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Significance of Nonmetallic Inclusions for the Clogging
Phenomenon in Continuous Casting of Steel—A Review

Susanne K. Michelic* and Christian Bernhard

Nonmetallic inclusions are well known to influence product quality and process
stability in the production of steel. A process step that is very sensitive to the
presence of nonmetallic inclusion (NMI) is continuous casting. Here, the so-
called clogging phenomenon can occur, resulting in a distinct disruption of the
casting process and decreased steel quality. The presence of nonmetallic
inclusions considerably contributes to the build-up of deposits in the submerged
entry nozzle provoking instabilities in the flow control system. Numerous
research studies have been subject to different clogging mechanisms and related
influencing parameters. Interfacial properties significantly influence the behavior
of inclusions in the steel-refractory system. The present review demonstrates
state of the art concerning the role of NMls in the appearance of clogging.
Particular focus is put on the wetting behavior between the different phases and
their consequence for the deposition process. Industrial observations and lab-
oratory methods are summarized and discussed; potential countermeasures are
evaluated. A steel group that is especially prone to clogging are Ti- ultra low
carbon (ULC) steels. An overview of the current understanding of their high
clogging tendency and possible influences is presented, considering thermo-

and mold is the area most frequently
affected by the appearance of clogging."™

The clogging problem has already occu-
pied steelmakers and researchers for deca-
des. One of the first studies dealing with
this phenomenon was published by Snow
and Shea® in 1949 and Duderstadt
et al® in 1968. At this time, the authors
concluded that clogging is a complex prob-
lem involving the precipitation of Al,O; in
the nozzle. Numerous studies and publica-
tions have followed since then, dealing with
possible clogging-inducing mechanisms
and related countermeasures.” ! The con-
sequences of clogging are the disruption of
the steel flow, which often results in an
obvious quality problem of the final steel
product and a necessary casting stop in
the extreme case. Thus, clogging is a chal-
lenging and costly problem for the steel
industry: Besides interfering with produc-

dynamic and interfacial aspects.

1. Introduction

Clogging is a phenomenon that usually occurs in the flow control
system during the continuous casting of steel. It describes the
build-up of deposits at various positions in the continuous casting
machine. The submerged entry nozzle (SEN) between tundish
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tion by reducing the casting throughput

and causing unscheduled nozzle

exchanges, clogging is detrimental to steel

cleanness for many reasons. First, clogging
deposits that again disintegrate and are further transported in the
steel flow are either trapped in the solid steel or modify the mold
powder composition, leading to product defects in either case.
Second, clogs change the nozzle flow pattern and jet characteris-
tics exiting the nozzle, which disrupts the flow in the mold leading
to slag entrainment and surface defects. Third, clogging interferes
with the mold level control, as the flow regulating device compen-
sates for the reduced throughput of the clogged nozzle.

In principle, the literature differentiates four main
mechanisms to describe the appearance of clogging:
1) Agglomeration of deoxidation products: Nonmetallic inclu-
sions (NMIs) from steel deoxidation and reoxidation attach to
the nozzle wall by fluid flow and interfacial tension effects!"*"?;
2) Reaction product build-up: Thermochemical reactions between
the nozzle and steel lead to the (in-situ) formation of inclusions on
the nozzle wall"*”); 3) Oxygen diffusion: The flow of steel causes
a Venturi effect region of low pressure at the inside surface of the
nozzle, which draws air through the refractory resulting in
inclusion formation™® ¥, and 4) Solid steel build-up: The
temperature drop because of heat transfer through the nozzle
during casting decreases oxygen solubility resulting in inclusion
formation at the point of lowest oxygen solubility, the steel-
refractory interface.**2°

In reality, a clogging deposit is often the result of more than
one of the aforementioned mechanisms, which might be one of
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the reasons for partly contradicting results in the literature. In
many studies, only one specific influencing parameter or mech-
anism is considered in detail. Various influencing parameters
further complicate the system and the provision of proper coun-
termeasures in a particular case. To categorize the different pos-
sibilities, metallurgical factors (e.g., deoxidation practice, ladle
treatment, and tundish metallurgy) which decide the inclusion
evolution must be considered.”’*? Moreover, refractory (e.g.,
porosity, wettability, chemical stability of the SEN)3*-** and
hydrodynamic factors,?*® including, for example, the fluid
flow characteristics and SEN geometry, are essential.
Moreover, different mechanisms are reported for the transport
of inclusions to the nozzle wall: turbulent flow, turbulent recir-
culation zones, rough nozzle walls, and external corners. A com-
prehensive experimental and mathematical study on the effect of
fluid flow characteristics on nozzle blockage in aluminume-killed
steels has been done by Wilson et al.*”) They addressed centrip-
etal forces and turbulence to be responsible for the transport of
Al,O5 particles to the nozzle wall, where they subsequently
adhere. The authors also indicated that once the deposition is
initiated, advancing deposition is expected due to local changes
in the fluid flow behavior. It is also finally pointed out that the
most effective way of reducing nozzle clogging is by reducing the
amount of Al,O3 inclusions in the melt. A significant contribu-
tion in understanding the fluid flow in continuous casting has
been done by B.G. Thomas and L. Zhang?®® by summarizing
the effects of fluid flow phenomena in the mold region and also
indicating the resulting implications for process optimization.
Their investigations examine the role of bubble and inclusion
transport, multi-phase flow, turbulent flow in nozzle and mold
as well as the factors heat transfer, electromagnetic forces, and
interfacial reactions./”**~**!

A systematic and comprehensive review focusing on the
behavior of NMI under a swirl flow in SEN and mold has been
published recently.*l One of the latest activities in terms of
numerical simulation related to clogging has been published
by H. Barati et al.**! who developed a transient model consider-
ing two-way coupling between clog growth (due to particle depo-
sition) and fluid flow in the SEN. The authors describe clogging
as a stochastic and self-accelerating process by considering the
initial coverage of the nozzle wall with deposited particles, the
evolution of a bulged clog front, and the subsequent formation
of a branched structure. Recently, the same research
group applied the described model also on particle deposition
in Ti-stabilized ultra-low carbon (ULC) steels; a steel type that
shows a high tendency toward clogging.*) Hydrodynamic
factors and the vast number of numerical simulations performed
on this phenomenon are not further considered in detail in this
review. Conversely, the authors explicitly express that this limi-
tation does not imply minor importance of the numerical work
but simply is out of the focus of the present review.

