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Abstract. Traditionally, for stainless steel smelting in the process of argon-oxygen decarburization, fluorspar is used to liquefy the slag and ensure
the normal course of the refining and reduction of chromium oxide. Fluospar is characterized by high volatility at high temperatures of the steel-
making process, while the resulting compounds are toxic and hazardous to the environment. For this reason, the paper considers the replacement
of fluorspar with boron oxide, which is also capable of forming low-melting eutectics with the main components of slag, at the final stage of steel
processing during the argon-oxygen decarburization process — during the desulfurization period. It was found that, despite an increase in the degree
of slag polymerization as a result of the introduction of boron oxide to 6 %, due to its ability to form low-melting compounds, an increase in its
content has a beneficial effect on the fluidity of slags of the studied CaO—-SiO,-B,0,-2 % Cr,0,-3 % Al,0,-8 % MgO system at a basicity
of Ca0O/SiO, of 1.0 and 2.5. The content of 6 % B,0; in slag with a high basicity of 2.5 makes it possible to achieve viscosity values of 0.3 Pa-s,
which are favorable for sulfur removal. In this case, the equilibrium sulfur content in the metal can reach 0.003 % according to the thermodynamic
modeling. As a result of the experimental studies, the minimum sulfur content was 0.006 %, which is close to the equilibrium concentration. During
the treatment of steel samples with slags, direct steel microalloying with boron in the amount of 0.002 — 0.003 % occurred. A small amount of boron
transferred to steel during direct microalloying, according to literary data, has a beneficial effect on the ductility and corrosion resistance of the metal
product.
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AnHomayus. TpaMIMOHHO /sl BBIIIABKYA HEPIKABEIOLICH CTalM B MPOLECCE aprOHOKUCIOPOAHOrO padMHUPOBAHMS UL PA3KMIKCHUS IIUIaKa
n obecreyeHnst HOPMaIbHOTO TeYEHHsI TPOLECCOB pahUHUPOBAHKS U BOCCTAHOBJICHUSI OKCHA XPOMa IIPUMEHSSTCS IUIABUKOBBIN LIIIAT, OTIMYAI0-
IIMACST BBICOKOH JIETYYECTHIO IPH BBICOKHMX TEMIIEpaTypax CTaleIlIaBHIbHOrO mepesnena. OOpasyromuecs MpH 3TOM COCTUHEHHS SJOBUTHI
1 OIACHbI JUlsl OKpy»Katowel cpensl. [1o 910l mpuuuHe B paboTe paccMOTpeHa 3aMeHa IUIABUKOBOTO ILNATa OKCHAOM 0opa, KOTOPbIH TakKe
crocoOeH 00pa30BBIBATh JICTKOIUIABKUE BTEKTHKNA C OCHOBHBIMU KOMIIOHEHTAaMHM IITAKAa B MOMCHT 3aKJIIOYUTEIBHOTO 3Tara 00padOTKH CTall
B XOJI€ MpoLecca aproHOKUCIOPOAHOTO padhMHUPOBAHUS — B IIEPUOJ eCyIbpypalii. YCTaHOBICHO, YTO HECMOTPSI Ha POCT CTEIICHH MOJINMEpPH-
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3alMM IJ1aKka B pesyisTare Beoza 10 6 % B,0;, 3a cyer crnocobHocTn okcuaa 60pa 00pa3oBbIBaTh JIETKOIUIABKHE COEIMHEHHs POCT €ro cozep-
aHHsl OJIaTONPHATHO CKa3bIBAETCS HA KUJIKOTIOIBIKHOCTH 1LJIaKoB u3ydaemoil cuctembl CaO—-Si0,—B,0,-2 % Cr,0,-3 % Al,0,-8 % MgO
npu ocHosroctu (CaO/Si0O,) 1,0 u 2,5. Conepxanune 6 % B,0, B 1mu1aKe BHICOKOH OCHOBHOCTH 2,5 TIO3BOJISIET IOCTHYb ONArONPUATHBIX IS
ynaneHust cepsl 3HadeHuit Baskoctu 0,3 Ia-c. B 1anHOM ciyuae paBHOBECHOE COJepKaHHE cephl B MeTasie MoxkeT gocturarsh 0,003 % cornacHo
TEPMOANHAMHYECKOMY MOJEIMPOBAHNUIO. B pesynbrare sKkcriepuMeHTaIbHbIX UCCIIEN0BAaHNI MUHUMAIIbHOE cojiepikanue cepbl coctasmiio 0,006 %,
9TO MPUOIIDKAETCs K PABHOBECHOH KOHIICHTPAIUH. B Xomne 06paboTku 06pa31oB CTaI! IUIAKaMH IPOUCXOIMIO IPSIMOE MUKPOJICTHPOBAHHE CTalIH
6opom B konmmuectse 0,002 — 0,003 %. HebGonpioe konuuectBo 60pa, HEepere/ero B cTaib B IPOLECCe NPSIMOTro MUKPOJIETUPOBAHUS, COTIACHO
JUTEPaTypHBIM JaHHBIM OJIATONPHATHO CKA3bIBACTCS HA IITACTHYHOCTH M KOPPO3HOHHOH CTOMKOCTH METaJUIONPONYKTA.

