experiments with respect to oxide particle dissolution ...........................................18 

Chapter 3: Dissolution experiments and observation....................................................21 

3.1 Materials selection ................................................................................................. 21 

3.2 Experimental setup ................................................................................................ 21 

3.3 Experimental steps................................................................................................. 23 

3.4 Calibration of sample temperature measurements................................................. 23 

3.5 Evaluation of dissolution data ................................................................................ 25 

Chapter 4: Conclusion.................................................................................................. 44 

Appendix....................................................................................................................... 45 

Bibliography.................................................................................................................. 50 

 



 

v 

List of figures and tables 
 

List of figures   

Figure 1: The numerical model is represented in one dimension ..............................................14  

Figure 2: An illustration of the components of the high-temperature confocal laser scanning 

confocal microscopy (HT-CLSM). [58] ........................................................................................19 

Figure 3: Sketch of the HT-CLSM setup. .....................................................................................22 

Figure 4: The CLSM high-temperature furnace. The Pt-crucible was loaded with pre-melted slag 

and eventually an oxide particle was dropped into this liquid. .................................................23 

Figure 5 (a-c): The plots of the three obtained reference temperatures of the sample and 

furnace. ......................................................................................................................................24 

Figure 6 (a)-(d): Dissolution of the synthetic alumina (Al2O3) particle in the experimental slag 
where the images were taken, at 381, 668, 1140 and 1447 s. ...................................................25 
 
Figure 7: The calculated area of a dissolving spherical silica particle in SLAG 3. ........................27 
 
Figure 8: Dissolution profile of the MA Spinel particle in SLAG 2. ..............................................28 
 
Figure 9: A plot showing the characteristic dissolution time for MA spinel in Slag 1. ….............29 
 
Figure 10: Dissolution profile of the alumina (Al2O3) particle in slag sample 1. .........................30 

Figure 11: Evolution of gas bubbles during the dissolution of MA spinel in SLAG 1. .................31 
 
Figure 12: The dissolution profile of MA Spinel in Slag 1. ..........................................................32 

Figure 13: The dissolution profile of alumina in SLAG 2..............................................................33 

Figure 14: The dissolution profile of MA spinel in SLAG 2...........................................................34 

Figure 15: The dissolution profile of silica in SLAG 2...................................................................34 

Figure 16: The dissolution profile of alumina in SLAG 3..............................................................35 

Figure 17: The dissolution profile of MA spinel in Slag 3............................................................36 

Figure 18: The dissolution profile of silica in SLAG 3...................................................................37 

Figure 19: Mean particle diameter DM versus dissolution time for alumina particles in (a) slag 1 

(b) slag 2 and c) slag 3. ...............................................................................................................40 

Figure 20: Mean particle diameter DM versus dissolution time for MA spinel particles in (a) slag 

1 (b) slag 2 and c) slag 3. .............................................................................................................42 



 

vi 

List of tables 

Table 1: Composition of the slag samples................................................................................21 

 

Table 2. Material data sheet of the oxide particles...................................................................21 

 
Table 3. Experimental data obtained from the calibration run…….............................................25 

 
Table 4. The experimental particle-oxide combination...............................................................34 

 
Table 5. Diffusion Coefficient Matrix for the dissolution of alumina in the samples of the CaO-

Al2O3 -SiO2 system ……………………………………………………………………................................................38 

 
Table 6. Diffusion Coefficient Matrix for the dissolution of MA spinel in the samples of the CaO-

Al2O3 -SiO2 system ……………………………………………………………………................................................40 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

vii 

List of abbreviations and symbols 
 
 

𝑩𝒔𝒍𝒂𝒈 General basicity index for slags 

𝑩𝑽 V-ratio 

𝑩𝑴𝑪 Basicity index for slags with varying compositions 

𝑮 Gibbs energy 

𝑮𝒐 Free energy of the components 

𝑮𝒎𝒊𝒙
𝒊𝒅𝒆𝒂𝒍 Contribution of the ideal configuration entropy to the Gibbs energy 

𝑮𝒎𝒊𝒙
𝒆𝒙𝒄𝒆𝒔𝒔 Difference in Gibbs energy of the real solution from an ideal solution 

𝑮𝒎𝒊𝒙
𝒑𝒉𝒚𝒔𝒊𝒄𝒂𝒍 Gibbs energy contribution of physical phenomena 

𝑫 Particle´s coefficient of diffusion 

k Component 

𝒙𝒌   Mole fraction of the diffusing component 

𝒓 Spatial coordinate 

𝒕 Time 

𝒙𝒌,𝒊, 𝒙𝒌,𝒊−𝟏, and  𝒙𝒌,𝒊+𝟏 Different mole fractions of components in the liquid 

i Different node points 

𝒙𝒌,𝒏+𝟏 Time derivative of the mole fraction 

𝒋𝒌 Diffusive flux 

𝒙𝒌
𝑺𝑶𝑳𝑰𝑫 Mole fraction of the component at the solid side of the interface. 

MQM Modified quasi-chemical model 

𝑿𝑨−𝑩 Pair bond molar fraction. 

α Molar non-configurational entropy 

𝑁 Avogadro’s number 

𝑍 Coordination number 

𝜎 Pair non-configurational entropy 

HT- CSLM High-Temperature Laser Scanning Confocal Microscopy 



 

9 

Chapter 1: Introduction 
 
“Science walks forward on two feet, namely theory, and experiment… but continuous 
progress is only made by the use of both.”   
– Robert A. Millikan  
 
1.1. ENVIRONMENTAL ASPECTS OF STEEL PRODUCTION  
 
The steel industry has undergone a technological revolution in the last century, and they 
provide a wide spectrum of slag as one of the by-products based on different steelmaking 
routes. Traditionally, the steel industry depends on fossil fuels (e.g., coal) for about 75% of its 
energy needs. Furthermore, the steel industry is responsible for 7% of the industrially emitted 
Carbon dioxide [1]. The International Energy Agency (IEA) announced that the steel industry 
is responsible for approximately 1/5 of industrial energy, and the CO2 emissions were 
estimated to increase by 30% by 2050. The output of some countries will further increase by 
400% despite the global CO2 reduction targets [2].  
 
Grand View Research, Inc. gave a forecast that the global steel demand is expected to reach 
USD 1.01 x 1012 by 2025 and register a Compound Annual Growth Rate (CAGR) of 
2.6%. Though China’s steel production was estimated to increase in 2020 and survived the 
scare due to early stock build-up, there was an estimated 5% decline in global crude steel 
output in 2020 when compared to 2019. The industry is projected to rise from the global slump, 
and this is due to rising demand from players in the energy, automotive, and transportation 
sector over that period, aside from the anticipated rapid rise of urbanization in the emerging 
regions [3]. 
 
Today, there is increased government focus on the initiation and enforcement of policies that 
influence energy efficiency, a shift to renewable energy, material substitution, efficiency and 
demand reduction, and more economically attractive methods to reduce carbon emissions 
[4,5]. Due to the impact of these variables, worldwide iron and steel production grew rapidly 
during the last century from 192.03 x 109 kg in 1950 to 1908.13 x 109 kg in 2020 and there was 
a steep increase in the last two decades. Most of the top slag producers are in the Eurasian 
region from China, India, to Russia, excluding the United States [6,7]. 
 
