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Abstract: Since steel cleanness comes to the fore of steel producers worldwide, it is necessary to
understand the formation mechanism and modification of non-metallic inclusions (NMIs) in more
detail. One central point is the identification of the source of especially interfering NMIs to prevent
their evolution in the future. The present study applies two approaches to determine the source
of NMIs in Ti-stabilized ultra-low carbon (ULC) steels—the active and the passive tracing. Both
approaches are applied to an industrial experiment. The active tracing technique is focused on
investigating the clogging layer formation in submerged entry nozzles and, hence, the origin of
alumina particles. This method adds rare earth elements (REEs) directly to the melt to mark pre-
existing deoxidation products at a certain point of the steelmaking process. The main concern of
the passive method, the so-called REE fingerprint, is the determination of the source of mesoscopic
NMIs. For the REE fingerprint, the pre-existing concentration of REEs in different potential sources
and the investigated NMIs are measured by using an inductively coupled plasma mass spectrometer
(ICP-MS). The resulting patterns are compared after normalizing the contents to chondrites, and
the NMIs’ origins are identified. Concerning the EDS analysis and the resulting patterns from
the REE fingerprint, the mold slag and, respectively, the casting powder were the sources of the
investigated NMIs.

Keywords: non-metallic inclusions; tracing techniques; rare earth elements; rare earth element
fingerprint

1. Introduction

Steel cleanness is crucial for a wide spectrum of steel grades and is primarily defined
by quantity, size, spatial distribution and the chemical composition of small particles in the
steel, so-called non-metallic inclusions (NMIs) [1–3]. NMIs influence the chemical and phys-
ical properties of the final product as well as the stability of the steelmaking process [4–6].
One example of their detrimental impact is nozzle clogging during continuous casting at
special steel grades, such as Ti-stabilized ultra-low carbon (ULC) steel used in the auto-
motive industry for car body shell parts [7,8]. Of the four main clogging mechanisms, at
least one, but in most cases several, always coincides with and contributes to the formation
of submerged entry nozzle (SEN) clogging and, consequently, its blockage [9–12]. One of
these mechanisms is the agglomeration of deoxidation products and their attachment to
the SEN wall due to fluid flow and interfacial tension effects [13]. Another possible cause is
reoxidation, which can occur due to air aspiration into the SEN [14]. Phenomena like SEN
clogging can be comprehended by understanding how inclusions are formed and modified
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during steelmaking. Tracing is a revealing tool for gaining knowledge about inclusions,
which allows for marking and tracking the NMI’s path throughout the production process.

This publication focuses on two different tracing approaches—active and passive
tracing. The active tracing technique is already known in the steel industry [15,16]. In
this method, NMIs are partially reduced due to the direct addition of rare earth elements
(REEs) [17]. Several studies [18–21] have already managed to track the modification of
deoxidation products, such as alumina NMIs, by adding La and Ce to the melt on industrial
and laboratory scales. The benefit of this approach is the easy retrieval of REE-marked NMIs
during automated scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM/EDS) analysis, since REEs appear brighter than the steel matrix in backscattered
electron (BSE) images due to their higher atomic number [22]. However, REEs do not only
mark NMIs. They also influence their physical and chemical behaviors, such as wettability
or agglomeration tendency [23–25]. Hence, finding another way to identify the origin of
NMIs is beneficial.

The second technique, the REE fingerprint, is a novel approach in metallurgy but
has already been applied in other research fields, such as archaeology or geo-and food
chemistry [26–29]. In the latter, it is mainly utilized to determine the geographical origin
of resources used since the soils of origin differ even in the same country [30]. In the REE
fingerprint method, the pre-existing concentrations of lanthanoids (La to Lu) are measured
by using inductively coupled plasma mass spectrometry (ICP-MS) in the materials to be
examined. The concentrations are in the range of a few mg/kg and have to be normalized to
a suitable reference dataset in order to facilitate the recognition of patterns. Most frequently,
a dataset obtained for chondrites, which are meteoritic rocks, is used [31]. By comparing
the patterns with each other, the source of, e.g., an NMI, can be determined. In contrast to
active tracing, the NMIs and their properties are not influenced or modified.

