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Three-dimensional Structure Analysis of Porous Plug using X-ray CT
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1 Introduction

In secondary refining process on steel making,
argon gas injection through the porous plugs into the
molten steel ladle makes it possible to stir the steel melts to
promote degassing, floating inclusions and homogenizing
temperature. On the usage of the porous plug, however,
there is problem on clogging of the pores in the plug by
penetrating the molten steel and resulting in the restrain of
the gas injection. Although the oxygen cleaning treatment
is usually conducted to remove the steel penetrating the
pores, the treatment removes excessively the plug
refractories body in addition to the steel. Thus, it became
apparent that the oxygen cleaning shortens the life of the
porous plugs.

In order to improve the durability of the porous
plug, it is important to prevent molten steel penetration.
For the purpose, it is useful to reveal the correlation
between some pore characters and the penetration
phenomenon. Li et al.’ and Matsushita et al.? have
investigated the influence of the pore size and pore size
distribution of the porous plug on the penetration
resistance to molten steel based on the Washburn
equation®. The relationship between pressure P and pore
diameter D is as follows:

4
P=- chose (1)

v is the surface tension of molten steel, 0 is the
contact angle of molten steel with alumina. In actual ladle,
it is considered that static pressure is applied to molten
steel, so the pressure P is established as:

P = pgH (2)

p is the density of the molten steel, g is the
gravitational acceleration, and H is the molten steel depth
in the ladle. Assuming that the pressure is only the
ferrostatic pressure, equations (1) and (2) can be
transformed as:

4y
D = ———cos6 (3) 4y
pgH D = ———cos6 (3)
pgH
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Fig. 1 Calculated minimum pore size into which molten steel can penetrate at each

molten steel depth in the ladle.
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From equation (3), the relationship between the
pore diameter D where molten steel penetration occurs and
the depth H of the steel in the ladle is determined (Fig. 1).

X-ray computed tomography (CT) has the
advantages of being able to detect the internal structure
using a three-dimensional model to visualize the structure
nondestructively, and is a useful method for analyzing
pore information of porous materials? ¥. However, there
are almost no reports of using X-ray CT for porous plugs.

In this study, we three-dimensionally analyzed the
pore structure of 4 types of porous plug by the X-ray CT,
we have discussed the relationship of these results to the

actual molten steel penetration test.

2 Experimental Procedure
2°+1 Materials

We used 4 types of porous plug in this study. The
physical properties of them are shown in Table 1. Sample
1 is high strength and low porosity made of larger particle
size than the other samples. Samples 2, 3 and 4 have
similar value of the apparent porosity, however the samples
2 and 4 have higher strength than the sample 3.

Table 1 Properties of porous plug samples.

Sample No. 1 2 3 4
Bulk density / g * cm” 301 | 257 | 251 | 257
Apparent porosity / % 20.2 29.6 30.7 29.5
Compressive strength / MPa 183 78 40 87
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Fig. 2 Scheme of experimental set-up for molten
steel penetration test.

2+2 Molten Steel Penetration Test

We show the scheme of molten steel penetration
test in Fig. 2 in which porous sample (¢20 x 150 mm) was
sealed with pasted ultra-fine powder of alumina in the side
face so that molten steel could only penetrate it thorough
from the bottom face. In addition, it was connected to
vacuum pump in order to evacuate the porous material.
After melting the steel in the crucible by high-frequency
induction furnace and adjusting the steel temperature to
1620°C, we started to dip the sample into the molten steel
while drawing in vacuum. During penetration test, the
inside of the sample was kept under vacuum (corresponding
to molten steel depth of 1.5 m and a critical pore diameter
of about 24 pm). The penetration depth and time were the
same in all the tests. After the penetration test, we pulled
up the sample which molten steel had penetrated into from
the crucible. After it was calm down, we retrieved only
part of porous material and cut it in longitudinally and
observed the cross section to investigate the behavior of

molten steel penetration.

2 * 3 Pore Structure Analysis by X-ray CT

We acquired tomographic images of each sample.
Fig. 3 shows the scheme of an X-ray system. The
tomographic image was acquired by transmitting X-rays
emitted from the target through the porous sample on the
rotating stage and projecting a two-dimensional image on
the X-ray detector placed behind. The pore structure was
visualized by extracting the pore area based on the obtained
tomographic image and performing three-dimensional
configuration.

X-ray detector

Porous sample

Micro-focus X-ray
generator

Rotary table

Fig. 3 Schematic image of 3-dimensional X-ray
CT.
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Fig. 4 Cross sectional view of the sample after
molten steel penetration test.

3 Results and Discussion
31 Molten Steel Penetration

Figure 4 shows the cut faces of the samples on the
vertical section after penetration test. Depicted as the high
brightness points, we could confirm that the molten steel
penetration occurred in all samples tested. Looking at the
left and right ends, there is an area where steel is not
penetrated, which indicates that the side of the sample has
been sufficiently sealed and that steel is penetrated only
from the bottom. When the steel penetration state of each
sample is compared, samples 2 and 3 have dense steel
penetration in the pores, whereas in samples 1 and 4 pores
with no steel infiltration are found and sparse steel
penetration. In order to investigate the diffrence, pore
structure analysis by the X-ray CT was performed on the
sample before the steel penetration test.