The steel industry is currently embracing the transition energy campaign via a shift in energy 
generation and usage due to the current campaign for transition to zero usage of fossil fuels 
and venting of greenhouse gases (GHGs) to meet the target of the 2015 United Nations 
Climate Change Conference which has set global climate targets by 2030 in the following 
areas: 
 

- a 40% reduction in greenhouse gas emissions from 1990’s levels,  
- a 32.5% improvement in energy efficiency in different areas of the building and 

industrial sector e.g., energy-efficient buildings, co-generation of heat and power, Eco-
design, financing, and  

- a 32% share for renewable energy and it includes biomass, hydrogen, and hydropower. 
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Alongside the production of steel and iron, there was a corresponding increase in slag 
production, its major less valuable by-product (when compared to iron and steel). The 
generated slags’ chemical composition and their quantity depend on the choice of steel-making 
process and the raw materials utilized. These factors influence its classification and are as 
follows: 
 

A. Blast Furnace/Iron slags are part of the by-products obtained from the blast furnace. 
They are utilized for pig iron production. 

B. Steelmaking slags refer to the range of slags produced by the processes for steel 
production and their main constituents are calcium oxide, iron oxide, silicon oxide, and 
magnesium oxide. Generally, they have a higher percentage of Calcium and Silicon 
when compared to Iron slags. There are different classes of steel slags, and they 
include: 

- Electric arc furnace (EAF) slag is produced in the electric arc furnace. 
- Basic oxygen furnace (BOF) slag is created in the oxygen converter. 
- Secondary metallurgy slags are obtained from the production of special steels e.g., in 

ladle furnaces (LF), and  
- Stainless steel slags are by-products of the production of stainless steel in EAF, during 

argon oxygen decarburization (AOD), or in vacuum oxygen decarburization (VOD) 
furnaces. 

-  
Forming a slag with suitable properties during the steelmaking process is important for 
improving steel cleanliness and the process´s productivity. The metallurgical slag acts as a 
sink for impurities, reduces thermal losses via the insulation of the liquid bath, influences the 
redox potential of the steel bath during refining, protects the liquid steel from re-oxidation, and 
prevents the entry of gases (i.e., nitrogen and hydrogen) from the atmosphere into the bath. 
To fulfil these various requirements the slag must have optimum physical (low melting point, 
low viscosity, low surface tension, and high diffusivity), thermodynamic and chemical 
properties (basicity, oxygen potential) [8,9]. 

Slag engineering is a process in steelmaking that operates on the principle of the creation of a 
balanced mixture of the refractory oxides (e.g., CaO and MgO) and fluxing oxides to form a 
suitable slag. The solid oxides from the refractory material and the fluxing oxides dissolve in 
the liquid slag during the steel-making process. The composition and properties of the liquid 
slag are thus heavily influenced by this process. A clear understanding of the dissolution of 
oxide particles in liquid slags is, therefore, a prerequisite to optimising slag properties 
according to the needs of an optimal steelmaking process. 

In this work, the dissolution behavior of various oxides is investigated experimentally and from 
a modelling perspective.  

1.2. OXIDE PARTICLE DISSOLUTION 

Dissolution of solid oxides in slag melts occurs via two possible pathways, i.e., via a direct or, 
alternatively, an indirect mechanism. In direct dissolution, atoms from the solid dissolve directly 
into the melt without the formation of an intermediate solid reaction product [10]. Indirect 
dissolution defines a process in which an intermediate solid product forms at the solid/liquid 
interface during the dissolution of the oxide particle in the liquid slag. While a fast and direct 
dissolution mechanism is favourable in terms of a rapid dissolution of fluxing agents, slow, 
indirect dissolution may be favourable to extend the service life of the refractory lining by 
protecting the refractory materials [13,14].  
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According to the well-known shrinking core model the dissolution kinetics may be dictated by 
the chemical reaction resulting in the formation of a new phase, diffusion through the reaction 
product, diffusion in the bulk material, or a combination of several kinetic steps [11,12]. It is of 
vast importance to identify those critical kinetic steps to understand and properly describe the 
dissolution of solid oxides in metallurgical slags.  

The dissolution process of an oxide particle in molten slag is heavily influenced by the 
constitution of the liquid phase.   

Oxides form ionic complexes in the melt they might act as acidic network formers (e.g., Al2O3 

, SiO2 and P2O5) or basic network modifiers (e.g., CaO, MgO, FeOx). The ratio of the 
concentrations of basic oxides to those of the acidic oxides is defined as the slag’s basicity 

[15,16]. 

Slag basicity is regularly expressed in several ways which are shown below. 

- The most common definition of basicity is called the V ratio and is shown below in 
equation (3). 
 

𝑩𝒔𝒍𝒂𝒈   =
∑(%𝒃𝒂𝒔𝒊𝒄 𝒐𝒙𝒊𝒅𝒆)

∑ %𝒂𝒄𝒊𝒅𝒊𝒄 𝒐𝒙𝒊𝒅𝒆
………………..……………..…………………. (1) 

 
𝑩𝑽  =  

𝒘𝒕%𝑪𝒂𝑶

𝒘𝒕%𝑺𝒊𝑶𝟐
 …………………………………………………………... (2) 

 
where 𝑩𝒔𝒍𝒂𝒈 is the general basicity index for slags, 𝑩𝑽 is the V-ratio, wt%CaO and wt%SiO2 are 
the weight percentage of CaO, and SiO2 [15]. Slags are considered basic only when the CaO 
content is higher than 66.7wt%. Slag basicity is divided into low (0.93 -1.4), medium (1.4 -
1.87), high (1.87-2.80) and multi-basic (≥2.80). 

In a multi-component slag with different basic oxides, it may be favourable to express the 
basicity in a differently by considering the effect of MgO and Al2O3 on the properties of the slag:  

𝑩𝑴𝑪 =
%𝑪𝒂𝑶 + %𝑴𝒈𝑶

%𝑺𝒊𝑶𝟐+ %𝑨𝒍𝟐𝑶𝟑
   …………………………………………….……………….… (3) 

here, 𝑩𝑴𝑪 is the basicity index for slags with varying compositions [17].  

The constitution of slag can be easily classified via the basicity index. It is a valuable reference 
for the selection of refractory material used in a metallurgical process. Basic refractories for 
instance can never be used in combination with acidic slags as they would rapidly dissolve in 
the slag and eventually lose their function. However, the basicity alone may not be a sufficient 
characteristic for predicting the influence of the slag composition on the dissolution behaviour 
of oxide particles in liquid slags. A more sophisticated approach is the use of thermodynamic 
models.       

Thermodynamic models are important in the design of processes and operating practices 
without a priori experimental data and provide additional insights into the dissolution process 
that are missing in the experiments because the volume of generated data points is limited, 
sporadic and averaged over time [18]. 

A fundamental step in a thermodynamic analysis of a process is calculating the equilibrium 
conditions at given conditions. When the system is having constant pressure and temperature, 
the Gibbs energy (𝑮) is the potential to be reduced to find the equilibrium conditions of a 
thermodynamic system. It is shown below in equations (4) and (5). 
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𝑮 = 𝑮𝒐 + 𝑮𝒎𝒊𝒙
𝒊𝒅𝒆𝒂𝒍 + 𝑮𝒎𝒊𝒙

𝒆𝒙𝒄𝒆𝒔𝒔 + 𝑮𝒎𝒊𝒙
𝒑𝒉𝒚𝒔𝒊𝒄𝒂𝒍

………………………………….……….….. (4) 

 

Where 𝐺 is the Gibbs energy, 𝐺𝑜 is the free energy of the components, 𝐺𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙 is the contribution 

of the ideal configuration entropy to the Gibbs energy, 𝐺𝑚𝑖𝑥
𝑒𝑥𝑐𝑒𝑠𝑠 is the difference in Gibbs energy 

of the real solution from an ideal solution, and  𝐺𝑚𝑖𝑥
𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 denotes the Gibbs energy contribution 

of physical phenomena (e.g. magnetic effects). 
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Chapter 2: Modelling of oxide particle 
dissolution. 
 

