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Muponenko M.A.
IMpogecopu Anapiii [Tapiosuy Bunorpanos
Ta [laBao TepenTiiioBn4 €EMeabSIHEHKO Ta iXHA POJIb
y CTAHOBJICHHI T PO3BUTKOBI BUIIOI TEXHIYHOI OCBITH
Ha [IpuaninpoB’i

YKpaiHCbKUI Aep)XaBHUIN YHIBEPCUTET HaYKK | TexHonorin, M. [lHinpo, YkpaiHa

Myronenko M.A.
Professors Andriy Pavlovich Vinogradov
and Pavlo Terentiiovich Yemelyanenko
and their role in the establishment and development
of higher technical education in the Dniro region
Ukrainian State University of Science and Technologies, Dnipro, Ukraine

AHomauisi. CmaHoeieHHs ma po38UmoK 8UW,0i mexHidHoi oceimu Ha [pudHinpos’’ — 6aezamoacnekmHe sguwe y KoMy
Maromp 3Ha4YeHHs1 sk 06°ekmugHi ma i cy6’ekKmueHi YUHHUKU. Be3yMOoBHO, 8aX/UBOI0 € POsib CyCIifIbHO-MOMAIMUYHUX MPo-
uecie ma yxeaneHux pilueHb 0epxxasHuUx opaaHig. Ane He MeHwull enue Ha rnepebie nodit Mae i ocobucmicms 84eHO20,
KUl rpayroe y Haykositl Yu oceimHili ycmaHosi. [1po d8ox makux 84eHux-tosinspie 2025 poky AHOpisi [asnosuya BuHo-
epadosa ma lNasna TepeHmilioguda EmernbsHeHKa nodaHo mamepian y MPONoOHOB8aHIl WUPOKOMY 3az2arly cmammi.
Knro4yoei cnoea: suwja ocsima, Memarypeisi, 84eHi, po38umok, biospaqis.

Abstract. The establishment and development of higher technical education in the Dnipro region is a multifaceted phe-
nomenon in which both objective and subjective factors are important. Undoubtedly, the role of socio-political processes
and decisions made by state bodies is significant. However, the personality of a scientist working in a scientific or educa-
tional institution has no less influence on the course of events. This article, intended for a wide audience, presents infor-
mation about two such scientists celebrating their anniversaries in 2025: Andrii Paviovych Vinogradov and Pavio Terenti-

iovych Yemelianenko.

Keywords: higher education, metallurgy, scientists, development, biography.

CTaHOBMNEHHS Ta PO3BUTOK BULLIOT TEXHIYHOT OCBITK
Ha lMpugHinpoB’i — BaraTtoacnekTHe ABULLE Yy SKOMY
MatoTb 3HAYEHHS SK OB’EKTMBHI Ta i CyD’ EKTUBHI YMH-
HWKN. Be3yMOBHO, BaXNMBOIO € POrib CyCnifbHO-MOSi-
TUYHUX MPOLECIB Ta yXBareHuX pilleHb AepXKaBHMX
opraHiB. Ane He MeHLUWI BNNUB Ha nepebir noain mae
i OCODMCTICTb BYEHOrO, SKAM MpaLUE Y HAyKOBIN 4K
OCBITHIl yCTaHOBI.

KiHeub XIX CTORITTA NPUMITHMIA ANA HALIOro Kpato
aKTMBHUM PO3BUTKOM MPOMWCIIOBOrO BMPOBHMLTBA,
SIKe CBOEID YEpro BuMMArarno 3anydYeHHs MicueBux
BMCOKOKBanigpikoBaHux npauiBHUKIB. MigroToBKy Takmx
(haxisuiB Manu 3giMcHIOBaTU NPOinbHI OCBITHI ycTa-
HOBW 3 BiAMNOBIAHMM KagpoBMM cKnagoM. Taka BepBe-
Yka Nodiv CrpuYMHMIA NOSIBY HA HAyKOBOMY OOpil Li-
NOi HU3KM NocTaTen, HenepeciyHMX 0cobUCTocTen, aKi
3anoyaTkyBanu po3BUTOK HAYKOBMX LUK y ranysi me-
Tanyprii. [Mpo ABox Takux BYeHuX-toBinspis 2025 poky
Angpis Maenoeuya BuHorpagosa Ta NaBna TepeHTi-
noBuMya E€MenbsiHEHKa nojaHo  martepian  y

© MwupoHeHko M.A., 2025
© Myronenko M.A., 2025

(OO

MPOMNOHOBAaHIM LUMPOKOMY 3ararny cTaTTi.

Y xoBTHi 2025 poky BunosHunocs 150 pokis Big
OHS HAPOOXKEHHS BMOATHOro BYEHOrO Ta OpraHisatopa
BUMLLOI TEXHIYHOI OCBITU Ha lMpuaHINPoB’i, JOKTOpa Te-
XHIYHUX Hayk, npodpecopa AHApia lNMaenosuya BuHo-
rpagoBa (1875 - 1933). Y cratTi Hamn Oyae posrns-
HYTO OCHOBHi eTanu Giorpadii B4EHOro-meTanypra Ta
MNOro BNAMB Ha PO3BMUTOK BULLIOT LLIKOMW Ha TepeHax [1
PYAHINPOBCLKOrO Kpato.

Hapogusca manbyTHin BYeHU 2 xoBTHs (14 3a
HoB.CT.) 1875 p. B cTapoBuHHOMY MicTi Cy3aanb B 6a-
ratofiTHiN poauHi YmHoBHMKa. baTtbko AHApis BuHo-
rpagoBa OyB cekpeTapeM 3eMCbKOi ynpasu i BigiNLLIOB
Y BIYHICTb, KONM XNOMNYaKoBi BUNMOBHUNOCA NuLLE BiCiM
pokis [1].

Micna ycnilwHOro 3aKkiH4YeHHs Mo4aTKOBOro y4u-
nvwa i rimHagsii B M. LWys, manbyTHin BueHnn OyB Bign-
paBneHuni ans NPOXOMLKEHHS BiICbKOBOT NOBUHHOCTI B
LLyicekomy nosiTi BonoaMmmpcbkoro HamicHUUTBA Y
1897 poui Ta nig 4Yac NPOXOMKEHHS BINCLKOBO-

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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nikapcbKoi KoMicil 6yB BM3HaHVMM NOBHICTIO HeNpuaaT-
HMM [0 Hel Ta 3BiNbHEHWA Ha3aBXAW BiO, BiNCbKOBOI
cnyxéwn. Lle 3acsiguye 3anuc y «PopmynsipHoMy cnu-
CKOBi NMpo cnyx0y» (gani — «PopMynsip»), k1A aBTo-
poOBi CTaTTi NoOWAcTUo AOCNIANTM y hoHOax Hapoa-
Horo my3eto ictopil AMeTl y nunHi 2023 poky. Llen Be-
NbMU Ni3HaBaNbHUA JOKYMEHT Oyro ykrageHo y Tpa-
BHi 1918 poKy 1 Y HbOMY NMO3HAYEHO, O FPHUYUIA iH-
xeHep Angpin MaBnosuy BuHoOrpagos Ha Tow 4ac
obiimaB nocagy goueHTa no kadpenpi metanyprii Ka-
TEePMHOCNABCLKOrO ripHMYoro iHcTuTyTy (KI).

Tenep, cnvpaluMcb Ha BKaszaHe OOKyYMeHTanbHe
[pKeperno, BiOTBOPUMO MOAil XXUTTA BYEHOro, novnHa-
toun Big 1899 poky. Lo gaty obpaHO HeBMNaaKkoBo,
apke came 4 yepsHsA ( 3a cT1.cT.) 1899 poky y lNMeTep-
rodbi, 3amicbkin peangeHuii uapst Mukonu Il 6yno octa-
TOYHO BM3HAYEHO LWOAO0 3anoyaTkyBaHHA y KaTepuHo-
cnasi BMLOro ripHnyoro yunnuua (KBIY) — nepuioro
3aknagy BMLOT TEXHIYHOI OCBITM Ha HaLLMX TEPEHaX.

HeBenunuknii icToprMYHMI BIACTYN Big OCHOBHOIO Te-
KCTY, sIkniA 6arato 4oro NosICHIOE LLOA0 NUTAHHS opra-
Hi3aLii HaBYanbHOro NpoLecy B BULLOMY HaBYarbHOMY
3aknagi y XIX c1. BetynHi icnutn 4o HOBOro HaB4Yarb-
HOro 3aknagy NPOBOAMIMN YNEHN NPUAManbHOI KOMICIT,
BifibpaHi 3 uincna Buknagadis MicLeBOi rimHasii Ta pe-
anbHOro yuunuuia. Ek3ameHauiiHa cecis posnoda-
nacb 15 BepecHsi i 4o Hel 6yno gonyuweHo 177 4yoro-
BikiB i3 uncna 352 ocib, wo noganu 3assu. [ns HaB-
YaHHs Oyno 3apaxoBaHo nuwe 77 vonosikiB. Cepeq
LLIACNMBMX NEepPLLOKYPCHUKIB ByB i cTyaeHT AHapin Bu-
Horpagos [2].

BnacHe BigkputTa KBI'Y Big6ynoce 30 BepecHs (13
XOBTHSA 3a H.cT.) 1899 p. [ns 3aHATb 6ynu BuaineHi
KiIMHaTK y npuMmilLleHHi MNoTboMKiHCBKOro nanawy, a B
CaMOMy HaB4YanbHOMY 3akrnafi 3aHaTTsa BiabyBanuch
3a KabiHETHOI CUCTEMOIO, afpKe y nepLui pokn kadeap
He Byro CTBOpEHO, a icCHyBanu nvle ga BiagineHHs —
ripHuye Ta 3aBoAckke. KepiBHMKOM OCTaHHbLOro 6yno
npusHayeHo Ha noyatky 1900 poky TanaHoBUTOrO iH-
XXeHepa-meTanypra i negarora, BunyckHuka NMetepby-
p3bKoro ripHu4oro iHCTUTYTY Muxana OnekcaHapo-
Buya lNMaBnoBa — y ManbyTHOMY BMOATHOIO BYEHOTO-
mMeTanypra i akagemika [2].

Y 1903 pouii BigbyBcs nepLummn Bunyck. 3asepumnnm
KBI'Y 16 yonosikisB — 8 oTpymanu AMnNnomMu ripHUYmx
iHKeHepiB, a iHwWi 8 — imxeHepiB-meTanypris. Cepen
ocTaHHix BocbMmy OyB i A.l. BuHorpagos (gunn. Ne
6990 Big 13 nucton. 1903 p.), SkuiA Nig Yac HaBYaHHSA
BMSIBUB HEabVSIKUI TanaHT 4O HaykoBoi npadi Ta bys
PEKOMEHO0BaHWIM OO0 3anuLLeHHs! Ha poboTy Ao Kabi-
HeTy meTanyprii [2].

Y «DopMynspi» XOOHUM YMHOM He MOSICHIOETLCS,
SIKUM YMHOM NiANITOK i3 BonogmMMmnpcbkoro HamicHUU-
TBa OMUHSIETLCS Ha Oeperax noBHoBogHoro [Hinpa.
Bignoeigb 3Haxoammo y ctatTi [1]. Ak cTBepaxye ii aB-
Top, y 1897 poui AHgpin BuHorpagos ctae cTygeHToM
Meau4Horo dakynbTety MOCKOBCBLKOrO yHiBepcUTeTy.
Big camoro novatky mMosioguin YosioBiK MOpUHAaE y BUP
CTYOEHTCbKOrO XXWUTTH, OOHIE0 3i CKIMagoBUX SIKOrO
Oynu pi3HOMaHITHI 3aBOPYLUEHHST N BiACTOIOBAHHA

npas i cBo6o4 NIOAMHK | rPOMaasiHUHA.

[Micnsa ogHOro 3 TakMxX CTyAEHTCbKMX CTpankis A.Bu-
Horpagosa y 1899 poui posnopsigxeHHssM MockoBCb-
Koro reHepar-rybepHaTopa Oyno BigpaxoBaHo 3 Apy-
roro Kypcy i BucraHo i3 Mockeu «6e3 npaBa npoxu-
BaHHS B YHIBEPCUTETCBKUX MICTax, a TakoX y MicTax 3
BULLIMMW HaBYanbHMMK 3aknagammy [1].

Came 3aBgsku Takii npumci goni ABagusiTM4oTUpn-
PiYHMI MONOAMIN YOMOBIK CTaB CTyaeHToM Y KatepuHo-
Cnasi, a[bke Ha MOMEHT NOro 3acnaHHg y MiCcTi He Byno
BULLOrO HaBYarnbHOroO 3aknaay.

Ta nosepHimocsa o 3micty «Popmynsapa». Mono-
Oun ripHNnYun iHxeHep AHapii BuHorpagoB He nocni-
LUa€e BiAryKyBaTUCA Ha 3aMaHNUBY NPOMO3uLito BUKNa-
AadiB yuunuiia wogo pobotn nabopaHTom npu kabi-
HeTi MmeTanyprii nig kepiBHuuTBom I.I'. PyGiHa [4], a
BMPpILLY€E HAabyTU NPaKTUYHOro AOCBiAY, NpaLoYM Ha
3aBogax y Mictax BepxHbogHinpoBcbKky Ta leTposa-
BoACbKy (1904 — 1907 pp.).

I3 1 cepnHs 1907 poky A.l. BuHorpagosa 6yno 3a-
npoweHo ao KBI'Y Ha nocagy acucteHTa kadheapu me-
Tanyprii. Monoguin 4onoBsik NOromKyeTbCsA, agXe B
Noro ocobuCToMy >XUTTi TakoX Bigbynucb yumani
3MiHW.

Ak BunnuBae 3 iHopmalii y «Popmynsapi» 8 civHs
1903 poky e ctyaeHT AHOpi BuHorpagos ogpyxu-
BCS 3 JOHbKO NpoToiepest AHHoto ®epopiBHoto Jlebe-
O€EBOI0, sika Hapogunacbk 25 ciuHa 1878 poky. B wac-
nuBOMY WINOGI y MONMOAAT HApPOAMIIOCH TPOE AiTen —
ctapLummn cuH ®egip Hapoamecsa 1 BepecHs 1904 poky;
AoHbka OnekcaHapa Hapoaunace 11 nunHa 1906 poky
Ta monoawun cuH N6, akuin HapoauBca 2 TpaBHSA
1908 poky. [2]

Y npodeciiHoMy >XWUTTi BYEHOro BigbyBanoch
Kap’epHe 3pocTaHHs. |3 nepetBopeHHsAM KBIY B 1912
poui Ha ripHu4mn iHcTUTyT A.ll. BUHOrpagoB oTpumye
nigsuLLEeHHs Ta 06iiMae nocaay crapLuoro nabopaHTa
kacbeapu metanyprii (puc. 1). Sk TanaHoBUTOMY BYe-
HOMY VioMy Oyno HagaHo NMpPaBO Ha BiOPSKEHHA Y
ckragi Aenerauii Ha 3'i34 AiqyiB ripHWMYol, MeTanyprin-
HOi Ta mawwwunHobypaiBHOI cnpasw, Akui BiabyBaBcs Y
CaHkT-TeTepbypsi 3 21 rpyaHsa 1912 no 7 ciyHa 1913
POKY.

Big 1 ciuna 1913 poky A.ll. BuHorpagosa 6yrno
npu3Ha4YeHo Ha nocagy B.O. AoLeHTa kadeapu meTta-
nyprii KI'l. Hoea nocaga nepenbavana BiopsimKeHHsI
Ha niTHi Micaui Ha nignpuemcTBa NMoBormka Ta Ypany
Ha SIKMX BUTOTOBNSIOTb Miapb.

Mig yac 36opiB NpayiBHUKIB ripHUYOro dakynbTeTy
KI'l 22 nuctonaga 1917 poky A.lN. BuHorpagosa o6-
panu Ha nocagy AoueHta kadpeapu metanyprii. Toro
X Taky poky BYeHMM Oyno npoumTaHo nekuito «lpo
NpoKaTKy», OPYKOBaHWUIA NPUMIPHUK sIKOi 30epiraeTbcs
y 6ibnioteui OMeTl i Hanivye 29 cTopiHOK TEKCTY, a Ta-
KOX BKIMaAKu 3 entopamu, rpadpikamm ta nraHamm npo-
KaTHMX uexiB (puc. 2).

Hanonernvea npaus BYEHOro ABiMi y Len nepioa
Oyna Big3HayeHa ypsgoBuMK Haropogamu: y 1908
poui opaeHom Ceatoro Ctanicnaa lll-ro ctynens Ta
opaeHom Ceatoi AHHWM lll-ro ctyneHsa 'y 1915 poui.



1912 r
Puc. 1 A.ll. BuHoegpados — npayieHUK Kaghe-
Opu memanypeii KI'l, 1912 p.

Y 1919 poui A.lN. BuHorpagos 3axuiiae gucepTta-
uito Ha TeMy «M’sikuin BynaTt Ta NOXOMKeHHsA Oynart-
HOrO BI3EPYHKY» W OTPUMYE BYEHE 3BaHHSA af’tOHKTa
MeTanyprii Ta Npu3HaYaeTbCs Ha nocagy npodecopa.

Y 1920 poui npodecopa BuHorpagosa Hapkoma-
TOM MpocBiTM Byno npusHayeHo Ha mocagy 3acTyn-
HWKa aupekTopa KaTepuMHOCRaBCbKOro FipHMYOro iH-
CTUTYTY 3 HaBYanbHOI poboTn. NoynHaeTsCa HacKuye-
HUA MNOBCAKAEHHUMW BaXXKNMBUMMK MefaroriyHMMmn Ta
HayKoBMMW crnpaBaMu eTan B XUTTi BYeHoro. Big nu-
nHa 1921 poky A.l1. BuHorpagoB Kepye CTBOPEHOH
HUM e Kadbenpot MexaHiko-TepMidHOi 06pobkn Me-
Tani.. MNpw Hili e Oyno cTBOpeHO NepLly B YKpaiHi Me-
TanorpadiyHy nabopaTopito, a 3agadi TepMoMexaHiy-
HOi 06pOOKM NpokaTy cTanu Haa3aBAaHHAM Ans MeTa-
NyprivHOT Haykn i AOTenepiLLHBOro Yacy.

Kpim Toro, npodhecop BuHorpagos BusiBrsie cebe
TanaHOBUTUM FIEKTOPOM Ta HEBTOMHUM MOLLYKyBa4yeM
TanaHTiB cepen 004apoBaHoi CTYAEHTCbKOI Monogi. Y
1920-x BiH 040MOE MeTanyprinHy npegmeTHy KOMICito,
yWTae nekuii 3 Kypcy NpoKaTHOro BUPOOHULITBA, Kepye
npoL,ecoM AMMNNOMHOro NPOEKTYBAHHA Yy BEYipHiX po-
BiTHMUMX TexHikymax npy bpsHcekomy Ta [OHiNpoBCh-
KOMY MeTanyprinHux sasogax. HeBTOMHO unTae nekuii
Ha Kypcax niaBuLleHHs kBanidikadii iHkeHepiB Ta Tex-
HikiB. Came npodecopa BuHorpagosa MoxHa no
npaBy BBaXaTy Ti€t0 NIOANHOIO, SKa BiAKpWIa CBIiT Ha-
ykun ans ctyfeHtis Onekcanapa Yekmapbosa, Kupuna
Crapogy6oBa Ta NaBna €EmenbsHeHka. 3roqom Li Mo-
nogi noan nepeBepLunnn  CBOIMW  JOCATHEHHSMM
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Puc. 2 TumynbHa cmopiHKa nekuii
A.l. BuHoepadoea «[lpo npokamky», 1917 p.

BUUTENS.

Mpodecop BuHorpagos 1925 poky BYi3aMB y Hay-
KoBe BIgpAmKEeHHA A0 HiMeyunHn — 3HanoMmBcAa Ha
MeTanyprinHux 3aBofax 3 40CBIi4OM poOOTH iHXeHepIB
Ta Koner BYeHMX. Lla noisgka 3a aekinbka pokiB Bu-
SABUTLCS ANl HBOTO baTanbHo.

Y cepnHi 1927 poky A.l. BuHorpagosa npusHava-
0Tb yNoBHOBaxeHUM ["onoBHaykn HapoaHoro komica-
piaTy npocsiTu.

Y 1928 poui nig erigoto npod. BuHorpagosa Bu-
NWoB APYKOM «BiCHWK HayKoBO-TEXHIYHOro CTyOeHT-
CbKOTO rypTKa» — npeAreda CTBOPEHOIO HVM XXE POKOM
nisHiwe xypHany «JoMe3» (puc. 3), akun yxe 1930-
ro POKY BUKMMKAB LLKBaN KPUTUKM NEHIHrpaacbkux Ta
MOCKOBCbLKMX BYEHUX Yepe3 CBOK HaaMipHY nonynsp-
HIiCTb cepep YuTadiB. Buasmnocs, Wwo Tmpax Lboro rno-
CYTi MiCLLeBOro BMAAHHS NepeBuLLYyBaB Haknaau bara-
TbOX @HArOrYHNX CTONTMYHMX BUAAHb, MPUYOMY pas3oM
Y3ATUX.

Mpwn yTBOpeHHi HaBecHi 1930 poky [JHinponeTpos-
CbKOro MeTasnypriiHoro iHCTUTyTy npodyecop BuHorpa-
[oB OyB nNpusHavyeHUn 3aBigyBavyeM 3aCHOBaHOI HUM
HOBOCTBOPEHOI kacheapyn NPOKaTHOro BUpOOHULTBA Ta
mMeTanorpadii.

Ha noyatky 1931 poky 0yB 3aapewtoBaHuii HKBC
i3 3BUHYBaAYEHHAM SIK «HIMELIbKUIA LUNUIYH». Y 3acTiH-
kax HKBC 3a3HaB Baxkunx MopanbHux Ta ¢ian4Hux To-
pTYp. 3BUHYBAYEHHSI NOBHICTIO BIAKWHYB, CBOEI BUHU
He BM3HaB i OyB 3BiNbHeHWN. [podecopa A.lN. BuHo-
rpagoBa Oyno peabinitoBaHo y 1993 poui.
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Puc. 3 TumynbHa cmopiHKka nepuwo2o rnpumipHuKa xypHany «JoMe3», 1929 p.

A ocb 8K Npo uen gakT nuLLe BigoMa KpaesHaBuLA
Ta JOKTOp iCTOPUYHMX Hayk MaHHa LUBMALKO y HapWUCi
npo lN.I'. PybiHa: «He3Baxatoun Ha akTMBHY HayKOBY
aianbHicTb IN.I7. PybiHa, npakTuyHe 3Ha4yeHHs Moro go-
CrifbKeHb A8 HapoAHOro rocrnofapcTBa KpaiHu, peBo-
nouinHi 3acnyru, HanpukiHui 1930 p. (konu BiH yxe
npautoas y [HinponeTpoBCbLKOMY MeTanyprintHoMy
iIHCTWUTYTI) BYEHOro 3aapelwiTyBanu 3a cdabpukosa-
Holo B Micuesomy ynpasniHHi [T1Y-HKB[ cnpasoto
«IHxeHepHoro LieHTpy» i HaBiTb BCTUIMN BUHECTU BU-
POK — BULLIA Mipa NokapaHHA. Ane BY4aCHO HaivLWmM 3
Mocksu aBa gokyMeHTu 3a nignucamu CtaniHa Ta Mo-
noToBa, AKMMKU 3ab60pPOHABCS apeLlT 0coBnMBO LiHHMX
(axiBLiB 6e3 y3romkeHHs 3 kepiBHMLTBOM HapogHoro
KowmicapiaTty Baxkoi npomucnosocTi. M.I. Py6iH, sk i
npocpecop A.ll. BuHorpapos (BunyckHuk KBI'Y 1903
p.), Bynu 3BiNbHeHI. A OT NOro yYHEBI Ta MOMIYHUKOBI 3
HayKoBUX i opraHisauinHux nutaHb A.0. FabuHcbKkoMy
He MOLaCTMII0 — MOro Po3CTpinanmy. [3]

Big cepnHs 1931 poky Buknagas B [JoHeLbkoMy
meTanyprivdomy iHcTuTyTi (OMI), obinmaroun nocagy
3aBigyBaya kadeapu npokatku. Y 1933 poui npode-
copa BuHorpagosa 6yno obpaHo Ha nocagy 3actyn-
Huka ampektopa OMI. 3a 3HayHi JocArHeHHs y poborTi
1 nuctonaga 1933 poky npodecopa A.lN. BuHorpa-
posa Gyno HaropoaXXeHo rpaMoTol0 Ta 3BaHHAM yaa-
pHUKa [2, 5].

2 nuctonaga 1933 poky npodecop A.lN. BuHorpa-
OB nomep Bif, iHapKTy.

Mepy BYeHoro 3aranom Hanexatb 6nu3bko 40 Ha-
YKOBUX Npaub y ranysi NpokaTHoro BUpOBHMLTBaA Ta

MeTarnorpadgidHMx gocnigKeHb: MoHorpagin, ctaTen,
HaBYanbHMX NocibHuKiB. Y coHaax Gidniotekn OMeTl
36epiraeTbCca gekinbka yHaameHTanbHyX npawb BYe-
Horo: «OCHOBbI KanMOPOBKM MPOKaTHbIX BarkoB»
(1925), «Kannbposka npokaTHbIX Bankos» (1934) Ta
«Kanubposka npokaTHbIx BankoB» (1950) y cnisas-
TopcTBi 3 [.A. BuHorpagosum [6 - 8].

MoBHa naniTpa npaub BYEHOro MalkKe MOHOXPO-
MHa. Y mepexi [HTepHeT € y AoCTyni nuwe ofHa ykpa-
THoMOBHa npausi «KanibpyBaHHS NpoOKaTHWUX BankiB»
1934 poky. Bci iHWi npaui BYEHOro — POCINCHLKOMOBHI.
Lle 3anBunn pas 3acsigyye cakT niHrsouuay, SKkMn mas
MicLie B YKpaiHi 3a LlapcbKoi Ta pagsHCbKoi 4obu.

lNgHum npogoBxyBayeM crpaBu 6aTbka BUSBUBCSA
MOSOALUMIA CUH BYeHoro Mnib, skmn y 1933 poui 3akiH-
ynB OMertl Ta npautoBaB Ha BUPOOHMUTBI y 1934 —
1939 pokax, a 3rogoM y HayKoBKX yCTaHoBax B M. Ma-
piynoni, JleHiHrpagi Ta Kuesi.

Y 1965 pouji 3axncTB OOKTOPCbKY AucepTaLito, a
HaCTYMHOro POKy OTpuMaB 3BaHHA npodecopa. Big
1967 po 1983 poky — OyB 3aBigyBayem Bigginy npo-
KaTKW NOpPOLLKIiB Y IHCTUTYTi Npobnem maTtepiano3Has-
ctBa AH YPCP (m. KuniB), B skomy npautoBas 3 1957
0o 1985 poky.

Mpodpecop MMib AHapinosny BuHorpagos cTBOprB
OpuriHanbHi CTaHW ANa NPOKaTKM CUMKUX MaTepianis
Ta Biadin npokaTku BMPOOGIB 3 MeTaneBuX MOPOLLKIB;
obnagHaBs eauHy B CPCP cneuianizosaHy nabopato-
pito cneyeHoro npokaty. Po3pobue Teopito Ta TEXHO-
norito OCHOB NpoKaTkK cunkux Tin [9, 10].

Y nunHi 2025 poky BunosHunocs 120 pokis Big AHS



HapOOKEHHs1 BUAATHOrO BYEHOro, 3aCHOBHMKA BiTYN3-
HSAHOI LLUKONW MeTanyprie-TpybonpokaTHMKIB, Yn.-Kop.
AH YPCP, poktopa TexHi4HMX Hayk, npodpecopa [la-
Bna TepeHTiioBmnya EmenbsiHeHka (1905 - 1947). Po-
3rnsIHEMO OCHOBHI eTanu Giorpadii BUeHoro-meTany-
pra Ta oro BrfvB Ha PO3BUTOK TPYOOMNPOKaTHOI HayKu
B YKpaiHi.

MaBno TepeHTiioBNY EMenNbIHEHKO HapoamBecs 24
yepsHs 1905 poky y cnobogi bobpukosa-IleTpoBchka
Miycekoro okpyry O6nacti Bilicbka [JOHCbKOro (HuHI
cerno bobpukose Ha JlyraHwuHi) y 6araTogiTHIN poauHI
cinbcbkoro BumMTena TepeHTis Mokinosuya €EmenbsiHe-
HKa Ta MOro ApY>XMHU-goMorocnogapku AHTOHIHK MMa-
BMiBHW, AOHBbKM MiICLEBOro cBsilleHuka. baTbko ma-
noro [aBnyca 4epe3 He3HaYHWA MNPOMIKOK Yacy
NPUIAHSIB CaH CBSILLIEHWNKA 11 0BiHSAB Nocaay CiNbCbKOro
baTiowkn y bobpurkoso-IeTpoBcbkomy. TyT BapTo 3a-
3HaYMTK, LWO 3rigHO 3 MEPENUCOM HACENEHHS, LLO Bia-
oyBcs 1897-ro poky y ceni mewkano 2007 ocib, 3 skux
2005 — npaBocnaBHoOI Bipw.

o 1921 poky NaBno xuB Ha kowTh 6aTbka, HaBYa-
BCS1 Y noyaTkoBin wkoni Ao 1915-ro poky, a 3rogom y
1915-my — 1919 pokax y TaraHpo3bkin riMHasii, B AKin
yCMilWHO 3akiHumB Tpu knacu. Y 1920-my 3akiHumB Tpy-
AOBY CeMupidHy wkony. Y apyrin nonosuHi 1921-ro
POKY NOKMHYB OaTbKiBCbKUI OiM Ta OCENMBCS Pa3oM i3
©OpaTtom Bonognmmpom y m. TaraHposi. I3 ciuHs 1922-
ro nNo TpaBeHb 1924-ro poKy npautoBaB y4HEM ToKapsi
no mMeTany B PEMOHTHO-MEXaHIYHMX MaNCTEPHSIX, OA-
HouacHO 3 BepecHA 1922-r0 poKy HaBYawuuUCb Y
NPOodTEXHIYHIN LWKOMi. Y Apyrin nonoBuHi 1924-ro poky
[MaBno npaueBnawTyBaBCcs y LEHTpanbHUX MexaHiy-
HUX MamncTepHax micta CHixHoro Ha [loH6aci, cTas
YrEeHOM KOMCOMOTTY.
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Y rpyaHi 1924-ro poky BiH nNepeBoauUTbLCS Ha Po-
BoTy Ao MakiiBcbkoro metanypriiHoro 3asogy 4o npo-
KaTHOrO Liexy Yy BanbLieTOKapHy MancTepHto, ae i npa-
uroe go nunHa 1926-ro poky. BogHoyac 3 1925-ro no
1926-11 pokn MaBno €MernbsHEHKO — YfeH MiCbKOi
pagn M. MakiiBku.

Y KBiTHI 1926-ro poky . EMenbsHEHKO cTae une-
Hom BKIT (6).

Mpautotoum y Makiisui MaBno oTpumas kaniutso,
nicns yoro 6yB BU3HaHWM iHBanigom npavi. Po6oty Ha
BMPOBHULITBI HE MPUMNWHAB, NEPEBIBLLMCL OO BaroHO-
PEMOHTHUX MancTepeHb [HINPOBCLKOro meTtanypriv-
Horo 3aBoay y micTi Kam’saHcbkomy Ha MNpuaHinpos’i Ha
nocagy po3mitdvka Big nunHs 1926-ro poky. lNMasno
npautoBaB y Kam’ssHCbkoMy A0 4epBHA 1927-ro poky,
OOHOYaCHO HaBYal4YUCb Y BEYIPHBOMY POOITHUYOMY
TEXHiKymi [2].

I3 BepecHst 1927-ro no yepBeHb 1931-ro . Emenb-
SIHEHKO — CTYAEHT ripHU4YOro, a 3rogomM MeTtanyprin-
HOro IHCTUTYTY B MiCTi [JHINpONeTpoBCLKY.

Y nunHi — BepecHi 1928 poKy NpoxoauB BiNCLKOBI
HaB4YaHHSA y Tabopax Ha 6asi 15-ro aptnonky B M. Mu-
konaesi Ta 6yB BU3HaHWUI NpuaaTHUM Ao cnyxon y na-
Bax 36pONHMX CUN Y BOEHHWUI Yac.

OtpvmMaBLwmn hax BanbLtoBarbHMUKa YOPHUX MeTa-
niB 30i6HUIA cTyaeHT MNMaeno €menbsHeHKO OyB peko-
MEHZOBaHWIA A0 3apaxyBaHHsI B O4HY acnipaHTypy no
kadeapi 06pobkn MeTarniB TUCHEHHSIM 3i CTUMNEHAIE
y 175 kp0.

Big 4yepsHsa 1931-ro no yepBeHb 1941-ro poky npo-
TArOM AecATUniTTS XuTTa [NaBna EmenbsHeHka 6yno
nos’asaHe 3 [HINPONETPOBCLKUM MeTanypriiHnuM iH-
cTUTyTOM (pUC. 4).

Puc. 4 . T. EmenbsaHeHko — criigpobimHux JMeml, 1930-mi poku

Yxxe y kBiTHI 1931-ro poky EmMenbsHeHka 6yrno npu-
3Ha4YeHO MOMIYHMKOM 3aBigyBada Biadisly MacoBOro
PO3MOBCIOAXKEHHS TEXHIYHNX 3HaHb. 3a MiB POKY Y XO-
BTHIi MONOJOr0 HayKoBLA NpU3HayalTb CTapLUMM iH-
CMEeKTOPOM MO HaB4vanbHin YactTuHi JMerTl.

YBecb 1932-n pik MaBno €mMenbsiHEHKO aKTUBHO

3aMaETbCs N1LLIE HAYKOBO pobOTO0, Ta BXE Bif Ito-
Toro 1933-ro poky BiH — AeKkaH MeXaHiKO-TepMi4YHOro
drakynbTeTY MO BeEYipHbOMY BiggineHHo. Lis pobota
BUKOHYETBLCS HAM AYXXe CYMITiIHHO, L0 3acBigyye 3anuc
B 0COBUCTIN cnpasi Npo HEOAHOPA30BE NPEMItOBAHHSA
Moriogoro agMiHictpatopa 200 kap6oBaHUsIMK.
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LlikaBa ocobnuBicTb: OOKyMeHTaUid y 0coboBil
cnpaBi €EmenbsaHeHka N.T. go ciyHa 1934-ro poky Be-
nacb BUKIIHOYHO YKpaiHCbKoo MoBoto. MoTim BigbyBcs
Pi3kuin Nepexig Ha PoCINCbKy, Xo4a y AesKUX nanepax
3aMicTb b 3HaKy CTOITb ', @ Y CaMUX AOKYMEHTax Cro-
CTepiraloTbCsl NOMUIKN, OOYMOBMEHI HAaNMMCaHHAM po-
CIICbKMX CIiB YKpaiHCbKOK abeTKoto.

Big kBiTHs1 1934-ro poky EMenbsHeHKa 3HOBY 3apa-
XOBaHO Ha iHXeHepHy nocaay 40 HayKoBO-AOCHiAHOMO
cektopa [MeTl. Toro > poky BiH 3aXUCTUB kaHauaaT-
CbKy AucepTauito Ha Temy: «JocnigakeHHs NinbrepHoro
npouecy» Ta nuwe y sepecHi 1935-ro 6ys 3aTBepaxe-
HAMN WMOro0 HaykKoOBMIM CTYNiHb KaHAuAaTa TEeXHIYHMX
Hayk. LLlogo nyGnikauii kaHanaaTtcbkoi aucepTauii M.T.
€MernbsiHeHKa TaKoX € LlikaBi MOMEHTH, Ha SIKMX MU 3y-
MMHUMOCH HaMpPUKiHLi LIbOrO Hapucy.

