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Abstract

The Ladle Metallurgy Furnace (LMF) in secondary steelmaking processing allows (1)
the adjustment of the chemical composition by ferroalloy addition, (2) temperature control
by electrical reheating (3) homogenization of chemical composition by argon stirring (4)
desulphurization and (5) control of inclusions produced during steel deoxidation. The solid
oxide inclusions not only cause nozzle clogging during the continuous casting process and
reduce production efficiency, but they are also harmful to the properties of the steel
product. In the case of aluminum killed steel, calcium treatment of steel is typically
employed to modify the solid alumina inclusions or magnesium aluminate inclusions to
liquid or partially liquid calcium aluminates. Injected calcium in form of calcium wire
creates calcium bubbles. A portion of calcium dissolves into the steel and diffuses into the
steel bulk. However, during the dissolution process some of the injected calcium reacts,
close to the injection plume, with dissolved sulfur and oxygen in the steel to form calcium

sulfide and calcium oxide inclusions [1].

During ladle treatment of aluminum killed steel the inclusions which form initially are
typically alumina. As the dissolved oxygen content of the steel is reduced to very low levels
magnesium may be reduced from the slag and subsequently react with the inclusions
resulting in a shift towards higher contents of M g0 and formation of magnesium aluminate
spinel. Magnesium may originate from the top slag, ferro alloys or refractories. Therefore,
magnesium aluminate spinels are almost always present before calcium injection and any
consideration of calcium treatment should also consider the modification of spinel in
addition to alumina. The current work develops a fundamental kinetic model to describe



the evolution of the inclusion population during ladle treatment of aluminum killed steels.
The model builds on previous work in the author’s laboratory predicting the kinetics of
slag metal reactions during ladle treatment and the transformation of alumina to
magnesium aluminate spinel. The model addresses the modification of alumina inclusions
by calcium and considers mass transfer of species to the inclusion-steel interface and
diffusion within the calcium aluminate phases formed on the inclusion. The dissolution of
calcium from calcium bubbles into the steel and formation of oxide and sulfide inclusions
at the plume is coupled with the kinetic model for inclusion modification. It is found that
rate of supply of calcium to the inclusions controls the overall rate of transformation. The
inclusion-steel kinetic model is then coupled with the previously developed steel-slag
kinetic model. The coupled inclusion-steel-slag kinetic model is applied to the chemical
composition changes in molten steel, slag, and evolution of inclusions in the ladle. The
result of calculations is found to agree well with industrial heats for species in the steel as
well as inclusions during Ca treatment. The kinetic model is further extended to model the

modification of spinel inclusions by calcium treatment.

Coupling the model for inclusions modification to a multi component kinetic model for
the slag-steel reactions in the ladle furnace allowed prediction of the change of average
composition of inclusions which was subsequently verified using plant data from
ArcelorMittal Dofasco operations. Good agreement between the experimental and
calculated average composition of inclusions was obtained for most of the industrial heats.

Finally, a sensitivity analysis of the coupled kinetic model was performed to compare the



effect of the different processing conditions including sulphur content, stirring, total

oxygen, slag composition and reoxidation, on the evolution path of inclusions.
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Chapter 1

Introduction

1.1 Overview

Modern steelmaking processes include two major steps (see Figure 1-1): primary and
secondary steelmaking. Primary steelmaking involves converting of hot metal from a blast
furnace and steel scrap into liquid crude steel via the basic oxygen process or melting scrap
steel and/or direct reduced iron (DRI) in an electric arc furnace. In secondary steelmaking,
refining of the steel to achieve desired chemistry, temperature and cleanliness before
casting is carried out in ladles via several operations, namely: adding alloying elements,
lowering dissolved gases in the steel and removal or modification of inclusions. The ladle
furnace is primarily used for deoxidation and desulphurization as well as for refining and

modifying inclusions.

In the ladle furnace, reactions occur between the synthetic slag, the steel and the alloy
additions; agitation of the steel for homogenization is obtained by argon stirring or

electromagnetic stirring. Electrical arcing may also be employed for temperature control.
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Figure 1-1. Schematic of integrated steel making process- reproduced with permission from ref [2]

Liquid steel obtained either from an oxygen converter or an electric arc furnace contains
high concentrations of dissolved oxygen, ranging between 200 to 800 ppm. It is well known
that the carbon in the steel can react with oxygen content at the end of heat in steelmaking

furnaces via the reaction [3]

[] + [0] = co(g)
(1-1)

Production of CO gas can create voids and defects in the steel when the continuous
casting process is used. Therefore, the dissolved oxygen needs to be removed by adding a
deoxidizer. The main purpose of deoxidation is to prevent the formation of carbon
monoxide gas (blowholes) and FeO during solidification of the steel [4]. In addition,
deoxidization is necessary for the removal of the dissolved Sulphur and prevent oxidation

of alloy elements (Mn, Si, Ti...).

In the case of the production of Low Carbon Aluminum Killed steel (LCAK steel),
deoxidation is carried out by adding aluminum which is an economical and effective

method to remove dissolved oxygen according to the reaction:

2[Al] + 3[0] = (Al,03) incrusion (1-2)
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Where [] denotes dissolved elements in liquid metal. As a result, non-metallic oxide
inclusions of solid alumina with different morphologies and sizes are produced [5].
Presence of solid non-metallic inclusions during secondary processing of steel is
detrimental to steel castability. Large clusters of aluminum oxide form layers on the inner
surface of the continuous casting nozzle which causes nozzle clogging and leads to reduced
process efficiency [6]. In addition, alumina particles in the steel give rise to poor
mechanical properties of end product [7,8]. Thus, these inclusions need to be eliminated
from the molten steel or modified to the desired morphology and composition. Inclusion
control in ladle process include number of practices: (a) proper choice of deoxidants to
avoid formation of undesired nonmetallic inclusions, (b) controlling blowing by argon gas
to maximize flotation of inclusion to the steel-slag interface, (c) top slag control in
secondary metallurgy to absorb inclusions floated to the slag-steel interface and (d) calcium
treatment to modify solid inclusion to spherical liquid inclusions. The latter is used to
modify solid alumina inclusions by transforming them to liquid or partially liquid spherical

calcium aluminates.

1.2 The Objectives of This Study

In general, there are four types of interaction in the steel that are important in the current
work: slag-steel, steel-inclusions and slag-inclusions, steel-calcium (Figure 1-2).
Interaction between steel and slag has been already studied and modeled in the McMaster
Steel Research Center. Graham [9] developed a multi-component kinetic model,
combining slag and steel thermodynamic solution models and consideration of the stirring,

arcing and alloying addition in the ladle, to describ quantitatively the kinetics of slag-metal
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reactions. The kinetic model is based on a model proposed by Robertson et al. [10] and

the cell model [11,12] is used to describe the thermodynamics of the slag.

The purpose of the current study is as follows:

To develop quantitative sub-models for alumina and spinel modification by
calcium treatment by considering all possible rate controlling steps to determine

the rate controlling step for inclusion modification.

To couple the proposed kinetic models with the multi-component kinetic slag-

steel model to create a comprehensive model of the ladle furnace process

Verify the application of the model with steelmaking plant trial data under a range

of conditions.

To conduct a sensitivity analysis of the coupled kinetic model in order to
examine the influence of the different conditions and factors involved in the
evolution of oxide inclusions to provide a direction for process improvement to

steelmaking operations.
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Figure 1-2.Schematic of ladle furnace and the occurring reactions

1.3 Thesis Outline

This thesis comprises, seven chapters: an introduction, a literature review, four
modelling chapters and a concluding chapter. Chapters 3, 4 and 5 have been published or
accepted for publication in Metallurgical and Materials Transactions B and Chapter six
will be submitted for publication shortly, most likely as a two part series. The content and

the role of each chapter in the thesis as a whole, is described briefly below.

Chapter 1: “Introduction”. This chapter provides a general introduction to the research;
describing the motivation for this study, defining detailed research objectives and

presenting an outline of this thesis.
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Chapter 2: “Literature Review”. This chapter reviews relevant literature including:
thermodynamics of calcium treatment, kinetics of calcium treatment, previous models
proposed for alumina inclusions transformation and modification of spinel inclusions.

Also, models developed for the kinetics of ladle processing are reviewed.

Chapter 3: “A multi-layer model for alumina inclusion transformation by calcium in the
ladle furnace”. The purpose of this chapter was to develop a sub-model describing the
details of inclusion modification. A multi-layer growth model is proposed for modification
of alumina inclusions. Diffusion through a multi-phase product layer and mass transfer of
solute through the boundary layer to the inclusion are taken into account in this model. The
model is then run for different steel compositions, showing that the transformation of an
individual inclusion is controlled by mass transport from the liquid steel to the surface of
the inclusion, and because the calcium is so rapidly consumed by the inclusions, the rate
of the overall calcium treatment process is controlled by the rate at which calcium is
supplied to the steel by the calcium bubbles. These two conclusions enabled significant

simplification to the modelling treatment presented in subsequent chapters.

Chapter 4: “Model of inclusion evolution during calcium treatment in the ladle
furnace”. This chapter aims to couple the sub model developed in Chapter 3 with multi-
component steel slag model to provide a kinetic model for the evolution of oxide and
sulfide inclusions during ladle treatment as well as change of composition of steel and slag.
The model combines sub models considering the kinetics of: dissolution of the calcium
from the calcium bubbles into the steel, slag metal reactions, and steel inclusion reactions.

The coupled inclusion-steel-slag kinetic model is applied in predicting the chemical

6
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composition changes in molten steel and slag, and the evolution of inclusions in the ladle.
The predictions steel, slag and inclusion composition agree well with data obtained from
an industrial heat. This paper showed that inclusions consume the injected calcium so fast
that the dissolved calcium remains as low as 0.1-0.2 ppm during calcium treatment. Also,
it was found that most sulphide inclusions form at the reaction plane close to the injection

plume.

Chapter 5: “A kinetic model for modification of MgAl,0, spinel inclusions during
calcium treatment in the ladle furnace”. In this chapter an overall model of oxide inclusion
evolution is proposed based on a fundamental kinetic model for modification of spinel
inclusions combined with the building blocks developed in Chapters 3 and 4. The kinetic
model for spinel modification considers mass transfer of solute through the boundary layer
to the inclusion and diffusion within the product layer. The resulting overall model predicts
inclusion development with time in excellent agreement with plant data for industrial heats.
Sensitivity analysis has been also carried out to determine rate controlling step for spinel
modification. It was found that rate of spinel modification is mixed between the rate of
transfer of solutes through inclusion-steel boundary layer and rate of supply of solutes to
the bulk steel. 1t was also showed that composition of liquid magnesium calcium aluminate

is affected by concentration of dissolved Al, Ca, Mg and O in the melt.

Chapter 6: “Tracking inclusions during ladle refining using a kinetic model for the
compositions of metal, slag and inclusions”. In this chapter overall model was used to
predict inclusion development during the ladle process for several industrial heats. The

developed comprehensive kinetic model was also examined under a range of ladle

7
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conditions examining the effect of sulphur, total oxygen contents, stirring intensity, and
slag composition. Sensitivity analysis was performed to investigate effect of these factors
on the composition of the inclusions during ladle refining. It was shown that sulphur
content of the steel delays modification. Also with change of slag composition, stirring

intensity and total oxygen the trajectory of inclusion composition changes.

Chapter 7: “Concluding Remarks”. This chapter draws together the important findings
from each of the previous chapters illustrating how each one contributes to the overall picture.

Finally some general conclusions are offered.
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Chapter 2

Literature review

2.1 Introduction
2.1.1 Non-metallic inclusions

Non-metallic inclusions are particles present in the molten steel. Inclusions could be
consequence of reactions occurring during steelmaking processing or solidification
(indigenous inclusions) or from external sources such as erosion of the refractories or slag
entrapment (exogenous inclusions) [13]. Desired properties of the steel including
mechanical properties, ductility, machinability, surface quality and corrosion resistance
can be achieved by controlling the composition, size, shape and distribution of the

inclusions [14].

Non-metallic inclusions in secondary steelmaking originates from [15] (a) the
deoxidation process for example alumina inclusions (b) reoxidation of steel which causes
reaction of dissolved aluminum with oxygen (c) slag entrapment during addition of fluxes
or other operations (d) exogenous inclusions from other sources such as broken refractory
and ceramic lining (e) chemical reactions of preexisting inclusions in the melt but modified
during process, e.g reaction of alumina with dissolved species to form complex oxide

inclusions.

The concept of “clean steel” is closely associated with size, shape, distribution and the
amount of non-metallic inclusions in the steel. “Clean steel” implies that the amount and

characteristics of the inclusions existing in the steel do not adversely affect the properties
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required for a given steel product. A recent review by Kaushik et al. [16] summarizes the
available online and offline techniques for cleanliness examination for use in research and

industrial plant studies in order to diagnose the root cause of industrial problems.

In aluminum killed steel alumina particles, which results from the deoxidation process
carried out after primary steelmaking, form the majority of indigenous inclusions. The size
of these alumina inclusions can vary from sub-micron to a few hundred microns. The larger
inclusions float up to the steel-slag interface or refractory surface aided by stirring through
argon bubbling, but the smaller inclusions (< 10 micron) remain in the steel. These solid
alumina inclusions have a high interfacial energy with steel which leads to a large tendency
toward agglomeration and clustering [8] in the submerged entry nozzle (SEN) during
continuous casting. Thus, these inclusions can cause nozzle clogging and decreased
productivity [17]. Clogging is detrimental to steel castability and can give rise to surface
defects such as blisters and silvers [18]. Remaining alumina inclusions may result in
elongated strings of fragmented particles during rolling and lead to poor mechanical

properties of the cast steel [7,19].

An effective approach to modify inclusions to a globular shape offering more desirable
properties, is introduction of calcium to the molten steel. During the last 30 years calcium
treatment has become an established method to control the composition, morphology, and
distribution of inclusions in aluminum-Kkilled steels. Calcium can be injected into the liquid
steel as Ca-Si powder, Ca-Si wire or solid Ca wire. Calcium reacts with solid Al,05
inclusions to form lower melting points calcium aluminates, or with sulfur to form solid

CaS [20]. Also, it modifies the morphology of inclusions, making inclusions less prone to

10
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agglomeration, thus reducing nozzle blockage. Figure 2-1 represents the influence of Ca
addition on the flow of an aluminum-killed steel melt through a tundish nozzle. Alumina
inclusions can also react with dissolved magnesium in the melt and form magnesium
aluminate spinel inclusions during the ladle process. It is shown that calcium treatment is
effective in modification of spinel inclusions to liquid magnesium calcium
aluminate [21,22]. Kinetics of calcium modification of spinel inclusions is reviewed

in 2.3.4.
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Figure 2-1. Effect of calcium addition on the flow of an aluminum-killed steel melt through the tundish
nozzle- reprinted with permission from ref [6]

Ca treatment can also reduce the negative effect of sulfides [14]. Calcium acts as a
sulfide shape control agent by transformation manganese sulfides during solidification into
(Ca, Mn)S inclusions, which do not deform to elongated stringers. Figure 2-2(a) represents

a sample which was taken from a heat without Ca treatment showing MnS “stripes” inside

11
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the dendrite arms whilst Figure 2-2(b) demonstrates spherical sulphides in Ca treated steel.
These two mechanisms together have a strong influence on through-thickness ductility and

toughness [23]

N

\\

NN
2 N

Figure 2-2. Sulfides in as-cast low Al steel with 0.01%S. (a) MnS stripes in Ca-free steel (b) globular
sulfides in Ca treated steel- reprinted with permission from ref [14]

2.1.2 Calcium treatment

When calcium is added to liquid steel, the following reactions take place in the bath [24]:

Ca(s) —» Ca()) (2-1)
ca(l) - Ca(g) (2-2)
Ca(g) - [Ca] (2-3)

Since the boiling point of calcium (1480<C) is less than the steelmaking temperature
(1600<C) reaction (2-2) occurs and calcium evaporates and forms bubbles, at the same time
part of it will dissolve into the steel by reaction (2-3). Actually, this dissolved calcium will

react with the dissolved species and inclusions by the following reactions:

[Ca] + [0] = CaO (2-4)
[Ca] + [S] — CaS (2-5)
[Cal + (x +3) AL,05 — (Ca0.xAl,05) + 2 [Al] (2-6)

12
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(Ca0) + 2 [Al] + [S] - (CaS) + 3 (AL,05) (2-7)

As oxygen content of the steel is extremely low for deoxidized steel, the extent to which
reaction (2-4) takes place is negligible. If the sulphur content of steel is sufficiently low,
reaction (2-6) will occur first, followed by reaction (2-7). The important question is sulfur
content above which reaction (2-5) predominates so that there is insufficient calcium
available to modify the alumina inclusions according to reaction (2-6). Kor [24] used the
equilibrium constant for reaction (2-7) to conduct simple calculation of the critical sulfur

content for the formation of liquid calcium aluminates as shown in Figure 2-3.
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Figure 2-3. Critical steel sulfur and aluminum contents below which liquid alumina-saturated calcium
aluminate is formed- reprinted with permission from ref [24]
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Correlation between sulfur content and formation of liquid calcium aluminate is

discussed more in detail in next section.

2.2 Thermodynamics of calcium treatment

Some researchers have tried to determine thermodynamically the circumstances under
which inclusions will form. Larsen and Fruehan [25] carried out a theoretical
thermodynamic analysis in order to determine the type of inclusions that form in steel
during calcium injection as a function of aluminum and sulfur contents. Considering the
following reaction, they stated that if the Al and S contents is less than those for the

equilibrium of reaction (2-8), liquid inclusions will form.
15CaS + 33(Ca0.Al,05) = 4(12Ca0.7Al,05) + 10[Al] + 15[S] (2-8)

They also compared the results with inclusions found in number of samples from
laboratory and industrial heats treated with calcium. The results from this study are

summarized in Figure 2-4.

14
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Figure 2-4. Composition of inclusions found in laboratory and plant samples compared with theoretical
predictions- reprinted with permission from ref [25]

The curves given by Larsen and Fruehan are based on Gibbs free energy of formation
of the different intermediate phases in the CaO — Al, 05 system assuming that a; (liquid
slag) =ai (in the solid C12A7 phase, where i=Ca0, Al,05) for the activity calculations. Later
Ye et al. [26] used ThermoCalc to calculate the activities of CaO and Al,05 and created
similar Al-S equilibrium diagrams. The calculated activities and curves are shown in

Figure 2-5.
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Figure 2-5. (a)The calculated activities of CaO and Al»0;3 in the molten range of the CaO-Al,O3 system and
(b) comparison of equilibrium diagram between a steel melt and a molten inclusion calculated by Holappa
and Ylonen [27], Larsen and Fruehan [25] and Ye et al. [26]- reprinted with permission from ref [26]

Holappa et al. [28] performed thermodynamic calculations to study modification and
the equilibrium state of liquid and solid inclusions containing oxidic and sulphidic
components by applying a quasichemical slag model. They conducted basic equilibrium
calculations of inclusion compositions and amounts in liquid steel corresponding to ladle
treatment conditions as well as casting using the ChemSage program and database with a
quasichemical slag model from GTT Technologies developed by Eriksson and Hack [29].
A “liquid window” was defined based on total aluminum and total calcium content of the
steel inside which liquid calcium aluminate formed and CaS was unstable. The results of
these calculations are presented in Figure 2-6. Below the liquid window solid calcium
aluminates exist and above liquid window solid CaS forms. The limits of the liquid area
were determined under different conditions by calculating the saturation lines for calcium

aluminates and CasS, respectively. Figure 2-6 shows the effect of sulphur on the liquid

16
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window at two different temperatures. At a typical ladle condition, 300 ppm Al and 50 ppm
S, the liquid window is quite large and saturation of CaS does not occur up to addition of
approximately 25 ppm Ca. Figure 2-6 shows that with increasing sulphur content less Ca
IS required to reach the saturation line for CasS i.e the stability of CaS increases and thus
the liquid area shrinks. Although, as mentioned earlier sulphur content of the steel is
usually less than 100 ppm in ladle processing, some of examined conditions are unrealistic.

Also, Figure 2-6 demonstrates that at lower temperature the window becomes narrower.

17
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Figure 2-6. Effect of sulphur content of steel on liquid window at (a) 1600 °C and (b) 1550 °C- reprinted
with permission from [28]

The change of the liquid window with total oxygen at constant sulphur content is shown
in Figure 2-7. At lower oxygen content, with a smaller amount of calcium liquid calcium
aluminate can form and the liquid window is obtained. When the oxygen content is

increased, the calcium additions required to reach the liquid area increases and the window
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becomes wider. Again, as it is seen in Figure 2-7(b) with increasing sulphur concentration

the liquid window become narrower.
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Figure 2-7. Effect of total oxygen on liquid window with two different sulphur content (a) 100 ppm (b) 250
ppm- reprinted with permission from [28]
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Holappa et al. [28] also used thermodynamic calculations to predict which inclusions
would form during solidification as shown in Figure 2-8. With decreasing temperature,
solidification continues and the oxide inclusions formed alter from CaO.2Al,05 to

Ca0.6Al,04 and finally to Al,05.
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Figure 2-8. Inclusions during solidification- reprinted with permission from ref [28]

2.3 Kinetics of calcium treatment
The overall rate of a specific reaction, at any time, depends upon the properties of the

phases and the kinetic steps involved in the reaction from the initial to the final state. In
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general, a reaction which involves more than two phases requires a combination of number

of separate reactions involving different phases at a time.

For example, for a simple reaction: A(l)+ B(I)= AB(ll)

Which involves two immiscible phases | and Il where A and B are soluble in phase (1),
AB is soluble in phase (II). The kinetic steps in the above reaction taking place at the

interface of phases (1) and (I1) are as follows:

e The mass transfer of A and B from the bulk of phase (1) to the interface of phases

() and (11).
e The chemical reaction of A and B at the interface to produce AB

e The mass transfer of the product AB away from the interface into the bulk of

phase (I1).

At any given moment the slowest kinetic step would control the rate of the reaction and
is termed the “rate-controlling step” or the “rate-limiting step”. In a real system, with
several phases and interfaces the reactions at some interfaces may be controlled only by
mass transfer, while at the other interfaces they may be controlled by chemical reaction, or
by a combination of more than one step. Figure 2-9 shows five different possible rate

controlling mechanism in two phase reaction.
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Figure 2-9 .Possible rate-controlling mechanisms in the two phase reaction- redrawn from ref [13]
The interfacial and bulk concentrations are indicated by superscripts i and b,

respectively.

Case 1: Mass transfer in the phase | is rate controlling. Equilibrium exists at the

interface.

Case 2: Mass transfer in the phase Il is rate controlling. Equilibrium exists at the

interface.

Case 3: Mixed mass transfer control in phase I and 11 . Equilibrium exists at the interface.
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Case 4: Chemical reaction at the interface is rate controlling. These are no concentration

gradients in either phase. Equilibrium does not exist at the interface

Case 5: Mixed control (chemical reaction and mass transfer) in phase | and II.

Equilibrium does not exist at the interface.

In the case of modification of alumina inclusions by calcium, the reaction can be divided

into the following kinetic steps:

e Dissolution of calcium from the gas bubbles-steel interface to the bulk of steel

e Transfer of the dissolved calcium from the bulk steel to the steel-inclusion

interface

e Diffusion of calcium from the steel-inclusion interface through the product layer

to the alumina core

e Chemical reaction of the calcium with alumina

e Transfer of the dissolved aluminum or oxygen from the steel-inclusion interface

to the bulk steel

Different authors proposed different models assuming different rate controlling steps
for inclusion modification. In next sections these models including their assumptions and

mechanisms are summarized.

2.3.1 Mass transfer in the steel as the rate controlling step
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Efforts on modeling of kinetics of calcium treatment started in the 1990°s. Lu et al. [1]
investigated dissolution of calcium and formation of oxide and sulphide inclusions when
feeding calcium into 40 kg heats with various sulphur and aluminum contents under an
argon atmosphere. They found that the calcium absorption rate increased with both sulphur
and oxygen contents. So, it was proposed that calcium dissolves through the gas/liquid
boundary layer and is met by oxygen and sulphur diffusing towards the gas/liquid interface
where reactions of calcium with oxygen and sulphur drive the concentration to very low

levels (Figure 2-10).

CALCIUM uQuiD

6@ o 6: 6L X
Figure 2-10. Schematic representation of concentration profiles within calcium vapour/melt boundary-
reprinted with permission from ref [1]

Assuming chemical equilibrium at the interfaces and quasisteady state diffusion of
species, using Fick's first law, balance of the calcium flux against fluxes of oxygen and

sulphur can be written as:
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Do(Co=Cor) , Ds(Cs—=Csy) — Dca(Ceab—Cear)
5.—8, 5.—8y 5y

(2-9)

Very large equilibrium constants for both desulphurization and deoxidation leads to
very low equilibrium concentrations at the reaction plane in comparison with the other

concentration terms in equation (2-9).Therefore:

6r — ( DCaCCa,b )5L (2_10)

DpCo+DsCs+DcaCca,b

Based on the foregoing considerations, Lu et al. defined an “enhancement factor”, as
the rate of calcium dissolution in the presence of Sulphur and oxygen relative to that of

simple dissolution:

— Dca/6r _ DoCo*DsCs )
" Dca/ 61 DcaCca,b (2-11)
After substituting equation (2-10) in (2-9):
1
_ | (PoKcaotDsKcas 2 )
Coar = [( DoCp+DsCs )Cca'b] (2-12)

With the knowledge of concentration at the reaction plane, and inclusion interface, the

concentration of dissolved species can be calculated.

The basis for their model is shown schematically in Figure 2-11.
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They made the following assumptions to develop the model:

1. The inclusions are so small that diffusion within them is rapid and they have
homogeneous composition.

2. Due to rapid chemical reactions, equilibrium is obtained at all interfaces.

3. The inclusion interfacial area was taken from quantitative image analysis of
samples.

With knowledge of the rates of diffusion of the dissolved species to and from inclusions
the resulting changes of inclusion composition can be calculated from mass balance

considerations. The results of the model compared with experimental data is shown in

Figure 2-12.
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Figure 2-12. Change of steel and inclusions composition according model by Lu et al.- reprinted with
permission from ref [1]

Visser et al. [30] developed a model based on results from microscopic analysis, flow
field calculations, as well as thermodynamic and kinetic considerations to describe the
change of the concentration, composition and size of the inclusions in the liquid steel
during calcium treatment. In their model it is assumed that dissolved calcium and oxygen
react with Al,05 to form CA with gradually increasing CaO fraction. If oxygen activity is
sufficiently low and Sulphur sufficiently high, dissolved calcium and sulphur react at the

surface of the particle to form CasS.
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particle size and
composition

reaction coordinate

Figure 2-13. Mechanism of the conversion of an Al,Os particle to an nCaO.Al,O3/CaS particle proposed by
Visser et al.- reprinted with permission from ref [30]

They divided steel bath into two reaction zones: one representing the volume of steel
where the calcium wire breaks up and the calcium droplets and bubbles float up (plume
zone- high calcium/low oxygen), the other representing the rest of the liquid steel volume,

(bulk- low calcium and somewhat higher oxygen).

In addition, these authors assumed that the formation reactions of CaO, CaS and Al, 04
are rate limited by mass transfer of the solutes to the particle surface where equilibrium

between the solutes and the solid phases is assumed.

Mass fluxes of solutes i to and from the inclusion surface can be expressed as follows:

J = KmiPsteel (Josi] _ [94]*) (2-13)

100M;

Where ji, kmi and M; are molar flux, mass transfer and molecular weight of i,

respectively.

