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Abstract

In the production of stainless steel, chromium losses, particularly in the electric arc fur-
nace (EAF) phase, pose a challenge. This study addresses these issues by reviewing and
analyzing the thermodynamics of the Fe-Cr-C-O-(Si) system, highlighting discrepancies in
existing literature regarding Gibbs free energies, interaction parameters, and other ther-
modynamic data. We developed a simple to use thermodynamic model to simulate the
oxidation process using established data from scientific literature. The model calculates
the equilibrium solubilities of chromium and carbon, showing how process variables like
temperature, partial pressure of carbon monoxide, and silicon concentration influence
chromium oxidation. The findings confirm that higher temperatures and the presence of
silicon significantly reduce chromium loss by favoring carbon oxidation over chromium.
The research concludes by providing practical guidelines for minimizing chromium losses
in EAFs, such as protecting scrap with carbon, silicon, and aluminum; controlling oxygen
intake; and ensuring a high melt temperature during decarburization. These guidelines
aim to improve the economic efficiency and sustainability of stainless steel production. The
paper is an expanded version of a prior conference paper.

Keywords: steelmaking; thermodynamics; stainless steel; electric arc furnace (EAF);
decarburization; oxidation of steel melt

1. Introduction

The production of stainless steel is strongly dependent on the loss of chromium during
the steelmaking process. The yield of chromium has been continuously improved by the
adoption of advanced technologies, which are mainly vacuum-based. Chromium is a
key element in stainless steels, as they typically contain more than 10 wt.% Cr. The high
chromium content provides good resistance against corrosion. Chromium is typically
alloyed to the steel melt in the form of ferrochromium. Ferrochromium is available in
several forms that typically vary in carbon content, from less than 0.1 wt.% up to 8 wt.%.
Ferrochromium becomes more expensive as its carbon content decreases. The low carbon
contents, however, are essential for the steel’s corrosion resistance. But to make steel pro-
duction economical most steelmakers use the less expensive high carbon ferrochromium
and achieve the lower carbon contents through the decarburisation process. The decar-
burisation process is essentially the removal of carbon through the introduction of oxygen
that reacts with the dissolved carbon in the steel melt. The stainless steelmaking process is
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usually divided into two stages (duplex steelmaking process). The first stage consists of
scrap melting and addition of ferrochromium in the EAF (electric arc furnace) and oxygen
blowing to lower the carbon content without significant chromium oxidation.

The second phase is intended to lower the carbon content to its final level, and
this is carried out in an AOD (argon—oxygen decarburisation) or VOD (vacuum-oxygen
decarburisation), where the decreased carbon monoxide partial pressure is used to favor
carbon oxidation over that of other elements [1-9].

Experimental results show that CO, injection in stainless steel smelting can signif-
icantly enhance decarburization rates and preserve chromium, potentially improving
production efficiency [1]. CO, use modeling approaches have been developed to optimize
refining parameters and improve the economics of ferrosilicon (FeSi) use [2]. The control of
slag composition in the EAF enables efficient optimization of Cr loss as well as minimizing
MgO losses from refractory lining [3]. Computational thermodynamics helps understand
the stainless steelmaking process, from slag formation to the Cr loss as well as the Cr
recovery, especially during tapping [4]. High chromium content in the slag increases slag
crusting, reduces reactivity, and impairs the formation of foaming slag, making slag reduc-
tion more difficult. Furthermore, stainless steel slags with high chromium oxide content
cannot be easily recycled [5,6].

In VOD, carbon is selectively oxidized by blowing oxygen onto the molten steel in a
vacuum, which lowers the partial pressure of carbon monoxide and favors carbon removal
over chromium oxidation. While carbon contents as low as 0.001 wt.% are theoretically
possible, practical limits are set by mass transfer rates [7].

In AOD, argon is used to dilute oxygen, reducing the partial pressure of carbon
monoxide and enabling preferential oxidation of carbon over chromium. Efficient reduction
and recovery of chromium the slag is crucial for resource conservation and pollution
prevention. Typically, ferrosilicon is used to recover oxidized chromium, but its use is
limited by silicon uptake in the steel [8]. Thermodynamically, aluminum is a great reductant,
except for cost [9].

During the production of chromium alloyed steels, an astonishing 97% percent of all
chromium losses are attributed to the EAF production phase. This can be mitigated by
the right approach to the melting process, oxidation of the stainless steel melt, and slag
reduction, and thus improve the production economics [6,10-13].

Different EAF designs and identified key process parameters that influence chromium
yield, where spout tapping is preferred over bottom tapping, due to better slag mixing with
the reduction agent [10].

Microstructural analysis reveals two primary types of chromium oxides in slags,
calcium chromites and chromite spinels. The formation of these phases depends strongly
on slag chemistry and basicity. Calcium chromites form predominantly at high slag basicity,
while chromite spinels can form across a wider range of basicities [11].

