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Kamkin  B.FO. Po3po6ka Hackpi3Hoi TexHoJIOrii BHPOOHMITBA

HHU3bKOBYIJICLEBOL craJi IS BHUI'OTOBJICHHS BHCOKOSIKICHOTO
TOHKOJIMCTOBOr0 mnpokary. — KgamidikamiiiHa HaykoBa mpars Ha IpaBax
PYKOIIHCY.

Juceprarttiss Ha 3400yTTS HAYKOBOTO CTyIeHs Joktopa ¢inocodii PhD 3a
cuemianpHicTIO 136 — «Metanypris». — YKpalHChbKUH JAep)KaBHUM YHIBEPCUTET
HaykH 1 TexHojorii. [Juinpo, 2026.

HucepramiitHy po0OTy TPHUCBIYEHO PO3POOJICHHIO EHepro3oepirarodoi
HACKPI3HOT TEXHOJIOT1] BUIUIABKH, MO3aMI4HOT 00pOOKH Ta MIACTUYHOI AeopMartii
yIbTPAaHU3bKOBYTJICIIEBOI CTali JJii OCOOJIMBO TOHKOTO JIMCTOBOTO TPOKATy 3
NIJBUIIEHUMHU BIACTUBOCTSAMU (BMICT Byriemto meHme 0,005%) MikposjeroBaHoi
aIOMIHIEM, 3 MIHIMQJIBHUM BMIicTOM HIKimBUX gomimok (P<0,010%; S<0,005%;
N<50ppm; O<30ppm; H<2ppm) y raps4yekaTaHOMY CTaHi 3 HACTYITHOIO
IHTEHCUBHOIO IIJIACTUYHOIO Jiehopmalii€ro.

3a pe3yabTaTaMu MPOBEACHOTO MATEHTHOI'O IMOIIYKY Ta aHalli3y HayKOBOi
JITEpaTypu BKJIIOYHO 31 CTATTAMM y HAYKOBUX (haXxOBHX BUAAHHSIX, MaTepiajlaMu
KoH(epeHIiid, mareHTiB, MoHorpadiii Ta IHIIMX HAYKOBUX BHJ/IaHb, BHU3HAUCHO
aKTyaJIbHICTh TEMH, siKa TmoyAraiga y (i3uKo-XiMIYHOMY OOTpYHTYBaHHI Ta
pO3pOOJIEHH] TEXHOJIOTIYHUX pEXUMIB BHIUIABKM Ta IO3aIMIYHOI 00pOoOKHU
HU3BKOBYTJICIIEBOT E€JIEKTPOCTANl Ui TOHKOJMCTOBOTO TMPOKATy 3 MiJABHIIEHUMHU
MEXaHIYHMMH BJIACTUBOCTSIMU. Ha miacTraBi BHU3HAYEHO! AaKTyaJbHOCTI OYJiO
copMyITbOBAHO METY, 3aBJIaHHS Ta METOAM JTOCIIHKCHHS.

Ha weit uwac IF- cranml BHUIUIaBIAIOTE B KOHBEPTEpaXx 3 KOMOIHOBAHOIO
IPOAYBKOIO KHCHEM 1 aproHOM, MpoOIleC IUIaBKM SKOI Ma€ CBOI TMepeBard Ta
HEJIONIKK. Y eNeKTPOredl MOKHA OTPUMYBATH JIETOBaHY CTajlb 3 HU3bKUM BMICTOM
cipku 1 ¢ochopy, HEMETaleBUX BKIIOYCHb, NPH IIBOMY BTpPaTH JETYIOUHUX
€JIEMEHTIB 3HAYHO MEHI, HDK B KHUCHEBO-KOHBEpTepHOMY Tiporeci. [lpu
CJICKTPOILJIABIII MOKHA TOYHO PETYJIIOBATH TEMIIepaTypy MeTajay 1 MOoro CKiaj,
BUILIABIISITU CIUIaBU Mailke Oy/b-SKOr0 CKJIaay. 3aCTOCYBAaHHS TOHKOTO JIMCTa 3
HU3BKOBYTJICIEBUX CTallied B aBTOMOOLIEOyIyBaHHI 3abe3neduye HEOoOXiaHY
IJIACTUYHICTh Tpu (HOpPMYBaHHI JAeTalneld CKIagHoi KOHGIrypalii Ta 3MEHIIye
BUTpATH MaTepiajiiB Ha BUTOTOBJICHHS IMUISIXOM 3MEHIIICHHS TOBITUHU JIUCTA, IO B
CBOIO Uepry 3MeEHIIye Bary aBTomMoOuis. HaitoiibIn npuaatTHUMuU ISl JOCSITHEHHS
BKaszaHux Iiiaer € IF cram, sKx1 IMOBMHHI MaTH BIANOBIAHHMN XIMIYHHH CKJIaJ Ta
HEOOX1JIHI BUCOKY MIIHICTh Ta IJIACTUYHICTh. JIjisi iX JOCSATHEHHST HEOOX1THO
MOEHAHHS TEXHOJIOTI BUIUIABKM, T[I03aMiYHOi OOpOOKM Ta 3aCTOCYBaHHS
IHTEHCUBHOI ~ IMJACTU4HOI Jedopmanii 3 OTpUMaHHSIM JAPIOHOAMCHEPCHOT
cTpykrypu. I[lpeamerom pochipkeHHS B POOOTI € 3aKOHOMIPHOCTI B3a€MOJIIT
KOMIIOHEHTIB B PIIKOMY CTaHI1 Ta BIUIMB Ha OKUCJICHICTh METaly, 3HUKEHHS BMICTY
pPO3YMHEHMX Ta3iB Ta TOKA3HWKKW BaKyyM BYTJCIEBOTO  PO3KUCICHHS,
HITPUJIOYTBOPEHHS Ta HOTO BIUIUB XapaKTEPUCTUKH MIITHOCTI HU3BKOBYTJIEIEBOT
cTaJIl.
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3acTocoBaHI Memoou 00CniodcenHs - TEOPETUUHI JOCITIIKEHHS MPOIIECIB
NpU BUIUIABI, TMO3allivyHiii 0O0poOIll Ta BaKyyMyBaHHI CTaii 0a3ylOThCsid Ha
OCHOBHHUX TIOJOKECHHAX (DI3WyHOT XiMii 1 Teopii METalypriiHuUX IPOIECIB;
pO3paxyHKH TEpMOJMHAMIYHOI pPIBHOBaru METAIypriiHUX CHUCTEM OCHOBaHI Ha
teopii ['100ca; BUKOpUCTAaHUH METOJI MaTEMAaTHYHOI CTATUCTUKH JJii OOpOOKH
pe3yJbTaTiB JOCIIIKEHb, BUKOPUCTAHI CTaHJIApPTHI METOAM XIMIYHOTO aHalli3y
CKJIaJy METaly 1 LUIaKy; KOHTPOJIb €HEPreTUYHUX IMapaMeTpiB 1 TEMIepaTypHUX
PEXKUMIB TJIAaBKU 3/11HCHIOBABCS 3a JOMOMOTOI0 MOBIPEHUX MPUJIaIiB; IHTCHCUBHY
wiacTuyHy aedopmariito 37iiicHioBain B sabopatopHux ymoBax YAYHT;
MeTasnorpadiyHUil aHami3 HEMETATIYHUX BKJIIOYEHb BUKOHAHO B CepTH(IKOBaHi
naboparopii YAYHT 3 BukopuctanasM onTU4IHOTO Mikpockomna Neofot-1.

