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Abstract: Kinetics analysis without fully taking into account the effect of mass transport in slag
phase on MgO reduction by Al in liquid steel would lead to overestimation of Mg pickup by steel
and driving force of the reaction. Two rate models considering mass transport in (a) steel melt
phase only (single control model) and (b) steel and slag melt phases (mixed control model) were
developed for evaluating the thermodynamic equilibria between CaO-Al2O3-MgO slags and Al-killed
steels. Calculated results from the two models were compared and then validated by equilibrium
experiments between a CaO-Al2O3-MgO slag (Al2O3-saturated) and Al-killed steels with different
Al levels at 1873 K (1600 ◦C). Results showed that the calculated reaction rate in the mixed control
model was always lower than that in the single control model due to the slow mass transport in the
slag phase. The mass transfer coefficient of [Mg] in the steel was computed to be 6.2 × 10−5 m/s from
the equilibrium experiment results between an Fe-1.0 mass% Al steel and 51 mass% CaO-39 mass%
Al2O3-10 mass% MgO slag at 1873 K (1600 ◦C), with which the mixed control model was validated at
different initial Al levels in the steels.
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1. Introduction

Advanced High Strength Steel (AHSS) has nowadays been widely employed in the automotive
industry due to its high strength, enhanced formability and lightness. Higher levels of alloying
elements such as Al, Mn, Si, and Cr have been added into the AHSS steel for better properties and
energy efficiency [1–5]. In particular, the reactivity of dissolved Al in the AHSS melt proposes a
significant challenge on account of undesired reactions between the molten steel and its environment
including refractory liner and slags during production processes. MgO in the slag is probably reduced
by the dissolved Al in the AHSS melt at a high temperature which leads to Mg transfer to the melt
and unexpected changes to non-metallic inclusions, resulting in quality and performance problems of
AHSS steel products. The correlative reaction and standard Gibbs free energy of MgO reduction by Al
in liquid Fe are shown in Reaction (1) and Equation (2) [6], respectively, where “()” represents that
the component is presented in the mixture of oxide melt, and “[]” represents the dissolved element in
liquid Fe. It is noteworthy that, although both MgO-containing slag and refractory can be the source
of Mg in Reaction 1 [7–9], a solid spinel layer at the steel-refractory interface probably generates and
prevents direct Mg pickup by the steel which turns the MgO-containing refractory to be an inefficient
source of [Mg] [10–12]. This work only focused on the MgO reduction in the slag by Al in liquid Fe:

2[Al] + 3(MgO) = (Al2O3) + 3[Mg], (1)
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∆Go
R = 960746− 321.3T (J/mol). (2)

Thermodynamic and kinetic analysis on equilibrium and reactions between slags and Al-killed
steels at high temperatures have been studied deeply in previous studies. Robertson et al. [13]
established a mixed mass transfer control model based on diffusion-controlled reactions in slag and
metal, assuming equilibrium at the slag–metal interface. Comparison of the model and experimental
data including slag and steel compositions were verified at ArcelorMittal Dofasco (Hamilton, ON,
Canada). Rhamdhani et al. [14] proposed an approach for accommodating the interfacial area changes in
reactions between Fe-Al alloy and CaO-SiO2-Al2O3 slag by employing the time-averaged interfacial area.
They found that the kinetics follow a first order rate law with respect to aluminum in the metal, and were
controlled by mass transport in the metal phase with a mass transfer coefficient km of 1.7 × 10−6 m/s.
It also found that, although no Mg has been especially added into the molten Al-killed steels,
spinel (MgO·Al2O3) inclusions still could form during refining processes as a result of MgO reduction
in MgO-containing slag by Al in liquid Fe [15–17]. Harada et al. [15] established a coupled reaction
model to estimate the reactions between molten steel/slag and molten steel/inclusion originating from
the slag, and found the deoxidation product turned from alumina to MgO·Al2O3 spinel inclusion due to
an increase in the Mg content of the steel. Itoh et al. [16] studied the thermodynamics on the formation
of spinel inclusions in liquid steel and evaluated the equilibrium constants and interaction parameters
on calcium, magnesium, and aluminum deoxidation in liquid Fe at steelmaking temperatures by
experiments. Liquid oxide phase area in the stability phase diagram of the MgO-Al2O3-CaO ternary
system was determined. Park et al. [17] thought the basic way to avoid spinel inclusions was to control
Mg and Al contents in molten steel other than this region. Some researchers [7,11] concluded that mass
transfer of Mg in liquid steel posed a dominant effect on MgO reduction and spinel formation processes.
Indeed, when there are enough MgO and Al contents reacting at the interface of Al-killed steel and
MgO-containing slag, it is rather unlikely that the slag–steel reaction at such a high temperature is the
rate determining step. Liu et al. [7] considered Mg transfer in molten steel was the rate controlling
step of spinel generation by theoretical analysis. Okuyama et al. [11] employed the two film theory
to analyze the rate-determining step of slag/metal reaction and found the rate-determining step of
MgO reduction in the slag was the mass transfer of Mg through the film in molten steel. However,
in the previous studies, they did not fully consider the effect of mass transport in slag phase on MgO
reduction reaction, which probably would lead to overestimation of the Mg pickup by the steel and the
driving force of the reaction.

