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NUMBER OF PAGES: xxiii, 187

ii



Abstract

Certain non-metallic inclusions are known to cause deleterious effects in steel
products and affect the production efficiency of steelmaking if not controlled.
Most of these are oxide inclusions formed during deoxidation in refining pro-
cesses, especially in the ladle metallurgy furnace (LMF), an understanding
of which is essential for process control. The composition of these inclusions
changes subsequently while interacting with other phases like slag, alloy ad-
ditions, and refractories. The efficient removal and composition control of
inclusions are important variables to consider for any steelmaker. Moreover,
desulphurisation of steel is another aspect that needs attention since excess
sulphur can precipitate sulfide inclusions while cooling. Hence, tracking the
composition evolution of different phases in a ladle furnace is beneficial for
the steelmaking industry.

Previous researchers in the authors’ laboratory developed a model that could
be used to predict the kinetics of steel-slag-inclusion reactions in aluminium
(Al) killed steel. The current work focusses on developing a kinetic model
that can be used to describe the inclusion evolution during ladle treatment of
silicon-manganese (Si-Mn) killed steel. For this, firstly, the formation of com-
plex oxides in Si-Mn-killed steel was analyzed using a mathematical model of
nucleation and growth of particles in melts. The results revealed that spon-
taneous nucleation of complex oxides occur during alloy additions, resulting
in different compositions of oxide nuclei, based on the local supersaturation
conditions. Sensitivity analysis with different parameters was carried out to
understand the influence of physicochemical variables on the model. Fol-
lowing this, two kinetic models were built: 1) average inclusion composition
tracking method; and 2) multi oxide inclusion (MOI) composition tracking
method. The latter approach included the thermodynamics and kinetics of
different inclusion formation and could further incorporate the total inclusion
number density variation in steel. The MOI model can be used to predict
the changes in not only the average inclusion composition but also the type
of inclusions precipitating in steel. Following this, laboratory deoxidation
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experiments were carried out using FeSi and FeMn to understand the inclu-
sion behaviour post alloy additions. The MOI model showed good potential
in simulating these laboratory deoxidation experiments and was then cou-
pled with a previously developed steel-slag model to simulate actual ladle
refining reactions. The calculated results were compared with different in-
dustrial data and showed good agreement with what is observed in reality,
showing the success of this new approach. Similar to previous investigations,
the rate-determining step could be attributed to the availability of solutes
in steel (from slag or alloys) along with their transport to the steel-inclusion
interface. The overall model was also able to simulate the desulphurization
behaviour in steel. The effects of different processing conditions such as [Al],
[O] content, reoxidation, and stirring conditions, were also examined and
discussed through a parametric analysis.
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Chapter 1

Introduction

1.1 Research Background

Molten steel undergoes different refining treatments based on the grade be-
ing manufactured, which are broadly referred to as ‘secondary steelmaking’.
Nonmetallic inclusions (NMIs) produced during refining are well-known to
have a detrimental effect both on the steel performance [1] and also, on pro-
cessability. To ensure uniform and uninterrupted casting schedules, control
over inclusions and their compositions has thus become necessary. Constant
efforts are being made to increase the effectiveness of refining processes to
produce steel with the desired ‘cleanliness’. This has necessitated the use of
dynamic models that can simulate real industrial conditions in a computer
environment and help steelmakers towards better process control.

During the ladle refining process, several chemical reactions can take place
between different phases in the liquid steel. It is essential to understand the
close coupling between these phases in order to predict the effect of differ-
ent process variables on their compositional changes. One of the important
objectives of ladle refining is to obtain inclusions that are favourable for pro-
cessing during the continuous casting of steel, i.e., inclusions that remain in
the liquid state to temperatures well below the casting temperature. Com-
plex deoxidation by Si and Mn is beneficial for certain long steel products
since it leads to the formation of low-temperature melting manganese sili-
cates [2]. These inclusions are liquid at casting temperatures (around 1500
°C), thus reducing clogging and allowing longer casting sequences. More-
over, inclusions that remain liquid or deformable at lower temperatures do
not impair the mechanical properties of steel products. However, unwanted
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reactions and poor process control in high-temperature reactors lead to de-
viations from what is sought. In this regard, understanding the effect of
process variables on the evolution dynamics of inclusions is crucial, backed
up by experimental and modelling studies.

Over the past ten years or so, researchers at McMaster University [3, 4] have
worked towards the development of a process model for predicting the evolu-
tion of spinel and calcium aluminate inclusions during the refining of Al-killed
steels in a ladle metallurgical furnace (LMF). The model consists of a calcium
dissolution model and a shrinking core model for inclusion transformation,
which is further coupled to a slag-steel reaction model [5]. This model is
able to track changes in the composition of steel, slag, and the evolution of
inclusions with time-based on actual industrial conditions. The model results
have shown promising results with heat data from a single North American
steel plant. However, in its current version, the model is limited to a nar-
row range of alumina and aluminate inclusions and thus is not applicable
to a generic steel plant. Si-Mn killed steel forms the necessary precursor
for long-product steels; a better understanding of the mechanisms for inclu-
sion formation in such steels needs a thorough investigation. Furthermore,
it would be beneficial for the steelmaking industry to have the capacity to
predict the conditions facilitating the formation of harmful inclusions for any
killing practice employed. For this, critical analysis of industrial data, along
with an understanding of the underlying principles of the process, is required.

In summary, a structured approach for identifying and modelling the pre-
dominant inclusions in Si-Mn killed steels is required for developing a reliable
process model. Subsequently, this model should be validated against exper-
imental data. From an industrial point of view, the change in total oxygen
as well as the composition of the steel and the inclusions in relation to pro-
cess variables is of prime importance. This study is expected to address the
following steelmaker needs:

• How to obtain liquid inclusions and avoid harmful inclusions in Si-Mn
killed steel?

• How to optimize the top slag chemistry for better deoxidation, desul-
phurization, and inclusion control?

• How to use a fundamental-based model in actual steelmaking condi-
tions?

2
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1.2 Objectives of the study

The goal of the research is to develop a multicomponent, multiphase kinetic
model that is capable of tracking the steel, slag, and inclusion composition
over time in Si-Mn killed steel, taking into consideration the different in-
teractions between the slag, inclusions, and molten steel. Specifically, the
following objectives have been identified:

1. To develop a fundamental kinetic model which can be used to simulate
steel-slag-inclusion reactions in Si-Mn killed steel to study the effect of
top slag characteristics on inclusion composition;

2. To compare the model results with experimental data and plant data
to show applicability to actual steelmaking conditions.

3. To perform sensitivity analysis on the model to understand the influ-
ence of the important parameters governing the process.

1.3 Outline of thesis

This thesis is comprised of eight chapters.

Chapter 1 provides a general background to the motivation for the current
study, along with an outline of the objectives of the current research as well
as an overall thesis outline.

Chapter 2 reviews the pertinent up-to-date literature related to thermody-
namics and kinetics of important refining reactions, inclusions in Si-Mn killed
steels, and models related to secondary steelmaking.

Chapter 3 develops two sub-models of complex oxide formation during Si-Mn
deoxidation considering spontaneous nucleation and modification of existing
simple oxides. A detailed parametric analysis with composition variables
and physical properties is carried out to explore their effects on inclusion
composition.

Chapter 4 presents an overall multi-component steel-slag reaction interface
model and a kinetic model for steel-inclusion reactions to model average
inclusion chemistry changes in Si-Mn killed steels. Data from laboratory
experiments are presented to validate the model. Subsequently, the model is
used to examine the effect of alumina in slag on steel and inclusion chemistry,
including Al pick-up rate in steel and deoxidation behavior.
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Chapter 5 describes a new modeling approach that tracks the competition
between multiple oxide inclusions arising after deoxidation in molten steel.
The model includes six different types of inclusions and shows a significant
improvement over the model described in Chapter 4. The results are applied
to previous literature data pertaining to the refining of Si-Mn killed steels.

Chapter 6 presents an application of the coupled steel-slag reaction model
[5] and the model developed in Chapter 5 to the industrial refining process
of Si-Mn killed steels to predict inclusion composition, sulfur and oxygen in
steels. A detailed parametric analysis as a function of steel chemistry, slag
chemistry, and process variables is presented to demonstrate the benefits of
the model.

Chapter 7 presents a summary of the laboratory experiments carried out
to study the sequential deoxidation of iron by ferroalloys (FeSi and FeMn),
where the effect of oxygen and alloying practice on inclusion chemistry and
size distribution have been studied. Total oxygen, chemical composition
and extensive inclusion analysis were performed to characterize the transient
nature of inclusion composition evolution with time.

Finally, Chapter 8 draws together the important findings from each of the
previous chapters illustrating how each contributes to meeting the objec-
tives. General conclusions are also offered, and the scope of future work is
presented.

At this time, the contents of Chapter 3 were presented at the STEELSIM2021
conference and were later selected to be published in Steel Research Inter-
national (DOI 1). Chapter 4 was published in Metallurgical and Materials
Transactions B (DOI 2). Chapter 5 was published in Metallurgical and Ma-
terials Transactions B (DOI 3). Finally, Chapters 6 and 7 will be submitted
to peer-reviewed international journals in the near future.
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Chapter 2

Literature review

2.1 Secondary steelmaking

Ironmaking and steelmaking have evolved over the last 150 years (maybe
multi-centuries!) with different operating practices and various updates in
technology. After the onset of continuous casting, steelmaking has seen many
improvements with a greater focus on cleanliness and tighter control on prop-
erties. Modern steelmaking processes can be classified into primary and sec-
ondary steelmaking processes which are shown in Figure 2.1. Broadly, the
final steel products can be termed as flat products or long products based on
their length-to-width dimensions (Figure 2.1).

Primary steelmaking involves the production of crude steel from the molten
metal made in blast furnaces or by directly melting scrap or direct reduced
iron (DRI). It is often very difficult to carry out certain aspects of refining in
primary steelmaking conditions. Therefore, steel undergoes further process-
ing and refining in other reactors that constitute ‘secondary steelmaking’.
Different reactors like ladle furnace (LF), AOD (Argon Oxygen Decarburiza-
tion), VOD (Vaccum Oxygen Decarburization) and RH (Ruhrstahl Heraeus)
degassing, VD (Vaccum degassing) furnaces (shown in Figure 2.2) are used
by steelmakers to refine and ‘adjust’ the steel based on the specifications of
the final product. The thermodynamic and kinetic aspects of these processes
have been well summarised by Lange [2]. Due to the strict grade require-
ments by customers, there has been a growing impetus for improving the
process control of these secondary steelmaking processes to make steels of
better quality.
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Figure 2.1: Typical steelmaking routes [1].

Figure 2.2: Different secondary steelmaking reactors with and without vacuum treatment
[4].

The ladle metallurgy furnace (LMF/LF) serves as an important reactor where
the steelmaker can have better control of the steel quality. A schematic of
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Figure 2.3: Schematic of ladle furnace showing the most important interactions.

the conventional LF is shown in Figure 2.3. The main objectives of ladle
furnace consists of [3]:

1. Homogenization of ladle steel,
2. Composition control by alloying additions,
3. Sulphur removal,
4. Oxygen control,
5. Inclusion control,
6. Temperature control, and

The two important additions that are done during ladle refining of steel are:
1) Deoxidizers and 2) Synthetic slag formers. Deoxidation is a crucial step
for lowering dissolved oxygen levels from 500-600 ppm which are generated
during primary steelmaking furnaces like the Basic Oxygen Furnace (BOF)
or Electric Arc Furnace (EAF) [26], since this would otherwise cause ‘blow-
holes’ or casting problems. After deoxidation, stirring by Ar, addition of
ferroalloys, modification of slag, arc heating constitute the major operations
in LF. Strong stirring is preferred for agglomeration of micro-inclusions while
soft stirring is done for floatation and homogenization [3]. The ladle system
essentially consists of six distinct phase types: steel, slag, inclusions, gas bub-
bles, refractory, ferroalloys, interactions between which result in the gradual
refining of the steel.
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2.2 Non-metallic inclusions in liquid steel

Non-metallic inclusions are essentially chemical products that arise as the
product of chemical reactions, physical effects, and contamination that occurs
during the melting and pouring process [3, 26]. The ‘cleanliness’ of steel is
determined by the content and type of non-metallic inclusions [3]. The level
of steel cleanliness is dictated by the customer requirements and accordingly,
appropriate steelmaking practices are adopted [6].

Inclusions can be classified based on their origin: 1) endogenous inclusions
which are the by-products of chemical reactions in the reactor, and 2) ex-
ogenous inclusions, which arise from the chemical reoxidation or the physical
entrainment of slag or interactions with ladle glaze, refractory, mold flux
etc. [5]. Inclusion can be further referred to as macro-inclusions and micro-
inclusions, based on their size. The former arise mainly from slag emulsifica-
tion, while the latter are remnants of deoxidation and are (<10 µm) usually
suspended in molten steel [8]. Typically, the major source of inclusions is
deoxidation, via which different oxides precipitate. However, there are dif-
ferent types of other inclusions that can also be found in the final steel, such
as nitrides, oxysulfides, and sulfides, which are mostly encountered during
solidification or cooling. Kaushik et al. [9] have recently summarized the dif-
ferent problems caused by inclusions experienced in plants together with the
characterization techniques frequently employed to study them. Pretorius et
al. [6] have also reviewed the inclusion requirements for the steel industry
where they emphasized some of the key reasons of clogging in the tundish
and strategies to mitigate them. It can be agreed that the most frequently
encountered oxide inclusions in industry [6, 9, 10] are :

1. Al killed - Ca treated : Alumina (Al2O3), Mg-spinels (MgAl2O4) and
Ca-bearing inclusions.

2. Si killed : silica, Al silicates, Ca silicates, Ca-aluminosilicates.
3. Si-Mn killed : Mn- silicates, Mn-aluminosilicates
4. Al-Ti killed : Alumina, titania (TiO2), alumino-titanates (AlTiOx).

2.2.1 Thermodynamics of deoxidation

The reaction of the deoxidizer, (M = [Si], [Mn], [Al] etc.) with the dissolved
oxygen, [O] leads to the formation of corresponding oxides, according to:

x[M] + y[O] = (MxOy) (2.2.1)
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for which the equilibrium constant can be written as:

KMxOy =
(aMxOy)

[aM]x · [aO]y
(2.2.2)

The denominator in Eq. 2.2.2 is sometimes referred to as the solubility
product/deoxidation constant (K ′). Table 2.2.1 lists some of the important
solubility products for [M]-[O] reactions. It can be seen that l ower the
solubility product, stronger is the deoxidation capability of the element. For
e.g. Al2O3 has a K ′ of 2.5 × 10−14 while MnO has a K ′ of 5.3 × 10−2. The
equilibrium between oxygen and various deoxidizer elements at 1600◦C is
presented in Figure 2.4.

Figure 2.4: Equilibrium between oxygen and various deoxidizer elements at 1873 K [5].

Table 2.2.1: Equilibrium constants for important reactions [12].

Reaction logKeq K ′ (1873 K)
2[Al] +3[O] = Al2O3 (s) 64000/T - 20.57 2.5× 10−14

[Si] + 2[O] = SiO2 (s) 30410/T - 11.59 2.3× 10−5

[Mn] + [O] = MnO (s) 14880/T - 6.67 5.3× 10−2

[Ca] + [O] = CaO (s) 25653/T - 7.64 8.7× 10−7

Deoxidation of iron by Si results in either solid silica or liquid iron silicates
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depending on the silicon/oxygen ratio in iron based on the FeO-SiO2 phase
diagram [12]. Simple deoxidation systems are hardly encountered in actual
industrial practices, and hence, equilibria relations for complex deoxidation
processes are established. For complex deoxidation by Si, Mn, the following
can be written:

2(MnO) + [Si] = 2[Mn] + (SiO2) (2.2.3)

The equilibrium for the above is given by:

KMn/Si =
(aSiO2)[aMn]

2

[aSi](aMnO)2
(2.2.4)

The oxygen levels achieved with Si-Mn complex deoxidation are lower than
with just Si since the activity of SiO2 is lower. According to Turkdogan
[11], the inclusions would be either Mn-silicates or solid silica (Refer Figure
2.5) based on the temperature and the amount of Si/Mn ratio in steel. Rao

Figure 2.5: Stabilities of deoxidation product in Fe-Si-Mn-O system for various [Si] and
[Mn] contents at various temperatures [11].

and Gaskell [13] have further investigated the thermodynamic properties of
MnO SiO2 systems at different temperatures of steelmaking interest and
computed the activities of relevant oxide species. Another system that has
been a topic of a lot of investigations [14, 15, 16] is the MnO SiO2 Al2O3

system since deoxidation practice with a combination of Mn, Si, and Al
is common, and Al is frequently encountered in steel. Similar studies [18,
19] have also been conducted to investigate the thermodynamic properties
relevant to CaO–MnO–Al2O3–SiO2 system.

10



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

2.2.2 Kinetics of inclusion evolution in liquid steel

After deoxidizers are added to the melt, dissolution, and mixing lead to a
state of supersaturation from an unsaturated state. As a result, stable nuclei
form as a result of homogenous nucleation which then grows via different
mechanisms like diffusional growth, Ostwald ripening, and other collision
events. Presence of additional oxide impurities present in the added ferroal-
loys serve as ideal heterogeneous nucleation sites for inclusion particles. It
has been shown that the nucleation rates of inclusion following deoxidation
are considerably fast leading to a quick lowering of dissolved oxygen while the
rate of overall deoxidation is mainly determined by the removal of inclusions
[7] as shown in Figure 2.6.

Figure 2.6: Dissolved and total oxygen content during ladle processing [7].

Growth kinetics

The primary growth of particles can be considered to be through mass trans-
fer in the melt. For particles suspended in a fluid medium, the mass transfer
coefficient is given by [20]:

Sh = 2 + 0.552Re0.50p Sc0.33 (2.2.5)

However since most particles i.e. inclusions are smaller than few microns,
the effect of fluid flow can be neglected and diffusion can solely dictate the
growth of inclusions. As a result, Sherwood number (Sh) reaches the limiting
value of 2 [12] and the mass transfer rate (Ṅi) can thus be calculated using:

Ṅi = 4πroxDiCv,m

(
Xb

i −X∗
i

)
(2.2.6)
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Other than primary growth by diffusion, collision growth is another mech-
anism by which the size of inclusions changes in an industrial-scale ladle
changes (Refer to Figure 2.7), resulting in an evolving inclusion size distri-
bution with time (Figure 7.10). Agglomeration and coagulation of inclusions

Figure 2.7: Dominant growth mechanisms for particle size in steel melts post deoxidation
[21].

decide to a large extent how fast inclusions will be removed from molten
steel. Based on research on particle-fluid dynamics, different physical aggre-
gation mechanisms are postulated as dominant and relevant to steelmaking
conditions:

• Brownian: random collisions of particles.
• Stokes: collisions resulting from differences in ascending velocities of
particles.

• Turbulent: collisions resulting from the action of turbulent fluid flow
on particles.

However, a steady state is reached after most large-size inclusions are re-
moved from the steel which is evident from particle size distribution (PSD)
plots (Refer to Figure 2.8).

In spite of the improvement in characterization methodologies, it becomes
difficult to ‘accurately’ quantify the variation in inclusion quantity at dif-
ferent locations in the ladle over time. In this regard, many model studies
have been carried out to simulate inclusion behavior in an effort to corre-
late the process parameters with inclusion nucleation, growth and removal
rates from a fundamental standpoint. Zhang and Pluschkell [23] were among
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Figure 2.8: Schematic of inclusion PSD changes with time [22].

the first to develop a comprehensive mathematical model encompassing the
nucleation and various growth mechanisms based on classical nucleation the-
ory (CNT) [24] and pseudomolecule diffusion theory [25]. In this context,
psuedomolecules (‘embryos’) are units of a cluster of inclusions in the size
range 1 - 100 µm. From their simulations, they concluded that the growth of
inclusions < 1 microns is mainly controlled by diffusion of pseudomolecules
and Brownian collision while inclusions > 2 µm in size are mainly controlled
by turbulent collisions, with inclusions in 1-2 µm show a change in growth
mechanism.

The aggregation process of solid inclusions after collision depends upon the
interfacial energy and wetting angle between inclusions and the liquid steel
[26] . Yin et al. [27] found from Confocal Scanning Laser Microscopy (CSLM)
studies that solid inclusions aggregate more easily than liquid inclusions
which agrees with the cavity bridge agglomeration mechanism. On the other
hand, Ferreira et al. [28] showed that liquid calcium aluminates agglomer-
ated quite efficiently when they observed the inclusion characteristics after
adding Ca to Al-killed steel in a laboratory setting. However, the collision
tendency of such inclusions was not properly discussed by these authors. To
further clarify and understand the coagulation behavior of liquid inclusions,
more studies are warranted in this field using in-situ CSLM high-temperature
microscopy and fundamental models.
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Removal kinetics

In an agitated melt, inclusions can be removed to different sites such as steel-
slag interface and refractory walls based on their trajectories imposed by the
melt hydrodynamics [7]. The removal rate to the steel-slag interface is in-
fluenced by floatation (via Stokes’ law) as well as bubble-assisted transport
[30]. Different flow rates in a gas-stirred ladles influence the bubble char-
acteristics which in turn affect the inclusion removal rates as shown by Lou
and Zhou [29]. However, the attachment probability of inclusion to a bubble
is governed by the contact angle in a particle-liquid-gas system where it has
been shown that higher contact angles (>90◦) lead to a higher attachment
probability [30]. In order to quantify the inclusion removal rates, the varia-
tion of total oxygen (T.O.), which after deoxidation is almost entirely present
as inclusions, is often described with a first order kinetic equation shown as
follows:

dCO

dt
= −KOCO (2.2.7)

Figure 2.9 shows the relationship between Ko and stirring energy (ϵ) for
different operating furnaces.

Figure 2.9: Relationship between KO and stirring energy for different operating furnaces
[32].

It is also important to consider that the process of inclusion removal to
the slag depends on slag-inclusion interaction. Once an inclusion reaches the
steel-slag interface, the separation of inclusions to the slag and the dissolution
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process (solid inclusions) depends on the morphology, size, and type of the
inclusions. The successful crossover of inclusion to the slag phase is also
dictated by the fluid flow, slag viscosity, and overall wettability [31] which is
given by:

cos θIMS =
σIM − σIS

σMS

(2.2.8)

Kinetics of inclusion chemistry change

While a major fraction of inclusions gets removed from the steel, a cer-
tain proportion of the inclusion population remains suspended and keeps
recirculating in the steel bath, with a slower rate of aggregation. These
inclusions that remain within the steel get transformed by chemical reac-
tions. Additionally, inclusions generated from reoxidation also interact with
existing inclusions and solutes in the melt. The composition evolution of
inclusions has received a great deal of attention from researchers since the
inclusion type decides the final quality of steel as well as the processabil-
ity which has been broadly referred to as ‘inclusion engineering’. Recently,
Webler and Pistorius [33] presented a review of processing conditions that af-
fect concentration changes in inclusions where they described slow inclusion
changes to occur from steel-slag and steel-refractory reactions. Although in-
clusions have an overall large surface area, indicating the potential for rapid
steel-inclusion reactions, measurements indicate a wide variation in inclu-
sion chemistry within a particular sample. As a result, there exists some
uncertainity about whether true equilibrium exists between steel and inclu-
sions. The author believes the driving force for mass transfer to inclusions
is transient, unequal, and competitive and depends on the degree of solute
concentration differences (Mn, Si versus Al, Ca) between the bulk steel and
steel/inclusion interface. This, together with concentration and temperature
inhomogeneities, can be surmised to cause variance in inclusion chemistry.
In other words, while inclusions of apparently significantly different compo-
sitions may have formed at different points in the process, the difference in
thermodynamic stability between them is not sufficient to drive homogeniza-
tion. This will be discussed in detail in Chapter 3.

2.2.3 Inclusion analysis methods

Inclusion characterization is important to ensure good process control and
consists of understanding the size, morphology, distribution, and chemical
composition of inclusions. There are several methods: direct and indirect
which depend on whether direct observation of inclusions is carried out.
Zhang and Thomas [34] have reviewed various methods that have been widely
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used to detect and understand inclusions encountered in steelmaking and con-
tinuous casting. A comparison of the frequently used techniques has been
shown in Figure 2.10.

Figure 2.10: Comparison of the frequently used techniques for inclusion analysis [35]

Volumetric methods such as MIDAS (Mannesmann Inclusion Detection by
Analysing Surfboards) allows one to characterize the macroscopic cleanliness
of the steel where the steel product is cross-rolled transverse to the casting
direction. The MIDAS system uses an ultrasonic transducer (SEB lOK4)
on a coarse but fast scanning grid of x = y =1 mm , allowing it to detect
oxide inclusions with a minimum particle size of 50 microns [36]. However,
in order to assess the characteristics of inclusions on a ‘finer’ scale, other
characterization tools need to be used in conjunction with MIDAS.

With regard to surface methods, the use of image analysis tools with opti-
cal microscopy gives an overall picture of cleanliness of the steel but finds
limitation in providing information about chemical composition and high res-
olution images. In order to perform a detailed compositional analysis over
a polished sample (using conventional metallographic techniques), the most
widely used way is Energy-dispersive X-ray spectroscopy (EDS) under the
scanning electron microscope (SEM). Manual EDS allows one to investigate
the chemistry of individual inclusions at specific sites while automated inclu-
sion/feature analysis (AIA/AFA) enhances the capability of analyzing large
areas with a single run [37]. Many considerations still need to be made with
regard to area of analysis [35], electron voltage [38] and other operational pa-
rameters to ensure a reliable and fast assessment of the inclusion landscape.
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However, a vast wealth of information can be obtained from automated SEM-
EDS analysis which is why it is frequently used for quality inspection and
process control in industries. In order to map out the distribution of inclu-
sions in 3D space, the measured 2D particles are extrapolated to 3D size dis-
tribution plots using statistical methods like the Schwartz-Saltykov method
[39]. However, the resolution limit of SEM-EDS is about 1 microns since
the analysis of sub-micron particle is not reliable owing to considerable ma-
trix interaction. Analysis of inclusions after isolating from the steel matrix
gives a more accurate description of not only 3D inclusion morphology but
the chemical composition and size distribution of sub-micron particles. This
can be achieved by different chemical and electrolytic dissolution methods,
an extensive review of which has been recently done by Babu and Michelic
[40]. From their study, it was concluded that 10% AA (10% acetyl ace-
tone–1% tetra methyl ammonium chloride–methanol) to be the most widely
used reagent for electrolytic extraction methods for a lot of different steel
grades.

Another common route employed to study the inclusion amount in steel is to
use the optical emission spectroscopy method with pulse distribution analysis
(OES-PDA) which often is referred to as ’spark’ analysis. Useful informa-
tion from OES-PDA can be obtained like total oxygen, inclusion composi-
tion, amount of CaS, MnS inclusions etc. [6, 9]. Although this method can
be applied to limited steel grades and has less interpretability of inclusion
chemistry data, it is popular in industries owing to its convenience of use.

On the other hand, total oxygen content analysis using Inert Gas Fusion
Infrared Absorptiometry (IGFIA) finds routine use in industries to charac-
terize steel cleanliness in multiple heats [6, 9]. The variation of total oxygen,
which is the sum of soluble oxygen in liquid steel and oxygen bound in oxide
inclusions offers a quick and easy method to roughly determine the inclu-
sion amount changes in steel. Recently, Hong and Kang [42] devised a novel
method of calculating the soluble and insoluble oxygen contents in steel si-
multaneously using IGFIA. However, no information regarding the chemical
composition and morphology of the oxide inclusions or other inclusion types
can be obtained from such a method.

For measurement of inclusion in molten metals directly, different methods like
ultrasonic techniques [43] and Liquid Metal Cleanliness Analyzer (LIMCA)
[44] have proven useful for light metals but not yet seen successful use in
steels. Recently, Confocal Scanning Laser Microscopy has allowed an in-situ
method to observe the inclusion behavior at steel-gas interfaces, such as their
nucleation [45], collision and agglomeration [27], as well as their dissolution
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behaviour in slags [46].

2.2.4 Inclusions in Si-Mn killed steels at LMF

In products such as tire cord steels, thin strip castings, cold drawn wires,
stainless steel long products, the presence of solid and non-deformable phases
such as alumina (Al2O3), spinels (MgAl2O4) and Ca-bearing inclusions must
be mitigated [47]. The deformation characteristics of oxide inclusion particles
is shown in Figure 2.11. To reduce product failures and increase fatigue

Figure 2.11: Relationship between Young’s modulus and oxide mean atomic volume in
the MgO Al2O3 SiO2 CaO system [49].

performance, deoxidation practice with Si and Mn is preferred since they
generate primary Mn silicate inclusions which are soft and deformable at
casting temperatures (Figure 2.12).

Zhang [47] and Chen et al. [49] have provided a comprehensive review
of the inclusions encountered in tire-cord and saw wire steel where they
have reported the common industrial practices for ‘inclusion engineering’
in such Si-Mn killed steels. These authors emphasized that the type of treat-
ments and final product chemistry largely influence the types of inclusion
composition. Most inclusions reported in Si-Mn killed steels belong to the
CaO MnO SiO2 Al2O3 system where the major oxide phases/compounds
are listed below.

• Silica (SiO2): Quartz , Cristobalite, Tridymite
• Alumina (Al2O3) : Corundum
• Mn silicates : Rhodonite (MnO·SiO2), Tephroite (2MnO ·SiO2)
• Mn aluminates: Galaxite (MnO ·Al2O3)
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Figure 2.12: a) Calculated liquidus regions and b) liquid mass proportion of 50 % in a
MnO SiO2 Al2O3 system at 1200 ℃ [48].

• Mn aluminosilicate: Spessartite (3MnO·Al2O3·3SiO2),
Mn coerdite (2MnO·2Al2O3·5SiO2), Mn-Anorthite (MnO·Al2O3·2SiO2)

• Aluminosilicates : Mullite (3Al2O3·2SiO2)
• Ca silicates : (CaO·SiO2)
• Ca aluminosilicates : (CaO·Al2O3·SiO2)

Al2O3 in inclusions

Although Mn silicates form as a result of the complex deoxidation by Si and
Mn, the situation can be aggravated by the presence of Al. Since Al has
a stronger affinity for oxygen, it readily leads to alumina-rich inclusions by
reacting with dissolved oxygen or by reducing less stable oxides like FeO,
MnO, SiO2. Excess amounts of dissolved Al leads to a change in the inclu-
sion population where galaxite and corundum might form instead of liquid
products (Refer to Figure 2.12). The presence of these phases is detrimental
to casting operations and final steel quality. Thus, controlling the semikilled
condition with Al is a sensitive task. From an industrial perspective, spessar-
tite (3MnO.3SiO2.Al2O3.) type inclusions is preferred due to its viscosity, low
wettability, and good deformability [47]. However, Malley et al. [7] indicated
that having solid inclusions during initial stages of refining leads to better
floatation while at later stages, these inclusions should transform to compo-
sitions around the liquidus region at 1200 °C (Refer to Figure 6.13). Zhang
[47] suggested that inclusions with high SiO2 content and low Al2O3 content
have a suitable deformability index under rolling conditions. An increase of
Al2O3 of more than 10 wt% in the inclusions is believed to cause castability
issues. Garlick et al. [50] found a direct relationship between the Al2O3 in
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the inclusions and the [Al] in steel which caused a change in the inclusion
compositions as shown in Figure 2.13. Maeda et al. [51] also showed that
Al2O3 content along with higher slag basicity in slag leads to more Al2O3 in
the inclusions (Figure 2.14).

Figure 2.13: Relationship between average Al2O3 content of inclusions and total Al
content of steel [50].

Figure 2.14: (a) Relationship between [Al] content of steel and the Al2O3 in the slag; (b)
relationship between the average Al2O3 content of inclusions with Al2O3 in the slag [51].

Al pick up can occur with steel/slag reactions where Al2O3 in the slag can
be reduced by Si owing to lower Al activity in the steel. Park and Park
[52] showed that the effect of increasing the basicity R (= CaO/SiO2) in
slag from 0.7 - 2.1 led to an increase in the Al2O3 content of inclusions from
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10 to 40 mol%. However, the study did not report any alumina inclusions
which is surprising as high alumina slags (30.7 - 52.4 wt%) were utilized.
Furthermore, the study utilized Al2O3 crucibles in the experiments, which
also did not cause severe Al pick-up in the steel. On the other hand, Piva et
al. [53] conducted steel-slag experiments in an MgO crucible and found that
alumina rich slag led to a change in the inclusion population from MnO SiO2

→MnO SiO2 Al2O3 →Al2O3 inclusions. This was further supported by
kinetic model results using FactSage calculations.

