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Abstract: In the production of ULC steel grades via the RH

process route, Al is added first for deoxidation after the end

of decarburization and FeTi follows after a certain period of

separation of alumina particles and the related reduction of

the total oxygen content. The FeTi addition iswell known to

cause clogging problems in the following casting process.

The analysis of plant data by voestalpine Stahl in Linz indi-

cates an increasing clogging tendency with a higher Ti/Al

ratio in the steel. Automated SEM/EDS investigations on

lollipop samples show the existence of a newly nucleated

Ti-containing alumina particle population after the FeTi ad-

dition. These particles are comparably smaller than the

alumina particles and, even if thermodynamically unsta-

ble, they still exist as a large population of small particles

in samples taken from the tundish.

The addition of Al and FeTi into a molten steel sample with

controlled initial oxygen activity for varying Ti/Al ratioswas

simulated in laboratory scale afterwards. Just like in the

plant, a new population of small Ti-containing alumina par-

ticles nucleates, with the size and number depending on

the Ti/Al ratio in the melt.

Laboratory experiments and plant observations are in

consistence with each other and indicate—for the underly-

ing process route and process parameters—some counter-

measures for the better control of clogging.
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Der Einfluss der FeTi-Zugabe auf die Bildung

mikroskopischer, nichtmetallischer Einschlüsse in ULC

Stählen

Zusammenfassung: Die Produktion von Ti-stabilisierten

ULC–Stählen sieht nach Tiefstentkohlung in der RH-Anlage

die Desoxidation mit Aluminium und nach einer vorgege-

benenWartezeit, die Zugabe von FeTi vor, was nachfolgend

zur Bildung von Anhaftungen im Gießsystem der Strang-

gießanlage („Clogging“) führen kann.

Die Auswertung von Betriebsdaten aus dem Stahlwerk der

voestalpine in Linz zeigt eine deutlich höhere Clogging-Ten-

denz für zunehmendesTi/Al-Verhältnis. REM/EDX-Untersu-

chungen an Lollipop-Proben nach der FeTi-Zugabe weisen

auf die Existenz einer neu gebildeten Einschlusspopulation

von kleinen Aluminiumoxiden mit geringem Ti-Gehalt hin.

Obwohl thermodynamisch instabil, bleiben diese Partikel

nahezu unverändert bis zum Vergießen erhalten und sind

im Verteiler die bestimmende Einschlussklasse.

Die Zugabe vonAl und FeTi zu einer Eisenschmelzemit kon-

trolliertem Anfangssauerstoffgehalt wurde anschließend

im Labor simuliert. Auch unter diesen Bedingungen bilden

sich Ti-haltige Aluminiumoxide, Zahl und Größe hängen

von Anfangssauerstoffgehalt und dem Ti/Al-Verhältnis ab.

Aus den Untersuchungsergebnissen lassen sich qualita-

tive Rückschlüsse auf mögliche Clogging-Gegenmaßnah-

men ziehen.

Schlüsselwörter: Stranggießen von Stahl, Ti-stabilisierter

ULC, Clogging

1. Introduction

Ti-stabilized ULC and IF steel grades frequently cause the

build-up of oxide layers or oxide networks in the flow con-

trol system of the casting machine. This process is known

as clogging and has a negative impact on the productiv-

ity and product quality. According to the extensive liter-

ature, different mechanisms, like chemical reactions be-
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Fig. 1: Clogging index (according to thevaS internaldefinition)vs. Ti/Al
ratio in thesteel according to [3]

tween steel and refractories, the solidification of steel in-

side the submerged entry nozzle (SEN) or the adhesion of

nonmetallic inclusions (NMI) on the inner surface of the

SEN may trigger clogging. Clogging incidences, however,

can commonly not be assigned to a single mechanism. In

addition, differences in plant configurations, Al deoxida-

tion and FeTi addition practices as well as the design of the

fluid flow control system of the casting machine also have

a significant influence on clogging (eg. [2]). This complex-

ity of possible influencing parameters may contribute to

the widely spread and partly inconsistent research findings

on the clogging of Ti-stabilizedULC steel; a comprehensive

overview of the state of knowledge was recently published

by Dorrer et al. [3]. The present paper addresses only one

of these aspects, namely the formation of a new inclusion

population due to the FeTi addition after RH treatment as

a possible cause for clogging.

