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JucepraliiifHy poOOTy TMPUCBSIYEHO PO3POOJICHHIO eHEepro3oepiraroyoi
HACKPI3HOI TEXHOJIOT11 BUIUIABKH, MTO3aMi4YHOI 0OpOOKH Ta IJIACTUYHOI Jedopmartii
yJIbTPAHU3bKOBYTIICLIEBOI CTall JJIi OCOOJIMBO TOHKOTO JIMCTOBOTO MPOKATy 3
MIJBUIEHUMHU BIACTUBOCTSAMU (BMicT Byrieito meHiie 0,005%) mikposeroBaHoi
ATIOMIHIEM, 3 MIHIMQJIBHUM BMICTOM HIKiMBUX gomimok (P<0,010%; S<0,005%;
N<50ppm; O<30ppm; H<2ppm) y rapsuekaTaHOMy CTaHI 3 HaCTYIIHOIO
1HTEHCUBHOIO IJTACTUYHOIO JIe(OpMaIlI€lO.

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 BIACIYKA NUIAKY TMPU 37UBI YaBYHY 3
KoHBepTepa. Oepkalio MoJaIbIINi PO3BUTOK Ta 30UTbIIEHHS (DYHKIIIHM MO3amiqHOl
0OpoOKHM cTalli, B TOMY YHCJI1 3aCTOCYBAaHHS BAKyyMyBaHHSI.

VY enekTpornedi MOXHa OTPUMYBATH JIETOBAaHY CTallb 3 HU3BKUM BMICTOM
cipku 1 pocdopy, HeMeTaneBUX BKIIOUEHb, TPU LIbOMY BTPaTH JIETYIOUUX €JIEMEHTIB
3HAYHO MEHILI, HIK B KHCHEBO-KOHBEpTepHOMY Iporeci. [Ipu enekrporuiasii
MO>KHA TOYHO PETYJIIOBATH TEMIIEpaTypy METaTy 1 HOTO CKJIaJl, BUTUTABIISITH CIIJIaBU
Maifke OyJb-SIKOTO CKJIaqy. 3aCTOCYBaHHsS TOHKOTO JIMCTAa 3 HU3bKOBYIJICIIEBUX
cTajieii B aBTOMOOUIEOynyBaHHI 3a0e3nedye HEOOXiAHY IUIACTHYHICTh MPH
dbopmyBaHHI1 JieTaneil ckiaaHoi KOH(DIrypaiii Ta 3MEHIIy€e BUTpaTH MaTepialiB Ha
BUTOTOBJICHHS IIJITXOM 3MCHIIICHHS TOBIIMHHM JIMCTA, 10 B CBOIO YEPry 3MEHIIYE
Bary aBToMoOuUIsa. HaitOunbin npugaTHUMU JIsl JOCSITHEHHsI BKazaHux 1iien € [F
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.

06 ’exm 0ocnioddcenHs — TEXHOJIOTisl BUPOOHUIITBA, MO3AMMYHOI 00pOOKH Ta
3aCTOCYBaHHS 1HTEHCUBHOI IJIACTUYHOI AedopMaliii HU3bKOBYTJICLEBOI CTall JJIst
BUTOTOBJICHHS BUCOKOSIKICHOTO TOHKOJINCTOBOTO TIPOKATY.

IIpeomem oocniddcenHs - 3aKOHOMIPHOCTI B3a€MO/I11 KOMIIOHEHTIB B PIIKOMY
CTaHl Ta BIUIMB HAa OKHUCJIEHICTh METaly, 3HW)KEHHS BMICTY PO3YMHEHUX ra3iB Ta
MOKa3HUKU BaKyyM BYTJICLIEBOTO PO3KUCIIECHHS, XapaKTEPUCTUKHU HITP1IOY TBOPEHHS
Ha XapaKTePUCTUKU MIITHOCTI HU3bKOBYTJICIIEBOI CTaJIl.



2

Mema pobomu — po3poOJICHHS €Hepro30epirarodoi TEXHOJIOTIl BHUILIABKH,
M03amni4HoT 0OPOOKHU Ta BCTAHOBJICHHS 3aKOHOMIPHOCTEW BIUIMBY JAe(QOpMaIliitHux
pPEKHUMIB TPOKATKM Ta I1HTEHCHBHOI IiacTuyHOi nedopmanii Ha (QopmyBaHHA
BJIACTHBOCTEH, CTPYKTYPOYTBOPEHHS TOHKOJIMCTOBOTO MPOKATY.

