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MeTtaayprisi YaByHy Ta CTaJIi: TEXHOJIOrIl, IHHOBaWil, AKICTH
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BILJIMB BOJHIO HA ITPOIIECH PO3M'SIKIIIEHHS TA IIJIABJIEHHSI OKATHUIIIB B JOMEHHIA
ITEYI

O. C. HecrtepoB K.T.H., C.H.C., JI. I. 'apmam K.T.H., K. II. Jlonarenko, M. I'. Bosaenko,
O. JI. Yaiika K.T.H., c.H.C., B. P. Illep6auoB

IncruryT yopHoi meraayprii im. 3. I. HekpacoBa HAH Yxkpainu, M. /{Hinpo

BB BOJIHIO Ha ITpOIIECH pO3M'SIKIIEHH-TIABJICHHS PI3HUX TUIIIB 3aJ1i30py/IHOI CHPOBHUHU B IOMEHHiH nedi
€ CKJIaJTHOIO Ta 0araTorpaHHOI0 TEMOIO 1 OJJHOCTAHOI AYMKH 3 IIbOTO MIPUBOIY HEMae 1 10 cux mip. JlitepaTypHi
JpKepera TEMOHCTPYIOTh 3HauHI BiAMIHHOCTI y CBOIX BHCHOBKAaX, XO4a Hi B KOTO HE BHUKIIMBAE CYMHIBY, ILO
JI0JTaBaHHS BOJTHIO CYTTEBO BIUTMBAE HA XapaKTEPUCTUKH KOT€31MHOT 30HHU B JIOMEHHIM TIedi — 00J1acTi, Jie MaTepianu
PO3M'SKIIYIOTCS Ta IJIABISATHCS, YAM OOMEKYIOTh MOTIK ra3y 1 ra30MpPOHUKHICTh 3a1i30py/IHOI CUPOBUHHU. Jleski
JOCITITHAKH JTOKa3yIOTh, 110 TIPH 30UIbIIeHH] BMICTY BoaHIO Bix 0% mo0 10% moyaTkoBa 1 KiHIIEBa TEMIEpaTypH
PO3M'SKIIIEHHS] OKATHILIB 3pPOCTAIOTh, a JAiana3oH PO3M'SAKIIEHHS PO3LIMPIOETHCS 32 PaXyHOK TOTO, IO BOJEHB
MPUCKOPIOE TIBUAKICTh BiMHOBIEHHsA ImmXTW [l1]. IHmn »k, HaBMaKkW, CTBEP/UKYIOTh, IO MpH 3O0UIBIICHHI
KoHIeHTpauii BoxHIo Big 0% 1o 12% nmoyaTtkoBa TeMiiepatypa po3M'sKIIEHHS 3HIKY€EThCS [2].

B naboparopuux ymoBax IHcTHTYTY ~4opHOI  Meramyprii  Oynm  TIpOBEIEHI  AOCIIHKCHHS
BHUCOKOTEMIIEPATYPHUX BJIACTUBOCTEH OKATHIIIB YKpPaiHCHKOIO BHPOOHHUITBA JABOX THIIB: OQIIOCOBAaHUX
(Fesar=67.0, FeO=1.0, Si0,=2.7, Ca0=2.75) 1 neodmocoBanux (Fe;;=65.4, Fe0=0.79, Si0,=3.5, Ca0=0.35) B
3aJIe)KHOCTI BiJl KUTBKOCTI BOJHIO Yy BiHOBHOMY Tra3i B mianma3oHi Big 0% mo 20%. BusBsieno, mo kpaii
XapaKTEPUCTUKHA PO3M'SIKIICHHSI-TUIABJICHHS JIEMOHCTPYIOTh BUCOKOOCHOBHI O(JIFOCOBaHI OKATHINI — TOBIIMHA
KOT€31iHOT 30HU JUIsI HUX MEHIIA HIX U1 KUCIHUX. 31 3pOCTaHHSAM BMICTY BOJIHIO B Ta30Bii CyMillli TiABUIIYIOTHCS
yCl TeMreparypH: sl Heo(hIIoCOBaHMX OKATHUIIIB TEMIIEpaTypa BTPAaTH Ta30npOHUKHOCTI Tgr 3pocTae Ha ~90°C,
nouatky ¢inerpanii Tngp Ha ~30°C, makcumanbHoi Qinbrpanii Tup Ha ~80°C; ans odrocoBaHUX TeMIEpaTypu
TaKOX MiABHUILYIOThCS, ajie TiIbKU 10 10%-Horo BMicTy H2 B ra3osiit cymimti: Ter 1 Tng Ha ~20°C, Ty HA ~115°C.
Jianma3zoHu po3M'sSKILIEHHS, MJIABJICHHS Ta 3TUIAHHS IPU bOMY 3BYXKYIOThCSI, 10 MOKPAIly€ MPOHUKHICTD IIUXTH.
[TosicHuTH 1€ MOXXHA JAEKiIbKOMa MpuuMHamMH. MeHImui po3Mmip monekyn Hz Ta Bumuii xoediuieHT nudysii
(mopiBasiHHO ¢ CO) MPHUCKOPIOE MIBUKICTh BIAHOBIICHHS Ta MIABUILYE TEMIEPATypy PO3M'SKIICHHS, a BUCOKA
nudysiiiHa 34aTHICTh BOJIHIO HE JI03BOJISIE YTBOPIOBATH MIUTEHOT 3aJ1i3HOI 0O0OOJIOHKM Ha MOBEPXHI OKATHIIIB, SKa
mocnabITroe CTIUKICTD 10 aedopmartii [3].

30aradeHHs BOAHEM Y JOMEHHIN Medi € BAXKJIMBUM KPOKOM JI0 3HWIKCHHSI CTIOKHBAHHS BYTJICIIO Ta BUKUIIB
CO», a TakOX J10 MOKPAIIEHHS TEXHOJOTTYHUX TTOKA3HHUKIB PpOOOTH M€l TOJIOBHUM YHHOM 3a PaxXyHOK ONTHUMI3allii
MOBEIIHKM PO3M'SIKIICHHS-IJIABIICHHS Ta JIWHAMIKK 30HU Koresii. Pe3ynbTaTu AOCHIKEHb MOKa3yIOTh, IO
JI0JTaBaHHS BOJIHIO B CyMIIlll BIITHOBHHX Ta3iB B IIJIOMY ITO3UTHBHO BIIMBA€ HA BUCOKOTEMIIEPATYPHY MOBEIIHKY
OKaTHIIIB YKPaiHCHKOTO BUPOOHUIITBA.
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3BATAYEHHS BIZTHOBHOI'O T'A3Y BOJHEM TA MOI'O BILJIUB HA IIPOIIECH
PO3M’SIKIIEHHSA-TLJTABJIEHHA ATJIOMEPATY B JIOMEHHIN IEYI

O. C. HecTepoB K.T.H., C.H.C., JI. . "'apmam k.T.H., K. II. Jlonarenko, M. I'. Boaienko,
b. B. KopnisioB k.T.H., B. I. Bilmusikos

IncturyTt yopHoi Meraayprii im. 3. I. Hekpacoa HAH Ykpainu, M. /[ninpo

30araueHHsl BIIHOBHOTO Ta3y BOJHEM Yy JIOMEHHOMY MpOIECI Mae KOMIUJIEKCHHM BIUTMB Ha TIOBEIIHKY
PO3M SIKIIICHHSA-TUIABJICHHS 3a1130pYJHUX MaTepiajiB Ta Ha JUHAMIKY KOTe31HHOI 30HM — KJIIOUOBOI 00JIaCTi, 110
BH3HAYa€ Ta30MPOHHMKHICTh Ta 3arajibHy €(EeKTHBHICTH IUIABKH. BIUIMB BOJHIO HA TPOIECH PO3M’SIKIIECHHS 1
TUTABJICHHS arfioMepaTy € IpeaIMeTOM YUCIEHHUX TOCIIHKeHb, OCKITbKU Hy MOKe CIPUYMHATH SIK MO3UTUBHI, TaK
1 HeraTuBHI epeKTh. 3 OrJIsAy Ha TeTEPOreHHY CTPYKTYPY arjioMepary Ta HasBHICTh TakuX (a3, K CHIIIKOGEPUTH
KaJIBIIII0 1 aJIOMiHIIO, TXHE BiTHOBJICHHS y CEpeHOBHUII, 30aradeHoMy H>, MoOXe MpPU3BOIUTH O IHTEHCHUBHOI
Jerpanaiii mMarepianay, MOTIPIICHHS Ta30MPOHUKHOCTI Mapy Ta YTBOPEHHsS pinkux ¢asz. Jleski mociimpkeHHs
MOKa3yloTh, IO 31 30LIBIICHHSIM BMICTY BOJHIO Y BIJIHOBHOMY Ta3i MOYaTKOBa TEMIIEpaTypa po3M’sSKIICHHS
arioMepary 3HHUXKYEThCS, IO TOSICHIOETHCS IHTCHCUBHUM yTBOpeHHSIM FeO Ha moBepXHi 1 BCepenHI 9acTOK Ta
OPU3BOIUTH 10 (OpMyBaHHS HHU3BKOIUIABKOTO MUIAKy 3 mycToro mnopomoto [1]. Inmi poGotu, HaBmakw,
JEMOHCTPYIOTh TOCTYIIOBE MIABHUILEHHS TEMIEpPAaTypyu IOYATKY PO3M AKIICHHS, IO MOB’SI3yIOTh 3 BHILUM
CTYIEHEM BIJHOBJICHHS, 3MeHIIeHHAM BMmicTy FeO Ta yTBOpeHHAM MetaneBoro 3amiza [2]. ToOto, motemnep
pe3yIbTaTH EKCIIEPIMEHTIB 3aTUIIAIOTHCS CYTIEPEWIMBUMH 1 HAyKOBA CIIHBHOTA MOKH 10 HE NI €AMHOT JYMKH
3 IBOrO NHUTAHHS, BHU3HAIOYM, IO OaraTto IIO 3aJeKUTh BiJ yYMOB IPOBEICHHS IUIABKM Ta BJIACTUBOCTEH
3aIT130pyAHO1 cupoBUHH [3].

B nabopatopuux ymoBax [YM 3a 10omoMoror BJIaCHOI METOJMKH, sIKa BU3HAYAE KITIOUOBI XapaKTEPUCTUKHU
MPOIECIB  PO3M'SKIICHHA-IUIABICHHS, OyJlM MPOBEACHI OCTI/KEHHS BHCOKOTEMIIEPAaTYpHHX BJIACTUBOCTEH
armomepary ykpaincbkoro BupoOHmnTBa (Fesar=58.9, Fe0=6.95, Si10,=5.29, (Ca0=8.34), sxi mokasayiu, 10 B
LIOMY J0JlaBaHHS BOJIHIO MO3UTHUBHO BIUIMBA€E SIK HA MPOIECH BiJHOBJICHHS, TaK 1 Ha MPOIECH PO3M'SKIICHHS-
maBiaeHHs. [liIBHIIYIOTBCS TeMIEpaTypu BTpaTH Ta30MPOHUKHOCTI Ta (IbTpallii po3IuiaBy udepe3 KOKCOBY
Hacaaky. [Ipu 301bI1eHH] BMICTY BOJIHIO Y BiTHOBHOMY T'a3i 710 10% Temneparypa ¢popMyBaHHS ra30HEIPOHUKHOT
CTpykTypu B ariomeparti miasumryerbes 1390 °C mo mpubmmzno 1500 °C. TemmepaTypu po3M’SIKIICHHS Ta
TUIaBJIeHHA 3pocTatoTh Ha 50-70 °C. 36ibIIeHHs TeMIIEpaTyp MOYaTKy IUIaBJICHHS Ta MaKCUMaJIbHOT (piTbTparii 31
3pOCTaHHSM KOHIEHTpalli BOJAHIO MPU3BOAUTH 1O 3BYKEHHS 1HTE€pBaLy IUIABJICHHS, 110 MOKpPAILye MPOHUKHICTD
IIMXTH Ta MiABUITYE e(EeKTUBHICTh TIaBKU. ToOTO 30arauyeHHs BiTHOBHUX ra3iB BOJHEM ONTHMI3y€e METalTypriiHi
BJIACTUBOCTI arjloMepary y BHCOKOTEMIIepaTypHiil 30H1 JOMEHHOI Iedyi, 10 € OJHUM 3 KJIIOYOBUX UYMHHUKIB
MiBUIICHHS CTAa0UIBHOCTI Ta €(QEKTUBHOCTI MOMEHHOro mporecy. Lleil edekT MosSCHIOEThCS SK MEHIIUMU
po3MipamMu Mosiekysn H» Ta ixHiM BumuMm koedimieHToM audy3ii mopiBHsHo 3 CO, 1m0 MiABUIINYE BiTHOBHY
3JIaTHICTB Ta3y, MPUCKOPIOE MBUIKICT BITHOBICHHS IIUXTH Ta MiABHILY€E TEMIEPATYPy BTPATH ra30MpOHUKHOCTI,
Tak 1 MOPQOJOTIYHUMH OCOOJIMBOCTSMHM  arjioMepary — BIACYTHICTIO (QasuriTy, HWOro 3aMilIeHHSIM
nukanbiiiicuiikarom CazSi04 Ta po3unnenHsMm MgO y dasi BlocTuTy.

JlirepaTypHi n:xepena

1. Hoque M. M., Mitra S., Barrett N., O’Dea D. and Honeyands T. Effect of hydrogen on voidage and
permeability of ferrous burden in softening and melting process. Conference Paper. September 2023.
https://www.researchgate.net/publication/375695812

2. Qiang Li, Jing Song Wang, Guang Wang. Softening and Melting Behavior of Ferrous Burden in Hydrogen-
rich Blast Furnace Blowing Break and Re-blowing. ISIJ International. 2024. Vol. 65(6).
https://doi.org/10.2355/isijinternational.ISIJINT-2024-247

3. Guilin Wang, Gele Qing, Meng Xu, Zhixing Zhao, Rongsheng Li and Yang Li. Softening-melting
Mechanism of Basic Pellets under Hydrogenenriched Reduction. ISLJ Internationa. 2025. Vol. 65(6).
https://doi.org/10.2355/isijinternational . ISIJINT-2024-366
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IHNEPCIHHEKTUBU BUKOPUCTAHHS BO/IHIO B YMOBAX POBOTH JIIT Ne3
IMAT BAITIOPIKCTAJIb»

0. JI. Yaiika, K.T.H., C.H.C., b. B. KopHinoB, K.T.H., A. O. MockaJuHa, K.T.H.,
I. I'. MypagiioBa, 1.T.H., C.H.c., JI. . "'apmam, K.T.H., c.H.c., M. I'. IBanua, M. M. I3roMmcbknit

IncturyTt yopHoi Mmetaayprii im. 3.1. Hekpacoa HAH Ykpaiuu, m. /Ininpo

B ocTanHi poku, y 3B'sI3Ky 31 BCECBITHBOIO TEHJEHIIIE€I0 cKopoueHHs BUKHIIB CO2, 30IBIIMBCS 1HTEpEC Ta
KUTBKICTh IyOuTiKalii, MPUCBIYCHUX JOCIIHKEHHIO Ta pO3pO01Ii TEXHOJIOT1i 3aCTOCYBaHHS BOJIHIO B PI3HUX TAITY34X
HayKH 1 TEXHIKH, Y TOMYy YHCI 1 B Tajay3i BUPOOHHUIITBA YaBYHY SK aJbTEPHATUBU Ta 3aMiHHM BYTJICIIEBMICHOTO
MaJInBa, 110, K HACTIAOK, cripusie 3MeHeHHo BUKuAiB CO». Y CBiTi, Ha piBHI JIep>KaBHOI MOJITHKH, BCE OLIbIIA
yBara MpuIIsS€THCS PO3BUTKY BOJIHEBOTO CIIPSIMYBaHHs, 1 BOJHEBA €HEpreTHKa Ha0yBae BCe OUIBINIOI MIATPUMKH
HE JIMIIEe Ha KOPIOpaTHBHOMY, a M Ha Jep:kaBHOMY piBHI. BonHeBa eHeprist 3 ii pi3sHOMaHITHUMH JKEpeiaMu,
HU3bKUMHU BUKHJIAMU BYTJIEIIO, BUCOKOIO €()EKTHBHICTIO Ta IIMPOKUM CIEKTPOM 3aCTOCYBAHHS BBAXKA€THCSA
HaHOUIBII 0araToOOIISMI0Y0I0 Ta €KOJOTIYHO YHCTOI eHeprielo y 21 CTONTTI Ta BKJIIOYEHA 10 HAIIOHATBHOI
CTparerii pO3BUTKY €HEPreTHKH OaraThMa KpaiHaMH.

OpnHak 3a mepeBar 3aCTOCYBaHHS BOJHIO B HANpsIMKY JieKapOOHi3alii MPOMHUCIOBOCTI B IIJIOMY 1 MeTanyprii
30KpeMa MaroTh MiCIe 1 TMEeBHI MPOOJIEMH BHKOPUCTAHHS BOJHIO, SIKI MOXKYTh BHMaraTH BHPIIICHHS: BHCOKa
BapTICTh BUPOOHHUITBA EKOJOTIYHO YUCTOrO BOJHIO; 30epiraHHs Ta TPAHCHOPTYBAaHHS BOJHIO; OCOOJIMBOCTI
TOpIHHSI BOJIHIO, 1[0 MOKE€ BHUMAarath BHECEHHS 3MiH JI0 CIIOCOOY MiBEIEHHS BOAHIO y (pypMeHe BOTHHINE Ta
KOHCTPYKIIi pypMeHNX NpuiIaiis.

[TuTaHHS BUCOKOT BApTOCT1 BOJHIO Ta HOTO TPAHCIIOPTYBAHHS, 32 HAIIUM MEPEKOHAHHSAM, MOYKHA BUPIIIUTH
3a paxyHOK BCTAQHOBJIICHHS Ta BHKOPUCTAaHHS Ha METAIypriiHUX MIANPUEMCTBAX MaJOMOAYIbHHUX
BHCOKOTEMIIEPATypHUX AJEPHUX PEAKTOPIB AJIsi BAPOOHUIITBA BOJHIO Ta eHepro3ade3nedyeHHs] KoMOiHary.

HesBaxaroun Ha mepemniueHi BUIE MPOOJIEMH, MUTAHHS 3aCTOCYBAaHHS BOJHIO B METAIyprii B IIJIOMY Ta
JOMEHHOI Tedi 30KpeMa, SIK HalOUIbII €HEeProeMHOI0 arperaTy y IMKII BUPOOHHMIITBA METaly, € aKTyaJbHUM 3
TIOTJISATY 3MEHIIIEHHS eMiCii JIOKCUIY BYTJICIIIO.

BpaxoBytoun Te, 110 Ha CbOTO/IHI HAUTTOIIUPEHIIINM J10JaTKOBUM HAJMBOM, 1110 3aCTOCOBYETHCS Y JIOMEHHIN
nieyi, € mutoByriutbHE manuBo (I1BIT) parionansauM migxomoM Moxke OyTH criibHe 3actocyBanHs [IBIT Ta BogHIO
y TOMeHHi# nedi. Takuii miaxia J03BOIUTH BUPIIINTH KiJIbKA 3a/1a4 — 3a0€3MeYUTH HU3bKY COOIBApPTICTh METATY Ta
sMmeHImTA BUKnaM CO; 13 TOMEHHO] I1eyi.

AHani3 BIUIMBY CHUTBHOTO BAyBaHHS B (ypmene Boruuiie Boanio Ta [IBI1 Ha Bukunu CO; Ta mOKa3HUKU
nomeHHoi TuiaBku J[IT Ne3 Ta Bu3HaueHHs 0OMEKEeHb 11010 BUKOpHUCTaHHS H> B 1eyi BUKOHAHO 3 BUKOPHUCTAHHIM
MOJIeJIi TTIOBHOTO EHEPreTUYHOro OajlaHCy JAOMEHHOI IUIaBKM, L0 BKIIIOYA€ CHUIBHUN PO3paxyHOK TEIUIOBOTO,
MaTrepiaTbHOTO Ta €KCEPTeTUYHOTO OATaHCIB.

Cninbae BayBanss [IBII Ta BogHio Hakiamae oOMEXEHHS 32 TEOPETUYHOIO TEMIIEPATypOIO TOPIHHS Y
dbypmenomy Boraumii (Tteop). 3a mMOCHiKEHHSIMH Ta BIACHUM JIOCBIJIOM BCTAHOBJICHO, IO 33 BEJIMKWUX BUTpAT
[1BII Treop. mae cranoButd He MeHIe 2050-2100°C. Tomy posrsin 3umxenHs Tteop. g0 1800°C moxe Oyt
JOIUTHHUM JIMIIIE B YMOBAaX 3aCTOCYBaHHS BOJIHIO. B anani3i cinbHOTro 3actocyBanns [IBII Ta Boguto TTeop. Oyna
NpUiHATA TOCTIHHOIO Ha piBHI 6a30Boro nepioay podoru JIT Ne3 TTAT «3anopixkcransy ~2080°C.

[Ipu BUKOpPHUCTaHHI JOJATKOBOTO MaJIMBa, 1110 BIYyBA€ThCS A0 (ypMEHOTo BOTHHUIIA, A MATpUMKU TTeop.
Ha 33J1aHOMY DPIBHI 31HCHIOETHCS 30UIbIIEHHSIM BUTPATH TEXHIYHOTO KUCHIO B AYTTs. 301JIbIIEHHS BMICTY KUCHIO
B JYTTi NMPU3BOJUTH J0 IHTEHCH}IKAII TOMEHHOI IUIABKM HAKJIAJIa€ TEXHIYHI Ta TEXHOJIOT1YHI OOMEXCHHS Ha
pob6oty nedi. 3 ogHOro OOKY, IHTEHCU(DIKaLlis MIIAaBKU MPU3BOUTH JI0 IBUIAKOCTI OMYCKAHHS IINXTH, 10 301IbIIy€E
HaBaHTKEHHS HA CUCTEMY IIMXTOMO/1a4l 1 3aBaHTAXEHHS JOMEHHOT Tedi. 3 1HIIOT0 — 30UIBIIICHHS YaCTKU KHCHIO
B IIMXTI MOXXE€ IMPU3BOJAUTU A0 30UIBIICHHS] HABAHTA)XEHb HA CUCTEMY OXOJIOKEHHS Iedi, cTaH (QyTepyBaHHS 1
arperatis, 1o o6cimyroBytoTh ii. [llono ymoB po6otu JIIT Ne3 BuzHaueHO 0OMeXEHHS BMICTY KHCHIO B JyTTi Ha
piBHi 31%, 1o 3a migrpumku Treop. ~2080°C exBiBanenTHO BayBanHIO 175 M3/t pasom i3 IIBII Butparoo 160
KI/T.

3a pe3yabTaTaMH aHATITHYHUX Ta €KCIIEPUMEHTAIBHUX JOCIIHKEHb BCTAHOBIICHO, 1110 3aCTOCYBaHHS BOJIHIO
B JIOMEHHIN €4l MPU3BOAUTH JI0 TIEPEPO3MOILITY Ta30BOI0 MOTOKY B 00’ €Mi Medl, 110, 3PEIITO0, ITO3HAYAETHCS Ha
3MEHIIIEHH] TeMIIepaTypH KOJOUTHUKOBOTO ra3y. Ha mificTaBi BAKOHaHOTO aHaji3y BCTAHOBJICHO, 1110 3aCTOCYBAaHHS
BOJHIO BUTPATO0 175 M>/T MPU3BOANTH [0 3MEHIIEHHS TeMIepaTypH KOJNOIHHKOBOro razy Ha 60°C (3,4°C Ha
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koxkHi 10 M3/T Ha). Ile Mmoxe Oyt oOMexyrounM (hakTopoM 30UTBIIICHHS] BUTPATH BOJIHIO ISl TOMEHHUX TE€UEH,
1[0 MPAIIOI0Th 3 XomogHuM ariaomepaToM. [[imst ymoB ITAT «3anmopixcTalib» TeMieparypa KOJIOIIHUKOBOTO ra3y He
€ 00Mexyro4uuM (HaKTOpOM, OCKUITBKH BC1 JIOMEHHI €4l PAIIOI0Th 3 arjioMmeparoM temiiepatyporo 250-400°C.

B pesynbTari gocnipkeHHs] BCTaHOBIIEHO, 110 criibHe BayBaHHs [IBII ta Bognio Ha JIIT Ne3 no3BoaHTh:

- 3meHmuTH Bukuau CO; He MeHme HiXK Ha 11%, mpu 11boMy KOe(IieHT 3aMiHA KOKCY BOAHEM CTAaHOBUTH
0,27 xr/m>;

- 3MEHIIUTH YacTKy MPSMOTo BifHOBIEeHH 3aii3a Ha 0,9% Ha koxHi 10 M/T Bogu1o0. Lle crpuse 3MeHIIEHHIO
HAIMPYKEHOCTI JOMEHHOTO MPOIIeCy Ta MUTOMOI BUTPATU €HEPrii Ha BUPOOHUIITBO KOKHOT TOHHU YaBYHY;

- 36UIBIINTH BUXiJl BTOPUHHUX HEPropecypciB 3 IOMEHHOI 1eui Ha 2,7% Ha koxkHil0 M/ Ha, ki 1oninsHo
BUKOpUCTOBYBaTH i poboT TELL;

- IOKpAIIUTH eKcepreTnyHi nokasHuku: 30utbimenHs KKJ[ nomenHoi nedi Ha ~2% Ta €KOJIOTTYHOCTI poOOTH
moMeHHoI nedl Ha 2,8%.

Ha ocHoBIi BuIlle HaBEeIEHOTO BCTAHOBJIEHO, 110 BUKOPUCTaHHS BOAHIO criibHO 3 [IBII B moMeHHiit medi €
MEPCIIEKTUBHUM HanpsiMoM 3MeHIneHHs BUKuiB CO> Ta 3MEHIIICHHS] BUTPATH KOKCY B JJOMEHHIHN TIedi.
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®I3UKO-XIMIYHUI AHAJII3 MOXKJIUBOCTI TA TOHLIBHOCTI
TEPMIYHOI'O PO3KJIAZAHHA OKCHUAIB 3AJIT3A

T. C. I'oay0, K.T.H., cT.10C]1., JI. C. MOI4aHOB, K.T.H., CT.10CJI.
IncruryT yopHoi Meranyprii im. 3. I. Hekpacosa HAH Ykpainu, m. /Ininpo

3ami30ByIJICIEB] CIIaBU BCe 1€ 30epiratoTh 3a cO00I0 JIIEPCTBO cepell KOHCTPYKIIIMHNUX MaTepialiiB 3aBIsSKA
TEXHOJIOTTYHIN Ta eKOHOMIYHIM HocTynmHOCTI. OTHaK, OCHOBHHUM NIISAX X BUPOOHUIITBA — JIAHIIIOT «JOMEHHA T4 —
KHCHEBHI KOHBEPTEP)», YAHUTHh 3HAYHHI €KOJOTIYHHI BIUTMB Ha HABKOJIMIITHE CEPEIOBHIIE, 30KpeMa BUALISIIOUN
TOHHU TIAQPHUKOBUX ra3iB. lle Bke He OJIHE ACCATHIITTS 3MYIIyE TOCHIIHHUKIB Ta MPAKTHKIB IIYKaTH HOBHX
CTOCO0IB OTPUMAHHS 3aJ7130BYTJICIIEBUX CIUIABIB, Cepel SIKMX HAHOUIbIIY YacTKy CKIIAJaloTh CIOCOOW MPSIMOTO
BimHOBNEHHs. [Ipote, Bci iCHyrOUl CrOCOOM TPSIMOTO BITHOBJICHHS MOTPEeOYIOTH ydYacTi BiJIHOBHHKA, SKHM
HalyJacrile € BYIJelb Yd MOro OKCHUIU, ad0 BOJEHb. BiNMOBIOHO, 32 YMOB BUKOPHCTaHHS BYTJICIIEBMICHHX
MarepiaiaiB, HOBHH MMPOIIEC HE AAJIEKO BIIXOIUTH BiJl HOTO MOTIepEHMKA 32 BILTMBOM Ha HABKOJIMIITHE CEPEIOBUIIIE.
BukopucTranHs BOAHIO € HAWOUIBII NIPUMHATHUM BapiaHTOM 3 (OPMYBaHHIM B pE3yJIbTaTi €KOJIOTIYHO OE3MEeYHUX
npoaykTiB. [IpoTe goci He po3po0IEHO EKOIOTIYHOTO CITOCO0Y HOro YTBOPEHHS Y HEOOXITHUX 71l BITHOBJICHHS y
MIPOMHUCIIOBHX YMOBAX KUTBKOCTSX 0€3 3HAUHUX €HEPTreTUYHUX BKIIAJCHb. AJIbTEPHATHBHUM BapiaHTOM MPSMOMY
BIIHOBJICHHIO 3aj1i3a MOXX€ CTaTH IPOIIEC MPSMOT0 PO3KIaJaHHs HOro OKCHAIB — Tepmoui3. Llei Bimommii 1aBHO
npoiiec He HaOyB PO3MOBCIO/IKEHHS Yepe3 HasBHI JUII OKCHUIB 3alli3a OOMEKEHHS 32 BUCOKUMH TeMIIepaTypaMu
(tak, Hanpukman, mast FeO motpidna Temmeparypa 3500 °C). Opnak, BiJOMO, IO Ha MPOIECH PO3KJIAJTaHHSI
MOJKJTMBO YMHUTH BIUIMB HE TIJIbKU 3 TOYKH 30py TEMIIEPATYpPH, aje i 3 TOUKHU 30py MapliaTbHOTO TUCKY KHUCHIO B
HaBKOJIMIIIHBOMY CepelloBUIlll. B poOOTI MpOBEACHO TEPMOAMHAMIYHE IOCTIKEHHS TPOIECY PO3KJIaJTaHHsI
okcuiB 3aiiza cucteMu Fe;03-Fe304-FeO 3a yMOB migBUIIIEHUX TEMITepaTyp Ta BIUIUBY 3HWKEHOTO THCKY (Y TOMY
YHCIl NapUifHOTO TUCKY KHUCHIO). ABTOpaMU BCTAHOBJICHO, IO JUIS MPOAHATI30BaHOI CUCTEMH OKCHIIB 3aJli3a 3a
YMOB CTBOPEHHSI po3pskeHHs 10 1-10° aTM MOXHA HOCATTH 3HUKEHHS| TEMIIEpaTypH IOYaTKy pO3KIafaHHSA
okcuaiB y 1,35 — 1,68 pas.
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PIBUYHE TA YUCEJBHE JOCJIIIKEHHSA I'ASOAUHAMIYHHUX BJIACTI/IBOCTEI?'I..
CTPYMEHIB, 11O ®OPMYIOTHCs CKJIAJEHUMHU COIIVIAMMU 11T YAC BEPXHbBOI
ITPOAYBKH

T. C. I'oa1y0, K.T.H., cT.00C]., JI. C. Mo1YaHoOB, K.T.H., cT.10C]a., O. M. MiHaii, 10KT. ¢iJ1.
IncruryT yopHoi meramyprii im. 3. I. Hekpacosa HAH Ykpainu, m. /{ninpo

KucHeBo-koHBEpTOpHUIA TIPOIIEC, SIK HAHO1IBIN BUT1IHUA HA JAHWW Yac CociO BHIUIABKHA KOHCTPYKIIHHOI
CTajJl y CBITi, 3HAXOJAUTHCS y AMHAMIYHOMY CTaHi MOCTIHHOrO BJOCKOHaleHHs. HaifuacTime BIOCKOHaJICHHS
TOPKAIOTHCS KOHCTPYKINT Ta PEXUMIB €KCIUTyaTallii BepXHboi mpoayBHOT ¢pypmu. Ile 3ymoBieHe 11 KIHOUYOBUM
BIUTMBOM Ha MpPOIEC KUCHEBOI'O KOHBEPTYBAaHHS: ()OPMYBAaHHIM BHCOKOUIBHAKICHOTO (HA/J3BYKOBOT'0) CTPYMEHS
KHCHIO, SIKUW BHTIKae 3 comenl (Qypmu, misi e€heKTUBHOI B3a€MOIl 3 PIJIKOI0 BaHHOIO — 3aI130BYTJICIIEBHM
po3miaBoM. XapakTEepUCTHKH CTPYMEHIB BH3HAUYAIOTh TiApOAWHAMIUHI, (i3UKO-XIMIUHI, TEIJI0- Ta MacOOOMiHHI
MpoIIeCcH, sIKi BiOYyBalOThCS y KOHBepTepHid BaHHI [1]. Jlna 3abe3medeHHs IIUX YMOB Ta30BOMY CTPYMEHIO
HEOOXITHO HaJaTH JTOCTAaTHIO KIHETUYHY €HEpPril0 Ha BHXOJI 3 MPOIYBHOTO COIUIA 3 JOCSATHEHHSIM HAA3BYKOBHUX
MMOKa3HUKIB MBUJIKOCTI. BiMOBIIHO /UIsl BUPIIIEHHS MOCTABIICHOI 3a1a4i 1€ 3 cepeauHn XX CTOITTS Ha 3aMiHy
WTIHAPUYHAM COIUIaM, sIKi 3a0€3MeUyIoTh JIMIIE J03BYKOBI XapaKTEPUCTUKU Teuii Ta30BOr0 CTPyMEHs, MOYalu
BUKOPHUCTOBYBAaTH KOHBEPICHTHO-IMBEPIeHTHI comuia Tury JlaBans. 3 TOro yacy AOCIITHHKH HEOTHOPAa30BO
HaMaraJimcsi BJIOCKOHAJIWTH HaBEACHY KOHCTPYKIIO: CKOpOYEHE COIUIO — JUIs 3MEHIIEHHS BTpaTh EHeprii,
BUJIOBXKCHE «TOPJI0» Ta iJeaTbHO-PO3PAXyHKOBE JIJIsl 3MEHIIICHHS YAapHUX XBHJIb, 3 IMIIHAPUIHAM BUXOIOM JIJIS
noJIoBKeHHs cTpyMeHs [2-3]. Cepen pi3HOMaHITHUX KOHCTPYKIIHM MPOJYyBHHUX COIEN 0COOJIMBE Miclle 3aiiMaloTh
CKJIQJICH] COILIA, sIKI CKJIAJAlOThCS 3 JICKITbKOX YaCTHH Ta (OPMYIOTh OJHOYACHO Pi3HI B3a€EMOJIit04Yl MIXK COOO0IO
moToku. B po6oTi mpoBeneHe ¢i3udHe 3 BUKOPUCTAHHSM BOJHOI MOEII 3 TMPOIYBKOIO CTHCHEHHM TOBITPSAM Ta
yrucenbHe B cepenouili ANSYS gocmikeHHS NpPOAYBKM Kpi3hb CKJIaaeHi comia, chopMOBaHiI JBOMaA
KOHIICHTPUYHO PO3TAIIOBAHUMH LUJITHIPAMH 32 PI3HOTO CHIiBBIIHOIIEHHS nepudepiifHol Ta eHTPaIbHOI YaCTHH
(25 %, 50 % ta 75 % Bix 3aranpHOI MJIOLII COIJIA) y MOPIBHAHHI 3 TPOAYBKOIO Kpi3b coruia JIaBamist 3 OHAKOBUMH
€KBIBaJICHTHUMH PaJliycaMu Ta 3a PiBHUX AYTTHOBUX YMOB. ByJio BUSIBIICHO psiJ BAXIIMBUX OCOOIMBOCTEH ra30BUX
CTPYMEHIB, 1110 BUTIKAIOTh 3 COIEJ CKJIaJ€HOTO THITY:

1) gactka mepudepiiiHOT YaCTUHM CKJIaJIEHOTO COIUIa BIAIMOBIIA€ y OUTBIIIM Mipi 3a TiApora3oauHamMidHi
XapaKTepUCTUKH (POPMYBaHHS T'a30BUX CTPYMEHIB:

- 32 YMOB MaJioi nepudepiiinoi yactku (25 %) cTpyMeHi, 1110 BUTIKAIOTh 31 CKJIaJIEHUX COmel 3a Oy/I0BOIO Ta
XapaKkTepoM B3a€EMOJIIT 3 PiIKOI0 BaHHOIO MOAIOHI A0 TakuX, 10 (HOPMYIOThCS MPH MPOIYBLI Kpi3b coruia JlaBamns
(cTpyMiHb Mae «0OYKOMOJIOHY» OJHO JIAHIFOTOBY CTPYKTYpPY, KpaTep 3aHypeHHs 3a (GopmMoro Ta TIHMOMHOIO
HAOJIMKAETHCS BIJIMOBIAHOTO Bif cTpyMeHs 3 coruia JlaBans). 36inbmenHs nepudepnunoi dpakuii 1o 50 % #
nonanbiie A0 75% BinOuBaeTbca Ha 3MiHI SIK y CTPYKTYpl CTPYMEHS, TaK 1 y OCOOIMBOCTSAX B3aEMOJIT 3 PIIKOIO
BaHHOIO (CTpyMiHb HaOyBa€ CKJIaJHOI MEPEIUIeTeHOI CTPYKTYpU B CEpeAMHI KOKHOI BEIMKOI «OOUKM», KpaTep
B3a€EMO/IIT CTa€ OB MOJOTUM, OKPYTII0i GOopMHU Ta TIIMOWHA 3HAYHO 3MEHIITYEThCSI.

- yuM Oinpina mepudepiiiHa yacTWHA CKIIAJIEHOTO COIUIA, TMM MEHIIE CIUIECKIB YTBOPIOETHCS MiJ 4ac
MPOJIYBKHU PIIMHM 3 TIEPEXOJ0M Ha NpiOHUIN «TyMany. Lle, BiporiqHo, MO)KHA MOSICHUTH (DOPMYBaHHSAM OLITBIIIOL
KUTBKOCTI JpiOHUX XBUJIb HA TIOBEPXHI BAHHU MiJ €0 CKIAJCHUX COTMEI Ta CKOPOUYCHHSM BiJICTaHI MK HUMU 10
50 % y nopiBHSIHHI 3 MPOIYBKOIO Kpi3b coruio JlaBams.

2) cTpyMeHi, 110 BUTIKAIOTh 31 CKJIAZICHUX COIIEN, XapaKTepU3yIOThCd 3HAYHUMU IMOKAa3HUKAMU eHeprii (Ha
PIBHI 4M BHIIIE HIX y CTPYMEHIB c(pOpMOBaHMX coruiaMu JlaBais) mpu MEHIIIN HIXK y CTPYMEHIB 3 coruta JlaBamns
JOBXKUHI sipa Ha 15 — 33 % BiANOBIAHO MpH 30UTBIIEHHBI TepudepiiiHoi yacTku 3 25 % mo 75 %.

JlirepaTypHi x:xepena

1.Li M.M,, Li Q., Li L., He Y.B., Zou Z.S. Effect of operation parameters on supersonic jet behaviour of
BOF six-nozzle oxygen lance. [ronmaking & Steelmaking. 2014. Vol. 41(9). P. 699-709.
https://doi.org/10.1179/1743281213Y.0000000154

2. Ali M.H., Mashud M., Bari A.A., Islam M.M. Numerical solution for the design of minimum length
supersonic nozzle. APRN Journal of Engineering and Applied Sciences. 2012. Vol. 7(5). P. 605-612.

3. Thirugnanasambantham K.T., Elangovan B., SreeRangaiah S., Kannan R., Palani S., Nachiappan M.N.
Optimization of the convergent-divergent nozzle tip and reducing the acoustic energy. Turkish Journal of
Engineering. 2015. Vol. 9(3). P. 417-424. https://doi.org/10.31127/tuje.1561759
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PO3POBKA TA JOCIIIZKEHHSA 3AXO011B INOJ0 INIJIBUINEHHA EHEPTOE®EKTUBHOCTI
KOHBEPTEPHOI IILTABKH B YMOBAX IIpAT «KAMET-CTAJIb»

JI. C. Mo14aHOB, K.T.H., CT.10CI., A. I'. YepHsaTeBUY, 1.T.H., Npod.

IncruryT yopHoi Meranyprii im. 3. I. Hekpacosa HAH Ykpainu, m. /Ininpo

Po3poOka TexHIYHHMX pillleHb 1 TEXHOJOTIH, 110 HampaBieHi Ha 3HWKeHHs BHKHAIB CO2 Ta €KOHOMIIO
CUPOBUHHHUX 1 EHEPTETHYHUX PECYPCIB JO3BOJISIE MIABUITUTH KOHKYPEHTO3JaTHICTh METATYPTIMHUX ITiAMPUEMCTB
pu HecTabiTbHOMY MOCTavaHHi iX BUXiAHUMHU MaTepianaMu. BuOip HanpsMmKiB gekapOoHi3allii Ha MEeTaIypriitHuX
MIMPUEMCTBAX YKpaiHH MOB’sI3aHUM 3 IHBECTULIIMHIMH MOKITUBOCTSIMHU 1 BUPIIIIEHHSAM MIPOOJIEMH BUITYCKY SKICHOT
KOHKYPEHTOCIIPOMOXKHOT METATOMPOAYKIIIT 13 3a0e3MeueHHSIM BUMOT PECYPCO- Ta €(DEKTUBHOCTI TEXHOJIOTIYHOTO
MPOIIECy MO MapUIpyTy «JIOMEHHa MY — KHUCHEBUH KOHBEpTep». B ymMoBax HalOUIBII MOIMMPEHOI Yy CBITOBIiM
MPAKTHULl TEXHOJIOT1] KUCHEBO-KOHBEPTEPHOI TUIaBKH 3 KOMOIHOBAHOIO MPOJYBKOIO BaHHU KHCHEM 3BEpPXY uepes3
3BHYAiiHy OaratocoruioBy (ypMy Ta HEHUTpaJbHUM TMEPEMINIYIOYMM Ta30oM (a30T, aproH) depe3 IHUIIE
MaKCHUMaJlbHa KUTBKICTh MEPepoOIEHOT0 METATO0pYXTY B IIMXTI (METaNoOpyXT + piakuil yaByH) ckianae 25 %
[1]. HezanexxHo Bif IiHW METATOOPYXTY 1 PIAKOTO YaBYHY Cy4acHI €KOJIOTTYHI HOPMH TMTPOMHCIOBO PO3BHHYTHUX
Jiep>kaB BUMYIIYIOTh BUPOOHHKIB YaBYHY CKOPOUYYBAaTH BUPOOHHIITBO OCTAHHBOT'O SIK OCHOBHOT'O JDKEpETIa BUKUIIB
CO> B HABKOJMIIIHE CEPEIOBUIIE 3 IMABUIICHHSIM YaCTKH OpYXTYy Yy 3aBaJiKy. B po6oTi mpoBeneHo ¢izuuHe Ta
MaTeMaTH4YHE JOCITIKEHHS CIIOCO0IB MiABUINEHHS YaCTKH METaJeBOro OpPYyXTY 3a paXyHOK HOTro MOMepeaHbhOro
HarpiBy y 250-T koaBepTepi 11t ymoB KoHBepTepHOTO 11eXy [IpAT « KAMET-CTAJIb» 3a paXyHOK BUKOPUCTAHHS
HOBUX KOHCTPYKIIIM MaTUBHO-KUCHEBUX (ypM, a TaKoXk MOJANBIIOI MPOAYBKH PO3IUIABY 3 BUKOPHUCTAHHSIM
0araroIiap0BO1 JTBOKOHTYPHOI KHCHEBOI Gypmu, sika 3abe3neuye (yHKII eHeproedeKTUBHOI KOMOIHOBaHOL
MPOTyBKU KOHBEPTEPHOI BAHHU 3 JIOTATIOBAaHHSIM BIJX1THUX T'a31B MIPH MOJaBaHHI 3BEPXY HAJ3BYKOBUX 1 3ByKOBUX
KHCHEBUX 1 Q30THUX CTPYMEHIB 3 OJIHOYACHMM BJyBaHHSIM Yepe3 AHMIIE arperaty HeHTpalIbHUX MEPEeMIlIyI0unx
ra3iB (30T, aproH). BaxmBuM 3aBepiiaIbHUK KPOKOM ITUKITY BUIUIABKH CTaJll € HAHECEHHS IIIJIAKOBOTO TapHICAXKy
Ha QyTepiBKY KOHBEpTEpa 3 METOIO MOJOBKEHHs poO0oy0i KaMmaHii kKoHBepTepa. Jlo BIPOBaXKEHHS Y TIOBOEHHUH
Mepioa BIAHOBJIICHHS KpaiHW y PoOOTI 3ampONOHOBaHI HACTYMHI HOBI eHeproedeKTuBHI (ypMeHI MPHUCTPOi Ta
CIOCOOM BEACHHS KOHBEPTEPHOI IUIABKH, SIKI MOXXYTh 3a0€3ME€UYUTH MiJBUIIECHHS YacTKU METAJEBOTO OpPYXTY B
METaJIONINXTI: MAaJUBHO-KHCHEBA (PypMa uisi HarpiBy OpyXTy B KOHBEPTEpl MPU BEPTUKAILHOMY IOJOXKECHHI 3
BUKOPUCTaHHSAM ITWJIOBYTUIBHOTO MajiiBa a00 MPUPOIHOTO rasy (06aaHaHa TOJIOBKOIO 3 6-Ma KHCHEBUMH COIIAMHU
JlaBans 3 po3MINIEHHSAM B KOXXHOMY 13 HUX HWJIIHAPUYHUX TAIMBHUX COIEN Ta TEXHOJIOTIS HarpiBy OpyxTy 3
nonaBanHsM [1BIT a6o I1I" B kinbIeBiii KMCHEBIH 000JIOHIN); KOHCTPYKIiS 00epTOBOI MAIMBHO-KHCHEBOI (hypMuU
JUIsl HarpiBy OpyXTy TIpH TOPU3OHTAIBLHOMY IIOJIOKEHHI KOHBepTepa (obimamHaHa TronoBkor 3 10-ma
WIIHAPUYHAME COIUIAMHU THIy «Tpy0Oa B TpyOi», pO3MIIIEHHMH B 5 pAIiB MO JOBXHHI cTOBOypa Qypmu Ta
TexXHOJIOTIsl HarpiBy Opyxrty 3 momaBaHHsM [IBII aGo III' B kinbmeBiii KMCHEBIN 000JIOHIIN); eHeproedeKTHBHA
TEXHOJIOT1sl KOMOIHOBaHOI POAYBKU KOHBEPTEPHOI BAHHU KHCHEM 3BEPXY 1 HEHTPAIbHUM NEPEMIIIyIOUUM T'a30M
(a30T, aproH) uepe3 JHUIIE 3 BUKOPHUCTAHHSIM HOBOI KOHCTPYKIIil JBOKOHTYPHOT GypMH (MICTHTH ABOPSAIHY 15-TH
COILJIOBY TOJIOBKY: 5 comen JlaBans i 10 qumiHAPHYHUX).

JlirepaTypHi naxepesa
1. boituenko b. M., Oxorcekuii B. b., Xapmammn I1. C. Kousepmepne eupobonuymeo cmani: meopis,
MeXHON02Is, AKICMb CIMAili, KOHCMPYKYIT acpeeamis, peyupKyiayis mamepiania i ekonoeis. JJainponeTpoBcsk : PBA
«Ininpo-BAJI», 2004. 454 c.
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CHIBCTABJIEHHA PE3YJIbTATIB HU3bKOTEMIIEPATYPHOI'O TA ) )
BUCOKOTEMIIEPATYPHOI'O MOAEJIIOBAHHSA BEPXHBOI ITPOJAYBKHA IBO®A3HOI PIIKOI
CUCTEMMH 3 BAKOPUCTAHHSAM OJJHAKOBOI NPOAYBHOI ®YPMHU

JI. C. MoJy1yaHoB, K.T.H., cT.10c], A. I'. YepusareBu4, A.T.H., npod., T. C. I'o1y0, K.T.H., CT.10CJI.,
€. C. Kakymkin

IncTuryT yopHoi Mmeranyprii im. 3. I. Hekpacosa HAH Ykpainu, m. /Ininpo

HaiiGinbm po3moBCIOKEHAM CIIOCOOOM BJIOCKOHAJICHHS TEXHIKO-€KOHOMIYHUX TIOKa3HUKIB MPOIECy
BHUIUIABKM CTajli y KHCHEBHX KOHBEPTEpax € PO3pOOKa HOBHUX Ta TMOJIMIIEHHS BXXE ICHYIOUMX KOHCTPYKIIIH
MPOAYBHUX MPUCTPOIB. OCOOIMBO 11€ CTOCYETHCSI BEPXHBOI MPOTYBHOI (ypMH, KA Ma€ MPOBIAHY POJIb y MPOLECi
KoHBepTyBaHHs. OOOB’I3KOBUM €TarioM IMPH BAOCKOHAJICHHI KOHCTPYKITT KHCHEBUX (PypM Ta po3poOIll peKUMiB
ix ekcrutyaTauii € mepeBipka ii epeKTUBHOCTI 32 YMOB IIPOAYBKHU piaKoi BaHHU. Taky mepeBipKy MoxkHa 3pooutu abo
Ha pealbHOMY IPOMHUCIIOBOMY 00’ €KTi (BKpail pU3MKOBaHWH CIOCIO Yepe3 MOXKIIMBICTh aBapii UM BTPATH MPOTyKTUBHOCTI
arperary), abo Ha (i3UuHIA MO Y1 IDITXOM MaTeMaTUYHOTO MOJICITIOBAHHS (3 BATIIAIEI0 pe3ysIbTaTiB Ha (Mi3HUHIN
Mmozieni). HaiOutein mokazoBuM € (i3uvHE MOJICITIOBAHHS, SKE€ MOYKE MPOBOAUTHCS SK HAa PEabHOMY METaJICBOMY
PO3ILIaBi 3 MPOTYBKOIO KMCHEM (CKJIaIHHIA Ta BApTICHUI MeTO1) a00 3 BUKOPUCTAHHSM Y SIKOCTI MOJEIBHHUX CEPEIOBHIILL
BOJIM Ta OJIii, IO IMITYIOTh METAJIEBUI Ta IIJITAKOBUH PO3IUIABH, 13 TTPOTYBKOIO MOBITPSIM (IOCTYITHUH, TPOCTUN METON).
[lin uwac MopemoBaHHA OOOB’S3KOBUM € BHUKOPHUCTAHHS KOE(IIieHTIB MoJ00HM, $IKI BpPaxOBYIOTh BiIMIHHICTh
TE€OMETPUYHUX PO3MIpIB Ta (HI3MYHMX BIACTUBOCTEH MOJICIIHUX CEpPENOBHIN BiJ peanbHUX. OJHAK, BCE OIHO
HHM3bKOTEMIIEpaTypHE MOJICITIOBAHHS MOXKE HaJJaTH OUTBII AKICHI pe3ybTaTh. [|Jist mepexo/y 10 KUTbKICHUX MOKA3HUKIB,
siKi O BITIOBI M peaTbHOMY IIPOIIECy, HEOOX1AHO PO3YMITH TIIMOIIIE BIAIIOBIIHICTb ITPOIIECIB, 110 BiAOYBAIOTHCSI i1 Yac
MPOYBKU BOJJHOI MOJIEITi Ta peaIbHOr0 METAJIEBOT0 po3IliaBy. Lle MOXKIMBO 3p00HTH 32 YMOB BUKOPHCTaHHS OJJHAKOBUX
NPOAYBHUX MPUCTPOIB Ta ONU3BKUX TEXHOJOTTYHUX PEKUMIB (BIIMIHHICTH TOJ CKJIAIAE€THCS TUIBKU Y OCOOIMBOCTSIX
B3a€EMOJIii OJTHAKOBUX Ta30BUX CTPYMEHIB 13 MOJEIBHHUM CEpeloBUIIIEM). TOMy BEIbMH aKTYaILHHUM € TIPOBEICHHS
JOCHTI/DKEHh 1IOJI0 TOPIBHSUIBHOTO —aHajli3y pe3yJbTaTiB  HHU3bKOTEMIIEPATYpPHOTO Ta BHCOKOTEMIIEPATypPHOIO
MOJICJTIOBaHHS TIPOLIECIB TPOAYBKH DIAKOI BaHHM 3a yYMOB 3aCTOCYBaHHSA OIHAKOBUX TMPOAYBHHUX NPHCTPOIB Ta
MaKCUMAJIbHOI TONOOM TEXHOJIOTTYHMX YMOB MPOJYBKHA. AHAaNi3 TPOBEJCHO 3a pe3yjibTaTaMd (Hi3MYHOrO
HU3BKOTEMIIEpaTypHOro (Ha 6 Kr BomHIM Mojenmi 3 jgomaBaHHsAM 600 T TOMIMETHICHIIKOHOBOI OJii) Ta
BHCOKOTEMITepaTypHOro (Ha 60 Kr MOzielTi KHCHEBOTO KOHBEpTEpa 3 PO TYBKOIO P1IKOTO YaBYHY 3 J0JIaBaHHAM 2 KT BallHA
JUTsl IIJTAKOYTBOPEHHST) MOJIEITIOBAHHS 32 YMOB IPOTYBKU BEPXHBOIO TPU COILIOBOIO MPOTYBHOIO (hypMOIO (KPUTHUHHIA
miamerp corwta 1,5-107m, kyT Haxuity 710 Bici pypmu 14 rpa.). Tuck npomysHoro rasy 1o 300 kITa.