In this work, reaction rate models considering mass transport in liquid Al-killed steels and
CaO-Al2O3-MgO slag phases were developed. Mass transport in (a) steel melt phase only (single
control model) and (b) steel and slag melt phases (mixed control model) were considered and compared
in two rate models. In the first model, it was assumed that there was no boundary layer in the
CaO-Al2O3-MgO slag at the steel–slag interface. The mass contents of components in the bulk slag
were the same as those at the steel–slag interface, which indicated that the rate of MgO reduction
reaction was just controlled by the mass transfer in the steel melt phase. In the mixed control model,
the mass transport processes in both liquid Al-killed steel and CaO-Al2O3-MgO slag phase were
taken into account. The interface concentrations of components in the steel and slag phases were
considered to be time-dependent variables, which were determined by local equilibrium at the reaction
interface. The model predictions were compared, discussed and then validated by thermodynamic
equilibrium experiments between the liquid Al-killed steels and a CaO-Al2O3-MgO slag. Change in
mass contents of components in the steel and slag phases were measured with time and compared
with the model results.

2. Model Description

Generally, the chemical reactivity of Mg with oxygen is relatively higher than that of Al in molten
steel according to the Ellingham diagram [18,19]. Thus, at a traditional steelmaking temperature,
the standard Gibbs free energy of Reaction 1 is actually a positive value. However, MgO reduction in
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MgO-containing slags and Mg pickup by liquid Al-killed steels do occur during steelmaking processes,
which indicates that the reaction is not just determined by the standard Gibbs free energy but also is
affected by the activities of components in the liquid Al-killed steel and MgO-containing slag phases,
as well as the reaction temperature. Changes in the compositions of the liquid steel and slag depend
on the fluxes of components to the reaction interface where the flux of component i across the unit area,
Ji, can be defined as in Equation (3). mi represents the mass transfer coefficient of component i, and Ci

b
and Ci

i are the concentrations of component i in the bulk steel or slag and at the interface, respectively.
For calculating flux rate of one species, change in composition with time is expressed as in Equation (4),
where A, W and ρ represent the reacting interface area, the weight and density of medium, respectively.
[pct i]b and [pct i]i are converted from Ci

b and Ci
i in solvent, respectively:

Ji = mi
(
Ci

b −Ci
i

) (
g·m−2

·s−1
)
, (3)

d[pct i]
dt

= −
Aρmi

W

(
[pct i]b − [pct i]i

)
. (4)

When the reaction rate models considering mass transport in liquid Al-killed steels and
CaO-Al2O3-MgO slag phases were developed, composition changes of reactant and product
from Reaction [1] can be obtained by solving flux equations from Equations (3) and (4) with the
following assumptions:

(a) Local equilibrium at the steel–slag interface was assumed to be achieved after a certain holding
time at a high temperature;

(b) There was no accumulation of reactants and products during reactions.