2.1 TYPES OF MODELLING APPROACHES 

Identifying the rate determining kinetic steps is a major task in predicting the dissolution 

behaviour of oxide particles in metallurgical slags. To enhance the understanding of 

dissolution processes relevant for steelmaking, several modelling approaches have been 

undertaken in various studies. A selection of well-established modelling approaches is 

introduced in the following. 

2.1.1 LATTICE BOLTZMANN METHOD 

It operates on the premise that simple arithmetic calculations can be used to simulate 
complex fluid flows without solving complicated partial differential flow equations [19-21]. The 
fluid flow is treated as mean populations which are a set of distribution functions or artificial 
particles (which is a function of location, time, and microscopic velocity), and operates based 
on their collision.  

The hydrodynamic variables are expressed at each lattice point in terms of a distribution 
function, unlike the conventional numerical schemes that rely on the discretization of 
macroscopic continuum equations. This feature is advantageous when studying non-
equilibrium dynamics, especially in fluid applications that involves interfacial phases and 

complicated boundaries geometries with less computational cost [22-37]. 

Verhaeghe et al. [38] used the numerical tool of Lattice-Boltzmann modelling (LBM) and 
verified it with CSLM dissolution experimental data to determine the dissolution mechanism 
of Al2O3 in CAS slags between 1470 to 1550 °C. It is assumed that the dissolving oxide 
particles are stationary, and the dissolution process is diffusion controlled.  

The rate-limiting step was determined by comparing the results of the numerical simulations 
to the experimental data. All the experimental temperatures, the simulation results fitted the 
experimental dissolution curves better than the SCM model [39]. 

2.1.2 PHASE FIELD MODELLING 

Phase-field modelling is based on the idea that interfaces in microstructure are diffuse at the 
nanoscale and can be represented by one or more smoothly varying order parameters [39-
43]. 

The phase field method is used in the visualisation of evolution of microstructure without 
having to track the movement of individual interfaces. It eliminates the need to explicitly track 
interfaces, which would require defining boundary conditions and deriving evolution 
equations for each interface [43]. 

Aside from the total free energy (G) of the volume, the phase field method has several 
components, and they are as follows: 

- The order parameter: a single variable that represent the state of the microstructure  
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- The width of the interface: the range over which the order parameter changes from one 
phase to another 

 
Some advantages of the PFM approach include:  

i. It is well suited for the visualisation of microstructural development.  
ii. The number of particles in the system is much greater than the number of equations to 

be solved. 
 

It is a flexible method to model various phenomena e.g., morphology changes and overlap of 
diffusion fields. PFM has some issues, so the quantitative modelling of experimentally 
relevant situations is not always possible [39-44]. There are several severe disadvantages, 
and they are as follows: 

i. Its application is limited to recalculating experimentally observed evolving morphology.  
ii. The interface width may be set to physically unrealistic values [43].  

 
That is why the predictive power of this method has its limitations. 

2.2 MODELLING APPROACH IN THIS WORK  

The numerical modelling approach used in this work is based on the work of Ogris and 
Gamsjäger [45]. The following assumptions are made: 

i. The system is one-dimensional with a spherical boundary  
ii. Two phases are present in the system, and they include the solid phase (oxide 

particle) and the liquid phase  
iii. A sharp (i.e., infinitely thin) interface exists between the phases.  
iv. An equilibrium exists at the interface between both phases.  
v. The interfacial tension along the particle-liquid interface is uniform. 
vi. Diffusion occurs only in the liquid phase 
vii. The diffusion coefficient of the solid particle is not constant in varying liquid oxide 

melt. 
viii. The overall dissolution rate is influenced by the diffusion of cations through the 

interface. 
 
The diffusion equation for the spherical geometry is followed as: 
 

𝒅𝒙𝒌

𝒅𝒕
=  𝑫 ( 

𝒅𝟐 𝒙𝒌  

𝒅𝒓𝟐 + 
𝟐 

𝒓 
 
𝟐𝒅𝒙𝒌

𝒅𝒓
)…………………………………………………… (5) 

 

where 𝐷 is the particle´s coefficient of diffusion, 𝑥𝑘  is the mole fraction of the diffusing 
component k, 𝑟 is the spatial coordinate and it ranges from the particle’s radius to system’s 

outer boundary, and 𝑡 is time. The partial differential equation is integrated numerically via a 
central approximation finite-difference scheme.  

 

The Fick's second law is discretized and transformed via the finite difference approximation. 
It is shown below. 
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∆𝒙𝒌

∆𝒕
= 𝑫 (

∆𝒙𝒌,𝒊−𝟏+∆𝒙𝒌,𝒊+𝟏−𝟐𝒙𝒌,𝒊

∆𝒓𝟐 +
𝟐

𝒓𝒊

𝒙𝒌,𝒊+𝟏−𝒙𝒌,𝒊−𝟏

𝟐∆𝒓
)…………………. (6) 

 

Where, 𝑥𝑘,𝑖 , 𝑥𝑘,𝑖−1, and  𝑥𝑘,𝑖+1 are different mole fractions of components k in the liquid at 
different time steps, and i represent the different node points. 

The rate of change of the mole fraction with time can be represented in a numerical model as 
shown below in Figure 1. The node points range from n+1 to p-1 where p is the system 
boundary vertex. A local equilibrium exist at the interface whose position is represented as n, 
and the fluxes 𝑗𝑘 are all zero at the system boundary which is represented by the nodal point 
p.  

 

Figure 1. The numerical model is represented in one dimension. 

 

At node n+1, the mole fractions is solved as a parabola (𝑥𝑘 = 𝑎𝑟2 + 𝑏𝑟 + 𝑐), and its 
coefficients a, b and c are shown below in equations (7) to (9). 

𝒂 =
𝒙𝒌,𝒏∆𝒓+𝒙𝒌,𝒏+𝟐∆𝒓𝒏− 𝒙𝒌,𝒏+𝟏(∆𝒓+∆𝒓𝒏)

∆𝒓𝒏∆𝒓(∆𝒓𝒏+∆𝒓)
……………………………….............… (7) 

 

𝒃 =
𝒙𝒌,𝒏+𝟐∆𝒓𝒏

𝟐 −𝒙𝒌,𝒏∆𝒓𝟐+𝒙𝒌,𝒏+𝟏(∆𝒓𝟐+∆𝒓𝒏
𝟐)

∆𝒓𝒏∆𝒓(∆𝒓𝒏+∆𝒓)
………………………………………… (8) 

 

𝒄 =  𝒙𝒌,𝒏+𝟏…………………………………………………………...…..…. (9) 
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A combination of equations (7) and (8) will result in the mole fraction’s time derivative when it 

is inserted into the diffusion equation as shown in equation (10), and it is shown below. 

𝒙𝒌,𝒏+𝟏 = 𝟐𝒂𝑫 (𝟑 +
𝒃

𝒂𝒓𝒏+𝟏
)…………………………………………………… (10) 

Where 𝒙𝒌,𝒏+𝟏 is the time derivative of the mole fraction. 

The diffusive flux 𝑗𝑘 of the components k at the interface n of the solid-liquid melt is 
calculated using:  

𝒋𝒌,𝒏 =
∆𝒓+∆𝒓𝒏

𝟐
 𝒓𝒏+𝟏

𝟐  𝒙𝒌,𝒏+𝟏+∑ ∆𝒓𝒓𝒊
𝟐𝒑

𝒊=𝒏+𝟐 𝒙𝒌,𝒊

𝑽𝒎(𝒓𝒏+
∆𝒓𝒏

𝟐
)

𝟐  …………………………………::………… (11) 

Where the index n represent the interface, components is k, the system’s boundary, vertex is 
p, molar volume is 𝑉𝑚,  the time is t, the spatial coordinate is r, and R is the radius of the solid 
particle.  

