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Formation of ZrC in ZrO,-C Material and Its Effect on Molten Steel Penetration
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Abstract

The reaction between molten steel and ZrO,-C in an argon atmosphere at 1560°C for 1h was

examined. Molten steel penetrated into the side of the ZrO,-C crucible up to 2~3mm depth and a

ZrC coating layer was formed on the ZrO, particles there. The wettabilities of porous ZrO. and

porous ZrC by molten steel were measured. Molten steel wet the ZrO, poorly, but wet the ZrC well

so that the molten steel drop completely penetrated into the ZrC substrate. These results indicate

that the ZrC coating layer caused molten steel penetration into the ZrO.-C due to the good

wettability between molten steel and ZrC. Thermodynamically, ZrC is formed under the condition

of the CO partial pressure being < 0.35 atm (at 1560°C) by the reaction between ZrO, and carbon.

So, the characteristics of ZrO,-C should be improved through prevention of the ZrC formation.
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1. Introduction

7Zr0,-C material is applied widely to the slag-line
of submerged entry nozzles (SEN), and also to the
interior of some SENs and the head part of some
stoppers in the steel continuous casting process.
Further improving the characteristics of this mate-
rial 1s an important problem, such as corrosion
resistance and abrasion resistance to molten steel
and slag. In order to achieve this, the fundamental
research on the following items was conducted and
presented here.
1) Reaction between molten steel and ZrO.-C.
2) Formation mechanism of ZrC in ZrO,-C.
3) Wettabilities of porous ZrQO; and porous ZrC by

molten steel. The aim was to clarify the
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Fig. 1 Schematic diagram of electric furnace.

Vol. 49 2006

phenomenon of molten steel penetration into
ZrO,-C observed in Item 1) above.

2. Experimental Procedures

2. 1 Investigation of Reaction between Molten
Steel and ZrO,-C

Zirconia containing 3.80mass% CaO and graphite
with purity of = 99mass% were used as the raw
materials for the preparation of ZrO,-C specimen,
with grain sizes of < 1.0mm and < 0.2mm, respec-
tively.

The zirconia and graphite (ZrO,=87, C=13mass%)
were mixed with an addition of phenol resin using a
high-speed mixer. The mixture was pressed at
100MPa by CIP, and then fired under a reducing
atmosphere at 1000°C for 8h. The fired body had an
apparent porosity of 18.0% and apparent density of
3.80g/cii. It was machined into a crucible with
20mm inside diameter, 40mm outside diameter,
100mm height and 15mm bottom thickness (the
shape of the inside of the crucible bottom was
slightly convex due to the limited machining condi-
tions; ref. Fig.3).

An ultra low carbon Al-killed steel was used. The
chemical composition was C : 0.003, Si : 0.01, Mn :
0.2, Ti:0.02, N :0.002, Al : 0.05mass%.

Fig.1 is a schematic diagram of the electric fur-
nace used in this experiment. The ZrO,-C crucible
with steel cube of 200g was heated to 1560°C in 4h in
flowing argon gas (1.0 £/min) and maintained for
1h, then cooled in the furnace.

After the experiment, the crucible with steel was
cut vertically and sampled for EPMA, XRD and
composition analysis.

(2) Investigation of Wettabilities of Porous
Zr0O; and Porous ZrC by Molten Steel

7Zr0O, and ZrC substrates, 20mm in diameter and
omm in thickness, were prepared by hot-press using
zirconia containing 3.80mass% CaO and zirconium
carbide reagent of = 98mass% purity with an
average grain size of 10um and 3um, respectively.
The apparent porosity of the ZrO. substrate was
42% and that of the ZrC 37%.

An ultra low carbon Al-killed steel was also used

in this case, being processed into a column with a
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diameter of 6mm and height of 6mm.

The wettability was investigated using the sessile
drop measurement method. Fig.2 shows the sche-
matic diagram of the apparatus. The steel and
substrate were rapidly heated to 1560°C at a rate of
50 C /min under a flowing argon atmosphere
(0.5 ¢ /min) and held for 30min, then cooled in the
furnace. The oxygen partial pressure in the argon
gas was decreased to 107 ~10"* atm through an
argon gas purifier. The steel drop shape was ob-

served and photographed during heating.
3. Results and Discussion

3. 1 Reaction between Molten Steel and ZrO,-C
The ZrO,-C crucible after the experiment was
found to embrittled. The particles on the crucible
surface fell away easily.
Fig.3 presents the cross-section photograph of the
crucible and steel. It can be seen that molten steel
penetrated into the side of the crucible up to

2~3mm depth. The microstructure of the crucible
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Fig. 2 Schematic diagram of sessile drop measurement apparatus.
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Fig. 3 Cross-section of crucible after experiment.
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Fig. 4 Microstructure of steel and crucible near
interface ( Area A in Fig.3).

and steel near the interface between them is shown
in Fig.4. By EPMA analysis, a high-brightness
coating layer was observed to enclose the ZrO,
particles in both the molten steel penetration zone
and non-penetration zone in the crucible. The coat-
ing layer had a thickness of ~3um and contained Zr
and C elements, and formed during heating because
1t did not exist in the crucible before the experiment.
As an example, Fig.5 provides the analysis result of
the molten steel penetration zone.

The XRD analysis of the sample taken from the
crucible side is given in Fig.6. This result indicates
that the coating layer is ZrC phase, of which the
lattice parameter was calculated to be 4.685 A, very
close to 4.693 A of pure ZrC (PDF# 35-0784).

