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CEKLIA 1

CUCTEMHUI AHAJII3 I CUHTE3 ITPOLIECIB V METAJIYVPTII

TA MAINIMHOBYYBAHHI

SECTION 1

SYSTEM ANALYSIS AND SYNTHESIS OF PROCESSES IN METALLURGY
AND MECHANICAL ENGINEERING
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OCOBJIMBOCTI ®OPMYBAHHS JE®EKTY HECYIIIVIBHOCTI «<KEY HOLE» B
LPBF-TEXHOJIOT'TI
Amxamcbkuit C.B !, Banaxanoa T.B.2, BapanoBcbka O.€.2) ITomonbcbkuit P.B.3
I'TOB «AJIT Yxpainu», ITCT HAH Yxpainu, dokm. ¢in. Ykpaina
’IYM HAH YkpaiHu, KaHO. mexH. HayK. YKkpaiua
“TOB «AJIT Ykpainu», IYM HAH Ykpaiuu, ITICY HAH Ykpainu dokm. ¢in. Ykpaina

AHoTauis. Y pobomi 8usueHo 8niue napamempis ia3epHozo niasaeHHs NOpPouUK08020
mamepiany 316L Ha popmy earHHu po3nnagy ma ymeopetHs degpekmis muny «Key Hole».
AHaniz 808 mpekie susisus 46 sunadxie nopucmocmi. Ilonpu 3Hauuy ysazy 0ocnioHUKi8
do npouecie LPBF, nepexio 8i0 pexumy npogsodumocmi do pexcumy «Key Hole»
3anUWAEMbC cynepeunusum i HedoCMmamHv0 8usueHuM. Lle nidkpecnioe cKaadHicme
(QiuuHux seuul, wio 8i06ysawmMvcs y 8aHHI po3naasgy, ma HeoOXiOHiCMb NOOANbUUX
docnidxceHs. AHANi3 ompumaHux pesyismamie nokasas, wo degpekmu muny «Key Hole»
He 3a8#0u 3'A6/III0MbCS. HA MAKCUMANBHIU 2nubuHi  8avHu posnnasy. bByno
8CMAHOBJIEHO, W0 NOPUCMICMb MOXe Ymeopweamucs 6 WUpPoOKoMy dianasoHi
nomyxcHocmeti, 00HaK yi degpekmu cnocmepizaromuCs auwe npu wWeudKkocmi CKaHy8aHHS
MeHuwe Hixe 600 mm/c.

Ki1io4oBi c/1oBa: Jia3epHe niasieHHs 8 NOPOUWKOBOMY WAps, MIKpOCmpykmypda, 6aHHA
po3nJiasy, pexcum naasnieHus, hopucmicme, Key Hole.

[lig, yac nasepHoro mnopomKkoBoro cruiaBieHHs1 (LPBF) moBepxHs petasi
dbopMyeThCs LUISIXOM JIOKQJIbHOTO IJIABJIEHHS TOPOIIKY JiaszepoM. I[lociizoBHe
HapollyBaHHS (dopMye MeTajieBy KOHCTPYKILi0 SKIiCThb $IKOi 3HAYHOI0 Mipolo
3aJ71eXXUTh Bif, CTabiIbHOCTI BAHHU PO3IIaBY.

V mpotieci 1a3epHOro MOPOIIKOBOTO CIJIABA€HHS TUI i KiJIbKiCTb MOPUCTOCTI
3a7exXxarTb Bif, peXXuMy IIaBJeHHSs. SIKIo eHeprii HeJOCTaTHbO, MOPOILIOK He BCTUTAE
MOBHICTI0O PO3IJIABUTUCh — 3’SIBJSIIOTHCS TOPU Bif, HeCIUIaBAe€HHS, a KOJM Jja3ep
HaATO TIOTYKHMIA, pO3IUIaB TIeperpiBa€Tbcsi, (QOPMYETbCS TaK 3BaHUI pEKUM
«Key Hole», i Toxmi B MaTepiaji MOXYTb 3aJMIIATUCh TJMOOKiI IOpM, SIKi BaskKO
YCYHYTM TIOBTOPHMM IuIaB/iieHHSIM. CaMe TOMY BaXIMBO Ije Ha PaHHiX eTamax
nporiecy 3abe3neunTy cTabiibHy GOpMy BaHHM PO3IUIABY — Bif Hei 3a/Ie5KUTD SIKiCTh

yciei MaiibyTHbOT KOHCTPYKIITii.
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dopma i moBeAdiHKa Iii€el BaHHM 3ajeXaTb He JIMIIe Bif, MOTY)XXHOCTI i1
IIBMUIKOCTI JIa3epa, a ¥ Bif Takux (aKTOpiB APYroro MopsaKy, sIK po3Mip IMpOMeHs],
ckaan i dopMa 4aCTMHOK IMOPOIIKY. [IJisT OMMUCY YMOB IUIaBJA€HHS BUKOPUCTOBYIOTH
MOKA3HMKM IIIJIbHOCTI eHeprii, sIki BpaxOBYIOTb Pi3Hi acIleKTy B3a€EMOZil Jjiazepa 3
MaTepiajsiom. Aje repexia MiXXk peskuMaMM IUIaBJIeHHSI — He Pi3Kuii, a TOCTYIOBUIA,
110 YCKJIAJHIOE TOUHE repenbaueHHs TedeKTiB.

He3Bajkarouy Ha pO3BUTOK METOJiB MOHITOPUHIY B peaJbHOMY 4aci [1], TouHO
BU3HAUMUTM JMMOBIpPHICTb IIOSIBU TOP TIIOKM cKiaagHo. J[ledekTu 3a3Buuait
K1acugpikyioTh MOCTGakTyM - 3a JOMOMOrOI MiKpPOCKOMii, sika XO04 i BMMarae
pyIiHYBaHHS 3pa3Ka, 3aJIMIIAE€ThCS HAaTHAAiHIIIMM MeTOAO0M aHali3y.

Ominka (opmu Ta cTabiIbHOCTI BAaHHM PO3TIIABY IIiJ] Yac JIa3epHOro IJIaBJIeHHS
3a/IMIIAETHCS TIPeAMeTOM aKTMBHOI'O HAyKOBOTO OOroBOpeHHsI. Xoua KIaCUMUHMIA
Miaxig nepembavae HamiBchepUUHy reOMeTpil0 BAaHHM B PEXMMi TEIIOMPOBiTHOCTI
Ta BUTITHYTY GOpMYy 3 TMapoBOl0 TMOpPOXHMHOW B pexumi «Key Holey,
eKCIlepMMeHTalbHi JaHi 4acTO [OeMOHCTPYIOTb 3HAuHe BigXWIeHHS BiJ TaKux
imeasizoBaHMX MOJEEN.

Pi3Hi migxoau A0 BM3HAUEeHHS IOPOTOBMX 3HAUEHb CITiBBiJHOIIEHHS IUPUHU
no rnbuuau (W/D) maaBMIbHOI BaHHM BUKOPUCTOBYIOTHCS MJISI OIIHKM ITePeXoy
MiXK pexuMamyu IiIaBAeHHS. 3TriflHO 3 [OeIKUMM OOCHiIKeHHSIMMU, TOPOrOBUM
3HAYEHHSIM [JISI TIepexody Bif cTabiJibHOro TeIUIONMpPOBigHOTrO IiaBjaeHHS o «Key
Hole» € W/D ~ 2, mo BigmoBigae HamiBchepnuHiin popMi BaHHM, XapaKTepHii it
cTabinpHOrO Tporecy. IHII aBTOpM BM3HAUYAIOTh MOpOroBe 3HaueHHsT W/D = 1,5,
BKAa3ylOuM Ha MepexiiHuii pexuM, e 3pOCTa€ MMOBIpHICTh YTBOPEHHS IOp. 3a
iHIMMM TaHMMM, 3HaYeHHS Moxke OyTu 3HmkeHe mo W/D = 1,25, mio BKasye Ha
BupaxeHuit nepexin go «Key Hole» 3 BucOkMM BUMapoByBaHHSIM MeTany. OKpim
IIbOr0, BAKJIMBY POJb Y CTabiIbHOCTI TUIaBJIeHHS Bimirpae ¢opmMa BaHHMU:
IIiHApUYHA ¢hopma MoxKke 36epiraTv CTabiJbHICTh HABiTh IMPU MaJUX 3HAYEHHSX
W/D, a U- abo kimuHOIOAiOHA BaHHA CIIpusie TypOyJeHTHoOCTi i medekram. Hosi
pob0TH  pO3IISiAaloTh BaHHM po3IUiaBy sgK  ¢irypy ckimagsinmoi ¢opmn,
TaKi SIK «7», «T» ab0 «J», 10 BimOOpaskalTh AMHAMIKY PiIKOro MeTasy IiJi BILIMBOM

TypOyJIeHTHUX TOTOKiB Ta KamiJsIpHMX cuia. JlesaKki OOCHiZHMKM BKa3ylOTh Ha
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MOK/IMBICTh cTabinbHOro icHyBaHHsI «Key Hole» 6e3 CyTTEBOro YTBOPEHHS IIOD,
SKII0 IMHAMiKa MOTOKY 3aJMUIIAEThCS CYOKpUTHMYHOIO. HaToMmicTh iHII BBaXKarOTh
HaBiTh HEBeJIMKe 3ar/IM0IeHHS 03HAKOIO ITiABUIIIEHOTO PU3UKY Ie(deKTiB.

TakMM YMHOM, €IMHOI OYMKM IIOAO TOUYHMX KPUTEPIiiB Iepexomy Mix
pexXxuMaMM IUIaB/ieHHSI He icHye. CydyacHMiT MiaXia BpaxOBYye He JiuIlle TeoOMeTpilo,
a /1 TiApoAMHAMIUHI IPOLeCH Y BaHHI pO3MJIaBy, 1[0 BMMAara€ KOMIUIEKCHOTO aHali3y
IS TOYHOTO TIPOTHO3yBaHHSI nedeKkTiB. MeToilo poO6OTM € BUSIBIEHHSI YMOB,
110 MMPU3BOASTh OO0 YTBOPeHHS nmopuctocTi Tumny «Key Hole» B MOOAMHOKMX TpeKax,
chopMOBaHMX i3 MOPONIKY cTasi 316L.

V mociimkeHHI mepexony Bill peXXumy TemyIONpOBiAHOrO muiaBjaeHHS N0 «Key
Hole» akileHTYy€eTbCS yBara Ha reOMeTPUUHMUX XapaKTepUCTUKaX IUIaBUIbHOI BaHHU,
Takux K rim6uHa (D) i mmpunra (W).

Mopdosoriss TpekiB MOKe 3HAUHO BapiloBaTUCS, HAaBiThb 3a CXOXUX
reoMeTpuUYHMX yMOB. Hampukiaz, vamononioHa ¢gopma BaHHM 3 HEpPiBHOMipHUM
3BY)KEHHSIM MOXXe TIpU3BOAUTY A0 YTBOPEHHS ITOPUCTOCTI (puc. 1).

Hocnimkenns: 808 TpekiB mokaszanu, 10 IMopucrtictb Tuny «Key Hole»
BUSIBJISIETHCSI HE TAK 4acCTO, aje il BUHMKHEHHS 3aJIeXXUTh BiJ, mapaMeTpiB Ipoliecy,
TaKMX SIK MBUAKICTD 1 TOTYKHICTh CKAHYBAaHHS (pUC. 2).

AHasti3 1okasaB, L0 TOPUCTICTb He 3aBXOM BUHMKAE IMPU MaKCUMaIbHOMY
3HAYeHHi CIIiBBiTHOIIEHHS IJIMOMHM OO INMPUHM BaHHM, a MAa€ TayCiBCbKUit
po3nofii 3i cepenHiM 3HaueHHSIM 1,44. TakoX Big3HauyeHO, 10 3 ITiABMUILEHHSIM
IIBUAKOCTI CKaHyBaHHS (moHan 600 MM/C) MOPUCTICTh MPAKTUYHO HE YTBOPKETHCS.
3pocTaHHS IIIJIBHOCTI eHeprii TakoX crIpusiec 30iJIbIIEHHIO ITOPUCTOCTI,

110 BiTIOBiga€ HAYKOBUM JOC/IiI>KeHHSIM.
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PucyHOK 1 — MiKpOCTPYKTYpM TPEKiB 3 6;1M3bKUM 3HAUEHHSIM TTMOVHY 0 IMMPUHY BAHHU PO3ILIABY
~1,x200:a - P 270 Bt, V 800 mMm/c, niniiiHa miabHicTs eHeprii 76,39 Ix/mm?; 6 — P 110 Bt, V 400
MM/C, JiHifiHa HiIbHiCTh eHeprii 62,25 Ixx/Mmm?; B — P 150 Br, V 400 Mmm/c, niHiliHa MIiIBHICTD
eneprii 84,88 JIxx/Mmm?>

Bunagky nopucTocTi npu pisHUx Bunaaku nopncTocTi nNpu pisHnx

MOTYXKHOCT$SIX CKaHyBaHHS LUBUAKOCTAX CKaHyBaHHA
2,17% 4.35%

10,87%
17,40%

mb80...131 Bt 0131...182 Bt m200...300 mm/cO300...400 mm/c
m182...233Br  W233..284Br ®400...500 mm/c B500...600 Mm/c

a 6
PucyHok 2 — Bunaaxu BUHMKHEHHS MOPUCTOCTi 3a Turiom «Key Hole» mpu pi3HMX 3HAUEHHSIX: a —
BiJTHOIIIEHHS IJIMOMHM IO TOBIIVIHU TPEKiB, 6 — MOTYKHOCTi CKAHYBAHHSI, B — MIBUIKOCTi CKAHYBaHHS

CkaHyBaHHS MPU MBUAKOCTI Ginbiie Hixk 500 MM/C CYTTEBO 3MeHIIy€E TJIMOUHY
BaHHM, ITiCJII YOTO IMOJAJIbIle 30i/bIIEHHST IBUIKOCTI HE Ma€ 3HAUHOIO BILIMUBY.
BogHoYac MOTYXHICTh 3MiHIOE K TOBIIVHY, TaK i MMOUHY TpekiB, mpuuomy ii
BIUIUB € JIIHI/AHUM.

MikpoTBepAiCTh TPEKiB MOKa3ajia HEPiBHOMIPHICTb TEMIIEPATYPHOTO MOJIs, 1110
MATBEPIKYE Pi3HUII0 B XapaKTePUCTUKAX TPEKiB 3aJI€XKHO Bifl IIIJIbHOCTI eHeprii.
BaknmuBO 3a3HAUMTH, IO TOPU HE 3aBKOM PO3TAIIOBYIOTHCSI B HAMIJIMOMIi TOYII
BaHHM. Y BUMAJIKy HAXWJIEHOTO PyXYy Jiazepa aCMMeTpisi TpeKy 30i/IbIIyeThCSI, i BAHHA
3MilllyeTbcs B OiK HampaBJeHHS IIpOMeHS, 10 TaKOX BIUIMBAE Ha

pO3TalllyBaHHS II0p.
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BucHoBku. [Tonpu 3HauHy yBary mocaigHMKiB o mnpoiieciB LPBF, nepexin Bif
peskumy TpoBoauMMOCTi mo pesxkumy «Key Hole» samuiiaeTbcsi CyrnepewimBuM i
HEeIOCTaTHbO BUBUeHMM. lle mmigkpecaoe cKiIagHicTh Qi3sMUHMX SBUIN, IO
BiIOYBaIOThCS Y BaHHI pO3ILIaBy, Ta HEOOXiJHICTh MONAIBIIMX JOCTiIKeHb. AHAI3
OTpMMAaHMX Pe3yJbTaTiB TaKOX BUSIBUB, 110 medexktu tuity «Key Hole» He 3aBKau
3'IBJISIIOTCSI HA MaKCUMMaJIbHil TIMOMHI BaHHM pO3IUIaBy. By/so BCTaHOBJIEHO, IO
TIOPUCTICTb MOKE YTBOPIOBATHUCS B IIMPOKOMY [iala3oHi IMOTYKHOCTENM, OOHAaK IIi

nedeKTH CIIOCTePiraroThCs JMIle P MIBUAKOCTI CKAaHYBAaHHS MeHIle Hixk 600 Mm/C.

NITEPATYPA / REFERENCE

1. Galbusera, F., Caprio, L., Previtali, B., Demir, A.G. The influence of novel beam
shapes on melt pool shape and mechanical properties of LPBF produced Al-alloy. Journal of
Manufacturing Processes. - 2023, 85. P. 1024-1036. DOI:
https://doi.org/10.1016/j.jmapro.2022.12.007

FEATURES OF FORMATION OF THE “KEY HOLE” DISINTEGRITY DEFECT IN
LPBF TECHNOLOGY
Adjamsky S.V., Balakhanova T.V., Baranovskaya O.E., Podolskyi R.V.

Annotation. The paper studies the influence of laser melting parameters of 316L
powder material on the shape of the melt pool and the formation of Key Hole defects.
Analysis of 808 tracks revealed 46 cases of porosity. Despite the considerable attention of
researchers to LPBF processes, the transition from the conduction mode to the Key Hole
mode remains controversial and insufficiently studied. This emphasizes the complexity of
the physical phenomena occurring in the melt pool and the need for further research.
Analysis of the obtained results showed that Key Hole defects do not always appear at
the maximum depth of the melt pool. It was found that porosity can form in a wide range
of powers, but these defects are observed only at scanning speeds less than 600 mm/s.

Keywords: laser powder bed fusion, microstructure, melt pool, melting mode, porosity,
Key Hole.
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JOCIIIXXEHHS KIHETUKY BTOMHOI'O PYIHYBAHHS METAJTY
3AJIIBHNYHUX KOJIIC 3 PI3BHUMU PIBHSIMUM MIITHOCTI METOOM
KOPEJISIUIIAHOT'O AHAJII3Y
bab6auenko O.1.!, Kononenko I'.A.2, ITomonbcbkuit P.B.3, CadpponoBa O.A.*
TYM HAH Ykpaiuu, un.-kop HAH Ykpainu, 0okm.mexH. Hayk. Ykpaina
2IYM HAH Ykpaiuu, HTY «/Ininposcvka IlonimexHika», cm.docn.,,0. m. H. YKpaiHa
SIYM HAH Ykpainu, 1 dokm. ¢in.Ykpaiua.
“IYM HAH YkpaiHu, achipaHm YKpaiHa

AHoTamnisg. Bupobu Ha npakmuyi 4acmo nionszarome UYUKJAIUHUM HABAHMAMEHHSIM,
N0BMOPHA 3MIHA HANPYXCE€Hb HEBENUKOI 8eUUUHU MOXce npussecmu 00 pPYUHY8AHHS
8HACIIO0K PO3BUMKY 8MOMHOI MpiwuHU. [N 3a1i3HUUHUX KOJIIC Ye 03HAUAE 30i1bUIeHHS
iHmepsanie Mix¢ nepioduuHuMu oezas0amu ma nidsuwjeHHs: 0Oe3neku 3ani3HUYHUX
nepeseseHb. by8 BUKOHAHULl KOpeNAYIHULl aHani3 38°I3Ky MiX NOKA3HUKAMu
MeXauiyHux enacmueocmeti, SIKi BU3HAYAIOMbCS 34 YMO8 CMAMUYHO20 pPO3MsZy,
OUHAMIYHO20 BU2UHY MA NOKA3HUKAMU, SKi B8U3HAYAWMbCS 3a  YUKIIUHO20
HagaHmaiceHHs. [Ins  Kilebkox nap Xapakmepucmuk 6CMAHO06NE€HO  3HAYEHHS
koegiuienma Ilipcona Ha pieni 0,99 (Kth ma eidHocHe nodoexcenus, Kth ma ydapHa
8’a3kicms, Kfc ma sioHocHe 38yxuceHHs, K* ma meepdicmv, K* ma epanuus miuHocmi).
Kpumepiti n € HaliveHw uymausum 00 3MiH IHWUX MeXAHIYHUX 8Jacmusocmetl,
NoKA3aHo, w0 Juule 8i0HOCHe NoJ0B8XEeHHST ma YOoapHa 8’sa3KiCMb Maiwmp 6UCOKUL
38'5130K 3 Yi€I0 Xapakmepucmukxoro.

Kiro4uoBi c/ioBa: KopensyitiHuti aHanis, 6momHe pyuHy8aHHs, picm 6moMHOI MpiujuHu,
XIMIUHUTI CK1a0d, MeXaHiuHi 81acmMueocmi, 3a1i3HU4YHe K0J1eco

KoueHHs Koseca 1o peiili CympOBOIKYETHCSA IIpOLiecaMy 3HOIIYBAaHHS iX
MaTepiajiB i HaKONMYEHHSIM IIOIIKOJKeHb Bifi KOHTAKTHOI BTOMM. [Ijs
3a0e3reueHHs] HAaJiitHOI 6e3BiZMOBHOI poOOTM HeoOXigHe IPOrHO3YBaHHS
3apOJI’KeHHSI Ta POCTY BTOMHOI TpIlIMHM 3a LMKIIYHOTO HaBaHTaXeHHS [1].
[IpoBemeHHS TpUBaJIUX BUIPOOYBaHb 32 YMOB 0araTOIMK/IiYHOIO HABAHTAXKEHHS €
CKpPaJHMM Ta IOPOTOBAPTiCHUM, iX TPOBEeAeHHS He 3aBXIY MOXKINBO peali3yBaTy B
yMoOBax BMpOOHMITBA. PazoM 3 TuM, AJIsT mapTii KoJlic 3aBXKAM Bimomi ixX ximiuHMit

CKJIaJI Ta CTY>X00Bi MexaHiuHi BIaCTUBOCTI.
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MeTa pO6OTI/I — BCTAHOBUTM BIUIMB OCHOBHMX XIMIUHMX KOMIIOHEHTIB

SIKi BM3HAUAIOTBHCS TIPU

BYIVIELIEBOI CTaJli Ta MeXaHIYHUX XapaKTepPUCTUK,
BUITPOOYBAHHSIX HA PO3TST, TBEPAOCTi Ta yIapHOi B’SI3KOCTi Ha MOKa3HMUKM PO3BUTKY
TPILMHY 38 YMOB LIMKJIIUHOTO HaBaHTa)KeHHS Ha OCHOBI KOPeJISILIiiiHOTO aHati3y.
OCKiIbKM 111 KOpEeJISILiAHOrO aHajisy BuOipka Mae OyTM OIHOPigHOIO Ta
peneBaHTHOIO, TOMY B POOOTi BCi XapaKTepUCTUKYM BM3HAYAJIM HA MeTali BiJl OOHOTO

3aJIi3HMYHOTO KoJjieca Jjisi KOSKHOI MapKM CTasli B CTaHi IocTavyaHHs (Tabs.1).

Tabmuug 1
XiMiuHMI1 CK/IaJ, Ta MeXaHiuHi BJIaCTUBOCTI AOCiI)KyBaHMUX CTasein
Mapka BmicT XiMi4YHMX e/leMeHTiB, Mmac. %.
cTasi C Mn Si \Y S P
1 0,49 0,72 0,34 - 0,012 0,011
2 0,58 0,64 0,34 - 0,012 0,010
T 0,63 0,72 0,32 0,094 0,010 0,010
Mapka FPaHI/ILLS.[ BimHocHe BigHocHe YnaI?Ha TBepaicts,
crani MiIIHOCTI, BUIOBXKEHHS, | 3BY)KEHHS, B’SI3KiCTh, HB
H/mm? %. % IIx/cm?
1 902 17,4 38,6 48,6 278
2 1010 11,5 29 33 285
T 1250 10,5 21 31 321
Mapka Kin, K*, Kte,
cTati H/Mmm>? H/Mmm>? n H/mm>?2
1 504 960 3,02 5064
2 221 942 3,2 3162
T 209 870 3,1 2055

ByB BUMKOHaHMIT KOpeJsIiitHuit aHai3, SKuit JO3BOJIUB 3pOOUTH OIUC 3B’SI3KY
MK XiMIYHMM CKJIaJOM Ta Pi3HMMM MeXaHiYHMMM XapaKTepUCTUKaMM 3a YMOB
CTaTUYHOTO, AMHAMIYHOTO Ta LMK/IIYHOTO HAaBaHTA>KeHHS OO0 PYVHYBaHHSI MeTany
3aJi3HUYHUX KOJIIC, SIKi MaJIM OAHAKOBY reOMeTpilo, OMHAKOBY TE€XHOJIOTIUHY CXeMy
rapsiuoi 1acTuuHOi medopmallii Ta TepmMiuHOro oOpOO6JIEeHHS B YMOBax OJHOTO

mignpuemMcTBa (Tao. 2).
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Tabmuig 2
KoediiienT mapHoi KopeJsilii MiXX TOKa3HMKaMM XiMiYHOTO CK/Iaay Ta MeXaHiuHMUX
BJIACTMBOCTE 3a/1i3HUYHUX KOJIiC B CTaHI MOCTaYaHHS

(o)
3| Mokasmmk | 1 | 2 | 3|4 |5 |6 | 7|8 |9 10[11|12]135] 14 | 15
I
1] C,%mac. | 1 |-0,16]-0,77]0,77-0,77-0,93]-0,95]-0,88| 0,58 |-0,99] 0,93 |-0,97]-0,99] -0,97 | 0,86
2| Mn, % mac. |-0,16] 1 |-0,5|0,5|-0,5] 0,5 |0,47 |-0,33/-0,90/0,15|0,21]0,38[0,05| 0,41 | 0,36
3| Si,%mac. |-0,77| 05| 1 | -1 | 1 | 0,5 |0,53]0,98]0,06|0,78]-0,95/0,61]0,84| 0,59 | -0,99
4| V,%mac. 0,77 0,5 | -1 | 1 | -1 |-0,5]-0,53]-0,98]-0,06]-0,78]0,95-0,61]-0,84 -0,59 | 0,98
5/ S, %mac. |-0,77] 05| 1 | -1 | 1 | 0,5 0,53]0,98/0,06|0,78]-0,95/0,61]0,84| 0,59 | -0,99
6| P,%mac. |-0,93] 0,5 | 0,5-0,5] 05| 1 |0,99/0,65-0,830,93]-0,74/0,99]0,89| 0,99 | -0,63
7| Kth, H/mm®?|-0,95| 0,47 [0,53]-0,53/0,55]0,99| 1 |0,68]-0,81]0,94]-0,76/0,99]0,91| 0,99 | -0,65
8| K*, H/mm*? |-0,88] -0,33 0,98 |-0,98/0,98 0,65 0,68 1 |-0,13[0,88]-0,99/0,75]0,93| 0,73 | -0,99
9 n 0,58 | -0,900,06 |-0,06|0,06]-0,83]-0,81]-0,13] 1 |-0,57/0,24]-0,75/-0,49 -0,77 | 0,09
10| Kfc, H/mm*2 |-0,99] 0,15 | 0,78 -0,78/0,78 0,93 0,94 |0,88]-0,57 1 [-0,93/0,97[0,99| 0,96 | -0,87
I'panuis
11| minmocri, | 0,93 | 0,21 |-0,950,95 |-0,95]-0,741-0,76/-0,99| 0,24 |-0,93 1 |-0,82-0,96| -0,80 | 0,99
H/mm?
BigHOCHE
12lmonosxenns;, -0,97| 0,38 |0,61]-0,61/0,61[0,990,99|0,75(-0,75/0,97|-0,82] 1 [0,94| 0,99 | -0,72
%
13 BIHOCHE [ g9/ 005 |0,84]-0,84/0,84|0,89(0,91]0,93|-0,490,99 |0,96[0,94| 1 | 0,93 | 0,91
3BYKeHHS, %
YnoapHa
14| ’asxicts, |-0,97| 0,41 |0,59]-0,59/0,59(0,990,99|0,73|-0,77/0,96|-0,80/0,99[0,93| 1 |-0,70
Iox/cm?
15 TBeII’{JgCT"’ 0,86 | 0,36 |-0,990,98 |-0,99]-0,63-0,65|-0,99| 0,09 |-0,87/0,99 |-0,72]-0,91| -0,70 | 1

Ha etami 3apojskeHHS TpilllMHU, SIKUI XapaKTepusyeTbCs MokasHuMkoMm Kth,

BCTAHOBJIEHO BeJIbMM BMCOKY HEraTMBHY KOpPeJISIio 31 3MiHOIO BMiCTy BYIVIELIO Ta
MO3UTUBHY 3i 3MiHOI0 BMicTy (ocdopy. Ha erari cTajoro pocTy BTOMHOI TPilllMHH,
IpYyTrOMY eTarli, 1[0 XapaKTepuU3yeTbCs MoKa3sHuKamu n Ta K*, BCTaHOB/I€HO BeJIbMMU
BMCOKMI1 Ta BUCOKMIT HETaTUBHMI 3B’SI30K 3i 3MiHOIO BMICTy BYTJIEI[l0, MapraHIlo,
BaHamilo Ta d¢ocdhopy, Ta TMO3UTMBHMIAI - KpeMHil0 Ta cipku. Ha etami
JTABUHOIOAIOHOTO POCTY TPIillIMHM, TPETHOMY €Tarli, BCTAHOBJIEHO BeJIbMU BUCOKUI
Ta BUCOKMIT HeraTMBHMIA 3B'SI30K 3 BYyIJIelleM Ta BaHAJi€M; MO3UTUBHUIA BeIbMU
BMCOKMI Ta BUCOKMI1 3B'SI30K 3i 3MiHOIO BMiCTy KpeMHio, Cipku Ta docdopy.

Takoxk OyB BUKOHAHWUII KOpeJSILiiHMII aHami3 3B’SI3Ky MiX [OKa3HUKaMU

MeXaHIuHUX BHaCTI/IBOCTeﬁ, sIKi BM3HAUYalOTbhCS 3a YMOB CTaTUMYHOI'O pPO3TAITY,
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OIVHAMIYHOTO BUIMHY Ta T[IOKa3HMKaMM, S$SIKi BM3HAUYAKOTHCS 332 LUMKIIYHOIO
HaBaHTa)XKeHHSI. BCTAaHOBJ/IEHO, 10 3MiHM TpaHMIIl MIIIHOCTI Ta TBEPAOCTI MarThb
BUCOKMI Ta BeJIbMM BUCOKMI HEraTUBHMI KOpeJsLifiHuiA 3B'SI30K 3 YycCiMa
nokasHukamu KIIBP, okpiM KpuTepis n, 3 sSIKMM 3B'SI30K BiacyTHiii. HeobximHo
3a3HAUYMTH, IO JJIs TaKMX TMap XapaKTepuUCTUK SIK TBepAicTb Ta K*, rpanuis
MmirHocTi Ta K* koedimienTt Ilipcona craHoButh 0,99, 110 CBIiZUMUTH IIPO BUCOKY
HaAJiHICTh JiHITHOTO 3B’I3Ky MK UMMM XapakKTepUCTUKaMM i MOxe OyTu
BCTAaHOBJIeHA (PYHKIIiIOHAJbHA 3aJIEKHICTh. XapaKTePUCTUKMU IIJIACTUMUYHOCTI Ta
yIapHOlI B’SI3KOCTi MalOTh BMCOKMUI Ta BeJIbMM BUCOKUII MO3UTUBHUIA 3B'SI30K 3
TOKa3HMKaMM 3apOJIKeHHSI Ta POCTy BTOMHOI TpilllMHM, OKpiM KpuTepisi n. s
TakuxX Iap xapakrepucTuk sk Kth Ta BimHOocHe momoBkeHHS, Kth Ta ymapHa
B’s3KicTh, Kfc Ta BimHOCHe 3BykeHHSI KoedilieHT Ilipcona cranoButh 0,99, 1o
CBiIUMTBb MPO BMCOKY HAMiMHICTD JIiHIIAHOTO 3B’SI3KY MK MMM XapaKTepUCTUKAMM i
MOsKe OyTM BCTaHOBJIeHA (GYHKI[iOHaJIbHA 3aJIesKHICTh. 1le Moske cTaTu 3aBHAHHSIM
I TIOHAJbIINX MOCTiIKeHb, a PO3IMMPEeHHS 0a3M HaHUX IS aHaTi3y MOXe
JIIO3BOJIUTU BCTAaHOBUTU 3aKOHOMIipHOCTi 3B’I3Ky  MiX CITY>KO0BUMM
XapaKTepUCTUKAMM Ta MMOKa3HUKAMMU, 1[0 XapaKTepU3ylTh BTOMHE PYIiHyBaHHSI.
BucHOBKM. 3a pe3y/ibTaTaMi aHali3y KoedillieHTiB MapHOi JiHiliHOI KOpessiii
Mi’K BMICTOM OCHOBHMX XIMiYHMX €JIeMEHTIiB B CTa/lii Ta ITIOKa3HMKaMM POCTY
BTOMHOI TpilllMHM BCTAHOBJIEHO BeJbMM BUCOKMII HeraTuBHUI 3B’s130K Kth (eTam
3apomkeHHs TpimnHK) Ta Kfc (etam mosmomy) 3i 3MiHOIO BMiCTy ByTJeliio, a Jjis n
(MOKa3sHMK HApPOCTAaHHSI IMIBUAKOCTI 3pOCTAaHHSI TPIIMHM 3a 1i CTAIOro poCTy) —
BUCOKMII HeraTMBHMII 3B'SI30K 3i 3MiHOI BMicTy wMmapraHip, K* (koedilieHT
iHT@HCMBHOCTiI HampykKeHb NPy MBUAKOCTI 3poCcTaHHS TpiumHM 107 M/UMKIA, eTamn
CTaJIOTO POCTY) — 3i 3MiHOIO BMiCTy BaHa/[ilo, ajie pa3oM 3 TUM BCTaHOBJIEHO BeJIbMU
BUCOKMI1 TO3UTUBHMII 3B°5130K K* Ta BMicTy KpeMHilo i cipku, 3 n — BMicTy docdopy.
BcraHoBieHO 3HaueHHs koedilieHta IlipcoHa Ha piBHiI 0,99 [ Takux Imap
xapakTepuctuk: Kth Ta BimHocHe momoBkeHHsl, Kth Ta ymapHa B’si3kicTb, Kfc Ta
BigHOCHe 3ByXeHHs, K* Ta TBepmicth, K* Ta rpanumsa mimHocti) Kpurepiiti n €

HaiMeHII YyTAMBUM [0 3MiH iHIIMX MeXaHIUHMX BJIACTUMBOCTENM, ITOKa3aHO, IO

ISSN 1991-7848 12



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

JuIle BiJHOCHe MOMOBXEHHS Ta yAapHa B’SI3KiCTb MalOTh BMCOKMIA 3B'SI30K 3 I[i€H0
XapaKTepPUCTUKOIO.

HeoOxinHi mopanblili JOCTIIKEHHS IJis1 BCTAHOBJEHHS 3B’SI3Ky 3i 3MiHOIO
IOMIIIKOBMX €JIEMEHTIB Ta BCTAHOBJEHHS (YHKI[IOHAJIbHUX 3aKOHOMipHOCTEM

BIUIMBY XapaKTePUCTUK HA MMOKA3HUKYM POCTY BTOMHOI TPilllHMA.

NITEPATYPA / REFERENCE

1. Sakalo V., Sakalo A., Rodikov A., Tomashevskiy S. Computer modeling of processes of
wear and accumulation of rolling contact fatigue damage in railway wheels using combined
criterion Wear. — 2019, 432-433. Id. 102900. https://doi.org/10.1016/j.wear.2019.05.015.

STUDY OF THE KINETICS OF FATIGUE DESTRUCTION OF RAILWAY WHEEL
METAL WITH DIFFERENT STRENGTH LEVELS USING THE CORRELATION
ANALYSIS METHOD.

Babachenko O.I., Kononenko G.A., Podolsky R.V., Safronova O.A.

Annotation. In practice, products are often subjected to cyclic loads, repeated changes
in stresses of small magnitude can lead to failure due to the development of a fatigue
crack. For railway wheels, this means increasing the intervals between periodic
inspections and improving the safety of railway transportation. A correlation analysis of
the relationship between the indicators of mechanical properties determined under static
tension, dynamic bending and indicators determined under cyclic loading was performed.
For several pairs of characteristics, the value of the Pearson coefficient was set at 0.99
(Kth and relative elongation, Kth and impact toughness, Kfc and relative narrowing, K*
and hardness, K* and ultimate strength). The criterion n is the least sensitive to changes
in other mechanical properties, it is shown that only elongation and impact strength have
a high correlation with this characteristic.

Keywords: correlation analysis, fatigue fracture, fatigue crack growth, chemical
composition, mechanical properties, railway wheel
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BILJIMB KPIOTEHHOTI'O OBPOBJIEHHS HA 3MIHY 3HOCOCTINKOCTI
BUICOKOBYIJIELIEBUX JIETOBAHUX CTAJIEM IHCTPYMEHTAJIbHOT'O
ITP3HAYEHHS
Bo6ups C. B.!, I[Tapycos E. B.!, Uyiiko I.M.2, BapaHoBcbka O. €.
'TYM im. 3.1. Hexkpacosa HAH Ykpainu, 0.m.H., C.H.C., YKpaiHa
2I4YM im. 3.1. Hekpacosa HAH YkpaiHu, K.m.H., cm. 0oca., Ykpaiua
5 I4M im. 3.1. Hexkpacosa HAH Ykpaiuu, k.m.H., YKpaiHa

AHoranis. /[ocnidxceHo 8njue KpiozeHH020 00po0eHHsl HA eKCNyamauitiHy cmitikicme
cmaneti IHCMPYMEHMAIbHO20 NPUSHAUEHHSI i3 000aMKOBUM J1e2Y8AHHAM KPEMHIEM,
XpOMOM, MOJNiO0eHOM, 8aHadieM ma eonvppamom. Bucokosyeneuesi siezo8aHi cmani
Nicas 2apmy8aHHs 3a8xo0u Micmsmes iCMOMHY KilbKicmbs 3aauUllk08020 aycmeHimy, wo
nompebye nposedeHHs eHepP20EMHUX 00820MPUBAIUX MEXHON02IUHUX onepayili Ons 11020
nodansuio2o po3nady, ane ye He 3aexodu 8UPIULYE iCHyIOUY npobaemMy, IKa N08’13aHa 3 ix
HU3bKO0I0 3HOCOCMILIKICMI0, 0C00JIUBO 8 HOPCMKUX ymosax ekchayamauii. Came 3 yiei
mouku 30py, nid uac npoeedeHHs1 €KChnepuMeHmie nepuwry napmirn 00CniOHY8AHUX
cmaneii 00pobAsAU 3 CMAHOAPMHOK  MEXHOJI02IE  MEePMIuH020  3MIiYHEHHS
(2apmysants ma 8idnyck), a Opyzy napmirn — 3a CMAHOAPMHOW MEXHOJIO2IEN i3
000amKo8uUM KpiozeHHUM 00pobeHHAM. 3a pe3yabmamamu 00CNIOHeHb UWISIXOM
NOPIBHAILHOZ0 AHAJI3y B6CMAHOBTIEHO 0COONUBOCMI 3HOULYBAHHSL BUCOKOBY2/l1eye8ux
Jlee08aHux cmaseti 8 3anexcHocmi 8i0 muny KiHyesoi cmpykmypu. Iloka3aHo, wo
XiMIYHULl CcKnad, napamempu pewumy MmepmiuHo20 3MIUYHEHHSI ma mpueanicmo
8UNPo0Y8aHb YUHSIMb PI3HULI 8NIUE HA 3HOCOCMIliKicmb cmaJeli iIHCMmpyMeHMaibHO20
NPU3HaAyeHHs, 00HAK NpU UboMy 00CNIOHCY8aHHi cmani, wo 6yau niddaxi do0amkosomy
KpiozeHHOMY 00p00JIeHHI0, Y 8Cix 8UNAdKax xapakmepusymoscsi HAMeHUow 8mpamorn
gazu niod uac abpas3usHo20 3HOULYB8AHHSL.

Kimio4oBi ciioBa: gucokosyznieyesa cmaib, Je2y8aHHs, ayCmeHim 3a1uuikosull, mepmiuHe
00p0o6ieHHs, 3HOCOCMITIKiCMb, KpiozeHHe 00p00IeHHS!

BcTryn. BucokoByriielieBi JieroBaHi CTa/i iHCTPYMEHTA/JIbHOTO IIpPM3HA4YeHHS
TiC/IST IMIBUAKOTO OXOJIOMKEHHSI 0 KiMHATHOI TeMIlepaTypy MiCTSIThb 3aJIMIITKOBUI
ayCTEeHIT (Asqa), IKMI TTi[, YacC MOJA/IBIIOTO OXOJIOAKEHHSI MOXKe IIepeTBOPIOBATUCS Ha
MapTeHcUT. Haib6inbil iCTOTHMII BIUIMB Ha TIONIOKEHHS KPUTUYHUX TOUYOK
MapTEeHCUTHOIO MepPeTBOPEHHS Ta KiJIbKiCTh 3aJMUIIKOBOTO ayCTEeHITY YMHUTDH BMIiCT

ByIJIel}0 B CTali. OCHOBHHUM HEIONIKOM 3BHYAMHHUX BHCOKOBYTJICIIEBHX CTajed € IXHS

HE3HayHa MpPOrapTOBYBaHICTh Ta HHU3bKA TEIUIOCTIMKICTh. TOMy Ha MHpPakTHIl 3 METOH0
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MOJIMNIIEHHS. 3a3HAUYEHUX MOKAa3HHUKIB 0 CKJIaly BHCOKOBYTJICLIEBHX CTalleil 10aTKOBO
BBOJSITh KPEMHIH, XpoM, MOJiOJeH, BaHamiii Ta Boibdpam, CyMapHMUI BMICT SIKMX He
nepesuirye 5 %. BinpiiicTh 13 3a3HAaYEHUX JIETYBAIBHUX €JIEMEHTIB 32 PaXyHOK BIUIMBY Ha
MIJBUIICHHS CTIMKOCTI ayCTEHITY 3MEHINYIOTh KPUTHYHY IIBUIKICTH TapTyBaHHA W
301IBIIYIOTh MPOTAPTOBYBAHICTh CTAJed 1HCTPYMEHTAIBHOIO NpU3Ha4YeHHA. TpanuiiitHuM

CIIOCOOOM, SIKMI1 CTIpUSIE PO3MaAy Asq, € BUCOKOTEMIIEpATYpHMIT BiAIyCK, ajie Ipu
IIbOMY 3MiH 3a3Ha€ CTPYKTypa CTadi. AJIbTepHATUBHUM CIIOCOOOM 3MeEHIIEHHS
KiJIbKOCTi A B CTPYKTYpi 3arapTOBaHOi JIerOBaHOI CTa/li MoOke OyTM KpioreHHe
06p0o6IeHHS, SIKe TO3BOJISIE TTPOIOBKUTY MPOIIEC PO3MAaay ayCTeHITy Ha MapTEHCUT
3a paxyHOK OiJbIl TIIMOOKOTO ITePEeOXOJIOMKEHHSI HUKYe KPUTUUHOI TOUKU M.
[IpakTMuHi 3amadi KpioreHHOTO OOpOOJIEHHSI 3BOASTHCS [0 IIiJIeCIIPSIMOBAHOIO
BIUIMBY Ha MiABUIIEHHSI TBEpPAOCTi Ta, BiAIOBIAHO, eKCIUIyaTalliiiHOI CTiiiKOCTi
(3HOCOCTIIKOCTi) MeTaJoBMpPOOiB, 110 BUTOTOBJIEH] 3 BMCOKOBYTJIELIEBUX JIETOBAHUX
CTajen.

MeTa po6OTM - OOCTIAUTU BIUIMB ITapaMeTpPiB KOMIIJIEKCHOTO TEepPMiuHOTO
00po0IeHHSI Ha 3MiHY 3HOCOCTIVIKOCTi BMCOKOBYIJIELIEBMX CTajieil, sIKi JieroBaHi
KpeMHieM, XpOMOM, MOJIiOIeHOM, BaHalieM Ta BOJbGpaMOM.

MarTepianu Ta MeTOAMKA OOCHiIKeHb. Y SIKOCTi MaTepiaay BUKOPUCTAHO
UMIIHAPUYHI 3pa3Ku IMPOMMCIOBMUX TMapTiii mpokary pgiamerpom 8,0-10,0 mm 3
BMCOKOBYTJIEII€BUX JIETOBAHMX CTaJleif i3 XiMiUHMM CKJIaJloM, HaBeIeHUM Y TaOJInIIi.
[Tixn yac mpoBemeHHS OOC/IIKeHb OJIs KOKHOI CTa/li BUKOPMUCTOBYBa/IM BiAMOBigHI
nmapy AOCHiTHMUX 3pasKiB, OAMH 3 SKMX OOpOOJISUIM 3a CTAaHIAPTHOIO TEXHOJIOTiEI0
TepmiuHoro sminHeHHs (CT3), a Apyruit i3 JOJATKOBUM KPiOTeHHUM 0OpOOJIeHHSIM
(ekcmepuMeHTa/NbHUIT pexkum) 3a Temmepatypu —196 °C micis CT3. TpuBadicTb
KpioreHHOro 06p06JIeHHSI CTAaHOBMIIA 26 TOJ., IIPU IIbOMY IIBUIKOCTI OXOJIOMISKEHHST i
BimirpiBanHg cknaau 1°C/xB. Ta 2 °C/xB. BigmoBigHO. [loCSiITHEHHS BiA’€MHOI
TeMIIepaTypy 3pasKiB 3a0e3IedyBaiyu MUIIXOM pPerjaMeHTOBAHOTO OXOJIOMKEHHS Y
cepefoBUIIi ra30MoiOHOTO a30Ty, MOAAJIbIIOTO BUTPUMYBAHHS Y PiIKOMY a30Ti i
HAaCTYITHOTO BifirpiBaHHS. Ha 3aBepIlajbHOMY eTarti TIPOBOAVIIN

HU3bKOTEMIIepaTypHUIi BifITyck 3a TemiepaTtypu ~ 150 °C.
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Tabmuig 1
XiMiuHMI CKIaJ JOC/TiIKyBaHUX JIETOBAHUX CTaJIei

BmicT xiMmiuHMX ejleMeHTiB, % Bar.

N® 3a/n C Mn | Si cr | Mo % w S p

CranbNe1 | 0,84 | 0,33 | 0,31 | 4,05 | 502 | 1,93 | 571 | 0,004 | 0,011

CranbNe2 | 0,88 | 0,44 | 1,32 | 1,07 | 0,016 | 0,003 | 0,002 | 0,008 | 0,012

CraibN?3 | 1,03 0,29 | 0,28 | 1,45 | 0,007 | 0,002 0,001 | 0,005 | 0,010

[TopiBHS/IbHMIT aHAasi3 3HOCOCTIMKOCTI AOCIIKyBaHMUX CTajeil MpOBOAMIM Ha
abpa3MBHOMY KOJIi i3 BUKOPUCTAHHSIM CBepIJMJIbHOTO BEPCTAaTy 3a aBTOPCHKOIO
METOAMKOI0 BUIIPOOYBaHb. 3rigHO 3 I[i€l0 METOAMKOIO, CTBOPIOBAIM IIOCTiliHe
3yCcWUIST Ha KiHII PyYKM peryaloBaHHS TIOJIOKEHHS IINUHAEeNsT (BaHTaX
Baroro 1,0 Kr), 1m0 3abesmnevyyBaJio0 OJHAKOBI 3yCW/UISI Y KOHTAKTHiil 30Hi
BUIIPOOYBaJILHOTO MaTepiajly 3 abpasuBHMM KOJIOM. 3a IIOCTifiHOI IIBUIKOCTI
obepTaHHS MIMMHAENS AJIS1 BCiX IMap 3paskiB (CTaHIAPTHMUI i eKcliepyMeHTaTbHUA
peskumu) yepes IeBHi mpomixkky vacy (1, 5, 10 Ta 15 xB.) mpoBogM/IN 3BasKyBaAHHS
3pasKiB Ha BMCOKOTOUHMX JIaOOpaTOPHMX aHaMITMUHMX Barax <«BJIA-200» i3
TouHicTIO 10 1,0 MT.

PesynbraTn. TepmiuHe 00po06IeHHS TepIoi (CTAHZAPTHUI PEXMM) Ta APYroi
(eKcriepMMeHTIbHUI peskuM) TMapTii 3pa3KiB i3 JOCTiAKYBaHUX CTajleil MpOBOAUIN
3a HACTYIMHUMM pexkuMamiu: cTaib N2 1 — HarpiBanHs 1o 1220 °C, BUTpUMYBaHHS,
rapTyBaHHSI y Maci, TpupasoBe BigmyckaHHs rpu 560 °C; ctanb N2 2 — HarpiBaHHS
mo 860°C, BUTpMMYBAHHS, TapTyBaHHA y Macmi, BiamyckaHHs mpu 150 °C;
ctasib N23 - mHarpiBanHsa 1o 860 °C, BUTpPMMYBaHHSI, TapTyBaHHS Yy Macli,
BigmyckanHs npu 150 °C. [Ipyry maprito 3pa3kiB J0JaTKOBO MiAgaBaau KpioreHHOMY
obpoosienHio (KO) 3 HactynmHuM BigmyckaHHsim mpu 150 °C.  PesynbraTu
MOPiBHSUIbHUX BUIIPOOyBaHb Ha abpasyBHE 3HOIIYBAaHHS 3pa3KiB IOC/TiIKYBaHUX

cTasieit HaBeIeHO Ha PUCYHKY.
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Pucynok 1 — Brpara Baru gociaigHux 3paskiB mic/is abpa3uBHOIO 3HOLTYBAHHS :
a—crajb N2 1;6 — cranb N2 2; B — cTanb N2 3

MeHnma BTpara Baru 3paska (ctasb N2 1) gas pexxumiB CT3+KO BinamoBimae
Oi/IbIII BMCOKIili 3HOCOCTIMKOCTI, MOpiBHSIHO 3 pexkxuMom CT3. PisHuilg y 3HOITyBaHHI
cTaHoBUTb ~ 50-30 %. Ilpu 1pbomy micas 10-i XBUAMHM 3HOLITYBAaHHS 3pa3sKa,
obpobsieHoro 3a pexkumom CT3, BimbyBaeThcst Ginbll iHTeHCUMBHO. lle mo3Bossie
MPUITYCTUTH, IO 3a OUIBII  TPUBAJIOrO Ilepioly  eKCIUTyaTallii  pexXum
CT3+KO 320€e3IeYnThb ISt cTati Ne 1 e OiNbIINIL edekT
MTiIBUILEHHS 3HOCOCTiIKOCTi.

3MmiHa y 3HouryBaHHi ctaii N2 2 3a peskumamu CT3 i CT3+KO Bimpi3HsA€THCS Bif,
ctami N2 1 Ta XapaKTepu3Yye€TbCSl SIBHO BUPaKEHUM HEJIiHIAHUMM XapaKTepoMm i3
3pOCTaHHSIM TPUBAIOCTI BUIIPOOYBaHb. PizHuiisg y 3HOIITYBaHHI
cTaHOBUTD ~ 200-82 %. Y mpoiieci 30i/bllIeHHS] TPUBAJIOCTi BUITPOOyBaHb cTasmi N2 2,
0 0OYMOBJIIOE TIEBHMIT PO3irpiB, BiOYBA€TbCS BiAITyCKAaHHS MapTEHCUTY, a TOMY
Pi3HMIISI BTpATy Baru 3pa3KiB iCTOTHO 3MEHIIYEThCS.

3miHa y 3HomryBaHHi cTtanmi N2 3 3a cxemamu CT3 Ta CT3+KO Takox

Bifipi3Hs€TbCS Big cTami N2 1. 3i 36i1bllIeHHSIM TPUBAJIOCTiI BUITPOOYBaHb 3POCTAHHS
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BTpaTy Baru 3paska 3a pexkumoM CT3 6inbin BigpisHS€ThCS Bim 3paska ITic/s
nonatkoBoi KO. PisHulis y 3HOIIYBaHHI CTAHOBUTD ~ 72-56 %.

HeobxigHO 3a3HAUMTH, IO MiABUINEHHS 3HOCOCTIKOCTI HU3bKOBIIITYIIIEHOTO
MapTEeHCUTY MOPIiBHSIHO 3 BMCOKOBiAITYIIEHMM CTAHOM IIOB'sSI3aHe 3 OiJIbIII BMCOKUM
BMIiCTOM Yy HBOMY BYIJIELIO, IO OOYMOB/IIOE€ (OPMYBAaHHS He TiJIbKM BUXiITHOI
MIKpOTBEpIOCTi (TBEpAOCTi), ajie i MOoro 34aTHICTh A0 CaMO3MillHEHHSI, BHAC/IiAOK
PO3BUTKY HOMHaAMiYHOrO pAedopmalliifHoro cTapiHHS I Yac ab6pasuBHOTO
3HOILITYBaHHS. HasiBHICTh B CTPYKTYPi CTajli BKa3aHOTO TUITY MAapTEHCUTY 00YMOBIIIOE
TaKOX IiABUILEHMI piBeHb 3aJMIIKOBUX CTMCKAIOUMX HAIMPYKeHb, SIKi COPUSTIUBO
BIUIMBAIOTh Ha TTOBEPXHEBY KOHTAKTHY Mil[HiCTb TOTOBMX METaJIOBMPOOiB.

PesynbTaTut TMpoBedeHMX MOOCHIIKeHb IJIKOBUTO BiANOBiZalOTh paHilie
oTpuMaHOMYy edeKTy IIiC/isi KpPioreHHOro oOpoO6jeHHS KOHCTPYKIiMHOI cTasti
38XH3M®A, B sKiii crocTepirajy MiJABUIIEHHS IMOBEPXHEBOi 3HOCOCTIMKOCTi [0
~50% B 3anexHOCTi Bim pexumy raptyBaHHSl [1,2]. OTxke, 3acTOCyBaHHS
KpioreHHOTro 06p00JIeHHSI YMHUTD 3araJbHO MO3UTUBHMIA BIUIMB HA eKCIUTyaTalliiiHy
CTiJiKiCTb JIeTOBaHMX CTaJieli B He3aJIe>XKHOCTI BiJ, BMiCTy BYTJIEIl1O.

IMomanpili [OOCTIIKEHHSI aBTOPiB OyAyTh 30Cepe[KeHHi Ha BU3HAYEHHI
eeKTMBHOI TPUBAJIOCTI BUTPUMYBAHHS JOCTIIKYBaHUX CTa/lell y piilkoMy a30Ti [3]
3 METOIO0 CTBOPEHHSI Cy4aCHMUX eHeproouagHuX TeXHOJIOTiii TepMiuHOTO 3MillHeHHS
MeTaJIoBUPOOIB 3i cTajeit iHCTpyMeHTa/JIbHOTO IipM3HaueHHs (dpesu, cBeppa,
MiAIIUITHUKYA TOILO).

BucHoBKM. 3a pe3yjabTaTamMy IPOBEIEHUX [OCJi)KeHb BCTaHOBJIEHO
0COOGIMBOCTiI BIUIMBY KpiOreHHOro 00po6jeHHS Ha (OpPMYBaHHSI 3HOCOCTIIKOCTi
BUCOKOBYTJIEI|eBMX  CTajieli  iHCTPYMEHTJIbHOTO MpPU3HAYE€HHS, J0JaTKOBO
JIETOBAaHMX KpEeMHieM, XpoOMOM, MoOJibmeHOM, BaHamiemM Ta Boabppamom. Ha
HACTYITHOMY €Tamli 3alUlaHOBaHO IIPOBEIEHHS B YMOBax MaIIMHOOY/IiBHUX
MiJIIPUEMCTB cepii MPOMMCIOBMUX BUIIPOOYBAHb ITiJl YaC BUTOTOBJIEHHS TOBapHUX
MeTaJIOBUPOOIB 3 MOC/TiIKYyBAaHOTO MapOYHOrO COpTaMeHTy cTajei. [Ipu 1bomy,
CIIMpalouMCh Ha HASIBHUI BJIACHMUIA MOCBiA aBTOpiB, HaOLIbIINI ePeKkT Moxke OyTH
IIOCSITHYTO, SIKIIO KpioreHHe 00po6JieHHS Oye BKIIOUEHO /IO TEXHOJIOTii TepMiUYHOro

3MillHEHHS BIMCOKOBYTJIELIEBUX JIETOBAHUX crajei 6e3n0cepeng0 TTiCIst onepaui'l'
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rapTyBaHHS, 3 METOK 3arobiraHHs cTabimisamii 3aJMIIKOBOIO ayCTEeHITy,

3MEHILEeHHS TeMIlepaTypy Ta KJIbKOCTI UMKIIIB BiAITyCKaHHS.
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INFLUENCE OF DEEP CRYOGENIC TREATMENT ON THE CHANGE IN
WEARRESISTANCE OF HIGH-CARBON ALLOY TOOL STEELS

Serhii Bobyr, Eduard Parusov, Ihor Chuiko, Olena Baranovs’ka

Abstract. The effect of deep cryogenic treatment on the operational stability of tool
steels with additional alloying with silicon, chromium, molybdenum, vanadium and
tungsten was studied. High-carbon alloy steels after quenching always contain a
significant amount of residual austenite, which requires energy-intensive long-term
technological operations for its further decomposition, but this does not always solve the
existing problem associated with their low wear resistance, especially in harsh operating
conditions. It is from this point of view that during the experiments, the first batch of the
studied steels was treated using standard thermal hardening technology (quenching and
tempering), and the second batch was treated using standard technology with additional
deep cryogenic treatment. According to the results of the research, the features of wear of
high-carbon alloy steels depending on the type of final structure were established by
comparative analysis. It is shown that the chemical composition, parameters of the
thermal hardening regime, and the duration of the tests have different effects on the wear
resistance of tool steels, however, in this study, steels that were subjected to additional
deep cryogenic treatment are in all cases characterized by the lowest weight loss during
abrasive wear.
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BIIVIB JE®EKTIB BYJOBU B BUPOBAX 3I CIVIABY ALSI10MG,
BUT'OTOBJIEHUX 3A AIUTUBHOIO TEXHOJIOI'TEIO PBF-LB/MHA KIHIIEBI
MEXAHIYHI BJIACTUBOCTI
Bymrtpyk C.I. !, Muponoa T.M. 2
I'Vkpaiucokuti depycastuli yHisepcumem HAyKu i mexHonoeiti, acnipanm Ykpaina

2 YkpaiHcoKuii depxcasHuti yHigepcumem HayKu i mexHooziti, 0.m.H., npog. Ykpaina

Anoranisg. BuzomosnenHs Memanesux eupobie 3a mexHosnoziew PBF-LB/M, wo
XapakmepusyemoCs. MAWUHHUM NOCMYNOBUM CNA8JIeHHSIM 00°emie npu3sodums 00
YMBopeHHs YHIKaNbHUX (Hemunosux) cmpykmyp i degpekmis (nycmom) 3 0cobausum
Xapakmepom po3mauly8aHHs, WO 6Nnauede Ha KIiHYesull KOMNJIEKC MexXAaHiuHUxX
gnacmugocmeti. Y HopmamueHiti dokymeHmayii numauHs 00608°13K08020 KOHMPOJIO i
donycmumozo pieHs degpekmis, fKi BUHUKAWOMBL 3a O0AHOW MEXHOJI02i€l0, doCi He
YHOPMOBAHI, ane 8paxo8ymuscsi onocepedko8aHo uepe3 KOJNUBAHHS PiBHS MEXAHIUHUX
g/iacmueocmeti, ma maromo wWupoki dianazoHu donycky. BusueHHs eniugy napamempis
OpyKy Ha enacmusocmi € Oilbld  pauioHAnbHUM  4epe3  3aCMOCY8AHHS
Mamepiano3Hasuozo nidxody, ujo 8paxo8ye enaue cmpykmypu i HasgHocmi degpekmis, 60
Mae nepcnekmueu 07151 CNpouleHHs 00UUCeHb NPU NOCMAaHos8yi 3adayu 3 ModeneaHHs. B
pobomi nponoHyemocs ons cnaasy AlSilOMg 8UKOpUCMAHHA XAPAKMePUCMuK pieHs
depexmHocmi ma mopgponozii cmpykmypu 0151 86U3HAUEHHSI NOKA3HUKIB MEXAHIUHUX
gacmusocmeti.

KiouoBi cjioBa: Ja3epHe NaasieHHsT Memanesozo0 NOPOWK08020 wWapy, CUTYMIH,
Odepexmu  6ydosu, Hopmu i Mmemoou KOHMPOO, MiyHicmb, MOOeN08AHHS
gacmusocmeti.

3acTocyBaHHSI HOBITHIX AaAUTUBHUX TEXHOJIOTi/i BUTOTOBJIEHHS  [IJISI
3a7J0BOJIeHHS IOTpeb MaIMHOOYIyBaHHS Y BUPOOHUIITBI APiOHMX cepiii MpomyKilii
CTaBUTb BUMOTH I10 3a0e3IMeUeHHI0 JOCTATHIX MMOKa3HMKIB ii sikocTi. Ha TemnepimiHii
yac HOPMAaTMBHOIO [JOKYMEHTAIli€l0 PEeryalolTbCsl IMOKAa3HUKM MeXaHiuHUX
BJIACTUBOCTE}, a BIUIMB CTPYKTYpHOro (akTopy, a TaKoX HasIBHICTb OedeKTiB
CTaHIapTaMy He HOPMYIOThCSI.

Bupob6u i3 cunyminy AlSil0Mg, BurotosseHi 3a TexHosorieo PBF-LB/M 3rinHo
CTaHZApTy [1] MalOTh JOBOJI IIMPOKUIA Aialla30H KOAMBAHHS MTOKAa3HUKIB MIIJHOCTI i
IUIAaCTUYHOCTI Ta aHi30TPOMHMIA XapakTep OcCTaHHiX. lle T1OB’sI3aHO, $K 3

0COGIMBOCTSIMM CTPYKTYPH, TakK i 3 po3noisiom aedeKkTiB B 06’eMi BUpOOY.
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Cranpapt [2], skuii onucye nedektu texHosorii PBF-LB/M Bu3Hauae Tpu ix
OCHOBHi TpymM 3a IpUUMHAMM BMHMKHEHHSI Ta Hacaigkamu: aedexkTu OymoBU
(cTpyKTypn), nedektu reometpii Ta medextu mporecy. Came medekTu O6ymoBU €
OCHOBHMM, Maiike TIIOCTiiHO MPUCYTHIM (aKTOpoM, IO 3HIKYE MeXaHiuHi
BJIACTMBOCTiI B yChOMYy 006’eMi BMpoOy. BoHM BKIIIOUAIOTh: ra30Bi MOPH €JIIICOITHOI
dbopmu, MyCTOTU 3 TOCTPUMMU KyTaMi, 10 BUHMKAIOTh Yepe3 HeJOCTaTHii MpoIuiaB,
a TakoX Mikporpimmuu. Citim 3a3HAUMTH, 0 OCTAHHI ABa TUIM OedeKTiB MaroTh
3HAYHMIA BIUIMB Ha MeXaHiuHi BJJaCTMBOCTi, OCKiJIbKYM 3HVDKYIOTh €HEePTil0 HeOOXiJTHY
IJISI pYVIHYBaHHSI.

Xoua KOHTPOJIb SIKOCTi BMPOOGIB MO KiTbKOCTI Ta pos3mominy aedekTiB €
JONATKOBMMM YMOBaMM 3aMOBJIEHHS 3TiJHO CTaHAAPTiB, @ KOHKPETHi KUJIbKiCHI
MOKA3HMKM BU3HAUAKOThCS Yy MPUBATHOMY MOPSAKY, OKpeMi opradisaliii i Bimomi
JOC/TiAHUIIbKI LIeHTPU BBAXXAWTh iX BaxkauBUMMU. Hampuknan, y mokyMeHTIi NASA
(CIIIA) [3] 3a3HaueHO, 1110 piBeHb AedeKTHOCTI B 06’eMi He MOXe repeBuIyBaT 1%.
BusHaueHa Mexka MPUOJM3HO BiAIOBiZae piBHIO PO3BUTKY AedeKTiB, SKuil MOKHA
11o6aunTy He036poeHMUM OKoM (1-2%).

MeToau KOHTPOJIIO HedeKTiB OyIOBM, 1[0 3aCTOCOBYIOTHCSI B TeIEepilllHii Jyac
MaloTh 6araTo o6MeykeHb, a TOJIOBHE BiJICYTHICTh MOSK/IMBOCTiI 3aCTOCYBaHHS iX B
ycbOMy 00’€Mi TOBapHMX BUPOOIB 6e3 pyiiHYBaHHS. [[eHCMTOMETPUYHUIT METO[,
nmotpebye HMU3bKOI HMIOPCTKOCTI ITOBEPXHi, IO € BaXIMBUM [Jig 3abe3ledyeHHSs
TOYHOCTi BMMIipIOBaHHSI B [OiamnasoHi po3BUTKY medekTiB 0-2%. Metanorpadiunmii
MeTO/[I, € JIXIlle HAIiBKUJIbKICHMM uYepe3 HeMOX/IUBICTb BUMPAxXOBYBAaHHS peaibHOTO
00’emy medeKTy I10 ¥oTo IUIOIIi B Iepepisi, a TakoK uepes BiporigHicHMII dakTop
MOTpaIvIsIHHS TedeKTiB B Iepepi3. MeTom MiKpo- KOMIT'IoTepHOI ToMmorpadii €
HalOIIbII TOYHMM i TOCKOHAIMM, IO BM3HAUa€ i 06’em medeKTiB i ix po3momin, ane
YCITIIITHO 3aCTOCOBYETHCS JIMIIle Ha 3pa3kax IpocToi GopMu, 3a YMOBU HeBeIMUKOI
TOBIIMHU MeTaJy.

151 BU3HAUeHHsl KiHLIEBMX BJIACTUMBOCTEN IPYKOBaHUX BUPOOIB OaraTbma
OOCTiIHMKAMM 3aCTOCOBYETbCS MOJEIOBAHHSI 4Yepe3 BIUVIMB €HepreTUUHUX
rapaMeTpiB APYKY, 30KpeMa IMUTOMOI 06’€MHOi eHeprii, SKa BU3HAUAEThCS BUPa30M

(1) Ta ii ckIagOBUX.
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VED= ———
Veh-t 1)

VED - nutoma 06’emMHa eHepris, [I)k/MM>;

P — notyxHicTb nasepa, BT;

V — mBUIKICTh PyXy J1a3epa, MM/C;

h — Kpok ckaHyBaHHS (IITPUXYBAHHS), MKM,;

t — TOBIIMHA MOPOIIKOBOTO IIAPY, 110 CIIABASIETHCS 32 OOUH LMK, MKM.

Takuit migxim He € yHiBepcaJbHMM, OCKiJIbKM He BpaxoBYe iHII ¢aKTopu,
Hanpukiaag 3MiHy o6nagHaHHS, OPYK iHIIOI reoMmeTpii BupoOy um dpakuiiiHuii
CKJIaJ, TIOPOIIKY. 3 iHIIOro 60Ky BpaxyBaHHSI BCiX MapamMeTpiB [4], OCHOBHI 3 SKUX
repepaxoBaHi B Ta6/1.1, mMpM3BOAUTHMME 0 TPYIOHOIIIB B 00uMcieHHsIx. Hampukian,
3 15 BM3HAUeHMX IapaMeTpiB MOKe YTBOpPUTKUCH He MeHIe 10'? KombiHalliii, He
BPaxOBYIOUM 3MiH LIMX ITOKAa3HUKIB.

Bu3HaueHHSI ONTUMMYMYy €HEPreTMYHMX IlapaMeTpiB Ta BCTAHOBJIEHHS
IOITyCTUMMUX MeX me(deKTHOCTI BMPOOY, TaK caMo SIK i BIVIMBY CTPYKTYPHOTO CTaHY,
€ OCHOBOIO [II1 TIOOY[OBM TEXHOJIOTIYHOTO TMpoliecy, M0 3abe3revyBaTuMe

CTabI/IbHICTh BJIACTUBOCTEIA.

Tabmuug 1
daxTopu, IO BIVIMBAIOTh Ha GOPMYBaHHS BJIACTUBOCTEN BUPOOiB, BUTOTOBIIEHUX 34
TexHosoriero PBF-LB/M.

O6saHaHHS [TapameTpu npouecy T'eomeTpist Marepian
XapakTepucTuku gaszepa  [IOTY>KHICTb Ja3epa Kondirypariis TexHosOriuHi
oeTani BJIACTMBOCTI CIJIaBY
XapaKTepUCTUKN [IBUAKICTD PyXy Ja3epa Posmipu ta HagBHicTb JOMilIOK
CUCTEMU CKaHyBaHHS TOBIIVHYM OKPEMMX i BOJIOTU Y MOPOIIKY
e/leMeHTiB
CxeMa 0XOJIOIKeHHS Kpok mtpuxyBanHs ~ OpieHTalis mig yac ®paxiiitHuii ckiaaz
rasom (CKaHyBaHHS) OPYKY [IOPOLIKY
[Toma mo6ymoBu ToBuIMHA APy PostamyBanHs  TexHOJOTiYHMI ra3s
MiATPUMOK
HapiriHicTh cycTem Ctparerist ckanyBaHHs Heo0OximHa sIKiCTb
MOBEepXHi

[IpOTSDKHICTD 3yIIMHOK
B po6orTi [5] BUKOHaHe MO/ie/IIOBaHHS BIUIMBY IapaMeTpiB Mpollecy Ha CTYITiHb

3aIMTIOBHIOBAHHS 00’€My MeTajioM, Jie KPUTepieM yCIiXy 6y/0 OTpMMAaHHS HaliMeHIIOi

KiJIbKOCTi  myctor  (medekrtiB).  Chim  3a3HauMTM, 1O  OCOOJIMBICTIO
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tTexHojiorii PBF-LB/M € mMOBTOpPIOBaHICTh OIlepalliii CIUIaBJIeHHS Jia3epoM 00’emy
netani. Tomy gedeKTM MOXYyTb MaTM  SIK BUIIQAKOBMII XapaKTep pO3IMOJily,
TOB’SI3aHMIA, HAMPUKIAL, 3 KOJMBAHHSM IIJIbHOCTI ITOPOIIKOBOTO IIapy, TakK i
TepeBakHMIA PO3MO/IiJI, TTOB’I3aHMI 3 06paHUM ITPOTPAMHMM PEXMMOM 3aIIOBHEHHS
(cTpaTerieio APYKY) i HAsIBHICTh MeXK (CTUKiB) OKpEMMX MiKpO0o6’eMiB.

AHasiorom npykoBaHoro cruiaBy AlSil0Mg 3a XimiuyHuM i ¢ha3oBUM CKIaIOM €
BiTUM3HSHMI JMBapHuMii cruiaB AJl4, SKuMil 3rigHO JiTepaTypHOi Kiacudikariii
Ha3uBAaIlOTh «TepMeTUYHMM», 32 OCHOBHOIO 3ajlauel0 CBOrO 3aCTOCYyBaHHsS, 0e3
BUCOKMX BMMOT OO0 MeXaHiUHMX BJIaCTUBOCTEeN. BUTOTOBJIEHHS 3a TexHoJoricio PBE-
LB/M 3ab6e3reuye OTpMMaHHS CYOMiKpPOHHOI CTPYKTYpM, a TAaKOX OiJbIl BUCOKMUX
MOKAa3HMKIB MIIIHOCTI Ta IUIACTUYHOCTI, X04Ya i 31 3HAYHMMM KOJIMBAHHSIMM, Ta
CYTTEBO BUPA’KEHOIO0 AaHi30TPOITi€l0 3a piBHEM IJIACTUYHOCTI, IO ITOB’SI3aHi i3

BIUIMBOM BHYTPIllIHiX ITedeKTiB (I1B. Tab1.2).