Both approaches are applied in the present study to investigate the formation mecha-
nism behind SEN clogging and the origin of mesoscopic NMIs in Ti-stabilized ULC steels.
For active tracing, melts are actively marked with La and Ce on an industrial scale. Steel
samples are taken at several steps of the production process to study the modification of
alumina NMIs using automated SEM/EDS analysis and to identify if pre-existing deoxida-
tion products exist in the final sample or if reoxidation occurs due to FeTi addition. For
the second tracing approach, samples with mesoscopic NMIs are prepared from the traced
melts. The pre-existing REE concentration of the NMIs and potential sources are measured
via laser-ablation (LA) ICP-MS analysis. A match between the REE patterns that results
after normalization to chondrites indicates the coherence of, e.g., an NMI and an auxiliary.
Both approaches aim to clarify critical topics in steel production.

2. Materials and Methods
2.1. Active Approach

Using the active tracing technique, common NMIs in steel, especially deoxidation
products, are marked by REEs to allow us to follow them over the steelmaking process.
The direct addition of REEs, mainly La or Ce, after, e.g., the deoxidation of the steel melt,
leads to partial reduction of the previously formed inclusions due to the higher oxygen
affinity of REEs [17]. During SEM/EDS analysis, the REE-containing parts of the resulting
heterogeneous multiphase NMIs appear brighter in the BSE image since REEs have a higher
molar mass compared to the surrounding steel matrix. The benefit of the easier tracking
of marked NMIs is also connected to the disadvantage of automated SEM/EDS analysis,
since a double-threshold scan is necessary to detect not only the particles that are usually
darker than the steel matrix but also the brighter ones. The subsequent data evaluation
must also be optimized since the REE-containing NMIs are split into their brighter and
darker parts and have to be recombined for correct measurement results [32].
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2.2. Passive Approach

By using the REE fingerprint, a passive tracing technique, it is possible to analyze
the source of, e.g., NMIs or determine the influence of auxiliaries on the clogging layer
formation in the SEN. For this approach, the pre-existing REE contents in slags, inclusions,
or the clogging layer are measured using ICP-MS or LA-ICP-MS, since only traces of a
few mg/kg naturally occur inside these materials. The detected signals are normalized in
the following step to achieve a more straightforward and comparable pattern. Therefore,
chondrite normalization is used, a standard procedure based on meteoritic rocks, so-called
chondrites, due to their similar composition of non-volatile elements to planet Earth. The
mass fractions of lanthanoids in the chondrites used for normalization are listed in Table 1.
Pm is excluded from the list since it practically does not exist in nature because of its
radioactivity and half-life of only 17.7 years [31,33,34].

Table 1. Mass fractions of lanthanoids in chondrites (ng/g) [31].

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

236 616 92.9 457 149 56.0 197 35.5 245 54.7 160 24.7 159 24.5

2.3. Experimental Procedure
2.3.1. Tracer Trial

The industrial tracer trials were performed at the voestalpine Stahl GmbH steel plant
in Linz, Austria. Ti-stabilized IF steel was chosen for this experiment due to its susceptibility
to clogging. These steels are produced via a basic oxygen furnace route (BOF), followed
by ladle furnace treatment, vacuum degassing at the Ruhrstahl–Heraeus (RH) facility and
continuous casting using a single-strand slab caster. Figure 1 shows a schematic description
of the experimental procedure including the La or Ce alloying after Al deoxidation and the
subsequent FeTi addition.
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Figure 1. Processing of Ti-IF steel with additional REE treatment during secondary refining.

After crude steel production, 180 tons of steel are tapped into the ladle. Alloy compo-
sition and temperature adjustments are performed during ladle furnace treatment. Subse-
quently, the heat is transferred to the RH facility. Following decarburization, the residual
oxygen is killed with Al, and towards the end of the treatment, FeTi is alloyed. A common
chemical composition of Ti-IF steel produced in the steel plant of voestalpine Stahl GmbH
is presented in Table 2.

Table 2. Chemical composition of a Ti-IF steel sample in g/100 g provided by the voestalpine Stahl
GmbH steel plant.

C Si Mn P S Al Ti N Ototal Fe

0.0011 0.0019 0.1105 0.0091 0.0048 0.0550 0.0549 0.0035 0.0021 Bal.
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The tracing experiment involved six Ti-IF heats cast consecutively on the same con-
tinuous caster. As shown in Figure 2, the sequence’s first and last heats were produced
without any tracer addition. The second and fourth were treated with La, while the third
and fifth received Ce.
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Figure 2. Ti-IF casting sequence of the industrial trial.