Another possible source of Al can be attributed to ferroalloys. In the ab-
sence of deliberate addition of Al, impurities found in ferroalloys can lead to
Al pick up in the inclusions. Wijk and Brabie [54] carried out deoxidation
experiments to study the effect of impurities such as Al and Ca on the inclu-
sion formation process where they found Al > 1 wt% led to the formation of
alumina, silica and mullite inclusions while highly pure FeSi gave SiO2-rich
silicates. Lyu et al. [55] performed inclusion analysis of industrial samples
of spring steels (Mn/Si < 1) and also indicated that Al2O3 SiO2 inclusions
form when high Al containing FeSi is used. A similar conclusion was reached
by Park and Kang [56] who conducted Si deoxidation experiments in the
presence of slag. Additionally, they found that inclusions changed from Mn
silicates to Mg silicates when the Si content in the steel increase from 0.7
to 3 wt%. This was attributed to reduction of MgO from the slag by the
FeSi. Li et al. [57] even found pure Al2O3 inclusions during their deoxidation
experiments with high Al FeSi (≈1.6 %). Mizuno et al. [58] also found Al2O3

and MgO Al2O3 inclusions during the deoxidation of 304 stainless steel with
FeSi containing 2.91% Al. Based on these studies it can be concluded that
Al impurity level should be strictly controlled to less than 1 wt% to achieve
plastic inclusions.

CaO in inclusions

In addition to MnO SiO2 Al2O3 inclusions, CaO SiO2 Al2O3 type inclu-
sions also are commonly found in Si-Mn killed steels. However, the formation
of CaO SiO2 Al2O3 type inclusions has been largely debated. There are ar-
guments about whether they form via transfer of Calcium by reduction at
the slag/metal interface of by interactions between inclusions and entrapped
slag particles. Nurmi et al. [59] and Chen et al. [60] have indicated that equi-
libration with slag could result in CaO pickup in inclusions. Wang et al. [61]
also concluded that the inclusions in FeSi-killed stainless steel with an [Al] <
40 ppm could be modified by the top slag. On the other hand, many studies
[51, 62, 63, 64] have indicated that the origin of CaO SiO2 Al2O3 based in-
clusions is emulsified slag droplets. Further coalescence of slag droplets with
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deoxidation products along with the reaction of these exogenous inclusions
by [Al] can lead to varying inclusion chemistry within Ca aluminosilicates.
This seems to be more plausible since the solubility of Ca is less than 0.0001
wt% [65]. Investigations have revealed that the inclusion compositions seem
to be close to the top slag composition as shown in Figure 2.15. However,
reduction of CaO by Si can also lead to CaO SiO2 inclusions at the steel-slag
interface. Since these inclusions often tend to show up in spring steels having
high Si/Mn ratios, more studies are required using steel with higher ratios
(2-3) to probe the reaction kinetics of CaO in slag and Si.

Figure 2.15: Comparison of Ca-silicate inclusions with top slag composition [63].

Another source of CaO in inclusions could be Ca impurities in FeSi. Wang et
al. [63] concluded from their deoxidation experiments that Ca pickup from
their ferroalloys was negligible since the Ca content was very less (FeSi =
0.038; FeMn = 0.055 wt %). However, Piva and Pistorious [66] showed that
the Ca yield is higher through FeSi-based addition with 2 wt% Ca which led
to a new population of CaO inclusions rather than a modification of existing
inclusions. A similar observation was made by Li et al. [57] where they used
FeSi with 1.3 wt% Ca. They found existing MnO SiO2 inclusions to change
to large CaO SiO2 Al2O3 inclusions.

Since too much Al pickup in inclusions is detrimental to the casting of steel
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as discussed above, the external addition of Ca can be a potential solu-
tion, which can be an additional source of Ca in inclusions. Thermody-
namic calculations reveal that Ca helps in decreasing the liquidus temper-
ature of the MnO SiO2 Al2O3 inclusions. These calculations were con-
firmed by industrial measurements . Thus, Ca in ppm levels might help
alleviate problems related to casting through proper inclusion engineering of
CaO SiO2 MnO Al2O3 inclusions. This was demonstrated by Wang et al.
[61] where they showed the benefit of Ca treatment on inclusions in steels
with [Al] more than 40 ppm. Tiekink et al. [67] also reported similar ob-
servations where Ca injection helped reduce irregular flow during casting.
Many industries have practiced Ca injection for the inclusion modification of
existing inclusions [68, 69, 70]. However, the ‘precise’ conditions where Ca
treatment is needed are still unclear.

FeO in inclusions

In a few reports, while analyzing the inclusion compositions through elec-
tron probe micro-analyzer (EPMA) and SEM-EDS, FeO content has been
reported as a primary component. Turpin and Elliot [71] found hercynite
and iron aluminates in samples having less than 0.01 wt% Al. Kawashita
et al. [72] had a similar finding when the Al was around 0.0006 wt%. FeO
based inclusions were also observed by Hilty et al. [73] in molten steel con-
taining 0.015 wt% Si. Thapliyal et al. [74] recently found that after Si-Mn
deoxidation of steel containing 0.1% oxygen, inclusions comprised of mainly
FeO rich FeO MnO SiO2 (Figure 2.16). Such observations indicate that if

Figure 2.16: FeO rich inclusions in Si killed steels [74].

the deoxidant-to-oxygen ratio is low, FeO could be present in the inclusions.
However, it needs to be noted that there could be a significant contribution
of the steel matrix in overpredicting the Fe content in inclusions. In princi-
ple, the interaction volume of the SEM electron beam should be comparable
to the inclusion sizes being observed in order for the data to be ‘reliable’.
Doostmohammadi et al. [75] and Gram et al. [76] proposed that Fe peaks
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should not be considered while analyzing the EDS spectra of micron-sized
inclusions. Recently, this problem was further investigated by Mayerhofer et
al. [77, 78] where SEM-EDS investigations (15 kV) were verified with elec-
trolytic extraction methods. They concluded that the measured FeO content
of particles with ECD > 2 microns was representative of the actual compo-
sition and should be considered in the analysis. Lyu et al. [55] came to a
similar conclusion when they used Monte Carlo simulations to confirm the
penetration depth in the inclusions by WDS electron trajectories. Their cal-
culation showed that FeO can be believed to be an inherent constituent of an
inclusion detected by WDS below 5 keV. However, general practice during
inclusion analysis is to ignore Fe during post-compositional analysis. Since
SEM-EDS is the most common technique employed to observe inclusions in
steel samples, proper care should be taken in analyzing and interpreting the
results, considering the size-composition relationships.

2.2.5 Inclusions in Si-Mn killed steels during cooling

Primary inclusions which mostly consist of deoxidation inclusions, determine
the processability of steel, while the secondary inclusions occurring as a re-
sult of cooling and solidification decide the mechanical properties of steel.
Inclusion phases like nitrides (TiN, AlN, VN etc.) and sulfides (MnS) are
encountered frequently since their solubility product becomes significant at
solidification temperatures. The formation of MnS inclusions have certain
beneficial effects, like helping the formation of acicular ferrite [79], thereby
requiring comprehensive understanding and control of their precipitation be-
haviour during solidification. Furthermore, secondary oxide inclusions also
precipitate owing to the lowering solubility of oxygen in Fe with tempera-
ture like silica, alumina, and manganese silicates [80]. A phenomenon that
is important to consider for solidification analysis is microsegregation, which
results from uneven partition of solutes in the solid and liquid steel at the
dendritic scale. The solute rejection can lead to concentration buildup at
solid/liquid interface, which affects the pre-existing inclusion compositions
or result in additional nucleation of inclusions.

In Fe-Si-O systems, Forward et al. [81] found that oxygen rejection in the
inter-dendritic spaces caused the nucleation of new iron silicates and silica
over time. In Si-Mn killed steels, internal precipitation of silica within Mn-
silicates can occur during cooling [82, 83] which can be described using the
saturation limit of the MnO–SiO2 oxide system (Refer to Figure 2.17). The
role of inclusion coalescence on the formation of a MnO–SiO2 inclusion with
a SiO2-rich precipitate during solidification was also suggested in the work
by Gamutan et al. [84]. Consideration of these inclusions is important since
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Figure 2.17: Composite inclusions containing oxide and MnS phases that are obtained
on cooling in Si-Mn killed steels [82, 86, 87].

their effect can be significant under rolling conditions. Additionally, MnS
inclusions are also typically found to precipitate on pre-existing manganese
silicates, leading to a Mn-depleted zone (Refer to Figure 2.17(2)) that aids
in acicular ferrite formation [79]. Kim et al. [85] investigated the precip-
itation behavior during cooling in Si–Mn and Si–Mn–Ti deoxidized steels
where they found that cooling rates and primary oxide seed composition af-
fected the secondary MnS inclusion formation. Furthermore, they concluded
based on the sulfide capacity of oxide inclusions and holding time at elevated
temperatures, the amount of Mn depleted zone can vary. Ren and Zhang
[87] conducted laboratory experiments with Si–Mn-killed 304 stainless steels
where they found that increase in Al gives rise to more Al-rich inclusions,
which provide for more misfit for MnS to precipitate. However, their analysis
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assumed ‘pure’ thermodynamic equiblirium conditions and lacked the effect
of diffusion or reaction kinetics. In the last few decades, different models
have been proposed by researchers to address the issue of microsegregation
and its effect of inclusion formation kinetics during cooling and solidification.
A review of such models is out of scope of the current work and can be found
elsewhere [88, 89].

2.3 Other ladle refining reactions

2.3.1 Steel-slag reactions

Since high-temperature reactions in steelmaking are assumed to occur fast,
steel-slag reactions are essentially believed to be controlled by either steel/slag
mass transport or both. In order to predict the mass transfer between two
immiscible, fluid phases where both phases can be considered to offer re-
sistance to mass transfer [91], an expression needs to be constructed. This
forms the ‘heart’ of the coupled reaction model proposed by Robertson et al.
[90]. For reactions of interest, the following can be written:

Ni =
kmks

ks + km/L

(
Cm

i,b −
Cs

i,b

L

)
= ko

(
Cm

i,b −
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i,b

L

)
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ko =
1

1
km

+ 1
ksL

(2.3.2)

Although steel mass transport control seems to be the prominent finding for
steel/slag reactions during ladle refining [93], Deo and Boom [94] suggested
that slag mass transport control should be considered for viscous slags, low
partition coefficient (L) and partial mixing of slag. However, none of the
conditions or species considered in the current work are likely to lead to such
a scenario. Hence, determining the steel mass transfer coefficient proves
sufficient.

Now, to assess the steel mtc (km) for the transfer of species across the steel-
slag interface, two popular theories can be used. They are:

1. Two-Film theory: This theory is based on essentially the boundary
layer theory which states that the resistance to mass transfer acts via
a stagnant layer of thickness δ in a somewhat idealized manner as:

km =
Di

δ
. (2.3.3)

26



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

Based on the boundary layer theory, themtc can be found to be propor-
tional to the diffusivity (Di). This is the most used theory for steel-slag
reactions where two films are presumed to exist in both phases at the
interface which decides the rate of liquid-liquid mass transfer.

2. Penetration theory: This theory, also known as Higbie’s model [95]
assumes that liquid packets come in contact with the interface for a
certain time before they are replaced by new fresh fluid packets. The
mtc in this case is given by :

km =

√
4Di,m

πtc
(2.3.4)

Here, the residence time or time of contact (tc) is the important pa-
rameter and depends on the phenomena being investigated. It does
not remain fixed with time and follows the local fluctuation velocity,
bubble characteristics or turbulence theories [96]. This gives rise to
different surface renewal theories [93]. A common expression to evalu-
ate the mass transfer coefficient based on the small eddy model [97] is
given by :

km = 0.4
√
Di,m

(ε
v

)0.25
. (2.3.5)

Since the diffusivities of slag species (Di,s) is about two orders of mag-
nitude of that of metal, slag mass transfer coefficient is evaluated as:

ks =
km
10

(2.3.6)

The determination of mtc is important for developing reliable kinetic models
and is somewhat difficult to estimate from the foregoing theories directly for
industrial conditions. Moreover, since interfacial area (A) quantification is
difficult, a more widely used approach to model mtc is to calculate kA. Thus,
the mtc is primarily calculated from experiments and correlations.

The effect of stirring energy, ϵ (or, gas flow rate, Q) influences the overall
mass transfer constant or mass transfer capacity coefficient, K that combines
the mass transfer coefficient, slag-metal interfacial area, and steel volume as:

K =
km · A
Vm

(2.3.7)

For ladles stirred by bottom blowing which is why many correlations are

27



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

proposed in the form of:

K = BϵC or, K = B′QC′
(2.3.8)

Here, the values of B,C,B′, C ′ differ with the reactor characteristics. It also
needs to be pointed out that the calculation of stirring energy from flow
rate also vary from study to study [98]. Recently, Conejo [93] extensively
reviewed the topic of physical and mathematical modelling of liquid-liquid
mass transfer due to bottom gas injection where he has compiled such correla-
tions from various studies. He also concluded that slag emulsification occurs
when stirring energy is more than 4-6 W/t in which case the exponent C
is greater than 1. However, Asai et al. [99] indicated that such emulsifi-
cation occurs above the limiting value of 60 W/t. In practice, the value of
the mtc depends on other different process variables such as, nozzle’s radial
position, bubble diameter, nozzle diameter, slag viscosity and volume, liquid
depth, and ladle dimensions [100]. The influence of these variables can be
investigated numerically using computational fluid dynamics (CFD) or cold
models. However, not many studies have been conducted in unifying the
above-mentioned theories through a consistent formulation of mtc.

Slag-aided deoxidation

The lowering of the thermodynamic activities of certain slag constituents,
increases the oxygen partition coefficient (LO), thus increasing the extent
of deoxidation of the steel, which is referred to as ‘slag-aided deoxidation’.
While deoxidation by Al is very efficient owing to its high oxygen affinity, the
role of slag is important for oxygen control since deoxidation by Si/Mn alone
does not allow low [O] values. Nurmi et al. [59] showed that the presence
of low silica activity and intense stirring can help bring down [O] levels in
steel down to thermodynamic limits imposed by the slag. Bhansali et al.
[69] recently demonstrated that a basic top slag exerts its control over the
steel oxygen levels, more than the deoxidation inclusions generated from Si,
Mn, which can go up to 10 ppm levels. Interestingly, the residence time of
certain chemically unstable oxide inclusions is long even at such low oxygen
potentials, suggesting a nonequilibrium state of the inclusions or a partial
mixed state of the ladle.

Desulphurisation

Sulfur control in steel is very important since it causes undesirable reactions
such as sulfide precipitation ( Section 2.2.5) which can lead to cracks during
solidification [3]. Different grades of steel have tolerances set for sulphur, for
e.g. pipeline steel specifies 0.0010 wt%, some AHS steel specifies 0.0050 wt%.
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Hence, desulphurisation of steel constitues as a key operation in steelmaking,
especially during ladle refining as conditions are better suited than oxygen
steelmaking [94]. Typically, solubility of sulphur is measured using gas-slag
equilibrium studies which can be summarised as follows:

1

2
S2(g) +

(
O2−)

slag
=
(
S2−)

slag
+

1

2
O2(g) (2.3.9)

The equilibrium constant for Reaction 2.3.9 can be given as:

K2.3.7 =
a(S2−) · p1/2O2(g)

a(O2−) · p1/2S2(g)

=
f(S2−) · (%S)

a(O2−)

·
√

pO2(g)

pS2(g)

(2.3.10)

On the other hand, the ionic transfer of sulfur in metal/slag reactions can be
described as:

[S]metal +
(
O2−)

slag
=
(
S2−)

slag
+ [O]metal (2.3.11)

According to Fincham and Richardson [103], the capacity of a slag to hold
sulphur is described using the concept of sulfide capacity, which is defined
as:

CS =
KSaO2−

fS2−
= (%S)

√
pO2

pS2

(2.3.12)

The sulfide capacity is related with the partition coefficient of sulphur (LS)
as:

logLS = log
(%S)∗

[%S]∗
= −935

T
+ 1.375 + log (CS)

+ log fS − log a∗O,

(2.3.13)

It can be well agreed from the above mentioned equations that desulphuri-
sation capability of the slag increases with high slag basicity and low oxygen
potential at the slag metal interface along with good slag fluidity, sufficient
contact and high temperatures [3].

Different researchers have derived empirical models to compute the sulfide
capacity (CS) like that by Sommerville and Sosinsky [104], Young et al. [105],
Taniguchi et al. [106] and Zhang et al. [107]. There also exist short range
order (SRO) models that are used to predict the sulfide capacity considering
the physico-chemical nature of the slag like that develped by Reddy and Blan-
der [108], KTH [109]. Ma et al. [110] used Artificial Neural network (ANN)
models to predict the sulfide capacity and showed it is applicable and accu-
rate for wide range of calcium aluminosilicate slag compositions. However,
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the data centric models like ANN seem to fail when sufficient data for certain
slag systems are not available. Recently, Jung and Moosavi-Khoonsari [111]
discussed that the concept of sulfide capacity fails at high concentrations of
(S) in slag. Alternatively, the IRSID slag model by Gaye et al. [112] offers
a different approach to calculate sulfide capacity indirectly by using a ther-
modynamic description of sulphur solubility in oxide slags and performing
free energy minimization. This was also followed by Kang and Pelton [113].
Recently, an overview of different thermodynamic desulphurisation models,
both employing and not employing sulfide capacity has been provided by
Kang [114].

In order to compute the kinetics of desulphurisation, kinetic models are fre-
quently employed, which are described in detail in Section 2.4.1. Essentially,
the mass transfer coefficient (ko) needs to calculated in :

dns

dt
= ko A

(
Cv,mX

b
[S] − Cv,s

Xb
(S)

LS

)
(2.3.14)

where,
1

ko
=

1

km
+

1

ksLS

(2.3.15)

For gas-stirred ladles, km or kmA is calculated from stirring energy correla-
tions [93]. Alternatively, CFD models coupling sulphur reactions were de-
veloped by Jonsson et al. [116] which considered a metal-slag mixing zone
where such reactions proceed, disregarding the need for an interface.

The contribution of slag droplets to desulphurisation was investigated by
Lachmund et al. [117] and validated with plant data where they showed that
about 90 % of the desulphurisation achieved through slag droplets (Refer to
Figure 2.18). Liao et al. [118] showed that the role of slag viscosity and slag
FeO are crucial to determining the extent of desulphurisation in gas stirred
ladles. The behaviour of oxygen activity at the steel-slag interface is also
influenced by the different elements such as Si, Al. Freuhan [101] found that
CaSi2O4 forms at higher Si concentrations and the effect of Al accelerates the
desulphurisation rate more than Si. Roy et al. [102] concluded that having
high Si helps lower the consumption of Al that helps in the desulphurisation.
However, no studies in the author’s knowledge have investigated the role
of (Al/Si) ratio on desulphurisation since it is a better parameter to help
ascertain the mechanism. Also, such studies should help to investigate the
effect of low (Al/Si) ratios that are typically encountered in Si-Mn killed
steels.
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Figure 2.18: Desulphurisation of steel by top slag and emulsified drops from bottom
stirring [117].

Emulsification

In gas-stirred ladles, the slag layer can be easily displaced and dispersed in the
presence of high-intensity stirring. This phenomenon is commonly referred to
as ‘slag emulsification’ and generates an increase in steel-slag interfacial area,
thereby enhancing the reaction rates between the steel and slag [100, 117].
In principle, the detachment process can be believed to be a balance between
the surface tension forces and buoyancy forces against inertial forces. Based
on the formulation proposed by Oeters [12], a number of factors decide the
equilibrium size of these droplets such as the flow rate (ui), take-off angle
(cos γ), and thermo-physical properties of the slag such as surface tension
(σ) and density difference between slag and steel (ρm − ρS):

dD =
3

8

ρSu
2
i

g (ρm − ρS) cos γ

{
1−

[
1− 128σg (ρm − ρS) cos γ

3ρ2Su
4
i

] 1
2

}
(2.3.16)

Such quantification along with the droplet generation rate can aid in devel-
oping accurate desulphurisation models since the overall rate is considered to
be influenced by both the slag metal interfacial reaction as well as droplet-
steel interaction as shown by Lachmund et al. [117]. Slag emulsification is
not only found in gas-stirred systems but stirred tanks in general. Inomoto
et al. [119] investigated the slag emulsification by stirring with a stationary
AC electromagnetic field and found the slag-metal interfacial reaction rates
correlate with the intensity of the electromagnetic power supply (Refer to
Figure 2.19).
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Figure 2.19: Increase in desulphurisation rates with increase in electric power in non-gas
stirred systems [119].

With the slag entrainment process, a new population of inclusions can be
generated in the vicinity of the gas plume if the droplet size distribution show
a log normal distribution (higher number of microinclusions). These particles
can later enter into the bulk because of recirculation currents if the buoyancy
forces do not push them to the slag. Inclusions with CaO SiO2 composition
are typically found in Si/Si-Mn killed steels whose origin is still debated.
Valentin et al. [64] found many Ca silicate inclusions in Si killed steel stirred
by flowrates ranging from 30 – 40 STP m3/h. These inclusions exhibited a
similar composition to the top slag, indicating at slag entrapped particles.
The effects of slag emulsification is hard to trace with ladle experiments owing
to many simultaneous reactions, making the use of tracers beneficial in that
regard. This was shown by Fuhr et al. [120] where they found the presence
of the tracer in one-third of the large inclusions in heats where BaO tracer
added to the ladle slag, suggesting the role of slag emulsification.

Reoxidation

Reoxidation is said to occur when elements in molten metal are oxidized in
the presence of oxidizing agents such as air FeO and MnO. When steel is
tapped open air into a teeming ladle or tundish, there could be reoxidation
at the surface of the stream as well as the turbulent surface at the top of
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the melt [132]. Moreover, during the gas stirring of ladles, there could be
exposed steel in the region of the slag ‘eye’ where we could expect reoxidation
[121]. Lou and Zhou [122] developed a model to calculate the effect of slag
eye open area on the reoxidation and desulphurisation kinetics of Al-killed
steel. They found its influence to be significant at later stages of refining
owing to increase in oxygen activity.

Apart from these, during transfer of steel from primary steelmaking furnaces,
carryover slag is commonly encountered which can contain significant amount
of FeO and MnO. These oxides tend to react with [Al], [Si], [Mn] in the steel
provided by the alloying additions, resulting in less recovery rates [123] (70-
85% for Mn, 60-70% for Si, and 35-50% for Al). In Figure 2.21, it can be

Figure 2.20: (a) Variation of inclusions MgO content in heats with low and high slag
FeO content; (b) Relationship between inclusion MgO contents at the end of the process
with different FeO contents [124].

clearly seen that (FeO + MnO) reduces the desulphurization rate, which is
mainly due to the influence on interfacial oxygen activity.

Reoxidation inevitably impacts the overall efficiency of the refining process
and impairs the ‘cleanliness’ of steel by generating unwanted inclusions, es-
pecially towards the end of the refining stage, which left untreated cause
casting problems. The impact of late reoxidation on additional inclusion for-
mation depends on the grade and the melt supersaturation ([M]:[O] ratio).
In Al killed steels, alumina inclusion formation takes place while Mn-silicates
with certain Al, Ca can form in Si-Mn killed steel [125]. Cicutti et al. [124]
found that in Al killed steels, there was a clear relationship between the
MgO in the inclusions and the FeO + MnO in the slag as can be seen in
Figure 2.20. Additionally, Tan [126] conducted experiments with reoxidation
and observed that Ca treatment will cause alumina and Mg spinels to return
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Figure 2.21: Effect of FeO+MnO on sulphur mass transfer coefficient; (b) Influence of
different initial FeO contents in top slag on desulphurisation of steel (100 ton; 1600°C;
130 NL/min; S0=0·023%) [118, 131].

some Al, Mg to return to the melt which upon reoxidation would form alu-
mina and secondary spinels respectively. For steels containing Al-Ti, Deng
et al. [127] concluded that supersaturated oxygen in steel gives rise to un-
stable Al2O3 TiOx, which later decompose and disappear, forming stable
Al2O3 and TiO2 inclusions. Thermodynamic models have often been used
to investigate the effect of FeO on oxidation behaviour on inclusion compo-
sition [129, 130]. On the other hand, an integrated kinetic model has been
developed by Carlson and Beckermann [132] for predicting inclusion forma-
tion during the filling of steel castings. Recently, the use of inclusion analysis
with the help of Probability Density Function (PDF) plots [126, 133, 134, 135]
have helped steelmakers identify reoxidation events as shown in Figure 2.22.

2.3.2 Alloy dissolution

Ferroalloys like FeSi, FeMn, FeTi, FeCr etc. are added to steel during ladle
refining to carry out deoxidation and to adjust the composition of the steel.
Ferroalloy dissolution rates should lead to different supersaturation, which
affects the nucleation and growth of inclusions. This inevitably causes varia-
tion in inclusion composition and morphology owing to variations in species
concentration profiles. Thus, it is important to understand the fundamental
factors responsible for dissolution of alloys.

Argyropoulos and Guthrie [136] reviewed alloy dissolution characteristics of
different Class I (melting point less than steel freezing point such as FeAl,
FeSi, FeMn, SiMn) and Class II (melting point more than steel freezing point
such as FeMo, FeW, FeTi). For ferroalloys used for deoxidation like FeAl,
FeSi, FeMn, and SiMn, a solid steel shell forms at the surface which dissolves
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Figure 2.22: Difference in PDF plots of inclusions just after, 5 min, and 20 min post
reoxidation [126].

after which the alloy is exposed to the melt. All of these steps can constitute
rate-determining steps for bath homogenization. Additionally, it has been
found that ferroalloy dissolution is a function of the alloy melting point,
density, heat capacity, and enthalpy of mixing, along with the particle size
distribution of the added alloy. Different correlations have been proposed
[12, 93, 137] to quantify the times needed for the dissolution of ferroalloys.
Together with this and CFD models, it has been possible to study the effect of
flow patterns during the teeming of steel on ladle mixing times [138, 139, 140].

Impurities in ferroalloys (such as FeSi) can also affect the inclusion compo-
sition by causing Al or Ca to pick up as shown by Wijk and Brabie [54],
and Li et al. [57]. Pretorius [141] also showed that Ca-containing ferrosilicon
is quite effective in modifying existing Al2O3 inclusions to Ca-aluminates in
Al-killed steel. Furthermore, inclusions in ferroalloys can affect the inclusion
population in steels by providing additional heterogeneous nucleation sites.
Recently, Wang et al. [142] have provided an exhaustive review of how in-
clusions in ferroalloys affected the final steel quality. They found inclusions
present in FeMn, SiMn (e.g., MnO, MnO SiO2) had little influence on final
steel cleanliness while macrosized SiO2 inclusions in FeSi and FeMo alloys and
Al2O3 inclusions in FeV, FeTi, and FeNb alloys were more dominant. They
also suggested that the efficiency of the production process for ferroalloys has
a bigger role to play in the overall control of inclusions.
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2.3.3 Steel-refractory reactions

Typically, steel industries employ MgO or Al2O3-based refractories based
on the operation being carried out in the reactor. In Al-killed steels, the
reactions between high Al in steel and the refractory lining can be significant
in the presence of low oxygen activity in steel. Hence, studies have been
carried out to investigate the kinetics of Mg spinel formation in Al-killed
steel systems, which can affect nozzle clogging [143, 144, 145, 146, 147, 148].
However, in Si-Mn-killed steel, Piva et al. [66] showed that Mg pick-up in
inclusions from the MgO refractories is negligible. Deng et al. [149] showed
that MgO could influence the inclusion composition if there are Al2O3 (0.3 %)
impurities in the refractories. They also indicated that MgO.Al2O3 inclusions
could be stable that are found within MgO-based refractories even in Si-Mn-
killed grades.

2.4 Mathematical models

The modelling of secondary steelmaking systems have continuously improved
over time, utilizing the existing physico-chemical principles and new theo-
retical, statistical and computational tools. The most important modelling
aspects have been briefly described below.

2.4.1 Multicomponent-multiphase reaction models

Thermodynamic models

These models are ‘static’ in nature in the sense that there is no role of time.
They predict the system behaviour under equilibrium conditions and are
generally used for understanding the relationships between different compo-
sition variables. Essentially, these models are based on CALPHAD princi-
ples and extensive thermodynamic databases. However, since they assume
global equilibrium between phases, which is not often the case in industries,
their direct application to predicting reactions can be somewhat ‘question-
able’. Nonetheless, they offer directions for process metallurgists in providing
guidelines for better process control and designing optimum conditions for
producing ‘desirable’ steel quality.

Thermodynamic models greatly rely on the accurate description of activi-
ties for different phases based on consistent thermodynamic principles. The
activities of elements in liquid steel have been modeled typically using the:

1. Wagner’s interaction parameter model [150]
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2. Darken formalism [151]
3. Unified Interaction Parameter Formalism (UIPF) [152]
4. Associate Model [153]

Most studies employ Model 1 which under dilute conditions, works well.
However, Model 3 which is a modification of Models 1 and 2 seems to work at
higher ranges of concentrations. On the other hand, Model 4 introduced the
concept of associates like Al*O, Ca*O, etc. to improve the model accuracy
for strong deoxidation reactions.

The activities of oxides/sulfides/fluorides in liquid slags have been studied
extensively in the last 50 years. The popular models are:

1. Cell model [112]
2. Central atom model (Modified Cell model) [152]
3. Reciprocal Ionic Liquid model [155]
4. Modified Quasichemical model [156]
5. Regular solution model [157]
6. Sub regular solution model [158]
7. Ionic Molecular Coexistence model [159]

Models 1, 2, and 4 are quasichemical models that incorporate the structure of
silicate slags. They have been optimized against experimental measurements
and have shown great accuracy, making them the basis of computational ther-
modynamic packages such as Factsage [160] and Thermocalc [161]. Models
5, 6 and 7 are semi-empirical in nature and are easy to interpret despite their
less robustness in complex systems. Different applications of computational
thermodynamics to inclusion engineering have been presented by Jung et al.
[162], Kang et al. [163] and Costa e Silva [164].

Kinetic models

These models allow one to track the change of parameters with time taking
into consideration the kinetics of the reaction/process. In this regard, two
kinetic modelling approaches have been used widely to explain experimental
findings and to simulate industrial conditions:

Reaction zone modelling This approach assumes that the chemical re-
actions reach equilibrium in effective reaction volumes/‘zones’ near each re-
action interface. The volume of these different ‘zones’ needs to be determined
apriori. However, most researchers have chosen to characterize these zones
using the definition of mass transfer coefficient. It utilizes thermodynamic
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databases with a ‘macros’-based tool which consists of performing internal
Gibbs energy Minimization (GEM) calculations. This allows one to consider
the composition changes of the different phases in multiple reaction zones
over time in a metallurgical reactor like the ladle furnace. This has been a
choice of many researchers [66, 176, 177, 178, 181, 183] since it allows the
use of existing commercial thermodynamic software like FactSage [160] along
with process simulation software such as METSIM [165]. The concept of lo-
cal equilibrium in the steel phase is used to model the evolution of different
inclusion phases, with the assumption being that of fast reaction kinetics be-
tween the steel and the inclusions [66]. However, these models cannot tackle
problems such as interface reaction controlled reactions or non-equilibrium
inclusions.

Reaction interface modelling This approach was initially proposed by
Robertson et al. [90], which considers the calculation of compositions at
the interface between reacting phases by utilizing equilibria and flux density
equations. Mass transfer coefficients for different species are used to char-
acterize the kinetics of phase interaction. By solving a series of differential
equations, dynamic change of composition of multiple components in a multi-
phase system can be calculated simultaneously. For steel-inclusion reactions,
the compositional trajectory is modeled with consideration of mass transfer
through a boundary layer, and product layer of an inclusion [166, 167, 168].
However, it needs to be noted that such an approach requires somewhat
apriori knowledge of the predominant inclusion system to be modelled.

