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Аннотация. Коррозионностойкие стали востребованы в современном мире из-за их высоких эксплуатационных свойств и широкого спектра 

применения. К таким областям применения относятся кухонная утварь, мебель, медицинское оборудование, ядерные реакторы, косми-
чес кие аппараты и т. д. Кислород в стали, особенно в коррозионностойкой, является одним из самых вредных элементов. Оксидные 
включения нарушают гомогенность металла, отрицательно влияют на пластичность, вязкость разрушения, усталостную прочность 
и коррозионную стойкость стали. В коррозионностойких сталях неметаллические включения (НВ) приводят к образованию дефектов 
в холоднокатаном листе. Включения алюминатов также приводят к засорению сталеразливочного оборудования. В работе выполнен анализ 
технологии производства коррозионностойкой стали 08Х8Н10Т с целью определения причин образования НВ, влияющих на разливаемость 
стали и ее качество. В ходе исследований определено содержание общего кислорода и азота, а также кислорода, связанного в различные 
НВ на стадиях ковшевой обработки и непрерывной разливки стали. После введения в расплав титановой проволоки общее содержание 
азота снижается за счет образования и последующего удаления нитридов титана. При этом увеличивается содержание оксидов титана 
в расплаве. Показано, что причинами засорения сталеразливочных стаканов при непрерывной разливке являются комплексные НВ на 
основе оксидов титана, которые осаждались на внутренней поверхности разливочного стакана-дозатора. В работе даны рекомендации по 
корректировке технологии выплавки стали в ДСП и ковшевой обработки. По результатам электронно-микроскопического анализа установ-
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Abstract. Corrosion-resistant steels are in demand in the modern world due to their high performance properties and a wide range of applications. Such 

areas of application include kitchenware, furniture, medical equipment, nuclear reactors, spacecraft, etc. Oxygen in steel, especially in corrosion-
resistant steel, is one of the most harmful elements. Oxide inclusions disrupt the homogeneity of the metal, negatively affect the ductility, frac-
ture toughness, fatigue strength and corrosion resistance of steel. In corrosion-resistant steels, non-metallic inclusions (NI) lead to the formation 
of defects in cold-rolled sheets. Aluminate inclusions also lead to clogging of steel-casting equipment. An analysis of the production technology 
of corrosion-resistant steel 08Kh8N10T was carried out in order to determine the causes of NI formation that affect the pourability of steel and its 
quality. The studies determined the content of total oxygen and nitrogen, as well as oxygen bound in various non-metallic inclusions at the stages 
of ladle processing and continuous steel casting. It was shown that after the introduction of titanium wire into the melt, the total nitrogen content 
decreases due to the formation and subsequent removal of titanium nitrides. At the same time, the content of titanium oxides in the melt increases. 
It was shown that the causes of clogging of steel-pouring nozzles during continuous casting are complex non-metallic inclusions based on titanium 
oxides, which were deposited on the inner surface of the pouring nozzle-doser. Recommendations were made to adjust the technology of steel 
melting in EAF and ladle processing. Based on the results of electron microscopic analysis, it was established that mixing of refining liquid-mobile 
slag in ladle steel processing units contributed to the assimilation of non-metallic inclusions by slag and a decrease in their sizes in the metal. After 
the implementation of the corrective recommendations, clogging of steel-pouring nozzles during continuous casting was not observed. 
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 Introduction

In 2023, the total global steel production amounted 
to 1.489 billion tons, with corrosion-resistant steel account-
ing for around 60 million tons. Corrosion-resistant steels 
play a key role in industry due to their high performance 
characteristics and wide range of applications [1 – 3].

Between 2015 and 2019, the production of corrosion-
resistant steel continuously increased. The decrease in 
production in 2020 was due to the coronavirus pandemic 
during the first half of 2020, as many countries imposed 
lockdowns. However, following the recovery of the global 
economy in 2021, global production of corrosion-resis-
tant steel increased by 11.6 % compared to 2020, not only 
reaching the record levels of 52.2 million tons in 2019, 
but also surpassing them to reach 56.8 million tons per 
year [4]. 

