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Abstract

Durability of submerged entry nozzles (SEN) used in the continuous casting process of molten
steel is generally limited by the corrosion of the ZrO.-C (ZG) materials used in the powder line. The
effects of mold powder compositions on the dissolution rates and destabilization phenomena of ZrO:
grains were investigated. The addition of alkali metal oxides and alkaline-earth oxides to the base
mold powder accelerated the dissolution rate of ZrQO. grains, but it did not affect the destabilization
phenomenon. Reduction of SiO: and F suppressed the destabilization of ZrO, grains, which reduced

the corrosion rates observed in actual usage.
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1. Introduction

Submerged entry nozzles (SEN) are widely
used for the continuous casting of molten steel.
In general, the durability of the SEN is limited
by the corrosion of the powder line (slag line)
and/or the alumina clogging in the SEN. The
powder line of the SEN is usually reinforced by
using ZrQ,-C materials which have high corro-
sion resistance against the mold powder slag.
Although ZrO. has higher corrosion resistance
than other raw materials, the powder line of the
SEN typically shows local corrosions around the
interface between the powder slag and molten
steel. This can be explained by the repetition of
the following processes'”

(DGraphite particles in the ZrO,-C material in
the powder line dissolve into the molten steel
because molten steel and graphite wet well,
and then, ZrO, grains are exposed on the
surface.

(@Exposed ZrO. grains on the surface dissolve
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into the molten powder slag because the

powder slag and ZrO, wet well, and then,

graphite is exposed on the surface.

Increasing the ZrO. content tends to decrease
the corrosion rate of ZrO,-C materials since the
dissolution rate of graphite is much slower than
that of ZrO.. On the other hand, the thermal
spalling resistance of ZrO.-C materials will
become poor when the content of graphite is
decreased due to the lowering of their thermal
conductivities. In general, materials that con-
tain 65 to 85mass% ZrO, and 10 to 20mass%
graphite are used for the powder line of SEN.
In order to reduce the corrosion and extend the
durability of the powder line, it is effective to
develop less corrosive mold powders.

The main components of mold powder are
SiO; and CaO. Other components such as AlLOs,
MgO, Na:O, Li;O, and F are added to control
the properties of mold powders. It is known that
high viscosity mold powders have advantages
in preventing powder line corrosion, that is to
say high CaO/SiO, ratio and low F content in
chemistry?-¥.

The so-called “CaO-stabilized ZrO. (C-PSZY,
in which the phase transition to the low tem-
perature monoclinic phase is suppressed by the
addition of a small amount of CaO, is usually
used as the raw material for ZrO.-C materials.
The crystalline phase of ordinary ZrO, is mono-
clinic at room temperature. However, the phase
is transformed into tetragonal phases and cubic
phases at high temperatures over 1170C, which
results in a certain amount of shrinkage in
volume. The CaO in ZrO; crystals is dissolved
into the powder slag when ZrO, grains contact
the slag, and then, the crystalline phase of ZrO.
alters to the monoclinic phase. Thus, The C-PSZ
destabilization become of the reaction with the
mold powder slag.

In Fig. 1, microtextures of a ZrO.-C material
before and after use are compared. On the hot
surface of the used powder line material, ZrO.
grains were degraded and broken into small
particles by the reaction with the powder slag.
This degradation is caused by the destabiliza-
tion of partially stabilized ZrO..

Fig. 2 shows the microtextures of C-PSZ
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Fig. 1

Microtextures of ZrO,-C materials before and after use.

Ca0/Si0,=0.70

Ca0/Si0,=1.00

Ca0/Si0,=1.30

Fig. 2 Micro photographs of C-PSZ which had grains reacted with mold powder slag.
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grains which have reacted with various basic-
ity (CaO/SiO: mass ratio) powder slags, all of
which contained 10mass% Na.O and 6mass%
F?. The grain texture around the surface of
a ZrO; grain which had reacted with the 0.7
basicity slag was broken into many small par-
ticles caused by the destabilization. On the other
hand, signs of destabilization were minimal and
the dissolution of the grain proceeded directly
from the grain surface into the slag when the
slag basicity was 1.3.

