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JucepraliiifHy poOOTy TMPUCBSIYEHO PO3POOJICHHIO eHEepro3oepiraroyoi
HACKPI3HO1 TEXHOJIOT11 BUILIABKH Ta MJIACTUYHOT nedopmarrii
yJIbTPAHU3bKOBYTIICLIEBOI CTall JJIi OCOOJIMBO TOHKOTO JIMCTOBOTO MPOKATy 3
MIJBUIEHUMHU BJIACTUBOCTSAMU (BMIcT Byriemto meHiie 0,005%) MikposeroBaHoi
ATIOMIHIEM, 3 MIHIMQJIBHUM BMICTOM HIKiMBUX gomimok (P<0,010%; S<0,005%;
N<50ppm; O<30ppm; H<2ppm) y rapsyekaTaHOMy CTaHi 3 HAaCTYITHOIO
1HTEHCUBHOIO IJTACTUYHOIO JIe(OpMAITI€TO.

B pob6oti mnpoBeneHO aHAMITUYHUM OIJISIA TEXHOJOTIA  Ofep KaHHS
HU3BKOBYTJIEIIEBOI €JIEKTPOCTAIl, 32 pe3yJibTaTaMu SIKOr0 OyJi0 BUBHAYEHO 00’ €KT
Ta npeaMeTr aociipkeHHs. [lokazano, mpaktuuHo Bei [F- cTanu BUIIABIAIOTH B
KOHBEpTEpax 3 KOMOTHOBAHOIO MPOAYBKOIO KHCHEM 1 aprOHOM, MPOIIEC MJIABKHU SKOi
Ma€ CBOi IMepeBaru Ta HEMOJIKU. Y IOCKOHAJIEHHS TEXHOJIOTIT 3/IMCHIOETHhCS 3a
PaxyHOK PpO3IIUPEHHS 3aCTOCYBaHHS OOpOOKM YaByHY B KOBIIaX 3 METOIO
3HECIpUeHHs. 3HauHa yBara NPUAUBIETHCS MIJABUIICHHIO CTIHKOCTI (yTepiBKUA Ta
BUKOPUCTAHHA €(EKTUBHUX CHUCTEM BIJACIYKA NUIAKYy TMPU 37UBI YaBYHY 3
KoHBepTepa. Oepkalio MoaIbIINi PO3BUTOK Ta 30UTbIIEHHS (DYHKIIIHM MO3aniqHOl
0OpoOKHM cTalli, B TOMY YHCJI1 3aCTOCYBAaHHS BAKyyMYyBaHHSI.

VY enekTpornedi MOXHa OTPUMYBATH JIETOBAaHY CTallb 3 HU3BKUM BMICTOM
cipku 1 pocdopy, HeMeTaneBUX BKIIOUEHb, TPU LIbOMY BTPaTH JIETYIOUUX €JIEMEHTIB
3HAYHO MEHIII, HIXK B KHCHEBO-KOHBEpTepHOMY Iporeci. [Ipu enekrporuasii
MO>KHA TOYHO PETYJIIOBATH TEMIIEpaTypy METaTy 1 HOTO CKJIaJl, BUTUTABIISITH CIIJIaBU
Maif’ke OyJb-SIKOTO CKJIaqy. 3aCTOCYBaHHsSI TOHKOTO JIMCTAa 3 HU3bKOBYIJICIIEBUX
cTajieii B aBTOMOOUIEOynyBaHHI 3a0e3nedye HEOOXiAHY IUIACTHYHICTh MPH
dbopmyBaHHI1 JieTaneil ckiaaHoi KOH(DIrypaiii Ta 3MEHIIy€e BUTpaTH MaTepialiB Ha
BUTOTOBJICHHS IIJIIXOM 3MEHIIICHHS TOBIIMHHM JIUCTA, IO B CBOIO YEPry 3MEHIITYE
Bary aBTomMoOuIs. HalOimpln npuaaTHUMU 1JIS JOCSITHEHHS BKa3zaHuX Iiied € IF
CTayi, SKi MOBWHHI MaTH BIAMOBIMHMA XIMIYHHM CKJIa] Ta HEOOXigHI BHCOKY
MIIHICTh Ta INIACTUYHICTh. JIJIS 1X JOCSATHEHHS HEOOXIIHO IOEIHAHHS TEXHOJIOTII
BUIUIABKM, MO3aMiyHOi OOpOOKM Ta 3acTOCyBaHHS IHTEHCHUBHOI IUIACTUYHOI
nedopmariii 3 OTpUMaHHSIM IPIOHOIUCTIEPCHOT CTPYKTYPH.