The REEs were added to the steel between the Al and FeTi addition, using approx-
imately 40 mg/kg of La or Ce in metallic form. The timing of the tracer addition was
purposefully selected to mark the existing inclusion population originating from the deoxi-
dation practice and to distinguish them from later-formed NMIs according to their REE
modification. The amount of REEs used was based on successful industrial trials from the
literature, to prevent any potential increase in clogging tendency during casting. In the
study by Liang et al. [16], 120 kg of a Ce-Fe alloy, with over 10 g/100 g of Ce, was added to
210 t of crude steel resulting in 28 mg/kg Ce in the steel sample from the tundish. Similar
relations occurred in the industrial experiment of Gao et al. [35], where 100 kg of a Ce-Fe
alloy, with 10 g/100 g of Ce, was alloyed to 250 t and 20 mg/kg Ce was detected in the final
product. A third study from Geng et al. [36] added 80 kg of a Ce-Fe alloy, with 10 g/100 g of
Ce, to 210 t of liquid iron. The resulting Ce content in the steel sample was about 23 mg/kg.
Steel samples and process slag samples were taken in order to investigate the changes in
the inclusions’ modification and their separation behavior during steel refining and casting.
The steel was sampled at the RH facility after Al deoxidation, after REE addition, and
finally at the end of vacuum treatment after adding FeTi. Furthermore, steel samples were
taken from the tundish to study the modification of NMIs after an extended reaction time.
The ladle slag was sampled at the end of secondary refining. Samples of tundish slag were
collected at intervals of about 10 min following every ladle exchange. In each case, two
mold slag samples were taken per heat in the 20th and 40th minute of casting.

As depicted in Figure 2, three SENs were used during the casting of the Ti-IF sequence.
The first SEN (SEN 1) was picked to study the correlation between the formed clogging
layer structure, the inclusion specimens, and potential primary materials using the two
tracing approaches. For further investigations, the middle section of the SEN was selected
and halved. A piece of the inner part of the SEN, mainly consisting of the clogged material,
was embedded using a Sn-Bi alloy to stabilize the clogging structure for the following
polishing procedure. The investigated area is marked in red in the halved SEN 1 shown in
Figure 3. Furthermore, the backscattered electron image of the clogging layer is illustrated.
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2.3.2. Micro-Cleanness Characterization

The method used for the characterization of the REE-traced inclusions in the taken
steel samples was the automated SEM/EDS analysis, performed with a JEOL 7200 F field
emission SEM (JEOL Germany GmbH, Freising, Germany) equipped with a 100 mm² SDD
EDS detector (Oxford Instruments Ultim Max 100; Oxford Instruments GmbH NanoAnaly-
sis, Wiesbaden, Germany) and the AZtec Feature software (AZtec 6.0; Oxford Instruments
GmbH NanoAnalysis, Wiesbaden, Germany). The chemical composition of a single particle
was detected using area scanning for 1 s at a beam energy of 15 keV, probe current of 13 PC,
working distance of 10 mm, and resolution of 1024 × 1024, with 400× magnification. The
first evaluation step with the resulting data was the removal of artifacts, such as scratches
or grinding and polishing residues. Next, the heterogeneous multiphase NMIs were recom-
bined to correct the appearing error in the inclusion population, chemical composition, and
size due to the detection of more and smaller particles.

2.3.3. Measurements for REE Fingerprint Analysis

Different methods were required to determine the REE concentration in the auxiliaries
for the REE fingerprint analysis. The homogeneous investigated materials, such as Al
granules or slag formers, had to be digested before ICP-MS analysis. For all auxiliaries,
except the Al granules, a LiBO2 fusion digestion was applied. The Al granules were digested
by using HCl/HNO3. The used ICP-MS was an Agilent 7500 (Agilent Technologies, Santa
Clara, CA, USA). For the analysis of solid inhomogeneous samples, such as the mesoscopic
inclusions or the investigated clogging layer, LA-ICP-MS was utilized to measure the
REE concentrations. For this purpose, an Agilent 8800 Triple Quadrupole ICP-MS (Agilent
Technologies, Santa Clara, CA, USA) was coupled to an NWR 213 laser ablation system (ESI-
NWR, Omaha, NE, USA). In Table 3, the investigated materials and the chosen analyzing
methods are listed.

Table 3. Overview of analyzed samples and the analyzing methods used.

