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Three-dimensional analysis of particle packing structure change
with compaction of refractory compacts
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1 Introduction

Generally, itis known that the refractories corrosion
resistance is correlated with the porosity, so to improve the
corrosion resistance, it is important to make packing
density of the compact higher. As a technique to improve
packing density, the grain size distribution composition
aiming at the close-packed structure such as Furnas”,

? continuous grain size formula

Andreasen and Andersen
can be mentioned. However, in reality, it is difficult to
obtain a homogeneous packing structure due to segregation
and interparticle interaction during packing, and it is
considered that the packing structure after molding does
not become the desired close-packed structure. Therefore,
it is important to clarify the relationship between packing
density of the compact and the internal structure in order
to improve refractories's corrosion resistance.

As a method for evaluating the internal structure of
refractories, there is a method for three-dimensionally
observing the internal structure by utilizing X-ray CT
(X-ray computed tomography). As application examples of
X-ray CT to refractories, utilization as a nondestructive
defect exploration” and pore structure analysis of porous
materials? are reported.

In this study, from the viewpoint of visualization of
coarse grains in refractories compacts by X-ray CT,
visualization of coarse grain filling structure was carried
out when compacting pressure was changed, and the

structure was evaluated.

2 Experiments
2°+1 Preparation of test pieces

In this report, the evaluation is carried out using a
simulated MgO- graphite system. Table 1 shows the
blending ratio. MgO raw materials used are mean
particlesize 2.0 mm coarse particles which are crushed
particles and have relatively long and angular irregular
shapes, and mean particlesize 0.21 mm fine particles. 2
kinds of MgO raw materials are used. From mixture,
where each raw material was mixing with an organic
binder ata blending ratio of 60: 25: 15 as shown in Table 1,
5 samples of A to E were obtained, which were compacted
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Table 1 Composition and forming conditions of the prepared samples.

Sample| A | B C D E
Composition / Volume%
Aggregate MgO Coarse grain (2.0%) 60
Matrix MgO Fine grain (0.21%) 25
C (Graphite) (0.25%) 15
Forming condition
Compaction pressure, P/ MPa 3 |20 | 50 | 125|215
Pressurized area/ mm X mm 160 > 40 230x100
*grain size / mm
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Fig. 1 Schematic image of 3 dimensional

X-ray CT.

at each pressure of 3 ~ 215 MPa as shown in Table 1.
Prismatic and cylindrical specimens of 40 * 40 * 40 mm
and 30 * 40 mm diameter, respectively, were cut out from
the compacts of samples A to C and analyzed by X-ray CT
to observe the three-dimensional internal structure. Here,
coarse MgO grains in the compact are referred to as
"aggregate", and the other parts, that is, the parts where
fine MgO grains, graphite, and voids coexist, are referred
to as "matrix". And, apart from the sample for observation,
a uniaxial compression testing machine using mixing
mixture of the same mixing ratio was used to pressurize up
to 120 MPa in a die of ¢60mm, and continuous

measurement of consolidation process was also carried out.

of
structure using X-ray CT

2+2 Observation three-dimensional internal

Tomographic imaging by X-ray CT was carried out
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Fig. 2 Compaction pressure vs. bulk density.
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Table 2 Density and porosity data of samples.
(*Sample broken during test.)

Sample A B C D E

Bulk density | 5 3« | 2.78 | 2.91 | 3.10 | 3.14
/g-cm

Apparent 30 | 153 | 113 | 47 | 3.0

porosity / %

for each sample. Fig. 1 shows a conceptual image of X-ray
CT. In order to observe the internal structure three-
dimensionally, itis necessary to photograph the fluoroscopic
image for the subject from various directions, and in the
medical equipment, it is photographed, while X-ray source
and X-ray detector which are arranged in the diagonal as a
center of the patient rotate around the patient. On the
other hand, in the industrial X-ray CT equipment used
here, the X-ray source and the detector are fixed, and the
subject is photographed while rotating. X-rays are absorbed
and attenuated as they pass through an object. The
intensity distribution of this transmitted X-ray is measured
as a 2-dimensional projection image by the half
circumference of the subject, and several hundred to
several thousand sheets of 2-dimensional fault can be
acquired by image reconstruction of each horizontal cross
section. Since the luminance of each pixel of the
reconstructed tomographic image is affected by how much
the X-ray is absorbed by the object when it is transmitted,
and the material which is easy to transmit the X-ray has
low luminance (dark), and the material which is difficult to
transmit the X-ray has high luminance (bright), it becomes
possible to discriminate the constituent material in the
measurement object.