[IpeameT mociiKeHHs - 3aKOHOMIPHOCTI B3a€MO/11i KOMIIOHEHTIB B P1AKOMY
CTaHl Ta BIUIMB HAa OKHUCJIEHICTh METaly, 3HW)KEHHS BMICTY PO3UYMHEHUX ra3iB Ta
MTOKa3HUKH BaKyyM BYTJICIIEBOTO PO3KHCIICHHS, XapaKTEPUCTUKH
HITP1A0YTBOPEHHS.

Meta poOoTH — po3poOJIeHHsI eHepro30epirarouoi TEXHOJOT1l BUILJIAaBKU Ta
BCTAHOBJICHHSI 3aKOHOMIPHOCTEHN BIUIMBY JedopMalliiHuX pPEeXUMIB MPOKATKU Ta
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IHTEHCUBHO1 ~ TuIacTM4HOI  nedopmaiii  Ha  ¢GOpMyBaHHS  BJIACTUBOCTEH,
CTPYKTYpPOYTBOPEHHS TOHKOJIUCTOBOTO IIPOKATY.

OOrpyHTOBaHO  pe3yjbTaTaMH  TEPMOAMHAMIYHUX  PO3paXyHKIB  Ta
HiATBEPHKEHO €KCIEPUMEHTAIbHUMH JOCTIIKEHHSIMH, 110 NIl 3HU)KCHHS BMICTY
BYTJICIIO B CTaJl JO 3aJaHOi BETMYMHU, OKHCIEHHS BYTJELI0 3 (epocmiaBiB Ta
BYTJICIIO 3 €JIEKTPOAIB MPH HArpiBi METaly Ha IMe4l KOBIII aKTUBHICTh KHUCHIO Y
HamiBrpoaykTi 3 JICII mae OyTu HOCTaTHBOIO Uil IPOBENICHHS JaHUX PEakiiid Ta
ckinanatume 1100 ppm, a BMICT BYIJeIi0 Ha BUIycKy Mae OyTu Hu3bkuM (0.03-
0.048%), 3 Temnepatyporo Ha piBH1 1600°C

Ha ocHOBI pe3ynbTaTiB MaTeMaTUYHOTO MOJIEIIOBAHHS Ha PO3po0JeHIN Ha
kadenpi TMII matemaTuuHii Mojeni Jerasarfii MeTajly B KiBIIaX 3 MPOJyBKOIO
aproHOM 3 ypaxyBaHHSIM pPO3MOJUTY rasziB 3 MeTally 3a TpbOMa CTATTAMH — Y
OoynpOamku CO, y OynpOaliku aproHy Ta 4yepe3 BIIKPUTY IMOBEPXHIO METaly,
BCTAHOBJIEHO 30BHIIIHE JIIMITYBaHHs (Bip menie 0.2), peakuis BUAaNCHHsS KUCHIO
JaneKa BiJ piBHOBarM. Y BCIX BaplaHTaXx 3MIHM TEXHOJOTIYHUX MapaMeTpiB
CIIOCTEPITa€eThCsl OJIOKYBAHHS 3HAYHOT YAaCTMHU MOBEPXHI PO3JAUTY METall — ra3oBa
(haza MOTOKOM KHCHIO, 1110 TIOB’S3aHO 3 TUM, 1110 TOTOKH KHCHIO 10 Macl MPUOJIM3HO
Ha TOPSAJOK BUIIl 32 MOTOKA BOAHIO. [IpM 3MiHI TEXHOJNOTrIYHHMX NapameTpiB
B1I0YBA€THCS MIPOIIEC CAaMOPETYIIOBAaHHS MEPEPO3NOIIIY MOTOKIB BOJHIO 1 KHUCHIO
3a paXyHOK 3HAQYHOTO BIAXWJIEHHS peakuii yrBopeHHs CO BiJ piBHOBaru.