Memoou docniodcents - TECOPETUUHI JOCTIKEHHS MPOIIECIB MPU BUILIABIII,
mo3aIiyHiid 00poOIIi Ta BaKyyMyBaHHI cTajli 0a3ylOThCS HA OCHOBHUX TOJOKECHHSIX
¢bi13nuHOi XiMii 1 Teopli METaTypriHUX MPOILECIB; PO3PaXyHKU TEPMOJUHAMIYHOT
pIBHOBaru MeETaJTypriiHUX CHCTEM OCHOBaHI Ha Teopli ['160ca; BUKOpHCTaHMIA
METOJI MAaTeMaTHU4HOI CTAaTUCTUKHU I OOpOOKM pe3yNbTaTiB JOCIHIIKEHb;
BUKOPHUCTAHI CTaHAAPTHI METOJAM XIMIYHOTO aHaJI3y CKJIaAy MeTaldy 1 IUIaKy;
KOHTPOJIb €HEPreTUYHUX TMapaMeTpiB 1 TEMIEpaTypHUX PEXKUMIB IJIABKU
3MIICHIOBABCS 32 JIONIOMOTOIO MOBIPEHUX MPUJIaAiB; BUMIPIOBAaHHS HaHOTBEPAOCTI
IPOBOAMIIM 3a JonoMororw HaHoiHaeHtopa «Nanoindenter G200» BupoOHHUIITBA
CIIIA 3 BHUKOpPHCTaHHSIM aJMa3HOI TPbOXI'PaHHOI THipamigku bepkoBuya;
IHTEHCUBHY IUIACTHYHY JAedopMaiiio 3A1MCHIOBAIA METOAOM KpPYYEHHS Mij
TAPOCTaTUYHUM THCKOM Ha YCTaHOBLII TUIYy HaKOBaJleHb bpimkMena B 1adbopaTopii
kapenpu OMT VYJVYHT; meranorpadiuyHuii aHaili3 HEMETAIIYHUX BKJIIOYEHb
BUKOHAHO B cepTu(ikoBaHii nadopatopii YAYHT 3 BUKOpHUCTaHHAM ONTHYHOIO
Mikpockorma Neofot-1.

OOrpyHTOBaHO  pe3yJbTaTaMHd  TEPMOJMHAMIYHHUX  PO3PAXyHKIB  Ta
HIATBEP/HKEHO €KCIEPUMEHTAIbHUMU JOCTIIKEHHSMH, 110 JUIs 3HU)KEHHS BMICTY
BYTJICIIO B CTaJll J0 3aJaHOi BEJIMYMHHU, OKHCIEHHS BYIJELo 3 (epocmiiaBiB Ta
BYTJICIIO 3 €JIEKTPOJIIB MPU HArpiBl MeTady Ha TEdi-KOBII aKTHUBHICTh KUCHIO Y
HamBrpoaykTi 3 JICII Mae OyTu TOCTaTHBROIO ISl IPOBEACHHS JaHUX PEakIliii Ta
cknagatume 1100 ppm, a BMICT ByTJielo Ha BUIycKy mae O0ytu Hu3bkuM (0.03-
0.048%), 3 Temmnepatypoto Ha piBH1 1600°C