BopgHouyac Big »xoBTHA 1931-ro no ciyeHb 1935-ro
POKy HayKOBeLlb MpaLoBaB Ha NOcCagi acUCTEHTa Ka-
denpn 0bpobkum MeTaniB TUCHEHHAM (NPOKaTKW)
OMertl. Big ciuHa 1935-ro poky BiH Ha nocagi goueHTa
kadbeapw npokatku. [2, 11]

OpHa uikaBMHKa WOOO ocobnvBocTen onnaTtu
npaui goueHTa Kadpeapun npokatky y TpasHi 1935 poky
3 ocobuctoi cnpasu NM.T. €EmenbaHeHka. 3apobiTHa
nnata 6yna ocHoBHot — 260 kap6osaHuis 3a 360 ro-
OVIH PiYHOro HaB4arbHOrO HaBaHTaKEHHS Ta 3a CyMic-
HMUTBOM — 550 kapboBaHUIB 3a BUKOHAHHS HAyKOBO-
aocnigHux pobiT Ha MeTanyprinHuX NignpuMeMCTBax B
AIKOCTi HAYKOBOTO KepiBHMKa TPYOHOI rpynu Ha kadheapi
npokaTku OMeTl. 3araneHa cyma MicsidHOT 3apo0biTHOI
nnatu goueHta — 810 kapboeaHuiB. barato ue, un
Marno? 3a3HaunMmo nuvLle HacTynHe: HasaBHa y 6ibnio-
TeuyHoMy hOHAI Kpae3HaB4oro Bigainy obnacHoi 6idni-
oTeku raseta «CTanbHas MarucTparnby», opraH nonit-
BiAAiny €katepuHMHCLKOI 3anisHuui y 1935 poui koLu-
TyBana B Kiockax npogay npecu 6 kon., kinorpam s16-
nyyHoro BapeHHs — 3 kpb. 8 kon., a kHura «Pasrpom
YyépHoro 6apoHa» — 3 Kpo.

Y nunHi 1935-ro poky Naena €menbsiHeHka Byno
BMKModeHo 3 naB BKI(O)Y i3 dopmymtoBaHHAM «3a
nputynnexHve 6auTensHOCTU» Ta BiQHOBIEHO Y NaBax
yneHiB KOMyHiCTMYHOT napTii nuwe 1937-ro 3 piyHUM
BMNpobyBanbHUM TEPMIHOM OKPeMUM pilleHHAM [ne-
Hymy LIK BKI(6).

Y uboMy 3B’sI3KY LikaBol € rpacha B ocobuctomy
NNCTKOBI 3 006NiKy KaapiB, sikni MNaBno €EmenbaHeHKo
3anoBHmB 29 nuctonaga 1937 poky: «32. PesynbTtaThl
NPOXOXAEHWUS MapTYNUCTKM 1 NapTIPOBEPKNY. Y Hil Ha-
YKOBeLb 3a3HayaB: «NpoLén Yynctkn, 1929 n 1934 r.r.
6e3 B3bickaHuny. Ocb Tak BUrNsiAae cTaniHiam 3cepe-
OVHWN Ans 3BUYanHoi NIOONHMN.

Y 1938-my poui N.T. EMenbsHEHKO CcTae HayKoBUM
KOHCYNbTaHTOM CTBOPEHOrO HanepenofHi y rpyaHi
1937-ro poKy HaykoBO-#OCNIOHOrO TpyOHOro iHCTK-
TyTy. Y motomy 1939-ro poky lNasna TepeHTiioBMYa
3aTBEPIKYHOTh Y HAyKOBOMY 3BaHHi AoLeHTa Mo Kade-
Api 06pobkn meTaniB TUCHEHHAM. TOro X poKy BiH CTae
yneHom-kopecnoHgeHTom Akagemii Hayk YPCP.

25 yepBHA 1940-ro poky IN.T. EmMenbsHEHKO 3axu-
CTMB JOKTOPCbKY AncepTauito y JleHiHrpaacbkomMy no-
NiTeXHIYHOMY IHCTUTYTI iM. KaniHiHa Ha Temy: «OcHoBU
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npokatku Tpyb B CUCTEMI «KOCa BarnbLOBKa - Ninbrep
npoLec»».

Y »xoBTHi 1940 poky B [IMeTl 6yno ctBopeHo Kade-
Apy TpybonpokaTtHoro BuMpobOHMUTBA, 3aBigyBavem
SKOT MpM3HaYeHo JOKTOpa TEXHIYHMX HayK, Yn.-kop. AH
YPCP €EwmenbsiHeHka [laBna TepeHTiioBuya. [Mpu-
YOMY 3aTBEP/IKEHHS Ha nocagy BiAdynock 3rigHo 3 Ha-
kaszom Ne 1224/k y m. Mocksi nuwe 13 6epesHst 1941-
ro poky.

Y kBiTHi 1941-ro poky .T. EmenbsHeHka 6yno 3a-
TBEpPAKEHO Y 3BaHHI Npodyecopa no kadeapi Tpybon-
pokaTHoro BupobHuLTBa i3 oknagom y 1300 py6bnis Ha
Micsub. BogHoyac no HaykoBO-AOCNIOHOMY CEKTOopy
3apobiTHa nnata npodecopa €menbaHeHka 6yna
BCTaHOBIEHa y po3Mipi 650 py6niB Ha Micsaub. baraTto
ue, Y mano? [nsi NopiBHAHHA CKaXXeMO, L0 OAWH HO-
Mep raseTu «[JHenpoBcKkas npaBaa» B po3apid Togj Ko-
wrysas 10 kon., a ogHa TOHHA KaM’siHOro BYrinna — 35
KpO.

Tenep BapTO AeLWO poO3roBiCTM MNpo ocobucte
XUTTS BYEHOTO.

Ak BunNnuBae 3 AOKyMEHTIB 0COBOBOI CnpaBu Mo-
noporo HaykoBus, y 1938-my poui NMNaBno €menbsHe-
HKO ogpyxuBcs 3 bennoto MuxannisHoto AnbTep, Aka
npautoBana TexHikom y [IMetl. BoHa noxoguna 3 po-
AVvHK cnyx0oBuiB: ii 6aTbko AnbTep Muxanno Poma-
HOBMY OyB CniBBNAcHUMKOM MaWNCTepHi y OOpeBOJto-
UirHi yacu, a matn — AnbTep Mapis MyciiBHa b6yna go-
mMorocrnogapkoto. ¥ 1939-my poui y monogoro nog-
PYOKS Hapoaunacsa AoHbKa.

Ha noyvatky cepnHs 1941-ro poky poguHa €mens-
siHeHKiB Oyna eBakymnosaHa i3 [JHinponeTpoBcbka. Ha
Ypan eBakyolTb CniBpOBITHMKIB HAyKOBO-AOCHIAHOMO
3aBoay TpybHOro iHCTUTYTY Ta HayKkoBLiB, a [1aBsno Te-
PEHTINOBNY OMMHSETLCA Y cTonuui PagsHcekoro Co-
03y MicTi MOCKBI.

LlikaBum € Te, wo 3 noHag 210 cniBpobiTHUKIB Tpy-
GHOro iHCTUTYTY, CTAaHOM Ha nuneHb 1941-ro poky, oo
micTa lNepBoyparnbcbka Oyno eBakynoBaHo nuvwe 43
npauisHuky [12]. ix 6yno po3MilieHO Y HaBKOMULLIHIX
cenax Tanuui, PeweTtax Ta AnekceeBke, a nig npumi-
LEeHHA Onsi HaykoBLiB-TPYOHUKIB Byno nepeobnag-
HaHO TPW OYLUOBI KIMHATV BONMOYUIBHOIO LieXy HOBOT-
pybHOro 3aBogy: B HUX TEPMIHOBO nNpubpanv Bogon-
POBiOHI KpaHW Ta NOCTaBWAM CTONM Ta CaMOpPOOGHi CTi-
nbui. Jogante o UbOro OCiHHLO-3MMOBY XOfoAHeYY B
NPUMILLIEHHI Liexy, KapTKOBY cucTeMy posnoginy npo-
OYKTIB | HEMEBHICTb OO0 NnoganbLUoi NepCneKkTuBM
HaykoBUX JochnigkeHb. Mobauntn cBiTNO y KiHUi Ty-
Hent 3a TakuxX yMOB — Lie CNpaBXHE OUBO.

| BOHO cTanocs: y 1942-my poui oo NepBoyparnb-
cbka 3 Mocksu npubyBae EMenbAHEHKO, MPU3HaAYeHNI
rOMNIOBHUM iHXEHEpPOM TPYOHOro iHCTUTYTY, AMPEKTO-
POM SIKOro Ha TOoW Yac OyB MOro CTyOEHT, BUMYCKHUK
OMeTl 1936-ro poky lNMetpo Bacuneosuy CaskiH. Cni-
NKYIO4YMCb i3 3aBoAYaHaMy 1N HayKoBUAMM, 3a criora-
Aamun cyyvacHukis [NaBno TepeHTinoBuY noscsak4ac Ha-
rofiowye Ha ToMy, WO HeBignoBigHi ymoBM npaui nig
yac BiHM He MOBMWHHI BYTM NEpPenoHo A0 HayKoBOI
fDisinbHOCTI. AoKe, WO € roNnoBHUM ANsi MUCIIAYOI Mto-
AvHn? Lle noro miskn. A gymKy CnpoMoXHa 3ynuHUTH



nvwe cmepThb. [12]

OCHOBHOI NPUYUHOKO NOBEPHEHHSI EMENbsSHEHKa
Ha Ypan, HaneBHO, Byna dopc-maxopHa cuTyauis,
noB’A3aHa 3i 3HMKHEHHS Nifg Yac eBaKyallii Ta TpaHcno-
PTyBaHHS BaXIMMBOro enemMeHTa ninirpumoBOro cTaHy
— MaxoBMKa, Barow y Aekinbka aecsaTtkiB ToHH. Came y
1942-my poui Ha YensbiHcbkoMy TpyGonpokaTHOMY
3aBodi Manu 3MOHTyBaTW LeW CTaH, ane BUroToB-
NEHHS1 1 MOHTaX MaxOBUKa 3aMiCTb BTPA4Y€HOro BiaTe-
pmiHOBYBaB 61 nNyck BaXxnneoro o6’ekta 060poHm kpa-
THM Make Ha pik. 3a iHWKX o6CcTaBuH Take 6 pilLeHHs
Ha piBHi ypsay n 6yno 6 npuiiHATe, ane B ymoBax
BilHW Lien ropaiis By30n NoTpiGHO Byno po3pybatu.

Toro x Takun 1942-ro poky N.T. €EMenbaHeHKo BU-
KOHYE PO3paxyHKW Mpu NPOEKTYBaHHI (PaKTUYHO HO-
BOTO MNiNirpMMOBOrO CTaHy, siki 403BONATbL N030yTMCA
y MOro KOHCTPYKLii 20-TOHHOro MaxoBuKa, NOTPIOHOro
AN HaKOMWYeHHs1 KIHETUYHOI eHeprii, abn 3pobutn
MOXINVBUM BUPOOHWMLTBO TPYyD ANsi rapMaTHMX CTBO-
niB. | ye Nomy BOAETLCH, HE3BaXKAKOYW HA NEBHUN CKe-
ncuc 3 6oky koner-HaykosuiB. [12]

LLle He BCTUIMM BUCOXHYTW YOpHUNA, a nepeg Hay-
KOBLUSAMW MOCTaBMEHO HOBE 3aBOaHHS — pO3pobka
opuriHanbHOI TEXHONOriT BUrOTOBMNEHHS Tpy6 ans mi-
HOMETHMX CTBOMIB. | 3HOBY ycnix — 6e3 36inbLueHHs BY-
Tpat meTtany Ha 30-40% 3pic Bunyck. [2]

Haxanb He o6iiwnocs npu BNpoBamKeHHI HOBOT
TexHonorii 6e3 npobnem B pe3ynbTaTi HeAOTPUMaHHS
YiTKOI TEXHOMOrYHOT AMcUMNiHK Ha Bcix eTanax, abo
X HEepO3yMiHHSA OesiKMX HI0aHCIB TeXHONoril BUroToB-
neHHs. HaBegemo npuknagu.

OTXe, 3HaYHWI BIACOTOK MIHOMETIB HE BUTPUMY-
Banv 3aBOACbKMX BMNPOOYBaHb, OCKINbkM Tpyobu, ski
nocrtayanu nepeoypanbLli BOEHHOMY 3aBogy, Manu
pedektn. Tox go lNMepsoypanbcbka npuvixana yps-
A0Ba KOMICid Ha 4oni 3 HapKOMOM YOPHOI MeTanypril
|.®. TeBocsHOM Ta akagemikamu |.I. BapgiHum Ta M.T".
N'youosum. 3rigHO 3 BUCHOBKOM YrEHiB KOMICIiT npuym-
HOl BMXoAy 3 Nnagy MiHoMeTiB 6ynu gedpextun cranen-
naBWnbHOrO BMpOOHMLTBA. Tomy BapTo Byno nonin-
LUMTK TEeXHOMNOrYHY AUCUUMAIHY B CTanenuBapHOMy
uexy.

Ta npobnemun BUHMKanM 1 3 BUHW TpybonpokaTHu-
KiB, 30Kpema y TepmiyHoMmy BigaineHHi. Ockinbku romno-
BHUM Ha ToW 4ac Byrno racno: «Akomora 6inbLue npo-
AYKUii Ansa Bignpaskun Ha opoHT», Ha [NepBoypanbCb-
KOMY HOBOTPYBHOMY 3amiCTb nepeadavyeHmx TEXHOMOo-
MYHOI IHCTPYKLIE BEPTUKaNbHUX 3akanovHux Hakis
3aCTOCOBYBanu HasiBHi ropusoHTanbHi BaHHU. Y Ta-
KOMy BUMAAKy Boga 3axoguna B TpyOy i3 ABOX KiHUiB,
a B cepeauHi yTBOptoBanacs noBiTpsHa nogylluka —
Tpyba y Uil 30Hi He 3akansnack. Y nigcyMky MiHOMET-
HWIA CTBON Y LIbOMY MicLli po3ayBarno, 9k camoBap. Bu-
XO[OM i3 cuTyalLlil cTano 3acTocyBaHHs TeXHOMOrii 3a-
BaHTaxkeHHs Tpyb y BoAy AN 3akarnku nig KyTom y co-
pOK M'SiTb rpagyciB, i NOBITPsHA NoayLlka nepecrana
OyT NPUYMNHOK HEPIBHOMIPHOIO 3aKkantoBaHHs. [12]

30aeTbes, pilleHHsA NpocTe, ane y CBIiTOBIN Mpak-
TWLi MOXXHa HaBecTun 6e3riy npuknagie came Takmx ba-
HanbHUX pillleHb, SIKi BUMaraTb Big noanHU Heabu-
AKOT KMITNMBOCTI M YMIHHA aHarnisyBaTu cutyauilo Ta
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pobuTtn 3 Hei npaBwunbHi BUCHOBKW. HaneBHO, sikGu
M.T. EmenbsaHeHko He nepebyBaB y TICHOMY KOHTaKTi
3 BUPOOHMYHMKaMK, TO HaBpsA4 Ym 3mir Ou y ctucni Te-
PMiHV BUSIBUTU 1 BUNPABUTU iCHYIOYi TEXHOMOFYHI Npo-
ornemn.

3a BupilLeHHS Uiei 3agadiy 1943-my poui HaykoBLS
€menbsiHeHKa Ta iHxeHepa [MaHtowkiHa 6yno npeg-
cTaBneHo Ao [depxaBHoi CTaniHCbKOi Npemii nepLioro
ctynens (100 Tuc. pybnis).

JTiogmHa BUCOKOT BHYTPILLIHBOI opraHizoBaHocTi Ma-
Bna TepeHTinoBMYa EMENbAHEHKO BUMAraB LibOro X i
BiJ oTOuYylOUMX. 3acnyroBye Ha ocobnvBy yBary rpyH-
TOBHWI NIUCT BYEHOrO 40 CBOrO HACTYMHMKA Ha nocagi
rOMOBHOMO  iHXeHepa iHCcTUTYTYy Hos  HOpinosuya
Tawius, Takox cniBpobiTHuka OMeTl Big 1935-ro poky.
Y Hbomy [MaBno TepeHTinoBmY 4iTko hopmMyrntoe no
CyTi nNporpamy pobOoTW KONEKTMBY BYEHMX, MOIMEHHO
3a3Hadvaroum ix, 3 4YiTkMM OpMynIoOBaHHAM 3agaud:
«Pob6oT1y Ne 1 B YacTuHi, sika CTOCYeTbCS 3BaptOBaHHS
3a metofom [MaTtoHa 3airicHioe CopkiH. BiH e KoHTak-
Tye y CBepanoBCbKy 3 dhaxiBugMK Y NUTaHHI 3Bapto-
BaHHSA 3a meTogom HikiTiHa...». [11]

Toro x Takn 1943-ro poky €EmenbsaHeHka 6yno npu-
3Ha4yeHo Ao cknagy PagsHCbKOi 3aKyniBenbHOI KOMICIT
y CLUA B skivi BiH npautoBaB Ao 1945-ro poky. 3akop-
OOHHe BIgpsiMKeHHS Heabwsik 3b6araTuno TanaHoBU-
TOro BY4EHOro. AMepuKkaHCbKi BY4EHi BUCMOBNIOBanu He-
niapo6He 3axonneHHs 34ibHOCTAMUY TanaHoOBMTOrO KO-
nerun. [2, 12]

MoeepHyBWwUch Ao CPCP IN.T. EmMenbsaHeHko npa-
Ltoe Ha nocagi 3aBigyBada nabopaTtopii npokaTkm Tpyo
y LieHTpansHoMy HaykoBO-AOCNIAHOMY iHCTUTYTi Yop-
Hoi meTanyprii y Mocksi.

He 3abyBae HaykoBeub Mpo pigHi MeTanypriniun
Ta TPYOHWIA IHCTUTYTK, NPOOOBXKYHOUM KOHCYNbTYBaTH
ixHix cpaxiBuis, rotytoum acnipaHTis. Lle nigTBepmxy-
I0Tb MaTepianu, BigHamgeHi aBTopom Yy 0ocoboBiin
cnpasi BYeHoro-TpybHuka HAkoea KOxumosnya Ocagm
1920-ro poky HapogXeHHs, akui y 1943-my poui BCTY-
NnMB OO acnipaHTypu KOnu TpyOHWIA iHCTUTYT nepeby-
BaB Yy eBakyalii Ha Ypani. [puHarigHo 3a3Haunmo, Lo
y 1952 — 1961 pokax A.KO. Ocaga ovontoBas TpyOHMI
iHCTUTYT, a Big 2000-ro PoKy OCTaHHIN HOCUTb MOro
im's1. [14]

Ta, Ha xarnb, JatloTb Npo cede 3HaTN XBOpOOM, Ha
AIKi BYEHUN He 3BepTaB yBaru y Yacu BOEHHOIO fNXO-
niTT4.

13 nuctonaga 1947-ro, y Biui 42 pokis Nasna Te-
peHTiioBnYa €EmenbsaHeHka He ctano. OcTaHHA KHura
HayKoBLS Nif Ha3Bok «Teopis Kocoi Ta NinirpuMoBoi
NnpoKaTKWy BUALLNA OPYKOM BXe MO CMepTi aBTopa Y
1949-my poui.

Y HaykoBin 6ioniotewi OAMeTl YOYHT 3BM4aiHo X €
O3HayeHa BuLLEe NpaLs HayKoBLS, ane 3 ornsagy Ha Te-
MaTKKy NPOMOHOBAHOrO YnTayam Hapucy 6inbl uika-
BOIO € iHLUa KHWra BYEHOro, Wwo Mae HasBy «[linbrepc-
TaHW», sika BUULWINa apykom 1937-ro poky (neplie Bu-
naHHA 1933 p.) Ta € onpunNIogHEHUM A5t LUMPOKOTO 3a-
rany TeKCTOM KaHAuOaTCbKol gucepTauii iHXxeHepa
M.T. EmenbsaHeHka (puc. 5).
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JLHENPOMET: GBCKHR
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METARAYPIH4ECKAR - MIHOTUTYT

T. EMensAHeHko

e

Puc. 5 «llinbeepcmaHu» — 00Ha 3 205108HUX npaub 1. T. EmernbsHeHka, 1933 p.

YBaxHOMy 4uTayeBi ogpasy BnagyTb B OKO AesiKi
ocobnueocTi uiei npadi. Mo-nepue ii nonirpadiyvHmin
piBeHb: OOpOosiKiCHa YopHa i3 30110TUMMK NiTepamMu Na-
niTypka Ta Maixe nanipocHU nanip camoi KHuru. o-
apyre, PUCYHKM Y KHU3I SBMOTb COOOI MPOCTO BKIle-
€Hi OTO, BUKOHaHI Nig Yyac ekcnepuMeHTiB, hopmynu
Mawmxe ckpisb BnucaHi gioneTosum 4opHunom. [lo-
TpeTe, y AesaKnx micuax dopmyn, abo x ¢oTo He Bu-
cTavae (Hanpwvknag, BkasaHo puc. 96, a Koro HemMae)
npo wo 3pobneHa okpema npumitka onisuem OCII
(poc. «ansa cnyxebHoro nonb3oBaHusA»). HanesHo,
Yyac HanucaHHs poboTK Haknagae CBiV BigOMTOK i Ha
npauto HaykoBLs: BCe, LLIO MOrIo AOMOMOIT BOPOroBi
3pOo3yMiTK Xig Moro gymok Mano OyTu npuxoBaHe 3
ornagy Ha HenpocTy NONITUYHY CUTYyaLito.

Mpo Bigxia y BiYHicTL Npodecopa IN.T. EmenbaHe-
Hka Byno crnoBilLeHO HEKPOrorom y raseTi «[dHenpos-
ckasi npasga» BoceHn 1947 poky, Lo 3anBun pas nig-
KPECe 3Ha4vyLLiCTb 0COBUCTOCTI BYEHOMO Ansl BiT4M-
3HSHOI HaYKW.

Ha 3ragky npo yac po6otu IN.T. EmenbsiHeHKa y
OMeTtl Ha ogHOMYy 3 KMOro KoOpmnyciB BCTaHOBJSIEHO
nam’saTHY QOLLKY.

HaykoBwuit fopobok B4eHoro MN.T. EmenbsHeHKa 3a
Pi3HUMUW Xepenamu nepeBuLLyE BIiCIMOECAT OKpeMumx
HayKOBUWX Mpaub: MoHorpadii, NiapyyHUKIB, HayKOBUX
Ta pedepaTuBHUX cTaTel. Y BinbHOMY gocTyni B 6i6-
nioTekax Halwloro Micta BigHaMAEHO LUiCTAECAT LWUiCTb
opuriHanbHMx npaub MaBna TepeHTinosuua [13]. Y
1930-x pokax B ypHani «[JoMe3» (Big 1936 poky «Te-
opid Ta MpakTvka MeTanyprii») BUNLLMO Yumarno cTta-
TEeW BYEHOro 3 NuTaHb TPyOOMPOKAaTHOro BMPOOHWULI-
TBa. MoHorpadii aBTopa npo niflbrepHy Ta Kocy npo-
KaTKy 3anualoTbCa akTyanbHUMn iy Hawwi gHi [15, 16].

Llinkom cnywHoO MOXHa BBaXkaTv YaCTUHOW cnagj-
LWMHU BYEHOrO TakKWX nNpeaCTaBHUKIB KOMEKTUBIB

12

NpauiBHUKIB HAaYKOBO-AOCNIOHOMO TPYOHOrO iHCTUTYTY
Ta kagegpn OMT [OMetl sk Axoea HKOxumosuua
Ocapy, Maena IBaHoBn4ya Oppo, OnekcaHapa AHApi-
nosnya LLleByeHka, Cepria IBaHoBu4a bopucosa, Ma-
pka lcakoBuya XaHiHa, BaneHTuHa Mwukonarosnya
HaHueHka, Bonogumnpa Muxannosuya JpysiHa Ta 6a-
raTbOX iHLUKX.

Tunxo KOTUTL CBOI BoAu cTenosa piveyvka CoToBa 1
Bnagae 0o pivkm HaronbHi. Y uboMy Micui 1 OOHUHI
CTOITb-NOCMiXaeTbest ceno bobpukose. Ha niBgeHsb Bif
HBOrO reoriory LLe NoHaz CTo POKIB TOMY BUSIBUNA 30-
NOTOHOCHe pogosuLle. Ta ronoBHUM ckapbom Byab-
SIKOI 3emni € He ii NnpupoaHi 6araTcTBa, a noaun, siki Ha
Hil XXMBYTb, 3anumwiaroym no cobi 4obpy nam’siTb.

MigBoasym nigcymok BUKNageHoMmy Y L cTaTTi 3a-
3HauYMMO HacTynHe. CTaHOBNEHHS Ta PO3BUTOK BULLIOT
TEeXHIYHOI OocBiTU Yy [pnAHINPOBCBKOMY Kpai Haniyye
noHap CTo ABaAUsiTb MATb POKIB. HEMOXNMBO yABUTU
uen npouec 6e3 dakTy nepegadi M HaKOMUYEHHS
3HaHb Big, BYEHOro 0 BYEHOIO B pamMKax YTBOPEHHS
HayKoBUX LUKiS. Jlvwe TArnicTe HayKOBOro npoecy 3a-
Oe3neyye cTanuin po3BUTOK IHTENEKTYarnbHOI OYMKM.
Mpuknag XXUTTEBO | TBOPYOTO LUSSIXY BYEHNX-METany-
prie BuHorpagoBsa i EMenbsiHeHKa HA04YHO MigKpecntoe
BMCMOBIEHY BULLE TE3Y.

Takox BapTO OKPEMO 3BEPHYTM YBary Ha NiHrBouma,
LLIOZI0 BUKOPUCTAHHS YKpaiHCLKOT MOBW Npw nyonikavii
HaYKOBUX TEKCTIB TEXHIYHOIO CMpsIMyBaHHS 3a pagsiH-
cbKoi 006K B YkpaiHi.

ManbyTHin pO3BUTOK HayKM B YKpaiH1 MOXITUBO 3a-
0e3neunTy nuLIe cNuparydnch Ha NpaLi BYEHNX MUHY-
nyx NokoniHb. ToMy BapTo NpUAINsaT1 ocobnmey yBary
BMBYEHHIO JKEpenbHOi 6a3n HaykoBMX OOCHIIKEHD,
Oiorpacin BYUeHMX, abun KpaLLe po3yMiTV BUKITNKK 400K
" NpaBunbHO BUOYOOBYBaTU NPIOPUTETU PO3BUTKY.
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The impact of object orientation during 3D printing on part quality

Hezpy6 C.J1. 1, bonuyk C.B. 1, Tepacumuyk A.IL 2

BnuiuB po3ramryBaHHs 00’ ekTy nmiguyac 3D-apyKky Ha AAKiCThH aeTati
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Anomauis. Mema. [JocnidxeHHs ma npakmu4Ha oujiHKa eriusy poamauwysaHHs 0emarnel Ha cmori nid yac 3[-0pyky
Ha sumpamu mamepiary, Y4ac OpyKy, i sikicmb 0emarnel MawuHobydysaHHs. Memoduka. [TposedeHi npakmuyHi 8urnpo-
bysaHHSs y peanibHUX yMoBax 8UupobHuumea 3 nornepedHbOK OUIHKOI pe3yrbmamie OpyKy y cepedosuli npospamMHo20
npodykmy Ultimaker Cura 5.8.1 ma HacmynHum dpykom demani y 3[] npunmepi ANYCUBIC PHOTON M3 MAX. Haykoea
Hoeu3Ha ma pe3ynbmamu. [Ilpakmu4Ho rposedeHo OocnidxeHHs peanbHo20 3[-0pyKy chomornonimepHo cMmosior de-
mauel nicns aHani3y pisHUx eapiaHmie poamauwyeaHHs1 3-modeni Ha nnamagpopmi nobydosu. 3’acoeaHi OoCiOHUM wWirsi-
XOM pauioHarsbHi nonoxeHHs1 0ns 3] modened y npocmopi 0551 3MeHWeHHs1 Yacy OpyKy, eumpamu mamepiany ma ycy-
HeHHs1 Oepekmie 3 Opyky. BukoHaHa oujHka ernnugy posmauwlyeaHHs demarnel Ha cmosi nid Yac 3[-0pyky ¢gpomonorni-
mepHoro cmornoro ESUN Hard-Tough Resin 6inozo konbopy Ha aumpamu mamepiany, Yac OpyKy, ma sikicmb demarnel
MawuHobydysaHHs. 3aghikcosaHO 3Hauyywull 8rnnue po3mauwysaHHs Modesi Ha ninamgopmi nobydosu — a came nid Ky-
mom - Ha siKkicmb OpyKy OKpeMux eriemeHmie demariel, ocobriugo OpibHOPO3MIPHUX, Ha KiflbKicmb eUmMpa4YeHo20 Mmame-
piany ma yac OpyKy. lMpakmu4Ha 3Ha4dywicmb. [TposederHHi docnidxeHHss 0o38onunu binbw c8iGoMO 8UKOHy8amu po-
3mauwysaHHsi 3] modenel Ha nnamagopmi nobydosu, nonepedHbO OyiHUMU sumpamu Mamepianay Ha nidmpumMKu ma
gidpedazysamu nonoxeHHs Modeni y pasi Heg0arnozo subopy ma mum caMuM 3MEHWUMU Yac OpyKy i Kinbkicmbs empam
y Hacnidok deghekmis dpyKy Yepes gidcymHicmpb niompumok. OdepxaHHSI npakmu4Hoeo doceidy 34-0pyky ma ¢hopmy-
8aHHS MpaKmMu4YHUX pekomeHoauil, wo 003801uo nokpawumu cmaH 34-eupobHuymea Ha nidrnpuemcmsi.

Knroyoei cnoea: AdumusHe supobHuymeo, Photon M3 Max, eumpama mamepiany, ¢pomonomivmepHa cmona ESUN
Hard-Tough Resin, 06’em nidmpumok, 34 Opyk, yac 3 OpykKy.

Abstract. Purpose. Research and practical evaluation of the impact of part placement on the table during 3D printing on
material consumption, printing time, and quality of mechanical engineering parts. Methodology. Practical tests were con-
ducted in real production conditions with a preliminary assessment of printing results in the Ultimaker Cura 5.8.1 software
environment and subsequent printing of the part in a 3D printer ANYCUBIC PHOTON M3 MAX. Originality and Findings.
A practical study of real 3D printing of parts with photopolymer resin was conducted after analyzing various options for
the location of the 3D model on the build plate. Rational positions for 3D models in space were experimentally determined
to reduce printing time, material consumption, and eliminate 3D printing defects. An assessment of the influence of the
location of parts on the table during 3D printing with white photopolymer resin ESUN Hard-Tough Resin on material
consumption, printing time, and quality of mechanical engineering parts was performed. A significant influence of the
location of the model on the build plate - namely at an angle - on the printing quality of individual elements of parts,
especially small ones, on the amount of material consumed, and printing time was recorded. Practical value. The con-
ducted research allowed us to more consciously place 3D models on the build plate, pre-estimate the material costs for
supports and edit the position of the model in case of an unsuccessful choice, thereby reducing printing time and the
number of losses due to printing defects due to the lack of supports. Gaining practical experience in 3D printing and
forming practical recommendations, which allowed us to improve the state of 3D production at the enterprise.
Keywords: Additive Manufacturing, Photon M3 Max, material consumption, photopolymer resin ESUN Hard-Tough
Resin, support volume, 3D printing, 3D printing time.

Introduction. Additive manufacturing technology
has opened up new opportunities for creating complex
shapes and structures in mechanical engineering. 3D
printing is essentially a very important process when it
comes to working out the details of design and
developing new products. It can easily produce internal
sharp corners, complex contours, and even build
structures that are completely inaccessible to
traditional machining or CNC manufacturing. This is
what makes additive manufacturing a powerful tool in
the creation of part prototypes intended for casting and
machining, as it can handle a wide range of product
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design features [1].

Additive manufacturing allows for the production of
parts ranging in size from micro to macro scale. How-
ever, the accuracy of printed parts depends on the ac-
curacy of the used method and the printing scale. For
example, micro-scale 3D printing creates problems
with resolution, surface treatment and layer bonding,
which sometimes require post-processing methods
such as sintering [2]. On the other hand, the limited
range of materials available for 3D printing creates
problems when using this technology in various indus-
tries. Thus, there is a need to develop suitable

This is an Open Access article under the CC BY 4.0
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materials that can be used for 3D printing. Further re-
search is also needed to improve the properties of 3D-
printed parts [3].

Analysis of literature data and problem state-
ment. Scientific publications often focus on the follow-
ing issues in the printing field:

optimization of printing parameters to improve me-
chanical properties;

analysis of the economic efficiency of technology
implementation;

elimination of internal defects that occur during the
printing process.

— In the article ‘Effect of printing orientation on me-
chanical properties of FDM 3D printed parts’ (Re-
searchGate) [4], three orientations (XY, YZ, ZX) were
studied in FDM printing. The results showed that the
YZ orientation provides higher tensile and impact
strength, while the XY orientation provides maximum
hardness. This confirms the anisotropy of the material
due to its layered structure.

— The systematic review ‘Impact of 3D printing ori-
entation on accuracy, properties, cost, and time effi-
ciency of additively manufactured dental models’
(BMC Oral Health, 2024) [5] focuses on dental appli-
cations. The authors concluded that the vertical orien-
tation of models allows more details to be placed in a
single printing session, but horizontal orientation
proved to be more optimal in terms of accuracy, time
reduction, cost, and material usage.

The study ‘The Influence of Printing Orientation on
Surface Texture Parameters’ (PMC) [6] analysed
roughness parameters (Ra, Rz) in detail. It was found
that the smoothest surface is formed at an orientation
of 0° tilt (parallel to the working platform). As the angle
of orientation increases, the surface parameters dete-
riorate significantly, which is critical for high-precision
products.

— The article ‘Influence of Printing Orientation on
the Mechanical Properties of Provisional Polymeric
Materials Produced by 3D Printing’ (Polymers, 2025)
[7] analyses samples of dental polymers. The highest
bending strength and modulus of elasticity were shown
by samples printed at an angle of 90°. This confirms
that in dentistry, the choice of orientation has a direct
impact on the reliability of prostheses.

— The article ‘Why Part Orientation Matters in 3D
Printing’ (AZoM) [8] explains that orientation affects all
key parameters: mechanical properties, printing time,
number of supports, surface quality, and cost. The au-
thors emphasise anisotropy as the main factor that
makes the right choice of location critically important.

— Similar conclusions regarding the orientation of
objects during printing are presented in the article
‘Build orientation optimisation of additive manufactured
parts for better mechanical performance by utilising the
principal stress directions’ [9], which presents an algo-
rithm for determining the optimal print orientation in or-
der to increase the mechanical strength of parts.

Some of these issues — defects, uneven mechani-
cal strength due to limited materials, high prices and
small production volumes — are being addressed
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through further scientific research and the develop-
ment of advanced materials and additive manufactur-
ing methods. There are no specific practical recom-
mendations regarding the placement of the 3D model
on the build platform, the placement of supports, and
the time required to build the part, nor is there any cor-
relation between these actions. This creates serious
problems during the manufacturing of parts using 3D
printing, as it is an energy-intensive and time-consum-
ing process that may not produce the desired result.
As a result, the part or its individual element is not
printed in full. This situation leads to financial losses
due to increased material expenses, electricity costs,
and working time. Thus, research on this issue is rele-
vant, especially in the current climate of economical
consumption.

Research goal and objectives. The goal of this
work is to study and practically evaluate the impact of
the placement of parts on the build platform during 3D
printing on material consumption, printing time, and the
quality of printed parts for general mechanical engi-
neering.

One of the important elements of design is the lo-
cation of the part on the build platform of the 3D printer,
which significantly affects printing time, material con-
sumption, and the quality of the final product. Let's ex-
amine the main factors that affect the placement of a
3D model during printing and how to correctly find the
position of the future part on the build platform of a 3D
printer, taking all factors into account.

The location of the part can significantly change the
printing time due to the number of layers. Orienting the
part along the Z-axis (vertically) usually requires more
layers, as each layer is added as the object grows. The
more layers, the longer the printing time. If the part is
printed vertically, the number of layers is at its maxi-
mum, which increases the printing time compared to
printing in a horizontal position, where there are fewer
layers but each layer has a larger surface area.

The orientation of the part often affects the need for
supports. If the part has protrusions or complex geo-
metric elements, the layout may require more support
structures. Printing complex parts horizontally can re-
duce the number of supports, while vertical orientation
may require more to ensure the strength and stability
of the part during printing.

At the same time, increasing the number of sup-
ports not only increases material consumption and
printing time, but also requires additional time after
printing to remove them and further process the part.

After considering and analyzing several positions
from different angles, it is possible to find a position in
which the printing time and quality will be optimal.

In Fig. 1, the part is positioned completely horizon-
tally, with one of the surfaces serving as a platform for
mounting on the table during printing. In this case,
there are no supports at all and the printing time is min-
imal. However, after printing, if the part is thin-walled,
there is a risk of damaging the surface when removing
it from the table.

In the second case (Fig. 2), the part is positioned
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vertically and raised 5-8 mm above the platform for
stabilization. Due to its cylindrical shape, the print re-
quires supports located both outside and inside the
part. This results in maximum printing time, as the
number of layers is maximum, and increased material
consumption and the need for additional processing

<

after removing the supports.

In Fig. 3, the part is tilted at an angle of 10-20° and
raised 5-8 mm above the platform. Supports are only
needed on the side attached to the table, which re-
duces material consumption compared to a vertical po-
sition.