Tab6muig 2

MexaHiuHi BacTUBOCTI criaBy AJI4 (JINTTS B KOKiib) [6] Ta crinaBy AlSil0Mg
(PBF-LB/M) [1]

Mapka (cTaH) o, MIIa 6o.2, MIIa ds, %
AJl4 (T6) 240 203 3,5
AlSi10Mg (AsP 0°) 353-482 210-272 2-5
AlSi10Mg (AsP 90°) 372-473 239-292 4-7

TakuM 4MHOM, BPaxOBYHOUM BUKJAAeHi MaHi, BU3HAUEHO, IO IJISI CUIYMiHY
BUTOTOBJIEHOTO aAUTUBHOI TexHojorieto PBF-LB/M, Tak camo $IK i JUTBOM,
TUMIOBUM € JIiHIViHUI XapaKTep 3aJIeXKHOCTI 3MiHM MeXi MIIIHOCTI CIjiaBy Bif
KiZibKOCTi medeKTiB B AianasoHi 0-1%, mupiie SIKOro Mmeska MillHOCTi 3HMXXYIOTbCS 10
HeIIpUIMHSITHOTO PiBHS 3a craHmapTom. Ha puc.1 Ha rpadiky HaBeJieHi CKOMOiHOBaHi
oaHi mkepen [7, 8]. Tloka3HMKM IUIQCTMYHOCTI, $IK BUSIBUJIOCH TaKOX MAalOTh

JiHiViHMI, X0ua i1 OiJIbII CTPIMKMII XapaKTep 3MiH.
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PucyHoKk 1 - BrutuB gedexTiB 6ymoBy Ha MillHiCTb CYUTYMiHiB [7, 8]

HedekTn 31e6iabIIOrO0 Opi€HTOBAaHI B TOPM3OHTAJbHIlM IJIOMMHI ITOOYIOBU
BUpoG6iB [9]. Lle BIMBaTMMe Ha TIpolleC PyHHYBaHHS TpMU BUIIPOOYBAHHSIX Ha
KBa3iCTaTUYHMII pO3TAT, nOe [Ojs1 BepTUKaJIbHMX 3paskiB (0°) pyliHyBaHHS
BigOyBaeTbCsl IMpPM [eI0 MEHIIMX ITOKa3HMKaX MII[HOCTi Ta IUIACTUYHOCTI, IO
MOB’SI3aHO 3 I[I0OYAaTKOM 3pOCTaHHSIM nOedekTiB 3 TOCTpUMM KpasMu Ta ix
o0’emHaHHAM 3 AedeKkTamMM CYCiIHiX IIapiB IOOYZOBM IO BMCOTI MPY MEHIINUX
piBHSIX medopmariii HiXX g 6e3medexkTHoro BupoOy. Ilig uac medopmarrii
TOpU30HTAIbHUX 3pa3KiB (90°) nmogi6bHoro 3MUTTS HedeKTiB Maiiske He BilOyBaeThCH,
a TTIoyaTKoBa yacTKa AedeKTiB B IJIONIMHI Ilepepisy MeHIIa, 1[0 CIIPUSIE HigBUILEHHIO
PiBHSI MeXaHIYHUX BIaCTUBOCTE.

OTpumaHi 3aaekHOCTi BIUIMBY AedeKTiB Ha BaacTMBOCTI criiaBy AlSilOMg
MOXYTb OyTM OIMCaHi B IMPOCTiii ¢popmi MaTeMaTuuHuMu Bupaszamu (2) i (3), 1o

MOJKYTb 6YT]/I YTOUHEHMMMU IIPOBEAEHHAM eKCHepI/IMeHTiB 3 peXKMMaMun TeXHOJIOTii.

oc=0, (1-p) -m3 @)
5=6, (1=p)-n® 3)
c i 6o — Meska MiITHOCTi 3 BIUTMBOM Ta 6e3 BILUINBY nedekTi, MIIa;
8180 — BimHOCHE BUIOBKEHHS 3 BIUIMBOM Ta 0e3 BIUIUBY nedeKTiB, %;
p — 06’eMHa yacTKa JedeKTiB Y BiTHOCHi opmi;
m in - KoeillieHTH, 1110 BpaXOBYIOTb UYyTIMBICTh XapaKTePUCTUKY 10 edeKTiB;

S — KoeiIlieHT, 1110 BpaXOBY€E HAMIPSIMOK Y IKOMY BM3HAUYa€ThCSI XapaKTepUCTHUKA.
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BucHoBKU

1.JocnimkeHo mopdoriorito medekTiB 6ymoBu BUpoOiB 3a TexHosorieio PBEF-
LB/M Ta iX BIUIMB Ha MeXaHiuHi BJIaCTUBOCTI.

2.3a/1eXXHICTh MeXaHiYHMX BJIACTUBOCTEI BiJl XapaKTepUCTHUK i 06’eMy edeKTiB
BUK/IameHa y ¢dopMi MaTeMaTUUHMUX 3aJIeXKHOCTEN, SIKi B MepCreKTUBI MOKYTb

3aCTOCOBYBATYCh B MOZEIIOBAHHI MTPOIIECY.
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INFLUENCE OF STRUCTURAL DEFECTS IN PRODUCTS MADE FROM ALSI10MG
ALLOY BY PBF-LB/M ADDITIVE TECHNOLOGY
ON THE FINAL MECHANICAL PROPERTIES
Serhii Bushtruk, Tetiana Myronova

Abstract. The production of metal parts using PBF-LB/M technology, characterized by
machine incremental fusion of volumes, leads to the formation of unique (atypical)
structures and defects (voids) with a specific character of location, which impacts the
final set of mechanical properties. Currently, standards do not regulate the control and
permissible level of defects arising from this technology, but they are indirectly assessed
through controlling mechanical properties, which have wide tolerance ranges.
Investigating the influence of technology parameters on properties is more effective with
a materials science-based approach that considers both the impact of structure and the
presence of defects, as it simplifies calculations for modeling tasks. This paper suggests
utilizing defect level characteristics and structure morphology to determine the
mechanical properties of the AlSi10Mg alloy.

Keywords: laser-based powder bed fusion, silumin, defects in materials, norms and
methods of control, strength, modeling of properties.
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POJIb CAIIP YV PO3POBII IHDKEHEPHUX PIIIEHD J1JI51
METAJIYPTTIHOT TAJTY3I
I'pevanmit O.M.!, Bacunbuenko T.0.%, Bepuuay6 M.B.3, TepuoBuit 0.0.3
I3anopisvkuii HauioHanweHUll yHisepcumem, Ph.D., doyenm, Ykpaina
23anopi3vkuli HayioHaIbHUll yHiBepcumem, KaHd. mexH. HaykK, doyeHm, YkpaiHa
53anopisvkutl HayioHanbHUll yHigepcumem, mazicmpanm, Ykpaina

AHoTamnisgs. B ymosax »opcmkoi Kadpoeoi Kpusu 6 memanypeiliHili 2any3i 2ocmpo
nocmae nUMaHHs 3acmocye8aHHs nepedosux npozpamHux 3acobie 018 onmumizauii ma
NPUCKOPEHHS. BUPIWEHHS CKIAOHUX IHM¥eHepHUX 3asdaHb. Cucmemu agmomamu308aH020
NPOEKMYBAHHS 8idizpaiome KaUu08y poJib Y MOOEN8aHHI, aHaiizi ma onmumisauii
MemanypeiiiHux npoyecie, ane 3alUUAEMbC GIOKpUMUM NUMAHHSL BU3HAYEHHS
Halibinew payioHansHozo npodykmy, sikuil 3abesneuye npuHyunu QyHKYioHAILHOCMI,
gapmocmi ma npodykmusHocmi. Tomy OCHO8He NUMAHHS, SIKe po32nadaiu asmopu,
MOMCUBICMb PO3POOKU MYyAbmuizuuHozo nioxody, wo noedHye 8 cobi iHmezpayirn
nomyxcHux npozpamuux incmpymenmis (ANSYS, AutoCAD, SolidWorks, MATLAB) dns
MOOeNBAHHS. CKAAOHUX MemanypeiliHuX npoyecié 3 aKYeHmMoM HA MeXAHIUHUl,
mepmiuHuli ma cmpykmypuuii avani3. Ileii nidxi0 00380.15€ 3HaA4HO nidsuwuMu
MOUHICMb HHCEHEPHUX PO3PAXYHKIB, WO MAE 8axciuee 3HAaueHHs 01 onmumidauii
MexHOJI02IYHUX JIHIl y Memasnypeii, 30kpema, 8 KOHmexkcmi nepedosux memodie aHani3y
ma  800CKOHANEHHS ~ MemoOUKU NPOEKMYBAHHA 3  YPAXYBAHHAM  CKAAOHUX
8UPOOHUYUX YMO8.

KiniouoBi cioBa: asmomamu308aHe NpPOEKMYBAHHS, KOMN’lOmepHe MOOeN08aHHS,
[HXCceHepHi po3paxyHKu, mexHiuHi cmaHoapmu, aHani3 OaHux

Beryn. IlepeBakHa yacTMHA K MPOKATHOTO Tak i JOMOMiKHOTO 06JiaiHAaHHS
MeTanypriitHoi ramysi YkpaiHu po3po6GieHO Ta 3amylieHo B eKCIUTyartaljilo Ha
novaTtky XX ctomiTTs [1-2]. Hespaxkatoun Ha 3HauHi KoedillieHTH 3amacy MillHOCTI 3
YyacoM eKCIuTyaTallii Ta 6ypX/JIMBOTO PO3BUTKY TE€XHOJIOTIUHMX aCIeKTiB B MeTanyprii
BUHMK/IM TTIOTPeOU He TibKYM B IVIMOOKiV MoAepHi3allii icHyrouoro ob6jagHaHHsI, a ¥ B
po3po6Ili  MPUHIMIIOBO HOBMX KOHCTpPyKLiit [3-5]. Takox y cuTyanii
HEBM3HAUEHOCTi, CIOPUYMHEHOI BOEHHMM CTaHOM, T[IPOBeJEeHHS peaJlbHUX
eKCIIepUMMEeHTIB [JIs1 TIepeBipKyu abo CIIPOCTYBAHHSI Pi3HUX aCIeKTiB TeXHOJIOTiYHUX
MpoIieCiB CTa€ HaA3BMUAHO CKIAIHUM 3aBIaHHIM. ToMy Aepnani 6ibliie 3HaUE€HHS
HaOyBalOTh METOIM iMIiTalliifHOTO MOJIe/IOBAHHSI Ta €KCIIePMMEHTIB P po3poOITi

MeTaypriitHOro 06yiagHaHHS [6-7].
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B 3B’$I3Ky 3 LMM IIOCTa€ 3aKOHOMipHe MUTAHHS CUCTEMHOTO aHali3y Ta
BU3HAUEHHS  HAMOIMBII ~ ONTUMAJIbHMX  IIPOTPAMHMX  MPOAYKTIB  CUCTEM
aBTOMaTMYHOTO TpoekTyBaHHS (CAIIP), aKi 6 cTanu y Harozi KOHCTPYKTOpaM IIpu
MPOEKTYBAaHHI Ta YIOCKOHA/IeHHI He TUIbKM OCHOBHOTO Ta [OIIOMIKHOIO
obJ1agHAHHS, a Ji 6e311ocepeJHbO TeXHOJIOTiYHMX ITPOLIECiB.

OcHOBHUIT MaTepias. Y cydacHUX OOCTiIKeHHSX MporpaMHe 3abe3redyeHHS,
Take Ik ANSYS, AutoCAD, SolidWorks i MATLAB, akTMBHO 3aCTOCOBYETHCS [IJISI
MO e/II0OBaHHS Ta aHa/li3y MPOLieciB y MaTepiaJilo3HaBCTBi Ta MeTalIyprii.

ANSYS BUMKOPUCTOBYETBHCSI IJiSI YMCEIbHOTO MOME/NIOBAHHSI TEXHOJIOTIUHUX
MpoIleCciB, 30KpeMa IPOKAaTKM aJIOMiHI€EBMX CIUIAaBiB Yy pigKoMy a3o0Ti Ta
ACMHXPOHHOI raps4oi MPOKaTKM KOMITO3UTHMX MaTepiaaiB, a TaKOoX AJjisI aHasi3y
medbopmailiii, TeMIlepaTypHMX 3MiH i HampykeHb y MaTepiajgax, IO T03BOJISIE
OTpUMaTK TOYHI pe3yJbTaTU IOAO MeXaHiUHMUX BJIACTUBOCTEM 1 CTPYKTypHU
MatepianiB [8-10]. Ile mporpaMHe 3abe3meuyeHHsI Ja€ 3MOTY BpPaxOBYyBaTy He Juiie
MaKpPOCKOIIIYHI XapaKTePUCTUKHU, a i MIKPOCTPYKTYPHI 3MiHU, 110 € BKIMBUMMU IJIsI
MIPOTHO3yBAaHHS MOBEIiHKM MaTepiasiB 3a pi3HMX YMOB.

AutoCAD € opHi€lo 3 HaiOiIbII TMOWIMPEHUX MpoTrpaM [Jisi CTBOPeHHS i
00po6KM TpadiuHMX Mopeseil, i #1oro 3acTOCYBaHHSI OXOIUTIOE IIMPOKUIA CITIEKTP
rajiyseif, Bii MaIlIMHOOYIyBaHHS Ta apXiTeKTypu A0 aJAUTUBHOTO BUPOOHMIITBA i
reosiorii. Ilporpama 3abe3reuye BMCOKY TOYHICTb 1 THYYKiCTb B IIpoliecax
MIPOEKTYBAHHS, 1[0 POOUTD ii KOPMCHOW [IJIST UYMCI€HHUX HAyKOBUX Ta iH>KeHepHUX
3aa4y. Baxxnupow mepeBarow € 3maTHiCTb AutoCAD 3AilicHIOBaTM TOYHI
BMMIpPIOBaHHSI 1 CTBOPIOBATM CKJAJHI TreOMeTpUYHI Mopesdi, IO J03BOJSIE
BUKOPUCTOBYBATU MOro [Jisi MOAEIIOBAHHSI MPOLECiB B MOPOIIKOBii MeTalyprii,
IJIaHYBaHHI TipHMYO-MeTaldyprifiHuMx pob6iT Ta MMPOKAaTHOMY BMPOOHMIITBI, e
TOYHICTb BiJiirpa€ KpUTUUYHY POJIb.

OpgHMM 3 TIPUKJAAIB YCITIITHOTO 3acToCcyBaHHSI AutoCAD € BUKOPUCTAHHS AOTO
111 BUMipIOBaHHS IO pO3BeAeHHs Ta ocakeHHs mopoiiky Ti-6Al-4V y npoieci
MPTAAM (aguTuBHe BUPOOHUIITBO). Bimomo, mo AutoCAD BUKOPUCTOBYETHCS IS
aHaTi3y ONTUYHMX 300paskeHb 3pa3KiB i BUMipIOBaHHS TeoMeTpii ocakKeHHS, 0 €

BAKIIMBUM  OJIA HOpiBHHHHH EKCIIepMMEeHTa/IbHUX HOaHUX 3 TeOpeTUMYHMMU
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MoAensaMu i 4uciaoBumu cumyssigismu [11]. B iHmomy kKoHTekcti, AutoCAD
3aCTOCOBYETHCS i1 CTBOpeHHS 3D Mojesieit reosoTiuHMX O0O0’€KTiB, TaKUX SIK
BiIKpUTi Kap’epy, IO MO3BOJISIE TOKPAIIUTU IJIAHYBAHHS BUAOOYTKY KOPMCHUX
KOMAJIMH i Bi3yasi3yBaTy MPOCTOPOBi 3B SI3KM MiX reosioriunmmu mapamu [12]. Kpim
TOro, AutoCAD mMPOKO BUKOPUCTOBYIOTD [IJISI MO E/IOBaHHS pPelliT4acTUX CTPYKTYP
y aAUTUBHOMY BUPOOHMIITBiI, e BMCOKA TOUHICTb € KPUTUUYHO BAKIMUBOIO [IJISI
MOJ/IbIIOI ONTUMIi3alil Ta BUTOTOBJIEHHS TakKuX CTPyKTyp [13]. Lle migTBepmxye
YHiBepCaJbHICTb i e eKTUBHICTb Iporpammu B pi3HUX HAyKOBUX
i mpomucioBux cepax.

[MosutuBHuMM pucamu SolidWorks € Bucoka TOUHICTh MOJI€/IIOBAaHHSI CKIaHUX
reomeTpiit, 10 3abe3revye sIKiCHe i meTasbHe BimoOpaskeHHsT 00’€KTiB. IIporpamue
3abe3mneveHHs] TaKOX IIATPUMYE iHTerpaiilo 3 IiHIIMMM IIporpamMaMy mjisi
YMCe/IbHOTO aHaji3y, TakuMmu Ik ANSYS, 1m0 po3inproe MOKIUBOCTI iH)KeHEepHOTO
aHasisy [14]. 3okpema, SolidWorks € 0co611MBO KOPUCHUM [IJIs1 CTBOPEHHST Mozeeit
KOMIIOHEHTIB TpOKaTHMX CTaHiB [15], cruiaBiB Ta craseBux mnpodiniB [16], 1o
3HAYHO IiaBuinye e@eKTuBHICTh IMX IpoieciB. Hemonikom SolidWorks e iioro
BJMCOKA BapTiCTh JilleH3ii, 1[0 MOXe OyTM CYTTEBMM Oap’epoM [Jjisi HeBeJIUKUX
KOMIIaHili, HaBYaJbHMX 3aK/IaiB a00 JOCTiAHUIILKMX OpraHisalliii, ge OI0[KeT MosKe
OyTM 0OMEsKeHMIA.

VY cydacHMX HayKOBUX JOCJIJI)KEHHSIX Y Ta/ly3i MaTepiaJo3HaBCTBa, METAIyprii
Ta iHkeHepii nmporpamHe 3a6e3neyeHHss MATLAB akTMBHO BUKOPUCTOBYETHCS /IS
00pOOKM, MO/IETIOBAHHSI Ta aHATi3y CKIAIHMX ITPOILIECiB, IO BKIOYAIOTh MeXaHiuHi
BUITPOOYBAHHSI, TePMiuHi IMpOIEeCH Ta MOCTIIKEeHHS MiKpOCTPYKTYp MaTepiaiB.
Opniero 3 ocHOBHUX cdep 3actocyBaHHsI MATLAB € 00pob6ka pe3ynabTaTiB
eKCIlepUMeHT/IbHUX MOCTiIKeHb Ta MOJAeToBaHHSI (Qi3UUHMX IIPOILIECiB y Pi3HUX
rajly3ssx TexHikKM. Y pamkax Metanorpadiuaux  pocmimkeHb, MATLAB
BUKOPUCTOBYBABCSI IS PO3POOKM YHiBEpPCaJbHOI METOAMKM IMEGPOBOTO aHaji3y
MiKpOCTPYKTYp MeTadiB i cmiaBiB. Anroputmu MATLAB 3acTOCOBYIOTBCS [JisI
00po6KM 11MppPOBUX 300pakeHb MiKpPOCTPYKTYp, IO [TO3BOJISIE aBTOMAaTU3yBaTu
TpolleCc BUMipIOBaHHSI reOMeTPUUHMX TMapaMeTpPiB CTPYKTYPHUX eIeMEeHTiB, TaKuUx

SIK epuT, MepyiT i MapTeHCUT, a TAKOX IJIs1 OL[iHKM BIUIMBY IIMX MapaMeTpiB Ha
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MeXaHiuHi BiacTMBOCTI Matepiamy. Y pesynabrari MATLAB 3HauHO cropoiye i
TIPUCKOPIOE TMpPOLIeC aHali3y, 3HWXKYHUM MMOBIPHICTh MNOMWIOK, IO MOXYTh
BUHUKHYTU IIpU pPydyHOMY BuMiproBaHHi [17]. Cepen HenosikiB BMKOPUCTAHHS
MATLAB mMoXHa Big3HauMTM CKJIaAHy ajanTaliii IMporpammu OO0 KOHKPeTHUX
3aBJlaHb, [0 BMMAara€ 3HAYHMX YaCOBMX i PECypCHMX BUTPAT HA PO3POOKY
CIiel;ia/li30BaHOro KoY.

BucHoBku. IlincyMoBywuM BCe BUIleCKa3aHe MOXHA Big3HAUUTH, IO
nporpaMHe 3abesmeueHHsS ANSYS Mae BMCOKY TOYHICTh MOJETIOBAHHS Ta
afarTUBHICTh A0 KOHKPETHMUX YMOB, IIPOTE TIOTPeOYE MOTYKHOTO 06UMCTIOBATILHOTO
obyiagHaHHS Ta BUCOKOKBamidikoBaHux KampiB. SolidWorks i AutoCAD HapaioThb
eekTUBHI IHCTpyMeHTM IJji1 MeXaHiuHOro IMpoekTyBaHHs, a MATLAB migsuiye
TOYHICTh IPOTHO3YBAHHS MeTaJypriiiHUX IIPOLIECiB Ta CIIPOIIYE MpOoIllec 0OpoOKM
pes3y/IbTaTiB eKCIepUMEeHTAIbHUX AaHUX. TOMY [JisI KO)KHOTO KOHKPETHOTO TIPOEKTY

C)'Ii,[[ peTeIbHO BI/I6I/IpaTI/I iHCTpYMeHT, CIIMPpAaKYNCh Ha 11070 0COGIMBOCTI Ta BUMOIM.
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THE ROLE OF CAD IN THE DEVELOPMENT OF ENGINEERING SOLUTIONS FOR
THE METALLURGICAL INDUSTRY
Hrechanyi Oleksii, Vasilchenko Tetyana, Vernydub Mykhailo, Dernovyi Oleksandr

Abstract. In the conditions of a severe personnel crisis in the metallurgical industry, the
issue of using advanced software tools to optimize and accelerate the solution of complex
engineering tasks is acute. Computer-aided design systems play a key role in modeling,
analysis and optimization of metallurgical processes, but the question of determining the
most rational product that provides the principles of functionality, cost and productivity
remains open. Therefore, the main issue considered by the authors is the possibility of
developing a multi-physics approach that combines the integration of powerful software
tools (ANSYS, AutoCAD, SolidWorks, MATLAB) for modeling complex metallurgical
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processes with an emphasis on mechanical, thermal and structural analysis. This
approach allows you to significantly increase the accuracy of engineering calculations,
which is important for optimizing technological lines in metallurgy, in particular, in the
context of advanced analysis methods and improving design techniques taking into
account complex production conditions.

Keywords: computer-aided design, computer modeling, engineering calculations,
technical standards, data analysis
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OCOBJIMBOCTI TEXHOJIOTTI BUIIJIABKU I PO3KVCJIEHHSA
MAPTAHIIOBUCTOI CTAJII
I'peuyxun A.A.!, MsHoBcbKa §.B.%, Kamkina JI.B.?
LVIIVHT /IMeml, acnipanm, YkpaiHa
2 VIVHT [IMemlI, npog., 0.m.H., YkpaiHa
AHoTaunisgs. MapzaHyosucmy cmans MoxHa Kaacugikysamu sk cmane TRIP i cmane
TWIP 3anexcHo 8id pexcumy mexauizmie degpopmayii. TRIP-cmani moxcymo
Npomucmosmu BUCOKUM HasaumaxceHHam 0e3 deopmauii, a TWIP-cmani nezko
depopmyomsCsl 3a HU3LKUX HABAHMAXCEHb | He PYUHYIOMbCs axc 00 CMyneHs 3az2anbHoi

depopmauii 90%. Lle o3Hauae, wio cmasnwv 36epizae Xopouly naacmuuHicmes HA8iMb Nics
npouecy 2nuboKoi 8UMSIHKU.

LlInakosuti pexcum npouecy 6uniaeku cmaiui IiCMOMHO 6NJUBAE HA MeXAaHIUHi
871aCMuUBoCMi MapzaHuyosucmoi cmani, ocobaueo Ha yoapHy e'si3kicms. Poboma 3i
WIaKkom 3800Umubcst 00 OMPUMAHHSI HEOOXIOHOT 3a MEXHOJI02IUHUMU ITHCMPYKYIAMU 11020
OCHOBHOCMI Ma OKUCNEHOCMI, A MAKOX KOHUeHmMpauiti 0CHOBHUX OKCUOi8.

Bidomo, wo 0na ompumaHHs Hatibilbll 8UCOKUX 3HAYEHb MEXAHIUHUX 8]1acmueocmetli
cmani nompibHo, wob 3aauwKosuli emicm anomitiio 8 memarni He nepesuwysas 0,04%.
IIpu e8sedeHHi 00HAK0B0I KibKOCMI aMOMIHI0 0211 po3kucaeHHsa (1,2 k2 Ha 1 m pidkozo
Memasny) KoHyeHmpayisi anomiio 8 memani eapitoemucs 6id 0,01 % do 0,09 % uepe3
KOJNIUBAHHS OKUC/IEHOCMI Memasny. 3MEeHWUMU OKUCIEHICMb MeMAaty MOMIUBO ULTISIXOM
OJuay3itiH020 PO3KUCIEHHS WAKY 8I10H0B81108AIbHO20 Nepiody.

KniouoBi ciioBa: cmajib, MapeaHeuw, MexHoJ102i5 eunjiaeku, pexcum po3KucCjieHHA.

Cranp l'agdinpma € He3aMiHHMM MaTepiajioM OJIs1 AeTajeil, MpaliondnMx Ha
3HOC i ygap ogHodacHO. 3i ctasi 110I'13J1 BUTOTOB/SIOTh UepIriakyM eKCKaBaToOpiB,
metaqgi KaMeHeapoOapoK, Tpaku TYyCEeHMIIb TpPaKTOpPiB, TaHKiB, TpamBaiiHi
XpPeCTOBMHM, XPECTOBMHM CTPUIOUHUX II€peBOJiB, SIKi € OCHOBHMMM ejieMeHTaMM
KOHCTPYKIIil 3aJi3HMYHMX MIJISIXiB, @ TAaKOX BIKOHHiI pelIiTKM B TIOpbMax, SKi
HEMOXJIMBO TlepenwisiTh. Y LMX AeTaasx TepTs CYIPOBOMIKYETHCS yaapaMu Ta
BeJIMKUMU TuUcCKaMu. CTajib BUCOKO MapraHuoBucta mapku 110I'13J1 ne nmBapHa

CTaJIb ayCTEHITHOTO KJacy i3 BMicTOM ByrJielio 1,1%, neroBaHa MapraHiiem.
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Tabmuig 1
Ximiunmii ckiag crani 1101371, % (ICT 977-88)
C Si Mn Ni S p Cr
0,9-1,5 0,3-1 11,5-15 oo 1 oo 0,05 mo 0,12 oo 1

MapraHelup € He3aMiHHMM JIETYIOUMM €JIEeMEHTOM Y CTadi, 3aBISKU JOTO
30aTHOCTI 3HAYHO IIOKpAllyBaTM MIIHICTh 1 B’S3KICTh CTa/Ji 3a [IOIIOMOTOIO
MexaHi3MiB 3MillHeHHSI TBepAMM PO3UMHOM 1 JuUCIIepCiiHOro 3MiuHeHHsS [1].
MapraHIiioBUCTY CTajb MOKHA KinacudikyBatu sk ctaib TRIP i crasb TWIP 3aeskHO
Bil peskumy MexaHi3miB gedopmaiiii. TRIP-cTasmi MOXYTb IPOTUCTOSITY BUCOKUM
HaBaHTakeHHSIM 60e3 medopmaiiii, a TWIP-cTami erko medopmMyIoThCsl 38 HU3BKUX
HaBaHTaXeHb i He PYMHYIOTbCS aXk OO CTyMeHsl 3arajbHOi medopmarii 90%. Lle
03Hauae, 1[0 CTa/Ib 30epirae Xopoury IJIaCTUYHICTh HABIiTh ITiC/IS MPoIecy InboKoi
BUTSDKKMU. MikpocTpykTypa cTaii TRIP ckinamaeTbcsl i3 3aJMILIKOBOTO ayCTEeHITy
(moHam 5%), a TaKOK MapTEHCUTHUX, GEPUTOBUX i OEIHITHUX CTPYKTYP, TPUCYTHIX Y
pisHMX KiJbKOCTSX. MinHicth crami TRIP 3ymMoB/ieHa HasIBHICTIO OeifHITY Ta
MapTeHCuTy [2].

MeTanomuxTty mjs BuUIUIaBKM cTtaqi Mapku 110T'13J1 cknamawoTh i3 20-30%
npi6bHoro  Opyxty, 20-30% Benukoro, 40-60% cepemHboro. Ha ngHO
3aBaHTAXXyBaJIbHOI KOP3MHM MOMIIIAIOTh APiOHMIT OPYXT, ITOTIM BaskKUii i cepeHiit,
a Haropy - ApiOHMIt OpyXT i yaByH. Bigxomu eyneKTpofiB, KOKC 3aBaHTaKyIOTh Ha
MOJiHY Meyi nepeq 3aBaikow [3]. Inxty Ajisi BUIUIaBKU CTali METOOM OKUCIEHHS
Mig0MpParTh TAKMM YMHOM, 10O BMICT BYIJIEII0 IO PO3ILIaBJIEHHIO OyB BUIIMM 3a
BepxHI0 Mexy Ha 0,3...0,15%. BamHo npucakyoTh Iepe] 3aBajKol0 MUXTU B ITi4 Y
KibKOCTi 2...3% Big Macu 3aBajku. Ilicjsi 3aKiHYeHHS 3aBajJIKM IIPOBOASITb
po3iuiaBieHHs1 mMxTU. CMOYaTKy pO3IUIaBJIEHHS BeOyTb Ha CepelHbOMY CTYyIIeHi
Hanpyru. Komm 1mig enekTpomamy YTBOPIOIOTHCS KOJIOAS3i, TpaHcdopmaTop
TepeMMUKAEThCSI Ha MaKCUMAaJIbHO MOMYCTUMY TOTYXHICTh (2-3 cTyneni). Ilicis
IIOBHOTO pO3IUIaBJIE€HHS BimOMpaloTh MPoOy MeTany [jsg BU3HAUEHHS XiMi4HOTO
CKJIay po3IiaBy Ta MpoOy LIJaKy AJisT BU3HAUeHHSI OCHOBHOCTiI Ta BMiCTy B HbOMY
OKCH/IiB MapraHIiio Ta 3ajisa.

Hani MpoBOASITh PyAHEe KUITIHHS MeTajay, MpU SIKOMY YaCTKOBO 3HIVKYIOTHCS

KOHIIeHTpallii Byriemio Ta docdopy B posmaaBi. [as 1pboro B Ii4 MOAAIOTH
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OKMCJIIOBAY — OKaJIMHY abo arjaomMepart y ABa-TpU MPUOMM 3 po3paxyHKy 13...20 Kr
Ha TOHHY mMxTu. Ha KoxkHi 10 Kr okuMcIi0oBaya BBOASITh 5 KT BallHa. PimKopyXamMBuii
IIVIaK, II0 YTBOPIOETHCSI, CKAYYIOThb i HABOISTh HOBUII MPOTSITOM YCbOTO PYIHOTO
nepiogy. Yepe3 15 XB miciast IOYaTKy PyAHOTO KUIiHHS 3 iHTepBasioM 10 XB
BiIOMPAIOTh IMPO6GY MeTajTy )i BUSHAYEHHSI JI0r0 XiMiYHOIrO CKJIaay Ta PO3PaxyHKY
MIBUIKOCTI BUTOPSIHHS ByT/Ielo Ta medocdopariii. [Ipy mocsirHeHHi KOHIIeHTpalii
BYTJIEI[I0 Buille 3a BepxHIo Mexy Ha 0,05 % NpunmHSI0Th MoJavy OK1CA0Bava B IMid.

[Ticas 3akiHYeHHST pyOHOTO KUITiHHS IIIJIaK CKaYyIOTh MOBHICTIO Ta MOYMHAIOTh
nepiog, yucToro KuiiHHA. HOBMI IVIaK HABOISTH LIISAXOM IPUCAAOK BallHA Ta
TUIAaBMKOBOTO IIMATY Y CITiBBiAHOIIEHHI 4:1 3 po3paxyHKy OTpUMaHHS 2-3% ILJIaKy
Bif, Macu MeTasy Ta OCHOBHOCTI He MeHIe 2,0, iHaKIlle 3aCTOCOBYIOTh 3aX0M 00
JA0TO KOPUTYBAHHSI.

3aBHAaHHSIM II€pioly UMCTOrO KUITIHHSI € OTPMMAHHS HEOOXiTHOro BMICTY
BYIVIEIII0 B MeTaJsli, BUJJIEHHS HeMeTaJleBMX BK/IOUeHb Ta rasis. [IpoTsirom ycboro
nepiomy BimOMparoTh MpoOM MeTaly Ta IIJIAKy i1 KOHTPOJI BMICTy BYIJIEIIO Ta
MapraHillo B MeTaJi.

HacTynmHMM TEXHOJIOTIUHMM €eTarioM € pO3KUCJIEHHS MeTally Ta [UIaKy.
CrnouaTKky y BaHHY BBOAATh 50-60% po3paxyHKOBOI KiJIbKOCTi (hepoMapraHiito, gasti
dbepocuikoanoMiHil 3 po3paxyHky BBefieHHs 0,2-0,3 KI KpeMHil0 Ha TOHHY MeTaJry
i uepe3 5-7 xB mopawTb depocuiiliii ®C45 ab6o ®C65 3 po3paxyHKy OTPUMAHHS
3aaHOi KiJbKOCTI 3rigHO 3 Mapkoio. IloTiMm 4yepe3 5-7 XB BBOOSATH KiJIbKiCTh
dbepomaprasiijo, IO 3aauiimaacs. KO KOHIEHTpallisi KpeMHil0 B MeTasti
3HAXOAUTHCS HIDKUE JOITyCTUMOI, TO hepoCuIIiliii BBOASTH 6e31ocepeIHbO B KiBIIl.

OOpo6Ky TIUYHOTO NUIAKy IMPOBOASITH PO3KUCIIOBAJILHOI CYyMIillllllfo, IO
CKJIAa€TbCs 3 BamHa, depocuiikoanioMiHilo abo depocumiiliio, KOKCy MeJeHOro,
TUIaBMKOBOIO HINary. [10JaTKOBO IIJIAK PO3KUCIIOITh TPaHyJIbOBAHUM aIIOMiHIEM,
ciukoro abo iHIIMMM aTIOMiHiEBMMM MaTepialaMu.

3aKkiHUMBIIM BUILIABKY, Bif0MpamTh MpoOy po3IIaBy [Jjis BM3HAUEHHS J10ro
XiMiYHOTO CKJIaJy, Mic/sl YOTO 3[i/iCHIOI0Th 400 KOPUTYBaHHS, 800 BUITYCK MeTasy. Y

Mpolleci BUMYCKY PO3IUIaBy B MOro CTPyMiHb IOAAKTh alOMIiHil i3 pO3paxyHKy
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0,8-1,2 kr/T crai. ITicjas HalTOBHEHHS KOBIIA BimOMparoTh MpoOy IS BU3HAYEHHS
XiMIYHOTO CKJIaZy BUIIABJIEHOIO MeTaiy.

[lInakoBMUiA pekxMM MPOLeCy BUIJIABKM CTaji iCTOTHO BIUIMBAE Ha MeXaHiuHi
BJIACTMBOCTI MapraHI[OBMCTOI CTaJli, 0COOJMBO Ha yIOapHy B'sI3KicTh. Pobora 3i
IIJIAKOM 3BOJMTHCS IO OTPMMAHHS HEOOXiTHOI 3a TEXHOJIONiYHMMM iHCTPYKLISIMU
JAOTO OCHOBHOCTI Ta OKMCJIEHOCTi, @ TAKOXX KOHILIEHTpAalli/i OCHOBHMUX OKCHUIiB. BmicT
y IIVIaKy OKCUZAIB 3aJli3a i MapraHIlI0 Y BiAHOBIIOBAJIbHMII ITePiof IVIaBKM BIUIMBAE HA
OKMCJIEHICTh MeTaly, SIKy HeOoOXiTHO 3HATU IJiI BUM3HAUEHHSI JOCTAaTHbOI KiJbKOCTI
aJIIOMiHiIO0, III0 BBOIMUTBHCS B CTa/b IJIST i1 TIMOMHHOIO PO3KMC/IEHHS, a TaKOX IJIsI
IIPOrHO3YBaHHSI KiJIbKOCTi T00ABOK, IO JIETYIOTh i MOJAU(DiKYIOTb.

KoHTposib 3a BMCOKMM BUXOJOM i BY3bKMM CKJIaJJOM MapraHiilo B IIpolieci
IUIaBKUM Bifirpa€e BaXkKJIMBY pOJIb Yy KiHIIEBili SIKOCTi CTaji Ta BapTOCTi CUMPOBUHM.
PiBHSIHHS, 3@ $IKMM MOKHAa BM3HAUMTM BMICT MapraHIl0 B MeTali, 3HAIuu
aKTMBHICTb KMCHIO B MeTaJi i CK/JIaj KiHIEBOTO IUIaKy MO OKCuAaM 3ajida i

MapraHiio:

(Mno)+(Feo

— ]_
[Mn] = =722 — 0,256, 1)

Ie [Mn] — koHUeHTpalisd MapraHuw B mertani, %; (MnO), (FeO) — BMicT oKCuZiB
MapraHiiio Ta 3ajisa B IIVIaKy, %; djo; — aKTUBHICTbh KUCHIO B PiAKiii cTasmi.

Peakilii po3Kuc/JIeHHSI MOKHA OIMCATH 3a JOTIOMOTOI0 KOHCTAHTM PiBHOBAru
pPO3KMC/IEHHSI. 3a JOIMOMOTOI0 PiBHOBaKHMX PO3PaxyHKiB MM MOXeEMO 3HaiTu
HaltHWOKUMit a60 MiHiMa/IbHUIT piBeHb KUCHIO, SIKMII MOXXHA JOCSTTHU MPU TTIEBHOMY
CKJIaZi cTasli. 3BMUaitHo, 1ie BaXK/IMBO 3HATU SIK TIOUYATKOBY TOUKY Ta SIK KpaiiHI0 MeXY
IUIsT omepallii po3KucaeHHs. PylifiHa cuia peakilili pO3KUCAEeHHS 3aJIeKUTh Bif
repeHacMYeHHs, sike MOXXHA onyucaTy GaKTUIHMMM Ta PiIBHOBaKHMMM IPOAYKTaMU

pO3IH/[HHOCTi, HaIlpMK/iaag, Ojs pO3KMCIeHHA Al:
] 3
Rarc .
[T = Zal%e. @
Al Cpige,

TO,Z[i MM TaKOX MOXXE€MO HaIlMCaTun:

AG, = — % Inll, (3)

ne IT — koedinieHT mepecuueHHs, a Vi, — MOJISIpHUIT 06’€M, M3/MOJTb.

PiBHSIHHSI TIOKa3ylOTb, 110, TOJOBHMM UMHOM, CUJIbHUI PO3KUCIIOBAY 3

HM3bKOIO ITOBEPXHEBOIO eHepI‘iGIO YTBOPEHOI'O OKCHUAY OO0 PO3IlJIaBy IIpu3Bene no
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JIETILIOTO 3apOPKEeHHSI OKCUMIHOTO BK/IIOUEHHS, a Siipa MaTMMYyTh MEHILIUI po3Mip,
HIXK SIKIIO CIa0KMUI PO3KUC/IIOBAY YTBOPIOE HE3MOUYBaHMI OKCI/I,.
YV Tabnuii 2 HaBemeHO 3i0paHi AJIs ByT/eleBoi cTaji maHi momo koedilieHTiB

B3a€MOZ|ii 1Jis enemMeHTiB ii cknagy npu 1600°C [6].

Tabmuis 2
KoeditmienT B3aeMo/iii eemeHTiB Byr/ieneBoi ctaji mpu 1600°C
EnemeHT Al C Mn P S Si Ti H N (0]
Bmict
eJieMeHTa, 0,05 0,45 0,02 0,01 0,3 0,05
%
fi 1,05 | 1,06 1,0 1,1 1,0 | 1,15 | 0,93 | 1,0 | 0,97 | 0,85
a 0,053 | 0,45 | 0,022 | 0,01 | 0,345 | 0,046

Bimomo, 1m0 mjis OTpMMAaHHSI HaMOIIbII BUCOKMX 3HAUE€Hb MeXaHiuHUX
BJIACTUBOCTE} CTaji MOTPiOHO, 10O 3a/JMIIKOBMII BMICT ajJIOMiHiIl0 B MeTaJli He
nepesuiyBaB 0,04% [4]. IIpoaHasi3yBaBIIM MNacCHOPTM IIJIABOK MapraHI[OBUCTOI
cTayi B 25-T myroBiii cTajmemnaBM/IbHINM MeUi 3a JABa POKM, BCTAHOBW/IM, IO IIPU
BBeJ€HHI OJTHAKOBOI KIJIBKOCTI ajtOMiHi0 mjis1 po3kuciaeHHs (1,2 kr Ha 1 T pigkoro
MeTaJly) KOHIIeHTpallisl aJiloMiHil0 B MeTasti BapiroeTbes Big 0,01 % mo 0,09 % udepes
KOJIMBAHHSI OKMCJIEHOCTI MeTa/ly. 3MEHIIUTU OKUCIEHICTh MeTalTy MOKIMUBO IIISIXOM
nndys3iitHOTO pO3KMCIeHHS IUIaKy BiTHOBIIOBAJIbHOTO Tepiony [5, 6].

3arajJibHO MPUIHATO, 0 MePBUHHI peakiiii pO3KMUCIeHHS MPOTIiKAThb IIBUIKO
B piAKiit cTami i 3a JiyeHi CEKyHAM YTBOPIOITBHCS KPUXITHI 3apoAxu okcupy. Y
MaKpooOCsTy MPOMMCIOBOIO KOBIIA BXKIMBUM (aKTOPOM € Te, HACKiIbKU IBUIKO
IOJaHWUI PO3KUC/IIOBAY PO3UMHSIETHCS Ta PIBHOMIPHO PO3IOMINSIETBCS B Maci
po3nnaBy. lle 3anexxuTh SK Bif OOOAHOrO MaTepiany (TEIJIOEMHOCTI, pPO3Mipy,
dopMu Ta TOUKM IUIaBJIeHHSI, MOB’SI3aHi 3 TeMIIepaTypol0 HaBKOJUIIHbOTO
cepenoBMINA), TAK i BiJl yMOB MepeMilllyBaHHSI B HABKOJIUIITHbOMY PO3TIJIaBi CTaJIi.

3araJibHUI XiJi PO3KUCIEHHS MpeACcTaBleHnii Ha pucyHKy 1 [7]. BigmosizgHo,
pPO3UMHEHUI KMUCeHb ILIBUIKO 3MEHIIYETbCS BHACIMOK peakilii pPO3KMUCIEHHS Ta
3apokKeHHS BKIOYeHb. TPUBAMICTh 1[bOTO MepioAy 3aJeXUThb BiJ, 4yacy JOJaBaHHS
PO3KUC/IIOBaYa, SIKMIT HEOOXiTHO PO3UMHUTU Ta PO3IMOIUIATU MO BCbOMY pPO3ILIaBy

crani. IIpu 06po6Ili B KOBIII peakiiii Aajgi IMpOTiKalOTh 3a PaxyHOK 3HVDKEHHS
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TeMIlepaTypu i, 3r0JI0M, JOJaHMUX PO3KMUCIoBadiB. Ilig yac anTTS cTanb TBepaHe, a
3aJIMIIOK KMCHIO 3B’SI3YETHCS B OKCUAM. 3 iHIIOTO OOKY, KiJIbKiCTh OKCUJIB i, OTKe,
3araJibHMiI BMIiCT KMCHIO 3MiHIOIOTbCSI HabaraTo NOBiJbHillle, i HeBe/JMKa 4YacTKa
3QJIMIIUTBCS [0 pO3JMBaHHA. I Bke MOpM PpO3JAMBAHHI Ta 3aTBepAiHHI CTasi
3aJIMIIKOBUII PO3UMHEHMIT KMCEHb Oi/ibIlle He MOKe 3aJUIIaTHCS BiIbHUM i yTBOPIOE

«TPEeTUHHI» OKCUIMN.

500
|
r— KHCEHD Y BHTAS/Ii BKAIOYEHD ¥ PO3TAABL .
IIIIII “ BMiCT KHCHEO
SATAARHHH BMICT KHCHIO = 400 vev pOTUHHEHHE —
Q = - T KHCEHB
i I .
3 g 300 L
E [EPBHHEH] OKCHIHI BKAIOUEHHT T .
Q "
= = A
2 POSYHHEHHH KHCEHB M 200 .
E g : \
aa‘rBer_}uim{;{ E 100 -l =
[— '. - A
BTOPHHHI BRAIOYEHHS I 0 Y Y T Ty Ty
0.1 01 1 10
Yac Yac, XB.

PucyHok 1 - 3MiHa KMCHIO ITiJi Yac mpoiiecy po3KMCIeHHS

TakuM UMHOM, YMCTOTA CTajIi MOBMHHA OyTHU Iy>Ke BMCOKOIO, a BKJIIOUEHHSI, 110
HEeMMHYy4Ye 3yCTPiualoThCs B CTali, MOBMHHI 6yTM Hemikignueumu [8-10]. Lle o3Hauae
CTPOTUI KOHTPOJb PO3Mipy, KiJIBKOCTI Ta CK/JIaay BK/IOUEHb, Mepeciayrun
nedopMoOBaHi BKIIOUEHHS B yMOBaX MPoKaTKu. [lepBMHHI BKIIOUEHHST YTBOPIOIOTHCS
g yac oOpoOKM CTali y KOBIIi. Bi/IbINCTh iX BUAAISIOTHCS B IIUIAK KOBIIA YN
dyTrepoBky. OmHaK iHII BK/IIOUEHHS BCe I[e 3a/JMIIalOThCsS HAa HACTYIMHUX eTarax
rpoliecy, a Aesiki HOBi BK/IIOUEHHSI YTBOPIOIOTHCS ITif, 4ac JUTTS Ta 3aTBepiHHS.
TpaguiiiiiHo nedopMoBaHi BKIIOUEHHST BUPOOJISIIOTHCS IIIIXOM pO3KucaeHHs Si-Mn,
110 MIPU3BOAUTH 0 BKIIOUEHb XapaKTepHUx mjs cuctemu MnO-SiO2-A1203. OgHak
1le 3aJIMIIa€ BMIiCT KMCHIO HaJITO BMCOKMM JIJISI CKIATHUX YMOB 3acTtocyBaHHs. 11106
OTPMMATM CIPaBAi YMCTy CTalb, HEOOXiTHO IMOCWJIMTU PO3KUCIEHHSI KpeMHieM
IISXOM 3HUKEHHS aKTUMBHOCTI yTBopeHHs1 SiO2 B craii. Ille moxkHa 3poOuTH,
MPUBIBLIM CTalb y TiCHUII KOHTAkKT 3i nuiakoM, mo MictuTb SiO2-MnO-Al203 i
nomatkoBo CaO i fmesKy KinbKicTh MgO. 3a AOMOMOTO TaKOTO POy IOCUIEHOTrO
PO3KMCIeHHSI KPeMHIi€EM MOKHA OTPUMMATH CTa/lb 3 HU3bKMM BMiCTOM KMCHIO, IO

Ma€ BKJIIOUEHHS, SIKi IO OBXXYBaTUMYThCS IIPYU MTPOKATII.
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BucHoBku

1. MapraHiUOBUCTY JMBapHy CTajib ayCTeHITHOTrO kjaacy Mapku 110I'13J1
BUIUIABJISIIOTh Ha 3aBOofax YKpaiHM 3a KJIACUMYHOK TEeXHOJIOTi€Ed Ha IIMXTi 3
MeTano0pyxTy, 4YaByHY, BYIJIelIbBMiCHMX BiJHOBHMKiIB, BamHa Yy [CII. [ns
PO3KNUCIEHHSI MeTajly B BaHHY Iledi BBOJSTH MOJOBMHY PO3PaxyHKOBOI KiJIbKOCTI
depomapraniio, @epocwrikoanioMiHiii i depocumiliii, IOTIM Ipyry 4YacTUHY
dbepomapraniio. Y Ipoiieci BUITYCKY MeTajqly 3 Iledi B JOr0 CTPYMiHb IOJAIOTh
aMoMiHii. KOHTpOJIb 32 BUCOKMM BUXOA0M i By3bKMM CKJIaJOM MapraHiiio B mporieci
IJIaBKU Bifjirpae BaskaMBY POJIb Y KiHIIEBIi1 IKOCTI CTaJIi.

2. OTpuMaHO pIiBHSIHHS i1 MPOTHO3YBaHHS BMICTy MapraHijl0 B MeTaji B
3aJIeXKHOCTI BiJ, aKTMBHICTbh KMCHIO B MeTaJli i CK/Iaay KiHI[eBOro IIIaKy.

3. BcTaHOBJIEHO, IO OKMUC/IEHICTh MeTa/ly BIUIMBAE HAa BMICT aJIOMIiHIIO B
HbOMY, aJjie AJjI OTPMMaHHSI MapTaHIOBMUCTOI CTai BUCOKOI SIKOCTi MO MeXaHIYHUM
BJIACTUBOCTSIM HEOOXiZHO, II00 3aJMIIKOBMII BMICT aJIOMiHil0O B MeTali He
nepepuinyBaB 0,04%. lle Bumarae TmpoBeIeHHSI OOOB’SI3KOBOTO peTeIbHOI'0
KOHTPOJIIO OKMCIEHOCTi MeTany 1o xomy BuriaBku y ICIT i mpu HeoOXigHOCTI
3MEHIIIEeHHSI JOTO OKMCJIEHOCTI MLIISIXOM OUQY3ifiHOTO PO3KUCIEHHS IIJIaKy Y

BiHOBJIIOBAJIbHUIA MIePiof IVIaBKU.
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FEATURES OF THE TECHNOLOGY OF MELTING AND DEOXIDATION OF
MANGANESE STEEL
Hrechukhyn A., Mianovska Y., Kamkina L.

Abstract. Manganese steel can be classified as TRIP steel and TWIP steel depending on
the mode of deformation mechanisms. TRIP steels can withstand high loads without
deformation, while TWIP steels deform easily under low loads and do not break up to a
total deformation of 90%. This means that the steel retains good ductility even after the
deep drawing process.

The slag regime of the steelmaking process significantly affects the mechanical properties
of manganese steel, especially the impact toughness. Working with slag is reduced to
obtaining its basicity and oxidation, as well as the concentrations of basic oxides,
required by the technological instructions.

It is known that to obtain the highest values of mechanical properties of steel, it is
necessary that the residual aluminum content in the metal does not exceed 0,04%. When
introducing the same amount of aluminum for deoxidation (1.2 kg per 1 ton of liquid
metal), the concentration of aluminum in the metal varies from 0,01% to 0,09% due to
fluctuations in the oxidation of the metal. It is possible to reduce the oxidation of the
metal by diffusion deoxidation of the slag of the reduction period.

Keywords: steel, manganese, smelting technology, deoxidation mode.
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CUCTEMHUI AHAJII3 IHBAPIAHTHOCTI CEITAPATHUX KOHTYPIB
KEPYBAHHS HIBUJAKICHUM PEJKVUMOM ITPOKATKMU 3 ITETJIEIO HA
HEINNEPEPBHUX JPIBHOCOPTHIMNX CTAHAX
€ropos O. I1.!, MuxaitnoBcbkuit M. B.!, Pubanpuenko M. O.!
'Vkpaiucokuti depycasHull yHigepcumem HAyKu i mexHos02iil, K. m. H., doueHm, Ykpaina

AHoTraniss. CmaH npokamy 8 MiXKAIMUHHUX NPOMIXCKAX HenepepeHUx dpibHOCOPMHUX
CMawie 8U3HaA4aAeMuCs pizHUYer weudkocmeti npokamy Ha 8uxodi 3 nonepedHv0i ma Ha
8x00i 8 HACMYNHY KAimMb. 3MiHa WeUIKocmi npokamku 8 6y0b-AKili K1imi NpOMIXCKy, uio
BUHUKAE Nid Ji€l0 MexHoN02iuHUX 30ypeHb, Npu3800ums 0o 8i0XuleHHs 8i0 NOUAMK0OB020
pexcumy npokamku 8 UbOMY NPOMIMCKY. YCYHEHHSI makozo 8i0XuieHHs 00Cs2aembscs
UinecnpsamMosaHo Kopekuieo uacmomu obepmaHHs 8ankie odHiei 3 kaimeti. OOHak, npu
UbOMY NOPYUWYEMbCS WBUOKICHULL pexumM Yy CYCiOHbOMYy ho X00y NpoKamku
MIHCKITMUHHOMY NPOMIMCKY, W0 npueodums 8 0il0 KOHMYp pezyil08aHHs Hamszy 8
HbOMY, @ NOMIM i HACMYNHUX NPOMIXCKAX, WO MOXce decmabinizysamu pobomy 6Cb020
cmany. JIns eupiwieHHs yiei npobnemu HeoOXi0HO npu 3MiHI uacmomu o06epmaHHs
8aJiKie 00Hi€l 3 Knimeli HenepepeHOi 2pynu, 00HOUACHO Y3200H€EHO 3MIHIO8AMU UaAcmomy
00epmaHHs 8a/Ki8 8CiX HACMYnHuUx (no xody npokamku) abo 6cix nonepeoHix (npomu
x0dy npokamku) kaimeii. Komn'tomepHe Mo0en08aHHSI (DYHKYIOHYBAHHA cucmemu
KepyB8aHHs WBUOKICHUM PeXUMOM NpoKamku 3 nemser niomeepouso epexmusHicme
3anponoHo8aHo20 memody, 3ACHOB8AH020 HA CUCMEMHOMY aHANI3l IHB8APIAHMHOCMI
pobomu cenapamuux KOHmMypie cmaobinizauii NoJ10xeHHs nemJi npokamy.

KiiouoBi ciioBa: HenepepeHuli Opi6HOCOpMHULI CmaH, WeUOKICHUTI pexcum, npokamka
3 nemser, cenapamHi KOHMypu KepysaHHsi.

Berym. IIpokaTKy Ha HelepepBHUX APiOHOCOPTHMUX CTaHAX BEAYTh 3 HATSATOM,
MIPOTMHOM 1 TeT/iel0 MPOKaTy B MKKIITMHHMX OpoMikkax [1]. 3agaHuii pexxum
3a0e3IeuyeThCsl KepyBaHHSIM YaCTOTOI0 OOepTaHHS BajKiB KiiTeli MpoTu abo 3a
HaTnpsIMKOM TMpoKaTku. CucTemMa KepyBaHHS WIBUIAKICHUM PEXKMMOM ITPOKATKU €
6araTo3B'sI3aHOI0, OCKiJTbKM KOXKEH CeIlapaTHMIi KOHTYP ITOB'SI3aHMIi 3 iHIIMM yepes
yacTOTH 0OepTaHHS BaJKiB CYMDKHMX KJIiTelt i MIBUAKOCTI poO3KaTy y LUX
npomikkax. [IBuAKICTh po3KaTy Ha BUXO/Ii 3 BaJIKiB MOINepeaHbOI KJIiTi Ta Ha BXOZi B
HACTYTHY KJIiTh 3aJ€KUTh BiJl TAKMX TEXHOJOTiUYHUX (HAKTOPIB SIK BUIIEpeIsKeHHS Ta
KoedillieHT BUTSDKKM po3kary. Ili mapaMeTpyu 3MiHIOIOTBCSI MO JOBXWHI pO3KaTy

HEMOHOTOHHO |[2].
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OcHoBHA yacTuHa. /I 3a6e3reueHHs iHBapiaHTHOCTI CermapaTHUX KOHTYPiB
KepyBaHHS (HAMpPUKIAL, TTOJOKEHHSIM IIeT/i) HeoOXiTHO IepenaBaTy Kepyroumii
BIUTMB Ha KOPEKIIil0 YacTOT oOepTaHHS TPYyIM KIIiTeil 3 ypaxyBaHHSAIM KoedillieHTa
BUTSDKKM PO3KaTy B KOKHiI KITiTi.

Ing  peamizaliii ILbOro aJrOpUTMy PO3POOJIEHO CUCTEMY KepyBaHHS
HMIBUAKICHMM PeXMMOM ITPOKATKM, 300paskeHy Ha puc.1

Kn1 Kn2 Kn7 Kn8

PHY PHY

L3

Pucynok 1 — Cuctema KepyBaHHS UIIBUIKICHUM PEXMMOM ITPOKATKU

Tytr, 3a pesyabTaTamMu BUMIpIOBaHHA gaTtuMkamyu [IC SKipHUMX CTpPyMiB
JIAHLIOTiB ABUTYHIB TNPUBOAIB BajKiB KIiTeli B YOPHOBil TpyIi, 3a AOMNOMOIOI0
perynsTtopiB HaTiry PH i cuctem aBTOMaTuM4YHOro peryntoBaHHsS mBuakocti CAPC
BaJIKiB KJIiTel 3/iliICHIOETbCS HAJIAIITYBAaHHS PEKMMY HaATATYy MPOKATy IpU 3axX0.i
JIOTO TiepeAHbOl MOiMSTHKM. Y UMUCTOBINM TPyl KJIiTeil 3a AOMNOMOTOK Kepyruoro
BIUIMBY Up, IO BUPOOJISETbCS peryisTopom PII, 3miliCHIOETbCS 3MiHA BeIUUMHU
neTsi npokaty L, ika BUMipIO€eTbCs gaTumkom metdi JI1.

VYci cucTeMyu mpaifloloTh He3aleskHO 3aBASKM CUCTeMi LIM(POBOro 3aBaaHHS
mBuakocteit L3I, mpu mboMy 3MiHa 4yacTOTM obGepTaHHSI BaJIKiB BigOyBaeTbCs 3a
30epeskeHHsI CITiBBiIHOIIIEHHST YaCTOT 00epTaHHS BaJIKiB CYMiXKHUX KITiTeiA.

HeripsiMmy OILIiHKY 3MiHM KoeQillieHTa BUTSDKKM IIPOKATy OTPUMAaEMO,
BUpPa3MBIIM MIBUAKICTh PO3KATy Yepe3 4YacToTy oOepTaHHS NPUBOAIB, pobOOUi

paniycu Ta BUTIEpeIsKeHHSI :
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t R 1(1
w; +Si.1)
— i+17+ 1( i+1
Al = [(e;Ry @+ S;y) — )dt, (1)
0 i+1
ne Ri, Ri.; — poboui pamiycu i-Toi Ta (i+1)-Toi Kieteit; Si, Si+; — BUIEPeIsKeHHS B i-Tiit
Ta (i+1)-Tili KIITSIX; wi, w1 — YaCTOTA 00epTaHHS MPUBO/AIB i-TOi Ta (i+1)-TOi KIiTelt;

ﬁi 41 — KoeilieHT BUTSKKY PO3KATY B (i+1)-Til KIIiTi, 1[0 BU3HAYAETHCS K

Ai+1=a}|+1Ri+1(l+Si+1)' @)
dal;
@R (1+ Si)_?

[Ipy posroHi Ta rajJbMyBaHHI TOJIOBHMX TIPUBOZIB BajJKiB KIITI MOXe
BUSIBUTUCSI, IO B TIPOLIECi KepyBaHHSI BeJMUYMHA CTPYMY SKOpPS Y OYIb-SIKOMY
IBUTYHI MEpeBUIIUTb MaKCUMMAaJbHO [OOIYCTMMe 3HaueHHs. lle mpu3BoAUTH A0
pi3HOrO TeMITy pPO3TOHY Ta TaJbMyBaHHSI ABUTYHIB IPMUBO[IB BaJ/IKiB KIIiTeil Ta
HEY3ro[)KeHOCTi MIBUIKICHOTO peXMMy TMPOKAaTKM B CerMmapaTHUX KOHTypax
KepyBaHHSI. Y 1IbOMY BMIIQAKy 3a JOIMOMOTOI0 JIOTIUHMX CXeM BUMMKAEThHCS
3aBJAaHHS BEJMUYMHM CTPyMy SKOpS Ta MiJK/IKOYAEThCS MiHIMaJbHUII TeMII
HApOCTaHHS Iji€l BeJMuYMHMU. SIKILO, HABNaKy, BeIMUMHA CTPYMY [AOCSITHE CBOTO
MiHIMyMy, TiOK/IOYAETbCSI MAKCUMQJIbHO MOXKIMBUIA TeMIT 3MiHU CUTHAJTY
3aBmaHHs. Ile BimOyBaeTbCs JOTH, TTIOKM BeIMUYMHA CTPYMY SIKOPSI He TIOBEPHETHCS B
3alaHi Mexi.

BucHoBku. KoMn'toTepHe MOAeIOBaHHSI MIBUAKICHOTO PEXMMY MPOKATKU 3
TeT/iel0 Ha HelepepBHOMY APiOHOCOPTHOMY CTaHi migTBepamio edeKTUBHICTh
3allpONOHOBAHOTO METO/y, 3aCHOBAaHOTO Ha CUCTEMHOMY aHasli3i iHBapiaHTHOCTI
po6OTM cemapaTHMX KOHTYpPiB KepyBaHHS, IO iCTOTHO MiIBUIINYE SIKiCTb pOOOTHU

KOKHOT'O KOHTYPY CTabi/i3allii TeXHOJIOTiYHOTO peskMy ITPOKATKN!.
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SYSTEMATIC ANALYSIS OF INVARIANCE OF SEPARATE CONTROL CUTS OF
HIGH-SPEED ROLLING WITH A LOOP ON CONTINUOUS SMALL
SECTION MILL
Yegorov O. P., Mykhailovsky M. V., Rybalchenko M. O.

Abstract. The condition of the rolled products in the interstand gaps of continuous
small-section mills is determined by the difference in rolling speeds at the exit from the
previous stand and at the entrance to the next stand. A change in the rolling speed in any
of the stands in the gap, arising under the action of process disturbances, leads to a
deviation from the initial rolling mode in this gap. Elimination of such a deviation is
achieved by targeted correction of the roll speed of one of the stands. However, this
disrupts the speed mode in the adjacent interstand gap along the rolling direction, which
activates the tension control circuit in it, and then in the subsequent gaps, which can
destabilize the operation of the entire mill. To solve this problem, when changing the roll
speed of one of the stands of the continuous group, it is necessary to simultaneously
change the roll speed of all subsequent (along the rolling direction) or all previous
(counter-rolling direction) stands in a coordinated manner. Computer modeling of the
operation of the control system for the rolling speed mode with a loop confirmed the
effectiveness of the proposed method based on the system analysis of an operation
invariance of separate loop stabilization circuits.

Keywords: continuous small-section mill, speed mode, rolling with a loop, separate
control circuits.
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3HAUEHHSA SIKOCTI KOKCY B EJIEKTPUYHI ITEYI 3 3BAHYPEHOIO IYTOIO
IJI1 BUPOBHUIITBA ®EPOCITJIABIB
IcaeB A.C.!, Kpamap I.A.!, MsHoBcbKa 5.B.2, Kamkina JI.B.2
'YIIVHT /IMeml, acnipaum YkpaiHa

2VIIVHT /IMemlI, npog., 0.m.H., Ykpaina
AHoranist. Ilpu eupobHuymei (epocniasie 6 ymosax eupobHuymea mpeoba
MiHimizysamu numomi eumpamu enekmpuuHoi ewepeii. Ii cnoxueanHs 3anexcums
20/106HUM YUHOM 8i0 peakuill, wjo 8i06ysawmucsi 8 30Hi nNonepedHvL020 Bi0HOBTEHHS,
moodi sk cmabiibHa poboma 8U3HAUYAEMbCS PO3MIPOM KOKCO8020 wiapy ma XiMiuHumu

peaxyismu, wo mam 8iddysarwomocsi. CXeMamuuHo MOMCHO po30iniumu niu Ha 4omupu
30HU ma npedcmasumu 0CHOBHI XiMiuHi peakuii, IKi mam 8i00ys8amocs.

T'emepozenni (2a3-mesepdi) peakuii, wo 8i00y8amMvcsl 8 30Hi honepedHb020 8I0HOBEHHS
neui, Mawmo eJIUKUll 8NIUB HA 3a2a/lbHEe CNOXUBAHHS KOKCY ma enekmpoeHepeii npu
8UPOOHUYMBI MapzaHuesux chiasis. BioHoenenHss Mn304 do MnO moixce 8idbysamucs
napanenvHo 3 peakuieo Bydyapa, modi sk eioHoeneHHs MnO2 do Mn304 8idbysacmbcs
npu memnepamypax Huxcue nopozy 2asugikayii Koxcy.

Peakuitina 30amHicmb KOKCY € Oyxe 8aiiusuM Kpumepiem 0ns 8ubopy 8i0HOBHUKA 015
BUKOPUCMAHHS 8 elekmponeui 07151 8uUpoOHUYMBa (epocniasis, 0CKiJIbKu 80HA BNAUBAE
Ha numomy KilbKicmbo 8yzJieyto ma eHepzoeEMHicmb npouecy. HatinowupeHiwuum mecmom
y npomucnosiii npakmuyi € snoHcekuli mecm nid Ha3eow CRI/CSR (iHdekc
peakmueHocmi KOKCY ma MIyHiCmb KOKCY nicas peaxyii). BHympiwHi eiacmueocmi
gyeJieues8020 Mamepiany Maroms 8eJIUKUL 8N1US HA peakuiliHy 30amHicme.

KimrouoBi cioBa: pydosioHosntosansHa niu, Kokc, 6ydoea neui, 30HU neui, peakuitiHa
30amHicms KOKCY.

MeTanyprifiHuii KOKC BiAirpa€e TpU OyKe BaKIMBiI pOJii B eJeKTporedi: SK
BiTHOBHMK, BiH 3a0e31euye ByIJIelb AJ1s1 BiTHOBJIEHHS OKCUIiB METaJIiB, PUCYTHIX Y
IIMXTi; CTBOPIOE KOKCOBMII IIap —1ie IIISX, Je MPOXOAUTh eJIeKTPUUYHUIL CTPyM, i
3HauHa YacTMHA eHeprii, HeoOXimHOI Mg XiMiYHMX peakliiii i Ipoliecy CUHTe3y
IMIVMXTH, BUPOOISEThCS 3aBasiku edekty [KOyasl; €OuMHMII Marepian, SKuii
3aJIMIIAETBCSI B TBEpAOMY CTaHi MO BCiii BUCOTI Tievi, BIH CIpUSE
TIPOHUKHOCTI MIUXTHU.

[Tpu BMpOOHMIITBI depociiaBiB B yMOBax BMPOOHMIITBA Tpeba MiHiMi3zyBaTu
IIUTOMI BUTPATU eIeKTPUYHOI eHeprii. Ii crokuBaHHSA 3a/1€KUTh TOJOBHUM YMHOM

BiJl peaklliii, [0 BigOyBalOThCS B 30HI MOINepeaHbOrO BigHOBIeHHS (30HM 1, 21 3 Ha
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puc. 1), Tomi K crabibHa pobOTa BU3HAUAETHCS PO3MipOM KOKCOBOTO MIapy Ta
XiMiYHMMM peakilisiMu, 10 TaM BinOyBaloTbcs. Ha oCHOBi maHux HaBegeHuX B [1],
MM MOXXEMO PO3IUIMTU iU HAa YOTUPU 30HU Ta CXeMATUUYHO IPEeACTaBUTU OCHOBHI
xiMiuHi peakiiii, sKi Tam BigOyBalOThCS, SIK ITIOKA3aHO Ha PUCYHKY 1. Pi3Hi 30HM
BU3HAYAIOTHCS SIK:

- 30Ha 1: BimOyBaeTbCs CYILIiHHS 3aBaHTaXKeHOI MIMXTHU, Y Iiii 00aCTi TaKOX
BiIOYBA€THCSI HU3bKOTEMITEpATypHe BimHOBIeHHS MnOy;

— 30Ha 2: BigOyBaeThCsI YaCTMHA HEMNPSIMOTO BigHOBJIIEHHS BUIIMX OKCUJIIB
maprasio g0 MnO;

— 30HA 3: HeMmpsiMe BiTHOBJIEHHS OKCHU/IiB MapTaHIIiO0 BigOyBa€eThCS OJJHOUACHO 3
peakiii€ro byayapa; MOKIMBe IMTOBHE BiJHOBJIEHHS OKCU/IB 3a/li3a B TBEpAOMY CTaHi,
BiOYBa€ThCS PO3K/IAIaHHS TOJOMITY;

— 30Ha 4: MnO pO3UMHSETHCS B PiIKOMY IIUIAKy Ta YaCTKOBO BiTHOBJIIOETHCS 0
pigkoro Mn; HeBesMKa KiJIbKiCTb KpeMHe3eMy BiJJHOBJIIOETHCS, & YaCTMHA BYTJIEII0 3
KOKCY TaKOXX PO3UMHSIETHCS B PiIKOMY MeTasli.

IcHyBaHHSI 30HM T[IOTIepeHbOTO BiJHOBJIEHHS Ta KOKCOBOrO Iapy OyJjo
BiJI3HAU€HO Mij Yac PO3KOIOK depomMapraHileBOi eJIeKTPUYHOI Ieui BigHOBIEHHS
NOTYXHicTI0 75 MBT [2]. CxemaTMuHO 1le HaBeZeHO Ha puUCyHKY 1. KokcoBe JixkKo
Bi/ITIOBi/lae 30HI 4, B sKilt BigOyBalOThCs XiMiuHi peakiiii MpsSIMOro BigHOBIEHHS
OKCUJiB, B 30HaX 5 Ta 6 pynaa Ta Gocu 3HAXOASIThCS B PiIKOMY CTaHi, 3MilllaHi 3

KOKcOM. OueBUIHO, 110 MeXi MiXK pi3HMMM 30HAMU JOCUTDb HEUiTKi.
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PucyHok 1 - 30HM (Ii/ITHKM) HABKOJIO €JIeKTPOa PYAOBITHOBHOI eJIeKTPUYHOI edi 11 BUPOOHULITBA
(hepomapraHilo MOTYKHiCcTIO 75 MBT [2]

3a ganumu [3], reteporeHHi (ra3-TBep[i) peakilii, 1[0 BigOyBalOTbhCS B 30HI
MorepeJHbOI0 BiJHOBJ/IEHHS Tevi, MalOTh BeJIMKMII BIUIMB Ha 3arajibHe CIIOKMBAHHS
KOKCY Ta eJeKTpOeHeprii Mmpu BUPOOHMITBI MapraHieBux cruiaBiB. TouHilre,
BimHOB/IeHHS Mns;04 1o MnO Moske BimbyBaTucs IapajienabHO 3 peakili€lo bymyapa,
TOHi $IK BimHOBNeHHST MnO, go MnsOs BimOyBa€eThCsl IpU TeMIepaTypax HIDKYe
nopory rasudikailii kokcy. Ile mpsime BimHoBieHHS MnsO, ByrielieM (HempsiMe
BigHOBJIEHHS Ta peaxilis rasudikaiiii Byrieio) € eHA0TepMiuHUM i IPU3BOAUTH 10
HAJMipHOTO CHOXMBAHHS BiJHOBHMKA Ta eHeprii. OueBUOHO, Ilie SIBUILE
6e3rocepelHbO TIOB’SI3aHE 3 BiTHOBJIIOBAHICTIO PYOM Ta peakiliiiHOK 3HaTHiCTIO
Kokcy mo CO,. MiHiMa/sibHe CTexiOMeTpu4YHe CIIOKMBAHHSI BYTJIElI0 CTaHOBUTH 1
moJsib C/Mob yTBOpEeHOro Mn:

MnOy +C < Mn + yCO+ zCO,, (1)
me l<x<2 rta y+z=1. IpubausHo 70 Kr BYIJIEII0 PO3UMHSIETLCS B MeTali Ha

TOHHY BUPOOJIEHOTO CIIaBY.

VYV pyOoOBiOHOBHIN eJieKTpoIiedi igealbHUI Xi, HENpsSMOro BilHOBJIEHHS
OKCUJIiB BiIOYBA€THCSI 32 YMOBM JOCTATHbOTO Yacy rmepeGyBaHHS TBepAOi MMUXTU i
BiZIMOBiZa€e HACTYMHIl MOC/iJOBHOCTI: ITOBHe MepeTBOopeHHsI MnO;, Mn;0s i Mns04 B
MnO. MnO He BiIHOB/IIOETbCSI OIOCEPEIKOBAHO TP 3BUYANHMX TeMIlepaTypax.

