sl IFE5R 2014 Nob57 #&kRi

SHINAGAWA
TECHNICAL
REPORT

B EDRIBIZ KB AFA F TV —H
7V IF — A —R VGBI O Rk
Microstructural Deterioration of

Alumina-carbon Refractories for Sliding Gate
Plates due to Reactions with Molten Steel

won X E

Fumihiko MizoBucHI

L2 v

Wei Lin
B A H F A W B

Naohide HamamoTO Koji MORIWAKI

6o Ml ¥ 3k

<€ &)V IS5H -tk a4t

SHINAGAWA REFRACTORIES CO.,LTD.



Vol. 57 2014 Shinagawa Technical Report

BWMEDORKIDICEDBASFIAL FTL—
TN IF - B —FKVEMRORBENEL

Microstructural Deterioration of Alumina-carbon Refractories for Sliding
Gate Plates due to Reactions with Molten Steel

0 A
Weil LIN Fumihiko M1zOBUCHI
R AT T
Naohide HAMAMOTO Koji MORIWAKI
E B

W EHATA R TV = MNHOT VI F —h— Rtk % 3HEOREH (BIKRE7 v
IR, BRETVIFVFHE, BIEKREZES Y 3 X )V R ICRETAERET o2,
FTROFMEOLHETYH, HAWREROEmMZIT VI FEBHIELTEY, ZOBONMIZBNT,
TAHFIEL TV e — KRy BL O8O 7V I FRBTHE LM bESTER STz, 20X
) BMEDTEIEA S = AL & LT, KON ETT VI F &7 =RV HAl(g) RCOD L9 &
HARSBETLCERIL, TNODOTADEMEDORETT VI FERERSIEDL I ENEZ
bz, MIKRFZET VI F IV FHOGEOMLEIX, KOE,Lo72. T, ZOHED I —K
ERAVNE WD, KN TOT IV FEH—KR Y USOBEI DR E N &, B X UOER
L7270V 3 F R IBEEDPRAT720, KN D T A DEHTA~DOIE Z I TE w2 &1
b0 EEZ LN,

Abstract

Laboratory experiments where alumina-carbon refractories for the sliding plates were immersed
into three kinds of molten steel, i.e., ultralow carbon aluminum-killed steel, low carbon aluminum-
killed steel and ultralow carbon silicon-killed steel, were carried out in this study. An alumina
layer was formed on the surface of the refractory immersed part and a deteriorated zone in which
the preexisted carbon and a part of alumina particles had disappeared appeared in the inside of
the alumina surface layer in all cases of the steel grades. The mechanism is considered to be that
alumina reacts with carbon to produce gases such as Al(g) and CO in the refractories and then
these gases form the alumina at the refractory-molten steel interface. The deteriorated zone was
the deepest in the case of ultralow carbon aluminum-Kkilled steel. This should be because this steel
grade has a low carbon activity, which causes a strong driving force for the reactions between
alumina and carbon in the refractories, and the denseness of the alumina surface layer is low,
which is unable to prevent the gases diffusion into the molten steel.
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1. Introduction

Sliding gate plate refractories are commonly
used to control the flow rate of molten steel
from ladle into tundish or tundish into mold in
continuous casting of steel. They are usually
made of alumina-carbon as the base material.
The carbon raw material is of very small grain
sizes, playing important roles in ensuring the
thermal spalling resistance of plates and resist-
ing the generation of metal skull on the working
face and so on.

There have been many reports about analy-
sis of alumina-carbon plates used in actual steel
continuous casting operation.”™® The results
have indicated that the plates wear patterns
differ according to the cast steel grades, and
suggest that the wear begins from a micro-
structural deterioration with disappearance of
carbon at the plate working face in any case of
steel grades.

Sakaguchi et al? found that the wear of
the plate sliding face (i.e. surface roughening)
IS more serious after casting ultralow carbon
steel than other steel grades. The cause was
estimated to be that the CO gas due to the
oxidation of carbon in the plates is absorbed
more quickly by the molten steel because of its
extremely low carbon content.