Experiments show that using CaC, achieves higher reduction rates and greater overall
chromium recovery from slag compared to traditional reductants like FeSi or aluminum.
CaC; not only efficiently reduces Cr,O3 to metallic chromium but also supports the forma-
tion of foaming slag, which can further improve process efficiency [12].

Some Cr inevitably remains in the slag; this poses both environmental and economic
issues. Some studies focus on Cr-containing slag reduction and focus on the efficiency of the
reduction agents. Aluminum was proved to be the most efficient, followed by ferrosilicon,
and graphite (carbon) was the least effective [13].

Because of the great importance of stainless steels, numerous publications have con-
cerned the thermodynamics of the Fe-Cr-C oxidation and the reduction of chromium oxides.
But when one closely examines the available literature, inconsistencies and deviations in
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the thermodynamic calculations can be noticed. The differences arise due to the use of
different energy values in the calculations of reactions and the different interpretations of
thermodynamic processes during the production of stainless steels [1,3,4,9,14-17].

The main purpose of the work was to collect literature data from other authors, which
were considered in the calculations of chromium losses in the process of making stainless
steels. In addition, the aim of the work was to highlight the important points to reduce the
loss of chromium in the stainless steel production process and to determine thermodynamic
guidelines during the production process.

2. Thermodynamic Characteristics of Chromium and Carbon Oxidation

The greatest losses of chromium occur during the melting of the scrap material in the
EAF in the stainless steels production process. When we talk about losses, we mean the
oxidation of chromium, whereby the formed chromium oxide binds and dissolve into slag
and is difficult to reduce it. The source of oxygen during the melting process can be an
oxidized and moist scrap material, air intrusion through the door of the EAF, excessive
oxidation of the steel melt, or last but not least, an incorrect ratio between natural gas and
oxygen [3-5,18,19]. The reaction of chromium oxidation can be written as Equation (1):

2[CI‘] + 3[0] — CI’203(S) (1)

A low carbon content should be reached when producing stainless steels, which can
be most easily achieved by oxidation of the dissolved carbon. Oxidation of the dissolved
carbon in liquid steel melt can be written as Equation (2):

For the purpose of these equilibrium calculations, oxygen is represented as dissolved
in the liquid steel, [O], in Equations (1) and (2). Although gaseous oxygen (e.g., from an
O; jet) is the source, the dissolved oxygen species is the immediate reactant at the metal
interface. Combining these two reactions yields the overall Cr-C-O equilibrium, which
relates the dissolved elements to the gaseous product, CO,. From the given Equations,
we can conclude that both carbon and chromium are oxidized during melting, and which
reaction will preferentially take place depends on the activity and conditions in the furnace.
Equations (1) and (2) can be combined and written as Equation (3):

3[C] + Cr203(5) — 3CO(g) + 2[Cr] 3)

Now the equilibrium between chromium and carbon oxidation can be calcu-
lated. Table 1 shows the values for the standard enthalpy (AH®), entropy (AS°), and
Gibbs free energy (AG°) at 1873 K for Equation (3) according to different literature
sources [1,4,9,14-17,20,21]. When calculating Gibbs free energies, the initial and final states
of elements and compounds are important, so the reactions must be accurately described.
Equation (3) shows that carbon and chromium were/are dissolved in the liquid iron solu-
tion; therefore, the Gibbs free energy of elements dissolution (AG ;) should be considered.
According to some authors [4,9,16,20], only standard enthalpies and entropies of formation
were considered in calculating the Gibbs free energy. Wang et al. [15], Ma et al. [17], and
Heikkinen et al. [14], on the other hand, include in their calculations the energy used to
dissolve C and Cr into the iron solution (AHy;, ASzis). When considering the required
energy to dissolve C and Cr in an iron solution, the values from Sigworth et al. [22] were
taken, and it was necessary to consider the standard state used (Raoultain, Henrian, and
1 wt.% standard state).
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Table 1. Values of AH°, AS° and AG® at T = 1873 K. Adapted from Refs. [4,9,14-17,20,21].
Reference AH® []J] AS° [J/K] AG° []J]
Kho et al. [4] (publ. 2010) 77,000 133.48 1 —173,000
Carboni et al. [16] (publ. 2011) 766,969 504.63 —178,203 1
Barin et al. [20] (publ. 1995) 776,234 504.53 —168,751 1
HSC 8.0 773,918 502.40 —167,077 1
Sano [9] (publ. 2004) 402,600 299.00 —157,427 1
Wang et al. [15] (publ. 2013) 748,740 2 476.68 2 —144,081 12
Ma et al. [17] (publ. 2003) 734,782 2 469.95 2 —145,434 12
Mihara et al. [21] (publ. 2016) 776,468 12 486,25 12 —134,278 12
Heikkinen et al. [14] (publ. 2010) 248,948 13 201.88 13 —129,173 13
ThermoCalc SSUB3 776,631 505.10 —169,417

1 Calculated values. 2° Dissolution of C and Cr were taken into account in calculated values. 2 1 wt.% standard
state were used, 3 Henrian standard state were used.

