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Abstract 

 

The cleanliness of steel impacts the success of steel production and the physical and 

chemical properties of the final product. Improving the cleanliness of steel, therefore, 

becomes a necessity in the present time, with an ever-increasing demand for high-quality 

steel products. The cleanliness can be improved by removing the harmful inclusions 

through flotation or by modifying their composition and morphology to less detrimental 

forms. The present study focuses on better understanding the second approach, a specific 

modification method commonly known as the calcium (Ca) treatment in advanced high 

strength steel (AHSS) production.  

 

The chemical and morphological evolutions of Al2O3 inclusions under experimental and 

industrial conditions, as well as the formation of CaS and MnS inclusions, were studied 

in this work. Six laboratory experiments with different combinations of calcium and 

sulfur contents of liquid steel were conducted. Samples were taken at different time 

durations after calcium addition. The inclusions on the sample cross-sections were 

analyzed using an automated SEM-EDS system to obtain their chemical, size 

distribution, population, and morphological information. Similar steps were taken in the 

analysis of industrial samples. The findings obtained based on the automated SEM-EDS 

analyses were further supported and validated against other analysis results such as 

manual SEM analysis, thermodynamics, and kinetics calculations. 

 

The modification mechanism for Al2O3 inclusions was established in the first part of the 

study. After adding 10 ppm, 20 ppm, and 35 ppm Ca, small-sized calcium aluminates 

CAx (C and A denote CaO and Al2O3, respectively) inclusions become the primary 

oxygen bearer instead of Al2O3 inclusions. The modification extent of the CAx inclusions 

depends on the Ca content. CaS inclusions also form at the early stage of calcium 

treatment. In the later stage, CaS inclusions act as the Ca source to modify the remaining 

Al2O3 inclusions to CAx inclusions and simultaneously modify the existing CAx 

inclusions until equilibrium is reached. CaO inclusions only form in steel containing 20 

ppm S and 35 ppm Ca; the primary oxygen bearer will change from Al2O3 to CaO, 

followed by a transformation from CaO to CaS. In other S and Ca contents, CaO 

inclusions do not form. This finding clarified that modification of Al2O3 inclusions is 

mainly driven by dissolved Ca and CaS inclusions, with CaO showing a minor direct 

impact. Moreover, the experimental studies showed that total area fractions of liquid and 

semi-liquid inclusions, which are inclusions that are partially liquid and partially solid, 

are correlated with the thermodynamic stability of CaS inclusions. The fraction of liquid 

inclusions decreases after the area fraction of CaS inclusions drastically increases when 

steel chemistries allow stable CaS inclusions to precipitate. 

 

The correlation between the steel chemistries and inclusions was improved by 
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incorporating more data from industrial heats. Three modification indexes were 

proposed to estimate the control of CAx, CaS, and MnS inclusions. The fraction of CAx 

inclusions with more than 50 pct liquid, and the area fraction of CaS and MnS inclusions 

in tundish samples were correlated with the Ca, Al, Mn, and S contents of liquid steel. 

Later, these modification indexes were incorporated to evaluate the effectiveness of 

calcium treatment quantitatively. This makes the present study the first to discuss the 

correlations between Ca, Al, Mn, and S contents and the number of inclusions in the 

open literature. The correlations were validated against industrial data, they may be used 

in industry to determine the optimum Ca content for inclusion control and modification.  

 

Based on the experimental and industrial data, the coarsening of CaS inclusions was 

initially governed by mass transport, then shifted to collision-related mechanisms. When 

agitation is absent, Brownian motion shows the most significant impact on the growth 

of CaS inclusions, while turbulent flow is the critical cause of collision and coagulation 

when the melt is stirred, such as in industrial conditions. It has been found that CAx 

inclusion growth mainly occurs in the early stage after Ca addition. The potential reason 

is that the lack of attraction prevents coagulation after CAx inclusions are modified to 

liquid and semi-liquid.  
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𝑅 Gas constant (J·K-1mol-1) 

𝑆ℎ Sherwood number 

SPC Sulfur partition coefficient 

𝑇 Temperature (K) 

𝑇Ar4 δ-Fe to γ-Fe transformation temperature (K) 

𝑇liq Liquidus temperature (K) 

𝑇sol Solidus temperature (K) 

T. AFi Sum of AF of i phase in all inclusions (ppm) 

T. AFi(j) Sum of AF of i phase in all type j inclusions (ppm) 

T. 𝑖 Total content of component i (ppm) 

(𝑇. 𝐶𝑎)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 Measured T.Ca content (ppm) 
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(𝑇. 𝐶𝑎)𝐶𝐴2 𝑠𝑎𝑡. The T.Ca content for CA2 formation (ppm) 

(𝑇. 𝐶𝑎)𝐶𝑎𝑆 𝑠𝑎𝑡. The T.Ca content for CaS formation (ppm) 

𝑉 Volume of steel in a crucible (m3) 

𝑋[𝑖],𝑏 Molar concentration of component i in the bulk of steel (kg/m3) 

𝑋[𝑗],𝑖 
Molar concentration of component j at steel-inclusion interface 

(kg/m3) 
𝑎𝑖 Activity of component i 

𝑎, 𝑏, 𝑐 Weighing coefficients when calculating the values of 𝑑 

𝑑 Deviation of measured T.Ca from optimum T.Ca 

d Diameter of inclusion (μm) 

davg Average diameter of multiple inclusions (μm) 

𝑑𝑖 Diameter of inclusion with size i (μm) 

dmax Maximum diameter of an inclusion (μm) 

dmin Minimum diameter of an inclusion (μm) 

𝑒𝑗
𝑖 Interaction coefficients, the effect of component i on j 

𝑓 Volume fraction of inclusions 

𝑓
0
 Initial volume fraction of inclusions 

𝑓𝑖 Henrian activity coefficient of component i 

𝑓𝑠 Solid fraction (pct) 

𝑔 Acceleration of gravity (m/s2) 

ℎ𝑖 Henrian activity of component i 

(𝑖) Concentration of component i in inclusion (wt pct) 

[𝑖] Concentration of component i in steel (wt pct) 

𝑘𝐵 Boltzmann constant (m2·kg/s2K) 

𝑘𝑖
𝑗
 Equilibrium partition coefficient of component i between liquid 

steel and solid steel phase j 

𝑘𝑚,𝑖 Mass transfer coefficient of component i in steel (m/s) 

m𝑖 Effects of component i on Tliq (K/wt pct) 

𝑛𝑖 Quantity of component i (mol) 

n𝑖 Effects of component i on TAr4 (K/wt pct) 

𝑟 Inclusion radius (μm) 

𝑟0 Initial inclusion radius (μm) 

𝑟𝑖 Radius of inclusion with size i (μm) 

𝑡 Time (sec) 

𝑡𝑓 Solidification time (sec) 

𝑢 Velocity (m/s) 

𝑑𝑢

𝑑𝑦
 Velocity gradient in the laminar shear zone (1/s) 

𝑤[𝑗],𝑖 Weight fraction of component j at steel-inclusion interface (wt 

pct) 
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𝑥𝑖 Molar fraction of component i (pct) 

𝛼 Turbulent coagulation coefficient  

𝛽𝐵 Collision frequency functions of Brownian collisions (m3/s) 

𝛽𝑖𝑗
𝐶  Sum of collision frequency functions (m3/s) 

𝛽𝐺 
Collision frequency functions of gradient collisions in the 

laminar shear zone (m3/s) 

𝛽𝑆 Collision frequency functions of Stokes collisions (m3/s) 

𝛽𝑇 Collision frequency functions of turbulent collisions (m3/s) 

𝛽𝑖 Back diffusion parameter 

𝛾 Liquid-solid interfacial tension (mN/m) 

𝛾𝑖 Liquid-solid interfacial tension of component i (mN/m) 

𝜀 Turbulence energy dissipation rate (m2/s3) 

𝜃 Liquid-solid phase contact angle (°) 

𝜃𝑆 Sulfur surface coverage (pct) 

𝜃𝑂 Oxygen surface coverage (pct) 

𝜆𝑆𝐷𝐴𝑆 Secondary dendrite arm spacing (μm) 

𝜇 Dynamic viscosity (kg/m·s) 

𝜌𝑠𝑡𝑒𝑒𝑙 Steel density (kg/m3) 

𝜌𝑃 Inclusion density (kg/m3) 

𝜎𝐿𝑉 Liquid-surface tension (mN/m) 

𝜎𝑆𝑉  Solid surface tension (mN/m) 
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Chapter 1 Introduction 

1.1 Research Background 

Primary steelmaking processes introduce a significant amount of oxygen into liquid steel. 
[1] Due to the high affinity of many metallic elements to oxygen, micro-particle formation 

is inevitable. These particles are named inclusions. Most of the inclusions are solid 

because their melting points are higher than the typical steelmaking temperatures. The 

micrometer-sized inclusions negatively affect steel production and quality; hence, they 

are said to make the steel “dirty” if not adequately controlled. Steel is “cleaned” in the 

secondary refinement processes usually by two approaches: modification of the 

composition and/or morphology of the inclusions or removal of inclusions to the slag 

phase. The remaining inclusions within the steel strongly influence the properties of the 

finished product, such as strength, formability, corrosion resistance, and surface quality. 

 

Calcium treatment by powder injection or wire feeding is a common approach used in 

steel refining to modify the composition of solid oxide inclusions and control the shape 

of sulfide inclusions. [2] A typical example is the modification of alumina (Al2O3) 

inclusions into liquid or partially liquid calcium aluminates (CAx) inclusions, which are 

less likely to attach to the refractory lining when molten steel passes through a 

submerged entry nozzle (SEN) during continuous casting. [3] In addition, modified 

inclusions are spherical, which helps avoid anisotropic steel properties if the shape is 

maintained after fabricating. Meanwhile, calcium also reacts with dissolved sulfur and 

forms CaS inclusions.  

 

Previous studies [4–12] focused on determining the sequence of reactions between 

inclusions and calcium, minimizing the mass of calcium addition while promoting the 

formation of calcium aluminate inclusions and controlling the formation of CaS 

inclusions. However, the preferential order of reactions is still unclear, let alone how the 

current practice can be improved. Some researchers [5,13–15] also focused on the kinetics 

of transformation between inclusion phases. Several studies [10,11,16–21] focused mainly 

on correlating steel compositions with the inclusions’ compositions and proposed 

modification indexes to predict inclusion modification. The quantities of inclusions were 

usually not discussed. In addition, to the best of the author’s knowledge, no study has 

been able to incorporate multiple modification indexes to give a comprehensive and 

quantitative evaluation of the modification results. Apart from composition and quantity, 

the size of inclusions also influences the quality of steel products. No study exists on the 

growth and coarsening of CaS inclusions in the literature. Some studies [22–24] on the 

coarsening behavior of CAx inclusions were conducted, but none included any industrial 

data in the analysis. The objective of this study is to fill the gap in these areas of 

knowledge. 
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1.2 Research Objectives 

The objective of this study is to develop an understanding of the formation and evolution 

of inclusions in calcium-treated liquid steel. It involves the following three sub-

objectives: 

 

1. Obtain experimental data for inclusion characteristics, including, size distribution, 

number, and composition of inclusions as a function of calcium addition and sulfur 

content of liquid steel, and propose modification mechanisms of Al2O3 inclusions by 

calcium treatment. 

2. Propose modification indexes for CAx, CaS, and MnS inclusion control under 

industrial conditions and develop a method of incorporating the modification indexes 

to study the overall effectiveness of Ca treatment. 

3. Investigate the evolution of CaS and CAx inclusions size distribution by Ca treatment 

and propose growth mechanisms of inclusions. 

1.3 Thesis Outline 

The research background, the motivation of the study, and the thesis outline are 

introduced in Chapter 1. Chapter 2 reviews the effect of calcium treatment on inclusion 

composition, population, and morphology reported in the literature and the information 

related to inclusion analysis techniques. 

 

Chapter 3, entitled “Experimental study of inclusion modification by Ca in AHSS,” 

provides the experimental data on inclusion evolution in three calcium levels and two 

sulfur levels. The two modification mechanisms by Ca treatment are proposed. By 

comparing the fraction of liquid inclusions with the thermodynamics calculation of 

inclusion stability, the conditions for preventing excessive CaS inclusion formation in 

experiments are clarified in this chapter. This chapter is published in the Metallurgical 

and Materials Transactions B (DOI: 10.1007/s11663-021-02243-1).  

 

Chapter 4, “Evaluation of calcium treatment on oxide and sulfide inclusions through 

modification indexes,” reports the inclusion types in tundish of thirty-seven industrial 

heats separated into three series of distinct C and Mn contents of liquid steel. This chapter 

introduces three modification indexes using the steel chemistries to define the level of 

success in CAx, CaS, and MnS inclusions control. The modification indexes for CAx and 

CaS inclusions are universally applicable in all three series. The index on MnS inclusion 

control is applicable in predicting the modification results in 0.06C-0.5Mn (Series 1) and 

0.18C-0.9Mn (Series 2) containing heats. The discrepancy in 0.06C-1Mn (Series 3) 

containing heats is explained with different MnS formation mechanisms using a 

segregation model. The overall modification results are quantified based on the deviation 
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from the ideal Ca content. This chapter is published in Metallurgical and Materials 

Transactions B (DOI: 10.1007/s11663-022-02573-8). 

 

Chapter 5 discusses the coarsening of CaS inclusions under experimental and industrial 

conditions. The coarsening mechanisms of CaS inclusions are determined by comparing 

the observed and the theoretical coarsening rates calculated for various coarsening 

mechanisms depending on the availability of data on small-sized inclusions. This chapter 

is published in Metals (DOI: 10.3390/met12050707). Chapter 6 applies the similar 

analysis techniques used in Chapter 5 to study the coarsening of CAx inclusions under 

experimental and industrial conditions.  

 

Chapter 7 concludes this project by highlighting the key findings of each chapter and 

suggests potential future works that can be done based on the findings established so far.  
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Chapter 2 Literature Review 

2.1 Secondary Steelmaking 

Basic oxygen furnaces (BOF) and electric arc furnaces (EAF) and their derivations are 

the most common methods of producing liquid steel. The schematic diagram of the flow 

of the BOF and EAF steelmaking process is illustrated in Figure 2.1. [25] The BOF and 

EAF are referred to as the primary steelmaking process, which are the first steps of 

converting the source material to liquid steel. The primary purpose of BOF and EAF is 

to remove carbon by reacting with the oxygen injected. [1] This inevitably increases the 

oxygen content in liquid steel. 

 

  
Figure 2.1 Schematic diagram of the general steelmaking flow [25] (Reprinted with 

permission) 

 

The term “secondary steelmaking” refers to the refining processes between the primary 

steelmaking and the casting processes shown in Figure 2.1. One of its purposes is to 

further adjust the compositions of steel after the primary steelmaking processes to meet 

its specifications. In addition, secondary steelmaking objectives include homogenizing 

steel composition, improving steel cleanliness, and adjusting the temperature. [26] The 

secondary steelmaking metallurgy usually involves deoxidizing, desulphurizing, 

degassing, and inclusion removal. They are achieved by combinations of slag refining, 

vacuuming, stirring, heating, etc. [27] Many of these aforementioned processes can be 

carried out in a ladle furnace shown in Figure 2.1; hence, the term “secondary 

steelmaking” and “ladle metallurgy” are sometimes used interchangeably. The degassing 

process in Figure 2.1 is sometimes used with a ladle mainly to enhance the removal of 

gaseous elements such as hydrogen and nitrogen using a vacuum chamber. In this study, 

the non-metallic inclusions related to the deoxidation and techniques of preventing the 
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inclusions from causing problems during production and in final products are of 

particular interest. 

2.1.1 Deoxidation  

Steel deoxidation refers to reducing the oxygen content of liquid steel and is a necessary 

step in steel production. During primary steelmaking, oxygen reacts with liquid iron and 

the impurities such as carbon, manganese, and silicon. At the end of this process, the 

melt contains excessive oxygen content, which can be high as 800 ppm. [28] Oxygen can 

form an oxide with many alloying elements added during the secondary steelmaking 

process. This decreases the efficiency of alloying, and the oxides formed degrade the 

steel properties. [28] In addition to that, gas bubbles can be trapped in the steel and cause 

the formation of cracks in the final products. [29] 

 

The deoxidation practice is performed by the addition of deoxidant, which reacts with 

dissolved oxygen in liquid steel. The general representation of such a reaction is provided 

in Equation (2.1). [28,30] Me and [O] denote the deoxidant and dissolved oxygen, 

respectively. MeOx is the deoxidation product, also known as the non-metallic inclusions. 

The potential deoxidants have different deoxidation strengths, which can be shown 

graphically with the Ellingham diagram in Figure 2.2. [31] The lower the deoxidant in 

Figure 2.2, the stronger the strength. The typical deoxidants include Mn, Si, and Al, [30] 

listed in the order of increasing strength. Mn and Si can decrease the dissolved oxygen 

content to approximately 50 ppm [O]. [3] Alternatively, Al and Mg can reduce dissolved 

oxygen concentration to low as 2 ppm. [3] Less common deoxidizers like Ca and Ti are 

also used for particular purposes. [32,33] Ca gives the lowest oxygen level among all 

elements listed in Figure 2.2, but it is rarely used for that purpose because of its volatile 

nature and cost. [7]  

 

 𝑀𝑒 + 𝑥[𝑂] = 𝑀𝑒𝑂𝑥 (2.1) 
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Figure 2.2 Ellingham diagram [31] (Reprinted with permission) 

2.1.2 Desulfurization 

Just like oxygen, excessive sulfur is also detrimental to steel. Therefore, reducing the 

sulfur content (desulfurization) is necessary for many steel grades. Sulfur in steel comes 

from various sources, including impurities in liquid iron, scrap, and slag materials. 

Without proper desulfurization, sulfides, including FeS and MnS, may form during 

solidification, which is known for inducing cracks. [28] In the continuous production of 

steel grades other than the free-cutting steel, the sulfur content can be high as 

approximately 200 ppm without special treatment. [34] The S content should be low as 10 

ppm in special plates requiring ultra-low sulfur content, such as line pipes. [34] The 

purpose is to achieve high resistance to hydrogen-induced cracking (HIC). The details 

about relationships between the properties of steel and the inclusions are discussed in a 

later section. 

 

During secondary steelmaking processes, desulfurization is mainly achieved through a 

slag-steel reaction. [1] Based on the ionic theory of slags, sulfur in slag presents mainly 

as S2- or SO4
2- depending on the partial pressure of oxygen. When the partial pressure of 

oxygen is lower than 1e-6 atm, which can be achieved even with Mn and Si deoxidation 

according to Figure 2.2, S2- is the dominant form. [35] Therefore, in Al deoxidized steel, 

the current project is interested in, desulfurization being achieved through Reaction (2.2). 
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The round and square brackets denote species in slag and steel, respectively. 

 

 (O2−) + [S] = (S2−) + [O] (2.2) 

 

Therefore, the final [S] largely depends on slag composition. CaO in slag (source of 

(O2−) in Reaction (2.2)) can react with [S] to form CaS and [O], so basic slags usually 

result in lowering [S]. [36] Other than increasing (O2−), Reaction (2.2) also suggests the 

desulfurization can be enhanced when [O] is decreased. Therefore, it is a conventional 

understanding that low FeO contents in the slag are critical for desulfurization. [26,28,34,37] 

Due to the same reason, the deoxidation of steel also contributes to the desulfurization 

process. [34] The partition of sulfur between slag and steel increases as the FeO content 

decreases from 1 wt pct. [26] In addition, because Reaction (2.2) is an endothermic 

reaction, [34] increasing the temperature pushes Reaction (2.2) towards the products’ side, 

which leads to deeper desulfurization. Desulfurization can also be achieved with gas 

stirring, and injection of desulfurization agents such as CaSi or rare earth elements, [34] 

but they will not be discussed in further detail here as desulfurization is not the focus of 

this study. 

2.2 Inclusion Control during the Refining Process 

Many of the non-metallic inclusions are the reaction products of deoxidation and 

desulfurization. After the initial stage of nucleation, precipitation, and growth, inclusions 

may react with alloying elements; hence, leading to the formation of new compounds. 

The inclusions also coagulate and agglomerate, which leads to their sizes increasing with 

time. These large size inclusions cause problems if not controlled or removed. In the case 

of Al2O3 inclusions, this project is interested in; they were found to have a strong 

tendency to agglomerate with each other, as well as deposit and accumulate on refractory 

walls due to their low wettability to typical steelmaking slag. [38–40] There are generally 

two methods to prevent damages from inclusions: removal and modification. 

2.2.1 Inclusion Removal 

This project focus on the second method, but general knowledge about the removal 

process is provided in this section. The removal of inclusions generally involves two 

steps: floatation and separation. 

 

Many of the inclusions are removed from steel to the slag-steel interface and absorbed 

by slag with the help of gentle stirring close to the end of the ladle metallurgy process. 

Other than floatation by buoyancy, Ar bubbles can also carry inclusions to the slag/steel 

interface. [41] Bubble-aided floatation involves four steps. [41] The first step is that an 

inclusion approaches a bubble either by random movement, shear flow collision, or their 
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buoyancy force. [42] Upon contact, a liquid film forms between the bubble and inclusion. 

Inclusions may oscillate or slide on the bubble surface. When inclusion is in contact with 

a bubble, the liquid film drains and forms three-phase contact. After a short time, the 

system is stabilized, and the bubble can carry the inclusion up to the steel-slag interface. 
[41] Inclusion removal by floatation is affected by many factors such as conditions of the 

flow, inclusions and steel densities, inclusion size, slag, and steel surface, interfacial 

tensions, etc. [41] This is a brief description of the overall phenomena, and the process 

was modeled in several studies, [42–44] but is not the focus of the present one. The floated 

inclusions can also be trapped on refractory walls, but this only accounts for a small 

fraction of the removal compared to the inclusion removed due to their buoyancy and 

bubble-inclusion buoyancy collision. [42] Also, there are studies on using ceramic filters 

to remove inclusion. [45,46] This is a very special treatment, and will not be discussed here.  

 

It was suggested that the floatation does not necessarily guarantee the permanent removal 

of inclusions, as they might return to steel if the slag phase doesn’t have good wettability 

on the inclusions. [47–49] To the best of the authors’ knowledge, there have been limited 

studies on the wettability of inclusions formed during Ca treatment, but studies on Al2O3 

inclusions have been conducted. Choi and Lee [50] studied the wettability of CaO-Al2O3-

SiO2 slag droplets on the Al2O3 substrate using a sessile drop technique at 1873 K by 

recording the change of contact angle in 30 seconds. The authors proposed a contact 

angle model. However, Abdeyazdan et al. [51,52] raised a concern that experimental data 

might be over-fitted. Choi and Lee [50] did not comment on the two variables used in their 

model. Whether they have physical meanings or just fitting parameters, was not 

explained. In the study by Abdeyazdan et al., [51] the interaction between MgAl2O4 spinel 

and CaO-Al2O3-SiO2-MgO slag was studied. They found changing spinel substrate 

porosity from 1.9 pct to 6.7 pct increased slag penetration depth. This suggests that 

porous inclusions have higher removability because of the stronger slag-inclusion bond 

associated with a higher contact angle. The same research group in recent years studied 

a more extensive range of slag compositions and substrates. In addition to the three ladle 

type slags on spinel, Monaghan et al. [52] investigated three more tundish type slags 

(lower basicities) and two other substrates, Al2O3, and CA. They found that the same 

type of inclusion will be more strongly bonded to a ladle slag than to a tundish slag. 

Within the same slag type, the work of adhesion was similar for all inclusion types, but 

contact angle was the highest for Al2O3 and lowest for CA. Abdeyazdan et al. [53] 

correlated wettability with different slag structures to explain this phenomenon. From 

the viscosity perspective, with less SiO4
4- former SiO2 and more chain breaker CaO 

available in more basic slags, slag viscosity generally decreases, which means less 

retarding force for wetting. Therefore, the contact angle is likely going to decrease, as 

well. From the surface tension perspective, with SiO2 being surface-active to the CaO-

Al2O3 system, basic slag will exhibit higher surface tension, 𝜎𝑆𝑉  . Then according to 

Young’s equation in Equation (2.3), the interfacial tension, 𝛾, must decrease to satisfy 

the higher 𝜎𝐿𝑉  and cos 𝜃  associated with basic slags for any constant 𝜎𝑆𝑉   (same 
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substrate). This proposed mechanism was summarized by showing 𝜎𝐿𝑆  decreases 

linearly as optical basicity, Λ, increases (acidic to basic transformation).  

 

 cos 𝜃 =
𝜎𝑆𝑉 − 𝛾

𝜎𝐿𝑉
 (2.3) 

 

The inclusions with low wettability are not impossible to remove from the liquid steel if 

they are dissolved in the slag within a rather limited contact time. The dissolution of 

common oxide inclusions such as Al2O3 
[54–58] and CaO [59–62] inclusions has been studied 

extensively in the literature through laboratory experiments. However, there are only two 

studies focused on CAx particles to the best of the author’s knowledge. Coletti et al. [63] 

reported that the 30CaO-70Al2O3 inclusions did not dissolve in a 46.5Al2O3-0.1SiO2-

53.3CaO slag. The compositions of inclusions and slag are both in wt pct. The authors 

suggested that a solid reaction layer at the inclusion/slag interface prevented the direct 

dissolution of inclusions, but they did not provide further support for such an explanation. 

However, the dissolution of CA2 particles was observed in the work of Miao et al. [64] 

This work confirmed that CA2 inclusions with approximately 100 μm require 

approximately 2 minutes to dissolve in 31CaO-23Al2O3-46SiO2 and 56CaO-39Al2O3-

5SiO2 slag at 1823K and 1873K. The dissolution was found to be controlled by the mass 

transfer in slag and the dissolution kinetics was affected by slag viscosity and 

concentration difference at the slag/inclusion interface as the driving force. Considering 

CAx inclusions larger than 100 μm are rare in industrial conditions, CAx inclusions are 

likely to be successfully dissolved after reaching the slag/steel interface. Unfortunately, 

there has been no study on the dissolution of CaS inclusions in similar conditions, so the 

criteria for the successful removal of CaS inclusions remain unclear. 

2.2.2 Calcium Addition Method 

The remaining inclusions in liquid steel can be controlled with the second method, by 

modifying them from solid to liquid or semi-liquid calcium aluminates by calcium (Ca) 

treatment [34]. Ca is very commonly used to modify Al2O3 inclusions in the present 

steelmaking practice. It has a boiling point of approximately 1763 K, [1] so it immediately 

evaporates once it is introduced into the liquid steel. This results in a generally very low 

yield, which varies from 5 pct to 35 pct between facilities, but usually is around 12 pct. 
[7,65–67] Various methods of introducing Ca were developed in the past, [68] but nowadays 

it is mainly added in the form of powder or wire.  

 

Thyssen-Niederrhein company developed a secondary steelmaking process for 

desulfurization and inclusion shape control. This process is known as the TN method. It 

is a typical powder injection method. A schematic diagram is shown in Figure 2.3. [69] 

The system places a lance to the bottom of the ladle and injects Ar gas which carries 

metallic powder needed for the refining. [69] Adding Ca to the bottom of the ladle has two 
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characteristics: longer Ca bubble travel and larger ferrorstatic pressure. A longer 

traveling distance for the Ca bubbles to reach the surface naturally gives Ca a longer time 

to dissolve in steel. Larger ferrostatic pressure prevents Ca from boiling as the critical 

vaporization pressure is positively related to the ferrostatic pressure. [65,68] Also, larger 

pressure exerted on the Ca gas bubble increases the solubility of Ca; hence, increases the 

dissolution kinetics of calcium. Both phenomena increase the yield of Ca. The yield can 

be further increased by using Ca alloy instead of pure Ca. The activity of Ca is reduced 

when in the form of alloy, so the vaporization of Ca, expressed in Reaction (2.4), can be 

suppressed because Ca pressure decreases. 

 

 𝐶𝑎 = 𝐶𝑎(𝑔) (2.4) 

 

Other powder injection methods were also invented, such as the Capped Argon Bubbling 

(CAB) and the SL system by Scandinavian Lancer, [26,68] but they all share the same 

working principle and have similar positive effects on Ca yield.  

 

 
Figure 2.3 Schematic diagram of the Thyssen-Niederrhein (TN) powder injection 

method (a) lifter (b) pressure vessel (for powder delivery) (c) swingarm (d) control 

panel (e) Ar panel (f) 120 t ladle [69] (Reprinted with permission) 

 

The Ca wire feeding introduces Ca into the steel in the form of wire. A schematic diagram 

of the process is shown in Figure 2.4. Injecting wire deep into the ladle using a ceramic 

tube has similar advantages to the powder injection method. The yield can be further 

increased by using cored or alloyed Ca wire. The advantage of cored wire is that Ca starts 

to dissolve after leaving the lance outlet. The dissolution of Ca therefore is not affected 

by the purging gas and is simultaneously injected through the lance. Apart from Ca, the 

wire feeding technique has also been used for the addition of other alloying and refining 

elements. [26] 
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Figure 2.4 Schematic diagram of the cored wire injection method 

2.2.3 Modification of Oxide Inclusions by Ca Treatment 

Calcium reacts with Al2O3 inclusions to form calcium aluminates, CAx inclusions, where 

C and A denote CaO and Al2O3, respectively. There are five thermodynamically stable 

stoichiometric combinations of calcium aluminates: CA6, CA2, CA, C12A7, and C3A, as 

shown in Figure 2.5. The melting points of C3A, C12A7, and CA phases are below or 

close to the typical steelmaking temperatures; hence are more likely to be fully liquid or 

semi-liquid. [2] CA2 and CA6 phases remain solid phases, and they are reported as 

detrimental since they cause nozzle clogging. [66,70] It can be difficult to modify every 

Al2O3 inclusion to fully liquid CAx inclusions due to several reasons such as short 

reaction time, slow Ca mass transfer in the melt or inclusions, or Ca loss due to 

evaporation, reactions with refractories, and entrapped slag. [13] Fortunately, from the 

production perspective, the purpose of Ca treatment, which is to improve castability, can 

be fulfilled without fully modified inclusions. [68,71] A liquid surface significantly 

increase the inclusion wettability to molten steel and reduces the attraction force between 

inclusions. [71–73] As a result, SEN clogging can be avoided considerably. For example, 

Faulring et al. [74] studied the effect of the Ca/Al weight fraction ratio in liquid steel in 

tundish on the amount of steel passing through the nozzle. They reported that the Ca/Al 

ratio higher than 0.15 allowed the formation of CA and CA2 inclusions and eliminated 

CA6 inclusions. [74] This Ca/Al ratio drastically increased the mass of liquid steel that can 

be cast before nozzle clogging from approximately 20 kg to approximately 150 kg in 

pilot-scale tests. [74]  
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Figure 2.5 CaO-Al2O3 phase diagram [75] (Reprinted with permission) 

 

Both Reaction (2.5) and Reaction (2.6) had been proposed to be the modification 

mechanism of Al2O3 inclusions. [7,76,77] Reaction (2.5) describes the scenario of Ca gas 

dissolving in liquid steel and then modifying Al2O3 inclusions, whereas Reaction (2.6) 

considers Al2O3 inclusions agglomerate with CaO inclusions. [8] Reaction (2.5) has been 

referenced extensively as part of the modification mechanism or used in specific 

calculations. [9,11,15,66,78–82] Some researchers also included Reaction (2.6) as part of the 

mechanism when S contents were lower than 7 ppm, [8,83] or when the Ca contents were 

significantly higher than the Al contents. [10,84] Square and round brackets refer to 

contents dissolved in liquid steel and forms of inclusions, respectively. 

 

 
𝑥[𝐶𝑎] + (1 −

2

3
𝑥) 𝐴𝑙2𝑂3 = (𝐶𝑎𝑂)𝑥 ∙ (𝐴𝑙2𝑂3)1−𝑥 +

2

3
𝑥[𝐴𝑙] (2.5) 

 

 𝑥𝐶𝑎𝑂 + (1 − 𝑥)𝐴𝑙2𝑂3 = (𝐶𝑎𝑂)𝑥 ∙ (𝐴𝑙2𝑂3)1−𝑥 (2.6) 

 

The relative significance of the two reactions is not discussed in any publications to the 

best of the author’s knowledge. The noticeably less mentioned Reaction (2.6) compared 

to Reaction (2.5) may be coming from rarely observed CaO inclusions. Only a few 

researchers attempted to explain the source of CaO in Reaction (2.6). [20,83] Verma et al. 
[83] studied the modification of Al2O3 inclusions as a function of S content in the melt (7, 

40, 45, and 100 ppm S). This is one of the few publications which showed the preference 

Reaction (2.6) to Reaction (2.5) as the modification mechanism when the S content is 7 

ppm. It was reported that experiments involved little or no direct reaction between [Ca] 

and Al2O3 inclusions. Instead, Al2O3 inclusions reacted with the intermediate phases: 

CaO inclusions in low S steel and CaS inclusions in 40-100 ppm S steel. [83] Verma et al. 
[83] argued that CaS could only account for a maximum of 9 ppm Ca in the case of a melt 

containing 7 ppm S. The Ca solubility in steel is low, yet the total Ca (T.Ca) was about 



13 

 

29 ppm at 2 min after Ca addition. The only possible explanation for the 20 ppm Ca 

content difference (29 – 9 = 20 ppm) is that most Ca reacted with O and formed CaO 

inclusions, which makes Reaction (2.6) possible.  

 

In the work of Liu et al., [8] agglomeration of CaO and Al2O3 particles was suggested to 

be one of the mechanisms of CAx formation. A similar mechanism was proposed by 

Gollapalli et al. [10] However, unlike Verma et al., [83] neither of these two works provided 

support for Reaction (2.6) being an essential part of the modification mechanism. Ren et 

al. [84] based on a kinetic model of the ladle suggested the formation of CaO inclusions, 

as well as its reaction with Al2O3 inclusions to form CAx inclusions is possible, but only 

in the Ca-rich region. 

 

Those who believed Equation (2.5) as the main mechanism of Al2O3 modification often 

also considered that inclusions have a multilayer structure during Ca treatment created 

by the reaction products between Ca and Al2O3. 
[9,14,15,82] The presence of the reaction 

products within the inclusions was detected in ladle steel samples after Ca additions. [85] 

The formation of multi-layer CAx inclusions was attributed to the slow Ca diffusion 

inside Al2O3 inclusions. 
[5,14] As a result, the outer layers would consist of high Ca content 

modified CAx with low liquidus temperature, whereas inner layers are unmodified Al2O3 

or partially modified CA2 and CA6, as shown by the schematic diagram in Figure 2.6. 

This theory was well accepted in Al2O3 modification-related studies and has also been 

adapted to explain the modification of spinel inclusions. [5,85–87] But this theory was not 

able to explain the absence of some CAx phases in a multilayer inclusion as pointed out 

by some researchers. [4,13] 

 

 
Figure 2.6 Schematic diagram of a layered inclusion [13] (Reprinted with permission) 

 

Tabatabaei et al. [13] modified the existing diffusion-controlled solid-state reactions of 

spherical particles in multi-phase binary systems to calculate the required time for Al2O3 
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inclusion modification. They found that by decreasing the mass transfer coefficient in 

liquid steel by one order of magnitude, the modification time increases from 22 sec 

(calculated using published data) to 160 sec. While changing other parameters such as 

the diffusion coefficient of Ca in solid by the same order of magnitude only increased 

the modification time by 1.4 times. [13] Therefore, they concluded that the mass transport 

through the inclusion-steel boundary layer mainly determines the modification rate 

because the transformation time is the most sensitive to the change in mass transfer rate 

inside the boundary layer. With solid-state processes faster than mass transfer in the 

boundary layer, a multi-layer inclusion not necessarily has to consist of every CAx phase 

formed. Such theory helps explain the absence of some CAx phases in inclusions seen in 

modification practice. 

 

In general, it is conventional that increased Ca content in steel will increase the 

CaO/Al2O3 ratio in CAx inclusions; hence, leading to a higher fraction of liquid phase in 

CAx inclusions. [2,34] There are two modification mechanisms of Al2O3 inclusions 

proposed in the literature, and the criteria for Reaction (2.5) or Reaction (2.6) being the 

more dominant mechanism has not been specified. 

2.2.4 Formation of CaS by Ca Treatment 

Calcium can also form the sulfide inclusions in liquid steel after Ca injection even if the 

steel has been desulfurized by slag. [81] CaS inclusions were proposed to play a significant 

role in the modification of Al2O3 inclusions, especially in the melt with high S or Ca 

content. [11,66] Abdelaziz et al. [66] studied 17 heats produced by Ezz Flat Steel at 1893 K. 

Based on the EDS analysis of inclusions at different times, they concluded that CaS and 

CAx inclusions were formed simultaneously. A similar conclusion was reached with 

laboratory experiments conducted by Xu et al. [11] Abdelaziz et al. [66] reported that the 

transformation from Al2O3 inclusions to CAx inclusions in a heat containing S content 

between 10 ppm and 100 ppm follows Reaction (2.7), with CaS being a transient phase.  

 

 3𝐶𝑎𝑆 + 𝐴𝑙2𝑂3 = 3𝐶𝑎𝑂 + 2[𝐴𝑙] + 3[𝑆] (2.7) 

 

Abdelaziz et al. [66] also suggested that Ca content is a more important factor than S 

content for CaS concentration in inclusions, and by extension, in CaS inclusion 

formation. This conclusion was reached through sensitivity analysis. In the case of 0.06 

kg/ton steel Ca addition, the CaS concentration in inclusions ranged from 0.77 pct to 4.5 

pct when S concentration lies in the range of 17 – 69 ppm. On the other hand, CaS 

concentration drastically increased from 4.21 pct to 41.02 pct when the amount of Ca 

added increased from 0.06 kg/ton (Average T.Ca = 23.1 ppm, T.S = 18 ppm in ladle) to 

0.095 kg/ton steel (T.Ca = 31.5 ppm, T.S = 24 ppm in ladle). 

 

A similar study but with higher S contents was also performed by Verma et al. [83] Steels 
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containing 40, 45, and 100 ppm S were studied at 1873 K, each with T.Ca of 21 ppm, 20 

ppm, and < 20 ppm at 2 min after Ca addition, respectively. Most Ca were found to be 

in the form of CaS inclusions in 2 min after Ca addition regardless of experimental 

conditions. CaS concentration reduced afterward and mostly disappeared in 4 min after 

Ca addition. The Ca/Al weight ratio in the inclusions was increased accordingly. A 

similar phenomenon was also observed by these authors in the industrial heat, which 

contained 50 ppm S. Verma et al. [83] hence concluded that CaS inclusions played a 

crucial role in the higher S content experiments in Ca treatment (Reaction (2.7)). Based 

on the drastic inclusion evolution trend change from low S to high S steel, Verma et al. 

proposed that the preferential formation of CaO or CaS inclusions can be related to 

different nucleation behavior of CaO and CaS determined by S and O surface coverage 

on the liquid steel-Ca vapor interface. [83] O and S segregation constants in the N2-steel 

reaction were used to calculate O and S surface coverage ratio shown in Figure 2.7. 𝜃𝑆 

and 𝜃𝑂 are surface coverage of S and O, respectively. The transition from O to S being 

the dominating species occurs at about 7 ppm S, which means CaS will have a higher 

probability to nucleate than CaO in a melt containing S content more than 7 ppm. The 

prediction shown in Figure 2.7 was in good agreement with experimental observations. 

