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Abstract

With the increasing demands for the quality of steel product,
much attention has been drawn to the production of pure steel in
metallurgical enterprises throughout the world. It is key to how to
control the level of impurity, especially the inclusion, which mainly
responsible for the defect of most steel products. Therefore, it is of
significance to investigate the law of dynamics, such as growth,
transfer and removal of inclusions in molten melts, and further
improve the conventional process or develop new techniques
regarding pure steel.

The paper is divided into four parts. In the first part, the
experimental and theoretical studies are carried out from several
aspects involving the dynamics of inclusions as follows:

The modification coefficients of motion resistance, C,, of
inclusion particles of different shape to the ideal spherical particle
are measured by model experiments using polystyrene particle of
radius 1~2.6 mm. It is found that the order of increasing C; is the
rod-like particle oriented its long axis, the spherical particle, the
flake-like particle oriented its plane, the cluster-type particle, the
flake-like particle oriented the normal to its plane, and the rod-like
particles oriented its radial axis. Commonly, C,=1.5~2.8 for real
inclusion particles.

The mechanical condition that an inclusion adheres stably to
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the rough wall of vessel exposed to a shear flow is analyzed
theoretically, then a relationship of the adhesion efficiency is
formulated, and the mass transfer coefficient, 3, of inclusion to the
wall due to turbulence fluctuation and field force effect is obtained
which is the function of wall friction force of fluid. It indicates that
there exists a peak for the mass transfer coefficient over the wall
friction force, and in most cases, the turbulence promotes the
transfer of inclusion to wall.

A theory on inclusion growth of single particle in molten melts
is developed. Two main growth modes, diffusion -reaction-
precipitation and collision-coalescence, of inclusion are simplified
physically and modeled mathematically, and some analytic solutions
or relationships for the growth rate of inclusion are derived, which
give an general physical picture of inclusion growth. The theoretical
growth rate of diffusion is supported by the experimental results
early reported by Japanese scholar. This theory shows that the early
growth of inclusion depends on diffusion-reaction-precipitation and

Braunian motion collision, and the former is decisive, while the
latter growth depends on turbulence shear collision and Stokes’
collision, ahd the former is dominant; The collision and coalescence
proceeds quickly during smelting process, and is negligible in
continuous casting process, moreover, a transition state exists in the
refining process. Further, the micro- structure of inclusion aggregate
is simulated by methods of Monte-Carlo, the resultant aggregates
agree with the cluster inclusions reported in literatures. The Fractal
theory is introduced to interpret the structure of the aggregate, the

v
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simulation shows that the cluster inclusion has a Fractal dimension
of 2.25.

Based on above studies, a general dynamic model of inclusion
coupling the nucleation, growth, coalescence and transfer has been
developed firstly, which is expected to lay a foundation to further
investigate widely and profoundly the basic behavior of inclusion in
metallurgical vessels.

In the second part, foregoing theory has been utilized to build a
comprehensive mathematical model within the Lagrangian
framework to study the transport of inclusion in some continuous
casting tundish. The results demonstrate that the floatout by
buoyancy is the main path of removal of inclusion, and the
coalescence and adhesion to wall provide a secondary aid. In present
tundish, a removal efficiency of 20%~75% can be obtained for
inclusion of radius from 10 um to 30pm. The coalescence helps the
removal of inclusion, but seems not notable, restricted by the
practical condition of tundish.

In the third part, as another application, the only-by-current
electromagnetic separation of inclusion from molten melt, a novel
technique oriented to pure steel, is studied theoretically and
experimentally. The magnetic field in the melt conducted by a direct
and alternative current respectively through a round- or flat- pipe,
which acts as the separator, is solved, then some parameters
including the relative electromagnetic buoyancy, purification
efficiency and purification time are defined and formulated, giving a
basic outline of this technique.

VI
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The theoretical analysis and numerical solution show that the

electromagnetic force produced by industrial-frequency alternative
current is similar with that by direct current, so it seems not
necessary to exploit the direct current for electromagnetic separation.
The electromagnetic purification efficiency depends on applied
current density, the radius of inclusion and the residence duration of
melt in the separator. As far as the separator type is concerned, the
efficiency obtained using round pipe is close to that using flat pipe.
A secondary flow will be induced in the cross section of rectangular
pipe separator, which plays an adverse effect on the removal of
inclusion for it disturbs the migration trajectories of ‘particle and
prolong the real residence time of inclusion.

The experiments of static electromagnetic purification for
Al-22%Si alloy and Al-5%Mg-2%SiC alloy have been conducted
respectively by use of the separator with diverse cross-section under
industrial-frequency alternative current. It is found that most of
primary Si phase can migrate to the side wall of separation pipe
within 30's by imposing a current density of 4x10°A/m?, and the SiC
particles of radius 100 um migrate faster, with less than 10s. It is
promising that this technique is transplanted to produce the FGMs
( Functiondl Gradient Materials) with surface reinforced phase.

The experiment of continuous electromagnetic purification for
Al-8%Mg-2%Al1,0; alloy have been carried utilizing the round pipe
separator and rectangular pipe separator, and the heating effect for
melt is measured. It is found that when the flow velocity of melt
equal 2.3~2.9 cm/s, and the current density is (0.8~1.4)x10" A/m?,

VI
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the temperature in the outlet of separator is higher by 15~25C than
the inlet, enough for heating the melt. Under the condition that the
current density is 1.4x10” A/m’, and the residence of melt in the
separator equal 10s, a 95% removal efficiency is obtained, in good

agreement with the theoretical prediction. And, most inclusions more
than 20 pum can be successfully removed from the melt.

In the last part, the micro mechanism of magnetic alignment of
grains in electromagnetic processing of materials attracts an
additional interest of the paper beyond the title. A general dynamics
model has been developed, and a theoretical relationship for the
alignment time of grain was derived. An experiment was conducted
for Bi-3%Mn, which melted below the Courier temperature and
quenched under a 0.37 magnetic field. It is found that the texture
comes into being within a second, which is in accord with the
theoretical prediction. It means that the alignment is not the
controlling step for texture formation of ferromagnetic BiMn phase
during solidification.

Key words inclusion, removal, growth, coalescence, dynamics, Monte-Carlo,
flow field, electromagnetic field
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