2.1. Single Control Model

As the rate of MgO reduction reaction is controlled by the mass transfer of liquid Al-killed steel,
a schematic for changes in concentrations of [Al], [Mg] in liquid Al-killed steel and (Al2O3), (MgO)
in CaO-Al2O3-MgO slag with time is shown in Figure 1. There is a compositional gradient across
the reaction boundary layer on the liquid steel side, while the mass contents of slag components
close to the reaction interface were the same with those in the bulk slag phase. It means that the
bulk concentrations of (Al2O3) and (MgO), [%Al2O3]b and [%MgO]b should be equal to the interface
concentrations of (Al2O3) and (MgO), [%Al2O3]i and [%MgO]i, respectively. In this case, there should
be six unknowns: [%Al]b, [%Mg]b, [%Al2O3]b = [%Al2O3]i, [%MgO]b = [%MgO]i, [%Al]i, [%Mg]i.
Rate equations for [Al], [Mg] in the liquid Al-killed steel and (Al2O3), (MgO) in the CaO-Al2O3-MgO
slag phase can be expressed by Equations (5)–(8) in the single control model:

d[%Al]
dt

= −
AρmmAl

Wm
([%Al]b − [%Al]i), (5)

d[%Mg]
dt

= −
AρmmMg

Wm

(
[%Mg]b − [%Mg]i

)
, (6)

d[%MgO]

dt
= −

3AρmmAlMMgO

2WsMAl
([%Al]b − [%Al]i), (7)

d[%Al2O3]

dt
=

1AρmmAlMAl2O3

2WsMAl
([%Al]b − [%Al]i). (8)

A mass–balance equation between [Al] and [Mg] in the steel and a local thermodynamic equilibrium
equation are shown in Equations (9) and (10)), respectively:

([%Al]b − [%Al]i) +
2MAl
3MMg

(
[%Mg]b − [%Mg]i

)
= 0, (9)



Metals 2019, 9, 998 4 of 15

K × h2
Ala

3
MgO − h3

MgaAl2O3 = 0. (10)
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Figure 1. Schematic for changes in concentrations of [Al], [Mg] in liquid Al-killed steel and (Al2O3), 
(MgO) in CaO-Al2O3-MgO slag with time in the single control model. 
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Figure 1. Schematic for changes in concentrations of [Al], [Mg] in liquid Al-killed steel and (Al2O3),
(MgO) in CaO-Al2O3-MgO slag with time in the single control model.

2.2. Mixed Control Model

As the mass transport processes in both liquid Al-killed steel and CaO-Al2O3-MgO slag phases
are taken into consideration, changes in mass contents of components in the reaction boundary layer
on the slag side should also be considered. When Reaction (1) occurs between the steel and slag,
the concentrations of (Al2O3) and (MgO) in the bulk slag, [%Al2O3]b and [%MgO]b, should gradually
increase and decrease with time, respectively. Concentration gradients of (Al2O3) and (MgO) exist close
to the reaction interface. Thus, there were eight unknowns: [%Al]b, [%Mg]b, [%Al2O3]b, [%MgO]b,
[%Al]i, [%Mg]i, [%Al2O3]i, and [%MgO]i. Figure 2 shows a schematic for changes in concentrations
of [Al], [Mg] in liquid Al-killed steel and (Al2O3), (MgO) in CaO-Al2O3-MgO slag with time in the
mixed control model. Rate equations for [Al], [Mg] in the liquid Al-killed steel and (Al2O3), (MgO) in
the CaO-Al2O3-MgO slag phase can be expressed by Equations (11)–(14) in the mixed control model:

d[%Al]
dt

= −
AρmmAl

Wm
([%Al]b − [%Al]i), (11)

d[%Mg]
dt

= −
AρmmMg

Wm

(
[%Mg]b − [%Mg]i

)
, (12)

d[%MgO]

dt
= −

AρsmMgO

Ws

(
[%MgO]b − [%MgO]i

)
, (13)

d[%Al2O3]

dt
=

AρsmAl2O3

Ws
([%Al2O3]b − [%Al2O3]i). (14)