A similar theoretical result was reached by Liu et al. [8] However, they claimed that the 

S surface coverage calculated based on the inclusion analysis is slightly lower than the 

predictions based on segregation constants. The difference was explained with the 

dissociation of CaS inclusions after reacting with O. 

 

 
Figure 2.7 Calculated coverage of steel-gas interface by O and S in liquid steel 

containing 3 ppm [O] and different S levels [83] (Reprinted with permission) 

 

The effect of S content on the modification mechanism of Al2O3 inclusions was 

experimentally studied by Ren et al. [9] at 1873 K. The S levels were 30 ppm and 310 

ppm, whereas the Ca level was 13 ppm at 30 min after Ca addition. Their results and 

conclusions agreed with the study of Verma et al. [83] They described the evolution 

trajectory of inclusions in 30 ppm S steel as Al2O3 to Al2O3-CaS, to Al2O3-CaS(-CaO), 

to Al2O3-CaO(-CaS) to Al2O3-CaO, [9] the round bracket here denotes relatively minor 

constituents. On the other hand, the inclusions evolution in 310 ppm S steel will follow 

Al2O3 to Al2O3-CaS, to Al2O3-CaS(-CaO), and finally to Al2O3-CaO(-CaS). There was 

always a small amount of CaS presented as part of the inclusions due to the stability of 
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CaS in high S heats, whereas the formation of CaS in 30 ppm S steel is due to locally 

high Ca content a short time after Ca dissolution. Hence, the latter will dissociate as the 

system approaches equilibrium. Similar experimental results were obtained by Lind and 

Holappa, [14] who studied industrial samples taken at Ovako Bar Imatra Steelworks after 

Ca treatment. The samples contained 300 ppm S and 21 ppm Ca before casting. 

Inclusions were found to contain 25 pct CaS (instead of 15 pct at 30 min.  

 

In the above studies, CaS inclusions were usually found to co-exist with other inclusions 

generally in three forms. CaS can either form a ring around other inclusions (Type 1A), 

evenly distribute inside other inclusions (Type 1B) or attach to another inclusion (Type 

2). [9,66,83,85] The schematic diagram of each type is shown in Figure 2.8. CaS ring (Type 

1A) is probably the most common form reported. [66,78,88–90] As Yang et al. [85] explained, 

the formation of Type 1A CaS inclusions follows Reaction (2.8), which is Reaction (2.7) 

in the opposite direction. CaO in over-modified CAx inclusions may react with high [S] 

and [Al], then reverse back to CaS. A different explanation by Abdelaziz et al. is that 

CaS rings are products of cooling. [66] A liquid CAx inclusion is essentially a CaO-Al2O3 

slag droplet; then, it must have a corresponding S capacity. If the cooling rate is not fast 

enough to lock S inside CAx inclusions, S may segregate and precipitate a superficial 

CaS layer by reacting with Ca on the outer surface of CAx inclusions. [66,85] Another 

explanation can be that the Al2O3-steel interface is the preferential CaS nucleation site, 

as proposed by Verma et al. [83] Yang et al. [85] suggested Type 1B inclusions, which have 

CaS uniformly precipitated in CAx inclusions during cooling. Kang et al. [22] explained 

that the attached CaS (Type 2) inclusions result from inclusion agglomeration or collision.  

 

 3𝐶𝑎𝑂 + 3[𝑆] + 3[𝐴𝑙] = 3𝐶𝑎𝑆 + 3𝐴𝑙2𝑂3 (2.8) 

 

In the reviewed literature, S shows the following effects during Ca treatment. 1. CaS 

usually form in S-containing steel, but depending on steel chemistries, CaS inclusions 

can be a stable or transient phase. Both types of CaS inclusions can participate in the 

modification of oxide inclusions and serve as a Ca source. 2. CaS inclusion formation 

means there exists a competition between O and S to react with Ca. The partition of Ca 

between CaS and CaO may depend on the surface coverage of O and S on the Ca bubble. 

3. Three types of oxide-sulfide morphologies have been observed, and they all have 

different formation mechanisms.  
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Figure 2.8 Schematic diagrams of the CaS containing complexes inclusion 

morphology 

2.2.5 Modification of MnS Inclusions by Ca Treatment 

When the dissolved sulfur concentration is high and steel contains Mn, MnS inclusions 

likely form during solidification. The characteristics of MnS inclusions have been 

studied for several reasons. [91–94] Anisotropic properties of Al-killed steel are usually 

attributed to MnS inclusions, which may have a non-unity aspect ratio after fabrication 

or even right after casting if MnS inclusions are segregated at grain boundaries. [91,92] 

The non-spherical MnS inclusions are believed to introduce directionality to the products. 

Also, it is suggested that MnS inclusions exceeding critical sizes have adverse effects on 

product qualities. [93,94] For example, fatigue crack in rolled carbon steel can be initiated 

by MnS inclusions with a diameter larger than 1 micrometer. More details about the 

effect of MnS inclusions on steel properties are included in a later section. Therefore, it 

is essential to promote the formation of less detrimental sulfides by the addition of 

elements such as Ti, Ca, Mg, and rare earth elements. [91] This section will highlight 

research related to controlling the morphology and number of MnS inclusions using Ca 

treatment.  

 

The number of MnS inclusions can be minimized by the formation of CaS inclusions, 

but as stated previously, CaS inclusions are almost as undesirable as MnS inclusions. 

Hence, steelmakers always encounter a trade-off between CaS and MnS inclusions. An 

experimental study by Tomita [95] showed that the stringy MnS inclusions were 

transformed to dominantly CaO-CaS inclusions by introducing about 60 ppm Ca in 0.4C-

Cr-Mo-Ni steel containing 20 ppm S. However, they didn’t provide any discussion of 

this finding. Shi et al. [96] studied the effects of rare earth elements and Ca addition on 

inclusion shape control in steel with compositions similar to AISI 1020 grade in 

industrial-scale operations. The experimental results showed that introducing 57 ppm to 

65 ppm Ca into steel with about 77 ppm S did not reach the desired extent of MnS control. 

A significant number of MnS stringers was observed in a rolled sample. This study also 

reported that effective inclusion shape control can be achieved with the addition of 0.03 
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wt. pct rare earth element (element specified), but will not be discussed further here. The 

results by Tomita [95] and Shi et al. [96] suggest the effects of Ca on sulfide inclusion 

control most probably vary with experimental conditions.  

 

The dilemma in sulfide control is sourced from two contradictory targets. [1,97,98] On the 

one hand, adding Ca forms a sufficient amount of CaS inclusions can reduce [S] 

concentration, then MnS inclusions precipitation during steel solidification is restricted. 

Alternatively, most MnS are transformed into CaS-MnS complex inclusions so that even 

the soft MnS part is deformed; the hard CaS inclusions will retain their relatively 

spherical shape to suppress directionality. On the other hand, the amount of CaS 

inclusions formed needs to be small so that they do not induce nozzle clogging, the 

majority of Ca added is consumed in the modification of CAx inclusions to reach a high 

fraction of the liquid phase. The aforementioned sulfide inclusion control targets suggest 

that the CaS and MnS control are interconnected. CaS and MnS inclusions are commonly 

encountered during ladle metallurgy and casting, which are not usually discussed at the 

same time.  

 

Based on published thermodynamics data and equilibrium experiments at 1673 K and 

1773 K, Piao et al. [99] developed the expression for calculating the excess Gibbs free 

energy of formation of CaS-MnS complexes. This study allows calculating not only CaS-

MnS equilibrium more accurately but also the activities of solution components, which 

the latter may be particularly crucial for better understanding sulfide inclusion 

compositions in steel. Piao et al. [99] claimed that the proposed model provides more 

accurate predictions than that suggested by previous studies. Gatellier et al. [100] reported 

the activity coefficients extrapolated from CaS-MnS-FeS ternary system. And regular 

solution parameters reported by Lu et al. [101] did not consider asymmetric characteristics 

of the CaS-MnS miscibility gap.  

 

The aforementioned activity models had been incorporated into several experimental 

works. [78,98] The finding from Piao et al. [99] was supported by Guo et al., [98] who found 

a good agreement between the inclusions types observed in modification experiments 

and predicted complex compositions after introducing excess Gibbs energy into 

thermodynamic calculations. Choudhary and Ghosh [78] applied the model suggested by 

Lu et al. [101] for their theoretical predictions, which agreed with inclusion types observed 

in industrial samples from Tata Steel. Both models can be applied to predict the stable 

inclusion phases relevant to steelmaking conditions. 

 

In the experimental study by Imagumbai and Takeda, [16] volume fractions, and to some 

extent, the size of MnS inclusions in the residual melt was calculated using continuous 

casting slab chemistries. Based on mass balance and a dendrite model, Imagumbai and 

Takeda [16] established the quantitative correlations between steel composition (Ca, S, O) 

and the Ca partition between CaS and CaO, as well as the relationship between steel 
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compositions and S partition between CaS and MnS. Building upon that, the expression 

of MnS volume fraction was achieved, and the sizes of MnS inclusions were expressed 

in the form of the mean diameter of the cylindrical dendritic branch. Their predictions 

were successfully validated with industrial samples containing 19 – 29 ppm sulfur 

content, 24 – 34 ppm total oxygen content, 0 – 50 ppm Ca, and 0.02 – 0.034 wt pct Al 

content. In this study, the discussion focused on inclusion composition and size, and 

morphology related topics were not included. The limitation of this study is that it 

assumes steady-state solidification; the temperature gradient on the dendrite tip was not 

considered. [102] In addition, Ca and S partition in inclusions may change with the 

solidification rate. 

 

In summary, the challenge of sulfide inclusion control mainly comes from the fact that 

both MnS and CaS show negative influences. Their amount, size, and morphology all 

contribute to how detrimental they are. However, except for the work by Imagumbai and 

Takeda [16], hitherto sulfide control-related research paid attention more to 

thermodynamics and chemistries. The relationship between steel chemistries and sizes 

of sulfide complex, however, was discussed rarely.  

2.2.6 Inclusion Modification by Slag 

Suito and Inoue [103] suggested that controlling inclusion compositions with slag is 

possible from a thermodynamics perspective. They predicted that the number of Al2O3 

inclusions is lower when slags are used instead of Al as the deoxidizer after Mn and Si 

because local enrichment of Al will not occur in liquid steel. [103] For the same reason, 

the compositions of inclusions were expected to be more uniform and closer to 

equilibrium. [103] If Al2O3 in slag can be the source of Al for further deoxidation, most 

probably some CaO in slag will also reduce to Ca and enter liquid steel.  

 

The study of slag deoxidation had inspired other researchers to assess the feasibility of 

modifying inclusions using Ca in the top slag. [104] CaO is an important component of 

the refining slag. Because equilibrium can be reached at the steel-slag interface, Ca2+ 

from CaO in slag should enter liquid steel if the steel has low Ca activity. Therefore, in 

theory, slag with high CaO contents is capable of modifying inclusions to some extent. 

But on the other hand, Suito and Inoue [103] did not discuss the kinetics of slag treatment. 

It was later understood that one of the main challenges of the slag treatment is the slow 

slag-metal reaction. [105] 

 

Yang et al. [104] compared the efficiency of Ca transfer to the melt via CaSi additions and 

refining slags in industrial heats. In the Ca-treated steels, T.Ca was 31 ppm at 20 min 

after Ca addition in vacuum degasser, while T.Ca was 6 ppm in steels treated with CaO-

containing slag. As a result, pure CaO and CaS were the dominating inclusions in the 

Ca-treated steel, and the existence of such inclusions is an indication of over-
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modification. On the other hand, most of the inclusions were low melting point CAx in 

slag-refined steel. The slag treatment yielded a better result than the 31 ppm Ca treatment 

from a production perspective. The researchers proposed that (CaO) in the slag was 

reduced by [Al] (Reaction (2.9)), and inclusion modification was possible with high 

basicity high Al2O3 refining slags in steel with lower than 16 ppm T.O. [104] Even though 

the authors emphasized the importance of high Al2O3 concentrations in slags, they didn’t 

provide any reason for it in this work. If (CaO) to [Ca] transformation occurs through 

Reaction (2.9) as the authors suggested, high (Al2O3) activity should reduce the 

equilibrium [Ca]; hence, suppressing the extent of modification of Al2O3 inclusions. 

Another limitation of this work is that there is no discussion on how the slag composition 

affects the inclusion modification. 

 

 3(𝐶𝑎𝑂) + 2[𝐴𝑙] = 3[𝐶𝑎] + (𝐴𝑙2𝑂3) (2.9) 

 

The slag also contains MgO to protect the refractory. They also affect the composition 

of inclusions after reacting with slag. Liu et al. [79] investigated the effect of Al content 

in molten steel on the modification of inclusions via CaO and MgO saturated slag 

(55CaO-15MgO-30Al2O3 in wt pct) at 1873 K. Al contents were 0.25 wt pct, 0.75 wt 

pct, and 2.5 wt pct Ca concentration increase was reported, but the highest Ca level was 

only about 3 ppm in the 2.5 wt pct Al experiment, and lower than 1 ppm in the other two 

experiments. During the slag treatment for the low Al steel, inclusions were found to 

follow the route of Al2O3 to MgO-Al2O3 spinel, then to MgO. In mid and high Al steels, 

CaO concentration in inclusions increased after the Al2O3 to MgO transformation. After 

120 min of slag-metal reaction, most inclusions were CAx-containing inclusions with a 

small fraction of MgO. Liu et al. [79] suggested the inclusion evolution route follows 

Reaction (2.5) and Reaction (2.10). In the study by Mu et al., [106] the inclusion evolution 

route again generally follows Al2O3 to spinel then MgO, and finally CaO-Al2O3-MgO. 

This transformation of inclusion compositions only occurred in steel with higher than 2 

wt pct Al. The slag composition was 51CaO-39Al2O3-10MgO, which is saturated with 

CaO and MgO. CaO contents in inclusions did not increase until 30 minutes after the 

reaction started. When using slag with 57CaO-43Al2O3, the CaO content increase started 

slightly earlier at 15 minutes after experiments started, and close to pure MgO was not 

observed. Shin and Park [107] studied five MgO saturated slag compositions with 

CaO/Al2O3 ratios ranging from 0.9 to 3.3 in MgO crucibles. All spinel inclusions were 

well modified to liquid inclusions when the CaO/Al2O3 ratios were 1.8 and 2.3 within 

30 minutes of experimental time. However, at a higher CaO/Al2O3 ratio of 3.3, 

combination of liquid and MgO inclusions were observed. Shin and Park [107] attributed 

unsuccessful inclusion modification at high CaO/Al2O3 ratio to low Al2O3 activity in slag 

and suggested CaO/Al2O3 ratio from 1.5 to 2.5 is the preferential. 

 

 (𝑀𝑔𝑂) + [𝐶𝑎] = [𝑀𝑔] + (𝐶𝑎𝑂) (2.10) 
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The existing studies revealed some characteristics of inclusion modifications by slag. 

First, inclusion modification took a long time to achieve. For example, in the industrial 

trial-based work by Chen et al., [108] 60 min were spent before most inclusions had 

compositions in the liquid region of a phase diagram. It took a shorter time when 

laboratory-scale studies were conducted, such as 30 min in the work of Shin and Park 
[107] and Mu et al. [106] Normally, agitation in the industrial ladle is expected to accelerate 

the reaction kinetics; the reason for different modification times is not clear. Secondly, 

the formation of spinel should be expected in most cases. Even if MgO activities are not 

high in the initial slag composition, CaO and Al2O3 in slag can react with the MgO 

crucible, which is a typical refractory material, to introduce Mg into liquid slag and 

initiate spinel formation. Therefore, the inclusion transformation route usually follows 

Al2O3 to Al2O3-MgO to CaO-Al2O3-MgO when inclusions are only modified by slag. 

2.2.7 Inclusions Modification by Rare Earth Elements 

Rare earth elements (RE) are a group of 17 elements from the lanthanum group plus Sc 

and Y, [109] some have been used in the steelmaking industry to modify inclusions. 

Cerium (Ce) has been studied by several researchers. [110–112] Generally positive results 

were achieved. Wang et al. [110] studied the modification of spinel inclusions by Ce 

experimentally. Six levels of Ce ranging from 0 wt pct to 0.1 wt pct were added. The 

authors found when Ce contents were lower than 0.02 wt pct, a superficial Ce layer was 

formed around the spinel core and the shapes were described as rectangular. Increasing 

Ce content created globular and smaller inclusions. The evolution route based on the 

SEM results was suggested to be MgAl2O4 to Ce2O3- MgAl2O4 or Ce2O3S-MgAl2O4 and 

eventually Ce2O3 and Ce2O3S. A similar evolution trend was reported by Li et al. [111] 

who studied the evolution of Al2O3 inclusions in low C high Mn steel. In this study, the 

Ce content varied between 0 wt pct to 0.034 wt pct. Again, with Ce content lower than 

0.018 wt pct, Al2O3 inclusions were surrounded by a ring of Ce2O2S-Al2O3 were 

observed. Starting with 0.026 wt pct Ce, the inclusions were fully modified to Ce 

oxysulfides with globular shapes. The authors also reported some large inclusions with 

irregular shapes formed at the highest Ce content. As a result, the fraction of small 

inclusions was the highest when inclusions were modified with 0.026 wt pct Ce, which 

was the second-highest Ce content. Similar effects on Al2O3 inclusion modification were 

also reported by Wang et al. [112] 

 

Sulfides can also be modified by RE treatment. Shi et al. [96] conducted industrial trials 

on 16 Mn steel to compare the shape of inclusion modified with RE and with and without 

Ca addition. Unfortunately, the RE used was not specified. They suggested that the RE/S 

ratio can be used to quantify the combined effects of RE and Ca treatment. The RE/S 

ratio of 3 is the appropriate value for sulfide shape control. This was supported by the 

experimental results of having no elongated MnS after the effective RE/S ratio exceeded 

3. However, the size of the inclusions increased and distributed in a chain pattern at a 
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high RE/S ratio, which the authors believed to be not beneficial to mechanical properties. 

Shi et al. [96] conducted two more follow-up studies about the effects of RE treatment on 

fracture, electrochemical properties, and microstructure. [113,114] Improvements in steel 

qualities were reported.  

 

Another RE element, La, was also studied before. [115,116] Overall, RE were found to be 

capable of controlling the shape of inclusions and negative effects were rarely reported. 
[113] Unfortunately, it seems there is no comparison of Ca treatment and RE treatment in 

the literature except Shi et al., [96] so it was not clear how beneficial using RE and Ca 

treatment simultaneously in a wide range of steel chemistries is. 

2.3 Effects of Inclusions and Modification on Steel Properties 

Apart from the well-known effects on the castability of steel discussed in a previous 

section, inclusions also have significant effects on both the physical and chemical 

properties of solid steel products. This includes the resistance to fatigue, ductility, 

machinability, resistance to corrosion, etc. [2] It was suggested that brittle inclusions are 

more detrimental to the strength and fatigue resistance of steel than ductile inclusions. 
[117] That is because voids can emerge close to inclusions and act as stress raisers then 

initiate cracks. [118] Voids and micro-crack formation around Al2O3 inclusions were 

frequently reported in the literature. [119–121] Such micro-voids are also suggested to be 

traps for hydrogen and can be the cause of hydrogen-induced cracking (HIC). [122] As Ca 

treatment had become a very common inclusion engineering approach, there have been 

several designated studies for understanding the relationship between various steel 

properties and inclusions in calcium-treated steel. [123–128] 

 

It had been reported that Ca treatment had positive effects on the fatigue life of 

60Si2MnA spring steel produced at the industrial scale level. [123] By increasing the Ca 

content from 8 ppm to 23 ppm, the fatigue life increased from 3.5e4 cycles to 9.8e4 

cycles. Hu et al. [123] suggested that Ca treatment or using slag with higher basicity, 

increasing CaO/SiO2 ratio from 3.4 to 5 in their study, decreased T.O hence the 

population and size of inclusions also decreased, which reduced the formation of voids. 

Because steel fracture occurs by growth and coalescence of voids, [129] fewer inclusions 

naturally suppress this phenomenon. Another reason was that Ca treatment and using 

appropriate slag change the composition of solid angular inclusions to liquid or partially 

liquid globular inclusions. By maintaining a globular shape during solidification and 

rolling processes, the voids between inclusions and steel matrix can be reduced largely 

and therefore improve the fatigue resistance. The correlation between inclusion shape 

and fracture was also confirmed in recent work by Rahman et al., [130] who also reported 

that very few cracks started from globular inclusions and most cracks initiated from 

spinal or rectangular inclusions in X70 grade steel when studying the role of inclusions 

in HIC.  
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Another advantage of having CAx inclusions with globular shapes is to maintain isotropy. 

Tervo et al. [124] studied the ductility and roughness of experimental samples, which were 

rolled ultra-high-strength steel with two T.Ca/T.S ratios, 0.8 and 3.1. In the high T.Ca/T.S 

ratio sample, the dominant inclusion types were reported to be CAx. The fracture was 

suspected to start from the round dimples surrounding calcium aluminates in 

standardized transverse tensile tests, and the fracture surfaces of the rod-shaped tensile 

samples were circular. In the low T.Ca/T.S ratio sample, the main inclusions were MnS 

and TiN, and the sample showed an elongated fracture surface after the tensile test. This 

finding suggested anisotropy of the ductility in the latter case. Further analysis with a 

confocal scanning laser microscope by Tervo et al. [124] showed the elongated dimples 

around the deformed MnS inclusions were likely the cause of fracture. MnS inclusions 

can easily deform therefore deteriorating the transverse tensile properties and 

introducing anisotropy to the steel properties. [117] 

 

Ca treatment modifies MnS inclusions to CaS-MnS complexes or CaS inclusions which 

tend to have spherical or spindle morphologies. [3,131,132] This modification improves the 

mechanical properties of steel. Tomita [125] reported when T.Ca was 57 ppm in 

commercial 4340 steel containing 20 ppm S, CaS inclusions were observed instead of 

MnS inclusions, which were found in the low sulfur 4340 steel without Ca addition. The 

fracture toughness determined using ASTM E399-72 specification showed improvement 

from 52.3 Mpa·m1/2 to 74.5 Mpa·m1/2 and 40.9 Mpa·m1/2 to 68.7 Mpa·m1/2 in the 

longitudinal and transverse direction, respectively. The author also found with 

commercial 4340 steel that had approximately 160 ppm T.S, CaS-MnS inclusions were 

formed when adding 32 ppm T.Ca. The fracture toughness increase was less significant, 

the longitudinal and transverse direction fracture toughness only increased from 50.3 

Mpa·m1/2 to 55.1 Mpa·m1/2 and from 38.9 Mpa·m1/2 to 42.3 Mpa·m1/2, respectively. 

Tomita [125] suggested that the change of fracture mode from brittle lamellate fracture to 

fibrous fracture after Ca addition was the reason for an increase in fracture toughness 

after Ca addition. Mechanical property improvement by Ca treatment was also reported 

by Li et al. [127] SEM imaging showed treating 30MnVS steel with 27 ppm Ca in an 

industrial practice replaced the long strip of MnS inclusions with short rod-shaped CaS-

MnS inclusions while keeping Mn and S contents at 1.5 wt pct and 65 ppm, respectively. 

It led to the increase of impact toughness (method of measurement not reported) from 

60 J to 81 J. Modifying MnS inclusions with Ca also increases the resistance to HIC. 

Elongated MnS is normally susceptible to HIC, but CaS or CaS-MnS inclusions with 

proper shape control disperse the hydrogen ion, and stress around spherical CaS or CaS-

MnS inclusions instead at the edge of MnS inclusions increases the resistance to HIC. 
[126] Moon et al. [126] reported that experimental steel with Ca/S ratio higher than 1.25 

prevented HIC from occurring for API pipeline steel with 1 – 1.6 wt pct Mn and 8 to 26 

ppm S. A similar ratio of 1.5 for steel with S content higher than 10 ppm was summarized 

in the review by Ghosh et al. [128] 
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It is important to remember all the characteristics: population, size, shape, thermal 

properties, elastic properties, etc. together to determine if inclusions are detrimental to 

the properties of the steel. [133] Further, modifying inclusion can cause trade-offs between 

different properties. For example, the presence of CAx inclusions in the steel matrix 

prevents anisotropy and increases ductility and toughness, but also decreases the 

machinability because cutting force and power consumption are high. [134] 

 

Determining the exact relationship between the steel properties and inclusions is not the 

focus of this study therefore will not be discussed in further detail. But overall, the 

aforementioned studies all suggested modifying Al2O3 and MnS inclusions with Ca 

improved the properties of steel, [123–128] as Ca addition can prevent anisotropy, and 

increase the fatigue resistance, fracture toughness, and corrosion resistance. 

2.4 Evolution of Inclusion Sizes during the Refining Process 

The previous sections mainly discussed the composition change of inclusions during the 

refining process. But apart from that, other phenomena such as size changes also occur 

during the refining process. Figure 2.9 shows a summary of the important phenomena 

inclusions experience during the refining process. [135] After the addition of deoxidizer, 

inclusions nucleate, precipitate and grow. Inclusions will continue to grow after the 

addition of Ca and simultaneously be removed from the liquid steel. All these 

phenomena contribute to the size change of inclusions at any stage. The present study 

focuses on the coarsening of inclusions during Ca treatment, and the mechanisms will 

be discussed in this section. The separation and removal of inclusions are not the focus 

of this study although do affect the size of inclusions. 

 



25 

 

 
Figure 2.9 Inclusion evolutions in liquid steel [135] (reprinted with permission) 

2.4.1 Mechanisms Affecting the Inclusion Size Changes 

The coarsening mechanisms can be generally separated into two types: those that depend 

on mass transport, and those that depend on collisions. The mass transport-related 

mechanisms studied in the literature include basic mass transport-controlled growth and 

Ostwald ripening. [24,136–140] Ostwald ripening refers to the unique mechanism that is 

driven by the difference in solubility due to inclusion size. They are referred to as “mass 

transport-controlled growth” and “Ostwald ripening”, respectively in the following text 

to avoid confusion. Coarsening by coagulation is achieved by combinations of Brownian 

collision, Stokes collision, and collision in a laminar or turbulent flow.  

 

Mass transport-controlled growth describes a scenario where species forming the 

inclusion diffuse from the steel to the inclusion-steel interface. The reaction product 

between these components, which is assumed to form fast, precipitates on the inclusion 

as a new layer and promotes an increase in inclusion size.  

 

Ostwald ripening refers to the phenomenon of dissolution of small inclusions followed 

by the redeposition of the dissolved species on the surface of larger inclusions. [141] Due 

to the Gibbs-Thomson effect, the interfacial concentration, 𝐶𝑖 , increases from the 

equilibrium value, 𝐶𝑒, as inclusion radius, 𝑟, decreases and this relationship is provided 

in Equation (2.11). [142] Interfacial tension and molar volume are denoted with γ and MV. 

Therefore, the solvent may diffuse from the surface of small inclusions to steel and then 

from steel to the surface of large inclusions.  

 

 
𝐶𝑖 = 𝐶𝑒𝑒𝑥𝑝 (

2𝛾𝑀𝑉

𝑟𝑅𝑇
) (2.11) 

 

The common collision-related coarsening mechanisms usually considered in previous 
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studies include Brownian collision, Stokes collision, and the collision caused by 

turbulent and laminar flow. [23,42,137,139,143,144] The relative motion between two inclusions 

can be created by the bombardment of molecules in steel. Then growth may occur due 

to the tendency to minimize the surface area. [145] This mechanism of inclusion 

coarsening is referred to as Brownian coagulation. The collision frequency between two 

inclusions I and j due to Brownian motion, 𝛽𝑖𝑗
𝐵, was derived by Smoluchowski [146] and 

given in Equation (2.12). 

 

 
𝛽𝑖𝑗

𝐵 =
2

3

𝑘𝐵𝑇

𝜇
(𝑟𝑖 + 𝑟𝑗) (

1

𝑟𝑖
+

1

𝑟𝑗
) (2.12) 

 

The relative motion between inclusions also exists because of their size differences. The 

floatation velocity, u, obtained by balancing the buoyancy force and the drag force is 

shown in Equation (2.13). 𝜌𝑠𝑡𝑒𝑒𝑙  and 𝜌𝑃  are steel and inclusion density. 𝜇  and 𝑟  are 

viscosity and inclusion radius, respectively. The floatation velocity is proportional to 𝑟2, 

meaning larger inclusions travel faster than the smaller ones. Therefore, two inclusions 

may collide during floatation if their distance is sufficiently small. Coagulation due to 

this mechanism is referred to as Stokes coagulation and the collision frequency due to 

the Stokes coagulation is provided in Equation (2.14). 

 

 
𝑢 =

2(𝜌𝑠𝑡𝑒𝑒𝑙 − 𝜌𝑃)

9𝜇
𝑔𝑟2 (2.13) 

 

 
𝛽𝑖𝑗

𝑆 =
2

9

𝜋𝑔(𝜌𝑠𝑡𝑒𝑒𝑙 − 𝜌𝐶𝑎𝑆)

𝜇
|𝑟𝑖 − 𝑟𝑗|(𝑟𝑖 + 𝑟𝑗)

3
 (2.14) 

 

In reality, the steel is rarely stagnant, and the steel flow can also cause collision between 

inclusions which leads to inclusion size change. Saffman and Turner [147] conducted a 

theoretical study on the collision of drops in turbulent clouds, and their findings were 

used extensively in the study of inclusion coagulation. [136,148–150] Saffman and Turner 
[147] explained the turbulent flow gives drops different velocities; hence, causes collision 

regardless of the size of the inclusions. This coarsening mechanism is referred to as the 

turbulent shear collision. [42,137] The collision frequency between two inclusions I and j 

due to turbulent flow, 𝛽𝑖𝑗
𝑇  , was derived by Saffman and Turner [147] but modified by 

Higashitani et al. [151] as shown in Equation (2.15). The coagulation coefficient, α, was 

introduced to factor in the complicated trajectory of inclusions colliding and shown in 

Equation (2.16).  
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𝛽𝑖𝑗
𝑇 = 1.3𝜋0.5𝛼√

𝜀𝜌𝑠𝑡𝑒𝑒𝑙

𝜇
(𝑟𝑖 + 𝑟𝑗)

3
 (2.15) 

 

 
𝛽𝑖𝑗

𝐺 =
4

3
(𝑟𝑖 + 𝑟𝑗)

3
|
𝑑𝑢

𝑑𝑦
| (2.16) 

 

Although the removal of inclusions does not directly affect the size of individual 

inclusions, it will affect the overall size distribution of inclusions. The removal of 

inclusions was considered to be achieved through several mechanisms. [42–44,152] One of 

these mechanisms is the removal to refractory. Inclusions may adhere to the refractory 

surface when affected by the turbulent fluctuation; hence leaving the liquid steel. [42] The 

second one is the removal due to the buoyancy of inclusion. Many common inclusions 

like Al2O3 have lower densities than liquid steel, so these inclusions travel to the top slag 

due to the buoyancy force. [42] Gas stirring is a very common application in industrial 

practice, and the presence of gas bubbles also promotes the removal of the inclusions. A 

bubble collides with inclusions when moving in the flow or when ascending, so the 

inclusions can be carried to the top slag by the bubbles and removed from the liquid steel. 
[42] An additional effect of the bubble on inclusion removal is that inclusions may be 

trapped in the wake and taken to the top slag. [42] A previous study by Lou and Zhu [42] 

compared the inclusion removal rate due to different mechanisms. They reported that 

with a gas flow rate of 10 NL/min the removal rates of inclusions due to the ascending 

of gas bubbles were between 0.001 kg/m-3s-1 to 0.002 kg/m-3s-1 while the removal rates 

of other mechanisms were close to 0 kg/m-3s-1 in the first 600 seconds after gas stirring 

starts. After that, the removal rates due to inclusions’ buoyancy and collision with 

bubbles in turbulent flow gradually increased to 0.004 kg/m-3s-1 and 0.002 kg/m-3s-1, 

respectively, at 1800 seconds. The other removal mechanism remained insignificant. At 

higher gas flow rates, 50 NL/min, 100 NL/min, and 200 NL/min, the increase of removal 

rate due to inclusions’ buoyancy and collision with bubbles in turbulent flow started at 

around 200 seconds after gas stirring starts and were always the two most significant 

removal mechanisms starting approximately 600 seconds after the stirring starts. 

2.4.2 Mathematical Models for Particle Coarsening Kinetics 

Previous research on inclusion size change focused on Al2O3, MgO, ZrO2, SiO2, and CAx 

inclusions. [23,136,137,143,144,153–155] Many of them used the population balance model or its 

simplifications to interpret the experimental and industrial results or predict the inclusion 

size change. The population balance model has been used extensively in various fields 

of study including crystallization, dissolution, polymerization, and cell growth. [156] 

Depending on the factors included, the form of the population balance equation (PBE) 

varies significantly. The expression for collision and coagulation of inclusions usually 

takes the general form of Equation (2.17). [157,158] It expresses the rate of number density 
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change of size k inclusions 
𝑑𝑁𝑉,𝑘

𝑑𝑡
 to be the sum of the frequency inclusions with size I 

and j collide (the first term) and the the frequency inclusions with size k leave the current 

size group after colliding with another inclusion (second term). 𝛽𝑖𝑗
𝐶   and 𝛽𝑖𝑘

𝐶   are the 

collision frequency function.  

 

 𝑑𝑁𝑉,𝑘

𝑑𝑡
=

1

2
∑ 𝛽𝑖𝑗

𝐶 𝑁𝑉,𝑖𝑁𝑉,𝑗

𝑘

𝑖=1,𝑖+𝑗=𝑘
− ∑ 𝛽𝑖𝑘

𝐶 𝑁𝑉,𝑖𝑁𝑉,𝑘

𝑘

𝑖=1
 (2.17) 

 

Zhang and Lee [137] predicted the Al2O3 inclusions size change using PBE. The effect of 

mass transport, Brownian collision, Stokes collision, and collision due to laminar and 

turbulent shear were considered. The authors found that mass transport was the 

controlling mechanism only within 1e-6 seconds after Al deoxidation started. Then 

Brownian collision became significant until 3 seconds after the start, followed by 

collision in turbulent flow when assuming an average stirring power of 0.01 m2s-3. A 

similar technique had been used by Zhang and Pluschkell, [143] who studied pseudo-

inclusions, and by Lei et al., [159] who studied calculated the PSD evolution of ZrO2 and 

Al2O3 inclusions. A similar conclusion was reached. Ostwald ripening and mass 

transport-controlled growth were believed to be the significant growth mechanism only 

for small inclusions, and as the size of inclusion increases, Brownian collision then 

turbulent collision are the main collision modes.  

 

Zhang and Lee [137] compared the predicted PSD of Al2O3 inclusions against the PSD of 

Al2O3 inclusions measured from an industrial practice and good agreements between the 

two were observed. Lei et al. [159] also compared their results with the experimentally 

measured PSD of ZrO2 and Al2O3 inclusions at 60 seconds, 180 seconds, 600 seconds, 

and 1800 seconds after the addition. However, significant differences were found 

between the observed and the calculated PSD. The authors suggested the possible 

sources of error include not considering the difference between agglomerated clusters 

and inclusions and coarse mesh when simplifying the calculation of PBE with a 

numerical method. Also, average stirring power was assumed while the actual value 

fluctuated with time. Similarly, in the work of He et al., [160] disagreement was again 

reported when comparing the calculated and observed PSD of MgO inclusions. Similar 

reasons as Lei et al. [159] were given. One may argue that another reason for the 

disagreement between observation and PBE predictions is that the removal of inclusions 

was not included in the PBE calculation at the time. That was unlikely the main reason 

as most of the inclusions they studied had diameters lower than 3 μm, and Equation (2.13) 

signifies that the larger inclusions were more likely to be removed. Also, as the PSD 

were measured from experiments without bubble stirring, inclusions cannot be 

effectively removed by attaching to the floating gas bubbles. Besides, the calculated 

number densities were lower than the observed number densities. Including the effect of 
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removal in PBE calculation will reduce the number densities and deviates further from 

the experimental data. In the case of Zhang and Lee, [137] on the other hand, the 

aforementioned sources of error, particularly effects of forming Al2O3 cluster on PSD 

and the varying stirring power were most likely not apparent within 1 second after Al 

addition. Therefore, close agreement between observed and calculated PSD can be 

observed in that work. 

 

In some studies, [23,144,161,162] instead of calculating the actual PSD, only the frequency 

function 𝛽 were calculated. Although one cannot predict the evolution of PSD through 

this method, it makes quantitative comparison of the relative significance of different 

growth mechanisms possible. Similar finding was reached based on the 𝛽 values in the 

previous studies. Generally, as the inclusion size increases, the dominant coarsening 

mechanism evolutes from Brownian collision to Stokes collision or turbulent collision, 

depending on the stirring power. The collision due to laminar shear was usually not 

considered, potentially because the laminar shear layers in reality usually arises limited 

regions near the walls. [137] 

 

PBE as a fundamental approach is capable of calculating the evolution of PSD of 

inclusions. It can incorporate multiple coarsening mechanisms but at the same time, 

increases the complexity; hence, can be difficult to use. As suggested by Lei et al. [159] 

and He et al. [160] that the inaccuracy can be caused by the presence of non-spherical 

inclusions and coarse mesh size when solving PBE with numerical methods. Also, the 

accuracy of PBE prediction depends significantly on the accuracy of initial PSD, which 

may not always be available as inclusion analysis including all the small inclusions can 

take a significant amount of time. Therefore, PBE had been simplified to provide 

analytical solutions of inclusion average radius change as functions of time, steel, and 

inclusion properties when not all details of the experimental conditions and information 

on inclusions are available. [147,163]  

 

This approach was used to calculate the average size change of SiO2 inclusions in the 

work of Suzuki et al. [136] In this study, samples were taken during the solidification of 

AISI 304. The average diameter change was calculated using due to Brownian collision 

and Stokes collision, as well as mass transport-controlled growth using the model 

proposed by Ueshima et al. [164] and Ostwald ripening based on the LSW (Lifshitz, 

Slyozov, and Wagner) theory. [142] The rate of mass transport-controlled growth was 

essentially calculated using the finite element method. The theoretical growth by 

Ostwald ripening gave the best agreement with the observations, so it was believed to 

control the growth of SiO2 inclusion during solidification. Suzuki et al. [136] noticed that 

the mass transport-controlled growth, Brownian collision, and Stokes collision 

underpredicted the size change. The reason was not explained. Wang et al. [24] studied 

the CAx inclusion size change when steel was deoxidized with different combinations of 

Al and CaSi. It was found that when the steel was deoxidized with 0.05 pct Al and 0.25 
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pct Ca, 0.05 pct Al and 0.78 pct Ca and 0.25 pct Al and 0.78 pct Ca, the calculated 

coarsening rate by Ostwald ripening matched the experimental coarsening rate of CAx 

inclusions in three experiments within the first 360 seconds after addition. Some 

agreement can still be observed till 600 seconds but in the later samples. The observed 

coarsening rates were significantly higher than the calculated values. Wang et al. [24] 

therefore concluded that the Ostwald ripening is the predominant mechanism for CAx 

inclusions during the first 600 seconds. 