Consume resin: 4.741ml
Price: 1.043$
Print time: 2h29m51s

Save to Disk

» Slice Settings

» Layer Parameter

Consume resin: 6.701ml
Price: 1.474%
Print time: 7h20m20s

Save to Disk

P> Slice Settings

> Layer Parameter

Consume resin: 6.824ml
Price: 1.501$
Print time: 5h11m30s

Save to Disk

P Slice Settings

» Layer Parameter

Fig. 3 Positioning of the part at an angle to the 3D printer table
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It is believed that photopolymer printing is per-
formed at an angle in order to reduce the number of
printing failures by reducing the surface area exposed
to resin during printing. This orientation of the object on
the table reduces the tensile force on the working plate
and minimizes the risk of deformation and delamina-
tion. Angled printing improves print quality by reducing
the visibility of layer lines through more efficient resin
runoff and provides better support for overhanging el-
ements, resulting in a surface with less roughness than
when printing without an angle.

The printing time is 5 hours, 11 minutes and 30 sec-
onds, which is longer than with a horizontal orientation
(2 hours, 9 minutes and 5 seconds), but shorter than
with a vertical orientation (7 hours, 20 minutes and 20
seconds). This orientation reduces the risk of damage
to surfaces when removing the part from the table.

Thus, selecting the optimal orientation angle allows
you to achieve a balance between printing speed and
simplifying further processing. The horizontal position
is suitable for parts with simple shapes, the vertical po-
sition is suitable for compact use of space, and the an-
gular position is a compromise that reduces the risk of
damage and defects.

The next parameter affected by the location of the
part is the amount of material used for 3D printing. As
discussed above, incorrect positioning can lead to the
need for a larger number of supports, which will
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increase the amount of material used for printing. The
optimal orientation of the model in the 3D printer space
can reduce the number of supports or eliminate them
altogether.

If the part is poorly positioned, it may require a sig-
nificant amount of support structures to ensure printing
stability. This not only increases material consumption,
but also requires more time for manufacturing and sub-
sequent removal of the supports. Optimal orientation,
such as horizontal, can significantly reduce the number
of supports or eliminate them altogether.

For hollow parts, the orientation determines how
the internal cavities and stiffening ribs will be formed.
Choosing the correct orientation angle can ensure effi-
cient use of the filling material, reduce its quantity, and
take into account the location of holes for removing ex-
cess material.

Proper orientation allows you to reduce the overall
amount of material while maintaining the required
strength of the product. This is especially important for
complex parts where voids and supports can signifi-
cantly affect the final cost.

Thus, choosing the optimal part placement mini-
mizes material consumption, reduces printing time,
and facilitates processing. This is especially true for
hollow products, where it is important to consider the
layout of the internal filling and the points of drainage
for excess material.

Fig. 4 Examples of supports formed during 3D printing.

The placement of the part affects another important
parameter, namely the quality of the printed surfaces
of the part. Vertical orientation of parts often results in
a noticeable staircase effect on surfaces inclined to the
Z-axis. This is due to the technical limitations of layer-
by-layer material deposition. To improve surface qual-
ity, the part can be reoriented, but this may increase
the number of layers and printing time. Surfaces in
contact with supports are usually of lower quality, re-
quiring additional post-processing. Reducing the use

of supports by correctly orienting the part helps to im-
prove the final appearance of the product.

Parts with detailed features or sharp corners re-
quire careful orientation selection to minimize printing
errors. Poor placement can result in defects and print-
ing inaccuracies.

Thus, the quality of printed surfaces depends on the
correct placement of the part on the platform. Vertical
placement is better for parts that require minimal con-
tact with supports, but the risk of defects on the side of

17



ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)

Teopisi i npakmuka memanypeii, 2025, Ne 4
Theory and Practice of Metallurgy, 2025, No. 4

the platform remains. Horizontal placement is suitable
for simple shapes, but complex elements may lose
quality.

Saving space on the platform is another parameter
that depends on the location of parts on the 3D printer
table. If a 3D printer prints several parts at once, cor-
rect placement will ensure efficient use of the plate
space. This approach will increase the number of ob-
jects printed simultaneously and reduce the overall
production time.

For example, let's look at these four mould parts.

The size of the plate on which the parts are printed is
300x300x150 mm. Let us consider, for example, these
four casting mould parts (fig. 5). The size of the plate
on which the parts are printed is 300 x 300 x 150 mm.
If the parts are placed horizontally during printing (fig
5), only two parts can be placed on the plate, and the
total printing time for the entire mould will be approxi-
mately 14.5 hours. This arrangement will affect not
only the printing time but also the quality of the working
surfaces due to the chosen placement of the supports.

Consume resin: 324.372ml
Price: 71.362$
Print time: 8h36m22s

P Slice Settings

» Layer Parameter

Print time: 5h53m36s

> Slice Settings

» Layer Parameter

Fig. 5 Different layouts for parts on a 3D printer plate (two parts)

When printing parts horizontally on a 300x300x150
mm plate, only two parts can be placed at a time. The
total printing time for four parts in this position is 15
hours. A significant disadvantage of this option is the
use of supports that come into contact with the mould-
ing surfaces and affect the quality of the finished prod-
ucts due to the need to remove them later. An im-
portant disadvantage of this option is the use of sup-
ports that come into contact with the forming surfaces
and affect the quality of the finished products due to
the need to remove them later.
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If the parts are placed vertically (Fig. 6), all four ob-
jects can be placed on the platform at the same time.
In this case, the supports do not come into contact with
the critically important surfaces of the parts. The total
printing time is reduced to 13 hours, which improves
the productivity of the process. However, the possibility
of deformation due to thermal stresses should be taken
into account. The upper layers cool more slowly, cre-
ating additional pressure on the lower ones, which can
lead to distortion of the shape.



The orientation of a part can also affects its defor-
mation due to thermal stresses. Vertical orientation can
lead to more pronounced deformation, as the upper
layers cool more slowly and can put pressure on the
lower layers.

Conclusion. Optimizing the placement of
parts in 3D printing helps to balance the following pa-
rameters:

Reducing printing time by reducing the number of
layers and the volume of supports.

Saving material by minimizing the volume of sup-
ports and efficiently utilizing the filing of the part's
cross-section.

Improving surface quality by correctly orienting the
part relative to the Z-axis.

Minimizing defects by reducing the likelihood of de-
formations and errors.

Fig. 6 Different layouts for parts on a 3D printer plate (four parts)
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Price: 145.096$
Print time: 12h39m51s

Save to Disk

P Slice Settings

» Layer Parameter

Designing and preparing for 3D printing does re-
quire specific knowledge and approaches that differ
from conventional manufacturing methods such as
machining or casting. There are certain specifics and
limitations that must be taken into account when 3D
printing. Parts should be positioned to minimize the
need for support. This will reduce material consump-
tion and post-processing time. Parts that will be under
load are best printed in an orientation where the layers
do not weaken key areas, i.e., avoid placing load areas
along the planes of the layers. For smooth surfaces,
place important areas of the model parallel to the plat-
form plane. Position parts at an angle of 15-45° to the
print plane and 8—12 mm away from the table to reduce
the effect of sticking to the platform and avoid defects.

Thus, the optimal placement of a part is a compro-
mise between quality, time and material consumption.
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JlocJiizKeHHs po00TH KOMIIAKTHOI0 pereHeparopa
3 PiI3HMMH HaCaJKaMu

YKpaiHCbKUI AepXXaBHUIN YHIBEPCUTET HaYKK | TexHonorin, M. [lHinpo, YkpaiHa

Romanko Y.V., Meshkova A.G., Gupalo O.V.

Ukrainian State University of Science and Technologies, Dnipro, Ukraine

Anomauyis. O6’ekm docnidxeHHs — npouyecu mernoobmiHy 8 poboyomy npocmopi Hacadku 8ucoKomemnepamypHoO20
KOMMaKmHo20 peseHepamusHo20 mernioobMiHHUKa 8 dumMosuli ma rnosimpsiHul rnepiodu.

Mema AocnidxeHHs — 8U3HAYEHHST 8MIUBY XapakmepucCmuK Pi3HUX merioakyMysoYux Hacalok peceHepamopa Ha
mennosy eghekmusHicmb (1020 pobomu ma 8u3HadeHHs POBOYUX Xapakmepucmuk pe2eHepamopa npu KoMbiHyeaHHI
Hacadok pisHUx murie. 3a 0ornomMo20t Mamemamu4Hoi Modesti docnidKeHo pobomy KOMMaKmHO20 pe2eHepamugHoz0
mennoobMiHHUKa 3 Pi3HUMU munamu HacadoK 8 yMogeax 8UKopucmaHHi ioeo cymicmHo 3 nanbHUKOM 8 cucmemi ona-
JIeHHS1 BUCOKOMeEMepamypHO20 mernomexHiYHo2o azpeeama. BukoHaHi pospaxyHKku pobomu peseHepamopa 3 KyJlb-
K080 HacadKoro, 3i CMINlbHUKOBOI HacadKok i 3 HacaOKow, Wo cknadaembsCs 3 wapy Kyrb i MOPUCMUX KepamiyHUX
6rokis.

Knroyoei cnoea: peceHepamop, Hacadka, mennoobmiH, mernmnoobMiHHUK, MameMamu4yHe MOOesIto8aHHSI.

Abstract. The object of the study is the heat exchange processes in the working space of the nozzle of a high-temperature
compact regenerative heat exchanger in the smoke and air periods. The purpose of the study is to determine the influence
of the characteristics of various heat-accumulating nozzles of the regenerator on the thermal efficiency of its operation
and to determine the operating characteristics of the regenerator when combining nozzles of different types. Using a
mathematical model, the operation of a compact regenerative heat exchanger with different types of nozzles was
investigated under the conditions of its use together with a burner in the heating system of a high-temperature heat-
technical unit. Calculations of the operation of the regenerator with a ball nozzle, with a honeycomb nozzle and with a

Study of the operation of a compact regenerator with different nozzles

nozzle consisting of a layer of balls and porous ceramic blocks were performed.
Key words: regenerator, nozzle, heat exchange, heat exchanger, mathematical modelling.

BcTyn. 3acTtocyBaHHs pereHepaTMBHMX NasnbHUKIB
y ne4vax pi3HOro TUny LO3BONSE 3a PaxyHOK rmmnboKoi
yTunisauii Tenna AMMOBUX rasiB JOCAITY 3HAYHOI eKo-
HOMIii manuBa. Hesig'eMHOIO YaCTUHOK [AHOro npu-
CTPOIO € KOMNAaKTHWUIA pereHepaTop.

AHani3 nitepatypHux axepen Ta noctaHOBKa
npobnemu. B sKOCTi Hacagku Takoro pereHepaTopa
[obpe cebe 3apekomeHayBanu kepamidHi Kynbku [1].
KynbkoBa Hacagka nerko ouumwaeTbcs Big 3abpya-
HEeHb, Ma€e BUCOKY CTIMKICTb 0O TeMnepaTypHUX nepe-
nagis, ToMy ii MOxHa OGaratopasoBO BUKOPUCTO-
ByBaTu. OgHaK Wap Kynb Mae BENUKUIA TigpaBrivyHuin
onip, WO BMMarae 0O4aTKOBOI TArM.

B paHunm yac HabyBalTb NMOLUMPEHHS pereHepa-
TUBHI NanbHWKM 3 KepamivyHOW CTiNMbHUKOBOK Hacaj-
kot [2]. Taka Hacagka Mae Ginbll PO3BMHEHY MO-
BEPXHIO MOPIBHSIHO 3 KyNbkoBot. [i BUKOpUCTaHHA aae
OinbLL BUCOKY TEMNEpaTypy NigirpiBy NoBiTps Y TOM xe
yac 4epe3 Mani po3Mmipu ocepenkiB CTinbHMKOBA
Hacafka cxunbHa 0o 3abpyaHeHb pisHMMU BigknageH-
HAMM, WO BUMHOCATb AnM. OuMLLEHHSA TaKoi Hacagku
YTPYAHEHe, TOMY L0 pO3MipyM KOMIPOK He nepesu-
wytots 2-3 MM (puc. 1). TligBrweHa KpUXKiCTb

© PomaHbko A.B., Mewkosa A.l"., l'ynano O.B., 2025
© Romanko Y.V., Meshkova A.G., Gupalo O.V., 2025

TOHKOCTIHHOI KepaMiku TakoX nepelukogkae baraTto-
pas3oBOMY BUMKOPUCTaHHIO CTiNbHUKOBOI Hacaaku [3].

[nsa 3MeHLWeHHS LUmMX HeonikiB MOXNnBeE 3acToCy-
BaHHSA KOMGIHOBAHOT HAacafKu, Lo CKINagaeTbCcs YacT-
KOBO 3 LIapy Kyrb i NOPUCTUX KepamidHUX OMOoKiB (puc.
2). Ona pocnigxeHHA NOPIBHAMNBHUX XapaKTepucTuK
TakMx Hacagok Oyno npoeegeHO MaTeMaTUyHE Moge-
NOBaHHS.

MeToau pocnigxeHHs. 3a ocHoBy bGyna npuHATa
Mozenb TennoobmiHy B pereHepaTtopi 3 KyrbKOBOH
Hacagkoto [4]. Mpu ubomy KOXHa YacTMHa kombiHoBa-
HOi Hacagku posrnsganacsa gk ogHopigHe cepepno-
BMLLE 3 MOCTINHOK MOPI3HICTIO, a TennoobmiH Bu-
NPOMIHIOBAHHAM MiXK YacTUHKaMn Hacagku 6yB 3ami-
HEeHWN ePEKTUBHOID TENSTONPOBIAHICTHO.

Tennosa poboTa Hacagku ckrnagaerbca 3 barato-
pasoBO MOBTOPHOBAHUX AMMOBOrO i MOBITPAHOIO
umknis. MatemaTnyHa nocTtaHoBKa 3agadvi HaBegeHa
HVKYe.

[na oumosoro nepioay:

- AndepeHuianbHe PiBHAHHA TennoobmiHy ans
wapy:

p(1— e)C% = avﬂ(t,1 —t)+2 o't (1

&b 32

This is an Open Access article under the CC BY 4.0
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- OudpepeHuianbHe PIiBHSAHHA TennoobmiHy Ans
anMmy:
at,

Wil = aV[[(t —ty), (2)
no4aTKoBi YMOBU:

t(x,0) = toc, ®)

- rpaHNYHi YMOBU:
t,(h,T) = ty. 4)

IMOBITDSA

1 — KynbKOBa Hacafka;
2 — CTiNbHMKOBA Hacagka

PucyHok 1. Komipka
CTiNNIbHUKOBOI Hacagku

[na nosiTpsiHOro nepioay:
- OundepeHuianbHe PiBHAHHA TennoobMmiHy ans
wapy:

(1= )C 2 = ay, (b — ) + Aoy (5)

b oz

- audbepeHLianbHe piBHAHHA TennoobmiHy ans no-
BiTps

Oty
WioCo 22 = ety (£ = 1), (6)

- rpaHVI‘-IHi yMOBU:
t,(0,7) = tyo, (7)

e p — WiNbHICTb MaTtepiany Hacagku;

€ — MOPI3HICTb Hacaku;

C — nMTOMa TENNOEMHICTb MaTepiany Hacagku;

t — Temnepatypa wapy;

T—vac;

ay, — 0B'eMHWIA KoedilieHT Tennosiaaadi aumy;
t,(x,T) — Temneparypa Aumy 3a BUCOTOIO Lapy;
Aep — €PEKTUBHA TENITONPOBIAHICTL LWapy;

Wpo — WWBMAKICTb ANMY;

Cp — TEMMNOEMHICTb AUMY;

h — BucoTta pereHepatopa;

tio —noyaTkoBa TeMnepartypa aumy;

Ay, — 06'eMHMI KoediLiEHT TennoBiaaadi NoBITPS;
t,(x,T) — TemnepaTypa NoBiTPsa 3a BUCOTOIO LLaApy,
Who — LWBMAKICTb NOBITPS;

Cn — TENNOEMHICTb NOBITPS;

tho — noyaTkOBa TemMnepaTypa NoBiTps.

22

PucyHok 2. Cxema pereHepaTopa 3
KOMBiIHOBaHO Hacaako

O6'eMHMIA KOoediLEHT Tennosiggayi MMy Ta noB.i-
TP ONs Wapy Kynb BU3HAYaETbCS 3 ypaxyBaHHAM ix-
HbOT MaCUBHOCTI.

Ona gumy:
_ afg _6(1—8)
AT B T ®

Ae ap, — NoBepxHeBU koedilieHT Tennosigaadi

anmy;
Bi — uucrno bio.
Nu-d
= 2, ©)

ae Nu — uncno HycenbTa;
Ay — TEeNNonpoBigHICTe AuMmY;
dw — AnameTp KynbOoK.
Kputepin Hyccenbta BU3Ha4aeTbCsa 3a opmy-
now[5]:
Nu = 0,61 Re%®”
ae Re —uncno PenHonbaca,
Re=( Wa 'dK)/ Uo,

(10)

(11)
Vp — B'I3KICTb AUMY.
. apgdy
Bi = /1—1(,
A« — TENNONPOBIAHICTb KYNbOK.
AHarnoriyHo po3paxoByeTbCs KoeqiLieHT Tennosia-
Jadi ona nosiTps 3 TiE BiAMIHHICTIO, WO BCi napa-
MeTpu BepyTbCs ANs NOBITPS.
O0'emMHMIn KoeQiLieHT TennoBigdadi gumy Ta no-
BITPA ANA  CTiNbHUKOBOI Hacagkym BU3HAYaETLCS
HaCTYMHUM YUHOM.

(12)



Ona aumy:
_ 4
Wn = G g

(13)
e dcr — po3Mip KOMiIpKW CTiINNbHUKOBOI HAacaaKu.

_ Nuiy

= (14)

[nsa po3BUHEHOI NamiHapHOI Teuii B kaHanax 3Ha-
YeHHSs KpuTepilo HyccenbTa MOXHA NPUAHATU PIBHUM
3,66 [6].

[ns HacagoK BpaxoBYEMO NEPEHECEHHS Tenna Mix
ainsHkamun wapy. Lle npouec MoxHa npubGnn3HO
3aMiHUTN ePeKTUBHOK TEMSONPOBIAHICTIO, sSika BU3Ha-
YaEeTbCS B 3aMNeXHOCTi Big TUMY HAcaaKu.

[na KynbkKoBOI Hacagku papjiauinHa npoBigHICTb
Moxxe ByTu 3HangeHa 3a dopmyrnoo [7]:

Aep =4 f - 0p - d(t +273)3,

a’pﬂ

(17)

ae f — napameTp, SKuUA 3anexuTb Big po3mipy,
po3TallyBaHHS Ta BrlacTUBOCTEN NOBEPXHI KyIlb.
lNpgpaeniyHmiA onip Hacagku B 3anexHocCTi Big i
TUMY BU3HAYaETLCHA TaKTU YMHOM [8].
[ns CTiNbHUKOBOI Hacagkn B AMMOBUWIA NMepioa:
APCT=kﬁ-M, (18)
der 2
64
E.
[nsa KynbkoBOI Hacagkv y AMMoBUiA Nepioa

nek = (19)

AP, =kt 2 (20)
1,53 30

ﬂek—m<m()>, (21)

Re — 045 Wadk (22)

T A-oVe vl

Ae W — napameTp, WO 3anexuTb Big B3aEMHOro
po3TallyBaHHS Kynb. [na piBHOMIpHOrO nakyBaHHA
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w =~ 0,259.

Cuctema gudepeHUinHmx piBHaHb 1 — 7 BUpiLLy-
IOTbCH METOOOM KiHLEBMX pi3HMLb3a HESABHOWO CXe-
MOI0.

Pe3ynbTatn gocnigxeHHs. 3a 4JONOMOrol poar-
NSHYTOI BULLLE MaTeMaTU4HOI Moaeni 6ynun npoBeaeHi
JocnigkeHHs poboTn TennoobMiHHUKa Ans pereHepa-
TUBHOIO NanbHUKa NoTyxHicTio 270 kBT, wo npautoe
Ha npupogHOMYy rasi 3 TennoTow 3ropsaHHA =35,5
MIO>x/m3, 3a HacTynHUX BUXIgHWX gaHux. Hacapgka pe-
reHepartopa ckragaeTbes 3 Kynbok giametpom dk=0,02
M; PO3Mip KOMIpKM CTinbHMKOBOI Hacaaku der = 0,0025
M; HacaiKv BUrOTOBIEHI 3 KOPYyHAY; NoYaTKoBa Temne-
patypa Hacagkm to=0 °C; Bucota pereHepartopa h = 0,4
M; noyaTkoBa Temnepartypa ammy tmo = 1000 °C; nova-
TKOBa Temnepatypa noBiTps troso = 0 °C; WBMAKICT
aumy Ta noBiTpst Wy = Whee = 0,6; TpuBanicte ogHoOro
anmoBoro abo noeitTpsiHoro nepiogy 1,=30 c.

BukoHaHi po3paxyHkn Temnepatypu nigirpisy nosi-
TPS B pereHepaTopi 3 KyNbKOBOIO Ta CTifTbHUKOBOIO Ha-
CagKolo 3 Pi3HMMM PO3MipamMn KynbOK Ta CTiNbHUKIB
(puc. 3). Ona umx BMNaakiB po3paxoBaHi rigpasniyHi
onopw (puc. 4).

Mpu 36inbleHHi BU3HaYanbHOro po3Mipy Big
dk= 2,5 MM go dk= 20 mm TemnepaTypa nigirpiey nosi-
TPSA B KyNbKOBI Hacadui 3HWKYETbCS 3 t,,, = 908°C
00ty = 765°C. [na CTiNbHWKOBOI Hacagku npwu
LbOMY TeMmnepaTtypa nigirpiBy noeiTps nagae OinbLu
3HAYHO i CTAHOBUTb t,,, = 870°C Npu der=2,5 MM 10
thos = 356°C nMpu der=20 mMM. OpHak npu UbOMY
rigpasnivyHU onip pereHepaTopa 3 KyrnbKOBOK Hacaj-
KO Ha NOPSAJ0K BULLNIA, HIXX CTiNIbHUKOBUMN.

PosirpiB Hacagku go novaTky poboTu y cTauioHap-
HOMY peXuMi 3aHAB 32 PO3paxyHKoM 45 XBUNUH. Yci
noganblui pe3ynbTaTv HaBeAeHi o poboTn pereHepa-
Topa B CTaLioHapHOMY peXxumMi.

tHOB OC
950 - KYyJIbKOBa
850 | /
750
650 1 CTLIBHHUKOBA
550 -
450 -
350 T T T T T T 1
25 5 7.5 10 12,5 15 17,5 200z, der MM

PucyHok 3 . Temnepatypa nigirpisy noBiTps B KyrnbKOBIN Ta CTiNlbHUKOBIN
Hacafkax 3anexHo Big po3mMipy Kynbku dk Ta KOMipKM der
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0 T T T T T
125 15

175 20

dx, MM

175 20

der, MM

PucyHok 4. 3miHa rigpaBniyHoro onopy KynbKoBOi (@) Ta CTiNbHUKOBOI (6) Hacagok
3anexHo Bif po3Mipy KynboK dk i KOMIPOK dcr

tHac. OC

1000 -+
900 -
800 -~
700
600
500 -
400 ~
300 -
200
100 A

0 1 T T T

15xB

45 xB

h, M

0 0.08 0.16

0.24 0.32 0.4

PucyHok 5. Posnogin Temnepatypu Hacagky no BUCOTI B Pi3HWUA MOMEHT Yacy

Ha puc.5 306paxeHo rpadik posnoginy temnepa-
TYpUW Hacagkv HanpukiHui AMMOBOro nepioay yepes 1,
5, 10, 15, 45 xBunuH nicnst no4daTky poboTn pereHepa-
Topa. 3 puc.5 BMOHO, WO NPOTAroM iHEpUiNHOro
nepiogy nNpu KOXHOMY HacTYMHOMY LMK LWBUAKICTb
po3irpiBy Hacagku 3Ha4YHO 3HWXKYeTbCs. Konu Hacaaka
posirpiTa [0 CTauioHapHOro CTaHy, po3noAin

tz °C
1000

800
600
400

200

D T T T T

TemnepaTtypu 3a BUCOTOI pereHepartopa AJ1s KOXHOI
YaCTUHW HacagKkn HOCUTb MiHINHWIA XapakTep.

Ha puc. 6 306paxeHo rpadik po3noginy Temnepa-
Typu OumMmy Ta MOBITPS MO BWUCOTI pereHepatopa npu
he/h=0,6 Ha puc.7 nokasaHo 3MiHy TemnepaTypi
nigirpiBy NOBITPsi 3anNexHo Bif, BigHOLWEHHS h../h Ans
pereHepaTtopiB Pi3HOI JOBXUHN.

h, m

0 0,08 0,16 0,24 0,32 0.4
PucyHok 6. 3miHa TemnepaTtypuv oMMy i NOBITPS MO BUCOTI pereHepaTopa npu hcm/h =0,6
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h=0,5Mm

00 - h=0,6 m \

T . . T  her/h
0 02 04 06 08 1
PucyHok 7. 3miHa TemnepaTypy Migirpisa NoBiTPs B 3aneXHOCTi Bif CMIBBIAHOLIEHHS /1, /h .

lgpaeniyHMiA onip CTINBHMKOBOT HAacaaKu Npu TOMY KombiHOBaHa Hacaaka 3ariMae NpomixxHe MicLie 3a
caMOMy BM3Ha4arnbHOMY PO3Mipi Ha NOPAOOK HMKYEe  edEKTUMBHICTIO MDK CTINIbBHUKOBOIO Ta KyIbKOBOH.
KynbkoBoi. Lle gae moxnueicTb 3actocoByBatM Ha  Bubip onTumanbHOro CniBBiOHOLWIEHHS MK enemMeH-
NpakTuLi NOpUCTi kKepamiyHi 6r10KkM 3 pO3MIpOM KOMIPKM  Tamm KOMBIHOBaHOT HacaaKM 3anexuTb Big ekcrnnyara-
2-3 mm. 3amiHa KynbKOBOI HaCcagku Ha CTiMbHMKOBY  LiMHMX yMOB poBoTW pereHeparopa.
A03BONUTL MNIABUWNUTM TEMNepaTypy nNigirpisy nosiTps
npundnmaHo Ha 100°C.
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cold-hardening mixes
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AHomauis. Mema. 3acmocysaHHsi 8 cknadi ¢hopmysarnibHUX ma CMPUXHEBUX CyMmiwel 30/1U-8UHOCY SIK 4acmKo8020
3aMiHHUKa Keapuyoeoeo nicky. Memoduka. Memoduku 8usHa4YeHHs OCHOBHUX MEXHOI02iYHUX Mapamempie ¢hopm i cmpu-
J)KHi8, 8idrnogidaromb 3acmocosygaHuUM Ha npoginbHOMy 8upobHuumsi. Pesynbmamu. Po3pobneHo cknadu 6azamoko-
MIoHeHMHUX 3anizogpocchamHux ghopmysanbHux XTC Ha 0CHOBI OUCNEPCHUX MEeXHO2EeHHUX Mamepiarnis, 8y ssikocmi 3a-
MiHU mpaduuyiliHo suKopucmosysaHux mamepiarnie. Haykoea Hoeu3Ha. BusHa4yuiu MOoxnueocmi 8UKOPUCMAaHHS, 8 C8i-
JKUX ma peaeHeposaHux xoro0HomeepditoHux 3anizoghocghamHux cymilax, 30/1U-8UHOCY y IKOCmi HarlogHrea4vya ma/abo
cmabinizamopa epaHynomempu4yHozo cknady. lMpakmu4Ha 3Ha4Yywjicmsb. 3acmocysaHHs MexHo2eHHUX Mamepianis y
sKocmi 3amiHuU mpaduyiliHO suKkopucmosyeaHux, 00380/1UMb 3HU3UMU eumpamu Ha eupobHUUMEo flumea ma rnokpa-
wimu ekonoeiyHy cumyauito 8 peaioHi po3mauiy8aHHs1 1u8apHO20 Uexy.

Knroyoei crioga: choopma, cmpuxeHb, 3anisoghocham, 3011a-8UHOCY.

Abstract. Purpose. Use of fly ash in the composition of molding and core mixtures as a partial substitute for quartz sand.
Methodology. Methods for determining the main technological parameters of molds and cores correspond to those used
in specialized production. Findings. Compositions of multicomponent iron phosphate molding CTS based on dispersed
technogenic materials have been developed as a replacement for traditionally used materials. Originality. The
possibilities of using fly ash in fresh and regenerated cold-hardening iron phosphate mixtures as a filler and/or a stabilizer
of the granulometric composition have been identified. Practicalvalue. The use of technogenic materials as a
replacement for traditionally used ones will reduce the costs of casting production and improve the environmental situation

in the region where the foundry is located.
Keywords: form, core, iron phosphate, flow ash.

BcTyn. Ha paHui yac, B ymoBax obmexeHoro goc-
Tyny 0o NPUPOAHIX PecypciB, akTyanbHO Npobnemoto
nmMBapHOro BUpOBHULITBA € 3aMiHa TpaauuinHux dop-
MyBarnbHUX MaTepianiB Ha Oinbl OOCTYNHi i gellesi
MaTepianM TEXHOTeHHOro MOXOMKEHHHA. B nuBapHuMx
uexax HambinbL JOCTYMHMMM | HanyacTille BMKOpUC-
TOBYIOEMUMU € TEXHOMEHHI MaTepianu, ki JoOaloTb B
dopmyBarnbeHi Ta CTPWXHEBI CyMili. Take BUKOPUC-
TaHHA MaTepianiB TEXHOreHHOro NOXOAKEHHS NPU3BO-
OWTb A0 NOKpaLLEHHS eKONOriYHOI CUTyaLii y perioHi Ta
3MEHLLEHHI0 06’eMy Ta MPOLL SIKY 3aiMae CXOBMULLIE Bi-
onoBigHnx matepianis[1].

[o cknagy cyvacHux popmyBanbHUX Ta CTPUKHE-
BMX CyMilLleN MOXYTb BXOOUTU TEXHOreHHi MaTepianu
Pi3HOro MOXOMKEHHSA: MNpoKaTHa 3ani3Ha oKanvHa,
3ona-BuHocCy Tennosux enekrpoctaHuin (TEC), aepe-
BHa Tupca abo Byrinns Ta iHwWi matepianu pisHoi guc-
nepcHocTi Ta noxomkeHHs [1, 2]. Ix 3acTocyBaHHs oo-
3BOSIIE OTPUMATK 3HAYHI EKOHOMIYHI Ta TeXHOMOriYHi
nepeBaru 3a paxyHOK 3HWKEHHS cobiBapTOCTi iCKkopo-
YEHHS1 TPUBAIOCTi TEXHOSOMYHOro LUKy BWUIOTOB-
NeHHs opM Ta CTPUXKHIB.

AHani3z nitepaTypHux gaHuUX Ta MNoOCTaHOBKa
npobnemu. AHani3 nitepatypHux gxepen [2—9] noka-
3aB, WO OnNTMMarbHE BWKOPUCTaHHSA BMacTUMBOCTEN
30MU-BUHOCY [03BOSISIE BMMMBATU HA OCHOBHI TEXHO-
NoriyHi XapakTepucTukn opmyBarnbHOi CyMillli —Tep-
MOCTIMKICTb, MiLHICTb, ra30NPOHUNKHICTb. KpiM, TOro Ha-
BeJeHi MaTepianu 403BOMAITL BNAMBATU Ha rpaHyno-
METPUYHUI cKnag, agresito cymiwi Jo mogeni, Miu-
HICTb 3B'sI3KY MK YaCTMHKaMu cknagy ToLo.

Bigomo, o TexHoreHHi NpoayKkTu y psai Bunagkis
He TiNMbKN He NOCTYyNarTbCH 3a CBOIMW XapakTepucTu-
Kamy TpaguuinHuMm chopmMmyBarnbHUM MaTepianam, a m
nepeBepLUyIOTh iX 3a HU3KOK NOKasHUKIB. [Npu LiboMy-
BaXNMBY Porib Y AKOCTi TakUX CyMilLen Bigirpae il cno-
ny4yHun martepian [3-7].

TexHonorii, Wo TpaauLinHO 3aCTOCOBYIOTb AMs YC-
YHEHHS BULLle BMKNaaeHUX (pakTopiB — NPOMUBaHHS,
nfiakyBaHHS, MeXaHiyHa, XiMiYyHa Ta iHLWi MeToan akTu-
BaUil cymilLen, MalTb HeOoMiKK, Taki SK: 30iNbLIEHHS
TpMBanocTi TEXHOMOrMYHOro UuMKny,JogaTtkoBa Bu-
TpaTa MmaTepianis, rPOMI3aKiCTb 0bnagHaHHS, i 7.4. [2—
9]. B pawHii poboTi 3pobrneHo MpunyLeHHs, LWo
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BBEAEHHS 30NKN-BMHOCY A403BONWUTL 3b6anaHcyBaTtu ix
B3aEMHMWI BMMMB Ta OTPMMAaTU ONTUMAanbHi TEXHOMOT -
YHi MOKa3HWUKM CymiLLen iHdhopmaL,isi Npo Lo Ha CbOro-
OHi BigcyTHA. Tomy poboTa, Wo HanpaereHa Ha pos-
pobKy pekoMeHAaLin Wwoao BUKOpUCTaHHSA MaTepianis
TEXHOTEHHOTO MOXOPKEHHS, 30KpeMa 30MM-BUHOCY, B
TEXHOMOTIAX NMMBaPHMX LEXIB € aKTyanbHOH.

MeTa i 3aBgaHHA gocnigxeHb. MeTta poboTtu —
3aCTOCyBaHHA B cKknadi hopMyBanbHUX Ta CTPWKHE-
BMX CyMilLeN 30Mn-BUHOCY K YacTKOBOrO 3aMiHHMKA
KBapLLOBOrO MiCKy.

3aBgaHHA JocnigpKeHb — BU3HAYUTU MOXMMBOCTI
BVKOPUCTaHHA B CBIXXMX Ta pereHepoBaHUX XONoaHO-
TBepAitoumnx 3anisodocatHnx cymiax (3anisodoc-
datHi XTC) 30nn-BMHOCY Y SIKOCTi ANCNEPCHOrO Hamno-
BHIOBa4ya abo crtabinizatopa ix rpaHynoMeTpUYHOro
cknagy.

Martepianu Ta meToaun [OCNigXKEHHS.

BunpobyBaHHsi npoBOAWIM Ha CTaHAapTHUX 3pas-
kax BignosigHo go NOCT 23409.7-78 (Tabn. 2). XKuey-
YiCTb AocnigxyBaHUX hopMyBanbHNX CKNaaiB CTaHo-
Buna 20-35 XBUNWH, WO 3 3aCTOCYBaHHAM PO3YMHY
OpTOPOCHOPHOI  KUCNOTM  HU3LKOT  LLIMBbHOCTI
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p = 1,1 r/lcM3, a TakoX BBeOeHHSIM iHribiTopy TBEp-
[iHHs — ypoTponiHy Ta MAP — cynedaHon [10, 11].

Bumip Temnepatypu npoBogunu: TepmMoMeTpamm
3aHypeHHS,
Xpomenb-aniomenesolo  abo  Bonbgpam-peHieBOO
Tepmonapamu B KOMMekTi 3 noTeHuiomeTpom KCI1-4.
Poamipn BumiptoBanu 3 ToyHicTio 0,01 mm. Macy Bumi-
ptoBanu 3 TouHicTio go 0,01 a6o 0,1, rasonpoHuK-
HiCTb — Ha npubopi moa. 042, No 3aranbHO NPUAHATIN
MeToauLi, PEHTFEHOCTPYKTYPHI AOCNIMHKEHHST NPOBO-
annu Ha andpaktomeTpi APOH-3. LWinbHicTb BUMIipto-
Banv MeTOAOM rigpoCTaTUYHOIO 3BaXXyBaHHS y ANCTU-
NbOBaHiIN BOAi, XiMIYHUI CKNag BU3Ha4anm cnekTpoorn-
TUYHUM METOOOM Ha criekTpoMeTpi «SpectromaxX» 3
BiOMOBIAHMM NMporpaMHMM 3abe3neyeHHsM.. OBpobKy
eKkcnepuMeHTanbHUX JaHKX i OLHIOBaHHS X Ha HasiB-
HICTb rpybMXx MOMUIOK 34iNCHIOBaNM METOAOM Kopens-
LiHO-perpecinHoro aHanisy Tta npasuna «TPbOX
CUIM», BUKOPUCTOBYIOYM  €MEKTPOHHO-004MCoBa-
NbHY TEXHiKy Ta MakeTu CTaHOAPTHUX KOMM'HOTEPHUX
nporpam.