These observations suggest that the degrada-
tion of ZrO. grains due to destabilization is the
dominant corrosion rate factor when the slag
basicity is low, while the direct dissolution of



Shinagawa Technical Report

2. EBAE

2.1 EEMERK

— R E— ) KX ¥ — & L TCal/
Si0,=1.0, Na,O=5mass%, F=5mass% D1t F#l
W% N— 2N ¥ —k 72 (Table 1)o N— A%
7 ¥ —100glZxf L CHME N Y ¥ — g & e
NO0Imol T oWz F—2HE L. I
Ly F— 2 BRIAT, KEAFASIZT1440C
TLOZ RN L T4 ISR S o721, Kb as
LTI 2bdE72, BoN/oh T AR T
L, ZrOfv & ORISEBHA T 7 & L7z, &
LA T 7 ORFEE LT, MELHEEKT X LIk
[ZTHIE L7ze W 5213, Si0. & CaO72 1) T <
E—N NN T —OENG BB LI2A T 7k
fEe U CBURAEZREL Tnb, AT 7R+
T, KOO HEITTHLEEZ NS &
H5EER L 72 A 5 7 OBt E T (2) % v TBi
WAEZ RS o700 SHERLIAT 7 ORE
IBUERENEL 25138, KT T A2MEMZRT
(Fig. 3)o

Na.O + CaF,— 2NaF + CaO
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Table 1 Chemical compositions of base powder
slag
Base Slag

SiO: 42.7

AlLQOs 3.0

Chemical Ca0 498

composition

(mass%) MgO 0.5
Na.O 5.0

F 5.0
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Zr0O. is dominant when the slag basicity is high.
It is not clear if the mold powder components
other than basicity influence the destabilization
and dissolution of ZrO. grains.

In this paper, investigations about the effects
of the mold powder components on the destabi-
lization and the dissolution of C-PSZ grains are
reported. Several application results of new mold
powders, which were developed based on this
study, from actual casting are also reported.

2. Experimental Procedure

2. 1 Preparation of mold powder samples
As the base powder of this study, a typical
mold powder was selected as shown in Table 1,
with a basicity of 1.0, the Na,O and F contents
were bmass% each. The test powder samples
were prepared to respectively add 0.Imol of
various components to 100grams of the base
powder. The test powders were heated in Pt
crucibles for 10minutes at 1440C and melted
completely, and then, the molten samples were
quenched quickly in water. These quenched
glasses were dried for 3hours at 150C in a
dryer. After drying, they were crushed into
fine powders. The viscosities of obtained mold
powder samples at 1300C were measured by
the Pt-ball pulling method. Ikeda et al. sug-
gested the unique basicity [Bi] in the evaluation
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1.0 1.2 1.4 1.6
basicity [Bi]

Fig. 3 Relationship between basicity [Bi] and
viscosities of mold powder slag.
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Table 2 Properties of C-PSZ grains

ZrO; grains
Zr0O; 94.8
Chemical Ca0 3.9
composition SiO; 0.5
(mass?%) Fe.0: 0.1
TiO, 0.2
Grain size (mm) 1~3
Stabilized ratio (%) 89

Powder slag : 15g
ZrQ2 grains : 3g

Pt crucible

T
-8/

Electric furnace

Fig. 4 Schematic drawing of equipment for
heat treatment.
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Fig. 5 Amount of dissolved ZrO; in slag and
stabilized ratios of remaining ZrQO..

of the properties of mold powders. The basicity
[Bi] was calculated from not only the values of
CaO and SiO; but also including the other mold
powder components®. The reaction of eq. (1)
is possible to become advanced in molten slag,
in eq. (1). The basicity [Bi] of the mold powder
samples in this study were calculated using eq.
(2). The viscosity of mold powder samples in
this study showed a relationship with the basic-
ity [Bi]. Increasing the basicity [Bi] tended to
decrease the viscosity as shown in Fig. 3.

Na,O + CaF, — 2NaF + CaO

Bi ={0.78[MgO] + 1.02[Ca0] + 1.22[Li,O]

+ 1.54[NaF] + 1.37[Na,O] + 1.39[CaF.]}
/11.02[Si0,] + 0.13[ALOs]} (2)

The ZrO, used in this study was one of the
ordinary C-PSZ raw materials used for the
powder line of the SEN, of which its chemical
composition is shown in table 2. The grain size
was between 1.0 to 3.0mm. The stabilized ratio
was 89% which was calculated by the peak
areas of cubic and monoclinic ZrO, measured
by X-ray diffraction meter.
2. 2 Experimental method

A schematic drawing of the testing equip-
ment is shown in Fig. 4. 15grams of powder slag
sample and 3grams of ZrO. grains were put in
a Pt crucible, and then, heated at 1500C for

1)
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Fig. 6
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Micro photographs of C-PSZ grains before and after reaction test Left : before, Right : after
(SiO; added slag).