 

It can be summarized that comparing the measured average size change with predicted 

size change using LSW theory and simplified PBE still provides some insights into the 

growth mechanisms and kinetics. Certainly, details of the PSD evolution cannot be 

obtained just based on the average size change and needs to rely on PBE.  

2.5 Inclusion Characterization Techniques 

In the past few decades, several research tools have been applied to characterize 

inclusions and assess steel cleanliness. Many of these approaches have been summarized 

by Kaushik et al. [165] For Al-deoxidized steel grades, suggested inclusion 

characterization techniques include OES-PDA spectrometer, MIDAS, automated SEM, 

and Infrared Absorption Spectroscopy. A summary of the principle and applications of 

these analysis techniques are provided below.  

 

2.5.1 Optical Emission Spectrometry – Pulse Discrimination Analysis (OES-

PDA) 

Optical emission spectroscopy pulse discrimination analysis (OES-PDA), sometimes 

referred to as the spark analysis, is widely applied to measure steel composition rapidly. 
[166,167] OES-PDA generates numerous electrical discharge sparks between the sample 

and a counter electrode. The wavelength and intensity of light emitted can be associated 

with elements and their status, whether dissolved in steel or in the form of inclusions. 

OES-PDA results are usually presented as the distribution of emission intensity. A 

graphical representation for an arbitrary element is given in Figure 2.10 (a). The normal 

distribution portion has modes that are proportional to the total content. [166] The low and 

high intensities correspond to emissions from the steel matrix and inclusions, 

respectively. Therefore, reporting the dissolved (in steel) and undissolved (in inclusions) 

content for any element makes OES-PDA a convenient online analysis tool. [165,168] This 

technique, in theory, allows the rapid estimation of the amount of oxide, sulfides, and 

nitrides, but OES-PDA does not provide information about the location of the inclusions 

just like other common chemical analysis techniques. 
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The determination of inclusion size distribution (PSD) using OES data is currently 

possible with advanced mathematical methods. [167] However, there is a limitation related 

to the OES-PDA technique. [166] The calculated dissolved and undissolved contents might 

be overestimated and underestimated, respectively. The intense selective spark discharge 

on inclusions creates a large number of finely dispersed particles. Performing OES-PDA 

on finely dispersed particles forms low-intensity sparks, which contribute to the left side 

of the intensity distribution. Therefore, the soluble contents calculated by the 

conventional model is the sum of soluble contents and insoluble contents from fine 

particles. The graphical representation of this phenomenon is shown as Figure 2.10 (b). 

For the same reason, there will also be an error when estimating inclusion size 

distribution using the same OES-PDA data. Finally, repetition of inclusion analysis 

within the same area would be challenging due to OES analysis being destructive to 

some extent. 

 

 
(a)  

(b) 

Figure 2.10 (a) Schematic diagram of OES-PDA results and (b) reassignment of 

PDA histogram for soluble and insoluble components [166] (reprinted with 

permission) 

2.5.2 Mannesmann Inclusion Detection by Analyzing Surfboards (MIDAS)  

Another broadly applied inclusion characterization tool is ultrasonic detection. There 

exist tests that require rolling the sample to a thin surfboard shape such as the 

Mannesmann inclusion detection (MIDAS), [169] as well as examinations that require no 

special preparation like the c-scan imaging and more. [170] Although details may vary, the 

same general concept is applied to different ultrasonic detection approaches. Inclusion is 

expected to readily reflect the ultrasonic beam with specific amplitudes depending on 

their sizes and depth. It has been proven that with suitable amplitude-threshold 

configuration, ultrasonic counts are closely associated with T.O. [170] The ability to 

provide volumetric information as opposed to planer information from typical 

microscopic and spectroscopic methods is probably the most significant advantage of 
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ultrasonic characterization techniques, although some researchers might consider the 

“depth of field” is shallow. A study has shown that equipment with a 10 MHz transductor 

is only sensitive to echo from 2 mm to 6 mm underneath the steel surface. [169] Probably 

the most significant disadvantage is the lack of inclusion chemistry information. Besides, 

because echo amplitudes may either come from inclusion or internal defects, it is 

somewhat empirical to conclude the source of echo, based on amplitudes and the 

presence of echo from adjacent locations. [170] 

 

By setting different threshold FSH, the number of inclusions may vary. An example of 

amplitude-based decision-making is shown in Figure 2.11. At positions 12 mm, 13 mm 

14 mm, amplitudes were higher than 80 pct FSH. Setting the threshold to 80 pct FSH 

leads to the conclusion that there is one inclusion between 12 mm and 14 mm. In practice, 

the scanning interval (Δx in Figure 2.11) should be much smaller. Using the same data 

set shown in Figure 2.11 and placing the threshold to be 50 pct FSH, there are three 

groups of adjacent ultrasonic indications at 5 mm, 10 mm to 15 mm, and 18 mm to 20 

mm, hence 3 defects. In practice, ultrasonic is usually used to search for macro inclusions 

(d = 10~50 um), [170] which are very unlikely to be detected in experimental melts as 

most of the inclusions are small inclusions.  

 

 
Figure 2.11 Differences between ultrasonic indications (A) and ultrasonic defects (F) 

in the MIDAS test [169] (Reprinted with permission) 

2.5.3 Infrared Absorption Spectroscopy (IR) 

Different molecules absorb different wavelengths of electromagnetic radiation, so 

infrared absorption spectroscopy (IR) can be a useful tool for the measurement of 

molecule concentrations. [171] In the field of steelmaking, this technique was frequently 

used to measure the total oxygen, sulfur, and carbon contents. Combusting a steel sample 

in a ceramic crucible with the help of purified oxygen and catalyst can transform all C 

and S into CO2 and SO2. Because CO2 and SO2 absorb infrared energy at specific 

wavelengths, by comparing the infrared spectrum of samples with that of the standards, 

the concentration of CO2 and SO2 in the carrying gas can be determined and back-

calculate the C and S contents in the original sample. [172] The working principle is the 
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same for measuring the total O content, except graphite crucibles are used to produce 

CO2 gas. 

 

The T.O and T.S contents are particularly important in many of the studies on inclusions. 

A proper deoxidation process can allow most of the oxygen in steel in the form of pure 

oxide or oxide-containing complexes. Therefore, T.O is indirect, but a very reasonable 

measure of the total amount of oxides. [168] But one should remember the size of 

inclusions does affect the T.O. As suggested by Zhang and Thomas, [168] the number of 

large inclusions is typically small, so they may be not in all the IR analysis samples, 

which are usually less than 20 g. As a result, when a sample containing a large inclusion 

gives an unusually high reading in T.O, the results may be omitted as an error; hence, 

potentially underestimates the T.O in the steel. Therefore, T.O should be considered as 

the measure of only the small oxide inclusions instead of the entire inclusion population. 

Nevertheless, T.O has been used extensively in previous research as a semi-quantitative 

measurement of the oxide inclusions. [7,173,174] 

 

Total S, T.S, was used as a measurement of sulfide in steel. [8,19,175] However, one should 

remember that the dissolved S concentration can be higher than a few ppm except in 

some ultra-low sulfur grades. This means T.S is not necessarily a close estimation of the 

S content in inclusions. This logic also holds for T.O, but as most of the steel grades 

focused in the present work were Al deoxidized and further treated with Ca, the T.O can 

be considered to be approximately equal to the O content in inclusions.  

2.5.4 Scanning Electron Microscopy – Energy Dispersive Spectrometry (SEM-

EDS) 

Scanning electron microscopy (SEM) typically requires more care for the preparation of 

the analyzed surface compared to spark and ultrasonic analysis reviewed in the previous 

section. The two common preparation techniques are remelted button and electrolytic 

extraction. 

 

The remelt button is usually listed together with other inclusion characterization 

techniques. However, it is more of a preparation method than a characterization tool. The 

principle of this technique is to melt a small pin sample so that the inclusions can float 

up to the surface and be further studied in later processes. [173,176] In the case where the 

levitation melting technique is used, floatation of about one μm diameter inclusions 

under the influence of electromagnetic force takes about 300 s. During the floatation 

time, the possibility of these inclusions to agglomerate was calculated to be only one 

time, and the chance will reduce with inclusion size increase. After inclusions are 

exposed on the surface, they can be easily extracted or directly observed. The advantage 

of preparing inclusions using the remelt button method is to study the morphology of 
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inclusions more accurately compared to studying a sectioned surface. The disadvantage 

is that without a flat and clean surface, obtaining statistical data such as inclusion 

quantities and size distributions must be done manually. The inclusion electrolytic 

extraction technique shares the same principle, except the inclusions are acquired by 

electrochemically removed from the steel matrix.  

 

Inclusions have distinct electrochemical properties compared to that of the steel matrix. 

Therefore, it is possible to selectively dissolve the steel matrix while keeping the 

inclusions in their original composition and morphology. This technique has been used 

in several studies focusing on different inclusions types such as calcium aluminates. 
[5,9,177–182] A schematic diagram of the setup is shown in Figure 2.12. 10 pct AA solution 

(1 pct weight/volume tetramethylammonium chloride–10 pct volume/volume acetyl-

acetone–methanol) is a commonly used electrolyte. [177–182] Other non-aqueous such as 

4 pct MS (4 pct volume/volume methylsalicylate-1 pct weight/volume 

tetramethylammonium chloride-methanol) are also used. In the work of Inoue et al. [177], 

it was mentioned a large number of modified CAx inclusions could be extracted by 

decreasing the moisture in the 4 pct MS and 10 pct AA electrolytes. In the research 

conducted by Ren et al. [9], a solution of 89 pct methanol + 5 pct glycerine + 5 pct 

triethanolamine + 1 pct tetramethyl ammonium chloride was used to fully expose 

embedded CAx inclusions. Compared to the selection of electrolytes, the power supply 

has not been well documented and likely varies with experimental conditions. The 

biggest challenge most probably comes from adjusting the power supply. The voltage, 

current, electric charge, and extraction time all have to be adjusted for the steel 

chemistries studied and can only be learned from carrying out trials. After dissolution, 

inclusions suspended in the electrolyte can be filtered out and collected for further 

analysis. Extraction was found to be particularly useful for manual SEM as it allows a 

researcher to skip the time-consuming process of searching for inclusions. 

 

 
Figure 2.12 Schematic diagram of the electrolytic extraction setup  

 

After the initial preparation, the inclusions can be observed under the microscope. For 

research of inclusions, usually scanning electron microscopes (SEM) were used. SEM is 
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a very common analysis technique, the basics are available elsewhere [183] and will not 

be discussed here. In the present study, a unique form of SEM: SEM with an automated 

EDS analysis function was used. Common commercialized automated SEM/EDS 

available on the market includes ASPEX, INCA, and Automated Steel Cleanliness 

Analysis Tool (ASCAT). [165,176,184] The purpose of these techniques is to automatically 

find inclusions and obtain morphological and compositional information about 

inclusions, and reduce analysis time significantly.  

 

The method that is available for the author is ASPEX; hence, it will be the focus here. 

Before the ASPEX analysis, metallography preparation of steel samples is still required 

to obtain good and consistent results. This conventionally includes grinding and 

polishing of the steel surface exposed. In common applications, water is used as the 

lubricant and for cleaning between polishing steps. For the analysis of inclusions, ethanol 

is sometimes used instead of water to avoid the loss or compositional change of 

inclusions on the exposed surface due to reactions with water. [14,66,185] The final 

polishing step can be finished with a 1 μm water-free diamond suspension. [165] 

 

The working principles of ASPEX have been explained in detail by their producers. [186] 

The sample area is first subdivided into many smaller regions, referred to as “mag fields.” 

ASPEX scans mag fields with pre-defined steps based on the grade casting, so it acts 

like a sieve that filtrates most of the undersized particles, which are believed to have 

insignificant adverse effects on the processing and product quality. [186] ASPEX responds 

only to a sudden change in brightness, as that is the indicator of a feature at the scanned 

point, to start characterizing the corresponding feature. This technique can scan 

numerous particles promptly. This explains the high efficiency of ASPEX compared to 

human operators.  

 

The first step of dynamic sizing is to find the geometric center of a particle. That is when 

the beam detects a particle; it moves horizontally to both sides to find the edge, then 

draws a vertical line intersecting the midpoint of the first horizontal line. The second 

horizontal line is drawn with the same method. By repeating these two steps, the 

intersection points are going to converge to the geometric center of the particle gradually. 

A schematic drawing of such a process is shown in Figure 2.13. After the center is found, 

16 chords with the same included angles in between are going to extend from the center 

till reaching the edge. The longest and the shortest among them are the maximum 

diameter (dmax) and minimum diameter (dmin), respectively. The average length of the 16 

chords is the average diameter (davg) of an inclusion. By measuring different lengths and 

angles, ASPEX can measure the size of most of the particles, except those with complex 

shapes such as rings. A much more complicated “complex feature” algorithm needs to 

be used to handle the form of arbitrary complexity, by spending a long time. 
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Figure 2.13 Schematic drawing of the bisected chord method and sizing 

 

In the area of inclusion, as identified by ASPEX, the average weight fraction of 

predefined elements is calculated based on the EDS results. Then the inclusions are 

classified concerning their compositions. ASPEX also provides information about the 

image (shape), average, min and max diameters, cross-section area, and spatial location 

of each inclusion. ASPEX inclusion analysis also has several weaknesses. Firstly, 

ASPEX sometimes misclassifies features that are not inclusions. ASPEX identifies 

features as inclusions based on the contrast in SEM, so contaminations and tiny cracks 

may also be treated as inclusions. The solution is to check all the images manually and 

exclude suspicious features. Secondly, which should be a general challenge in all 

inclusion characterizing techniques discussed in this section is to recognize complex 

inclusions. Inclusion classification is based on the overall inclusion composition of the 

entire cross-section, so these techniques cannot distinguish calcium aluminates and 

alumina combined with calcium oxide. Manual inclusion characteristics with SEM are 

therefore conducted to obtain more detailed information on inclusion chemistries and 

morphology. 

 

Another commercialized automated inclusion analysis technique: INCA shares similar 

working principles as ASPEX. One of the differences is that the inclusion analysis with 

INCA requires a preset resolution to accommodate the smallest inclusion size while 

ASPEX automatically divides a field of view multiple times into smaller more 

manageable fields and then searches for inclusions. [187] It was suggested that ASPEX, 

as a system that integrated both software and hardware, traded some abilities of 

accurately detecting and measuring (morphology and composition) very small inclusions 

for the analyzing speed and reliability; hence, is more suitable for production 

environments. [187] While INCA is only software, is capable of being used in combination 

with more powerful SEM of users’ choice, and shows more potential in research 

environments. [187] The tasks INCA and ASPEX perform are the same, so the author 

believes the use of ASPEX is equally appropriate. 

 

The principle of detecting inclusions of ASCAT is not available in the open literature to 

the best of the author’s knowledge. INCA and ASPEX classify inclusions as recognized 

metallurgical species by comparing the EDS results of inclusions to a set of user-defined 

criteria. [185,186,188] For example, an inclusion is classified as Al2O3 if Al and O counts 

exceed preset thresholds. ASCAT on the other hand, adopts the same approach, the 
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criteria are generated by neural networks and some adjustment with expert oversight is 

required. [188] 

 

Abdulsalam et al. [189] suggested the analysis speed of automated SEM/EDS systems is 

still insufficient for monitoring production online. The potential of detecting and 

classifying inclusions in BSE SEM images through machine learning was investigated 

by Abdulsalam et al. [189,190] and Gao et al. [191] Using the random forest (RF) and 

convolutional neural networks (CNN), inclusions can be differentiated from other 

features with approximately 90 pct accuracy. [189] However, the accuracy decreased to 75 

pct and 78 pct, respectively, when RF and CNN were tasked to identify oxides, sulfides, 

oxysulfides, and non-inclusions separately. [189] And the accuracy decreased to 60 pct 

when trying to distinguish Al2O3, CA, oxysulfides, CaS, and CaS-MnS inclusions. It had 

been shown that a neural network can also correctly measure the dimensions of defects 

with complex shapes, [192] so it may be used to identify complex-shaped inclusions such 

as a ring or having branches, and this is an ability that ASPEX lacks. [186] However, the 

authors admitted the computational time and related cost of the training process are high. 

Also, extracting the criteria of inclusion classification can be difficult. In the author’s 

opinion, classifying inclusions through machine learning certainly has great potential, 

however, requires further improvement before can be used in practice with confidence. 

 

In this study, the automated SEM, ASPEX, manual SEM at CCEM, and electrolytic 

extraction techniques are applied. This decision was made based on comparing the pros 

and cons of several conventional characterization techniques in addition to the 

availability of different approaches. 

2.6 Knowledge Gaps 

The modification of oxide inclusions by Ca treatment has been studied extensively in 

previous studies. Despite a wide range of steel conditions that have been considered, 

there are still a few unclarified points in the existing modification mechanism of Al2O3 

inclusions. For example, the criteria for the formation of CaO inclusions were not 

specified when included as part of the modification mechanism. Also, while transient 

CaS inclusions were reported to be another Ca source for modification, conditions of its 

appearance were not clarified in the literature hence one cannot confidently conclude 

whether the CaS inclusions formed will react in a later stage of the modification, or will 

remain permanently as part of the final product. That is probably due to the complex 

nature of the multi-component system, uncertainties of high temperature, and limited 

analysis of inclusion characterization. With the help of the automated SEM-EDS 

technique employed, comparable inclusion analysis results with reduced uncertainties 

and incorporating manual analysis can be obtained. As a result, the remaining gap of 

knowledge in the modification mechanism in the low S, Al killed steels of the author’s 

interest is expected to be closed in the present study.  
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In previous studies, the average composition changes were frequently correlated with 

steel compositions, but they did not provide specific suggestions about means of 

improving the process or product control based on these findings. For example, Yang 

and Wang [20] reported the average Al2O3 content in inclusions to decrease linearly as the 

T.Ca/T.O ratio increases from 1 to 3, and a positive linear relationship exists between 

CaS/CaO in inclusions and the T.S/T.O in steel. A similar suggestion was also provided 

by Xu et al. [11] However, the desirable Ca content or similar information was not drawn 

in either study. The challenge in drawing such conclusions probably lies in the fact that 

the quantities of inclusions, which is equally important as their compositions, was rarely 

considered for such kind of correlations. After all, excess number of inclusions, even if 

well-modified, can still be problematic in the final product. Also, as demonstrated in this 

chapter, the Ca treatment have multiple purposes, so the optimum Ca content therefore 

varies for different types of conditions. Therefore, the second potential reason for not 

being able to provide suggestions in the literature is that while the modification results 

of multiple types of inclusions need to be considered. No method of incorporating 

multiple steel-inclusion correlations does exist. 

 

The characteristics of inclusions are determined together by their composition, 

population, and size. The effect of Ca treatment on oxide and sulfide inclusions 

composition was investigated extensively in the previous studies [10,66,83,193] and effects 

on the amount of oxide and sulfide inclusions had also been reported. [17,194] The size 

change of inclusions related to Ca treatment was studied recently by Wang et al. [24,195] 

and by Ferreira et al., [23] who focused on CAx inclusions. There has been no study on 

the growth of CaS inclusions during Ca treatment even though they are undoubtedly a 

crucial part of Ca treatment, for both process control and product quality.  

 

The present work studied systematically the evolution of oxide and sulfide inclusions 

during Ca treatment in both experimental and industrial conditions. The aforementioned 

gaps of knowledge were closed with the help of automated SEM-EDS and other 

inclusion analysis techniques. The uncertainties in the modification mechanism were 

investigated under different Ca and S levels. Under these conditions, a series of 

modification indexes inspired by those reported in previous studies were established. 

The effects of Al, Ca, and S contents on the composition of CAx inclusions, and the 

amount of CaS and MnS inclusions were incorporated. The method of incorporating 

multiple modification indexes allows one to evaluate the overall modification results 

from the perspective of multiple inclusion types and potentially determines the optimum 

Ca content. And lastly, the size change of CaS and CAx inclusions in experimental and 

industrial conditions were investigated and the coarsening mechanisms were determined.  

 

The author believes that the present study from the academic perspective closes the 

knowledge. From the industrial point of view, the present study provides useful insight 
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to improve the inclusion modification process in the future. This would ultimately 

contribute to the reduction of production cost and improve steel cleanliness and quality 

through more precise Ca injection.  
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Chapter 3  Experimental Study of Inclusion Modification by Ca in 

AHSS 

This chapter is a pre-publication version of the article published in Metallurgical and 

Materials Transactions B, 2021, Volume 52, DOI: 10.1007/s11663-021-02243-1. Due to 

the complexity of the multiple-component system, some uncertainties remain in the 

modification mechanisms of inclusions during calcium treatment. This chapter aims to 

clarify the reaction mechanisms. This chapter studies mainly the evolution of inclusion 

compositions in six experimental steels containing around 20 ppm and 30 ppm S being 

modified by 35 ppm, 20 ppm, and 10 ppm Ca. The samples taken at different times after 

calcium additions were analyzed using an automated SEM-EDS system equipped 

ASPEX inclusion analysis feature. The criteria for inclusion classification were defined 

by ArcelorMittal Dofasco. The evolution trend allows the author to propose modification 

mechanisms for different conditions. When CaO inclusion formation is possible, the 

modification starts with CaO inclusions formation, then CaO to CaS inclusions 

transformation, and eventually CaS inclusions modify Al2O3 inclusions to calcium 

aluminates. CaO has an insignificant impact on the modification of Al2O3 inclusions 

directly. In other cases, the modification of Al2O3 inclusions is achieved by dissolved Ca 

and later using CaS inclusions as the main calcium source. By conducting manual SEM-

EDS analysis for these samples, typical inclusions supporting the proposed modification 

mechanisms were found. The hypothesis on modification mechanisms was also validated 

using the detailed composition change of intermediate inclusions.  

 

This chapter also investigates the development of an accessible index for the prevention 

of over-modification of oxide inclusions. The fraction of liquid inclusions as the 

indicator of over-modification in all experiments at 20 minutes after Ca addition were 

compared with their position on a stability diagram. It was found that the fractions of 

liquid inclusions were high when the stabilities of CaS were low. The correlation 

between the two was further validated against the modification results in two industrial 

heats and a similar trend was observed. A new modification index, dimensionless Ca, 

was introduced based on this finding.  

 

All the experiments and inclusion and metal chemistry analyses were completed by the 

primary author. Dr. Muhammad Nabeel assisted with the experiments. The industrial 

samples and associated inclusion analysis were completed by ArcelorMittal Dofasco and 

shared with the author by Dr. Stanley Sun. Dr. Li Sun from ArcelorMittal Dofasco 

provided training for using automated SEM and ASPEX for inclusion analysis. The 

manuscript was drafted by the primary author. The contributions of all co-authors, Dr. 

Muhammad Nabeel, Dr. Neslihan Dogan, and Dr. Stanley Sun include providing 

suggestions and revising the manuscript.  
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Abstract 

 

The effects of different Ca and S contents of steel on the modification of endogenous 

Al2O3 inclusions were studied in the laboratory. Three Ca levels (35 ppm, 20 ppm, 10 

ppm) and two S levels (30 ppm, 20 ppm) were studied. An automated SEM-EDS system 

was used for the characterization of inclusions. It was found that the quantity of 

inclusions in steel increases in the amount of Ca and S contents in the melt. The 

mechanism of inclusion modification has been discussed based upon the obtained results 

and thermodynamics. Furthermore, a parameter named ‘dimensionless Ca’ was 

introduced, which can be used to estimate the extent of modification of inclusions based 

upon the Ca content of the steel. This parameter was validated against industrial heats. 

3.1 Introduction 

Deoxidation in the ladle is commonly achieved by adding Al in molten steel, but the 

inevitable formation of Al2O3 and MgAl2O4 spinel inclusions as the deoxidation product 

is not favourable. These inclusions are not wetted by liquid steel, so they tend to deposit 

and accumulate inside submerged entry nozzles (SEN) or on a tundish stopper [1]. This 

triggers nozzle clogging and slows down or even stops the production process. One of 

the solutions is to modify these inclusions to less detrimental forms. Calcium treatment 

by powder injection or wire feeding is a common approach used in steel refining to alter 

the solid Al2O3 and MgAl2O4 inclusions. They react with Ca to form liquid or partially 
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liquid CaO-MgO-Al2O3 inclusions [2–7], so they are less likely to attach onto the 

refractory lining and stopper when molten steel passes through the nozzle. In addition, 

modified inclusions are spherical, which helps to avoid steel properties being anisotropic 

if the shape is maintained after fabricating. Meanwhile, Ca also reacts with dissolved S 

and forms solid CaS inclusions. This lowers the concentration of dissolved S in steel and 

minimizes the formation of MnS inclusions. The present study aims to study the 

fundamentals of Ca interaction with a single oxide, hence focus only on Al2O3. 

 

Total calcium (T.Ca) and total oxygen (T.O) have a significant influence on the type of 

calcium aluminates that formed in liquid steel [8]. For example, Yang et al. [9] reported 

that the Al2O3 content decreases drastically when the T.Ca/T.O ratio increases and 

CaS/CaO ratio in inclusions is linearly related to T.S/T.O. Similarly, Xu et al. [10] reported 

that CaO content decreases when T.S/T.O increases, and CaS/Al2O3 ratio increases with 

T.Ca/T.O. Based on their calculation, Deng and Zhu [11] proposed that inclusions tend to 

be C12A7 and C3A when T.Ca/T.O ratios are between 0.91 and 1.25. The ratio between 

Ca and Al was also used to evaluate the calcium treatment results. Sun et al. [1] found the 

area fraction of Al2O3 and CA6 inclusions and the occurrence of nozzle clogging 

decreases sharply with T.Ca/ΔAl, where ΔAl = total Al – dissolved Al (T.Al – [Al]). It 

has also been reported that the amount of steel passing through the tundish nozzle 

decreases starting when Ca/Al is higher than 0.006 and then increases drastically when 

Ca/Al is higher than 0.1 when CA forms [12]. 

 

It is suggested that Al2O3 is indirectly or directly modified by [Ca] or CaO, and also 

using transient CaS as the Ca source for modification. Direct modification by [Ca] is 

believed to be mainly controlled by the transfer of [Ca] in solid Al2O3 inclusions [13–16]. 

Still, a recent study has shown that the mass transport of [Ca] in liquid steel may be the 

actual primary rate-limiting step [17,18]. Lind and Holappa [19] found that a 5.2 mm CaO 

cylinder can adequately react with a 3.3 mm Al2O3 cylinder within 3 minutes at 1873K, 

indicating that the kinetics is fast and modification of micron-sized inclusions will most 

probably be completed within seconds. The amount of CaO and CaS available for 

modification was suggested to be dependent on [O] and [S] concentrations, which 

determine the probability of them occupying a CaO or CaS nucleation site on the Ca gas-

liquid surface [20,21]. Previous studies [10,20,22–28] focused on determining the sequence of 

reactions between inclusions and calcium, minimizing the mass of calcium addition 

while promoting the formation of calcium aluminate inclusions, and controlling the 

formation of CaS inclusions. Some researchers [17,19,23,29] also focused on the kinetics of 

transformation between inclusion phases. However, due to the nature of a complex multi-

component system and vigorous reactions at high temperatures, a significant amount of 

uncertainties occur during the experiments and industrial practices. Therefore, despite a 

wide range of steel conditions that have been considered, there is no established reaction 

mechanism to explain the modification of inclusions. In addition, despite findings and 

theories related to the Ca treatment process have been reported, an accessible indicator 
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of proper calcium treatment for industrial practice is still absent in the literature.  

 

The present research aims to understand the effect of Ca addition on the modification of 

inclusions in liquid steel. Based on the results of laboratory experiments, an inclusion 

modification mechanism is proposed to explain the details of inclusion evolution. 

Thermodynamic calculations, Ca addition experiments, and SEM-EDS analysis are used 

for this purpose. By the end, the amount of Ca addition to the specific steel chemistries 

has been suggested.  

3.2 Experimental Methodology 

Inclusion modification experiments were conducted in a vertical tube furnace at 1873 K. 

A schematic diagram of the experimental setup is shown in Figure 3.1. To prepare the 

synthetic melt, about 6.5 g Mn (from Alfa Aesar), 0.3 g graphite rod (from McMaster-

Carr), and 0.027 g or 0.04 g FeS (from Fisher Scientific) were initially added to the 

electrolytic iron (from North American Höganäs). The total mass of the synthetic melt 

was 500 g. The composition of steel will be discussed in a later section. All base materials 

held within an Al2O3 crucible (inner diameter 5.6 cm, height 10.4 cm) was placed in the 

hot zone of the furnace and heated to 1873K. The composition of steel will be discussed 

in a later section. Al2O3 crucibles were used instead of MgO or CaO. The purpose was 

to prevent the formation of spinel inclusions due to reaction with MgO crucible and the 

effect of CaO crucible on Ca content of the steel. Ar gas with 99.999 pct purity was fed 

continuously into the furnace at a rate of 0.5 L/min after passing through Ti turnings at 

973K to maintain a protective atmosphere. The oxygen was continuously measured by 

an oxygen sensor connected to the gas outlet of the furnace. The partial pressure of 

oxygen was measured to be about 10-16 atm during the experiment.  

 

 

 
Figure 3.1Schematic diagram of the experimental setup 

 

The course of a representative modification experiment is shown in Figure 3.2. The 

crucible was heated from room temperature to the experimental temperature of 1873 K 
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at a rate of 10 K/min, then held for 30 minutes to homogenise the liquid steel. Thereafter, 

Al and Si were added simultaneously through the feeding/sampling tube to achieve 0.03 

pct and 0.25 pct content in steel, respectively. After 15 minutes, Ca was added to the 

molten steel. This is considered as the time-zero of all modification experiments. Pin 

shaped samples (5 mm diameter, 10 cm length) were then taken at different holding times 

before and after Ca addition. In all experiments, Al and Si were introduced in the form 

of small lumps, while Ca was wrapped in steel foils together with some electrolytic Fe. 

The use of a small pin sample instead of the ASTM cleanliness evaluation standard is 

that a smaller sample preserves more high temperature inclusions due to its relatively 

faster cooling rate [30]. Assuming that a pin sample is a lumped system, the estimated 

cooling rate of pin samples in the air is about 2.5 K/s. 

 

 
Figure 3.2 Flow chart of a typical inclusion modification experiment 

 

Steel samples were used to analyse steel chemistry and the characteristics of inclusions. 

Both ends of a pin sample were removed before chemical analysis. After that, the oxide 

scale on the pin sample surface was removed to avoid its influence on the chemical 

analysis. The chemistry of the steel samples was determined using inductively coupled 

plasma optical emission spectrometry (ICP-OES) and LECOTM CS744 carbon/sulfur 

analyzer. LECOTM ON736 oxygen/nitrogen analyzer was used to measure the total 

oxygen (T.O) content for some samples. Accuracy of concentrations was also confirmed 

against results obtained through the spark OES-PDA (Pulse height Distribution Analysis) 

method. T.O was not measured in some experiments due to an insufficient amount of 

sample. 

 

A section of the pin sample was cut along the longitudinal axis to expose the centre for 

inclusion analysis. The samples were first ground using SiC of 120 to 1200 grit. Ethanol 

was used as the lubricant during this process to avoid any potential reaction with Ca. 

Samples were then sequentially polished by using water-free diamond suspension 

containing 6 μm, 3 μm, and 1 μm average particle size. An automated SEM-EDS system 

(ASPEX) was employed to observe and characterize inclusions on the polished cross-

sections. The analysed cross-section area varied from 10 to 40 mm2. In the current study, 

the inclusions having a maximum diameter (Dmax) larger than 2 µm were considered for 

analysis. Smaller inclusions were not considered because they are considered less 

detrimental. Moreover, inclusions with an average diameter larger than 5 μm and features 
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with irregular shapes were also not considered in the analysis due to their negligible 

percentage.  

 

ASPEX conducts an EDS analysis on every detected inclusion. Based on the results, the 

detected inclusions are classified into seven types: Ca-rich, liquid CAx, solid CAx, CaS, 

CaS-other, CaS-MnS, and MnS. Liquid CAx includes C3A, C12A7, and CA inclusions, 

whereas solid CAx includes CA2 and CA6 inclusions. Ca-rich inclusions are inclusions 

with higher CaO content than the liquid CAx. CaS-other inclusions are those with 

compositions between CaS and CAx. CaS-MnS inclusions have a significant fraction of 

both CaS and MnS; however, their fractions are not high enough to be considered as a 

single-phase CaS or MnS. Figure 3.3 shows the distribution of inclusion types detected 

in a sample from Exp. 3020 at 20 minutes after Ca addition as an example. The CaO-

Al2O3-CaS ternary diagram is represented based on weight fraction. The region bounded 

by a solid line represents the 50 pct liquid region at 1873K calculated using FactSage. 

As can be seen, the inclusion types cover corresponding areas of the diagram. Liquid and 

solid CAx are inside and outside the 50 pct liquid region, respectively. CaS inclusions 

are close to the CaS corner, and CaS-other inclusions lie between CaS and CAx. In some 

cases, the areas of two types overlap on the graph, but generally, the change of inclusion 

types between samples corresponds well with the shift in inclusion compositions. 

Therefore, inclusion types are used instead of detailed compositions in most of the 

following contexts for simplicity. 

 

 
Figure 3.3 Inclusion distribution represented on a ternary diagram from Exp. 3020 at 

20 minutes after Ca addition. A solid line illustrates 50 pct liquid region. 

3.3 Experimental results 

3.3.1 Steel chemistries 

In this study, six experiments were conducted, which can be divided into two sets. In the 
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first set, three different amounts of Ca (i.e., ~ 1.2, 0.8 and 0.4 g) were added in a 500 g 

experimental steel containing 20 ppm S. Whereas, in the second set a 30 ppm S 

containing steel was treated with Ca levels similar to that in the first set. The detailed 

composition of all experimental steels is shown in Table 3.1. The error of Ca and S 

contents are based on two standard deviations of repeated measurements to give 95 pct 

confidence. The experiments are denoted in the form of “[S content][Ca content]”. Here 

the Ca content of samples taken after 20 minutes of Ca addition is used. For example, 

Exp. 2035 represents the experimental condition with 20 ppm S and 35 ppm Ca. Deriving 

from this format, 2035-X is used to describe a sample obtained at X minutes after Ca 

addition in Exp. 2035. 

 

For all experiments, Si and C contents didn’t vary during an experiment and kept 

constant at about 0.25 wt pct and 0.06 wt pct, respectively. Similarly, the Mn content 

remained stable at close to 1 pct, except for Exp. 2020 where Mn content was measured 

to be about 0.75 wt pct.  

 

In all experiments, the Al content was estimated to be 0.03 wt pct in the samples taken 

after adding Al and before Ca addition. During the experiment, the reaction between Ca 

and Al2O3 crucible increased dissolved Al in the system (Reaction (1)). Due to this reason, 

the Al content increased within 1 minute after Ca addition, as indicated in Table 1, then 

remains constant throughout the experiment. The increments are in positive correlation 

with Ca content. 

 

Total Ca concentration (T.Ca) generally decreased over time, especially in Exp. 2035 

and Exp. 3020, which had about 20 ppm Ca drop. Whereas in Exp. 2010 and Exp. 3010, 

T.Ca remained nearly constant. The decrease in T.Ca is likely due to Ca evaporation and 

reaction with the crucible. The Ca-crucible reaction is indicated by the increased Al and 

O contents of steel after Ca addition, as well as the fact that calcium aluminates (CAx, 

here C and A denote CaO and Al2O3, respectively) were found on the crucible inner wall. 

SEM image of the crucible inner surface before and after the experiment is shown in 

Figure 3.4. As shown in Figure 3.4 (a), the crucible generally had homogeneous Al2O3. 

After a modification experiment, multiple new phases appeared on the crucible inner 

surface (Figure 3.4 (b)). According to the EDS measurement, Ca concentration gradually 

decreases from about 15 wt pct at the inner surface (CAx phase 1) to 9.5 wt pct in the 

middle (CAx phase 2) then 4 pct in a layer adjacent to the crucible body (CAx phase 3). 

The crucible body after the experiment now contains about 1 wt pct Ca.  
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Table 3.1 The composition of experimental steels after Ca addition 

Exp. # 2035 2020 2010 3035 3020 3010 

Time (min) Ca (ppm) 

1 56 ± 3 29 ± 3 10 ± 3 42 ± 1 37 ± 1 15 ± 2 

3 50 ± 2 20 ± 2 11 ± 3 41 ± 1 19 ± 2 14 ± 2 

5 48 ± 2 17 ± 2 11 ± 3 40 ± 1 17 ± 2 14 ± 2 

10 46 ± 4 20 ± 2 10 ± 3 39 ± 1 17 ± 2 N/A 

20 37 ± 3 18 ± 3 9 ± 3 37 ± 1 17 ± 2 13 ± 2 

 S (ppm) 

1 21 22 18 31 32 25 

3 23 22 18 32 33 26 

5 23 22 18 30 32 31 

10 26 23 18 27 34 26 

20 21 23 19 34 33 25 

 Al (wt pct) 

1 0.1 0.039 0.037 0.059 0.055 0.041 

3 0.090 0.042 0.034 0.062 0.056 0.041 

5 0.093 0.041 0.041 0.061 0.055 0.042 

10 0.096 0.042 0.036 0.062 0.052 N/A 

20 0.090 0.051 0.036 0.062 0.056 0.043 

 O (ppm) 

0 21 25 23 n/a 21 n/a 

1  25 12 14 n/a 13.2 n/a 

3 22 18 37 n/a 11 n/a 

5 24 23 45 n/a 14 n/a 

10 35 31 7 n/a 40 n/a 

20 30 29 n/a n/a 23 n/a 
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Figure 3.4 A typical SEM backscatter image of the Al2O3 crucible (a) before and (b) 

after an experiment 

3.3.2 Inclusion compositions and quantities 

Figure 3.5 presents the variation in the area fraction (AF) and the number per unit area 

(NA) of all inclusions observed in each experiment. Area fraction is calculated as the area 

of inclusion divided by the area of steel matrix scanned in ASPEX. As can be seen in 

Figure 3.5 (a), for all the experiments, a similar value of total AF (about 13E-6) was 

found in the sample taken before Ca addition. Just after Ca addition, the AF value 

decreases and then gradually increases till the end of the experiment. It can also be seen 

that a higher T.Ca leads to a higher AF of inclusions. This tendency can be clearly seen 

by comparing the AF of inclusions in samples taken after 20 minutes of Ca addition. Exp. 

