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Corrosion Property of Zirconia-Carbon Refractories
for Powder Line Part of Submerged Entry Nozzle
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1 Introduction

The powder line part of the immersion nozzle used
between tundish and mold is locally corroded by the
molten mold powder and the molten steel in steel
continuous casting system”. Since corrosion of the powder
line often determines the life of the immersion nozzle,
highly corrosion resistant zirconia-carbon refractory
(hereinafter referred to as ZG material) is used. The ZrO>
materials are usually stabilized by adding CaO, MgO and
Y>O; etc. in thermal expansion characteristics for the
purpose of improving thermal shock resistance. There are
many applications of CaO as stabilizer of the ZrO,. For
high productivity and stable operation in the steel making
process, further improvement of the corrosion resistance
and thermal shock resistance of the powder line part of the
nozzle is desired. In the case of ZG materials, it is known
that the lower the apparent porosity and the higher ZrO,
content, the better the corrosion resistance”. As another
methods for improving corrosion resistance and thermal
shock resistance, the addition of non-oxides such as SiC?
and the reduction of porosity by impregnating tar?
proposed. On the other hand, the ZG with stabilizer such
as CaO reduced the durability by the destabilizing the
ZrO; aggregate due to the acid-base reaction of CaO or the

are

dissolution of ZrO: in the mold powder occurred under
basic conditions. According to a report of Maeno et al.?,
when a silica sol and the CaO solution are impregnated
into the ZG, the corrosion resistance is lowered even in the
reducting the porosity. In the case of the silica sol
impregnation, a dropout phenomenon occurred by
destabilizing the aggregate as a cause with decreasing the
corrosion resistance. The sealing effect expecting in the
ZG material is that the pores are clogged by oxidation
expansion of carbides and metals with decreasing apparent
porosity after heat treatment, and successful application of
a compound such as AlLSICs” and ZrSi,” have been
reported.

In the present investigation, the influence of small
amount of intermetallic compound ZrSi» addition on the
physical properties and corrosion resistance the ZG material
assumed to be used in the powder line section is clarified.
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Fig. 1 Schematic image of immersion test.

2 Experimental Procedure
21 Sample Preparation

Based on the ZG material with content of 86.4
mass% ZrQO: and 13.6 mass% of C (hereinafter referred to
as ZS0), 0.5, 1.0 and 3.0 mass% ZrSi> were added
(hereinafter referred to as ZS1, ZS2 and ZS3). Four types
of samples were totally prepared. The samples were tested
by measuring the bending strength, the elastic modulus
measured with ultrasonic pulse-echo-overlap method, the
bulk specific gravity and the apparent porosity. Using the
field emission (FE) type scanning electron microscope
(SEM), microscopy and fractography of the sample were
performed in conjunction with the XRD analysis.

2 -2 Immersion Test of the ZG Material

A schematic view of a corrosion test by the
immersion method is shown in Fig. 1. Using a high
frequency induction heating furnace, SS400 (carbon
concentration: 0.1 mass%) was melted in a crucible, and
then mold powder was charged and melted. Thereafter, the
temperature was adjusted, and the four ZG samples (20 x
20 x 180 mm size) coated with an antioxidant on the
surface were immersed so that the depth from the molten
steel surface was 30 mm. The four samples were immersed
simultaneously by suspending in the holder, and rotated at
4 rpm during the test for 60 min. The samples were pulled
out at 30 min after the start to remove and replace with a
new powder then they immersed again. Before and after
the test and at the time of powder exchange, and the
temperature and oxygen concentration in steel were
measured. The mold powder used was C/ S = 1.23, and the
powder layer thickness was 20 mm. The temperature of the
molten steel was 1600 °C. During the experiment, 99.99%
purity Ar gas was flowed into the crucible at a rate of 2 N1
- min”. The molten steel was adjusted so that the oxygen
concentration was less than 10 ppm by adding 0.04 mass%
of Al to the molten steel. The samples after each immersion

Krosaki Harima Technical Report No.168 (2020)



Table 1 ZrSi, additive amount and physical
properties of fired samples.

Sample| ZS0 | ZS1 782 | ZS3
ZrSi, additive / mass% 0 0.5 1.0 3.0
Bulk specific gravity /- 398 | 399 | 399 | 391
Apparent porosity / % 16.8 | 16.8 | 165 | 17.5
MOR / MPa 6.4 6.8 6.5 5.6
MOE/ GPa 6.4 7.5 7.9 7.1
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Table 2 Results of immersion test and picture of
samples after test.