3a pesynpTaTamMH JOCIIDKEHb BCTAHOBJICHO: 1) MPH BUKOPUCTAHHI MOJIMETHJICHIIKOHOBOI OJIii € MOXIIMBICTD
3MOJICITIOBATH B3aEMOJIIIO PIIMHHU 3 Ta30BHM CTPYMEHEM, SIKa y pealbHOMY IpoLiec BiI0OYBA€ThCs Y 3aKIFOUHMI Mepiozt
TIPOTYBKH, KOJIM ITJTAKOBA BaHHA JICIIIO «OCIZIA€» Ta CIIOCTEPIra€ThCs «OTOJICHHSD METATY 32 PaXyHOK BIJICTYITY IIJTAKy Bif
IIEHTY BaHHU IIif] JI€0 Ta30BOr0 CTPyMEHS. 2) BIIMOBIIHO JI0 BKa3aHOTO IEPioy BUCOTA CITIHIOBAaHHS JIpyroi (asu 3a
YMOB HU3BKOTEMIIEPATYPHOTO MOJIEIIIOBAaHHS BiIpi3HsAeThes Ha 13 — 20 % Bix peaabHOi BUCOTH CITIHIOBaHHSA HITaKy. Lle
JI03BOJISIE OLIIHUTHU Ta PO3ZUIMTH BIUIMB BEPXHIX Ia30BUX CTPYMEHIB Ha CITIHIOBAHHS IIUIAKY Ta BIUIMB IiHOMHOI CHIIN
razoBux myxupiiiB CO, 1110 yTBOPIOIOTHCS y PeaTbHII BaHHI Yepe3 PEaKIliio 3HEBYTIICIIOBAHHSL.
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CTEHAOBI J1OCIIVKEHHA AKTUBOBAHOTI'O EJIEKTPUYHHUM PO3PAJ1OM KHCHEBOI'O
T'A30BOI'O CTPYMEHS, 11O BUTIKAE 3 BEPXHbBOI TPOJAYBHOI ®YPMU

C. L. CeMukiH, K.T.H., ¢.H.C., T. C. I'oay0, K.T.H., cT.10C]., C. O. lyn4eHko, K.T.H.,
B. B. BakyJbuyK, K.T.H.

IncruryT yopHoi meranyprii im. 3. I. Hekpacoba HAH Ykpainu, m. /{ninpo

Ha choromHinmHiii IeHb, YacTKa CTalli, 0 BUIUIABISETHCS Y KUCHEBUX KOHBEPTEPAX, 3AIUIIAECTHCS HA 3HAYHOMY
PiBHI, HE IMBIISTYMCH HAa aKTUBHUI PO3BUTOK HOBITHIX MPOIIECiB BUPOOHHIITBA CTajll. Taka BUCOKa KOHKYpEHTHA 31aTHICTh
3yMOBJICHA TOCTIHUM aKTHBHHM PO3BHTKOM TPOIIECY KOHBEPTYBaHHS y HANPSIMKY ITiABUINECHHS SIK TEXHOJIOTIYHUX
MOKA3HHKIB TaK 1 €KOJOrigHOCTI mporiecy. OCHOBHI pKeperna 3a0pyIHEeHHs MPUPOJHOTO CEPEIOBHIIA, sKi (opMye
JUSUTBHICTh KHCHEBO-KOHBEPTEPHOTO MPOIIECY - 1€ BUIUICHHS ra3y 3 Benmikoro 9acTkoro CO ta CO; # 3anmieHicTio. Bonu
YTBOPIOIOTBCST SIK PE3YJIbTAaT B3a€MOJil KIIFOUYOBUX (DAKTOPIB IMPOLIECY: BUCOKOIIBHKICHOIO Ta30BOTO KHCHEBOTO
CTpYMEHSI, SIKUi BUTIKA€E 3 BEPXHBOI ()YPMH, Ta IJTAKO-METAIEBOI PiIKOi BAHHH, 32 YMOB JIOCTaTHBO BUCOKHX TEMIIEPATYpP
i BHacHZOK mepediry XIMIUYHMX peakiiii OKHUCIICHHsS, B TEpUIy Yepry, BYIJICHIO, SK OCHOBHOTO KOMIIOHEHTY
3aJTI30BYTJICIICBOTO PO3IuTaBy. HalOUThIIT PO3NOBCIOKEHUM HAMPSIMKOM ITiJIBUILIEHHS TEXHOJIOTIYHUX Ta €KOJOTTYHUX
MOKA3HHKIB KOHBEPTYBAHHs Hapasi € HaMpsMOK ITiBUIICHHS YaCTKA METAJIEeBOrO OpyXTy, SIKMU MepepoOIsieThCs, 3i
3HKEHHSIM BUTpAT YaByHY Ta BallHa, BAPOOHHUIITBO SIKMX TIOB’s3aHe 3 (JOpMyBaHHSIM BUKUIIB OKCHIIB Byryemto [1]. Le
MOXKJIMBO 332 YMOB IIJBUIIIEHHS TETUIOBOIO CTaHy BaHHH Ta IHTEHCHMBHOTO MPOTIKaHHS OOMIHHUX mporeciB. OmHuM 31
NUIIXiB  iHTeHCH(IKAIT TMpoIiecy KUCHEBOrO KOHBEPTYBAaHHS MOXKE OYTH BHUKOPHCTAHHS O30HY, SIKHM € 3HAYHO
AKTUBHILIIMM 32 KUCEHb, OJTHAK HECTIMKUM 3a TEeMIlepaTyp KUCHEBO-KOHBEPTEpHOI IuiaBku [2]. B poboTi mpoBemeHO
JOCITI/PKEHHS CIOCO0Y YTBOPEHHSI O30HY O€3MOCepeHhO HAa BUXOAI 3 BEPXHBOI MPOAYBHOI (DypMH 3aBISKU
BHUKOPHCTAHHIO iCKPOBOTO €JIEKTPHYHOrO po3psiny. OCHOBHOIO METOIO JIOCHIKEHHS OYyJIO BH3HAUCHHS MOXKIMBOCTI
BUKOPHUCTaHHS JTAOOPATOPHOTO 3pa3Ky MPOAYBHOI (hypMH JIJIsl IPOYBKHU 3aJ1i30BYTJICIIEBOTO PO3IUIABY IUITXOM OIIHKH
PO3IOBCIOIKEHHS 030HY 3 JJOBKHHOIO Ta30BOT0 CTpyMeHs. JlociikeHHs OyJiu IpoBe/ieH] Ha 1ab0opaTOpHOMY CTEH/I 3
BU3HAUEHHS KOHIICHTPAIlll 030HY 3 BUKOPUCTAaHHIM 030HOMIpY [lukiion 5.21 Ta Mojeni BepXHBOi MPOAYBHOI KHCHEBOI
bypmu, Ky 0OJaJHAHO TPUCTPOEM CTBOPEHHS O30HY MUIIXOM ICKPOBOTO EJEKTPHYHOTO PO3PSIY Ha BUXOIL 3
MIPOYBHOTO COILIA. 3a pe3yJibTaTaMH JOCHTIPKEHb BIIMIUEHO, IO 030H 3aBISKH ICKPOBOMY PO3PSAY CTBOPIOETHCS
nepes MpoJyBHUM MPUCTPOEM Ha BiACTaHi 5-7 KamiOpiB (CTUIeCK KOHIEHTpAIlii) W Mami 3MIMIyeThCs 3 Ta30BUM
MIOTOKOM Ta PYXa€ThCsl B3AOBXK CTpyMeHs. Lle 3yMOBIIO€ 3MEHIIIEHHS! KOHIIEHTpAIlii 030HY B3I0BX CTPYMEHS B
3aJIeKHOCTI BiJ mpoayBHOTO TUCKY. [Tpu THCcKy mpoayBHoro ra3y 50 — 100 kIla na Bixcrani Bix 10 1o 40 kamibpis
BIJIMIYEHO 3HMKEHHSI KOHIIEHTpallli 030Hy Ha 15 — 20 % Ha koxHi 10 kaniopis. [Ipu tucky razy 200 klla 3HrxeHHS
koH1eHTpauii cknanae 30 — 35 % na koxni 10 xaniopis. [Ipu npomy Ha Biacrani 40 kamiOpiB, 110 BiAMOBigae
po60YOMY TOJI0KEHHIO TTPOIYBHOT (DypMHU y KUCHEBOMY KOHBEPTEPI Y CIIOKIHHOMY CTaH1 BaHHU, KUTBKICTh O30HY
CKITaJIa€ IpH THCKY TIpoxyBHOro raszy 50 — 100 kI1a na pisni 2,5 mr/m>, a mpu Tucky 200 xITa — 1,5 — 2 mr/m>. OHak
CJIIT BpaXOBYBAaTH Te, 110 ITi/1 9aC peajbHOI MPOAYBKH CTaJlCIJIaBUIbHA BAaHHA 3HAXOAUTHCS B MTOCTIHHOMY pycl, 1
MPOTSTOM OUTBIIOTO MPOMIDKKY Yacy MO yBKH HAKOHEYHHK ()ypMU 3aHypEHHil B IUTAKOBUH PO3ILJIaB B pe3yJbTaTi
migiioMy BaHHU. Tomy ciig OpaTu A0 yBaru KOHIIEHTpaIlilo 030Hy Ha Bifctani 5 — 10 kamiOpiB, piBeHb SKOT
JIOCTAaTHLO BUCOKMIA: TIpH THCKY rasy 50 — 100 kIla na pisni 12 — 20 mr/m>, a mpu 200 kIla gocsrae 32 — 35 mr/m>.
OTxe, MOXKHA OYIKYBaTH, IO 030H, KU MPOAYKY€EThCS B MiAGypMEHii 30H1, 3M0OKe OpaTH ydacTh B MpoIecax
padinyBaHHS MeTany. 3a OTPUMAHHUMHU pe3yJjbTaTaMHu OyJl0 po3po0JICHO eMIIpUYHUN KOe(IiEHT pO3IMIHPEHHS
KHCHEBOTO CTPYMEHS ISl OL[IHKU TPOTyKTHBHOCTI 030HY.

JlitepaTypHi 1:xepena
1. Madhavan N., Brooks G., Rhamdhani M.A., Bordignon A. Contribution of CO> emissions from Basic
Oxygen Steelmaking process. Metals. 2022. Vol. 12. P. 797-815. https://doi.org/10.3390/met12050797
2. Vosmaer F. Ozone: its manufacture, properties and uses. Leopold Classic Library, 2015. 232 p.
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JOCIIKEHHSA ITPOLECY MONEPEAHBOTI'O IIAII'PIBY METAJIEBOT'O BPYXTY
IMUJIOBYI'TVIBHUM ITAJIMBOM Y KNCHEBOMY KOHBEPTEPI

A.T. YepHsiTeBUY A.T.H., IPoP., A. A. IloxBasiTni K.T.H., 101,
. C. KonjapaiieHKoB

JIHINpOBCHKUI AepkaBHUI TeXHIYHUH yHiBepcuTeT, M. Kam’siHCbKe

[Tunosyrinsue nanuso (I1BII) € ogHieo 3 HAUNEPCIEKTUBHIMNX ATbTEPHATUB TPAAULIHHIM TEIUIOHOCISIM Y
MeTanyprii 3aBIsSKd BHCOKIA TEIUIOTBOPHIM 31aTHOCTI Ta EKOHOMIYHIN IOIIIBHOCTI. Y KOHBEPTEPHOMY
BUPOOHMLUTBI cTani 3actocyBaHHs [IBII oOMexyeTbcss pHU3MKOM JIOKAJBHOTO IMEPErpiBy HIMXTH, TPYAHOIIAMHU
KOHTPOJTIO TIPOIIECY TOPIHHS Ta HETIOBHOTO JAOTAIOBaHHS BIAX1THUX ra3iB. HepiBHOMIpHUI pO3IIOALT TEMIIEpATypH
B IMOPO’KHUHI KOHBEPTEPa MOXKE CIPUUMUHATH MPUCKOPEHUI 3HOC (yTEpIiBKU Ta CTBOPIOBATH PU3MK BUKHIIB IMPH
3aJIMBaHH] YaBYHY.

Po3pobka crieriaibHUX MaNuBHO-KHCHEBUX (pypM 31 criibHOIO nojadeto [1BII y moTormi KucHIO 103BOIISIE
MOETHATH TepeBard MUJIOBYTUIBHOIO TMajvBa 3 OCOOJMBOCTSIMH KOHBEPTEPHOIO MPOLECY, MiABUIIUTH
eHeproe(heKTUBHICTh Ta 3HU3UTH 3aJICKHICTD BiJl TPAAUIIHHIX BUIIB MAMBA. AKTYyalbHUM 3aTHIIAETHCS TUTAHHS
3abe3nedyeHHs1 piBHOMIpHOTO 3ropsiHHs [1BII 1 ctabimizarmii TemmnepaTypHOTO PeXUMY, 110 € KPUTHYHO BKIMBHM
IUIs 3a11001raHHs JIOKAIBHUX MEPErpiBiB 1 yTBOPEHHs piakoi ¢dazu.

Jlnst BUSIBJICHHS 3aKOHOMIPHOCTEHW BIUIMBY OCHOBHUX (AaKTOpIB Ha MPOIEC TMOMEPEIHBOTO MiAIrpiBy
MeTaneBoro Opyxty 3 BukopuctanHsaM [IBII po3poGieHo KOHCTPYKIiI0 NaJWBHO-KUCHEBOI (ypmu Ta
a0OpaTOPHHUM CTEHJ, SIKI JAFOTh 3MOTY JOCIHIKYBaTH XapaKTep CHATIOBAHHS TMajuBa i €EeKTHBHICTh HATPIBY
OpyXTy B MMOPOKHMHI KHCHEBOTO KOHBepTepa [1].

Byrneuesi wactunku IIBII 3anamioroTbess miciss BUIApOBYBAaHHS BOJIOTHM Ta TMipoJi3y, CTBOPIOIOYH
BrcokotemmneparypHi (10 2000 °C) sckpasi ¢akenu, siki e(EeKTUBHO HArpiBalOTh MOBEPXHIO METAICBOTO OPYyXTy.
Bukopucranns [1BII 3a6e3neuye Bummunii koeimieHT 3ropsHHs Ta €pEeKTUBHIIIE BUKOPUCTAHHS KUCHIO TIOPIBHSIHO
3 KYCKOBHM BYTUUISAM 3aBJISIKA OUIBIIINA CyMapHIM TMOBEPXHI YaCTUHOK 1 IHTCHCHBHINIOMY TeruiooOMmiHy. Yac
i ABUILEHHS TEMIIEpaTypH oBepxHi OpyxTy 110 850870 °C ckopOTHBCS MPUOIN3HO BABIY1, IPU LIBOMY YTBOPEHHS
pinkoi (a3u He criocTepirayiocs. BcTaHOBIIEHO eMITIPUYHY 3aJICKHICTh TeMIlepaTypu (hakena BiJ MUTOMOT BUTPATH
kucHio (M*/kr [IBII). Haiibinem piBHOMipHHH TporpiB 0e€3 JIOKAIbHOTO OIUIABJICHHS aocsraerbes npu 1,0-
1,35 m*/xr IIBII [2].

3anpornoHoBaHe KOHCTPYKTHUBHE pIllIEHHS MaJIMBHO-KHCHEBOI (pypMu 1103BOJsie €(EKTUBHO PEryiioBaTh
MpoIec MiJIrpiBy MeTalleBoro OpyXTy, 3MEHIIMTH TEIUIOBI BTpaTH, MIHIMI3yBaTH IIKIJJIMBUNA BIUIMB
IIJTAKOYTBOPEHHS Ta IiJIBUIIUTH €HEProe(heKTUBHICTh KOHBEpTEpHOTO mpouecy. Bukopucranns [1BIT y Takomy
dbopmati mae 3MOTy CKOPOTUTH 4Yac TOMEPEIHBOTO IIAITPIBY Ta 3HU3UTH PHU3HMK JIOKAIBHOTO TEperpiBy i
MOIIKO/KEHHS (QyTEpiBKH.

JlirepaTypHi n:xepena

1. Yepnsrerud A. I'., CirapsoB €. M., Monuanos JI. C., [Toxsanituii A. A., Konnpamenkos /. C. YcranoBka
BHCOKOTEMIIEPATyPHOT0 MOJICTIOBAHHS HAarpiBy METAJIEBOTO OPYXTY B KOHBepTepi: Te3u Aonosineit // Mamepianu
XX Mixcnapoonoi naykoso-npaxmuunoi kongepenyii «/Ilumeo. Memanypeis. 2024», (28-30 tpaBus 2024 p.), M.
XapkiB—Kuis. — Xapkis : HTY «XI1I», 2024. C. 505-507.

2. Yepnsaresuu A. TI'., CirappoB €. M., MomuanoB JI. C., IloxBamtuii A. A., KonapamenkoB /. C.,
Yy6ina O. A. Bineodikcamist (i3uKo-XiMIYHHX MPOLECIB Y MOPOKHUHI KOHBEpTEpa MijJ 4ac HarpiBy MeTajieBOro
Opyxty: Te3m pmomoBiaen // Mamepianu XX Mixcnapoonoi naykogo-npakmuunoi xoughepenyii  «Jlumeo.
Memanypeaia. 2024», (28-30 tpaBus 2024 p.), M. XapkiB—Kuis. — Xapkis : HTY «XIII», 2024. C. 507-511.
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JOCJIJIXKEHHSA BIVIUBY CTABLJIBHOCTI TEIIOBOI'O CTAHY JJIOMEHHOI INEYI HA
TEXHIKO-EKOHOMIYHI IOKA3ZHUKMU IIJIABKH

10. C. CemeHnoB, K.T.H., C.H.C.
IncTuryT yopHoi metaayprii im. 3.1. Hekpacosa HAH Ykpainn, /{ninpo

[{i1b0BOI0 (DYHKIII€I0 YIPABIiHHS TEIJIOBUM CTAHOM JOMEHHOI IIJIABKH € MiATPUMAaHHS TEIIOBOTO PEKUMY
Ha PiBHI, 110 3a0e3Meuye OTPUMaHHS YaBYHY 3aJaHOT SIKOCTI 3 MiHIMAJIbHUMHU BIIXUJICHHSIMH KOMITOHEHTIB HOTO
XIMIYHOTO CKJany. SIK OCHOBHMI MOKa3HHMK TEIJIOBOTO CTaHy HaiuacTille BUKOPHUCTOBYETHCS BMICT KPEMHIIO B
yaByHi [Si]. biumbmiicte MeTonmiB mporHOo3yBaHHS [Si], mo HaOynaM MOIIMPEHHS OCTAaHHIMH POKAaMH, MalOTh
HEBUCOKUHU CTYIiHb TOYHOCTI 4yepe3 0araTo(akTOPHICTh BILUTUBY TEXHOJIOTIYHHMX MapaMeTpiB Ha TEIUIOBUM CTaH
JOMEeHHOT 11aBku. KpiM 1IbOro TOYHICTH IIUX CIIOCO01B IPOrHO3YBAaHHS BU3HAYAETHCS IBOMA T'OJIOBHUMH YMOBaMU:
ONEPaTUBHUM OTPUMAHHSM IOBHOTO OOCSTY JOCTOBIpHOI iH(oOpMaLii mpo mapaMeTpu TEXHOJIOTIi Ta CTaJiCTIO
MaJIUBHO-CUPOBUHHUX Ta AYTTEBUX NapaMeTpiB. JloTprUMaHHS IEpIIoi yMOBU BaXKKO 31HCHUTH, a TPU JOTPUMAaHHI
Jpyroi yMOBU — 3a0€3MeUyEThCSl CTa0UIBHICTh TEIJIOBOTO CTaHy, IO BUKIIIOYAE JOIUTHHICTh MPOTHO3YBAHHS SIK
Takoro. ToMy aKkTyalabHOIO € 3a7a4a BEeJeHHS CTaOUIBHOTO MPOIIECY, YITKOTO PO3YMIHHS CTYIICHS BIUIUBY TUX YH
1HIIKX (haKTOpiB Ta OMEPaTUBHOCTI pearyBaHHs Ha 3MiHU [1].

JIyst HalO1IBIIT TOYHOI OIIHKY CTaOUIBHOCTI TETUIOBOTO CTaHY JIOMEHHOI TUTABKUA B OCTaHHI POKH MPUHHATO
BUKOPHUCTOBYBaTH cepennbokBanparnyHe BigxuneHHs (CKB) [Si] — o[Si], sike BU3HA4YaOTh 3a3BUYall B paMKax
onHi€el 1o0u pobotu foMenHoi niedi (JII1) 3a KiTbKICTIO BUITYCKIB, III0 TPUMAAA0Th Ha 700Y. OmiHka 6[Si] Ha Ok
TPUBATII 4aCOBIH MIJISHIN yCKJIaIHIOE aHAJIi3 BUSBICHHS YMHHHUKIB, K1 BIULTUBAIOTH Ha G| Si], OCKUILKH IOPIBHSIHHS
B11I0YyBa€THCA MI0JI0 CEPEIHBOI BEeIMUMHU [Si], Ha sIKY MOXKYTh BIUTMBATH Pi3HI ()aKTOPH B KOXKHIN 100I.

st ymoB po6otu JII1-1M TIpAT “Kamer-cranp” y 6epesni—uepBHi 2025 p. METOIOM CTAaTUCTUYHOI 3TOPTKH
Ta COpTyBaHHA JA00O0BUX JaHMX Oynu oTpuMani 3B’s3ku o[Si] Bix mutomoi Butpatu kokcy (K) Ta koxcoBoro
exBiBanieHTy (KE), 3 BUKOpucTaHHAM NMPUHHATUX KOEQIIIEHTIB 3aMiHU KOKCY KOokcoBuM ropixom (KI') — 0.72 ta
nunoByrinbHUM nanusoM (IIBIT) — 0.80. AnanizoBanwmii nepion po6otu JAI1-1M xapakrepu3yBaBcs HACTYITHUMHU
neskuMu nmokasHukamu miaBku: K—438 kr/t; KE-522 kr/t; [Si]-0,59%; o[Si]-0,058%; IIBI1-83 xr/t; KI'-25 xr/T;
no6oBe BUpOOHUITBO—2862 1/100y. Ciai 3a3Ha4MTH, 110 aHalli3 BUKOHYBaBcs st yMoB poootu JII1-1M B mepion
konu inma J[I1-9 nexy Oya 3ynuHeHa Ha KamiTadbHUNA PEMOHT, IO JI03BOJIMIO YHUKHYTH MEBHUX OCOOITMBOCTEH
ycepenHeHHs OKpeMHUX napaMeTpiB Mix qsoma JIT mexy.

Otpumani 3anexHocti: K=109,68-6[S1]+431,16 (Rx,)=0,77) ta KE=148,04-0[Si]+513,13 (Rx,)=0,88)
CBiT4aTh TIPO BIUIMB CTa0IILHOCTI TEIUIOBOTO CTaHY HA €KOHOMIYHICThH IUIABKH Ta HEOOXITHICTH JOTPUMAHHSI
BennuuHU 6[Si] e 6inbme 0,060% nns oTpUMaHHS BUCOKHMX TMOKA3HUKIB IJIaBKH. 11 JOCATHEHHSI 1i€1 BETUYUHU
o[Si] HeoOXimHO, HacaMIiepes], y HECTaOUIbHUX MAJIMBHO-CHPOBUHHUX yMOBAaX: JOTPUMaHHS rpadika BHITYCKiB;
MPOBE/ICHHS LIJHOBUX MPOMHMBOK T'OpPHA BA)KKOBIIHOBHMMHU MaTrepiajaMy MpU HOTo 3axapalleHHi; MPOBEICHHS
npodiTaKTUYHUX M'SKMX MPOMHUBOK BiJl (DIFOCOBHX 3aIMINKIB Ta KOKCOBOTO CMITTS y mpoMibKHIA 30H1 JIT
CYMIIIIIIO 3ali30pyJHUX MarepianiB ocHoBHicTiO 0,65-0,85 ox.; 3abe3neueHHs PIBHOMIPHOTO PO3MOILLY
TEOPETHYHHUX TEMIIEpaTyp TopiHHs 1o okpyskHocTi 1 msxom cripssmoBanoro perystoBadHs Butparamu [1BIT mo
NOBITPSHUX (ypMax; BUKOPUCTAHHS B JOMEHHIN IIMXTI MaTepiaiiB, 10 MICTATh MapraHelb, Ui 3a0e3neueHHs
3MIHM BMICTY Maprasifio B uaByHi He Hikue 0,20 % [1].

JlitepatypHi 1:xepena
1. Semenov Yu.S., Podkorytov A.L., Shumelchik E.I. et al. (2021). Decision Support System for Controlling
Thermal State of Blast Furnace Smelting. Steel in Translation. Vol. 51(4). P. 261-266. https://doi.org/
10.3103/S0967091221040094
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VJIOCKOHAJIEHHS CITIOCOBIB OIIHKHU PO3MOALTY IUXTH IPU i 3BABAHTAXKEHHI
Y I JTIOTKOBUM BE3KOHYCHUM ITPUCTPOEM

B. B. JIe0inb K.T.H.
IncruryT yopHoi meraayprii im. 3. I. Hekpacoba HAH Yxkpainu, M. /lHinpo

BceraHoBieHHS JTIOTKOBUX O€3KOHYCHHX 3aBaHTaXyBajdbHHX npucTpoiB (B3II) Ha momeHHi meui pi3HOTrO
06'emy (y cBiToBiif mpakTumi Bix 600 1m0 6000 M’), 36ibIIEHHS BapiaHTIB KOHCTPYKTHBHHX BHKOHAHb
3aBaHTa)XyBaJIbHOTO amapaTy Ta WOro pO3MOAUIFYOrO JIOTKA, BUMAraloTh BPaxyBaHHS B allTOpUTMax Mojenei
rmapamMeTpiB MOTOKY MaTepiaiiB, IO CXOAATh 3 PO3MojuToBava. Po3po0OiieHO po3paxyHKOBUH CHOCIO OIIHKH
PO3MOJIITY HIUIBHOCTI MOTOKY HIMXTOBUX MarepialiB, M0 cXOAATh 3 JIoTKa B3I, mpu iX 3aBaHTaKeHHI B Tid.
VY 10CKOHAIEHO eKCTIEPUMEHTAIBHHM CIIOCi0 13 3aCTOCYBaHHIM CEHCOPHOT'O BUMIPIOBAJILHOTO 30H/Ia OPUTIHATBLHOT
KOHCTPYKIIi, 110 JO3BOJIMIIO MiATBEPAUTH JOCTOBIPHICTH PE3yJbTaTiB PO3PAXyHKIB y MPOMHUCIOBUX yMoBax. Ha
NOMeHHilt meui o06'emoM 1513 M’ eKcIepMMEHTaIbHO BCTAHOBJIEHO, MO IIMPMHA TMOTOKY MaTepialis
BUBAaHTa)XyBAaHUX MPU BUKOPUCTAHHI KyTiB HAXMIIy JIOTKa B Jiana3oHi 30°-48° Bipi3HAETbCSA HE3HAYHO 1 HA PiBHI
3acuny mwmxta 1,0 M ctaHoBuTh ~0,8 M, a PO3MOIT MIIJILHOCTI MOTOKY IO WOTO IIMPWUHI HEPIBHOMIPHUN —
IHTEeHCHBHA YacTHHA 3MilleHa 710 oci nedyi. OTpuMaHi po3paxyHKOBO-eKCIIEpUMEHTANIbHI JaHi PO 3aKOHOMIPHOCTI
PO3MOALTY IIITBHOCTI MOTOKY HIMXTOBHX MaTepialliB, IO 3aBaHTAXKYIOTHCS, JAO3BOJIMIIA BIOCKOHAJIUTH METO/T
BUOOPY palioHaTbHUX KyTiB HAXWITY JOTKA B pOOOYMX KYTOBHUX MOJOKEHHAX 1 OTPUMATH 3aJIKHICTh paIliOHAIBHOT
KUTBKOCTI PIBHOBEIMKHMX KIJBIIEBHX 30H BiJl BEJIMYMHM pajiiyca KOJIOIIHMKA JIOMEHHOI Medl. YIOCKOHaJEeH1
PO3paxyHKOBI METOJM OLIHKH pPO3MOJAUTY MaTrepialiB BUKOPHCTAHO TPU po3poOIll MaTeMaTHYHOI MOZEi
3aBanTaxkeHHs B3I1, sika peanizoBana UM y 2019-2020 pokax Ha goMeHHii medi o6csirom 2000 >,
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PE3YJbTATH EKCILIYATAILII MOJAEPHI3OBAHUX HAKOHEYHUKIB KHCHEBUX ®YPM

A. A. IloxBaJjiTuii, K.T.H, 101L, €. M. CirapbosB, 1.T.H, npod., A. B. Kpyts, II. JI. 'epacumenko

JAHinpoBchbKM AepxkaBHUI TeXHIYHNH yHiBepcuTeT, M. KaM’siHCbKe

Y po6oTi po3rIsAaroThCS KIIFOYOB1 (PaKTOPH, 110 BIUTMBAIOTH HA CTIMKICTh 3BAPHUX HAKOHEUYHUKIB KHCHEBUX
bypM™, fAKi MpamioTh B €KCTPEMAIbHUX YMOBaX KOHBEPTEPHOTO BHPOOHUIITBA CTalli. 30KpeMa, HaKOHEUHUKH
3a3HAIOTh BIUIMBY BHCOKHX TEMIIEpaTyp, SKi 3HAYHO MEPEBUINYIOTH Temneparypy miasienHs mial (1085 °C), a
TaKOX il KHCHEBOTO JYTTs, TEIJIOBOIO BUIPOMIHIOBAHHS BiJl 30HU pEakiiii Ta MEXaHIYHOTO 3HOCY BiJ Kparmeib
po3IIaBIeHOTO MeTany. Ha BiMiHY Bijl TUTHX, KOBAaHO-TTASTHUX HAKOHEYHHUKIB TOIIIO, /TSI T1IBUIIIEHHS CTIHKOCTI
3BApHUX HAKOHEYHHKIB, KpiM pOOOTH y pexumax, HaOIMKEHHX A0 PO3PaxyHKOBOTO, 3HAUEHHS Ma€ SIKICTh
BUKOHAHHS 3BapIOBAJILHUX POOIT Ta OTpUMaHUX 3BapHUX MmBIiB [1]. OCHOBHMM YMHHHKOM, III0 OOMEXYE CTPOK
CITy’)KOM 3BapHMX HAKOHEUHUKIB, € PyHHYBaHHsS 3BapHHUX IIBIB, 30KpeMa MiX corjoM JlaBais Ta 30BHIIIHBOIO
000iMOI0 (TapiyuTio).

[Tix yac mepiroro eramy BUIIPOOYBaHb JOCITHUX HAKOHEYHUKIB, BATOTOBJICHHUX 13 3ACTOCYBAaHHSIM 3BapHOTO
apory MHXKT (I'OCT 16130-90), Oyno BHSBIEHO CXWJIBHICTh 3BapHUX IIBIB /IO YTBOPEHHS TPIIIUH Y
M03/I0B)XKHBOMY 1 IIONIEPEYHOMY HarnpsiMKax. AHaji3 XiMIYHOTO CKJIay MOKa3aB 3HauYHy PO301KHICTh Y BMICTI Mifi
MIDX 3BaproBalibHUM ApoToM (92,81 %) Ta marepianom comen (99,99 %), mo cTBoproe yMoBH Aiisi (hOpMyBaHHS
KPUXKHX €BTEKTUYHUX CIOJYK, BPAa3NUBUX JO YTBOPEHHS TPimMH. Mifb, 0COOIMBO 3 JOMIIIKaMU CBHHLIO,
BICMYTY, CIpKH, OKCUTE€HY TOIIIO, MAa€ BUCOKY CXHMJIBHICTB JIO TapsYMX TPIIIMH TiJ yac 3BaproBaHHs [3]. 3 MeTOI0
3MEHIIEHHS JIETYBaHHS 1 MiJBUILEHHS TETJIONPOBIAHOCTI OyIo 37iiicHEeHO nepexia Ha 3BaproBaibHUA apiT CuSnl
(ISO 24373:2018), sxuit Mae Omu3pkuii q0 Miai M1 ximiunuii ckian (BiaxuneHus 0,39 %). Ile mosBoauio
IIJIBUIIUTHA PECYPC 3BAPHUX HAKOHEYHHKIB 13 16—56 mo 49-245 mnaBok. [Ipore HaBiTh 3a Bukopuctanus CuSnl
3aJIMIIAIOTHCS BUMIAJAKH BUTOKY BOJIM Yepe3 TPIIIMHU B IIBAX.

Meranorpadiuyni JOCHIIKEHHS 3a JOMOMOTror Mikpockona «Olympus» MiATBEpIWIN: NPUIMHAMHA
TPIIIMHOYTBOPEHHS € SIK MOPYLICHHS TEXHOJIOTii 3BaproBaHHs (HeAOCTaTHiM abo HaaMipHUN HarpiB), Tak 1
3a0py/THCHHS TMOBEPXOHb OKCHUJaMU. AHai3 MIBIB HAKOHEYHHKA 31 CTiKKicTIo >200 TIaBOK MoOKa3aB HasSBHICTh
HEMpOoBapy Ta KPUXKUX CTPYKTYpP Ha MEXKax 3€peH, 110 € OCepeAKaMH TPILHH.

Pexomenparii njst miaABUIIEHHS CTIMKOCTI 3BapHUX HAKOHEUHHUKIB: - BUKOPHUCTAHHS 3BapIOBAJILHOTO JIPOTY,
MaKCHUMaJIbHO OJIM3BKOTO 3a CKJIaJI0OM JI0 OCHOBHOTO METally; - IPOBEJCHHS MONEPEIHBOTO 1 CYMyTHBOT'O MiIIrPiBY
MeTaay, OCOONMMBO TpH TOBIIMHI MoHaA 10—15 MM; - MPOKOBYBaHHS 3BapHUX AUISTHOK ITCIIS 3BaprOBaHHS; -
peTenbHE OYUIIEHHS 3BapHUX MTOBEPXOHb BiJl OKCUJIIB MEpel 3BapIOBAHHSIM.

Takum 4MHOM, JOCSITHEHHSI BUCOKO1 CTIMKOCTI 3BapHUX HAKOHEYHHUKIB TOTPEOY€E KOMIUIEKCHOTO T1IXO0Ty 10
BUOOpPY MaTepialiiB, TEXHOJIOT11 3BapIOBAaHH Ta KOHCTPYKTOPCHKHX pimieHb. [lonanbiri gociipkeHHs TOBUHHI Oy TH
CIPSIMOBAHI Ha OMTUMI3AIIII0 TEMIIEPATyPHOTO PEXKUMY, JIETYBaHHS IIBIB 1 CTPYKTYpH METaTIYHUX 3'€THAHD.

JlitepaTypHi 1:xepena

1. IToxBamiTuit A. A., CirapsoB €. M., Uy6iH K. L., Jlo6anos O. C., fkynin I1. A. Oco6nmmuBOCTI BUSHAYCHHS
KOHCTPYKIIIi HAaKOHEYHUKIB KUCHEBHX (ypM B HECTAIIOHAPHUX YMOBaX KOHBEPTEPHOI IJIABKH 3 IOMEPEIHIM
migirpiBoM Metanoopyxry. 36ipuux Haykosux npays JUITY (mexuiuni nayxku). 2021. Ne39. C. 9-14.
https://doi.org/10.31319/2519-2884.39.2021.3

2. CirappoB €.M., IloxBamituit A.A., Pynenxko M.P.. KongpamenkoB JI.C., Kpyrs A.B. Buznauenus
(hakTOpIB BIUIMBY Ha CTIMKICTh 3BAPHUX HAKOHEYHHUKIB KUCHEBHUX QypM. 30ipHuk Haykosux npays JATY (mexuiuni
nayku). Temamuunui. /{o 95 pivusa kagpedpu memanypeii J/ITY. 2024. C. 111-122. https://doi.org/10.31319/2519-
2884.tm.2024.10
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AHAJII3 ®OPMYBAHHS I'A3OPIIUHHOT'O IIOTOKY Y BUITYCKHOMY KAHAJII
KNCHEBOI'O KOHBEPTEPA

A. A. IloxBaJjiTuii K.T.H, n01., O. A. Uy0ina k.T1.H, g011., A. O. BoBk

JIHINpOBCHKUI AepKaBHUI TeXHIYHUH yHiBepcuTeT, M. Kam’siHCbKe

B yMoBax miABHIIEHHS BHUMOT O SKOCTI CTali Ta 3pOCTaHHS pOJIi Mo3aarperaTHoi oOpoOKH 0coOIHBY
aKTyaJbHICTh Ha0yBa€e yJOCKOHAJICHHS MPOIIECIB BUIYCKY PO3IUIABY 3 KOHBEpTEpa. 30KpeMa, ONTUMI3aIlisl yMOB
(opMyBaHHS ra30piAMHHOTO MOTOKY y BUIIYCKHOMY KaHall pO3IJISAA€THCS SK OJMH 13 MEePCIIeKTUBHUX HAIPSIMIB
JUTs1 3a0€3MeUeHHs CTa0lIbHOTO Ta €)EKTHBHOTO TEXHOJIOTIYHOTO TIPOLIECY.

Po3poOka HOBUX TEXHIYHMX PILICHb CHPSIMOBAHA HA JOCSITHEHHS JEKIJIbKOX IIJICH: MOKpALEHHS MPOLECY
BIJICIUKH IIJIAKY, 3MEHIIICHHS BIUIMBY aTMOC(EPHOT0 KMCHIO Ha PO3IUIaB, @ TAKOXK CTBOPEHHS YMOB ISl peaizaii
PO3KHUCIIEHHS pO3IUIaBy O€3MOCepeIHbO i/l Yac BUMYCKY Tu1aBku. OJTHUM i3 pe3epBiB iHTeHCU(IKaIT IUX MPOLIECiB
€ BHUKOPHCTAHHS TOTEHI[IHHOI €Heprii po3IuiaBy, SKUW HAAXOAUTHh IO KOBIIA 3 BHCOTH 5—8 M, CIPHUSIOYH
MepeMillyBaHHIO Ta TUCIIEPTyBaHHIO KOMIOHEHTIB [1].

Jlnst mocmiikeHHss YMOB (hOpMYyBaHHSI Ta30pIIUHHOTO MOTOKY OyJIO CTBOPEHO MOJENb y BHIJISAII IUIOCKOI
JHOTKA — aHaJora HWIIHAPUYHOTO BHUITYCKHOTO KaHAIy 3 PO3TAallOBAHMMH CIHIBBICHO corutamu. KirouoBumu
3MIHHUMH TIapaMeTpaMH JTOCTIPKEHHS BUCTYIIaU BUTpara rasy (q) Ta pisensb piauau (H) y kouBeprepi. OCHOBHUM
KpUTEpieM aHallizy 0OpaHo BifHOCHY riuOuHy BUpBHU (KB), 1110 BUBHAYAETHCS AK BiTHOLICHHS ITUOUHU BUPBU (Al)
710 JliaMeTpa BUITYCKHOTO KaHaiy [2].

JlocitipKeHHs ToKa3aiy, 10 P BUCOKIN BUTparti ra3y (q > 0,1 m*/xB) Kp crabinizyerscs B mexkax 0,03-0,09,
a BIUIMB PIBHS PIAUHU € He3HAYHHM. [10TIK XapakTepusyeThcs CTaOUIbHOIO, IIOMIPHO PO3BHHEHOIO MIXK(a3HOIO
MMOBEPXHEI0. 31 3HIKEHHAM BUTpaTH razy a0 q < 0,05 m*/x8 1 3menmenusm H 1o 0,25-0,60 m, Kg 3poctae g0 0,22—
0,65. Lle cBiquuTh Mpo AecTaliii3alliio MOTOKY, 3pOCTaHHS TITMOMHU BUPBU Ta 3MEHIIEHHS CTYINEHIO OpraHi3arfii
MOTOKY.

Ha 06a3i oTpuMaHuX OaHUX pPO3pOOJIEHO KIAacH(iKalilo peXuMiB (OpMYBaHHS MOTOKY, SKa BpPaXOBY€
JUHAMIYHI 3MIHHU PIBHS PIIUHU — Ha BIAMIHY BiJI TOTIEPEIHIX MiAXOIiB, 10 0a3yBaIKCs HAa CTATUX TEOMETPUIHUX
napameTpax CoIell.

Kunacudikarist pesxxumiB 3a kputepieM BimHOcHO1 rmubunu Bupsu (Kg) [2]:

- pesxum I: mpu K > 0,5 iHTEHCHBHOTO MepeMilllyBaHHS ra3y 3 piAMHOIO HE BiI0yBa€ThCS.

- peskumM II: mpu 0,5 > Kp > 0 30inb11eHHs] BUTpATH Ta3y a00 3HMKCHHS PIBHS PIIUHU CIIPHUSE 3MEHIIICHHIO
ITUOMHU BUPBH, IO CHpPHUSE IHTEHCUBHOMY MNEPEMIIIyBaHHIO ra3y 3 piIMHOMI. Y LbOMY pexuMi (HOpMYeThCs
ra30piAMHHUN MOTIK 13 PO3BUHEHOIO MK(a3HOIO MMOBEPXHEIO Ta BUCOKUM CTYIICHEM OpTraHi3ailii.

- peaxumM III: npu K < 0 mopanpuie 30UIbIICHHS BUTPATH Ta3y ab0 3MEHIICHHS PiBHS PIAMHU CIIPUYHHSIE
HEHTpaIbHUN TPOoOIi razy Ta MepexiJ ra3opiIUHHOTO IMOTOKY A0 IUCIEPCHO-KIIBIIEBOTO PEXKUMY («PEKHM
po6oio»). Llelt pexum xapakTepu3yeTbest 30UIBIICHHAM KyTa PO3KPUTTS BIAKPUTOI YACTUHH MTOTOKY.

JlirepaTypHi n:xepena

1. [ToxBamituii A. A., CiraproB €. M., Uy6in K. I., Tloneraes B.II., IloxBamita O.B. ®opmyBanHs
ra3oMeTaJeBOro MOTOKY B YMOBAaX «XIMIYHOTO» BaKKyMy y CTaJCBHUIIYCKHOMY KaHai. 30ipHUK HAYKOBUX NpAYb
JlHinpoecvrozo depoicasnoco mexniunozo yuieepcumemy (mexuiuni nayku). 2019. Ne 34, C. 3-8. https://doi.org/10.
31319/2519-2884.34.2019.1

2. BoBk A. O., IToxBamituit A. A. JlochnimkeHHs yMOB (pOpMyBaHHSI Ta30PIIMHHOTO TOTOKY TPU BUITYCKY
IJIaBKU 3 KOHBepTepa. Bicnuk [Ipuazoecvkoco depacasnoco mexuiunozo yHieepcumemy. Cepis: TexHiuHi HayKu.
2024. Ne 49. C. 200-207. https://doi.org/10.31319/2519-2884.45.2024.1
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YIOCKOHAJIEHHSI ITPOIIECY 3AITAJTIOBAHHSI ATJIOMEPAIIMHOI HINXTHA HIJIIXOM
PO3POBKH BJIOKOBOI'O ITAJIBHUKA 3 PO3AIVIBHOIO ITIOJAYEIO ITOBITPA

A. L. I'vboapesa, I. M. Komasik, P. M. Pynenko, €. M. Cirapbos, a.1.H., M. P. Pyienko, K.T.H.

J{HINpOBCHKUI AepKaBHUI TeXHIYHUH yHiBepcuTeT, M. Kam’siHCbKe

EdexTuBHICTh Tpollecy 3amaiioBaHHS arjoMepaliiHOi IIMXTH CYTTEBO BIUIMBAE HA SKICTh T'OTOBOTO
arJioMepary, pIBHOMIpHICTh CTPYKTYPH CII€Ka, TPOTyKTUBHICTh arjoMepaliifHol MaIllliHU Ta CHEPTeTHYHI BUTPATH.
TpaauuiitHi KOHCTPYKILIi MajJbHUKIB 3alalioBabHUX TOPHIB 3a0€3MeuyloTh JIMIIE YaCTKOBE pETrYJIIOBaHHS
TEIJIOBOTO TOTOKY, IO MPU3BOJAUTH JI0 JIOKATHHUX TEPETPiBIB 1 30H HEMOBHOTO MPOTrPiBY. YHACHIIOK I[HOTO
CIIOCTEPITaeThCsl HEPIBHOMIPHE TOPiHHS, HECTa0UIBbHICTh (PPOHTY 3aNaIIOBaHHS, KOJIMBAaHHS TEMIIEPATypH LIapy Ta
301JIbIIICHHS BUKU/IIB OKCH/IIB a30TYy.

[Tpobnema ycKIaJHIOETHCS TUM, IO LIap arJIoOMepaliifHOl IUXTH € HEOJAHOPIAHUM 32 I'PaHyJIOMETPUIHUM
CKJIAJIOM, BOJIOTICTIO Ta Ta30MPOHUKHICTIO, a OTXe, moTpedye audepeHiiioBaHoro TtemtoniaseaeHus. [le
OOIPYHTOBY€ HEOOXiHICTH CTBOPEHHSI HOBOTO THITYy MaJbHUKA 3 HE3aJEKHUM KEpyBaHHSM MOTOKAMHU MOBITPS 1
MaJIMBa TI0 IIUPHHI 3aMaJII0OBaJILHOTO TOPHA.

Mertoto poOoTH € MiABHIIEHHS €()EeKTUBHOCTI IMPOLECY 3amalllOBaHHS arJIOMEpamiiHOl MUXTH LUIIXOM
YIOCKOHAJICHHSI KOHCTPYKIIi1 ra30BOTO MAIIHUKA 3 PO3IUTEHOO MOJAY€I0 IIEPBUHHOTO Ta BTOPUHHOTO MOBITPSI, IO
JI03BOJISIE PETYJIIOBATH CITiBBIIHOIIEHHSI KOHBEKTUBHOI i IPOMEHHUCTOT CKJIaJOBUX TeTJIoNepeayi Ta cTadini3yBaTi
TEIUIOBE IT0JIC B 30HI 3aMaIFOBaHHSI.

3anponoHOBaHU MaJbHUK Ma€ MOIYJIbHY OyIOBY: BiH CKJIAaJa€TbCs 3 JCKUIBKOX BY3BKHX CEKIIii,
00’eqHaHuX y 3aradbHuid OyoK. KokeH MOAysb OCHAIEHO OKPEeMHMH KaHajlaM{ Tojadvi ras3y, MEpBHHHOTO i
BTOPHUHHOTO TIOBITPS, @ TaKOX PETYJIOBAJILHUMH 3acCiIiHKAMH, IO JO3BOJISIIOTH 3MIHIOBATH CITIBBITHOIICHHS
noTokiB. [lepBHHHE MOBITPS MOJAETHCA Yy 30HY crabimizamii ¢axena ais MIATPUMAHHSA CTIMKOrO TOpIHHS, a
BTOPMHHE — Yy KIHIIEBY YacTUHY ¢akena JUisi CTYIMIHYACTOTO JOTOPAHHS Ta3iB, PETYIIOBAHHS TEMIIEPATypH
moJryM’st Ta (popMyBaHHSI HEOOXITHOTO OKHCIIOBAILHOTO TOTEHITIATy JUMOBHX Ta3iB HaJ| IIAPOM arjioMepaliiHoi
[IUXTH.

Po3paxyHKoBe MOJIEIOBaHHS MIOKA3aJ10, 110 MPH PO3UIBbHIN MTOAa41 MOBITPS MOKHA JOCATTH O1JIbII ITOBHOTO
3TOPSIHHS TaJMBa Ta MIiJBUINECHHS TEMIEpaTypH y 30HI 3anaqroBanHs Ha 60—80 °C mpwu Tiil camiii BUTpaTi rasy.
ExcniepuMeHTanbHI JOCTIKEHHS MiATBEPAUIN BHPIBHIOBAHHS TEMIIEPAaTypHOro MPOQUIIO MO MUPHUHI TOPHA 10
+10 %, ckopoueHHs yacy 3anantoBaHHs Ha 10 %, 3HUKEHHSI TUTOMUX BUTpaT ra3zy Ha 6—10 % 1 3MeHIIeHHS BUKU/IIB
NOx 10 30 %.

Po3pobiiena KOHCTpPYKIIis NaTbHUKA CYMICHA 31 CTAaHJAPTHUMH 3aMaltioBaTbHUMU TopHamu tuimy AKM-75
6e3 morpebu Monudikamii koprmycy. MoaynabHICTh 3a0e3nedye MpocTe MaclTadyBaHHS Ul arperariB iHIIOI
IIUPUHH, a PO3/1IbHA TI0/1a4a TIOBITPS T03BOJISAE aaNTyBaTH PEKUMH HArPiBY M1l MTOTOYHUHN CKJIAJ 1 CTaH IMIUXTH.
VY mepcrnekTuBi nependavyaeThCsi BIPOBAPKEHHS aBTOMATH30BAHOI CHUCTEMH KEpyBaHHs I10/a4yelo MOBITPS 3a
TeMIIEpaTypPHUMH CUTHAJIAMH, 10 JACTh 3MOTY MATPUMYBATH CTa0IbHUN Ipodisib Pakena B pealbHOMY 4Yaci.



24
YK 669.162.013

BILIMB IHTEHCUBHOCTI JJOMEHHOI IIJVIABKH HA ®OPMYBAHHSA
CTPYKTYPH I PAIAJIBHUAM T'A30PO3MO/ILTT CTOBIIA IIIUXTU

I'. 0. Kpsuko, K.T.H., €. M. Cirapbos, 1.T.H., M. P. Pynenko, k.1.H., C. A. Xoaoauuii

J{HINpOBCHKUI AepKaBHUI TeXHIYHUH yHiBepcuTeT, M. Kam’siHCbKe

HaBeneHno pesynpTaTu JOCHIJUKEHHS BIUIMBY IHTCHCHUBHOCTI IUIaBKM Ha ()OPMYBaHHS CTPYKTYpPH CTOBIIA
muXxTy. B xoa1 poOOTH CIIBCTaBUIM PE3yIbTaTH JOCHIIKEHb CTPYKTYPH CTOBMA IIUXTH 3aMOPOXKEHHX Ha XOAY
AMOHCHKUX HoMeHHuX nieder Nel 3aBogy Amaracaki [1] 1 Nel Xipoxata [2]. JInst BUBYEHHS 3B’ 513Ky IHTEHCUBHOCTI
IJIABKK 3 Ta30pO3IMOALIOM 1 Ta30MPOHUKHICTIO CTOBMNA IIUXTH B TIEPETUHI JOMEHHUX I€Yeld BUKOPUCTAIH
nokaszHuku pobotu JI1 Ne§ Jlninposchkoro meTanypriitHoro kom6inaty (JJMK) 06 emom 1754 m>, sxa B 1979 p.
MpaIfoBajia 3 HOMIHAJILHOIO MIABUIIICHOIO IHTEHCHUBHICTIO, a B 1997 p. BIAMOBIAHO 10 HATXOKEHHS 3aMOBJICHb —
31 3HHXKEHOIO.

Ha ocHOBi aHamizy cTaHy CTOBIA IMIUXTH 3aMOPOXKEHUX HA X0y JTOMEHHHX Tedeit [1, 2], mo npamroBanu 3
pI3HUM piBHEM IHTEHCHBHOCTI IUIaBKHM, IIOKa3aHO 3MIiHH B CTPYKTypi CTOBINA, BHKJIMWKAaHI 3pPOCTaHHAM
iHTeHcudikamii npouecy. Lle 3pocTanHs MPU3BOAUTH 10 30UTBHIICHHS BUCOTH HaA()ypMEHHOT YaCTHHU KOKCOBOL
Hacaaku 1 ii 3aranpHOrO 00°eMy. Ilpu 1mbOMy 30UTBIIYETHCS KUTBKICTh KOKCOBHUX BIiKOH B IUIACTHYHIN 30HI 1
BI/IMOBITHO 3pOCTAa€ Ta30MPOHUKHICTH 30HU. Kpim Toro, iHTeHcu@ikaiis 3MeHIrye abo yCyBa€ OKpPYXHY
HEPIBHOMIPHICTH Y (OpMYyBaHHI 30H KOre3ii i KOKCOBOI Haca/KH.

["azopomnomin omiHIOBaIM 1BOMAa MOKAa3HUKAMU — HEPIBHOMIPHICTIO po3noiny KoHIeHTpariii CO> B rasi mo
paniycy medi Vp i crynenem nepudepiitnocti posnoniry COzn/COzy. CTiMKICTh pafiadbHOTO Ta30pO3MOALTY
OIIIHIOBAJIM 33 BEJTMYMHOIO PO3Maxy KOJMBaHb KoHIeHTpalii CO2 B Ta3i B OKpeMHX TOUKAX pajiiyCy IIaXTH 3a BECh
epio po3rJsIy.

[lopiBHAHHS XapakTepHUX MepiofiB poboTH mHeui 06’emoM 1754 M° 03BONMIO BCTAHOBHTH, IO
TIepeBHILEHHS PiBHA iHTeHCHBHOCTI TIaBky 3 0,650 10 1,009 T/M> 106 BUKIMKANO HACTYITHI 3MiHH B PalialbHOMY
ra30po3Moiijii: HEepPIBHOMIpHICTh HOro 3a IMOKa3HUKOM KoedilieHta Bapiamii konueHtpamiii CO; 3pocna B
cepeauboMy 3 21 10 30%, a ctyminb niaBaHTaxkeHHs nepudepii 3a kputepiem CO2n/COzpy 3Menmmnacs 3 0,89 1o
0,65. Tlokazano, mo iHTeHcU(iKalig MpoIecy AYTTSIM Ha JOCIIPKYBaHIM Medi CympoBOKYBaslach HE TIIBKH
30UJIBIICHHSM HEPIBHOMIPHOCTI pajiajbHOTO Ta30pO3MOITy, ajie 1 3pOCTaHHAM HOro HECTIHKOCTI, 00yMOBIEHOT
KOJIUBAaHHSM Ta30IPOHMKHOCTI OKpeMHX 30H JoMeHHOoi meui. HaiGinpmmii po3max konuentpauniii CO: B
panianbHOMYy Ta3i MaB Miciie Ha nepudepii npu BuTpaTax ayTTa 1,37-1,48 M /M>xB, HaiimeHmmii - B rpebeni npu
1,48-1,60 M*/m>xB TyTTSL.

