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Abstract

In actual use, the CaO-ZrO,-C (CZ-C) inner lining of the submerged entry nozzles (SENs) is abnormally
damaged, and microscopic observation of the microstructure may show a large amount of ZrC formation
and significant microstructural deterioration. In the present study, we considered it necessary to find
conditions under which the ZrC formation reaction can be suppressed even at low CO partial pressures,
and examined the effects of adding ALOs and MgO components. In the heating test in Ar atmosphere,
the amount of ZrC formation was significantly smaller in the Spinel (5 %) added specimens and especially
(Spinel+ALOs) (5% each) added specimens than in the conventional materials. EPMA analysis showed
that the conventional material exhibited a microstructure with isolated ZrC between CZ grains, whereas
a low-melting phase of the ALOs-CaO system was formed in both of the aforementioned specimens. This
is due to the coating of CZ, ZrO: and ZrC grains, as well as the densification of the overall microstructure.
On the other hand, in the molten steel-dipping test, both specimens maintained high alumina adhesion

resistance, as well as the conventional material.

1. #8 1. Introduction
HOEFRHFECHSNTE, BzI>TFTrvans In continuous casting of steel, SENs are used to
E—JLRABATZEHEE DIMIEEIN TS, introduce molten steel from the tundish into the
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a) Case where abnormal damage
has occurred

casting mold. Alumina-silica-carbon (ALOs-SIiO:-
C) material is commonly used as a material that
is both spalling and corrosion resistant. However,
when nozzles of that material are used for casting
Al-killed steel grade, the well-known phenomenon
of alumina adhesion often occurs, in which alumina-
based clogging forms on the SEN inner wall.

Since alumina clogging greatly affects the stability
of continuous casting operations and the quality
of steel, many studies have been conducted on
the causes of alumina clogging and preventive
measures'™. Preventive measures include adding Ca
to molten steel, blowing in argon gas, and optimizing
the structure and material of SENs. As a material
for alumina adhesion resistance, CaO-ZrO,-C (CZ-
Q) is sometimes utilized for the nozzle inner wall,
focusing on the fact that the CaO component reacts
with the ALOs from the molten steel to produce a
molten phase with a low melting point®. Its main
composition is calcium zirconate CaO-ZrO, (C2)
with sufficient hydration resistance.

However, while the CZ-C inner material has been
used stably in some cases, with no adhesion or
erosion observed even after 20 or more charges(ch)
of casting, it has been confirmed that under certain
conditions, the CZ-C inner material with a thickness
of several mm is almost completely damaged after
only about 2 ch of use. Preventing such abnormal
erosion is a technical challenge.

The damage to the CZ-C material cannot be
attributed simply to wear due to molten steel flow,
since such damage does not occur in castings of

b) Case where no abnormal damage
has occurred

Fig. 1 Optical microstructure of CZ-C inner lining of used submerged entry nozzles.
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Table 1 Composition of specimens (mass%)

Conventional | Specimen 1 | Specimen 2
Graphite 25 25 25
CZ(CaO-ZrOy) 75 70 65
Spinel(MgO- Al:O:) - 5 5
ALO: - - 5

either steel grade with an inner lining of other
materials used under the same conditions. Fig. 1(a)
shows the results of microstructural observation
using an optical microscope of the CZ-C material
remaining in the SEN after use, which suffered
abnormal damage. A large amount of zirconium
carbide ZrC (bright color with metallic luster) is
formed, carbon (graphite) disappeared, and the
microstructure is severely deteriorated. This is
completely different from the case of CZ-C material
(Fig. 1(0)® in which no such structure was formed
and no damage occurred.

This suggests that the abnormal damage is
largely responsible for the occurrence of the ZrC
formation reaction as shown Equation (1). Since this
reaction leads to graphite loss and microstructural
deterioration, the CZ-C material is easily worn away
by the molten steel flow.

(ZrO2)incz +3C(S)=ZrC(s)+2CO(g)  wwwrrrrrrrrseeeres M

Since Reaction (1) is a reaction that generates
CO gas, it is considered to occur more easily when
the CO partial pressure of the atmosphere is low
relative to the equilibrium CO partial pressure of the
reaction. Hence, it is presumed that the CZ-C inner
lining of the SEN has a low CO partial pressure in the
continuous casting.

In order to prevent abnormal damage in CZ-C
material, it is necessary to find a countermeasure
to suppress ZrC formation even under low CO
partial pressure conditions. Therefore, we decided
to conduct a basic study on the effects of additives
on the surface of CZ grains, aiming to form a stable
coating layer on the surface of CZ grains at high
temperatures.

Since CZ-C material reacts with the ALOs from
the molten steel to form molten phase and MgO-
stabilized ZrO,, it is more difficult to form ZrC than
CaO-stabilized ZrO, in ZrO,-C”. The effects of
the addition of ALOs and MgO components are
investigated in this report.

