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Development of the Preheating-Free High-Durability Casting Nozzle
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Abstract

By applying the thermal expansion lowering technology by controlling the pore morphology of refractories
without adjusting the chemical composition, four new materials with low expansion and high density were developed:
alumina-graphite (AG-N), magnesia-graphite (MG-N), spinel-graphite (SPG-N), and zirconia-graphite (ZG-N). The
new material has features of both high corrosion resistance and excellent thermal shock resistance by minimizing
amount of the easy melt aggregate such as silica and carbon, and lowering the expansion by densifying the structure
and controlling the pore morphology form inside the refractories. It is expected as a material for coping with the needs
of high corrosion resistance for steel with strong corrosiveness such as Ca treated steel, which has been increasing
production recently. In addition, the preheating-free casting nozzle leads to reduction of fuel cost for heating as
well as suppression of both heat and CO: gas generations. Actual used of such nozzle can contribute as one of the
environmental loading reduction technologies in the steel industry for realization of carbon neutrality in future.

1 5 1 Introduction
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Nozzles for continuous casting represented by long
nozzles and submerged entry nozzles are refractory which
air seal function is especially important and should not
break during casting. Until now, various countermeasures
have been taken to prevent cracking of nozzles for
continuous casting. For example, as a countermeasure on

material, an appropriate amount of fused silica with low
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thermal expansion and high thermal conductivity graphite
raw materials are blended together with corrosion resistant
aggregates such as alumina and zirconia to produce a
casting nozzle with improved thermal shock resistivity. On
the other hand, silica and graphite raw materials have poor
corrosion resistance against both molten slag and iron, and
have a problem that their durability deteriorate with
increasing the amount of their addition. Therefore, in the
present state, the nozzle was preheated in advance in the
operation side, resulting in a certain improvement on the
durability, while the cracking is prevented due to reduce
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the both amount of fused silica and graphite raw materials.

In the technical laboratory of Krosaki Harima
Corporation, the development of a low carbon type carbon
containing refractory with low thermal expansion has
been advanced by a method different from the conventional
one with crack prevention due to both fused silica and
graphite additions. This paper introduces the features of
several kinds of newly developed high durable materials for
molten steel teeming nozzle with requiring little preheating.

2 Four newly developed nozzle materials for steel
continuous casting

Four-kind of new materials were developed:
alumina-graphite material (hereinafter AG-N), magnesia-
graphite material (hereinafter MG-N'?), spinel-graphite
material (hereinafter SPG-N), and zirconia-graphite
material (hereinafter ZG-N), with both high thermal
shock and corrosion resistances. In the newly developed
material, it became possible to realize the low thermal
expansion by densifying the structure and controlling the
morphology of pore inside the material, while the easy-
erosive aggregates such as silica and carbon were
minimized. The composition and physical properties of
the newly developed nozzle body material (AG-N, MG-N,
SPG-N) for non-preheating are compared to those of the
general-purpose body material (AG, ASG) in Table 1. The
conventional AG material in the comparison, with high
corrosion resistance, was used as nozzle lining, and
alumina-silica-graphite (hereinafter ASG) with high
thermal spalling resistance, was used for non-preheating
nozzle body. The newly developed materials (AG-N, MG-
N, SPG-N) have similar composition to the conventional
corrosion-resistant oriented material AG, they exhibited
lower thermal expansion property with an excellent
thermal shock fracture resistance than the conventional
material, they were densified with 15 % or less apparent
porosity. Table 2 shows the same composition as Table 1
between the developed ZG material and the general-
purpose conventional products for powder line. The
comparison materials ZG-1 with zirconia content of 82
mass%, and the ZG-2 with zirconia content of 77 mass%,
were used as general-purpose materials specified for high
corrosion resistance and high thermal spalling resistance,
respectively. On the other hand, the newly developed
material ZG-N, has low thermal expansion property
equivalent to the ZG-2 in spite of the same zirconia content
as ZG-1, resulting in excellent thermal shock fracture
resistance coefficient (R). The apparent porosity of the
ZG-N was lower than 14 %, and the structure was denser

than the conventional ZG materials.
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Table 1 Composition and physical properties of the body materials