In Table 1, calculated values based on given data from literature sources are marked
with 23, and were obtained using Equation (3). When calculating the Gibbs free energies,
Wang et al. [15] and Ma et al. [17] took into account the energy required to dissolve solids
C and Cr and considered the 1 wt.% standard state in the calculations. Heikkinen et al. [14]
also took into account the dissolution energy of carbon and chromium when calculating
the Gibbs free energy, except that they considered the dissolution energy of chromium in
the liquid state and performed the calculations according to the Henrian standard state.
Table 2 gives the values for the enthalpy (AHyjs), entropy (ASy;s), and calculated Gibbs free
energy (AGyjs) for the infinite dilution of C and Cr in liquid iron from different states at a
temperature of 1873 K. HSC 8.0 (Metso Oyj, Espoo, Finland) and ThermoCalc version 2022a
(Thermo-Calc Software AB, Solna, Sweden) with TCFE12 database software were used.

Table 2. Infinite dilution in liquid iron. Adapted from Ref. [22].

Reaction AHg; [J] AS s [J/K] AGgs [T
C(s) = [Cl(1wt.% standard state) 22,594 42.26 —56,559 1
Cr(s) = [Cr] (1t standard state) 19,246 46.86 68,5231
Cr(l) — [CI‘] (1wt.% standard state) 0 37.70 —70,612 1
C(S) — [C] (Henrian standard state) 22,594 16.74 —8760 1
Cr(s) — [Cr] (Henrian standard state) 19,246 9.16 2089 1
Cr(l ) [Cr} (Henrian standard state) 0 0 01

1 Calculated values.

When calculating the Gibbs free energy (AG), the Reaction (3) constant (K) must also
be taken into account, so we can write the expanded expression for calculating the Gibbs
free energy:

AG = AH® — T-AS® + AGyis + R-T-InKs 4)
3 2
a
K3 _ ZCO Cr (5)
a¢ aCr,03

where T and R represent the temperature and the gas constant, K3 is the constant of
Equation (3), pco represents partial pressure of carbon monoxide, ac,, ac, acr,0, are activi-
ties of chromium, carbon, and chromium oxide, respectively.

In multicomponent melts, as in alloy steels, the activity coefficient of solute i is affected
by the alloying elements for which Wagner’s formalism can be written. The activity of
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elements can be calculated using different standard states if we take the 1 wt.% standard
state, Wagner’s formalism is written with the following expressions [23]:

al = fi-[wt.% i (6)

logf; = el-[wt. % i] + ", e]-[wt. % ] 7)

In these equations, a?/" represents the activity of element 7 relative to the 1 wt.%
standard state, and f; is its activity coefficient. The terms [wt.% i] and [wt.% j] refer to the
weight percentages of the dissolved elements i and j, respectively. The parameter ef is the
first-order self-interaction parameter, which quantifies the effect of the element i on its own
activity. Similarly, e{ is the first-order cross-interaction parameter, describing the effect of an
alloying element j on the activity of element i in dilute liquid iron. The values for specific
interaction parameters, such as eg, egr, egr and egr can vary depending on the reference

r

source and are compiled in Table 3 [5,19,22,24-26].

Table 3. First-order interaction parameters eg, egr, egr and egr in dilute liquid iron at 1873 K. Adapted
from Refs. [5,19,22,24-26].

Sigworth et al. [22]

Ghosh etal. [5] Lupis [24] Seetharaman etal. [19] JSPS[25] Total Materia [26]

0.14
—0.024
—0.0003
—0.12

0.243 0.22 0.243/0.14 0.243 0.14
—0.023 —0.024 —0.023 —0.023 —0.024
—0.0003 / —0.0003 —0.0003 0.0003
—-0.114 —-0.118 —-0.114 —-0.114 0.12

Figure 1 gives the equilibrium solubility of chromium and carbon in a liquid iron
considering Gibbs free energies taken from the literature (Table 1). In addition to the
Gibbs free energies listed in Table 1, the dissolution energies (AG;;) of the elements in the
liquid iron melt were used to calculate the equilibrium solubility (from the solid state to
dissolved in liquid iron, taking into account 1 wt.% standard state). As the summation of
the Gibbs free energy increases, the equilibrium solubility of chromium in the liquid iron
melt decreases, thus, for example, the equilibrium concentration of chromium at 0.8 wt.%
C and 1600 °C according to Carboni et al. [16] is 22.35 wt.% Cr and according to Heikkinen
et al. [14] is 16.85 wt.% Cr. The values for enthalpy and entropy were taken from the
HSC 8.0 software database for further calculations. The curve obtained from these values
shows an approximate mean value. With data from HSC 8.0, the equilibrium value of
chromium is 19.60 wt.% Cr at 0.8 wt.% C and 1600 °C.

