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Abstract—A mathematical model and software based on it have been developed to predict the composition
and total content of various types of nonmetallic oxide inclusions (NIs) in steel during secondary steel pro-
cessing. To create the software, the C++ programming language is used in the Visual Studio environment. As
a result, the total oxygen content, the characteristic types of oxide NIs, and their content in metal samples
taken at various stages of processing in a ladle—furnace unit (LFU) are determined. To validate the developed
mathematical model and software, samples of IF-BH steel, K56, 09G2S, and KEI-55 pipe steels, and auste-
nitic corrosion-resistant 08 Kh 18N 10T steel are studied by fractional gas analysis (FGA) and scanning elec-
tron microscopy with electron-probe microanalysis. The agreement between the calculated and experimental
FGA data is satisfactory, which indicates an adequacy of the proposed mathematical model of NI formation.
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INTRODUCTION

Nonmetallic inclusions (NIs) in steels create a sig-
nificant problem for modern metallurgy because of
the negative influence of NIs on the properties of the
end product. The degree of NI purity of steel is consid-
ered to be one of the main characteristics of its quality,
and measures to minimize the NI content in steel form
the basis of secondary steelmaking technologies to
control the composition and content of NIs at certain
stages of production.

The world literature contains extensive information
on the comprehensive study of Nls, their composi-
tion, the probability of formation, and influence on
the properties of alloys. In numerous studies of the
influence of NIs on the mechanical and operational
properties of steel [1—5], researchers show that Nls,
which can be considered as interstitial phases, affect the
appearance of thermal and deformation stresses. Micro-
pores form near NIs; as a result of growth and coales-
cence, they lead to a violation of the integrity of the
metal and the formation of microcracks in it [1-3, 5].
Under real operating conditions, products undergo
mechanical and thermal stresses, which are taken by
the steel matrix—NI system. Since NIs and a steel
matrix have dissimilar physical characteristics, such as
plasticity (deformability) and linear thermal expan-
sion coefficient (LTEC), their behavior differs [6]. As

aresult, due to the presence of NIs in a metal, many of
its properties (impact toughness, fatigue failure,
machinability) deteriorate [6, 7].

As follows from the concepts of structural fracture
mechanics under complex temperature—force operat-
ing conditions, fracture can be brittle (without signif-
icant plastic deformation) and ductile (plastic defor-
mation at the tip of a propagating crack is comparable
with the crack size or the solid body size). They can
also affect ductile fracture [8—10], since micropores
and then dimples can nucleate around NI particles;
their coalescence leads to separation microregions in a
metal. The possible formation of discontinuities
causes significant deformation of a steel matrix and
creates stresses around inclusions, which can fail in
time [11].

During deformed in the course of rolling, forging,
and stamping, irregularly shaped crystalline Nls play
the role of stress concentrators and can cause the for-
mation of cracks, which are the causes of fatigue fail-
ure of steel [12].

Plastic inclusions potentially affect plasticity due to
their anisotropic behavior and orientation relative to
the deformation direction. The presence of plastic
inclusions, especially sulfides (such as MnS), can neg-
atively affect the anisotropy of impact strength and
fracture toughness, since they deform together with a
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steel matrix due to their high plasticity. In addition,
plastic inclusions decrease the deformability of steel
and its premature failure resistance. Inclusions can
significantly decrease the fatigue strength by increas-
ing the tensile stresses [13].

Most oxide NIs of the Al,O; type and calcium alu-
minates manifest themselves as stress concentrators
due to their lower LTEC in comparison with steel
[9, 10]. Aluminate inclusions are most dangerous in
this regard. These inclusions have sharp edges, do not
deform together with a steel matrix, and form stitches
[1, 2, 5]. Due to the difference in the LTECs of the
base metal and aluminate inclusions, their interfaces
become a stress concentration zone, which can lead to
the formation of cracks and discontinuities [9, 10].

A high NI content in a steel melt is one of the main
causes for clogging steel casting equipment, which
leads to a decrease in the steel casting speed and pro-
duction indicators [14—20].