BcTaHoBiieHO 3aKOHOMIPHOCT1 BIUIMBY THTAHY Ha 3MEHIIEHHS [ii a30Ty Y
CTaJISIX Ha MOSBY Je(EKTIB METally, MOB'I3aHUX 3 BUIJICHHSIM HITPU/IIB ATIOMIHIO
[0 TPaHMULAX NEPBUHHUX 3€PEH, L0 BU3HAYAETHCSA PI3HOI TEPMOJAMHAMIYHOIO
CIIOPITHEHICTIO TUTaHy 1 alIIOMIHIIO J0 a30Ty. Ha ocHOBI aHamizy
EKCIIEPUMEHTAJIbHUX JAHUX OJEPKAHO AHANITUYHUN BHUpa3, SAKUH BCTAHOBIIIOE
HEOOXIHY KUIBKICTh MPUCAIOK TUTAHY /I HEWTpasi3allii IIKiAJIUBOTO BILTUBY
a30Ty 1 BpaxOBY€ KOHIICHTPAII0 aIIOMIHIIO B CTall JUIs TOMNEPEIKCHHS
(GbopMyBaHHS LIKIJIMBUX HITPUIIB adtoMiHit0. [Ipu BMICTI B cTajl TUTaHy BHUUIE
3alpPONOHOBAHOIO BKA3aHOK 3aJIEKHICTIO, CIIOCTEPIraeTbcs IMosiBa JE(EKTIB,
MOB'SI3aHUX BXKE 3 HITPUJAMH TUTaHy, a MEHIIA KUIbKICTh € HEAOCTATHHOIO JIJIst
JIOCATHEHHSI 3a3HAYEHOTO TEXHIYHOTO pe3yJbTaTy, TOMY IO CIOCTEpIraeTbes
YTBOPEHHSI HITPU/IIB AJTFOMIHIIO.

Brnepie BUKOPUCTaHO METOAMKY (PI3UKO-XIMIYHOTO MOJENIOBAHHS, SKa
pospodiiena B IUYM HAHY, 7118 BH3HAuGHHS ONTHUMAJIBLHOTO  CKJIAdY
HU3BKOBYTJICIIEBOI CTalli Ta BCTAHOBJEHI IHTETpaJbHI MMapaMeTpH, SKi
XapaKTepu3yloTh CTaH CIUIaBy 1 OOYMOBJIOIOTH 3MIHY BIJIACTUBOCTEH Yy
BCTAHOBJICHOMY KOHIICHTPAIlIHHOMY 1HTEpBai MOAU(DIKYIOYMX E€JEMEHTIB, Ta
MOKa3yIOTh, 110 IPU BCTAHOBJICHUX PEXUMaX AehopMariiitHoi 00poOKH TOCTITHUX
3pa3KiB CTajl JOCATAIOTHCS MOKAa3HUKM MEXaHIYHHUX BIIACTUBOCTEH Ta CTPYKTYpHU
IpOKaTaHUX 3pa3KiB, sIK1 BIJIMOBIAIOTh XapaKTEPUCTUKAM HU3bKOBYTJIEIIEBOT CTaJI:
Mexka MirtHoCTi 354...362 MIla, BinHOCHE 3BY»eHHs ckjano 84-85%, a BITHOCHE
MOIOBXKEHHSA, %: 05 B Mexkax 42-44, 6,0 ctaHoBHIO 33-36. MexaHI4HI BJaCTUBOCTI
3a JllarpaMor0 «MeKa MIITHOCTI — 3arajbHe MOJOBKEHHS» ISl JIUCTOBUX CTalleh
MOKa3ye, 10 BOHMW BIJMOBIJIAIOTh PIBHIO, BJIACTUBOMY BHCOKO TIiacTUyHUM IF-
CTaJISIM, SIK IO OTPUMAHOMY CKJIaJly, TaK 1 3a BJACTUBOCTSIMHU.
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HoBi HaykoBo oOrpyHTOBaHi TeopeTuuHi Ta / ab0 eKCIepUMEHTaIbH1
pe3ynbTaTH MPOBEACHUX 3/100yBadeM JOCIIHKEHb, 1[0 MAIOTh 1CTOTHE 3HAYEHHS
JUIS TIEBHOI raiy3i 3HaHb Ta MIATBEPKYIOTHCS JOKYMEHTaMH, SIKI 3aCBIIUYIOTH
MPOBEJICHHS TAKUX JOCTIIKEHb.