357

1 (Cry0s4) + 3[C] = 2[Cr] + 3CO(,
1 Pco=1atm

30 ] amno =1

1 7T=1600°C

257

20+

154 = HSC 8.0
] = = Khoetal.

Carboni et al.

= Barinetal.
Sano

= Wang et al.
Heikkinen et al.
Ma et al.

* Mihara et al.

00 02 04 06 08 10 12 14
Equilibrium solubility of carbon [wt.%]

Equilibrium solubility of chromium [wt.%]

Figure 1. Equilibrium solubility of Cr and C in liquid iron considering different Gibbs free energies.
Adapted from Refs. [4,9,14-17,20,21].
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Figure 2 shows the equilibrium concentration curves of C and Cr using the Gibbs

free energy from the HSC 8.0 database at 1600 °C and different values of the interaction

C ,Cr ,C
parameters ex, e, e

discrepancies between the authors, as can be seen from Table 3. The result of using different

I and egr. When choosing the interaction parameters, there are also

interaction parameters for Equation (3) are curves with different slopes, as can be seen
from Figure 2. The equilibrium solubility of chromium is the highest when interaction
parameters according to Ghosh et al. [5], Seetharaman et al. [19] and JSPS (The Japan Society
for the Promotion of Science) [25] were used. The lowest equilibrium solubilities are given
by calculations using interaction parameters according to Total Materia [26]. For further
calculations, the interaction parameters according to Sigworth et al. [22], whose curve in
Figure 2 shows an approximate median value.

=)
> 354 .
5 ] >
) 4 (Cr203(5)) + 3[C] = 2[Cr] + 3CO(g) o *
2,1 po=1latm o

30f dcraoz = 1 Ghosh et al. ~
E 1 7= 1600 °C Seetharaman et al. &€ = 0.243 ‘¢'
=) j JSPS ,'
g 254 o
o) 1 7
= ] A
O 207 7
Y ] .
o 1 A
215
a ] “" == Sigworth et al.
=10+ 3 = Ghosh et al.
8 ] Lupis

] == Seetharaman et al. & = 0.14

E 5 Seetharaman et al. &€ = 0.243
= - JSPS
= ] == Total materia
_D 4
= 0 e e B S —
> 0 0.2 0.4 0.6 0.8 1 1.2 1.4
L

Equilibrium solubility of carbon [wt.%]

Figure 2. Equilibrium solubility of Cr and C in liquid iron considering different interaction parameters.
Adapted from Refs. [5,19,22,24-26].

In metallurgy, it is practical to calculate activity according to the 1 wt.% standard state,
as the concentrations of elements in solutions are usually given in weight percentages.
Using the 1 wt.% standard state is much more practical from the point of view of engi-
neering practice since no conversion and adjustment of parameters is required. However,
for more accurate calculations it is necessary to calculate with mole fractions (X). Wag-
ner [23] and later Lupis and Elliott [27] proposed the following notation for calculating
activity coefficients:

afl = ;- [Xi] (8)
m .
Iny; = Invy;® + Z s]l»X]- 9)
j=2

where alf y;, are the activity and the activity coefficient of element i, using Henrian standard
state, ;° is the zero-order activity coefficient, sjl. is the first-order interaction parameter of
the influence of element j on element i for calculation taking into account mole fractions (X),
Xi, X; are the mole fractions of element i and j in the solution, respectively. The first-order
interaction parameter E]i can be calculated from the interaction parameter of the 1 wt.%
standard state [22,27]:
j Mj i Mi— M
g =230 —-¢; + ———

Y M (10)
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where Mj is the molar mass of element j, M; is the molar mass of the solvent element of the

solution, and eﬁ is the first-order interaction parameter of the 1 wt.% standard state.

Expression (9) describes well the state of diluted solutions, which is described by
Henry’s law, but the activity and activity coefficient deviate as the concentration of alloying
elements in the solution increases. Therefore, Pelton and Bale [28,29], Ma et al. [17] pro-
posed modification of the interaction parameter formalism and added the solvent activity
coefficient (7;,7) to Equation (9) and thus enabled a more accurate calculation of the activity
at higher concentrations. Pelton and Bale [28,29] wrote the following expressions:

m .
Iny; = Iny;® + Inysg + Y €1-X; (11)
=1
1 m m .
log’)/sol = _E[Z 2 8]1X1X]] (12)
i=1j=1

Figure 3 shows the equilibrium solubility curves of chromium and carbon in iron
solution, taking into account 1 wt.% standard state, Henrian standard state, and modified
Henrian standard state for calculating the activity coefficient of the elements. The results
were calculated according to the given expressions and then converted to percent by weight.
When calculating with the 1 wt.% standard state, the solubility of chromium is higher than
in the case of calculation with mole fractions. When calculating with mole fractions, there is
no significant difference in the equilibrium solubility of Cr and C at low concentrations (up
to 0.2 wt.% C), but with an increase in the carbon concentration, the equilibrium solubility
of chromium increases faster, taking into account the solvent activity coefficient. Direct
links between the solubility of carbon and chromium using the ThermoCalc program were
unable to be calculated. The data is protected, and such a display is not possible.