Ha ocHOBI pe3ysibTaTiB MaTeMaTUYHOTO MOJENIOBaHHS Ha po3poO0seHii Ha
kageapi TMII mMarematuuHiii Mozelni Jerasauli MeTajqy B KIBIIAaX 3 MPOIYBKOIO
aproHOM 3 ypaxyBaHHSM pO3MOAUTY Ta3iB 3 MeTaly 3a TpbOMa CTATTIMU — Y
OynsOamku CO, y OynbOallku aproHy Ta 4yepe3 BIIKPUTY IMOBEPXHIO METaly,
BCTAHOBJIEHO 30BHIIIHE JIiMiTYBaHHs (Bip menie 0.2), peakuis BUAaNeHHS KUCHIO
JaneKa BiJ piBHOBard. Y BCIX BaplaHTaXx 3MIHM TEXHOJOTIYHUX MapaMeTpiB
CIIOCTEPITa€EThCsl OJIOKYBAHHS 3HAYHOT YaCTMHU MOBEPXHI PO3JAUTY MeTall — ra3oBa
¢aza MoTOKOM KHUCHIO, 1110 TIOB’sI3aHO 3 THM, 10 MOTOKU KUCHIO 10 Maci MpUOIH3HO
Ha TIOPSJOK BUII 3a MOTOKA BOAHIO. [IpM 3MiHI TEXHOJNOTIYHHX TapameTpiB
BiJIOYBAETHCS TIPOIIEC CAMOPETYJIIOBAHHS MIEPEPO3NOiITY MTOTOKIB BOAHIO 1 KUCHIO
3a paXyHOK 3HAQYHOTO BiIXUJICHHS peakilii yrBopeHHns CO BiJ piBHOBAru.

BcTaHoBeHO 3aKOHOMIPHOCTI BIUIMBY TUTaHy Ha 3MEHILIEHHS i a30Ty y
CTaJISIX Ha MOSBY AC(PEKTIB METally, MOB'I3aHUX 3 BUIIJICHHSIM HITPU[IB aJIFOMIHIIO
M0 TPAHMIAX TEPBHUHHUX 3€PEH, IO BU3HAYAETHCSA PI3HOI TEPMOJAMHAMIYHOIO
CHOpIJHEHICTIO TUTaHy 1 allOMiHIlO J0 a30Ty. Ha ocHoBI  aHamizy
eKCIIEPUMEHTAIBHUX JaHUX OJICPKAaHO aHATITHUYHUN BHpA3, SIKHH BCTAHOBJIIOE
HEOOX1IHY KUIBKICTh MPUCAAOK TUTAHY ISl HEWTpamizalii MIKiAJIMBOTO BILIUBY
a30Ty 1 BpaxOBY€ KOHIICHTPAII0 aIIOMIHIIO B CTali JUIsS TOMNEPEIKCHHS
dbopMyBaHHS MIKIJUIMBUX HITPUAIB adtoMiHito. [Ipu BMICTI B cTajl TUTaHy BUIIE
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3alpPONOHOBAHOIO BKA3aHOK 3aJIEKHICTIO, CIIOCTEPIraeTbcs IMosiBa Je(EKTIB,
MOB'SI3aHUX BXKE 3 HITPUIAMU THUTAaHy, a MEHIIA KUIbKICTh € HEJOCTATHBOIO JIJIs
JIOCATHEHHSI 3a3HAUYEHOTO TEXHIYHOTO pe3yJbTaTy, TOMY IO CIOCTEpIraeTbes
YTBOPEHHS HITPUIIB AIFOMIHIIO.

Brnepmie BukoprcTaHO METOIUKY (PI3UKO-XIMIYHOTO MOJETIOBAHHSA, SKa
po3podiiena B [YM HAHY, 7118 BuH3HAuUC€HHS ONTUMAJIbHOTO  CKJIAAy
HU3BKOBYTJICIIEBOT CTalli Ta BCTAHOBJEHI IHTErpaJibHI MapaMeTpu, SKi
XapaKTepU3ylTh CTaH CIUIaBy 1 OOYMOBIIOIOTH 3MIHY BIIACTUBOCTEH Yy
BCTAHOBJICHOMY KOHIICHTpaIlIHHOMY 1HTEpBajai MOAU(DIKYIOUHUX €JEMEHTIB, Ta
MOKa3yI0Th, 1110 ITPH BCTAHOBJICHUX PEXUMax JedopmaliiiftHoi 00poOKH JOCIITHUX
3pa3KiB CTajll JOCSTAIOThCS MOKAa3HUKU MEXaHIYHUX BIIACTUBOCTEH Ta CTPYKTYpH
MpOKaTaHUX 3pPa3KiB, sIK1 BIJIMOBIAIOTh XapaKTEPUCTUKAM HU3bKOBYTJIEIIEBOT CTaJI:
Meka MirtHocTi 354...362 MIla, BinHOCHE 3BY»eHHsI ckjajgo 84-85%, a BITHOCHE
MMOIOBXKEHHSA, %: 05 B Mexkax 42-44, 619 ctanoBmiIo 33-36. MexaHIYHI BJaCTUBOCTI
3a JllarpaMol0 «MeKa MIITHOCTI — 3arajibHe MOJOBKEHHS» ISl JIUCTOBUX CTaJlleh
MOKa3ye, 10 BOHMU BIJMOBIJAIOTh PIBHIO, BJACTUBOMY BHUCOKO IIacTUYHUM IF-
CTaJIsIM, SIK TIO OTPUMAHOMY CKJIa/y, TaK 1 3a BIACTUBOCTSIMH.