AG-N MG-N SPG-N AG ASG
Sample
High corrosion High thermal
» - Newly developed . - )
Composition & properties resistant spalling resistant
Free C 18 19 19 18 25
SiO, 5 3 3 4 24
Composition /) . 76 ; 56 77 45
mass%
MgO - 77 21 - -
Others 1 1 1 1 3
Apparent porosity / % 14.8 15.0 12.2 17.5 15.6
Thermal expansion at 1000 °C / % 0.23 0.24 0.23 0.33 0.23
R (=S/E - a) 4666 5100 4472 2987 4292

Table 2 Composition and physical properties of the powder line materials

ZG-N ZG-1 2G-2
Sample
Newly High corrosion High thermal
Composition & properties dewveloped resistant spalling resistant
Free C 13 13 19
Compos:)tlon / 70, 82 82 77
mass%
Others 5 5 5
Apparent porosity / % 13.8 171 16.1
Thermal expansion at 1000 °C / % 0.27 0.38 0.26
R (=S/E -a) 4418 2458 4369
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3 Characterigation of newly developed materials
31 Evaluation of spalling resistance

As a method for evaluating the spalling resistance
of each material, test was carried out by the water cooling
method. As shown schematically in Fig. 1, in the test, for
cooling from the outer periphery, a cylindrical shape
specimen with a bottom lid (outer diameter 115 mm x
inner diameter 45 mm x height 70 mm) and was heated to
and held at predetermined temperatures for 1 h, then
immediately quenched and immersed in running water for
3 min. After the test, the presence or absence of cracks was
checked face of cutting in the specimen. The spalling test
results by the water-cooling method are shown in Table3,
in which the developed AG-N, MG-N and SPG-N for the
nozzle body material showed low thermal expansion
characteristics, resulting in an equivalent spalling
resistance to the conventional ASG material for non-
preheating specifications without cracking in the test water
cooling method up to 1500 °C.
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/ Wire net

Water

Fig. 1 Schematic illustration of spalling test” .

Table 3 Spalling test results of the refractory specimens for AT=1300 ~ 1500°C
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3.2 Corrosion resistance against molten slag

For each material, the corrosion resistance against
slag with different basicity was evaluated by the method of
immersing into molten slag floating on a steel bath as
shown in Fig. 2. In the immersion test, the low-carbon
steel was heated and melted by the high frequency
10 °C, and then the
prescribed slag was added so that the molten slag thickness

induction furnace up to 1550 +

became about 20 mm. Three kinds of developed and one
kind of conventional ASG, totally 4 materials were
immersed simultaneously into the steel bath in a prescribed
time after being held at the upper position of the steel bath
for 5 min. The corrosion resistance of each material was
evaluated with the slag compositions of CaO / SiO2 = 1
and 3, respectively” . The evaluation was performed by
measuring and comparing the maximum melting depth in
the specimen at the molten steel / slag interface after the
test. In Fig. 3, the corrosion indexes for each sample in the
immersion tests with two-kind of basicity were shown
when the index for material ASG was set to 100. Fig. 4
shows the appearance of specimen after the test. From the
results shown in the figures, the corrosion index decreased
in the order of ASG > MG-N > AG-N > SPG-N, for both
basicity, and the index was highest for the ASG material
and lowest for SPG-N material with relatively sound
appearance. The results obtained apparently indicated that
the application of SPG-N material to the part possibly
contacting with the slag must be effective for the durability

improvement of the nozzles.
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Fig. 2 Schematic illustration of slag corrosion test?.
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3+3 Corrosion resistance evaluation of ZG materials
for powder line

The corrosion resistance of the powder line material
was evaluated by immersing the test material in molten
steel bath for 60 min using the same molten steel with
same temperature as Fig. 2. The test was performed by
floating the mold power for medium carbon steel on the
bath by the thickness of 30 mm. The maximum amount of
corrosion at the molten steel / molten powder interface was
measured after the test, and the corrosion resistance was
evaluated by the corrosion index, when the index of the
general-purpose material ZG-1 with high thermal spalling
resistance was set to 100. The developed material ZG-N
showed higher corrosion resistance than the ZG -2 material
specified for high corrosion resistance due to densification
effect, as shown in Fig. 5.