According to mass balance:
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Jeca + g]Al =Jo+]Js (2-14)

By considering equations (2-13), (2-14) and equilibrium at the inclusion surface,
evolution of inclusions can be described. Some of the results are illustrated in Figure 2-14.
Figure 2-14(a) shows the result of the model compared with the measured values for total
calcium content in the bulk region for assuming two different values of saturated calcium
in the Ca plume. Figure 2-14(b) presents the predicted value and measurement results of
average CasS over total calcium content for two values of Cay,,. As it is seen in Figure 2-14
by assuming concentration of 1 ppm Ca at the plume, the model shows much better fit for

total calcium and relative amount of Cas in inclusions. Slag-steel reaction was ignored in

this work
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Figure 2-14. Predicted and measured average value of (a) Cawwar and (b) CasS of the particles in the bulk
zone- reprinted with permission from ref [30]

2.3.2 Diffusion in the product layer as the rate controlling step
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Ito et al. [31] investigated the rate of liquid calcium aluminate mofification with
calcium for shape control in line pipe steel. They melted electrolytic iron (20 kg) in the
crucible of an induction furnace. After chemical adjustment by addition of alloying
elements, metallic aluminum and calcium-silicon wire (30% Ca-70% Si) were used as a
deoxidizer and as an agent for inclusion shape control, respectively. Stirring was induced
by argon gas flow from the bottom of the crucible. As they observed calcium aluminate
only at the periphery of the particle, the unreacted core model as shown in Figure 2-15 was

therefore adopted to study the shape control reaction of aluminum inclusions by calcium.

Unreacted core Fé:%lﬁmog)

(Al203)

Boundary layer
for diffusion of
calcium

(Ca)

Ca

o] v
0 R Ro

Figure 2-15.Schematic view of shape control of Al,Oz with Ca- reprinted with permission from ref [31]

The rate controlling steps in the unreacted core model are defined as:
1. Mass transfer control (calcium) in the molten steel.

2. Chemical reaction control at the interface between calcium-aluminate and

unreacted alumina core.
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3. Mass transfer control (calcium diffusion control) in the product layer of calcium-

aluminate

They plotted the fraction of transformation with time assuming each of these steps as
the rate controlling step (see Figure 2-16). By comparing the predicted results with
experimental data they observed that results predicted by assuming mass transfer in the
product layer offered the best fit with the experimental values. Therefore, it was concluded

that diffusion through the product layer was the rate controlling step.

10 X
tca (min) 0 5 10
1) Ca diffusion in molten steel tCa _(min) tca (min)

2)Chemical reaction at intertace 3)Ca diffusion in CaO-Al203 products

15

Figure 2-16. Determination of rate control step for shape control of Al.Os inclusion with Ca- reprinted
with permission from ref [31]

2.3.3 Chemical reaction as the rate controlling step

Higuchi et al. [32] also studied inclusion modification and developed a mathematical
model for the kinetics of inclusion transformation. They melted 2 kg of electrolytic iron
under a stream of purified argon gas, in an MgO crucible using a high frequency induction
furnace. After chemical composition adjustment and flux addition, 30% Ca-70% Si steel-

clad Ca-Si wire was used as the reagent for inclusion modification.

A schematic presentation of their proposed reaction sequence is illustrated in

Figure 2-17.
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Figure 2-17. Mechanism of inclusion modification- reprinted with permission from ref [32]

According to their model calcium dissolved in the melt just after adding Ca-Si reacts
rapidly with alumina inclusions to form calcium aluminate or calcium sulphide. The
contents of CaO and CasS in the inclusions decreases gradually as the dissolved calcium

gvaporates over time.
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To develop the model both the evaporation rate of calcium and the reaction rate between
inclusions and the melt were considered. However, the diffusion term of calcium from the

bulk to the surface within the melt was neglected.

The evaporation rate of calcium can be written as:

— % _ k. ACa (2-15)

dt

Where Ca, Ks and As are concentration of calcium in the melt, mass transfer coefficient

and interfacial area per melt volume between melt and atmosphere, respectively.

The rate of reaction between calcium in the melt and inclusions can be written:

dca,i _

pra K; (Ca,i — Ca,e) (2-16)

Where C,i, Cae and K; are concentration of calcium in inclusions, equilibrium

concentration of calcium in inclusions and apparent rate constant, respectively. And also:

Acao = fealCalao/Keao (2-17)

Where Kcao, acao, ao and fca represent the equilibrium constant for the reaction Ca +
0 = CaO, activity of CaO in inclusions, activity of oxygen and activity coefficient of Ca

in the melt, respectively.

Similar equations can be written for CaS formation. Figure 2-18(a) shows total Ca and
CaO content in the steel in which 2 g of Ca was added to 2 kg of the steel. As it is seen
Figure 2-18(a) maximum values were obtained just after calcium addition and then

decreased gradually. The calculated CaO fraction of inclusions presented Figure 2-18(b)
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indicates good agreement with the measured ones in heat with 6g CaSi addition. However,
it should be noted that the parameters of K; and K, were determined by parameter fitting.
Thus, since rate equations take similar form either mass transfer control or chemical
reaction control, the calculated results do not confirm that chemical reaction is necessarily

rate controlling step.

150y " Casi
X I 2g
3 _ 40
s | 1873 K
2 100} 2kg =
é OO. MgO cruciblef g
£ | =
5 | [Cal ——Cal. {20 &
a O,
5 50|
= !
(=]
o 10
S (Ca0) e
O 0 — . .

0 20 40

(a) Time after CaSi addition (min)

& 100—

» CaO CaS

S sl 5 oS | |

? O @ Obs. |9 g

5 gO Crucible |

L .

@ | CaSi 6g

c

@

€

8 |

Um; 20¢

Q .

0 10 20 30

- Cal

b) Time after CaSi addition (min)

36



Ph.D. Thesis, Yousef Tabatabaei McMaster University, Materials Science and Engineering

Figure 2-18. Comparison of observed values of [Ca] and CaO, CaS contents of inclusions and calculated
values- reprinted with permission from ref [32].

Ye et al. [26] proposed that the reaction of inclusion modification occurs according to
the following order:

Ale3 => CA6 => CAZ =>CA => CAx(liquid)

They assumed that the process proceeds as follows:

1. Diffusion of dissolved Ca, O and S to the solid alumina surface,

2. Formation of a layer of CAg quickly on the alumina surface,

3. Creation of a layer of CA, quickly on the CA, surface,

4. Formation of a layer of CA on the CA, surface, and

5. Formation of a layer of liquid aluminate phase CA, on the CA surface; dissolved
Ca and O diffuse to the liquid CA, surface which leads to increase in CaO

content of the intermediate aluminates

6. Precipitation of a layer of solid CaS on CA, due to the low activity of oxygen in
equilibrium with CA, which prevents further diffusion of the dissolved Ca and
O to the aluminates. But diffusion of Ca and O continue from the CaO rich

phases to the lower Ca0O-containing phase.

Thereafter, the inner core of aluminate inside the sulphide ring becomes homogeneous
by increasing mole fraction of CaO in CA, in the aluminate phase until reaching a
homogeneous aluminate. Schematic diagram of the model is shown in Figure 2-19.

Although the authors presented microscopic image of CaS ring surrounding calcium
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aluminate, they did not provide any experimental evidence or microscopic observation for

length of transformation of multi-layer structure to homogeneous aluminate.

P
)

Q_-'“

Y%

X decraasss until a_, is 80 high
that Ca$S starta to precipitate

W

K

X=x{Equilibrium)

Figure 2-19. Mechanism of Al,O3; modification by calcium treatment- reprinted with permission from
ref [26]

Han et al. [33] said that the mechanism of sequenced layers moving forward could not
be detected in their experiment. They investigated reactions between Al,05 and CaO in a

resistance furnace. CaO and Al,0; powder were pressed separately with a hydraulic
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compressor to form cylinders. Then, samples, placed above each other, were pushed into
the furnace and after certain amount of time, they were quenched and cooled. Finally,

composition of the products were analyzed by SEM-EDS.

They assumed that the reaction between the liquid calcium aluminate and solid alumina

can be divided into two steps:

a. calcium diffusion in the liquid calcium aluminate layer

b. chemical reaction at the alumina/calcium aluminate interface

They said that one of these two steps could be rate-controlling, but, since a significant
calcium concentration gradient in the liquid product layer was not observed, they
concluded the chemical reaction to be the rate controlling step. Besides, by analyzing the
cross section of the reacted couple, they could not find any layer of CAs, CA>, or CA phases
in the reaction product. This observation is confirmed by SEM analysis conducted by

Visser et al. [30].

Han et al. [33] proposed a reaction model as shown in Figure 2-20.
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Cuo.
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Figure 2-20. Schematic diagram of liquid calcium aluminate reaction with solid alumina- reprinted with
permission from ref [33]

The flux of CaO in the liquid calcium aluminate transferred through the boundary layer

to the surface of alumina by diffusion can be written as:

_ 1dNcao _ Defr (1 ] _ 1 ]
Tca01 = 5= = ay (Céao = Cao) = kp(Clao = Clao) (2-18)

Where Cl,, and Ct,, are the concentration of CaO in the liquid calcium aluminate at

the interface between liquid calcium aluminate and alumina, respectively.

The dissolution rate of CaO at the alumina surface, assuming first order reaction:

1dNcgo ,
Tcao2 =5 dta = krC¢qo (2-19)

At steady state condition rcao,1=rca0,2, SO by equating equations (2-18) and (2-19) after

rearranging:

. _ kD 1
Ceao = 1z Ceao (2-20)
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Substituting equation (2-19) in (2-20), one can write:

—_1 1 1
r=T T Ccao = koverauCcao (2-21)
kp " kr

And koverann could be obtained by measuring the reaction area, reaction time, mass and

composition of the liquid product.

They found that the reaction rate constant in this case could be represented by the

Arrhenius law:

61631

Ink = —=—+Inky = —
RT T

+22.8 (2-22)

If the chemical reaction is the rate controlling step, the concentration profile will be the

one shown in Figure 2-21

Liquid product
CA,

CC.O

Ry R

Figure 2-21. Schematic view of alumina inclusion modification- reprinted with permission from ref [33]

The rate of the reaction:
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dN dR
_g 21503 — _g pAlZOSSE =kCly0 (2-23)

After rearrangement and integration, time of transformation:

t =2P4k0 g _R) (2-24)

kCC1aO
Time required for complete transformation is obtained by substituting R=0 in Eq (2-24).

However, it should be noted that fitting the rate equation to find the rate constant is not
an appropriate method to determine the rate determining step since the rate equations for
different rate controlling mechanism take have similar form. Assuming a shrinking
coreLevenspiel [34] has carried analysis of rate equations for an unreacted core in which
reaction of (A(g) + bB(s) — solid product) occurs with different possible rate

controlling step.

e Diffusion Through boundary layer Controls
Figure 2-22 shows the concentration gradient for an unreacted shrinking core particle in

which diffusion through boundary is the rate controlling step.
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Figure 2-22. Schematic diagram of a reacting particle when diffusion through the boundary layer is the
controlling resistance- reprinted with permission from ref [34].

Levenspiel [34] expressed that according to mass balance:

1 dNg _ 1 dNg b dNg4

Sex dt AmR2 dt ~ (4mR?) dt

=bky(Cag — C4s) = bkyCyy = constant  (2-25)
Where S, is exterior surface of the particle and K, is the mass transfer coefficient in

gas film.

e Diffusion through product (Ash) Layer Controls
Figure 2-23 presents the situation in which the resistance to diffusion through the

product layer controls the rate of reaction.
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Figure 2-23. Schematic diagram of a reacting particle when diffusion through the ash is the controlling
resistance- reprinted with permission from ref [34].

According to Levespiel’s analysis the rate equation can be written as:

_dstA = 47T1'2QA = 4-7TRZQAS = 4'7Tr§QAc = constant (2'26)

Q is the flux and it is shown in Figure 2-23.

e Chemical Reaction Controls
Figure 2-24 illustrates concentration gradients within a particle when chemical reaction

control
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Figure 2-24. Schematic diagram of a reacting particle when chemical reaction is the controlling
resistance- reprinted with permission from ref [34].

In this situation the rate equation takes the form:

1 dNy b dNyx
4mr? dt ~ 4mr? dt

= bk Cyg (2-27)

Where k''is the rate constant for chemical reaction.

As it is seen equations (2-25)-(2-27) have similar form except the fact that they consist

of different constants.
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2.3.4 Modification of spinel inclusions

During the process of metal deoxidation and desulphurization, the content of dissolved
magnesium [Mg] in the steel will increase through reduction of MgO in the slag, leading
to a transformation of the initial alumina inclusions to Magnesium Aluminate Spinel
(MgAl,04). The source of the magnesium which reacts to form spinel inclusions in liquid
steel is substantially reaction between the liquid steel and the ladle slag with low FeO and

MnO levels [35].

Verma et al. [36] stated that calcium modification of spinel inclusions is different from

that of alumina in two ways:

a. Solid calcium aluminate is the first product to form when the calcium reacts with
alumina, whereas liquid oxide forms as the first a product of reaction of calcium
with spinel. Even a small fraction of MgO in the inclusion can promote liquid
formation (Figure 2-25). This is also confirmed by Yang et al. [37] based on

their industrial trial analysis and thermodynamic calculations.

b. The modification of spinels causes a decrease in the MgO content of the
inclusions as show in Figure 2-26. They stated that the magnesium that was
returned to the melt during calcium treatment would reform spinels during

reoxidation.
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Figure 2-25. Effect of magnesium on liquidification of inclusions [36]
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Figure 2-26. Change in inclusion composition after calcium treatment- reprinted with permission from
ref [36]
They proposed the following mechanism for modification of spinel inclusions:

Injected calcium reacts with dissolved sulfur to form CaS and reduces MgO from the

spinels
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[Ca] + [S] = CaS (2-28)
[Cal + (MgO) - (Ca0) + [Mg] (2-29)
CaS reacts with the oxide (mainly Al:Os) inclusions, returning sulfur to the melt.

3CasS + Al,05 = (Ca0) + (Al,03) + 2[Al] + 3[S] (2-30)

This mechanism is illustrated in Figure 2-27.

partially
liquid

spinel
low-MgO

liquid

fully
liquid

spinel ©

Immediately after 4 min after

Before Ca treatment Catreatment

treatment

Figure 2-27. Inclusion morphologies after deoxidation and after calcium treatment- reprinted with
permission from ref [36]

Yang et al. [38] studied the formation and modification of MgO — Al,05 spinel
inclusions in alloy steels by thermodynamic calculations, laboratory experiments, and
industrial trials. They proposed a kinetic model for modification of spinel which involves
the following steps: diffusion of [Ca] in the molten steel, diffusion of [Ca] in the resulting
calcium aluminates, chemical reaction at the liquid steel-inclusion interface, diffusion of
[Mg] in calcium aluminates, and diffusion of [Mg] in the molten steel. A schematic diagram

of the model can be seen in Figure 2-28.
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Figure 2-28. Schematic of the kinetic model proposed by Yang et al. [38] on modification of MgO. Al,03
inclusion by Ca treatment- reprinted with permission from ref [38]

They argued that diffusion of calcium in the calcium aluminate is much faster than
aluminum and due to similar properties between magnesium and aluminum, the diffusion
coefficient of magnesium in the calcium aluminate should be smaller, so they concluded
the diffusion of Mg in the calcium aluminate should be the rate controlling step for
modification of spinel. This assumption does not seem entirely reasonable as the diffusivity
of Mg?* in the liquid is likely to be closer to that of Ca?* than to a complex aluminate
ion. In addition, it was said that the reduction reaction of (M g0) to [Mg] would occur, but
as the reaction proceeds a calcium aluminate layer is produced around the inclusion and
slows down the reducing reaction. Simultaneously, reaction of [Ca] and [O] with (Al,05)

takes place to produce calcium aluminate.

According to this model a mechanism was proposed for modification of spinel by

calcium treatment which consists of following steps:

a. Reduction of a fraction of MgO in the inclusion by the dissolved calcium in the

steel by the reaction:
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y (Mg0.Al,03) + x[Ca] = (xCa0.yAl,05) + y[Mg] (2-31)

At this stage, the magnesium in the spinel is replaced by calcium; and then magnesium
is dissolved in the steel and a thin layer of xCaO.yAl,0 forms at surface of the spinel

inclusion.
b. Formation of liquid xCaO. yAl, 05 layer at the outside of the spinel inclusion.

When the thin layer of calcium aluminate at the surface of the spinel inclusion becomes
progressively thicker, the diffusion of Mg to the molten steel through this layer becomes
very slow, then the following reactions dominate the modification process, precipitating a

layer of (xCaO. yAl,05) outside of the spinel inclusion.

[Ca] + [0] = (Ca0) (2-32)
[Al] + [0] = (Al,05) (2-33)
x[Ca] + 2y[Al] + (x + 3y)[0] = (xCa0.yAl,05) (2-34)
x(Ca0) + y(Al,05) = (xCa0.yAl,05) (2-35)
3(Mg0) + 2[Al] = (AL,05) + 3[Mg] (2-36)

As the calcium is injected to the steel, there is a high concentration of Ca in the steel
which can react to oxygen by reaction (2-32). Also, the high aluminum content of the steel
can react with oxygen to form new precipitation of Al,05. The dissolved aluminum or
precipitated Al, 0 reacts with dissolved Ca to form calcium aluminate according to (2-34)

and (2-35). Gibbs free energy for reaction (2-36) is much less negative than the other
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proposed reactions which makes it least least-likely to occur. However, reaction (2-31)

dominates the modification process at this stage.

c. Formation of a solid CaS — CaO layer at the outer layer of the spinel inclusion

d. If the local sulfur concentration in the molten steel is high enough dissolved

calcium and sulphur can react to form CaS. During cooling and solidification

process the precipitated sulfur and the dissolved calcium can react to for CaS

inclusions which precipitate at the surface of spinel inclusion.

Schematic plot of the proposed modification mechanism has been shown in Figure 2-29.
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Figure 2-29. proposed Steps for the modification of MgO-Al,03 by Yang et al.-reprinted with permission
from ref [38]
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Therefore, the inclusion will have a pure MgO0.Al,05 spinel core with or without
calcium treatment since the core of the spinel inclusion does not participate in any of the
reactions. However, under circumstances of long refining time or small inclusions that
offer more opportunity for diffusion of magnesium, these inclusions can be fully modified.
Then, the authors concluded that under the following situations the inclusions can be fully
transformed: I. Condition which enhance dissolution of magnesium in the inclusions. I1.

Long modification time, or I1l. If the inclusions are sufficiently small.

Yang et al. [39] investigated calcium treatment of MgO- Al,05 spinel inclusions by
laboratory experiments and developed a kinetic model for the modification of MgO- Al, 04
inclusions. A total of 390 g of steel was melted in a crucible. Then, 0.3 g of aluminum wire
was added to the melt for deoxidation and after about 5 min, 4 g of Mg was added for
formation of spinel. Finally, Ca-treatment using 4 g Ca-Si addition in powder form was

performed about 10 min later.

The mechanism of modification was described as following steps: (1) diffusion of the
dissolved Ca in the boundary layer, (2) diffusion of Ca in the CaO- Al,05- MgO layer,
(3) reaction between Ca and MgO- Al, 04 at the interface, (4) diffusion of the dissolved

Mg in the inclusions, and (5) diffusion of the dissolved Mg in the boundary layer.

These workers stated that chemical reaction is much faster than diffusion, so they
considered two cases to develop the kinetic model: first, that diffusion in the boundary
layer is the rate controlling step and in the second case, the diffusion within inclusion

product layer is rate controlling.
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A. If diffusion of Ca or Mg in the inclusion product layer is rate-controlling, the

schematic concentration profile would be similar to that shown in Figure 2-30.

Inclusion
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Figure 2-30. Ca concentration gradient when treating the diffusion of Ca in the inclusion layer as the rate-
controlling step- reprinted with permission from ref [39]

As the change of the CaO in the inclusion is equal to the amount of diffused CaO per

unit time:

d(Ca0) _ Ds d (rz d(CaO)) (2-37)

dt  r2dr dr

To solve this equation, it was assumed that the saturation CaO content of MgO —
Ca0 — Al,05 is 20% because during Ca treatment after reaching equilibrium in the

experiments, the average weight percentage of CaO in the inclusion was close to 20%. For
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diffusion of Mg, a similar equation can be written. The change of CaO content of inclusions

with time for both cases are shown in Figure 2-31.
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Figure 2-31. Calculated result for the CaO content in inclusions with respect to time of Ca-treatment when
treating the diffusion of (a) Ca and (b) Mg in the inclusion layer as the rate-controlling step- reprinted with

permission from ref [37]

But it should be noted that because they assumed a solid product layer, for the

calculations they chose diffusivity of Mg2* to be approximately 4 orders of magnitude

lower than for Ca?*. However, since these species have similar ionic radius, diffusion the

coefficient could not be so different and since the mass transfer happens by counter

diffusion of cations to maintain the charge balance, it does not make sense that the transport

either Mg?*or Ca?* should be independently rate controlling. This issue is discussed in

detail in Chapter 5.

B. If transport of Ca or Mg in the boundary layer is the rate-controlling step,

concentration of Ca and Mg in the inclusion is assumed to be constant and the

concentration profile is similar to that shown in Figure 2-32.
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Figure 2-32. Distribution of Ca content when the diffusion of Ca in the steel boundary layer is the rate-
controlling step- reprinted with permission from ref [39]
Based on the equilibrium state of [Ca] at the interface

d {47‘[
dt 3

(2-38)
[C a]* _ (Ca)'

)

5. (Ca).ps} = 4m.7¢ 2222 ([Ca] ~ [Ca]')

(2-39)
(Ca)' is the calcium concentration close to the inclusion side on the reaction interface,

but because the inclusions are quite small, it is assumed that there is resistance to material
transfer only in the liquid steel and thus (Ca)=(Ca)’.

From the above equations:

(Ca) = [Ca].L.{l — exp (—i?”T’::. t)}

(2-40)
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Result of composition change for this case is seen in Figure 2-33.
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Figure 2-33. Content of CaO in inclusions when treating the diffusion of Ca and Mg in the boundary layer
as the rate-controlling step- reprinted with permission from ref [39].

Comparing calculated results with experimental values as it is shown in Figure 2-34,
Yang et al. [39] concluded that diffusion of magnesium through the inclusion product

layer is the rate controlling step.
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Figure 2-34. Comparison of the results of the model and experiment of the CaO content in inclusions with
Ca-treatment time- reprinted with permission from ref [39]

2.4 Mathematical models for kinetics of steel-slag-inclusions in the ladle

Several attempts have been taken since the 1990s to mathematically model the Kinetics
of reactions occurring among steel, slag and inclusions in the ladle processes. Lu et al. [1]
were the first researchers to model the kinetics of modification of oxide inclusions and
formation of sulfide inclusions during calcium treatment based on their experiments in 40
kg steel heats. By assuming fast diffusion within the inclusions and fast reaction at the
interfaces, they developed a mathematical model for inclusion evolution which offered

very reasonable agreement with the experimental data.

In 2005 Peter et al. [40] developed a kinetic model by employing process simulation
(Metsim) and thermodynamic (FactSage) models for simulation of the chemistry change

of slag and metal. Correlation between overall mass transfer rate constants and stirring
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powers were determined by analyses of 20 heats for real LMF practices. It was assumed
that at a given time reaction, occurs between certain amount of slag and metal at the
slag/liquid steel interface. The alloying addition, flux dissolution in slag, and even
reoxidation of steel by open eye were considered in the model, although non-metallic

inclusions were not taken into accounts in the simulation.

Visser et al. [30] simulated the change of the concentration, composition and size of
the inclusions during calcium treatment in the ladle furnace by developing a reactor model.
They divided the steel bath into two reaction zones: one including the plume zone saturated
with calcium and low oxygen and the other the rest of the liquid steel which had low
calcium and somewhat higher oxygen. Circulating current, flowing between these zones
was estimated using CFD flow field calculations. In the plume zone CaO and CaS are
deposited on the Al, 05 particles. In their model it was assumed that dissolved calcium and
oxygen react with Al,05; to form calcium aluminate with gradually increasing CaO
fraction. In addition, it was assumed that mass transfer of the solutes to the particle surface

was the rate controlling step for the formation reactions of Ca0, CaS and Al, 0.

Graham and Irons [41] developed a multicomponent coupled slag—metal kinetic model
for industrial operations in the ladle furnace which assumed rates were mixed transport
controlled in the metal and slag phases. They investigated formation of spinel inclusions
as a function of (MnO+FeO0) content of the slag and also calcium aluminate according to
calcium and oxygen content of the steel, but did not provide a mathematical model to

describe change of composition of the inclusions. Later, this model was coupled to a
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particle model for transformation of alumina inclusions to magnesium aluminate spinel by
Galindo et al. [42]. Simultaneous deoxidation and solid state cation counter-diffusion
within spinel inclusions were taken into account. The coupled model was verified with
plant data from ArcelorMittal Dofasco. It was found that there was close correlation
between reactions at the slag-metal interface and the transformation of inclusions in the

steel.

Harada et al. [43] proposed a kinetic model to describe the ladle metallurgy process.
The model considered interaction between steel, slag and inclusions originating from slag
entrainment, as well as by deoxidation reactions, dissolution of the refractory into the slag
and formation, flotation and agglomeration of inclusions. The activities of the individual
components for a given oxide system of the inclusions were fixed and the composition
change of inclusion was assumed to be controlled by mass transfer within the boundary
layer. However, they did not consider formation of sulfide inclusions in their model and
several model parameters were calculated by fitting the model results, these parameters
would require to be modified if the operational conditions changed. In a further study by
Harada et al. [44] their kinetic model was employed to clarify the mechanism by which
inclusion composition was changed and the model was validated by laboratory
experiments. They observed that the inclusion composition gradually changed from Al,04
to MgO - Al,04 after the addition of M g, and the inclusions originating from slag remained

in the steel for the duration of the experiment (30 mins).

Some researchers have employed computational thermodynamic software combined

with Kinetics calculations to model reactions occurring in the ladle furnace. Recently,
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Kumar [45] used the macro-processing feature in FactSage to predict the change of
composition of slag, steel and inclusions. Model parameters were found using experiments
and industrial trials. Inclusion removal by floatation was assumed to be first order with a
fixed rate constant. The kinetic model was used to find the rate of magnesium pick-up in
the steel and transfer to oxide inclusions in the steel considering steel-MgO crucible
reaction, magnesium evaporation and inclusion removal. The model was also used by
Kumar and Pistorius [46] to quantify the rate of calcium transfer from slag to steel to
inclusions that may modify alumina inclusions in laboratory scale experiments. They
assumed that the mass transfer coefficient in the steel, kg;..; was 10 times larger than in
the slag, k.4 and experimental data was used to determine kgee; X Apnterface- Van Ende
and Jung [47] employed the Effective Equilibrium Reaction Zone (EFRZ) model applied
to the FactSage macro processing code to model kinetics of LMF process. The slag/metal
interactions, flux and alloying additions, and arcing in the LMF process were also
considered in the model. In the EERZ model, calculation is carried out in a finite number
of reaction zones in which equilibrium is attained. Kinetics of reaction is taken into account
by varying the reaction zone volumes according to physical descriptions of fluid dynamics.
Their model could predict steel and slag composition, as well variation of the amounts of
different types of inclusions and overall composition of inclusions. The model was

validated against plant data taken from Graham and Irons [41,48].

Shin et al. [49] also employed the EERZ model to predict the evolution of inclusions
during the secondary refining processes. In their model, the reaction zone mass per unit

step was considered for describing the mass transfer in each phase. i.e a constant mass of
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metal from the bulk metal and a constant mass of slag from the bulk slag enter the metal—
slag reaction zone at a fixed time interval. The reaction zone mass was dependent on the
“effective reaction zone depth” in each phase. The effective reaction zone depth was fitted
from the mass transfer coefficients in metal and slag phase which was determined

experimentally.

A comprehensive model for variation of inclusion composition in gas stirred ladles was
proposed by Scheller and Shu [50]. Slag-steel reaction, refractory dissolution into slag and
liquid steel, inclusion formation, and removal due to gas stirring was considered in the
model. The FactSage database was used to calculate the equilibrium composition at the
slag/metal interface. Data from plant heats was used to determine fixed constant dissolution
rate of refractory into slag and liquid steel. Various and arbitrary inclusion removal rates
depending on the type of inclusion were also chosen to reproduce the inclusion population

from the plant data.

