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Abstract

In order to improve the durability of the impact zone precast block in teeming ladle, castable
refractory material of which the cast body is highly densified by minimizing water content was
developed. By optimizing particle size distribution and applying high-performance dispersant, an
impact zone precast block that can be fabricated with 2.5 % water content was developed. In
comparison with conventional material, highly densified precast block exhibits markedly improved
mechanical strength at 1000C in association with well improved durability in actual operational
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application.
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1. Introduction

The teeming ladle used in the steelmaking
process is a vessel for transporting and/or hold-
ing molten steel tapped out of the converter
furnace or electric arc furnace to the casting
machine. During transportation, various types
of secondary refining are carried out on the
molten steel in the teeming ladle. Since the
impact zone in the teeming ladle bottom, which
is indicated with a red arrow in Fig. 1, which is
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Fig. 1 Schematic diagram of refractory relining
for teeming ladle.
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a schematic illustration of refractory relining of
the teeming ladle, is in the direct hitting posi-
tion of molten steel tapped from the primary
refining furnace, so relined refractories are
easily damaged. This sometimes regulates the
campaign life of the teeming ladle.

Major factors for impact zone refractory
damage are thought to be structural spalling
caused by difference in mechanical strength
between hot face and back end in relined
refractories as well as thermal spalling caused
by thermal shock. It is well known that struc-
tural spalling is caused by the difference in
mechanical strength between an unaltered
refractory layer and altered layer induced by
sintering, vitrification of refractory structure or
deterioration of structure by slag infiltration"?
In the laboratory, selecting the mechanical
strength at 1500 C and 1000 C as indicators,
refractory material with minimized difference
in mechanical strength between the above two
temperature was developed so as to suppress
structural spalling. Since thermal spalling
is caused by mechanical stress generated by
different thermal expansion of refractories
between hot face and back end at rapid cooling
or heating, thermal spalling can be suppressed
by lowering the thermal expansion coefficient
and/or fortifying the creep property. For secur-
ing or improving the durability of the impact
zone refractories, increasing relined refractory
thickness or applying precast blocks with high
mechanical strength is generally applied.

In actual operation, the impact zone refrac-
tories are exposed directly to high temperature
molten steel of over 1600 C and they are also
attacked by penetrating slag. Thus, only the
area near the surface is densified, resulting in
unpredictable localized increase in mechanical
strength. It is, therefore, inferred that find-
ing a way to raise the mechanical strength
at 1000 C, so as to minimize the mechanical
strength difference, is the most important issue.
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Many investigations on structural spalling have
been conducted®®. It is well known that, since
densification of the impact zone precast blocks,
which is the monolithic bodies made of castable
refractories, by fabricating with reduced added
amount of water contributes to fortification of
mechanical strength at 1000 C as well as to
suppression of slag penetration, such a method
is the most effective for the suppression of
structural spalling” .

In various trials conducted in the authors’
company for lowering the water content in
precast block, it was found difficult to apply
lower than 3-4 % water content. This has been
thought to be lower limit in castable refrac-
tory product manufacturing technology, and
has been hardly broken through. However, by
applying high-performance dispersant as well
as optimizing raw material particle size distri-
bution, precast block which can be fabricated
with markedly reduced water content was
developed. The characteristics of the newly
developed highly densified impact zone precast
block are compared with those of conventional
products in this report, along with discussion
on effects of densification of castable refractory
bodies requiring markedly lower water content
on the impact zone precast blocks.