Since the boundary between the aggregate and the
other part is indistinct by the noise in the tomographic
image obtained in this test as it is, the threshold of the
luminance was decided using the image processing
software, and the tomographic image in which only the
aggregate was separated was obtained by carrying out the
binarization processing. And, the three-dimensional filling
structure of the aggregate was reproduced by laminating
got binary image in the Z direction.

3 Experimental result
31 Mmixture compression characteristics

Fig. 2 shows the results of bulk density measurement
and the relationship between compaction pressure and
bulk density measured by a uniaxial compression tester for
each sample subjected to X-ray CT observation. However,
the exact value of the bulk density of sample A cannot be
the

measurement. Table 2 shows the observed bulk density

measured  because surface

collapsed  during

and apparent porosity.
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Sample| A B C D E

No. of bictures 1212 | 1212 | 1212 | 1667 | 1622
-ofp ~1304 | ~1291 | ~1264 | ~2000 | ~2000

- 10033 | 0033 | 0033 | 0.023 | 0.026
Pixel size /mm-pixel™ | 5508 | ~0.030 | ~0.030 | ~0.019 | ~0.019

Fig. 3 2D-CT images from sample A-E are shown in (a)-(e), respectively, and
representative binarized image for sample E in (f).
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3 +2 Tomographic images obtained from X-ray CT
Figure 3(a)~(e) shows an example of a tomographic
image obtained by trimming the vicinity of the center of
each sample to 15 mm squares. And, the number of
tomographic images obtained from each sample and the
length of one side of one pixel are shown at the bottom of
Fig. 3. From X-ray CT, tomographic images as shown in
Fig. 3 are obtained by the number of sheets shown in the
lower part of Fig. 3. The distance between these
tomographic images is equal to the length of the side of
one pixel. The difference of the luminance in the image is
affected by the material in the place, and in the sample
used in this test, the black part corresponds to the air, the
gray part corresponds to the graphite, and the white part
corresponds to the MgO particle. In the tomographic
image, the state in which the angular aggregate was
distributed in the tissue was able to be confirmed. And, it
was confirmed that the part of the aggregate had the void
in the inside. Figure 3(f) shows a tomographic image of
the Fig. 3(e) after binarization processing. It was confirmed
that black part and phalanges were able to be extracted in
the matrix of the white part by this method. The three-
dimensional structure of the extracted part was
reconstructed by laminating the continuous tomographic



Fig. 4 3D-CT images for the sample A-E shown in (a)~(e).
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Table 3 Particle analysis result of the volume
fraction and number of grains.

A B C D E
\;?,fme fraction 275 | 335|413 | 494 | 448
Number of grain
in region of interest | 214 | 266 | 223 | 429 | 426
/ 15°mm?®

Table 4 Mean and mode inter-particle distance.

AJBJ]CJ]DIJ]E
'\I";?;‘ distance | 4 66 | 1.28 | 1.17 | 0.75 | 0.85
'\I":’ndrﬁ distance | 4 35 114 | 1.23 | 0.63 | 0.72
Standard deviation | 0.77 | 0.48 | 043 | 0.28 | 0.34

image with the similar processing in the Z direction.

3°+3 Reconstructed particle-filled structure analysis

results

Fig. 3 shows a three-dimensional particle packing
structure of each sample reconstructed in the region of
interest. One side of the region of interest in the image is a
15 mm cube, and particles crossing the boundary of the
region are not displayed. It was confirmed that the particle
filling structure of the aggregate could be visualized in
each sample. In the reconstructed image of each sample, it
was observed that the aggregates approached each other

and filled more closely as the forming pressure increased
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Fig. 5 Effect of compaction pressure on the inter-
grain distance distribution in the compact.
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from the sample A in which the forming pressure was very
small. In sample B, it was confirmed that some particles
with larger aspect ratio were oriented in the direction
perpendicular to the forming direction than in Sample A.

These reconstructed filling structures were
analyzed. Each particle reconstructed on the image
analysis software was distinguished, and number of
particles in the region of interest and volume of each
particle were analyzed. The analysis results are shown in
Table 3. It was confirmed that the higher the compaction
pressure, the larger the volume fraction of aggregate and
the larger the number of particles in the region of interest.
And, the particle interval of the aggregate was analyzed
using the technique which analyzed the shortest distance
from each point in the matrix in the compact to either
aggregate surface. By carrying out this analysis, it is
possible to indirectly measure the filling structure of
aggregate. The distribution of particle spacing is shown in
Fig. 5 and Table 4. It can be seen that the higher the
molding pressure, the narrower the gap between aggregates.
Especially, it was confirmed that the distribution changed
in samples A and B and samples C and D respectively, and
that there was almost no change over 125 MPa.

