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Abstract

Slide gate plates used for the continuous casting of molten steel are made of Al:O;-C materials,
and decarburization of the material causes damage of the plate surface during casting. Therefore,
it is important to suppress decarburization in the molten steel in order to improve plate durability.
The bonding texture of the plate materials is reinforced by the metal additives. The effects of
Si and Al addition on the reaction between plate materials and molten steel were investigated
experimentally. Based on the experimental results, new plate materials were developed and showed
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good performance in actual use.
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1. Introduction

Slide gate plates are used for controlling the
steel flow rate of ladles and tundishes. In many
cases, the life of slide gate plates depends on
the sliding surface damage.

Fig. 1 shows the appearance of the surface
damage of a used Al:Os-C plate and the micro-
structure of the damage area. When AlO;-C
plate material is exposed to molten steel, the
carbon at the hot face is considered to dissolve
into the molten steel and forms a decarburized
layer at the surface. Although the decarburized
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Fig. 1

Surface damage and cut section of SG
plate after use.
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layer is less than 1Imm in thickness, it causes
surface damage, such as abrasion or peeling by
sticking skull because the decarburized layer
has a loose and vulnerable texture. Therefore it
Is important to suppress the decarburization of
the materials in molten steel in order to improve
surface-damage resistance.

In order to suppress decarburization and the
following deterioration of the plate materials,
optimization of the grain size distribution and
the amount of carbon is required . Also, manu-
facturing technology which enables a dense
texture with evenly distributed fine grains is
necessary. In addition, the bonding texture of
the plate materials is reinforced by the metal
and/or carbide additives, of which the behavior
largely affects the decarburization®. Although
the additives in carbon-containing refractories
are often called anti-oxidants, they play impor-
tant roles not only in oxidation resistance but
also in strength enhancement and decarburiza-
tion resistance in molten steel. However, the
effect of the additives on decarburization in
molten steel is poorly understood as compared
to that on oxidation and strength.

We focused on the decarburization mecha-
nism of the plate materials in molten steel and
have improved the plate material by pursuing
the role of additives from the view of decarburi-
zation resistance. Here we present the findings
from the reaction experiments and the trial
results of the improved materials.

2. Minerals Formed from the Additives

Si and Al are commonly used as additives in
the Al;O;-C plate materials. In the case of the
fired ALO;-C plates, the added Si and Al react
with carbon and form SiC and AlLC; respec-
tively. Also the reaction with atmospheric gas
(oxygen, nitrogen) forms SiO., AIN and Al:O;
simultaneously. In order to clarify these min-
eral phases which formed from the additives,
samples made of only the matrix constituents
of AL,O;-C materials were prepared and then
phases formed after firing were investigated.

Table 1 shows the raw material proportions
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Table 1 Plate matrix composition
Raw material % (mass fraction)
Al:O; fines 91
Amorphous Carbon 9
Si powder 0-18
Al powder 0-18
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of the samples. Additive amounts of Si and Al
were changed under fixed ratio of alumina fines
and amorphous carbon. All raw materials were
under 100 um in size. In particular, amorphous
carbon was a submicron powder. These fine raw
materials were mixed with phenol resin and
pressed under a face pressure of about 60MPa.
Then, the green bodies were dried for 24 hours
at 110C and fired for 3 hours at a temperature
above 1000T in a coke breeze.

Fig. 2 shows some examples of XRD pattern
for the fired samples. As for additives, sample
M1 contained only Si while sample M2 con-
tained both Si and Al in equal ratios. The XRD
showed SiC formation with some remaining Si
from the Si addition. Also it showed Al:C; and
AIN formation with some remaining Al from
the Al addition. The formation of nitride (AIN)
was confirmed also from chemical analysis.
Because chemical analysis revealed the forma-
tion of SiO., amorphous silica would be formed
from the Si addition.

Fig. 3 shows the microstructure of samples
M1 and MZ2. In the case of M1 which contained
only Si additive, SiC and SiO, were formed out-
side of the original Si grains and a large amount
of Si remained inside. In the case of M2 which
contained both Si and Al additives, the melted
Al spread around the original Al grains, which
was changed to pore. The spread Al reached
the Si grain and formed a complicated reaction
texture. EPMA analysis revealed the presence
of Al, ALLC;, AIN and SiC in the complicated
reaction texture.

