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Abstract

The microstructures of the inner hot face of CaO-ZrO,-C (CZ-C) submerged entry nozzles
used in actual continuous casting of Al-killed steel were investigated. It was observed that a thick
AlOs clog deposit occurred on the Al:O;—-C region of the nozzle inner hot face, whereas no clog
deposit was found on the CZ-C region, which did not show any macro-corrosion either. The CZ-
C inner hot face consisted of a surface layer (molten steel side) and a decarburized layer. There
were mainly Al:O;-CaO phases forming the matrix, ZrO.-CaO grains and Al:O;-MgO grains
in the surface layer. The decarburized layer revealed a microstructure where the initial carbon
(graphite) had disappeared and Al:O;-CaO phases were distributed among the ZrO,-CaO grains.
The two layers were all dense. The deposition inhibition action of the CZ-C may be a result from
the surface layer being dense and having good wettability with the molten steel. The long lasting
performance may be because the surface layer had a high apparent viscosity and thus was able to
resist washing out of the molten steel flow.

1. ®5 1. Introduction

OIS BT, ALO-CEME OEE The submerged entry nozzles utilized for

C e e . e steel continuous casting are usually made
S ANDARIN R S TR 205 AL F S of alumina-carbon (Al:O3;-C) material. Nozzle
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clogging phenomenon occurs frequently due to
easy formation of Al.O; deposits on the nozzle
inner wall during casting of Al-killed steel. Al:O3
deposition, although not well understood vyet, is
generally considered to be caused by chemical
reactions of the dissolved Al in the molten steel
with the nozzle refractories and adhesion of
AlO; inclusion particles in the molten steel onto
the nozzle.

Al:O; deposition has serious influences on
casting productivity and steel qualities. For
example, casting speed and the numbers of
sequence-cast heats are reduced due to the
deposition. In the more severe cases, it can cause
termination of the casting. Other problems such
as generation of asymmetrical steel flow, surface
level fluctuations and slag entrainment in the
mould are also induced. Moreover, the deposits
can be removed from the nozzle by the steel
flow and become a source of macro-inclusions
creating defects in the steel products.

In order to prevent Al:O; deposition, argon
gas is injected through the pores in refractories
such as submerged entry nozzles, upper nozzles
or stopper rods into the steel flow. This cre-
ates, however, some shortcomings, e.g. probable
result in a lot of steel defects caused by the
argon bubbles.

Many studies focusing on modification of the
nozzle geometry and materials for inhibiting
nozzle clogging have also been conducted. In
respect of the geometry, we developed nozzles
with special shapes such as annular step and
mogul . As anti-clogging materials, non-carbon
and CaO-bearing systems were developed, which
all have been applied practically. The former has
been reported previously “*. The current paper
is about nozzles including CaO-ZrO,-C (CZ-C)
material, one of the CaO-bearing systems. In
the early stage, the CaO-bearing anti-clogging
materials were developed based on a general
concept that AlO; deposits interact with the
CaO in the nozzle, converting into CaO-AlLO;
liquid phase, and then are washed away from
the nozzle by steel flow, accompanied by nozzle
erosion.

In this work, CZ-C nozzles used in actual
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Fig.1 Schematic diagrams illustrating material
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continuous casting operation of a steel mill for
Al-killed steel manufacture were taken back,
and the microstructures of the hot faces of the
nozzles were investigated. Moreover, mecha-
nisms of microstructure formation and the AL.O;
deposition inhibition action were discussed.

2. Material Arrangements of Nozzles and
Investigation Method

Three types of nozzles with different mate-
rial arrangements were employed at a cast-
ing machine of a steel mill for Alkilled steel
manufacture, of which the schematic diagrams
are illustrated in Fig.l. Arrangement I was
a common Al;O3;-C nozzle with a slag line of
ZrO,-C. Arrangement II had a nozzle construc-
tion where the inner lining near the ports and
the submerged part were all CZ-C material,
while the upper region of the inner lining was
Al:O;-C. The whole inner lining was CZ-C for
arrangement I nozzle.

The Al,O3;-C contained 10-20% SiO. (mass%),
25-30% carbon, and the CZ-C was 20-30%
Ca0O, 25-30% carbon, which had an apparent
porosity of 15.0% and 17.5%, respectively.