TeopeTnuHe Ta MpaKkTUYHE 3HAYCHHS PE3YIbTATIB TOCIIKCHHS

Ha ocHOBI  (}i3UKO-XIMIYHOTO  OOrpyHTYBaHHA Ta  pO3pOOJICHHI
TEXHOJOTIYHUX PEKUMIB BHUIUIABKH Ta TMO3amiuHOi OOpOOKH HU3BKOBYTJIELEBOI
€JIEKTPOCTAl JJii TOHKOJIMCTOBOTO MPOKATy 3 TMIABUIICHUMU MEXaHIYHUMHU
BJIACTUBOCTSIMU 3/11iICHEHA BUILJIABKA HOBOT yJIbTpaHU3bKOBYTIEEeBOi (BMicT 0,002—
0,005% Byremw), MiKpOJIEroBaHOi allOMIHIEM CTalll, 3 MIHIMAJIbHUM BMICTOM
mkigmmBux gomimok (P<0,010%; S<0,005%; N<50ppm; O<30ppm; H<2ppm).
BusiieHo oco0nuBocTi (OpMyBaHHS TOHKOI CTPYKTYpH, (POpMYBaHHS TEKCTYpH
HU3bKOBYIJICLIEBOI €JEKTPOCTall MNpU HU3bKUX Temmeparypax (Huwkue Arl)
3aKIHYEHHS IPOKATKU Ta 3MOTKU. BCTaHOBJIEH1 3aKOHOMIPHOCTI BILUIMBY IPOLIECIB
pekpucTanizauii, opMyBaHHS TEKCTYpU HA PO3MIp 3€pHA B CTPYKTYpl JIUCTOBOI
CTaJll Ta BUSBIICHI 3B S3KM MIXK TEKCTYpOI, MIKPOCTPYKTYpPOIO Ta MEXAHIYHUMH
BJIACTMBOCTSIMH TOHKOJIMCTOBOT CTaJIi.

HoBu3Ha TexHIYHUX pIlIEHb 3aXMIlleHa 2 MaTeHTamMu Ha BuHaxia “Croci0
JIBOETANMHOI TMo3amiyHoi 00poOku HuzbkoByTieneBoi cram” (Ne 122000 Bix
25.08.2020 p.); “Cmoci6 BUPOOHMIITBA JIETOBAHOI HU3BKOBYTJIEIEBOI CTajl B
KOHBepTepax 3 OokoBuM miaBeneHHsM ayTTs” (Ne 122507 Bim 26.11.2020 p).
Pesynbratn nmucepramniiHoi poOOTH MOXYTh OyTH BHKOPHUCTaHI B paMKax
BUKOHAHHS HayKOBO-AOCIITHULIBKUX POOIT Ta BIPOBAKEHI B HABYAJIbHUI MIPOLIEC
YKpaiHCHKOTO JEp>KaBHOTO YHIBEPCUTETY HAYKH 1 TEXHOJOTIH TpH MiATOTOBII
MaricTpiB 3a cremanbHicTio 136-Metanypris (OHII “ocnimkenHs mporeciB Ta
pPO3pOOKa TEXHOJIOT1H B METATYPTii” .