Table 1 Chemical and raw material particle size compositions and required water
content of 3 types of castable refractory samples
Sample No. Material A Material B Material C
Al:Os 90 90 90
Chemical composition
/% MgO 7 7 7
SiO; 1.2 1.2 1.5
+5mm 0 0 10
Particle size t<7:omposmon 1-5 mm 50 50 37
/ %
-1 mm 50 50 53
Binder D E E
Water content / % 4.2 3.2 2.5
Note Conventional Low water Ultra-low water
precast block content content
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2. Experiments

2. 1 Test samples

Table 1 shows the chemical compositions and
raw material particle size compositions of the
3 types of castable refractories samples used
in the investigation. Castable refractory sample
A was a conventional product applied for the
impact zone precast block with 4.2 % of water
content. By applying high-performance disper-
sant to refractory sample A, the required water
content for mixing castable refractory sample B
was lowered from 4.2 % to 3.2 %. In design work
for castable refractory sample C, raw material
particle distribution was optimized so that the
coarse particle portion was increased in asso-
ciation with enlargement of maximum coarse
particle size. In addition, fine SiO. powder as
well as spherical raw material were increased
to secure good fluidity even with minimized
water content. As a result, precast block made
of castable refractory sample C could be fabri-
cated with 2.5 % water content.

Fig. 2 Schematic diagram of thermal spalling test.
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2. 2 Experiment methods
2. 2. 1 Physical properties

Modulus of elasticity, bending strength or
modulus of rupture (MOR), linear change, appar-
ent porosity and bulk density were measured
on the 3 types of sample specimens which were
dried at 110 C or fired at 1000 C and 1500 C.
It is noted that specimens dried at 110 C were
used for the evaluation test described in each of
the following sub-sections.
2. 2. 2 Corrosion test with synthetic slag

The corrosion resistance of the 3 types of
sample specimens was evaluated by rotary
drum corrosion test using arc heating. The cor-
rosion test was conducted at 1650 C for 3 hours
with 25 % FeO containing converter slag with a
basicity of 3 (C/S).
2. 2. 3 Thermal spalling test

The thermal spalling test was conducted on

Table 2 Parameters used for numerical analysis calculation

Material AlMaterial B|Material C| SOtoM P‘Tirnri“nznznt ﬁ?ifr?“gagegt Metal lne | shel
300°C | 1.05 1.05 1.05
- 500°C | 1.17 117 117
S/pjc'(‘;'; h'f)""t oo e - - 117 1.26 0.96 117 0.46
1500°C | 1.38 1.38 418
1Mocc| 300 | 300 | 3400
BN donsyty 1000°C | 3100 | 3200 | 3300 | 3000 2000 2000 3000 7900
1500°C | 2900 | 3000 | 3200
%C| 55 9.4 9.4 6.61 0.64 0.70 45
e Sonter MY | s00C | 3 4.2 4.2 2.70 093 0.90 3.0 80
1000°C | 25 32 32 2.49 1.16 1.20 23
Thermal expansion 1000 °C 0.8 08 08 0.4 0.5 0.6 0.9 12
/% 1500°C | 2.1 2.2 2.4
1M0°C | 744 03.1 1203
MOd“'“j o elastsity | q000°c | 62.4 87.0 111.9 13.9 6.7 0.1 87 210.0
1500°C | 867 | 1108 | 1363
Ambient teomperature 25
/C
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Fig. 3 FEM model used for numerical analysis.
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the 3 types of 230 mm X 114 mm X 65 mm
sample specimens. As schematically illustrated
in Fig. 2, the thermal spalling test was con-
ducted with 8 times repetition of heating one
face of the specimen at 1500 C for 45 minutes
with air cooling for 15 minutes. The spalling
resistance was evaluated by observing severity
of generated cracks in specimen.
2. 2. 4 Bending strength at elevated
temperature

The bending strength at elevated tempera-
tures or hot modulus of rupture (HMOR) of the
3 types of 30 mm X 25 mm X 120 mm sample
specimens was measured at 1000 C, 1200 C and
1500 T by 3-point bending test with 100 mm
of supporting span and 1.0 mm/min. of loading
rate. Evaluation was made with the HMOR as
well as with a load-displacement curve obtained
from the hot bending test.
2. 2. 5 Thermal expansion behavior

The 3 types of sample were heated up to
1500 C with 3 C/min. of heating rate and kept
at 1500 C for 3 hours, followed by cooling down
with 10 C/min. of cooling rate in an ambient
atmosphere in order to observe their thermal
expansion behavior.
2. 2. 6 Numerical analysis of thermal stress