The used nozzles were cut in the longitudinal
direction, and appearance observation and
measurement were carried out. Samples were
collected from the CZ-C and Al:O;-C inner hot
faces of arrangement II nozzle, respectively,
followed by precision polishing. The microstruc-
tures were observed by optical microscope
and then analyzed using electron probe micro-
analyzer (EPMA, JEOL JXA-8230), where the
samples were coated with an evaporated carbon
film.

3. Results

3. 1 Appearance observation

The photographs of the cut sections of the
used three nozzles corresponding to arrange-
ments -1 are shown in Fig.2, respectively. A
large volume of clog deposit was formed on the
inner hot face (Al.O;-C) of arrangement I nozzle,
covering a total casting time of approximately
500 minutes. The clog deposit had a thickness
of up to 15-20mm, seeming to consist of oxides
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(white) and small quantities of steel skulls.

In the case of arrangement II nozzle, for a
casting of 850 minutes, 10-15mm thick clog
deposit occurred on the AlLO;-C region of
the inner hot face, whereas no clog deposit
was found on the CZ-C region. The difference

Fig.2 Photographs of cut section of used nozzles.

| Decarburized layer | |

Surface layer

Fig.3 Optical microscope image of CaO-Zr0O,-C inner hot face.
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between the Al:O;-C and results of the CZ-C
materials was very obvious.

No clog deposit was also observed on both
the whole inner hot face and submerged part
(CZ-C) of arrangement II nozzle, of which
service time approached 1,000 minutes. This
was identical with the results of the CZ-C inner
region of arrangement II nozzle.

In addition, the interior diameters of the
CZ-C inner linings of both arrangement II
and I nozzles showed almost no change from
the original value (60mm). This signifies that
macro-corrosion hardly occurred, although the
casting times were quite long.

3. 2 Microstructures of CZ-C hot faces

Fig.3 presents the microstructure of the
CZ-C inner hot face of the used arrangement
II nozzle as observed with optical microscope.
The hot face was found to consist of two lay-
ers of which the microstructures differ from
the initial CZ-C. The surface layer, which was
in contact with the molten steel (right side of
Fig.3), is dark in color as a whole and had a
small thickness (about 200xm), which appeared
as a relatively smooth surface.

Another layer (light), located inside the surface
layer, was much thicker, reaching 2-3mm. The
microstructure was seen to be primarily made
up of grains from several tens um to several
hundreds um sizes, very similar to that formed
due to disappearance of the carbon (graphite)
(hereinafter called as decarburized layer). The
grains at the boundary between the two layers
seem to disappear partly (right of the grains in
Fig.3) into the surface layer.

There were few steel skulls in the two layers.
Although some large pores existed locally, the
pore number was limited.

On the other hand, EPMA mapping analysis
results of the CZ-C hot face are shown in Fig4.
The surface layer contained Al:O; and MgO
components, besides the CaO and ZrO; of the
initial CZ-C. The MgO was basically concen-
trated in the surface layer, whereas Al.:O; was
present simultaneously in the decarburized
layer.

Fig.5 shows EPMA point analysis of the
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Fig.4 EPMA mapping analysis of CaO-ZrO,-C inner hot face.
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surface layer at high magnification. There were
mainly Al:O;-CaO phases forming the matrix,
Zr0,-Ca0 grains and Al,O;-MgO grains in this
layer. The Al,O;-CaO phases were observed to
be of the largest area proportion and consisted
of two kinds containing CaO of 35% (Point 1)
and 20% (Point 2), respectively. The ZrO.,-CaO
grains were lum order to several tens um in
size. The relatively large grains with irregu-
lar shapes seem to have originated from the
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compared with that of Al:O;-C shown in Fig.8
and 9 as described later.

On the other side, EPMA point analysis of
the decarburized layer is indicated in Fig.6. The
Al:O;-CaO phases were distributed among the
Zr0,-Ca0 grains, and also showed two kinds,
with 35% and 20% CaO (Pointl, 2), the same as
the surface layer. There were also two kinds
of ZrO.,-CaO grains, each contained 28% and
9% CaO, respectively. The large grains nearly
all included 28% CaO (Point 3), although some
locations of 9% CaO existed among them
(Point 4). In contrast to this, most of the small
grains contained 9% CaO (Point 1 in Fig.7).