[IpakTuHe 3HaUE€HHA POOOTH

[IpoBeneHi AOCIIKEHHS JO3BOJIUIN OTPUMATH BIJOMOCTI IIOAO0 BEIUYUHU
aKTUBHOCTI KHCHIO Y HamiBOpoAykTi 3 JCII noctaTHbo1 A IpOBENECHHS peakiiiil
OKHCIIEHHIO BYTJICIIO JI0 3a/1aHO1 BETMYMHM, OKHCIICHHS BYTJICIIO 3 (hepocIiaBiB Ta
BYIJICLIO 3 €JIEKTPOAIB MpH HarpiBi Merany Ha meul kosmi. [lokazaHo, 110
aKTHUBHICTh KUCHIO y HamiBOpoAyKTi 3 JICII Mmae OyTu 10CTaTHBOIO AJ1 IPOBEICHHS
naHux peakuiid Ta ckiagatume 1100 ppm, a BMICT BYIJIELIO HAa BUITYCKY Ma€ OyTH
Hu3pkuM (0.03-0.048%), 3 Temneparyporo Ha piBHI 1600°C

BcranoBrieHi 3aKOHOMIPHOCTI Jerasailii MeTajly B KIBIIaX 3 MPOTYBKOIO
aproHOM 3 ypaxyBaHHSM pO3MOAUTY Ta3iB 3 MeTaly 3a TpbOMa CTAaTTAMU — Y
oynbOamku CO, y Oynp0aliky aproHy Ta 4epe3 BIAKPUTY MOBEPXHIO METaly, Ta
BCTAHOBJICHO 3O0BHIIIHE JIIMITYBaHHS peakiiil jgerasamii, 1m0 TOTpedye
3aCTOCYBaHHS MPOJYBKU METATy HEUTPATIbHUM T'a30M.

OTpumaHni aHi II0JI0 BIUIUBY TUTAHY Ha 3MEHILEHHA [ii a30Ty y CTalsaX Ha
nosiBy JepekTiB MeTandy, MNOB'SI3aHMX 3 BUIUICHHSM HITPHUIIB AJTIOMIHIIO IO
TPaHUIIX TEPBUHHUX 3€pEeH, IO BU3HAYAETHCA PI3HOK TEPMOJAMHAMIYHOO
CHOPITHEHICTIO TUTAHY 1 aJIFOMIHII0 A0 a30Ty. OJep:KaHO aHATITUYHUIN BUpa3, AKUN
BCTAHOBJIIO€ HEOOX1/IHY KIJIBKICTh IPUCAJIOK TUTAHY JJIs1 HEUTpani3aiii KIJIUBOTO
BIUIMBY a30Ty 1 BpaxoBYy€ KOHIICHTpaIlit0 aidtoMiHi0 B ctadi. [Ipu BMICTI B cTami
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TUTaHy BHUIIE 3alpPONOHOBAHOTO BKA3aHOK 3aJIEKHICTIO, CIOCTEPITaeThCcsl MOsiBa
nedekTiB, NOB'SI3aHUX BXE 3 HITPUAAMH TUTaHy, a MEHIIA KUIbKICTh €
HEJOCTAaTHBHOIO ISl JOCSATHEHHS 3a3HAYEHOTO TEXHIYHOTO pPe3yibTary, TOMY IO
CTHIOCTEPIraeThCsl YTBOPEHHS HITPUIIB aTIOMIHIIO.