In order to figure out at what location and
when thermally induced stress was maximized,
numerical analysis of thermal stress was con-
ducted by the FEM (finite element method) with
the model shown in Fig. 3. The parameters used
for numerical analysis were summarized in Table
2. Calculations were performed using the values
evaluated at room temperature after heating at
certain temperatures under the assumptions
that (1) the value was identical to the value
evaluated at high temperature equivalent to the
heating temperature and (2) the value between
the evaluated point changes linearly as a func-
tion of temperature. For simplicity purposes,
numerical analysis was carried out under the
condition that, in accordance with the hot face
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temperature variation shown in Fig. 4, the
temperatures of all the hot faces of the relined
refractories were uniformly and simultaneously
changed with no considerations of molten steel.
In a heating and cooling pattern, the hot face
temperatures of the relined refractories were
changed as follows. In the pre-heating period,
the refractories were heated up to 1100 C for
7 hours and kept at 1100 C for 8 hours. After
completion of pre-heating, firstly, corresponding
to molten steel receiving, holding and cast-
ing, refractory hot face temperature quickly
heated up to 1650 C for 2 hours, followed by, in
association with short time cessation for minor
maintenance, quick cooling down to 800 C for
25 minutes. The molten steel receiving operation
and stand-by was repeated 3 times in numerical
analysis.

3. Results

3. 1 Physical properties

The bending strength (MOR) of the 3 types
of sample specimens which were dried at 110 C
or fired at 1000 C and 1500 C are compara-
tively shown in Fig. 5. In comparison with the
other two samples, sample specimen C exhibits
higher MOR. Especially, sample material C
fired at 1000 C exhibits 31.4 MPa of eminently
higher MOR than the other two.

Fig. 6 shows the linear changes of the 3 types
of sample specimens. No significant difference
was observed among the 3 types of sample
specimens dried at 110 C and fired at 1000 C.
After firing at 1500 C, sample specimens B and
C exhibited slightly smaller permanent linear
change than sample specimen A.

The modulus of elasticity of the 3 types of
sample specimens are comparatively shown
in Fig.7. The influence of the heat treatment
given to the sample specimens was as follows;
firing at 1500 C created the highest modulus of
elasticity, followed by drying at 110 C and fir-
ing at 1000 C. When the sample are compared,



N7H o720 1500C 12 BVTHEB, CIZMEA &
HARTRWERAERZ R 2R L7z,

WM, BERL L7245 U 7OV OB A Fig 712
R o MBUREEIZOWCTIEH T 5 &, BhipkEix
1500C BEpi a2 Che b @ <, IR\ TLI0T Hz 1%,
1000C BERL 2 138 DI EA IR L7z MR Tl
B 5L, MECOBENHEEI KL E L, KN T
MHEBTH - 72

160

~
o

—
N
o

—
o
o

60

Modulus of elasticity / GPa

40

20

A B C
B Drying M Firing at 1000 °C I Firing at 1500 °C

Fig. 7 Comparison of modulus of elasticity.

25
20
xR
~
>
% 15
)
a
c
o 10F
@©
Q
a
<
5_

A
B Drying M Firing at 1000 °C & Firing at 1500 °C

B C

Fig. 8 Comparison of apparent porosity.

Shinagawa Technical Report Vol. 64 2021
sample specimen C exhibits the highest modulus
of elasticity, followed by sample specimen B.

Apparent porosity and bulk density of the
3 types of sample specimens are compared in
Fig.8 and Fig. 9, respectively. In accordance
with lowering the water content added to the
sample materials, the apparent porosity was
lowered in association with an increase in bulk
density.
3. 2 Corrosion test with synthetic slag

The results of the corrosion test are shown
in Fig. 10, in which the severity of corrosion
and slag penetration of each sample speci-
men is compared with an index of 100, which
represents the corresponding aspect of sample
specimen A. It is noted that a lower index
value means better corrosion resistance or
slag infiltration resistance. The worst corrosion
resistance is observed on sample specimen B.
While, no significant difference is observed
between sample specimen A and C. The slag
infiltration resistances of the 3 types of sample
specimens are almost equivalent.
3. 3 Thermal spalling test