It has been demonstrated within the study (Refer to Appendix B) that the
equations for the reaction interface model and reaction zone model are sim-
ilar with the latter exploiting the nature of the commercial thermodynamic
packages for the construction of interfacial zones. Some of the important
models utilizing these approaches are tabulated in Table 2.4.1.

2.4.2 Mixing and transport models

Understanding different phenomena including hydrodynamics, mass and heat
transfer, and particle dynamics are of important consequence in improving
the efficiency of secondary steelmaking reactors. In the past four decades,
there has been considerable progress in describing the interaction of multiple
phases such as bubbles, particles, steel and slag through computational fluid
dynamic (CFD) modelling approaches. These methods have been explored
by a number of workers and are discussed in detail elsewhere [100, 186, 187].
Despite the comprehensiveness, CFD models are still computationally expen-
sive, which is why they do not attract use as process models in industries.
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However, they are used to aid in process design like the choice of alloy ad-
dition location and time, bottom gas plug configuration, etc. Furthermore,
some lumped parameter models utilizing the knowledge of CFD results have
been proposed to predict important variables like mixing time and mass
transfer coefficients, among others. A detailed review of such macro models
can be found in the article by Mazumder and Evans [137]. Another class of
models have aimed to capture the mixing behavior in the ladle through the
use of so-called reactors or ‘tanks’. This approach seems to circumvent the
problem of computational challenges posed by CFD models while retaining
information about the effect of stirring on melt flow. These models were pop-
ularized by Oeters and co-workers [188, 189, 190, 191] in ladle metallurgy,
and their principles find use in sophisticated process simulation software like
METSIM, SIMUSAGE. Moreover, it is straightforward to link its model pa-
rameters to CFD models, as shown by Lekhakh and Robertson [192]. A
recent approach has been to combine the chemical reaction models (steel-
slag-inclusion) with such tank models in order to remove the assumption of
uniform bath compositions [68, 170, 178, 180, 183].

2.5 Summary

A comprehensive review of the predominant interactions encountered during
the ladle refining process has been provided in this Chapter, and essentially
how they relate to different sources of inclusions. For Si-Mn killed steels,
most inclusions are Mn-silicates, but undesirable reactions from ferroalloy re-
actions, slag entrapment, or steel-slag reactions contribute to Ca and Al-rich
inclusions. These inclusions can be harmful to the castability and properties
of the steel.

Since equilibrium between steel, slag, and inclusions is not fully established in
industrial steelmaking conditions, a local equilibrium approach for modeling
inclusions is not always adequate. In this regard, the kinetics of inclusion for-
mation and modification should be considered in developing process models
that can be used for online control. Ladle refining reactions can be considered
to be multiphase in nature and reactions happen at different phase interfaces,
making modeling a complicated task. However, based on existing knowledge
from experiments and industrial trials, simplifications can be made, and a
structured approach to modelling can be followed.

From a scientific angle, there also seem to be some gaps in the literature
that need to be filled. For example, the rate-determining steps concerning
nucleation and growth of complex oxides, like Mn silicates following Si-Mn
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deoxidation, have not been addressed adequately. Questions like when does
the critical mechanism of deoxidation switch from one primarily involving
inclusions to one primarily involving slag? and how do changes to the top
slag affect inclusion evolution? are not clearly answered. While most ex-
perimental results have been substantiated with thermodynamic models, few
kinetic models are available in the literature that have been validated with
industrial data for Si-Mn killed steels.

All of the above forms the incentive for this study. In this regard, a modelling
approach based on the mass transfer kinetics of critical chemical species in
steel, slag, and inclusion phases is likely to be fruitful. This model should
take into account the simultaneous competition of different inclusion types
in Si-Mn killed steel, such as Mn-silicates, alumina, Mn-aluminosilicates, etc.
Overall, it should be able to track the composition trajectory of slag, steel,
and inclusions during ladle processing. Subsequent chapters will present the
author’s approach to this type of model.
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Chapter 3

Mathematical study of the
formation mechanisms of
complex oxide inclusions in
Si-Mn killed steel

In Chapter 3, the original concept of nucleation and growth analysis of com-
plex oxides was conceived by me. The model development and the analysis
were entirely carried out by me. Useful discussions on the results were pro-
vided by Dr. Kenneth S. Coley and Dr. André B. Philion.

The manuscript was initially drafted by me and edited to the final version
by Dr. Kenneth S. Coley and Dr. André B Philion. This chapter has
been published in Metallurgical and Materials Transactions B, 2022, DOI:
https://doi.org/10.1007/s11663-022-02630-2. The following Chapter is the
pre-publication version of the article.
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Abstract

Deoxidation and inclusion control are important aspects of secondary steelmaking. Due to
various reactions taking place between the solutes in the molten steel reactor, it sometimes
becomes difficult to understand the formation mechanisms of complex oxide inclusions.
In this study, a mathematical model including nucleation and mass transfer is proposed
for the prediction of composition evolution of primary oxide inclusions generated after
steel deoxidation by addition of Si and Mn. Complex inclusions resulting from homoge-
neous nucleation and transformation of existing simple oxides like silica are also taken
into consideration. The results show that the spontaneous nucleation of complex oxides is
favourable and has almost three times higher driving force relative to simple oxides during
deoxidation of steel. Also, the transformation of simple to complex oxides is essentially
very fast (< 1 s) owing to the high driving forces for mass transfer. These results demon-
strate the model’s ability to predict the chemical composition of the complex oxide nuclei
growing in the steel melt along with the final inclusion composition.

3.1 Introduction

Deoxidation of steel is required in secondary steelmaking to reduce the oxygen
content of the steel, which is accompanied by the production of numerous
oxide inclusions as a by-product. Complex oxide inclusions i.e., inclusions
containing more than one cationic species, are more commonly observed in
practice relative to simple oxides inclusions. Understanding the formation
mechanisms of these inclusions occurring in molten steel will help in achieving
better overall inclusion control in the final steel product.

Si-Mn deoxidation is preferred for the production of steel long-products since
using Al gives rise to harmful alumina inclusions that are sometimes detri-
mental to the final steel quality and limit the overall ease of processing [1, 2].
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During the deoxidation process, various interactions take place between oxy-
gen and the added deoxidizers. This results in the formation of different com-
plex oxide inclusions, mostly liquid manganese silicates in Si-Mn killed steel,
which can form via several routes as described below and shown schematically
in Figure 3.1:

1. Spontaneous nucleation due to the presence of sufficient supersatura-
tion for oxide precipitation in the steel melt or at heterogeneous sites.

2. Chemical modification of simple oxides through reaction with solutes
in molten steel.

3. Physical interactions such as agglomeration and coagulation of existing
simple oxide inclusions.

In the last few decades, there has been considerable progress in the research
into different oxide inclusions, especially the occurrence and dynamics of var-
ious complex inclusions in molten steel [3, 4, 5, 6]. Elliot and co-workers have
conducted extensive research on the topic of deoxidation, more notably in
Fe-Si-O where they employed different techniques like rapid cooling of the
saturated melt [7], solidification experiments [8], and electrochemical mea-
surements [9] to study the nucleation kinetics of inclusion formation. From
these studies, it was shown that the homogeneous nucleation of silica can
occur even at low supersaturation ratios, of about 80. In comparison, super-
saturation ratios of about 3×106 are needed for homogeneous nucleation of
alumina. Furthermore, they showed that the rate of mixing of deoxidizers
has an effect on the number of particles forming in the steel melt. Fred-
eriksson and Hammer [10] investigated the deoxidation of Fe-50 % Ni alloys
with Mn, Si and Al and concluded that FeO quickly transforms to different
iron silicates or aluminates. Turkodogan [11] and Turpin and Elliot [7] used
Classical Nucleation Theory (CNT) to model liquid manganese silicate in-
clusions. However, they did not consider the composition of the nucleation
product that might form spontaneously in the melt nor did they include the
transformation of existing silica particles in their calculations. Due to the
abundance of chemical driving force in a liquid melt at high temperature,
complex oxides may nucleate in the melt along with simple oxides. Thus,
additional considerations seem necessary for modelling the origins of com-
plex oxide inclusions that form during the refining process. While the exact
analytical or numerical solutions to the kinetics of inclusion evolution may be
difficult to obtain, the use of approximations enables important conclusions
to be made for situations of practical interest.

In the past, multiple researchers have developed models to predict the oc-
currence of inclusions predominant in Al-killed steel including Ca aluminates
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[12] and Mg spinels [13, 14], based on the shrinking core model (SCM) [15].
However, modelling of inclusions in the Si-Mn killed steel has not been as
thoroughly studied. A frequently used approach to model the occurrence
of inclusions has been to implement a local thermodynamic equilibrium ap-
proximation to compute the compositions of the inclusions [17, 18, 19, 20].
By considering a mathematical analysis of the formation mechanisms, it is
possible to determine the range of physical parameters over which such an ap-
proach is useful. Furthermore, the variance in inclusion composition within a
steel sample at the same location cannot be explained with a thermodynamic
approach alone, necessitating also the consideration of additional kinetic fac-
tors.

Figure 3.1: Formation mechanism of manganese silicates in liquid steel (a) by direct
nucleation (Route 1), (b) by transformation of a silica inclusion to a complex manganese
silicate (Route 2), and (c) by coagulation of simple or complex oxide inclusions (Route 3).

In this study, a mathematical model is developed to predict the formation
of complex oxide inclusions in a Si-Mn killed steel prior to solidification and
thus to evaluate the kinetics of the chemical reactions occurring in the steel
melt. While this paper is entirely computational or theoretical in nature, spe-
cific cases have been highlighted at appropriate points in the text to support
the qualitative aspects of these nucleation calculations. The model is justi-
fied by well-established knowledge of the MnO SiO2 system and considers
the practical conditions of deoxidation. Furthermore, without a nucleation
model, those attempting to model population balances or even average inclu-
sion compositions, are limited to guessing the initial inclusion population. To
date, only a small number of authors have applied some form of nucleation
models as a precursor to inclusion population balance models [21, 22] but
restricted to simple oxide systems like alumina, magnesia etc. The current
work is part of a larger program to develop a model describing inclusion evo-
lution during ladle treatment of Si-Mn killed steel which includes the effects
of steel-slag reaction on the compositional changes of the inclusions.

In the text below, first, the model formulation is described for inclusions
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that evolve through Routes 1 and 2. Second, the nucleation calculations
are compared for silica and Mn-silicate inclusions to assess the competition
between the two phases. Third, the results of the mass transfer model are
presented, after which the discussions about the effect of different process
and model parameters are made. Finally, the applicability of the current
model to the development of a process model for ladle refining is discussed.

3.2 Model

In order to analyze the formation mechanism of Mn-silicate type inclusions
during Si-Mn deoxidation, two models representing both direct nucleation
(Route 1) and transformation of simple oxide inclusions (Route 2) have been
developed. From both these models, the objective is to assess the evolution
of these inclusions under different parameters. In the first model, the stabil-
ity of silica and Mn-silicate type inclusions has been evaluated. Particularly,
the chemical driving force, critical radii and nucleation rates have been cal-
culated using CNT. In the second model, the modification of SiO2 particles
and the overall attainment of steel-inclusion equilibrium has been evaluated
through a mass transfer model. This model predicts the transformation time,
compositional changes and size changes of an average inclusion belonging to
the MnO SiO2 system considering a mean-field approach.

3.2.1 Route 1

Theory

The change in total free energy of the liquid steel melt following a nucleation
event can be calculated using

∆G =
4πr3

3

∆Gv

Ω
+ 4πr2σ, (3.2.1)

where ∆Gv is the volumetric Gibbs free energy change, Ω is the molar volume
of the oxide, r is the nucleus radius, σ is the interfacial tension between the
nucleus and parent phase (in this case the oxide and steel). From Eq. 3.2.1,
by considering the competition between volumetric Gibbs free energy change
and surface energy, one can obtain expressions for both the minimum total
Gibbs free energy change, ∆G∗ (Eq. 3.2.2) as well as the critical nucleus
radius (Eq. 3.2.3),

∆G∗ =
16πσ3

3∆G2
v

, and (3.2.2)
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rc =
−2σ

∆Gv

. (3.2.3)

Finally, from CNT the homogeneous nucleation rate, J , can be calculated
via

J = A exp

(
−∆G∗

kBT

)
, (3.2.4)

where kB is the Boltzmann constant, T is the temperature, and A refers to
the pre-exponential factor and is dependent on the available nucleation sites,
frequency factor and Zeldovich constant [23]. For the system under study,
a constant value of 1032 [7] is used for simplicity. It is noted that although
this value in reality changes based on the inclusion type, the nature of the
expression in Eq. 3.2.4 shows more dependence on the exponential term.

In order to obtain the rate of nucleation, it is essential to calculate the ∆Gv

for complex oxides. In principle, the composition of the oxide nuclei will
be such to minimize the chemical driving force for precipitate nucleation,
∆Gv. A detailed description of this calculation is provided in Section 3.2.1.
This is done to find the minimum nucleation barrier or total Gibbs free
energy change during the nucleation process, ∆G needed for oxide nucleation.
Consequently, it should produce an oxide nucleus of minimum radius (Eq.
3.2.3). The underlying assumptions of the model are as follows:

1. Inclusion particles are spherical.
2. Nucleation occurs homogeneously in the liquid steel melt.
3. The system is taken to be isothermal. Thus, any heat change associated

with the reaction under consideration is neglected.

Thermodynamics of nucleation

In this study, (MnO)y (SiO2)1–y (alternatively MnySi1–yO2–y) is taken as the
inclusion system that precipitates out of the steel by considering the equilib-
rium reactions in the Fe-Si-Mn-O system. Here the value of y, where 0 ≤ y
≤ 1, must be determined that minimizes ∆Gv and rc. The total free energy
associated with the solute elements in the liquid Fe-Mn-Si-O system can be
written in terms of their activities, ai,∑

xiµi = RT [y ln aMn + (1− y) ln aSi + (2− y) ln aO], (3.2.5)

where xi, and µi are the mole fraction and partial Gibbs free energy associated
with ith species (i = Si, Mn, O), respectively and R is the gas constant.
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Concurrently, the free energy of the MnySi1–yO2–y phase can be calculated as

∆G◦
MnySi1–yO2–y

= y∆G◦
MnO + (1− y)∆G◦

SiO2
+∆Gmix,id +∆GXS, (3.2.6)

where ∆G◦
j refers to the Gibbs free energy of formation of the oxide j,

∆Gmix,id is the free energy of ideal mixing, and ∆GXS is the excess free
energy change during the formation of a complex oxide. The expressions to
compute these variables are given by:

∆G◦
j = −RT logKj, (3.2.7)

∆Gmix,id = −T∆Smix = RT [y ln y + (1− y) ln(1− y)], and (3.2.8)

∆GXS = RT [y ln γMnO + (1− y) ln γSiO2
], (3.2.9)

where Kj is the equilibrium constant of the reaction associated with the
formation of oxide j, ∆Smix is the ideal entropy of mixing and γi refers to
the activity coefficients,.

Now, the Gibbs free energy change, ∆Gv associated with the formation of
MnySi1–yO2–y can be calculated using the difference between Eqns. 3.2.5 and
3.2.6 and written as

Ω∆Gv = ∆G◦
MnySi1–yO2–y

(y)−RT (y ln aMn + (1− y) ln aSi + (2− y) ln aO)

(3.2.10)

or, ∆Gv = −RT

Ω
·
[
y ln aiMn + (1− y) ln aiSi + (2− y) ln aiO

−y
∆G◦

MnO

RT
− (1− y)

∆G◦
SiO2

RT
− ∆Gmix,id

RT
− ∆GXS

RT

]
,

(3.2.11)

where the activities, aii correspond to that of the initial melt. Now, one
needs to obtain minimum the oxide composition, i.e. the minimum value of
y, denoted ymin, at which the ∆Gv will be minimum. This also corresponds
to the minimum in the critical nucleus radius, rc. As will be described below,
the solution was first obtained analytically to approximate ymin, and then
numerically for a more accurate estimation.

Analytical solution

The analytical solution for ymin can be obtained by differentiating the expres-
sion on the right-hand side of Eq. 3.2.11 with respect to the compositional
parameter, y and then setting it to zero. Excluding the ∆GXS term from
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Eq. 3.2.11 for simplicity during differentiation yields

ln aiMn − ln aiSi − ln aiO − ∆G◦
MnO

RT
+

∆G◦
SiO2

RT
− ln

(
ymin

1− ymin

)
= 0. (3.2.12)

Now, by rearranging the terms of Eq. 3.2.12, the expression for ymin can be
obtained as

ymin =

(
aiSi · aiO
aiMn

· exp
(
∆G◦

MnO −∆G◦
SiO2

RT

)
+ 1

)−1

. (3.2.13)

Finally, by substituting the value of ymin in Eq. 3.2.11, the expression for
the chemical driving force for nucleation, ∆Gv (Eq. 3.2.14) is obtained,

∆Gv = −RT

Ω
·
[
ymin ln a

i
Mn + (1− ymin) ln a

i
Si + (2− ymin) ln a

i
O

−ymin
∆G◦

MnO

RT
− (1− ymin)

∆G◦
SiO2

RT
− ∆Gmix,id

RT
− ∆GXS

RT

]
.

(3.2.14)

Additionally, from Eqs. 3.2.3 and 3.2.14, one can compute the critical radius
rc using

rc =
2σΩ

RT
·
[
ymin ln a

i
Mn + (1− ymin) ln a

i
Si + (2− ymin) ln a

i
O

−ymin
∆G◦

MnO

RT
− (1− ymin)

∆G◦
SiO2

RT
− ∆Gmix,id

RT
− ∆GXS

RT

]−1

.

(3.2.15)

Thus, from the model described above, one now has expressions for ymin,
∆Gv, and rc which can be together used to compute the homogeneous nu-
cleation rate, J using Eq. 3.2.4. Note that although the assumption of
excluding the ∆GXS terms is a significant one, this (a) allows for validation
of the numerical approach and (b) enables determination of the importance
of the ∆GXS term on the values of ymin and rc as will be discussed in Sec.
3.4.1.

Numerical methodology

In order to include the term ∆GXS, a numerical solution to Eq. 3.2.11 is
used. For ease of implementation, Eq. 3.2.11 is rearranged as

∆Gv = −RT

Ω
·
[
(1−y) log

(
KSiO2

aiSia
i2
O

aSiO2

)
+y log

(
KMnOa

i
Mna

i
O

aMnO

)]
, (3.2.16)
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where the Kj are obtained by replacing the ∆G◦
j terms using Eq. 3.2.7,

and aMnO, aSiO2
are the activities of the oxides in the MnO SiO2 system.

The above equation is rendered non-linear by the activity terms which are
a function of y, and obtained by combining Eq. 3.2.8 and 3.2.9. In order
to compute the value of ymin, the minimum value of ∆Gv is calculated uti-
lizing the FMINCON minimization function within MATLAB 2020a. The
constraints are obtained from the fact that compositional variables have to
be non-negative and should not violate mass conservation (i.e. all species
mole fractions must be less than one).

3.2.2 Route 2

Theory

In Route 2, simple oxide particles (SiO2) are assumed to form homogeneously
in the melt, after which Mn reacts with these inclusions to form complex
oxides (MnO SiO2). The current model considers the formation of complex
oxide inclusions by diffusion of elements into the initially-formed nucleus of a
simple oxide. The mass transfer of species to the inclusion interface leads to
inclusion growth until local equilibrium between the steel and the inclusion
population is achieved.

To describe the evolution of Mn-silicates, the model considers mass transfer
through a boundary layer (B.L.) to the surface of a pre-existing silica inclu-
sion along with the diffusion through a product layer (P.L.). After the silica
core has been consumed, the model considers only mass transfer through the
BL. A schematic of these approaches is presented in Fig 3.2. The underlying
assumptions of this model are as follows:

1. Pre-existing inclusions exist within the steel melt.
2. Inclusion particles are spherical; diameter changes with time are based

solely on mass transfer.
3. Mass transport of Si, Mn, and O is only considered between the steel

and the inclusion.
4. There is no change in the inclusion number density; the initially-chosen

value is representative of the number density after larger particles float
out to the top of the steel.

5. Chemical reactions are fast relative to mass transport processes, due
to the high temperature, and are not considered to be rate controlling.

6. The bulk steel is well mixed; a uniform concentration of dissolved
species exists throughout the steel at all instances.

56



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

Figure 3.2: Schematic of the two stages of inclusion evolution showing (a) diffusion
through the PL and mass transfer through the B.L. during the transformation of the silica
core; and (b) mass transfer through the B.L. after the silica core has been consumed. The
relevant interfacial concentrations used in the model are also indicated.

.

Model formulation

The reaction equilibria between Si, Mn and O at the steel/inclusion interface
can be described as:

[Si] + 2[O] = (SiO2)inc,

logKeq =
30110

T
− 11.40, and

(3.2.17)

X∗
Si =

a∗SiO2

ϵSiX∗
O
2 where ϵSi =

(
KSiO2

fSiMWSif
2
OMW 2

O.100
3

MW 3
Fe

)
, (3.2.18)

[Mn] + [O] = (MnO)inc,

logKeq =
14880

T
− 6.67, and

(3.2.19)

X∗
Mn =

a∗MnO

ϵMnX∗
O

where ϵMn =

(
KMnOfMnMWMnfOMWO.100

2

MW 2
Fe

)
,

(3.2.20)
where fi represents the Henrian activity coefficient of species i with respect
to 1 wt % standard state, Xi and MWi are the corresponding mole fraction
and molar mass, Keq is the equilibrium constant (which is evaluated at 1873
K [24]), ϵi is a fixed parameter based on the initial steel melt conditions
at 1873 K, and a∗SiO2

and a∗MnO are the interfacial activities of the species
in the MnO SiO2 system. The activity coefficients of the steel species are
calculated using the Unified Interaction Parameter Model (UIPF) [25] while
the activities of the oxide components within the inclusions are calculated
using the sub-regular solution model [26].
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The mass transfer rate, Ni, (mol/s), of species i through the boundary layer
from the bulk steel to the surface of a spherical particle can be described by

Ni = πd2km,iCv,m(X
b
i −X∗

i ), (3.2.21)

where km,i is the mass transfer coefficient of species i in the melt, Cv,m is
the molar density in the fluid phase, d is the particle diameter, Xb

i is the
molar fraction in the bulk of the fluid phase, and X∗

i is the molar fraction
at the interface between the particle and boundary layer. The mass transfer
coefficient is calculated using

km,i =
Di · Sh

d
, (3.2.22)

where Di refers to the diffusivity of species i and Sh refers to the Sherwood
number. A value of 2 was adopted for Sh as this is a typical value for
inclusions that are less than 14 µm in diameter [27].

In the first stage, when the silica core reacts with the species in the melt,
a shrinking core model (SCM) is used to calculate the transformation time
needed to completely form a Mn-silicate type inclusion. The SCM was formu-
lated based on a model by Tabatabaei et al. [12] which was initially developed
for Ca-aluminates inclusions. Here, mass transfer within the MnO SiO2 in-
clusion is assumed to occur by quasi-steady state diffusion of MnO and SiO2,
through the liquid PL. A flux balance for the diffusing species through the
PL and BL results in the following set of equations:

[NSi]B.L = [NSiO2
]P.L, (3.2.23)

[NMn]B.L = [NMnO]P.L, and (3.2.24)

[NO]B.L = 2[NSiO2
]P.L + [NMnO]P.L. (3.2.25)

Using Eq. 3.2.21 and assuming steady state diffusion (Fick’s 1st Law) through
the liquid PL, the above equations can be rewritten as

4πr2exk
st
m,SiC

st
v (X

b
Si −X∗

Si) =

(
4πrexrin
rex − rin

)
Dinc

SiO2
(Cex

SiO2
− Cin

SiO2
), (3.2.26)

4πr2exk
st
m,MnC

st
v (X

b
Mn −X∗

Mn) =

(
4πrexrin
rex − rin

)
Dinc

MnO(C
ex
MnO − Cin

MnO), and

(3.2.27)
kst
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where rex and rin are the outer and inner radius of the product layer, Cst
v

is the molar density of steel, Di is the diffusivity of species i, and Cex
i and
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Cin
i are corresponding concentrations at the external and internal radii. The

Cin
i values are set to the equilibrium values, Ceq

i which are obtained from the
MnO SiO2 phase diagram at 1873 K.

In the second stage, after the silica core has been consumed, mass transfer is
assumed to occur only through the boundary layer. This simplifies the flux
equations to

kst
m,OC

st
v (X

b
O−X∗

O) = 2(kst
m,SiC

st
v (X

b
Si−X∗

Si))+kst
m,MnC

st
v (X

b
Mn−X∗

Mn). (3.2.29)

In this second stage, growth of a spherical inclusion particle is considered to
take place by only mass transfer with the growth rate of the inclusions is
given by

dr

dt
= Ni · Ω, (3.2.30)

where r is the radius of the inclusion. The transfer of elements to the inclu-
sions results in a corresponding depletion of solutes in the bulk liquid steel.
This change in composition can be taken into account by assuming that solute
transfer to each inclusion takes places independently of each other, i.e. the
mean distance between inclusions significantly exceeds the solute diffusion
length in the liquid. This can be expressed as

dXi

dt
= −πd2km,i

Vc

· (Xb
i −X∗

i ) (3.2.31)

where dXi/dt represents the change in concentration in the bulk steel, and
Vc = 1/Z is the catchment volume with Z being the inclusion density per m3

of steel.

Numerical methodology

The solution of the interfacial concentrations was obtained numerically by
solving the above non-linear equations using MATLAB 2020a. Using the
equilibrium equations in Eqns. 3.2.18, and 3.2.20 along with the flux equa-
tions in Eqns. 3.2.26, 3.2.27, 3.2.28, and 3.2.29, one can solve for the inter-
facial concentrations for the two stages of the model. At any given timestep,
after obtaining converged values for the interfacial concentrations, the com-
positional change within the bulk steel and inclusions, as well as the growth
in inclusion radius were computed. The time step for all calculations was set
to 0.001 s.
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3.2.3 Calculation of activities of oxides in inclusion

In order to carry out the numerical calculations for the Route 1 and Route
2 models, the activities of oxides in the MnO SiO2 system are required. In
this study, they are calculated by the sub regular solution model (SRSM)
as described by Zhang et al. [26] for the CaO MnO SiO2 Al2O3 system.
Specifically, the activities can be expressed as

aMxOy
= XMxOy

exp

(
Gex

MxOy
−Go

MxOy

RT

)
, (3.2.32)

where XMxOy
is the mole fraction of an oxide MxOy in the oxide system,

Gex
MxOy

is the excess partial mole free energy of the oxide in reference to the
pure liquid state and Go

MxOy
is the mole free energy of phase transformation

of the oxide from liquid to solid [28].

For the quarternary CaO MnO SiO2 Al2O3 system, Gex
MxOy

is expressed
with a set of formulae in a multi component framework (MxOy = 1 to 4), for
which 1 to 4 denote the four oxide components as

Gex
MxOy

=

j′∑
0

k′∑
0

l′∑
0

AjklY
jZkUl = Gex

MxOy
(Y,Z,U) (3.2.33)

Here, j′, k′, l′ refer to the order of the system, Ajkl are empirical parameters
of the SRSM model, and Y, Z, and U are the reduced composition variables,

Y = 1−X1 (3.2.34)

Z = 1− (X2/Y ) (3.2.35)

U = 1− (X3/Y Z) (3.2.36)

For the (MnO SiO2) binary system, the model reduces to one composition
variable, Y.

3.3 Results

3.3.1 Activity model

Figure 3.3 compares the activity of MnO as a function of mole fraction of SiO2

in the MnO SiO2 system as calculated by the model via the SRSM approach
and data from the literature [29]. As can be seen, very good agreement is
achieved, demonstrating the validity of our implementation of the SRSM
model.
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Figure 3.3: Comparison of calculated and measured activities of MnO using SRSM in
MnO SiO2 system at 1873 K.

3.3.2 Route 1: Nucleation model

A base oxygen level of 500 ppm was chosen for the nucleation calculations
since it is close to the value expected in steel coming from primary steelmak-
ing process [30]. The Mn and Si levels have been chosen to be 1.05 and 0.21
wt % respectively, representing the composition of a typical long product.
Other required properties are listed in Table 3.3.1.

Table 3.3.1: Physico-chemical properties used in this study (St: Steel, Inc: Inclusion)
[35, 41]

Species Parameter Unit Value

Steel
Density kg/m3 7000
Temp. K 1873

SiO2

Density kg/m3 2650
Molar volume m3/mol 22.06× 10−6

Interfacial tension (St/Inc) J/m2 0.25

MnO SiO2

Density kg/m3 3650
Molar volume m3/mol 20.16× 10−6

Interfacial tension (St/Inc) J/m2 0.25

Figure 3.4a shows the variation in total Gibbs free energy, ∆G with inclusion
radius, r for different XMnO values and calculated at σ = 0.75 N/m. As can
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be seen, the different nucleii compositions result in different ∆G∗ values.
There is also a corresponding change in nuclei radius. Figure 3.4b shows
resulting variation in rc with XMnO. It can be seen that there is not a great
change in rc until large values of XMnO, and the minimum critical radii is
obtained around XMnO = 0.3. An accurate prediction of this value could also
be obtained by minimizing ∆Gv as discussed in Section 3.2.1.

Figure 3.5 shows the variation in the chemical driving force, ∆Gv, needed
for nucleation as well as the critical radius, rc, of both MnO SiO2 complex
inclusions and SiO2 simple inclusions as a function of temperature in the
range typically used for liquid metal processing. As can be seen, the stability
of the MnO SiO2 inclusion is slightly higher than that of the SiO2 inclusion.
This is an indication that complex oxide inclusions can directly precipitate
from the melt as the primary deoxidation product. Consequently, the critical
radius of the MnO SiO2 inclusion is lower than the SiO2 inclusion. Owing
to the less significant differences between the critical radii of the two inclu-
sions, it can be surmised that the both these inclusion phases can precipitate
simultaneously in the steel melt.

Figure 3.4: (a)Variation of ∆G of an MnO SiO2 inclusion with radius, r for different
XMnO values, (b) variation of rc with XMnO.

Effect of oxygen in steel

Figure 3.6a shows the variation of ∆Gv and rc of SiO2 and MnO SiO2 phases
at 1873 K as a function of dissolved oxygen content within the steel melt. In
keeping with established knowledge [1], it is evident from Figure 3.6a that
the chemical driving force for the formation of MnO SiO2 type inclusions is
more than that of SiO2 inclusions. This again emphasizes that the nucleation
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Figure 3.5: Variation of ∆Gv and rc of SiO2 and MnO SiO2 phases with temperature
at 500 ppm oxygen.

of the complex oxide is more favourable than the simple oxide. Consequently,
the critical radius of the complex oxide is smaller suggesting that it is likely
to nucleate earlier from the melt. Finally, it can be seen that higher oxygen
levels give rise to higher driving forces for precipitation.

In Figure 3.6b, the effect of dissolved oxygen levels in steel on XMnO (mole
fraction of MnO in oxide nucleus) is shown. As can be seen, there is a
decrease in XMnO within increasing oxygen content, i.e. the composition of
the nucleus becomes enriched in SiO2, especially for the typical oxygen levels
encountered in an oxidized liquid steel (200 - 500 ppm O). This can be also
shown from the analytical expression in Eq. 3.2.13, where higher oxygen
levels leads to lower MnO content in the nucleus. An overall lower MnO
(30-35 mol %) in the nucleus mixture can be explained by the stability of the
SiO2 component, which is rendered by the exponential term in Eq. 3.2.13.

Effect of deoxidizer concentration in steel

Figure 3.7a and 3.7b show the variation in Mn-silicate nuclei composition for
different Mn and Si levels. An oxygen level of 500 ppm has been selected
for these simulations. As can be seen, the MnO content in the inclusions
gradually increases with increasing Mn within the steel. However, the MnO
content decreases sharply when the Si increases within the steel, and reaches
a value of ≈ 30 mol % MnO at Si levels > 0.04 wt. % . At some critical
concentrations of Si and Mn, the MnO content is seen to change abruptly.
This is mainly due to differences in the way the reaction proceeds with the

63



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

Figure 3.6: (a) Variation of ∆Gv, rc of SiO2 and MnO SiO2 phases, and (b) variation
of XMnO as a function of dissolved oxygen content in steel at 1873 K.

available dissolved oxygen and the activity relationships between the oxides
in MnO SiO2 system. The higher content of SiO2 is mainly due to the
stronger deoxidation capability of Si compared to Mn. The results also show
that different oxide nuclei compositions are obtained with different Si and
Mn levels in the steel, which suggests that non-uniform mixing of ferroalloy
additions caused by the kinetics of dissolution and bath mixing can have an
impact on the nucleation process.