Pe3ynbTtaTtn gocnigxeHHs. Bubip 3aniso docda-
THUX XTC 6asyeTbca Ha XiMiYHOMY CKNnafi 30Muv-Bu-
Hocy MNpuaninposcekoi TEC, HaBegeHoMy y Tabnuui 1.

Tabnumug 1 — XiMiyHuIn cknag 3onu-srHocy, mac. % [5]

S0 | AOs |Fe0s |CaO |MgO |SOs |FeO |RO | TiO: Epmooooc
481 234 |72 23 11 0.7 0.8 27 05 13,2

PesynbTatn ximiyHux gocnigxeHb [8, 9] cigyats,
Lo 30Ma-BMHOC 3a CBOIM XiMIYHWM CKnagom (aus.
Tabn. 1) 3a00BONbHSIE BUMOraM, Lo Npea'sBnsaTb 40
KOMMOHEHTIB (DOpMyBarnbHUX CyMilLen, i Moxe OyTu
O0JaTKOBUM  KOMMOHEHTOMCHOMYYHOrO  Martepiany.
Mpw KiMHaTHIN TeMnepaTypi JoAaTKOBE 3MiLHEHHS Ta-
KOi cymiwizabesnedyBatumyTb y - Fe203 tTa MgO, a

npw Ti HarpiBaHHi — Al203 [6-9], aki BXOASATb 40 cknagy
30M1-BMHOCY.

YacTUHKM 3011 BMHOCY MaroTb Pi3HOMaHITHY ¢o-
pMmy — Bif, KynacToi 40 (hopMK KOHrNoMepaTy, nNpo Lo
CBiOUNTb TUMOBWUWA BUIMSL YaCTMHOK 30MM-BUMHOCY
npegcrasnexHun puc. 1.

PucyHok 1 — Burnsg yactuHok 3onu, x200

PisHOMaHITHICTL (OOpPMM HYaCTUHO 30SIM-BUHOCY He
noripLuye YNCTOTM NOBEPXHI BUNUBKIB Y 3B’A3KY 3 TUM,
LLIO pO3Mip YacTuHo 3onu-BuHocy y 10 Ta BinbLue pasis
MEHLLMIN 3a PO3Mipu MILLMHOK KBapLoBoro nicky. Mpwu
LibOMY,BMKOPUCTOBYHOYU 30My-BYHOC cnig

BpaxoByBaTW BUCOKWIA BMICT OKCUAIB MeTaniB y LibOMY
MaTepiani, SKMN BUMarae KOpUryBaHHsi BMiCTy KOMMO-
HEHTIB Y pOpMyBaribHin CyMiLLli.

Buxoasium 3 uboro B poboTi gocnigunm BNacTMBoCTi
Pi3HOMaHITHWUX cknagis opMyBarnbHUX CyMillen Y
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cknagi sIkKMx MacoBa [Oond 30MU-BUMHOCY Jocdrana
10%.

BignoBigHO 4O NPUAHATOI METOAMKN, nepen BUKO-
PUCTaHHAM 30J1y-BMHOC NPOCYLLYBanu Ha MnoeiTpi npu
22...27 C Bnpogoex gobu nicrs 4oro npocitoBany Ha
cuTi 3 BENNYMHOK Komipkn 0,315 MM gns BuganeHHs
BEMKNX YaCTOK Ta OpraHiYHNX BKITHOYEHb.

BMicT 3anisHOl oOKanuHM Ta  30SIM-BMHOCY

0BGYMOBNEHO rpaHyNnoOMETPUYHUM CKNagoM CyMiLli,
peakUinHO 30aTHICTIO KOMMOHEHTIB Ta iX NMUTOMO
NMOBEPXHELO.

MiuHicTb 3aTBEpAINUX 3pasKiB Ha CTUCK BU3Ha4anm
npu 20 °C i npn 250 °C.

Pesynbtatm BM3HaAYeHHs MILHOCTI 3aTBepAinimx
3paskiB Ha CTUCK NpeacTaBneHo B Tabnuui 2.

Tabnuug 2 — Cknag Ta MilHICTb 3paskiB CyMillen Ha CTUCK

> MacoBuii BMICT KOMMOHEHTIB MiuHicTb 3pa3kiB Ha CTUCK nicns cy- r
3 KOMMOHEHTOB, % WiHHA, MlMa a30MPOHNK-
5 . 3ona- - : - chzbnpm
g Micok OkanuHa BUHOC H3PO4 npu 20 °C npu 250 °C 20 °C, oa

1.1 93,9 6 - 4,5 0,35 0,18 246

1.2 92,9 7 - 4,5 0,28 0,28 274

1.3 91,9 8 - 45 0,20 - 313

2.1 83,9 6 10 4.5 0,21 - 183

2.2 82,9 7 10 4.5 0,28 0,43 163

2.3 81,9 8 10 4,5 0,44 0,60 141

2.4 84,9 5 10 4,5 0,29 0,20 124

3.1 83,9 6 10 6,5 0,52 0,24 222

3.2 82,9 7 10 6,5 0,405 3,55 197

3.3 85,9 5 8 6,5 - - -

* —Y BogHwi po3unH HsPOsgogasanm 0,01%ypoTponiH TacynsdaHorn.

3paskm Ne 1.3 ta 2.1 6yno BMKMOYEHO 3 noganb-
LLUMX BUMIpPIOBaHb Yepe3 HM3bKY MILHICTb, a 3pa3ok Ne
3.3 yepes HEMOXIMBICTL OTPMMaHHS 3paska npuaat-
HOro Ans NpoBeAeHHs1 BUMiptoBaHb.3pasku Ne 1.1, 1.2
Ta 1.3 6e3 BUKOPUCTaHHS 30MM-BUHOCY, arne 3 BUKOpU-
CTa@HHAM Y SIKOCTi CMOJSTyYHOrO0 KOMMOHEHTa OKaruHU
3ani3a 6ynv BUKOpUCTaHi 4N NpoBeAeHHs MOPIBHAMb-
HOro aHarnisy.

Ob6roBopeHHs pe3ynbTaTiB. Pesynbtatammn goc-
NipKeHb O03BOMWMM BU3HAYUTU BMMMB 30MU-BUHOCY
Ha TEeXHOSOrYHI XapakTepucTukn Ta y nogarnbLioMy
cKoperyBaTtu pauioHanbHUA BMICT KOMMOHEHTIB Y A0C-
nigpKyBaHOI CyMiLLli.

BcraHoBneHo, WO 36iMblIEHHsT BMICTY 30MU-BU-
Hocy y dhopMyBarbHilA CyMilli Npn3BoauTb 40 36inb-
WeHHs miuHocTi y 1,1 ... 2.8 pa3su, Ta KpaTHOMY 3HK-
XKEHHIO rasonpOHUKHOCTI. ToBTO, ra3onpPOHUKHICTb
3paskiB 3MEHLLYETLCA Ha 4 ... 7 OAMHULb Ha KOXEH Bi-
[OCOTOK 3011, ane Mae NPUAHATHI 3HaYeHHs ANs BUKO-
PUCTaHHSA NP BUPOBHWLTBI BUMKMBKIB MPOCTOI KOHI-
rypadii Ta 060NOHKOBUX CTPUXKHIB.

lMponoHoBaHi cknagu Cymillen mMarTb NPUAHATHI
TEXHOJOTYHI MOKa3HWKK i MOXYTb OYyTWM pekoMeHOo-
BaHi Ans BUNpobyBaHHs B NpomMucrosoro ymosax. Oa-
HIEI0 3 BaXKNMBUX NepeBar Lmx CKNnagis € Te, L0 BOHU
MOBHICTIO CKJTaAalTbCs 3 eKonoriYyHo 6e3nevyHunx ta bi-
Opo3KagHuxX martepiarnis.

BucHoOBKM.

1. Po3pobneHo cknagn 6araTokOMMOHEHTHUX 3ani-
3odhocchaTHMX hopmyBansHux XTC Ha OCHOBI gucne-
PCHUX TEXHOTEHHUX MaTepianis.

2. 3actocyBaHHsl TEeXHOreHHuUX maTtepianis, LLO
BXoAAaTb Ao cknagy XTC, y aKoCTi 3aMiHM TpaaumuiiHo
BMKOPWUCTOBYBaHUX MaTepianis, O03BONUTb 3Ha4YHO
3HU3UTK BUTPATV HA BUPOOHMLTBO NNTBA.

3. 3acTocyBaHHs 301M-BUHOCY J03BOMSE 3any4mTu
00 npouecy i posnovaTtn MOro AesakTueadito, mare-
pian TEXHOreHHOro NOXOKEeHHS, SIKUA Y CBOEMY 3BU-
YanHOMY BUrMSAi Mae HeraTBHUIM BNIMB Ha €KOnori-
YHY CUTyaLuito B perioHi posTallyBaHHS MBapHOro
Lexy.
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Current trends in the production and application of titanium alloys
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AHomauis. Mema: AHarnis cmaHy Haykogux OocniOxeHb y 2any3i supobHuymea i 3acmocysaHHi mumaHo8ux criiasie
ma meHAeHU,l ixHb020 po38UMKY npomsi2om ocmaHrHix 20 pokie. Memoduka: HapamuesHut o2ns0 i aHani3 nimepamypu
3 HallakmyanbHiwumu nybnikauiamu y siokpumux Oxepeniax Google Scholar, Sciencedirect, Researchgate, Scopus. Pe-
3ynbmamu: TumaH 8UpPI3HIEMbCS MIYHICMI0, Maro WinbHicmio, KopositiHoto cmilikicmio, 6iocymicHicmo ma mep-
mocmilikicmio, wo pobums io2o eaxnueum Or1si npomuciogocmi. CmeopeHo noHad 100 mumaHosux crinasie, 3 siKux
Komepuy,itiHozo cmamycy docsenu nuwe 20-30. HatinowupeHriwut — Ti-6Al-4V (noHad 50% 3acmocysaHs), we 20—30% —
crasu Yucmoeo mumaHy. BoHU 8UKopucmosyrombscsi 8 aepOKOCMI4HIl, MeduyHil, asmomobinbHili ma XimMivHilt cchepax.
Memarnypeis mumaHy 6a3yembcsi Ha 8aKyyMHOOY2080MY | €/1€KMPOHHO-NPOMEHE8OMY reperiiasi, npome mpueae ak-
mueHuUl rMowyK anbmepHamueHUX MmexHosoaill, Harpukad efiekmpouwiakosul nepersiag mumaHosux crasig. Takox
aKmueHO 8r1poeadXyombCcsi adumueHi mexHosoeil. Haykoea Hogu3Ha norisieae 8 KOMIIIEKCHOMY y3a2alnbHEHHI Cy4acHuX
docnidxeHb, siKi cmocytombcsi 8UpobHUUMEa i 3acmocysaHHs mMuUMmMaHo8UX Criiasie i3 akyeHmoMm Ha cy4yacHi Memoodu
repernnasy mumaHo8oi wuxmu y eomosuti eupib. lMybnikauisa exknoyae HaliakmyarbHiwi Oxeperna, SKUX We HeMae 8
iHwux oensidax. lNpakmuy4Ha 3Hadywicms. Nybnikauis dornomMoxe HaykosUsiM, iHXeHepaM, suknadayam, cmyOeHmam
weudKo 30pieHmMysamucsi 8 Macusi iCHyt4UX 3HaHb, YHUKHymu OybritogaHHs1 00C/iOXeHb ma Kpawie rnnaHysamu rno-
Oanbuwy OifnbHICMb.

Knroyoei cnoea: mumaH, crninasu, mexaHidHi eniacmusocmi, biocymicHicmb, KopositiHa cmilikicmb, eany3sb, neperias,
adumueHe 8upobHULMEO.

Abstract. Purpose: Analysis of the state of scientific research in the field of production and application of titanium alloys
and trends in their development over the past 20 years. Methodology: Narrative review and analysis of the literature with
the most current publications in open sources Google Scholar, Sciencedirect, Researchgate, Scopus. Results: Titanium
is distinguished by its strength, low density, corrosion resistance, biocompatibility and heat resistance, which makes it
important for industry. More than 100 titanium alloys have been created, of which only 20-30 have reached commercial
status. The most common is Ti-6Al-4V (over 50% of applications), another 20-30% are pure titanium alloys. They are
used in the aerospace, medical, automotive and chemical sectors. Titanium metallurgy is based on vacuum arc and
electron beam remelting, but an active search for alternative technologies continues, such as electroslag remelting of
titanium alloys. Additive technologies are also being actively introduced. The scientific novelty lies in the comprehensive
generalization of modern research related to the production and application of titanium alloys with an emphasis on modern
methods of remelting titanium charge into a finished product. The publication includes the most relevant sources that are
not yet available in other reviews. Practical significance. The publication will help scientists, engineers, teachers, and
students to quickly navigate the array of existing knowledge, avoid duplication of research, and better plan further
activities.

Keywords: titanium, alloys, mechanical properties, biocompatibility, corrosion resistance, industry, remelting, additive
manufacturing.

Titanium and its main properties

Titanium was discovered in 1791 by the amateur
mineralogist W. Gregor, but it took almost 150 years
before its industrial production began [1]. This signifi-
cant gap between the discovery of a new metal and its
use is not accidental, because titanium is an extremely
chemically active element. To reduce it from titanium
oxide (TiO2), it is necessary to first chlorinate titanium
and obtain TiCls. Then purify TiCls by fractional distilla-
tion and finally reduce TiCls with molten magnesium or
sodium in an argon atmosphere (Fig. 1) [2, 3]. This pro-
cess was proposed by metallurgist W. Kroll in 1937
and remains the main one in the production of titanium
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sponge — a hollow metal raw material that is subse-
quently processed into titanium using remelting pro-
cesses of special electrometallurgy (Fig. 1, 2). There
are innovative modern processes (FFC, OS, MHR,
MIT) that reduce titanium directly from TiOz [3, 4].

The high affinity of molten titanium for oxygen, ni-
trogen and hydrogen requires that melting and pouring
be carried out in a vacuum. Vacuum arc or electron
beam melting furnaces are commonly used with a con-
sumable electrode made from blocks of pressed tita-
nium sponge, which are connected together by argon
arc welding. For casting, the range of forming materials
is limited due to the reactivity of titanium, but copper

This is an Open Access article under the CC BY 4.0
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water-cooled crucibles or pressed graphite are com-
monly used [2]. Vacuum induction [6] and chamber
electroslag processes [7] are also used for remelting
titanium.

The high affinity of molten titanium turns sour, it ab-
sorbs nitrogen and water so that the melting and pour-
ing can be condensed in a vacuum. Use vacuum-arc
or electron-exchange melting furnaces with a vitriol
electrode made from blocks of pressed titanium
sponge, which are interconnected by argon-arc weld-
ing. To cast a range of forming materials, they are
formed through the reaction of titanium, or use copper
water-cooled crucibles and press graphite [2]. Also, for
remelting titanium used vacuum-induction [6] and
chamber electroslag process [7].

The complexity and multi-stage nature of the

Fig. 1 — Chlorination of titanium. Zaporizhia
Titanium-Magnesium Plant

Titanium is a relatively poor conductor of electricity
compared to materials such as copper or aluminum,
making it useful for applications where electrical insu-
lation is required. In certain medical applications, such
as implanted medical devices, titanium's low electrical
conductivity may be useful in preventing unwanted
electrical interactions with body tissues [8].

Due to its affinity for oxygen, titanium spontane-
ously forms a protective oxide layer on the surface
when exposed to an oxidizing environment. In biomed-
ical applications, the presence of a natural oxide layer
plays a crucial role in biocompatibility, as it forms a bar-
rier between the biological environment and the “reac-
tive” metal underneath [9]. Moreover, bone tissue can
adhere and grow on the surface of titanium alloys until
complete integration [10]. Titanium and its alloys are
generally considered non-toxic and do not release
harmful substances into the body. There are some con-
cerns about the potential toxicity of several alloys due
to the presence of aluminum, vanadium, and nickel [10,
11].

Titanium alloys demonstrate impressive mechani-
cal strength and stiffness, reaching ultimate loads com-
parable to those of some steel grades [8].

Titanium alloys

Alloying elements play a key role in shaping the
properties of titanium alloys. Traditionally, titanium al-
loying elements are divided into two groups depending
on the phase they seek to stabilize: alpha (a) and beta
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casting process for titanium is offset by its outstanding
physical and chemical properties. Titanium has a rela-
tively low density of about 4.54 g/cm3, which is about
half the density of steel or cobalt alloys. This low den-
sity makes it suitable for applications where weight re-
duction is important, such as aerospace and medical
implants [8]. Titanium also has a high melting point of
=1670 °C, which allows the material to withstand high
temperatures during manufacturing processes without
losing its structural integrity. Titanium also has a low
coefficient of thermal expansion, meaning it expands
and contracts minimally with temperature changes.
This property is advantageous for applications where
dimensional stability is critical, such as precision med-
ical devices [8].

Fig. 2 — Crushed titanium sponge [5]

(B)- The a-phase has a hexagonal close-packed struc-
ture, and the B-phase has a body-centered cubic (bcc)
structure. The distribution between these phases sig-
nificantly affects the mechanical properties of the ma-
terial.

Alloying with elements such as aluminum, tin, and
zirconium stabilizes the
a-phase, increasing strength and hardness and raising
the beta transition temperature [12]. Elements such as
molybdenum, tungsten, chromium, iron, silicon, and
copper stabilize the 3-phase, improving ductility and
high-temperature properties, and lowering the beta
transformation temperature. Vanadium and niobium
can act as a- or B-stabilizers depending on the alloy
composition. In addition, light elements such as oxygen
and nitrogen also have an a-stabilizing effect and a
neutral effect on the beta transition temperature [13].

Titanium alloys are usually classified into three main
groups, designated a, a/p, and B. The main represent-
atives of a-alloys are commercially pure (CP) titanium
alloys, the alloying elements in which are oxygen and
nitrogen, which in controlled amounts provide a certain
range of titanium strength. Also included in a-alloys are
titanium microalloyed with palladium and ruthenium [1].
Alpha alloys cannot be heat treated to improve me-
chanical properties, since they are single-phase alloys
[5].

With a sufficient level of 3-favorable elements, a 3-
phase is formed in the alloy. The resulting structures
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are representatives of a/B-alloys. Compared to
a-alloys, they are distinguished by high strength com-
bined with improved ductility. The microstructure and
properties of a/B-alloys can be changed by heat treat-
ment [5]. An example of an a/f alloy is Ti-6Al-4V, which
is the most widely used titanium alloy [1]. This alloy is
the benchmark that researchers use to create new,
cheaper titanium alloys, while the mechanical proper-
ties should not be worse than those of
Ti-6Al-4V [4].

Beta titanium alloys require the addition of sufficient
B-stabilizing elements such as vanadium. Beta struc-
tures should generally be called metastable beta struc-
tures. These are alloys that retain essentially the beta
structure when cooled to room temperature. One ex-
ample of this group is Ti-13V-11Cr-3Al [1, 14].

Today, more than 100 titanium alloys are known, of
which, however, only 20-30 have reached commercial
status. Of these, the classic Ti-6Al-4V alloy covers
more than 50% of the use, another 20-30% are com-
mercially pure titanium alloys [15]. It should be noted
that the development of new titanium alloys has
reached a new level as a result of the application of the
experimental method of high-performance multiple dif-
fusion and machine learning using neural networks. It
is believed that this approach will allow the develop-
ment of high-performance titanium alloys [4].

Applications of titanium alloys

Titanium and its alloys are widely used in many in-
dustries. The choice of these materials is based on the
main advantages of titanium alloys: corrosion

VR SEEAe.
Fig. 3 — SR71 reconnaissance aircraft
(first use of B-Ti alloys [5]

The high corrosion resistance of titanium is the rea-
son for its use in the petrochemical and marine indus-
tries [4]. For this purpose, technically pure titanium al-
loys are usually used, which are corrosion-resistant but
have low strength. They are used in tanks, heat ex-
changers, reactor vessels, for parts of chemical pro-
cessing, desalination and power generation equipment
[17].

In the military field, armor must be subjected to in-
tense shock loads caused by explosions and collisions
at hypervelocity, etc. Research is currently underway
on the response of titanium alloys to shock, especially
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resistance, strength, biocompatibility [16]. The applica-
tions of titanium are described below.

The aerospace industry (Fig. 3) is the main applica-
tion of titanium alloys, in particular, in engine systems
and housings, titanium alloys cover 36% and 7% of the
mass of parts, respectively. In the USA, about 70-80%
of all orders for titanium alloys fall on the aerospace in-
dustry [16]. The most important reason for the wide-
spread use of these alloys in the aerospace industry is
their high strength-to-weight ratio [4], as well as corro-
sion resistance [16].

The automotive industry began using titanium and
titanium alloys for engine parts of racing cars as early
as 1980. However, due to the high cost of these mate-
rials, their application has been limited. However, in re-
cent years, titanium and its alloys have been intensively
used for the manufacture of various automotive parts
[16].

Titanium alloys are widely used in biomedical im-
plants (Fig. 4). This is due to their reduced elasticity,
high biocompatibility and increased corrosion re-
sistance compared to conventional stainless steel and
Co-Cr alloys. Technically pure titanium (Gr-1, 2, 3, 4)
and Ti-6Al-4V alloy are the most widely used titanium
materials in medicine [16]. The scope of application of
B-titanium alloys in biomedicine is expanding, covering
dental implants, joint replacement parts, surgical instru-
ments, etc. [17]. Currently, there have been experi-
ments on the use of porous implants manufactured by
additive manufacturing methods, which show good re-
sults of compatibility with human tissues [18].

Fig. 4 — Components of a hip joint made
of titanium [15]

regarding the microstructural evolution during shock
pulses and its effect on mechanical properties [4, 19].

The ability to form various types of attractive/bril-
liant color shades on the surface during anodizing has
led to its use in artificial jewelry and various types of
consumer goods: watch bracelets, ornaments, sports
equipment, etc. [4].

Methods of processing titanium into a finished
product

Vacuum arc remelting (VAR) has been the main
method of producing titanium ingots since the commer-
cial introduction of titanium alloys in the 1950s and



remains so today. VAR is a process used to remelt ti-
tanium and is carried out in a vacuum using an electric
arc (Fig. 5). A cylindrical electrode, consisting of
welded blocks of pressed titanium sponge and alloying
materials and scrap, is melted by an arc in a vacuum.
Subsequently, the liquid titanium solidifies in a copper
water-cooled crucible under conditions of directional
crystallization. This process provides a high melting
rate of titanium, high metal quality due to the removal
of gases (oxygen, nitrogen, hydrogen) and non-metal-
lic inclusions, uniformity of structure due to multiple re-
melting, and effective elimination of defects in the start-
ing material. VDP has many advantages, including
high purity, good control and reproducibility [5]. How-
ever, the process is performed in a vertical position,
which can cause segregation of alloy elements due to
gravity [1].

Titanium ingots produced by VAR are about 100 cm
in diameter and weigh up to 10-15 tons [1]. Larger in-
gots are more economical, since losses during the

Fig. 5 — Vacuum arc furnace. Preparation
for titanium melting [15]

Melting in electron beam furnaces creates favora-
ble opportunities for refining and forming a dense ingot.
One of the main factors contributing to the removal of
impurity elements and non-metallic inclusions from the
metal is the ability to regulate the duration of the
metal's stay in a liquid superheated state due to an in-
dependent heat source during EBR. This allows for al-
most complete removal of high and low density inclu-
sions from the metal [20].

Another advantage of the electron beam remelting
technology is that titanium sponge of various fractions
and lump waste from titanium production can be used
as the starting charge for EBR. In this case, the pro-
portion of waste in the charge can reach 100% [20].

Currently, the technological scheme of EBR with an
intermediate capacity developed at the E.O. Paton In-
stitute of Electric Welding has become widespread. It
allows you to separate the processes of melting and
refining from impurities in the intermediate capacity, as
well as the solidification of the metal in the crystallizer
[20]. The metal obtained using EBR technology meets
the standards set for US aerospace materials [4, 22]
and for medical products [23]. EBR technology with an
intermediate capacity allows you to obtain Ti ingots
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transformation of the ingot into the final product are
smaller, and the melting time, including furnace reload-
ing, is shorter. Both of these factors, plus the minimi-
zation of the number of VDP furnaces required for pro-
duction, lead to a decrease in cost. VDP is able to pro-
cess up to 25-30% of waste from the total mass of the
charge [1].

Electron beam remelting (EBR) (Fig. 6) is a prom-
ising and widely used process for producing titanium
ingots [20]. The physical basis of the EBR process is
the conversion of the kinetic energy of electrons accel-
erated in an electric field to high speeds into thermal
energy when they are slowed down in the surface layer
of the metal. A special device, an electron gun, forms
a flow of accelerated free electrons (electron beam).
The process of melting titanium is carried out in a vac-
uum, which prevents contamination of the metal with
nitrogen and oxygen impurities from furnace atmos-
phere, and also improves the conditions for degassing
metal [20, 21].

Fig. 6 — Electron beam furnace
Zaporizhzhia Titanium-Magnesium Plant

weighing up to 12 tons and with better metal purity than
with vacuum arc remelting [1, 21]. The production of
titanium castings in EB furnaces is more economical
than vacuum arc and plasma arc remelting [24].

Plasma arc remelting (PAR) is a material pro-
cessing technology in which the heat of thermal
plasma is used to melt the starting material (Fig. 7) [24]
. PAR is a promising technology for removing nitrogen-
containing inclusions from titanium, since it allows the
surface of the melt to be overheated to 200 °C above
the melting point and makes it possible to maintain the
metal in a liquid state for any required time [21]. A char-
acteristic feature and advantage of plasma heating is
the ability to treat the metal melt with various gas mix-
tures of the appropriate composition at a given pres-
sure [25]. The presence of a flowing inert gas atmos-
phere above the surface of the liquid metal in a plasma
arc furnace makes it possible to create good kinetic
conditions for bath degassing [26].

Using plasma heat sources, it is possible to melt
primary titanium ingots directly from the sponge, ex-
cluding the pressed electrode [26]. In this case, a lump
charge is fed to the bath of liquid metal, including the
return of titanium production, and its maximum content
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can reach 100% under appropriate conditions [26]. In
the process of remelting titanium scrap by the PAR
method, dense ingots are obtained with a significantly
lower content of gas impurities (oxygen, nitrogen and
hydrogen) compared to the original charge [21, 27].
The macrostructure of the ingots is characterized by
directional crystallization, and the surface is of excel-
lent quality [26]. The biggest disadvantages of PAR are
the high cost and complexity of equipment mainte-
nance (plasma torch) and high electricity consumption
[25, 26], although modern authors claim that the oper-
ating costs of PAR are lower than those of EBR, and
the effect of metal purification is higher than that of
VAR [27].

One of the advantages of cold hearth melting meth-
ods (CHMM), in addition to the control of structure and
chemistry, is the possibility of manufacturing shaped
ingots with a cross-section other than cylindrical [5].

Vacuum induction remelting (VIR) is a process of
remelting and purifying metals under vacuum or in an

Fig. 7 — Operation of plasma torches of a plasma arc
furnace [25]

Electroslag remelting (ESR) (Fig. 8) was developed
in 1953 at the Paton Institute of Electric Welding [29].
Currently, variations of electroslag remelting: inert gas
ESR and pressure ESR are common remelting pro-
cesses. In ESR, the electrode is melted by heating syn-
thetic slag. Due to the superheated slag, which is con-
stantly in contact with the tip of the electrode, a liquid
film of molten metal is formed from which droplets are
formed. When the droplets pass through the slag, the
metal is cleaned of non-metallic inclusions, which are
removed by chemical reaction with the slag or by flota-
tion to the upper part of the melt bath. The remaining
inclusions are evenly distributed in the remelted ingot.
In addition to this refining function, the ESR process
allows for the establishment of a specific macrostruc-
ture through controlled solidification in a water-cooled
copper mold. In this way, segregation is minimized and
a uniform distribution of alloying elements can be
achieved [28].

Ukrainian scientists continue to develop the ESR
technology, they proposed the technology of chamber
electroslag remelting (ChESR) [30, 31]. ChESR is
based on "classic" electroslag remelting, and the pres-
ence of a chamber allows: to use active slags that
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inert atmosphere, in which the metal is melted in a cru-
cible by induction heating [5]. VIR of titanium alloys in
refractory crucibles is much less energy-intensive than
other melting methods, but at the same time it allows
high superheating temperatures, thus improving the
purity of the metal [6]. In addition, VIR allows for rapid
homogenization of the melt by electromagnetic stirring
and is less expensive than alternative melting methods
[6]. Despite its advantages, VIR is not often used for
the industrial production of titanium alloys, mainly due
to the lack of stable refractory crucibles resistant to ag-
gressive melt at high temperature and to thermal shock
[6].

A promising technology is vacuum induction melt-
ing, degassing and pouring (VIMDP). The VIMDP con-
cept allows the crucible to be kept under vacuum at all
times. During pouring, the melt is transferred through a
ceramic runner into a forming chamber where it fills the
mold under vacuum [28].

Fig. 8 — Laboratory chamber electroslag
furnace

contribute to refining; to create a vacuum or any con-
trolled atmosphere in the melting space; to remelt
highly reactive metals and alloys [7, 30]; to alloy tita-
nium with oxygen [32] and carbon [33].

Additive technologies (AT) are a generalized hame
for technologies that involve manufacturing a product
according to a three-dimensional digital model using
the layer-by-layer addition method. AT is based on the
principle of layering liquids, powders, substrates and
films to create three-dimensional structures without us-
ing a mold [34]. The most common AM methods for
metals are powder bed melting processes, such as:
selective laser melting (SLM), electron beam melting
(EBM), and laser metal deposition (LMD) processes
[35].

Selective laser melting (SLM) is a process that uses
laser energy to create three-dimensional metal parts
by fusing fine metal powders. A thin layer of metal pow-
der is deposited onto a platform using a blade, and the
laser beam melts the powder in a controlled inert envi-
ronment. The platform is then lowered and a new layer
is deposited. The process is repeated until the height
of the part is reached. The layer thickness can vary
from 15 to 150 ym [35].



Electron beam melting (EBM) uses electron beam
energy to melt metal powder. Each layer is produced
by the following steps: powder distribution, preheating
and sintering using a highly defocused beam, which
provides mechanical stability and electrical conductiv-
ity to the powder layer, and melting using a focused
beam. The layer thickness — 50 to 200 um. The EBM
process takes place in a vacuum, so this process is
suitable for materials with a high affinity for oxygen
[35].

Laser metal deposition (LMD) is a process in which
metal powder is introduced into a focused beam of a
powerful laser under strictly controlled atmospheric
conditions. The focused laser beam melts the powder
and creates a layer of molten material. The workpiece
is moved by a computer-controlled drive system under
the beam/powder interface to form the desired cross-
sectional geometry. This is a complex process that is
controlled by mass, heat, and fluid flow. Typically, each
layer is 0.3—1 mm thick. LMD has been used to fabri-
cate structures with graded porosity and composition
from various materials, including Ti [35].

Various industries, from automotive and aerospace
to jewelry and biomedical, have adopted AT processes
due to the numerous advantages they offer to manu-
facturers and consumers. The most important ad-
vantages include the ability to create strong porous
structures, product personalization, reduced tooling
costs, machining and energy consumption, and pro-
duction “flexibility” [35].
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Conclusions

The analysis of literature sources showed that:

1. Titanium has a number of unique properties that
make it attractive for many industries. These are
strength, low density, corrosion resistance, biocompat-
ibility, heat resistance, non-magnetism.

2. At present, more than 100 titanium alloys have
been invented and only 20-30 have reached commer-
cial status. The classic Ti-6Al-4V alloy remains the key
titanium alloy in the world, used in more than 50% of
cases, another 20-30% are alloys of commercially pure
titanium.

3. Titanium alloys are widely used for the manufac-
ture of components used in the automotive, chemical,
aerospace, and biomedical industries that are exposed
to difficult operating conditions. Research is underway
into the properties of armor-grade titanium alloys for
military applications.

4. The basis of titanium metallurgy remains the pro-
cesses of vacuum arc, electron beam and vacuum in-
duction remelting. The triple remelting process
VIP/ESP/VDP provides optimal purification of materi-
als for aerospace parts. In recent years, AM technolo-
gies (SLM, EBM and LMD) have become more popular
due to the ability to create metals with customized po-
rous architecture, "flexibility" of production, etc. How-
ever, each AM technology has its own limitations and
advantages in terms of the materials used and pro-
cessing technologies, which requires an individual ap-
proach to obtain the necessary products.
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T'puwun 0.M., Beauuko O.TI,, I'pek 0.C., Hadmouiii A.A.
BniiuB eJIeKTPOMArHiTHOIO MoJIst HA KiHeTUKY TBepA0(a3HOro
BIIHOBJIEHHSI OKCHM/IIB 3aJ1i3a ra3amMmu
YKpaiHCbKUI AepXXaBHUIN YHIBEPCUTET HaYKM | TexXHonorin, M. [IHinpo, YkpaiHa

AHomauisi. Mema. Memoto pobomu € 8ocnidxeHHs Qi3UKO-XiMiYHUX 3aKOHOMIpHOCMeU iHMeHCUIKyo4020 ernusy ene-
KmpoMazHimHoe0 r1oss Ha rpouyec meepdogha3Hoeo 8i0HO8IEHHS okcudie 2azamu. Memoduka. ExcriepumeHmu rpoeo-
ounu y 3MiHHOMY Ma2HimHOMY ros1i 3 4acmomoK 3MiHHO20 MoKy 8 iHOykmopi 0o 40 KIy. 3 suKOpucmMaHHsIM mepmozpa-
siMmempuyHoi Memoduku. [pouec HenpsaMo2o 8i0HO8IEHHs 00CIOXKYy8aru i3 USHaYEHHSIM CMYeHIo ma weudkocmi eio-
HoerneHHs1 okcudy y Oiana3oHi memnepamyp 973-1373 K 3 sukopucmaHHsIM pi3HUX 3aii3o- pyOHUX mamepiarie. Pe3yrib-
mamu. Pe3ynbmamu nabopamopHux ekcriepuMeHmis cgid4ams rpo 8ryiug 8UCOKOYacmoOmHO20 e/1eKmpoMagHimHo20
rons, wo iHmeHcugikye, Ha npoyec meepdoghasHo20 8iI0HOBMEHHS 3ani3opydHUX mamepianig. [lodaHO Yi3uKo-XiMidyHy
Mmodesib MexaHi3aMy iHmeHcugbikyrodoeo ennusy EMI Ha npouec 8i0Ho8neHHs. BucokoyacmomHe rone cymmeso rnpuc-
Koptoe ripouecu Ougbysii, a makox nidsuulye efieKmpoHHy ma cmpykmypHy 0eghekmHicmb KpucmaridyHux rpam, wo ro-
3UMUBHO 8I1U8arsio Ha pPo38UMOoK adcopbuitiHo-ximiyHOT naHKu. Haykoea Hoeu3Ha. ExcriepumeHmarsnsHo nidmeepoxeHo
ernnue EMI Ha kKiHemuKy 2a308020 8iOHOB/EHHS 3ari3opyOHuUx mamepiarnie. [pakmuyHa 3HaqYywicms. IHmeHcugikauyis
npouyecie meepdogha3Ho20 8iOHOBIEHHS 3ai3opyOHOI cuposuHU 3abearneyye iHmeHcugikauito npouecy ma nid8uUWEeHHs
poOyKmMueHoOCMi rMpoyecy.

Knroyoei cnoea: meepdoghasHe 8i0HOBMEHHS, iHMeHcuikauyisi, okcudu 3arnisa, 3MiHHe eflieKmpomazHimHe rorie.

Abstract. Objective. The aim of the work is to study the physicochemical correlations of the intensifying effect of an
electromagnetic field on the process of solid-phase reduction of oxides by gases. Methods. The experiments were carried
out in an alternating magnetic field with an alternating current frequency in the inductor up to 40 kHz using the thermo-
gravimetric technique. The process of indirect reduction was studied to determine the degree and rate of oxide reduction
in the temperature range of 973-1373 K using various iron ore materials. Results. The results of laboratory experiments
indicate the influence of a high-frequency intensifying electromagnetic field on the process of solid-phase reduction of iron
ore materials. A physicochemical model of the mechanism of the intensifying effect of EMF on the reduction process is
presented. The high-frequency field significantly accelerates the diffusion processes and increases the electronic and
structural defectiveness of the crystal lattice, which positively influenced the development of the adsorption-chemical link.
Scientific novelty. The effect of EMF on the kinetics of gas reduction of iron ore materials has been experimentally
confirmed. Practical significance. The intensification of solid-phase reduction of iron ore raw materials leads to the

intensification of the process and increase of the process productivity.
Keywords: solid-phase reduction, intensification, iron oxides, alternating electromagnetic field.