Considering all the possible sources of NMIs, it can be con-
cluded that the mechanisms of agglomeration of deoxidation
products and reaction product build-up are most decisive, at least
for oxide clogging. In addition to oxide clogging, clogging can
also occur in other forms, depending on the steel composition
and processing. An example are nitrides!*”*® and sulfides,**—"!
which can also provoke clogging in the SEN. In contrast to oxides
and nitrides, where secondary metallurgical treatment can
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essentially contribute to reduced clogging, mainly temperature
control is essential for sulfide clogging.

Bernhard et al.*? ranked the described mechanisms based on
their importance in literature and summarized the main related
influencing parameters. The amount of solid oxide inclusions,
respectively, the steel cleanness level entering the SEN was found
to be decisive for the clogging behavior. Despite many funda-
mental and applied research studies on nozzle clogging, the
problem and its detailed understanding are still subject to discus-
sion. For this reason, the review focuses on the behavior of non-
metallic particles originating from steel deoxidation in secondary
metallurgy and their consequence for the appearance of clogging.
Metallurgical aspects, especially the role of wetting and interfa-
cial conditions in the system steel-refractory are in the fore-
ground of this work. Special attention is given to the group of
Ti-stabilized ULC and interstitial free (IF) steels, particularly
used for deep drawing applications in the automotive industry.
Their increased clogging tendency is primarily a result of inclu-
sion evolution in secondary metallurgy caused by the addition of
Ti. Typically, ULC steels with and without titanium addition do
not get a calcium treatment due to the process conditions in sec-
ondary metallurgy, which makes them additionally interesting to
consider in the present study.

2. Inclusion-Related Parameters Influencing the
Clogging Tendency in the SEN

The presence of NMIs essentially contributes to the appearance
of clogging in the continuous casting process. Knowledge about
their formation and modification is a key to possibly avoiding
their deposition at the refractory wall during casting. Various
reactions and interactions can occur during secondary metal-
lurgy in the mentioned system. As well known, inclusions are
supposed to collide and agglomerate in the liquid steel resulting
in the formation of larger particles. If the inclusions are large
enough, they are transported to the steel/slag interface by floata-
tion, bubble attachment, or fluid transport. They can be removed
by passing the steel/slag interface and by subsequent dissolution
in the slag. Microscopic inclusions are especially prone to be
transported and adhere to steel/refractory interface. Others
might stay in the melt and pass on to the next process step.
An aspect that is decisive for the inclusion behavior is the inter-
facial tension between the different participating phases, also
involving the specific properties of the NMIs.*** The impact
of selected inclusion properties on the clogging tendency is
described in the following.

2.1. Size, Number, and Chemical Composition of Inclusions

The overall number of particularly solid NMI is a significant fac-
tor. Under the assumption, that mass build-ups in the SEN arise
during casting due to the deposition of particles, an increased
number of inclusions and consequently a lower steel cleanness
results in a higher growth rate of the clog. Evidence of a directly
proportional relationship between the amount of Al,Os inclu-
sions in the melt and the clogging rate was, for example,
described by Anderson and Wijk.*' The size and shape of
NMIs influence, among other things, the drag force during the
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floatation of a particle. Particles with a more extensive projected
area toward the flow direction face an increased drag force. The
particle radius governs the geometrical conditions in case of parti-
cle attraction to other NMIs, gas bubbles, and refractory walls.
The aggregate condition of a NMI at steelmaking temperatures
is fixed Dy its chemical composition. Usually, inclusions that are
liquid at casting temperatures do not cause clogging problems.
This is also the explanation behind one of the probably most
well-known countermeasures against clogging of solid AlLOs
inclusions: Ca-treatment. The addition of Ca affects the modifica-
tion of solid inclusions to liquid calcium aluminates, which have a
decreased tendency to adhere to the nozzle wall. The favorable
region of modified liquid inclusions is often referred to as the
“liquid window of castability.”®*! Numerous studies on inclusion
modification through Ca-treatment exist, investigating the effect
of the added Ca-amount for different steel compositions!>>-6¢\
While too-low Ca-addition results in incomplete modification of
existing Al,O; or spinel, an excessive Ca-addition can provoke
the formation of CaS in case sufficient sulfur is present. In the
following, some practical examples are discussed exemplarily to
illustrate changes in inclusion morphology and composition
through Ca-treatment in more detail. Figures 1 and 2 give some
examples of scanning electron microscope (SEM) images and cor-
responding energy dispersive spectroscopy (EDS) data for
different Ca/Al ratios in bearing steel. In this experimental
study,®® the total oxygen content could be significantly reduced
by complex Al-Ca deoxidation. A change in inclusion composition
was observed with increasing the mass ratio of Ca/Al from 0.8-1.6
to 2.4-3.2. Inclusions were modified following the path
A1203—>Ca0.6A1203—>CaO.ZAlZO3—>12CaO.7A1203, which is
also in agreement with thermodynamic calculations. Cluster
inclusions were found to change toward single irregular par-
ticles, which were finally assisting to form the desired low-melt-
ing-point liquid calcium aluminates. Next to the total oxygen
and Ca/Al ratio, also the content of sulfur is essential.
Calcium aluminates might act as a nucleation site for sulfide
precipitation during solidification. CaS formation at a transient
stage needs also to be considered. As an example, Figure 3 dem-
onstrates the modification route of an Al,O; cluster through Ca-
treatment for in melts with a sulfur content between 40 and
100 ppm.[°® The shown images have been obtained by means
of etching or complete dissolution of the steel matrix with a bro-
mine methanol solution. In this case, CaS was observed as an
intermediate reaction product formed immediately after Ca

(a) (b)
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addition adhering to unmodified Al,O5 particles. With increas-
ing time, a change in inclusion morphology toward spherical
calcium aluminates has been observed. The authors of the
described work conclude that the inclusions modification by
calcium in low sulfur heats (7 ppm) is significantly better as
compared to high sulfur heats (100 ppm). In the medium range,
between 40 and 100 ppm sulfur, no specific difference in the
modification of Al,O; has been observed.