Figure 3.7: Effect of (a) Mn, and (b) Si levels on the compositions of the oxide nuclei
for O = 500 ppm.

3.3.3 Route 2: Mass transfer model

As noted earlier, the bulk concentrations of dissolved Si, Mn, and O are the
input boundary conditions for Route 2. A value of 1.05 wt% Mn, 0.21 wt%
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Si and 100 ppm O is assumed for the base case, matching Route 1, but will
be examined in the sensitivity analysis. The important model parameters
are listed down in Table 3.3.2, and the diffusion coefficients used for the
calculations are summarized in Table 3.3.3.

Table 3.3.2: Model parameters

Parameter Unit Value

Steel mass kg 0.650
Inclusion density /m3 1013

Inclusion diameter µm 5
Initial inclusion mass kg 6.39× 10−5

Table 3.3.3: Diffusion coefficients of species in steel melts at 1873 K used in this study
[12]

MnO SiO2 Mn Si O

D ×109 (m2/s) 0.1 0.1 5.45 3 3.1

Figure 3.8 shows the decrease in SiO2 core diameter with time after reacting
with Mn. As can be seen, after a short time, the SiO2 core is completely
consumed, ending up with liquid manganese silicate as the final phase. It
should be noted that this modification process is quite fast, which is con-
sistent with our understanding of high driving forces for mass transfer. In
this calculation, it is assumed that the concentration of dissolved Si, and
Mn is constant. However, due to the interplay of mixing and dissolution
kinetics, there could be unequal deoxidation in different locations across the
bath at the same instance. This might lead to non-equilibrium inclusions
which subsequently modify to liquid manganese silicates. This is illustrated
via Figure 3.9, which shows the change of driving force at the steel-inclusion
interface with time. Here, the activity difference of species between the bulk
steel and inclusion interface diminishes quickly with time, for a fixed number
density of inclusions. As can be seen, the local equilibrium between steel
and inclusion is established quickly ( ≈ 7 sec), suggesting that diffusional
growth of inclusions is not the rate determinant of deoxidation. In order to
further investigate the rate controlling step for manganese silicate formation,
a sensitivity analysis was conducted in which the diffusion coefficients of the
species in the boundary and product layers were changed by one order of
magnitude. In these calculations, a fixed inclusion number density of 1013

was considered based on previous literature values [27].
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Figure 3.8: Change of SiO2 core diameter with time for [Mn] = 1.05 wt% , [Si] = 0.21
wt% , [O] = 100 ppm.

Figure 3.9: Change of driving force at the steel-inclusion interface with time.

Sensitivity analysis: Effect of diffusivities of MnO and SiO2 in prod-
uct layer

The effect of varying diffusivities in the liquid MnO SiO2 by one order of
magnitude on the modification of silica to liquid manganese silicate is pre-
sented in Figure 3.10. As can be seen, increasing and decreasing the diffusiv-
ity by a factor of 10 does not show any notable impact on the transformation
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time, indicating that the transformation process is independent of MnO and
SiO2 diffusivity in the product layer.

Figure 3.10: Effect of changing diffusivities of MnO and SiO2 on the transformation
time of SiO2 to MnO SiO2.

Sensitivity analysis: Effect of diffusivities of solutes in boundary
layer

Figure 3.11 shows the effect of changing the diffusivity of solutes in the melt
by an order of magnitude. Decreasing the mass transfer coefficient from the
melt increases the transformation time to 0.636 seconds, a 4.82-fold increase;
conversely, increasing the mass transfer coefficient causes a decrease to 0.015
seconds, a 8.8-fold decrease. These changes indicate that mass transport to
the inclusion surface might control the rate or in other words, control lies
in the liquid boundary layer around the inclusion. In reality, the projected
transformation periods are substantially shorter (< 1 s) than mixing time
scales in the steel reactor ( ≈ 100 s), implying that the rate-determining step
for the formation of liquid manganese silicates is most likely solute delivery
to the melt. In this regard, adding a deoxidizer dissolution step and mixing
kinetics to the model can give the time delay response for all inclusions to
reach local equilibrium.

Sensitivity analysis: Effect of concentration of solutes in bulk steel

Figures 3.12, 3.13, and 3.14 depict the effects of Mn, Si and O content within
the steel on the SiO2 core to Mn-silicate transformation rate. It is seen that
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Figure 3.11: Effect of changing diffusivities of solutes on the transformation time of
SiO2 to MnO SiO2.

the rate of transformation increases by a factor of 7.6 upon increasing the
Mn content from 0.6 to 1.0 wt%. On the other hand, increasing the dissolved
silicon from 0.05 to 0.2 wt.% leads to an increase in the time of transformation
by a factor of 2.8 (Figure 3.13). This shows that it is the Mn/Si ratio that
is important in deciding the transformation rate rather than the individual
Mn, and Si levels, indicating towards mixed rate control mechanics between
Si and Mn. It is interesting to see that increasing oxygen content of the steel
has negligible effect on the SiO2 transformation rate (Figure 3.14). This is
supported by the negligible oxygen fluxes between the inclusion and the steel
during the duration of transformation. The change in inclusion composition
may be considered as an exchange of Si and Mn between the metal and the
inclusion, as Mn reacts with the existing SiO2. More participation is expected
to occur during the mass transfer growth process at the time of deoxidation
when the oxygen flux to the inclusion is significant and is an important part
of the process.

3.4 Discussion

3.4.1 Route 1: Nucleation model

The model results present interesting aspects of the nucleation process where
the competition between SiO2 and MnO SiO2 type inclusions is studied. The
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Figure 3.12: Effect of [Mn] on transformation rate. [Si] = 0.1 wt.%, [O] = 100 ppm

Figure 3.13: Effect of [Si] on transformation rate. [Mn] = 1.0 wt.%, [O] = 100 ppm

results show that the formation of complex oxide nuclei is highly possible and
much more favorable than simple oxides in a multicomponent steel melt dur-
ing the time of deoxidation. Such situations could arise when multiple deox-
idizers are added at the same time. The study also establishes an expression
for the calculation of ∆Gv, required to calculate the nucleation rates using
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Figure 3.14: Effect of [O] on transformation rate. [Si] = 0.1 wt.%, [Mn] = 1.0 wt.%

Classical Nucleation Theory. The relations derived in this study should hold
for the nucleation of complex oxides during deoxidation by Al. For example,
such a model would be useful in modelling calcium aluminates in Al-killed
steel where Ca-containing Fe-Si is added with Al during deoxidation.

From the expression for ymin in Eq. 3.2.13, the dependence on the initial
composition (supersaturated state) of the steel and the thermodynamic prop-
erties of MnO SiO2 system (containing the effects of temperature) can be
seen. This is of important consequence since it implies that different nuclei
compositions of complex oxides are obtained in the melt with different steel
compositions and temperatures. Both these scenarios are possible in actual
steelmaking systems. The kinetics of dissolution of ferroalloys/deoxidizers
can lead to concentration fields in the melt. Also, thermal stratification in
the melt can lead to non-isothermal conditions. Interestingly, these results
are also consistent with industrial findings where different Mn/Si ratios have
been obtained in the inclusions. However, it needs to be noted that super-
saturation must be attained to nucleate any oxide particle in the melt. The
foregoing calculations allow the estimation of the critical composition of steel
melt to nucleate a complex oxide particle. Supersaturation can be achieved
in the melt by either additions of deoxidizers or high oxygen steel in a ladle
or a combination thereof, both of which are effected by tapping additions
during ladle filling.

Figure 3.15 shows the variation of nucleation rates with different oxygen levels
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Figure 3.15: Variation of nucleation rate with different oxygen levels considering differ-
ent interfacial tension values between steel and inclusions.

calculated with different interfacial tension values. From the nucleation rate
calculations, it can be found that a high oxygen potential close to 225-375
ppm should create enough supersaturation to nucleate silica and manganese
silicates during Si/Mn killed deoxidation of steels. Below this limit, homoge-
neous nucleation of these inclusions cannot occur, and the components in the
steel melt will remain in the supersaturated state. A similar conclusion was
obtained by Wasai and Mukai [32] while considering the nucleation process of
alumina in liquid iron. However, it is important to point that in such a case,
heterogeneous nucleation can predominate, provided there exists some oxide
particles during the addition of deoxidizers. The effect of interfacial tension
values on the nucleation characteristics is described further in Section 3.4.1.

Effect of excess free energy contribution

The calculation of ∆Gv without considering the activities of the compo-
nents in the oxide mixture is expected to give an inaccurate estimation of
the composition of the oxide nucleus in the steel melt. This approach has
been commonly employed to study precipitation of carbides, nitrides, and
carbonitrides in solid steels [33] where the ∆GXS terms are not taken into
account.

In order to understand the effect of ∆GXS term, an analytical solution for Eq.
3.2.11 was obtained where the excess free energy term, ∆GXS was neglected
while calculating the composition of the oxide nucleus. Figure 3.16 shows
the effect of ∆GXS on ∆Gv and XMnO. As can be seen, the effect of ∆GXS
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on ∆Gv (Figure 3.16a) is minimal up to a temperature of around 1800K.
With increasing temperature above 1800 K, the deviation increases slightly
as a result of neglecting the excess free energy term. The effect of ∆GXS

at temperatures above 1800 K on the MnO content is, however, significant,
showing about a three-fold decrease in XMnO as a result of neglecting the
excess free energy term. This shows the importance of using the activities of
the oxides in Eq. 3.2.16 which implicitly consider the contribution of ∆GXS

and the chemical characteristics of the oxide system.

Figure 3.16: (a) Variation of ∆Gv and (b) XMnO of the MnO SiO2 nuclei calculated
with and without the contribution of GXS.

Effect of interfacial tension

In the aforementioned calculations, the values chosen for interfacial tension
between the oxides and steel melt is assumed to be independent of temper-
ature and melt composition. It can be agreed that interfacial tensions of
different oxides in a steel melt are difficult to obtain as it is a complex func-
tion of the solutes in the steel. In order to model the effect of oxygen and
sulphur on the surface tension of steel, previous researchers [23, 34] have used
an expression of the form as:

σ = 0.50 +BT ln(1 +KSaS +KOaO); (3.4.1)

where B is a constant, T is the temperature (K), Ki are adsorption coeffi-
cients, ai are solute activities.

The critical Gibbs free energy change for homogeneous nucleation can be
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Figure 3.17: Variation of ∆Gv of SiO2 and MnO SiO2 phases with temperature super-
imposed on the variation of ∆Gcrit

v calculated at different values of interfacial tension.

calculated by setting J = 1 m−3s−1 in Eq. 3.2.4, resulting in:

∆Gcrit
v = −4.09

√
σ3

kBT ln(A)
(3.4.2)

A strong dependence on the interfacial tension, σ can be noticed from the
above expression. This can be further illustrated with Figure 3.17 where the
effect of the interfacial tension on the oxide stability calculations is presented.
It can be clearly observed that increasing interfacial tension values limit the
nucleation process at higher temperatures since the ∆Gcrit

v line lies above
the ∆Gv lines of both SiO2 and MnO SiO2 phases (calculated with σ = 0.25
N/m). Furthermore, it can also be shown that the choice of values influence
the nucleation rates significantly.

Although the effect of a substrate in the nucleation process was not consid-
ered, the low value (0.25 N/m) used in this study can be justified in the case
of heterogeneous nucleation. Moreover, it is difficult to agree whether the
interfacial tensions of oxides measured on a large scale applies to a nano-scale
event like nucleation. Such uncertainties prevail with the application of CNT
to a real industrial process but certain approximations allow it to be valid
and useful while estimating nucleation rates during deoxidation.
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Effect of molar volume

In this study, the dependence of molar volume on the composition of the com-
plex oxide nuclei has been neglected for the sake of simplicity. For certain
cases, the molar volume of different complex oxides can exhibit a signifi-
cant compositional dependence as shown in model studies carried out by
Thibodeau et al. to correlate molar volume to oxide compositions [35]. To
investigate the effect of molar volume on the foregoing calculations, a simple
linear regression model has been fitted based on their study for the compu-
tation of molar volumes for different compositions in the MnO SiO2 system,
which can be written as:

Ω (cm3/mol) = 11.9XSiO2
+ 15.06 (3.4.3)

Figure 3.18: (a) Variation of ∆Gv, of SiO2 and MnO SiO2 phases with temperature,
considering molar volume (M.V) = f(XMnO), and (b) variation of XMnO with temperature
showing the effect of molar volume dependence.

Using the same values as in Section 3.3.2 and re-performing the minimization
of Eq. 3.2.16, the variation of ∆Gv with different temperatures are calcu-
lated and shown in Figure 3.18a. Here, it can be seen that the stability
order changes at 1845 K, below which a SiO2 inclusion is more stable than
a MnO SiO2 inclusion. This is in contrast with the results in Figure 3.5a,
implying that the effect of molar volume on the oxide stability is significant.
Also, the effect of the choice of molar volume function on XMnO is shown
in Figure 3.18b. Here, the composition of the nucleus mixture seems to be
affected by the choice of molar volume values. At temperatures lower than
1823 K, MnO content close to 33 mol % can be found in the complex oxide
nuclei, while selecting a fixed value of molar volume gives no MnO content at
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those temperatures. Hence, this shows that the consideration of molar vol-
ume dependence on oxide composition is necessary for evaluating an accurate
initial nuclei composition. However, the preceding calculations were chosen
to be done using a fixed value of molar volume for the sake of simplicity.

3.4.2 Route 2: Mass transfer model

The results from the nucleation model showed that SiO2 particles can nu-
cleate in the melt, given that the supersaturations exist. In such situations,
these inclusions quickly transform into Mn-silicate inclusions based on the
kinetic model results presented in Section 3.3.3. This model seems to be
more useful in predicting the modification of existing simple oxide particles,
e.g. for reaction of inclusions with solutes reduced at the slag-steel interface
or when deoxidizers are added at different intervals.

Kim et al. [37] conducted laboratory experiments where they studied the
features of primary and secondary inclusions in Mn/Si and Mn/Si/Ti de-
oxidized steels in MgO crucibles. The final composition of the manganese
silicate inclusions from the model calculations in this study were compared
with some results from the Si/Mn deoxidation experiments which are pre-
sented in Figure 3.19. It can be seen that the calculated results are in good
agreement with the observed compositions of the inclusions which are in
equilibrium with the steel melt. This shows that the kinetic model converges
to the thermodynamic equilibrium condition towards the end. Furthermore,
this also points out the validity of the thermodynamic relationships used in
this study.

The current kinetic model indicates that diffusion-controlled reactions in the
inclusion are fast, as one would anticipate for a micron-sized particle at high
temperature, taking only seconds to complete, especially since the elements
involved in this reaction system (Fe-Mn-Si-O) are available in excess in the
bulk steel. Previous researchers in the authors’ laboratory [12, 14] came
to the same conclusion while studying the formation of Mg-spinels, calcium
aluminates in Al-killed steel. Although the transformation time is found to
be small (∼ 1 s) in all calculations, inclusions with partially transformed
silica core can be encountered in some real situations [31]. The presence
of such inclusions could be explained with the help of a non-homogeneous
melt where the driving force for full transformation is not present. These
situations could arise typically in crucible experiments where stirring is not
present. The importance of mixing time is elucidated further by comparing
the characteristic time scales of nucleation, mass transfer growth and mixing
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Figure 3.19: Comparison of MnO content in the manganese silicate inclusions obtained
through experiments and via the kinetic model as a function of inclusion size.

as follows:

tnuc =
1

4πrcDONeq

(3.4.4)

tmass =
r2

DO

(3.4.5)

tmix = 25.4Q−0.33L−1.0R2.33 (3.4.6)

where tnuc, tmass, and tmix are the characteristic time scales for nucleation,
mass transfer and mixing. In these equations, rc is the critical nuclei size (=
0.5 nm), DO is the diffusivity of oxygen in liquid steel(= 3.1 × 10−9 m2/s
), Neq is the number of atoms of oxygen at equilibrium in the melt (here,
70 ppm O for Si-Mn deoxidation gives 1.845 × 1025 m−3), r is the inclusion
radius at local equilibrium with the melt (= 5 µm), Q is the gas flow rate
(= 18.3 × 10−2 m3/s), L and R are the bath depth (= 2.625 m) and radius
(= 1.79 m) of the gas agitated vessel for which the mixing time is computed.
The values obtained by substituting the values gives tnuc, tmass, and tmix

as 2.767 × 10−9 s, 8.064 × 10−3 s, 140.68 s. From these calculations, it
can be concluded that mixing should strongly influence the overall rate of
deoxidation and time to achieve global chemical equilibrium. The generation
of numerous inclusions of the order of 1012 − 1014m−3 should allow oxygen
levels to reach equilibrium values quickly. The mixing time influences the
number of nuclei generated as shown by Sigworth and Elliot [36] and the
rate of deoxidation.
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Effect of diffusivities of solutes in the steel

Diffusion coefficients of the different solutes involved in this study, i.e., Si,
Mn, O are of the order of 10−9m2/s. It is difficult to measure their values to
high precision and accuracy, for which molecular based models can be useful.
In this regard, the Stokes-Einstein equation can yield reasonable approximate
values. In Figure 3.20, it is shown how the transformation rates can change by
varying the diffusion coefficients of the different species. As can be seen, the
effect of diffusivities are important while considering mass transfer controlled
growth but the time scale in which they affect transformation or formation
rates is small (< 1 s). Hence, the impact can be considered to be minimal
on the overall determination of deoxidation rates owing to the high driving
forces for mass transfer existing in the steel melt.

Figure 3.20: Effect of change in diffusivities of Si, Mn, O in the steel on the transfor-
mation time of SiO2 to MnO SiO2 inclusions.

3.4.3 Practical implications

Previous modelling approaches that have taken into account fluid dynamics
of the ladle have achieved better predictions of steel chemistry as summarised
by Jonsson and Jonsson [38]. Owing to bath circulation, the driving force
for nucleation and growth by mass transfer can be unequal, leading to the
formation of inclusions with different chemistries in the steel melt. Such
an effect cannot be accounted for in a local equilibrium based modelling
approach where inclusions in equilibrium with the local steel bath are cal-
culated. However, when nucleation rates are considered in a thermo-kinetic
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model, these events can be reasonably modelled. The incorporation of nucle-
ation kinetics along with the particle size distribution (PSD) to these models
provides a greater picture to the overall inclusion landscape in the steel re-
actor. Most models [21, 22, 39, 40] of this type have focussed on simulating
the dynamics of a simple oxide like alumina or titania. The incorporation of
a sub model for the formation of complex oxides in liquid steel, such as the
one developed in this study, with spatio-temporal mixing phenomena should
allow a better prediction of the occurrence of different types of inclusions in
the steel. However, there is a large computational overhead in capturing the
compositional changes and population evolution of multiple inclusion types
along with the fluid dynamics in a steel reactor. Rimbert et al. [41] have
used innovative techniques like Quadrature Method of Moments (QMOM)
to simplify population dynamics equations and achieved interesting results.
In any case, the description of nucleation events and mixing seems to be
necessary, which was illustrated in this study. The development and exten-
sion of the model developed in this work to a ternary or quaternary oxide
system should also allow one to consider the effect of Al and Ca in Si/Mn
killed steels. The current nucleation and growth model can be used by the
steelmakers to model the formation of other unwanted complex oxide inclu-
sions, supporting process improvements that reduce the occurrence of nozzle
clogging incidents.

3.5 Conclusion

A mathematical model was developed for the steel-inclusion reactions during
Si/Mn deoxidation of steel. Two modes of formation of complex oxides, i.e,
manganese silicates, were considered. Firstly, a nucleation model was devel-
oped to compute the chemical free energy needed for formation of manganese
silicates based on existing thermodynamic relationships. Secondly, a kinetic
model for the transformation of SiO2 to Mn-silicates was developed by consid-
ering multicomponent diffusion of Mn, Si, and O through the boundary layer
and within the product layer constrained by thermodynamic equilibrium at
the interfaces. From the results of these models, the following conclusions
can be made:

1. Based on the nucleation calculations, the homogeneous nucleation of
liquid manganese silicates can take place spontaneously in the liquid
steel melt, along with the formation of SiO2 when the necessary super-
saturation ratios exist.

2. Based on the kinetic growth model results, any SiO2 particle should
quickly react with Mn and O, and form manganese silicates in a short
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span of time.
3. The rate control for MnO SiO2 formation is determined by rate of

supply of solutes to the bulk steel, indicating the importance of reagent
dissolution kinetics in inclusion formation.

4. In the nucleation model, the effect of interfacial tension on the critical
free energy change for nucleation and nucleation rate calculations is
significant.

5. The molar volume dependence on oxide composition needs to be con-
sidered for accurately predicting the composition of oxides in the nuclei
forming in the melt.

6. The effect of solute diffusivities on the transformation rates of SiO2

was evident but not so critical compared to other rate-controlling steps
since the reactions happen at a rapid rate.

7. The mixing time scale is important in predicting the number of nuclei
forming as a result of homogeneous nucleation, as well as driving forces
for mass transfer in the liquid steel melt.
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Chapter 4

Modeling study of
steel–slag–inclusion reactions
during the refining of Si–Mn
killed steel

In Chapter 4, the model development consisting of average oxide inclusion
composition tracking along with the analysis was entirely carried out by me.
The data for validation was taken from Ref. [13]. Useful discussions on the
results were provided by Dr. Kenneth S. Coley and Dr. André B. Philion.

The manuscript was initially drafted by me and edited to the final version
by Dr. Kenneth S. Coley and Dr. André B. Philion. This work was pre-
sented in STEELSIM 2021, which was later selected to be published in Steel
Research International, 2022, DOI: https://doi.org/10.1002/srin.202100831.
The following Chapter is the pre-publication version of the article.
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Abstract

Complex deoxidation by Si and Mn is beneficial for certain steel long products since it
leads to the formation of low temperature melting manganese silicates. However, the in-
troduction of Al via steel-slag reactions can lead to unwanted inclusion formation which
can cause nozzle clogging down the process line. To simulate steel-slag-inclusion reactions
during refining of steel, a kinetic model based on the mass transfer of steel species has
been developed for MnO SiO2 Al2O3 inclusions and integrated with a previously devel-
oped steel/slag coupled reaction model. Using the model, the rate determining step for
inclusion transformation was clarified and the effect of slag-metal reactions on inclusions
was investigated. The model calculations have been validated using experimental data re-
ported in the literature. Subsequently, the influence of slag compositions on the chemistry
of inclusions and the effect of mass transfer coefficient on deoxidation characteristics is
examined through a parametric study. The results are helpful for understanding inclusion
dynamics during ladle refining of Si-Mn killed steel.

4.1 Introduction

Non-metallic inclusions (NMIs) in steel can have deleterious effects on the
final steel quality by affecting the mechanical strength, toughness, and pro-
cessability [1]. In this regard, the understanding of the quantity, chemical
composition, and morphology of NMIs is critical to improving the overall
efficiency and performance of any steelmaking process. During deoxidation,
oxide inclusions are generated from the reaction between added deoxidizers
and dissolved oxygen in the steel, which are then removed mostly via stirring-
induced mechanisms [2]. However, to prevent nozzle clogging, it is crucial
to understand the nature of the residual micro-inclusions in the molten steel
reactor.

Although aluminum is the most prevalent deoxidizer, in certain products
like tire cord steel, spring steel, and strip steel, silicon and manganese are
used instead in order to avoid the formation of harmful alumina inclusions.
The addition of silicon and manganese results in the formation of highly
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deformable manganese silicate inclusions which are favoured during casting
and rolling of long products [3]. However, in Si/Mn killed steels, it has been
found that an excess presence of aluminium in the steel can lead to alumina
rich inclusions (that come from the added ferroalloys or steel-slag reactions).
These inclusions are detrimental to steel castability since they have high
melting points and poor deformation indices [4]. One of the major concerns
of steelmakers is the reduction of alumina and related oxides within the slag
since this results in an increase in the Al and O levels in the steel, which
in turn causes the formation of undesirable inclusions [1]. Thus, a better
knowledge of the governing steel-slag and steel-inclusion reactions is neces-
sitated. Furthermore, it is beneficial for the steelmaking industry to have
the capacity to predict the conditions facilitating the formation of harmful
inclusions.

In Si-Mn killed steel, the typical non metallic inclusions encountered dur-
ing ladle refining belong to the MnO SiO2 Al2O3 and CaO SiO2 Al2O3

system. Kang and Lee [5] studied the inclusion chemistry of Mn/Si deox-
idized steel using both thermodynamic models and experimental methods.
They showed that inclusions having (MnO/SiO2 by mass) ratio near unity
and Al2O3 in the range of 10-20 mass% give MnSiO3 and Mn3Al2Si3O12 soft
phases having low liquidus temperatures (1150-1200℃). Chen et al. [6] found
that favorable inclusions could be achieved by controlling the Al2O3 content
in top slag below 10 wt%. and the binary basicity of top slag (CaO/SiO2 by
mass) around 1.0. Park and Park [7] conducted equilibrium laboratory ex-
periments between CaO Al2O3 SiO2-CaF2 MgO( MnO) slag and Si-Mn
killed steel melts and found that the (MnO/SiO2 by moles) in the non metal-
lic inclusions was almost equal to 0.8 with Al2O3 content increasing from
about 10 to 40 mol % by changing the basicity of slag (CaO/SiO2 ratio)
from 0.7 to 2.1.

In the past two decades, the development of integrated kinetic models has
allowed the prediction of inclusion composition changes over time under dif-
ferent conditions, as recently reviewed by Park and Zhang [8]. In these
studies, steel-slag reaction kinetics have been modelled using mass transfer
coefficients derived from plant trials, experimental studies or empirical re-
lationships while steel-inclusion reaction kinetics have been assumed to be
fast and modelled based on instantaneous local equilibrium with the steel
[9, 10, 11]. Zhang et al. [12] developed a reaction model to investigate the
transient evolution of inclusions during the ladle mixing process of Si-Mn
killed steel, which was tested with varying sequences of ferroalloy addition
and different concentrations of Si, Mn, and Al. However, the simulated inclu-
sion compositions were not validated and the effect of slag was not included
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in their study. Recently, Piva et al. [13] extended the Effective Equilibrium
Reaction Zone model (EERZ) [14] methodology to develop a kinetic model
for Si-Mn killed steels where the effect of slag on inclusion compositions was
studied. In both these studies, inclusions are considered to be in equilibrium
with the local steel melt.

Over the past fifteen years, researchers at McMaster University [15, 16, 17]
have developed a kinetic process model for Al-killed steels that combines a
calcium dissolution model with a shrinking core model for inclusion transfor-
mation (CaO MgO Al2O3), that is coupled with a slag-steel reaction model.
The model can track the changes in steel and slag compositions, and evolu-
tion of inclusions under conditions matching those in industry. The results
have been validated with heat data from a single North American steel plant
and, so far, have shown good agreement. In the present study, this modelling
approach is extended further to model predominant inclusions in Si/Mn killed
steel. Specifically, a kinetic model is proposed that predicts the occurrence
of microinclusions belonging to MnO SiO2 and MnO SiO2 Al2O3 systems.
Subsequently, the inclusion kinetic model is integrated with the previously de-
veloped steel-slag coupled reaction model to predict the compositional change
of inclusions after slag addition.

The proposed modelling approach is differentiated from previous approaches,
such as the EERZ method, by including explicit descriptions of kinetic equa-
tions for the steel-inclusion reactions considering number density and inclu-
sion size. To validate the approach, the calculated results are compared
against experimental data reported in the literature [13]. Finally, the effect
of slag composition on variations in inclusion composition is investigated and
the effect of mass transfer coefficient on deoxidation characteristics is exam-
ined in order to put the model’s results in the context of actual industrial
conditions.

4.2 Mathematical model

The overall model consists of separate kinetic models considering different
steel-inclusion, and steel-slag reactions while the influence of other variables
including refractory interaction and air reoxidation is not included. At each
time step, the compositions of metal, slag and inclusions are updated via a
mass balance. This enables one to track the compositional variables in the
multicomponent, multiphase system. A schematic of the relevant interactions
can be seen in Figure 4.1.
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Figure 4.1: Schematic of steel-slag-inclusion reactions showing (a) an enlarged view of
the solutes diffusing through a boundary layer of an inclusion (b) catchment volume of
inclusions.

4.2.1 Steel-inclusion model

The steel-inclusion model considers a uniform distribution of SiO2 inclusions
with a high separation distance, dm (Figure 4.1), ensuring the solute diffu-
sion zones do not overlap between different inclusions. Diffusion of species
(Mn, Si, O) to the inclusion interface leads to the transformation of these
inclusions to MnO SiO2 until equilibrium between the steel and inclusions is
established. A shrinking core model based on the model of Ca-aluminates by
Tabatabaei et al. [15] was formulated to describe the evolution of Mn-silicates
(MnO SiO2) in the steel melt by considering local equilibrium conditions
that exist at the steel/inclusion interface. To study the Rate Determining
Steps (RDS) for inclusion transformation, both diffusion in the boundary
and product layers is investigated. The model was then extended to the
MnO SiO2 Al2O3 system, which is commonly encountered in deoxidation
inclusions in Si-Mn killed steel. The main assumptions of the model were:

1. SiO2 inclusions form instantaneously and are present at t = 0. Addi-
tionally, a small layer of Mn-silicate exists at the surface of the SiO2

inclusion. This layer can be considered to have a negligible impact on
the mass balance.

2. The inclusions have spherical geometry.
3. There is no change in average inclusion number density within the melt.
4. Chemical reactions are not rate controlling.
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5. The bulk steel is well mixed at all times.

Equilibrium equations

The reaction equilibrium between element, M, and dissolved oxygen, O, at
the steel/inclusion interface can be described by:

x[M] + y[O] = (MxOy)inc (4.2.1)

X∗x
M =

a∗MxOy

eMX
∗y
O

(4.2.2)

eM =
KMxOy

(fM ·MWM)
x · (fO ·MWO)

y · 100x+y

MW x+y
Fe

(4.2.3)

where KMxOy
are the equilibrium constants for the respective deoxidation

reactions evaluated at 1873 K shown in Table 4.2.1, X∗
i is the mole frac-

tion of species i at the interface, ai are the activities of the ith oxides in
MnO SiO2 Al2O3 system which are calculated at the interface by the Sub
Regular Solution Model (SRSM) [18], MWi is the molar mass of species i,
and fi represents the Henrian activity coefficient of ith species with respect
to 1 wt. % standard state, calculated using Unified Interaction Parameter
Formalism [19].

Table 4.2.1: Equilibrium constants for different steel-inclusion reactions

Reaction log Keq Ref.
2[Al] +3[O] = Al2O3 (s) 64000/T - 20.57 [17]
[Si] + 2[O] = SiO2 (s) 30110/T - 11.40 [17]
[Mn] + [O] = MnO (s) 14880/T - 6.67 [17]

Mass transfer equations

The mass transfer rate, Ni (mol/s) of species i through the boundary layer
from the bulk steel to the surface of a spherical particle, is given by:

Ni = 4πr2km,iCv,m

(
Xb

i −X∗
i

)
(4.2.4)

where km,i (m/s) is the mass transfer coefficient of species i across the bound-
ary layer in the melt, Cv,b (mol/m3) is the molar density in the bulk steel
phase, r is the particle radius, Xb

i is the molar fraction of the species i in the
bulk of the fluid phase, and X∗

i is the molar fraction of the species i at the
interface of the particle and boundary layer. Using the Sherwood number,
Sh, the diameter of the particle, d and, diffusivity Di , the mass transfer
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coefficient between the steel and inclusion, km,i can be defined as:

km,i =
Di · Sh

d
(4.2.5)

A Sherwood number of 2 is adopted in the current study since the size of the
inclusions is less than 14 µm [20]. Mass transfer through the liquid manganese
silicate layer within the silica inclusion is treated on a phenomenological
basis as, quasi-steady-state, counter molecular diffusion of MnO and SiO2.
The mass transfer rates of MnO and SiO2 are driven by the concentration
gradient existing across the product layer, which can be described by:

Ni =

(
4πrexrin
rex − rin

)
· (CvDi) ·

(
Xex

i −X in
i

)
(4.2.6)

where rex, rin are exterior and interior radius of the product layer, respec-
tively, Cv,l is the molar density of the liquid layer, and Xex

i , and X in
i are the

mole fractions of species i at exterior and interior radius, respectively. The
flux balance between the diffusing species within the boundary layer of the
inclusion results in an additional set of equations:

NM = xNMxOy
, and (4.2.7)

NO =
∑

yNMxOy
. (4.2.8)

Following this, the change of concentration in the bulk steel and inclusions
due to steel-inclusion reaction is calculated via:

dninc
i

dt
= πd2kst

m,iCv,m ·
(
Xb

i −X∗
i

)
, (4.2.9)

X inc
i = ninc

i /
∑

ninc
i , (4.2.10)

dXst
i

dt
= −

πd2kst
m,i

Vc

·
(
Xb

i −X∗
i

)
, and (4.2.11)

Vc =
4

3
πr3C where rC =

(
3

4πZ

)1/3

(4.2.12)

where rc is the catchment radius (Refer Figure 4.1) and Z is the average
number density of the inclusions.

