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Abstract

Stainless steel production typically follows the duplex process, beginning with the electric arc furnace (EAF)
and proceeding to the vacuum oxygen decarburizer (VOD) or argon oxygen decarburizer (AOD). The EAF's
role is to melt the charge and heat it up for further processing, reducing tap-to-tap times through partial
oxidation. However, this partial oxidation in the EAF leads to chromium losses as oxygen interacts with the
high chromium steel melt. To address this issue, parameters affecting chromium burn-off have been identified
and presented. A primary challenge in EAF steel production with elevated chromium content is to lower carbon
levels while maximizing chromium yield in the melt. Unlike VOD and AOD processes, which permit low carbon
and high chromium levels through vacuum or argon blowing, the EAF provides limited protection, mainly
through silicon. At higher temperatures, carbon oxidation predominates, hence it is important to limit oxygen
input into the system in the initial stages, while “protecting” the chromium with silicon. During the oxidation
phase of the steel melt, carbon content decreases; however, attention must be paid to ensure that the
concentration is not too low, as this increases chromium activity in the melt, leading to more intense oxidation.
A practical model, derived from thermodynamic calculations, has been developed to guide carbon, chromium,
and other element oxidation during scrap melting. This model, validated through industrial trials, aids in
optimizing steel melt oxidation to minimize chromium losses effectively.
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1. INTRODUCTION

In the production of stainless steels, particular attention must be paid to reducing chromium losses. Chromium
is present in stainless steels at concentrations above 10 wt%. This concentration ensures the corrosion
resistance of the steels. Carbon concentrations in stainless steels are typically low, thus decarburization of the
melt is necessary during stainless steel production. Usually, the decarburization process occurs in multiple
stages. Production of stainless steel starts with the melting of the charge in an electric arc furnace (EAF).
Partial decarburization also takes place in the EAF, although this step is limited due to increased chromium
loss. Final decarburization occurs during the secondary (ladle) metallurgy in a vacuum oxygen decarburizer
(vOD) or argon oxygen decarburizer (AOD). Decarburization in the furnace accelerates the process of
stainless steel production, yet chromium losses are greatest at this stage [1-9]. Decarburization of the steel
melt is achieved by oxygen blowing, wherein carbon is burnt off. This reaction can be expressed by the
following equation:

[C] +[0] = COg, (1]

In the melt, there is a high chromium concentration, and the activity of the chromium element is high, leading
to the parallel oxidation of the chromium in the furnace. This can be expressed by the following equation:
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2[Cr] + 3[0] = Cr;03(y [2]

The reactions of carbon and chromium oxidation can be combined, and a unified expression can be formulated.
Based on thermodynamic data, the Gibbs free energy of the reaction was determined, considering the
dissolution energies of the element in the iron melt. The Gibbs free energies for chemical reactions were
checked in literature sources [2,10-14].

3[C] + CI‘203(S) - 3C0(g) + 2[Cr] [3]
AG®@ = 748,740 — 476.68 - T

To present the reduction of chromium oxidation and associated losses, conditions for the reactions of carbon
and chromium oxidation were calculated. Figure 1 illustrates the influence of temperature on the solubility of
these elements. With increasing temperature, the solubility of chromium increases, indicating that chromium
oxidation is significantly lower at higher oxidation temperatures. Decarburization of the steel melt in the EAF
should be performed towards the end when the melt temperature is at its highest.
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Figure 1 Influence of steel melt temperature on the solubility of carbon and chromium

Figure 2 shows the curves of equilibrium concentrations of C and Cr for different activities of chromium oxide.
As the proportion of chromium oxide increases in the slag, its activity increases until it begins to precipitate in
solid form and its activity is equal to 1. The equilibrium solubility of chromium in liquid iron is higher at higher
activities of chromium oxide, which can be concluded that in the initial stages of melt oxidation, due to the
lower activity of chromium oxide, the more intensive oxidation of chromium takes place.

Figure 3 presents the temperature dependence of the Gibbs free energies for the chemical reactions of
element oxidation in the steel melt. The oxidation of carbon increases with temperature, while the trend for the
other analyzed elements is the opposite. From the diagram, it can be confirmed that decarburization of the
stainless steel melt is more suitable at higher temperatures. Additionally, it can be seen from the diagram, that
chromium oxidation at low temperatures can be limited by adding silicon or aluminum to the charge. Besides
Gibbs free energies, it is necessary to consider the activities of the elements dissolved in liquid melt when
calculating oxidation. In stainless steels, there is a high concentration of dissolved chromium in the melt,
resulting in a high element activity.
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Figure 2 Solubility of chromium and carbon in liquid steel melt at different activity of chromium oxide
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Figure 3 Temperature dependence of Gibbs free energies for oxidation reactions of dissolved elements

The solubility of carbon significantly decreases with a decrease in the pressure of gaseous CO above the steel
melt. Lowering the CO pressure intensifies the oxidation of carbon from the melt. Since the CO pressure can
not be controlled in the EAF, it is all the more important to be aware that low carbon contents at high chromium
activities can only be achieved in VOD or AOD. The diagram in Figure 4 illustrates the influence of CO
pressure above the steel melt on the solubility of carbon and chromium at 1,600 °C.