2. Experimental Methods

Specimens were prepared by adding Spinel
(MgO-ALOs) and AlLOs to conventionally used CZ-C
material (hereinafter referred to as “conventional
CZ-C material”). The chemical composition of each
specimen is shown in Table 1. The graphite content
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Fig. 2 Schematic diagram of molten steel-dipping
test for evaluating anti-alumina-clogging
ability of specimens.
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Fig. 3 Index of weight-loss rate of specimens
heated in argon atmosphere at 1560°C for
3hrs.

was kept constant at 25% for both specimens.
Specimen 1 contained 5% Spinel, and Specimen
2 contained 5% each of Spinel and AlLQOs. Each
specimen was prepared by a process in which
a mixture of each raw material was CIP molded
and then buried in a Coke Breeze and fired at
1000 C X 3 hours.

In order to evaluate the tendency of ZrC formation
under low CO partial pressure conditions, the
specimens were heated in an Ar atmosphere using
a vacuum sintering furnace (heating element is
graphite). 20 X 20 X 35 mm specimens were set in
the furnace, vacuumed, and high purity Ar gas was
poured at a flow rate of 1 L/min. The temperature
was increased to 1560 C at 10 ‘C/min and held for
3 hours. The specimens were then allowed to cool
quickly in the furnace by turning the furnace off. After
the test, the specimens were subjected to weight
change measurement, XRD analysis to identify the
mineral phase, and EPMA analysis to analyze the
microstructure.

On the other hand, an evaluation test of adhesion
resistance was conducted using the usual molten
steel-dipping method (Fig. 2). In other words, 22 kg
of steel was melted in an Ar atmosphere using a
high-frequency furnace equipped with an MgO
crucible, and metallic Al (equivalent to 0.12 %) was
added and stirred. After maintaining the temperature
of the molten steel at approximately 1560 C, several
20 X 20mm bars were simultaneously immersed
for 1 hour. For comparison, conventional ALOs-
SiO,-C material (Si02:20%, C:25 %) was also used
as an immersion specimen. The adhesion and
microstructure of the specimens were observed
after the test.

Previous test results have shown that ZrC is not
formed in the conventional CZ-C material in this
immersion test. This test will allow us to investigate
changes in the adhesion resistance of CZ-C materials
depending on additives under conditions in which
ZrCis not formed.

3. Results

3. 1 Evaluation of ZrC formation tendency
The apparent porosity of each specimen before

(after firing) the test was 14.8 % (conventional CZ-C

material), 14.7 % (Specimen 1) and 15.1 % (Specimen
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Fig. 4 XRD pattern of specimens after heating in argon atmosphere.
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Fig. 5 Index of XRD peak intensity of zrC
formed in specimens after heating in
argon atmosphere.

2), respectively. All were within the normal range,
and the differences between the specimens were
small.

After heating in an Ar atmosphere, the weight of all
specimens decreased. The largest weight loss was
4.64 % for the conventional CZ-C material, 4.19 % for
Specimen 1, and 2.10 % for Specimen 2. The indexes
for the conventional material are 100, 90 and 45,
respectively. Specimen 2 was significantly smaller
than the conventional material at 55 % (Fig. 3).

The samples were taken from the middle of
the longitudinal direction of the specimens after
heating, and the results of XRD analysis are shown
in Fig. 4. The formation of ZrC was confirmed in all
specimens. The phases other than ZrC were mainly
CZ (Ca0-Zr0Oy), Graphite and ZrOs(c). Fig. 5 shows
the XRD strongest peak intensity of ZrC indexed
based on the conventional CZ-C material. The
strength index of Specimen 1 is 81 compared to
100 for the conventional CZ-C material, and that
of Specimen 2 is 32, which is 68 % smaller. This is
consistent with the above-mentioned change trend
of weight loss by additives.

The optical micrographs of the heated specimens
are shown in Fig. 6. On the surface of all specimens,
graphite has disappeared and an deteriorated
zone with ZrC (light-colored granular material) has
formed. The thicknesses of the deteriorated zone are
approximately 470 um (conventional CZ-C material),
380 um (Specimen 1) and 220 um (Specimen 2),
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Fig. 6 Optical microstructure of specimens after heating in argon atmosphere.
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Fig. 7 Index of thickness of deteriorated zone
in specimens after heating in argon
atmosphere.

respectively, and are indexed as 100, 81 and 47,
respectively (Fig. 7). This is also consistent with the
trend of the weight loss rate.

On the other hand, according to the compositions
in Table 1, 1.4 % MgO component from Spinel was
added to both Specimen 1 and 2. As described
below, the reaction between MgO and carbon
(MgO+C=Mg+CQO) also occurred. However, even
if all of that MgO reacts with carbon to produce
Mg and CO gas, the amount of carbon consumed
in this reaction is only 0.4 %, very small compared
to the original carbon content of 25 %. Therefore,
even in the case of Specimen 1 and 2 containing
MgO components, the weight loss due to heating
is considered to be mainly due to the reaction
between CZ and carbon (Reaction (1)).