Ha BigmiHy Bij iCHYIOUYOTO YSIBIEHHS PO T€, 110 IMiIBUIICHHS IHTEHCUBHOCTI TUTABKU CIIPUSIE BUPIBHIOBAHHIO
pazialbHOTO ra30po3MoAlTy, MOKa3aHa 3aJIeKHICTh (POPCYBaHHS XOAY BiJl PO3KPHUTTS MepUQepiitHO-OCLOBUX 30H
Ha dYepenoBelpkiii medi 06’emom 2000 M® (3pocTaHHS IHTEHCHBHOCTI 3a CIaleHHM KOKCOM Ha 9%) i Ha
Marsitoropchkiit neui 06’emom 1300 M> Bix poskputTs nepudepiiinoi 30uu (3pocTanns Ha 8%).

CrmiBcTaBieHHs pe3yJIbTaTiB JocHipKeHHs, orpuManux Ha JII1 Ne§ JIMK, 3 manumMu cTOCOBHO ra30po3moaiTy
TPHOX IHIIMX JOMEHHMX Te4eil pi3HUX MiIMPUEMCTB MOKA3alo0, 110 Y BUMAJAKY iICHYBaHHS BIJHOCHO HE3MiHHHX
CUPOBHUHHHUX YMOB iHTEHCH(IiKaIlis JOMEHHOTO MpoIecy 3a Oyap-SKUM I1HIEKCOM BiOyBaeTbCS 3a paxyHOK
PO3KPUTTS niepupepiiHO-0CHOBUX BiIYLIMH, PO3MIPH SKUX B MEPETHHI BU3HAYAIOTH TEIUIOBY 1 BIIHOBIIIOBAJIBHY
po0OOTy ra30BOro MOTOKY Ta €pEKTHUBHICTh JOMEHHOI TUIABKU B LIJIOMY.

JlitepaTypHi 1:xepena
1. Narita K., Sato T., Mackawa M., Fukihara S., Kanayama H., Sasahara S. Report on the analysis of the
contents of Blast Furnace No. 1 of the Amagasaki Plant (1980). Tetsu to Hagane, 13, 1975-1984.
2. Gudenau H.-W., Sasabe M., Kraibikh K. (1977). Research on cooled furnaces in Japan, Ferrous Metals,
6-7, 13-17.
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AHAJII3 BIVIMBY CXEMM YKJIAJJAHHA HA PIBHOMIPHICTDB XIMIYHOI'O CKJIAY
JAJII3OPYIHOI'O IITABEJIA

I. B. Mizina, P. C. AdayJkin, P. M. Pyaenko, €. M. Cirapbos, a.1.H., M. P. Pyienko, K.T.H.
JIHINpOBCHKUI AepKaBHUI TeXHIYHUH yHiBepcuTeT, M. Kam’siHCbKe

CrabinpHICTD CKJIaMy 3ali30pyAHOI CHPOBUHU MpHU (OpMyBaHHI mTabens BU3HAYAE SKICTh arjoMepary Ta
e(eKTUBHICTh MOJAIBIINX METATYPTiHUX mporieciB. I1ix yac HacumanHs pyj, KOHIIEHTPATIB, QUIFOCIB Ta 1HIITUX
KOMIIOHEHTIB Y IITa0esNb BiZIOyBa€ThCS cerperallisi YaCTHHOK 3a KPYIHICTIO, TYCTHHOIO Ta ()OPMOIO, 1110 TPU3BOAUTH
70 YTBOPEHHS 30H HEOoAHOpimHOCTi. /Iy 3MEHIIEHHS TaKWX BiJXWJIECHb IOLIIBHO BPAaxXxOBYBAaTH BIUIMB CXEMHU
YKJIaJaHHs MaTepialy Ha IpOoIeC YCepPEeTHEHHS Ta PIBHOMIPHICTD CKIaTy.

Meroto pobOTH € aHali3 BIUIMBY CXEMH YKJIAJaHHS CUIKUX MaTepiajliB Ha PIBHOMIPHICTH PO3IMOALTY
KOMIIOHEHTIB y IITa0eli 3aii30pyaHOi CHUPOBHHHU. JlOCHI/IKEHHS BUKOHAHO 3 BHKOPHCTAHHSIM TI'€OMETPUYHOI
MOJICJTl, SIKa OMHUCYE PyX YAaCTHHOK IO CXHMJIy Hacumy mif dac (GopmyBaHHs mTadens. Po3risHyTo aBI cxemu
YKJIaJaHHs — CHMETPUYHY Ta OJHOCTOPOHHIO. B aHamiTHuHiN Mozeni BpaxoBaHO BHCOTY IuTtabens H, KyT
IPUPOTHOTO YKOCY ¢ Ta ITapaMeTpH PyXy YaCTHHOK, III0 BU3HAYAIOTh JOBKUHY KOB3aHHS 1 TOJIOKEHHS Iapy MiCIs
OCiJTaHHSI.

Po3paxyHkn mokaszanu, IO NPH CHUMETPUYHIH CXeMi CyMapHa IOBXKHHA TPAEKTOPil pPyXy YaCTHHOK
npuOIN3HO BABIYI OLIbIIA, HIXK IPU OJHOCTOPOHHIH, 110 CHPUYHHIOE (HOPMYBaHHS OLTBII BUPAKEHUX MIXKIIIAPOBUX
30H HEOAHOpigHOCTi. [Ipym OJHOCTOPOHHBOMY YKJIaJaHHI BiAOYBAa€ThbCS YIIUIBHEHHS CTPYKTYPH HACHITY,
CKOpPOYEHHS MYyCTOT 1 OLTBII PIBHOMIPHHUIA PO3MOiT KOMIIOHEHTIB. EQEeKTUBHICTh ycepeHEeHHS OI[IHIOBAJIACh 3a
koedimienTom Bapianii CV(Fe), skuit XapakTepu3ye BIAXUICHHS KOHIICHTpAIIIT 3aji3a y mapax mradens. [lepexin
JI0 OJTHOCTOPOHHBOT CXeMH yKiaaaHHs 103BosmuB 3HU3UTH CV(Fe) 3 5,2 % no 3,4 %, 110 BiANOBIIA€ ITiIBUIIICHHIO
PIBHOMIPHOCTI XiMI4HOTO CKJaxy npuOian3Ho Ha 35 %.

[TpommuciioBa nmepeBipka MO/eNli BUKOHAHA B YMOBaxX METaJIypriiHOTO mianpuemMcTsa. OTpuMaHi pe3yabTaTh
eKCTIEpUMEHTAIbHUX BUMIPIOBAaHb IMOKA3aJIM BIIXUJICHHS PO3PaXyHKOBUX JAHHUX Bi pakTuyHuX y Mexax +0,6 %,
10 MATBEP/KYE aCKBATHICTh MOJIENI. Y TIOPIBHSAHHI 3 KiIacmuHuMH Tigxogamu (Watanabe, Arima) po3po0OieHa
MOJIeNIb TOYHiIlIe BiJoOpaxkae BIUIMB TeOMETpii yKJIaJaHHS Ha CTYIIHb YCEpPEJHEHHS Ta € 3PYyYHOI0 IS
MPaKTHYHOTO 3aCTOCYBaHHS.

OTpumaHi pe3ynbTaTH MOXYTb OYTH BUKOPUCTaHI JUIsl pPO3POOKH pPEKOMEHJAIlil I0oJ0 OonTUMi3aril
rapamMeTpiB IITa0CTIOBaHHS Ta IJIBUIICHHS CTAOUTHPHOCTI CKJIAy arjioMepaliiiHOl IMMXTH Ha METalypriiHuX
HiAnprUeMCTBaX YKpaiHu.

JlirepaTypHi naxepesa
1. Arima T., Sato M., Watanabe K. Formation process and characteristics of iron ore raw material stockpiles.
IS1J International. 1999. Vol. 39(9). P. 915-922.
2. Pang J., Li G., Wang H. Segregation behavior of particles during heap forming in bulk storage piles.
Advanced Powder Technology. 2015. Vol. 26(1). P. 124-131.
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MOJIEJIIOBAHHS ITPOLECY YCEPEJHEHHS XIMIYHOI'O CKJIAZLY 3AJII3BOPYHOI HIUXTH
TP ®OPMYBAHHI HITABEJIA

P. M. Pyaenko, €. M. Cirapbos, aA.1.H., M. P. Pynenko, k.T.H.,
M. A. Kamees, K.T.H., O. A. Uy0ina, K.T.H.

JAHinpoBchLKM AepxkaBHUI TeXHIYHUH yHiBepcuTeT, M. KaM’siHChbKe

VY cydacHOMy arjomepariifHoMy BHUPOOHHIITBI CTAOUTHHICTH XIMIYHOTO CKJIaJy IIUXTH BHU3HAYAE SIKICTh
TOTOBOTO arjioMepary, piBeHb MPOIYKTHBHOCTI arjoMepariiHiX MallvH 1 CTaliCTh JOMEHHOTO Mpolecy. 3HauHi
BimxuieHHs y BMicTi Fe, Si0; CaO, MgO Ta IHIIUX KOMIIOHEHTIB Yy BHUXIJIHHX Martepiajiax (OpMYIOTh
HEPIBHOMIPHICTH MO Iapax MmrTadess, M0 B HOJalbIIOMY BiIOMBAEThCSA HAa 3MIHHOCTI CKJIaay ariomepary. Tomy
MPOIIEC YCePEAHCHHSI CUPOBUHU TpH (OPMYBaHHI MITAOCIIB € KIFOYOBOIO JIJAHKOK CUCTEMH ITiITOTOBKH IIIHXTH.

VY nmaniii poOOTI BUKOHAHO aHAJIITHYHE AOCIIHKEHHS MPOLECY YKIAJaHHS 3alli30pyAHUX MaTepialliB mpu
dhopmyBaHHI mTabeNs 3 BAKOPUCTAHHSAM T€OMETPUYHOI MOJIEII, SIKa OMUCYE TPAEKTOPIIO PyXy CHUIIKMX YaCTHHOK
o cXuiy Hacuiy. Mojens BpaxoBye BHUCOTY mTabens H, KyT HPUPOAHOTO YKOCY ¢, BIACTaHb MK TOYKaMHU
CKU/IaHHS MaTepially Ta CXeMy YKJIaJaHHS — CHMETPUYHY a00 OJHOCTOPOHHIO. JIJIsi KOKHOI CXeMH BH3HA4YEHO
JIOBXHHY ILUIAXY KOB3aHHS YaCTHHOK 1 00’€M MIKIIApOBUX 30H, y SIKUX BiAOyBa€ThCS 4YacTKOBa cCerperaris
KOMITOHEHTIB 3a KPYITHICTIO Ta TYCTHHOIO.

[TopiBHSUIBHI PO3paxXyHKH MMOKA3aJIH, 110 PU CUMETPUYHIN CXeMi CyMapHa JIOBXHHA HUIAXY PyXy YaCTHHOK
CTAaHOBUTH ONM3BKO 33, TOmI SK TPU OAHOCTOPOHHIM — mwmimie (/6—17)t, MO BABIYI 3MEHIIYE TOBIIMHY
MiKIIapoBUX mpomapkis. Lle 3a0e3nedye minpHilIE YKIaJaHHS MaTepiary, CKOPOUEeHHS 00’ €My MyCTOT 1 OibII
PIBHOMIpHHMIA PO3MOJILT YaCTHHOK PI3HUX (pakiiiid. [ OLIHKK CTYIEHsI yCepeIHEHHsS BUKOPHUCTAHO TMOKA3HHUK
Bapiallii KOHIICHTPaIlii OCHOBHOTO KOMITOHEHTA 0, SIKUHA XapaKTEPHU3y€E BIAXUICHHS XIMIYHOTO CKJIaTy MK IIapamMu
mradens.

BcraHoBieHO, 110 Mpr OAHOCTOPOHHBOMY (DOpMyBaHHI MITA0EIs CEpEAHE 3HAYCHHS G 3MEHIIYEThCs Ha 12—
15 % mnopiBHAHO 3 TPaAMLIHHOIO CXEMOI0, IO MiATBEP/PKYE €(PEKTHBHICTh JAHOTO MiAXOMy. 3ampOIOHOBaHA
MOJICJIb JI03BOJISIE BH3HAYATH BIUIMB T€OMETPii mTadess Ha MpOIeCH TEPEeMIllyBaHHs Ta MPOTHO3YBaTH PiBEHBb
XIMIYHOI OHOPITHOCTI IKXTHU 1€ HA eTanl ckiagyBaHHsa. OTpuMaHi pe3yabTaTd MOXKYTh OyTH BUKOPUCTaHI MPH
po3po0JIeHHI pEKOMEH 1Al 3 OMTUMI3aIlii KOHCTPYKIIi CTPIYKOBHUX TMEPEBAHTAXKYBadiB 1 peXUMIB (HOpPMYyBaHHS
mrabeniB s araoMepariitnux Gadpuxk.

JlirepaTypHi naxepesa
1. Watanabe K. Study on the formation and characteristics of iron ore stockpiles. ISIJ International. 1986.
Vol. 26(2). P. 131-138.
2. Arima T., Sato M., Watanabe K. Formation process and characteristics of iron ore raw material stockpiles.
IS1J International. 2004. Vol. 44(9). P. 1467-1473.
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OBIPYHTYBAHHSI YMOB OTPUMAHHS ®EPOHIKEJIIO 3 BTOPUHHOI CUPOBUHU

€. M. Cirapbos, A.T.H., C. B. CemipsriH, K.T.H., A. A. [loxBaJiTuii, K.T.H.,
. C. Kongpamenkosn

J{HINpOBCHKUI AepkaBHUI TeXHIYHUH yHiBepcuTeT, M. Kam’siHCbKe

HaBeneHo pe3ynbTaTu AOCIIKEHb 0COOIMBOCTEN MEPEIUIaBy CUPOBUHHU, L0 MICTUTh HiKeNb (KpynHicTio 1-
20+ mm) 13 3abe3nedeHHSIM MakcuMmizarii BMicTy Ni B oTpuMaHUX ciuiaBax. Jlo 3aBAaHb BiTHECTH TEPEBIPKY
JOLUTBHOCTI MONEPeIHbOI MiArOTOBKA BUX1IHOI CHpPOBUHM (KiIacudikalii 3a po3mipaMu 3pa3KiB, BAKOPUCTAHHS
CyMiIIi 3pa3KiB Pi3HOTO (PaKIIHHOTO CKJIaAy), BU3HAYCHHS palliOHAIBLHUX TEMIIEpaTypHUX YMOB IEpeIiaBy,
CKJIaJy T'a30BOTO CEpEIOBHINA 1 TUIMY BiTHOBHHUKIB Ui OTPUMAHHS METAJCBHUX 3JIMBKIB, BUBUCHHS XapakTepy
IIUTAKOYTBOPEHHS 1 BIUIMBY OCHOBHOCTI IIJIAKy Ha BUX1J MPUIATHOTO.

Metoauka TOCHIIKEHb — NPSAMUN BUCOKOTEMIIEPATypHHUI EKCIIEPUMEHT 3 KOHTpOJEM TeMIEepaTypH Y
poboyomy mipoctopi meui TammaHa, peryiarOBaHHSAM TOTY)KHOCTI Tedl 3a 3aJaHUM QJITOPUTMOM Ta 3
BiJleodikcalliero MOBEAIHKY MTOBEPXHI BaHHU.

Jlist mepenaBiaeHHs 3pa3KiB CHpOBUHH, 1110 Mictuiu, %: 80-82 Fe, 14-17 Ni, 0,8-1,0 Si, 1,7-1,1 Cr, 0,07-
0,12 Mn, i oTprMaHHSI METAJIEBOTO CILIABY sIKHii 3a ckiangoM Bianosigae ®H-20P (TY ¥V 27.3-31076956-010:2011),
BUKOpHCTANIU M4 Tammana. 3a pe3yiabTaTaMyd BUKOHAHUX TEPMOJAMHAMIYHUX PO3paxyHKiB st cucteMu NiO-Fe-
C nmouisibHUM BBaXKaJll BUKOPUCTAHHS y SKOCTI akTHBHUX BifHOBHUKIB C (rpacditoBoro turis), Si (3 FeSi75) ta
Al

3 MEeTOI0 OLIHKU BIUIMBY KPYIHOCTI 3pa3KiB CHPOBMHHU Ha BUXIJl METAJEBOIO CIUIaBy OyJI0 BHALICHO TpU
¢dpakmii: 0-10 mm; 10-20 MM Ta 20+ mm. KoxkHy 3 HaBa)xOK (Ppakiiii CHpOBMHHU 3aBaHTAXyBaldu y TpadiToBHi
TUTEJH 1 po3Miai y pododoMy mpoctopi neui Tammana. CTBOpEeHHS! BIIHOBHOTO OTOYYIOUOTO CEPEIOBHINA Y
poboyomy mpocrtopi medi Tammana Ta rpagiToBa BOTHETpUBKA MpoOKa 3a0e3neuyBalil 3aXHCT METaJeBOTr0
PO3IUIaBY BiJ MPSIMOIrO OKMCHEHHS KHMCHEM HAaBKOJIMIIHBOTO CEpeloBUINA, rmonepemxkanu HakonudeHHs FeO Tta
MnO B nuiaky.

TpuBagicTh BUATPUMKH PO3IUIABIB y TUTIISIX B TeMmeparypHomy aianazoHi 1510-1540 °C 31 cTBopeHHSIM yMOB
TypOyYJIEHTHOTO TIepeMilllyBaHHA CKJIajana B cepenbomy 30 xB.

Bceranosneno, mo st orpumanss depociuiaBy, mo mictutb Fe (77-83 %) ta Ni (13,4-20,0 %) msxom
NeperuiaBy BHUXIJHOI CHPOBHHM Yy BIJIHOBHMX YMOBax, oOmepalii NONepeaHboi MiATOTOBKH CHPOBUHHU
(kmacudikariiero Ta/abo 10AaTKOBUM MOAPIOHEHHSIM) € HEOIIIbHUMU. Tak, B yMOBax MPOBEICHUX JTOCIIIKCHbD,
IpU BUKOPHCTaHHI 3pa3KiB cupoBUHH ¢pakuii «20+ Mm» BMicT Ni y OTpUMaHUX CIlaBax BUABHBCA Ha 44,7%
OlnbIIe HiX 31 3pa3kiB (pakmii «0-10 Mm».

Ouinniy 1 fouineHicTh BUKOpHucTaHHs FeSi75 y sikocti BiqHOBHUKA. He3Bakatoun Ha 04iKyBaHE 3pOCTAHHS
BMmicTy Ni npu BukopuctanHi FeSi, Buxin metaneBux criaBiB Ha ocHOBI Fe ta Ni cknaB Big 56 10 62% Bij BUXiIHOT
MacH CUpOBMHH, a nipu BUKopuctanHi FeSi 39,64% Binnosinno npu BMicTi Ni y cruiasi 4,3%. Brpatu cupoBunu
BHACIIIJIOK TieperuiaBy ckianu Bia 3,0 1o 5,9% Bix BUXigHOT MacH.

VY 3B’3Ky 3 JOLLUIBHICTIO 3a0e3MeueHHs MiJBUIIEHOI B’ SI3KOCTI ¢(hOPMOBAHUX IO XOAY MEperiaBy IIIaKiB
JOIUTPHUM MOJKHA BB@)KAaTH BHKOPHCTAHHS MOAU(DIKaTOpiB CKIamy muiaky, Hampukiaan AloOs mais 3MeHIIeHHs
po3unHHOCTI NiO, mpu 3a0e3nederdi ocHoBHOCTI nwiakiB (Ca0/SiOz) Ha piBHi 0,9-1,1 3 MeTorO MiHIMaIBLHOTO
po3unHeHHsa Ni ta MgO (8-12%) — ans crabinizauii CTpyKTYpH LUTaKy.

JlitepatypHi 1:xepena
1. ®eponikens. Texuiuni ymoBu. TY ¥V 27.3-31076956-010:2011. BAT «IloOyxcbkuii (epoHikeneBuit
komOiHat». 2011. 28 c.
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BUKOPUCTAHHSA ITYYHOI'O IHTEJEKTY B METAJTYPTTAHINA F'AJTY3I

O. C. Boaennikosa! k.1.1., no11., C. A. Boxennikos? a.1.14., npod., C. B. Ipannikos’

13anopisbKkuii HAiOHAALHUI YHIBEPCHTET, M. 3aNOpPiKKs
’HanioHaabHAil yHiBEPCHTET «3aM0Pi3sbKa MOJTITEXHIKa», M. 3aM0piKkKs

Binmomo, mo 19% wmeranypridHuX KOMMAaHId CHCTEMaTHMYHO 3aCTOCOBYIOTh — IITYYHUH 1HTENEKT JUis
MEePETBOPEHHsI CBOiX mpoieciB, 31% BUKOPUCTOBYIOTH JaHI pa3oM 31 IITYYHUM IHTEIEKTOM MJis JTOCSTHEHHS
€KCITOHEHINATLHOTO 3pOCTaHHsl, 37% MepeocMHUCTIOITh B3aeEMOIi0 Jitoiel 1 MamvH [ 1].Po3rnsnatoun Baecok 1L
B CKOJIOTIYHY CTIMKICTH CIiJ BIIMITHUTH: 3HIDKCHHS BUTpAT €HEPrii, CUPOBUHM Ta BHUKHJIB IIKIJITUBUX
PEUOBHMH;ONTUMI3AlI0 TPOLECiB Uit OiIbIl €()EeKTUBHOTO BUKOPUCTAHHS PECYpCIB;MIATPUMKH CTaJOro Ta
€KOJIOT1YHO YHCTOr0 BUPOOHHITBA [2]. BINIMB MITy4YHOrO 1HTENEKTY Ha YNpaBIiHHS JIAHLIOTOM MOCTaBOK IYKe
Benukuii. Cucremu 11 MOXyTh ONTHMI3yBaTH YTpaBIIiHHS 3alacaMH, IMPOTHO3YBAaTH KOJHMBAHHS IMONHUTY Ta
ONTHUMI3YBaTH JIOTICTUYHI omeparlii. AHaJi3yloud JaHl B PEXKUMI PeaJbHOTO Yacy, ITYYHHH IHTEIEKT MOXKE
BUSIBUTH TIOTEHIIHI 3001 Ta 3ampornoHyBaTH NMPOAKTHUBHI 3aXOMU JJIsi TOM’SIKIICHHS PHU3HKIB, 3a0€3Meuyioun
IJIaBHY Ta CTIMKY CHCTEMY MOCTaBOK. L5 3maTHICTh HE TiIBKY MiABUINYE €PEKTUBHICTD, ajlie i CIpHsi€ CTIMKOCTI 3a
pPaxyHOK 3MEHIIEHHS BIIXOIB 1 MOKpALIeHHs BUKOPUCTaHHs pecypciB [3].

3rinno ganuM [4] € 10 cnoco6iB Bukopuctands Il B cramenuBapHiii MPOMHUCIOBOCTI: MPOTHO30BaHE

00CITyroByBaHHS; ONTUMI3allisl MpOIeCy; KOHTPOJb SKOCTI Ta BHSABICHHS Ae(EKTiB; YNPABIIHHS JIAHIIOTOM
MMOCTaBOK; €HEepProe(PeKTUBHICTh Ta CTIMKHI PO3BHUTOK; IUIAHYBAaHHS BHPOOHHIITBA Ta YIPABIIHHS MEPCOHATIOM;
po3poOka Ta KOHQIrypauis HpOAYKTYy; MOKpalleHHs Oe3NeKH; aHali3 PUHKY Ta CTpaTerii IiHOYTBOPEHHS;
JOCITIJKEHHS Ta PO3POOKH.
Takum 4YrHOM, IITYYHUH IHTENEKT € (PAKTOpPOM PEBOIIOLMIMHUX 3MIH y METAIYPriiiHIA MPOMHUCIOBOCTI, SKHM
N03BOJIsIE 3a0€3MeuyBaTH IMiJBUILEHHS MPOAYKTUBHOCTI Ta SIKOCTI METAJOMPOMYKIIi, eHeproeeKTUBHOCTI Ta
CTaJIOTO PO3BUTKY, BOAHOUYAC TPAaHCHOPMYIOUHM POOOUyY CHITY 1 TPOLIECH MPUUHSATTS PillieHb y Taimy3i. OCHOBHUMH
JDKEpeTaMy 3aCTOCYBaHHS IITYYHOTO IHTENIEKTY B METaNypriHiN ramysi €: MpPOrHO30BaHe OOCIyrOBYBaHHS;
ONMTHUMI3aIls METATYPTIHHOTO MPOIECY; KOHTPOJIb SIKOCTI METAJIONPOAYKIIl Ta BUSBICHHS Ne(eKTiB Ta Opaky;
YIOPaBIiHHA JIAHIIIOTOM TIOCTaBOK CHPOBHMHHM Ta METAJIONpPOAYKIi; eHeproe(eKTuBHICTh; IUTAHYBaHHS
BHUPOOHUYOTO TPOIIECY Ta YIPaBIiHHSA TEPCOHAJIOM; pO3poOKa HOBUX BHJIIB METAJOMPOAYKINIi; MOKpAIICHHS
Oe3meKu Mmpalli, aHaji3 pUHKY Ta CTpaTerii LiHOYTBOPEHHS Ta 1HIII.

JlirepaTypHi n:xepena
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BUKOPUCTAHHS ITYUYHOI'O IHTEJIEKTY B OCBITHBOMY IMPOLECI 3A CIIEHIAJIBHICTIO
G10 <METAJOYPI'IS»

0. C. Bonennikosa! k.1.H., no1., C. A. Bogennikos? a.1.H., npod., C. A. Bopcyk !

13anopisbkuii HANIOHAJLHUT YHIBEpCHTET, M. 3aMIOPiKKs
HauionannbHuii yHiBepcHTeT «3anopizbKa mojirexuika», M. 3anopixiks

Ha cporomni Taki po3ymHi texHousorii sk mtyunuid iHTenekt (LLI), nmudposi ABiHMKH, BipTyaibHa Ta
JIOTIOBHEHA PEANIbHICTh, JO3BOJISIIOTH ONITUMI3yBaTH OCBITHIM MPOLIEC, MiABUIIUTH HOTO €()EeKTUBHICTD 1 SMEHIIIUTH
3aTpaTy Yacy Ha HaBYAHHS 3aBISKH HOBOMY eTamy aBTomatu3aiii [1]. Cepen BUKJIMKIB CTOCOBHO BUKOPHCTAHHS
CHCTEM INTYYHOTO IHTENIEKTY, 3 SKHMH CTHUKaloThcs cydacHi 3BO, e: mpoGiema ertuku, 3a0e3neueHHs
KOH(IACHITIHHOCTI Ta O€3IeKu, HeJOCTaTHIN piBeHb chopmoBaHOCTI HMUPPOBOi KoMreTeHTHOCTI B acmekti 11,
(parMeHTapHICTh HABYAJIBHOTO i HAYKOBO-METOIMYHOTO 3a0e3neueHHs BupoBakeHHs 11 B ocBiTHiN nporec [2].

OnnuM 13 moTeHIiHHUX HanpsMiB BukopucTaHHs [ sk momiuHMka BUKIagava € BigOip HAaBYAIBHOTO
MaTtepiay, ONTUMAIBHOTO JI0 BiAMOBIIHOI ayJUTOpii, HABYAIBHOI MPOrpaMH Kypcy, LIKaBUM 1 KOPUCHUM 1010
MaiOyTHROT TIpodecii. AKTyaabHOCTI Ha0yBalOTh MOOLIBHI TOJAATKH, IO BUKOPUCTOBYIOTHCA: SIK MIOMIYHUKH Y
BHUBYECHHI HAaBYAJILHOTO MaTepialy Ta HOro 3akpilUIeHHi; SK aHAJITUK Y Mpoleci 30upaHHs iH(opMarii mij Jyac
BUKOHAHHS BIIPAB y BUPIIICHH] TUTaHb, 10 BUKJIMKAIOTH MIEBHI TPY/IHOIII, TOMUJIKHA Ta 3HAYHI BUTPATH 4acy [3].

IITyyHuii 1HTENEKT J03BOJISIE OIIHIOBATH BUPILICHHS MPOOJEM y peallbHOMY 4aci Ta MOKpallye IpoIec
OIIHIOBaHHS 3100yBauiB BHIIOI OCBiTH. Hampukman, 4aT-00TH TPOMOHYIOTH 3700yBayaM  OCBITH
MEePCOHANI30BAHUI Ta IHTEPAKTUBHUU JOCBiJ HaBUaHHS, HAJAOUU LII0J000BY MIATPUMKY Ta MOKpAIIyIOUd
JOCTYIHICTH [4].

Hampukian, BHKOpHCTaHHS INTYYHOTO IHTENEKTY 3700yBadyaMH BHINOI OCBITH, SIKI HABYAIOTHCA 3a
cnenianbHicTiO G10 «Metanyprisi», J03BOJIUTH yIOCKOHAIUTH HACTYITHI HAIIPSIMU:

1. OnTuMizyBaTH METaypriiiHi MPOIIECH.

2. [IpoBecTr KOHTPOJIb SIKOCTI Ta BUSBJICHHS Ae(DEKTIB METAIOMPOIYKIIi.

3. IIpoBecTn MPOTHO3YBaHHS TEXHIYHOTO OOCITyTOBYBaHHS.

4. ITpoBoauTH BUOip MaTepialiB Ta MPOEKTYBAHHS CILJIABIB.

Takum ynHOM,CBOEYACHE BIPOBAKEHHS 1H(POPMAIIHHUX TEXHOJIOTIN B OCBITHIN mporec 3BO — 11e musax 1o
MoJIepHi3alii OCBITH, IHHOBALii Ta MiJBUILEHHS KOHKYPEHTOCHPOMOXKHOCTI ykpaiHchkux 3BO Ha rioGanbHii
apeHi. BukopucTaHHs MTYYHOTO 1HTEIEKTY B OCBITHROMY MPOIIECI JacTh 3MOTY: BUKIJIagadaM Te€HEpPYBaTH Ta
NEPEBIPSTH TECTH, CTBOPIOBATU IPE3CHTAllli, aHAi3yBaTH HAaBUAJIbHI JIOCATHEHHS 3100yBadiB BHUILOI OCBITH Ta
1HI11e; 3700yBaYaM BHIIIO1 OCBITH 3aiMaTHUCS TTONIITYKOM 1H(GOpMAIIii Isl HAyKOBUX POOIT, MPU MiATOTOBIII JI0 1CIIUTIB
a0o 3aJikiB, TeHepalii el A7 npe3eHTaliil, OTpUMaHHs 3BOPOTHOTO 3B’ SI3Ky Ha HAyKOB1 pOOOTH, BUBYCHHS MOB;
kepiBHuKaM 3BO onTumizyBaTH aaMiHICTpaTHBHI MpoIecH (HANPHUKIIAJ, 3alIOBHIOBATH JTOKYMEHTAIIIIO, MHCATH
BIJINTOBI/II HAa 3aIIUTAHHS Ta 1HIIE).
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CYYACHI ACIIEKTU BUKOPUCTAHHSI IIJTABJIEHOT'O BAITHA B METAJIYPTTHIN
IMPOMHUCJIOBOCTI YKPATHHA

0. C. Boxennikosa! k.T.H., go11., C. A. BogenHikos? a.1.H., npod., A. C. Kapamsina !

13anopisbkuii HANIOHAJLHUT YHIBEpCHTET, M. 3aMIOPiKKs
HauionannbHuii yHiBepcHTeT «3anopizbKa mojirexuika», M. 3anopixiks

BigomMo nBa OCHOBHI NUISIXM 3aCTOCYBaHHS IIJIABJICHOTO BamHAa Ta KOMIO3HWINIA Ha HOro OCHOBI B
METaypriiHii MPOMHUCIOBOCTI YKpaiHu:

— sIK OCHOBa TBepaAuX InuiakoyTBoprotounx cymimei (TLLIC) mis mo3amiuaoi 0OpoOKH PIIKUX METaeBHX
PO3ILIaBIB;

— SK THUMI BaKyyMHHUX Ta BIIKPUTHX IHAYKIIMHUX T€YeH; KepaMidHi eleMeHTH (yTEpPOBKH KHCHEBHX
KOHBEPTEPIB Ta JYTOBUX CTAJICIUIABWIBHUX I€YEH, €IEMEHTH NPOMDKHUX KOBIIIB YCTaHOBKH O€3MEPEPBHOIO
JIUTTS 3arOTOBOK, €JIEMEHTH PO3JMBHUX CTaKaHIB CTAJEPO3IMBHUX KOIIB, €JIEMEHTH yCTpOIo I (iabTpariii
PIAKHX MeTaleBUX PO3IIABIB.

B kouBeprepHoMy nexy ITAT «/[HinpoBcbKuii MeTainypriitauii komGina» (3apa3 [IpAT «KAMET-CTAJIby)
OCBOEHO TEXHOJOriI0 OOpOOKM ByIiIeneBoi 1 HHU3BKOJIETOBAHOI CIIOKIHHOI cTaleil KyCKOBOIO TBEPJIOIO
[IUTAKOYTBOPIOBAIPHOIO CYMIIIIIITO, IO CKJIAAAEThCS 31 CBKOOOMAJICHOTO METATypriiHOTO BamHa 1 CyXOTO
IUTABUKOBOTO IIIATy B CHIiBBIAHOIICHHI 4:1 B mpolieci BUIYCKy IUIaBKM 3 KOHBEpTepa B KiBII eMHIcTIO 250 T.
O6po6xka TIIC ocBoena Ha cransx mapok 20, 35, 0912, 16XT", 10XC Ta 1. Butpara TIIC cranoBuna 3a3Buyait 7
Kr/T. BMICT cipku y MeTali nepes BUIyckoM KonmBaBcs B mexkax 0,025-0,050 %, y roroBomy metani 0,010-0,030
%. Ctyninb necynbdypanii ckiana 182-315%.

Ha «KpuBopixcranb»(3apa3 «ApcenopMirran Kpuswii Pir») ByriierieBy Ta HU3bK0JIETOBaHY CTaJlb, BUTUIABIICHY
y 150 T koHBepTepax, 0OPOOISITH Y KOBIIII IIMATKaMHU IIJIAKOYTBOPIOBAJIBHOI CyMIIlli BallHa Ta IUIABUKOBOTO IIIIATY.
Burpara mmvaTtkoBoro BammHa craHoBuB 2,3—7,8 Kr/T craji. BuximHuii BMICT CIpKH Yy METai IMiJT Yac BUITYCKY TUTaBKH
craHoBuB 0,037%. Cryninb necynbQypariii crani koiauBanacs B Mexax 15-30%.

Ha TIpAT «Metanypriitauii KoMOiHaT « A30BcTab»» (icHyBaB 10 2022p.) po3po0IeHO Ta OCBOEHO TEXHOJIOTIIO
necynb(hyparlii KOHBEPTEPHOI CTalli B KOBIII TBEPAUMH [UIAKOYTBOPIOIOYUMH CyMillIaMH Ha OCHOBI O(pIIFOCOBAHOTO
BaITHA, 0 BIJPI3HIETHCS Bl 3BHUAHHOTO BaITHA IMiBUIIICHUM BMICTOM 3ai3a — 110 3,3 Ta MEHIIIOK0 BEJTMYUHOIO BTPAT
npu npokaproBanHi — 1,54%. OdmtocoBane BarHo nojgaBaay B 350 T KiBII TPAaKTOM CUIy4rX MartepiainiB. OxHOYacHO
B KIBIII BBOJVJIM TUIAaBUKOBHHM 1MAaT; npH 1iboMy cmiBBigHoeHHs: THIC niaaBukoBOro mmarty 1 BaliHa BUTPUMYBaIX
1:(3-4). O6poOui mignaBamu HU3bKONEroai crani Mapok 13I'C, 16I'C Ta psn psnoBux Mapok. Ha mouyaTky BUITycKy
TIJTABKH ITiJT CTPYMIHB Cifiayiv aimoMiHii y 3muBkax (0,4—0,5) kr/T craimi, yepe3 20—-30 cek. 3 MoYaTKy BUITYCKY BBOIMIIH
THIC no 8 kr/t.

Turmi 3 maBIeHOro BamHa 3aCTOCOBYIOThCS TakoXk y nmpomucioBux ymoBax [TIAT «Motop Ciu» y BakyyMHUX
IHAYKIIHHMX medax npu Bumiasii crutaBy YC-70-Bl.3acrocyBaHHsI TUTIIB 3 IUIABICHOTO BallHAa MPHU3BOIUTH 10
301IBIIICHHST BUXOAY MPUIATHUX JIOTIATOK 10 66—79% 3anexHo Bij TUITy JonaTku. [Ipu iboMy BiIOyBa€eThCS IOMITHE
3MEHIIECHHS KUIBKOCTI BUPOOIB 3 HOBEPXHEBUMH JIEPEKTaMU Ta IIITAKOBUMH BKIIFOUCHHSAMH.

[To3uTuBHI pe3yabTatu Mae 3actocyBanHs TIIC Ha OCHOBI TJIABJICHOTO BaITHA B IPOMUCIIOBHX YMOBAX, 30KpeMa
B ymoBax [IAT «3amopixkcrane» Ha MapTeHiBChKil meui NeS mpu mpoBeneHHi 500-TOHHOI AOCTIIHOI IUTaBKU
KOHCTpYKIIiHHOI ByTeneBoi ctaii mapku 10CII 3 06podkoro metany B ko TILIC Ha ocHOBI BamHa.

B ymoBax IIpAT «/lninpocnencrans» BunpoOyBanHs TIHC Ha OCHOBI MJIaBJIEHOrO BalHa BiOyBasHCs
HACTYITHUM YHHOM:

— BHIUIaBKa MAMUIMHUKOBOL cTami Mapok 1IIX15 ta IIX15CT npoBomuthes B CIIL-3 B 60-TOHHUX TyroBUX
enekrpoctaneriaBmwibiux nedax (JCII) 13 mozamiunoro o0podkoro THIC. BMICT Cipku y MiIIMITHUKOBUX CTAJISAX
nocnigaux miaBok cranoBuwio 0,005-0,009%. Hocsrayra crymidb aecynbgypauii metany 72—81% cBiguuTh 1po
BHUCOKY padiHyrouy 3/1aTHICTh IJIABJICHOTO BAITHA;

— 00poOka Hepxasitounx ctaieid mapok 12X18HIOT Tta 08X18H10T muaBieHMM BarHOM Ha YCTaHOBII
apronHo-kucHeBoro padinyBanHi y CIII[-2. Cranp BUIUTaBISIIM AYIUIEKC-TIPOIIECOM  (€IEKTPOIU-KOHBEPTED).
BunuaBky HamiBnpoaykty 3aificHioBanmu y JICII emnictio 50 T MeTo#oM meperuiaBy JjeroBaHux Binxoai. Ilicms
KOPHUTyBaHHSI TEXHOJIOT11 MO3aIi9¥HOi 00pOOKH HEpKaBit04uoi CTalli Ta BHOOPY ONTHMAIBHOI KibKocTi Ta ckiaay TILC
Ha OCHOBI IUIABJIEHOTO BallHa BMICT CIpKM B TOTOBOMY MeTaii Moxe OyTtu 3HmxkeHo 1o 0,005-0,007 %, a cryminb
necynbdypariii mroBeneHo 10 75-85 %.
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ITPOMMUCJIOBE BUITPOBYBAHHSA THIC I3 IIVTABJIEHUM BAITHOM
Y MAPTEHIBCBKOMY HEXY IIAT «3AIIOPI’KCTAJIb»

0. C. Boaennikosa'! K.T.H., 1o11., C. A. Bogennikos? 1.1.H., mpod.

13anopisbkuii HANIOHAJLHUT YHIBEpCHTET, M. 3aMIOPiKKs
HauionannbHuii yHiBepcHTeT «3anopizbKa mojirexuika», M. 3anopixiks

B ymoBax ITAT «3amopikctanb» Ha MapTeHIBChKIA meui NeS mpoBenaeno 500-TOHHY AOCHITHY TUTaBKY
KOHCTpYKUiiHOT Byrneneoi ctami mapku 10CII 3 06poOkoro meramy B KOBIII TBEPAMMH IIIIAKOYTBOPIOIOUMMH
Matepianamu (TILIC) na ocHOBI BamHa. [TorepenHbo TuTaBIeHe BallHO OTPUMYBAJIH B HAMTiBIPOMHUCIIOBIHN TphoX(a3zHiit
eNEKTPOAYTOBIM eyl moTyskHicTio 140 KBA. Ik BUXiHY IIMXTY BUKOPHUCTOBYBAJIHM METAIypriiiHe BarHo Mapku [D-
1,2 (89,5-90,5% CaO, 0,930-1,1% MgO, 0,45-0,62% Si0Oz, 0,860-0,92% Al>0s, 0,22-0,4% FeO, 0,28-0,35% C,
0,12-0,15% S, 0,009-0,012%P BupobuuuTBa AT «3amopi3pkuii 3aBOA (GEPOCILIABIBY, ONEPKYBAHE Y BAMHIHO-
nagroBaIbHINA medl. [[maBky Benw Ha rapHicaxi 3 MPUTOTOBJICHOI MIMXTH 3aBTOBIIKK 10 200 MM, IO BUKIIOYAIIO
KOHTAKT PiJJKOTO PO3IUIABY 3 MArHE3UTOBOI KJIQJIKW JTHHIIA Ta CTIH IeYi.

Bumnnagka crani 10CIT mpoBoauiiacst 3a TEXHOJIOTTYHOKO 1HCTPYKIII€IO, 10 JTi€. Burmyck Merany 31iicCHeHO y 1Ba
KoBIi. Ha yeTBepTiii XBHJIMHI MICHS MOYATKy BUIIYCKY CTajli B HEpIUMi KiBII Oynu BBEAEHI PO3KHCIIOBAYl Ta
ITIOMIHINM, Ha TIOCTIM XBHIIMHI 3pobiieHa mpucaaka 1200 kr TBepaoi NMUIAKOYTBOPIOIOYOI CYMIIITi, IO CKIIAAAETHCS 3
85% mnasnenoro BarmHa Ta 15% mnaBukoBoro mmaty. IloBauid ximiyauit anamiz THIC nactymamii: 82,5% CaO,
14,27% CakF, 0,2% MgO, 2,97% Si0z, 0,19% ALOs, 0,19% Fe, 0,021% C, 0,005% S.

Bunyck merany B Ipyruii KiBII IPOBEIACHO 32 YUHHOIO TEXHOJIOTIE0. 3arajlbHUM yac BUMYCKY cTaji 3 meui 22
xB. [IpoTsiroMm BUMyCKY TUIaBKU MeTaj y KOBIIAX MMPOAYBABCS aprOHOM 4epe3 IIHOepHHU 3aTBOP.

PoznuBka crani 3aificHIOBaacs 3a AIFOYOI0 TEXHOJIOTIE: TociiaHa TuiaBka 3 mpucaakoro TIIC y BunmmBHUIT
tuny 11b, mnaBka 6e3 npucanku THIC y BunuBHuwi tiy 15.

PesynpraTti XiMivHOTO aHaizy mpobd MeTairy, BiiOpaHuX y X0/l miiaBku Ta po3nuBku ctam 10CII vactymnHi:

— micnst po3ruiaBnenss: 0,75% C, 0,043%S;

— nepen Burryckom 3 miedi: 0,07% C, 0,18% Mn, 0,032%S;

—y kxoBi Nel micnst 06po6xu TILC: 0,1% C, 0,65% Mn, 0,24% Si, 0,019%S, 0,011% P, 0,08% Cr, 0,05% Ni,
0,01% Cu, 0,08%A:s;

— y ko Ne2 6e3 06podku: 0,09% C, 0,53% Mn, 0,21% Si , 0,027%S, 0,01% P, 0,08% Cr, 0,05% Ni, 0,09%
Cu, 0,08%As;

OTxe, MarouM BUXITHUN BMICT Cipku B Metaui mepen BuiryckoM 0,032% oTpumyeMo y KOBIII Ticist 0OpoOKu
TBEPJIOI0 1ITAKOYTBOPIOBAIbHOIO cymino BMicT cipku 0,019%, a 6e3 00podku 0,027% S. Cryninp aecynbdypartiii
ckana BignoBigHo 40 %ta 19%. Ilepenin 3nuBKiB BiI0OYBCS 32 YMHHOIO TEXHOJIOTiEI0 Ha UCT 1,5 Mm. BeranosneHo,
10 y JICTI 3 JOCHITHOTO METaTy MEXaH14Hi BJacCTUBOCTI Oysu BuImmMHu Ha 15-30 %.
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METOJOJIOT'TA PO3PAXYHKY EKOHOMIYHOI JOIIJIbHOCTI IHHOBAIIMHOT' O PO3BUTKY
BUPOGHUIITBA T'YBYACTOI'O ®EPOBOJIb®PAMY VY BITUN3ZHAHIN METAJIYPITi

C. M. I'purop'eB a.1.H. npod., /I. B. fikoBJieB
3anopizbknil HAIOHAJBLHUH YHiBepCcHTET, 3aNOPiAKA

Ie mocmimKeHHs MPeICTaBIIsAe€ KOMIIEKCHY METOJIOJIOTIO OLIIHKM €KOHOMIYHOT TOIUTBHOCTI BIPOBAKEHHS
BUpOOHMLTBA TyOuactoro ¢epoonbdpamy (OBI) y BiTUM3HAHIA MeTamypriHid MTPOMHCIOBOCTI 3
BUKOPHUCTAHHIM METO/IIB MOPOIIKOBOI MeTanyprii. 3ampornoHOoBaHa TEXHOJIOTIS CHPsSMOBaHAa Ha OINTHMI3alIliio
CIOKMBAHHSI PECYpCIB Ta €Heprii HUIIXOM 3aMiHM JOPOTHX BiJIHOBIIOBAJBHHX AarcHTIB, TaKUX SK MOPOLIKH
KPEMHIIO Ta aTFOMIHII0, BYTJICIIEBMICHUMH B1IXO/IaMH Ta CIIPOIICHHS Mpoliecy iaBieHHs. Bukopucranus OBI sk
Jerywouoi 100aBKM TNpH BUILIABII IIBUAKOPI3aJbHOI CTalli 3HAYHO TOKpallye e(eKTUBHICTb JIeryBaHHS,
3MEHIIYIOYH Yac PO3UYMHEHHS BOJb(paMy, 3HWKYIOUHM BTPATH IHIIMX JICTYIOUMX EJIEMEHTIB Ta IiJABHILYIOUN
MPOAYKTUBHICTD Teyi. Y CTaTTi BUKJIAACHO JIETabHY MOJEIh EKOHOMIYHOTO PO3PaxyHKY, Ka BPaXOBY€E EKOHOMIIO
KOINTIB 3a pPaxyHOK 3HIKEHHS CIIOXMBAaHHsS MaTepiajiB Ta EHEeprii, MOKpPAIIeHHs BUXOJY Ta IIiIBUIICHHSI
KoedilienTa noriauHaHHs Bosbdpamy (y 5—7 pasiB Bulille, HXK y TpaauuiitHoro ¢epoBoibdpamy). Exonomiunuit
edhekT OyB MPOJEMOHCTPOBAHWN HaA TPHUKIAAAX BUIUIABKKM cTaimi P6MS5 3 BUKOpHCTaHHSM Ty04acToro
depoBobPpaMy B €IEKTPOAYTOBUX Meyax. Pe3ynmpTaTel MiATBEpIKYIOTh BHKopucTaHHs PBI' sk ekoHOMIYHO
€(EeKTUBHOI Ta TEXHOJIOTTYHO MPOCYHYTOI ATbTEPHATUBH TPATUIIIHHUM (hepocIiaBam, 0 Ma€ BETUKHUMA MTOTEHITIA
JUIS IIKPILIOTO TPOMHCIIOBOTO 3aCTOCYBaHHsI, HAa OCHOBI AaHuX JlongoHchkoi O6ipxi mertaniB (LME).

Po3po6i1eHO TeXHOJIOT1I0 OTpUMaHHS Ta BUKOPUCTaHHS ry0uacToro (hepoBoyibdpamMy METOIOM MOPOITKOBOI
METayprii, sfika BiApi3HAETHCSA BiJ TpaaAMLIAHUX (EepoCIUiaBiB Ha OCHOBI BOJb(paMy METOJOM TEPMIYHOTO
TIJIABJICHHS METaTy THYYKICTIO Ta €KOHOMIUHICTIO. MeTo | po3po0JIeHr Isl BAKOPUCTAHHS BITHOCHO JICTIIEBUX Ta
MOIIMPEHNX BIJHOBJIIOBAYiB Ta OTPUMAHHA MPOAYKTY 3 SIKICHO HOBUMH TEXHOJIOTIYHHMH BJIACTUBOCTSIMHU:
MIBUJIKICTh TIOTJIMHAHHS BOJIb(paMy B PO3IUIABIICHIN cTalll B 5-7 pa3iB BUINA, HIX y CTaHIAapTHOro aHamora. Lle
JI03BOJISI€ 3MCHIIIUTH BUTOPSHHS 1HIIUX €JIEMEHTIB 3 po3IuiaBieHoi ctani Ha 4-7% (MomibmeH, XpoMm, BaHAIIH).
Meroxa po3paxyHKy €KOHOMIYHOI €()eKTHBHOCTI BHKOPHCTAHHSI HOBOTO JIETYIOUOTO MaTrepiany Ja€ MOXKIUBICTh
MIPOBECTU PO3PaXyHOK y Oyab-skuii yac 3a HasiBHOCTI gaHux Oipxki LME. I'yOuactuii ¢pepoBoibdpam sk jeryroua
no0aBka BoJb(ppaMy MpH BUILIABII MIBUIKOPI3ATILHUX CTaJlel y AyroBii medi 3a miHamu JIoHAOHCHKOT (POHI0BOT
O1p>Ki MIATBEPAKY€E BUCOKY €(PEKTUBHICTh Ta NEPCIEKTHUBH PO3IIUPEHHS chepu BripoBamkeHHs [ 1-4].

JlirepaTypHi naxepesa

1. I'purop'eB C.M., Kapnynina M.C., Mockanenko A.C. ta iH. TepMoauHaMiuHUIA aHaJi3 Ta MaTEMaTHIHE
MOJIETIIOBAHHS CTOCOBHO TEXHOJIOTIi oTpuMaHHs rybyactoro Bosbdppamy. Cmans. 1999. Ne 11. C. 33-36.

2. I'purop'eB C.M., Kapnynina M.C., Mockaiieako A.C. Tta iH. MaTemMaTnyHa MOJIE€Ib TEPMOIUHAMIYHOT
piBHOBaru B cuctemi W-O-C cTOCOBHO TEXHOJIOT1i OTpUMaHHs TyouacToro Boibhpamy. Cmans. 1999. Ne 12. C. 31—
34.

3. I'purop'ee C.M., I'purop'es [.C. BigHOBICHHS JOMIIIOK Yy METalli30BaHOMY BOJIb(hpaMOBOMY
koHmeHtpati. Cmanws. 2002. Ne 10. C. 43-46.

4. I'purop'ee C.M. EkoHOMi4uHa cTparterisi Ta TaKTHKa pPECypco- Ta EHEpro30epeKeHHsS B METalyprii
BorHeTpuBKkuX MarepianiB. Ch. "Memanypeis" Bun. 1 3anopixoks: 3I'TA, 1988. C. 17-23.
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YK 669.187.2.036.61
JISAXHA MIJIBUIEHHS CTIMKOCTI EJEKTPO/IIB

O. C. Bogennikosa! k.T.H., 1o11., C. A. Bogennikos? a.1.1., npod., F0. O. ly6acos!

13anopisbKkuii HAiOHAALHUI YHIBEPCHTET, M. 3aMOpPiKKs
’HanioHaabHuil yHiBEpCHTET «3aM0Pi3bKa MOJTITEXHIKa», M. 3aM0piKkKs

BracTuBocTi eneKkTpondiB B 3HAYHIM Mipi BH3HAUYAIOTHCA BIACTUBOCTSMH IUIAKY, OACPKYBAHOTO 3
[IJTAKOYTBOPIOIOYii OCHOBH MOKPHUTTS eNIeKTPOMiB. [Ipr 1iboMy eeKTpo]] MOBUHEH 3a0e31euyBaTu:

— JIETKE 3allajieHHs 1 CTiiiKe TOpiHHS 3BapIOBAJILHOI AYTH;

— pIBHOMIpHE PO3IUIABJICHHS MMOKPUTTS €JIEKTPO/IA;

— piIBHOMIpHE TIOKPHUTTS IIBA IIJIAKOM 1 JIETKE HOT0 BUIAAJIICHHS MICIIsI 3BapIOBaHHS;

— BIJICYTHICTh B ME€TaJli I1IBa TPILIHH, TIOP, HEMPOBAPIB.

OCHOBHUMHM XapaKTEPUCTUKH €JICKTPOJIIB € MEXaHIYHI BIIACTUBOCTI IIBA 1 3BAPHOTO 3'€THAHHS: THMYACOBHI
OIlip PO3PUBY; BIIHOCHE MOJOBKEHHS, YapHa B'I3KICTh; KyT BUTHHY.