Kaloyesvle c/108a: aproHOKHCIOpoRHOE pahHHUPOBAHKE, IEPHO AeCYIb(ypalii, BI3KOCTh, TEMIICpaTypa Hadala KpUCTAIUTH3AIMH, CTPYKTYpa, IIIaK,

HEpKaBCroIas CTajib

BaazodapHocmu: Pabora Brinosnena o [ocynapereennomy 3ananuto UMET YpO PAH c ucnons3oBanuem obopynosanust LIKIT «CocraB Bemiectsay

HBT? VpO PAH.
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[ INTRODUCTION

At present, the argon—oxygen decarburization (AOD)
process [1; 2] is widely used in the smelting of low-car-
bon stainless steels. The process proceeds in two stages:
the oxidation and reduction periods. During the first stage,
carbon is oxidized; during the second, chromium, which
has been oxidized in the first period, is reduced. When
deep desulfurization is required at the end of the reduc-
tion period, most of the existing slag is skimmed, and
a new highly basic slag with a low chromium oxide con-
tent is introduced [1]. The desulfurization reaction is
limited by mass transfer in the slag; therefore, the slag
is traditionally liquefied with environmentally hazardous
fluorspar [1; 3; 4]. As a replacement for fluorspar, boron
oxide can be used, as it is also capable of forming low-
melting eutectics with calcium oxide [5 — 7].

In this work, four slags of the CaO-SiO,-B,0,—
-2 % Cr,0,-3 % Al,0,-8 % MgO system, close in
composition to slags of the desulfurization period, were
prepared. Experimental studies of the viscosity, crystal-
lization onset temperature, and structure of these slags
were performed, as well as thermodynamic modeling and
experimental investigation of the desulfurization of metal
under slags of this oxide system.

[ MATERIALS AND METHODS

The physicochemical characteristics of four slags
were investigated in this work. Their compositions
are presented in Table 1. The basicity of the slags
(leag = Ca0/Si0,) was 1.0 and 2.5, and the boron oxide
content was 0 and 6 wt. % B,0,.

Synthetic slags were melted in molybdenum crucibles
from analytically pure grade oxides that had been pre-
calcined for 2 — 3 h at 800 °C (B,0O, at 105 °C) and tho-
roughly mixed. The obtained homogenized slag samples
were crushed to produce powder.

The viscosity of the slags was measured by the elect-
ro-vibrational viscometry method [8] in a resistance

furnace during gradual cooling of the melt contained in
molybdenum crucibles under an argon atmosphere. Tem-
perature was monitored with a tungsten—rhenium ther-
mocouple W-5%Re/W-20%Re (WR5/20). The crystal-
lization onset temperature (hereinafter, the crystallization
temperature, was determined from the break (kink) in
the viscosity polytherm plotted as Inn vs 1/7 [9].

Thermodynamic modeling of the phase composi-
tion and equilibrium sulfur content was performed
using the HSC Chemistry 6.12 software package [10].
The chemical compositions of the four slag samples
are presented in Table 1. The metal contained (wt. %):
16.5Cr, 0.02C, 0.6Si, 0.03S, 1.6 Mn, 8.4 Ni, and
0.006 Al The results of the calculated equilibrium sulfur
concentration in the metal ([S] ) at 1600 °C are summa-
rized in Table 1. The phases were conventionally grouped
by melting point into low-, medium-, and high-tempera-
ture categories, as presented in Table 2.

