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Abstract

The corrosion resistance of ZrO,-C material used for the powder line of submerged entry nozzles
(SEN) was evaluated by high frequency induction furnace method using molten steel and powder
slag. However, some phenomena which never occur in steel continuous casting operation made it
difficult to evaluate the refractory corrosion resistance with accuracy. For instance, the oxygen
concentration of molten steel tends to increase, which causes the oxidation of steel components,
followed by changes in powder slag composition during the test. In this work, we investigated
influences of several test conditions and found that the evaluation method using pig iron instead

of steel is suitable.

Introduction
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Submerged entry nozzle (SEN) used for the
continuous casting of steel is corroded locally at
the interface level between mold powder slag
and molten steel (powder line) during the cast-
ing. Since the powder line corrosion rate limits
SEN durability, ZrO,-C material, which exhibits
good corrosion resistance, is generally applied
there.
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It has been known that the local corrosion of
Zr0O.-C powder line is induced by two alterna-
tively occurring stages”?. One stage is that the
graphite on ZrO,-C surface dissolves into molten
steel, and then ZrO, grains are exposed at the
surface. Another is the corrosion of ZrO, grains
by powder slag, followed by graphite exposure.
There are two mechanisms on the corrosion
of ZrO. grains by powder slag, i.e., dissolution
and separation of ZrO, grains into molten slag,
the separation resulting from the refinement of
ZrQ. grains due to its destabilization. The dis-
solution and destabilization of ZrO, grains are
influenced by powder slag composition such as
Ca0/Si0>.

In laboratory, the corrosion resistance of the
powder line is generally evaluated by utilizing
high frequency induction furnace, which allows
the refractory specimen to contact with molten
steel-slag interface. However, such corrosion
tests cannot reproduce the all phenomena
observed in the SEN after commercial applica-
tions. For example, iron oxide is occasionally
detected from the working surface of tested
specimens, whereas not from the used SEN.
This means that the atmosphere under the test
conditions is more oxidative than actual cast-
ing. When the oxygen of molten steel increases
under oxidative environment, iron oxide would
be formed, which oxidizes graphite in ZrO.-C
(Eq.(1)).

(FeO) + C(s) = Fe(l) + CO(g)

The corrosion rate might be influenced by

changes in powder slag composition due to
oxidation of metal components. As a result,
the corrosion test may show different results
against the commercial applications.

For the above reasons, it is first necessary to
inhibit the increase in oxygen content of mol-
ten metal (molten steel or iron) for evaluation
of ZrO,-C corrosion by using high frequency
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Fig. 1 Schematic illustrations of corrosion
test methods employing high frequency
induction furnace.
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induction furnace method. Based on this idea,
we carried out the corrosion tests varying
experimental parameters to suit the test condi-
tions.

2. Focus of Evaluation

There are two corrosion test methods by
utilizing high frequency induction furnace, each
specimen placement being shown in Fig. 1. One
is dipping method, where the specimens are
immersed into molten metal and slag; another
is inner lining method, where the specimens are
assembled into a crucible, in which the metal
and powder are melted. In this study, the suit-
ability of both methods was evaluated.

To prevent the [O] increase, two technical
countermeasures were employed. One is argon
introduction into the atmosphere and another is
use of pig iron instead of steel. Pig iron contains
high carbon, which reacts with oxygen from
atmosphere (Eq.(2)), so the oxidation of the
other components may be avoided.

2C + 0:(g) = 2CO(g)

According to the above ideas, the two coun-

termeasures to inhibit [O] rise were applied
to dipping and inner lining methods. The
evaluation was done focusing on (D[O] change
of molten metal, @corrosion degree, 3appear-
ance states of the ZrO.-C specimens tested, and
@®reproduction of general corrosion tendency.
In this study, four kinds of corrosion tests
were carried out varying the combinations of
specimen setting (dipping or inner lining) and
[O] rise inhibiting countermeasure (use of pig
iron or argon introduction) and then possibly
suitable methods were selected focusing on
viewpoint ), @ and 3. Subsequently, corrosion
tests were conducted with the selected meth-
ods, using refractory specimens with different
porosity as well as ZrO, content. The results
were evaluated according to viewpoint 4.
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Table 1 Combinations of experimental parameters

