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Summary: Using the thermodynamic analysis, the possibility of a colloid interaction of the dispersed
phase with a dispersed medium, the possibility of coagulation of the non-metallic phase, has been determined. It
is established, that on the surface of a particle of nonmetallic inclusions metal films (layers) are formed that “wet”
them and prevent further coagulation and removal of the non-metallic phase. It has been determined, that in order
to prevent the effect of “wetting” by these films (layers), it is necessary to create mixing in the tundish. Based on
the theoretical principles of removing non-metallic inclusions, a physical modeling of the hydrodynamic processes
occurring in the tundish, has been carried out. These studies have made it possible to establish, that the most
effective structure of streams is a vortex, which is formed by the introduction of a reaction chamber. For
confirmation of theoretical conclusions and results of physical modeling, industrial tests were conducted to
determine the contamination of the metal by the non-metallic inclusions. The test results correspond well with the
data of physical modeling and theoretical conclusions.
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Introduction. Nowadays the main directions of the metallurgical production
development in our country are the improvements of the metal quality, being caused by the
competition arose on both the internal and the world markets.

One of the main requirements for the high quality steel is low content of the non-metallic
inclusions in the finished product, as well as their uniform distribution along the metal blank
Ccross-section.

Since lately the manufacturing of the high quality metal has become possible because
of its refining in the molten state at the last stage of casting in the tundish. Investigations in the
casting device under the industrial conditions are limited, because of the physical conditions of
the process being carried out, the size of the casting device and high temperature in particular.
These limitations can be overcome, if the experiments are carried out not on the conventional
device, but on the physical model with the further investigation of the metal quality, taking
advantage of the metallographic methods [1 — 5].

Analysis of the available publications. The analysis of the latest publications testify,
that to obtain high quality steel, that of the lowest content of the non-metallic inclusions,
different structure rapids and partitions are formed additionally in the tundish in order to make
the casting streams effective [1 - 5]. The non-metallic inclusions are known to transfer the phase
interface melting-slag due to the inter-phase phenomena in the system steel melting-slag-non-
metallic inclusion.

But the investigation carried out earlier [6 — 10] do not take into account the effect of
the thermodynamic problems of the non-metallic inclusions removal in the tundish. That is why
the hydrodynamic estimation of the situation being on the phase interface melting-slag-non-
metallic inclusions while removing the non-metallic inclusions, is the pressing task now.

The Objective of the work. The main objective of our investigations was to improve
the quality of the continuous casting blanks due to:
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1) carrying out the thermodynamic analysis of the dispersion system strength the steel
melting-slag-non-metallic inclusion, which facilitates the coagulation and surfacing of the non-
metallic inclusions;

2) creation of the effective hydrodynamic situation in the melted steel volume being in
the tundish facilitating the mass exchange;

3) investigation of the finished metal products taking advantage of the metallographic
methods.

Statement of the task. Using the thermodynamic analysis to determine the most
favorable thermodynamic conditions of coagulation and surfacing of the non-metallic
inclusions. To determine the effective hydrodynamic conditions for the removing of non-
metallic inclusions using physical modeling. To carry out metallographic investigations of the
finished metal obtained from casting through the tundish of the improved design.

Presentation of the main ideas. The steel is known to be a heterogeneous system
composed of the metal matrix (molten or solid solution) and non-metallic dispersed particles.
The steel-casting ladle to the crystallizer results in the creation of the dispersed system
composed of the solid products deoxidation suspension and silicate emulsion in the molten
metal. That is why to determine such important process characteristics as the thermodynamic
possibility of the colloid interaction of the dispersed phase and the dispersed medium,
thermodynamic stability of the system being created the possibility to remove non-metallic
inclusions, it is necessary to estimate taking into account the surface properties of the system —
non-metallic inclusion — steel melt.

Thermodynamic possibility of the process of the non-metallic inclusions transition from
the steel volume to the melt surface can be estimated using the general conditions of the process
directions obtained, basing on the second law of thermodynamics and the Gibbs general
equilibrium criterion [11].

The removal of the non-metallic inclusion particle on the steel surface, when the
chemical processes and dissolution are not available and without taking into account the effect
of the aggregate walls, can be presented as follows [11]:

AG = glie) _ gliom 17 COSOT T COZSH 030", (1)

where &7*) — surface tension at the phase interface of non-metallic inclusion — gas; J -m™;
o™ — surface tension at the phase interface of inclusion-metal; J -m™2; 6™ — contact angle
of inclusion welting by the steel melt.