Khann et al.? experimented on the wettability
of alumina-carbon (22.82 mass%) with molten
Fe-C (0.6 mass%) alloy at 1550C by the ses-
sile drop method, and the result showed that
the wettability is good and an alumina layer is
formed on the interface. In the fields of metal
aluminum smelting”® and Al;O.C compound
synthesis”, reactions of alumina with carbon
have been studied. Reduction of alumina by
carbon has been known to occur under certain
heating temperature and atmosphere condi-
tions.

It is important to understand the mechanism
of plate microstructural deterioration caused
by reactions with various steel grades at high
temperature in order to develop plates with
more excellent wear resistance. However,
investigations using actually produced steel
grades have never been carried out. In the
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Table 1 Properties of refractory specimen
Al,O; 94.0
" o
Composition (mass%) C 6.0
Apparent porosity (%) 10.0

Table 2 Chemical composition of steel (mass%)

Steel grade A B C
C 0.002 0.041 0.002
Si 0.01 0.29 0.15
Mn 0.16 1.33 0.38
P 0.020 0.006 0.075
S 0.005 0.005 0.008
Sol.Al 0.023 0.030 Tr.
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present study, we performed laboratory experi-
ments where alumina-carbon refractories for
sliding plates were immersed into three kinds
of molten steel under controlled temperature
and atmosphere conditions. The microstruc-
tural variation of the refractory was analyzed,
and the influence mechanism of steel grade on
refractory microstructural deterioration was
discussed.

2. Experimental Method

The refractory specimens with 94.0 mass%
alumina, 6.0 mass% carbon and several mass%
additions without aluminum components were
used in these experiments. They were fired at
1100C under a reducing atmosphere, having
an apparent porosity of 10.0 mass% (Table 1).
The specimen sizes were 6X6X60 mm.

The chemical composition of the three steel
grades used is shown in Table 2. Steel A was
an ultralow carbon aluminum-killed steel with
a carbon content of 20 ppm. Steel B was a low
carbon aluminum-killed steel containing 410
ppm carbon, treated with calcium in the steel-
making refining process to detoxify the sulfur
in the molten steel. Steel C was an ultralow
carbon silicon-killed steel with 20 ppm carbon,
including soluble oxygen of several tens ppm.

The electric furnace was used, which have
been explained in a previous report.” An
alumina crucible containing 300g of steel was
placed into the high temperature region of the
heater; the refractory specimen was located in
the low temperature region over the crucible.
After closing the furnace, vacuum evacua-
tion was carried out and then argon gas was
introduced, which was repeated three times.
Flowing argon gas continued till the end of the
experiment at a rate of 1 L/min.

The temperature was raised up to 1560C at
a rate of 10C/min. After holding for 30 minutes,
the refractory specimen was immersed into
the molten steel with a depth of 20mm for 30
minutes (Fig. 1). Next, the specimen was pulled
up to the low temperature region and cooled
under the argon atmosphere.

The microstructure of the immersed and
non-immersed parts of the refractory specimens
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Fig. 1 Schematic diagram of experimental

apparatus.
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were observed and analyzed by using EPMA
(Electron Probe Micro Analyzer) after each
experiment.

3. Results

No corrosion was found from the appearance of
the refractory specimen after each experiment.
However, a lot of metal skull adhered on the
immersed parts of the specimens in the cases of
Steel B, and especially Steel A. Conversely, no
metal skull occurred on the specimen in the
case of Steel C.

Fig. 2 shows the microstructure of the
immersed parts and EPMA analysis results. A
layer, almost pure alumina, was observed on the
surface of each specimen, hereinafter referred
to as “alumina surface layer”. The metal skull
existed on the outside of the alumina surface
layer (i.e. molten steel side) in the cases of Steel
A and B.

A zone in which the preexisted carbon and a
part of alumina (mainly fine particles) had disap-
peared, i.e., the microstructure had deteriorated
appeared in the inside of the alumina surface
layer, hereinafter referred to as “deteriorated
zone”. The depth of the deteriorated zone was
approximately 200, 100 and 50 um, respectively,
in the cases of Steel A, B and C (Fig. 3). Namely,
the microstructural deterioration in the case of
Steel A was more serious than the other two
steel grades.