A cross section of the 3 types of sample

3.4

Bulk density / -

A
M Drying M Firing at 1000 °C I Firing at 1500 °C

B C

Fig. 9 Comparison of bulk density.
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specimens put through the thermal spalling
test is comparatively shown in Fig. 11, in which
observable cracks are emphasized with red
lines. By the length and width of the initiated
cracks, the thermal spalling resistance of each
sample specimen was qualitatively judged.
The cracks that initiated in sample specimen
A were the slightest. The thermal spalling
resistance of sample specimen B is judged to be
the worst because it had the longest initiated
cracks. Despite the short crack length, there
were more initiated cracks in sample specimen
C than in sample specimen A. For this reason,
the thermal spalling resistance of sample speci-
men C was judged to be slightly inferior to that
of sample specimen A.
3. 4 Bending strength at elevated
temperatures

The relation between temperature and HMOR
of each sample specimen is shown in Fig. 12.
Fig. 13 comparatively shows the load-displace-
ment curves of the 3 types of sample specimen
observed in hot bending test at 1000 C, 1200 C
and 1500 C. In the bending test at 1000 C,

Sample Material A Material B Material C
Cross section
Corrosion index 100 141 98
Slag penetration index 100 103 102

Fig. 10 Results of rotary drum corrosion test.
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Fig. 11 Results of thermal spalling test.
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sample specimen C with minimized water con-
tent exhibits markedly high HMOR in associa-
tion with bigger displacement at its yielding. No
significant difference is observed in the HMOR
at 1000 C between sample specimen A and B. In
the bending test at 1200 C, sample specimen B
and C exhibits almost equivalent HMOR which
is much higher than that of sample specimen
A. When compared with the HMOR at 1000 C,
HMOR at 1200 C of sample specimen C, B and
A showed lower, higher and almost equivalent
values, respectively. In bending test at 1500 C,
all sample specimens exhibit markedly lowered
HMOR. In comparison with sample specimen
A and B, sample specimen C exhibits relatively
large displacement at yielding.
3. b Thermal expansion

Fig. 14 shows thermal expansion behaviors of
the 3 types of sample specimens. The 3 types of
sample specimens exhibit very similar behavior.
When the temperature was raised from 1200 C
to 1500 C, in comparison with sample specimen
A and B, relatively higher thermal expansion
was observed for sample specimen C.
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Fig. 13 Load-displacement curves of hot bending
test at each temperature.
(a) 1000 °C, (b) 1200 °C, (c) 1500 °C

3. 6 Numerical analysis of thermal stress
Fig. 15 shows the change in thermally induced
stress of the impact zone precast blocks. Their
precise location is indicated with A in Fig. 16,
along with the temperature change inside the
teeming ladle. It was clarified that maximum
tensile stress was generated at the beginning of
molten steel receiving in the second and third
operations after short stand-by time, during
which the impact zone hot face temperature
dropped to 850 C. This is associated with
1400 C back end temperature roughly 50 mm
deep from the hot face; in other words, it is
sharp temperature gradient. The thermally
induced stress distribution and corresponding
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temperature distribution of the refractory hot
face at timing of maximum stress generation of
castable material samples A, B and C are shown
in Fig. 16. The highest stress is observed in the
impact zone precast block fabricated of castable
refractory material C. No significant difference
is observed in hot face temperature at the tim-
ing of maximum stress generation between the
3 types of castable refractory materials.

4. Application in Actual Operation

The impact zone precast blocks fabricated of
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Material Material A Material B Material C
Point A

50
Stress
distribution

25
Maximum
stress / MPa 24.8 33.6 48.5 0
Temperature 1400
distribution

700
Operating
surface 846 863 860
temperature 0

Fig. 16 Stress and temperature distributions at maximum stress generation.
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5.

the 3 types of castable refractory material A, B
and C were used in a teeming ladle operating in
Steel Plant Z. The wear rates of the impact zone
precast block fabricated of each castable refrac-
tory are compared in Fig. 17 with an index of 1
representing the wear rate of conventional cast-
able refractory A. In comparison with castable
refractory A, newly developed castable refrac-
tory C with minimized water content exhibited
markedly improved performance.