Different from the surface layer, the fine
particles of ZrO.,-CaO were few in the Al.O;-
CaO phases and no ZrO.,-CaO grains during
decomposition were found in the decarburized
layer.

Further, this layer was also observed to be
dense, similar to the surface layer.

3. 3 Microstructures of Al,O;-C hot face

Fig.8 illustrates an optical microscope image
of the deposits on the Al:O;-C inner hot face.
The deposits were observed to be mostly oxides,
along with a small amount of steel skulls. As
shown in Fig.9, EPMA analysis represents that
the oxide was made up of numerous micron-
scale fine particles. They appeared in globular
and acicular shapes. The globular shapes were
much more numerous.

EPMA area analysis for several positions
through the clog deposit was also conducted,
which all revealed that the oxides were almost
AlLQO;3, the trace components such as MgO, SiO.
and CaO being all below 1%.

Fig.8 Optical microscope image of Al,0;-C inner hot face.
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In addition, both the clog deposit and nozzle
surface were seen to be porous, contrary to the
case of CZ-C.

4. Discussion

4. 1 Formation mechanism of CZ-C hot face
microstructures

The disappearance of carbon (graphite) in the
CZ-C hot face should primarily be ascribed to
oxidation by air existing in the pores within
the nozzle and reactions of carbon with the
oxides such as ZrO,, Al;O; and CaO. The direct
dissolution of carbon at the nozzle surface into
the molten steel bulk can also be a cause, but it
should not be major because the decarburized
layer was quite thick (2-3mm).

Since no Al:O; was included in the initial CZ-
C, the Al:O; component in the hot face came
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from the molten steel side. The major formation
routes should be reactions of gases in the CZ-C
with the dissolved Al in the molten steel and
adhesion of Al,O; inclusions onto the nozzle
wall. For the former, the following reaction can
be enumerated.

3CO(g) +2A1= ALOs(s) +3C---+------ 1)

The molten steel provided little CaO as shown
in Fig.9, and thus the CaO in the hot face mostly
originated from the CZ-C.

It is assumed that the ALO; formed at the
CZ-C surface interacted with the CaO in the
CZ-C to produce Al:O;-CaO phases. A part of
the Al,O; remained at the surface and played
a role in the formation of the surface layer, and
the rest diffused into the inside i.e. the decarbu-
rized layer. The CaO-ZrO. grains release more
CaO with the increased Al,Os;. When the CaO
content declines to a certain level, the CaO-ZrO,
grains become unstable and thereby decompose
into smaller grains.

On the other side, the MgO in the surface
layer should also come from the molten steel
side. The MgO in the surface layer is seen to
be much higher than that in the deposits on the
Al,Os-C (see Fig.9). This may be because a part
of the ALO; in the surface layer transferred
into the decarburized layer, but the MgO was
concentrated in the surface layer without trans-
ference in the case of CZ-C.

4. 2 Mechanism of deposition inhibition of
Cz-C

As stated above, no clog deposit occurred on
the CZ-C hot face, completely different from
the Al:O3;-C hot face. This may be suggested
for the following two reasons.

The first lies in the densification of the CZ-C
hot face owing to formation of the dense surface
layer and decarburized layer, as mentioned
above. That shuts off the diffusion of the gases
inside the nozzle to the molten steel and thereby
prevents further reactions between the gases
and molten steel that produces Al:O; such as
Reaction (1).

Another reason is considered to be that there
may be good wettability between the surface
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Hbo ML DT B R IZES P O
TEWDPATE LN L2 2 51 Tw 55", Kl
J& D FHL TH 5 ALO;-CaOM L, ZDCaO&EH
wmPbHEETL L, ENENCa0 - 2AL10;& Ca0 -
ALO; TdH %o ALO;-CaOIRFEKIZ L 1V, CaO -
2ALOs & Ca0 - ALOsD AT S 2 IXAHFAEL, €
D EAHILF1600T T, EEEOEMEE L ) L
ZIrEV. T2, MgObHFEL/-DT, MO
FE Tl —EDOMgO% & AlLO;-CaO-MgOR D%
RS AR L7139 Ch S (3TLRIRER LD ),
DL HERMES L OERIREEIE VW &
KA IIHEM E OFNMESRWEHEEIN S,

ZiEIX, D EonERHEEB X OVERIZ T WA
e A TEDN, D CaO-ZrO4L B £ N ALOs-
MgO (R ¥ A )V) RS AR L7272, R RiEE
B3 EITRAUCTRE LEEr o728 E 2 b b,
ZHUZ & o T, CZ-ClafF 25 Pl &) R % K e A
T&ELEbNs,

ALO-COA L, BFE CHOBME oiF ik
BEWREIHATER ST, / X)V EE#H O UG
B LMY OFE P EREEVTWz/z0, &
WALOS BRI AE L2 EZ 5N,

INHIZOWTOFERIMENIE, SHROBET
Hbo

5.