2035 has almost ~13 times higher AF than that of Exp. 2020. Similarly, for 30 ppm S set 

experiments, the AF of inclusions in 35 ppm Ca containing steel (Exp. 3035) is ~1.6 and 

~16 times of the AF of inclusions in Exp. 3020 and Exp. 3010, respectively. The 

evolution of NA is presented in Figure 3.5 (b), which exhibits similar trends to those of 

the AF change in Figure 3.5 (a). Hereafter, the AF of inclusions is used to present and 

discuss the results. According to Table 3.1, no significant T.O and T.S content changes 

were observed in any experimental heats other than Exp. 2010, in which the AF increase 

is negligible. Therefore, a significant AF growth seen in Figure 3.5 cannot be attributed 

to T.O or T.S change. The fact that AF increase is more apparent in high Ca experiments 

suggesting that undetected tiny CaS inclusions formed in early stages, their size increases 

with time, and they become detectable by ASPEX, either through particle coarsening or 

agglomeration. 
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Figure 3.5 Inclusions quantity evolution from six experiments studied in the form of 

(a) area fraction (AF) change and (b) number (NA) change 

 

Figure 3.6 presents the AF variation of the main types of inclusions observed in 

experimental steel. Apart from these types, a neglectable amount (<5 pct of total 

inclusions) of Ti and Mg containing inclusions was detected. Ca-rich inclusion class in 

Figure 3.6 represents inclusions that are mainly composed of CaO. CA, C12A7 and C3A 

are grouped in one category due to their relatively low melting points, and hereafter they 

are referred to as liquid CAx. Whereas, CA2 and CA6, having high melting points, are 

called solid CAx. CaS-MnS inclusions contain both CaS and MnS. CaS-other inclusions 

can be a combination of CaS and CAx, or CaS and Al2O3.  
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Figure 3.6 Evolution of inclusion area fraction (AF) in (a) Exp. 2035, (b) Exp. 2020, 

(c) Exp. 2010, (d) Exp. 3035, (e) Exp. 3020 and (f) Exp. 3010 

 

In Exp. 2035 (Figure 3.6 (a)), Ca-rich inclusions appear just after Ca addition, and their 

AF remains almost constant (at about 4 ppm) until 10 minutes. CaS inclusions appear in 

the sample taken at 3 minutes after Ca addition, and the AF of these inclusion increases 

from 0.5 ppm to 44 ppm till 20 minutes. A tiny amount (0.8 ppm) of liquid CAx appeared 

in 10 minutes sample, which substantially increased to 5.7 ppm in the sample taken after 

20 minutes of Ca addition. CaS-other inclusions started to emerge from the beginning of 

this experiment; however, the AF only became significant in 20 minutes sample. 

 

With a less Ca addition, Exp. 2020 (Figure 3.6 (b)) did not exhibit any considerable AF 

of Ca-rich inclusions. Instead, liquid CAx and CaS appeared within 1 minute after Ca 
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addition. After that, the AF of liquid CAx remained almost constant (at ~ 0.6 ppm) in the 

first 10 minutes and then increased to 2.9 ppm in 20 minutes sample. In comparison, the 

AF of CaS decreased to a relatively low amount in 20 minutes. From 2020-1 to 2020-5, 

the AF of CaS-other inclusions increased from 0.05 ppm to 0.9 ppm, then slightly 

decreased to 0.8 ppm at 20 minutes.  

 

As Ca addition further decreased, in Exp. 2010 (Figure 3.6 (c)), the retention of Al2O3 

inclusions shortly after Ca addition was observed. Another feature of the Exp. 2010 was 

the appearance of CaS-MnS and MnS. Although their AF is still incomparable to any 

other major inclusion types, their existence indicates the modification results are 

different from the other two experiments shown above. 

 

Unlike 20 ppm S containing steel, a higher Ca addition in 30 ppm S containing steel (i.e. 

Exp. 3035) didn’t produce Ca-rich inclusions (compare Figure 3.6 (a) and (d)). Instead, 

2.3 ppm liquid CAx and 4.1 ppm CaS inclusions were observed in Exp. 3035 just after 

Ca addition and the AF of liquid CAx and CaS gradually increased to 9.4 ppm and 22.1 

ppm during the experiment, respectively. However, by the end of 20 minutes, the 

inclusion characteristics of Exp. 3035 were very similar to those of Exp. 2035, except 

with less CaS relative to CAx in Exp. 3035. 

 

In Exp. 3020 (Figure 3.6 (e)) the AF of liquid CAx and CaS inclusions increased with 

holding time. Between 1 minute and 20 minutes, the AF of liquid CAx increased from 

0.4 ppm to 15.5 ppm. Also, the AF of CaS-other and CaS inclusions gradually increased 

from 0.7 ppm to 4.8 ppm and 0.5 ppm to 1.9 ppm, respectively. Moreover, CaS-MnS and 

MnS inclusions were detected throughout the experiment with a small AF. 

 

The inclusion characteristics in Exp. 3010 (Figure 3.6 (f)) were similar to those of Exp. 

2010 (Figure 3.6 (c)). The similarity comes from two key characteristics. Firstly, the 

oscillating AF of Al2O3, which does these two experiments the only two cases with Al2O3 

being formed after Ca addition. The other feature is the increase in the AF of CaS 

inclusions from 0.5 to 1.1 ppm followed by decreasing to 0.4 ppm. Except for the AF of 

CaS in Exp. 3010 is generally higher than that in Exp. 2010.  

3.4 Experimental results 

3.4.1 Effect of Ca and S contents on inclusion stabilities 

Thermodynamic calculations were carried out by employing Factsage 7.2 to predict 

stable phases in molten steel at 1873K. The stability diagram of inclusions in 

experimental steel containing 20 ppm and 30 ppm S are shown in Figure 3.7 (a) and (b), 

respectively. Based upon the measured T.O values, a value of 20 ppm was used in these 
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calculations.  

 

Figure 3.7 shows that CaO, CaS, liquid CAx, and CA2 are in equilibrium with molten 

steel containing 5 to 60 ppm Ca and 0.03 to 0.1 pct Al. The inclusion stability mainly 

varies with Ca content. While liquid CAx is always stable, decreasing Ca leads to the 

disappearance of thermodynamically stable CaO, then CaS, and finally the formation of 

CA2. CaS stability is associated with S content. By increasing S content from 20 to 30 

ppm, the CaS stable region expands by narrowing both liquid CAx and CaO stable 

regions. However, the formation of liquid CAx and CA2 does not depend on S content; 

hence, it appears identical in Figure 3.7 (a) and (b).  

 

 
 

 
Figure 3.7 Inclusion stability diagram constructed using FactSage for experimental 

steel containing (a) 20 ppm S and (b) 30 ppm S and constant 0.06 wt pct C, 0.25 wt 

pct Si, 1 wt pct Mn and 20 ppm T.O 

 

Hollow marks in Figure 3.7 represent the measured Ca and Al contents of samples taken 

after Ca addition. The sampling sequence has been shown in detail in Table 3.1. Inclusion 

stability diagrams show that regardless of S content, the sample from higher Ca addition 

experiments (Exp. 2035 and Exp. 3035) lie above the fully liquid region. Moreover, for 

Exp. 2035, the samples, taken within 10 minutes of Ca addition, are in the CaO stability 

region. This explains the presence of Ca-rich inclusions in Exp. 2035 and a substantial 
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amount of CaS inclusions in both Exp. 2035 and Exp. 3035. Exp. 2020 and Exp. 3020 

had initial compositions located in the region where CaS is stable, and as the Ca content 

stabilized, both experiments ended in the fully liquid region. The inclusion analysis also 

showed that the majority of the inclusions in these two experiments are liquid CAx. All 

the samples from Exp. 2010 lie close to the CA2 saturation line. Whereas, those of Exp. 

3010 are in the fully liquid region. As mentioned earlier, the equilibrium line between 

liquid CAx and CA2 is independent of S content. The different locations of Exp. 2010 

and Exp. 3010 are due to the slight variation in their Ca contents (see Table 3.1). This 

difference, to some extent, did reflect on the modification results. 

3.4.2 Effect of Ca and S contents on inclusion stabilities 

An occurrence of Ca-rich (mainly CaO) inclusions in Exp. 2035 (see Figure 3.6) suggests 

that the inclusions modification mechanism for this experiment is different than that of 

the other five experiments. The following discusses the possible inclusion modification 

mechanisms involved in all the experiments conducted in the current study.  

3.4.2.1 Mechanism involving CaO inclusions 

When Ca is added to molten steel, due to its volatile nature, it can leave the system in 

the form of gas, and some of it can dissolve in molten steel as [Ca]. [Ca] is consumed in 

3 ways: 1) reduction of the Al2O3 inclusions in accordance with Reaction (3.1) (CaO in 

round brackets denotes CaO and Al2O3 are miscible); 2) formation of CaS according to 

Reaction (3.2); and 3) reaction with Al2O3 crucible. Reaction (3.1) is considered as a 

primary route of CaO formation since ASPEX did not detect visible AF of Al2O3 

inclusions in sample 2035-1, as seen in Figure 3.6 (a).  

 

 
[𝐶𝑎] +

1

3
𝐴𝑙2𝑂3 = (𝐶𝑎𝑂) +

2

3
[𝐴𝑙] (3.1) 

 

 [𝐶𝑎] + [𝑆] = 𝐶𝑎𝑆 (3.2) 

 

 𝐶𝑎𝑂 + [𝐴𝑙] + [𝑆] = 𝐶𝑎𝑆 + (𝐴𝑙2𝑂3) (3.3) 

 

In addition to the formation of CaS by Reaction (3.2), Ca-rich inclusions transformed to 

CaS inclusions following Reaction (3.3). While the transformation of Ca-rich inclusions 

to CaS, [O] from CaO reacts with [Al] to form Al2O3 as part of CAx (denoted using round 

brackets). This can be confirmed by their chemistry change. By using the method 

described by Lind and Holappa [19], elemental compositions of inclusions obtained by 

EDS during ASPEX analysis can be converted to mass fractions of MnS, CaO, Al2O3, 

and CaS. The compositions of CaS and Ca-rich inclusions at different times in Exp. 2035 
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are plotted in Figure 3.8. MnS is not included as it is considered as a solidification 

product that did not exist at 1873K. Although these inclusions are classified as “CaS” 

and “Ca-rich” in the inclusion analysis, they are all CaO-CaS complexes. Before 10 

minutes after Ca addition, the complexes were almost composed of only CaO and CaS 

(Figure 3.8 (a) to (c)). As the experiment proceeded, Ca-rich and CaS became richer in 

CaS, and at 20 min, the fraction of Al2O3 increases. Therefore, the respective increase 

and decrease of CaS and Ca-rich AF shown in Figure 3.6 reflect a continuous CaO to 

CaS transformation in CaO-CaS complexes throughout the experiment according to 

Reaction (3.3). CaS can also be a solidification product due to its increased stability at 

lower temperature [20,31]. However, these inclusions most probably have sizes under the 

detection limit of ASPEX with the short solidification time in pin samples. 

 

  

  
Figure 3.8 CaO, Al2O3 and CaS mass fractions of Ca-rich and CaS inclusions in Exp. 

2035 at 1 minute (b) 5 minutes (c) 10 minutes and (d) 20 minutes after Ca addition 

 

EDS mappings on Ca-rich inclusions were also performed to verify the occurrence of 

early CaO to CaS transformation. Examples of two such inclusions are shown in Figure 

3.9. The elemental map of Ca in both inclusions cover almost the entire inclusions 

surface, while the map of S misses some region as the upper part of the inclusions in 

Figure 3.9 (a) and Figure 3.9 (b). Even though the low contrast in O maps causes some 

difficulty to directly compare with S and Ca maps, both inclusions in Figure 3.9 are likely 
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CaO-CaS dual-phase inclusions.  

 

After the CaO to CaS transformation, CaS became the main Ca bearer, hence is the major 

Ca source for oxide modification. These Al2O3 inclusions were modified by CaS in 

accordance with Reaction (3.4). In this case, CaO is not the major Ca source for 

modification through Reaction (3.5) because the concentration of [Ca] and CaO were 

low after Reaction (3.3).  

 

 3𝐶𝑎𝑆 + (𝐴𝑙2𝑂3) = 3(𝐶𝑎𝑂) + 2[𝐴𝑙] + 3[𝑆] (3.4) 

 

 𝑥𝐶𝑎𝑂 + 𝑦𝐴𝑙2𝑂3 = 𝑥𝐶𝑎𝑂 ∙ 𝑦𝐴𝑙2𝑂3 (3.5) 

 

 
Figure 3.9 SEM-EDS elemental maps of CaO-CaS dual-phase inclusions from Exp. 

2035 samples (a) and (b) both taken at 3 minutes after Ca addition  

3.4.2.2 Mechanism in the absence of CaO inclusion 

Similar to Exp. 2035, the added Ca in all the other experiments participated in reducing 

Al2O3 inclusions, the formation of CaS, and reacting with Al2O3 crucible. However, due 

to low Ca content and thermodynamic instability, CaO (Ca-rich inclusion) was not 

formed, but instead, Reaction (3.1) yielded in the formation of CAx. The occurrence of 

liquid CAx within 1 minute of Ca addition is in agreement with the suggestion of 

Tabatabei et al. [17], i.e., the transformation of micron-sized Al2O3 to liquid CAx can 

complete in a very short time. In all the experiments, CaS or CaS-other inclusions were 

formed immediately after Ca addition.  

 

The [Ca] is consumed immediately after Ca addition resulting in the formation of liquid 

CAx and CaS containing inclusions. Any further modification will use CaS as the Ca 

source (Reaction (3.4)). Unlike the aforementioned [Ca]-Al2O3 reaction, modification of 

Al2O3 by CaS involves two solids, which is understandably slower than [Ca]-Al2O3 

modification reaction. Hence, a detectable amount of oxysulfide inclusions as reaction 

intermediates is likely to exist. CaS-other inclusions were defined in ASPEX inclusion 
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classification to be oxysulfide complexes compounded by a similar amount of CaS and 

Al2O3 or CAx. They may be the reaction intermediates of Al2O3 or CAx modified by CaS. 

 

 
Figure 3.10 SEM-EDS elemental maps of typical oxysulfide inclusions observed in 

the sample taken at (a-b) 3 minutes after Ca addition (c-d) 20 minutes after Ca 

addition in Exp. 2020 

 

The SEM-EDS elemental maps of some typical oxysulfide inclusions are shown in 

Figure 3.10. All four inclusions exhibit two separate phases. In Figure 3.10 (a) and (b), 

Ca, and S elemental maps overlap and correspond to the upper and left region of the 

inclusions, respectively. In Figure 3.10 (b), some Ca is also detected in the right part of 

the inclusion. Al and O maps cover the lower and right part of these inclusions. This 

implies that Figure 3.10 (a) likely shows a CaS-Al2O3 complex inclusion, whereas Figure 

3.10 (b) is an CaS-CAx complex inclusion. Similar inclusions can also be found at 20 

minutes after Ca addition as shown in Figure 3.10 (c) and (d). 
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Figure 3.11 Change of CaS-other average compositions (a) CaO + Al2O3 (b) CaS in 

Exp. 2020, Exp. 2010, Exp. 3035, Exp. 3020 and Exp. 3010  

 

The variation in the composition of CaS-other inclusions with time is shown in Figure 

3.11 for all the experiments except Exp. 2035. It can be seen that for all the experiments, 

the mass fraction of CaO + Al2O3 increased from less than 50 wt pct to around 60 wt pct, 

while that of CaS decreased from more than 50 wt pct to approximately 40 pct. The EDS 

mapping presented in Figure 3.10 and the variation in the composition of CaS-other 

inclusions shown Figure 3.11 in support the suggested modification mechanism of 

inclusions modified by CaS.  

 

In the present study, the amount of MnS inclusions formed is directly related to [S] 

because [Mn] levels are similar across experiments if sample cooling rates are assumed 

to be similar. The formation of MnS and CaS-MnS inclusions was observed in Exp. 2010, 

Exp. 3020 and Exp. 3010. Due to either the low Ca content or high S contents, these 

experiments still had sufficient [S] to precipitate MnS during solidification. 

 Based upon the discussion in the above section, the inclusion modification 

mechanism for the current experimental steel compositions can be summarized as below: 

1. [Ca] in liquid steel reduces Al2O3 and depending on the amount of added Ca, the 

reaction product could be CaO or different types of CAx (or remains Al2O3 in the 

case of low Ca additions). At the same time, [Ca] desulfurizes liquid steel to produce 

CaS.  

2. In the case where CaO is formed, CaO gradually reacts with [S] to produce CaS and 

[O]. The produced [O] reacts with [Al] to form Al2O3, which is modified to CAx by 

CaS.  

3. With low Ca addition, the inclusions are CAx (and potentially some Al2O3) and CaS. 

CaS is now the only Ca source. Hence, CaS will further modify CAx to a higher 

modification extent.  

4. If the conditions (mainly [S]) satisfy the criteria of MnS nucleation or precipitation, 

MnS and CaS-MnS inclusions will form during solidification. 
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3.5 Comparison of modification results 

From the perspective of improving castability, liquid and semi-liquid inclusions are 

preferred. The samples taken at 20 minutes after Ca addition are selected to compare the 

extent of liquefication achieved in each experiment. The AF of different types of 

inclusions at 20 minutes after Ca addition is normalized to 100 pct and shown in Figure 

3.12 (a). The exact AF values are already shown in Figure 3.6. The three high CaS 

inclusion types, CaS, CaS-other and CaS-MnS are more than 70 pct of the overall 

inclusion AF in Exp. 2035 and Exp. 3035. In the other four experiments, the percentage 

is about 20 pct. The excessive CaS formation indicates over-modification in the two 35 

ppm Ca experiments. The liquid CAx percentages appear similar in 20 ppm and 10 ppm 

T.Ca experiments regardless of S content, but are in fact, very different as types of CAx 

formed vary. Figure 3.12 (b) shows the relative area fraction of CAx inclusions. The CAx 

present in 20 minutes samples of Exp. 2035 and Exp. 3035 are highly modified as more 

than 80 pct of their AF contains C3A and C12A7. However, since a significant amount of 

CaS (6 times more than AF of all CAx), these experiments are not considered to have 

superior modification results. The liquid CAx (CA + C12A7 + C3A) has the highest 

percentage of AF (>60 pct) among all inclusion types in the other four experiments. 

However, according to Figure 3.12, the CAx from Exp. 2010 is relatively less modified 

compared to those of Exp. 2020, Exp. 3020 and Exp. 3010. This is because about 68 pct 

of the CAx in Exp. 2010 are CA, and the melting point of CA is very close to 1873K. If 

the same inclusion combination appears in the industrial heats at a lower temperature, 

the castability may still be negatively affected. The steel compositions of Exp. 2020, Exp. 

3020 and Exp. 3010, with at least 28 pct CAx being C12A7 and limited CaS, exhibit 

preferred modification results. This agrees with the thermodynamic calculation 

presented in Figure 3.6, which shows that the endpoint Ca contents of these three 

experiments fall in the liquid CAx region.  
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Figure 3.12 Normalized AF of (a) all inclusions and (b) CAx inclusions in six 

experiments at 20 minutes after Ca addition 

 

As inferred from Figure 3.12, a comparison of AF of CAx inclusions can help determine 

a relative modification extend of specific steel chemistries as compared to that of others. 

However, the AF of CaS containing inclusions must also be considered when adopting 

the idea of Figure 3.12. Moreover, this idea of determining the extent of modification 

counts on inclusion analysis, which can’t be conducted on-line during the production of 

a heat. Therefore, it is necessary to have a parameter that can be determined on-line and 

can also hint at the extent of modification of inclusions. For this purpose, Sun et al. [1] 

proposed a parameter called Ca treatment index. It is a ratio between Ca content of steel 

and the Al content present in the form of inclusions (Alinc). Hence, the authors propose a 

new parameter that can be used to estimate the extent of inclusion modification by 

correlating thermodynamics and measured Ca content of the steel. For this, the measured 

Ca content of steel and inclusion stability diagrams (given in Figure 3.7) are used to 

determine the location of measured Ca content in the liquid window (liquid CAx region) 

of the stability diagram. The site is determined relative to the two boundaries (CA2 

saturation line and CaS saturation line) of the liquid window for the steel composition of 

interest. This relative location measured Ca content on the stability diagram is named as 
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dimensionless Ca, and can be calculated using Equation (3.6). Where,(𝑇. 𝐶𝑎)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, 

(𝑇. 𝐶𝑎)𝐶𝐴2 𝑠𝑎𝑡.  And (𝑇. 𝐶𝑎)𝐶𝑎𝑆 𝑠𝑎𝑡.  Are the measured T.Ca, T.Ca required for CA2 

saturation and T.Ca required for CaS saturation, respectively. (𝑇. 𝐶𝑎)𝐶𝐴2 𝑠𝑎𝑡.  And 

(𝑇. 𝐶𝑎)𝐶𝑎𝑆 𝑠𝑎𝑡. Are calculated by determining the functions of the CA2 saturation line 

and CaS saturation line on the stability diagram of a given steel composition. If T.Ca 

falls in the liquid window, the value of dimensionless Ca would be between 0 and 1. 

Dimensionless Ca larger than unity and being negative indicates that the T.Ca falls in the 

CaS stability region and CA2 stability region, respectively.  

 

 
𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝐶𝑎 =

(𝑇. 𝐶𝑎)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − (𝑇. 𝐶𝑎)𝐶𝐴2 𝑠𝑎𝑡.

(𝑇. 𝐶𝑎)𝐶𝑎𝑆 𝑠𝑎𝑡. − (𝑇. 𝐶𝑎)𝐶𝐴2 𝑠𝑎𝑡.
 (3.6) 

 

 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝐶𝑎 𝑎𝑡 20 𝑝𝑝𝑚 𝑇. 𝑂

≈
𝑇. 𝐶𝑎 − 10.5

1.128 ∙ 𝑇. 𝑆−0.406 ∙ 𝑇. 𝐴𝑙−0.226 − 10.5
 

(3.7) 

 

(𝑇. 𝐶𝑎)𝐶𝐴2 𝑠𝑎𝑡. And (𝑇. 𝐶𝑎)𝐶𝑎𝑆 𝑠𝑎𝑡. Values depend on T.O, T.S and T.Al contents of steel. 

These values for a value of T.O = 20 ppm are given in Equation (3.7). The developments 

of Equation (3.6) and Equation (3.7) are included in the appendix. The three variables: 

T.Ca, T.S and T.Al used to calculate Equation (3.7) can be obtained through typical 

online analysis, therefore it is potentially suitable for process control in industrial 

practice.  

 

The proposed parameter in Equation (3.6) is validated against the obtained experimental 

results and industrial heats containing 20 ppm T.O. Figure 3.13 presents the calculated 

dimensionless Ca against the percentage of the AF of liquid CAx (CA + C12A7 + C3A) 

present in the 20 minutes sample of all the six experiments. Having a dimensionless Ca 

between 0 and 1, Exp. 2020, Exp. 3020 and Exp. 3010 showed the highest inclusion 

liquefaction. A dimensionless Ca value slightly below 0 (Exp. 2010) led to an apparent 

drop in inclusion liquefaction. High dimensionless Ca values from Exp. 2035 and Exp. 

3035 indicate that the measured Ca contents were in the CaS stability region and gave 

very low liquefaction due to the formation of CaS containing inclusions.  
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Figure 3.13 The percentage of liquid CAx dependency on dimensionless Ca in 

laboratory results 

 

In addition to experimental steels, industrial heat data is also used to evaluate 

dimensionless Ca. Figure 3.14 (a) shows the inclusion AF change in ladle during Ca 

injection and AF change in the tundish samples. This heat contains 0.05C-1Mn-0.23Si-

0.03Al-0.003S (values are in wt pct). Figure 3.14 (b) corresponds to a heat of 0.05C-

1.2Mn-0.21Si-0.03Al-0.001S named Heat 2. The ladle samples were taken at different 

times after Ca injection was completed. The detailed sampling times as well as the 

temperatures are listed in Table 2. Both heats are about 165 t. As seen in Figure 3.14, in 

both heats, the percentages of liquid CAx are generally stable while CaS type inclusions 

increase over time. It is worth noticing that there is a sudden increase in the AF of CaS 

type inclusions at in L3 of Heat 1 and keep increasing in the rest of the ladle and tundish 

samples. Although a similar phenomenon also appears in Heat 2 starting L4, the 

increment in Heat 2 is no doubt much smaller. 

 

  
Figure 3.14 The AF of inclusions industrial heats (a) Heat 1 (b) Heat 2 (L and T 

represent ladle and tundish, respectively) 
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Table 3.2 Detailed sampling time of both industrial heats 

Heat 1 Heat 2 

Sample 

No 

Sampling time  Sample 

No 

Sampling time  

L1 1.2 minutes after Ca injection 

start 

L1 Ca injection complete 

L2 2.2 minutes after Ca injection 

start 

L2 1.5 minutes after 

completion 

L3 3.2 minutes after Ca injection 

start 

L3 4.1 minutes after 

completion 

L4 4.3 minutes after Ca injection 

start 

L4 6.3 minutes after 

completion 

L5 4.7 minutes after Ca injection 

start (Ca injection complete) 

T1 80 t cast in Tundish T1 80 t cast in Tundish 

T2 125 t cast in Tundish T2 125 t cast in Tundish 

Temperature 

Ladle 1848K 

Tundish 1833K 

 

By plotting the relative AF of liquid CAx and that of solid CAx and CaS type inclusions 

together against a change of dimensionless Ca, Figure 3.15 can be generated. Marks 

represent the relative AF, and solid lines show the evolution of dimensionless Ca. The 

dashed line indicates dimensionless Ca = 1 to improve visualization. During calcium 

addition in Heat 1, the dimensionless Ca increased from 0.32 to 2.16, and then decreased 

to 1.30 in the last tundish sample. It can be seen that, in the first two samples, when the 

dimensionless Ca was less than 1, the percentage of liquid CAx is about 75 pct while the 

solid CAx and CaS complexes are about 12 pct. MnS, spinel, and aluminate titanates also 

exist but are omitted because they are less than 8 pct of the total inclusion AF. As the 

dimensionless Ca exceeds unity, the percentage of CaS containing inclusions increased 

significantly, which is in line with what’s shown in Figure 3.14. This results in a drastic 

reduction of inclusion liquefaction and agrees with the concept of introducing 

dimensionless Ca, as it correctly reflects the direction of inclusion liquefaction change. 

Although dimensionless Ca decreased in tundish samples, the steel composition would 

still be in the CaS stability region, the AF percentages of CaS complexes increase in the 

system. Similar trends were observed in the other heat shown in Figure 3.15 (b). The 

percentage of liquid inclusions was high as about 80 pct in sample L1 of Heat 2 while 

dimensionless Ca was less than 1. This phenomenon is in line with what has been 

observed in Heat 1. As dimensionless Ca increases to 1.76 in L2 of Heat 2, the expected 

decrease in liquid CAx percentage and increase in solid inclusion percentage can be 

observed. After that, the fraction of liquid CAx and CaS complexes maintain a low value. 

The less significant liquefaction and CaS change in Heat 2 are potentially due to low S 

content. Interestingly, even after dimensionless Ca decreases to less than 1 (starting at 

sample L4), there is no significant variation in the percentage of liquid and solid 
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inclusions. 

 

  
Figure 3.15 The relative AF of inclusions with respect to dimensionless Ca for 

industrial heats (a) Heat 1 (b) Heat 2 

 

Results shown in Figure 3.13 to Figure 3.15 signify that there exists a strong 

correlation between the number of inclusions and dimensionless Ca. Hence, 

dimensionless Ca may be used to estimate the type of inclusions that will form if the 

evolution of the steel compositions is known. Moreover, due to the facile nature of 

Equation 6, dimensionless Ca can be applied on-line during the production process. 

More industrial heats will be studied in the future to confirm this finding.  

 

The authors are aware that other means of estimating inclusion compositions, such 

as ratios of Ca/O and Ca/Al, have been proposed in the literature as reviewed in the 

introduction. The advantage of dimensionless Ca in comparison to previously proposed 

correlations is that the calculation of dimensionless Ca includes all of the important 

variables: Al, S and Ca, hence can be adapted in a wide range of compositions with no 

important parameter omitted in the prediction. Secondly, the direct correlation between 

dimensionless Ca and the fraction of liquid inclusions makes dimensionless Ca more 

intuitive and accessible for practical uses. 

3.6 Conclusion 

The effect of different amounts of Ca addition on the modification of inclusions was 

studied. The obtained results are summarized as follows: 

1. The total amount of inclusions in steel depends on the amount of added Ca. In 

relatively high and low Ca conditions, the amount of CaS and liquid CAx inclusions, 

which are respectively the thermodynamically stable inclusion types, increases with 

holding time.  

2. Two inclusion modification mechanisms are observed in experiments. Firstly, when 

the Ca contents are high in the melt, CaO can be observed. Then as Ca content 

decreases, CaO transforms to CaS. Subsequently, Al2O3 inclusions are modified by 
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CaS to CAx. The second mechanism is when the added Ca is insufficient to form 

CaO. In this case, Al2O3 inclusions are initially modified by [Ca] then by CaS. In this 

case, CaS inclusions are the product of [Ca] and [S] reaction. 

3. A new parameter, ‘dimensionless Ca’ is proposed in this study, which can be used to 

predict the extent of modification of inclusions based upon the measured Ca content 

of the steel. A value of dimensionless Ca between 0 and 1 suggests higher 

liquefaction of inclusions, whereas dimensionless Ca greater than one predicts 

liquefaction drop due to the increase in CaS containing inclusions. This is validated 

against industrial heat data.  
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3.8 Appendix: Simplification of dimensionless Ca calculation 

Dimensionless Ca in theory can be calculated of any known chemistry. In practise, its 

value can be approximated for a fixed T.O. Figure 3.A1 shows the change of inclusion 

stability with respect to the steel chemistry. Similar graphs for different conditions can 

be found in the literature [78,89,196,197]. The region where steel chemistry falls in the “liquid 

CAx” region is referred to as the liquid window, and high inclusion liquefaction can be 

observed.  

 

As shown in Figure 3.A1, the upper and lower T.Ca limits of the liquid window can be 

determined by the Equilibrium (3.A1) and (3.A2), respectively.  

 

 

𝐶𝐴𝑥 + 𝑎[𝐶𝑎] + 𝑏[𝐴𝑙] + 𝑐[𝑆] = 𝐶𝐴𝑦 + 𝐶𝑎𝑆 (3.A1) 

 

𝐶𝐴2 + 𝑑[𝐶𝑎] = 𝐶𝐴𝑥 (3.A2) 

 

For Equilibrium (3.A1), there must exist equation (3.A3), which can be converted to 

equation (3.A4).  

 

∆𝐺 = −𝑅𝑇𝑙𝑛 (
1

ℎ𝐶𝑎
𝑎ℎ𝐴𝑙

𝑏ℎ𝑆
𝑐) (3.A3) 
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ℎ𝐶𝑎 = 𝑒𝑥𝑝 (
∆𝐺

𝑎𝑅𝑇
) ∙ ℎ𝐴𝑙

−
𝑏
𝑎ℎ𝑆

−
𝑐
𝑎 (3.A4) 

 

C, Si, and Mn mostly dissolve in the liquid steel, so T.C ≈ [C], T.Si ≈ [Si], T.Mn ≈ [Mn]. 

Taking steel with composition of 0.06C-0.25Si-1Mn (all in wt pct) as an example, the Al 

activity coefficient can be represented with equation (3.A5) where 𝑒𝑗
𝑖  and [𝑖]  are the 

interaction coefficient and mass fraction of component i. The interaction coefficients 

used can be found in the literature[11,198]. The [Ca] and [O] have low concentrations; 

hence they can be omitted in the calculation of the Al activity coefficient. If the steel 

contains 20 ppm T.O and all O exists in the form of Al2O3, this will only account for 23 

ppm of Al, which is still about one order of magnitude lower than typical T.Al in Al-

killed steels. Hence, it is considered T.Al ≈ [Al] is a valid assumption in most of the 

cases. Taking the industrial heats from ArcelorMittal Dofasco as an example, the 

maximum T.Al = 0.082 wt pct. And at the upper limit of the liquid window, the amount 

of CaS formed will be very small, so T.S ≈ [S]. Maximum T.S = 278 ppm in the industrial 

heats. Either using simultaneously the maximum T.Al and T.S or minimum T.Al and T.S 

give 𝑙𝑜𝑔𝑓𝐴𝑙 ranges from 0.026 to 0.03, which means always 𝑓𝐴𝑙 ≈ 1. Therefore, ℎ𝐴𝑙 ≈

[𝐴𝑙] ≈ 𝑇. 𝐴𝑙 in equation (3.A4). Following the same logic, ℎ𝑆 ≈ [𝑆] ≈ 𝑇. 𝑆.  

 

 𝑙𝑜𝑔𝑓𝐴𝑙 = ∑ 𝑒𝐴𝑙
𝑖 [𝑖]

𝑖

= 0.026 + 0.045[𝐴𝑙] + 0.03[𝑆] (3.A5) 

 

So far the author cannot find a simply correlated between Ca activity and T.Ca. It is 

therefore assumed: 

 

ℎ𝐶𝑎 = 𝑘 ∙ 𝑇. 𝐶𝑎 (3.A6) 

 

where 0 < 𝑘 ≪ 1. Substitute all activities to equation (3.A4), we have 

 

𝑇. 𝐶𝑎 =
1

𝑘
𝑒𝑥𝑝 (

∆𝐺

𝑎𝑅𝑇
) ∙ 𝑇. 𝐴𝑙−

𝑏
𝑎 ∙ 𝑇. 𝑆−

𝑐
𝑎 ≈ 𝐴 ∙ 𝑇. 𝑆−𝑗 ∙ 𝑇. 𝐴𝑙−𝑖 (3.A7) 

 

Assuming 
1

𝑘
𝑒𝑥𝑝 (

∆𝐺

𝑎𝑅𝑇
) = 𝐴 is a constant (need to be improved in the future) and fit the 

upper limit T.Ca of the liquid windows at various S levels shown in Figure 3.A1 into a 

series of power function of T.Al, we get the equations listed in Table 3.A1. Comparing 

equations in Table 3.A1 and equation (3.A7), clearly the factor 𝐵 satisfies 𝐵 = 𝐴 ∙ 𝑇. 𝑆−𝑗. 

Plotting 𝐵  against S level in Figure 3.A2, gives a fitted function 𝑦 = 1.128𝑥−0.406 . 

Using the average of parameter I in Table 3.A1 for Equation 3.A7, we get: 
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𝑇. 𝐶𝑎 = 1.128 ∙ 𝑇. 𝑆−0.406 ∙ 𝑇. 𝐴𝑙−0.226 (3.A8) 

 

Validating the fitted function (3.A8) against FactSage calculated upper limit T.Ca of the 

liquid window from 20 ppm to 80 ppm T.S, the error of T.Ca was ±4 pct. This can be 

used to calculate dimensionless Ca using equation (3.A9). Constant 10.5 is the T.Ca 

lower limit of the liquid window, which has negligible dependence on S and Al contents. 

Equation (3.A8) does not incorporate the effect of other elements in steel because their 

effects on the liquid window are found to be insignificant within the interested steel 

composition ranges at 1873K.  

 

The purpose of Equation 3.A9 is to provide a quick and more accessible approximation 

of dimensionless Ca for practical use, although it can only be applicable for a limited 

range of steel chemistries at the current stage of research. 

 

𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝐶𝑎 𝑎𝑡 20 𝑝𝑝𝑚 𝑇. 𝑂

≈
𝑇. 𝐶𝑎 − 10.5

1.128 ∙ 𝑇. 𝑆−0.406 ∙ 𝑇. 𝐴𝑙−0.226 − 10.5
 

(3.A9) 

 

 
Figure 3.A1. The upper limit and lower limit T.Ca of the liquid window were 

calculated in FactSage assuming 20 ppm T.O and experimental temperature of 

1873K 
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Figure 3.A2. The dependency of parameter B on T.S 

 

Table 3.A1. Excel fitted power functions for the upper limit T.Ca of the liquid window 

T.S (ppm) Fitted function 𝑇. 𝐶𝑎 = 𝐵 ∙ 𝑇. 𝐴𝑙−𝑖 R2 

15 𝑇. 𝐶𝑎 = 15.892 ∙ 𝑇. 𝐴𝑙−0.201 0.9993 

20 𝑇. 𝐶𝑎 = 14.061 ∙ 𝑇. 𝐴𝑙−0.214 0.9994 

25 𝑇. 𝐶𝑎 = 12.896 ∙ 𝑇. 𝐴𝑙−0.221 0.9992 

30 𝑇. 𝐶𝑎 = 11.866 ∙ 𝑇. 𝐴𝑙−0.230 0.9989 

35 𝑇. 𝐶𝑎 = 11.143 ∙ 𝑇. 𝐴𝑙−0.235 0.9996 

40 𝑇. 𝐶𝑎 = 10.824 ∙ 𝑇. 𝐴𝑙−0.230 0.9996 
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Chapter 4 Evaluation of Ca Treatment on Oxide and Sulfide Inclusions 

through Modification Indexes 

This chapter is a pre-publication version of the article published in Metallurgical and 

Materials Transactions B 2021, Volume 52, DOI: 10.1007/s11663-021-02243-1. This 

chapter was inspired by the qualitative dependency of the fraction of liquid inclusions 

on CaS stability discussed in Chapter 3. As the three major purposes of calcium treatment 

are CAx, CaS, and MnS control, a modification index is proposed for each inclusion type 

in this chapter. Even though some modification indexes have already been proposed in 

the literature, they mainly focus on the composition of inclusions while omitting the 

quantity of inclusions. To fill this knowledge gap, the modification results of inclusions 

in thirty-seven tundish samples were used to establish the modification indexes. The 

success of CAx type inclusion control can be related to the percentage of inclusions with 

higher than 50 pct liquefaction, as it prevents inclusion agglomeration. It was known that 

the fraction of the liquid phase increases with CaO content in CAx, so the percentage of 

liquid CAx inclusions was qualitatively correlated with the ratio of Ca content to Al 

content in steel, which is the first modification index. In Chapter 3, the amount of CaS 

inclusions was found to drastically increase after it becomes thermodynamically stable. 

The industrial data suggests as the area fraction of CaS inclusions on the sample surface 

analyzed increased linearly with dimensionless Ca. Therefore, dimensionless Ca, which 

is a function of Ca, Al, and S contents, was considered the second modification index to 

quantify the success of CaS inclusion control. The third modification index introduced 

in this chapter determines the Ca content to S content ratio needed to prevent the 

formation of MnS inclusions as well as correlates the distribution of S between CaS and 

MnS inclusions with the Ca content to S content ratio.  

 

Moreover, the modification indexes proposed before were never considered together to 

provide an overall assessment of the modification results of multiple inclusion types. 

The method proposed in this chapter quantifies this overall success level of inclusion 

control by calculating the deviation of actual Ca content from the ideal Ca content 

calculated based on the three modification indexes introduced. This method was 

validated using industrial data. In addition, a method of predicting optimum Ca content 

was also established using the same knowledge basis.  

 

The industrial samples and associated inclusion analysis were completed by 

ArcelorMittal Dofasco and shared with the author by Dr. Stanley Sun. The analysis based 

on these results and drafting of the manuscript were conducted by the primary author. 