4.2.2 Steel-slag model

In the present work, the multicomponent kinetic model of Graham and Irons
described in greater detail in Reference [17] was used to calculate the effect
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of steel?slag reactions on the inclusion compositions. The model is based on
the mixed coupled reaction model proposed by Robertson et al. [21] which
have been successfully used to describe dephosphorization and desulphurisa-
tion of hot metal. The main governing equations, used in conjunction with
Equations 4.2.2 and 4.2.3, are:

kst
m,iC

st
v

(
Xb

i −X∗
i

)
= xksl

m,MxOy
Csl

v

(
X∗

MxOy
−Xb

MxOy

)
(4.2.13)

kst
m,OC

st
v

(
Xb

O −X∗
O

)
=
∑

yksl
m,MxOy

Csl
v

(
X∗

MxOy
−Xb

MxOy

)
(4.2.14)

All the equations are rearranged to compute the X∗
O at the slag/metal inter-

face, after which the change of concentration in the bulk steel and slag due
to steel?slag reaction can be calculated via:

dXb
i

dt
=

kst
m,iAst/sl

Vst

·
(
Xb

i −X∗
i

)
(4.2.15)

dXsl
i

dt
=

ksl
m,iAst/sl

Vsl

·
(
Xb

MxOy
−X∗

MxOy

)
(4.2.16)

4.2.3 Numerical implementation

The system of the differential equations (Equations 4.2.9, 4.2.11, 4.2.15,
4.2.16) was converted into a set of non-linear equations, which were then
solved using the Newton-Raphson method in MATLAB 2020b. A time step
of 0.005 s was used for the steel-inclusion reactions, while the steel-slag re-
actions were considered in every 0.1 min, owing to their slow rates.

4.3 Results and Discussions

A sequential approach was carried out in order to validate the current model.
First, the activities of the oxide species calculated with SRSM are com-
pared with those existing in literature [22, 23]. Second, the rate determining
steps for steel-inclusion reactions were analyzed with the help of sensitivity
analyses as described in Section 4.3.2. Finally, the results of the combined
steel-slag-inclusion model are presented in Section 4.3.3, were compared with
experimental data of Piva et al. [13]. The model parameters and initial con-
ditions used in this comparison, taken from Reference [13], are listed in Tables
4.3.1, 4.3.2, 4.3.3.

Having validated the model calculations, the effect of steel-slag reactions
are further studied to understand its effect on inclusion compositions and
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Table 4.3.1: Model initizialization parameters

Parameter Units Value
Steel Mass kg 0.650
Slag Mass kg 0.185
Crucible diameter m 0.058
Effective reaction area m2 3.32 x 10−3

kst
mA m3/s 2.65 x 10−8

ksl
m/k

st
m - 0.1

Inclusion number density /m3 1010

Initial inclusion diameter µm 5
Initial inclusion mass kg 6.39 x 10−5

dissolved oxygen changes in Si-Mn killed steel. The role of the mass transfer
coefficients at the steel/slag interface have also been discussed in Section
4.3.6. Finally, some limitations of the current model are pointed out.

Table 4.3.2: Base steel composition

Case C Mn Si Al O S Fe
ST1 0.2 1.05 0.2 0.001 0.01 - Balance

Table 4.3.3: Slag compositions

Case CaO MgO SiO2 Al2O3

SL1 47 10 35 8
SL2 47 10 8 35

4.3.1 Oxide activity calculation

The endogenous oxide inclusions encountered within the modelled system as
a result of deoxidation belong to the CaO MnO SiO2 Al2O3 system. The
oxide activities in this system can be represented by the sub regular solution
model [18], using :

aMxoy = XMxoy exp

(
Gex

Mxoy
−G◦

MxOy

RT

)
(4.3.1)

where XMxOy
is the mole fraction of an oxide MxOy in the oxide system,

Gex
MxOy

is the excess partial molar free energy of the oxide in reference to the
pure liquid state, Go

MxOy
is the molar free energy associated with the oxide?s

transformation from liquid to solid, and Gex
MxOy

is expressed with a set of

formulae in a multi-component system (MxOy = 1 to 4) in which 1 to 4
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denote four oxide compounds in a quaternary oxide system. The activities
calculated using a computerized version of this model in the MnO SiO2 and
MnO SiO2 Al2O3 systems are shown in Figures 4.2a and 4.2b, respectively.
As can be seen, an excellent match is achieved between the calculated values
and those of the literature [22, 23].

Figure 4.2: Comparison of (a) calculated activities of MnO in MnO SiO2 system at
1873 K ; (b) calculated iso-activities of MnO in MnO SiO2 Al2O3 system by sub-regular
solution model (SRSM) at 1823 K with literature data [22, 23].

4.3.2 Sensitivity Analysis and the Rate Determining
Step

Figure 4.3 shows the results of a sensitivity analysis, in which the diffusion
coefficients of the species in the boundary and product layers were changed
by an order of magnitude to see the influence on transformation rates of
SiO2 to MnO SiO2. As can be seen, it is evident that the rate of manganese
silicate formation is controlled by the mass transport of solutes (Mn, Si, O).
Moreover, the transformation is complete within 1 s owing to the availability
of Si and Mn in bulk steel, which as shown in Figure 4.3c, exerts a high
driving force. From Figure 4.3a and 4.3b, it can also be seen that the rate
controlling step is not likely mass transport through the product layer in
this case but rather diffusion of solutes in the boundary layer. Figure
4.4 shows how the activity difference between species in the bulk steel and
at the inclusion interface diminishes with time for a fixed number density
of inclusions. It can be seen that a local equilibrium between steel and
inclusion is established quickly (≈ 5 s), suggesting that diffusional growth
of inclusions is not rate determining for deoxidation since the acting time is
much less. These findings allow the kinetic model to be simplified to only
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Figure 4.3: Sensitivity analysis: Effect of (a) diffusivities of bulk steel species, (b) diffu-
sivities of oxides in product layer (c) diffusivities of Si, Mn, O on rate of SiO2 transfor-
mation.

Figure 4.4: Variation of bulk steel concentration difference at the steel-inclusion interface
with time.

consider mass transfer between steel and a homogeneous inclusion belonging
to the MnO SiO2 Al2O3 system.

4.3.3 Comparison with literature data

Figure 4.5 compares the predicted variation of inclusion composition with
time after the addition of slag, with experimental data reported by Piva et
al. [13] along with their model predictions. The steel and slag compositions
used for the simulations correspond to that of ST1, and SL2 (Refer to Ta-
ble 4.3.2 and 4.3.3). As can be seen, both models predict reasonably well
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the trends in average inclusion composition changes. The prediction of the
MnO content in the inclusions seem to be better than SiO2 content in their
model versus the current model calculations, whereas the results of Al2O3

are comparable. The deviation of the model could be explained by compo-
sitional changes taking place during solidification. Due to the high residual
oxygen, inclusion may form by reaction between the rejected solutes and oxy-
gen. Consequently, ‘secondary’ manganese silicates can form along with SiO2

precipitating internally owing to the low saturation limit. This can partly
explain the higher SiO2 in the inclusions in the reported experimental data.
Please note that the greater agreement in predicting the alumina component
within the inclusions is a result of the fact that the mass transfer coefficient
employed in this work for all the components at the steel/slag interface were
taken from the reference who based these values on the Al pickup rate. Ad-
ditionally, the discrepancy around 1000s could be explained from the fact
that the effect of reoxidation is excluded in the current model, which con-
siders only the compositional changes of the MnO SiO2 Al2O3 inclusions
occurring after deoxidation.

4.3.4 Study of Al pickup rate

The rate of change of Si/SiO2, Al/Al2O3 in steel, slag phases is shown in
Figure 4.6, where the Al pickup can be explained by the reduction of Al2O3

by Si. While using a high alumina slag for steel refining, a redistribution of
silica and alumina can be observed between the inclusions and the slag (Refer
to Figure 4.5c and 4.6b). If the alumina activity in the slag is sufficiently high
and the silica activity sufficiently low, the silicon activity in the steel may be
high enough to reduce the alumina via a reaction similar to Equation 4.3.2.
The aluminum activity in the steel may then be high enough for Reaction
4.3.3 to proceed replacing silica in the inclusion with alumina. The overall
reaction between the respective species is shown in Reaction 4.3.4.

3[Si] + 2 (Al2O3)slag = 4[Al] + 3 (SiO2)slag (4.3.2)

4[Al] + 3 (SiO2)inc = 3[Si] + 2 (Al2O3)inc (4.3.3)

(Al2O3)slag + 1.5 (SiO2)inc = 1.5 (SiO2)slag + (Al2O3)inc (4.3.4)

The driving force for Al reduction at the steel-slag interface can be de-
scribed quantitatively by Equation 4.3.5, and from Figure 4.7, it is shown
that the driving force goes down with time as the overall reaction approaches
equilibrium.
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Figure 4.6: (a). Variation of Al, Si in steel (wt.%); (b) Variation of SiO2, Al2O3 in slag
with time (wt.%).

Figure 4.7: Variation of driving force for alumina (Al2O3) reduction at the steel-slag
interface with time.
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∆G = ∆G0 +RT lnQ where, ∆G0 = 0, and Q =
aAl2O3, inc · a1.5SiO2, slag

aAl2O3, slag · a1.5SiO2, inc

(4.3.5)

4.3.5 Effect of slag compositions

Having established the model, the effect of different slag compositions is
studied with both silica-rich and alumina-rich slags as tabulated in Table
4.3.3. As can be seen in Figure 4.8a, there is a noticeable change in the way
in which the inclusion composition changes based on the type of slag with
little alumina pickup in the inclusions for a silica rich slag, and much more
with an alumina rich slag. This can be attributed to less silicon-aluminum
exchange because a lower activity difference between oxygen at the interface
and oxygen in the bulk steel leads to less reduction of oxides from the slag.
Furthermore, this observation is in line with previous studies where alumina
in the slag was recommended to be maintained around 10-15 wt.% [5, 6] for
avoiding harmful solid alumina inclusions. In such cases, some industries
have resorted to Ca treatment to modify these inclusions, when the alumina
in the inclusions was more than 20 wt.% [24]. This indicates the use of silica
rich slags as top ladle slag in processing for Si-Mn killed steels [7] to obtain
the desirable spessartite (Mn3Al2Si3O12) type inclusions. Figure 4.8b shows

Figure 4.8: (a) Variation of inclusion mole fraction; (b) dissolved oxygen in steel with
time for different slag compositions (SL1 and SL2).

the variation of dissolved oxygen in the steel where an alumina-rich slag
produces less dissolved oxygen in the steel in comparison to a silica-rich slag.
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The precipitation deoxidation reaction between oxygen and Al in the steel
reduces the oxygen to low levels because the Al in equilibrium with Al2O3 at
activity of one offers a much lower oxygen potential than Si in equilibrium
with SiO2 at activity of one. Although the total oxygen in steel is expected to
be around 75 ppm for both slag types (SL1 and SL2) considering a crucible-
based steel mass transfer coefficient, it is interesting to find that with SL2,
the oxygen is ’trapped’ in inclusions as excess alumina. However, this is
not desirable practically since it would reduce the deformability index of the
inclusions [4]. Alternatively, by Equation 4.3.6, one can show that a lower
activity of SiO2 in the slag can produce less oxygen in the steel.

ao =

√
aSiO2, slag

aSi ·Keq,SiO2

(4.3.6)

Overall, these results show that with silica rich slags it is possible to obtain
less oxygen in the steel by keeping CaO/Al2O3 ratio high, which ensures
a low silica activity and low alumina. This is crucial since the ‘diffusion
deoxidation’ or ‘slag-aided deoxidation’ mechanism is important for obtaining
low oxygen levels in Si/Mn killed steels because the inherent deoxidation
capability of Si/Mn is not so high [1]. Moreover, introducing long stirring
times, which increases the mass transfer across the steel-slag interface, allows
faster equilibration of steel with the slag. It is worth mentioning that in such
as case, the inclusion type can change to being close to that of the slag
composition, i.e., calcium silicates, provided sufficient equilibration time is
provided.

4.3.6 Effect of steel mass transfer coefficient

Figure 4.9 shows the effect of the steel mass transfer coefficient, kst
m on the

slag deoxidation characteristics for silica-rich slags. As can be seen, a higher
kst
m leads to faster equilibration of the steel with slag. In this study, the

steel-slag reactions are assumed to be under mixed mass transport control,
with mass transport occurring in both the steel and slag. Hence, the overall
reaction kinetics can be quantified through a term known as the overall mass
transfer coefficient, ko, defined as:

1

ko
=

1

ksl
mLo

+
1

kst
m

, (4.3.7)

Using ksl
m = 0.1kst

m, Eq. 4.3.7 shows that increasing kst
m increases the overall

mass transfer coefficient, ko. Consequently, this decreases the time constant
of steel-slag reactions reaching equilibrium. This time constant, τ , can be
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expressed as:

τ =

(
koρstA

Wst

(
1 +

Wst

WslLo

))−1

, (4.3.8)

where Lo refers to the partition ratio of oxygen between slag and steel and is
defined as (%O)eq/[%O]eq, Wstand Wsl refer to weight of the steel and slag,
respectively, A is the steel-slag reaction area and ρst is the density of steel.
From this expression, it can also be shown that slow mass transfer rates in
crucible experiments does not allow oxygen levels in the bulk steel to go down
significantly during the refining process as was seen in Figure 4.8b.

Figure 4.9: Effect of steel mass transfer coefficient at the steel/slag interface on the
variation of oxygen with time.

4.3.7 Limitations of the model

In this work, apriori knowledge is needed of the inclusion phases present
within the system, in order to track their compositional changes. Addi-
tionally, the model is currently unable to capture the variance in inclusion
chemistry within a sample. Finally, the effect of fluid flow in the ladle reac-
tor is not included in the present study which could also influence the final
composition of the steel, slag, and inclusions. These limitations could po-
tentially be overcome by using a Population Balance Model (PBM) coupled
with a thermo-kinetic code, including the effects of nucleation. Using a PBM
approach, different size classes of inclusions can be modelled considering the
effect of nucleation, growth, aggregation and breakage processes simultane-
ously. Furthermore, this framework could be further incorporated in a fluid
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flow description of the reacting vessel. Using a PBM approach, the evolu-
tion of different sized inclusions and competition between multiple inclusion
types can be studied as shown in a study by Rimbert et al. [25]. While
the incorporation of such complexity into the model increases its fidelity, it
also adds considerable computational expense. In this regard, the developed
mass transfer model is simpler and useful for predicting composition changes
taking into account the important refining process variables which is more
suited for process control.

4.4 Conclusion

In the current study, a kinetic model was developed for manganese silicate
inclusions and combined with a prior steel-slag model to study the effect
of slag on the inclusion compositional changes in the steel. Overall, the
model was able to capture the inclusion changes with time and the ‘slag
aided deoxidation’ mechanism at the steel/slag interface reasonably well.
The salient findings of the study are as follows:

• It was shown that diffusion of solutes to the inclusions is the proba-
ble rate-determining step for inclusion transformation while diffusion
through the liquid product layer was not. Also, the transformation
rates are relatively high, indicating that the formation of manganese
silicates is fast in molten steels.

• After combining the steel-slag and steel-inclusion models, the model
calculations showed good agreement with previous literature data. This
indicates the applicability of the coupled reaction modelling methodol-
ogy to typical ladle refining reactions in Si-Mn killed steel.

• The simulations showed that steel-slag reactions with alumina rich slags
could lead to excess Al pick up in Si/Mn killed steels which can further
modify inclusions and cause the formation of undesired solid phases
inside the steel.

• The dissolved oxygen goes down mainly by precipitation deoxidation
when there is excess Al in the steel. On the other hand, silica-rich slags
which is shown to cause less Al pickup, have a less detrimental effect
on the inclusion compositions.

• Additionally, it was shown that in crucible experiments, unlike plant
conditions, the time needed to reduce oxygen levels with slags is high
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owing to sluggish mass transfer at the steel-slag interface.

One way to improve our predictions of inclusion composition is to couple a
population balance model with the kinetic model of inclusions. This will be
presented in our future work.
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Chapter 5

Development of a multi-oxide
kinetic model to study
inclusion transient evolution in
molten steel: Application to
Si-Mn killed steel

In Chapter 5, the original concept of a multi-oxide kinetic model was pro-
posed by me. The data for validation was taken from experimental and
previous literature data. The model development and the analysis were en-
tirely carried out by me. Useful discussions on the results were provided by
Dr. Kenneth S. Coley and Dr. André B. Philion.

The manuscript was initially drafted by me and edited to the final version
by Dr. Kenneth S. Coley and Dr. André B. Philion. This chapter has
been published in Metallurgical and Materials Transactions B, 2023. The
following Chapter is the accepted version of the article.
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Abstract

A first principles-based multi-oxide inclusion kinetic model is proposed to predict the
transient evolution of oxide inclusion composition in secondary steelmaking processes.
The model provides information about different oxide particles as opposed to an average
inclusion composition, by taking into account the thermodynamics (∆Gtot

ox ) and kinet-
ics of the formation of different stoichiometric oxide inclusions. When coupled with a
previously-developed steel-slag model [1], the model is used to predict the type and amount
of predominant inclusions encountered during the refining of Si-Mn killed steels. These
predictions show good agreement with laboratory and industrial, experimental measure-
ments. The model is able to demonstrate the linkages between the inclusion precipitation
sequence and steel and slag compositional variables.

5.1 Introduction

In secondary steelmaking, deoxidation and reoxidation reactions lead to the
formation of nonmetallic inclusions (NMIs), which need to be controlled to
obtain good steel quality [2]. It is important to understand the formation
and types of harmful inclusion phases that can deteriorate the performance
of the steelmaking process. Automated inclusion analysis (AIA) of industrial
samples provides useful information regarding the process dynamics and the
formation reactions of the inclusions in high-temperature reactors. However,
predictive models that can simulate the formation and evolution of inclu-
sions throughout the refining process are also needed to optimize the process
parameters, thus, increasing reactor efficiency. In this regard, kinetic mod-
els have been developed by many researchers over the past two decades to
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simulate inclusion evolution during the refining process. The literature per-
taining to such models has been recently reviewed by Park and Zhang [3]. In
one approach, commercial thermodynamic packages like FactSage are used
to compute the equilibrium mass fractions of the stable phases according to
the chemical compositions of the steel. In most cases, this approach seems
reasonable since the steel-inclusion reactions do not seem to be rate control-
ling owing to the high interfacial area [4] as well as a quick establishment of
local equilibrium between steel and inclusions. However, Rimbert et al. [5]
showed that this approach was not successful in simulating non-equilibrium
inclusions. Their study demonstrated that incorporation of the kinetics of
particulate events, including nucleation, growth, aggregation, and removal of
inclusions, was needed to improve the accuracy of the simulations. A second
approach that is used to model inclusion chemistry is the tracking of the av-
erage inclusion composition through mass transfer equations for the different
reacting species [6, 7]. Although there seems to be an explicit description
of particles, this approach does not track the different types of inclusions
precipitating within the molten steel. Hence, there is a need to develop a
modelling approach that is capable of simulating both equilibrium as well as
non-equilibrium inclusions during the steelmaking process. Moreover, there
has been a growing interest in coupling reactor mixing kinetics and inclusion
transport with chemistry prediction models in order to study the transient
behavior of inclusion evolution in molten steel.

In this study, a new approach, namely, the multi-oxide inclusion (MOI) ki-
netic model, is proposed to simulate the transient evolution of oxide inclusion
chemistry in molten steel. First, the assumptions and equations used in this
model are introduced. Second, the MOI kinetic model is coupled with a
steel-slag model previously developed in our group [1] to simulate the effect
of different slag compositions on inclusion evolution. Third, the model re-
sults are validated against experimental data from laboratory deoxidation
experiments for the Fe-Si-Mn-O system. Fourth, the coupled model results
are compared against previous literature data to show the applicability to la-
dle refining reactions. Finally, some discussions are made on the application
and future possibilities of the model.

5.2 Model development

5.2.1 Multi-oxide inclusion kinetic model

When deoxidizers are added to molten steel, there are reactions between the
solutes ([Si], [Mn], [Al], etc.) and [O], resulting in a large population of
different oxide inclusions (simple or complex oxides). Each of these oxide
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inclusions has its individual stability and growth dynamics that determine
evolution characteristics and lifetime in liquid steel. The multi-oxide inclu-
sion (MOI) kinetic model employs separate calculations for each inclusion
type encountered in the process so that the evolution of each type can be
tracked as a function of time. The thermodynamics and kinetics of inclu-
sion formation are described by the equilibrium constant and species mass
transfer equations, respectively, as described in the next section. The inclu-
sions are assumed to be stoichiometric solid or liquid phases whose internal
compositions do not change with time.

Figure 5.1: Schematic showing an overview of the multi-oxide inclusion (MOI) kinetic
model. Note: The particle dynamics model is not included in this current version.

In addition to predicting the development of multiple oxide inclusions, the
model has the potential to accommodate the inclusion number density and
size changes that take place during the dynamic process, thereby facilitating
the future development of a particle dynamics model coupled with chemical
kinetics. For example, the total number density, N , could be provided from
another sub-model pertaining to particle size distributions (Refer to Fig-
ure 5.1). By including the initial conditions of all relevant inclusion types,
the model essentially introduces ‘seeds’ in the melts which do not alter the
mass of the steel significantly. The model, then allows all inclusions to grow
based on their mutual stabilities with changing melt conditions. In other
words, the amount/mass of the multiple oxide inclusions can be tracked with
time by allowing the mass transfer to dictate the formation and evolution of
‘only’ the stable inclusion types. Figure 5.1 shows a schematic of the mod-
elling framework, i.e., the initial inputs required by the multi-oxide inclusion
kinetic model and the resulting desired output. Please note that this study
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does not include a particle dynamics model. Instead, the inclusion number
density is treated as a constant that does not change with time (assuming it
to be the steady state value).

Although the model could be easily adapted for oxide inclusions belonging
to many deoxidation systems such as Fe-Al-O, Fe-Al-Ti-O, etc., this study is
focused on inclusions pertaining to Si-Mn killed steels, whose properties are
shown in Table 5.2.1. As can be seen in the table, each inclusion phase is
characterized by the size (di) and the number density (Ni), which is initialized
to the same value, irrespective of inclusion type, in this work.

Thermodynamic equations

All the steel-inclusion formation reactions considered in this study can be
represented as follows:

x1M1 + x2M2 + x3M3 + xnMn + yO = M1,x1M2,x2 ...MnOy, (5.2.1)

where xi and y represent the stoichiometric values, Mn represents a cation
(Si, Mn, Al, etc.), and O is the oxygen anion. Now, at the interface between
the steel and the inclusion, local equilibrium is assumed:

Keq,M1,x1M2,x2 ...MnOy =
aM1,x1M2,x2 ..MnOy∏

i h
xi
Mi
hy
O

, (5.2.2)

where hi represents the Henrian activity of ith species with respect to 1 wt. %
standard state, calculated using Unified Interaction Parameter Formalism [8]
and the activity of the complex oxide, aM1,x1M2,x2 ..Oy is taken as one. For
simple oxides, the values of equilibrium constants, Keq,i, can be found in
Refs. [1, 9]. For complex oxides, the corresponding equilibrium constants are
calculated using the following:

Keq,i = exp

(
−

∆Gtot
ox,i

RT

)
. (5.2.3)

Here, the Gibbs free energy change associated with complex oxide inclusion
formation, ∆Gtot

ox,i can be calculated using the following:

∆Gtot
ox,i = −

∑
j

xjRT logKj +∆Gmix
i +∆GL→S

i (if solid), (5.2.4)

where j refers to the jth oxide constituting the complex oxide. Now, the
first term on the RHS refers to the sum of the formation energies of ‘j’
oxides, the second term refers to the mixing free energy of the formation of
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the liquid oxide system, and the third term refers to the free energy change
required to form a solid inclusion from the liquid solution. The computation
of ∆Gmix requires the activities of the constituting oxide components in the
inclusion, aMxOy. In this study, these have been calculated using a Sub
Regular Solution Model (SRSM) [7, 10] based on the solid reference state
at 1873 K. It is worthwhile pointing out that the value of ∆Gtot

ox essentially
dictates the formation tendency of an inclusion. This allows the model to be
generic and be able to simulate a wide variety of oxide inclusions arising in
steel.

Kinetic equations

The mass flux rate, Ji of species i through the boundary layer from the bulk
steel to the surface of a spherical particle is given by:

Ji = km,iπd
2(Cb

i − C∗
i ), (5.2.5)

where Cb
i and C∗

i are the concentrations of solute i at the bulk and interface,
respectively, and km,i is the mass transfer coefficient between the steel and
inclusion. This last term can be defined using the Sherwood number, Sh,
and diffusion coefficients, Di as:

km,i =
Di · Sh

d
. (5.2.6)

A Sherwood number of 2 has been utilized since the size of the inclusions is
less than 14 µm [11].

Finally, in the multi-component system, the flux equations must satisfy mass
balance as follows:

JM1

x1

=
JM2

x2

=
JM3

x3

... =
JMn

xn

=
JO
y

(5.2.7)

Please note that the concept of fixed particle composition is introduced as an
artificial constraint to simplify the calculations. In reality, in a molten sys-
tem, the solubility of oxides within each other is rather high, thus rendering
the oxide composition a non-stoichiometric variable.

Based on Eq. 5.2.7, (n− 1) equations can be constructed from the flux bal-
ance equations. The final equation is obtained from consideration of local
thermodynamic equilibrium at the steel/inclusion interface (Eq. 5.2.2). For
example, 2 flux balance relations and 1 thermodynamic equation are needed
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to compute the interfacial species concentrations to model MnO SiO2 type
inclusions within the Mn-Si-O system. Numerically, the values of interfacial
concentration of the involved species are obtained by solving a set of non-
linear kinetic equations using the Newton-Raphson method. Following this,
the amounts of each inclusion are calculated using mass balance relations.
The depletion of solutes in the bulk steel is calculated via the following:

dXi

dt
= −Nt · πd2km,i · (Xb

i −X∗
i ), (5.2.8)

where dXi/dt represents the change in concentration in the bulk steel, and
Nt is the inclusion number density in the molten steel.

Inclusion growth

Although in principle, the size and morphology of inclusions can change
through different physical aggregation mechanisms [12], in this work, the
inclusion sizes are constrained to change through mass transfer and chemical
reactions only. Specifically, the growth rate of inclusions resulting from the
chemical transformation is computed via [13]:

dr

dt
=

DO

r
· XO −X∗

O

αX inc
O −X∗

O

, (5.2.9)

where r = (d/2) is the radius of the inclusion, α = vFeat /v
inc
at is the ratio of

steel (Fe) to inclusion molar volumes (mean volume per atom), DO is the
diffusivity of oxygen in liquid steel at 1873 K, XO is the bulk mole fraction of
oxygen in the liquid steel, X∗

O is the mole fraction of oxygen at the slag/steel
interface, and X inc

O is the mole fraction of oxygen in the oxide inclusion.

5.2.2 Steel-slag model

Steel-slag reactions can be adequately described by the multicomponent ki-
netic model originally proposed by Robertson et al. [14], where the species
mass transfer equations are coupled and solved at the reaction interface. In
the present work, this model is used to investigate the effect of steel-slag
reactions on the inclusion compositions. More details about the calculation
procedure can be found in Ref. [1]. In principle, X∗

O is calculated by the
respective thermodynamic and flux balance equations. Using this, the inter-
facial concentrations of other elements are calculated, which is followed by
the update of the bulk compositions of steel and slag using the following:

dXst
M

dt
=

kst
m,MAst/sl

Vst

·
(
Xb

M −X∗
M

)
(5.2.10)
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dXsl
MxOy

dt
=

ksl
m,MxOy

Ast/sl

Vsl

·
(
Xb

MxOy
−X∗

MxOy

)
(5.2.11)

where Xst
M , Xsl

MxOy
are the mole fractions of the metal and oxide in the bulk

steel and slag, respectively, Ast/sl is the area of the steel/slag interface, and
Vst and Vsl are the total steel and slag volume, respectively.

5.2.3 Calculation methodology

A schematic of the calculation methodology is shown in Figure 5.2. First, the
initial steel and slag compositions are input into the model along with their
corresponding masses, as well as the inclusion number density and size. The
inputs are used to obtain the thermodynamic properties, and the calculation
of the mass transfer coefficient is done based on the stirring rate information
or supplied data. After these pre-calculations, the steel-slag model is run
with a time step of 1 second (∆t) since the steel-slag reactions ought to be
slower. Finally, the multi-oxide inclusion kinetic model is applied with a
time step of 0.01 seconds (dt) to determine the type, amount, and size of
inclusions, as well as the new steel chemistry. All numerical computations
were carried out using MATLAB 2022a.

Please note that it is assumed that (a) the temperature of the molten steel is
kept constant (1873 K) and uniform throughout the bulk, (b) the dissolution
of alloying additions occurs rapidly, and (c) the composition of the bulk steel
is taken to be homogeneous at all times.

5.3 Data used for validation

In order to verify the model results, data pertaining to Si-Mn killed steels was
collected from different crucible experiments both performed in the authors’
laboratory and found in the literature [4, 15]. A brief background of these
experiments and trials is provided below. The steel and slag compositions
used in this study are tabulated in Table 5.3.1 while the values used for model
initialization are listed in Table ??.

5.3.1 C1 : Deoxidation experiment

Deoxidation experiments with industrial grade FeSi (wt.%Si ≈ 79%) and
FeMn (wt.%Si ≈ 80%) were carried out in a vertical resistance-heated tube
furnace. A pre-weighted mixture of electrolytic iron (Fe) and Fe2O3 (source
of oxygen) were placed in a MgO crucible (58 mm ID; 62 mm OD; 104 mm H)
to yield a 300 g melt containing about 400 ppm [O]. This was then heated to
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Figure 5.2: Flow chart of steel-slag-inclusion reaction model.

1873 K (1600°C) in an inert argon atmosphere which was ensured by passing
5N pure argon gas through titanium turnings at around 700°C. After melting,
homogenization was done for about 30 minutes, after which alloy additions
were made from the top of the furnace through a hollow alumina pipe. First,
FeSi was added (t = 0), followed by FeMn after an interval of 600 s in an
argon atmosphere. After the addition of the alloys, melt samples (S1- S4)
were taken at different holding times (30, 300, 630, 900 s) using a quartz
tube. A schematic showing the timing of samples is presented in Figure 5.3.
The experimental setup used for the experiments is the same as used by
Nabeel et al. [16].

Chemical analyses of the steel samples were then carried out by induction
coupled plasma optical emission spectrometry (ICP-OES). SEM-EDS inclu-
sion analysis (AIA) was conducted using the AZTEC software. The inclu-
sions were classified based on the following nomenclature: M = MnO; S =
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Table 5.3.2: Model initialization parameters

Parameter Units C1 C2 C3
Steel Mass kg 0.296 0.650 170000
Slag Mass kg - 0.185 3000
Crucible/Ladle diameter m 0.058 0.058 2.612
Effective reaction area m2 - 3.32 × 10−3 7.11
kst
mAst/sl m3/s - 6.80 × 10−8 6× 10−6ϵ̇1.4Vst

ksl
m/k

st
m - - 0.1 0.1

Inclusion number density /m3 1 × 1013 1× 1013 1 × 1013

Initial inclusion diameter µm 1 1 1

Note: ϵ̇ is the effective stirring power (W/t)

Figure 5.3: Schematic of sampling used in the experiments.