Ha ocHOBi pe3yibTaTiB BH3HAUEHHS BIUIMBY TEXHOJOTIYHHUX MapaMeTpiB
BUIUIABKM 1 T03amiyHOI OOpOOKM CTallli HAa BJACTHBOCTI TOTOBOTO METAIly
BCTAHOBJICHO 3aJIEKHOCTI BJIACTUBOCTEH MeTaldy Ha BUILYCKY BiJ TEXHOJOTTYHHUX
napaMeTpiB MPOILECY B YMOBAX JIIFOUOTO BUPOOHUIITBA 3HMKEHHSI BUTPATU KHUCHIO
COpUSATIO 30UIBLICHHIO BUXOJY MPUAATHOTO, IO IOB’A3aHO 31 3MEHUICHHSIM
OKHCJIEHHS 3aji3a y PO3IUIaBl Ta CKOPOUEHHSM BTPAT METAly Yy BUIJIAII 3aKUCY
3ami3a. 3O0UIbIICHHS TPUBAJIOCTI IUIABKM OOYMOBJICHO 31 3HIDKCHHSIM YaCTKH
IbTEPHATUBHOI €HEPrii, ika BHOCUTHCA B OCHOBHOMY KHCHEM Ta ii 3aMIHOI0 Ha
€JIEKTPOCHEPTil0, BHECEHHS $AKOi NOTpedye A0JaTKOBOro dacy. SK IoKazaiu
PO3paxyHKH BUKOPUCTAHHS B TEXHOJIOTTYHOMY Tiporieci 1 M3/T KuCHIO 3a0e3nedye
3aminy 4,2 kBtroa/tr enexrtpoeneprii.. byino mnpoaHani3zoBaHO BIUIMB BXIJIHHX
dakTopiB  (BMICT BYIVICIIO Ta OKHUCJIEHICTh METaJly Ha BHUXOJ1) Ha
3HEBYIJICIIOBAHHS METaly Ha KOBUIII-TIEYl, a TaKoXX Ha yrap eJIeMEHTIB
PO3KHCIIIOBAYIB 1 CTYMiHb Jecyib(ypalii MeTaay MiJf yac BTOPUHHOI OOpOOKH.
BMmicT Byrjenro Ta akTUBHOTO KHCHIO B MeETajll Iepel] YCTAaHOBKOK KIBII-MIY
CYTTEBO BIUIMBAE HAa yrap poO3KHUCIIOBadiB. BcTaHOBIEHO, M0 31 30UIBIIEHHSIM
BMICTY BYIJICIIO Ha BUIYCKYy 3pocTae yrap Byriemnto Ha YKII (3 ypaxyBanusm
BYTJICIIO, BHECEHOTO po3KuciItoBadamm) (puc. 3.4). Sk mokasaHo Ha pUCYHKY 3.5,
OKHUCITIOBAHICTh MeTany, sikuil mogaethess Ha YKII, cnpusiec 3MeHIIIEHHIO BMICTY
BYIJICLIO TpU BTOPUHHIA 00poOIi. Jliis BU3HAYEHHS CTYNEHS BIUIUBY
TEXHOJIOTIYMX  TMapaMeTpiB HAa  XapakTepucTuku oTpumanoro B  EJIII
HAIIBOPOAYKTY 1 OTPUMAHHS 3aJIEKHOCTEH, 110 OMUCYIOTh 3B'SI30K MK HUMH,
MPOBEICHO pEerpeciiHuil aHami3.

