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Abstract

Alumina-silica and spinel refractries were submitted to molten-steel dipping tests in order to

develop anti-alumina-clogging refractries for the inside liner of a submerged entry nozzle that are

characterized by the formation of liquid-bearing microstructure. Alumina-silica refractories form a

liquid-bearing reaction layer along the hot face via manganese invasion from the molten steel, but

performance varies depending on the silica content of the refractory and manganese concentration

of the molten steel. Spinel refractories containing MgO, CaO and SiO: as flux form a liquid-bearing

microstructure by heating without reacting with the molten steel. Alumina adhesion on the inner

wall of submerged entry nozzles was reduced by applying the newly developed refractories.
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1. Introduction

of
submerged entry nozzles (SENs) is of great

Preventing the alumina adhesion
importance not only for prolonging SEN
service life but for improving steel quality'’.
The mechanism of alumina adhesion can be
classified into two types: oxidation of dissolved
aluminum by CO and SiO gasses emitted from
SEN refractories and direct adhesion of alu-
mina inclusions suspended in the molten steel®’.
Carbon-free refractories, which do not emit CO
and SiO gasses, have commonly been used as
the inside liner of a SEN to prevent alumina
adhesion by the former mechanism. Meanwhile,
alumina inclusion adhesion is closely related to
the wettability of a SEN refractory to molten
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Table 1 Chemical compositions of refractory

samples (in mass%)

Refractory A B C D E
SiO. 56 40 16 2
Al0Os 41 57 70 58 58
MgO 27 23 30
Ca0 7
C 3 3 3 3 3
Total 100 100 100 100 100
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steel®, and the adhesion can be prevented by
increasing the wettability. In general, carbon-
free refractories are not wettable to molten
steel because they consist of solid oxides. If they
contain some amount of liquid-oxide phase in a
hot environment, the wettability can improve
greatly.

We chose alumina-silica and spinel refracto-
ries, both of which were carbon-free, as the test
samples in this study. As for the alumina-silica
refractories, wettable liquid-bearing reaction
layer was formed along the hot face by utilizing
the reaction between silica in the refractory
and manganese in the molten steel, while as
for spinel refractory, a wettable liquid-bearing
microstructure was obtained by adding flux to
the spinel. The actual caster tests showed that
the newly developed wettable refractories had
superior anti-alumina-clogging performances to
the conventional carbon-free refractories.

2. Experimental Procedure

The refractory samples shown in Table 1 were
submitted to molten-steel dipping experiments
in order to investigate the reactivity to molten
steel. Refractories A and B were alumina-silica
refractories and were made up of mullite and
silica. Refractory A had higher silica content
than refractory B. Refractories C, D and E were
spinel refractories. Refractory C was composed
of spinel, refractory D contained 81mass% spinel
and 16mass% SiO., and refractory E contained
8lmass% spinel, 7mass% MgO, 7mass% CaO
and Zmass% SiO,. All the refractory samples
contained 3mass% carbon which was the resi-
due of phenol resin which had been added as the
binder. The samples were regarded as carbon-
free refractories because the residue carbon
disappears immediately when contacting with
molten steel. Two kinds of steel samples were
prepared for the experiments: the low-carbon
steel was relatively enriched with aluminum and
low in manganese, while the medium-carbon
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Table 2 Chemical compositions of steel samples

(in mass%)
Mn Al Si
Low-C steel 0.2 0.025 0.01
Medium-C steel 0.5 0.001 0.20
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|- Specimen

|~ Tanmmann crucible

- Molten steel

* Ar gas flow
Heating element

Fig. 1 Experimental apparatus for molten-steel

dipping experiment.

steel was depleted of aluminum and enriched
with manganese (Table 2).

The experimental conditions were as follows.
The raw materials were kneaded with phenol
resin and pressed under 100MPa. The pressed
samples were fired at 1000C and the fired sam-
ples were cut in a 6X6mm columnar shape. A
small-sized electric furnace (Fig. 1) was used as
a heating apparatus since the temperature and
atmosphere can be regulated accurately. 300g of
steel sample was put into a Tammann crucible
(40mm¢) made of alumina and heated up to
1560C in an argon atmosphere. A refractory
sample was also set over the crucible in order
to be preheated. After holding the temperature
for 30 minutes at 1560C, the refractory sample
was dipped into the molten steel at a depth of
15mm. After 10min immersion, the refractory
sample was pulled out of the molten steel and
both refractory and steel samples were cooled
within the furnace naturally. The refractory

Table 3 Combinations of refractory and steel samples in molten-steel dipping experiments

Experiment 1 2 3 4 5 6 7
Refractory A A B B C D E
Steel Low-C Medium-C Low-C Medium-C  Medium-C  Medium-C  Medium-C
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Experiment 1 Experiment 2 Experiment 3 Experiment 4

Fig. 2 Appearances of alumina-silica refractories
after molten-steel dipping experiments.