Inclusions can exert a significant effect on the
properties of the rolled surface, causing a degradation
in the appearance of the surface, poor polishability,
and a decrease in the corrosion resistance (which is
especially characteristic of sulfide NIs) and adhesion
of a coating [7]. Carbides and oxide inclusions, such as
aluminates and silicates, are hard and abrasive, and
their presence in steel leads to high wear of cutting
tool. On the contrary, large sulfide inclusions act as a
lubricant, improving the machinability of automatic
steels. The positive effect of NIs on the properties of
the end product is also noted when they promote the
formation of a fine structure during a phase transfor-
mation. For example, titanium-containing oxides are
known to serve as potential nucleation centers for the
formation of needle ferrite and, hence, to increase the
impact strength [21, 22]. In other words, to form a
favorable microstructure during solidification and
thermomechanical processing, technologists have to
provide proper design of the composition of alloys and
strict control at the stages of melting, secondary steel-
making, and alloying. The main problem during sec-
ondary steelmaking is to perform measures to mini-
mize the NI content in steel.

High-duty steels require strict control of the NI
content. To improve the quality of the end product, it
is important to have a clear understanding of the
mechanism of inclusion formation during steelmaking
to control the NI content and size distributions. Such
opportunities appear when methods for predicting the
formation and removal of NIs in steelmaking, which
are based on mathematical simulation, are applied.
This is not least due to the fact that the modern world
is in transition from the third industrial revolution to
the fourth. The fourth industrial revolution, or so-
called Industry 4.0, is characterized by the develop-
ment of digitalization and the introduction of cyber-
physical systems. One of the main tools of digitaliza-
tion is the creation of digital twins. Currently, the
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development of various mathematical models of met-
allurgical processes, both internal (e.g., various chem-
ical reactions in liquid metal bath) and external (sup-
ply and addition of appropriate charge materials and
reagents) ones, is a challenging problem. The digital
twin created by combining these models into a single
complex will allow the development of software to
optimize technology, to increase the production sta-
bility, and to decrease the cost of steel [23].

There are no integral mathematical models simu-
lating the processes of NI nucleation, modification,
and growth throughout the technological chain of
steelmaking depending on different control actions.
The purpose of this study is to develop a mathematical
model and software based on it for predicting NI for-
mation in steel during secondary steelmaking. Such
software can become one of the components of a dig-
ital twin for ladle refining units.

To date, many mathematical models have been
developed to describe NI formation at various stages of
steel production. Below, we present models [24—40],
which describe this process during secondary steel-
making in the most detail.

Mapelli et al. [24] proposed a model to determine
the change in the average inclusion size during indi-
vidual stages of ladle refining and the final sizes of
inclusions and their distribution by modeling the
mechanisms of their formation, growth, and removal
during inert gas blowing of a liquid metal. The model
is a single complex consisting of blocks for describing
the formation, growth (thermodynamic mode), and
removal of inclusions (kinetic mode). The mathemat-
ical model [24] was developed to predict the formation
and removal of inclusions. For thermodynamic calcu-
lations, it uses the following initial data: the chemical
composition of steel, the ladle—furnace unit (LFU)
volume, the initial temperature, the oxygen content in
a metallic melt, the flow rate of argon for blowing a
liquid metal, the argon bubble diameter, and the NI
radius.

The output data of the model [24], which can be
used to improve a technology, are as follows:

— the chemical composition of NIs,
— the number of NIs of a given size.
Oxide NIs form if the oxygen activity in a metal

[ap] is lower than the oxygen activity in a slag (ag)
[24],

AG=RT1n@<O. (D)
lao]

This model allows calculations for simple oxide
NIs of the Fe—Si—Mg—Ca—Al—O system. Based on
the Gibbs equation, it is possible to estimate equilib-
rium constant K* for each reaction in the system.
Oxide NIs can form inside a liquid metal bath only if
AG in Eq. (1) is negative for each oxide formation
reaction.
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The Péres [25] describes the formation of Al,O;-
type oxide NIs and can be used to determine the initial
number of formed aluminates. The number of inclu-
sions at the beginning of secondary steelmaking
depends on the oxidation level of the metal at tapping
before LFU and on the size distribution of inclusions.

This model considers the size distribution of inclu-
sions of the following three groups: small, medium,
and large. Inclusions form during the aluminum deox-
idation of a metal in accordance with the equation

(ALO;) — 2[Al] + 3[0], @)
log K =—-62680/T +31.85.