Fig. 4 shows effects of Al (or Si) addition on
the formation of carbide from the samples which
contain 12% (mass fraction) of Si (or Al). The
change in the XRD peak intensity suggests that
the Al addition promoted SiC formation from
Si and that the Si addition suppressed AlC;
formation from Al Thus the carbide-formation
reactions in the combined usage of Si and Al
were not independent and were affected by the
amount of the other metal respectively. Fur-
thermore, as shown in Fig. b, chemical analysis
revealed that the SiO, formation from Si was
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Fig. 3 Microstructure of specimens after firing.
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XRD patterns of specimens after firing.

suppressed by the combined usage of Al

3. Reaction Experiments with Molten Steel

3. 1 Background of the experiments

In order to evaluate the decarburization phe-
nomenon of the plate materials in molten steel,
we examined the test method for the reaction
with molten steel. As a preliminary experiment,
we conducted a sample dipping test into molten
steel in a high-frequency induction furnace.
However, the oxygen content of the molten steel
increased to more than 500ppm and formed
FeO on the molten steel surface. FeO causes the
decarburization of Al,O;-C materials, which is
called “liquid oxidation” phenomenon. However,
the casting of such extremely-high oxygen steel
is rare, and liquid oxidation by FeO is unlikely in
the casting of common steel grades. In addition,
the large high-frequency induction furnace was
not suitable for precise temperature control. As
a result, there was a tendency for the thickness
of the decarburized layer to change depending
on the molten steel temperature.

Therefore we conducted the reaction experi-
ments between ALQO;-C materials and molten
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(b) Effect of Si addition

XRD peak intensity of carbides formed during firing in reducing atmosphere above 1000°C.
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Fig. 5 Amount of SiO, formation during firing in
reducing atmosphere above 1000°C.

steel using a Tammann furnace, in which
precise control of temperature, atmosphere and
molten steel compositions is possible”. After
the experiment the decarburized layer differed
depending on not only the AlO;-C material
characteristics but also steel composition and
experiment time, suggesting that such decarbu-
rization is a complicated phenomenon in which
some reactions take place at the same time.
Among the experiments, here we introduce
the results of the experimental comparison of
samples M1 or M2. The experiment was per-
formed using steel with relatively-high oxygen
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content among common steel grades because
the effect of the metal additives could be clearly
observed. As mentioned above, samples M1 and
M2 were made of only the matrix constituents
of the plate materials. The carbon materials
and additives of the plate materials were fine
grains and distributed in the matrix. Hence the
decarburization phenomenon and the effect of
the additives on decarburization were related to
the matrix. The decarburization phenomenon
was able to be investigated in detail without
any influence of coarse grains using the matrix
constituent samples.

3. 2 Experimental method

The mineral compositions of samples M1 and
M2 were estimated from XRD and chemical
analysis and are summarized in Table 2. Sample
M1 contained SiC, SiO; and residual Si from
the Si addition. In the case of sample M2 with
the combined usage of Si and Al not only the
formation of AIN and AlC;, but also a greater
amount of SiC and lesser amount of SiO, than
in M1 were recognized.

Fig. 6 shows a schematic illustration of the
Tammann furnace. Before heating, evacuation
of air and Ar gas replacement were performed
at least twice, and then Ar gas was inserted
at 1L-min™. Because of this precaution, the

Table 2 Possible reactions between plate materials and molten steel in reaction experiment

R Mineral Abundance in Ph b qi "
aw phases specimen” No. | Possible reactions in experiments enomena observed in reaction
materials S experiments
after firing M1 M2
(1) |Cs)=C Formation of decarburized layer
C C +H++ | At - -
(7) | C(s) + O =CO(g) Formation of decarburized layer
Si ++ + (2) | Si(s)=Si
Si SiC ++ 4+ (3) | SiC(s)=Si+C
SiO; ++ + (8) | SiOafs) + C(s) = SiO(g) + CO(g) Formation of decarburized layer
4) | Als) = Al
Al - + - -
Al (10) | Al(s) = Al(g) Formation of Al.Os whisker
AlCs - + () | ALCs(s) = 4Al + 3C
AIN - ++ 6) | AIN(s) = Al+N
_ Formation of decarburized layer
Al:Os Al:Os ++++ | ++++ | (9) | ALOs(s) + 2C(s) = AlO(g) + 2CO(g) Formation of ALOs whisker

* Estimated abundance:

++++ > +++ > ++ > + > — (none)
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possibility of air oxidation could be eliminated.
300g of steel with 120ppm oxygen content
was melted in an alumina crucible (34mm
inner diameter), and the refractory specimen
was placed above the steel during heating. The
heating rate was 10C-min”. The temperature
in the furnace was kept for 30minutes at
1600TC in order to homogenize the temperature
distribution in the crucible. Then the specimen
was dipped in the molten steel for 1 hour. After
dipping, the specimen was pulled up from the
molten steel and cooled down naturally in an
Ar atmosphere.
3. 3 Experimental results

Fig. 7 shows the appearance of the samples
after dipping into the molten steel. A dotted line
shows the position of the molten steel surface
during the reaction test. Whiskers were depos-
ited on the sample surface above the molten
steel surface level. Although its mineral phase
was not identified, EPMA analysis showed that
the main composition of the whiskers was Al:O;
in both the samples.