Liu et al.® also studied the inclusion modification through
Ca-treatment in plant trials analyzing the influence of different
Ca/O ratios as well as higher dissolved Al and S contents in the
melt. The work also focused on validating thermodynamic calcu-
lations of the “liquid window” for these steel compositions.
Figure 4 illustrates an example for inclusion modification in
the system Ca-Mg-Al-S. Inclusion compositions before and
after Ca-treatment considering different Ca/O rations are com-
pared. The symbol size in Figure 4 is proportional to the number
fraction of inclusions of the indicated composition; the area
inside the dashed line defines inclusion compositions in which
the fraction of liquid should be at least 0.5 at 1823 K. It is obvious
that the Ca content in the inclusions significantly increased after
Ca addition; the percentage of Ca$ also expanded. In principle, a
good agreement between experimental data and equilibrium cal-
culations has been found.

Another study on the inclusion evolution in Ti-bearing steel
with Ca-treatment has been published by Li et al.l*”) Also here,
a significant difference in inclusion composition, size, and mor-
phology before and after the addition of Ca was demonstrated.
Figure 5 illustrates inclusion evolution in the ternary system
Ca0-Al,0;-Ti30s for three different laboratory-scale melts with
different mass fractions of Ca and Al. As shown in Figure 5,
inclusions are mainly spherical titanium aluminates before Ca
addition and there is no significant change of morphology after
Ca-treatment (40 ppm Al, 5 ppm Ca). In contrast, a significant
amount of irregular inclusions in the system Ca—Al-Ti-O is
formed in Melt No.2 (50 ppm Al) as a result of the increased
Ca content of 40 ppm. The inclusions are mostly located in
the perovskite and (CaO);.(TiO,), region. For Melt No.3
(400 ppm Al), almost no liquid inclusions were found before
Ca-treatment also resulting in an irregular appearance.
However, after Ca-treatment (25ppm Ca), inclusions evolved
to liquid calcium aluminates.

Finally, a parameter also governed by the composition of the
particle is its density. The buoyancy force changes depending on

(c)

xCa0-yAl, 04

Figure 1. SEM images of three examples for complex phase inclusions (Al,Oj3 as the core of calcium aluminate) with Ca/Al ratio of 1.6. Reproduced with

permission.[“] Copyright 2019, Springer Nature.
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Figure2. SEM images of three examples for liquid calcium aluminates with a Ca/Al ratio of 3.2. Reproduced with permission.*® Copyright 2019, Springer
Nature.

Al, 0,4 Cas

Alumina cluster Transient state of inclusion Calcium aluminate

Figure 3. 3D insight into the modification route of Al,Oj; inclusions by Ca-treatment obtained by exposing the inclusions to bromine-methanol solution.
Reproduced with permission.®®l Copyright 2011, Springer Nature.
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Figure 4. Inclusion compositions within the system Ca—Al-Mg-S (plotted as mole fractions): a) before Ca-treatment and b-d) after Ca-treatment
considering different Ca/O ratios. Reproduced with permission.[®? Copyright 2021, Springer Nature.
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Figure 5. Inclusion compositions and morphologies in three laboratory-scale melts in the isothermal sections: a) Melt No. 1, b) Melt No. 2, and c) Melt
No. 3. Thick red lines indicate the liquidus region at 1873 K. The black dots represent the specific sample before Ca, and the white ones represent the
sample after Ca addition. Reproduced under the terms of the CC-BY license.®”! Copyright 2019, The Authors, published by MDPI.

the particle density, which is again responsible for particle flota-
tion. The lower the density of the particle, the higher the vertical
velocity of the particle.

2.2. Wetting Conditions in the System Steel-Inclusion-Refractory

The contact angle between liquid steel and NMI is decisive for
the inclusion behavior at the interface. A lower contact angle
between the inclusion and the liquid steel, implying a better wet-
tability of a particle, results in a decreased driving force for parti-
cle agglomeration and separation. Vice versa, a high contact
angle (and insufficient wettability) supports separation and par-
ticle deposition at the refractory wall. The change in free energy
AG in case an inclusion adheres to the refractory or a second
NMI is described in Equation (1), where yy is the surface ten-
sion of the liquid steel, 6;_yis the contact angle between the
inclusion and the metal, and cos 6y;_y the contact angle between
the metal and the refractory.

A wetting angle above 90° results in a negative free enthalpy
with its minimum at a contact angle of 180°.°%

steel research int. 2022, 93, 2200086 2200086 (5 of 18)

AG_g = ym(cos Oy + cos Oy _g) 1)

Figure 6 gives a schematic overview of possible wetting
conditions between liquid steel and refractory/inclusions, as well
as two examples of measurement results obtained from high-
temperature drop shape analysis (HT-DSA). In both cases, the
measured contact angle corresponds with partial non-wetting.
However, the measured contact angles differ from 98° +5.7
between molten steel and Al,O5 to 137° & 9 between molten steel
and MgO,* which already illustrates the potential consequences
on inclusion behavior as a function of inclusion type or used
refractory material. A literature summary of contact angles
between liquid iron/steel and various nonmetallic phases is pre-
sented in Table 1. Especially alumina shows comparatively high
contact angles leading to a high driving force towards inclusion
separation. In the case of solid calcium aluminates, a significant
but weaker tendency toward separation can be concluded. Liquid
inclusions such as highly modified calcium aluminates can
hardly be removed from the melt as the liquid steel commonly
wets them.”"!
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Figure 6. Schematic illustration of possible wetting conditions between liquid steel and refractory/inclusion. Reproduced with permission.®! Copyright

2018, Springer Nature.

3. Inclusion Deposition at the Steel/Refractory
Interface

A basic understanding of the physical processes of particle depo-
sition in the SEN is necessary to assess the clogging tendency of
the inclusion population, which is created during secondary
refining and on the liquid steel's path to the SEN. Following
the findings of Rackers,”" around 16% of the particles, which
enter the SEN, will get deposited. As a consequence, a higher
cleanness will decrease the overall clogging tendency. Based
on an overview of SEN clogging deposits from industrial trials,
experimental methods to study the clogging tendency of defined
inclusions are presented and summarized. A theoretical
approach for the deposition process and possible countermeas-
ures to possibly avoid the appearance of clogging are discussed.