CTIHKICTh €NEeKTPOIB 3aJICKUTH BiJl 0ararbox (akTopiB:

1. Marepiany enekrpoja.

Bupimansne 3HaueHHs Mae BUO1p MaTepiaiy enekTpoaa (Miib, Bojb(pam, rpadit, pi3Hi CIIJIaBU): HAPUKITA,
BoJIb(hpamoBi enekTponu st TIG-3BaproBaHHsI, € HEIJIABKUMU 1 MalOTh BUCOKY TEPMIUHY CTIMKICTh, a MeTajeBl
3BapIOBAJIbHI €IIEKTPOAM IUIABIIATHCS B TIPOIIECi pOOOTH.

2. YMOB eKcIutyararii:

— BHCOKI TeMIEpaTypud MOXYTh NMPU3BECTH 10 OKHCICHHs, Acdopmaiiii abo BHIMapOBYBaHHsS Marepiaity
eJIEKTPO/Ia;

— BIUTMB KOPO31MHUX PEUOBUH (KUCIIOT, JIYTiB, COJIel) a00 BOJIOTH MO>KE IIBUKO MOTIPIIATH CTaH €IEKTPOIa,
0c00JIMBO HOTO OKPHUTTS;

— CWJIa CTPyMYy, HallpyTa Ta MOJIIPHICTh MOXKYTh BIUTMBATH Ha MIBUAKICT 3HOCY a00 epo3ii eneKkTpoa.

3. KoHcTpykiiii Ta SKOCT1 BUTOTOBIICHHSI.

OnHOpIMHICTh MaTepiany, SKICTh TMOKPHUTTS (ISl 3BapIOBAIBHUX €JEKTPOJIIB) Ta IpaBUJIbHA T€OMETPIs
KIHYHMKA BIUTUBAIOTh HA CTA0UIBbHICTh MPOLIECY Ta TEPMIH CITYKOH.

4. TexHOJIOT1YHOTO MPOIIECY.

YMOBH 3BaproBaHHS (HAPUKIIA], TOBIIMHA MaTepiay, MOJIOKESHHS I1Ba) 00 mapaMeTpu eeKTPOITi3y TaKOK
BIIIrparoTh POJib.

J1Jis MiABUIIICHHST CTIHKOCTI €JIEKTPO/IIB 3aCTOCOBYIOTBCS PI3HI METOIH:

— MpaBUJILHUN BUO1p MaTepialy (BUKOPHUCTAHHS CIEIiali30BaHUX €IIEKTPO/IiB, PO3POOICHHUX /711 KOHKPETHUX
YMOB (HaIPHUKIIA, )KaPOCTIHKI KOMITOHEHTH, MiJlb 3 JOMIIITKAMH JJI TOYKOBOTO 3BapPIOBAHH));

— TepMmiuHa 0OpoOKa Ta CyIIiHHSA (3BapOBallbHI €NEKTPOAM 4YyTAMBI [0 BOJOTM. IXHE MONEpenHe
NPOCYIIyBaHHS B M€Yl NMpPU pEeKOMEHAOBaHii TemmnepaTypi (Hampukian, 70—150°C) 3HauHO mOKpamrye ixHi
XapaKTEPUCTUKHU Ta 3armodirae mpoodieMam, sK-0T MPUITHIIaHH );

— ONTHUMIi3alisg mapaMeTpiB mpouecy (IOTpUMaHHA PEKOMEHIOBAaHMX BUPOOHHMKOM Jialla30HIB CTPyMy Ta
HaIpyTHn);

— 3aXHCT BiJl 30BHIIIHBOTO BIUIMBY (BUKOPHUCTaHHS 3aXHMCHHUX Tra3iB IiJl 4ac 3BapioBaHHA a0o0 30epiraHHs
€JIEKTPO/IIB Y CYyXHUX YMOBaXx).

CTiliKiCTh €IeKTPO/IB J0 CTaN 3aJeKHUTh BiJ iX MApKyBaHHS:

— JUTSL JIETOBAaHUX CTaJICH BUKOPHCTOBYIOTH €JICKTPOIH 3 MapKyBaHHAM «E» Ta udpoBUMH O3HAYSHHSIMH, 1110
BKa3yIOTh Ha MILHICTh (Hampukman, 38, 42, 46, 50, 55, 60, 70, 85, 100, 125, 150). Jlirepa «A» micns mudpu
(mampukan, 42A, 46A, 50A) o3Hauae, 1110 3BapHUI [ITOB MaTUME ITiJIBUIIICHY TUIACTHYHICTh Ta yIapHY B'SI3KICTb.

— ISl TEPMOCTIMKUX CTalleil BUKOPUCTOBYIOTh €JIEKTPOAM 3 YMOBHMMH mo3HaueHHsMH E-09 ta E-10 (mami
MOXKYTh MTH JIOAATKOBI iHAEKCH, IK-0T M, MX).
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YK 669.046.669

PO3BUTOK I HAITIOBHEHHS IHOOPMAIIMHO-MOITYKOBOI CUCTEMM "ITO3ATITYHA
OBPOBKA YABYHY"

B. I'. Kucasikos 2 k.T.H., JI. M. Toro6uuska ! 1.1.4., npod., B. II. Tlerpyma’,
IO. M. Jlixauos!, H. €. Xonorosa!

! TncruryT yopHoi meramyprii im. 3. I. Hekpacosa HAH Ykpainu, m. JIninpo
2ykpaincbkuii JlepxkaBuuii YHiBepCHTET HAYKH i TeXHOJIOTii, M. /THIIpo

CyuacHe BUpOOHHIITBO CTaJIi XapaKTEPU3y€EThCS 3pPOCTAHHAM OOCSTIB BUILIABKU CTalie 3 HU3bKUM BMiCTOM
HEeMeTaJieBUX BKJtoueHb. [lo3amiune padiHyBaHHA 4YaBYHY IIMPOKO BUKOPHUCTOBYETHCS ISl 3a0€CTICUCHHS
KOHBEPTEPHOT0 Nepepody YaByHOM 3aJ]aHO1 SKOCTI, 110 3a0e3nedye CyTTeEBE 3HIKCHHSI BUTPAT Ha BUPOOHUIITBO
BHCOKOSIKICHOI MeTanonponykmii [1]. IlomoBHeHHss 6a3u maHux iHGOpMAIE0 TPO TEXHOJOTIi HE TUIBKH
necynbdyparii uaByHy [2], a i KOMIUIEKCHOTO BHIAJICHHS JOMIIIOK JACTh 3MOTY OJEpXKAaTH OIMKMCOBI MOJIEINI st
3a3HAYEHUX TEXHOJIOTIA 1 CTaTH OCHOBOIO ISl QJITOPUTMIYHOTO 3a0€3MEeUeHHs aHATITHYHOTO OJIOKY €KCIIePTHOT
cucTeMH 71l 00paHoi TexHoorii padinyBaHHsa yaByHy. baza nanux 3 mosamiyHoro o0po6nenns yasyny "TIOY" e
MMOBHOTEKCTOBOIO (pOpMOIO OpraHizailii JoKyMeHTaibHO-(pakTorpadiuHoi 0a3W JaHUX 1 J1a€ MOXKIUBICTH
3a0e3MeUnTH TEMAaTUYHUN TOUIYK 3a TEBHOIO MpoOJeMOl0 abo TMEBHUM MHUTAHHSAM, IO PErjJaMeHTYeThCS
BIJIMOBITHMM 3aIUTOM, 3a0e3reueHuM THy4dKkuM iHTepdericom [3]. Habymno po3BUTKY mporpamHe 3a0e3nedeHHs
iH(pOpMaLiIHO-TIONTYKOBOI CHUCTEMH, 30KpeMa OyJo po3po0JIeHO MpOrpaMHUNA MOJIYJIh aBTOMAaTH30BaHOL
MPOIICAYpPH TIOMOBHEHHS (OPMATHU30BaHMX 3a CHEIiaJbHUM M1a0JIOHOM MAIIMHHUX TAacHoOpTiB 3 apXiBy
TexHousoriyHoi iHpopmanii Kopucrysaua B cepenosumii Excel. Onepxano po3BUTOK MOMOBHEHHS 1H(OpMAaIiiHOT
CHUCTEMHU T03armvHoi 00poOku yaByHy "[IOY" moka3zHHKaMu KOMIUIEKCHOT OOpOOKH YaBYHY (BUIAJICHHS JOMIIIOK
CIpKH,KpeMHiI0 Ta (ocdopy) sSK BIACHUMH JIAOOPATOPHUMH EKCIIEPUMEHTATbHUMH JITaHUMU,TaK 1 JaHUMHU
3apyOiKHUX TeXHOJOTrid. Bukonana oOpoOka (hakTUYHMX JaHHMX, IO XAPaAKTEPU3YIOTh MPOIEC KOMIUIEKCHOI
00poOku yaByHy cymimmno peareHTiB CaO-CaF>-FeO, nama MOXJIHMBICTh PO3IIMPUTH KOHIIEMINIO 1CHYHOYOT
excriepTHOi cuctemu «llo3anmiyHa 06poOka yaByHy». MoaenbHH MOy b aHATITUIHOI CUCTEMH ITOBUHEH B SIKOCTI
CKJIaJJOBUX MAaTH IHTEJEKTyaJIbHE SAPO TeHepalii KOMIUICKCHUX MOKAa3HUKIB XIMIYHOTO CKJaxy CUCTEMH IIJIaK-
MeTaj-Ta3 Ta TEXHOJOTIYHHX MapaMeTpiB o0poOok. OmpanboBaHO apXITEKTypPy MOJEIBHOI CHUCTEMHU IS
eKCIepPTHOI OLIHKK TEXHOJIOT1l KOMIUIEKCHOTO padiHyBaHHS YaBYHY.

JlirepaTypHi n:xepena

1. llleBuenko A. I1., Manauun 1. A., Bepryn O. C. [lozaniuna decynvghypayis uaeymny 6 kosuiax. Texnonocis.
Hocnioocennsn. Ananiz. Yoockonanenns. JJainponeTpoBchk : «JIuinmpo VAI». 2017. 252 c.

2. Torobunkas /1. H., Bepryn A. C, MomuanoB JI. C., Kucnskos B. I'., JIuxaues 10. M., Xonorosa H. E.
[Toncucrema «BHeneuHnas 00paboTKa 4yryHay B PEIICHUU 33]1a4 BIOOpA paIlOHATBHON TEXHOJIOTHH TONyUeHUS
KaueCTBEHHOW METaUNIONPOAYKIIMH B CJIOKHUBIIUXCS CHIPHEBBIX U TEXHOJOTUYECKUX YCIOBUAX. PYyHOAMEHMAbHI
ma npuxiaoui npooaemu yoproi memanypeii. 2019. Bem.33. C. 3-32. https://doi.org/10.52150/2522-9117-2019-
33-105-115

3. Kwmoitnun T'. U., Tlpuxompko 3. B., Torobumnkas JI.H., Xamxoteko A.®., Jlmxaues IHO.M. O
MacIoPTU3alUKA IKCIIEPUMEHTAIBHBIX MaTepuajioB Ui OaHka AaHHBIX «Metamryprus». Mszs. BY306. Uepnas
memannypeus. 1988. Ne 8. C. 136—-139.
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AOCIIIKEHHA ECEKTUBHOCTI 3ACBO€HHS MAT'HIIO Y TPOUECAX MO3ANIYHOI
JECYJIb®YPAILII YABYHY

I. O. Manauun'?, K.1.H., cT.1., B. I'. Kucaskos!?, k.1.H., M. O. Pubaabuenko’, K.T.H., 101,
B. I1. lerpymal, C. O. ITounraes !

! TncruryT yopHoi meramyprii im. 3. I. Hekpacosa HAH Ykpainu, m. /Iainpo
2ykpaiHcbkuii JlepxkaBuuii YHiBepCHTET HAYKH | TeXHOJIOTii, M. /THIIpo

[To3amiyna pgecynbdypalliss uYaByHy CcTajla HEOOXIJHOI Ta HAIIMHOI JAHKOK MDK JOMEHHHM Ta
CTaJICTUIaBIJIBHUM BUPOOHHUIITBOM ITPU BUPOOHHUIITBI sIKICHOT MeTajmonpoAyKilii. OmiHka e(eKTHBHOCTI BUAAICHHS
CIpKM 3 YaBYHY BH3HAUYa€ SIKICTh TEXHOJIOTI] 3HECIpUEHHS B IJIOMY, 3a0e3Meuyloun sKiCHE 1 MOBHE BUIAJICHHS
Cipku 3 posmiaBy. HalOiIbIIoro nommpeHHs y MpaKkTHIll MO3aMiYHOr0 3HECIpUCHHS YaBYHY 3HAWIIIOB PEareHT —
MarHii, 1o Ma€ yHiKaJbHI BIACTUBOCTI B3a€EMO/IIi 3 pPO3IJIaBOM 4aByHY. [IpoBe/IeHO MOPIBHSUIBHUE aHANI3 PI3HUX
TEXHOJIOTTYHUX MOKAa3HUKIB 33 PI3HUMH TEXHOJIOTISIMU BIlyBaHHS MarHil0 y po3IuiaB 4yaByHy. HaiimeHmni mutomi
BUTPATH PEareHTy NP MOHOIHXKEKIIi MarHilo 3yMOBIIIOIOTh HaMEHINI BUTPATH MPH MPOMHCIOBOMY OCBO€HHI
1poro mpoiecy. @akTUYHI MOKAa3HUKW TPOMHUCIOBUX MPOAYBOK CBIAYaTh MPO TE, IO MOHOIHXKEKIIiSl 36PHUCTOTO
MarHil0 XapakTepU3yeThCsl HAWMEHIIUMH BHUTpaTaMH peareHTiB — Yy cepenubomy 0,42-0,55 xr/t 4yaByHy,
HalMEHIIIOI0 TPUBATICTIO omeparlii aecynbdyparii — y cepeaabomy 5,5-7,7 xB, 3a0e3MeUeHHAM HAATTHOOKOT
necynbdyparii waByny — 1o 0,0003-0,001 %, crynenem necynbsdyparii — 10 99 %, BUCOKOIO IHTEHCUBHICTIO
BUJIAJICHHS CIpKU — y cepeiHboMy 12—14.4 %/XB, BUCOKMM CTYIIEHEM 3aCBOEHHS PEareHTy — y CepeHbOMY 75—
92 %. 3pobneHuii BUCHOBOK, III0 MOHOIHXEKIIisl 36pHUCTOTO MarHito € MpiOpUTETHUM 1 HAHOUIBII €KOHOMIYHUM
MPOIIECOM TO3amiyHoi Jaecynbyparii 4aByHYy, MEpEBEpIIYIOYM IHIII TEXHOJIOTII 3HECipueHHs 3a Oararbma
MOKa3HUKAMH.

JlirepaTypHi n:xepena

1. Voronova, N. A. (1983). Desulfurization of Hot Metal by Magnesium. Publisher Iron & Steel Society, 1983.

2. Shevchenko A. F., Bashmakov A. M., Vergun A. S., Manachin L. A., Kislyakov V. G., Trotsenko E. A. et
al. (2019). Modern High-Performance Complexes of Extra-Deep Desulphurization of Cast iron by Mono-Injection
of Magnesium. Metallurgist, 62, 965-973. https://doi.org/10.1007/s11015-019-00734-w

3. llleBuenko A. ®@., Manauun U. A., [lleBuenko A. M., [Isockun b. B., Bepryn A. C., llleBuenko C. A. u
np. ComoCTaBUTENBHBIN aHAIU3 TEXHUKO-)KOHOMUYECKUX TMOKa3aTelel pa3IMYHBIX MPOIECCOB BHEMEYHON
necynbdypanuu dyryHa. Qynoamenmanvrvie U NpukiaoHvle npobaemvl yeprou memaniypeuu. 2013, Beim. 27.
C. 97-110.
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YUCEJBHE MOIEJIOBAHHSA I'A3OANMHAMIKH
MOTOKIB Y HAKOHEUHUKY 3ATJIMBHOI ®YPMHA

J1. B. €cbkoB, €. M. Cirapbos a.1.H., M. P. Pyaenko, k.1.H., P. /. [1aBaok
JIHINpOBCHKUI AepKaBHUI TeXHIYHUH yHiBepcuTeT, M. Kam’siHCbKe

HaBeneno pe3ynbTaTH JOCHIKEHb Ta30JMHAMIKU OJHO- 1 JBO(a3HUX MOTOKIB y poOouomy mpoctopi T-
noAioHoro HakoHeuHuka 3arnuOHOI pypmu mns ymoB YU IIpAT «Kamer-Cramb». BukopucraHi METOIUKH
¢$i3MYHOrO Ta MaTeMaTHYHOTO MOJIENIOBAHHS HECTAIlOHAPHOTO PEKUMY TPAHCIOPTYBAHHS TMOTOKIB Yy CHUCTEMI
«Tpy0a-poOOUYMii MPOCTIp HAKOHEYHUKA-COIJIa» 3 BUKOPUCTAHHSAM MporpamMHoro komruiekcy SolidWorks.
3acTocoBaHo MeToxa CcKiHueHHHX 00’emiB (FVM) 3 po30utTsamM reomerpii Mojeni Ha CiTKy 3 00’ €MHHUMH
eJIeMEHTaMH, Y MeXKax sIKUX PO3B’sA3YIOThCs piBHAHH Har’e-CTokca AJ11 MOJCTIOBaHHS pyXYy Ta3y.

Po3paxyHku (akTHYHOTO MUJIOBOTO HABAaHTAXEHHS ra30IMOPOIIKOBOTO MOTOKY JUIsl YMOB BJIyBaHHS CyMillli
necynbdyparopie Ha YU TIpAT «Kamer-Ctanp» BuKOHaHI 3a Meromaukoro M.S. MemknOoxChKOTO.
BcTanoBieHO, mo (GakTuyHe munose HaBanTaxeHHs (Fr' > 2500) B 1ioMy BiMoBifae KpUTHYHIlM TyCTHHI TOTOKY.
[Ipu 3aKkymoproBaHHI OJHOTO 13 COTENI HAKOHEYHUKA a00 3MEHIIIEHHI MTUTOMHUX BUTpaT razy-Hocito ®IIH cyTrTeBo
3MiHIO€ThCS. 3anobiranHio ymoB nepeBuieHHss PITH KpUTUYHOT T'YCTHHM MOTOKY MOXKE CIPHSITU 30UIbIICHHS
BUTpAT Tazy-Hocio 3 40-50 10 80-100 uM>/ros a60 migBUIIEHHS THCKY rasy Hepes (pypMoro.

JHocnimpkeno BB KoHpirypariii pobouoro npoctopy (PII) HakoHeYHMKa Ha KyT PO3KPUTTS Ta JOBXKUHY
YTBOPEHOTO Ta30MOPOIIKOBOTO CTPYMEHS, 3MiHY MIBHAKOCTI PyXy raszy, po3MoaiJI MIBUIKOCTEH y COIUII 3a HOTO
nepeTuHoM. 3 MeToro 3MiHu KoH(irypauii PIT npu MonentoBaHHI BUKOPUCTAIH Pi3HI (OPMHU JHUIIA HAKOHEYHHUKA.
BcTanoBiieHi 0co0IMBOCTI MEpEMIIIEHHs CyMIllll TPaHyILOBAHOTO MArHilo Ta MOPOIIKOMOAIOHOTO BamHa Pi3HUX
¢bpakuiii y pobouomy MpocTopi HAKOHEYHHKA, CTYITIHb HAIIOBHEHOCT] YaCTUHKAMH TOPU30HTAIBHOI TIISTHKH COTLIIa
Ta 3aKOHOMIPHOCTI (hOpMyBaHHS MOTOKIB Ha BUXOI 13 comen. [loka3zaHo, 1o /il YaCTUHOK PEareHTiB po3MipoM
oinbmie 400 HM mapaMeTp MBUIKOCTI € BU3HAYANLHUM. [[i1st yacTuHOK MeHII Hik 100 HM JOLITBFHO 3aCTOCOBYBATH
JIOJTaTKOB1 3aX0/IU JIJIsl OAPIOHEHHST YTBOPEHUX arjloMepaIliii, HalpuKIIaJ 3a paXyHOK BUKOPHUCTAaHHS 00€pTOBUX
KOHCTPYKIIiH 3arTuOHUX PypM.

3miHa (opMH JHHINA HAKOHEYHHWKA MPU3BOAWTH N0 3MIH Yy 30HI BIJIOMBAaHHS Tra30BOro, i OCOOJIMBO
ra30MOPOIIKOBOTIO MOTOKIB 3 KPYTHUMH YaCTHHKAMH, BiJl THUINA Ta BIUIUBAE HA PO3IMOJLUT IMIBUIKOCTI MOTOKIB y
comiax. BcraHoBieHo, MmO TpH BiAOWTTI YACTHMHOK BiJ [HWIA HAKOHEYHHWKA TIiJ] BU3HAYCHUM KYyTOM
3a0e3neuyeThess OUTBIT PIBHOMIPHHUN PO3MOALT MIBHAKOCTI 33 MEPETUHOM COIUIA 13 BIAMOBIAHUM 301TbIIEHHSM
IIBUIKOCTI MOTOKY Ta 30LBIIEHHSM KyTa pO30CEPEKCHHS YaCTHHOK Ha BUXO/1 Y BaHHY. B yMoBax HEmpy»HOTO
yaapy o0 MeTajieBe IHUIIEe HAKOHEYHHUKA 3 KOe(ilieHTOM BiTHOBIECHHS ~0,5 YaCTUHKM MarHito 30epiratoTh JUIIe
1o 25% xinetuyHoi eHeprii (Ex) Mo HOpMaJi, ajie CIPOMOXKHI 30epiraTu MOBHY €Heprio no AoTuyHii. Tak, npu
yaapi o CTiHKy jAHuIA y (opMi KOHycCy mif kytoMm 60 rpan yacTUHKaMu BTpadaeTbcst 41% FEy, ane BOHHU
MEPEHAIPABIISIIOTHCS TIEPEBAXKHO Y LIEHTPAJIbHY YaCTUHY COILIA, 1110 € 3al001KHUKOM JUIs 3aKyToproBaHHS [1].

VY X0/1i YUCETHLHOT0 MOAETIOBAHHS JOCTIKEHO PO3IOALT 32 IEPETUHOM 1 3MiIHY HIBHIKOCTI Fa30BUX MTOTOKIB
B yMOBaX KOJHMBaHHs THUCKY Ta3y-HOCIIO Ta THCKY y pO3IUIaBi Mepej COIUIaMH HAaKOHCYHHMKA B 3aJIKHOCTI BiJ
rTMOMHU KOBIIOBOi BaHHW. BHKOHAHO MOpPIBHSAHHS 3 pe3ysbTaTamu (izMyHOro MojentoBaHHs. [linTBeppkeHa
MOXJIMBICTB 01T €()eKTUBHOTO MPUCKOPEHHS MIOTOKY MTPH 3MiH1 KOH]ITyparlii po604oro mpocTopy HAKOHECUHHKA.

JlitepaTypHi 1:xepena
1. €cexoB /1. B., CirappoB €. M. Ilapamerpu BAyBaHHS pEareHTIB Ta 3aKyNmopioBaHHS T-moaiOHMX
HaKOHEUHUKIB QypM. 30ipnux naykosux npaye JJITY (mexniuni nayxu). Kam’saceke : JIJATY, 2024, Nel (44),
C. 16-26.
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OCOBJIMBOCTI ®OPMYBAHHS IIAPIB WEL TA BEL Y CTAJII 3AJIIBHUYHUX KOJIIC
PIBHOI'O CITOCOBY BUI'OTOBJIEHHSA B YMOBAX EKCTPEMAJIBHOI'O I'AJIBMYBAHHS

0. 1. Ba6ayenko! 1.1.H., wi.-kop. HAH Ykpainu, P. B. [Togoabcbkuii’ %, 1o0kT. ¢is.,
I'. A. Kononenko!?, n.1.1., c1. goci., O. A. Cadponosal, O. JI. Cadpponos!, K. A. JlemenTbeBa’

TucruryT wopHoi meramyprii im. 3. I. HekpacoBa HAH Ykpainu, m. /lninpo
2 IncTuTyT NpUKJIagHUX cucrem ynpasiainag HAH Ykpainu, m. [ninpo
3 IninpoBcbKuii TexHiuHmii yHiBepeuTeT «/[HiNpoBcbKa moJitexnikay, M. JIHinpo

Po3BUTOK 3a113HUYHOTO TpaHCTIOPTY B YKpaiHi HA0yBa€e CTpaTEriYHOTO 3HAYCHHS B YMOBaX BOEHHOTO CTaHy
Ta y Mepio] MiCISIBOEHHOTO BiHOBIEHHS. OIHUM i3 KPUTHYHUX €JIEMEHTIB 0e3MmeuHoi eKcIuTyaTallii pyXxoMoro
CKJIaZly € KOJIICHAa Tapa, 30Kpema 0011 KoJyieca, SIKWW IMija Yac poOOTH 3a3HAa€ IHTCHCHBHUX TEPMOMEXaHIUYHUX
HAaBaHTAXXEHb. Y pe3ylbTaTi EKCTPEMAIBHOTO TadbMyBaHHS MOXYTh (opMyBaTUCS Ae(DEKTH TEII0BOrO
MMOXOJKEHHS - TaK 3BaHi mapu Oinoro Ta kopuuHeBoro tpasieHHs (WEL 1 BEL), mo 3amxkyoTs pecypc Koneca,
CIPUYUHSIOTH BULICPONHHY, TOB3YHHU i TEPMOTPIIIUHU.

Merta nociiKeHHs - eKCIIepUMEHTalIbHE BU3HAUEHHS BIUIUBY XIMIYHOTO CKJIQJy Ta CIIOCOOY BHPOOHHUIITBA
cTaji 3aJIi3HUYHMX KoJjiic Ha ¢popmyBanHs 30H WEL 1 BEL mij yac raneMyBaHHS 1030M.

JI1st moCTiIKEHb BUKOPUCTAHO 3pa3Ku 3 000/11B CYIUIbBHOKaTaHUX Ta TUTUX KoJic kmaciB C 1 B, a Takox crami
Mapku 2 3 pizHuM BmictoMm Byriemto (0,61-0,76 %) i TBepaictio (293-333 HB). BunpoOyBaHHs MpOBOAWIN HA
CHeIiaJbHOMY CTEH/II, SIKU MOJCIIIOE YMOBHU €KCTPEHOTO TalbMyBaHHs F030M IMpH MBUAKOCTI pyxy 100 km/rog.
Mertanorpadiuni gociKeHHs] BUKOHYBainu Ha Mikpockomnax Carl Zeiss moneneit «Neophot 32» 1 «Axiovert 200
M MAT)» micns TpaBlieHHsI HiTajgeM. MiKpOTBEpIICTh CTPYKTYPHOI CKJIaJIOBOI BH3HAYAJIW HA MIKPOTBEPIOMIpi
LHVZ-1000 3 naBantaxxenusim 50 1.

Pesynbratu BUMipIOBaHR MIKpOTBEPAOCTI, a TaKOXK MeTajorpadidHi JOCIIHKEHHS, CBIIYaTh MPO T, 10 B
MOBEPXHEBUX IIAapax JOCHIHKYBAaHUX 3pa3KiB MICIs raJbMyBaHHS Ha CTEHJI yTBOpHJIACS Clab0 BUTPABIIOBaHA
00J1aCTh 3 MABUIIICHOIO MIKPOTBEPAICTIO 1 CTPYKTYpOI0 BUCOKOBYTIeIeBoro MapteHcuty (WEL), ananoriuna Tii,
sKa CIIOCTEPIraeThCsl B MOBEPXHEBUX IIapax 3aJI3HUYHHUX KOJIIC 3 JeeKTaMu THITY «BHIEPOHMHN». Y CTAHOBIICHO,
110 TicTIst BUTTPOOYBaHb y BCixX 3pa3kax hopmyeTbest 30Ha WEL 3 MapTEeHCUTHOIO CTPYKTYpOIO 1 TBepaicTio 10 8000
H/mm?, I mutux xoic xapaktepHa Oinbiia ToBimHa WEL (4—4,3 MM), HiJK 7T CYyHIUTEHOKATaHHUX (2—3 MM), 1110
MOSICHIOETHCST OUTBIIIOI0 XIMIYHOIO HEOJHOPITHICTIO Ta JACHIPUTHOIO JIIKBAIIIEID Y JIMTUX CTPYKTypax. BusiBieHo
HasiBHiCcTh niepexianoi 3oau BEL 3 TBepaictio 3000-7200 H/MM?, 110 ipeicTaBieHa BUCOKOIUCIIEPCHUM TIEPITITOM.
31 301mbIIeHHSM BMicTY ByTruemto Topmuaa WEL Takosx 3poctae: as crani 3 0,76 % C — 61u3bpko 3 MM, 11 cTaji
30,61 % C — O1H3BKO 2 MM.

XiIMIYHHH CKIIaJ] 1 CIOCiO BUTOTOBIICHHS KOJieca CyTTEBO BINTUBAIOTh Ha CXMJIbHICTh MaTepialy 10 YTBOPECHHS
tepmiynux mapiB WEL 1 BEL. JIuTi xoneca € OU1b1I Uy TIMBUMHU 10 TEIUIOBUX A€(EKTIB, TOJI K CyIIbHOKaTaH1
XapaKTEPHU3YIOThCS TIIBUIIECHOIO CTIHKICTIO 3aBISKH OUTBII PIBHOMIPHIN MIKPOCTPYKTypi. OTprMaHi pe3yiabTaTH
MalOTh MPaKTHYHE 3HAYCHHS I PalliOHATBHOTO OOTPYHTYBAaHHS CKJIAZy 1 TEXHOJIOTii BUTOTOBJIEHHS KOJIC i3
ITIIBUIIICHOO0 CTIAKICTIO J0 il TepMOMEXaHIYHUX HABAaHTAKEHb Ta MOXKYTh OyTH BUKOPHUCTaHI TP PO3POOICHHI
peKOMEeHALlI{ 111010 TPOJOBKEHHS PECYPCY 3aTI3HUYHUX KOJIC y BaXKKUX EKCIUTyaTalliiHIX YMOBAX.
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OILIIHKA HAIMPYKEHO-IE®OPMOBAHOI'O CTAHY CTAJII 16I"2A® Y KOHCTPYKIIII
HOUCTEPHMU IJISA TPAHCIIOPTYBAHHA 3PI/I’KEHUX BYIVIEBOJHEBUX I'A3IB

. L I'yzenxo !, H. O. Porr ! K.T.H., 1011., I'. A. Kononenko ' 1.T.H., CT. 70CJI.

! lninpoBchbKuii TexHiunuii yHiBepcurer «IHiNpoBcbKa MotiTexHikay», M. JIHinpo
2 IncrutyT yopHoi Meraayprii im. 3.1. Hekpacosa HAH Ykpainu, m. JIninpo

TpancnopTyBanHs Ta 30epiraHHs 3pi/PKEHHUX BYTJIEBOJHEBUX Ta3iB BUMAarae CIeIliali30BaHUX €MHOCTEH,
3IaTHUX BUTPUMYBATH BUCOKHUH THUCK 1 Iepenaau temmneparyp. besnedna excruryaTaiisi TakuxX [MUCTEPH 3aJIeKUTh
Bil MPaBWJIBHOTO BHOOPY Marepiaay KOpPIyCy Ta OOIPYHTOBAHOTO IPOEKTYBaHHA. Y pPOOOTI MPOBEIECHO
KOMIUIEKCHE JTOCIIJKEHHSI KOHCTPYKIT LIUCTEpHH IS 3piUKEHUX Ta3iB Ta BU3HAYEHO ONTHUMAIIbHI MapaMeTpu ii
€JIEMEHTIB 13 BUKOPUCTAaHHSIM MeToAy ckindeHHuX enemeHTiB (MCE) y cepenoBumii Autodesk Inventor 2024.

OO0’exTOM JOCHIDKEHHS € LUCTepHa-HamiBOpuyin o6’emoM 46 M3, mpu3HaueHa JUIsl TPAHCIOPTYBAaHHS
npomnaH-OyTaHOBUX cymimiei. Po3paxyHku mpoBomauiucs st pododoro tucky 1,6 MIla ta BumpoOyBaabHOTO
2,1 MIla Bignosiguo no Bumor JIOITHB [1]. OcHoBHEM MatepiasoM kopmycy oOpaHo cranb 161 2AD, ska 3a
BJIACTUBOCTSAMH OJM3bKa J0 €Bpomeichkoi ctam P460NL2 [2]. Bona xapakTepus3yeTbcsi BUCOKOI MIIIHICTIO
(rpanums Tekydocti > 440 MIla, rpanuns minHOCTi > 590 MIla), ynapHO B’S3KICTIO Ta CTIHKICTIO 1O HU3BKHX
temrepatyp 10 -60 °C. MikpoJseryBaHHs BaHaIIEM Ta a30TOM 3a0e3nedye ApiOHO3EPHUCTY CTPYKTYPY, IMiABUIICHY
TUTACTUYHICTB 1 OMip KPUXKOMY pYHHYBaHHIO [3, 4].

[IpoBeneHO i1H)KCHEpHMI aHaNi3 TOBIIMHHM CTiHKH Koprycy 1 aHumg 3rigHo 3 BuMoramu JICTY EN
12493:2019 [5]. Po3paxyHkoBa TOBIIMHA OOWYAlKK CTaHOBUTH § MM, a aHmma — 10 MM. Bukonani mopeni
KOHCTPYKIIIi 3 ypaxyBaHHSM 3MIITHIOBAJIbHMX KuTelb Ta XBuiepi3iB. Pesynmpratm MCE-ananizy mokazanm, 1o
MaKCHUMaJlbHI €KBIBAJICHTHI HAINpyXeHHs 3a KpurepieM Mizeca ctaHoBmath 375,3 Mlla, mo He mnepeBuirye
JOMYCTUMHX 3Ha4eHb. MiHIMaIbHUN KOe(IIIEHT 3amacy MIIHOCTI JUIsl KOopmycy AopiBHIoe 1,23, a mys gHUIIA 3
OTBOPOM IIiJ] JIIOK — 1,14, 1110 CBITYUTH MPO BiIMOBIIHICTH KOHCTPYKII1 BUMOTaM MIIIHOCTI Ta O€3MeKH.

OTpumaHi pe3yabTaTH MiATBEPKYIOTh MOIUIBHICTE BUKOpPHUCTaHHS cTaigi 161 2Ad misi BUTOTOBIICHHS
€MHOCTEH, 110 MPALIOIOTh MiJ TUCKOM, a TaKOX JEMOHCTPYIOTh €(EKTHUBHICTH 3aCTOCYBaHHS KOMII IOTEPHOTO
MOJICITFOBAHHS JIJIs ONTUMI3aIlli KoHCTpyKiii. 3acrocyBanHs MCE B mporieci mpoekTyBaHHS J103BOJISIE€ 3MEHIITUTH
MaTepialloEMHICTh, MiJBUIIMTH HAAIWHICTH Ta TMPOTHO30BAHICTh poOOTHM OOJagHAHHA B PEAITBHUX YMOBAX
eKCIUTyaTaIti.

JlirepaTypHi n:xepena

1. €Bpomneticbka Yronaa "[Ipo Mi>kHapoHE JOPOKHE TIepeBe3eHHs HeOe3neunnx BanTaxis (JJOITHB)" 2025p.

2. ACTY EN 10028-3:2018 Bupobu muiacki craneBi ii BUKOPUCTaHHS mix TUCKoM. YactunHa 3.
Hopwmauizosani 3BaproBani napioHo3epHuCTi cTam (EN 10028-3:2017, IDT)

3. Metinvest-smc. Xapaktepuctuka crtam 16I2AD [Enextponnuii pecypc]. — Pexum mocrymy:
https://metinvest-smc.com/ua/steel/stal-16g2af/?srsltid=AfmBOoov400Dk8DIDn9 VNr7AFzxpxPID6acEz{fOvTP
VGoxFXIqqs0di (nara 3Bepuenns: 11.10.2025)

4. ICTY 8541:2015 Ilpokat crameBuii miaBUIICHOT MIITHOCTI. TeXHIYHI YMOBH

5. ACTY EN 12493:2019 YcrarkoBaHHS Ta KOMIUICKTOBAaHHS Ui 3piKEHOro HadToBOro rasy. 3BapHi
craneBi 6aku jyist apTonrctepH. [IpoextyBanus ta Burotosienns (EN 12493:2013, IDT)
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EKCIIEPUMEHTAJIbHO-TEOPETHYHI JOCJIIIKEHHSA ITPOLECIB
CTPYKTYPOYTBOPEHHS B CTAJII CrMoV1Si 3A YMOB BE3IIEPEPBHOT'O
MMOBITPAHOI'O OXOJIOKEHH# 3 PI3BHUMMU HIBUJAKOCTAMMU

E. B. OJiiinuk, E. B. [1apycoB a.T.H., c.H.c., [. M. UyiiKko0 K.T.H., CT. 10CJ]I.

IncruryT yopHoi Mmeraayprii iM. 3. I. Hekpacoa HAH Ykpaiuu, m. /Ininpo

Hapasi cBiToBe BUPOOHHUIITBO OYHTOBOTO MPOKATy MIOPiYHO TepeBHInye S50 MIIH. T, IO TMOSICHIOETHCS
IIMPOKOIO ceporo Horo BUKOpUCTaHHSA. OCHOBHMU HAIpsIM MOJAIBLIONO 3aCTOCYBAaHHS IPOKATy MOJSATae y
OTPUMaH1 3 HHOTO XOJIOJHOAE(POPMOBAHOTO JAPOTY PI3SHOMAHITHOTO MPU3HAYCHHS, 30KpEMa JJIi BUTOTOBIJICHHS
3BapIOBANIbHUX MarepiaiiB. Y TOH jke dYac CHoXKUBadi OYHTOBOTO NPOKAaTy 3BAapIOBATBHOTO INPU3HAYEHHS
BHCYBAIOTh IiJIBUIICHI BUMOTH JI0 TMOKA3HHUKIB MOTO IJIACTUYHOCTI Ta PIBHSA MIIHOCTI, OCKIIBKH BiJ] I[bOTO
3aIeKHUTh €(DEKTUBHICTH MPOIIECIB XOJIOAHOTO TUTACTUYHOTO AePOpMYyBaHHS (BOJIOTIHHS).

OmauM 13 Ji€BUX HampsMiB BUPIMICHHS ICHYIOYOi MNpOOJEMH € 3aCTOCYBaHHS 3HEMIIHIOBAIHLHOTO
TEPMOMEXaHIYHOTO 0OpOOJIEHHST OYHTOBOrO MPOKATy Y MOTOIl MPOKATHOTO CTaHy, SKE I03BOJISIE KEpPyBaTH
MpoIecaMy CTPYKTYPOYTBOPEHHS B METaJll Ha 3aKJIIFOYHOMY €Tarr Horo 0Xojo pKkeHHs. Haitbinbie momupeHHs y
CBITOBI MeTalypriiiHiii mpakTuui orpumaina TexHoisoris CrenMop, ska mnependadae Ha 3aKkiIOuHiN cramii
3aCTOCYBaHHS PETYJIbOBAHOTO MOBITPSIHOTO OXOJIO/DKEHHS MpokaTy. CamMe Ha IbOMY €Talli CTBOPIOIOTHCS YMOBH
Ui pearizalii KBa3ii30TepMIYHOrO BUTPUMYBAHHS IMPOKATy, TEMIIEPATypHO-4acoOBI MapaMeTpH SKOTO iCTOTHO
BIUIMBAIOTh Ha (HOPMYBaHHS KIHIIEBOI CTPYKTYPH Ta MEXaHIYHUX BJIACTUBOCTEH CTaJIi.

JlocItipKeHHST TIPOBOAMIIM LIUIIXOM IMITYBaHHS €KCIIEPUMEHTAJIBHUX TEPMIYHUX IUKIIIB OOpOOJICHHS cTasi
CrMoV1Si na aBromarnzoBanomy komiuiekci Gleeble 3800 (CIIIA) 3 ypaxyBaHHSIM TEXHOJIOTTYHHX OCOOJIMBOCTEH
miHiii  Crenmop, IO eKCIUTyaTyIOThCS HH3KOIO TPOMHCIOBHUX MiANpuUeMCTB. [l aHamizy mporeciB
cTpykTypoyTBopeHHss B crtaini CrMoVISi (% Bar.: 0,08C-1,30Mn-0,54Si-1,06Cr-0,54M0-0,24V-Feocuosa)
3aCTOCOBYBAJIM MeTajorpadiyHi JOCTiKeHHS 3ac00aMH ONTUYHOI MIKPOCKOTII{ Ta KUTbKICHUH (a30BU aHATII3.

BcranoBiieHo, 1m0 MBUAKICTH O€3MEPEepBHOTO OXOJOKEHHS y iHTepBaii Temmeparyp 950-570 °C e
BU3HAYaJIbHUM YMHHUKOM 3 TOYKH 30py BIUIUBY Ha MIKPOCTPYKTYpHY eBomoniro crani CrMoV1Si. 3a
pe3yJbTaTaMu eKCIIEPUMEHTIB 3alPOITOHOBAHO HACTYITHHN TEMIIEPATyPHO-IIBUIKICHUN PErJIaMEHT OXOJIOKCHHS
MPOKaTy: MOYaToOK 0XxoJyio/ukeHHs Bif 950 °C; mpuckopeHe MOBITpsIHE 0XOJOKEeHHs y miama3oni 950-850 °C 3i
mBuakicTio ~10 °C/c; ynoBinpHeHe oxonokeHHs y aiana3oni 850-570 °C 31 mBuakictio ~0,4 °C/c; monmanblie
oxosnomkeHHs Big 570 °C Ha cnokiiiHoMy moBiTpi. Takuif peXUM OXOJOMKEHHS OOYMOBIIOE (OpPMYBaHHS
CTPYKTypH cTaii, sika ckiaaaetscs 3 60 % depurty, 29 % nepniry, 8 % Oelinity Ta 3 % MapTeHCHUTY, 30Kpema
OCTaHHIM CIIOCTEPIraeThCs Y BUTIISAAL OKPEMHUX 3epeH 3 BUCOKOIO TBEPAICTIO, IPOTE iX KUIBKICTh € HE3HAYHOIO, 1110
3abe3mnedye MOCATHEHHS e(PEeKTUBHOTO MOETHAHHS TTOKA3HUKIB MIITHOCTI Ta TUIACTUYHOCTI. Bu3HnaueHo, 1m0 O1bImn
iHTeHCHMBHE a00 ymoBiTbHEHe oxoyokeHHsa ctaini CrMoV1Si B iHTepBani audy3iHOrO Yy — o MepeTBOPEHHS
BIUIMBA€E Ha 30UIbIIEHHS 00’€MHOI YacTKK OCWHITY W MapTEHCHTY, IO MPHU3BOJIUTH 10 3MECHIICHHS MOKa3HUKIB
TJTACTUYHOCTI Ta MiABUIEHHS MIITHOCTI METaIy.

3anporoHOBAaHUN PETJIaMEHT OXOJIO/KCHHS 3a0e3leuye MiHIMAJIbHUN BMICT TBepaux ¢a3z 1 Copuse
(OopMyBaHHIO CTPYKTYpH, SIKa MEPEBAXKHO CKIIATAETHCS 3 (DEPUTHOI MATPHILl Ta AUISTHOK Mepmity. JlocarHyTuit
CTPYKTYPHHUH CTaH CJiJi BBaXATH CIPHATIUBAM 3 TOYKH 30py MOMJIMBOCTI MiJABHINEHHS TEXHOJIOTTYHOL
TUTaCTUYHOCTI mpokaty 31 ctani CrMoV1Si mix yac BOJMOYIHHS y 3BaplOBAJIbHUNA JPIT 13 CyMapHUM BiJIHOCHUM
ootucHeHHsM He MeHie 90 %. PexomeHqoBaHUN PEXUM TOBITPSHOTO OXOJIOJUKEHHS MOXKE PO3TIISIATHCS SK
HAMOIIbII TEepCHeKTUBHUN A MPOMMCIOBOI arpobaiii TEXHOJOTii 3HEMIIHIOBAJILHOTO TEPMOMEXaHIYHOTO
00poOIeHHsST OYHTOBOTO MPOKATY 3BAPIOBAILHOTO MPU3HAYCHHSI, BATOTOBJICHOTO 3 HU3bKOBYTJICIIEBUX JICTOBAHUX
Cr-Mo-V crazneil.
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BILIUB JJE®@OPMAIIIT HA PO3MIP HEMETAJIEBUX BKJIOYEHb B TOHKOMY JIPOTI

T. M. I'oay0eHko, K.T.H., B. A. Jlyueuko, 1.T.H., ¢.H.C., O. B. JIynenko, k.1.H., I'. I. CiBak

IncruryT yopHoi Mmetaayprii iM. 3. I. Hekpacoa HAH Ykpaiuu, m. /Ininpo

KoHTposb HemeTaneBuX BKIIIOUEHD € BAKIMBUM €TarloM Y BUPOOHHUIITBI BUCOKOSKICHOTO CTaJIeBOTO APOTY.
JInst KaTaHKW 3 JIETOBAaHHUX, 30KpeMa KpeMHieBo-MapranieBux craneit tuny G3Sil, y HOpMaTuBHIN JOKyMeHTAIIi1
HE HaBEJICHO IPaHMYHOI KUIPKOCTI HEMETAICBUX BKIIIOUCHD, SIKI MOXKYTh OyTH B CTaji, HE BIUIMBAIOYM HA TEXHIYHI
XapaKTepUCTUKH JAPOTy. TOMY METOI0 MOCHIKeHHs OyJ0 BHSBIEHHS JOLUIBHOCTI BUKOPHCTAaHHS 1CHYIOYOTO
HOpMaTHUBY s HeneroBanux craneit [SO 16120-4:2017. IIpoBoamiock MOPIBHSIBHE JOCIIHKEHHS IKOCT1 Pi3HUX
naptiit crani G3Sil, sky nepepoOisioTh Y APIT XOJOJHUM BOJOYIHHAM 3a cxemoro 5,5—4,75—2,0—0,8 Mm.
OCHOBHI TPYJIHOII TPH BHPOOHUIITBI CTAJEBOTO APOTY MAJMX JiaMETPiB MOB's3aHi 3 MiJBHUIICHHSIM MIITHOCTI
(HakyenoM) Ta OOpPHBHICTIO METay B IMpoOLECi BOJOYIHHA Ha BUPOOHMUTBI. BrmuB nHaknemy amst crami G3Sil
MPUOMPAETHCST TIPOBEACHHAM TepMIuHOI 00poOKM (Bigmamy) Ha miameTpi 4,75 MM, TCHs SIKOi CTallb Mae€
cdepoinnzoBaHy CTPYKTYpy ¥ HiABHUILIECHY MIACTUYHICTb.

JlocmikeHHsT KUTBbKOCTI HemeTaneBuX BKItoueHb y ctam G3Sil miamerpom 5,5 mm 3a ISO 4967:2013
MOKa3aJiu MPUCYTHICTh BKJIFOYEHb 13 HacTymHuMH iHaekcamu: A 0,5, B 2,5, B 1e, C 1, D 1,5 (mo3nauka € — TOBCTe
BKrOueHHs). [Ticas BomouinHs Ha ApiT giameTpoM 2,0 MM Ta aiamerpom 0,8 MM 1HIEKCH KUTBKOCTI 3MIHHJIACS Ha
A0,B2,C1,D1,TaA0,B2,C1,5 DI Bianosiano. [Tnactuuni BKItOUeHHS 1eOPMYIOTHCS PU 00poOIIi cTai,
10 IPUBOAUTH JI0 iX CTOHITYBAHHS 1 ITOJIOBXKEHHS Y3/10BK OCHOBHUX POOOUYNX HAMPSIMKIB, B PE3yJIbTATI IJIACTUIHI
cynedinu (A) B crami G3Sil giamerpom 2,0 MM Ta 0,8 MM He BUSBISIOTHCS 33 CTAaHAAPTHOIO METOIMKOI0. Bemnnki
kpuxki amomidatHi (B), cumikatai (C) 1 okcuani (D) BKIIOYEeHHsS MOAPIOHIOIOTHCS Mia Aiero aedopmartii, B
pe3yJIbTaTi MPUCYTHICTH TOBCTUX BKIIFOUEHB B IPOTI iaMeTpoM 2,0 MM He BUSBIIEHO, aje 301IbInniIacs KiTbKiCTh
psankiB (3 C 1 go C 1,5). HaBeneni mapameTpu BiJNOBIIal0Th HOpMATUBY Jutsl HeseroBanux cranen (ISO 16120-
4:2017). Inma maptis giametpom 5,5 mm 31 crani G3Sil mMana HacTymHI noka3HukH iHAEKCIiB: A 0,5, B 3,5, B 2e,
C1,5,D 1,5 DS 1,5 (DS — kpynHe okcuane BKatoueHHs). [licis xonoanoro BosovinHs Ha giametp 2,0 Mmm ¢popma
BKJIIOUEHB 3MiHMIACS U iHAeKcu AopiBHIOOTE: A 0, B 4,5¢, B 0,5¢, C 1, D 1, DS 1. PsinkoBi BKIIOYEHHS TOHKI,
OJTHAaK PO3TOBCIOIKEH1 IO BCii TOBEPXHI muTiha i CKIIamatoThes 3 0e37i4l APIOHMX YaCTOK 3pyHHOBAHUX BEIIMKUX
BKIIIOYeHb. Iy miamerpy apoty 0,8 MM BMICT HEMeTaJeBHX BKIIIOYEHb BIANOBiAaB HACTYNMHUM iHAekcam: A O,
B 3,5, B0,5¢, C 1,5, D1, DS 1. BupoO6HunrBo manoi mapTii ApoTy MpoXoamsio 3 oOpuBaMu Ha giameTrpi 2,0 Mm.
[Ipuy 1BpOMy mTOMITHE TepeBUIIEHHS HopMoBaHuX Toka3HUKIB (ISO 16120-4:2017) 1y  HenmeroBaHUX
HU3BKOBYIJICIICBUX CTAJICH: JJI AiaMeTpPy 5,5 MM TOHKI PSIKOBI BKIIFOUCHHS TUITY B MaroTh iHaeke 3,5 mpu Mexi
3 Ta rpaHn4He 3HaUYeHHS (iHAEKC 2) /Uil TOBCTHX BKJIIOYEHb. IIicis BOMOUIHHS KPYMHI BKIIOUEHHS PYHHYIOTHCS,
TOMY Ha aiameTpi 2,0 MM TOBCTI BKJIIOUEHHS 3MeHITyI0Thes 3 B 2e 1o B 0,5¢ 13 DS 1,5 1o DS 1, a KinbKicTh psAIKiB
30impmryeThest 3 B 3,5 no B 4,5 (mpu mexi 3). HasBHICTP HE3HAYHOTO TEPEBUIICHHS KUTBKOCTI BKJIIOYEHb Y
BHUXIiJHIA KataHIii (5,5 mm) Ha 0,5 iHOEKCY Ta MPUCYTHICTh TPAHMYHOI KUIBKOCTI TOBCTHX BKIIIOUeHb (B 2e¢)
MPU3BOJUTH J0 3HAUHOTO MOTIPIICHHS SKOCT1 CTalli Ta PO3PUBIB APOTY MPH MOJAIBIIOMY BOJIOYiHHI.

Otxe, B mpokarti 31 ctam G3Sil miamerpom 5,5 MM OakaHO 3a0€3MEYUTH HU3BKUN BMICT HEMETaJEBUX
BKJIIOYEHb, HIDKYE MeXi, 3a3HaveHiil B ISO 16120-4:2017, uro rapaHTyBaTUME TEXHOJIOTTUHICTh IEPEPOOKHU Y APIT
Ta MomnepeKyBaTUMe OOpUB METAJTy Ha eTari BOJIOUiHHA Ha Manuid giametp (1,2...0,8 mm).
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KOPO3IMHO-MEXAHIYHA TPUBKICTb TPYE TPUBAJIO EKCILIYATOBAHOI'O
MATI'ICTPAJIBHOI'O I'A30ITPOBOY

JI. 1. HupkoBa A.T.H., ¢.1., A. O. PuéakoB K.T.H., c.H.c., JI. B. ['on4apenko,
C.0. Ocag4yk K.T.H., CT. 10CJI.

Incturyr enexrpo3BapwBanus iM. E.O. Ilatona HAH Ykpaiau, m. Kuis

JocmimxenHs TpyO 3 pi3HUX Mapok craji, mpoeaeHi daxiisamu [E3 im. €.0. [laTona mokazanm, 1mo sk
OCHOBHMI MeTal, Tak 1 3BapHi 3'€qHaHHA 30€piraloTh BHCOKI EKCIUTyaTaliiHi XapaKTepUCTUKU HAaBITh MiCII
TpuBaJIoi excruryararii [1].