Bnepmie Ha OCHOBI  pe3yJbTaTiB  TEPMOJUMHAMIYHUX  PO3PAXyHKIB
BCTAHOBJICHA Ta MiATBEP/KEHA EKCIIEPUMEHTAILHIUMH JOCITIKCHHIMHI BEJIMYMHA
akTUBHOCTI KuCHIO y HamiBnpoaykrti 3 JICII, sxa 3a0e3nedye 3HMKEHHS BMICTY
BYIJICI[IO IO 3aJIaHOi BEJIMYMHU, MOTO OKHUCJICHHS 3 PO3KHUCIIIOBAUIB 1 €JIEKTPOIiB
IpU HArpiBl MeTajgy Ha MedYl KOBUIl, Ma€ OyTH BUCOKOIO Ta CKJIAJaTH sl YMOB
nanoro BupoOHunTBa 1120...1600 ppm, 1110 € AOCTATHIM JJisi MPOTIKAHHS JaHUX
mpoiieciB 1 3a0esmeuye BMicT Byriemo Ha Bumycky (0.03-0.048%), 3
temriepatyporo metany Ha piBHI 1650...1700°C. OpepxkaHo aHATITUYHUN BHUpa3
JUIs BU3HAYEHHS BMICTY Byriento B metani Ha Bumycky 3 JICII. 3a takux ymoB
JIOCATAETHCSI BUCOKA €(DeKTUBHICTH Mpoliecy mo3amiunoi oopodku merany 3 JICIL.
VY Bumajkax NepeoKUCICHOCTI METally Ha BUMTYCKY Ta 30€peKeHHS PO3KUCITIOBAYIB
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HEOOX1IHO TMPOBECTU 3HATTS MEPEOKHUCIEHOCTI, IJS YOro TMepel MPHUCAAKOI0
PO3KHUCITIOBAYIB TMOTPEOYEThCS BBEACHHS IEBHOI KUIBKOCTI aIOMIHIIO, sIKa
BKJIIOYA€ BEJIMYMHM yrapy ailioMiHIIO Ta 30epirae 3AaTHICTb METaly [0
CaMOPO3KHUCIJICHHS BYTJIEIEM IIPU BaKyyMYyBaHHI.

HabnwxeHHst peakiiii jerasarfii 10 piBHOBaru OIIIHIOBAJIW IPOBEICHHIM
MOJICTIOBaHHS Ha MaTeMaTU4YHIM MoOJenl TMpu BapiloBaHHI (akTopiB, 110
BIUTMBAIOTH Ha mporiec. Habynu moaansioro po3BUTKY 3aKOHOMIPHOCTI Jerasarfii
MeTally B KiBIIaX 3 MPOAYBKOIO aprOHOM, sIKI BCTAHOBJIEHI HA OCHOBI pe3yJbTaTiB
MaTEeMaTHYHOTO MOJICITIOBAHHS Ha po3pobiieHiit Ha kadeapl Teopii MeTamypriifHux
IPOIECiB MaTEeMaTUYHIM MOJeNi, B SIKii MacOOOMIH MIXK PO3YMHEHHMMH B METall
razamu ([H], [N], [O]) 1 Oyns0arkamMu aproHy BU3HAYaBCsI HAOIMKEHHSIM CUCTEMU
70 pIBHOBAru, a po3MOALI Ta3iB 3 MeTaldy Bil0yBaBCs 3a TpbOMa CTATTAMU — Y
OoynsOamku CO, y Oynp0aniku aproHy Ta 4epes3 BIAKPUTY MOBEPXHIO METAay HpH
30BHINIHBOMY JIIMITYBaHHI MPOIECY Ta 3HAYHOMY BIAXHUJICHHI pEaKilii BUJAJICHHS
KHCHIO BiJ piBHOBard. IIpu 3MiHEHH! TEXHOJIOTIYHHUX IMapaMeTpiB BiJOYBAETHCS
0JIOKyBaHHS 3HAYHOI YACTHHU MTOBEPXHI PO3LTY MeTajl — razona (a3a 30UIbIIEHUM
NOTOKOM KHCHIO Yy TIOpPIBHSIHHI 3 MOTOKOM BOJHIO, IEPEMILIYBaHHS pPO3ILJIaBy B
KOBUIl I1HEPTHUM Ta3oM CIpPHUSE 3apOKEHHIO MPOAYKTIB peakiii OKHCICHHS
BYTJIELIIO.

3actocoBaHo (hi3UKO-XIMIYHE OOIPYHTYBaHHS Ta OOTPYHTOBAaHO BHUOIp
palioHaIbHOI TEXHOJIOT1] BUIIABKM HU3bKOBYTJIELEBOI CTaJIl, [T03aMM4YHOT 00pOOKH
Ta (popMyBaHHS CTPYKTypW Mpu mHpokaThi. B xoai mo3zamiyHoi oOpoOku cTaii
BunpoOyBanu npamy cxemy: EJII - YKII - VD - MBJI3; 3BopoTHy cxemy: EJIT -
VD - VKII - MBJI3 1 6e3 BakyymyBaHHs. lIpsima cxema BUpillye TpaauLiiHY
3aav4y BUIAJICHHS Ta3iB, a 3BOPOTHA MOXKE O3BOJIUTH MAKCUMAIbHO BUIAIUTH
KHCEHb 3 PIAKOI CcTami BYIJelb-BaKyyMHHM PO3KUCICHHSIM 1 3MEHIIUTH KIJIbKICTh
(depociuiaBiB pO3KUCIIOBAYiB, 1, BIANOBIIHO, HEMETAJIEBHX BKJIOYEHb. Y BCIX
BUMAJIKaX, TexHojoria o0poOoku Ha YKII mepenbauana mpoayBKy aproHoM 3
Butpatoro 0,2 - 0,5 mM3/xB (mpu THCcKy 3 - 5 0ap) 3 MIHIMAJIBHUM OTOJICHHSIM
J3epKalia po3ruiaBy (IIpoIyBoYHa iisiMa He Outbiie 0,5 M B miametpi).