Material Analyzing Method

Al granules ICP-MS analysis after HCl/HNO3 digestion
Casting powder ICP-MS analysis after LiBO2 fusion digestion
Covering agent ICP-MS analysis after LiBO2 fusion digestion

Sliding gate sand ICP-MS analysis after LiBO2 fusion digestion
Slag former ICP-MS analysis after LiBO2 fusion digestion

Mold and tundish slags ICP-MS analysis after LiBO2 fusion digestion
Clogging layer ICP-MS analysis after LiBO2 fusion digestion

NMI 1 and 2 LA-ICP-MS (point scans for 180 s)
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3. Results
3.1. Active Tracing
3.1.1. NMI Evaluation

The NMI evaluation and the determination of the active tracing success are schemat-
ically shown on the samples of the Ce-traced heat cast through the first SEN. The micro-
cleanness evaluation was conducted via automated SEM/EDS analysis, in which the three
main types of NMIs were identified after each process step. This is illustrated in Figure 4,
where it can be seen that different inclusion types occurred in various stages of the process.
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sample.

The inclusion population of the sample taken after Al deoxidation (Figure 4a) con-
sists of 36.22 No./mm² alumina inclusions and only a few MA spinel and Al2O3·SiO2
inclusions. In the second sample after Ce-addition (Figure 4b), a higher total number of
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NMIs was detected (81.05 No./mm²). The main types in the second sample were Al2O3
(50.29 No./mm²), Al2O3·Ce2S3 (27.34 No./mm²), and Al2O3·MnO (0.28 No./mm²). A total
of 44.69% of all inclusions (32.62 No./mm2) were Ce-traced Al-containing inclusions in
the second sample. After the FeTi addition and RH treatment, the inclusion population in
sample three changed to a lower total inclusion density (56.59 No./mm²). The pre-existing
inclusion types were also influenced and modified by FeTi. (Al,Ti)-containing oxides and
oxide-sulfides existed besides alumina NMIs. The last sample investigated, the tundish
sample (Figure 4d), had the same main inclusion types as the previous one but with a
decreased total number of NMIs per mm², namely 36.82 No./mm². The total number of
NMIs, the three main NMI types, as well as the overall tracing rates of the four investigated
samples are listed in Table 4.

Table 4. Total number of NMIs per mm², the three main NMI types per sample, and the associated
tracing rates of the samples from the third heat (Ce-traced).

Sample
No.

Date of
Sampling

Total No. of
NMIs (No./mm²)

Three Main NMI
Types

Overall Tracing
Rate (%)

1 After
deoxidation 38.70 Al2O3, MgO·Al2O3,

Al2O3·SiO2
-

2 After Ce
addition 105.91 Al2O3, Al2O3·Ce2S3,

Al2O3·MnO 41.26

3 After RH
treatment 46.83 Al2O3,

(Al,Ti)O,·(Al,Ti)OS 38.43

4 Tundish sample 25.06 Al2O3,
(Al,Ti)O,·(Al,Ti)OS 34.26

The mean equivalent circle diameters (ECDs) and the corresponding standard devi-
ation of the three main NMI types of each sample, categorized into traced and untraced
NMIs, are listed in Table 5. In samples 3 and 4, after FeTi addition, the ECDs of the traced
NMIs were higher for each inclusion type compared to the untraced ones. The inclusion
sizes increased between samples 2 and 4.

Table 5. Mean ECDs in µm of the traced and untraced main NMI types of the Ce-traced samples from
the third heat.

Sample No. NMI Type Mean ECD Untraced
(µm)

Mean ECD Traced
(µm)

1 Al2O3 2.55 ± 1.66 -
1 MgO·Al2O3 3.06 ± 1.37 -
1 Al2O3·SiO2 4.43 ± 3.22 -
2 Al2O3 1.51 ± 0.53 2.17 ± 1.13
2 Al2O3·Ce2S3 - 1.48 ± 0.49
2 Al2O3·MnO 1.46 ± 0.40 1.34 ± 0.28
3 Al2O3 2.24 ± 1.22 3.06 ± 1.50
3 (Al,Ti)O 1.89 ± 1.10 2.72 ±1.07
3 (Al,Ti)OS 1.43 ± 0.46 2.35 ± 1.09
4 Al2O3 4.21 ± 1.99 5.23 ± 2.66
4 (Al,Ti)O 2.54 ± 1.39 3.35 ± 1.38
4 (Al,Ti)OS 1.75 ± 0.60 2.15 ± 0.78

Figure 4 also shows the tracing rate for each inclusion type in the four analyzed
samples. Besides the Ce-traced Al2O3 inclusions, the Al-Ti oxides and oxide-sulfides
contained Ce-rich areas as well. The highest total tracing rate in the Al-containing NMIs
was found in the second sample after Ce addition at 41.26%, followed by the sample after
RH treatment at 38.43%, and the last sample at 34.26%.