The calculations performed due to the equation ( 1 ) showed, that all metallurgic
suspensions and emulsions while surfacing to the phase interface metal-gas are unstable
dispersed systems.

Taking into account the capillary pressure the rate of the spherical-shape inclusions
surfacing can be presented by the equation, which takes into account the fact, that the surfacing
inclusion is affected by three forces: motion resistance caused by the melt viscosity, buoyant
force and the stress caused by the capillary pressure. The rate of the inclusion surfacing from
the steel is described by the following equation:
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where Ao — the change of the surface tension on the inclusion semi-spheres; m-s=2; J-m™

; g — gravitational force acceleration m-s™2; p, and p; — the metal melt density and of the
non-metallic inclusion correspondingly, kg-m=2; r —non-metallic inclusion radius, m.

Taking into account the mentioned above, the rate of the inclusions surfacing in steel
exceeds that, calculated due to the Stock’s equation [11].

Using the Stock’s equation to specify the characteristics of the inter-wetting phases
separation rate, it should be taken into account, that there is the medium film on the internal
friction in the viscous liquids, which takes into account the interrelation of the displacement
rates of the medium and the particle moving in this medium.

Thus, in the steel melt not the inclusion in the metal shell. The latter increases the

efficient weight of the inclusion. As the result, the value p,, —p;, in the equation (2) decreases

and, correspondingly, the inclusion surfacing rate decreases.

The change of the interphase tension affects the inclusions coagulation processes and,
thus, the steel melt refining.

If thin shells are formed on the inclusion, its particle can press out the shell to some
boundary, creating the wetting contact angle on the phase interface metal-gas about 90°. In this
case, according to the data [11], the possibility of the inclusion exit on the phase interface steel
melt-gas is assessed by the approximation criterion:

K =05c™2+T1-1, (3)

where P — the disjoining pressure, Pa; | — the metal film thickness, u; ™2 — the surface
tension on the phase interface of metal melt-gas, J -m™.
The analysis of this equation makes us conclude, that at K < 0, the value of the

0,50~ ] the inclusion will go out of the metal

disjoining pressure is of minus value [P <-—
shell unwarrantly, coagulate and be removed. The available metal film wetting the inclusion
can make easier the reverse attraction of the non-metallic inclusions in the melt volume from
the phase interface metal-slag and, in its turn, to facilitate the increase of the dispersed system
stability.

To overcome the barrier effect of the films wetting the inclusions requires the intensive
mixing, under which the increase of the convection flows rates results in the films break, further
inclusions coagulation and their removing.

Being based on the mentioned above theoretical principles, with the purpose to create
the most favorable hydrodynamic conditions for the non-metallic inclusions coagulation, the
physical modeling of the hydrodynamic streams in the tundish, was carried out.

With this purpose the hydrodynamic model of the tundish was created with the scale 1:3
following the Frood equation of the similarity criterion and due to the Reynolds criterion
(Fig. 1).

The method of modeling comprised the introduction of the stream indicators, recording
of time the granules portion has been staying in the tundish, recording of the vortex-like
structures sizes and the stream rates in them. The polystyrene granules of 0,7-0,9 g-cm™, density
and particles of 1-2 mm size were the stream indicators. Changing the reaction chambers
construction, the possibility to vary the hydrodynamic structures, the streams rates and the
duration of the granules portion staying in the tundish, was provided.
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Figure 1. Scheme of the model stand of the tundish: 1 — tank simulating the ladle; 2 — protective pipe;
3 —tundish; 4 — blowing device; 5 — stop; 6 — tank for the collection of water coming from tundish;
7 — compressor; 8 — digital camera

While modeling it has been determined, that from the point of view of removing the
non-metallic inclusions from the melted steel in the tundish, the most efficient hydrodynamic
streams structure is that of the vortex-like one, which provides the creation of the most favorable
conditions for the coagulation and the removal of the non-metallic phase. Creation of this
hydrodynamic structure is possible, if the tundish is equipped with the additional reaction
chamber, which is formed owing to the setting of the additional partition, Fig. 2.

