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Abstract

The program Bi-Growth were used for simulating the formation of non-metallic inclusions (REM-O-S), and their
growth. In the process of refining, the non-metallic inclusions are heterogeneous and create a mixture of
different oxides or oxides and sulfides. These compounds are a consequence of the introduction of metals and
ferroalloys in the form of complex deoxidants. The current work proposes a solution to the bi-growth of oxide
and sulfide precipitates by focusing on the formation of precipitates after introducing REM to steel. Because
high mixing energies are used during refining, the role of reactant diffusion into the reaction zone was
neglected, and the system was treated as perfectly homogeneous in terms of chemical composition. Each
precipitate was assumed to grow only on its surface, e.g REMxOy. In this case, the particle growth rate was
found to depend solely on the concentration of all three components (REM,0,S).
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1. INTRODUCTION

Non-metallic inclusions in steel affect the microstructure and properties of steel [1]. They are usually
considered a detrimental part of the refining process. However, the final properties of steel products can be
enhanced and shaped by their controlled growth, quality, quantity, chemical composition. Rare earth metals
have a high chemical affinity for sulfur, oxygen and nitrogen and are therefore used as modifiers of non-metallic
inclusions [2]. Their modifying effect is possible over a wider range of non-metallic inclusions in liquid steel
because it can also include the nitride group. The rare earth group includes Sc and Y and lanthanides. These
elements have been classified into two groups of light REM: La, Ce, PM, Nd, Sm, Er) and heavy: Y, Gd, Tb,
Dy, Ho, Tm, Yb, Lu).

REMs are used to reduce the sulfur and oxygen content in steel to the level of 10-. REM elements are used
to improve the metallurgical purity, and the formation of certain REM-based inclusions increases the strength
and hardness of steel. Oxides can be used as centers for heterogeneous nucleation of sulfides, nitrides, and
carbides, thus playing an indirect role in regulating the sulfur, carbon, and nitrogen content in steel [3].

The formation of oxide and sulfide non-metallic inclusions with REM content can be described in general by
the following equations [4]:

2[REM] + 3 [O] — (REM203)

2[REM] + 3[S] — (REM:S3)

2[REM] + 2 [O] + 3 [S] — (REM202S3)

(REM20:2S) + [O] — (REM203) + [S]

(REM:2S3) + [0] — (REM20:2S) + 2[S]

The compounds possible to form between rare earth metals and oxygen and sulfur can be identified as: RES,

RE2S3, REsS7, REsS7, RE3S4, RE2S4, RE202S. The current work proposes a solution to bi-growth of oxide and
sulfide precipitates by focusing on the formation of inclusions after introduction yttrium to the liquid steel.
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2. MATERIALS AND METHODS
Bi — component nucleus growth model (Bi-growth)

The current work proposes a solution to the bi-growth of oxide and sulfide precipitates by focusing on the
formation of precipitates after introducing REM (yttrium) to steel. Each precipitate was assumed to growth only
on its surface, e.g. yttrium oxide grows only on the surface Y203, yttrium sulfide on the surface of Y2Ss. In this
case, the particle growth rate was found to depend solely on the concentration of all three components (Y, S,
0). It was assumed that the nucleus consists of n1 moles of sulfide 1 and n2 moles of oxide 2. Coefficient Aij
is a quantity dependent on the supersaturation defined by the difference between the current and equilibrium
yttrium concentration in steel and the reaction rate constant kij. An assumption was made that Aij>0, which
means that a deficiency in any of the components terminates the growth process of a given precipitate, but
neither terminates the growth process of the entire precipitate, nor the dissolution of the particles [5]:

. N\ Xi
Ay = ki - ST =k (C[y](t) - C[(;%) , 1)

where:
Ajj — coefficient,
Si — supersaturation,
B — mass penetration parameter,
a — order of reactions in the calculation (assumed = 1),
kj — rate constant, depends on the yttrium,i” and surface ,j".