2.5 Summary

As discussed above, modeling of ladle metallurgy furnace kinetics is a complicated task
as many reactions occur simultaneously. On the other hand, these reactions happening at
the steel - slag interface, steel-inclusion interface and steel-calcium bubble interface are
closely linked. Thus, kinetics of each of these reactions needs to be understood to construct
a comprehensive model of the LMF process. As presented earlier, there are some
uncertainties in the literature regarding calcium modification of inclusions with respect to;

(1) the assumptions (2) the rate constants and (3) the rate determining steps. Different
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studies claim different rate controlling steps for modification of alumina inclusions. This
arises from the following factors; (1) there are some assumptions that are unrealistic or (2)
some researchers ignored some kinetic steps in their models or (3) the experimental or
industrial conditions were different in terms of concentration of dissolved species or
injection condition. Some of the proposed models in the literature found the kinetics
parameters just by fitting the results of the model with measured data . In the current study,
kinetics parameters of the sub-models for inclusion modification are taken from the
literature and sensitivity analysis is carried out as discussed in Chapters 3-5 to investigate
the importance of each step. Also, the model should take into account competition of
different inclusions such as alumina, spinel and sulphide for calcium, which is ignored in
previously proposed models. The model should be able to track the trajectory of slag, metal
and inclusion composition during ladle processing. The following chapters will present the

Author’s attempt to address these issues.

62



Ph.D. Thesis, Yousef Tabatabaei McMaster University, Materials Science and Engineering

Chapter 3

A Multi-Layer Model for Alumina Inclusion
Transformation by Calcium in the Ladle Furnace

In Chapter 3, the original concept of the model was suggested to me by Dr. Kenneth S.
Coley. The detailed model development was carried out entirely by me, based on advice
from Drs Irons, Coley and Sun. The manuscript was initially drafted by me, proofread by
Dr. Kenneth S. Coley and reviewed to the final version by Dr. Gordon A. Irons and Dr.
Stanley Sun. This chapter has been published in Metallurgical and Materials Transactions
B. 49: 375. https://doi.org/10.1007/s11663-017-1120-8. The following Chapter is a pre-

publication version of the article.

Abstract

Calcium wire injection is widely used for modification of solid alumina inclusions to
liquid or partially liquid calcium aluminate. In the present work a multi-layer growth model
is proposed for modification of alumina inclusions. Diffusion through a multi-phase
product layer and mass transfer of solute through the boundary layer to the inclusion are
taken into account in this model. It is assumed that outer surface of the inclusion is
thermodynamically in equilibrium with the steel. The results show the mass transfer of
calcium through the boundary layer and within the inclusion is complete in a matter of
seconds; furthermore, once the liquid calcium aluminate forms it quickly consumes the

other solid calcium aluminate phases. Because the calcium is so rapidly consumed by the
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inclusions, the rate of transformation in a calcium treatment process is controlled by the

rate that calcium is supplied to the steel by the calcium bubbles.

3.1 Introduction

Inclusion control in steelmaking practice relies upon the choice of deoxidants and the
top slag, stirring by argon gas and calcium treatment. The latter modifies solid alumina
inclusions to liquid spherical calcium aluminates. This process has been widely used in
low-carbon aluminum-killed (LCAK) steels to alleviate submerged entry nozzle (SEN)
clogging by solid alumina inclusions during continuous casting. The presence of alumina
inclusions has unfavorable effects not only on the production efficiency [1], but also steel

mechanical properties [2].

Calcium treatment is one of the most difficult practices in steelmaking because (a)
calcium boils and has low solubility in the steel, forming bubbles which are not completely
dissolved in the steel, (b) calcium also reacts strongly with oxygen and sulphur [3] so these
elements in the steel must be well-controlled and (c) there is a very narrow window of
liquid calcium aluminate composition at steelmaking temperatures (see Figure 3-1). Since
the early days of calcium treatment in the 1990s great improvements have been made in
the practical aspects so most plants can control calcium treatment on a day-to-day basis,
but it is a very sensitive process [4]. Nevertheless, our fundamental understanding of the
mechanism and kinetics of the transformation is not established and discrepancies exist in

the literature in terms of mechanism and rate controlling step [5-9].
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Figure 3-1. Ca0 — Al, 05 phase diagram reprinted with permission from [51]

Lu et al. [5] were the first to model the kinetics of formation of oxide and sulfide
inclusions during and after calcium injection based on their experiments in 40 kg steel
heats. They assumed fast diffusion within the inclusions and fast reaction at the interfaces
and developed a mathematical model for inclusion evolution which offered very reasonable
agreement with the experimental data. Later, Ito et al. [7] employed an unreacted shrinking
core model for alumina transformation. They assumed three different possible rate-
determining steps: (a) mass transfer in the melt, (b) mass transfer in the product layer, and
(c) chemical reaction at the interface. By comparing the calculated results against
experimental data they concluded that diffusion through the product layer was the rate
controlling step. However, they did not include the dissolution rate of calcium in their
analysis. Higuchi et al. [8] also developed a mathematical model of the kinetics of inclusion

transformation similar to that developed by Lu et al. [5] with the additional consideration
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of the chemical reaction rate between inclusions and the melt. In their case, mass transport

of calcium from the bulk to the surface of particles in the melt was ignored.

Ye et al. [9] proposed that the reactions for inclusion modification occur according to
the following sequence: Al,0; => CAg =>CA, => CA => CA, where C: CaO and A: Al,0,
and CA, refers to liquid calcium aluminate which can have a range of composition
according to the phase diagram in Figure 3-1. However, Han et al. [6] did not observe
multiple layers in their experiments with a CaO — Al,05 couple and concluded that
chemical reaction between alumina and liquid calcium aluminate was the rate determining
step. Visser et al. [11] developed a model based on results from inclusion analysis, in
addition to thermodynamic, kinetic and fluid flow considerations to describe the change of
concentration, compositio and size of the inclusions in the liquid steel were considered.
Their model assumed that dissolved calcium and oxygen react with Al, 05 to form calcium
aluminate with gradually increasing CaO fraction and that the formation of CaO, CaS$ and
Al, 05 are rate limited by mass transfer of the solutes to the particle surface where local
equilibrium was assumed. Since the dissolved calcium concentration in the steel was
unknown, their simulations employed two values for calcium concentration, 1 ppm and 30
ppm Ca. They found that the simulations with 1 ppm Ca resulted in better agreement with

measured values for dissolved oxygen, CaS proportion of total calcium and total calcium.

To summarize, there are considerable uncertainties in literature regarding the Kkinetic
control of the modification of alumina inclusions by calcium. The objective of the present

work is to develop a comprehensive mathematical model. In this paper the parts of the
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model concerning diffusion in the melt and within the inclusions are presented. The aspects
relating to mass transfer from the calcium bubbles will be addressed in a subsequent paper

because it requires the modelling of specific injection practices.

The current work is part of a larger program to develop a model describing inclusion
modification during ladle treatment. This model, described in detail in a publication to be
submitted shortly, is based on real process conditions and considers the change in slag and
metal composition with time, in addition to the change in inclusions induced by calcium
injection. The steel/slag reaction component of the larger model has been developed and
validated by other workers in the authors’ laboratory [12], as has the sub-model for calcium
injection [5]. The current work presents a new sub-model developed to describe the
behavior of a single inclusion as a function of conditions in the steel. This has been used
to define the requirements of the inclusion modification component of the larger model.
The paper, presenting the larger model, reports excellent agreement between model
predictions and plant data. Unfortunately, the plant data could not be used directly, to
support the current findings because the assumptions, used to restrict the model to the
behavior of a single inclusion, represent constraints that do not exist in a real ladle. We
would suggest that the excellent agreement between the overall model and the plant data,
offers strong justification for the current work. We also note that every aspect of the current
model is justified by well-established knowledge of the CaO — Al,0; system and the

conditions assumed represent realistic conditions for ladle metallurgy.
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3.2 Mathematical model
3.2.1 Outline of the Model System

The objective of this model is to describe the mass transport steps to and within alumina
inclusions during calcium treatment of aluminum-killed low-carbon steel. In the typical
industrial practice aluminum is added to the steel during tapping from the furnace into the
ladle. Further aluminum additions may be made after the ladle arrives at the ladle
metallurgy station. Typically, the steel is stirred by argon injected through bottom plugs
in the ladle. The stirring serves to float out the larger inclusions and to homogenize the
melt which may have alloys added to it. The stirring is usually carried out for several
minutes which is well beyond the mixing time for the ladle [13], so the dissolved elements

and inclusions are homogenously distributed.

Automated inclusion analysis of steel samples reveals that most of the alumina
inclusions are in the range of 1 to 10 microns; the larger ones have floated out and the
smaller ones are not detectable by the technique. At this time the total oxygen content in
the steel may be between 10 and 50 ppm, depending on specific practices. The total oxygen
content is the sum of dissolved oxygen and oxygen in inclusions. If one assumes that the
total oxygen and dissolved oxygen contents are 30 and 5 ppm, respectively, and that the
inclusions are 5 micron alumina inclusions, it is a simple matter to calculate that there are
1.8x10% inclusions per m? of steel with an interfacial area of 141 m?m?3. This is a huge
amount of interfacial area so the overall rate of reaction of oxygen and aluminum at

alumina inclusions is very rapid. This is the reason that the dissolved oxygen and
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aluminum contents in the steel shortly after aluminum addition are found to be very close

to thermodynamic equilibrium with alumina [14].

Once the sulphur and oxygen levels have been adjusted in the steel, calcium is injected.
The most common technique is to inject steel-clad calcium wire deeply into the melt. The
objective is to give the calcium bubbles the maximum residence time to dissolve during
their rise in the steel. Nevertheless, 60 to 80% of the calcium may be lost because the
boiling is a turbulent process that creates large bubbles and considerable splashing of steel.
Figure 3-2 shows a schematic representation of the transport processes and expected
concentration gradients in the melt and inclusion. It must be appreciated that the one
calcium bubble stands for a plume of calcium bubbles rising in the melt that are at least
centimeter size, and that the one inclusion represents the huge number of micron-size
inclusions in the melt. The inclusions are assumed to be all the same size and are all
experiencing the same rate of reaction because the melt is so well homogenized by the
stirring. In the present paper the transport processes and concentration gradients around
the inclusion are modelled in detail. As mentioned earlier, the details of the calcium
dissolution will be left to a subsequent paper. All that is required for the present paper are
the bulk calcium, aluminum and oxygen contents. The bulk aluminum and oxygen contents
are assumed to be held constant at levels close to equilibrium with alumina. The calcium
content is also assumed to be at a constant level in the bulk of the steel. Maintaining
constant bulk values is mainly for convenience to simplify the explanation of the model for

the inclusion transport. Moreover, the bulk values around each inclusion will be essentially
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the same because the steel is well-stirred. In actual practice and in the subsequent paper

the bulk concentrations will be transient, depending on the specific practice.
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Figure 3-2. Schematic diagram of reactions and transfer of calcium

3.2.2 Alumina transformation

As explained above, the initial conditions are an alumina inclusion in steel containing a
constant bulk content of calcium, aluminum and oxygen. To describe the transformation of
alumina inclusions into calcium aluminate, an unreacted shrinking core model [15] is used
in which the reaction starts at the outer surface of the particle. The product layer boundary
moves into the solid, leaving behind converted material. According to this model,
conversion of the alumina particle includes the following kinetic steps: (a) Transport of

calcium from the bulk through the boundary layer to the surface of particle (b) Diffusion

70



Ph.D. Thesis, Yousef Tabatabaei McMaster University, Materials Science and Engineering

of calcium oxide through the product layer(s) to the surface of the unreacted core (c)
Chemical reaction at the alumina surface (d) Diffusion of alumina through the product

layer(s) to the outer surface of the particle (e) Mass transport of aluminum and oxygen to

the bulk of the steel.

To develop the model, one must consider CaO — Al,05 phase diagram to examine the
thermodynamic equilibria and each of the possible layers in the product layer (Figure 3-1).
At 1600 °C, it is expected that the following equilibria exist: Al,05; with CAg, CAg With
CA, and CA, with liquid CA,. Therefore a multi-layer shrinking core model is assumed
for the modification of alumina particles. A schematic diagram of the model is shown in
Figure 3-3. The concentrations of the diffusing species are also shown schematically,

respecting the phase equilibria at the phase boundaries.
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Figure 3-3. Schematic diagram of the multi-layer kinetic model and the concentration gradients
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Buscaglia and Milanese [16] developed a general model for diffusion-controlled solid-

state reactions of spherical particles in multiphase binary systems. In this study, their model

is employed with some modifications for the calcium aluminate system. The assumptions

of the model are as follows:

Reactions occurring at a constant temperature of 1600°C lead to the formation of
three intermediate phases as shown in Figure 3-3: CA¢, and CA, and liquid
calcium aluminate.

At the start of the process there is a very thin layer of all phases.

Simultaneous growth of all phases, not necessarily at the same rate, occurs
according to the governing equations.

Since the temperature is high, chemical reactions are fast relative to mass
transport processes, so equilibrium is attained at all interfaces.

Ideal contact at the phase boundaries is considered, forming compact layers
without pores or cracks.

Mass transfer is mathematically described by quasi steady-state counter
molecular diffusion of Ca0 and Al,05 through the product layers. Whilst this is
a legitimate phenomenological treatment, the authors recognize that the
mechanism and actual diffusing species may be quite a bit more complex.
Movement of each phase boundary is caused by consumption and formation of
the adjacent phases which is related to the rates of diffusing species. This process
is illustrated below for the case of CA, , recognizing that similar equations can be

written for the other phases in the product layer.
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A schematic diagram of the concentration profile and adjacent phases for CA, is

depicted in Figure 3-4. The possible reactions at the interfaces are as follows:

(2) ALOs+ CAz—>+ CAg
(b) Ca0+5 CA6 2 (A,
©) Ca0+575 CAﬁ— CAs,

(d) A1203+ 5 CAs > 5 ﬁ,) CA,
Where 9'defines the composition of the liquid calcium aluminate in thermodynamic

equilibrium with CA, at 1600 °C according to phase diagram in Figure 3-1.
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Figure 3-4. Concentration profile within CA, and adjacent phases

In general, if /,; and J,;.1 are the fluxes of Al,0; in adjacent layers i and i +1
respectively, if J,; > J4:+1 the phase i will grow at the expense of phase i + 1 (e.g.

reaction a and d). Similarly, for CaO diffusion, J¢ ;41 > Jc;, Will contribute to the growth
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of phase i + 1 at the expense of phase i (e.g. reaction b and c). Therefore, the flux balance

for the specific case of CA, can be written:

dnca 1 3 2
— = (Ja,05ca5 = Jat,05ca,) + > Ucao,ca, —Jat,05ca5) — - Ucaoca, —
1
]CaO,CAz) + @) Uat,05,c4, — Jar,05,ca,) (3-1)

After rearrangement:

dnca 6—v/
v 2= —— (]A1203 cag T 6Jcao CA6) i (]A1203,CA2 +2Jcaoca,) —
1
@) Jat,05ca, T V' Jeao,cay) (3-2)

Similar expressions could be written for CA, and CA,.. The only difference is that the
first term and last term does not apply for the CA¢ and CA,, respectively. Replacing mass

flux by mass rate:

chTAz _ Vea, 6 Vea, (6-0') 2
— 2= =2 (Qui,050a T 6 Qcaoca) t 55— (2= (Qat,05c4, + 2 Qcao,cay) =

Vea,

=o' (Qar,05ca, T+ V' Qcaoca,) (3-3)

Where VCTAZand Vca,are total volume and molar volume of CA, respectively. Q,; and
Qc,; are amount of materials flowing per unit time for Al,05 and CaO respectively and are

defined by Eq (3-4)[17]:

Ti-1Ti

Q= 47'[D (C —Ci_1) (3-4)

Considering spherical geometry, the mass rate accounting for counter diffusion of two
components for phase i at steady state is [16]:
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= (Qu; +v:Qc;) = 4mk; =L (3-5)

T'T'll

Where k; having the units mol s cm™ is the rate constant which is related to the
diffusivity via the concentration gradient. When two counter diffusing components A and
C are mobile, matter transport is described by two distinct terms, Q4 ; and Q. ;. Where v;,
r;_, and r; are the stoichiometric coefficient, interior radius and exterior radius,

respectively.

The relation between initial volume of the Al,0; sphere and the volumes of the

transformed or partially transformed sphere can be obtained considering the mass balance:
0 _4* 3 _yt v
Vat,o, =3770° = Va0, + % z (3-6)

Where V) 0., Va0, and V; are respectively the volume of the Al,0; core at t=0, the
volume of Al, 05 core and the volume of phase i at time t, and z; is the volume of phase i
formed per unit volume of Al, 05 core transformed. Bearing in mind that the final term in
Eq (3-6) represents the volume of alumina that has been transformed in terms of the sum

of the volumes of the product phases, z; is:

7 =—"2 (3-7)

ViV Al,04

Where v;, Vy,, 0, and V; are stoichiometric coefficient of phase i, molar volume of Al,0;

core and molar volume of phase i, respectively. Substituting Eq (3-5) into (3-3) and after

rearrangement one can write:

dr dr 14 Vea,(6—v") 1%
2 CA CA _ CA CA CA
m (ﬁ:A2 — i~ Teag 6) === bca, t+ 4(22 ) bea, — - VZI) bea, (3-8)
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Similarly for other phases:

dar dr |4 |4
2 CAg 2 Al,03 _ CAg CAg
4m (rCAG AL T4 ) = =) bea, == dea, (3-9)
drca 2 drca Veca 2Vca
Am (7‘2 X _r —2) = — 2 —fx 3-10
CAx gt CAz gt @2-v") CI)CAZ 2-v"H' cl)CAx ( )

Using Eq (3-6) for the Al,05 Core:

arai,o 1 Vca Vca 1 Vca
4-1'[1”2 203 _ ( 6 __ 'CAhe ) - | _ 2
AL0s gt zoa; \(6—v") dbca, - bea, zea - Peag
Vca, (6-v') Vea, 1 ( Veay 2Veay ) 3-11
4(2—v") (bCAZ 2-v" (bCAx Zcay 2-v" (bCAZ 2-vH' (l)CAx ( )

Where v' is the stoichiometric coefficient of liquid calcium aluminate in equilibrium

with CA, and V; is molar volume of phase i. Replacing ¢ using Eq (3-5) relates the radii

of phases to the rate constants.

These four differential equations (3-8)-(3-11), for the growth of each phase were solved
with the Runge-Kutta method [18]. When the alumina core is completely consumed, the

transformation continues by reaction of CA4 with CaO to produce CA,.

The remaining issue is the estimation of the rate constants. The rate constant k; can be

obtained from the diffusion flux equation by combining Eqgs (3-4) and (3-5)
ki = Da(Cai — Cai—1) + v;Dp(Cp; — Cpi—1) (3-12)

considering the Nernst-Einstein equation in a chemical potential gradient [19]:

k; = T f“cc (%44 + D¢, ) din ac (3-13)

Vi
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For compounds with narrow homogeneity range, rate constant takes the form of [19]:

o ui(Uyog—Ujgq) |aG?| wi(ui_y—uiyg) 4G
ki = ——= B (D wiDey ) v = Doyt =
(wi—q—up) (Wi—uiyq) ViRT (uj—1—u)(Wi—uiyq) ViRT

(3-14)

Where D, ; and D ; are the self-diffusion coefficients of counter diffusing species,
Al,05 and CaO, respectively. u; is stoichiometric coefficient of phase i. |AG?| is the
standard Gibbs free energy for the formation of one mole of CA,,, from the adjacent phases,
T is the temperature, and R is the gas constant. VValues for the diffusivity in CA, were not
found in the literature. There were only two papers which measured diffusivity values of
calcium aluminates but in low temperatures. So the diffusion coefficients in higher
temperatures have to be extrapolated using Arrhenius equation. These values along with

diffusivity coefficients of similar mixed oxide systems are listed in Table 3-1.

Table 3-1. Diffusivity coefficients for different mixed oxide systems

Estimated value

E i 2
Phase Explanation Xperiment of D (m—) at Ref
temperature s
1600 °C

Coefficient of

i iffusion for th
interdiffusion for the Extrapolated

CA, formation of CA, inthe  1350-1450 °C 2.4 x 10712 at 1600 °C [34]
molar mix of CA and A
Interdiffusion coefficient Dca
for formation of =2.23x 10712
Cadl0,and 0 41 0, and BaAl,0, in  1200-1380°C Dy, Extrapolated .,
BaAl,0 zoa zoe at 1600 °C
27 1:1 molar mix of CaO - =1.22x1071°
Al,05 and BaO - Al, 04
Mg self diffusion in
Spinel spinel and coexisting D
Mgo melt at bulk chemical ~ 1261-1553°C M9 _ (36]
=14 x 10713
— Al,04 equilibrium using an :
isotopic tracer
aluminous The diffusion 950 to l_)Fg 4 % 10-15 Extrapolated 37]
Spinel coefficients of Fe?* 1325°C ' at 1600 °C
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and Mg in aluminous Dyg
spinel =44x 10715

Comparing the estimated values of diffusivity coefficients of calcium aluminates with
other oxides, it seems that they are too high probably because the activation energies are

different at higher temperatures and the estimated values are not accurate. Although, the

2
valueD =1 x 10712 mT is chosen for the calculations, the sensitivity of the model to these

values will be discussed later. The free energy values were calculated using FactSage 6.4

software with FactPS database [20,21]. As shown in Table 3-2.

Table 3-2. Calclated values of rate constants

Reaction AG? (J/mol) k (mOI )
cm. s
CAg + 4CA = 5CA, —14058 kca, = 2.5x 10710
4A + CA, = CAq —7988.3 kca, =3.9x 10711

The rate constant for the growth of the liquid calcium aluminate layer is calculated using
Eq (3-13) which requires the species diffusivities and the activity of calcium oxide at the
interfaces on either side of liquid calcium aluminate. The diffusivities are discussed below.
The activity at the inner interface is in equilibrium with CA,, whereas for the interface with
steel the condition is more complicated. The boundary conditions for all species are
calculated by coupling the mass balance at the interface with local thermodynamic

equilibrium. Mass balances for calcium, aluminum and oxygen at the interface give:

N¢q = Neao (3'15)
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Ny = 2Ng,0, (3-16)
Ny = N¢go + 3Ny, 0, (3-17)

Where Nj, the mass transfer through the boundary layer from the bulk of the steel to the

surface of a spherical particle can be described by:

N; = 4nr?. kp, € (X2 — X7) (3-18)

Where k., ; is the mass transfer coefficient across the boundary layer, r is the particle
radius, C is the total molar concentration in the steel phase, X? is the mole fraction of the
species i in the bulk steel and X;" is the mole fraction of species i at the interface. It is well
established that spherical particles smaller than 14 um have little relative motion in steel,
so the Sherwood number takes on its limiting value of 2 for radial diffusion [22,23]. The

Sherwood number is:

Km,id
Sh = D_L (3'19)
Where d is the particle diameter and D; is the diffusion coefficient of the species in the

steel. The values of diffusivity used for calculating k., ; are listed in Table 3-3.

Table 3-3. Diffusivity values for species in steel [5]

Ca Al 0

Diffusion Coefficient (m?/s) 3x107° 3.5%x107° 3.1x107°

Molar flow of species i in the liquid product layer can be described by the following

equation [22]:

N; = (L) (cD) (X — xi) (3-20)

Tex—Tin
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Where 7, and r;,, are exterior and interior radius of the product layer, respectively. C is
the molar concentration, D; is the diffusivity of species i and X#* and X/™are mole fraction
of species i at exterior and interior radius respectively. Estimated diffusivity values at 1600

. . cm? cm?
°C used in this work are Dg,o = 3.01 X 10_6T [24] and Dy, = 1.48 X 10‘GT
[25].

Thermodynamic equilibrium at the inclusion-steel interface is based on the

simultaneous deoxidation equilibria of Ca and Al in steel with the Al,0; and CaO

components in the calcium aluminate phase according to the following reactions.

[Ca]+[O]=(CaO)inc

_ acao

Kcao = (fcax*&anTMWCawo) ( foXpnTMW 100 (3-21)
Stmags Sfmass

2[Al]+3[O]=(Al203)inc

aalyo
K — 2-3 3-22
Al 03 (fAlXZlnTMWAlloo)z < fOX’bnTMW01oo>3 (3-22)

Stmass Stmass

Where f; represents activity coefficient of species i, MW; is the mole weight and n and
Styass are total number of moles and mass of the steel. The values used for oxidation

equilibrium constants are K¢qo = 1.2 X 10° [26] and Ky, 0, = 3.16 x 10'% [27].

For simplicity in modeling the variation of the activities a4;,0, and Acqp in the

Al,05; — CaO system are fitted to a function using values calculated by FactSage 6.4
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software (FToxid database) at 1873 K [20,21]. The activities and corresponding fitted

functions are shown in Figure 3-5.

CAg+Al;03
1
b CAzCA
0.9 1 ae Al,0s-FactSage
1
4
0.8 ’ .
y = =Al,0s-Fitted
O ? CA)(
CaO-FactSage
— 0.6
E=] %
Z 05 v +s+ CaO-Fitted
(=]
< 0.4
CA+ CA;
0.3
I 4
.
0.2 Y 4
7
0.1 e
7
0 -
0 0.2 0.4 0.6 0.8 1
XAIzO;

Figure 3-5. Calculated activities of the components in the Al,03-CaO system and the respective fitted
functions

The function for a,,,,, with the mole fraction X4, ¢, is:

ar,0, = 9-40288X5°57° (3-23)

And that for CaO is:

Gcao = 1534197 exp (- 22221) 4 0,018 (3-24)

In order to find the equilibrium activities and interfacial concentrations, equations
(3-15)-(3-17) for the interfacial mass balances are solved in conjunction with the
equilibrium conditions, equations (3-21) and (3-22). The non-linear system of equations is
solved numerically for the unknowns X¢,, X1, X0, Xca0, Xa1,0, USing the Newton-Raphson

method [18] thereby allowing the calculation of the interfacial mass transfer rates.
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3.3 Results
3.3.1 Multi-layer growth model

As noted earlier, the bulk dissolved concentrations of Ca, Al and O are boundary
conditions for the model. Currently there is no way to measure directly the dissolved
calcium content in steel. A value of 2 ppm Ca is assumed for the base case, but will be
examined in the sensitivity analysis. The aluminum content is assumed to be 300 ppm,
which is typical of LCAK steel. The dissolved oxygen content is assumed to be 5 ppm,
close to equilibrium with the dissolved aluminum and pure alumina. An initial diameter
for the alumina inclusion of 5 microns is assumed for all calculations. Diffusion

coefficients and rate constants used for the calculations are summarized in Table 3-4.

Table 3-4. Summary of kinetic constants

Kinetic parameter value
kcag kca, 3.9x1071°%,25x 107 mol cm™1s71
Dcgo » DA1203 3.01 x 10719 ,1.48 x 10710 ;251
Dca» Dai» Do 3x1075,3.5%x1075,3.1x 107> ¢cm?s~!
1 . v f"'—*“ ——————————————————

g . // Py 6 ’ ....................
2 0.8 * (a) e %. 5
= i s’ ~
Q o sy
Y -.—-AlLO
o6} 7 273 _f:% 4 A
S " —Chq a |
© // ........ S 31
So4! - O 2 AL,
() i d --CA 2 2¢
£ i - £ —CAs
g 0.2 \\ /,’ g T CA,

'\_ // —-—-CA

\ s .