KO TpUIYCTUTM MUTTEBY HeKapOoHisamio mpubamsuo mpu 900°C, Ha piBHi,
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BiINOBiIHOMY IIiJi TeMmeparypi, ra3 36arauyetbcsi CO. CriBBigHomenus CO/CO; y
piBHOBAa3i 3 Mn30,4 ctaHoBUTH 6;113bKO 8-10° rmpu 1000°C. Ilicist mekap6oHi3alii ra3
TPOAOBXYE MiAHIMATUCSI 1 OKMCIIOBATUCS IPU KOHTAKTI 3 OKCUIAAMU METasliB.
JerimpaTaliiss MapraHueBuX py[ BimOyBaeThcs Ipy TeMmepatypi Big 300 mo 400°C.

Kinpkicte CO, 1O YTBOPIOETHCS NUISIXOM MPSIMOro BimgHOBAeHHS MnO B
KOKCOBOMY IlIapi, JOCTATHS IJISI TIPSIMOTO BiJHOBJIEHHS Maiike BCiX BUINMX OKCU[IIB
MapraHIl0 Ta OKCU/IB 3aJli3a, MPUCYTHIX Y 30Hi MOIepegHbOr0 BiAHOBIEHHS. Takum
YMHOM, BiTHOBJIIOBAHICTh PY[Y BIJIMBAE HA IIBUIKICTh HEIIPSIMOTO BiJHOBJIEHHS.

PeakiiiiHa 3JaTHICTh KOKCY € [y)Ke BaXX/IMBMM KpUTEpieM [Ji1 BUOOpY
BiITHOBHMKA [JI1 BMKOPMUCTAHHSI B €JIeKTpOIledi jisi BUPOOHMIITBA (epocriaBis,
OCKiJIbKM BOHA BIUIMBA€E HA MUTOMY KiJIbKiCTh BYTJIEII0 Ta €HEePTOEMHICTh MPOIIeCy.
ABTOpU [4] y CBOEMY [OOCHiMKEHHI MMOBEAiHKM KOKCY B €JIeKTPpUYHIN Iedi 3
3aHYPEHOI0 IyTOK0 OiMIILIM BUCHOBKY, IO BiTHOBHMUK, SIKMI1 BUKOPUCTOBYETHCS OJIsI
BUPOOHMUIITBA (epocruiaBiB, MOBMHEH OYTM OiNbII PEeaKTUBHMM, HiXX TO, SKuUit
BUKOPUCTOBYETbCS B [IOMEHHINl Iieui, 100 3a0e3meunTy BiJHOBJEHHS OKCHUIIIB
MeTaJliB, MPUCYTHIX y IIUXTi.

JIJ1st 11bOTO HEeOOXimHO mocaiauTy rasmdikalliro KOKCy 3a peakiiieio bymnyapa 3a
TpbOMa MacIITabaMmu 3poCcTaHHs (puUC. 2):

- 3a MacIITaboM XiMigHOI peakiiii, 10 BigOyBa€eThCS Ha MMOBEPXHi IMOP IMIMaTKa
KOKCY, OL[IHUTM BIUIMB CKJIaAy ra3y Ha BJAaCHY HIBUAKICTb peakilil Ta BU3HAUUTHU
KiHeTMYHI KOHCTaHTY rasudikariii;

- y MacITabi OKpeMoro KOKCOBOTO 3epHa 3pPO3yMiTM MeXaHi3MM 10ro peaxiii
Ta BU3HAUUTU pexum rasudikaiii 3a TMeBHMX YMOB, 1[0 HaKIAJAOThCS
CTaHJAAPTHUMMU METOIaMI BUMipIOBaHHS PeaKTUBHOCTI;

- B MaciTabi KOKCOBOTO IlIapy BM3HAUMUTHM BIUIMB OKpPEeMUX TIapaMeTpiB

YaCTMHOK i rasdy Ha MIBUAKICTh rasudikalilii HepyxomMoro rpaHy/ibOBaHOrO Iapy.
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PucyHoOK 2 - Tpu crymneHns rasudikaliii KOKcy

HainommpeHimmM TECTOM y MPOMMUCIOBINM MPAKTUIL € SITTOHCbKUI TeCT IIif,
Ha3Bo10 CRI/CSR (iHIeKc peaKTUMBHOCTI KOKCY Ta MIllHICTh KOKCY Micjis peakilii) [5].
Lleit meTon 6yB mpencTaBiaeHuit 61u3bko 30 pokiB Tomy Nippon Steel Company i 6yB
pO3p0o06IeHNIi 171 OIL[IHKM MeXaHiYHOI1 MilIHOCTi KOKCY IJ/Is1 BUPOOHMIITBA CTaTi ITiC/Is
ra3udikaiii. Ha pucyHKy 3 mokasaHa IlIKajia peakiliiiHOi 3JaTHOCTI Pi3HUX BUJIB
KOKCY, SIKi BUKOPUCTOBYIOTHCS JIJISI BUPOOHMIITBA MapraHIleBMX CIIaBiB.

Jliama30H peakiifiHMX 3OATHOCTE BiTHOBHMKIB, SIKi BMKOPMCTOBYIOTHCSI B
eJleKTpomneyvi, gyXe MUPOKUii. MiKpOCTPyKTypa lie mapaMeTp KOKCY, SIKMIT MOsKe
3MiHIOBaTNUCS, BiH BIUIMBA€E€ HA peakiliiiHy 34aTHICTb KOKCY. KOKC B OCHOBHOMY Mae€
aHi30TPOIMTHY MIiKPOCTPYKTYPY 3 HASIBHICTIO IIAapiB MipOJITMYHOTO BYTJEI0, IO
MMOKPMBAIOTh BHYTPIIIHIO CTiHKY AeskuxX Iop. HalliBKOKC Mae i30TpOMHY MiKpo
CTPYKTYpPY, SKa BKJIIOUAE CMYTM iHEPTUHITY Ta HamiBhy3MHITY, MajileHbKi IOpu
YKJIaZeHl B CTiHKY BeJIMKMX TIOp. 3a [OaHuMMM [6] MOKa3aHO, IO i30TPOIHI

MiKpOTEKCTYpH Oi/IbINI peaKTUBHI, Hi’kK aHi3OTPOITHI MiKpOCTPYKTYPH.
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CIIJIaBiB B eleKTpoIeyi

HamiBKOKC Bigpi3HSIETbCS BiJ, crielialbHOTO MeTaayprifiHOro KOKCy 3a BMiCTOM
3aJIMIIKOBUX JIETKMX PEUOBMH, TMOPUCTICTIO, MiIKPOTEKCTYpPOIO Ta peakllifiHO0
3gaTHicTI0. HamiBKOKC Ma€ BUIMIA BMICT 3aJMUIIKOBUX JIETKMX PEUOBUH, HiX
3BMUAliHMIA KOKC. Buima peaxilifiHa 3[0aTHICTb HAIliBKOKCY MOB’S3aHa 3 J0ro
i30TPOMHOI0 MiKPOCTPYKTYPOIO, SIKa € OiJIbIII peakiliifHO 3JaTHO0, Hi’K aHi30TPOITHA,
sIKa IepeBayka€ B KOKCi.

TakMM 4YMHOM, BHYTPIllIHIi BJIACTMBOCTI BYIJIELIEBOTO MaTepiaay MarThb
BeJIMKUIA BIJIMB Ha peakiiiiiHy 3JaTHICTb BEJMKOro 3pa3Ka HaBiThb 3a BUCOKOI
TeMrepaTypu. Husbka peaxiliiiHa 34aTHICTh BiTHOBHMKA MOKe OyTM KOMIIEHCOBaHA
KaTaJiTUYHUM e(deKTOM JIY)KHMUX MeTasiB, $Ki 3aBXAU TPUCYTHI B IIUXTi
dbepomapraHIleBOi eJieKTporedi, 0co6aMBO Kasii. [JIsT MomaabIINX HOCITiIKeHb
HeOOXiTHO OI[iIHUTM SIKICTh €JIeKTPOITIYHOTO KOKCY 3a IMOKa3HMKOM I1OYaTKOBOIi

IIBUAKOCTI Jioro rasudikariii, BUMipsiHOI B XiMiYHOMY PesKMMi.

BucHoBku. [1pu BUpoO6HUIITBI hepocCIiaBiB B yMOBaxX BUPOOHUIITBA HEOOXiTHO
MiHIMi3yBaTM MUTOMI BUTpaTU eJeKTpUuYHOi eHeprii. Ii CIOXMBaHHSA 3a1€XUTh
rOJIOBHMM UMHOM BiJ peakliiif, 10 BigOyBalOThCsI B 30Hi IOMNEpPeaHbOrO
BiJTHOBJIEHHSI, TOJIi SIK cTabiibHA Po6OTa BM3HAYAETHCSI PO3MipOM KOKCOBOTO IHIApy

Ta XIMiYHMMM peaxIiissMu, 1[0 TaM BigOyBalOThCSI.
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[IpsiMme BimHOBJIEHHSI OKCU[iB BYIJIELIEM Ta peaxkilis rasudikailii Byrieiio €
eHJO0TEePMIYHMM i1 TIPU3BOASTH 4O HAAMIPHOIO CIIOKMBAHHS BiTHOBHMKA Ta €Heprii,
10 6e31ocepesHbO MOB’sI3aHe 3 BiJHOBIIOBAHICTIO PyAM Ta peakiliifHO 3IaTHICTIO
KOKCY 110 COs.

PeakiiiiHa 3JaTHICTh KOKCY € [Iy)Ke BaXIMBUM KpUTEpieM [Jis BUOOpY
BiJHOBHMKA [IJI1 BUKOPMUCTAHHSI B €JIEKTPOIIeYi Iji1 BUPOOHMIITBA (pepocIuiaBis,

OCKIiJIbKM BOHA BIUIMBA€E HA MUTOMY KUJIBKICTb BYTJIEI[I0 Ta eHePTOEMHICTb MIPOLieCy.
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THE IMPORTANCE OF COKE QUALITY IN A SUBMERGED ARC ELECTRIC
FURNACE FOR THE PRODUCTION OF FERROALLOYS
Isaiev A., Kramar I., Kamkina L., Mianovska Y.

Abstract. In the production of ferroalloys under production conditions, it is necessary to
minimize the specific consumption of electrical energy. Its consumption depends mainly
on the reactions occurring in the pre-reduction zone, while stable operation is determined
by the size of the coke bed and the chemical reactions occurring there. Schematically, the
ferroalloy furnace is divided into four zones and the main chemical reactions occurring
there are shown. In the coke bed zone, chemical reactions of direct reduction of oxides
occur, in the zones below - ore and fluxes are in a liquid state, mixed with coke. The
amount of CO formed by direct reduction of MnO in the coke bed is sufficient for direct
reduction of almost all higher manganese oxides and iron oxides present in the pre-
reduction zone. Thus, the reducibility of the ore affects the rate of indirect reduction.
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Heterogeneous (gas-solid) reactions occurring in the pre-reduction zone of the furnace
have a large impact on the total consumption of coke and electricity in the production of
manganese alloys. The reduction of Mn304 to MnO can occur in parallel with the
Boudoir reaction, while the reduction of MnOZ2 to Mn304 occurs at temperatures below
the gasification threshold of the coke.

The reactivity of the coke is a very important criterion for the selection of a reducing
agent for use in an electric furnace for the production of ferroalloys, as it affects the
specific carbon content and energy intensity of the process. The most common test in
industrial practice is the Japanese test called CRI/CSR (coke reactivity index and coke
strength after reaction). The reducing agent used for the production of ferroalloys should
be more reactive than that used in the blast furnace. The intrinsic properties of the
carbon reducing agent have a large influence on its reactivity, the isotropic microtextures
of semi-coke being more reactive.

Keywords: ore reduction furnace, coke, furnace structure, furnace zones, coke reactivity.
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BU3HAYEHHS NPUGEPEHIIIMHOIO CIIOCOBY BUTOTOBJIEHHS BUPOEIB 3
METAJIIB I CITJIABIB
Kimcrau T.B.!?, V3n0B K.1.3, Perr’ax C.1.3, Binmit O.I1.!
TVkpaiucekuii depyicasHutl yHisepcumem HAyKu i mexHos02itl, K.m.H., doueHm, YKkpaiHa
“Incmumym uopHoi memanypeii im. 3. I. Hekpacosa HAHY, Ykpaiua
SYkpaiHcokuti depxcasHuli yHisepcumem HayKu i mexHonoeiti, 0.m.H., npogecop, Yxkpaina

AHoTanisgs. 3a pe3ynbmamamu aHanizy cydyacHux ma 8idomux  Kpumepiis
Npo2HO3y8aHHsT npudamHocmi  cniaaeie O 6U20MOBJEHHS 3 HUX 8upodis
depopmysarHsam abo aummsm po3pobsieHo 6e3po3mMipHi napamempuuHi Kpumepii ma ix
KibKICHI wiKaau. BukopucmanHus yux kpumepiie 003801ump nidguwumu mouHiCmb
Npo2ZHO3Y8AHHSl iX npegepeHuiliHoi npudamHocmi 00 B8U20MOBJEHHSI 3 HUX 8Upobie
depopmauiero abo aumeom. nsa po3pobKu 6e3po3MIpHUX napamempuuHux Kpumepiie
8UKOPUCMAHO (peHoMeHo102iuHuli nidxi0 do iHmepnpemauyii pe3ynbmamie cuCmemHoz0
AHAaNi3y MeXaHiuHuUX ma oKpemux JU8apHux elacmugocmeti Memasiis i Cniasié 8 ymosax
HeB8U3HAUeHOCMi (3 3an03udeHHSM JlimepamypHux 008i0K0BUX OaHux, pe3yibmamis
eKCcnepmHux OYIiHOK ma e1acHux docnionceHs. Ompumani pe3yibmamu 0038059Mb HA
nouamkosux emanax po3poOKU HOBUX CNasi8 ab0 MexHOJ02ill 8U20MOBIEHHS 3 HUX
8upobie  nposodumu npozHoO3y8aHHs OOUiIbHOCMI 00pOOKU Memanie ma chiasie
muckom abo aummsam 06e38i0HOCHO 8i0 ix eudy ma cnoco6y, wio 3aowadums uac ma
gumpamu ik Ha po3po0OKy CnJiasy, mak i Ha tio2o 8npoeadieHHs y 6UpPOOHUYMEO.
Knouosi cJoBa: cnaas, ycadka, deopmauis, JIUMeo, MiYHICMb,
Kpumepiti, cmpykmypa.

Beryn. Ha choronsi B maTeHTax Ha BMHAXiJ 6araTboX KpaiH CBITY iX aBTOpMU
MIPOIIOHYIOTh 0e3/1iu CIUIaBiB, $IKi, 32 PO3YMiHHSIM iX BMHaAXigHUKIB, MPUIATHI 0
3aCTOCYBaHHS Yy BUPOOHUIITBI BMPOOIB HUISIXOM JIUTTSI abo/Ta gedopmaiiii. Tum He
MeHIIIe, TaKi IMPOIOo3uIiii PO3POOHMKIB CIUIABiB He 3aBXKIM 30iraloTbCs 3 peabHUM
CTaHOM CITpaB, a iX peKoMeHallii 1oA0 CrIoco6iB 06POOKM 3alaTeHTOBaHMX CIIaBiB
yacTo OyBalOTh XMOHMMM. Buxonmsum 3 11boro, Ha Oy[ab SIKOMY IiATIPUEMCTBI A0
BUKOPUCTAHHSA OyOb SIKOTO MeTajy abo CIulaBy BUKOHYIOTh iX IIepBUHHE
OI[iHIOBAaHHSI 3 TOYKM 30py #Oro MOKIMBOCTI medopmaliiiitHoi  abo
JIMBApHOI 06POOKNA.

[TpoBoAsiuM rMepBUHHE OIiHIOBAHHS MOKJIMBOCTI fedopMalliitHoi abo JMBapHOi

00p0oOKM OYIIb IKOTO MEeTajy Ta CIVIABY, SIK IIPaBUJI0, BUXOISTD i3 BUMOT IO SIKOCTi Ta
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cobiBapTOCTi KiHIIEBOIO BMPOOY i HPOAYKTMBHOCTI mpoilecy. Ha OCHOBi I1bOro
aHaJIi3y TIPUIIMAOTh MOINEpedHE pillleHHS OO0 MOXKIMBOCTI Ta OOLJIBHOCTI
00pOOKM TaHOTO MeTasTy abo CIuIaBy Oyab SIKMM CITOCOOOM.

30Kpema, MOKa3HMKOM IMPUAATHOCTI CIIaBy A0 mJedopMaliiiHoi o6poOKM Ha
rornepeJHbOMY eTami JOro OIiHIOBAaHHSI € MaKCUMajibHa BeJIMUMHa IUIACTUYHOI
necdopmMallii pu sKii Tino, 1m0 nedopmMyrTh, 30epirae CBOI0 30BHIIIHIO ITiTiCHICTb.
JIJisT TaKOTO OLIiHIOBAHHS, SIK IMPaBWIO, B Iexax o0pobiTku meTtaniB Tuckom (OMT)
eKCIIepYMMEHTA/JIbHO BM3HAUYAIOTh BEJIMYMHY Oe3MMeyHuX CTyIeHiB gedopmaliii
CIUIaBy MpM pIi3HUX TeMIepaTypax, BeJIMYMHax ocafy i MBUIKOCTIX IOro
nedopMallii TMM UM iHIIMM crioco6oM. TMM He MeHIH, I BU3SHAUEHHSI OCHOBHUX
rapaMeTpiB TeXHOJIOTIYHOro Tpollecy obpaHoro crocody OMT TakuMx maHUX He
3aBXIM TOCTAaTHbO OCKiJIbKM IUIACTUYHICTb OYy[Ib-SIKOTO MaTepianay 3aJIeXXUTh Bil
6araTboX (aKTOpPiB B UM SIKMX: cIiocib medopmyBaHHS, ha30BuUii CKIAM CILJIABY,
pO3Mip JIMTOTO 3epHa 3arOTOBKM Ta TUI Or0 KPUCTAJiUYHOI pelliTKY, TemIepaTypa
Ta MBUIKICTb e OpMyBaHHS, BeJIMUMHA pa30BOT0 0CcaZly 3arOTOBKM, TOIIO.

3 BUKJIQAEHOTO BUTIKA€, IO HA CbOTOAHI BU3HAUUTU E€OVHUIA TMOKA3HUK
IJIACTUYHOCTI [y KOHKPeTHOro MeTany (cIviaBy) i Bcix BumiB ioro OMT He €
MOXIMBUM. TomMy Aj1s1 X 11ij1eit B exax OMT BMKOPUCTOBYIOTh TaK 3BaHi IMTOKa3HUKU
OJVIHMYHOI MJIaCTUYHOCTI B YMCJIi SIKUX:

- BigHOCHa medopmaliis mpyu ocaji TUTOTO 3pa3ka MeTasy (CIIaBy) [0 MOSIBU
Ha HbOMY ITepIIOi TPIil[MHM 32 YMOB BCEOIUHOTO TEPTS;

- BeJIMYMHA YAAPHOI B'SI3KOCTi IMTOI 3arOTOBKM 38 HOPMAJIbHO1 TEMIIEpaTypu;

- BigHOCHe BMIOBKEHHSI 200 BiTHOCHE 3BY)KEHHSI IUIOIIIi TOTIEPEYHOro Iepepisy
JIUTOTO 3pa3ka MpU MOro pO3TATyBaHHI 32 HOPMa/IbHOI TeMrepaTypy 3i IIBUAKICTIO He
6iybire Hixk10 MM/C;

- TBepAiCcTb MeTasly (criaBy) mpu 20+1 °C B IMTOMY CTaHi Ta iH.

[Ipu 11boMy BpaxoBYIOTh, 1m0 Ayt OMT 6inbin mpuaaTHI He KPUXKi YMUCTi
MeTaJiM i CIUIaBu 3 OAHO(MA3HOI0 CTPYKTYpPOIO Y SIKMX BeIMUMHA BiJHOCHOTO
BUIOBXEHHS 32 HOPMaJbHOI TemnepaTypu He MeHIe 20%, a CiBBiAHOILIEHHST MeXi
TEKYYOCTi 0 MeKi MIiITHOCTi (Go2/c8) 6ys10 He MmeHie 0,95. IIpy ibOMY IMIBUAKICTD i

BemumHa aedopMmariii marepiany npu OMT Moke 6yTM TUM OibINO0, UMM OijbIla
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jloro Temrieparypa i OpiOHilIa BeMUMHA 3€pHA JIMTOI 3arOTOBKM, TEXHOJIOTiUHICTh
criaBy mist OMT Ttum Bumia, yMm Oisibille e(eKTUBHMII TeMIepaTypHuil iHTepBal
toro 06po6Kku TrckoM [1].

OcHoBHMII MaTepiaa. Buxonsuu 3 BUK/IaIeHOTO BUIle, 3 MeTOIO ITiABUILEeHHS
TOYHOCTi OLIiHIOBAHHS IPUIATHOCTI Oyab sIKOro Metany abo ciiaBy 1o OMT ab6o
MUTBA 6YB IPUITHATUI 6€3p0O3MipHMIT TapaMeTPUYHMIA KpuTepiin “A”:

A=0ay/0s, (1)
Ile oay, O — BiITIOBiHO, aOCOJIIOTHO YTPYOHEHA Ta BiJibHA JIiHilIHA ycagKa JUTOTrO

MeTasy (CIiaBy), %

3a kpurepiem “A” mertanu (CriaBu), o MawTb 1,0>”A”>0,7 6inblI IpUAATHI
oass OMT HiXX 11 OIS BUTOTOBJIEHHSI IIPOMAYKILii crrocob6amMy JIMTTSI, OCKiJIbKM B
JIUTOMY CTaHi TaKi MeTaJu i CIUIaBU CXWJIbHI A0 YTBOPEHHS Y BUJIMBKAX Trapsuynx
TPilMH, K0100/1eHHs Towo. Ko 0,7>“A”>0,5, TO Takuit MeTasI (CIIaB) IPUIATHNAI
nnst OMT, ane 3 MeBHMMM YMOBAaMM B TEXHOJIOTiYHOMY ITpOIleci i1oro o6po6ku, 3
oOMeKeHHSIM POo3MipiB i KoH@irypailii maiO6yTHbOro BMpOOy, TOIIO, i IiJIKOM
NpUAATHUI 10 BUTOTOBJIEHHS BWIMBKIB 3 MEBHMM OOMEXEHHSIM KOHCTPYKIIii Ta
posmipiB BwIMBKiB. Metanu Ta criaBu 3 ~A”<0,5 HeobMeXeHO NHpUAATHI s
BUTOTOBJIEHHSI BUJIMBKIB OYy[Ib-SIKMM CIIOCOOOM JIUTTSI i OOMEXEHO IpUAATHI IJIs
BUTOTOBJIeHHS BUPoO6iB Bumamyu OTM 3a meBHMUX YMOB.

Hanpuknaz, monasiiidi 6poHsu mapok BpA7 ta BpA5, mo mawots “A”>0,7, gK
BiJIOMO, TTepeBaKHO BUKOPUCTOBYIOTD /ISl BUTOTOBJIEHHS BUPOOiB crtocobamu OMT.
JIJis BUIMBKIB 1Ii OpOH3M 3aCTOCOBYIOTh BKpali 00OMeXXeHO, 30Kpema, IJisl TpeOHUxX
TBMHTIB Majoro po3Mipy abo [AJjisi OKpeMUuX ejleMeHTiB I'peOHMX I'BUHTIB BeIMKOIO
posmipy [2]. B Toit ke yac, 6poH3u Mapok BpAIMu2JI, BpA9XK3JI, BpAl11JK6H6,
BpO5II5C [2], uaByH Ta iHmi cruaBu 3 “A”<0,5, mepeBaskHO BUKOPWUCTOBYIOTb [IJIsI
BUTOTOBJIEHHSI BWINBKIB OyAb-sIKOi Macu, po3MipiB Ta KOHQirypaiiii, 3a 6yab SIKUM
BUIOM JIMTTS. BUXOASUM 3 1IbOTO, 38 BeJIMUYMHOIO KPUTEpPito “A” MeTalu Ta CIUIaByU
KiIacuGpikyBalIy 3a TAKUMMU MiATPyIIaMu:

miarpymna Al — MeTanu Ta cruiaBu 3 BeimamHamu 1,0>A>0,7;

miarpymna A2 - meTanu Ta cruiaBu 3 BemurHamu 0,7>A>0,5;

miarpymna A3 - MeTau Ta cruiaBu 3 BeanunHamu A<0,5.
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JpyrMM TapaMeTpUYHMM KpUTEPiEM IOAO BU3HAUEHHS MOXKIMBOCTI
nedopMmailiitHoi 06pobkMu MetaniB (criaBiB) muisixom OMT ab6o auTTSIM O6yso

MPUITHATO CIiBBiIHOIIEHHS “B”:

B=(85-08)/(100-00,2), (2)
Je 0s, — BiIHOCHe BUOOBXEHHS, %; op, Co2 — BIANOBIAHO, MeXa MIIIHOCTI Ta

TeKyuyOCTi TIpM pO3TATyBaHHiI 3pa3kiB MeTaay (CIjlaBy) Yy JIMTOMY CTaHi 3a
temmepatypu 20+1 °C, MIla; 100 - 6aaHcoBa KOHCTaHTa, %.

3a pe3y/JbTaTOM aHaji3y BCTAaHOBJIEHO, IO BCi BigoMi MeTa/siM Ta CIUIaBM 3a
BEJIMUMHOIO KpuTepilo “B” MOXHA MODUIATM Ha 7 HACTYIHMX IATPYII
TEeXHOJIOTIUHOCTi (MiATPYNM CKIAAHOCTI iX mecopMyBaHHS Ta/abo JTUTTS):

niarpyna BO — meTtanu Ta criiaBu 3 BeauunHamu B > 1,8;

niarpymna B1 — metanu Ta cruiaBu 3 BeaumHamu 1,8> B > 0,9;

migrpymna B2 — mertanu ta cruiasu 3 BesmumHamu 0,9> B > 0,5;

migrpymna B3 — meTtanu Ta cruiasu 3 BesmumHamu 0,5> B > 0,2;

niarpymna B4 — metanu Ta crutaBu 3 BeaumHamu 0,2> B > 0,1;

migrpyra B5 — metanu ta criaBu 3 BenmuuHamu 0,1> B >0;

niarpymna Bé6 — mertanu ta cruiaBu 3 BeamunHow B = 0.

[Tigrpyma BO - mMeTanu Ta CIutaBu, BUPOOM 3 SIKMX BUTOTOBJISIIOTH IEPEBAKHO Y
XOJIOMHOMY CTaHi iX 3aroToBOK Oymb-sikumy Bupgamu OMT 3 BiZHOCHO BeIUKUM
CTyTIeHEeM OTHOPa30Boi gedopmaliii i Ha BeIMKii IMBUIKOCTI.

[linrpynma Bl - MeTanmu Ta CIUlaBM BUPOOM 3 SIKUX BUTOTOBJISIOTH SIK Y
XOJIOMHOMY TaK i y TapsSuoMy CTaHi iX 3arotoBoK Oyab-sikumyu Bumamu OMT 3
BiTHOCHO BeJIMKMM CTYIIeHEM OJJHOPa30Boi AedopMalrii i Ha BeJMKiii MIBUIKOCTI.

[linrpyna B2 — meTanu Ta cIjlaBu, BUPOOU 3 SIKUX MepeBaskHO BUTOTOBJISIOThH 3
iX 3aroTOBOK y TapsiuoMy CTaHi 06MexXeHUM uncyioMm BuaiB OMT 3 MeHIIMMM, HiX B
niarpytmi B1, ctynenem ogHopa3oBoi Aedopmaiiii Ta ii MIBUIKOCTI.

[linrpyna B3 — meTanu Ta CruiaBu, BUPOOU 3 SIKMX BUTOTOBJISIIOTh BUKIIOUHO
3 iX 3aroTOBOK Yy Taps4yoMy CTaHi Oinblile 0OMeskeHUM, HiX Ajsi miarpynu B2,
yucaom BupiB OMT, 3 MeHIIMMM CTymeHeM OAHOpa3oBoi medopmaiiii Ta ii
HIBUAKOCTI.

[Tinrpyna B4 — meTanu Ta CruiaBu, BUPOOU 3 SIKMX BUTOTOBJISIIOTh BUKIIOUHO

3 iIX 3aroTOBOK y rapssyoMy CTaHi OijbIlle OOMeKeHMM, HiX mjs miarpynu B3,
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yycyaom BuaiB OMT, 3 BiTHOCHO HeBeJMKUM CTyIleHeM OJHOpa30Boi gedopmairii
Ta il MBUAKOCTI.

[linrpynma B5 - BiZHOCHO KpMXKi MeTajquM Ta CIUVIaBM, BUPOOM 3 SIKUX
BUTOTOBJISIIOTH BUK/IIOUHO 3 iX 3arOTOBOK y rapsiuoMy CTaHi 3HAUHO 0OMesKeHUM, HixX
s miarpynu B3, unciom BuaiBa OMT, 3 Manum cTyreHeM OHOpPa30Boi gedopmaiiii
Ta i1 MBUIKOCTI.

I[Tigrpyma B6 — Bkpaii Kpuxki Metaiu Ta 6ararodasHi criaBu, OMT SIKMX MOSK/IMBO
B/KOHATU 3a OJHMM-IBOMA BMUIAMM, BUK/IIOUHO B rapssuOMy CTaHi 3aTOTOBKM 3a TIEBHMUX
YMOB, Ha BKpaJi MaJIiii IIBUIKOCTI Ta CTyIIeHEM OJHOPa30Boi Jedopmallii 3 0OMesKeHMMU
po3MipaMM Ta TIPOCTOK KOHdirypaiiielo Bupodby a6o OMT matepianiB 1ie€i rpymm
HEMOK/IMBO BMKOHATH 32 OYIb-SIKMX YMOB.

BucHoBku. 1. 3a pesynbTaTaMM BMKOHAHOTO aHajidy po3poO6/IeHo
napaMmeTpuuHi 6e3posmipui kpurepii (“A” ta “B”), gKi momineHo Ha rpymnu, mo 3a
PaxyHOK iX KOMOiHalli}i T03BOJISIE TTPOBECTM OIIHKY IPUAATHOCTI UMCTUX METAaJiB,
YaBYHiB, cTajieil Ta OPOH3 3 MaJMM BMiCTOM CBMHITIO 1O MOSKIMBOCTi BUKOPUCTAHHS
iX g nuTTd Ta/a60 crnoco6iB OMT.

2. BemnumHa ymapHOi B'SI3KOCTi, TBEpPIOCTi, BiTHOCHOTO BUAOBXKEHHSI ab0
3BY)KEHHSI a00 CITiBBiHOIIIEHHSI TTOKAa3HMKA MeXi TEeKyuOCTi A0 MeKi MIiITHOCTi Oymb
SIKOTO JIMTOTO MeTaly (CIUIaBYy) SIK €IMHOTO TMOKa3HMKa MPUIAATHOCTI JTUTOTO MeTasy
(crimaBy) 1o OMT He Moxke 6YTM peKOMEeH/I0BaHa.

3. Tomanbimmii PO3BUTOK MOCTIIKE€Hb 3a 3aIlpOIIOHOBAHMM B [AaHiii PoOOTi
KpUTepiaJlbHMM HaMpsIMKOM JOLIiJIbHO BUKOHATU JIJIS CILIaBiB Ha ocHOBi Ni, Al, Ti Ta

iH.
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DETERMINATION OF THE PREFERENTIAL METHOD OF MANUFACTURING
PRODUCTS FROM METALS AND ALLOYS
Tetiana Kimstach, Kostiantyn Uzlov, Sergei Repyakh, Oleksandr Bilyi

Abstract. Based on the results of the analysis of modern and well-known criteria for
predicting the suitability of alloys for manufacturing products from them by deformation
or casting, dimensionless parametric criteria and their quantitative scales have been
developed. The use of these criteria will allow to increase the accuracy of predicting their
preferential suitability for manufacturing products from them by deformation or casting.
To develop dimensionless parametric criteria, a phenomenological approach was used to
interpret the results of a systematic analysis of mechanical and individual casting
properties of metals and alloys under conditions of uncertainty, borrowing literature
reference data, the results of expert assessments and our own research. The results
obtained will allow, at the initial stages of developing new alloys or technologies for
manufacturing products from them, to predict the feasibility of processing metals and
alloys by pressure or casting, regardless of their type and method, which will save time
and costs both for the development of the alloy and for its introduction into production.

Keywords: alloy, shrinkage, deformation, casting, strength, criterion, structure.
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CYYACHI TEXHOJIOTTYHUX CXEMU BUT'OTOBJIEHHS
EKOHOMHOJIETOBAHUX CTAJIEH JIJISI INCTOBOTO ITPOKATY
Kononenxko I'.A.}, KimcTtau T.B.2, [Togonscbkuii P.B.3, Cadbponosa O.A.*
'IYM HAHY, HTY «/II1», 0.m.H., cm.0oc., YKpaiHa
2I9YM HAHY, VIIVHT, k.m.H, dou, YkpaiHa
SIYM HAHY, dokm. ¢pin., Ykpaina
‘IYM HAHY, Ykpaina

AHoTanist. 3HuxeHHs eapmocmi Memanonpokamy, 30Kpema uepe3 UpOoOHUYME0
eKOHOMHO mMa HU3bK0Je208aHUX cmaneli 3 BUCOKUMU  (Pi3UKO-MeXaHiuHUMU
Xapakmepucmukamu, € KAH0408UM 3A80AHHIM CYYACHO20 BUPOOHUYMEA Cmani, SIKy
3acmocosyroms 8 OYOigBHUUMBI NPOMUCIOBUX [ UUBIIbHUX 00'€kmis, Mmocmis,
mpy6onpoeodis, KpaHis, pam i Ky308i8 8eJUKOBAHMANCHUX a8mMomo0inie moujo. CyuacHi
2any3i  3acmocy8amHs eucysarms 00 Hb020 BUCOKI 6uMo2u w000 MiyHOCMI,
xos000cmitikocmi, HU3bKOMeMnepamypHoi 8'a3kocmi ma 38apiosaHocmi. IcHye eenuka
KiJIbKicmb Memodie 8niuey Ha sKicme J1e208aHoi cmani. /I Uub020 8UKOPUCMOBYHOMb
00pobKy 6 neuax abo No3a HUMU IHEPMHUMU 2a3aMu, CUHMEMUYHUMU WIAKAMU,
MOOuUQikysaHHs, cysope 00OMpUMAHHs MEXHOJI02i1 8UNJIABKU AO0 KOPUZYBAHHS XIMIUHO20
cknady cmani, wio 8 6azameox 8unadkax 00380J€ YHUKHYMU No0aibUlol mepMiuHOi
00pobxu 31ueka. OyiHouU sumpamu uacy ma mamepianie 0is 3acmocy8aHHs Pi3HUX
Memodie NOKpawjeHHs: SAKOCmi Cmaji, eKOHOMiuHe Jie2y8aHHss Y NOEOHAMHI 3
MIKPONeZYBAHHAM € HA Cb0200HI HAUOLNbW BUIOHUM ma nepcnekmueHuM Choco60M
00CsizHeHHs1 He0OXIOHUX nacmusocmeti cmari.

KimrouoBi cyioBa: cmane, sKicmoe, MiKpoJie2y8aHHsl, Jiezyouuli enemeHm, mexHosi02is

Beryn. IlimBuieHHsT BaroBoi e@eKTMBHOCTI MeTajJoBUMPOOIiB 3a pPaxyHOK
BMCOKOI HAMifiHOCTI Ta [OBrOBiYHOCTI iX poOOTHM, 3HMKEHHSI BapTOCTI
MeTaJIoNpoKaTy, 30KpeMa, 3a paXyHOK CTBOPEHHSI eKOHOMHOJIerOBaHUX CTajseil 3
BUCOKUMU XapaKTepUCTUKaMu di3MKo-MexaHIYHUX BJIACTUBOCTEN €
HalBaKIMBIIIMMM 3aBIAHHSIMM Cy4aCHOTO MaTepiaJilo3HaBCTBA.

OpHMM 3 OCHOBHMX BMAIB TMPOAYKIIii YOpPHOI MeTanyprii, SIKuii MacoBO
BUPOOJISIOTH, € TUCTOBUII MPOKAT. VIOoro CroXuBalOTh Y BeIMKUX 00CsTax yci ramysi
IIPOMMCJIOBOCTI Y 3B’SI3KY 3 UMM OOCSIT BUTOTOBJIEHHSI TAKOT'O ITPOKATY Ha ChOTOMIHI
CKJIaJAa€ OeCSITKM MUIbMOHIB TOH IIOPiYHO. BUKOPUCTOBYIOTh JTUCTOBUIA MMPOKAT AJISI

BUTOTOBJIEHHSI KOHCTPYKIIi/i TTPOMMCJIOBUX Ta IMBIIbHUX OyIiBeb, pe3epByapis,
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MOCTiB, TPyOOIIPOBOIiB, KpaHiB, paM i Ky30BiB BeJIMKOBAHTAXXHMX aBTOMOOIJIiB,
TipHMYO0I06YBHOI TEXHiKM TOIIIO.

Buxomsium 3 1bOTO, Cy4YaCHMII piBE€Hb PO3BUTKY TEXHIKM Mpen sBis€ IO
JIUCTOBOTO MIPOKAaTy OJTHOYACHO BMCOKI BUMOTI'U jiife)ife} MIIIHOCTI,
HM3bKOTEMIIEpaTypHOI B'SI3KOCTi, XOJIOJOCTIMAKOCTi Ta 3BaplOBAaHOCTi, OCKIJIbKU
BMMOTH 10 IPOKATY Pi3HUX raay3ei MpoMMUCIOBOCTI MalOTh CBOIO CITeIndiKy.

OcHoBHMIT Martepian. Po3BUTOK OyIiBHMUIITBA, aBTOMOOieOymayBaHHS Ta
MAaIIMHOOYIyBaHHS CYIIPOBOMKYBABCS IOCTIHMM ITiIBUILEHHSIM TEXHIUHUX BUMOT
0 KOHCTPYKIiiHMX cTajeii. ToOMy HUTaHHS TEXHOJIOTii BMPOOHMIITBA AHAJIOTIB
iMIIOPTHUX BUCOKOMILIHMX JIMCTOBMX cTaseit Tummy MARS 190-300, Miilux
PROTECTION 320T-500T, ARMOX 370T-600T Ta iHImL., 3 SIKMX BUIOTOBJISIOTH
HAHOCTPYKTYPOBaHMI1 BUCOKOMIIIHUIA JIMCTOBMIT MPOKAT 3 YHiKaJbHUM MOETHAHHSIM
MexaHiuHuxX BjacTuBocTeit (MiuHicTh 700-2000 H/mm?, tTBepaicTe moHan 280 HB),
MalOTh BeJIMKE 3HAUeHHS /I HapOIHOTrO TocCIogapcTBa Oyab sIKOi Kpainu. Tomy
BeJIMKA KiJIbKiCTh HAYKOBUX OOC/Ti’KeHb ITPUCBSTUEHA:

- po3po06ili Ta 3aCTOCYBaHHIO HUM3bKOJIETOBAaHUX CTasIei,

- MUTAHHSIM OiJbIIl TMOBHOTO BUKOPUCTAHHS TIOTEHLIiAHMX MOKIMBOCTEN
CKJIaay CTaJiei,

- TapaHTOBAaHOMY 3a0e3TeueHHI0 HeoOXiTHOro Kaacy MillHOCTi Ta 3MeHIIIeHHIO
KOJIMBAHHS BJACTUBOCTEN JMCTOBOTO MPOKATY, IPU OAHOUYACHOMY 3HVDKEHHi BUTpAT
nedillMTHUX JIeTyIounX eJleMeHTiB.

V 3B'I3Ky 3 IIMM, aKTyaJbHMM 3aBIaHHSM, SIke Ma€ BejMKe HayKoBe Ta
MpaKkTMYHE 3HAUEHHS, € MOCTiMKeHHS 3aKOHOMipHOCTeil KOMIUIEKCHUX IIpOIleciB
CTPYKTYpOYTBOpPeHHS Ta GOopMyBaHHS BIACTUBOCTEN CTajel, JeroBaHMX MapraHileM
Ta KpeMHieM, a TakOX MiKpoJjieroBaHUX KapbOigoyTBopioounmMu egjemeHTamu (Mo, V,
Ti, Nb) Ta po3pobka Ha iX OCHOBi CK/Ia[iB Ta TEXHOJIOTii1 BUPOOHMIITBA JIMCTOBOTO
KOHCTPYKI[IIAHOTO MPOKATy Pi3HMX KJAciB MIIIHOCTi Ta BMCOKOI MJIAaCTUYHOCTI, a
TaKOK PO3p0oOKa criocobiB cTabimisalii piBHSI BIaCTUBOCTEIA.

BruiuB Jieryiounx eJieMeHTiB Ha BJIAaCTUBOCTI CTa/li 00yMOBJIEHO TTOJIpiOHEHHSIM
3epHa, 3MillHeHHSIM ¢depuTy BHACAIIOK VYTBOPEHHS TBePAMX PO3UMHIB

BIIPpOBa’)KE€HHA Ta SaMiIl[eHHH, 3MiL[HEHHSIM B peBy.HbTaTi BI/I,E[iI[eHHSI YaCTUHOK
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npyroi ¢dasy pi3HOTO CTyIeHs OMUCIIEPCHOCTI Ta 3MiHOK MpPOrapTOBYBaHOCTI. Y
3B'SI3Ky 3 I[MM CydacHa TeXHOJIOTis BUMPOOHUIITBA BMCOKOSIKICHOI CTasli MOBMHHA
3a0e31euyBaTy BiAIIOBiAHICTh TEXHOJIOTIUHMX IMMapaMeTpiB 3aJaHMM 3HAUEHHSIM.
I bOro HeOoOXimHMIT YiTKMit i 36a/maHCOBaHMIA MiAXid OO BMKOHAHHS KOKHOIO 3
eTaliB CTaJeIUIaBWIbHOIO nepeniny. I[Ipy bOMY, TEXHOJIOTiSI BUPOOHMIITBA CTasIi
MTOBMHHA OYTM 3aCHOBaHAa Ha IMOCTIMHOMY €KCIIPECHOMY KOHTPOJi TeXHOJIOTiYHUX
rmapaMeTpiB i cIpsMOBaHa Ha OTPMMaHHS CTabiTbHOTO CTaHy MeTanay IMepe
pPO3NMBAHHSM, 1[0 BM3HAYAETbCSI BUMOraMM [0 BJACTUBOCTEM  TOTOBOI
MeTaJIONPOAYKIIii.

CucteMHMIi aHaJIi3 TEXHOJIOTIYHOIO LIMKJTY BUTOTOBJIEHHS CTaJli B YKpaiHi Ta 3a
KOPJIOHOM CBiTUMTh, 11O T€XHOJOTIUYHMIA JIAHITIOT ITPY I[bOMY ITIOBMHEH 000B'SI3KOBO
BKJIIOYATHU TaKi eTanmn:

- IIAroTOBKAa IIMXTOBMX MaTepiadiB, sika Ma€ OyTu obpaHa 3asmajierigb 3
ypaxyBaHHSIM UYMCTOTM Ta pPO3MIpiB IIMXTOBUX MaTepialiB, BMICTy XiMiUHUX
eJIeMEHTIB, IO He BUIAISIOTHCS, i HeOaKaHUX, ajie MPUITYCTUMUX HOPMATUBHO-
TeXHIYHOI JOKYMEHTAIli€l0 JOMIIIIOK.

- OTpMMAaHHS HaMiBIPOAYKTY, B SIKOMY MIiCTUTbCSI MiHiMaJbHa KiJIbKiCTh
JOMIIIKOBMX Ta HeOOXiTHA KiJIbKiCTh JIETYIOUMX €JIEMEHTiB, i3 3aJaHuMM BMiCTOM
BYTJIEII0, 0OMEKEeHOI0 KiJIbKiCTIO KMCHIO Ta i3 3aJJaHOI0 TEMITepaTypoIo;

- BiJiciueHHS TiYHOTO LIIAKYy IIpM BUITYyCKy ab0 Ha CIriellia/ibLHOMy CTeH[i 3
MeTOl0 3arnobiranus cyabdypatiiii, pocdopaiiii Ta BTOpMHHOMY OKMCI€HHIO;

- DOTPUMAaHHS LIJIAKOBOTO PEKMMY Ta PO3KUCIEHHS IIJIaBKH;

- padiHyBaHHSI pO3IUIaBy Y BaKyyMi ab0 IIJISIXOM ITPOAYBAHHS Yepe3 HbOIO
aproHy;

- pO3/MMBaHHS pO3IUIaBy 3 OOOB'S3KOBMM 3aXMCTOM Bii, BTOPMHHOTIO
OKMCJIeHHS.

BaxxMBy poJsib TaKOX Bifirpae moamudikyBaHHS pO3IUIaBiB JYKHUMMU Ta
TYy’KHO3eMeJbHMMM MeTajlaMM, IO € II03alliuHMM CIoco60M OOpOOKM CTali.
OO6pob6ka cTaji piAKMM CUHTETMUHMM IUIAKOM IO03BOJISE IIPOBOAUTH TO3AIiUHY
necynbdypallilo Ta OUMIIEHHS BiJ, HeMeTaJieBUX BK/IOUeHb Ta rasiB. s 11bOro

BUKOPUCTOBYIOTh Luiaku cucremu CaO-Al,0s; 10 MaloThb BUCOKY padiHyoouy
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30aTHICTb. PigKuii CMHTETUMUYHMI IIJIaK TOTYIOTb y LIJAKOIJIaBUJIbHIN Iedi Iicis
YOro /0T0 3JIMBAIOTh Y KiBIII i BUITYCKAIOTh TYOU CTab.

YIOCKOHAJeHHSI TEeXHOJIOTii IT03amiyHoi O0O6pOoOKM eeKTPOCTasli IISIXOM
Bi/ICiKaHHS ITIYHOrO LIJIaKy IPU MepenBi MeTaly 3 KiBIlla B KiBIlI, 3HMKeHHS B 1,5-2
pasy BUTPATU KYCKOBOI'O aJIOMiHil0, III0 BBOAUTHCS B KiBIlI, 6€3 3MEeHILIEeHHS Jioro
BMICTy B MeTasi, Ta ONTHUMIi3allii BMICTYy B CTIi QIOMIiHII0O Ta Kajbllil0, IO
BBOZISTHCSI TOPOIIKOBMM [APOTOM, AO3BOJISIE KepyBaTU CKJIAJOM, KiJIbKiCTIO Ta
dbopMol0 HeMeTaleBUX BK/IHUYEHb. BK/IIOUEHHS, IO YTBOPIOIOTHCS IIPU I[bOMY,
CKJIaJAl0ThCsl, B OCHOBHOMY, 3 a/IlOMiHATiB KaJbIlil0 OKPYI/I0i OopMM 3 BUCOKOIO
YaCTKOI0 €eKBIMOJbHMUX aJIIOMiHATiB KaJbllil0, 110 JIETKO KOaJeCUIolTh i
BUIAJISIOTHCS 3 PigKoi cTami. YTBOpeHHs O6igHMX 3a BMIiCTOM KaJIbIIil0 TeKca- Ta
OiosmoMiHaTIB  Kasbllilo, 10 Ba)XKO BUIAISIOTBCS 3  pigkoi  craui,
3BeleHO 10 MiHiMymy [1].

BUpPOOHUIITBO TOBCTOJMCTOBOTO IIPOKATy 3a CXeMOIO: JIMTA 3aroToBKa -
KOBaHMIi CJISIO - TIPOKAT 3 BUKOPUCTAHHSIM TEXHOJIOTIi Mmo3amivHoro padgiHyBaHHS,
BaKyyMyBaHHSI Ta MOAMQIKyBaHHS TO3BOJISIE 30iMbIINTM IUIACTUYHICTb CTasi 3a
PaxXyHOK 3HAUYHOTO MiABUILEHHS 11 YUCTOTH.

MiHimisallisi KibKOCTi MPOJYKTiB PO3KUCIEHHS, ONTUMIi3salisl ix dbopmu Ta
CKJIaIy TIpM T03aITiyHiii 006poOIli cTami € HeoOXigHUMM, ajle HeJOCTaTHIMM YMOBaMM
OTPMMAaHHS SIKiICHOTO 31MBKa. OOHMM i3 TMPIOPUTETHMUX HAIPSIMKIB y BUPIilIEeHHI
Mpo6JieM MiABUILEHHS SIKOCTi eKOHOMHOJIETOBAHOI CTaJjli B IPOMMCIOBO PO3BMHEHUX
KpaiHax CBITy € BUMKOPMUCTAHHS B METAIyPTifHUX TEXHOJIOTiSIX 3ac00iB Mar”iTHOI
rizpoavHamiku. MajoiHepiiiiiHa 6e3KOHTaKTHA [isl €JeKTPOMAarHiTHMX II0JIiB Ha
piIKNii i KpUCTaAMi30BaHMII MeTaJl Ia€ MOKIMUBICTb KepyBaTH 11Or0 TeEMIIEpPaTypolo Ta
IMIBUAKICTIO PYyXy i, BiAINOBiZHO, TpollecaMy Temao- Ta MacoMepeHOCy Ha BCiX
MeTalypriiiHux repejiax.

BucHoBKkM. Ha cborogHi Bimoma 3HauHa KiJIbKiCTh BaskeJliB BIUIMBY Ha SIKiCTb
JIeTOBaHUX CTajieii B YMC/i SKMX € MivyHa Ta mo3aliuHa o6pobka po3IliaBy y TOMY
YMCAi  iHepTHMM Tra3oM, CHUHTETMUHMM I[UIaKOM, MoaudiKyBaHHSIM, IIpU
HEYXWIbHOMY [AOTPMMAaHHI TEXHOJIOTii IUIaBKM abo 3a paxyHOK OITHMi3alii

XiMi4HOTrO CKJIamy CTasti, 30KpeMa, 6e3 IMoCIiAyIo40oi TepMiyHOi 0OPOOKM 3IUTKY.
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Buxoasuy 3 OL[iHIOBaHHS BUTpAT Yacy Ta MarTepiajiB Ha peasisallilo 6iJIbIIOCTi
CII0CO0iB MiABUINEHHS SIKOCTi CTaJi HAalIMeHII BUTPATHUMM € CIIOCiO TOCSTHEeHHS

MOTPiOHOI IKOCTi cTasTi 32 paxXyHOK ii EKOHOMHOTO Ta MiKpOJIeryBaHHS.
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MODERN TECHNOLOGICAL SCHEMES FOR THE PRODUCTION OF
ECONOMICALLY ALLOYED STEELS FOR SHEET ROLLING
Kononenko G.A., Kimstach T.V., Podolskyi R.V., Safronova O.A.

Abstract. Reducing the cost of rolled metal, in particular through the production of
economical and low-alloy steels with high physical and mechanical characteristics, is a
key task of modern steel production, which is used in the construction of industrial and
civil facilities, bridges, pipelines, cranes, frames and bodies of heavy trucks, etc. Modern
fields of application place high demands on it in terms of strength, cold resistance, low-
temperature toughness and weldability. There are a large number of methods for
influencing the quality of alloyed steel. For this purpose, treatment in or outside the
furnaces with inert gases, synthetic slags, modification, strict adherence to smelting
technology or adjustment of the chemical composition of the steel is used, which in many
cases allows avoiding further heat treatment of the ingot. Estimating the time and
material costs for applying various methods of improving the quality of steel, economical
alloying in combination with microalloying is currently the most profitable and promising
way to achieve the required properties of steel.

Keywords: steel, quality, microalloying, alloying element, technology
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AHAJII3 MO>KJIMBOCTEN 3MEHIIEHHS BUKUJIIB CO, B
JOMEHHOMY BUPOBHUIITBI
Kopninos B.B.!, Yajika O.JI.2, Mockanuua A.O.3, Yajika A.O.*
THcmumym uopHoi memanypeii HAH Ykpaivu, K. m. H, YKpaiHa
2Incmumym uopHoi memanypeii HAH YkpaiHu, K. m. H, cm. Hayk. cnisp., Ykpaina
SIncmumym uopHoi memanypeii HAH YkpaiHu, K. m. H, YkpaiHa
4 [ncmumym uopuoi memanypeii HAH Ykpaivu, YkpaiHa

AHoramnis. I706anbHe nomensiHHsg 8uUCY8A€E heped JHOCMBOM BUKAUKU U000
3MEHUWEeHHSl 8NJU8y AHMPON02EHHUX (aKmopie Ha HABKOJIUWHE cepedosuwje. Tomy
00Hi€l0 3 HazanvbHux 3adau € dekapOOHi3auisi NPOMUCI08020 BUPOOHUUMBA 8 UiIoMYy ma
MemanypeiiiHiti zany3i 3okpema, Ha aKy npuxodumscsi 6-8% eukudie CO; Tak siK
domeHHe 8upoOHUYMEo 30epexcemscsi K OOMIHyHOUad JAHKA 68 OMPUMAHHI cmaii,
OCKiJIbKU BOHA € HALIOILIbUI eKOHOMIUHO 8U2IOHOI0 3 MEeN08UM KOepiyieHmom KOpPUcCHoi
0ii do 90% wio HatimeHwe do 2050 p., mo 3meHweHHs sukudie CO2 3 domeHHOI neui €
Haz2anbHow 3adauero.

BcmaHo81eH0 2paHuyHi 3HA4eHHsl e(peKMuUBHOCMI 8UKOPUCMAHHSL MeXHON02ill 80Y8AHHS
IIBII, 8o0Hi0 ma 8o00HesMicHUX 000a80K, egekmy 8i0 ix nidiepigy, 3acmMoCy8aHHs
MemanodobasKu, a Makox 3MiHU MEXHIYHUX MA MeXHOJI02IYHUX napamempie 0OMeHHOI
nnasku (memnepamypa oymms, 3mina emicmy FeO y wiuxmi, meniosi smpamu, Cmyniie
gukopucmatrus CO ma H;) Ha sukudu CO; ma mexHiko-eKOHOMIUHI NOKA3HUKLU.

KimrouoBi cimoBa: domenna niu, eukudu CO; 800eHb, NpupoOHUli ma KOKCosuti 2a3,
nu108yziNivHe naauso, Memasnodobasxka, napamempu dymms, KOKC.

Berynm. V 3B'$I3Ky 3 [IOOAAbHMM IIOTEIUIiIHHSIM Ta TOB'SI3aHMMM 3 HUM
HeraTMBHMMM HaCTAigKaMM B MaliOyTHbOMY Oi/IbIIICTh KpaiH CBITY, Y TOMY YMCJTIi i
VkpaiHa, patudikyBanu [lapusbky yrogy momo kiaimaty (2016 p.), sIKi 3000B'I3YI0Th
sMeHINT BUKNAM CO,. Y cBiTOBiMt cTpyKTypi BUKMAiB CO; Ha MeTalTypriio
npunagae 6—-8% Bukuais CO,.

3a mporHo3zamu MiskHaponHoro EHepretuuHoro AreHtctBa (IEA) mo 2050 p.
IOMEHHE BMPOOHMIITBO 30epekeThCsl SIK JTOMiHylOua JIaHKa B OTPMMAaHHI CTaji,
OCKiJIbKM BOHA € HalibOi/JbIl €KOHOMIUHO BMIiZHOI 3 TeIIOBUMM KoedilieHToM
KopucHoi nii mo 90%, 3anuinaryuch IMpM I1bOMY HaiOinbll 3aTpedyBaHOIO
MOPiBHSHO 3 IHIIMMM TEeXHOJIOTiIMM BUPOOHMIITBA 3ajiza. HoBi TexHosorii

OTpUMAaHHS CTa/i MOCTYIIOBO BIPOBAIAThCH, i 1le m0 2050 p., 32 YMOBM 3HAUHUX Y
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IecITKM MIiJbSIPAIB OOJiapiB iHBeCTHUIli y peasisaliilo HOBUX TEXHOJOTiii, MoXe
TIpU3BECTY 10 3MEHIIEeHHSI TPaAMIliifHOTO CI0Cco0y BMpOOHMIITBA cTami Ha 50%. y
IMKIi BUPOOHMIITBA CTaIM HO3BOJIUTH 30€pert KOHKYPEHTOCIIPOMOXKHICTb
MeTalypriiiHoi raaysi B YKpaiHi Ta cBiri [1].

OcHoBHMIA MaTepian. [Ijis OLiHKM BIUIMBY MOTEHIialy HOBMX Ta iCHYHOUMX
TeXHOJIOTiii BUPOOHMIITBA 3ayi3za Ha 3MeHmeHHS BukuaiB CO, Ta TexHiKo-
€KOHOMIiUHi ITOKa3HUKYM JOMEHHOI IJIaBKMY BUKOHAHO PO3PaxyHKU 3 BUKOPUCTAHHSIM
po3pobisienoi B [YM HAHY maTteMaTMUHOI MOJie/Ii TIOBHOTO €HEPreTMYHOro 6asaHCy
JOMEHHOI IIJIaBKM CTOCOBHO YMOB pOOOTH JOMEHHOI 1eui 06’emom 2000 m3.

Bayx/i1Bo10 3a7avelo € BU3HaAUeHHST epeKTUMBHOCTI Ti€i UM iHILIOI TeXHOJIOrii mpu
BIIPOBA/IKEHHI BMPOOHMIITBA IJIS1 OILIHKM €KOHOMIYHOIO Ta €KOJIOTiYHOTO edekTy
Big 1ii 3acTocyBaHHS. BcTaHOBIE€HO 3aKOHOMIPHOCTI 3MiHM Ta Yy3arajbHEHO
pesynbTaTy e(eKTUBHOCTI 3aCTOCYBaHHS/3MiHM TOTO 4YM iHIIOTO IlapamMeTpa Ha
Bukuau CO,, Buxig BTOpuHHMUX eHepropecypciB (BEP) Ta BUTpaTy KOKCY.

BcTaHOB/IEHO T'paHMYHiI 3HAa4YeHHSI e(eKTUBHOCTI BUMKOPUCTAHHS TEeXHOJIOTil
BayBaHHs IIBII, BogHIO Ta BOOZHEBMIiCKMX M06aBOK (mpupomHoro (II) Ta KOKCOBOro
razy (KI')) ma Bukuau CO,, Buxim BEP Ta Butparty Kokcy (Ta6ma. 1). [TokazaHo, 110
BOJeHb Ta BOJHEBMICTKi [00aBKM [O3BOJISIIOTH OiMbIIOI0 Mipoio 3abe3meunTi
3MeHIeHHsT BUKUIIB CO; Ta KOKCY, 30i/IbIINTY BUXil BTOPMHHUX €HEPropecypciB y
nopiBHsIHHI 3 [TYT, a came: BUKOpUCTAHHS BOAHIO 10 500 M3/T m03BOJISIE 3MEHIIUTHU
Bukuau CO; mo 30%, BuTpaTy KOkcy mo 25% Tta 36inmpmmty Buxim BEP mo 81%;
BUKOPUCTAHHS IpupoaHoro rasy go 200 m%/T mo3Bossie 3meHmnT Bukuamu CO; mo
15%, BuTpaTy KOKCy A0 35% Ta 36impmmty Buxim BEP mo 74%; BUKOpMUCTaHHS
KokcoBoro rasy mo 300 m3/T mosBossie smeHmuT Bukuau CO,; mo 15%, Butpary
KOKcy 10 28% Ta 36inbiminTy Buxia BEP no 60%][2,3].

Buxopucranns IIBII He mo3Bossie 3MeHIIUTU BUKUIAM CO;, a iX 3MeHIIeHHS
IOCSITAEThCSA TUIbKM 3@ PAXyHOK 3MEHIIeHHSI BUTpATU IMapu Ojs IiATPUMKU
TeoOpeTUYHOI TeMIlepaTypy B 3alaHUX MeXXaX, OJJHAaK MOXKe 3a0e3IeunTy Haibiibiie

3MeHIIIeHHS BUTpaTH Kokcy (1o 45% mpu Butparti [1BIT mo 250 Kr/T).
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Tabmuig 1

EdekTMBHICTh 3aCTOCYBaHHSI Pi3HMUX MAJIMBHUX J00ABOK IIPY MaKCUMaJIbHOMY iX
3aCTOCYBaHHI HA BUKUAM OIOKCUAY ByTaento, Buxig BEP Ta BUTpaTtut KOKCy

[1BIT [Tpupomunii Kokcoswuii ras Boneunn
250 kr/T ras 300 m3/T 500 m*/T
200 m3/T
Bukugu CO, -11% (-0,44%) * | -15% (-0,75%) -15% (-0,5%) -30% (-0,6%)
Buxig BEP -10% (-0,4%) +74% (+3,7%) +60% (+2%) +81% (+1,62%)

Butpara Kokcy

-45% (-1,8%)

-35% (-1,75%)

-28% (-0,93%)

-25% (-0,5%)

3 8paxyeaHHs nidiepiey nanusHoi dobasku:

400°C 800°C 800°C 1000°C
Bukugy CO, | -12% (-0,48%) * | -21% (-1,05%) | -20% (-0,67%) | -40% (-0,8%)
Buxin BEP 8% (-0,32%) | +64% (+3,2%) | +57% (+1,9%) | +69% (+1,38%)

Butpara Kokcy

-44% (-1,76%)

-40% (-29%)

-329% (-1,07%)

-31% (-0,62%)

*muist TIBIT mocssrHeHHS 3HVOKeHHS BUKUIIB CO; MOCSTaeThCs 3a paXyHOK 3MEHIIeHHS
BUTPATY TIApU JJISI M ATPUMKIM TEOPETUYHOI TeMIIepaTypu B 3alaHNX MeKax;
** y myKKax 3a3HaueHO 3MiHy ITapaMeTpy 3i 30iJblIeHHSIM BUTpPATU MaJMBHOI

nmo6aBky Ha 10 Kkr/T (M%/T).

36ismbiieHHsT BEP (TOOTO 30i/bIIEHHSI €HEPrOEMHOCTI AOMEHHOTO rasy) IIpu
BUKOPUCTAHHI BOTHEBMIiCHMX IMJIMBHMUX [I00ABOK [JO3BOJIMTh BUKOPUCTOBYBATHU
ounimenui Bim CO, MOMEHHMUI ra3 B iHIIMX Iepeijiax MeTaJypriiHOro KoMOiHaTy
abo BOyBaTu B ()ypMeHe BOTHUIILE TOMEHHOI 1medi. BUKOpMcTaHHS KOKCOBOIO ra3y B
IOMEHHi/i Medi Moske OyTM IIepexiTHOI0 TEeXHOJIOTIi€l0 Tepes BUKOPUCTAHHIM
BOJHIO.

[TigirpiB ra3omnomiOHMX IMaIMBHUX H00ABOK MOXe AATH Oinbiinii edekT - mo
10%, 6% Ta 5% 3menmieHHs BukuAiB CO; BiZmoBigHO Ta 4-6% 3MeHIIEHHS BUTPATU
KOKCY 32 paxyHOK MOKJIMBOCTi 1o 6ibiioro HarpianHs — I1I' Ta KI' go 800°C H; — 1o
1000°C, mopiBusiHO 3 IIBIT — mo 400°C, sike 3a6e3meunTh 3MeHIIeHHS BUKuIiB 31 ta
3MEeHIIIeHHS BUTpaTu Ha 1%.

3acTOCyBaHHSI BOJHEBMICTKMX MaJMBHMX m00aBOK cmibHO 3 TIBIT €
aKTyaJIbHOIO 3aJlauelo yepe3 mouupeHHs TexHosorii BayBaHHs [IBI1 sk B YkpaiHi,
TakK i 3a KOpJIOHOM. BCTaHOBJIEHO, 1O CITiIbHE BAYBAHHSI B TOPH JOMEHHOI Ileui
BOJIHEBMiCHMX J100aBOK cIiyibHO TIBIT mo3BoJjisie BUPIIIUTM OOHOYACHO ABi 3amadi —
smeHIeHHsT BUKuIiB CO, i 3a6e3meunTy MiHiMaabHy COOiBapTiCTh YaBYHY Ta CTaJIi.

BusHaueHo KpI/ITI/I‘-IHi BUTpATU IaJIMBHUX ,ELO6aBOK, 3a AKHUX, 3I‘i,E[HO 3 MMPMHIUIIOM
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I'proHepa, OUIKYyETbCSI [OOCSTHEHHSI TIOBHOIO BiJHOBJIEHHS 3aJi3a HenpsiMUM
IJISIXOM, a OTKe, i MiHiMa/qbHOI BUTPATU MaJnBa NPU OOCITHEHHI CTYIIEHS MPSIMOTO

BimHOBIeHHS 6/13bKoro 1o 0% (tabin. 2).

Tabanig 2
BuTpara nannuBa, 3a SIKOi BCe 3a/1i30 B I1eui BiJHOBJIIOEThCS HEITPSIMUM IIJISTXOM
ITapameTp [IBIIT+IIT IIBIT+KT IIBII+H;
Burpara IBII, kr/T 200-250 200-250 200-250
BurtpaTa BogHeBMicHOI 106aBKM, KI/T 193-180 300 485-450

PoboTa mOMeHHOI Iedi 3a 3MiHHMX IIMXTOBUX YMOB MHPU3BOAUTb A0 3MiHU
TeXHOJIOTiYHMX MapaMeTpiB, TaKUX SK TeIJIOBI BTpaTu, CTYIIiHb BuKopucTaHHs CO
ta H,, mo nmosHavaeTbest Ha BUkuay CO; Ta TeXHIKO-eKOHOMiuHi IToKa3HUKMU. Takoxk
Ha Bukuayu CO; BIUIMBA€E 3aCTOCYBAHHS MeTaJI000aBKM, 3MiHa TeMIIepaTypu TyTTS
ta Bmict FeO B mmxti. BcTaHOBI€HO TpaHMYHI 3HaueHHS1 eQ(eKTUBHOCTI
3aCTOCYBAaHHS MeETa/J0J00aBKM Ta TEeXHOJOTIYHMX 3axXOMiB INOAO 30iJblIeHHS
TeMIlepaTypu OYyTTs, 3MiHM BMicTy FeO y muxTi, 3MeHIlIeHHS TeIJIOBMX BTpaT Ta
36isbiIeHHs cTyTieHs BukopuctanHs CO ta H; Ha Bukuanu CO,, Buxig BEP Ta BuTpaTty

KOKCY (Tabi1. 3).

Tabnuig 3
EdeKkTuBHICTb 3aCTOCYBAaHHS METATIOA00aBKM, TEXHIUHMX Ta TEXHOJOTIYHMUX 3aXO0/iB
Ha BUKUAU IiOKCUAY Byrieito, Buxig BEP Ta BuTpaTa KOKCy

Mertano- |Bmict FeO| Temmnepa- | Temosi | CrymiHb BuU- CTymiHb BU-
nobaBka | B IIMXTi | Typa oyTTs | BTpatu |kopuctaHHsi CO|kopuctanHs H,
; 5 ; ; o
ﬂ;ﬁiﬁm 0-500 /1| 0-20% ;Z ﬂggog Blsﬂl\zd%fo Biz 40% 10 50% | ;Lgo/f Ho
Buxugnu CO,| -47% -9,9% -6,4% -2,3% -13,2% -7,2%
(-0,93%) | (-0,49%) | (-1,82%) | (-0,15%) (-1,32%) (-0,24%)
Buxinm BEP | -108% -10,3% -26,5% -0,4% -48,4% -29%
(-2,16%) | (-0,52%) (-7,6%) (-0,03%) (-4,84%) (-0,97%)
Butpara -16% -12% -2% -0,6% -11,9% -6,4%
KOKCY (-0,33%) | (-0,6%) (-0,49%) | (-0,04%) (-1,19%) (-0,21%)

* y Oy)kKaxX 3a3HAyeHO 3MiHy BIUIMBY 306i/IbIIEHHS BUTPATU MeETaja0q06aBKM Ha

10 xr/T, Temnepatypu ayTTsa Ha 100°C, ctyneHst BukopuctanHsg CO i H, Ta BmicTy

FeO B muxTi Ha 1% Ta 3MeHIlIeHHs TeIUIOBMX BTpaTt Ha 1 MBT.

BcTaHOB/IEHO T'paHMYHiI 3HaYeHHS e(QeKTUBHOCTI BUMKOPUCTAHHS TEXHOJIOTil

BAOYBAHHA ITAJIMBHUX ,ILO68.BOK, 3aCTOCYyBaHHA METa.TIO,[[O6aBKI/I, a TakoX 3MiHU
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TeXHIYHMX Ta TEeXHOJIOTIYHMX MapaMeTpiB JOMeHHOI IuiaBku Ha Bukuau CO, Ta
TeXHiKO-eKOHOMIiUHi ITOKa3HMKM: BMKOPUCTAHHSI UMUCTUX MeTaJoJ00aBOK B
IIOMEHHI Tedi J03BOJIsI€ CYTTEBO 3MeHINUTHU BUKUAU CO,, OOHAK iX BUKOPUCTAHHS
obMeskeHe HAasSBHICTIO Ta ILiHOIO; 36iJbIIeHHS TeMIlepaTypu OyTTsS Ha KoxHi 100°C
I03BOJUTH 3MeHIInTY Bukuay CO, Ha 1,8% Ta BuTpaTty Kokcy Ha 0,5%; 36iaplIeHHS
cryrieHio BukopuctanHsd CO Ta H; B JOMeHHili Teui Ha KOXXeH 1% [O3BOIUTH
smeHmmTy Bukuau CO; Ha 1,3% Ta 0,25% BimmoBigHo; 36inbineHHs yacTku FeO B
IIMXTi B JOMEHHii1 1edi Ha KoxkeH 1% po3BonuTb 3sMeHINTU BUkuay CO; Ha 0,5%;
3MEHIIEeHHS TeIUIOBUX BTPAT B CUCTEMIi OXOJOMKEHHS Ha KokeH 1 MBT mo3BonuTh
sMeHIUTH BUKMUay CO; Ha 0,15%.

BuUCHOBKU

1. BcTaHOB/IEHO TpaHNYHI 3HAUeHHST e()eKTUMBHOCTI BUKOPUCTAHHSI TEXHOJIOTi
BayBaHHs [1BII, BogHIO Ta BOZHEBMiCHMUX 100aBOK (IIPMPOTHOTO Ta KOKCOBOTO rasy)
Ha Buxugu CO,, Buxin BEP Ta BuUTpaTy KOKCY, B TOMY YMCJi i 3 BpaxyBaHHSIM IX
migirpiBy. ITokazaHo, 110 BOJIeHb Ta BOJHEBMICTKi J00aBKM JO3BOJISIOTH Oi/IBIIO0
Mipoio 3abe3meunTty 3MeHIneHHS BUKUIAIB CO; Ta 30iMbIINTM BUXiJ, BTOPUHHUX
eHepropecypciB y ropiBHsiHHi 3 [1BII.

2. BusHaueHO KPUTUYHI BUTPATU NaJIUBHUX [I00aBOK, 3a SIKUX, 3TiTHO 3
MpUHIIUIIOM ['proHepa, OUiKyeTbCS MOCSITHEHHS IMOBHOTO BiTHOBJIEHHSI 3aji3a
HEIIPSIMUM IJISIXOM.

3. BcraHoBieHO TrpaHMyHi 3HaueHHI  e(deKTUMBHOCTI  3aCTOCYBaHHS
MeTaJIofo0aBKM, a TaKOX 3MiHM TeXHIUHMX Ta TEeXHOJIOTIYHMX IlapaMeTpiB
IIOMEHHOI TIaBKu (TemrepaTrypa AyTTs, 3MiHa BMicTy FeO y mmxTi, TeIoBi BTpaTH,
ctymminb BukopuctanHd CO Ta H;) Ha Bukuau CO; Ta TexXHIKO-eKOHOMiuHi
TTOKa3HUKM.
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ANALYSIS OF OPPORTUNITIES FOR REDUCING CO; EMISSIONS IN BLAST
FURNACE PRODUCTION
Kornilov B.V., Chaika O.L., Moskalyna A.O., Dzhygota M.G.

Abstract. Global warming poses challenges for humanity to reduce the impact of
anthropogenic factors on the environment. Therefore, one of the urgent tasks is the
decarbonization of industrial production in general and the metallurgical industry in
particular, which accounts for 6-8% of CO. emissions. Since blast furnace production
will remain the dominant link in steel production, as it is the most economically
advantageous with a thermal efficiency of up to 90% at least by 2050, reducing CO;
emissions from the blast furnace is an urgent task.