JIOCIIPKEHO KOMITJIEKC MEXaHIYHUX, KOPO3IMHUX Ta KOpO31MHO-MEXaHIYHHX BIACTUBOCTEH OCHOBHOIO
Metany TpyO 31 crami X70 marictpanbHoro razompopoay micis 20 ta 40 pokiB ekcrutyaTallii y MOpiBHSHHI 13
TpyOOI0, III0 HE eKCIUTyaTyBaslacsi. BCTaHOBIEHO HEMOHOTOHHY TEHJCHIIIO 3MIHU MEXaHIYHUX BIACTHBOCTEH i
yac eKCIUTyaTallil: 3pOCTaHHs MOKa3HHUKIB MII[HOCTI (OB, 1) Ta 3MEHIIEHHs MOKAa3HUKIB mnacTuunocTi (8s, KCV1°
Ta ) BIpoaoBX 20 POKiB 3 HACTYITHHM 3MEHIIEHHSAM GB, Gr Ta 3pocTaHHAM Os, KCV'°,  micnsa 40 poxkis.
TenneHuis 3MiHM BIACTUBOCTEH KOPEIIOE 3 pe3ylbTaTaMH IHIIMX BUEHHX JJs rapsdekaranoi crami 171'1C Ta
MIITBEP/UKYEThCS €KCIUTyaTallliHUMK JTJAaHUMHU TI0JI0 301IBIIEHHS IMOBIPHOCTI YWcia pyHHYBaHb 3 TPHUBATICTIO
excruyaTarii. He3Baxaloun Ha BCTAaHOBJIEHY TEH/EHIIII0 3MiHU MOKA3HUKIB (OB, Gr, 05, KCV1S) ix 3Havenns mns
TPUBAJIO EKCILIyaTOBAaHKUX TPYO MOBHICTIO BIAMOBIAAIOTh BUMOTAM TEXHIYHHX YMOB.

Koposini Ta KOpo3iiiHO-MEXaHiuHi BJIACTHBOCTI IOCTIMKEHO Y MOIEIBHOMY IPYHTOBOMY €JIEKTPOJITI
NS4 [2]. JocmimkeHO KOpO3iiHYy CTIHKICTHh MeTany TpyO, mo He ekcruryaryBanacs, micas 20 ta 40 pokiB
eKCIUTyaTalii. BcraHoBiieHO, 10 MIBUIKICTH KOPO3il CTaHOBUTH, BiAnoBigHo 0,064, 0,058 Ta 0,056 Mmm/pik. 3rigHo
31 MIKAJIOK0 KOPO31iHOT CTIHKOCTI MeTal, sIK He €KCIIyaTOBaHOI TPyOH, Tak 1 MICHs eKCIUTyaTallii BITHOCUTBCS 10
KaTeropii «cTikuii». 3poOIeHO BUCHOBOK, IO KOPO3iifHA CTIMKICTh MeTally TpyO Micis TPUBAJIOi eKCILTyaTallii
3HaXOJUTHCS HA PIBHI HE EKCIUTyaTOBAHOI TPyOH.

Kopo3ziiiHe po3TpickyBaHHs cTami micis ekcruryararii yrnpomoBx 20 ta 40 pokiB JOCHIIKEHO METOJO0M
nedopmariii 3 Mayioro mBUAKICTIO. OIIHEHO CXUIIBHICTD 10 KOPO3iHHOTO po3TpicKyBaHHs 3a kKoedimienTom Ks [3].
[TokazaHo, 1o mpu 3MiHI TOTEHIIIATIB KaTOIHOI mossipu3aiii y miamaszoni Bif -0,750 mo -1,050 B, K¢ mis HOBO1
TpyOu ctaHoBUTH Oau3bKo 1, misa TpyO micis 20 pokiB ekcruryaranii — 3miHoeTbes Bia 1,00 go 1,25, micns 40
pokiB ekcrutyatanii — Big 1,25 go 1,53 [4]. ToOTo micns TpuBanoi eKcriTyarailii BCTAHOBICHO IiBUIICHHS
CXHJIBHOCTI /10 KOPO31MHOTO pO3TpicKyBaHHsA. lle M03BONIMIIO PO3IMIMPUTH TEOPETUUHI YSABICHHS NPO KOPO3iifHE
PO3TPICKYBaHHS TPUBAJIO EKCITyaTOBAaHUX TPYO 31 CTajli KOHTPOJIbOBAHOI POKATKH.
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®I3UKO-XIMIUYHI ACIEKTHU 3ABE3NEYEHHA MIDK®A3ZHOI AJITE3IT ¥
TEPMOIIVIACTHYHHUX KOMITO3UTAX, APMOBAHUX BYIVTIEHEBUM BOJIOKHOM

B. B. Bumneseubkuii' ,I. A. Kononenko!? 1.T.H., CT. 10CJI.

! lninpoBchbKuii TexHiunuii yHiBepcurer «IHiNpoBcbKa MotiTexHikay, M. JIHinpo
2 IncrutyT yopHoi Meraayprii im. 3.1. Hekpacosa HAH Ykpainu, m. JIninpo

TepmorutacTuuHI KOMITO3UTH, apMOBaHI BYIVICIICBUM BOJIOKHOM, HaJeXaTh N0 KJacy MarepiajiB, IO
MOEHYIOTh BUCOKY MILHICTh, XIMIYHY CTIHKICTh 1 MOXJIMBICTH MEPEPOOKH, TOMY aKTUBHO PO3IVISIAIOTHCS IS
aBialliifHUX, aBTOMOO1THHUX, Oy/IiBETbHUX 1 CIIOPTUBHHUX 3aCTOCYBaHb. [lepeBaroro TepMOTUIACTUYHUX MATPHUIIb €
KEPOBaHICTh TEXHOJIOTIYHHX MPOIECIB, CKOPOUECHHS Yacy BUTOTOBJICHHS, IPUIATHICTh 10 BTOPUHHOI IepepoOKH Ta
€KOJIOT1UHICTh. BomgHOuac rTo0JIOBHOIO mpobiemoro mupokoro BrpoBakeHHs CFRTP 3amumaerscs ciaOka
Mikda3Ha aares3is MK BOJIOKHOM 1 MaTPULICIO Yepe3 PI3HULIO y MOISPHOCTI Ta €HEPreTUYHUX XapaKTepUCTHKAX
MOBEPXOHb. [ 1agKa, HEMoJsIpHaA CTPYKTYpa BYIJICIIEBOTO BOJIOKHA MOTIPIITY€E 3MOYYBAHICTh 1 3HWKY€E €(PEKTUBHICTh
NepEeHECEHHs HAaBaHTAXEHb, 1110 BeJIe /10 JIOKAIbHUX PyHHYBaHb 1 BTpaTH apMyro4oi aii. J[1st miABUIIEHHS MIITHOCT1
Ta JOBTOBIYHOCTI MarepiaiiB HeoOXiJHA IiiecnpsMoBaHa MoauQIKailis MOBEpXHI BOJOKHA W y3TOKEHHS XiMii
MaTpHIi.

Cy4acHi MeTOH TiIBUINCHHS aare3ii moaiisatoThes Ha (Bi3udHi Ta XiMiuHi. J{o Gi3MYHMX HaIeKaTh TIa3MOBa
aKTHBalli1, MIKpOXBHJIbOBAa Ta panialiiiHa oOpoOka, a TakoX MeTamizauis abo HaHOMOIUQIKAIlisl MOBEPXHI.
[TnaszmMoBa 00poOKa MOKpalrye MOPCTKICTh 1 30UIbITYE TTOBEPXHEBY €HEPril0 BOJIOKHA, CHPHUSAI0YH (OPMYBaHHIO
KHCHEBMICHHUX TPy 1 3pOCTaHHIO 3Mo4dyBaHOCTI y cuctemax 3 PA6, PC, PES. Paxianiiina monudgikartis crabinizye
3’€THaHHS 32 paXyHOK YTBOPSHHS pPEaKIifHO3aTHUX IIEHTPIB, @ METajieBl 200 HAHOCTPYKTYPHI MOKPUTTS (30KpemMa
Ha OCHOBI HIKeIT0, OKCHLy TpadeHy UM ByIIIEIIeBUX HAHOTPYOOK) (hOpMYIOTh €PEeKT MEXaHIYHOTO 3UCTIICHHS, IKUI
MTOCHJTIOE aJIre31t0 MK BOJIOKHOM 1 MaTPHUIIEIO.

XiMi4HI METOAM TPYHTYIOThCSI Ha (DyHKIIIOHami3alii MOBEpXHI KHCIOTOI, CHJIAHAMHM, 130I[iaHaTaMH Ta
MoTiMEpHUMH cyMicHUKaMu. KuciorHa o6po0ka miBUIIye KOHIIEHTPAIlit0 KapOOKCHIIBHUX 1 T1IPOKCHUIBHUX TPYII,
o nokpamrye aaresito B komrnosutax 3 HDPE i POM. CunanoBi cnoiyku Ta i3ouiaHaT-MoAn(iKoBaHI eMyabCil
3a0€31euyoTh XIMIYHE 3B’ sI3yBaHHS 3 MaTPHUIIMU HA OCHOBI MOJTIaMi[iB, 3SMEHIITYIOYH KOHTAKTHHH KyT 3MOYYBaHHS
Ta 30UTBIIYIOYM MILHICTh 3 €IHAHHSI. BUKOpPHCTaHHS NOJIMEPHUX CYMICHUKIB, TAaKHX SK MOJIIPOIMIJICHH,
MonudikoBaHI MaJIeiHOBUM aHTIAPUIOM, ONTHMI3y€ CYMICHICTh 3aBISIKM HASBHOCTI PEAKIIHHO3IATHUX TPYM 1
BIJNOBIIHIHM MosekynsipHil Maci. Hanecenns ronkoro mapy PEEK a6o iHImMX criopiJHeHUX MOIiMepiB Ha BOIOKHO
MTOKpaIIy€e aare3iro 3a PaXyHOK CTPYKTYPHOI BiJIMTOBITHOCTI MaTPHII Ta MiABUIIY€E JOBrOBIUHICTh CHCTEMH.

[Tincunennsa MixdazHoi B3aeMO/Ii1 BU3HAYAETHCS HE JIMIIE XIMIYHOIO IPUPOIOI0 BOJIOKHA Ta MATpPHILIi, ane i
Tonorpadi€ro MOBEPXHi, TUTIOM CYMICHHUKA, OPIEHTAIIIEI0 BOJIOKOH 1 MTapaMeTpaMu TEXHOJIOTIYHOTO mporiecy. Bubip
ciocoOy monugikanii Mae OyTH y3rO[KEHUH 13 MPHUPOIOI0 MOMIMEpPY Ta YMOBAMH EKCIUTyaTallii KOMIIO3UTY.
Haii6imp11 mepcrneKTHBHUMHU € KOMOIHOBaH1 (h13UKO-XIMIYH1 T1IXO/IH, K1 MOEAHYIOTH (PYHKITIOHATI3AI[II0 TOBEPXHI1
3 KOHTPOJIbOBAaHUMH TEXHOJIOTTYHUMHU PEXUMaMU (GOPMYBaHHS.

Takum uwHOM, crnpssMoBaHa MoaudiKaiis BYIJICNEBOrO0 BOJOKHA Ta pAIIOHAIBHWN MiAOIp MaTpHIlh
JI03BOJIAIOTH ICTOTHO MOKPAIIMTH AAre3il0 Ha MeXi BOJOKHO—MATpHIl, 3a0€3Meuyoud MiABUIECHHS MEXaHIYHOT
MIITHOCTi, YKOPCTKOCTI, 3HOCOCTIMKOCTI ¥ CTaOUIBHOCTI BJIACTHBOCTEH Yy mporeci ekcruryaranii. OTpumani
y3arajibHEHHs CTBOPIOIOTH HIATPYHTS Ui MOAAIBINOI ONTHMi3alii TEXHOJOTIH Ta PO3IMIMPEHHS MPOMHUCIOBOTO
BUKOPHCTAHHS TEPMOTUIACTHYHIX KOMITO3UTIB HA OCHOBI BYIJICIIEBOTO BOJIOKHA.
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KOMILJIEKCHHMIA AHAJII3 BILUTUBY ITAPAMETPIB CKAHYBAHHSI TA ITOJIOXKEHHSA HA
IVIAT®OPMI ITIOBYJIOBU HA TEOMETPIIO TA CTABUUIBHICTHD BAHHHU PO3IIVIABY I YAC
IMPOLECY LPBF

C. B. Axamcbkuiil 2, nokr. ¢in., T. B. Bajaxanosa?, k.1.1., O. €. Bapanoscbka’, K.T.H.,
P. B. IToxoabcbkuii>>*, qokr. ¢is.

TacruryT TpancnopTHux cucrem Ta texuosorii HAH Ykpainu, m. lninpo;
2AuTHBHI Ja3epHi TexnoJorii Ykpainu, M. Oneca;
3Tucruryt yopHoi merauyprii im. 3. I. Hexpacosa HAH Ykpainu, m. Ininpo;
4 ImcTuTyT NpUKIaAHUX cucteM ynpasiainaa HAH Ykpaiau, m. Kuis

VY nporeci gazepHOTo cruiaBieHHs moponrkoBux marepiaiis (LPBF) popmyBanHs BaHHM po3IIaBy BU3HaUa€e
AKICTb, TEOMETPIIO Ta LIJICHICTH KiHIEBUX BUPOOiB. OCHOBHUMH NapaMeTpaMH, 110 BIUIMBAIOThH Ha IIeH MPOIIEC, €
MOTYKHICTb J1a3epa, IMBUIKICTh CKaHyBaHHS, JiaMeTp TUISIMU Ta TOBIIWHA MIAPY, SIKi BU3HAYAIOTh TEIIJIOBUN PEXKUM
IUTaBJICHHA 1 XapakTep Ae(eKTiB, 30KkpemMa MOPUCTOCTI U Ae(eKTiB HeCyliIbHOCTI. BogHouac 3Hauny, ajige 4yacto
HEJIOOIIIHEHY POJIb BiIrpae po3TanryBaHHs 3pa3KiB Ha muatdopmi moOyaosu. [IpocTopoBe 1monoKeHHS BIUTMBAE Ha
($oKyCHY BiicTaHb, TPODLIh Ja3ePHOI IUISIMH, PO3IMO/ILT TEIUIOBUX TOTOKIB, OXOJIOKCHHS Ta Ta30JUHAMIYHI YMOBHU
B KaMepl, TeMIepaTypHi IPaliEHTH, HAMPSM 1 MBHAKICTh MOTOKY 3aXMCHOTO Ta3y, a TAKOX KOHCTPYKIIIS BXITHUX
Ta BUXITHUX OTBOPIB. AHaNI3 Cy4aCHUX JOCITIUKCHb BHUSBHMB CYNEpPEWIMBICTh PE3yJbTATIB HIOAO BIUIMBY
MOJIOKEHHA Ha TuiatrgopMi MOOYAOBH, OCOOJMBO II€ CTOCYETHCSA JaHWUX, IO IOB’s3aHI 3 TPOCTOPOBHM
pO3TalIyBaHHAM 3pa3KiB, 4acToO pi3HATHCA. [10Ka3aHO aKTyalbHICTh MOAAIBININX KOMIUIEKCHUX TOCHTIKEHb, 110
BpPaxoOBYIOTh B3aEMO/III0 TTapaMETPiB CKaHyBaHHsI, MMO3MIIT Ha MIATGOPMi, XapaKTEPUCTUK Ta30BOT0 MOTOKY TOIIIO.
Ile mo3BonMMTH MiABUINMTH cTabinbHicTh mporiecy LPBF, 3a0e3neunTtn KOHTpoOsiboBaHE (OPMYyBaHHS BaHHU
pO3IIaBy i MPOTHO30BaH1 BIACTUBOCTI TOTOBUX BUPOOIB.
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INOBEJAIHKA I'ETEPO®A3ZHUX HEMETAJIEBUX BK/IIOYEHD «TYT'OIIJIABKA ®A3A, IIIO
OTOYEHA JIETKOII'TABKOIO OBOJIOHKOIO» TA «®A3HU HOPYY» 3A TAPSAYOI
TA XOJIOJHOI MPOKATKHU CTAJIEN

C. L I'y6enxo 2 g.1.1., mpo@., E. B. Ilapycos ! a.T.H., c.H.C.,
I. M. Yyiiko ! k.1.H., cT. 10C1., O. B. Ilapycos ! K.T.H., C.H.C.

TucruryT wopHoi meranyprii im. 3. I. HekpacoBa HAH Ykpainu, m. /lninpo
2 YkpaiHchbKHii 1ep:KaBHUN YHIBEPCHTET HAYKH i TEXHOJIOTI:
HHI «IIpuaninpoBcbka akageMis OyIiBHUITBA Ta apXiTeKTypu», M. /{HInpo

[IpakTrKa MOKa3ye, 1110 HEMETAIEB] BKIIOUYEHHS YacTO BiJIrparoTh BU3HAYAIbHY POJIb i 4ac 3apOKECHHS
pyiHYBaHHs JeTajell Ta KOHCTPYKIIM, 1 HAaBITh HETaTHMBHO BIUIMBAIOTh HA PIBEHh MEXaHIYHUX BIACTHBOCTEH
crazneii [1]. Mera poOotu momsrasia y BHBUYCHHI OCOOJIMBOCTEH TpaHcdopmalii rerepodasHUX BKIIOUEHb
«TyrormiaBka (aza, o 0TOYeHa JIETKOIIJIABKOIO 000JIOHKOI0» Ta «(ha3u mopyd».

JloCIiPKeHO TIOBEAIHKY 3a Tapsdoi Ta XOJOJHOI MPOKAaTKU CTallell MiIKpOKOMIIO3UTHHMX TeTepodasHux
BKIIIOYCHD «TYTOIUIaBKa (ha3a, IO OTOYEHA JIETKOIJIABKOK OOOJIOHKOIO» Ta «da3u mopyu». [lokazaHo, mo ix
MOBE/IiHKA 3a Aedopmalrii moB's13aHa 31 CKIaIHOI0 B3aEMOJIEI0 CKIAAOBUX (ha3 BKIIOUEHB, a TAKOXK B3a€MOIIEIO Y
cucteMi MDK(a3HUX TpaHUIb BKIIOYCHHS-MATPHUIA Ta BHYTPIIIHIX MDK(pa3HHUX TpaHWIb Yy BKIIOUEHHSX.
BceranoBneHo, 10 JOCHIDKEHI BKIIIOYEHHS XapaKTEPU3YIOTHCS CBOIMHU  3aKOHOMIPHOCTSIMH — PO3BUTKY
nedopMariiHuX MPOIIECiB, 10 BU3HAYAIOTHCS 1X XIMIYHUM Ta ()a30BUM CKIIAJIOM, CTPYKTYpPOIO, AehOpMaIliitHOO
3MaTHICTIO (pa3 BKIIOYEHB, TeMIleparyporo nedopmariii. BcranoBieHo B3aeMHUH BIUIMB (a3 BKIIOYEHb Ha iX
CHipHY aedopMalliro 3a raps4oi 1 X0JI0IHOT TPOKATKU CTajeH.

[Tokazano, mo (Gopmo3MiHa BKJIIOUEHBb «TYroIiaBka ¢asza, 10 OTOYEHA JIETKOIJIABKOIO OOOJIOHKOIO» 32
rapsiaoi MPOKATKH BU3HAYAETHCS PIBHEM IUIACTUYHOCTI (pa3nu-000JI0HKH, a TAKOK PO3BUTKOM CKJIAIHOI B3aEMOII1
(a3 BHACIIIIOK PO3BUTKY MIXK(a3HOTO TePTS Ta IPOKOB3YBaHH:. YKJIaAaHHs HeZe(OpPMOBaHUX BKIIIOUCHb OKCH/IIB,
HITiHeeH, HITPUIYy TUTaHy Ta 1H. Y TUIACTUYHY CHJIIKaTHY a0o CynbdigHy 000JIOHKY CIijl pO3IJISIIaTH K CITOCIO
3HIKEHHSI KPUXKOCTI HEMETAJIEBUX BKJIIOUEHB 3a rapsdoi mpokatku. @opMo3miHa BKIIOUEHb «(a3u mopyu» 3a
rapsiaoi MPOKATKH BU3HAYAETHCS PIBHEM IUIACTUYHOCTI (pa3 BKIIIOUEHHS, a TAKOX PO3BUTKOM CKJIATHOT B3a€MOJIT
(a3 BHACIIZOK PO3BUTKY MIXK(a3HOTO TEpTS Ta MPOKOB3YBaHHS (32 HasBHOCTI IutacTuuHOi (azu). Dopmo3miHa
BKIIIOYCHD «TYTOIIaBKa (pasza, 10 OTOYEHA JIETKOIUIABKOIO OOOJIOHKOIO» 3a XOJOTHOI MPOKATKH BHU3HAYAETHCS
piBHEM IUIACTUYHOCTI CyNb(iAHOT (a3u-000JIOHKH, a TaKOX PO3BUTKOM CKIIAJHOI B3aeMOJil (a3 BHACTIIOK
BUHUKHEHHSI MiK(A3HOTO TEPTsI Ta XOJOJHOTO MPOKOB3YBAaHHS Y3J0BXK MiK(Aa3HHX TpaHHIb y BKIIOYCHHSX.
®opmo3MiHa BKIIOUEHB «(}a3u Mmopyu» 3a XOJOIHOI MPOKATKA BU3HAYAETHCS PIBHEM IUIACTHYHOCTI CyIb(inHOT
(da3m BKIIOUEHHS (3a i HAasBHOCTI), @ TAaKOXX PO3BUTKOM CKJIAAHOI B3aemomii (a3 BHACTIAOK BUHUKHEHHS
MiXK(a3HOTO TEPTS Ta XOJIOAHOTO IPOKOB3yBaHHs. JlociiKeHa poJib MIACTUYHUX (a3 y BKIIOYCHHSX «TYTOIJIaBKa
(aza, 110 OTOYCHA JIETKOIUIABKOIO 000JIOHKOI0» Ta «(a3u mopyu».

JlitepaTypHi 1:xepena
1. I'y6enko C. U., OmxkanepoB C. I1. Hememannuueckue sxnrouenus ¢ cmanu. Kues : HaykoBa gymka, 2016.
528 c.
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BILJINB OGPOBKH CTAJIEN HA 3POCTAHHS TPIIIUH MOBJIN3Y HEMETAJIEBUX
BKJIIOYEHb

C. I I'yoenxo 2 q.1.H., npog.

TucruryT yopHoi meramyprii im. 3. I. HekpacoBa HAH Ykpainu, m. /lninpo
2 YkpaiHchbKHii 1ep:KaBHUN YHIBEPCHTET HAYKH i TEXHOJIOTI:
HHI «IIpuaninpoBchka akageMis OyIiBHUITBA Ta apXiTeKTypu», M. /{Hinpo

Binomo, 1m0 HemeTaneBi BKIIOYEHHS CIPHSIIOTh OKPUXUYBAHHIO CTaled, OCKUIBKM YTBOPEHHS TPILIMHU
Mo0JIM3y BKIIIOUECHHS 3HIDKYE poOOTy 11 3apospkeHHs [1-4]. Ile mpu3BOAWTH 10 3HMIKEHHS TEXHOJIOTIYHUX Ta
eKCIUTyaTalliiHUX BIACTUBOCTEH CTalel, a TaKOX BUKIIMKAa€E BTOMHI Ta KOpo3iiiHi mpouecH [5, 6]. Meta poboTu
noysirajia 'y BCEOIYHOMY aHaji3l OCOONMBOCTEH PO3MOBCIOHKCHHS B CTASAX TPIIMIMH, [0 BUHUKIU IOOIH3Y
HEMETAJIECBUX BKJIIOYEHb PI3HUX THUIIB, a TAKOXK MOXKJIMBI CIIOCOOM TajlbMyBaHHs iX 3pOCTaHHS 3a Pi3HHX yMOB
HaBaHTKEHHS Ta BUKOPUCTAHHS 00pOOOK, 1110 BIUIMBAIOTh HA OCOOJIMBOCTI CTPYKTYPH CTajIeH MO0IM3y BKIIOYCHb.

Jlnst pi3HUX THIIIB CTajeld BCTAHOBJIEHI OCOOJIMBOCTI PO3MOBCIOKEHHS TPILIMH, IO BHHUKIU MOOIHM3Y
HEMETAJIEBUX BKJIIOUYEHBb PI3HUX THIIIB, a TAKOXX MOXKJIIMBI CIIOCOOW rajgbMyBaHHS iX 3POCTAHHS 3a PI3HUX YMOB
HaBaHTAXXCHHS Ta BUKOPUCTaHHS 00poOok. [TokazaHo, 1110 pO3BUTOK TPILIMH CYHPOBODKYETHCS X PO3TaTyKEHHSIM
B MeXax 3pyMHOBAaHUX BKIIIOUEHb Ta IX CKYMUYEHHSX, a TaKOX MPHU 3yCTpiul 3 AedeKTaMu CTPYKTYpH CTalIeBOl
MaTpulli. BcraHoBieHO, 110 YHOBUIbHEHHS 3pOCTaHHS TPIIUH MOKJIMBE BHACHIJOK raJIbMyBaHHS IUIACTUYHUMH
CyJIb(1THIMU BKIIOUYEHHSIMH, PO3BUTKY JOKATBHUX TUIACTHYHUX PETaKCallifHUX MPOIECIB y CTAJIEBIN MaTpHIli, a
TaKOX 3MIHU CXEMH HAIpPY>KEHOTO CTaHy MOOJM3y BKIIOYEHHS 3a 3MiHM YMOB HaBaHTaxeHHA. Iloka3aHo BIITUB
JIOKaJTbHUX MIKPOKOMIIO3UTHUX CTPYKTYp CTaJIeBOi MaTpPHIll, OTPUMAHUX 32 BUCOKOCHEPTETUYHUX OOpOOOK, Ha
XapakTep pO3BUTKY Ta TaJlbMyBaHHs TPILIUH, 10 BAHUKIIM MTOOIU3Y HEMETAJICBUX BKIIOUEHb.
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HAHOAPT TA MATEPIAJIO3HABCTBO: BUKOPUCTAHHSA IITYYHOI'O IHTEJIEKTY JJISA
OBPOBKU CTPYKTYP METAJIIB I CIIJIABIB

0. C. Boaennikosa! k.T.H., 1o11., C. A. Bogennikos? 1.1.H., mpod.

13anopisbkuii HANIOHAJLHUT YHIBEpCHTET, M. 3aMIOPikKs
HauionannbHuii yHiBepcHTeT «3anopizbKa mojirexuika», M. 3anopixiks

B po6oTi npoananizoBano BriuB mry4yHoro iHTenekty (I11) Ha ocBiTHIN mpoliec, 30kpeMa Horo MOKIUBOCTI
Ta OOMEXEHHs JJIS BCIX YYaCHHKIB OCBITHBOTO IpOIECY. 30CEPeKY€EThCS yBara Ha 3aCTOCYBAaHHI IITYYHOTO
IHTEJIEKTY TiJ] 9ac JUCTAHIIIHHOTO HaBYaHHSI SIK BIPTyaJIbHOTO TIOMIYHHKA )11 BAKOHAHHS JJAOOpaTOPHUX POOIT 3a
cnenianbHicTioO G10 «Mertanypris». besymoBHO, BipoBakeHHS 1HPOPMALIHHIX TEXHOJIOT1H B OCBITHIN IPOIIEC €
OJIHMM 13 HampsMIB MOJIEpHi3allii CUCTEMHU BHINOI OCBITH, SKHH HE TIUIBKH PO3IIMPIOE TOPU3OHTH OCBITHIX
MO>KJIMBOCTEH, 3MIHIOE CIIOCOOM TepeIayi 3HaHb, aje 1 3a0e3neuye BUCOKY e(DeKTHBHICTh OCBITHBOTO MPOLIECY Ta
MOKpaIIy€ SAKICTh 3HaHb 3700yBayiB BHUIIOI OCBITH.

B po0Gorti akueHTyeThcs yBara Ha BHKOPHCTAHHI Cy4YacHHUX 1H(QOpPMALIHHUX TEXHOJOTiH mpu poOoTi 3i
CTPYKTYpaMHU METaIIB 1 CIUIaBiB sIK 00’ €KTaMH JTOCIIIKEHb TIPH CTBOpeHHI 300pakeHb HanoApt. [lokazano, 1o
HanoApt sx cum0i03 HayKd Ta MHUCTELTBA Bi3yalli3ye HEBHIMMHI CBIT aTOMIB 1 MOJEKYJ, BiJoOpa)xarouu
3aKOHOMIPHOCTI TPUPOIH, K1 IPUCYTHI SIK HA MaKPO-, TaK 1 HA MIKPOPIBHSX. 3a3HAYA€THCS, IO TIPOIIEC CTBOPECHHS
HAHOCTPYKTYP METaJiB 1 CIJIaBiB BiAOYBA€TbCs 3aBASKH MPOBEIEHHIO (I3MYHMX EKCIIEPUMEHTIB, MICIS SKHUX
OTPUMYIOTH 1X 300pakeHHS 3a JOIOMOTOI0 €JIEKTPOHHUX MIKPOCKOIIB, a BXXE MOTIM «MHUTI» OOpOOJSIOTH IIi
300pa’keHHS 3a JIOTIOMOTOI0 Pi3HUX TpadiuHUX PEJaKTOPiB, CTBOPIOIOYHM Pi3HOOAPBHI KAPTHHU — 300paskeHHS
HanoApr.

ITpu cTBOpeHHi 300pakeHb HaHOAPT B AKOCTI «poOOYOro» 1HCTPYMEHTY MOKJIMBHM € BUKOPHCTaHHS SIK
mTy4yHoro intenekty (Hanpukiaan, ChatGPT), tak 1 rpadiuanx penakropiB (Hampukian, Adobe Photoshop CS Ta
Paint 3D). IlokazaHo MexaHi3M NEPETBOPEHHS YOPHO-OLIOr0 300pa)kKeHHS CTPYKTYpH MeETalliB 1 CILJIaBiB B
PI3HOKOJIbOPOB1 KAPTHUHU, B SIKUX 3aBASKH CBOEMY TBOPUYOMY ITIIXOAY Ta 1HOJI «IOMAJIOBAaHHIO» JIEAKUX JeTaleh
300pakeHHs aBTOpH OauaTh 30BCIM HOBI, a IHOI 1 HECTIO[iBaH1 KOMITO3HIIIT — Neii3axi, TBApUHU, IPESIMETH Ta 1HII1
300pakeHHs. [Ipu 3acTocyBaHHI MITYYHOTO THTENEKTY JJIT OOPOOKH CTPYKTYp METaJliB Ta CIUIABiB mepes ado mif
yac npianory 3 ChatGPT nans HamamrtyBaHHS BiJIOBIAI CIiJ pPOOUTH MpaBUIIBHI MPOMOTH, TOOTO IMOCIIIOBHO,
KOHKPETHO Ta YiTKO JIaBaTH KOMaH/IW, YHUKAIOUU HAJIMIPHOT 3arajIbHOCTI Ta 1HO1 IEPEBIPSAIOUH 1 JOOTPAIILOBYIOYH
MIPOMIIT.

Otxe, oTpumani 300pakeHHs HAaHOAPT yocoOII0I0Th HE TUIBKK Kpacy HayKH, ajie 1 ii TBOpUYMH MMOTEHITIal.
B3aemogis MucTenTBa Ta HAHOTEXHOJIOTIH B CBOIO UePry J03BOJISE:

— TIOMYJISIPU3YBATH Cy4acHe YKpaiHChKE MUCTEITBO SIK MO€HAHHS iHHOBAI[IHOTO AM3aiiHy (32 TOTIOMOTO0
rpagiqHOTo TU3aiiHy) Ta HAHOTEXHOJIOTH;

— MPUBEPHYTH yBary 3akKJajiB BUIIOI OCBITH, HAYKOBHX CITUIBHOT, MIANPHUEMCTB Ta 1HIIUX YCTaHOB JIO
CYy4aCHOT'O KpEaTUBHOTO MHCTEIITBA Ta HOBITHIX TEXHOJIOTIH;

— TI0Ka3aTH cMM0103 HayKH Ta MECTEITBA, SKi € HacaMIepe ] CKJIaJJOBUMHU TBOPYOTO MPOIIECY Ta JIOTIOBHIOIOTh
1 YTOCKOHAJIOIOTh OJIMH OJTHOTO, a B CBOTH €THOCTI BIIKPUBAIOTh HOBI TOPU3OHTH Ti3HAHHS BCECBITY.

TakuM YWHOM, BCTaHOBJICHO, IO INTYYHWH IHTEICKT BUSBIAETHCS CPEKTHBHHUM I1HCTPYMEHTOM JIJIs
OINTUMI3AIlil OCBITHBOT'O MPOLIECY Ta MPUCKOPEHHS Mporpecy Ha HULsixy ao Llum cramoro po3Butky 4 «SIkicHa
ocBiTa». Bu3HaueHo, MO MTYyYHUI 1HTENEKT MOJErmye poOOTy sSK HAayKOBO-TIEAAroriYHUX MpPAIiBHUKIB, TaK 1
3100yBayiB BUIIIOT OCBITH, CTBOPIOIOYHN MIMPOKI MOXKIIMBOCTI JJISl IIABUILICHHS SKOCT1 OCBITH. AJie BCE K TaKH BiH
HE MOXE 3aMIHUTH TPaJWIliifHE HaBYaHHS, a € TUIBKMA MOMIYHHUKOM, 3JIaTHMM 3HA4YHO 30araTHTH OpraHi3alliro
OCBITHBOT'O MIPOIIECY Ta MiJBUIIEHH] SIKOCTI HaJJaHHSA OCBITHIX MOCIYT 32 YMOBH €THYHOTO Ta PallioHAILHOTO HOTO
3aCTOCYBaHHSI.
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IHHOTVIMHAHHSA IHEPTHUX I'A3IB TA YTBOPEHHA IIOP B I'PAHYJIAX KAPOMIITHOT'O
CILUTABY 311975MI1

0. C. Boaennikosa! k.T.H., 1o11., C. A. Bogennikos? 1.1.H., mpod.

13anopisbkuii HANIOHAJLHUT YHIBEpCHTET, M. 3aMIOPikKs
HauionannbHuii yHiBepcHTeT «3anopizbKa mojirexuika», M. 3anopixiks

Ha crorogni 0co611BO akTyalbHUM € OTPUMAHHS KapOMIITHUX CIIJIaBIB 3 MIHIMJIBHUM BMICTOM 1HEPTHHUX
rasi, Takux sk Ar, He ta Ne. HasBHicTh 1mop 3 iHEpTHHM Ta3oM B YaCTHHKAX MOPOIIKY 3HHXKYIOTh CIykOOB1
XapaKTEPUCTUKA BHPOOIB, TPUUOMY HAWOUIbIIE BIUIMBAIOTH Ha  SIKICTh KAPOMIIIHUX  CILJIaBIB
BHYTPIIIHEOYACTUHKOBI TIOPH.

Cepen MeToAiB OTpHMaHHS >KapOMIITHUX HIKEJIEBHX CIUIABIB CJiJ] BIIMITHTH Ta30BE a0 BIIIIEHTPOBE
posmuieHHaM. [lpu ra3oBoMy pO3NUIICHHI B MOPOIIKOBUX YaCTUHKAX YTBOPIOIOTHCS TOPH, 3alIOBHEHI ra3oM-
HocieM. HasiBHICTh MIOp B TOPOITKOBUX YaCTHHKAX 3YMOBHJIO MOSIBY IMTOPUCTOCTI Y KOMIIAKTHOMY MaTepiaii.

Mertoto naHoi poOOTH € BU3HAYEHHS KUIHKOCTI aproHy B MOPOLIKY apoMinHoro craBy JI1975MII na
PI3HHUX CTaJIAX OTPUMAHHS METOJIOM T'a30BOTO Ta BIAIIEHTPOBOTO PO3MUJICHHS.

TexHozorist OTpUMaHHS PO3MHJICHUX TpaHys >KapOMIIIHOTO CIUIaBy Ha OCHOBI Hikemro Tumy OI1975MIIT
smiicHioBanacs B ymoBax JII «YkpH/lIcmernicrane» Ha yctaHoBkax raszoBoro (Yp)XXMB-3) Ta BimueHTpoBOTO
po3nunenus (YBPLI).

[Ipu mocmimkeHHI BIUIMBY Yacy BUTPUMKH PO3IUIaBY B aproHi (Ar) Ha MOPHUCTICTh PO3MUIICHOTO Ta30M
MOpoIIKy OyJiI0 BCTaHOBJIEHO, IO 31 301JbIIEHHSIM 4Yacy BUTPUMKH po3IUiaBy B aprosi 3 8 mo 40 xB. mepen
PO3MUIICHHSM YacTKa MOPUCTUX YACTHHOK B IMOPOIIKY B 3aJIEKHOCTI BiJ (ppakiiii 3poctae 1o 1,4 pasis. Y 3B's13Ky 3
IIUM MO>KHA IIPUITYCTUTH, 1110 OJHUM 3 MEXaHI3MiB YTBOPEHHS IOpP B YACTUHKAX € MOTIMHAHHS aproHy pPO3ILIaBOM
MIPU BUTPUMIII 3 TOJIAJIBIINM YTBOPEHHSIM MOP B KPaIUISX PO3IIABY.

MikpoCTpyKTypHUI aHami3 kapominHux cruiapy II1975MII nokasas, 1m0 HOpH MpU Ta30BOMY PO3MUJICHHI
chepudHi 3 YITKUMHU KpasMH, TIPU 4OMY OUTBHII BeIWKi (pakiiii OLTBIIOK MipOI0 BpaKeHI MOPOKHEYAMHU Ta
aprOHOM.

3a A0MOMOr00 Mac-CIEeKTPaIbHOr0 METOAY OyJI0 BU3HAUEHO MAaCOBY YaCTKY aproOHY B KapOMIIIHUX CIUIaBaXx.
JocnipkenHs: BMicty aprony B cruiaBi JI1975MII Ha pi3HUX CTajiiix TEXHOJOTIYHOTO MpOILECy MOKa3ald Ha
30UJIBIIEHHST MAacOBOi YaCTKHU aproHy IICJS Ta30BOTO PO3MHJICHHS 3a PaxXyHOK CTAaTUCTUYHOI Ta AWHAMIYHOT
B3a€MO/Iii IHEPTHOTO Ta3y 3 METAJIOM.

[Ticns nnaBieHHs 1 BAKYyMYBaHHs PO3ILIaBY MPH 3auIIKoBoMY TUCKY 5 [1a B mpoOax MeTairy MacoBa yacTka
aprony pocsrae 3aauenss 1-107 %, a micis ra30Boro po3nuiaeHHs gocsrae Mex 2,3-107% % .

BinueHTpoBe poO3NUIICHHS METAleBUX PO3IUIaBiB J03BOJSE MPHU BITHOCHO HEBEIMKHUX EHEprosarparax
OTPUMATH KOMIIAKTHI TMOPOIIKH 3 MaJHM PO3KHJIOM YacTUHOK 3a po3Mipamu. YacTHHKAM IOPOIIKY BIIACTHBA
HasIBHICTh T'a30BHX IOp, Kl YTBOPIOIOTHCS 32 PaXyHOK MOYATKOBOTO 3aXBaTy ra3y MpU BUTPUMII pO3IJIaBy B
IHAYKIIAHIA 1edi Ta Horo nepenuBaHHI y MeranonpuitmMad. [lopu mpu BiALEHTPOBAaHOMY PO3MWIEHHI JApiOHI,
HenpaBWIbHOT (OpPMH 3 pBaHMMHU KpalKamH, IPU YOMY KIJIbKICTb YAaCTUHOK 3 MOPOKHEYaAMH MPAKTUYHO HE
3aJISKUTH BiJ 1X PO3MipiB. AProH 3aXOIUTIOEThCS METAJIOM TUIBKU B MPOLEC PYyXy IO AUCKY, a HE 32 PaxyHOK
cmabKoi ra30/IMHaMIYHOIT B3aEMO/IIT ra3y Oe3MmocepeTHhO Ha Kparuli PO3IUIaBYy.

Takum 4MHOM, TICIs HAIyCKy aproHy B KaMmepy Iedi MOro KuIbKiCTh B MeTaji 30UIbIIYETHCS, a MpPHU
MOAAJIBIIIOMY BiIIEHTPOBOMY PO3MHJICHH] HE 3MIHIOETHCS B TIOPIBHSHHI 3 Ta30BUM PO3THIICHHSIM.

OTxe, aHai3 MEXaHI3My YTBOPEHHS IOpP B IpaHyJjax >KapoMII[HOTO CIIJIaBy Ha OCHOBI HIKEJIO TIOKa3aB Ha
BiJICYTHICTb «pO3uMHEHHs» Ar a6o cymimi Ar-He B pinxomy a6o TBepioMy cTaHi IIpH piBHi aprony mo 1-107* %
Mac. 3a J0MoOMOro (i3U4HUX Ta TEXHIYHUX METOJIB BCTAHOBJIEHA MOXJIMBICTH 3HAYHOTO 3MEHIICHHS BMICTY
aprony B kapomirtHomy criaBi DI1975MIT.
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VJIK 621.77:004.8
BUKOPUCTAHHSA HITYYHOI'O IHTEJIEKTY ITIPU OBPOBII METAJIIB TUCKOM

0. C. Bonennikosa! k.1.H., go1., C. A. BogenHikos? a.1.H., npod., K. I. ®ypJer !

13anopisbKkuii HAiOHAALHUI YHIBEPCHTET, M. 3aMOpiKKs
’HanioHaabHUil yHiBEpCHTET «3aM0Pi3bKa MOJTITEXHIKa», M. 3aM0piKkKs

[ryunuii iaTenext (LLI) cTae KIOYOBHM €IEMEHTOM CY4YaCHUX TEXHOJOTiIH OOpPOOKM METaliB THCKOM
(mTammmyBaHHS, KyBaHHS, NMPOKaTKa, €KCTPY3is Ta IHKpEeMEHTalbHE (POpMyBaHHS) 1 MOXKE BUKOHYBATH POJIb
IHTENEKTYaIbHOTO MOAYJISI KepyBaHHS, AIarHOCTUKHU Ta onTuMizauii. [loegHanHs ceHCOpUKHU (HANPHUKIAJ, TUCK,
TeMrieparypa, aedopmaiiis, Bidparrii), MOTOKIB JaHUX Ta MOJEJICH MAITMHHOTO HaBYaHHSI 03BOJISIE T ITPHUEMCTBAM
OTPUMYBaTH ONEpPATHBHI PIIICHHS LIOJAO0 KOPEKIii peXHMiB y peajlbHOMY 4Yaci, NMPOTHO3YBaTH JEPEKTH Ta
MJIaHYBaTH TEXHIYHE 0OCITyTrOBYBaHHSI.

VY texHonoriyHOMYy Ii1aHi 3actocyBanHs LI Mo)kHa pO3TIISTHYTH Yepe3 Taki HalpsiIMH:

1. [IporHo3HEe MOJIETIOBaHHS MaTepiaibHUX BIACTHBOCTEH y X071 TepMoMexaHIdyHOT 00poOku. Hampukian,
HEHpoHHI Mepexi Ta perpecis Ha 0a3i Gaussian-mporeciB 3aCTOCOBYIOTbCS Ul IMPOTHO3Y IIACTUYHHUX
nedopmariiii, TBEpAOCTi, MIKpOCTpYKTypH. Lle 103BoIIsIE iATPHEMCTBAM Tiepe0avaTH, Ik OBEACTHCS 3arOTOBKA
nig 9ac 00poOku. JlociimKeHHs TOKa3yIoTh, IO Y MPOIECax JUCTOBOrO (POPMYBAaHHS METOJIOM IHKPEMEHTAIBHOTO
dbopmysanus (ISF) Bukopucranas ANN-mozaenelt 703BOJISIE CKOPOTUTH CEPEIHIO TOMUIIKY (POPMOYTBOPEHHS 10
~68,5 % [1].

2. OnTuMmizaiiss peXuMIB Tapsdoi IMTaMIyBaHHS 1 MPOKATKH. AJTOPUTMH ONTHMI3aIlii Ha 0a3l JaHuUX
(Bayesian Optimization yu noxit migkpimieHasm (Reinforcement Learning)) MOXyTh MiATPUMYBaTH ONTUMAbHI
TEeMITIepaTypHO-TUCKOBI mpodii. JlocaipKeHHS TOKa3y0Th, 10 TaKi MiIX0IU J03BOJISIIOTh 3HU3UTH BaplaTUBHICTh
BJIACTUBOCTEH rOTOBUX BUPOOIB, SMEHIIIUTH €HEPrOBUTPATHU Ta MiABUILUTH CTa0lIbHICTh BUPOOHUIITBA [2].

3. MonitopuHr y mporieci (in-process monitoring) — aHaji3 4aCOBUX PSIIB BiJI CEHCOPIB JIJIsi BUSBIICHHS
aHOMaJIii Ta MPOTHO3y BiAMOB. Hampukiaz, y mpoKaTHUX CTaHaX 3aCTOCOBYIOTHCS MOJIEINI YacOBOTO PALY, SKi
BH3HAYAIOTh MOJIii TUIY OOPUBY CTPIYKK a00 aHOMaJTil 3BapIOBaHHS, KOPETYIOUN TOJIOKEHHS BaJIKIB UM TOBIIUHY
B peasbHOMY 4aci [3].

4. Kopexiris TpaekTopii iIHCTpyMEHTa y mporiecax iHKpeMeHTaiabHoro dopmyBanHs ymcta (SPIF) 13 meToro
3MeHIIUTH spring-back Ta reomerpuuni moxubOku. Hampuknan, 3aBnsku ML-mozensm Branocss MoanikyBaTH
IUBSIXA IHCTPYMEHTA ¥ MIBUAKOCTI 110/1a4l Tak, 0 TOYHICTh (POPMOYTBOPEHHS CYTTEBO MOKpammiachk [ 1, 4].

Takum unnoM, LIl B mporiec 0OpoOKU MeTasiB THCKOM € CTPATeTriYHO BaXKJIMBUM KPOKOM JUIS ITiIBUIICHHS
KOHKYPEHTOCITPOMOXKHOCTI CYYacCHHX METIYPTIMHUX MIANPHEMCTB. [HTerpailis CEHCOPHHMX TEXHOJIOTIH,
QITOPUTMIB MalTMHHOTO HABUAHHS Ta MU(POBUX IBIWHUKIB BiJKPUBAE MOKIMBOCTI JJISl SKICHOTO MOKpPAIEHHS
BUPOOHWYMX TIOKA3HUKIB: 3HIKEHHS PIBHA Opaky METaJONpOIyKIlii, ONTHMI3allii €HepProCloXHUBaHHA Ta
MiJBUIICHHS] THYYKOCTI TEXHOJOTIYHHUX mporieciB. KiouoBMME YHHHUKAMHU YCIIITHOI peanizaiii € cCHCTeMHUI
miaxig mo mudposizaiii BUpOOHUIITBA, €TamHE BOpOBaKEHHsS Al-pimieHp yepe3 MiJOTHI MPOEKTH, peTeabHa
BaJIiJAIlisl MOJIEJIeH B pealbHUX YMOBAX 1 KOMITJIEKCHE HABYaHHS TEXHIYHOTO TIEPCOHAITY. 32 YMOBH 30a71aHCOBAHUX
IHBECTHIIIN B 1HQpaCTPyKTypy Ta KOMIETEHIIIi, Tepexia M0 MOBHOIIHHUX Al-KepoBaHWX BUPOOHHYUX JIHIN €
IIJTKOM JTOCSDKHHUM 3aBJIaHHSIM y HalOmmK4l 3—5 poKiB.
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IHIAI'OTOBKA XOJIOAHOTI'O MOAEJIIOBAHHSA ITPOLECIB JIEI'YBAHHS METAJIEBOI'O
PO3IIJIABY

C. B. I'pekos, B. II. I[linTO0K, K.T.H., ¢.H.C., C. €. Cam0oxBaJ10B, 1.T.H., MIPO.
IncruryT yopHoi meraayprii im. 3. I. Hekpacoba HAH Yxkpainu, M. /{Hinpo

[TonepeaHiMu AOCTIHKEHHIMHA METOJIOM MAaTEMAaTHUYHOTO MOJICIIOBAaHHS BCTAaHOBIICHO BIUIMB KiTBKOCTI
IIMATKOBOI JIETYI040i J00aBKM Ha 3MIHEHHS T1JIPOJIMHAMIYHHUX 1 TEIJI0-, MACOTIEPEHOCHUX YMOB B 30H1 KOHTAKTYy 3
METaJICBUM PO3IUIABOM B KOPOTKOTPHUBAJIHMH Yac 3 MOMEHTY MOTpPAIUISIHHA J00aBKU B piakuii mertan. OgHak, B
3B’SI3Ky 3 BIJCYTHICTIO Ha TENEPINIHIM Yac B JITeparypl HEOOXITHWUX IIBHUAKICHUX IapaMeTpiB, HEMOMIJIHBO
NEPEeBIPUTH HA aJeKBAaTHICTh TEOPETUYHO OTPHMaHI pe3yJbTaTH, L0 BHUKIMKAJIO HEOOXiIHICTh MPOBEACHHS
JOTaTKOBUX JIOCTIIPKCHb 3 METOI0 BU3HAYCHHS BIJICYTHIX JaHUX. TakuM 4MHOM Oysa BCTaHOBJIEHA JOIUIBHICTh
MIPOBE/ICHHS CIIELIATbHUX EKCIIEPUMEHTIB 3 XOJIOJHOTO (hi3UYHOTO MOACTIOBAHHS.

[linrotroBKa 110 EKCIMEPUMEHTAJIBHOTO JOCTIIKCHHS CKJIQJIHUX  METaIypriiHUX MPOIECIB, A0 SKHX,
Oe3mepeyHo, MOXKHA BIJIHECTH 1 BH3HAUEHHS IIBHJIKICHUX HapaMeTpiB TiApOJWHAMIKH METaJeBOrO pPO3IUIABY,
METOZOM XOJIOJHOTO (PI3UYHOTO MOJIETIOBAaHHS € 000B S3KOBHUM 1 BIJIMOBIaJIbHUM €TAINlOM Iepe]] BUKOHAHHIM
3aIJIaHOBaHOi poOOTH. BUKOHAHHS MIATOTOBYOrO MPOLECY MOYald 3 MiA0Opy MarepialiB-iMITaToOpiB JIETYIOUUX
n006aBok (mMatkoBuX (gepomapraniro Mmapku PMHu78 ta depocimimito mapku DC45), ski B OUTBIIOCTI BUTIAIKIB
BUKOPHUCTOBYIOTHCSI ITPH BUPOOHUIITBI CTali, @ TAKOXK TpacepiB, 1[0 BU3HAYATUMYTh HANpPSMHU 1 IIBUKOCTI IOTOKIB
BOJIM-IMITaTOpa METAJIEBOT0 Po3IIaBy. Bubip MaTepiaiiB 1 iX KUIBKICTh 3A1MCHIOBAJIA 3 BUKOPUCTAHHSIM KPUTEPIiB
MOJIOHOCTI 1 3 JOTPUMAHHIM pPeajJbHUX MPOMHUCIOBUX YMOB 3aCTOCYBaHHS JIETYIOUUX MaTepialiB.

HactynmauM KpokoM ToTOBWIIH JTabopaTopHE 001aHEHHS. B SKOCTI KOBIIIa BHKOPHCTOBYBAJIH HOTO MPO30PY
Mojienb Kadenpu enektpomeranyprii iM. akaj. M.l.I'acuka HaBuanbHO-HayKOBOTO IHCTHTYTY «JIHITPOBCHKUI
METaTypriiHUNM IHCTUTYT» YKpPaiHCHKOTO NEPKaBHOTO YHIBEPCHUTETY HAayKH 1 TEXHOJIOTiH. BukopucroByBamm
TaKOX Bifeo (pikcyrouye ycTaTKkyBaHHS, Komrpecop, perictparop AIILl Ta inme. 3 MeTor0 BU3HAYCHHS BIUIMBY
TYCTHHH IMITaTOpa METaJIeBOrO PO3UMHY Ha HOTO €JIEeKTPONPOBIAHICTh 3aCTOCOBYBAJIM IMMIMATKOBY TTOBAPEHY Cilb.
Jnst 3aMipiB €IeKTPUYHUX CUTHAJIIB 110 BHYTPIIIHIM CTIHKaM MOJIENI KOBIIA PO3MICTIIIN 12 eNeKTpo/iB, a TaKOXK
oOJyaHaM Ha KOBII BUMIPIOBAIBHI IPUCTPOT, K1 pO3TANTYyBAIH y 3-X B3aEMOIIEPIICHIUKYIISIPHUX HANTPsIMKax (Ocl
X, Y, Z) JJI1 MOXKJIMBOCTI PO3pPaxyHKIB IIBUAKOCTI MMOTOKIB 3 (DiIKCOBaHUX CTOM-KAJPiB B pi3HI MOMEHTH Yacy.

[IpoBenu TecToBi BUMPOOYBaHHS 3MOHTOBAHOI CXEMH JaOOPATOPHOTO EKCIIEPUMEHTAILHOTO O0JIaqHEHHS,
BUSIBWIM 1 JIKBIIyBalu JesKi HeAodiku. [lepexoHanuch B Ji€34aTHOCTI OONAgHEHHS 1 WOro TOTOBHOCTI 10
3aIlJIAaHOBaHMX CKCTIEPUMEHTAIBHUX JOCIIIKCHb.
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METOJIUKA AITIPOKCIMALIIL JIIATPAM JE®OPMAILIIL IPU BUITPOBYBAHHI HA PO3TSAT
CTAJIEBOI APMATYPH 151 3AJIIBOBETOHHUX KOHCTPYKIIIA

M. 10. Am0Opasxkeii, E. B. [1apycoB A.T.H., ¢.H.C.

IncruryT yopHoi meraayprii im. 3. I. HekpacoBa HAH Ykpainu, m. /lHinpo

Hiarpamu  aeopMmyBaHHS  «HampyXeHHsS—Jepopmauis» €  (YHIAMEHTAIBHUM  IHCTPYMEHTOM Yy
Marepiajlo3HaBCTBI Ta 1H)KEHEPHIW TMpakKTHIl, Hajawuu rpadivyHe ysSBICHHS MEXaHIYHOI peakilii Marepiaxy Ha
NpUKIaJeHe HaBaHTaxeHHs. LI nmiarpamm, onepkyBaHi 3a3BUYail MmiJ uYac BHUIPOOYBaHb Ha OJHOBICHE
PO3TATYBaHHS, € OCHOBOIO KIUIbKICHOTO BHM3HAYCHHS HAWBAXJIMBIIINX MEXaHIYHHX XapaKTEPHCTUK: MOIYJIS
NPY>KHOCTI, TPaHUL IUIMHHOCTI, MIITHOCTI 1 TOKa3HUKIB IJIACTUYHOCTI (BITHOCHOTO MOOBXKEHHS, 3By KEHHS TOILO).
3HaHHSA [HUX BJIACTUBOCTEH KPUTHYHO BaXJIMBE JUIsi OOTPYHTOBAHOTO BHOOpPY MaTepialliB NMPH MPOEKTYBaHHI
KOHCTPYKIIIH, OLIHKKA IXHBOI HECY4Oi 3JaTHOCTi, IPOTHO3YBAaHHS MOBEIHKM B yMOBax eKCIUTyaTalii Ta JuIs
KOHTPOJTIO SIKOCT1 TIPOTYKITIT.

