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Abstract

The pore structure in porous brick is an important factor in determining its permeability and molten
steel infiltration resistance. Pore structure, more exactly, the pore size in the pore structure, is usually
evaluated by BET method, mercury penetration method or X-ray CT method. The X-ray CT method is
appropriate for measuring an object which is characterized by complex pore structure with relatively
large pore size. The differences in the pore structure in porous bricks were quantitatively evaluated by

analyzing photographed X-ray CT images of porous bricks with different permeabilities.
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1. Introduction

Porous brick is used majorly as the core part of the
porous plug which is situated in bottom of molten
steel vessels, such as teeming ladles and tundishes.
Its function is stirring molten steel by inert gas blown
through pores in the porous bricks. Promotion of
metallurgical reactions, uniformization of chemical
compositions and temperature of molten steel and
floatation of nonmetallic inclusions are cited as
major purposes of inert gas blowing from porous
plugs. Porous brick permeability is a key factor in
achieving such major functions in the steelmaking
operation. Fig. 1 shows inert gas bubbles blown
from a porous plug in a water model experiment
(top) and the microstructure of the packed particles
in a porous brick (bottom left) and a conceptual
diagram (bottom right). The permeability of the
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Fig. 1 Appearance of gas blowing from porous
plug and microstructure of porous brick.

Fig. 2 Steel infiltrated porous plug (left) and
schematic illustration of pore outlet in
porous brick (right).
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hypothesized microstructure of the porous brick
represented by the conceptual diagram in Fig. 1
is expressed with Kozeny-Carman equation'”,
namely, equation (1). As indicated by equation (1),
permeability is influenced by porosity, pore size and
complexity of pore structure.

e’

Ko= ok

where,

Ko : Permeability [m?]

€ : Apparent porosity [-]

D : Pore diameter [m]

k : Constant for complexity of pore structure

(Kozeny constant)

Infiltration of molten steel into porous brick
is another important issue. Fig.2 shows a steel
infiltrated porous plug which was retrieved from a
teeming ladle (left) and a schematic illustration of
an inert gas outlet of one pore in a porous brick
(right). The infiltration of molten steel into porous
brick takes place because of the difference between
the static pressure of molten steel expressed with
equation (2) and the capillary repulsion of a pore,
expressed with equation (3). That is, the pore size
of a porous brick influences molten steel infiltration.
In short, permeability and molten steel infiltration
resistance of a porous brick are influenced by
several parameters relating to the pore structure of
a porous brick.

PS: pgh ................................................... (2)
40,cos8
Pcz— .......................................... 3
D (3)
where,

P. : Static pressure of molten steel [N/m’]

o : Density of molten steel [kg/cm?]

g : Acceleration of gravity [m/s’]

h : Height of molten steel [m]

P. : Capillary repulsion [N/m?]

os: Surface tension of molten steel [N/m]

6 : Wet angle between refractory and molten
steel [deg]

D : Pore diameter [m]

2. Evaluation Methods for Pore Structure

As evaluation methods for pore structure of
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Fig. 3 Appropriate evaluation method according
to pore size of ceramic.
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Fig. 4 Schematic image of mercury penetration
method.

ceramics, The BET method, mercury penetration
method (mercury porosimetry) and X-ray CT
method are cited. As shown in Fig. 3, in accordance
with the pore size in a ceramic body, which ranges
from several-hundred nanometers to several-
hundred micrometers, in a variety of configurations,
such as simple linear figuration or complicatedly
inflected figuration, the evaluation methods differ.
Among the three evaluation methods, the mercury
penetration method stipulated in JIS R 1655 (Test
methods for pore size distribution of fine ceramic
green body by mercury porosimetry) is generally
used for evaluating pore structure, namely, pore
size distribution. A schematic image of the mercury
penetration method is shown in Fig. 4. Pore diameter
can be calculated by equation (4) which expresses
the balance between the penetration pressure of
mercury and capillary repulsion of pore.