Combination |.D.|Specimen Status | Atmosphere Metal
. . . Pig Iron
D-Pig Dipping Air [C1=3%
. Steel
D-Argon Dipping Argon [C1=0.17%
|-Pig Inner Lining Air Pig Iron
(C1=3%
. Steel
I-Argon Inner Lining Argon (C1=0.17%
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3. Investigation of Test Conditions

3. 1 Test methods

Table 1 summarizes the four combinations
of the experimental parameters. Namely, two
countermeasures against [O] increase (use of
pig iron and argon introduction) were applied
to the both test methods, i.e., dipping method
(22kg metal) and inner lining method (12kg
metal). ZrO.-C specimens with 80-85% of ZrO,,
which are actually used for the SEN powder
line, were used for the tests.

Steel (SS400) of [C] 0.17% and pig iron of [C]
3% for foundry were used, respectively, as the
metal. The used powder composition is shown
in Table 2.

In the case of D-Argon, the whole high
frequency induction furnace was sealed up and
atmosphere gas was replaced into argon. In the
case of I-Argon, the crucible was covered by a
graphite cover, and argon gas was introduced
into the furnace.

The molten metal temperature was controlled
in the range of 1600-1650C. Except for the
sealed test (D-Argon), the mold powder was
exchanged every 30 minutes and the total time
of the test was 90 minutes.

To evaluate the effect of the countermeasures
against [O] increase, [O] of metals after the
tests under D-Pig and I-Argon conditions
were analyzed. The refractory specimens after
each test were inspected in terms of corrosion
degree and difference from the SEN used com-
mercially.

Table 2 Chemical composition of mold flux

(mass%)
AlQs MgO Na:0 F LiO, | Ca0O/SiO;
b4 2.7 12.3 104 4.6 0.95
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Table 3 Experimental results of each condition

Combination Corrosion

D (0] Degree Appearance

D-Pig = 4ppm Sufficient Acceptable

D-Argon - Insufficient | Acceptable
. _ - Excessively

I-Pig Sufficient Oxidized

[-Argon Bppm Sufficient Acceptable

3. 2 Results

The results are summarized in Table 3. The
[O] of metals after the tests were below 4ppm
(analytical limit) for D-Pig condition and 6ppm
for I-Argon condition. These results suggest
that the [O] increase in metals were succes-
sively suppressed by both techniques, ie. pig
iron use and argon introduction. In terms of
the corrosion degree, D-Argon is unsuitable
since corrosion of the specimen was too small
to evaluate corrosion resistance of refractories.
In addition, I-Pig was also unsuitable because of
excessive oxidation of the specimen in compari-
son with the SEN used commercially.

3. 3 Discussion
3.3.1
It can be decided that [O] rise was restrained

Determination of test conditions

under D-Argon condition since the furnace
sealability is higher than that in the case of
I-Argon, although the metal after the test did
not analyzed. Also, [O] should not increase
under I-Pig condition, of which state is similar
to D-Pig. Therefore, it is considered that the
suppressions of [O] increase in metal has been
achieved for all conditions in connection with
@.

However, D-Argon and I-Pig are considered
unsuitable according to viewpoint @ and ®),
respectively. D-Pig and I-Argon may be suit-
able for the corrosion test.
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3. 3. 2 Partial pressure of CO during test
The partial pressure of CO (Pco) near the
molten metal during the test was estimated,
using the analytic values of [O] after the test
(as 4ppm for D-Pig) and [C] before the test and
neglecting the influence of the powder slag.
Eq.(4) that expresses the equilibrium of reac-
tion (3), effective until 1.0% [C], was applied to
the case of pig iron with 3% [C] by extrapola-
tive approximate calculation.
C+0=Co(g)
log (Pco/ac*a,) =1160/T + 2.003
As a result of the calculation, 0.15atm and

0.05atm were obtained for D-Pig and I-Argon.
3. 3. 3 Influence of using pig iron

As stated above, [O] rise in the molten metal
could be prevented using pig iron instead of
steel. However, SEN is in contact with molten
steel containing low [C] under actual casting.
The influence of [C] on the ZrO,-C corrosion
will be discussed below.