Three mass-balance equations among the eight unknowns and a local thermodynamic equilibrium
equation are shown in Equations (15)–(17) and (10):

([%Al]b − [%Al]i) +
2MAl
3MMg

(
[%Mg]b − [%Mg]i

)
= 0, (15)

([%Al]b − [%Al]i) −
2ρsmMgOWmMAl

3ρmmAlWsMMgO

(
[%MgO]b − [%MgO]i

)
= 0, (16)
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([%Al]b − [%Al]i) −
2ρsmAl2O3WmMAl

1ρmmAlWsMAl2O3

([%Al2O3]b − [%Al2O3]i) = 0, (17)
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Figure 2. Schematic for changes in concentrations of [Al], [Mg] in liquid Al-killed steel and (Al2O3),
(MgO) in CaO-Al2O3-MgO slag with time in the mixed control model

In the single control and mixed control models, activities of MgO and Al2O3 in the CaO-Al2O3-MgO
slag at steelmaking temperatures were obtained from Ohta and Suito [20], according to the chemical
composition of the slag used in the model calculations. Activities of solute i (such as Mg and Al) in
the liquid Al-killed steel with respect to the 1 mass% standard state exhibiting unit activity is given
by Equation (18), where hi, fi, and [%i] represent the 1 mass% activity, 1 mass% activity coefficient,
and the concentration of element i in mass%, respectively. The Henrian mass% activity coefficient of
solute 2 is expressed by Equation (19) as a first approximation [6], where e j

i is the interaction parameter
of j on i. These parameters will be given in Section 4:

hi = fi[%i], (18)

log f2 = e2
2[%2] + e3

2[%3] + e4
2[%4] + · · ·+ en

2 [%n]. (19)

Four differential equations and two algebraic equations for the single control model, and four
differential equations and four algebraic equations for the mixed control model shown as
Equations (5)–(17) were numerically solved by Matlab 2016 (MathWorks, Natick, MA, USA). Units of
all parameters used in those equations can be found in Tables 1 and 2 below.

Table 1. Chemical compositions of the Al-killed steels and CaO-Al2O3-MgO slag used in the
equilibrium experiments.

No.
Chemical Compositions of the Steels/Mass% Slag Composition/Mass%

C Al S/ppm Mg/ppm CaO Al2O3 MgO

1 5 0.1 10 3
51 39 102 5 1 10 3

3 5 2 10 3
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Table 2. The initial variables and their values used in the rate models.

Model Parameter Value Model Parameter Value

[%Al]b (t = 0) 0.5 mass% Mass transfer coefficient of Al in steel, mAl 1 × 10−4 m·s−1 [21]
[%Mg]b (t = 0) 3 × 10−4 mass% Mass transfer coefficient of Mg in steel, mMg 1 × 10−4 m·s−1 [21]

[%Al2O3]b (t = 0) 39.0 mass% Mass transfer coefficient of Al2O3 in slag, mAl2O3 1 × 10−5 m·s−1 [13,22]
[%MgO]b (t = 0) 10.0 mass% Mass transfer coefficient of MgO in slag, mMgO 1 × 10−5 m·s−1 [13,22]
[%CaO]b (t = 0) Balanced Experiment temperature, T 1873 K (1600 ◦C)