HoBi HaykoBOo o0OrpyHTOBaHI TeopeThuyHi Ta / ab0 eKCIEepUMEHTAIbHI
pe3yJbTaTh MPOBEACHUX 3/100yBayeM JOCIIKEHb, 1[0 MAalOTh 1ICTOTHE 3HAYCHHS
JUIsl TIEBHOI Traiy3l 3HaHb Ta MIATBEPIKYIOTbCS JOKYMEHTAMH, SIKI 3aCBIIUYIOTh
IPOBEJCHHS TAKUX JOCTIIKEHb.

TeoperuuHe Ta NPaKTU4YHEe 3HAYEHHS Pe3yJIbTATIB JOCTiIKEeHHS

Ha ocHoBI (pi3uK0-XiMIYHOTO OOTPYHTYBAHHS Ta PO3POOICHH] TEXHOJIOTTYHUX
pPEXUMIB BUIUIABKU Ta TMO3aMiYHOI OOPOOKH HU3BKOBYTJICIEBOI €IEKTPOCTAI ISt
TOHKOJIMCTOBOTO TMpPOKAaTy 3 TMIJBUIICHUMH MEXaHIYHUMH BJIACTHUBOCTSIMHU
3MIIIICHEHa BWIUIABKAa HOBOI ylbTpaHu3bkoByrieneBoi (Bmict 0,002-0,005%
BYIJICI[IO), MIKPOJIETOBAHOT aJlFOMiHIEM CTajl, 3 MiHIMAJIbHUM BMICTOM IIKIJJTUBUX
nomimok (P<0,010%; S<0,005%; N<50ppm; O<30ppm; H<2ppm). Bussieno
0cOOMMBOCTI  (OPMYBaHHS  TOHKOI  CTPYKTYpH, (OPMYBaHHS  TEKCTYpH
HU3BKOBYTJIELIEBOI €JIEKTPOCTANl MPU HU3BKUX Temneparypax (Huxde Arl)
3aKIHYEHHS! IPOKATKU Ta 3MOTKU. BCTaHOBJIEH1 3aKOHOMIPHOCTI BIUIUBY MPOLIECIB
pekpucTanizanii, popMyBaHHS TEKCTYpU HA PO3MIp 3€pHA B CTPYKTYpl JIUCTOBOI
CTaJll Ta BUSIBJICHI 3B SI3KM MK TEKCTYPOIO, MIKPOCTPYKTYpPOIO Ta MEXAHIYHUMH
BJIACTMBOCTSIMU TOHKOJIMCTOBOI CTaJIl.

HoBu3Ha TexHIYHMX pIIICHb 3aXMINEHa 2 MaTeHTamMu Ha BuHaxig “Croci0
JBOETANHOI To3armiyHoi 00poOku Hu3bkoByrieneBoi cram” (Ne 122000 Bifg
25.08.2020 p.); “Cmoci6 BHpOOHHIITBA JIETOBAaHOI HU3BKOBYTJIEIIEBOI CTajl B
KOHBepTepax 3 OokoBuM miaBeneHHsM ayTTs” (Ne 122507 Bim 26.11.2020 p).
Pesynbrat muceprariiHoi poOOTH MOXYTh OyTH BHKOPHCTaHI B paMKax
BUKOHAHHSI HayKOBO-JOCIITHUIIKUX POOIT Ta BIPOBA/KEHI B HABYAIHLHUMN MPOIEC
YKpaiHCHKOTO AEp>KaBHOIO YHIBEPCUTETY HAYKH 1 TEXHOJOTIH MpH MIATOTOBII
MaricTpiB 3a cremianbHicTio 136-Metanypris (OHII “JocmikenHs npoueciB Ta
pPO3poOKa TEXHOJOT1H B METaIyprii’.