In the cases of Steel A and B, the alumina
surface layer was observed thin and porous
and so the denseness was low. Some acicular
alumina that seems to have grown from the
alumina surface layer into the molten steel
was formed. Whereas, in the case of Steel C,
the alumina surface layer was of a thick and
continuous microstructure, of which denseness
was high.

Fig. 4 shows the microstructure of the
non-immersed part of the specimen after each
experiment. No alumina layer and acicular alu-
mina were produced, and little microstructural
deterioration was observed in all cases.
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Fig. 4 Microstructure of non-immersed part of refractory specimens in cases of Steel A, B and C.
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4. Discussion

4. 1 Formation reactions of deteriorated
zone

The carbon content of the three steel grades
was all significantly lower than the carbon satu-
ration solubility of molten steel, approximately
5.3 mass% at 1560C."” So, carbon at the top
surface of the alumina-carbon specimen must
have been dissolved promptly into the molten
steel, as the refractory specimen was immersed.
However, this cannot be considered to be the
formation mechanism of the deteriorated zone,
since the depth of the deteriorated zone reached
approximately 200um at most and not only
the carbon, but also the alumina that existed
originally in the zone had disappeared.

The disappearance of the carbon and alumina
would be caused by chemical reactions trans-
forming them into gases which diffuse toward
the outside. This is since no condensed phases
such as ALC;were detected besides alumina in
the deteriorated zone and single alumina and
single carbon do not volatilize directly under
these experimental conditions.

It has been known that alumina reacts with
carbon to produce gases of C-O and AI-O
system under certain heating temperature and
atmosphere conditions.””™® There are Al(g),
ALLO(g), AlO(g), ALO.(g) and AlO:(g) in the
Al-O system gases, Al(g) or Al,O(g) being of
the highest equilibrium partial pressure. These
gases should have also been generated in the
deteriorated zone in the present experiments.
The instance of Al(g) generation is discussed
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below. The reactions can be expressed as fol-
lows.

1/3AL0s(s) + CO(g)

=2/3Al(g) + COx(g) -+ eveee 1)
CO,(g) +C(s) =2CO(g) wwrrrrrrrrrrereeeens (2)
1/3A1:0s(s) +C(s)

=2/3Al(g) + CO(g) «weereeeee (3)

Re.(3) is a solid-solid reaction between alu-
mina and carbon and also the overall reaction
of Res.(1) and (2) which are solid-vapor reac-
tions.

Supposing the standard free energy change
of Re.(3) to be AG:", Eq.(4) is obtained when
Re.(3) is at an equilibrium state.

In(Pa®® X Peo) msiee = ~AG5*/(RT)
where Py and Pco are the dimensionless equilib-
rium partial pressure of Al(g) and CO, respec-
tively, ratio of dimension equilibrium partial
pressure and reference pressure, 0.1MPa (ie.,
latm) ; (Pa®® X Pco)’msce i the product of Pa
and Pco inside the refractories. Let P‘nsa =
(PA12/3 X PCO)OInside below.

Re.(3) will progress toward the right, as an
actual partial pressure product, P, is lower
than P’use. In these experiments, vacuum evac-
uation, followed by argon gas introduction, was
conducted before heating, so the atmosphere
of the pores among the alumina and carbon
grains was argon and thus was at condition of
Pree = 0 < P’ In the initial stage. Depending
on this “decompressione effect” of argon gas in
the pores, Re.(3) should have occurred during
the early heating period. As Re.(3) proceeds,
the partial pressure of Al(g) and CO will
increase, at the same time that of argon gas
will decrease.

Carbon of 1mol produces (Al(g) + CO) gases
of 5/3mol according to Re.(3). Based on this
phenomenon as well as the porosity and com-
position of the refractory shown in Table 1, the
partial pressure of (Al(g) + CO) is calculated
to be about 50 times as high as that of argon
gas in the pores, even if only 0.1% of all carbon
has been consumed by Re.(3). This indicates
that the atmosphere of the pores will change to
nearly (Al(g) + CO) gases as Re.(3) progress
slightly. If the Al(g) and CO do not diffuse to
the outside, the atmosphere of the pores will
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attain the state of Prgse= P s, and thus Re.(3)

will not proceed any more. Therefore, the

microstructural deterioration arising only from

the argon atmosphere of the pores in the initial

stage should be negligibly small.

