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Abstract. The paper presents the results of a thermodynamic modeling of the chromium and boron reduction from slags of reduction period of argon-
oxygen decarburization (AOD) by a complex reducing agent containing silicon and aluminum. Using the simplex lattice method, an experiment
planning matrix is constructed containing 16 compositions of the oxide system CaO—-SiO,—(3 — 6 %) B,0,~12 % Cr,0,—-3 % Al,0,—8 % MgO
of variable basicity 1.0 —2.5. The results of thermodynamic modeling are graphically presented in form of dependence of equilibrium distribu-
tion of chromium and boron on the slag composition at temperatures of 1600 and 1700 °C. The constructed diagrams make it possible to quantity
the influence of the temperature, basicity and B,O; in the slag on equilibrium interphase distribution of chromium and boron. It is established that
increasing the slag basicity from 1.0 to 2.5 improves the process of chromium reduction, but restores the boron stability. With an increase in B,0,
content in the slag, a slight deterioration of chromium reduction process occurs, while the boron content in the metal increases. With a simulta-
neous increase in basicity up to 2.5 and a decrease in boron oxide in the slag from 5 to 3 %, the interphase distribution coefficient of chromium is
reduced to 1.5-1073. Changing the process temperature from 1600 to 1700 °C does not have a negative effect on the process of chromium reduction,
but worsens the boron reduction conditions. Based on analysis of the formed slag phases and thermodynamics of the reactions of their formation,
it is established that chromium is mainly reduced by aliminum with only partial development of silicothermy. The residual silicon content reduces
boron, thereby limiting its concentration in the metal. The results of high-temperature experiments showed high correspondence with the results
of thermodynamic studies.
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AnHomayus. B pabote npuBeieHb! pe3ybTaThl TEPMOANHAMUYECKOTO MOJICIIMPOBAHHMS IIPOIIECCa BOCCTAHOBICHHS XpoMa 1 O0pa U3 IIJIaKOB BOCCTa-
HOBHUTEIILHOTO HEPHO/ia APrOHOKUCIOPOJHOrO padMHUPOBAHUS KOMIUIEKCHBIM BOCCTAHOBHUTENIEM, COZCpPIKALIMM KPEeMHHUH M amoMuuuid. [Ipu
TTOMOIIM CHMIUIEKC PEIIeTYaTOro METOo/a ITOCTPOCHA MaTpHIA IIAHMPOBAHMS SKCIIEPUMEHTA, CozepikKamas 16 coCTaBOB OKCHIHOM CHCTEMBI
Ca0-Si0,-(3 - 6 %) B,0,~12 % Cr,0,-3 % Al,0,-8 % MgO nepemennoii ocosrocty 1,0 — 2,5. Pesynbrarsl TEpMOAMHAMUYECKOTO MOJIENH-
POBaHMA NPECTABICHBI Ipa)MYECKH B BUE AMArpaMM 3aBUCHMOCTH PaBHOBECHOTO pacIipeieIeHHs XpoMa 1 6opa OT cocTaBa IIIaka Py TeMIIe-
parypax 1600 u 1700 °C. IlocTpoeHHbIE IUarpaMMbl O3BOJMIN KOJIWYECTBEHHO OLIEHUTH BIMSHHUE TEMIIEpaTypbl, OCHOBHOCTH U COAEPKaHU
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B,0, Ha paBHOBecHOE Mex(azHOe pacrpeseieHne Xpoma u 6opa. YCTaHOBJIEHO, YTO TOBBIIIEHHE OCHOBHOCTH Iiaka ¢ 1,0 jio 2,5 ymyumaer
TpoItecc BOCCTAHOBJIEHHS XPOMa, HO yXy/ImaeT BocCTaHoBeHue 6opa. [1pu ysemmaernnn coneprkanus B,0, B IITake MPONCXOIUT HE3HATHTETBHOE
YXY/AIICHHE TPOIIECCca BOCCTAHOBICHHSI XPOMa, IIPH 3TOM YBEJIHYHBACTCSI Cofieprkanre Oopa B Metasuie. [Ipu 0HOBPEMEHHOM TTOBBILICHHH OCHOB-
HOCTH JI0 2,5 W CHIDKEHHMH COZEpKaHus okcuzaa Oopa B muiake ¢ 5 10 3 % kodpduimeHT Mex(pasHOro pacipeiesieHUusl XpoMa CHIDKASTCs J10
1,5-1073. Vsmenenue Temueparypsl mpouecca ¢ 1600 1o 1700 °C He oka3blBaeT CYIIECTBEHHOTO BIMSAHHUS Ha MPOLECC BOCCTAHOBJIEHHUS XpOMa,
OJIHAKO YXYIIIAeT YCIOBUS BOCCTaHOBICHUS Gopa. Ha ocHoBe anamm3a a3 hopMHpyeMoro nuraka i TePMOANHAMUKY PEakinii HX 00pa30oBaHHs
YCTaHOBJICHO, YTO BOCCTAHOBIICHHE XPOMa MPOTEKACT B OCHOBHOM 3a CYET AJFOMHHUS C YACTHYHBIM Pa3BUTHEM CHIMKOTCPMHUYECKUX PEAKIUil.
OcrarouHoe coep:KkaHne KPeMHHSI BOCCTAHABIMBACT OOp, YeM OOBSCHSETCS €ro HU3Kas KOHIICHTpAIMs B MeTaiuie. Pe3ynsraThl TPOBEICHHBIX
BBICOKOTEMIIEPATYPHBIX IKCIIEPUMEHTOB MTOKA3aJIH BHICOKYIO COTTACOBAHHOCTH € PE3YJIBTATOM TEPMOJMHAMHYECKOTO MOICIMPOBAHUSL.