—— 0.5 mm

———— 0.5 mm

Fig. 4 Electron microprobe analysis of
refractory A after experiment 2.
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—— 0.5 mm

Fig. 3 Electron microprobe analysis of
refractory A after experiment 1.

samples were cut longitudinally and observed
with the aid of an electron microprobe.

The combinations of the refractory and steel
samples are listed in Table 3. Both low- and
medium-carbon steels were used for refractories
A and B, whereas only medium-carbon steel
was used for refractories C, D and E.

3. Results and Discussion

3. 1 Experiment 1-4

Fig. 2 shows the appearances of alumina-
silica refractories A and B after experiments
1-4. Though all the samples yielded a blackish
reaction product in the dipped part, refractory
A became corroded after experiment 2.

After experiment 1, refractory A contained a
500 um-thick reaction layer composed of SiO.-
Al,O;-MnO liquid phase and mullite (Fig. 3).
After experiment 2, refractory A had a reaction
layer of the same constituents as refractory A
in experiment 1, but the thickness of the layer
exceeded Imm (Fig. 4). After experiment 3,
refractory B contained a 300 m-thick reaction
layer composed of corundum and a small amount
of SiO;-Al,O;-MnO glassy phase (Fig. 5). After
experiment 4, refractory B contained a 300 um-
thick reaction layer of the same constituents as
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—— 0.5 mm

——— 0.5 mm

Fig. b Electron microprobe analysis of
refractory B after experiment 3.

SiO:

Glassy phase
(experiment 1, 2)

Glassy phase
(experiment 3, 4

Liquid field /.
at 1560°C /-

MAO | " AN

Fig. 7 Chemical compositions of refractories A
and B, and of glassy phases formed in them
after molten-steel dipping experiments in
Si0;-Al;05-MnO phase diagram®. Shaded
area indicates a liquid field at 1660°C.
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Fig. 6 Electron microprobe analysis of
refractory B after experiment 4.

refractory B in experiment 3 (Fig. 6).

The chemical composition of the SiO.-AlOs-
MnO liquid phase found in the reaction layer
differed between refractory A and refractory
B, but was roughly the same, independent of
the composition of the steel (Fig. 7). Likewise,
the crystalline phases coexisting with the liquid
phase were mullite and corundum in refractory
A and refractory B, respectively, these assem-
blages being independent of the steel composi-
tion. Thus, the bulk chemical composition of
the reaction layer should lie somewhere on the
tie line that connects the compositions of the
Si0;-Al:O3;-MnO liquid phase and the coexist-
ing crystalline phase. In addition, the chemical
composition of the steel sample differed before
and after the dipping test. Comparison of
the composition changes in experiments 1-4
revealed a linear relationship where Mn loss
increased with the increase in Si gain (Fig. 8).
This suggests that invasion of manganese into
the silica of the alumina-silica refractory can be
caused by the following reaction:

SiOz(S) +2Mn = Si + Z(MnO) ............... (1)

Assuming that the superficial areas of the
refractories changed their compositions accord-
ing to this reaction, the compositions should
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Fig. 8 Changes in [Si] and [Mn] of steel samples
in molten-steel dipping experiments.
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Experiment 5 Experiment 6 Experiment 7

Fig. 9 Appearances of refractory samples after
molten-steel dipping experiment.

have changed along the arrows in Fig. 7.
Therefore, the bulk composition of the reaction
layer can correspond to the intersection of the
arrow with the tie line connecting the liquid
and crystalline phases. This suggests that the
surface of refractory A is estimated to have
been in the liquid field, while that of refractory
B is estimated to have been in the corundum
plus liquid field. This estimation accords with
the observed phenomena of refractory A gen-
erating a relatively high amount of liquid phase
and refractory B generating corundum and a
relatively minor amount of liquid phase.

3. 2 Experiments 5-7

Fig. 9 shows the appearances of spinel refrac-
tories C, D and E after experiments 5, 6 and 7,
respectively. Refractory C had a thin whitish
adhesion coat on the dipped part, whereas
refractories D and E had a grayish glassy reac-
tion product on the dipped part.