3.1. Characterization of Clogging Deposits from Industry

Numerous studies on the investigation of clogging deposits are
available in the literature. Since clogging can appear in many dif-
ferent aspects depending on the specific steel grade, the process-
ing route, and alloying, lining, and slag concepts, various phases
are reported as part of the clog. For example, Figure 7 shows two
images and a corresponding X-ray diffraction (XRD) spectrum at
the end of casting a P-containing high strength IF steel. The clog-
ging layer is clearly visible at the inner wall of the SEN. AL,O; was
identified as the primary compound of the clog, also including
small amounts of TiO,. The ZrO, comes from the nozzle mate-
rial.”? This work concluded that the P-containing high strength
IF steel showed more clogging at the inner nozzle wall and a
cleaner inner nozzle wall after casting than a common IF steel.
Li et al.”? explained this due to the presence of phosphorus in
the molten steel, which increases the wettability between Al,O3
inclusions and the refractory material.

Table 2 summarizes clog analyses results following the first
described clogging mechanisms for a range of steel grades,

steel research int. 2022, 93, 2200086 2200086 (6 of 18)

indicating if Ca-treatment has been performed in the specific
case. Although Ca-addition is a common countermeasure to
avoid clogging in Al-killed steels, several studies reported that
an improper Ca-treatment might also increase clogging ten-
dency. Especially Ca0.6Al,05 inclusions should definitely be
avoided.”®! Vermeulen et al.”?! investigated the clogging behav-
ior of non-Ca-treated steels. They determined that Al-killed steels
with high manganese and high carbon content are significantly
less prone to clogging than steels with low manganese and low
carbon contents. A group of steels strongly affected by clogging,
are Ti-stabilized ULC and IF steels.”*7% These steels have been
and are still in the focus of research and will also be addressed in
more detail in this review at a later stage.

3.2. Experimental Methods to Analyze the Inclusion Behavior in
the System Steel-Refractory

In contrast to direct investigations of clogged material as shown
in Section 3.1., also various laboratory methods are used to study
the inclusion behavior under different conditions. Usually,
isolated effects like inclusion modification or agglomeration
in the liquid steel or the wettability in the system steel-
inclusion-refractory are analyzed. Table 3 summarizes potential
experimental methods that have already been applied to study the
behavior of NMIs and their consequence for clogging. One pos-
sibility of following the inclusion behavior is to systematically
simulate the deoxidation process and the related inclusion for-
mation and modification in laboratory experiments.””#% For
example, Matsuura et al.”® created a specific inclusion popula-
tion in the melt to study the transient stages of inclusion evolu-
tion during Al and or Al/Ti additions. Through continuous
sampling at different time steps with subsequent inclusion char-
acterization by SEM/EDS measurements, the change in inclu-
sion composition over time was studied, providing important
insights for the clogging of Ti-ULC steels. Although real process
conditions cannot be reproduced in most cases, e.g., considering

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Table 1. Summary of contact angle values of liquid iron/steel on various nonmetallic phases.

Nonmetallic phase Type of liquid Temp. [°C] Atmosphere Contact angle 0 [°] References
Al O3 (s) Fe, pure 1600 Ar 135-144 21
Al,O5 (s) Fe, Armco 1600 Ar 132-140 [82]
AlLO; (s) Fe, Armco 1550 Ar/Vac 140/141 [122]
Al,O3 (s) Fe, pure 1550 Ar (5% H,) 126.9 [123]
SiO; (s) Fe, pure 1600 Ar/N, 112/115 [124]
CaO (s) Fe, pure 1600 Ar 132 [125]
TiO; (s) Fe, Armco 1550 Vac 72 [122]
TiO, (s) Fe, Armco 1550 H, 84 122
Ti;,O3 (s) Fe,pure 1550 Ar 121 [83]
MgO (s) Fe, pure 1600 Ar 125 [121]
MgO (s) Fe, pure 1550 Ar 130.9 [126]
MgO (s) Fe, pure 1550 Ar (5% Hy) 133.5 23]
MgO.A,O5 (s) Fe, pure 1550 Ar (5% Hy) 113.7 [123]
CaS (s) Fe, Armco 1530 Ar 87 [127]
Ca0.Al,05 (s) Fe-2% [C] 1500 Ar 114 [128]
Ca0.2A1,0; (s) Fe-2% [C] 1550 Ar 112 [128]
Ca0.6Al,0; (s) Fe-2% [C] 1550 Ar 123 [128]
Forsterite MgO-SiO, (s) 57.6/42.4 Fe, pure 1550 Ar 82 [129]
Mullite Al,05-SiO; (s) 72/28 Fe, pure 1550 Ar 54 [129]
Spinel MgO-Al,O; (s) 28.4/71.6 Fe, pure 1550 Ar 93 [129]
Quasi-corundum MgO-Al,05-SiO; (s) Fe, pure 1550 Ar 85 [129]
10/65/25

MgO-Al,O;-TiO, (s) Fe, pure 1550 Ar 127.0 [126]
50.2/0/49.8

MgO-Al,O3-TiO; (s) Fe, pure 1550 Ar 113.5 [126]
28.3/71.7/0

MgO-Al,0;-TiO, (s) Fe, pure 1550 Ar 116.1 [126]
27.5/69.5/3.0

MgO-ALO;-TiO, (s) Fe, pure 1550 Ar 122.1 [126]
26.6/67.4/6.0

MgO-ALLO5-TiO, (s) Fe, pure 1550 Ar 103.0 [126]
25.8/65.2/9.0

MgO-Al,05-TiO; (s) Fe, pure 1550 Ar 120.8 [126]
24.9/63.1/12.0

MgO-AlLO;-TiO, (s) Fe, pure 1550 Ar 122.8 [126]
24.1/60.9/15.0

MgO-MgO.AlL,O;-Al,O; (s) Fe, pure 1550 Ar (5% Hy) 120.4 [123]
72.1/27.9/0

MgO-MgO.Al,05-Al,05 (s) Fe, pure 1550 Ar (5% H,) 116.7 [123]
44.2/55.8/0

MgO-MgO.Al,03-Al,05 (s) Fe, pure 1550 Ar (5% H,) 114.2 [123]
16.3/83.7/0

MgO-MgO.AlL,O;-Al,O; (s) Fe, pure 1550 Ar (5% Hy) 115.9 [123]
0/72.7/27.3

CaO-AlL05 (I) 36/64 Fe 1600 - 65 [70]
CaO-Al 05 (I) 50/50 Fe 1600 - 58 [70]
CaO-AlL 05 (I) 58/42 Fe 1600 - 54 [70]
steel research int. 2022, 93, 2200086 2200086 (7 of 18) © 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 7. An example of nozzle clogging in a typical IF steel: a) cross-section of the nozzle, b) entry of the nozzle, and c¢) XRD spectrum of the nozzle
clogging. Reproduced with permission.l’ Copyright 2021, Wiley-VCH GmbH.