Introduction

One of the most important challenges facing the
steel industry today is to reduce mineral and energy
consumption, as well as to incorporate various man-
made materials into the technological process. The
most effective way to solve this problem is to further
develop the physicochemical basis and technological
aspects of solid-phase reduction of ore materials. The
share of metals produced by this technology in the
world is constantly increasing [1]. However, despite its
significant advantages, the existing technological
schemes of solid-phase reduction have a significant
drawback - low productivity. Currently, various meth-
ods of intensification of reduction processes have been
developed and successfully applied: physical, chemi-
cal-catalytic and energy impact on the reacting system.

© NpywmH O.M., Benunuko O.T"., 'pek O.C., Hagounn A.A., 2025
© Grishin O.M., Velychko O.G., Grek O.S., Nadtochiy A.A., 2025

Common to these intensification methods is the impact
on the diffusion and crystal-chemical links of the reduc-
tion process. However, the intensification of metal ox-
ide reduction processes involving different types of en-
ergy impact remains insufficiently studied.

Various external energy (physical) influences as
possible regulators of physical and chemical pro-
cesses have long attracted the attention of research-
ers. Thanks to numerous studies, the most significant
successes in this area have been achieved using elec-
tromagnetic and corpuscular radiation [2-6]. For exam-
ple, under the influence of a-particles, the decomposi-
tion reactions of carbon monoxide, its oxidation, and
many others are accelerated [6]. The observed effects
are due to the excitation of gas molecules, their ioniza-
tion, and the formation of atoms and radicals.

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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Radiation has a great impact on solids, including
oxide semiconductors. High-frequency electromag-
netic effects (visible light, y-rays, etc.) cause the ap-
pearance of super-equilibrium free electrons and elec-
tron holes in crystals (possibly through an intermediate
exciton state) [6,7]. Some of the free charge carriers
can be localized on structural defects in the crystal lat-
tice. All this leads to changes in the chemisorption and
catalytic properties of the semiconductor surface.
[2,6,7].

High-energy corpuscular radiation (fluxes of a and
B particles, protons, neutrons, etc.) causes the appear-
ance of additional vacancies and inter-node ions in the
lattice of crystals [2,5,6,8]. The generated structural
defects, in turn, affect the concentration of electronic
defects in the semiconductor, its chemisorption and
catalytic activity. Similar shifts occur during the devel-
opment of nuclear reactions that lead to the appear-
ance of foreign atoms in the lattice.

Radiation not only affects the reaction of gases with
each other on the surface of solids (heterogeneous ca-
talysis) but also changes the rate of interaction of the
latter with gases. It has been established that irradia-
tion can accelerate the oxidation of metals and their re-
duction from oxides [9]. Author in study [10] has shown
a significant intensification of the reduction of iron ox-
ides by Hz and CO under the influence of ionizing and
gamma irradiation (during the reaction or preliminary);
at the same time, the temperature of the beginning of
the process decreased at a noticeable rate. It should
be noted that the positive effect of y-rays was also ob-
served when they were used simultaneously with cat-
alysts. The observed kinetic shifts are usually associ-
ated with favorable changes in the conditions of gas
chemisorption, weakening of metal-oxygen bonds, ac-
celeration of ion diffusion through crystal lattices, and
facilitation of the formation of new phases.

Acoustic effects of ultrasonic frequencies have a
wide range of effects on the course of physical and
chemical processes. They accelerate the processes of
dissolution and diffusion in solid phases, and some
chemical reactions [11]. It is shown in study [11] a sig-
nificant increase in the rate of iron oxidation by air, its
reduction by hydrogen and CO from oxides. These ef-
fects are associated with the intensification of external
diffusion mass transfer due to mechanical perturba-
tions of the gas medium; with the acceleration of solid-
phase diffusion and the facilitation of crystal lattice re-
arrangement due to their loosening by ultrasonic vibra-
tions, dissipation of wave energy at the gas/solid inter-
face.

There is information on the effect of external electric
fields on a wide range of processes [3,12]. Their impo-
sition on semiconductor materials, changing the sur-
face concentration of free charges, causes an electro
adsorption effect that allows regulating the donor-ac-
ceptor chemisorption of gases. By influencing the po-
sition of the Fermi level, external electric fields create
an electrocatalytic effect and affect the rate of chemical
reactions. In strong fields, semiconductors are en-
riched with additional charge carriers (mainly due to
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thermoelectric and impact ionization), which also af-
fects the surface properties and reactivity of the solid.
It is worth noting the possibility of superimposing elec-
tron transfer on the diffusion flow in ionic crystals and
metals [4,12].

There is connection between the magnetic proper-
ties of solids and their catalytic and adsorption proper-
ties, and reactivity with gases and also influence of
magnetic fields on the development of some physico-
chemical processes. In recent years, a limited number
of works have been published on the kinetics of the re-
duction of iron oxides by gases under magnetic effects
(see [13-15]). The authors noted an increase in the rate
of reduction of iron oxides by hydrogen under the ap-
plication of a magnetic field and a decrease in the tem-
perature of the beginning of the process; in the flow of
CO and CHj4, there was no positive effect (in a constant
and alternating field). The established regularities were
unambiguously explained. For example, in [13], the ac-
celeration of the process was associated with the at-
traction of hydrogen orthohydrogen molecules by fer-
romagnetic solid phases and the resulting increase in
the pressure of the reducing agent near the reaction
surface. In work [14], the intensification effect was in-
terpreted in thermodynamic terms as the introduction
of an additional amount of energy due to the magnetic
field.

The kinetic regularities and the mechanism of re-
duction of iron oxides by gases under the conditions of
application of electromagnetic fields of different react-
ing frequencies (up to 5-10* Hz) to the system were
studied.

Experimental procedure

The reduction of iron ore samples streamlined by
gases was carried out at the installation, the scheme
of which is shown in Fig. 1. To generate electromag-
netic effects, it was additionally equipped with a water-
cooled inductor located coaxially with the reactor and
heating element.

In the case of generating low-frequency magnetic
fields, the inductor was a multi-turn copper wire sole-
noid. It was powered from the power grid through an
autotransformer, which allowed changing the field
strength H. A multivibrator was used to adjust the fre-
quency of the latter (f < 50 Hz). In experiments with a
constant magnetic field, the solenoid was powered
through a rectifier.

To create electromagnetic effects of high frequen-
cies (f= 50 kHz), an inductor made of a copper water-
cooling tube was used. It was powered and the field
parameters were controlled using a power generator
UZG 5-1.6 and a master generator GZ-33. The power
supplied to the inductor was set and maintained by an
indicator with a scale range from 0 to 100 relative units
(W). The voltage (U) was measured with a tube volt-
meter.

Various iron ore materials were used in the re-
search: chemically pure iron oxides and industrial con-
centrates. The following were subjected to reduction:
Fe20s3 of AG qualification, crystalline (particle size 0.5-
2 mm); iron ores in pieces and grains of various sizes -
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Lysakovskaya (Fetota = 41.6-43.7%), Kryvyi Rih hema- Results and discussion
tite (Fetota = 54.7%), magnetite (Fetota = 56.7%), rich At the first stage of the work, the effect of alternating
martite ore; raw and subjected to oxidative firing at magnetic fields of industrial frequency (f= 50 Hz) on
1523 K; fluxed agglomerate with basicity of 1.1 and the rate of reduction (ur) of crystalline iron oxide (Fe)
1.33 with oxygen content of 22.5 and 22.2%, respec- by hydrogen was studied. The study revealed an inten-
tively. sifying effect of external influences, which increases
with increasing W2 (Fig. 2).
1

N i e

Fig. 1. The scheme of the experimental thermogravimetric setup 1-mechanoelectrical transducer; 2-scale
divider; 3-counter-EMF; 4-automatic potentiometer KSP-4; 5-basket with a sample of the material under study;
6-reactor; 7-thermocouple PR 30/6; 8-resistance furnace; 9-temperature regulator VRT-3; 10-gas cylinders; 11-
rotameter; 12-flow regulator; 13-valve box; 14-CO2 absorber; 15-hoist; 16-saturator; 17-XA-thermocouple with
PP-63; 18-CO. absorbers; 19-H,0 absorbers; 20-three-way valve, 21-water-cooled inductor, 22-frequency gen-
erator.

v, [%/ min] v, [Y% /min]
5 - 20 -
41 | 3 15 - 51
3 -
1 10 - |
2 - 1
1 - > 1 .
a
[} L L] Ll 1 ) 1 {} I T T L) ) 1
0 100 200 300 400 500 0 100 200 300 400 500
H, rate [em’/min] H, rate [em?/min]

Fig. 2. Effect of an alternating field on the reduction of Fe203 by hydrogen at 773 K (a) and 973 K (b):
1-outside the field, 2-in the field H = 24 kA/m
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Temperature variations in the range of 773-1073 K
showed that the application of a magnetic field accel-
erates the process most at 873-973 K. The character
of the kinetic curves remains the same (Fig. 3a). Up to
973 K, the reduction (») developed stepwise; exceed-
ing this temperature led to a zonal flow of the process.
In the experiments at 773 K, the appearance of meta-
stable wustite was observed.

Table 1.

The effect of an alternating magnetic field on the
duration of the complete recovery of hematite Tw=100 in
the temperature range 773-1073 K is illustrated in Ta-
ble 1.

Similar patterns were observed in experiments with
powdered materials - chemically pure Fe203 and
FesO4. The magnetic field of industrial frequency sig-
nificantly accelerated the oxygen removal almost
throughout the entire process (Fig. 3b).

Time of complete reduction of crystalline Fe203 by hydrogen under normal conditions and under the
application of an alternating magnetic field (H = 24 kA/m)

T, K 773 873 973 1073
. Outside the field | 34.5 26 217 17.2
=100 In the field 32 225 17.7 16
@ [%)] w (%]
100 - 100 -
2
80 A 80 -
1
60 - 60 - 3
4
40 4 40 1
20 - 20 4
a) b)
0 ] T T L 1 {} T T L 1
0 5 0 15 20 25 0 5 10 15 20
Time [min] Time [min]

Fig. 3. Kinetics of reduction of iron oxides by hydrogen under industrial frequency EMF: a) - Fe203;
1,2-873 K, 3,4-973 K, 1,3-outside the field, 2,4-in the field; b) - 973 K, powder; 1,2-Fe»03, 3,4-Fes04; 1,3-outside

the field, 2,4-in the field

The next stage of the work was to study the effect
of a high-frequency electromagnetic field on the kinet-
ics of gas reduction of iron ore materials. The studies
revealed significant opportunities to intensify the pro-
cess using this method.

The reduction of chemically pure Fe203 with hydro-
gen (300 cm®min) showed that the application of an
EMF (f=25kHz; W =30, which corresponds to

w [%]
100 -

80

60 -

40 -

20 -

Time [min]

40

U=80V, H~5kA/m) strongly accelerates the re-
moval of oxygen from the charge in the low tempera-
ture region: 573-673 K. Thus, w, which was achieved
in 20 min at 673 K, increased from ~ 40 to 70%, i.e.,
more than 1.7 times, and in the first 10 min of the ex-
periment - 1.6 times. Increasing the temperature re-
duced the intensifying effect: at 873 K, it increased
from 52 to ~ 65% or 1.25 times (Fig. 4).

Fig. 4. Effect of a high-frequency electromag-
netic field (f = 25 kHz, W = 30, H ~ 5kA/m) on the
kinetics of Fe203 reduction by hydrogen
(Whz = 300 cm®/min): 1,2-673 K; 3,4-873 K; 1,3-out-
side the field; 2,4-under the influence of the field,
mode I/
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The application of low-frequency magnetic fields Given the above, experiments with the application
(f= 50 Hz) did not cause the charge to heat up. Ather-  of electromagnetic fields were carried out in two
mocouple inserted inside the powdered Fe20s3, FesOs  modes:
and Fe charges did not record any temperature | - to fix the temperature rise caused by external en-
changes. Measurements during the reduction of gran-  ergy effects without changing the power supply to the
ular Lysakivska ore with Hz at 873 K led to similar re-  heater;
sults. Il - to stabilize the temperature in the reactor core

A different picture was observed under conditions by reducing the voltage supplied to the heating ele-
of electromagnetic influences of high frequencies. A ment.
thermocouple located under the sample showed an in- The transition from the first mode to the second nat-
crease in its temperature with a constant power con-  urally reduced the accelerating effect of the field, but it
sumption by the heating element. This additional heat- remained very significant (Fig. 5a). Increasing the flow
ing of the charge decreased as the reduction tempera-  rate of Hz contributed to the development of the pro-
ture increased. The test showed, however, that the ob-  cess (Fig. 5b); however, the acceleration effect did not
served intensification of the process could not be re- increase, as was the case with low-frequency mag-
duced to a single heating (quantitative relationships netic effects.
are discussed below).

w [%] w [%o]
100 - 100 -
&80 - 80 -
3 4
| 2 |
60 60 5
40 - I 4 - 3
1
20 20
a b
'D T T T ) 1 D = T T T ) 1
0 5 10 15 20 0 5 10 15 20
Time [min] Time [minf

Fig. 5. Kinetics of Fez20s reduction by hydrogen under high-frequency electromagnetic action
(f= 25 kHz, W = 30) at 673 K: a) - Wu2 = 600 cm®/min, 1-out of the field; 2,3-under the influence of the field (2-
mode I, 3-mode Il); b) - mode Il, 1,3-out of the field; 2,4-in the field; 1,2-Wy, =300 cm3min; 3,4-
Wiz = 600 cm3/min.

During the reduction of Fe20s, a short incubation indicating a predominantly stepwise process. The ap-
period was observed, followed by a self-acceleration of  plication of high-frequency fields shortened the incuba-
the process (Figs. 4 and 5). This may be due not only  tion period and smoothed out the kinks; a shift towards
to the peculiarities of the development of the crystal- a zonal mode of process development occurred.
chemical link, but also to the heating of the sample af- In general, similar patterns of the process and the
ter its transfer from the upper cold zone of the reactor same nature of the electromagnetic field effect were
to the working zone. Under normal conditions, the ki- observed during the reduction of chemically pure
netic reduction curves were characterized by kinks, FesOs (Fig. 6).

w [V
100 -
80 4
4
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3
40 + 7
20 4 7
0 - : | ! . Fig. 6. The effect of high-frequency EMF (f = 40
0 5 10 15 20 kHz, W= 30) on the kinetics of Fe3O4 reduction by

. ) hydrogen with Whz =600 cm*min: 1,2-673 K; 3,4-
Time [min] 973 K: 1,3-outside the field; 2,4-in the field: mode |
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Calculations show that at W2 = 300 cm®/min, the
composition of the off gases at the first stage of Fe203
reduction is far from equilibrium. External energy influ-
ences do not significantly change this picture. At the
subsequent stages of the process, under normal con-
ditions, the H20 concentration approaches equilibrium.
In the case of superposition of fields, the water vapor
content reaches equilibrium and even exceeds it. This
should be attributed to some overlap of different
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IS
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degrees of recovery and inaccuracy of thermodynamic
data, especially at low temperatures. At an increased
H: flow rate of 600 cm3/min, the exhaust gases con-
tained a significant excess of reducing agent and gas-
eous products, apparently, did not significantly inhibit
the accelerating effect of electromagnetic fields.

The intensification of the process also occurred in
the case of reduction of chemically pure iron oxides
with carbon monoxide (Fig. 7).

Fig. 7. Effect of a high-frequency electromagnetic
1 field (f = 40 kHz, W = 30) on the kinetics of reduction of
magnetite concentrate by carbon monoxide at
(Wco = 600 cm®min): 1,2-673 K; 3,4-973 K; 1,3 -outside

the field; 2,4-under the influence of the field; mode I.

At elevated temperatures, an increase in ur was ob-
served throughout the experiment; the rate of the car-
bon gasification reaction, which proceeded slowly, was
weakly dependent on the application of external ef-
fects. In the low-temperature region, electromagnetic
fields accelerated the initial stage of oxygen removal
and simultaneously promoted earlier decomposition.
As a result, ur decreased, but, unlike the reduction un-
der normal conditions, it remained significant despite
the intensive course of the gasification reaction.

The analysis of experimental data showed that at

Table 2.

W =600 cm?/min, the CO2 concentration in the off gas
at all stages of the recovery does not reach equilibrium
values.

The degree of acceleration of the process by elec-
tromagnetic effects significantly depended on their pa-
rameters: frequency and power supplied to the induc-
tor. In the tested frequency range, an increase in f to
~ 35 kHz generally accelerated the removal of oxygen
(some deviations were observed around 15 kHz; later,
the intensifying effect stabilized (Table 2).

Effect of the electromagnetic field frequency and power supplied to the inductor on the degree of
reduction of Fe;03 by hydrogen during 20 min at 673 K (Wh2 = 600 cm®/min; temperature regime )

f, kHz with W = 30 Outside the field | 2 10 20 30 40 50
=20, Y% 54.5 64.5 68 66.5 74.5 78 78
W with f=42 kHz Outside the field | 10 20 30 40

=20, % 54.5 58.5 67 78.5 92.5

An increase in the power of external influences at
different values of (f) proved to be very effective in
terms of process acceleration. As for the reduction of
Fe203 with hydrogen at 673 K, this is illustrated in Ta-
ble 2. Similar results were obtained in the region of
higher temperatures, as well as in the CO flow. For ex-
ample, in the experiments on the reduction of Fe3O4 by
carbon monoxide at 973 K, wr=25 in the field with
W =30 and 50, the reduction rate increased from

42

67.5% to 76 and 82.5%, respectively.

Studies of the gas reduction of industrial iron ore
materials have confirmed the significant potential of in-
tensifying electromagnetic fields of high frequencies.
The degree of acceleration of the process in experi-
ments with magnetite concentrate (Fig. 8) was close to
that of chemically pure iron oxides observed during the
reduction.



w [%]
100 -

Time [min]

The general patterns of the field effect were pre-
served during the transition from powder to granular
charge. Thus, in the experiments with Lysakivska ore,
the application of the field (f = 40 kHz, W = 50, which
corresponds to U=120V, H~ 3.5 kA/m) increased
the ur at 773 K by 1.5 times. This result was obtained
under conditions of stabilized temperature; in mode |,

] 5 10 15 20
Time [min]

The studies showed that the nature of the field fre-
quency effect coincides with that discussed earlier. As
before, the power of external influences was strongly
felt. This can be illustrated by the results of the reduc-
tion of magnetite concentrate with hydrogen at 973 K:
an electromagnetic field with a frequency of 25 kHz
and W = 30 increased the reduction from 63 to ~ 69%,
and in the case of W = 50, this value increased to 77%.

External influences significantly accelerated the re-
moval of oxygen from pelleted ore materials. The pos-
itive effect of high-frequency fields (f = 40 kHz, W = 50)
was established in experiments with oxidized magnet-
ite pellets. Even at an elevated temperature of 1173 K,
the oxygen recovery in the Hz stream increased from
58.5 to 68%, and in the CO stream from 24 to ~ 30%.

Conclusions

1. The intensifying effect of weak electromag-
netic fields with a frequency of 0.5-5-10* Hz during the
reduction of iron by gases - Hz2, CO and their mixtures -
has been established.
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Fig. 8. Kinetics of reduction of magnetite concentrate
by hydrogen (Whz =600 cm®min) under high-fre-
quency EMF (f=25kHz, W=30): 1,2-773K; 34-
973 K; 1,3-outside the field; 2,4-under the influence of
the field; mode |

the average value of ur almost doubled. In the region
of elevated temperatures, the effectiveness of external
influences decreased, but even at 1173 K, there was a
significant reduction in the time of complete recovery
(Fig. 9). No noticeable heating of the charge was
observed.

Figure 9. Kinetics of reduction of iron ore mate-
rials by hydrogen (W2 = 600 cm®/min) under con-
ditions of high-frequency EMF (f = 40 kHz, W = 50):
iron ore in grains 0.5-1.0 mm; 1,2,3-773 K; 4,5-
1173 K; 1,4-out-of-field; 2,3,5-under EMF conditions;
2,5-mode II; 3-mode I;

2. High-frequency electromagnetic fields most
strongly accelerated the reduction of iron in the tem-
perature range of 573-773 K. With an increase in fre-
quency (up to 35-40 kHz) and intensity, the effective-
ness of their superposition increased.

3. In this temperature range, electromagnetic ef-
fects (f=25-40 kHz; H = 3.5-5 kA/m) increased the
rate of reduction of chemically pure iron oxides and
Lysakivskiy ore by 1.5-2 times.

4. Studies have shown that the application of
low-frequency magnetic fields passivates the product
of metallization of iron ore raw materials. High-fre-
quency effects have different effects on the oxidisabil-
ity of the reduction product, but they do not lead to its
pyrophoricity. Only the iron obtained by reduction in a
variable cross-section reactor under pulsed effects on
the reacting system had high oxidisability. However, it
was eliminated by a ten-minute exposure of the metal-
lized concentrate at 973 K in an inert atmosphere.
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of boron-containing steel
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AHomauyis. Mema. BcmaHosumu 3akoHoMipHocmi ¢oopmyeaHHsi cmpykmypu cmaisi 30 1P 3a 0x05100XXeHHs 3 pi3HUMU
weudkocmsmu i@ memnepamypu HazpieaHHs1 1030 -1040 °C. lNpoaHanizyeamu kiHemuky po3nady 0e¢hopmogaHoO20 ay-
cmeHimy Hu3bKogyearneuegoi bopsmicHoi cmani. Memoduka. [ocnidxeHHs cmpyKmypHO-¢ha308uUX 1epemeopeHs i KiHe-
muku po3snady 0e¢hopmogaHO20 aycmeHimy rpogodusiu i3 3acmocysaHHAM Memoda OughepeHUiliHO-mepMiYHO20 aHa-
ni3y Ha 3paskax 6opemicHoi cmaii 3 00CiOKeHHMU MiKpocmpykmypu ma meepdocmi.Pe3ynsmamu. BugyeHo kiHemuky
rnepemeopeHb CMPyKmMypHUX ckrnadosux i nobydosaHo mepmMokiHemuyHy Oiagpamy po3nady deghopmosaHO20 aycme-
Himy 6opemicHOI cmarii 3 ypaxysaHHAM 8riusy 2aps4oi niacmuy4Hoi degpopmauii. BusieneHo ocobnueocmi ennusy weu-
Okocmi 0xo5100xeHHs1 0eghopMO8aHO20 aycmeHimy Ha 06’eMHy Yyacmky cmpyKkmypHUX ckiiadosux docnidxysaHoi cmari.
Haykoea Hosu3Ha. [loka3aHo erniue memmnepamypo - deghopmMauyitiHuUX MO8 i PEXUMI8 0OXONOOXKEHHS 3 MidcmydxyeaH-
HsAM nicns Oeghopmauii Ha ocobriugocmi cmpyKkmypoymeopeHHsi bopemicHoi cmari. BusisneHo ennue weudkocmi 0xorsio-
OXEHHS1 Ha xapakmep nepemeopeHb 0eghopmosaHo20 aycmeHimy ma mexaHdidHi enacmueocmi 0ocrnioxysaHoi cmari.
lMpakmuyHa 3Hayumicme. [MposedeHi docnidxeHHs1 po3nady eapsisedeghopmosaHo20 aycmeHimy cmaii 30 1P dosso-
nisgiome 06rpyHmosaHo niditimu 0o po3pobku pexumie i mexHonoeii supobHuymea nidkamy nid xonodHy eucadky 3 ¢hop-
My8aHHSIM OrMuMarbHUX MIKpoCcmpyKmyp i enacmugocmel y eapsidekamaHoMy cmaHi. BcmaHoeneHo iHmepeanu weu-
Okocmeli 0xor100xxeHHs, siKi 3abesneqyombs ¢hopMmyeaHHs1 HEObXiIOHOI cmpyKmypu, Wo ckrnadaembCsi IEPE8axHo 3 8UCO-
KooucrepcHo20 Keasieemekmoidy ma camosionyuw,eHo20 belHimy, wo € ocHo8oK 01151 peasidauii npoespecusHuUx sudie
cghepoidusyroyux obpobok cmarii.

Knro4yoei cnoea: weudkicmb 0xono0xeHHsl, mepMokiHemuyHa Oiaepama (TKL), cmpykmypa, KiHemuka nepemeopeHb
aycmeHimy, 6opemicHa cmarib.

Abstract. Purpose. To establish the regularities of the formation of the structure of 30G 1R steel during cooling at different
rates from the heating temperature of 1030 -1040 °C. To analyze the kinetics of the decomposition of deformed austenite
of low-carbon boron-containing steel. Methodology. Studies of structural-phase transformations and the kinetics of the
decomposition of deformed austenite were carried out using the method of differential thermal analysis on samples of
boron-containing steel with studies of microstructure and hardness. Findings. The kinetics of transformations of structural
components was studied and a thermokinetic diagram of the decomposition of deformed austenite of boron-containing
steel was constructed, taking into account the influence of hot plastic deformation. The peculiarities of the influence of the
cooling rate of deformed austenite on the volume fraction of structural components of the studied steel were revealed.
Originality. The influence of temperature-deformation conditions and cooling regimes after deformation on the features of
the structure formation of boron-containing steel is shown. The influence of the cooling rate on the nature of the transfor-
mations of deformed austenite and the mechanical properties of the studied steel is revealed. Practical value. The con-
ducted studies of the decomposition of hot-deformed austenite of 30G 1R steel allow us to reasonably approach the de-
velopment of modes and production technology for cold-rolling with the formation of optimal properties in the hot-rolled
state. Cooling rate intervals have been established that ensure the formation of the required structure, consisting mainly
of highly dispersed quasi-eutectoid and self-tempered bainite, which is the basis for the implementation of progressive
types of spheroidizing treatments of steel.

Keywords: cooling rate, thermokinetic diagram (TKD), structure, kinetics of austenite transformations, boron-containing
steel.

CTpyKTYypOYTBOpEHHS 32 0e31epepBHOr0 0X0JI0KeHHs 1e)opMoBa-

Structure formation during continuous cooling of deformed austenite

Introduction

A promising area of research aimed at improving
the mechanical characteristics of metal for cold volu-
metric stamping (CVS) is the formation of a controlled
structure of the hot-deformed undercut, through the
targeted formation of the decomposition structure of
hot-deformed austenite and its subsequent controlled

© CoboneHko M.O., PomaHosa H.C., 2025
© Sobolenko M.A., Romanova N.S., 2025

cooling. This is achieved by optimal microalloying of
steel with elements capable of significantly increasing
the stability of austenite with a shift to the right of the
ferrite and pearlite transformation regions on the ther-
mokinetic diagram (TKD) of austenite decomposition.
One of these elements that effectively affects the de-
gree of increase in the resistance of austenite to

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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decomposition is boron.

The issue of providing steel billets with the appro-
priate structure during heat treatment is directly related
to improving the properties of metal products made of
boron-containing steels intended for the manufacture
of high-strength fasteners [1]. Microalloyed boron-con-
taining steel of the 30G1R brand currently serves as a
promising material for the production of fasteners man-
ufactured by cold volume stamping (CVS).

Formulation of the research problem. In the real
production process of manufacturing a roll for metal
products by hot deformation, the cooling of the roll oc-
curs with a continuous decrease in the temperature of
the processed metal, and not under isothermal condi-
tions. That is, in real technological processes, hot plas-
tic deformation (rolling process) violates the equilib-
rium state of austenite and has a significant impact on
the structure and properties of steel [2, 3]. It is known
[4] that the properties of steel products are determined
by the final structure, which in turn depends on the
structures formed at the previous stages of the tech-
nology. In particular, it depends on the structural state
of austenite formed in hot rolling, depending on the pa-
rameters of deformation and subsequent cooling.

The studies conducted in [5, 6] on the kinetics of
decomposition of supercooled austenite during contin-
uous cooling concern the regularities of decomposition
of austenite, which was in a relatively equilibrium state,
since the studied samples of 30G1R steel were sub-
jected to austenization by separate heating. It should
be noted that the majority of TKDs for steels listed in
the literature are constructed without taking into ac-
count the influence of plastic deformation on the trans-
formation of supercooled austenite. This circumstance
allows us to assert that such TKDs only approximately
reflect the features of the structure formation process
in deformed metal. When using such TKD, it is impos-
sible to accurately predict the parameters of heat treat-
ment modes in relation to the technology of production
of hot-rolled coiled steel.

In the works [7, 8] it is stated that currently the tech-
nology for manufacturing high-strength fasteners is de-
veloping in the direction of increasing the degree of
compression during cold plastic deformation of hot-
rolled (rebellious) billets with a significant complication
of the shape of metal products. In this case, the struc-
ture and properties of the steel used for the CVS are
subject to requirements related to increasing the duc-
tility life and uniformity of the roll structure.

Therefore, to optimize existing technologies for the
production of undercuts for high-strength steel, as well
as to develop new heat treatment modes in the rolling
mill flow, it is most advisable to use TKDs built taking
into account temperature-deformation effects on the
metal, as close as possible to production conditions.

In view of the above, studying the features of the
kinetics of the decomposition of deformed austenite,
establishing patterns and determining the conditions
for the formation of the hot-rolled structure of 30G1R
steel during accelerated cooling at different rates is a
relevant task.

46

Research material and methodology. To determine
the conditions for the formation of the hot-rolled struc-
ture of 30G1R steel, laboratory studies were con-
ducted on the influence of conditions after deformation
cooling of the roll on the kinetics of the transformation
of supercooled austenite of the specified steel. Chem-
ical composition of steel, % by mass: C — 0,30; Si—
0,31; Mn —1,02; S - 0,007; P — 0,024; Cr — 0,20; Al —
0,02;Ti—0,017; B — 0,0007.

Phase transformations were studied using the dif-
ferential thermal analysis method [9] on samples of
wire rod with a diameter of 6.5 mm made of 30G1R
steel with studies of microstructure and hardness. The
recording of heating and cooling curves, changes in
thermo-EMF during phase transformations was carried
out using an automatic potentiometer CTP4-011 and a
two-coordinate recorder DDS-002. The study of the
metal microstructure was carried out on a light metal-
lographic microscope "Neophot — 21". The hardness of
the samples was measured in laboratory conditions
using the Vickers scale on a TP-7P1 type device.

The kinetics of phase transformations during the
production of rolled products is determined based on
the construction of diagrams that take into account the
combined effect of deformation, accelerated cooling,
and subsequent slowed cooling. In laboratory condi-
tions, rolled steel samples with a diameter of 6.5 mm
were subjected to heat treatment under conditions sim-
ilar to industrial cooling conditions for a round profile.
The sample processing modes included austenization
at 1100 °C, which corresponds to the temperature of
the billets before the first stand of the rolling mill. The
deformation of the samples was carried out in one pass
with a degree of 35%, which corresponds to the rolling
modes in production conditions. The rolling tempera-
ture of the laboratory samples was 1030-1050 °C and
corresponded to the temperature of the metal exit from
the finishing stand of the rolling mill.

Presentation of the main research material. In la-
boratory work, the continuous-sequential effect of hot
plastic deformation and cooling regimes on the kinetics
of phase transformations of 30G1R steel was investi-
gated. The influence of the deformation temperature of
1030...1050 °C on the position of the regions of for-
mation of intermediate transformation products, the
position of the boundaries of the decomposition re-
gions in the case of a combination of plastic defor-
mation and cooling conditions that correspond to the
production technology of high-quality undercuts was
determined.

To prevent partial decomposition of austenite after
hot deformation in laboratory conditions, the samples
were rapidly cooled from the end of rolling temperature
at a rate of 230-250 °C/s to temperatures in the range
of 835-390 °C with subsequent slow cooling to room
temperature (the cooling rate was 0,06-0,09 °C/s).

The results of experimental studies are
summarized in the form of a TKD, which is presented
in fig. 1.

The conducted studies have established that the
TKD of the decomposition of deformed austenite of



30G1R steel has the following transformation regions:
ferritic, pearlitic, intermediate and martensitic.

Hot deformation under the specified temperature-
deformation regimes and intensive cooling to temper-
atures of 390 °C and 450 °C with subsequent slow cool-
ing ensure the decomposition of austenite mainly by an
intermediate mechanism with the formation of 90 -
95% bainite and the rest - martensite. Such a structure
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is formed due to the preferential suppression of diffu-
sion processes of austenite decomposition, (fig. 2 a). It
is noteworthy that both structural components are in a
self-tempered state due to the decomposition of aus-
tenite under semi-isothermal conditions, as evidenced
by the rather low hardness value of the steel, which is
272 - 248 HV.

272 248 246 204 194 169 160 155 157 158

10°
T, C

107 10°

Fig. 1. Thermokinetic diagram of the decomposition of deformed austenite of 30G1R steel, rolled at 1030—
1050 °C with a degree of deformation of 35%, with continuous cooling at different rates

When the temperature of the end of intensive cool-
ing after deformation is increased to 500 °C, the first
products of purely diffusion decomposition of super-
cooled austenite are observed in the structure: 5% fer-
rite and 5% quasi-eutectoid (cane-sorbite-like pearlite,
fig. 2 b) and the rest is bainite. At the same time, the
hardness of the steel practically does not change and
is 246 HV.

A sharp increase in the amount of these structural
components, especially the quasi-eutectoid (up to
60%), is observed when the temperature at the end of
intensive cooling increases to 530 - 575 °C (fig. 2 c).
Analysis of the TKD of 30G1R steel shows that with a
decrease in the temperature of the end of intensive
cooling, the temperature of the eutectoid decomposi-
tion also decreases, as a result, the degree of pearlite
dispersion increases. At the same time, it should be
noted that quasi-eutectoid cementite has not only a
high degree of dispersion (which is assessed accord-
ing to scale 1 of DSTU 9074:2021 and is identified as
pearlite of the 1st point) and a shape similar to spheri-
cal, but also a fairly uniform distribution of structures
across the cross section of the section.

Such a structural state can positively influence the
formation of optimal structures during subsequent heat
treatments. The hardness of steel due to the specified

structural changes is significantly reduced to a value of
194 HV.

Increasing the temperature of the end of intensive
cooling to 610-700 °C leads to a sharp decrease in the
steel structure of bainite and martensite (up to 2-5%)
and the predominant formation of polyhedral or den-
dritic ferrite morphology (up to 55%), which is pre-
sented in fig. 2 d. The hardness of steel under the con-
sidered processing modes is 155 HV.

Intensive cooling in the supercritical and intercritical
temperature range (760 — 835°C) with subsequent slow
cooling in the temperature range 640 — 725°C, diffusion
processes of formation of polyhedral ferrite or ferrite of
dendritic morphological type (60%) and dispersed
pearlite (40%) occur—  fig. 2 f. At the same time, the
hardness value of the steel increases slightly to 157 —
158 HV.