0 - 0
0 5 10 15 20 0 5 10 15 20
time(s) time(s)
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Figure 3-6. Change of (a) volume fraction and (b) diameter of different calcium aluminate phases as
depicted in Figure 3-3 for [Ca] =2 ppm, [Al] =300 ppm and [O] =5 ppm

The results for each phase are reported as the calculated variation of volume fraction,
Figure 3-6(a) and corresponding outer diameter, Figure 3-6(b). Initially CAg and CA,
phases grow at the expense of the alumina core. The Al,05 core is completely consumed
in the early stages of the process, followed by CAg and then CA, The liquid calcium
aluminate is the final phase of transformation. It should be noted that this modification
process is quite fast which is consistent with observations of Han et al. [6]. In this
calculation, it is assumed that the concentration of dissolved calcium is constant. Since the
practical time scale for modification is in the range of minutes, one can conclude that the
rate controlling step in the modification is more likely related to the mass transfer of
calcium from the calcium bubbles to inclusions i.e. supply of calcium to the melt. Because
there are several kinetic steps in the model, sensitivity analysis is performed to investigate
effect of each step on the transformation time.

3.3.2 Sensitivity analysis

To check the sensitivity of the model to the estimated values and the effect of each
Kinetic step, additional calculations are performed with one order of magnitude higher and
lower values for the parameters listed in Table 3-4. For the following calculations
dissolved [Ca], [Al] and [O] contents are assumed to be 2, 300 and 5 ppm, respectively,

unless otherwise specified.

A. Rate constants for CA¢ and CA,
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Figure 3-7 shows that by decreasing rate constants for CA4 and CA,, by a factor of 10,
the total time of transformation increases, from 20.6 to 29.1 seconds, only a factor of 1.41.
This factor is much less than 10, suggesting that diffusion through these phases has a minor
role in this mixed control. Moreover, these are transient phases, another reason for a minor
role in control of the rate. The liquid calcium aluminate is the only phase that is growing

continuously.
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Figure 3-7. Change of volume fraction of different calcium aluminate phases for (a) 0.1k¢ 4, ca,
(b):10k6A6,CA2

Diffusivity of CaO and Al,05 in the liquid CA,

The effect of variation of diffusivity in the liquid CA, by a factor of 10 on the
modification of alumina to liquid calcium aluminate is presented in Figure 3-8. Decreasing
the diffusivity by 10-fold increases the transformation time to 21.3 s, a 1.03-fold increase.
On the other hand, increasing the diffusivity by 10, does not change the transformation
time. The result shows that sensitivity of the process to diffusivity in liquid calcium

aluminate is similar to that in the solid phases.

84



Ph.D. Thesis, Yousef Tabatabaei

McMaster University, Materials Science and Engineering

— 1 .
w s // m ::: - //
8 e g _:. 7
3 0.8 r (a) e | 08¢} (b) v
(o} H ro¥ //
5ok S S N a0
c 061 ca, || 2 08% s
S }' - "% S , —_C A6
° R CA - // .,
§ 0.4 /,’ CAz | 5 0.4 T e CA,
o | ’ - o ‘ --CA
0] . X ) H
IS \‘ L7 £ ‘.‘
2025 . 13024
>o \\- /// g \.\. //'
0 \ 4 ) ) = 0 r'\ . ) ‘ ‘
0 5 10 15 20 0 5 10 15 20
time(s) time(s)

Figure 3-8. Change of volume fraction of different calcium aluminate phases for (a) 0.1D¢,, (b) 10D¢,4,
B. Diffusivity of solutes in the steel

Figure 3-9 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 161 seconds, a 7.8 fold increase; conversely increasing the mass
transfer coefficient causes a decrease to 3.2 seconds, a 6.43 fold decrease. While these
changes are less than the order of magnitude change expected if mass transport to the
inclusion surface completely controlled the rate, more control lies in the liquid boundary

layer around the inclusion.
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Figure 3-9. Change of volume fraction of different calcium aluminate phases for (&) 0.1Dg;ee;(0) 10Dgt0e;

In summary, changing the diffusivities in any of the phases results in a change in the
overall rate, and shows that control is mixed between each of the phases in fairly fine
balance, with most control in the liquid boundary layer. The dependence on liquid calcium
aluminate diffusion is the most complex because this phase grows at the expense of the
solid phases. From a practical sense the more important observation may be that the
predicted transformation times are much shorter than expected from industrial practice.
This suggests that the rate determining step for calcium treatment is likely to be calcium
supply to the melt; transport around and in the inclusion only affects the phase distribution
during the transformation. The authors are currently working on adding a calcium

dissolution step to the model.

C. Concentration of solutes
While the rate of calcium transfer from the bubbles to the melt is not included in the
model, we can evaluate the effect to some extent by changing the concentration of

dissolved species, [Ca], [Al] and [0]. This also illustrates the controlling steps in the liquid
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boundary layer. In the model calcium is transferred from the bulk to the surface of the
inclusion and oxygen is transferred from surface to the bulk, therefore, decreasing [Ca] or
increasing [O] decreases the driving force for the process. As mentioned earlier, the
oxygen content in the steel is very close to equilibrium with the inclusions, so it is
unrealistic to change it by a factor of 10. Figure 3-10 shows the influence of increasing
dissolved oxygen from 2 to 6 ppm, a factor of 3 for which the rate of transformation
decreases by a factor of 2. Thus, the oxygen content has significant control on the rate.
This result is due to the non-linear equilibrium relationships between [Ca], [Al] and [O]

contents at the inclusion interface.
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Figure 3-10. Change of volume fraction of different calcium aluminate phases for (a) [Ca] = 2 ppm, [Al] =
300 ppm and [O] = 2 ppm (b) [Ca] = 2 ppm, [Al] =300 ppm and [O] = 6 ppm

Effect of calcium content of the steel on modification is depicted in Figure 3-11; in this
case the calcium content is reduced from 2 to 0.2 ppm, a factor of 10, resulting in a 5.8 fold

decrease in the transformation rate. One would expect the rate to be first-order with respect
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to the calcium content, but there is mixed control with oxygen diffusion at the interface

because of the imposed interface equilibria, as also seen in Figure 3-10.
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Figure 3-11. Change of volume fraction of different calcium aluminate phases for (a) [Ca] = 2 ppm, [Al] =
300 ppm and [O] = 6 ppm (b) [Ca] = 0.2 ppm, [Al] = 300 ppm and [O] =6 ppm

Aluminum has a similar effect to oxygen because aluminum also transfers from the
inclusion to the steel. By comparing Figure 3-12 with Figure 3-6 it is seen that by changing
dissolved aluminum from 300 ppm to 150 ppm, a factor of 2, the time decreased from 20.6

second to 13.8 second, by a factor of 1.5.

These sensitivity analyses show that the transformation rate is in a regime of mixed
control among all the possible rate-controlling steps. The most controlling ones are
diffusion of Ca, O and Al through the liquid boundary layer; these steps are coupled by a
mass balance and equilibrium at the inclusion interface, resulting in non-linear

dependencies of the rate on these solute concentrations. Within the inclusion the diffusion

through the solid and liquid phases are similar in their degree of control. It should also be
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noted that the solid phases disappear, leaving the liquid calcium aluminate as the

predominate phase.
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Figure 3-12. Change of volume fraction of different calcium aluminate phases for [Ca] = 2 ppm, [Al] =
150 ppm and [O] = 5 ppm

3.3.3 One-Layer Model

The model results suggest that the multi-layer model could be replaced by simply
modelling the growth of the liquid calcium aluminate. A schematic diagram of the one-
layer model of alumina modification and the corresponding transformation rate is
illustrated in Figure 3-13(a). It should be noted that interfacial concentrations are calculated
in a similar way to the multi-layer model, i.e. diffusion through the boundary layer is
included in the model. Figure 3-13(b) shows that the transformation time is 22.4 s, close to
20.6 s in Figure 3-6(a). There are two reasons for the similarity in the model solutions:

first, the solid layers are transient phases, so their effects are short-lived; second, the
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diffusivities in the solid phases and the liquid phase are similar, exerting similar control

over the rate.

Unreacted
Alumina Core

Liquid calcium

\aluminate

Boundary layer
in the melt

XbCa

Volume fraction of phases

25

time(s)

Figure 3-13. (a)Schematic diagram one-layer model and (b) the corresponding change of volume fraction
of liquid CA, and alumina, [Ca] =2 ppm, [Al] =300 ppm and [O] =5

3.4 Discussion

In the literature, discrepancies exist concerning the rate controlling step of alumina
inclusion transformation by calcium. Some researchers proposed that diffusion in the
product layer is the rate controlling step [8], whereas others suggest that mass transfer in
the melt [11] or chemical reaction at the interface [6] determines the kinetics of the process.
The present model is the first to provide a comprehensive model of coupled diffusion for

the inclusion which makes it possible to properly assess the controlling steps.

As would be expected for a micron-size particle at high temperature, diffusion-
controlled reactions are very rapid, being complete in a matter of seconds. The same
conclusion was reached in a study by Galindo et al. [28] on the transformation of single

particles of alumina inclusions to magnesium aluminate spinel. That work went on to
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couple the particle model to a slag-metal reaction model because the slag was the source
of magnesium for the spinel. It was found that once the conditions at the slag-metal
interface became reducing to the MgO in the slag, the released dissolved magnesium
quickly reacted with the alumina. The transformation rate was found to be controlled at the
slag-metal interface, as the reaction with the large number of inclusions was much faster.
The number of inclusions in the steel was similar to the number described in this paper.
Thus, it would be expected that the rate of alumina transformation would be controlled by
the rate of supply of calcium to the melt. The coupling of a calcium bubble model with the

present inclusion model will be left to a subsequent paper.

Similar arguments were made in the section 3.2.1 ‘the outline of the model system’,
regarding alumina formation. Aluminum is readily dissolved in steel, aside from the
problem that aluminum floats out rapidly. Once there are sufficient alumina particles in
the melt, further aluminum additions result in rapid attainment of equilibrium of dissolved

oxygen and aluminum with alumina, controlled by the rate of aluminum supply to the melt.

Another very important aspect of calcium treatment that is beyond the scope of this
paper is the transformation of sulphide inclusions. This will be addressed in the subsequent
paper. In reality, part of the dissolved calcium is consumed by these sulfide inclusions

which delays the transformation of alumina inclusions.

Desulphurization of hot metal (carbon-saturated iron from the blast furnace) by
magnesium injection is another comparable system because magnesium boils and forms

bubbles that react with sulphur dissolved in the iron. Irons and Guthrie [29] developed a
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model for the process based on small-scale experiments. They found that sulphur reacts
with the magnesium bubbles, and that some of the magnesium sulphide that is formed is
stripped from the bubbles, and forms inclusions in the melt. These inclusions act as sites
for further reaction between dissolved magnesium and sulphur in the melt. These authors
developed a model in which they were able to calculate the rates of desulphurization and

magnesium dissolution as a function of the following ratio:

B _ kpAp+kpAp (3-25)

o« kpApHPMg

which is the ratio of the rate of desulphurization at particles and at bubbles to the rate of
magnesium dissolution. They found that for a very low ratio (large number of bubbles to
particles) that most magnesium dissolved and there was little desulphurization, thus there
was a high dissolved magnesium content in the iron. On the other land, a very high ratio
resulted in any dissolved magnesium immediately reacting to form magnesium sulphide at
the inclusions, and little resulting dissolved magnesium. Industrial dissolved magnesium
contents were found to be between these two extremes which, of course, depend on the
ratio of bubbles to inclusion particles. In Galindo’s work [28] in steel there was a high
ratio of inclusions to slag interface, so there was little dissolved magnesium. In the
previous studies of calcium treatment of steel [5,8,11] a wide range of dissolved calcium
contents are used to rationalize experimental findings, which on initial inspection suggest
widespread disagreement. Kobiyashi et al. [30] proposed that the dissolved calcium, in a
steady state system of calcium/argon bubbling and liquid iron, is less than 30 ppm. The

analysis of Lu et al. [5] demonstrated that the effective dissolved calcium content is less
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than 1 ppm. This content corresponds to the calcium activity in equilibrium between the
sulphur content in the steel and CasS activity in the sulphide inclusions and between the
oxygen content in the steel and CaO activity in the oxide inclusions; thus, this analysis is
consistent with the present arguments that the inclusions closely approach equilibrium with
the melt. In the work of Visser et al. [11] a presumed value of slightly more than 1 ppm for
dissolved calcium showed the best agreement of model predictions with measurements.
Harada et al. [31] calculated the dissolved calcium to be less than 1 ppm. However, when
one considers that the observed dissolved calcium is not an equilibrium solubility value,
but represents the instantaneous balance between the rates of dissolution and consumption,
the wide range of observed calcium concentrations may be due to a wide range of bubble
to particle ratios. The current work shows that even a small amount of dissolved calcium
less than 1 ppm is enough to modify inclusions within a few minutes which is in agreement
with the literature [6,7,32] This hypothesis will be explored in detail in a subsequent

publication by the authors.

The present model was structured so that each product phase would grow according to
its governing diffusion equation, but it is clear from all the results that the liquid calcium
aluminate phase rapidly consumes the other phases. As shown by the results in
Figure 3-13, diffusion in the other phases can be ignored and the overall results in terms of
calcium transformation are virtually the same. The nonlinear response of the
transformation rate to factors such as diffusion coefficients within the inclusion and mass
transfer coefficient in the liquid can be explained as follows: Because the transformation

is under mixed control involving a number of steps, the response of the rate to changes
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affecting any individual step will be “damped” by the other steps. For this reason, the
response to changing the diffusivities in the solid layers is non-linear. The response to
changing factors with more controlling influence such as the concentration of calcium in

the melt, is more linear.

This finding has very interesting implications for modeling of the overall process. First of
all, it means that the model can be simplified with little loss in accuracy to consider only
the formation of the liquid calcium aluminate. More significantly, it shows that the kinetics
of the transformation within the inclusion strongly favor the formation of the desired liquid
calcium aluminate. These findings are in keeping with the reported inclusion morphologies
in the literature [11,33], i.e. inclusions with an alumina core and a single liquid aluminate
shell, or based on the rapid transformation entirely transformed inclusions. As described in
the Introduction, the formation of liquid calcium aluminates is difficult to accomplish in
practice for a number of reasons. The volatility of calcium means that it tends to escape
the steel; it does not dissolve readily, and also tends to react with sulphur and oxygen.
Therefore, it is remarkable that one can form liquid calcium aluminates at all. The present
work strongly suggests that if calcium is dissolved in the steel, and avoids dissolved sulphur
and oxygen, it will react with alumina to form as much liquid calcium aluminate as
possible. If the liquid phase were not strongly favored, then it is unlikely that the process

would work at all.

3.5 Conclusions

The kinetics of calcium treatment of inclusion in the ladle furnace is modeled

mathematically. This is the first model which considers multi-component diffusion of Ca,
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Al and 0 through the boundary layer and within multi-layer product layer constrained by

thermodynamic equilibrium at the interfaces.

1. For a single inclusion in a steel of fixed calcium content the rate control for the
aluminate transformation is mixed between all steps, however, mass transport
through the steel inclusion boundary layer is more important as changing the mass
transfer in the boundary layer by a factor of 10 will change transformation time by
a factor of approximately 7. Whereas changes to the other kinetic parameters has a
much smaller effect for example changing the diffusivities within the inclusion by

a factor of 10 change the transformation time by a factor of maximum 1.4.

2. The control through the boundary layer is mixed between oxygen, aluminum and
calcium diffusion, and complicated by the imposed equilibria amongst Ca0O and

Al,05 in the phase at the surface and dissolved Ca, Al and O.

3. The reactions at the inclusion are extremely fast, for example, using the accepted
literature values for the transport properties the modification to liquid calcium
aluminate is complete within 22 seconds. Decreasing the mass transfer coefficient
in the liquid steel by an order of magnitude results in a transformation time of 160
seconds. Even the latter is fast relative to typical times observed in ladle treatment
which has important practical implications for ladle metallurgy where calcium is

injected into the steel:
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(a) There are generally a large number of inclusions with enormous interfacial area
in the steel reacting rapidly, so the bulk steel composition will closely follow the equilibria

with the phases at the inclusion surface.

(b) The rate of calcium transformation must be controlled by the rate of calcium

dissolution from the calcium bubbles.

(c) The present model suggests that if calcium is dissolved in the steel, and avoids
oxygen and sulphur in the melt, any calcium that reaches an aluminate inclusion will
transform rapidly to make as much liquid calcium aluminate as possible which is fortunate

for the desired outcome in the industrial process.
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Chapter 4

Model of Inclusion Evolution During Calcium
Treatment in the Ladle Furnace

In Chapter 4 model development was carried out by me. Dr. Kenneth S. Coley provided
extensive discussion during model development and Dr. Stanley Sun kindly provided
inclusions analysis data and gave very useful guidance for data analysis. Data analysis was
performed by me. The manuscript was initially drafted by me and reviewed and edited to
the final version by Dr. Kenneth S.Coley, Dr. Gordon A. Irons and Dr. Stanley Sun. This
chapter has been published in Metallurgical and Materials Transactions B. 49: 2022.
https://doi.org/10.1007/s11663-018-1266-z. The following Chapter is the pre-publication

version of the article.

Abstract

Calcium treatment of steel is typically employed to modify alumina inclusions to liquid
calcium aluminates. However, injected calcium also reacts with the dissolved sulfur to
form calcium sulfide. The current work aims to develop a kinetic model for the evolution
of oxide and sulfide inclusions in Al-killed alloyed steel during Ca-treatment in the ladle
refining process. The model considers dissolution of the calcium from the calcium bubbles
into the steel and reduction of calcium oxide in the slag to dissolved calcium. A steel-

inclusion kinetic model is used for mass transfer to the inclusion interface and diffusion
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within the calcium aluminate phases formed on the inclusion. The inclusion-steel kinetic
model is then coupled with a previously developed steel-slag kinetic model. The coupled
inclusion-steel-slag kinetic model is applied to the chemical composition changes in molten
steel, slag, and evolution of inclusions in the ladle. The result of calculations are found to
agree well with an industrial heat for species in the steel as well as inclusions during Ca

treatment.

4.1 Introduction

The requirements for the production of superior-quality steel for specific applications
have led to the development of various secondary steelmaking processes. Refining of the
steel before casting is carried out in ladles via several operations, namely: deoxidation,
desulphurization, alloy addition, removal of inclusions, and control of inclusion shape,
size, number and composition. Ineffective elimination and/or modification of non-metallic
inclusions during secondary treatment of steel can cause nozzle blockage during
continuous casting [1] and quality issues in the cast product [2,3]. Calcium treatment is the
most common approach to modify nonmetallic inclusions. Ca additions modify solid
alumina to globular liquid Ca0 — Al,05 (CA,) inclusions and magnesium aluminate
spinel inclusions to calcium-magnesium aluminates. This results in not only improved
castability, but also minimization of inclusion-related surface defects, enhancing the
machinability of the final product at high cutting speeds and decreasing of the susceptibility
of high-strength low-alloy (HSLA) and pipeline steels to hydrogen-induced cracking [4].
Ca treatment can also be utilized for desulphurization to very low levels [5], but it may

also result in the formation of deleterious CaS inclusions. In summary, calcium treatment
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is effective in alleviating nozzle clogging caused by alumina inclusions, but the treatment

should be done cautiously.

Calcium is usually introduced to the steel by steel-clad Ca wire injection. The boiling
point of calcium (1480 °C) is lower than steelmaking temperature (~1600 °C), thus when
calcium is added to liquid steel, calcium bubbles form, from which some calcium dissolves
into the steel. Actually, most of the injected calcium escapes to the atmosphere and the
recovery in industry is usually less than 30% [6]. The dissolved calcium reacts with

dissolved oxygen, sulphur and alumina inclusions by the following reactions:

[Ca] + [0] - CaO (4-1)
[Ca] + [S] - CaS (4-2)
[Ca] +[0] + (x +3) Al,05 - Ca0.(Al,05), +2[4l] (4-3)

In spite of the fact that since the 1990’s, many studies have been conducted to
understand the mechanism and kinetics of alumina inclusion modification by calcium [7-
11], some uncertainties remain in the literature. Previous work by the authors developed a
fundamental multi-layer growth model [12] and concluded that, for the case of a fixed
calcium content in the steel, the rate of supply of calcium to the alumina inclusion is the
rate controlling step for modification. This work also showed that changing the fixed
concentration of dissolved calcium had a profound effect on the rate of transformation. The
latter result suggested that the rate of supply of calcium to the steel relative to the

abundance of inclusions, will also have a significant effect on transformation rate.
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There has been a number of attempts to model reaction kinetics of steelmaking
processes. Lu et al. [7] were the first researchers to model the kinetics of evolution of oxide
and sulfide inclusions during calcium treatment based on their experiments in 40 kg steel
heats. They assumed fast diffusion within the inclusions and fast reaction at the interfaces
and developed a mathematical model for inclusion evolution which offered very reasonable
agreement with the experimental data. Visser et al. [10] developed a model to describe the
change of the concentration, composition and size of the inclusions in the liquid steel
during calcium treatment. They divided the steel bath into two reaction zones: one
including the plume zone with high calcium and low oxygen and the other representing the
rest of the liquid steel which had low calcium and somewhat higher oxygen. In their model
it was assumed that dissolved calcium and oxygen react with Al,05 to form calcium
aluminate with gradually increasing CaO fraction. If oxygen activity was sufficiently low,
dissolved calcium and sulphur reacted at the surface of the particle to form CaS. In
addition, it was assumed that mass transfer of the solutes to the particle surface was the

rate controlling step for the formation reactions of CaO, CaS$ and Al,05.

Graham and Irons [13] simulated the ladle metallurgy process using a multicomponent
coupled slag—metal kinetic model which assumed rates were mixed transport controlled in
the metal and slag phases. They investigated formation of spinel inclusions as a function
of (MnO+FeO) content of the slag and also calcium aluminate according to calcium and
oxygen content of the steel, but did not provide a mathematical model to describe change
of composition of the inclusions. Nevertheless, it was clear that there was close coupling

between reactions at the slag-metal interface and the transformation of inclusions. Later
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on, this model was coupled to the particle model for transformation of alumina to
magnesium aluminate spinel inclusions by Galindo et al. [14] and a similar conclusion was

found.

A coupled kinetic model to describe industrial operations in the ladle furnace was
proposed by Harada et al. [15]. The model considered interaction between steel, slag and
inclusions originating from slag entrainment, as well as by deoxidation reactions,
dissolution of the refractory into the slag and formation, flotation and agglomeration of
inclusions. The activities of the individual components for a given oxide system of the
inclusions were fixed and the composition change of inclusion was assumed to be
controlled by mass transfer within the boundary layer. However, they did not consider
formation of sulfide inclusions in their model and determined several model parameters to
fit the model results with plant data or experimental results which should be modified if

the operational conditions are different.

In a further study, Harada et al. [16] employed the same kinetic model to that in [15] to
simulate the reactions during the ladle refining process and to clarify the mechanism of
compositional changes in inclusions. Experiments were also conducted to validate the
model. They observed that the inclusion composition gradually changed from Al,0; to
MgO - Al, 05 after the addition of Mg, and the inclusions originating from slag remained

in the steel for the duration of the experiment (30 mins).

Recently, Kumar and Pistorius [17] used FactSage macros to simulate steel-slag and

steel-inclusion reaction kinetics and quantify rate of calcium transfer from slag to steel to
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inclusions that may modify alumina inclusions in laboratory scale experiments. They
assumed that the mass transfer coefficient in the steel, kg;..; was 10 times larger than in

the slag, kg4 and experimental data was used to determing kgee; X Arnterface-

More recently Shin et al. [18] employed the Effective Equilibrium Reaction Zone
(EERZ) model to calculate the evolution of inclusions during the secondary refining
processes. In their model, the reaction zone volume is defined per unit step for metal and
slag phase which is dependent on the “effective reaction zone depth” in each phase. The
effective reaction zone depth was fitted from the mass transfer coefficients in metal and

slag phase which was determined experimentally.

Because of the close coupling between the slag-metal reactions and inclusion
transformation, a model is required that considers steel-slag reaction and steel-inclusion
reactions as well as the reactions involved in adding reagents to the steel. The present work
proposes a kinetic model for modification of inclusions which considers all possible rate
controlling steps including reduction of calcium from the slag and calcium bubble
dissolution, mass transfer through the boundary layer and diffusion within the product
layer. The model also takes into account simultaneous formation and competition for the
calcium from alumina and sulfide inclusions. Coupling the inclusion model with a multi-
component steel-slag model [19] allows tracking of the trajectory of slag, metal and

inclusion composition during ladle treatment.
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4.2 Description of the model

To develop a model for the ladle furnace, including calcium treatment, the transfer of
species between slag, metal and inclusions as well as the reaction of additions such as
calcium must be considered. Therefore the following interactions are included in the
model: (a) the kinetics and mechanism of calcium supply to the steel, (b) mechanism and
kinetics of inclusion modification and competition for calcium between inclusions, namely
calcium sulfide, calcium oxide and calcium aluminate and (c) slag-metal reactions that will
modify the steel composition and alter the balance of competition between different
reactions. A schematic diagram of the ladle furnace and the ongoing reactions between

slag, steel and inclusions during calcium treatment is shown in Figure 4-1.

Steel-clad
calcium wire Graphite
electrode
Inclusions
[Ca] —
(5] — Fume extraction
i o ) ey —
— [0]
Ca
bubble
N et
Argon plugs

Figure 4-1. Schematic diagram of a ladle furnace and the reactions between slag, metal and inclusions
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4.2.1 Calcium injection

To include the injection and dissolution rate of calcium into the steel, a model developed
by Lu et al. [7] was adopted in the present work. These workers found that when calcium
dissolves by diffusion through the boundary layer surrounding a calcium bubble, it reacts
with diffusing oxygen and sulfur at the reaction plane to form CaO and CasS, causing the

calcium concentrations to drop to a very low level as shown in Figure 4-2.

The steep concentration gradient accelerates the mass transfer of calcium, hence an
enhancement factor E is incorporated into the dissolution equation (4-4). It is worth noting
that while the presence of dissolved sulphur and oxygen significantly enhances the rate of
pickup of total calcium in the steel, it actually slows the rate of calcium dissolution. This
IS apparent in Figure 4-2 if one considers the very low calcium concentration gradient

between the reaction plane and the bulk steel.

——— iy
- -~

Reaction Plane

Xs

Figure 4-2. Schematic diagram of the calcium dissolution, redrawn based on ref [52]
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Therefore, the enhanced dissolution rate of calcium is:

dXca E
= = KcarA L7 (Xcar — Xca) (4-4)

Where X, is the mole fraction of dissolved calcium, k¢, is the mass transfer
coefficient of calcium through boundary layer to the steel, Ag,, is the interfacial area of
calcium bubbles per unit volume of steel, X, is the mole fraction of calcium at the

reaction plane. and E is the enhancement factor defined by the Eq (4-5)

DoXp+DsXs
DcaXca,b

E=1+ (4-5)

Where Dy, Ds and Dcgrepresent the diffusivities in steel, of 0,5 and Ca
respectively, Xpand X are the mole fractions of dissolved O and S in bulk steel and X, 5,
is the mole fraction of calcium at the bubble-steel interface at saturation. By reaction of
oxygen and sulfur with calcium, oxide and sulfide inclusions form in the injection zone.
4.2.2 Steel-Inclusion reactions

When calcium is injected into the steel, alumina particles transform to calcium
aluminate and CaO and CaS form. All of these inclusions compete for the available
calcium. To calculate the rate of inclusion evolution it is necessary to consider all the
kinetic steps. Figure 4-3 shows a schematic diagram of expected concentration gradient of
Ca, Al, 0 and S among bubble, steel and inclusions. The dissolving calcium reacts with
diffusing oxygen and sulfur to form calcium oxide and calcium sulfide inclusions. The
dissolved calcium transforms alumina inclusions to calcium aluminate. The authors

recently developed a multi-layer model to describe the inclusion transformation which
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included all the possible solid phases that could form in the Al,0; — CaO system [12].