o 35-

E 352 Calculating activits coeff.:

2 30_3 = 1 wt. % standard state

e 1 = Henrian standard state

S 1 = * modified Henrian standard state

c 251 .
2 JT7=1600°C

G 207 peo=1atm

Y 4

° 1

2 157

S

S 10+

U’ -

55

S
=O_"'|"|"|"\"|"|"'|'
35

g 00 02 04 06 0.8 1.0 1.2 1.4

Equilibrium solubility of carbon [wt.%]

Figure 3. Equilibrium solubility of Cr and C in liquid iron calculated according to different stan-
dard states.

Figure 4a,b show the dependence of carbon and chromium activity on the molar
fraction of the element in the iron solution with 15 wt.% Cr or 1 wt.% C at 1600 °C.
Activities were calculated according to Raoultain, Henrian, and 1 wt.% standard state. In
the calculation according to Pelton and Bale [28,29] and Ma et al. [17], it involves modified
calculations based on Henry’s standard state, taking into account the activity of the solvent.
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The diagrams also show the activity of the C and Cr in the solution determined by the
ThermoCalc program using the TCFE12 database. The activity of carbon in the melt is
challenging to determine and poses a problem, as indicated by the results obtained using
the ThermoCalc program. Determining activity according to the standard state of 1 wt.%
is exceptionally imprecise; activities sharply increase even at low concentrations of both
C and Cr. Calculations of activity using other models yield values that are comparable to
each other.

== Raoult's law
== 1 wt. % standard state
Henry's law

0 30—— Fe-Cr-C == Pelton and Bale

a) 0.40—_

Ma et al.
7= 1600 °C *+ Thermo-Calc TCFE12

15 wt.% Cr

Activity of C [-]
o
N
@

0.00-
0.00 0.05 0.10 0.15 0.20
Carbon mole fraction [-]
b) 0307 Fe-Cr-C == Raoult's law
1 EriF = 1 wt. % standard state
0.25- 7= 1600 °C Henry's law
] 1wt.% C == Pelton and Bale
. ] Ma et al.
':‘0_204 * * Thermo-Calc TCFE12 .
@) ] et
50,151 g
0.154
= 1
2 ]
g 0. 10*:
0.051
0.00-+=

000 005 010 015 020 0.25
Carbon mole fraction [-]

Figure 4. (a) Activity of carbon in iron solution with 15 wt.% Cr, (b) activity of chromium in iron
solution with 1 wt.% C. Data adapted from Refs. [17,29].

Based on Figures 3 and 4, it can be observed that as the solubility of C decreases,
the solubility of Cr also decreases. In other words, this implies that during oxidation, in
addition to the combustion of carbon, there is also the combustion of chromium. Stainless
steel typically contains a low concentration of carbon, necessitating intensive oxidation,
leading to significant chromium losses. These chromium losses can be reduced by selecting
an appropriate oxidation temperature and configuration, as outlined in the following. Cal-
culations of the equilibrium solubility of chromium and carbon as a function of temperature,
the activity of chromium oxide, the partial pressure of carbon monoxide, and the activity of
dissolved elements in the stainless steel melt were made to show the influence of individual
parameters on the solubility of chromium and carbon in the steel melt. Based on the results
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of the calculations the process window for managing the production of stainless steel melt
with as little chromium loss as possible and greater process and economic efficiency can
be determined. In the following calculations, the enthalpy and entropy values from the
HSC 8.0 database were used, and the interaction parameters sji and the dissolution energies
of the elements were calculated from the data taken according to Sigworth et al. [22].

Figure 5 shows the equilibrium solubility curves of chromium and carbon between
temperatures 1550 and 1800 °C. As the temperature increases, the equilibrium concentration
of carbon decreases. From a thermodynamic point of view, the influence of temperature
is logical, since at higher temperatures gaseous phases (CO) are more stable, while metal
oxides (CrpO3) are less stable and break down into lower oxidation states. A large differ-
ence appears in the equilibrium values for the lowest and highest calculated temperature
at 15 wt.% Cr, which amounts to 1.21 wt.% C at 1550 °C and 0.28 wt.% C at 1800 °C.
Decarburization of steels with an elevated chromium concentration in the EAF is advisable
to conduct at an elevated temperature to minimize chromium losses. When melting scrap
material, which already contains a high percentage of chromium, precautions should be
taken to prevent oxidation.