Kntouesule c/108a: HepKaBeroLias CTallb, aprOHOKHCIOPOIHOE pahHHUPOBAHIE, BOCCTAHOBUTEIBHEIN MEPHO, TPMOANHAMHYECKOE MOJICTHPOBAHHE,

xpom, 60p, Mex(a3Hoe pacTpesieneHne
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- INTRODUCTION

Stainless steel is an absolutely essential part of a
modern economy — the annually growing volumes of its
consumption and a wide range of applications from medi-
cal products [1] to structural materials prove this state-
ment'. Stainless steel is so popular because it is resis-
tant to corrosion in various aggressive environments
as an oxide layer, with a high concentration of chro-
mium (12 wt. % and higher), forms on the metal sur-
face, which prevents the steel from contacting air oxy-
gen [2 — 4]. Despite the obvious advantages of stainless
steel, the domestic production volumes are modest and
the demand for this steel is covered by imports [5].

Currently, the main method of producing low-carbon
stainless steel is the duplex process with smelting carbo-
naceous semi-product (1.5 -2.0 wt. % C) in an arc fur-
nace followed by treatment in the argon-oxygen decarbu-
rization (AOD) unit [6; 7]. The AOD process includes two
periods: oxidation and reduction. During the oxidation
period, the carbonaceous semi-product of stainless steel is
decarbonized by blowing a mixture of oxygen and argon
through it. When the carbon concentration in the metal
drops to 0.03 wt. % or less, the reduction period of melt-
ing begins, during which the bath of the unit is purged
with nothing but argon, and lime, ferroalloys (ferrosilicon,
ferrosilicochrome) and calcium fluoride are added [8].

As a result of chromium oxidation by oxygen, the con-
centration of Cr,0O, in the slag increases, which negatively
affects the technological processes occurring in the reduc-
tion period of melting, the intensity of their development
being limited by the viscosity of the formed oxide system.
According to [9], Cr,0O, usually has low solubility (5 %)
in CaO-Si0,—-Al,0,—MgO based slags, which increases
their melting point and, consequently, viscosity. There-

! Stainless Steel in Figures 2019. URL: http://www.worldstainless.org/
Files/issf/non-image-files/PDF/ISSF Stainless Steel in Figures 2019
English public_version.pdf (accessed on 27.03.2023)
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fore, calcium fluoride (CaF,) is used to reduce the visco-
sity of slags in the reduction period of melting. The use
of this flux has the following downsides: it is environ-
mentally unfriendly as volatile carcinogenic fluorine
compounds are formed, physical properties of the formed
slags are inconsistent and the effect of silicate decomposi-
tion of solid slags persists during storage. Therefore, it is
reasonable to explore other liquefying additives to replace
calcium fluoride, for example, pegmatite [10], AL,O, [11]
or B,O; [12]. Although the use of Al,O, prevents the for-
mation of volatile fluoride compounds, according to [11],
the refining ability of the slag deteriorates. As such, its
use is limited. Therefore, the boron-containing material is
a reasonable choice as it is an inexpensive, available and
environmentally friendly fluxing material.