Fig. 8 shows microstructures of the dipped
area. The right side of each photo is the hot
face, and the darker area near the hot face is
the decarburized layer. The decarburized layer
was 100-150 um thick in M1, and 20-50 um in
the M2. That is, the thickness of the decarbu-
rized layer of M2 was reduced to about one
third that of M1 by adding Al. Although some
10-30um pores can be observed in M2, they
were formed by the spreading of melted Al of
which the texture was already formed before
the reaction experiment.

Fig. 9 shows EPMA images of the hot face.
In both samples, a continuous Al:O; layer with
a thickness of 5-10um was formed at the hot
face. In addition to the whisker formation above
the molten steel surface level, the continuous
AlyOs-layer formation suggests that Al-contain-
ing gas phase was formed within the samples
and moved toward the hot face side during the
experiments.

Just inside of the thin Al,O; layer was a decar-
burized and porous texture layer. The pore size
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Fig. 7 Appearance of specimens after reaction test.
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Fig. 8 Microstructure of hot face after reaction
test.

in the decarburized layer was several tens um
in both samples. The carbon phase contained in
these samples was submicron amorphous car-
bon and the residual carbon from phenol resin,
both of which had much smaller pores that in
the decarburized layer. This suggests that not
only carbon but also some of the Al.O; fines
have disappeared in this layer. In addition, the
Si content was decreased in the decarburized
layer, suggesting that the Si-containing phases
(S10.,, SIC, Si) also disappeared. On the other
hand, there is some evidence that molten steel
might have penetrated into the decarburized
layer, because there are some iron droplets in
the layer and minor amount of Fe were found
widely distributed in the layer.
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Fig. 9 EPMA images near hot face after reaction test with molten steel.
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3. 4 Additional experiment

As shown above, there was some evidence
of molten steel penetration in the decarburized
layer. In addition, there were cases where
widely-penetrated iron was observed in the
decarburized layer although the Al:O;-C mate-
rial was slightly different from M1 and M2.

Therefore we conducted an additional experi-
ment where the sample was cooled under the
dipping condition without pulling up from molten
steel. Fig. 10 shows the results for the sample
MZ2. Penetrated iron was observed widely in
the decarburized layer of the sample cooled in
the molten steel. Note that the iron penetration
layer peeled off from the sample because by the
solidifying steel contracted during cooling.

4, Discussion

4. 1 Comparison of the experimental
decarburized layer to the actual one
The decarburized layers formed in the reac-
tion experiments have porous textures where
not only carbon but also some alumina have dis-
appeared. On the other hand, the decarburized
layers in the used plate are generally accompa-
nied by penetration of low melting-temperature
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(a) Pulled up and cooled in Ar | (b) Cooled in molten steel

COMPO

(a)
(b)

Specimen M2 was pulled up and cooled in Argon flow.
Specimen M2 was cooled in molten steel.

Fig. 10 Microstructure of specimens after
reaction test.
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oxide phases (e.g. SiO.-MnO inclusions or slag)
and molten steel. In the case of actual casting,
oxide inclusions or slag droplets are suspended
in the molten steel flow. In addition, throttling
of the slide gate plates to control the flow rate
causes negative pressure in the plate bore, lead-
ing to a minor amount of air suction through
between the plate boundaries. It is difficult to
reproduce these phenomena experimentally;
hence it is a challenging to reproduce the texture
observed in the used plates experimentally.

However, conversely, it is presumed that the
decarburized layer formed in the experiment
remains unchanged before the alteration by the
penetrated inclusions, slag and metal. Therefore
firstly, it is important to consider what reaction
has occurred in the experiment. For example,
one idea is that the decarburized layer in the
used plate was formed by air oxidation. However,
the experimental results demonstrated that the
decarburized layer was formable without air
oxidation, so we can discuss its decarburization
mechanism with a focus on the reaction with
molten steel.

Based on the experimental results and findings
in previous studies, possible reactions between
the ALO;-C plate materials and molten steel in
the reaction experiments are summarized in
Table 2. These reactions are discussed in view
of the reaction mechanism as follows.