the influence of purging, lab-scale experiments provide a detailed
insight into the chemical aspects of inclusion reactions and inter-
actions. However, they can focus on isolated reactions and inter-
actions, providing an essential puzzle stone for the overall
clogging picture. Additionally, extraction techniques to investi-
gate the 3D characteristics of inclusions have been applied.”*#"!
Ren et al.BY proposed a four-step modification mechanism of
inclusions during Ca-treatment in line pipe steels. Based on
angular shaped Al,O; after deoxidation, a CaS outer layer
promptly forms after CaSi addition, followed by the formation
of a xCa0.yAl,O3 layer generation due to the reaction between
Al,053 and CaS or dissolved oxygen. Finally, the Al,O; is fully
modified to a spherical calcium aluminate.

A method that is often used to investigate interfacial phenom-
ena such as wettability, reactivity, or surface tension between lig-
uid steel and solid oxides is HT-DSA.[%%82-84 yith this method,
the contact angle between two phases can be determined.
Subsequent metallographic analyses of the interface can clarify
if a reaction product between the two phases has formed.
Measured contact angles of steel in contact with different sub-
strates provide essential data for theoretical modeling approaches
and numerical simulations of particle behavior at interfaces.

steel research int. 2022, 93, 2200086 2200086 (8 of 18)

Comparing results of DSA analyses from the literature for differ-
ent steel/refractory combinations confirms the significant influ-
ence of steel and refractory composition on different steel grades’
clogging behavior.

In the 1990s, a method for the in situ observation of inclusion
reactions was first introduced by Yin et al.®*:: High-temperature
laser scanning confocal microscopy (HT-LSCM) enables the
in situ observation of inclusions in contact with steel, slag,
and refractory at steelmaking temperatures. One focus concern-
ing clogging is studying the so-called attraction forces between
different inclusion types and sizes. In the specific case, Yin
et al.B>#% analyzed the agglomeration of different inclusion types
on a molten steel surface. The authors report that the non-
wettability behavior of the alumina-based NMIs generates a
deformation of the liquid surface, which is called meniscus. If
two particles approach one another, the meniscus between them
is further depressed or drawn downward. This change, called
capillary attraction, can lead to a difference in capillary pressure
between the inside and the outside area of the pair, which will
push the two bodies towards each other. The capillary attraction
is the source of attraction between alumina inclusions at free sur-
faces and gas bubbles inside the liquid steel melt.®®”) The

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Table 2. Investigation of SEN clogging deposits from continuous casting machines.

www.steel-research.de

Steel gradea) Ca-treatment Clogging inducing solid Associated nonmetallic References
nonmetallic phase phases and compounds
uLc no AlLO, - [130]
CAs, CA4, CAs, CyA;, MgO
Ti-ULC no Al,O, MA-spinel, Ti;Os 28]
TiO, [20,52,74,130-133]
FeO, TiO,, FeO.ALO; [75]
Al-Mg-Ti-oxide, Al-Ti-Oxide, TiS, TiN [4]
MA-spinel, CA,, CAs, CaO.TiO, [134]
MA-spinel Al,O3, TizOs 28]
- Ca-Al-Ti-oxides ZrOy, SiO, [135]
Ti-stabilized stainless steel no TiO,, Al,O3 Cr,03, TiN [136]
- TiN MA-spinel [48,137]
yes Ca0.TiO, MA-spinel [137]
MA:-spinel - [137]
LC-AK no Al,O; Ca-Si-Al-Mn-oxides [73]
MA-spinel [28]
- [2,20,74,138,139]
yes CA, MA CA;, CAg, Ca—Mg—Al-Si—oxides [140,147]
CA, cA [28,142]
MC-AK yes CA, CA,, CaS CioA7, GA [143]
CA,, CAq Ci2A [143]
no Al,O; Ca0, MgO [144,145]
MC-SK yes Ca-Si-oxides, CaS Ca-Al-oxides, Ca-Si-Al-oxides [58]
MC-ASK yes CaS Ca-Si-Al-oxides [58]
HC-AK no AlLO, FeO.Al,03, CaO, SiO; MnO [73]
Resulfurized steel grades (> 0.02% S) yes Cas Ci2A7, CA, MA-spinel [28]
Calcium aluminates, MA-spinel [146]
CaS, CA, CA, MA-spinel [142,147,148)]
Rephosphorized steel grades yes Al,03, TiO, - [72]
CAs - [57]
3IF Interstitial free; ULC Ultra-low carbon; LC Low carbon, MC Medium carbon; HC High carbon; SK Si-killed; AK Al-killed; ASK Al-Si-killed.
Table 3. Summary of experimental methods to investigate the clogging phenomenon.
Topic Investigated Phases References

Inclusion behavior post-mortem
Wettability

In-situ inclusion behavior

Refractory characterization

Steel/NMI
Steel/Refractory/NMI
Liquid Steel/NMI
Refractory/Steel /NMI
Stability with Steel
Erosion and corrosion

Permeability

Thermochemical Reactions

[77-81,106,149-152]
[52,82,84,153-155]

[64,85-88,90,91,156-163]

88,90,91,164]
[15,93]

[14,20,33,34,165-172]
[21,173]
[92,174]

steel research int. 2022, 93, 2200086
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Figure 8. Change in inter-inclusion distance with time for a pair of inclusion particles observed a) Before Ca-treatment and b) After Ca-treatment.
Reproduced under terms of the CC-BY license.®% Copyright 2017, The Authors, published by Springer Nature.