eMg
Al

−0.13 [6] Reaction area between the steel and slag, A π·(0.03)2 m2

eAl
Al 0.043 [6] Density of steel, ρsteel 7000 kg·m−3

eAl
Mg 0.27 [6] Density of slag, ρslag 3000 kg·m−3

eMg
Mg 0 [6] Weight of steel, Wsteel 500 g

K (1873 K) 9.74 × 10−11 [6] Weight of slag, Wslag 75 g

3. Experimental Method

Laboratorial experiments on the thermodynamic equilibrium between liquid Al-killed steels
containing different Al concentrations and a CaO-Al2O3-MgO slag (Al2O3-saturated) were conducted
to verify the validity of the rate models. A schematic of the experimental apparatus employed
in this study was shown in Figure 3. A pure electrolytic Fe and Fe-2 mass% Al steel pieces were
mixed and melted in an arc melting furnace (Jinzhou Electric Co., Ltd, Jinzhou, China) at 1873 K
(1600 ◦C) for 30 min to obtain Al-killed steel samples with different Al levels. The CaO-Al2O3-MgO
slag was prepared by mixing chemically pure CaO, Al2O3 and MgO powders (Shanghai Macklin
Biochemical Co., Ltd, Shanghai, China) in a pipe furnace (Jinzhou Electric Co., Ltd, Jinzhou, China) at
1873 K (1600 ◦C) for 60 min. Chemical compositions of the steel and slag samples for the equilibrium
experiments were listed in Table 1. Al content in the steel ranged from 0.1 to 2.0 mass% and one
51 mass% CaO-39 mass% Al2O3-10 mass% MgO slag was selected. Total oxygen content in those
steels averaged 20 ppm (average of several experiments over time). The quantities of the steel and
slag were 500 and 75 g, respectively. Liquid steel and slag were contained in an Al2O3 crucible
(ID: 60 mm, H: 150 mm) placed in a 10 kW Ameritherm induction furnace (Jinzhou Electric Co.,
Ltd, Jinzhou, China) under Ar atmosphere. A Platinum–Rhodium thermocouple (Beijing Hengjiu
Experiment Instrument Co., Ltd, Beijing, China) was introduced and placed above the melts to adjust
the experimental temperature. After the charged steel and slag were fully melted and homogenized
for 15 min, quartz tubes were then employed to take liquid steel and slag samples through an alumina
guide tube during the equilibrium experiments. The moment after homogenization was set to be the
start of the steel–slag reaction. Liquid steel and slag samples were taken every 5 min, quenched rapidly
in water, and then analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES)
(Thermo Fisher Scientific, Waltham, MA, USA). Changes in the chemical compositions of the steels
and slag in the experiments and models were compared for model validation. It should be noted that a
part of inclusions such as Al2O3 inclusions would also dissolve into the acids during ICP-AES analysis.
However, according to the measurements of scanning electron microscopy and energy dispersive
X-Ray spectroscopy (SEM-EDS) (JEOL, Tokyo, Japan), little inclusions were found in the steels due to
extremely low oxygen concentrations (~7 ppm). Thus, the measured total Ca, Al, Mg contents have
been assumed to be the dissolved ones in the steels.
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and CaO-Al2O3-MgO slag.

4. Results and Discussion

4.1. Model Predictions and Effect of Correlative Condition

Calculations of the developed models were conducted based on these experimental conditions
to check the mass balances and chemical compositions in the steels and slags from thermodynamics
and kinetics. Initial variables in the models and their values are listed in Table 2. Mass transfer
coefficients of Al and Mg in the steel were assumed to be the same and obtained from Harada et al. [21].
A general relationship between mass transfer coefficients and diffusivities is shown in Equation (20) in
the inductively stirred melt [23]. Mass transfer coefficients of the slag components can be estimated
from this equation:

m1

m2
�

√
D1

D2
. (20)

Since generally the diffusion coefficient of each component in slag phase is 10–100 times smaller
than that in steel phase [13,23–25], the average mass transfer coefficients of Al2O3 and MgO in the
slag were set as one-tenth of that in the steel. Area of reaction between the steel and slag in each
equilibrium experiment was assumed to be the cross-section area of the Al2O3 crucible. The effects of
correlative conditions including initial [Al] and [Mg] contents in the bulk steel and (MgO) content in
the bulk slag were investigated by varying their values in the model calculations. The driving force of
MgO reduction by Al in the steel was also calculated and analyzed according to the bulk and interface
compositions of the steel and slag in the two models.