SiO2, A = Al2O3 ; MS = MnO SiO2 ; MS-low Al = MnO SiO2 with low
Al ; AS = Al2O3 SiO2 ; MS-Ca = MnO SiO2 with Ca ; MS-high Al =
MnO SiO2 with high Al.

The corresponding simulation was carried out using the steel composition
(C1a) shown in Table 5.3.1. First, the steel was allowed to reach equilibrium
with the inclusions after FeSi was added to the oxygen-rich iron melt. After
600 s, the steel composition was changed to that of C1b to represent the
addition of FeMn, following which the same was repeated.

5.3.2 C2: Steel-slag crucible experiments (Piva et al.,
2018)

Piva et al. [4] performed laboratory experiments to study steel-slag reactions
in Si-Mn killed steels in an induction furnace. Electrolytic iron (Fe) was
melted in a MgO crucible and deoxidized using controlled compositions of
ferroalloys, FeMn and SiMn, to yield a [Mn]/[Si] mass ratio of 5 in the steel.
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A prepared slag mixture was then added to the crucible 360 seconds after
deoxidation. Samples were taken at time intervals of 300 s. Steel composition
was analyzed using ICP-OES, while the inclusion data was obtained via
ASPEX analysis.

The corresponding simulation was carried out using the steel and slag com-
position (C2) shown in Table 5.3.1. For this simulation, the steel-slag mass
transfer coefficient was selected to match the Al pickup rate in the steel and
reported observations of the inclusion population.

5.3.3 C3: Industrial trials (Bhansali et al., 2021)

Bhansali et al. [15] reported data for Si-Mn killed steels produced through
the electric arc furnace (EAF) and ladle metallurgical furnace (LMF) route.
Deoxidation was done in the LMF after tapping the steel from the EAF (open
tap), which was followed by the addition of the pre-weighed mixture of SiMn,
dolomite, silica sand, and lime.

The corresponding simulations were carried out using the steel and slag com-
position listed as C3 in Table 5.3.1. However, as the details regarding stirring
rate information (flow rate variation, number of plugs, gas flow rate) were
not provided, they had to be assumed based on another study from a sim-
ilar industrial plant [17]. A constant flow rate of 7 SCFM (Standard cubic
feet per minute) with one plug was selected for computing the mass transfer
coefficient at the steel/slag interface in the model calculations. The stirring
energy, ϵ̇ was calculated from the flow rate as:

ϵ̇ =
ṅRT

Wst

ln

(
Pt

P0

)
, (5.3.1)

where ṅ, R,Wst, Pt, and P0 denote the molar gas flow rate (Nm3/hr), ideal
gas constant (J/mol/K), steel weight (kg), the gas pressure at the base of the
ladle, and at the melt surface (Pa), respectively. Please note that although
Ca injection was also performed experimentally, the authors reported a low
recovery, and thus in these simulations, the presence of Ca was ignored.
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5.4 Results

5.4.1 Model validation

C1: Deoxidation experiments

Figure 5.4 compares the inclusion analysis data from experiments with those
obtained from the model calculations. It is seen that a good agreement is
obtained for the type of oxide inclusions that are precipitating in the liquid
steel. After FeSi addition, mostly the inclusion population consists of silica
inclusions, while after FeMn addition, they are mostly manganese silicates
with some aluminium. Although alumina inclusions were predicted after
FeSi addition, they were not observed experimentally. This might be because
sufficient supersaturation for alumina nucleation was not present in the melt.
However, this was not considered in the present model. The predicted average
compositions of inclusions are plotted in Figure 5.5, which shows very good
agreement with the experimental data. The corresponding changes in the
[O], [Si], [Mn], and [Al] in the bulk steel are shown in Figure 5.6. As can
be seen, the addition of FeMn further decreases the dissolved oxygen by
forming manganese silicates owing to the stronger deoxidation capability of
the combined action of [Si] and [Mn] in the steel [2].

Figure 5.4: (a) Variation in inclusion chemistry with time (a) during deoxidation exper-
iments and (b) calculated from MOI model (C1).
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Figure 5.5: Variation of average species concentration (a) Si, (b) Mn, (c) Al in the
inclusion phase as a function of time (C1). Note: <> refers to the element concentration
in the inclusion phase.

C2: Steel-slag crucible experiments (Piva et al., 2018)

Figure 5.7 shows a comparison between the average inclusion composition
(mole fraction of oxides) obtained from the experiments with that calculated
from the MOI model. It can be seen that a reasonable agreement is obtained
between the simulated results and experimental data. Figure 5.8 shows the
precipitation sequence of the different oxides in the liquid steel because of the
dynamic reactions. Due to the presence of high alumina slag (Al2O3=35%),
there is considerable Al pickup which reacts with the inclusions and ulti-
mately leads to a high concentration of alumina inclusions. This is in line
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Figure 5.6: Evolution of steel composition with time calculated from MOI model (C1).

with the physical observations from the experiment [4]. However, the under-
prediction of the model in predicting the average oxide inclusion composition
till ≈ 660 s is possibly from the fact that the spessartite type inclusions con-
sidered in the model have a fixed stoichiometry. In reality, the solubility of
Al in MnO SiO2 can be much higher, leading to different MnO SiO2 Al2O3

inclusions. It is expected that the deviations in the model results presented
in Figure 5.7 could be circumvented by including other possible inclusions
and an accurate description of the number density variation with time.

C3: Industrial trials (Bhansali et al., 2021)

Figure 5.9 shows a comparison between the average inclusion composition
(atomic fraction of elements in oxides) obtained from the industrial trials
with the values calculated from the MOI model. As can be seen, excellent
agreement between the industrial and model results is achieved. It is worth-
while pointing out that the model parameters were not selected to fit this
data but instead assumed to be the best available. The precipitation se-
quence in Figure 5.10 illustrates that the majority of the inclusions are of
the MnO SiO2 and MnO SiO2 Al2O3 type, which also matches with the
inclusion data of the various samples reported in the literature. Further-
more, it can be seen that no alumina inclusions form based on the conditions
that are input in the model. This is because the Al pickup is less from the
steel-slag reactions [7] in the presence of a silica-rich slag.

5.5 Discussion

Having validated the model, a parametric analysis is now carried out to
demonstrate the applicability of the model in predicting the effect of steel
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Figure 5.7: Comparison of experimental and model results for inclusion evolution with
time (C2).

composition on inclusion evolution. Figures 5.11, 5.12, and 5.13 depict the
variation of inclusion precipitation sequence with time for different initial
[Al], [Mn]/[Si] ratio, and [O] levels, respectively. It can be seen in Fig-
ure 5.11 that with an increase in [Al] concentration, the amount of Al2O3

type inclusions increases. This observation is in line with previous findings
[18, 19] where a critical permissible [Al] was identified to avoid solid alu-
mina inclusions in the steel. In Figure 5.12, it can be observed that with
a decrease in [Mn]/[Si] ratio, silica inclusions are mostly stable with the
fraction of MnO SiO2 inclusions diminishing owing to lower Mn content.
Turkdogan [23] came to a similar conclusion based on his thermodynamic
and experimental investigations. However, with higher ratios, MnO SiO2

and MnO SiO2 Al2O3 type inclusions precipitate in the steel as the [Mn]
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Figure 5.8: Predicted precipitation sequence of oxide inclusions with time presented as
mass fraction relative to the total inclusion population (C2).

levels in the steel increase (Refer to Figures 5.12a and 5.12b). In Figure
5.13, it is seen that MnO SiO2 inclusions are not stable when the initial
[O] in the steel was lowered from 300 to 100 ppm while leading to mostly
MnO SiO2 Al2O3 inclusions. This is mainly due to the higher affinity of
[Al] towards [O], but MnO SiO2 inclusions can be found to exist at higher
[O] levels because of higher oxygen availability for [Si], [Mn] to react and form
oxide inclusions. Based on these results, it can be shown that the model is
applicable to different steel grades and conditions.

It is important to point out that the inclusion population changes with time
in actual refining conditions. In the past, various particle size distribution
(PSD) models have been formulated to simulate the different events that
govern the dynamics of inclusion population [5, 12, 20, 21, 22]. However, few
studies have considered the simultaneous evolution of multiple oxides since
the added complexity poses a computational challenge. Interestingly, some
of the results from these models can be used in conjunction with chemistry
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Figure 5.9: Comparison of industrial and model results for inclusion evolution with time
(C3). Note: The cation fractions have been normalized.

prediction models, such as that developed in this work, to model coupled
behavior of multiple inclusions.

In this study, to illustrate the model application with chemical reactions, no
physical steps such as aggregation and removal were considered. Moreover,
all calculations were carried out using a fixed particle number density for all
types of oxide inclusions (Refer to Table 5.3.2) since no reliable information
was available to determine physical constants for the removal and aggregation
of complex oxide inclusions.

119



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

Figure 5.10: Predicted precipitation sequence of oxide inclusions with time presented as
mass fraction relative to the total inclusion population (C3).

Figure 5.11: Effect of [Al] on the precipitation sequence of oxide inclusions ([Mn] + [Si]
= 1 wt%; [Mn]/[Si] = 5 ; [O] = 500 ppm; Nt = 1014).

5.6 Conclusions

A multi-oxide inclusion kinetic model is proposed to predict the transient
evolution of oxide inclusion composition during the steel refining process.
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Figure 5.12: Effect of [Mn]/[Si] on the precipitation sequence of oxide inclusions ([Mn]
+ [Si] = 1 wt%; [Al] = 20 ppm; [O] = 500 ppm; Nt = 1014).

Figure 5.13: Effect of [O] on the precipitation sequence of oxide inclusions ([Mn] + [Si]
= 1 wt%; [Mn]/[Si] = 5 ; [Al] = 20 ppm; Nt = 1014).

Compared to previous models, the model was structured to include seed
particles across a range of possible inclusion compositions and allowed the
competition for growth or shrinkage among the different inclusions to be dic-
tated by their thermodynamic stability and kinetics of mass transfer between
steel and inclusions. Based on a parametric study of the model performance,
one may draw the following conclusions:

1. The method of assuming seed particles representing each inclusion type
allows the model to accurately predict the competition between differ-
ent oxide particles and the way in which the population evolves with
changing melt chemistry. This is supported by experimental observa-
tion at the laboratory and industrial scale.

2. By combining the steel-slag kinetic model with the aforementioned
methodology, it is possible to faithfully reproduce the way in which
slag composition affects the evolution of the inclusion population.
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3. The agreement between parametric analyses and experimental obser-
vations suggests that the proposed model offers a powerful approach to
evaluating different ladle metallurgy practices.

Efforts are underway in the authors’ laboratory to extend this chemical reac-
tion model to include information from high-fidelity particle size distribution
models or mean field models, thus giving a more detailed picture of the
evolving inclusion population during the refining process.
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Chapter 6

Simulation of ladle refining
reactions of Si–Mn killed steel

In Chapter 6, all of the modelling work and data analysis was carried out
by me. Useful discussions on the results were provided by Dr. Kenneth S.
Coley and Dr. André B. Philion.

The manuscript was initially drafted by me and edited to the final version
by Dr. Kenneth S. Coley and Dr. André B. Philion. This chapter has been
submitted to Steel Research International. The following Chapter is the
draft version of the manuscript.
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Abstract

Steel quality, to a large extent, is controlled by ladle refining reactions. The understanding
of such reactions can help to prevent the formation of unwanted phases and improve the
overall high temperature process control. A new approach, namely the Multi-Oxide Inclu-
sion (MOI) kinetic model has been been recently developed [25] to simulate steel-inclusion
reactions in liquid steel. The coupling of this kinetic model with a multicomponent, multi-
phase steel-slag reaction interface model leads to an overall model framework to predict the
evolution of steel, slag, and inclusion composition. The current work shows the applica-
tion of the model to simultaneous deoxidation and desulphurisation during ladle refining
of Si-Mn killed steel. The model shows good performance with industrial data. It is
demonstrated that for ladle refining practices, silica-rich slags should be strictly used with
basicity (CaO/SiO2) between 1-1.2, and with Al2O3 content less than 5 wt.%. Additional
simulations were also carried out to reveal the capability of the model to aid in online
process control. Finally, certain limitations of the current model are discussed.

6.1 Introduction

Ladle refining is commonly used industrially to make steel more amenable to
processes like deoxidation, desulphurisation, temperature management, and
composition control [1]. Complex deoxidation by Si and Mn is beneficial for
certain steel products including tire cords, springs, saw wire, and other thin
strip cast steels [2]. This is because the use of such deoxidants leads to the
formation of low melting inclusions in place of high melting aluminates. The
latter is encountered predominantly when Al is used for deoxidation and has
been seen to cause nozzle clogging [3], as well as impair the steel deformability
[4].

In Si-Mn killed steels, oxide inclusions resulting from deoxidation typically
belong to MnO SiO2 Al2O3 system [5]. In order to control the Al2O3 con-
tent in the inclusions without calcium treatment, slags with low basicity
and low Al2O3 content [5, 6] are used to help generate favourable inclusions.
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However, such low basicity slags have been reported to have poor desulphuri-
sation characteristics [8] owing to their poor sulfide capacity. In principle, in
order to realize low sulphur limits, a slag with high basicity and low oxygen
activity in the bulk steel is desired [1]. Bhansali et al. [9] recently showed
that although the amount of dissolved oxygen in the steel is controlled by the
amount of deoxidizers added to the steel, slag compositions can also exert
control on the [O] content [10]. To track such multifarious physico-chemical
reactions together with the effect of dynamic changes taking place in the la-
dle, the development of an integrated model, linked to processing variables,
can be helpful. This will allow steelmakers to not only anticipate process un-
certainties but help them optimize process parameters to have better casting
schedules.

Over the years, a number of kinetic models have been proposed for refining of
Al-killed steel utilizing the reaction interface model [11, 12, 13, 14, 15, 16, 17]
and the reaction zone model [18, 19, 20, 21, 22, 23, 24]. However, only a few
kinetic models have so-far been developed for industrial refining of Si/Si-Mn
killed steels [22, 23]. From an industrial point of view, the prediction of
change in total and dissolved oxygen along with the composition of steel and
inclusions is of prime importance. While total oxygen change is a complex
function of process and hydrodynamic variables, other compositional changes
can be tracked with the help of a first-principles-based kinetic model.

The current work aims to simulate the steel-slag and steel-inclusion reactions
taking place during the ladle refining process of Si-Mn killed steels. For this, a
mathematical model recently developed by the current authors [25] based on
the reaction interface model is used to study the steel-slag-inclusion reaction
kinetics along with behaviour of [Al], [S] and [O] in steel. While our previous
study focused on model formulation and validation, this study investigates
in detail the industrial refining practices of Si-Mn killed steels. The model
results are then compared with two different industrial heat data sets to
ascertain the reliability of the model. Following this, the effect of different
steel, slag, process, and inclusion variables is demonstrated through extensive
simulations. Finally, the further extension of the model to other industrial
scenarios and grades is presented.

6.2 Mathematical model

6.2.1 Overview

The model adopted in this work consists of two parts (Refer to Figure 6.1)
that take into consideration: a) steel-slag reactions (i.e. the steel-slag model),
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and b) steel-inclusion reactions (i.e. the Multi-Oxide Inclusion (MOI) Kinetic
Model). The major equations used in the overall model are summarised in
Table 6.2.1.

For the first part, the multicomponent steel-slag kinetic model developed
by Graham and Irons [15] was used, based on the mixed coupled reaction
interface model proposed by Robertson et al. [31]. This model assumes that

Figure 6.1: Schematic of steel-slag-inclusion kinetic model.

the rates of reaction are controlled by multicomponent transport in both
metal and slag. Additionally, the chemical reactions are considered to be
fast at the slag-metal interface, thus maintaining local equilibrium. This
steel-slag kinetic model is linked with a desulphurisation model to model
the [S] behavior in steel, utilizing the interfacial oxygen concentration. The
desulphurisation model is further described in Section 6.2.2.

For the second part, the steel-inclusion reactions are described by a thermo-
kinetic model recently published by the authors [25], which predicts the
amount and size changes of multiple oxide inclusions within the molten steel.
This model is based on equilibrium thermodynamics and mass transfer theo-
ries and can handle the mutual competition between different inclusions. For
the system under consideration, the inclusions are a) silica, b) alumina, c)
rhodonite, d) tephroite, e) spessartite, and f) galaxite. Please note that the
equilibrium constants for the different reactions ([M]-[O]) have been sourced
from Ref. [15].
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Table 6.2.1: Summary of equations for steel-slag-inclusion reaction model

Phase interaction Equations

Steel-inclusion

Thermodynamics :

x1M1 + x2M2 + x3M3 + xnMn + yO = M1,x1M2,x2 ...Oy (6.2.1.1)

Keq,M1,x1
M2,x2

...Oy =
aM1,x1

M2,x2
..Oy∏

i h
xi
Mi

hy
O

, (6.2.1.2)

Keq,i = exp

(
−

∆Gtot
ox

RT

)
(6.2.1.3)

∆Gtot
ox,i = −

∑
j xjRT logKj +∆Gmix

i +∆GL→S
i (if solid) (6.2.1.4)

Kinetics :

Ji = km,iπd
2(Cb

i − C∗
i ). (6.2.1.5)

JM1

x1
=

JM2

x2
=

JM3

x3
... =

JMn

xn
=

JO

y
(6.2.1.6)

Inclusion chemical growth :

dr

dt
=

DO

r
·

XO −X∗
O

αXinc
O −X∗

O

(6.2.1.7)

Steel-slag

Thermodynamics :

x[M] + y[O] = (MxOy) (6.2.1.8)

KMxOy =
aMxOy

axM · ayO
, (6.2.1.9)

ai = 100
fiX

∗
i MWi

MWFe
(6.2.1.10)

Kinetics :

dXst
M

dt
=

kstm,MA

Vst
·
(
Xb

M −X∗
M

)
(6.2.1.11)

dXsl
MxOy

dt
=

kslm,MxOy
A

Vsl
·
(
Xb

MxOy
−X∗

MxOy

)
(6.2.1.12)
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6.2.2 Desulphurisation model

The desulphurisation reaction occurring between the steel and the slag in
Si-Mn killed steels is assumed to take place according to:

1

2
[Si] + [S] + (CaO) = (CaS) +

1

2
(SiO2) . (6.2.1)

The thermodynamic extent of the desulphurisation process is measured using
the sulfur partition ratio (LS), which is a function of the sulfide capacity
(CS), oxygen activity, a∗O at the interface as well as temperature, T , and is
calculated as:

logLS = log
(%S)

[%S]
= −935

T
+ 1.375 + log (CS) + log fS − log a∗O, (6.2.2)

Cs represents the desulphurization ‘power’ of the liquid slag and is a function
of temperature and slag composition. In this work, Young’s model [32] is
utilized to compute this term, which is expressed as a function of optical
basicity, Λ.

For Λ <0.8 :

log (CS) = −13.913 + 42.84Λ− 23.82Λ2 − (11710/T )

− 0.02223 (%SiO2)− 0.02275 (%Al2O3)
(6.2.3)

For Λ ≥ 0.8 :

CS =− 0.6261 + 0.4808Λ + 0.7197Λ2 + (1697/T )

− (2587/T ) + 0.000514 (%FeO)
(6.2.4)

The optical basicity of the slag is calculated as [33]:

Λ =

∑
(xiniΛi)∑
(xini)

(6.2.5)

where the optical basicities of the pure oxides i are listed in Table 6.2.2.

Table 6.2.2: Optical Basicity values of Pure Oxides [32]

CaO SiO2 FeO MgO MnO Al2O3

Λi 1.0 0.48 0.51 0.78 0.59 0.61
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Finally, the kinetics of desulfurisation are described by combining the rate
equations in Eqns. 6.2.1.11 and 6.2.1.12, the sulphur partition ratio (Eq.
6.2.2), and the mass balance of sulphur between steel and slag:

dnS

dt
= ko

m,SA

(
CV,stX

b
[S] − CV,sl

Xb
(S)

L′
S

)
. (6.2.6)

Here, ko
m is defined as:

1

ko
m

=
1

kst
m

+
1

ksl
mLS

(6.2.7)

and L′
S is defined as:

L′
S =

Wst

Wsl

LS (6.2.8)

6.2.3 Determination of activities of species

For the thermodynamics of the chemical reactions, activities of each species
within different phases are required. The activities in the liquid steel were
calculated using a subroutine utilizing the unified interaction parameter for-
malism (UIPF) by Pelton and Bale [35]. The activities of the slag components
were calculated using a subroutine involving the Gaye and co-workers’ cell
model [36, 37] for slags. Please note that the contribution of S2− and F−

towards oxide activity calculation was not considered in the cell model since
oxides constituted more than 90 wt% of the slag. Finally, the inclusion oxide
activities were calculated using the sub-regular solution model (SRSM) de-
veloped by Xiaobing et al. [38], instead of the cell model, owing to its better
accuracy for the CaO MnO SiO2 Al2O3 system.

6.2.4 Determination of mass transfer coefficients

The mass transfer capacity for steel-slag reactions is described as follows:

K =
kst
mA

Vst

= Bϵ̇n (6.2.9)

where the effective stirring energy from gas flow rates [13] is computed via:

ϵ̇ =

(
101330

273

)
·
(
N ·Q · T

Wst

)
ln

(
1 +

Pt

101330

)
(6.2.10)
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Finally, for steel-inclusion reactions, the mass transfer problem can be treated
as that between a fluid medium and a dispersion of spherical particles where
the Sherwood number is taken as 2 [29]. As a result, the mass transfer
coefficient for the steel-inclusion reactions is given by:

km,i =
Di · Sh

d
(6.2.11)

6.3 Description of Simulation Studies

In order to validate the model, data from two industrial trials pertaining to
the ladle refining process of Si-Mn killed steel have been used. A brief de-
scription of each process, denoted as C1 and C2, is provided in Table 6.3.1.
After validating the model against literature data, parametric studies were
carried out to understand the role of different steel, slag, process, and in-
clusion variables on the model results, specifically, inclusion composition, as
well as [Al], [S], and [O] variations with time. The base steel and slag com-
positions for this simulation are denoted as P1. Tables 6.3.2 and 6.3.3 show
the chemical compositions of the steel and slag for C1, C2, and P1, while the
corresponding model initialization parameters are provided in Tables 6.3.4
and 6.3.5. Wherever not mentioned, the model parameters for P1 are the
same as C2. Finally, the composition and recovery rates of the additions for
C2 are listed in Table 6.3.6. The details of the sampling and analysis proce-
dures can be found in [9, 23]. Please note that since some information was
not made available in the original research articles, they had to be assumed.
These are denoted with a * in the tables.

To complete the model, additional assumptions and considerations are re-
quired. First, the alloy addition rate is tuned to match the dissolution and
mixing rate determined from the measured steel composition data. Second,
the alloy and slag additions are made to the steel and slag bulk phases, re-
spectively, which are input to the model as an auxiliary file. Third, although
industrial practice includes Ca injection, calcium dissolution kinetics are not
included. This is because Ca recovery, and Ca pickup within inclusions are
both assumed to be small [34]. Fourth, the refractory-steel reactions have
not been included since in the current situations, Mg pickup is seen to [24]
only negligibly affect inclusion composition.
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Table 6.3.2: Chemical composition of the steel used as inputs in this study

Case C Mn Si Al Ca S O Fe

C1 0.06 0.11 0.005 0.003 0.00 0.047 0.050* Bal.
C2 0.06 1.05 0.27 0.001 0.0005 0.021 0.052 Bal.
P1 0.06 1.00 0.25 0.001 0.0005 0.020 0.030 Bal.

Note: * indicates that the parameter is assumed.

Table 6.3.3: Chemical composition of the slag used as input in the model

Case CaO SiO2 Al2O3 MgO FeO MnO CaS CaF2 Basicity

C1 40 25 3.5 14 8 4 0.1 1 1.60
C2 44 28 7 10 0.7 0.4 0.001 - 1.57
P1 44 28 8 10 0.7 0.4 0.001 - 1.57

Table 6.3.4: Model initialization parameters

Parameter Units C1 C2

Steel Mass ton 120 170
Slag Mass ton 2.5 3
Crucible/Ladle diameter m 2.612 2.612*
Effective reaction area m2 7.11 7.11
K s−1 6× 10−6ϵ̇1.5 6× 10−6ϵ̇1.4

Inclusion number density m−3 1× 1013 1 × 1013

Initial inclusion diameter µm 1 1
Gas flow rate Nm3/hr 11.24 11.24*
Plugs − 1 2*
∆tst/inc s 0.05 0.05
∆tst/sl s 1 1

Note: * indicates that the parameter is assumed.

Table 6.3.5: Ratio of mass transfer coefficient in slag and metal phases

ksl
m/k

st
m CaO SiO2 Al2O3 MgO FeO MnO CaS

C1 0.1 0.2 0.3 0.1 0.1 0.25 0.1
C2 0.1 0.2 0.3 0.1 0.1 0.1 0.1
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Table 6.3.6: Chemical composition of raw materials used for C2.

C Mn Si Al Ca S Fe Recovery (%)

FeSi 0.05 0.212 79.96 1.12 0.08 - Bal. 75
SiMn 1.00 71.80 16.3 - 0.001 0.007 Bal. 85
CaSi 1.00 - 65.00 - 33.00 0.040 Bal. 30

6.4 Results

6.4.1 Comparison of Model Predictions to Industrial
Data

In this section, the model results have been compared with steel, slag, and
inclusion data that were available from the reported literature, Table 6.2.1.
Figure 6.2 shows the comparison of steel composition measurements ([Si],
[Mn], [C], [Al], [S]) with that obtained from the model. As can be seen,
excellent agreement is achieved for both C1 and C2. From the model pre-
dictions, it was found that the variation of species with high concentrations
([Si], [Mn], [C]) is dictated essentially by the amount of additions and the
rate at which they dissolve and mix, whereas the variation of species with
lower concentrations ([Al], [S]) is dictated by the steel-slag reactions and the
mutual interaction with the inclusions.

Figure 6.3 shows the comparison of average inclusion composition data with
model predictions, while Figure 6.4 shows the formation of different inclusion
phases with time. It can be seen the model predictions show great agree-
ment with that obtained from industrial trial C2. Figure 6.4 also illustrates
that the types of inclusions in these steel and slag conditions lie primarily
between Mn silicates and Mn aluminosilicates. This coincides with what is
observed in actual inclusion analysis data reported for C2. Unfortunately,
since no inclusion information was reported for C1, it is difficult to compare
the model predictions in that case. However, the authors strongly believe
similar observations are likely to persist.

6.4.2 Parametric study

Following the validation of the model in Section 6.4.1, the following sections
will employ the model to explore the effects of various composition and pro-
cess parameters. Figures 6.5-6.11 show the results of a series of simulations
carried out with different steel and slag composition variables. The base steel
and slag composition is shown as P1 in Tables 6.3.1 and 6.3.2. For one set of

133



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

Figure 6.2: Comparison of steel composition evolution predicted by the model, and that
obtained from measurements for cases (a) C1 and (b) C2.

Figure 6.3: Inclusion composition (cation fraction) evolution predicted by the model for
cases (a) C1 and (b) C2, and that obtained from measurements for C2

simulations, the [A] and [O] content within the steel were varied. For a second
set of simulations, the basicity (R = CaO/SiO2), (C/A = CaO/Al2O3), and
(FeO + MnO) were changed. For a third set of simulations, the process vari-
ables specifically the stirring rate and local reoxidation have been changed.
Finally, the effect of different inclusion number densities was studied.
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Figure 6.4: Inclusion precipitation sequence for cases (a) C1 and (b) C2 as predicted by
the model.

Effect of steel composition

Figure 6.5 shows the effect of initial [Al] content on the average Al2O3 inclu-
sion content as well as the type of inclusions forming within the steel with
time. As can be seen in Figure 6.5a, at low levels of [Al] the fraction of pure
Al2O3 remains low with complex Mn aluminosilicate mostly precipitating.
However, above a certain limit (here, around 200 ppm), a significant frac-
tion of the precipitates are pure Al2O3, with only a small amount of the Al
forming complex inclusions. This point is further indicated in Figure 6.5b,
whereby for low [Al] the fraction of pure Al2O3 decreases with time, but for
high [Al] (i.e. 200 ppm), the fraction of pure Al2O3 increases with time, along
with Mn silicates (not shown in the figure). Please note that the identified
200 ppm limit is a strong function of the oxygen content in the steel. Also, it
can be expected that in such a case, Mn aluminosilicates will be rich in Al.

Figure 6.6 shows the effect of initial [O] content on the average Al2O3 content
of inclusions, as well as the [O] variation with time and the [S] variation with
time. From Figure 6.6a, it can be seen that lowering the initial oxygen levels
leads to more Al-rich inclusions as well as pure alumina. This is because the
driving force for forming other inclusion phases is not high in these conditions.
From Figure 6.6b, it can be seen that [O] is predicted to drop suddenly at
the beginning of refining owing to the high driving force for oxide formation.
Additionally, a decrease in initial [O] content is also shown to lead to lower
final [O] contents, as dictated by the Al-O deoxidation equilibriium. It can
also be seen that the [S] level drops with time, albeit at a much slower rate
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Figure 6.5: Effect of initial [Al] content on the evolution of (a) the average Al2O3 con-
tent within all inclusions in the melt and (b) Al2O3 and Mn aluminosilicate precipitation
sequence.

than [O]. However, de-sulphurization is minimally affected by different initial
oxygen levels.

Figure 6.6: Effect of initial [O] content on the evolution of (a) the average Al2O3 content
within all inclusions, and (b) the de-oxidation as well as the de-sulphurization of the steel.

Effect of slag composition

Figures 6.7, 6.8, and 6.9 show the effect of basicity (R = CaO/SiO2), (C/A =
CaO/Al2O3), and (FeO + MnO) on the evolution of (a) the [Al] content and
the average Al2O3 content within all inclusions, as well as (b) de-oxidation
as well as de-sulphurization of the steel.
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It can be seen in Figure 6.7a that a slag with higher basicity ((R = CaO/SiO2)
will promote more Al pick-up owing to the lower silica in the slag (higher
Al2O3 in slag), which in turn promotes more Mn-aluminosilicates and alumina
inclusions within the steel. Please refer to Ref. [10, 24], for a discussion on
the Al pickup from slags. Figure 6.7b shows that lower final [O] levels are
reached owing to precipitation deoxidation with an increase in basicity, while
lower [S] levels can be realized with higher basicity slags especially with R≈
2-2.5 since such slags exhibit higher sulfide capacities [39].

Figure 6.8a show that a decrease in the (C/A = CaO/Al2O3) ratio (obtained
by changing the Al2O3/SiO2 ratio in the slag) leads to more Al pick up in steel
and greater Al2O3 within all inclusions. This again suggests that alumina-
rich slags cannot be utilized for such steels. However, with lower C/A ratios,
lower final [O] levels are obtained since more [Al] is available to react with [O].
Furthermore, it is seen that a greater extent of de-sulphurization is obtained
with lower (C/A) ratios. This is because of higher Al2O3 and lower SiO2

within slag (i.e. a higher basicity).

Figure 6.9 a shows that there is a fade of [Al] with an increase in (FeO +
MnO), as well as a slight fade in [Si] and [Mn] (but not shown). Although
the Al2O3 within all inclusions is one order of magnitude lower than seen in
Figures 6.7 and 6.8, different inclusions can precipitate depending on how [O]
reacts with other species within the steel [24]. Figure 6.9b shows further that
an increase in (FeO + MnO) affects significantly de-sulphurization, but not
de-oxidation. This is because higher (FeO + MnO) content in slag increases
the interfacial activity of oxygen at the steel/slag interface.

Figure 6.7: Effect of basicity (R = CaO/SiO2) on the evolution of (a) the [Al] content
and the average Al2O3 content within all inclusions, and (b) the de-oxidation as well as
the de-sulphurization of the steel.
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Figure 6.8: Effect of (C/A = CaO/Al2O3) on the evolution of (a) the [Al] content and
the average Al2O3 content within all inclusions, and (b) the de-oxidation as well as the
de-sulphurization of the steel.

Figure 6.9: Effect of (FeO + MnO) on the evolution of (a) the [Al] content and the
average Al2O3 content within inclusions, and (b) the de-oxidation as well as the de-
sulphurization of the steel.