magnitude of the attraction force is calculated based on mea-
sured particle acceleration in confocal experiments and esti-
mated particle mass. Several studies using the same approach
for observation and evaluation followed. It is agreed in the litera-
ture that the agglomeration tendency for liquid and semi-liquid
inclusions is smaller than for solid inclusions.®®*? The attrac-
tion force of a pair of semi-liquid particles containing Ca was
determined with approximately 107°~10"**N by Michelic
et al.’” compared to solid alumina inclusion with attraction
forces in the range 10~ "*~10"° N.®® This difference in attrac-
tion force again explains the main reason for the Ca-treatment
as an effective countermeasure against clogging for various steel
grades. Figure 8 effectively illustrates an example of in situ obser-
vations of the agglomeration tendency of inclusions before and
after Ca-treatment. Also, the steel/refractory interface has already
been part of in situ investigations.®®°*?! It can be summarized
that LSCM data supplies valuable at least qualitative data regard-
ing the inclusion behavior at different interfaces.

Refractory characterization is done by various well-established
methods, from the classical refractory immersion or dipping
test,1*173392) where refractories are immersed in a melt held,
e.g., in an induction furnace. The refractory usually rotates inside
the melt resulting in build-up formation on the refractory.
Another option is a static accretion or crucible experiment,*>??!

steel research int. 2022, 93, 2200086 2200086 (10 of 18)

where crucibles are produced from specific refractory parts to
study their interaction with the steel. Both experiment types
aim at the stability of the refractory material and to characterize
steel/refractory interaction. Stable and well controllable experi-
mental conditions are fundamental to providing relevant
data for further evaluation. Additionally, qualitative information
on the erosion and corrosion of different nozzle materials is
obtained.

3.3. Theoretical Consideration of Particle Deposition at the
Steel/Refractory Interface

In principle, when two spherical inclusions approach each other
in molten steel, they tend to agglomerate to form larger particles
due to interfacial contact forces and to reduce their surface
energy. The procedure of inclusion deposition at the steel/refrac-
tory interface is explained similarly® and is divided into three
steps: transport, adhesion, and sintering. These different steps
are schematically illustrated in Figure 9. First, inclusions are
transported from the bulk region to the boundary layer and
may eventually get in contact with the nozzle refractory.
Second, inclusions adhere to the refractory wall due to interfacial
forces, potentially leading to a cavity formation around the

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 9. Different steps of the deposition process of nonmetallic inclusion (NMI) transported from the bulk flow region into the boundary layer at the
steel/refractory interface. Reproduced with permission.'® Copyright 2018, Springer Nature.

Table 4. Summary of the research done about NMI deposition at a steel/refractory interface, adapted with permission from Ref.I"% copyright 2018,

springer-verlag GmbH.

Deposition Step Description Reference
Transport Adhesion Sintering
X X X General description of the process steps; boundary layer theory [10]
X Local eddy transport phenomena [175]
X Local eddy transport phenomena [17]
X X Filtration mechanism of NMI in steel at a ceramic filter [97]
X X AlLOj; adhesion at a nozzle with steel reoxidation [94,98]
X NMI filtration in molten steel [176]
X Influence of iron oxides on the adhesion force [99]
X Effect of inclusion morphology on adhesion force [150]
X X Attraction force of Al,O5 particle agglomerations in the melt [177)

contact point (see Detail A in Figure 9). The cavity might be filled
with gaseous components from the steel or the refractory, melt
vapor, or liquid phases forming due to a local rise in the oxygen
concentration. Finally, a solid structure forms due to the sinter-
ing of inclusions at the interface. The literature agrees about the
deposition of inclusions on the refractory wall during casting, but
discussions regarding the governing mechanism are still ongo-
ing. Table 4 summarizes some of the research done on the depo-
sition of inclusions at interfaces in the steel. The boundary layer
theory proposed by Singh et al.'”! and the local eddy transport
phenomenon™**! dominate particle transport. As described pre-
viously, the contact angle between Al,O; and liquid iron is
~137° 1979 3 non-wetting situation, respectively. So, when
the contact angle between inclusion and the steel is high, the
adherence between inclusion and refractory will also increase,
explaining the distinct clogging tendency of solid Al,O3 particles.
Sintering will start immediately after the first particle contact
considering the high temperatures.

The adhesion step is governed by the interfacial properties
between steel, refractory, and inclusion. Establishing a theoreti-
cal modeling approach for the adhesion of a particle at the steel/
refractory interface, attractive forces, and potential forces contrib-
uting to the detachment of the particle must be considered.

steel research int. 2022, 93, 2200086 2200086 (11 of 18)

Adhesion and van der Waals forces are most discussed for this
issue as attractive forces, while buoyancy, drag, and lift forces are
named as detachment forces. The equation still predominantly
applied as the basis for the adhesion force description has already
been expressed by Fisher® in 1926. As described in
Equation (2), the adhesion force F, is a function of the surface
tension of the molten steel o, R, is the radius at the thinnest point
of the neck of fluid connecting the two bodies (see Figure 9,
Detail A) and AP is the pressure difference between the steel
and the cavity phase.”*?”?% The mechanical equilibrium of
the bridge interface is given by the Young-Laplace equation,
which relates the pressure difference across the interface to both
the mean curvature of the interface and the interfacial tension
between the contacting fluids (Equation (3)), where R; and R,

are the cavity radii[100-103]

Fp = 2nRy0 + nRZAP 2
1 1

wreofiw) o)
R, R,

Based on these assumptions, Dieguez-Salgado et al."°” pre-

sented a theoretical model for describing this force balance

© 2022 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 10. Model calculation illustrating the relation between adhesion
force, the surface tension of molten steel, and the nozzle wall's contact
angle. Reproduced with permission.'®” Copyright 2018, Springer Nature.

and the situation of a NMI at the steel/refractory interface. One
of the obtained results is illustrated in Figure 10. In the presented
case, the adhesion force is calculated between an Al,O3 inclusion
with 5pm in diameter and an alumina-based refractory wall
(point 1 in Figure 10). Points 2 and 3 represent two possible
options to decrease the adhesion force in the system. In point
2, the adhesion force is lowered due to a new nozzle material
with a better wettability for liquid steel than the alumina-based
one. A zirconia-based material with a contact angle of ~100° was
used for this calculation. Although the influence of wettability is
clearly demonstrated, it has to be kept in mind that refractories
with good wettability with liquid steel often also exhibit a higher
reactivity with the steel phase. This is especially true for nozzle
materials with a contact angle in the range of 40°-60°.'%1 So, a
nozzle material combining the effect of a decreased adhesion
force, on the one hand, and potentially low reactivity, on the other
hand, is desired. In industrial practice, so-called anti-clogging
layers are applied to prevent the appearance of clogging.
Table 5 summarizes some observations from the literature
regarding the application of different layers and the associated
mechanisms behind them.