&

il

FEHEDALF OV N F & 1A & 72Ca0-
ZrO~CH (CZ-C) &iE / X )V O TR Bl i i 1 %
A, Do Z EAIHL 72,
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layer and molten steel. It is generally believed
that inclusions in molten steel do not build up
on easily refractories wetted well by the molten
steel®”. The ALOs-CaO phases, the primary
composition of the surface layer, are estimated
to be CaO -2Al1,0; and CaO - Al,Os, respectively,
according to the CaO contents. A coexisting
region of CaO -2Al0; and CaO -AlO; exists,
based on the Al;O3;-CaO system phase diagram,
of which the solid line is about 1600C, only
a little higher than the casting temperature.
Because MgO component was also present
in the surface layer, Al,0;-CaO-MgO molten
phase is guessed to be formed at the casting
temperature, based on the AlLQO;-CaO-MgO
phase diagram. The surface layer, including
the molten phase of Al:O;-CaO-MgO and the
phases of CaO -2Al:0; and CaO - Al:O; at close
to a molten state, may be wetted well by the
molten steel.

The surface layer included the solid phases
of CaO-ZrO; and Al:O;-MgO grains equally,
besides the above Al,O;-CaO-MgO and ALO-
CaO phases, so it may have a high apparent
viscosity and thus be able to resist washing out
of the molten steel flow. The deposition inhibi-
tion performance of the CZ-C, therefore, could
function for a long time.

In the case of the Al:O;-C, the occurrence
of the thick Al:O; clog deposit may be because
no dense surface layer with good wettability
against the molten steel had been formed, so
the reactions of the nozzle with the molten steel
and buildup of inclusions continued till the end
of casting.

Confirming these experimentally is a subject
of future investigations.

5. Conclusions

The microstructures of the inner hot face of
Ca0O-Zr0,-C (CZ-C) submerged entry nozzles
used in actual continuous casting of Al-killed
steel were investigated, and the following results
were obtained.

1) A thick ALOs clog deposit occurred on the

Al:O;-C region of the nozzle inner hot faces,

whereas no clog deposit was found on the



Shinagawa Technical Report Vol. 61 2018

1) 7 ZVHELIE D ALOs-CHEZIZTE v ALOSfT 75 CZ-C region, which did not show macro-
WIRE A3 U 72 DIk LT, CZ-CEBAL IS A5 52k corrosion either. '
L4~ s OR300 5 L Ao 7o, 2) The CZ-C hot face consisted of a surface

layer (molten steel side) and a decarburized

2) CZ-CORRBYILFRING & e jie i 2 & HE e layer. There were mainly Al,O;-CaO phases

i, REREIZFEIZALO-CaOH (v b v 7 A), forming the matrix, ZrO,-CaO grains and
Zr0:~CaO#L B & WALO;-MgORL A A L, M Al,0s-MgO grains in the surface layer. The
FIBIITC A DF—F Y (B4R A L, ZrOs- decarburized layer revealed a microstructure
CaOk: D117 ALO,-CaORH #3550 75 L T s 2 (s in which the initial carbon (graphite) had

disappeared and Al:O;-CaO phases were

SHe — > G R 7~ >
BERLT20 200/ E SBHETD 5720 distributed among the ZrO.-CaO grains. The

3) CZ-COfFAEMIFIZI R, & OB A E T two layers were all dense.
HOBHEDFNENENT L2 X5 EHEES 3) The deposition inhibition action of the CZ-C
NDo AEIER RS ERREEETX -l may be a result from the surface layer being
. T TR AN LT Tl dense and having good wettability with the

molten steel. The long lasting performance
may be because the surface layer had a high
apparent viscosity and thus was able to resist
washing out of the molten steel flow.

LEEWC EIZHh b ElbND,
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