4. 2 Interface reactions between
refractories and molten steel

The microstructure of the alumina surface
layer and acicular alumina was entirely different
from the alumina raw grains in the refractories,
as shown in Fig. 2. This means that alumina
formation reactions took place between the
alumina-carbon refractories and molten steel.

Al(g) which was generated by Re.(3) is
considered to have participated in the alumina
formation reactions, since the alumina surface
layer was produced even in the case of Steel C
containing little soluble aluminum.

The soluble oxygen of Steel A is calculated
to be only about 2 ppm at 1560C from the
soluble aluminum of 230 ppm, according to the
thermodynamic data of the reaction, Al,Os(s) =
2Al + 30. The soluble oxygen content of Steel B
is lower because of its higher soluble aluminum
content, 300 ppm. Although the soluble oxygen
was such low, the alumina surface layer and
acicular alumina were still formed. This hints
that the CO gas from Re.(3) provided the oxy-
gen necessary for the formation of the alumina
at the interface.

That is to say that the Al(g) and CO gases
inside the refractories diffused to the interface
with the molten steel and made Re.(5) happen.

2/3A1(g) + CO(g) = 1/3AL0s(s) +C - (5)

However, alumina layer formed directly by
Re.(5) should be extremely thin. Moreover,
it is thought that molten steel is needed as a
medium for the formation of acicular alumina.
Consequently, the interface reactions occurred
mainly in the molten steel near the interface
(Fig. 5). The reactions are expressed as fol-
lows.

2/3A1(g) = 2/3& .............................. (6)
CO(g) = Q + Q ................................. (7)
2/3A1+ O = 1/3A1,05() -++wwermveeermeeees ®)

Namely, once Al(g) and CO dissolve into molten
steel at the interface according to Res.(6) and
(7), respectively, the dissolved aluminum and
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THY, aldBEWON —KGETH S, LT,
Plhiertuce = (Pai™® X Peo) “iiertace £ T B0

4. 3 He{bEF R DERENSH

Phtertace 5P tnsie £ D ARIT UL, Progice < Plrasiae D4R
RBERY, Rn@) k=5 (Fig 6)o W2
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K4) £3(9) 75

10 (P site/P ncertce)

= - (AGL+AG?)/(RT) —Ina. (10)

B (3) & (5) OFFE RIS TS (11) & 22 v, JE
FTH =R DPEWNEREH T AU E R LT
H5bo

C(S) = Crvvrrrrre e (11)

AGMU AG30+AGU ........................... (12)
b3,

AGy’=17,200-14.36T, J/mol'? -+ (13)
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oxygen react with each other to produce the
alumina through Re.(8). Re.(5) is the overall
reaction of Res.(6)~(8).

In addition, there had been inclusions contain-
ing CaS in Steel B, and SiO.-MnO in Steel C
before the experiments, whereas such inclu-
sion compositions were not detected from the
immersed part of the specimens. This indicates
that nearly all the inclusions had floated up
from molten steel before the immersion and
so did not participate in the reactions with the
refractories during the immersion. This may
also be applied to the case of Steel A, where the
inclusion’s component is alumina, the same as
that of the alumina surface layer and acicular
alumina. Moreover, the microstructure of the
alumina surface layer and acicular alumina
is observed to differ from aggregation of the
alumina inclusion particles in the molten steel.

As Re.(5) is at an equilibrium state,

In(Pa®? X Peo) "lntertace

= AGs"/(RT) + Ina. )
where (Pa®?® X Pco)’mertee i the product of
equilibrium partial pressure of Al(g) and CO at
the interface, a. is the carbon activity of molten
steel. Let Plheraee = (Pa®® X Peo) nierace DElOW.
4. 3 Driving force for formation of
deteriorated zone

When PLirsce is lower than P, the condi-
tion of Pree < P’usce i satisfied, as a result Re.
(3) will take place (Fig. 6). In other words, the
ratio of P’ t0 P’herice 1S the driving force for
the formation of the deteriorated zone, sucking
Al(g) and CO gases inside the refractory to the
molten steel. The magnitude of the driving force
is evaluated by using P e/ P mertace DElOW.