A decomposition diagram of hot-deformed austen-
ite of 30G1R steel has been constructed, which allows
a scientifically sound approach to the development of
heat treatment regimes for cold-rolling with the for-
mation of both optimal properties of the metal in the
hot-rolled state and the formation of its optimal struc-
ture for subsequent heat treatment with separate heat-

ing.
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Fig. 2. Microstructure of hot-rolled samples of 30G1R steel, cooled in different modes, x500: temperature of

the end of cooling of samples (cooling): a — 390 °C;
b—-530°C; c—-575°C,d - 700 °C; f— 760 °C

Conclusions. The influence of temperature-defor-
mation conditions of rolling and cooling modes after
deformation on the features of the structure formation
of 30G1R steel has been established. The temperature
intervals and kinetics of the decomposition of deformed
austenite and the regularities of the formation of the
structure of boron-containing steel grade 30G1R

during cooling at different rates were studied. The re-
sults of the research are presented in the form of a
thermokinetic diagram of the decomposition of de-
formed austenite of 30G1R steel. The conducted re-
search can be used to develop heat treatment regimes
integrated into the production line of hot-rolled strip,
which is used for CVS of high-strength fasteners.
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system for metallurgical production using hydrogen technology and
using the physical heat of metallurgical equipment
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Miwaankiu A.Il., Kamkiua J1.B., Isawenko B.I1., AuKydiHoe P.B., AemoHomos /I.B.
AHAaJII3 MOKJINBOCTE CTBOPEHHSI ABTOHOMHOI CHCTEMH eHepro3abdes-
NEeYEeHHSI METAJYPridiHOr0 BUPOOHUITBA 3 BUKOPUCTAHHAM BOJHEBHX

TEXHOJIOTIH Ta (PI3HYHOr0 Tenjia MeTAJIYyPriiHOro 00JIaITHAHHS

YKpaiHCbKUIN AepXaBHU yHIBEPCUTET HaykKM i TexHonorin, M. [JHinpo, YkpaiHa

AHomauis. [eHepauis pecypcie eHepeii a8moHOMHOI cucmemu eHepao3abe3rnedyeHHs, iX pauioHanbHe 3a sumpamamu
ma eghekmugHe 3a pesyribmamamu 8UKOPUCMaHHS, Cripusie 3abes3neyeHHI0 cmasiozo po3gumky nidnpuemcmea. B ymo-
gax if adanmoeaHocmi 0o ocobriugocmeti MemarypeiliHoeo 8upObHUYMEa 8UKOPUCMaHHS if mTomeHuiarny, He3anexHo io
308HIWHIX eHepaornocmayarbHukig, 00380UMb 3HU3UMU cobigeapmicmp MPOOyKUii, MiHiMiZyeamu empamu eHepeii ma
wkidnusi sukudu. 3azanom - NidsuUUMU eHep20eheKMUBHICIMb MEXHOI02IYHUX MPOUECI8 i KOHKYPEHMOCIPOMOXHICMb
memanypeiliHoi eanysi. Mema docnidxeHHs1. BcmaHoeneHHs Moxnusocmi peanizauii 8 3aMKHymil, asmoHOMHIlU ma
camodocmamuili cucmemi eHepa2o3abesnedeHHs, wo adarnmosaHa 00 yMo8 MemariypailiHo2o supobHuuymea, iHmezpauii
KOPUCHUX eHepeemuy4yHuUX erracmugocmel 8UxiOHO20 nomeHujary efieKmposii3Ho20 800HK0 Ma 8MOPUHHO20 MomeHujiarny
@i3u4HOI menmomu, wo € Yacmkor eHepeii mennogozo banaHcy memarypeailiHux rnpouecie, sika empadaembscsi. Ceped
repcrekmueHUX wiisixie i egpekmusHux criocobig 3abeanedyeHHss MemarypeailiHux nidrnpuemMcme eHepeopecypcamu, 8
yMo8ax iX cy4acHO20 pOo38UMKY, Cmarmhb: 8UKOPUCMaHHS 8iOHO8/TH08aHUX OXXepen enekmpoeHepeii, iHmezpauis 00He-
8UX mMexHosoeill, 3a5y4eHHsI 8 OCHOBHI MPOUECU 8IMOPUHHUX eHep2emuy4HUX Pecypcis, 3acmocy8aHHs JIOKarbHUX eHep-
20KOMIIeKCi8 Ha OCHOS8I birbW M0BHO20 BUKOPUCMAaHHS MomeHuyiasy ix KopucHux enacmusocmed. 3a pesynbmamamu
docnidkeHHs1, pearnizauis 3aMKHymoi cucmemu eHepao3abesrnedyeHHs], SIK mernnoeoi iHmezpauii ckinadosux nomeHuiany
800HI0, BU3HAYEHO, W0 80OHa MOXe bymu KOPUCHO 8 pa3si BUKOPUCMAaHHS 3a/1ulKo8oi ¢hiau4HOI mernnomu memarnypeid-
HO20 8UPObHUUMEa, W0 8mpadyacmbcs, 8 skocmi 000amKo8oz20o OxXeperna efnekKmpoeHepeaii supobHUUMea enekmponis-
HO20 800H!0, arne He 5K e/1eKmpuYyHO camodocmamHiti 3aMKHymul Yuksi. 3acmocysaHHs 8 KOMIEKC 3 MemarnypailHumu
npouecamu/azpezamamu, 0e € 3HayHUl rnomeruyian Orns eeHepayii 3aIuwWKoe8oi hisu4HOI mennnomu 2asie ma wnakis, €
obmexxeHUM, ane gaxnugum Orisi 3HUXEHHS MUMOMUX 8UmMpam eHepaopecypcie Ha 8UPOBHULMBO ef1eKmporli3HO20 80-
OHto. MokasaHo, Wo 8 3aMKHymiIl a8moOHOMHIU cucmemi 3abe3reyeHHs1 eHepaopecypcamu rnpu peaeHepauii KOPUCHUX
ernacmueocmeli momeHujiarny efeKmposlisHo20 800HIO MOXYmb 8UHUKamMU SIK O3UMUuHi mak i He2amuseHi, 3a erniueom
Ha cucmemy, echekmu cuHepeii. CuHepeisi 8 3aMKHeHIU asmoHOMHIl cucmemi eHepeo3abe3rneyeHHs1 Moxe bymu Kpumu-
YHO 8aXnusuM ¢hakmopom - Oxxepesiom 000amKo8oi eghekmusHOCMI, ane nuwe 3a yMmosu egheKmugHO20 8UKOPUCMAaHHSI
CKrmadosux cucmemu ma epaMmomHO20 MEXHOI02{YHO20 KOHMPOIIH0 3@ HUM.

Knro4oei cnoea: pecypcu eHepeii,3aMKHyma cucmema, efiekmporis, 00eHsb.

Abstract. Generation of energy resources of an autonomous energy supply system, their rational in terms of costs and
effective in terms of results of use, contributes to ensuring sustainable development of the enterprise. In the conditions of
its adaptation to the peculiarities of metallurgical production, the use of its potential, regardless of external energy
suppliers, will allow to reduce the cost of production, minimize energy losses and harmful emissions. In general, to
increase the energy efficiency of technological processes and the competitiveness of the metallurgical industry. Purpose
of the study. Establishing the possibility of implementing in a closed, autonomous and self-sufficient energy supply system,
adapted to the conditions of metallurgical production, the integration of useful energy properties of the initial potential of
electrolysis hydrogen and the secondary potential of physical heat, which is a part of the energy of the heat balance of
metallurgical processes that is lost. Among the promising ways and effective methods of providing metallurgical
enterprises with energy resources, in the conditions of their modern development, are: the use of renewable sources of
electricity, the integration of hydrogen technologies, the involvement of secondary energy resources in the main
processes, the use of local energy complexes based on a more complete use of the potential of their useful properties.
According to the results of the study, the implementation of a closed energy supply system, as a thermal integration of
the components of the hydrogen potential, it was determined that it can be useful in the case of using the residual physical
heat of metallurgical production, which is lost, as an additional source of electricity for the production of electrolysis
hydrogen, but not as an electrically self-sufficient closed cycle. Application in combination with metallurgical
processes/units, where there is a significant potential for generating residual physical heat of gases and slags, is limited,
but important for reducing the specific energy costs for the production of electrolysis hydrogen.lt is shown that in a closed
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autonomous energy supply system, during the regeneration of the useful properties of the electrolysis hydrogen potential,
both positive and negative synergy effects may occur, in terms of their impact on the system. Synergy in a closed
autonomous energy supply system can be a critically important factor - a source of additional efficiency, but only under
the condition of effective use of the system components and competent technological control over it.

Keywords: energy resources, closed system, electrolysis, hydrogen.

Introduction. In the current conditions of
development of metallurgical production, one of the
key tasks is to increase its energy efficiency and
reduce the negative impact on the environment.
Traditional energy supply systems based on the use of
fossil fuels are exhausting their potential, increasingly
giving way to autonomous and innovative
technologies. Among the main areas of autonomous
energy supply of ferrous metallurgy processes, it is
worth noting:

1. Use of renewable sources of electricity (solar and
wind power plants, geothermal and bioenergy
methods), integrated directly into the production
infrastructure.

2. Introduction of hydrogen technologies both to
replace traditional carbon technologies with direct iron
reduction processes, and to accumulate and store
energy in the form of "green hydrogen".

3. Application of secondary energy resource
utilization systems (heat of by-gases and slags of blast
furnace, ferroalloy and converter production) with
subsequent use of physical and chemical energy in the
main metallurgical processes and processing into
electricity.

4. Local systems of energy complexes and
microgrids, which provide flexible management of
energy flow distribution and minimize their losses
during transportation.

5. Integration of digital control systems (smart grid,
monitoring and forecasting systems of consumption),
which allow optimizing production loads and reducing
specific energy consumption.

The implementation of these areas creates the
prerequisites for the formation of innovative and
environmentally  balanced  metallurgy,  where
autonomous energy sources are combined with the
latest metal processing technologies. This opens up
prospects for reducing the carbon footprint of
production, increasing its competitiveness and
transition to a "green" economy of the future.

Analysis of autonomous closed systems for the
production of energy resources and the likely
results of their implementation at metallurgical
enterprises. In the current conditions of global
challenges associated with the energy crisis and the
need to reduce greenhouse gas emissions,
metallurgical production requires fundamentally new
approaches to energy supply. One of the priority areas
may be the implementation of autonomous energy
production and storage systems that can increase the
efficiency of technological processes, reduce
dependence on fossil resources and promote the
transition to environmentally friendly metallurgy.

Among the most promising ways to provide
enterprises with energy resources, we can single out:
the use of renewable energy sources, the integration

of hydrogen technologies, the utilization of secondary
energy resources, the use of micro-macro networks
and local energy complexes in combination with digital
management systems. The integrated application of
these solutions creates the prerequisites for the
formation of a new model of ferrous metallurgy -
energy-efficient, innovative and environmentally
friendly.

The importance of the results of solving the
identified problem is emphasized by the author [1].
Based on the analysis of the results of modern
domestic and world research, taking into account the
urgent need to apply innovative methods of energy
accumulation, the author concluded that "the demand
of our time is the development of scientifically sound
tools for the practical implementation of decentralized
heat supply based on alternative heat generators and
hybrid means of accumulating energy resources for a
wide range of sectors of the economy." At the current
stage of development of scientific knowledge and
technologies of "green metallurgy”, the following
negative challenges and its current unresolved
problems should be recognized:

- high energy intensity of obtaining electrolytic
hydrogen - from 50 to 55 kWh per 1 kg of hydrogen;

- discrepancy between the price of "green
hydrogen", which is 2-3 times higher than "gray"
hydrogen or coke, and the needs for a stable and
cheap source of "green" electricity;

- lack of reliable and effective technological
schemes and devices to ensure the safe supply of pure
hydrogen to the furnace or other thermal unit.

Therefore, it is advisable to remember that the use
of electrolysis in industrial conditions without the use of
cheap sources of electricity will not become systemic,
and hydrogen can be obtained less expensively from
fossil fuels, natural gas, for example.

Regarding the sources of chemical energy, which
is necessary for the implementation of modern
metallurgical processes, the technologies of which are
based on the reduction of iron from enriched iron ore
concentrates, which have a physicochemical
orientation. Hydrogen is one of the most promising
energy resources, the useful properties of the initial
potential of which can provide, subject to a significant
reduction in the price of its production, metallurgical
production with chemical (reducing agent), thermal
(fuel) energy. Thus, the recycling of the components of
the initial potential of hydrogen is able to provide
energy for the successful implementation of the main
stages of the end-to-end technology of steel
production by creating thermodynamic conditions for
the implementation of externally controlled
physicochemical transformations in a given direction
with the expected speed and final result.

One of the directions of rational use of the useful
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properties of the initial potential of hydrogen and the
secondary potential of physical heat, which is a part of
the energy of the heat balance of melting metals and
alloys, which is lost for objective reasons, in our
opinion, is their combination (integration) in a
centralized, closed, autonomous, self-sufficient and
adapted to the requirements and features of
production system. It is obviously capable of ensuring
its stability when implementing the following scheme of
energy generation: “residual physical heat lost during
the implementation of relevant metallurgical processes
— electrical energy for powering electrolyzers or other
devices — hydrogen”. In more detail, the mechanism
and features of the implementation of the proposed
scheme are expedient to determine as follows. The
residual physical heat that is lost is accumulated in the
products of the relevant processes: gases, slag, lining
and metal housings of thermal units. Existing methods
of its use allow generating the physical heat of gases
and slag into steam, and subsequently obtaining
electricity. The unused portion that is lost remains that
which accumulates in the metal housings of thermal
units.

Justification of a system of autonomous, self-
sufficient provision of metallurgical production
with environmentally friendly energy resources.

The system can be implemented through a system
of mutual connections and influence of energy
resources that are of artificial origin or are naturally
renewable and capable of regeneration due to
controlled external influence [2].

A structured scheme of autonomous energy supply
of metallurgical production in the form of blocks and a
logical chain “generation — recycling — effects —
result” is expedient to present in the following way:

1. Generation of energy resources:

- use of hydrogen as an energy carrier (electrolysis,
renewable processes);

- involvement of renewable energy sources (solar,
wind, bioenergy);

- production of electricity by local installations (gas
turbines, fuel cells);

2. Recycling of energy resources:

- utilization of physical heat of blast furnace, coke
oven and converter gases;

- use of physical heat and chemical energy of
molten slags;

- reuse of by-products of thermal processes
(recycling of waste of technogenic origin).

3. Effects of implementation:

- reduction of dependence on external energy
suppliers;

- rationalization of energy and fuel costs;

- reduction of CO, emissions and other pollutants;

- optimization of the cost of metal products.

4. Result of implementation:

- stable, safe and uninterrupted operation of
metallurgical units;

- increase in energy efficiency of production in
general;

- environmental sustainability and innovativeness
of the metallurgical industry;

- increase in the competitiveness of the enterprise
in the world market.

The externally controlled interaction of blocks, a
logically defined chain, determines the capabilities of
the autonomous supply system and the level of its self-
sufficiency. In autonomous closed energy supply
systems of metallurgical production, synergy effects of
both positive and potentially negative impact on the
system may arise

Table 1 Synergy effects in closed autonomous systems for energy generation and recirculation

No. | Type of synergy Impact on the system Consequence for the functioning of metallur-
effect gical production

1 Positive — energy Balance of energy generation and re- Reduced dependence on external suppliers,
isolation cycling stable operation of units

2 Positive — increased Integrated use of hydrogen, secondary | Increase in the efficiency of energy compo-
efficiency gases, heat of waste streams nents, reduction of production costs

3 Positive — Reduction of CO, and harmful sub- Increasing environmental sustainability and
environmental effect stances emissions into the environ- compliance with international standards

ment
4 Positive — reliability Energy backup thanks to the use of Continuity and stability of technological pro-
combined sources cesses even at peak loads

5 Negative — difficulty in | The need for multi-thread integration High requirements for automation and digital
driving monitoring

6 Negative — uneven Cyclical nature of the emergence of Possible imbalances in supply and energy
formation of re- secondary energy resources losses in the absence of storage systems
sources

7 Negative — Explosiveness and specificity of the in- | Increased requirements for safety, workers
technological risks fluence of hydrogen properties and equipment

8 Negative — capital Significant investment costs for imple- | Slow scaling of the system without state
intensity mentation support, grants, investments
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The impact of effects on the functioning of the sys-
tem is realized:

- with a reasonable balance, the positive effects of
synergy dominate, the system becomes more stable,
more cost-effective, and the level of environmental
cleanliness increases;

- if negative factors are not taken into account, en-
ergy imbalance, overloading of the system may occur,
which will become a source of accident risks and a rea-
son for a decrease in its energy efficiency.

The introduction of intelligent control systems (digi-
tal modeling, lloT, big data analytics [3]) will obviously
allow to coordinate all flows of energy source regener-
ation and minimize the occurrence of negative syner-
gistic effects. That is, synergy in a closed autonomous
energy supply system can be a critically important fac-
tor - a source of additional efficiency, but only if com-
petent technological control is carried out.

It should be noted that the level of efficiency of the
autonomous power supply system is significantly influ-
enced by the state of the fuel and resource base of tra-
ditionally used materials, the potential of which is ex-
haustive [4].

The idea of "closing" the life cycle of the beneficial
properties of hydrogen by installing thermoelectricity
on hot cases, at first glance, is quite logical as a first
assumption. But if we take into account industrial tem-
peratures and the real capabilities of serial TEGs (ther-
moelectric generators), it turns out that the electricity
(hereinafter referred to as electricity) that a certain
number of TEGs can generate will not be enough, to
make the cycle self-sufficient, ultra-large heat flows
and active areas are needed. Therefore, the closed cir-
cuit "electrolysis — H, — back into electricity" is likely
to require the use of an additional source of electricity
to power the electrolyzers.

Thus, the efficiency of industrial TEGs based on
Bi, Tes/PbTe today is mostly ~ 5-8%. (in the conditions
of laboratory experiments, in the serial industry, this fig-
ure is lower). Typical specific power/efficiency of TEGs
at AT ~150—-200 °C, according to data [5], are units to
tens of watts per module with dimensions of 40x40
mm, which means the need to have extra-large areas
and massive heat exchangers/radiators.

To determine the system position based on indis-
putable facts, it is necessary to establish the reality of
the implementation of the scheme with the use of re-
sidual heat, which "seems" free. Calculations of the
higher calorific value of hydrogen, which is determined
from the enthalpy of liquid water formation under
standard conditions, i.e. includes both the heat of reac-
tion and the heat of condensation of water vapor, show
that its value is 39.4 kWh/kg.

The reverse conversion of H,—electricity by com-
bustion of hydrogen in a fuel cell gives according to
calculations 50-60% of LHV, i.e. ~16-20 kWh/kg; gas
turbine/internal combustion engine — even lower
(~35-45% — ~12—-15 kWh/kg).

It turns out that, even in the ideal case of SOEC with
“free” heat, to implement the direct stage of the
hydrogen life cycle “electricity — electrolysis” it is
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necessary to use ~28-30 kWh/kg, and when
implementing the reverse stage, the electricity that can
create hydrogen combustion (“hydrogen
combustion — electricity”) is only ~16—-20 kWh/kg for
(PEM-FC) or ~12-15 kWh/kg when using a turbine.
And to obtain 1 kWh of electricity, it is necessary to use
~7-10 kWh of heat. Against the background of the
needs of ~28-30 kWh/kg of H,, these are huge heat
flows. That is, the electrical balance of the closed
circuit under study will always be in the negative. “Free”
heat helps to reduce the electrolyzer's electricity
consumption, but does not make the cycle self-
sufficient in electricity.

However, the scheme of regeneration of the initial
useful properties of the potential of hydrogen as an
important energy resource for metallurgical production
can be useful for: reducing the specific electricity
consumption of hydrogen in high-temperature
electrolyzers (SOEC + waste physical heat, which has
a secondary origin); improving the overall heat balance
of the relevant workshops due to: heating water, steam
production, recovery of secondary energy of exhaust
gases - products of metallurgical processes,
preliminary drying of the components of the initial
charge); using H, as a reducing agent in DRI/DRH - all
these are factors that contribute to obtaining the
greatest process gain, for example, in the kinetics of
metallurgical reactions, in ecology by reducing CO,
emissions.

If measured by the consumption of electrical energy
(it is she who feeds the electrolyzer), then, even with
“free” heat, the electrolyzer consumes more kWh_ per
1 kg of H, than can be returned from this kilogram of
hydrogen in the form of kWh when it is burned.

Therefore, the idea of a closed energy supply
system should be defined as useful as thermal
integration, which will reduce electricity consumption
for hydrogen production, but not as an electrically self-
sufficient closed cycle. And its application in
combination with metallurgical processes/units, where
there is a significant potential for generating residual
physical heat of gases and slags, is limited.

For a well-founded determination of the advantages
and disadvantages of a closed energy consumption
system, it is advisable to determine the technical
characteristics of its components, namely high-
temperature electrolyzers, thermoelectric generators,
regarding the compatibility of their capabilities, as
elements of the system for regenerating their
properties.

Thermoelectric generators (TEG) are installed on
heat-generating areas of metallurgical equipment, in
particular on the external surfaces of furnaces,
converters or heat-conducting channels through which
hot exhaust gases are discharged. The hot side of
thermoelectric modules is placed on the surface of
their housings, in contact with it, and the cold side is
cooled using water or air cooling.

To determine the effectiveness of the use of
existing types of TEGs, let's turn to actual data and
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analyze their real capabilities:

- The efficiency of industrial TEGs based on
Bi, Tes/PbTe today is mostly ~5—-8% (in the best cases
of laboratory materials - higher, but this is not a serial
industry) [5];

- A high-temperature SOEC electrolyzer with heat
supply gives = 36—40 kWh__electricity/kg Hy;

- The typical specific power/efficiency of TEGs at
AT ~150-200°C is units to tens of watts per 40x40 mm
module according to their technical data.

In a system implementation, this means large areas
and massive heat exchangers/radiators.

It is advisable to determine the parameters of
technical support for the use of physical heat
accumulated in the metal housings of thermal units, in
conditions of practically no traffic, unlike exhaust gases
and slags - waste from metal smelting.

First, let's determine the number and area required
to accommodate the appropriate number of TEGs,
which will provide electricity to the high-temperature
electrolyzer, which in turn - hydrogen in an amount
sufficient to produce 10 tons of iron per day by its direct
reduction.

Secondly, when calculating the number of
thermoelectric generators required to produce 10 tons
of iron per day, the following initial data were

determined and the following assumptions were made:

- raw material - hematite Fe,O3;; main reaction:
Fe,O; + 3H, —» 2 Fe + 3 H,0;

- 625 TEG modules can be placed on 1 m? of the
surface of the heated unit housing;

- linear approximation of module performance 1 o«
AT;

- cold side Tcold = 30 °C;

- consider options with Thot = 200, 300, 400, 500
°C.

- electrolyzer — high-temperature SOEC, which
consumes 36 kWh/kg H, [6].

[Insa po3paxyHKy NnokasHuKiB, WO NpuBeaeHi B Tadn.
2, BUKOpUCTaHi aaHi 3 [6], it also gives the initial factors
that affect the calculation results: the cold side of the
module is 30 °C, the surface temperatures of the
industrial unit housing (hot side of the modules) in °C
are 200, 300, 400 and 500. Also, for these conditions,
the corresponding values of the electric power of the
TEG modules (SOEC) are determined. Data on the
influence of the characteristic temperatures and
technical capabilities of thermal electric generators
(TEG) on the electric power are summarized in the
following table. 2.

Table 2 — Influence of the characteristic temperatures and technical capabilities of thermal electric generators

(TEG) on the electric power

Ne Thet (°C) AT (°C) EI :ccordlng to option A, W/mod- EI ;ccordlng to option B, W/mod-
1 200.0 170.0 3.107 5.667

2 300.0 270.0 4,935 9.0

3 400.0 370.0 6.763 12.333

4 500.0 470.0 8.591 15.667

The analysis of the data given in [7] allows us to
determine the following. A target electrolyzer of 100 kg
H./day (= 4.17 kg/h) when using a TEG (SOEC) deliv-
ering 40 kWh/kg requires =167 kW of electricity contin-
uously. If the efficiency of TAGS is 5-8% [8], to achieve
this indicator, it is necessary to create a heat flux of
about 167 kW/0.08 = 2.1 MW (for 8%) or 167/0.05 =
3.3 MW (for 5%). That is, in order to remove 2+3 MW
from the heated surfaces of metallurgical units and, at
the same time, it is necessary to stably keep the other
side of the TEG cool and fulfill the condition AT = const.
This is already a different level — for example, the level
of a much higher volume of heat recovery of exhaust
heated gases.

If we take an optimistic commercial figure of ~10 W
from a 40%x40 mm (16 cm?) module and a high AT
value, then the need to obtain 167000 W requires
=16700 modules, i.e. ~267 m? of active area for the
placement of TAGs. Even if the electrolysis is partially
or completely "powered" by the TEG, the reverse con-
version of H,—electricity from the use of a fuel cell to
burn a fraction of hydrogen (the efficiency of PEM is
~55%) will yield less kWh_of electricity than will be
spent on electrolysis. Below are the main results of cal-
culating the amount of hydrogen for the production of
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10 tons of Fe, explanations and practical conclusions
are made regarding the probability of implementing the
process in a closed system.

1. Calculation by stoichiometry of the reaction
Fe,O; — Fe allows you to determine the mass of H,
required for the production of 10 tons of iron by the
method of its direct reduction: = 541.499 kg H, (54.15
kg H; per 1 ton of Fe) or 0.05415 kg H, per 1 kg Fe).

2. Electricity required to produce a given amount of
hydrogen when using a high-temperature SOEC elec-
trolyzer:

- energy for electrolysis is: 541.499 kg x 36
kWh/kg= 19494 kWh (= 19.5 MWh per 10 t Fe);

- if you produce 10 tons of Fe evenly in 24 hours,
you need to provide a continuous power of = 812.25
kW;

- for the production of 1 ton of Fe, it is necessary to
spend = 81.23 kW of electricity.

3. The amount of electricity that 1m2 of the heated
surface of the metal body of the melting unit can pro-
vide, on which 625 TEG modules of 40x40 mm can be
placed (cold side temperature 30 °C) and calculation
of the total area for their placement:

The calculations were carried out for the perfor-
mance of one TEG module, respectively, in W/module



3.29 — according to the conservative option (A) and
10.0 — according to the standard option (B).

For Thot = 200/300/400/500 °C, AT is, respectively,
170/270/370/470 °C):

According to option A (3.29 W/module), Thot =
200°C and AT=170°C:

- electric power - P (kW/m?) is approximately 1.947;
3,245; 4,543; 5.841. Change interval (1.95 + 5.84
kW/m2).

- the required area of TEG (m?), which will provide
812.25 kW: = 416.9 m? for 200°C; 250.4 m? for 300°C;
178.9 m? for 400°C and 139.2 m? for 500°C;

According to option B (10 W/module), Thot = 300°C
and AT=270°C:

- electrical power P (kW/m?) is approximately 3.125;
5,208; 7.292 and 9.375 - (3.13 + 9.38 kW/m?);

- required TEG area (m?) for 812.25 kW: = 259.9 m?
for 200°C; 156.1 m? for 300°C; 111.5 m? for 400°C and
86.6 m? for 500°C.

The results of the study show that the installation of
TEGs in the fuel generating areas of metallurgical units
(metal casings of blast furnaces, oxygen converters,
mixers and other thermal units and equipment) is a ra-
ther important technical solution from the point of view
of the use of energy from secondary sources. Its intro-
duction will ensure an increase in the level of energy
efficiency of a metallurgical enterprise with integrated
hydrogen production, which is used at one of the im-
portant stages of the end-to-end technology of steel
production - direct reduction of iron.

Such a solution will allow you to use thermal en-
ergy, which only heats the air around, is practically free
of charge and allows you to "reduce energy consump-
tion from external sources and does not require signif-
icant costs.

4. Interpretation of calculated indicators and practi-
cal conclusions

The amount of H, to produce 10 tons of Fe is =
541.5 kg, which gives an idea of its scale (hundreds of
kilograms of H, per day).

The need to have a constant, continuously stable
electrical power of TEGs at the level of = 0.81 MW. To
power the SOEC type electrolyzer, exclusively by heat-
ing the TEG from the housings of thermal units, it is
necessary to have hundreds of square meters of their
surface to accommodate the TEG modules.

Areas of hundreds of m? are realistic, but not trivial,
because it is necessary to solve the issues of installa-
tion costs, accessibility of the surface of the enclo-
sures, the availability of area for the placement of
TAGS at the appropriate AT values, the conditions of
heat transfer and cooling of the "cold side" of the mod-
ules, mechanical resistance, the cost of the modules,
their moral and physical wear and maintenance of the
modules, which is also important.

Burning a certain fraction of hydrogen, if it is excess
for the needs of iron recovery, and creating a reserve
seems to be a technically correct solution. But using
the capacities of TEGs of modern modifications, from
the point of view of economic sense, for burning
hydrogen without a significant reduction in the price of
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its production of hydrogen using high-temperature
electrolyzers, is not an effective solution.

An important fact that must be taken into account
when solving similar problems is that a completely
"closed" regeneration scheme, where the heat of the
heated bodies of the melting units — electricity —
electrolysis H, — Fe,O; recovery — combustion of a
fraction of H, — heat — electricity to power the
electrolyzers — H,, even theoretically, cannot exist
due to energy losses, according to the 2nd law of
thermodynamics (heat of combustion of H, < electricity
consumption for electrolysis). But it is advisable to
implement the regeneration system links by utilizing
the energy of secondary sources of steelmaking
production for electric feeding and heating of
electrolyzers (especially of the SOEC type).

According to the data given in [5,9], even when
using SOEC, the electricity consumption per 1 kg of H2
remains higher than its electrical value during the
reverse transformation through the combustion of H2
(heat — electricity — electrolysis hydrogen), and the
switching losses at each step of the physicochemical
transformations make complete “regeneration”
impossible.

Summing up the interim conclusion of the study, it
is necessary to determine that parts of the closed chain
of transformations of the closed circuit as the subject
of the study have already been partially implemented
according to the scheme
WHP—steam/electricity >SOEC,; H,-DRI; utilization of
waste/heat of liquid steel for hydrogen production). But
a closed life cycle of H, regeneration in industrial
production cannot exist due to fundamental losses,
which are objective.

It is advisable to comment on the regenerative
scheme of using the properties of the components of
the WHP—steam/electricity -~ SOEC scheme, having
determined the functional aspects of their
transformation.

1. WHP (Waste Heat Potential). The source is
secondary energy resources, in particular the heat of
gases - products of metallurgical processes, the heat
of cooling of metallurgical units and other thermal units.
Their properties are realized as low and medium
potential energy, which is traditionally difficult to utilize.

2. The intermediate stage of transformation of
secondary industrial heat into steam or electricity. It is
realized through waste heat recovery boilers or ORC
systems, where the waste heat is converted into
technical steam or electricity. Physicochemical
processes at this stage are indirect - heat converts the
working fluid (H,O, organic liquids) into another energy
state.

An important point of transformation is that the
concentration and improvement of energy quality
occurs according to the scheme low-potential heat —
electricity or steam under pressure.

3. SOEC (Solid Oxide Electrolysis Cell). The
obtained electricity and steam are used to implement
the electrolysis of water at high temperatures (700-850
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°C). The following processes are implemented in this
process:

- electricity provides electrochemical splitting of the
H,O molecule;

- steam reduces the need for electrical energy (part
of the energy is supplied in the form of heat).

At the output after the regeneration-transformation
cycle of the initial properties of the system elements by
separation, individual streams of high-purity hydrogen
(H;) + oxygen (O,) are obtained.

The features that determine the functional aspects
of regeneration are:

4. Functional-regenerative aspect of regeneration.
The system of physicochemical transformations works
as a closed loop of transformation of its initial elements
according to the scheme: secondary physical heat —
higher quality energy carriers — chemical energy
carrier (H,);

The complex of physicochemical transformations is
carried out by:

- ftransition of heat
(evaporation/condensation);

- electrochemical decomposition of water into
hydrogen and oxygen;

- regeneration of the thermal part by using high-
temperature waste in SOEC for electricity.

5. The main features as characteristic features of
the processes in the system include:

- regenerativity, as an important feature of the
system, is characterized by the involvement of waste
streams and their "refueling" in a new energy
exchange cycle;

- the exergy effect is realized through an increase
in the share of useful energy, the source of which is
secondary waste energy;

- system flexibility - hydrogen, as a result of the
implementation of processes in the system, can be
reused in production (metallurgy, as a fuel element of
the system and energy storage).

Thus, the WHP—steam/electricity—>SOEC scheme
is an example of cascade energy transformation,
where low-quality secondary physical heat is brought
into the form of a high-quality energy resource — use-
ful components of hydrogen through a series of suc-
cessive physical and chemical transformations that
create a micro-macrosystem. The main functional pur-
pose of which is to be used as a "green" reducing agent
in the processes of direct reduction of iron (H,-DRI),
with the ability to accumulate hydrogen if necessary.

In real conditions, the efficiency of electrolysis is ap-
proximately 50-60%. This means that only part of the
consumed electricity is converted into a useful chemi-
cal component of its potential, the other part is lost in
the form of physical heat. Therefore, it is advisable to
use the "free" physical, residual heat as a source of
secondary energy, which will reduce electricity con-
sumption for the production of 1 kg of H,, bringing
closer to the implementation of the idea of making this

into phase changes
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cycle closed and energetically self-sufficient. And a
more realistic direction of improving the energy effi-
ciency of metallurgical production can be the deepest
possible thermal integration of high-temperature elec-
trolysis with electricity from TEGs, which will use the
thermal energy lost during the implementation of met-
allurgical processes, with further optimization of the
share of H, between recovery, which is the highest pri-
ority, and incineration as an additional source of the
thermal process of the corresponding process/produc-
tion.

Regarding the prospects for the use of high-tem-
perature electrolysis. There are many combinations of
performance, efficiency, service life and cost indica-
tors, which, according to [6], allow you to achieve the
main goal of hydrogen production at a low cost of $ 2
per 1 kg of H2 by 2026 and $ 1 per 1 kg of H2 by 2031.
The combinations of objectives given by the authors
were developed with the participation of industry ex-
perts and national laboratories; They can be consid-
ered a reference point for technology developers.

Thus, the idea of a closed power supply system
must be determined to be useful in terms of integrating
the initial properties of the elements. The result of their
transformation is the emergence of optimal schemes
for the distribution of the components of the energy of
the system. This will reduce electricity consumption for
hydrogen production, but not as an electrically self-suf-
ficient closed loop. Therefore, the application in combi-
nation with metallurgical processes/aggregates, where
there is a significant potential for generating residual
physical heat of gases and slags, is limited.

Conclusions. The idea of "closing" the regenera-
tion cycle due to the production of thermoelectricity on
hot cases of metallurgical equipment, considered and
analyzed for the reality of introduction, is quite logical
as the first assumption. But if we take into account the
potential of their physical heat as a source of electricity
and the technical capabilities of TEGs (thermoelectric
generators), it turns out that the electrical energy they
are able to generate will not be enough to make the
cycle closed and self-sufficient in terms of the potential
of the energy used and restored again in the reverse
way. This requires extremely large heat flows and ar-
eas, but the cycle of "electrolysis — H, — back to elec-
tricity" will always be in the red, due to the significant
electricity costs for electrolysis, which requires addi-
tional use of electricity from external sources. Each re-
peated cycle will add losses due to incomplete conver-
sion, losses on heat transfer and power supply of aux-
iliary equipment and compression, hydrogen purifica-
tion.

It is advisable to use the results of the study in solv-
ing similar problems in the creation of regeneration
schemes based on the combination of secondary
sources of physical heat with the possibilities of obtain-
ing electrical energy from it - the integration of solid ox-
ygen hydrogen electrolyzers into the infrastructure of
steelmaking.
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3MiHA XapaKTePpUCTUK KOKCY B KOKCOBOMY LIapi
3 HU3bKHMM PiBHEM PyXYy JOMEHHHUX Me4ei

[HINPOBCbKMI AepXXaBHUI TEXHIYHMI yHiBepcuTeT, M. Kam’'aHCcbke, YkpaiHa

Abstract. The question of the appropriateness of using the archaic term “tooterman” in relation to the relatively immobile
coke mass in the lower part of blast furnaces was raised. For the first time, an attempt was made to summarize information
about changes in coke characteristics depending on its location in local MCM zones, for which a conditional division of
the MCM into three interdependent but functionally different parts: the upper central superheater (feeding), the middle
part between the air blast and cast iron nozzles (working), and the lower part located in the sump (MKM working zone).
The conditions for the use of coke in local parts of the MCM were comprehensively considered. New data about the
increase in melting intensity on the size of the living part of the MCM has been extracted. It has been shown that the very
changes in the intensity of smelting are done to ensure the life of the tuyere part by heating with coke. It is shown by
comparing the structure of the MCM of two Japanese blast furnaces cooled during operation that working at a reduced
smelting intensity leads to the degeneration of the stable axial zone of low-mobility materials above the tuyere horizon,
thereby changing the conditions for preliminary coke heating and its supply to the lower parts of the MCM. The known
mechanism of coke piece destruction by liquid metal flowing past them with carbonization of the latter needs to be clarified,
since liquid slag formed on the tuyeres during oxidation of Fe, Si, Mn, and P components of cast iron also moves through
the sub-tuyere coke mass, The restoration of these oxides requires additional consumption of coke carbon. Based on the
generalization of research data and theoretical principles of the blast furnace process, the sequence of coke combustion
processes in the MCM sub-bed array is proposed. The mechanism of erosive influx onto the coke massif, which is located
in the zone of intense molten flow, has been clarified. It is shown that in this array, there is not one process of coke
consumption for metallurgical reactions, as previously thought, but three. The influence of MCM “survivability” on the
technical and economic indicators of smelting has been assessed.

Keywords: blast furnace process, toterman, sump, coke mass, smelting intensity, coke, erosion, graphitization, structure.