As mentioned before, the corrosion of ZrO,-C
powder line proceeds through the repetition of
ZrO. corrosion into the powder slag and graph-
ite dissolution into molten steel at the molten
steel-slag interface. So, we are able to consider
only graphite dissolution into molten metal.

The carbon saturation solubility of molten iron
([9%Cl..), represented by Eq.(5)?, is calculated
to be 5.4% at 1600C.

[%Cla = 1.34 + 254 X 10° T ()

[C] of pig iron is 3%, and thus the amount of

graphite dissolvable into molten pig iron is still
sufficient. In general, the diffusion coefficient
of carbon in molten iron, even if its content is
high, is markedly greater than that of oxides
in molten slag, and the viscosity of molten iron
is much lower than that of molten slag”. So,
it is considered that the dissolution rate of the
graphite in ZrO.-C into molten pig iron was
extremely greater than that of the ZrO. into
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Table 4 Properties of ZrO,-C specimens

Specimen No. Al | A2 [ A3 | A4 B1 | 82 | B3 | B4
Chemical ZrO; 82 86
composition
/ mass% C 14 10
Apparent porosity / % 12.3 13.7 14.4 15.b 10.8 1.7 13.b 14.7
Bulk density / gecm® 3.93 3.90 3.86 3.82 4.15 4.12 4.06 4.02
130
@ naterial A the molten slag in our experiments.
120 |- O material B Namely, the influence of carbon content in
X . .
e molten metal on the dissolution rate of ZrO,-C
o 10 was negligible.
©
c 3. 3. 4 States of specimens after tests
S . ) . .
g 100 The insufficient corrosion degree of the speci-
S mens under D-Argon was explainable by that
90 it is difficult to replace the powder slag during
test.
80 0 1'2 1'4 1'6 8 The excessive oxidization of the specimens
. under I-Pig is considered to have occurred dur-
Apparent porosity / %
ing temperature rising, because the specimens
Fig. 2 Influence of ZrO, content and apparent

porosity on corrosion rate index under
D-Pig condition.
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were heated after setting under air in inner
lining method.

4. Influence of ZrQ,-C Properties

4. 1 Test method

In the above section, it has been concluded
that D-Pig and I-Argon may be suitable. It will
be confirmed whether tests under D-Pig and
I-Argon are able to reproduce the empirical
facts that the corrosion resistance of ZrQO,-C
increases with decreasing porosity or with
increasing ZrQO. content, i.e., decreasing graphite
content below.

The compositions and apparent porosities of
the specimens are shown in Table 4. Material
A contains larger amount of graphite than
material B. Four specimens with different
apparent porosities, achieved by adjusting mold-
ing pressure, were prepared for each material.
After the tests, the specimens were cut and
the corrosion depths were measured, followed
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Fig. 3 Influence of ZrO, content and apparent

porosity on corrosion rate index under
I-Argon condition.
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by calculation of the corrosion rate index. The
microstructures were also analyzed.
4. 2 Results

Fig. 2 shows the corrosion rate index of
the specimens tested under D-Pig condition.
In each case of both materials, the corrosion
resistances deteriorated linearly as the appar-
ent porosity increased. When the apparent
porosities of material A and B were close, the
corrosion resistance of material B, including
higher amount of ZrO., showed better corrosion
resistance than material A.

Fig. 3 shows the results under I-Argon. In
the case of I-Argon, the corrosion resistance
deteriorated with increasing apparent porosity,
same as D-Pig, but in the series of material
A, specimen A-4 with the largest apparent
porosity showed an exceptional corrosion. As
the apparent porosities of material A and B
were close, the corrosion resistance of material
A was superior to that of material B, except for
specimen A-4, which is opposite to the results
under D-Pig condition.

Fig. 4 shows the microstructures of ZrO,-C
after the tests and actual applications. Specimen
(a) tested under D-Pig exhibited a common
microstructure. Whereas, a high brightness
phase was formed around the ZrO, grains and
voids were caused near the high brightness
phase in specimen (c) tested under I-Argon.
The high brightness phase was confirmed to
be zirconium carbide (ZrC) by EPMA analysis.
ZrC is sometimes detected in the ZrO.-C inner
bore of SEN used in actual casting (Fig. 4(e)),
but never from the powder line.