Eq.(10) is obtained from Egs.(4) and (9).

In (P *rnsiae/ P OImerface)

=-(AG+ AGS)/(RT)-lnac --- (10)

The overall reaction of Res.(3) and () is
Re.(11), formally the same as the reaction of
carbon dissolving directly into molten steel.

C(S) = C ....................................... (11)
AGL = AGL + AG revererenreerenennn (12)
On the other hand,

AG° =17,200-14.36T, J /mol*® «------- (13)

where the state of [%C] =1 is the reference
state for molten steel.
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From Egs.(10), (12) and (13), it can be known
that the driving force depends on the carbon
activity (a.) of molten steel, increasing with
the decrease of carbon activity when the tem-
perature is constant. Other components besides
carbon in molten steel influence the driving
force through affecting the carbon activity.

Fig. 7 shows the relation between the driv-
ing force and carbon activity, calculated from
Egs.(10), (12) and (13). As can be seen, the
dependence of the driving force on the carbon
activity is especially large, when a. is below
approximately 0.01.

As a. is constant, the driving force increases
with temperature rise, whereas within the nor-
mal range of steelmaking temperature, the effect
of temperature variation on the driving force is
small. For instance, the value of P’msae/P mmertace
is 9.3x10% at 1600C, very close to 9.1x10* at
1560C in the case of Steel A.

For both Steel A and C, a. is calculated to be
2.0x107, nearly equal to [%C]; for Steel B a. is
44x107%, a little higher than [%C], by using the
interaction parameters of each element against
carbon in the molten iron.”?

The value of P’uee/P mernce in each case of
the steel grades is plotted also in Fig. 7. The
driving force in the case of Steel A is equal to
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that in the case of Steel C, but much larger
than that in the case of Steel B.

As described later, the depth of the dete-
riorated zone should also be influenced by the
morphology of the alumina surface layer. For
the cases of Steel A and B, the morphology of
the alumina surface layer was similar, and thus
the difference in the driving force is considered
to be the major factor causing the difference
in the depth of the deteriorated zone. Namely,
Al(g) and CO gases inside the refractory are
sucked more quickly into molten steel because
of the larger driving force in the case of Steel
A.

On the one hand, the microstructure of the
non-immersed parts of the refractory specimens
near the free surface (meniscus) of molten steel
hardly wvaried, although the temperature was
very close to that of molten steel there. This
suggests that the diffusion between the Al(g)
and CO gases in the non-immersed parts and
the argon atmosphere around the specimens
was extremely slow, so the “sucking effect” of
the argon atmosphere was much weaker than
the molten steel in the these experiments. This
point supports also that the microstructural
deterioration due to the argon atmosphere in
the pores in the initial stage of heating is negli-
gibly small as mentioned above.

4. 4 Morphology of alumina formed at
interface

In the case of Steel C, the alumina surface
layer showed a high denseness, so it should have
had a large effect on preventing the contact of
gases (Al(g) + CO) in the refractory with the
molten steel. As a result, the quantity of Al(g)
and CO gases that diffuse into the molten steel
was low, and thus the deterioration depth was
small, although the driving force was large
(Fig. 7). Meanwhile, in the case of Steel A and
B, the alumina surface layer can be considered
to have shown a weak preventing effect since
its denseness was low.

The formation of the alumina surface layer
with low denseness may be since most of
alumina produced by Re.(5) transformed into
the acicular alumina, not all into the alumina
surface layer, although the total quantity of the
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formed alumina was not small in the case of

Steel A and B. In the case of Steel C, as no

acicular alumina occurred, the formed alumina

all contributed to the alumina surface layer, so
the alumina surface layer was dense.

The acicular alumina formation may be due
to local non-uniformity of ditributions of the ele-
ments in the molten steel, surmised as follows.