Finally, the interface velocity 𝑣 is calculated. 

𝒗 =
𝒋𝒏𝑽𝒎

(𝒙𝒌
𝑺𝑶𝑳𝑰𝑫− 𝒙𝒌,𝒏)

 ……………………………………………………………….……. (12) 

Where 𝑥𝑘
𝑆𝑂𝐿𝐼𝐷 is the mole fraction of the component k at the solid side of the interface.  

The mobility of the interface does not interfere with the movement of the interface as its 
mobility is infinitely high in this model. This is a direct consequence of the local equilibrium 
assumption at the interface. The calculation of the local equilibrium at the interface is 
undertaken using a Gibbs energy minimization routine, see [42]. The thermodynamic 
properties of the liquid slag are calculated using the modified quasi-chemical model as 
introduced by Pelton et al. [46-48]. 

The modified quasi-chemical model (MQM) considers strong SRO effects between 
constituents of a phase. Short-range-ordering (SRO) refers to local ordering phenomena on 
distances close to the atomic spacings due to configurations of atomic pairs. 
 
In the MQM for binary solutions, the particles A and B are distributed substitutionally on the 
site of a quasi-lattice where their nearest neighbours can be a pair of like or unlike particles 
(namely, AA, AB, BB pairs). The relative amounts of pairs are determined by the energy 
change associated with the formation of two AB pairs from an AA and BB pair [46]. 
In an oxide melt, the second - nearest-neighbour (SNN) pair exchange reaction between the 
ionic species A and B is shown below in Equation (13). 
 
 

(𝑨 − 𝑨) + (𝑩 − 𝑩) = 𝟐(𝑨 − 𝑩); ∆𝒈𝑨𝑩……………………………………………. (13) 
 
Where (𝐴 − 𝐵) represents the nearest neighbour pair and ∆𝑔𝐴𝐵 represents the Gibbs free 
energy change forming two moles of (𝐴 − 𝐵) pairs, and its sign and magnitude determine if 
this formation of (𝐴 − 𝐵) pairs is thermodynamically favourable.  
 

 When ∆𝑔𝐴𝐵  is negative and high, it signifies the presence of an ordered solution (i.e., 
(AB) pairs are favourable). 
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 If ∆𝑔𝐴𝐵 becomes positive, it shows the occurrence of the immiscible solution signifying 
the clustering of (AA) and (BB) pairs.  

 If ∆𝑔𝐴𝐵 = 0, the solution becomes an ideal mixture. 
 

Denoting the number of moles of species 𝐴 and 𝐵 by 𝑛𝐴 and 𝑛𝐵, and the number of moles of 
(𝐴 − 𝐵) pairs by 𝑛𝐴𝐵, the following mass balance in Equations (14) and (15) are obtained: 
 

𝒁𝑨𝒏𝑨 = 𝟐𝒏𝑨𝑨 + 𝒏𝑨𝑩……………………………………………………………….…. (14) 
 

𝒁𝑩𝒏𝑩 = 𝟐𝒏𝑩𝑩 + 𝒏𝑨𝑩……………………………………….………………………… (15) 
 
Where the parameters, 𝑍𝐴 and 𝑍𝐵 represent the coordination numbers (i.e., the total number 
of the particle’s neighbours) of species A and B. The factor 2 represent the two 𝑖 particles 
that form the 𝑛𝐴𝐵  pair.  
 
The mole fraction 𝑋𝐴 and coordination fraction 𝑌𝐴 of particle 𝐴, and the pairs defined by: 
 

𝑿𝑨 =
𝒏𝑨

𝒏𝑨+𝒏𝑩
= 𝟏 − 𝑿𝑩……………………………………………………….…..…… (16) 

 
𝒀𝑨 =

𝒁𝑨𝒏𝑨

𝒁𝑨𝒏𝑨+𝒁𝑩𝒏𝑩
=

𝒁𝑨𝑿𝑨

𝒁𝑨𝑿𝑨+𝒁𝑩𝑿𝑩
= 𝟏 − 𝒀𝑩………………………:……………..……... (17) 

 
The pair fraction 𝑋𝑖𝑗 is given by: 
 

𝑿𝒊𝒋 =
𝒏𝒊𝒋

𝒏𝑨𝑨+𝒏𝑩𝑩+𝒏𝑨𝑩
…………………………………..…………...................………... (18) 

 
Equation (18) can be modified as shown below. 
 

𝑿𝒊𝒋 =
𝟐𝒏𝒊𝒋

𝒁𝑨𝒏𝑨+𝒁𝑩𝒏𝑨
……………………………………………....................….….....…. (19) 

 
The Gibbs energy of mixing, (∆𝐺′) at a given temperature (𝑇) is computed and shown below. 
 

∆𝑮′ =  
𝒏𝑨𝑩

𝟐
∆𝒈𝑨𝑩 − 𝑻∆𝑺𝒎𝒊𝒙+ (𝒈𝑨

𝟎𝒏𝑨 + 𝒈𝑩
𝟎 𝒏𝑩)……..................................……….. (20) 

 
Where 𝑛𝐴 and 𝑛𝐵 is the number of moles in the atoms of components A and B, the factor 0.5  
occurs as ∆𝑔𝐴𝐵 is the Gibbs free energy resulting from the formation of two (𝐴 − 𝐵) pairs, 𝑔𝐴

0 
and 𝑔𝐵

0  are the molar Gibbs energies of the pure components A and B, and  ∆𝑆𝑚𝑖𝑥 is the 
configurational entropy of mixing given by a random distribution of the pairs in the one- 
dimensional Ising approximation. 
 

∆𝑺𝒄𝒐𝒏𝒇𝒊𝒈 =  −𝑹(𝒏𝑨𝑰𝒏 𝑿𝑨 + 𝒏𝑩𝑰𝒏 𝑿𝑩) −  𝑹 [𝒏𝑨𝑨 𝑰𝒏 (
𝑿𝑨𝑨

𝒀𝑩
𝟐 ) + 𝒏𝑩𝑩 𝑰𝒏 (

𝑿𝑩𝑩

𝒀𝑨
𝟐 ) +

                                      𝒏𝑨𝑩 𝑰𝒏 (
𝑿𝑨𝑩

𝟐𝒀𝑨𝒀𝑩
)             …………...............................…….… (21) 

 
where 𝑛𝑋  represents the numbers of moles of each pair (AA, BB, and AB). 
 
Molar enthalpy change could be written as: 
 

𝝎 =  
𝑵∗𝒁

𝟐
 (𝟐𝜺𝑨−𝑩 − 𝜺𝑨−𝑨 − 𝜺𝑩−𝑩)……………….…..……….......................….… (22) 

 
Where 𝜔 is the molar enthalpy change, 𝑁 is the Avogadro’s number, 𝑍 is the coordination 
number, and 𝜀 is the pair bonding energy. Also, the molar non-configurational entropy 
change could be written as: 
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α =

𝑵∗𝒁

𝟐
 (𝟐𝝈𝑨−𝑩 − 𝝈𝑨−𝑨 − 𝝈𝑩−𝑩)……………….....……….............…...........….. (23) 

 
where α is the molar non-configurational entropy, 𝑁 is the Avogadro’s number, 𝑍 is the 
coordination number and 𝜎 is the pair non-configurational entropy. The mixing enthalpy and 
non-configurational entropy can then be calculated as:  
 

∆𝑯𝑴𝑰𝑿 =  (𝑿𝑨−𝑩 ∗ 𝟎. 𝟓)𝝎………………………………….............……… (24) 
 

∆𝑺𝒏𝒐𝒏𝒄𝒐𝒏𝒇𝒊𝒈 = (𝑿𝑨−𝑩 ∗ 𝟎. 𝟓)𝝁 ……………………………….............……. (25) 
 
Where 𝑿𝑨−𝑩 is the pair bond molar fraction. 
 
