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Abstract

The Multi-Hole Plug (MHP), a type of a bottom blowing tuyere brick used for BOF steel making,
contains many slender pipes which are closely aligned in a MgO-C brick. When we observe used
MHP bricks, we often recognize they have cracks parallel to the hot faces, which suggests that if
we could suppress the cracking, the performance of MHP bricks would be improved. Conventional
thermal spalling test methods such as a dipping test into molten metal were not suitable for
evaluating the MHP bricks because cracking usually occurs along the direction of the pipes. We
developed a new spalling test method using a panel of spalling test equipment in which restraint
against MHP monoblock and partial cooling of the core brick of an MHP were introduced. We
conducted computer aided FEM analysis and estimated when the cracking occurred in the new
spalling test procedure.

1. #&S 1. Introduction
A R EREHICBWT, B X0 Strong molten-metal agitation by gas-blowing
DO AMREIZ & B EBHITIEFICEE 2R H from bottom tuyeres has an important role

EREZLTWS, PV o020 50 H in the BOF steel making process. The Multi-
D, MgO-CIHLADHIZ L EOSUSHIE % 12 7> Hole Plug (MHP), a type of a bottom blowing
Multi-hole plug (MHP ; Fig. 1) &, Ki&n 5 tuyere brick, contains many slender stainless
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Outline of MHP for BOF.

Fig. 1
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steel pipes (approximately 2mm 1.D.) which are
closely aligned in a MgO-C brick (Fig. 1). MHP
is characterized by its superior controllability
of gas blowing rate for a wide range from small
to large quantities”. In addition, MHP has the
advantage of having more stable and superior
performance than other tuyere bricks because
the thermal stress caused by gas blowing is dis-
persed to certain areas by many slender pipes,
which suppress the strong focusing of thermal
stress around the center of the brick as in other
tuyere bricks.

However, when we observe used MHP bricks,
cracks are often recognizable parallel to the hot
faces (Fig. 2). During the refining, MHP bricks
have steep temperature gradient in the body
due to the combined effects of heating from the
molten metal to the hot face and cooling by the
blowing gas through the pipes. Furthermore,
the hot face of the MHP will be cooled rapidly
after tapping since gas keeps flowing through
the pipes. Such a thermal gradient and fluctua-
tion probably cause the cracking parallel to the
hot face as observed in the used MHP bricks.
In fact, we think the MHP bricks peel off
occasionally from the parallel cracks during the
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Fig. 2 Wear mechanism of MHP tuyere bricks.
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Fig. 3 Molten metal dipping spalling test.
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Fig. 4 Cut sections of MgO-C brick samples
after molten metal dipping spalling test.

campaign according to the measured of residual
thickness data of the MHP bricks. Thus, it is
necessary to suppress cracking or spalling in
order to improve the performance of MHP
bricks.

The mechanism of crack generation and
propagation of MHP bricks is different from
that of simple bricks because MHP bricks are
composed of MgO-C material and stainless
steel pipes, and, also the MHP in this study
is a monoblock type composed of a core brick
part and surrounding block part co-molded into
a monoblock shape. We examined how to evalu-
ate the spalling resistance of such monoblock
MHP bricks in the laboratory.

2. Examination of Thermal Spalling Test
Method

2. 1 Spalling test of core brick by dipping
into molten metal
A molten metal dipping test using a high-
frequency induction furnace (Fig. 3) is widely
used to evaluate the spalling resistance of
MgO-C bricks.? Fig. 4 shows the results of the
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Fig. 5 Appearance of MgO-C brick samples
containing stainless pipes in the body
after molten metal dipping spalling test.
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spalling test for two kinds of MgO-C materials
with different ratios of MOR (modulus of rup-
ture) / MOE (modulus of elasticity). The result
clearly demonstrated the difference in the spall-
ing resistance of materials. We tried to evaluate
the MHP core brick samples which contain
pipes by the same dipping spalling test.

