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Steel plays an important role in every aspect nowadays, such as buildings, railways, wire bridges, bearings,
vehicles and so on. However, nonmetallic inclusions in steel have serious adverse effects on the steel
products properties, such as strength, toughness, fatigue property, plasticity, surface smoothness and

corrosion resistance. The requirements of the control and removal of inclusions in steel products become
more and more serious with the increasing customer demands on the steel products performance.

The purpose of this study is to investigate particle coagulation mechanism in molten metal which plays a key
role to remove inclusions in molten steel. However, it is rare to find experimental reports about the inclusion
coagulation in molten metal since the lack of techniques to obtain the 3D information of the number, size,
and structure of inclusion clusters in metal system which is indispensable to obtain the particle coagulation
rate. Currently, the statistical analysis of inclusion and clusters in metal system is only based on the 2D cross
sectional observation of as-polished samples. To obtain the quantitative statistics of clusters, it is required to
distinguish clusters in 2D cross sectional images of as-polished samples, which is a tough but meaningful
work. Furthermore, stereological analysis of particles and clusters included in a solid media serves as a
bridge between the 2D and 3D statistics of the system. Therefore, it is necessary to obtain 3D information of

particle and clusters in metal system to analyze the kinetics of particle coagulation in molten metal.

In this study, the theory of particle coagulation verified previously by water model experiments was
investigated of its applicability to molten Al system. The experimental coagulation curve of SiC particles in
molten Al stirred mechanically was found to shift to longer time compared with the calculated curve for
various agitation speeds and particle concentrations. The reason of this discrepancy was attributed to the 2D
measurement of particle and cluster size and number on the cross sections of solid metal, which was more
uncertain than the electrical sensing zone method adopted in the water model study. Therefore, the 3D
information of particle and cluster became crucial to obtain reliable data of coagulation curve. The main
contents of this study are summarized as follows:




In Chapter 2, the theory of particle coagulation was investigated including previous study with water model
experiments by Taniguchi et al. The PSG method recommended by Nakaoka greatly reduced the computation
loads. The Hamaker constant of SiC particle in water was obtained by previous study which was used to
estimate its value in liquid metal. It gives 0.61x10%° J as the Hamaker constant of SiC in liquid Al, which is
very important parameter for the calculation in Chapter 3. Particle coagulation experiments using TiB;
particles were carried out to validate the particle coagulation theory. The experimental and calculated results
of particle coagulation show a good agreement when Hamaker constant of TiB; particle in water is fitted as
0.88x1072° J. The estimated Hamaker constant of TiB; particle in liquid Al is 4.62 x10"%° J at 1073K.

In Chapter 3, particle coagulation experiments were carried out using SiC particles in molten Al. The average
particle area fractions in the whole cross sectional microscopic images of all the samples taken from different
positions in the crucible do not differ from the initial particle volume fraction in the system. The average
particle area fractions in the whole cross section of microscopic images of samples taken from different time
during agitation are almost kept as constant, which indicates the satisfactory balance in this analysis. A Java
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particle coagulation. The calculated Dimensionless time, 7
results of SiC particle coagulation in
molten Al shows a faster coagulation  Figure 1. Change in cluster number with time (Dimensionless)
rate comparing with the experimental
ones by using the Hamaker constant estimated in Chapter 2 and the turbulent dissipation rate investigated in

this Chapter. Figure 1 compares the experimental and calculated results of SiC particle coagulation in molten

Al, where n; =n,,,/N,,, is dimensionless cluster number density; ¢ =1.3aa;(¢/v)"> Nt

is dimensionless time. The difference between the calculated and experimental results may be attributed
to the lack of 3D information of particle and clusters in metal system. The overestimation of the 2D cluster
sizes by the program of DC-2D and the assumed spherical shape of clusters with fractal dimension of 3.0
caused the calculated coagulation rate faster.

In Chapter 4, X-ray micro-CT was applied to obtaining the 3D information of clusters in metal. The principle
of X-ray micro-CT was introduced. The X-ray mass attenuation coefficient decreases with the increasing
energy of the photo beam. The difference of X-ray linear attenuation coefficients between Al matrix and SiC
are very small. Therefore, it is very difficult to distinguish them by X-ray micro-CT. On the other hand, the



difference of the X-ray linear attenuation coefficients between Al matrix and TiB> is much larger than that of
Al-SiC system. The detection of TiB: particles in Al matrix by X-ray micro-CT is not difficult. The size of
Al-TiB: samples are determined as 0.8 mm in diameter exposed under the X-ray beam with energy of 19.99
keV: while the size of the samples of AI-SiC are 0.5 mm with 18ekV. A program was developed to pretreat
the 8bit micro-CT images and reduce noises by considering the two slices before and after the present slice.
The program of 3D Extractor was developed to extract particles and clusters from X-ray micro-CT image
stacks; and parameters were defined to describe their size and structure in 3D and 2D. Figure 2 shows an