_ —40,cosd

D= PHg ....................................... (4)

where,

D : Pore diameter [m]

Owg: Surface tension of mercury [N/m]

6 : Wet angle between refractory and mercury

[deg]

P.¢: Penetration pressure of mercury [N/m?]

When complex shaped pores are contained in an
object being measured, the measurement result by
mercury penetration method can deviate from the
actual pore structure. The pore size distribution
of porous brick measured by mercury penetration
method is shown in Fig. 5. In comparison with the
microstructure photograph in Fig. 5, the pore size
distribution is apparently shifted to a smaller value.
Assuming the case of the ink bottle shaped pore
illustrated in Fig. 6, the pore with a large D. diameter
is filled with mercury at higher mercury pressure at
which mercury penetrates into pores with a smaller
diameter of Di. That is, an ink bottle shaped pore
with a large D, diameter is inaccurately measured
as a pore with a smaller D: diameter, resulting in
a shift of pore size distribution to a smaller value,
i.e. deviation to smaller pore size from actual pore
structure. Evaluation with X-ray CT method is useful
for such situation.

Pore size measurement by X-ray CT method is
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Fig. 5 Pore size distribution of porous brick
measured by mercury penetration
method.
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Fig. 6 Shift of pore size distribution to smaller
value by ink bottle pore.

schematically shown in Fig.7. By radiating X-ray
towards the object being measured, the X-ray
transmission intensity is recorded as a transmission
X-ray image on a flat panel detector. The object
being measured is rotated so that transmission X-ray
images from all (360°) circumferential directions
can be photographed. By superpositioning these
transmission X-ray images, a three-dimensional
image can be displayed on the computer screen.
Since the pore structure of the measured object
can be visually observed as a 3D image, the X-ray
CT method is thought to be useful for evaluating
complex pore structures in refractories. The
difference in pore structure of porous bricks with
different permeabilities was evaluated by X-ray CT
method.

3. Experiment

The characteristics of three porous bricks used
for the experiment are shown in Table 1, along with
X-ray CT measuring conditions. The three porous
pricks, each of which was labeled as A, B and C,
were made of alumina-silica. Porous brick B and
C respectively exhibit the highest and the lowest
permeability. As for X-ray CT measuring conditions,
unified X-ray voltage and X-ray current were adopted
for all the porous bricks. The image size and voxel
size were adjusted so that image resolution was
nearly equalized.
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Flat panel detector
("O“‘ Table 1 Characteristics of porous bricks and
‘\."’ .‘ X-ray CT measuring conditions
7 A | B | ¢
® = ‘. .
Composition Alumina - Silica
Q.) Q‘ .‘A" p AN -11 -11 -11
Permeability /m’ | 17.4x10" | 20.5x10" | 5.2x10
& X-ray voltage / kV 200
Sample i X-ray current / LA 40
Image size / mm ®10xh18 ®7xh20
Voxel size / um 20 15

i X-ray Source

Fig. 7 Schematic illustration of pore size
measurement by X-ray CT method.
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Table 2 Three-dimensional image and vertically
cut cross section image of each porous
brick measured by X-ray CT method

A

30

Cross
section

4. Results

4. 1 X-ray CT image of each porous brick

Table 2 shows a three-dimensional image and a
vertically cut cross section image of each porous
brick. It was clarified that the pores in porous
pbricks are three-dimensionally connected to build a
network structure.
4. 2 Evaluation on X-ray CT image