The results of weight loss rate, XRD intensity of
ZrC, and thickness of the deteriorated zone all
indicate that the amount of ZrC formation is small in
Specimen 1 and especially in Specimen 2, that is, the
ZrC formation reaction is suppressed (reduced).

EPMA analysis of the deteriorated zone is shown
in Fig. 8. The conventional CZ-C material exhibits a
microstructure in which the generated ZrC grains
are isolated between the CZ grains. In Specimen
1 and 2, a low-melting phase of the ALOs:-CaO
system was formed, which has distributed on the
surface of the CZ grains. It is also present between
the CZ grains in a mixed form with small ZrO: and
ZrC grains. The low-melting phase coated the
particles and enhanced the densification of the
microstructure. The composition of the low-melting
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Fig. 8 EPMA analysis of deteriorated zone in specimens after heating in argon atmosphere.
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phase was about 52 % ALOs and 46 % CaO.

However,inSpecimen 1 and 2, the MgO component
was not well identified in the deteriorated zone.
This is suggested that the reaction between MgO
and carbon with Mg evaporation occurred during
heating.

Ontheotherhand, the content of ZrO.components
(mainly ZrO; in CZ) in the CZ-C material relatively
decreases with the addition of Spinel and ALOQ:.
Fig. 9 shows the indexed ZrO. content of each
specimen (100, 93 and 86, respectively). This results
in a decrease in the ZrO, component content up
to 14 % (Specimen 2), which is significantly smaller
than the weight loss rate, XRD intensity of ZrC, and
degree of change in the thickness of the deteriorated
zone described above. Therefore, the main cause of
the suppression of the ZrC formation reaction by
the addition of Spinel and Al:Os is not the relative
decrease in ZrO: content, but the formation of the
low melting point phase mentioned above by those
additions.
3. 2 Evaluation of adhesion resistance

Fig. 10 shows a photograph of the cut surface after
the dipping test. In the ALO;-S5i0.-C specimen for
comparison, an adhesion layer (brown) up to about
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Fig. 9 Index of ZrO, content of specimens before
heating.
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2mm is observed on the surface. EPMA analysis
showed that it had a needle-like microstructure and
was Al.Os-based with an ALLOs content of more than
80 %. In contrast, the CZ-C material has almost no
adhesion layer formed in both the conventional CZ-
C material and Specimen 1 and 2. No erosion was
observed. Similar to the conventional CZ-C material,
no ZrC formation was observed in Specimen 1 and
2. Optical micrographs of the conventional CZ-C
material and Specimen 2 are shown in Fig. 11.

Therefore, under conditions where ZrC is not
formed, Specimen 1 and 2 show high adhesion
resistance without erosion loss, as do the
conventional CZ-C materials. In other words, at the
amount added in this test, the adhesion resistance
and erosion resistance of the CZ-C material are not
reduced by the addition.

4. Discussion

As reactions of ZrC formation in CZ-C material
specimens by heating in an Ar atmosphere,
Reactions (2) to (4), which are mainly reactions of CZ
and carbon, are considered (Reaction (2) is similar
to Reaction (1)). The CZ raw material originally
contained ZrO-(c), but the amount of ZrO.(c) was
small, so its contribution to the formation of ZrC
was considered to be small.

In between the grains of CZ and C in contact the
following reaction occurs.

Ca0-ZrOx(s)+3C(s)=

ZrC(s)+CaO(s)+2CO(g) .................. (2)
Between grains that are not in contact with each

I T |
) |
4 L™

Specimen 1 Specimen 2

Fig. 10 Photographs of cross-section of specimens after molten steel-dipping test.
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ZrC(s)+CaO(s)+3CO,(g)  rrevrrrrreree (3)
COAG)HC(S)Z2CO(g) ++ververrevevsnesmesuenesnrniens (4)
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200 um

Fig. 11 Optical microstructure of Specimen 2 after
molten steel-dipping test.
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Reactions (3) and (4) occur in a chain, all of which
take the same form as Reaction (2). The standard
Gibbs free energy change AG° for Reaction (2) was
calculated from the reported standard Gibbs free
energy of formation for ZrO,*, ZrC® and CazrO-”,
and Equation (5) was obtained.

AG =674,000-318.44T, J/MOL-rrreeeeeeeennnn (5)

The relationship between equilibrium CO partial
pressure and temperature for Reaction (2), obtained
from Equation (5), is illustrated in Fig. 12. If the actual
CO partial pressure in the atmosphere is lower than
the equilibrium partial pressure, Reaction (2) will
proceed to the right and ZrC will be formed.