Although B,0;, is an acidic oxide and facilitates poly-
merization [13], it helps to reduce slag viscosity by chang-
ing the structural components of the melt mesh. Adding
B,0; to the slag helps to improve kinetics of chromium
reduction and metal desulfurization [14; 15]. Hardening
characteristics of low-carbon steel are to improve and
the aging effect is to reduce [17] due to expected partial
reduction of boron by silicon and aluminum dissolved in
the steel, followed by its transfer to the metal, in addition
to the slag liquefying with boron oxide [17].

Practically no domestic or foreign researchers have
explored the effectiveness of the interphase distribution
of chromium and boron during their reduction by a comp-
lex ferroalloy containing aluminum and silicon.

The paper presents the results of thermodynamic
modeling of equilibrium interphase distribution of chro-
mium and boron reduced by silicon and aluminum from
the CaO-Si0,-B,0,-Al,0,-Cr,0,-MgO oxide sys-
tem by aluminum ferrosilicon, a complex ferroalloy.

[l MATERIALS AND METHODS

We performed thermodynamic modeling of the equi-
librium interphase distribution of chromium and
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boron reduced by silicon and aluminum of the com-
plex reducing agent (aluminum ferrosilicon) from
the CaO-Si0,-B,0,-Al,0,-Cr,0,-MgO oxide sys-
tem using the HSC Chemistry 6.12 software package.
This software is based on the calculating equilibrium
compositions and the amount of resulting products, using
the Gibbs energy minimization algorithm.

Thermodynamic modeling was performed for the tem-
peratures of 1600 and 1700 °C. The mass of the working
medium was 115 kg (100 kg of metal and 15 kg of slag)
with the gas phase (N,) volume of 2.24 m* and the sys-
tem pressure of 0.098 MPa. The amount of the reducing
agent is 0.89 kg. The interphase distribution coefficients
of chromium and boron were obtained by their concen-
tration ratios in the slag and metal (L, = (B,0,)/[B] and
L..= (Cr,0,)/[Cr]).

The oxide system composition corresponds to 16 points
of the local simplex plan and is presented in Table 1. In
addition to calcium, silicon and boron oxides, all slags
include chromium, magnesium and aluminum oxides in
the amount of 12, 8 and 3 %, respectively. The metal part
is represented by stainless steel containing, %: 16.0 Cr;
0.03 C; 0.28 Si; 0.010S; 1.46 Mn; 6.98 Ni; 0.01 Al;
the rest is Fe and aluminum ferrosilicon (AFS), a complex
alloy containing, %: 55.8 Si; 18.8 Al; 25.4 Fe.

The results of thermodynamic modeling are presented
by approximating mathematical models in the form

of a reduced polynomial of the third degree, which
describe the influence of the slag composition of the stud-
ied oxide system on the interphase distribution coeffi-
cients of chromium and boron at temperatures of 1600
and 1700 °C [18]. The adequacy of the constructed math-
ematical models was tested by three control points, not
included in the experiment planning matrix, using ¢-crite-
rion at the significance level of 0.01.

Figs. 1 and 2 graphically present the results of math-
ematical modeling in the form of composition — property
diagrams. The solid lines show isolines of the equilib-
rium interphase distribution of chromium and boron,
while thin lines reflect the basicity of the slag (CaO/SiO,)
with its value indicated.

Along with thermodynamic modeling of the equilib-
rium interphase distribution of chromium and boron, we
conducted high-temperature experimental studies using
an electric resistance furnace in magnesia crucibles in
an argon current at 1600 °C. The low-carbon stainless
steel was held for 30 min under slag in the points used
for local simplex. The temperature was measured using
a BP5/20 tungsten thermocouple. Metal samples were
prepared from chips of AISI 304 stainless steel and steel
ST3SP, as well as the slag from two base points Y, and
Y, (Table 1). We took the test charge of ground metal and
slag in the quantities of 75 and 50 g to achieve the maxi-
mum phase contact surface and to exclude the influence