Po3rasiHyTo 3aKOHOMIPHOCTI 3MEHIIEHHS IIKIJIMBOTO BIUIMBY a30Ty Ha
BJIACTUBOCTI HU3BKOBYTJICLIEBOI CTaNll IUISXOM MiA00PY palliOHANBHOT KUIBKOCTI
HITPUJOYTBOPIOIOUHX €JIEMEHTIB. PO3IINPEHO YABIEHHS MIOA0 MEXaHI3MY BIUIMBY
BMICTY a30Ty Ha YTBOPEHHS HITPUAIB TUTaHy Ta ajllOMiHil0. BcTaHoBiEeHO
3aKOHOMIPHOCTI BIUJIUBY TUTaHy Ha 3MEHIICHHS il a30Ty y CTalsIX Ha MOSBY
nedexTiB MeTandy, MOB'S3aHUX 3 BUAUICHHSM HITPUIIB IOMIHIIO MO TPaHUIIAX
NEPBUHHUX 3€peH, M0 OOYMOBIIOETHCS TMEPEBAKAIOUOI TEPMOIMHAMIYHOIO
CIOPITHEHICTIO TUTaHy /10 a30Ty y IMOPIBHSAHHI 3 amoMiHieM. Ha ocHOBI aHamizy
eKCIIEPUMEHTAIBHUX JAaHUX OJEpXKAHO AaHANITUYHUN BHpa3, SKANW BHU3HAYAE
e(peKTUBHUN BMICT TUTaHY Ui MONEPETHBOTO 3B’ I3yBaHHS 30Ty y HITPUJ TUTaHY
Ta mornepemkae GOpMyBaHHS IIKIIJTUBUX HITPUIIB ATIOMIHIIO, YTBOPEHHS SIKHX
BIIOYBA€ThCS 3a PaxyHOK a30Ty 3 HITPUAIB TUTaHy. [Ipu BMICTI B cTail TUTaHy
BUIIE 3alPOMOHOBAHOTO BKA3aHOIO 3AJICIKHICTIO, CIIOCTEPITAEThCs TIOsIBA JE(EKTIB,
MOB'SI3aHUX 3 HITPUIAaMU TUTaHY, & MEHIIIA KIJTbKICTh TIITaHY € HEJOCTaTHHOIO AJIs
JOCATHEHHS 3a3HaYEHOr0 TEXHIYHOTO PE3yIIbTaTYy.
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Ha migcraBi anamizy pe3ynbTaTiB JOCHIAHUX IUJIABOK JJIE OTPUMAHHS
HU3BKOBYTJICHEBUX CTaJied MOMJIMBO 3aCTOCYBaHHS 3BOPOTHOI CXEMH I03aMivyHO1
o0poOku (EAII-2-VD-YKII-MBJI3), sik HalO1IbIl THYYKOI B TEXHOJOTTYHOMY
BifHOMIeHHI. OpepkaHHs OCOOJMBO HHU3BKOTO BMICTY BYIVICIIO B MeTall
3MIACHWIM 32 PaXyHOK BHUKOPUCTaHHS peakilli BaKyyMHOI'O 3HEBYTJICI[IOBaHHS
MeTalry 0e3 J0JaTKOBOTO BBEJEHHS KHCHIO B Ta3OINOAIOHOMY BHUIISAI abo y
BUMIISIAL OKCUIIB. [Insi 3MeHmieHHs HaByriemoBaHHs Metanmy Ha YKII micns
BaKyyMyBaHHSI HarpiBaHHS BEJIM B MIJIAKOBOMY PEXHUMI, TPUBAIICTh MepeOyBaHHS
wiaBku mia ctpymom Ha YKII Oyna MiHIManbHO MOKIHBOIO.

Brnepmie BukoprcTaHO METOIWKY (PI3MKO-XIMIYHOTO MOJETIOBAHHSA, SKa
pospoonera B [UM HAHY, 118 BuU3HAUY€HHS ONTUMAJIBHOIO  CKJIAay
HU3BKOBYTJICIIEBOT CTaJi Ta BCTAHOBJEHI IHTETrpaJibHI MapaMeTpu, SKi
XapakTepu3ylTh CTaH CIJIaBy 1 OOYMOBJIIOIOTH 3MiHY BIJIACTUBOCTEH Y
BCTAHOBJICHOMY KOHIIEHTpaIllifHOMY 1HTepBasli MoOJau(Dikyrounx enemeHTiB: 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%) Ta TmMOKa3ylOTh, IO MpPH BCTAHOBJICHUX PEKHUMAX
nedopMalriitHoi 0OpOOKM JTOCHIAHUX 3pa3KiB CTall JOCATAIOThCSA IMOKA3HUKU
MEXaHIYHUX BJIACTUBOCTEH Ta CTPYKTYpPH IPOKaTaHUX 3pa3KiB, K1 BiAMOBIIAIOThH
XapaKTEepUCTUKAM HU3bKOBYTJIEIEBOI CTalli: Meka MimHocTi 354...362 Mlla,
BIJIHOCHE 3BY>KEHHs ckJiano 84-85%, a BIJHOCHE MOJIOBXKEHHS, %: G5 B Mexkax 42-
44, 6,9 ctanoBUIO 33-36. MexaHiuHi BIaCTUBOCTI 3a J1arpaMor0 «Mexka MIIIHOCTI —
3arajibHe TOJIOBKCHHS» IS JINCTOBUX CTaJeld MOKa3ye, M0 BOHH BiAMOBITAIOTh
piBHIO, BIACTHBOMY BHUCOKO TuTacTUYHMM [F-cTamsm, sk mo oTpuMaHOMYy CKIIamy,
TaK 1 32 BIACTHUBOCTSIMH. 3pa3KH MICIS MPOKATKH OXOJOJKYBaJIM Ha MOBITP1 Bij
TEMIEPATypyu KIHIM MPOKATKH JO0 TEeMIepaTypH HaBKOJIMIIHHOTO CEPEIOBHIIA,
MIBUIKICTh OXOJIOKEHHS 5-80C/c, a00 3 METOI0 MOJICITIOBAHHS 3MOTYBAaHHS JINCTA
3aBaHTaXyBaJId B EJIEKTPUYHY M4, TEMIlepaTypa SKOi BIJMOBIJAa€ TeMIEpaTypi
3MOTYBaHHS B PYJOH, 1 OXOJOMKYBJIM pa3oM 3 TMIYYIO JIO0 TeMIEepaTypH
HABKOJIMITHROTO cepefoBUIa. MIKpOCTPYKTYpY 3pa3KiB BUBYAIHU 32 JIOIMIOMOTOIO
ONMTUYHOTO MiKpockomy «Neophot-21».