Another interesting approach has been published by
Cheng et al’®! in their study on the clogging behavior of an

www.steel-research.de

SEN for the casting of Ca-treated Al-killed Ti-bearing steels.
The formation of an initial layer on the inner nozzle wall was
observed due to inclusion adhesion. In a second step, the
adhered particles reacted with the refractory material forming
a low-melting-point reaction layer. This layer finally penetrated
the nozzle material resulting in the damage of the nozzle
material as a consequence of the good wettability between the
interaction layer and the nozzle material.

Referring to point 3 in Figure 10, another option to reduce the
adhesion force is a decreased surface tension between the steel
and the fluid phase inside the cavity. Various authors suggested
that FeO particles could act as a binder for the alumina par-
ticles.®*%?! In such a case, the adhesion force is significantly
reduced, assuming a liquid bridge between the inclusion and
the nozzle wall. Since this case might not be common in indus-
trial practice, it can be seen as an approximation for the use of
lime-bearing or calcium-zirconate nozzles. A further reduction of
the adhesion force will be reached if the inclusion changes from
solid to semi-liquid or even liquid state. The latter again confirms
the significance of Ca-treatment to avoid clogging for defined
steel grades. However, for reasons of completeness, it should
be mentioned that Ca-treatment is not possible for every steel
grade, primarily due to the high reactivity of Ca with slag com-
ponents, which only allows a successful Ca-treatment for selected
plant configurations and metallurgical practices. One group of
steels, which is usually not Ca-treated, are Ti-ULC and IF-steels.

4. Clogging Tendency for the Example of Ti-ULC
Steels

Ti-stabilized ULC steels are widely used in the automotive indus-
try for body part applications. However, these steels are well
known for their distinct clogging tendency in the SEN. This is
often attributed to the necessary addition of titanium used as
a stabilizer for the residual carbon and nitrogen content.”¢1%¢!
The typical production route for these steels in an integrated steel
mill is via Ruhrstahl Heraeus (RH) treatment. A high oxygen
activity in the range of 500-700 ppm is necessary to ensure
proper decarburization during RH-degassing. Ca-treatment is
usually not recommended due to high FeO contents in the
secondary steelmaking slag of around 20wt%. Despite the
dissolution of deoxidation products after the RH treatment,

Table 5. Summary of proposed materials for anti-clogging layers in the submerged entry nozzle.

Fundamental mechanism of clogging prevention

Reaction of CaO in refractory with alumina inclusions to form an

oxide phase with low melting point and high wettability, resulting in a decrease

of the attractive force and the prevention of solid deposits.

Formation of boron oxide-rich low melting phases due to reaction of BN with entrapped

oxygen and/or oxides. Prevention of solid deposits at the steel/refractory interface.

Additionally, prevention of steel infiltration due to poor wettability of BN;

Material Reference
Lime-bearing nozzles [2,178,179]
Calcium zirconate [169,180-183]
Calcium titanate [93,183,184]
SIAION [34,185]
Boron nitride [186]
Silica- and C-free layers [187-189]

Elimination of steel reoxidation at the steel/refractory interface due to the prevention of CO-formation

resulting from the reaction between C and SiO, at high temperatures. Additionally, C-free layers reduce

the heat loss of the steel in the SEN and prevent it from freezing.

steel research int. 2022, 93, 2200086 2200086 (12 of 18)
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the FeO-content stays high until casting, which can cause signifi-
cant reoxidation and losses of dissolved aluminum. Burty
et al’” have reported of high losses of dissolved Al and Ti
(Ac~—150 ppm) during the changeover period of the ladle
due to reoxidation by the ladle slag, which finally led to the rejec-
tion of the slabs as the composition did not meet the require-
ments. One possibility is to reduce the slag by adding CaC,
or additives containing metallic Al to the slag, which has been
reported to limit the FeO content to 2.5-5%.'%®! Cicutti
et al.’”) analyzed the recovery rate of calcium depending on
the FeO-content of the ladle slag. 2.5% FeO already lead to a
remarkable decrease of the Ca-recovery which involves the dan-
ger of uncontrollable Ca-content and incomplete inclusion mod-
ification resulting in an increased clogging tendency. In general,
it is demonstrated that the overall FeO + MnO concentration in
the slag should not exceed 8%. At the end of decarburization, the
remaining dissolved oxygen is killed by Al-addition, aiming a
final content of 300-500 ppm Al. Ti-addition and homogeniza-
tion of the melt are the last steps before casting.'*®!

The investigation of clogging deposits of Ti-ULC melts
presents contrasting results. An overview of different observa-
tions has already been introduced in Table 2. In most cases,
mainly Al,O5 clusters form the clogging network. But also at least
traces of Ti-rich phases were frequently observed. Cui et al.”*
reported the presence of FeO.TiO; and Al,05.TiO; in the clogged
material acting as a binder phase between the Al,O; particles. Ti-
containing phases were often accompanied by solidified steel
inside the clogged material due to an increased wettability of
Al,0;-TiO,, inclusions. Although significant research has been
done in Ti-ULC, the reason and mechanisms for their increased

www.steel-research.de

clogging tendency are still not fully understood, and several
aspects have to be considered. One crucial point consistent in
the literature is that the deposition of alumina particles coming
from deoxidation is seen as the decisive mechanism for clogging.
The Ti-addition results in an increased wettability between steel
and the inclusions,®>'* finally leading to a reduced driving
force for particle agglomeration and lower inclusion removal
rates from the melt. This further implies a higher number of
small particles in the melt during casting.”**!! These small
inclusions are assumed to be more harmful than larger inclu-
sions and are commonly seen as the main reason for the clogging
sensitivity of Ti-alloyed ULC-steel.