AHomauis. byno nopyweHo numarHs1 Npo GouinbHICMb BUKOPUCMAaHHST apxaidHo20 mepMiHa «repezpieayq KOKCy» cmo-
COBHO BIOHOCHO HEPYXOMOI KOKCOBOI Macu 8 HUXHIU YacmuHi OoMeHHUX nedvel. Bnepwe 6yno 3pobneHo crpoby y3aza-
TNIbHUMU iHGbopMayito Mpo 3MiHU XapaKkmepucmuK KOKCY 3arexHo 8id (io2o po3maluysaHHs 8 riokanbHux 3oHax KM, ons
4o2o 6yno nposedeHo ymosHul rnodin KM Ha mpu 83aemo3anexHi, ane yHKUiOHanbHO Pi3Hi YacmuHu: 8epxHili ueHm-
parnbHul nepezpigay ()usurbHul), cepedHs YacmuHa Mix nosimpsHuUM 0ymmsiM ma YagyHHUMU corflamu (poboya) ma
HUWXHS1 YacmuHa, po3mauwosaHa 8 3ymrghi (poboya 30Ha 'KM). KomrnekcHO po3arisiHymo yMo8uU 8UKOPUCMAaHHS KOKCY 8
nokanbHux YyacmuHax KM. OmpumaHo Hosi 0aHi npo 36inbWeHHs iHmeHcu8HOCMI niasneHHs 8i0 po3mipie Xueoi Yac-
muHu 'KM. lNoka3aHo, wo cami 3MiHU iHmeHcusHocmi rnaesneHHs 30ilicCHIOMbCS O0n1s 3abe3rnedyeHHs mepMiHy criyxéu
ypMO80I YyacmuHU WIrIsiXOM HazpieaHHs1 KOKcoM. [lopigHsHHAM cmpykmypu MBM 0eox snoHcbKkux AoMeHHUX reded,
0x0/100XKy8aHuUX Mid Yac ekcrilyamauii, nokasaHo, Wo poboma 3i 3HUXEHOK [HMEeHCUBHICMIO r1asku npu3eooums 00
OdeeeHepauii cmabinbHOI 0Cb080I 30HU Manopyxueux Mamepianie Had chypMEHHUM 20pU30HMOM, MUM CaMUuM 3MiHIHU
yMo8u rornepedHb020 HagpieaHHs1 KOKCy ma (io2o nodauyi 0o HUXHix YacmuH MBM. Bidomuli mexaHi3m pyUHy8aHHs Wwma-
MKi8 KOKCYy piOKUM MemaroMm, Wo rnpomikae rnoe3 HuUXx, 3 kapboHisayieto ocmaHHb020 Mompebye ymOYHEHHSI, OCKINbKU
pidKkull wnak, Wo ymeoproemscsi Ha ¢hypmax rid yac okucrieHHsi Fe, Si, Mn ma P koMroHeHmig8 YasyHy, maKkox pyxa-
embcs Yepe3 nioghypmeHHy Kokcosy macy. BiOHoeneHHs1 yux okcudie sumaeae 0o0amKogoi sumpamu KOKCO8020 8ye-
neyro. Ha ocHosi y3aeanbHeHHs1 00CMiOHUUbKUX 0aHUX ma meopemuyHUX 0CHO8 OOMEHHOZ0 MPoUecy 3arnporoHO8aHO
rocnidosHicms npouyecie 20piHHs1 KOKCy 8 Macusi nidwapy MBM. 3'scosaHo MexaHi3m epo3iliHo20 Harnuey Ha Kokcosul
macus, sKull po3mauwiogaHull y 30Hi IHMeHCUBHO20 poa3rasneHo2o nomoky. [loka3aHo, wo 8 yboMy Macusi iCHye He
00UH MPOUEC CrOXUBaHHS KOKCY Ha MemarlypeiliHi peakuii, sik egaxarocsi paHiwe, a mpu. OUiHeHO 81U «Xxugy4ocmix
MCM Ha mexHIKO-eKOHOMIYHI MOKa3HUKU rnaeKu.

Knroyoei cnoea: domeHHul npouec, momepmaH, 8idCmiliHUK, KOKcoga Maca, IHmeHCUBHICMb riasKu, KOKC, epoasisi, epa-
imu3sayis, cmpykmypa.

Introduction. In multi-ton ferrous metallurgy, coke can be partially replaced by blowing in hydrocarbons,
is essentially an indispensable component of blast its physical functions cannot be replaced due to the
furnace charge. And while its functions as a heat thermal stability of the lump. The ability of coke to
carrier and source of carbon monoxide reducing agent  retain its lumpiness close to the blast furnace hearth
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allows the creation of a movable frame of materials and
ensures the flow of reduction, melting, and
accumulation processes at different temperature
levels.

Particularly difficult operating conditions for coke
occur in the lower high-temperature zone of the blast
furnace, where only one coke remains in a solid state
during normal furnace operation. Depending on the
specifics of the mechanical processes, this zone is
divided into three parts. The upper zone between the
cohesion zone at the top and the conical part of the
axial zone of low-mobility materials (OZMM — term by
V.G. Druzhkov, 1982) on the side and the furnace
hearths at the bottom was named the active coke zone
by E. Bepler and colleagues [1] (Fig. 1). V.P. Puzanov
and V.A. Kobelev (2012) gave this complex spatial
figure another name: “counterflow coke nozzle.” The
second part includes a very specific zone of furnace
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hearths, and the third part includes a coke toterman
extending from the OZMM down to the tongs [1].

The immobile coke mass under the mobile zone,
submerged in molten slag and cast iron, is commonly
referred to as a coke deadman [1-3], which is not
entirely correct in terms of the use of this term. The
term “deadman” came from the practice of operating
blast furnaces, when, as a result of certain
technological violations, a “dead” monolith of solidified
melts and coke formed on the hearth. Under normal
conditions of the blast furnace process, the coke mass
located under the active coke zone is a gas-permeable
formation, as evidenced by the powerful emission of
blast furnace gases when blowing out the cast iron tap
at the end of the smelting process, drainage capacity,
and limited mobility relative to the hearth or the horizon
of the air blast pipes.

Fosition of marked coks
after loading

aftar 1 day
aftar 2 day
after 3 day
aftar 4 day
after § day

affter & day

v after 11 day

Fig. 1. Diagram of coke movement in blast furnace No. 1 at the Schwelgen plant and names of
characteristic zones in its lower part E. Beppler et. al [1]: CZ — cogesion zone; ACZ — active coke zone

Therefore, when considering issues related to the
operation of the lower part of blast furnaces, it is
proposed to replace the terms “totherman” and “coke
totherman,” which do not correspond to the essence of
the processes occurring in the aforementioned part,
with the terms “low-mobility coke mass” (LCA) and
“low-mobility coke charge” (LMC), or even ‘“low-
mobility coke frame.” Given the difference in the
processes occurring at different heights of the low-
mobility coke mass, we believe it is advisable to divide
it into characteristic zones from top to bottom: the
upper superheater (OZMM), the middle sub-furnace
between the horizons of the furnaces and cast iron
nozzles, and the lower sub-nozzle located in the sump.
This division makes it possible to consider the
functional purpose of each part more specifically and,
with the help of the results of modern research, to
consider the behavior of coke in the MCM structure
from new perspectives. This is prompted by
fundamental changes in the profiling of blast furnaces,

which have led to an increase in both the height of the
furnace and the depth of the sump [4], which has
significantly affected the operational characteristics of
coke within the specified profile elements.

Analysis of recent studies and publications.
The beginning of active research into the condition of
coke along the height of the charge column is
associated with the dismantling of blast furnaces that
were frozen in operation [5]. Analysis of the contents
of three Japanese blast furnaces showed that,
regardless of the quality of the coke used and the
technology used to conduct the process, the size of the
coke decreased during the process of lowering it from
the tuyere into the hearth, and the smaller the initial
size of the coke, the greater the decrease.

The second pattern identified was a sharp thinning
of the coke structural grid due to increased pore
formation in the low-mobility coke mass below the air
blast horizon. Subsequently, with the advent of
sophisticated research tools, a number of studies [6-9]
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appeared that more thoroughly illuminated the
behavior of coke in specific areas of its use.

In cores taken from the air blast horizon, the
characteristics of coke that determine its metallurgical
value were studied, both in the blast zone and in the
upper part of the MCM [6, 7]. These are the strength of
coke at different levels of smelting intensification [7],
the distribution of fine fractions along the furnace
radius, and the ability of coke to resist aggressive
factors such as gasification, alkali content, etc. [6].

Modern methods for studying the microstructure of
the phase and elemental composition of coke samples
taken from the MCM between the tuyere and nozzle
horizons were used in the study [8]. These are X-ray
diffraction (XRD analysis), energy dispersive X-ray
spectroscopy (EDS  analysis), and electron
microscopy.

The authors [9] used X-ray structural analysis to
evaluate the degree of graphitization of coke collected
from the blast furnace sump, which allowed them to
determine the average carbon stacking height (Lc), the
interlayer distance dooz, and the number of neps nn =
Lc/dooz. The use of a scanning electron microscope
and spectroscopy made it possible to study the
interface between coke and cast iron and to determine
the phases in the coke pores, both captured and newly
formed.

Given the importance of the topic, the results of
individual studies will be reviewed, analyzed, and,
where possible, supplemented.

The purpose of the work to determine the
functional purpose of the components of the low-
mobility coke mass of blast furnaces using the results
of leading studies and, from this perspective, to
examine the behavior of coke in specific locations.

Research results and discussion. In accordance
with the division of the low-mobility coke mass into
three characteristic parts, the main material of the
article is also divided into corresponding blocks.

The superstructure central part of the MCM. The
superstructure part is a kind of channel for supplying
coke to its superstructure immovable array, on the
condition of which the operation of the blast furnace will
largely depend. In turn, the satisfactory performance of
the feeding function of this part depends on the
organization of the coke vent in the center of the
furnace and the maximum possible preservation of the
properties of coke at the entrance to the MCM.
Experience has shown that, in principle, blast furnaces
can operate with any form of cohesion zone and
differences in the method of feeding the MCM from
above. However, with a purely peripheral furnace
stroke and feeding of the sub-furnace working coke
mass with degeneration of the central one, only small-
volume furnaces could operate. There are known
cases of operation of such furnaces, in particular, DP
No. 1 of the Yenakiieve Metallurgical Plant with a V-
shaped cohesion zone and the absence of an over-
furnace cone-shaped part of the MCM (I.D. Balon et
al., 1984).

The main reason for the possibility of smelting with
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a degenerate super-furnace part of the MKM was the
small radius of the furnace, half of which was the length
of the furnace hearth. Due to this design difference in
small furnaces, coke was heated to the required
temperatures not above the furnaces, but at their
horizon. Powerful furnaces have a significant
difference between the length of the furnace radius and
the length of the tuyere hearth, so without preheating
the coke above the tuyeres, normal furnace operation
is impossible.

To analyze the behavior of coke in the feeding part
of the coke oven battery, the results of studies on blast
furnaces No. 3 and No. 4 of Chine Steel (Taiwan) were
used, where coke samples were taken at the level of
air tuyeres using samplers with a diameter of 200 and
300 mm. During the experiments, the strength of the
selected coke samples was determined using a drum
used to measure CSR [7].

In the further analysis, we divided the furnace
radius, along which the samples were taken, into two
parts: the first part, from the air blast pipes to the 2 m
mark, represented the blast pipe cavity together with
the “bird's nest” of fines, the second — between the 2
and 4 m marks in the direction of the center of the
furnace — the axial zone of the low-mobility super-
tundish array.

Researchers [7] found a significant difference in the
nature of changes in coke strength along the radius of
the furnace depending on the injection of pulverized
coal fuel (PCF) and its absence on the coke bed. In the
case of PFP injection, curves with minimum strength in
the furnace zone and maximum strength shifted to the
center of the furnace were observed (Fig. 2, a, Fig. 2,
b). The researchers explained the appearance of
maximum strength values by the blowing of the surface
of coke pieces with a blast jet, a weakened gasification
reaction, and physical abrasion, as a result of which
the latter showed a higher drum test. In turn, the
practically unchanged strength of coke without coal
injection over a distance of 4 m was explained by the
high degree of coke replacement in the tuyeres.

The latter argument can be partially agreed with by
comparing the graphs in Fig. 2, in and Fig. 2, d.
Indeed, coke samples using coal-free technology lost
SiO2 much more slowly than those using coal.

However, the decisive difference in the nature of
changes in coke strength lies elsewhere — in the
temperature and thermal regime of the furnace and in
the structure of the low-mobility coke masses in i,
which is determined not only by the injection of fuel
additives or their absence. To illustrate this argument,
Fig. 3 shows the structures of the charge column
frozen in operation in Japanese blast furnaces No. 1 at
the Amagasaki plant [10] and No. 1 at the Hirohata
plant [11] (Fig. 3).

The performance indicators of these furnaces and
the volumes of slow-moving coke mass elements
determined by us [12] are presented in Table 1. Since
Japan used high-quality imported blast furnace raw
materials at that time, coke and iron ore materials in
both furnaces were of similar quality. The main



difference in the blast furnace process strategy was the
choice of priority. At DP No. 1 Amagasaki, maintaining
a high ore load and moderate smelting intensity
resulted in high smelting efficiency, with a specific fuel
consumption of only 451 kg/t of pig iron.
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High smelting efficiency (53.2 t/m2/day) at DP No.
1 Hirohata was achieved by increasing the smelting
intensity, but with a significantly higher specific fuel

consumption (542 kg/t of pig iron).

Table 1 - Performance indicators for frozen blast furnaces and quantitative characteristics of their low-mobility

coke beds according to data from [10-12]

Indicators Plant, furnace number
Amagasaki, No. 1 Hirohata, No. 1
Diameter of the horn, m 6 7.8
Useful volume, m3 721 1407
Specific productivity, tm?day 48,8 53,2
Fuel consumption (coke + fuel oil), kg/t 451 542
Ore load on coke 3,57 3,12
Melting intensity per fuel used /p, t/m3day 0,854 0,979
Volume of coke mass, m3/% of useful furnace volume in profile elements:
- horn 100/13,9 235/16,7
- shoulders 40/5,5 133/9,5
- steaming - 133/9,5
- mine - 23/1,6
Total coke mass volume, m3/% Veor 140/194 391/27,8

An analysis of the information presented in Fig. 3
allows us to draw certain conclusions about the effect
of smelting intensity on the formation of the charge
column. As the intensity increases, the following
changes occur:

1) the height of the overburden part of the low-
mobility coke mass increases;
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2) the total volume of the coke mass increases;

3) the number of windows in the plastic zone
increases and, accordingly, the gas permeability of the
critical zone increases;

4) the circumferential unevenness in the formation
of cohesion zones and the immobile coke mass
increases or is eliminated.

Fig. 2. Change in coke strength along the radius of
the furnace DP No. 3 and 4 of the CSC company
(Taiwan) depending on high (a, ¢) and low (b, d)
melting intensity per specific productivity, as well as
on the SiOzcontent in coke samples according to data
[7]: PCR = 0 means cessation of pulverized coal fuel
injection

61



ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)

Teopisi i npakmuka memanypeii, 2025, Ne 4
Theory and Practice of Metallurgy, 2025, No. 4

Fig. 3. Forms of the plastic zone and low-mobility coke mass in the frozen blast furnaces Amagasaki, No. 1
(a) and Hirohata, No. 1 (b) according to data [10, 11]: numbers next to curves — isotherms; K — coke mass; PZ —

plastic zone

Reducing the intensity of the furnace operation
leads to reverse processes.

To sum up, it should be noted that reduced melting
intensity leads to the degeneration of the stable axial
zone of low-mobility coke above the tuyere horizon,
which worsens the conditions for its heating and
hinders the formation of the lower parts of the MCM
with sufficient temperature, gas permeability, and
drainage capacity, as convincingly demonstrated by
the structure of the coke mass of DP No. 1 Amagasaki
(Fig. 3, a).

While intensive furnace operation with coal dust
injection helped preserve the properties of coke in its
low-mobility mass (Fig. 2, a, b), such operation in the
tuyere zone intensified coke destruction and increased
the yield of fines (Table 2), which is understandable,
since it is known that high temperatures destroy the
carbon texture through graphitization by the catalytic
effect of fine iron fractions [6]. The destruction effect is
enhanced by the high temperature in the combustion
zone, which is achieved by enriching the blast with
oxygen.

Table 2 - Output of coke fines depending on furnace productivity and theoretical combustion temperature
recorded one day prior to coke sampling at CSC's DP No. 3 and 4 [7]

Indicators High —  » | «—— Reduced
performance productivity

Furnace number / period 4/1 31 4/2 3/3 4/3 3/5

Productivity, tm3day 244 238 245 2,26 193 1,94

Small change output, % 12,1 19,2 1341 20,7 6,8 6,1

Theoretical combustion

temperature, °C 2100 2283 2141 2197 2049 2055

The middle part of the MCM between the levels of
the tuyeres and cast iron nozzles. This is the most
critical area of the slow-moving coke mass, as it is here
that the final cast iron and slag compositions are
formed, and the melts are separated and accumulated.
Hence its functional purpose is to create the necessary
conditions for these processes to take place.

An idea of the state of coke after staying in the
tuyere hearth compared to its initial state and coke that
was in the coke nozzle at the core sampling horizon
located 1.0-5.2 m below the level of the air tuyere (Fig.
4, a) can be obtained using the results of work [8].

The experimental coke samples were obtained in a
5,800 m® blast furnace manufactured by Shagang
Group (China). The furnace, with a hearth diameter of
15 m, had 40 air blast pipes, 3 cast iron troughs, and
hearth depths below the air blast pipe and sump
horizons of 5.2 and 4.4 m, respectively. The quality
coke had M40 90% and M10 5.7% indicators. Coke
and pulverized coal fuel consumption was 380 kg/t and
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152 kg/t of cast iron, respectively. The furnace's
productivity (October 2009) was 12,500 t/day.

It was found that the largest pieces of coke suffered
the most damage in the furnace hearth and ina 2 m
long section. The underfurnace coke (Fig. 5, a) had a
characteristic “cut” shape, significantly different from
both the coke of the low-mobility mass (Fig. 5, b) and
the initial coke.

Given the nature of coke piece destruction, the
authors [8] proposed a mechanism for reducing the
size of pieces under the tuyere hearth due to the
downward movement of liquid metal (Fig. 5, b) and the
process of its carbonization. In our opinion, this
mechanism does not sufficiently explain the loss of
coke mass under the tuyere zone, since, in addition to
liquid metal, liquid slag formed on the tuyeres during
the oxidation of Fe, Si, Mn, and P components of cast
iron also passes through the coke under the tuyere.
The carbonization of metal oxidized on the tuyeres and
the reduction of the listed impurities require
corresponding consumption of coke carbon.
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Fig. 4. Locations for sampling coke from a 5800 m3 blast furnace (a) and slagging of coke samples
depending on location (b) according to data [8]: 1-8 — locations according to Fig. 4, a

a Groove marks caused by carburization ]

b -
b |
imoave marks cAMd by carburization |
E———
b gradual reduction in the size of pieces

gradual reduction in the size of pieces

d crushing
grafﬁtization crack
Fig. 5. Mechanisms for grinding peripheral (a, b) and central coke (c, d) below the air blast horizon proposed
by the authors [8]
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When studying the microstructure of coke samples,
slag was found inside coke pieces taken at a distance
of 2 meters from the center of the furnace. According
to the data obtained, the amount of slag contained in
the coke samples varied — it was minimal under the
combustion zone and maximal in the center of the
furnace (Fig. 4, b). The graph shows that the coke
contained < 10% slag in the pores at a distance of 0
and 2 m from the edge of the furnace and more than
30% slag at distances of 4.6 and 7.5 m from the
furnace walls.

The authors [8] explain the observed dependence
by the time the coke remains in the furnace cross-
section. At the periphery of the furnace in the charging
zone, coke is consumed and moves down faster than
coke in the coke bed. Therefore, a small part of the slag
falls on the surface of the coke pieces. In addition, due
to active gasification and carbonization, the coke
surface saturated with slag is consumed more actively.
The central coke moves down slowly, which gives
enough time for the slag to penetrate deeper into it.
Combined with the low amount of metal in the center
of the furnace, the coke is almost not washed away
and is not absorbed by the liquid metal.

There are no serious comments regarding the
mechanism of “slag” crushing of coke pieces removed
from the furnace hearths, but the somewhat simplified
diagram (Fig. 5, d) does not quite correspond to the
appearance of the coke samples (Fig. 5, c).

The lower part of the low-mobility coke mass.
Functionally, this is the zone of gradual MCM
depletion. The task of technologists is to maintain the
buoyancy of the mass without losing its drainage
capacity. The materials of the study of the state of coke
in this part of a 4350 m? blast furnace in China deserve
the attention of the professional community, but the
author's interpretation [12] of the results obtained
cannot be agreed with without critical comments.

The study was conducted in August 2020 [9]. The
furnace had 38 air nozzles and 4 cast iron tuyeres.
Before it was shut down for repairs in June 2020, the
furnace had been operating since October 2006 with a
productivity of 2.14 t/m3day and a slag yield of 242 kg/t
of cast iron. Coke and pulverized coal consumption
amounted to 330 and 180 kg/t of cast iron,
respectively.

According to the authors [9], at the time of the
shutdown for repairs, the diameter of the burning
furnace was 15.17 m, and the diameter of the coke
nozzle was 11.95 m, or 78.77% of the actual diameter
of the furnace. The coke samples studied were
obtained by drilling cores from the coke mass during
major repairs. The sampling locations were located at
a distance of 1.2, 1.8, 2.4, and 3.0 m from the horizon
of the cast iron nozzles in the direction of the tongs
(Fig. 6). The diameter of the cores was 100 mm. The
researchers emphasize the buoyancy of the coke
mass and the fact that the area below location S4 to
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the clamp was free of coke.

It is clear that diagrams always have some degree
of conventionality, but the one shown in Fig. 6, a differs
significantly from the actual state of the low-mobility
mass in the blast furnace sump, for example, blast
furnace No. 4 in Kurashiki (Japan, T. Nohashi et al.,
2004). This is especially true for the upside-down
conicity of the coke mass in the direction of the cast
iron tuyere of the Chinese blast furnace.

Fig. 6, a-d shows the cross-section of samples at
the sampling horizons, and Fig. 6, e-h shows images
of samples after digital processing, which was used to
calculate the average porosity and size of coke pieces
in the coke mass (Fig. 7). Unlike the author's [9]
interpretation of the research results, the abscissa axis
in Fig. 7 shows not the numbers of sampling locations
S1-S4, but the actual distance from the axis of the cast
iron trough. This allows us to see the gradients of
change in coke properties as it descends toward the
bottom without even performing calculations. As
shown in the last figure from the location 1.2 m below
the cast iron trough, the coke void increased with a
slight decrease in location S4. In contrast to the
porosity, the size of the pieces in locations S1-S4
continuously decreased over a distance of 1.8 m, with
the rate of decrease in piece size gradually slowing
down. At the same time, it is not difficult to see the
contradiction in the opposite changes in the average
size of coke pieces in the sump and its voids filled with
cast iron. It would be worth explaining why the pieces
are getting smaller and the voids between them are
increasing.

The low porosity of the coke mass layer, located 1.2
m away from the cast iron tuyere in the direction of the
clamp (Fig. 6, c¢), can be explained by the significant
difference in the sizes of large and small fractions, as
well as the action of Archimedes' buoyancy force,
which together contributed to the significant packing of
pieces in the molten cast iron. The unexpectedly high
void volume in the layers of the nozzle at horizons S2-
S4 within the range of 44-47% is noteworthy. If we
assume the initial void content of skip coke to be 50%,
then the void content of the coke charge in the sump
at levels S2-S4 will be 88-94% relative.

The authors [9] considered the chemical
composition of coke samples (Table 3) to be almost
identical, with the exception of the CaS content in core
S2, since all samples contained K, Na, and Zn. A more
careful analysis of the data in the table does not allow
us to agree with this conclusion of the researchers.
First, there is a clear decrease in the concentration of
alkalis in the coke samples from top to bottom, which
can be explained by a decrease in the temperature of
cast iron and MCM with distance from the heat
generation horizon on the air nozzles and the
consumption of alkalis for interaction with transitional
slag in the pores of coke.
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Castiron
pipe Castiron

Fig. 6. Diagram of the structure of a low-mobility coke mass in the sump of a Chinese blast furnace with a
volume of 4350 m?3 with an index of locations (S1-S4) for coke sampling (a) and binary images of coke
samples (a—d) with the morphology of these samples corresponding to locations S1-S4 (e—h) according to [9]
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of 4350 m3, constructed based on data from [9]
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Table 3 - Chemical composition of coke samples taken from the nozzle below the level of cast iron taps

according to [9]

Location of | Contents, %

sample C Al2O3 SiO> MgO CaO CaS

S1 50.88 6.98 17.99 2.59 17.98 2.36

S2 37.22 9.53 18.79 2.81 18.12 12.61

S3 50.14 8.10 15.83 2.81 17.79 4.67

S4 36.05 10.60 19.71 3.76 24.26 5.11

Continuation of Table 3

Location of | Contents, %

sample K20 Na20 K20+Na20 ZnO Ca0/SiO: Ca0 + Mg0
Sio,

S1 0.82 0.34 1.16 0.06 1.00 1.14

S2 0.58 0.29 0.87 0.05 0.96 1.11

S3 0.44 0.20 0.64 0.02 1.12 1.30

S4 0.25 0.23 0.48 0.03 1.23 1.42

The first factor that slowed down the reduction in
coke pieces was a gradual decrease in the alkali
content in coke samples from 1.16% to 0.48%, i.e., by
2.4 times. The second factor was the active adhesion
of CaS to the surface of coke due to the desulfurization
reaction of CaO metal in blast furnace slag, which is
captured by coke when it is above the cast iron tuyere.
Due to the action of the above factors, the reduction in
the average size of the coke piece and its porosity at a
distance of 1.8-3.0 m below the coke nozzle was only
6.1% and 3.4% (relative), respectively.

Given the process of absorption of blast furnace
slag by coke pores, it became possible to evaluate the
composition of coke together with transition slag in
pores using known basicity indices. This leads to the
second difference in the chemical composition of coke
samples, which is a significant increase in basicity at
horizons S3 and S4 compared to S1 and S2. This
indicates that, despite the relatively low temperatures

in the sump at horizons S3 and S4, silicon was
recovered from the transition slag, which reduced the
silica content and increased the basicity. The
possibility of silicon recovery in the sump of DP No. 1
of the Hirohata plant (Japan) with a volume of only
1407 m® was noted in [13].

As shown in Fig. 8, the mineral layer at the interface
between cast iron and coke was in direct contact. Due
to the presence of coke pores (Fig. 8, b), coke
continuously adsorbed blast furnace slag, which
interacted with coke ash. After contact with molten cast
iron, calcium in the newly formed slag reacts with cast
iron sulfur: CaO + Sy + Cx = CaS + CO. Since the
melting point of CaS is about 2673 K, the authors [9]
claim that the slag phase adheres to the interface
between coke and molten iron as a highly viscous
mineral. This conclusion was made based on the fact
that minerals were present both at the interface and in
the iron.

ib

Fig. 8. Interface between coke and cast iron (a) and slag phase in coke pores (b) in micrographs of varying
magnification, presented in [9]

Considering the use of coke carbon in the
desulfurization and SiO2 reduction reactions, it should
be emphasized that the data presented here contradict
the conclusions of [9], which states that coke
consumption in the sump is only for metal
carbonization. The pore content in the coke sample
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from location S1 is shown in Fig. 8, b. The pores
contained perfectly spherical and massive phases
containing potassium and represented by Ca2Al:SiOy,
and the massive phases were represented by the final
slag of the blast furnace. Since the upper coke was
closer to the cast iron tuyere and to the layer of blast



furnace slag containing alkalis, the alkaline elements
were deposited in the pores of the coke of horizons S1
and S2. Due to this, the catalytic effect of alkalis on the
coke graphitization process was manifested precisely
at these horizons (Table 4). As the coke gradually
descended into the hearth, the alkali content and their
effect decreased, and the catalytic effect of iron in the

ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)

Teopisi i npakmuka memanypeii, 2025, Ne 4
Theory and Practice of Metallurgy, 2025, No. 4

molten iron increased to a certain limit S3. The authors
[9] suggest that at the S4 horizon, the heavily
graphitized surface of the coke was washed away by
the upper molten iron, and as a result of the
temperature decrease near the hearth, the degree of
coke graphitization decreased.

Table 4 - Structural parameters of coke samples from coke oven feedstock compared

with coke from other furnace horizons according to [9]

Average carbon stacking | Number of nefs,
Sample height Nave
Lc, nm
S1 72.10 214
S2 79.96 238
S3 83.25 248
S4 53.13 158
skip coke 2.31 7
coke from the cohesive zone 4.59 13
coke from the furnace area 6.82 20

Based on the above, it is possible to present the
processes occurring with the coke mass in the sump in
the following sequence:

1) in locations S1 and S2, due to the preliminary
capture of blast furnace slag and alkalis by coke pores
at the horizon of cast iron troughs, the catalytic effect
of alkalis on the formation of alkali-containing
compounds and the formation of transitional slag with
blast furnace dissolution of coke ash is enhanced.

2) in locations S2-S4, CaO of the transition slag at
the coke-metal boundary desulfurizes the metal

CaO + [S] + Ck= CaS + CO - 47.594 MJ;

3) in locations S3 and S4, SiO:2 is reduced from
transition slag

SiO2 + 2Ck = [Si] + 2CO - 635.096 MJ;

4) in locations S3 and S4, the catalytic effect of Fe
on coke graphitization is enhanced due to a decrease
in coke piece size and an increase in MCM porosity,
while the catalytic effect of alkalis is significantly
weakened due to their consumption in locations S1
and S2;

5) washing away the graphite layer from coke
pieces in location S4 enhances the catalytic effect of
Fe on further coke graphitization on the one hand and
cast iron carbonization on the other 3Fe + Ck = FesC.

The interaction of these processes ultimately leads
to continuous graphitization and crushing of coke with
complete depletion of the lower part of the low-mobility
coke mass in the blast furnace sump. According to the
presented sequence of processes, it is shown that
there is not one process of coke consumption in the
sump, as stated in [9], but three. To sum up, it should
be noted that the factors determining the degree of
coke graphitization below the horizon of cast iron
troughs are the increased alkali content in the upper
part of the sump, the catalytic effect of iron in the cast
iron melt in its lower part, and the temperature
distribution along the height of the under-trough space.

It should be noted separately that, despite all the
positive aspects of labor-intensive and research
methodology [9], the lack of data on the composition of
cast iron of selected cores reduces the value of the
data obtained.

Duration of operation of a low-mobility coke mass.
During normal operation of a blast furnace, the process
of feeding the MCM and consumption continues
uninterrupted. However, thanks to the results of
research [1], it is possible to roughly estimate the
hidden impact of MCM changes on coke consumption
and blast furnace productivity. According to [1], we
assume that one “cycle” of MCM change (the time it
takes for marked coke to get from loading to the clamp)
is 11 days. There will be 32 such revolutions per year.
We assume the volume of MCM for the blast furnace
to be 5000 m3, which is 27.8% of the useful volume, by
analogy with blast furnace No. 1 in Hirohata, calculated
by us (see Table 4). Then the volume of MCM DP 5000
m?3 will be 1390 m3 with a mass of 695 t. With 32 MCM
changes per year, the total coke consumption will be
22,240 tons, from which, with a specific coke
consumption of 380 kg/ton with coal dust injection,
58,526 tons of pig iron can be obtained.

With a daily production of 9,500 tons of pig iron, the
annual output will be 3,372,500 tons, which will require
1,281,550 tons of coke. With these figures, the
percentage of coke consumption for the gradual
replacement of the MCM will be 1.74%. Given the
accepted scale of production, this does not seem like
very much, but the consumption of 22,400 tons of coke
per year is not insignificant, considering today's
realities. Therefore, work on a possible extension of
the service life of the MCM makes sense, but research
in this area is only just beginning, given its labor
intensity and complexity.
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Conclusions

(1) The question was raised about the
appropriateness of using the archaic term “tooterman”
in relation to the low-mobility coke mass (LMC) in the
working space of the lower part of blast furnaces,
without which the blast furnace process is impossible.
The functional purposes of characteristic zones of the
LMA and the correspondence of the characteristics
(properties) of coke to the implementation of these
functions were formulated.

(2) The superheater part of the LMA performs a
feeding function, the implementation of which forms
the coke mass in a state that meets the requirements
of the technology. An important function of this part is
also the preliminary (above the air blast horizon)
heating of coke to ensure the completion of blast
furnace smelting processes. A comparison of the
structure of the MCM of two Japanese blast furnaces
cooled during operation shows that operation at
reduced smelting intensity leads to the degeneration of
the stable central zone of low-mobility materials above
the air blast horizon, which changes the conditions for
preliminary heating of coke and the uniformity of its
supply to the lower parts of the MCM. It is emphasized
that continuous normal operation of powerful blast
furnaces without an active feeding part of the MCM is
impossible.

(3) The functional purpose of the middle part of the
MCM, located between the horizons of the tuyeres and
the nozzles (conditionally the working area), is to
provide conditions for the formation of final cast iron
and slag compositions, as well as the separation and
accumulation of melts. The preferred option is to
operate the furnace using high-quality coke, which

should preserve the strength, size, and porosity of the
coke in the MCM as much as possible. At the same
time, the carbon in the coke must be freely consumed
in the necessary metallurgical reactions for the
reduction of iron oxides and impurities, carbonization,
and desulfurization of the metal. The example of a
5800 m3 blast furnace manufactured by SG (China)
shows that the balance between the conflicting
requirements for the physical and chemical properties
of coke is maintained thanks to two processes that are
beneficial for the working zone of the MCM. These are
the positive effect of the “washing away” effect of melts
on the strength of coke in the peripheral zone of the
MCM and the slagging of coke pores in the chemically
unloaded central zone of the MCM.

(4) The lower part of the low-mobility coke mass,
which is located below the air blast horizon and
immersed in molten cast iron, is functionally
designated as the zone of gradual MCM depletion.
Referring to the results of the study of the state of coke
in this part and the known theoretical principles of the
blast furnace process, the sequence of processes
affecting the rate of MCM consumption has been
formulated. In the order of these processes shifting
downwards towards the clinker, these are: the capture
of blast furnace slag and alkalis by the pores of the
coke above and at the level of the cast iron trough; the
desulfurization of the metal CaO of the transition slag
and the restoration of SiO2 at the coke-metal boundary
and the carburization of cast iron. The latter process
can be useful when using carbonaceous clinker. All of
the above processes are accompanied by active
graphitization of coke, which can be partially slowed
down by reducing the supply of alkalis to the furnace.
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Abstract. The article presents the results of the development and implementation of computer programs for calculating
the specific consumption of charge components in order to obtain sinter and pellets of a given chemical composition. The
proposed calculation system takes into account the complete chemical compositions of all charge components, the degree
of solid fuel burnout, removal of calcination losses and the required basicity of the product. The programs were tested in
production conditions, which showed a significant increase in the accuracy of determining the chemical composition of
sinter and pellets and a reduction in discrepancies between calculated and actual data. The results obtained confirm the
effectiveness of using the proposed software in the production of agglomerated blast furnace raw materials. Research
objective: increasing the accuracy of the chemical composition of the resulting product by improving the program for
calculating charges for the production of sinter and pellets. The subject of the study is the methodology and algorithms
for determining the optimal composition of the charge for the production of sinter and pellets, based on a complete chem-
ical analysis of the components, technological parameters of sintering and mathematical modeling of the material balance.
The object of the study is the technological process of preparing and processing a charge of iron ore raw materials,
including ore components, fluxes and solid fuel, in order to obtain iron ore products of a given chemical composition.
Research materials: the work used chemical analyses of iron-containing materials, fluxes and solid fuel, presented in the
form of complete oxide compositions. For each group of materials, weighted average chemical compositions were deter-
mined according to their specific consumption. Research results: the developed software allows you to determine the
specific consumption of charge materials, taking into account their humidity and losses during technological processing.
The obtained data show that the proposed program is an effective tool for stabilizing the chemical composition of sinter
and pellets. Scientific novelty: a complex algorithm for calculating the charge has been developed, which simultaneously
takes into account the full chemical compositions of all components (ore, fluxes, solid fuel), the degree of carbon burnout,
removal of losses during calcination and various basicity options. The use of a complete chemical analysis of the charge
in the calculations allows to significantly reduce the discrepancy between the calculated and actual iron content in the
sinter and improve the accuracy of the blast furnace production balance. Practical significance: the developed software
can be directly implemented in sinter plants and in the production of pellets, ensuring high-precision calculation of the
charge in real production conditions. Reducing the discrepancies between the calculated and actual chemical composition
of the sinter increases the stability of the quality of the agglomerated raw material, which has a positive effect on the
operation of blast furnaces. Optimization of the specific consumption of ore components, fluxes and solid fuel allows you
to reduce material overspending and ensures the rational use of resources. Conclusions. A program has been developed
for calculating the specific consumption of charge components for the production of agglomerated raw materials (sinter
and pellets) for blast furnace smelting, which allows you to calculate the chemical composition of the finished product from
a wide range of charge components with high accuracy (viscosity less than 0.05%). The calculation is carried out with an
accuracy of up to the fourth decimal place. The calculation was tested in sinter and pellet production shops and showed
a significant increase in the accuracy of the chemical composition of the resulting product compared to those used at
enterprises.

Keywords: agglomerate, pellets, charge, chemical composition, material balance, basicity, solid fuel, fluxes, charge cal-
culation, iron ore raw material.

