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1 Introduction

Since the gas purging plugs are porous material,
molten steel may infiltrate into the pores after tapping,
resulting in clogging the pores and blocking gas
permeation. Oxygen cleaning is applied to remove the
infiltrated metal. However, when the metal infiltrated to
deep inside, the oxygen cleaning gives serious damage to
the plugs. We have developed technologies to reduce
damaging above described manner and improve the gas
permeability of the plug. In this article, we describe the
development of gas purging plug during recent 25 years
after 75th anniversary in the frame work of the three-part
composition of materials, structure, and evaluation,
including topics on technology aggregation to the merger
with the former Harima Ceramic in 2000 and the alliance
execution with the former Toshiba Ceramics in 2004.

2 Development of gas purging plug
2°1 Materials for the plug

26 years ago (1994), the former Krosaki Refractories
possessed the following three material systems on gas-
permeable refractories for the plugs. WALO3-Si02-Cr,05
system material composed by alumina aggregate with top
size of Imm as main ingredient and silica or aluminum
phosphate  bonds. @AL,03-Si0,-Zr0,-CrO3  system
material composed by alumina zirconia (AZ) or zirconia
mullite (ZRM) aggregates with top size of 0.5 mm to
improve metal infiltration, spall and corrosion resistances
with decreasing the pore size. 3) B17 materials composed
by large amount of alumina spherical aggregates with top
size of Imm to increase the durability. This is a low silica,
high-strength, and oxygen cleaning-resistant material, and
the ZRM aggregates are used as a bond formation material
by thermal decomposition. For this reason, the bonds are
thicker
Additionally, by adjusting the green bulk density, balance

and stronger than conventional materials.
between gas-permeability and performance can be
maintained, this material can respond to the various gas
blowing conditions required by the customers, with
achieving a certain degree of success mainly in common
steel makers, and is currently one of the main materials in

our company. However, in case of special steel treatment,
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as structual changes occur in porous material under high

operating temperatures, in short, sintering — structural

densification — reduced permeability, improvements in
thermal stability were required.

At that time, the former Krosaki Refractories and
the former Harima Ceramic merged. Then the B30
material? was developed through the fusion of the
technologies of both companies. With structual stability at
high temperature firing in mind, and with the aim of
inhibiting metal infiltration to the limit after controlling
flux components, we used only aggregates with top size of
0.5 mm to homogenize the pore diameter. Additionally, by
applying mullite aggregates spall resistance was improved.
With this material, high-level stability was achieved for
common steel treatment, but in terms of the original
objective of special steel treatment, depending on the
operating conditions, metal infiltrate continuously to deep
inside. As a result, deterioration occurred in the
permeability, so further improvements were required.

Against this background, we returned the aggregate
top size to lmm, making the pore diameter heterogenous
in structures with mixture of various sizes of pore,
considered to apply heatresistant bond materials, and
designed the following material to respond to high flow
rates and long-term processing at high temperatures.
(Dlnterspersing the metal infiltrated pore in the plug with

a broad pore diameter by making the aggregate size gap
(securement of permeable pore).

(@Increasing the melting temperature of the bond (increase
in the strength)

Adjustment of the additives to the bond formation
materials, for optimization of hot strength (peeling of
metal infiltration layer to recover permeability
characteristic).

Further, by reducing to the minimum of the fine
powder to improve moldability, green material strength,
and sinterability, we aimed to increase stability at higher
temperatures for processing the special steel. To realize
these points, we have newly installed a super high
temperature furnace, and developed the B65 materials.
The effects of this have been realized in an actual operation,
and this is the base for the current material development.
Table 1 shows the property and microstructure of porous
materials and Fig. 1 shows the pore size distribution for
them.

Meanwhile, the COl material with low-strength
and high-permeability is completely different from the
above-described materials. This material was developed
based on that originally manufactured by the former
Toshiba Ceramics to support customer facilities and
operations, and is clay bonded material mainly composed
of the alumina crushed aggregate. After concluding the

alliance, the material of this system was unified to the CO1.



Table 1 Property and microstructure of porous materials

T B17 B30 Co1 B65
Chemical composition  Al,O3 91 86 91 87
/ mass% SiO, 3 13 6 6
ZrO, 3 - - 2
Cr,04 2 - 2 4
Bulk density / g-cm™ 2.94 2.65 2.49 26
Apparent porosity / % 23.5 30.2 33.8 31
Modulus of atR.T. 80 78 8 87
rupture / MPa at 1480°C 9 10 1 10
Mean pore size / um
Microstructure
1mm
22 Structures for the plug
c 0.5 26 years ago (1994), the slittype plug was
ke 04 B17 developed. Upon development, following three points
2 ' —B30 were implemented in parallel; (Dsearch for materials
:(_i > 03 :CB:(G); suitable to sli't forming, @de.v.elopment of speciali?ed
= castable materials, and Qoptimizing of the manufacturing
% 2 02 process. With regard to @, we found out plastic materials
% without residue after thermal decomposition at low
2 0.1 temperatures, and tried to secure permeable bypass. We
- developed AL,O3-MgO-type AMI8SLT materials? for(2),
0 0.1 1 10 100 1000 keeping in mind to have feature of 1)anti-spalling, 2)high
Pore diameter / um hot strength and 3)high resistibility against FeO. For ),
we manufactured the castings in a state where the plastic
Fig. 1 Pore size distribution. materials with slit-shaped were set at top and bottom of the
plug by using a specialized casting jig.
_ Afterwards, to respond to customer needs, we
2-2 1B
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developed AM20SLT, introducing microcracks around
the aggregate to improve anti-spall characteristics, and
AM25SLT, controlling slit shape changes during operation
by adjusting thermal expansion characteristics of the
castables. Additionally, we developed the ASP34SLTK
with  both