Mikpoctpyktypa crani 01KOTA, sika mpokaTaHa 3a J1Ba TPOXOIU: NEPIINAN -
B ayCTEHITHIA o0nacTi, Apyruil - B ¢depuTHi 00JacTi Temmeparyp 3i CTyneHEM
nedopmariii 60,0 % Ta 0XOJOJKEHA HA MOBITPl XapaKTEPHU3YETHCS HASBHICTIO
NpiOHO3EpHUCTOTO IIapy B MOBEPXHEBIM 30HI JUcTa TOBIIMHOW 150-200 MKM.
Posmip ¢geputHoro 3epHa B 1iboMy mapi 10-20 mxm. Po3Mmip 3epHa B 1ieHTpaIbHIN
30H1 20-130 MkMm. TakuM YMHOM, CHOCTEPITA€ETHCS 30HAIbBHA P13HO3EPHUCTICTH.
[Ticns rapsiuoi mpokatku cram 01FOTA, 01FOT, O1KOT(Ca) migmaBanu II1]]
meroaoM KI'T. Crane O1FOT micns KI'T Mae Ouabll OJHOPIAHY CTPYKTYPY BIJ
IEHTPY JI0 CEPEeIMHM pajiiyca 3pa3ka, a Ha nepudepii 3pazka GOpPMYIOTHCS HITKO
BUpaxeHl cMyru gedopmariii, 1o 30iraloTbCsi 3 HAMPSMKOM KPYYEHHS,
MOIPIOHEHHS 3ePEH MOCHITIOETHCSI.

3anponoHOBAHO paIliOHATBHI PEKUMHU THTEHCUBHOI TJIACTHYHOI Hedopmartii
Ui TmoKpamieHHs BnactuBocTeil cramedt tumy O1FOT, O1FOTA 1 orpumanus
BHCOKOSIKICHOTO OCOOJIMBO TOHKOJMCTOBOTO MPOKATy, 3JaTHOTO 10 TIUOOKOT
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BUTSDKKHU: JIBOIIPOXI1/IHA MPOKATKa B ayCTEHITHINA obnacTi npu temneparypax Tlmp
= 970-980°C 1 B deputnit obnacti T2np = 730-740°C, T3am = 660-680°C.
BcTranoBneHno, mo Kpaii IMOKa3HUKH MIITHOCTI 1 IJIACTUYHOCTI JOCIIIKEHUX
cTajeit 3abesnedye iHTEHCHMBHa IwacTuuHa aedopmaiiis merogom KI'T mpu 5
obeptax Ta THcky 310 kr/cMm2. lle n03BONUTH PO3MMUPUTH CHEPU BUKOPUCTAHHS
yJIbTPAHU3bKOBYTJICLIEBUX CTajeil B aBia-, aBTO- Ta pPaKeTOOyIyBaHHI 3 METOIO
3MEHIIIEHHS Bar' KOHCTPYKIIIH.

Ha ocHOBI  (i3uKO-XIMIYHOTO  OOIpYHTYBaHHS Ta  pO3pOOJICHHI
TEXHOJOTIYHUX PEKUMIB BHUIUIABKH Ta IMO3amiyHOi OOpPOOKM HHU3BKOBYTJIELIEBOT
CJIEKTPOCTal MJii TOHKOJMCTOBOTO TPOKATy 3 TIIBUINIEHUMH MEXaHIYHUMHU
BJIACTUBOCTSIMHU 3/IMCHEHA BHWIUIABKA HOBOI YJIbTPAaHU3BKOBYTJICIEBOI (BMICT
0,002-0,005% ByrmeIo), MIKpOJIETOBAaHOI aTIOMIHIEM CTaji, 3 MiHIMAJIbHUM
BMmicToM mikipmBux gomimok (P<0,010%; S<0,005%; N<50ppm; O<30ppm;
H<2ppm). BusiBieHo oco6imBocTi (GOpMyBaHHS TOHKOI CTPYKTYpH, (OpMYyBaHHS
TEKCTYpPU HHU3BKOBYTJICIIEBOI €JIEKTPOCTal MpPU HU3BKUX TeMmIiepaTypax (Hux4e
Arl) 3akiHYeHHS TPOKATKH Ta 3MOTKH. BCTaHOBJIEHI 3aKOHOMIPHOCTI BILIUBY
MPOILIECIB peKpucTaiizailii, popMyBaHHS TEKCTYpH Ha PO3MIp 3€pHa B CTPYKTYpI
JUCTOBOi CTajl Ta BUSBICHI 3B’SI3KHM MDK TEKCTYpOIO, MIKPOCTPYKTYpOIO Ta
MEXaHIYHUMU BIACTUBOCTSIMU TOHKOJIUCTOBO1 CTaI.