5. Discussions

It was clarified with various evaluation tests
that, in accordance with the lowering of the
water content added to castable refractory, the
apparent porosity of the sample specimen was
lowered. This is associated with an increase in
bulk density and improved MOR after drying
at 110 C as well as after firing at 1000 C and
1500 C. Taking into account the improved



1.2

1.0
0.83

0.8

0.59
0.6

Wear rate index / -

0.4

0.2

0.0

Material A Material B Material C

Fig. 17 Comparison of wear rate of each material
in field test.
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mechanical strength of sample specimen C in
the low and intermediated temperature range,
namely, 20 MPa of MOR after drying at 110 C
and 30 MPa of MOR after firing at 1000 C, it
is inferred that densification of the cast product
with the lowered water content greatly contrib-
uted to improvement of mechanical strength.
The toughness at the back end of the cast
product was enhanced by fortified mechanical
strength in the low and intermediated tempera-
ture range, so, it is highly expected that, due
to the reduction in the difference in mechani-
cal strength between the altered layer and
unaltered layer in the cast product, structural
spalling resistance will be improved.

It is commonly thought that, since intensity
of stress induced by thermal shock tends to be
increased in densified refractory bodies, thermal
spalling resistance was lowered to some extent.
However, serious deterioration of thermal spall-
ing resistance was not observed in the thermal
spalling test on highly densified sample speci-
men C. In order to invest the influence of den-
sification of cast body created with minimized
water content on thermal spalling resistance,
the thermal shock fracture resistance, R*?, and
thermal shock damage resistance, R”'?, of the
3 types of castable refractory materials were
evaluated.

The thermal shock fracture resistance, R,
signifies the resistance to fracture initiation in
material when stress induced by thermal shock
exceeds mechanical strength of the material,
namely, the resistance to crack initiation. Ther-
mal shock fracture resistance, R, is expressed
with equation (1).

ag.(1-v)

R= Ea

....................................... (1)

Where, o.[MPal, v[-], E [GPa] and a[l1/K]
represent fracture strength, Poisson’s ratio,
modulus of elasticity and thermal expansion
coefficient, respectively. For calculation, MOR
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Fig. 18 Comparison of thermal shock fracture
resistance, R, at 1000 °C and 1500 °C.
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and modulus of elasticity measured by Grindo-
Sonic method was used as o. and E, respec-
tively. Due to it is not dependent on castable
refractory material, Poisson’s ratio (v) was
not considered for calculation. The calculated
thermal shock fracture resistance, R, of the 3
types of castable refractories are compared in
Fig. 18. The thermal shock fracture resistance,
R, of material C, is equivalent to or higher than
that of material B and material A. It is inferred
that thermal shock fracture resistance, R, of
the cast body fabricated with minimized water
content is enhanced by improved mechanical
strength materialized by densification, resulting
in better durability to suppress crack initiation
by thermal shock.

R
signifies difficulty for initiated cracks to be

Thermal shock damage resistance,

further extended by additional thermal shock.
In other words, in accordance with an increase
in thermal shock damage resistance, R"”, crack
extension is lessened. Thermal shock damage

1999

resistance, R, is expressed with equation (2).