Al,05 should be the dominating stable phase in Ti-ULC steels
from a thermodynamic viewpoint.”””#1*% However, it was
reported that a potential change in thermodynamic conditions
due to a local loss of soluble Al could cause the formation of
Ti-containing inclusions.!**'? Nevertheless, heterogeneous
Al,0;-TiOy inclusions are found by various researchers.113114
Usually, they are described as a dense alumina shell around a
Ti-rich core. Kang et al."'? provided a thermodynamic reassess-
ment of the system Fe-Al-Ti-O. The authors proposed a new
oxide stability diagram showing a stable region of liquid oxides
in the system. In recent work, Park et al.1 ¥l studied the influence
of oxygen partial pressure on the phase equilibria of the
Al,05-TiOy system providing an essential basis for a deepened
understanding of inclusion evolution in Ti ULC steels.
Figure 11 shows some of the results of this work. It can be seen
that the solubility of Ti oxide in the corundum decreases with
increasing pO, and that the stable region of the pseudobrookite
is shifted towards the Ti-oxide-rich side with decreasing pO,.

" T =1600°C :
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—5 |- - — =5
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%D pseudobrookite s.s. a0
- b 00 BeeCSsegae s sl T =
|
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|
|
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Figure 11. a) Estimated phase diagram of Al-Ti—O, at 1600 °C based on experimental data and b) calculated equilibrium O content in liquid steel
containing 0.03% Al and 0.03% Ti. Reproduced with permission.!'"®! Copyright 2021, Elsevier
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The authors concluded that reoxidation plays a vital role in this
system's inclusion behavior. The oxygen potential of the steel sys-
tem rapidly increases, enabling the change of an Al,O5 inclusion
to another phase. However, once the transformed inclusions are
re-entrapped into the steel, the inclusions transform again due to
low oxygen potential inside the melt. This finally can explain the
instability of Al,TiOs assuming reducing conditions and that the
pseudobrookite phase could be an additional source for inclusion
formation in the steel melt.

Another aspect discussed in the literature is the local super-
saturation of Ti shortly after Ti-addition. The latter might also
lead to transient inclusion formation. In this context, different
authors especially indicate a morphology change of Al,O5 inclu-
sions responsible for the appearance of clogging. Inclusion mor-
phology can be controlled by adjusting the Ti/Al ratio.””7%1¢ As
a last aspect, FeTi quality is essential in laboratory and industrial
trials. FeTi was identified as an additional source for bringing
oxygen to the system and significantly changing the thermody-
namic conditions.”®'"”) The following measures are suggested
in the literature to avoid or at least possibly control the appear-
ance of clogging in Ti-ULC steels!®®”®!"®): 1) Decrease of Ti-
content: The necessary Ti-content is mainly based on the residual
amount of dissolved carbon and nitrogen. Effective vacuum treat-
ment during decarburization results in a lower Ti-content, which
is needed to bind nitrogen and carbon during solidification and
cooling; 2) Decrease of the Ti/Al-ratio: A lower Ti/Al-ratio min-
imizes the number of inclusions modified to particles in the sys-
tem Al-Ti-O. The reduction of the Ti/Al-ratio should be realized
by an increase of the [Al]-content; 3) Increase of time between Al-
killing and FeTi-addition: The lapse time between Al-killing and
FeTi-addition should be as long as possible to increase the clean-
liness of the steel before the FeTi-addition. The fewer inclusions
are present at the time of FeTi-addition, the fewer particles can be
modified; 4) Sufficient time between FeTi-addition and the start
of casting: The FeTi-addition causes the formation of transient
inclusions. Sufficient time is necessary for the inclusions to react
towards a stable state; and 5) Control of the FeTi-quality: The
FeTi is a significant source of oxygen. In the case of FeTi-
addition, a new population of Ti-containing alumina-based inclu-
sions nucleates. These particles will be attracted by the interface
and increase the tendency towards clogging.

5. Future Demands and Perspectives of Clogging
Related Research

The presented state of the art on the significance of NMIs regard-
ing the clogging phenomenon confirms the common under-
standing that the wetting angle between steel and NMIs or
refractory materials is the dominating influencing factor for
adhesion and agglomeration phenomena. Significant knowledge
has been established and tremendous progress has been
achieved in understanding the various mechanisms and related
influence parameters on the appearance of clogging. Specific
countermeasures have been deduced and their scientific back-
ground has been evaluated in detail. The investigation of clogged
material from industry and the observation of defined reactions
and interactions in the system steel-refractory-inclusions on lab-
oratory scale noticeably contributed to advancing the
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understanding of this phenomenon. However, the sensitivity
of specific steel grades is still valid and not entirely eliminated.
Research on various aspects is still ongoing. It is essential that
although the isolated observation of particular reactions and
mechanisms is very beneficial, a comprehensive view from dif-
ferent positions and research disciplines is needed to understand
the clogging problem in its entirety.

The current transformation in steelmaking toward hydrogen-
based crude steel production will also influence the future levels
of trace and tramp elements in the steel. Their influence on wet-
ting characteristics is partly unknown and therefore part of ongo-
ing research."'®! Also, the role of rare-earth elements is the focus
of researchers today. Applied initially as tracer material to track
the inclusions from deoxidation over subsequent process steps
until casting,[”g] their influence on interfacial reactions in the
system steel-slag-refractory-inclusion is currently under investi-
gation!"*”! and will be important in the future. In this perspective,
the quality of alloying elements will also remain a major aspect to
control, e.g., oxygen levels in the liquid steel. Ongoing process
optimization and artificial intelligence approaches will provide
a considerable amount of data and diverse options for process
monitoring and optimization.

Nevertheless, clogging will not completely disappear as it is
still an ensemble of various complex reactions. Some questions
remain unsolved so far, and detailed explanations on why steel
tends to clog in one case and not in the other, even if process
conditions and steel compositions are apparently the same, can-
not be fully answered. The appearance of clogging incidences at
rare intervals makes it statistically again more challenging.
Taking all these boundary conditions, the clogging problem will
remain on the to-do list of steelmakers, refractory suppliers, and
researchers to figure out the best solutions for the specific cus-
tomer setting.
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