Fig. 2: Numberofparticles in samples taken fromproductionprocess forHeatsA (a) andB (b)

2. Plant Observations

Voestalpine Stahl GmbH (vaS) in Linz produces ULC steel

grades typically in heat sizes of 180 tons via the BOF-LF-RH-

CC route. A general description of the production process

can be found in [4]. After tapping with appr. 500ppm oxy-

gen and a possible temperature adjustment in the ladle fur-

nace, degassing in the RH degasser starts. After achieving

the target value for carbon, Al is added depending on the

actual oxygen activity and the Al target value. During the

next minutes, most alumina inclusions are separated, the

total oxygen content decreases to less than 30ppm and fi-

nally FeTi is added. The slag still containsmore than 15wt.-

% of FeO at this time, and tominimize reoxidation, the ladle

is transferred to the casting machine after a few minutes.

The negative influence of an increasing Ti/Al ratio on

the clogging tendency has already been reported in two

earlier publications [5, 6]. Fig. 1 shows the vaS internal

clogging index for more than 3000 heats, produced in the

years 2017 and 2018 and graded according to the Ti/Al ratio

of the produced steel. For the vast majority of these heats,

the Ti/Al ratio ranges from 1 to 2. The number of clogging

incidences increases substantially with an increasing Ti/Al

ratio, but it should be mentioned that a higher Ti/Al ratio

does not necessarily result in clogging. The Ti/Al ratio is

therefore an indicator for increasing clogging sensitivity of

a steel grade but not suitable as the only clogging criterion.

For a specific analysis of the evolution of the number,

size, and morphology of inclusions over the time between

Al addition and casting, samples taken from the production

were analyzed by means of automated SEM/EDS. Repre-

sentative of a large number of investigated heats, the re-

sults for two of them will be discussed exemplarily: Sam-

ples were taken 2min and 8min after Al addition, immedi-

ately after FeTi addition and from the tundish after casting

of half of the heat. The final Ti/Al ratio amounts to 1.25 for

Heat A and to 1.65 for Heat B. Details on the sampling, met-

allographic/analytic investigations and classification of the

inclusions can be found in [3].

Fig. 2 presents the detected number of inclusions con-

taining alumina in the four samples for Heats A and B.
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Fig. 3: Compositionofparticlesof class“AT” (HeatA) in the ternarysys-
temAl-Ti-O

Two minutes after deoxidation, still a large number of alu-

mina inclusions are present in both cases. The number

decreases significantly during the next 6min. After FeTi

addition (8min after deoxidation), a new type of inclusion

can be detected, termed here as “Al2O3 with Ti” or “AT”

(consisting only of Al, Ti, O). Between that point and the

sample collection from the tundish, the greater part of the

inclusions is again separated but Class AT survives and fi-

nally forms the majority of inclusions.

Fig. 3 shows the inclusions of Class AT from Heat A,

ranging in the ternary system Al-Ti-O (in wt.-%). The large

majority of inclusions (appr. 80%) is small, homogeneous

and belongs to Class AT (a) with 0.025< Ti/Al< 0.15. Parti-

cles with higher Ti-content are mostly heterogeneous and

contain phases with high Ti content (TiO2 or Al2O3
.TiO2).

The morphology of these inclusions is similar to inclusions

as described in literature [7–9]. They might form as a result

of the modification of inclusions between the time of FeTi

addition and sampling in the tundish.

The particle diameter statistics (ECD) for Classes Al2O3

and AT in tundish samples from Heats A and B show an

aged population of Al2O3 particles with higher ECD (pre-

sumably resulting from deoxidation) and a population of

small particles, pointing to the later nucleation, maybe due

to the FeTi addition. For Class AT (a), all particles show a di-

ameter of less than 3µm, clearly indicating that theymostly

nucleated after FeTi addition and are not the result of the

modification of pre-existing oxides.

Former SEM/EDS investigations on clogged submerged

entry nozzles after the casting of Ti-ULC steel grades indi-

cate that the inclusions of Class AT are at least involved in

the build-up of the clogging layer [5]. Therefore, lab ex-

periments were performed to investigate the formation of

inclusions of Class AT.