We prepared samples with dimensions of
40x40x230mm, each of which contained 6
stainless steel pipes. Fig. 5 shows the appear-
ance of the samples after the dipping test
conducted by the procedure shown in Fig. 3.
Some cracks occurred along the direction of
the pipes. We think the boundary between
the pipes and MgO-C materials is a vulnerable
area for cracking. However, this type of crack-
ing is rarely observed in the used MHP bricks.
Instead, the cracks perpendicular to the pipes
(i.e. parallel to the hot face) are often observed.
We think that the cracking along the bound-
ary between the pipes and MgO-C materials
must be suppressed by the restraint force of
the surrounding bricks in the actual lining. In
addition, MHP tuyeres are generally used as
a large monoblock structure composed of the
core brick part with the pipes and supporting
block part, which is co-molded into a monoblock
shape. Therefore, we thought it important to
consider such special conditions for evaluating

Steel sell
Block . .
Stainless pipes
Core Brick A/
Cooling tube

360mm

Fig. 6 Burner-heating drum spalling test for the MHP monoblock with water cooling tube.
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Fig. 7 Appearance of hot face of the MHP
monoblock after the burner-heating
drum spalling test.
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the spalling resistance of MHP bricks.
2. 2 Burner-heating spalling test of MHP
monoblock samples

We prepared an MHP monoblock sample
which was composed of the core brick and sur-
rounding block part which was the same as the
actual MHP products, and then, we conducted
a preliminary burner-heating spalling test using
rotary drum corrosion test equipment. Fig. 6
shows an outline of the burner-heating spalling
test. The sample brick was made in the same
manner as manufacturing actual products.
Then, it was cut into an octagonal prism shape
for setting in the drum as a test sample. There
was a slight gap between the sample and the
drum, so, the restraint around the sample brick
was not effective. In order to simulate the cool-
ing effect of the blowing gas, we made a hole
in the center of the core brick and inserted a
cooling unit with a water circulation system.
We heated the hot face of the sample using an
oxygen-propane burner without rotating the
drum, and then, cooled down the drum in the
ambient air.

The appearance of the sample after the test is
shown in Fig. 7. There were no cracks parallel
to the hot face but a crack in the same direction
of pipes similar to the molten metal dipping test
were found.

We felt certain that the restraining force
would prevent the core brick cracking along
the direction of pipes because the sample was
a monoblock in which the surrounding block
part could restrain the core brick. However,
a longitudinal crack occurred along the whole
length of the monoblock. We realized that, in
order to produce cracking parallel to the hot
face, we needed to simulate further restraining
force against the MHP monoblock sample, that
is, the force from the refractory lining bricks
around the MHP monoblock.
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Fig. 8 New panel spalling apparatus for testing
restrained MHP monoblock samples.
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Table 1 Configurations of the MHP monoblock
samples
Sample No. MgO-C material  Number of pipes
1 A 30
2 2] 30
3 B 90

2. 3 Burner-heating spalling test of MHP
monoblocks under restraining
conditions

In order to reproduce cracking similar to
actual usage, we have developed a new spall-
ing test method for the MHP monoblock under
restraining condition.

2. 3.1

We remodeled panel spalling test equipment

Testing equipment

with a heavy-oil burner-heating unit. Fig. 8
shows the outline of the new test equipment.
This equipment has the following charac-
teristics; 1) a large MHP monoblock sample
(390x400%x400mm) can be set in the panel, 2)
the maximum heating temperature is 1500C,
3) the MHP sample can be restrained both
horizontally and vertically by constraining the
panel bricks by bolting, 4) both rapid heating
and cooling can be repeated by moving the
sample panel from the heating position to
the cooling position, 5) three types of cooling
methods (water-cooling, air-cooling, and natural
cooling) are possible.
2. 3. 2 Experimental procedure

As shown in Table 1, three kinds of MHP
monoblock samples were used for the new panel
spalling test. Samples No. 1 and 2 contained
the same number of stainless pipes (30pcs) but
different MgO-C materials (A, B), which had
different thermal spalling resistances. As for
the sample No. 3, the MgO-C material was the
same as that used for No. 2, but the number of
stainless pipes was increased to 90pcs in order
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Fig. 9 Point of temperature measurement in
MHP monoblock sample.
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Fig. 10 Appearance of hot face of the MHP
monoblock after burner-heating panel
spalling test without restraint.

to increase the cooling effect on the core brick.

The sample bricks were made in the same
manner as when manufacturing actual products.
However, we did not place pipes in the central
area of the core bricks in order to retain room
for inserting a cooling tube. Each sample brick
was cut to the shape of H390xW400xL400mm,
then, a 60mm I.D. hole was drilled in the cen-
ter of the core brick. The hot face end of the
hole was plugged with MgO-C brick. The gap
between the hole and the cooling tube was filled
with iron powder. Thermocouples were installed
approximately at 220 and 350mm away from
the hot face to measure the brick temperatures
(Fig. 9).

