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Abstract: The standard production route for mild steels for automotive purposes is still based on
conventional continuous casting (CC) and hot strip rolling (HSR). The current trend towards the
“zero-carbon car” will demand the abating of material emissions in the future. Thin slab casting and
direct rolling (e.g., Arvedi endless strip production (ESP)) is an approach to reduce CO2 emissions
by 50% compared to CC and HSR. One of the main limitations in applying ESP for the production
of ultra-low carbon/interstitial free (ULC/IF) steels is clogging. Clogging is the blockage of the
submerged entry nozzle due to the build-up of oxide layers or an oxide network. The high clogging
sensitivity of IF steels results most probably from the FeTi addition, and hence, a general change
of the deoxidation practice might be an option to overcome these problems. In the present work,
the thorough refining process of ULC steel was simulated by addressing the different deoxidation
routes and the influence of titanium (Ti) alloying on steel cleanness. The developed ladle furnace (LF)
and the Ruhrstahl Heraeus (RH) refining models were applied to perform the simulation. Before the
simulations, the models are briefly described and validated by the published industrial data.

Keywords: ultra-low carbon (ULC) steel; refining process; simulation; ladle furnace (LF);
Ruhrstahl Heraeus (RH)

1. Introduction

Ultra-low carbon (ULC) steel is widely applied because of the high ductility and high
surface quality for the production of cars, white goods, and drawn-and-ironed (D&I) cans.
The requirement of ULC steel quality is progressively increasing. Ladle furnace treatment
(LF) followed by Rurhstahl Heraeus (RH) refining is the typical process route. It is necessary
to control aspects in the steel refining process, such as minimizing the size and the number
of nonmetallic inclusions generated during the deoxidation refining process, reducing alloy
loss, and depressing clogging problems. In this section, process modeling and simulation
are introduced to better understand standard operation practice and the metallurgical
reactions and to offer optimum strategies for economically producing high-quality steel.

Numerous models on LF and RH processes have been proposed to study the steel
refining reactions. The representative LF models were compared in the former study [1].
It was summarized that commercial thermodynamic databases were widely applied to
consider the multiphase reactions; the reaction kinetics were calculated based on double
film theory and the effective equilibrium reaction zone (EERZ) method; all the simulations
were evaluated by comparing with the industrial data, and the strong agreement indicated
the validation of the models. When modeling the RH process, besides the steel/slag
reaction in the ladle, degassing and decarburization reactions in the vacuum vessel are
necessarily addressed. Van Ende et al. proposed a kinetic model that first considered
the reactions in both the RH vacuum vessel and the ladle [2]. FactSageTM Macro was
applied to perform a thermodynamic equilibrium calculation of multiphase reactions.
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The EERZ concept and former numerical simulations were also used to construct the
model. The predicted [C] and [O] concentration profiles using the model agreed well
with the industrial data under various operational conditions. The simulations suggested
that O was transferred from slag to steel after deoxidation. The other simulations on
RH decarburization and the degassing mechanism also offered valuable references for
developing the modeling work [3–10]. These studies suggested that the decarburization’s
main reaction sites in the RH process are the Ar bubble surface, the bath surface, and inside
the bath of the vacuum chamber. The application of the thermodynamic databases brought
a new development of RH refining modeling, which enables simulation of the process in a
more comprehensive manner.

The through-process simulation of the secondary refining of steel is rarely reported,
though various individual models on the LF and RH process were developed and applied
to address the specific topics. The present work aimed to develop a comprehensive and
through-process model to simulate the secondary refining process. The model considers the
various operations and metallurgical phenomena in the individual metallurgical stations.
In the former study, LF and RH process models were constructed along with linking
applicable metallurgical models to thermodynamic databases [11]. In the present study,
the refining process of ULC steel was simulated using the developed model. The thorough
process model of LF and RH refining was briefly described and validated by the published
industrial data. Different deoxidation routes of ULC steel were investigated and discussed.
The simulations addressed the influence of carbon pre-deoxidation and FeTi addition on
the Al deoxidized steel refining.