Po3paxyHkoBi 1aHi Ha OCHOBI (PI3UKO-XIMIYHOTO MOJEIIOBAHHS J103BOJISIOTH
3M1ACHUTH BUOIp KoHLeHTpauii eneMeHTiB st ctaned tumy O1FOTA, O1HOT B
mianasoni: C (0,002...0,003%), Mn (0,12-0,13%), Si (0,01-0,02%), P (0,006-
0,008%), S (0,011-0,012%), Al (0,04-0,05%), Ti (0,05-0,06%), N (0,004-0,005%),
Ca (0,0002-0,0003%). KonuenTpariiiauii iHTepBaJl €JICMEHTIB, BCTAHOBJICHUH 32
pO3paxyHKOBUMH JaHUMH, TOBHMHEH 3a0e3MedyyBaTH ONTHUMAIbHUN KOMILJIEKC
BJIACTUBOCTEH cTayieil. Po3paxyHKOBI KOHIIEHTpaIlliiHI IHTEpBAJIM E€JEMEHTIB
MIJTBEP/PKCHI EKCIEPUMEHTAIbHO 1 OyayTh BHUKOPHCTaHI MPHU BCTAHOBJICHHI
ONTUMAJIBHOIO CKJIaAy YJIbTPAaHU3bKOBYIJICLIEBUX CTAJICH.

OtpuMaHi J1aHi JalOTh 3MOTY: HIABUIIUTA TEXHIKO-€KOHOMIUHI MOKa3HUKU
BUIIJIABKM HU3BKOBYTJICIIEBO1 €JIEKTPOCTANIl, 3SMEHIIIUTH BUTPATY PO3KHUCIIIOBAUIB Ta
NIJBUILIUTH SIKICTh €JIEKTPOCTANIl 3a PAXyHOK 3MEHIICHHS KIJIbKOCTI PO3UYMHEHUX
ra3iB Ta HEMETaJIEBUX BKJIIOUCHb.

KuirouoBi cioBa: BUIIaBKa, IyroBa €JEKTPO M4, YCTAaHOBKA «KIBLI-MIW»,
3HEBYIJICIIOBaHHS, BAKyyMHa Jierasailis, (pi3uko-xiMiuHe MOJICIIOBaHHS, XIMIYHUN
CKJIaJl, OKHCIIEHICTh METally, BIUIUB TUTAaHy Ta a30Ty, HITPIIOYTBOPEHHS, PEKUMH
IPOKATKH, IHTEHCHBHA IJJaCTM4YHA Jedopmallis, CTPyKTypa MeTally, BEJIMYKHA

3epHa, MEXaHIYH1 BJIACTUBOCTI.
ABSTRACT

Kamkin V.Yu. Development of end-to-end technology for the production of
low-carbon steel for the production of high-quality thin rolled products. —Qualifying
scientific work on manuscript rights.

Dissertation for obtaining the scientific degree of Doctor of Philosophy PhD
in specialty 136 - "Metallurgy". - Ukrainian State University of Science and
Technology. — Dnipro, 2024.

The dissertation is devoted to the development of an energy-saving end-to-
end technology of melting and plastic deformation of ultra-low-carbon steel for
especially thin rolled sheets with increased properties (carbon content less than
0.005%) microalloyed with aluminum, with a minimum content of harmful
impurities (P<0.010%; S<0.005%; N<50ppm ; O<30ppm; H<2ppm) in the hot-
rolled state with subsequent intense plastic deformation.

In the work, an analytical review of low-carbon electrical steel production
technologies was conducted, based on the results of which the object and subject of
the research was determined. It is shown that almost all IF steels are melted in
converters with combined oxygen and argon blowing, the melting process of which
has its advantages and disadvantages. The improvement of the technology is carried
out due to the expansion of the application of processing cast iron in ladles for the
purpose of desulfurization. Considerable attention is paid to increasing the stability
of the lining and the use of effective slag cut-off systems when draining pig iron
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from the converter. Received further development and increase in the functions of
non-baking steel processing, including the use of vacuuming.