Sample | ZS0 Z51 Z82 Z83

Appearance of
powder line 1
corrosion 10 mm
Corrosion rate

- 0.059 0.057 0.053 0.055
/mm-min
Corrosion index 100 08 a0 94

test were cut to measure the dimension of the part with the
largest corrosion. A corrosion rate was defined as half of
the dimensional difference before and after the experiment
was divided by the immersion time. The test was conducted
three times under the same conditions, and the average
value of the corrosion rate obtained in each test was used
for the evaluation. The largest melting part was embedded
in epoxy resin and then mechanically polished, and the
structure was observed by SEM / EPMA. Among the
samples after the immersion test, the non-immersed
portion (20 x 20 x 130 mm) not in contact with the molten
powder is cut, and the antioxidant adhered to the surface
is removed by surface polishing as a test sample. And the
observation of the microstructure of the fractured surface

of the sample.

3 Results and Discussion
3+1 Physical Properties of Fired Samples

Table 1 shows the measured physical property
values of the ZG samples. The bulk specific gravity at the
time of molding was almost the same in the all samples.
However, ZS0, ZS1 and ZS2 were almost same in the bulk
specific gravity after firing, only ZS3 exhibited lower value.
The normal temperature bending strength (MOR) was
also lower for ZS3 by about 1 MPa. The sonic elastic
modulus (MOE) tends to be higher in ZS1, ZS2 and ZS3
compared to ZS0.

32 Immersion Test

The sample appearance, corrosion rate and
corrosion index after the immersion test are shown in
Table 2. Compared with ZS0, 10% improvement in
corrosion resistance was seen in the ZS2, and about 6% in
the 783, although there was almost no difference in
corrosion index with ZS1. The corrosion resistance of the
Z.G material with 1mass% of ZrSi, addition was the best in

the range of the test performed.

3+2+1 Microstructure after immersion test

The reflection electron images of the inside of the
sample after the immersion test for the four samples are
shown in Fig. 2. As the addition amount of ZrSi» increases,
the proportion of the CaO stabilized ZrO, which has been



Fig. 2 BSE images of microstructure of all the
samples after immersion test.
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ZrSiz = ZrOz + (2-y)SiOx + ySiO

Zr02 + (2:y)SiOx + ySiO — ZrOs + Si02 (1)
ZrSiz = ZrO2 + 2Si (1-a)
ZrSiz = ZrO2 + 2Si02 (1-b)
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Fig. 3 BSE images with EPMA of hot surface
after immersion test for samples ZS0 and

782,

collapsed by the destabilization as shown by the arrows in
the pictures increases. While degranulation due to the
destabilization of surface of the small ZrO: grain in size of
100 pum or less occurs, a large number of undisrupted
grains can be observed. In ZS2, collapsing into finer grains
is observed on almost all grain surfaces, and some grains
are disintegrated. Furthermore, in ZS3, in addition to the
formation of the finer grains at the surface of almost all
grains by collapsing of the coarser grains than those of
them ZS2 was confirmed. From this fact, as in previous
reports?, the destabilization of CaO-stabilized ZrO: by
SiO:2 component become severe with the increase in the
addition amount of ZrSiz, with deteriorating the corrosion
resistance. The microstructure by BSE and the elemental
mapping image by EPMA of the most severely corroded
portion are shown in Fig. 3 for the samples ZS0 and ZS2.
In all the samples, it was confirmed that CaO stabilized
ZrO; was eluted in the mold powder by collapsing the
grains at the area not only hot surface but inside of the
refractories. The formation of ZrC could not be confirmed
by the microstructure observation in both inside of the
brick and the hot surface part. Looking at the mapping of
Si and Ca components mainly from the mold powder, it
can be seen in Fig. 3 that, particularly in the case of ZS2
with 1 mass% ZrS: addition, the penetration of slag is
suppressed. In addition, the Si component derived from
Z1Siz is considered to be distributed at the matrix-aggregate
boundary because of destabilizing the surface of the ZrO:
grains. From the previous reports”, it is assumed that the
of

incorporation of ZrSi> with ZG material at elevated

following reactions are progressing in terms

temperatures.