Figure 4 shows the changes in the chemical compositions of the Al-killed steel and CaO-Al2O3-MgO
slag with time in the two models using initial variables. The solid lines and dash lines denote the
calculated results by the mixed control model and the single control model, respectively. The [Al]
content in the steel and (MgO) content in the slag, like the reactants in Reaction 1, showed decreasing
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trends, while the [Mg] content in the steel and (Al2O3) content in the slag increased as reaction products
in both of the kinetic models. Compared with that in the single control model, the rate of reaction
was slower in the mixed control model due to the slower mass transportation in the slag. However,
in both rate models, the steel and slag reached the same equilibrium compositions although through
different time. Actually, there were only slight changes in the (MgO) and (Al2O3) contents in the slag
during the MgO reduction reaction at a high temperature, as shown in Figure 4c,d. Thus, in the model
calculations, the MgO and Al2O3 activities were assumed to be constants, which meant that they would
not change with time to some extent. Calculated results by the two rate models with initial variables
indicated that there was an apparent effect of mass transport in the slag phase on the reaction kinetics.
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Figure 4. Changes in chemical compositions of the Al-killed steel and CaO-Al2O3-MgO slag with
time in the models based on initial variables: (a) [Al] content in the bulk steel; (b) [Mg] content in the
bulk steel; (c) (Al2O3) content in the bulk slag; and (d) (MgO) content in the bulk slag.

Figure 5 shows the effect of initial [Al] content in the Al-killed steel on the equilibrium between
the steel and slag calculated by the two rate models. Since during Mg pickup reaction the consumption
of [Al] was also very slight compared with the initial [Al] content in the steel, the decrease of [Al]
with time was difficult to be discerned, as shown in Figure 5a. When the initial [Al] content increased
from 0.5 to 2.5 mass%, the equilibrium concentrations of [Mg] in the steel and (Al2O3) in the slag were
also increased as the equilibrium of Reaction (1) shifted to the product side. Increase of the initial
[Al] content also significantly improved the rate of the MgO reduction reaction in both kinetic models
which can be observed in Figure 5b,d. Similarly, the reaction rate in the mixed control model was
always lower than that in the single control model. In addition, the extent of this discrepancy between
the two rate models became larger at higher [Al] levels in the Al-killed steel.
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Figure 6 shows the effect of initial [Mg] content in the Al-killed steel on the equilibrium between
the steel and slag calculated by the two rate models. When the initial [Mg] content in the steel,
[%Mg]b (t = 0), varied from 3 to 10 ppm, the equilibrium concentrations of [Al] in the steel and (MgO) in
the slag were increased due to the equilibrium of Reaction (1) shifting to the reactant side. The reaction
rate also became lower for both models. As the initial [Mg] concentration in the steel was increased
to 50 ppm, [Al] in the steel and (MgO) in the slag turned to reaction products instead of reactants
which indicated that Reaction 1 has been reversed. [Mg] content in the bulk steel decreased from 50 to
~25 ppm and [Al] content increased from 0.5 to ~0.502 mass%. No matter whether it is in Reaction 1 or
its reverse reaction, the reaction rates in the mixed control model were still slower than those in the
single control model.
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Whether or not the CaO-Al2O3-MgO slag for refining is MgO-saturated also affects Mg pickup
reaction between the steel and slag. Figure 7 shows the effect of initial (MgO) content in the
CaO-Al2O3-MgO slag on the equilibrium between the steel and slag calculated by the two rate models.
As the initial (MgO) content in the slag varied from 10 to 2 mass%, the equilibrium concentrations of
[Mg] in the steel and (Al2O3) in the slag were decreased, as well as the rate of MgO reduction reaction.
Considering that most of the refractory materials applied in the ladles’ slag lines are MgO-C bricks,
minimizing slag attack and MgO transfer from the refractory to molten slag should be one of the crucial
aspects to suppress MgO reduction in slag and Mg pickup by liquid steel during the refining processes.
In the two rate models, activities of Al2O3 and MgO in the slag were dependent on the slag composition.
As the initial (MgO) content decreased from 10 to 2 mass%, a general estimation on the activities of
Al2O3 and MgO was obtained according to the previous work by Ohta and Suito [20] for the model
calculations in this study. Since mass transportation in slag was rarely considered as a rate-controlling
step in kinetic models, there were no reported experimental values of mass transfer coefficients of
Al2O3 and MgO in liquid slag at steelmaking temperatures, which have been assumed to be an order of
magnitude lower than those of solute elements in the liquid steel in the models [15,23]. Mass transfer
coefficients of [Al] and [Mg] were assumed to be 1 × 10−4 m·s−1 based on previous laboratory tests [21].
This assumption has been improved and discussed on the basis of present experimental results in the
latter part of this paper.
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It is thought that the difference between interface and bulk concentrations of reactants determines
the driving force of the reaction. Figure 8 shows changes in bulk and interface compositions of the
steel and slag in the single and mixed control models with initial variables. As shown in Figure 8a,
the initial driving force in the single control model, which was considered to be the difference between
the bulk and interface concentrations of [Al], was much greater than that in the mixed control model.
Greater driving force leads to a higher initial reaction rate. The initial [Al] content at the interface in the
mixed control model was much closer to the equilibrium value than that in the single control model.
As for the [Mg] content in the steel, a similar phenomenon was confirmed. Difference between the
bulk and interface concentrations of [Mg] in the single control model was larger than that in the
mixed control model. Since the mass transportation in the slag was not taken into consideration in
the single control model, (Al2O3) and (MgO) contents in the bulk slag were the same as those at the
steel–slag interface, as shown in Figure 8c,d, respectively. However, the mass transportation of the slag
components was actually slow enough to be an extra rate-limiting step. In the mixed control model, the
bulk concentrations of (Al2O3) and (MgO) gradually increased and decreased with the reaction time,
respectively. Concentration gradients of (Al2O3) and (MgO) existed close to the reaction interface.
With the reaction time increased, the interface concentrations of (Al2O3) and (MgO) gradually became
equilibrium with those in the bulk slag. The differences between the bulk and interface concentrations
of (Al2O3) and (MgO) in the mixed control model are shown in Figure 8c,d, respectively, which should
be taken into consideration in the kinetic calculation.
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4.2. Comparison Analysis of Experiment and Model Results