Corrosion-resistant steel production in Russia steadily 
increased from 2015 to 2023, reaching 278.2 thousand 
tons per year. At the same time, the consumption of corro-
sion-resistant steel in Russia exceeded domestic produc-
tion by almost 2.5 times. Increasing the volume of cor-
rosion-resistant steel production in Russia is, therefore, 
a highly relevant issue [4].

When smelting 08Kh18N10T corrosion-resistant 
steel, producers face problems such as clogging of the 
pouring nozzle dispensers, low yield, and surface 
defects [5 – 8]. The oxygen content in steel, particularly 
in corrosion-resistant grades, is one of the key indicators 
of the final product’s quality [9 – 11]. Dissolved oxygen 
in the metal reacts with deoxidizers, forming non-metal-
lic inclusions (NMI). These NMIs compromise the integ-
rity of the metal, adversely affecting ductility, tough-
ness, fatigue strength, and corrosion resistance [12 – 14]. 
In corrosion-resistant steels, NMIs lead to the formation 
of defects such as “rub marks” in cold-rolled sheets, 
while Al2O3 inclusions contribute to the clogging of steel 
casting equipment during casting [15 – 17].

Deep surface defects in steel are caused by high le vels 
of NMIs, such as oxides of chromium, manganese, sili-
con, aluminum, titanium, and titanium nitrides. In stu-
dies [11 – 12], the authors state that deep surface defects 
occur due to the entry of coarse slag crusts from the mold 
into the metal. The cause of the formation of these coarse 
slag-metal crusts is oxides and nitrides of titanium, which 

form as a result of the interaction of dissolved oxygen and 
nitrogen in the metal with titanium, a common alloying 
element [18].

This study analyzes the smelting, ladle processing, 
and casting technology of 08Kh18N10T corrosion-resis-
tant steel to identify factors negatively impacting steel 
quality and NMI formation. 

 Materials and methods

To identify the causes of contamination of 
08Kh18N10T corrosion-resistant steel by various NMIs, 
an analysis was performed using data from industrial 
heats’ passports and production records, and samples 
of metal were taken throughout the entire ladle process-
ing chain for examination. The monitoring of changes 
in the content of the main types of oxide NMIs in metal 
samples selected at all stages of ladle processing, cast-
ing, and from continuously cast billets (CCB) was carried 
out using the method of fractional gas analysis (FGA). 
The study was conducted using a LECO TC600 gas ana-
lyzer with the original OxSeP Pro software. Fractional 
gas analysis is a modification of the method of reduction 
melting of the test sample in a graphite crucible in a stream 
of carrier gas at a specified linear heating rate [19 – 21]. 

To determine the morphology and chemical compo-
sition of the main types of NMIs found in the collected 
metal samples, a Jeol JXA-iSP100 EPMA scanning 
elect ron microscope with X-ray microanalysis was used, 
equipped with energy- and wavelength-dispersive spect-
rometers.

 Results and discussion

During the study, metal samples taken throughout 
the entire production process were analyzed for two heats 
of 08Kh18N10T corrosion-resistant steel: 

– heat 1: before the changes to the steel production 
technological parameters;

– heat 2: after the corrective actions were imple-
mented. 

Fig. 1 shows the results of determining the total oxy-
gen and nitrogen content (right ordinate axis) as well as 
the oxygen content in various types of oxide NMIs (left 
ordinate axis) in the collected metal samples. 

лено, что перемешивание рафинирующего жидкоподвижного шлака в агрегатах ковшевой обработки стали способствовало ассимиляции 
НВ шлаком и уменьшению их размеров в металле. После внедрения корректирующих рекомендаций засорения сталеразливочных стаканов 
при непрерывной разливке не наблюдалось. 
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During the casting process of heat 1, clogging 
of the pouring nozzles was observed. The FGA analysis 
of samples taken from the buildup on the pouring nozzle 
(Fig. 2) revealed high levels of total oxygen and nitrogen, 
as well as calcium aluminosilicates, spinels, and titanium 
oxides modified with calcium and magnesium.