2. Model Description

The modeling work was based on the coupling of the mass transfer of steel/slag,
inclusions, and lining material into the EERZ with thermodynamic databases. The thermo-
dynamic library—ChemApp—was applied to link the source code to the database from
FactSage or self-optimized ones [12,13]. The source code was programmed in FORTRAN.
In the model, thermodynamic databases were applied to perform the multiphase equilib-
rium calculation. The EERZ method was used to describe the kinetics of the reactions [2].
Figure 1 displays the schematics of the LF and RH process models. As shown in Figure 1a,
the following reactions and phenomena are considered for LF refining: (1) steel/slag re-
action, (2) lining dissolution to steel, (3) inclusion floating, (4) lining dissolution into slag,
(5) alloy additions, (6) and air absorption. In the steel/slag reaction, the mass transfer
coefficient of steel was calculated by Equations (1) and (2) [14]; the slag’s mass transfer
coefficient was assumed to be one tenth of the value for steel [14]. The inclusion floating
rate (3 in Figure 1a) was estimated using Equations (2) and (3) [15]. The inclusion removal

rate was further modified by multiplying the exponent item (1 − e1− Cin
Ccr ) to consider the

influence of the inclusion content. It was assumed that the inclusion could not be removed
when its content (Cin) was lower than the critical value (Ccr).The mass transfer coefficient
and the inclusion floating rate are stirring dependent, which is also assumed for the RH
refining process. Lining dissolution (2 and 4 in Figure 1a) and air absorption (6 in Figure 1a)
are simply accounted for by empirical rate factors.

kst = (4 ± 2)ε(1.40±0.09)H × 10−6 (1)

ε =

(
nGRT

mL

)
ln
(

Pt

P0

)
(2)

r f l = (5.7 ± 1.5)ε(0.28±0.08) ×
(

1 − e1− Cin
Ccr

)
× 10−4 (3)

where, kst (ms−1) is the mass transfer coefficient of steel; ε (Wt−1) is the stirring energy of
steel; H (m) is the height of the steel bath; nG (mol−1) is the number of moles of blowing Ar;
R (Jmol−1) is the gas constant; T (K) is the temperature; mL (t) is the mass of the liquid steel;
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Pt (Pa) and P0 (Pa) are the gas pressure at the bottom and surface of the ladle, respectively;
r f l (s−1) is inclusion floating rate; Cin is the content of one inclusion type; and Ccr is the
critical content of one inclusion type.
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Figure 1. Schematics of the (a) LF and (b) RH refining.

In Figure 1b, it is found that the reactions for decarburization (1 to 3) and the steel/slag
reaction (4) in the vacuum vessel were accounted in addition to the reactions in the ladle
(5 to 7) for the RH modeling. The oxygen blowing operation was also included in the
model. The three reaction sites of decarburization and degassing were: (1) the bath surface,
(2) the argon (Ar) bubble surface, and (3) the bulk steel in the vacuum vessel. According
to the EERZ method, the effective volume of the steel for the decarburization reactions
was necessarily defined. For the reactions at (1) the bath surface and (2) the argon (Ar)
bubble surface, the effective volume of steel was defined by the surface area and the mass
transfer coefficient of carbon (kC), as given in Equations (4) and (5). In (1) the bath surface
reaction, the bath surface area (ARH) was significantly enlarged because of the vigorous
stirring, gas formation, and oxygen blowing, and an effective factor ( f in Equation (4))
was introduced to account for the effects. For the reaction at (2) the Ar bubble surface,
the surface area of the Ar bubble was determined by the flow rate (QAr) and the mean
radius of the lifting gas, which is determined empirically. The effective reaction volume
(Vbin) inside (3) the bulk steel was determined by the height of the gas starting to form (hr)
and the cross area of the vacuum vessel as given in Equation (6) [3]. The gas formation
was set as the partial pressure of the gas (Pgas), which was larger than the total pressure of

that at the half reaction depth ( ρLghr
2 + Pv) and the critical pressure for the formation (Pc),

as described in Equation (7). A process parameter (ka) was introduced to account for the
favorable effects of the formed gas, which should be further defined according to different
practices. After the simulation has started, the steel is pumped into the vacuum vessel. The
volume of steel in the vacuum vessel was empirically assumed based on the dimensions.
The recirculation rate of steel in the vacuum vessel (Q) was calculated using Equation (8),
which was summarized empirically by Kuwabara et al. [3]. The treatment of the reactions
(5 to 7) in the ladle is similar to those in the LF refining model.