Fig. 12 shows that the equilibrium CO partial
pressure increases with increasing temperature,
reaching 0.05atmat 1560C (1833 K), the temperature
at which this test was conducted (maximum holding
temperature).

In the heating test in an Ar atmosphere, Ar gas
flowed at a relatively high flow rate of 1L/min.
Therefore, the CO partial pressure around the CZ-C
specimens was lower than 0.05 atm. It is considered
that ZrC was formed from the CZ grains during the
temperature increase and holding process.

In Specimen 1 and 2, the results of EPMA analysis
shown in Fig. 8 indicate that the molten phase of
the ALOs-CaO system formed as the temperature
increased, and that it was stable. According to the
composition of the low-melting phase described
above (ALOs:52 %, CaO:46 %), its melting point is
about 1455 °C according to the ALOs;-CaO phase
diagram (95 C lower than this test temperature).
From the microstructuralobservationsitis considered
that the molten phase played a role in suppressing
the formation of ZrC by the following mechanism.
That is, a portion of the molten phase coats the
surface of the CZ grains, blocking contact between
the CZ and carbon and CO gases. The remainder
exists between CZ grains (mixed with ZrO, and ZrC
grains) and increases the CO partial pressure in the
CZ-C by improving the overall densification of the
CZ-C and preventing CO gas dissipation from the
interior.
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Fig. 12 CO equilibrium partial pressure as a function of temperature for ZrC formation reactions.
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The reason why ZrC formation could not be
completely prevented by adding AlLOs and MgO
components is assumed to be that a certain time
lapseis required for the formation of a suitable molten
phase, and the significantly lower ZrC formation in
Specimen 2 was due to the short time required for
the formation of a suitable molten phase. A detailed
investigation of this is an issue for the future.

As for the effect of the MgO component, the
reaction between MgO and carbon occurred, but
the reaction inhibited the contact between the CZ
grains and carbon, and also increased the CO partial
pressure”, which may have also suppressed the ZrC
formation reaction to some extent.

On the other hand, ZrC formation was not
observed in the CZ-C specimens in the molten steel
immersion test. This is thought to be due to the
slow diffusion of CO gas into the molten steel in the
CZ-C and high CO partial pressure, since the test
conditions did not allow much flow of the molten
steel around the specimens.

In actual casting, if the flow velocity of molten
steel through the SEN inner is fast, CO gas in the CZ-
C diffuses and dissolves into molten steel (Reaction
(6)) quickly (Fig. 13), and as in the case of heating in
an Ar atmosphere in this study, ZrC is likely to be
formed quickly because the CO partial pressure is
likely to become low.

CO(g)=C+O
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Fig. 13 Schematic diagram of CO gas movement
from CZ-C into molten steel flow.
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The results of this basic investigation will be helpful
in finding measures to prevent abnormal damage in
CZ-C materials in actual applications. Specimen 2
has the potential to significantly suppress the ZrC
formation reaction under actual machine conditions,
preventing the abnormal damage and demonstrating
high adhesion resistance at the same time.

On the other hand, Fig.12 shows that the
equilibrium CO partial pressure in the formation
of ZrC from ZrO- alone is significantly higher than
that of CZ. For example, they are 0.34 and 0.05
atm at 1560 °C (1833K), respectively. Therefore,
it is suggested that to suppress ZrC formation, it
is also necessary to avoid using CZ raw materials
containing large amounts of ZrOs(c).

5. Conclusion

It has been confirmed that SEN inner lining material
Ca0-zZrO,-C (CZ-C) used to prevent alumina
clogging is almost completely damaged after only
2 ch of casting use of a CZ-C inner material with
a thickness of several mm in a certain continuous
casting conditions. Microstructural analysis of the
remaining inner lining material of the SEN revealed
a large amount of ZrC formation, graphite loss, and
significant microstructural deterioration. In order to
suppress the abnormal damage, we considered that
it is necessary to find conditions that can suppress
the ZrC formation reaction even at low CO partial
pressures.

In this report, the effects of the addition of Al,Os
and MgO components on the suppression of the
reaction were examined. A conventional CZ-C
material, Specimen 1 with 5% Spinel (MgO - ALOs),
and Specimen 2 with additional 5% ALOs were
fabricated and evaluated. In the heating test in Ar
atmosphere conducted to evaluate the tendency
of ZrC formation under low CO partial pressure
conditions, ZrC was formed in all specimens. Both
the weight loss rate before and after heating, the
XRD peak intensity of ZrC, and the thickness of
the deteriorated zone on the specimen surfaces
indicated that the amount of ZrC formed was smaller
in Specimen 1 and especially Specimen 2 than in the
conventional CZ-C material. For example, the XRD
peak intensity index of ZrC was 81 for Specimen 1
and 32 for Specimen 2, compared to 100 for the

11
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