' 357 3

S ] (Cry0s39) + 3[C] = 2[Cr] + 3CO)  ,-*

] i =1 atm

= 1 Ao o

= 30: acr203 = 1

E 1+ 1s50°C

= 25 «+ 1600 °C .
5 1700 °C
= b " 0, L “‘

_S 201 1800 °C ". e .
Y ] .’ "‘ ““
(@] i .0 ‘-“ “-“
215‘: K et

.-g 10: d "“ -"“

6 : 0. ““‘ ““‘

(2] - . “t ‘_-‘

£ gl

=) 5: 5"

E 1 “‘-“““
:g0"“'-'|"'|"'|"'|"'|"'|"'|'
= 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Equilibrium solubility of carbon [wt.%]

Figure 5. Equilibrium solubility of Cr and C in liquid iron between 1550 and 1800 °C.

Figure 6 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 lower at lower activities of
chromium oxide, which can be concluded that in the initial stages of melt oxidation, the
lower the activity of chromium oxide, the more intensive oxidation of chromium takes
place. At the smallest calculated activity of chromium oxide, acr,0, = 0.01, the equilibrium
value of carbon at 15 wt.% Cr and 1600 °C is equal to 2.24 wt.% C; on the other hand, the
concentration of carbon at the activity of chromium oxide acy,0, = 1is equal to 0.91 wt.% C.
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9 357

< 1 (Cr203(9) + 3[C] = 2[Cr] + 3COy
E 301 Pco = 1 atm

£ 7=1600 °C

g 251 " 03 = 1 .
o) 1 " dcro3 = 0.1 Lt
S 1 - amos =001

_F) zoi Cr203 ““

Y ] PR

o

> 157 Lt
3 10_: ““' “‘_-'
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a ] _-"_‘ ..... .t
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- Equilibrium solubility of carbon [wt.%]

Figure 6. Equilibrium solubility of Cr and C in liquid iron at different activity of chromium oxide.

Figure 7 shows the influence of the partial pressure of carbon monoxide (CO) on the
equilibrium solubility of C and Cr. By constantly removing the gaseous product from the
system, which is achieved by lowering the pressure, the direction of the reaction (3) is
favored towards the formation of the gaseous phase. In our case, by lowering the partial
pressure of CO, the carbon oxidation is accelerated and the solubility of chromium in the
liquid iron is increased. In the EAF, it is not possible to influence the gas pressure above
the level of the melt, but the procedure is used in subsequent steps when the steel melt is
processed in VOD and AOD converters. Figure 7 shows that the equilibrium solubility of
chromium increases drastically with decreasing pco, which is why the oxidation of carbon
in the further steps of processing the steel melt is extremely fast and efficient.
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Figure 7. Equilibrium solubility of Cr and C in liquid iron at different partial pressures of car-

bon monoxide.

From the notation of Wagner’s formalism, it is clear that by mixing alloying elements
into the solution, the activity of the selected elements is directly influenced. Silicon has a
positive influence on the activity of carbon 2! = 0.08 and a negative influence on the activity
of chromium e%ir = —0.0043 [22]. Increasing the concentration of silicon in the solution,
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on the one hand, increases the activity of carbon, while on the other hand, the activity of
chromium is decreased; therefore, increasing the concentration of silicon in the iron solution
increases the solubility of chromium in the melt and directs the balance of Equation (3)
towards the oxidation of carbon. Figure 8 shows the effect of silicon concentration on
the equilibrium solubility of C and Cr in the iron solution. At the maximum calculated
concentration of silicon, i.e., 2 wt.% Si, and 15 wt.% Cr at 1600 °C, the equilibrium solubility
of carbon is 0.72 wt.% C, at 0 wt.% Si and the equilibrium value of carbon is 0.91 wt.% C at
15 wt.% Cr.
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Figure 8. Equilibrium concentrations of Cr and C at different concentrations of Si in iron liquid
solution at a temperature of 1600 °C.

The value of the interaction parameter of oxygen to carbon and oxygen to chromium
is comparable and negative in both cases (68 = —0.34 and egr = —0.14 [22]). Therefore, the
addition of oxygen does not have much effect on changing the equilibrium solubility of car-
bon and chromium in the iron solution. Figure 9 shows the calculated equilibrium solubility
curves of chromium and oxygen at different oxygen concentrations in the solution.
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Figure 9. Equilibrium concentrations of Cr and C at different concentrations of O in iron liquid
solution at a temperature of 1600 °C.
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In addition to the interaction parameters and activity of the elements in the solution,
the oxidation reactions of other elements and their Gibbs free energies should also be
discussed. Figure 10 shows the curves of Gibbs free energies as a function of temperature
for the oxidation of various alloying elements. The data used to calculate the oxidation
reactions were compiled from scientific literature. The standard Gibbs free energies were
determined using the HSC 8.0 software database, while the dissolution Gibbs free energies
were determined from the work of Sigworth et al. [22]. The diagram in Figure 10 indicates
that the oxidation of carbon increases with temperature, as confirmed by the diagram
in Figure 5. Decarburization of the stainless steel melt is advisable to carry out at high
temperatures. The Gibbs free energies for the oxidation of silicon and aluminum are lower
compared to the energy for the oxidation of chromium, meaning that the oxidation of
chromium from the melt is reduced in the presence of dissolved Si and Al. Figure 10 shows
only the dependence of temperature on the Gibbs free energy of reactions, so the results
only indicate which elements have a greater affinity for oxygen. For more accurate results,
it is mandatory to take into account the activities of the dissolved elements in the solution.
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Figure 10. Gibbs free energies as a function of temperature for the oxidation of alloying elements in
iron solution.