Vbas = f ARHkC∆t (4)

VArs =
1
3

QAr∆t
rAr

kC∆t (5)

Vbin = hr ARHka∆t (6)
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Pgas ≥
ρLghr

2
+ Pv + Pc (7)

Q = 11.4QAr
1
3 Du

4
3

(
ln
(

Pb
Pv

)) 1
3

(8)

where, Vbas, VArs, and Vbin (m3) are the effective reaction volumes for the reaction at the bath
surface, the Ar bubble surface, and inside the bath, respectively; ∆t (s) is the time step for
the calculation; kC (m·s−1) is the mass transfer coefficient of carbon; f is an effective factor
to enlarge the surface area: when there is no oxygen blowing, f = 3.5, and when oxygen is
blowing, f = 10 [6,9]; ARH (m2) is the cross area of the RH vacuum vessel; QAr (m3·s−1)
is the flow rate of the lifting gas (Ar); rAr (m) is the mean radius of the lifting gas; hr (m)
is the height of the gas starting to form; ka (m·s−1) is a process parameter to consider the
influence of the formed gas; Pv (Pa) is the pressure in the vacuum vessel; Pc (Pa) is the
critical formation pressure of CO; Pgas (Pa) is the partial pressure of the gas; ρL (kg·m−3)
is the density of liquid steel; g (m·s−2) is the acceleration due to gravity; Q (t·min−1) is
the recirculation rate of steel in the vacuum vessel; Du (m) is the inner diameter of the
up-snorkel; and Pb (Pa) is the pressure at the lifting gas blowing position.

The model predictions were compared with the reported industrial data to illustrate
the validity of the proposed LF and RH models. The ladle metallurgy process for four
heats from ArcelorMittal Dofasco was simulated under the production conditions [15,16].
The compositions of steel and slag after LF refining are compared in Figure 2 where the
calculated and measured values are corresponding to the vertical and horizontal axis,
respectively. The exact fitting of the calculated and measured value leads to the scatter
located in the dash line with a 45◦ angle to the horizontal axis. From Figure 2a,b, it is
found that the predicted steel and slag compositions agree well with the industrial data.
Figure 2b shows that the maximum discrepancy of slag compositions is within three
percentage points. Figure 3 displays the comparison of the calculated (vertical axis) and
measured (horizontal axis) [C] and [O] concentrations during the RH treatment. The
reported industrial data were from POSCO, including the RH refining process with various
oxygen blowing strategies [2,9]. Note that the final [C] concentration was compared, and
the [O] concentration was the value during the RH treatment and before the final melt
deoxidation. It was found that the calculated [C] and [O] concentrations during the RH
treatment are in reasonable agreement with the measurements. The maximum difference
was within 20 ppm. Overall, the agreement of the predictions and the industrial data was
acceptable when considering the complexity of the refining process.
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3. Simulation of the Refining Process of ULC Steel

The refining process of ULC steel, consisting of LF and RH treatment, was simulated
for different deoxidation strategies. The typical European production route for ULC steel is
based on the decarburization of non-deoxidized steel in RH and subsequent deoxidation
with Al at the late stage of RH treatment [17]. The simulations were targeted to theoretically
evaluate the influence of carbon pre-deoxidation followed by Al deoxidation compared
to the single Al deoxidation for the inclusion population (volume fraction). Ti is widely
applied to stabilize ULC steel, which is realized by FeTi addition after deoxidation. It is
known that Ti-stabilized ULC steel has a higher clogging tendency [18,19]. FeTi addition
on the inclusion content in ULC steel was also discussed based on the simulation results.