The change in inclusion types over the process is shown in Figure 5 with exemplary
BSE images and the associated elemental mappings. Figure 5a depicts an example of the
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main NMI type, an alumina inclusion after deoxidation. After REE addition, these alumina
particles were modified by, e.g., Ce, and NMIs with brighter areas were formed, as shown
in Figure 5b. The FeTi addition led to modification in the inclusion landscape, and complex
Ce-traced (Al,Ti) oxides were found, as Figure 5c displays. Examples of the two main NMI
types in the last sample, traced and untraced (Al,Ti) oxides, are shown in Figure 5d,e.
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3.1.2. Clogging Layer Investigation

An SEM/EDS analysis of the clogging layer inside the first SEN was performed to find
out if pre-existing, traced alumina inclusions influenced the layer formation. Besides the
BSE image and the elemental mappings of the main elements, Al, Fe, and O, the detected
concentrations of Ti, La, and Ce are illustrated in Figure 6. Concerning this diagram, the
clogging layer can be divided into different parts that can be allocated to the three cast
heats. The first part of the clogging layer from the standard heat consisted primarily of a
large steel droplet, as seen in the elemental mappings. In the second section, associated
with the La-traced heat, an irregular signal of La varying between w = 0.2 and 0.9% was
detected. The La and Ce signal cannot be assigned to the pre-existing traced aluminum
oxide particles with regard to the associated element allocation due to insufficient signal
intensity. Similar to La, an irregular signal of Ce appeared in the third part of the clog. The
signal of Ti over the whole clogging layer was below w = 0.2%, with no significant peak in
the clogged material.
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Figure 6. BSE images and the corresponding elemental mappings of the main elements detected in
the clogging layer from the investigated SEN; below: EDS-detected elemental content of Ti, La, and
Ce over the clogging layer.

3.2. Passive Tracing

The REE concentration in the clogging layer was determined with ICP-MS after a
LiBO2 digestion. The averaged mass fraction of the homogenized, digested clogging layer
normalized to chondrites is shown as a thick, continuous blue line in Figure 7. Besides the
resulting fingerprint of the clogging layer, the patterns of the main influencing auxiliaries,
such as slags, casting powder, and Al granules, are illustrated. High mass fractions for La
and Ce and a Tb anomaly were detected for the clogging layer. A similar increase in heavy
REEs occurs for the patterns of the clogging layer and the sliding gate sand. The other
auxiliaries’ patterns do not conform with the clogging layer, except for the Tb anomaly of
the mold slag from the Ce-traced heat.
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Figure 7. REE fingerprint of mold and tundish slag, casting powder, sliding gate sand, Al granules,
and clogging layer.

The REE fingerprint technique was moreover applied to determine the source of meso-
scopic NMIs in steel samples from the traced melts. One NMI per melt was investigated
via LA-ICP-MS. In Figure 8, the BSE image and the corresponding elemental mappings of
the mesoscopic NMI (NMI 1) found in the La-traced melt cast through the first SEN are
shown. NMI 1 is a conglomerate primarily consisting of Al-, Ca-, Na-oxides and smaller
parts of Zr-, Ti- and La-oxides. The whole conglomerate is surrounded by CaS.

Metals 2024, 14, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 7. REE fingerprint of mold and tundish slag, casting powder, sliding gate sand, Al granules, 
and clogging layer. 

The REE fingerprint technique was moreover applied to determine the source of 
mesoscopic NMIs in steel samples from the traced melts. One NMI per melt was 
investigated via LA-ICP-MS. In Figure 8, the BSE image and the corresponding elemental 
mappings of the mesoscopic NMI (NMI 1) found in the La-traced melt cast through the 
first SEN are shown. NMI 1 is a conglomerate primarily consisting of Al-, Ca-, Na-oxides 
and smaller parts of Zr-, Ti- and La-oxides. The whole conglomerate is surrounded by 
CaS. 

 
Figure 8. BSE image and elemental mappings of NMI 1. 