In an electric furnace, it is possible to obtain alloyed steel with a low content
of sulfur and phosphorus, non-metallic inclusions, while the loss of alloying
elements is much smaller than in the oxygen-converter process. With electric
melting, it is possible to accurately regulate the temperature of the metal and its
composition, to melt alloys of almost any composition. The use of a thin sheet of
low-carbon steel in the automotive industry provides the necessary plasticity when
forming parts of a complex configuration and reduces the cost of materials for
production by reducing the thickness of the sheet, which in turn reduces the weight
of the car. The most suitable for achieving these goals are IF steels, which must have
the appropriate chemical composition and require high strength and plasticity. To
achieve them, a combination of smelting technology, out-of-fire processing, and the
use of intensive plastic deformation to obtain a finely dispersed structure is
necessary.

The subject of the study is the regularities of the interaction of components in
the liquid state and the effect on metal oxidation, the reduction of the content of
dissolved gases and indicators of vacuum carbon deoxidation, characteristics of
nitride formation.

The purpose of the work is to develop an energy-saving smelting technology
and to establish the regularities of the influence of deformation regimes of rolling
and intensive plastic deformation on the formation of properties and structure
formation of thin-rolled steel.

It is substantiated by the results of thermodynamic calculations and confirmed
by experimental studies that in order to reduce the carbon content in steel to a given
value, to oxidize carbon from ferroalloys and carbon from electrodes during heating
of metal in a "furnace - ladle", the activity of oxygen in the chipboard semi-product
must be sufficient to carry out these reactions and will be 1100 ppm, and the carbon
content at the outlet should be low (0.03-0.048%), with a temperature of 1600°C

Based on the results of mathematical modeling on the mathematical model of
metal degassing in ladles with argon purging developed at the TMP department,
taking into account the distribution of gases from metal according to three articles -
in CO bubbles, in argon bubbles and through the open surface of the metal, an
external limitation was established (Bip less than 0.2) , the oxygen removal reaction
is far from equilibrium. In all options for changing the technological parameters, a
significant part of the interface between the metal and the gas phase is blocked by
the flow of oxygen, which is due to the fact that the flow of oxygen by mass is about
an order of magnitude higher than the flow of hydrogen. When the technological
parameters are changed, the process of self-regulation of the redistribution of
hydrogen and oxygen flows occurs due to a significant deviation of the CO
formation reaction from equilibrium.

The regularities of the effect of titanium on reducing the effect of nitrogen in
steels on the appearance of metal defects associated with the release of aluminum
nitrides along the boundaries of primary grains, which is determined by the different
thermodynamic affinity of titanium and aluminum to nitrogen, have been
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established. Based on the analysis of experimental data, an analytical expression was
obtained that establishes the required amount of titanium additives to neutralize the
harmful effects of nitrogen and takes into account the concentration of aluminum in
steel to prevent the formation of harmful aluminum nitrides. When the content of
titanium in the steel is higher than that suggested by the specified dependence, the
appearance of defects associated with titanium nitrides is observed, and a smaller
amount is insufficient to achieve the specified technical result, because the formation
of aluminum nitrides is observed.

For the first time, the physic-chemical modeling technique, which was
developed at the Institute of Chemical Engineering of the National Academy of
Sciences, was used to determine the optimal composition of low-carbon steel, and
integral parameters were established that characterize the state of the alloy and
determine the change in properties in the established concentration interval of the
modifying elements, and show that with the established modes of deformation
treatment of the experimental of steel samples, the indicators of mechanical
properties and structure of rolled samples are achieved, which correspond to the
characteristics of low-carbon steel: strength limit 354...362 MPa, relative narrowing
was 84-85%, and relative elongation, %: oS5 within 42-44, 510 was 33-36 .
Mechanical properties according to the "strength limit - total elongation™ diagram
for sheet steels shows that they correspond to the level characteristic of highly
ductile IF-steels, both in terms of composition and properties.

New scientifically based theoretical and/or experimental results of studies
carried out by the applicant, which are of significant importance for a certain field
of knowledge and are confirmed by documents certifying the conduct of such
studies.