HoBu3Ha TexHIYHMX pIllICHb 3aXMIleHa 2 TMaTeHTaMu Ha BuHaxia “Croci0
JIBOETANHOI TMo3amiyHoi 00poOku HuszbkoByrieneoi cram” (Ne 122000 Bix
25.08.2020 p.); “Cnoci6 BUPOOHHMIITBA JIETOBAHOI HU3BKOBYIJICIIEBOI CTajl B
KOHBepTepax 3 00koBuUM miiBeneHHIM ayTTs” (Ne 122507 Bin 26.11.2020 p).

[IpakTiuHe 3HA4YeHHS POOOTH TIOJNSITAa€ Y BCTAHOBIICHHI BETUYHHHU
aKTUBHOCTI KHCHIO Y HamiBOpoAykTi 3 JCII noctaTHbol A MpoBeASHHS peakiii
OKHCIIEHHIO BYTJICIIO /10 33JaHOi BEJIMYMHH, OKUCICHHS BYTJCIIO 3 (epOCIUIaBiB
Ta BYTJICLIO 3 €JEKTPOJIB MPH HArpiBi MeTaly Ha TedYl KOBIII;, Y BCTaHOBJICHHI
3aKOHOMIPHOCTEH Jierasalii MeTajqy B KiBIIaX 3 TIPOJYBKOK aproHOM 3
ypaxyBaHHSAM PO3MOJILTY Ta3iB 3 METalTy 3a TpboMa CTaTTsIMU — y Oynbbamku CO,
y Oynp0AaIIKy aproHy Ta 4yepe3 BIAKPHUTY MOBEPXHIO METAy; OTPUMAHO JIaHi 100
BIUTMBY THUTaHy Ha 3MEHIIEHHS il a30Ty y CTaJIIX Ha MOSBY ACPEKTIB METaly,
MOB'SI3aHUX 3 BUJIIJICHHSIM HITPUIB aJIFOMIHIIO 110 TPAHMIISX TIEPBUHHKUX 3€PEH, 110
BU3HAYAETHCS PI3HOIO TEPMOAMHAMIYHOIO CIIOPITHEHICTIO TUTAHY 1 aJIOMIHIIO 10
a3oTy.

Po3paxyHKOBI JaH1 Ha OCHOBI (PI3UKO-XIMIYHOTO MOJIEJIIOBAHHS JI03BOJISIIOTh
3MIMCHUTH BUOIp KOHIEHTpali enemeHTiB juis craneid tunmy 01FOTA, O1HOT.
KoHueHTpamiiHuii 1HTepBaJl €JIE€MEHTIB, BCTAHOBJIEHUH 3a PO3PAXyHKOBUMU
JAaHUMHU, MOXke 3a0e3lneuyBaTh ONTUMAaJbHUN KOMILUIEKC BJIACTHMBOCTEHM CTaJew.
Po3paxyHkoBi KOHIICHTpAIIiiTH1 1HTepBAIIU €JICMEHTIB 1ITBEPIKEHI
eKCIEPUMEHTAIbHO 1 OyayThb BUKOPHCTAaHI MHpPU BCTAHOBJIEHHI ONTHUMAJIbBHOTO
CKIady  yJAbTpa HHU3BKOBYTJENEeBUX crajedl. OTpumaHi AaHi Jal0Th 3MOTY:
MIJBUIUTH  TEXHIKO-€KOHOMIYHI TOKAa3HUKH BUIUIABKH  HU3BKOBYTJIEIEBOI
CJIEKTPOCTall, 3MEHIIUTH BUTpPATy PO3KHUCIIOBAYIB Ta TMIJABUIIUTH SKICTh
CJIEKTPOCTal 3a paxyHOK 3MEHIICHHS KITbKOCTI PO3YMHEHHX Ta3iB Ta
HEMETAaJICBUX BKIIOUECHb.
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Kmrouosi cmoa: CTAJIb, EJIEKTPOLAYI'OBA III4, TEXHOJIOT'LA,
ITIJIPOOMHAMIKA PIIKOI METAJIEBOI BAHHU, TEMIIEPATYPA HA
BHUIIYCKY, OEPOCIUIABHY, MIKPOJIET'YBAHHA, HEMETAJIEBI
BKJIFOUEHHA, XIMIYHUIA CKIIA, TEPMOJNHAMIKA,
MOJEJIIOBAHHA, ®IBUKO-XIMIYHI BJIIACTUBOCTI, ITAPAMETPU
MDKATOMHOI B3ACMO/II, MEXAHIYHI XAPAKTEPUCTHUKU,
CTPYKTYVYPA.

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, 2026.

The dissertation is devoted to the development of energy-saving end-to-end
technology for smelting, out-of-furnace processing and plastic deformation of
ultra-low-carbon steel for especially thin sheet products with increased properties
(carbon content less than 0.005%) microalloyed aluminum, with a minimum
content of harmful impurities (P<0.010%; S<0,005%; N<50ppm; O<30ppm;
H<2ppm) in a hot-rolled state followed by intense plastic deformation.

Based on the results of the patent search and analysis of scientific literature,
including articles in scientific professional publications, materials of conferences,
patents, monographs and other scientific publications, the relevance of the topic,
which consisted in the physical and chemical substantiation and development of
technological modes of smelting and out-of-furnace processing of low-carbon
electric steel for thin sheets with increased mechanical properties, was determined.
On the basis of the determined relevance, the purpose, objectives and methods of
the study were formulated.