30minutes in an electric furnace in an air atmo-
sphere. After heating, the upper portion of the
molten slag was discharged from the crucible in
water for quenching. After completely draining
the molten slag, the ZrO, grains remaining in
the bottom of the crucible were collected. The
chemical compositions of the quenched slag
samples were measured by X-ray fluorescence to
determine the dissolution amount of ZrO.. The
stabilized ratios of the remaining ZrO. grains
were measured by X-ray diffraction meter.

3. Experimental Results

Fig. 5 shows the relationship between the
amount of dissolved ZrO. in the slag and the
stabilized ratio of ZrO. grains which remained
undissolved. Compared to the base powder slag,
the components which obviously promoted the
dissolution of ZrO. into the slag are alkali metal
oxides (Li:O, Na.O) and alkaline-earth oxides
(MgO, CaO). The addition of F or Al,O; had
almost no influence on the amount of the disso-
lution, while the addition of SiO, suppressed the
dissolution of ZrO.. As for the stabilized ratios
of ZrO, grains, the components which promoted
destabilization were SiO, and F. On the other
hand, certain increases of the stabilized ratio
were recognized by the addition of the other
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components. There was no clear correlation
between the dissolved amounts of ZrO. and the
stabilized ratios of the ZrO. grains.

Fig. 6 shows micro photographs of ZrO, grains
before the reaction test and after the test in
which SiO, was added by 0.Imol to the base
powder. The degradation and small particles
detatching from the surface of the ZrO. grain
caused by destabilization are observed in the
right photograph which shows the appearance
after the reaction test, while a grain before the
test shows a rigid appearance.

In Fig. 7, the relationship between the viscosi-
ties of slag samples and the amount of dissolved
ZrQO; in the slag is shown. The amount of dis-
solved ZrO; decreased with the increase in the
slag viscosities. To the contrary, there was no
correlation between the slag viscosities and
the stabilized ratio of ZrO, grains as shown in
Fig. 8.

4. Discussion

Regarding the SiO, and CaO, which are the
main components of mold powders, the viscos-
ity of molten slag lowered and the dissolution
of ZrO, increased with an increase of the CaO/
Si0; ratio. By the addition of alkali metal oxides
(Li.O, Na:O) and alkaline-earth oxides (MgO,
Ca0), the wviscosity of the slag was lowered
and the dissolution of ZrO. was accelerated,
because these oxides broke the SiO; network in
the silicate glass phase. As shown in Fig. 9, the
increase in the basicity [Bi] lowered the viscos-
ity and accelerated the dissolution.

In general, a thin boundary film, which effects
the diffusion of the refractory to the powder
slag, is formed on the surface of the refractory.
The components of the thin boundary are slag
components with a high concentration of refrac-
tory components. In this study, the dissolution
of ZrO. has a correlation with viscosity. This
suggests that ZrO. diffusion has more impact
on ZrQO. dissolution than the reaction between
the ZrO. and the powder slag.

On the other hand, there were some varia-
tions in the amount of dissolved ZrO. even
though several slag samples showed very
close viscosities. In particular, the addition of
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F did not affect the dissolution of ZrO, while it
lowered the viscosity greatly. However a great
destabilization of ZrO, was observed by the
addition of F. It is well known that the corro-
sion of ZrO,-C materials in the powder line of
the SEN can be suppressed by the reduction
of F in mold powders. Therefore, not only the
dissolution but also the destabilization of ZrO.
are related to the corrosion of ZrO.-C materials
in actual applications.

Thus, the viscosities of mold powder slag
influence the corrosion rates of ZrQ,-C materi-
als greatly. In addition, the influences of the
powder components on the dissolution and the
destabilization of ZrO. should be considered in
the design of mold powders.

b. Results of Actual Applications

For mold powder design, achieving stable
operation and good steel quality is of higher
priority than other performances such as the
reduction of SEN corrosion. We are providing
custom made/designed mold powders to meet
the respective operating conditions, steel grades
and other requirements of each caster. The fol-
lowing are several examples of the application
results of new mold powders which were devel-
oped based on this study. Original mold powders
were modified to new ones based on this study
for the purpose of reducing the corrosion of the
powder line of the SEN without degrading the
performance such as stable operation and the
steel quality.