Onnak iH(poOpMalis, 0 MICTUTBCS Y JAiarpami po3TATyBaHHS, HE OOMEXY€EThCS JIMILIE IUMHU CTaHAAPTHUMHU
napametrpamu. [ToBHMI aHami3 Gpopmu KpuBOi, 0COOIMBO B 00JIACTI MIACTHYHOI Aedopmaliii, T03BOJISIE OTPUMATH
JOJIATKOBY 1H(MOpPMAIIiI0 PO MEXaHI3MHU 3MIITHEHHSI, CTa0IIBHICTh TJIACTUYHOI Tedii, YyTIUBICTh O IIBUAKOCTI
nedopMyBaHHS Ta TEMIIEpaTypH, a TAKOXX OILIHWTH 3[aTHICTh Marepiady A0 TOIVIMHAHHS €HEeprii Ta omopy
pyiiHyBaHHIO. PO3yMiHHS IMX acHeKTiB HEOOX1IHE JJIs1 MOJICTIOBAaHHS IIPOIIECiB 0OPOOKH METaIiB TUCKOM, a TAKOXK
JUISL aHaI3y TOBEMIHKM KOHCTPYKIIA 3a CKJIQJHHMX, y TOMY YHCIl JUHAMIYHUX 1 IUKIIYHUX, PEKUMax
HaBaHTaXEHHA. Tak, METOIMKU BU3HAYCHHS CTymNeHs aedopMarlliiiHoro 3minHeHHs n (tensile strain-hardening
exponent) aKTHUBHO BHUKOPHUCTOBYIOThCs 3a ctaHmaptamu ASTM E646, ISO 10275 nnst omiHKM 31aTHOCTI 0
XOJIOJTHOTO TIACTUYHOTO Ae(OpPMYBAHHS JINCTOBOTO MPOKATy Ta mTabd. BpaxoByroun MIMPOKY pO3MOBCIOIKEHICTh
apMaTypHOTO MPOKaTy, 0OCAT CBITOBOrO0 pMHKY sikoro 3a nmanumu Mordor Intelligence Inc y 2025 pomi cknamae
144,75 MH. T., cTa€ OYEBUIHUM, IO OTPUMAHHS JOJATKOBOI iH(GOpMAIIii PO MOBEAIHKY CTaJICH JJIs BATOTOBICHHS
apMaTypHOTO MPOKATy Ta OIliHKa HOro eKCIUTyaTalliiHIX XapaKTePUCTUK € aKTyallbHUM HanpsiMoM. [Tokazano, mo
iCHy€ TIeBHA TIO3UTHUBHA KOPEJIALIS MK XapaKTEPUCTHUKOIO TUIACTHYHOCTI A Ta TIOKa3HUKOM # apMmatypu [1], mo
BAYJIMBO i 3a0€3MeueHHs] BUCOKOI IIACTUYHOCTI Ay MPHU eKCIUTyaTallli B yMOBaxX CEHCMIYHMX BIUIMBIB, alie
HasiBHAa METOJIMKA BU3SHAUCHHS /1 € CKJIQIHOIO Ta HETOYHOIO.

3anporoHOBaHO CIPOIICHY METOAMKY ampoKcuMaIllii giarpaMm aedopmariii mpu BUIPoOyBaHHI Ha PO3TAT 3a
HACTYITHUM aJITOPUTMOM:

1. [TepebynoBa HasBHOI MaIIMHHOI miarpamMu JaeOopMyBaHHS Ha PO3TATYBaHHS B JIMCHY giarpamy
neopMyBaHHS BUXOJSIUM 13 3aKOHY 30epeXeHHS 00’ eMy.

2. Anpokcumartiss JiISHKA 30HW JedopMariidiHoro 3MIIHEHHS (10 TOYKHM JioKamizamii medopmarrii)
MonudikoBaHUM piBHAHHAM XoimomoHa S = Kf(e-e,)", ne S, e — piiicHI HampyXeHHs Ta Jedopmariii,
K — xoedimient nedopmarivinoro 3minnenHs (MIla), n — eKCIOHEHIIMHUN TTOKa3HUK CTyIeHs aedopMaliiiHoro
3MIIIHEHHS, €, — TIONPaBKa Ha MOJATIIMBICTh OCHAIIICHHSI.

BukopucTaHHs 3amponoHOBaHOT METOJWKM JIO3BOJISIE BHU3HAYATH TIOKa3HMK 7 03 BHKOPHCTAaHHS
EKCTEH30METpY.

JlirepaTypHi n:xepena
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OLITHKA BJACTHUBOCTEN XPOMOBMICHHUX HIJIAKIB 3 TO3HUIII MIZKATOMHOI
B3AEMO/II B PO3ILIABAX

A. O. CTenaHeHKO K.T.H., A. I. beabkoBa k.T.H., /I. M. Toroounbska a.1.1., npod., H. €. Xogorosa

IncruryT yopHoi meraayprii HAH Yxkpainu, M. JIHinpo

ParionanbHe ynpasiiHHS NpoLecaMy IUTAKOYTBOpeHHS B OaratokoMmnoHeHTHiH cuctemi CaO—-Si0—-Al0s—
MgO-FeO/Fe:0s—MnO, mo mHpoKo BUKOPUCTOBYETHCA IMPHU BHUIUIABII (EPOXPOMHCTUX CTallel, € OJHUM 3
BU3HAYaJIbHUX (PaKTOPiB s 3a0e3MeUYeHHs] BUCOKOI SKOCTI CTalll Ta eHeproeeKTHBHOCTI BUPOOHULITBA. OKCHT
xpomy Cr20s, 1110 IEpPeXoIUTh Yy LUIAK 13 METaJIeBOT BAHHU, HAJIa€ ICTOTHUN Ta CKJIaJHUHN BIUIUB HA HOro (i3uKo-
XIMI4HI BIIACTUBOCTI.

HesBaxaroun Ha HasBHICTh BEIMKOI KUIBKOCTI TyOsikarii, komruiekcHui BIMB Cr2Os Ha BIACTHUBOCTI
0araTOKOMIIOHEHTHUX MIIaKiB (B'SI3KICTh, TEMIIEpATypa IUIABJICHHS, EJICKTPOIPOBIIHICTD, 3aTHICTh padiHyBaTH)
3alIUIIA€THCA HEAOCTaTHHO BHBUEHHMM. Hemae cHCTeMHUX [aHUX, L0 ONUCYIOTh Ii 3aJIEKHOCTI MPH PI3HUX
koHIeHTpauisix Cr20s.

Okcua XpoMy BHSIBJISIE TOJBIMHY NPUPOIY, IO BHU3HAYA€ WOTrO HEOJAHO3HAYHHWI BIUIMB Ha B'SA3KICTh
[IJJAKOBOTO po3raBy. IlpW HU3BKUX KOHLEHTPAISX OKCHA XPOMY 3HMXKY€E B'S3KICTh IIUIAKy, NPU BUCOKHUX
KOHIEHTPALISX BiH BUCTYIAE B POJI1 CTPYKTYPOYTBOPIOIOYOTO KOMIIOHEHTA, MOAI0HO 10 S102, 110 NPU3BOIUTH 10
3011bIIeHHS B'13KOCTI. Jlo1aTKOBE MiABUILICHHS B'SI3KOCT1 BiIOYBA€ThCS Yyepe3 KPUCTaIi3allilo TYTOIUIaBKUX CIIOIYK
IIUTAKy, TAKUX SIK IITTUHEI, IEPOBCKIT 1 IOHATUT, B 00CA31 IIIAKY.

IcHyto4i JOCHIKEHHSI BIUIUBY OKCHIY XpOMY Ha €JIEKTPOIPOBIJHICTh IUIAKIB IOKAa3ylOTh TaKOX
cynepewinBl pe3ynbTaTd. Jleski myOumikariii cBig4aTh Mpo 3HWKEHHS MPOBITHOCTI, 1HII — TPo i1 3pOCTaHHS YH
aHOMAaJIbHI TeMIlepaTypHi 3aiexHocTi. Llelf acmekT € cepilo3HOI MPOTraJuHOI0 y PO3YMiHHI BIIACTHBOCTEH
[IUTAKOBUX CHCTEM 1 MOTPeOye MOTINOICHOTO BUBYCHHSI.

B Cr20s He MOXXHA pO3TJIsaTH 130bOBAHO, OCKUIBKM BiH TICHO MMOB'SI3aHUM CHHEPTeTUYHUMH Ta
AQHTAarOHICTHYHUMH B3aeMoAisiMu 3 iHImMMH okcuaamu (CaO, SiO2, Al.Os, MgO, FeO, MnO). [Ins koMriekcHOT
OLIIHKM BJIACTUBOCTEH IIJIAKy JOLIIHHO BUKOPUCTOBYBATH IHTETpaJbHI MapaMeTpyu MOJIENI OKCUAHOT CHCTEMH, 110
TPYHTYIOThCS Ha KOHIICTIIi CHPSIMOBAHOTO XIMI4HOTO 3B's3Ky [1]. BukopucranHs 1ux mapameTpiB J03BOJISIE
BpaxyBaTH CYKyITHHI BIUIMB BCIX KOMIIOHEHTIB CUCTEMH Ha ii KiHII€BI BJIaCTUBOCTI.

JlocmiIKEHHSIMH BCTAaHOBJICHO BHCOKHMH PIBEHB 3B'A3KY B'S3KOCTI IIAKIB, 11O MICTATH XPOM, 3 XIMIYHUM
eKBIBAJCHTOM CKJIaay Imiaky (Ae) 1 mapamMerpoM XiMi4HOI iHOMBIAYyaJbHOCTI KaTiOHHOI MiZpeunTku (tgo).
[Tokazano, M0 NITAKKA PI3HOTO TEXHOJOTIYHOTO MPU3HAYCHHS MOXYTh OyTH 11eHTH(}IKOBaHI 32 KOHKPETHHUMH
3HaYEHHAMU Ae.

BukoHaHl MOCTIDKEHHSI MIATBEPDKYIOTh JOIUIBHICTE Ta €()EKTUBHICTP BHUKOPUCTAHHS 1HTETPATbHHUX
napaMeTpiB CKJaly OKCUIHOI CUCTEMH JJIsl IPOTHO3YBAaHHS Ta OIIHKH BJIACTHBOCTEH IIUIAKIB, IO MICTATh XpOM, 3
METOIO ONTUMI3AIlil CKIaJiB IINIAKOYTBOPIOIOYHMX CYMIIIICH, 10, Y CBOIO YepTy, BEC /10 MiABUIIICHHS ¢()eKTHBHOCTI
MpOIIeCy BUILIABKU (PEPOXPOMHUCTUX CTaJICH.

JlirepaTypHi n:xepena
1. Togobitska D. and Belkova A. New approach to evaluating the thermodynamic consistency of melts in the
"Metal-Slag" system based on interatomic interaction parameters. Lithuanian Journal of Physics. Vol. 64, No. 1, P.
58-71 (2024). https://doi.org/10.3952/physics.2024.64.1.6
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TEPMOJIJUHAMIYHUAM AHAJI3 MOBEAITHKA ®OCP®OPY Y METAJIEBUX CUCTEMAX HA
OCHOBI KOHIIEOIIII CIPAIMOBAHOI'O XIMIYHOT O 3B’SI3KY

. O. CrenaHeHkKo K.T.H., /I. M. Torod0uubka a.1.H., npog., I. P. [loBoporHs K.T.H., C. B. I'pexosn

IncTuryT yopHoi meraayprii im. 3.1. Hekpacosa HAH Ykpainu, m. /Ininpo

CyuacHa MeTanyprisi 4OpHHX MeTaliB mepedyBae Ha eTami MNOUIYKYy HOBHMX TEXHOJOTIYHUX pillIeHb,
CIPSIMOBAaHUX Ha 3HIKEHHS COOIBApTOCTI MPOIYKIlii, 3SMEHIIICHHS €KOJOTIYHOTO HAaBaHTAKEHHS Ta €(DEKTUBHOTO
BUKOPHUCTaHHA CHPOBUHHUX pecypciB. OJBIYHMM MUTAHHSIM € 3a0e3Me4eHHs BiJIMOBIIHOTO PIBHSA YHCTOTH 3a
BMICTOM IIKIJJTUBUX JOMIIIIOK, 30KpeMa Gocdopy, aake BIH Ma€ 3/1aTHICTh BIUTMBATH Ha MOP(}OJIOTII0 HEMETaICBUX
BKJIIOYEHb Ta MOCWIIOBATH HEOAHOPITHICTh MeTaldy, L0 3aKkapOOBY€ BIIMOBIIHUI piBeHb (HI3UKO-XIMIYHUX
BJIACTUBOCTEH, a OTKE 1 AKICTh METaITy. 3 METOIO0 CTBOPEHHSI iH(POpMaIlifHOTO 3a0e3MeUeHHs MOACIIIOBAHHS (13UKO-
XIMIYHHX B3a€MOJIM B cucTeMi Huiak-Metan-ra3 y Biaain dizuko-Ximiunux [Ipobmem [UM HAHY mnoctiitHO
BeIyThCsl poboTH mo aktyamizarii 6asu «lllnak-Metan-I'a3» «banka manux «Metamypris» [1]. Ornsan cygacHoi
iHpopmanii mozno mnoseninku ¢ocpopy B cucremax Fe-Cr—P, Fe—Cr, Fe-P, Cr—P, Fe-Cr-P-O no3Bonus
chopMyBaTH JOCTOBIPHI peMpe3eHTATUBHI BUOIPKU TaHUX 3 3aCTOCYBAHHSM METOAMKH OmU(pPyBaHHS rpadidyHUX
3aNIe)KHOCTEH 3 30epeKeHHAM iX MOYATKOBOI TOYHOCTI (hikcarlii, sSIK BaXKIMBOI CKJIAOBOI ISl MOJEIIOBAHHS 1
MPOTHO3YBaHHS (PI3UKO-XIMIYHUX B3a€MOJIIH 3 BIJIIMOBITHOIO CIIPSIMOBAHICTIO Ha BUBENEHHS (hochopy y IUIaKOBY
¢a3zy. B sxocti TeopernuHoi miaaropMu MOJETIOBaHHS TEPMOJUHAMIYHUX XapaKTEPUCTUK cucteMu Mei-Mej-P
CIIYTY€ KOHIICTIIIisl CIPSIMOBAHOTO XIMIYHOTO 3B’ 513Ky [2]. PO3riisiHyTO B3a€MO3B 130K €HTaJbIli O1HAPHOI cCHCTEMHU
Fe-P mpu temneparypax 298K i 900K Tta Bmicty docdopy mo nanum po6otu [3]. 3rigHO BiANPABHUX MOJIOKEHb
KOHIICTIIIT CIPSMOBAHOTO XIMIYHOTO 3B’SI3KY XIMiYHA I1HIWBIIYaJIbHICTh CHCTEMH, pEakiliiiHa 3MaTHICTh Ta
CTPYKTYPHHUH CTaH PO3ILIaBiB BUPAKAIOTHCS 3a JAOMOMOIOI METOJY KOJYBAaHHS XIMIYHOTO CKJIaay JOCIHiIHOTO
pO3MIIaBy B iHTErpaqbHMX MapaMeTpax MiaTOMHOI B3aeMofii: ZY — mapaMeTp 3aps0BOr0 CTaHy cucTeMH, e; d —
cepeHbO3BakKeHa Mix sjepHa BiacTanb, 107! HM; tgo — KOHCTaHTa IS KOKHOTO €JEMEHTY, sIKa XapaKTepH3ye
TpaJliEHT 3MIHU paJIlyCy 10Ha TIPH 3MiH1 HOTO 3apsiay; pl — cripsiMOBaHa 3aps0Ba MIUIBHICTh, €/HM. 3HauHa 301KHICTh
MK TpEeACTaBICHUMHU y poOoTi [3] Ta oxepkaHMMHM HaMU 3aJIC)KHOCTSMHU CBITYMTH Ha KOPUCTb BHKOPHCTAHHS
rmapamMeTpiB MIKATOMHOI B3a€MOJIi SK OIIIHIOBA4YiB JOCTOBIPHOCTI OJIEp)KaHMX JaHUX. 30KpeMa IapameTp
MIXKaTOMHOT B3aeMopii tgo, 10 OMUCY€e TpadieHT 3MiHM pajiiycy 10Ha BiJ] HOTo 3apsiay, MPAKTUYHO BiITBOPIOE
EHTAIBIINHHI KpUB1 OJIep>KaHl aBTopaMu y po0oTi [3]. AHaJOTIYHI TEHAEHIIIT Ta 3aJIEKHOCTI TIPOCTIAKOBYIOTHCS 1
npu Temmneparypi 900K. 3i 3poctanHsM BMicTy (ocdopy 3pocTae Horo 3apsm, 1Mo BioOpakaeThCsl MapaMmeTpoM
tgo, y TOH e Jac CepeIHbhO3BaXKEHA MiXK siJIEpHA BiJICTaHb 3aKOA0BaHa y mapameTpi d € MIHIMAJIBHOIO MPU HOTO
MaKCHUMaJIbHOMY BMICTi, IIIO CBIAYUTH Ha KOPUCTh YTBOPEHHS MIIIHUX MIKaTOMHHX 3B’SI3KiB 3 MAPTHEPOM 30KpemMa
3a1i30M. TakuM 9MHOM, PE3ybTaTH JOCIIKEHB MATBEPKYIOTh, 10 TTapaMeTPpU MI>KaTOMHOI B3a€EMOJIii MOXKYTh
CIlyTyBaTW HaNIWHUMH KPUTEPIAMHU JUISl OLIHKH EHEPreTHUYHHX XapaKTepUCTUK (OCcHOpBMICHUX CHUCTEM Ta
aJICKBaTHO BIJOOpaXkaloTh BIUIMB  BMICTY  (Qocdopy Ha 3MIHY EHTPOMIWHUX BIIACTUBOCTEH TIPH PIZHUX
TeMIepaTypax.
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BILIUMB IUTOMOI I'VYCTUHU JOBABOK HA T'I/IPOJIMHAMIYHI TA MACOINEPEHOCHI
MPOIIECH B KOBIII IIPH IX KOJJEKTUBHOMY BBEJIEHHI

C. €. Cam0oxBaJ0B, I.T.H., Ipo¢., B. II. IlinTI0K, K.T.H., C.H.C., C. B. I'pexoB

IncTuryT yopHoi Mmetaayprii im. 3. I. Hekpacoba HAH Ykpainu, M. /lHinpo

VY npoueci 06poOkH cTalli Ha KOBIIOBUX arperarax, Hanpukiag Ha YKII, BUKOPHUCTOBYIOTh BBEJCHHS PI3HUX
IIUTAKOYTBOPIOKOYMX 1 JIETYI0OUMX J100aBOK Oe3mocepeHbo y PiAKY BaHHY posiiaBy. Lli mobGaBku HalgacTimie
MOJAIOTh Y BUIJISAAL IIMATKIB 1 MpH iX 3aHYpeHHI y MeTal (opMyloTbesi Oaratoda3Hi MOTOKH, y SKHUX TBEpIi
YaCTUHKH PYXarOThCsA pa3oM 3 piakoro (azoro. OCKUIBKM TyCTHHA J00ABOK 3a3BHUYAl BIAPI3HAETHCS BiJ T'yCTHHH
piAkoro meramy, y BaHHI BHMHUKAIOTh CKJIQJHI TiIpOAMHAMI4HI YMOBH 3 YTBOPEHHSM HECTalllOHAPHHUX
KOHBEKTUBHHUX Teuiid. Sk mokazamm cydacHi CFD-mgocimikeHHs, y TaKUX yMOBax JijIsl aJIEKBATHOTO MOJICITFOBAHHS
HEOOXiTHO MOEIHYBATH po3B’a3aHHA piBHAHB Has’e—Crokca ans piakoi ¢asu 3 onucoM pyxy TBEpAMX YaCTUHOK
100aBOK.

[Tpsmux poOiT, e came Maca/06’eM 100aBKM K KEpyIOUnii apamMeTp 3MIHIOE 1oJie Teuii y KOBIIi, HebaraTto
— YacTime JOCTIKYIOTh Yac 3MIITyBaHHS 3a (PIKCOBaHMX T1APOPEKUMIB. BTiM, KUIBKICTh J0OaBKH BXOJIWUTH Y
Mojieni yepes Kinbka (i3suaHuX MexaHi3miB. [lepir 3a Bce — uepe3 eHepreTHYHUN (TETUIOBUI) BIUIMB: BEJIHKI MacH
XOJIOAHIMIOI J00aBKU (IpyaKa, OpHUKET) CTBOPIOIOTH JIOKAIbHI «XOJIOAHI TUIAMHY», MiJACHIIOIOTh MPUPOIHY
KOHBEKIIII0, MOKYTh THMYaCOBO MOAN(DIKYBAaTH CTPYMHUHHI CTPYKTYpH IuntoMy. IIpoTe BIITUB KiIBKOCTI BBEAECHOI
n00aBKHY Ha T1APOAMHAMIKY B KOBIII paHilie He JOCTIIKyBaBCs.

B po6ori [1] MeTomoM MaTeMaTHYHOTO MOJAETIOBAHHS PO3TJILAATIOCSH KOJEKTUBHE BBEIEHHS IIMATKOBHUX
n00aBOK (TakuXx K ¢pepomapranerp Mapku @PMH78) 3 MUTOMOIO TYCTHHOIO OJIM3BKOIO /10 TYCTUHHU PO3TUIABY CTai.
[IpoTe BIIMB Ha TiAPOAMHAMIKY pO3IUIAaBY B KOBIII J00ABOK 3 MHUTOMOIO T'YCTHHOIO BIIMIHHOIO BiJl TYCTHHHU
PO3ILIaBY CTaJIi 3JIMIIMBCS HE BUBUCHHM.

B naniit po60Ti BUKOHaHO PO3BUTOK MAaTEMATHYHOI MOJIEIi T1IAPOIMHAMIYHUX Ta MAaCOIIEPEHOCHUX MPOIIECIB
B IEP10/] KOJEKTUBHOTO BBEJICHHS IIMAaTKOBUX J0O0OABOK, 3alPOTIOHOBAHOI B po0OTi [1], Ha BUIIaAOK BpaxyBaHHS
PI3HUX MUTOMHUX T'YCTHH J0OABOK, a TaKOK BUKOHAHO ii MporpaMHy peaiizaiito Ha MoBi C#. 3 BUKOpUCTaHHSAM
pO3p0o0JIEHOTO TPOrPaMHOTO 3a0€3MEUCHHsI MPOBEICHO CEPII0 PO3PaXyHKIB MPOLECY, IO PO3TIAIAETHCA, SKi
JI03BOJIMJIM 3pOOUTH OLIIHKY BIUIMBY MMUTOMOI T'YCTHHU MaTepialliB, 0 MOJAIOTHCS, Ha T1IPOAMHAMIKY pO3IUIaBy B
KOBIII Ta MOAAIBIINNA MacoNepeHoC J0OABOK.

BcranoBieHo, 110 BiAMiHHICTh TUTOMUX TYCTHH JJOOABOK BEJIE /10 PI3HUII XapaKTEPUCTUK iX pO3TalTyBaHHS
IiCIIsE BBEICHHS, 1110 BIIMBAE HA XapaKTep iX MOAAIbINOI TMHAMIKA B KOBIIII.

Jlany MoJieNib TUIAaHYEThCS PO3BUHYTH Y HAIPSIMKY BpaxyBaHHsS MpOIECIB IUIABJICHHS, a00 pPO3UMHEHHS
100aBOK 3 PI3HUMH MUTOMUMH T'yCTHHAMH Ta PI3HUMHU TETIO(I3HIHUMH XapaKTePUCTUKAMM.

JlitepaTypHi x:xepena
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KPUTEPII TA METO/IA OLIIHKA YMOB 3'€THAHHS TA PO3'€JJHAHHSA ILIAPIB METAJTY
B BATATOIIAPOBOMY ITPOKATI

€. C. KiiememoB K.T.H., I. 1O. Ilpuxoabko A.T.H., C.H.C.

IncTuryT yopHoi meraayprii im. 3.1. Hekpacosa HAH Ykpainu, m. /Ininpo

Ha cporoaHimHiii IeHb OCHOBHOIO MPOOJIEMOIO ITPU BUTOTOBJICHH] 0araTomapoBUX KOMIIO3HTIB € OTPUMaHHS
MIITHOTO 3’ €THAHHS 1IapiB METAIy Ta OI[iIHKAa MIIHOCTI 3’€HaHHs. [cCHye 6e3/114 pi3HUX METOIB OLIIHKHA MIITHOCTI
3'€ZIHAHHS, a Y CyYaCHHUX JIOCIIPKEHHSIX YacTO BUKOPUCTOBYIOTh BiJipa3y KiJIbKa TAaKUX METOJIIB /Ul KOHTPOJIIO Ta
OIIIHKM MIITHOCTI 3'€THAaHHS OTPUMAaHMX 3pa3KiB. HaltO11bI1 MOy ISpHUMH METOIaMH OITIHKH € METOIA MEXaHIYHOT
MEPEeBIPKU MILHOCTI 3'€THAHHS, TaKi K BUMPOOYBAaHHS Ha 3CYyB, BUIIPOOYBAaHHS Ha BiIIIAPOBYBAHHS Ta B IESKUX
BHMAJKaxX Ha 3ruHaHHsA. {1 MeToau momynspHi, OCKIJIBKH € MPOCTUMH, a B PE3yJIbTaTi BUIPOOYBaHb, JOCIITHUKH
OTPUMYIOTh II€BHE KUIbKICHE 3HAYCHHS, fKE XapaKTepu3ye MIIHICTh 3’€AHaHHA. TakoX iCHYIOTH METOIH
MIKPOCTPYKTYPHOI OIIIHKM MIIIHOCTI 3'€THaHHS 13 3aCTOCYBaHHSM ONTHYHOI Mikpockorii (OM), ckaHyr4oi
enekTpoHHoi Mikpockomii (SEM) 3 EPC-ananizom, pentreHorpadii i BEUMipamMy TBEpAOCTI IIapiB Ha Mexi
3'eTHAHHA.

[TpakTU4YHO BCi MepeniyeHi METOIU OLIHKH CTaHy IMOBEPXHi 3’ €THAHHS Ta MILIHOCTI 3'€THAHHS HAJEXKaTh 10
THUX, 10 BUKOPUCTOBYIOTHCSI BXKE IMICJISI MPOBEACHHS (DI3UYHUX EKCIIEPUMEHTIB 1 TAKUM YHUHOM 30UIBIIYIOTHCS
BUTpPATH Yacy Ta MaTepiayiB Ha JociikeHHs. Y Toil ke yac FEM mozxentoBanHs Moxe OyTH BUKOPHUCTaHE SK J10,
TaK 1 micist mpoBeAeHHS (Pi3UUHUX eKkcriepuMeHTIB. OTHaK IS 1iJIeH MPOTHO3YBaHHS MOXJIMBOCTI 3'€THaHHS Ta JJIs
OLIIHKM MIIHOCTI 3'€JHaHHS IIapiB METaly JaHW METOJ] BUKOPUCTOBYETHCS BKpail piako. IcHyroul aHamiTHyHi
MOJIeJI BpaXxOBYIOTh 0€3J1i4 3MiHHHUX, fKi, SIK MTPAaBUII0, OTPUMaHI CyTO €MIIIPUYHO Ta aIalTOBAHI JIUIIIE 1] TeBH1
napaMeTpH IMpoLEeCy MPOKATKH JJIi OTPUMAaHHS JOCHTh TOYHUX Pe3yJbTaTiB, OJHAK, B TOW K€ yac, BOHU HE €
YHIBEpCATbHUMH Y 3aCTOCYBaHHI, IO OOMEXYye iX MOMJIMBOCTI JJIs PO3PAXyHKY PI3HUX KOMOIHAIIA miapiB Ta
MaTtepialiiB IpyU CTBOPEHHI TEXHOJIOTIH, 1 TOMY NOTpeOyIOTh NMEBHOI a/IanTarii.

TakuMm 9MHOM, aKTyaJIbHOIO 33J1a4ei0 € pO3poOKa OiIbIN YHIBEPCATBHUX METOIB PO3PaXyHKY IS OLIHKH
MIITHOCT] 3'€qHaHHA IIApiB y OiMeTaliyHOMY Ta 0araTomapoBOMY IPOKATi MPHU 3aCTOCYBaHHI KOMITIOTEPHHUX
nporpam FEM monentoBanss. Ha ocHOBI 6araTb0X JOCIIKEHB, B 00JIaCT1 3’ € JTHAHHS IIApiB METAITy IPU POKATIII,
pO3po0IIeHO KpHUTEpiil 3 €MHAHHS MIapiB METAy Ta METOJMKY PO3PAaXyHKY MILHOCTI 3’€JHAHHS IIApiB MeTaiy.
Po3pobiena MeToarka 3acHOBaHa Ha Teopli pyWHYBaHHSI IUTIBOK ITi/1 Yac XOJIOAHOT MPOKATKH, BPAaXOBY€ T€OMETPit0
30HM jAedopmartii, TEpTS Ta BIACTUBOCTI MeTadiB, IO aedopmyioThecs. OKpiM IIbOrO, po3poOKa METOTUKU
MPOBOMJIACS 3 ypaxyBaHHSM MOXJIMBOCTI 1i peaiizallii i3 3aCTOCyBaHHSM KOMIT IOTEPHOTO MOJICIIOBAHHS B
nporpami QForm UK 3a pomomoroio BOyZOBaHOrO B MpOrpaMy I1HCTPYMEHTY, TaKOrO SK «IiANPOrpaMu
KOPHCTYBa4ay.
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ABTOMATHYHI JITHIT 3 OBPOBKH METAJIIB SIK CTPATEITYHUM PECYPC OBOPOHHOI
IMMPOMUCJIOBOCTI YKPAIHA Y BOEHHUM YAC

. FO. KaniBenpb, O. M. HecBit
MammHoOyniBHuii ¢paxosuii kosexk Cym/lY, m. Cymn

VY BO€HHMI yac MPOMUCIIOBICTH BiJIIrpa€e BHUPIMIATILHY POJIb Yy 3MIIIHEHHI 000POHO3AaTHOCTI Aep:kaBu. Bif
€(EeKTUBHOCTI Ta MIBUAKOCTI BUPOOHMIITBA JACTAJICH 1 KOMIUIEKTYIOUMX 3JICKUTh poO0Ta 00OPOHHOTO KOMILIEKCY.
3a yMOB JediuuTy pecypciB i KaapiB aBTOMAaTH3allisl CTA€ KJIIOYOBHM HUIAXOM IMiJBUIICHHS MPOAYKTUBHOCTI.
ABTOMAaTHYHI JTiHIT 3 00pOOKH MeTaliB 3a0e3MeuyoTh Oe3lepepBHEe, TOYHE W THYYKEe BUPOOHHUIITBO, CIIPUSIOUN
TEXHOJIOT1YHIN CTIMKOCTI Ta €PeKTUBHOCTI IPOMHUCIOBOCTI Y KpaiHH.

YV BO€HHMI Yac 0COOIIMBO BaKIIMBUM CTA€ IIBUIKE Ta IKICHE BUTOTOBJIEHHS AeTajlell IS BINCbKOBOI TEXHIKA
it oOnagHaHHs, a/pKe BiJ LbOTO 3aJISKUTh OOOPOHO3/IAaTHICTh JAEp)KaBU. 3a YMOB OOMEXEHUX pecypciB i1 HecTadi
KaJpiB KJIIOYOBY pOJIb BIAIrparoTh aBTOMATH4YHI JIiHII 3 OOpOoOKM MeTaliB, MO 3a0e3MeUyloTh BHCOKY
MPOAYKTUBHICTb, TOYHICTH 1 O€3MepepBHICTh BUPOOHHUIITBA.

ABTOMAaTHYHI JIIHIT TO3BOJISIOTh BUKOHYBATH OUTBIIICTh TEXHOJOTIYHUX OMeparliii 6e3 6e3mocepeIHboi y4acTi
moauHu. Lle 3HaYHO MigBUILYE MPOAYKTHUBHICTH 1 3HMXKYE PH3UK MOMIJIOK. MallMHM HPAIiOIOTh 3a 3aJaHUMHU
IporpaMaMu, TOTPUMYIOUYHCh TOYHOCTI, SIKY BaXKKO TOCSTTH Bpy4HY. CaMme 1151 TOYHICTh € KPUTUYHO BasKJIMBOIO 11T
Yac BUTOTOBIICHHSI BIMCHKOBUX J€Talel, /I¢ HaBiTh HalMEHIIE BIIXWJICHHS MOXE BIUIMHYTH HAa HAIIWHICTh
TexHiku [1].

[Ile oxni€ero mepeBaror aBTOMAaTU3allii € CTaOLIBHICTH Mpolecy. ABTOMATHYHI JiHIT MOXYTh HpPAaLIOBATH
110100080, 0€3 BTOMH Ta BIUTMBY JIOJChKOro (aktopa. e 3abe3neuye GesnmepepBHE BUPOOHHUIITBO Y BOEHHUI
nepioJ1, KOJIU Yac Ma€ BeJTMYE3HE 3HAUCHHS.

Kpim Toro, cydacHi miHii 3 YMCITIOBUM MPOTPAMHUM KEPYBAHHSIM MOHA IIBUIKO MEPEHAIAMITOBYBATH ITi]T
pi3Hi Bupobu. Hanpukiaz, mpoTsArom KibKOX TOJUH 3aBOJ] MOXKE NMEPEHTH BiJl BUTOTOBICHHS KOPITYCHHX JIeTallei
70 BUPOOHHUIITBA 3amMYacTHH I OPOHETEXHIKM 4 Oe3MiIOTHHKIB. Taka THYyYKiCTh pOOWTH aBTOMATHYHI JIiHI{
HE3aMiIHHUMHU Yy BIHCHKOBIM MPOMUCIIOBOCTI. BakiwBo i Te, 10 aBTOMATH3AIlis JOTIOMAarae 3MEHIIUTH KiJTbKiCTh
B1IXOiB MeTay. TouHa oOpoOKka J03BOJISIE MAKCUMAIBHO €()eKTHBHO BUKOPHUCTOBYBATH MaTepiaj, 0 0COOIHBO
aKTyaJbHO MiJ 4ac nepinuTy cupoBuHU. OKpiM TOro, aBTOMaTH4YHI CUCTEMHU KOHTPOJIIOIOTH CTaH OOJaJHAHHS,
MOTNIEPEPKAI0YH TTOJIOMKH, SIKI MOXKYTh TIPU3BECTH JI0 MPOCTO0 BUPOOHHUIITBA [2].

VY mepcrekTuBi pO3BUTOK aBTOMATHYHHX JIiHIM 3 00pOOKM MeTajliB cTaHe OJHUM i3 KIIOYOBUX HANpsMiB
MojepHi3alii ykpaiHcbkoi mpomucioBocti. [loganpine BnpoBamkeHHsT TU(POBUX TEXHOJIOTIH, 3a0€3MEUUTh IIIe
BUIILY TOYHICTh, €HEProe(eKTUBHICTD 1 IIBUAKICTb BUPOOHHUITBA. Lle 103BONMTH HE NUIIe 3aJ0BOJIBHATH OTPEOH
000pPOHHOT'0 KOMILJIEKCY Y BOEHHHH 4ac, a i CTBOPUTH MOTYXHUN TEXHOJIOTTYHUIN IMOTEHITIAJ JIJIsl IMTCITBOEHHOTO
BIJTHOBJIEHHSI EKOHOMIKH.
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JOCIIIKEHHA MOXJINBOCTI HHEPEBIT'Y ITPOLHECY HABYIJVIEHNIOBAHHSA
3AJII3A T'A30M CO IIPA BIJHOBJIEHHI 3 BIOCTUTY

C. II. [1aHTelKOB K.T.H., 10Ll., A. A. PoMaHeHKko, S1. I. Bonnapenko

JHinpoBCcHKUIi Aep;kaBHUI TeXHIYHUI yHiBepcuTeT, M. Kam’siHCbKe

BinHOBIeHHS 3aii3a 3 MOro OKCHAIB (3a1i30pyJHUX MaTepialiB) BiAOYBAETHCS CTYMIHYACTO —IOCIIJOBHIUM
BI/IIIETIJICHHSIM KUCHIO BiJl OKCH/IIB — IMTOYaTKOBOTO 1 MPOMIKHHX, 1110 YTBOPIOIOTHCS B XOJI1 BITHOBHOTO TPOIIECY.
BinHoBneHe 3ami30 3aBXKIM HABYIJICIBOBYETHCS 1O CTaHy 4YaByHY, NpPH IbOMY BBAaXKA€ThCSA, LIO TPOLEC
HaBYTJICIIOBAHHS B1I0YBA€THCA 3a paxXyHOK peakiiii B3aemoii 3aiiza sk 13 razoM CO, Tak 1 3 TBEpAUM BYTJICIIEM
Kokcy (abo Byrimis). Lli HAyKOBI MONOKEHHS TAaKOXX BUKIAJAIOTHCS y PI3HHMX JITEpaTypHUX JDKEpenax i Ha
IHTEepHET—pecypcax.

HemunyuicTs HaBYTJICIIOBAHHS BiJHOBJICHOTO 3ajli3a SIK B JIOMEHHINM IeYi, TaKk i B IHIIUX BIJHOBHUX
arperatax, BHKJIIOYA€ MOXJIUBICTh OTPUMaHHS KIHIIEBOTO MPOAYKTY y BHUIJIAAI YUCTOro (Oe3ByTierneBoro) adbo
HU3BKOBYTJIELIEBOTO 3aiTi3a (cTasi). Y 3B'A3Ky 3 UM aKTYaJIbHOCTI HA0YBalOTh MUTAaHHS TEPMOAMHAMIYHOTO aHAJIi3y
MPOIIECIB HABYTJICHIOBAHHS 3ajli3a TMpPH KOTrO BITHOBJIEHHI 3 BIOCTUTY, Hacamriiepen, 3a paxyHok razy CO.
TepmoauHaMivHi TOCTIIKEHHS YMOB Nepediry XiMiYHUX peakiliid HaByTJICHIOBAHHS BITHOBICHOTO 3aii3a razom CO
OyJie CIIpUsATH TTPaBUIILHOMY PO3YMIHHIO ITPOIIECY MIPSIMOTO BIIHOBJICHHS 3aJTi3a 13 3aJ1130pYy/IHOT CHPOBUHU (Ta30M
CO 1 TBepauM ByTJIEIIEM) 3 MOJAIBIINM HOTO HaBYTJICHIOBAHHSAM y METAIYPriiHUX BIJHOBHHUX IMEYaX 3 METOIO
CTBOPEHHS JOCTOBIpHOI (Pi3MKO—XIMIYHOT MOJENl [boro mporecy. lle HeoOXimHO TakoX I TMOJAIBIIOrO
TEOPETUYHOT0 OOIPYHTYBaHHS Ta MIPOMHCIOBOT PO3POOKHU IHHOBAIITHUX TEXHOJIOT1H OAHOCTAIIIHOTO OTPUMaHHS
0e3IocepeIHhO 13 3aTI30BMICHOI CHPOBHUHH PIJKOi CTayi 3aMiCTh PiAKOTO 4aByHY (200 HOro rpaHyJIbOBaHOTO
aHajora), TOOTO BUKIIOUMBIIH (5K 1€ BiIOYBalOCs B PI3HUX CHPOJYTHUX TOPHAX y JaBHHUHY) IPOMDKHY CTaJilo
OTPHMaHHSI YaByHY, IO B CyYaCHHMX BiTHOBHHX Tl€UaX HE BJA€THCS 3IIHCHUTH O CHOTOAHIIIHBOTO IHS, HE
3Ba)KalOUM Ha iICHYBaHHS y CBITOBOMY METaIypriiHOMY BHPOOHMIITBI BEJIMKOI KiJIBKOCTI TEXHOJOTIH MPsIMOTO
BITHOBJICHHS 3aJ1i34a.

PesynpTat mpoBenEeHOrO0 TEPMOJAMHAMIYHOTO aHaNi3y 3 BUKOPHCTAHHSIM OTpPUMaHUX BupasziB [1] mis
po3paxyHKy BUIbHOI eHeprii ['100ca mma XIMIYHUX peakiiii HempsMOro BITHOBJEHHS 3aji3a 3 BIOCTUTY Ta
HaByIJIEIIOBaHHS 3aiiza razom CO 103BOJMMIM BCTAaHOBHTH, IO HABYIJICIIOBaHHS BIJHOBJIEHOTO 3aji3a 3a
nornomororo razy CO (mopsi 3 HEeMOXJIMBICTIO BITHOBJICHHS 3aii3a 3 Bioctuty razoM CO monan 765°C, mo Oymo
BCTaHOBJICHO paHiie [2, 3]) npakTu4HO He BiOyBaeThCs a00 CTYMiHb HABYTJICHIOBAHHS 3ajli3a Mi3epHO Maia, 1110
no00pe KOPECIOHIYEThCS 3 JTaHUMH JEAKHX JITepaTypHHX JpKeped. 3poO0JeHO TOomepeHIM BUCHOBOK (SIKHM
notpe0ye CBOT0 MOJABIIOrO MiATBEPHKEHHS) PO MOKIIUBICTh HABYTJICIIIOBAaHHS BiJIHOBJICEHOTO 3ajIi3a MPU HOTO
BiJTHOBJICHHI 3 BIOCTUTY BUKJIFOYHO 32 PaXyHOK TBEPIOTO BYTJIEIIIO.
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JOCIIIKEHHA MOXJINBOCTI HEPEBIT'Y ITPOLHECY HABYTJVIEHNIOBAHHSA
MAPI'AHIIIO I'A30M CO IIPM BIJHOBJIEHHI 3 MAHI'AH MOHOOKCHUY

C. II. IIaHTeliKOB K.T.H., 101, f1. I. bonnapenko, A. A. Pomanenko

JHinpoBCcHKUIi Aep;kaBHUI TeXHIYHUI yHiBepcuTeT, M. Kam’siHCbKe

BinHOBIEHHST MapraHIliO 3 HOTO OKCHIIB, SIKi BXOJSTh IO CKIAAY SIK 3aIi30BMICHOI, TaK i MapraHIIEBMiCHOI
CUPOBUHHU, € CTYMIHYACTHUM IMPOLECOM, II0 CYNPOBOKYETHCS 3MEHILEHHSM CTYINEHS OKHUCJIEHHS MapraHilio
BHACJIIIOK MTOCJIiTOBHOTO BiAIIETUICHHS KHCHIO Biff HOTO OKCHIIB (ITOYaTKOBOTO 1 MPOMIXKHUX, 1[0 YTBOPIOIOTHCS B
XO/11 BIZITHOBHOTO TPOIIECY ).

Y NpoMHCIOBUX YMOBaX OCHOBHUM CIIOCOOOM OTpPHMaHHS MapraHiio € MOoro TepMiuHE BiJHOBJICHHS 3a
JOTIOMOT'0F0 Ta30moAi0Horo MoHOOKcHu My Byriiemnto (razy CO) 1 tBepaoro Byrieio C (kokcy abo Byrumist). Sk iy
BUIMIQJIKY 3 3aJ1i30M, BBOKAETHCA, 110 B MIPOIIECi BiIHOBIIEHHS Mapraneis B3aemozie 3 BigHoBHHKamu (CO i C), mo
MIPU3BOJUTE JI0 YTBOPCHHS MapraHIeBUX KapOimiB a00 pPO3UYMHEHHS BYTIJICHIO B Mapraii. Y JiTepaTypHUX
JDKeperax Ta Ha Cy4YacHUX HAYKOBHUX IHTEpHET—pecypcax TaKOXK HaJaeTbes 1HQOpMaLis Npo MeXaHi3MHU
B1THOBJICHHSI MApTaHITIO 1 CYNMyTHI PeaKIlii HOro HaByTJICIIOBAHHS.

Bucokuii adiHuTer MapraHmio 10 KHCHIO Ta CKJIAIHICTh HOrO MOBHOTO BiJHOBJIEHHS 0€3 CYIyTHBHOTO
HaBYIJICIIOBAHHS YCKJIAIHIOIOTh BIJIHOBIICHHS YHCTO MapraHiito (6e3 yTBOpeHHs HWOro kapOimiB) y 3aiizi abo
OTpPUMaHHS MapTaHIEBUCTUX HU3bKOBYTJIeNeBuX ciuiaiB ( Fe-Mn i1 Si-Mn) 6e3 nopanpmux craniit ounmienss. Le
3YMOBJIIOE HEOOXIAHICTh TJIMOOKOTO TEPMOJMHAMIYHOTO aHalli3y MpOIECiB, MO TOB’s3aHI 3 BIIHOBICHHSIM
Maprasipo 3 HOro okcuuis, 30kpemMa 3 MnO, 3a yuactio razy CO Tta tBepmoro Byriemio C. ¥V 3B'A3Ky 3 UM
aKTyaJbHUMH CTAIOTh MUTAHHS TEPMOJWHAMIYHOTO aHAI3y MPOIECIB HABYTJICIIOBAHHS MApraHIlio il 9ac HOoro
BITHOBJICHHS 3 MOHOOKCHJIy MapraHilfo, Hacamrepel 3a paxyHok razy CO, 3 MeToro 3’sCyBaHHS MOXKJIUBOCTI
nepeoiry 1boro Mmporecy.

TepmoauHaMiyHi JOCTIKEHH XIMIYHUX peakliif HepsIMOro BiAHOBJIEHHS Mn 3 Mn Ta HaByTIJIEIIOBaHHS
Maprasio razom CO i3 BUKOPHUCTAHHSM BJIACHUX BHUpPA3iB Ui OOYHMCIICHHS 3MIHM YUCJIOBHX 3HAY€Hb BLTHHOL
e”eprii ['i06ca 1al0Th 3MOT'Y OLIIHUTH HMOBIpPHICTh Mepediry mpolecy HaByIJIeItoBaHHS Maprasio razom CO 3a
KOHKPETHUX TeMIEepaTypHUX pexumiB. Ha OCHOBI po3paxyHKIB BCTaHOBJIEHO, IIO 3a IEBHUX TeMIepaTyp
peaIbHOrO BiIHOBHOTO MPOLIECY HAaBYTJICIIOBAaHHS MapraHiio B ra3oBiil ¢asi 3a yuactio CO € ManoiMOBIpHUM 1
MPAKTUYHO HE Bi0yBaeThes (MOPS 3 HEMOXKIUBICTIO BigHOBIICHHS: Mn 3 MnO razom CO, 110 0ys10 BCTaHOBJIEHO
panime [1, 2]). Takuii BUCHOBOK Y3I'O/DKY€ETHCS 3 OKPEMHUMHU JITEPaTypPHUMH JaHUMH 1 J]a€ MiJCTaBU MPHUITYyCTUTH
(mane mpuNyIeHHs NOTpedy€e CBOTO MOJAIBIIOr0 MiATBEPIKEHHS ), III0 OCHOBHUM MEXaHI3MOM HaBYTJICIIOBAHHS
€ B3a€MO/1isl BITHOBJICHOTO MapraHIio 3 TBEPAUM BYTJICLIEM.

OTpumaHi pe3yibTaTH € BOKIUBUMH JIJIs1 TOOYOBH TOCTOBIPHOT PI3MKO—XIMIYHOT MOJIETIi TIPOLIECY TPSIMOTO
BITHOBJICHHA Mapranu. Lle Takoxx HeoOXiAHO Ui pO3pOOKM Ta BIOCKOHAJIEHHS TEXHOJOTIH OJHOCTaIiiHOTO
BUPOOHUIITBA HU3bKOBYTJICIICBUX MapraHIleBUX CIUIaBIB 0€3 momanpmioro padiHyBaHHS, a TaKOX MPHU PO3pOOIIi
TEXHOJIOT1{ MPSAMOTO BiTHOBJICHHS 3aii3a Uil OTPUMAHHS CTaJl.
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INFLUENCE OF HYDROGEN ON THE PROCESSES OF SOFTENING AND MELTING OF
PELLETS IN A BLAST FURNACE

O. S. Nesterov Cand. Sc. (Engin.), Sen. Res., L. I. Garmash Cand. Sc. (Engin.), K. P. Lopatenko,
M. G. Boldenko, O. L. Chaika Cand. Sc. (Tech.), Sen. Res., V.R. Shcherbachov

Iron and Steel Institute of Z. I. Nekrasov NAS of Ukraine, Dnipro

The influence of hydrogen on the softening-melting processes of various types of iron ore materials in the
blast furnace is a complex and multifaceted topic, and no unanimous opinion regarding its effect has been reached
so far. Literature sources demonstrate significant differences in their conclusions, although there is no doubt that
hydrogen addition has a substantial impact on the characteristics of the cohesive zone in the blast furnace — the area
where materials soften and melt, thereby restricting gas flow and the permeability of iron ore burden. Some
researchers argue that with an increase in hydrogen content from 0% to 10% the initial and final softening
temperatures of pellets rise, and the softening range expands due to the acceleration of burden reduction by
hydrogen [1]. Others, on the contrary, state that with an increase in hydrogen concentration from 0% to 12%, the
initial softening temperature decreases [2].

In the laboratory conditions of the Iron and Steel Institute studies were carried out on the high-temperature
properties of Ukrainian pellets of two types: fluxed (Fe=67.0, FeO=1.0, Si0.=2.7, Ca0=2.75) and non-fluxed
(Fe=65.4, Fe0=0.79, S10,=3.5, Ca0=0.35) with the addition of hydrogen (in the amount of 0-20%) to reducing gas
mixtures. The fluxed, high-basicity pellets demonstrated better softening-melting characteristics — the thickness of
the cohesive zone for them was smaller than for the acid ones. With an increase in hydrogen content in the gas
mixture, all characteristic temperatures rise: for non-fluxed pellets, the temperature of gas-permeability loss (Tgp)
increases by ~90 °C, the initial filtration temperature (Tir) by ~30 °C, and the maximum filtration temperature (Tmf)
by ~80 °C; for fluxed pellets, the temperatures also increase, but only up to a 10% H, content in the gas mixture:
Tgp and Tirby ~20 °C, and Timrby ~115 °C. At the same time, the softening and melting ranges decrease, the cohesive
zone narrows, which improves the burden permeability. This can be explained by several factors. The smaller size
of H> molecules and their higher diffusion coefficient compared to CO accelerate the reduction rate and raise the
softening temperature, while the high diffusivity of hydrogen prevents the formation of a dense iron shell on the
surface of the pellets, which otherwise would weaken their resistance to deformation.

Hydrogen enrichment in a blast furnace is an important step towards reducing carbon consumption and CO»
emissions, as well as improving the technological performance of the furnace, mainly by optimizing the softening-
melting behavior and cohesion zone dynamics. The research results show that the addition of hydrogen to
reducing gas mixtures generally has a positive effect on the high-temperature properties of Ukrainian pellets.
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HYDROGEN ENRICHMENT OF REDUCING GAS AND ITS EFFECT ON
THE SOFTENING-MELTING BEHAVIOR OF SINTER IN THE BLAST FURNACE

0. S. Nesterov Cand. Sc. (Engin.), Sen. Res., L. I. Garmash Cand. Sc. (Engin.), K. P. Lopatenko,
M. G. Boldenko, B. V. Cornilov Cand. Sc. (Engin.), V. I. Vishnyakov

Iron and Steel Institute of Z. I. Nekrasov NAS of Ukraine, Dnipro

The enrichment of reducing gas with hydrogen in the blast furnace process exerts a complex influence on the
softening-melting behavior of iron ore materials and on the dynamics of the cohesive zone — a key region that
governs gas permeability and overall smelting efficiency. The impact of hydrogen on the softening and melting
behavior of sinter has been the subject of extensive investigation, as it may result in either beneficial or adverse
effects. Given the heterogeneous structure of sinter and the presence of phases such as calcium and aluminum silico-
ferrites, their reduction in an Hz-enriched atmosphere can lead to intensive material degradation, reduced bed
permeability, and the formation of liquid phases. Several studies have reported that increasing the hydrogen content
in the reducing gas lowers the initial softening temperature of sinter, which is attributed to the intensified formation
of FeO both on the surface and within the particles. This, in turn, promotes the formation of low-melting slag with
gangue components [1]. Other investigations, however, suggest a gradual rise in the initial softening temperature,
associated with a higher reduction degree, reduced FeO content, and the formation of metallic iron [2].
Consequently, the available data remain inconsistent, and the scientific community has yet to reach a consensus on
this issue [3].