Experimentally, the desulfurization process and
the reduction behavior of boron were studied by holding
steel under pre-melted slags / — 4 (Table 1) in magnesia
crucibles for 10 — 60 min at 1600 °C in an Ar atmosphere.
Each experimental charge (sample) consisted of 80 g
of metal and 16 g of slag.

Table 1. Composition of experimental slags and results
of modeling metal desulfurization with them at 1600 °C

Ta6auya 1. CocTaB IKCIEPUMEHTAIBHBIX HIVIAKOB
H pe3yIbTaThl MOCJUPOBAHHUS Aecylb(ypalui MeTaLIa
nox Humu npu 1600 °C

Slag Slag composition, wt. % .

No. | ca0 | SiO, | ALO, | Cr,0, | MgO | B,O, | ™
1 43.50 | 43.50 | 3.00 | 2.00 | 8.00 0 1.0
2 62.14 | 24.86 | 3.00 | 2.00 | 8.00 0 2.5
3 57.86 | 23.14 | 3.00 | 2.00 | 8.00 | 6.00 | 2.5
4 40.50 | 40.50 | 3.00 | 2.00 | 8.00 | 6.00 | 1.0
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Table 2. Phase composition of the studied slags at 1600 °C

Tabauya 2. ®a30BbIi COCTAB HCCIIEAYeMBIX NIAKOB

npu 1600 °C
Phases islhing Slag No.
point, °C 1| 2] 3] 4
Low-temperature phases, %
CB 1130 0 0 0.1 3.7
2CB 1280 0 0 52 8.4
CM2S 1391 8.4 0.01 0.1 10.9
Total 8.4 0.01 5.4 23.0
Medium-temperature phases, %
2CM2S 1454 5.1 0.2 0.6 42
3CB 1460 0 0 12.6 0.9
3C28 1460 20.8 5.5 8.1 11.5
CMS 1503 8.6 4.0 6.8 7.9
CS 1540 21.5 2.2 3.6 20.9
CA2S 1553 2.6 |0.0001 | 0.002 | 4.1
MS 1557 3.6 0.1 0.2 5.1
3CM2S 1575 3.7 4.5 6.8 1.9
2CAS 1593 1.4 0.9 1.6 1.0
CA 1600 0.5 3.6 3.1 0.3
Total 67.8 | 21.0 | 434 | 57.8
High-temperature phases, %
S 1710 3.6 0.01 0.04 5.5
A 2040 0.8 0.2 0.4 1.0
2CS 2130 156 | 563 | 3938 9.6
CCr 2170 0.5 | 0.003 | 0.01 0.6
Cr 2435 0.5 ]0.0001| 0.001 | 0.9
C 2570 0.3 15.5 53 0.2
M 2852 1.0 6.4 5.3 1.1
Total 223 | 784 | 50.8 | 189
Note.CB-Ca0O'B,0,; 2CB - 2Ca0-B,0,; 3CB -
3Ca0-B,0,; CS - Ca0-Si0,; 2CS - 2Ca0-Si0,;
3C28 - 3Ca0-28i0,; C — CaO; CMS — CaO-MgO-SiO,;
M -MgO; A-ALO,; CA-Ca0-AlO;; S -SiO,;
MS - MgO-Si0,; CM2S — CaO-MgO-2Si0,

The structure of the experimental slag samples was
examined by Raman spectroscopy using a U 1000 Raman
micro-spectrometer with an excitation laser wavelength
of 532 nm.

[ RESULTS AND DISCUSSION

The results of viscosity measurements for the four
studied slags, presented in Fig. 1, confirmed the high
efficiency of boron oxide as a flux. The addition
of 6 wt. % B,0O, markedly reduced both the viscosity and
the crystallization onset temperature (7 ) at low and high
basicity.
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To clarify the mechanism of boron oxide action and
the processes occurring in the slag upon its addition,
the phase composition and structural features of the slags
were examined using thermodynamic modeling and
Raman spectroscopy.

