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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.

Keywords: corrosion-resistant steel, fractional gas analysis, non-metallic oxide inclusions, steel quality

For citation: Em A.Yu., Komolova O.A., Grigorovich K.V., Rumyantseva S.B. Formation of non-metallic inclusions in production of 08Kh18N10T
corrosion-resistant steel. Izvestiya. Ferrous Metallurgy. 2024;67(5):549-555. https://doi.org/10.17073/0368-0797-2024-5-549-555

®OPMUPOBAHUE HEMETAI/TMMECKUX BKNHOYEHUM
NPU NPOU3BOACTBE KOPPO3SUOHHOCTOMKOMU CTANU 08X18H10T

A.10.EM!®, 0. A. KomosioBal %, K. B. Tpuroposuy’-?, C. B. PymanuneBal

MHeTHTYT MeTa/UIypruu U MaTepuaoseaenust uM. A.A. Baiikosa PAH (Poccus, 119991, Mocksa, Jlerunckuii mp., 49)
2 HanuoHaIbHbI HCCTeN0BATEILCKHI TexHoornyeckuii ynusepeutetr « MACHUC» (Poccust, 119049, Mocksa, Jlenunckuii mp., 4)

&) tony.yem1994@gmail.com

Annomayus. Koppo3HOHHOCTOMKHE cTaiii BOCTPEOOBAaHBI B COBDEMEHHOM MHpE M3-32 UX BBICOKMX SKCILTYaTallMOHHBIX CBOICTB M IIMPOKOTO CHEKTpPa
npuMeHeHust. K TakuM o0acTsM NpUMEHEHHs: OTHOCATCS KyXOHHAsi yTBAapb, MeOelb, MEIULIMHCKOE 000pYI0BaHUE, SICPHBIE PEAKTOPbI, KOCMHU-
yeckue ammaparsl U T. 1. Kuciaopox B cramm, 0cOOEHHO B KOPPO3HMOHHOCTOMKOM, SIBJISIETCSI OJHMM W3 CaMbIX BPEIHBIX 3JeMeHTOB. OKcHIHBIC
BKJIFOYCHHs HapyILIalOT TOMOTEHHOCTh METailjia, OTPUIATETIBHO BIMAIOT HA IIACTUYHOCTH, BSI3KOCTh Pa3pyLICHUs, YCTAJIOCTHYIO IMPOYHOCTH
U KOPPO3HOHHYIO CTOWKOCTh CTajd. B KOPpPO3MOHHOCTOWKHX CTasIX HeMerayutndeckue BruitodeHus: (HB) mpuBomst k 00pa3zoBanmio ae(eKToB
B XOJIOZIHOKATaHOM JIMCTE. BKIIIOYEHNS aTIOMUHATOB TaKKe TIPUBOJIAT K 3aCOPEHMIO CTANIEPA3IMBOYHOIO 000pya0oBaHus. B paboTe BbINOIHEH aHATH3
TEXHOJIOT MU ITPOM3BO/ICTBA KOppo3noHHOCTOMKOM cTamn 08 X8H 10T ¢ nenbro onpenenenus npuanH oopasoBanus HB, Biusiomux Ha pa3iuBacMocTh
CTaJIU U ee KauecTBO. B Xojie ncene1oBaHmiil onpeesieHo cofepkanue 00IIero KMUCiIopoaa 1 a3oTa, a Takike KMCIOPO/Ia, CBI3aHHOTO B Pa3jInYHbIe
HB Ha cTagusx xoBmieBoi 00pabOTKM M HENPEPHIBHON pa3inuBKU cTaid. [lociie BBeneHNS B paciulaB THTAHOBOW IPOBOJIOKK oOIIee cofepikaHne
a30Ta CHIKACTCS 3a CYET 00pa30BaHUs M MOCIEYIOIIEro yAAJIeHHs HUTPUAOB TuTaHa. [Ipu 5TOM yBEeIMYMBAETCS COJAEP)KAHWE OKCHIOB TUTAHA
B pacmuiaBe. [lokazaHo, 4TO MPUYMHAME 3aCOPEHHS CTAJIEPA3TMBOYHBIX CTAKAHOB IPH HETIPEPHIBHOW pa3NMBKe SBISIOTCS KoMmIulekcHble HB Ha
OCHOBE OKCHJIOB TUTAHA, KOTOPbIE OCAKAANUCH HA BHYTPEHHEH MOBEPXHOCTH PA3IMBOYHOIO CTaKaHa-103aTopa. B paboTe 1aHbl peKOMEHIAIMH 110
KOpPPEKTHUPOBKE TexHomoruy BeitutaBky cranu B JICIT u koBmeBoit 06padotku. [1o pe3ynsraraM 3JIeKTPOHHO-MHKPOCKOIIMYECKOTO aHAIN3a YCTaHOB-
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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 Al,O, inclusions contribute to the clogging of steel
casting equipment during casting [15 — 17].