Z1Si> = ZrO; + (2-y)SiOx + ySiO

ZrOs + (2-y)SiOx + ySiO — ZrO: + SiO: 1
ZtSi» = ZrOs + 28i (1-a)
Z1Sis = ZrO; + 2Si0, (1-b)
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Fig. 4 Variations of apparent porosities of the ZG
material with ZsSi, of content for both
before and after immersion test including
the estimated value after test assuming the
reaction (1).
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First, at temperatures of 500 to 800 °C, the
oxidation reaction of Zr and Si in ZrSix occurs
simultaneously. At above 800 °C, the separated Si is
oxidized. Thereafter, amorphous ZrSiOs and cristobalite
are formed at 1300 to 1540 °C and at 1540 °C or more,
ZrO; and SiO: are separated. Since the ZG sample fired at
800 °C or more in a non-oxidizing atmosphere, it is
assumed that the reaction at the stage before the test is
suppressed. However, for the ZS3 sample, an increase in
apparent porosity after firing is observed, so following

reactions are expected to take place at the firing stage.

Z1Si04 — Z1rO: + SiO,
ZrOs + 4C — ZrC + 3CO

@
)

In addition, a reaction to form ZrC® as shown in
reaction (3) at the interface between graphite and CaO-
stabilized ZrO, under a CO atmosphere is also conceivable,
but no formation was confirmed in the microscopic

analysis.

3+2+2 Sealing effect and destabilization

The apparent porosity after the immersion test for
all the samples tested is shown in Fig. 4 together with the
estimated value after immersion and value after firing
(before test). The porosity decreased with the increase of
the added amount of ZrSi>. Therefore the decrease in the
apparent porosity after the immersion test was considered
to be caused by the sealing of the pore by the added ZrSi».
According to the reaction (1), the porosity after the
immersion test was estimated, assuming that the densities
of ZtSiz, Z1SiO4 and SiO» were 4.88, 4.7 and 2.2 g/cm?,
respectively and the volume expansion with oxidation by
2.2 times filled the pores. The estimated value of the

100 L
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e
X o6 Z51
y [ 753
S ¢
w
u
s 92 |
w Z52
®
88 1 1 1 1
14.0 145 15.0 155 16.0 16.5
Apparent porosity / %

Fig. 5 Relationship between corrosion index vs
apparent porosity of after corrosion test
samples.
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porosity after the immersion test was determined by
subtracting the volume fraction of the volume expansion
from the apparent porosity after firing (before test). For the
range of 0 to 1 mass% of ZrSi» addition, the measured
values were lower than those by estimated, and the amount
of the decrement seemed almost constant.

A good agreement between the measured and the
estimated values was obtained for the case of 3mass %
ZrSiz addition, although the tendency was deviated from
the fact that the amount of unreacted ZrSi» decreased
before the immersion test.

Considering of the sealing effect of ZrSiz, the
relationship between the apparent porosity and the
corrosion index of the ZG materials after the immersion
test is shown in Fig. 5. Generally, the material with low
porosity tends to have high corrosion resistance, however,
the corrosion resistance of ZS3 was lower than that of ZS2
despite the low porosity compared to ZS2. On the other
hand, it was estimated that the advanced collapsing of
ZrO; grains by destabilization enhanced deterioration of
the corrosion resistance of the ZG material more than the
drastic reduction effect of the porosity with increasing
amount of the ZrSi, addition. The corrosion resistance of
the ZG material is not improved with excess amount of
Z1Sis.

4 Conclusion

The ZG materials adding 0.5, 1.0, and 3.0 mass%
of ZrSi» used at the part of the powder line section of the
submerged entry nozzle were tested corrosion resistance in
the molten steel by the immersion method. As a result, it
was found that the corrosion resistance was improved by
10 % over the material without ZrSiz by adding 1 mass%
of ZrSiz. The corrosion resistance of the 3 mass% ZrSiz-
added ZG material was, however, almost same level of the
non-added ZG material. In addition to the sealing effect of
ZrSiz which could suppress the corrosion by the slag with
reducing the porosity of the ZG materials, the additions of
the ZrSiz played a role for preventing oxidation of the
graphite in ZG materials. On the other hand, the
destabilization of CaO as the stabilizer of the ZrO;become
serious with increasing the addition amount which derived
collapsing due to simultaneous formation of SiO2 and
Z1SiO4 at the surface of ZrO; grains, since the sealing
effect and the destabilization phenomenon occurred
concurrently influencing the corrosion of the ZG materials.
The corrosion resistance can be improved by optimizing
the addition amount.
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