The number of particles formed depends on the
dissolved oxygen content at the end of blowing O;;
and the dissolved oxygen content after aluminum
deoxidation O, [28]. The oxygen activity is calculated
as follows:

62680 /3
52080 4 85

o= | . (3)

la )

Taking into account the fact that the activity of any
component depends on its content, we use Eq. (3) and
find the oxygen content O, in equilibrium with alu-
minum [25],

_1jwo "
Jo| {1% Allfy)

where f, and f,, are the activity coefficients of oxygen
and aluminum, respectively.

The number of Al,O; particles formed according to
reaction (2) is calculated as follows [25]:

N 1000(% O,; — % O.,)N 4 ’ 5)
48p Fe
where 48 is the molecular mass of oxygen (with allow-
ance for three oxygen atoms in each aluminum oxide
molecule), g/mol; pg. is the steel density, kg/m?,
1000 is the conversion factor, and N, is Avogadro’s
number, 1/mol.

The authors of [26] developed a theory to calculate
the number of aluminum oxide particles in inclusions
of different radii R,. To calculate the number / of par-
ticles contained in an inclusion of radius R;, the fol-
lowing formula is used [25]:

I=(R /Ry, (6)
where Ry, = 2.719 X 107! m is the molecular radius of
Al Os.

Inclusions of various sizes form from aluminum
oxide molecules. The number of particles of each
radius N depends on inclusions of radius R, the frac-
tion Z of inclusions of each size (value is taken from

4

eq
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industrial data), and the molecular radius of Al,O,
(Ryp)- Tt is calculated as follows [25]:
Ny = Z(Oyy —Oeq)NA/O.O48pFeI. 7

In this model (Egs. (6), (7)), the possibility of
determining the formation of an inclusion of a specific
radius is of interest; however, fitting coefficients
obtained by a statistical method for a specific unit are
used for this purpose.

The authors of [27] considered the formation of
NIs during the solidification of a steel matrix paid par-
ticular attention to NI formation during secondary
steelmaking in the course of liquid metal deoxidation.

The reaction of formation of a simple stoichiomet-
ric oxide is usually described by the equation [27]

x[P]+ 0] = P,O,. )]

At a given temperature, the change in the Gibbs
energy (AG) for reaction (8) is determined as [27]:

apo,
AG = AG° + RTln(—’). )
Xy
At AG =0, reaction (8) reaches an equilibrium state
in which the standard change in the Gibbs energy take
the following value [27]:

AG°® = —RTln[ (10)

eq
P,0,
eq\X, eq\y |°
(ap') (ag
Then, we have

AG :RTln[M}—RTm( K ) (11)

apagy K

Subscript eq in Egs. (10) and (11) means equilib-
rium.

If we assume that inclusions are represented by a
pure solid oxide phase, the oxide activity is unity
(apo, = @po, = 1). Therefore, Eq. (9) can be substi-
tuted into Eq. (11). In a dilute solution, the change in
the Gibbs energy is also estimated by the ratio of the
product of concentrations (K = CpCJ) to the product
of solubilities (K* = (Cp*)*(C5)”)), which is called
saturation (Sg). This means that inclusions form
when the saturation is higher than unity [27].

When describing the formation of inclusions in a
melt, the authors of [27] often refer to [28].

If we assume that a spherical core of radius » forms,
the change in the Gibbs energy of the system is deter-
mined by the equation [27]

3
AG,,. = —4’;’ AGy + 417G, , (12)
P* = _26inL , (13)
AG,
3
AG =160 6migL. (14)
3AG2
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In Eq. (12), the first term describes the change in
the Gibbs energy of the formation of nucleation cen-
ters (AGy is the volumetric change in the energy of
inclusion formation, which is calculated as the ratio of
the molar change in the Gibbs energy to the molar vol-
ume of inclusion). The second term in Eq. (12) is the
energy barrier induced by the formation of a new inter-
face. Since AGy and G;,,; (inclusion—liquid steel inter-
face energy) are constant under current conditions,
critical radius 7* for possibly stable inclusion nuclei
corresponding to the maximum change in the Gibbs

energy during homogeneous nucleation (AG:om) is
obtained by differentiation. These parameters are
described in Egs. (13) and (14) [27]. Moreover, it was
found that the core dissolves in a liquid (free energy of
the system is minimized) at » < r* tends to grow and
stabilize at » > r*. Thus, the thermodynamics and
kinetics of inclusion formation are related to each
other.