Deep surface defects in steel are caused by high levels
of NMlIs, 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
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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 NMlIs 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
electron 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 /: 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.
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Fig. 1. FGA results of the metal samples of heat /:
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[ — oxcuzsl Xpoma; [l — CHIHKAThL; [l — OKCHIBI THTaHa; il — aIfoMHUHATEL; [l — mmuHeny; / — obmmit N; 2 — o6muit O

During the casting process of heat /, 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 /, 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 /, chromium oxides, titanium
oxides, and aluminates were detected.
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Fig. 2. FGA results of metal samples
taken from the clogging in pouring nozzle:
[ — titanium oxides; ] — aluminates; [l — spinels;
1 —total O; 2 — total N

Puc. 2. Pesynsratsl ®I'A 00pa3iioB npod meraa,
OTOOpaHHBIX OT HAPOCTA B CTAJICPA3TMBOYHOM CTaKaHE:
[ — oxcuapel TuTana; il — aarOMUHATEL; ] — IIITHHETN;

1 — o6wmmii O; 2 — obmmit N

In metal samples taken from the tundish of the con-
tinuous casting machine (CCM) 1 for heat /, 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 / increased
by 20 ppm compared to the nitrogen content in the metal
sample taken from the vacuum degasser (sample VD 3
of heat /). At the same time, the total oxygen con-
tent decreased from 60 ppm (sample VD 3 of heat /)
to 30 — 40 ppm (sample CCU 1 of heat 7). The increase
in nitrogen content in sample CCU 1 can be explained by
the influence of secondary 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
secondary 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 um were
detected in metal samples from heat / (Fig. 3).

Fig. 4 shows the results of metallographic studies
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;
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Chemical composition, %
Name X "
(0] Al Si Ca Ti Cr
Spectrum 6 4488 | 3.52 9.10 1.33 | 3470 | 6.47
Spectrum 9 37.78 | 0.59 - — 52.59 | 9.04
Average 41.33 | 2.05 9.10 1.33 | 43.64 | 7.76
Standard deviation | 3.55 1.46 - - 8.95 1.28

Fig. 3. Complex oxide NMI in selected metal samples

Puc. 3. KomrutekcHoe okcuiHoe HB B 0TOOpaHHBIX Tpodax Meraia

— 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 NMlIs, 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.
Insample 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 NMlIs. One of the results of element
mapping of NMlIs 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

- Chemical composition, %
0 Al Si Ca Ti (o) Mn Beero
Spectrum 15 4582 | 2.02 | 2563 | 074 | 753 | 1826 | — |100,00
Spectrum /6 4320 | 132 | 532 | 041 | 286 | 46.12 | — |100,00
_ ; Spectrum /7 3894 | 052 | 0.79 - 465 | 5479 | - |100,00
‘.;. R Spectrum /8 | 34.89 | 0.42 - - 6.83 | 38.97 | 18.89 | 100,00
Py o I8 Spectrum /9 48.32 1.54 19.11 5.34 6.79 18.12 - 100,00
i) Tyt e h Average 4224 | 116 | 1271 | 216 | 573 | 3525 | 18.89 —
Standard deviation | 4.81 0.61 10.06 | 2.25 1.73 18.80 — —

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

Puc. 4. KommiekcHoe okcuaHoe HB B 0T06pam-n>1x rlp06ax METajljla OT HapOCTa Ha NMOBEPXHOCTH PA3JIMBOYHOIO CTaKaHa
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Fig. 5. FGA results of the metal samples of heat 2:

Puc. 5. Pesynsrarel ®I'A npob MeTania miaBku 2:
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Fig. 6. Complex oxide NMI

tutaHa; ] — amomuHatsl; ] — wnuHeny; / — odumit O; 2 — obumii N

in selected metal sample

Puc. 6. Kommiekcnoe oxkcuanoe HB B MeTaime

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
08KhI8N10T 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
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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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