Table 1. Composition of slag in 16 points of the local simplex plan

Tabauya 1. CocraB 1mu1aka 16 Touek ImjiaHa JJOKaJbHOT0 CHMILIEKCA

Slag composition
iiigx in pseudocomponent coordinates, unit fractions in coordinates of initial components, wt. %
X, X, X, X, Ca0 Si0, B,0,
Y, 1.00 0 0 0 37.00 37.00 3
Y, 0 1.00 0 0 52.86 21.14 3
Y, 0 0 1.00 0 50.71 20.29 6
Y, 0 0 0 1.00 35.50 35.50 6
Y, 0.67 0.33 0 0 42.29 31.71 3
Y, 0.33 0.67 0 0 47.57 26.43 3
Y, 0 0.67 0.33 0 52.14 20.86 4
Y, 0 0.33 0.67 0 51.43 20.57 5
Y, 0 0 0.67 0.33 45.64 25.36 6
Y, 0 0 0.33 0.67 40.57 30.43 6
Y, 0.33 0 0 0.67 36.00 36.00 5
Y, 0.67 0 0 0.33 36.50 36.50 4
Y 0.67 0 0.33 0 41.57 31.43 4
Y, 0.33 0 0.33 0.33 41.07 30.93 5
Y5 0.33 0.33 0.33 0 46.86 26.14 4
Y, 0.33 0 0.67 0 46.14 25.86 5
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Fig. 1. Dependence of the coefficient of equilibrium interphase distribution of chromium
on the slag chemical composition at 1600 (a) and 1700 °C (b)

Puc. 1. 3aBucumMocTb KO3 QHUIHEHTa PABHOBECHOTO MEX()Aa3HOTO pacipeiesIieHHs XpoMa
OT XMMHYECKOro cocraa nuiaka npu 1600 (a) u 1700 °C (b)
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Fig. 2. Dependence of the coefficient of equilibrium interphase distribution of boron
on the slag chemical composition at 1600 (a) and 1700 °C (b)

Puc. 2. 3aBucumocTtb ko3 duieHTa paBHOBECHOT0 MexdazHoro pacnpeneneHus dopa
OT XMMHYECKoro cocraa nuiaka npu 1600 (a) u 1700 °C (b)
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of the mass of metal and slag phases on the interphase
distribution coefficients of chromium and boron [19].

[ RESULTS AND DISCUSSION

Table 2 and Figs. 1, 2 present the results of thermody-
namic modeling of the equilibrium interphase distribu-
tion of chromium and boron depending on the basicity
of the slags of the studied oxide system and temperature.

With the slag basicity ranging from 1.0 to 1.5 and
the boron oxide concentration varying from 3 to 6 wt. %,
the interphase distribution coefficient of chromium
dropped from 601073 to 20-1073 at 1600 °C (Fig. 1, a).
The increase in the slags basicity to 2.5, with the boron
oxide concentration changing from 5 to 3 %, results in
drop of the interphase distribution coefficient of chro-
mium to 1.5-1073, which is indicative of more effective
chromium reduction due to growing basicity of formed
slags. The increase in boron oxide concentration comes
with a slight deterioration of the chromium reduction
process. The rise in the B,O, content in the slag from 3
to 6 % is accompanied (for example, at basicity of 2.0)
by an increase in the equilibrium interphase distribution
coefficient of chromium from 3-10~ to 5107 at a tem-
perature of 1600 °C (Fig. 1, a). The temperature rise from
1600 to 1700 °C has a slight impact on the interphase dis-
tribution coefficient of chromium (Table 2). At 1700 °C in
the considered range of basicity and boron oxide content,

it remains at the level ranging from 60-107 to 1.5-1073
(Fig. 1, b).

With the basicity of formed slags ranging from 1.0
to 2.5, as the boron oxide concentration rises from 3
to 6 %, the equilibrium interphase distribution coef-
ficient of boron increases from 700 to 900 (Fig. 2, a).
We can clearly observe the influence of boron oxide on
the equilibrium interphase distribution coefficient, while
the impact of basicity is weak. For example, in the basic-
ity range of 1.5 — 2.5, the equilibrium interphase distribu-
tion coefficient of boron is 900, its oxide concentration
ranging from 5.7 to 6.0 %. The decrease of boron oxide
concentration to 5.0 —5.3 % in the considered basic-
ity range causes the drop of the equilibrium interphase
distribution coefficient of boron to 850. The behavior
of the equilibrium interphase distribution coefficient
of boron follows a similar pattern when the boron oxide
concentration reaches 3.0 — 3.4 %.