Rectangular bricks were installed around the
MHP sample and the whole lining was restrained
by bolting four metal plates surrounding the
lining from four directions through a rigid
frame as shown in Fig. 8. For a reference, the
hot face of an MHP monoblock sample after the
preliminary test was conducted without careful
consideration on giving even restraint is shown
in Fig. 10. Like the results of the rotary drum
spalling test shown in Fig. 7, cracking occurred
only in the direction along the pipes but no
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Fig. 11 Appearance of hot face of the MHP

monoblock soon after burner-heating.
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Fig. 12 Results of temperature measurement.

cracking parallel to the hot face occurred. This
result suggests that an even restraining force
around the MHP sample would have been
required to prevent cracking along the pipes
although a large restraining force might not
been necessary to reproduce cracking similar
that in actual usage.

The heating and cooling procedures of the
new test method were as follows. The sample
was gradually heated to 1500C at a rate of
47C -min” and was kept at that temperature
for 60 minutes. Then, the sample was moved
from the heating position to the cooling posi-
tion and was cooled naturally. After 20 minutes
of cooling, the sample was moved back to the
heating position and was heated rapidly up to
1500C. After keeping the sample at 1500C for
60min, it was moved again to the cooling posi-
tion. After cooling down to room temperature,
we observed the appearance and cut face of
the sample in order to evaluate the spalling
resistance.

2. 3. 3 Results and discussion
The hot face of an MHP monoblock sample
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Fig. 13 Appearance and cut sections of the MHP monoblock after the burner-heating panel spalling test.
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during the cooling stage of the test is shown in
Fig. 11. Because a dark spot in the central area
of the core brick surface was observed while
other areas were red, we thought the effect of
the cooling unit worked as expected.
Temperature measurement was conducted
in every test and the results were reproduc-
ible. Fig. 12 shows the result for temperature
measurements of sample No.2. When the
furnace temperature reached 1500C and was
being maintained, temperature of the core brick
and surrounding block were both about 550C
at 220mm from the hot face and about 450C
at 350mm from the hot face. During cooling,
the temperature of the hot face of the sample
became far lower than that of the furnace
temperature which is shown as “Inside furnace”
in Fig. 12, because the sample was located away
from the front of the furnace. Thermal camera
observation revealed that the hot face of the
sample was cooled down to about 500T after 20
minutes natural cooling in the cooling position.
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Fig. 13 shows the appearance of the hot face
and the cut face of MHP monoblock samples
after the new panel spalling test. Because crack-
ing along the pipes which was always observed
in the past experiments without moderate
restraining force was not observed in this test,
we thought the restraining force was effective
in preventing such cracking. No cracks were
observed in sample No. 1 (material A) except
for a negligible separation between the core
brick and surrounding block. Cracks parallel to
the hot face were observed in the material B
samples (No. 2 and 3). The crack locations were
about 180mm away from the hot face in sample
No. 2 with the 30 pipes and about 150mm away
in sample No. 3 with the 90 pipes.

From these results, we thought the different
cooling effect probably affected the location of the
cracking, and the tendency for crack generation
depended on the brick materials in these tests.
The cracks observed in samples No. 2 and 3
were similar to the cracks observed in the used
MHP monoblocks from actual BOFs. Thus, we
thought the new spalling test method utilizing
restraining conditions was a useful method for
evaluating thermal spalling resistance of the
MHP monoblocks.

3. Computer Aided Structural Analysis

We performed computer aided structural
analysis on the new panel spalling test in order
to study the cracking mechanism of the MHP
monoblock samples.

3. 1 Analytical model

An analytical model for calculation is shown
in Fig. 14. We applied finite element modeling
(FEM) with a three dimensional symmetrical
model. The analytical model consisted of five
layers from the center to the outside in the
order as follows; (1) water cooling tube, (2) iron
powder, (3) core brick part, (4) block part and
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Fig. 15 Calculation conditions for atmosphere
temperature at the hot face.