This model demonstrated that the overall transformation was controlled by a combination

of transport of calcium to the bulk steel and transport of calcium from the steel to and

within the inclusions. Therefore, in the current work, a shrinking core model [21] based on

liquid calcium aluminate forming directly from alumina, is assumed for the transformation.

The dissolved calcium can also react with dissolved oxygen and sulfur to form secondary

calcium oxide and calcium sulfide inclusions depending on the 0, S and Ca content of the

steel. The assumptions of the model are as follows:

At the start of the process a very thin layer of liquid CA, is assumed to exist at
the surface of alumina inclusions.

Chemical reactions are fast relative to mass transport processes, due to the high
temperature, so equilibrium is attained at all interfaces.

Mass transfer within liquid CA, is mathematically described by quasi steady-
state counter molecular diffusion of CaO and Al, 05 through the product layers.
While this is a legitimate phenomenological treatment, the authors recognize that
the mechanism and actual diffusing species may be more complex.

The molten steel is well mixed, so there is a uniform concentration of dissolved
species and inclusions in the steel.

An initial and constant number of alumina inclusions are assumed at the
beginning of injection. The number is taken from the SEM (Scanning Electron
Microscopy) analysis of the steel. The size of alumina inclusions is chosen to
match that found by SEM.
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Hence, the model includes the following steps:

e Dissolution of calcium from the gas bubble-steel interface into the bulk steel

e Transfer of the dissolved calcium or other solutes through the boundary layer
between the bulk steel and inclusion interface

e Diffusion of calcium from the steel-inclusion interface through the product layer
to the alumina core

e Chemical reaction of the calcium with alumina
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Figure 4-3. Schematic diagram of reactions and transfer of species in the steel and inclusions

It is worth mentioning that magnesium-aluminum spinel inclusions are also modified
by calcium to calcium-magnesium aluminate inclusions. There has been number of studies
on the modification of spinel inclusions [22-24], but modification of spinel inclusion is not
considered in the present work. The authors are currently working to include modeling of

spinel transformation by calcium treatment with the current model.
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4.2.2.1 Interfacial concentrations

The rate of alumina inclusion evolution is calculated by coupling mass balance at the
inclusion-steel interface with local thermodynamic equilibrium. In the case of modification
of alumina inclusions by calcium, the mass balance for calcium, aluminum and oxygen

leads to the following equations:

Ne¢g = Nego (4-6)
Ny = 2Ny, 0, (4-7)
Ny = N¢ao + 3Ny, 0, (4-8)

Where N;, the mass transfer rate of species i through the boundary layer from the bulk

steel to the surface of a spherical particle can be described by the following equation:
N; = 4nr?. ky,Cy (X2 — X{) (4-9)

Where k,, ; is the mass transfer coefficient across the boundary layer, r is the particle
radius, Cy_ is the molar density of the steel, X? is the mole fraction of species i in the bulk

steel and X; is the mole fraction of species i at the interface. From dimensionless analysis,

k. ; is obtained using the Sherwood number defined as:

km,id
Sh = D—l (4'10)

Where Sh is the Sherwood number, d is the particle diameter and D; is the diffusion
coefficient of the species i in the steel. For small spherical particles, the Sherwood number

may be assumed to be equal to 2 [25,26].
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Mass transfer within the alumina inclusion is assumed to occur by quasi steady-state,
counter molecular diffusion of CaO and Al, 05 , through the liquid calcium aluminate. The
mass transfer rates of CaO and Al, 05 are driven by the concentration gradient. Molar flow

of species i in the liquid product layer can be described by the following equation [25]:

N; = (Z2m) (C D) (XE* - X{™) (4-11)

Tex—Tin

Where r,, and r;, are exterior and interior radius of the product layer, respectively. C,
is the molar density of the liquid layer, D; is the diffusivity of species i and X#* and X/"are

mole fraction of species i at exterior and interior radius respectively.

Thermodynamic equilibrium at the inclusion-steel interface is obtained considering
simultaneous deoxidation equilibria of Ca and Al in steel with the Al,0; and CaO

components in the calcium aluminate phase according to the following reactions.

[Ca]+[O]=(CaO)inc

Kcao = ( ~Ca0 (4-12)

fCaX*CanTMWCawO) < foXpnTMWo 100)

Stmass Stmass

2[AI]+3[0]=(Al203)inc

aal,03

(fAlqulnTMWAZmO)z ( fOX*OnTMwoloo)
Stmass Stmass

KAle3 = 3 (4-13)
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Where f; represents activity coefficient of species i with respect to 1 wt% standard state,
MW; is the molar weight, n; is total number of moles of steel and St is total mass of

the steel.

For the sake of simplicity in modeling the activities a4;,o, and acqo in the Al,05 —
CaO system are fitted to a sigmoidal function using values calculated by FactSage 6.4
software (FT Oxide database) at 1873 K [27,28]. The values used for oxidation equilibrium
constants are Kgqo = 1.2 X 10° [29], Kyy,0, = 3.16 x 10*%[30] and Kggs = 1.7 X
107[31].
4.2.2.2 Inclusion evolution

Modification of alumina inclusions according to the phase diagram is shown in
Figure 4-4. First a layer of calcium aluminate forms on the surface of the alumina core.
The modification continues with shrinkage of alumina core and growth of the product
layer. At this stage, the composition of calcium aluminate produced is close to that in
equilibrium with alumina. As the core is consumed, if calcium injection continues, the
modification proceeds by increasing the mole fraction of CaO in the calcium aluminate
inclusion. When the composition of liquid calcium aluminate reaches the CaO saturation
composition, it is assumed that a layer of CaO precipitates on the outer surface of the
inclusion hindering further modification (see Figure 4-4). After this stage more calcium

injection results in increasing thickness of the CaO layer.

The change of the radius of the alumina core can be calculated by considering the

relation between molar flux and volume:
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av. _ av dn

dt  dn’ dt (4-14)
By substituting:
4mr? dr,:llt203 = MWai205 X Ny, o, (4-15)

Where Ny, 0, is number of mole of Al,05 leaving the alumina core per unit time which

is sum of the alumina reacting with CaO to form CA, and alumina transferred through the
product layer to dissolve in the steel in the form of aluminum. After substitution and

rearrangement one can obtain:

2 4TA1y03
dt

4nr

= 4203 5 (9'Neg + 5 Nar) (4-16)

Where 9'defines the composition of the liquid calcium aluminate in thermodynamic
equilibrium with alumina at 1600 °C according to phase equilibria. N, and N,; are
calculated using Eq (4-9). The inclusion composition is calculated from the calcium

aluminate and alumina core diameters.

After the core is consumed, modification can continue by further dissolution of calcium
in calcium aluminate inclusions and thereby increasing the CaO fraction. Change of

composition can be calculated as follows:

— MAl,03 _ _
Xa,0, = MAL 0, 1Cas and X¢qo =1 - Xa1,04 (4-17)
Where
dnA1203

dn
= Ny and %2 = N, (4-18)

dt dt
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Figure 4-4. Modification of alumina inclusion and corresponding phases

4.2.2.3 Dissolved species
Change of the dissolved species due to the injected calcium and steel-inclusion reaction

can be calculated by considering mass balance. For calcium

ax E i
0 = kearApr 57 (Xear = Xca) = keacaAca,(Xca = Xeax) = keAe(Xca — 0)

(4-19)
Where the first term on the R.H.S shows the calcium dissolution flux through the
bubble/steel interface to the steel, including the enhancement factor. The second terms
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describe transfer of calcium to the CA, inclusions and the last term represents evaporation
of calcium from the surface of the steel melt. Mass transfer coefficients for inclusions are
calculated using Eq (4-10) assuming the Sherwood number equals 2. The evaporation rate
constant k., is obtained from the work of Lu et al. [7]. Similar equations can be written for

Al, S and O as follows.

dx ]

WAZ = —kaica,Aca, (XAl - X ,lql,CAx) (4-20)
ax E [

d—to = —ko,Ap, -1 (Xo - XO,r) - (kO,CAxACAx)(XO - Xb,CAx) (4-21)
dx E

d_ts = —ks,LAB,L 1 (XS - Xs.r) (4-22)

By solving these four differential equations, change of concentration of dissolved
species due to interaction with inclusions can be calculated. Inspection of Figure 4-2 shows
that the first term in Eqgs (4-21) and (4-22)(4-22)(4-22) respectively represent the oxygen
and sulphur consumed in forming oxides and sulphides inclusions.

4.2.3 Slag-metal reaction

In the present work the multicomponent kinetic model of Graham and Irons [13]
described in greater detail in ref [19] was used to calculate the effect of steel - slag reactions
during ladle processing. The model is based on the mixed coupled reaction model proposed

by Robertson et al. [32] and developed to describe dephosphorization and deoxidation.

The model proposed by Robertson [32] assumed that the rates are controlled by

multicomponent transport in both metal and slag. Moreover, it was assumed that chemical
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reactions are sufficiently fast such that there exists local equilibrium at the slag-metal

interface between elements and their oxides and sulphides.

A general reaction between the oxide in the slag and the respective species in the steel

x[M] +y[0] = (M;0,) (4-23)
The equilibrium constant for the reaction at the interface is:
aMxOy

K =
MxOy ™ [y Xpnp MW, 100][f gXprnpMW 5100
Stmass

(4-24)

Stmass

Where f; are the activity coefficients for species i in the steel with respect to 1 wt%
standard state at the slag-steel interface, and X; are the molar fractions of the respective
species at the slag-steel interface. The activities of the components in the slag are calculated

using the cell model formalism [33,34].

Considering transport of species from the bulk phases to the interface, the mass balance

at the interface takes the form:

* MXO *
krMnCvm(XIIl)/I —Xu) = ksl yCvsl (XMXOy - X1waoy) (4'25)

Cy,,and G, are the molar density of the metal and slag phase respectively; kM and

MxO0y
ksl

, are the mass transfer coefficients in the metal and slag phase respectively. By
coupling all the mass transport equations with the overall balance of oxygen and equilibria
at the interface then solving the system of nonlinear equations, the interfacial

concentrations are calculated.

* MXO *
k‘gl Cvm(Xg —X5) = ?:1)’1‘1(51 yCvsl (XMxoy - Xzelxoy) (4'26)
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The change of concentration in the bulk steel and slag due to steel-slag reaction are

calculated using the following equations:

dXMxOy _

dt _kslMxoy(ViSt) (XI\lfIxOy - X;\}xoy) (4-27)

dXm

= KRGO - Xip) (4-28)

The kinetics of desulphurization in the ladle are modeled similarly to oxidation. The
only difference is that the interfacial concentrations are related by means of an equilibrium

partition coefficient for desulphurization, Lg.

The model also takes into account the stirring effect, the effect of ladle furnace power
on temperature, change of composition due to alloying addition.
4.2.4 Flow chart of the calculation program

The MATLAB™ software was used to develop a computer code for solving the
equations in this work. The algorithm employed is illustrated in Figure 4-5. First,
composition of the molten steel and slag in addition to the number and size of inclusions
are initialized. It is worth mentioning that there are two time loops for calculations. The
outer loop for calculating change of composition due to the steel-slag reaction is shown by
At and the inner loop for steel-inclusions reaction (dt). Since the processing conditions for
the ladle are provided every 0.1 min and also slag-steel reactions occur more slowly than

steel-inclusions reactions, At = 60 s and dt = 1 s are chosen for calculations in this work.
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Figure 4-5. Flow chart of the coupled steel-slag-inclusion kinetic model

To calculate steel-slag interfacial concentrations, thermodynamic and Kkinetic
parameters such as activities, thermodynamic equilibrium constants and mass transfer
coefficients should be determined. Temperature is also updated at this stage according to

arcing or stirring conditions. Mass transfer coefficient of all the components in the molten
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steel is assumed to be equal and is determined by the empirical correlation with effective

stirring power developed by Graham and Irons [13]:
k., = (0.06 + 0.002)g14+00° (4-29)

Where k, is the volumetric mass transfer coefficient of the molten steel which includes
the mass transfer coefficient, interfacial area between the metal and slag phase and volume

of steel and ¢ is the effective stirring power (W/t).

The mass transfer coefficients of the components in the slag phase kg"oy are calculated

from individual ratios with the mass transfer coefficient of the species in steel kZ"Oy JkM

which are the same as developed by Graham and Irons [13] for this system.

After calculation of interfacial concentrations, the flux of each element in the steel and
slag phase is calculated in each time step At. Then, the composition change of steel and
slag is calculated. In the inner loop, first the calcium content of the steel is determined
using the enhanced dissolution model described in section 4.2.1. To calculate the calcium
dissolution rate it is necessary to know the mass transfer coefficient at the calcium bubbles
boundary layer and the bubbles interfacial area. These parameters are very difficult to
measure, so in this study they are estimated based on work of Lu et al. [20] and fitting to
the industrial heat. Steel-inclusion interfacial concentrations are calculated by considering
mass balance and local thermodynamic equilibrium as explained in section 4.2.2.1. By
knowing the interfacial concentrations the flux of each component to the inclusions is
calculated and hence the change of the composition of bulk steel and inclusions is

calculated. Also the amount of sulfide and oxide inclusions produced is calculated.
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4.3 Results

In this section the kinetic model is validated by comparison with data from an industrial
heat of steel. The model can specifically calculate the following changes: (a) composition
of components in the steel and the slag (b) composition of component in the inclusions (c)
the ratio of the oxide to sulfide inclusions.

4.3.1 Ladle conditions

The initial chemical compositions of the steel and the slag at the beginning of ladle
process used in the calculations are listed in Table 4-1 and Table 4-2 and the operational
conditions are shown in Table 4-3, which were obtained from the processing of a low-
carbon aluminum-Kkilled heat at ArcelorMittal Dofasco. In this heat the Ca injection process
was stopped every minute and the sample was taken for chemistry and inclusion analysis
to have inclusion analysis during injection. To the authors’ knowledge such results have

never been reported in the literature.

Table 4-1. Initial steel composition (Wt %)

c Mn P s Ssi Al N Ca 0
0.0501 1.03 <Oé01 0.0123 0.063 Oégz 0'204 0'0801 <0.001

Table 4-2. Initial slag composition (Wt %)

P,0s  Ti0, Cas FeO Ca0  MnO  Si0, Mg0  Al,0,

0.09 0.44 0.425 1.15 42.4 0.56 13.56 12.86 28.34
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Table 4-3. Ladle processing conditions for calculations

Initial steel temperature (K) 1867
Steel mass (tonne) 164.5
Slag mass (tonne) 2.58
Ladle diameter (m) 3.2

Steel height (m) 3.35
Slag height (m) 0.127

4 at low stirring regime and 25 at high
Ar flow rate (Nm3/h/plug)
stirring regime

4.3.2 Inclusion analysis
4.3.2.1 Number and size of inclusions
In this section data from automated SEM analysis [35] (ASPEX® Personal SEM

Explorer with Metals Quality Analyzer) is used to determine the inclusion size and number
for the model. The system classifies inclusions into different classes according to their
compositions. The number of the various inclusions per unit volume of steel was calculated
from automated SEM data using the Schwartz-Saltykov method [36] as discussed in the
Appendix. It was ensured that inclusions were not entrained slag based on their chemistry,
size (<5 microns) and morphology. All the inclusions used in this study were checked and

entrained slag (if any) was removed from the data set for the analysis.
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As mentioned earlier, an average size and number of alumina inclusions was chosen as
the starting point for the model. As will be explained later, some calcium modification
occurs before calcium injection, so the classes of inclusions which the initial alumina at
any time are CAq, CA,,CA, Cy,A5,C3A and Al,05. Table 4-4 shows the results for these
classes. The resolution of the instrument is not fine enough to resolve the multi-layer
structure, so that only the average composition is measured for individual inclusions.
Typically 2000-3000 inclusions were counted in a 15 mm?2sample. It is apparent that there
are some variations in the distributions and sizes, but the average size and number at the
bottom of the Table 4-4 represents a reasonable estimate of the average number and size

of inclusions which were originally alumina.

CaS was also found in the samples, as well as CaMnS which forms from CaS during
solidification. Inclusions containing Ca, S and other minor elements such as Al, Mg and
Si were combined with CaMnS inclusions as other CaS$ inclusions in Table 4-5. The total
number of sulphide inclusions dramatically increases during the injection process which
strongly supports the enhanced dissolution model. Therefore, for the model it was assumed
that the primary CasS inclusions that were formed according to enhanced dissolution were
1 micron diameter. The number of CaS inclusions was calculated in the model and
compared with the measured numbers of sulphide inclusion in the results as a validation of

the model.

Table 4-5 shows the average diameter and number of sulphide and oxide inclusions

during injection.
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Primary CaO inclusions may also have formed at the reaction plume, however, during
injection the oxygen content of the steel was less than 5ppm, and only very few very small
CaO inclusions are likely to have formed., thus it is not surprising that none were detected
by ASPEX., it is also likely that CaO inclusions were dissolved in the water used during
sample preparation for the SEM. . The system found some unclassified inclusions with
high Ca content. These results are labelled as “Ca0” in Table 4-5, indicating that it is an
assumed phase. Again, the numbers of “Ca0” inclusions increases with injection time just
as the the CasS inclusions did. The numbers are much smaller than the sulphides, as would
be expected by the enhanced dissolution model because there is much less dissolved O than

S in the steel.

Less than 5% of the inclusions are spinel so the calcium associated with the spinel is
negligible in comparison to alumina and sulphides in this specific heat. The authors
recognize that spinel formation is common in ladle treatment and are currently working on
an extension of the current model to include the modelling of calcium treatment of spinel

inclusions.

4.3.2.2 Distribution of calcium sulfide and calcium aluminate inclusions

By knowing the diameter and the number of inclusions per unit volume of sulphide and
calcium aluminate inclusions as shown in Table 4-4 and Table 4-5, the amount of Ca in
each type of inclusion and subsequently total Ca may be calculated. Figure 4-6 shows the

distribution of Ca in the various inclusions during injection in comparison with the total
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Ca content measured independently by Optical Emission Spectroscopy (OES). Total Ca

by SEM is the total Ca in sulfide and calcium aluminate inclusions measured by SEM.

2.2
injection time

(s)

50
ppm Ca in Calcium aluminate inclusions from automated SEM
40 ppm Ca in sulfide inclusions from automated SEM
M total ppm Ca from automated SEM
© f total ppm Ca chemically measured by OES
Q i
= 30 o
5
o s
= .
T s
B g
+ o
10 e -
= -
0 & £

4.7

Figure 4-6. Calcium distribution in different inclusions based on inclusion analysis result

Table 4-4. Diameter and number of calcium aluminate inclusion during calcium injection
D ;? o g ‘; NE total number of calcium
RS \I} = N o S aluminate inclusions
g = =
5 3 3 3 z 3 3 .
5 = = T S S = =
2 S5 335 Pz 3z 5 zs & gz e
2 . . ; . . : .
S —_ —_ —_ —_ ~— ~—
0 114 077 1.06 28 143 65 150 9.6 0.82 0.87 1.35 0.89 20
1.2 159 051 294 12 183 39 165 34 114 0.58 1.00 1.2 9.6
22 122 16 231 18 178 59 1.01 7.2 4.05 0.17 0.80 4.2 17
3.2 088 11 220 28 169 60 1.11 14.0 0.78 0.54 1.88 0.38 14
43 096 31 318 22 160 43 131 24 0.00 0 1.40 0.44 12
47 117 39 244 27 145 55 143 19 092 0.73 1.81 0.39 15
% diameter number
3 1.5 10712 15
3 (um) (=)
1] m
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Table 4-5. Diameter and number of sulphide and oxide inclusion during calcium injection

Total number of sulphide inclusions
CaS CaS other x10712 Ca0O
( m3 )
= = =
(=} (=] (=]

. U — & — SV —
Time of < X < X < X
injection K 3 SI 3 |3 5: E) 3, 5,

— N N
0 0.00 0 0.98 19 19 0.00 0
1.2 0.65 2.3 0.84 43 46 0.00 0
2.2 0.94 5.4 0.94| 100 110 0.00 0
3.2 0.99 2.4 0.93| 170 190 2.56 0.28
43 1.05 56 0.96| 160 220 1.05 0.61
4.7 1.26 57 1.39| 860 140 1.51 0.43
diameter number
Average 1.5 x10712 0.44
(um) ( m3 )

* CaO0 is not classified in ASPEX® analysis. However some unclassified inclusions of

high Ca content assumed to be CaO

The total calcium content from automated SEM inclusion analysis is on average
21% below the total calcium content determined by OES, indicating that most of calcium
is captured in the inclusion analysis. The major reason for the difference is thought to be
the way inclusions are analyzed by automatic SEM. A size threshold is set that defines the
smallest inclusion size that can be reliably counted, 0.5 microns in this case. Other
researchers have also found that submicron inclusions are missed from SEM analysis [37-

39]. Also, since the size of the sample is usually small, occurrence of inclusions of clean
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steels is limited [40]. It also can be due to loss of calcium oxides and sulphides during

sample preparation.

Figure 4-6 shows that most of the calcium reacts to form sulphide rather than calcium
aluminates. It seems that calcium aluminate inclusions reach a saturated value and the rest

of injected calcium contributes to form Cas$ inclusions.

For model calculations a constant number of alumina/calcium aluminate inclusions is
assumed as is the initial diameter. The latter is based on the average diameter of calcium
aluminates from Table 4-4. The effect of initial number and diameter of inclusions on
transformation will be examined in detail in a future publication.

4.3.3 Species in the steel

Figure 4-7shows the results of the model calculations for dissolved elements in the steel.
Time zero was taken as the beginning of the ladle process after tapping. At 11 minutes Al
was added under strong stirring to deoxidize the steel (Figure 4-7c¢) to promote
desulphurization, but it also resulted in reversion of Mn and Si to the steel from the slag
(Figure 4-7a and b). There is very good agreement between the model and the measured
Mn, Si and Al contents in the steel, just as there was in the original work used for the slag-
metal model [13]. A second aluminum addition was made at 37 minutes, just before Ca
wire injection. The very strong aluminum deoxidation drives the calculated dissolved
oxygen to levels far below the limits of oxygen probes (Figure 4-7e). With the very strong
deoxidation, CaO is also reduced from the slag. The calculated dissolved Ca content is

remarkably low in spite of the fact that the dissolved Ca content at the slag-metal interface
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during the high stirring rate is in the range of 0.003-0.005 ppm. Once the injection starts
the dissolved Ca content remains low (Figure 4-7(e)). Both before and during injection
the dissolved Ca reacts very quickly with the inclusions, so the level remains low. It only
climbs once the inclusion reactions are complete, approximately 4 minutes in Figure 4-7(e).
At this time the higher dissolved Ca drives the oxygen level very low, Figure 4-7f. The

reactions with the inclusions are discussed in the next section.
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Figure 4-7. Change of species in the steel during ladle process (a) Mn (b) Si (c) Al (d) S (e) Caand (f) O .
Time zero for (a)-(d) is beginning of ladle processing after tapping and time zero for (e)and (f) is the start
of Ca injection, 38.3 minutes in (a)-(d).

4.3.4 Inclusion evolution

The change of composition of the calcium aluminate inclusions is presented in
Figure 4-8. According to plant measurements there is approximately 2 ppm Ca in the
molten steel before injection. This is total calcium which is summation of calcium in
inclusions and dissolved calcium in steel. However, the oxygen and sulfur content of the
steel is high prior to aluminum addition, so the total calcium is likely present as some
combination of calcium oxide and calcium sulphide, but evidently the CaO and CaS were
too small to observe in the ASPEX. To test this analysis, the model was run assuming 2
ppm calcium was present in the steel prior to aluminum addition either CaS, CaO or
dissolved calcium. The results were identical in all three cases. When the aluminum is
added, introducing alumina inclusions, they react with the calcium from these very fine
inclusions. Because the calcium bearing inclusions are very small, this can happen in a few
seconds. That explains the sharp jump right at the beginning of aluminum addition seen in

Figure 8(a). This result is consistent with the previous finding that if there is sufficient

129



Ph.D. Thesis, Yousef Tabatabaei McMaster University, Materials Science and Engineering

calcium available in the melt, inclusions will react to absorb all that calcium very quickly
[12]. The dissolved calcium from slag especially during the high stirring period is sufficient
to partially modify alumina inclusions to calcium aluminate. Kumar and Pistorius [17] also
reported modification of alumina and spinel inclusions by calcium transferred from slag in
laboratory scale. In another study Shin and Park [41] observed that the spinel inclusion
changed entirely into a liquid oxide inclusion via the transfer of calcium from slag to metal
in their experiments. There is remarkable agreement between the model prediction and the
plant data regarding the extent of modification by this mechanism. Figure 4-8(b) shows
that it takes approximately three minutes to modify alumina inclusions completely. At the
end of the process, the calcium aluminate inclusions reach saturation level with Ca0, and

further inclusion reaction stops.

— ; 1
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08 Plant data : ‘r 0.8 O Plant data
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0.6 | | Injection ! % o] °o
. | | [ f 0.6
o —)1 I I o o]
3 } \ ! } 3
B3 .
0.4 ° ! * 04
First Al addition }
0.2 0.2
0 0 ' ' ' '
0 10 20 30 40 0 1 2 3 4

time (min) time of Ca injection (min)

Figure 4-8. Evolution of inclusions (a) and (b) calcium aluminate modification Time zero for (b)-(d) is the
start of Ca injection, 38.3 minutes in Figure 4-7 (a)-(d).

Figure 4-9 shows the relative abundance of sulphide and oxide inclusions, calcium

aluminate inclusions and total calcium in the molten steel. As oxygen concentration in the
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molten steel is much lower than sulfur, the amount of oxide inclusion produced at the

injection zone is much lower than sulfide inclusions.

60 ' '

—total ppm Ca, calculation

A total ppm Ca, plant data

-------- Calcium aluminate, Calculation
O Calcium aluminate, Plant data
—--—-Sulphide, Calculation
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Figure 4-9. CaS and CaO, calcium aluminate inclusions and total calcium in the molten steel. Time zero is
the start of Ca injection, 38.3 minutes in Figure 4-7 (a)-(d).

Total calcium is calculated by summation of the dissolved calcium and calcium in

combination with sulfide, oxide and calcium aluminate inclusions.

As mentioned above, one problem is estimating the k¢, X Ap; parameter, since
measuring the bubble interfacial area is impossible. The k¢, ;, X Ap ; parameter was found
to be in the range of (1 X 1073 — 10 x 1073)S~tin the work of Lu [20] in 40 kg steel heats
by fitting the total calcium pickup to the enhanced dissolution model. According to the

model, the total pickup rate is limited by availability of calcium, even though the recovery
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is much less than 100%. The total calcium content increases linearly with time because the
injection rate is constant. The same procedure is used here, yielding 3.7 x 10™* S~1. The
calcium injection rate was much higher in the industrial case, but the ladle size was even
greater in scale resulting in an overall smaller value. The authors are carrying out further
investigations using industrial heats to understand how k¢, ; X Ag ; changes with injection

conditions.

4.4 Discussion

These model results present a remarkably self-consistent explanation for the observed
behavior in the full-scale ladle treatment for the dissolved species and the evolution of the
inclusion composition. The most important aspect to appreciate is that there are a huge
number of inclusions in the steel, so that if reactions with the inclusions are possible, then
the bulk composition will respond immediately to the conditions. Thus, when aluminum
is added to the steel, the oxygen content will quickly reach a low equilibrium value with
alumina inclusions. A low oxygen content in the steel also permits reduction of Ca0O in
the slag at the slag-metal interface. The dissolved Ca reacts very quickly with alumina,
resulting in some alumina transformation before Ca injection. There is very close-coupling
between the slag and inclusions under these conditions. Once the Ca injection starts, there
is a much faster supply of Ca resulting faster transformation. Thus, supply of Ca is rate-
controlling for the inclusions transformations; diffusion in the inclusions is much faster.
The model also provides a quantitative explanation for the timing and extent of the
aluminate transformation, along with the Ca$S formation. The agreement of the model with

the industrial data may be considered all the more remarkable when one considers that the
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only parameter fitted to the current data, was the k¢, X Ap; for calcium in the bubble

plume.