After experiment 5, refractory C had a spinel
adhesion layer of a few um in thickness while
no reaction product involving liquid phase was
formed (Fig. 10). After experiment 6, refractory
D was composed of spinel and SiO.-MgO-Al,O;
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Fig. 10 Electron microprobe analysis of
refractory C after experiment b.

Fig. 12 Electron microprobe analysis of
refractory E after experiment 7.

WDODFEE T HAE RV E D) HIFFENEET
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DREVELIZbDEEZ LN D,

Fig. 11

Electron microprobe analysis of
refractory D after experiment 6.

liquid phase. MnO was detected in the liquid
phase of the superficial area (Fig. 11). After
experiment 7, refractory E consisted of spinel,
and CaO-MgO-AlO;-SiO.
phase but did not show a layered structure.
Manganese was not detected in the liquid phase
(Fig. 12).

It is presumed that the spinel and silica in
refractory D reacted and transformed into the
assemblage of spinel and SiO,-MgO-Al:O; liquid
phase at 1560C, based on the pseudo binary
system MgAl:O,-SiO. (Fig. 13). The manganese
detected in the superficial area of refractory
D may result from the invasion into the SiO
component in the liquid phase by the same
mechanism described above as reaction (1).

The pseudo system MgAlLO,~
CaMgSiO, shows that a composite of spinel

periclase liquid

binary

and monticellite, which is the approximation of
refractory E, transforms into the assemblage
of spinel, periclase and CaO-MgO-Al:0;-SiO.
liquid phase at 1560C (Fig. 14). In fact, after
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Fig. 13 Pseudo binary system MgAl,0,-SiO,”

showing composition of refractory D.
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Fig. 14 Pseudo binary system MgAl,O.-CaMg-
Si0.? showing approximate composition
of refractory E.

the molten-steel dipping, refractory E contained
periclase and CaO-MgO-Al,0;-SiO.
liquid phase, suggesting that its liquid-bearing
microstructure was basically created by heat-
ing without reacting with the molten steel.

spinel,

4. Evaluation of Wettability to Molten Steel

We carried out the following crucible experi-
ments to evaluate the wettability of refractories
A to E to molten steel. Refractory samples with
dimensions of 30X 30x50mm with ¢15xD40mm
bore for filling 30g of steel sample were heated
at 1560 for 3 hours in an argon atmosphere by
means of an electric furnace. The samples were
cooled naturally in the furnace and cut in half.
The wettability was evaluated by observing the
meniscus shape of the steel. Low-carbon steel
was selected as the reactant for refractories A
and B, and medium-carbon steel for refractories
C, D and E.

Fig. 15 shows the cut surfaces of refractories A,
B and conventional alumina carbon-free refrac-
tory after the experiment. The meniscus of the
steel in the conventional alumina refractory had
a convex shape while that in refractories A and
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Conventional
alumina
refractory

Refractory B

Refractory A

Fig. 15 Cut sections of refractories A, B and
conventional alumina refractory after
crucible experiment.
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Refractory E

Refractory C Refractory D

Fig. 16 Cut sections of refractories C, D and E
after crucible experiment.

B had a flat surface, indicating that refractories
A and B were more wettable to the molten
steel than the conventional alumina refractory.
Fig. 16 shows the cut surfaces of refractory
C, D and E. The steel sample in refractory C,
which was the conventional spinel carbon-free
refractory, showed a convex meniscus. On the
other hand, the steel sample in refractory D
showed a flat surface and that in refractory
E showed a concave meniscus. This indicates
that refractory E was the most wettable to the
molten steel among the spinel refractories.

5. Actual Caster Tests

SENs with inside liner of refractory A or
refractory E were submitted to actual casting
tests. Both of the newly developed products
showed superior anti-alumina-clogging perfor-
mance to the conventional products (Figs. 17
and 18). However, there were cases that the
inner wall of refractory A was partially cor-
roded by high-manganese medium-carbon steel
casting. Therefore, refractory B or refractory E
should be selected as the inside liner for high-
manganese steel casting. Spinel refractories C,
D and E can be applied on the condition that
sufficient preheating is secured because thermal
expansion rates of the spinel refractories were
considerably higher than those of alumina-silica
refractories A and B.
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Conventional product
(alumina refractory)

Developed product
(refractory A)

Fig. 17 Cut sections of SENs equipped with
alumina inside liner after low-carbon
steel casting.
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steel casting.

6. Conclusions
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