An expression for describing the nucleation rate
was proposed in [29] and improved in [30], and it is
the basis for modern data processing,

i =1,exp[-AG,,. /kBT]. (15)
In Eq. (15), I, is the frequency factor, which is
determined by the product of the number of centers,
the frequency of diffusion of an atom or molecule
through the liquid/NI nucleus interface, and the
probability of successful adsorption of a particle on a
nucleus; 7'is the temperature; and kp is the Boltzmann
constant. To estimate the frequency factor, Turnbull
and Fisher [31] proposed the following expression:

N kgT 0
I, =—42"B ¢x [— —D}, 16
4 i p RT (16)
where £ is Planck’s constant and Qp, is the diffusion
activation energy.

With this method, Turpin and Elliot [32] estimated
the frequency factor using the following data for sev-
eral oxides in the iron melt (s7! m™3) [33]: 10°? for
Al,O4, 10° for FeO-Al,O4, 10** for SiO,, and 103 for
FeO. According to [34], the estimated frequency fac-
tor changes in the range 10%—10* s~ m~3. In their cal-
culations, Turkdogan [35] and Babu et al. [36] took a
frequency factor of 1033 s=! m=3 for oxides. This fre-
quency factor was thought to be considered as a con-
stant in calculations [32, 34—36].

However, according to Egs. (14) and (15), the
nucleation rate is strongly influenced by a change in
the Gibbs energy.

Kazakov [37] analyzed NI formation during cool-
ing and solidification of a steel melt and modeled of
the formation of titanium nitrides. The model of
inclusion formation [37] is of interest primarily
because NI formation is considered in a local volume,
which is taken to be a dendritic cell, and NI formation
was modeled using mass balance equations. This
model describes the time dependences of the parame-
ters of formation of titanium oxycarbonitride inclu-
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sions over the entire temperature range of steel cooling
and solidification. This model makes it possible to
trace the dynamics of changing the number and com-
position of inclusions during melt cooling and solidi-
fication and to quantitatively estimate the influence of
various factors, including the influence of NIs on den-
dritic structure formation in steel.

Along with the considered models, we also ana-
lyzed other models of NI formation [11, 38—40]. On
the whole, the following advantages of all models can
be distinguished: they describe and mathematically
process the processes of NI formation and removal,
the adequacy of the models was confirmed by compar-
ing the results calculated with them with the results of
testing industrial samples, and their application makes
it possible to determine the number and composition
of formed inclusions.

The main limitations of these mathematical mod-
els are related to the use of tuning coefficients deter-
mined by a statistical method for a specific unit. As a
result, they cannot be used for secondary steelmaking
units with other characteristics and with other steel-
making technologies. In addition, the models
described above do not take into account the oxygen
redistribution between components in a liquid metal
during NI formation. Moreover, these models, except for
the Kazakov model [37], have no material balance equa-
tions and use thermodynamic equations to perform cal-
culations over the entire ladle volume, which can lead to
less accurate results in predicting NI formation.

RESULTS AND DISCUSSION

Based on nonequilibrium thermodynamics and
material balance equations, we developed a mathe-
matical model to describe the interactions of the com-
ponents of the NI—metal system. When creating the
mathematical model, the following was taken into
account:

(a) in melting and secondary steelmaking, metal-
lurgical systems do not reach equilibrium;

(b) chemical reactions between the components of
the NI—metal system occur simultaneously, and both
direct and reverse reactions are possible;

(¢) there is neither chemical composition nor tem-
perature gradient in local volume.

The main feature of this model is that the modeling
of the NI formation in a ladle takes into account the
redistribution of the components of the NI—metal sys-
tem. When the NI content is calculated, material bal-
ance equations are taken into account and calculations
are carried out in the local ladle volume. These factors
allow us to obtain more accurate results on calculating
the inclusion formation possibility.

‘When a metal is tapped from an electric arc furnace
(EAF) or a converter, the deoxidizers added to a ladle
begin to interact with oxygen dissolved in the liquid
metal, which leads to the formation of primary oxide
NIs. Table 1 gives the reactions of formation of oxide
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NIs, which control the oxygen redistribution between
the components of the metal melt and oxide phases.

The method of calculating the distribution of oxy-
gen dissolved in metal between the melt components is
based on the method described in [14]. For each
chemical reaction presented in Table 1, the possibility
of formation of an oxide phase is determined and its
amount is then calculated.

The NI formation condition is determined by the
following ratio [14]:

ln(Keq/Kac) >0, an

where K., and K, are the equilibrium and actual reac-
tion constants, respectively.