An X-ray CT image of the porous bricks was
quantitatively evaluated while referring to a
precedent report” in which the pore structure in a
belt-type sintered body composed of sintered ore,
lime and cokes, so called sinter cake, was evaluated
by X-ray CT image analysis. More specifically, while
referring to the analysis technique described in the
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Fig. 8 Calculation procedure for branch width
and branch density.
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precedent report, the pore shape observed in the
X-ray CT cross section images was evaluated for
branch width and branch density, which is thought
to correspond to pore size and is an indicator
representing the complexity of pore structure,
respectively. The calculation procedure used for
pranch width and branch density is shown in
Fig. 8. Firstly, the pore region was recognized in a
grey scale image as a binarized image by applying
adequate threshold value. A thinning processing
was applied on the extracted binary image in order
to obtain a skeletonized image of one pixel width.
Each picture element composing of a skeletonized
image of a pore was sorted out to be extracted as
a pore consisting line segment for the examination
of neighboring picture elements. Afterwards, the
pbranch width and branch density was calculated
by equation (5) and equation (6), respectively. It
should be noted that the pixel size necessary for
calculating two parameters was set up referring to a
known length in the analysis image.

W= _Sp ................................................... (5)
Lo
N
DDl e 6
s (6)

where,

Ws: Branch width [um]

Sp : Area of pore [um?]

Ly : Length of line segment [um]

D»: Branch density [um~]

Ny : Number of line segment [-]

Si @ Area of visual field [um?]
4. 3 Evaluation results and discussion

The calculated values of the branch width and
branch density of the three (3) porous bricks are
compared in Fig. 9. It was clarified with calculated
value of branch width which decrease in the order
of A> B> Cthat pore size in porous bricks becomes
smaller with similar order. The calculated value of
the branch density increased in the order of A <
B < C. This indicates that the complexity of pore
structure in porous bricks is heightened with similar
order. When the pore related physical properties
are jointly considered, namely, the permeability and
porosity, and the two calculated parameters which
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are summarized in Table 3, it is inferred that the
smallest permeability of porous brick C is caused by
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Fig. 9 Calculated values of branch width and
branch density of porous bricks.

Table 3 Permeability, porosity and calculated
two parameters of porous bricks

A B C
Permeability / X10™'m? 17.4 20.5 5.2
Porosity / % 16.7 19.6 19.1
Branch width / um 175.0 139.8 93.7
Branch density / cm™ 281.3 383.2 1023.0
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small pore size (branch width) and high complexity
of pore structure (branch density). It is also inferred
that the higher permeability of porous brick B than
that of porous brick A is derived from difference in
porosity between these two porous bricks.

5. Comparison Between Mercury
Penetration Method and X-ray
CT Method

It was concluded that minimum pore size
measurable by mercury penetration method is nm
(nanometer) level and that by X-ray CT method is
um (micrometer) level when the resolution of the
two methods was compared. As for the accuracy
of measured pore size, the measurement value
by mercury penetration method can deviate to a
smaller value from that of the actual pore structure,
especially when complex shaped pores, such as ink
bottle shaped pores, are contained in the measured
object. Since the pore size is directly measured from
the photographed image in the X-ray CT method,
the accuracy of the measured value is better.
Next, evaluation of complexity of pore structure
was compared between the two methods. The
complexity of pore structure in a measured object
can be evaluated to some extent by mercury
penetration method by referring to hysteresis in
mercury penetration curve. When complex shaped
pores are contained in a measured object, however,
evaluation accuracy is lowered because of the
deviation of mercury penetration curve to smaller
value. Since visual information on the complexity of
pore structure is provided by X-ray CT images, better
evaluation of the complexity of pore structures
is attained by the X-ray CT method. Taking into
account the characteristics of the two methods, it
can be concluded that mercury penetration method
is appropriate for measuring objects which are
characterized by relatively simple pore structure
with small pore size, and the X-ray CT method is
appropriate for measuring objects with complex
pore structures and relatively large pore size.
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6. Conclusion

Several types of porous bricks were evaluated
by X-ray CT method. As a result, the differences
in pore structure of porous bricks with different
permeabilities was properly evaluated. When the
pore structure in refractory products is evaluated,
an adequate evaluation method needs to be
selected in accordance with the characteristics of
pore structure of the measured object, namely, pore
size and complexity of pore structure.
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