The detected concentrations are constant over the whole depth of the complex 
mesoscopic NMI. Figure 9 shows the REE patterns of NMI 1 and all investigated 
auxiliaries. An Er anomaly occurs in the patterns of NMI 1, the casting powder, and the 
mold slag. High La mass fractions were detected for NMI 1 and both slags due to the La 
addition. In the mesoscopic NMI 1 pattern, anomalies for Gd and Yb also occurred. No 
similarities can be seen between NMI 1 and the other auxiliaries, such as the covering 
agent, sliding gate sand, slag former, Al granules, and tundish slag of the La-traced heat. 
The chondrite-normalized mass fraction of the investigated Al granules is significantly 
lower than those of the slags, the casting powder, and the inclusion. A similarly formed 
peak for the Er anomaly of the mold slag and mesoscopic NMI 1 can be seen. The Er 
anomaly is also visible in the casting powder, but with lower intensity. 

Figure 8. BSE image and elemental mappings of NMI 1.

The detected concentrations are constant over the whole depth of the complex meso-
scopic NMI. Figure 9 shows the REE patterns of NMI 1 and all investigated auxiliaries. An
Er anomaly occurs in the patterns of NMI 1, the casting powder, and the mold slag. High
La mass fractions were detected for NMI 1 and both slags due to the La addition. In the
mesoscopic NMI 1 pattern, anomalies for Gd and Yb also occurred. No similarities can be
seen between NMI 1 and the other auxiliaries, such as the covering agent, sliding gate sand,
slag former, Al granules, and tundish slag of the La-traced heat. The chondrite-normalized
mass fraction of the investigated Al granules is significantly lower than those of the slags,
the casting powder, and the inclusion. A similarly formed peak for the Er anomaly of the
mold slag and mesoscopic NMI 1 can be seen. The Er anomaly is also visible in the casting
powder, but with lower intensity.
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Figure 9. REE fingerprints of all investigated auxiliaries and mesoscopic NMI 1 of La-traced heat.

The second investigated mesoscopic inclusion (NMI 2) is taken from the first Ce-traced
heat. The BSE image and the corresponding elemental mappings are illustrated in Figure 10.
Similar to NMI 1, this inclusion is a conglomerate consisting of Al-, Ca-, and Na-oxides,
with small parts of Zr- and Ti-oxides. Traces of Ce were also detected in conjunction with
O and S via manual SEM/EDS analysis.
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Figure 10. BSE image and elemental mappings of NMI 2.

The REE patterns of NMI 2 and those of the auxiliaries that are the main potential
contributors for the formation of NMI 2 (casting powder, Al granules, and both slags of the
third heat) are plotted in Figure 11 for better visibility. A coherence can be seen between
the patterns of the mold slag and NMI 2. Both lines have high mass fractions of La and Ce
as well as Eu, Tb, and Er anomalies. The resulting REE fingerprint of the casting powder
also shows Eu and Er anomalies similar to the mold slag and NMI 2. The tundish slag’s
and Al granules’ patterns show no similarity to the other patterns.
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4. Discussion
4.1. Modification of NMIs Using REEs

The aim of applying the active tracing approach to the production of Ti-stabilized IF
steels was to determine if an agglomeration of pre-existing alumina inclusions was involved
in the clogging layer formation, or if reoxidation and thus newly formed NMIs occurred due
to the FeTi addition and subsequently played a role in clogging. The deoxidation products
were successfully traced via La or Ce, as was shown in Figure 5 with the example of the
Ce-treated heat. Regarding the automated SEM/EDS analysis of the taken samples, it was
found that only about 50% of all Al-containing NMIs were marked by REEs. This suggests
that the sampling after REE treatment was too fast, and there was too little interaction time
between the REEs and the melt. Furthermore, new inclusions occurred after the addition of
the REEs.

After RH treatment, fewer inclusions were detected in the automated SEM/EDS
analysis due to inclusion separation into the slag. The sample taken after RH treatment
consisted primarily of Al- and Ti-containing (AT)-oxides and oxide-sulfides. The tracing
rates for FeTi-modified deoxidation products were 30.79% and 50% for oxides and sulfides,
respectively. Since already a high number of detected Al2O3 NMIs were not marked in the
previous sample, it is difficult to determine if the high number of untraced new deoxidation
products is due to previous low tracing rates or if inclusions were newly formed after
FeTi addition.

After RH treatment, the number of NMIs was reduced further, as the results of the
automated SEM/EDS analysis of the tundish sample showed. The inclusion types remained
the same as after RH treatment. Concerning the automated SEM/EDS analysis, untraced
and traced AT-NMIs occurred simultaneously, leading to the conclusion that, on the one
hand, FeTi likely modified pre-existing alumina particles; and, on the other hand, new,
smaller NMIs were formed after FeTi addition.