The reaction rates of the interaction of the compo-
nents in a liquid metal are assumed to be characterized
by In(K,,/K,.). To calculate the reaction rate of the
interactions of the components of the NI—metal sys-
tem, we developed an algorithm, in which a time unit
(1 s) was divided into intervals. The constant of each
formation reaction was calculated within an interval
(see Table 1). The reaction having the highest value of
In(K,,/K,.) according to Eq. (17) was taken as a basic

one. The rate of the basic reaction V,, per time inter-
val was assumed to be 1 mol/interval. The rates of all
other reactions were recalculated relative to the basic
one according to the formula [41]

KEQ(MXOy) In Keq,bas )
Kac(MXO},) Kac,bas

At the end of the cycle, the obtained reaction rates
are used to recalculate the material balance, the chem-
ical composition of the metal and N1Is, and a transition
to the next time interval with new composition char-
acteristics. The cycle is performed until the sum of the
values of In(K,/K,) for all chemical reactions reaches
the minimum level indicating the impossibility of for-
mation of new oxide inclusions. At the output of the
algorithm, information about the types and volume
fraction of inclusions, which can form at given sec-
ondary steelmaking parameters, can be obtained.
Information on the mass, temperature and chemical
composition of the metal, as well as its oxidation state,
is used as initial data.

Figure 1 shows the block diagram of the algorithm
ofthe mathematical model for simple oxide NI forma-
tion. Based on the mathematical model, we created
software using the C++ programming language in the
Visual Studio environment.

(18)

VMeXOy = I/bas In

After entering the initial data, the program deter-
mines the possibility of nucleation of oxide NIs of
each type and allows us to calculate the total content of
oxide NIs of each type.

To verify the adequacy of the developed model and
to validate it, it is necessary to compare the results of
calculations according to the program with the labora-

RUSSIAN METALLURGY (METALLY)  Vol. 2022

POGODIN et al.

tory data obtained on estimating the of NI content in
steel.

To determine the content of the main types of NIs
formed in K56, 09G2S, and KEI-55 pipe steels, cor-
rosion-resistant 08 Kh18N10T steel, and IF-BH steel
during secondary steelmaking, Grigorovich [42] per-
formed fractional gas analysis (FGA) of metal samples
taken at the stages of ladle processing in LFU and from
a slab. The study was carried out on a LECO TC600
gas analyzer.

FGA makes it possible to determine the total oxy-
gen and nitrogen content and the amount of oxygen
distributed in oxide NIs of different types in a sample
and to calculate the volume fraction of oxide NIs.

FGA is a modification of the method of reducing
melting in a graphite crucible in a carrier-gas flow at a
given linear heating rate of a sample, and it based on
the difference between the temperature dependences
of the thermodynamic strengths of the oxides in which
the major part of oxygen fixed in a metal is located.
When the melt temperature increases, the oxides are
reduced by carbon from the graphite crucible and oxy-
gen is extracted from the melt in the form of carbon
monoxide, and a gas analyzer detects gas release from
the sample as a function of a change in the melt tem-
perature. The volume fractions of different types of
oxide NIs are calculated using the OxSeP Pro software
[43] after introducing data on the chemical composi-
tion of the sample.

The use of FGA results in analyzing the influence
of technological operations on the number and type of
oxide NIs in steel allows us to develop recommenda-
tions for the adjustment of technological conditions.
The main advantage of FGA is that an analysis pro-
vides operational information on the content of total
oxygen and nitrogen in a metal and the content of oxy-
gen distributed over different types of NIs [44]. The
type of NIs contained in metal samples was evaluated
using optical metallography on an OLYMPUS PME 3
microscope integrated into a Thixomet image analysis
system. The chemical composition of the inclusions in
the samples was analyzed using a Tescan Vega 3SB
electron microscope with an Oxford Instruments
attachment for electron-probe  microanalysis
(EPMA).

The LECO TC600 gas analyzer was used to per-
form FGA of samples of IF-BH steel, K56, 09G2S,
and KEI-55 pipe steels; and corrosion-resistant
08Kh18NI10T steel. For this purpose, three metal
specimens 1.3—1.6 g in weight were taken from each of
the IF-BH steel samples (melting technology: con-
verter - LFU — degasser — continuous caster
(CC) — slab), which were taken at the beginning of
treatment in LFU, before the introduction of deoxi-
dizers, and from a slab, in order to perform parallel
operations. An example of the presentation of FGA
results is shown in Fig. 2. After processing FGA evolo-
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Fig. 1. Flow chart for the algorithm of oxide NI formation.

grams with the OxSeP Pro software, we identified the analyzed by EPMA on a scanning electron micro-
main types of NIs in the steel samples. scope.