For the simulations, the steel and slag compositions before the refining were assumed
as listed in Table 1. The Fe concentration was 99.772 in mass percent (% mass). Note that
the steel and slag were not necessarily in an equilibrium state before refining. Table 2 lists
the mass of steel, slag, and the additions in the different simulations. Simulation A was
performed under the assumption of only Al deoxidation after RH, while simulation B was
performed with the addition of 80 kg carbon for pre-deoxidation during tapping and less Al
addition to achieve a similar final Al concentration in the steel; simulation C was designed
to study the influence of FeTi addition. The defined mass of Al addition was to acquire
approximately 0.04% Al in steel after deoxidation, and Ti concentration was assumed to
be close to that of Al by alloying. The ladle size was chosen to be 270 tons, and the ladle
treatment and the RH refining process for the three cases were simulated. The stirring with
Ar was also considered, assuming a constant flow rate of 1.2 N·m3/min overall for the LF
refining process. The mass of steel in the RH vessel was chosen as 21 tons based on the
numerical simulation, which is specific to the RH process at POSCO Gwangyang Work [2].
When the RH construction (e.g., size) changes, the steel content in the RH chamber will vary.
The LF refining time for all the simulations was 600 s (10 min). The RH treatment time was
1000 s for simulation A, whereas the refining time was 1300 s (21.7 min) for simulations
B and C. As tapping was not considered in the simulations, carbon was added at the
beginning of the LF process (5 s). Al was added at 1320 s (22 min), which was 720 s (12 min)
after the RH refining, and FeTi was alloyed at 1680 s (28 min) (360 s after Al deoxidation),
as shown in Figure 4 [17]. Figure 4 also displays the assumed changes in pressure in the
vacuum vessel and the flow rate of lifting gas and blowing oxygen during the RH process,
which referred to the published data from Van Ende et al. [2]. The oxygen blowing was
performed to between 660 s (11 min) and 840 s (14 min) at a rate of 17 N·m3/min. All the
modeling parameters used for the following simulations were the same. Note that the
steel/slag reaction in the vacuum vessel (reaction 4 in Figure 1b) was ignored because the
slag was transported back to the ladle within a short time of the treatment.
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Table 1. The compositions of steel and slag before the refining (% mass).

Steel
C Si Mn P S Al O

0.03 0.01 0.10 0.003 0.005 0.00 0.08

Slag CaO MgO SiO2 Al2O3 MnO FeO Fe2O3

40.0 12.5 11.0 24.0 3.5 8.5 0.5

Table 2. The mass of steel, slag, and the additions in the different simulations.

Simulations Steel (kg) Slag (kg) LF (s) RH (s) Carbon (kg) Al (kg) FeTi (kg)

A 270,000 1620 600 1000 0 220 0
B 270,000 1620 600 1300 80 140 0
C 270,000 1620 600 1300 80 140 120

Crystals 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 

designed to study the influence of FeTi addition. The defined mass of Al addition was to 
acquire approximately 0.04% Al in steel after deoxidation, and Ti concentration was 
assumed to be close to that of Al by alloying. The ladle size was chosen to be 270 tons, and 
the ladle treatment and the RH refining process for the three cases were simulated. The 
stirring with Ar was also considered, assuming a constant flow rate of 1.2 N·m3/min 
overall for the LF refining process. The mass of steel in the RH vessel was chosen as 21 
tons based on the numerical simulation, which is specific to the RH process at POSCO 
Gwangyang Work [2]. When the RH construction (e.g., size) changes, the steel content in 
the RH chamber will vary. The LF refining time for all the simulations was 600 s (10 min). 
The RH treatment time was 1000 s for simulation A, whereas the refining time was 1300 s 
(21.7 min) for simulations B and C. As tapping was not considered in the simulations, 
carbon was added at the beginning of the LF process (5 s). Al was added at 1320 s (22 min), 
which was 720 s (12 min) after the RH refining, and FeTi was alloyed at 1680 s (28 min) 
(360 s after Al deoxidation), as shown in Figure 4 [17]. Figure 4 also displays the assumed 
changes in pressure in the vacuum vessel and the flow rate of lifting gas and blowing 
oxygen during the RH process, which referred to the published data from Van Ende et al. 
[2]. The oxygen blowing was performed to between 660 s (11 min) and 840 s (14 min) at a 
rate of 17 N·m3/min. All the modeling parameters used for the following simulations were 
the same. Note that the steel/slag reaction in the vacuum vessel (reaction 4 in Figure 1b) 
was ignored because the slag was transported back to the ladle within a short time of the 
treatment. 

Table 1. The compositions of steel and slag before the refining (% mass). 