Although active tracing seems to be an easy way to mark and track NMIs over the
steelmaking process, this method is also connected to some difficulties since REEs partially
reduce pre-existing NMIs. The degree of the reduction depends on the interaction time
between the NMIs and REEs. Two potential challenges occur during processing with REEs.
While a too-long interaction time leads to a complete reduction of the NMIs to be traced,
sampling directly after REE addition results in the problem that not all particles are marked
in this stage, as seen with the example of the Ce-traced melt. Furthermore, the examination
using automated SEM/EDS analyses of samples containing REE-traced NMIs takes longer
due to the required double threshold scan and the subsequent recombination. Last but
not least, the wetting and separation behavior of NMIs is influenced by the active tracing
technique since the inclusions are modified. Hence, a new tracing approach is demanded.
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4.2. Clogging Layer Investigation

The clogging layer was investigated twice. In the first step, it was analyzed via
SEM/EDS, and then LA-ICP-MS was used to determine the REE pattern for the fingerprint
approach. During SEM/EDS analysis, only a few La- and Ce-traced alumina particles were
found in parts of the examined clogging layer. Thus, it can be assumed that pre-existing
Al2O3 NMIs were involved in the formation of the clogging layer in the SEN. Due to the
detection of La and Ce, it is possible to divide the clogged material into three sections for
each cast heat through this SEN. The La and Ce signals varied in a low range for amounts
between w = 0.2 and 0.9%. The Ti concentration was below w = 0.2% over the whole
clogging layer. Hence, in the investigated section of the clog, no Ti-modified Al-NMIs
were found. Since only traces of La and Ce were detected with SEM/EDS in the clogging
layer, the REE fingerprint approach was applied to confirm the influence of pre-existing
deoxidation products on the clogging layer formation.

By using the passive tracing technique, a similar increase in heavy REEs could be
observed for the sliding gate sand and the clogging layer. Due to this resemblance, it
can be concluded that the sliding gate sand influenced the formation of the clogged SEN.
The Al granules showed only low REE concentrations, leading to low mass fractions,
which is why a comparison with the resulting pattern is not reasonable. The Tb anomaly
that was observed for the clogging layer and the mold slag from the Ce-traced heat was
presumably an interference caused by the very high Ce contents. One problem of the
REE fingerprint approach concerning the clogging layer is that the signal was averaged.
A promising method for more targeted investigations of inhomogeneous materials, such
as the clogging layer, would be a spatially resolved analysis of specific parts instead of
homogenizing and averaging the detected signal, since the REE concentration varied
over the clogging layer. However, dividing the layer into the respective sections and the
subsequent spatially resolved analysis is difficult. Further studies to improve the measuring
method are required.

While both tracing methods are suitable for the determination of the actual source, they
do not provide definitive insights into the underlying mechanism responsible for clogging
layer formation. As mentioned in the introduction, the four main mechanisms behind
the clogging phenomenon during continuous casting of Ti-stabilized ULC steels coincide
in most cases. The FeTi addition is a critical factor for the occurrence of clogging during
continuous casting since it influences interfacial tension [37] and further delivers additional
oxygen to the melt, leading to the formation of new smaller NMIs [38]. The detection
of Ce and La in the SEM/EDS analysis of the clogging layer leads to the conclusion that
pre-existing alumina inclusions agglomerated to the nozzle wall, which is one of the most
common mechanisms.

4.3. Origin of Mesoscopic NMIs

The SEM/EDS analysis of the mesoscopic NMIs (NMI 1 and 2) led to the result
that both particles were conglomerates consisting of different oxides. Al-, Ca-, and Na-
oxides were the main oxides in both investigated heterogeneous NMIs. Small parts of
Zr-, Ti-, and La-oxides were irregularly distributed in the particles. Due to the high
concentration of Ca and Na, as well as the detection of F in the SEM/EDS analysis, the
casting powder was identified as one possible source, despite the absence of Si, a major
component, in this auxiliary. Applying the REE fingerprint method should clarify if the
mesoscopic NMIs originate from the casting powder or if they have another source. Based
on the chemical composition of the NMIs, other auxiliaries that may have influenced the
inclusions’ formation were determined. Similarities between the mold slag and the casting
powder occurred in the case of NMI 1 (traced with La). Hence, the main source of the
mesoscopic NMIs is likely the casting powder, as was expected after the SEM/EDS analysis,
since mold slag is primarily molten casting powder. Although small parts of ZrO2 were
detected during our SEM/EDS analysis, no similarity occurred between the sliding gate
sand and the investigated NMIs. Another possible source for ZrO2 is an absorption of
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refractory into the mold slag from the slag zone of the SEN. The presence of ZrO2 in the
mold slag strengthens the assumption that the mold slag is the source of NMI 1. The
intensity of the Er anomaly increased more in the REE patterns of the mold slag and the
NMIs compared to the sliding gate sand. The Gd and Yb anomalies visible in the pattern
of NMI 1 most likely resulted from interferences of 139LaOH+ and 139LaO2