The limiting values of the efficiency of using technologies for blowing PCI, hydrogen and
hydrogen-containing additives, the effect of their heating, the use of metal additives, as
well as changes in the technical and technological parameters of blast furnace smelting
(blow temperature, change in the FeO content in the charge, heat losses, degree of use of
CO and H;) on CO; emissions and technical and economic indicators have been
established.

Keywords: blast furnace, CO; emissions, hydrogen, natural and coke oven gas, PCI,
metal additive, blast parameters, coke.
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AHoranis. IIposedeHo 0ocnioweHHs1 8nauU8y No08iliH020 8idnany Ha cmpykmypy ma
871ACMUBOCMI 8AIKOBUX UaBYHI8 eukoHaHHs JIIIIHM-58. B pe3yasmami nposedeHux
00CnidHeHb 3 3ACMOCYBAHHAM CKIAOH020 NIAH, 00ePHAHO020 CYMIWEeHHIM NaaHy 2* 3 4x4
JIAMUHCbKUM Keadpamom 6y8 00paHuii OnMuMaibHUtl pexcum nodsitiHozo gionany: I
cmadis — memnepamypa 1000 °C, sumpumka 1 200; II cmadis — memnepamypa 600 °C,
gumpumka 3 200. ITodeitiHuti 8ionan uasyHie pobouozo wapy npusodus 0o cepoioudayii
nepaimHoz20 ma zpagimusauii nepJaimHoz20 i eemeKmuuH020 UeMeHmumy, y uagyHis 8io
wutiok eankie — 00 pi3HOpidHOI 3a Mopgonozielo npodykmie esmeKmoioHo20
nepemeopeHHs: cmpykmypu, 00 ckaady skoi exodunu zpagim, ¢epum, nepaim pisHoi
duchepcHocmi, OeliHim, mapmeHcum ma (pocpiona esmekmuka. 3a Ub020 MIYHICMHI
871aCmMueocmi mepmooO6pobeHUX UaABYHI8 OYaU OLIbUIUMU, HIX YABYHIB 8AJIKIB Y TUMOMY
cmaHi Ha 8..96%. B pe3yabmami nposedeHux 0ocnioxceHs Oyna po3pobJieHa,
gunpobysama ma pekomeHdosaHa 00 8NPOBAOHEHHS MexHoJ102i51
8UCOKOMEMNEPAMYPHOZ0 mepMmiuH020 006pobneHHs NPOKaAmMHux 8AaJIKi8
8ukoHaHs JILLIIHM-58.

KiwouoBi cioBa: uasyH, npokamuuil 8anok, nooeitiHuii eidnan, cmpykmypa,
eacmusicme

Beryn. Kadeapa namBapHOro BUpOOHMIITBA YKpPaiHChKOTO [IepskaBHOTO
YHIBEpCUTETYy HayKuM 1 TEXHOJIOTiI TMOHAZ IIICTOeCST PpOKIB 3aliMaeTbCs
NOCTiIKEeHHSIM BIUIMBY Pi3HMX (PAaKTOPiB Ha SIKICTb JIUTUX YaBYHHMX BajKiB [1-4].
OmHMM 3 BaXJIMBUX TUTaHb MJiSI Teopii Ta MPaKTUKM BUPOOHUIITBA UABYHHUX
MIPOKATHUX BaJIKiB € MOCTiIKeHHS BIUIMBY T€pPMiUyHOTO OOpOOJIeHHS, B TOMY UMCJTi
MOABiMiHOrO BifMany, Ha CTPYKTYPY Ta BJAACTUBOCTI BaJIKOBUX YaBYHiB [5].

Mera po60oTH. B3HauMTH BIUIMB MOMABIHOTO BiAmaay Ha MiKpOCTPYKTYpY Ta
BJIACTMBOCTI MaTepiaay MpOKaTHUX BaJIKiB, 00paTy ONTUMAaIbHUI peXXUM Bifnany Ta
IIPOBECTHU 1i0T0 TPOMMUCIIOBE BUTIPOOOBYBaHHSI.

OcHOBHMIT MaTepiai. MeTony JOCTiIKeHHS Ta 00pOOKM eKCIepyMeHTaIbHUX

JaHMUX, V TOMY YMCIi pPEeXMMM TeIUIOBOi OOpoOKM, pi3Hi MeTomu aHasisy Ta
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BY3HAUEHHS BJIACTMBOCTEI YaBYHY — BCi IIi METOOMYHI MUTaHHS OyaM BuUpilIeHi
HaCTyITHUM YMHOM. Y JIabOpaTOPHMX YMOBaxX TeIlJIoBe 0OpOO6JiIeHHS MPOBOAMIN Ha
Crielia/ibHii yCTaHOBIII, [0 BK/IKOUYaJa BMCOKOTEMIIEPATYPHY ITiU i3 HarpiBayammu 3
XPOMITY JIaHTaHy Ta CUCTeMYy aBTOMAaTUKU. Y IMPOMMCIOBUMX YMOBaX TepMiuHe
06po6IeHHSI MPOKATHUX BAaJKiB 3MAiMCHIOBAIM B Tra30BMX KaMepHMX TIedax 3
BUKOUYBAHHSIM IIOJOM. 3pasku s AOCHiIKEeHHS MiKpOCTPYKTypH, (¢i3uKo-
MeXaHiUHMX BJIACTMBOCTEN Ta CIY>KOOBUX XapaKTEPUCTUK BUPi3aiM Bif, HUKHBOTO
TOPLS OOYOK Ta HIDKHIX IMIOK IpY MeXaHiuHiii 06po06ILi TUTUX TPOKATHUX BaJIKiB.
MikpocKoIliyHe [OOCHiJi)KeHHSI MNPOBOAMIM Ha ONTUYHOMY MeTaio-MiKpOCKOIMi
Neophot 21. BygoBy matpuili BankoBux 4aByHiB ouiHoBamu 3a 'OCT 3443-87. Mexy
MIIIHOCTi TIpM TIpU BUTUHI Omy 3paskiB posmipamyu 10x10xX55 MM BM3HaAYaAM Ha
yHiBepcanbHiii mammHi MVYII-50. Mogynab MOPYKHOCTI —  XapaKTePUCTUKY
KOHCTPYKIIi/AHOI HaAiiiHICTI 4YaBYHIB BM3HAYa/JM YJIbTPA3BYKOBMM METOJOM Ha
npunagi Y3IC-JIETU. BennumHuM TBEpOoOCTi, TpaHMUIb MIIIHOCTI Ta MOAYJIS
MIPY>KHOCTi pO3paxoByBajM PO3Pax0OBYBa/IM SIK CEPEIHIO TPhOX BUIIPOOYBaHb.

Ia1si OLiHKM BIUIMBY IlapaMeTpiB MOABIfHOrO BiAIlaJly Ha CTPYKTYpy i
BJACTUBOCTI JOCTIIHMX YaBYHIB i BMOOPY OINTUMAJIbHOTO pPEXMUMY TEPMiuHOTO
06po6sieHHST OYB 3aCTOCOBaHMIA CKJIAHMIA TIAH, OJIePsKaHUii CyMillleHHSIM Ti1aHy 24
3 4x4 JTaTUHCHKUM KBajpaToM. lle 6y/0 BUKIMKAHO TUM, IO JAHUI €KCIIepUMEHT
O6yB OaraToakKTOpHMM, a TaKOX TMM, IO TIOpsiA 3 OCHOBHMMM (aKTopaMu
(Temniepatypa 1-i cranii Bigmamy — C: 1000 Ta 900°C, 2-i ctaaii — A: 700 Ta 600°C,
TpuBamicts 1-i crapii — D: 3 Ta 1 rox , 2-i cranii — B: 6 Ta 3 rox) 6yB MpUCYTHi
dakTop T—- BaJKOBMIT YaBYH 3 Pi3HUM CTyIIeHEM JIETOBAHOCTi, IO OYyJIO IKepeioM
HeomgHOpigHOcTeil. IlepeBipkKy TimoTe3u TIPO HE3HAUYIIiCTh YCiX B3aeEMO/Ii
NpoBOAMIN 3a KpuTepiem Dimrepa.

CTpyKTypa 4YaBYyHiB po6OYOro miapy BaJIKiB y JUTOMY CTasli SIBJisyIa COOOI0
MOJIOBMHYACTI, a MNUIOK — cipi yaByHM. KoporTkouacHa Butpumka mpu 900°C
npuBogmaa o rpaditusaliiii HeBeJIMKOI KiIbKOCTI €BTEeKTMYHOIO I[eMEHTUTY Y
yaByHax poOOYoro Imapy BajikiB, B OCHOBHOMY CTPYKTypa MaTpuili miciast 6- Ta
3-roguHHOV BUTpuMKy nipu 700°C ckiaganacs 3 i3 3epHUCTOTO MepiIiTy, IeMeHTUTY

Ta rpadity. bins rpadiTHUX BKIIOUEHD Y AeSKUX 3pa3kax CIIoCTepirajyu Maiiske YnCTi
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dbeputHi mons. 3i 36inbIIeHHSIM 4Yacy BUTpUMKM 1-1 cragii Bimmamy, a Takox
30ibIIIEHHSIM i1 TeMIepaTypy KiJIbKiCTh CTPYKTYPHO BiJIbHOTO 11€MEHTUTY 3HAUHO
CKOpoYyBajacs, B OCHOBHOMY 3a/MIIajMCS TieperiaBieHi IisSHKM (ocdimHoi
€BTEeKTUKM, HABKOJIO SIKMX PO3TAIlIOBYBABCS KPYITHO3EPHUCTUIN TEPJIT y BUIJISLI
Kaiimu. @eput 3aiiMaB LieHTPaJIbHI [OUISHKM OEHAPUTHUX TiJIOK Ta OTOYyBaB
rpadiTHi BKIIOUEeHHSI. Y OESIKMX MICISX B IEHTPAJIbHUX [iISTHKAX IeHIPUTIB
YTBOPIOBABCS TOHKOIUIACTMHYACTUI TepiaiT 1 TpoocTtutT. CTPyKTypa MaTpuili
IOCTiIHMX YaBYHIB po60YOro IIapy BajKiB Mic/ast 6-rOOMHHOI BUTpUMKHU IIpu 600°C
BUXOIMJIa TAKOIO K, SIK ITiC/JIT BUTPMMKM 3a Oisnibin Bucokoi Temmepatypu 700°C. ¥V
JesIKUMX  MiCIISIX MepJiT BUXOAMB OiNbII PO3PIIKEeHUM 3epHUCTUM abo
copbiTonomiOHMM, MO TpaHMISX OeSKMX 3epHMH ayCTeHITy YTBOpPIOBasacs TOHKA
ciTKa 1leMeHTUTY.

[Mepmia cTafis Biamiasy 3pasKiB Bifl IIMIOK BajJKiB Npu3BOAMIIA 10 3MEHIIEeHHS
KiJIbKOCTi (pocdimHOoi eBTeKTUKM Ta hepuTy, 0COOIMBO TTOMITHOMY 3 IiIBUIIEHHSIM
TeMIIeEpaTypu i TPMBAJIOCTI BUTpMMKa 3a Bimmamy. Ilepysit OyB B OCHOBHOMY
3€pHUCTUM, M0 IPAHMUISIX €BTEKTUYHMI KOJIOHiV BiH MaB cOpb6iTOMomioHy OYymoBYy,
3yCTpivaanucsl TaKOX AiMSTHKM TOHKOILJIACTMHYACTOrO MePiTy. 3a BiAmaly 3a TaKUM
napaMeTrpamu: temreparypa 1-oi crazii 1000°C, TpuBaliCTh BUTPUMKU 3 TOAVIHU,
TeMriepaTtypa 2-oi cragii 600°C, TpuBaaiCTb BUTPUMKU 6 TOZ Yy CTPYKTYPi JESIKUX
YaByHIB II0 TPaHMISIX KOJMUIIHIX ayCTEeHITHMX 3€pHMH 3yCTpidasacs CiTka
BTOPUMHHOTO I1I€EMEHTUTy, Oifii KpynmHuX TrpadiTHMX BKIOUEHb IIepJiT MaB
Ipi6HO3epHUCTY OYIOBY, hepuTy He 6YJI0.

OOpoOKy  ofepskaHMX  eKCIepMMEHTAJbHMUX  JaHUMX Ta  BU3HAYEHHS
ONTMMAJbHOTO pEXMMY TIO[BIIHOrO BiAmagy MOPOBOOAWIM 33 JOMOMOTOIO
KOMIIJIEKCHOTO ITOKa3HMKA SIKOCTi - y3arajbHeHoi QyHKIIlii 6akaHOCTi [5,6], sSka 6y/ia
1moOymoBaHa Ha OCHOBI aHami3y JriTepaTypHMX [IaHMX IIPO MeXaHiuHi Ta
eKCIUTyaTalli/iHi BJIaCTMBOCTI YaBYHY [JIsI TPOKAaTHUX BaKiB. SIKiCTh BaJKiB
OIliHIOBa/IM 7 TTapaMeTpaMM: IJis poO0UOro Iiapy MPOKaTHMUX BaJIKiB: MexKa MillHOCTI
MIpU BUTUHI, TBEPIiCTb, MOAY/Ib IMPYKHOCTi, TEPMOCTIKiCTb; IJi YaBYHY IIMITOK
BaJIKiB: Me)Xa MII[HOCTI NPy BUTMHI, TBEPAiCTb, MOAY/b MPYXHOCTi. Y BUXiTHOMY

JIUTOMY CTaHi KOMIUJIEKCHUIA TTOKa3HUK SKOCTi-y3arajibHeHa (QyHKIIis 6askaHocTi G
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IOCTiTHMX YaBYHIiB poOOYOro Iapy Ta IIMITOK BasikiB mopiBHioBaB 0,302. Bchoro
OyJio TIpoBeAeHO 16 peskMMiB MOABIMTHOIO BiAIasy, KOMIUIEKCHMIT TTIOKa3HUK SIKOCTi
- y3arajbHeHa QyHKIIisT 6akaHOCTI G MOCTITHMX YaBYHiB poO0OYOro mapy Ta HIMITOK
BaJIKiB ITiCJII TMOABIMHOrO Biamasy KonuBaBcsa y Mexkax Bim 0,349 mo 0,682. B
pesy/ibTaTi MpPOBEOEHOrO0 AaKTMBHOTO €eKCIepUMMEHTY BCTAaHOBJIEHO, IO [0
OINTMMAJIbHOTO peXMMY I[OABIIHOTO BiAIaay CJIif BIiOHECTU Taki ITapaMeTpu:
temrieparypa 1-oi cragii 1000°C i TpuBasiicTh BUTPpUMKM 1 rop, Temmeparypa 2-01
cragii 600°C i TpUBaAJIiCTh BUTPUMKM 3 IO, 3@ IKMX KOMILJIEKCHUI TTOKa3HUK SIKOCTi
- y3arajibHeHa QYHKIIis 6akaHocTi G Majia MakcuMaabHe 3HaueHHS — 0,682, y 2,2
pasu Oi/bIIOI0 33 BUXIAHMIA TUTUI CTaH.

TepMouacoBi IMmapaMeTpyu BMCOKOTEMIIEpPATypPHOI TepMiuHOi  0O6pOOKH,
po3pobisieHi Ha cTafii Jab0paTOPHMX [OC/iIKeHb, OyaM MOKIaZeHi B OCHOBY
IIPOMMCJIOBOTO PEXMMY TEPMiYHOIO 00pOOJeHHS MPOKATHMX BAJIKiB i3 UaByHIB 3
KyyasictuM rpaditom BukoHaHHs JINTHM-58 (po3mipu 6oukm 0,73x1,10 m). Poboumnii
1ap Takux BaJIKiB B JUTOMY CTajli MaB 3BUYAIHY IJIs1 TAKUX BaJIKiB CTPYKTYpY, 10
ckiaganacsi 3 rpadity Kymsictoi i KomMmakTHOI ¢opM, Iepiity, OymoBa SIKOTO
xapakTepusyBanacsa 6amom I111,0, deputy i memeHtTuty. TepmiuHe 06pOOIEHHS
TIPOBOJIVIIM 32 TAKMM PEXMMOM: B Medi HarpiBaHHS 3i MBUAKICTIO 25-50 rpaa/rom oo
1000°C, BuTpuMKa OpoOTIroM 1 rof, mOTiM Mo3a Mivyyuio — MPUMYCOBE OXOJIOIKEeHHS
Io TemmepaTypu pobouoro mapy 580-620°C B moToLii MOBIiTPsIHOI ab0 BOITHO-
MOBITPSIHO1 CyMillli 10 OXO0JIO[KeHHSs1. [Ipyry cTafito Bifmanay MpoBOAM Y Iedi, BOHa
BKJIOUaJa BUTPUMKY [JisS1 BUPIBHIOBAaHHS TeMIlepaTypu IIO0 TMepepidy BaJKiB
npoTtsarom 3 roguH Tipu TemrmepaTypi 600°C Ta OXOJOMKEHHS 31 IIBUIKICTIO
25-30 °C/rog gmo 100 °C. B pesynbTaTi TakKoro TepMiyHOTO 0OpOO6IeHHS
TJIACTMHYACTUIA TIePJIiT TIOBHICTIO 3HMKAB B YCixX BajikaX. [lepeTBOpeHHSI BTOPMHHOTO
ayCTEeHITy IPOXOIWIO 3 YTBOPEHHSIM COOITONOMIOHOIO Ta 3€pPHMUCTOrO IMepiiTy. Y
IesIKUX IUISSHKaX OeHIPUTHUX TiIOK 3a eBTEeKTUYHOrO MepeTBOPeHHS ILeMEeHTUT
HalllapOBYBCSI Ha HAJJIMIIIKOBOMY, a (pepuUT BUII/ISIBCS Y BUTJISIII HEBEJIMKUX HiSTHOK.
KinpkicTh €BTEKTMUYHOrO I[eMEeHTUTy 3MeHIlyBaiacsi Ha 3-8%. MexaHiuHi
BJIACTUBOCTI T€pMOOOPOOJIeHMX YaBYHIB OyaM OiMbIIMMM, HiK YaBYHIB BaJIKiB y

JTUTOMY CTaHi Ha 8...96%.
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BucHoBKu. OOHMUM 3 BasKIMBUX IMUTAHb JIJISI TEOPii Ta MPaKTUKM BUPOOHUIITBA
YaBYHHUX ITPOKATHUX BaJIKiB € JOCJiIKEHHS BIUIMBY iX TepMiuHOro 06pobaeHHs. B
pe3yJbTaTi NIPOBEeAEeHNX eKCIIePUMEHTIB BCTAaHOBJIEHO, 1[0 ONTUMAJIbHUM PEXMMOM
noaBiliHoro Bignany €: 1 craniss — remneparypa 1000°C, sutpumka 1 roa, 2 cramgis —
temriepatypa 600°C, BUTpUMKa 3 rof, 3a SIKMX KOMIUIEKCHMIT IMOKA3HUK SIKOCTi -
y3arajibHeHa ¢QyHKIIisS 6akaHoCcTi G Mae MakcuMasibHe 3HaueHHS — 0,682, y 2,2 pasu
Oi/IbIIIOI0 3a BUXITHMII JUTUI cTaH. B pe3ynabTaTi IpoBedeHMX AOCIiIKeHb Oysia
po3pobsieHa, BUIIpOOyBaHa Ta peKOMeHJOBaHa [0 BIIPOBAIKEHHSI TEeXHOJIOTis
BIMCOKOTEMITIEPATYPHOTO TEPMiUYHOTO 0OpOGJIEHHSI TMPOKATHMUX BaIKiB BMKOHAHHS
JITHM-58.

JITEPATYPA

1. KpusormieeB A. €. JIuti Basiku. TeopeTuyHi Ta TEXHOJIOTiYHI OCHOBY BUPOOHMIITBA. — M.:
Mertanypreua, 1957. - 360 c.

2. Binait I'. €. JocnimkeHHs1 BIUIMBY Moaudikailii Ha KpucTaiizaililo YaByHy, CTPYKTYpH i
BJIACTMBOCTEN JIMCTOIPOKATHMUX BasiKiB: ABTOped. OMUC. ... KaHA. TexH. HayK : 05.323 /
HHinmponerp. MeTalypr. i—T. — [JHimponeTpoBChK, 1967.— 23 c.

3. Konmotuno €. B. [ocmimkeHHS i YIOCKOHAJEHHSI BUPOOHUIITBA JIMCTOIIPOKATHUX
Ba/IKiB 3 MoaudikoBaHMUX yaByHiB: ABToped. OuC. ... KaHA. TeXH. HayK : 05.16.04 /
IHinporeTp. MeTanypr. i—T. — JIHiIpomneTpoBChK, 1977.— 23 c.

4. IBanoBa JI. X. TeopeTuuHi OCHOBM Ta IPAKTUUHI METOAM OJepKaHHS JIUTUX
MPOKAaTHUX BaJIKiB i3 KOMILIEKCHOMOAM(GiKOBaHMX YaBYHiB: ABTOoped. aucC. ... I-pa
TexH. HayK : 05.16.04 / HaijioH. MmeTanypr. akajgeMisi Ykpainu. — JIHiIpOIeTPOBCHK,
2008. - 35 c.

5. IBanoBa JI. X. Po3po6Ka TeXHOJIOTIiUHMX CITOCOOIB 3HIMKEHHSI HamlpyKeHb B
YaBYHHMX Ba/IKax i MMABUIIEHHS iX MIITHOCTi: IMC. ... KaHI. TeXH. HayK : 16.05.04 /
IHinpomneTp. MeTanypr. i—T. — [IHimponeTpoBchbK, 1984. — 275 c.

6. Harrington E. C. The Desirability Function // Industrial Quality Control.— 1965.-
Vol.21, N210.- P. 494-498.

STUDY OF THE EFFECT OF DOUBLE ANNEALING ON THE QUALITY OF
SPHEROIDAL GRAPHITE CAST IRONS
Liudmyla Ivanova, Yevhen Kolotylo, Andrii Bilyi, Vladyslav Shemet

Abstract. The study of the influence of double annealing on the structure and properties
of rolled cast irons of the LShNM-58 design was carried out. As a result of the studies
conducted using a complex plan obtained by combining plan 24 with a 4x4 Latin square,
the optimal double annealing mode was selected: stage I - temperature 1000 °C, holding
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time 1 h; stage II - temperature 600 °C, holding time 3 h. Double annealing of cast irons
of the working layer led to spheroidization of pearlite and graphitization of pearlite and
eutectic cementite, in cast irons from the necks of the rolls - to a structure heterogeneous
in morphology of eutectoid transformation products, which included graphite, ferrite,
pearlite of different dispersion, bainite, martensite and phosphide eutectic. At the same
time, the strength properties of heat-treated cast irons were higher than those of cast
iron rolls by 8...96%. As a result of the research, a technology for high-temperature heat
treatment of rolling rolls of the LShNM-58 design was developed, tested and
recommended for implementation.

Keywords: cast iron, rolling roll, double annealing, structure, property
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3ACTOCYBAHHSI TEHETUYHOT'O AJITOPUTMA 10 PO3B’SI3AHHS 3AJAUI
PO3MIIIEHHS-AKTUBAILIIL
Ceprees 0.C.!
FHTY «/IHinpos8cbKa noaimexHika», Ykpaiva

AHoTamnist. Y pobomi po3znsHymo 3acmocy8aHHs 2eHemuuH020 anzopummy OJis
po38'sa3aHHs 3adaui po3miwjeHHs-akmueayii. HazonoweHo Ha akmyansHocmi npobiemu
MeOuyHoi  Jlozicmuku, 0Co0IU80 8 YMO08AX Kpu3osux cumyauiti. Aemopom
chopmynbo8aHo npakmuuHy nocmavosxy 3adaui ma 3anponoHo8aHo MAamemamuyHy
Mo0enb. BionogioHo do MamemMamu4Hoi NOCMAHOBKU, OMPUMAHO, WO 3adauya €
KOMOIHO8aHOW0 3adauero HenepepsHO-OUCKpemHOi onmumisayii, 8 sKili HenepepseHa
onmumizauist BUKOPUCMOBYEMCS 0J11 pO3MiuleHHS ueHmpie ducmpubyuii a duckpemHa -
015 akmueauii cyopezioHanbHUXx ueHmpis. /Ins po3e's3aHHs 3adaui 8UKOPUCMOBYEMbCS
26HEMUYHUL anzopumm i3 npiopumemHuM KOOYBAHHIM XPOMOCOM, y SIKOMY
3acmocosaHo 38axceHuli kpocosep. Bidbip xpomocom 30iliCHIOEMbCS MeMOoOoM pyaemKiu,
a onepayis mMymauyii peanizogeaHa y euensoi amiwanoi adanmusHoi npouyedypu 3 deoma
MOMCIUBUMU 8ApIAHMAamMu 3MiH: 3amiHOw abo ecmaskoi. Pesynemamu pobomu
MOMCymos 6ymu 3acmocos8Hi do noKpauwjeHHs JI02icmuuHux npouecie y cgepi meduuHoi
J102ICMUKU pe2ioHaA/IbHO20 PiBHSL.

KmiouoBi cioBa: duckpemHa onmumisauis, HenepepeHa onmumizayis, 2eHemMuyHull
anzopumm, J102icmuka, mpaHcnopmyeaHHs

Cucrema MeOMYHOI JIOTiCTMKM YKpaiHM OCTaHHIMM pOKaMu IiepeOyBae€ IIif
BIUIMBOM HM3KM CepO3HUX KPU3OBUX CUTYallilf, 110 CTBOPIOE 3HAUHIi BUKIMKU Ta
IOJAaTKOBe HaBaHTa)kKeHHs. 30KkpeMa, naHaemis COVID-19 Bkasana Ha HeJOCTATHIO
TOTOBHICTh JIOTICTUUHUX CTPYKTYp [0 ONEepaTMBHOIO 3abe3rneueHHs HaceJleHHS
HeoOXimHMMM JlikamMM Ta iMyHOOiosoriuHMMM mperapaTtaMmu. [loBHOMaciiTabHe
BTOprHeHHsT 2022 poKy BMSIBWIO HarajabHy T10Tpeby B edeKTUBHOMY
TPaHCIIOPTYBAaHHI Ta PO3MOAI 3HAUHMX OOCATIB JIiKapChbKMX 3acobiB  SIK
ryMaHiTapHoi pgomomoru. Ile 3yMOBMJIO HEOOXiOHICTh BIiIKPUTTS HOBUX
pO3MOAiIbUMX I1IeHTpiB Yy perioHax. IlepeiimeMo [0 po3MasgAy MTPaKTUYHOL
TIOCTAHOBKM Ipo6ieMu. [Ijs1 OIepaTMBHOTO pearyBaHHS Ha KPUTUUYHY CUTYaIlilo
CTBOPIOEThCSI M cyoperioHanbHux 1eHTpiB (CPLI), sKi 3a6e3meuyioTh HAKOMMUMYEHHS,
30epiraHHsl Ta MEepPBUHHMII PO3MOAIN JiKiB i BMpPOOIB MeAMUHOTO IMPU3HAUEHHS

(BMII). Yepe3 ob6MexkeHi pecypcy Ta JIOTICTUYHI TPYIHOII YpSIIOM aKTUBYETbCS
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nume L 3 M 1eHTpiB, 06paHux 3a reorpadiyHuM po3TalryBaHHSIM, TPAHCIIOPTHOIO
IOCTYIHICTIO, €MHICTIO CKJa[iB Ta IIBUIAKICTIO pearyBaHHs. AKTuBOBaHi CPL]
3[i/iICHIOIOTHh TIepepo3rofis A0 K 1eHTpiB AMCTpuUOYIlii, po3TalioBaHMX B 0OacCTi,
SIKi BXXe HaJaloTh ITOUIYTM Ta MeIMWYHi 3aco0M HaceJeHHI0 CBOiX 30H. Came Iii
IIEHTPU HeoOXimHO po3MicTuTH. 3aBOAHHS IJIAHYBAHHSI — BU3HAUYMTM KOMOiHAIIilO
perioHaJibHMX i CyOperioHaJibHMX IEHTPiB, MiCIsl pO3TallyBaHHSI I[€HTPIB
IUCTPUOYIIii Ta pO3pOOUTH TPAaHCIOPTHMI TIJIaH, 10 MiHiMi3ye BUTpATH i TIOBHICTIO
3aJJ0BOJIbHSIE IOTPeOM Hace/leHH y Jikax i BMII. 1Ig 3amavya Moske OyTy omymcaHa 3a
JIOTIOMOT0I0 MaTeMaTUUHOI MoJieJli 3a7aui po3MillleHHsI -aKTMBallii, a came:
M N N M
min A6 + I ¢ (X)) p(x)dx + c.V!
6(-)e®,r'eQN,veRﬁMZ i Z Q |( |)p( ) Z_:Z ijij
j=1 i=1 i=1 j=1 (1)
b
3a 0OMesKeHb:

ivikej :J' p(X)dx L
= * ) i :11 3 (2)

jQ p(X)dx < ib;'ej
=

, 1=1LM, (3)
N
Sl W
=1 ,ZGJSL,]=1, ) (4)
j=1
y ]
Q=0 o
o , mes(Q, NQ) =0, j,i,j=LN, (5)
| _ . -
VijZo,i,jzl,N,016{0’1},j:1,M, (6)
le(Tll,Tzl,...,T,l\‘)’TIEQN' (7)

VY uiii mogeni:
Q) - 30Ha 06C/TyrOBYBaHHS KIIi€HTIB;

€ _ 00C/TyTOBYBaHHS KJIi€HTIB 1j1s1 i-ro LIJT;

N - Heob6xizmHa KinbKicTb LI/;

M - 3arasiibHa KijibKicTb CPLI, 4OCTYIHUX [IJ1S1 aKTUBAllii;

L. — MakcuManbHa KiJIbKiCTh MOXK/IMBUX akTMBOBaHuX CPII;

] — Habip cybperioHa/IbHMUX IIEHTPiB, JOCTYIMHUX JIJIS1 aKTUBAIlii;
1
J — mpomycKHa 34aTHicTh j-ro CPII;

A ..
} — BuTpaTtu Ha akTuBalit j-ro CPLI;

I I
G =c(x7) _ TPaHCIIOPTHI BUTpaTty MixX LI/] i Ta KJIIIEHTOM y TOUIli X;
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_ o
G =c(mi 7j) _ TpaHCIOpTHi BuTpaTt Mmixk CPII Ta I1/1;

PX) _ nonur Ha JiKapchKi 3ac00M y TOUIIi X 06J1aCTi;

r__ (v _r
7 = (70 72) _ koopauHatu L] (r=I) abo CPL], (r=II);
|
Vi _ 06’em (B OOMHUIISIX Baru) JIiIKApChbKUX 3aC00iB Ta MeAMUYHOro OOJIagHaHHS, IO

TpaHcroptyeTbes 3 CPII j oo LI i;
0, _ . L0 .
=1, axkmo CPIl j aktTuBoBaHo; ' =0 iHaKIIe.

Ilisi po3B'sI3aHHSI ONTUMMI3aliiHMX 3afad MM IIPOMIOHYEMO BUKOPUCTATHU
KOMOiHaIlil0 MigXomiB ABOX TeOpiii: eBOJIOLIVHMII MiAXim, a camMe TeHeTUUHMIA
anroput™ [1] mng OucKpeTHOI omTuMisalii; 3acTOCYBaHHS IIiAXOAIB i3 Teopil
ONITMMAJbHOTO PO3OUTTS MHOXMH [2] IJIs1 HelepepBHOi omTMMi3allii. 3arajabHa
cxeMa pO3B’SI3aHHSI HaBeJeHa Ha puc. 1, Oe MpeacTaBleHi OCHOBHI eTanu
3alpOMIOHOBAHOIO 3arajibHOTO AJTOPUTMY pO3B'SI3aHHSI 3aj4adyi, 10 Bimobpaskae
KJIaCMYHy  CTPYKTYpy TeHeTM4YHoro  aaroputmy. OCHOBHA  OCOOJMBICTb
3aMPOIIOHOBAHOrO IIiIXOAYy MOJISITa€ B eTalli OI[iHIOBAaHHSI XpOMOCOM. Po3risHeMo
JeTa/lbHillle TIpolleAypy OILiHIOBaHHSA. [ 1IbOrO CIIOYATKYy 3MiliCHIOETHCS
pO3MillleHHSI 1LIeHTPiB AMUCTPUOYIii 3a JOMOMOrow MOZY/S po3MilieHHs [3], 110
BUKOPMCTOBYE METOIM 3 TeOopii ONMTMMAaIbHOTO PO3OUTTSI MHOXMH. ITic/ist 11bOro
BUKOHYETHCSI T€KOMYBAaHHS XPOMOCOMM Ta aKTMBAIlisi CKIaAiB perioHaJbHOIO
LIeHTpy. B pe3ynbTaTi OTpUMYEThCS CxeMa TepeBe3eHb Ta BM3HAuaeThCsl (iTHecC

XPOMOCOMM. AJITOPUTM CKJIaJa€ThCS 3 HACTYITHMX OCHOBHMX KPOKIB.

IHiWianizauin
OuiHoBaHHA
. Bunagkoso

reHepyeTbCs
nonynauisa 1. Poamictuti LA 3a

2. 3aCTOCOBYETHLCA Aoromoroio Moayna
npiopuTeTHe po3MileHha
KOﬂ‘yEaHHﬂ l

-

3acTocyBaTh METOA
pyneTku

1. 3acTtocyBati
3BaXeHWI kpocoBep

2. He Bumarae

BiAHOBNEHHA

3acTocysati MyTauii:
- Myrtayis o6miHom
+ MyTayis BcTaBkamm

2. flekopysaTtn
XpoMocoMy Ta
akTueysatn CPL,

| |

1
gen >= MAX_GEN

3. OTpumarm cxemy
nepeseseHb Ta
o6uncnTK diTHeC

gen < MAX_GEN
1 1. Kpawa xpomocoma
J 2. Cxema nepeseseHb

Pucynok 1 — OCHOBHi KpOKM pO3B’sI3aHHS 3aayvi
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Ha mepiiomy eTarii CTBOPIOETHCSI TTOYATKOBA IMOITYJISIIS MIJIIXOM BUIAAKOBOI
reHepailii MOTeHIiiiHMX pilieHb. [IMaHM IlepeBe3eHb MPeACTaB/ISIOTbCS 3a
JIOTIOMOTOI0 TIPIOPUTETHOTO KOAYBAHHS, ITiC/ISI YOTO 3/i/iICHIOETHCS iX ITepeTBOPeHHS
Ha XpOMOCOMM.

Ha mpyromy etarii poOBOAUTBLCS OLIiHIOBAHHSI OTPMMAaHMX XPOMOCOM IJISIXOM
00uMC/IeHHS 3HAaUeHHS LiTboBOi (QYHKIi. )i KOXXHOI XpOMOCOMM BU3HAYAIOTHCS
OITMMAaJbHI Micls po3TauryBaHHs LI/, MIJIXOM pO3B'sI3aHHS BiAIIOBIAHOI 3a4adi i3
3aCTOCYBaHHSIM MOZYJ/ISI PO3MillleHHS.

[Ticiist omiHIOBAaHHS BMKOHYETHCSI Bimbip HalKpalux XpoOMOCOM 3a METOIO0M
pyJieTKku. [IJis1 CXpellyBaHHSI 3aCTOCOBYETHCSI 3BaKeHMIT KPOCUMHTOBED, IO TO3BOJISIE
YHUKHYTU [OJATKOBUX IIPOIleAYp BiJHOBJEHHS KOPEKTHOCTi pilleHHs. MyTaiis
peasli3oBaHa y BUIVISIAI 3MilllaHOI amamnTHMBHOI Ipolenypu, sika repembavae aBa
BapiaHTU: 3aMiHY Ta BCTaBKYy.

LIMkn iTepaTMBHO MOBTOPIOETHCS OO OOCSITHEHHS KPUTEPIIO 3YNMHKU, SIKUM
BUCTYNA€ MaKCMMaJjbHa KiJIbKiCTb IMOKOJIiHb. B pe3y/ibTaTi BUKOHAHHS aJTOPUTMY
OTPUMYETHCSI XpOMOCOMa 3 HaiKpalllol MPUCTOCOBAHICTIO, sIKA MpeACTaB/Ise MIaH
TPAaHCIIOPTYBaHHSI.

BucHoBku. VY poboTi pmociimkeHO —3amavy  pO3MillleHHSI-aKTMBaIlIii.
HarosomnieHo Ha aKTyaJbHOCTi Ili€ei mpobsemu, ocOOJMBO 3a YMOB BUHMKHEHHS
KPM30BUX CUTYyalliii, KOJM SIKiCHe 1 oIlepaTMBHE VIIPABJiHHSI JIOTiCTUYHUMM
IpollecaMy Ma€ KpUTHUYHE 3HAUeHHsS JJIs1 3a0e3IevyeHHs] HaceJeHHS HeoOXiTHMMMU
MeIUYHUMU pecypcamu.

YV pamkax AOCTiAKeHHs 3alpONOHOBAHO MaTeMaTU4YHy MOJe/b 3ajadi, sika
TO€EIHY€E HellepepBHY ONMTMUMi3allilo 11 BU3HAUEeHHS ONTUMAaJIbHOTO PO3TalllyBaHHS
1eHTpiB muctpubymii (LJI) Ta AMCKpeTHy ONTUMi3allilo g aKTMBallii
cyoperioHanbHux 1eHTpiB (CPLI).

Po3po6eH0 KOMOiHOBaHMII aJIfTOPUTM PO3B'SI3aHHSI HA OCHOBI TeéHETUYHOTIO
aATOpPUTMYy, 110 BUKOPUCTOBYE MpiOpUTETHE KOAYBAaHHSI XpPOMOCOM. B anroputmi
peali3oBaHO 3BaKeHMI KPOCOBEP Ta Biibip XpOMOCOM METOAOM pyJeTKu. MyTarlis
3OI/ICHIOETBCSI 3a JOMOMOTOI0 3MilllaHOI aJamnTMBHOI TMpouenypu i3 [OBOMa

BapiaHTaMu: 3aMiHOI0 260 BCTaBKOIO.
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OTrpumani pesy/ibTaT¥ MOXYTb OyTM BUKOPUCTAHI MJIsI IOKpalleHHS

perioHaJbHUX JIOTiICTUYHMX IIPOolLieciB y cdhepi MeamuHOro 3abesmneyeHHs.
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APPLICATION OF A GENETIC ALGORITHM TO SOLVE THE LOCATION-
ACTIVATION PROBLEM

Oleksii Serhieiev

Abstract. The work considers the use of a genetic algorithm to solve the problem of
placing and activating logistic network objects. The urgency of the problem in medical
logistics, especially in crisis situations, is emphasized. The author formulates a practical
statement of the problem and develops a corresponding mathematical model. According
to the mathematical formulation, the problem is a combined optimization problem,
where there is a continuous optimization problem for the location of the distributional
centers (DC) and a discrete optimization problem for the activation of the subregional
centers (SRC). To solve the problem, we use a genetic algorithm with priority coding of
chromosomes, which uses a weighted crossover. The chromosomes are selected by the
roulette method, and the mutation operation is implemented as a mixed adaptive
procedure with two possible variants of changes: swap or insertion. The results of the
work can be applied to improve logistic processes in the field of medical logistics at the
regional level.

Keywords: discrete optimization, continuous optimization, genetic algorithm, logistics,
transportation
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IIPOBJIEMA PEHOBAIIII TEXHIYHOT'O OBJIATHAHHS ITPOMUCJ/IOBUX
MIAITPUEMCTB JOBIrOTPUBAJIOI EKCITYATAIIIT
[Metpuna 1.10.!, XapyH B.P.2, [Tetpux I.5.2

[saHo-DpaHKiscvKuUll HAUIOHANBHUL MeXHIUHULI yHisepcumem Hagmu i 2a3y,
0.m.H., npogecop, Ykpaina

’JeaHo-PpaHKiecbKUll HAYIOHAIbHULI MexXHIUHULl YHiBepcumem Hagmu i 2asy,
K.M.H., douenm , YKkpaiva

AHoramnisg. Buxid 3 n1ady mexHiuH020 00/1a0HAHHS uepe3 nhpobiemu 00820mpusanoi
ekcnhiyamayii, a maxkox< peHo8auis ma pPeMOHM Ub020 O00JAOHAHHS — BaAMJIUBA
npobiema 06azamvox nionpueMcms, wWo npaywoms 3 MAWUHAMU BUPOOHUYMEA
MuHyno2o  cmoaimms. TexHIUHUUl 3HOC, MOpPAIbHE CMAPIHHA,  EeKOHOMIYHA
Hee(hekmueHicmv, €K0JI02iUHI npobieMu — 0Cb 0aleKo He 8Csl npobaeMamuKka makozo
obnadHauHs. TIpoyec peHosayii nosuHeH 8i06ysamucs 3 OOMPUMAHHAM SIKICHOI OYiHKU
MexHiuH020 CMAaHy, KOHMpOJI0 IKOCMi 8CiX npouecie peHosauii 3 OMPUMAHHAM 8CiX ii
mexHos02iuHUX  npouecie. Cepmudikauisi — 8i0H08/1€H020 00/1A0OHAHHS NOBUHHA
gidbysamucsi 3 8paxy8aHHAM 1i020 3HOCY ma 00°emy pemMoHmHux pobim. Memodu
HepyLiHigH020 KOHMPOJIH0 J0380/15110Mb 3abe3neyumu OYiHKy KK NOMOUH020 CMAHY, Maxk i
aKocmi nposedeHHs: peHosayitiHux po6im. Cnisnpaus 3 HadiliHuMu nocmavaabHUKamu
00/1a0HaHHA, SKI 3a06e3neuamsv BUCOKOKBANI(IKOBAHUTI MOHMAXC mMa NpoeedeHHs
HeobXxi0H020 1i020 HANA200MeHHs — 00UH 3 e(hekmusHUX Memodig be3nepebiiiHoi pobomu
nionpuemcmaa.

KinouoBi ciioBa: peHosauis, mexHiuHuil 3HOC, dogzompusana ekchayamayis, memoou
HepyliHIBH020 KOHMPOJI, cepmuikayis.

BinbmricTh mignIpueMcTB Ta 3aBOMAIB YKpaiHM Ipalllol0Th Ha 00JIagHAHHI , SKe
OyJsi0 BBenieHe B [ito 3a yacu PagsHcbKoro Coio3y y cepeinHi Ta ApyTiii mosoBuHI XX
CTOJITTS, i B>)Ke BUUYepnaso CBiji HOpMaTUBHMIA TepMiH eKCIutyaTaliii. JJloBrorpusasa
eKCIUTyaTallisi IpU3BOOUTD 10 3HOCY KOHCTPYKILili, MOSIBM TPilllMH, KOPO3ii, BTpaTn
MiITHOCTi MaTepiasiB Ta iHIIMX [OedeKTiB, IO 3arpoKyIOTh Oe3Ielli Jomei Ta
cTilikocTi 6yzaiBens (1-3).

BupobHMUi HeOOXiIHOCTi BeIMKMX 3aBOJIB Ta IMAIPUEMCTB BMUMAramTb
BUMKOPMCTOBYIOTh TaKe 00JaJHAaHHS, IKe He BTPAaTU/IO CBOEI Ipale3gaTHOCTi, ITpoTe

nmotpebye MOAATKOBOI Ta YACTiIIOi OI[iHKM TEXHiYHOIO CTaHy. 3aKyIiBJISI HOBOTO
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ob6naHaHHS BMMAara€ 3HAUYHMX KarliTaJOBKJIaJeHb i TOMY, peHOBallisl iCHYIOUMX
KOHCTPYKIIili €, IK TPaBUI0, EKOHOMIYHO BUTIAHIIINM PillleHHSIM.

OcHoBHa mpobJieMaTyKa eKCIuTyaTaillii Takoro o6aqHaHHS :

TexuiuHuit 3Hoc: @i3yMyHe 3HOIUIYBAHHS [eTajeli, MexaHi3MiB Ta BY3JiB
o6GagHaHHS TIPU3BOAUTD 0 3HMKEHHS 1OTO MPOIYKTUBHOCTI, 36iIbIIIEHHS] BUTPAT
Ha pPEMOHT Ta IIiABUINEHHS PU3UKY aBapiliHMX CuUTyalii. SK NpuKIag MOXKHA
HaBeCTM 3HOC IIOBepxHi OapabaHa je0igKM BaHTAXKOIIMiIMaJIbHOTO MeXaHi3My

(BIIM) mocToBOro kpany (puc.l).

PucyHok 1 — Bapa6au ne6igku BIIM 1ic/ist TpUBaIOTO TEPMiHY eKCIuTyaTallii

HaBiTh HE030pOEHMM OKOM BUIHO BTPAaTy LMIIHAPMUUYHOCTI 6apabaHy Ta 3HOC
BUTKiB 'BMHTOBMX KaHABOK.

MopanbHe crapiHHs: Po3poOka HOBMX TEXHOJIOTiI Ta MaTepialiB pOOUTH
cTape 00J1aTHaHHS MEeHII KOHKYPEHTOCITPOMOXKHUM, 3HUKYE ioro
eHeproe@ekTUBHICTb Ta O0OMeXye€ MOXKIMBOCTI BUPOOHMIITBA HOBUX BUIIB
npoaykilii. Hanpukiaza, BUKOPUCTAHHSI KPAaHOBUX €JIEKTPOABUTYHIB 3 KOHTAaKTHUMU
KiplisiMM Ta (GasHMM pPOTOPOM, SIKi OCHAllleHi pesieliHO-KOHTAaKTHOI0 CUCTEMOIO
KepyBaHHSI Ta iX ajJbTepHAaTMBA — Cy4YaCHi KOMIMAKTHI YaCTOTHi IepeTBOpIOBaYi.
3amMiHa Takoi CHMCTeMM KepyBaHHSI Ha Cy4acHi KOMMAKTHiI 4YaCTOTHi MepeTBOpIOBaui
IO3BOJISIE 3HU3UTU CIIOXKMBAHHSI €JIeKTpOeHeprii, CKOPOTUTM BUTpATU Ha
Texo6CTyroByBaHHs [1].

ExoHOMiuHa HeedeKTHMBHICTh: 30epeXeHHSI CTaporo 00JIafHAaHHS YacTo
MOB’sI3aHe 3 BMCOKMMM BUTpaTamMM Ha PEMOHT Ta OOCTYrOBYBaHHS, a TaKOX 3
BTpaTaMy BUPOOHUIITBA Yepes IIPOCTOi.

Exkosioriuni mpo6semu: Crape o6/agHaHHS 3a3BMuaii Ma€ HVOKYi €KOJIOTiuHi
CTaHAAPTM, IO TPU3BOAUTH OO 30i/lbIIeHHS BUKUAIB MIKiJJMBUX PEUOBUMH Ta

3a0pyoHEHHS JOBKIiJIISL.
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InTerpaniss B cyyacHi Bupo6Hunui npouecu: Crape 061aqHaHHS 4aCTO BaXKKO
iHTerpyBaTM B Cy4yacHi aBTOMAaTM30BaHi BUPOOHMUI CUCTEMM, IO OOMEKye
MOXJIMBOCTI BIIPOBAAYKEHHSI HOBUX T€XHOJIOTiN YIIPAaBIiHHS Ta KOHTPOJIIO.

PeHoBalliss — 11e KOMIUIEKCHUI MpoIlec, sSIKUii BUMarae He juine ¢GpiHaHCOBUX
iHBecTMIIiii, aje ¥ IIMOOKOrO aHajli3y TEeXHiYHOro CTaHy OOJagHaHHS, OLIiHKMU
eKOHOMIiUHOi epeKTMBHOCTI pi3HMX BapiaHTiB MOJepHi3allii, a TaKOXX BpaxyBaHHS
criendiky BMpoO6HUIITBA. [Ipoiiec BigHOBIEHHS 00/IafHaHHS MOXKe OyTU TOCTaTHbO
TPYJOMICTKMM Ta OaratoeranmHMM. HeoOXimHuii cucTeMHMII aHali3 TeXHiYHOro
CTaHy IIiAIPMEMCTBA, pO3poOKa ONTMMAJbHOI CTpaTerii mMopepHisamii 3
ypaxyBaHHSIM (iHAHCOBMX MOXKJIMBOCTEN Ta MEPCIIeKTUB PO3BUTKY BUPOOHMUIITBA.
BaknuBO mpoBeCcTu IeTalbHUI €KOHOMIUHMI aHasli3 pi3HMX BapiaHTIB peHOBallii,
BpPaxoOBYHOUM BUTpPATU Ha MOMAEpHi3allilo, O4iKyBaHMi1I IPUPICT MPOAYKTUBHOCTI,
3HMKeHHSI BUTPAT Ha eHeprilo Ta peMOHT, a TaKOXX TepMiH OKYITHOCTi iHBECTUIIii.

O1iHKa TeXHiYHOTO CTaHy 3 MeTOI0 BUSBJIEHHS OedekTiB Ta BU3HAUEHHS
00csITiB icHYI0UMX pobiT, po3po6Ka IMPOEKTy peHoBallii, 6e3rmocepegHbO CAM PEMOHT,
Ta PeryJsipHuii KOHTPOJIb SIKOCTi Ha BCiX eTalax peHoBallii — OCHOBHi TeXHiuHi
3aBIaHHS, SIKi CTOSITh Iepe[, BilMOBiAHMMM CTy>KOaMM MiAIIPMEMCTB Ta 3aBO/IiB.

Ha nmnpakTuili KepiBHMKM BifJiJieHb Ta MOpaliBHUKM CTUKAKOTBCS 3
HACTYITHUMU peaisaMu:

OCHOBHMM, i JOCUTh YaCTO €IMHUM METOJIOM BUSIBJeHHS IedeKTiB Ha TaKuX
3aBOJax — lie Bi3yaJabHUI OIS,

BincyTHicTh ob6nmagHaHHS (criekTporpadiB, m1edeKTOCKOMiB i.T.I1.) IJIS aHasli3y
MeXaHiYHUX XapaKTepUCTUK Ta MONIKOIKYBaHOCTi.

TenmepHa MoiTHKA Y MUTAHHSIX PEeHOBAllii MPMU3BOAUTD A0 BMOOPY MapTHEPIB
3a TIPUHIIUIIOM MEHIIOI IIiHM, 1110 He 3aBXXIM rapaHTye€ SIKiICHO MPOBeAeHUX 3aX0/IiB
110 PEMOHTY 00J1aTHAaHHS.

HenmoTpumaHHSI TEXHOJOTIiUHMX IPOIIECiB BUTOTOBJ€HHSI HOBUX [eTajeil Ta
BY3JIiB, 1110 TIPU3BOAUTD 10 IMIBUAKOTO BUXOY 3 JIaAy IiJIOT0 06/1aTHAHHS.

BifcyTHilt KOHTPOJIb SIKOCTi BUKOHAHUX POOIT IO peHoBallii.

JI711 KOHTPOJIIO TIpalle34aTHOCTI MalllyMH i MexXaHi3MiB, SIKi TOBMHHI ITPOXOAUTH

ce30HHY cepTudikallilo HaityacTiiie 3ampouTyIOThCSI KOHTPOJTIOIOUi opraHisaliii, siki i
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MPOBOJATD L€l KOHTPOJb, BUSBI/SIIOTh Ta JAlOTh PeKOMeHAAllii 1040 MOJaJbLIOol
IOLJIBHOCTI MNpOBeOeHHS ix peHoBallil. By3/joBi pemMOHTM Ta 3aMiHa Me€BHUX
neTaseii BUKOHYIOTh IpU IMIOBHOMY BUXO/Ii 3 j1agy po604yoro ob6sagHaHHS abo X Ipu
Bi3yaJbHOMY BUSIBJIeHHi gedekTiB. Takoro BuAy pPEMOHTHiIi poOGOTM € CKOpill
HecuCTeMHMMM i 0e3 BIiZMOBiZHOrO KOHTPOJIO CTaHy MaTepiajly Ta SIKOCTI
BUMKOHAHUX POOIT MOXYTb B IOJA/IBIIOMY CTBOPIOBATM IIpeleleHT aBapiltHuX
CUTYaLi.

Ille omHMM 3 K/IHOYOBMX MOMEHTIB peHOBallii 00/JiagHaHHS — Ile TeHIepHe
MpOBEeJIeHHSI TakuX ornepaiiit. JJoCuTh 4aCcTO 3aMOBHMK — IiAIIPUEMCTBO, IIOBUHHO
BUOMpATH HaliJelleBIIMX BMKOHABIIB BiZNOBiZHMX POOIT, SKi JOCUTb 4YacTO He
IOTPUMYIOThCSI TEXHOJIOTii Ipoliecy abo TepMooOpOOKM, IO MPU3BOAUTH MO0
BMCOKOTO BiZICOTKy Opaky Yy BMUIOTOBJIEHHi. BimcyTHicTh oOnamgHaHHS —[JIsT
MIPOMI’KHOTO KOHTPOJIO $SIK Y 3aMOBHMKA TaK i y BMKOHAaBLSI IPU3BOAUTH [0
MOJAJIBIIIMX ITOJIOMOK a, BiAMOBiAHO, i 1O €eKOHOMIYHMX BTparT.

Tomy Ha Hamry IyMKy ITpo6JieMy peHOBallii IMPOMMUCIOBUX IiAMPUEMCTB CJIif
BUKOHYBAaTU AOTPUMYIOUMCh KOMIUIEKCHOTO IMiAXOAY 3 AJOTPUMAHHSM BigMOBigHUX
peKoMeH/alliii, TeXHOJIOTiii Ta MMoeTaITHOr0 KOHTPOJIIO.

OpgHMM 3 BiTOMMX METO/IiB KOHTPOJIIO SIKOCTi MaTepialy € MeTO/, HepPYiiHiBHOTO
KOHTPOJIO. JIoro 3acTocyBaHHS [03BOJISIE TOYHIILE i IIBU/IIe BUSBIATU MPo6IeMHi
Mic1isg y 06/1aiHaHHi, Ta CIIPOCTUTh KOHTPOJIb ITPOllecy peHoBallii Ha BCiX eTamnax.

Ille oguuM i3 edeKTUBHMX 3aXO[iB Y IPOBEeIEeHHi peHOBallii € cmiBIpaus 3
HaIiiHMMM TTOCTavyaJbHMKAMM OOJIaHAHHS, SIKi 3a0e31euaTh He TiJIbKM ITOCTaBKY
obJ1afiHAHHS, ajie ¥ 10ro BCTAHOBJIEHHSI, HAJIAaTOIKEHHS Ta 00CTYTOBYBaHHS.

[Ipu mpoBeeHHI PEMOHTHUX POOIT HEOOXiTHO CTBOPIOBATY ITPOEKTHI TPYIN 3
3amyuyeHHSIM (axiBIliB pi3HOro Mpodisio Ajis1 po3poObKM Ta peasisallii MPoeKTy, mpu
nmoTpebi 3aaydyaTM 30BHIIIHIX KOHCY/JIbTAHTiB. IIOBMHEH BimOyBaTucs CTPOruit
KOHTPOJIb IKOCTi BUKOHAHHS pPOOIT Ha BCiX eTarax IpoeKTy.

BucHOBOK. PeHoBallisl TeXHIUHOTO 00/IafHAaHHS TPOMMUCIOBUX ITiATIPUEMCTB —
Ile CTpaTeriuHo BaXKIMBUII KpOK [Jisg 3abe3ledyeHHsI JOBIOCTPOKOBOTO YCITiXy
MignpueMcTBa. BoHa A03BOJISIE HE TiIbKM OHOBUTM BUPOOHMUI ITOTYKHOCTI, ajye it

Hi,Z[BI/IH_U/ITI/I KOHKypeHTOCHpOMO)KHiCTb, 3HU3UTU BUTpPATU Ta MOJIMIIUTY SIKICTb
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npoaykiii. Heo6xigHO pos3risimaTy peHoBallilo He SIK BUTPATH, a SIK iHBeCTUIIii, SKi
IIpMHECYTh BiJady B TOBTOCTPOKOBili I€PCIIeKTMBi, BOHA Ma€ OYTU YaCTUHOIO
3arajJibHOI CTpaTerii pO3BUTKY MiANPUEMCTBA. Benuki mMpoekTM peHoBallii Kpalie
po36MBaTM Ha MEHII eTanyu Ajs1 3HMKeHHSI PU3MKiB. 3aJlydeHHSI OOCBiTYeHUX
MapTHepiB — TMOCTaya/JbHMKIB  OOJagHaHHS, iH)XKEHepHMX KOMIIaHiii Ta
KOHCYJIbTAHTIB — OJMH 3 KIKOUYOBMX KpPOKIiB [JIs YCHIIIHOI peHOoBallil Ta

GbyHKIIIOHYBaHHS MiATIPUEMCTBA.

JITEPATYPA
1.MogepHi3ailis BaHTaXKOIIiIiliMaIbHUX KpaHiB
URL:https://interteh.com.ua/services/modernizacziya-kranov/(maTa 3BEpHEHHS:

30.01.2025).

2. Yasniy, P. & Nykyforchyn, Hryhoriy & Iasniy, Volodymyr & Zvirko, Olha. (2022). Preface
- In service Damage of Materials: Diagnostics and Prediction. Procedia Structural Integrity.
36. 1-2. 10.1016/j.prostr.2021.12.074.

3. IlpaBuiaa OXOpPOHM IIpalli M Yac eKcILTyaTallii BaHTaKOMiAiiMa/JbHMX KpaHiB,
MigifiMaJbHMX IPUCTPOIB i BimmoBigHoro ob6magHaHHs: Haka3 MiHicTepcTBa coiasbHOL
nonituky YKpainu N2 62 Big 19.01.2018. URL: https://zakon.rada.gov.ua/laws/show/z0244-
18 (mara 3BepHeHHs 05.02.2025).

THE PROBLEM OF RENOVATION OF LONG-TERM OPERATION TECHNICAL
EQUIPMENT OF INDUSTRIAL ENTERPRISES
Petryna D.Yu., Harun V.R., Petryk I.Ya.

Abstract. Failure of technical equipment due to problems of long-term operation, as well
as renovation and repair of this equipment is an important problem of many enterprises
working with machines manufactured in the last century. Technical wear, obsolescence,
economic inefficiency, environmental problems are far from all the problems of such
equipment. The renovation process must take place with a qualitative assessment of the
technical condition, quality control of all renovation processes with compliance with all
its technological processes. Certification of restored equipment must take place taking
into account its wear and tear and the volume of repair work. Non-destructive testing
methods allow for an assessment of both the current condition and the quality of
renovation work. Cooperation with reliable equipment suppliers who will provide highly
qualified installation and necessary adjustment is one of the effective methods for
uninterrupted operation of the enterprise.

Keywords: renovation, technical wear, long-term operation, non-destructive testing
methods, certification.
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OIITUMI3ALIIS XIMIYHOTI'O CKJIAZLY CTAJII MAPKHU OC JJIS IMIABUIIIEHHSI
TBEPIOCTI
IToBopotHs I.P !, CadponoBa O.A.2, [Tomonbcbkuit P.B.%, KonoHenko I'.A.*
ITYM HAH YkpaiHu, KaHo0. mexH. HayK. YKpaiHa
2JYM HAH Ykpaiuu, acnipaum, YkpaiHa
SIYM HAH Ykpainu, dokm. ¢in., Ykpaina
‘IYM HAH Ykpaiuu, HTY «/IHinposcvka ITonimexHika», 0OKM. mexH. Hayk., YkpaiHa

AHoranisg. Y npedcmaseneriii pobomi 30ilicCHeHO KOMNJIEKCHUli amania onmumisayii
XiMIUHO20 cKady Cmaii 8 Mewax ICHYIUUX MApoK I3 BUKOPUCMAHHAM KOHUenyii
CNPSAMOBAH020 XiMiuH020 38°a3KY. Lleli Haykosulli nidxid 6a3yemuCsi HA Ys6J€HHI Npo
Mmemaneguil po3nnas sK €OUHy XIMIuHY cucmemy, de 83aEMO00is MiX¢ elemeHmamu
gusHauae enacmusocmi mamepiany. OCHOBHA Y8aza Npudiisiemocs enauey eapiayii
eMicmy KAUY08UX MAMPUUHUX eNleMeHmié — B8Yyaleylo, KPeMHI ma MapeaHyio — Ha
3apsdosuti cmaH cucmemu, wjo onucyemscsi napamempom ZY. ITid uac po3paxyHko8020
excnepumeHmy 6CMaHosjieHo, W0 epekmueHe (DYHKYIOHYBAHHs Memasesoi cucmemu
3abe3neuyemocsi npu chiggioHoweHHi Mn/Si y mexcax 2,8-3,2. JlocsizHeHHS1 Ub020
dianasoHy nepesamcHo 00Cs12aEMbCsl 34 PAXYHOK pe2yl8AHHST 8MICMY KpPeMHIl, uo
cnpusie  30epexceHH0  XiMIuHOi pieHo8azu 6 po3nnasi. 3i 30i1bWEHHAM Ub020
CNi8i0OHOWEHHS. NOHAO ONMUMAJIbHI MeXi 3p0Cmae énaué HAaoIUuKo8020 Map2aHyi,
WO Moxce Hezamu8HO NO3HAUAMUCS HA CMAabilbHOCMI cucmemu ma 61acmu8ocmsx
cmani. Ile cgiduums npo HeEO0OXIOHICMb MOUYHO20 KOHMPOJI XIMiuHO20 CKAady Ons
OMPUMAHHS Mamepiany 3 6axaHuMu ekCnryamayitiHumu xapakmepucmuxkamu.
KnwouoBi cioBa. 3ani3HU4HA 8iCb, XIMIUHULL CKAad, 8yaeyb, KPeMHill, mMapzaHeysv,
CNiBBIOHOUIEHHS, MEXAHIUHI 8]1aCMUB0CMI.

BpaxoByioun 0co6JMBOCTI Aiana3oHiB XiMiYHOrO CK/IaAy B paMKax MapO4YHOTO
(MaTpUYHOIO) € 3HAUHA BAXKKICTh He TiJIbKM Y BiITBOPEHHS pi3HMX KOMOiHaIIii
XiMiYHOrO CKjamy, ajle i B BM3HAUEHHi ONTMMa/JIbHMX KOMOiHAIliii BBeIeHHS
XiMiYHMX eJIeMeHTiB iX 3aCBO€HHS Ta BIUIMB Ha KiHIIeBi MeXaHiuHi BIacTUBOCTI [1].
Takum UMHOM, 3aCTOCYBaHHS KOHILIEMIIii CIIPSIMOBAHOI'O XiMi4YHOTO 3B 13Ky JI03BOJISIE
Ha eTarli po3paxyHKiB BUSIBJISITU ONITMMaJIbHi CITiBBiAHOIIIEHHS JIETYIOUMX €JIeMEHTIB,
mo 3abe3rneuyi0Th OaxaHi Gisuko-xiMiuHi BracTuBoOCTi cruiaBy. lle mo3Bossie
CYTTEBO CKOPOTUTH OOCSIT eKCIlepUMeHTa/IbHUX JOC/iIKeHb Ta 3HU3UTHU BUTPATU Ha

CTBOPEHHS HOBUX MaTepianiB 3 [TIOKpalI€eHVNMMU XapPaKTEePUCTUKAMMN.
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PospaxyHok gns ctaii mapku OC 3 XiMiYHMM CKJIaJA0M OOCTIKyBaHOiI CTaJli
BiANOBigae XiMiyHOMY CKIaay, 3a3HadyeHoMy y ctaHgapTi JCTY 31334:2009.

3MiHa MaTpUUYHMX eJIeMeHTiB 3[iJiCHIOBajJach Bidg MIHIMaJbHOIO MO
MaKCHMMa/JIbHOTO 3HAa4eHHS 3TiJHO BKa3aHOro BMICTy 3 BigmnoBigHum kKpokom (C 3
kpokoM 0,008; Mn 3 kpokom 0,033; Si 3 kpokom 0,022).

Cranp mapku OC 4acTKOBO BXOAUTh Y iHTepBan 1,2 € ZY < 1,21, sikuit 6yB
BU3HAUEHMII Ha TIOMepeHiX eTamax AOC/iIkeHb, Ta OyJIO BCTAHOBJIEHO, IO 3a
MEeHIINX 3HaueHb ZY TIpoBedeHHS HOpMasi3ailil Micjasi rapsyoi MaacTUYHOI
nedopmailii ByIJaeleBUX CTajeil He MPU3BOAUTh OO MiABUINEHHS TBepmocTi. Ha
puc.l maHi, SKi 3aJ0BOJIbHSIIOTh BKa3aHy BMMOTY, PO3TalllOBaHi HMKYe UYepBOHOI
niHii. Yci e1leMeHTH MaTpUYHOI CUCTEMM Y KOHKPETHOMY BUITaAKY [JIS1 CTajli MapKu
OC npus3BOmITh OO0 3pOCTAaHHS 3HAueHb MapamMetrpy ZY. BcTaHOB/EHO, W10
iHTEeHCUBHICTb BIUIMBY €JIeMeHTiB Ha mapameTp ZY pi3Ha, 3a BiTHOCHOTO 3HAUEHHS

0,5-0,6 BinOyBaeThCsl 3MiHa HaMOi/IbIT e(eKTUBHOTO TapamMeTpy.
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PucyHok 1 — BrjinB 3MiHM BMiCTY ByTJ/Ieli0, KpeMHi10, MapraHIiio Ha apaMeTp MiskaTOMHO1
B3aemomii — ZY
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PucyHOK 2 — B3aemMo03B’s130K 3apsoBoro crany ctaii OC: a) 3 ciiBBimHOmeHHIM Mn/Si; 6) 3 (Mn+Si)

B pesynbTaTi MpoBegeHOro MaTeMaTUYHOrO eKCIIepUMMEHTY BCTAHOBJIEHO, IO
3a 3HaueHb Mn/Si mns crami mapku OC Ha piBHi 2,8-3,2 BimOyBaeTbCcsl 3MiHa
HalOiIbII iHTEHCMBHOTO BIUIMBY CITiBBiIHOIIEHHS eJieMeHTiB Ha ZY cTaJti. [Io boro
3HAUeHHS HaOiIbIIMIA BIUIMB Ta ClIafalounit XapakTep QyHKIIii HOCUTD 30i/IbIIeHHS
napameTpy Mn/Si 3a paxyHOK 3MiHM KPeMHil0, a 3a IOJaJIbIIOro 306imbieHHss Mn/Si
B3Ke CcTa€ Oinblll e(eKTMBHUM 301/IbIIIEHHS] BMICTY MapraHIlio, IK1ii Ma€ 3poCTaounii
xapakrep. TakuM uMHOM, ISl MiABUIIEHHS mapamMeTpy ZY, 306iJbIIeHHS SIKOTO
NpU3BOAUTL OO0 TiABMINEHHS TBEPAOOCTI HeoOXigHO BigmaBaTu IepeBary
30i/IbIIIEHHIO MapraHiio Mmicas 3HayeHHsS Mn/Si Ha piBHi 2,8-3,2, a OO0 LbOro
iHTepBa/ly — 30i/bIIEHHIO BMiCTy KpeMHito. Haiibinbili 3HaueHHS mapamerpy ZY
CriocTepiraay 3a 3MIHIOBAaHHS KpPEMHIil0 IIpM TIOCTIMHUX CepefHiX 3HAUYeHHSIX
ByIJIEI[I0 Ta MapraHiflo, I 3aKOHOMIipHiCTb 3 BMCOKOI TouHicTio (R?=0,997)
OMMCYEThCS MMapabomiuHo0 QyHKITi€0.

B pesynbTaTti BOC/AiIIKEHHS BIUVIMBY CYMapHOTO BMiCTY KPEMHIIO Ta MapraHijo
Ha 3apsaoBuii ctad ctanai Mapku OC BCTaHOBJIEHO, IO B iHTepBasi 3HaueHb (0,98-
1,02 BigOyBaeTbCs 3MiHaA MPOBIJTHOTO €JIEMEHTY, 1[0 BILIMBAE Ha lieit mapametp. [1o
BKa3aHOIO iHTepBa/ly HalOIbIINI BIUIMB YMHUTh 3MiHa BMICTy MapraHiiio, micis
1IbOTO iHTEpBaTy — KpeMHilo. 3af/1s1 JOCTHEHHS MaKCMMaJIbHUX 3HaU€Hb TBEPHOCTi
(SIKi CIIOCTepiraeThCs 3a BUCOKMX 3HAUEeHb napameTpy ZY) 3ali3HUIHUX 0Cell MapKu
OC pekOMeHA0BaHO NOTPUMYBATUCh HACTYITHUX IiAXOMAiB: BUXOASUYM 3 aHAi3y pUC.
1 Ta 2 BMIiCT KpeMHil0 Mae OyTu HAOMMKEHMM OO MaKCHMMAaJIbHOTO B Meskax

mapouHoro (0,35%), mpu IbOMY BMICT BYIVIEI[I0 Ta MapraHIl0 MOXe OyTM Ha
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cepenuboMy piBHI (0,75% Mmapranipo Tta 0,46% Byrielio). Iloganbiine 36i/bIIeHHS
BYIVIELIIO i MapraHIffo TAKOK MOKe AT MeBHUI MPUPICT TBEPAOCTI, OJHAK 1X BIUIUB
He Ma€ BMCOKOI eeKTUBHOCTI. BaskMBO Bifg3HAUMTH, 1110 3@ XiMiUYHOTO CKJIamy CTasli
IJIsI SIKOTo TapameTp ZY Biamosigae mianasony 1,20-1,21 BIUIMB TepMidyHOI 06pOOKM
Ha TBEPHiCTb BimcyTHi. ToMy, 3 TOuKM 30py 3abe3mneueHHs] MAaKCMMaJbHOTO PiBHS
TBEPIOCTi 32 MiHiMaJIbHOI KiJIbKOCTi OOpOOOK, IJjIsT CTasieii 3 XiMiUHMM CKJIagoM,
SKMUI BiANOBiZae BKa3aHii yMoOBi (puc. 1, HMKUe 4YEpBOHOI JIiHi) MOXKHa He
MIPOBOAUTM TepMiuHe OOpOOJIeHHST IIic/as rapsdoi riacTuuyHoi medopmarllii s
MiABMILIEHHS TBepAocCTi. PiBeHb uepBOHOI JIiHil BiMOBila€ cepegHIiM 3HAUEHHSIM
BMIiCTy ejeMeHTiB. TakuMM 4YMHOM, 3a 3MEHIIeHHS BMICTy KpeMHilo 3
MaKCUMAaJIbHOTO OO0 CepefHbOTO € MOXXJIMBICTb BiAMOBUTHUCH Bi[ IIJIOTO eTaIry
BUTOTOBJIEHHSI OCi — TepMiYHOTO OOpOOJeHHs, MpM IIbOMY TBEPHICTb MaTUMe
3aJI0BIIbHMUI piBeHb.

BucHoBKU. JlocmiakeHHSI mokasano, mo st ctaai Mapku OC omnTuMasibHe
criBBigHOMEeHHsT Mn/Si Oy migBUIEHHS TBePAOCTi 3HAXOAUTHCS B Aiama3oHi 2,8-
3,2. Io uporo 3HaueHHsI e(deKTMBHiIle 3MEHIITYBaTM BMICT KpPeMHil0, a Micas —
30i/IbIIlyBaTM BMICT MapraHifjio. I[HTepBaj 3HaueHb ZY, 1[0 BU3HAYA€ 3MiHY
iHT@HCMBHOCTI BIUIMBY, CTaHOBUTD 1,215-1,217 e.