Figure 2. Reaction chamber for the streams vortex-like structure firming

While modeling the constructions of the reaction chambers, which consists of two solid
partitions having canals in the tundish bottom, have demonstrated the best results. The partition
from the input chamber had a slot under the 20-25° inclination to the tundish face plane wall.
The slot width was 45-60 mm. The modeling experiments testified, that this construction of the
tundish provides the increase of the non-metallic inclusion imitators duration in 4 — 6 times,
than those being in the available construction of the tundish.
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Taking into account the theoretical principles and the experiments performed on the
model, the industrial testings with the purpose to improve the quality of the metal being casted
owing to the decrease of the non-metallic inclusions content, have been carried out.

The estimation of the steel contamination was performed on the polished specimens of
the steel samples taking advantage of the microscope “Axiovert-200” in the light, dark and DIC
fields being scaled up in 100 times due to TOCT1778-70 and ASTM E45-97 (the method of the
worst fields).

As the qualitative estimations in the samples of metal being casted through the reaction
chamber testified, the number of non-metallic inclusions decreases in average by 40 — 80% as
compared with that, for which the reaction chamber was not applied.

The main types of non-metallic inclusions in the tested metal samples are presented in
Fig. 3.

It was determined, that, in fact, thin sulphine inclusions up to 0,5 points, oxide inclusions
up to 0,5 points and silicate inclusions up to 4 points happen to be in the tested and compared
metals.
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20.00kV___ x3.00K 20.00kV__ x3.00k ___ 20pm
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c) f)

Figure 3. The main types of non-metal inclusions in the compared (a, b, ¢) and experimental (d, ¢, f)
metal samples
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Conclusions.

1) The analysis of the thermodynamic stability of the dispersed steel melting system —
the non-metallic inclusions has shown, that the stable metallic films (layers) are formed on
particles of non-metallic inclusions, that interfere with the coagulation process. In order to
overcome the action of these films, that “wet” the non-metallic inclusions, intensive mixing is
required.

2) Physical modeling has made it possible to establish, that the most effective structure
of hydrodynamic flows is a vortex, which facilitates the coagulation of non-metallic inclusions
and further removes them.

3) Estimation of the steel contamination by non-metal inclusions testified, that in
samples of steel, which was casted through the reaction chamber, the amount of non-metallic
inclusions decreased by 40-80%.
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PIBUKO-XIMIYHI 3BAKOHOMIPHOCTI OYUIIIEHHA CTAJII BI
HEMETAJIEBUX BKJIIOYEHD

Beponika €pimoBa; Terana [Inannenko

Hayionanvnuii mexuiunuu ynisepcumem Yxpainu « Kuiscoxuii nonimexuiuHut
incmumym imeni leops Cikopcvkozoy, Kuis, Ykpaina

Pestome. Ha ocrogi mepmoounamiuno20 ananizy 6CmMaHo61eno, Wo Ha NOGEPXHI YACMUHKY HEMEManegux
BKIIOYEHb YMEOPIOIOMbCA NNIBKU MEMAly, Wo 3MOYYIOmb iX ma nepeuikoodlcaoms nooanvuliti koazyiayii ma
suoanenuio Hememanesoi ¢asu. Busnaueno, wo 0na 3anobieanus Oii Niieok, Wo 3MOUYIOMb, HEOOXIOHO
cmeopiosamu nepemiutyeanHs y npomiscnomy koeuwii. IIposedene ¢hizuune mooleniosanHs 2iOpoOOUHAMIYHUX
npoyecie y NpoMIdCHOMY KOGl O0038OIUNO BCMAHOBUMU, WO HAUePEKMUSHIWO CMPYKMYPOI0 NOMOKIE €
BUXOPONOOIOHA, AKA YMEOPIOEMbCA 34 PAXYHOK 6CMAHOGLEHHS peakyitinoi kamepu. Pesynemamu npomucnogux
8UNPoOYBarb 000pe Y32004CYIOMbCS 3 OAHUMU PI3UYHO20 MOOETIO8AHHS MA MEOPEeMUYHUX 8UCHOBKIG.

Knruosi cnosa: xoazynayis, Hememanesi 6Kn04enH s, 2i0poOUHAMIYHA CIMPYKINYDA, MePMOOUHAMIYHULL
AHANI3, NPOMINCHULL KIGUL.
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