Laboratory studies conducted at the Iron and Steel Institute using a proprietary methodology for evaluating
the softening-melting characteristics revealed the high-temperature behavior of Ukrainian sinter (Fesar=58.9,
Fe0=6.95, Si0,=5.29, Ca0=8.34). The results demonstrated that hydrogen addition exerts an overall positive
influence on both the reduction and softening-melting processes. Specifically, the temperatures corresponding to
gas-permeability loss and melt filtration through the coke bed increased. In the absence of hydrogen, a gas-
impermeable structure formed at approximately 1390 °C. When hydrogen content in the reducing gas was raised to
10%, this temperature increased to about 1500 °C. The softening and melting temperatures rose by roughly 50-70
°C. The upward shift in the onset of melting and maximum melt filtration temperatures with increasing hydrogen
concentration resulted in a narrower melting interval, thereby improving burden permeability and enhancing
smelting efficiency. In summary, the enrichment of reducing gases with hydrogen optimizes the metallurgical
properties of sinter within the high-temperature zone of the blast furnace, serving as a key factor in improving the
stability and efficiency of the smelting process. This effect can be attributed both to the smaller molecular size and
higher diffusivity of H> compared with CO — which enhance the reducing potential of the gas, accelerate the
reduction rate, and raise the temperature of gas-permeability loss — and to specific morphological features of the
sinter, such as the absence of fayalite, its substitution with dicalcium silicate Ca;SiO4, and the dissolution of MgO
within the wiistite phase.
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In recent years, due to the global trend of reducing CO> emissions, interest and the number of publications
devoted to the research and development of hydrogen application technology in various fields of science and
technology have increased, including in the field of cast iron production as an alternative and replacement for
carbon-containing fuels, which, as a result, contributes to the reduction of CO» emissions. In the world, at the level
of state policy, more and more attention is paid to the development of hydrogen direction, and hydrogen energy is
gaining more and more support not only at the corporate but also at the state level. Hydrogen energy, with its diverse
sources, low carbon emissions, high efficiency and wide range of applications, is considered the most promising
and environmentally friendly energy in the 21st century and is included in the national energy development strategy
of many countries.

However, despite the advantages of using hydrogen in the direction of decarbonization of industry in general
and metallurgy in particular, there are also certain problems with the use of hydrogen that may require solutions:
the high cost of producing environmentally friendly hydrogen; storage and transportation of hydrogen; features of
hydrogen combustion, which may require changes to the method of supplying hydrogen to the tuyeres and the design
of tuyeres.

The issue of the high cost of hydrogen and its transportation, in our opinion, can be solved by installing and
using small-modular high-temperature nuclear reactors at metallurgical enterprises for hydrogen production and
energy supply to the plant.

Despite the problems listed above, the issue of using hydrogen in metallurgy in general and the blast furnace
in particular, as the most energy-intensive unit in the metal production cycle, is relevant from the point of view of
reducing carbon dioxide emissions.

Given that the most common additional fuel used in a blast furnace today is pulverized coal injection (PCI), a
rational approach may be to use PCF and hydrogen together in a blast furnace. This approach will solve several
problems - to ensure a low cost of metal and reduce CO> emissions from the blast furnace.

The analysis of the impact of the joint injection of hydrogen and PCI into the tuyeres of the hearth on CO,
emissions and blast furnace performance of BF Ne 3 and the determination of restrictions on the use of H» in the
furnace were performed using the model of the complete energy balance of blast furnace, which includes a joint
calculation of thermal, material and exergy balances.

Joint injection of PCI and hydrogen imposes restrictions on the theoretical combustion temperature in the
tuyeres (RAFT). According to research and our own experience, it has been established that at high PCI
consumption, RAFT should be no less than 2050-2100°C. Therefore, consideration of reducing RAFT to 1800°C
may be appropriate only in the conditions of hydrogen use. In the analysis of joint use of PCI and hydrogen, RAFT
was assumed to be constant at the level of the base period of operation of BF Ne 3 of PJSC "Zaporizhstal" ~2080°C.

When using additional fuel blown into the tuyeres, to maintain RAFT at a given level is carried out by
increasing the flow rate of technical oxygen in the blast. An increase in the oxygen content in the blast leads to
intensification of blast furnace melting and imposes technical and technological restrictions on the operation of the
furnace. On the one hand, the intensification of melting leads to a faster lowering of the charge, which increases the
load on the charge feeding system and the loading of the blast furnace. On the other hand, an increase in the
proportion of oxygen in the charge can lead to increased loads on the furnace cooling system, the condition of the
lining and the units servicing it. Regarding the operating conditions of BF Ne 3, a limitation of the oxygen content
in the blast is determined at 31%, which, with the support of RAFT ~2080°C, is equivalent to blowing 175 m>/t
together with a PVP flow rate of 160 kg/t.

According to the results of analytical and experimental studies, it was found that the use of hydrogen in a blast
furnace leads to a redistribution of the gas flow in the furnace volume, which ultimately affects the reduction of the
top gas temperature. Based on the analysis performed, it was found that the use of hydrogen at a flow rate of 175
m?/t leads to a reduction of the top gas temperature by 60°C (3.4°C for every 10 m*/t of H,). This may be a limiting
factor in increasing the hydrogen flow rate for blast furnaces operating with cold sinter. For the conditions of PJSC
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Zaporizhstal, the top gas temperature is not a limiting factor, since all blast furnaces operate with sinter at a
temperature of 250-400°C.

As a result of the study, it was found that the joint injection of PCI and hydrogen at BF Ne 3 will allow:

- reduce CO; emissions by at least 11%, with a coke replacement rate of 0.27 kg/m?;

- reduce the proportion of direct iron reduction by 0.9% for every 10 m>/t of hydrogen. This contributes to
reducing the intensity of the blast furnace process and the specific energy consumption for the production of each
ton of pig iron;

- increase the output of secondary energy resources from the blast furnace by 2.7% for every 10 m*/t of Ha,
which is advisable to use for the operation of the CHPP;

- improve exergy indicators: increase the efficiency of the blast furnace by ~2% and the environmental
friendliness of the blast furnace operation by 2.8%.

Based on the above, it has been established that the use of hydrogen together with PCI in a blast furnace is a
promising direction for reducing CO> emissions and reducing coke consumption in a blast furnace.



62
UDK 669.14-31:536.461

PHYSICO-CHEMICAL ANALYSIS OF THE POSSIBILITY AND FEASIBILITY OF THERMAL
DECOMPOSITION OF IRON OXIDES
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Iron-carbon alloys still retain their leadership among structural materials due to their technological and
economic accessibility. However, the main route of their production - the “blast furnace - oxygen converter” chain
- has a significant environmental impact on the environment, in particular, emitting tons of greenhouse gases. This
has been forcing researchers and practitioners to look for new ways to obtain iron-carbon alloys for more than one
decade, among which the largest share is made up of direct reduction methods. However, all existing direct reduction
methods require the participation of a reducing agent, which is most often carbon or its oxides, or hydrogen.
Accordingly, under the conditions of using carbon-containing materials, the new process does not differ much from
its predecessor in terms of environmental impact. The use of hydrogen is the most acceptable option with the
formation of environmentally safe products as a result. However, an ecological method of its formation in the
quantities necessary for reduction in industrial conditions without significant energy investments has not yet been
developed. An alternative to direct reduction can be the process of direct decomposition - thermolysis. This long-
known process has not gained popularity due to the high temperature limitations for iron oxides (for example, for
FeO, a temperature of 3500 °C is required). However, it is known that decomposition processes can be influenced
not only from the point of view of temperature, but also from the point of view of the partial pressure of oxygen in
the environment. The work presents a thermodynamic study of the decomposition process of iron oxides of the
Fex03-Fe304-FeO system under conditions of elevated temperatures and the influence of reduced pressure
(including the partial pressure of oxygen). It was established that for the analyzed system of iron oxides under
conditions of decreased pressure up to 1-107 atm, it is possible to achieve a decrease in the temperature of the onset
of oxide decomposition by 1.35-1.68 times.
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PHYSICAL AND NUMERICAL STUDY OF GASDYNAMIC PROPERTIES OF JETS FORMED
BY COMPOSITE NOZZLES DURING TOP BLOWING
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The oxygen converter process, as the most profitable method of steel smelting in the world at the moment, is
in a dynamic state of constant improvement. Most often, improvements concern the design and operating modes of
the top blow lance. This is due to its key influence on the oxygen converter process: the formation of a high-speed
(supersonic) jet of oxygen flowing from the nozzles of the lance for effective interaction with the liquid bath - iron-
carbon melt. The characteristics of the jets determine the hydrodynamic, physicochemical, heat and mass transfer
processes that occur in the converter bath [1]. To ensure these conditions, it is necessary to provide the gas jet with
sufficient kinetic energy at the outlet of the blow nozzle with the achievement of supersonic speed indicators.
Accordingly, to solve the problem, since the middle of the twentieth century, instead of cylindrical nozzles, which
provide only subsonic characteristics of the gas jet flow, convergent-divergent nozzles of the Laval type began to
be used. Since then, researchers have repeatedly tried to improve the above design: a shortened nozzle - to reduce
energy loss, an elongated “throat” and an ideally calculated one to reduce shock waves, with a cylindrical outlet to
lengthen the jet [2-3]. Among the various designs of blowing nozzles, a special place is occupied by composite
nozzles, which consist of several parts and simultaneously form different interacting flows. The work presents the
results of a physical study on a water model blown with compressed air and a numerical study in the ANSYS
environment of blowing through composite nozzles formed by two concentrically arranged cylinders with different
ratios of the peripheral and central parts (25 %, 50 % and 75 % of the total nozzle area) in comparison with blowing
through Laval nozzles with the same equivalent radii and under equal blowing conditions. A number of important
features of gas jets flowing from composite type nozzles were revealed:

1) the fraction of the peripheral part of the composite nozzle is largely responsible for the hydro-gas-dynamic
characteristics of gas jet formation:

- under conditions of a small peripheral fraction (25 %), the jets flowing from composite nozzles are similar
in structure and nature of interaction with the liquid bath to those formed when blowing through the Laval nozzles
(the jet has a “barrel-shaped” single-chain structure, the immersion crater in shape and depth approaches that of the
jet from the Laval nozzle). The increase in the peripheral fraction to 50 % and further to 75 % is reflected in the
change in both the structure of the jet and the features of the interaction with the liquid bath (the jet acquires a
complex intertwined structure in the middle of each large “barrel”, the crater of interaction becomes more gentle,
rounded and the depth is significantly reduced.

- the larger the peripheral part of the folded nozzle, the fewer splashes are formed during the blowing of the
liquid with the transition to a fine “mist”. This can probably be explained by the formation of a larger number of
small waves on the surface of the bath under the action of the composite nozzles and the reduction of the distance
between them to 50 % compared to blowing through the Laval nozzle.

2) jets flowing from composite nozzles are characterized by significant energy indicators (at the same level or
higher than jets formed by the Laval nozzles) with a core length shorter by 15 — 33 %, respectively, with an increase
in the peripheral share from 25 % to 75 %.
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The development of technical solutions and technologies aimed at reducing CO> emissions and saving raw
materials and energy resources allows increasing of the competitiveness of metallurgical enterprises with unstable
supply of their materials. The choice of decarbonization directions at metallurgical enterprises of Ukraine is
connected with investment opportunities and solving the problem of producing high-quality competitive metal
products while ensuring the resource and efficiency requirements of the technological process along the “blast
furnace — oxygen converter” route. In the conditions of the most widespread in world practice technology of oxygen-
converter smelting with combined blowing of the bath with oxygen from above through a conventional multi-nozzle
lance and neutral mixing gas (nitrogen, argon) through the bottom, the maximum amount of recycled scrap metal in
the charge (scrap metal + liquid hot metal) is 25 % [1]. Regardless of the price of scrap metal and liquid iron, modern
environmental standards of industrially developed countries force iron producers to reduce the production of the
latter as the main source of CO; emissions into the environment with an increase in the share of scrap in the charge.
The work presents the results of a physical and mathematical study of ways to increase the share of scrap metal by
preheating it in a 250-ton converter for the conditions of the converter shop of PrISC “KAMET-STEEL” by using
new designs of fuel-oxygen lances, as well as subsequent blowing of the melt using a multi-purpose dual-circuit
oxygen lance, which provides the functions of energy-efficient combined blowing of the converter bath with
postcombustion of exhaust gases when supersonic and sonic oxygen and nitrogen jets are supplied from above with
simultaneous injection through the bottom of the unit of neutral mixing gases (nitrogen, argon). An important final
step in the steelmaking cycle is the application of slag garniture to the converter lining in order to extend the
converter's operating campaign. The following new energy-efficient lances and methods of converter smelting have
been proposed for implementation in the post-war period of the country's recovery. They can ensure an increase in
the share of metal scrap in the metal charge: a fuel-oxygen lance for heating scrap in the converter in a vertical
position using pulverized coal fuel (PCF) or natural gas (NG) (equipped with a head with 6 Laval oxygen nozzles
and with cylindrical fuel nozzles in each of them and scrap heating technology with the supply of PCF or NG in an
annular oxygen shell); design of a rotating fuel-oxygen lance for heating scrap with a horizontal converter position
(equipped with a head with 10 cylindrical nozzles of the “pipe in pipe” type, placed in 5 rows along the length of
the lance barrel and technology for heating scrap with the supply of PCF or NG in an annular oxygen shell); energy-
efficient technology of combined blowing of the converter bath with oxygen from above and neutral mixing gas
(nitrogen, argon) through the bottom using a new design of a double-circuit lance (contains a double-row 15-nozzle
head: 5 Laval nozzles and 10 cylindrical ones).
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The most common way to improve the technical and economic indicators of the steelmaking process in oxygen
converters is to develop new designs of blowing devices or to improve existing ones. This is especially true of the
top blowing lance, which plays a leading role in the converting process. A mandatory stage in improving the design
of oxygen lances and developing their operating modes is to check its efficiency under the conditions of blowing a
liquid bath. Such a check can be done either on a real industrial facility (an extremely risky method due to the
possibility of an accident or loss of unit productivity), or on a physical model or by mathematical modeling (with
validation of the results on a physical model). The most indicative is physical modeling, which can be carried out
either on a real metal melt with oxygen blowing (a complex and expensive method) or using water and oil as model
media, imitating metal and slag melts, with air blowing (an accessible, simple method). During modeling, it is
mandatory to use similarity coefficients that take into account the difference in geometric dimensions and physical
properties of model media from real ones. However, low-temperature modeling can still provide qualitative results.
To move to quantitative indicators that would correspond to the real process, it is necessary to understand more
deeply the correspondence of the processes occurring during blowing of the water model and the real metal melt.
This can be done under the conditions of using the same blowing devices and similar technological modes (the
difference then consists only in the peculiarities of the interaction of the same gas jets with the model medium).
Therefore, it is very relevant to conduct research on the comparative analysis of the results of low-temperature and
high-temperature modeling of the blowing processes a liquid bath under the conditions of using the same blowing
devices and maximum similarity of the technological conditions of blowing. The analysis was carried out based on
the results of physical low-temperature (on a 6 kg water model with the addition of 600 g of polymethyl silicone
oil) and high-temperature (on a 60 kg model of an oxygen converter with blowing of liquid iron with the addition
of 2 kg of lime for slag formation) modeling under the conditions of blowing with the top three-nozzle lance (nozzle
diameter 1.5-10m, inclination angle to the lance axis 14 degrees). The gas pressure was up to 300 kPa.

According to the results of the research, it was established: 1) when using polymethyl silicone oil, it is possible
to simulate the interaction of the liquid with the gas jet, which in the real process occurs in the final period of
blowing, when the slag bath somewhat “settles” and “exposing” the metal is observed due to the retreat of the slag
from the center of the bath under the action of the gas jet. 2) According to the specified period, the foaming height
of the second phase under low-temperature modeling conditions differs by 13 — 20 % from the real foaming height
of the slag. This allows us to evaluate and separate the influence of the top gas jets on the foaming of the slag and
the influence of the lifting force of CO gas bubbles formed in the real bath due to the decarburization reaction.
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Today, the share of steel smelted in oxygen converters remains at a significant level, despite the active development
of modern steelmaking processes. Such high competitiveness is due to the constant active development of the converting
process in the direction of increasing both technological indicators and environmental friendliness of the process. The main
sources of environmental pollution, which are formed by the activity of the oxygen converter process, are the release of gas
with a large share of CO and CO» and dust emission. They are formed as a result of the interaction of key process factors:
a high-speed gas oxygen jet flowing from the top lance and a slag-metal liquid bath, under conditions of sufficiently high
temperatures and as a result of the course of chemical oxidation reactions, primarily of carbon, as the main component of
the iron-carbon melt. The most common direction of increasing the technological and environmental indicators of converter
process is currently the direction of increasing the share of scrap metal that is processed, with a decrease in the consumption
of hot metal and lime, the production of which is associated with the formation of carbon oxide emissions [1]. This is
possible under conditions of increasing the thermal state of the bath and intensive flow of exchange processes. One of the
ways to intensify the oxygen converter process can be the use of ozone, which is much more active than oxygen, but unstable
at the temperatures of oxygen-converter smelting [2]. The work presents the results of a study of the method of ozone
formation directly at the outlet of the top blow lance through the use of a spark electric discharge. The main goal was to
determine the possibility of using a laboratory sample of a blow lance for blowing iron-carbon melt by assessing the
distribution of ozone along the length of the gas jet. The studies were conducted on a laboratory stand for determining ozone
concentration using a Cyclone 5.21 ozon meter and a model of a top oxygen lance equipped with an ozone generation
device by means of a spark electric discharge at the outlet of the nozzle. According to the results of the studies, it was noted
that ozone was created by a spark discharge in front of the blow device at a distance of 5 — 7 calibers (concentration surge)
and then mixed with the gas flow and moved along the jet. This caused a decrease in ozone concentration along the jet
depending on the blowing pressure. At a gas pressure of 50 — 100 kPa at a distance of 10 to 40 calibers, a decrease in ozone
concentration by 15 — 20 % for every 10 calibers was noted. At a gas pressure of 200 kPa, the decrease in concentration
was 30 — 35 % for every 10 calibers. At the same time, at a distance of 40 calibers, which corresponds to the working
position of the blowing lance in the oxygen converter according to the calm bath, the amount of ozone was about 2.5 mg/m?
at a gas pressure of 50 — 100 kPa, and at a pressure of 200 kPa — 1.5 — 2 mg/m>. However, it should be taken into account
that during real blowing, the steelmaking bath is in constant motion, and for a longer period of time the blowing tip of the
lance is immersed in the slag melt as a result of the bath rising. Therefore, it is necessary to take into account the ozone
concentration at a distance of 5 — 10 calibers, the level of which is quite higher: at a gas pressure of 50 — 100 kPa at the level
of 12 — 20 mg/m?®, and at 200 kPa it reached 32 — 35 mg/m’. Therefore, it can be expected that ozone produced in the
sublunce zone will be able to participate in metal refining processes. Based on the results obtained, an empirical oxygen jet
expansion coefficient was developed to estimate ozone productivity.
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Pulverized coal fuel (PCF) is one of the most promising alternatives to traditional heat carriers in metallurgy
due to its high calorific value and economic efficiency. In converter steelmaking, the use of PCF is limited by the
risks of local overheating of the charge, difficulties in controlling the combustion process, and incomplete
afterburning of exhaust gases. Uneven temperature distribution in the converter cavity may lead to accelerated lining
wear and pose a risk of splashes during hot metal charging.

The development of special fuel-oxygen lance with combined injection of PCF in an oxygen stream makes it
possible to combine the advantages of pulverized coal fuel with the specific features of the converter process,
increase energy efficiency, and reduce dependence on traditional fuels. The urgent challenge is to ensure uniform
combustion of PCF and stabilization of the temperature regime, which is critical for preventing local overheating
and the formation of a liquid phase.

To identify the regularities of the influence of main factors on the process of scrap preheating using PCF, a
design of a fuel-oxygen lance and a laboratory setup were developed. These make it possible to study the
combustion characteristics and the heating efficiency of the scrap inside the oxygen converter cavity [1].

Carbon particles of PCF ignite after moisture evaporation and pyrolysis, forming high-temperature (up to 2000
°C) bright flames that effectively heat the surface of the metal scrap. The use of PCF ensures a higher combustion
coefficient and more efficient oxygen utilization compared to lump coal, owing to the larger total surface area of
the particles and more intensive heat exchange. The time required for the scrap surface to reach 850-870 °C was
reduced by about half, with no liquid phase formation observed. An empirical dependence of flame temperature on
the specific oxygen consumption (m?*/kg PCF) was established. The most uniform heating without local melting is
achieved at 1.0-1.35 m*kg PCF [2].

The proposed design of the fuel-oxygen lance enables effective control of the scrap preheating process,
reduction of heat losses, minimization of the harmful effects of slag formation, and improvement of the energy
efficiency of the converter process. The use of PCF in this format allows shortening the preheating time and reducing
the risk of local overheating and lining damage.
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The target function of controlling the thermal state of blast furnace (BF) smelting is to maintain the thermal
regime at a level that ensures the production of cast iron of a given quality with minimal deviations in the
components of its chemical composition. The silicon content in cast iron [Si] is most often used as the main indicator
of the thermal state. Most of the methods for predicting [Si] that have become widespread in recent years have a
low degree of accuracy due to the multifactorial influence of technological parameters on the thermal state of BF
smelting. In addition, the accuracy of these forecasting methods is determined by two main conditions: prompt
receipt of the full amount of reliable information about the parameters of the technology and the constancy of fuel
and raw material and exhaust parameters. Compliance with the first condition is difficult to achieve, and if the
second condition is met, the stability of the thermal state is ensured, which excludes the feasibility of forecasting as
such. Therefore, the task of maintaining a stable process, a clear understanding of the degree of influence of certain
factors and the promptness of responding to changes is relevant [1].

For the most accurate assessment of the stability of the thermal state of BF smelting, in recent years it has
been customary to use the root mean square deviation (RMSD) [Si] — o[Si], which is usually determined within one
day of operation of the BF by the number of releases per day. The assessment of 6[Si] over a longer time period
complicates the analysis of identifying factors that affect 6[Si], since the comparison is made relative to the average
value of [Si], which can be affected by various factors in each day.

For the operating conditions of BF-1M PrJSC “Kamet-steel” in March—June 2025, the relationships o[Si] from
the specific coke consumption (C) and coke equivalent (CE) were obtained using the method of statistical
convolution and sorting of daily data, using the adopted coke replacement coefficients with coke nuts (CN) — 0.72
and pulverized coal (PCI) — 0.80. The analyzed period of operation of BF-1M was characterized by the following
melting parameters: C—438 kg/t; CE-522 kg/t; [Si]-0.59%; o[Si]-0.058%; PCI-83 kg/t; CN-25 kg/t; daily
production—2862 t/day. It should be noted that the analysis was performed for the operating conditions of BF-1M
during the period when another BF-9 of the shop was stopped for major repairs, which allowed to avoid certain
features of averaging individual parameters between two BFs of the shop.

The obtained dependences: C=109.68-6[Si]+431.16 (Rx,y=0.77) and CE=148.04-c[Si]+513.13 (Rx,y=0.88)
indicate the influence of the stability of the thermal state on the efficiency of melting and the need to maintain the
value of o[Si] no more than 0.060% to obtain high melting performance. To achieve this value of o[Si], it is
necessary, first of all, in unstable fuel and raw material conditions: to adhere to the release schedule; to carry out
targeted flushing of the BF with hard-to-recover materials when it is clogged; to carry out preventive soft flushing
of flux residues and coke waste in the intermediate zone of the BF with a mixture of iron ore materials with a basicity
of 0.65—-0.85 units; to ensure a uniform distribution of theoretical combustion temperatures along the circumference
of the BF by directional regulation of the PCI flow rates through air tuyeres; to use manganese-containing materials
in the BF charge to ensure a change in the manganese content in cast iron of not less than 0.20% [1].
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Installation of chute-type bell-less top devices (BLT) on blast furnaces of various volumes (in world practice
from 600 to 6000 m®), increasing the design options of the charging device and its distribution chute, require taking
into account in the algorithms of the models the materials flow parameters coming from the distributor. A calculation
method for estimating the distribution of the flow density of charge materials coming from the chute when they are
charged into the furnace has been developed. The experimental method has been improved using a sensor measuring
probe of an original design, which allowed confirming the reliability of the calculation results in industrial
conditions. In a blast furnace with a volume of 1513 m?, it was experimentally established that the width of the flow
of materials discharged when using the chute inclination angles in the range of 30°-48° differs slightly and at the
charge filling level of 1.0 m is ~0.8 m, and the distribution of the flow density along its width is uneven — the
intensive part is shifted to the furnace axis. The obtained computational and experimental data on the patterns of the
flow density distribution of the charged burden materials allowed us to improve the method of choosing rational
chute inclination angles in working angular positions and to obtain the dependence of the rational number of equal-
sized annular zones on the radius of the blast furnace top. Improved calculation methods for assessing the burden
distribution were used in the development of a mathematical charging model of BLT, implemented by the ISI in
2019-2020 on a blast furnace with a volume of 2000 m?.
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Examines the key factors affecting the service life of welded oxygen lance tips operating under the extreme
conditions of converter steelmaking. In particular, the tips are exposed to high temperatures that significantly exceed
the melting point of copper (1085 °C), as well as to the action of oxygen blowing, thermal radiation from the reaction
zone, and mechanical wear caused by molten metal droplets. Unlike cast or forged—brazed tips, increasing the
durability of welded tips, in addition to operating close to the design parameters, depends largely on the quality of
welding operations and the resulting weld seams [1]. The main factor limiting the service life of welded tips is the
failure of welds, especially at the joint between the Laval nozzle and the outer shell (plate).

During the first stage of testing of experimental tips manufactured using ErCuNiSFel welding wire (GOST
16130-90), the weld seams exhibited a tendency to crack formation in both longitudinal and transverse directions.
Chemical composition analysis revealed a significant difference in copper content between the welding wire (92.81
%) and the nozzle material (99.99 %), which creates conditions for the formation of brittle eutectic compounds
susceptible to cracking. Copper, particularly when containing impurities such as lead, bismuth, sulfur, and oxygen,
is highly prone to hot cracking during welding [3].

To reduce alloying and increase thermal conductivity, CuSnl welding wire (ISO 24373:2018) with a chemical
composition close to that of M1 copper (deviation 0.39 %) was introduced. This made it possible to increase the
service life of welded tips from 16-56 heats to 49—245 heats. However, even with CuSnl, cases of water leakage
through cracks in the welds were still observed.

Metallographic studies using an “Olympus” microscope confirmed that the causes of cracking include both
deviations from the welding procedure (insufficient or excessive heating) and surface contamination with oxides.
Examination of welds in a tip with service life exceeding 200 heats revealed lack of fusion and brittle grain boundary
structures acting as crack initiation sites.

Recommendations for improving the durability of welded oxygen lance tips include:

— using welding wire with a composition as close as possible to the base metal,

— applying preheating and interpass heating, especially for thicknesses over 10—15 mm;

— hammering (peening) of welded areas after welding;

— thorough cleaning of surfaces from oxides before welding.

Thus, achieving high durability of welded oxygen lance tips requires a comprehensive approach to material
selection, welding technology, and design solutions. Further research should focus on optimizing the thermal
regime, alloying of welds, and the microstructure of metallic joints.
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With the increasing quality requirements for steel and the growing role of secondary metallurgy, improving
the tapping process from the converter is becoming particularly relevant. In particular, optimizing the formation
conditions of the gas—liquid flow in the tap channel is considered one of the promising directions for ensuring a
stable and efficient technological process.

The development of new technical solutions aims to achieve several objectives: improving slag cutoff
efficiency, reducing the effect of atmospheric oxygen on the melt, and creating favorable conditions for deoxidation
directly during tapping. One of the reserves for intensifying these processes is the use of the potential energy of the
melt flowing into the ladle from a height of 5-8 m, which promotes mixing and dispersion of components [1].

To investigate the conditions of gas—liquid flow formation, a model in the form of a flat runner—an analogue
of a cylindrical tap channel with coaxially arranged nozzles—was developed. The key variable parameters in the
study were gas flow rate (q) and bath level (H) in the converter. The main analysis criterion was the relative vortex
depth (Kv), defined as the ratio of vortex depth (Ai) to the tap channel diameter [2].

The studies showed that at high gas flow rates (q > 0.1 m*/min), Kv stabilizes within 0.03—-0.09, and the
influence of the liquid level is insignificant. The flow is characterized by a stable, moderately developed gas—liquid
interface. As the gas flow rate decreases to q < 0.05 m*/min and H to 0.25-0.60 m, KV increases to 0.22—0.65,
indicating flow destabilization, vortex deepening, and a decrease in the degree of flow organization.

Based on the experimental data, a classification of flow formation regimes was developed, which takes into
account dynamic changes in bath level—unlike previous approaches based on constant geometric nozzle parameters.

Flow regime classification by relative vortex depth (Kv) [2]:

- regime I: Kv > 0.5 — no intensive mixing of gas and liquid occurs.

- regime II: 0.5 > Kv > 0 — increasing gas flow rate or decreasing bath level reduces vortex depth, promoting
intensive mixing of gas and liquid. In this regime, a gas—liquid flow with a well-developed interfacial surface and a
high degree of organization is formed.

- regime III: Kv < 0 — further increasing gas flow rate or decreasing bath level causes central gas
breakthrough and transition of the gas—liquid flow to a dispersed—annular regime (“breakthrough regime”),
characterized by an increase in the opening angle of the flow’s free surface.
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The efficiency of the ignition process of the sintering mixture significantly affects the quality of the finished
sinter, the uniformity of the sinter structure, the productivity of the sintering machine, and energy consumption.
Traditional burner designs for ignition hoods provide only partial control of the heat flow, which leads to local
overheating and areas of insufficient heating. As a result, uneven combustion, instability of the ignition front,
temperature fluctuations in the bed, and increased nitrogen oxide emissions are observed.

The problem is further complicated by the fact that the sintering mixture layer is heterogeneous in terms of
particle size distribution, moisture content, and gas permeability, and therefore requires differentiated heat input.
This justifies the need to develop a new type of burner with independent control of air and fuel flows across the
width of the ignition hood.

The aim of this work is to improve the efficiency of the ignition process of the sintering mixture by refining
the design of a gas burner with separate supply of primary and secondary air. This allows for the adjustment of the
ratio between convective and radiant heat transfer components and stabilizes the thermal field in the ignition zone.

The proposed burner has a modular design: it consists of several narrow sections combined into a single block.
Each module is equipped with separate channels for supplying gas, primary, and secondary air, as well as control
dampers that allow adjustment of the flow ratios. Primary air is supplied to the flame stabilization zone to maintain
stable combustion, while secondary air is fed into the terminal part of the flame for staged afterburning of gases,
flame temperature control, and the formation of the required oxidizing potential of the flue gases above the sintering
mixture bed.

Computational modeling has shown that with separate air supply, more complete fuel combustion can be
achieved and the ignition zone temperature can be increased by 60-80 °C at the same gas consumption.
Experimental studies confirmed a leveling of the temperature profile across the hood to within +10%, a 10%
reduction in ignition time, a 6—10% decrease in specific gas consumption, and a reduction in NOy emissions of up
to 30%.

The developed burner design is compatible with standard ignition hoods of the AKM-75 type without the need
to modify the casing. Modularity ensures easy scalability for units of other widths, while separate air supply enables
adaptation of heating modes to the current composition and condition of the mixture. In the future, the
implementation of an automated air supply control system based on temperature feedback is planned, which will
enable the maintenance of a stable flame profile in real time.
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To study the influence of smelting intensity on the formation of the charge column structure, the results of
investigations of the charge column structure in blast furnaces frozen in operation were compared — namely,
Japanese blast furnace No. 1 at Amagasaki Works [1] and No. 1 at Hirohata [2]. To investigate the relationship
between smelting intensity, gas distribution, and gas permeability of the charge column in blast furnace cross-
sections, performance indicators of BF No. 8 of the Dnipro Metallurgical Plant (DMP) with a volume of 1754 m?
were used. This furnace operated at nominal increased intensity in 1979 and at reduced intensity in 1997, depending
on production demands.

Based on the analysis of the condition of the charge columns of frozen-in-operation blast furnaces [1, 2],
which operated at different smelting intensities, changes in the column structure due to increased process
intensification were identified. This increase led to a higher super-tuyere coke layer and its total volume. At the
same time, the number of coke windows in the cohesive zone increased, and consequently, the gas permeability of
the zone rose. Moreover, intensification reduced or eliminated circumferential irregularity in the formation of the
cohesive zone and the coke burden.

Gas distribution was evaluated using two indicators — the unevenness of CO, concentration distribution
across the furnace radius (Fr) and the degree of peripheral distribution CO,p/CO,c. The stability of radial gas
distribution was assessed by the range of fluctuations in CO, concentration in gas at specific radial points over the
observation period.

Comparison of characteristic operation periods of the 1754 m?® furnace revealed that an increase in smelting
intensity from 0.650 to 1.009 t/m*-day resulted in the following changes in radial gas distribution: the unevenness
(based on the coefficient of variation of CO, concentrations) increased from 21% to 30% on average, while the
degree of peripheral loading (based on CO,p/CO,c) decreased from 0.89 to 0.65. It was shown that process
intensification through blast parameters on the studied furnace led not only to greater unevenness of radial gas
distribution but also to increased instability, caused by fluctuations in gas permeability of individual blast furnace
zones. The highest range of CO, concentration variation in the radial gas occurred at the periphery with blast rates
of 1.37-1.48 m*/m?-min, and the lowest — at the ridge (center) with blast rates of 1.48—1.60 m*/m?-min.

Contrary to the prevailing opinion that increased smelting intensity promotes the leveling of radial gas
distribution, the study demonstrated a dependency of process intensification on the opening of peripheral-axial zones
— on the Cherepovets furnace (2000 m?), intensification by 9% (based on coke consumption) was linked to
peripheral-axial openings, and on the Magnitogorsk furnace (1300 m?®), an 8% increase was linked to the opening
of the peripheral zone.

Comparison of the results obtained on BF No. 8§ DMP with gas distribution data from three other blast furnaces
at different plants showed that, under relatively stable raw material conditions, intensification of the blast furnace
process — according to any index — occurs due to the opening of peripheral-axial pathways, the cross-sectional
dimensions of which determine the thermal and reduction work of the gas flow and the overall efficiency of blast
furnace smelting.
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The stability of iron ore raw material composition during stockpile formation determines the quality of sinter
and the efficiency of subsequent metallurgical processes. During the stacking of ores, concentrates, fluxes, and other
components, particle segregation occurs based on size, density, and shape, leading to the formation of heterogeneity
zones. To reduce such deviations, it is advisable to consider the impact of the stacking scheme on the blending
process and composition uniformity.

The aim of this study is to analyze the influence of bulk material stacking patterns on the uniform distribution
of components in an iron ore stockpile. The research was conducted using a geometric model describing particle
movement along the slope of the pile during stockpile formation. Two stacking schemes were considered —
symmetrical and unidirectional. The analytical model takes into account the stockpile height H, the angle of repose
¢, and particle motion parameters that determine sliding length and the final position of the deposited layer.

Calculations showed that under the symmetrical stacking scheme, the total particle trajectory length is
approximately twice as long as in the unidirectional scheme, leading to the formation of more pronounced interlayer
heterogeneity zones. In unidirectional stacking, compaction of the pile structure occurs, voids are reduced, and a
more uniform component distribution is achieved. Blending efficiency was evaluated using the coefficient of
variation CV(Fe), which reflects the deviation of iron concentration across the stockpile layers. Transitioning to a
unidirectional stacking scheme reduced CV(Fe) from 5.2% to 3.4%, corresponding to an approximately 35%
improvement in chemical composition uniformity.

Industrial validation of the model was conducted under real conditions at a metallurgical enterprise.
Experimental measurements showed a deviation of the calculated data from actual values within +0.6%, confirming
the adequacy of the model. Compared to classical approaches (Watanabe, Arima), the developed model more
accurately reflects the impact of stacking geometry on the degree of blending and is practical for real-world
application.

The results can be used to develop recommendations for optimizing stockpiling parameters and improving the
stability of sintering mixture composition at Ukrainian metallurgical enterprises.
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In modern sintering production, the stability of the chemical composition of the charge determines the quality
of the finished sinter, the productivity level of sintering machines, and the stability of the blast furnace process.
Significant deviations in the content of Fe, SiO,, CaO, MgO, and other components in the raw materials create
layer-to-layer inhomogeneity in the stockpile, which subsequently affects the variability of the sinter composition.
Therefore, the process of raw material averaging during stack formation is a key stage in the charge preparation
system.

This work presents an analytical study of the process of iron ore material stacking during stockpile formation
using a geometric model that describes the trajectory of bulk particle movement along the slope of the pile. The
model takes into account the stack height H, the natural repose angle ¢, the distance between material discharge
points, and the stacking scheme — symmetric or one-sided. For each scheme, the length of the particle sliding path
and the volume of interlayer zones, where partial segregation of components by size and density occurs, were
determined.

Comparative calculations showed that with the symmetric stacking scheme, the total path length of particle
movement is about 33-t, whereas with the one-sided scheme — only (16-17)-t, which reduces the thickness of
interlayer zones by half. This ensures denser material packing, a reduction in void volume, and a more uniform
distribution of particles of different fractions. To evaluate the degree of averaging, the concentration variation
coefficient o was used, characterizing the deviation of the chemical composition between the layers of the stockpile.

It was found that during one-sided stack formation, the average value of ¢ decreases by 12—15% compared to
the traditional scheme, confirming the effectiveness of this approach. The proposed model makes it possible to
determine the influence of stack geometry on mixing processes and to predict the level of chemical homogeneity of
the charge already at the stacking stage. The obtained results can be used in developing recommendations for
optimizing the design of belt stacker-reclaimers and the stacking regimes of sinter plants.
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The purpose of the study was to determine the specific features of remelting nickel-containing raw materials
(particle size 1-20+ mm) in order to maximize the nickel content in the resulting alloys.
The objectives of the research included assessing the feasibility of preliminary preparation of the feedstock
(classification by particle size, use of mixtures with different fractional compositions), determining the optimal
temperature conditions for remelting, the composition of the gaseous atmosphere, and the type of reductants required
for obtaining metallic ingots. Additionally, the study aimed to investigate slag formation characteristics and to
evaluate the effect of slag basicity on the yield of the usable metallic product.

The research methodology involved conducting direct high-temperature experiments with controlled
temperature in the working chamber of a Tammann furnace, regulated furnace power according to a predefined
algorithm, and video monitoring of melt surface behavior.

For the remelting of raw material samples with the following chemical composition (wt.%): 80—82 Fe, 1417
Ni, 0.8-1.0 Si, 1.7-1.1 Cr, and 0.07-0.12 Mn, to obtain a metallic alloy corresponding to FN-20R (TU U 27.3-
31076956-010:2011), a Tammann furnace was utilized. Based on thermodynamic calculations for the NiO—Fe—C
system, the application of C (graphite crucible), Si (from FeSi75), and Al as active reductants was determined to be
appropriate.

To assess the effect of particle size on the yield of metallic alloy, three fractions of raw material were selected:
0-10 mm, 10-20 mm, and 20+ mm. Each fraction was charged into a graphite crucible and placed in the working
chamber of the Tammann furnace. The creation of a reducing atmosphere within the furnace and the use of a graphite
refractory plug ensured protection of the molten metal from direct oxidation by atmospheric oxygen and prevented
the accumulation of FeO and MnO in the slag.

The holding time of the melts in the crucibles at 1510—1540 °C under turbulent mixing conditions averaged
30 minutes.

It was established that, for producing a ferroalloy containing Fe (77-83%) and Ni (13.4-20.0%) by remelting
the raw material under reducing conditions, preliminary preparation (classification and/or additional grinding) of
the feedstock is impractical. Under the experimental conditions, the use of the 20+ mm particle fraction resulted in
a 44.7% higher nickel content in the produced alloy compared with the 0—10 mm fraction.

The feasibility of using FeSi75 as a reductant was also examined. Although an increase in nickel content was
expected when using FeSi, the yield of Fe—Ni-based metallic alloys amounted to 56—62% of the initial raw material
mass; when FeSi was used, the yield decreased to 39.64%, with a nickel content of 4.3%. Material losses during
remelting ranged from 3.0 to 5.9% of the initial mass.

Considering the need to ensure increased slag viscosity during the remelting process, it is advisable to
introduce slag composition modifiers such as Al,Oz—to reduce NiO solubility—while maintaining slag basicity
(Ca0/Si0,) within the range of 0.9—1.1 to minimize nickel dissolution, and MgO (8-12%) to stabilize the slag
structure.
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It is known that 19% of metallurgical companies systematically apply artificial intelligence to transform their
processes, 31% use data together with artificial intelligence to achieve exponential growth, 37% rethink the
interaction between people and machines [1]. When considering the contribution of Al to environmental
sustainability, it should be noted: reducing energy consumption, raw materials and emissions of harmful substances;
optimizing processes for more efficient use of resources; supporting sustainable and environmentally friendly
production [2]. The impact of artificial intelligence on supply chain management is very large. Al systems can
optimize inventory management, predict demand fluctuations and optimize logistics operations. By analyzing data
in real time, artificial intelligence can identify potential failures and suggest proactive measures to mitigate risks,
ensuring a smooth and resilient supply chain. This ability not only increases efficiency, but also contributes to
sustainability by reducing waste and improving resource use [3].

According to [4], there are 10 ways to use Al in the steel industry: predictive maintenance; process
optimization; quality control and defect detection; supply chain management; energy efficiency and sustainable
development; production planning and personnel management; product development and configuration; safety
improvement; market analysis and pricing strategies; research and development.

Thus, artificial intelligence is a factor of revolutionary changes in the metallurgical industry, which allows to
ensure increased productivity and quality of metal products, energy efficiency and sustainable development, while
transforming the workforce and decision-making processes in the industry. The main sources of application of
artificial intelligence in the metallurgical industry are: predictive maintenance; optimization of the metallurgical
process; quality control of metal products and detection of defects and shortages; supply chain management of raw
materials and metal products; energy efficiency; production process planning and personnel management;
development of new types of metal products; improvement of occupational safety, market analysis and pricing
strategies, and others.
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Today, such smart technologies as artificial intelligence (Al), digital twins, virtual and augmented reality allow
to optimize the educational process, increase its efficiency and reduce the time spent on learning due to the new
stage of automation [1]. Among the challenges regarding the use of artificial intelligence systems that modern HEIs
face are: the problem of ethics, ensuring confidentiality and security, insufficient level of formation of digital
competence in the aspect of Al, fragmentation of educational and scientific and methodological support for the
implementation of Al in the educational process [2].

One of the potential areas of using Al as a teacher's assistant is the selection of educational material that is
optimal for the appropriate audience, course curriculum, interesting and useful for the future profession. Mobile
applications are becoming relevant, which are used: as assistants in studying educational material and consolidating
it; as an analyst in the process of collecting information during exercises in solving problems that cause certain
difficulties, errors and significant time consumption [3].

Artificial intelligence allows for real-time assessment of problem solving and improves the assessment process
of higher education students. For example, chatbots offer students a personalized and interactive learning
experience, providing 24/7 support and improving accessibility [4].

For example, the use of artificial intelligence by higher education students studying in the specialty G10
«Metallurgy» will allow improving the following areas:

1. Optimize metallurgical processes.

2. Conduct quality control and identify defects in metal products.

3. Conduct maintenance forecasting.

4. Conduct material selection and alloy design.

Thus, the timely introduction of information technologies into the educational process of higher education
institutions is a way to modernize education, innovation, and increase the competitiveness of Ukrainian higher
education institutions in the global arena. The use of artificial intelligence in the educational process will allow:
teachers to generate and check tests, create presentations, analyze the academic achievements of higher education
students, etc.; higher education students to search for information for scientific papers, prepare for exams or tests,
generate ideas for presentations, receive feedback on scientific papers, learn languages; for HEI leaders to optimize
administrative processes (for example, filling out documentation, writing answers to questions, etc.).
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There are two main ways of using slaked lime and compositions based on it in the metallurgical industry of
Ukraine:

— as a basis for solid slag-forming mixtures (SSM) for the out-of-furnace treatment of liquid metal melts;

— as crucibles for vacuum and open induction furnaces; ceramic lining elements for oxygen converters and arc
steelmaking furnaces, elements of intermediate ladles of continuous casting plants, elements of pouring glasses of
steel pouring ladles, elements of devices for filtering liquid metal melts.

In the converter shop of PJSC «Dnepr Metallurgical Combine» (now PrJSC «KAMET-STEELy), a
technology was mastered for treating carbon and low-alloyed calm steels with a lumpy solid slag-forming mixture
consisting of freshly calcined metallurgical lime and dry fluorspar in a ratio of 4:1 during the process of releasing
the melt from the converter into a ladle with a capacity of 250 tons. TSS treatment was mastered on steel grades 20,
35, 09G2, 16KhG, 10KhS, etc. The TSS consumption was usually 7 kg/t. The sulfur content in the metal before
release ranged from 0.025-0.050%, in the finished metal 0.010-0.030%. The degree of desulfurization was 182—
315%.

At «Kryvorizhstaly (now «ArcelorMittal Kryvyi Rih»), carbon and low-alloy steel smelted in 150-ton
converters was treated in a ladle with pieces of a slag-forming mixture of lime and fluorspar. The consumption of
piece lime was 2.3—7.8 kg/ton of steel. The initial sulfur content in the metal during the smelting was 0.037%. The
degree of steel desulfurization ranged from 15-30%.

At PrJSC «Azovstal Metallurgical Plant» (existed until 2022), a technology for desulfurization of converter
steel in ladles with solid slag-forming mixtures based on fluxed lime was developed and mastered, which differs
from ordinary lime in its increased iron content - up to 3.3 and lower calcination losses - 1.54%. Fluxed lime was
fed into 350 t ladles through a bulk material path. At the same time, fluorspar was introduced into the ladle; at the
same time, the ratio of TSS of fluorspar and lime was maintained at 1: (3—4). Low-alloy steels of grades 13GS,
16GS and a number of ordinary grades were processed. At the beginning of the smelting production, aluminum in
ingots (0.4—-0.5) kg/t of steel were placed under the stream, after 20-30 sec. from the beginning of production, TSS
was introduced up to 8 kg/t.

Molten lime crucibles are also used in industrial conditions at PJSC «Motor Sich» in vacuum induction
furnaces when smelting the alloy ChS-70-VI. The use of fused lime crucibles leads to an increase in the yield of
usable blades to 66—79%, depending on the type of blade. At the same time, there is a noticeable decrease in the
number of products with surface defects and slag inclusions.

The use of TSS based on fused lime in industrial conditions has positive results, in particular in the conditions
of PJISC «Zaporizhstal» at open-hearth furnace No. 5 when conducting a 500-ton experimental smelting of structural
carbon steel of grade 10SP with metal processing in a TSS ladle based on lime.

In the conditions of PrJSC «Dneprospetsstal» tests of TShS based on slaked lime were carried out as follows:

— smelting of bearing steel grades ShKh15 and ShKh15SG is carried out in SPC-3 in 60-ton electric arc
steelmaking furnaces (EAF) with out-of-furnace processing of TShS. The sulfur content in bearing steels of the
experimental melts was 0.005-0.009%. The achieved degree of metal desulfurization of 72-81% indicates a high
refining ability of slaked lime;

— treatment of stainless steel grades 12X18H10T and 08X18HI10T with slaked lime on an argon-oxygen
refining unit in SPC-2. The steel was smelted by a duplex process (electric converter furnace). The semi-finished
product was smelted in a 50-ton chippings furnace by the method of alloyed waste remelting. After adjusting the
technology of out-of-furnace processing of stainless steel and selecting the optimal amount and composition of TSS
based on slaked lime, the sulfur content in the finished metal can be reduced to 0.005-0.007%, and the degree of
desulfurization is brought to 75-85%.
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In the conditions of PJSC «Zaporizhstal» in the open-hearth furnace No. 5, a 500-ton experimental melting of
structural carbon steel of the 10SP brand was carried out with metal treatment in the ladle with solid slag-forming
materials (SSF) based on lime. Pre-melted lime was obtained in a semi-industrial three-phase electric arc furnace with
a capacity of 140 kVA. The initial charge used was metallurgical lime of the IF-1.2 brand (89.5-90.5% CaO, 0.930—
1.1% MgO, 0.45-0.62% Si02, 0.860-0.92% Al>Os, 0.22-0.4% FeO, 0.28-0.35% C, 0.12-0.15% S, 0.009-0.012% P
produced by JSC «Zaporizhzhia Ferroalloy Planty), obtained in a lime-burning furnace. Melting was carried out on a
garniture of the prepared charge up to 200 mm thick, which excluded contact of the liquid melt with the magnesite
masonry of the bottom and the walls of the furnace.

Smelting of 10SP steel was carried out according to the current technological instructions. The metal was released
in two ladles. At the fourth minute after the start of steel production, deoxidizers and aluminum were introduced into
the first ladle, at the sixth minute, 1200 kg of solid slag-forming mixture was added, consisting of 85% fused lime and
15% fluorspar. The complete chemical analysis of the TSH is as follows: 82.5% CaO, 14.27% CakF>, 0.2% MgO, 2.97%
Si02, 0.19% Al20O3, 0.19% Fe, 0.021% C, 0.005% S.

The metal was released into the second ladle using the current technology. The total time for steel to be released
from the furnace was 22 minutes. During the release of the melt, the metal in the ladles was purged with argon through
a gate valve.

The steel was cast using the current technology: experimental melting with the THS additive in a 11B type caster,
melting without the THS additive in a 1B type caster.

The results of the chemical analysis of the metal samples taken during the melting and casting of 10SP steel are
as follows:

— after melting: 0.75% C, 0.043% S;

— before release from the furnace: 0.07% C, 0.18% Mn, 0.032% S;

—1in ladle No.1 after TSH treatment: 0.1% C, 0.65% Mn, 0.24% Si, 0.019%S, 0.011% P, 0.08% Cr, 0.05% Ni,
0.01% Cu, 0.08% As;

— in ladle No.2 without treatment: 0.09% C, 0.53% Mn, 0.21% Si, 0.027% S, 0.01% P, 0.08% Cr, 0.05% Ni,
0.09% Cu, 0.08% As;

So, having an initial sulfur content in the metal before release of 0.032%, we obtain in the ladle after treatment
with a solid slag-forming mixture a sulfur content of 0.019%, and without treatment 0.027% S. The degree of
desulfurization was 40% and 19%, respectively. The ingots were redistributed according to the current technology into
a 1.5 mm sheet. It was established that the mechanical properties of the sheet from the experimental metal were higher
by 15-30%.
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This study presents a comprehensive methodology for assessing the economic feasibility of introducing
sponge ferrotungsten (FVG) production in the domestic metallurgical industry using powder metallurgy techniques.
The proposed technology aims to optimize resource and energy consumption by replacing expensive reducing agents
such as silicon and aluminum powders with carbon-containing waste and simplifying the melting process. The use
of FVG as an alloying additive in high-speed steel smelting significantly improves alloying efficiency—reducing
dissolution time of tungsten, lowering losses of other alloying elements, and increasing furnace productivity. The
article outlines a detailed economic calculation model that factors in cost savings from reduced material and energy
consumption, improved yield, and enhanced absorption rates of tungsten (5-7 times higher than traditional
ferrotungsten). The economic effect was demonstrated through case studies of smelting steel POMS5 using sponge
ferrotungsten in electric arc furnaces. The findings support the use of FVG as a cost-effective and technologically
advanced alternative to conventional ferroalloys, with strong potential for broader industrial application based on

data from the London Metal Exchange (LME).

A technology for obtaining and using sponge ferrotungsten by powder metallurgy has been developed, which
differs from traditional ferroalloys based on tungsten by metal thermal melting in flexibility and economy. The
method is designed to use relatively cheap and common reducing agents and obtain a product with qualitatively new
technological properties: the speed of tungsten absorption in molten steel is 5-7 times higher than from a standard
analogue. This allows reducing the burnout of other elements from molten steel by 4-7% (molybdenum, chromium,
vanadium). The method for calculating the economic efficiency of using a new alloying material makes it possible
to make a calculation at any time with the availability of data from the LME exchange. Sponge ferrotungsten as an
alloying additive of tungsten in the smelting of high-speed steels in an arc furnace at the prices of the London Stock
Exchange, confirm the high efficiency and prospects of expanding the scope of implementation [1-4].
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The properties of electrodes are largely determined by the properties of the slag obtained from the slag-forming
base of the electrode coating. In this case, the electrode must provide:

— easy ignition and stable burning of the welding arc;

— uniform melting of the electrode coating;

— uniform coating of the weld with slag and its easy removal after welding;

— absence of cracks, pores, and non-welding in the weld metal.

The main characteristics of the electrodes are the mechanical properties of the weld and the welded joint:
temporary resistance to rupture; relative elongation, impact strength; bending angle.

The stability of the electrodes depends on many factors:

1. Electrode material.

The choice of electrode material (copper, tungsten, graphite, various alloys) is of decisive importance: for
example, tungsten electrodes for TIG welding are infusible and have high thermal stability, while metal welding
electrodes melt during operation.

2. Operating conditions:

— high temperatures can lead to oxidation, deformation or evaporation of the electrode material;

— exposure to corrosive substances (acids, alkalis, salts) or moisture can quickly deteriorate the condition of
the electrode, especially its coating;

— current strength, voltage and polarity can affect the rate of wear or erosion of the electrode.

3. Construction and manufacturing quality.

The homogeneity of the material, the quality of the coating (for welding electrodes) and the correct geometry
of the tip affect the stability of the process and service life.

4. Technological process.

Welding conditions (e.g. material thickness, seam position) or electrolysis parameters also play a role.