Po3pob6iseHi 3arajbHi peKOMeHJallil o0 BMOOPY pallioHAJbHOTO XiMiUHOTO
ckiaagy. Jas 3abe3reueHHS MaKCMMAaJIbHOI TBEPIOCTI MOXKe OyTU BUKOPUCTAHUI
palioHaJbHUI MigXim: BMiCT KpeMHil0 Ma€ OyTM HAOMVKEHMM 0 MaKCHMMaJIbHOTO
piBHS B MeXXax MapO4YHOro, BMIiCT BYTJIEI[I0 i MapraHijlo — He HIKYe CepeIHbOro.
Ins craneit mapok OC HacTymmHa TepMiuHa OOpoOKa IIic/sl rapsdoi IIaCTUYHOI
medopmailii 3abe3neuye ImiaBuIeHHS TBepAocTi. s cram mapku OC 3a meBHOTO
XiMiYHOTO CK/IaAy HACTyIlHa HOpMaJsli3allisi He mpu3Bee A0 CYTTEBOTO MiBUILEHHS
TBEPOOCTi, TOOTO MOXe OyTu 3abe3rneueHMil OCTAaTHiI piBeHb TBEpPHOCTi 6e3

IMpOBeOcHHs BKa3aHOI'o eTally BI/Ip06HI/II_lTBa.
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OPTIMIZATION OF THE CHEMICAL COMPOSITION OF OS STEEL TO
INCREASE HARDNESS
Povorotnya I.R., Safronova O.A., Podolskyi R.V., Kononenko G.A.

Abstract. In the presented work, a comprehensive analysis of the optimization of the
chemical composition of steel within the existing grades using the concept of directional
chemical bonding has been carried out. This scientific approach is based on the idea of a
metal melt as a single chemical system, where the interaction between elements
determines the properties of the material. The main attention is paid to the influence of
variations in the content of key matrix elements — carbon, silicon and manganese — on
the charge state of the system, which is described by the parameter ZY. During the
calculation experiment, it was established that the effective functioning of the metal
system is ensured at a Mn/Si ratio within 2.8-3.2. Achieving this range is mainly
achieved by regulating the silicon content, which contributes to maintaining chemical
equilibrium in the melt. With an increase in this ratio beyond the optimal limits, the
influence of excess manganese increases, which can negatively affect the stability of the
system and the properties of the steel. This indicates the need for precise control of the
chemical composition to obtain a material with the desired performance characteristics.

Keywords: railway axle, chemical composition, carbon, silicon, manganese, ratio,
mechanical properties.
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BJIOCKOHAJIEHHSI METO/IOJIOTIi 3ACTOCYBAHHS YJIbTPA3BYKOBOI'O
HEPYIIHIBHOI'O KOHTPOJIIO
Casonos I1.0.!, Knumenko C.B.2
Tninposecwvkuti HayioHanvHull yHisepcumem imeri Onecs [oHuapa, acnipawm, YkpaiHa
2JTHinposcwKull HayioHanvHuil yHigepcumem imeri Onecs ['onuapa,
K.M.H., doueHm, Ykpaiua

AHoTanisgs. Yaesmpa3seykosuii  HepyliHieHuli koHmpoab (Y3K) € o00Hum i3
HaliepeKmueHiWUX mMma HaUNowWupeHiluux Memoodie Ol BUSBJNEHHS BHYMPIUIHIX
depekmis y mamepianax i KOHCMpPYKUiax pisHoz2o npusHaueHHs. Y3K 3acmocosyemucs
0J11 KOHMPOJIK AKOCMI CKAAOHUX mexHiuHux 06’ekmie (CTO), 8 momy uucni ii 06°ekmis
nidsuuieHoi Hebe3neku, de HABIMb HE3HAUHI DeheKmu MOXyms npuszsecmu 0o ceplio3HUX
Hacniokie. Oouak icHyroui memodu Y3K maiomv neeHi obMmexceHHS, 30Kpemda, uj000
mouHocmi ouiHku degexkmis. Lle nos’ss3aHo 3 po30ixcHiICMIO amniaimyo CuzHanis, sKi
gidbusaromocs 8i0 pi3HuUX 8id6usauie y KOHMPOJbHUX 3PA3KAX, WO BUKOPUCTMO8YOMbCS
0711 HalauwmyeaHHs anapamypu. 3 Memoi nidguwjeHHss mouHOCMi nposedeHux
8UMIpPI08aHb OYU pO3p00IeHI aHanimuuHi Moodeni amniimyod cuzHanie 8id 8idbusauis. Lli
Mmodeni  doseosnsiromes  yoockoHaaumu memodoiozito  Y3K, 30kpema, 3aeosiku
8NPOBAOHCEHHIO 00TPYHMOBAHUX NONPABOK, W0 00380J10Mb YCYHYMU pOo30iXHOCMI
amniimyd i nokpawumu MOYHICMb pe3y/ibmamis KOHmMpoJo. BnposadxmceHHs maxkux
nioxodie cnpuse nidsuuleHH0 HaodiliHocmi ma 6e3neKku MmexHiuHux 00’€Kmis, a MaxKoxc
3MEHWEeHHI0 pU3UKy BUHUKHEHHS asapitiHux cumyayiti uepe3 HenomiueHi degpekmu.

KniouoBi cimoBa: ynempa3seykosuti konmposav (Y3K), HepytinieHuii konmpoas (HK),
cknaoHi mexuiuni 06'ekmu (CTO), memod, 3pa3ox, cuzHan, degpekm, modeb deekmy.

CkagHi TeXHiUHi 00’€KTU — IIe 6araTOKOMIIOHEHTHi CHMCTeMM, IO MOETHYIOTh
BUCOKNI piB€Hb TEXHOJIOTIYHOI CKJIQAHOCTi, IHTerpaiilo pi3HMX MeXaHi3MiB Ta
cucteM KepyBaHHS. [Io HMX HajexkaTb iHQPaCTPyKTypHi 00’€KTU, eHepreTUIHi
YCTAHOBKM, TPAHCIIOPTHI CMCTEMM, a TAKOXK aBiallifiHa Ta KOoCcMiuHa TexHika. IxHsa
HamiliHicTh i Oe3meka 3ajeXkaTb He JIMIIE BiJ SIKOCTI BUTOTOBJIEHHS OKpeMMUX
JeTaneit, a ¥ Big e(eKTMBHOCTI B3a€MOii BCiX KOMIIOHEHTiB, pOOOTH CUCTEM
MOHITOPMHIY Ta YIpPaB/JiHHS. 3aCTOCYBAaHHS METOMIB HEPYINHIBHOTO KOHTPOJIIO
IIOCTAa€ €IMHMM 3aCO00M KOHTPOJIIO SIKOCTi €JeMEeHTIB CKIAJHUX TeXHiUHUX
00’eKkTiB, SAKMIt 3a BM3HAUEHHSM 3AaTHUII 3a0e3MeunTy HaJIeKHU piBeHb
KOHTPOJIIO, SIKUII He IIKOIUTb 00’€KTy KOHTPOJIO Ta He BUBOIUTHL JOTO 3 Jamdy.

VbTpa3ByKOBUI HEPYMHIBHMIT KOHTPOJIb, 3aBASKM IlepeBaraM Yy BUIJISAL

ISSN 1991-7848 96



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

BiICYTHOCTI IIKOAM OTOYYIOUOMY CepefdoBMIly Ta OIlepaTopy, MIBUIKOCTI
IIPOBEIeHHS KOHTPOJII0, MOX/JIMBOCTI IIPOTOKOJIOBAHHSI Ta aBTOMaTwM3allii,
MOSK/IMBOCTI BMSIBJISITM BHYTpilllHI 1ge¢eKTH, BMUCOKOI PO3IOIiIbUOi 3IaTHOCTI,
MOSKJIMBOCTi KOHTPOJII0O MaJMX Ta CKJIAJAHMX 3a (OPMOI O00’€KTiB, Bce OibIIiit
JOCTYIIHOCTI 3 PO3BUTKOM TEeXHIYHOTO IIPOTpecy Bifirpa€ KIKWYOBY pOIb Y
3a0e3reueHHi 0Oe3meku CKAAgHUX TexHiuHMx o060’ekTiB (CTO). Bin mosBossie
BUSIBJISITM TIOTEHIIiViHI JedekTM Ha paHHIX CTafisx, 3arobiraTu aBapiitHUM
CUTyallisIM i 3a0e3redyBaTy CTabiJIbHY eKCIUTyaTallilo, 3iiICHIOBATM MOHiTOPUHT
pPO3BUTKY OedeKTiB y Mmporeci ekcruryaTarii. BucokorexHosoriune BUPOOHUIITBO
1moTpedye CydacHUX CUCTEM KOHTPOJIIO, SIKi rapaHTYIOTh BMCOKY SIKiCTh IMPOAYKILii Ta
JIOBTOBiUHICTh iH)KEHEpPHUX KOHCTPYKIIiii. besmeka iHkeHEepHMX OO0'€KTiB — 1ie
KOMILJIEKCHMIA TIPOlleC, L0 BK/IIOYAE aHaji3 MPOEKTHUX pillleHb, KOHTPOJIb SIKOCTi
MaTepiaiB, MOHITOPMHI CTaHy KOHCTPYKIIil/i Ta 3aCTOCYBaHHS MepegoBUX METO/iB
HepPYITHIBHOTO KOHTPOJI0. HasBHICTh AedeKTiB y mMaTepiajiax MoXe MPU3BECTU [0
3HAUHMX €KOHOMIiUHMX BTpAT Ta aBapiiti. OcoOJMBY yBary mpumiasiOTh KPUTUUHUM
30HaM, JIe MOKYTb BMHMKATU TPIillIMHM, KOPO3is ab0 iHII TMOIIKOMKEHHS, IO
BIUIMBAIOTh HA MILHICTb i CTiMIKiCTh KOHCTPYKUIi [1-3].

VAbTPasByKOBi MeTOAM HEpPYIHIBHOTO KOHTPOJIIO O3BOJISIIOTh BUSIBJISTHU
nedeKkT y BHYTPIllIHiM CTPYKTypi MaTepianiB 6e3 ix pyiiHyBaHHS, 10 POOUTH Iii
MeTOAM He3aMiHHMMM Yy CydacHOMY BMpPOOHMIITBI [1]. 3aBOSIKM IIBMUOKOCTI
MPOBEJIEHHSI  KOHTPOJII0, MOXJIMBOCTI ~ aBTOMaTM3allii Ta  eJIeKTPOHHOTO
MIPOTOKOJIIOBAHHSI Pe3y/bTaTiB, YJIbTPA3BYKOBI METOAM KOHTPOII He JIuiie
BUSIBJISIIOTh TIpUXOBaHi nedekTu, a i OO3BOJSIOTh OL[IHUTU IXHili PO3BUTOK Y
ouHaMmini. lle mae 3Mory IpuifMaTH BYacCHi iHXXKeHEpHi pillleHHs Ta 3amobiraTtu
HebOe3MeuyHUM CUTYaIlisIM.

[Ipy  3acTOoCyBaHHi MeETOHiB  YJIbTPA3BYKOBOTO KOHTPOJIO  HalOiIbII
PO3IOBCIOIKEHUMM MeTOaMM BUMiplOBaHHSI pO3MipiB medeKkTiB € aMIUIiTyIHUI
MeTOJ, Ta MeTOJi YMOBHOI TMPOTSIKHOCTI. AMIUIITYOIHMIE MeTon mepeabavae
BUMipIOBaHHSI pO3MipiB JedeKTy Ha OCHOBI BMMipHOBaHHS aMIUIITyAy OTPUMAHOIO
Bil medekTy curHasy. MeTod yMOBHOI MPOTSIKHOCTI 3aCHOBaHMII Ha BUMipIOBaHHI

BifcTaHi, Ha $Ky IMepeMilllylOTb IT’€30€JIeKTPUUYHUIA TIepeTBOpPIOBAaY 3a YMOB
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HasIBHOCTi CUTHasy Bif medeKTy meBHOIO aMIUIiTymow. OCTaHHi MeToH, Ja€ myske
HETOYHI pe3yibTaTu. Ajle ¥ aMIUITygHUII METOJ MOXHa Ha3BaTyU 3a[0BiIbHUM
JIMIIe TTPY 3aCTOCYBaHHI MepeTBOPIOBaUiB 3 pa3oBaHMMM AlIePTYPHUMU pellliTKaMM.
JliJicHo, TIpM 3aCTOCYBaHHi YJIbTPa3BYKOBUX [1e(eKTOCKOIIiB, SIKi IpalioloTh 3
nmepeTBopoBauaMu 3 (a30BaHMMM amnepTypHMMM pelliTKaMu, Hampukiaag 3 16
II’€30eiIeMeHTaMM Ha 4yacToTi 5 MI'L, jerko mocsIrT¥ IpaHMIb MOXMOKM Ha PiBHI
+ 0,1 MM mpu BuUMipioBaHHi medeKkTy po3MipaMu Bim 2 1o 6 MM AiaMmeTpoM Ha
rb6uaM Big 20 1o 100 MM y KOHCTPYKUiMHUX CTaJISIX, aJlOMiHii ab0 IacTuky. Aje
yJIbTPa3BYKOBi edeKTOCKOIHM, SIKi Mpallol0Th 3 MepeTBOpoBayamMi 3 (a3oBaHUMU
anepTypHUMM pelliTKaMy MalTh Iy>kKe PO3BMHEHY JIOTiKYy Ta Hapasi y KiJIbKO pa3siB
IOpOXKYi HixK 3BMualiHi. [lepeTBoproBayi 3 ha30BaHMMM allepTyPHUMM PeITiTKaMu B
IecsITKM pasiB JOpokuye 3BMYAHMX. | HaWrojoBHille - IlepeTBOpPIOBadi 3
dbazoBaHMMM aNepTYPHMMM peLIiTKaMM MalOThb BeJMKMUII po3Mip i MOTpebyioTh y
KiJIbKO pasiB OuIbIly IUIONIy HAMifHOTO aKyCTMYHOTO KOHTAaKTy 3 00’€KTOM
KOHTpoMO. Bci 11i  Hemosiku 0OMEXYIOTh BMKOPMCTAHHSI Y IPOMMCIOBOCTI
3aCTOCYBaHHS Y/IbTPa3BYKOBMX AeeKTOCKOIIiB, SIKi Mpalllol0Th 3 epeTBOpIoBaYaMu
3 (pazoBaHMMM amepTypPHUMM pelliTKaMM, He IUBASUYMCH HA Te 1[0 BOHM OTPUMan
Ioy>ke MIMPOKe 3aCTOCYBaHHS Yy MeauIMHi. MiHIiaTIOPHICTh 00’€KTiB KOHTPOJIO Y
IIPOMMCIOBOCTI pasoM 3 YCKIagHEHMM MOOCTYIIOM MO0 iX IIOBepXHi poOUTh
MepCreKkTUBM 3aCTOCYBaHHS YAbTPa3BYKOBUX He(eKTOCKOMiB, $IKi IpalioloTh 3
nepeTBOpoBauaMy 3 ¢a30BaHMMM aMepTypHUMM pellliTKaMM Ayke 0OMesKeHUMMU.
Tomy cTaHOM Ha 3apas i y HalbGaMKUMit MepcreKkTUBi HaifuacTille 3aCTOCOBYIOThH i
OyIyTb 3aCTOCOBYBATM Y/IbTPa3BYKOBi AedeKTOCKONM 3i 3BUYANHUMU CYyMiCHUMU
ab0 po3AiTbHO-CYMiCHMMM 11’€30IIepeTBOpIOBavYaMMU.

[IpoTe mpM 3aCTOCOBYBaHHi YJAbTPa3BYKOBUX 1edEKTOCKOINB 3i 3BUUYATHUMMU
CYMiCHMMM ab0 PO3[IiIbHO-CYMiCHUMM IT’€30I1epeTBOPIOBAYaMy OJHUM i3 OCHOBHMX
HeJIOJIiKiB aMIUIITyJHOTO MeTOMy € PO30iKHOCTI CHUTHAIiB BiJ iZeHTUUYHMUX
BiI0MBAaUiB HABiTh 32 BMCOKOiI TOUHOCTI BUTOTOBJIEHHSI KOHTPOJbHUX 3paskiB [2].
Taki po36iXKHOCTI MOXYTh csraTu 6 b i Ginblne, 0 IMO3HAYa€ MOXMOKY IIpU
BUMipIOBaHHi po3Mipy gedeKTy, sika cSIra€ 3HaueHb 1IbOr0 Po3Mipy. 3aCTOCYBaHHS

Takoi KOMOiHallii MeTodiB 3MyIIye BUPOOHMKIB abo «mepepedbpakoOBYBaTH»
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MIPOAYKIIi0, IO MPU3BOAUTH OO CYTTEBOIO MiABUINEHHS 1 BAPTOCTi, a00 MUPUTUCS 3
HeCcTabiIbHOIO SIKiCTIO MPOIYKITii.

BucHoBku. IIpoBeieHO aHali3 CydyaCHMX METOZIB  YJIbTPa3BYKOBOTO
HEPYITHIBHOTO KOHTPOJIIO, TUITIIB iMiTaTOpiB medeKTiB, SIKi BUKOPUCTOBYIOThCS B
KaTiOpyBaJIbHMX i KOHTPOJIbHMX 3pa3Kax: O0KOBi CBepIJIeHHS, INIOCKOJAOHHI OTBOPH,
TOBEPXHEBI MPONWIM Ta YMOBHO HECKiHUEHHI ITOBEPXHi.

Ha ocHOBI npoBegeHNx OOCTiKeHb aHAIITUYHUX MOAeJIeli aMIUIITy [, CUTHAJIIB,
3aIPOINIOHOBAHO MeETO[, 3MEHIIeHHS pO30i’KHOCTeil aMILIiITyJ, CUTHAJIiB Bif
BiIOMBauiB y KOHTPOJIbHMX 3pas3kax Y3K 3a paXyHOK 3aCTOCYBaHHS ITOIIPaBOK [0
bakTMYHMX aMIUTiTyI, CUTHAJTIB BiJI X BigOuBauiB.

3acTOCyBaHHS aHAJNITUUYHMX MOJeJeil aMIUIITyl, CUTHaJ/IiB Ta IIONPaBKU OO0
BiITBOPIOBAHOI aMIUIITyIM CUTHAIY BiJl Big0MBaua y KOHTPOJIbHOMY 3pa3Ky IIijl yac

jioro KayibpyBaHHS 3HAUYHO HiaBuinye epektuBHicTh Y3K.

JIITEPATYPA
1. ISO 9712:2021 Non-destructive testing — Qualification and certification of NDT
personnel
2. ISO 5577:2017 Non-destructive testing — Ultrasonic testing — Vocabulary
3. Josef Krautkramer, Herbert Krautkramer - Werkstoffpriifung mit Ultraschall,

Springer-Verlag, 2013, ISBN 3642529615 — 415-420 c.

IMPROVEMENT OF THE METHODOLOGY FOR ULTRASONIC NON-
DESTRUCTIVE TESTING APPLICATION
Pavlo Sazonov , Svitlana Klymenko

Abstract. Ultrasonic non-destructive testing (UT) is one of the most effective and
widespread methods for detecting internal defects in materials and structures for various
purposes. UT is used for quality control of complex technical objects (CTO), including
high-risk objects, where even minor defects can lead to serious consequences. However,
existing UT methods have certain limitations, in particular, regarding the accuracy of
defect assessment. This is due to the discrepancy in the amplitudes of signals reflected
from different reflectors in test blocks used for equipment adjustment. In order to
increase the accuracy of the measurements, analytical models of the amplitudes of
signals from reflectors were developed. These models allow improving the UT
methodology, in particular, by introducing reasonable corrections that eliminate
amplitude discrepancies and improve the accuracy of the UT results. The implementation
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of such approaches helps to increase the reliability and safety of technical facilities, as
well as reduce the risk of emergencies due to unnoticed defects.

Keywords: ultrasonic testing (UT), non-destructive testing (NDT), complex technical
objects (CTO), method, test block, signal, defect, model of defect.
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STUDY OF OPERATIONAL RELIABILITY OF PORTAL
CRANES “GANZ” 5-30
Viktor Strelbitskyi
Odessa National Maritime University, PhD, Assoc. Prof. Ukraine

Abstract. The study analyzed malfunctions of the mechanisms of GANTZ portal cranes
with a lifting capacity of 5 tons that occur during operation under heavy load conditions
in a river port. Based on the data obtained, the availability, failure and recovery rates of
the equipment were calculated.

The analysis of the study results showed that the largest number of failures was found in
the mechanisms for moving, lifting and changing the reach of the crane boom. The main
reasons for the failure of the lifting mechanisms are the wear of brake pulleys,
destruction and wear of shafts and bearings in gearboxes. The failures of the slewing
mechanisms are mainly due to damage to the coupling that connects the gearbox to the
open gear. Failures of the boom outreach change mechanisms are caused by damage to
the rack and pinion teeth, hinge joints, bearings, and dampers.

Keywords: portal crane, reliability, availability, failure

River ports widely use portal cranes for loading and unloading operations [1-6].
However, in Ukraine, more than 90% of these cranes have already exhausted their
intended service life, but continue to be actively used [1-5].

Given that portal cranes are a key element of the technological process, their
reliable and uninterrupted operation directly affects the efficiency of port lines.

Since gantry cranes are critical to port operations, their wear and tear and
intensive use lead to fatigue damage, breakdowns, and accidents. [1-9]. For this
reason, ensuring their reliable and safe operation is a top priority.

Studies of the reliability of portal crane mechanisms that have been in
operation for more than 35 years in sea and river ports have received insufficient
attention, as evidenced by the analysis of works presented in the sources [1-9].

For the study, 16 cranes of the same type, each with a lifting capacity of 5 tons,
were selected, operating in grab mode in the waters of sea and river ports.

The information contained in the relevant maintenance and repair logs of the

respective cranes from 2015 to 2022 was used for the analysis.
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The reliability of the cranes was assessed by a complex indicator - the
availability factor (Kr):

T
= (1)
T, +T,

where Tm - is the average operating time between crane failures for a specified
period of time;

Twm - is the average recovery time for a specified period of time.
Estimated value of the average availability factor K, =0,84.

The analysis of the study results showed that the largest number of failures was
found in the mechanisms for moving, lifting and changing the reach of the crane
boom. The main reasons for the failure of the lifting mechanisms are the wear of
brake pulleys, destruction and wear of shafts and bearings in gearboxes. The failures
of the slewing mechanisms are mainly due to damage to the coupling that connects
the gearbox to the open gear. Failures of the boom outreach change mechanisms are
caused by damage to the rack and pinion teeth, hinge joints, bearings, and dampers.
Replacing the dampers is not difficult.

It was established that violations of the rules of use and repair technology led
to defects in the mechanisms.
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JOCJIIXXEHHS EKCIVTYATAIIVHOI HAIIMHOCTI ITOPTAJIbHUX
KPAHIB «I'AHII» 5-30
CtpenbbitbKuit BikTop
Odecwkuli HayioHanvHUti Mopcokuti yHigepcumem, m. Odeca. K.m.H., doueHm. Yxkpaina

AHoramniss: YV JdocniodxwcenHi 3dilicHeHO docnidxceHo 8i0MO8U, WO BUHUKANOMb Y
MexaHizmax nopmanvHux kKpaHie <«[AHI]» eanmaxconidtiomHicmw 5 moH nid uac
IHMeHCcusHoi ekcnayamauii 8 ymosax piukosozo nopmy. Ha ocHosi 3ibpaHux OaHux
00UUCNIeHO NOKA3HUKU 20MOBHOCMI, iIHMeHCUBHocmi 8iomMoe ma weudkocmi
8iOHOB8JIeHHs. Pe3ynibmamu aHanizy euseunu, wo Hatibiiewa uacmoma 8i0Mos
cnocmepizaemocsi 6 MeXAaHi3mMax pyxy, niotiomMy 6aHmaxcy, pezyni8aHHs 6UNbOmy
CMpiuU, a Makox y memaieeux KOHCMpPYKYisix Kpawa.

T'onoéHuMU npuuuHamu 8uxody 3 1ady nidtioMHUX MeXaHI3Mi8 € 3HOWYBAHHS 2A1bMIBHUX
b6apabaHie, NOWKOOMCEHHS mMa 3HOWEeHICMb 8anié i NioWUNHUKI8 y pedyKmopax.
HecnpasHocmi no8opomHux MexaHizmie 30e6inviioz0 N08'a3aHi 3 NOWKOOHCEHHAMU
Mypmu, sKka 3'€0HYe pedykmop i3 eidkpumow 3ybuacmoiw nepedauero. Bidmosu
MEeXaHi3Mi8 3MIHU 8UNbOMY CMPIAU 3YMOBJIEHI NOWKOOMEHHAM 3y0uie peliok,
wapHipHux 3'€0Hamv, nidWunHUKi8 ma demngepHux npucmpois.

KimouoBi ciioBa: nopmansHuli KpaH, HadiliHicme, KoegiyieHm 20mogHocmi, 8idmosa.
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XAPAKTEPUCTHKA HIVHTITOBUX IIOPIJ /151 BUKOPVICTAHHS B
IMPOLIECAX OJEP>XAHHS CITJIABIB
Yymak [I.[1.!, Kamkina JI.B.2, MssHoBcbKa 5.B.°
LVIIVHT /IMeml, acnipanm, YkpaiHa
2 VIIVHT [IMemlI, npog., 0.m.H., YkpaiHa
5 VIVHT [IMeml, npog., 0.m.H., YkpaiHa

AHoTaniss. Po3z21Hymo npupooHili KomMno3uyitiHuti mamepian wyHzim, SKUli mae
cKAaodHuti miHepanvHuti ckaad. OOHUM 3 OCHOBHUX KOMNOHEHMI8 MiHepanbHOl CK1adosoi
WyH2imosux nopio pi3HUX 2pyn € KpemHe3em. Byzneuv ulyHzimy piBHOMIPHO
po3nodineHuli y cunikamvomy Kapkaci 3 OpibHoducnepcHux Kpucmanie keapuy. 5K
CUpPOBUHA WYH2IM MOxce Oymu 8UKOpUCMAaHuil 0711 8UNAABKU CUNIKOMAP2aHyl ma
(epocuniyito. Bmicm 8uUCOKOaKMUBH020 8y21eulo i KpemHe3emy Yy ChiB8IOHOUIEHHI,
O21U3bKOMY 00 CMeXioMempuuHozo 0J11 peakyii 8i0H0BNEHHS. KPEMHIIO 8y2/leyeM, CNpusle
matixce n08HOMY 8iOHOBIEHHIO KPEMHIIO 3 Yb020 Mamepiany.

TTpunyckatouu, wio wyHzimosa nopoda € cucmemor Si-C-O, 8UKOHAHI MepMOOUHAMIUHI
po3paxyHku ckaady pieHo8axcHoi 2a3080i ¢pa3u Ons dianasoHy memnepamyp
1300-2300 K. Pe3ynsmamu po3paxyHkie piBHO8aXHO20 CK1ady 2a3080i ¢a3u 8 cucmemi
Si-C-O 3a P = 1 amm noka3anu, wo MIHIMAIbHA memnepamypa 6UHUKHEHHS
KoHdeHco8aH020 Kapbidy kpemHito (f-SiC) dopisHioe 1756 K.

KnwouoBi cioBa: wyHzim, KpemHe3em, 8yzieyb, B8i0HOB8/IEHHS, MepPMOOUHAMIKA
cucmemu Si-C-0O.

[IlyHriTOBMMM Ha3UBalOThb BEJMKY TpPymny MPUPOJHIX KOMITO3UIiHNUX
MaTepianiB, crenu@iyHi BJACTUBOCTI SKUMX OOYMOBJIEHI CTPYKTypOw Ta
BJIACTUBOCTSIMM IIIYHTITOBOTO BYIJIEI}0 Ta CKJIQAHMM MiHepaJbHUM CKJIaJOM.
[IlyHriTOBi MOpoAM pisHOMAaHITHI Mo dopMi IMposBiB, yacy hopmMyBaHHS, TeHE3UCY,
PEUOBMHHOTO CKJIaAy Ta iHmMX o3Hak. IIyHriTOBi mOpoaM MICTSITh [TaBHIO
MeTamop@di3zoBaHy pedyoBMHY, IO CKIAJAETbCS 3 Byrielio (>95%), BomHio (~1%),
asory (~0,75%), cipku (~0,3%) Ta xKucHio (mo 1,5%). IIyHriTOBMIT BYyTJIElb
XapaKTepuU3yeThCsI OaraTopiBHEBOIO (PpaKTaIbHOK CTPYKTYPOIO, IO YTBOpWIACS B
pe3yJbTaTi MOCIiA0BHOI arperaiiii rpadeHoBux ¢parmeHTiB (~1 HM) [1]. [IuTOMMIi
eJeKTpUUHMIi o11ip, 1/6, aMOpdHOTO BYTJIEII0 B IIYHTITIi CTAHOBUTDH MPUOIN3HO Bil

1000 no 2000 MKOM i € OCUTDH MaJIMM MOPIBHSIHO 3 IHIIMMM MiHepaiamu [9].
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MiHepanpHa CK/IaAoOBa ILIYHTITOBMX IOpPiM TpencTaB/ieHa TOJIOBHMM UYMHOM
KBapieM, KapboHaTaMM, CJIIOAAMM, TIOJIbOBMMM IINaTaMu i cyiabdigamm. OgHuM 3
OCHOBHMX KOMITOHEHTIB MiHepaJbHOI CKJIaA0BOI IIYHTITOBUX MOPIJ PiSHUX TPy €
KpeMHe3eM, 110 BXOAUTb A0 CKIaay KBapily i ckiaagHuxX cuiikaTiB. [Ipu gocimkeHHi
IIYHTITOBUX MOPiJ i3 BMicTOM Byrierio 3,5; 30 Ta 98 mac.% meTogoM MalOKyTOBOIO
PEHTTeHiBCbKOTO PO3CiIOBaHHS Oy/IM OTpUMMAaHi CTPYKTYPHI XapaKTepUCTUKM KBapILy,
IO BXOIUTDb A0 CKJIAAy MOPOAM Ta MOKA3aHO OJM3bKUII PO3Mip KpUCTAIITIB (~60
HM) Ta HaSIBHICTb CTPYKTYpM 3 (paKkTaJbHOI ITOBEpPXHEI0, IO BigpisHsE KBapil
IIYHTITOBMX TMOPif Bifg KBapUMTOBOTO KBapuy [2]. AHanOriyHi posramykeHi
CTPYKTYpU MOXXYTb OYTM OTpMMAaHi 3 KOJOIIHMX CyCIeH3ilt, y Impolieci TBepaiHHS
SIKUMX 36epiraloTbCs CTPYKTYpM BUXiJZHOTO KOJOima. BuBUeHHSI 0COOIMBOCTEIA
B3a€EMO/Iii KBaplly Ta BYIJIEll0 y IIYHTITOBMX MOpPOJaxX BaXXJIMBO IJISI BM3HAUEHHS
HOBUX ITiAXOMAiB MO OI[iHKM SIKOCTi IIIYHTITOBOI CMPOBMHM, @ TaKOX IIOIIYKY Ta
PO3POOKYM HOBUX, BUCOKOTEXHOJIOTTUHMX HAMIPSIMKIB 110T0 BUKOPMCTAHHSI.

Pi3HOBUIM KBapily IIYHTiTOBMUX MMOPiJ HACTYIIHi: KBapll, 10 BXOAUTH A0 CKIady
IIYHTITOBUX TMOPiJ MacCMBHOI TEeKCTypM Ta OO CKIaAy YJIaMKOBOI YaCTMHU MOPif,
MIPOXXUIKOBOI Ta OpeKkuieBoi TeKcTypu. Lleit KBapil € YaCTMHOIO BYTJIelb-KBapIl0BOTO
arperary, 10 € JOCUTb OAHOPiAHUM KOMILIEKCOM, 1110 CKJIaJa€ThCSI B OCHOBHOMY 3
LIYHTITOBOI'O BYTJIEL0 Ta KBapuy [3].

[lIyHriTOBI MOpOAM HajexkaThb A0 KJacy BYIJeleBUX MOpifd, 10 BiApi3HSIOTHCS
BMIiCTOM BYTJIEI}0 Ta Pi3HOMAHITHICTIO MiHepasdiB, i € MPUPOAHUMMU BYTJELE€BO-
MiHepaabHUMM KOMIIO3UTHUMMU maTepiajaMu. CuiikaTHi MiHepanu
BMCOKOJMCIIEPCHI Ta piBHOMiIpHO pO3IOJiNeHi y ByrJeleBii MmaTpuili. OCHOBHUMM
MTOPOAOYTBOPIOIOUMMM MiHepaiaMM € KBapll, Caofa, ajabOiT i mipuT. 3a BMiCcTOM
KpEeMHilo Ta a/JIfOMiHi0 IYHTITOBI Mopoayu MInHKiBCbKOTO paiioHy IIpaBobepeskHOTro
paitoHy YKpaiHCbKOTrO HIMUTa MOAiISIOTbCS Ha ABi rpymnu: I rpymna (OCHOBHA) — BMICT
SiO; Bim 48,1% mo 59,6%, BmicT Al,Os Bim 9,5% mo 12,8%; 11 rpymna — BmicT SiO; Bif
75,4% no 78,0%, Bmict Al,Os Bin 5,8% mo 7,0%. IOns 11 rpymniu criocTepiraeTbes 4yiTka
3BOPOTHA (JTiHiJiHA) KOpeJIsiiiis Mi>k BMiCTOM KpeMHilo Ta a/lfoMiHito [4, 9].

bymoBa i BlIacTMBOCTI IIYHTITOBMX IIOpPif 3yMOBJIIOIOTH iX 3aCTOCYBaHHS B

OKMC/II0BAJIbHO-BiAHOBHMX mpounecax: y OOMEHHOMY BI/IpO6HI/IL[TBi JIMBAPHOTO
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(BMCOKOKPEMHICTOT0) YaByHY: BUMOTH IKOCTi (SiO,+C) > 83%, mopmyb Al,05/C < 0,3,
dbpaxkiis mebens 10-100 mm > 94%, Bmict docdhopy <0,1%, cipku <1,8%; y
dbepocriaBHOMY BUPOOHMIITBI 3 BMMOTraMm IO SIKOCTi: BmicT Byriernio 20-30%,
KpeMHiiBMminTyioua  cupoBuHa  (C+SiO;+Al;05)=85-93%, CaO+Mg0=2,0-2,8%,
Fe,05+Fe0=1,7-3,5%, dpaxuis mebens 10-40 MM; y BUPOOHMIITBI Kapbimy i HiITpumy
KPEeMHil0; IITYHTITOBI MOPOAM MOXYTb CIOYKUTM — IKepeioM  OTPUMaHHS
BYIJIeLleBOBMICHMX MaTepiasiB.

Byrnenp I1mIyHTiTY piBHOMIpHO pO3MOAileHUi A y CUIiKaTHOMY Kapkaci 3
opioHOmMCcIIepCcHMX KpucTadiB kBapuy [2]. CroenmdiuyHa CTpyKTypa IIYHTITY
BM3HAYAE 10T0 BUCOKY €JIEKTPOIIPOBIIHICTh — KoedillieHT eekTporpoBigHocTi 1500
Cm/m. Cyma (C+Si) y myHriTax 3HaXxoOUTbCS B Mexkax 83...88 mac.%. XapakTepHOI0
0COOJIMBICTIO IIYHTITY € BMCOKEe 3HAUeHHS J0ro MMUTOMOI MmoBepxHi (mo 30 m2/T) i3
cepeJHiM fiameTpoMm 1op 14 HM [5, 4].

Tabmuig 1
XiMiuHMI1 CKIaf UTYHTITY, %

C | SiO; | TiO; | Al,Os | FeO | Fe;Os | MgO | MnO | CaO | Na;O | KO | Seymgp. | P2Os

10- | 51- [055-| . . |05 0,55- | 0,01-| 1- | 0,2- | 1,3- | 0,2- |0,16-

21 | 78 | 0,7 2 |93y 008 | 45 | 13 | 23 | 42 | 034

IllyariToBi mopomu mimmaloTbCsl 30arayeHHI ByIJeleM Ta aKTUBallii
(TepMiuHiit, MeXaHOXiMiuHiit) [IJig 30ibIIIeHHS MUMTOMO] IIJIOIi TTOBepxHi Ta 00’eMy
mop [6, 5].

IociIKkeHHsI OCTaHHIX POKiB IMMOKa3aju, 10 MYHTIT € crieuudiyHow dhopmoio
ByIJlello, 1[0 TpeJcTaBiase €000  HeKpuUcTadiuHuii, HerpadiToBaHMIL,
dbyinepeHononi6bunit ByT/iellb, SIKMII Bipi3HSAETbCS Big rpadiToBoro Ha piBHi
HaJMOJIEKYJISIDHOI, aTOMHOI Ta 30HHOI (eJIeKTpOHHOI) cTpyKTypu [7]. LlyHriToBMIA
BYyTJIellb Ma€ BUCOKY peakliliiiHy 3JaTHICTb 3-3a CBO€EI MOJIEKY/ISIPHOI CTPYKTYPMU SIKa €
6113bKOI0 SIK A0 rpadiry, Tak i o razoBoi caxki Ta ckioByrielio [2]. B Hacmimok
IIbOTO OKMCHO-BiJHOBHi peaxilii 3a J10T0 yuyacTio BilOYBalOTbCS 3a OiNbIl HU3BKUX
TeMriepatyp. [Ipu BiZHOBJ/IEeHHI KpeMHil0 1 KT IIIYHTITOBOT'O BYTJIEIl0 eKBiBaJIeHTHUI
3a peaxIliifHOI0 3JATHICTIO 3-4 KT BYIJIEII0 KOKCY. YTBOpEeHHS KapbOimy KpeMHilo mpu
BiITHOBJIEHHI 3 IIYHTITOBOI MOpoau BimOyBa€eThCs Ipu TeMmepaTypax Ha 300-500 °C

HIKYe, HiK Ha TpaauIliliHii IUXTi.
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SIK cuUpoBMHA IIYHTIT MOXe OyTM BUKOPUCTAHUI [JiS BUIUIABKU
cuiKomMapraHifio Ta ¢epocuiiiio. BMicT BMCOKOAKTMBHOIO BYTJIEIIO i KpeMHe3eMy
y CITiBBigHOIIEHHi, GIM3bKOMY [0 CTEXiOMETPUYHOIO MJIsI peakilii BigHOBIEHHS
KpPeMHil0 ByrjeleM, CIpusiE Maiike ITIOBHOMY BiJHOBJEHHIO KPEMHII0 3 IIbOTO
Marepiany [3]. JJogaBaHHS OO UIYHTITY B CyMilll 3a/1i30BMiCHMX MaTepiasiB MOJerurye
BiJHOBJIEHHS KPEMHIIO 3aBASKM MOKIMBOCTI YTBOPEHHS CWIILMIIB 3asTi3a.

[llyuriT aHamidyBaiM 3a [OIMOMOIOI0 TepMorpaBimMerpii/audepeHIiiiHOro
tepmiuHoro asanizy (TG-DTA) B ymoBax aTMocdepHOro IIOBIiTpsl, i pe3yabTaT
ToKasaHuii Ha pUCYHKY 1. BMicT Bojioru cTaHOBUB MpMOAM3HO 1% Bim BTpaTu Baru.
ITik mpm6mm3Ho mpu 500 °C BKasye Ha BUIIAPOBYBAHHS Cipku. TepmiuHMit po3Kiap
BYTUJIBHOTO IipUTY, SIKUit MMOUMHAETHCS npubim3sHo mmpu 400 °C, 3aBepuIyeTbCs Ipu
600 °C. TIpu temmnepatypax Big 500°C mo 850°C Byrienp oxkucmaoBaBcs Ao CO., i
CIiocTepirasnaacsi BTpata Baru 3paska. byB 3apeecTpoBaHMii eK30TepMiuHUI MiK MMpU

temrepatrypax Bim 500 mo 700°C, mio wmir OyTM BUKIMKAHUII YTBOPEHHSIM

Kapbimy KpeMHilo.
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Pucynok 1 - TepmorpaBiMeTpu4YHMIt aHai3 MIYHTITY

3a OCTaHHI KiJibKa AeCSATUIITh MiKpOXBM/IbOBe HAarpiBaHHS 3HAMIILIO IIMPOKE
3aCTOCYyBaHHS B XiMiuHMX mporecax. IIpu MIiKpOXBUIBOBOMY OITPOMiHEHHi
BiIOYBA€TbCS TEpPeTBOPEHHSIM eJeKTPOMAarHiTHOi eHeprii B  TeIJIOBY, a
eeKkTMBHICTh MepeTBOPEHHsI 3aJeXKUTh Bif MieJeKTPUUYHOI MpUpOAM MaTepialiB.
Crio>kMBaHHSI eHeprii miJ, yac MiKpOXBUJIbOBOTO HAarpiBaHHSI MeHIIle, HiXK y iHIIMX

mpoliecax HarpiBaHHs, a yac o6pobku meHmuit [9]. Byrienesi matepianu, Taki sk
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rpadiT, CTBOPIOIOTh MiKpOILIa3My, IPM OMPOMiHEHHI MiKpPOXBW/ISMM, IIO B CBOIO
yepry CIpusie MiKpOXBMUIbOBMM KapOOTEepMiUHMM peaKIlisiM.

MikpoxBuiaboBy Iy  (moTyxHictb 1000 BT) BMKOpPUCTOBYBaIM  [JISI
BUMApPOBYBAaHHS Ta BUIAJIeHHSI Cipku 3 MIyHriTy. Cipky B IIYHTITI MOXHa JIErKO
BUAAIUTY IIJIIXOM BUIIAPOBYBaHHS (TeMrmepaTypa KUIiHHSI cipku: 445°C) [8].
OmnpomiHeHHS BMKIMKAAO HarpiBaHHs IIyHriTy. Ilicist 3 XBWJIMH HarpiBaHHSA
TemmepaTtypa 3pocia no ~400 °C i 80% cipku BumapyBajgocs B pe3yabTarTi
po3knagaHHsl miputy. Ilicass 9 XBMJIMH MiKpOXBUJIBOBOTO BIUIMBY TeMIlepaTypa
3pocia mo ~1000 °C. 3arajgpHa BTpaTa BaryM IIYHTITY cTaHOBMIA Oym3bKo 10%,
OCKiJIbKM JlesiKa KiJIbKiCTb BYTJIEI[IO CIIa/IloBaiacs pa3oM 3 KMCHEM B aTMochepHOMY
MOBITpi. MiKpOXBMIbOBE OIPOMiHEHHS IIPOTITOM 9 XBUJIMH 3MEHIIMJIO BMICT CipKM

B IIyHTIiTI 70 0,2%, TO6TO Ha 92%. Pe3ynbTaT MOKa3aHO HA PUCYHKY 2.
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PucyHOK 2 - 3MiHa BMIiCTy CipKM B IITYHTITi 3a71€XKHO Bif] Uacy MiKpOXBMIbOBOTO ONPOMiHEHHS

BusiBneno, mo cymimi 3 rpagity Ta Kapbigy KpeMHilo, Kpalle ITiggarTbCs
MiKpOXBWIBOBOMY HarpiBaHHIO 3a pPaxXyHOK BMCOKMX IIBUAKOCTEN Harpipy 6e3s
BUHUKHEHHSI IyTU. YTBOpeHHs Kapbimy kpemHilo (SiC) B onmpomiHeHOMY ITYHTITi
NpUBOOUTL 10  Oinbll  epeKTMBHOTO  HArpiBy CyMmimi Ta  MiJBUIIYE
eHeproeeKkTUBHICTb IIpolIecy.

BaXk/iMBOIO XapaKTePUCTUKOIO IeSIKMX IITYHTiTOBUX MOPiJi € BeJIbMU CIIPUSITIVBE
CITIiBBiTHOIIIEHHSI B HUX BYIJIEII0 Ta KpeMHe3emy (28-32% i 57-60%), 61u3bKe [0
CTeXiOMEeTPUUYHOTO /151 BiTHOBIIOB/IbHUX peakililt y cuctemi Si-C-O. BigHOBIeHHS

KpeMHe3eMy BYTJIelleM € CKIaAHUM IIPoLeCcOM, IPU SIKOMY IMAyTh MPOMIXKHI peakilii,
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[0 TIPU3BOIATH O YTBOPEHHS ra30mMoAiOHMX MOHOOKCU[IIB BYIJIEII0 Ta KPEeMHilo.
[lpunyckaroum, 1m0 IwWyHriroBa 1mopoza € cucremorw Si-C-O, BMKOHaHI
TepMOAMHAMIUHI PO3paxyHKM CKJIaAy PiBHOBa)KHOiI ra3oBoi a3y s miarna3oHy
temriepatyp 1300-2300 K. Pe3ynbTaTyt po3paxyHKiB PiBHOBaKHOTO CKJIaJy ra3oBOi
da3m B cucremi Si-C-O 3a P = 1 aTm mokasanu, IO MiHiMajabHA TeMIlepaTypa
BUHMKHEHHST KOHIEHCOBAHOTO Kapbimy kpemHito (8-SiC) mopiBHioe 1756 K.

3 po3paxyHKiB BUIIMBAE TAKOX, 110 B iHTepBaii Temmepatyp 1300-1962K SiO
YTBOPIOETHCS He IUISIXOM OMCOIliallii KpeMHe3eMy 3 BUAiJIEHHSIM aTOMapHOTO Ta
MOJIEKYJISIDHOTO KMCHIO, @ TepeBaXHO IMpPM B3AaEMOJil KpeMHe3eMy 3 OKCUAOM
ByTJe1io, TO6TO SiOzst CO = SiO + CO,.

BpaxoByioun, 10 OpM OOCTIIKEeHUX TeMIlepaTypax peakilii B rasosiit dasi
JIOCSITalOTh piBHOBArM Jyxke IIBUAKO, 3YIMMHMMOCS TiIbKM Ha peaklisix, 10
MIPOTiKAIOTh 3a y4acTI0 KOHAeHcoBaHuX ¢da3. Tak, B iHTepBasii Temmepartyp 1300-
1756 K oTpuMyIOTh pPO3BUTOK peaKIlii:

Cwx + CO; = 2CO,
2C + Si0 = SiC + CO.
IIpr Temmnepatypi 1756 K B cucremi «3HMKae€» KOHJIEHCOBaHMI BYIJIelb i

3'SIBJISIETHCS KOHIEHCOBaHMIT KapOiJ KpeMHiIo:

SiCy + CO;2 = SiCyyrs + CO,
SiCy + SiO = SiC.q + CO.
[lp Temmeparypax 1962-2300 K piBHOBakHa CcuUCTeMa CKIAJA€TbCS 3

KOHJIEHCOBAHOTO KapOimy KpeMHil0 i KpeMHil, MpM HaIJIUIIKy BYIJIEII0 Ta
temriepatypi 1756-2300 K 3 KoHZeHCOBaHOTO Kapbimny KpeMHiIo Ta BYTJIellio.

Ponb TBepmoro ByT/eIi0 B MPOIeCi BiJHOBJEHHSI IMepeBa)kHO 3BOAUTBLCS [0
rerepatii CO mpu B3aemogii 3 razomnomioraumu SiO i CO..

TakuM 4MHOM, OCHOBHMMM BUCHOBKAaMM TeMOAMHAMIUYHOTO aHaji3y XiMiuHUX
riepeTBopeHb y cuctemi Si-C-O B giama3oni 1300-2300 K €:

- ipu Temmneparypi 1756 K B cuctemi "3HMKAe" KOHIAEHCOBaHMUII BYIJIElb i
3'ABJSIETHCS KOHIAEHCOBaHMIT KapOill KpeMHilo;

- mpu TtemrepaTtypi 1962 K B cucTteMi 3HMKAe KOHJIEHCOBaHMII KpeMHe3eM Ta
BUHMKAE KOHJIEHCOBaHUI KpeMHili; mpu TemriiepaTtypax 1962-2300 K; piBHOBakHa

CHUCTeMa CKJIaJa€ThbCsl 3 KOHIEHCOBAHOTO KapOimy KpeMHilo Ta KpeMHilo, mpu
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HaJIMIIKY BYIJIeIl0 Ta TemmepaTypi 1756-2300 K — 3 KoHAeHCOBaHOro KapOimy
KPEMHIIO Ta BYTJIeI0;

- POJib TBEPIOTO BYTJIEII0 B IIPOIieci BiAHOBIEHHS 3BOOUTHCSI B OCHOBHOMY [0
redepaiii CO npu B3aeMogii 3 razonogiouumu SiO i COs;

- IJIS1 3CYBY peaxiiiii y 6iK oTpuMMaHHS KapOiTy KpeMHiI0 CJTiJi BUTAISTH i3 30HU
peaxiiii CO.

[TpoBoaMAMCh MOCTIIKEHHS BIUIMBY TEPMOOOPOOKM IIYHTITOBMX IIOpPim Iipu
temnepaTtypax 1400, 1600 ta 1800°C. Yac BUTpMMKM 3a KiHIIEBOi TemIlepaTypu
CTaHOBMB 2-4 roguHu. Yac HarpiBy Q0 KiHIIeBOI TeMIlepaTypu CTaHOBUB
20-30 xBmyIMH. TUTIi 3 HIYHTITOBOIO MOPOAOI0 3BaKyBAIUCS IO Ta MiC/sI IIPOBEAEeHHS
eKCIIepUMMEHTY i1 BM3HAUEHHSI BUXOMY Tra3oMNMOAiOHMX MPOAYKTIB peakiiii. IIpu
TeMIepaTypi Ipoiecy Tepmooopooku mopoayu 1400°C Bke ITOUMHAETHCS ITPOLIEC
KapOimOyTBOPEHHSI, IIPOT€ B OTPUMMAHOMY IIPOAYKTiI II€peBa’kKHO IIPUCYTHIM
efleMeHTapHUi KpeMHiii, 30epiraeThbcsl e i TioKCHI KpeMHII0, III0 He ITpopearyBas.

3 migBuieHHSIM TemIiiepaTypu Ipoiecy a0 1600°C pi3ko miaBUIIY€ETHCS BMiCT
KapOimy KpeMHil0 i 3HMKYETbCSI BMICT KpeMHii0. Oco0/MBO 1ie IPOSIBISIETHCS JIsT
BeJIMKMUX dpaxiiiii Ta mMaTKoBoi rmopoau. IIpu 06po6biii mpu 1800 °C anas 6ynb-saKoi
dbpakuii myHriToBoi mopomu mocsiraethest 100% BMicT Kapbimy KpemHilo abo
OMM3bKMUIL O HBOTO.

Bysin mpoBeieHi 1abopaTOPHi JOCTiIKeHHS OJlep>KaHHS CIIeueHOTo MaTepialry
3 gomaBaHHi 11,5% mryHriTy, mo Bigmosigae 3amidi 50% ByT/eIio KOKCY ByTJelem

HIYHTITY, #ioro ckiafd, %: Mn - 28,98; SiO, - 38,56; Fe - 2,93; C - 0,82; SiC - 0,76.

BucHoBku. IlyHriT sBisge o000 MPUPOAHIN KOMIIO3UIIIHUIA MaTepiar,
crieniyHi BIACTUMBOCTI SKMX OOYMOBJIEHI CTPYKTYpPOIO Ta BJIACTUBOCTSIMU
IIYHTITOBOTO BYTJIEII0 Ta CKAaAHMM MiHepaJibHUM cKiaagomM. OOHMM 3 OCHOBHMX
KOMIIOHEHTiB MiHepaJIbHOI CKIaJ0BOI IIYHTITOBUX MOPiJ pi3HUX IPYN € KPeMHe3eM,
0 BXOAUTH MO CKJIamy KBapily i CKIagHMX cuilikatiB. Oco6aMBOCTI B3aemopii
KBapIy Ta BYIJIELIO Y IIYHTITOBMX MOPOJaX BasKIMBO IJISI TIOUIYKY Ta PO3POOKMU
HOBMX, BMCOKOTEXHOJIOTiYHMX HAMNpSIMKiB JOT0 BMKOPUCTAHHS. Byrielp HIYHTITY
pPiBHOMipHO pO3MOiJieHnit y cuaikaTHOMY Kapkaci 3 ApioHOAMCIIEpCHUX KPUCTasiB

KBapiy,  crenudiyHa  CTPyKTypa  IIYHTITY  BM3HA4Ya€  JOTO  BUCOKY
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eJIeKTPONPOBiAHICTb, BMCOKE 3HAUEHHS Oro MMUTOMOiI MoBepxHi (mo 30 m%*/r) i3
cepenHiM AiaMmeTpoM Iop 14 HM.

Ik cupoBMHA IIYHTIT MOKe OYTM BMKOPUCTAHMII IS  BUILIABKU
CUJIIKOMapraHiiio Ta ¢pepocumiiliio. BMicT BMCOKOAKTMBHOIO BYIVIELIO i KpeMHE3eMy
y CHiBBigHOIIEHHi, GIM3bKOMY [0 CTEXiOMETPUYHOIO i peaxilii BiZHOBJIEHHS
KPEMHII0 ByrjeneM, CIpUsiE Mailike ITOBHOMY BiJHOBJIEHHIO KPEMHII0 3 IIbOTO
marepiainy.

[Mpumyckaroum, 10 IIyHriToBa Imopoga € cuctemor Si-C-O, BMKOHaHIi
TepMOAMHAMIUHI pPO3paxyHKM CKJIaoy PiBHOBa)KHOI rasoBoi ¢asu mjisi miara3oHy
temriepatyp 1300-2300 K. Pe3ynbTaTyt po3paxyHKiB PiBHOBaXKHOTO CKJIaAy ra3oBOi
da3m B cucremi Si-C-O 3a P = 1 aTm mnokasanu, 10 MiHiMajabHa TeMIlepaTypa

BMHMKHEHHSI KOHJIEHCOBaHOro Kapbimy KpeMHiio (B-SiC) mopiBHioe 1756 K.
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CHARACTERISTICS OF SHUNGITE ROCK FOR USE IN ALLOY
PRODUCTION PROCESSES
Chumak D., Kamkina L., Mianovska Y.

Abstract. The natural composite material shungite, which has a complex mineral
composition, is considered. One of the main components of the mineral component of
shungite rocks of different groups is silica. Shungite carbon is evenly distributed in a
silicate framework of finely dispersed quartz crystals. Shungite can be used as a raw
material for smelting silicomanganese and ferrosilicon. The content of highly active
carbon and silica in a ratio close to the stoichiometric one for the reaction of silicon
reduction by carbon contributes to almost complete reduction of silicon from this
material. Assuming that the shungite rock is a Si-C-O system, thermodynamic
calculations of the composition of the equilibrium gas phase for the temperature range of
1300-2300 K were performed. The results of calculations of the equilibrium composition
of the gas phase in the Si-C-O system at P = 1 atm showed that the minimum
temperature of the formation of condensed silicon carbide ($-SiC) is 1756 K.

Keywords: shungite, silica, carbon, reduction, thermodynamics of the Si-C-O system.
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TOCJIIIXXEHHA MIAIMUITHYKIB KOB3AHHS: KOHCTPYKLUIMHI PIIIEHHS TA
AHAJII3 METOIOM KIHIEBUX EJIEMEHTIB
Sitayk 0.0.1, [ToBopoTHii1 B.B.2
TVkpaiucokuii depxcasHuti yHigsepcumem Hayku i mexHosoeziil, acnipanum, Ykpaina
2YkpaiHcokuti depxcasHull yHisepcumem HAyKU i mexHoso02iil, K. m. H, doyeHm, YkpaiHa

AHoTamnis. Y cyuacHomy mawiuHobydysauHi ma memanypeii niowWUnHUKU KO083aHHs €
Hegi0'EMHOI0 UHACMUHOI0 POMOPHUX azpe2amis, makux sk mypOiHu, zeHepamopu, Hacocu
ma IHwWi cucmemu, wo Npaywwmes 6 yYM08axX 6UCOKUX HABAHMAMXEHb [ BUCOKUX
weudxkocmeti obepmaHs. Hadilinicms pobomu uux niOWUNHUKIB € KPUMUYHUM
(pakmopom, OCKinvKu ixHilli 8uxio 3 nady moxce npusgecmu 00 ceplio3HUX eKOHOMIUHUX
gmpam uepe3 e@umyuleHuil npocmiti 001a0HaHHS. [lOCNiOHEHHSI CNPSAMOBAHI Ha
nidsuuierHs epekmusHocmi, 008208iHHOCMI ma cmitikocmi 0o 3HOULY8AHHS NIOUWUNHUKIB
K083aHHSA. Baxciuey poav eidieparome uuciogi memodu aHanizy, maki sk memoo
KiHyesux enemenmis (MKE), wo 00380.155€ modeniosamu ixHio hno8ediHKy nid OJi€w
HasaHmaxyeHb ma memnepamyp. Kpim moeo, exkcnepumeHmanvHi 8unpoby8aHHs
nokasanu egexmueHicmes 3acmocy8aHHs NOJIIMepHUX NOKPpUmmié ma 3mauwjy8aibHux
piOuUH 3 HU3bKOH 8's3Kicmio 011 NOKPAUjeHHs1 poOoUUX Xapakmepucmuk niowunHuKie.
Onmumizauiss KoHCMpYKuiti, d0380J11€ nidsuwumu cmitikicms NiOWUNHUKIB8 KOB3AHHS
ma 3meHwumu 8ibpayii npu po6omi 'y cK1adHux yMoseax.

KiwouoBi cioBa: nidwunHuku KO0B83aHHs, aHANI3 Memodom KiHUesUX esleMeHmis,
noJiiMepHi mamepianu, eKcnepumMeHmaibHi 00CNHIOHeHHs, KOHCMPYKYIi NiOWUNHUKI8
KOB3AHHS, 3MAU{eHHS! NIOWUNHUKIB KOB3AHHSL.

OCHOBHMMM 3aBIAHHSIMM QHAIi3y CUCTEMMU POTOP-HiJUIUIIHUK € PO3PaxXyHOK
BUTpAT Ta TiApoAMHAMIiUYHMX CIUJI, @ TAKOX OIliHKa BibpalliitHoro ctaHy portopa. [Ipu
CTBOPEHHI HOBMX BMCOKOe(hEKTUBHMX KOHCTPYKIIiii IiJAINIUITHUKIB HEOOXigHO
BPaxOBYBaTM He TiJIbKM IX TiAPOAMHAMIiuHi, a Ji POTOPAMHAMIUHI XapaKTe€pUCTUKU
(CkopcTkocTi Ta  gmemmdyBaHHS). [IMHAMIiUuHI ~ XapaKTEPUCTUKM  POTOPIB
MIBUAKOXIAHMX MAaIllMH, B OCHOBHOMY, BM3HAUaKTbCS [HOilOUMMM B 3a30pax
MIPOTOYHOI YaCTUHU TiApOAMHAMIYHUX CUJ, SIKi, B 3aJIeXKHOCTI Bifi KOHCTPYKIIil Ta
YMOB pOOOTM YUIiIbHIOBAIBHMUX i MiAIIMITHUKOBMUX BY3JIiB, MOXYTb CTabinizyBaTu
jioro IuMHaMiKy i 3HMKyBaTM BiGpOaKTMBHICTb, ab0, HaBMaKu, BUKIMKATU BTPATy
IVHAMIYHOI CTilIKOCTi Ta pyiHiBHI A1 MalllMH aBTOKOJMBAHHS POTOpA.

OmHMM i3 KJIIOUOBMX METOHiB, BUKOPUCTAHUX Yy MOCHiMIKEHHi, € 4YMCI0Be

MOJe/IIOBaHHSI 3 BUKOPUCTAHHSIM MeToAdy KiHleBux eneMeHTiB (MKE). Lleit meTtop,
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IIO3BOJISIE OeTa/lbHO MpOaHali3yBaTU TIOBEAiHKY IiAIIUIIHUKIB KOB3aHHS ITif
BIUIMBOM Pi3HMX HaBaHTaXXeHb, TeMIepaTypHMX KOJIMBaHb Ta YMOB 3MalllyBaHHS. 3a
IIOTIOMOT0I0 MOJIeJIIOBAaHHSI puc. 1 Oy/lo IpoBeAeHO po3paxyHKM medopmailiii Ta
HAIpYyXeHb y MiJIUITHMKAX, [0 JTO3BOJIMIO BUSIBUTY KPUTUUHI 30HM 3HOIIYBAHHS
Ta MOXIMBI Miclsl BMHMKHEHHSI nOedekTiB. MopeaoBaHHSI IIOKasajo, IIo
MpaBWIbHMUIT BUOIp MaTepialiB Ta ONTMMi3allisi KOHCTPYKIIii TO3BOJISIIOTh CYTTEBO

3HU3UTU PiBEHb TePTs i BTpaTu eHeprii B MiAIIMUIIHMKAX, 110 MPaIlOI0Th B YMOBax

BUCOKMX WIBUAKOCTEN [1].

7 \ \ N = S ——
S y 7 \ \ \ —
s fme \ NN S~ 4

PucyHok 1 — [lesiki pe3yIbTaTy pO3paxyHKYy Mepemnany [MOBHOTO TUCKY Ha IMiJIINITHMKY KOB3aHHS 3a

)

pi3HUX TPAaHUYHUX YMOB

Ocob6nmmBa yBara MPUIISIACS aHali3y TiIpOAMHAMIUHMX Ta TeIUIOBUX
TIpOLIeCiB, 110 BiAOYBaIOThCS y MiAUIMITHUKAX T Yac poboTu. Byno 3Mo/ie/iboBaHO
pi3Hi pesxuMy po6OTH MiAIIUITHUKIB 3 BUKOPUCTAHHSIM 3MalllyBaIbHUX PiguH pi3HOi
B'SI3KOCTi, 110 TO3BOJIMIO BUSHAUUTH ONTHMMAJIbHi ITapaMeTpu IJIsl iXHbOi cTabiIbHOI
poboTu. MojenOBaHHS [O3BOJWIO OIIHUTM BIUIMB BUCOKMX TeMmIlepaTyp Ta
HaBaHTa’KeHb Ha 3HECEeHHS IMiAIIMUITHUKIB, a TAKOX AMHAMIUHY CTiliKiCTb POTOPHUX
cyucTeM, 110 NMPAL0ITh Ha BUCOKUX MBUAKOCTAX [2].

B pamkax Joc/iiskeHHST OY/I0 ITPOBeeHO HU3KY eKCIIePUMEHTIB, CITPSIMOBAaHMUX
Ha BMBUYEHHS 3HOCOCTIMKOCTI Ta eKCITyaTalliiHMX XapaKTepUCTUK MiAIIUITHUKIB
KOB3aHHSI 3a YMOB BMCOKMX HAaBaHTakeHb 1 Pi3HMX peXMMiB 3MalllyBaHHS.
EkcriepyMeHTM TpOBOAMINCSI Ha CHeliaJbHUX CTeHAaX, [HOe MigIIUITHUKA

ITiITaBa/IMCST HABaHTasKeHHSIM, 110 iMiTyBa/IM peajbHi yMOBM POOOTH.
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st TecTyBaHHS OyJ0 BMKOPUCTAHO IJIIMITHUKY 3 PiSHUMM TUIIAMU
MTOKPUTTIB, BK/IIOUAIOUM TOJiMepHi MaTepianyu, 30KpemMa TedoH. BumnpoObyBaHHS
MOKa3aJiM, IO 3aCTOCYBaHHSI MOJIMEPHMX IIOKPUTTIB 3HAYHO 3MEHIIYE 3HOC
MiAIUITHMKIB 1 TiABUIIYE IXHIO CTiMAKiCTb IO TEPTSI.

ByucHOBKM. [lOCTiI>)KeHHSI TIOKasaau, IO MOEOHAHHS YMCIOBOrO aHali3y
METOIOM KiHI[EBMX €JIeMeHTIiB Ta eKCIIepMMEHTAJIbHUX BUIPOOYyBaHb [O3BOJISE
ONTMUMIi3yBaTM KOHCTPYKIIIO TMigNIMITHUKIB KOB3aHHSI Ta IMAioOpaT¥ HaiKpaiii
MaTepiaiu Ojsi iXHbOTO BUTOTOBJIEHHSI. BHIpOBa/KeHHS IMOJiMepHUX ITIOKPUTTIB
CIIpUsi€ IMiABUIIEHHIO e(heKTMBHOCTI ITiAIIUITHUKIB, 3HMKEHHIO TEPTS Ta 3HOCY, a
TAaKOX IOKpallleHHIO TeIUIoBiABeaeHHs [3]. B4oCKOHa/MleHHSI KOHCTPYKILii, JO3BOJISE
3a0e3IeunTy CTabiIbHy poOOTY MiAIIUITHUKIB Y BUCOKOIIBUAKICHUX arperarax, 1o €
KPUTUYHO BOKJIMBUM IJI1 IPOMUCIOBUX CUCTEM, SIKi MPALIOIOTh Y BaKKMUX YMOBax
eKCIuTyaTarliii.
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RESEARCH ON JOURNAL BEARINGS: DESIGN SOLUTIONS AND FINITE
ELEMENT ANALYSIS
Oleksandr Yaichuk, Viktor Povorotnii

Abstract. In modern mechanical engineering and metallurgy, journal bearings are an
integral part of rotating equipment such as turbines, generators, pumps, and other
systems operating under high loads and high rotational speeds. The reliability of these
bearings is a critical factor, as their failure can lead to significant economic losses due to
unplanned equipment downtime. Research is aimed at improving the efficiency,
durability, and wear resistance of journal bearings. Numerical analysis methods, such as
the finite element method (FEM), play an important role by allowing the simulation of
bearing behaviour under load and temperature conditions. Additionally, experimental
tests have demonstrated the effectiveness of using polymer coatings and low-viscosity
lubricants to enhance the performance of bearings. Optimizing the design of bearings
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improves their stability and reduces vibration when operating under challenging
conditions.

Keywords: journal bearings, finite element analysis, polymer materials, experimental
research, bearing design, bearing lubrication.
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MOJEJIIOBAHHS BIVIVBY CKJIALY HHIVTAKY HA HAIXO/I>)KEHHS
BOJHIO B METAJI
AsTtoHomoB /I.B., Kamkin B.10., Toro6unnka /1.M., MsiHoBcbKa 51.B.

AHoranis. [Iposedeto M00eN08AHHS 8NIUBY XIMIUH020 CKAAJY WIAKOBUX PO3N1asie Ha
CMyniHb pPO3UUHHOCMI B800HI Ma hapie 800u ma po3pobyeHo Mmodesi CmpyKkmypu
WIaKoB8UX ma Memanesux po3njasis, sIKi 8UKOPUCMAHI ONS1 OUIHKU B8NIUBY Pi3HUX
gapiaHmis po3miujeHHs 0OMIUIKOBUX eJleMeHMI8 Yy pO3naasax Ha ixHilli 3apsi0osuli Cma.
Po3uuHeHHs1 800s1HOI napu npunadarome Ha 001acmMb UWLIAKI8 3 0essKUM HAOJUUIKOM
KUCHI0, d PO3UUHEHHS 800HI0 - 00J1aCMb WaKie 3 degiyumom KucHw. IHwumu crosamu,
pO3UUHEeHHs1 800U 8 wWnakax 8idoysaemscs Juule 8 OKUCTH8ANbHUX YMO8AX, A 800HI0 — Y
8IOHOBIH0BAILHUX. Y C8iMJII BUKNIAOEH020 JI02IYHO Npunycmumu, wo 0OMIiHYHUa posib py
0azamogakmopHux 3aaexHOCMmsAX € O03HAKOW nepedys8aHHs B00HK 8 BiI0HOCHO
HelimpaibHOMy cmai, nidsuwjeHHs poaii nhapamempa Ae c8iduumes npo akmueizayiro
lio20 83a€M00ii 3 HABKONUWHIMU AMOMAMU MAMPUYi, 8 nepuly uepzy KUcHH.

KimiouoBi cjioBa: 800eHs, po3uuHHICMb, WIAK, 81ACIMUB0CMI WIAKY, MOOEN08AHHS.

Beryn. Sk Bigomo, SKiCTh TOTOBOI MeTaJIOINPOAYKIlii 3HAYHOI Mipoo
BM3HAYAETbCS BMICTOM MIKiAJMBUX MOOMIIIOK, Y TOMY UMCJIi BOAHIO. BomeHb €
HEMMHYYOI0 [JOMIIIKOI0, IO MOTipllye eKCIUIyaTaliliiHi BJIAaCTUBOCTI CTajlei Ta
cruiaBiB. [Ipo6iemMa 60pOTHOM 3 BOAHEM Y CTaJIi CTajaa OAHI€I0 3 aKTYaJbHUX i BAXKKO
BUpilIyBaHUX. ICHYIOTh HOesiKi mpuitomu, 10 3a0e3IMedylTbh 3HIMKEHHSI BMICTy
pO3UMHEeHMX rasiB y meTasi. OgHUM i3 HUX € Tigbip ONTUMa/JbHOTO IIJIAKOBOTO
pexXuMy Ta IMABUINEHHSI B'SI3KOCTi IUIAKy Iepel, BUITYCKOM [IJiSi raJbMyBaHHS
MacOOOMiHHMX ITPOIIECiB HAa MEXi IIaK-MeTall.

MeTta po6oTu. IllnakoBi po3miaBu CyIpPOBOMKYIOTh IMPAKTUYHO BCi OCHOBHI
BUPOOHUIITBA MeTaJly, Ta 10ro BJIaCTUBOCTI, i HaBiTh CK/Iaf, (30KpeMa i BMiCT BOJHIO)
BM3HAYAKOTh SIKiCTh KiHII€BO1 MPOAYKIILii.

Posrnsggaouyt 3aKOHOMIPHOCTI PO3IIOAiy BOJHIO MiK MeTa/IOM i IJTAKOM, CJTif,
3a3HAUNUTH, IO MapajielbHO NPOTIKAE P AaHAIOTIUHMX TIPOIEeCiB, 30Kpema,
Tepepos3no/ii KMCHIO, MapTaHIiio, 3a/li3a TOII0, HeOOXiAHICTh 06Ky HACTiKIB SIKUX
YCKIAAHIOE BUOIp Tiei uM iHIIOI cXeMM aHali3y MpoIecy po3Mojily SIK BOOHIO, i
Oyap-sIKOro iHIIOro KomIloHeHTa. CaMe TOMy B IIiii po6GOTi ocob6iuBa yBara

MIPUIIISIETBCS  MOMOENIOBAHHIO  BJIACTMBOCTEN  IIJJAKOBMX  PO3IUIaBiB  Ta
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MIPOTrHO3YBAHHIO BIUVIMBY CKJIaAy LUIAKy HA CTYIiHb PO3YMHHOCTI B HbOMY BOJHIO Ta
rapiB BOJN.

TeopeTMUHMI aHa/Ti3 PO3UMHHOCTI BOAHIO Yy IIJIaKaX.

BuBUeHHSI PO3UMHHOCTI BOAHIO B MeTaNypriiiHux ¢dasax He MOXe OyTHU
oOMeXXeHe TiIbKM CTa/IeIIaBUIAbHUMM CUCTeMaM. BUKOPUCTAaHHS IPUPOTHOTO Tasy
B IOMEHHii TUIaBIi pOOUTDb aKTyaJbHMM BUBUEHHS 0COOJIMBOCTEN PO3IIOIiTY BOIHIO
Ha pi3HMX cTafisx ¢opmyBaHHS 4aByHy. CIiHIOBaHiCTb Ta3OMiCTKMX JOMEHHMX
IIJIaKiB 3HAUHOI0 MipOI0 BIJIMBA€ Ha ra3oAMHaMiKy Mpolecy IUIaBKM, a BOAHOYAC i
Ha NIPOAYKTUBHICTb JOMEHHMUX Teyveii [1].