_ By

k= g2(1-v)

Where, E[GPal, y[N/mm], o.[MPa] and v[-]
represent modulus of elasticity, fracture energy "
and Poisson’s ratio, respectively. Fracture energy
(y) was calculated by stress-displacement curve
obtained from bending test for MOR evaluation
performed for materials after fired at 1500 C
and projected area of fracture surface of the
specimen after the test. Calculated thermal
shock damage resistance, R, of the 3 types
of castable refractories are compared in Fig. 19.
Since, as is easily understandable with equation
(1) and (2), influences of modulus of elasticity
and fracture strength on R and R”” are opposite
each other, thermal shock damage resistance,
R, is lowered in accordance with the lowering
of water content,

As described in the previous section, it was
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Fig. 19 Comparison of thermal shock damage
resistance, R””, at 1000 °C and 1500 °C.
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affirmed that durability of the impact zone
precast block is markedly improved by applica-
tion of castable refractory material C with emi-
nently high thermal shock fracture resistance
(R). It is therefore inferred that thermal shock
fracture resistance, R, is a suitable indicator for
evaluating the impact zone precast block mate-
rial which tends to be damaged by structural
and/or thermal spalling.

It was clarified by numerical analysis that,
when molten steel with 1650 C of temperature
hits the impact zone precast block which is
cooled down during 25 minutes of stand-by
time, maximum tensile strength is generated in
the impact zone precast block. The numerical
analysis result that higher stress is generated
in the impact zone precast block fabricated of
material C with the highest mechanical strength
and modulus of elasticity seemingly indicates
that it has the disadvantageous characteristics
of crack initiation. In order to evaluate the crack
initiation resistance of the 3 types of castable
refractory materials, the ratio between gener-
ated maximum stress (owax) and mechanical
strength at the hot face were compared as
shown in Fig. 20, where, taking into account
850 C of hot face temperature at the time when
maximized stress was generated, a hot bending
strength at 1000 C (HMOR) was applied as
mechanical strength at the hot face. Despite the
highest value of generated maximum stress in
numerical analysis, castable refractory mate-
rial C exhibited much smaller ovax/HMOR g
than the other two materials, indicating of, as
affirmed in application test in actual operation,
superior crack initiation resistance.

As is clearly observable in load-displacement
curves of hot bending tests (Fig.12), sample
specimen C exhibits larger displacement at
yielding. In addition, it is inferred by the
load-displacement curves of the hot bending test
at 1500 C that sample specimen C is character-
ized by better stress relaxation capability at
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elevated temperatures. It is safe to conclude that
these distinguishing characteristics of castable
refractory material C, which are observable in
its deformation behavior at high temperature,
contribute to improved performance in the wear
rate of applied the impact zone precast block.

6. Conclusion

By applying high-performance dispersant
and optimizing raw material particle distribu-
tion, castable refractory material C, with which
the impact zone precast block can be fabricated
with 2.5 % water content, was developed.

It was affirmed with the evaluation tests
in which characteristics of highly densified
cast body of material C were compared with
those of conventional materials, that material
C exhibited improved mechanical strength at
the back end in association with relatively large
displacement at yielding in the hot bending test
at 1500 C. Improvement of structural spalling
resistance by reduction of mechanical strength
difference between altered layer and unaltered
layer as well as improvement in thermal spalling
resistance associated by better stress relaxation
capability at elevated temperature are expected.

In association with densification of cast body
materialized by lowering water content, ther-
mal shock fracture resistance, R, was increased
and thermal shock damage resistance, R, was
lowered. Combined with the application test in
actual operation that durability of the impact
zone precast block was improved by application
of castable material with bigger value of R, it
would be reasonable to conclude that castable
refractory material applied for the impact zone
precast block should be evaluated with thermal
shock fracture resistance, R.

It was clarified by numerical analysis simu-
lating the heating and cooling pattern of teem-
ing ladle in actual operation that maximum
tensile stress is generated in the impact zone
precast block when molten steel is tapped to
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the teeming ladle of which the temperature
dropped to 850 C during stand-by time. Due
to its improved mechanical strength at 1000 C,
castable refractory material C exhibited supe-
rior crack initiation resistance evaluated with
ratio between generated stress and mechani-
cal strength. In addition, it was indicated by
numerical analysis that enhanced mechanical
strength at 1000 C is effective for improvement
of durability.

In the evaluation test in actual operation,
it was affirmed that densification attained
with minimizing water content is effective for
improvement of durability of the impact zone
precast block.
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