The total entropy change (𝑆𝐸) upon forming solution also contains the configurational 
entropy term which is:  
 
∆𝑺𝒄𝒐𝒏𝒇𝒊𝒈 =  −𝑹(𝑿𝑨𝑰𝒏𝑿𝑨 + 𝑿𝑩𝑰𝒏𝑩) −  𝟎. 𝟓𝑹𝒁 (

𝑿𝑨−𝑨𝑰𝒏𝑿𝑨−𝑨+ (𝑿𝑩−𝑩𝑰𝒏𝑿𝑩−𝑩)

𝑿𝑨𝟐
) + (

𝑿𝑩−𝑩𝑰𝒏𝑿𝑩−𝑩

𝑿𝑩𝟐
) +

                                                 + (
𝑿𝑨−𝑩𝑰𝒏𝑿𝑨−𝑩

𝟐𝑿𝑨𝑿𝑩
)   …………………………......….……....... (26) 

 
The equilibrium constant for the quasi-chemical reaction is given below: 
 

𝑿𝑨𝑩
𝟐

𝑿𝑨𝑨𝑿𝑩𝑩
= 𝟒𝒆

−𝟐(𝝎𝑨𝑩−𝜇𝑻)

𝒛𝑹𝑻 ……………………………..…………...............….. (27) 
 
When the model parameter (∆𝑔𝐴𝐵) becomes more negative, there is an increase in the 
formation of (𝐴 − 𝐵) pair, and the reaction moves to the right [45]. 
 
The modified quasi-chemical equations can be extended to ternary and multicomponent 
systems.  

2.3 EXPERIMENTS WITH RESPECT TO OXIDE PARTICLE 
DISSOLUTION 

There are different experimental techniques used to study the mechanism of lime dissolution 
in slags and they may involve in-situ experiments or ex situ experiments which utilize 
characterization tools for post-mortem examination, (e.g., microstructure determination and 
composition analysis).  

Dynamic tests are carried out by sampling from an industry converter and by forced 
convection where it is carried out by eccentrically stirring the molten slag (containing a lime 
cube), stirring slag with the aid of an impeller, and/or argon gas bubbling in slag via an iron 
tube. 

The most common technique used for the investigation of the dissolution mechanism is the 
finger test technique where a rotating or static solid oxide (e.g., lime) cylinder is dipped into 
molten slag and after a period of exposure, the cylinder is removed and characterized. An 
analysis of the distribution of the phases across the cylinder, gives the dissolution kinetics 
and mechanisms [49-53]. 

However, this method suffers as: 
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I. Ex situ determination, 
II. Dissolution kinetics is influenced by the rotation rate. This is due to the movement of 

the lime cylinder which is relative to the slag, and it is being refreshed with slag free of 
the reaction products.  

III. Damage of the cylinder can affect the analysis of the phases. 
IV. There is a rapid saturation of the slag composition with reaction products. 

Static tests are carried out by the iteration of the reaction over different times, temperatures 
and, slag chemistry while holding the slag in a dense lime crucible, or by varying 
temperature, while a piece of lime is reacting with slag in the crucible.  

Direct observation is a form of static test which includes the in-situ observation of dissolution 
of lime particle in slag with the aid of X-ray radiography and High Temperature Laser 
Scanning Confocal Microscopy (HT-CLSM) observation [54-58]. 

In 1961, Minski established the principles of laser scanning confocal microscopy (CSLM) [55], 
but it was in the 1990s that Emi and co-workers [54] combined CSLM with infrared heating to 
carry out real-time investigation of crystal growth and transformations in Fe–C alloys. 

A High-Temperature Laser Scanning Confocal Microscopy (HT- CSLM) system is made up 
of an infrared image furnace (IIF), a collimated laser beam, and confocal optics. It is mainly 
employed for the in-situ observation, control, recording and analysis of the oxide dissolution 
process at high temperatures [57]. It is also used in several experimental studies to observe 
other metallurgical phenomena which including phase transformations of metallic alloys, 
oxidation and reduction  

processes, the morphology of solidification, inclusion behaviour in slags, the crystallisation 
behaviour of slags, and kinetics of peritectic transformations. 

A schematic sketch of the High-Temperature Laser Scanning Confocal Microscopy (HT-
CLSM) set-up is shown below in Figure 2. 

 

Figure 2: An illustration of the components of the high-temperature confocal laser scanning 
confocal microscopy (HT-CLSM) [58]. 
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Some of the characteristics and advantages of High-Temperature Laser Scanning Confocal 
Microscopy are as follows [56-58]: 

- Moving image observation of samples with high magnification (up to 3000x) and high 
contrast at high temperature. 

- Sample temperatures can be controlled between -100 and 1800 degrees Celsius. 
- The possibility of the visualization of fine surface asperities. 
- Experiments can be conducted in a vacuum or using a defined furnace atmosphere. 
- No chemical etching is required as thermal etching renders that process. 
- The entire process is caught on video (up to 10-hour video recording and replaying). 

CSLM has some limitations [53-58], and they are listed below. 

I. The relative density of the particle influences the particle trajectory i.e., it can lead to 
the flotation of the particle on the molten slag’s surface (the requirement for this 

experiment) or sinking to the crucible’s bottom.  
II. The heating rate should be set to ensure that particle dissolution starts at the designed 

temperature because the particle is likely to be dissolved before reaching the  
experimental temperature if it is too slow, and the furnace temperature can exceed the 
experimental temperature if it is too high. 

III. For easy identification of the particle-liquid interface, the particle should have relatively 
low porosity to inhibit the bubble formation during inclusion dissolution.  

IV. High cost of acquisition and operation of equipment 
V. When compared to the other methods, it is complicated to operate  

A major advantage of this system is the versatility of experimental design which permit the 
use of different reaction atmospheres and a range of possible sample heating and cooling 
rates. It usually includes an infrared heating chamber with a cooling rate of several 100K/min. 
The entire process is recorded using a DIC system with a thermal imaging camera which 
operates at a maximum frame rate of 60 pictures per second at a temperature range 
between −20 °C to 1500 °C [56,58]. 
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Chapter 3: DISSOLUTION 
EXPERIMENTS AND OBSERVATION  

3.1 MATERIALS SELECTION  

The materials used in the experiment include oxide particles (silica (SiO2), alumina (Al2O3), 
and magnesium aluminate (MgAl2O4)) and varying samples of pre-melted slag that is 
composed of CaO–Al2O3–SiO2. The selected particles are spherical with an initial diameter D 
(D = 500 ± 25 μm). Three slag samples, labelled 1, 2 and 3 were prepared, where each sample 

is characterized by its amount of CaO, Al2O3 and SiO2. The slags are liquid for the 
temperatures and compositions used in these experiments. They are listed in Table 1. 

Table 1: Composition of the slag samples 

SLAG COMPOSITION BY WEIGHT PERCENTAGE 

CaO Al2O3 SiO2 

1 25 15 60 

2 35 20 45 

3 30 17.5 52.5 

 
 
Physical properties of the selected oxide particles (Sandoz precision spheres) are presented 
in Table 2 and originate from data sheets of the manufacturer of the particles (Sandoz Fils 
SA, Switzerland). 