ZG-N ZG-1 ZG-2
Free C / mass% 13 13 19
ZrO,/ mass% 82 82 77
Apparent porosity / % 13.8 171 16.1

Cut face
appearance of
specimen after
corrosion test

Corrosion rate index 80

84 100

Fig. 5 Results of corrosion test for powder line materials.
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3.4 Erosion/corrosion resistance evaluation against
molten steels with various treatments

The wear of refractories with various treated steels
was evaluated under the molten steel flow simulating the
environment on the inner wall surface of the nozzle for
continuous casting. The evaluation was performed as
shown schematically in Fig. 6, where the refractory samples
were rotated at a high speed (200 rpm) in molten steel with
The treated steels used for the
evaluation were prepared by melting about 10 kg of low
carbon steel in Ar gas flow at 1550 ‘C and then adding
metallic Si or Mn as deoxidizing agent. The Ca treated

various treatments.

steel, was also prepared by adding molten slag with CaO /
ALOs = 1 to the molten steel reduced the oxygen content
less than 10 ppm prepared. Four test samples with three to
developed materials and one comparative material ASG
were attached to the tip of a refractory stirring jig as shown
in Fig. 6, rotating continuously in each treated steel for a
prescribed time. The erosion/corrosion rate calculated
from the sample size change before and after the stirring
test in above described three kinds of molten steel was
compared.

The erosion/corrosion rate as the corrosion index of
each material in various molten steels when the index of
the comparison material ASG is set to 100 as shown in
Fig. 7. The degree of erosion/corrosion lowered in the order
of MG-N > AG-N > ASG > SPG-N for the Si-killed steel.
For both Mn and Ca treated steels, all three newly
developed materials showed superior erosion/corrosion
resistance to general-purpose material ASG, in particular,
the SPG-N material had quite high resistance against three
kinds of the molten treated steels.
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Fig. 7 Results of the erosion/corrosion test under molten steel flow.

ASG

4 Evaluation of structure in actual shape
4°+1 Thermal stress analysis by FEM

We have evaluated the physical properties and
corrosion resistance of the developed material, and found
that they have equivalent physical property to the material
specified for without preheating application, as well as
equivalent corrosion resistance to that specified for
preheating application. In order to evaluate the thermal
spalling resistance of the nozzle composed of these materials,
thermal stress analysis was performed by using the Finite
Element Method (FEM). Fig. 8 shows the illustration of
the 1/4 cut model of the nozzle used in the calculations. In
this study, a submerged entry nozzle (SEN) with the inner
diameter of 75 mm and the outlet port size of 74 mm X 80
mm was used for the calculations, and the calculations were
performed using a quarter model. The seven different
combinations of refractory materials placed in the nozzle
shown in Table 4 were calculated. The temperature
conditions were based on the assumption that the entire
nozzle with the initial temperature of 25°C was filled up
molten steel at 1550°C in contact with the inner surface of
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the nozzle and cooled by air at 25°C from the outside. The
calculations were performed under unsteady conditions,
with the timing of contact with the molten steel set at 0 s,
and the thermal stress calculated up to the time of 300 s.

The calculated results of variation of the thermal
stress with the time generated in nozzles A~D at the
positions shown in Fig. 8 as a black dot, are shown in Fig. 9.
The results for nozzle A show that the maximum principal
stress near the outlet port peaks 30-40 s after contact with
the molten steel, followed by peaks at the powder line part
and at its boundary with the main body material. These are
too high, around 15-35 MPa, indicating a risk of cracking
during non-preheating casting for materials normally used
with preheating in both the body and powder line parts.
Nozzle B, where the body material is ASG, which is usually
used for no preheating, shows that the stresses at the powder
line and the boundary parts are greatly suppressed. This can
be understood because of the decreased the thermal
expansion of the main body material, which suppresses the
tensile stress caused by pushing from the inner hole of the
powder line part. However, the stress near the outlet port is
not reduced because it is affected by the tensile stress
exerting from the powder line part, with high thermal
expansion. In the case of nozzle C, where the material of the
body remains AG for preheating and the material of the
powder line is ZG-N, the stress at the corner of the outlet
port and the powder line part are suppressed. But the stress
at the nozzle body at the vicinity of the outlet port and at
the boundary part between the powder line part and the
main body are increased. On the other hand, in the case of
nozzle D, where the body material is ASG (for no preheating)
and the powder line material is ZG-N (developed), the
stress is reduced near the outlet port, the powder line part,
and the boundary. This indicates that counter measures
taken by reducing the thermal expansion of both the body
material and the powder line material are effective in
improving thermal spalling resistance.

The peak values of the maximum principal stress at
the positions shown in Fig. 8 are shown in Fig. 10 for
combination nozzles E, F, and G, where the powder line
material is the developed ZG-N and the main body
materials are the developed SPG-N, AG-N, and MG-N.
The results show that the stresses generated in combination
nozzles E, F, and G are as low as or even lower than those in
nozzle D. The developed SPG-N, AG-N, and MG-N can be
used without preheating when combined with ZG-N.