Based on the presented calculations, we can drag the guidelines for more efficient
production of melting steels with an elevated chromium concentration. In the initial phase,
at low temperatures and low activities of chromium oxide in the slag, there is a high
probability of chromium oxidation. Oxidation can be reduced by protecting the scrap
with the addition of carbon (anthracite), silicon, and aluminum, and it is necessary to add
an appropriate amount of CaO and MgO to obtain slag with suitable properties, namely
slag basicity, viscosity, and reactivity with refractory materials [2,3,10,30]. Secondly, it
is necessary to limit the access of oxygen, so it is recommended that melting does not
take place with the help of natural gas burners. Large losses of chromium in the initial
phase of melting can also be avoided by carefully stocking the baskets, if possible, by
stocking the initial baskets of the scrap with the lowest possible concentration of chromium.
As can be seen from Figure 5, as the temperature of the melt increases, the solubility of
chromium increases, so it makes sense that the decarburization of the steel melt takes
place at temperatures as high as possible (normally higher than 1650 °C), and the carbon
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concentration at the end of decarburization should not be too low, because the oxidation
of chromium also takes place in parallel. Decarburization is more effective at a lower
partial pressure of CO, which can only be ensured in VOD and AOD aggregates. The
kinetics of the decarburization of the steel melt can be dynamically controlled by off-gas
analysis. Echterhof et al. [30] presented a method in which they estimated the kinetics
of melt decarbonization based on the proportion of CO, in off-gases. According to the
authors, in the first stage, the proportion of CO; in the off-gases increases with the amount
of injected oxygen, which can be connected to the oxidation of silicon from the melt and the
increasing trend of carbon oxidation. In the second stage, intensive decarbonization takes
place, and the amount of CO; in off-gases reaches a plateau. The authors associate the drop
of CO; fraction in the off-gases with the reduced kinetics of decarburization and increased
activity of chromium in stainless steel melt, and therefore, the beginning of more intense
chromium oxidation, the oxygen injection should be stopped at this point. Straightforward
and practical methods were implemented to reduce the chromium losses in steel plants.
Additionally, using decarburization control during EAF melting, the oxygen consumption
and production time were reduced.

Based on the thermodynamic data from the HSC 8.0 database and the parameters
listed in Sigworth et al. [22], a model was created to accurately simulate the complex
process of decarburization and subsequent oxidation of alloying elements in stainless steel
melt, it is partially presented in our previous work [31]. The model predicts how the
melt’s composition changes as oxygen is blown in the melt, focusing on the simultaneous
competition between the oxidation of carbon, chromium, and silicon. The prediction is
based on the fundamental principle of minimizing the Gibbs free energy for the overall
system. To account for the non-ideal behavior of elements dissolved in the steel melt, the
model rigorously incorporates the activities of all dissolved elements. These activities are
calculated using established first-order interaction parameters taken from literature sources.
By iteratively determining which reaction is most thermodynamically favored at each step,
the model successfully predicts the progression of oxidation and helps identify conditions
that minimize undesirable chromium loss to the slag. Figure 11a—c show the results of the
amount of oxidized C, Cr, and Si during the oxidation of the solution with 15 wt.% Cr and
2 wt.% C. Figure 11a shows the amount of oxidized carbon and chromium for the solution
at the oxidation start temperature of 1500 °C. In the first stage, oxidation of carbon takes
place, and above 3.5 kg of injected oxygen per ton of steel, oxidation of chromium also
occurs. At 20 kg of injected oxygen per ton of steel, 7 kg of chromium, and 13 kg of carbon
per ton of steel oxidized. Figure 11b shows the amount of chromium and carbon oxidized
at the oxidation start temperature of 1650 °C. Due to the higher solubility of chromium,
as a consequence of the higher temperature of the system, carbon oxidizes for a longer
time, and oxidation of chromium occurs at over 16 kg of injected oxygen per ton of steel.
At 20 kg of injected oxygen per ton of steel, it oxidizes 2.5 kg of chromium and 13.5 kg of
carbon per ton of steel. In Figure 11c, the steel melt at 1500 °C contained 0.5 wt.% Si. The
results show that the addition of silicon protects the melt well from chromium oxidation,
despite the low temperature, chromium oxidation occurs above 17 kg of injected oxygen
per ton of steel. In this case, silicon oxidation takes place in the first stage, followed by the
second, more intense phase of carbon oxidation. Above 17 kg of injected oxygen per ton
of steel, chromium also oxidizes. At 20 kg of injected oxygen per ton of steel, it oxidizes
0.3 kg of chromium, 12 kg of carbon, and 3 kg of silicon. The model results approximate
the thermodynamic oxidation calculations of Echterhof et al. [30]. The calculated model
confirms that a high melt temperature is necessary for effective decarburization with low
chromium losses, and secondly, the model shows that it is possible to protect chromium
losses at low temperatures by adding silicon.
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Slag also plays an important role in reducing chromium losses in the production of
stainless steels. In general, slag protects the melt from oxidation, loss of heat and material,
and additionally, slag enables better efficiency of electricity and increases the productivity
of the process. With the presence of foaming slag, the productivity and energy efficiency of
the process increase even more. Due to the formation of chromium oxides, the formation of
foaming slag in the production of stainless steels can be difficult. Atlow concentrations
of chromium oxides (up to 8 wt.%), there are no significant differences, above 13 wt.%
of chromium oxides, the viscosity of the slag decreases at the expense of an increase in
the concentration of solid particles. With an increased concentration, the foaming index
decreases and makes the formation of foaming slag more difficult. Another obstacle to the
formation of foaming slag is the low concentration of FeO in the slag, as a result of which
the kinetics of the formation of gaseous CO is low, and the amount or height of the foaming
slag is correspondingly lower [2,18,32-34].