32 Pore Structure

Figure 5 (a) shows tomogram of the sample 1 taken
by the X-ray CT. The black colored parts are pores, and the
grey parts are alumina. It can be clearly distinguishable
between alumina and pores. (b) shows the tomogram that
has been cropped by selecting an arbitrary place for
analysis. For the image in (b), a threshold was selected
based on the difference in luminance, and binarization was
performed to extract only the pore. (c) shows an image

Sample 3

Sample 4

Fig. 6 3D-CT images for porous plug
samples 1 to 4.

Table 2 Pore properties by 3D-CT image anaysis.

Fig. 5 2D-CT images of porous sample 1, showing

raw image (a), cropped image (b), and

binarized image (c).
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Sample No. 1 2 3 4
Apparent porosity / % 202 | 296 | 30.7 | 295
Porosity / % 212 30.7 31.6 28.5
3D-CT image -
Mean diameter of / 170 135 130 184
analysis ean diameter of pore / pm
Max diameter of pore / pm 500 318 354 380
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Fig. 7 Pore size distributions determined by 3D-CT image analysis

for samples 1 to 4.
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after binarization processing, the white parts are the
extracted pores. Three-dimensional pore structure was
reconstructed using arbitrary continuous tomograms
treated as shown above.

Fig. 6 shows the result of extracting only the pores
in each sample. It can be seen that the pore structure inside
the sample can be visualized three-dimensionally. Sample
1 had a large diameter of the alumina aggregate, and
accordingly, it was observed that a plenty of large pores
were present. Samples 2, 3 and 4 used alumina aggregates
of the same particle size, but their pore structures were
different. When compared with sample 2, it seems that
small pores exist in part in sample 3 and large pores exist
in sample 4. Thus, it was confirmed that the pore structure
of the porous sample can be visualized three-dimensionally
by using X-ray CT. We analyzed and quantified the
obtained three-dimensional pore structure.

Table 2 shows the porosity, the average pore size
and the maximum pore size, and Fig.7 shows the pore size
distribution. It can be seen that the apparent porosity and
the porosity calculated from the three-dimensional pore
structure show substantially the same value. The pore size
distribution shows that the pore structure in each sample is
different. As compared with samples 2 and 3, samples 1
and 4 tended to have larger pore sizes. Sample 1 had the
maximum pore size of 500 pm and a wide pore size
distribution. Sample 4 has the average pore diameter larger
than samples 2 and 3 in spite of using the same alumina
aggregate, and it can be seen from the pore diameter
distribution that many large pores are present. Alcthough
samples 2 and 3 have almost the same pore size distribution,
it has been confirmed that there are more fine pores in
sample 3 compared to sample 4.
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Fig. 8 Relationship between penetration velocity
and pore size calculated by Hagen-
Poiseuille flow.
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3+3 Mechanism of Penetration

From the obtained pore size distribution results,
the differences in steel penetration in each sample were
discussed, focusing on the steel flow inside the porous
plug. Assuming that the pores of the porous plug are
circular tubes and that the steel in the circular tubes is a
laminar steady flow, Hagen-Poiseuille flow can be treated,
and the volume velocity Q is established as:

_ mPD*
"~ 128nx @)

D is pressure, D is pore diameter, 1 is the viscosity
of steel, and x is the penetration depth. Also, assuming that
the average penetration velocity in a circular tube is #, the

volume velocity Q can also be established as:

B aD%u
T4 (5)

Equations (4) and (5) can be transformed for the
average penetration velocity u, as follows®:

_ D?p
= 32nx (6)

That is, it can be seen that the average penetration

velocity of the steel inside the porous plug increases in
proportion to the square of the pore diameter. Under the
conditions of the steel penetration test carried out in this
study, P in equation (6) is the sum of the vacuum pressure
and the capillary force, and the relationship between the
average velocity per unit length and the pore diameter is as
shown in Fig. 8

We discussed the pore size distribution and the
result of steel penetration test, considering the average
penetration velocity of steel penetration. Since samples 1
and 4 have wide pore diameter distribution and many
large diameter pores exist, it is considered that steel

© : Alumina grain =P : Steel penetration

Fig. 9 Schematic image of difference in the steel
penetration behavior of the samples, (a)
for 1 and 4 and (b) for 2 and 3, respectively.
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preferentially penetrates into large pores with high
penetration velocity. Therefore, when looking at the cross
section after the steel penetration test, it is considered that
the steel was present sparsely. On the other hand, Samples
2 and 3 have narrow pore size distribution and are
composed of small pores, so the difference in the steel
penetration rate due to the difference in pore size is small,
and it is thought that steel penetration progresses
uniformly. Therefore, it is considered that steel was present
in the pores densely. Fig. 9 shows a schematic of molten
steel penetration. Thus, it is considered that the difference
in pore size distribution leads to the difference in the
behavior of steel penetration inside the porous plug, and
appears as the difference in the existence state of steel after

the steel penetration test.

4 Summary

The pore structure of the porous plug was
investigated in order to clarify the difference in the steel
penetration behavior. The results obtained could be
summarized as follows.

(1) By using X-ray CT, it was possible to obtain a
tomographic image that could clearly distinguish alumina
aggregate and pores, and three-dimensionally analyze the
pore structure from the obtained tomogram.

(2) As a result of the steel penetration test, the
existence state of the steel was either dense or sparse, and
differences were seen among the samples.

(3) It was considered that the difference in the state
of steel existence was due to the difference in the steel
penetration behavior in the porous plug caused by the
difference in pore size distribution in each sample.

In conclusion, steel penetration behavior in porous
plug was considered to be largely influenced by pore
structure.
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