IIpakTHYHe 3HAYEHHA POOOTH
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[IpoBeneHi AOCIKEHHS JO3BOJIUIN OTPUMATH BIJJOMOCTI IIOJ0 BEIMYUMHU
aKTUBHOCTI KHCHIO y HamiBnpoaykTi 3 JICII moctatHpoi 7151 MpOBEACHHS peaKIliil
OKHCIIEHHIO BYTJICIIO /IO 3a/1aHO1 BEIMYMHU, OKHCIICHHS BYTJICIIO 3 (hepocIiaBiB Ta
BYTJICIIO 3 €JNEKTPOJiB MpH HarpiBi Merany Ha nedi koBmm. [lokaszano, 1o
aKTUBHICTbH KUCHIO Y HamiBIpoayKTi 3 JICII Mae Oyt JOCTATHBHOIO AJIs IPOBEACHHS
JnaHuX peakuii Ta ckinagatume 1100 ppm, a BMICT BYIUIELIO Ha BUITYCKY Ma€ OyTH
Hu3pKuM (0.03-0.048%), 3 TemmnepaTyporo Ha piBHI 1600°C

BcTranoBneHi 3aKOHOMIPHOCTI Jierasallii MeTaiay B KIBIIaX 3 IPOJYBKOIO
aproHoOM 3 ypaxyBaHHSM pPO3MOJUTy ras3iB 3 MeETally 3a TpbOMa CTATTAMH — Y
oyns6amku CO, y Oyiap0aliku aproHy Ta 4epe3 BIIKPUTY MOBEPXHIO METaly, Ta
BCTAHOBJICHO 30BHIIIHE JIIMITYBaHHsS peakiii jgerasaiii, 1m0 MOTpedye
3aCTOCYBaHHS IIPOJYBKU METAITy HEUTPATbHUM T'a30M.

OTpuMaH1 JaH1 MOAO BIUIMBY TUTAHY Ha 3MEHIIEHHA il a30Ty y CTalsIX Ha
NnosiBy Je(peKkTiB MeTandy, MNOB'SI3aHMX 3 BUIUICHHSAM HITPHUIIB AJTIOMIHIIO IO
TPaHUIAX TEPBUHHUX 3€PEH, IO BU3HAYAETHCS PIZHOIO TEPMOIUHAMIYHOIO
CHOPIJTHEHICTIO TUTAHY 1 aJIFOMIHII0 A0 a30Ty. Oep:KaHO aHATITUYHHUI BUpa3, AKUN
BCTAHOBIIIO€ HEOOX1/IHY KIJIBKICTh IPUCAIOK TUTAHY IJIs1 HEUTpani3amii MKIJIUBOTO
BIUIMBY a30Ty 1 BPaxOBY€ KOHLEHTpAIlI0 afoMiHIl0 B ctaii. [Ipu BmicTi B cTami
TUTaHy BHWIIE 3apPOIIOHOBAHOTO BKAa3aHOIO 3aJICKHICTIO, CIIOCTEPITaeThCs IMOsBa
ne(eKTiB, TOB'I3aHMX BXK€ 3 HITPUAAMU THUTAHy, a MEHIIA KUIbKICTh €
HEJOCTaTHBOIO ISl JOCSATHEHHS 3a3HAYEHOTI'0 TEXHIYHOTO pPe3yibTary, TOMY IO
CIIOCTEPITAETHCS YTBOPEHHS HITPHU/IIB AITIOMIHIIO.

Po3paxyHkoB1 1aHi Ha OCHOBI (13UKO-XIMIYHOTO MOJICIIIOBAHHS JI03BOJISIIOTh
3MIMCHUTH BUOIp KOHIEHTparii enemeHTiB mns craned tumy O01FOTA, O1FOT B
mianazoni: 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%). KonueHTtpamiiiHuii iHTEpBaI
€JIEMEHTIB, BCTAHOBJICHHHM 3a pPO3paxXyHKOBUMHU JaHUMH, MOXXE 3a0e3redyBaTh
ONTUMAJIbHUM KOMIUIEKC BJIACTMBOCTEW cTayieid. Po3paxyHKOBI KOHLEHTpaLiiiHi
IHTEpBaJIM €JIEMEHTIB MIATBEPAKEHI €KCIEPUMEHTAIBHO 1 OyAyTh BUKOPUCTaH1 IPH
BCTAHOBJICHH] ONITUMAIBHOTO CKIIAAy YJIbTPa HU3BKOBYTIICIIEBUX CTAJICH.