The contributions of all co-authors, Dr. Muhammad Nabeel and Dr. Neslihan Dogan 

include providing suggestions and revising the manuscript. Dr. Stanley Sun also 

participated in the manuscript revision process. 
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Abstract 

 

In this work, 37 industrial trials were conducted to examine the effect of Ca treatment on 

inclusion formation and transformation. The samples were taken from tundish and 

separated into three series based on their compositions. Three correlations between the 

steel chemistries and the amount as well as the composition of inclusions were 

determined through inclusion analysis using an automated SEM-EDS system and with 

the help of a segregation model. Firstly, a modified Ca treatment index was introduced 

which correlated the composition of modified calcium aluminates to Ca, S, and Al 

content in the system. For modified Ca treatment index higher than 0.5, the calcium 

aluminates were found to contain more than 50 wt pct liquid phase. The second index 

was dimensionless Ca which signifies that the amount of CaS inclusions in a system 

depends on the thermodynamics stability of CaS. It was used to estimate the area fraction 

of CaS inclusions. The third index was related to the control of MnS inclusion formation 

using Ca treatment and it was found that the Ca, S and Mn contents can be used to predict 

the level of success of MnS inclusion control. Further, the phase of steel may also have 

an impact on MnS formation. A method of integrating the correlations between steel 

chemistries and calcium aluminate, CaS, and MnS inclusions to determine the overall 

success in inclusion control was proposed, which has the potential of predicting the 

optimum Ca content. 

4.1 Introduction 

Injecting Ca into liquid steel has been an effective method of modifying detrimental 

inclusions to desirable conditions [1–4]. For example, modification of Al2O3 inclusions 

produces calcium aluminates, CAx, where C and A denote CaO and Al2O3, respectively. 

mailto:miaok@mcmaster.ca
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At the same time, CaS may form because of the strong affinity of S to Ca [5–7]. Both 

unproperly modified solid CAx, which are CA2, CA6 and similar compositions, and 

excess CaS inclusions are detrimental to the production process due to their tendency to 

cause nozzle clogging [8,9]. Despite the presence of MnS inclusions improving the 

machinability of some steel grades [10,11], MnS is considered another undesirable 

inclusion due to its adverse effects on the strength of steel and corrosion resistance [12–

15]. From the perspective of MnS inclusion control, forming a moderate amount of CaS 

inclusions through Ca treatment is beneficial because Ca reacting with S reduces the 

content of dissolved S, [S], to react with Mn in the later process and overall reduces the 

amount of MnS inclusions. The square brackets, [i], denote the content of component I 

dissolved in steel. All compositions are in wt pct unless noted. 

 

Many studies related to calcium treatment were based on laboratory experiments [3,16–21], 

and agreements were found in numerous industrial data, many of which were obtained 

from the ladle [2,5,22–28]. There are also several studies on the characteristics of inclusions 

in tundish [29–32]. It has been suggested that the alumina inclusions are modified to 

calcium aluminates through a partly direct reaction with the calcium added and partly 

with CaS that usually formed as a transient phase in the early stage of the treatment. 

Based on those modification mechanisms, few steel chemistry-based parameters had 

been proposed in the literature as guidelines to help improve inclusion modification 

strategy. The suggested parameters varied from straightforward as total calcium, T.Ca, 

to total oxygen, T.O, ratio [16,17], to more sophisticated ones like indexes derived based 

on thermodynamics and mass balance [33–36]. In the work of Story et al. [36], a “modified 

Ca/Al ratio” was introduced and correlated with the clogging behavior of the submerged 

entry nozzles. The modified Ca/Al ratio equation is shown in Equation (4.1), which 

essentially describes CaO to Al2O3 atomic concentration ratios in CAx inclusions. The 

values are calculated using the atomic percentage of Ca, S and Al in inclusions. The 

round brackets, (i), denote the content of component I in inclusions. Ca exists both as 

CaO and CaS in CAx, but CAx has around 2 at pct S solubility, hence the term “−(𝑆) +

2 ” was included in the numerator. By comparing the modified Ca/Al ratio with the 

industrial data on clogging during the casting, Story et al. [36] reported stable casting 

when the ratio was between 0.4 and 0.8. Higher values led to ladle gate erosion. The 

correlation between the modified Ca/Al ratio, and modification results were also 

discussed in a few other studies [7,37,38], and similar observations were reported. Stable 

casting was also reported when modified Ca/Al ratios were > 0.4. The limitation of the 

modified Ca/Al ratio is that it cannot be directly applicable to industrial operations. 

Equation (4.1) does not use the melt composition, thereby it does not provide information 

on how much Ca should be added for better inclusion control. The production is most 

likely finished by the time inclusion compositions are known. Ca treatment index shown 

as Equation (4.2) proposed by Sun et al. [35] used similar concept to predict the 

modification results. It was the ratio between total Ca content, T.Ca, and Al content in 

inclusions, (Al), expressed as the difference between the total Al content, T.Al, and Al 
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dissolved in liquid steel, [Al]. Sun et al. [35] reported that due to decrease in solid 

inclusions, the tendency of nozzle clogging was reduced when the Ca treatment index 

was higher than 0.6. However, the effect of S was not incorporated in Equation (4.2). On 

the other hand, an oxygen partition coefficient (OPC) was proposed by Imagumbai and 

Takeda [33] to describe the distribution of O content between CaO and alumina-silicate. 

The parameter was derived from the thermodynamic data. The OPC is a function of Ca, 

O, and S contents in the melt and was successfully validated against 16 samples from 

ingots. The samples had somewhat similar compositions; therefore, even though there 

was no doubt about the scientific significance of the finding, it was not clear whether 

OPC is widely applicable for predicting the inclusion compositions.  

 

 
Modified Ca/Al =  

(Ca) − (S) + 2

(Al)
 (4.1) 

 

 
Ca treatment index =  

𝑇. Ca

𝑇. Al − [Al]
 (4.2) 

 

The effects of calcium and rare earth element (RE) addition on MnS inclusions had been 

studied in the past [39–44]. Generally, consistent findings were reported in these studies. 

CaS was found to form compounds with MnS and remedied the physical and chemical 

properties of MnS inclusions. However, due to the metal chemistry differences between 

studies, different modification indexes were given. Tomita [43] reported that T.Ca/T.S 

ratio of 3 (wt pct / wt pct) drastically reduced the number of stringy type MnS inclusions 

in the steel sample containing around 0.4C-0.2Si-0.74Mn-0.03Al-0.002S-0.0012O (in 

wt pct). T.S is the total S content. While in the work of Blais et al. [42], T.Ca/T.S =1 (wt 

pct / wt pct) was suggested to be the optimum concentration for shape control but without 

reporting the steel chemistries. Shi et al. [44] observed the behavior of MnS inclusions 

with a range of rare earth elements, RE, and Ca combinations in ingots containing 0.19C-

1.4Mn-0.41Si-0.023P (in wt pct) and suggested that effective inclusion modification 

requires [T.RE/T.S]+1.875[T.Ca/T.S] = 3 (in wt pct / wt pct). However, limitations exist 

for large-scale application because of the potential of forming oxides of RE and 

economic reasons [41]. In the study of Imagumbai and Takeda [33], a sulfur partition 

coefficient (SPC) was proposed, but this coefficient was validated against limited 

industrial data. Only samples with around 0.04C-0.3Si-1.5Mn-0.027Al-0.0025S-0.029O 

(all in wt pct) were examined. 

 

The present study aims to study the effects of steel chemistry on the modification of 

oxide inclusions and formation of sulfide inclusions by calcium treatment and apply 

correlations using steel chemistry to propose optimum Ca additions in steel refining units. 

A number of industrial data were analyzed using an automated SEM-EDS analysis. The 

effectiveness of Ca addition was evaluated by thermodynamics and kinetics-based 

calculation. Based on the findings, correlations between the steel chemistries and 
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inclusion composition and amount were reported. Explanations were provided for 

insufficient MnS control in a series of heats using a segregation model.  

4.2 Industrial trial 

The industrial heats of high strength low alloyed (HSLA) steel were produced in a 165 t 

ladle, through the EAF-LF-CC processes. Al was introduced during the ladle refining to 

reduce dissolved oxygen, [O]. Close to the end of ladle treatment, Ca wire was added to 

modify the remaining inclusions. The amount of Ca added varied depending on the 

composition of corresponding heats. 

 

A lollipop sample was taken from the tundish when about half of the heat had been cast. 

The temperature of the tundish was 1833 K. An image of a typical sample is shown in 

Figure 4.1. The lollipop samples were approximately 10 mm × 32 mm × 35 mm. Each 

sample was cut at around 17 mm from the lower end. The exposed surface was cleaned, 

polished, and analyzed using an automated SEM-EDS system, ASPEX. The inclusions 

in lollipop samples were mainly formed at 1833 K. Another piece of the sample was used 

to obtain the chemical compositions through the technique of spark OES-PDA (optical 

emission spectrometry pulse height distribution analysis).  

 

 
Figure 4.1 Schematic diagram of industrial sample. 

 

The detailed working principle of ASPEX is described elsewhere [34]. Generally, the 

automated SEM identifies inclusions based on their contrast with the steel matrix. Then 

16 evenly spaced chords pass through the geometric center to obtain morphological 

information. The present analysis included only inclusions with a maximum diameter 

(longest of the 16 chords) larger than 2 μm. The smaller inclusions were considered to 

show less detrimental effects on product quality, and including those in the study 

drastically accelerates the processing time of ASPEX. In the end, the inclusions were 

classified into different types based on the average composition of the inclusion’s 

exposed surface.  
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All heats are divided into three series based on their Mn and C contents. The composition 

range of major constituents is shown in Table 4.1. Series 1 had relatively low C and Mn 

contents, while Series 2 had higher C and Mn contents. In Series 3, the C contents were 

close to that of Series 1 heats, while Mn contents were close to that of Series 2 heats. 

The three series shared similar S, Al, and Ca ranges. These heats have S levels between 

10 ppm and 40 ppm. Al contents varied from 0.03 wt pct to 0.06 wt pct, and Ca contents 

ranged from 20 ppm to 40 ppm. The Si contents were lower in Series 1, but that was 

expected to show an insignificant impact on inclusions. Since the samples were taken 

from tundish, which is a long time after deoxidation, they are considered to have a similar 

20 ppm T.O as the number of samples measured in the past. 

 

Table 4.1 The composition ranges of industrial heats in Series 1, 2, and 3 

 C  

(wt pct) 

Mn  

(wt pct) 

S  

(ppm) 

Si  

(wt pct) 

Al  

(wt pct) 

Ca  

(ppm) 

Series 1 0.06 0.52–0.57 18–40 0.03–0.06 0.03–0.05 16–38 

Series 2 0.18–0.21 0.87–1.04 10–41 0.21–0.26 0.03–0.05 13–37 

Series 3 0.05–0.06 1.07–1.19 10–29 0.21–0.23 0.03–0.04 23–35 

4.3 Results and Discussion 

In this work, area fraction (AF) was used to quantify the amount of inclusions. It was 

calculated using Equation (4.3), where 𝐴𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛  is the area of inclusions on a cross 

section of steel matrix analyzed by ASPEX, and 𝐴𝑠𝑡𝑒𝑒𝑙  is the area of the steel cross 

section analyzed by ASPEX. The AF was used instead of number density, as the trends 

exhibited using the latter were identical to those of AF. Figure 4.2 compares the AF of 

different types of inclusions classified by ASPEX in all analyzed heats. The method of 

inclusion classification by ASPEX was explained elsewhere [45], and the accuracy had 

been introduced in the authors’ previous work [34]. The principle is that an inclusion is 

classified based on the average EDS results of the analyzed surface. For example, an 

inclusion with Al larger than x wt pct will be classified as Al2O3. 

 

 
AF =  

𝐴𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛

𝐴𝑠𝑡𝑒𝑒𝑙
 (4.3) 

 

Liquid CAx, CaS, and CaS-other were typical inclusion types. Liquid CAx inclusions 

includes CA, C12A7, and C3A, and CaS-other inclusions with compositions between CaS 

and CAx. The liquid CAx inclusions were observed in every heat, and their values varied 

from 2 ppm to about 40 ppm. In most heats, AF of liquid CAx was around 20 ppm to 30 

ppm. On the contrary, solid CAx, CA2 and CA6, were only slightly noticeable in Series 

1, with only two heats having more than 9 ppm solid CAx AF while the rest were lower 

than 7 ppm. In Series 1 and 2, all heats except one had CaS-other AF lower than 28 ppm, 
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while in Series 3, the minimum was 31 ppm when disregarding the 1st heat shown in 

Figure 4.2 (c). A similar trend was also observed for the AF of CaS type inclusions, which 

reached 30 ppm in Series 1 and 2 and ranged from 27 ppm to 51 ppm in Series 3 except 

one heat that also had low CaS-other AF. In series 2, a noticeable amount of MnS type 

inclusions was observed. Other inclusions also appeared, but their AF was not significant 

in almost all heats.  

 

  

 
Figure 4.2 AF of all inclusion types in tundish samples from (a) Series 1, (b) 

Series 2, and (c) Series 3 heats. Heats were categorized into Series 1, 2, 3 based on 

their average Mn contents 0.55, 0.96, and 1.13 wt pct, respectively. 

 

The authors intended to correlate modification extent of inclusions with the chemistry of 

liquid steel, which can be measured online (or at least within a very short time after 

samples are taken from ladle and tundish using the spark analysis) and provide 

suggestions on the Ca addition strategy. A higher CAx modification extent can be 

achieved by increasing the amount of Ca addition. However, since excess Ca addition 

leads to over-modification and is not economical, suggesting an optimum Ca content 

would be necessary. So as a start, Figure 4.3 was generated to show the effects of Ca 

content on the AF of all inclusion types in each heat. 
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Figure 4.3 Change of area fraction (AF) of total inclusion as a function of total 

Ca (T. Ca) content in steel samples in Series 1, 2, and 3 heats. 

 

Overall, an increasing trend can be observed in Figure 4.3. This should not be surprising 

as more CaS inclusions form with additional Ca available for reaction. When increasing 

T.Ca from 13 ppm to 38 ppm, the total AF increased from about 20 ppm to over 100 

ppm. The AF was higher than 100 ppm in four heats. Among them, three were from 

Series 3, and the AF of those was close to 150 ppm. Those were significantly higher total 

inclusion AF than the two other Series 3 of similar T.Ca as well as heats from Series 1 

and Series 2. So although the pattern in Figure 4.3 appeared to suggest a relationship 

between T.Ca and the area fraction of inclusions, the correlation needs to be further 

refined by considering the interplay with other steel constituents. In the following 

sections, the relationship between inclusion types and steel chemistries will be discussed. 

4.3.1 Effect of Ca, S and Al on calcium aluminate inclusions 

Figure 4.2 shows the solid CAx essentially only existed in Series 1 heats, and their AF 

values were usually much smaller than AF of liquid CAx inclusions. This finding implied 

that the oxide modification had been successfully carried out in most heats. Nevertheless, 

it is still essential to understand what caused the different solid CAx and liquid CAx 

combinations. And once known, one should be able to find the optimum chemistry range 

to achieve a high modification extent. A number of parameters and indexes were 

suggested in the literature, and among them, the ‘modified Ca/Al ratio’ proposed by 

Story et al. [36] appeared to provide a reasonable explanation for the phenomenon 

observed in the present study. As shown in Equation (4.1), the modified Ca/Al ratio is a 

function of Ca, S, and Al concentrations in inclusions that can only be obtained after the 

production; hence it cannot be directly applied to optimize the Ca treatment strategy 

during steel refining. The Ca treatment index in Equation (4.2) by Sun et al. [35] used the 

steel concentration but did not consider the effects of S. In this study, modified Ca 
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treatment index (modified CTI) shown in Equation (4.4) was established based on the 

steel compositions. Similar to the modified Ca/Al ratio, the numerator of Equation (4.4) 

was also meant to quantify the Ca that forms CaO. The authors were aware that not all 

the S content participated in CaS formation, but T.S was nevertheless used as an 

estimation. The term T.Al-[Al] represented the amount of Al that forms Al2O3, where 

[Al] denoted dissolved Al concentration in steel. The dissolved and undissolved Al 

concentrations were measured using spark OES-PDA. A higher value of modified CTI 

would mean a high CaO/Al2O3 ratio (wt pct/ wt pct), C/A ratio for short, in CAx. To help 

visualize it, two extreme cases of CAx inclusion composition distribution on the CaO-

Al2O3-CaS diagram are given in Figure 4.4. The two other major inclusion types: CaS 

and CaS-other seen in Figure 4.2 are included to further explain these inclusion types’ 

compositions. The dashed line represents the 50 wt pct liquid inclusion calculated using 

FactSage 8.0, and each circle represents a single inclusion. All five types of CAx 

inclusions classified by ASPEX as C3A, C12A7, CA, CA2, and CA6, are included. In open 

literature, it is well established that partially liquid calcium aluminates can largely 

suppress the clogging of the nozzles. A few studies [3,30,46,47] proposed that achieving 50 

wt pct liquid inclusion can be considered as the indication of successful modification. 

The authors used the same approach in the present work. When modified CTI was -1.8, 

most CAx inclusions can be found outside the 50 wt pct liquid region in Figure 4.4 (a), 

and were classified as mainly CA2 and CA6 inclusions. In Figure 4.4 (b), when modified 

CTI was 1.7, other than four inclusions located adjacent to the Al2O3, all CAx inclusions 

contained more than 50 wt pct liquid phase. These inclusions were C3A, C12A7, and a 

small fraction of CA with high CaO/Al2O3 ratios. 

 

 
Modified Ca treatment index =  

𝑇. Ca − 𝑇. S

𝑇. Al − [Al]
 (4.4) 

 

   
Figure 4.4 Examples of CAx, CaS, and CaS-other inclusion composition distribution 

on a CaO-Al2O3-CaS ternary diagram at 1833K from (a) a heat with modified CTI = 

-1.8 and (b) a heat with modified CTI = 1.7. 

 

Figure 4.5 shows the relationship between the average CaO/Al2O3 ratio (wt pct/ wt pct) 
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of CAx inclusions and the steel chemistries in all heats. As expected, a positive 

correlation can be observed. The upper and lower bars are 1.28 times of standard 

deviation, corresponding to about 80 pct composition coverage. When the modified CTI 

was -2, the average C/A ratios were around 0.5. As the modified CTI gradually increased, 

the average C/A ratio rose to about 1.3. The horizontal line represents C/A ratio equals 

0.38, which is similar to the lower bound of the C/A ratio to achieve 50 wt pct liquid on 

a CaO-Al2O3-CaS ternary diagram at 1833K (close to tundish temperature). Comparing 

the 80 pct C/A ratio coverage with the dashed line in Figure 4.5 showed that when the 

modified CTI was between -2 and -0.5, almost every heat would have a noticeable 

amount of CAx with a C/A ratio < 0.38. That means a significant fraction of the CAx 

inclusions can be found outside the 50 wt pct liquid region, similar to Figure 4.4 (a). 

When modified CTI approached 0, more heats had a C/A ratio above the dashed line. 

When the modified CTI was higher than 0.5, the entire 80 pct C/A ratio coverage was 

consistently located above the 0.38 C/A ratio. In other words, around 90 pct of the CAx 

can be found in the 50 wt pct liquid windows. It is therefore a logical inference that 

modified CTI > 0.5 would result in a good modification of CAx.  

 

The CaS-other inclusions are a combination of CaO-Al2O3-CaS. It has been established 

in a previous study [34] that they are intermediates for CAx modified by CaS. The C/A 

ratios of CaS-other, although not shown but also exhibited a similar trend as Figure 4.5, 

but were mostly outside the 50 wt pct liquid region due to high CaS content in them.  

 

 
Figure 4.5 Change of average CaO/Al2O3 ratio of CAx with steel chemistry in 

tundish samples. 

 

In the authors’ previous study, the parameter “dimensionless Ca” was introduced [34]. The 

relationship between dimensionless Ca and steel compositions at 1873 K is shown in a 

previous publication [34], but can be adjusted to be used for the temperature of 1833 K 

related to tundish operations as shown in Equation (4.5). The concept can be best 
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explained with the aid of a stability diagram, as shown in Figure 4.6. The stable phases 

below “liquid CAx + CA2” were omitted. For the calculations, T.O was assumed to be 

20 ppm, and the temperature was considered 1833 K. When Ca content increases, the 

stable phases change from CA2 + liquid CAx to liquid CAx, then liquid CAx + CaS. In 

the liquid CAx only region, dimensionless Ca increases from 0 and reaches 1 when 

thermodynamically stable CaS starts to form. In the liquid CAx + CaS region, the Ca 

content is further away from the phase boundary where CaS becomes stable; more CaS 

inclusions are expected to form. Dimensionless Ca quantifies the relation between steel 

chemistry and the stability of CaS. A dimensionless Ca < 1 indicates that only the liquid 

CAx inclusions are in the stable region, while dimensionless Ca > 1 means that the CaS 

also becomes stable. In other words, dimensionless Ca can be directly connected to the 

amount of CaS. The fractions of liquid CAx and CaS containing inclusions were proven 

to drastically decrease and increase, respectively, when dimensionless Ca exceeded 1 [34]. 

 

 
Dim. Ca1833K =

𝑇. Ca − 14.7

1.671 ∙ 𝑇. S−0.315 ∙ 𝑇. Al−0.207 − 14.7
 (4.5) 

 

It is important to note that the dimensionless Ca does not provide any insight into the 

compositions of CAx inclusions. That was simply because of the lack of connection 

between the physical meaning of dimensionless Ca and CAx. As visualized in Figure 4.7, 

the average C/A ratio exhibited no apparent relation with dimensionless Ca. Therefore, 

it became reasonable to correlate dimensionless Ca with the characteristics of CaS 

containing inclusions but not with CAx inclusions, which is discussed in the following 

section.  

 

 
Figure 4.6 Inclusion stability diagram obtained using FactSage for steel 

containing 20 ppm S, 0.06 wt pct C, 0.25 wt pct Si, 1 wt pct Mn and 20 ppm T.O at 

1833 K. 
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Figure 4.7 Relationship between average CaO/Al2O3 ratio in CAx type 

inclusions and dimensionless Ca at 1833 K in industrial samples. 

4.3.2 Effect of Ca, S and Al on CaS containing inclusions 

The sum of AF of CaS phase in all inclusions are plotted against the dimensionless Ca, 

and the results are shown in Figure 4.8. The AF of CaS phase in an inclusion, AFCaS, was 

obtained through first converting EDS results of the inclusion to a combination of CaO, 

Al2O3, CaS, MgO, MnS, and TiO2, then multiplying AF of that inclusion and the weight 

percentage of CaS in that inclusion. The sum of the AFCaS of all inclusions detected in a 

sample, T.AFCaS for short, is the y-axis of Figure 4.8 (a). The 1833 K dimensionless Ca 

were calculated using Equation (4.5). 

 

Figure 4.8 (a) shows that the T.AFCaS increased linearly with dimensionless Ca. The 

maximum y-axis value was 80 ppm. In heats with dimensionless Ca range from 0 to 1, 

T.AFCaS were all lower than 25 ppm. In these heats, CaS inclusions were not 

thermodynamically stable. They are assumed to be formed during solidification; and did 

not exist in the tundish during the production. While CaS also precipitated during 

solidification of samples from heats with dimensionless Ca > 1, the additional stable CaS 

formed at high temperature caused higher T.AFCaS. However, this does not explain why 

the T.AFCaS in Series 1 and Series 2 heats was less than that of Series 3, in which the 

T.AFCaS increased much steeper with dimensionless Ca. To explain such phenomenon, 

the sum of AF of CaS phase in CaS type, CaS-other type, and CAx type inclusions were 

shown with respect to dimensionless Ca in Figure 4.8 (b), (c), and (d), respectively. The 

sum of AF of j phase in inclusion type I, is denoted by T.AF(j)i.  
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Figure 4.8 Change of estimated CaS amount in (a) all types, (b) CaS type, (c) 

CaS-other type, and (d) CAx inclusions with dimensionless Ca at 1833 K in 

industrial samples. 

 

The sum of AF of CaS phase in CaS type inclusions, T.AFCaS(CaS), increases with an 

increase in dimensionless Ca, as shown in Figure 4.8 (b). T.AFCaS(CaS) varied from 0 

ppm to 20 ppm in heats with dimensionless Ca < 1. When dimensionless Ca exceeded 

unity, the T.AFCaS(CaS) ranged mainly between 20 ppm and 30 ppm (eleven out of 

eighteen heats). The T.AFCaS(CaS) was higher than 40 ppm in three heats and lower than 

20 ppm for four heats, mainly from Series 2.  

 

The sum of AF of CaS in CaS-other type inclusions, T.AFCaS(CaS-other), of Series 1 and 

Series 2 heats showed a similar trend (see Figure 4.8 (c)). The values increased slightly 

with dimensionless Ca. The maximum AF was 14 ppm. It was apparent that 

T.AFCaS(CaS-other) from Series 3 was about 5 ppm to 20 ppm higher than that of Series 

1 and 2 when dimensionless Ca > 1. CaS-other inclusions had been established in the 

authors’ previous study to be the combination of CaS and CAx 
[34]. Liquid CAx is known 

to have the ability to absorb S in liquid steel like a CaO-Al2O3 binary slag [22]. The slag 

desulfurization is achieved through Reaction (4.6). Since CaO in liquid CAx provides 

(O2-) to react with [S], the amount of CaO determines the capacity of S absorption as 

CaS in liquid CAx or other inclusions that contain a significant amount of liquid CAx like 

CaS-other type. The same logic should also apply to CaS in CAx type inclusions, which 

according to Figure 4.8 (d), exhibited no specific pattern when plotted against 
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dimensionless Ca. The sum of AF of CaS in CAx, T.AFCaS(CAx), were even lower than 

that in CaS-other inclusions, with only a maximum AF of 5 ppm in one of the Series 2 

heat.  

 

 (O2−) + [S] = (S2−) + [O] (4.6) 

 

Figure 4.9 (a) shows there is a linear correlation between change T.AFCaS(CaS-other) 

with T.AFCaO(CaS-other). The T.AFCaS(CaS-other) increased from close to 0 ppm to 35 

ppm while T.AFCaO(CaS-other) increased to 9 ppm. A similar trend can also be seen in 

the CAx type. In Figure 4.9 (b), As the T.AFCaO(CAx) increased linearly from about 17 

ppm accordingly, the T.AFCaS(CAx) increased to 5 ppm. In Figure 4.9 (c), no prominent 

increasing trend can be observed. Most of the heats had less than 1 ppm T.AF(CaO)CaS, 

which was incomparable with the T.AFCaS(CaS). Therefore, only a negligible portion of 

the CaS in CaS type inclusions was retained through Reaction (4.6).  

 

   

 
Figure 4.9 Relation between estimated AF of CaS phase and AF of CaO phase in 

(a) CaS-other, (b) CAx, and (c) CaS inclusions. 

 

Analyzing the distribution of CaS in different inclusion types through Figure 4.8 and 

Figure 4.9 suggested that the amount of CaS in a sample was affected by various factors 

in different inclusion types. The authors’ previous study [34] showed that CaS type 

inclusions contain barely any CAx, and the AF was almost solely controlled by the 

thermodynamic stability of the CaS phase; hence, it was related to dimensionless Ca. 
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Oppositely, analysis on CAx type inclusions indicated the CaS in them were controlled 

by the ability of CaO to absorb S and almost independent of the stability of CaS 

quantified through dimensionless Ca. CaS-other being the complexes of CaS and CAx, 

inherited characteristics of both types. The T.AFCaS(CaS-other) did generally increase as 

CaS became more stable, but at the same time, in some heats, the T.AFCaS(CaS-other) 

can be higher because of the higher amount of CaO in them.  

4.3.3 Effects of steel chemistries on MnS inclusions 

To assess the level of success of Ca treatment performed in industrial heats from the 

perspective of MnS control, the sum of AF of MnS phase in different inclusion types in 

heats from Series 1 to Series 3 is compared in Figure 4.10. Series 1 heats in Figure 4.10 

(a) tend to have a much lower total AF of MnS phase in all inclusions, T.AFMnS, than 

many Series 2 and Series 3 heats, with a maximum T.AFMnS of about 3.75 ppm. In Figure 

4.10 (b), the MnS type inclusions are the dominant MnS containing inclusions in Series 

2 when T.AFMnS > 1 ppm, which includes 16 of the total 24 heats. While in Series 3 heats 

(Figure 4.10 (c)), MnS can be found in different inclusion types. At least 47 pct of the 

T.AFMnS were found in CaS and CaS-other type. Also, the percentage of T.AFMnS in 

liquid CAx varied from 15 pct to 44 pct And as already shown by Figure 4.2, Series 3 

heats had a negligible amount of MnS type inclusions.  
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Figure 4.10 The AF of MnS in all types of inclusions in (a) Series 1, (b) Series 2 

and (c) Series 3. 

 

The T.AFMnS differed between heats even from the same series containing similar Mn 

content. This variation could be related to the amount of Ca available to react with S to 

form CaS. To verify this, the T.Ca/T.S ratio of every heat is plotted against the AF of 

MnS type inclusions (MnS AF for short) in Figure 4.11 (a) and (b). MnS AF was used 

here instead of instead of T.AFMnS because MnS is considered to be more detrimental 

when close to pure substance than when forming complexes [48–50]. It can be seen that in 

Series 1 and 2 the MnS AF decreased with the T.Ca/T.S ratio. The MnS AF in Series 1 

decreased from slightly over two ppm to 0 ppm, and this indicates that no inclusion was 

classified as MnS type inclusion by ASPEX when T.Ca/T.S approached 1. In Series 2 

heats, shown in Figure 4.11 (b), the MnS AF was 20 ppm for T.Ca/T.S = 0.5. As T.Ca/T.S 

increased to higher than 1.5, the MnS AF decreased to almost 0 ppm. Because the MnS 

type inclusions were the primary MnS source in most Series 1 and 2 heats, the MnS AF 

in all inclusions exhibited a similar relationship with T.Ca/T.S. This phenomenon 

suggested a correlation between the MnS AF and the T.Ca/T.S ratio in these two series. 

As already reflected in Figure 4.2 and Figure 4.10, a significant portion of the MnS AF 

was found outside the MnS type inclusions in Series 3 heats. Therefore, despite total 
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MnS AF being higher than 4 ppm in five out of six heats from Series 3 (Figure 4.10 (c)), 

the MnS AF were all lower than 3 ppm (Figure 4.11 (a)), showing no apparent difference 

from that of Series 1 heats. The reason will be explained in a later section, but it was not 

clear what the desirable T.Ca/T.S ratio is.  

 

  
Figure 4.11 Change of MnS AF with T.Ca/T.S ratio in (a) Series 1 and Series 3 

and (b) Series 2.  

 

Imagumbai and Takeda [33] proposed a correlation named the Sulfur Partition Coefficient 

(SPC) to quantify the effects of Ca and S content on the formation of MnS inclusions. It 

was assumed that the concentration of S dissolved in steel is neglectable, and all S exists 

as either CaS or MnS. Imagumbai and Takeda [33] also claimed that T.Ca/T.S mass ratio 

is critical to the partitioning of S between CaS and MnS. The expression of SPC proposed 

by Imagumbai and Takeda [33] is shown as Equation (4.7). The term 
Sas CaS

𝑇.S
, expresses the 

mass fraction of S in CaS inclusions. They found SPC should be a second-order 

polynomial function of the T.Ca/T.S ratio. The coefficients were suggested to be 

dependent on the distribution coefficient of Ca, O, and S, but were obtained through 

fitting experimental data. Since the distribution coefficients change with steel 

compositions, it was expected that the same equation might not be directly applicable 

for the steel compositions studied by the authors. According to Equation (4.7) , for all S 

in steel to exist as CaS, i.e., SPC = 1, the value for T.Ca/T.S should be 2.5. As shown in 

Figure 4.11, the values for Series 1 and Series 2 were approximately 1 and 1.5, 

respectively. Some uncertainties exist for both series. The difference in T.Ca/T.S is 

related to the Mn content of steel. In the study of Imagumbai and Takeda [33], the Mn 

content of 16 investigated samples ranged from 1.39 to 1.61 wt pct. Whereas, the Mn 

content in Series 1 was 0.5 wt pct and Series 2 was 1 wt pct. There appears to be a 

correlation between T.Ca/T.S needed to achieve low MnS amount and Mn content of 

steel, and it was plotted in Figure 4.12. For this figure, an average Mn content of 1.5 wt 

pct was used to represent data from Imagumbai and Takeda [33]. The standard deviation 

of four datapoints closest to T.Ca/T.S = 1 was 0.2; hence, was used as the error in Figure 

4.12. The same method was used to obtain error of Series 2. Linear fitting suggested that 
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Equation (4.8) gives the best fit. T.Mn denotes the total Mn content in liquid steel (wt 

pct). This correlation may need more validation for a wider range of Mn contents, but 

authors believed this simple and accessible correlation can be a helpful tool for 

determining the suitable Ca content range for MnS inclusion control in compositions 

similar to Series 1 and 2. Series 3 cannot be incorporated in Figure 4.12, and the reasons 

are discussed in a later part of this section.  

 

 
SPC for 1.5 wt pct Mn =  

Sas CaS

𝑇. S
= 0.8

𝑇. Ca

𝑇. S
− 0.16 (

𝑇. Ca

𝑇. S
)

2

 (4.7) 

 

  
Figure 4.12 Effect of Mn content in steel on T.Ca/T.S ratio to form a low 

amount of MnS inclusions. 

 

 𝑇. Ca

𝑇. S
= 1.65𝑇. Mn (4.8) 

 

Equation (4.7) can be applied if Mn contents are close to 1.5 wt pct. When Mn content 

changes, the numerical values in Equation (4.7) have to change accordingly. A similar 

fitting approach described by Imagumbai and Takeda [33] had been adapted to generate 

Equation (4.9). The numerical values in Equation (4.9) were adjusted to achieve the 

highest fitting. 

 

 
SPC for 1 wt pct Mn =  1.09

𝑇. Ca

𝑇. S
− 0.28 (

𝑇. Ca

𝑇. S
)

2

 (4.9) 
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Figure 4.13 (a) Correlation between the fraction of S in MnS calculated using 

Equation (4.9) and Equation (4.10). (b) Correlation between the observed MnS AF 

and the S content in MnS inclusions predicted by SPC in Series 2. 

 

The comparison of the fraction of S content in MnS inclusions estimated based on 

inclusion AF and calculated using Equation (4.9) is shown in Figure 4.13 (a). Figure 4.13 

(a) includes only Series 2 heats data as the T.Mn content in heats from the other two 

series differed from 1 wt pct. The fraction of S content in MnS was estimated by first 

considering AF as the approximation of mass, then the y-axis values were obtained 

through Equation (4.10), where MWi is the molar mass of component i. With constants 

in Equation (4.9) set to 1.09 and 0.28, the calculated fractions of S using two approaches 

show a good agreement. A comparison of the predicted S content (T.S*(1-SPC) (in wt 

pct)) and the MnS AF is shown in Figure 4.13 (b). When S content was lower than 0.002 

wt pct, MnS AF increased from 0 ppm to approximately 20 ppm. At the current stage, 

the cause of MnS AF decrease from 21 ppm to 13 ppm when the predicted S content in 

MnS increased from 0.002 wt pct to 0.0028 wt pct remained unclear and will be studied 

further. Figure 4.13 shows that Equation (4.9) can successfully predict the MnS AF in 

most of the Series 2 heats. The same procedure can be repeated for Series 1 to generate 

an equation similar to Equation (4.9) as the same strong correlation between T.Ca/T.S 

and MnS AF as in Series 2 had been revealed in Figure 4.11. However, the fractions of 

estimated S in MnS inclusions varied only from 0.03 to 0.11 in Series 1, which was 

significantly narrower than the 0.02 to 0.70 range seen in Series 2 (Figure 4.13 (a)). Due 

to this limited range in Series 1, the equation of SPC for 0.6 wt pct Mn will not be 

reported here. 

 

 

Fraction of S in MnS =  
 
𝑇. AFMnS

MWMnS

𝑇. AFMnS

MWMnS
+

𝑇. AFCaS

MWCaS

 (4.10) 

 

The aforementioned findings cannot directly explain the difference in MnS inclusion 

distribution between Series 2 and Series 3 seen in Figure 4.10. To investigate this 
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difference, the authors studied the influence of carbon content in steel on MnS inclusion 

formation. For this purpose, an analytical model proposed by Won and Thomas [51] was 

used to calculate the microsegregation during solidification. This model and its 

variations have been widely used in many solidification-related studies [52–55]. The 

segregation model uses steel chemistries, kinetics, and thermodynamic data, and cooling 

conditions as inputs to calculate the liquidus, Tliq, and solidus temperatures, Tsol, and the 

solute i concentration in liquid steel, 𝐶[𝑖], at any solid fraction, 𝑓𝑠, using Equation (4.11). 

𝐶[𝑖],0  and 𝑘𝑖
𝑗
  are the initial concentration and the equilibrium partition coefficient of 

component 𝑖, respectively. Parameter 𝛽𝑖 is a function of the diffusion coefficient in the 

appropriate solid phase, 𝐷𝑖
𝑗
, solidification time, 𝑡𝑓, and secondary dendrite arm spacing, 

𝜆𝑆𝐷𝐴𝑆. The data used for the calculation are summarized in Table 4.2. 𝑘𝑖
𝛿 and 𝑘𝑖

𝛾
 are the 

δ-Fe/liquid and γ-Fe/liquid equilibrium partition coefficients of component i, 

respectively. 𝐷𝑖
𝛿 and 𝐷𝑖

𝛾
 are the diffusion coefficients in δ-Fe and γ-Fe, respectively. To 

calculate the Tliq temperature and the start temperature of δ-Fe to γ-Fe transformation 

during cooling (TAr4), the slopes of phase boundaries on the phase diagrams, mi and ni 

for Tliq and TAr4 were used, respectively. All other parameters can be calculated using the 

procedure documented in a previous study [199]; hence, will not be repeated here. The 

principle is to first calculate the equilibrium Tsol, and the solid-liquid interfacial 

concentration as the initial guesses. Then uses substituting the diffusion parameter, 𝛽𝑖, 

equilibrium partition coefficient, 𝑘𝑖 of component I at the equilibrium Tsol into Equation 

(4.11) to calculate the new solid-liquid interfacial concentration when solid fraction 

equals to 1. The new interfacial concentrations give a new Tsol based on the value of 

phase boundary slopes mi and ni. Usually after two iterations, Tsol will converge, which 

is true Tsol due to segregation. Then the concentration of any solute in steel at any 

temperature, T, between the Tliq and Tsol can be calculated using Equation (4.11). The 

solid fraction, 𝑓𝑠, at T was determined through trial and error by increasing 𝑓𝑠 from 0 to 

1 with step size of 0.001. 𝐶[𝑖] calculated using any 𝑓𝑠 value has a corresponding Tsol. The 

𝑓𝑠 that gives the closest Tsol to the T is the correct value. Now, the temperature, solid 

fraction and interfacial temperature are all known. 