Table 2: Material data sheet of the oxide particles. [59] 

 
 PARTICLE SIZE DENSITY 

1 Alumina (Al2O3) 0.20 to 150mm 3.96 g/cm3 

2 Spinel (MgO∙Al2O3) 0.20 to 8.00mm 3.61 g/cm3 

3 Fused silica (SiO2) 0.30 to 25.40mm 2.20 g/cm3 

3.2 EXPERIMENTAL SETUP  

A Lasertec VL2000DX Digital Confocal Scanning Laser Microscope (CSLM) with a high-

temperature furnace type SVF17-SP (Yonekura), and a programable temperature controller 

were used for the in-situ observations. A sketch of the CSLM apparatus is presented in Figure 

3. Experiments with the CSLM included: The pre-melting of the synthetic slag and the 

dissolution of the oxide particles in the transparent slags at high temperature.  
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Figure 3: Sketch of the HT-CLSM setup. 
 
The setup has several parts which include cooling inlets (air and water), a cooling outlet (air), 

a gold-coated ellipsoidal furnace, a sample holder, a 1.0 kW halogen lamp, and a lamp bulb 

protection tube. The process takes place inside a gold-plated chamber where a halogen bulb 

is in the lower focal point and the sample is in the upper focal point. This arrangement allows 

the reflection of infrared radiation produced from the bulb to be focused on the sample and 

to heat the sample.  
 
The sample stage consists of a protruding rod so that the sample can be positioned in the 

centre of the second focal point). The R-type thermocouple is spot-welded to the sample 

holder at the end of the rod. Wires inside the hollow rod connect this thermocouple to the 

measuring device (see Figure 4). 
 
 

 
 

Figure 4: The CLSM high-temperature furnace. The Pt-crucible was loaded with pre-
melted slag and eventually an oxide particle was dropped into this liquid. 

CRUCIBLE 

SAMPLE HOLDER 

THERMOCOUPLE 
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3.3 EXPERIMENTAL STEPS 

The experimental steps for the dissolution experiment are as follows: 
 

I. The slag was first prepared by mixing the selected compounds. The mixture was then 
melted in a furnace at 1600oC.  

II. A sample was collected, ground, and filled into a platinum crucible. 
III. The slag was pre-melted in the heating chamber of the HT-CSLM by its placement in 

a platinum crucible which is on a sample holder, and it can be observed. 
IV. The particle was placed in the pre-melted slag and the experiment was started.  
V. The temperature increased until the target experimental temperature was reached with 

a constant Ar-flow. 
VI. The dissolution process was recorded and stored in video format.  

3.4 CALIBRATION OF SAMPLE TEMPERATURE MEASUREMENTS  

The system was calibrated for temperature to obtain an accurate temperature of the slag 

melt in the HT-CSLM. This is because the direct measurement of the slag temperature is not 

possible. S-type thermocouples were used for temperature measurement and provided 

feedback to the halogen lamp power supply controller. They are welded to the sample holder 

of the HT-CSLM. The experimental target temperature must be calibrated with a slag sample 

with similar properties (known melting point in the temperature range that range from room 

temperature to about 1550°C).   
 
The temperature difference between the thermocouple that was dipped into the slag (control 

thermocouple) and the thermocouple that was welded to the sample holder of the HT-CSLM 

is recorded. The temperature of the furnace and the derived temperature of the sample are 

plotted versus time in Figs 8 a-c. The real temperature of the slag in the isothermal tests is 

derived from this experiment.  
 
A series of calibration runs were conducted before the dissolution experiments began. The 

temperature reading is obtained from the thermocouples attached to the furnace and the 

sample holder but there is an observed inconsistency between them, hence a calibration 

process has to be done in order to get a reading that is error free. The results obtained is 

used to calibrate the temperature reading obtained during the dissolution experiments. 
 
In Figure 5 below, a reference measurement is required to obtain the accurate slag 

temperature. The calibration procedure had to be repeated for each series of experiments. 

The calibration curves (furnace temperature (TF / oC) and sample temperature (TS / oC) 

versus time (t/s)) for an experimental run I is presented in Fig. 5a, for an experimental run II 

in Fig 5b; and for an experimental run III in Fig. 5c.  
 
Table 3 show the relevant experimental data from the calibration runs when regression 

analysis was carried out. The fitted or estimated simple linear regression mode, y, is given 

in the table. Also, the plots produced the degree of fit parameter (R2 ) plots, and the obtained 

values were in the range between 0.97 and 1 which indicated that within the margin of error, 

the plots were progressively linear with time. 
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Figure 5 (a-c): The plots of the three obtained reference temperatures of the sample and 

furnace. 
 
 
 

Table 3: Experimental data obtained from the calibration run 

REFERENCE SAMPLE EXPERIMENT 
NUMBER 

EQUATION 

1 SLAG 1 3 y = 0.95 ± 0.019 

SLAG 1 5 y = 0.95 ± 0.019 

SLAG 2 11 y = 0.95 ± 0.019 

SLAG 2 14 y = 0.95 ± 0.019 

SLAG 2 17 y = 0.95 ± 0.019 

2 SLAG 3 21 y = 0.84 ± 0.0015 

 

3 

 

SLAG 3 24 y = 0.98 ± 0.004 

SLAG 3 26 y = 0.98 ± 0.004 
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3.5 EVALUATION OF DISSOLUTION DATA 

The images of the experiment were captured on a charge-coupled device (CCD) (e.g., 

camera), projected on a computer monitor, and obtained from the video recording component 

of the HT- CSLM. The dissolution kinetics of the particle is monitored during isothermal 

holding. Frames are extracted from the videos via VirtualDub [60]. 
 
The sequence of captured images (Figures 6a-d) was obtained from the dissolution of an 

alumina (Al2O3) particle in SLAG 1 where uniform dissolution was observed and there was 

little or no rotation of the particle as the dissolution took place at recorded time intervals in 

the crucible which carried the transparent oxide pre-melt. The edge of the crucible is visible 

in Figure 6b. The image sequence usually ended when the oxide particle was almost 

completely dissolved in the slag and, thus, not anymore present in the next frame. 
 
 
 
 
 
 
 
 

 
 

(a) 
 

PRE-MELTED SLAG 

PARTICLE 
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(b) 
 

 
 

(c) 
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(d) 
 
Figure 6 (a)-(d): Dissolution of the synthetic alumina (Al2O3) particle in the experimental slag 
where the images were taken, at 381, 668, 1140 and 1447 s. 
 
Several frames (up to 100 frames) have been extracted from the recorded video of the 
dissolution and then the images were analysed with the software “Jens Rüdigs 

Makroaufmaßprogramm” [61]. This involved several steps which included the selection and 

definition of the image scale (500µm), and the tracing of the particles’ perimeter with the aid 

of a computer mouse. The area of the traced particles is computed automatically.  

This can be seen below in the image shown in Figure 7, and it was obtained from the 
analysis of an image obtained from the video recording of the dissolution of the silica particle 
in CaO-Al2O3 -SiO2 (SLAG 3). The databox in the upper right region of Figure 8 depicts the 
scale of each extracted image and it depends on the choice of thermocouple used during the 
experiment. The diameter of the selected thermocouple wire was 500 μm. The databox in the 

upper left region of the image indicates the furnace temperature and the experimental time. 
The particle diameter is measured manually for each frame. 
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Figure 7: The calculated area of a dissolving spherical silica particle in SLAG 3. 
 

3.5.1 EXPERIMENTAL ANALYSIS 

 
A sequence of frames with a shrinking particle in each frame provides us then with a data set 
of particle diameters versus time. An exemplary resultant dissolution profile is shown below 
in Figure 8, where the time-dependent rate change in the particle’s diameter is shown as the 
green circles seen in the scatterplot. The evolution of gas bubbles during particle dissolution 
corrupts the unbiased detection of the particle size in some frames. This means that not all 
the frames can be properly analyzed.  
 

 

Figure 8: Dissolution profile of the MA Spinel particle in SLAG 2. 