The decarburization phase of the melt is usually followed by the reduction of the slag
with silicon and aluminum, with the aim of reducing the chromium oxides in the slag. Slag
reduction is effective in the case of intensive mixing of melt and slag, which usually occurs
during tapping both, steel and slag into the ladle [9-13,16].

3. Conclusions

The following conclusions are drawn directly from the thermodynamic analysis and
the oxidation model developed in this work:

1. The literature review revealed significant inconsistencies in reported Gibbs free ener-
gies (AG®) and interaction parameters, which result in highly varied predictions of
Cr-C equilibrium solubility. By selecting a mean baseline using the HSC 8.0 database
and Sigworth et al. [22] interaction parameters, a robust thermodynamic framework
was established for subsequent process modeling.

2. The thermodynamic calculations demonstrate that temperature is the most powerful
variable for selective decarburization. Increasing the melt temperature drastically
reduces the equilibrium carbon content, thereby limiting chromium oxidation. Specif-
ically, at 15 wt.% Cr, increasing the temperature from 1550 °C to 1800 °C lowers the
equilibrium carbon concentration from 1.21 wt.% C to 0.28 wt.% C. This confirms that
decarburization in the EAF should be conducted at temperatures above 1650 °C.

3. The oxidation model confirmed the protective role of silicon, especially at low temper-
atures. In a melt at 1500 °C and 20 kg of injected oxygen per ton of steel, the presence
of 0.5 wt.% Si reduced the oxidized chromium from 7 kg/t to 0.3 kg/t. Silicon pref-
erentially oxidizes first, protecting chromium and allowing carbon combustion to
dominate the second phase.

4. The equilibrium calculations show that reducing the partial pressure of CO in subse-
quent processes (like VOD) is essential, as the Cr solubility increases drastically with
decreasing pco. That means that oxidation in the EAF should be limited.

5. Furthermore, while the 1 wt.% standard state is practical, calculations using the modi-
fied Henrian standard state (taking the solvent activity coefficient into account) predict
a slightly higher equilibrium chromium solubility at increased carbon concentrations,
providing a more accurate theoretical benchmark for non-dilute solutions.

6. Chromium losses during the initial low-temperature stages of the EAF phase must
be minimized by limiting oxygen blowing during heating and adding sufficient S5i.
Conversely, the high-temperature EAF decarburization phase must be stopped when
kinetics indicate a sharp drop in CO; in off-gases, signifying the onset of intense
chromium oxidation.
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Abbreviations

AG° Standard Gibbs free energy

AH® Standard enthalpy

AS° Standard entropy

AG Gibbs free energy of reaction

AGjs Gibbs free energy of dissolution of elements

AHy;q Enthalpy of dissolution

AS s Entropy of dissolution

T Temperature

R Gas constant

K Equilibrium constant

pco Partial pressure of carbon monoxide

a; Activity of element i

a;” Activity of element i, using 1 wt.% standard state
aH Activity of element i, using Henrian standard state
fi Activity coefficient of element i, using 1 wt.% standard state
Yi Activity coefficient of element 7, using Henrian standard state
i° Zero-order activity coefficient

Ysol Solvent activity coefficient

wt.% i, wt.%j Weight percentages of dissolved elements i and j
X Mole fraction

M; Molar mass of element j

M, Molar mass of the solvent element

First-order self-interaction parameter (effect of element i on its own activity,

% 1 wt.% standard state)

o First-order cross-interaction parameter (effect of alloying element j on element i,
! 1 wt.% standard state)

g/ Interaction parameter (effect of element j on element i, Henrian standard state)
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