The previous model of transport for the inclusions [12] that was used in the present
model showed that diffusion in the liquid boundary layer and in the shrinking core layers
was fast, and that the reactions were complete in a matter of seconds for a fixed bulk
calcium content in the steel. Thus, the transformation is controlled by calcium availability,
either from injection or the slag. Since those steps are so fast, they could be eliminated in
the model as long as the proper boundary conditions for Ca, O and Al are maintained at

the inclusion interface.

There are some discrepancies between the model and the data (such as the dissolved Si
and Al during injection) which could have been resolved by adjusting parameters, but that
was not the objective of this work. The plant data presented in this paper represents the
first heat that was studied using this model and more work is required to understand some
of the details. In particular, the calcium injection provides strong stirring which should
enhance the mass transfer rate, but it may also cause splashing and reduce the area of slag

in contact with steel. These phenomena could result in reoxidation of steel.

As mentioned above and in a previous publication [12] the rate of supply of calcium to
the melt is the rate controlling step for alumina transformation. It was argued [12] that the
instantaneous Ca content in the melt is the balance point between supply and consumption
of Ca. During the strong stirring before the Ca injection the rate of Ca supply via reduction

of the slag was approximately 3.2 x 10~* kg/s, which lead to an instantaneous Ca content
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of about 0.003 ppm. During the injection the Ca supply rate was 2.1 x 1072 kg/s, so the
Ca content rose to approximately 0.1 ppm. Once the calcium aluminate inclusions reach
saturation the rate of calcium consumption decreases towards the end of injection and after

all the oxygen is consumed the dissolved Ca increases.

As explained in a previous publication [12], the finding in the previous paragraph
explains the fact that previous workers fitted various dissolved Ca contents to explain their
results [10,16]. Lu et al. [7] were able to explain it rationally on the basis of the attained

activities of sulphides, oxides and dissolved sulphur and oxygen.

It should be noted that sulfide and oxide inclusions compete for the available calcium.
First, as explained by the enhanced dissolution model, the diffusing Ca will react with S
and O in the steel and the dissolved Ca can react with alumina inclusions for modification.
So, the more S and O in the steel, the more CaO and CaS inclusions form at the reaction
plane and less Ca is available for alumina inclusions which can delay modification process.
This finding explains the fundamental difficulty in making free-machining steel by adding
sulphur to calcium-treated steel; any free calcium will quickly react to make solid CaS

promoting nozzle clogging during casting.

Assuming that CasS inclusions are of uniform diameter, the number of CaS inclusions
produced at the reaction plane is calculated using the first term in Eq (4-22). Table 4-5
shows that average size of sulphide inclusions is about 1 um. Figure 4-10 shows the change
of number of Cas$ inclusions during injection. There is good agreement between calculated

result and plant data except the discrepancy at the end.
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Figure 4-10. Change of number of Cas$ inclusions. Time zero is the start of Ca injection, 38.3 minutes in
Figure 4-7 (a)-(d).

After steelmaking, Low Carbon Aluminum Killed (LCAK) steels are deoxidized
(killed) with relatively large aluminum additions (0.01 — 0.06%Al). As mentioned earlier,
the reaction between dissolved aluminum and oxygen is very rapid, resulting in dissolved
oxygen contents in the range of 1 — 5 ppm and total oxygen contents in the range of 10 to
50 ppm in the form of alumina. In most results, as in the present work, the alumina
inclusions are in the 1 — 10 micron range. The larger ones are eliminated rapidly by
flotation and/or agglomeration. The smaller ones are below the limit of detection, but
found to represent 10 to 20% of the total (see Figure 6). The present work provides a
reasonable model for 80% of these inclusions. It appears that other phenomena such as
inclusion agglomeration, flotation and reoxidation do not have a significant effect. In a
study by Kang et al. [42] samples were taken at different stages of ladle treatment and
investigated by SEM. Also, inclusions were examined using a Confocal Scanning Laser

Microscopy (CSLM) and found that alumina particles attracted each other and
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agglomerated. However, spinel inclusions and solid calcium aluminate inclusions did not
show any sign of attraction or agglomeration. The other interesting finding of the present
work is that the primary oxide and sulphide inclusions are also in the range of 1 to 10

microns, possibly for the same reasons. Further work is underway to gather more evidence.

Because of the similarity of worldwide operations for low carbon aluminum Kkilled
(LCAK) steel it is possible that the present model could be used very widely with only fine
tuning to local conditions. In a parallel study, also at ArcelorMittal Dofasco, Sun et al.
[43] found that the difference between the total aluminum content and soluble aluminum
in the steel was a good indicator of how much calcium was required for each heat. These
analyses are rapid enough for process control. The current model also runs fast enough for
process control as well. This avenue is under development in the McMaster Steel Research

Centre with its industrial partners.

4.5 Conclusions

The aim of this work was to develop a kinetic model for the transformation of inclusions
during calcium treatment and implementation of the steel-inclusion kinetic model to a
previously developed kinetic model for the slag-steel reactions in the Ladle Metallurgy
Furnace. Combining a calcium dissolution model with a shrinking core model for inclusion
transformation and a slag-steel reaction model results in a fundamental kinetic model
which allows determination of the change of composition of the steel, slag and evolution

of inclusions during Ca treatment. The coupled slag-steel —inclusion model shows that
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1. Modification of alumina inclusions are controlled by the rate of supply of calcium
because the inclusions consume the injected calcium so fast that the dissolved
calcium reaches a fairly constant low value approximately 0.1-0.2 ppm during
calcium treatment. This is highlighted by huge difference between dissolved

calcium content of the steel compared to Ca reduced by the slag.

2. The steel slag reactions is increased due to the calcium injection contribution to

stirring in addition to that of argon.

3. Calcium transferred from the slag especially during high stirring period can be

sufficient to partially modify alumina inclusions to calcium aluminate.

4. By only considering CaS inclusions form at the injection plume, the model offers
excellent prediction of sulfides formation suggesting that all CaS is formed at the

plume.
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4.7 Appendix: Volumetric size distributions of inclusions

An automated inclusion analysis SEM technique, ASPEX, was used to obtain planar

distribution of inclusion on the polished section. Particle sizes are divided into number of
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size groups after they are measured on plane sections. The number and size of particles in
the plane section is determined, but to obtain the size distribution on a volume basis, the
analysis of the obtained data is required. It is assumed that the particles are spherical so
that equivalent sphere diameters or equivalent circle diameters can be considered. ASPEX
measures equivalent circle diameters of inclusions which can be presented in a particle size

distribution histogram.

The number of circles per unit area N4 as a result of Ny, spheres per unit volume of

diameter D /s

N, = D.Ny (4-Al)

So, larger spheres are more likely to be intersected by the plane of the polished section.
Moreover, a sphere may be sectioned anywhere in its diameter. But, only largest spheres
can lead to largest circle diameter at the sectioning surface. Therefore, the probability of
spotting circles in this largest size group could be calculated and the residual probability
distributed to the smaller size groups of circles. Then, circles from the next smallest size
group of spheres are calculated and so on. Using this approach, the size distribution of
spheres in the volume could be derived from the measurement of the size distributions of
circles on the sectioning plane. The details of the method can be found in [36]. Schwartz
[43] and Saltykov [44] developed a matrix of coefficients (a(i, ;)) for the number of circles
in size group () arising from spheres in size group (j) using probability distributions for
sectioning randomly distributed spheres of sizes in k equal size groups. The number of

spheres per unit volume in size group j from the numbers of circles in size groups i is:
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Ny () = 1 (@G, ) NaG) + G+ D) NyG + 1)+ + 2GR Na(R))  (4-A2)

where j = 1 to k, Ais the size interval used in the histograms and k is the number of

size groups.
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Chapter 5

A kinetic Model for Modification of MgAl, 0, Spinel
Inclusions During Calcium Treatment in the Ladle
Furnace

In Chapter 5 the model was proposed by Kenneth S. Coley. Developing detail of the
model and coding in Matlab was carried out by me. Dr. Kenneth S. Coley and Dr. Gordon
A. Irons provided very helpful discussion during model development. The first draft was
prepared by me and reviewed to the final version by Dr. Kenneth S.Coley, Dr. Gordon A.
Irons and Dr. Stanley Sun who also provided useful insights into industrial practice and
interpretation of industrial data. This manuscript has been accepted for publication in
Metallurgical and Materials Transactions B(2018) https://doi.org/10.1007/s11663-018-

1354-0.

Abstract

A common approach in the processing of Al-killed steels is the modification of alumina
inclusions by calcium treatment. A model for this process has already been developed by
the authors and validated with plant data. Often, magnesium aluminate spinels are also
present and transformed to magnesium calcium aluminate inclusions during calcium
treatment. In the present work, a fundamental kinetic model is proposed for modification
of spinel inclusions considering mass transfer of solute through the boundary layer to the

inclusion and diffusion within the product layer. Sensitivity analysis has been carried out
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to determine rate controlling step for spinel modification. The rate of transformation of

spinel inclusions is compared with that of alumina inclusions with the authors’ prior model.

5.1 Introduction

Aluminum deoxidized steel forms solid alumina inclusions in the ladle furnace. These
solid inclusions are known to create challenges during casting. Various practices are used
for elimination of inclusions, such as transporting them to slag phase by argon stirring [1].
However, some alumina inclusions remain in the steel melt. It is well known that these
alumina inclusions can transform to magnesium aluminate spinel inclusions MgAl,0, by
reaction of alumina with dissolved magnesium from top slag or ladle refractories or from
magnesium contamination of aluminum or ferroalloy additions [2,3]. Magnesium
aluminate spinel inclusions have a tendency to adhere to the inner wall of the submerged
entry nozzle which negatively affects productivity of the process [4]. They also adversely

affect properties of the final steel [5].

There is some disagreement in the literature on effectiveness of spinel modification by
calcium treatment. While earlier work proposed that the modification of spinel by calcium
would be less effective than pure alumina [6], more recent work indicates that, under
reducing conditions, spinel modification by Ca treatment is easier than for alumina

inclusions [7,8].

Kang et al. [9] studied the formation of liquid calcium aluminate inclusions from
MgAl,0, spinel in ladle treatment by thermodynamic calculations and laboratory

experiments. Using a stability diagram they showed that when the spinel phase was in
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contact with the liquid steel containing calcium it would become thermodynamically
unstable and liquid magnesium calcium aluminate forms. It was also found that an
extremely low activity of calcium, less than 2 ppm, is sufficient for formation of liquid

oxide although, concentration gradients of Ca were observed in the formed liquid phase
[9].

Pretorius et al. [8] by evaluation of metal samples from industrial heats, proposed that
effective modification of spinel inclusions is possible and the mechanism is the preferential
reduction of the MgO in the spinel to dissolved Mg in the steel followed by reaction of the
residual Al,04 from the spinel and resultant CaO to form completely liquid inclusions.
Verma et al. [7] also showed that addition of calcium is effective in spinel modification.
Pretorius et al. [8] further suggested that calcium modification of spinel inclusions is
somewhat easier for low carbon aluminum killed (LCAK) steels with very low oxygen
content. However, Yang et al. [10] from thermodynamic analysis of industrial data, have
concluded that spinel inclusions can be modified into liquid inclusions only if the dissolved
calcium content in the steel is at least 1 ppm. They developed a kinetic model to predict
the time for modification of MgAl,0, inclusions and concluded that diffusion of Mg in
the inclusions is the rate-controlling step. However, the values they used for diffusivity of

Mg and Ca in the MgO- Al,05;-CaO product layer are very different D., = 2.5 X

2 2
10‘9% and Dy, = 3.2 x 10713 mT since a solid product layer was assumed. The present

authors believe that the diffusivities of these species are not very different in the product

layer as it is an ionic liquid solution and the diffusivities should be very close as theses ions
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have very similar radii (72 pm for Mg?*and 100 pm for Ca?* [11]). In addition, the
mechanism will require countercurrent diffusion of these species and they will both

contribute to the effective chemical diffusivity.

Although, studies to understand the mechanism of calcium modification of alumina
inclusions dates back to the 1990s [12-14], it is just in the last decade [7,9] that some effort
has been put forward to understand mechanism of modification of magnesium aluminate
spinel inclusions. While these studies have thrown some light on the modification of
magnesium aluminate spinel, the only investigation of the kinetics of transformation from
magnesium-aluminate spinel to magnesium calcium aluminate, is that discussed above

[10].

The aim of the current work is to develop a fundamental quantitative kinetic model
which considers all possible kinetic steps involved in the process and investigates the
importance of each step through sensitivity analysis, thereby determining the rate

controlling step.

This work is part of a larger effort to develop comprehensive models of slag-steel-
inclusion interaction during ladle treatment. A prior model was developed for the
modification of a single alumina inclusion by dissolved calcium in the steel [15] using the
same approach as the present work: it was assumed that the reactions at interfaces reached
local equilibrium and were transport controlled. This prior model was coupled with
another model including sources of calcium to the steel (from injected calcium wire and

from reduction from the slag) [16]. This latter model was based on real process conditions
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which considered the changes in slag, metal and inclusion composition with time before
and during calcium injection. It successfully modelled the behavior of the entire system.
The current work describes modification of a single MgAl, 0, spinel inclusion by dissolved
calcium, in an analogous way to that for alumina [15]. The results clarify the controlling
transport steps at the surface and within the inclusion. The model is validated by coupling
with the slag-steel model and comparing with plant data. All the findings with the current
model are built on established knowledge of the CaO — Al,0; — MgO system and the
assumptions represent conditions relevant to ladle metallurgy. A future publication is
currently in preparation in which results from the combined model in different conditions
will be compared with plant data validating both the combined model and the current

model.

5.2 Mathematical model
5.2.1 Outline of the model system

As discussed above, Al,04 inclusions are generated after deoxidation by Al that will
react with dissolved Mg existing in the melt to produce spinel. Thus, the inclusion change
from Al,05; to MgAl,0,. During calcium treatment in the ladle, spinel inclusions will
transform to magnesium calcium aluminate. The objective of this model is to describe the
mass transport steps to and within spinel inclusions during calcium treatment of LCAK
steels. To describe the transformation of spinel inclusions into magnesium calcium
aluminate, an unreacted shrinking core model [17] is used in which the reaction starts at
the outer surface of the MgAl, 0, particle and the magnesium calcium aluminate product

layer boundary moves into the solid particle.
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The assumptions employed for sensitivity analysis of the current model are as follows:

e At the start of the process a very thin layer of liquid MgO- Al,05;- CaO is
assumed to exist at the surface of spinel inclusions.

e Chemical reactions are fast relative to mass transport processes due to the high
temperature, so local equilibrium is attained at all interfaces.

e The bulk steel concentrations of Ca, Mg, Al and O are fixed to simplify the
discussion of the model.

e Mass transfer within the liquid MgO- Al,05;- CaO layer is mathematically
described by quasi steady-state counter molecular diffusion of CaO, Al,05 and
MgO through the product layers. While this is a legitimate phenomenological
treatment, the authors recognize that the mechanism and actual diffusing species
will be more complex.

e Diffusion in the spinel is assumed to be sufficiently fast that this phase will not
be rate controlling. This assumption is based on previous work in the authors’
laboratory which showed that spinel formation from alumina is controlled by
mass transport in the steel [42]. The consequence of this assumption is that any

concertation gradient in the spinel will be negligible.

The model considers the following steps in modification:

1/ Transport of Ca, Mg, Al and O though the boundary layer between the metal and

steel.
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2/ Reaction of the relevant species at the interface between the steel and the liquid

aluminate product layer

3/ Transport of Ca0, MgO and Al,05 through the liquid product layer

4/ Reaction between the liquid product later and the spinel

5/ transport within the spinel

The model does not constrain the direction of transport which is set by the composition
gradients formed during the process. Steps 2 and 4 can be considered fast because of the
high temperature and therefore the reactions between the relevant species are considered
to be in equilibrium across these interfaces. Transport in the spinel, step 5, has been
previously shown to be fast relative to the other steps and therefore concentration gradients

in the spinel may be assumed to be negligible.

The transport processes and concentration gradients around the inclusion are modelled

in detail and shown schematically in Figure 5-1.
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Figure 5-1. Schematic diagram of concentration gradient of species around and within the spinel inclusion

5.2.1.1 Interfacial concentrations
To calculate the rate of modification of a spinel inclusion, it is necessary to know the

concentrations at the steel-inclusion interface which are calculated by coupling the mass
balance at the steel-inclusion interface with local thermodynamic equilibrium. To develop
the model, the Ca0 — Al, 05 — M gO phase diagram is used to examine the thermodynamic
equilibria. The diagram shown in Figure 5-2 was created using FactSage 7.0 (FToxide

database) and agrees well with the literature [19].
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Figure 5-2. Section of isothermal ternary diagram of Ca0 — Al,0; — MgO at 1600 °C (mole fraction)

It is assumed that the spinel inclusion follows the trajectory illustrated in Figure 5-2 to
reach the liquid area. This path is observed in AM Dofasco plant data as delineated in
Figure 5-3 where the composition of inclusions before and during Ca treatment fora LCAK
heat is shown. This heat was stopped at different stages of Ca injection and samples were
taken. Inclusions were analyzed using automated SEM (ASPEX) and the labels “calcium
aluminate” and “spinel” are based on classification of inclusions by the ASPEX system;
though some of inclusions in one class overlap with some of inclusions in the other class.
This path for modification of stoichiometric spinels was also observed in microanalysis of
industrial samples by Pretorius et al. [8]. Also in their experiments, Verma et al. [7]
observed that MgO-rich and MgO-poor regions co-existed in partially modified spinel
Inclusions which agrees with the delineated trajectory. It should also be noted that even

before injection inclusions contain some calcium which can come from either alloying
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elements or reduction of CaO in the slag by aluminum in the steel during high stirring

periods as discussed in recent work by authors [16].
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Figure 5-3. Distribution of oxide inclusions during Ca treatment of LKAC steel in the LMF. Samples
were taken (a) before Ca injection (b) 25% of C a injection (c) 50% of Ca injection and (d) after Ca
injection. The arrow in (a) shows the proposed path for the model.

Therefore the liquid magnesium calcium aluminate in equilibrium with the spinel will

have the composition of point A ((Mg0)_q-g(Ca0)g(Al,03)4) shown in Figure 5-2.
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Hence, the reaction occurring at the liquid product layer-spinel interface follows Equation
(5-1) with stoichiometry defined by point A (a and B are determined to be 0.4 and 0.4,

respectively according to Figure 5-3).

2B+a—-1
a

Ca0 +E(MgAL,0,) =~ ((Mg0),_,_4 (Ca0)4(AL,05)p) + Mgo  (5-1)

The mass balance for calcium, aluminum and magnesium at the steel inclusion interface

leads to the following equations:

Ncg = Neao (5-2)
Ny = 2Ny, 0, (5-3)
Nug = Nygo (5-4)
NMgO = NA1203 - (ZBJ?Ta_l)NCao (5-5)

The equations (5-2)-(5-4) come from elemental mass balance for Ca, Al and Mg,
respectively. Equation (5-5) is based on the reaction of stoichiometric spinel and CaO to

produce liquid magnesium calcium aluminate according to Eq (5-1).

N;, the mass transfer rate of species i through the boundary layer from the bulk steel to

the surface of a spherical particle is described by Eq (5-6):

N; = 4nr? ky, Cy (X2 — X7) (5-6)
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Where k., ; is the mass transfer coefficient across the boundary layer, r is the particle
radius, C,_ is the molar density of the steel, X? is the mole fraction of species i in the bulk

steel and X;" is the mole fraction of species i at the interface.

It is well established that spherical particles smaller than 14 um have little relative
motion in steel, so the Sherwood number takes on its limiting value of 2 for radial diffusion

[20,21]. The Sherwood number is:

K, id
Sh ==~ (5-7)

Where Sh is the Sherwood number, d is the particle diameter and D; is the diffusion

coefficient of the species i in the steel.

Mass transfer within the product layer is assumed to occur by quasi steady-state, counter
molecular diffusion of CaO, Al,05; and MgO through the liquid magnesium calcium
aluminate product layer. The mass transfer rates of Ca0, Al,05; and MgO are driven by
the concentration gradient. Molar flow of species i in the liquid product layer is described

by the following equation [20]:

N; = (Tm) (C D) (XE* - X{™) (5-8)

Tex—Tin

Where 7, and r;,, are exterior and interior radius of the product layer, respectively. C,
is the molar density of the liquid layer, D; is the diffusivity of species i and X£* and X ™are

mole fraction of species i at exterior and interior radius respectively.
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Thermodynamic equilibrium at the inclusion-steel interface is obtained considering
simultaneous deoxidation equilibria of Ca, Al and Mg in steel with the Al,05, Ca0O and

MgO components in the magnesium calcium aluminate liquid phase according to the

following reactions.

[Ca]+[0]=(CaO)inc

Aca0

Kcao = (fCaX*CanTMWCaloo) < fOX*OnTMWO1oo> (5-9)
Stmass Stmass
2[Al]+3[O]=(Al203)inc
aAl,0
Ka 05 = = 5-10
Al20s (fAleql”TMWAlloo)z ( foX*OnTMW01oo)3 ( )
Stmass Stmass
[Mg]'l'[o]:(MgO)inc
— aMmgo
Stmass Stmass

Where f; represents activity coefficient of species i with respect to 1 wt. % standard

state, MW, is the molar weight, n; is total number of moles of steel and St is total

mass of the steel.
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Q41,04 Acao ANd apgo in the Al,0; — CaO — MgO system are obtained using the cell
model formalism [22,23] as implemented by Graham and Irons [24]. The values used for
oxidation equilibrium constants are Kcqo = 1.2 X 10° [25], K4y,0, = 3.16 x 10'%[26] and
Kygo = 1.62 X 107 [27]. The non-linear system of equations (5-2)-(5-4) and (5-9)-(5-11)
is solved numerically for the unknowns X¢q, X41, Xu 4, X0, Xcaor Xar,0, » Xmgo USINg the
Newton-Raphson method [28] thereby allowing the calculation of the interfacial mass

transfer rates.

5.2.1.2 Inclusion evolution

Modification of spinel inclusions according to the phase diagram is shown in Figure 5-4.
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C: Ca0
M: MgO
SP: Spinel

lig+Ca0

Al203 09 08 07 0.6 0.5 04 03 02 0.1 (0
(_XA]zozx

Figure 5-4. Madification of spinel inclusion and corresponding phases

First a layer of magnesium calcium aluminate (MCA) forms on the surface of the spinel
core. The modification continues with shrinkage of spinel core and growth of the product
layer. At this stage, the composition of magnesium calcium aluminate produced is close to
that in equilibrium with spinel (Point A in Figure 5-2). As the core is consumed, if calcium
injection continues, the modification proceeds by increasing the mole fraction of Ca0O and

reduction of MgO or Al,05 in the magnesium calcium aluminate inclusion.

The change of the radius of the spinel core can be calculated by considering the relation

between molar flux and volume:
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av. _ av dn

dt dn’ dt &12
By substituting:
47‘[7‘2 drspinel — MW spinel x NSpinel (5-13)

dt p

Where Ngpine; is number of moles of spinel leaving the inclusion core per unit time
which is sum of the spinel reacting with CaO in addition to Al,05; and MgO transferred
through the product layer to dissolve in the steel in the form of Al and Mg. After

substitution and rearrangement one can obtain:

a spine in
4112 r;t L= MW;p = X (g Nea + %NAl) (5-14)

N, and N,; are calculated using Eq (5-6). The inclusion composition is calculated from

the calcium aluminate and alumina core diameters.

After the core is consumed, modification can continue by further dissolution of calcium
in magnesium calcium aluminate inclusions and thereby increasing the CaO fraction. The
only difference is that in calculating interfacial concentration, instead of Eq (5-5), oxygen

mass balance can be employed. Then, change of composition can be calculated as follows:

nai,0 ncao
X = 223 X = and X =1-X - X 5-15
Al203 NaL,05+Ncao+mgo | tao N4l,053tNca0 T Mgo Mg0 Al203 cao )
Where
dn d d
Alp03 1 nca0 N "Mgo
—2 2 = = and =N 5-16
dt 2 ALY gy Ca dt Mg ( )
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5.3 Results
5.3.1 Spinel transformation

The bulk concentrations of dissolved Ca, Al, Mg and O are boundary conditions for the
model. For the sake of simplicity the concentrations of the dissolved species are assumed
constant with time, but their range will be examined in the sensitivity analysis. In addition,
in section 5.3.4, when the model is coupled with the slag/metal model these values will be
allowed to float and will be controlled by the balance of kinetics. The values are chosen to
reflect typical conditions for LCAK steel. Our previous work [16] showed that during
injection, the Ca content remains at a low value in the range 0.1 - 0.3 ppm. The dissolved
oxygen content is assumed to be close to equilibrium with the dissolved aluminum and
pure alumina. The Mg content is in the range of equilibrium with the spinel and oxygen in
the steel. An initial diameter for the spinel inclusion of 5 microns is assumed for all
calculations. Diffusion coefficients and rate constants used for the calculations are

summarized in Table 5-1.

Table 5-1. Summary of kinetic constants

Kinetic
value Ref
parameter
Dcao » DA1203;DM90 3.01 X 1071°,1.48 x 1071%,1 x 1072 m?s~1 [32,33]

Dca s Dar,Dug: Do 3x107°,3.5x107%,3x107%,3.1 x 107° m?s™1  [12,34]
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The MATLAB™ software was used to develop a computer code for solving the
equations in this work. Newton-Raphson method [28] was employed for calculation of the

interfacial mass transfer rates.

The results for spinel modification are reported as the change in spinel core diameter
with time as shown in Figure 5-5(a), varying of average composition of whole inclusion
(the liquid product layer and the solid core) with time in Figure 5-5(b), and the
corresponding path through which inclusion modification occurs across the ternary

diagram in Figure 5-5(c).

I

I
= =Xeao  (b) ' Fully liquid MGA
0.8 X *

mole fraction

0 50 100 150 0 50 100 150
time (s) time (S)
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------- Liquidus
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AlO, +— X Cao
2

Figure 5-5. Change of (a) diameter (b) global composition of inclusions (c) path of modification in phase
diagram [Ca] =0.2 ppm, [Mg] = 0.7 ppm, [Al] =300 ppm, [O]=3 ppm,

The liquid magnesium calcium aluminate is the product of transformation of the spinel.
It takes approximately 114 s to complete this transformation. If the modification continues

the inclusion transforms to calcium aluminate.

Figure 5-5 (b) shows that as modification proceeds M gO is reduced from the inclusions
and is replaced by CaO, but the mole fraction of Al;05 remains almost constant. This result
is consistent with the observation of Pretorius et al. [8] in the case of industrial samples.
5.3.2 Sensitivity analysis

Additional calculations were performed with one order of magnitude higher and lower
values for the parameters listed in Table 5-1 to check the sensitivity of the model to each

kinetic step and determine the rate controlling step.
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5.3.2.1 Diffusivity of CaO0, Al,05 and MgO in the liquid product layer

The effect, on the modification of spinel, of varying the diffusivities in the liquid
magnesium calcium aluminate product layer is shown in Figure 5-6; decreasing or
increasing the diffusivity by a factor of 10 does not change the transformation time, so
virtually all the control must lie in the boundary layer. The fact that the conversion rate is
unchanged over a two order change in diffusivity even at approaching 100% conversion,
shows that the product layer even at its thickest does not control the reaction rate. In theory
with a very large inclusion, the thickness of the liquid product layer could become
sufficiently large to control the rate. However, given the emphatic nature of the
result presented in Figure 6, this could not happen with a realistically sized

inclusion.