Steel 
C Si Mn P S Al O  

0.03 0.01 0.10 0.003 0.005 0.00 0.08 

Slag 
CaO MgO SiO2 Al2O3 MnO FeO Fe2O3 
40.0 12.5 11.0 24.0 3.5 8.5 0.5 

Table 2. The mass of steel, slag, and the additions in the different simulations. 

Simulations Steel (kg) Slag (kg) LF (s) RH (s) Carbon (kg) Al (kg) FeTi (kg) 
A 270,000 

270,000 
270,000 

1620 
1620 
1620 

600 
600 
600 

1000 0 220 0 
B 1300 

1300 
80 140 0 

C 80 140 120 

 
Figure 4. The assumed pressure, oxygen, and Ar flow rates for RH treatment [2]. 

3.1. Influence of Pre-Deoxidation by Carbon 

Figure 4. The assumed pressure, oxygen, and Ar flow rates for RH treatment [2].

3.1. Influence of Pre-Deoxidation by Carbon

In this section, simulations A and B were compared to study the influence of carbon
pre-deoxidation. The calculated results are shown in Figures 5–9. Figure 5 displays the
steel composition changes in the refining process. From Figure 5, it is found that carbon
pre-deoxidation (simulation B) results in the distinct concentration difference of [O], [C],
and [Mn]. In contrast, [Al] concentrations are close because of less Al addition when
performing pre-deoxidation. Note that there is an initial equilibrium calculation of steel
and slag in both simulations A and B before the refining and gas and inclusion phases
are generated. This leads to the [C] concentration being decreased from 0.03% to 0.027%,
whereas the [Mn] concentration decreased from 0.1% to 0.092%, and the [O] concentration
decreased from 0.08% to 0.062%. After the refining started, the [C] and [Mn] concentrations
sharply increased once carbon was added in simulation B (Figure 5a). In contrast, the
[O] concentration decreased because of the deoxidation reaction by [C] (Figure 5b). The
increase in the [Mn] concentration in simulation B was caused by [C]’s reduction in the
formed inclusions, as referred to in Figure 8. In the later LF refining process, the [C] and
[Mn] concentrations in simulation B were higher than those in simulation A, whereas the [O]
concentration was lower. The steel composition in simulations A and B changed similarly:
the [C] concentration remained the same, whereas the [Mn] concentration increased at a
lower rate because of the Mn transfer from slag to steel, and the [O] concentration gradually
decreased because of the steel/slag reaction and a further inclusion formation. When RH
refining starts, the [C] concentrations in the simulations gradually decrease because of
the reaction of [C] and [O] under the lowering pressure, whereas the [C] concentration
in simulation B was higher and decreased faster (Figure 5a); the [O] concentrations in
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the simulations also decreased, and the [O] concentration in simulation B was lower
and decreased faster (Figure 5b). The oxygen blowing between 660 s and 840 s caused a
fluctuation in the [O] concentration profiles. As shown in Figure 5b), the [Al] concentrations
soared to approximately 0.038% after Al addition in both simulations, though the Al
addition mass in simulation B was 80 kg less (Table 2); the [O] concentrations sharply
decreased to 4.3 ppm. In the subsequent process, the [C], [Mn], and [O] concentrations
changed little, and the [Al] concentration decreased slightly. The final [C] concentrations
in simulations A and B were 8 ppm and 17 ppm, respectively, which fulfils the normal
requirement of ULC steel (20 to 50 ppm) [20].
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Figure 6 compares the slag compositions in the refining process. Carbon pre-deoxidation
leads to a noticeable difference in slag composition in the simulations. The contents of
Al2O3 and CaO in simulation B with pre-deoxidation were higher than those in simulation
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A (Figure 6a), whereas the contents of FeO and MnO were lower (Figure 6b). This was
because the lower oxygen concentration of the steel in simulation B (Figure 5b) resulted in
less Fe and Mn oxidized to FeO and MnO in steel and during the interfacial reaction. The
contents of SiO2 and MgO in both simulations were similar. In the refining process, the
slag compositions in the simulations had similar evolution profiles. The contents of SiO2
(Figure 6a), FeO, and MnO (Figure 6b) contents gradually increased during LF treatment
(before 600 s). In contrast, Al2O3 and CaO contents decreased because of the inclusion
removal and the steel/slag reaction. The increase in MgO content was mainly caused by
solid MgO’s gradual dissolution, as indicated by Figure 7a. In the RH refining process, the
changes in slag compositions were not apparent before Al addition because of the smaller
mass transfer coefficient and the less-active steel/slag reaction. After Al deoxidation at the
late refining stage, Al2O3 content increased because of the generated Al2O3 in steel removal
to slag. Meanwhile, FeO and MnO in the slag were reduced by [Al] in steel through the
interfacial reaction, which led to their decreasing contents. The percentages of CaO and
SiO2 also decreased.