Theoretical and practical significance of research results

On the basis of physic-chemical justification and the development of
technological regimes of smelting and out-of-furnace processing of low-carbon
electrical steel for thin-rolled steel sheets with increased mechanical properties, the
smelting of a new ultra-low-carbon (0.002-0.005% carbon), microalloyed steel with
aluminum, with a minimum content of harmful impurities (P<0.010% ; S<0.005%;
N<50ppm; H<2ppm). The peculiarities of the formation of a fine structure, the
formation of the texture of low-carbon electrical steel at low temperatures (below
Arl) at the end of rolling and coiling have been revealed. The regularities of the
influence of recrystallization processes, texture formation on grain size in the
structure of sheet steel are established, and the relationships between texture,
microstructure and mechanical properties of thin sheet steel are revealed.

The novelty of technical solutions is protected by 2 patents for the invention
"Method of two-stage out-of-furnace processing of low-carbon steel” (No. 122000
dated 08/25/2020); "Method of production of alloyed low-carbon steel in converters
with side blowing supply" (No. 122507 dated November 26, 2020). The results of
the dissertation work can be used in the framework of scientific research and
implemented in the educational process of the Ukrainian State University of Science
and Technology in the preparation of masters in the specialty 136-Metallurgy (ONP
"Research of processes and development of technologies in metallurgy".



Practical meaning of work

The conducted research made it possible to obtain information on the amount
of oxygen activity in the chipboard semi-product sufficient to carry out carbon
oxidation reactions to a given value, carbon oxidation from ferroalloys and carbon
from electrodes when heating metal in a ladle furnace. It is shown that the activity
of oxygen in the chipboard semi-product should be sufficient to carry out these
reactions and be 1100 ppm, and the carbon content at the outlet should be low (0.03-
0.048%), with a temperature of 1600°C

The laws of metal degassing in ladles with argon purging have been
established, taking into account the distribution of gases from the metal according
to three categories - in CO bubbles, in argon bubbles and through the open surface
of the metal, and the external limitation of degassing reactions has been established,
which requires the use of metal purging with a neutral gas.

Obtained data on the influence of titanium on the reduction of the effect of
nitrogen in steels on the appearance of metal defects associated with the release of
aluminum nitrides along the boundaries of primary grains, which is determined by
the different thermodynamic affinity of titanium and aluminum to nitrogen. An
analytical expression was obtained that establishes the necessary amount of titanium
additives to neutralize the harmful effect of nitrogen and takes into account the
concentration of aluminum in steel. When the content of titanium in the steel is
higher than that suggested by the specified dependence, the appearance of defects
associated with titanium nitrides is observed, and a smaller amount is insufficient to
achieve the specified technical result, because the formation of aluminum nitrides is
observed.

Calculated data based on physico-chemical modeling allow selection of
element concentrations for steels of type O1KOTA, O1FOT in the range: C
(0.002...0.003%), Mn (0.12-0.13%), Si (0.01-0, 02%), P (0.006-0.008%), S (0.011-
0.012%), Al (0.04-0.05%), Ti (0.05-0.06%), N (0.004-0.005% ), Ca (0.0002-
0.0003%). The concentration interval of the elements, established according to the
calculated data, should provide an optimal set of steel properties. The estimated
concentration intervals of the elements have been confirmed experimentally and will
be used when establishing the optimal composition of ultra-low-carbon steels.

The obtained data make it possible to: increase the technical and economic
indicators of low-carbon electrical steel smelting, reduce the consumption of
deoxidizers, and improve the quality of electrical steel by reducing the amount of
dissolved gases and non-metallic inclusions.

Key words: smelting, electric arc furnace, "bucket-furnace” installation,
decarburization, vacuum degassing, physicochemical modeling, chemical
composition, metal oxidation, influence of titanium and nitrogen, nitride formation,
rolling modes, intensive plastic deformation, metal structure, size grains, mechanical
properties.
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