At this time, IF-steels are smelted in converters with combined purge with
oxygen and argon, the melting process of which has its advantages and
disadvantages. In an electric furnace, it is possible to obtain alloy steel with a low
content of sulfur and phosphorus, non-metallic inclusions, while the loss of
alloying elements is much less than in the oxygen-converter process. With electric
melting, you can accurately regulate the temperature of the metal and its
composition, smelt 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 complex configurations and reduces the cost of materials for
manufacturing 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 an appropriate chemical composition and require high strength and
ductility. To achieve them, it is necessary to combine the technology of smelting,
out-of-furnace processing and the use of intensive plastic deformation with the
production of a finely dispersed structure. The subject of the study in the work is
the regularities of interaction of components in the liquid state and the effect on the
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oxidation of the metal, the decrease in the content of dissolved gases and the
indicators of vacuum carbon deoxidation, nitride formation and its influence on the
strength characteristics of low-carbon steel.

Applied research methods - theoretical studies of processes during smelting,
out-of-furnace processing and vacuuming of steel are based on the basic provisions
of physical chemistry and the theory of metallurgical processes; calculations of
thermodynamic equilibrium of metallurgical systems based on Gibbs' theory; the
method of mathematical statistics is used to process the results of research;
standard methods of chemical analysis of the composition of metal and slag were
used; control of energy parameters and temperature regimes of smelting was
carried out with the help of trusted devices; intensive plastic deformation was
carried out in the laboratory conditions of the USNT; metallographic analysis of
non-metallic inclusions was performed in the certified laboratory of UDUNT using
the Neofot-1 optical microscope.

Based on the results of determining the influence of technological
parameters of steel smelting and out-of-furnace processing on the properties of the
finished metal, the dependencies of the properties of the metal at the outlet on the
technological parameters of the process in the conditions of existing production
were established Reduction of oxygen consumption contributed to an increase in
the yield of usable, which is associated with a decrease in the oxidation of iron in
the melt and a reduction in metal losses in the form of iron oxide. The increase in
the duration of smelting is due to a decrease in the share of alternative energy,
which is introduced mainly by oxygen and its replacement with electricity, the
introduction of which requires additional time. As the calculations showed, the use
of 1 m3/t of oxygen in the technological process provides the replacement of 4.2
kWh/t of electricity. The influence of input factors (carbon content and metal
oxidation at the output) on metal decarburization at the ladle-furnace, as well as on
the burnt of deoxidizing elements and the degree of metal desulfurization during
secondary processing was analyzed. The content of carbon and active oxygen in
the metal before the installation of the ladle furnace significantly affects the fumes
of deoxidizers. It has been established that with an increase in the carbon content at
the outlet, the carbon monoxide at the UCP increases (taking into account the
carbon introduced by deoxidizers) (Fig. 3.4). As shown in Figure 3.5, the oxidation
of the metal fed to the UCP helps to reduce the carbon content during secondary
processing. To determine the degree of influence of technological parameters on
the characteristics of the intermediate product obtained in the EDP and to obtain
dependencies describing the relationship between them, a regression analysis was
carried out.

For the first time, on the basis of the results of thermodynamic calculations,
the value of oxygen activity in a chipboard semi-product, which ensures a decrease
in carbon content to a given value, its oxidation from deoxidizers and electrodes
when the metal is heated on a ladle furnace, should be high and be 1120 ... 1600
ppm, which is sufficient for the flow of these processes and provides a carbon
content at the outlet (0.03-0.048%), with a metal temperature of 1650... 1700°C.
An analytical expression was obtained for determining the carbon content in the
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metal at the chipboard outlet. Under such conditions, a high efficiency of the
process of out-of-furnace processing of chipboard metal is achieved. In cases of
overoxidation of the metal at the outlet and preservation of deoxidizers, it is
necessary to remove the overoxidation, for which a certain amount of aluminum is
required before the addition of deoxidizers, which includes the values of aluminum
burnt and preserves the ability of the metal to self-deoxidize with carbon during
vacuuming.

The approximation of degassing reactions to equilibrium was estimated by
conducting simulations on a mathematical model with variation of factors affecting
the process. The regularities of metal degassing in argon-purged ladles, which are
established on the basis of the results of mathematical modeling on the
mathematical model developed at the Department of Theory of Metallurgical
Processes, in which the mass transfer between gases dissolved in the metal ([H],
[N], [O]) and argon bubbles was determined by approaching the system to
equilibrium, and the distribution of gases from the metal occurred according to
three items - into CO bubbles, into argon bubbles and through the exposed surface
of the metal with external process limitation and significant deviation of the
oxygen removal reaction from equilibrium. When the technological parameters
change, a significant part of the metal-gas interface surface is blocked by an
increased flow of oxygen compared to the flow of hydrogen, mixing the melt in the
ladle with an inert gas contributes to the generation of carbon oxidation reaction
products.

The physicochemical justification is applied and the choice of rational
technology for smelting low-carbon steel, out-of-furnace processing and formation
of the structure during rolling is substantiated. In the course of out-of-furnace
processing of steel, a direct circuit was tested: EDP - UKP - VD - MBLZ; reverse
scheme: EDP - VD - UKP - CASTING and without vacuuming. The direct scheme
solves the traditional problem of gas removal, and the reverse scheme can allow
the maximum removal of oxygen from liquid steel by carbon-vacuum deoxidation
and reduce the number of ferroalloys of deoxidizers, and, accordingly, non-
metallic inclusions. In all cases, the processing technology at the UCP provided for
argon purging with a flow rate of 0.2 - 0.5 m3/min (at a pressure of 3 - 5 bar) with
minimal exposure of the melt mirror (purge spot no more than 0.5 m in diameter).