Table 4 Combinations of refractory materials for the main body and power line part of the SEN used

for FEM analysis
Combination A B C D E F G
Main body AG ASG AG ASG SPG-N AG-N MG-N
Powder line part 7G-1 ZG-1 ZG-N ZG-N ZG-N ZG-N ZG-N

Pink: newly developed materials
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Fig. 8 Vertical one quarter cut model of the SEN using combined materials for the parts of main body
and power line, showing also four positions of thermal stress generation in the nozzle during
molten steel teeming for FEM analysis.
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Fig. 9 Change in the maximum principal stress generated with time at each position of the nozzles A-D.
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Fig. 10 Comparison of peak value of the maximum principal stress generated at each position of the

nozzles A-G.
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4.2 Evaluation of non-preheating spalling in actual
shape nozzle

Finally, in order to confirm the applicability of the
low-expansion material developed in the present study to
the nozzle for continuous casting, the thermal shock
resistance of the actual shape nozzle was evaluated.

4.2.1 Evaluation of water cooling in long nozzle shape

In order to confirm the thermal shock resistance in
the long nozzle shape, the water quenching method was
applied for the evaluation. Using the SPG-N material, long
nozzle (bottom: outer diameter 230 mm / inner diameter
160 mm, thickness 35 mm, length 1390 mm), with top lid
was produced with monolayer for the evaluation. The
nozzle was heated to about 1500 °C in a gas furnace, kept
at the temperature for about 30 min, and then immediately
immersed in a water tank for 3 min to give a thermal shock
(AT=1500 C) from the outer surface of the nozzle. After
pulling up from the tank, the existence of crack was
checked visually in the sample nozzle, and if there was no
crack, the quenching operation was repeated again. The
nozzle after the water cooling test was finally cut and the
existence of the crack was checked precisely.

Figure 11 shows a view of the thermal shock
resistance evaluation test for the SPG-N monolayer nozzle
and a cutaway view of the nozzle after three cycles of
thermal shock test. No crack was observed on the cut
surface subjected to 3 cycles of AT=1500 “C in the long
nozzle made of developed material SPG-N.
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Fig. 11 Appearance of thermal spalling test and resultant half-cut test sample of SPG-N with sound state.
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4.2.2 Molten steel teeming test in submerged entry

nozzle (SEN) shape

The thermal shock resistance under the non-
preheating condition in the SEN, was also evaluated in the
material combination of the developed SPG-N for the
main body and the developed ZG-N material for the
powder line parts, respectively. The nozzle (in size of outer
diameter 130 mm, inner diameter 70 mm, length 850
mm), with bottom lid was dried before the test, in order to
eliminate moisture possibly absorbing in fired nozzle body,
then about 300 kg of 1600 °C molten pig iron was poured
into the SEN as schematically shown in Fig. 12 (a). General
view of the testing apparatus, appearance of the SEN after
the test and cut cross section of the immersed part are also
showing Fig. 12 (b), (c) and (d) respectively. No cracking
was occurred in the tested SEN even for thermal shock
corresponding to AT=1500 °C under the non-preheating

condition.

(d)

(c)

Fig. 12 Illustration and appearance of molten pig iron teeming test ((a) and (b)) for sample with SPG-N
and ZG-N, showing also appearance of nozzle after the test (c) and cut cross section in the vicinity

of the outlet port (d) of the nozzle.
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5 Summary

Thermal expansion property of the refractories
could be improved through controlling the pore
morphology and minimizing the corrosion-facilitating
components such as carbon and silica. Using above
described method, four materials of alumina-graphite
(AG-N), magnesia-graphite (MG-N), spinel-graphite
(SPG-N), and zirconia-graphite (ZG-N) with low thermal
expansion and high density were newly developed. Since
these materials have excellent thermal shock resistance,
they can be used as nozzle with almost no preheating
depending on the shape. They are also expected as the high
corrosion resistant refractories for processing the steels
with strong corrosiveness such as Ca treated steel increasing
recently. Free from preheating in casting nozzles, in
addition, leads to reduction in both fuel cost for heating
and generation of CO, gas, with contributing possibly as
one of the environmental loading reduction technologies
in the steel industry for realization of carbon neutrality in
future.
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