+ on 156Gd and
172Yb, respectively, occurring due to oxide ion formation in the plasma. The high values for
the La mass fraction of NMI 1, tundish, and mold slag are non-natural La concentrations
and resulted from the active tracing approach. As a consequence of the La-traced alumina
parts occurring in the EDS analysis of NMI 1, the Al granules also influenced the inclusion
formation. However, similar to the clogging layer investigation, the REE concentrations in
the Al granules being significantly lower than in the other investigated materials made the
comparison with the other resulting REE patterns impossible. Thus, the REE fingerprint
technique cannot confirm the assumption of the Al influence on the conglomerate after
SEM/EDS analysis.

Concerning the manual SEM/EDS analysis, the mesoscopic inclusion of the Ce-traced
heat, NMI 2, had origins similar to NMI 1. The resulting elemental pattern after the REE
fingerprint investigation differed regarding the occurring anomalies from NMI 1. The
pattern of mold slag from the third Ce-traced heat is almost identical to the pattern of NMI
2. Both lines showed anomalies for Eu, Tb, and Er in a similar intensity. In addition to
the different intensities for the Eu and Er anomalies, the REE fingerprint differs regarding
the higher concentrations for La and Ce and the occurring Tb anomaly. The reason for
the significantly higher mass fraction of La and Ce in the mold slag is its contact with the
traced melts and carryover slag from the tundish. The Tb anomaly occurred at the clogging
layer and NMI 2, but not at NMI 1. Hence, the detected Tb signal seemed to be due to an
interference between 159Tb+ and 142CeOH+. The source of the Ce-traced mesoscopic NMI 2
is similar to that of NMI 1, the mold slag, and thus the casting powder.

5. Conclusions

Active and passive tracing approaches were applied to study the clogging layer
formation during the industrial production of Ti-stabilized ULC steels and to further
identify the source of mesoscopic NMIs. The following findings were obtained from
this study:

1. For the active tracing method, La and Ce were directly alloyed subsequent to Al
deoxidation to trace the formed alumina NMIs. The experiment was applied to the
production of Ti-stabilized ULC steel on an industrial scale. The micro-cleanness
evaluation over this process showed a modification of the formed alumina inclusions
after deoxidation to La- or Ce-traced and untraced Al- and Ti-containing oxides
in the tundish sample. The occurrence of traced AT-NMIs confirms that alumina
particles formed during the deoxidation process exist in the final sample, whereas
untraced AT-NMIs led us to the conclusion that new small NMIs were formed after the
FeTi addition.

2. The elemental mappings of the SEM/EDS analysis from the clogging layer highlighted
only small, traced alumina parts in the clog. The detected concentrations of La and
Ce varied in a low range between w = 0.2 and 0.9%, making it possible to divide the
clogging layer into three sections corresponding with the three cast heats. Due to the
occurrence of traced NMIs in the clog, it can be concluded that pre-existing alumina
particles were involved in the layer formation.

3. No similarities between the clog and the investigated Al granules were found during
the additional investigation of the clogging layer using the passive tracing approach
since the REE concentrations in the Al granules were too low. However, according
to the REE fingerprint approach, the sliding gate sand influenced the formation of
the clogging layer. The detailed reaction mechanism behind the impact of the sliding
gate sand on clogging is not clarified. Hence, further studies need to be conducted to
answer this issue.
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4. The two investigated mesoscopic NMIs of La- and Ce-traced heats were conglomerates
primarily consisting of Al-, Ca-, and Na-oxides with traces of Zr-, Ti, and La/Ce-oxides.
By applying the passive tracing technique, it was determined that the casting powder
and the resulting mold slags, respectively, were the sources for both NMIs.

5. The REE fingerprint technique is a new approach for, e.g., identifying the source of
NMIs and learning more about the origin of phenomena such as clogging during steel
production. In contrast to the already-applied active tracing method, no additional
element, which modifies the existing NMIs and influences their behaviors, is needed
for training.
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