The graphite remained near the surfaces of
specimen (b) tested under D-Pig condition, but
a deep decarburization and slag-penetration
zone was formed on specimen (d) tested under
I-Argon. Fig. 4 (f) shows a typical micro-
structure of ZrO.-C used in actual casting, the
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(e) Actually used, In the vicinity of inner bore, Rare case
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(f) Actually used, Working surface, Ordinary case

Fig. 4 Comparisons of microstructure of ZrO,-C after corrosion tests and commercial application.
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DI L, I-Argon TRtk & 72 (d) 1T By
WKE & AT 7 O AHHERE S 7z, Fig. 4(f)
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graphite remaining in the vicinity of the work-
ing surface, which is the same as specimen (b)
tested under D-Pig condition.
4. 3 Discussion
4. 3. 1 ZrC formation

The formation of ZrC in the specimen tested
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Fig. b Stability region of ZrO; and ZrC coexisting
with carbon.
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under I-Argon is believed to be caused by
reduction of ZrO, by graphite (Eq.(6)).

ZrO,(s) +3C(s) = ZrC(s) +2CO(g) -+ (6)

Eq.(6) indicates that three moles of C is con-
sumed into two moles of CO gas. This graphite
consumption led to the voids.

Fig. 5 shows the stability regions of ZrO. and
ZrC coexisting with carbon. That Pco is lower
than 0.53atm is necessary for the continuous
reduction of ZrQO, at the test temperature. ZrC
was observed in all test specimens. Especially,
it is thought that A-4 which has highest poros-
ity was affected by atmosphere. Lin et., al.?
reported that molten iron penetrates ZrO,-C
material including ZrC easily because ZrC is
easy to wet by molten iron. The corrosion would
be accelerated by graphite dissolution into the
penetrated iron.

On the other hand, no ZrC was observed
although Pco was estimated to be 0.15 atm
under D-pig condition. This could be because
the dissolution velocity of CO gas into molten
pig iron is slower than that into molten steel
and thus it is difficult for the Pco inside ZrO,-C
to decrease. This needs further investigation.
4. 3. 2 Influence of ZrQO. content on

corrosion resistance

The opposite tendency of influence of ZrO,
content on corrosion resistance between D-Pig
and I-Argon can be explained by the difference
in temperature distribution in the specimens
during the test.

In the dipping method (D-Pig), the tem-
perature distribution of the dipped portion of
the specimen was almost even because all the
surfaces of the specimen under the powder
slag level were heated by molten metal. On
the other hand, in the case of the inner lining
method (I-Argon), there could be a considerable
temperature gradiation between the working
and the back surface. Since the specimens were
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Fig. 6 Corrosion rate index of specimen with or
without thermal insulation under I-Argon
condition.

cooled from the outside, high heat transfer
attributed to high thermal conductivity of the
specimen might reduce the corrosion rate.

This assumption was validated by the corro-
sion test with and without thermal insulation.
As can be seen in Fig. 6, the thermally insulated
specimen showed larger corrosion rate. It is
considered attributable to the higher tempera-
ture near the working surface. In general, the
thermal conductivity of the ZrO.-C material
increases as the graphite content increases.
Based on the discussions, the better corrosion
index of material A in I-Argon is attributable to
its high thermal conductivity.

5. Conclusion

It is important to inhibit [O] increase in
molten metal, which may result in changes in
slag composition, and to prevent ZrC formation,
which induces molten metal penetration and
microstructural deterioration, by maintaining
high CO partial pressure, in order to evaluate
accurately the corrosion resistance of ZrQO.-C
materials for the SEN powder line. As a result
of the corrosion tests utilizing a high frequency
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ZIEHEIC L 2B ERO LIV SRS induction furnace varying the test parameters,

-0

it was found that the dipping method using pig
iron under air atmosphere is suitable to repro-
duce the phenomena generated in actual steel
continuous casting operation.
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