The process temperature rising to 1700 °C leads
to a slight increase in L, by 50 units and deteriorates
the process of boron reduction (Fig. 2, b).

The positive impact of basicity of formed slags
in the studied range of the chemical composition on
the chromium and boron reduction can be qualitatively
explained in terms of the phase composition formation
(Table 3) and thermodynamics of reactions of chromium
and boron reduction by aluminum and silicon (Table 4).

Table 2. Interfacial distribution coefficient of chromium and boron

Tabauya 2. Ko3gdpuuueHT paBHOBECHOT0 Me:K(a3HOro pacnpeaesieHls XpoMa u 6opa

Slag Basicity 1600 °C 1700 °C

index (Ca0/Si0o,) it 10°3 L, L., 1073 L,
Y, 1.0 60.28 619.114 56.26 642.657
Y, 2.5 0.90 654.000 0.98 724.683
Y, 2.5 2.16 887.343 2.31 983.439
Y, 1.0 69.43 796.648 64.95 845.092
Y, 1.3 27.53 677.126 25.63 710.389
Y, 1.8 6.71 685.229 7.21 733.197
Y, 2.5 1.19 745.779 1.48 802.996
Y, 2.5 1.60 822.055 1.95 845.092
Y, 1.8 12.89 922.397 12.85 976.023
Y, 1.3 36.95 885.245 33.96 921.957
Y, 1.0 66.68 751.965 60.48 777.277
Y, 1.0 63.46 694.136 57.51 719.056
Y, 1.3 31.45 762.105 29.07 797.220
Y, 1.3 34.20 830.599 31.51 866.934
Y, 1.8 8.73 780.574 9.09 831.897
Y 1.8 11.07 858.519 11.22 911.182
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According to the results of thermodynamic model-
ing (Table 3), the composition of chromium-containing
phases of low-base slag Y| is represented mainly by Cr,O,
and CaO-Cr,O, phases, the number of which decreases
in the process of chromium reduction from 8.1 and
5.4 % to 0.7 and 0.4 %, respectively. At the same time,
the process of chromium reduction by silicon mainly
occurs following the reactions (1) and (2) (Table 4),
which is confirmed by the increase in content of SiO, and
CaSiO; in the final slag from 4.8 and 18.8 % to 5.8 and
20.6 %, respectively (Table 3). The reduction of chro-
mium by aluminum occurs following the reactions (6)
and (7) (Table 4), which is confirmed by the increase in

the content of the products of these reactions Al,O, and
Ca0O-AlLO, from 0.8 and 0.3 % to 1.2 and 0.4 % (Table 3).

The reduction of chromium from low-base slag Y,
(basicity of 1.0) occurs following the same reactions as
for slag Y,. Low-base slags are characterized by reduc-
tion of chromium mainly by aluminum as a result of reac-
tions (6) and (7) with partial development of silicother-
mic reactions (1) and (2) (Table 4), which is attributed
to the higher negative AG value of aluminothermic reac-
tions compared to silicothermic ones.

In the highly basic slag Y, (basicity of 2.5) in the pre-
sence of a large amount of free CaO, the reduction
of chromium by silicon is more active (reactions (2) — (4))

Table 3. Slag phases involved in reduction of chromium and boron at 1600 °C

Tabauya 3. @a3pl IIaKa, yYaCTBYOILIHE B MPOLecce BOCCTAHOBJIEHUSI XpoMa 1 fopa nmpu Temmnepatype 1600 °C

Slag

Phase, % 7, 7 7 7,
before after before after before after before after
Cr,0, 8.1 0.7 1.0 0.002 1.6 0.007 8.7 0.9
CaO-Cr,0, 5.4 0.4 15.1 0.020 14.2 0.040 4.5 0.4
Ca,B,0, 44 4.2 2.8 34 7.5 9.0 7.9 7.6
Ca,B,0; 0.5 0.4 15.1 5.6 10.2 8.1 0.6 0.6
ALO, 0.8 1.2 0.3 0.6 0.4 0.8 0.8 1.3
Ca0O-ALO, 0.3 0.4 2.1 3.1 1.6 2.3 0.2 0.3
CaO 0.2 0.2 5.0 34 2.7 1.8 0.2 0.2
SiO, 4.8 5.8 0 0.1 0.1 0.2 6.0 6.9
CaSiO, 18.8 20.6 3.2 5.0 4.3 6.8 17.9 19.4
2Ca0-8SiO, 8.9 9.0 33.7 37.2 26.4 27.9 6.5 6.6
3Ca0-28i0, 10.0 10.8 6.1 11.0 6.9 11.9 6.7 7.2