characteristics. This material is characterized by: @Proper

material anti-spall and anti-corrosion
strength at the intermediate temperature region with
avoiding anti-corrosion degradation due to formation of
low melt compounds by optimizing amount of cement
added. @Optimization of added spinel amount.
®Addition of minute amounts of organic fibers (providing
anti-spalling characteristics through crack suppression).
The quality list of them is shown in Table 2.

We also developed the segment-type plug according
to the needs in overseas markets. It consists of bonded
several fired bricks of thin sheet shaped with grooves like a
rail on one side. Gas permeates through spaces and grooves
between the sheets to molten steel. When warping or

deformation occurred by firing, since the gaps become
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Table 2 Composition and property of slit plug materials

AM18 AM20 AM25 APS34 Segment

SLT SLT SLT SLTK plate

Chemical composition Al,O3 94 84 98.5 97.3 90.2
/ mass% MgO 2.8 4 - 0.9 0.2
SiO, - 8.8 - - 9.5
CaO 2 1.1 0.5 0.8 -

Bulk density / g-cm™ 3.22 2.73 3.26 3.26 2.91

Apparent porosity / % 15.3 234 16.5 11.3 17.7
Modulus of rupture atR.T. 150 63 125 43 87
/ MPa at 1480°C 12 1 7 14 9
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é Porous ﬁﬁ% Segment

Fig. 2 Various types of gas purging plugs.

larger than the groove in the sheet, close contact of each
sheet may cease. In order to avoid arising the above
mentioned problems, firing process is controlled strictly.
The quality is also shown in the Table 2 and this is a
ALOs-SiOs-type  high-temperature  fired  bricks. To
improve anti-spalling property, mullite has been partly
applied to the aggregate. As the number of grooves in the
sheet are limited to 4-5, to diversify the risk of insuflicient
permeability, the groove was increased two in each sheet,
resulting in increase the number to 8-10 grooves by
bonding the sheets with maintaining high permeability
(Fig. 2).

Meanwhile, we also developed a gas purging
upper nozzle for tundish?. Here, the Ar gas bubbling was
implemented to prevent nozzle blockage, activate the
molten steel surface in the mold, and remove the inclusions
by floating action. For this reason, if the gas bubbles are
unable to float and are captured in the solidifying shell in
the mold, then the bubbles will cause slab defects, such as
blowholes. While more severer conditions, such as multiple
casting and long-term casting operations are established in
various works, further improvements are required for the
upper nozzle. In effort to respond to this, we have improved
to reduce nozzle blockage and inclusions from both aspects
of material and structure by applying to the atual operation

(Table 3, Fig. 3).



Table 3 Comparison of properties in both conventional and improved TD upper nozzle materials

Conventional Improved
Porous Dense Porous Dense
Chemical composition Al,O3 82 86 82 87
/ mass% SiO, 7 13 7 12
ZrO, 9 - 9 -
Cr,03 1 - 1 -
Bulk density / g-cm™ 2.98 2.81 2.7 2.92
Apparent porosity / % 22.3 18.8 28 14.5
Modulus of rupture / MPa 75 105 30 130
Mean pore size / um 23 9.5 72 3.2
Gas purging from Gas purging from Gas purging from
whole part upper part top and bottom
Porous Porous Porous
Dens
Dens
Gas —Gas erou as
inlet inlet! inlet

Fig. 3 Multi-layered structure of 3-type of TD upper nozzles®.
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23 Evaluation of the plug

As for the evaluation of the plug, we shall discuss
on pore diameter distribution, metal infiltration, oxygen
cleanability, and micro-structural observation by X-ray

CT.

231 Pore diameter distribution

Previously, we had examined the pore diameter
distribution using the mercury porosimetry (JIS-R1655) ,
but the maximum pore diameter that could be measured
by the method was approximately 150 pm. Namely, the
method was not able to cover all the pore diameters for the
porous sample. For this reason, if, for example, the pore
diameter distribution is different even for materials with
the same apparent prosity, differences will emerge in both
characteristics on metal infiltration and permeablity.
Therefore, we have introduced mercury porosimetry and
bubble point method (ASTM F316-86, JIS-K3832) that
could cover all the pore diameters range (Table 4, Fig. 4).