3. Experimental Results

Themainobjectivesof the lab experimentswere as follows:

Adding Al and FeTi75 (5min afterwards) to a steel melt

with controlled initial oxygen content under Ar pro-

tection in Al2O3 crucibles without top slag to observe

whether the population of AT inclusions forms due to

the FeTi addition or not.

TABLE 1

Main parameters for the performed experiments ac-
cording to [3]

Test series Main parameters

Series I
(5 experiments)

Initial oxygen: 140–170ppm
Al: 0.043–0.062 wt.-%
Ti/Al: 0/0.8/0.9/1.89/1.93

Series II
(3 experiments)

Initial oxygen: 127–176ppm
Al: 0.016–0.033 wt.-%
Ti/Al: 0.83/1.37/2.33

Series III
(3 experiments)

Initial oxygen: 62–85ppm
Al: 0.030–0.035 wt.-%
Ti/Al: 0.56/1.28/2.30

Variation of initial oxygen content and the Ti/Al ratio to

observe the influence on number and volume fraction of

newly nucleated particles.

The lab experiments were conducted in a resistance heated

furnace at 1600°C with 300g of liquid iron, details can be

found in [3]. The initial oxygen content was adjusted to tar-

get valuesof 60, 120, and150ppmbyaddinganFe-Omaster

alloy with 0.18–0.20wt.-% O. The Ti/Al ratio was gradually

changed betweenno FeTi addition andTi/Al= 2.3. Themain

parameters for the experiments performed are given in Ta-

ble 1. The FeTi75 used contains between 0.1 and 0.3wt.-%

of oxygen and is highly heterogeneous.

In the following, only the results of automated SEM/EDS

on the very last sample taken (8min after FeTi addition)

is considered for the discussion. Fig. 4 summarizes the

results of Series I: Class AT is detected in all samples with

FeTi addition, and the number of AT particles grows with

increasing Ti/Al ratio and the size of the AT particles (here

the mean ECD) is significantly smaller than in the class A.

Fig. 5 compares the results from experiments in the

range of Ti/Al= 1.37–1.93 and different initial oxygen con-

tent with the results for Heats A and B from the plant

observations. The significant influence of an increasing

oxygen content is obvious.

The following conclusions can be drawn from the exper-

imental results:

Fig. 4: Numberofparticles in classes“A”and“AT”withmeanECDfor
experimentsof series I
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Fig. 5: Numberofparticles inclasses“A”and“AT”versusTi/Al andgrad-
ually increasing initial oxygencontent

Despite the exclusion of slag and air as oxygen sources,

the FeTi addition results in the nucleation of a new pop-

ulation of Class AT.

Initial oxygen content and Ti/Al ratio are the main influ-

encing factor for the final number and volume fraction

of AT inclusions.

Even though the AT inclusions are thermodynamically

unstable, they show no tendency to modify their shape

or chemistry during the 8-minute holding time after the

FeTi addition.

The wetting behavior between ULC steel and AT inclu-

sions is very similar to pure Al2O3. The high number of

small AT particles should be attracted by the submerged

entry nozzle and result in a higher tendency towards

clogging [10, 11].

It should be noted that both the separation and agglomera-

tion tendencies are rather small in the experiments as fluid

flow in themelt only results fromnatural convection and in

addition, thermal gradients are marginal. The separation

of particles is limited to the adhesion at the crucible/steel

interface. The significance of the results is limited to the

above-listed conclusions and the results should not be in-

terpretedwith respect to the behavior of particles in a ladle.

4. Conclusion

Plant observations and laboratory experiments suggest the

nucleation of a new inclusion population of Al2O3 particles

with traces of Ti after FeTi addition. According to the un-

derstanding of the interfacial physics between steel and

refractory in the fluid flow control system of casting ma-

chines, these particles will be attracted by the interface and

as they are small and their number is high, they should in-

crease the risk of clogging. It should not be concluded that

a higher Ti/Al ratio is the only decisive parameter for clog-

ging; nor is the adhesion of oxides by the interface the only

clogging mechanism involved. Nevertheless, the control

of O input by the added FeTi could be a beneficial measure

for clogging prevention.
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