Figure 7 shows the mass of slag phases and the solubility of MgO in the liquid slag.
From Figure 7a, it is found that the liquid slag mass in simulation A was larger than
that in simulation B because of greater inclusion formations (Figure 8) and solid MgO
dissolution. To prevent corrosion of lining at the slag line, MgO is usually added in the slag
formation process. In both simulations, the solid MgO phase exists in the liquid slag, as
the MgO content exceeds the saturation limit. As shown in Figure 7b, the predicted MgO
solubility agrees well with the measurements [21]. The mass of the precipitated solid MgO
in simulation B was more than that of simulation A because of the lower liquid amount.
In the refining process, the mass of liquid slag increased by inclusion removal and the
steel/slag reaction. As shown in Figure 7a, the liquid slag mass rapidly increased after Al
deoxidation, whereas the solid MgO mass decreased because of its increasing solubility
with the increasing Al2O3 (Figure 7b).

Figures 8 and 9 display the comparison of the inclusion content and the overall
inclusion composition during the refining process for simulations A and B. From Figure 8,
it is found that the pre-deoxidation in simulation B significantly reduced the inclusion
content in the refining process. At the beginning of the refining process, the added carbon
in simulation B reduced the formed Slag-liq inclusions by approximately 0.03% and led
to the removable CO formation. The residual inclusions were gradually removed in the
subsequent process. Al deoxidation resulted in Al2O3 content’s sharp increase, whereas the
content of Al2O3 in simulation B was much lower because of the lower [O] concentration
(Figure 5b). The final inclusion contents in simulations A and B were 0.0114% and 0.0040%,
respectively. Figure 9 shows that the inclusion’s (Slag-liq) principal components were SiO2,
FeO, MnO, CaO, MgO, and Al2O3 before Al addition. FeO and MnO contents in simulation
A were higher than those in simulation B because of its higher [O] concentration, whereas
the other components were lower in content. FeO and MnO contents gradually decreased
during the refining process, whereas CaO, MgO, and Al2O3 contents increased due to the
steel/slag reaction. After Al deoxidation, the Al2O3 content accounted for more than 95%.

In the present study, the deoxidation route of carbon pre-deoxidation at the beginning
of the refining and Al deoxidation at the late stage of the refining process (simulation B)
was simulated and compared with the single Al deoxidation (simulation A). Based on
the results shown in Figures 5–9, the influence of carbon pre-deoxidation is summarized
as follows:

1. Al deoxidizer can be replaced by pre-deoxidation carbon in the same mass to obtain
similar deoxidation significance and final [Al] concentration. This indicates that, for
deoxidation, it can be reduced.

2. The final [C] concentration increased, which means the added mass of carbon for
pre-deoxidation was limited by the required C content of UCL steel.

3. The Fe loss and alloy (such as Si and Mn) loss due to the oxidation was reduced.
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4. FeO and MnO contents in liquid slag were decreased, which can reduce the reoxida-
tion and improve final steel cleanness [22–24].

5. The liquid slag amount was decreased, which lowers the risk of slag line erosion [25].
6. The inclusion content in steel was significantly reduced because of the pre-deoxidation

and lower oxygen content.
7. The addition of MgO can be reduced because of the lower liquid slag amount and the

lower solubility in the liquid slag.