Effect of process variables

Figure 6.10 shows the effect of different gas stirring rates on the evolution of
the [Al] content and the average Al2O3 content within all inclusions, as well as
the de-odixation and the de-sulphurization of the steel. As shown in Figure
6.10a, more mass transfer (Al pickup) is promoted at the steel/slag interface
at higher gas flow rates thus increasing the average Al2O3 content within
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all inclusions. Figure 6.10b shows that de-oxidation is minimally affected
by higher gas stirring rates (until longer times), while de-sulphurization is
significantly affected. However, after about 15 min, Figure 6.10a shows a
significant increase in the [Al] within the steel at both 300 NL/min and 400
NL/min. This is a result of more inclusion precipitation reactions within the
steel, leading to further de-oxidation of the steel. With these higher gas flow
rates, the [S] reaches a minimum value at which point it begins to revert
back into the steel owing to sulphur in the slag exceeding the slag sulphide
capacity. Please note that the contribution of air reoxidation (through an
open ‘slag eye’) can be significant with higher stirring rates, affecting the [O]
and [S] and inclusion population dynamics [41]. However, this phenomenon
is not currently included in the model.

Figure 6.10: Effect of stirring rates on the evolution of (a) the average Al2O3 content
within all inclusions, and (b) the de-oxidation as well as the de-sulphurization of the steel.

Figure 6.11 shows the effect of local reoxidation on the precipitation se-
quence of all inclusions included within the model. As can be seen, a sudden
increase in oxygen (≈ 100 ppm [O]) at 15 min leads to the destabilization
of Mn-silicates. This results in the formation of additional Mn aluminosili-
cates owing to a reaction between the excess [O] with the [Al] and existing
inclusions.

Effect of inclusion number density within steel

The simulations conducted above assumed a constant number density for the
inclusion population [11], with all inclusions having the same size. Figure 6.12
shows how the average composition of inclusions evolves for three different
average number densities, Nt = 1011, 1012, and 1013 /m3. As can be seen,
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Figure 6.11: Effect of local reoxidation, i.e. the addition of ≈ 100 ppm [O] at 15 min,
on the inclusion precipitation sequence.

a lower value for Nt leads to an increase in the time that it takes for the
compositional equilibrium between inclusion and melt to be reached. This
indicates that an instantaneous, local equilibrium assumption between steel
and inclusions might not always hold throughout the entire refining time.
Furthermore, the inclusion concentration is known to decrease with time as
inclusions get removed from the steel by the slag and/or by the refractory
walls [1]. This combined with the results shown in Figure 6.12 demonstrates
the importance of considering an evolving inclusion number density. Such
phenomena will be included in a future model.

6.5 Industrial applications

Having conducted a wide number of parametric analyses, the model is now
applied to three other industrial situations: a slag-changing operation and
two additional steel grades, to demonstrate its capabilities.

In an effort to improve desulphurisation [42, 43, 44, 45], certain steel pro-
ducers have opted to change the slag basicity during refining. Similar to a
previous study [46], in this study, the slag basicity was increased from 1.5
to 2.0 by adding 250 kg CaO to the slag (denoted as P1) after about 6 min
of refining. The modelling results are presented in Figure 6.13. As can be
seen, the effect of the slag change is to increase the [Al] in the melt (and cor-
respondingly increase the alumina and Al-rich inclusions), but concurrently
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Figure 6.12: Effect of inclusion number density on the evolution of inclusion composition.

decreasing the [S]. Thus, one of the uses of this model is in process optimiza-
tion, in order to determine the ideal window for minimizing both [Al] and
[S].

Figure 6.13: Effect of slag change (R = 1.5 to 2.0) on the evolution of (a) the [Al]
content and the average Al2O3 content within inclusions, and (b) the de-oxidation as well
as the de-sulphurization of the steel

As was seen in the parametric analysis, the steel compositional variables
play an important role in controlling the inclusion composition. Figure 6.14
shows how the current model can be used to predict inclusion composition
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for two different steel chemistries, a typical Si-killed spring steel and a tire
cord (high-carbon grade) steel (S1 and S2 in Table 6.5.1).

Figure 6.14a shows the inclusion precipitation sequence for S1, and also iden-
tifies that silica inclusions constitute the major fraction. This prediction
is consistent with experimental observations [47] where the majority of in-
clusions encountered in grades where the [Mn]/[Si]< 1 are mostly silica or
silicates (e.g. mullite). Figure 6.14b shows in contrast that the inclusion
precipitation sequence for S2 includes not only Mn silicates but also Mn alu-
minosilicates. This prediction is consistent with the fact that in such steels,
the inclusions are reported to belong to mostly Al-rich Mn aluminosilicates
[46].

Table 6.5.1: Chemical composition of the spring steel and tire cord steel used as model
inputs

Case C Mn Si Cr Al Ca S O Fe

S1 0.55 1.00 0.70 0.67 0.001 0.0005 0.020 0.030 Bal.
S2 0.81 0.76 0.25 - 0.001 0.0005 0.020 0.030 Bal.

Figure 6.14: Inclusion precipitation sequence for (a) spring steel (S1); (b) tire cord steel
(S2)

.
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6.6 Discussion

The current study provides a comprehensive basis for many aspects of la-
dle metallurgy in Si-Mn killed steels by conducting a wide range of simu-
lations with the proposed steel-slag-inclusion model. From the simulations
conducted with different slag compositions, a top slag with a basicity of 1.0-
1.2 with an Al2O3 content of less than 5 wt.% is suggested to be used for
optimum inclusion composition control. However, higher initial [S] in steel
cannot be reduced to a considerable extent in the ladle furnace with such
slags at moderate stirring. Resorting to slag adjusting or longer refining
times in vacuum degassing stations can be useful in such cases. Further-
more, the (FeO+MnO) should be minimized to avoid affecting [S] removal
rates although it helps in decreasing [Al] pick-up rates in the steel.

6.6.1 Comparison with Al-killed steel

In the context of this study, it is worthwhile pointing out certain differences
between killing practices that are typically used for other high Mn, high Al
steel grades. First, higher [Al] contents in Al-killed steel lead to lower [O],
and [S] levels in steel than Si-Mn killed steels [1]. However, this comes at the
cost of producing alumina inclusions. These often turn into Mg spinels, and
calcium aluminates [11] (post-Ca treatment), most of which are responsible
for nozzle clogging. In Si-Mn killed steel, as seen above, Mn-silicates and Mn
aluminosilicates are the inclusions most likely to be encountered, with the
former being preferred for smooth casting operations. Moreover, as seen in
Sec. 6.4.2, a high initial [Al] in steel can be detrimental to Si-Mn killed steel
production. The current findings indicate that FeSi ferroalloy with a high Al
fraction can seldom be used for deoxidation and that the permissible level
of Al impurity within the ferroalloy should be fairly small. Second, the type
of slags employed in Si-Mn killed steels should be silica-rich, in contrast to
alumina-rich slags in Al-killed steels. The result of this is that very low [S]
levels cannot be reached owing to the Si-rich slag’s lower sulfide capacities.
Additionally, the contribution of slag towards additional deoxidation in Si-
Mn killed steel seems to be more pronounced since [O] levels in Al-killed
steels are already very low (≈ 2-5 ppm) post-deoxidation.

6.6.2 Inclusion formation at low oxygen concentrations

This study also showed that a high initial [O] in steel could lead to a lower-
ing of alumina content within the inclusions. This was also recently observed
in practice [48]. It is interesting to note that high-carbon steels have lower
initial oxygen levels based on [C]-[O] equilibrium [48]. As a result, the total
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mass of inclusions produced from the deoxidation process should be small
owing to low supersaturation for inclusion nucleation and growth. However,
in practice, inclusions are seen to be present in abundance in such steels
which suggests the participation of impurity elements in ferroalloys like Al
during the deoxidation process. The conditions in which certain unstable
oxide inclusions form and prevail at low oxygen potentials need further in-
vestigation.

6.6.3 CaO based inclusions in Si-Mn killed steel

Studies [47, 51, 52, 53] have found CaO in the inclusions, whose source was
believed to be from slag droplets rather than from Ca pickup resulting from
the chemical reactions between the steel and slag. This mechanism was pro-
posed because the concentration of [Al] in steel was deemed insufficient to
reduce CaO from the slag and the initial solubility of Ca in steel was low
[7]. Although not shown in this article, this was also seen in our simulations
where Ca pickup in steel from slag was negligible. These observations have
led researchers to seek another mechanism for formation on CaO contain-
ing inclusions. The most viable appears to be emulsification during high
stirring periods in producing exogenous inclusions, as shown by Valentin et
al. [55]. Furthermore, these inclusions generated from slag droplets can fur-
ther interact with existing endogenous deoxidation inclusions, resulting in
Ca-containing complex oxide inclusions.

6.6.4 Ca treatment in Si-Mn killed steel

A few steelmakers have resorted to Ca treatment [9, 23, 46, 49, 50] to re-
duce the melting point of the primary oxide inclusions in Si-Mn killed steels.
However, the conditions when it is needed have not been entirely well ra-
tionalized since liquid inclusions seem to form in ideal conditions, and Ca
recovery is considered to be small [53]. Furthermore, the presence of high
[S] can interfere with the Ca treatment process. Tienkink et al. [49] in-
dicated that Ca helps reduce incidents of irregular flow through metering
nozzles and suggested that Ca helps control the inclusion composition when
theAl2O3 content within the inclusions is higher than 20%. In this regard,
the current model is capable of providing a prognosis for such unwanted
casting problems. Specifically, it is able to predict the Al2O3 content in the
inclusions along with the conditions in which alumina inclusions precipitate.
However, to capture the efficiency and frequency of the Ca treatment pro-
cess, including Ca-inclusion interactions seems an important addition to the
model. This will be left as a topic of future study.
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6.6.5 Evaluation of steel/slag mass transfer

From the simulation results presented in Section 6.4.2, it was clearly noticed
that mass transfer between steel and slag plays an important role in refining
kinetics of [S], [O], and [Al], among others, which essentially is described by
the mass transfer coefficients of different species. Since the ladle is dominated
by inertial forces, different correlations have been proposed based on the ef-
fective stirring power or gas flow rate in some instances [54]. However, it
has been seen that there is a clear lack of unification among the expressions,
as has been shown in Figure 6.15, which displays the relationship between
mass transfer capacity (mtc) and stirring power. The exact source of these

Figure 6.15: Relationship between mass transfer capacity and stirring power [15, 17, 20,
23, 56, 57].

differences has been somewhat puzzling and warrants further attention from
a fundamental standpoint. As can be observed, many authors have not used
two-regime mtc relationships as Asai et al. [56] have suggested, and what
is found to exist in many other cold experiment studies [54]. This has been
primarily attributed to mass transfer acceleration caused by emulsification.
The possible reasons for this noticeable disagreement could be differences in
reactor configurations, plug geometries, operation parameters, slag liquidus
temperatures, in addition to temperature fluctuations, and gas flow inconsis-
tencies. In most situations, the mass transfer coefficients are tuned to match
the composition trajectories of species in the bulk steel and are often well jus-
tified. The current study used the relationship chosen in Graham and Irons’
work which seems to work below the onset of emulsification (ϵ̇ < 60 W/ton
[56]). It is worth pointing out that most authors in the past have reported an

145



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

incorrect value of B in Eq. 6.2.9 (0.006 instead of 6×10−6) to estimate the
mass transfer capacity derived by Graham and Irons’ work which can often
be misleading.

6.7 Conclusions

In this work, a first principles-based kinetic model has been developed to
predict ladle refining reactions for Si-Mn killed steels. Particularly, the model
was able to simulate the compositional changes of steel, slag, and inclusions in
the steel subject to various simultaneous chemical reactions. The industrial
measurements taken from previous literature were well reproduced through
the calculated results from the model, which shows the adequacy of the model
features to simulate situations of practical interest to steelmakers. Different
parametric analyses revealed the effect of important steel, slag, inclusion,
and process variables on the refining reactions quantitatively. The following
conclusions can be drawn from the model results:

1. The model showed that the amount of alloy additions and the rate at
which they dissolve and mix decide the temporal evolution of species
with higher concentrations ([Si], [Mn], [C]). On the other hand, the
reactions at the steel-slag interface along with the mutual interaction
of the solutes with the existing inclusions decide the temporal evolution
of species with lower concentrations ([Al], [S], [O]).

2. The model is able to identify limiting concentrations of initial [Al] and
[O] in the steel that leads to a low alumina content within the oxide
inclusions, which vary with different steel grades.

3. Based on multiple model calculations, slag basicity of around 1 with
an Al2O3 content of less than 5 wt.% is proposed to realize optimum
control of inclusion composition.

4. The extent of refining time and the timing of slag basicity change could
be informed from the model so as to obtain a better extent of desul-
phurisation.

5. The model showed that reoxidation of steel can lead to a new popu-
lation of inclusions while destabilizing existing inclusions, through the
reaction of the excess oxygen with the existing solutes and inclusions
in the steel.

6. It was seen that the inclusion number concentration in steel exerts a
role in the time needed for steel-inclusion reactions to reach equilibrium,
affecting the compositional trajectory of inclusions.

Overall, it has been demonstrated that the current model can be used to
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predict reaction kinetics for a wide range of operating conditions in Si-Mn
killed steel. This should be able to assist practitioners in improving the
refining process for that particular steel grade, although the nature of refining
practices differs across steel plants. This work has also pointed out the need
for more fundamental studies to clarify certain aspects of the refining process
such as the accurate determination of steel mass transfer coefficients.
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Chapter 7

Experimental study of inclusion
behaviour after Si-Mn
deoxidation

The idea behind the experiments was developed by me. All of the experi-
ments were carried out by Dr. Kezhuan Gu and me. Dr. Muhammad Nabeel
also provided assistance with the furnace setup. Xiaogang Li and Doug Cul-
ley provided support and training for instruments. Dr. Kezhuan Gu and
Mr. Suwam Kumar help with the inclusion analysis. Post-processing of the
results and further analysis were conducted by me. Useful discussions on the
results were provided by Dr. Kenneth S. Coley and Dr. André B. Philion.

This short chapter summarises the motivation, background, and experimen-
tal methodology obtained so far. Premilinary analysis and discussion have
also been presented in this chapter. This chapter is planned to be submitted
to ISIJ International.

151



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

Experimental study of inclusion behaviour af-

ter Si-Mn deoxidation

Angshuman Podder1, Kezhuan Gu3, Suwam Kumar1,
Kenneth Coley1,2, André Phillion1

1McMaster Steel Research Center
Department of Materials Science and Engineering,
McMaster University, Hamilton, Ontario, Canada, ON L8S 4L7
2Department of Mechanical and Materials Engineering,
Western University, London, Ontario, Canada, ON N6A 3K7
3ArcelorMittal Dofasco,
Hamilton, Ontario, Canada, ON L8N 3J5.

Abstract

Herein, the effect of oxygen content and alloying practice on the evolution of inclusions
in Si-Mn deoxidised steels is investigated. Four deoxidation experiments were carried out
using commercial grade FeSi and FeMn, where alloy addition times were changed and the
initial oxygen content of the melt was varied using Fe2O3 additions. The samples extracted
from the melts were polished and SEM-based 2D inclusion characterization was performed
to quantify the type, size, and number density of inclusions. The predominant inclusions
obtained in the experiments were silicates post FeSi additions and manganese silicates
with varying Al2O3 content. The inclusion composition results agree with thermodynamic
calculations carried out using FactSage. Furthermore, the results showed that the initial
oxygen content influences the inclusion composition in terms of SiO2 and Al2O3 content and
also the inclusion removal rates. However, it was seen that the final inclusion composition
was not affected much when concurrent addition of (FeSi + FeMn) was made compared
to when FeSi and FeMn additions are made sequentially. On the other hand, the rate of
inclusion removal seemed to be higher in the former case than the latter, which needs to
be probed a bit further.

7.1 Introduction

Deoxidation inclusions typically belong to the MnO SiO2 Al2O3 category
[1] in Si-Mn killed steels. However, the type of treatments and final prod-
uct chemistry can largely influence the types of inclusions forming in steel.
Turkdogan [2] showed that based on the Mn/Si ratio and temperature, either
silica or manganese silicates would precipitate. Fedriksson and Hammar [3]
conducted extensive deoxidation experiments and found that the majority of
inclusions were either iron silicates (post Si deoxidation) or manganese sili-
cates (post Si-Mn deoxidation). However, impurities are inherently present
in most ferroalloys, which can impact steel cleanliness. Wijk and Brabie
[4] assessed the effect of Al and Ca in laboratory deoxidation experiments,
where they showed that the increased content of Al results in the formation of
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alumina inclusions, which corroborated studies by Li et al. [5] and Mizuno
et al. [6]. Wang et al. [7] conducted deoxidation experiments with and
without slag in order to understand Ca pick-up from ferroalloys (FeSi and
FeMn) and slag. They found the effect of Ca from ferroalloys on inclusion
composition to be negligible for both cases, with and without slag. However,
the studies so far have not investigated the conditions in which impurities
in deoxidants participate in the steel-inclusion reactions. The formation of
primary inclusions after deoxidation requires sufficient supersaturation for
nucleation [8]. The presence of impurities such as Al and Ca in commer-
cial ferroalloys can influence the supersaturation ratios owing to their strong
affinity towards oxygen. In such cases, one can expect equilibrium oxygen
levels lower than defined by Fe-Mn-Si-O equilibria as well as different inclu-
sion compositions during the deoxidation process. Additionally, since the
nucleation and growth kinetics are affected by the initial oxygen levels or
increase in dissolved oxygen levels (in case of reoxidation), the inclusion pop-
ulation can change significantly. Thus, it is important to consider the effect
of dissolved oxygen on inclusion characteristics since it affects the supersat-
uration limits in a multi-component liquid steel system. Recently, Liu et al.
[9] found that increasing the dissolved oxygen at the endpoint of BOF can
lead to a lowering of alumina content in the oxide inclusions in Si-Mn killed
steel. Thus, while many experimental studies have been carried out on the
topic of Si/Mn deoxidation, the effects of different oxygen levels on inclusion
composition in such steels has not yet been undertaken. Furthermore, the
role of ferroalloy impurities in the deoxidation process needs consideration.

The current study aims to investigate the compositional evolution and size
distribution of inclusions after Si-Mn deoxidation for different alloying prac-
tices and initial oxygen levels. For this, a set of laboratory deoxidation exper-
iments has been carried out. Subsequently, the samples were analyzed using
scanning electron microscopy as well as automated micro-analysis. Ther-
modynamic calculations were carried out with the Fe-Mn-Si-Al-O system to
understand the effects of [Al] and [O] on the inclusion composition.

7.2 Experimental methodology

Deoxidation experiments were carried out in a resistance-heated vertical tube
furnace under Ar atmosphere, as shown in Figure 7.1. The raw materials
consisted of pure electrolytic iron (E.I.), ferrosilicon (FeSi), ferromanganese
(FeMn), whose compositions are listed in Table 7.2.1. Fe2O3 powder, com-
pacted as pellets, was used as the source of oxygen. The temperature readings
were taken using a B-type thermocouple.
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Figure 7.1: Experimental setup

Table 7.2.1: Chemical composition of raw materials used in the study.

C Mn Si Al Ca S O Fe

Electrolytic iron 0.008 0.001 0.003 - - 0.002 0.010 99.9662
Graphite rods 99.995 - - - - 0.001 - -
FeSi 0.051 0.212 79.962 1.123 0.075 - - Balance
FeMn 0.407 79.603 0.187 0.007 0.001 0.002 - Balance

Four sets of de-oxidation experiments (E1, E2, E3, E4) were conducted,
as described in Table 7.2.2. In the first experiment (E1), about 295 g of
electrolytic iron along with 0.25 g of Fe2O3 was put in the crucible and placed
in the furnace. The furnace was sealed and evacuated using a vacuum pump
to reach a partial pressure of 10−12 atm, followed by flushing using high-
purity Ar (99.999%) gas. In order to absorb any residual oxygen present in
the high-purity Ar, the gas was passed through Ti turnings at 923 K prior to
entering the furnace. This was followed by raising the furnace temperature
up to 1873 K. To ensure the melt was homogenized, the crucible was held
at that temperature for 60 minutes. This was followed by the addition of
FeSi and FeMn together from the top using a hollow alumina tube. This
yielded a ≈ 300 g low C-steel melt with an Mn/Si ratio of 5. Subsequently,
samples were extracted after different holding times using a quartz tube.
The remaining experiments (E2 - E4) generally followed the same procedure
however, (a) using different amounts of Fe2O3 (0.25, 1.01, and 0 g) and (b)
the additions of FeSi and FeMn were made consecutively, 600 s apart, instead
of concurrently. Each of the melt samples was then cut into small sections for
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further analysis. The schematic of the experiments, containing the timings of
alloy additions and sampling are shown in Figure 7.2. After the experiment,
the crucibles were furnace-cooled at a rate of 0.166 K/s to room temperature.

Figure 7.2: Schematic of alloy additions and sampling times in experiments. The image
on the left corresponds to E1, while the image on the right corresponds to E2, E3, and E4.
Note that t = 0 refers to the time post-melt homogenization.

Table 7.2.2: Summary of deoxidation experiments used in the study. Note that t = 0
corresponds to the time post melt homogenization.

Experiment
Addition
1 (t = 0
s)

Addition
2 (t =
10 min)

Initial
oxygen
(ppm)

Samples
taken

Sampling times
(min)

1
FeSi +
FeMn

- 354 6
0†, 0.5∗, 1∗†,
2.5∗†, 5∗†, 10‡

2 FeSi FeMn 321 9
0†, 0.5∗, 1†, 5∗,
10†‡ (A2), 10.5∗,
11†, 15∗, 20‡†

3 FeSi FeMn 550 9
0†, 0.5∗, 1†, 5∗,
10†‡ (A2), 10.5∗,
11†, 15∗, 20‡†

4 FeSi FeMn 136 9
0†, 0.5∗, 1†, 5∗,
10†‡ (A2), 10.5∗,
11†, 15∗, 20‡†

Note: ∗ Inclusion analysis; † LECO O/N analysis; ‡ ICP analysis; A2 refers to Addition
2.

Chemical analyses of FeMn and the experimentally-extracted steel samples
in terms of Si, Mn, Al, and Ca composition was carried out using induction
coupled plasma optical emission spectrometry (ICP-OES), while the chemical
analysis of the FeSi was carried out using X-ray fluorescence spectroscopy
(XRF). To measure the carbon/sulphur of the steel samples, the combustion
analysis technique was used in a LECO C/S analyzer (CS744). Finally, the
total oxygen and nitrogen contents were measured using the inert gas fusion
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method in a LECO O/N analyzer (ON736). The chemical composition of
the steel samples at the end of the experiment and/or just prior to the FeMn
addition is provided in Table 7.2.3 for all four experiments.

Table 7.2.3: Chemical composition of selected steel samples from the experiments

Experiment C Mn Si Al Ca S Fe

E1-S5 0.018 1.170 0.119 0.004 <0.001 0.0017 Bal.
E2-S4 0.008 0.045 0.140 0.004 <0.001 0.0015 Bal.
E2-S8 0.017 1.395 0.140 0.006 <0.001 0.0014 Bal.
E3-S4 0.009 0.039 0.121 0.004 <0.001 0.0018 Bal.
E3-S8 0.013 1.391 0.116 0.004 <0.001 0.0016 Bal.
E4-S4 0.009 0.043 0.155 0.005 <0.001 0.0017 Bal.
E4-S8 0.016 1.331 0.146 0.005 <0.001 0.0016 Bal.

Note: In EXSY, X refers to the experiment (1, 2, 3, 4), and Y refers to sample (0, 1, 2,
etc.)

7.2.1 Quantitative Inclusion Analysis

To obtain quantitative information about the inclusions within the steel, both
manual and automated inclusion analyses have been carried out using a Scan-
ning Electron Microscope (SEM: JEOL 6610LV) with an Energy-Dispersive
Spectroscopy (EDS) detector (Oxford Instruments: 20 mm2 detector area).
An accelerating voltage of 15 kV, at a working distance of 10 mm was used
to ensure proper steel matrix stimulation to reveal the features’ composition.
The area of inclusion analysis was varied between 4 and 8 mm2 to optimize
the number of features analyzed through SEM-EDS. Different magnifications,
400x and 800x, were tried to achieve a balance between analysis speed and
prediction reliability. Inclusion size, morphology, and chemical composition
were all characterized using AZTEC v6.0. Only inclusions having an aver-
age diameter (davg) larger than 1 µm were considered for analysis to prevent
inclusion composition errors caused due to matrix interaction.

Inclusion Classification

Based on the chemical composition, inclusions were classified using the fol-
lowing criteria:

1. Oxides: (Si + Mn + Al + Ca - 2S) > 80% ; S < 10%
2. Sulfides: (Ca + Mn + S) > 80% ; Si < 10%
3. Oxy-sulfides: S > 10% ; (Si + Mn + Al + Ca - 2S) > 10%

The oxides were further classified into different inclusion types as shown in
Table 7.2.4. This oxide classification table was reassessed and updated a few
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Table 7.2.4: Classification scheme for oxide inclusions

Index Abbrv. Inclusion type Si Mn Al Ca

1 M MnO - > 90 - -
2 S SiO2 > 90 - - -
3 MA Mn-aluminate - > 30 > 50 -
4 MS Mn-silicate > 20 > 50 - -
5 MS-lA Mn-silicate with low Al > 20 > 50 < 10 -
6 MS-hA Mn-silicate with high Al > 20 > 50 > 10 -
7 AS Al-silicate > 20 - > 40 -
8 MSAC Mn-aluminosilicate with Ca > 20 > 50 < 10 > 20
9 S-lA Silica with low Al > 70 - < 20 -
10 S-hA Silica with high Al > 70 - > 20 -

times to minimize unclassified inclusions.

Size distribution analysis

The resulting two-dimensional (2D) inclusion size distribution was then con-
verted to three-dimensional (3D) using the Schwartz-Saltykov (SS) stereolog-
ical technique in order to obtain the number density distribution of inclusions
per unit volume [13, 14]. This technique was chosen because of its reliability
with spherical and non-spherical particles. The following equation summa-
rizes the operation:

NV (j) =
1

∆

k∑
i=j

α(i, j)NA(i) (7.2.1)

where NV is the number of inclusions per unit volume (mm−3), NA is the
number of inclusions per unit area (mm−2), ∆ is the size range of the his-
togram, i, j are the class numbers in the histogram for particle and histogram,
respectively, k is the maximum class number, and α(i, j) is the translation
coefficient that uses the 2D morphological information. This last term can be
calculated based on a series of operations as shown in Ref. [15]. A script em-
ploying the above routine was written in MATLAB 2022, which was used to
post-process the information obtained from the SEM-EDS automated anal-
ysis.

7.3 Results and Discussion

In this work, total oxygen analysis and inclusion analysis via SEM-EDS of
selected samples were conducted to investigate the effects of different alloying
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practices (E1 and E2) and different initial oxygen levels (E1, E2 and E3).
The following section summarises the observations and inferences obtained
so far from these analyses. Additional work needs to be carried out in the
future to understand these results further.

7.3.1 Total oxygen analysis

Figure 7.3 shows the variation of total oxygen (T.O.) in steel with time in
E1, E2, E3, and E4.

Figure 7.3: Variation in total oxygen (T.O.) in steel with time for E1, E2, E3, and E4.
Note: the red line indicates where FeSi and FeMn were added together.

A few different observations can be made. First, it is seen that when FeSi
and FeMn are added together (E1), the T.O. drops to lower values than when
FeMn is added after 10 min following the addition of FeSi (E2, E3, E4). This
agrees with the fact that the formation of Mn-silicates reduce the dissolved
oxygen to lower levels than the formation of silica [18]. However, the final
T.O. after 20 min in E2, E3, E4 post FeMn addition, is similar to that
in E1(≈ 45 ppm). This is probably because the steel-inclusion system has
reached the same equilibrium in all cases, and since the target composition
of the steel was selected to be the same in all the experiments. Second, the
T.O. after 1 min in E1 (110 ppm) is lower than E2 (198 ppm), which suggests
that there could be faster coagulation and removal kinetics with manganese-
silicate formation in E1 than with silica formation in E2. This is assuming
that the equilibrium dissolved oxygen is reached after 60 seconds post-FeSi
addition in E2. Third, in E2- E4, post deoxidation with FeSi, the T.O. are
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not similar, with the T.O. in E2 (180 ppm) being almost two times higher
than that in E4 (88 ppm) although the [Si] content was similar (0.12-0.16
wt.%). This suggests a lower efficiency of inclusion removal with only FeSi
addition. Finally, in E3, it can be seen that a higher initial oxygen level after
the addition of FeSi leads to a higher rate of decrease in T.O. compared to
E3 and E4, which could be due to higher removal kinetics caused by larger
inclusion generation, leading to more collision probabilities.

It is interesting to note that the final T.O. obtained in all the experiments
are substantially lower than even the dissolved oxygen predicted by simple
Fe-Si-Mn-O equilibrium thermodynamics (85-90 ppm) [18]. This is believed
to be caused by ferroalloy impurities in FeSi and FeMn, which participate
in the deoxidation process thus leading to lower dissolved oxygen levels after
Si-Mn deoxidation even without the presence of slag. Although the removal
kinetics is predominantly determined by the MnO and SiO2 in the inclusions,
the composition of the inclusions and the dissolved oxygen is governed by the
reaction with Al. As will be discussed below, this was confirmed by SEM-
EDS analysis, where oxide inclusions were seen to contain Al2O3 in them.

7.3.2 Inclusion Analysis

Figure 7.4 shows the fraction of oxide, sulfide, and oxysufide inclusions in
the samples for all experiments based on the classification shown in Section
7.2.1. As can be seen, the majority of the inclusion population (more than
95 %) belonged to the oxides class. This is owing to the low [S] content in
the melt (< 20 ppm), as well as the fact that samples (taken at different
holding times) were quenched to avoid secondary inclusions.

Figures 7.5-7.8 show the evolution of inclusion composition with holding
times (refer to Table 7.2.2) for the four different experiments. The data is
plotted on the MnO SiO2 Al2O3 ternary.

Figure 7.5 shows that when the FeSi and FeMn are added simultaneously,
i.e. E1, the oxide inclusions belong to the manganese-silicate family but
with some containing Al2O3 (6-8 wt.%). Most of these oxides lie within the
liquidus region. Although some manganese-aluminates can be seen to exist
in S1, these disappear with further holding times. This suggests that such
inclusions form upon deoxidation but later evolve towards the equilibrium
compositions. Moreover, this points to the fact that different complex oxides
nucleate concurrently, interact with each other in the melt, and evolve with
time i.e. showing the transient nature of the composition evolution of inclu-
sions in steel melts. On the other hand, Figures 7.6-7.8 show that when the
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Figure 7.4: Classification of inclusions into oxides, sulfides, oxysufides for all samples
after inclusion analysis.

Figure 7.5: Evolution of inclusion composition in E1: (a) 0.5 min after (FeSi + FeMn)
addition, (b) 1 min after (FeSi + FeMn) addition, (c) 5 min after (FeSi + FeMn) addition.
(Note: MnO SiO2 Al2O3 phase boundaries are plotted at 1873 K.)

FeSi and FeMn and added 10 min apart, the initial oxide inclusions mostly
belong to the Al2O3 SiO2 region. These, in turn, become MnO SiO2 Al2O3

after the addition of FeMn. This could be either due to the modification of
existing silica-based inclusions or a new nucleation event for manganese sil-
icates post FeMn addition. In E4, with low initial oxygen [O] (T.O. = 136
ppm), the inclusions have slightly more Al2O3 (20-25 wt.%) in them, after
both the FeSi addition and the FeMn addition (Figure 7.8). This suggests
that low T.O. strongly affects the inclusion nucleation and growth charac-
teristics of the oxide inclusions, allowing other [Al]-[O] reactions to occur in
the melt.