Data on the oxidation of carbon and chromium in molten stainless steel were collected. Based on
thermodynamic data, a simple model was created to calculate the oxidation of carbon, chromium, and other
elements. Using this simple model, it is possible to estimate the amount of chromium lost during the
decarburization of the melt. The main purpose of the computational model is to identify critical parameters
during the decarburization of molten stainless steel and to reduce chromium loss during processing in the EAF.
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Figure 4 Influence of CO pressure above the steel melt on the solubility of chromium and carbon at 1,600 °C

2. MATERIALS AND METHODS

Based on thermodynamic data, a simple model was developed for calculating the oxidation of elements from
the melt of stainless steel. The first step involves determining the initial state of the system, including the weight
of the melt in the furnace, its chemical composition, the temperature at the beginning of oxidation, and the
desired final content of dissolved carbon. The program calculates the required amount of injected oxygen to
achieve the desired composition, taking into account the oxidation of all elements.

Based on the given initial conditions, the activity of elements is determined, followed by oxygen injection into
the melt. A small amount of oxygen is introduced into the melt, altering the Gibbs free energy and consequently
forming oxides, which are appropriately removed from the melt. This process is repeated with the addition of
oxygen to the melt. In each step, before and after oxygen dissolution in the melt and the oxidation process,
the chemical composition and temperature of the melt are calculated, and these data are used to determine
element oxidation. The calculation process stops when the target composition of the steel melt is reached.

To provide a better approximation of calculating the oxidation of the steel melt to real conditions, several
assumptions were included in the calculations, which facilitated the calculation of element oxidation:

o Oxygen blowing into the furnace is carried out through lances, where the concentration of oxygen is
high in the immediate vicinity, and the melt temperature is also high, affecting the oxidation conditions.
Therefore, the model assumes that oxidation of the melt occurs in 1/3 of the melt weight, while the
remaining melt remains unreacted.

o Mixing of the melt in the furnace during oxidation is intensive under real conditions, so the model includes
a step of mixing the melt after the prescribed amount of oxygen is injected, resulting in a newly calculated
chemical composition, weight, and temperature. These new conditions are then considered in
calculating oxidation.

. Heating of the melt during oxidation is intensive, with part of the generated heat being transferred to the
slag, part being removed from the system in the form of flue gases, and part being dissipated through
water cooling of the furnace walls. The model introduces a factor for heating the melt, which accounts
for the described heat dissipation.
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The results of calculations from the developed model were verified with measurements from the steel plant.

The model was appropriately reviewed and adjusted with the mentioned factors based on real measurements
from the steel plant.

3. RESULTS AND DISCUSSION

Figure 5(a—c) graphically shows the calculated quantities of oxidized elements under various decarburization
conditions in EAF. The calculations were conducted for a steel melt with 2 wt% C and 15 wt% Cr. In the first
scenario, the starting decarburization temperature was set at 1,500 °C, resulting in significant chromium
oxidation. With 30 kg of injected oxygen per ton of steel mel, 16 kg of carbon and chromium per ton of steel
melt oxidized. As was presented, decarburization of the melt is more favorable at higher temperatures, as
shown in the diagram in Figure 5b. In this case, decarburization began at 1,650 °C, resulting in the oxidation
of 16 kg of carbon and only 9 kg of chromium per ton of steel melt. Besides temperature, the composition of
the steel melt plays a significant role in chromium oxidation during decarburization. In this instance, the melt
contained 0.5 wt% Si, which significantly reduced chromium oxidation. Here, only 5 kg of chromium per ton of
steel melt reacted.
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Figure 5 Oxidation of carbon, chromium, and silicon in steel melt with 15 wt% Cr and 2 wt% C. a) Oxidation
start temperature 1,500 °C, b) oxidation start temperature 1,650 °C and c) oxidation start temperature
1,500 °C with 0.5 wt% Si

4. CONCLUSION

The research focused on reducing chromium losses during the EAF melting and decarburization process for
stainless steel production. Thermodynamic calculations of the oxidation of stainless steel melt were conducted
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as part of the research. Chromium losses during stainless steel production are most significant during scarp
melting and further treatment of steel melt in the EAF. To address this issue, thermodynamic calculations were
performed to describe key parameters in the decarburization step of stainless steel. Increasing the steel melt's
temperature increases chromium's solubility, making decarburization more suitable at higher temperatures.
The addition of silicon and aluminum to the steel scrap reduces chromium burning, thereby improving its yield.
Additionally, a simple model for calculating the oxidation products during decarburization in the EAF was
developed, which aids in planning optimal parameters for decarburization.
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