To determine the main types of NIs and to confirm The main sizes of NIs and their compositions were
FGA results, the metal samples taken from a slab were  determined by EPMA (Fig. 3). The EPMA data
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Fig. 2. (1-5) Example of determining the oxygen content in oxide NIs in an IF-BH steel sample by FGA and OxSeP Pro calcu-

lation.
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Fig. 3. Main groups of NIs in IF-BH steel: (a) silicates (spectrum 4 (at %): 24.1 Si, 19.3 Mn, 17.9 O, 17.0 Fe, 15.1 Al, 5.5 Ca,
0.6 Mg, 0.5 Ti), (b) aluminates (spectrum 7 (at %): 57.4 O, 33.6 Al, 4.4 Fe, 2.6 Ca, 1.1 S, 0.8 Mn, 0.1 Ti), and (c) spinel (spec-
trum 10 (at %): 63.5 O, 26.8 Al, 3.6 Ca, 2.4 Mg, 1.7 Fe, 1.1 S, 0.5 Mn, 0.3 Si, 0.2 Ti).

demonstrate that the main types of Nls in the samples
are aluminates, silicates, and spinel.

Similarly, K56, 09G2S, KEI-55, and 08Kh18N10T
steel samples were analyzed; these steels were made
according to the technological chain EAF — LFU —
degasser — CC — slam. The main types of oxide NIs
in the samples were determined by processing the oxy-
gen release curves obtained as a result of FGA of the
samples using the OxSeP Pro software package. An
example of the presentation of the results of determin-
ing the oxygen content in oxide NIs in a K56 pipe steel
sample by FGA using the OxSeP Pro software is
shown in Fig. 4.

To confirm FGA results, metallographic analysis
and EPMA of polished sections of the CC metal sam-
ples were carried out. According to the results of the
analyses, data were obtained on the main types of N1s,
their sizes, and chemical composition in the steels
under study. The results of EPMA of the pipe steel
samples are shown in Fig. 5. The analysis of NIs con-
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firmed the FGA results obtained for the main groups
of NIs found in the finished pipe steels.

After receiving EPMA results, we used FGA data to
determine the content and type of oxide inclusions in
the steel samples under study according to the devel-
oped model.

To check the adequacy, FGA results were com-
pared with the calculation results. As the initial data
for the calculation according to the program, the
chemical compositions according to the results of the
first sample from LFU, which were taken from the
heat logs of IF-BH steel, K56, 09G2S, and KEI-55
pipe steels, and 08Kh18N 10T steel, were used. During
the calculation, information was obtained about the
total oxygen content in different oxides and about the
most likely NIs to be formed. A comparison of the
results of FGA of the metal of the first sample taken
from each of the three heats on LFU and the results of
OxSeP Pro calculation of NI formation in IF-BH steel
is presented in Fig. 6.
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Fig. 4. (1—8) Example of determining the oxygen content in oxide N1s in a K56 pipe steel sample by FGA and OxSeP Pro calcu-

lation.
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Fig. 5. Main groups of NIs in pipe steel: (a) silicates (spectrum 16 (wt %): 43.8 O, 29.8 Mn, 21.3 Si, 3.3 Al, 1.4 Fe, 0.4 Ti),
(b) aluminates (spectrum 21 (wt %): 43.0 O, 19.3 Al, 11.7 Mn, 8.2 Si, 7.5 Ti, 3.8 Ca, 3.6 Fe, 1.2 K, 0.9 Cl, 0.8 Na), and (c) spinel
(spectrum 18 (wt %): 37.2 Ca, 27.8 O, 17.0 Al, 7.3 S, 4.8 C, 2.6 Fe, 2.1 Mg, 1.2 Si).

A high iron oxide FeO content can be seen in
Fig. 6. To verify the obtained data on the FeO content,
the following calculation was performed. For the oxide
formation reactions

x[R]+ 0] =R,0,, (19)
we determined the mass my, (kg) and the amount of
substance Mg, (kmol) of component [R],

My = [R1my; /100, (20)

(21)
where m,, is the metal mass (kg), [R] is the content of

the oxygen-reacting element [O] (%), and My, is the
molar mass of the element [R] (g/mol).