Table 4. Change in Gibbs energy during reduction of chromium and boron from oxides at 1600 °C

Tabauya 4. U3menenue 3Heprun ['no6ca peaknuii BoccTaHoBJIEHHsI XpoMa U fopa u3 okcuaoB npu 1600 °C

Number ‘ Chemical reactions AG 05 KJ
Chromium reduction
(1) Cr,0;+ 1.58i = 2Cr + 1.58i0, -210.95
2) Cr,0, + 1.5S8i + 1.5Ca0 = 1.5 CaSiO, + 2Cr —347.82
3) 1.3Cr,0, + 28Si + 3CaO = 3Ca0-28i0, + 2.7Cr —542.60
4) Cr,0, + 1.58i + 3Ca0 = 1.5-2Ca0-SiO, + 2Cr —441.64
5) Ca0-Cr,0, + 1.581 = 2Cr + CaO + 1.58i0, —141.83
6) Cr,0, + 2Al1 = ALO, + 2Cr -421.04
7 Ca0-Cr,0, + 2Al = CaO-ALO, + 2Cr —408.11
Boron reduction
) Ca,B,0, + 2A1 = 2Ca0-ALO,+ 2B -50.148
) Ca,;B,0, + 2A1 =3Ca0-Al,0, + 2B -78.91
(10) Ca,B,0, + 1,5Si = 1.5-2Ca0-SiO, + 2B -12.79
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(Table 4). Due to the slag high basicity, the content
of CaO-Cr,0, in Y, is much higher than in low-base Y.
Therefore, a considerable amount of this phase is reduced
by aluminum following the reaction (7) (Table 4). It should
be noted that after chromium reduction, the chromium-
containing phases are present in negligible amounts, i.e.,
the content of Cr,O, drops from 1.0 to 0.002 % and that
of CaO-Cr,O, — from 15.1 to 0.02 % (Table 3). Similarly,
chromium is reduced from the high-base slag Y,.

Boron is insignificantly reduced from the slag as
the change of Gibbs free energy of its reduction by alumi-
num and silicon from calcium borates is minimal, there-
fore, the transition of boron to metal for all studied slag
compositions following the reactions (8) — (10) is insig-
nificant (Table 4).

We conducted high-temperature experimental stu-
dies to verify if the results of thermodynamic modeling
of the chromium and boron interphase distribution are
adequate. The experiment showed that the Cr,O, content
in the slag at 1600 °C is 0.96 wt. %, which corresponds
to the interphase distribution coefficient of 49.8-1073.
The interphase distribution of boron reaches 648 with
a residual B,O, content in the slag of 3.89 wt. %. In
general, the experimental results are close to the ther-
modynamic modeling, the kinetic factors accounting for
the difference between them.

- CONCLUSIONS

The thermodynamic modeling enabled us to obtain
new data, based on which we constructed approximating
mathematical models of the composition — property rela-
tion with graphical representation in the form of diagrams
showing the equilibrium interphase distribution of chro-
mium and boron depending on the process temperature,
B,O, content and basicity of the studied oxide system.
Based on the plotted diagrams, we conducted quantitative
evaluation of the impact that the above-mentioned factors
had on the equilibrium interphase distribution of chro-
mium and boron.

It was found that the increase in the basicity of the oxide
system from 1.0 to 2.5, other conditions being equal, favor-
ably affects the completeness of chromium reduction. At
the same time, the increase in boron oxide concentration is
accompanied by a slight decrease of the chromium reduc-
tion. The process temperature rise has no significant effect
on the chromium reduction, but negatively affects the reduc-
tion of boron. It was determined that chromium is mostly
reduced by aluminum with partial development of silico-
thermic reactions. The performed high-temperature experi-
ment confirmed the results of thermodynamic modeling.
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