Once Re.(5) takes place, the carbon content
of molten steel in the vicinity of the preformed
alumina will increase, thus it will become dif-
ficult for Re.(5) to further progress. So, the
subsequent Al and O formed by Res.(6)~(8)
will produce alumina preferentially on the
preformed alumina which is in contact with
the areas of the molten steel, where the carbon
content is low, and thus the acicular alumina is
formed.

In the case of Steel C, molten steel included
soluble oxygen of several tens ppm, which
removes the carbon from Re.(5) through the
reaction, C+ O =CO(g), thereby the carbon
content of molten steel in the vicinity of the
preformed alumina is not able to increase. Thus,
the alumina produced from the subsequent
Al(g) and CO will grow along the surface of
the preformed alumina surface layer, do not
form acicular alumina.

Previous studies on the formation of acicular
alumina in molten steel have never been carried
out, it is therefore difficult to give a sufficient
discussion on the formation mechanism (reac-
tion routes) of the acicular alumina in these
experiment. This is an issue in the future.

In the cases of Steel A and B, the metal skull
on the immersed part of the refractories was
probably related to the acicular alumina. Specifi-
cally, the molten steel being held by the acicular
alumina during the immersion could not flow
down while the refractory specimen was pulled
up, and thus it remained on the specimen.

4. 5 Prevention of microstructural
deterioration of alumina-carbon sliding
plate

Depending on the above-stated discussion,
the degree of microstructural deterioration of
alumina-carbon refractories can be organized in
accordance with the driving force for reactions
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Table 3 Summary of influential factors on
deterioraion

Steel grade A B C
Driving force Strong | Weak | Strong
Denseness of surface layer Low Low High
Depth of deteriorated zone | Large | Middle | Small

Shinagawa Technical Report

between alumina and carbon in contact with
molten steel and the morphology of the alumina
surface layer formed at the refractory-molten
steel interface, as summarized in Table 3.

The experimental results in the case of
ultralow carbon aluminum-killed steel (Steel
A), both a deeper deterioration zone and a lot
of metal skull being produced are in agreement
with the tendency found in the actual continu-
ous casting.”* The metal skull promotes wear
of the sliding surface, since it induces the sei-
zure of the upper-lower plates that may lead to
peeling off of the sliding surface.

In order to prevent the microstructural dete-
rioration of alumina-carbon sliding plates, some
countermeasures, such as enhancing P by
additives, promoting formation of a dense sur-
face layer and hindering the occurrence of the
acicular alumina by utilizing refractory-molten
steel reaction, can be considered.

5. Conclusion

Laboratory experiments where alumina-
carbon refractories for sliding plates were
immersed into three kinds of molten steel were
conducted. The microstructure variation of the
refractories was investigated, and the influence
mechanism of steel grade on refractory micro-
structural deterioration was discussed.

1) For all steel grades, an alumina layer
was formed on the surface of the refractory
immersed part. A deteriorated zone in which
the preexisted carbon and a part of alumina
grains had disappeared appeared in the inside
of the alumina surface layer.

2) The depth of the deteriorated zone in
the case of ultralow carbon aluminum-killed
steel (Steel A) was the largest, followed by
low carbon aluminum-killed steel (Steel B) and
ultralow carbon silicon-killed steel (Steel C).

3) In the cases is of Steel A and B, the
denseness of the alumina surface layer was
low, and some acicular alumina that seems to
grow from the alumina surface layer into the
molten steel was also produced. Moreover, a lot
of metal skull adhered on the outside of the alu-
mina surface layer (i.e. molten steel side). In the
case of Steel C, the alumina surface layer had
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a high denseness, and neither acicular alumina
nor metal skull occurred.

4) The reaction mechanism should be that
alumina reacts with carbon to produce gases
such as Al(g) and CO inside the refractory
and then these gases form the alumina at the
refractory-molten steel interface. The driving
force for the reactions of alumina with carbon,
defined as the ratio of product of partial pres-
sures of the gases inside the refractory to that
at refractory-molten steel, increases as carbon
activity of molten steel decreases.

5) The depth of the deteriorated zone is
influenced by both the driving force and the
morphology of the alumina surface layer. The
formation of deep deterioration zone is caused
by the low carbon activity of the molten steel
and the small denseness of the alumina surface
layer in the case of Steel A.
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