 

 
𝐶[𝑖] = 𝐶[𝑖],0[1 + 𝑓𝑆(𝛽𝑖𝑘𝑖 − 1)]

1−𝑘𝑖
𝛽𝑖𝑘𝑖−1 (4.11) 
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Table 4.2 Physical properties used for calculation of concentration change due to 

segregation [199,200] 

 𝑘𝑖
𝛿/𝐿

 𝑘𝑖
𝛾/𝐿

 𝐷𝑖
𝛿 × 104 (m2/s) 𝐷𝑖

𝛾
× 104 (m2/s) mi 

(K/pct) 

ei 

(K/pct) 

C 0.19 0.34 0.0127Exp(-

81379/RT) 

0.15Exp(-

143511/RT) 

78 -1122 

Mn 0.77 0.79 0.76Exp(-

224430/RT) 

0.055Exp(-

249366/RT) 

4.9 -12 

S 0.05 0.035 4.56Exp(-

214639/RT) 

2.4Exp(-

223426/RT) 

38 160 

Si 0.7 0.52 8Exp(-

248948/RT) 

0.3Exp(-

251458/RT) 

7.6 60 

Al 0.6 0.6 5.9Exp(-

241417/RT) 

5.9Exp(-

241417/RT) 

3.6 0* 

*: Data not available in the literature 

 

One composition representing each series was used to demonstrate the effects of 

composition on phase transformation during segregation. C, Mn, Si, and Al 

concentrations were the average values from the corresponding series, and S levels were 

kept the same. For calculation of Series 1, Series 2 and Series 3, 0.06C-0.54Mn, 0.19C-

0.96Mn and 0.06C-1.12Mn were used respectively together with a constant 0.0021S-

0.022Si-0.044Al. 

 

An assumed constant 10 K/min cooling rate was used here when calculating the 

concentration profiles. Based on the concentration change of C, Mn, S, Si, and Al, the 

evolution of each phase during solidification was calculated. The calculated solid 

fraction with respect to the temperature is presented in Figure 4.14. Figure 4.14 compares 

the decrease in steel temperature estimated based on a fixed cooling rate (solid line) and 

increase in the local transformation temperature calculated using segregated 

concentration (dashed line) for three series of heats. At 𝑓𝑠 ≈ 0.7, δ to γ transformation 

would start in a Series 2 heat because the estimated steel temperature at that moment 

became lower than the δ to γ transformation temperature. The δ to γ transformation 

temperature (TAr4) was calculated using Equation (4.12). After the transformation had 

started, the fraction of δ-Fe was assumed to decrease parabolically to 0 when [C] = 0.53 

wt pct [51]. An identical approach had been used in previous studies [51,56–58]. In the present 

study, the peritectic transformation was assumed to be controlled solely by C content in 

liquid steel at the liquid-solid interface. Close to the end of solidification, segregation 

increased [C] to around 0.58 wt pct in the chosen Series 2 heat. Therefore, the fraction 

of δ-Fe was zero when the total solid fraction was close to 1. 

 

 𝑇𝐴𝑟4 = 1392 − ∑ 𝑛𝑖𝑘𝑖
𝛿𝐶[𝑖]

𝑖

 (4.12) 
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Figure 4.14 Comparison of estimated steel temperature and calculated local 

transformation temperature change during solidification in industrial heats. 

 

Based on the difference in Fe phases between the series, the authors propose that MnS 

inclusions in Series 2 heats were mainly formed through Reaction (4.14). The solubility 

product of MnS (Ksp) in the δ and γ phases was calculated using Equation (4.15) and 

(4.16), respectively [52]. For any given temperature, the value for Ksp to form MnS in γ-

Fe will be slightly lower than that in δ-Fe. In other words, lower Mn and S concentrations 

are needed to form MnS. Further, relatively high concentrations of C and Si in Series 2 

heats increase the activity coefficient of S [59], making Reaction (4.14) 

thermodynamically more favorable to proceed for Series 2 heats. Secondly, if Reaction 

(4.13) was the MnS formation route, some intermediates of the CaS to MnS 

transformation must exist. Inclusions with such composition were defined as CaS-MnS 

type in ASPEX analysis. However, CaS-MnS type inclusions were not observed in any 

sample from Series 2 (Figure 4.2 (b)). A similar phenomenon should also occur in other 

CaS containing inclusions such as CaS-other type. But again, such inclusions were not 

found in the ASPEX analysis. In conclusion, the authors believe that Reaction (4.14) is 

thermodynamically more favorable to proceed, and Reaction (4.13) hardly occurred to 

form MnS inclusions for Series 2 heats. 

 

In the case of δ-Fe rich (Series 3 heats) samples, the authors propose that both Reaction 

(4.13) and Reaction (4.14) likely occurred and led to the formation of MnS as complexes 

and as nearly pure inclusions, respectively. Hence, MnS could be observed in various 

inclusion types in Series 3. However, Figure 4.11 (a) shows no correlation between MnS 

AF and SPC for Series 3 heats. The reason could be Reaction (4.14) and Reaction (4.17) 

were the only reactions considered when establishing the concept of SPC being 

dependent only on the T.Ca/T.S ratio. With the additional CaS to MnS transformation in 

Reaction (4.13), the amount of MnS is possible to be higher than the prediction based on 

SPC.  

 



92 

 

 [Mn] + (CaS) = (MnS) + [Ca] (4.13) 

 

 [Mn] + [S] = (MnS) (4.14) 

 

 
log(Ksp,δ ) = 4.092 −

10590

T
 (4.15) 

 

 
log(Ksp,γ ) = 4.76 −

12000

T
 (4.16) 

 

 [Ca] + [S] = (CaS) (4.17) 

 

Overall, based on the discussed industrial data, the distribution of S between CaS and 

MnS can be correlated with SPC. This suggests for a given S content, increasing the 

T.Ca/T.S ratio to make SPC > 0.6 would effectively prevent MnS inclusions from 

forming if steel compositions are similar to those of Series 1 and 2. However, the 

distribution of S in Series 3 heats cannot yet be estimated and requires further studies in 

the future.  

 

It had been shown in number of studies that forming spherical or spindle CaS-MnS 

largely suppress the detrimental effects of angular MnS inclusions [60–62]. Therefore, the 

precipitation of MnS with other inclusions as in Series 3 heats (Figure 4.10 (c)) likely 

shows less detrimental effects than the MnS precipitates seen in Series 2 (Figure 4.10 

(b)). With some analysis, it has been assumed that such difference likely depends on the 

phase of steel. MnS complexes were more common when γ-Fe did not form. In the 

present study, the transformation of δ-Fe or γ-Fe was controlled mainly by carbon. 

Deploying alternative countermeasures of avoiding the formation of a large fraction of 

γ-Fe may still promote MnS complex formation, but that was not the focus of the present 

work. 

4.3.4 Evaluation of calcium treatment in industrial heats 

The effectiveness of Ca treatment on the modification of oxides inclusions and control 

of sulfide inclusions was evaluated by applying the correlations discussed in the above 

sections. These correlations are modified CTI for oxide modification, dimensionless Ca 

for CaS stability, and SPC for controlling MnS formation. CAx, CaS, and MnS inclusions 

control was quantified through the difference between the measured Ca content in steel 

and the desired Ca content. The method can be best explained with an example.  

 

The first step is to establish targets for control of CaS, MnS and CAx inclusions. The 

inclusion control targets are assumed to be CaS AF lower than 20 ppm, no presence of 
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MnS type inclusions and more than 90 pct of the CAx inclusions having at least 50 wt 

pct liquid phase. Then based on the trend observed in the industrial heats, the value of 

dimensionless Ca needs to be lower than 1 (Figure 4.8), T.Ca/T.S ratio needs to be 1.65 

times of the T.Mn content (Figure 4.12), and the value of modified CTI needs to be larger 

than 0.5 (Figure 4.5). Here, an heat from Series 2, Heat A, was used as an example. Heat 

A had composition of 0.87Mn-0.0016S-0.048Al-0.0023Ca, all compositions are in wt 

pct. Substituting the values for T.S, T.Al and dimensionless Ca into Equation (4.5) 

suggests that the value for T.Ca needed to achieve the dimensionless Ca equals to 1 is 

23.7 ppm. Substituting the values for T.S and T.Mn into Equation (4.8) suggests that the 

T.ca needed to eliminate MnS type inclusions in tundish is 23.4 ppm. Equation (4.4) 

suggests that T.Ca equal to 16.2 ppm is required to achieve modified CTI larger than 0.5. 

These three Ca content values can be considered as the x, y and z coordinates and plotted 

on a cartesian plane. Figure 4.15 presents such plot where the red datapoint (x = 23.7, y 

= 23.4, z = 16.2) represents the T.Ca content required for control of different type of 

inclusions in Heat A. The measured T.Ca content in the corresponding heat was 23 ppm, 

which is plotted on Figure 4.15 as the black datapoint (x = 23, y = 23, z = 23). The 

distance between the two coordinates, d, indicated by the dashed line is 6.8. The smaller 

the d value the closer the measured T.Ca is to the T.Ca required to achieve the preset 

CaS, MnS and CAx inclusions controlling targets. These steps can be repeated for any 

heat studied in the present work as a method of quantifying the overall level of success 

for CaS, MnS and CAx inclusions control. The expression to calculate the value of d is 

shown as Equation (4.18). Weighing coefficients a, b and c are introduced to describe 

the priority of CaS, MnS, and CAx inclusions control, respectively. When a control of all 

three types of inclusions is considered equally important, the values of a, b and c are set 

as 1. On the other hand, if one wishes to prioritize CAx control over CaS and MnS control, 

c can be assigned a larger value than that of a and b.  
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Figure 4.15 Schematic diagram for evaluation the overall effectiveness of CaS, 

MnS and CAx inclusion control. 

 

 𝑑 = √a(𝑇. Ca − 𝑥)2 + b(𝑇. Ca − 𝑦)2 + c(𝑇. Ca − 𝑧)2 (4.18) 

 

Equation (4.18) may also be used to estimate the optimum T.Ca content, because for any 

combination of a, b, c, x, y and z, there must exist a T.Ca that gives the lowest d value. 

Let’s take Heat A as an example again. By setting x = 23.7, y = 23.4, and z = 16.2, and 

all weighing coefficients equal to 1, the dependency of d on T.Ca can be plotted in Figure 

4.16 (a) as the black solid curve 1. The T.Ca equals 21 ppm is considered as the optimum 

Ca content because it gives the minimum d value. The measured T.Ca of Heat A is only 

2 ppm higher than the 21 ppm optimum T.Ca. This suggests a good inclusion control 

would have been observed for this heat. Figure 4.16 (b) presents the AF of all inclusion 

types observed in Heat A. The AF of CaS and CaS-other were 5.5 ppm and 7.1 ppm, 

respectively, which were well below the preset target value (CaS AF < 20 ppm). The AF 

of MnS was also virtually not visible in Figure 4.16 (b), suggesting it was well controlled 

in this heat. The average C/A ratio in this heat was 0.95±0.44, which means more than 

90 pct of the CAx had higher than 50 wt pct liquid phase. This cannot be directly shown 

in Figure 4.16 (b), but one should notice that the AF of solid CAx inclusions was hardly 

visible.  

 

The finding discussed above are all based on setting all three weighing coefficient to 1. 

Adjusting the weighing coefficients alters the results. In the case of Heat A, prioritize 

CaS AF reaching 20 ppm by changing the weighing coefficients to a = 3, b = 1, c = 1 

produces curve 2 in Figure 4.16 (a). The minimum of curve 2 can be found at T.Ca equals 

to 22 ppm, which is slightly higher than that of curve 1. This suggests the T.Ca content 

would increase CaS AF to 20 ppm, which is the hypothetical target for CaS control set 

earlier. Increasing the importance of eliminating MnS inclusions by change the weighing 
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coefficients to a = 1, b = 3, c = 1 produced curve 3. The optimum T.Ca in this case again 

slightly increases to 22 ppm. Such result suggests using 22 ppm T.Ca can reduce more 

MnS in Heat A. Changing weighing coefficients to a = 1, b = 1, c = 3 gives curve 4, 

which suggests only 19 ppm T.Ca content is needed to ensure over 90 pct of the CAx 

contain at least 50 wt pct liquid phase. The values of weighing coefficients used here are 

an example. The exact values of a, b and c may vary depending on operation parameters 

and steel grade and most likely needed to gain through experiences. 

 

   
Figure 4.16 (a) Dependency of d value on T.Ca content for Heat A with x = 23.7, 

y = 23.4, and z = 16.2 and varying weighing coefficients and (b) AF of all inclusion 

types in Heat A tundish sample. 

 

The comparison of d values and AF of all inclusion types for three more heats is shown 

in Figure 4.17. As shown in Figure 4.17 (a), the measured T.Ca content is 7 ppm lower 

than the optimum T.Ca predicted using Equation (4.18) for Heat B when all weighing 

coefficients are set to 1. The difference is larger than that for Heat A, shown in Figure 

4.16. In the case of Heat B, lower than optimum T.Ca content led to insufficient CaS; 

hence, a high MnS AF was observed, shown in Figure 4.17 (b). In Heat C, the measured 

T.Ca is 8 ppm lower than the predicted optimum T.Ca content. For this heat, not only 

some MnS type inclusions, but also high AF of solid CAx can be observed in Figure 4.17 

(b). This indicates that the T.Ca content was not sufficient to reach a desirable extent of 

CAx modification. For Heat D on contrary, the measured T.Ca is 10 ppm higher than 

optimum T.Ca content. As a result, while solid CAx and MnS can not be seen in Figure 

4.17 (b), the AF of CaS inclusions was high as approximately 25 ppm. Based on Figure 

4.16 and Figure 4.17, it can be inferred that Equation (4.18) has a potential of evaluting 

and predicting overall level of success in inclusion control and predicting the optimum 

Ca content. 
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Figure 4.17 Comparison of (a) the measured T.Ca content and the estimated 

optimum T.Ca and (b) AF of all inclusion types in tundish sample in Heat B, Heat C 

and Heat D. 

4.4 Summary 

The effects of steel chemistry on the modification of oxide inclusions and formation of 

sulfide inclusions by calcium treatment were studied using 37 industrial samples 

obtained from tundish. The findings are summarized as follows: 

1. A parameter based on the Al, Ca and S contents of liquid steel, modified CTI 

(modified Ca treatment index) has been proposed to help improve the control of CAx 

inclusion modification. It has been found that the CaO/Al2O3 ratio of liquid calcium 

aluminate inclusions gradually increases with modified CTI. When modified CTI is 

higher than 0.5, more than 90 pct of the CAx inclusions are expected to be at least 

50 wt pct liquid phase. 

2. Dimensionless Ca can be an indicator of over-modification of oxide inclusions. 

When dimensionless Ca is greater than 1, CaS inclusions become stable and the area 

fraction (AF) of CaS inclusions increases. Hence, the chemistry-dependent 

dimensionless Ca can be used to quantify the level of success of CaS control.  

3. A linear correlation between the T.Ca/T.S ratio and Mn content of the steel to 

achieve low MnS AF has been proposed, as T.Ca/T.S = 1.65T.Mn. Also, the sulfur 

partition coefficient (SPC) as a function of the T.Ca/T.S ratio has been proposed to 

estimate the distribution of S between CaS and MnS.  

4. The formation mechanism of MnS inclusions may vary depending on the steel 

phases during solidification. Therefore, distinct MnS distribution between inclusion 

types can be observed in steel with different C contents. As a result, no strict relation 

can be found between T.Ca/T.S and SPC in low C high Mn heats at the current stage 

of the study. 

5. The success level of Ca treatment on CAx, CaS, and MnS inclusions control may be 

quantified and evaluated based on the difference between the optimum and actual 
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Ca content. Reversing the process allows one to determine the optimum Ca content 

for a known steel chemistry, but the results may differ depending on the different 

priority of controlling the amount of CAx, CaS, and MnS inclusions. Overall, this 

method suggests a more comprehensive analysis of the Ca addition strategy. 
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Chapter 5 Coarsening Mechanisms of CaS Inclusions in Ca-treated 

Steels 

This chapter is a pre-publication version of the article published in Metals, 2022, Volume 

12, DOI: 10.3390/met12050707. This chapter explores the growth and coarsening of 

CaS inclusions under experimental and industrial conditions. The theoretical coarsening 

due to Ostwald ripening, mass transport, Brownian collision, and Stokes collision were 

compared with the observed average diameter change of CaS inclusions in three 

experiments. All details of the calculation were reported in this chapter to ensure 

reproducibility. The experiments were conducted with 20 ppm and 30 ppm S but similar 

high 35 ppm Ca. It was found that the average diameter of CaS inclusions increased with 

time in all experiments. The coarsening of CaS inclusions cannot be explained by one 

coarsening mechanism and must experience the transition of coarsening mechanism. The 

initial growth was found to be controlled by mass transport and the later coarsening was 

dependent on collision-related Brownian motion. This change in coarsening mechanism 

is supported by a decrease in Ca concentration and an increase in collision volume. A 

similar trend of changing coarsening mechanism was observed in industrial conditions, 

except turbulent flow instead of Brownian collision is the governing collision-related 

coarsening mechanism. This finding is supported by the calculation of particle size 

distribution change using the population balance equation. 

 

The three experiments and associated analyses were completed by the primary author. 

Dr. Muhammad Nabeel assisted with the experiments. The industrial samples and 

associated inclusion analysis were completed by ArcelorMittal Dofasco and share with 

the author by Dr. Stanley Sun. Dr. Li Sun from ArcelorMittal Dofasco provided training 

for using automated SEM and ASPEX for inclusion analysis. The manuscript was drafted 

by the primary author. The contributions of all co-authors, Dr. Muhammad Nabeel, and 

Dr. Neslihan Dogan include providing suggestions and revising the manuscript. 
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Abstract 

 

In this work, the coarsening mechanisms of CaS inclusions in liquid steel were 

investigated by analyzing inclusions in experimental and industrial samples. A detailed 

particle size distribution evolution was reported. The observed CaS coarsening rate was 

compared with the theoretical coarsening rate calculated by using the models proposed 

in the literature. For both experimental and industrial data, it was observed that the 

coarsening mechanisms varied during different stages of Ca treatment. It was found that 

in the early stage (after Ca addition) of experiments and during Ca addition under 

industrial conditions, the coarsening of CaS was governed by diffusion-controlled 

growth. As the Ca dissolved in steel diminished, the coarsening was governed by 

collision-dependent mechanisms. For experimental conditions, the growth of CaS was 

controlled by the Brownian collisions, while the coarsening by turbulent collisions was 

the dominant mechanism under industrial conditions. 

5.1 Introduction 

A few decades ago, calcium treatment was introduced to improve steel castability by 

modifying solid Al2O3 inclusions to liquid or semi-liquid calcium aluminates inclusions 

(CAx, C and A denote CaO and Al2O3, respectively). Inclusions with compositions 

similar to C3A, C12A7, and CA are usually considered to be liquid or semi-liquid at 

steelmaking temperature, as opposed to solid CAx, that are CA2 and CA6. This is 

achieved by calcium reacting with oxygen in Al2O3 inclusions. It is important to note that 

calcium has a high affinity to sulfur, so CaS inclusions are a common product of the 

calcium treatment. The formation of CaS inclusions does have some advantages. For 

example, the presence of CaS as transient CaS can act as a source of Ca supply for the 

mailto:miaok@mcmaster.ca
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modification of oxide inclusions [1,2]. Moreover, precipitating S in the form of CaS 

suppresses the formation of MnS inclusions. However, an excess amount of stable CaS 

inclusions is usually considered detrimental, as they behave similarly to other solid 

inclusions [3–5], such as Al2O3. The impact of CaS inclusions on both the castability and 

the product quality is related to their size. The presence of larger CaS inclusions 

accelerates the clogging and deteriorates the product’s physical properties. To the best of 

the authors’ knowledge, despite being a well-known inclusion type, there is no research 

on the growth of CaS inclusions in steelmaking conditions. 

 

The common coarsening mechanisms are diffusion-controlled growth, coarsening due to 

Ostwald ripening, Brownian motion, ascending velocity difference, and laminar and 

turbulent flows [6–9]. The diffusion-controlled growth mechanism is applicable to 

conditions where the rate of inclusion coarsening is limited by the mass transport of 

species in liquid steel. Ostwald ripening is a unique diffusion-related scenario driven by 

the concentration gradient at the interface associated with different inclusion sizes. As a 

result, some inclusions grow at the expense of smaller ones. Continuous irregular motion 

causes inclusions to move randomly in the liquid steel. Such motion independent of fluid 

flow is characterized as Brownian motion, leading to the collision and coalescence of 

inclusions. The coarsening of inclusions due to the ascending velocity of small inclusions 

is suggested to be proportional to the square of their radii [10], so the larger inclusions 

may encounter smaller ones during floatation, which then increases the inclusion size. 

Inclusions can also collide and coalesce when driven by laminar and turbulent flows. 

Two approaches in the literature are applied to determine the growth mechanisms of 

inclusions. The first compares the change in the average diameter of inclusions detected 

using SEM with those predicted by various theoretical coarsening mechanisms. The one 

that gives the closest agreement is considered to be the predominant mechanism. This 

approach was used in the work of Suzuki et al. [7] to determine the coarsening 

mechanism of SiO2 inclusions in continuous casting slabs and test ingots. The 

mechanism was reported to be Ostwald ripening, as the theoretical prediction of Ostwald 

ripening had the best agreement with the observations. The same approach was also used 

by Ohta and Suito [6] for MgO, ZrO2, Al2O3, CaO-Al2O3, and MnO-SiO2 inclusions in 

laboratory studies. The observed size change slightly deviated from the theoretical 

prediction; hence, they concluded Ostwald ripening to be the predominant mechanism 

but suggested that the effect of Stokes motion cannot be neglected. Wang et al. [8] also 

studied the impact of steel and inclusion compositions on the growth of oxide inclusions 

in experimental conditions using a similar method. Again, the reported mechanism was 

Ostwald ripening, but only during the first 10 min after aluminum (Al) addition. The 

mechanisms for the latter part were not reported. Overall, the previous studies 

emphasized the importance of Ostwald ripening on the growth of many oxide inclusions. 

It was unclear why the primary diffusion-controlled growth was never discussed in those 

studies and only included the unique diffusion-related mechanism of Ostwald ripening. 

Further, the first approach is accessible, and relationships between the inputs and the 
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predicted inclusion size are clearly defined. However, it is essential to note that the 

particle size distribution (PSD), which provides more detail about the coarsening process, 

cannot be obtained through this method. 

 

The second method to predict the change in inclusion diameter is to utilize the population 

balance equations (PBE). It calculates how a fixed number of monomers are distributed 

between clusters; hence, they become inclusions of different sizes. This approach was 

first suggested in the study of Smoluchowki [11] and allows one to calculate the PSD. 

Later, this approach was used by Zhang and Pluschkell [9] and Zhang and Lee [12] to 

study the coarsening rate of Al2O3 inclusions. Based solely on the PBE calculation, 

Zhang and Pluschkell [9] suggested that after the initial nucleation, Al2O3 grew by 

Ostwald ripening and then by Brownian motion and turbulent collision for inclusions 

with diameters smaller than 2 μm and larger than 4 μm, respectively. However, the 

calculated PSD was not validated against any experimental or industrial data. Such 

shortness was improved later in the work of Zhang and Lee [12], whose calculation of 

the PBE reached the same 103 inclusions in terms of the coarsening mechanism of Al2O3, 

except Stokes motion was proposed to be also effective starting about 1 min after the 

initial nucleation. Moreover, the PSD predicted based on PBE was compared with the 

experimentally observed PSD. The predicted and the observed values for the PSD of 

Al2O3 inclusions were in agreement for the initial stage of the defined experimental 

conditions. Some studies [13,14] used only quantification of collision frequency in PBE 

to determine the controlling coarsening mechanism, and they did not predict the 

evolution of PSD. An example is the work of Yin et al. [13], who studied the formation 

and growth of TiN clusters. By comparing the collision volume of Brownian collision, 

turbulent collision, and Stokes collision, they showed that the effect of Brownian 

collision on TiN growth was less significant than the other two collision mechanisms. 

Another example is the modeling work by Rimbert et al. [14] on precipitation and 

agglomeration of aluminum titanates. Again, by calculating the collision volume, 

Brownian motion was found to govern the growth of small micron size inclusions, and 

the increase in inclusion size caused the dominant mechanism to shift to collision in the 

turbulent flow, then Stokes motion. Overall, the PBE-based studies usually found 

diffusion to be significant in the early stages and later aggregation, but depending on the 

inclusion type and size, the significance of different collision-related mechanisms may 

differ. Compared to the first approach, all coarsening mechanisms can be considered 

simultaneously when applying the PBE, and their overall effects on the PSD can be 

studied. As the PBE is a more fundamental way of calculating the size change, it takes 

more calculation power and is less accessible [15]. Because diffusion-related growth 

mechanisms (Ostwald ripening and diffusion-controlled growth) depend primarily on 

the correct estimation of the number of monomers, applying the complete form of PBE, 

including both diffusion- and collision-related coarsening mechanisms to calculate the 

evolution of PSD of inclusions can be challenging. 
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The authors conducted laboratory-scale inclusion modification experiments at 1873 K 

using synthetic steel with compositions similar to a typical LCAK commercial product. 

Moreover, industrial samples were retrieved from the ladle after Ca addition and from 

tundish. The characteristics of inclusions were analyzed mainly using an automated 

SEM-EDS system called ASPEX. The present study focused on understanding the 

growth mechanism of the CaS inclusions in experimental and industrial conditions. This 

was done by comparing the observed and the predicted size change of CaS inclusions by 

different controlling mechanisms. The effect of coagulation on the evolution of CaS PSD 

was also calculated using PBE. The results were compared with the observed change in 

inclusion number density to reveal the critical coarsening mechanisms in industrial 

conditions. 

5.2 Experimental Methodology 

The high-temperature experimental setup is shown in Figure 5.1. In total, 0.3 g graphite 

rod, 6.5 g Mn, electrolytic Fe, and an appropriate amount of FeS depending on the 

targeted S content were placed inside an Al2O3 crucible at room temperature and then 

heated in the vertical tube furnace to 1873 K and held for 10 min to homogenize the melt. 

Throughout the experiment, 99.999% Ar gas was fed into the furnace at a rate of 0.5 

L/min to maintain a protective atmosphere. After that, Al and Si were added to deoxidize 

the steel melt. The melt was homogenized for an additional 15 min after deoxidation. 

Thereafter, Ca was added. The Ca addition technique was adopted from Verma et al. [3]. 

A mixture of electrolytic Fe and Ca enclosed in a capsule of steel shim was guided to the 

crucible. It helped Ca to immerse into the melt and increased the recovery rate. The total 

mass of raw materials was approximately 500 g. 

 

 
Figure 5.1 Schematic diagram of the experimental setup. 

 

The present study used data from three laboratory experiments and four industrial heats. 

The compositions are summarized in Table 1. This study did not involve Heat 2 [2], 

which was studied in the authors’ previous work due to a low number of CaS inclusions. 
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The laboratory experiments are denoted in the form of “[S content (ppm)][final Ca 

content (ppm)]”. 

 

Pin-shaped samples with 0.005 m diameter and about 0.1 m length were taken at 1, 3, 5, 

10, and 20 min after Ca addition and were cooled in air. Additional samples were taken 

at 30 and 40 min in Exp. 2025. The sample taken during the experiment are referred to 

as “pin samples”. The rest of the experimental steel was cooled inside the furnace at a 

rate of 10 K/min. Samples taken from the remaining steel are “bulk samples”. Lollipop 

samples were taken from ladle and tundish in 4 industrial heats. The lollipop samples are 

approximately 10 mm × 32 mm × 35 mm. A schematic diagram and the dimensions are 

shown in Figure 5.2. 

 

 
Figure 5.2 Schematic diagram of the lollipop sample. 

 

The surface of collected pin samples was cleaned, then the pin samples were sectioned 

for chemical analysis and inclusions analysis. Al, Si, Mn, and Ca contents of steel 

samples were measured using inductively coupled plasma optical emission spectrometry 

(ICP-OES). In Exp. 2035 and Exp. 3035 (see Table 1), an initial 0.03 wt. pct. Al content 

was achieved. All concentrations have the unit of wt. pct. in this study unless specified. 

In Exp. 2025, no Al was added. The Mn, Si, and S contents were constant in an 

experiment, but Al increased from the initial concentration due to Ca-crucible reaction. 

The change was more significant in Exp. 2035 and Exp. 3035 because the initial Ca 

contents were higher. In Exp. 2035 and Exp. 3035, the initial Ca contents were 56 and 

41 ppm, respectively, then decreased to 35 ppm in both experiments. In Exp. 2025, the 

Ca content reduced from 40 to 25 ppm. LECOTM CS744 carbon/sulfur analyzer was used 

to measure the S and C contents of steel samples. Total oxygen (T.O.) in Exp. 2035 were 

analyzed using a LECOTM ON736 oxygen/nitrogen analyzer. The measured 

concentrations were confirmed using pulse-height distribution analysis (spark OES-

PDA). 

 

A cross-section of every pin sample and a bulk sample was analyzed using an automated 

SEM-EDS system (ASPEX) to study the characteristics of inclusions. The automated 

SEM detects inclusion based on the contrast between the inclusions and the steel matrix. 

The SEM determines the geometric center of an inclusion, then 16 chords (diameters) 
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are drawn, passing through the center. The average of all 16 chords is the average 

diameter of the inclusion. This should not be confused with the average diameter of 

multiple inclusions (average diameter for short), denoted as davg. Connecting the ends of 

all chords determines the shape, perimeter and area. The details are discussed in 

elsewhere [16]. The inclusions with the longest diameter (dmax) larger than 2 μm were 

detected. A detailed discussion on steel chemistry change and the methodology of 

inclusion analysis can be found in the authors’ previous publication [2] and will not be 

repeated here. 

 

The detailed composition of the industrial samples can be found in Table 1. Sampling 

time slightly varies from heat to heat. Ladle samples L1 to L5 of Heat 1 were taken at 

1848 K, and after 1, 2, 3, 4, and 5 min of the start of Ca addition. For the other three 

heats, only one sample (L5) was taken after Ca addition close to the end of ladle refining. 

Samples T1 and T2 were from tundish when about 30 and 80 t steel was cast from a 165-

ton tundish at 1833 K. Lollipop samples were taken to conduct inclusion analysis. The 

samples were cut at 12 cm from the bottom. The intersecting surface of the lower part 

was cleaned and polished, then analyzed using the same automated SEM-EDS system, 

so the experimental and industrial inclusion data are comparable. 

 

Based on inclusion compositions, the observed inclusions were classified into Ca-rich, 

liquid CAx, solid CAx, Al2O3, CaS, CaS-other, CaS-MnS, and MnS. Liquid CAx includes 

C3A, C12A7, and CA inclusions, whereas solid CAx includes CA2 and CA6 inclusions. 

Ca-rich inclusions have higher CaO content than that in the liquid CAx. CaS-other 

inclusions are those with compositions between CaS and CAx. CaS-MnS inclusions have 

a significant fraction of both CaS and MnS phases; however, their fractions are not high 

enough to be considered as single-phase CaS or MnS. The CaS type inclusions still 

contain both CaS and MnS phases, but the CaS phase is more dominant. The term “CaS” 

refers to CaS type inclusions for simplicity unless otherwise specified. 

 

Table 5.1 Chemical composition of experimental and industrial samples (wt. pct.). 

Laboratory Experiments 

Exp. # C Si Al Mn S (ppm) Ca (ppm) O (ppm) 

2035 0.06 0.27 0.09 1.09 21 56–35 21–35 

3035 0.06 0.23 0.06 0.98 31 41–36 n/a 

2025 0.05 0.26 0.03 0.91 22 40–25 n/a 

Industrial Samples 

1 0.05 0.23 0.03 1.14 28 44–32 20 

3 0.06 0.22 0.03 1.07 29 47–34 20 

4 0.05 0.22 0.03 1.13 18 40–30 20 

5 0.06 0.21 0.04 1.12 18 69–35 20 
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5.3 Methods of Calculating Coarsening of CaS Inclusions 

This study applied two methods described in the introduction section to determine the 

coarsening mechanism of CaS inclusions under laboratory and industrial conditions. 

Both calculation methods are explained in detail in this section. 

 

The first method was to compare the evolution of the average diameter of CaS inclusions 

against the theoretical growth rate predicted by individual mechanisms. Mechanisms 1 

to 5 listed below were considered in the present study. 

1. Diffusion-controlled growth due to concentration gradient created by the Gibbs-

Thomson effect (Ostwald ripening); 

2. Diffusion-controlled growth; 

3. Collision and coalescence due to the effect of Brownian motion; 

4. Collision and coalescence due to ascending velocity difference (Stokes motion); 

5. Collision and coalescence due to flow of the melt. 

 

The second method, which was mainly used to study the coarsening of CaS inclusions 

under industrial conditions, was the population balance equation (PBE). Collision-

related mechanisms 3 to 5 were considered. Mechanisms 1 and 2 were not used to 

calculate PBE because of the difficulty in estimating the number of CaS monomers that 

participate in the growth of CaS inclusions. The change in the volumetric number density 

of CaS inclusions calculated by PBE considering mechanisms 3 to 5 was compared with 

the observed number density change. The similarities between the two indicated the 

contribution of collision-related coarsening mechanisms. 

5.3.1 Determination of the Rate-Controlling Component 

To calculate the coarsening rate of inclusion due to Ostwald ripening, the first step is to 

determine the rate-controlling component. Equation (5.1) [6–8] is the expression of 

change in average radius, 𝑟, from initial radius, 𝑟0, during the time, 𝑡, at temperature, 𝑇. 

In Equation (5.1), the second term is the coarsening rate. 𝛾  is the interfacial tension 

between steel and CaS type inclusion, 𝑀𝑉𝑖 is the molar volume per mole of component 

I in a compound, 𝐷𝑖 is the diffusion coefficient of component I, and 𝐶[𝑖],𝑏 and 𝐶(𝑖) are the 

concentrations of component I in the bulk melt and in inclusion, respectively. CaS type 

inclusions studied are considered as non-stoichiometric CaS-CAx-MnS complexes, so 

among Ca, Al, O, and S, the one that gives the lowest coarsening rate is the controlling 

component. 

 

 
𝑟3 = 𝑟0

3 +
4

9

2𝛾𝑀𝑉𝑖𝐷𝑖𝐶[𝑖],𝑏

𝑅𝑇(𝐶(𝑖) − 𝐶[𝑖],𝑏)
𝑡 (5.1) 
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The diffusion coefficients of Ca, Al, O, and S in steel at 1873 K used in calculations were 

obtained from the literature [17,18]. The diffusion coefficient of Ca at 1873 K was 3.0 × 

10^−9 m2/s, and those for S and O were 4.3 × 10^−9 and 3.1 × 10^−9 m2/s, respectively. 

The diffusion coefficient of Al in liquid iron equaled 3.5 × 10^−9 m2/s. The steel-CaS 

interfacial tension was assumed to be 0.6 N/m, which is similar to MnS and other sulfides 

such as FeS and Cu2S [19], as the exact value was never reported in the literature. The 

interfacial tension of liquid CAx with a weight percentage of CaO between 35 and 55 pct. 

can be found in the literature [20]. For CAx with CaO lower than 35 wt. pct., the 

interfacial tension was assumed to increase linearly to 2 N/m, which was the reported 

interfacial tension of Al2O3 [21–25]. The values used for density, 𝜌, of C12A7, CA, CA2 

and CA6 were 2690, 2560, 2920 and 3790 kg/m3, respectively [8,26]. A value of 2602 

kg/m3 was used for CaS. The ratio between inclusion density and the molar mass can be 

used to calculate 𝑀𝑉𝑖. Moreover, the inclusion densities were used to calculate 𝐶(𝑖), the 

concentration of component I in inclusions. 

 

The mass fractions of dissolved Ca, Al, O, and S in steel were assumed to be 0.2 ppm, 

0.04 wt. pct., 3 ppm, and 20 ppm, respectively. The conversion from mass fractions to 

mass concentration of component I, 𝐶[𝑖],𝑏 , used the temperature–density correlation 

proposed by A.F. Crawley [27]. 

 

One can notice that in Table 2 the calculated coarsening rates of C12A7, CA, and CaS 

inclusions are consistently the lowest when Ca was considered as the rate-controlling 

element. This indicates that Ca is most likely the rate-controlling component. The 

calculated coarsening rates of CA2 and CA6, assuming that Ca is the rate-controlling 

element, are comparable and higher than those calculated for O, respectively. This 

suggests that the latter is the rate-controlling component. However, by noticing that CaS 

type inclusions only contained less than 10 wt. pct. of CAx phase with a composition 

close to CA2 and CA6 during solidification (CaS composition evolution is included in a 

later section), Ca being the rate-controlling component as suggested in Table 2 is a more 

appropriate assumption. When the fraction of CAx phase was higher, which only 

occurred in Exp. 2035, the modification extent of the CAx phases was equal to or higher 

than CA phase. In that case, the rate-controlling component was Ca. Therefore, Ca was 

used as the rate-controlling component in the present work when calculating the CaS 

diameter change controlled by Ostwald ripening. 
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Table 5.2 The comparison of calculated coarsening rate (m3/s) of different CAx and 

CaS to determine the rate-controlling component, namely, Ca, Al, O, and S. 

 Ca Al O S 

C12A7 3.52 × 10^−19 1.79 × 10^−15 4.99 × 10^−18  

CA 6.93 × 10^−18 1.20 × 10^−14 4.65 × 10^−17  

CA2 1.02 × 10^−17 9.97 × 10^−15 2.25 × 10^−17  

CA6 4.15 × 10^−17 1.24 × 10^−15 1.24 × 10^−17  

CaS 1.38 × 10^−18   4.95 × 10^−16 

5.3.2 Coarsening Due to Ostwald Ripening 

As Ca was determined to be the rate-controlling component, Equation (5.2) was used to 

calculate the change in the average radius of CaS inclusions due to Ostwald ripening. 

The theories of Ostwald ripening had already been discussed in numerous studies [28–

30]; hence, they will not be discussed here. 

 

 
𝑟3 = 𝑟0

3 +
4

9

2𝛾𝑀𝑉𝐶𝑎𝐷𝐶𝑎𝐶[𝐶𝑎],𝑏

𝑅𝑇(𝐶(𝐶𝑎) − 𝐶[𝐶𝑎],𝑏)
𝑡 (5.2) 

 

When calculating the coarsening rate of CaS type inclusions, their average composition 

from each sample were used to estimate 𝛾, 𝑀𝑉𝐶𝑎 and 𝐶(𝐶𝑎). In the work of Wang et al. 

[8], the interfacial tension of CAx was calculated using Equation (5.3), where 𝑥𝑖 

represents the molar fraction. The similar approach was used to calculate the interfacial 

tension of non-stoichiometric CaS-CAx-MnS complexes, i.e., CaS type inclusions, 

through Equation (5.4). The approach of predicting the molar volume of slag was used 

to estimate the molar volume of inclusions. In Equation (5.5), 𝑥𝐶𝑎 is the molar fraction 

of Ca and 𝑀𝑉 denotes molar volume. The molar volumes of CaO, Al2O3, CaS and MnS 

can be found in the literature [20,26]. Similarly, the method of estimating the density of 

slag [20] was applied to calculate the density of inclusion 𝜌𝑃  in Equation (5.6). 

