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Аннотация. Традиционно для выплавки нержавеющей стали в процессе аргонокислородного рафинирования для разжижения шлака 

и обеспечения нормального течения процессов рафинирования и восстановления оксида хрома применяется плавиковый шпат, отличаю­
щийся высокой летучестью при высоких температурах сталеплавильного передела. Образующиеся при этом соединения ядовиты 
и  опасны для окружающей среды. По этой причине в работе рассмотрена замена плавикового шпата оксидом бора, который также 
способен образовывать легкоплавкие эвтектики с основными компонентами шлака в момент заключительного этапа обработки стали 
в ходе процесса аргонокислородного рафинирования – в период десульфурации. Установлено, что несмотря на рост степени полимери­

  rr.shartdinov@gmail.com
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 СаО – SiO2 – В2O3 – 2 % Cr2O3 – 3 % Аl2O3 – 8 % МgO system at a basicity 
of CaO/SiO2 of 1.0 and 2.5. The content of 6 % B2O3 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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 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  СаО – SiO2 – В2O3 – 
– 2 % Cr2O3 – 3 % Аl2O3 – 8 % МgO 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 
(Bslag = CaO/SiO2 ) was 1.0 and 2.5, and the boron oxide 
content was 0 and 6 wt. % B2O3 . 

Synthetic slags were melted in molybdenum crucibles 
from analytically pure grade oxides that had been pre-
calcined for 2 – 3 h at 800 °C (B2O3 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 ln η vs 1/T [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. %): 
16.5 Cr, 0.02 C, 0.6 Si, 0.03 S, 1.6 Mn, 8.4 Ni, and 
0.006 Al. The results of the calculated equilibrium sulfur 
concentration in the metal ([S]calc ) 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 1 – 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

Таблица 1. Состав экспериментальных шлаков  
и результаты моделирования десульфурации металла 

под ними при 1600 °С

Slag 
No.

Slag composition, wt. %
BslagCaO SiO2 Al2O3 Cr2О3 MgO B2O3

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

зации шлака в результате ввода до 6 % B2O3 , за счет способности оксида бора образовывать легкоплавкие соединения рост его содер­
жания благоприятно сказывается на жидкоподвижности шлаков изучаемой системы СаО – SiO2 – В2O3 – 2 % Cr2O3 – 3 % Аl2O3 – 8 % МgO 
при основности (CaO/SiO2 ) 1,0 и 2,5. Содержание 6 % B2O3 в шлаке высокой основности 2,5 позволяет достичь благоприятных для 
удаления серы значений вязкости 0,3 Па·с. В данном случае равновесное содержание серы в металле может достигать 0,003 % согласно 
термодинамическому моделированию. В результате экспериментальных исследований минимальное содержание серы составило 0,006 %, 
что приближается к равновесной концентрации. В ходе обработки образцов стали шлаками происходило прямое микролегирование стали 
бором в количестве 0,002 – 0,003 %. Небольшое количество бора, перешедшего в сталь в процессе прямого микролегирования, согласно 
литературным данным благоприятно сказывается на пластичности и коррозионной стойкости металлопродукта. 

Ключевые слова: аргонокислородное рафинирование, период десульфурации, вязкость, температура начала кристаллизации, структура, шлак, 
нержавеющая сталь
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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. % B2O3 markedly reduced both the viscosity and 
the crystallization onset temperature (tcr ) at low and high 
basicity.

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–1. This 
approach made it possible to express the degree of slag 
polymerization through the average number of bridging 
oxygen (BO) (Fig. 2, Table 3):

where  denotes [SiO4 ] tetrahedra with n bridging oxy­
gen (O0).

In Fig. 2, peaks corresponding to  [SiO4 ] tetra­
hedra with up to  three (O0) appear in the  wavenum­
ber range 850 – 1060 cm–1  [12; 13], peaks of [CrO4 ] 
groups occur at 873 cm–1 [14], and those of   ([AlO4 ]) 
at 780 cm–1 [15]. Three-dimensional [BO4 ] tetrahedra are 
located in the range of 900 – 920 cm–1 [16; 17] and over­
lap with the [SiO4 ] 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 

 ,  and species and the  formation of   species 
at the expense of   species (Table 3). Boron oxide acts 
as a network former and complicates the slag structure. 
Additional polymerization is also indicated by the appea­

Table 2. Phase composition of the studied slags at 1600 °C

Таблица 2. Фазовый состав исследуемых шлаков 
при 1600 °С

Phases Melting  
point, °С

Slag No.
1 2 3 4

Low-temperature phases, %
СВ 1130 0 0 0.1 3.7
2СВ 1280 0 0 5.2 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 4.2

3СВ 1460 0 0 12.6 0.9
3C2S 1460 20.8 5.5 8.1 11.5
CMS 1503 8.6 4.0 6.8 7.9
СS 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 43.4 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 15.6 56.3 39.8 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 5.3 0.2
M 2852 1.0 6.4 5.3 1.1

Total 22.3 78.4 50.8 18.9
N o t e . СВ – CaO·B2O3 ; 2CB – 2CaO·B2O3 ; 3CB – 

3CaO·B2O3 ; CS – CaO·SiO2 ; 2CS – 2CaO·SiO2 ; 
3C2S – 3CaO·2SiO2 ; C – CaO; CMS – CaO·MgO·SiO2 ; 
M – MgO; A –Al2O3 ; CA – CaO·Al2O3; S –SiO2 ; 
MS – MgO·SiO2 ; CM2S – CaO·MgO·2SiO2

Fig. 1. Viscosity-temperature dependence of slags 1 – 4

Рис. 1. Температурная зависимость вязкости шлаков 1 – 4
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rance of [CrO4 ] and   peaks in spectrum 4, which are 
absent in spectrum 1.

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 (O2–), 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. % B2O3 , respectively. Under high 
basicity and an increased concentration of  (O2–) boron 
oxide polymerizes the slag to a much lesser extent, pri­
marily through an increase in the fraction of   species.

The high basicity of  slags 2 and 3 (Bslag = 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

out and with 6 wt. % B2O3 , respectively). The viscosity 
of  slag 3 (with 6 wt. % B2O3 ), 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·SiO2 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·SiO2 and free CaO.

Despite the high degree of polymerization (BO = 1.28), 
slag 4 (Bslag = 1.0, 6 wt. % B2O3 ) 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 °С. 

Slag 1 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·2SiO2 with a melting point 
of 1391 °С.

Fig. 2. Deconvoluted spectra of slag samples 1 – 4

Рис. 2. Деконволированные спектры образцов шлака 1 – 4

Table 3. Decovolution results and polymerization 
degree BO

Таблица 3. Результаты дековолюции и степень  
полимеризации BO

Slag No.
Fraction of silicate structural 

elements in slags BO

1 0.56 0.15 0.29 0 0.73
2 0.75 0.24 0.01 0 0.26
3 0.62 0.38 0 0 0.38
4 0.22 0.30 0.38 0.06 1.28



Известия вузов. Черная металлургия. 2025;68(5):488–494.
Бабенко А.А., Шартдинов Р.Р.и др. Особенности применения борсодержащих шлаков при выплавке нержавеющей стали

492

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]calc , can reach 0.002 – 0.003 %. The experi­
mentally obtained sulfur contents, [S]exp , 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 

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. % B2O3 
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 B2O3 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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