3.2. Influence of FeTi Addition on Inclusions

In this section, the influence of FeTi addition on steel cleanness was studied. As listed
in Table 2, simulation C with an FeTi addition at 6 min after Al deoxidation was carried out.
The composition of the FeTi alloy in the simulation was assumed as 70%Ti-3%O-2.5%Al-
24.5%Fe [26]. The predicted chances of inclusion and total oxygen (Otot) in simulations B
and C are compared in Figure 10. Note that only the results after 1600 s are displayed, and
the results in the former refining process can be referred to in Figure 8. The FeTi addition
had a minor influence on the compositions of steel (except [Ti]) and slag. Hence, only
the inclusion content is discussed in this section. From Figure 10, it is found that FeTi
addition significantly increased the content of inclusions and Otot, which is attributed to
the relatively high O content of FeTi. The peak content of Otot was almost doubled by
FeTi addition. Corundum is the dominant inclusion type, and Slag-liq also exists in both
simulations, while the compositions of the inclusion phase in different simulations were
different, as listed in Table 3. The Slag-liq composition without FeTi addition (simulation B)
was 77%Al2O3-10%CaO-13%MgO, and it was modified to 59%Al2O3-5%CaO-12%MgO-
17%Ti2O3-7TiO2 by FeTi addition. Meanwhile, Al2O3 was transformed to the corundum
solution phase with the composition of 99.2%Al2O3-0.8%Ti2O3. Note that the thermody-
namic equilibrium between steel and inclusion was assumed in the present model, though
it is not the case in reality when considering the kinetics. Nevertheless, the inclusion
composition changes in the simulations indicate that the formed inclusions are transformed
to some extent besides the newly formed inclusions.
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Table 3. The mean composition of inclusion phases in simulations B and C.

Simulation Slag-liq Corundum

B 77%Al2O3-10%CaO-13%MgO Al2O3
C 59%Al2O3-5%CaO-12%MgO-17%Ti2O3-7TiO2 99.2%Al2O3-0.8%Ti2O3

The results support the reported experimental findings and the explanation that the
FeTi addition contributed to the high clogging tendency of ULC steel by generating the new
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inclusions [27]. As in the present study, FeTi addition promotes the nucleation of inclusions
by bringing in the necessary elements ([O] and [Ti]). The local saturation of [Ti] and [O] as
well as [Al] already present in steel during FeTi alloy dissolution results in the nucleation
of Al2O3 with Ti-containing oxide solutions (AT). The predicted corundum inclusions have
a close composition with that of the measured AT particles, which also depends on the
Ti concentration in steel [28]. It was also reported that the number density of this type of
inclusion (AT) is relatively larger, and they remain in a smaller size (≤3 µm) compared to
the formed pure Al2O3 because of the limited oxygen content after the nucleation [29,30].
The transformed inclusions from the existing pure Al2O3 are also possibly smaller and
increase the number density. In the present model, the effects of the dimension on the
inclusion removal rate were not considered, and the inclusions were gradually removed,
as shown in Figure 10, whereas the small inclusions are difficult to remove during the
refining process in practice. The unconsidered inclusion dimension in the calculation can
result in a lower prediction of the inclusion content and total oxygen in the steel. The AT
inclusion is non-wettable in steel and has a similar wetting angle with ULC steel and pure
Al2O3. [31] Based on the former analysis, small non-wettable inclusions in large-number
densities result in a high risk of clogging [27,32,33].

4. Summary

The refining process of the ULC steel under different deoxidation strategies was
simulated using the developed thorough process (LF + RH) model. From the simulation
results, it can be summarized that:

• Applying a carbon pre-deoxidation at the beginning of LF treatment can effectively
reduce the deoxidizer (Al) consumption and alloy loss. The addition amount of carbon
is limited to the required final [C] content in ULC steel.

• The FeO and MnO content in the liquid slag is decreased by the pre-deoxidation,
which lowers the risk of reoxidation.

• The volume fraction of inclusions is lowered because of carbon deoxidation and less
Al2O3 formation.

• FeTi addition acts as an oxygen source for additional inclusion nucleation. The newly
generated and transformed inclusions are smaller and in a larger number density, and
hence, they have a higher tendency to attach to the refractory. This can be the reason
for the generally high clogging sensitivity of Ti-stabilized ULC steel.

In future studies, the model will be further optimized based on the industrial exper-
iments to address the influence of metallurgical parameters such as lining erosion and
reoxidation on the inclusion evolution.
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