4. 2 Direct dissolution into molten steel

Among the mineral phases in the plate
materials, carbon, carbide and nitride dissolve
into molten steel. Hence the following reactions
concerning direct dissolution into molten steel
are considered to occur at least near the hot
face. However, the dissolution rate of nitride into
molten steel is generally slow when compared
to carbon and carbide. The reaction (6) might
progress slowly as compared with the other
reactions.

C(S) = Q .......................................... (1)
Sl(s) = & ....................................... (2)
SIC(s) = Si + Crrvrrrrrrrrrrrrrrrrrern, (3)
AI(S) = AL e (4)
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ALCs(s) = 4Al + 3C
AIN(S) = & + M ..............................

Among these reactions, the reaction directly
related to the decarburized layer is the dissolu-
tion of carbon (1). However, it seems unlikely
that the direct dissolution of carbon occurred
on the inside away from the hot face”. If car-
bon dissolution is the main mechanism of the
decarburization, it would require penetration of
molten steel inside of the sample. As already
mentioned, there is some evidence that sug-
gests the decarburization mechanism by molten
metal penetration such as the presence of the
iron droplets, and the steel penetration in the
additional experiment.

In general, refractory materials are not wet-
table by molten steel. Al:O;-C plate materials
used for the plate are also not wettable, hence
steel penetration cannot occur in ordinary labo-
ratory experiment. However, Lin et al.” revealed
in an experiment similar to this report that
the molten steel penetration and the following
decarburization occurs in ZrO.-C material when
carbide (ZrC) with good molten steel wettability
is formed within. Even in the experiments in
this report, carbides (SiC, AlLC;) are already
formed in the prepared samples, and at least
SiC is known to have good wettability by molten
iron”. Therefore there is a high possibility that
molten steel penetration occurred and formed
the decarburized layer in the experiments.

Note that the interfacial tension of the molten
steel also affects the molten steel penetration
into the refractory. Because the reactions of (4),
(5) and (6) increase the Al content of the mol-
ten steel, the decreased interfacial tension by
the Al increases has the potential to promote
molten steel penetration.

4. 3 Decarburization by oxygen in molten
steel

It is well known that the wear rate of the
Al,Os-C plate increases during the casting of
high-oxygen steels. Because the high-oxygen
steels are accompanied by high amount of liquid-
state oxide inclusions (e.g. SiO.-MnO inclusion),
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we believe that the Al:O;-C materials are
corroded by the inclusions. In addition to the
effect of the corrosive inclusions, however, there
is also the opinion that the oxygen in molten
steel causes the decarburization wear of refrac-
tories.

When the oxygen concentration of molten
steel is high, oxygen gas of which the concen-
tration is in equilibrium with that of the molten
steel can be contained in the atmosphere of the
refractory pore adjacent to the molten steel.
This oxygen gas diffuses to the refractory
inside through the connected pores; hence it is
possible to oxidize the carbon in the refractory.
These phenomena can be expressed as the fol-
lowing reactions : 20 = 0:(g) and 2C(s) + O.(g)
= 2CO(g) respectively. The total reaction can
be expressed as follows.

C(S) +0= CO(g) ........................... (7)

Because the steel used in the experiments
had relatively high oxygen concentration, we
speculate that this type of reaction occurred
to some extent. However, we do not consider
this to be the main mechanism for decarburiza-
tion because a similar decarburized layer was
observed even in a preliminary experiment in
which ultra-low carbon and low-oxygen steel
was used.

However the role of the oxygen in molten
steel might not be adequately evaluated in the
experiments. This is because the oxygen con-
centration of molten steel might be decreased
during the experiments by the increase of Si
and Al through reactions (2)-(6), both of which
act as deoxidizing agents for the molten steel. In
this regard, we are running additional experi-
ments to clarify it.

4. 4 Reduction reaction of oxides

It is well known that the SiO. coexisting
with carbon easily vaporizes as SiO(g) at the
temperature of molten steel®. Total reaction of
the reduction phenomenon of SiO2 is expressed
as reaction (8). This reaction is one of the causes
of the decarburized layer formation.
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Si0.(s) + C(s) = SiO(g) + CO(g)

On the other hand, Al:O; is considered to be
stable under carbon coexisting conditions at the
temperature of molten steel. However, Zhao et
al.” investigated the Al,0,C formation from the
mixture of ultra-fine AlO; (0.1um) and fine
carbon (20-30um) and revealed that the ALO;
reduction reaction occurred at above 1550C
under an Ar gas atmosphere. Although the
reactions in these experiments are complicated,
a representative total reaction is as follows.