4 Discussion

The relationship between the particle packing
structure at each molding pressure and the density change
with uniaxial molding confirmed by X-ray CT observation
is examined. Cooper and Eaton” proposed the following
relational equation which can explain the compression
behavior of powder layer in detail, based on the idea that
the compression of powder layer is generated by two
processes of rearrangement of particles of each powder

which constitutes it and plastic deformation of particles.

VO_V
Vo — Voo

2

= a, ' exp (—%) + a, - exp (—k?) €Y

where VO is the bulk volume of the powder when
the compressive pressure P = 0, V o is the net volume of
the powder, and V is the volume of the powder when the
compressive pressure P. The left side of the equation
represents the ratio of the volume of voids dissolved at the
compression pressure P to the total volume of voids in the
powder layer before compression, which is called the
volume compressibility. On the right side, the Ist term is
related to particle rearrangement and the 2nd term is
related to particle plastic deformation, and a1 and a. show
the maximum volume compressibility in each compression
mechanism, and k; and k, show the pressure at which each
compression mechanism starts. Therefore, by obtaining
the value of ki and £, the compression behavior of the
powder in forming can be estimated. Fig. 6 shows the
relationship between volume compressibility and pressure
calculated from the results of the uniaxial compression test
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Fig. 6 Fractional volume compaction vs pressure.
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shown in Fig. 2 and the curve approximated by Cooper's
equation. The solid line in the Fig. 6 is the measured value,
and the broken line is the approximate value. Fig. 6 shows
the values of the coefficients obtained by the approximate
calculation. The compression behavior of the system
measured in this test is considered to be divided into two
processes considered by Cooper. That is, as shown in
Fig. 6, compression with particle migration is completed
at pressures lower than k, = 30.5 MPa, after which it can be
assumed that particle plastic deformation occurs.

The results of particle packing structure analysis by
X-ray CT are compared with those estimated by the above
consolidation behavior. As shown in Tables 3, 4, and
Fig. 5, changes in the aggregate filling structure observed
on X-ray CT were confirmed between Samples A and B (3
~ 20 MPa) and between Samples C and D (50 ~ 125 MPa).
The voids larger than the coarse particles disappeared from
Sample A to Sample B, indicating that the particles were
largely moved and rearranged to a state close to packing
during this period. In addition to the narrower voids
between samples C and D, the number of particles clearly
increased. That is to say, the aggregate moves by pushing
the matrix even between 50 ~ 125 MPa, and the result is
different the obtained by the
approximation by Cooper's equation. It is considered that

from estimation
this is because the deformation of the matrix with the
transfer of the MgO coarse grain behaves as plastic
deformation of the apparently large grain. A model
diagram is shown in Fig. 7. When mixture with a large
grain size distribution are filled, a nonuniform filling
structure appears irrespective of macroscopic or
microscopic observation, and a part where fine particles
locally gather appears. While the forming pressure is still
low, the voids between particles are removed and the
rearrangement is carried out, and when the filling advances
to some extent, the state in which the granular lump has
already been filled in the moving destination (Fig. 7 (B)
Dashed Line Locations) of the MgO coarse grain appears.
It is possible that the lump of the fine grain is softly
deformed in comparison with the MgO coarse grain which
is one solid. That is to say, the flow of this fine particle
lump seems to be caught as deformation of the particle in
the compression test. Since the deformation pressure of
this granular mass is much weaker than that of plastic
deformation of MgO, it can be explained that the value
obtained in this study is smaller than that obtained when

MgO itself is compressed.

5 Conclusion
The three-dimensional observation of the particle-
filling structure using X-ray CT was carried out for bricks
with different molding pressures, and the results were
compared with the compression characteristics of mixture.
- It is possible to visualize the internal structure of
the compacts using X-ray CT.
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Fig. 7 Schematic image of particle packing with matrix deformation.
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1) CC. Furnas: U. S. Bur. Mines, Rept. Invest.,
1928, No.2894, 7 (1928).
2) A. H. M. Andreasen and J. Andersen: Kolloid-

* By carrying out the appropriate image processing,
it becomes possible to evaluate three-dimensional filling
structure of the MgO coarse grain.

*The change of packing structure of MgO coarse
grains with consolidation showed different behavior from
the estimation obtained from the compression test and the
approximation by Cooper's equation.

It was confirmed that the rearrangement of
aggregate proceeded even at higher pressure than the
activation pressure k, estimated from the approximation
by Cooper's equation. This difference was supposed to be
caused by the flow and deformation of the matrix at higher
pressure than k;, which apparently acted as plastic
deformation of the particles.
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