5
- =01 Dinclusion
47 incluiosn
10 D. .
inclusion
—_ 3 i
S
=
T 2t
1 L
0 L L | —
0 50 100 150

time (s)

Figure 5-6. Effect of diffusivity within the product layer on transformation rate [Ca] =0.2 ppm , [Mg] =
0.7 ppm, [AI] =300 ppm, [O]=3 ppm,
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5.3.2.2 Diffusivity of solutes in the steel

Figure 5-7 shows the effect of changing the diffusivity or the mass transfer coefficient
of all the solutes in the steel by an order of magnitude. Decreasing the value of the mass
transfer coefficient from the melt increases the transformation time to 1100 seconds, a 10
fold increase; conversely increasing the value of the mass transfer coefficient causes a
decrease to 11 seconds, a 10 fold decrease. As expected, these calculations show that

control lies in mass transport to the inclusion surface through the liquid boundary layer.

0 200 400 600 800 1000 1200

time (s)

Figure 5-7. Effect of diffusivity in the steel on transformation rate. [Ca] =0.2 ppm , [Mg] = 0.7 ppm, [Al]
=300 ppm, [O]=3 ppm

5.3.2.3 Concentration of solutes

The fixing of composition of liquid magnesium calcium aluminate (point A in
Figure 5-4) in equilibrium with spinel constrains the results of the model. However,
considering the result of the previous section helps to simplify the model and release this

constraint. According to the sensitivity analysis presented in section 5.3.2.1, the
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diffusivities in the liquid aluminate product layer have no effect on the transformation rate,
demonstrating that diffusion in the product layer is so fast that the product layer can be
assumed to be homogeneous. Hence, the composition of the liquid magnesium calcium
aluminate can be assumed to be in equilibrium with the spinel. If tie lines are depicted for
two phase regions of Spinel + MCA, as shown in Figure 5-8, the equilibrium composition
of liquid MCA,, as well as the amount of each phase can be calculated using lever rule. For
example for a inclusion of composition P in Figure 5-8, the liquid MCA, would have
composition of M and mole fractions of spinel and liquid MCA, are calculated by Eq

(5-17).

MP sP
Xsp =05 Xmca, = 35 (5-17)

Q
by
(o]
*
z
Q
[e]

+
=

Cao +lig ~~__
\/

0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
Al,0 cao
273 mole fraction

Figure 5-8. Tie lines in spinel +MCA, two phase region of Ca0 — Al,0; — M gO phase diagram
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The extent of control by the transport of the reactants and products in the boundary
layer can be evaluated by changing the concentration of dissolved species [Ca], [Al], [Mg],
and [0]. This also clarifies the details of the controlling steps in the liquid boundary layer.
In the model, calcium is transferred from the bulk steel to the surface of the inclusion and
magnesium is transferred from the inclusion surface to the bulk steel as shown in
Figure 5-1. Therefore, decreasing [Ca] or increasing [M g] decreases the driving force for

the modification process.

Figure 5-9 shows the influence of varying dissolved magnesium from 0.1 to 0.5 ppm. It
is seen that on changing dissolved Mg from 0.1 to 0.5 ppm which is a change by a factor
of 5, the rate of transformation increases by a factor of 1.5. Thus, the magnesium content
controls the rate to some extent, but not entirely. Also, by increasing the magnesium
content of the steel, the composition of liquid magnesium calcium aluminate in equilibrium

with the spinel moves slightly toward higher MgO as it is seen in Figure 5-9(b).

mgo | Liquidus
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=-=0.3 ppm Mg
5 . : ' |- -0.5 ppm Mg
............ = =0.1 ppm Mg
o TR —0.3 ppm Mg |
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—_~ 3 [
€
=
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0 ; : ! = 5 NP
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2 3
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Figure 5-9. Effect of dissolved Mg on transformation rate [Ca] =0.2 ppm, [Al] = 300 ppm, [O] =3 ppm (a)
Change of diameter with time and (b) path of modification in phase diagram

Figure 5-10 shows the influence of increasing dissolved calcium from 0.2 to 0.6 ppm, a
factor of 3 for which the rate of transformation decreases by a factor of 1.5. Increasing
calcium content of the steel has negligible effect on the composition of liquid MCA, in

equilibrium with spinel.
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Figure 5-10. Effect of dissolved Ca on transformation rate [Mg] = 0.5 ppm, [Al] = 300 ppm, [O]=3 ppm
(a) Change of diameter with time and (b) path of modification in phase diagram

The effects of dissolved oxygen and aluminum concentration on the rate of modification
are shown in Figure 5-11 and Figure 5-12 respectively. Changing dissolved oxygen from
2 to 4 ppm which is a change by a factor of 2, the rate of transformation increases by a
factor of 2.7. This becomes easy to understand if one considers the degrees of freedom
regarding the path of the inclusion composition the important effects relate to the position
of point A in Figure 5-4. This point is constrained to sit on the liquidus line which runs

approximately parallel to the Al,0; — MgO binary, hence one would expect the relative
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fluxes of Al, Mg and oxygen to have a greater effect on the position of this point than the
flux of Calcium. The changes in these fluxes will be affected by changes in the
concentrations of the relevant elements. The finding, that changes in calcium concentration
had a negligible effect on the composition path relative to changes in the other elements,
is entirely consistent with this expectation. It is worth noting that calcium concentration

does affect the rate of transformation.

MgO

L Liquidus

—2ppm O

=-=3 ppm O

" = =4ppmO
- =2ppmO
—3 ppm O
....... 4 ppm O

100 - 150 200 . 250 300 p 00 05 08 07 06 05 04 03 02 01 0
. 273 « X CaO
time (s) Ao

Figure 5-11. Effect of dissolved O on transformation rate [Ca] = 0.2 ppm, [Mg] = 0.3 ppm, [Al] = 300
ppm (a) Change of diameter with time and (b) path of modification in phase diagram
Changing dissolved aluminum from 200 to 400 ppm decreases transformation time by
a factor of 1.7. Increasing aluminum content of the steel shifts composition of liquid
magnesium calcium aluminate in equilibrium with the spinel toward higher Al,05 as it is

seen in Figure 5-12(b).
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Figure 5-12. Effect of dissolved Al on transformation rate. [Ca] = 0.2 ppm, [Mg] = 0.3 ppm, [O] = 3 ppm
(a) Change of diameter with time and (b) path of modification in phase diagram

It should be noted that in reality these concentrations cannot be changed independently
as they are determined by equilibrium of steel and inclusions and a change in any species
is followed by changes of other species to reach equilibrium. These calculations are done

only for the sake of determining significance of different transport steps.

In summary, these sensitivity analyses show that the transformation rate is in a regime
of mixed control among rate of supply of calcium and removal of magnesium and transfer
through the boundary layer. These steps are coupled by a mass balance and equilibrium at
the inclusion interface, resulting in non-linear dependencies of the rate on these solute
concentrations.

5.3.3 Comparison with alumina
A multi-layer kinetic model has been developed by the authors [15] for transformation

of alumina inclusions. It was concluded that the model can be simplified with little loss in
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accuracy by considering only liquid calcium aluminate as the product layer. So, in this
work, transformation of one-layer model for alumina is compared with spinel

transformation.

Figure 5-13 shows transformation rate of alumina and spinel. Complete transformation

of alumina happens 4.3 times faster than for the spinel.
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Figure 5-13. Comparison of modification of alumina and spinel, 0.2 ppm [Ca], 300 ppm [Al], 0.5 ppm
[Mg]. 3 ppm [C]

Modification of alumina occurs by partial reduction of alumina, but in the case of spinel
it proceeds by reduction of MgO. As the ratio of O in Al,05 to CaO is more than one,

modification of alumina by CaO results in rejection of oxygen to the melt. However, there
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IS not significant oxygen exchange in the modification of spinel. On the other hand, lower
dissolved Mg increases the transformation rate of spinel. Therefore, lower magnesium
concentrations in the metal the transformation rate of the spinel is higher.
5.3.4 Compositional trajectory of inclusions during industrial-scale ladle process

In the present work of the authors [16] a multicomponent steel-slag kinetic model
developed by Graham and Irons [2] coupled with a steel-inclusion kinetic model was used
to calculate the change of composition of steel, slag and alumina inclusions during ladle
processing. In addition an a model of calcium dissolution and reaction developed by Lu et
al. [12] was used to calculate dissolution rate of calcium to the melt during calcium
treatment. The model also considers the stirring effect, the effect of ladle furnace power on

temperature and change of composition due to alloying addition.

From the result of previous section it is found that diffusion within inclusions is so fast
that it happens almost instantly. This is an important finding as it allows a simplification
of the model by considering homogeneous inclusions in which the exchange of magnesium
and calcium within the inclusions is calculated. Here, homogeneous means that diffusion
within the inclusion is assumed to be fast and the composition of inclusion is determined
by flux of solutes to the inclusion-steel interface. A schematic diagram of such inclusion

and corresponding concentration gradient is shown in Figure 5-14.
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Figure 5-14. Schematic diagram of assumed homogeneous inclusions and concentration gradient at the
inclusion-steel interface

The change of composition of an alumina inclusion during ladle process is shown in
Figure 5-15. Ladle conditions for the calculations are the same as in previous work [16] as

listed in Table 5-2 and Table 5-3.

Table 5-2. Initial steel composition (Wt %)

C Mn P S Si Al N Ca 0
0.0501 1.03 <0('501 0.0123 0.063 Oé(;Z 0‘204 0’0801 <0.001

Table 5-3. Ladle processing conditions for calculations

Initial steel temperature (K) 1867

Steel mass (tonne) 164.5
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Slag mass (tonne) 2.58
Ladle diameter (m) 3.2
4 at low stirring regime and 25 at high

Ar flow rate (Nm3/h/plug)
stirring regime

As expected due to reaction of steel and slag Mg is reduced from the slag which in turn
causes the inclusions to transform to magnesium aluminate inclusions. Later, during Ca
injection these inclusions are modified to magnesium calcium aluminates and eventually
low magnesium calcium aluminate. The model successfully predicts the evolution path of
alumina inclusions as sown in Figure 5-15. The plant data is shown in this figure as average

composition of inclusions at different stages of the ladle process.
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Figure 5-15. (a) Evolution path of oxide inclusions (b) change of composition of oxide inclusions with time
during ladle process
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According to plant measurements there is approximately 2 ppm Ca in the melt before
injection. This is total calcium which is summation of calcium in inclusions and dissolved
calcium in steel. The jump at the beginning of the process (AB in Figure 5-15) is due to
reaction of alumina inclusions and the calcium already present in the melt. During high
stirring period which promotes reduction of MgO in the slag by aluminum in the steel,
concentration of magnesium increases in the molten steel. The alumina inclusions react
with dissolved magnesium and are transformed to magnesium aluminate spinel (BC in
Figure 5-15). The model underestimated mole fraction of CaO before injection. This can
be due to introduction of some calcium to the molten steel by alloying addition such as
FeSi which is not considered in the model as the exact chemical composition of alloying
addition was not available. Eventually by calcium treatment of steel, spinel inclusions
absorbs dissolved calcium and are modified to liquid MCA, (CD in Figure 5-15). It should
be noted that although the composition of inclusions at the end of injection lies outside of
the liquidus region, in reality because the inclusions contain small amount of other
elements such as silicon, the liquidus is larger than calculated for the ternary system of

Ca0 — Al,0; — MgO presented in this work.

5.4 Discussion

In the literature, although there exists some research regarding the thermodynamics of
spinel modification, there are few studies concerning the rate controlling step of spinel

inclusion transformation by calcium [10].

Previous work by the authors on alumina transformation to liquid calcium aluminate
[15,16] showed that in the case of alumina transformation, the rate of supply of calcium to
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the melt is the rate controlling step. Galindo et al. [18] arrived at a similar conclusion in a
study on the transformation of single particles of alumina inclusions to magnesium
aluminate spinel. The same conclusion is reached in this work regarding modification of
spinel inclusions to liquid magnesium calcium aluminate. Diffusion within the product
layer is so fast that if there is high activity of calcium and low activity of magnesium in the
molten steel; the modification of the spinel is completed in a very short time. This result
does not agree with work by Yang et al. [10] in which it was claimed that diffusion of Mg
in the product layer is the rate controlling step. However, they assumed a solid product
layer in which the diffusivity of Mg was much lower than Ca. The present authors believe
that the product layer is liquid in which Ca, Al and Mg have similar diffusivities. The
existence of this liquid product layer is reported in the literature [7,8]. Also, it was shown
that the mechanism of modification is reduction of MgO by calcium which is consistent

with the observations of Pretorius et al. [8].

Figure 5-9-Figure 5-12 shows that rate of modification of spinel increases with lower
dissolved magnesium in the steel, higher calcium, lower oxygen and lower aluminum due
to a higher driving force. Also, changing the concentration of dissolved species in the melt
changes the composition of liquid MC A, in equilibrium with spinel; lower Mg or higher Al
contents of the steel leads to production of lower MgO, higher Al;05 in the magnesium
calcium aluminate. However, reduction of magnesium from spinel inclusions increases the
magnesium content of the steel melt until it reaches close to the equilibrium value with
magnesium calcium aluminate inclusions. Thus, the rate of transformation of spinel should

be lower than that of alumina. This seems to be in contradiction with some other studies
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[8,29,30], which suggested that modification of the spinel may be faster that of alumina,
because in the case of alumina solid CAg is the first phase to form, whereas for spinel a
liquid phase forms first and diffusion through the liquid layer is faster. However, the model
presented in the current work, and that previously published for modification of alumina,
showed that the transformation was controlled by supply of calcium and that complete

modification of spinel takes longer than alumina under ladle metallurgy conditions.

The trajectory seen for modification of spinel shown in Figure 5-15(a) is slightly
different from those predicted in Figure 5-9-Figure 5-12. This is because in reality oxygen
content of the steel is not constant and is consumed by inclusions and it drops to a very low
level and magnesium concentration in the steel increases as it is dissolved into the steel
from inclusions. At lower oxygen and higher magnesium concentration composition of

liquid MCA, shift toward higher MgO content.

Even though complete modification of spinel takes longer, it is not necessary to have
fully liquid inclusion since it is suggested that good castability of steel can be achieved
even with just partially liquid inclusions [31].

5.5 Conclusions

In the current work, a mathematical model is proposed to quantitatively describe the
kinetics of calcium treatment of MgAl,0, spinel inclusion in the ladle furnace. This multi
component diffusion model considers transfer of Ca, Al, Mg and O through the boundary
layer and within product layer coupled with thermodynamic equilibrium at the interfaces.

This is the first model describing the multi component kinetics for MgAl,0,.
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1. The rate control for spinel modification by calcium treatment is mixed between
mass transport of magnesium and calcium through the steel inclusion boundary and
rate of supply of solutes to the bulk steel. This is slightly different from the case of
alumina modification where the control is dominated by calcium supply to the bulk

steel.

2. A small concentration of calcium, less than 1 ppm, is sufficient to modify spinel

inclusions to liquid magnesium calcium aluminate.

3. The current model suggests that if calcium is dissolved in the steel and reaches a

spinel inclusion, the transformation will be rapid.

4. The multicomponent transformation model has excellent agreement with plant data
predicting the evolution path in the following order: Al,0;—> MgAl,0,—>
MCA,(liquid)
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Chapter 6

Tracking Inclusions During Ladle Refining Using a
Kinetic Model for the Compositions of Metal, Slag
and Inclusions

The structure of Chapter 6 was proposed by Dr. Kenneth S. Coley and Dr. Gordon A.
Irons. Data analysis and modeling were carried out by me. Dr. Kenneth S. Coley provided
very helpful discussion during model results analysis. The first draft was prepared by me
and edited to the final version by Dr. Kenneth S.Coley, Dr. Gordon A. Irons and Dr. Stanley

Sun. This chapter will be submitted as a two part paper shortly.

Abstract

A kinetic model to track the reactions in a ladle furnace was presented in a recent paper
by the authors, in which following chemical processes were considered: (1) rate of slag-
steel reaction, (2) rate of supply of calcium during calcium treatment, (3) rate of steel-
inclusion reactions including oxides and sulfides. In this work the model is further
validated by comparing predicted and measured composition of inclusions and dissolved
species in the steel for additional plant heats. Also, sensitivity analysis has been carried out
to investigate effect of different parameters including sulphur content of steel, total oxygen,
slag composition and reoxidation of steel on composition of inclusions during ladle
process. The developed model offers potential for control and optimization of the

operation of a ladle furnace.
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6.1 Introduction

In production of aluminum killed steels, aluminum is added to deoxidize the steel. The
alumina inclusions tend to float out of the steel to the slag during argon stirring. However,
many of these inclusions are too small to rise rapidly and remain in the steel. To achieve
high cleanliness, the steel must be monitored and controlled precisely [1] The term “clean
steel” is commonly associated with low non-metallic inclusion content in the steel. It is
well known that these smaller alumina inclusions can transform to magnesium aluminate
spinel inclusions MgAl,0, by reaction with dissolved magnesium from top slag or ladle
refractories or from magnesium contamination of ferroalloy additions [2-6]. Calcium
treatment is an effective approach to modify solid alumina and spinel inclusions which are
not eliminated from the melt to less harmful liquid calcium aluminates or magnesium
calcium aluminate inclusions [7-10]. Ca addition decreases the volume fraction of oxide
and sulphide inclusions and controls the composition, morphology, and distribution of
those remaining inclusions. Moreover, Ca treatment may modify the shape of MnS stringer
inclusions to less elongated MnS — CaS inclusions [11]. However, excessive calcium
treatment may cause formation of solid CasS inclusions leading to nozzle clogging in ladle

or tundish [12]. So it is important to have a precise control over Ca addition.

Establishing a model to describe the evolution of these inclusions in the ladle furnace is
indeed a challenge as reactions at the interface between top slag and steel and other process
parameters, such as alloying elements, steel flow and inclusion separation can affect the

composition of inclusions. Many studies have been done on modeling and understanding
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the mechanism of inclusion evolution during ladle treatment [8,10,13-15]. A detailed

review of these models is presented in the authors’ previous work [16].

A kinetic model was previously developed by authors [16] that was used to predict the
changes in the composition of calcium aluminate inclusions, as well as slag and steel and
formation of oxide and sulphide inclusions during ladle refining. The predictions were in
good agreement with a limited number of plant results from ArcelorMittal Dofasco. It was
found that rate of transformation of alumina inclusions is determined by rate of supply of
Ca to the melt from Ca bubbles. Also, it was found that CaS inclusions mainly form at the
injection plume. In further study by the authors [17] a model for modification of spinel

inclusions was proposed and validated using plant data.

The present work aims to explore a wider range of ladle conditions using the previously
developed kinetic model and to validate the resulting predictions against available plant
data from ArcelorMittal Dofasco. Parameters investigated include dissolved sulphur, total
oxygen content, stirring intensity, and slag composition. Sensitivity analysis is also
performed to investigate effect of these factors on the composition of the inclusions during

ladle refining.

6.2 Outline of the model

A model developed by Lu et al. [1] was adopted for the dissolution rate of calcium into
the steel in the present work. According to this model, calcium dissolving from a calcium
bubble through the boundary layer reacts with diffusing oxygen and sulfur at the reaction

plane to form CaO and Cas$, causing the calcium concentrations to drop to sub-ppm levels

181



Ph.D. Thesis, Yousef Tabatabaei McMaster University, Materials Science and Engineering

in the bulk of the steel. This low level of dissolved calcium modifies the alumina and
magnesium aluminate spinel particles to calcium aluminate. All of these inclusions
compete for the available calcium. Inclusion-steel interfacial concentrations were
calculated by considering elemental mass balances and local thermodynamic equilibria at
the various inclusion interfaces. Control of the reactions was mixed between supply of
reactants (Ca from the bubbles and Mg from the slag) and mass transfer to the inclusions

[18-19].

A multicomponent kinetic model developed by Graham and Irons [6] was used to
calculate the effect of steel - slag reactions during ladle processing. The model is based on
a mixed coupled reaction model proposed by Ohguchi et al. [20] and developed to describe
dephosphorization and deoxidation. The kinetic model assumes that the rates are controlled
by multicomponent transport in both metal and slag. Moreover, it was assumed that
chemical reactions are sufficiently fast such that there exists local equilibrium at the slag-
metal interface. The model also takes into account the stirring effect, the effect of ladle
furnace power on temperature, and change of composition due to alloying addition. A
schematic diagram of calculations is shown in Figure 6-1. The details of the model,
assumptions, concentrations at the inclusion-steel and steel-slag interfaces, mass transfer
coefficients and a flow chart of calculations are described in detail in the authors’ previous

publication [16] and are presented in section 4.2 of this thesis.
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Slag
A \4
o Furnace parameters
sl Steel
= (arcing/ stirring/alloying)
3
12 |4 4

Sulphide and
oxide inclusions

Alumina and spinel inclusions

Figure 6-1. Schematic diagram of the coupled steel-slag-inclusion kinetic model

6.3 Results and discussion

In this section, the prediction of inclusions compositions by the current model is
validated for number of heats. Also, the ladle conditions regarding steel chemistry, total
oxygen, slag chemistry and calcium injection are varied and the kinetic model is employed
to predict effect of each parameter on inclusion evolution path during the ladle process.
6.3.1 Comparison of model with industrial data

6.3.1.1 Ladle conditions

The typical chemical compositions of the steel and the slag used in a ladle are listed in

Table 6-1 and Table 6-2 respectively and the operational conditions are shown in Table 6-3.

Table 6-1. Steel composition at the beginning of ladle process (Wt. %)

. Fe and
C Mn P S Si Al Ca
other
0.025-
0.03-0.08 0.8-1.5 <0.015 <0.015 <0.06 0.05 <5 Balance
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Table 6-2. Slag composition at the beginning of ladle process (Wt. %)

P,0s TiO, CaS FeO Ca0 MnO Si0, MgO Al,0; Other

<0.02 <0.5 0.5-1.5 0.5-1.5 4055 <15 5-15 5-15 25-30 balance

Table 6-3. Ladle processing conditions for calculations

Initial steel temperature (K) 1873
Steel mass (tonne) 164.5
Slag mass (tonne) 2.58
Ladle diameter (m) 3.2

2 plugs,~5 at low stirring regime and ~25 at high
Ar flow rate (Nm3/h/plug)
stirring regime

The average size and number of alumina inclusions per unit volume of steel were
estimated from automated SEM data using the Schwartz-Saltykov method [21]. This data

was used to define the initial total oxygen for the model.

The coupled model (Figure 6-1) was used to predict evolution of alumina inclusions

during the ladle process for several heats listed in Table 6-4.
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Table 6-4. S, Al and Ca content (ppm) in the steel

Before Ca injection .A1.’ter.Ca
injection
[S] bef;)re de- [S] aftser de- AlSlies  [All (Allir A[AI] [Calio

Heat 1 122 37 85 305 319 14 44
Heat 2 122 17 105 354 373 19 33
Heat 5 113 58 55 404 416 12 47
Heat 6 185 50 135 333 345 12 59
Heat 8 78 31 47 503 520 17 69
Heat 9 84 23 61 374 393 19 40
Heat 10 32 13 19 403 413 10 51

In the previous work [16] to develop and validate model particular attention was given
to the inclusions. The detection threshold for inclusions diameter for automated SEM
analysis was set to 0.5 microns and it was found that a considerable number of inclusions
were less than 2 microns. However, for most ArcelorMittal Dofasco heats, such as the ones
listed in Table 6-4, the threshold for analysis is set to 2 micron. The number of inclusions
was estimated using difference between total and soluble aluminum in a procedure
developed at ArcelorMittal Dofasco [22]. For estimation of number of inclusions it was
assumed that the average diameter of alumina inclusions is 1.5 micron (which was the case
for Heat 1) and with the knowledge of ppm of Al associated with inclusions, total mass of
Al, 05 inclusions and consequently number of inclusions were calculated. The total number

of alumina inclusions calculated at the start of process for each heat was kept constant

185



Ph.D. Thesis, Yousef Tabatabaei McMaster University, Materials Science and Engineering

throughout the process. Also, as the stirring data was not available for heat 3 — 10, the
extent of stirring was estimated using the desulfurization data from the heats, since they
are directly related. Figure 6-2 shows the change of composition of oxide inclusions during

ladle process predicted by the model and plant data.

------- Liquidus === Liquidus
O Heat 1 . . O Heat 2
—Model ——Model

09 08 07 06 05 04 03 02 01

0 > 3 3
0 0 09 08 07 06 05 04 03 02 0.1 0
AILO Ca0 9 08 07 06 05 04 03 02 0O
273 HXAIZOB a A|203 — ALO, cao
MgO
Mgo ... Liquidus N 0
O Heats | /N0 e Liquidus
0. 0.1 ) O Heat 6
B Heat 5- Tundish — Model

-4 |=——Model

High
- stirring

2%

ALO 0.9 08 0.7 06 X0.5 04 03 0.2 0.1 0 AIOO
< A0, Ca0 23 “Xno0 ca0
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0
....... Liquidus ==+ Liquidus
O Heat8 O Heat9
— Model — Model
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stirring o,

N/ s %
09 08 07 06 05 04 03 02 01 0
A ALO, CaO

09 08 07 06 05 04 03 02 01 O

0
A|203 — XA|203 ca0

0
ALO,

------- Liquidus
O Heat 10

09 08 0.7 06,05 04 03 02 01 0
AlLO HXA'ZOS Ca0

Figure 6-2. Prediction of change of composition of oxide inclusions during ladle process for the heats
listed in Table 6-4

Figure 6-2 shows the results of the model are in good agreement with plant data. Only
for Heat 5 the predicted average composition for inclusions was different from the
measured average composition of inclusions after Ca injection. In this sample surprisingly
there was much higher number of pure alumina incluions after Ca injection compared to
other heats. One reason for that could be reoxidation of sample. Unfortunately that was the

only available sample from ladle. But, three samples were available from tundish, one at
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the beginning of casting, one in the middle and one at the end of casting. Those sample
were analyzed and are presented in Figure 6-2 (c). The average composition of oxide
inclusions in tundish samples is similar and agrees with model prediction. For all heats at
the beginning of the process, there isa jump in CaO and M g0 content of inclusions because
of reaction of alumina inclusions and the calcium and magnesium already present in the
melt. During the high stirring period dissolved Mg increases in the steel due to reduction
of MgO from the slag. This magnesium reacts with the alumina inclusions to form
magnesium aluminate spinel. Finally, during Ca injection the composition of inclusions

moves to higher CaO lower MgO content in the liquid area.

Figure 6-3 compares the predicted and calculated concentrations of dissolved species in
the steel. There is good agreement between the model calculations and the measured values
for dissolved Sulphur, aluminum and silicon for all of the heats presented. At the beginning
of process some aluminum is added followed by high stirring to kill the steel and slag, and
to promote desulphurization. Dissolved [Al] also reacts with the slag to reduce [Si] and
[Mg] from the slag. The observed increase in Mg in the inclusions and the transformation
from alumina to spinel shown in Figure 6-2 is associated with this high stirring period. Ca
injection was carried out during the last few minutes of the process. The last sample in all
heats was taken after calcium injection. In previous work was found that Ca treatment can
enhance mass transfer in the steel since Ca bubbles form during Ca treatment and these
bubbles induce stirring much in the same way as injected argon gas. Not including the
calcium contribution to stirring in the model may well be the source of the observed over

-prediction of [Al] and associated under-prediction of silicon in some heats (Heat 1,2 and
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6). The rate of injection of calcium is approximately 7 kg/min. if we assume 25 % recovery
of Ca injected, 75% of the injected Ca form bubbles which is 5.25 kg/min which would
give 173Nm?3 /h which is just under 3.5 times the gas injection rate for argon during high

stirring periods.

k 5.25 mol
5.25 —L = g

min  0.0408 min

3 3
= 134.8 M = 2 8g ™) _ 175 g5 () (6-1)
min min h

However, Ca bubbles stirring is not as efficient as Ar since the bubbles size and
distribution is not controlled. Besides that, there might be disruption of the slag/metal
interface during injection. Therefore, the effect of calcium bubble stirring on enhancement
of mass transfer is different than that of argon. Further analysis is required to quantify effect

of Ca bubbles on mass transfer in the metal phase.
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Figure 6-3. Measured and calculated bulk concentrations in the steel phase

McMaster University, Materials Science and Engineering

Figure 6-4 shows change of bulk concentration of components in the slag phase for Heat

1. Since the measurements for slag chemistry were not available for other heats, the slag

chemistry is shown for only this heat, though all heats follow the same trend.
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Figure 6-4. Calculated bulk concentrations in the slag phase

(MgO), (SiO2)wt%

From the beginning of the ladle process FeO and MnO content start to decrease because

of steel-slag reaction, although the rate is lower before high stirring period. During high

stirring the mass transfer in the steel increases which in turn increases reaction at the steel-

slag interface and FeO, MnO reduction increases and they finally reach equilibrium. High

stirring also promotes desulphurization and reduction of SiO, in the slag as it is seen in
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Figure 6-4. The sharp drop in the concentration of components in the slag in the middle of
high stirring period corresponds to dilution by CaO addition to the slag.
6.3.2 Parametric Study

6.3.2.1 Sulfur content

It is well known that steel with higher sulphur content has a tendency to form solid CaS
inclusions. Holappa et al. [23] defined a “liquid window” over a range of temperature
inside which liquid calcium aluminate inclusions are stable. At low calcium content,
desired low melting temperature calcium aluminates do not form, whereas CasS is formed

at high calcium levels.