Three examples of application results are
summarized in Table 3. The comparison tests
were conducted as strand-to-strand trials, in
which the same specification SEN were used
for casting the same steel grade for the same
casting time. The corrosion rates of the powder
line were decreased by 36% at Caster A, 19%
at Caster B, and 31% at Caster C respectively.
As shown in Table 3, according to the change
in slag composition, different actions were taken
to modify each mold powder.

The stabilized ratios of ZrO. grains were
measured by the same reaction test for all mold
powders. Newly developed powders A2 and B2
showed a decrease in the stabilized ratio as a
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Table 3 Summary of comparison trials of new and ordinary mold powders

Caster A B C
Mold Powder Al1—=A2 B1—B2 C1—=C2
corrosion rate (index) -36% -19% -31%
SiO. -2.9 -2.7 -7.4
Ca0 +4.3 -2.1 -1.6
Change of slag Na:O 78 +6.0 +10.9
composition -
(mass%) Li-O +3.7 -2.7 -3.2
F +1.3 +1.4 -3.2
Ca0/Si0; 0.34 0.06 +0.28
Kind of powder A1 A2 B1 B2 C1 C2
Viscosity at 1300°C (Pa-s) 0.04 0.04 0.05 0.11 0.07 o.M
Stabilized ratio (%) 94.7 84.0 86.0 83.5 815 85.2
Amount of dissolv;ed ZrO; in slag 5.9 20 33 18 38 35
(mass%)
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36%, Caster BT1£19%, Caster CTlZ31% D& HH
BEOKTAER SNz 7272 LIBEEE 22
5720 AT - T2 xP RIS B TR D

Table 317K L7277 REBMG RO T, FEEifk
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WIZRIE LT, T74bh, FRAMNS S
WEMA2EB2TIRENZENONERM L D) b %E
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FTAHRHATNY =R a kL7, ZDORR,
ZrO: DL EACIIHEATZ D DD, ZrOJBfF = DK
& AR L 72802805 ), ZrOo-CH OV HEH L

result of the increase in F content. On the other
hand, the stabilized ratio of powder CZ2 was
increased by the reduction of F. The influences
of slag chemistry change on the viscosities
and the ZrO, dissolution were not recognized
because many components were modified
simultaneously.

In the case of Caster A, the viscosity of the
ordinary mold powder was low and the disso-
lution of ZrO, was high. As the strict casting
condition was considered, it was not prefer-
able to increase the viscosity. So, we modified
the powder to reduce the dissolution of ZrO,
without changing the viscosity. As a result, the
corrosion rate of ZrO.-C material was reduced
by 36% even though the destabilization of ZrO,
was accelerated. In this case, the positive effect
of modifications in reducing the dissolution of
Zr0Q, was much stronger than the adverse effect
of increasing the destabilization of ZrO..

In the case of Caster B, the modification was
made for raising the viscosity in order to reduce
the dissolution of ZrO,. Although the destabili-
zation of ZrO; was increased, the corrosion rate
of the powder line was reduced by 19%.

At Caster C, the newly developed powder
showed higher viscosity, less destabilization
of ZrO,, and less dissolution of ZrO. than the
ordinary one. Among those three factors, the
biggest change was seen in the suppression of
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destabilization. Also, the original powder showed
the lowest stabilized ratio after the reaction test.
In other words, the original powder had a strong
ability to destabilize ZrO, grains. Therefore, the
suppression of ZrQO. destabilization seemed to
be the most dominant factor in the reduction of
the corrosion rate by 31% at Caster C.

As described, there are many options for
modifying the mold powder compositions in
order to reduce the corrosion of the ZrO,-C
materials used in the SEN powder line. It is
important and possible to select appropriate
countermeasures which suit the respective
conditions of each caster.

6. Conclusion

The effects of mold powder composition on the
dissolution rates and destabilization phenomena
of ZrO. grains were investigated. In order to
suppress the destabilization of ZrO. grains,
reduction of the SiO. and F components from
the powder was effective. On the other hand,
reduction of alkali metal oxides (Li-O, Na,O) and
alkaline-earth oxides (CaO, MgO) suppressed
the dissolution of ZrO. grains as well as raising
the viscosities, but did not affect the destabiliza-
tion phenomenon. Not only the viscosities but
also the dissolution and destabilization of ZrO.
influenced the corrosive ability of the mold
powder slag. New mold powders which were
modified based on these findings proved the
reduction of powder line corrosion by 19% to
36% in actual applications.
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