OtpuMaHi J1aHi Jal0Th 3MOTY: MIABUIIUTA TE€XHIKO-€KOHOMIUHI MOKa3HUKU
BUIIJIAaBKY HU3BKOBYTIICIIEBO1 €JIEKTPOCTANIl, 3SMEHIIIUTH BUTPATY PO3KHCIIIOBAUIB Ta
MIBUIIUTH SKICTh €IEKTPOCTANII 32 PAXyHOK 3MEHIICHHS KIJIBKOCTI PO3UYMHEHUX
ra3iB Ta HEMETaJEBUX BKJIIOUEHb.

Kirouosi cnmoa: CTAJIb, EJIEKTPOAYI'OBA IIIY4, TEXHOJIOT'LA,
TTJIPOOUHAMIKA PIAKOI METAJIEBOI BAHHU, TEMIIEPATYPA HA
BUITYCKY,  ®EPOCIUIABH, MIKPOJIETYBAHHSA, HEMETAJIEBI
BKIJIFOYEHHA, XIMIYHUWMI CKIIA, TEPMOJINHAMIKA,
MOJIEJIFOBAHHSA, ®IBUKO-XIMIYHI BJIACTUBOCTI, ITAPAMETPU
MDKATOMHOI B3AEMO/III, MEXAHIYHI XAPAKTEPUCTHKWU,
CTPYKTYPA.



ABSTRACT

Kamkin V.Yu. Development of a through-through technology for the
production of low-carbon steel for the production of high-quality thin-sheet
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
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 object of the research is the technology of production, out-of-furnace
processing and application of intensive plastic deformation of low-carbon steel for
the production of high-quality thin-sheet rolled products.

The subject of the research is the regularities of the interaction of components
in the liquid state and the influence on metal oxidation, reduction of dissolved gas
content and indicators of vacuum carbon deoxidation, characteristics of nitride
formation on the strength characteristics of low-carbon steel.



The purpose of the work is to develop an energy-saving technology of melting,
out-of-furnace processing and establish the regularities of the influence of rolling
deformation modes and intensive plastic deformation on the formation of properties,
structure formation of thin-sheet rolled products.

Research methods - theoretical studies of processes during melting, out-of-
furnace processing and vacuuming of steel are based on the basic principles of
physical chemistry and the theory of metallurgical processes; calculations of
thermodynamic equilibrium of metallurgical systems are based on the Gibbs theory;
the method of mathematical statistics 1s used to process the research results; standard
methods of chemical analysis of the composition of metal and slag are used; control
of energy parameters and melting temperature regimes was carried out using
certified instruments; nanohardness measurements were carried out using a
nanoindenter "Nanoindenter G200" manufactured in the USA using a diamond
trihedral Berkovich pyramid; intensive plastic deformation was carried out by
torsion under hydrostatic pressure on a Bridgman anvil type installation in the
laboratory of the Department of OMT UDUNT; metallographic analysis of non-
metallic inclusions was carried out in a certified UDUNT laboratory using a
Neophot-1 optical microscope.

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
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
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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, %: &5 within 42-44, 610 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" (Ne 122000
dated 08/25/2020); "Method of production of alloyed low-carbon steel in converters
with side blowing supply" (Ne 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
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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%), S1 (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.
Keywords: STEEL, ELECTRIC ARC FURNACE, TECHNOLOGY,
HYDRODYNAMICS OF THE LIQUID METAL BATH, OUTLET
TEMPERATURE, FERROALLOYS, MICROALLOYING, NON-METALLIC
INCLUSIONS, CHEMICAL COMPOSITION, @ THERMODYNAMICS,
MODELING, PHYSICOCHEMICAL  PROPERTIES, INTERATOMIC
INTERACTION PARAMETERS, MECHANICAL CHARACTERISTICS,
STRUCTURE.