MEASURED  

PARTICLE 

EXPERIMENTAL  

PARAMETERS SCALE 
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Ultimately, this is one of the sources of the scatter of the dissolution data. An additional 
(systematic) error is expected from the two-dimensional evaluation of the process, which is 
three- dimensional. It is furthermore assumed but not completely true that the initially 
spherical particle retains its shape until it dissolves.  

A characteristic dissolution time for the dissolution experiments can be deduced from the 
experimental data in the following way. The time starts when there is a 10% reduction in the 
original diameter of the oxide particles. The characteristic dissolution time is the time that 
elapsed before the diameter of the particle is reduced to 90% of the initial size. Thus, 
experimental uncertainties during the start and at the very end of the dissolution process are 
avoided.  

 

∆𝒕 =  𝒕𝟏 − 𝒕𝟐 ……………….………………………………………………….. (28) 

 

Where ∆𝑡 is the estimated total dissolution time, 𝑡1 is the time where there is a 10% decrease 
in the dissolving particle’s diameter, and 𝑡2 is the time at which there is a 90% reduction in 
the particle’s diameter before the total dissolution or the end of the experiment. This is shown 

in shown below in Figure 10 where there is a graph of mean diameter, DM, vs dissolution 
time, t. The characteristic dissolution time for MA spinel in Slag 1, as seen in Figure 9, was 
calculated to be 1496.6s. 

 

Figure 9: A plot showing the characteristic dissolution time for MA spinel in Slag 1. 

CHARACTERISTIC 
DISSOLUTION 
TIME 

TIME ZERO 
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The different compositions of the slags and the particles to be dissolved in these slags are 
summarized in Table 3. In addition, the characteristic dissolution time for the different 
particles in the different slag systems is presented in Table 4. 
 

Table 4: The experimental particle-oxide combination 
 

SLAG COMPOSITION 

(CaO-Al2O3 - SiO2) 

(Mass fraction) 

OXIDE 

PARTICLE 

CHARACTERISTIC 

DISSOLUTION TIME, ∆𝒕  

(s) 

MEAN 

TEMPERATURE 

(0C) 

1 0.25 - 0.15 - 0.6 Alumina 2889 1510 

MA spinel 1497 1508 

Silica - - 

2 0.35 - 0.20 - 0.45 

 

Alumina 2121 1509 

MA spinel 1206 1508 

Silica 452 1508 

3 0.30 - 0.175 - 0.525 

 

 

Alumina 608 1492 

MA spinel 871 1503 

Silica 36 1506 

 
Three independent image analysis are carried out to improve the statistical reliability of the 
data that is obtained from the analysis of the image sequence (from the video recording of 
the change of its morphology versus time. From the three-image analysis runs the mean 
values and standard deviations of individual data points are calculated and used in the 
following analysis.  

SLAG 1 

The dissolution of alumina and MA spinel particles is investigated first in SLAG 1:   

ALUMINA:   

A distinguishable boundary was observed between the dissolving particle and the bulk pre-
melted slag during the process of dissolution. Three independent image analysis were 
carried out to estimate the variability of the diameter measurements and to improve the 
accuracy of the analysis by measuring the statistical error that arises from the measurement. 
The mean diameter of the alumina particle during dissolution in SLAG 1 is shown in Figure 
10 together with the standard deviation in the form of error bars for each value.  

The characteristic dissolution time (∆𝑡) as defined above for the alumina particle was found 
to be 2889.31s and is provided in Table 4.  
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Figure 10: Dissolution profile of the alumina (Al2O3) particle in slag sample 1. 
 
 

MA SPINEL 

Small air bubbles were present during the dissolution of MA spinel in SLAG 1, as can be 
seen in Figure 11. The gas evolution is due to the difficulty in completely removing all 
entrapped gas bubbles during the pre-melting of the slag sample in the crucible. This 
influences the data analysis, thereby causing scatter in the dissolution profile. 

In Figure 12, the mean average of the particle diameter (obtained from the three independent 
image analysis) was plotted against the dissolution time to give the dissolution profile. The 
error bars in Figure 12 represent the standard deviation for the particle diameter. This allows 
for roughly estimating the measuring error of the diameter of the dissolving particle. The 
characteristic dissolution time for MA spinel in SLAG 1 is provided in Table 4.  
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Figure 11: Evolution of gas bubbles during the dissolution of MA spinel in SLAG 1 
 
 

 
 

Figure 12: The dissolution profile of MA Spinel in Slag 1. 

GAS BUBBLES 

PARTICLE 
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SILICA: The dissolution of the silica particle could not be analyzed effectively due to poor 
image quality, and this influenced the number of collected data points. It negatively affected 
the statistical accuracy of the analysis. 

SLAG 2 

SLAG 2 has a composition of (35wt%CaO - 20wt%Al2O3 - 45wt%SiO2) and unlike in SLAG 1, 
the dissolution process of all particles (silica, alumina and MA spinel particles) could be 
observed. The analysis is given below. 

ALUMINA: The dissolution profile of alumina in SLAG 2 is shown in Figure 13. The 
characteristic dissolution time (∆𝑡) of the alumina particle was estimated to be 2120.8s and is 
also provided in Table 4. It appears that the dissolution of alumina in SLAG 2 is effectively 
faster than in SLAG 1.  

 

  

Figure 13: The dissolution profile of alumina in SLAG 2 

 

MA SPINEL: During the dissolution of MA spinel in SLAG 2, almost no gas bubbling was 
observed which allowed for an undisturbed evaluation of the image sequence in this regard. 
The particle dissolved in SLAG 2 at an average characteristic dissolution time of 1205.74s 
(also see Table 4) which was faster than that of the particle in Slag 1, and the dissolution 
profile can be observed to be steeper (see Figure 14).  
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Figure 14: The dissolution profile of MA spinel in SLAG 2 

 

SILICA:  The dissolution profile for a silica particle in SLAG 2 is shown in Figure 15 together 
with the standard deviation calculated from three independent image analysis.  The resulting 
dissolution profile is steep with a sharp dip when the particle reaches 250µm, as can be seen 
in Figure 16. The characteristic dissolution time for silica is given in Table 4. 
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Figure 15: The dissolution profile of silica in SLAG 2 

SLAG 3 

SLAG 3 has a composition of CaO-Al2O3 -SiO2 (30%, 17.5%, 52.560%) and the analysis of 
the dissolution process of the alumina, silica and MA spinel particles dissolved and was 
analyzed.  

ALUMINA: The alumina particle dissolved in the slag at an average dissolution time (∆𝑡) of 
607.7s (see also Table 4) The change in the particle morphology was uniform until it is 
dissolved totally. The mean diameter vs dissolution time for the alumina dissolution in SLAG 
3 is shown in Figure 16. It is evident by comparing the characteristic dissolution times in 
Table 4 which indicates that the dissolution of alumina in SLAG 3 is slower than in SLAG 1 
and SLAG 2. 
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Figure 16: The dissolution profile of alumina in SLAG 3 

 

MA SPINEL:  The shape of the dissolution profile for MA spinel particle in SLAG 3 is like that 
of the dissolution profile of MA spinel in SLAG 1 and SLAG 2. Only little evolution of gas 
bubbles was observed. There was negligible or no rotation of the particle, but it was 
observed that it moved a lot in the oxide melt until total dissolution was achieved. The 
dissolution rate was linearly steep as can be seen in Figure 17. The characteristic dissolution 
time was calculated and is given in Table 4.  
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Figure 17: The dissolution profile of MA spinel in Slag 3 

SILICA: It was observed that the dissolution rate of silica in SLAG 3 was very rapid. The 
silica particle kept its spherical shape throughout the dissolution process. The dissolution 
profile for silica in SLAG 3 can be seen in Figure 18. The remarkable scatter in the observed 
mean diameter of the silica particle during dissolution is due to the difficulty of evaluating the 
particle diameter clearly from the derived image sequence. Unfortunately, no higher quality 
measurements could be achieved in this work. The characteristic dissolution time was 
calculated and is provided in Table 4. 
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Figure 18: The dissolution profile of silica in SLAG 3 

3.5.2 COMPUTATIONAL ANALYSIS 

A Python script is created to set up the model and run the simulations. The effect of system 
parameters on the dissolution kinetics (which influenced the dissolution profile of the 
dissolving spherical oxide particles) is investigated with the aid of the Python routine. The 
change in the morphology of the particle is calculated over a period, with an initial radius 
taken from the onset of the dissolution process. 
 