[IpurtymieHHs PO iCHyBaHHS iOHIB BOOHIO B IIJIAKOBUMX ab0 MeTajeBUX
po3IliaBaxX y BUIVISIZI ITPOTOHA IaBHO BXKe PO3IJISIAAIOCS SIK MaJIOJiMOBipHE 3 OIJISIAY
Ha OUiKyBaHy CHJIbHY JIOTO B3a€EMO[il0 3 OTOUYIOUMMM aTOMaMM, a TUM Oiiblie
a"ioHamyu Tumy O? matpuii. 3 iHmoro 60Ky, aHaji3 myOJiKalliii sIK paHHbBOrO, i
6ibII Ti3HBOTO Tepioay [2, 3] mae miacTaBu BBaskaTu, 1m0 ¢dopma iCHyBaHHS iOHiB
BOJHIO, 1X 3apsilOBUII CTAH PO3YMI€ThCS $IK $SIKACh IIOCTiliHA. 3HAYe€HHS Z, €
IpOOOBMMM i 3MiHIOIOTBCS 3aJIEXKHO SIK BJIACTMBOCTEN MapTHEpPA YTBOPEHMX 3B 'SI3KiB,
i ix momxkuum (d) [4]. Po3pobseHi mopesni CTPYKTypM IIJIAaKOBUX Ta MeTajeBUX
po3myiaBiB BUKOPUCTAHI [JISI OIL[IHKM BIUIMBY PIi3HUMX BapiaHTIB pPO3MillleHHS
JTOMIIIIKOBUX e€JIeMeHTIiB Yy po3IlaBax Ha IXHilil 3apspgoBuit cTaH. PesynbTatu
pO3paxyHKiB BUKOHAHO IPY NPUIIYIIEHHI, 1110 CTPYKTypa po3iiaBiB cuctemu CaO-
SiO, TMOBHICTIO yIIOpsSAKOBaHa, TOOTO, XapaKTepU3YETbCS iHTerpaJbHUMMU
MOAeAbHUMM TlapaMeTpamy, NPUIMHATUMMU [IJis1 MeTadeBuX po3IviaBiB (ZY), ne
Z - 3apsi HeIoJsIpu30BaHOTO iOHA ejleMeHTa MOXe OyTM IpoOOBOi BEMYMHOIO;
o - KyT HaxXWiIy psIMuX B KoopanHaTax 1gRu Big Z. TIpuitHsan, 1m0 po3MilieHHs BCiX
OOMIIIIOK y CTPYKTYpi IIJIAKOBUX PO3IUIABIiB BifOyBa€ThCsl MO BAaKAaHTHUX BY3Jax
aHioHHOi rpaTu, abo IO KaTiOHHMX MiXKBY3/1iB. O6MaBa IIi BUMAJIKM € KpaiiHiMu
TiMOTEeTUYHMMM BapiaHTaMM B3a€EMHOTO pO3TalllyBaHHS AaTOMiIB JOMIIIKM Ta
MaTpuili. BoHM 1aioTh MeBHY SKicHY iHdopMallilo, B SKilf MOskHa 6aUMTH MacIITab
BIUIMBY CKJaAy poO3IUIaBy, MOro CTPYKTypM Ta XiMiuyHOI iHAMBiZyanbHOCTI
JIOMIIIIKOBOTO KOMIIOHEHTa Ha IPOolleCc MiXKaTOMHOI B3a€MOii y po3IlUiaBax, [e

iHTerpajJbHUMM XapaKTepPUCTUKAMM BUCTYIIAIOTh: XiMiUHMI1 €eKBiBaJIeHT CKIanmy - Ae,
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110 XapaKTepu3ye B3a€EMO/IiI0 3B'sI3Ky KaTiOH-aHiOH; CTPYKTYpHMI rmapameTp — d, 110
TOKa3y€ CepeqHbOCTAaTUCTUYHY MiKSAEPHY BiACTaHb; IOKAa3HUK CTexioMmeTpii - p,
SIKMII BM3HAYa€TbCSI BiJHOIIEHHSIM 4umciaa KaTioHiB K mo umcina a”ioHiB A B 100r
po3MjaBy; eJNeKTPOXiMiuHMIA eKBiBaJileHT - tgo, 10 XapaKTepusye XiMiuHy
iHAMBiAYyabHICTh aHATI30BAHOIO MOEJHAHHS €JIeMeHTiB.

AHami3 gOCUTh BEJMKOI KUIbKOCTI eKCIepUMMEeHTaJbHUX OaHUX IOKa3ye, IO
IIJIaK, IIOPiBHSHO 3 MeTaJOM, 3a3BMYali BiZHOCHO mepecuuyeHuii BogHem. lle
CBiguUMTh TpPO Te, IO IJIAK AifiCHO € 3aXMCHMUM CepeIoBUILIEM i Iepegaya BOIHIO
yepe3 HbOTO MeTaIy MOB'sI3aHa 3 HEOOXiAHICTIO MOJO0/IaHHS iOHAMM €HEepPreTUYHOro
6ap'epy Ha Mixkda3HOMY KOPAOHI MeTasI-IlIaK.

Pe3ynbTaTy OOC/IiIIKEHHSI pi3HMMM aBTOpaMyu po3umMHHOCTI H,O B po3miaBax
cuctemu Ca0-SiO;, miIs TMX caMMX CKIAIiB iCTOTHO pi3HSThCS. A po3pobKu
y3arajabHI0401 MopeJti BUKOPUCTAHO IaHi BVYBUYEHHS CUCTEM
Ca0-Al;03-Si0,, Ca0-MgO0-SiO; Ta Ca0-Si0;-FeO-Fe;0s i s sikux 3a po3pobIeHO0
paHillle MeTOAMKOIO [5] BU3HAu€HO MOe/bHI MapaMeTpyu eJIeKTPOHHOI OyI0BU
(Tab6s.1). AHamiz 06'€emHAHOrO MacuBY TakKoi iHdopmallii PO PO3UYMHHICTbD BOAU

(cm®/100r) y makax y3araJibHIOE PiBHSIHHS

COmzo= -452,3-33Ae+2341tga+89,5p+0,0294t-34,0AAe  (r=0,87), (1)
Ile mapaMeTp Ae € MOKa3HMKOM XiMiUHOI MiKpOHEOAHOPIAHOCTI CTPYKTYpPU ILJIAKiB.

I'padiuHa iHTepripeTallis X pe3yabTaTiB HaBedeHO Ha puc.l.

Tabanng 1.
MogenbHi mapameTpu CTPYKTypH 1iakiB cucteMu CaO-SiOz-FeO-Fe;03
Ne d Ae Tga p AAe
1 3.143 -3.344 0.114 0.746 -1.33
2 3.260 -4.219 0.101 0.677 -0.74
3 3.227 -3.913 0.106 0.699 -0.98
4 3.270 -4.082 0.104 0.705 -0.86
5 3.276 -3.875 0.107 0.736 -1.08
6 3.292 -3.905 0.107 0.737 -1.10
7 3.352 -4.367 0.099 0.715 -0.69
8 3.336 -4.188 0.102 0.731 -0.84
9 3.383 -4.783 0.098 0.719 -0.60
10 3.399 -4.638 0.095 0.707 -0.47
11 3.55 -4.559 0.096 0.829 -0.57
12 3.426 -4.749 0.093 0.710 -0.37
13 3.217 -4.071 0.103 0.671 -0.83
14 3.456 -4.774 0.093 0.729 -0.35
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AHani3 oTpuMMaHMX pe3yabTaTiB IOKa3aB, IO AJs OOMEHHMX IUIaKiB, IO
dbopMyIOTbCS B YMOBAax BiZHOBJIOBAJbHOI aTmMocdepy, Ha IOMIMHAHHS BOMASIHOI
mapy BU3HAYQJIbHMII BIUIMB HaJa€e 3MiHa IlapaMeTpa p, TOOTO. CTYyIIeHS
3allOBHEHOCTiI aHIOHHMX MiKBY3JIiB KaTioHamMM [Ijisl IUIakiB XK OKMCJIHOBAIbHOTO
BUMPOOHMIITBA CUTYyaIlil 3MiHIOETbCS i OCHOBHE HaBaHTa’KeHHS B IIOIJIMHAJIbHIi
3MATHOCTI 1muIaky IepexomuTb Bim p (mig  Cmo=f(p) 1r=0,19) mo Ae
(mnst Cuzo=f(Ae) r=0,69). 3 1ILOTO TOTIJISAAY OMMC BCiX MAaHUX SIK €IMHOTO MACUBY
inbopmariii (puc.1) HemOCTaTHbO KOPEKTHO, ajie BOJHOYAC MOKA30BO 3 TOIVISIY
imocTpanii  MokIMBOCTelt — mMeTomosiorii  i3MKO-XiMiYHOTO  MOMEe/I0OBaHHSI.
[lepeMuKaHHS HaBaHTa>KeHHS 3 OJHOTO aKTopa Ha iHIIMII Y PO3IISIHYTOMY BUIIE
BUIIQAKYy MOXXHA TPaKTyBaTU SIK MOCUJIEHHSI pOJii XiMi3My y B3aemofii rasy 3

aToMaMy MaTpHIli y pa3i OKMC/II0BAJIbHUX MPOIIECiB.

150

CHEOa:cn.
[ ]

100 ~

80

0 T T
0 50 100 CHzO0pa0u.

O - Ca0-AlI203-Si02, - Ca0-MgO-Si02, X — Ca0-SiO2-FeO-Fe203
PI/ICVHOK 1- CHiBBi,ELHOI.LIeHHSI MiX PO3PAaXyHKOBMMM Ta €KCIIEPMMEHTAa/IbHUMU 3HAYECHHAMU
PO3UYMHHOCTI BOAM B IIJTaKax

Crmipg maTy Ha yBa3si, 110 BUMAAKM PO3UMHEHHSI BOASHOI Mapy NpuUIlagalTb Ha
00Js1acTh IUIAKIB 3 MOEeSIKMM HAIJIMIIKOM KMUCHIO, a BMIIQAKM po3umMHeHHs H, Ha
obyacTh IIIakiB 3 gediuMTOM KMCHIO. [HIIMMM CIoBaMM, PO3UMHEHHS BOIM B
IIakaX BigOyBaeTbCcAd TiIbKM B OKUCIIOBAJIBHMX YMOBaX, a BOJHIO Y
BiJHOB/IIOBAJbHMX. Y CBIiT/IIi BUKJIAJEHOTO JIOTIYHO OPUITYCTUTHU, IO AOMiHyKOUa
poiib p y 6GaraTogakTOpHMX 3a/JIEXKHOCTSIX € O3HaKOI IlepeOyBaHHS BOOHIO B
BiIHOCHO HEMTpaJIbHOMY CTaHi, IMiABUILEHHS pOJi IMapaMmerpa Ae CBiIYUTH IIPO
aKTMBI3allil0 0r0 B3aeEMOJil 3 HABKOJMIIHIMM aTOMaMM MaTpUIii, B Iepiry

yepry KUCHIO.
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BucHoBku. IIpoBemeHO MOMeNIOBAaHHSI BIUVIMBY XiMiUHOTO CKIAAy ILIJTaKOBUX
pO3IIIaBiB Ha CTYMiHb PO3YMHHOCTI BOJHIO Ta MapiB BOAM Ta PO3po0JeHO MOjeti
CTPYKTYPM LIJIAKOBUX Ta METAJIEBUX PO3IVIABIB, SIKi BUKOPUCTAHI [IJIST OL[iIHKY BILJIUBY
pi3HMX BapiaHTIB PO3MillleHHS OOMIIIIKOBMX €JIeMeHTIiB y poO3mjaBax Ha IxHil
3apsiioBMIi CTaH. Pe3ynbTaTy poO3paxyHKiB BMKOHAHO IIpM MPUITYLIEHHi, IO
CTpyKTypa posiuiaBiB cuctemu CaO-SiO; TMOBHICTIO yIIOpsiAKOBaHA. AHasi3
eKCIlepMMeHTaIbHUX JAHMX IOKa3ye, 10 IIIaK, MOPiBHSHO 3 MeETa/ioM, 3a3BuUuaii
BiIHOCHO IepecuueHMit BogHeM. Lle cBiZunTh Mpo Te, 110 IUIAK AifiCHO € 3aXMCHUM
cepeloBUINEM i Iepemavya BOIHIO yepe3 HbOTO MeTaly MOB'si3aHa 3 HEOOXiITHiCTIO
ITOOJIAaHHSI iOHaMM eHepreTMYHOro 6ap'epy Ha MiXk(a3sHOMY KOPAOHI MeTasl-IIaK.
AHaji3 oTpMMaHMX pes3yabTaTiB IIOKa3aB, IO [ AOMEHHMX IIJIaKiB, 10
dbopmMyIOTbCS B YMOBax BiZHOB/IOBaJIbHOI aTMocdepu, Ha IOTJAMHAHHS BOISHOI
napy BU3HauYa/IbHMIT BIUIMB Hala€ 3MiHa IapaMeTpa p, TOOTO CTyIleHsI 3alI0BHEHOCTi
AHIOHHMX MiKBY3/IiB KaTioHamu [ IIJIaKiB K OKMCIIOBAJbHOTO BUPOOHMIITBA
CUTYyallisl 3MIHIOEThCS i OCHOBHE HABAHTAKEHHS B MOIVIMHAIbHIN 3JaTHOCTI LIJIAKY

nepexoguThb Bifl p (151 Cuz0=f(p) r=0,19) mo Ae (151 Cuzo=f(Ae) r=0,69).
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SIMULATION OF THE INFLUENCE OF SLAG COMPOSITION ON HYDROGEN
ACCESS TO METAL
Avtonomov D.V., Kamkin V.Yu., Togobytska D.M., Mianovska Ya.V.

Abstract. The influence of the chemical composition of slag melts on the degree of
solubility of hydrogen and water vapor was simulated and models of the structure of slag

ISSN 1991-7848 123



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

and metal melts were developed, which were used to assess the influence of various
options for placing impurity elements in melts on their charge state. The dissolution of
water vapor falls on the region of slags with some excess oxygen, and the dissolution of
hydrogen - on the region of slags with a deficiency of oxygen. In other words, the
dissolution of water in slags occurs only under oxidizing conditions, and hydrogen -
under reducing conditions. In light of the above, it is logical to assume that the dominant
role of p in multifactorial dependencies is a sign of hydrogen being in a relatively neutral
state, an increase in the role of the parameter Ae indicates the intensification of its
interaction with the surrounding atoms of the matrix, primarily oxygen.

Keywords: hydrogen, solubility, slag, slag properties, modeling.
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BUKOPHCTAHHS APIBHOAVICITEPCHUX MAPTAHITEBUX KOHIIEHTPATIB B
METAJIYPTTIHUX ITPOIIECAX
Onpuiancekuii O.B., ITanos 0.0., AukyaiHoB P.B., MsHoBcbKa 51.B.

AHoTanisgs. AHaniz @i3uko-ximMiuHux e1acmueocmeti KoHueHmpamis 2-20 copmy
noKasye, w0 XxapakmepHa O HUX 3epHUCMO-niwaHa cmpykmypa He 3abe3neuye

ompumamu HeoOXiOHull epaHyiomempudHull ckaad i MiyHiCHi NOKA3HUKU 2PAHYTHEMO20
mamepiany. OOHUM i3 WNAXi@ nNidBUWEHHS CMYNneHsT BUKOPUCMAHHSL X80CMI8 €
nonepeoHs nidcomoseka 3  66edeHHSIM  @'syuux — peuosuH  «PeazeHm
mopaeziopookcudnuti». Y nabopamopHux ymosax HMemAY peazenm mopziopoxcudHuii
gunpo0bysaHuii npu OmMpuMauHi aziomepamy 3 WUXMU, WO MICMUmMs xgocmu
30azaueHHs mapzaHyesoi pyou. SKicms ompumaHozo aziomepamy: euxio npudamHozo -
81,3%; miunicme Ha yoap - 3,0%; miuyHicmv Ha cmupaHHs - 1,5%; ximiuHuii cknao
20moeo2o aznomepamy: Mn3ae. - 28,72%, S - 0,211, C - 0,91%. 32i0H0 3 pe3ynbmamamu
(ppakmoepagiunozo aHanizy euseseHa MOHKA CMPYKmMypa 31amy CneueHozo 3paskd.
Cmpykmypa noeepxHi pyliHy8aHHs Xapakmepusyemscsi SIMKO80K MiKpoOydosor.
XapakmepHum € penved, ymeopeHuil cykynHicmio okpemux pacemok. Taka 6ydosa
NOSICHIEMbCS. MUM, WO Npu 00CSI2HEHHI 2paHUYHUX CMAHI8 8 JIOKANbHUX 00Csl2ax Ha
JilsHKax, wo npedcmaesiioms o000 nepewkoou 05 6Ge3nepepsHocmi depopmauii,
3apo0HCYMbCSL MIKPONOPOMCHEUi.

KimouoBi cimoBa: mapzavyesa pyoda, KOHYyeHmpamu, 02pyOKY8aHHS, peazeHm
mopzidpookcudHuti, aznomepauis, Mikpocmpykmypa, ekoJi02isl.

MeranypriiiHa IpOMMCIOBICTh, @ TUM OilbIN SIKiCHA MeTayprisa, B yMoOBax
PMHKY He MOXe YCITIIIHO (PYHKIIIOHYBaTU 6€3 BUKOPUCTAHHS JIETYIOUMX MeTasliB, B
TOMY uMcJi 6e3 MapraHiijo, XpoMy, BaHafilo, TUTaHy i iHIMX meTtaniB. Cepen 1UX
MeTaJIiB IIPOBigHe Miclie 3aiiMae MapraHellb, 613bKo 90% i10ro OKCUAiB, 3'€IHAHD i
CIUIaBiB BUKOPUCTOBYETHCS B UOpHil MeTtanyprii. OfgHi€w i3 MpiopuTeTHUX 3amad
TipHMYO-MeTaaypriiHoOro KOMILIEKCY VKpainu 11010 palioHaJIbHOTO
BUMKOPUCTOBYBAHHSI MapraHiilo ponaoBuina HiKomosbCbKOrO MapraHIeBOPYIHOTO
OaceifHy € po3poOKa i BIPOBAIKEHHSI HA YCiX CTamisIX HACKPi3HOI TEXHOJIOTiUHOi
cxemu e(QeKTUBHMX TEXHOJIOTiii BMIOOYTKY i 36araueHHs pyau, arjaoMepariii
KOHIIEHTpATiB i BUIJIaBKM MapraHieBux (epocIijiaBiB IMIMPOKOTO COPTAMEHTY, SIKi
3a0e311euyIoTh MigBUIeHHS KoedillieHTa KOPMCHOTO BUTYYeHHS MapraHIfio i3 pyau i

BUIIVIABKM KOHKYPEHTOCIIPOMOXXHMX MapraHIeBUX CIIJIaBiB.
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Hait6inbpmr  BiZoMMM OCBOEHMM IPOMMCIOBUMM CIIOCOG0OM  OKYCKyBaHHSI
BITUM3HSIHOI MapraHlleBOPYAHOI CUPOBUHM, SKUII Ma€ PO3BUTOK B OCTAaHHE
necaTuniTTsa, € araomepariiss [1-4]. Ilpu po3po6iii HikomonabCchbKOro pomoBuiia
MapraHieBuX pya B LUIAaMOCXOBMINAX I[TOKPOBCHKOTO TipHMYO-36aravyyBabHOIO
KOMOiHATy HAMMTO IIIJIAMiB 3 cepeHiM BMicToM MapraHiuo 10-12%. Axani3 ¢isuko-
XiMIYHMX BJIACTUBOCTEN KOHIIEHTPATIB 2-TO COPTY IMOKA3YE, 10 XapaKTepHa /151 HUX
3epHUCTO-MII[aHa CTPYKTypa He 3abe3meuye JOCTATHbOI KOMKYEMOCTi arjoMMUXTH i
He [O03BOJISIE IIpM TMpOBedeHHi ii rpaHyadUii  oTpuMMaTv  HeoOXimHuii
rpaHyJIOMETPUYHMI CKJIa[, i MillHICHI ITOKa3HMKM IpaHy/I0eEMOro matepiany. Hagasti
1le TIPU3BOAUTD 10 3HVKEHHS MPOAYKTUBHOCTI aryiomamuuu. OgHak, TPYIHOII iX
BUKOPUCTAHHS TIIOJSIral0OTb B IIOTAHOMY 3JMUIIAaHHI TMpPM OrPyAKyBaHHI Ta
OpMKeTyBaHHi, 110 ITOTPe6y€e pO3pOOKM TEXHOJIOTII OrPYIKYBAaHHS 3i BCTAHOBJIEHHSIM
e(eKTUBHOTrO 3B’SI3yI0UOTO.

ArsomepaT TOBMHEH MaTU BMUCOKY MILIHICTb, KYCKyBaTiCTh, MOPUCTICTH i
3HAUYHY BiITHOB/IIOBJILHICTD P 3aJaHOMY XiMiYHOMY cKiafi. OqHaK BUKOPUCTAHHS
MapraHelbBMiCHMX IIUIAMiB B arjIOMepaliifHOMy TIpolieci OOMEeKyeTbCS iX
dismunMmu, QisuMKO-XiMiYHMMM BJIACTUBOCTSIMM i BMIiCTOM IWIKiIJMBUX HAOMIIIOK.
30iMbIIeHHS YaCcTKM IIIJIaMiB B arJioMepaliiiHiii IuXTi BUMAara€ BUPIiIIeHHS
HACTYITHMX 3aBAAaHb: IOIIYK CIIOCOOiB TMiATrOTOBKM, IO [TO3BOJISIOTH ITiABUINUTU
OOMYyCTUMY [JIsl yTWii3alii B arjoMeparliiiHiii cyMiln MexKy BOJIOTOCTi IIJIaMiB;
MOMITIIIIeHHS ycepeAHEeHHS IUIaMiB B arjoMepaliiiiHiit 1muxTi, 3abe3redyeHHs
ra30MpPOHMKHOCTI 1Iapy, IO CITIKAETbCS Ha arJioMepallifiHiii CTpivlli i CKOpOUYEeHHS
BUHOCY Ivty. [Ij1s1 3a7yuyeHHS Y BUPOOHUIITBO (DepocriaBiB MapraHIeBuX MIIaMiB ixX
HeOoOXiTHO OKYCKOBYBATM 3 METOI0 MOJIIIIIIIeHHS Ta30IPOHMKHOCTI iX HACMITHOI Macu
i oTpuMaHHSI OKaTHUILIB HeOOXimHOI hopmu i po3mipy.

OmHuM i3 HIISIXiB MiABUILEHHS CTyIIeHsS BUKOPMUCTAHHS XBOCTIiB € IOmepemaHs
MITOTOBKA 3 BBEIEHHSM B'SDKYUMX pedOBUH «PeareHT TOpQriapookcumHuit». Y
nabopatopuux ymoBax HMeTAY peareHT TOpdrinpoKCUAHMUIT BUIIPOOYBaHMIL TIPU
OTpPMMaHHi arjiomepaty 3 IIMUXTH, IO MICTUTh XBOCTM 30araueHHs MapraHIeBoi
pyau. lluxTta aas armomeparlii ckiaganacs: XBOCTM 30araueHHs pyau - 73,53%;

KOKCUK - 7,35%; PTI' (peareHT Topdrigpokcumuuit) - 4,41%; 3Bopor - 14,71%.
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CriikaHHST 3[iJiCHIOBAJIM 3a TaKMX YMOB: BMUCOTa MIapy muxtM - 300 mMwm;
pospsimkeHHss - 1000 MM BOA.CT.; Yac 3amajgoBaHHS - 1,5 XB.; TemIiepaTypa
sanamoBaHHs - 1220°C; vac cmika"HHg - 14,5 XB.; MakcMMa/IbHa TeMIlepaTypa
crikaHHs - 1360°C; ycagka - 80 MM. SIKicTb OTpMMaHOrO arjiomepary: BUXi[
npugatHoro - 81,3%; minHicTh Ha ymap - 3,0%; MilnHicTh Ha cTupaHHS - 1,5%;
XiMiUHMIi CKJIaJl TOTOBOTO arjioMmepary: Mna.. - 28,72%, S - 0,211, C - 0,91%.
MopdosoriuHmii aHasli3 crieyeHoi CyMmilili i BUXiZHMX KOMIIOHEHTIB ITPOBOIMUIIN
3a JIOIIOMOIOI0 PaCTPOBOTO eJeKTpPOHHOro Mmikpockora NeoScope II (dipmu Jeol,
SIroHis) B peskuMi BMCOKOTO BaKyymy IIpU MPUCKOPIOIOUii Hampysi 15 KB. Pexxum
criocTepeskeHHs - secondary electron image (BTOpUHHI eJleKTpoHM). XapaKTepHMIA

BUJ, CTPYKTYP CYMIllli O CITiIKAHHS 1 MiC/ISI CIIiIKaHHS [MOKa3aHuii Ha puc. 11 2.
£7, A i SIS Wy ‘ Bhia . -

a — x50; 6 — x1000;
PucyHok 1 - CTpykTypa cyMilli fo CIikaHHS

CTpykTypa BMXiJHOI CyMilni TpeAcCTaBjlieHa [BOMAa  CTPYKTYpPHUMMU
CKJIaJIOBMMMU, SIKi PO3Pi3HSIOTHCSI 32 CIIOCOOOM BimoOpaskaTy BTOPMHHI €JIeKTPOHMU,
po3Mipom, ¢opMOI0 i 3a CItocob60M pO3IOJily YacTOK B cyMimri. BigmoBimHo mo
kinacudikamii 3a crmoco6boM BimoOpakaTu BTOPMHHI €JIEKTPOHU, B CTPYKTYpi
PO3Pi3HSIOTHCS CBiT/Ia CTPYKTYpPHA CKJIAZ0Ba, 1110 Ma€ B CBOilf OCHOBI ByIJIelb (TOpd)
i TeMHO-cipa CTPYKTypHa CK/IaJoBa, L0 Ma€ B CBOIii OCHOBi oKkcuau mertany. Y
CTPYKTYpi BUXiIHOI cymili, 3rimiHO po3mipHOro gakrtopa, Topd IpencTaBieHM
yacTKaMu aucnepcHictio Big 0,6-170 MKM, B TOM >Ke 4ac, YaCTMHKMU, IO MIiCTSTh
OKCMUAY MeTajay MaloTh AMCIIePCHicTh Bif 5,6-500 MKM, IO iCTOTHO MepeBUIIyE

po3Mip Topd'sHUX dYacTMHOK. [pi6HomucrmepcHi uyacTku Topdy (mo 1,5 MKM)
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pPiBHOMIpHO PO3MOAINSETbCSI HA TOBEPXHi BEJIMKUX UYACTUHOK, CPOpMOBAHUX B
mpolieci orpyakyBaHHS. 3rimHO ¢dopmu, TeMHO-cipa CTPYKTypHa CKJagoBa
TpeAcTaBjieHa 4YacTKaMy TpaHoi ¢opMM i 4YacTKM, IO YTBOPUIMUCS B IIpOIleci
OTpyOKyBaHHS (4acTKM 6M3bKO 20 MKM, SIKi 37MILIMCS ITiJ BIUIMBOM MigBUINEHOI
BOJIOTOCTI i pyMHYIOTBCS ITif i€l0 He3HAUHOTO HaBaHTakeHHs (puc. 2.9, a). Y Toii ke

yac, Topd'sTHA CK/Ia0Ba He Ma€ TaKoi pi3Kkoi BimMiHHOCTI 3a (hopmoI0.

§ e 200 i —— 0
SEI PC-std.o 15KV < x100% ~ 000708 WHigh-vac.  SEL PC-std. “45kV._ 'x 1000 17.102013_ 000107

a - x100; 6 — x1000
PucyHok 2 - CTpyKTypa cIieueHoi cyMilii

3rigHo 3 pe3ynabTaTamyu @pakTorpacdivHOro aHasi3y BUsBIeHa TOHKA CTPYKTypa
3/1laMy cIiedeHOro 3paska. CTpyKTypa IIOBepXHi pYIiHYBaHHSI XapaKTepU3yeTbCS
SIMKOBOIO MiKpOOYI0BO0. XapaKTepHUM € peJibed, YTBOPEHUI CYKYITHICTIO OKPEMMUX
dacerok. Taka 6y/i0Ba MOSICHIOETHCSI TUM, 1[0 TIPU AOCSITHEHHI I'PaHUYHUX CTaHIB B
JIOKJIbHMUX 00csirax Ha [OiITHKax, 10 IIpeACTaB/sSiOTh CO00I0 TMepemkoayu s
6e3mepepBHOCTI medopmaliii, 3apOKYIOTbCSI MiKpPOTOPOKHEUi. 3i 36iablIIeHHSIM
HAIpyrM MiKpOMOPOXHEeUi POCTYTb, 3JMBAIOTHCS, 10 MPU3BOAUTH IO TMOBHOIO
pyiiHyBaHHS 3 YTBOPEHHSIM Ha 3j1aMi 3ariaubieHb y BUIJISAAL SMOK, 3'€IHAHUX MiX
coboi0 mepemMuukamu. PisHuMiT po3mip SMOK CBiIUMTb IIPO Pa3HO3ePHUCTICThb
CTPYKTYPH, SIKa MOB'sI3aHa 3 Pi3HOK AUCIIEPCHICTIO BUXITHMX MaTepialiB CyMillli.

Ha "cTiHKax" 4allKoOBOTO 3JlaMy CIIOCTepPiraloThbCsl CUJIbHO BUTSITHYTI JIYHKU
(puc. 2.10 r). BoHM € pesynpbTaTOM pyHHYBaHHSI MaTepiaqy y3H0BX MOBEPXHi
JIOKaJ/Ii30BaHOTO iHTEHCUMBHOTO 3CyBYy. CBiT/Ia CTPYKTYpHA CKJIafoBa cyMilri (Topd)
pPO3TAIlOBYETbCS TIO MekKax 3epeH (JIyHOK) i BMKOHYE CIIOMY4YHY (YHKII0O MiX

OUTBLIMMY TEMHO-CipUMU CTPYKTYPHUMU CKIAAOBUMMU. Y CTPYKTYPi ITOBEPXHi 3/1aMy
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BUSIBJIEHA MaKpO- i MiKpOIOPUCTICTh, SIKa TaKOX PO3TALIOBYETHCS [0 MeKaX 3epeH
(TyHOK). 3a pe3yiabTaTaMM KiJbKicHOI Metasnorpadii MiHiManmbHMIT po3Mip mip
ckinagae 20 Mxm. ITopu JaHOTO pO3Mipy CKIamalTh 57% Bif BCix mip.

Bigomo, 1110 opraHiuHa pedyoByuHa TOpdy CKIATAETHCS 3 POCIUMHHUX 3aUIIKIB,
II0 3asHaJM Pi3HY CTymiHb po3kaamy. IloxomkeHHs Topdy IIOB'SI3aHO 3
HAKOIMMUYEHHSM 3IMIIKIB BigMepJiol POCAMHHOCTiI, HaA3€MHi OpraHu SKOi
ryMiGiKyl0TbCsS i MiHepasi3yloTbCsl B MOBEpXHEBOMY IIapi 60/oTa, IO aepyeThCsl,
3BaHOMY TOP(OTreHHMM TOPM30HTOM, I'PYHTOBMMMU Oe3XpebeTHUMMM TBapMHAMU,
OakTepismMu i rpmbamu. IlimsemMHi opraHm, IO 3HAXOASAThCSI B aHAepPOOHOMY
cepeloBUIIi, KOHCEPBYIOTbCS 1 YTBOPIOIOTb CTPYKTYpPHY (BOJIOKHUCTY) YaCTUHY
topdy. Enemenrapunit cknan topdy: 50-60% Byrieio, 5,0-6,5% BomHio, 30-40%
KucHio, 1-3% asory, 0,1-1,5% cipku Ha ropiouy macy. Y KOMIIOHEHTHOMY CKJIami
opraHiuHoi Macyu Topdy BMiCT BOOOPO3UMHHMX PEUOBUH CTAHOBUTH 1-5%, GiTyMiB
2-10%, nerkorigpoJizyemux 3'egHanb 20-40%, mnenwonosu 4-10%, ryMiHOBUX KUCJIOT
15-20%, nir"iny 5-20%.

B ocTaHHiI pokM Big3HAUa€TbCS iHTEHCUBHE 3POCTAaHHS 4yMc/aa OOC/IIKEeHb B
o6s1acTi XxiMii TyMiHOBUX KUCJIOT. Lle MOSICHIOETHCS iX BUHSITKOBOIO POJIIIO Y 6araTbox
reoximiuHmx, Oiojoriunmx i OioximMiuHMx T1pomecax. BoHM €  BMCOKO
peaxkIifHO-30aTHUMM i aKTMBHMMM i0OHOOOMIHHMMM PEeUOBMHAMMU, SIKi YTBOPIOIOTh
MilIHi 3B'SI3KM 3 6araTbMa iOHaMM i MOJIEKyJIaMM, eJleMeHTaMM, 110 3HAaXOASThCSI B
pPO3uMHi, & TAKOX BKJIKYEHUX B KPUCTAIUHY CTPYKTYpy MiHepaiiB. Lli peuoBuHU
BCTYIIAIOTh B PEaKIlil0 B3a€EMO/Iil 3 KaTiOHAaMM MeTaIiB 3 YTBOPEHHSIM Pi3HOTO POy
3'emHaHb. B OCHOBiI HMX B3a€MOZiii JieskaTh IIpollecH iOHHOTO 06MiHy. I'ymiHOBI
KUCJIOTU  CTabili3yloTh po3uMHHI ¢GopMu KpemHe3demy. KputuuHmuit dac
reJIeyTBOPEHHSI KpeMHe3eMy 3MEeHIIYETbCS uepe3 CHiJIbHY KOaryJssililo 3070
KpeMHe3eMy i TyMiHOBMX KuciaoT. Koarymsmiss BimOyBaeThcsl SIK BHACTIIOK
MigBUIIEHHS BMICTYy TYMiHOBMX KMUCJIOT B PO34YMHi, TaK i uepe3 30i/blIeHHS
KOHIleHTpallii B HbOMY KpeMHe3eMy i (OpPMYIOTbCSI MaJOpO3UMHHI MPOAYKTHU
B3a€EMHOI TMOJIIKOHAEHCAIlil, 1[0 CIOCTepira€TbCsi MpPU BUKOPUCTAHHI peareHTy
TOpQrigpOKCUIHMIT B IKOCTi B’SIKYUOTO IPY MiATOTOBIIi IO CITiKaHHSI KOHIIEHTPATiB

2-ro copty dpakiii 0-1MM, SIKi 0J1epsKyIOTh TPy 36araueHHi MapraHIeBoi Pyau.
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BucHOBKMU. st BUKOPUCTAHHS y BUPOOHUIITBI dbepocmiasi
IpiOGHOIMCIIEpCHUX MapraHIeBMX BTOPMHHMUX MaTepiaaiB HeOOXiTHO OKYCKOBYBATU
3 METOI MOJIIMIIeHHSI Ta30MPOHMUKHOCTI I1X HAaCUIHOI Macyu i OTPMMAaHHS TpaHyJ/l
HeoOXimHOi opmu i posmipy. OmHMM i3 IUIAXiB ITABUINEHHS CTYIIEHS
BUKOPUCTAHHS XBOCTIB € IONepeaHs MiArOTOBKA 3 BBEOEHHSIM B'SDKyYMX PEYOBUH
«PeareHT TopdrigpookcuaHmuit». 3rigHO 3 pe3ynbTaTaMmyu GpakTorpadiyHoro aHasmaizy
BUSIBJIEHA TOHKA CTPYKTypa 3/71aMy CIIeYeHOro 3pa3ka. XapaKTepHUM € peybed,
YTBOPEHMI CYKYITHICTIO OKpeMuXx ¢aceTok. Taka 6y0Ba MOSICHIOETHCSI TUM, IO TP
IOCSTHEHHI TpaHMYHMX CTaHiB B JIOKAJbHMX 00cCSrax Ha JiISHKAX, IO
MIpeNCTaB/SIOTh  CO00I0  mepemKkoau s OGesmepepBHOCTI  medopMariii,
3apOKYIOThCSI MiKpOIoposkHedi. Y jabopaTopHux ymoBax HMeTAY peareHT
TOpTriIpoKCUaHMIT BUIIPOOYBaHMIT TpPM OTPMMAaHHi araoMepary 3 LIUXTH, IO
MIiCTUTh XBOCTM 30araueHHsT MapraHueBoi pyau. Illuxta @IS ariomepatii
CKIajasacsi: XBOCTMU 30arayeHHs1 pyau - 73,53%; kKokcuk - 7,35%; PTI (peareHT
Topdrigpokcuanmuit) - 4,41%; 3BopoT - 14,71%. SIKicTb OTpMMAHOTrO arjaomMepary:
BuUXig npuagaTHoro - 81,3%; MiuHicTh Ha ymap - 3,0%; MillHiCTb Ha cTUpaHHs - 1,5%;

XiMIUHMI CKJIa[1, TOTOBOTO arjaoMepary: Mns.. - 28,72%, S - 0,211, C - 0,91%.
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USE OF FINELY DISPERSED MANGANESE CONCENTRATES IN
METALLURGICAL PROCESSES
Olshansky O.V., Panov 0.0., Ankudinov R.V., Myanovska Ya.V.

Abstract. Analysis of the physicochemical properties of the 2nd grade concentrates shows
that the characteristic granular-sandy structure does not provide sufficient compaction
of the sinter charge and does not allow to obtain the required granulometric composition
and strength indicators of the granulated material during its granulation. One of the
ways to increase the degree of utilization of tailings is preliminary preparation with the
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introduction of binders "Porf hydroxide reagent". In the laboratory conditions of
NMetAU, the peat hydroxide reagent was tested when obtaining a sinter from a charge
containing tailings from the enrichment of manganese ore. The quality of the obtained
sinter: yield of usable - 81.3%; impact strength - 3.0%; abrasion strength - 1.5%;
chemical composition of the finished sinter: Mntotal - 28.72%, S - 0.211, C - 0.91%.
According to the results of fractographic analysis, a fine fracture structure of the sintered
sample was revealed. The structure of the fracture surface is characterized by a pitted
microstructure. The relief formed by a set of individual facets is characteristic. Such a
structure is explained by the fact that when limit states are reached in local volumes,
microvoids are formed in areas that represent obstacles to the continuity of deformation.

Keywords: manganese ore, concentrates, agglomeration, peat hydroxide reagent,
agglomeration, microstructure, ecology.
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CEKLIA 2

IHO®OPMAIIIMHI TEXHOJIOTI B ITPOIIECAX OJEPKAHHS

MATEPIAJIIB 13 3BAJAHUMU BJIACTUBOCTSIMU

SECTION 2

INFORMATION TECHNOLOGIES IN THE PROCESSES OF OBTAINING
MATERIALS WITH SPECIFIED PROPERTIES
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OOCJIII>KEHHS ITPOLIECY PI3BAHHS COPTOBOTI'O ITPOKATY HA

PEMKOBAJIOYHUX TA BEJIMKOCOPTHUX CTAHAX

3inuenko M. [I.}, ITotan O. }0.2, Bypuaxk A. A.3, MuxaiiioBcbkuii M. B.*
I'Vkpaincokuti depxcasHuli yHigepcumem HAyKu i mexHoJ102iti, K. m. H., doueHm, Ykpaina
2 VkpaiHcoKuil depxcagHutl yHigepcumem HayKu i mexHoioziti, K. m. H., doyeHm, Ykpaiua

3 Vkpaincokuii depxcasHuti yHigepcumem Hayku i mexHosoz2iti, cm. sukaadau, YkpaiHa

4 VkpaincoKuli depyicasHuti yHigepcumem HAyKu i mexHoso02itl, K. m. H., doyeHm, YkpaiHa

AHoraniss. Memow pob6omu € 00CNiOHEHHSI YMO8 Pi3aHHS OCMAHHBOI WMAH2Uu MipHOI
008XCUHU Ma 3anUWKy npokamy 8 yMoeax HecmabilbHOi 008MCUHU po3Kamy, Wo €
HACNiOKOM KOJIUBAHb PO3MIpI8 3a20mi80K ma memnepamypHoz0 pexcumy npokamku. B
pobomi NoKA3aHo, wjo 8eJUHUHA 3ANUWKY, NOUUHANUU 3 K020 mpeba pizamu Ha 08i
WMaHau HOPManbHOi Q0BHCUHU, BU3HAUAEMBCS EKOHOMIUHOI0 00UiIbHICMIO, WO J0pOoXHcUe
— wmaxza MIipHOi 008MCUHU ma 3anuuiok abo 080 wmaHzu HOPMAJIbHOI O0BMCUHLUL.
HasedeHo 8upa3s ons ompumaHHs 6eUMUHU 3ANUWKY 8 3aNeHcHOCMi 8i0 Mipu wmaHau
MipHOT 008XUHU, KoepiuieHmie sapmocmi wmaHz HOPMAabHOI 008XCUHU ma 8i0X00is.
Ilns ymos npokamku weenepa 24 Ha cmaui 800 senuuura 3aauwky ckaadae 0,86 m.
Iloxa3ano, wo 025 3abe3neyeHHs MAaKCUMAibHO20 Npubymky 6 3alexcHocmi 8id
8eIUMUHU 3ANUWKY, OCMAHHS WMaH2a MipHOI J08XMUHU MOXce 6ymu nopizaHa maxkumu
cnocobamu: Ha wmavzy MipHOi 008MCUHU mda 3aaullloK, HA 081 WMaHzu HOPMAIbHOL
008XCUHU AO0 HA WMAHZY MIPHOI D0BMHCUHU MA WMAHZY HOPMAILHOT J0BHCUHLUL.

KniouoBi cimoBa: doexcuHa po3kamy, pi3aHHs, WmaHea MIpHOI 008MCUHU, WMAaHza
HOPMANbHOI 008MHCUHU, 3ATULUOK.

Becryn. IIpy BUPOOHMIITBI COPTOBOTO IIPOKATy Ha BEJIMKOCOPTHUX i
peiKkobaJIoOUHMX CTaHaX IIPOKAT IIOCTaBJSIETHCS IITAHTAMM MipPHOI JTOBKUHU
BiZIMOBITHO 3aMOBJIEHHIO, KpaTHOI MipHOI JOBXMHM, HEMiIpHOI JOBXMHU. I[Ipokar
BUTOTOBJISIETHCS JOBXKMHOI B MeKax Bimg 4 m mo 11,7 a6o 12 m. PizaHHS roToBOro
MPOKaTy 3[iliICHIOETHCSI HA MUJIAaX rapsdoi pi3Kku, Mpu IbOMY 3aCTOCOBYIOTBCS Pi3Hi
CXeMM pO3KpOIo Ipokary [1].

KonmuBaHHS MOOBXKMHM pPO3KaTy, SIKi OOYMOBJIEHI KOJMBAHHSIMU pPO3MipiB
3aroTiBKu, TeMIIepaTypyu PO3KaTiB, 3HOCOM BaJjKiB i MiAIIMIHMUKIB, IPU3BOASTD [I0
TOro, II[0 OCTAHHSI IITAHTa BUSBISIETHCS ab0 MipHOI MOBXKMHMU i3 3a/JMIIKOM, abo
CKOPOYEHOI, TOOTO HEeMipHOiI MOBXMHM. Y BUIIQAKY, SKINO 3aJMIIOK IepeBUILYE

BEJIMYMHY TEXHOJIOTiUHOiI 00pi3i, mo6 3amobirTi nmepeBoay y BiIXomy MPUIATHOTO
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MPOKaTy, OCTAHHSI IITaHra MipHOI AOBXMHM i 3aJUINOK Pi’KyTbCS Ha JBi IITAHTU
HEeMipHOI HOpMaJIbHOI JOBXVHMN.

OpHak BMHMKA€E MUTAHHS, TTOYMHAIOUM 3 SIKOI AOBXMHM 3aJUIIKY AOLIJIbHO
pi3aT¥ OCTAaHHIO ILITAHTy MipHOI AOBXMHM i 3aJMIIOK HA [ABi IITAHTM HeMipHOI
HOpPMaJibHOI JOBXMHMN.

OcHOBHUIT MaTepian. 3po3yMmiso, 0 HeOOXiTHO BUXOAUTM 3 €KOHOMIiUHOi
IOLIIJIBHOCTI, 10 KOIITY€E AOPOKYe: IITaHra MipHOi MOBXKMHM i 3a/JIMIIOK abo OBi
IITAHTY HOPMaJIbHOI MOBKMHM. [Ipy 11boMy Tpeba BpaxoByBaTM OOMEXKEHHS, SIKi
HaK/IaJaloTbCcsl 00JaJHAHHSAM, TeXHOJIOTIYHUM IIPOLIeCOM ITPOKATKM Ta IpPOLiecomM
pi3aHHS po3KaTy Ha MuJIax.

LIst ymoBa Moske OYTM 3amMcaHa y HACTYITHOMY BUTJISIII:

cl, +K,,Cl, =K,,C(,+) (1)

Ie C— BapTicTh 1 T LITAHT MipHOI JOBXUHHA;

|, — DOBXMHA LITAHTY MipHOI JOBXWHIU;
|, — IOB>XXMHA 3QJIMILKY;

K - koe@illieHT BapTOCTi Bigxo/iB;

8i0X
K, — Koe@illieHT BapTOCTi IIITAHT HOPMAaJIbHOI TOBXMHMN.

HpM

KoedilieHTr BapTOCTi BiIXOMAiB i ITAHT HOPMAJIbHOI TOBXMHM BU3HAUAIOTHCS
BiJTHOCHO BapTOCTi IITAHT MipHOi TOBXKIMHM i € 6€3p03MipHUMMA.

ITicis mepeTBOpeHHs BMpasy (1) oTpuMaeMo BUpas Aj1sl 3a/IMILIKY |, :

__-K,)
L @

MoKyTb OYTM 3aCTOCOBaHi pi3Hi CXeMM pi3aHHS 3aJUIIKy FOTOBOTO PO3KaTy B

HpM - K(fi()x)

3aJIeXKHOCTI Bifj 10TO MOBXMHM: Pi3aHHS Ha IITAHTy MipHOI JOBXWMHM i 3aJMIIOK,
pi3aHHS Ha [IBi IITAHTY HOPMAaJbHOI JOBXMHM, Pi3aHHS HA IITAHTY MiIPHOI JOBXUHU
i mTaHTy HOPMAJIbHOI TOBXUHU. AJie TIpU IIbOMY HEOOXiJHO JOTPUMYBATUCS YMOBH,
111006 BapTiCTh OTPMMAHUX ITiC/ISI pi3aHHS IMITAHT Oy/ia MaKCUMMaJIbHOIO.

Ha puc. 1 HaBedeHi 3a/ie’XKHOCTI YMOBHOI BapTOCTi MpPOKAaTy Ipu pi3aHHI
3aJMIIKY 3@ BKasaHMMM BUIIe cXeMaMM pisaHHS mjisi npodinio miBenep 24, ski

OTpUMaHi Jj1s1 TaHrY MipHOi JoBkMHM 11,7 M i KoeditlienTiB Baptocti K =0,94,

HpM

K . =0,12. 3HaueHHs1 koedillieHTiB 0OpaHi BMXOOsSUM 3 IIiH Ha IPOKAT MipHOI i

8i0x
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HOpMaJibHOI JOBXMHM Ta Bigxoau. [JoBXMHA 3aUIIKY, IPU SIKOMY ITPOKAT AOLiIbHO
pi3aTy Ha ABi IITAaHTY HOPMAJILHOI TOBKMHM cKiangae 0,86 m.

3anmexxHicTb 1 BifgmoBigae BUITaAKy pi3aHHS Ha IITAHTY MipHOI AOBXWHU i
3aJIMIIOK, 3aJIeXKHICTh 2 BiAIOBigae BUIIAAKy pi3aHHS HaA ABi IITAHTM HOPMaJbHOI
TIOBKMHM, 3aJIEXKHICTh 3 BiMOBigae BUITAAKy pi3aHHS Ha IITAHTY MipHOI JOBXMUHM i

HITAaHTY HOpMaHbHOI JOBJXVHU.

24 T T T T T T

22

20

18

16

YMoBHA BApPTICTh

14

12

Ix.m

PucyHoK 1 — 3anexxHicTh YMOBHOI BapTOCTI Bif, BOBXKMUHU 3aTUIIKY

3anexkHicTh 1 mobymoBaHa 3a BUPa3oM:

V = IM + Kei()x *Ix (3)
3aJieskHiCTh 2 ITOOYA0BaHa 32 BUPa30M:
V= Kup.u (I,w + IA) (4)
3ayexkHicTh 3 1oOymoBaHa 3a BUpa3aMu:
V=I,+K_,I, akmol <1
J ox ) pm.min (5)

V=I,+K, |, sxmo | >I

Hpm x ! Hpm.min

3alexXHicTh 3 Ma€ jamMaHMUii XapakTep, 1le 00yMOBJIEHO TUM, II0 MiHiMaJbHa
IOBKMHA IITAHTY HOPMaJ/IbHOI TOBXKMHM 32 TEXHOJIOTIUHMMM YMOBaMM [1s1 IIBeJiepa

24 CTAHOBUTH 6 M. TOMy, IMOKM 3aJIMIIOK He IIepEeBUIILYE BEINUYNHY MiHiMaJbHOTO
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3HAUEeHHS], JOBXMHM IITAaHTXM HOPMa/IbHOI HOBXMHM [laHa 3aJIeKHICTb IMOBTOPIOE
3aJIEKHICTh 1, TOOTO € MipHA JOBXMHA IITAHTY i 3aJUILIOK. K Ti/IbKYM 3aJIUIIOK CTaHe
pPIBHMM MiHiMaJbHOMY 3HAUE€HHIO WITAHTY HOPMAJbHOI OOBXMHM, TO B IL[bOMY
BUITIAJIKY BiOYBAa€ThCS CTPMOOK HA BEJIMUMHY IITAHTYM HOPMaJIbHOI JOBKMHM, i mati
3aJIeXXHICTh 3 JiJie Iapasie/ibHO i BUILe 3aJIeXKHOCTi 2.

OueBuaHO, IO JaMaHa KpuBa, sKa oOOMeXye BKa3aHi 3ajeXHOCTi,
3abe3reuyBaTMe MaKCHMMaJbHUII piBeHb OOXOAy, a Ile BKasye Ha Te, IO [JIs
OTpPUMaHHS MAaKCUMMAaJbHOTO [OOXOAY B 3aJ€KHOCTI BiJl BeJMUMHM 3a/IUILIKY
HeOoOXiTHO 3aCTOCOBYBATM Pi3Hi CXeMM pi3aHHS 3aJIAIIKY.

BucHOBKM. AHaji3 TMpolecy pi3aHHS IIO0Ka3aB, IO BM3HAUYEHHS pi3aHHS
OCTAaHHbOI MITAHTM Ta 3aJMIIKy HaA [Bi IITAHTM HOPMAaJbHOI MOBXMHM Tpeba
3MiMICHIOBAaTM B 3aJIeXKHOCTI Bif OOBXKMHM 3a/JMIIKYy, SIKa 3aJeXUTb BiJ MipHOIi
OOBXMHM INTAHIM Ta Koe@illieHTiB BapTOCTi IITAHT HOPMAa/JIbHOI MOBXKMHU Ta
BimxomiB. [IJist 3a06e31mevueHHsT MAaKCMMaJIbHOTO PiBHS JOXO/IiB Bifd peasisarllii mpokaTy
Tpeba pizaHHS PO3KaTy 3MAiMCHIOBATM TaKMMM CIIOCOOAMM: HA INTAHTY MipHOIi
IOBXXMHM Ta 3aJIMIIOK, Ha JIBi IITAHTY HOPMaJIbHOI JTOBXMHM ab0 Ha IITAaHTy MipHOi
OOBXMHM Ta IITAaHTy HOPMAa/JIbHOI [OBXMHM, ajie IIpyM IIbOMY HEOOXiJTHO
JOTPUMYBATUCSI KPUTEPi0 MaKCMMaJbHOI BapTOCTI OTPUMAaHMX MIiCAS pi3aHHS
IITaHT.

JIITEPATYPA

TexHoIOTiUHA iHCTPYKIlis 3 BUPOOHUIITBA COPTOBOTO MPOKATY Ha cTaHi 550-2 MpoKaTHOro
nexa N2 2 TI 233-I1C-02-96. IM3, 1997. 447 c.

RESEARCH OF THE CUTTING PROCESS OF ROLLED SECTION STEEL
ON RAIL-BEAM AND LARGE-SIZE ROLLING MILLS
Zinchenko M. D., Potap O. Y., Burchak A. A., Mykhailovsky M. V.

Abstract. The aim of the work is to study the conditions of cutting the last bar of the
measured length and the remaining rolled product under conditions of unstable rolling
length, which are realized as a result of fluctuations in the sizes of the blanks and the
temperature regime of rolling.

The work shows that the amount of the remainder, starting from which it is necessary to
cut into two bars of normal length, is determined by economic feasibility, which is more
expensive — a bar of measured length and a remainder or two bars of normal length.
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An expression is given for obtaining the residual value depending on the size of the bar of
the measured length, the cost coefficients of the bars of the normal length and waste. For
the conditions of rolling the channel 24 on the mill 800, the remainder value is 0.86 m.
It is shown that to ensure maximum profit depending on the remainder value, the last bar
of the measured length can be cut in the following ways: into a bar of the measured
length and the remainder, into two bars of the normal length or into a bar of the
measured length and a bar of the normal length.
Keywords: rolling length, cutting, bar of measured length, bar of normal length,
remainder.
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IMPROVEMENT OF COOLING REGIMES FOR THE FORMATION OF
MECHANICAL PROPERTIES OF HOT-ROLLED SHEETS
Likhosha M.L.!, Boiarkin V.V.2
Ukrainian State University of Science and Technology, PhD student Ukraine
2Ukrainian State University of Science and Technology, candidate of technical sciences,
associate professor, Ukraine

Abstract. The global demand for hot-rolled sheets made of steel and non-ferrous alloys
continues to grow steadily due to their versatility and wide range of applications. Hot-
rolled products serve as a basis for further processing into cold-rolled materials used in
the automotive industry and other sectors. At the same time, a significant portion of hot-
rolled sheets is used directly in construction industry and mechanical engineering, as well
as being in demand in the energy and shipbuilding industries. High requirements for
strength, plasticity, durability and corrosion resistance of hot-rolled sheets dictate the
need for precise control over temperature regimes throughout the entire technological
process. Optimization of the pre-rolling heating and controlled cooling regimes of hot-
rolled products allows the modification of the metal’s microstructure and mechanical
properties. The use of mathematical modeling will allow for the study of thermal regimes
and the development of recommendations for their improvement.

Keywords: hot-rolled sheet, mechanical properties, heating regimes, cooling regimes,
mathematical modeling

The analysis of modern technological schemes for the production of hot-rolled
steel products, such as the Danieli QSP-DUE caster-rolling complex [1], under
various rolling conditions, particularly using endless rolling mode, reflects current
trends in thermomechanical processing.

A typical production scheme of the hot-rolled sheets (Figure 1) involves slab
formation via continuous casting, followed by soft reduction and feeding into a
tunnel furnace where temperature homogenization of the slabs occurs. Next, the
material is rolled through roughing and finishing stands, with subsequent controlled
multi-zone laminar cooling. A unique feature of endless rolling is the additional
high-speed reheating of the sheets using induction heaters, installed between the

roughing and finishing groups of stands. This allows for uniform temperature
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distribution across the sheet thickness, which is critical for ensuring the required

mechanical properties of steel.

Thin Slab Caster

Finishing
sums
F2
Induction Heaters t—.-ﬁ (528 o] Cooling Systom — Downcollers

b " H @,mmghid ,..‘ F"i 0 0 0 0 0 6 o f@‘: %E

Flgure 1 — Technological layout of the Danieli QSP-DUE caster-rolling complex [2]

A precise analysis and control of heating, rolling, and cooling temperature
regimes is essential for forming the final characteristics of hot-rolled sheets. One of
the most important stages is controlled cooling after rolling, as it directly affects
phase transformations, grain size, residual stresses, texture, and the final
mechanical properties of the material. Available research confirms that cooling rate
significantly influences the mechanical properties of hot-rolled sheets.

Excessive cooling rates may lead to the formation of martensitic or bainitic
structures, which increase hardness but reduce plasticity. Conversely, slower cooling
promotes the formation of ferrite-pearlite structures, improving machinability but
potentially reducing strength [3, 4]:

- slow cooling (0,5 — 1 K/s) contributes to the formation of polygonal ferrite and
pearlite, improving plasticity but reducing strength;

- accelerated cooling (5 — 30 K/s) results in bainitic structures with fine-grained
elements, providing balanced mechanical properties;

- extremely fast cooling (up to 90 K/s) facilitates martensitic formation,
increasing hardness but reducing plasticity and impact strength.

Conclusions. The use of traditional cooling schemes does not always ensure
full control over the required properties of the metal, which requires the
development of new approaches and the improvement of existing cooling strategies.
Considering the complex relationship between temperature regimes and the final
properties of hot-rolled sheets, numerical modeling is essential for analyzing
cooling processes.

The development of a mathematical model will allow for the determination of

optimal temperature intervals and cooling regimes, as well as the analysis of phase
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transformations required to achieve the desired mechanical characteristics of hot-

rolled products.
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Jlixoma M.JI., bBosipkiH B.B.

AHoranist. CnoxueaHHs 2apsA4yeKamaHozo Jucmoso2o0 npokamy 3i cmaneili ma
KOJIbOPOBUX Chjlagie y ceimi cmabilbHO 3pocmae uepes3 1020 yHigepcanvHicms ma
wupoke 3acmocysanHs. I'apsuekamauuii 1Ucmosuti npokam € 0CHO800 0711 N0JANbULOT
nepepobKu 8 X0J1I00HOKamawuii npokam 0 asmomoo0inedyoysaHHss ma iH. 3HauyHa
UACMUHA 2apsA4eKamaHozo Jucmogozo npokamy 6e3nocepedHb0 8UKOPUCMOBYEMbCS Y
oydigenvHuli eany3i ma mawuHo6ydysaHHi, npokam 3ampebysaHuli 8 eHepzemuyi ma
cyoHoOydysaHHi. Bucoki eumozu 00 MiyHOCMI, naacmuyHocmi, 3Hococmiiikocmi ma
KOpPO3IlIHOI cmilikocmi 2apsiuekamano2o JUcmoeoz20 npokamy eumazarms pemeibHo20
KOHMPOJII0 MeMNepamypHux pemcumié nid uac ycb020 MeXHOJ02IUH020 NpPOYecy.
Onmumi3auis memnepamypHux  pexcumis nepednpokamHozo Hazpigy i
KOHMPONbOBAHO20  OXOJIOOMEHHS  2apsiUeKaAmaHux Jucmie  00380J11€  Kepo8aHo
3MIHI8aMU MIKpOCMPYKMypy ma MeXaMiuHi eiacmusocmi memany. BukopucmauHs
MamemamuuHo20 MOOeN8aHHs 003601UuMb 00CAIOUMU MeMnepamypHi pexcumu ma
po3pobumu pekomeHdauii ujo0o ix 600CKOHANIEHHS.

KimouoBi cmoBa: zapsuekamauuil Jaucmosuil npokam, MeXaMiuHi eaacmueocmi,
pexcumMu Hazpisy, pexcumu 0X0J100HCEHHS, MamemamuuHe MOOeNB8AHHS
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PHYSICO-MECHANICAL PROPERTIES OF CERAMIC MATERIALS AND
COATINGS OBTAINED BY PLASMA SPRAYING:
QUALITY MANAGEMENT ASPECTS
Liubushkin V.I.}, Zagorodny O.B.2, Bozhanova V.Yu.3, Liubushkina A.V.4
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Abstract. The study aimed to develop high-quality ceramic material powders based on
Al;O5°Cr;0s and to determine their physico-mechanical properties, as well as the
properties of coatings obtained from these powders through plasma spraying. The
physico-mechanical properties of the powders were assessed using standard
methodologies, including particle shape and size, granulometric distribution, density,
flexural strength, elastic modulus, and the coefficient of linear thermal expansion. The
study led to the development of high-quality, high-temperature protective materials of
the Al;O3 Cr;05 and CAS (cobalt alloy + spinel) types, and samples of coatings from these
materials were manufactured. New high-quality thermal protection composite materials
were developed for the coating of combustion chambers in gas turbine engines, and their
physico-mechanical properties were determined. The newly developed high-quality
thermal protection composite materials have been used to form shell components
through plasma spraying to produce combustion liners for gas turbine engines. These
components are undergoing industrial testing at Motor Sich JSC as part of implementing
a quality management system.

Keywords: Ceramic composite material, plasma spraying, thermal protection coating,
combustion chamber, gas turbine engine, quality management.

The combustion liners of gas turbine engines operate under extreme
conditions, including high temperatures ranging from 800 to 1800 °C and high gas
flow velocities of up to 50 m/s. These conditions necessitate the development of new
materials capable of maintaining operational integrity at elevated temperatures and
gas flow speeds while also possessing enhanced physico-mechanical properties.

Currently, ceramic composite materials are utilized for this purpose [1-3].
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The physical properties of the composite powders included particle shape, size,
granulometric distribution, density, and flowability. The particle shape was
determined using optical and electron beam microscopy by analyzing projection
images. The shape factor is defined as the ratio of the maximum ({max) to the
minimum (€min) observed particle dimensions (¢max/fmin) — was used as a key
characteristic. The granulometric composition of the powders was assessed using
sieve and microscopic analysis.

In the sieve method, powder granularity was determined through the
mechanical separation of a 100 g sample using a set of sieves arranged in a cascading
manner. Fractions smaller than 125 pym were analyzed via microscopic examination
using transmitted and reflected light with an eyepiece micrometer scale.

Bulk density was measured according to an established standard using a
calibrated container, where the powder was poured through a funnel with a 5 mm
outlet diameter. The mechanical properties of the ceramic material coatings—
including flexural strength opend, elastic modulus «E», and coefficient of linear
thermal expansion «o») were determined in accordance with DSTU 3716-98
“Ceramics. Method for Determining Flexural Strength.” The standard specifies a
three-point bending test, where the specimen is freely placed on two supports and
subjected to a centrally applied force. The tests were conducted using a Ynstron-
TTDM-L type testing machine (Figure 1).
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Figure 1 - Three-point bending pattern of sample (B)

1-load bearing support (pressure); 2-surface of the sample, which is working on stretching;
3-pillar that supports the sample.

The parameters of the sample loading pattern when bending are presented in
Table 1.
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Table 1
Parameters of the sample loading pattern when bending

Loading Scheme Distance Between Support Distance Between Loading Rollers, L/2
Rollers, L (mm) (mm)

B 40 20

The sample sizes are presented in Table 2. The elastic modulus was determined
according to the standard.

Table 2
Sample sizes for test
Sample Type Width (mm) | Thickness (mm) | Length (mm)
Bending Strength (o) 4,0 3,0 50
Type I (for Elastic Modulus Determination) 10 10 30

The bending tests of the samples were conducted using a fixture designed to
ensure minimal load eccentricity and experimental safety. The mechanical
characteristics E¢, 6w, 6%, were determined based on the autodiagram recorded by
the testing machine in force—absolute deformation (P-Ah) coordinates, taking into
account the recording scale. The determination of the thermal expansion
coefficients for coatings made from experimental Al,Os'Cr,0s spinel compositions
was carried out in the temperature range of 100°C to 1000°C, with 100°C increments.
The tests were performed using an MD-83 dilatometer according to the methodology
of the Institute for Problems of Materials Science (IPMS) of the National Academy of
Sciences of Ukraine. The sample length changes were recorded using a two-
coordinate PDP4-002 potentiometer, while the sample temperature was measured
with a KSP4 potentiometer. The calculation of the coefficient of thermal expansion
was performed based on the dilatogram, taking into account the thermal expansion
coefficient of the quartz system. The powders for plasma spraying were obtained
using the sol-gel process.

Results

1. Particle Shape. Measurements showed that the irregularity factor for
Al,O3'Cr,0s powder ranges from 1.0 to 1.2, indicating a spherical particle shape. In
contrast, the composite CAS powder (cobalt alloy + spinel) exhibits an irregularity

factor of 2 to 5, with a characteristic fragmented particle shape (Figure 2).
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Figure 2 - General appearance of particles of:
a) spinel powder A1203°Cr203 x100; b) of CAS (cobalt alloy+spinel) x100.

The particle shape of the powders has a decisive impact on their technological
properties (powder feeding into the plasma torch), as well as their density,
permeability, and strength.

2. Particle Size. Composite powders are polydisperse systems consisting of
particles of varying sizes. Depending on the range of particle sizes, the powder is
characterized by its granulometric (fractional) composition. Thus, the conducted
studies on composite powders of Al,Os'Cr,0s and CAS (cobalt alloy + spinel) revealed
that the powders have different geometric shapes: spherical shape is characteristic
of the Al;0sCr,0s; composite, while a fragmented shape is typical for the CAS
composite. The results of particle size measurements for the spinel powders and CAS

, as well as their size distribution, are presented in Figure 3.
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Figure 3 - Graph of particle size distribution for spinel powders, & — partical size in mkm:
a) Al1203-Cr203, 5 — partical size in mkm; b) spinel powders CAS (cobalt alloy+spinel)

The particle size of the powders primarily ranges from 25 to 75 pm. This size
range ensures the proper feeding of these powders into the plasma jet and the
formation of coatings. The conducted studies on the bulk density and flowability of
Al;,03'Cr,05 spinel powders, as well as the composite ITLIIK 63-H10, show a broad
range of possibilities for transporting them from the dispenser to the plasma torch.
The physico-mechanical properties of the coatings made from the investigated

materials are presented in Table 3.
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Table 3
Physical and mechanical properties of sprayed materials
Material Name
Ne Properties Spinel powders | CAS (cobalt Composite
A1203-Cr2 03, | alloy+spinel) | TTLIIK 63-H10
1 Flexural Strength, ousr, MPa 50/185*1 62,1/195*1 41/110*1
Elastic Modulus, E, MPa 150/344*1 161/360%1 60/81,4*1
3 Coefficient of Linear Thermal "
Expansion «a»*10-6, 1/°C 8,272 9,873 10,14

Notes to Table 3:

‘I after annealing at 1000°C for 5 hours (denominator), before annealing

(numerator);

2-  initial composition: 80% Al;OsCr,0s;, measurement in the range

of 20°C — 1000°C;

3- in the temperature range 20°C — 1000°C, plasma spraying;

- in the temperature range 20°C — 1000°C; after annealing at 1000°C for 5 hours.
Composite CAS shows superior mechanical characteristics compared to other

compositions. The coefficient of linear thermal expansion “a” of the ITLIIK 63-H10
composition is the highest. According to the data in Table 3, it is evident that
annealing the materials enhances the strength properties of the composites by 2-3
times, with the ITLITK63-H10 composition showing an increase of only 1.3 times.

Conclusions

1. The studies of the physico-mechanical properties of the developed
Al;,05Cr;,0s and CAS powders have demonstrated their high quality, owing to their
potential application in the formation of plasma coatings. The particle shape and
size meet technical requirements, which confirms their compliance with quality
standards.

2. Plasma coatings made from Al,O3Cr;0s and CAS powders exhibit high
flexural strength, and the coefficient of linear thermal expansion, which approaches
that of the base material, allows for improved performance under alternating loads,
indicating their high quality.

3. The ceramic material based on spinel and CAS can be recommended for the
components of combustion chamber heat shields in gas turbine engines when

integrated into the quality management systems of relevant specialized enterprises.
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®I3KO-MEXAHIYHI BJIACTUBOCTI KEPAMIYHUX MATEPIAJIIB I
IIOKPUTTIB OTPUMAHNX IVTABMEHHUM HAIIUJIEHHSIM: ACITEKTU
MEHEJIDKMEHTY SIKOCTI
JIo6ymikin Banepiit, 3aropoaniit Onexkciii, BoskaHoBa BikTopist,
JIrobymikina AHacracisi, KoHoHoBa OjyiekcaHapa

AHoraniss. Memow docnidxceHsb 0yJ10 po3poOKa B8UCOKOSKICHUX NOPOUIKI8 KepamiuHuXx
mamepianie Ha ocHosi Al;OsCr;Os 3 Bu3HaueHHAM iX (Pi3UKO-MexaHiuHUX
g/acmueocmeti, a Makox 87ACMuUoCmeli NOKpummis i3 Uux NOPoOuIKie OMpuUMAaHUX
nnasmoeumM HanuneHHam. Di3uKo-MeXaHiuHi 6aacmueéocmi NOpowkKié 6usHauaiu no
3azanvHogidomum Mmemodukam: ¢opma ma po3mipu uacmox, po3noodiieHHs No
KpYNHOCMIi, WiNbHICMb, 2pAHUysi MiyHoCmi npu 32uHi, MOOYb NPyHcHOCMi, KoediuieHm
JIIHILIHO20 MeNnJ08020 po3wlupeHHs. Pe3yismamu: Ha 0CHO8I npoeedeHux 00CNi0HCeHb
OMpPUMAHO SKIiCHI 8ucokomemnepamypHi 3axucHi mamepianu muny Al;OsCr:0s ma
KCIII (xobanemosuii cnaas+winiHeny), 6uU20MO08JIeHI 3pPasku NOKpummie i3 uux
mamepianie. Haykoea HO8U3HA: pO3p0o0OJEHO HOBI BUCOKOSAKICHI MepMO3axUCHi
KOMNO3uyitiHuti  mamepianu 01 OMPUMAHHS  NOKpUmMmis Kamep  320pSIHHS
2a30mypOiHHUX d8uU2yHi8 ma 8uU3HaueHi ix (i3uko-mexauiuni enacmusocmi. [IpakmuuHa
UiHHiCmb: po3po0JieHi HO8i BUCOKOSAKICHI MepMO3axucHi KoMNo3uyitiHi mamepianu
BUKOPUCMAHI 0151 (POPMYBAHHS KOPKOBUX demasieli NAA3Mo8UM HANUIEHHIM npu
8U20mossieHHi xcaposux mpy6 I'T/I, demani npoxodsimes NPOMUCTIO08] 8UNPOOOBYBAHHS 8
ymosax BAT «Momop Ciu» npu 8npo8aoxeHHi cucmemu MeHeoOHMeHMYy sIKOCMI.

KinouoBi cioBa: kepamiuHuli KOMNO3umduii mamepian, naasmose HANUEHHS,
menio3axucHe NOKpUmMms, Kamepa 320pPsHHs, 2a30mMypOIHHULL 08U2yH, MeHeOHMeHm
SAKOCMI.
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OCOBJIMBOCTI BIVIMBY XIMIYHOI'O CKJIAZLY HA ®OPMYBAHHS
MEXAHIYHHUX BJIACTUBOCTEN HU3bKOBYVYIJIELIIEBUX CR-MO-V CTAJIEN
3BAPIOBAJIBHOTI'O ITPU3HAYEHHS
Ounintauk E.B.!, ITapycos E.B.2, Uyiiko I.M.3, Kykca O.B.*

Tncmumym uopHoi memanypeii im. 3.1. Hekpacosa HAH YkpaiHu, achipaum, YKpaiua,
2 Incmumym uopHoi memanypeii im. 3.1. Hekpacosa HAH Ykpaiuu, 0.m.H., C.H.C., YKpaiHa,
SIHcmumym uopHoi memanypeii im. 3.1. Hekpacosa HAH Ykpaiuu, K.m.H., cm. doca., YkpaiHa
*K.m.H., Incmumym uopHoi memanypeii im. 3.1. Hekpacosa HAH YxpaiHu, Ykpaiua,
AHoramnis. IIposedeHo aHaniz eénaugy XiMiuH0o20 CKaady Hu3bKosyzjieyesux cmasneti
38apH08aANIbHO20 NPU3HAUEHHS i3 cucmemoro nezysanHs Cr-Mn-Si-Mo-V ma dodamkosum
MiKposie2y8aHHam 0O0OpoM Ha MexamiuHi enacmusocmi OYHM08020 npokamy 3da
CMayioHapHozo pexcumy mepmomexaHiuHoi o6pobku. Ha 3acadax pezpeciiiHozo aHanisy
28 nnasok no6y008aHo NPozHO3Hi MoOesi 3MiHU 2paHuyb MIiyHOCMi ma naAuHHOCMi Ui
BIOHOCH020 38YXCeHHS npokamy. Y SKOCMi He3anexcHux 3MiHHUx o moodeneii 6yno0
00paHo Qisuxo-XiMiuHuli ekeigaieHm 3aps008020 CMAHy Memanesoi cucmemu ma
emicm Oopy, sKi HaliGibU MICHO NO8'A3aHI 3 KOMNJIEKCOM MeXAHIUHUX 81acmusocmeli
cmaneti 018 obpavozo macuey davux. Bcmanosneno, wo dodamkosum pe3epeom O
3HUMCEHHS1 MIUHOCMI ma nid8uljeHHs: NAACMUYHUX XAapakmepucmuk npokamy €
3MEHUEHHS Y MeXcax Mapo4Hozo ckaady emicmy JjiezysanvHux eiemeHmis, Hacamneped C
i Mn. 30invuieHHs KoHyeHmpauyii 6opy npuszeodums do 000amko8020 3MiyHeHHsT ma
3HUMCEHHSI NJACMUYHOCMI Memany IMOBIPHO 34 PAXYHOK 3MEHWEHHS CepedHb020
po3mipy gepumHux 3epeH. OOHaK mikponezysaHHs 6opom eidiepae no3umueHy poJib y
nidguuieHHi degpopmosaHocmi npokamy nid uac nooanvuiozo B0JI0UiHHI Opomy,

38'A3yl0uu amomapHuli azom y Himpudu Ui nepewkooxar4u po3eumky oepopmayitiHozo
CMapiHHa Memasy 8 npoyeci Xo100H020 NJIACMUYHO20 0eOPMYBAHHSI.