In addition, from Fig.3 it can be also seen that no
molten steel penetrated into the bottom of the
7ZrO,-C crucible. Fig.7 shows the microstructure of
the bottom, where ZrC was hardly detected.

The above-mentioned results mean that if no ZrC
layer had be formed molten steel could have not
penetrated into the crucible side only by the molten
steel static pressure. That is, the formed ZrC layer
caused molten steel penetration into the ZrO.-C.

On the other hand, as shown in Fig.4 there is a
high-brightness dendritic phase within the steel
(left side of the photograph). By analyzing the steel
composition, the carbon content was clarified to
have increased from 0.003 to 2.52mass% after the
experiment. Therefore, the dendritic phase is sur-
mised to be high-carbon perlite, the matrix being
ferrite from the Fe-C phase diagram.

Moreover, no reaction between molten steel and
ZrO; particles was found.

It should be noted that the phenomena of ZrC

formation and molten steel penetration described
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Fig. 6 XRD pattern of side of ZrO,-C crucible
after experiment.
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Fig. 7 Microstructure of bottom of ZrO,-C crucible
after experiment (Area B in Fig.3).

above were also observed in some actual used
SENs".
3. 2 Formation Mechanism of ZrC in ZrO,-C
The following reactions are considered to produce
the ZrC coating layer.
When ZrO, particles are contact graphite, the
reaction of Eq. (1) occurs.
ZrOy(s) + 2C(s) = ZrC(s) + COu(g) 1)
When the particles do not contact, Eq. (2) becomes
the main reaction.
ZrOy(s) + 4CO(g) = ZrC(s) + 3CO.(g) (2)
The generated CO: returns to CO via the reaction
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with graphite, 1.e.
CO(g) + Cls) = 2CO(g) @)

By combining Eq. (1) or Eq. (2) with Eq. (3), the

overall reaction forming ZrC is obtained, Eq(4).
ZrOs(s) +3C(s)=ZrC(s) +2CO(g) “4)

Fig.8 illustrates the stability range of ZrO, and
7ZrC as functions of temperature and CO partial
pressure (Pco), which was calculated using the
published thermo-dynamical data®-®. It suggests
that a higher temperature or lower Pco more easily
allows ZrC formation, and the critical value of Pco is
0.35atm at the experiment temperature of 1560°C.
Therefore, the CO partial pressure is estimated to be
=< 0.35atm within the crucible side and > 0.35atm
within the bottom during heating. The convex
shape of the crucible bottom (ref. Fig.3) may be the
source for the CO partial pressure being high there,
since 1t makes CO gas diffusion to outside difficult.

For comparison, the stability range of SiO, and
SiC, ALOs and AlCs, which are often used or formed
in refractories, are also presented in Fig.8. As can be
seen in this figure, ZrC is formed more easily than
AlLC;, and below about 1350°C even more easily than
SiC.
3. 3 Wettabilities of Porous ZrO, and Porous ZrC

by Molten Steel

The following phenomena were observed during
heating at 1560°C in this experiment.

After melting, the molten steel drop remained on

the ZrO, substrate in an oval shape without

SiOa(s)+3C(s)=SiC(s) +2CO(g)

/

-2
ZrOz+8C(s)=ZrC(S)W
-4

/MQC(S)Z Al.Cy(s)+6CO(g)

e

1000 1200 1400

1600 1800 2000

Fig. 8 Stability region of oxides and carbides coexisting with carbon.
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Fig. 9 Substrates after experiment.

Penetration direction

Fig.10 Model for molten steel penetration into
Zr0O,-C.
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penetration, presenting poor wetting quality with
an apparent contact angle of 150°. Even so, the
molten steel drop proceeded to wet the ZrC sub-
strate well so that it promptly spread and pene-
trated into the substrate, finally disappearing. The
appearance and cross-section photographs of the
specimens after the experiment are shown in Fig.9.

Based on these results, the mechanism of molten
steel penetration into ZrO,-C is presumed to be as
presented in Fig.10. That is, when no ZrC layer is
formed molten steel penetration will not occur due
to the poor wettability between molten steel and
7ZrO,; conversely, when the ZrC layer is formed
molten steel will penetrate along the ZrC surface
into the ZrO,-C by the capillarity force that origi-
nates when molten steel wet ZrC. The penetrating
molten steel dissolves the graphite in the front and
produces a decarburized zone in the ZrO,-C.

As can be seen in Fig.b, there were many short
graphite flakes. They precipitated from the pene-

trated molten steel upon cooling.
4. Conclusion

1) The reaction between molten steel and ZrO,-C
under an argon atmosphere at 1560°C for 1lh
was examined. Molten steel was found to pene-
trate into the side of the ZrO,-C crucible up to
2~3mm depth, but not into the crucible bot-
tom. A ZrC coating layer was formed on the

ZrO, particles in the crucible side.
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2) Thermodynamically, when the temperature is
1560°C ZrC is formed under the condition of the
CO partial pressure being < 0.35atm due to the
reaction between ZrO. and carbon.

3) The wettabilities of porous ZrO; and porous ZrC
by molten steel were investigated. Molten steel
presented poor wetting quality for the ZrO,, but
wet the ZrC well so that the molten steel drop
completely penetrated into the ZrC substrate.

4) The formed ZrC coating layer caused molten
steel penetration into the ZrO.-C due to the
good wettability between molten steel and ZrC.
The characteristics of ZrO.-C should be im-

proved by preventing ZrC formation.
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