At the technological stage of ladle-furnace unit 
(LFU) 4 – vacuum degasser (VD) 2 of heat 1, a decrease 
in the total oxygen and nitrogen content in the melt and 
an increase in the titanium oxide content were observed. 
In sample VD 3 of heat 1, chromium oxides, titanium 
oxides, and aluminates were detected. 

In metal samples taken from the tundish of the con-
tinuous casting machine (CCM) 1 for heat 1, titanium 
oxides were mainly detected. It should be noted that 
the nitrogen content in the sample taken from the con-
tinuous casting unit (CCU) 1 for heat 1 increased 
by 20 ppm compared to the nitrogen content in the metal 
sample taken from the vacuum degasser (sample VD 3 
of heat 1). At the same time, the total oxygen con-
tent decreased from 60 ppm (sample VD 3 of heat 1) 
to 30 – 40 ppm (sample CCU 1 of heat 1). The increase 
in nitrogen content in sample CCU 1 can be explained by 
the influence of secon dary oxidation of the metal during 
casting. During secondary oxidation, the melt interacts 
with atmospheric air. The solubility limit of oxygen in 
aluminum-deoxidized steel does not exceed 0.0005 %, 
with the remaining oxygen present in oxide inclusions, 
which are partially removed into the slag during casting. 
The solubility limit of nitrogen in the molten metal at this 
temperature is determined by the concentration of alloy-
ing elements and is significantly higher than its actual 
concentration. This leads to an increase in the dissolved 
and total nitrogen content in the molten metal during 
secon dary oxidation.

The results of the metal sample studies under an 
electron microscope confirm the results of the FGA. 
At the casting stage, oxide films larger than 400 µm were 
detected in metal samples from heat 1 (Fig. 3). 

Fig. 4 shows the results of metallographic stu dies 
of the chemical composition of samples taken from 
the clogging on the inner surface of the pouring nozzle. 
The study revealed: 

– a high content of titanium oxides modified with cal-
cium; 

– the presence of conglomerates of calcium, silicon, 
aluminum, and titanium oxides; 

Fig. 1. FGA results of the metal samples of heat 1:
 – chromium oxides;  – silicates;  – titanium oxides;  – aluminates;  – spinels; 1 – total N; 2 – total O

Рис. 1. Результаты ФГА проб металла плавки 1:
 – оксиды хрома;  – силикаты;  – оксиды титана;  – алюминаты;  – шпинели; 1 – общий N; 2 – общий O

Fig. 2. FGA results of metal samples 
taken from the clogging in pouring nozzle:

 – titanium oxides;  – aluminates;  – spinels;  
1 – total O; 2 – total N

Рис. 2. Результаты ФГА образцов проб металла, 
отобранных от нароста в сталеразливочном стакане:

 – оксиды титана;  – алюминаты;  – шпинели;
1 – общий O; 2 – общий N
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– particles of undissolved ferrochrome and titanium 
nitrides; 

– chromium oxides modified with titanium, silicon, 
and aluminum;

– calcium aluminosilicates, spinels, and titanium 
oxides modified with calcium and magnesium.

It is likely that film conglomerates of NMIs, such as 
titanium oxides, titanium oxides with calcium and alu-
minum, as well as titanium nitrides, precipitating from 
the melt onto the walls of the pouring nozzle, formed 
a framework on which metal buildup accumulated, thus 
hindering the casting process. The high contamination 
of the metal with titanium oxides and nitrides indicates 
that the deoxidation technology currently used at the plant 
is not optimal. The significant increase in nitrogen con-
tent in the melt during casting, the presence of oxide films 

and stringer inclusions of titanium oxides in the melt, and 
the large amount of titanium nitrides in the finished metal 
may suggest the influence of secondary oxidation pro-
cesses during casting. 

During the study, recommendations were made 
to adjust the ladle processing technology, specifically: 
transferring the nickel alloying operation from the LFU 
to the EAF, introducing a refining fluid slag, and perform-
ing soft inert gas blowing of the melt for at least 15 min 
after the addition of SiCa. The plant conducted experi-
mental heat 2, incorporating the provided recommenda-
tions. Metal samples were selected during the experi-
mental heat. The results of determining the total oxygen 
and nitrogen content and the oxygen contained in various 
types of oxide NMIs in metal samples taken throughout 
the entire steel production process are shown in Fig. 5. 