Various methods are used to increase the stability of electrodes:

— correct selection of material (use of specialized electrodes designed for specific conditions (e.g. heat-
resistant components, copper with impurities for spot welding));

— heat treatment and drying (welding electrodes are sensitive to moisture. Their preliminary drying in an oven
at a recommended temperature (e.g. 70—150°C) significantly improves their characteristics and prevents problems
such as sticking);

— optimization of process parameters (observance of the manufacturer’s recommended current and voltage
ranges);

— protection from external influences (use of shielding gases during welding or storage of electrodes in dry
conditions).

The resistance of electrodes to steel depends on their marking:

— for alloyed steels, electrodes with the «E» marking and numerical designations indicating strength are used
(e.g. 38, 42, 46, 50, 55, 60, 70, 85, 100, 125, 150). The letter «A» after the number (for example, 42A, 46A, 50A)
means that the weld will have increased ductility and impact strength.

— for heat-resistant steels, electrodes with the symbols E-09 and E-10 are used (additional indices, such as M,
MX, may follow).
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Modern steel production is characterized by an increase in the production of steels with a low content of non-
metallic inclusions. Out-of-furnace pig iron refining is widely used to provide BOF processors with pig iron of a
given quality, which significantly reduces the cost of producing high-quality steel products [1]. Updating the
database with information on technologies for not only pig iron desulphurization [2], but also complex impurity
removal will allow us to obtain descriptive models for these technologies and become the basis for algorithmic
support of the expert system's analytical block for the selected pig iron refining technology. The Out-of-Furnace
Iron Processing Database "POCH" is a full-text form of documentary database organization and makes it possible
to provide a thematic search for a particular problem or a certain issue, which is regulated by a corresponding query
provided with a flexible interface [3]. The information support subsystem was developed, in particular, a software
module for the automated procedure of replenishing machine passports formatted according to a special template
from the User's technological information archive in Excel was developed. The information system of out-of-furnace
cast iron treatment "POCH" was further developed by adding indicators of complex cast iron treatment (removal of
sulfur, silicon and phosphorus impurities) both with our own laboratory experimental data and data from foreign
technologies. The processing of the actual data characterizing the process of complex treatment of cast iron with a
mixture of CaO-CaF>-FeO reagents made it possible to expand the concept of the existing expert system "Out-of-
furnace treatment of cast iron". The model module of the analytical system should include an intellectual core for
generating complex indicators of the chemical composition of the slag-metal-gas system and technological
parameters of treatments.The architecture of the model system for expert evaluation of the technology of complex
cast iron refining was developed.
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Off-furnace desulfurization of pig iron has become a necessary and reliable link between blast furnace and
steelmaking production in the manufacture of high-quality metal products. The efficiency of sulfur removal from
pig iron determines the overall quality of the desulfurization technology, ensuring thorough and complete
elimination of sulfur from the melt. Magnesium has become the most widely used reagent in off-furnace
desulfurization practice due to its unique interaction properties with molten pig iron. A comparative analysis of
various technological parameters across different magnesium injection methods into molten pig iron has been
conducted. The lowest specific reagent consumption is observed with mono-injection of magnesium, which results
in the lowest costs during industrial implementation of the process. Industrial blowing data show that mono-injection
of granular magnesium is characterized by the lowest reagent consumption — averaging 0.42—0.55 kg per ton of
pig iron, the shortest desulfurization operation time — averaging 5.5—7.7 minutes, achievement of ultra-deep
desulfurization — down to 0.0003—-0.001% sulfur content, desulfurization degree — up to 99%, high sulfur removal
rate — averaging 12—14.4% per minute, high reagent utilization rate — averaging 75-92%. It is concluded that
mono-injection of granular magnesium is the most efficient and economically viable off-furnace desulfurization
process, outperforming other desulfurization technologies across multiple indicators.
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The results of studies on the gas dynamics of single- and two-phase flows in the working space of a T-shaped
submerged lance nozzle under the operating conditions of the Secondary Steelmaking Unit (SSU) of PJSC Kamet-
Steel are presented. The research employed physical and mathematical modeling techniques of the unsteady flow
regime in the “pipe—nozzle working space—outlet” system using the SolidWorks software package. The finite
volume method (FVM) was applied, dividing the model geometry into a grid of volumetric elements within which
the Navier—Stokes equations were solved to simulate gas motion.

Calculations of the actual dust load of the gas—powder flow for desulfurizing mixture injection under the SSU
conditions at PJSC Kamet-Steel were performed according to the method of M. Ya. Medzhybozhsky. It was found
that the actual dust load (Fr' > 2500) generally corresponds to the critical flow density. When one of the nozzles of
the lance becomes blocked or when the specific consumption of the carrier gas decreases, the dust load parameter
(DLP) changes significantly. To prevent exceeding the critical density of the DLP, it is advisable to increase the
carrier gas flow rate from 40-50 to 80—100 Nm?/h or raise the gas pressure before the lance.

The influence of the working space (WS) configuration of the nozzle on the opening angle and length of the
resulting gas—powder jet, gas velocity variation, and velocity distribution across the nozzle cross-section was
investigated. To vary the WS configuration during modeling, different bottom shapes of the nozzle were used. The
movement features of the granulated magnesium and powdered lime mixtures of various particle sizes within the
WS, the degree of filling of the horizontal section of the nozzle with particles, and the regularities of flow formation
at the nozzle outlet were established.

It was shown that for reagent particles larger than 400 um, the velocity parameter is dominant. For particles
smaller than 100 pm, it is advisable to apply additional measures to break up agglomerates, for example, by using
rotating submerged lance designs.

Changing the bottom shape of the nozzle leads to changes in the reflection zone of the gas and especially gas—
powder flows containing coarse particles, influencing the velocity distribution within the nozzles. It was found that
when particles are reflected from the nozzle bottom at a certain angle, a more uniform velocity distribution across
the nozzle cross-section is achieved, accompanied by an increase in the overall flow velocity and a wider dispersion
angle of particles at the outlet into the molten bath.

Under conditions of inelastic collision with the metallic bottom of the nozzle (restoration coefficient = 0.5),
magnesium particles retain only about 25% of their kinetic energy (E) in the normal direction but can retain the full
tangential energy. Thus, when impacting a conical bottom wall at an angle of 60°, particles lose about 41% of E but
are redirected mainly toward the central part of the nozzle, which helps prevent clogging [1].

During the numerical simulation, the distribution and variation of gas velocity across the cross-section were
studied under fluctuations in the carrier gas pressure and the molten bath pressure in front of the nozzle, depending
on the ladle bath depth. A comparison with physical modeling results confirmed the possibility of more efficient
flow acceleration through changes in the configuration of the nozzle’s working space.

References
1. Yeskov, D. V., & Siharov, Ye. M. Parameters of reagent injection and clogging of T-shaped lance nozzles.
Collection of Scientific Papers of Dniprovsky State Technical University (Technical Sciences), Kamianske: DSTU,
2024, No. 1(44). P. 16-26.



86
Metal Science and Heat Treatment of Steel
UDC 669.14.018.292

FEATURES OF THE FORMATION OF WEL AND BEL LAYERS IN RAILWAY WHEEL STEEL OF
VARIOUS MANUFACTURING METHODS UNDER EXTREME BRAKING CONDITIONS

O. 1. Babachenko!, Dr. Sc. (Engin.), Cor.-Mem. NAS of Ukraine, R. V. Podolskyi, Ph. D. (Engin.),
G. A. Kononenko'?, Dr. Sc. (Engin.), Sen. Res., O. A. Safronoval, O. L. Safronov’, Zh. A. Dementeva'

1 Tron and Steel Institute of Z. I. Nekrasov NAS of Ukraine, Dnipro
2 Institute of Applied Control Systems of NAS of Ukraine
3 Dnipro University of Technology, Dnipro

The development of railway transport in Ukraine is of strategic importance in the conditions of martial law
and in the period of post-war reconstruction. One of the critical elements of the safe operation of rolling stock is the
wheelset, in particular the wheel rim, which is subjected to intense thermomechanical loads during operation. As a
result of extreme braking, thermal defects can form - the so-called white and brown etching layers (WEL and BEL),
which reduce the wheel resource, cause gouges, cracks and thermal cracks.

The purpose of the study is to experimentally determine the influence of the chemical composition and method
of production of railway wheel steel on the formation of WEL and BEL zones during wheel braking.

Samples from the rims of solid-rolled and cast wheels of classes C and B, as well as steel grade 2 with different
carbon content (0.61-0.76%) and hardness (293—333 HB) were used for the research. The tests were carried out on
a special stand that simulates the conditions of emergency braking by a train at a speed of 100 km/h. Metallographic
studies were performed on Carl Zeiss microscopes of the models “Neophot 32 and “Axiovert 200 M MAT” after
etching with nital. The microhardness of the structural component was determined on a microhardness tester LHVZ-
1000 with a load of 50 g. The results of microhardness measurements, as well as metallographic studies, indicate
that in the surface layers of the studied samples after braking on the stand, a weakly etched area with increased
microhardness and a high-carbon martensite (WEL) structure was formed, similar to that observed in the surface
layers of railway wheels with “notch” type defects. It was established that after testing, a WEL zone with a
martensite structure and hardness up to 8000 N/mm? is formed in all samples. Cast wheels are characterized by a
larger WEL thickness (4—4.3 mm) than solid-rolled wheels (2-3 mm), which is explained by greater chemical
heterogeneity and dendritic liquation in cast structures. The presence of a BEL transition zone with a hardness of
3000-7200 N/mm?, represented by highly dispersed pearlite, was revealed. With increasing carbon content, the
WEL thickness also increases: for steel with 0.76% C - about 3 mm, for steel with 0.61% C - about 2 mm.

The chemical composition and method of manufacturing the wheel significantly affect the material's
susceptibility to the formation of thermal layers WEL and BEL. Cast wheels are more sensitive to thermal defects,
while solid-rolled wheels are characterized by increased resistance due to a more uniform microstructure. The results
obtained are of practical importance for rational substantiation of the composition and technology of manufacturing
wheels with increased resistance to thermomechanical loads and can be used in developing recommendations for
extending the service life of railway wheels in difficult operating conditions.
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The transportation and storage of liquefied hydrocarbon gases require specialized vessels capable of
withstanding high pressure and temperature fluctuations. The safe operation of such tanks depends on the correct
choice of material and a well-substantiated structural design. This study presents a comprehensive analysis of a tank
designed for liquefied gas transportation and determines the optimal parameters of its elements using the Finite
Element Method (FEM) in Autodesk Inventor 2024.

The research object is a 46 m® semi-trailer tank intended for the transportation of propane—butane mixtures.
Calculations were performed for an operating pressure of 1.6 MPa and a test pressure of 2.1 MPa, according to ADR
[1] requirements. The main construction material selected is 16G2AF steel, which is similar in properties to
P460NL2 steel [2]. This low-alloy structural steel has high strength (yield strength > 440 MPa, tensile strength >
590 MPa), good impact toughness, and resistance to low temperatures down to -60 °C. Microalloying with vanadium
and nitrogen refines the grain structure and improves plasticity and resistance to brittle fracture [3, 4].

An engineering analysis of the wall and head thickness was carried out according to DSTU EN 12493:2019
[5]. The calculated thickness of the cylindrical shell is 8 mm, and the dished ends are 10 mm. The tank model was
developed with reinforcing rings and baffles. The FEM analysis results show that the maximum equivalent (Von
Mises) stress is 375.3 MPa, which does not exceed the permissible limits. The minimum safety factor for the shell
is 1.23, and for the dished end with a manhole — 1.14, confirming that the design meets strength and safety
requirements.

The obtained results confirm the suitability of 16G2AF steel for manufacturing pressure vessels and
demonstrate the effectiveness of computer-aided modelling for design optimization. The use of FEM in the design
process allows for reduced material consumption, improved reliability, and enhanced predictability of equipment
performance under real operating conditions.
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Currently, the world production of rolled steel exceeds 50 million tons annually, which is explained by the
wide scope of its use. The main direction of further application of rolled steel is to obtain cold-deformed wire for
various purposes, in particular for the manufacture of welding materials. At the same time, consumers of rolled steel
for welding purposes put forward increased requirements for its plasticity and strength indicators, since the
efficiency of cold plastic deformation (drawing) processes depends on this.

One of the effective directions for solving the existing problem is the use of de-strengthening
thermomechanical processing of rolled steel in the rolling mill flow, which allows you to control the processes of
structure formation in the metal at the final stage of its cooling. The most widespread in world metallurgical practice
is the Stelmor technology, which provides for the use of controlled air cooling of rolled steel at the final stage. It is
at this stage that conditions are created for the implementation of quasi-isothermal aging of rolled steel, the
temperature-time parameters of which significantly affect the formation of the final structure and mechanical
properties of steel.

The research was carried out by simulating experimental thermal cycles of CrMoV1Si steel processing on the
automated Gleeble 3800 complex (USA) taking into account the technological features of Stelmor lines operated by
a number of industrial enterprises. To analyze the processes of structure formation in CrMoV1Si steel
(% wt.: 0.08C-1.30Mn-0.54Si-1.06Cr-0.54Mo0-0.24V-Fepase), metallographic studies using optical microscopy and
quantitative phase analysis were used. It was established that the rate of continuous cooling in the temperature range
of 950-570 °C is a determining factor in terms of the impact on the microstructural evolution of CrMoV1Si steel.
According to the results of the experiments, the following temperature-rate regulation of rolled steel cooling was
proposed: the beginning of cooling from 950 °C; accelerated air cooling in the range of 950—850 °C at a rate of ~10
°C/s; slow cooling in the range of 850-570 °C at a rate of ~0.4 °C/s; further cooling from 570 °C in still air. This
cooling regime causes the formation of a steel structure consisting of 60 % ferrite, 29 % pearlite, 8 % bainite and
3 % martensite, in particular the latter is observed in the form of individual grains with high hardness, but their
number is insignificant, which ensures the achievement of an effective combination of strength and plasticity
indicators. It was determined that more intensive or slow cooling of CrMoV1Si steel in the interval of diffusion y
— o transformation affects the increase in the volume fraction of bainite and martensite, which leads to a decrease
in plasticity indicators and an increase in the strength of the metal.

The proposed cooling schedule ensures a minimum content of solid phases and contributes to the formation
of a structure consisting mainly of a ferrite matrix and pearlite areas. The achieved structural state should be
considered favorable from the point of view of the possibility of increasing the technological plasticity of rolled
steel CrMoV1Si during drawing into a welding wire with a total relative compression of at least 90 %. The
recommended air cooling mode can be considered the most promising for industrial testing of the technology of
softening thermomechanical treatment of rolled steel for welding purposes made of low-carbon alloyed Cr-Mo-V
steels.
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The non-metallic inclusions control is an important part in the production of the high-quality steel wire. For
the wire rod made of alloyed steels, in particular silicon-manganese steels of the G3Sil type, the regulatory
documentation does not specify the maximum number of the non-metallic inclusions that can be present in the steel
without affecting the technical characteristics of the wire. Thats why, the purpose of the investigation was to identify
the expediency of using the existing standard for unalloyed steels ISO 16120-4:2017. Comparative investigation
was conducted of the quality of the different batches of the G3Sil steel, which was processed into wire by cold
drawing according to the scheme 5.5—4.75—2.0—0.8 mm. The main difficulties in the production of the wire with
a small diameter are associated with increasing strength (strain hardening) and breakage of the metal during the
drawing process in production. The effect of the strain hardening for G3Sil steel is removed by heat treatment
(annealing) on the diameter of 4.75 mm, after which the steel has a spheroidized structure and increased ductility.

Investigations of the quantity of the non-metallic inclusions in G3Sil steel with a diameter of 5.5 mm
according to ISO 4967:2013 were showed the presence of the inclusions with the following indices: A 0.5, B 2.5, B
le, C 1, D 1.5 (marker e is a large inclusion). After drawing into the wire with a diameter of 2.0 mm and diameter
of 0.8 mm, the quantity indices were changedto A0, B2, C1,D 1, and A 0, B 2, C 1.5, D1, respectively. Plastic
inclusions are deformed during steel processing, which leads to their thinning and extension along the main working
directions, as a result, plastic sulfides (A) in the G3Sil steel with a diameter of the 2.0 mm and 0.8 mm are not
detected by standard methods. The great fragile aluminate (B), silicate (C) and oxide (D) inclusions are crushed
under the action of the deformation, as a result, the presence of the large inclusions in the wire with a diameter of
2.0 mm was not detected, but the number of the rows increased (from C 1 to C 1.5). The specified parameters
correspond to the standard for unalloyed steels (ISO 16120-4:2017). Another batch with a diameter of 5.5 mm from
the G3Sil steel had the following index values: A 0.5, B 3.5, B2e, C 1.5, D 1.5, DS 1.5 (DS is a large oxide
inclusion). After cold drawing to diameter of 2.0 mm, the form of the inclusions are changed and the indices were:
A 0,B4.5¢,B0.5¢, C1,D 1, DS 1. The linear inclusions are thin, but spread over the entire surface of the section
and consist of the many small particles of the destroyed large inclusions. For the wire with diameter of the 0.8 mm,
the content of the non-metallic inclusions correspond to the following indices: A 0, B 3.5, B 0.5¢, C 1.5, D 1, DS 1.
The production of this batch of the wire was carried out with breaks at the diameter of 2.0 mm. At the same time, it
is noticeable that the normalized indicators (ISO 16120-4:2017) for unalloyed low-carbon steels are exceeded: for
diameter of 5.5 mm, thin linear inclusions of the type B have an index of 3.5 at limit of 3 and limit value (index 2)
for large inclusions. After drawing, the great inclusions are destroyed, so at the diameter of 2.0 mm, large inclusions
decrease from B2e to B0.5e and from DS1.5 to DS1, and the number of rows increases from B3.5 to B4.5 (at the
limit of 3). The presence of the minor excess of the quantities of the inclusions in the initial wire rod (5.5 mm) by
0.5 of the index and the presence of a limiting amount of large inclusions (B 2e) leads to significant deterioration
quality of the steel and wire breaks during subsequent drawing.

Accordingly, in the rolled products from the G3Sil steel with a diameter of 5.5 mm it is preferably to ensure
a low content of the non-metallic inclusions, below the limit specified in ISO 16120-4:2017, which will guarantee
the technological efficiency of the processing into wire and prevent metal breakage at the stage of drawing to a small
diameter (1.2...0.8 mm).
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Studies of pipes made of different steel grades, investigated by the E.O. Paton Electric Welding Institute
specialists, showed that both the base metal and welded joints retain high performance characteristics even after
long-term operation [1].

The complex of mechanical, corrosion and corrosion-mechanical properties of the base metal of X70 steel
pipes of the main gas pipeline after 20 and 40 years of operation in compare with a pipe that was not operated was
studied. A non-monotonic trend of change in mechanical properties during operation was established: an increase
in strength indicators (G, Gys) and a decrease in plasticity indicators (8s, KCV™'® and ) for 20 years with a
subsequent decrease in Gis, Gys and an increase in 8s, KCV™!° after 40 years. The trend of change in properties
correlates with the results of other scientists for 17G1S steel and is confirmed by operation in order to increase the
probability of the number of fractures with the duration of operation. Despite on the established trend of change in
indicators (Gis, Oys, 85, KCV13 and ) their values for the base metal of long-operated pipes fully correspond to the
requirements of the technical conditions.

Corrosion and corrosion-mechanical properties were investigated in the model soil electrolyte NS4 [2]. The
corrosion resistance of the metal of the pipes, that was not operated, and after after 20 and 40 years of operation
was investigated. It was established that the corrosion rate is, respectively, 0.064, 0.058 and 0.056 mm/year. In
accordance with the scale of corrosion resistance of the metal, both the non-operated pipe and the operation after
operation are in the category of «stable». It was concluded that the corrosion resistance of the pipe metal after long-
term operation is at the level of the non-operated pipe.

Stress-corrosion cracking of steel after operation during 20 and 40 years was investigated by the slow-strain
rate test. The susceptibility to stress-corrosion cracking was estimated by the coefficient Ks [3]. It is shown that
when the cathodic polarization potentials in the section change from -0.750 to -1.050 V, Ks for a new pipe is about
1, for pipes after 20 years of operation — Ks changes from 1.00 to 1.25, after 40 years of operation — from 1.25 to
1.53 [4]. That is, after long-term operation, an increase in stress-corrosion cracking susceptibility was established.
This allowed expanding theoretical ideas about stress-corrosion corrosion cracking of long-term operated pipes
made of controlled rolling steel.
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Thermoplastic composites reinforced with carbon fiber belong to a class of materials that combine high
strength, chemical resistance, and recyclability, and are therefore actively considered for aerospace, automotive,
construction, and sports applications. The advantages of thermoplastic matrices include controllable processing
parameters, reduced manufacturing time, recyclability, and environmental friendliness. At the same time, the main
challenge to the widespread implementation of CFRTP remains the weak interfacial adhesion between the fiber and
the matrix, which arises from differences in surface polarity and energetic characteristics. The smooth, nonpolar
structure of carbon fiber reduces wettability and the efficiency of load transfer, leading to localized failures and a
loss of reinforcing effectiveness. To improve the strength and durability of such materials, a targeted modification
of the fiber surface and optimization of the matrix chemistry are required.

Modern methods for improving adhesion are divided into physical and chemical approaches. The physical
methods include plasma activation, microwave and radiation treatment, as well as metallization or nanoscale surface
modification. Plasma treatment enhances surface roughness and increases the surface energy of the fiber, promoting
the formation of oxygen-containing functional groups and improving wettability in systems with PA6, PC, and PES
matrices. Radiation modification stabilizes the interfacial bonding through the formation of reactive sites, while
metallic or nanostructured coatings (particularly those based on nickel, graphene oxide, or carbon nanotubes) create
a mechanical interlocking effect that strengthens the adhesion between the fiber and the matrix.

Chemical methods are based on surface functionalization using acids, silanes, isocyanates, and polymer
compatibilizers. Acid treatment increases the concentration of carboxyl and hydroxyl groups, thereby improving
adhesion in composites with HDPE and POM matrices. Silane compounds and isocyanate-modified emulsions
enable chemical bonding with polyamide-based matrices, reducing the contact angle of wettability and enhancing
interfacial strength. The use of polymer compatibilizers, such as polypropylene modified with maleic anhydride,
optimizes compatibility due to the presence of reactive functional groups and an appropriate molecular weight. The
application of a thin layer of PEEK or other structurally related polymers onto the fiber improves adhesion through
structural matching with the matrix and increases the overall durability of the system.

The enhancement of interfacial interaction is determined not only by the chemical nature of the fiber and the
matrix but also by surface topography, the type of compatibilizer, fiber orientation, and processing parameters. The
choice of modification method should be consistent with the polymer’s nature and the operating conditions of the
composite. The most promising approaches are combined physico-chemical methods that integrate surface
functionalization with controlled processing regimes during composite formation.

Thus, targeted modification of carbon fibers and the rational selection of polymer matrices make it possible
to significantly improve adhesion at the fiber—matrix interface, leading to increased mechanical strength, stiffness,
wear resistance, and stability of properties during service. The obtained generalizations provide a foundation for
further optimization of processing technologies and for the broader industrial application of carbon-fiber-reinforced
thermoplastic composites.
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In the laser powder bed fusion (LPBF) process, melt pool formation determines the quality, geometry, and
integrity of the final products. The main parameters affecting this process are laser power, scan speed, spot diameter,
and layer thickness, which govern the thermal melting regime and the occurrence of defects, such as porosity or
lack of fusion. At the same time, the position of samples on the build platform plays a significant but often
underestimated role. The spatial location influences the focal length, laser spot profile, heat flux distribution, cooling
rate, and gas flow conditions within the chamber. Process stability is also affected by temperature gradients, the
direction and velocity of the shielding gas, and the design of the inlet and outlet openings. An analysis of current
research reveals contradictory results regarding the influence of sample position on the build platform. While trends
in melt pool geometry with variations in laser power and scan speed are generally consistent, the effects associated
with sample location often differ due to variations in experimental setups, optical systems, and gas flow conditions.
Therefore, further comprehensive studies are needed that consider the interaction of scanning parameters, platform
position, gas flow characteristics, and the optical system. Such investigations will improve LPBF process stability,
enable controlled melt pool formation, and allow better prediction of the properties of the final products.
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Practice shows that non-metallic inclusions often play a decisive role in the initiation of fracture of parts and
structures, and even negatively affect the level of mechanical properties of steels [1]. The purpose of the work is to
study the features of the transformation of heterophase inclusions «refractory phase surrounded by a low-melting
shell» and «phases are beside».

The behavior of microcomposite heterophase inclusions of «refractory phase surrounded by low-melting
shell» and «phases are beside» during hot and cold rolling of the steels was investigated. It is shown that their
behavior during deformation is associated with a complex interaction of the constituent phases of inclusions, as
well as interaction in the system of inclusion-matrix interphase boundaries and internal interphase boundaries in
inclusions. It is established that the studied inclusions are characterized by their own regularities in the development
of deformation processes, which are determined by their chemical and phase composition, structure, deformation
capacity of inclusion phases, and deformation temperature. The mutual influence of inclusion phases on their joint
deformation during hot and cold rolling of steels is established.

It is shown that the change in the shape of the «refractory phase surrounded by a low-melting shell» inclusions
during hot rolling is determined by the level of plasticity of the shell phase, as well as the development of a complex
interaction of the phases due to the development of interphase friction and slippage. The enclosure of undeformable
inclusions of oxides, spinels, titanium nitride, etc. in a plastic silicate or sulfide shell should be considered as a way
to reduce the brittleness of non-metallic inclusions during hot rolling. The change in the shape of the «phases are
beside» inclusions during hot rolling is determined by the level of plasticity of the inclusion phases, as well as the
development of a complex interaction of the phases due to the development of interphase friction and slippage in
the presence of a plastic phase. The change in the shape of the «refractory phase surrounded by a low-melting shell»
inclusions during cold rolling is determined by the level of plasticity of the sulfide shell phase, as well as the
development of a complex interaction of the phases due to the development of interphase friction and cold slippage
along the interphase boundaries in the inclusions. The change in the shape of the inclusions of the «phases are
beside» during cold rolling is determined by the level of plasticity of the sulphide phases of the inclusion (if it
present), as well as the development of complex interaction of the phases due to the development of interphase
friction and cold slippage. The role of plastic phases in the inclusions of «refractory phase surrounded by a low-
melting shell» and «phases are beside» was investigated.
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It is known that non-metallic inclusions contribute to the embrittlement of steels, since the formation of a
crack near the inclusion reduces the work of its initiation [1-4]. This leads to a decrease in the technological and
operational properties of steels, and also causes fatigue and corrosion processes [5, 6]. The aim of the work was to
comprehensively analyze the distribution features of the propagation of cracks in steels that have arisen near non-
metallic inclusions of various types, as well as possible ways to inhibit their growth under different loading
conditions and the use of treatments that affect the structural features of steels near the inclusions.

For different types of steels, the features of the propagation of cracks that have arisen near non-metallic
inclusions of different types have been established, as well as possible methods of inhibiting their growth under
different loading conditions and the use of treatments. It is shown that crack development is accompanied by their
branching within the destroyed inclusions and in their clusters, as well as when encountering structural defects of
the steel matrix. It is established that crack growth slowdown is possible as a result of inhibition by plastic sulfide
inclusions, development of local plastic relaxation processes in the steel matrix, and changes in the stress state
pattern near the inclusion due to changes in loading conditions. The effect of local microcomposite structures of the
steel matrix obtained under high-energy impacts on the nature of crack development that occurred near non-metallic
inclusions is shown.
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The work analyzes the impact of artificial intelligence (AI) on the educational process, in particular its
capabilities and limitations for all participants in the educational process. The focus is on the use of artificial
intelligence during distance learning as a virtual assistant for performing laboratory work in the specialty G10
«Metallurgy». Of course, the introduction of information technologies into the educational process is one of the
directions of modernization of the higher education system, which not only expands the horizons of educational
opportunities, changes the methods of knowledge transfer, but also ensures high efficiency of the educational
process and improves the quality of knowledge of higher education applicants.

The work focuses on the use of modern information technologies when working with metal and alloy
structures as objects of research when creating NanoArt images. It is shown that NanoArt as a symbiosis of science
and art visualizes the invisible world of atoms and molecules, reflecting the laws of nature that are present at both
the macro and micro levels. It is noted that the process of creating nanostructures of metals and alloys occurs through
physical experiments, after which their images are obtained using electron microscopes, and only then do the
«artists» process these images using various graphic editors, creating colorful paintings — NanoArt images.

When creating NanoArt images as a «working» tool, it is possible to use both artificial intelligence (for
example, ChatGPT) and graphic editors (for example, Adobe Photoshop CS and Paint 3D). The mechanism of
transforming a black-and-white image of the structure of metals and alloys into multi-colored paintings is shown,
in which, thanks to their creative approach and sometimes «repainting» of some image details, the authors see
completely new, and sometimes unexpected compositions — landscapes, animals, objects and other images. When
using artificial intelligence to process the structures of metals and alloys, before or during the dialogue with
ChatGPT, to set up the answer, one should make the correct prompts, that is, give commands consistently,
specifically and clearly, avoiding excessive generality and sometimes checking and finalizing the prompt.

Thus, the resulting NanoArt images embody not only the beauty of science, but also its creative potential. The
interaction of art and nanotechnology, in turn, allows:

— to popularize modern Ukrainian art as a combination of innovative design (through graphic design) and
nanotechnology;

— to attract the attention of higher education institutions, scientific communities, enterprises and other
institutions to modern creative art and the latest technologies;

— to show the symbiosis of science and art, which are primarily components of the creative process and
complement and improve each other, and in their unity open up new horizons of knowledge of the universe.

Thus, it has been established that artificial intelligence is an effective tool for optimizing the educational
process and accelerating progress towards Sustainable Development Goal 4 «Quality Education». It has been
determined that artificial intelligence facilitates the work of both scientific and pedagogical workers and higher
education students, creating broad opportunities for improving the quality of education. However, it cannot replace
traditional learning, but is only an assistant capable of significantly enriching the organization of the educational
process and improving the quality of educational services provided that it is used ethically and rationally.
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Todays, it is especially relevant to obtain heat-resistant alloys with a minimum content of inert gases, such as
Ar, He and Ne. The presence of pores with inert gas in powder particles reduces the service characteristics of
products, and intraparticle pores have the greatest impact on the quality of heat-resistant alloys.

Among the methods for obtaining heat-resistant nickel alloys, gas or centrifugal spraying should be noted.
During gas spraying, pores filled with a carrier gas are formed in powder particles. The presence of pores in powder
particles caused the appearance of porosity in the compact material.

The purpose of this work is to determine the amount of argon in the powder of heat-resistant alloy EP975MP
at different stages of production by gas and centrifugal spraying.

The technology of obtaining sprayed granules of a nickel-based heat-resistant alloy of the EP975MP type was
carried out in the conditions of the State Enterprise «UkrNDIspetsstal» on gas (UrZHMV-3) and centrifugal
spraying (UVRC) installations.

When studying the influence of the melt holding time in argon (Ar) on the porosity of the gas-sprayed powder,
it was found that with an increase in the melt holding time in argon from 8 to 40 min. before spraying, the proportion
of porous particles in the powder, depending on the fraction, increases by up to 1.4 times. In this regard, it can be
assumed that one of the mechanisms of pore formation in particles is the absorption of argon by the melt during
holding with the subsequent formation of pores in the melt droplets.

Microstructural analysis of the heat-resistant alloy EP975MP showed that the pores during gas spraying are
spherical with clear edges, with larger fractions being more affected by voids and argon.

The mass fraction of argon in heat-resistant alloys was determined using the mass spectral method. Studies
of the argon content in the EP975MP alloy at different stages of the technological process showed an increase in
the mass fraction of argon after gas atomization due to the statistical and dynamic interaction of the inert gas with
the metal.

After melting and vacuuming the melt at a residual pressure of 5 Pa in metal samples, the mass fraction of
argon reaches 1-10° %, and after gas atomization it reaches 2.3-10% % .

Centrifugal atomization of metal melts allows for relatively small energy consumption to obtain compact
powders with a small particle size distribution. The powder particles are characterized by the presence of gas pores,
which are formed due to the initial gas capture during the holding of the melt in an induction furnace and its pouring
into a metal receiver. The pores in centrifugal spraying are small, irregular in shape with jagged edges, and the
number of particles with voids practically does not depend on their size. Argon is captured by the metal only in the
process of movement along the disk, and not due to the weak gas-dynamic interaction of the gas directly on the
melt drop.

Thus, after argon is introduced into the furnace chamber, its amount in the metal increases, and with further
centrifugal spraying it does not change in comparison with gas spraying.

Thus, the analysis of the mechanism of pore formation in granules of a nickel-based heat-resistant alloy
showed the absence of «dissolution» of Ar or an Ar-He mixture in the liquid or solid state at an argon level of up
to 1-10* wt %. Using physical and technical methods, the possibility of a significant reduction in the argon content
in the EP975MP heat-resistant alloy has been established.
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Artificial intelligence (Al) is becoming a key element of modern metal forming technologies (stamping,
forging, rolling, extrusion and incremental forming) and can act as an intelligent control, diagnostic and
optimization module. The combination of sensors (e.g. pressure, temperature, strain, vibration), data streams and
machine learning models allows companies to receive operational decisions on mode correction in real time, predict
defects and plan maintenance.

In terms of technology, the application of Al can be considered in the following areas:

1. Predictive modeling of material properties during thermomechanical processing. For example, neural
networks and regression based on Gaussian processes are used to predict plastic deformations, hardness,
microstructure. This allows companies to predict how the workpiece will behave during processing. Studies show
that in sheet forming processes using the incremental forming (ISF) method, the use of ANN models allows
reducing the average forming error to ~68.5% [1].

2. Optimization of hot stamping and rolling modes. Data-driven optimization algorithms (Bayesian
Optimization or Reinforcement Learning) can support optimal temperature-pressure profiles. Studies show that
such approaches can reduce the variability of finished product properties, reduce energy consumption, and increase
production stability [2].

3. In-process monitoring — analysis of time series from sensors to detect anomalies and predict failures. For
example, in rolling mills, time series models are used to detect events such as strip breakage or welding anomalies,
correcting roll positions or thickness in real time [3].

4. Tool path correction in sheet incremental forming (SPIF) processes to reduce spring-back and geometric
errors. For example, thanks to ML models, it was possible to modify tool paths and feed rates so that the accuracy
of shaping was significantly improved [1, 4].

Thus, the introduction of Al into the process of metal processing by pressure is a strategically important step
to increase the competitiveness of modern metallurgical enterprises. The integration of sensor technologies,
machine learning algorithms and digital twins opens up opportunities for qualitatively improving production
indicators: reducing the level of scrap metal products, optimizing energy consumption and increasing the flexibility
of technological processes. The key factors for successful implementation are a systematic approach to the
digitalization of production, the phased implementation of Al solutions through pilot projects, thorough validation
of models in real conditions and comprehensive training of technical personnel. Provided that balanced investments
in infrastructure and competence are made, the transition to full-fledged Al-controlled production lines is a
completely achievable task in the next 3—5 years.
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Previous studies using mathematical modeling have established the influence of the amount of lump alloying
additive on changes in hydrodynamic and heat and mass transfer conditions in the contact zone with the metal melt
in a short time from the moment the additive enters the liquid metal. However, due to the current lack of the
necessary speed parameters in the literature, it is impossible to verify the adequacy of the theoretically obtained
results, which necessitated additional research to determine the missing data. Thus, the feasibility of conducting
special experiments on cold physical modeling was established.

Preparation for experimental research of complex metallurgical processes, which undoubtedly include the
determination of the speed parameters of the hydrodynamics of the metal melt, using the method of cold physical
modeling is a mandatory and responsible stage before performing the planned work. The preparatory process began
with the selection of materials-imitators of alloying additives (lump ferromanganese of the FeMn78 brand and
ferrosilicon of the FeSi45 brand), which are in most cases used in the production of steel, as well as tracers that will
determine the directions and speeds of water flows-imitator of the metal melt. The selection of materials and their
quantity was carried out using similarity criteria and in compliance with real industrial conditions of application of
alloying materials. The next step was to prepare laboratory equipment. As a ladle, its transparent model of the
Department of Electrometallurgy named after Acad. M.1. Gasyk of the Educational and Scientific Institute “Dniepro
Metallurgical Institute" of the Ukrainian State University of Science and Technology was used. Video recording
equipment, a compressor, an APC recorder, etc. were also used. In order to determine the influence of the density
of the metal solution simulator on its electrical conductivity, lumpy table salt was used. To measure electrical signals
on the inner walls of the bucket model, 12 electrodes were placed, and the bucket was also equipped with measuring
devices, which were located in 3 mutually perpendicular directions (axes X, y, z) to enable calculations of flow
speeds from fixed still frames at different times.

Tests of the assembled scheme of laboratory experimental equipment were carried out, some shortcomings
were identified and eliminated. The equipment was verified to be operational and ready for the planned experimental
studies.
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Stress-strain diagrams are a fundamental tool in material science and engineering practice, providing a
graphical representation of a material's mechanical response to an applied load. These diagrams, typically obtained
during uniaxial tensile tests, form the basis for the quantitative determination of the most important mechanical
properties: the modulus of elasticity, yield strength, ultimate strength, and ductility parameters (relative elongation,
reduction of area, etc.). Knowledge of these properties is critically important for the informed selection of materials
in structural design, assessment of their load-bearing capacity, prediction of in-service behavior, and for product
quality control.

However, the information contained in a tensile diagram is not limited to these standard parameters. A
complete analysis of the curve's shape, especially in the plastic deformation region, allows for obtaining additional
information about hardening mechanisms, the stability of plastic flow, sensitivity to strain rate and temperature, as
well as assessing the material's capacity for energy absorption and fracture resistance. Understanding these aspects
is necessary for modeling metal forming processes and for analyzing the behavior of structures under complex
loading conditions, including dynamic and cyclic ones. For instance, methods for determining the tensile strain-
hardening exponent n are actively used in ASTM E646 and ISO 10275 standards to assess the cold plastic
deformation formability of sheets and strips. Given the widespread use of rebar, with a global market volume
projected by Mordor Intelligence Inc. to be 144.75 million tons in 2025, it becomes clear that obtaining additional
information about the behavior of steels used for rebar production and evaluating its operational characteristics is
highly relevant. It has been shown that a certain positive correlation exists between the 4g: ductility characteristic
and the n-value of rebar [1], which is important for ensuring high Ag ductility under seismic conditions, but the
existing methodology for determining » is quite complex and inaccurate.

A simplified methodology for approximating tensile test diagrams is proposed based on the following
algorithm:

1. Conversion of the existing engineering stress-strain diagram into a true stress-strain diagram based on the
principle of volume conservation.

2. Approximation of the strain-hardening region (up to the necking) using the modified Hollomon equation:
S = K(e-e,)", where S, e — the true stress and true strain, K — the strain-hardening coefficient (MPa), n — the strain-
hardening exponent, e, — correction for machine compliance.

The use of the proposed methodology allows to simplify the determination of the n-value without using an
extensometer.
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Rational control of the slag formation processes in the multicomponent system CaO—SiO,—Al,03—MgO—
FeO/Fe,O-MnO, which is widely used in the smelting of ferrochrome steels, is one of the determining factors for
ensuring high steel quality and energy efficiency of production. The chromium oxide, Cr2O3, which transfers into
the slag from the metallic bath, has a significant and complex influence on its physicochemical properties.

Despite a large number of publications, the complex influence of CrO3 on the properties of multicomponent
slags (viscosity, melting temperature, electrical conductivity, refining capacity) remains insufficiently studied.
There is a lack of systematic data describing these dependencies at various Cr203 concentrations.

Chromium oxide exhibits a dual nature, which determines its ambiguous effect on the viscosity of the slag
melt. At low concentrations, chromium oxide reduces slag viscosity, while at high concentrations, it acts as a
structure-forming component, similar to Si0», leading to an increase in viscosity. An additional increase in viscosity
occurs due to the crystallization of refractory slag compounds, such as spinel, perovskite, and donathite, within the
slag volume.

Existing studies on the influence of chromium oxide on the electrical conductivity of slags also show
contradictory results. Some publications indicate a decrease in conductivity, while others report its increase or
anomalous temperature dependencies. This aspect represents a serious gap in the understanding of slag system
properties and requires in-depth study.

The influence of Cr203 cannot be considered in isolation, as it is closely linked by synergistic and antagonistic
interactions with other oxides (CaO, SiO;, AlbO3, MgO, FeO, MnO). For a comprehensive evaluation of slag
properties, it is expedient to use integral parameters of the oxide system model, which are based on the concept of
directed chemical bonding [1]. The use of these parameters makes it possible to account for the cumulative effect
of all components in the system on its final properties.

Research has established a high level of correlation between the viscosity of chromium-containing slags and
the chemical equivalent of the slag composition (Ae) and the parameter of chemical individuality of the cationic
sublattice (tga). It has been shown that slags of different technological purposes can be identified by specific Ae
values.

The conducted studies confirm the expediency and effectiveness of using integral parameters of the oxide
system composition for predicting and evaluating the properties of chromium-containing slags, with the aim of
optimizing the compositions of slag-forming mixtures, which, in turn, leads to an increase in the efficiency of the
ferrochrome steel smelting process.
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Modern ferrous metallurgy is at the stage of searching for new technological solutions aimed at reducing the
cost of production, reducing the environmental burden, and effectively using raw materials. An eternal issue is
ensuring an appropriate level of purity in terms of the content of harmful impurities, in particular phosphorus,
because it has the ability to influence the morphology of non-metallic inclusions and enhance the heterogeneity of
the metal, which affects the appropriate level of physicochemical properties, and therefore the quality of the metal.
In order to create information support for modeling physicochemical interactions in the slag-metal-gas system, the
Department of Physicochemical Problems of the Iron and Steel Institute of Z.I. Nekrasov National Academy of
Sciences of Ukraine is constantly working to update the database «Slag-Metal-Gas» of the «Databank
«Metallurgy» [1]. A review of current information on the behavior of phosphorus in the Fe—Cr—P, Fe—Cr, Fe-P,
Cr—P, Fe—Cr—P-O systems allowed us to form reliable representative data samples using the method of digitizing
graphical dependencies while preserving their initial accuracy of fixation, as an important component for modeling
and predicting physicochemical interactions with a corresponding focus on the removal of phosphorus into the slag
phase. The theoretical platform for modeling the thermodynamic characteristics of the Mei-Mej-P system is the
concept of directed chemical bonding [2]. The relationship between the enthalpy of the binary Fe-P system at
temperatures of 298K and 900K and the phosphorus content is considered according to the data of the work [3].
According to the starting points of the concept of directed chemical bonding, the chemical individuality of the
system, the reactivity and structural state of melts are expressed using the method of encoding the chemical
composition of the experimental melt in the integral parameters of interatomic interaction: Z¥ — system state of
charge parameter, e; d — weighted average internuclear distance, 10”! nm; tga — a constant for each element that
characterizes the gradient of change in the radius of an ion when its charge changes; pl — directional charge density,
e/nm. The significant similarity between the dependencies presented in [3] and those obtained by us indicates in
favor of using the parameters of interatomic interaction as estimators of the reliability of the obtained data. In
particular, the parameter of interatomic interaction tga practically reproduces the enthalpy curves obtained by the
authors in [3]. Similar trends and dependencies are observed at a temperature of 900 K. With increasing phosphorus
content, its charge increases, which is reflected by the parameter tga, while the weighted average internuclear
distance encoded in the parameter d is minimal at its maximum content, which indicates the formation of strong
interatomic bonds with the partner, in particular iron. Thus, the research results confirm that the parameters of
interatomic interaction can serve as reliable criteria for assessing the energy characteristics of phosphorus-
containing systems and adequately reflect the influence of phosphorus content on the change in entropic properties
at different temperatures.
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During steel processing in ladle treatment units (e.g., LFU - Ladle Furnace Unit), various slag-forming and
alloying additives are introduced directly into the liquid metal bath. These additives are most often fed in lump
form, and upon their immersion in the metal, multiphase flows are formed where the solid particles move along
with the liquid phase. Since the density of the additives usually differs from the density of the liquid metal, complex
hydrodynamic conditions arise in the bath, leading to the formation of unsteady convective currents. As modern
CFD studies have shown, in such conditions, adequate modeling requires combining the solution of the Navier—
Stokes equations for the liquid phase with the description of the motion of solid additive particles.

There are few direct studies where the mass/volume of the additive itself acts as a governing parameter
changing the flow field in the ladle — more often, mixing time is investigated under fixed hydraulic regimes.
However, the amount of additive enters the models through several physical mechanisms. First of all, through the
energetic (thermal) influence: large masses of colder additive (lump, briquette) create local "cold spots," intensify
natural convection, and can temporarily modify the jet structures of the plume. Nevertheless, the influence of the
amount of introduced additive on the hydrodynamics in the ladle has not been previously investigated.

Work [1] used mathematical modeling to examine the collective injection of lump additives (such as
ferromanganese grade FMn78) with a density close to that of the molten steel. However, the influence on the melt
hydrodynamics in the ladle of additives with a density differing from the density of the molten steel remained
unexplored.

This work presents the development of the mathematical model for hydrodynamic and mass transfer processes
during the collective injection of lump additives, proposed in [1], to account for different additive densities, and its
software implementation in the C# language. Using the developed software, a series of calculations of the process
under consideration was performed, which allowed for an assessment of the influence of the density of the supplied
materials on the melt hydrodynamics in the ladle and the subsequent mass transfer of the additives.

It has been established that the difference in additive densities leads to a difference in the characteristics of
their location after introduction, which affects the nature of their subsequent dynamics in the ladle.

This model is planned to be developed further to account for the melting or dissolution processes of additives
with different densities and different thermophysical characteristics.
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Currently, the main problem in the production of multilayer composites is achieving a strong bond between
the metal layers and assessing the strength of this bond. There are numerous methods for assessing bond strength,
and modern research often uses several such methods simultaneously to monitor and evaluate the bond strength of
the obtained samples. The most popular assessment methods are those of mechanical testing of bond strength, such
as shear tests, peel tests, and in some cases, bending tests. These methods are popular because they are simple, and
as a result of the tests, researchers obtain a specific quantitative value that characterizes the bond strength. There
are also methods for microstructural assessment of bond strength using optical microscopy (OM), scanning electron
microscopy (SEM) with EDS analysis, radiography, and hardness measurements of the layers at the bonding
interface.

Almost all the listed methods for assessing the condition of the bonding interface and the bond strength belong
to those used after physical experiments have been conducted, thus increasing the time and material costs of the
research. At the same time, FEM modeling can be used both before and after physical experiments. However, for
the purposes of predicting the possibility of bonding and assessing the strength of the bond between metal layers,
this method is used extremely rarely. Existing analytical models take into account many variables, which are usually
obtained purely empirically and adapted only for specific rolling process parameters to obtain sufficiently accurate
results; however, at the same time, they are not universal in application, which limits their capabilities for
calculating different combinations of layers and materials when developing technologies and therefore require
certain adaptation.

Thus, the development of more universal calculation methods for assessing the bond strength of layers in
bimetal and multilayer rolling using FEM simulation software is an urgent task. Based on numerous studies in the
field of metal layer bonding during rolling, a criterion for the bonding of metal layers and a methodology for
calculating the strength of the bond between metal layers have been developed. The developed methodology is
based on the theory of film rupture during cold rolling, takes into account the geometry of the deformation zone,
friction, and the properties of the metals being deformed. Furthermore, the methodology was developed considering
the possibility of its implementation using computer simulation in the QForm UK software through a built-in
program tool, such as "user subroutines".
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During wartime, industry plays a crucial role in strengthening the defense capability of the state. The
efficiency and speed of producing parts and components determine the performance of the defense complex. Under
conditions of resource and personnel shortages, automation becomes the key means of increasing productivity.
Automatic metal processing lines provide continuous, precise, and flexible production, contributing to the
technological resilience and efficiency of Ukraine’s industry

During wartime, the rapid and high-quality manufacturing of parts for military equipment and machinery
becomes especially important, as the country’s defense capability depends on it. Under conditions of limited
resources and workforce shortages, automatic metal processing lines play a key role by ensuring high productivity,
accuracy, and continuity of production.

Automatic lines allow most technological operations to be performed without direct human involvement. This
significantly increases productivity and reduces the risk of errors. Machines operate according to programmed
instructions, maintaining a level of precision that is difficult to achieve manually. This precision is critically
important when manufacturing military parts, where even the slightest deviation can affect the reliability of
equipment [1].

Another advantage of automation is process stability. Automatic lines can operate around the clock, without
fatigue or the influence of human factors. This ensures continuous production during wartime, when time is of
enormous importance.

In addition, modern lines with numerical control can be quickly reconfigured for different products. For
example, within a few hours, a factory can switch from manufacturing body parts to producing components for
armored vehicles or drones. Such flexibility makes automatic lines indispensable in the military industry. It is also
important that automation helps reduce metal waste. Precise machining allows materials to be used as efficiently as
possible, which is especially relevant during raw material shortages. Moreover, automatic systems monitor the
condition of equipment, preventing breakdowns that could lead to production downtime [2].

In the future, the development of automatic metal processing lines will become one of the key directions in
modernizing Ukrainian industry. Further implementation of digital technologies will provide even greater precision,
energy efficiency, and production speed. This will not only meet the needs of the defense complex during wartime
but also create a strong technological foundation for postwar economic recovery.
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The reduction of iron from its oxides (iron ore materials) occurs step by step — through the successive removal
of oxygen from both the initial and intermediate oxides formed during the reduction process. The reduced iron is
always carburized to the state of cast iron. It is generally considered that the carburization process takes place due
to the reactions of iron with both CO gas and solid carbon from coke (or coal). These scientific principles are also
presented in various literature sources and on internet resources.

The inevitability of carburization of reduced iron, both in the blast furnace and in other reduction units,
excludes the possibility of obtaining the final product in the form of pure (carbon-free) or low-carbon iron (steel).
In this regard, the issues of thermodynamic analysis of the carburization processes of iron during its reduction from
wiistite, primarily by CO gas, become particularly relevant. Thermodynamic studies of the conditions under which
chemical reactions of carburization of reduced iron by CO gas occur will contribute to a proper understanding of
the process of direct reduction of iron from iron ore raw materials (by CO gas and solid carbon), followed by its
carburization in metallurgical reduction furnaces, with the aim of creating a reliable physico-chemical model of this
process. This is also necessary for the further theoretical justification and industrial development of innovative
technologies for the one-stage production of liquid steel directly from iron-containing raw materials, instead of
liquid pig iron (or its granulated analogue). In other words, to eliminate — just as it occurred in various ancient
bloomery furnaces — the intermediate stage of obtaining pig iron, which modern reduction furnaces have so far
failed to accomplish, despite the existence of a large number of different direct reduction technologies in global
metallurgical production.

The results of the conducted thermodynamic analysis, using the derived expressions [1] for calculating the
Gibbs free energy for the chemical reactions of indirect reduction of iron from wiistite and carburization of iron by
CO gas, made it possible to establish that the carburization of reduced iron by CO gas (along with the previously
established [2, 3] impossibility of reducing iron from wiistite by CO gas above 765 °C) practically does not occur,
or the degree of carburization is negligibly small, which correlates well with data from some literature sources. A
preliminary conclusion has been made (which requires further confirmation) about the possibility of carburizing
reduced iron during its reduction from wiistite exclusively due to solid carbon.
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The reduction of manganese from its oxides, which are present in both iron-containing and manganese-
containing raw materials, is a stepwise process accompanied by a decrease in the oxidation state of manganese as a
result of the successive removal of oxygen from its oxides (initial and intermediate ones formed during the reduction
process).

Under industrial conditions, the main method for obtaining manganese is its thermal reduction using gaseous
carbon monoxide (CO gas) and solid carbon C (coke or coal). As in the case of iron, it is considered that during the
reduction process, manganese interacts with the reducing agents (CO and C), which leads to the formation of
manganese carbides or dissolution of carbon in manganese. Literature sources and modern scientific Internet
resources also provide information about the mechanisms of manganese reduction and the accompanying
carburization reactions.

The high affinity of manganese for oxygen and the difficulty of its complete reduction without accompanying
carburization complicate the reduction of pure manganese (without the formation of its carbides) in iron or the
production of manganese-containing low-carbon alloys (Fe-Mn and Si-Mn) without further purification stages. This
necessitates a deep thermodynamic analysis of the processes associated with the reduction of manganese from its
oxides, particularly from MnO, involving CO gas and solid carbon C. In this regard, the thermodynamic analysis
of manganese carburization processes during its reduction from manganese monoxide, primarily by CO gas,
becomes relevant in order to clarify the possibility of this process occurring.

Thermodynamic studies of the chemical reactions involved in the indirect reduction of Mn from Mn
compounds and the carburization of manganese by CO gas, using original expressions for calculating changes in
the numerical values of Gibbs free energy, make it possible to assess the likelihood of the manganese carburization
process by CO gas under specific temperature conditions. Based on the calculations, it has been established that at
certain temperatures of the actual reduction process, the carburization of manganese in the gas phase involving CO
is unlikely and practically does not occur (alongside the previously established impossibility of reducing Mn from
MnO compound by CO gas [1, 2]). This conclusion is consistent with certain literature data and provides grounds
to suggest (this assumption requires further confirmation) that the main mechanism of carburization is the
interaction of reduced manganese with solid carbon.

The obtained results are important for constructing a reliable physico-chemical model of the direct manganese
reduction process. This is also necessary for the development and improvement of single-stage technologies for the
production of low-carbon manganese alloys without further refining, as well as for the development of new
technologies for the direct reduction of iron aimed at producing steel.
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