The modelling analysis of the different oxide particles in the slag samples is shown below.  
 
ALUMINA: Multicomponent diffusion coefficient matrices were constructed for the dissolution 
of the alumina particle in the CaO-Al2O3 -SiO2 slag which is a three-component system. The 
chemical diffusion coefficients DCaOCaO, DCaOAl2O3, DAl2O3 CaO, and DAl2O3Al2O3 used for the 
simulation of the oxide particle dissolution are given in Table 5 below. 
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Table 5. Diffusion Coefficient Matrix for the dissolution of alumina in the samples of the CaO-
Al2O3 -SiO2 system. 

SLAG DCaOCaO / m2s-1 DCaOAl2O3 / m2s-

1 
DAl2O3 CaO / m2s-

1 
DAl2O3Al2O3 / m2s-1 

1 7.67∙10-12 -0.8∙10-12 -0.98∙10-12 2.62∙10-12 

2 5.08∙10-12 -0.53∙10-12 -0.65∙10-12 1.73∙10-12 

3 70.39∙10-12 -7.7∙10-12 -9.45∙10-12 25.2∙10-12 

 

The solid line in Figure 19 (a-c) represents the calculated time-dependent radius of the 
alumina particle during dissolution which is a non-equilibrium process. As stated in the 
assumptions behind the numerical modelling approach given in Section 2.2, the diffusion 
coefficient of the solid particle is not constant in varying liquid oxide melt and the overall 
dissolution rate is influenced by the diffusion of cations through the interface. This is because 
cations have a different mobility rate in the slag melt which is a multi-component system, and 
this results in the diffusion profile deviating from a linear line. 
 
It can be observed that the model fit shares a similar characteristic curvature as the results 
obtained from the dissolution experiments. The profile of the dissolution plot and the model in 
SLAG 1 shows a profile exhibiting an “S” shape while that of SLAG 2 and 3 is steeper, and 

they have a faster characteristic dissolution time (2120.8s and 607.7s). Also, SLAG 3 has the 
highest dissolution coefficient, followed by SLAG 1 and then, SLAG 2. The observed 
discrepancy was within the limit of error and could be ascribed to variation emanating from 
particle size analysis of the extracted image sequence. 
 
It can be concluded that diffusion is the rate-determining process during oxide particle 
dissolution in tested slag samples.  
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(a) 

 

 

(b) 
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(c) 

Figure 19: Mean particle diameter DM versus dissolution time for alumina particles in (a) slag 
1 (b) slag 2 and c) slag 3. The coloured dots with error bars are from experimental 
observations. The black solid curves are the simulated results. The insert 𝛥t is the 
characteristic dissolution time. 

MA SPINEL 

Table 6 shows the chemical diffusion coefficients DCaOCaO, DCaOAl2O3, DAl2O3 CaO, and DAl2O3Al2O3 
in the multicomponent diffusion coefficient matrices created for the dissolution of the MA 
spinel particle in the CaO-Al2O3 -SiO2 slag.  

Table 6. Diffusion Coefficient Matrix for the dissolution of MA spinel in the 3-Component 
(CaO-Al2O3 -SiO2) system with a diffusion coefficient of Dc = D x 10-12 m2/s. 

SLAG DCaOCaO / m2s-1 DCaOAl2O3 / m2s-

1 
DAl2O3 CaO / m2s-1 DAl2O3Al2O3 / m2s-1 

1 

 

5.02∙10-12 -0.52∙10-12 -0.64∙10-12 1.71∙10-12 

2 3.98∙10-12 -0.42∙10-12 -0.51∙10-12 1.36∙10-12 

3 25.6∙10-12 -2.67∙10-12 -3.27∙10-12 8.73∙10-12 

 

The calculated model fit showed the same characteristic curvature as the experimental 
results for the dissolution of MA spinel in SLAG 3, however for the dissolution of these 
particles in SLAG 1 and 2 the simulated curves deviated significantly from the experimental 
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results. An examination of the profile of the dissolution plot and the model fit of the alumina 
particle in SLAG 1-3 showed that the characteristic dissolution time decreased from SLAG 1 
to SLAG 3 (from 1496.6s, 1205.74s, to 870.53s).  

 

 

(a) 
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(b) 

 

(c) 

Figure 20: Mean particle diameter DM versus dissolution time for MA spinel particles in (a) 
slag 1 (b) slag 2 and c) slag 3. The coloured dots with error bars are from experimental 
observations. The black solid curves are the simulated results. The insert Δt is the 
characteristic dissolution time. 
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Chapter 4: CONCLUSIONS AND 
OUTLOOK  
 
 
In this research, the dissolution of oxide particles was observed in slags of varying 
compositions, and the results are summarized as follows: 

 The oxide particles were observed to be spherical, and it is likely that they maintained 
their spherical shape until complete dissolution. There was the observation of little or 
no particle rotation. 

 Gas evolution led to measurement errors, which could be seen as data scatter in the 
dissolution profile, especially in the dissolution of the MA spinel particle in Slag 1. 

 No sufficient prediction of the behavior of the characteristic diffusion time can be made 
from considering only the number of network-formers of the liquid slag. While the 
characteristic dissolution time for every particle is reduced from SLAG 1, SLAG 2 to 
SLAG 3, the characteristic dissolution time is not necessarily determined by the 
basicity of the slag. The slag sample had a basicity of 0.417, 0.778, and 0.571, and 
there was no distinct trend that was observed that could be attributed to this parameter, 
based on experimental test and the modelling fit. This reasoning indicates that a 
profound thermodynamic analysis is important to predict the dissolution behavior of 
oxide particle in molten slags.   

 No boundary phase could be observed evolving during the dissolution of the oxide 
particles with the HT-LSCM.  

 Also, it was observed that silica had the average fastest dissolution time while the 
alumina particle had the slowest and more uniformly dissolution profile. 

 An examination of the profile of the dissolution plot and the model fit of the alumina 
and MA spinel particles in SLAG 1-3 showed that there was a consistent reduction in 
the characteristic dissolution time from SLAG 1 to SLAG 3 in both particles.  

 The effect of oxide particles’ porosity and thermal conductivity on the dissolution rate 

was not investigated and this might be the subject of future investigation.  
 Further experiments and quantitative analyses of the dissolution of oxide particles in 

oxide melts of a different composition (which simulate the actual steelmaking process) 
may lead to the development of better refractory materials and innovation in the area 
of inclusion metallurgy. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

45 

Appendix 
 

 

 

 

I. Merged plots for the dissolution of the alumina particle in Slag 1-3. 
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II. Merged plots for the dissolution of the MA spinel particle in Slag 1-3. 
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III. Merged plots for the dissolution of the silica particle in Slag 2-3. 

 

 

 

IV. Merged plots for the dissolution of the alumina and MA spinel particles in Slag 1. 
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V. Merged plots for the dissolution of the alumina, silica, and MA spinel particles in Slag 2. 
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VI. Merged plots for the dissolution of the alumina, silica and MA spinel particles in Slag 3. 
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