MRy = Mgy My, »
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The amount of oxygen [O] (kmol) spent on the
complete oxidation of component [R] was determined
by the formula

NolsIr) = n[R]y/x, (22)
where x and y are the stoichiometric coefficients of
Eq. (19).

Using the calculated number of moles 1o, _, |r)» W€

determined the mass of oxygen [O] spent on the com-
plete oxidation of component [R],

Miojsir) = MiopriM o) (23)

where M|, is the molar mass [O], g/mol.
Based on the initial data on the IF-BH steel com-

position for the first metal sample from LFU for
heat 1 (Table 2), we performed calculations using
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Egs. (19)—(23) and the results of which are given in
Table 3.

The calculation results in Table 3 indicate the dif-
ference in the oxygen contents A{O] = [O] — [Ol]s, due
to which further oxidation of [Fe] occurs after com-
plete oxidation of other components. As a result, FeO-
type inclusions are detected in the curves of Fig. 6.

A comparison of the FGA results for the first LFU
sample and the calculations using the developed pro-
gram for determining [O] for the samples of K56,
09G2S, and KEI-55 pipe steels and corrosion-resis-
tant 08 Kh18N10T steel is illustrated in Fig. 7.

The results of the model calculations demonstrate
good agreement with the FGA results, which allows us
to conclude about adequacy of the developed OxSeP
Pro software. This software makes it possible to deter-
mine the content of simple oxide NIs having formed in
a metal during deoxidation in the course of secondary
steelmaking, and it can be part of the software package
(digital twin), which simulates secondary steelmaking
processes [41].

CONCLUSIONS

(1) The existing materials, works, and publications
on the processes of NI nucleation, growth, and
removal in steel in the processes of its production were
analyzed.

(2) A mathematical model and software based on it
were developed to control oxide NI formation in order
to predict the total content of NIs having formed
during secondary steelmaking as a function of given

Table 2. Key component contents (wt %) in IF-BH steel for
the first metal sample from LFU for heat 1

Si Al Cr Mn o

Fig. 6. Comparison of the FGA results obtained for sam-

ples of three heats ((a—c) heats 1—3) of IF-BH steel for the

first metal sample from LFU and the results calculated
with the developed program for determining [O] content 0.0040
in oxide NIs of various groups.

Table 3. Calculated oxygen mass [O] spent on complete oxidation of the components in IF-BH steel for the first metal sam-

ple from LFU for heat 1

0.0020 0.0260

0.1700 0.0687

Component [R] Component content [R], wt % Component mass my), kg mM[o][R]> k&
[O] 0.0687 246.77 —
[Si] 0.0040 14.37 16.42
[Al] 0.0020 7.18 6.38
[Cr] 0.0260 93.39 43.10
[Mn] 0.1700 610.64 177.64
Total oxygen mass [O]s spent on complete oxidation of the components, kg 243.54

RUSSIAN METALLURGY (METALLY) Vol. 2022  No. 3
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Fig. 7. Comparison of the FGA results and the data calculated with the developed program for determining [O] content in oxide
NIs of various groups for steels (a) K56, (b) 09G2S, (¢) KEI-55, and (d) 08Kh18N10T.

initial conditions (chemical composition, tempera-
ture, oxidation, mass of metal and additives).

(3) To validate the developed software and to verify
its adequacy, FGA of samples of IF-BH steel, K56,
09G2S, and KEI-55 pipe steels, and corrosion-resis-
tant 08Kh18N10T steel was carried out. FGA results
were compared with the results of the software calcu-
lation. During an analysis, the main types of NIs
found in the metal samples of these steels were identi-
fied. The FGA results obtained for the main types of
NIs were confirmed by EPMA.

(4) To verify the adequacy of the mathematical
model of NI formation and the software developed on
its basis, the results of the calculation according to the
software package were compared with the FGA results
on the number of simple oxide inclusions at the begin-
ning of secondary steelmaking on LFU. The agree-
ment between the calculated and experimental data is
satisfactory, which indicates an adequacy of the devel-
oped mathematical model.

(5) The developed software makes it possible to
determine the possibility of nucleation of simple oxide
NIs and their content and will be included in a soft-
ware package to simulate secondary steelmaking pro-
cesses.
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