ALOs(s) + 2C(s) = ALO(g) + 2CO(g)---(9)

Among various kinds of carbon-containing
refractories, the plate materials are character-
ized by the application of micron-sized alumina
and submicron-sized carbon. Therefore the Al,O;
in the plate material would easily be subject to
the reduction reaction (9) as compared with the
alumina-graphite bricks for other applications.
Actually, the Al:O; whisker formation above the
dipping area and the thin ALO; layer formation
at the hot face were observed in sample M1
in which Al is not added, suggesting the Al.O;
reduction reaction such as equation (9).

4. 5 Vaporization of Al

Prepared sample M2 contained residual Al
before the reaction experiment. The formation
of the Al,O; whiskers, which is considered to be
formed through the vaporization process, was
pronounced in the M2 after the experiment.
Because Al has relatively high vapor pressure,
there is a possibility that some of the Al vapor-
ized as equation (10) during the experiment.

Al(s) = Al(g)

4. 6 Decarburization mechanism and effect
of Al addition
As pointed out above, we can consider various
kinds of reactions depending on the phenomenon
on which we focus. Some of the reactions might
proceed at the initial stage of the experiment,
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and some of the reactions might be promoted
by the precedent reactions. Among these reac-
tions, the process which directly causes the
decarburized layer is the reactions (1), (7), (8)
and (9). The direct dissolution (1) is a com-
pelling idea to explain the decarburized layer
because there is some evidence suggesting steel
penetration. However, it is difficult to explain
why thickness of the decarburized layer was
reduced to one-third by adding Al by consider-
ing only the reaction (1).

Among the mineral phases related to reac-
tions (1), (7), (8) and (9), only amorphous SiO,
was reduced by the Al addition. In other words,
the Al addition promotes SiC formation and
suppresses SiO, formation from Si. As a result,
decarburization through reaction (8) is sup-
pressed. We believe the SiO. reduction reaction
(8) played an important role in developing the
decarburized layer.

As above mentioned, it is difficult to experi-
mentally reproduce the same decarburized
layer found in a used plate. For example, the
experiments were conducted under very-low CO
partial pressure condition (Argon atmosphere),
which promotes CO(g) forming reactions. Also,
molten steel composition can be easily changed
by the reactions during the experiments because
the amount of steel is limited. Therefore some
of the reactions summarized in Table 2 might
have only a small effect on the wear of slide
plates during casting.

However, the idea that the SiO, formed from
the Si addition promoting the decarburization
coincides with our experience in practical
applications. Hence, we believe that this is the
same phenomenon both in the experiments
and in actual use. Suppression of SiO. forma-
tion by the combined usage of Si and Al would
be effective in suppressing the development of
decarburization not only experimentally but
also practically.

Not only metal usage but also firing conditions
are important in preventing SiO. formation,
and both the metal usage and firing conditions
largely affect the physical properties of the plate
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(b) Developed

(a) Conventional

(a) Conventional plate after 6¢h use.
(b) Newly developed plate after 7ch use.

Fig. 11 Appearance of plate after use.
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products more than decarburization resistance.
Therefore it is necessary to optimize both the
usage of Al and firing conditions, considering
other properties such as thermal-spalling resis-
tance.

5. Application to Actual Use

Based on the considerations of the experimen-
tal results, we developed a new plate material
in which both metal-additive usage and firing
conditions were optimized. The new material
was applied as ladle slide gate plates in an
actual casting. As shown in Fig. 11, the surface
condition of the new plates was good even when
they were used for an additional one heat. As a
result, the maximum life of the slide plate was
increased from 7ch to 8ch.

Fig. 12 shows the microstructures of the
hot face of the plates after use. A thick decar-
burized layer was observed at the hot face of
the conventional plate. The front area of the
decarburized layer was completely altered, that
is, iron droplets and slag had infiltrated. The
rear area of the decarburized layer was porous.
On the other hand, the decarburized layer of
the developed plate was thinner than that of
the conventional plate, and the surface damage
was greatly suppressed.

(a) Conventional

(b) Developed

(a) Conventional plate after 6¢h use. (b) Newly developed plate after 7ch use.

Fig. 12 Microstructures of plate after use.
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6. Conclusion

We investigated the effect of metal additives
on the decarburization of Al:Os-C slide plate
materials through the reaction with molten steel.
From the experimental results, we developed
a new plate material in which both the metal
additive usage and the firing conditions were
optimized. The decarburization and surface
damage of the plate were greatly suppressed
by this improvement as compared with conven-
tional plates in actual use.
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