The regularities of reducing the harmful effect of nitrogen on the properties
of low-carbon steel by selecting a rational amount of nitride-forming elements are
considered. The idea of the mechanism of influence of nitrogen content on the
formation of titanium and aluminum nitrides has been expanded. The regularities
of the influence 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 due to the prevailing thermodynamic
affinity of titanium for nitrogen in comparison with aluminum, have been
established. Based on the analysis of experimental data, an analytical expression
was obtained that determines the effective titanium content for the preliminary
binding of nitrogen into titanium nitride and prevents the formation of harmful
aluminum nitrides, the formation of which occurs due to nitrogen from titanium
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nitrides. When the content of titanium in the steel is higher than proposed by the
specified dependence, defects associated with titanium nitrides are observed, and a
smaller amount of tshtan is insufficient to achieve the specified technical result.

Based on the analysis of the results of experimental melting for the
production of low-carbon steels, it is possible to use the reverse scheme of out-of-
furnace machining (EDP-2-VD-UKP-MBLZ), as the most flexible in technological
terms. The production of a particularly low carbon content in the metal was carried
out by using the reaction of vacuum decarburization of the metal without
additional introduction of oxygen in gaseous form or in the form of oxides. To
reduce the carburization of metal on the UCP after vacuuming, the heating was
conducted in slag mode, the duration of the smelting under current at the UCP was
the minimum possible.

For the first time, the method of physicochemical modeling, which was
developed at the Institute of Mechanical Engineering of the National Academy of
Sciences of Ukraine, was used to determine the optimal composition of low-carbon
steel, and the integral parameters that characterize the state of the alloy and cause
the change in properties in the established concentration interval of modifying
elements were established: 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%) and show that under the
established modes of deformation processing of prototype steel, indicators of
mechanical properties and structure of rolled samples are achieved, which
correspond to the characteristics of low-carbon steel: tensile strength 354... 362
MPa, the relative narrowing was 84-85%, and the relative elongation, %: &5 in the
range of 42-44, 10 was 33-36. The mechanical properties according to the "tensile
strength — total elongation” diagram for sheet steels shows that they correspond to
the level inherent in highly ductile IF steels, both in terms of the composition
obtained and in terms of properties. The samples after rolling were cooled in air
from the temperature of the end of rolling to the ambient temperature, the cooling
rate was 5-80C/s, or for the purpose of simulating the winding of the sheet, they
were loaded into an electric furnace, the temperature of which corresponds to the
temperature of rolling into a roll, and cooled together with the furnace to the
ambient temperature. The microstructure of the samples was studied using the
Neophot-21 optical microscope.

The microstructure of 01LUTA steel, which is rolled in two passes: the first -
in the austenitic region, the second - in the ferritic region of temperatures with a
degree of deformation of 60.0% and cooled in air is characterized by the presence
of a fine-grained layer in the surface zone of the sheet with a thickness of 150-200
microns. The size of the ferrite grain in this layer is 10-20 microns. The grain size
in the central zone is 20-130 microns. Thus, zonal variegation is observed. After
hot rolling of steel, 01YUTA, 01UT, 01UT(Sa) were subjected to IPD by the KGT
method. 01UT steel after CGT has a more homogeneous structure from the center
to the middle of the sample radius, and clearly defined strain bands are formed on
the periphery of the sample, coinciding with the direction of torsion, the grinding
of grains is enhanced.
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Rational modes of intensive plastic deformation are proposed to improve the
properties of steels of type 01UT, O1UTA and to obtain high-quality especially
thin sheet products capable of deep drawing: two-pass rolling in the austenitic
region at temperatures T1lpr = 970-980°C and in the ferritic region T2pr = 730-
740°C, Tzm = 660-680°C. It has been established that the best indicators of
strength and ductility of the studied steels are provided by intensive plastic
deformation by the KGT method at 5 revolutions and a pressure of 310 kg/cm2.
This will expand the scope of use of ultra-low carbon steels in aviation, automotive
and rocket construction in order to reduce the weight of structures.

On the basis of the physical and chemical substantiation and development of
technological modes of smelting and out-of-furnace processing of low-carbon
electric steel for thin plates with increased mechanical properties, a new ultra-low-
carbon steel (0.002—-0.005% carbon content), microalloyed aluminum steel, with a
minimum content of harmful impurities (P<0.010%) was smelted; S<0,005%;
N<50ppm; O<30ppm; H<2ppm). The peculiarities of the formation of a thin
structure, the formation of the texture of low-carbon electric steel at low
temperatures (below Arl) of the end of rolling and winding have been revealed.
The regularities of the influence of recrystallization processes, texture formation on
grain size in the structure of sheet steel have been established, and the relationships
between the texture, microstructure and mechanical properties of thin sheet steel
have been identified.

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 25.08.2020); "Method of production of alloyed low-carbon steel in
converters with lateral blowing" (No. 122507 dated 26.11.2020).

The practical significance of the work lies in establishing the value of
oxygen activity in the chipboard intermediate sufficient for carbon oxidation
reactions to a given value, oxidation of carbon from ferroalloys and carbon from
electrodes when the metal is heated on a ladle furnace; in establishing the
regularities of metal degassing in ladles with argon purging, taking into account
the distribution of gases from the metal according to three items — into CO
bubbles, into argon bubbles and through the open surface of the metal; Data were
obtained on 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 for nitrogen.

Calculation data based on physicochemical modeling allow you to select the
concentration of elements for steels of type 01YUTA, 01UT. The concentration
interval of the elements, established according to the calculated data, can provide
an optimal set of properties of steels. The calculated concentration intervals of the
elements have been experimentally confirmed and will be used to determine the
optimal composition of ultra-low carbon steels. The obtained data allows: to
increase the technical and economic indicators of low-carbon electric steel
smelting, to reduce the consumption of deoxidizers and to improve the quality of
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electric steel by reducing the amount of dissolved gases and non-metallic
inclusions.
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