In Table 2, the mass transfer coefficients of Mg and Al in steel at 1873 K (1600 ◦C) were assumed
to be 1 × 10−4 m·s−1 according to the previous work [21]. However, these mass transfer coefficients
in liquid steel also can be measured and obtained based on the experimental results in this study.
Experimental changes of [Mg] and [Al] contents in the steel with time in experiment 2 where [%Al]b (t = 0)

equaled 1.0 mass% are shown in Table 3. The mass transfer coefficient of [Mg] in steel, mMg, can be
computed from this case according to Equation (21) [26], where [%Mg]b,t=0, [%Mg]b,t=t, and [%Mg]b,eq
represent [Mg] content in the bulk steel at t = 0, t = t and at equilibrium. V represents the volume of
liquid steel in present study. After the calculation, mMg was obtained to be 6.2 × 10−5 m/s when a flat
reaction interface was assumed. The mass transfer coefficient of [Al] was assumed to be the same as
that of [Mg] in the steel. This value was also employed to the other two experiments where [%Al]b (t = 0)

equaled 0.5 and 2.0 mass%, respectively. Both calculation and experiment results demonstrated that
the changes of [Al2O3] and [MgO] contents in the slag were very slight compared with their initial
contents. Here, in Figure 9, changes of [Mg] and [Al] concentrations with time in the equilibrium
experiments were displayed and then compared with the calculated results in the single and mixed
control models using the adjusted mass transfer coefficients in the steel:

lg
[%Mg]b,t=0 − [%Mg]b,eq

[%Mg]b,t=t − [%Mg]b,eq
=

mMg

2.3
·
A
V
·t. (21)

Table 3. The initial variables and their values used in the rate models.