The latter permeates gas into porous sample
infiltrated with liquid, and by measuring the pressure
(bubbles generated at that time) at which liquid within the
capillaries is expelled from the pores, it is possible to
measure the through hole neck section. By using both
methods, it was possible to measure the pore diameter
distribution much accurately.
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Table 4 Comparison of evaluation methods for porosity mesurement?

Mercury intrusion technique

Bubble point method

Target

Except for independent pore 1, pores 2, 3, 4, 5 in Fig.4

Through hole neck section Pores 3, 4, 5 in Fig.4

Principle

Mercury penetrated amount is equivalent to the
volume of the pores, and the pore diameter is revealed

Gas is poured into a sample infiltrated with liquid, and
by measuring the pressure that the liquid within the

by the mercury penetrated amount with pressure.

capillaries is expelled from the pores (bubbles are
generated), the pore diameter can be measured.

General measurement method with
analyzation, suitable for the analysis
characterized by functioning with pore
porosity.

Feature

volumetrical
of samples
volume and

Suited to analyze the samples to pass of liquid and
gas through pore . Not used mercury.

Fig. 4 Conceptual image of pore shape?.
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232 Metal infiltration

Originally, for both the former Krosaki Refractories
and Harima Ceramic, the permeable infiltration depth
was measured with the conditions of changing the steel
type, molten steel temperature and residence time.
However, with the method shown in Fig. 5 (A), there were
limits to correlate and duplicate with the actual furnace
operation, since ferrostatic pressure could not be achieved
due to differences in the head height with the actual
furnace. For this reason, we had then started joint research
with Kyushu Institute of Technology VBL, and used an
electrical furnace attached with the X-ray transmission
apparatus as shown in Fig. 5 (B). After reaching test
temperature, by applying pressure to the molten steel, we
forcibly infiltrated the molten steel into the porous sample,
and observed infiltration behavior and measured and
analyzed the maximum infiltration depth using the video
on which this was recorded”. Based on the knowledges
and subjects obtained so far, we devised an original method
of evaluation. A schematic illustration of the apparatus is
shown in Fig. 5 (C). We infiltrated the molten steel in a
high frequency induction furnace while evacuating the
porous sample sealed with the side (equivalent to the
ferrostatic pressure of 1.5 m depth). We performed a
relative evaluation for each material, with making the
infiltration depth constant.
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Fig. 5 Schematic illustrations of molten steel penetration tests (A),(B) and (C)>>°.
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Fig. 6 Appearance of oxygen cleaning in actual
operation.
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Fig. 7 Schematic illustration of the cross section
of oxygen cleaning test.

2°3°3 Oxygen cleanability

In actual use, permeability of gas purging plug was
maintained by cleaning with oxygen gas blow (Fig. 6).
Therefore, after the designated temperature reached, we
evaluated the damage caused by an oxygen gas blow from
lances like actual use after lining the inside of a rotary
erosion furnace with permeable refractories. This is the
former Harima Ceramic method and we used this to test a
comparative performance of the oxygen cleanability
resistance per material (Fig. 7).

2°3*4 Micros-structural observation using X-ray CT
(computerized tomography)
In addition to the ordinary micro-structural

observation, and two-dimensional analysis known as
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Fig. 8 Schematic image of 3-dimensional X-ray CT®.
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Fig. 9 3D structure of pores in the porous sample ©.

EPMA, 3D analysis of the porous sample using X-ray CT
made possible to visualize the porous structure . The goal
is that by grasping the detail of the porous structure in
more accurately, this will link to improvement of the metal
infiltration resistance, and the damage caused by oxygen
cleaning can be minimized. A schematic diagram of the
X-ray CT system is shown in Fig. 8. The tomographic
image is obtained by the X-ray discharged from the target
passing through the porous sample at the rotation stage,
and the 2D image being projected on to an X-ray detector
placed at the back®.

Figure 9 shows the 3D structure of pores in the
porous sample. The white section shows the pores, and the
aggregate and pores can be differentiated and visualized
within the sample. Under such, an image analysis was
performed on the samples on which metal infiltration was
discussed in 2*3°2, and by surveying the metal infiltration
status, we could discover the porous structure that was
effective to increase the metal infiltration resistance, and
this linked to our development®.

3 Future Outlook

When looking back over these 25 years, gas purging
plugs has significantly advanced both in soft and hard
aspects with installation and enhancement of high
temperature firing furnace and various apparatus for
testing. In the future, keep in mind the ideal comercial
goods as gas purging plug based on the effects of actual
use, we will aim to organically progress in confirming
metal infiltration, oxygen cleanability and permeability
recovery by using a method with correlative evaluation on
actual use, performing quantitative structural analysis
using the X-ray CT. We will intend to develop the extreme
gas purging plug that will consistently satisfy our customers
with its high level of stability.
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