Calculating 𝜌𝑃 allows one to obtain 𝐶(𝐶𝑎) based on the mass fraction of CaO and CaS of 

the average composition of CaS type inclusions. 

 

 𝛾𝐶𝐴𝑥
= 𝑥𝐶𝑎𝑂 ∙ 𝛾𝐶𝑎𝑂 + 𝑥𝐴𝑙2𝑂3

∙ 𝛾𝐴𝑙2𝑂3
 (5.3) 

 𝛾𝐶𝑎𝑆−𝐶𝐴𝑥−𝑀𝑛𝑆 = 𝑥𝐶𝑎𝑆 ∙ 𝛾𝐶𝑎𝑆 + 𝑥𝐶𝐴𝑥
∙ 𝛾𝐶𝐴𝑥

+ 𝑥𝑀𝑛𝑆 ∙ 𝛾𝑀𝑛𝑆 (5.4) 

𝑀𝑉𝐶𝑎 =
𝑥𝐶𝑎𝑂 ∙ 𝑀𝑉𝐶𝑎𝑂 + 𝑥𝐴𝑙2𝑂3

∙ 𝑀𝑉𝐴𝑙2𝑂3
+ 𝑥𝐶𝑎𝑆 ∙ 𝑀𝑉𝐶𝑎𝑆 + 𝑥𝑀𝑛𝑆 ∙ 𝑀𝑉𝑀𝑛𝑆

𝑥𝐶𝑎
 (5.5) 

𝜌𝑃 =
𝑥𝐶𝑎𝑂 ∙ 𝑀𝑊𝐶𝑎𝑂 + 𝑥𝐴𝑙2𝑂3

∙ 𝑀𝑊𝐴𝑙2𝑂3
+ 𝑥𝐶𝑎𝑆 ∙ 𝑀𝑊𝐶𝑎𝑆 + 𝑥𝑀𝑛𝑆 ∙ 𝑀𝑊𝑀𝑛𝑆

𝑥𝐶𝑎𝑂 ∙ 𝑀𝑉𝐶𝑎𝑂 + 𝑥𝐴𝑙2𝑂3
∙ 𝑀𝑉𝐴𝑙2𝑂3

+ 𝑥𝐶𝑎𝑆 ∙ 𝑀𝑉𝐶𝑎𝑆 + 𝑥𝑀𝑛𝑆 ∙ 𝑀𝑉𝑀𝑛𝑆
 (5.6) 
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The concentration of dissolved Ca in the bulk melt was proposed to be 0.2 ppm during 

the industrial Ca injection process in the literature [31]. In the present study, Ca addition 

was conducted once in each experiment. Because of the volatile nature of Ca, the 𝐶[𝐶𝑎],𝑏 

was assumed to decrease from 0.2 ppm to equilibrium 𝐶[𝐶𝑎],𝑒𝑞 following Equation (5.7) 

[32] starting at 1 min after Ca addition. The values of 𝐶[𝐶𝑎],𝑒𝑞  were calculated using 

FactSage 7.2 based on the steel chemistries. 𝑘𝐶𝑎 is the mass transfer coefficient of Ca in 

steel, which was suggested to be in the range of 2.35 × 10^−4 to 3.53 × 10^−4 m/s in a 

previous study with a similar experimental approach as the present study [32]. An 

average value of 2.94 × 10^−4 m/s was used here. The term 
𝐴

𝑉
 in Equation (5.7) is the 

steel-Ar interfacial area per unit volume of steel calculated based on the geometry of the 

crucibles. 

 

ln (
𝐶[𝐶𝑎],𝑏 − 𝐶[𝐶𝑎],𝑒𝑞

𝐶[𝐶𝑎],0 − 𝐶 [𝐶𝑎],𝑒𝑞
) = −𝑘𝐶𝑎

𝐴

𝑉
𝑡 (5.7) 

 

The diameter change of CaS inclusions was assumed to be neglectable after the 

solidification was completed. The solidus temperature was estimated to be 1773 K for 

all experiments using Equation (5.8) [33], and the estimated value was confirmed with 

FactSage calculation. So, with a 10 K/min cooling rate, the temperature decrease from 

1873 to 1773 K was considered to be 10 min. 

 

𝑇𝑠𝑜𝑙(𝐾) = 1809 − 344[%𝐶] − 183.5[%𝑆] − 124.5[%𝑃] − 6.8[%𝑀𝑛] 
−12.3[%𝑆𝑖] − 4.1[%𝐴𝑙] − 1.4[%𝐶𝑟] − 4.3[%𝑁𝑖] 

(5.8) 

5.3.3 Coarsening Due to Ca Diffusion 

It was suggested in the literature that when the coarsening of inclusion is controlled by 

diffusion, the movement of the steel-inclusion interface can be expressed using Equation 

(5.9) [34]. 𝐶[𝐶𝑎],𝑖 is the concentration of Ca at the steel-inclusion interface. Its values 

were calculated using a simplification of the method adapted by Tabatabaei et al. [35]. 

Assuming the CAx at the surface of CaS type inclusions was insignificant, the calculation 

started with the mass balance at the interface, as given by Equation (5.10), where 𝑛𝑖 

denotes the transfer of component i through the boundary layer. 

 

 
𝑟2 = 𝑟0

2 + 2𝐷𝐶𝑎

𝐶[𝐶𝑎],𝑏 − 𝐶[𝐶𝑎],𝑖

𝐶(𝐶𝑎) − 𝐶[𝐶𝑎],𝑖
𝑡 (5.9) 

 𝑛𝐶𝑎 = 𝑛𝑆 (5.10) 

 

Then, at any 𝑟 exists 
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 4𝜋𝑟2𝑘𝑚,𝐶𝑎(𝑋[𝐶𝑎],𝑖 − 𝑋[𝐶𝑎],𝑏) = 4𝜋𝑟2𝑘𝑚,𝑆(𝑋[𝑆],𝑖 − 𝑋[𝑆],𝑏) (5.11) 

 

𝑋[𝑖],𝑖 is the molar concentration of component i in steel. The mass transfer coefficient, 

𝑘𝑚,𝑖, was suggested to follow the expression as Equation (5.12) [35] 

 

 
𝑆ℎ =

𝑘𝑚,𝑖𝑑

𝐷𝑖
 (5.12) 

 

where 𝑑 is the diameter of inclusion. Sherwood number, 𝑆ℎ, can be assumed to have a 

constant value of 2 for small inclusions in liquid steel with low viscosity [36]. 

Substituting Equation (5.12) into Equation (5.11) gives 

 

 𝐷𝐶𝑎(𝑋[𝐶𝑎],𝑖 − 𝑋[𝐶𝑎],𝑏) = 𝐷𝑆(𝑋[𝑆],𝑖 − 𝑋[𝑆],𝑏) (5.13) 

 

When modeling the modification of CAx inclusions, the concentration of O dissolved in 

steel was assumed to be at the level after Al deoxidation and before Ca addition. In other 

words, calcium would only affect the local steel chemistry at the early stage [35]. Using 

a similar assumption, the dissolved S content was considered to decrease linearly with 

time from a measured T.S concentration to the calculated equilibrium dissolved S 

concentration. Combining all the aforementioned assumptions with the concentration of 

other steel constituents allow one to determine 𝑋[𝐶𝑎],𝑏  and 𝑋[𝑆],𝑏 . It is common to 

consider that equilibrium is maintained at the steel-inclusion interface [37–40]. With the 

assumption that CAx phases were insignificant at the surface of CaS type inclusions, the 

only equilibrium established on the CaS surface was Reaction (5.14). 

 

 [𝐶𝑎] + [𝑆] = 𝐶𝑎𝑆 (5.14) 

 

and must satisfy 

 

 
𝐾𝑒𝑞 =

𝑎𝐶𝑎𝑆

(ℎ𝐶𝑎𝑤[𝐶𝑎],𝑖)(ℎ𝑆𝑤[𝑆],𝑖)
=

1

(ℎ𝐶𝑎

𝑋[𝐶𝑎],𝑖𝑀𝑊𝐶𝑎

𝜌𝑠𝑡𝑒𝑒𝑙
) (ℎ𝑆

𝑋[𝑆],𝑖𝑀𝑊𝑆

𝜌𝑠𝑡𝑒𝑒𝑙
)
 

(5.15) 

 

where ℎ𝑖 is the activity coefficient and 𝜌𝑠𝑡𝑒𝑒𝑙 is the density of steel. Equilibrium constant, 

𝐾𝑒𝑞, was calculated based on the standard Gibbs Energy through Equation (5.16), which 

is the summation of ∆𝐺° of related reactions from the literature [41,42]. 𝐾𝑒𝑞 at 1873 K 

calculated using Equation (5.16) was confirmed to be similar to 𝐾𝑒𝑞  proposed in the 

literature [43–45]. 

 

 ∆𝐺° = −692158 + 205.33𝑇   𝐽/𝑚𝑜𝑙 (5.16) 
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Equation (5.13) was solved in conjunction with Equation (5.15) to obtain 𝐶[𝑆],𝑖  and 

𝐶[𝐶𝑎],𝑖. The latter was substituted into Equation (5.9) to calculate the average diameter of 

CaS type inclusions with time. 

5.3.4 Coarsening Due to Brownian Motion 

The inclusions collide and coalesce due to their random motion. In that case, the change 

of volumetric inclusion number, 𝑁𝑉, can be calculated as suggested in Equation (5.17) 

[6,11,46]. 𝑁𝑉,0, 𝑘𝐵 and 𝜂 are the initial volumetric inclusion number density, Boltzmann 

constant and steel viscosity, respectively. Equation (5.18) expresses the conversion from 

inclusion volume fraction, 𝑓, to 𝑁𝑉. Equation (5.18) can be rearranged to write 𝑁𝑉 as a 

function of 𝑓  and 𝑟 , and 𝑁𝑉,0  as a function of 𝑓0  and 𝑟0 . Substituting 𝑁𝑉,0  and 𝑁𝑉  in 

Equation (5.17) gives Equation (5.19). The volume fraction was calculated by first 

converting the planar size distribution given by ASPEX to volumetric size distribution 

through the Schwartz–Saltykov method. The detailed procedure is available elsewhere 

[47]. Then, the total volume of CaS inclusions per unit volume of steel was estimated. 

The effect of temperature on steel viscosity, 𝜇 , was reported in the literature [48]. It 

covers the temperature from 1783 to 1853 K; therefore, the relation with temperature 

was extrapolated to 1773 and 1873 K. 

 

 
𝑁𝑉 =

𝑁𝑉,0

1 +
8𝑘𝐵𝑇𝑁𝑉,0

3𝜇 𝑡

 (5.17) 

 
𝑓 =

4

3
𝜋𝑟3𝑁𝑉 (5.18) 

 
𝑟3 =

𝑓

𝑓0
𝑟0

3 +
2𝑘𝐵𝑇𝑓

𝜋𝜇
𝑡 (5.19) 

5.3.5 Coarsening Due to Ascending Velocity Difference 

Stoke’s law predicts that larger inclusions ascend faster than the small ones. This causes 

relative motion between inclusions of different sizes, leading to collision and 

coalescence. The inclusion radius change due to ascending velocity difference can be 

expressed using Equation (5.20) [7]. Term 𝑔 is the gravitational acceleration taken as 9.8 

m/s2. 

 

 
𝑟 = 𝑟0 [1 −

𝑔𝑓(𝜌𝐹𝑒 − 𝜌𝑃)𝑟0𝑡

18𝜇
]

−1

 (5.20) 
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5.3.6 Coarsening Due to Melt Flow 

Inclusions can also be brought to collide and coalesce due to melt flow. In the laboratory 

experiments, the melt had no controlled stirring. Ca was added during the early stage of 

an experiment and was rapidly consumed. During the dissolution of Ca, the Ca gas 

bubbles formed continuously but only for a limited time. Therefore, its contribution to 

stirring the melt was not taken into account for the coarsening of CaS inclusions in the 

analysis. 

5.3.7 Coarsening Due to the Multiple Mechanisms Predicted by Population 

Balance Equation (PBE) 

Smoluchowski [11] formulated the particle coagulation kinetics through PBE. A general 

form, Equation (5.21), expresses the rate of change of the volumetric number density of 

CaS inclusions in group k, 
𝑑𝑁𝑉,𝑘

𝑑𝑡
. The volumetric population density of inclusions with 

size k, 𝑁𝑉,𝑘, can increase due to the coalescence of a pair of inclusions from group i and 

group j, which is the first term of Equation (5.21). The second term is the expression of 

inclusions becoming too large to remain in group k after coalescing with another 

inclusion of sufficiently large size. The number densities of CaS inclusions in group i 

and j are represented by 𝑁𝑉,𝑖  and 𝑁𝑉,𝑗 , respectively. 𝛽𝐶  is the collision frequency 

function that quantifies the collective effects of Brownian motion, 𝛽𝐵, Stokes motion, 

𝛽𝑆 , as well as the turbulent flow, 𝛽𝑇 , and laminar flow, 𝛽𝐺 , on the growth of CaS 

inclusions. The detailed expressions are shown as Equations (5.22)–(5.26) [12]. 𝜀 is the 

energy dissipation rate that quantifies the stirring power, and was also suggested to be 

correlated to α, the coagulation coefficient [49]. 
𝑑𝑢

𝑑𝑦
 is the velocity gradient in the laminar 

shear zones, which are usually near the walls [12]. 

 

 𝑑𝑁𝑉,𝑘

𝑑𝑡
=

1

2
∑ 𝛽𝑖𝑗

𝐶 𝑁𝑉,𝑖𝑁𝑉,𝑗

𝑘

𝑖=1,𝑖+𝑗=𝑘
− ∑ 𝛽𝑖𝑘

𝐶 𝑁𝑉,𝑖𝑁𝑉,𝑘

𝑘

𝑖=1
 (5.21) 

 
𝛽𝐵 =

2

3

𝑘𝐵𝑇

𝜇
(𝑟𝑖 + 𝑟𝑗) (

1

𝑟𝑖
+

1

𝑟𝑗
) (5.22) 

 
𝛽𝑆 =

2

9

𝜋𝑔(𝜌𝑠𝑡𝑒𝑒𝑙 − 𝜌𝐶𝑎𝑆)

𝜇
|𝑟𝑖 − 𝑟𝑗|(𝑟𝑖 + 𝑟𝑗)

3
 (5.23) 

 

𝛽𝑇 = 1.3𝜋0.5𝛼√
𝜀𝜌𝑠𝑡𝑒𝑒𝑙

𝜇
(𝑟𝑖 + 𝑟𝑗)

3
 (5.24) 
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𝛽𝐺 =

4

3
(𝑟𝑖 + 𝑟𝑗)

3
|
𝑑𝑢

𝑑𝑦
| (5.25) 

 𝛽𝐶 = 𝛽𝐵 + 𝛽𝑆 + 𝛽𝑇 + 𝛽𝐺 (5.26) 

In a later section, the combined contribution of relevant collision-related coarsening 

mechanisms on the evolution of PSD of CaS inclusions calculated using the PBE will be 

discussed. The particle-size-grouping (PSG) method introduced in the work of Nakaoka 

et al. [50] was used to simplify the calculation of PBE. This method was confirmed to 

give approximation close to the exact solution and had been used extensively in previous 

studies [51–53]. 

5.4 Results 

5.4.1 CaS Growth in Experimental Conditions 

Figure 5.3 shows the evolution of the area fraction (AF) of all inclusion types from the 

three laboratory experiments. The details of the evolution of inclusion types were 

discussed in the authors’ previous publication [2]. The value for the AF of CaS inclusions 

increased continuously over time in Exp. 2035 and 3035. By the end of the 20-min 

experiment, the values for AF of CaS were 44 and 22 ppm in Exp. 2035 and 3035, 

respectively. The authors suggested that CaS inclusions were stable at 1873 K [2], so 

these inclusions were reaction products. In Exp. 2025, in comparison, CaS was 

thermodynamically stable in the first 10 min after Ca addition, but the AF values were 

low at around 2 ppm. The AF of CaS increased to 6 ppm in the 20-min sample, followed 

by a slight decrease in the 40-min sample, but high CaS AF was again observed in the 

bulk sample to be 12 ppm. Some CaS-CAx complexes, classified as CaS-other inclusions, 

were also found in these experiments. SEM images and EDS mappings of typical CaS 

inclusions are shown in Figure 5.4 to provide some insight about their shape and 

structures. One can easily notice that the CaS inclusions were close to spherical. 

Therefore, in both methods of determining the coarsening mechanisms, CaS inclusions 

were assumed to be spherical for simplicity. 
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Figure 5.3 Evolution of area fraction (AF) of inclusions in (a) Exp. 2035, (b) Exp. 

3035, and (c) Exp. 2025. 

 

 

 

 
Figure 5.4 SEM-EDS elemental maps of CaS inclusion in (a) 1-min sample of Exp. 

2035, (b) 3-min sample of Exp. 2035 and (c) 20-min sample of Exp. 3035. 

 

The evolutions of the average diameter and the composition of CaS type inclusions are 

shown in Figure 5.5. The CaS type inclusions in samples taken in Exp. 2035 were 

composed of initially 27 wt. pct. CaO. The fraction of CaO phase decreased to 3 wt. pct 
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when the experiment was close to the end. Because Ca mainly reacted with O in the early 

stage (Figure 5.3 (a)), CaS type inclusions (whose number was small) contained 

approximately 10 wt. pct. MnS. As more CaS formed as Exp. 2035 proceeded, less S 

was available to react with Mn, so MnS content in CaS decreased. Some concentration 

of Al2O3 phase was also found in the CaS type inclusions. CaS fraction increased from 

58 wt. pct. to 88 wt. pct. during the 20 min experiment. In Exp. 3035, on the contrary, 

the fraction of CaO phase never exceeded 4 wt. pct. and the maximum MnS phase 

fraction was at 8 wt. pct. because CaS inclusions were formed directly through Ca and S 

reaction. [2] As a result, the fractions of CaS were constantly above 82 wt. pct. The 

distribution of phases within CaS inclusions from Exp. 2025 were similar to that of Exp. 

2035 in the early stages. The fraction of CaO phase can be higher than 25 wt. pct. during 

the first 10 min after Ca addition. That was because Al was not added before Ca addition; 

hence, a significant portion of Ca added reduced Al2O3 from the crucible and became a 

vital oxygen bearer. However, starting at 10 min, the fraction of the CaS phase was 

constantly higher than 75 wt. pct. 

 

  

 
Figure 5.5 Average diameters and compositions of CaS type inclusions in (a) Exp. 

2035, (b) Exp. 3035, and (c) Exp. 2025. 

 

Both the average diameters and the standard deviations of the CaS inclusions are 

included in Figure 5.5. In Exp. 2035, at least 150 CaS inclusions were analyzed in each 

sample by ASPEX, except for the first sample, in which the number of inclusions was 

41. The average diameter of CaS inclusions was initially 0.8 μm, then gradually 

increased to about 2.1 μm within 20 min after Ca addition at 1873 K, then slightly 
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increased further to 2.4 μm in the bulk sample. The standard deviation for the average 

diameter values increased marginally from about 0.3 to 0.4 μm. In Exp. 3035, 26 CaS 

inclusions were detected in the first sample. The number of CaS in later samples varied 

from 60 to 628. CaS average diameter increased from 1.2 to 1.7 μm, and increased by 

another 0.5 μm during solidification to end with 2.2 μm average diameter in the final 

bulk sample. Because of the relatively smaller number of CaS inclusions analyzed, 

especially in the first sample, the standard deviation fluctuated in Exp. 3035. The number 

of CaS inclusions detected in Exp. 2025 was lower than in Exp. 2035 and Exp. 3035 

because of the relatively lower Ca content and S content. in most samples of Exp. 2025, 

the number of detected CaS can be as low as 10, such as in the 1-min sample. The number 

gradually increased to about 50 in the 20, 30, and 40-min samples. In bulk, a total of 104 

CaS inclusions were analyzed by ASPEX. During the first 20 min of Exp. 2025, the 

average diameter of CaS increased from 1 to 2.1 μm. Thereafter, generally it did not 

change until the last bulk sample, which was found to be 2.6 μm. Notice that a decrease 

in standard deviation from 0.8 to 0.5 μm occurred at 20 min. 

 

The detailed evolution of CaS particle size distributions (PSD) of the three experiments 

is shown in Figure 5.6. The x-axis and the y-axis are shown in logarithmic form for better 

visualization. The increase in the average diameter and the planer number density (NA) 

of CaS inclusions from Exp. 2035 were apparent during the first 5 min after Ca addition. 

The CaS showed a log-normal distribution starting at 3 min, indicated by the iconic 

parabolic shape [54–56]. One can notice that the left side of the 1, 3, and 5-min PSD 

curves overlapped. This trend means a consistent “supply” of newly formed small 

inclusions. High-temperature phenomena including inclusion formation were rarely 

reported to be limited by the chemical reaction rate [7,12,35,57,58], so the formation of 

new, small inclusions would largely depend on the rate of mass transport in the early 

stage of the experiment. As the experiment proceeded, the PSD curve shifted rightward 

while keeping a similar shape from 5 min to 20 min after Ca addition, indicating the 

disappearance of smaller inclusions. This was considered the result of collision and 

coalescence. 

 

During the first 5 min of the Exp. 3035, the PSD curve barely changed. That was 

potentially related to lower Ca supply in Exp. 3035 than that of Exp. 2035. In Exp. 3035, 

the total Ca content was initially 42 ppm and remained stable. Then, the dissolved Ca 

concentrations were likely lower in Exp. 3035. This would affect the growth rate of CaS 

inclusions when mass transport was the controlling mechanism. However, as the CaS 

inclusions grew over time, they became detectable. And with the collision occurring at 

the same time, inclusions coalesced, and the rightward shift of the PSD curve became 

apparent, as seen from the 10-min PSD curve in Figure 5.6 (d). The following steps of 

the Exp. 3035 at 1873 K were similar to the later stages of Exp. 2035. 

 

Similarly, CaS inclusions in Exp. 2025 started with a relatively high number of 
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submicron inclusions. The PSD remained almost unchanged in the first 3 min after Ca 

addition. Then, until 10 min, the PSD curve shifted rightward, with the peak moved from 

davg equals 0.8 to 1.3 μm. Because of the presence of submicron size inclusions, the 

growth of CaS inclusions was still mainly relevant to mass transport. A sudden change 

in the shape of PSD was observed at 20 min after Ca addition, where small CaS 

inclusions disappeared, and NA of inclusions larger than 2 μm drastically increased 

compared to the previous sample. This can be considered to signify the coarsening 

through collision and coalescence. 
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Figure 5.6 The particle size distribution of CaS type inclusions in (a,b) Exp. 2035, 

(c,d) Exp. 3035, and (e,f) Exp. 2025. 

 

During solidification, the PSD curve evidently broadened and deviated from the 

symmetrical shape seen in the last pin sample in all experiments. In Exp. 2035, the NA 

of CaS inclusions with a diameter larger than 3.25 μm (log(davg) > 0.51) shown as the 

right side of the PSD evidently increased, while the left side of the PSD peak remained 

practically unchanged. A similar trend can also be observed in Exp. 2025 in Figure 5.6 

(f). In Exp. 3035, the entire PSD shifted further to the right during solidification, and the 

width of the curve increased. These observations were correctly reflected by the change 
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of average diameter and standard deviation shown in Figure 5.5, which were potentially 

due to the precipitation of CaS phase and MnS phase on CaS type inclusions. 

5.4.2 CaS Growth in Industrial Conditions 

The coarsening behaviors of CaS inclusions in samples taken from ladle and tundish 

during steel-refining processes are evaluated in this section. For this purpose, lollipop 

samples from four industrial heats were studied. The evolution of the average diameter 

of CaS type inclusions with respect to sample number is shown in Figure 5.7. In Figure 

5.7, small offsets are introduced on the x-axis to improve readability. 

 

  
Figure 5.7 Evolution of the average diameters of CaS type inclusions in samples 

taken from (a) Heats 1 and 3–30 ppm S and 35 ppm T.Ca and (b) Heats 4 and 5–20 

ppm S and 35 ppm T.Ca. 

 

Figure 5.7 suggests that once the CaS type inclusions were observed, their average 

diameters were already at around 2 μm regardless of heat chemistries. In Exp. 2035 and 

Exp. 3035, it took about 20 min for the average diameter of CaS to increase to slightly 

above 2 μm. This was longer than the roughly 5-min Ca addition in industrial conditions, 

meaning that some differences exist between the coarsening of CaS in the two conditions. 

Comparing the first tundish sample (T1) with the ladle sample after Ca addition (L5), 

the increase in CaS average diameter is apparent. In Heat 1 and Heat 5, the difference 

between T1 and L5 was 0.6 and 0.9 μm, respectively. For Heat 3 and Heat 4, the 

difference was higher at 1.6 μm. 

 

The evolution of the PSD of CaS inclusions in Heat 1 is shown in Figure 5.8 for a more 

detailed discussion. It is worth mentioning that Figure 5.8 is based on the ASPEX 

analysis, including inclusions with dmax (longest diameter of a non-spherical inclusion) 

larger than 0.5 μm. This will be referred to as 0.5 μm analysis for simplicity. All other 

plots and related discussions are based on the ASPEX analysis, including inclusions with 

dmax > 2 μm. The ASPEX processing time drastically increased when decreasing the dmax 
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threshold from 2 to 0.5 μm, so the 0.5 μm analysis was only performed on samples of 

Heat 1. 

 

  
Figure 5.8 The evolution of particle size distribution for CaS type inclusions in Heat 

1 including inclusions with dmax > 0.5 μm (a) ladle samples and (b) tundish samples. 

 

Figure 5.8 (a) includes the PSD of CaS inclusions from all the ladle samples in Heat 1. 

One can see that the PSD shares a very similar pattern in all five ladle samples. Small 

CaS inclusions formed immediately after Ca addition, showing the parabolic shape 

associated with the typical log-normal distribution. During the Ca addition from L1 to 

L5, the number density (NA) of all sizes increased. This caused the PSD curves to remain 

similar in all ladle samples, with the peak at around log(davg) equal to 0. This is reflected 

in Figure 5.7 by a stable average CaS inclusion diameter. The change in the PSD of CaS 

inclusions from ladle to tundish was very apparent in Figure 5.8 (b). The PSD of tundish 

samples compared to the PSD of ladle samples appeared much broadened and shifted 

rightward. This is reflected in Figure 5.7 (a) by the increased average diameter and 

standard deviation in T1 compared to L5. At 33 min after Ca addition, the NA of 

inclusions with log(davg) < 0.24 decreased by at least one order of magnitude, while the 

NA of inclusions with log(davg) > 0.24 slightly increased. 

5.5 Discussion 

The evolution of PSD in all three experiments suggests that the diameter change of CaS 

inclusions was related to mass transport in the early stage and later depended on 

coagulation. To better understand the inclusion coarsening kinetics, the present work 

compares the change of average diameter of CaS inclusions observed through the 

experiments with models explained in the previous section. 
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5.5.1 Coarsening Mechanisms of CaS Inclusions under Experimental 

Conditions 

The diameter change calculated using the methods explained in the previous sections 

was plotted and compared with the observed average diameters of CaS inclusions in Exp. 

2035, Exp. 3035 and Exp. 2035 in Figure 5.9. For modeling calculations, the initial 

diameter of CaS inclusions was set to be 0.01 μm in all conditions. The final diameter 

predicted from lowest to highest are through the mechanisms of Stokes motion, Ostwald 

ripening, diffusion-controlled growth, and Brownian motion for all three experiments. 

The diameter changes due to Ostwald ripening and Stokes motion are insignificant, with 

less than 0.2 μm regardless of experimental conditions, which clearly underpredict the 

CaS inclusions diameter change. The diffusion-controlled growth shows a rapid increase 

in the first 5 min but then decreases. The predicted diameter decrease is less apparent in 

Exp. 3035 than the other two experiments. The Brownian motion predicts the most 

significant change among the four mechanisms included in Figure 5.9. The CaS inclusion 

diameters are expected to increase by 2.0, 1.9, and 1.3 μm in Exp. 2035, Exp. 3035 and 

Exp. 2025, respectively. 

 

  

 
Figure 5.9 Comparison of the average diameters of CaS type inclusions in samples 

taken in (a) Exp. 2035, (b) Exp. 3035, and (c) Exp. 2025, and predicted using 

different coarsening mechanisms. 

 

The authors noticed that the diffusion-controlled growth agrees with the experimental 

results in the first 5 min after Ca addition when assuming the initial dissolved Ca 
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concentration being 0.1 ppm for Exp. 2035 and 0.15 ppm for Exp. 3035 and Exp. 2025. 

After that, the rate of growth controlled by Brownian motion is very similar to the 

experimentally observed growth rate. In fact, if considering the dominant CaS 

coarsening mechanism changed from Ca diffusion to Brownian motion at 5 min after Ca 

addition, one can obtain Figure 5.10. The solid lines in Figure 5.10 are the theoretical 

change due to diffusion already shown in Figure 5.9. The dashed lines were calculated 

by simply taking the average diameter calculated for diffusion-controlled growth at 5 

min as the initial diameter and calculating the diameter change considering Brownian 

motion thereafter. A reasonable agreement between the experimental results and the 

models can be achieved by considering the transition between coarsening mechanisms. 

The diameter change in Exp. 3035 was over-predicted by the model for Brownian motion. 

Equation (5.19) shows that the radius change is related to the ratio of the new-to-old 

volume fraction 
𝑓

𝑓0
. If not, all 𝑓0 participated in the formation of new CaS inclusions, for 

example, when some formed CaS-other inclusions, 
𝑓

𝑓0
 would be over-predicted; hence, 

so would 𝑟. Diffusion-controlled CaS formation/dissolution predicts a major decrease in 

the average diameter of CaS inclusions in Exp. 2035 and Exp. 2025 and some decrease 

in Exp. 3035 (Figure 5.9 black lines). In reality, diffusion-controlled growth and 

coarsening through Brownian collision must have occurred simultaneously. 

Overprediction was observed in Figure 5.10 because the diameter decrease due to 

diffusion was not incorporated in the calculation of dashed lines shown in Figure 5.10. 

 

The authors are aware that the theoretical growth shown in Figure 5.10 cannot accurately 

predict the diameter of CaS inclusions in the course of experiments. However, the focus 

of the present study is not to establish a model that calculates the CaS diameter change 

but to determine the coarsening mechanisms. Figures Figure 5.9 and Figure Figure 5.10 

do show that none of the four coarsening mechanisms considered can independently 

explain the growth of CaS observed in Exp. 2035, Exp. 3035 and Exp. 2025. A transition 

of the controlling coarsening mechanism is clear in the experiments. The diameter 

change of CaS inclusions was initially governed by the diffusion and later related to 

Brownian-motion-driven collisions. 
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Figure 5.10 Comparison of the average diameters of CaS type inclusions in samples 

taken from (a) Exp. 2035, (b) Exp. 3035, and (c) Exp. 2025, and predicted based on 

diffusion-controlled growth followed by Brownian motion. 

5.5.2 Cause of Change in Coarsening Mechanisms 

The authors further analyzed the cause of the change in the dominating coarsening 

mechanism. The change in the driving force over experimental time was calculated for 

the diffusion-controlled growth mechanism, as shown in Figure 5.11. According to 

Equation (5.7), the Ca concentration in metal bulk, 𝐶[𝐶𝑎],𝑏 , decreased over time; 

therefore, the driving force rapidly reduced. In other words, the influence of Ca diffusion 

on the size change of CaS inclusions became insignificant. The coarsening of CaS 

inclusions stopped after 5 min from Ca addition (Figure 5.9). Later, the driving force in 

Exp. 2035 and Exp. 2025 was negative while that of Exp. 3035 remained much closer to 

0. The variation in driving force is related to the difference in sulfur content. With a 

higher 𝐶[𝑆],𝑖 given by the lower S levels, 𝐶[𝐶𝑎],𝑖 to maintain Equilibrium (5.14) in Exp. 

2035 and Exp. 2025 were higher than that of Exp. 3035. So, the concentration differences, 

𝐶[𝐶𝑎],𝑏 − 𝐶[𝐶𝑎],𝑖, from Equation (5.9) were slightly negative starting from 10 min after 

Ca addition; hence, negative slopes were seen in Figure 5.9 (a), (c). The lower 𝐶[𝐶𝑎],𝑖 in 
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Exp. 3035 was able to maintain 𝐶[𝐶𝑎],𝑏 − 𝐶[𝐶𝑎],𝑖 much closer to 0 before Exp. 3035 ended, 

so the theoretical diameter change due to diffusion is less apparent in Figure 5.9 (b). 

Further, for all experimental conditions, the importance of Brownian motion on the 

coarsening of CaS inclusions increased over time. This is due to the fact that Brownian 

motion largely depends on the volume fraction of inclusions of interest. The volume 

fraction of CaS inclusions increased with time as shown in Figure 5.12 for all three 

experiments. The Brownian motion eventually became the dominant coarsening 

mechanism at 5 min after Ca addition. 

 

 
Figure 5.11 Change of driving force for Ca diffusion in Exp. 2035, Exp 3035, and 

Exp. 2025. 

 

 
Figure 5.12 Variation in the volume fraction of CaS inclusions over time in Exp. 

2035, Exp. 3035, and Exp. 2025. 

 

The significance of Brownian motion over the Stokes motion can be explained by the 

difference in frequency of collision. The change in collision frequency function, 𝛽, of 

inclusion pairs with a diameter 𝑑𝑖 and 𝑑𝑗 is shown in Figure 5.13. Figure 5.13 (a)–(d) 

correspond to 𝑑𝑖  equal to 0.5, 1, 2, and 3 μm, respectively. These values cover the 
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diameter range of CaS type inclusions shown in Figure 5.5 (a). The range of 𝑑𝑗 was set 

from 0 to 4 μm in all four plots. The temperature was set to 1873 K and the viscosity was 

equal to 2.3 × 10^−3 kg/(m·s). The values for steel density and CaS density were 6975 

and 2650 kg/m3, respectively. Even though the densities were estimated, the authors 

confirmed that slight density change opposes minor change on the orders of magnitudes 

of 𝛽 values; hence, it has no impact on the findings. 

 

  

  
Figure 5.13 Comparison of collision frequency function of Brownian motion and 

Stokes motion for an inclusion of diameter 𝑑𝑖 (a) 0.5 μm, (b) 1 μm, (c) 2 μm, (d) 3 

μm and varied 𝑑𝑗. 

 

In Figure 5.13, the frequency function of Brownian motion, 𝛽𝐵, remains stable at the 

same order of magnitude, i.e., around −17 to −16 m3/s, for all four 𝑑𝑖. The values are 

slightly higher at lower 𝑑𝑗, but decrease to a stable level as 𝑑𝑗 increases. In comparison, 

when 𝑑𝑖  < 2 μm, 𝛽𝑆  values are generally lower than that of 𝛽𝐵  until 𝑑𝑗  increases to 

higher than approximately 2.5 μm. That is partially due to the presence of the dip at 𝑑𝑗 

equals to 𝑑𝑖. The reason being inclusions of similar sizes show no relative motion while 

ascending; hence, they cannot coalesce during flotation. The 𝛽𝑆 are higher than 𝛽𝐵 in 

Figure 5.13 (d) across almost the entire 𝑑𝑗 range. Based on Figure 5.5 and Figure 5.13, 

it can be inferred that the frequency of inclusions to collide is higher due to Brownian 
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motion than due to Stokes motion in almost the entire size range of CaS type inclusions 

observed in the experimental conditions. As a result, the prediction given by the 

Brownian motion model is relatively more in agreement with the experimental data, as 

seen in Figure 5.9. The collision frequency due to Stokes motions is higher when an 

inclusion in an inclusion pair is close to 3 μm. Still, according to Figure 5.5 and Figure 

5.6, inclusions of such diameters are a small portion of the entire CaS population in the 

experiments, and they are mainly found close to the end of experiments. With the limited 

available time for further collision, the effect of Stokes motion is understandably low. 

 

The analysis of three experimental results strongly suggests that the coarsening of CaS 

inclusions would be governed by the diffusion-controlled growth mechanism in 

laboratory conditions when Ca supply is sufficient for a limited time. After Ca evaporates, 

CaS inclusions may either stop growing or start to dissociate. Because of that, the growth 

will depend more on the Brownian collision. These findings are in line with the general 

trend, i.e., diffusion to collision transition reported in the previous studies [12,59], and 

should also be applicable to industrial conditions where the growth of CaS inclusions is 

not interfered by the steel flow. At the current stage, a mathematical model incorporating 

all coarsening mechanisms has not been established yet to predict the evolution of PSD 

of CaS inclusions. It will be the focus of a later study. 

5.5.3 Coarsening Mechanisms of CaS Inclusions under Industrial Conditions 

To determine the coarsening mechanism of CaS inclusions under industrial conditions, 

the effects of collision-related mechanisms on the rate of CaS volumetric population 

density were calculated using Equations (5.21)–(5.26). 

 

The collision-related coarsening mechanisms in industrial conditions include Brownian 

motion, Stokes motion, and laminar and turbulent flows. For Equations (5.22) and (5.23), 

a constant viscosity of 2.55 × 10^−3 kg/(m·s) was used. The energy dissipation rate, 𝜀, 

varies with operation conditions and locations in ladle and tundish. The exact values 

were not measured during the sampling of industrial heats available for this study. 

However, it was reported that when gas was injected at a rate of 8.4 m3/hr, the velocity 

gradient varied from 0.7 to 3.5 s−1, and the energy dissipation rate was from 0.001 to 

0.007 m2/s3 close to the top of the ladle, where samples were taken [60]. Similar values 

were also reported in other studies [61,62]. With a similarly low Ar flow rate used in 

Heat 1, the velocity gradient, 
𝑑𝑢

𝑑𝑦
, of 2 s−1 was used to calculate 𝛽𝐺, and 𝛽𝑇 was calculated 

using 𝜀 equals 1 × 10^−3 m2/s3. The values of coagulation coefficient, 𝛼, were estimated 

using the data reported for the steel-Al2O3 system by Taniguchi et al. [49], as data of the 

steel-CaS system were not available in the literature. The calculation was conducted for 

both the ladle and tundish samples of Heat 1. The data of 0.5 μm analysis was used as 
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the input to calculate the rate of change 
𝑑𝑁𝑉

𝑑𝑡
 due to collisions using PBE and compared 

with the apparent rate of change 
∆𝑁𝑉

∆𝑡
 . The values for 

∆𝑁𝑉

∆𝑡
  were calculated through 

dividing the 𝑁𝑉 difference between the two samples by elapsed time between them. The 

comparisons are shown in Figure 5.14. 

 

  

  
Figure 5.14 Comparison of the observed rate of change of CaS population density 

and the calculated rate of change of population density due to collision in the ladle at 

(a) 1 min and 2 min, (b) 3 min, and (c) 4 min after Ca addition, and (d) in tundish at 

33 min after Ca addition. 