Time/min 0 5 10 15 20 25 30

[%Mg]b/ppm 3 32.6 52.2 51.5 47.7 57.3 58.5
[%Al]b/mass% 1.0 0.98 0.97 0.92 0.94 0.92 0.9

Figure 9 indicates the value of mass transfer coefficient in the steel, which was computed from the
change in [Mg] content in experiment 2, where [%Al]b (t = 0) equaled 1.0 mass%, was also suitable for
lower and higher [Al] levels. Predicted [Mg] and [Al] concentrations of the liquid steel in the mixed
control model during equilibrium matched the experimental results well, which demonstrated that
the rate of Mg pickup reaction followed the mixed control model other than the single control model.
A degree of inevitable reoxidation probably led to the deviations between the predicted and
experimental values. On one hand, the single control model was actually a sub-model of the mixed
control model, which was only valid in extreme cases where MgO flux from the CaO-Al2O3-MgO
bulk slag to the reaction interface was large enough to neglect its rate limitation. However, in this
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study, although the CaO-Al2O3-MgO slag was Al2O3-saturated, the effect of mass transportation in the
slag on the reaction kinetics was still observed and confirmed. On the other hand, according to the
present study, it was demonstrated that MgO reduction reaction would be restrained by insufficient
slag flux to the interface, such as MgO flux. Thus, giving full consideration to the mass transportation
in the slag has improved the accuracy of kinetics model for predicting the equilibrium between the
CaO-Al2O3-MgO slag and the Al-killed steel. The interface concentrations of the steel and slag should
also be treated carefully, which determine the driving force of the MgO reduction reaction.
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Determining how much the model output is changed by the variation in input parameters is
essential to calibrate and validate the models. In this study, the sensitivity analyses of the models
were studied by simply varying values of correlative parameters during calculation. However,
Vu-Bac et al. [27,28] proposed a sensitivity analysis toolbox for quantifying the influence of uncertain
input parameters on uncertain model outputs. They compared the sensitivity indices in the spline
regression model and polynomial regression model with analytical results, and found the difference
between numerical results in the spline regression model and analytical results due to the noise and
the reduced COD is insignificant. This work can be a new method applied in this study for more
accurately estimating the effect of industrial and experimental conditions on kinetics of MgO reduction
in CaO-Al2O3-MgO Slag by Al in liquid Fe. In addition, equilibrium between the steel and inclusions
has not been taken into consideration by achieving clean steel with little inclusions in the experiments.
When a large number of oxide inclusions such as spinel or complex CaO-Al2O3-MgO inclusions formed
in liquid steel, they would become another driving force for MgO reduction and Mg pickup reactions.
More Mg content would transfer from the CaO-Al2O3-MgO bulk slag to the steel, and then to form
those inclusions. Under that condition, the consumption of Mg in the steel by oxide inclusions should
also be fully considered. Additional studies are needed to examine the effect of steel-inclusion reactions
on kinetics of MgO reduction in the CaO-Al2O3-MgO slags by Al in liquid Fe.

5. Conclusions

In order to evaluate the kinetics of MgO reduction in CaO-Al2O3-MgO slags by Al in liquid steel,
two rate models considering mass transportation in (a) steel melt phase only (single control model)
and (b) steel and slag melt phases (mixed control model) were developed. The following conclusions
were obtained:

1. Due to the slow mass transport in the slag, the reaction rate in the mixed control model was
always lower than that in the single control model.
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2. Higher initial [Al] content in the steel and (MgO) content in the slag led to the increase of
equilibrium concentrations of [Mg] in the steel and (Al2O3) in the slag, and also improved the
reaction rates in both kinetic models.

3. In the single control model, (Al2O3) and (MgO) contents in the bulk slag were the same as those at
the steel–slag interface, while differences between the bulk and interface concentrations of (Al2O3)
and (MgO) were observed in the mixed control model, which resulted in the mass transportation
of the slag components being an extra rate-limiting step.

4. The mass transfer coefficient of [Mg] in the steel was computed to be 6.2 × 10−5 m·s−1 according
to the experimental equilibrium results between an Fe-1.0 mass% Al steel and 51 mass% CaO-
39 mass% Al2O3-10 mass% MgO slag at 1873 K (1600 ◦C). Using this value, the mixed control
model was validated at different initial Al levels in the steels.

5. Experimental results with the model predictions confirmed that the mass transport in the slag
should be given full consideration during the kinetics analysis of MgO reduction reaction.
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