Hence the quantitative increase of oxide 1 and oxide 2 in the bi-component nucleus is:

dn;/dt = (Ajy -y + Aip - 1p) /7P, 2
where:
i=1,2,
B=1,
hence:
dng _ AqqnitAqon;
ot r ’ 3)
dny _ Apqng+Azpn,
at - ’ 4)
B=1,

n1 — moles of sulfidel,

nz — moles of oxide 2,

Air — coefficient dependent on yttrium concentration (for sulfide 1),
Az - coefficient dependent on yttrium concentration (for oxide 2).

Where the radius of a growing nucleus:

31
. 3 Z-;-(vl-nl+v2-n2)

: 5)
v1 - molar volume of sulfide 1 (cm3-mole?),
V2 - molar volume of oxide 2 (cm3-mole?).
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The molar volumes of examples of non-metallic inclusions are shown in ¢ START O

(Table 1) \y/

Loading input data

Table 1 Calculated molar volumes of selected non-metallic inclusions

v
Chemical compound | Molar volume v of precipitate (cm3-mole?), Openning infout
files
Y203 45.07 R
Y2Ss3 70.80 —
Solving set of
Y202S 49.39 quations

i

Update radius value

The block diagram of the computer program is shown in Figure 1 [1]

3. SIMULATION RESULTS :
Update mass of
Calculations were performed, and the following data were used for the melt components

calculations: number of nuclei in 1 cm® of steel equals to 106,
concentration: S = 0.008%, Y = 0.09%, O = 0.01%, equilibrium
concentration for Y = 0.005%, molar volume v: of sulfide 20 (cm3-mol™1),
molar volume v: of oxide 20 (cm3-mol™") [1].
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Figure 1 Block diagram of
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Figure 2 Growth of the radius of nucleus (with an initial radius ro = 1 pym) Bi-growth of non-metallic

in steel inclusions during ladle
refining of steel [1]
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Figure 3 Growth of bi-component nuclei of sulfide n1 (Y2S3) and oxide nz (Y203) in steel
(forro =1 pum)
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Figure 4 Change of component concentration during the growth of a bi-component nucleus (Y203-Y2S3) in
steel (for ro =1 ym)
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Figure 5 Growth of the radius of nucleus (with an initial radius ro = 5 ym) in steel
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Figure 6 Growth of bi-component nuclei of sulfide ni1 (Y2Sz) and oxide nz (Y203) in steel (for ro = 5 pym)
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Figure 7 (a,b) Change of component concentration during the growth of a bi-component nucleus (Y203—
Y2S3) in steel 3 (for ro = 5 pm)

Figures 2-7 present calculation results the molar growth of a bi-component inclusion composed of n: of sulfide
(Y2S3s) and n2 of oxide (Y203) for an inclusion with initial radius ro = 1 ym and 5 ym. Figures 2 and 5 show the
growth of a bi-component nucleus. For a particle with initial radius ro =1 ym, the radius grows mainly in the first
phase of the process up to about 0.4 process progression; further increment is small and is due to yttrium
reaching equilibrium concentration and sulfur deficiency. In the case of a nucleus with an initial radius of ro =
5 um, growth also takes place at an early stage of growth, with equilibrium establishing earlier, i.e., by about
0.2 process progression. It is observed that the low content of sulfur in the steel causes that it to be consumed
for the precipitation of the sulfide phase.
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Figure 8 Growth of n1 (Y20s3) in steel (for ro = 5um) (parameter g = 0,1; 0,5; 1)
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Finally, calculations were performed in view of the magnitude of the parameter 8 and its effect on the growth
process of bi-component oxide-sulfide inclusions. The parameter 3 has a significant influence on the results
of the simulation process. A significant decrease in the value of B clearly slows down the growth process.

4, CONCLUSIONS

The growth of bi-component oxide-sulfide inclusions containing yttrium depends on the sulfur content in steel.
A low sulfur concentration results in sulfur deficiency thus inhibiting the growth of sulfide. Further growth of the
inclusion takes place through the formation of oxide until yttrium reaches an equilibrium concentration. Since
the formation and growth of non-metallic inclusions occurs at every stage of liquid steel processing and also
during crystallization, the parameter f must be taken into account when analyzing the growth process. The
adoption of low values of the parameter [ in the calculations affected the kinetics of this process, though did
not change its nature. Still the main factor influencing the chemical composition of complex inclusions is the
deficit of the component of the inclusion.
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