Lu et al. [8], from their laboratory experiments concluded that higher initial sulphur
activity to oxygen activity ratio in the melt favors sulphide inclusion formation, whereas a
lower ratio favors oxide formation. But, it should be noted that in their experiments
dissolved oxygen content was up to 60 pmm whereas in industrial condition the oxygen
concentration is not more than 5 ppm before Ca injection as the steel is aluminum killed.
In this circumstance formation of CaS is much more favourable than
Ca0O and amount of CaO produced in negligible. In our previous work [16] it was
concluded that most of sulphide inclusions form at the reaction plane. Higher sulphur in
the molten steel results in a larger amount of sulphide inclusions which in turn decreases
the rate of calcium dissolution in the melt. On the other hand the fundamental kinetic model
for alumina transformation [24] showed that rate of modification of alumina inclusions is

controlled by rate of supply of calcium to the inclusions. Hence, increasing sulphur content
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of the steel adversely affects the modification of inclusions since the injected calcium will

be consumed by sulphur rather than alumina.

Figure 6-5 shows the effect of varying sulphur on the rate of transformation of alumina
inclusions to calcium aluminate as calculated by the current model. The term
ttansformation SHOWS the time required for complete transformation of the alumina core to
liquid calcium aluminate when a shrinking core model is assumed. Increasing dissolved

sulphur, increases the time required for completion of the transformation as expected.

250 r ' ' 1 : -

200 t :
D

.% 150 t :
£
L

% 100
50 :
O I 1 1
0 50 100 150 200

ppm sulphur

Figure 6-5. Effect of sulfur content of the steel on the modification of alumina inclusions to calcium
aluminate (composition of steel and slag are taken from Heat 1)

Figure 6-6 shows inclusion composition from heat 10 and heat 6 which had different
sulphur contents before Ca injection. Heat 10 and heat 6 were chosen for this comparison

because they have similar A[Al], which is the difference between the total aluminum and
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dissolved aluminum. A[AI] is considered a reasonable estimate of the total oxygen in the
steel (mass of inclusion) [8], which might otherwise affect the extent of modification. The
extent of modification of inclusions for Heat 10 (with a sulphur content of 13 ppm) is
higher compared to Heat 6 (which has a higher sulphur content of 50 ppm) even though 59

ppm total calcium is injected for heat 6 in comparison to 51 ppm for heat 10.

Liquidus

-O -Heat 6

—— Heat 6-Model
—l-Heat 10
——Heat 10-Model

Figure 6-6. Composition of inclusions before and after Ca injection for two heats with different sulphur
content before injection

As the heats considered in this study follow very similar operating conditions in terms
of oxidation, slag composition and stirring, it is difficult to use the data to investigate the
effect of these parameters on inclusion evolution. Hence, in the rest of this paper a
parametric analysis of conditions assumed for the steel and slag is presented. The base case

for the initial composition of the steel and top slag is presented in Table 6-5 and Table 6-6,
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respectively. Unless otherwise stated, 10 min of high stirring is assumed during the ladle

process for desulphurization.

Table 6-5. Base composition for steel at the beginning of ladle process (Wt. %)

C Mn P S Si Al N Fe

0.05 1 0.01 0.01 0.06 0.04 0.005 balance

Table 6-6. Base composition for top slag (Wt. %)

P,0s Ti0, CaS FeO Ca0 MnO Si0, MgO Al,0; Other

0.01 0.3 0.5 2 50 1 8 8 30 0.19

6.3.2.2 Amount of inclusions

The initial total oxygen is related to the total amount of the Al, 0 inclusions in Al-killed
steels as this value consists of the ppm of dissolved oxygen in steel [0] and ppm of oxygen

bonded to the oxide inclusions.

Higher total oxygen implies a larger amount of inclusions. Therefore, at constant a Ca
injection rate, dissolved calcium is distributed between larger numbers of inclusions which
implies a lower transformation rate since the rate of modification is controlled by rate of
Ca supply which is determined by mass transfer coefficient of calcium from bubbles
through boundary layer and interfacial area of bubbles. k., ; X Az ; was determined to be
0.37 x 107* S~ 1 in previous work [16]. The effect of total oxygen on the trajectory of
inclusion composition during ladle processing is presented in Figure 6-7. As the number
of particles decreases due to the lower total oxygen assumed it implies that a similar amount
of Mg provided by the slag is distributed among the fewer inclusions in the system.
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MgO
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CaOo

Figure 6-7. Effect of total oxygen on trajectory of inclusion modification during ladle process

With the same stirring intensity, the Mg pick up from the slag is the same. Therefore,
steel with a smaller mass of oxide inclusions induces a higher amount of Mg pick up and
spinel formation in the inclusions as [Mg] released from the slag is distributed among fewer
particles. Also, with the same amount of Ca injected, having higher amount of inclusions
lowered the calcium content of inclusions. Thus, to reach the liquid region, a higher amount
of Cais required. In a study by Sun et al. [8] a “Ca treatment index” was developed which
is the ratio of total calcium in the melt to the difference between the total aluminum content
and soluble aluminum in the steel. It was found that Ca treatment index was a reasonable
predictor of the calcium requirement for modification of inclusions in each heat. The

foregoing observations are consistent with the findings of Sun et al. [22].
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6.3.2.3 Size of inclusions

Most of the indigenous inclusions detected by automated SEM analysis were in the
range of 1 to 5 microns diameter. Given this situation, the size of alumina inclusions was
varied in the model from 2 to 5 microns to analyze effect of size on the inclusion

modification rate.

The effect of size of alumina inclusions on the rate of alumina transformation is shown
in Figure 6-8. For this calculation, the total oxygen is kept constant, i.e. the number of

inclusions is changed so that the total mass of alumina inclusions is the same.

0.8

0101: 20 ppm

06+

0.2r

O - I - J
0 100 200 300 400

time (s)
Figure 6-8. Effect of size of alumina inclusions on the rate of modification of alumina by calcium
As is seen in Figure 6-8, changing the size of inclusions while the total mass is constant,
does not change the rate of transformation. This result is consistent with previous findings
by the authors [24] that the rate of modification of alumina inclusions is controlled by rate

of supply of calcium to the inclusions. Hence, when the calcium injected into the steel
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reaches the inclusions the reaction is effectively instantaneous. This observation has a
beneficial practical use for modeling that it is not necessary to know the exact size
distribution of the inclusions to predict the modification rate. If the total mass of inclusions
is known, the rate of transformation can be estimated. However previous work by the
authors (see Figure 5-3, in Chapter 5 of this thesis), it is clear that all inclusions do not
transform at the same rate because at any given time there is a wide range of inclusion
compositions. One explaination of this observation that is consistent with the modelling
results is that some of these inclusions are formed by minor reoxidation event which means
they would not be present a throughout calcium injection and would only be modified by
residual calcium. The earlier inclusions formed the more time and calcium would have
been available for modification.
6.3.2.4 Stirring

In this analysis the stirring intensity is varied while keeping all other parameters
constant at base case conditions i.e. Table 6-5 and Table 6-6. The results for the variation
of oxide inclusion evolution is shown in Figure 6-9. ‘High stirring’ in Figure 6-9 refers to
the base case with 10 min of high stirring (25 Nm3/h/plug), whereas ‘low stirring’ refers to

the case in which the stirring was assumed to be 5 Nm?h/plug throughout process.
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Figure 6-9. Effect of stirring on the modification path

The inclusions under low stirring remain mainly as alumina with a very small amount
of magnesium (approximately 0.1 mole fraction) before Ca injection, while with a high
stirring the transformation to spinel in the particles is much closer to completion. This is
expected as high stirring enhances mass transfer of species in the molten steel which in
turn increases the reduction of species in the slag such as Mg0. On the other hand the
reversion of Si is more pronounced in the high stirring regime as it is seen in Figure 6-10.
These results are consistent with the industrial evidence that the pickup of [Si] is linked to
an increase in the formation of spinel [5]. Under low stirring, desulfurization is slow

leading to a higher sulfur content of the steel before calcium injection as shown in
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Figure 6-10. Thus, the modification of inclusions is very sensitive to stirring rate. Higher
sulphur content in the steel causes formation of larger amount of sulphides during injection
which delays modification of inclusions as discussed in section 6.3.2.1. Figure 6-11
demonstrates total calclum and Ca in form of sulphides in the steel for low and high stirring
cases. As it is seen in Figure 6-11 to reach the 100% liquid area 90 ppm Ca is required for
heats employing low stirring, whereas for heats involving 10 minutes of high stirring only
50 ppm is sufficient. The amount of CaS formed is also almost twice in the case of low
stirring compared to high stirring heats. It is worth noting that the total calcium pickup is
higher for low stirring heats because the higher sulphur concentration in these heats will
lead to an enhanced rate of calcium pick-up but not to more efficient calcium use. In
summary, stirring intensity has multiple simultaneous effects on Si reversion,
desulphurization and inclusion modification all of which have to be taken into account in

optimizing the process.
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Figure 6-10. Sulfur and silicon content during ladle process for low and high stirring
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Figure 6-11. Total Ca and Ca in form of sulphides for low and high stirring heats

204



Ph.D. Thesis, Yousef Tabatabaei McMaster University, Materials Science and Engineering

6.3.2.5 Slag composition

6.3.25.1 FeOand MnO
To analyze oxidation potential of the slag on the evolution path of inclusions, the initial

slag composition was modified from the base case as listed in Table 6-7 with different

FeO
MnoO

FeO + MnO contents. The compositions were chosen to maintain an initial ratio of

~

Table 6-7. Initial slag composition in wt. % with different oxidation potential

P,0s Ti0, CaS FeO CaO MnO SiO, MgO Al,0; Other (FeO + Mn0)

0.01 0.3 0.5 1 51 0.5 8 8 30.5 0.19 15
0.01 0.3 0.5 2 50 1 8 8 30 0.19 3
0.01 0.3 0.5 4 48 2 8 8 29 0.19 6

The effect of oxidation level of the slag on evolution of inclusions is shown in Figure 6-12.
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Figure 6-12. Effect of oxidation level of the slag on the evolution of inclusions

With decreasing initial oxidation potential of the slag, the Mg content of the spinel is
slightly higher, although the effect is not significant. The respective slag reduction progress
is presented in Figure 6-13. At higher oxidizing conditions in the slag, the aluminum reacts
with the FeO and MnO instead of MgO which delays release of Mg into the steel. It also
results in higher total oxide contents which will take longer to modify. Lower dissolved
magnesium in the steel makes alumina inclusions more stable than spinel. However, having

high stirring intensity and giving enough time, concentration of FeO and MnO eventually
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reach equilibrium as shown in Figure 6-13. Increase in FeO content of the slag at 9 min

and 21 min corresponds to arcing which leads to oxidation of Fe and formation of FeO.
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Figure 6-13. Slag deoxidation progress (a) FeO (b) MnO

6.3.25.2 MgoO
As mentioned earlier, reduction of magnesia in the slag by aluminum in the steel is the

primary source of magnesium in the steel. Hence, a higher concentration of MgO in the
slag leads to more dissolved magnesium in the steel which in turn transforms alumina
inclusions to magnesium aluminate spinel. Figure 6-14 shows the predicted trajectory of

inclusion modification for three slags with different initial MgO content as described in.
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Table 6-8. Initial slag composition in wt. % with different MgO content

P,0s Ti0, CaS FeO Ca0 MnO Si0, MgO Al,0; Other

D 0.01 0.3 0.5 1 50 0.5 8 8 30 0.19
E 0.01 0.3 0.5 4 51.5 2 8 5 30.5 0.19
F 0.01 0.3 0.5 4 53 2 8 2 33 0.19
MgO
0 = =Liquidus

0.9 0.1 —Slag D

—-=Slag E

0.8 0.2 —Slag F

0.1

AI203 Ca0

Figure 6-14. Effect of MgO in the slag on modification of alumina inclusions

The results indicate a decrease in the amount of spinel with decreasing initial MgO in

the slag as expected. Change of slag MgO is unlikely to have a drastic effect on the
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desulphurization process suggesting that control over the M g0 content of the slag can help
to reduce spinel formation. Harada, et al. [14] came to similar conclusions.
6.3.2.6 Reoxidation

Figure 6-15 shows the effect of reoxidation of molten steel on the composition of
inclusions after calcium treatment. For this calculation, it was assumed that dissolved
oxygen in the steel is increased up to approximately 5 ppm. It is seen that with increasing
dissolved oxygen in the steel, oxygen reacts with dissolved aluminum and magnesium
which in turn increases alumina mole fraction in the inclusions. The change of the total
number moles of components in the CaO — Al,0;_MgO inclusions is presented in

Figure 6-16.

Pretorius et. al. [25] stated that any increase in the oxygen potential of the steel due to
reoxidation after Ca injection could lead to secondary spinel formation. The present work
shows that reoxidation can also change the composition of primary liquid magnesium

calcium aluminate inclusions to form spinel.
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Figure 6-15. Effect of reoxidation on composition of oxide inclusions after calcium treatment

In another study by Pretorius et al. [5] the reoxidation of steel by thermodynamic
calculations was investigated using FactSage. They showed that by increasing amounts of
oxygen in the steel bulk composition of inclusions changes toward higher alumina and

magnesia similar to the finding of the current study.
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Figure 6-16. Change of components in the oxide inclusions during Ca injection and reoxidation

6.4 Conclusions

A kinetic model to simulate the reactions among slag, steel and inclusions in a ladle
furnace was developed. In the present work, the influence of different parameters on
modification of inclusions before and during calcium treatment was studied to offer better

control of inclusions in the ladle furnace. The following conclusions are derived:

1. Higher sulphur content of the steel before calcium injection suppresses the
modification of alumina inclusions as the calcium will be consumed by sulfur rather

than alumina inclusions.

2. With increasing total oxygen which reflects the total amount of alumina inclusions,

at the same injection conditions, rate of transformation of inclusions decreases.
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3. Changing the size of inclusions while the total amount of inclusion is kept constant,

does not affect the rate of transformation.

4. Higher stirring enhances reduction of MgO in the slag which in turn provides more

dissolved Mg for the inclusions and increase the Mg content of spinel inclusions.

5. Higher oxidation potential of the slag leads to formation of spinel with higher

alumina content.

6. Higher MgO content of the slag promotes formation of spinel with higher Mg

content

7. Reoxidation of steel which increases dissolved oxygen in the steel can cause change

of composition of inclusions towards higher alumina content.
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Chapter 7

Summary and conclusions

7.1 Summary and contributions

The main objectives of this project were to understand modification of inclusions during
ladle process. A kinetic model for inclusion evolution before and during calcium treatment
in the Ladle Metallurgy Furnace was developed. By coupling of the ‘inclusion model’ to
previous kinetic models for the slag-steel reactions and injection of calcium, a
comprehensive model for ladle furnace was developed, which allowed prediction of
trajectory of average inclusion composition as well as steel and slag during ladle process.
These objectives were achieved as demonstrated in Chapter 3, Chapter 4 and Chapter 5.

The important outcomes of this work are:

In Chapter 3, a fundamental multi-layer kinetic model was developed for predicting
modification of alumina inclusions to calcium aluminate in the liquid steel. This model
considers mass transfer in the steel and diffusion through a multi-phase product layer. A
sensitivity analysis of this model examining the effect of a two order of magnitude change
in, diffusion in the solid product layers, diffusion in the liquid calcium aluminate and mass
transport in the liquid steel as well as a change in calcium concentration in the steel,
demonstrated that the only significant factors in controlling the rate of transformation were
mass transport in the liquid steel and concentration of calcium in the steel. These
observations, which are consistent with the fact that experimental studies of calcium

treatment did not find multiple product layers on the surface of partially transformed
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inclusions, justified the use of a simplified inclusion transformation model for use in
combination with the steel/slag kinetic model and the calcium injection model (Chapter 4).
It is also worth noting that in none of the cases tested, was the time for transformation as
long as that found in calcium treatment of steel and that the effect of calcium concentration
was greater than any of the other parameters tested. The last two findings suggested that
the rate determining step for calcium treatment of alumina, is most likely to be controlled
by calcium supply to the steel, rather than transport within the inclusion or in the boundary
layer in the steel surrounding the inclusion. This particular hypothesis is consistent with

previous work in the author’s laboratory and was explored in more detail in Chapter 4.

Chapter 4 presents details of the coupled kinetic model for slag-steel-inclusion
reactions. The kinetic model developed in Chapter 3 was coupled with a model for calcium
injection from Lu et al. [1] which allowed simultaneous calculation of rate of
transformation of alumina inclusions and formation of calcium sulphide and calcium oxide
inclusions. The kinetic model for inclusions and calcium injection was also combined with
the model developed for slag-steel reactions by Graham and Irons [41]. The only parameter
fitted to the current data, was the k¢, X Ap, for calcium in the bubble plume. The
comprehensive coupled model successfully predicted the rate of alumina modification,
sulphide inclusion formation and steel composition change before and during Ca treatment
showing excellent agreement with data from plant trials. The results showed that due to the
huge interface of inclusions and fast reaction of inclusions with dissolved calcium shown
in Chapter 3, any calcium supplied to the steel from calcium bubbles instantly reacts with

alumina inclusions to form calcium aluminates. Hence, the dissolved calcium in the steel
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reaches a very low concentration in equilibrium with inclusions. The model also showed
that due to the high affinity of calcium for sulphur and oxygen, most of the calcium
diffusing from the Ca bubbles to the steel reacts with dissolved sulphur and oxygen at the
calcium injection plume to form sulphide and oxide inclusions and only a small fraction
dissolves to the steel. Typically, because the dissolved oxygen is extremely low in Al-killed
steel, the amount of oxide inclusions formed at the plume is very limited. The model
matched the reduction of calcium from slag during strong stirring period which is sufficient
for partial modification of alumina inclusions to calcium aluminate as observed in
ArcelorMittal Dofasco plant data and by other researchers [46,49]. The distribution of
sulphide and oxide inclusions as well as total calcium were also calculated by the model
which showed good agreement with plant data. One interesting observation was that after
2 min of Ca injection calcium aluminate inclusions reached saturation with respect to Ca0O
(which was considered in the model) and further calcium injection led to calcium sulphide
formation. As the current model runs fast enough and due to similarity of worldwide
operations, with only fine adjustment to local conditions, it can be used in wide range

industrial plants for process control.

It should be noted that in real industrial conditions pure alumina inclusions are rarely
observed immediately before calcium treatment. Alumina inclusions always react with
dissolved magnesium provided by reduction of MgO in the slag or other sources such as
refractories, to form magnesium spinel inclusions. These inclusions may also transform by

reaction with calcium to form liquid magnesium calcium aluminates.
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Chapter 5 addresses the evolution of oxide inclusions from the first formation of
alumina, to spinel formation by reaction between the alumina inclusions and magnesium
reduced from the slag, to final modification of the spinel by calcium injection. The model
includes the slag metal kinetic model and the calcium injection model discussed in Chapter
4 which are combined with an inclusion transformation model. The inclusion
transformation model includes formation of spinel from alumina and modification of the
spinel by calcium. Both spinel formation and transformation to calcium aluminate are
reversible and in competition with each other. A shrinking core model was assumed
considering mass transfer of solute (Mg, Ca, Al and 0O) through the liquid steel boundary
layer to and from the inclusion and diffusion within the product layer formed on the surface
of the inclusion. The mechanism of calcium modification of spinel was found to be
reduction of MgO in the inclusions by dissolved Ca in the steel. A sensitivity analysis was
also carried out to examine the importance of diffusion in liquid product layer, mass
transfer through the boundary layer and concentration of dissolved solutes in the steel on
the rate of modification. Change of diffusion coefficient by an order of magnitude in the
boundary layer changes the rate approximately by the same order of magnitude, whereas
varying of diffusion coefficient in product layer by two orders of magnitude did not change
the rate of transformation. Thus, the conclusion with respect to rate controlling step was
similar to finding in Chapter 3, that rate of spinel modification was controlled partially by
calcium supply to the steel and partially by Mg and Ca exchange by transport through the
boundary layer between the steel and the inclusion. This conclusion is consistent with

finding by Galindo [42] for formation of spinel inclusions from reaction of alumina with
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dissolved magnesium. The sensitivity analysis in the present work demonstrated that the
rate of transformation of spinel is controlled by mass transfer through boundary layer and
rate of supply of calcium and removal of magnesium. Therefore, modification of spinel
inclusions with calcium was found to be more difficult than that of alumina since dissolved
magnesium in the steel reaches equilibrium with inclusion and makes it more difficult to
reduce MgO from spinel inclusions. It was also found that the composition of the product
layer varies with relative flux of Al, Mg, Ca and O from the steel through the boundary
layer. Higher dissolved magnesium in the steel resists the flux of magnesium through the
boundary layer decreasing the rate of calcium modification and increasing the
concentration of MgO in the liquid product. This is also the case for aluminum. However,
effect of calcium on transformation is different. According to the CaO — Al,0;_MgO
phase diagram, the composition of the liquid product layer in equilibrium with spinel lies
on a line approximately parallel to the Al,0; — MgO side of the diagram, which means
changing calcium concentration in the melt has a little influence on the trajectory of the

inclusion composition, although it changes the rate of transformation.

The overall inclusion-steel- slag coupled model developed in Chapter 5 was verified
against one heat from ArcelorMittal Dofasco. In Chapter 6 the comparison with industrial
data was extended to several additional heats with a range of characteristics. The average
composition of inclusions during ladle processing as well as change of concentration of
dissolved species and rate of desulphurization was predicted with excellent agreement. A
sensitivity analysis of the coupled kinetic model for the slag, steel and inclusions was

performed to compare the effect of the different processing conditions in the ladle furnace
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on evolution of inclusions. The results confirm the finding from Chapter 4 with regards to
effect of ratio of amount of alumina inclusions to rate of supply of both magnesium and
calcium on transformation of inclusions. It was found that higher sulphur content in the
steel can delay modification of inclusions which is also suggested by other authors as
described in Chapter 2. The analysis revealed the significance of stirring intensity on the
evolution of inclusion composition. The model demonstrated that the stirring has influence
on composition of inclusions in two different ways: a) changing the rate of slag-steel
reaction which in consequence changes the rate of supply of Mg from the slag to the steel
affecting formation of spinel inclusions and b) rate of desulphurization that leads to
different sulphur concentration in the steel at the start of Ca treatment. The effect of
composition of slag in terms of oxidation level and M g0 content on evolution of inclusions
composition was examined. The results showed that change of composition of slag directly
affects composition of inclusions in the steel which again confirms the close link among
slag, steel and inclusions in the ladle furnace. Higher oxidation levels of slag hinder
reduction of MgO by aluminum in the steel which in consequence decreases the Mg
content of the inclusions. Also, reducing M gO content of the slag directly leads to decrease
in the Mg fraction in the inclusions. Reoxidation of steel can change the composition of
inclusions as it increase dissolved oxygen in the steel. Due to high dissolved content of the
steel, dissolved oxygen in the reacts with aluminum to increase alumina in the inclusions.
7.2 Specific Findings

Theoretical analysis based on a model of the ladle furnace combining slag metal

reactions, with calcium injection and inclusion transformation has been combined with
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analysis of industrial data to elucidate the kinetics of modification of oxide inclusions and
formation of sulphide inclusions in the ladle furnace. The project objectives proposed in

section 1.2 were achieved. The key conclusions from this research project are:

1. A fundamental model developed for alumina transformation to calcuium aluminate
in Chapter 3 showed that for a single alumina inclusion in a steel mass transport
through the steel inclusion boundary layer and concentrations of dissolved species
have a significant effect on the rate control for the aluminate transformation and the
influence of diffusion within the inclusion is negligible. It was also found that the
control through the boundary layer is mixed between oxygen, aluminum and
calcium transport, and complicated by the imposed equilibria amongst CaO and

Al, 05 in the phase at the surface and dissolved Ca, Al and O.

2. Based on the multi-layer kinetic model and using the accepted literature values for
the transport properties, modification of alumina to liquid calcium aluminate is
extremely fast and the reactions of the inclusion is complete within a few seconds.

This suggests that:

a) Due to a large number of inclusions with enormous interfacial area in
the steel, the bulk steel composition will closely follow equilibrium with

inclusions.

b) If calcium is sufficiently available, an alumina inclusion will transform

rapidly to generate as much liquid calcium aluminate as possible.
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c) The multi-layer model could be replaced by simple one-layer model of

growth of the liquid calcium aluminate layer with little loss of accuracy.

3. The coupled slag-steel-inclusion model presented in Chapter 4 showed that
modification of alumina inclusions is controlled by the rate of supply of calcium to
the melt. Hence, the inclusions consume the injected calcium so rapidly that the
dissolved calcium reaches a fairly constant low value approximately 0.1-0.2 ppm

during calcium treatment.

4. Comparing results of modeling with plant data in Chapter 4 demonstrated that:

a) Calcium transferred from the slag especially during high stirring period
could be sufficient to partially modify alumina inclusions to calcium

aluminate.

b) The rate of steel slag reactions during calcium injection is increased due

to the contribution of Ca injection to stirring in addition to that of argon.

c) By assuming that formation of CaS inclusions occurs only at the
injection plume, the model offers remarkable prediction sulfide
formation determined using plant data, hence it can be concluded that

most CaS is formed at the plume.

5. In Chapter 5 a shrinking core kinetic model was developed for modification of

spinel by calcium. The model showed that:
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a)

b)

The rate control for spinel modification by calcium treatment is mixed
between mass transport of magnesium and calcium through the steel

inclusion boundary and rate of supply of solutes to the bulk steel.

A small concentration of calcium, less than 1 ppm, is sufficient to

modify spinel inclusions to liquid magnesium calcium aluminate.

The composition of magnesium calcium aluminate produced by reaction
of Ca with spinel as well as rate of transformation is influenced by
concentration of dissolved Ca, Mg, Al and O in the steel, although the
magnitude of the effect of each species is different. Higher
concentrations of dissolved Mg and Al in the steel induces liquid
magnesium calcium aluminate with higher content of magnesium and
aluminum respectively. Whereas changes to the Ca concentration only

slightly changes the composition of liquid product.

6. Sensitivity analysis for the variation of the process parameters in the ladle furnace

Chapter 6 concluded that:

a)

b)

Higher sulphur content of the steel before injection induces higher
consumption of calcium by sulfur rather than alumina inclusions which

delays the modification of alumina inclusions.

The rate of Ca supply in relation to the mass of inclusions determines
rate of modification. So, under the same injection conditions, increasing
the total mass of alumina inclusions reduces rate of transformation of
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change of composition of inclusions towards higher alumina content
since the dissolved oxygen reacts with dissolved aluminum to increase

alumina content of inclusions.
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