Fig. 16 Calculated temperature distribution of the
MHP monoblock (material B) at 1500°C.
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(5) surrounding bricks. A joint was not applied
to the boundary between the core brick part
and block part because they were in monoblock
configuration. The surrounding bricks were
considered not to move even when the MHP
monoblock expanded so that a restraining force
could be generated on the MHP monoblock.
3. 2 Boundary conditions

Based on the temperature measurements
during the test, the temperature conditions
shown in Fig. 15 were applied to the calculation.
For the heat flow analysis, the temperature
of the cooling water was assumed to be 30T
with an atmosphere temperature of 1500C in
the furnace. Thermal conduction between the
MHP monoblock and surrounding bricks was
assumed to take place only in the area on the
hot face side where the restraint force was gen-
erated in the calculation. We measured the hot
temperature properties required for the calcula-
tion, using the residual part of each monoblock
sample.
3. 3 Results and discussion

The calculated temperature distribution in
MHP monoblock sample No. 2 (material B) dur-
ing the 1500C keeping is shown in Fig. 16. The
temperature gradually declined from the outside
to the central zone in the monoblock because
the center of the core brick was cooled by the
cooling unit. Because the difference between
the measured and calculated temperature was
below 10C, we thought the assumptions regard-
ing the boundary conditions were reasonable.

The calculated stress distribution of the same
sample at the same timing is shown in Fig. 17.
Strong tensional stress in the perpendicular
direction to the hot face was recognized in the
area between 100 and 200mm from the hot face
of the core brick. The location and the direction
of the maximum stress were almost consistent
during the entire heating process. Thus, the
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Fig. 17 Calculated stress distribution of the MHP
monoblock (material B) at 1500°C.
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Fig. 18 Transition of calculated temperature and
stress at 120mm away from hot face of
core brick.

calculation results revealed crack generation
parallel to the hot face could occur in the area
between 100 and 200mm from the hot face
of the core brick. We thought this result was
consistent with the actual cracking situation
observed in the new spalling test.

The transition of the calculated temperature
and stress at the position 120mm away from the
hot face in the core brick is shown in Fig. 18. The
stress increased gradually with the temperature
and reached approximately 6.5MPa when the
temperature was about 660C. This temperature
was in the range where unburned resin-bonded
MgO-C bricks show the lowest hot strength
value because the resin bonding disappears
but carbon bonding is still immature. After the
start of 1500C keeping, the rate of temperature
rise became slow and the stress showed a slight
decrease. When the sample was cooled, the
tensional stress once decreased rapidly, then,
again increased quickly to approximately 7MPa
when it was moved back to the heating position.
During the second 1500C keeping, the stress
decreased gradually.

From this calculation result, we thought that
cracking occurred during the first temperature
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Fig. 19 Calculated stress distribution of the MHP
monoblock (material A) at 1500°C.
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rise due to the temperature difference between
the hot face and the cooling tube, and propaga-
tion of the crack was accelerated by the ther-
mal shock caused by the rapid heating after
cooling.

In actual operations, MHP tuyeres are faced
with both rapid cooling by gas blowing after
the tapping and rapid heating by hot metal
charging. We think such thermal fluctuation
will cause a stress distribution similar to this
new spalling test and cause cracking parallel to
the hot face.

Fig. 19 shows the stress distribution in
sample No. 1 (material A) during the 1500C
keeping. Compared to sample No. 2 (material
B), the stress was significantly low, which was
consistent with the result of the new spalling
test of the sample No.1 (no cracking). Thus,
we think the computer aided FEM analysis
with the abovementioned model gives reason-
able simulation results by inputting different
properties of MgO-C materials such as thermal
expansion, thermal conductivity and modulus
of elasticity, even without conducting laboratory
spalling tests one by one.

4. Conclusion

We developed a new spalling test method
using panel spalling test equipment in which
restraint against a monoblock and partial
cooling of the core brick of an MHP were
introduced. Cracking parallel to the hot face,
which is similar to the cracking behavior seen
in actual usage, was successfully reproduced by
this new spalling test. We will apply this new
test method to evaluate the thermal spalling
resistance of MHP brick materials for further
improvement. Furthermore, we conducted
computer aided FEM analysis and established
a reasonable analytical model for simulating the
temperature and stress distribution of MHP
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REErHHT2EEETIVEMT. L2 TOFETE monoblock samples in this new test. By the
TN EFEREET, NADPHEZZIT Tk HER application and improvement of this analysis
B (0 SUSHIE OBECY], 54 =~ 7 ) technique, we will investigate structural factors
IZOWT YT A2 FETH S, such as alignment of stainless pipes, shape and

configuration of a monoblocks, and others, as
well as brick material properties.
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