example of extracted 3D TiB: cluster and its 2D cross sectional slices.
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(a). Slices of an extracted cluster. (b).Volume rendering by Osirix.
Figure 2. Slices of an extracted cluster and 3D reconstruction.
In Chapter 5, a stereological model was introduced to investigate the relation of 2D cross sectional and 3D
information of particles dispersed in solid metal. The particle size distribution (PSD) of nonspherical TiB:
powder was analyzed by optical microscopy and Coulter Counter-3. The PSD-P and the 3D PSD were
compared. They showed good agreement when the fractal dimension of a single particle was taken to be 2.7.
3D images of single particles were reconstructed from a series of micro-CT images obtained by X-ray
micro-CT at SPring-8. This enabled to determine the complete shapes of nonspherical particles. The fractal
dimension D, of a particle was calculated from its volume and the maximum diameter of the X, Y, and Z
coordinates. Particles were divided into three groups and dominant particles were found to have a D, in the
range 2.6-2.8. The probability mass functions (PMFs) of the dominant particles showed the same tendency
and differed greatly from that of a spherical particle. The PMFs of randomly selected dominant particles and
their average PMF were used in the stereological calculation model. The transformation from 3D PSD to 2D
PSD-C (cross section) was established based on the stereological model by assuming that all the particles in
a nonspherical particle system have the same shape and PMF. Good agreement was obtained within a
tolerance of statistical and systematic errors. The inverse problem occurred in the transformation of PSD
from 2D PSD-C to 3D PSD. It could be overcome by introducing a system error analysis, increasing the
number of classes, and adjusting the range of classes to obtain a compatible PMF matrix. The Santalo
equation employing 2D average cluster diameter is the only way to estimate the cluster number density per

unit volume unless solving inverse problem occurred in the transformation from 2D to 3D information.

In Chapter 6, TiB: particles were used to obtain clusters in an agitated crucible. The 3D parameters of TiB;
clusters were analyzed to describe the 3D characteristics of the clusters. It was difficult to observe the

coagulation kinetics of TiB: particle in molten Al because the coagulation tendency was very weak. This
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might because the contact angle of TiB; particle in molten Al is small comparing with SiC. A number of TiB:
clusters were extracted by the program of 3D Extractor. The 3D cluster structure was not affected by the
agitation time and speed. Whereas the particle number included in the clusters affects more on their structure.
The specific surface and solidity decrease greatly with particle number in the clusters, which indicates the
clusters become looser with the increase of particle number. There is not apparent change for 3D parameters
of cluster structure with the increasing of particle number in the clusters It can be roughly concluded that the
fractal dimension of TiB: clusters formed in molten Al is around 2.7. The 2D fractal dimension of TiB;
clusters is around 1.8. The relation between the 3D and 2D fractal dimensions is corresponding to that
between 3D and 2D for spheres (3.0 and 2.0). The 2D clusters were successfully distinguished by the
program of DC-2D-3D according to the 2D parameters of cluster slices obtained from the actual 3D clusters.

In Chapter 7, the X-ray micro-CT images of Al-SiC system were treated by phase retrieval based on FFT,
which largely removed noise in the X-ray micro-CT images of Al-SiC system. Image] was applied to
enhance the contrast of 8-bit images. 3D SiC particles

and clusters were extracted from a series of X-ray 'Q

micro-CT image stacks by the program of 3D Extractor.

The 3D parameters describing the structures of SiC T :

clusters are similar to that of TiB, clusters. It can be : i -

concluded that the fractal dimension of both SiC and ’

TiB; clusters are around 2.7, which can be applied to

improve the coagulation theory. The program of soum® o ? S0pm ?
RS S

DC-2D-3D including criterions obtained from actual
Figure 3. Comparison of clusters distinguished

by program of DC-2D and DC-2D-3D.

clusters was applied to Al-SiC system on microscopy
images. Figure 3 compares the cluster distinguished by
program of DC-2D and DC-2D-3D. It seems that the cluster distinguished by program of DC-2D-3D is much
more reasonable than that by DC-2D. The kinetics of SiC particle coagulation in molten Al was recalculated
according to the results by DC-2D-3D programs. The fractal dimension of clusters is also considered. The

agreements between experimental results and theory were greatly improved shown in Figure 4.
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Figure 4. Improved SiC particle coagulation results by program of DC-2D-3D.
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