AHomauis. Y cmammi npedcmasrneHi pe3ysibmamu po3pobku ma ernposadKeHHs KOMIM'tomepHUX rpozpam Oris po-
3paxyHKy numomMoi eumpamu KOMIOHEeHMI8 Wuxmu 3 MEemor ompumMaHHs azrioMmepamy ma okamuuwie 3a0aHo2o XiMmiy-
Hoeo cknady. 3arnporoHosaHa cucmema pPo3paxyHKy epaxoeye MoeHul XiMiyHul ckmad ycix KOMIOHEeHmie wuxmu,
cmyniHb 8U20psIHHS Meepd020 rnanuea, yCyHeHHs smpam fpu fnpoKantosaHHi ma HeobxiOHy ocHogHicmb npodykmy. [1po-
epamu 6ynu eunpobysaHi y 8UPOBGHUYUX YMOBaxX, W0 MoKa3ao 3HayHe Mid8uUEHHsT MOYHOCMI 8U3HAYEHHSI XiMiYHO20
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cknady azriomepamy ma oKkamuuwige ma 3MeHWeHHS1 po3bixHocmel MiX po3paxyHKO8UMU ma akmuyHUMU OaHUMU.
Ompumati pe3dynbmamu nidmeepdxyoms egheKmueHiCmb 8UKOPUCMAaHHS 3arnporoHo8aHo20 rpoepamMHoeo 3abesne-
YeHHs1 y 8UpObHUUMEI 3ar1i3opydHOi GoMeHHOI cuposuHU. Mema docnidxeHHs: Nid8UUEHHS MOYHOCMI 8USHAYEHHSI XiMid-
HO20 CK/1aldy ompuMaHO20 POOyKMy WilsiXoM yOOCKOHaeHHs rpogpamu po3paxyHKy wuxmu 055 eupobHuymea aarno-
mepamy ma okamuuwig. [Tpedmemom OocriOxeHHs € Memodorioeis ma anzopummu 8U3HaYeHHs ONMUMarnbHO20 CKady
wuxmu Ons supobHUYymMea asriomepamy ma okamuuwie, w0 6a3yombscsi Ha MOBHOMY XiMIYHOMY aHarli3i KOMIOHeHMmis,
MeXHO/02iYHUX Mapamempax CriKkaHHs ma Mamemamu4yHOMy MoOerto8aHHi MamepianbHoeo banaHcy. Ob6'ekmom do-
CrliGXeHHs1 € mexHoroaiYHUl rpoyec nideomoeKku ma nepepobku wuxmu 3asi3opyOHOI CUPOBUHU, W0 8KITo4ae pyOoHi
KOMMoHeHmu, ¢hitocu ma meepde nanueo, 3 MEMOK OMPUMaHHS 3ai3opyOHoI Mpodykuii 3adaHo20 XiMiyHO20 cknady.
Mamepianu docnidxeHHs: y pobomi aukopucmaHo XiMidHi aHaniau 3anizoeMicHUX Mamepiarie, ¢brirocie ma meepdo2o
nanuea, npedcmassneHux y 8uansadi MoeHUX oKCUGHUX cknadie. sl KoxXHOI epynu Mmamepiarie 8usHa4eHO cepedHbo38a-
JKeHi XimivHi cknadu 8idrnosidHo Ao ix numomoi sumpamu. Pe3ynbmamu docioxeHHs: po3pobrieHe npoepamHe 3abeasrie-
yeHHs1 00380115iE 8U3HaYamu nNumMoMy gumpamy Wuxmosux Mamepiarie 3 ypaxysaHHsIM ix 801020cmi ma empam nid Jac
mexHosnozaiyHoi 06pobku. OmpumaHi daHi mokasyrms, WO 3anporioHogaHa rpoepama € eqeKkmueHUM iHCMPYMEHMOM
Ons cmabinizayii ximiyHo20 cknady asriomepamy ma okamuwis. Haykoea Hosu3Ha: po3pobrIEHO KOMIMIEKCHUU anego-
pumm po3paxyHKy Wuxmu, siKuli 0OHo4YacHo 8paxosye nosHul XiMidHul ckrnad ycix KomrnoHeHmig (pyda, ¢ritocu, meepoe
rnanueo), cmyriHb 8U20PSIHHS 8yalleUo, yCyHeHHs empam i Yac MpoKane8aHHs ma pisHi napamempu OCHO8HOCMII.
BukopucmaHHs1 Mo8HO20 XiMiYHO20 aHanidy Wuxmu 8 pospaxyHkax 00380/15€ 3Ha4YHO 3MEHWUMU PO3BKHICMb MiX pO-
3paxyHKos8UM ma hakmu4yHUM 8MiCmMOoM 3arliza 8 aznomepauii ma nidguuumu moyHicms 8UpobHU4020 banaHcy OOMeH-
Hoi neyi. [MpakmuyHe 3Ha4YeHHs: po3pobrieHe npozpamHe 3abesneqyeHHs Moxe bymu 6e3nocepedHbo 8rposadXeHo Ha
aenomepauyitiHux ¢pabpukax ma y supobHuuymei okamuuwig, 3abe3rneyyoyu 8UCOKOMOYHUU PO3paxyHOK WUXmu 8 pearsib-
HUX 8UPOBHUYUX yMO8axX. SMEHWEeHHS po3bixxHocmel MiX po3paxyHKo8UM ma ¢hakmuyHUM XiMiYHUM cKriadoMm azrome-
pauii nidsuwye cmabinbHicme KOCmi a2romMepos8aHol CUPOBUHU, WO MO3UMUBHO 8riugae Ha pobomy GoMeHHUX revedl.
Onmumisauyis numomoi sumpamu pyOHUX KOMIIOHeHMmis, ¢hrocie ma meepdoeo nanuea 003680719€ 3MEHWUMU nepesum-
pam mamepiarnie ma 3abesrnedyye pauioHasibHe 8UKOpUCMaHHs pecypcie. BucHoeku. Po3pobrnieHo npozpamy Onsi po-
3paxyHKy Mumomoi eumpamu KOMMOHeHMI8 Wuxmu Ha 8upobHUUMEOo 3ay30pyOHOI CUPOBUHU (a2roMepamy ma oKa-
muuwig) 05151 OMeHHOI rnasku, sika 00360715i€ po3paxosysamu XiMidHUl ckiiad 20moeoi NPodyKUii' 3 WUPOKO20 criekmpy
KOMIMOHEHMI8 Wuxmu 3 8UCOKO moyHicmio (8'a3kicmb meHwe 0,05 %). Po3paxyHoK npogedeHo 3 moyHicmio 00 yem-
8epmo20o 3Haka nicrisi Komu. Po3paxyHok 6yro anpobosaHo 8 asromMepauyiliHuX yexax ma yexax 3 eupobHuymea oka-
muuwig i nokazaHo 3HayHe MiG8UUWEHHSI MOYHOCMI XiMiYHO20 cKrnady ompumaHo20 rPodyKmy MOPIGHSIHO 3 MUMU, WO
8UKOpUCMO8YOMbCS Ha nidnpuemcmeax.

Knroyoei cnoea: azrnomepam, okamuuwi, wuxma, XimidHuli ckrnad, mamepianbHul 6anaHc, 0CHO8Hicmb, meepde nasnueo,

¢brirocu, po3paxyHoK Wuxmu, 3anizopydHa cuposuHa.

Introduction

The stability and controllability of the chemical com-
position of sinter and pellets is a key condition for the
highly productive and energy-efficient operation of
blast furnaces. Fluctuations in the content of the main
components of the charge negatively affect the gas-
dynamic mode of smelting, fuel consumption, and the
quality of pig iron.

Traditional methods of calculating charge, used at
many enterprises, do not take into account the com-
plete chemical composition of charge materials, the
degree of carbon burnout, desulfurization and basicity
parameters, which leads to significant deviations of ac-
tual indicators from calculated ones.

In view of the above, there is a need to improve en-
gineering calculation tools by creating software for cal-
culating the specific consumption of charge compo-
nents for the production of sinter and pellets for blast
furnace smelting, which allow the chemical composi-
tion of the finished product to be determined with high
accuracy from a wide range of charge components.

Analysis of literary data and problem statement

The iron ore sintering process remains a corner-
stone of the blast furnace ironmaking industry, serving
as a critical step for utilizing ore fines and introducing
flux into the burden. As noted in [1], sintering improves
furnace productivity by agglomerating fines, a process
that shares similarities across iron, manganese, and
chromite ores despite varying temperature require-
ments. Majumder and Ray [2] further elaborate on the
fundamental bonding principles and the complex
chemical and thermal reactions that convert fine
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particles into agglomerates, emphasizing the impact of
temperature, moisture, and chemical constituents on
the final product. However, the inherent complexity,
nonlinearity, and time-lag characteristics of sintering
described in these fundamental texts have necessi-
tated a shift towards advanced computational methods
for process control.

In response to these complexities, recent literature
highlights a significant transition towards Industry 4.0
technologies, specifically deep learning and data-
driven modeling. Gong et al. [3] provide a comprehen-
sive review of deep learning applications in sintering,
noting that while the field is still in an exploratory stage,
models for prediction and optimization are rapidly
emerging. Similarly, Yan et al. [4] discuss the status of
data-driven modeling, categorizing current research
into parameter prediction, control, and optimization,
while identifying deep learning as a key future direc-
tion. Building on these concepts, Liu et al. [5] present
a "whole process intelligent manufacturing system"
that integrates multiple models — including batch opti-
mization and permeability prediction — to provide real-
time decision support and fault tracing, thereby en-
hancing production efficiency.

A major focus of intelligent sintering is the precise
control of sinter quality, particularly the FeO content
and thermal state. Zhang et al. [6] analyze the difficul-
ties in predicting FeO content due to process lags and
review the evolution of prediction technologies. Ad-
dressing these challenges, Yang et al. [7] introduce a
GRU-PLS model (Gated Recurrent Unit with Partial
Least Squares), which captures deep inner structures
of latent variables to predict FeO with significantly



lower error rates than traditional RNNs. Furthermore,
Xiong et al. [8] propose a hybrid CNN-LSTM neural
network that utilizes thermal imaging to monitor the sin-
tering machine tail. This system effectively handles
high noise and dust environments to predict quality in-
dicators like underburning and FeO content, demon-
strating tangible improvements in solid fuel consump-
tion.

Beyond quality prediction, machine learning is ex-
tensively applied to raw material blending and produc-
tivity forecasting. Li et al. [9] explore intelligent ore
blending models using genetic algorithms and particle
swarm optimization to address the variability of im-
ported iron ore and domestic resource constraints.
Complementing this, Sun et al. [10] utilize a random
forest model optimized by genetic algorithms to predict
basic high-temperature properties, such as assimila-
tion temperature and liquid phase fluidity, offering high
accuracy for on-site ore blending. Regarding machine
productivity, Mallick et al. [11] employ Artificial Neural
Networks (ANN) to analyze the impact of constituents,
finding that SiO2 and Fe content positively influence
productivity, while MgO and CaO can have detrimental
effects.

Finally, environmental sustainability and energy ef-
ficiency are critical drivers for algorithmic innovation in
sintering. Wang et al. [12] successfully apply a Naive
Bayes classification algorithm combined with regres-
sion models to predict NOx emissions with over 96%
accuracy, allowing for proactive adjustments to denitri-
fication processes. In terms of energy efficiency, Chen
et al. [13] and Huang et al. [14] develop modeling
methods utilizing Back-Propagation Neural Networks
(BPNN) and K-means clustering to identify operating
modes and optimize the Comprehensive Carbon Ratio
(CCR). These approaches frame carbon reduction as
a two-step optimization problem, successfully reducing
energy consumption and emissions in practical appli-
cations. Collectively, these studies illustrate that the in-
tegration of hybrid neural networks and evolutionary al-
gorithms is essential for modernizing the sintering pro-
cess.

To ensure high-performance operation of blast fur-
naces with minimal specific energy consumption and
smelting of high-quality cast iron, high-quality lumped
iron ore raw materials (sinter and pellets) with minimal
fluctuations in chemical composition, size and metal-
lurgical characteristics are necessary. These proper-
ties can be achieved by using carefully averaged
charge components in the warehouse, dosing each of
them with automatic weighing dispensers with the re-
quired accuracy, in calculated ratios and specified
technological parameters [15].

The calculations used in the sinter and pellet pro-
duction shops of domestic metallurgical and mining
and processing plants do not use the full chemical
compositions of the charge components, the degree of
combustion of solid fuel in the charge, the provision of
a given amount of certain elements in the finished
product, etc. For example, at sinter plant No. 3 of the
sinter department of PJSC "ArcelorMittal Kryvyi Rih",
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the calculation of the sinter charge is performed using
modern computing equipment, but an abbreviated
method is used (it is not difficult to make these calcu-
lations manually), which takes into account the content
of only Fe, SiO2 and CaO in the starting materials. In
this regard, it is not surprising that when conducting an
audit by the company's quality director, the iron content
in the finished sinter most often differs from the calcu-
lated one by 1.5-2.0%, and the iron balance in blast
furnace shop No. 1, with a norm of 980-995 kg/t of iron
in different years, most often amounts to 1009-1015
kglt of iron, and in some months it reaches 1028 kg/t
of iron.

Purpose and objectives of research

The purpose of the study is to increase the accu-
racy of the chemical composition of agglomerate and
pellets by improving the program for calculating the
charges for their production.

To achieve the goal, the following tasks were de-
fined: to analyze the shortcomings and limitations of
existing methods for calculating charges for the pro-
duction of sinter and pellets used at domestic metallur-
gical enterprises; to develop software that takes into
account the full chemical compositions of all charge
components, the degree of solid fuel burnout, desulfu-
rization and other technological parameters; to create
algorithms for calculating the specific consumption of
components in a dry and wet state, taking into account
production losses; to develop a method for determining
the full chemical composition of sinter and pellets,
which allows obtaining a product with specified char-
acteristics and minimal material balance viscosity.

Materials and research methods

The work used chemical analyses of iron-contain-
ing materials, fluxes and solid fuels, presented in the
form of complete oxide compositions. For each group
of materials, weighted average chemical compositions
were determined according to their specific consump-
tion. The algorithm uses a system of material balance
equations and approximate adjustment to achieve a
minimum residual.

Research results

The Department of Metallurgical Technologies of
the SUET has developed programs for calculating the
specific consumption of charge components for the
production of sinter and pellets and their specified
complete chemical composition. The calculation is car-
ried out to obtain 1000 kg of sintered (sinter) or cal-
cined (pellets) product. As the initial components of the
charge for the production of sinter or pellets, 13 types
of iron-containing components, 8 types of fluxes and 5
types of solid fuel can be specified (Table 1). The spe-
cific consumption of each of the used charge compo-
nents can be specified either in absolute figures in the
initial wet state (kg/t of sintered sinter or calcined pel-
lets), or in percentage terms among themselves in the
dry mass of each type of starting materials.
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Table 1. Prescribed ratio of charge components

M . Specified specific . Specific  con- | Mechani- | Specific consump- | Ratio (ndc)

Ne ater- | Consumption of wet Initial hu- sumption of d cal tion of dry without | of dry com-
als P midity, % Imp Y i v

components, kg/t ’ with losses, kg/t | losses, % | losses, kg/t ponents, %

1 2 3 4 5 6 7 8

Iron-containing:

1 Ore 1 86,283 53 81,969 3,6 79,018 8,68

2 Ore 2 467,873 9,1 425,764 3,6 410,437 45,06

3 Ore 3 78,415 20,2 62,732 2,1 61,478 6,75

4 Ore 4 4,801 25,1 3,601 3,6 3,471 0,38

5 Ore 5 274,799 3,1 266,280 52 252,966 27,77

6 Ore 6 30,132 11,2 26,818 3,6 25,852 2,84

7 Ore 7 54,633 2,3 53,540 3,6 51,613 5,67

8 Ore 8 8,837 11,2 7,865 3,6 7,582 0,83

Flux:

1 Flux 1 21,225 4.3 21,225 2,1 20,800 18,34

2 Flux 2 31,698 4.1 30,430 2,1 29,821 26,29

3 Flux 3 12,623 4,5 12,055 1,3 11,934 10,52

4 Flux 4 55,786 4.1 53,554 52 50,877 44 .85

Solid fuel:

1 Fuel 1 34,714 11,5 30,722 3,6 29,616 65,50

2 Fuel 2 40,304 59,85 16,182 3,6 15,599 34,50

In addition, the following parameters are set, which
must be maintained to obtain the specified chemical
compositions of the sinter or pellets (Table 2): a speci-
fied specific carbon consumption from solid fuel, the
degree of burnout of this carbon during the sintering of
the sinter or pellet firing process, the FeO content in
the finished sinter or pellets, the degree of

Table 2. Preset parameters of the finished product

desulfurization of the charge and the degree of re-
moval of losses on calcination (RLC) from the charge.
In addition, the absolute value of the required basicity
of the sinter or pellets is set, which is calculated ac-
cording to one of the three required options: No. 1 —
CaO + MgO / SiO2 + Al203; No. 2 — CaO + MgO / SiO;
No. 3 — CaO / SiOs..

Parameter name Dimension Parameter value
Calculated product mass kg 1000
Specific carbon consumption kglt 43,0
Calculated specific carbon consumption kg/t 45,15
FeO content in the sinter % 14,0
Degree of charge desulfurization % 70,0
Degree of carbon burnout % 95,0
Degree of RLC removal % 95,8
Residual carbon content (C) in the sinter % 0,23
Basicity of the agglomerate unit 1,15
Choosing a basicity calculation option* 1+3

* Basicity options: 1 — CaO+MgO / SiO2+Al203; 2 — CaO+MgO / SiO2; 3 — CaO / SiO2

The full chemical compositions of all components of
the charge are given (Table 3), and the sum of all ox-
ides in each analysis must be brought to 100%, other-
wise the program will not accept such an analysis. In
addition to the oxides indicated in the table, the pro-
gram provides the ability to calculate the charge when
the charge components contain such oxides as MnOz,
Mn203, Mn3Oa, TiO2, V205, Cr203, NiO, Naz0O. These
oxides were not included in the tables given due to a
significant increase in their volume.

The chemical composition of solid fuel is analyzed
by two indicators: the total chemical composition of ash
and the technical analysis of solid fuel (Tables 3 and
4). Based on these two indicators, the program calcu-
lates the total chemical composition of solid fuel (Table
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5).

To reduce the number of unknowns, and accord-
ingly the number of equations, the program calculates
the weighted average chemical compositions of the
ore, flux and fuel parts of the charge (Tables 6, 7 and
8), after which it solves a system of equations, which
includes material balance equations or basicity equa-
tions to determine the specific consumption of all
charge components in the dry mass for the production
of agglomerate or pellets. Then the specified compo-
nent consumptions are converted, taking into account
irreversible losses in production and moisture content
in the starting materials, to the specific consumption of
each material in the initial wet state.
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Table 3. Chemical composition of the charge components, %

Ne | Materials | ndc, % Fetotal Mniotal P Stotal FeO Fe203 SiO2 AlO3
1 2 3 4 5 6 7 8 9 10 11
Iron-containing:

1 Ore 1 8,68 56,0 0,0349 | 0,0601 1,56 78,3315 11,5 2,5

2 Ore 2 45,06 65,3 1,3041 0,021 0,0445 | 27,1 63,2442 6,1 0,4

3 Ore 3 6,75 39,3 0,4027 0,013 0,0525 7,36 48,0091 55 1,4

4 Ore 4 0,38 39,3 1,4007 0,057 0,0185 | 8,2 47,0755 9,2 1,4

5 Ore 5 27,77 53,4 0,3098 0,032 0,0525 | 8,5 66,3295 9,4 1,3

6 Ore 6 2,84 341 2,5094 0,028 0,0185 10,1 37,6405 10,1 3,6

7 Ore 7 5,67 72,2 0,5808 0,042 0,0525 | 58,3 38,4827 0,9 0,3

8 Ore 8 0,83 3,9 26,8738 0,073 0,0185 | — 5,64 26,3 0,3
Flux:

1 Flux 1 18,34 0,543 0,015 0,043 0,032 0,31 0,54 2,12 0,38
2 Flux 2 26,29 32,21 2,8655 0,178 1,38 0,53 45,81 16,3 2,5

3 Flux 3 10,52 0,32 0,008 0,054 0,021 0,18 0,28 1,89 0,24
4 Flux 4 44,85 0,43 0,011 0,019 0,024 0,23 0,34 2,5 0,41
Solid fuel ash:

1 Fuel 1 65,50 19,299 | 0,9681 0,23 1,14 - 27,5925 39,41 | 23,7
2 Fuel 2 34,50 8,12 1,1477 0,19 0,13 — 11,6095 4342 | 15,78

Continuation of table 3

Ne Materials | CaO MgO | MnO | P20s | SO3 Sother C: Other RLC Oxides
12 13 14 15 16 17 18 19 20 21 22 23
Iron-containing:

1 Ore 1 0,35 0,2 0,64 0,08 0,045 | 0,020 3,638 1,72 100
2 Ore 2 0,35 0,2 0,052 | 0,048 | 0,270 | 0,045 0,409 0,2 100
3 Ore 3 15,4 4,7 0,52 0,031 | 0,072 | 0,053 9,1 7,578 0,48 100
4 Ore 4 12,0 4,7 0,91 0,130 | 0,161 | 0,019 44 11,19 0,1 100
5 Ore 5 10,8 1,3 0,4 0,073 | 0,073 | 0,053 0,5 0,938 0,48 100
6 Ore 6 9,8 0,8 0,45 0,064 | 0,091 | 0,019 23,5 1,091 0,1 100
7 Ore 7 0,33 0,6 0,75 0,096 | 0,084 | 0,053 0,705 0,48 100
8 Ore 8 7,7 1,8 34,7 0,167 | 0,110 | 0,019 29,08 0,1 100
Flux:

1 Flux 1 80,06 | 6,3 0,21 0,32 0,08 0,300 10,9 100
2 Flux 2 2495 | 45 3,7 0,36 3,45 0,093 1,38 100
3 Flux 3 52,86 | 2,7 0,01 0,24 0,05 0,880 42,12 | 100
4 Flux 4 41,5 10,3 0,07 0,03 0,06 9,410 43,95 | 100
Solid fuel ash:

1 Fuel 1 3,45 1,34 1,25 0,47 2,28 3,258 100
2 Fuel 2 8,82 3,15 1,482 | 0,39 0,32 15,73 100

Table 4. Technical analysis of solid fuel, %

Ne Materials Ash (Ac) Stotal Cr Volatile Total
1 Fuel 1 15,56 1,93 80,42 2,09 100
2 Fuel 2 15,82 0,37 57,3 26,68 100

Table 5. Chemical composition of solid fuel, %

Ne | Materials Fetotal Mniotal P Stotal Fe203 | SiO2 Al203 CaO MgO
1 Fuel 1 3,0029 | 0,1506 | 0,0286 | 1,9300 | 4,2934 | 6,1322 | 3,6877 | 0,5368 | 0,2085
2 Fuel 2 1,2846 | 0,1816 | 0,0255 | 0,3684 | 1,8366 | 6,8690 | 2,4964 | 1,3953 | 0,4983

Continuation of table 5

Ne Materials MnO P20s SOs3 Sother Cr Other RLS Oxides
1 Fuel 1 0,1945 | 0,0655 | 0,3561 1,9286 | 80,4200 0,5069 2,0900 100
2 Fuel 2 0,2345 | 0,0583 | 0,3962 | 0,2100 | 57,3000 2,4898 26,680 100

73



ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)

Teopisi i npakmuka memanypeii, 2025, Ne 4
Theory and Practice of Metallurgy, 2025, No. 4

Table 6. Weighted average chemical composition of the iron-containing mixture, %
Ne Materials Nac, %o Fetotal Mniotal P Stotal FeO Fe203
1 Ore 1 8,68 4,8585 0,2528 0,0030 0,0031 0,1353 6,7959
2 Ore 2 45,06 29,4270 0,5877 0,0096 0,0201 12,2124 28,5006
3 Ore 3 6,75 2,6528 0,0272 0,0118 0,0035 0,4968 3,2406
4 Ore 4 0,38 0,1498 0,0053 0,0003 0,0001 0,0313 0,1794
5 Ore 5 27,77 14,7206 0,0860 0,0319 0,0146 2,3609 18,4228
6 Ore 6 2,84 0,9679 0,0712 0,0279 0,0005 0,2838 1,0684
7 Ore 7 5,67 4,0802 0,0329 0,0419 0,0030 3,2868 2,1808
8 Ore 8 0,83 0,0329 0,0924 0,0729 0,0002 0,0469
Iron-containing mixture 100 58,0765 1,0458 0,0030 0,0482 18,9557 61,9675
Continuation of table 6
Ne Materials SiO2 Al2O3 CaO MgO MnO MnO2 Mn203
1 Ore 1 0,9977 0,2169 0,0304 0,0174 0,3264
2 Ore 2 2,7039 0,1803 0,1577 0,0901 0,0234
3 Ore 3 0,3713 0,0945 1,0395 0,3173 0,0351
4 Ore 4 0,0343 0,0053 0,0457 0,0179 0,0035 0,0038
5 Ore 5 2,6108 0,3611 2,9997 0,3611 0,111
6 Ore 6 0,2838 0,1022 0,2782 0,0227 0,0128
7 Ore 7 0,0510 0,0170 0,0187 0,0136 0,0425
8 Ore 8 0,2189 0,0025 0,0641 0,0150 0,2889 0,9013
Iron-containing mixture 7,3060 0,9858 4,7247 0,8414 0,5324 0,9013 0,0038
Continuation of table 6
Ne Materials Mn304 P20s SOs Sother Cr Other RLS Oxides
1 Ore 1 0,0054 0,0023 0,0017 0,3157 0,1492 8,6758
2 Ore 2 0.0022 0,1217 0,0201 0,1845 | 0,0901 45,0643
3 Ore 3 0,0027 0,0062 0,0035 0,6075 0,5115 0,0324 6,7500
4 Ore 4 0,0005 0,0006 0,0001 0,0168 0,0427 | 0,0004 0,3811
5 Ore 5 0,0203 0,0203 0,0146 0,1389 0,2605 0,1333 27,7747
6 Ore 6 0,0852 0,0018 0,0026 0,0005 0,6670 0,0310 0,0028 2,8384
7 Ore 7 0,0054 0,0048 0,0030 0,0399 | 0,0272 5,6668
8 Ore 8 0,0014 0,0009 0,0002 0,2421 0,0008 0,8324
Iron-containing 0,0852 | 0,0069 | 0,1087 |0,0447 | 14302 |1,7597 | 04460 | 100
mixture
Table 7. Weighted average chemical composition of flux
Ne Materials Ndc, % Fetotal Mntotal FeO Fe203 SiO2 Al2O3
1 Flux 1 18,34 0,1135 0,0298 0,0568 0,0990 0,4584 0,0550
2 Flux 2 26,29 8,4304 0,7533 0,1393 12,0434 4,2853 0,6572
3 Flux 3 10,52 0,0353 0,0008 0,0189 0,0294 0,4208 0,0526
4 Flux 4 44,85 0,2223 0,0243 0,1032 0,1525 1,1213 0,7625
Flux mixture 100 8,8015 0,8082 0,3182 12,3243 6,2858 1,5273
Continuation of table 7.
Ne Materials CaO MgO MnO Other RLS Oxides
1 Flux 1 14,6697 1,1002 0,0385 0,0550 1,9987 18,3371287
2 Flux 2 6,5593 1,1830 0,9727 0,0244 0,5889 26,2899722
3 Flux 3 5,4709 0,0526 0,0011 0,0926 44314 10,5209395
4 Flux 4 23,0988 0,3140 0,0314 4,2206 15,3349 44,8519596
Flux mixture 49,7987 2,6498 1,0437 4,3926 22,3539 100
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Ne Materials Ndc, % Fetotal Mntotal Stotal Fe203 SiO2 Al2O3 CaO

1 Fuel 1 65,50 1,9669 0,0987 1,2642 2,8122 4,0166 2,4155 0,3516
2 Fuel 2 34,50 0,4432 0,0626 0,0690 0,6336 2,3698 0,8613 0,4814
Fuel mixture 100 2,4101 0,1613 1,3332 3,4458 6,3864 3,2767 0,8330
Continuation of table 8

Ne n/n Materials MgO MnO Sother Cr Other RLS Oxides

1 Fuel 1 0,1366 0,1274 1,2642 52,6751 0,3320 1,3690 65,5000136

2 Fuel 2 0,1719 0,0809 0,0690 19,7685 0,8590 9,2046 34,4999864
Fuel mixture 0,3085 0,2083 1,3332 72,4436 1,1910 10,5735 100

Based on the chemical composition of each com-
ponent of the charge and its calculated specific con-
sumption in dry mass, the program calculates a bal-
ance sheet with the full chemical compositions of the
charges before sintering the agglomerate or firing the
pellets, the full chemical compositions of the finished
product and the specific consumption of the charge
components in the dry and initial wet state, taking into

account the specified non-returnable losses (Table 9).
Moreover, the program, by means of approximations,
ensures that the discrepancy in the calculation of the
mass of the resulting agglomerate or pellets is less
than 0.05%, while the permissible in practice is less
than 1.0%, and the calculated basicity of the finished
product absolutely corresponds to the specified one.

Table 9. Balance sheet of charge component consumption and chemical composition of sinter

Specific consumption of

charge components Fetotal, Mntotal, P, Stotal, FeO, Fe20s, SiO2, Al203,
Compo- Dry mass, | kg kg kg kg kg kg kg kg
nents kg/t

1 2 3 4 5 6 7 8 9 10
Iron-containing:

Ore 1 80,127 44,871 0,3579 0,028 0,0482 1,2500 | 62,765 | 9,2147 | 2,0032
Ore 2 416,2 271,77 5,4278 0,022 0,1852 112,79 | 263,22 | 24,972 1,6648
Ore 3 62,341 24,500 0,2511 0,081 0,0327 | 4,5883 | 29,929 | 34288 | 0,8728
Ore 4 3,5201 1,3834 0,0493 0,094 0,0007 | 0,2886 1,6571 0,3168 | 0,0493
Ore 5 256,52 135,95 0,7947 0,032 0,1347 | 21,804 170,14 | 24,112 | 3,3347
Ore 6 26,215 8,9394 0,6578 0,068 0,0048 | 2,6215 | 9,8675 | 2,6215 | 0,9437
Ore 7 52,338 37,683 0,3040 0,043 0,0275 | 30,355 | 20,141 0,4710 | 0,1570
Ore 8 7,6885 0,4283 2,0662 0,076 0,0014 0,6119 | 2,0221 0,0231
Flux:

Flux 1 15,866 0,3212 0,0152 0,1423 | 0,0218 | 0,2031 0,2475 | 0,3966 | 0,0476
Flux 2 22,747 7,2790 0,6518 0,0871 0,0325 | 0,0705 10,328 | 3,7077 | 0,5687
Flux 3 9,1030 0,7689 0,0713 0,0138 | 0,0248 | 0,3160 | 0,4296 | 0,3641 0,0455
Flux 4 38,807 0,5673 0,0393 0,0176 | 0,0197 | 0,3702 | 0,3911 0,9702 | 0,6597
Solid fuel:

1 2 3 4 5 6 7 8 9 10
Fuel 1 28,879 0,8672 0,0435 0,0186 | 0,5574 1,2399 1,7710 1,0650
Fuel 2 15,212 0,1954 0,0276 0,0094 | 0,0304 0,2794 1,0449 | 0,3797
Iﬁ;?ge 1054,2 544,72 10,382 0,7328 1,0327 175,14 | 584,16 | 75,731 11,471
Gain (+), 0723 | -3514 | +39,05

loss ()

Sinter 544,72 10,383 0,7328 | 0,3099 140,00 | 623,21 75,731 11,471
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Continuation of table 9

Specific consumption
of charge com[p))onents CaO, MgO, MnO, MnOso, Mn20s3, Mn3Oa, P20s, SOs,
Compo- ry kg kg kg kg kg kg kg kg
nents mass,

kg/t
Iron-containing:
Ore 1 80,127 0,2804 0,1603 0,4621 0,0641 0,0622
Ore 2 416,2 1,4567 0,8324 0,2164 | 8,3240 0,0504 0,2391
Ore 3 62,341 9,6005 2,9300 0,3242 0,1857 0,0422
Ore 4 3,56201 0,4224 0,1654 0,0320 0,0352 0,2155 0,0009
Ore 5 256,52 27,7040 3,3347 1,0261 0,0734 0,1739
Ore 6 26,215 2,5691 0,2097 0,1180 0,7865 0,1559 0,0062
Ore 7 52,338 0,1727 0,3140 0,3925 0,0986 0,0355
Ore 8 7,6885 0,5920 0,1384 2,6679 0,1742 0,0018
Flux:
Flux 1 15,866 12,6927 0,9519 0,0196 0,3262 0,0545
Flux 2 22,747 5,6753 1,0236 0,8416 0,1997 0,0812
Flux 3 9,1030 4,7336 0,0455 0,0920 0,0316 0,0621
Flux 4 38,807 19,9857 0,2717 0,0507 0,0403 0,0492
Solid fuel:
Fuel 1 28,879 0,1550 0,0602 0,0562 0,0426 0,1028
Fuel 2 15,212 0,2122 0,0758 0,0357 0,0215 0,0603
It?;?l_;e 1054,2 87,0904 10,1997 5,8502 | 8,3240 0,0352 0,7865 0,0641 0,0801

. 5,8502 | -0,184 -0,101 -0,069
g:;”(i’;)’ 1,532 | -0004 | -0,054 0,056
6,7924 0,0316 0,7315
Sinter 87,0904 10,1997 13,4058 0,0641 0,0240
Continuation of table 9

Specific consumption
of charge compo- D con- leﬁn tpon Hu- Con i
nents Sother, Cr, Other, RLS, v e ‘mption u sumption

D K K K k sumption, | with mld- of .wet
Compo- Yy 9 9 9 9 kgt losses, ity, % | materials,
nents mass, kg/t kglt

kg/t
Iron-containing:
Ore 1 80,127 | 0,0161 2,9154 1,378 80,127 83,012 53 87,658
Ore 2 416,2 0,1852 1,7036 0,832 416,200 431,1832 | 9,1 473,828
Ore 3 62,341 0,0327 5,6107 4,7245 0,299 62,341 63,5878 20,2 79,4847
Ore 4 3,5201 0,0007 0,1549 0,3941 0,003 3,520 3,6468 25,1 4,8624
Ore 5 256,52 | 0,1347 1,2826 2,4061 1,231 256,520 269,3448 | 3,1 277,961
Ore 6 26,215 | 0,0048 6,1606 0,2860 0,026 26,215 27,1589 11,2 30,5157
Ore 7 52,338 | 0,0275 0,3689 0,251 52,338 54,2219 2,3 55,3284
Ore 8 7,6885 | 0,0014 2,2359 0,008 7,688 7,9653 11,2 8,9498
Flux:
Flux 1 15,866 0,0476 1,729 15,8658 16,1831 43 16,9102
Flux 2 22,747 0,0211 0,509 22,7469 23,2018 4.1 24,1685
Flux 3 9,1030 0,0801 3,834 9,1030 9,1941 4,5 9,6273
Flux 4 38,807 3,6518 13,27 38,8072 40,7476 4.1 42,4454
Solid fuel:
Fuel 1 28,879 | 0,5163 23,2251 | 0,1464 0,603 28,8798 29,9194 11,5 33,8073
Fuel 2 15,212 | 0,0063 8,7162 0,3787 4,058 15,2115 15,7591 59,85 | 39,2505
Iﬁ;?lge 1054,2 | 1,0007 45,1500 | 20,5776 28,12 1054,183 | 1089,397 | 8,05 1184,80
Gain (), 0,7005 | 42,892 26,9
loss (=)
Sinter 0,3002 2,2575 20,5776 1,181 1000,192

Calculation error: [(1000 — 1000,192) / 1000]-100 = - 0,019 %
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The full calculated chemical composition of the agglomerate is given in Table 10.

Table 10. Estimated chemical composition of the agglomerate, %

Material Fetotal Mntotal P Stotal FeO Fe203 SiO2 Al2O3

Sinter 55,21 1,05 0,026 0,032 14,00 63,38 7,68 1,14
Continuation of table 10

Material Ca0O MgO MnO SOs P20s Cr Other RLS Total oxides

Sinter 8,83 1,03 1,36 0,08 0,06 0,23 2,09 0,12 100

CaO/ SiO2 = 1,1497 units (at a given 1,15).

Conclusion

A program for calculating the specific consumption
of charge components for the production of agglomer-
ated raw materials (sinter and pellets) for blast furnace
smelting has been developed, which allows for high-
precision (residue less than 0.05%) calculation of the
chemical composition of the finished product from a

wide range of charge components. The calculation is
carried out with an accuracy of up to the fourth decimal
place. The calculation was tested in sinter and pellet
production workshops and showed a significant in-
crease in the accuracy of the chemical composition of
the resulting product compared to those used at enter-
prises.
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