According to Fig. 5, it can be seen that in sample 
VD 1 of heat 2, the primary type of NMI was aluminates. 
In sample VD 2, after the addition of titanium powder wire 
and silicon-calcium, a decrease in the aluminate content 
was observed, while the content of chromium, manga-
nese, titanium oxides, and silicates increased. In samples 
VD 3 and CCM, there was an increase in the total oxygen 
and nitrogen content, which may indicate the occurrence 
of secondary oxidation of the metal. In samples from con-
tinuously cast billets (CCB), the primary type of NMIs 
were titanium oxides, with small amounts of aluminates, 
silicates, and spinels also present.

The analysis of the selected samples under an elec-
tron microscope confirmed the FGA results for the main 
groups of oxide NMIs. One of the results of element 
mapping of NMIs in the metal sample using micro-X-ray 
spectral analysis is shown in Fig. 6. 

Transferring the nickel alloying operation from 
the LFU to the EAF allowed the ladle processing time 
to be reduced by approximately one hour. The reduction 
in metal processing time in the LFU led to a decrease in 
the operating time of the electric arcs, which are a sig-
nificant source of nitrogen entry into the metal melt. This 

Fig. 3. Complex oxide NMI in selected metal samples

Рис. 3. Комплексное оксидное НВ в отобранных пробах металла

Fig. 4. Complex NMI in metal samples taken from the clogging on pouring nozzle surface

Рис. 4. Комплексное оксидное НВ в отобранных пробах металла от нароста на поверхности разливочного стакана



Izvestiya. Ferrous Metallurgy. 2024;67(5):549–555.
Em A.Yu., Komolova O.A., etc. Formation of non-metallic inclusions in production of 08Kh18N10T corrosion-resistant steel

553

also reduced the wear of the lining and minimized con-
tamination of the melt by the products of lining degrada-
tion. Based on the results of electron microscope studies, 
it was determined that the introduction of fluid refining 
slag led to the removal of NMIs and a reduction in their 
size – the inclusions became smaller (heat 2). No clogging 
of the pouring nozzles was observed in the experimental 
heat after the corrective actions were implemented. 

 Conclusions

An analysis of the production technology of 
08Kh18N10T corrosion-resistant steel was performed 
to determine the causes of NMI formation that affect 

the pourability and quality of the metal. During the study, 
the total oxygen and nitrogen content, as well as the oxy-
gen contained in various types of oxide NMIs at the stages 
of ladle processing and casting, were determined. 
The results of the electron microscope analysis confirmed 
the FGA findings, specifically the predominance of NMIs 
that are detrimental to corrosion-resistant steels: titanium 
oxides and nitrides, as well as aluminates. It was shown 
that after the addition of titanium wire, the total nitro-
gen content decreased due to the formation of titanium 
nitrides, which were subsequently removed into the slag. 
At the same time, an increase in titanium oxide content 
was observed. It was demonstrated that the cause of clog-
ging of the casting equipment is the formation of complex 

Fig. 5. FGA results of the metal samples of heat 2:
 – chromium and manganese oxides;  – silicates + manganese;  – titanium oxides;  – aluminates;  – spinels; 1 – total O; 2 – total N

Рис. 5. Результаты ФГА проб металла плавки 2:
 – оксиды хрома и марганца;  – силикаты + марганец;  – оксиды титана;  – алюминаты;  – шпинели; 1 – общий O; 2 – общий N

Fig. 6. Complex oxide NMI in selected metal sample 

Рис. 6. Комплексное оксидное НВ в металле
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NMIs based on titanium oxide, which “stick” to the sur-
face of the pouring nozzle during steel casting. 

Recommendations were made to adjust the ladle 
processing technology. Based on the results of electron 
microscope studies, it was determined that the induc-
tion of fluid refining slag contributed to the assimila-
tion of NMIs and their size reduction (heat 2). After 
the implementation of corrective measures, no clogging 
of the casting equipment was observed.
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