KmrouoBi cjioBa: ximiuHuilli cknad, mexaHiuHi eaacmueocmi, OyHmosuii npokam,
MamemamuiHa MoOesb, MiKpOJe2y8aHHs

Beryn. CriokuBaui 6YHTOBOTO IMPOKATY, SIKMI MPU3HAYEHO JIJIsI BUTOTOBJIEHHS
CTaJeBOro ApOTY, MparHyThb OTPUMATU BiJi BUPOOHMKA MeTasl 3 MaKCUMAaJbHOIO
TEXHOJIOTIYHOK TUIACTUYHICTIO, yV 3B'SI3Ky 3 UMM HAIOJSral0Th HAa HOPMYBAaHHI
MeXaHiUHMX XapaKTepPUCTUK Ha PiBHi, 0 3a0e3I1euyeThCs ITiC/Is ITOM SIKIITYBaJTbHOTO
Bifimasly [y HU3bKO- 1 CepeqHbOBYIJIElIEBMX CTajsieii abo IaTeHTyBaHHS
BMCOKOBYTJIelleBUX cTaiei. OCKiJIbKM MeTalypriifHi MmiagnpueMcTBa y Oi/lbIIOCTi

BUIIAJKIB He MAalOTh Y CBOEMY apCeHasli meyvei AJIs Bimasy TOTOBOTO IMPOKATy abo

ISSN 1991-7848 148



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

MaTeHTYBAJIbHUX arperarTis, TO IJIs1 3HVYKEHHS MIiLHOCTI Ta MigBUILEHHS MIaCTUYHUX
MOKAa3HMKIB  MeTa/ly [OOLJIbHO  3aCTOCOBYBAaTM CXeMM  3HEMIilHIOBAJIbHOI
TepMoMexaHiyHOi 00po6ku [1]. 3a Takoi yMOBM XiMiuHMII CKjIaf, CTasi, MOpsm 3
yMOBaMM 11 OXOJIO[)KEHHSI Ta 3€peHHOK CTPYKTYpOI AayCTeHiTy, UMHUTh
BUPIIIQJIbHUI BIUIMB Ha CTPYKTYPOYTBOPEHHSI Ta BJIACTMBOCTI IMPOKATy, a
KOHIIeHTpaIli® XiMiYHMX eJleMeHTiB BM3HAua€e TepMOAMHAMIKy (a30Bux
TepeTBOPEHb, 1110 BiOYBAIOTHCS y MTPOIECi peryIbOBAHOTO OXOJIOIKeHHSI MeTaly.
3BaproBaJbHMUIA OPIT CYLIIJILHOTO Mepepi3y HalvacTille BUTOTOBJISIOTh IUISIXOM
XOJIOMHOTO IUIACTUYHOTO JedOopMyBaHHS (BOJIOYiHHSI) OYHTOBOTrO IPOKATY MaJiOro
niamerpy (5,5-6,5 Mm). Taky MeTanompoAyKIilil0 3a3Buyaii BUTOTOBISIIOTH i3
HU3bKOByIIeneBux cranen (0,03-0,12 % Bar. C) 3 pi3HOMaHITHUMMU CUCTEMaMU
JIeTYBaHHS, 10 SIKMX MOKYTh BXOIUTU SIK 4aCTO BUKOPUCTOBYBAHI Y MeTa/ypriiiHii
NpakTuIli JeryBaabHi enemenTu (Mn, Si, Cr, Ni, Mo, V, W, Al), Tak i B mesikux
BUITaKaxX cremiaabHi mo6aBku (Nb, Zr, Ti, Cu, B Ta in.). [IiT GYHTOBOrO ITPOKaTy,
MIPU3HAYEHOTO [IJisI BUTOTOBJEHHSI 3BapIOBAJIbHOTO APOTY, KPUTUYHO BAKIMBUM €
dbopmMyBaHHS y MpoOLeCi BUPOOHUIITBA MiKPOCTPYKTYpPH, IO CKIAJAETHCS 3 M'SIKOi
dbepuTHOI MaTpuili Ta MiHIMaJbHOI KiIbKOCTiI TBepAUX MPOAYKTIB IPOMIXKHOTO Ji
3CYBHOI'O IlepeTBOpPEHb MepeoXO0[KEeHOTO ayCTeHiTy. Takuil CTpyKTypHMIA CTaH
BBA)KAETHCSI CIOPUSITIMBUM 3 TOYKM 30py 3HATHOCTI MeTaly CIpuiimMatu 6e3
pYItHYBaHHS XOJIO0AHY TIACTUUHY JedhopMaliito 3 BUCOKMMU CYMapHUMU CTYTIEHSIMMU
y TIpolieci BOJOYiHHSA APOTY [2]. BpaxoBytoun 1ie, 3MiHa KOHIIEHTPaLii TUX UM iHIINUX
XiMIUHMX €JIEMEHTIB y MeKaX MapO4YHOro CKJIaay CTai MOXe iCTOTHO BIUIMBATU Ha
KiHeTUKY Au@ysiiiHOro y — o TIepeTBOPeHHS i, BiAMNOBiIHO, Ha KOMILIEKC
MeXaHIYHMX BJIaCTUBOCTEN MPOKATY MiC/sI perJlaMeHTOBAaHOTIO OX0JIOIPKEHHSI.
XimMiyHi eJleMeHTM MOXYTb BIUIMBATH Ha Audy3iiiHe da3oBe MmepeTBOPEHHS B
CTajJli yepe3 JBa OCHOBHMX MexaHi3Mu. Ilepmmii mepembauvae 3MiHYy BiJHOCHOI
CTiliKOCTi aycTeHiTy (y) i peputy (o) 3aBASIKM TepMOAMHAMIYHOMY e(deKTy, 1110 MOXe
OyTu BuUpaxkeHMit y pisHMIII BiIbHMUX eHepriit Ti66ca (G* — G’), sika HAa3UBAETHCS
pYIIifHOIO CWUJIOI0 TepeTBOpPeHHs. BIMB 1iiei BeaMuuMHM MOXKe OyTHU
MIPOAEeMOHCTPOBAHO y BUTJISIAL AiarpaM ¢a30BOro CTaHy CIuiaBy. [Ipyruii MexaHi3m €

OiNbIII TOHKMM, OCKiJIbKM 3aJI€KUTh BiJ, IIBUIKOCTiI IlepeTBOpeHb. PiBHOBa)kHa
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PO3UMHHICTD JIETYBaJbHOTO eJIeMeHTYy He € OJHAKOBOIO B ayCTeHiTi Ta pepurti. SIkiio
I03BOJISIIOTh YMOBMY, TO PO3UMHEHA PEUOBMHA MaTUMe TeHAEHIIiI0 IO Mepepo3noairy
Mik daszoBumMM ckiamoBumu. HeobxigHa nudysis y TakoMy pasi 37aTHa 0OMeEXUTH
KiHeTuKy mpoliecy [3]. Hacammnepen Takuii edeKT MOXKHA BilHECTU IO BYIJeLl0 B
cTtami. [HmMNMIA KiHeTUMUYHMIT BIUIMB PiBHOIIHHOI BayXJIMBOCTi OOYMOBIOETHCS
MUTTEBUMM KOHILIEHTPALISIMM PO3UMHEHOl pEYOBMHM, aTOMM SKOI MarTh
MOSK/IMBICTb CerperyBaTy Ha IOBEpXHi po3misy. 3a IMX 00CTaBMH BOHM MOXKYThb
3MEHIIIYBaTy IOBepXHEBY MiXkda3Hy eHeprilo Ha oguHuIli 1oili. lle mexaHi3m, 3a
SKUM OOp BIIJIMBA€ Ha MiCllsi TeTepOTeHHOro 3apojskeHHs ¢eputy. BimHocHO
HeBeJIMKi  KOHIleHTpallii 60py MOXYTb CYTTE€BO 3MiHIOBAaTU  CTiliKiCTb
IepeoXO0JI0/I)KEHOTO ayCTEeHITy, OaJeKOo Bifi OYiKyBaHOTO BIUIMBY Pi3HUII BUIBHUX
eHepriii ['i66ca a- i y-dasmu [3].

MeTa po0OTM - BU3HAUEHHS OCOOJMBOCTEN BIUIMBY XiMIUHOTO CKJIaITy
HU3bKOBYTJIEL[EBUX CTajieii 3BaploBajJbHOTO MPMU3HAUYEHHS i3 CUCTEMOIO JIeryBaHHS
Cr-Mn-Si-Mo-V Ta [0DaTKOBMM MiKpoJIeTyBaHHSIM OOpoM Ha MeXaHiuHi
BJIACTUBOCTI OYHTOBOTO MIPOKAaTy 3a CTalliOHapHOTO peXUMY
TepMOMeXaHiuHOi 0OPOOKMA.

Marepian i MeTroguka mOCHiAKeHHs. [ TpOBeNeHHS CTAaTUCTUUYHOTO
aHasti3y 6ynu Bimi6paHi 28 mmaBok crani mapok CB-08XI'2CM®, CB-08XI'CM®A i Cs-
10XI'2CM® 3 pgomaTKOBMM  MiKpojeryBaHHSIM  OOpoM, BMIIIaBjJeHOi B
eJIeKTPOAYTOBiii Iedi, po3/JUTOi HAa MalllMHi Oe3MepepBHOTO JUTTSI 3arOTOBOK 3
HACTYITHMM TapsiuuM IUIACTUUYHMM JOedopMyBaHHSIM [0 JiaMeTpy 5,5 MM Ha
BYCOKOIIBUAKICHOMY  OpiOHOCOPTHO-APOTSIHOMY  IIPOKAaTHOMY  CTaHi  Ta
peraamMmeHTOBaHMM BOAO-MOBITPSIHUMM OXOJOAKeHHSIM Ha JiHii Cteamop. [Ipu upbomy
nmapaMeTpy peKUMy TepMOMexaHiuHOi 06pobku Oynyu HeaMmiHHMMM. CTaTUCTUUYHA
XapaKTepuCTHKa JOCTiIKyBaHUX TIaBOK HaBeleHa y TabJ.

JIJisT BCTAHOBJIEHHSI 3B'SI3KYy MiXK MeXaHiYHMMM BJIACTMBOCTSIMM ITPOKATy Ta
XiMIYHMM CKJIQJOM CTaIi BUKOPUCTAHO METAJOXIMiYHYy MOJe/Jb Mi)KaTOMHOI
B3a€MO/Iii e/leMeHTiB, po3pobsieHy B IHCTUTYTi YopHOoi Metanyprii HAH Ykpainu
npod. Ilpuxoapko E.B. [4]. BinmoBigHO A0 1i€l METOAMKM Yy SIKOCTi «3TOPTKU»

XiMIUHOTO CKJIaJy CTajli BBOASATHCS iHTErpasibHi MmapaMeTpu: cepeaHbOCTAaTUCTUYHA
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MiX'sgepHa BigctaHb d i Gi3suMKO-XiMiuHMIT eKBiBajieHT ZY, 10 XapaKTepusye
cepeJHilt po3Io/Iij eJIeKTPOHHOI IIIJIBHOCTI MiXK eJleMeHTaMy OJIMKHbOTO MOPSIAKY i
BHECOK OCHOBHOI MaTtpulli (Hacamriepen, Bmicty C, Mn, Si). Komruiekc nmapamerpis
Mi’KaTOMHOI B3a€EMOZil pO3paxOBYEThCS HA 3acajax aHaji3y BCiX MOXJIMBUX I1ap
B3a€EMOIiIOUMX €JIeMeHTIB 3 YypaxyBaHHSM 1X IHOMBIOAyaJbHUX XapaKTepPUCTHUK,
BCTAaHOBJIEHMX  KBAaHTOBOIO  (i3uMKol, a TakKoX BMICTy eJeMeHTiB Yy
MeTaJIeBili cucremi.

[TporHo3Hi Mopesi 3MiHM MeXaHiUHMX BJIACTUBOCTEN IMPOKATy MOOYyIOBAaHO 3
BUKOPUCTAHHSIM CTaHIAPTHUX METO[IiB MaTeMaTUYHOl CTaTUCTUKN

(perpeciiiHuM aHaIi30M).

Tabanug 1
CraTucTUYHA XapaKTepUCTMKa MaCUBY JOCTIIKyBaHMUX JaHUX (N = 28 MJIaBOK)
MoKasHuK* OJE[I/IHI/IH,S[ _ 3HauyeHHs
BYIMIiPIOBaHHS min max CepesiHe

C % Bar. 0,04 0,10 0,07

Mn % Bar. 0,87 1,30 1,11

Si % Bar. 0,22 0,57 0,36

Cr % Bar. 0,65 0,78 0,73

Ni % Bar. 0,06 0,10 0,08

Cu % Bar. 0,10 0,15 0,13
Mo % Bar. 0,22 0,54 0,41

\ % Bar. 0,15 0,19 0,17

N % Bar. 0,006 0,015 0,008

B % Bar. 0,005 0,009 0,007

S % Bar. 0,002 0,013 0,006

P % Bar. 0,010 0,016 0,012

Fe % Bar. 96,68 97,32 96,92
Rm MIla 455 764 614

Re MIla 226 549 363

z % 57 89 64

[pumitka*: Rm — rpaHmIls MIIIHOCTI TiJl 9ac pO3TATYBaHHS; Re — rpaHuIls MIIMHHOCTI; Z — BiJTHOCHE
3BY)KCHHS.

PesynbTaTn. CTaTcTMYHa 00poOKa eKcriepMMeHTa/IbHMUX JaHUX TToKa3asa, 1o
30i/IbIlIeHHST KOHIIeHTpallii BcCix jeryBajibHux eneMmeHTiB (C, Si, Mn, Cr, Ni, V, B)
MiABUILYE XapaKTePUCTUKM MIIIHOCTI Ta 3MeEHIIy€ IUIACTUYHICTb MOCTIIKyBaHUX
craneit. ®@i3uMKo-XiMiuHMIT eKBiBajieHT Z' OyB TIOB'SI3aHMiI 3 KOMILJIEKCOM
MeXaHiUHMX BJIAaCTMBOCTE cTasieit aHaJIOTiYHUM UMHOM, a CTPYKTYpHMIt TapameTp d

Mae€ Bif'eMHMIT TapHMUIi 3B'SI30K 3 XapaKTePUCTUKAMM MIIHOCTI Ta IPSIMUIi MapHUIA
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3B'SI30K 3 ITIOKA3HMKOM ILJIACTMYHOCTi. TakuMM UMHOM, UMM MEHIIOI € CepemHs
MiX'simepHa BigcTaHb d i OiIbIIMM XiMiuyHMIT eKBiBajieHT ZY, TUM BHIIOI0 Oyje
MILIHICTh SOCTII)KyBaHMUX CTaJIei.

BpaxoByroun KiJIbKiCTb JOC/TiAKYBaHUX MJIaBOK Y BUXiJHOMY MacUBi JaHUX (N =
28), 1011 KOPEKTHOI CTaTUCTUYHOI MOJIeJIi MOK/IMBE BUKOPUCTAHHS He OijbIle TBOX
apryMeHTiB. AHajIi3 JOCTOBIPHOCTI JaHUX [IJIT KOXKHOI i3 TJIaBOK JO3BOJIMB 00paT y
SIKOCTi He3alIeXXHUX 3MiHHUX MoOJeseli MeXaHiuHMX BJIaCTMBOCTeN MpoKaTy di3uKko-
XiMiUHMIT eKBiBaJIeHT 3apsaoBoro crany (Z¥) i BMicT 6opy (B), SIKi Hai6inbII TicHO
IIOB'sI3aHi 3 KOMIUIEKCOM MeXaHiUHMX BJIACTUBOCTEN CTajieil AJIsI 00paHOro MacUBY
maHux. Ha ocHOBI perpeciitHoro aHamisy ajisi craieii CB-08XI'2CM®, C-08XT'CM®A,
CB-10XI'2CM® OynaM oTpuMaHi HACTYIHi IIPOTHO3HI Mopesi, 0 aaeKBaTHO

Y3roXyrTbCAd 3 €KCIIepMMEHTaJIbHMMHU OJaHMMMA

R (MIla) =—11735+9953,333- 2" +23269,05- B, (R = 0,95) (1)
R, (MIla) =—7097,61+6018,757 - Z" +9948,73- B,(R = 0,87) 2)
Z (%) =1150,546 —880,766-Z" —1343,17 - B.(R = 0,93) (3)

BucHOBKU. AHaJIi3 OTpMMaHMX MPOTHO3HUX MOJeieil oKasas, 110 A0JaTKOBe
3HIDKEHHSI MIITHOCTi Ta IiABUIINEHHS IIJIACTUUYHMUX XapaKTepPUCTUK IMPOKaTy 3
IOCTiIKyBaHUX CTajleli MOX/IMBE Yy pa3i 3HMKEHHS Yy MeKaX MapO4yHOTO CKJIamy
BMICTY JieryBaJibHIX eJleMeHTiB, Hacammnepen C i Mn.

MikposieryBaHHS ~ 60pOM  OOCHIMKyBaHMX  CTajieil  TMPU3BOOUTL 1O
pi3HOCITPSIMOBAHMX HACIAKIB. 3 OMHOro OOKY, BBeAEHHSI O0pYy B HU3bKOBYTJIEIEBi
CTajli CyTTEBO IiJABUIIYE CTilKiCTh II€PEOXOJIOMIKEHOTO ayCTeHiTy B 00/acTi
mudysiitHOro po3ranay, 3HMKYE TemIlepaTypy y — o IIepeTBOPEeHHSI Ta CIpUSIE
dbopmyBaHHIO HepuUTHOI MaTpulli 3 APiOHINIMM 3epHOM Y OPiBHSHHI 3i cTayisIMu 6e3
6opy. [lpi6bHO3epHMCTHII CTaH, 3TiIHO i3 3akKoHOM Xosa-Iletua, 06YMOBIIIOE
MiABUILEHHS MIITHOCTi CTaJi, @ 3HMKEHHS MJIaCTUYHOCTI MeTasy € HaCaiIKOM TaKoi
€BOJIIOIii  XapaKTepuUCTUK  MIIIHOCTi, 10 TiATBEPIKYETbCS  OTPUMaHUMU
MmaTemMaTuuHuMmu mopensimu (1)—(3). 3 iHmoro 60Ky, 60p, 3B'SI3yI0UM aTOMapHMIL
as3oT y HiTpuau Tumy BN, mepemkomxkae pO3BUTKY MpolieciB medopMalliiiHoro
CTapiHHS MeTa/ly IIiJ, Yac XOJIOAHOTO TIIAaCTUYHOTO JedhOpMyBaHHSI Ta CIIPUSIE
MiJIBUIIEHHIO 3arajibHOI AeopMOBaHOCTI MPOKATy MpM MepepobsieHHi #oro y apit

MeTOoOM BOJIOUiHHSI. TakoXX MiKpomob6aBKu OOpy [0 cTajeil 3BaploBaJbHOTO
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NpM3HAUYEHHS BBAXalOTbCS [OLUIBHMMM 3 TOUKM 30py JMOro BIUIMBY Ha
CTPYKTYPOYTBOPEHHS 3BapHUX 3'€AHaHb, 3MEHIIYIOUYM KiJIbKiCTb BUAMAHILITETTOBOTO

dbepuTy i 36i/bIIYyI0UM KiTBKICTh TOTYACTOrO PEPUTY B MiKPOCTPYKTYPi LIBiB.
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FEATURES OF THE INFLUENCE OF CHEMICAL COMPOSITION ON THE
FORMATION OF MECHANICAL PROPERTIES IN LOW-CARBON Cr-Mo-V
WELDING STEELS
Eduard Oliinyk, Eduard Parusov, Ihor Chuiko, Oleh Kuksa

Abstract. The influence of the chemical composition of low-carbon welding steels with a
Cr-Mn-Si-Mo-V alloying system and additional boron microalloying on the mechanical
properties of steel wire rod was analyzed under constant parameters of the
thermomechanical treatment mode. Based on a regression analysis of 28 melts,
predictive models were developed to estimate changes in tensile strength, yield strength,
and reduction of area in the steel wire rod. The physicochemical equivalent of the metal
system’s charge state and the boron content both most closely correlated with the
mechanical property set of the steels were selected as independent variables in the
models. It was established that a potential method to further reduce strength and
increase the plastic properties of steel wire rod is to decrease the content of alloying
elements, primarily carbon and manganese, within the compositional range of the steel
grade. An increase in boron concentration leads to higher strength and reduced plasticity
of the metal, presumably due to a reduction in the average ferrite grain size. However,
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boron microalloying has a beneficial effect on the deformability of the wire rod during
subsequent wire drawing, as it binds atomic nitrogen into nitrides and prevents
deformation aging of the metal during cold plastic deformation.

Keywords: chemical composition, mechanical properties, wire rod, mathematical model,
microalloying
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BA3U JJAHUX TA BA3U MOJIEJIEN - ®YHIAMEHTAJIBHE IIIAI PYHTS JJISI
PO3POBKU HOBUX TEXHOJIOITYHUX PIIIEHDb ITPY BUPOBHUILITBI
SIKICHUX CTAJIEN
Toro6uipka I.M.!, TToBopoTHs I.P.2, JlixauoB }0.M.3, XomoroBa H.E.*
10.m.u., npog.,? H.C., K.M.H., 3 H.C.,* M.H.C.,
L234Iucmumym uopHoi memanypeii im. 3. I. Hekpacosa HAH Ykpainu, m. THinpo, Ykpaina

AHoTanis. [HpopmauitiHolo 0CHOB0I0 011 MeopemuuHoi ma NpukaaoHoi memanypeii
npu po3pobuyi piwieHb CcNpIMOBaHUX HA YOOCKOHAJIEHHSI ICHYWUUX Mda OCB0€EHHS
NPUHYUNOBO  HOBUX  MEXHOJIO2IUHUX  CXeM  BU20MOBJIEHHS  BUCOKOSIKICHOI
Memanonpodykuii € npobJeMHO-0PIEHMOBAHI NPO2PAMU 8 OCHOB8I SIKUX NOBUHHA Oymu
3aknadeHa docmosgipva baza /[lavux ma bBa3a Modeneli. AHaniz cyuacHux
cneyianizo8aHux KoMn’romepHuUx npozpam ceiduums npo cymmeey Hecmauy makux
Mmodeneli 01 6azamoKoMNOHEHMHUX po3niasie (Meman, wiiak, 006asku). 3HaUUMICMb
6a3u modesneli 207106HUM YUHOM 3abe3neuye npasunivHuli 8ubip Haykoeozo niorpyHms,
Wo 3aK1a0eHO 8 0CHO8Y CMBOpeHUx Mmodeneli ma € 8az0MuM BHECKOM Y MOUYHICMb
CMB0OPEeH020 anzopummiuH020 i NPozpamHozo 3abe3neueHHs. be3zanepeuHo numaxHs ix
8€0eHHs1 ma NiOMpPUMKU HA HAJIEXCHOMY pIBHI i po3aasdamu, SIK 3adauy 2any3e8020
3HAUeHHs 3 AKMUBHOK YUacmioo [ CNPUSHHIO NO HANOBHEHHI OJAHUMU NPOBIOHUMU
8IMUU3HAHUMU 8UPOOHUUHUKAMU, excnepumMeHmaibHo-1a60pamopHuUMU
00CNIOHEHHIMU HAYKOBYIB-Memanypeie ma admiHicmpamugHow nidmpumkoiw no ix
Komepyianizayii 01 KopucmyeaHHsl iHo3eMHuMu KpaiHamu. Iloka3ava epekmusHicme
BUKOPUCMAHHS (Pi3UKO-XIMIUH020 anapamy KOHUenyii cnpsamo8aHozo XiMiuH020 38°13KY
07151 NPO2HO3YBAHHSA 8racmusocmeti memasnesux posniasis (R?>0,9), wo 3a6e3neuums 8
nooanswiomMy  00epyaHHs  cmaii 3  3ampebysaHuMu  MemaaoCnoXusavamu
NOKA3HUKamu.

KmiouoBi cinoBa: basu JaHux, ba3a 3HaHb, napamempu MixamomHoi 83aemodii,
AKicmbs memainy, NPO2HO3y8AHHS, MOOei

Hapasi cywyacHmii cBiT Habupae IIBUIKMII TEeMI HAPOIIEHHS 3aayuyeHOCTi
KOMIT'IOTEPHUX TEXHOJIOTiii He TiJbKM Yy MOBCSKIEHHOMY >XUTTi JIOAMHU, a 1 y
BUPOOHMYO-ITPOMMUCIIOBUX TIpoliecax. Lle cTOCyeTbCs, SIK pPO3POOOK IITYYHOTO
iHTeNneKTy, BIOCKOHAJeHHS KOHCTPYKIIi/i MPOTe3yBaHHS 3 eJleMeHTaMy 4YillOBOTO
KOHTPOJII0O TaK i YMOpaBliHHS Mpollecamy Ha MiJAIPUEMCTBAX, BIIPOBAJKEHHS
eJIeMeHTiB poboTu3allii Ha CKIaJgHMUX BUPOOHMUMX AiASHKAX, i 1ie JajeKo Ie He BCi

Hillli B $Ki MPOHMK/IM HOBITHI KOMI'IOTE€pHi HampalloBaHHS. Pa3zom 3 Tum Yyci
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KOMIT'IOTepHi HOy-Xay, He3aJeXXHO Bim cdepu B dKiii OyayTh 3acTOCOBaHi,
MoTpeOyIOTh HAMilifHOI HAyKOBO-OOIPYHTOBAHOI OCHOBM, SKa 3a0e3IeunThb
aleKBaTHyY MaTeMaTU4Hy CTiliKiCTb, IIBUAKICTb OJEep)KaHHS pe3yiabTaTy Ta
BiAMOBiAHY $KICTh IIiC/ISI TIPUIHSITTS BIATIOBIAHMX TEXHOJOTIYHMX pillleHb.
3a3BMyali BiCyTHiCTh 3i0paHMX Ta MPABWIbHO CUCTEMATU30BAHMX HATIMHUX JAHUX
BUKJ/IMKA€E TPYAHOIII Y HAYKOBI[iB Ha eTarax CTBOPEHHSI KOMII'IOTePHUX IOTIOBHEHD,
30KpeMa y CTa/IeIyIaBMIbHOMY BUMPOOHMIITBI mJis iHTerparii B cucremu ACVYTIIL.
AJITOpUTMM pO3paxyHKiB, IO 3aK/IafeHi y IIporpaMHi KOMIUIEKCH 3a3BM4Yail CKIagHi,
3i 3HAYHOIO KiJBKICTIO 3MiHHMX, a iX OaraTomapaMeTPMUHICTb He 3aBXIu €
OOrpPYHTOBAHOIO Ta BUITPABIAHOIO, TOMY BUHMKAE HEOOXiTHICTh ITPOBEeAEHHS SIKiCHOI
«3TOPTKM» KiJTbKOCTi mapamMeTpiB 3 30epeskeHHsIM ixX (i3nKo-XiMiuHOI, Qi3uuHOi un
TEXHOJIOTiYHOI CYTHOCTI i IIpaBUJIbHOTO BM3HAUYEHHS (PAKTOPHOTO HAaBAHTAXKEHHS Y
KOHKPETHMX YMOBax BMPOOHMIITBA Ta [JOUISHKM [JIsT  SIKOi  PO3POOGISIETHCS
eTrar uudposisaiiii.

3 ornsamy Ha 1i 06CTaBMHM OCOOAMBICTD 6a3 JaHUX aKyMY/IIOBATU Pi3HOTUITHY
inbopmariito 6e3 BTpaTM ii CMMUCJIOBOrO Ta HAYKOBOIO HABAHTAa)KEHHSI 3aBISIKMU
po3po6eHUM CTpOrMM TpaBuiam dopmasiszailii y BUMISIAI MalIMHHOTO IMacIopTy
ekcriepuMeHTanbHUX nanux (TTEM), sskuit BKIOUa€e BCIO MTOBHOTY BUK/AJeHOro 6e3
nornepelHbOI 0OpOOKM Ta «3IVIA/IKyBaHb», € BAXKIMBUM BHECKOM Yy TOYHICTb
oJiep>KaHMX MPOTHO3HMX 3HaYeHb. B IHCTUTYTI YopHOi MeTasnyprii im. 3.1. Hekpacosa
HAH Vkpaiau (IYM HAHY), ik ogHOMY 3 HepefoBUX Traay3eBUX 3akjajiiB KpaiHu,
cTBOpeHMit BaHK maHux «MeTtamyprisi», 10 SKOro BXOHSITh pelpe3eHTaTMBHI 6a3u
«Metan», «llmak», «®epocrnasu», <«IYC» (nulakOyTBOpIOWOYI Ccymimni), 1110
3HAXOASThCS B CTAJii MOCTiMiHOI eKcITyaTallii i akTMBHOTO MOIIOBHEHHST BJIaCHUMM
eKCIIepMMEeHTaTbHMMM,  Cy4aCHMMM  NOPOMMUCIOBMMM  Ta  JIiTepaTypHUMU
(cTarTi, MaTeHTH, BUHAXOIM, HAYKOBi po3po6Kky, MmoHoTpadii) nanumu [1, 2].

B cBoio uepry baza 3HaHb — Ile CHMHepreTM4yHe IOEAHAHHS 0a3 JaHMUX Ta
KOMILJIEKCY  Mojesieii, SKi H03BOJSIOTh IIPOTHO3YBaTM Iepiioueprosi ¢i3mko-
xiMiuHi, Teruiodi3MuHi BIACTUBOCTI MeTANyPTiiiHMX pO3IUIaBiB Ta HA OCHOBI
KPUTUYHOTO aHaji3y oJlep)kaHuX pe3yabTaTiB, B KOHKPETHili MPOMMCIIOBIi

Mpo0JIeMi, CIIPSIMYBATH BUPOOHMYHMKIB 10 MPUIHSATTS HaAOiMbII pallioHAJIBHOTIO i
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JIOLIIIBHOTO pillleHHs 3a7J1s1 OAepskKaHHS SIKICHOrO MeTaly. B ocTaHHiil yac 3HayHa
YyacTMHA pecypciB CIpsIMOBaHAa camMe Ha HaMoBHeHHS 6a3m «Metan», SIK
OCHOBOITIOJIOKHOI ~ CKJIQAOBOi @JITOPUTMIUHOTO i IIPOrpaMHOTO 3abe3redyeHHs
HACKpi3HOI cXemMM HampapjeHOro GopmMyBaHHS SKicHOi cTani. Po3pobieHHS
Mozesei 341 iCHIOETbCS Ha OCHOBI KOHILIEMIIil CIIPSIMOBAHOTO XiMIUHOIO 3B’SI3KY [3].
l'onoBHa imeosiorist, MO poOWUTH ii YHIKAJbHMM iH(OpPMAIliiHO-aITOPUTMIUHMUM
armapatom o¢dopMJIEHMM Y ITIporpaMHi Komruiekcu «Metal» Ta «Slag», monsirae y
pO3IsAAi MeTanypriiHux po3IliaBiB, SIK XiMiYHO €OMHUX CUCTEM, a He IIPOCTO
MeXaHiYHOl CyMillli CKIaJOBMX Ta BUPaKeHHI 1X 3B’SI3KiB B iHTerpajbHUX
rapamMeTpax MiKaTOMHOI B3a€MO/Iii: ZY — rmapamMeTp 3apsA0BOro CTaHy CUCTEMMU, €;
d - cepemHbOCTAaTUCTMYHA MiX’simepHa Bimcrtanb, 10'HM; tgo — KOHCTaHTa MIJs
KOXKHOTO eJIEMEHTY, sika XapaKTepu3ye IrpaJieHT 3MiHM pafiyCy ioHa mpu 3MiHi i10ro
3apsay; pi — CIIPSIMOBaHa 3apsiioBa IIiJIbHICTb, €/HM.

BaxknmuBMM  pe3yJbTaTOM OJepsKaHMM 3aBASIKM  PO3POOJEHMM MOJEJISIM
[Bnactusicts = f (ZY, d, tgo, p)], HaNpUKIA, O/ )KaPOMILIHUX HiKeJeBUX CIUIABiB,
SIKi BXOZISITh y OJIOK 6a3y Mojiesieii € MOpiBHSJIbHMI aHaTi3 MPOrHO3HMX 3HAUEHb 110
3aIpONOHOBaHii HamMu Mogeri (IToxubKa MporHosy - &, % = 0,66%) A5t sKapoOMilTHUX
HiKeJIeBUX CILIaBiB 3 pO3paxyHKaMy IPOBeleHMMM 3 BUKOPUCTAHHSIM ITPOTPaMHOTO
crieriajizoBaHoro komruiekcy JMatPro (moxmb6ka mporHosy &, % = 10,30%). lle
CBilUMTh TpPO aJeKBaTHICTb Ta MaTeMaTU4Hy CTiliKicTb pO3po6JeHuX HaMu
aHATITUUHMX BUpasiB. Ilpalles3maTHICTb pPO3p0O0JIEHOTO KOMIUIEKCY Mofeseii Ta
aJleKBaTHICTb OflepsKaHMUX pe3yabTaTiB BiATipallbOBaHAa HA TPOMMCIOBUX JaHUX CTaIi
40X Ta cranei knacy SAE. V pesynbTaTi NpoBeIeHOTO CTaTUCTUYHOTO aHaJi3y Ha
perpe3eHTAaTUBHUX BUOipKax AaHUX 3a BU3HaueHHSIM t-Kputepito CTbiOAeHTa MJist
ctasi SAE Bpajsoch BCTAaHOBUTM 3HAUMMICTh BMICTy QIIOMiHil0O Ha 3MiHYy
TeMIIepaTypy IJIaBJI€HHS CTaTi, IO IIPU3BEJIO 10 YTBOPEHHS IBOX obacTeit (puc.1).
ITpu Temneparypi miaBaeHHs 6inbire 1535 °C (061acTh 2) IJ1g cTajIeil XapaKTepHMIA
migBuIeHnin BMmict amomidio 0,23-0,76%, HampotuBary ob6jacti 1 3 BMicTOM

anoMmiHio 0,003-0,002.
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PucyHOK 1 - 3ayiekHiCTh TeMITepaTypu IJIaBJAeHHS BifI 3apsimoBOro cTaHy cucreMu (ZY)
crani kinacy SAE

BukopucrtaHHs 6a3 gaHux Ta 6a3 Mojesieit Ja€ He JIKIIIe TEOPETUYHI /1 HAYKOBi
pe3yJibTaTH, a ¥ Mae€ IpakTMuHe 3HaueHHs. [Ipo 1e cBiguaTh pe3yabTaTU
IOCTiIKeHHST BiTUM3HSIHUX depociuiaBiB Mapok ®Mu78 ta MHC17 3 BigxXuyieHHSIMU
Mo XiMiYHOMY CKJIanay, SIKi JO3BOJIMIM HaM KOHCTAaTyBaT HA OCHOBI €KCIIePTHOI
OIIiIHKM BJIACTMBOCTE} MOSKIMBICTh iX BUKOPUCTAHHS IPU BUPOOHMIITBI CTasi 3a iX
MPU3HAYEHHSIM 3 JOTPMMAHHSIM IIEBHUX YMOB [4].

BucHOBOK. BukopucTanHsi po3pobieHnux 6a3 gaHux Ta 6a3 Mmopesei 103BOJIsIE
CTBOPUTM 3acaayu OJepkKaHHSI BUCOKOSIKICHOTO KOHKYPEHTO3[AaTHOTO MeTaly Ha
OCHOBi BMCOKOTOYHMX ¥ CTiliKMX TIPOTHO3HUX Mopesieii KoMIuiekcy ¢i3uko-
XiMiUHMX BJACTUBOCTE}t MeTaNypTiiiHMX PO3IJIaBiB, SKi OMMCYIOTh i0HOOOMiHHI
npouecu y 6OaraTtodasHoOMy cepemoBMINi, 3JaTHi OLIHUTU TOBHOTY IIPOTiKaHHS
peakiiiii, a OTXe 1 CTYIIiHb 3aCBOE€HHSI KOMIIOHeHTiB. CamMe oIriepaTUBHUI
IMPOMMCJIOBO-TEXHOJIOTIUHMIT KOHTPOJIb LMX MPOLECIB SBISETHCS BasKIMUBOIO
pe3epBHOI0 JIAHKOIO [IJiT BUPOOHMUIITBA SIKICHOI CTaji y HecTabiTbHUX BUPOOHUUUX

YMOBaxX KpaiHu.
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DATABASES AND MODEL BASES - THE FUNDAMENTAL BASIS FOR THE
DEVELOPMENT OF NEW TECHNOLOGICAL SOLUTIONS IN THE PRODUCTION
OF QUALITY STEELS
Togobitska Daria, Povorotnia Iryna, Likhachev Yury, Nadiya Khodotova

Abstract. The information basis for theoretical and applied metallurgy in developing
solutions aimed at improving existing ones and developing fundamentally new
technological schemes for manufacturing high-quality metal products are problem-
oriented programs, which should be based on a reliable Database and Model Database.
Analysis of modern specialized computer programs indicates a significant lack of such
models for multicomponent melts. Undoubtedly, the issue of their maintenance and
support at the proper level should be considered as a task of industry significance with
the active participation and assistance in filling in the data by leading domestic
manufacturers, experimental and laboratory research by metallurgical scientists, and
administrative support for their commercialization for use by foreign countries. The
effectiveness of using the physicochemical apparatus of the directional chemical bond
concept for predicting the properties of metal melts (R?>0,9) is shown, which will ensure
the further production of steel with the indicators demanded by metal consumers.
Keywords: Databases, Knowledge Base, interatomic interaction parameters, metal
quality, prediction, models
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KIRIGAMI INSPIRED SOLID-STATE ALLOYING (KISA) METHOD OF CREATION
OF FUNCTIONALLY GRADED MATERIALS
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Tdoctor of technical sciences, professor, % candidate of technical sciences, associate
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L234Ukrainian State University of Science and Technology, Ukraine

Abstract. Kirigami-inspired solid-state alloying (KISA) is an innovative technique that
applies kirigami principles to control the distribution of alloying elements within a matrix
during pressure bonding. By employing precise cuts and patterns, KISA manipulates
diffusion and precipitate formation at micro- and nanoscale levels, leading to tailored
material properties. This method eliminates challenges associated with conventional
liquid alloying, such as oxidation and element loss, while enabling controlled
microstructure evolution through roll bonding and heat treatment. Key advantages
include improved phase distribution, enhanced interfacial properties, and adaptability
for various material types, including powders and amorphous substances. KISA presents
new opportunities for designing functionally graded materials with customized
mechanical, electrical, and thermal characteristics.

Keywords: kirigami, matrix, deformation, bonding, functionally graded material

Kirigami-inspired solid state alloying is an innovative technique that uses the
principles of kirigami, the Far Eastern art of cutting, to distribute the alloying
element within the matrix during pressure bonding. This approach uses precise cuts
and patterns to manipulate and control diffusion and precipitate formation at the
micro- or nanoscale, potentially leading to novel material properties and
functionalities. This means that the final content and distribution of the alloying
element within the matrix is determined by the shape and size of the solid inlay.
These properties, in turn, are influenced by the initial shape of the cuts and the
subsequent transformation of the cut inlay during the pressure bonding of the
matrix parts. Figure 1 shows an example of the transformation of the initial kirigami
structure (rhombic mesh) into the inlay with square cell shape during roll bonding
and illustrates diffusion of the inlay during subsequent heat treatment. In such a
process, the kirigami structure is placed between sheet matrices and rolled under

certain thermal-deformation conditions until the two halves of the matrices are
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completely bonded, surrounding the deformed inlay. The resulting composite is then
subjected to a thermal treatment to obtain the required phase content and
distribution.

It is clearly visible from Figure 1 that all geometric parameters of the input
components are subject to change in the deformation zone in parallel with the
bonding of the matrix material. This method of roll bonding was initially invented as
a way of obtaining composite materials [1, 2] with improved mechanical and fire
resistance properties. The nature of these improvements depends on the strain-
stress state in the deformation zone, which also has a hardening effect

on the inlay material.

Figure 1 — Schema of the inlay transformation during roll bonding: 1- matrix material;
2 — deformable inlay; 3 — upper roll;
4 - visualization of diffusion of the inlay material into the matrix material;
RD - rolling direction; HT — heat treatment

Thus, the solid state alloying of such a structure can be represented as the
evolution of the composite material into a sequence of intermetallic phases as well
as solid solutions, the distribution and stoichiometry of which depend on the
location of the inlay within the matrix, as well as the density and character of
microstructural defects inspired by plastic deformation. This evolution provided
with a heat treatment, the time-temperature line of which must navigate to required
phase content.

With regard to such features of roll bonding, it is appropriate to highlight the
key advantages of solid state alloying as compared to conventional alloying:

e Solid-state alloying avoid the problems associated with high-temperature
processing, such as vaporization or decomposition of lower-melting elements, when
the components have significantly different melting points.
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e The risk of oxidation and contamination that can occur in molten metal at high
temperatures can be eliminated with this method.

¢ In the case of high entropy alloys, where maintaining uniformity in a liquid state can
be a challenge, the solid state technique can provide a controlled architecture of
alloying elements both in planes and in volume.

e KISA, due to controlled strain-stress conditions during the roll-bonding as well as
due flexible timing during the heat treatment, provides precise control over the
microstructure, including the stoichiometry and distribution of intermetallic phases.

e Continuous juvenilization of the surface layers of the components in a low-oxidation
atmosphere during roll bonding forms the complex interface, which has an effect on
the kinetics of intermetallic phase formation.

This method can be used to develop materials with tailored mechanical,
electrical and thermal properties. Potential applications include adaptive materials,
especially biodegradable materials, and novel structural components that require
specific performance characteristics that cannot be achieved by traditional alloying
methods. The alloying inlay can be a polycrystalline body, or a powder, or an
amorphous substation dispersed in a prepatterned matrix. The use of the powder
inlay requires prior patterning of the matrix and careful filling of the pattern before
the roll bonding [3]. In this way, a controlled and precise distribution of the alloying
powder in the interfacial plane can be achieved. Another promising aspect is the
dynamical contact interaction between the alloy particles and the juvenile layers of
the matrix material during the subsequent roll bonding [4]. Overall, the kirigami-
inspired solid-state alloying represents a fusion of traditional art techniques with
materials engineering, opening up new opportunities for synergistic effects in the
design and fabrication of functionally graded materials.

Key tools of the KISA

As we can see, the KISA can be imagined as the sequence of the technological
elements of roll bonding and heat treatment, namely the rolling reduction, the rate
of deformation, the friction, the roll diameter and, last but not least, the
temperature during the whole process. The content of these elements controlled via
following tools:

1. Material Combination. This tool is used to define the combination of matrix
and inlay materials to achieve the required set of properties. These properties are divided
into three groups:

a. Electrical and magnetic;
b. Mechanical and structural;
c. Corrosion and degradation.
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This tool is characterised by two limiting factors:

- the rheological behaviour of the material pair during common plastic
deformation. Here it is necessary that these materials have sufficient ductility
in the selected temperature range;

- kinematics of mutual diffusion in the solid state with formation of
intermetallic phases. The important parameters are the diffusion rates and
directions.

2. Character of surface interaction. This tool is useful for understanding
which interfacial effects are expected, for example, joinability, sensibility to the
interaction with atmosphere, roughness, etc.

3. Geometrical parameters of the components. The shape of the kirigami
pattern and the thickness of the layers determine the interaction of the components
during roll bonding and subsequent heat treatment. This forms the basis for the further
content and distribution of phases within the new material. Optimal geometric
parameters of the components must be designed iteratively, taking into account the
geometry of the deformation zone, including its elastic part.

4, Evolution of the components geometry and properties during roll
bonding. The roll bonding of KIC is characterized by extreme inhomogeneity. Flow curves
and thermokinetic diagrams are not always sufficient to predict the technological ductility
of materials used as components of KISA.

5. Evolution of the deformed components during heat treatment. This tool
is a continuation of tool 1 as follows: the kinetics of diffusion and formation of
intermetallic phases is the objective of the KISA procedures. The characteristic of KISA in
this sense is the enhanced role of microstructural defects generated by inhomogeneous
plastic deformation as a driving force of the thermodynamic process.

Conclusions

1. Kirigami inspired solid-state alloying (KISA) is an innovative method for
creating functionally graded materials based on an art-meets-science approach.

2. KISA brings new features to the solid state alloying process: controlled
volumetric distribution of alloying components and deformation-inspired microstructural
defects that affect the distribution and stoichiometry of intermetallic phases and solid
solutions.

3. KISA allows the use of not only solid inlays, but also powder and amorphous
substations as alloying elements.
4, Five key tools that determine the content of the technological elements

during KISA are the subject of further study.
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TBEPJOTUIBHE JIETYBAHHS HA OCHOBI KIPITAMI-CTPYKTYP (TJIKC) OJI
CTBOPEHHS ®YHKIIOHAJIbHNUX MATEPIAJIIB
®poros .B., Booyx O.C., bosipkiu B.B., KonoBomos [1.B.

AHoranis. TeepdominvHe nezy8auHHs mamepianié Ha ocHosi Kipizami-cpykmyp (TJIKC)
— ye IHHOBaUIliHA MeXHOJ/02ifl, KA 3aCMOCOBYE NPUHUUNU Kipizami ONs1 KOHMPOJIO
po3nodiny Jsiezyrnuux enemeHmie 'y mampuyi nid uac 3’€0HAHHSA MUCKOM.
Buxopucmosyrwuu mouHi po3pizu ma wabnouu, T/IKC kepye dugysiero ma ymeopeHHIM
iHmepmemanioHux (a3 Ha MiKpo- ma HAHOPIBHAX, WO Npu3eodumsv 00 (Popmye8aHHs
(yHkyioHansHUXx e1acmugocmeti mamepiany. Lleti memoo ycysae npobiemu, nog's13aHi 3i
36uuaiiHuM pIOUHHUM Jle2y8aHHSIM, MAKi AK OKUCNeHHS 1 empama enemMeHmis,
00HOUACHO 3abe3neuyilouu KOHMPOIbOBAHY €80JIYI0 MIKpocmpykmypu nid uac
npoKkamku-3’€0OHaHHA i nodanvuioi mepmiuHoi 06pobku. OCHOBHI hepesazu 8KANUAOMb
nokpauiedi po3nodin ¢a3 3adavoi cmoxiomempii, MixchazHi enacmusocmi ma
adanmueHicmes 00 pI3HUX Munie mamepianie, BKAUANUU NOPOWKU Ma aMOpQHi
peuosuru. TJIKC eidkpueae Ho8i Moxcueocmi 05 po3pobKu (PYHKUIOHATbHUX
mamepianie 3 npozpamo8aHuMu MeXaHIUHUMU, eleKMPUYHUMU ma meniosumu
xapakmepucmuxkamu.

KnwuoBi cnoBa: kipicami, mampuys, oepopmayisi, 3’€¢OHaHHS, (PYHKUYIOHATbHULL
mamepian
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CEKLIA 3

MATEMATHUYHE MOJEJ/IIOBAHHS TA ITPOEKTYBAHHSA
CKIIAJHUX CCTEM

SECTION 3

MATHEMATICAL MODELING AND DESIGN OF COMPLEX SYSTEMS
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ADVANCED DAMAGE-PLASTICITY MODELLING AND CALIBRATION
STRATEGIES FOR ACCURATE FINITE-ELEMENT ANALYSIS OF
UNREINFORCED CONCRETE IN THIN-WALLED STRUCTURES
Oleksandr Movchan!
Ukrainian State University of Science and Technologies, ESI “Prydniprovska State
Academy of Civil Engineering and Architecture”, Dnipro,
Postgraduate student, Ukraine

Abstract. Accurate finite-element representation of unconventional concretes -
slag-blended, recycled-aggregate, fiber-reinforced, or ultra-thin formwork mixes requires
more than the legacy smeared-crack tools that still dominate industrial workflows. This
theses reviews research on 3D material modelling of plain, fiber- and aggregate-modified
concretes in the ANSYS environment, with emphasis on constitutive law selection,
experimental calibration, and numerical tactics that preserve convergence once cracking
and crushing initiate. Damage-plasticity formulations such as Concrete Damaged
Plasticity (CDP) consistently outperform simpler Drucker—Prager or Willam—Warnke
approaches, provided their numerous parameters are tuned to targeted laboratory data.
Special issues arising in thin-walled elements and permanent formwork stability, mesh
objectivity, staged casting pressure are examined, and five recent case studies are
dissected to illustrate best practice. The review concludes with recommendations for
practitioners and identifies emerging trends, notably machine-learning-assisted
calibration and phase-field fracture, that are poised to reshape concrete simulation in
commercial FEA.

Keywords: ANSYS modelling, finite elements, concrete, mesh, 3D-modelling

Introduction. Concrete is a heterogeneous, quasi-brittle composite whose
tensile capacity is an order of magnitude lower than its compressive strength. When
reinforcement is absent, predictive modelling must capture crack initiation,
post-peak softening and stiffness degradation. Over the last few years, the research
community has advanced several numerical strategies to meet this requirement
inside the ANSYS ecosystem. The present paper converts those scattered findings
into a coherent scientific narrative and provides actionable guidance for analysts
tasked with modelling non-standard, reinforcement-free concrete structures.

Constitutive Modelling Strategies in ANSYS. Legacy smeared-crack element
(SOLID65). SOLID65 embeds a five-parameter Willam—-Warnke surface with separate
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checks for tensile cracking and compressive crushing. Although setup is
straightforward, the element is notorious for non-convergence when stiffness drops
abruptly at Gauss points. Barghlame Hadi[l] showed that tuning the crushing
stiffness factor (CSTIF ~0.3) restored solver stability during cyclic loading of
concrete-filled tubes, without compromising physical realism.

Generic Drucker-Prager plasticity. Workbench wusers typically assign a
pressure-dependent yield surface (Drucker—Prager) to SOLID185/186 elements and
super-impose a tensile cut-off via failure strain or element birth-death. This
configuration reproduces confined compression well but lacks an intrinsic damage
mechanism; therefore, it underestimates crack-induced stiffness loss unless
supplemented by a user material subroutine [2].

Damage-plasticity (Concrete Damaged Plasticity). The CDP model, native to
Abaqus and available in LS-DYNA/Autodyn, couples multi-surface plasticity with
scalar damage variables @: and d: that degrade elastic stiffness after cracking or
crushing. Guan Q et al. [3] achieved 10-15 % agreement with eight fiber-reinforced
RAC beam tests once CDP parameters—dilation angle, shape factor K
biaxial-to-uniaxial strength ratio fze /fea , viscosity were calibrated. In ANSYS
Mechanical, equivalent behavior can be realized through USERMAT coding or by
exporting the mesh to LS-DYNA.

Mesoscale and explicit-inclusion models. Liet al. [4] scripted APDL routines
that randomly inserted thousands of discrete steel fibers inside a mortar matrix;
Yuetal. [5] modelled recycled aggregates and the old-mortar interfacial transition
zone (ITZ) with cohesive elements. These mesoscale approaches capture localized
crack paths and fiber pullout at the cost of extreme mesh densities.

Rate-dependent concrete laws. When blast or impact governs design, Autodyn
RHT and LS-DYNA’s HJC material cards incorporate strain-rate hardening and
pressure dependence. Although peripheral to most structural applications, they
remain essential for thin GFRC facades or protective panels subject to accidental
loads [6].

Modelling Thin-Walled and Formwork Concrete. Thin concrete walls

demand special numerical care: once cracks form, their slender geometry can trigger
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second-order instability, so analyses should enable large-deflection (NLGEOM)
settings and, where necessary, use arc-length solution schemes to follow the
post-peak path. To keep crack width’s objective, the mesh must contain at least
three solid elements through the thickness, with non-local regularization or slight
mesh randomization added to prevent artificial alignment. Because permanent
formwork panels are loaded by the hydrostatic pressure of fresh concrete,
simulations need a time-dependent lateral load that fades as the core cures and, for
early stripping, should also model temperature-driven strength gain. Finally,
ultra-high-performance or fiber-rich mixes often exhibit tensile strain hardening
before localization, so the material card must include a multi-linear tension curve;
omitting this feature leads to unconservative predictions of service stiffness and
crack width.

Review results. Concrete modelling follows a clear hierarchy:
damage-plasticity formulations such as Concrete Damaged Plasticity (CDP) now
offer the best compromise between accuracy and ease of use, although simpler
Drucker—Prager plasticity still serves well for preliminary sizing or for parts where
tensile cracking is not critical. Whatever the model, calibration is essential; default
material cards are often unconservative, so laboratory data particularly fracture
energy and residual tensile capacity in fiber-reinforced concretes must be fed into
every analysis of unconventional mixes. Errors become more pronounced in thin
elements, where buckling—crack interaction, mesh sensitivity and staged loading can
amplify any shortcut assumptions, making careful attention to boundary conditions,
element density and solver settings indispensable when wall thickness drops below
about 75 mm. Looking ahead, machine-learning routines are starting to automate
parameter identification, and phase-field fracture methods promise
mesh-independent crack tracking; both are expected to enter mainstream ANSYS
workflows in the next research cycle.

Conclusions. Damage-plasticity models, whether built into LS-DYNA or
Autodyn or coded as USERMAT routines, consistently outperform smeared-crack or
purely plastic formulations when simulating unreinforced concrete. Achieving this

accuracy depends on a multi-stage calibration cycle that draws on compression,
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tension, fracture, and full-scale structural tests to fix every key parameter. The task
becomes even more demanding for thin-walled or permanent-formwork elements
because geometric nonlinearity, staged casting pressure, and mesh objectivity all
require explicit treatment. Case studies show that, when these practices are
followed, ANSYS can predict load capacity, stiffness loss, and crack patterns to
within about #15percent of experimental results. Looking ahead, data-driven
calibration tools and phase-field fracture techniques offer promising routes to
narrow the remaining gap between numerical predictions and real-world behavior.
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YIOCKOHAJIEHI MOJIEJII INTACTUYHOCTI 3 YPAXVBAHHSIM PYHHYBAHHS
TA CTPATETI KAJIIBPYBAHHS JIJI1 TOYHOI'O CKIHYEHHO-EJIEMEHTHOT'O
AHAJII3Y BETOHY BE3 APMVYBAHHS ¥V TOHKOCTIHHUX KOHCTPYKIISAX
Mosguas O.10.

Anoramnisg. TouHe CKiHUEHHO-elleMeHMHe BI0MBOPEHHS1 HempaduyiliHux 06emoHis:
waakonopmaaHoueMeHmHux, i3 nepepobyieHUM 3anosHwsauem, (pibpoapmosanux abo
YIbMPAMOHKUX 0NanyoKosux cymiuieli — nompebye 0inbli020, Hix 3acmapinuti nioxio
«smeared-crack», wjo @i doci OMIHY€E y NPOMUCIO8UX POOOUUX PO3PAXYHKAX. Y OdaHux
me3ax y3azanbHeHO OO0CHIONeHHS 3 MPUBUMIPHO20 MamepianbHoz0 MOOeN8AHHS
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3suuatinux, @ibpo- O6GemoHie ma 0emoHi8 i3 MOOUDIKOBAHUM 3aN0BHIOBAUEM Y
cepedosuuii ANSYS 3 akyenmom Ha 8ubip moodeneti, ekcnepumeHmaibHe Kaniopy8aHHs
ma uucnosi makmuxu, SIKi 3abe3neuyme 30HCHICMb NiCN 3APOOHCEHHS MPIWUH i
pyliHysaHHs. @DopMynio8aHHs muny <«naacmuuHdicme i3 nowkooxceHusam» (CDP)
cmabinbHo nepesepulyioms npocmiwii nidxodu /pykepa-Ilpazepa uu Binnama-BapHke,
3a yM08U, W0 iXHI YUC/IEHHI hapaMempu HAJIAWMOBaHi 3a Yibosumu 1ab6opamopHumu
odaHumu. Po3znstHymo 0cobuei numatHs, wo 8UHUKAOMb Y MOHKOCMIHHUX eJleMeHmax i
He3HIMHIll onanybui, a came cmilikicms, 00°’€KMUBHICMb CiIMKU Ma noemanHuti muck
YKAA0AaHHsl, 1 NpoaHanizoéavo n’sme Cy4acHux npuxnadise, sKi 0emMOHCMpyombo
Hatikpawi npakmuku. Oen0 3a8epulyemvcs pekomeHOayiamu 011 NPaKmMudHux
pPO3paxyHKie i eusHaude HO8i meHOeHyii, 30Kpema Kanibpy8aHHsi 3 BUKOPUCMAHHAM
MAUWUHHO20 HABYAHHA mMa (pasoeo-nonvose MoOOeN8AHHST MPiWuH, Wo 30amHi
O0OKOPIHHO 3MIHUMU CUMYNAYit0 OemOHY 8 KomepyitiHux cucmemax po3paxyHky KE.

Kniouosi ciioBa: ANSYS modeniosans, memoo CKiHUeHHUX efleMeHmi8, 6emoH, cimka,
3D-moo0enweanns
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SUPERIOR CLASSIFICATION OF EEG STATES USING RECURRENCE
QUANTIFICATION ANALYSIS
Panasenko Y. S !., Belozyorov V.2
IPhD student, Department of Computer Technologies
2Doctor of Physical and Mathematical Sciences,  Professor
L2Qles Honchar Dnipro National University, Ukraine

Abstract. This study investigates the classification of brain states using
electroencephalography (EEG) data, comparing recurrence quantification analysis (RQA)
with traditional spectral analysis. The goal is to distinguish between eyes-open and eyes-
closed states using EEG data. Experimental results demonstrate that RQA provides
superior classification accuracy, particularly at the OlI electrode, where accuracy
improved from 86% to 95%. The study also identifies optimal phase space reconstruction
parameters and the most informative recurrence features for classification. RQA captures
nonlinear dynamics of brain activity more effectively than frequency-based spectral
methods. The findings support the use of RQA for improving classification in portable
EEG systems. This enables more accurate analysis in real-time applications such as
cognitive training and brain-computer interfaces.

Keywords: EEG classification, recurrence quantification analysis, spectral analysis,
brain states, phase space reconstruction.

Introduction. The increasing use of portable EEG devices necessitates efficient
algorithms for brain activity analysis with limited technical resources. This study
investigates the classification of brain states based on EEG data, focusing on
distinguishing between relaxation and concentration through the classification of
open and closed eyes. The research applies recurrence quantification analysis (RQA)
[1], a method derived from chaos theory, and compares its performance to spectral
analysis. Experimental results indicate that RQA provides superior classification
accuracy, particularly at the O1 electrode, where classification accuracy improved
from 86% to 95%. Additionally, key parameters influencing classification were
identified, optimizing phase space reconstruction and enhancing classification
reliability.

Problem Statement. Classifying brain states using EEG data is crucial for
applications in self-monitoring, cognitive training, and brain-computer interfaces.

The ability to determine whether eyes are open or closed provides insight into
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relaxation mechanisms and cognitive processes. The growing market of low-cost
portable EEG devices has created demand for effective algorithms that function with
limited electrodes and lower-quality signals. Traditional spectral analysis methods
rely on detecting characteristic brain rhythms, but alternative approaches like RQA
may provide higher accuracy by capturing nonlinear dynamical properties of the
brain’s activity.

Research Methods. The study used the EEG Motor Movement/Imagery Dataset
[2], which includes over 1,500 EEG recordings from 109 participants. EEG signals
were recorded using a 64-channel system while subjects performed various motor
and imagery tasks. The preprocessing stage involved filtering low-frequency noise
(<2 Hz) related to movements and blinking, eliminating 50/60 Hz interference, and
removing high-frequency noise (>50 Hz) from muscle activity. Z-score normalization
was applied with 1-second segments, ensuring signal continuity through Hann
window merging.

Recurrence plots were generated using the PyRQA module [3], leveraging
OpenCL technology to accelerate calculations through GPU parallelization. RQA
parameters were extracted to quantify the recurrence structure of EEG signals,
enabling classification of brain states. Spectral analysis was used as a baseline,
focusing on traditional power spectral density estimation of EEG rhythms.

Experimental Results. Analysis of recurrence plots revealed distinct patterns
between eyes-open and eyes-closed states. The eyes-open state exhibited chaotic
and dispersed recurrence structures, whereas the eyes-closed state showed long
diagonal lines, indicating periodicity (fig. 1). Spectral analysis confirmed a dominant
frequency of 10 Hz in the eyes-closed state, consistent with the well-known

alpha rhythm.
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Figure 1 - Recurrence plot

Simple classification using single RQA parameters identified determinism
(DET), entropy of vertical lines (V_entr), the average length of white vertical lines
(W), and longest white vertical line divergence (W _div) as the most informative
features for distinguishing eye states. Further feature importance analysis using the
SHAP module for SVM classification demonstrated that the inverse of the longest
white vertical line (W_div), entropy of white vertical lines (W_entr), average diagonal
line length (L), longest white vertical line (W_max), longest vertical line in the plot
(V_max), and laminarity (LAM) were the most significant parameters.

Comparison with Spectral Analysis. RQA-based classification consistently
outperformed spectral analysis, particularly at the O1 electrode. The accuracy of
spectral analysis in classifying eye states reached 86%, while RQA-based
classification improved accuracy to 95%. This demonstrates the advantage of chaos
theory-based methods in capturing the complexity of quasi-periodic brain signals.
The improved accuracy is attributed to RQA’s ability to quantify recurrence patterns
that reflect the underlying dynamical structure of EEG signals, whereas spectral
analysis is limited to frequency-based representations.

Optimal Parameters for Phase Space Reconstruction. Determining optimal

parameters for phase space reconstruction is crucial for accurate classification. The
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study identified a delay of 25 ms and an embedding space dimension of 4 as the most
effective settings. These values align with the spectral characteristics of the EEG
signal, ensuring that the recurrence plot captures meaningful temporal dynamics.

Key Features for Classification. Two approaches were used to identify the most
significant RQA features for classification. In a simple classifier using optimal
threshold search, determinism (DET), entropy of vertical lines (V_entr), average
length of white vertical lines (W), and longest white vertical line divergence (W_div)
were found to be the most influential. Feature importance analysis using SVM
classification further confirmed that the inverse of the longest white vertical line
(W_div), entropy of white vertical lines (W_entr), average diagonal line length (L),
longest white vertical line (W_max), longest vertical line in the plot (V_max), and
laminarity (LAM) were crucial for accurate classification. These parameters highlight
the importance of structural patterns in recurrence plots for differentiating between
brain states.

Conclusion. The study demonstrates that RQA provides superior classification
accuracy compared to spectral analysis in distinguishing eye states based on EEG
data. The classification accuracy for the O1 electrode improved from 86% with
spectral analysis to 95% with RQA. This confirms that recurrence-based methods
offer a more effective approach for analyzing quasi-periodic brain signals.
Additionally, the study identified key RQA parameters that significantly influence
classification, optimizing phase space reconstruction for improved accuracy. These
findings contribute to the development of efficient EEG analysis algorithms for
portable devices, enhancing applications in cognitive training and brain-computer
interfaces.

REFERENCE
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ITOKPAIIEHA KJIACU®IKAIIISI CTAHIB EET 3A OITOMOTI'OIO
PEKYPPEHTHOTI'O KIVIBKICHOT'O AHAJII3Y
[TanaceHko €rop, biyio3pbopoB Bacuib

AHoTamiss. YV ysomy docnioxiceHHi po3sensdaemscs Kaacugikayis cmadie MO3KY 3d
danumu enexkmpoerueganozpadii (EEI) winsaxom NOpPiBHSAHHS KINbKICHO20 AHAJI3Y
pekypeHmuux Odiazpam (RQA) i3 mpaduyiliHum cnekmpanvHuM aHanizom. Memoio €
pPO3Ni3HABAHHS CMAHI8 i3 8IOKpUMUMU mMa 3aKkpumumu ouuma 3a donomozoi EET-
daHux. EkcnepumeHmavHi pe3yismamu nokasyoms, ujo memod RQA 3abe3neuye suujy
mouHicmo Knacugikayii, 3okpema ona enekmpoda O1, de mounicme 3pocia 3 86% 0o
95%. Y OocnioxceHHi Makox 6u3HaueHi ONMUMAibHI napamempu peKoOHCMpYKuii
(pazosozo0 npocmopy ma HatiGinbw iHGOpMAMuUBHi peKypeHmHi xapakmepucmuxu Ons
knacugpikauii. RQA epekmueHiuie 3axonoe HeNiHiliHY OUHAMIKY MO3K080I AKMU8HOCMI
NOPIBHAHO 3I CheKMpaibHUMu memodamu, w0 6as3yiomsCs HaA UaCMOMHOMY AHAI3I.
Ompumani pesynomamu niomeepoxcytomes OdouiibHicms eukopucmarvvs RQA 0Ons
nidsuuienHss mouHocmi knacugikayii 8 nopmamusHux EEI-cucmemax. Lle 00380/15€
npogodumu OibW MOYHULL AHAI3 Y PeanbHOMY Uaci 0 3acmocy8aHsd y KOZHIMU8HOMY
mpeHy8aHHi ma inmepdeticax «Mo30K-Komn’romep».

KmwuoBi cnoBa: «knacugikauia EEI, KineKicHuti auania pekypeHmuux diazpam,
CneKmpanvHuli aHanis, CMaHu Mo3Ky, peKOHCmMpYKYist pazo80z2o npocmopy.
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BIVIMB EJIEKTPMYHOTO I10JI1 BUCOKOI HATIPY>KEHOCTI HA CTAPIHHSA
LIEJIYOJIO3HOT I30JIL1T CUJIOBOI'O TPAHC®OPMATOPA B ITAKETI
ITPOTPAM FEMM
Bapa6au O.]1.1, ITonskoB M.O. 2, BacuneBcbkuii B.B. 3
Lacnipanm, *npogpecop, dokmop mexHiuHux Hayk,>doyenm, KaHOUOam mexHiuHUX HayK
L23HY "3anopi3vka nonimexHika"

AHoTanist. [IpozH03y8aHHS CMAPIHHA UEHJI03HOT i301Uil CUN08UX MPAHCPHOpMaAmopis
€ B8aMU/IUBOID YMO0B0I0 hidsuuwleHHs1 HadiliHocmi  eHepzocucmem. Y  pobomi
NpoaHanizo8aHo YUHHUKU dezpadayii i30a8uUii 3 AKUEHMOM HA B8NJU8 eNeKMPUUHO20
noas. [na docnidxceHHs 1i020 po3nodily CMBOPEHO MamemamuuHy MOoOeslb
mpaHcopmamopa 8 cepedosuuii FEMM. Ile 0o3goauno 8i3yanizysamu npocmoposi
Xapakmepucmuku noJisi ma ouyiHumu iiozo 83aemodito 3 i30JAyiliHUMU Mamepianamu.
ModenwsaHHs niomeepouso Ka408y poJib eleKmpuuHo20 NoJjsl 'y npoyecax cCmapiHus
uentono3du. Takoxc niokpecieHo 3HAUEHHST MeXAHIUHUX HABAHMAXCEHb, 1K 000AMK08020
paxmopy Odeepadayii. ITodansuwiuti po36umoxk MynasmuizuuHux modeneii cnpusmume
nidsuuweHH MOUYHOCMI NPOZHO3YBAHHSA, onmumisauii exchayamayii ma nooo8MeHH
pecypcy mpaucgopmamopis.

IHcmpymenmu Ha kwmanm FEMM gidkpusaroms HO8i MOXIUBOCMI 01 KOMNJIEKCHO20
aHani3y cmapivHs 8 eHep2emuuHoMy 001A0HAHHI.

KnouoBi cioBa: mpaHcopmamop, mamemamuuHa mooenb, CMApiHHA i3021Auil,
naxkem npozpam FEMM,.

IlpenmeT pocihimkeHHs: Po3poO6Ka MeETOAIB TOUYHOTO ITPOTHO3YBAHHS
merpagailii  IeaIJIO3HOI  i30/s10ii  cuMa0BMX  TpaHchOpMaTOpiB Ha  OCHOBI
MaTeMaTUYHOIO0 MOMe/JI0BaHHS, 1[0 AO3BOJUTb ONTUMI3yBaTH IX eKCILTyaTallilo Ta
3aI00irTV KpUTUUYHMM BiIMOBaM.

MeTta po6oTu: IlinBuIeHHSI TOYHOCTI OI[iHKM CTapiHHS i3011ii 3a paxyHOK
KOMIT'IOTEPHOTO MOJIeTIOBAaHHSI eJeKTPUYHuX i (Qi3MKko-xXiMiyHMX MpoIeciB y
cepenoBuili Finite Element Method Magnetics (FEMM). [Insg 11b0ro po3po06seHo
MoJesb CUI0BOTO TpaHchopmaTopa, 110 BpaxOBY€ BIUIMB €JIEKTPUUHUX IIOJIiB Ha
3MiHM IapameTpiB izossmii. HIBMAKicTh merpamaiiii BM3HAUYAETHCS 3a PiBHSIHHSIM
ApeHiyca Ta aHa/li30M TaHTeHCY KyTa [AieJIeKTPUUHUX BTPaT.

Kinro4doBi 3aBJaHHA:
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1. CtBopeHHs Mogeni TpaHchopmartopa B FEMM pjist aHamiisy po3Iominy
eJIeKTPUYHMX TOJIiB Ta 1X BIUVIMBY Ha CTAPiHHS 13011111,

2. JocnmimkeHHST 3aKOHOMIpHOCTeV pderpagailii marepiany mig —[Oi€r0
eIeKTPUYHUX HaBaHTaKeHb.

3. VTOuHeHHSI MOJeJi INUIIXOM iHTerpaiii AogaTKOBMX (aKTOpiB:
TeMIlepaTypHUX KOJIMBaHb, BOJOTOCTi Ta MeXaHiYHUX HAMIPYKeHb.

4. OuiHka MOXIMBOCTI TMMOOYIOBM  MYJIbTUIIONBOBOI  MOMEN IS
KOMIIJIEKCHOTO aHaJjIi3y B3aeMO/Iii pi3HMX (i3MUHMX ITOJIiB.

HaykoBa HoBM3Ha: Po3mupeHo icHywoui Imigxogn, sKi 30cepemkeHi

riepeBa>kHO Ha TeIJIOBUX MPOIlecax, IJISTXOM BK/IIOUEHHS MeXaHiUHMX HaBaHTasKeHb.
OcTaHHi, BUK/IMKAHI €JeKTPOMAarHiTHMMM CWIaMM Ta BiOpallisiMu, MPU3BOASTH 10
MiKpOTpIIIMH Y LIeJI10JI031, IPUCKOPIooUM ii cTapiHHs. IHTerpailist nux (akTopiB y
FEMM-Mope/ib 03BOJISIE OTPUMATH TOUHIIII TPOTHO3M pecypcy i30Js1iii.

ExcrniepumeHTanibHa YyacTUHA: MopenioBaHHS IIpOBeIeHO OISt
aBTOoTpaHchopmaTopa TUITY ATIOTH (BMPOOHMIITBA BAT
«3amnopixktpaHcdopMaTop»), 3 aHaNi30M HEePiBHOMiIpHOCTi eJIeKTPUYHMX IIOJIiB Y
JIOTO aKTMBHI 4YacTuHi. Pe3ynbTaTy IeMOHCTPYIOTbh KOPEJSIil0 MiK JOKaJbHUMU
HAIIPY>KEHOCTSIMM I10JISI Ta 30HaMM IPUCKOPEHO1 Aerpagaiii i30/siii.