The results showed that the presence of boron oxide
promotes the formation of a considerable amount of low-
melting compounds, primarily various calcium borates,
accompanied by a pronounced decrease in the content
of free CaO (Table 2).

To assess the influence of boron oxide on slag struc-
ture, Raman spectra were recorded for the slags, and
their deconvolution was performed using the Gaussian
method [11] in the silicate range of 800 — 1200 cm~'. This
approach made it possible to express the degree of slag
polymerization through the average number of bridging
oxygen (BO) (Fig. 2, Table 3):

BO=0-0g +1-0g +2-05 +3-05 +4- 05,

where O; denotes [SiO, ] tetrahedra with n bridging oxy-
gen (OY).

In Fig.2, peaks corresponding to [SiO,] tetra-
hedra with up to three (O°) appear in the wavenum-
ber range 850 — 1060 cm™ [12;13], peaks of [CrO,]
groups occur at 873 cm™! [14], and those of Qil ([AlO,])
at 780 cm™' [15]. Three-dimensional [BO, ] tetrahedra are
located in the range of 900 — 920 cm™' [16; 17] and over-
lap with the [SiO,] peaks.

When boron oxide is introduced into low-basicity
slags (B =1.0), the degree of polymerization increases
from 0.73 to 1.28 due to an increase in the fractions
Ok, Os and species and the formation of O species
at the expense of Q5 species (Table 3). Boron oxide acts
as a network former and complicates the slag structure.
Additional polymerization is also indicated by the appea-
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Fig. 1. Viscosity-temperature dependence of slags / — 4
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Fig. 2. Deconvoluted spectra of slag samples / — 4

Puc. 2. JIeKoHBOIMPOBAHHbIE CIIEKTPBI 00pa3LoB HuTaka / — 4

rance of [CrO,] and Qf\l peaks in spectrum 4, which are
absent in spectrum /.

An increase in basicity to 2.5 — and, consequently, in
the CaO content of the slag, which acts as a donor of free
oxygen ions (O%), inevitably breaks down the previously
formed silicate structures, so the degree of polymeriza-
tion (BO) decreases markedly to 0.26 (slag 2) and 0.38
(slag 3) for 0 and 6 wt. % B,O,, respectively. Under high
basicity and an increased concentration of (O?°) boron
oxide polymerizes the slag to a much lesser extent, pri-
marily through an increase in the fraction of Qy; species.

The high basicity of slags 2 and 3 (leag= 2.5) also
leads to higher viscosity, despite their simpler struc-
ture compared to slags of lower basicity (BO decreases
from 0.73 to 0.26 and from 1.28 to 0.38 for slags with-

Table 3. Decovolution results and polymerization
degree BO

Ta6auya 3. Pe3ynbTaThl IEKOBOJIIOLUH U CTENEHb
nojaumMepusauuu BO

Fraction of silicate structural
Slag No. elements in slags BO

O | O | O | O
0.56 | 0.15 | 029 | 0 | 0.73
075 | 024 001 | 0 | 026
062 | 038 | 0 0 | 038
022 | 030 | 038 | 0.06 | 128

N W N~

out and with 6 wt. % B,0,, respectively). The viscosity
of slag 3 (with 6 wt. % B,0,), although having a rela-
tively simple structure (BO =0.38), sharply increases
to 1.3 Pa's at 1500 °C, together with its crystallization
onset temperature of 1493 °C. This can be explained by
the much smaller fraction of low-melting phases (5.4 %)
and the increased proportion of high-melting ones (up
to 50.8 %), represented mainly by 2CaO-SiO, with a melt-
ing point of 2130 °C. The highly basic slag 2, which does
not contain boron oxide, is the most viscous and refrac-
tory in the system. Its crystallization onset temperature is
1587 °C, and its viscosity, despite a relatively simple struc-
ture (BO = 0.26), reaches 0.75 Pa-s at 1600 °C. This beha-
vior is associated with the highest content of high-melting
compounds (78.4 %), mainly 2CaO-SiO, and free CaO.

Despite the high degree of polymerization (BO = 1.28),
slag 4 (B = 1.0, 6 Wt. % B,0,) shows low viscosity
due to its highest content of low-melting phases (23 %).
The viscosity ranges from 0.40 to 0.25 Pa-s within
1400 — 1500 °C, and its crystallization onset temperature
is 1265 °C.