 

Figure 5.14 (a) shows that in the first three minutes after Ca injection started, the 
∆𝑁𝑉

∆𝑡
 are 

evidently positive for inclusions lower than 2 μm. This is already shown in Figure 5.8. 

However, the calculated 
𝑑𝑁𝑉

𝑑𝑡
 appears to be effectively a straight line, suggesting at the 

time that the combined effects of Brownian motion, Stokes motion, and laminar and 

turbulent flow cannot explain the growth of CaS inclusions. Considering that the actual 

PSD changes (red marks in Figure 5.14) are the results of growth by diffusion and 

coalescence, the authors suggest that during the first three minutes of Heat 1, the 

diffusion control would be the dominant mechanism for CaS inclusions growth. A similar 

explanation could be offered for the inclusion growth from 3 min to 4 min after Ca 
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injection started, as shown in Figure 5.14 (b). The only exception is that the PBE 

predicted the PSD change due to collision to become slightly more noticeable compared 

to the earlier stages but is still lower than 
∆𝑁𝑉

∆𝑡
. However, at the very end of Ca addition, 

similarities between 
∆𝑁𝑉

∆𝑡
  and 

𝑑𝑁𝑉

𝑑𝑡
  can be spotted. Starting from davg equals 1.5 μm or 

higher (log(davg) > 0.18), the observed and PBE predicted number density change are 

generally the same in Figure 5.14 (c). The effect of diffusion was still significant, as 

disagreement can be found for the rate of change of inclusions smaller than 1.5 μm 

(log(davg) < 0.18). The peak of 
∆𝑁𝑉

∆𝑡
 in Figure 5.14 (c) is not as apparent as that is in Figure 

5.14 (a), (b) because of the negative 
𝑑𝑁𝑉

𝑑𝑡
. The phenomenon in Figure 5.14 (c) suggests 

that the effect of coalescence became comparable with diffusion only at the very end of 

the Ca injection process. No sample was taken from the ladle later than 5 min after Ca 

injection started, but based on the trend shown from Figure 5.14 (a)–(c), the similarity 

between curves of 
∆𝑁𝑉

∆𝑡
 and 

𝑑𝑁𝑉

𝑑𝑡
 is highly likely to further increase. 

 

In the tundish, the values of 
∆𝑁𝑉

∆𝑡
 drastically decreased compared to those for samples 

from the ladle. The change was less than 500 cm−3s−1 in all size groups, with the 

maximum value seen for inclusions with davg between 2 and 2.5 μm. This is again very 

different from the calculated 
𝑑𝑁𝑉

𝑑𝑡
 due to collision and coalescence. This finding suggests 

that diffusion was still an important mechanism for CaS inclusions’ growth in the tundish. 

 

Overall, Figure 5.14 suggests that the growth of CaS inclusions in Heat 1 depended 

dominantly on diffusion-controlled growth at the early stage because the size of 

inclusions was small during this time. As the volume fraction of inclusions increased, 

the effect of collision and coalescence became comparable. There was a constant supply 

of Ca during injection [31], so CaS grew by Ca diffusion throughout the ladle-refining 

process. During the tundish treatment, even though the Ca injection stopped, the 

decreased temperature must reduce the extent of modification of CAx and the solubility 

of Ca. Both prevented the dissolved Ca concentration from dropping; hence, CaS 

inclusions could continue growing through diffusion. The authors suggest that a similar 

route also occurred for Heats 3 to Heat 5. However, analyses provided in Figure 5.14 

cannot be generated for those heats because only one sample was taken from the ladle, 

and the 0.5 μm analysis was not conducted. 

 

The contribution of different collision-related coarsening mechanisms, i.e., Brownian 

motion, Stokes motion, and laminar and turbulent flow, can be quantified using the 𝛽 



130 

 

values. The comparisons are shown in Figure 5.15. 𝑑𝑖 and 𝑑𝑗 in Figure 5.15 include the 

range of CaS inclusions seen in the industrial samples. 

 

 

 

 

 

 
Figure 5.15 Comparison of collision frequency function for Brownian motion, 

Stokes motion, and laminar and turbulent flow for an inclusion with a diameter 𝑑𝑖 of 

(a) 2 μm, (b) 3 μm, (c) 4 μm and varied 𝑑𝑗. 

 

Figure 5.15 shows that the values for 𝛽𝑇 can reach up to −14 order of magnitude when 

one assumes the energy dissipation rate of 1 × 10^−3 m2/s3. The values for 𝛽𝑇 are always 

higher than those of 𝛽𝐵 , 𝛽𝑆  and 𝛽𝐺 . The values of 𝛽𝐵  and 𝛽𝐺  are about one order of 

magnitude less regardless of the inclusion sizes. The values for 𝛽𝑆 can reach close to 

those for 𝛽𝑇for some combinations of 𝑑𝑖 and 𝑑𝑗. For example, when 𝑑𝑖 and 𝑑𝑗 are equal 

to 2 μm and 5 μm, the values for 𝛽𝑇 and 𝛽𝑆 are 2.04 × 10^−15 and 7.6 × 10^−16 m3/s, 

respectively (Figure 5.15 (a)). In such a scenario, both mechanisms are responsible for 

the coarsening of CaS inclusions, while in other cases, the contribution of turbulent flow 

was dominant over the other three mechanisms. The significance of turbulent flow had 

also been reported in previous theoretical studies [60,63]. 
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Overall, this study suggests that the coarsening mechanisms of CaS type inclusions 

followed the same route in experimental and industrial conditions. When there is 

sufficient Ca available at the early stage, diffusion-controlled growth is particularly 

critical. After more CaS inclusions formed, the increased collision volume and in some 

cases decreased dissolved Ca concentration made the coarsening process depend on 

collision-related coarsening mechanisms. As in the laboratory conditions, the dominant 

mechanism later becomes Brownian motion with the absence of flow. When the system 

is stirred like the industrial conditions, the turbulent flow will influence the coarsening 

process. 

5.6 Conclusions 

The coarsening mechanisms of CaS inclusions under experimental and industrial 

conditions were studied in this work. The findings are summarized as follows: 

1. Under the experimental conditions, the coarsening rate of CaS inclusions is initially 

controlled by the Ca diffusion. As experiments proceed, the rate of diffusion-

controlled growth decreases with the rate of Ca transport due to the decrease in Ca 

concentration in steel. During the same time, the volume fraction of CaS inclusions 

increases, and the Brownian motion becomes a controlling coarsening mechanism. 

2. Determining the coarsening mechanisms based on the similarities between the 

observed and the calculated diameters of inclusions has the limitation of not 

incorporating the effect of each mechanism when the growth of inclusions depends 

on multiple mechanisms for an extended time. Hence, such a method may be only 

appropriate if there is limited or no mechanism change or the transition time is short, 

as seen in some experiments. 

3. The increasing importance of the collision-dependent coarsening mechanism also 

occurs in industrial conditions. Because of the stirring effects in ladle and tundish, 

the turbulent flow becomes responsible for the CaS size change sometime after Ca 

injection starts. Because of the stable Ca supply during Ca injection and the decrease 

in the modification extent of CAx, the diffusion-controlled growth remains 

important during both ladle and tundish treatments. 
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Chapter 6 Coarsening Mechanisms of Calcium Aluminates in Ca-

treated Steels 

6.1 Introduction 

The calcium aluminate inclusions (CAx, C, and A denote CaO and Al2O3, respectively) 

are not considered to have detrimental effects on the production process as long as they 

are properly modified to liquid or semi-liquid. However, any large inclusion including 

CAx remained in the final product is a defect such as micro-notches [201], so harm may 

be directly related to size. For example, it was reported that the fatigue lives of high 

strength steels were inversely dependent on the size of inclusions [202], but only if they 

were above a critical size. [203] Further, it was suggested that steel endurance depends on 

the morphology more than on the quantity of inclusions. [201] As the large CAx inclusions 

may exert negative effects on steel properties, it is important to understand the 

coarsening mechanisms that govern the size change of CAx type inclusions. 

 

To the best of the author’s knowledge, no researchers discussed the mechanisms of CAx 

inclusions coarsening in detail until more recently. Wang et al. [24] studied the nucleation 

and growth of CAx inclusions by Ostwald ripening at 1873 K. They compared the 

observed coarsening rate of CAx inclusions with the theoretical rate predicted by the 

Lifshitz-Slyozov-Wagner theory. The results suggested the observed and the calculated 

coarsening rates agree at 360 seconds and 600 seconds after Al addition but were 

different in the later samples. A subsequent study by the same group [195] suggested the 

coarsening rate depends on collision and floatation based on the inclusion size 

distribution trend evolved in the experiments. They also reported that the population 

balance model overpredicted the number density change, and proposed it was because 

not all inclusion coagulates after the collision. It was shown in the previous studies [22,72] 

that liquid CAx inclusions in contact with each other can be separated by the flow of the 

melt due to the lack of attraction force between them. The studies were based on the 

observation of inclusions on the steel/Ar surface. However, it is likely the same scenario 

when liquid inclusions were fully submerged. Nevertheless, Wang et al. [195] concluded 

that the coarsening of CAx inclusions was initially dependent on Ostwald ripening and 

later controlled by the collision between inclusions.  

 

In this chapter, the coarsening behaviors of CAx inclusions observed in the experimental 

studies are discussed and compared with the data obtained from industrial practice to 

provide insight into their coarsening mechanism.  
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6.2 Experimental Methodology 

The calcium treatment laboratory experiments started with heating an Al2O3 crucible 

containing electrolytic iron and the appropriate amount of graphite, Mn, and FeS (for S 

content control) to 1873 K to homogenize the melt. Then Si and Al were added for 

deoxidation. Depending on the targeted Ca content, 0.4 g, 0.8 g, or 1.2 g Ca was then 

added to modify the inclusions. Pin samples were taken at 1 min, 3 min, 5 min, 10 min, 

and 20 min after Ca addition. In some experiments, additional pin samples were taken at 

15 min, 30 min, and 40 min after adding Ca. The remaining melt was left in the crucible 

to cool with the furnace. A bulk sample was taken from the solidified melt in every 

experiment. Before the start of the experiments, the furnace was evacuated and backfilled 

with high-purity Ar gas, which was constantly fed during the experiments to create a 

protective atmosphere to avoid unexpected oxidation. Synthetic steels of 500 g with an 

initial composition of 0.06C-1Mn-0.03Al-0.25Si were used in the laboratory study. The 

detailed experimental procedures and the evolution of steel chemistries were reported in 

Chapter 3. [17]  

 

The Ca, Al, Si, and Mn contents of laboratory samples were analyzed using Induction 

Coupled Plasma Optical Emission Spectrometry (ICP-OES). And the C and S contents 

were determined by a LECO C/S (CS744) analyzer. The chemical composition of the 

laboratory samples is summarized in Table 6.1. All concentrations have the unit of wt 

pct unless specified. The experiment numbers were denoted in the form of “[S content 

(ppm)][final Ca content (ppm)]”. The inclusion analysis was completed using an 

automated SEM-EDS system named ASPEX. Based on the EDS results, inclusions were 

classified into different types. At the same time, the morphological information of all 

inclusions was also measured by ASPEX. A brief description of the working principle of 

ASPEX is available in Chapter 3 and a more detailed description can be found elsewhere. 
[186] 

 

Industrial samples were also used to study the size change of CAx inclusions. Lollipop 

samples were taken from the ladle after Ca addition and from the tundish. The schematic 

diagram and the dimensions of the lollipop sample are shown in Figure 6.1. A total of 

five industrial heats were studied and their compositions were summarized in Table 6.1. 

The ladle samples were numbered as L1, L2, L3, etc. and the tundish samples were 

numbered as T1 and T2. In Heat 1, ladle samples L1 to L5 were taken at 1 min, 2 min, 3 

min, 4 min, and 5 min after Ca addition started, respectively. In Heat 2, ladle samples 

were taken at 0 min, 2 min, 4 min and 6 min after Ca addition was finished. In Heats 3 

– 5, only one ladle sample was taken from the ladle after Ca addition. Samples T1 and 

T2 were from tundish when about 30 and 80 t steel was cast from a 165-ton tundish. The 

same inclusion analysis on experimental samples was conducted on all the industrial 

samples. 
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Figure 6.1 Schematic diagram of the lollipop sample. 

 

Table 6.1 Chemical composition of laboratory and industrial tundish samples (wt pct)  

Laboratory samples 

Exp. # C Si Al Mn S (ppm) Ca (ppm) 

2035 0.06 0.27 0.09 1.09 21 56 – 35 

3035 0.06 0.23 0.06 0.98 31 42 – 36 

2025 0.06 0.26 0.03 0.91 22 39 – 26 

2020 0.06 0.2 0.05 0.76 23 29 – 21 

3020 0.06 0.24 0.06 1 17 37 – 17 

2010 0.06 0.27 0.036 0.91 19 10 – 9 

3010 0.05 0.26 0.03 0.91 22 15 – 8 

Industrial samples 

Heat # C Si Al Mn S (ppm) Ca (ppm) 

1 0.05 0.23 0.03 1.14 28 44 – 32 

2 0.05 0.21 0.03 1.2 10 45 – 22 

3 0.06 0.22 0.03 1.07 29 47 – 34 

4 0.05 0.22 0.03 1.13 18 40 – 30 

5 0.06 0.21 0.04 1.12 18 69 – 35 

6.3 Results 

6.3.1 CAx Growth in Experimental Conditions 

The area fraction (AF) changes of CAx inclusions in experiments included in Table 6.1 

are shown with respect to time in Figure 6.2. CAx inclusions here are classified into five 

classes namely; C3A, C12A7, CA, CA2, and CA6, by ASPEX. The values for AF of CAx 

inclusions were negligible in the early samples when only including inclusions larger 

than 2 μm, which was the standard ASPEX analysis approach. The selection criteria of 

inclusions were explained in Chapter 3. [17] The size of CAx inclusions evolved over time 

and eventually was detected in the ASPEX analysis. As a result, CAx AF increased as 
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experiments proceed. This hypothesis was confirmed in the work of Ferreira et al. [23], 

who reported the profusion of small inclusions in a sample taken 1 minute after Ca 

addition. The type of CAx inclusions formed depends on the Ca content. One could see 

C12A7 and C3A inclusions can be observed in Exp. 2035, Exp. 3035 and Exp. 2025 

because of the high Ca content of the steel. While in the other experiments treated with 

20 ppm and 10 ppm Ca, the CAx types were C12A7 and CA inclusions.  
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Figure 6.2 Area fraction of CAx type inclusions in (a) Exp. 2035, (b) Exp. 3035, (c) 

Exp. 2025 (d) Exp. 2020, (e) Exp. 3020, (f) Exp. 2010, (g) Exp. 3010 

 

The evolutions of the average diameter of different CAx type inclusions in laboratory 
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experiments are shown in Figure 6.3. The average davg of CAx type inclusions in a sample 

is reported in Figure 6.3 only if more than five of that CAx inclusions were found in a 

sample. 

 

In Exp. 2035, C3A, and C12A7 inclusions were detected, each having an average diameter 

of 2.2 μm and 2.1 μm, respectively. As predicted by thermodynamics, after solidification, 

the CaO content in CAx inclusions decreased. CA and CA2 inclusions were detected, and 

their average diameters were 2.3 μm and 2.2 μm, respectively, which were similar to that 

of C3A and C12A7 inclusions from the previous 20-minute sample. In Exp. 3035, the 

difference between C3A and C12A7 inclusions diameter was observed in the 10-minute 

sample, but their average diameters “converged” again to 2 μm at 20 minutes after Ca 

addition. The average diameters of CA, CA2, and CA6 inclusions were at a similar level 

as C3A and C12A7 inclusions when observed in the same sample. Also, one could notice, 

that even though there were some fluctuations, generally the average davg of all CAx 

inclusions were around 2 μm in all samples of Exp. 3035. This trend of stable CAx 

inclusion davg was also observed in Exp. 2020, Exp. 3020 and Exp. 3010.  In Exp. 2020 

and Exp. 3010, the maximum difference between the average diameters of C12A7 and 

CA inclusions from the same sample was merely 0.1 μm. While in Exp. 3020, the 

differences were slightly noticeable, especially in the 10-minute sample, in which the 

difference between the average diameters of C12A7 and CA inclusions was about 0.5 μm. 

The similarities between different CAx inclusion types can also be observed in the bulk 

sample from these experiments, especially in Exp. 2020 and Exp. 3020. In the Exp. 3010, 

the difference between the average diameter of CA2 and CA6 inclusions was 0.4 μm. 

 

In Exp. 2025 and Exp. 2010, the davg change over time was more noticeable than in the 

other experiments. In both experiments, the average davg was around 1 μm at 5 minutes 

after Ca addition. Then the average size gradually approached 2 μm. In Exp. 2025, such 

an increase in inclusion diameter was achieved within 20 minutes after Ca addition, 

while in Exp. 2010, the average davg did not reach 2 μm until much later, i.e., at 40 

minutes after Ca addition. The reason for a different trend from other experiments 

remains unclear and requires further investigation. However, overall, Figure 6.3 (a) to 

(g) suggest that in all steel compositions, the size differences between different CAx 

inclusions, regardless of their compositions, were very insignificant. Also, the 

coarsening of CAx inclusions at 1873 K seems to stop after average davg reached around 

2 μm and only increased again during solidification. 
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Figure 6.3 Average diameters of CAx type inclusions in (a) Exp. 2035, (b) Exp. 3035, 

(c) Exp. 2025 (d) Exp. 2020, (e) Exp. 3020, (f) Exp. 2010, (g) Exp. 3010 
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6.3.2 CAx Growth in Industrial Conditions 

Figure 6.4 shows the evolution of CAx AF in five industrial heats. One could easily notice 

that the CAx AF tends to increase significantly in the T1 sample compared to the last 

ladle sample. The total CAx AF doubled in Heat 1 and Heat 2, increased by 25 ppm and 

22 ppm, respectively. The changes were even more significant in Heat 3 to Heat 5, with 

a minimum of 30 ppm increase in Heat 4.  

 

  

   
Figure 6.4 Area fraction of CAx type inclusions in (a) Heat 1, (b) Heat 2, (c) Heat 3, 

(d) Heat 4 and (e) Heat 5 

 

The evolution of the average diameters of the CAx inclusions is shown in Figure 6.5. The 

evolution trend in industrial conditions was similar to that in the experimental conditions. 

In Heat 1, the average diameter values of C12A7 and CA inclusions were approximately 

2.8 μm from L1 to L4 samples. The difference between davg values of these inclusions 

was 0.8 μm and became less than 0.3 μm except in sample L5. The davg of C3A inclusions 

tends to be approximately 0.5 μm to 1 μm lower than the davg of C12A7 and CA inclusions. 

Similarly, the differences between davg values for the two dominant CAx inclusion types: 
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C3A and C12A7, were low with a maximum value of 0.2 μm.  

 

In Heat 2, the davg of all CAx inclusion types were approximately 2.5 μm through the 

entire industrial process. Some davg increase can be observed in Heat 3 to Heat 5 from 

L1 through T2, but generally, the values for davg were between 2 μm and 3 μm in all 

samples. The similarities between davg of different CAx inclusion types were also 

observed in Heat 2 to Heat 5.,  
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Figure 6.5 Evolution of the average diameter of CAx type inclusions from industrial 

heats (a) Heat 1, (b) Heat 2, (c) Heat 3, (d) Heat 4, and (e) Heat 5 

6.4 Discussion 

6.4.1 Coarsening Mechanisms of CAx under Experimental Conditions 

In both experimental and industrial samples, the value for average davg of CAx inclusions 

remained stable. In experiments, the average davg were similar starting 10 minutes after 
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Ca addition. In industrial conditions, similar average davg were observed in the same heat. 

This finding indicates that the coarsening process slowed down drastically after Ca 

addition. Previous studies [24,195] suggested that the coarsening mechanism of CAx 

inclusions is initially Ostwald ripening then changes to collision-related mechanisms. 

The effect of Ostwald ripening cannot be verified with the experimental results in the 

present study due to the lack of detectable CAx inclusions in samples taken before 10 

minutes after Ca addition. But comparing the observed davg change with the theoretical 

change due to Ostwald ripening can still provide some insight into the coarsening 

mechanisms. Equation (6.1) expresses the effects of steel and inclusion properties on the 

rate of Ostwald ripening. In experimental conditions, with the decreasing dissolved Ca 

concentration in the bulk steel, 𝐶[𝐶𝑎],𝑏, the growth rate of CAx inclusions by Ostwald 

ripening also decreases. The method and the parameters needed for calculating Equation 

(6.1) are provided in the Chapter 5.  

 

 
𝑟3 = 𝑟0

3 +
4

9

2𝛾𝑀𝑉𝐶𝑎𝐷𝐶𝑎𝐶[𝐶𝑎],𝑏

𝑅𝑇(𝐶(𝐶𝑎) − 𝐶[𝐶𝑎],𝑏)
𝑡 (6.1) 

 

Figure 6.6 compares the values for CAx davg in Exp. 3035 with the theoretical davg of C3A, 

CA, and CA6 inclusions predicted by Equation (6.1). The theoretical predictions support 

that growth can only be attributed to Ostwald ripening in the very early stage. Regardless 

of the types of CAx inclusions, the growth rate by Ostwald ripening is only significant in 

the approximately 3 minutes after Ca addition, then quickly reaches a plateau as 𝐶[𝐶𝑎],𝑏 

decreased.  

 

 
Figure 6.6 Comparison of the average diameters of CAx inclusions in samples taken 

in Exp. 3035 and the theoretical coarsening rate 

 

The theoretical coarsening rate predicted by the collision-related mechanisms is not 

included in Figure 6.6 because the existing models discussed in the previous chapter 
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assume coagulation always occurs upon collision, which may not be the case for liquid 

CAx inclusions as suggested in a previous study. [195] If fully submerged liquid CAx 

inclusions behave the same as they do on the steel surface, then, two liquid inclusions 

can easily be separated from each other after the collision; hence coagulation and size 

increase do not occur. However, a fraction of the collision between liquid CAx inclusions 

must still result in coagulation otherwise the difference between theoretical and observed 

CAx davg in Figure 6.6 cannot be explained. The collision frequency depends on the 

number density of inclusions, which is expected to be higher in the early than the later 

stage of experiments. Therefore, successful coagulation mainly occurred in the early 

stage when the inclusions were under the preset detection limit of the automated SEM, 

and it rarely occurred after the number density of CAx inclusions decreased and they 

became detectable in ASPEX. Another potential reason for the lack of further size 

increase is the flotation of inclusions. Larger inclusions have higher ascending velocity, 
[195] which means they may be removed more rapidly. Therefore, they were rarely 

observed in the ASPEX analysis. Either way, as a result, the CAx AF changes in Figure 

6.2 were mainly affected by the increase in the number densities of detectable CAx 

inclusions instead of their size.  

 

More noticeable size changes of CAx inclusions were observed from the last pin sample 

(taken at 1873 K) to the bulk sample, especially for Exp. 2010 and Exp. 3010. In these 

two experiments, the diameter change was approximately 1 μm, while in the other five 

experiments, the difference was lower than 0.5 μm. The general increasing trend may be 

explained as solid CAx inclusions started to form during solidification, coagulation may 

be more common because of the increased attraction forces between solid inclusions 

compare to a pair of liquid inclusions. [39,63,72] The modification extents of CAx inclusions 

were lower in Exp. 2010 and Exp. 3010, so more CAx inclusions were able to transform 

to solid CAx inclusions that allow coagulation to happen; hence, more increase in average 

diameter during solidification. The attraction force between calcium aluminate 

inclusions on the liquid steel surface was calculated based on their acceleration when 

agglomeration [63] and had been modeled in previous studies. [38,161] However, liquid 

inclusions may behave differently when fully submerged compared to on the surface of 

the steel. Without the means to observe the behavior of inclusions inside the liquid steel, 

validating the hypothesis of low attraction force will be difficult. 

 

The hypotheses proposed above may be justified with the more complete data on the size 

distribution of inclusions including those with dmax < 2 μm, which is not available at the 

current stage. It can be a point worth discussing in future studies. 

6.4.2 Coarsening Mechanisms of CAx under industrial conditions 

Figure 6.7 shows the evolution of the combined particle size distribution (PSD) of all 

three liquid CAx inclusions in Heat 1. The PSD were constructed based on the 0.5 μm 
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ASPEX analysis to show the detailed evolution trend of the smaller inclusions.  

 

One can notice that even though L1 had less number density, NA, L1, L2, and L3 had a 

similar PSD of inclusions shown in Figure 6.7 (a). While the PSD peak was at davg = 1 

μm (log(davg) = 0) for L2 and L3 samples, a plateau can be found in the L1 sample 

probably due to limited time to form sufficient CAx inclusions. From L3 to L5 samples, 

the PSD showed no significant change and were almost over-lapping in Figure 6.7 (b). 

Figure 6.7 (c) exhibits a very apparent change in PSD from the L5 sample to the T1 

sample as the PSD shifted rightward, indicating the disappearance of smaller inclusions 

and the formation of bigger ones. No further major PSD change can be observed from 

the T1 sample to the T2 sample. The cause of the significant change in PSD from L5 to 

T1 was not clear. The potential reason could be related to the long-elapsed time, as the 

possibility of two liquid CAx inclusions coagulating after the collision is low but not zero, 

and the tapping process could also introduce extra turbulence that served as an external 

force for coagulation. As for the bigger inclusions, there are two potential reasons for the 

lack of PSD change. The first is due to the difficulty of agglomeration between liquid 

inclusions, large liquid CAx inclusions simply did not grow by agglomeration. The 

second potential reason is that larger inclusions are generally easier to remove through 

floatation either by their buoyancy of force or by the ascending gas bubbles. [42] However, 

without the mean of observing the behavior of micron-sized inclusions inside the melt, 

validating the first hypothesis may be difficult. 

 

A drastic change in PSD from L5 to T1 would normally lead to a change in davg; however, 

it was not found in Figure 6.5 (a). Figure 6.5 (a) was constructed based on ASPEX 

analysis for inclusions dmax > 2 μm and the changes of small inclusions were not 

recognized. The PSD evolutions with only CAx inclusions with dmax > 2 μm are shown 

in Figure 6.7 (d) to (f) for comparison. The PSD are hardly distinguishable; hence, the 

average diameters appear unchanged in Figure 6.5 (a). Overall, the PSD of Heat 1 shown 

in Figure 6.7 supports liquid CAx inclusions growing very slowly so apparent size change 

should not be expected without long-elapsed time or the help of external flow.  
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Figure 6.7 The evolution of particle size distribution for liquid CAx type inclusions 

in Heat 1 including inclusions with dmax > 0.5 μm (a) (b) ladle samples (c) tundish 

samples. (d) (e) (f) Size distribution including inclusions with dmax > 2 μm 
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Unfortunately, 0.5 μm ASPEX was not conducted on the samples for Heats 2 to Heat 5. 

However, the author does believe evolution trends similar to Heat 1 should occur in these 

heats. The PSD of Heat 2 shown in Figure 6.8 mainly had NA increase from L4 to T1, 

while the pattern of the PSD curves remained similar in all samples. As a result, the 

average diameters do not change significantly in Figure 6.5 (b). The fact that PSD curves 

of inclusions with dmax > 2 μm remained essentially unchanged does support the 

hypothesis that the coarsening process of liquid CAx inclusions is generally slow. Just 

like the experiments, NA instead of davg change was the cause of AF increase in Figure 

6.4. 

 

  
Figure 6.8 The evolution of liquid CAx type inclusion particle size distribution in 

Heat 2 including inclusions with dmax > 2 μm (a) ladle samples (b) tundish samples 

 

The evolutions of PSD of CAx inclusions in Heat 3, Heat 4, and Heat 5 are shown in 

Figure 6.9. Figure 6.9 (a), (b) and (c) all indicate a major change in PSD occurred from 

the ladle sample after Ca addition to the first tundish sample but no further significant 

change in NA or pattern of the PSD can be observed. The difference between L1 and T1 

PSD is naturally reflected in the average diameter change in Figure 6.5. The peak of L1 

PSD in Figure 6.9 (a) is very apparent at davg = 2 μm (log(davg) = 0.3) which caused the 

average diameters to be close to 2 μm in Figure 6.5 (c) in L1. The coarsening of CAx 

inclusions during the time between L1 and T1 of Heat 3 allowed the increase in NA and 

the peak broadening of the PSD in Figure 6.9 (a); hence, the average diameters of CAx 

inclusions appear slightly increased in Figure 6.5 (c) to approximately 2.8 μm. On the 

other hand, the PSD of the L1 sample in Heat 4 and Heat 5 were both in similar shape as 

the PSD of the L1 sample, so the change in average diameter was less significant in 

Figure 6.5 (d) and (e). No conclusion can be drawn on the behavior of liquid CAx 

inclusions in Heat 3, Heat 4, and Heat 5 in ladle as only one sample was taken in each 

heat, but it was very clear that coarsening of CAx inclusions was negligible in tundish. 

Overall, the findings based on the industrial data are in agreement with that of the 
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experimental results discussed in the previous section, that the coarsening of CAx 

inclusions is very slow after their average davg reaches approximately 2 μm to 3 μm. A 

similar understanding was reached in the previous studies on the coarsening process of 

CAx inclusions. [23,195] Ostwald ripening is responsible for the growth of CAx inclusions 

only in the early stage. The sizes of CAx inclusions do change due to coagulation, but 

the rate will be slow starting a short time after Ca addition. 

 

  

 
Figure 6.9 The evolution of liquid CAx type inclusion particle size distribution in (a) 

Heat 3, (b) Heat 4, and (c) Heat 5 including inclusions with dmax > 2 μm 

6.4 Conclusion 

The coarsening processes of CAx inclusions in experimental and industrial conditions 

were studied using the ASPEX analysis results. The findings are summarized as follows: 

 

1. The sizes of different types of liquid CAx inclusions in the same sample are similar, 
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which suggests the modification process has an insignificant effect on the size of 

CAx inclusions. 

 

2. An increase in the apparent diameter can happen during solidification, especially 

when Ca content is low. The potential reason is that more solid CAx inclusions are 

formed, and they are known to have a stronger tendency to coagulate upon collision 

than liquid CAx inclusions. 

 

 

3. The coarsening of CAx inclusions is also limited in the ladle and in the tundish, 

which is in agreement with the findings based on the experimental data, but the size 

of CAx inclusions will increase during the transfer of melt from ladle to tundish. 

Both the experimental and industrial data suggest the coarsening of liquid CAx 

inclusions is generally slow after the initial stages, which can be attributed to 

Ostwald ripening. Further size change of CAx inclusions depends on coagulation 

but the rate will be slow. The two potential reasons are coagulation upon collision 

may not guarantee a pair of liquid inclusions and the more rapid removal of larger 

inclusions. Improvements in the analysis techniques may be needed in future work 

to draw a solid conclusion on the coarsening mechanisms of CAx inclusions.  
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Chapter 7 Concluding Remarks 

This thesis focuses on understanding the evolution of inclusions during the calcium 

treatment process. A number of laboratory experiments were conducted to investigate 

the effects of S and Ca contents on the composition, population, and size of inclusions 

commonly seen after Ca addition. The findings are based on mainly the two-dimensional 

analysis performed by automated SEM-EDS. Based on the analysis, the modification 

mechanisms, and coarsening mechanisms of inclusions were revealed. Also, indexes 

were proposed to evaluate and predict the effectiveness of Ca treatment for industrial 

operations. 

7.1 Key Findings and Contributions 

7.1.1 General Overview 

Chapter 1 provides the background and explains the objectives of the present study. 

Chapter 2 focuses on reviewing the fundamentals of the calcium treatment, including its 

effects on the composition and morphology of inclusions. The relevant experimental 

techniques were reviewed as well. Based on this information, a knowledge gap is 

identified, and the motivation of this study is explained explicitly. 

 

Chapter 3 is a systematic study that fulfills the first sub-object stated in Section 1.2. This 

chapter contributed to explaining the role of CaO inclusions during the modification 

mechanism of alumina inclusions by Ca treatment. Moreover, the author established a 

modification index to determine the conditions that cause over-modification, and the 

findings were successfully validated against experimental and industrial heats.  

 

Chapter 4 fulfills the second sub-objective declared in Section 1.2 by establishing more 

modification indexes related to different purposes of calcium treatment. The control of 

CAx, CaS, and MnS inclusions was correlated with an independent modification index 

that can be calculated using the Mn, Al, S, and Ca contents of steel. This chapter, to the 

author’s knowledge, is the first to present a method to evaluate the modification extent 

of all three inclusion types. The proposed method has the potential of predicting optimum 

Ca content based on the steel chemistries and inclusion control, thereby providing useful 

guidelines to improve the calcium treatment process in practice. 

 

Chapter 5 is the first study that reports the size change of CaS inclusions under 

experimental and industrial conditions. Chapter 5 explains the coarsening of CaS 

inclusions by comparing the observed values for the average diameter of CaS inclusions 

with the theoretical values based on four different coarsening mechanisms. 
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Chapter 6 applies the same methodology to explain the coarsening of CAx inclusions. 

The size change of CAx inclusions was found to be insignificant starting a few minutes 

after Ca addition under experimental and industrial conditions. This distinct behavior, in 

comparison to the coarsening of CaS inclusions reported in Chapter 5, was proposed due 

to the lack of coagulation after the collisions that involve modified liquid or semi-liquid 

CAx inclusions. This chapter is considered a preliminary study on this topic but does 

have the novelty of being the first study that reported the size evolution of CAx inclusions 

in industrial conditions. 

 

7.1.2 Specific Findings 

Inclusion analysis and calculations were conducted to improve understanding of 

inclusion evolutions and relations with steel chemistries after Ca addition. The objectives 

of the project specified in Chapter 1 have been fulfilled, the key findings are as follows: 

 

1. There exist two modification mechanisms for Al2O3 inclusions. When steel 

chemistry allows the formation of CaO inclusions, they are the major oxygen bearer 

by reducing Al2O3 inclusions. Then transformation from CaO to CaS occurs and the 

free oxygen reacts with dissolved Al to form other oxides, most likely Al2O3. Then 

the newly formed Al2O3 inclusions are modified by CaS inclusions. Whereas in the 

absence of CaO formation, the modification mechanism involves the direct reaction 

between Al2O3 inclusions and dissolved Ca to form CAx inclusions. Depending on 

the Ca content, CaS inclusions can form at this stage. Subsequently, Al2O3 and CAx 

inclusions are modified by CaS inclusions as the main source of Ca.  

 

2. In steel containing 20 ppm to 30 ppm S, when the Ca content is as high as 35 ppm, 

the area fraction and the number of CaS inclusions increase due to the 

thermodynamic stability of CaS. When Ca content is 20 ppm or below, the area 

fraction and the number of liquid CAx inclusions increase instead of that of CaS 

inclusions. 

 

3. An index called dimensionless Ca was established based on the stability of CaS for 

known Ca, Al, and S contents of liquid steel. This index allows for predicting the 

over-modification of alumina inclusions by Ca. Dimensionless Ca > 1 means the 

steel chemistry allows the formation of thermodynamically stable CaS inclusions. 

This was validated against the industrial data. The dimensionless Ca is linearly 

correlated to the AF of CaS inclusions in tundish samples. This allows one to 

estimate the AF of CaS inclusions if the Ca, S and Al contents are known.  
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4. The modified calcium treatment index (CTI) determines the percentage of CAx 

inclusions with more than 50 pct liquid phase based on Ca, S, and Al contents of the 

liquid steel. Industrial data signifies the modified CTI > 0.5 in a sample means at 

least 90 pct of CAx inclusions contain more than 50 pct liquid phase. 

 

5. The findings in the present study suggest a ratio of T.Ca/T.S to eliminate MnS 

inclusions can be estimated as T.Ca/T.S = 1.65T.Mn if the S content of liquid steel 

is lower than 40 ppm. This was confirmed with the data reported in the literature 

focusing on industrial heats containing 1.5 wt pct Mn. 

 

6. A method is proposed to quantify and evaluate the effectiveness of Ca treatment 

based on the deviation of actual Ca content from the ideal contents calculated using 

the three modification indexes. For a higher deviation value, d, more CaS, solid CAx, 

or MnS inclusions form. This is validated against the industrial data. Moreover, T.Ca 

corresponds to the minimum d value and can be considered as the optimum Ca 

content. This allows one to design the process considering all important inclusions 

relevant to calcium treatment simultaneously. 

 

7. The coarsening mechanism of CaS inclusions varies over the modification process. 

In experimental conditions, due to initial high concentrations of Ca in steel, the 

growth of CaS inclusions is controlled mainly by mass transfer in steel. As the Ca 

concentration decreases, the size change becomes dependent on the Brownian 

collision. Under the industrial conditions, the early stage is the same but because of 

the agitation, collision due to turbulent flow is the governing mechanism for CaS 

inclusions size change.  

 

8. The size change of liquid CAx inclusions is significant only during a short time after 

Ca addition in all experimental conditions studied. In industrial conditions, CAx 

inclusions also do not show meaningful size change except when transferring from 

ladle to tundish. 

7.2 Future Works 

In Chapter 4, the MnS inclusions in 0.06C-1Mn Series 3 heats were distributed between 

different inclusions types and did not show an apparent correlation with the T.Ca/T.S 

ratio. This was explained as MnS inclusions were formed through different mechanisms 

in different steel phases. This argument was based on a segregation model. It is 

preferential to examine the samples from heats similar to compositions of Series 1 to 

Series 3 steel and reveal whether steel phases were indeed different. Also, additional data 

from heats belonging to Series 3 may allow one to determine the T.Ca/T.S needed to 

eliminate MnS inclusions in those conditions.  
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Agreements between good modification results and low deviation from ideal Ca content 

were found and vice versa. However, no modification has been conducted using the 

optimum Ca content calculated using the method proposed in Chapter 4. Therefore, the 

effectiveness of this method needs to be further validated by conducting calcium 

treatment experiments and industrial trials under the proposed guidelines. 

 

Chapter 6 presented a drastic increase in the size of CAx inclusions in liquid steel after 

the melt was transferred from ladle to tundish. Due to a lack of CAx inclusion population 

in samples taken at a short time after Ca addition, their coarsening mechanism in the 

early stage remains unclear and requires further investigation. 

 

More importantly, Chapter 5 and Chapter 6 proposed the coarsening mechanisms of CaS 

and CAx inclusions in experimental and industrial conditions based on similarities 

between observed and calculated size change. However, this is different from accurately 

predicting the size change. The effects of mass transport, as well as the effects of flotation 

on inclusion size distribution, were not included in the calculations. Since it is well 

known that the size of inclusions can be correlated with various properties of the final 

product, it will be useful to develop a model that calculates the CaS and CAx particle 

size distribution during the modification process. The population balance equation is 

likely going to be used for this purpose.  

 

Additional work should be done on the morphology of inclusions formed during 

modification. The structure, how multiple phase inclusions are constructed, and the 

shape and roughness of the inclusions were not discussed in this study. Therefore, it 

would be worth studying these subjects in the future. 
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