Figure 7.9 shows the SEM-EDS (Kα1 peaks) maps of some selected oxide
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Figure 7.6: Evolution of inclusion composition in E2: (a) 0.5 min after FeSi addition,
(b) 5 min after FeSi addition, (c) 10 min after FeSi addition (d) 10.5 min after (FeSi +
FeMn) addition, (d) 15 min after (FeSi + FeMn) addition. (Note: MnO SiO2 Al2O3

phase boundaries are plotted at 1873 K.)

inclusions from the four experiments obtained to get some insight about
the shape, morphology and distribution of elements within the inclusions.
It is noticed that the inclusions are all nearly spherical, which made the
assumption of spherical particles in the SS method valid. The EDS maps
also revealed that there could be significant Al in the oxide inclusions post-
deoxidation depending on the local availability of [Al] and [O] in the steel.
Based on the concentration of Al2O3 in the inclusions, the Al-containing
oxides were classified into three categories as shown in Table 7.2.2. Also,
there seems to be hardly any Ca present in the inclusions which was due to
the low Ca in all the prepared steel compositions.

Figure 7.10 shows the evolution of the inclusion number density and the
types of inclusions using the oxide classification system introduced in Section
7.2.1. In all four experiments, the number density of the oxide inclusions
steadily decreases with time. Additionally, as discussed before, Figures 7.10a-
7.10d show that the inclusion composition consisted of silica-based inclusions
post FeSi addition and manganese silicates post FeMn addition. Overall,
the proposed classification system seems to capture the important changes
in the inclusion composition satisfactorily which were verified with manual
SEM-EDS maps of inclusions (shown in Figure 7.9). Again, a few specific
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Figure 7.7: Evolution of inclusion composition in E3: (a) 0.5 min after FeSi addition,
(b) 5 min after FeSi addition, (c) 10 min after FeSi addition (d) 10.5 min after (FeSi +
FeMn) addition, (d) 15 min after (FeSi + FeMn) addition. (Note: MnO SiO2 Al2O3

phase boundaries are plotted at 1873 K.)

observations can be made.

First, the data shown in Figure 7.10a indicates that for E1, the fraction of
manganese silicates having low Al2O3 decreases with longer holding times
(S1, S2, S4). This might be because of the higher removal efficiency of the
MnO SiO2 Al2O3 inclusions. Second, in E2-S1 (Figure 7.10b), the number
density of inclusions (567) is less than that in E3-S1 (760) after the same
holding time, which is interesting and could be due to low inclusion genera-
tion at that oxygen level (T.O. = 321 ppm). However, the inclusion number
density for E4-S1 (747) is comparable to that in E2-S1, which suggests more
oxide inclusion generation with lower T.O. but with greater participation of
Al. Owing to the lower initial T.O., these inclusions are a mix of different
Al-rich oxides. Third, in E3, the fraction of Al-based inclusions are small
owing to higher initial [O] in the steel that allows for the precipitation of
more manganese silicates. In E4, on the other hand, a significant population
of Al-containing silicates forms along with Al-containing Mn-silicates after
FeMn addition. This last finding is interesting especially since the Al in the
ferroalloys was less than 1 wt.%. Finally, comparing Figure 7.10a and 7.10b,
it can be seen that the number density of inclusions in E1-S1 is lower in
E2-S1, which is in accordance with the T.O. analysis and can be attributed
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Figure 7.8: Evolution of inclusion composition in E4: (a) 0.5 min after FeSi addition,
(b) 5 min after FeSi addition, (c) 10 min after FeSi addition (d) 10.5 min after (FeSi +
FeMn) addition, (d) 15 min after (FeSi + FeMn) addition. (Note: MnO SiO2 Al2O3

phase boundaries are plotted at 1873 K.)

to faster removal kinetics with manganese silicates.

In order to ascertain the formation behaviour of inclusions, thermodynamic
calculations were carried out using FactSage at 1873 K. The steel composi-
tions were selected to be the same as what was obtained in the experiments
with varying oxygen and aluminium levels in the steel. Figure 7.11 shows
the variation of inclusion composition as predicted by Factsage for the steel
composition listed in the figures for different [O] and [Al] within the steel.
From Figure 7.11a, it can be seen that inclusions become enriched in Al,
resulting in pure alumina inclusions as the [O] in steel is lowered. This ex-
plains the higher Al in the oxide inclusions observed experimentally in E4.
On the other hand, from Figure 7.11b, it is seen that an increase in [Al]
leads to a lowering of MnO and SiO2 content while increasing the Al2O3 con-
tent within the inclusions, which ultimately could lead to the precipitation
of pure alumina inclusions at around 275 ppm [Al]. This limit is a function
of the [O] content in the steel (which was set as 500 ppm in the calculations).
Interestingly, although [Al] was just around 50 ppm in all the experiments,
significant Al2O3 content within the inclusions could be noticed, indicating
the sensitivity of the melt to low concentrations of [Al] and fast steel-inclusion
reaction kinetics.
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Figure 7.9: Elemental mappings of typical oxide inclusions predominantly observed in
the steel samples using the manual SEM method.

Figure 7.12 shows the inclusion size distributions obtained in the different
samples for E1-E4 after converting the 2D automated SEM-EDS data to 3D
using the SS method. As can be seen, most of the inclusions are concentrated
within 1-2.3 µm size range. Also, the number concentration of inclusions
decreases with increasing holding times in nearly all the experiments.

7.4 Summary

In this study, the effect of oxygen and alloy addition sequence on inclusion
formation in Mn-Si killed steels has been studied through a series of four
experiments having different additions of FeMn, FeSi, and Fe2O3. The in-
clusion composition evolution and its characteristics were then quantified
via scanning electron microscopy with EDS analysis and automated inclu-
sion inspection via the AZtec software. The findings can be summarized as
follows:
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Figure 7.10: Evolution of inclusion number density (along with their classifications) with
different holding times for:(a) E1, (b) E2, (c) E3, and (d) E4.

1. The total oxygen analysis revealed that a higher rate of inclusion re-
moval is obtained with the addition of (FeSi + FeMn) than just with
FeSi. Furthermore, higher removal rates are obtained with an increase
in initial total oxygen levels from ≈ 100 to 550 ppm.

2. The proposed classification system for the inclusions post-automated
SEM-EDS analysis is able to capture the different oxide inclusion pop-
ulations in the steel.

3. Automated SEM-EDS analysis of the inclusions showed that oxide in-
clusions are nearly spherical in nature, and after FeSi additions, are
essentially silica while after (FeSi + FeMn) additions, are manganese
silicates. Some inclusions contain Al in them, whose content increases
with the lower initial T.O. in steel.

4. Inclusions number concentration decreases uniformly with an increase
in holding times in all the experiments.
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Figure 7.11: Variation in inclusion composition for different (a) [O], and [Al] levels in
steel as calculated using FactSage at 1873 K. Note: (l) stands for the liquid inclusion phase,
FeO MnO SiO2 Al2O3 (SLAG) while (s) stands for solid inclusion phase, corundum.

Figure 7.12: Size distribution of inclusions in samples for (a) E1, (b) E2, (c) E3, and
(d) E4 (Note: 3 uniform size bins have been used.)
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Chapter 8

Concluding remarks

Non-metallic inclusion behaviour in molten steel has been the attention of
many researchers in order to produce ‘clean’ steels. In this regard, different
experimental and modelling work have been carried out to study the effect of
different compositional and process variables on inclusion formation. Specif-
ically, they have focused on the formation of harmful inclusions and how
other phases such as slag and refractory, as well as Ca additions interact
with them. The use of Al as a deoxidant leads to solid alumina inclusions
that cause processability issues and product failures in certain long product
steels. On the other hand, deoxidation with Si and Mn have shown that
liquid inclusions form, making process of steelmaking less prone to clogging
and lead to better mechanical properties. However, in such cases, it has been
seen oxygen and sulphur levels cannot be decreased to very low levels, mak-
ing slag selection a crucial task along with better process control. Moreover,
the presence of Al in steel and other phase interactions can lead to changes in
the composition of inclusions originating from deoxidation in Si/Si-Mn killed
steels. This causes unwanted inclusions to form, which exhibit poor deforma-
tion characteristics, ultimately impairing steel performance and interfering
with smooth casting operations. Another important aspect to note from the
compositional analysis of inclusions in such steels is that although the de-
oxidation inclusions lie within the MnO SiO2 Al2O3 ternary system, the
chemistry seems to show a variance even from samples taken from the same
location. This non-equilibrium state seems to disagree with the local equilib-
rium theory proposed by numerous authors. Furthermore, inclusions such as
Ca silicates are proposed to form from slag droplets that can further interact
with existing inclusions and lead to various complex oxide inclusions. Thus,
it is necessary to investigate the conditions which facilitate the formation
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of such inclusions. Moreover, developing a tool to predict these conditions
considering the important interactions will be invaluable for process control
in steelmaking.

This thesis focused on mainly developing kinetic models to understand the
compositional evolution of inclusions in a ladle furnace for Si-Mn-killed steel.
Coupled with a steel-slag reaction model, the model was used to predict the
chemical compositional evolution of steel, slag, and inclusion phases simul-
taneously. Furthermore, deoxidation experiments using FeSi and FeMn were
conducted to understand inclusion behaviour under different conditions. The
kinetic model was validated using data from experiments conducted in the
author’s laboratory and also previous steel plant data from the literature
relevant to refining reactions for Si-Mn killed steel. A thorough analysis was
conducted to understand the influence of parameters on the model. Potential
limitations and improvements of the model were also discussed.

8.1 Key Findings and contributions

8.1.1 General overview

Chapter 1 introduced the background and motivation behind the current
work of simulating ladle refining reactions. Chapter 2 summarised the state
of the art in the control of oxide inclusions in Si-Mn killed steel and outlines
the important topics in ladle metallurgy. The gaps in the existing literature
and key aspects in modelling secondary steelmaking processes with regard to
steel-slag reactions and steel-inclusion reactions were also discussed.

In Chapter 3, a systematic study on the formation of complex oxide formation
was investigated mathematically at the nano and micron scales. Specifically,
the rate-determining steps were identified through a nucleation model and
a kinetic growth model for oxide modification. Chapter 4 then, uses the
inclusion kinetic model developed in Chapter 3 with a previously developed
steel-slag model. Using this model, the role of different slag compositions on
Al pick-up in steel, the inclusion average composition (MnO SiO2 Al2O3)
were investigated. Furthermore, the effect of steel mass transfer coefficient
on slag-aided deoxidation was discussed.

In Chapter 5, an alternative technique to the model developed in chapter 4
was proposed, namely, the multi-oxide inclusion (MOI) kinetic model which
is able to track the precipitation sequence of different oxide inclusions along
with the average inclusion composition. Chapter 6 presented the application
of the developed MOI model coupled with the steel-slag model to industrial
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ladle refining reactions of Si Mn killed steel with special emphasis on Al
pick up, inclusion composition, [S], and [O] variation in steel. The types of
inclusions precipitating in Si-Mn-killed steel were shown as a function of time
for different refining and processing variables in a ladle furnace.

Chapter 7 described the deoxidation experiments performed in the author’s
laboratory along with summary of the steel inclusion analysis carried out
using automated SEM-EDS. This was done to understand the effect of oxy-
gen and alloying addition practice on inclusion characteristics. Preliminary
results and discussions were presented in this chapter.

8.1.2 Specific Findings

The research objectives presented in chapter 1 have now been achieved. The
specific findings of the current study are as follows:

1. From Chapter 3, the mathematical analysis of nucleation of complex
oxides following deoxidation revealed that the driving force for spon-
taneous nucleation of complex oxides can be as much as three times
greater than for simple oxides. Different compositions of nuclei form
based on the local availability of oxygen and solutes. Furthermore, the
modification of simple oxides to complex oxides is fast (< 1 s) in Si-
Mn-killed steel, which is in line with previous research conducted in
Al-killed steels, indicating that both routes are possible given the suf-
ficient supersaturation and driving force for mass transfer exists. This
result further helped simplify the model for steel-inclusion reactions in
molten steel.

2. In Chapter 3, sensitivity analysis on the nucleation model indicated
that there is a role of interfacial tension and molar volume dependence
on the composition of complex oxide nuclei in steel melts. On the
other hand, the mass transfer model revealed that inclusion formation
in Si-Mn killed steel is sensitive to solute concentrations, especially
those in smaller amounts such as dissolved aluminum. This, in addition
to the amount of dissolved oxygen and Mn/Si ratio, determines the
overall inclusion formation behaviour in Si-Mn-killed steels. This effect
is partly responsible for the persistence of non-equilibrium phases.

3. In Chapter 3, it was shown that the mixing time scales are higher than
the nucleation and mass transfer time scales. This has important con-
sequences on the inclusion composition variation with space and time.
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Since circulating flow fields in the ladle transport inclusions to differ-
ent regions with different solute concentrations, it will probably result
in steel-inclusion reactions with different driving forces for inclusion
transformation, leading to differences in inclusion chemistry. It would
be interesting to model the coupled effect of the steel flow on the overall
variation of inclusion compositions in the future.

4. The multi-oxide inclusion (MOI) kinetic model developed in Chapter
5 for steel-inclusion reactions when coupled with steel-slag reaction ki-
netics can adequately reproduce the observations from experimental
data. This shows the success of the approach both at laboratory and
industrial scales. This approach enables one to track the competition
between different inclusion types by considering the thermodynamics
and kinetics of inclusion formation. This offers more information than
just the average inclusion composition trajectory that the model in
Chapter 4 was able to only provide. Furthermore, this approach is an
alternative to commercial thermodynamic software and is somewhat
better owing to its ability to handle the effect of number density vari-
ation of inclusions in steel directly in its formulation.

5. In Chapter 6, while simulating steel-slag-inclusion reaction kinetics for
industrial situations in Si-Mn killed steels, it was observed that the
amount of alloy additions and the rate at which they dissolve and mix
decide the temporal evolution of species with higher concentrations
([Si], [Mn], [C]). On the other hand, the species with lower concentra-
tions ([Al], [S]) are influenced by the reactions at the steel-slag interface
along with the mutual interaction of the solutes with the existing in-
clusions.

6. In Chapters 4 and 6, the developed steel-slag-inclusion kinetic model
was successfully used to simulate the effect of slag composition on in-
clusion control, desulphurization and deoxidation. Specifically, it was
demonstrated that:

• Silica-rich slags impose a lower equilibrium oxygen potential at
the steel/slag interface, leading to oxygen transfer through slags
if the oxygen potential obtained from only Si-Mn deoxidation is
higher than this value. This can be further increased with a higher
mass transfer coefficient (caused by stirring).

• Alumina in slags > 10 wt.% significantly affects the inclusion com-
position owing to a higher driving force for Al pick up in the steel,
which can in turn lead to reactions with existing inclusions or
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precipitation of new inclusions. However, optimizing its amount
seems necessary since an increase in alumina in slags leads to
higher sulfide capacities, thus promoting more desulphurisation.

• An increase in the slag basicity (CaO/SiO2) with higher Al2O3

content will lead to an increase in higher aluminum activity at
the steel-slag interface. This will lead to more Al reduction at the
steel-slag interface which will increase the Al2O3 in the inclusions
but simultaneously, lead to lower sulphur levels in the steel.

• Slag changing operations conducted to increase the slag binary
basicity will lead to an increase of Al2O3 in the inclusion composi-
tion and a decrease in the sulfur levels in the steel. Delaying this
operation with moderate stirring towards the end of the refining
should be able to help suppress excess Al pickup in steel.

• The composition of inclusions in steel alters by reoxidation, which
occurs due to a change in amount of available dissolved oxygen
in the steel. This can either lead to a higher alumina content in
the inclusions or a new population of inclusions depending on the
[Al] and Mn/Si ratio. On the other hand, the desulphurisation
process can be hindered by an increase in (FeO+MnO) in slags,
which also slows the rate of Al pickup in steel.

7. From the laboratory deoxidation experiments described in Chapter 7,
it was seen that after FeSi addition, inclusions were SiO2 with trace
amounts of Al2O3 whereas after subsequent addition of FeMn, these
transformed into MnO SiO2 with some containing Al2O3 in them. The
inclusions were found to be spherical in morphology. At lower initial
oxygen levels, the inclusions contained more Al while the alloying ad-
dition practice did not affect the inclusion composition to a significant
extent. This shows that the oxygen levels in steel prior to deoxidation
influence the alumina content of the inclusions in Si-Mn killed steel
even at low initial aluminium levels. Furthermore, the rate of inclusion
removal seemed to be higher when FeSi and FeMn are added concur-
rently than when they are added sequentially, which needs to be probed
a bit further.

8.2 Suggestions for future work

• In this work, the multi-oxide inclusion model has been made to consider
the formation of inclusions relevant to Si-Mn killed steel but its generic
framework enables its application to other deoxidation systems such as
Al, Al-Ca, Al-Ti, etc. In the future, this could be explored further.
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• For steel grades where there are higher alloying elements such as stain-
less steel, high carbon steels, high Mn steels, certain compositional vari-
ables lie within the Raoultian regime. The current version of the model
utilizes the Unified Interaction Parameter formalism (UIPF) model.
This sub-model seems to be somewhat unsuccessful in predicting ac-
tivities of steel species in these cases reliably. In that regard, evaluation
of interaction parameters in UIPF might be needed to predict the steel
species activities.

• Since the bulk steel does not remain entirely homogenized through-
out the refining time, it might influence the supply of solutes to the
steel/inclusion interface and thus constitute as an important rate deter-
mining step. Effects of mixing can be considered using models proposed
in Ref. [4].

• The current steel-slag-inclusion model does not take into account the
calcium dissolution kinetics that might be important for situations
where Ca treatment is practiced in Si-Mn killed steels. This could
be done similarly to the method proposed by Tabatabaei et al. [3],
where Ca interaction with inclusions was simulated for Al-killed steels.

• Since most particle size distribution (PSD) models have focussed on
simple oxides, the current nucleation model developed in this work for
complex oxides could be utilized in calculating the particle size distri-
bution of complex oxide inclusions in the steel, following nucleation.

• The effect of inclusion number density variation on the compositional
changes of inclusions has been ignored in this study. This could be
incorporated into the MOI model developed in this work through mean-
field models, Quadrature Method of Moments models (zeroth moment)
or PSD models.

• Further analysis of the oxide inclusion characteristics obtained from the
deoxidation experiments performed in our laboratory need to be carried
out to understand the removal rate of inclusions following deoxidation
which could shed some light on the coagulation behaviour of liquid
inclusions.

• As discussed in Section 2.2.4, there seems to be dearth of fundamental
studies regarding the effect of slag in silicon rich steels and high alloy
steels killed using FeSi and FeMn. Experimental studies concerning the
same will help understand the behaviour of inclusions, [O], [Al] and [S]
with time.

• As discussed in Section 2.3.1, the mass transport steps with regard to
sulphur reaction between steel and slag at low aluminium levels need to
be probed, conditions which are relevant to Si-Mn killed steel. These
studies need to be carried out at different oxygen, and sulphur levels
in steel.
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Appendix A

Sub-regular solution model for
liquid oxides

The Sub-Regular Solution Model (SRSM) belongs to the subset of ‘thermo-
dynamics parameter models’ and can be used to define the activities for liquid
oxide slag systems, such as those relevant for secondary steelmaking systems,
CaO MgO SiO2 Al2O3 and CaO MnO SiO2 Al2O3 by Xiao Bing et al.
[1].

This model contains many empirical parameters that are estimated based on
the fitting of the existing physical and chemical behavior of slags. Owing to
the simplicity of the model implementation and accuracy in the above oxide
systems, this model seems very ‘reliable’ for predicting the activities of the
inclusion components. For a detailed thermodynamic derivation, the reader
is left to the original publication [1].

The activity of MxOy in a multicomponent oxide system can be calculated
as:

ai = Xiexp

(
Gex

i −Go
i

RT

)
, (A.0.1)

where Xi is the mole fraction of an oxide MxOy in the oxide system, Gex
i is

the excess partial mole free energy of the oxide in reference to the pure liquid
state and Go

i is the mole free energy of phase transformation of the oxide
from liquid to solid [2].

For any quaternary oxide system, Gex
i is expressed with a set of formulae in

a multi-component framework (MxOy = 1 to 4), for which 1 to 4 denote the
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four oxide components as

Gex
1 =

j′∑
2

k′∑
0

l′∑
0

AjklY
jZkU ′ (A.0.2)

Gex
2 =−

j′∑
2

Aj00/(1− j) +

j′∑
2

k′∑
0

l′∑
0

(A.0.3){
AjklY

jZkU l{1 + (j − k)/[Y (1− j)]}
}

Gex
3 =−

∑
2

∑
0

Ajk0/(1− j) +
∑
2

∑
0

∑
0

(A.0.4)

{AjklY
jZkU l{1 + (j − k)/[Y (1− j)]

+ (k − l)/[Y Z(1− j)]}}

Gex
4 =−

j′∑
2

k′∑
0

l′∑
0

AjklY/(1− j)−
j′∑
2

k′∑
0

l∑
0

AjklY
jZTj (A.0.5)

{1 + [(j− k)/Y(1− j)] + [(k− 1)/Y Z(1− j)]+

[1/Y ZT (1− j)]}

Here, j′, k′, l′ refer to the order of the system, Ajkl are empirical parameters
of the SRSM model, and Y, Z, and U are the reduced composition variables,

Y = 1−X1 (A.0.6)

Z = 1− (X2/Y ) (A.0.7)

U = 1− (X3/Y Z) (A.0.8)

A.1 Model parameters

TheAjkl for CaO MgO SiO2 Al2O3 and CaO MnO SiO2 Al2O3 are given
in Table A.1.1 and A.1.2 which are taken from Ref. [3].
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Table A.1.1: Parameters Ajkl of CaO MgO SiO2 Al2O3

j l k = 0 k = 1 k =2 k = 3 k = 4

2 0 -345.5 235.8 1333.8 -1066.6 -34
1 0 -6659.1 11874.9 -4916.2 -248.7
2 0 24403.5 -40282.9 15807.8 0
3 0 -27882.9 37039 -9265.3 0
4 0 10762.6 -10708.9 0 0

3 0 572.5 3036.7 -12479.7 9858.9 -1043.3
1 0 11345.6 -17184.3 4466.5 1043.3
2 0 -48575.5 79574.2 -30430.5 0
3 0 55765.3 -73810.4 18044.6 0
4 0 -21525.3 21525.3 0 0

4 0 -120.7 -4541 13574.6 -10263.7 889.2
1 0 3013.3 -9285.8 7503.2 -889.2
2 0 -347.3 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0

Please note: 1 - SiO2, 2 - Al2O3, 3 - CaO, 4 - MgO

Table A.1.2: Parameters Ajkl of CaO MnO SiO2 Al2O3

j l k = 0 k = 1 k =2 k = 3 k = 4

2 0 61.7 159.7 -1093.3 1810.0 -847.4
1 0.0 -11725.7 25802.0 -26600.9 11924.6
2 0.0 20811.3 -13751.7 -686.2 -3866.5
3 0.0 -15710.8 -5970.7 22455.1 -5128.6
4 0.0 6286.1 -3461.6 -521.7 296.4

3 0 -589.8 8.9 3887.7 -7263.6 3288.1
1 0.0 58391.4 -136302.9 153339.5 -69784.6
2 0.0 -105915.2 116631.0 -98501.7 66974.0
3 0.0 75352.3 2986.0 -35051.3 -9961.6
4 0.0 -25806.0 6855.2 0.0 0.0

4 0 583.1 -205.3 -3588.1 6324.1 -2510.5
1 0.0 -52463.6 127755.8 -145651.5 64362.2
2 0.0 96439.0 -129690.0 131091.7 -75286.9
3 0.0 -65895.9 10232.0 0.0 20064.4
4 0.0 19850.8 0.0 0.0 0.0

Please note: 1 - MnO, 2 -SiO2, 3 - Al2O3, 4 - CaO
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Appendix B

Comparison between reaction
zone and reaction interface
model

B.1 Similarity of kinetic equations

In the reaction zone model, a complex process is divided into a finite number
of reaction zones in which equilibrium state is calculated. Here, a finite
volume of each phase is allowed to react near the interface (See Figure B.1).

Figure B.1: Schematic illustrating the concept of reaction zone model.

The reaction zone mass per unit step is considered for describing the mass
transfer in each phase instead of the general flux density equations. That is,
a constant volume of metal (V z

m) from the bulk metal and a constant volume
of slag (V z

s ) from the bulk slag enter the metal-slag reaction zone at a fixed
time interval (∆t). The superscripts t and (t + ∆t) are at previous and
current time steps, respectively. The reaction zone mass per unit time step
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for metal phase and slag phase (W z
m and W z

s ) can be described as follows:

W z,t
m = ρmkmA ∆t (B.1.1)

W z,t
s = ρsksA∆t (B.1.2)

where the subscripts m and s represent metal phase and slag phase, respec-
tively, W t represents reaction zone mass at time t, ρ represents density of
each phase, k represents the mass transfer coefficients1, and A represents the
interface area between the metal and slag phase.

After the reaction, the mass of metal phase changes at the interfacial volume,
which can be written as:

W z,t+∆t
m = ρmkm A∆t−∆Wm = ρmk

′
mA∆t (B.1.3)

where ∆Wm is the change in mass of the reaction zone after reaction and k′
m

is a constant coefficient (significance discussed later).

Utilizing the reaction zone model concept, the amount of metal phase present
at new time t+∆t, [%M ]t+∆t

b is thus given as follows:

[%M ]t+∆t
b =

[%M ]tb ·Wm + [%M ]e ·W z,t+∆t
m

(Wm +W z,t+∆t
m )

(B.1.4)

where Wm and [%M ]e represent total weight of unreacted metal phase and
the equilibrium concentration of metal in the reaction zone.

Using Eq. B.1.1 in Eq. B.1.4, we have the following :

[%M ]t+∆t
b · (Wm + ρmk

′
mA∆t) = [%M ]tb ·Wm + [%M ]e · ρmk′

mA∆t (B.1.5)

Rearranging Eq.(B.1.5) gives:

([%M ]t+∆t
b − [%M ]tb) ·Wm = ([%M ]e − [%M ]t+∆t

b ) · ρmk′
mA∆t (B.1.6)

([%M ]t+∆t
b − [%M ]tb)

∆t
=

ρmk
′
mA

Wm

([%M ]e − [%M ]t+∆t
b ) (B.1.7)

1this is based on the mtc from reaction interface model

181



Ph.D. Thesis – A.Podder McMaster University – Materials Science and Engineering

For small time step (∆ t → 0), the differential form can be written as:

lim
∆t→0

([%M ]t+∆t
b − [%M ]tb)

∆t
=

ρmk
′
mA

Wm

([%M ]e − [%M ]t+∆t
b ) (B.1.8)

or,
d[%M ]b

dt
=

ρmk
′
mA

Wm

([%M ]e − [%M ]b) (B.1.9)

or, − d[%M ]b
dt

=
k′
mA

Vm

([%M ]b − [%M ]e) (B.1.10)

Thus, we see that when the equations are cast in the form given by reaction
interface model, the coefficient introduced is not strictly equal to the mtc
derived for RIM. However, they can show the same order, based on the
change in reaction mass at the interface, ∆Wm as shown in Eq. B.1.3. If the
change is small or equal to zero, the terms would be numerically equal. The
above derivation answers an interesting question of whether the mtc used
in both the models are identical or not. Furthermore, the interface value is
defined at local equilibrium between the phases, assuming it exists.

B.2 Similarity of thermodynamic equations

For the following reaction:

[M] + x[O] = (MOx) (B.2.1)

the amount of equilibrium phases is often determined by the equilibrium
constant method:

KM/MOx =
aMOx

aM · axO
(B.2.2)

Together with the knowledge of the activities of elemental species, temper-
ature and by performing the necessary mass balances, one can obtain the
equilibrium state. However, the situation gets complicated when multiple
species and phases are involved. Alternatively, the formation of any species
in a multicomponent system at a particular temperature is accompanied by
a change in the Gibbs free energy of the system. As a result, the equilib-
rium state can be computed by the Gibbs free energy minimization (GFEM)
method as shown:

∂G

∂ni,p

= 0 (B.2.3)
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where G is the Gibbs free energy of the entire system given by Eq. B.2.4,
ni,p is the number of moles of the i-th component in the phase p.

G =
∑

ntG
o
i +

∑
nox
i ∆Gox

i +
∑

nox
i RT ln(aoxi ) +

∑
ndis
t RT ln(adisi )

(B.2.4)
where nt, n

ox
i , ndis

i refer to the total moles, moles of species in oxide and
dissolved phase, respectively. Go

i is the standard Gibbs free energy of species,
while ∆Gox

i is the formation Gibbs free energy change for oxides.

It needs to be noted that Eq. B.2.2 and Eq. B.2.3 yield similar equilib-
rium compositions, with the reaction interface model requiring the form of
equations belonging to Eq. B.2.2 while the reaction zone model utilizing
the GFEM concept. Depending on the formulation of the thermodynamic
problem, we then choose an adequate method of solution. However, from a
physical point of view, a question arises of whether local equilibrium persists
in an interface or in a zone near the interface.
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Appendix C

Analytical formulation of
diffusion through product layer
in MnO SiO2 inclusions

From the reaction of [Si], [Mn], and [O] at the interface of a SiO2 inclusion, a
finite product layer consisting of MnO SiO2 is created on preexisting inclu-
sions, which is allowed to grow based on subsequent reaction with the SiO2.
To model the diffusion of MnO and SiO2 through the resulting liquid product
layer, an inclusion with spherical geometry is considered. Chemical reactions
are fast relative to mass transport processes due to the high temperature, so
equilibrium is attained at all interfaces. The thickness of MnO SiO2 formed
depends on the equimolar counter diffusion of MnO and SiO2, with growth
only occurring inside the inclusion, Rin, with a shrinking core of SiO2. The
interfacial concentration at the external radii, Rex, are solved from equations
resulting from the reactions at the steel-inclusion interface by mass transfer
through the boundary layer. A schematic of the reactions and important
variables is shown in Figure C.1.

If J is the diffusion rate of MnO through the product layer (Fig. 4.3), then
according to Fick’s law:

J = −DMnOA
∂CMnO

∂r
= −DMnO · 4πr2∂CMnO

∂r
(C.0.1)

To solve the above, pseudo steady state approximation can be used i.e., the
concentration gradient remains fixed with the radius change of the particle.
In other words, the concentration profile is only a function of time at different
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Figure C.1: Schematic of steel-inclusion interactions

radii. Consequently, ∂CMnO/∂r is constant and can be replaced as dCMnO/dr.

4πDMnOdCMnO = −J
dr

r2
(C.0.2)

Assuming DMnO remains constant through the process, integrating between
the limits at the inner and external radii results in:

4πDMnO

∫ ex

in

dCMnO = −J

∫ ex

in

dr

r2
(C.0.3)

4πD(C∗
MnO − Ceq

MnO) = J

(
1

Rex

− 1

Rin

)
(C.0.4)

J = −4πRexRinD

(Rex −Rin)
(C∗

MnO − Ceq
MnO) (C.0.5)

J =
−dnMnO(r)

dt
= −4πD(C∗

MnO − Ceq
MnO)(

1

Rin

− 1

Rex

) (C.0.6)

−4πρR2
in

Mw

· dr
dt

= −4πD(C∗
MnO − Ceq

MnO)(
1

Rin

− 1

Rex

) (C.0.7)

(
Rin −

R2
in

Rex

)
dr = −DMw

ρ
· (C∗

MnO − Ceq
MnO)dt (C.0.8)

Integrating between limits and considering C∗
MnO constant between the time
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step, t, we have:∫ Rin

Rex

(
Rin −

R2
in

Rex

)
dr = −

∫ t

0

DMw

ρ
· (C∗

MnO − Ceq
MnO)dt (C.0.9)

(
R2

in

2
− R3

in

3Rex

)]Rin

Rex

= −DMw

ρ
· (C∗

MnO − Ceq
MnO)t (C.0.10)

1

2
R2

in −
1

6
R2

ex −
1

3

R3
in

Rex

= −DMw∆C

ρ
t (C.0.11)

where ∆C = (C∗
MnO − Ceq

MnO)

Defining the fractional reduction in mass/volume of the core (SiO2) in terms
of a parameter, β, we have:

β =
4
3
πR3

ex − 4
3
πR3

in
4
3
πR3

ex

= 1−
(
Rin

Rex

)3

(C.0.12)

Using C.0.12 in Eq. C.0.11, after simplification, we can write the following:

1− 2

3
β − (1− β)2/3 =

2MwD∆C

ρR2
ex

t (C.0.13)

It can be seen from Eq. C.0.13 that a characteristic time, t∗ can be used to
estimate the time needed for inclusion modification or transformation,

t∗ =
ρR2

ex

2MwD∆C
(C.0.14)
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*END*
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