Slag I with the same basicity but without boron oxide
has a much simpler structure (BO = 0.73), but its viscosity
is higher — 0.9 — 0.4 Pa-s in the 1400 — 1500 °C range —
and its crystallization onset temperature rises to 1402 °C.
This can be attributed to the reduction in the fraction
of low-melting phases to 8.4 %. In the absence of cal-
cium borates, the low-melting phases are represented
exclusively by CaO-MgO-2Si0, with a melting point
of 1391 °C.
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From the above results, it can be concluded that
the effect of the balance between the phase composition
and structure of the slags on their viscosity is clearly pro-
nounced.

It is well established that higher basicity enhances
desulfurization. However, the effectiveness of desul-
furization is governed not only by the chemical activity
of the oxide system but also by diffusion within the slag,
which is limited by viscosity. Therefore, previous experi-
ments involving holding the metal beneath a slag cover
were carried out to confirm the influence of the kinetic
factor [18]. Experiments involving the treatment of metal
with boron-containing slags of basicity 1.0 and 2.5, with
a maximum boron oxide content of 6 wt. %, showed
rather high desulfurization efficiency (Table 4). Accord-
ing to thermodynamic modeling performed using the HSC
Chemistry software package, the equilibrium sulfur
content, [S]_, , can reach 0.002 —0.003 %. The experi-
mentally obtained sulfur contents, [S].,,- after holding
the metal under the studied slags were close to equilib-
rium and amounted to 0.006 and 0.017 % for slags 3
and 4, respectively. The role of viscosity becomes evident
when comparing the highly basic slags. In slag 3, the rela-
tively low viscosity enabled the experimental sulfur level
to approach the equilibrium value after 60 min of holding.
This effect was not observed with the much more viscous
slag 2, confirming diffusion-controlled nature of the pro-
cess under those conditions.

A moderate reduction of boron by silicon (present
in the metal at 0.3 wt. %) was also observed. The boron

Table 4. Sulfur and boron content in metal
depending on time of slag treatment at 1600 °C
(initial sulfur content in metal — 0.03 %)

Ta6auya 4. Conep:xanue cepbl 1 fopa B MeTaJLIe
B 32aBHCHMOCTH OT BPeMEHH BbIIEP:KKH MO/ IIIAKOM
npu 1600 °C (ucxonHoe cogep:xxanue cepsl B Metasuie 0,03 %)

SBENG. | i | %2 | | o5 | pas
10 0.015

1 20 0.015 | 0.011 - 0.20
30 0.014
10 0.015

2 30 0.010 | 0.002 - 0.75
60 0.011
10 0.015
20 0.013

3 0.003 | ~0.002 0.30
40 0.008
60 0.006
10 0.016

4 20 0.017 | 0.014 |~0.003 0.20
30 0.017
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content in the metal, [B]exp, after the holding period was
0.002 — 0.003 % (Table 4). According to the literature,
such a boron level in austenitic stainless steel improves
both corrosion resistance and ductility [19; 20].

- CONCLUSIONS

It was established that the addition of up to 6 wt. % B,0,
to the slag, although increasing the degree of structural
polymerization (BO) from 0.73 to 1.28 at low basicity and
from 0.26 to 0.38 at high basicity, ensures sufficiently high
melt fluidity within the studied basicity range. This effect
results from the tendency of boron oxide to form low-melt-
ing eutectics with the main slag components. The resul-
ting highly basic slags, with a viscosity of about 0.3 Pa-s,
a basicity of 2.5, and a B,O, content of 6 wt. %, enable
deep desulfurization of the metal, providing an equilibrium
sulfur content of approximately 0.003 % according to ther-
modynamic modeling. Under desulfurization tempera-
tures, these slags remain in the homogeneous liquid region
and exhibit a crystallization onset temperature well below
1600 °C. Holding the metal beneath a slag cover reduced
the sulfur content to about 0.006 %. During this treatment,
0.002 — 0.003 % boron was taken up by the steel. Published
data indicate that this direct-microalloying level enhances
both ductility and corrosion resistance.
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