[IpakTMuHa 3HaUMMicTh: OTpMMaHi JaHi € OCHOBOIO IIJIsI PO3POOKM CTpaTeTiii
TeXHIUHOTO 00CTyTOBYBaHHS, ONITUMIi3allii eKCITyaTalliiHMX PeXKMMiB Ta CTBOPEHHS
MyIbTUDISMIHMUX MOJIesielt, 110 BpaXOoBYIOTb My/JIbTUIIapaMeTPUUHMIA BIUIMB Ha CTaH
TpaHchOopMaTopiB.

MeTopauKa MO e/TIF0BaHHS

V mocnimkeHHi 3actrocoBaHo naker FEMM (Finite Element Method Magnetics),
SIKUt TOBiB CBOIO e(PeKTUBHICTh Y pO3paxXyHKaX pO3IOAiay eJIeKTPOMarHiTHUX IOJIiB
B eJIeKTPOTeXHIUHMUX NpuUctposx [1,3]. [IporpamHuii KOMIIJIEKC BUKOPUCTAHO MJIsI
IBoBuUMipHOTO (2D) MopenioBaHHSI IIOMepevyHOro  rnepepizy  TpudasHOro
aBToTpaHcopmaropa ATITH.

AHani3 migTBepAuB, IO MeToH, CKiHueHHMUX ejieMeHTiB y FEMM 3ab6e3reuye
BUCOKY TOUHICTb MIPOTHO3YBaHHS eKCIUTyaTaliitHux XapaKTepUCTUK
TpaHcdhopmaropa. OTpuMaHi [aHi MOXYTb CTaTM OCHOBOKIO IS PO3POOJIEeHHS
MaTeMaTUYHUX Mofeseil, IO ONUCYITb CTapiHHSA i30740il Wi BIVIMBOM
eJIeKTPUYHUX MOJIiB.

Etanu mongenioBaHHS

ISSN 1991-7848 178



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

l'eomeTpuuHe MOAEMIOBAaHHS - I[0OOyJOBa KOHTYPiB aKTMBHOI YaCTUHU
(0OMOTKM, MarHiTOMPOBII, i30/IS11iliHI eJleMeHTH).

BusHaueHHs1 MaTepiaJbHUX BJAACTMBOCTE - 3aBAAHHS  €JeKTPUYHUX
rapaMeTpiB MaTepiaiiB (IIPOBiAHMKM, MarHiTHa CTaJsib, AieJIEKTPUKN).

Po3paxyHOK eJleKTpMUYHMX TIOJiB - aHajdi3 po3MoAily IMOTeHIialy,
HAIIPY>KEHOCTI Ta TPafi€HTIB MOJSI B KPUTUUYHMUX 30HAX KOHCTPYKIIii.

Peanizauis eramiB gana 3MOry  BisyanisyBaTM 30HM  ITiABUIEHOTO
eJIeKTPUYHOTO HaBaHTa)KeHHSI, 110 BakKAMBO AJIs ONTUMIi3allii i30/SLiiHUX CUCTEM
TpaHchopmaTopa.

Pe3ynbTaTyt Ta aHasis

MopemioBanHsi B cepegoBuili FEMM mo3BOMM/IO BU3HAQUUTU  PO3IOMALIT
eJIeKTPUYHMX II0JIiB Y aKTMUBHIil 30HiI TpaHchopmaTopa, 30KpeMa B OOMOTKax Ta
rarnepoBiit i3omsuii. BusiBiieHO, 110 Hampy)XeHICTb II0JSI € HepiBHOMipHOIO,
0COO/IMBO B II€/IIOJIO3HIN 130/411ii, 3 JIOKQJIbHMMM 30HAMM ITiIBUIIEHUX 3HAUYEHb.
Taki OUISTHKM € KPUTUYHMMM 3 TOYKM 30pYy IMPUCKOPEHOIO CTapiHHS MaTepiasiB
yepe3 eJleKTpoMeXaHiuHMi BIIMB. Haibinpia iHTEHCMBHICTD ITOJISI CIIOCTEPIraeThCst
y puocepenKOBUX 30HAX, e 10ro pO3MOALI 3a/eKUTh BiJl TeOMeTpii BepTUKaIbHOI
OCi MarHiTOMpoBOY.

OTpumaHi aHi MOXYTb CTaTV OCHOBOIO JIJIsI:

1. Onrumizamii KOHCTpyKIii TpaHchopMaTopa 3 METOI 3MEHIIEHHS
HePiBHOMipHOCTI eJIeKTPUYHMUX TTOJiB.

2. Po3pobkm Mopeneil cTrapiHHS i30Js1ii, IO BpPaxOBYIOTb ITPOCTOPOBY
IVHAMIiKy eJIeKTPOMarHiTHUX rnapameTpiB.

3. CTBOpeHHS [iaTHOCTUYHMX METOAMK MJis TPOTHO3YBAHHSI 3aJIMIIKOBOTO
pecypcy i3os11ii Ha 6a3i uMceIbHOTO aHaTi3Yy.

4. BukopuctanHsgs FEMM nos3Bojisie He Juile Bi3yasi3yBaTu MoOJs, aje i
iHTerpyBaTy ixHi XapaKTepUCTUKM B MyIbTU(i3MuHi Mogei. Ile cripuse po3po6iri
HOBUX TIiIXOMiB [0 OI[IHKM TOBTOBiUHOCTi TpaHCchOpMAaTOpiB, MiJABUIILYIOUM IXHIO
HailiHiCcTb Ta ePeKTUBHICTh eKCIUTyaTallii.

5. OmiHka cTapiHHS 1e/I0JI03HOI i3o0ss1ii TpaHcdopMmaTopa: TermoBuUii Ta

eNIeKTpUUHMI aHami3. [l MpOrHO3yBaHHS TEPMiHY CITY>KOM I1eTI0I03HOI i30/s11ii
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CWIOBMX  TpaHCHOPMATOpPiB  BMKOPMCTAHO KOMOiHAIil0 MOJEeIIOBaHHS B
nporpamHoMy mnaketi FEMM Ta aHamiTMYHMX METOAIB Ha OCHOBI pIiBHSIHHS
AppeHiyca Ta TaHT'€HCY KyTa JieJIeKTPUYHUX BTparT.

TenoBui1 BIIMB: PiBHSIHHSI AppeHiyca.

Kinetuka perpapaiiii i3o/siii onmcyeTbcsi pIiBHSIHHSAM AppeHiyca, sike
KIJIBKICHO IIOB’S13y€ TeMIlepaTypy 3i BUAKICTIO CTAPiHHA:

-E
k= AxeRxT (1)

oe k - KOHCTaHTa IIBUAKOCTI peakilii; A - IIOKa3HMK IIBUIKOCTI CTapiHHS,
00yMOBJIEHOT'O BIUIMBOM BOJIOTM, KMCJIOT Ta KUCHIO, ron~'; E — eHeprist akTuBarii ajs
IIpOLIeCy TEeIIOBOrO CTAapiHHS mamepy y TpaHchopMaToOpHOMY Macti, KI>K/mMonb; R —
MossipHa rasosa crana [bxk/mons/K; T — Temniepatypa, °K. [1]

dakTop cTapenua (AF)
600

500

50 55 60 65 70 75 B0 85 S0 % 100 105 110 115 120 125 130
Pucysnok 1. I'pacdik 3aneXHOCTI IBUAKOCTI peakilii cTapiHHS Bif TeMmepaTypu

PesynbraTt MmopemtoBaHHT B FEMM Ta po3paxyHKiB 3a PiBHSIHHSIM
(puc. 1) mokasanu:

Ilpu Temmnepatypi 115°C TepmiH CayskOM i30/41ii CKOPOUYYETHCS BABiUi
TIOPiBHSIHO 3 MMACIIOPTHUMM JaHUMM BUPOOHMKA.

3HIpKeHHs TeMnepaTypu o 80°C 3MeHIye MBUAKICTb Aerpamaiiii Ha 50%, 110
MiATBEePAKYE KPUTUUHMI BIIMB TEMJIOBOTO PEXXMMY Ha pecypc MaTepiaty.

EfleKTpuuyHMi1 BIJIMB: TAHTE€HC KyTa JieJeKTPUUHUX BTPaT

TaHreHC KyTa [ieleKTpUYHUX BTpaT (tand) xapakTepus3ye eHeproBTpaTu B

i30/14111i1 Uepes MPOBiAHICTb:

tan 5(w) = g\:(w) (2)
¢ (o)

e & (@) - KOMIUIEKCHOJ OTHOCUTENbHO MPOHUI[AeMOCTH,
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&(w) - JeliCTBUTe/IbHAS YaCTh MOCTOSTHAS IIPpOBOAMMOCTMN.

50 55 60 65 70 75 80 B85 90 95 100 105 110 115 120 125 130

PucyHoK 2. I'padik 3a/Ie;KHOCTi TaHTeHca KyTa JieJIeKTPUYHMX BTPAT BiJl TeMIlepaTypu

3pocTaHHS TeMnepaTypy IPU3BOAUTD [I0:

3MeH1IeHHs1 TpoHUKHOCTI (Bif 4.0 mipu 20°C go 3.0 ipu 100°C) yepes BTpaTy
BOJIOT M.

36inbimenHs npopoaumocTi (10-15 mo 10-12 Cm/m) yepes aKTHUBi3allilo i0HiB.

3a Temmepatypu 100°C TepMiH CITysKOM JOAATKOBO CKOPOUYEThCS Ha 50% yepes
MMOCUJIEHHSI TemjoBOi aerpapaiiii (puc. 2). B3aeMonis eleKTpUUYHUX Ta TeIIOBUX
dakTopiB

AHani3 po3snoginy eaeKTpudHoro 1ossi B FEMM BUSIBUB 30HM 3 ITiABUILEHOIO
HarnpyxkeHicTio (>30 kB/MmM) MawThb yABiui BUILYy MIBUAKICTH CTapiHHS 4Yepes
JIOKQJIbHUIT TieperpiB Ta OKMCHeHHS. JIOKajbHI KOHIEHTpAIlil I0JSI COPUSIOTH
dbopmyBaHHI0O MiKpogedeKTiB, 0 MPU3BOAUTH IO BTPATU MeXaHiUYHOI MiI[HOCTi
isomsmii.  HakpuTtuuHimmMmmu €  obmacTti  O6JM3bKO — aKTMBHMX  YaCTUH
TpaHcdopmarTopa, 1e KOMOIHYETbCSI BMCOKMIA €JIEKTPUYHUII CTpec i TerioBe
HaBaHTa>KeHHSI.

BucHoBKM. HepiBHOMIpHICTh €JIEKTPMUHOTO TMOJISI 3HAYHO IIPUCKOPIOE
Jerpajaliilo  i30/gLiiHMX MaTepialiB, 3HWKYHOUM eKCIUTyaTaliiHuii pecypc
TpaHchopmartopiB. ImeHTHdiKallisl 30H i3 MiABUIIEHUMM HaBaHTAXXEHHSM [TO3BOJISIE
BIIPOBA/KyBaTM IIiJIbOBI 3aXO[M, TaKi SK JIOKaJbHe 3MillHeHHS i30ssmii abo
BUKOPUCTAHHS MaTepiasiB i3 MiIBUILEHOIO [ieIeKTPUYHOIO CTiliKiCTIO.

MopentoBanHsa B FEMM (Finite Element Method Magnetics) € eekTUBHUM
iHCTpyMEHTOM [IJISI aHa/i3y HaMiHOCTiI 130MSLiMiHMX CUCTEeM Ta ONTUMi3allii
KOHCTPYKILii TpaHchopmaTopiB. MeTton 3abesmneuye TOUYHE  BiloOpaskeHHS

TeMIepaTypHMX IIOJIiB, 11O A€ 3MOTy iHTerpyBaTu PiBHSHHSI AppeHiyca (OL[iHKa
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BIUIMBY TeMIIEpaTypy Ha CTapiHHA) 1 TaHreHca KyTa [ieJeKTPUYHUX BTpaT
(BpaxyBaHHS eJIeKTPMYHOIO II0JIS Ta CTAaHy JieseKTpuka). Ix xombinanis i3 FEMM
IIO3BOJISIE TIPOTHO3YBAaTM TEPMiH CIyKOM I1eII0JI03HOI i301s11ii, BpaxoByOUM
TeMIepaTypHi rpaJiieHTH, JIOKa/IbHi TepeBaHTaXeHHS Ta eJIeKTPUUHi (haKToOpH.

OpHak 3ampoIlOHOBaHAa MOJEeAb He BKIKYA€ BIUIMB KUCHIO, IPOIAYKTIB
merpapgaiiii TpaHc(OpPMaTOPHOrO Macja, MeXaHiYHMUX Ta BiOpaliiiHMX HaBaHTaXKEeHb.
[TepcrieKTMBHMM HAIPSIMOM € PO3p0oOKa MyIbTUDiI3MUHUX MOJIeel, 0 iHTerpyIoTh
TeIlJIOBi, BOJIOTiCHi, XiMiuHi (OKMCHEHHSI, CTapiHHS Macja) Ta MexaHidHi daKkTopu.
Takuit migxin 3a6e31meynTh KOMILIEKCHY OI[iHKY Aerpafarii i3ossuii, migBuimyoun
TOYHICTh MPOrHO3YBAaHHS i1 pecypcy B peaJibHMX YMOBAX eKCILTyaTallii.

[ToegHaHHA  aHAJMITUUYHMX METOAIB 13 Cy4yaCHMMM iHCTPyYMEHTamMu
MOJIe/TI0OBaHHS BiIKpMBA€ HOBI MOKIMBOCTI IJIsI IIPOEKTYBAHHS eHeproeeKTUBHOIO

Ta IOBrOBIYHOI'O TpaHC(HOPMATOPHOTrO 06IaJHAHHS.
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THE EFFECT OF A HIGH-INTENSITY ELECTRIC FIELD ON THE AGING OF
CELLULOSE INSULATION OF A POWER TRANSFORMER IN THE FEMM
SOFTWARE PACKAGE
Baraban O.D., Polyakov M.O.,Vasilevskyi V.V.

Abstract. Predicting the aging of cellulose insulation of power transformers is an important
condition for improving the reliability of power systems. The paper analyses the factors of
insulation degradation with a focus on the influence of the electric field. To study its distribution,
a mathematical model of the transformer was created in the FEMM environment. This made it
possible to visualise the spatial characteristics of the field and assess its interaction with
insulating materials. The modelling confirmed the key role of the electric field in the aging
process of cellulose. The importance of mechanical loads as an additional degradation factor was
also emphasised. Further development of multiphysics models will help to improve the accuracy
of predictions, optimise operation and extend the life of transformers.

Tools such as FEMM open up new opportunities for comprehensive ageing analysis
in power equipment.

Keywords: transformer, mathematical model, insulation aging, FEMM software package
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YV CEJIbHE MOJEJIIOBAHHSI ITOIINPEHHSA 3ABPYIHIOIOUNX
PEYOBHH B ITOBITPI
Bepnos O.B. !, Muryp C.O. 2, Binsea O.M. 3
TK.m.H., ! doyenm, ‘cmydenmka, 3> cmydeHmka
L2 Vkpaiucokuti depxcasruil yHisepcumem Hayku i mexnonoeiii, HHI ITIJABA, Ykpaina
5 [Ininposecwvkutl HayioHanvHull yHigepcumem imeHi Onecst ['onuapa, Ykpaina

AHoTaniss. Po3znsdaromucs uucenvHi MoOeni NOWUPEHHS XIMiYHO HeOe3neuHuUx peuosuH
8 nosimpi npu ix emicii Ha npomuciosux nionpuemcmeax. Modeniowmuvcs cueHapii
Heop2aHi308aHuUx 8UKUJI8 HA NPOMUCI08UX MAll0aHUUKax abo ecepeduHi NPOMUCTI08UX
npumiujeHb mMa OpeaHi308AHUX BUKUOI8 3 HU3bKUX Oxcepesl HA NPOMUCTIOBOMY
Matidanuuky. Bidomo, wo HAacniokom HeopzaMizo8aHux 8ukudié MoKCUUHUX PEUOBUH €
3a0pyoHeHHs1 n08imps 8 pobOUUX 30HAX HA NPOMUCT08UX MatidaHuukax, 3a6pyO0HeHHS
ammocgepHo20 nogimpsi 8 cenimebHUX 30HaX, 3a0pYOHeHHs nidcmunvHoi nosepxHi. Ilpu
Op2aHi308AHUX BUKUOAX HA NPOMUCTIOBUX MAUOAHUUKAX MOMCYMb YMeopeamucs
maxox obnacmi 3 nidguujeHow KOHUeHmpayiew Hebe3neuHux pevyosuH. [yxe uacmo
maki cumyayii BUHUKAWMb HA NIONPUEMCMBAX KOJU € 0P2aAHI308aHI BUKUOU 3 HU3LKUX
oxcepen (Bukud Ha daxy npomuciosux 6ydigesib) ma npu HeCNpUsIMaUBUX Memeoymosax
- wmunb, iHeepcis. 3anponouosari 2D ma 3D CFD modeni, wio 06a3ynomucsi Ha
UUCeIbHOMY  iHMezpy8aHHi  (hyHOaMeHMANbHUX  PIBHSAHbL  MEXAHIKU  CYUilbHO20
cepedosuiya.

KniouoBi cioBa: 3a0pyoHeHHS nogimps, Hebe3neuHi peuosuHu, aeapiiiHi eukudu,
uucenvHe MoJen08aHHS, poboua 30Ha

JIJist TpOrHO3yBaHHSI BIUIMBY 3a0pYIHEHHS MOBKIJJISI ITif Yac eKCTpeMaabHUX
CUTYyallili 4aCTO 3aCTOCOBYIOThCS MOAeb ['ayca, a TaKOK aHTITUYHI Ta eMITipUYHi
MeTonu [5, 6]. IIpoTe BimoMmo, 1110 Taki MOJesi MalOTh Cepit03Hi 0OOMeKeHHs: BOHU He
IO3BOJISIIOTh aJeKBAaTHO aHaji3yBaTU YTBOPEHHS 30H 3a0pyIHEHHS IIOBiTpSI B
yMOBax IIiJIbHOI 3a0ymoBM ab0 HAsSIBHOCTiI BMPOOHMUYOro oOJamgHaHHSI BCepeduHi
npuMinieHb. AnbTepHaTtuBoio € CFD-Mopeni, 30KkpeMa peasi3oBaHi y MporpaMHOMY
cepenoBuinii ANSYS. OpmHak IX BMKOPUCTAHHS BMMAara€ BUCOKOIPOIYKTUBHUX
KOMIT'I0TepiB Ta 3HAYHOTO Yacy Ha 00U CIeHHS.

VY npakTUuHii [OisTBHOCTI 0OCOOAMBO BaXX/IMBO MaTU Y PO3MOPSIIKEHHI
Crielliajii3oBaHi uMCe/JbHI MoOJeni, $Ki [alTb 3MOTY BUKOHYBATU [I€CSITKU

PO3PaxyHKiB MPOTITOM OJHOro pobouoro AHS. BomHouac Taki MaTeMaTuU4yHi Mojeti
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MOBMHHI BpaxoBYBaTM K/IOUYOBI Gi3suUHi UMHHMKM, 1[0 BMU3HAUAIOTh IIPOIEC
dbopmyBaHHS 30H 3a0pyIHEHHSI.

Y pob6oTi mOCTiIKYIOTbCS 3a7aui UYMCETbHOTO MOMEIIOBAaHHS 3a0pygHEeHHS
aTMocepHOro TIOBITpSl XiMiIUHMMM peuyoBMHAMM, MUJIOM Ta paAiOaKTMBHUMM
areHTaMMu 3a Pi3HMUX MeTeOpOJIOTIUHMX YMOB — 30KpeMa ITi, 4aCc KOHBEeKIIii, IITUII0
Ta TeMIlepaTypHOi iHBepCil.

Y nomosini mpexncrasieHi po3pobsieHi CFD-mopeni [1, 2, 4], siki npu3HayeHi
IS OLiHKM piBHS 3a0pyJHEHHS IIOBiTpS B pPoOOUYMX 30HAX HA MPOMMCIOBUX
00’eKTax, Ha TEePUTOPIsIX aTOMHUX eJIeKTPOCTaHIIili Ta XiMiUHO
Hebe3MeyHuX IiAITPUEMCTB.

JIJ1s1 Moe/TIoBaHHSI KOHBEKTUBHO-IM(Y3i/iHOTO ITepeHeceHHsI ra30nogioHNX Ta
NMWIOBMUX AOMIIIOK BUMKOPUCTOBYETHCSI PiBHSIHHSI MacoriepeHocy [3]. Lle piBHSHHS
BPaxOBy€ HM3Ky K/IUYOBUX UMHHMUKIB: T€OMETPUYHI XapaKTepUCTUKU IKepesa
3a0pyoHEeHHS, TMpoIec TrpaBiTalifHOTO OCigaHHS YacToOK, cTpaTudikaiiio
atmMocdepy, KOOpAMHATA MicCIld BUKUAY, iHTEHCUBHICTb eMicii 3abpymHIOBauiB, a
TaKoXK Mpodinb i HampsiM IOBITPSIHOTO TMOTOKY. [ MaTeMaTUYHOTO OIMCY
PO3MillleHHSI IKepesia BUKUIY BUKOPUCTOBYETHCS JenbTa-GyHKIIis Jipaka.

Po3paxyHOK TIOJISI IIBUIAKOCTE TIOBITPSHOTO IIOTOKY Ha TepUTOpil
IIPOMMCJIOBOTO MaliJaHUMKa BUKOHYETHCS Ha OCHOBI MOJeJi IOTEHLiTHOTO pyXy.
Jl7is1 MoieTtoBaHHST aTMOchepHMX YMOB HITMJTIO Ta iHBepCii 3aCTOCOBYETHCSI MOIE/b
M. Bepnsinma, ska O03BOJSIE BU3HAUUTKU BepTUKaIbHMUIT KoedillieHT audysii.
UnucenpbHe  pO3B'SI3aHHSI  PIiBHSIHHSI ~ KOHBEKTMBHO-IAMQY3iiiHOTO  TepeHocy
3a0pPYIHIOIOUMX PEUOBUH 3IiMICHIOETHCS i3 BMKOPMUCTAHHSIM KiHIIEBO-Pi3HUIIEBUX
cxeM. Po3pob6ieHi Mojiesli BUKOPUCTOBYBIUCS [IJISI OOUMCIeHHST 30H XiMidyHOTO Ta
MIJIOBOTO 3a0pyAHEHHS SIK Ha BigKPUTUX IIPOMMCIOBUX MalJaHuMKax, Tak i
BcepenuHi rnpumimiedb IIpuaHinposcbkoi TEC 3a pi3HMX MeTeOyMOB — ITifi 4yac
IITUIK0, iHBepcii Ta KOHBEKIii, a TaKOX [Js aHaJi3y HaCaiIKiB BUKUIIB

pafioakTMBHMX PEUOBMH Ha TepuTopii 3anopizbkoi AEC.

BucHoBKU
1. Po3pobsieHo KoMmIUieKC JBO- Ta TpuBuMmipuux CFD-Mopeneit, sikuit

3abe3rieuye olepaTHBHe BU3HAuUeHHS AMHaMiku GOpMyBaHHSI 30H 3a0pymHEHHS
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aTMocdepyu Ta MiACTWIbHOI IMOBEpXHi Y pa3i BUKMUIIB HeOe3NMeuHUX PeYOBMH Ha
MiAIIPUEMCTBAX, TEIVIO- Ta ATOMHUX €JIeKTPOCTaHLisX. s poboTu Mogeseit
BUKOPUCTOBYETLCS CTaHAApPTHA MeTeoposioTiuHa iHdopMallisi, 1o [Ja€ 3MOTy
3[i/iCHIOBATM PO3PaxyHKM B pexkuMi, HabaMsKeHOMY JI0 peajbHOTo yacy.

2. CTBOpeHi uucesbHIi MOZe/i MOXYThb 3aCTOCOBYBAaTUCh SIK [OJS OLIHKU
iHTEHCMBHOCTI Ta TIPOCTOPOBMX MeXK 30H 3a0pygHeHHS, TakK i [ aHajisy
eeKkTMBHOCTI BIPOBaI;KeHHSI 6ap’epHMX 3aC00iB, CIIPSIMOBAHMX HA 3HVKEHHS PiBHS

3a0pYyIHEHHS Y pOO0UYMX 30HAX IIPOMMCIOBUX 00’ EKTIB.
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NUMERICAL MODELING OF THE DISTRIBUTION OF POLLUTANTS IN THE AIR
Oleksandr Berlov, Sofiia Myhur, Olena Biliaieva

Abstract. Numerical models of the distribution of chemically hazardous substances in
the air during their emission at industrial enterprises are considered. Scenarios of
unorganized emissions at industrial sites or inside industrial premises and organized
emissions from low-level sources at an industrial site are modeled. It is known that the
consequence of unorganized emissions of toxic substances is air pollution in working
areas at industrial sites, atmospheric air pollution in residential areas, and
contamination of the underlying surface. With organized emissions at industrial sites,
areas with an increased concentration of hazardous substances can also be formed. Very
often such situations arise at enterprises when there are organized emissions from low-
level sources (emissions on the roof of industrial buildings) and under adverse weather
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conditions - calm, inversion. 2D and 3D CFD models based on the numerical integration
of the fundamental equations of continuum mechanics are proposed.

Keywords: air pollution, hazardous substances, emergency emissions, numerical
modeling, work area

REFERENCE

1. Biliaiev M. M., Berlov O. V. and Kirichenko P. S. (2017). Matematychne modelyuvannya v
zadachax promyslovoyi bezpeky ta oxorony praci [Mathematical modeling in industrial
safety and occupational health problems]. Monografiya [Monograph]. Kryvyj Rig: Vydavecz
R.A. Kozlov. [in Ukrainian].

2. Biliaiev M.M., Biliaieva V.V., Berlov 0.V. and Kozachyna V.A. (2022). CFD modelyuvannya
v analizi efektyvnosti system zaxystu dovkillya ta pracivnykiv na robochyx miscyax :
monografiya [CFD modeling in the analysis of the effectiveness of the environmental
protection system and workers at workplaces : monograph]. Dnipro : Zhurfond.
[in Ukrainian].

3. Zgurovskii M.Z., Skopetskii V.V., Khrutch V.K. and Biliaiev M.M. (1997). Chislennoe
modelirovanie rasprostraneniya zagryazneniya v okruzhayuschey srede [Numerical
simulation of the spread of pollution in the environment]. Kyiv : Naukova Dumka Publ.,
368 p. [in Russian].

4. Pshinko A.N., Belyayev N.N. and Mashihina P.B. (2011). Modelirovanie zagryazneniya
atmosfery pri tekhnogennyh avariyah : monografiya [Modeling of atmospheric pollution
during technogenic accidents]. Dniropetrovsk : Nova ideologiya Publ., 166 p. [in Russian].

5. Anthony Michael Barret. (2009). Mathematical Modeling and Decision Analysis for
Terrorism Defense: Assessing Chlorine Truck Attack Consequence and Countermeasure Cost
Effectivness. Dissertation, (Pittsburg, Pennsylvania, USA), 2009. — 123 p. [in English].

6. Ilic P., Ilic S., and Stojanovic Bjelic L. (2018). Hazard modelling of accidental release
chlorine gas using modern tool — ALOHA Software, Quality of Life, 9, 2018. — S. 38-45.
[in English].

ISSN 1991-7848 188



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

DOI: 10.34185/1991-7848.itmm.2025.01.032
MATEMATHWYHE MOJEJTIOBAHHS 3ABPYIHEHHSI ITOBITPSI HA OB’€EKTAX
I'TPHIYO-ITPOMNCJ/IOBOI'O KOMIIJIEKCY
BinseB M.M. !, Kipiuenko I1.C. 2, Tatapko JI.T. 3
'Vkpaincokuti depxcasHuii yHisepcumem Hayku i mexuoaoziti, HHI IIIT, /1. m.H.,
npocecop, Ykpaina
2 Kpueopisbkuli HayioHansHUtl yHigepcumem, K.m.H., > doyenm , Ykpaina
3 Vkpaincokuti depxcasHuli yHigepcumem Hayku i mexHoaoeiti, HHI Y/IXTY, k.m.u.,
douenm, Ykpaina

AHoTamnist. Y 00nogidi po3ensiHymo uucenvHi mooeni, ki 6yau no6yoosaHi 0/
Npo2HO3y8AHHS 3a0pYOHEHHs1 poOoUUX 30H HA PI3HUX 00°€KMax 2ipHUUONPOMUCTIOB8020
komnnekcy. Po3pobka mamemamuuHux modeneti 30ilicHeHa 0 pi3HuUx OiITHOK ma
NPOMUCI08UX Mali0aHUUKi8 8udobysaHHs ma nepepobku 3anizHoi pydu 8 Kpusopizvkomy
patioHi. Po3enstHymi numaHHs MmamemamuuHo20 Mo0eIl08AHHSI NOWUPEHHS NUI02A3080i1
xmapu npu eubyxax 6 Kap’epax, 6UHOCYy nuay 8i0 X80CMOCXo8uu, ma npu
nepesaHmaxceHHti 2ipHu4oi Macu Ha NPOMUCI08UX MatidaHuukax. [Insa mamemamuuHozo
MOOeNBAHHS NOWUPEHHS OOMIWKU 8 nosimpi poGouux 30H BUKOPUCMOBYEMbCS
KOHBEKMUBHO-0u@y3itine pieHAHHS nepeHocy OomiwKu. JlaHe pIiBHAHHA 8pPAX08YE
nepeHoc JOMiWKU 3a PAXYyHOK pyxy noeimpsiH020 NOmoky, ammocgepHoi dugysii,
2pasimauitiHoz2o ocadxceHHs domiwiku. JIns 8u3HaueHHs nojs weuokocmi nosimpsiHo2o
NOMOKY 8UKOPUCMO8YIoMubCs 08i Modeni aepoduHamiku — Modenb NOMeHYiaibHO20 PyXy
ma pieHsaHua  Elinepa. [Ina  uuceivH020  pilleHHsT — MOOEIONUUX — PIBHSHb
BUKOPUCMOBYIOMbCS KiHUe80-pi3HUYesi cxeMu ma Memood po3ulenneHHs. Ha ocHosi
pPOo3pobIeHUX YlicebHUX Modeieli po3p00eHO KOMNIEKC KOMN IOMepHUX NPOzPam.

KiiouoBi cimoBa: uucenvHe MmodenosaHHs, 3a0pyOHeHHS noeimps, poboua 30Ha,
0XOpPOHA npaui, ekooziuHa 6e3neka

OyYHKI[IOHYBaHHS TipHMYOTIPOMMCIOBOTO KOMIIJIEKCY  TIOB’$I3aHO 3
iHTeHCMBHMM 3a0pyIHEHHSIM HaBKOJMIIHbBOTO CepefoBMINA, Ta, B IepIly 4epry,
noBiTps. [Iyke iHTeHCUMBHe 3a0pyAHEHHS Ma€ Miclie Mpu BuOyxXax B Kap’epax Ta
BUHOCY MUY Big XxBocTocxoBuil. [T1moBe 3a6pyIHEHHST Bif BMOYXY B Kap’€pi HOCUTD
panToBMIt Ta MOTYKHMII xapakTep. [IMyoBa xMapa MOIMMPIOETbCSI B aTMocdepi Ta
Mae€ Micile 3HauHe 3ab6pyaHeHHsT aTMOcGhepHOTOo TOBITps Ta MiACTUIbHOI TTOBEPXHi
SIK B poO0OUMX 30HAX Tak i B ceJiTeOHMX 30HAX. BMHOC MWIy 3 XBOCTOCXOBUII, — 1€
IIOBTOCTPOKOBE, TEX iHTEHCHMBHE 3a0PYIHEHHS IOBIiTPSI Ta ITiJICTUIBHOI MTOBEPXHi.

Cyip, miaKpecanTH, o IJ1s OLliHIOBaHHS BILUIMBY BMHOCY IMIY Bil XBOCTOCXOBMIIL Ta
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Ipy BUOYXy B Kap’epi BUKOPUCTOBYIOTHCS CIIPOIIEHi MaTeMaTU4Hi MOJeli,
eMripuyHi abo aHamiTMuHi. [y OTpMMaHHSI Oifbll HAyKOBO-OOI'PYHTOBAHOI
iHpopmarrii 1 BMKOPMCTOBYBATM YMCEIbHI MOJesi, 10 AAl0Th MOSK/IMBICTD
BpaxyBaTy OCHOBHi (i3muHi dakTopy, 10 BIUIMBAIOTh HAa (GOPMYBaHHS 00JacTeii
3a0pyIHEHHS.

Ilyis1 pillleHHs CKJIaAHMX 3aa4 aepoOAMHAMIKM Ta MacOIlepeHOCy JOMIIIKY TIPU
BUKMIAX B Kap’€paxX, BMHOCY IIWIYy 3 XBOCTOCXOBMII Ta IpPM MepeBaHTaKeHHi
TipHMYOi Macu Ha MPOMMUCIOBUX MaiiaHUMKAX PO3POOJIEHMII KOMIIIEKC YMCEeTbHUX
mogpeneit. i BM3HAUYEHHS II0JS IIBMIAKOCTI MOBITPSIHOTO IIOTOKY B YMOBax
CKJIQHOTO penbedy Ta IIpU HAsIBHOCTI HA TPOMMCIOBOMY MaliIaHUMKY Pi3HOTO poay
Tepeniko;, BUKOPUCTOBYIOTHCS :

1. piBHSIHHS 1J1s1 TTOTeHIIiay IBUIKOCTI;

2. piBHsiHHS Eiinepy.

st ¢popMyBaHHSI CKIAQAHOI TreomMeTpuyHOi ¢GopMM pO3paxyHKOBOi 06JacTi
BUKOPUCTOBYETHCSI METO/l MApKyBaHHSI.

[Tpoliec pO3MOBCIOMKEHHSI OOMILIKM B TIOBITPI MOMENIOETHCS PiBHSIHHSIM
MacoriepeHocy. JlaHe piBHSIHHSI BPaXOBY€ IepeHOC JOMIIIKM 3@ PaXyHOK IIBUIKOCTI
MOBITPSIHOTO TIOTOKY Ta arMocdepHoi audysii. g BU3HAUEHHS IIBUAKOCTI
OCaJi’KeHHS [OMIIIKM B TIOBITpi BUKOPUCTOBYETbCS ¢opmyna Crokca. s
YyycenbHOro iHTerpyBaHHs 2D Ta 3D MopenowuuMx piBHSIHb aepoAMHaMiKM Ta
MacoIlepeHOCy BUKOPUCTOBYIOThCS SIBHI Pi3HUIIEBI CXEMMU.

Po3pobiieHi maTeMaTHUHi MOeTi BiTHOCATHCS A0 Kiacy «operational models»,
TOOTO, OPi€EHTOBAHi HA IPOBEAEHHS CEPifHMX PO3paxXyHKIB Ha eTarli «hop — eckis».
Oco6nmBicTI0O pO3pO0SEHUX UMCeTbHUX MOAesell € OlepaTUBHICTh pPO3pPaxyHKIiB —
yac Ha MPoBeJIeHHS 00U CII0BAaIbHOTO eKCIIepUMMeHTY JopiBHIOE 5-10 cek.

Cnig  migKpecauTH, IO PO3po6JeHi UMCeNbHI MOJeN MOXYTb OyTu
BUKOPUCTAHI  [JI1  OI[IHIOBAaHHS  MapaMeTpiB  MiKpOKJIiMaTy  BCcepenuHi
pOOOUMX TPUMIIIIEHb.

HaBepeHi pe3ynbTaTy 00UMC/TIOBAIbHMUX eKCIIEPMMEHTIB Ha 6a3i mobymoBaHMUX
yyceJbHUX MOJENeN.

BucHoBku
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1.Ilo6ymoBaHi uMcenbHi MoOAedi Ui aHali3y OIMHAMIiKM 3a0pygHEeHHS
aTMocdepHOro IOBIiTPS Ta MiACTWIbHOI TMOBEpPXHi MPU IOMIMPeHHi B aTMocdepi
MJIOra30BoOi XmMapu, L0 YTBOpMJACS ITicjas BUOyxy B Kap’epi. IS NMpaKTUYHOi
peastisailii po3poOJeHMX UMCETbHUX MOJeeli BUKOPUCTOBYETHCS CTaHAAPTHA
MeTeoposioriuHa iHgopMailig. ITo6ymoBaHi Mozesni Hal0Th MOKJIMBICTbD BU3HAUYUTHU
HaloibII 3a0pyIHEeHHI 00/1aCTi MiACTUIBHOI ITOBEPXHi.

2. 3anpoIlaHOBaHI uKCenbHI MoAei IJIs1 pO3PaxyHKy MPOLLeCy BUHOCY IUIIY Bif,
XBOCTOCXOBMII. Mojiesi Jal0Th MOSK/IMBICTh BU3HAUUTU e(EeKTUBHICTh ITOavi BOAM
Ha MOBEPXHIO XBOCTOCXOBUIIA 3 METOI 3MEHILIEeHHS TUI0YTBOPEHHSI.

3. Po3po6eHi yncenbHi Momeni Ajs1 aHasli3y MWJIOBOTO 3a0pyIHEHHS IOBIiTpS
Ha [OUISIHKaxX I[epeBaHTaXeHHS TipHM4Yoi Macu. Mopeni [arTb MOKIMUBICTD
BM3HAUaTM piBeHb HeOe3Meky [IJis MpalliBHMKIB B POOOUYMX 30HAX IIPU Pi3HUX

MeTeoyMOBaXx.
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MATHEMATICAL MODELING OF AIR POLLUTION AT MINING AND
INDUSTRIAL COMPLEX FACILITIES
Mykola Biliaiev, Pavlo Kirichenko, Larysa Tatarko

Abstract. The report considers numerical models that were built to predict
contamination of working areas at various facilities of the mining complex. Mathematical
models were developed for various areas and industrial sites for the extraction and
processing of iron ore in the Kryvyi Rih district. The issues of mathematical modeling of
the spread of dust and gas clouds during explosions in quarries, dust removal from
tailings dumps and during overloading of rock mass at industrial sites are considered.
For mathematical modeling of the spread of impurities in the air of working areas, the
convective-diffusion equation of impurity transport is used. This equation takes into
account the transfer of impurities due to the movement of the air flow, atmospheric
diffusion, and gravitational deposition of impurities. To determine the air flow velocity
field, two aerodynamic models are used - the potential motion model and the Euler
equation. Finite-difference schemes and the splitting method are used to numerically
solve the modeling equations. Based on the developed numerical models, a set of
computer programs has been developed.

Keywords: numerical modeling, air pollution, work area, occupational safety,
environmental safety
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AJTAIITUBHE ITPOPI/I>)KYBAHHSI IIOTOKY JAHUX V CUCTEMAX
JVICTAHIIITHOTO MOHITOPUHTY OB’EKTIB
TPAHCIIOPTHOI IH®PACTPYKTVYPU.
I'acanos P.3.!, Ieanos O.I1.?
I'Vkpaiucokuti depxcasHuli yHisepcumem HAyKu i mexHonoeiti, acnipanm Ykpaina
2 VkpaiHcoKuil depxcasHuti yHigepcumem HayKu i mexHonoziti, K.m.H. doyeHm, Ykpaiua

AHoTamnis. Y yiii pobomi po3znsidaemvcsi memod adanmueHozo NPopioxHeHHs1 NOMOKY
OaHux 'y cucmemax OUCMAHYIIHO20 MOHIMOpUHZYy 00°€kmi8  MpaHcnopmuoi
iHppacmpykmypu. 3anponoHosaHa Modesb pezyne uacmomy nepedadi n08i00MEHb,
8paxoeyiouu iHMEHCUBHICMb B8XiOHO20 NOMOKY ma NPONYCKHy 30amHiCmb KaHaLy
38’a3ky. OCHOBHULI MexaHizm 06a3yemsCsi HA 3MiHi iHMeps8any NpopioxeHHs, AKull
adanmyemocsi  3a1e#HO 8i0 NOMOUHO20 3ABAHMAMCEHHA cucmemu. Y  pasi
nepesaHmMaxceHHs iHmepean 30L1bWYEMbCS, 3IMEHWYUU 00cs1e nepedaHux 0aHux, a npu
nokpawjeHHi  ymo8 nepedaui — 3MeEHUWYEMbCA, hidsuwyouu  egekmusHicme
guKopucmauHs xavany. Po3pobiena moldenv 3abe3neuye OANAHC Mixc MiHimizauier
8mpam KpumuuHoi iHpopmauyii ma 3HUMCEHHAM HABAHMAMEHHSI HA Mepexcy, UWo
00380/15€ nidsuwjumu cmabinbHicme [ HAdilIHICMb MOHIMOPUHZY MPAHCNOPMHOT
iHppacmpykmypu.

KimiouoBi cioBa: adanmugHe ynpasninHs, adanmueHi modeni, npopioneHHs: NoOmoKy
daHux, iHppacmpykmypa nepedaui 0aHux, npozpamue 3abe3neueHHs, iHMeHCUBHICMb
NOMmMoKy nogidomieHb, MOHIMOpUH2 00°€KMia

JVCTaHIiiHU/T MOHITOPUHI 00’€KTiB TPaHCIIOPTHOI iHMPACTPYKTYpU CTa€
Ienaji 0inpll 3aTpe6yBaHUM PIllIEeHHSIM Y Cy4aCHMX YMOBaX PO3BUTKY TPAHCIIOPTHOL
Mepexi Ta 3pOCTaHHS IHTEHCMBHOCTI mepeBe3eHb. Takmuii MiaXiA [ae 3MOTy
6e31epepBHO CIIOCTepiraTu 3a CTAHOM MOCTIB, AOPIT, TYHEJIiB, 3aTi3HUYHUX KOJIiii Ta
iHIIMX K/IIOYOBMX e€JIeMeHTIiB iHGpacTpyKTypu, 3abe3redyium Oe3IeKky Ta
HaAiliHICTh TPAHCIIOPTHOI CUCTEMMU.

V mnomioHMxX cucTeMax MOHITOPMHIY BayK/IMBY pPOJIb Bimirpae orepaTuBHA
JocTaBKa iHopmallii mpo cTaH 06’ekTa Ha cepBep. KaHanu nepepmaui JaHux, sKi
3’€IHYIOTb BY3J/IM 3HSITTS IIapaMeTpiB i cepBepHe MMporpamMHe 3abe31eueHHs, CXUIbHi
1o 3aBaf i 360iB, 30KpeMa MOSK/INBI MaAiHHS MPOMYCKHOI 3IaTHOCTi KaHaly 3 Pi3HMUX

npuunH. [TomibHi Mpo6aeMu MOXKYTb MIPU3BECTU 0 CUTYaIlii, Koau iHpopmarlis mpo
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CTaH 06’e€KTa TMOYHEe HAAXOIUTH i3 3aTPUMKOIO, IPUUYOMY KOKEH HACTYIHMI 306iii
30i7bIITyBaTMMe 11eii YaCOBMIA JIar.

[1106 3armobirTu Takiii Mpo6eMi, MMPOMOHYETHCST MTPOPIIKEHHS TTOTOKY BXiJTHUX
JaHUX, sKe TOoJIsira€ B TOMY, IO IPU BUHMKHEHHI 3aTPUMMOK YaCTMHA [JAHUX
BiIKMIAETbCSI, @ Ha CepBep HAAXOIITh JMIle HahaKTyaldbHiumn pnaHi. Y [1]
po3risfaiacs HeuiTKa MOJeb VIIPaBIiHHS MPOPIAKeHHSIM, SKa OUMHAMIYHO
peryioBajia TPOPIAKEHHSI BXiAHOTO IIOTOKY IIOBiIOMJIEHb Ha OCHOBiI MpaBuMJI
HeUiTKOl MofeJsii, 1[0 3aCTOCOBYBAJIMCS 3 ypaxXyBaHHSIM TaKuX IlapaMeTpiB, SIK
iHTEHCUBHICTh BXiJJHOTO IIOTOKY IIOBiJOMJIeHb 1 IpPOMyCKHAa 3AATHICTb KaHaJy
repenavi JaHUX.

3ampoIioHOBaHA aJalTMBHA MOJejb TaKOX IIpuUiiMae Ha BXig Ti X cami
rapamMeTpu, OOHAK Kepye IMPOPimKeHHSIM Ha OCHOBi KoedillieHTa 3aBaHTa)KeHHS,
3MiHIOIOUM  iHTepBa/Jl  IPOPIIKEHHS  TaKMM  YMHOM, mob  cucrema
3a/IMIIaj1acs CTabiIbHOIO.

KniouoBuit MexaHisM Mofesii — KepyBaHHS iHTepBaJOM MPOPiKyBaHHS, SIKUIA
BM3HAUAETHCS K YaCOBUI MPOMIKOK MiK OCTaHHIM HafiCJaHMM ITOBiAOMJIEHHSIM i
3aJlaHMM TIOpPOTOBMM 3HAa4yeHHSM. [IpoTsArom 1pOro iHTepBanay BCi OTpMMaHi JaHi
BiIKMIAIOTHCSI, 3aM06iralouy HaKOIMMUEHHIO Yepru Ta 3HMKYIOUM HaBaHTaKeHHS Ha
KaHaJs nepefaBaHHS JaHUX.

ITig yac roripiieHHsT MPOMYCKHOI 3IaTHOCTI CMCTeMa aBTOMATUYHO 30ibIIye
iHTepBa/l TPOpIJKyBaHHS, 3abe3mneuyluyu [epelaBaHHS JuIle aKTyaJbHOI
iHpopMmarrii mpo MOTOUHMII cTaH 00’¢kTa. Takuii migxim mae 3MOry yYHUKHYTHU
repeBaHTa)keHb, MiHiMi3yBaTy BTpaTu iHdopmalilii Ta eeKTUBHO BUKOPUCTOBYBATHU
IOCTYITHI pecypcy KaHasy repeJaBaHHs JaHUX.

OCHOBHI MapaMeTpy CUCTEMMU:

— IHTepBan mnpopigxkyBaHHS 1. lle MiHiManbHMIAI Yac MiX ITOBiJOMJIEHHSIMU,
SIKVA TIOBMHEH IIPOTH, II[00 HACTYITHE MOBiIOMIEHHS OYJI0 IIOCTaBJIEHE B UEPTY JIJIsSt
BiTIpaBKM Ha cepBep.

— IHTEeHCUBHICTDb HAAXOKEeHHS MOBigoMIeHb A. Lle KiIbKiCcTh MOBiIOM/IEHbD, 1110

HaJXONSITh y Yepry Ha BiAIlpaBKy 3a OAMHUINO vacy. [Ipu mpopimkyBaHHi GakTuyHa
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iHT@HCUBHICTb HAJXOMPKE€HHSI MOBiJOMJI€Hb 3MEHIIUTHCS, OCKIJIbKM YaCTMHA 3 HUX
Oyme BiIKMHYTA, SIKIIIO BOHY MIPUXOASITh HAJTO IIBUJIKO.
— IIpomryckHa 3paTHICTh KaHary . lle KibKiCTh IOBiZOMJIEHD, SIKE€ CHUCTEMa

3[aTHA IepeJaTy Ha cepBep 3a OAMHMIII0 Yyacy. BoHa BM3HaYaeThCS SIK:

2
ﬂzz_—
P, (1)
Ie 1, - Ille yYac, W0 IPOXOAUTh BiJ, MOMEHTY BiANpaB/ieHHs CIIeliaJibHOTO

MOBiZOMJIEHHS Bifl Ji)Kepejia Ha CepBep [0 OTPMMAaHHSI 3BOPOTHOTO IMOBIAOMJIEHHS
Bif cepBepa.
— ApanToBaHa IHTEHCUMBHICTb TIOTOKY. lle KUIBKICTb IIOBiZOMJIEHB, SIKi

TOMIIIIaI0ThCS B Yepry Ha BiilIpaBKYy ITic/Is IPOLeaypy MPOPiaKyBaHHS. AJariTOBaHy

iHTEeHCUBHICTb ITOTOKY MOXXHa BUPA3UTH SIK:

. 1
mm(i,— .T>0
A"’th = T * (2)
A,1=0
Lle o3Hauae, 110 SIKIIO CepeHiil iHTepBa/J MiXX MOBiZOMJIEHHSIMM MeHIIui 3a
BEJIMUMHY iHTEpBaIy IIPOPiIKyBaHHS, TO iHTEHCUBHICTh ITOTOKY OOMEXYETHCS UM
iHTepBa/ioM. SKIO iHTepBa/s MPOPIIKyBaHHSI He BCTAHOBJIEHO, TO MOBiZOMJIEHHS
TIOIaAyTh B Uepry Ha BiAIpaBKy 6e3 00OMesKeHb.
- KoediuienT 3aBaHTakeHHSI KaHany p. lle BigHOIIeHHS iHTEHCUMBHOCTI
HAJIXOIKeHHS MOBiZOMJIeHb OO0 IPOITYyCKHOI 3IaTHOCTI 1:
_
p=-L. (3)
y7i

[Tpu p<1 cucTema 3aauIIAETLCS CTAbI/IbHOIO, TOOTO BOHA 3[aTHA TlepefaTy BeCh
00cSr OTpMMAaHMX JAaHMUX Ha cepBep. Km0 1eit KoedilieHT HabGIMKAETbCS 10 1,
cucteMa OnmM3bka OO TepeBaHTaKeHHS. Y IIbOMY CTaHi MOK/IMBI 3aTPUMKU
TOBIIOMJIEHb Yy Uep3i Ha IepelaBaHHS Ta HAAXOIKeHHSI JAaHUX Ha cepBep i3
3aMi3HeHHSIM, TPOTe KaHaJl 3B'SI3Ky BCe Ille CIPaBSIETbCS 3 MepeaaBaHHSIM yCbOTO
o0csry iHbopmMmariii.

[Tpu p>1 cucTema nepexoauThb y CTaH MepeBaHTa)KeHHS, 1[0 O3HAYaE, 1110 BOHA
He 3JaTHaA IepenaBaTy Bech OOCAT OaHUX, SIKMI HagxoauTh Ha ii Bxim. Lle

MIPU3BOAUTDH 10 HAKOMMUYEHHS Yepru MoBiJoOMJIeHb i BiAMOBM y IlepelaBaHHi.
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3amnporoHOBaHa aJalTMBHA MOJe/Nb CIOpPSIMOBaHA Ha 3MiHY iHTepBaly
MIPOPIiIKYBaHHS T 3aJIE5KHO Bif TOTOYHOTO CTaHy CUCTeMM. SIKIO cucteMa Oyin3bKa
IO TiepeBaHTaXXeHHs, iHTepBajd TMPOPIAKyBaHHSI 36iMbIIYETHCS, 10 3MEHIIYE
iHTEHCUBHICTbh MOTOKY JAHUX M. SIKIIO IMPOITYCKHA 3JAaTHICTh KaHa/y U J03BOJISIE
nepenaBaTy Oijbllle IIOBigOMJIEHb, iHTEpBa/J IPOPiIKYBAHHS 3MEHIIYETHCS, IO
30i7IbIITY€ TIOTIK MOBiIOMJIEHD i MifgBUIIY€E eDeKTUBHICTh BUKOPUCTAHHS KaHay.

Mopenb AMHAMIYHO 3MIiHIOE iHTepBa/l MPOPIAKYBaHHS T B 3aJI€KHOCTI Bif
IIOTOYHOI iHTEHCHMBHOCTI IIOBiJOMJIEHb, IO HAAXOISATb Ha BXiJ, Ta IIOTOYHOI
IIPOITYCKHOI 3JaTHOCTI KaHalIy Tak, 100 KoedillieHT 3aBaHTa)KeHHS p 3aJIMUINABCS
MeHIIUMM 3a 1, TO6TO 106 cucTeMa 6ysa cTabiibHOW, He HAKOMMUYIOUM HaAMipHY
yepry MOBigoMJieHb. [HTepBa/s MPOPIIKYyBaHHS 3MIHIOETBCSI B MeXKax 3aJaHOro
niama3oHy [0, Tmax] 3 MEBHUM KPOKOM Ty, LIO JO3BOJISIE TIJIABHO PEry/IOBAaTU MOTIK
MOBiJOMJIEHb, $IKi HAACUJIAIOThCS Ha CepBep, VYHUKAWOUM Pi3KUX 3MiH
iIHTEHCUBHOCTI ITOTOKY.

Ha puc. 1 mokasaHi pe3yibTaTy €KCIIepUMEHTY iMiTalliliHOrO MOJEe/F0BaHHS
30010, SIKMIA TIOJISITAa€ B 3MEHIIIeHHI ITPOITyCKHOI 3IaTHOCTI KaHaJy repenadi JaHuX 3a

YMOBM 30epeskeHHST iHTeHCMBHOCTI BXiZJHOTO ITOTOKY ITOBiIOMJ/IEHb.

350 -
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—— Intencity — Pipe Bandwidth—— Enqueued —— Dropped—— QueuelLength

Pucynok 1 — O6po6Ka 3HMKEHHS IMPOITYCKHOI 37aTHOCTI KaHATy Tlepefadi JaHux

Bicp Jacy rnpeacTtaBji€eHa B CEKyHOax Bif IMO4YaTKy €KCIIEpMMEHTY, a BiCh 8.6CI_U/IC

— KiJIbKiCTIO TOBiAOMJIEHD 3@ CEKYH/Y.
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Ha rpadiky rokasaHi 3MiHM TaKux mapaMeTpiB:

- Intencity — IHTEHCHBHICTb BXiZJHOTO IIOTOKY IIOBiJOMJIeHb (IIOBiOMJ/IEHb 3a
CEeKYHJY);

- Pipe Bandwith - mpomyckHa 3paTHICTh KaHa/ly Ilepefadi ITOBilOMJIE€Hb
(IOBiZOMJIEHD 32 CEKYHLY);

- Enqueued - KinbKiCTh MMOBiOMIIEHD, TTOCTABIEHUX Y Uepry Ha BifIIpaBKY;

- Dropped — KibKiCTb BiIKMHYTUX ITOBiIOMJIEHb;

- Queue Length — moBxknHa yepru.

[TomiTHa 3armi3HiJia peakijisi CUCTEMM Ha 3MEHIIEHHS MPOITyCKHOI 3[aTHOCTI
KaHaJTy, a TaKOX ITic/s 1i BigHOBIeHHS. [Ipy 1bOMY cUCTeMa MPOAOBXKY€E HAACUIATU
JlaHi Ha cepBep, a yepra IOBiJOMJ/IEHb HA BifIpaB/ieHHS JOCITa€ IIeBHOTO 3HaUeHHS
i Oinmplle He 30i/MBIIYETHCS, TOOTO CUCTeMa Mepeiilia B CTabiIbHMII cTaH i
CIIPABJISIETbCS 3 HaBaHTakeHHSM. CepeoHsI MOOBXMHA Yepru CHOiBMipHa 3
iIHTEHCUBHICTIO BXiJHOTO MOTOKY. TakKMM UMHOM, 3aTpMMKa IMOBiAOMJIEHHSI B 4yep3i
CTaHOBUTbH IPUOIM3HO OOHY CEKYH/Y i IIPU IIbOMY He 30i/IbIITyEThHCS.

[Ticisgs BimHOBJAEHHS MPOMYCKHOI 3OATHOCTI KaHaJy IOMiITHe 3MeHIIeHHS
IOBKMHM Yepru, TOOTO aHi MOYMHAIOTh IepenaBaTucs Ha cepBep 6e3 3aTPUMKMU B
yep3i. [ToBHMIT 0OCAT TepemaHMX MAHUX BiTHOBIIOETHCS TPOXM IIi3Hille, KOJU
MPOITyCKHA 3aTHICTb KaHa/JTy CTA€ CIIiBMipHOIO 3 iHTEHCMBHICTIO BXiJHOTO TMOTOKY.
[HIIMMM cioBamMM, MOZEe/b IMOCTYIIOBO 3MEHIITY€E iHTepBaJs MPOPiAKeHHS i OCTaTOUHO
JIoro CKacoBye, IIOMHO IIPOMYCKHA 3OATHICTh KaHa/ly IMOUYMHAE MepeBUIIyBaTU
iIHTEHCUBHICTb BXiJTHOTO MIOTOKY.

TakuM uMHOM, MOZe/b YIIPaBIiHHS MPOPiIKeHHSIM 30epersa mpaie3fgaTHiCTh
CUCTeMM IlepeJaBaHHSI JaHMX i 3amobiria BiIMOBIi, MOB'sI3aHili i3 ITepeITOBHEHHSIM
yepru IOBigOMJIEHb, TPU IbOMY CepBep IPOJOBXKYBaB OTPUMYBATU aKTyaJIbHY
iHpopMaIriro mpo cTad 06'eKTa.

3MiHIOIOUM BeIMUMHY KPOKY afanTallii Ts , MOSKHA HaJIAIITOBYBATU LIBUIKICTh
peakilii cucreMu Ha 3601 - MpPU HEBEJIMKOMY KpOIIi peakilisi cucteMu Oyne Oinbii
TJIaBHOW. Benuke 3HaueHHS Ty 3abe3reuye IIBUAKY peakililo Ha 3MiHy cUTyarlii,
IIpOTe Yy BUITAAKY KOPOTKOYACHMX 360iB 1€ MOXe IPMU3BECTH A0 HaAMipHOIO

MIPOPiAKyBaHHS MOTOKY MOBiIOMJIEHb.
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ADAPTIVE DATA STREAM THINNING IN REMOTE MONITORING SYSTEMS FOR
TRANSPORT INFRASTRUCTURE
Rovshan Gasanov, Oleksandr Ivanov

Abstract. This work examines the method of adaptive data stream thinning in remote
monitoring systems for transport infrastructure. The proposed model dynamically
regulates the frequency of message transmission by considering the intensity of the
incoming stream and the bandwidth of the communication channel. The primary
mechanism is based on adjusting the thinning interval, which is adapted according to the
current system load. In cases of overload, the interval is increased, reducing the volume
of transmitted data, whereas under improved transmission conditions, it is decreased,
enhancing the efficiency of channel usage. The developed model ensures a balance
between minimizing the loss of critical information and reducing network load, thereby
improving the stability and reliability of transportation infrastructure monitoring.

Keywords: adaptive control, adaptive models, data stream thinning, data transmission
infrastructure, software, message flow intensity, monitoring
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MODEL OF THE INFLUENCE OF THE STRESS STATE ON THE STRAIN RATE
CURVE DURING HIGH-TEMPERATURE DEFORMATION OF SILICON NITRIDE-

BASED CERAMICS
Hnylytsia I. D.!, Hrushetskyi M. V.2
Ivano-Frankivsk National Technical University of Oil and Gas, Ph.D.,
associate professo, Ukraine
2Vasyl Stefanyk Prykarpathian National University, Postgraduate student , Ukraine

Abstract. The deformation rate curves of ceramic materials of known compositions
based on silicon nitride with high (SisNs-5wt.%Y:05-5wt.%Al1:05), medium (SisNy-
5wt.%Y,05-2wt.%Al1,05) and low (SisNs;-2wt.%Y:0s-1wt.%Al;03) content of sintering
activators during high-temperature deformation according to the direct extrusion scheme
were analyzed. The nature of the influence of the rotation of elongated grains on the
processes of mass transfer and the rate of deformation is described. The stress state in
the deformation zone is considered. The influence of moment stresses on the rotation of
elongated grains is shown. The influence of the stress state and the rotation of elongated
grains on the curve of the rate of deformation is considered. A mathematical model of
non-uniform rotation of elongated S—SisN, grains in an inhomogeneous stress field in the
transition cone of the matrix is considered. The presence of a constant velocity section on
a typical strain rate curve during high-temperature deformation according to the direct
extrusion scheme is explained.

Keywords: silicon nitride, deformation, deformation mechanism, rotation of elongated
grains, model of deformation process.

The change in normal longitudinal stresses from the outer edge of the punch
to the central axis for each individual elongated grain of the B-phase in the structure
of the silicon nitride material, the position of which is not coaxial with the axis of
symmetry of the matrix, means the presence of a moment of forces that tries to
orient the grain along the lines of normal longitudinal stresses. Grain rotation can
occur when the shear stress acting on the boundaries is unbalanced, resulting in a
moment that rotates the grain. This is observed when, in a two-phase material, the
resistance to grain boundary sliding is different from the resistance
to interphase sliding.

There are generalized models of material deformation in which the vectors of

movement and rotation of particles of the medium play a significant role, and the
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tensors of deformations and stresses are asymmetric, that is, models that are
sensitive to moment stresses. Media that allow moment stresses are called Cosser
continua, and the theory that describes moment stresses has become known in the
literature as the moment or asymmetric theory of elasticity.

Thus, during high-temperature deformation of silicon nitride materials
according to the direct extrusion scheme, there are conditions that determine the
rotation of elongated grains of the B-phase in a gradient stress field. The rotation of
grains in the stress field occurs with the assistance of grain boundary sliding and
viscous flow of the liquid intergranular phase, and after its crystallization, such
rotation occurs due to grain boundary sliding with the participation of grain
boundary layers of the uncrystallized intergranular phase. Grain rotation due to the
Cosser effect is one of the reasons for the formation of a texture of the extruded
material directed along the direction of deformation.

In the general case, it can be assumed that the distribution of elongated
grains of the p-phase, which are present in the structure of the material before
extrusion, along the angle of inclination to the axis of symmetry of the matrix is
approximately uniform. In other words, we assume that in the structure of the initial
sintered sample before deformation, the number of elongated grains is the same for
each value of the angle of inclination of the latter to the longitudinal (or transverse)
axis of symmetry of the extrusion die.

The magnitude of the moment of forces arising due to the gradient of normal
longitudinal stresses will depend on the magnitude of the projection of the grain size
onto the plane perpendicular to the line of normal longitudinal stresses (Figure 1).

line of longitudinal normal
stress

elongated grain
of the B- phase }’\ /2-cos y
AN

112

moment of forces
acting on the grain

Figure 1 — Dependence of the moment of force causing grain rotation
on the grain inclination angle

ISSN 1991-7848 200



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

Thus, the magnitude of the moment of force acting on an elongated grain of
the B-phase depends on the angle of inclination, or more precisely on the cos of this
angle, of each specific grain to the plane perpendicular to the line of normal

longitudinal stress passing through the center of the grain:

M» PXIEXCOSV (1)

where M is the moment of force acting on an elongated grain of the p-phase; 1is the
length of the grain of the B-phase; P is the specific pressure on the punch; y is the
angle of inclination of the grain to the plane perpendicular to the line of normal
longitudinal stress.

The magnitude of the moment of force will decrease as this angle increases,

and the angle itself during extrusion for each grain will gradually increase. An
increase in the angle will mean a decrease in the moment of force acting on the
grain. Since the cos function is nonlinear, the intensity of the reduction in the
moment of force acting on the grain will increase as the grain reorients along the
line of normal longitudinal stress. If we assume a directly proportional relationship
between the speed of rotation of the grain and the magnitude of the moment of force

that this rotation causes:

V» P XIE XCOSy (2)

where V is the rotation speed of an elongated grain of the B-phase;
then the above means that the rotation speed of differently oriented grains is
different.

The closer the grain approaches a position oriented along the line of normal

longitudinal stress, the slower its rotation. Considering the nature of the trajectories
of normal longitudinal stresses, and specifically the fact that the angle of
misorientation of the longitudinal stress lines with the axis of symmetry of the
matrix gradually decreases as it approaches the transitional conical part and is
minimal when passing through this cone, it can be assumed that the speed of
rotation of the grains increases as it approaches the conical part of the matrix and is
maximal when passing through the latter.

From this we can conclude that the main rotation of the grains occurs

precisely when passing through the transition cone of the matrix.
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Based on the assumption that the moment of force acting on the grain, and
therefore the speed of rotation of the grain, depends on the angle of inclination of
the grain to the longitudinal axis of symmetry of the matrix according to the cosine
law and taking into account the nature of possible trajectories of normal
longitudinal stresses, an analysis of the speed of rotation of differently oriented
grains and changes in their position (angle of inclination to the longitudinal axis) in

time was carried out in a first approximation:

%zPicosv
dt 2 (3)
I
dy~P-—-cosy-dt
Y 5 Y 4)
y=7,+dy (5)

where v, is the initial angle of inclination of the elongated grain to the matrix axis.
The analysis shows that with the above-described uneven rotation of elongated

grains, there is a certain time interval during which a part of such grains will
sequentially pass through a position in which their angle of inclination to the
longitudinal axis of symmetry of the matrix will be close to or equal to 45°.

Therefore, during this time interval, some of the elongated grains will pass
through a position in which the values of tangential stresses are maximum and grain
boundary sliding is most facilitated.

The hypothesis presented allows us to explain the presence of horizontal
sections on the kinetic curves of the deformation rate, that is, to explain the fact of
stabilization of the deformation rate at a constant level.

Conclusions. Moment stresses in the deformation zone affect the rotation of
elongated grains of B—SisN.. The passage of elongated grains through a position at an
angle of 45° to the matrix axis leads to the appearance of a horizontal section on the

deformation rate curve.

REFERENCES
1. Cannon W. Roger, Langron Terence G. Review. Creep of ceramics. Part 2: An examination
of flow mechanisms // ]J. Mater. Sci., 1988.-23, N2 1.-P.1-20.
2. Belchuk Mark, Watt Dan, Dryden John. Modeling creep in materials with soft boundary
phases // Proc. Int. Symp. Adv. Struct. Mater., Montreal, Aug. 28-31, 1988.-New-York etc.,
1989.-P.123-129.

ISSN 1991-7848 202



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

3. Gogotsi Yuri, Ostrovoj Dmitry, Traskovsky Vladimir. Deformation and creep of silicon
nitride-matrix composites // Mech. Creep Brittle Mater. 2: Proc. Int. Colloq., Leicester, 2-4
Sept., 1991.- London; New-York, 1991.- P.230-241.

4. Eiichi Sato, Naoki Kondo and Fumihiro Wakai. Superplasticity in Si3N4 Associated with
Rod-like Grain Alignment // Material Science Forum Vols.- 1997.- 243-245.- P. 115-124.

MOJEJIb BIUVINBY HAIIPY>KEHOI'O CTAHY HA KPUBY HNIBUJKOCTI
JITE®@OPMAIIIT ITPY1 BUCOKOTEMITEPATYPHIN IE®OPMAILIIT KEPAMIKA HA
OCHOBI HITPU Y KPEMHIIO
aunnug LA, I'pymenbkuit M.B.

Anoranisa. IIpoaHanizosavo kpuei wieudkocmi deopmauii KepamiuHux mamepianie
gidoMuUX CK1adie Ha OCHOB8I Himpudy KpemHito 3 eucokum (SisNs-5mac.%Y>0s-
5mac.%Al,05), cepednim  (SisNg-5mac.%6Y:0s-2mac.%Al;05) i Husekum  (SisN4-
2mac.%Y:0s- Imac.%Al:053) 8Micmom akmueamopis CNIKAHHA npu
gucokomemnepamypvomy degopmysanvi no cxemi npamoi exkcmpysii. Onucauo
xapakmep 6naugy o00epmaHHs BUO0B8MCEHUX 3epeH Ha npouecu MAacooOMiHy ma
weudxkicme depopmauii. Po3ensitHymo HanpyxceHuli cmaH 6 30Hi depopmauii. ITokazamo
8NJIU8 MOMEHMHUX HANPY}¥EHb HA N080pom 6udoexceHux 3epeH. Po3sznsaHymo ennus
HaNpy#eHo20 CmaHy ma hoeopomy 6udo8MeHUX 3epeH Ha Kpugy weudkocmi
depopmauii. Po3ensaHymo mamemamuuHy MoOenb HEPIBHOMIPHO20 00epmAaHHS
8udosxeHux 3epeH [—SisNy; 8 HEOOHOPIOHOMY NOJI HANPYX#eHb Y nepexioHoMy KOHYCi
mampuyi. ITosicHeHO Hasi8HICMb OiIIAHKU NOCMITIHOI WBUOKOCMi Ha munosiii Kpusiii
weudxkocmi depopmauii npu sucokomemnepamypHomy 0eQopMy8aHHi no cxemi npsmoi
ekcmpyasil.

KniouoBi cimoBa: Himpud kpemHito, dedpopmayis, mexanizm degopmayii, obepmaHHs
8UO08MEHUX 3epeH, Modelb npouecy dedpopmauii.
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BEPU®IKALIS PE3YJIBTATIB UACEJIbBHOT'O MOJE/TFOBAHHSI BUTIKAHHSA
IA30BH1X CTPYMEHIB 3 TUJITHAPWUYHOTI'O COIVIA 3A JOIIOMOTI'OI0
METO/IB TIHbOBOI 3liIOMKU
T'ony6 T.C.!, MonuanoB JI.C.2, Minait O.M.3
T Incmumym uopHoi memanypeii im. 3.1. Hekpacosa HAHY, k.m.H., YkpaiHa
2 [ncmumym uopHoi memanypeii im. 3.1. Hexkpacosa HAHY, k.m.H., Ykpaina
3 Incmumym uopHoi memanypeii im. 3.1. Hekpacosa HAHY, PhD, Ykpaina

AHoranist. IIpomsizom ycb020 nepiody iCHY8AHHS KUCHEB0-KOHBepMepHO20 Cnocody
8UPOOHUYMBa cmaji cmeopeHo 6azamo pi3Hosudie KOHCMpYKYiii npodysHux conesn 0s
8epxHbOi NPOoJYBKU Y KUCHe8UX KOHBepmepax, i yeli meopuuti npoyec 800CKOHANEHHS Ui
00 b0200Hi Mae 3HauHuli nomeyian. KoxcHe H080 cmeopeHe conio nompebye
8UNPoOYBAHHA Ma 8UBHEHHS! U000 MEXHOJI02IUHUX MA (I3UUHUX MOMIUBOCMell 8NAUBY
Ha 2a308uti Nomik, sike y NPOMUCI08UX YMO8AX 3p0OUmMU Matixe HEMOXNUBO. BionogioHo
AKMUBHO  PO36UBAIOMbCS  BUCOKOMEMNEPAamypHi, Hu3bKomemnepamypHii U
mamemamuyuHi Memoou Mo0en8aHHs wodo O00CNIOHEeHHS 2a30-2i0p0OUHAMIUHUX
ocobnusocmeli 2a3o8ux CMpyMeHi8, W0 BUMIKAIOMb 3 COnen pi3HOi KOHCMPYKUIL.
MamemamuuHe mMo0e1108aHHs 8xce 0A8HO 3AlIHAI0 8axciuse micue ceped iHWUX Memoodie
3a805KU MOMIUBOCMI O00HOUACHO20 OYiHI08AHHS OeKiIbKOX (pakmopié enausy ma
MOMIUBOCMI NpPO2HO3Y8AHHS napamempie pobomu conen. OOHak makuli mun
MOOeN8aHHs Ha nouamkosux cmadisx nompebye sepugikauii, Ky Haliuacmiuie, 3a
HAs18HICMI0 00/IA0HAHHS, POOJISIMb NPAMUMU Memodamu 8UMipto8aHHs uieudkocmeti. B
pobomi  nposedeHo  O0CNiOHeHHS  MOMIUBOCMI  8epuikauii  pe3yibmamis
MamemamuiHo20 MOOeH0B8AHHS BUMIKAHHS 24308020 CMPYMEHS. 3 YUNTHOPUUHO20 cond
WIIXOM  3aCMOCY8AHHS Memodie miHb080I 3lioMKU. Bid3naueHo 3HauHuli pigeHs
8i0nogioHocmi pe3ynvmamis 060x munie MoOen08aHHS Ma nepesdazu MAamemamudHozo
MOOeN8aHHSL.

KimiouoBi cioBa: conno 018 npodyeku, @Qi3uuHe MOOeNBAHHS, MamemMamuyiHe
MOO0eN08aHHs, MiHb08a 3lioMKa, sepudikauis pe3yibmamis

KucHeBuit CTpymiHb y mpoliecax OTPUMMaHHS PiAKOiI CTasli Bifirpae roJoBHY
polb SIK 3 TOYKM 30py raso-AMHAMIYHOTO BIUIMBY Ha BaHHY [JISI 3[iliICHEHHS
MaCOOOMiHHMX MIpPOLIECiB MiXK piIKMMM IIVIAKOBOIO Ta MeTajeBoio ¢a3amMu, Tak i 3
TOYKM 30py 3abe3MedyeHHS OKUCIIOBAIbHO-BiTHOBHMX TiepeTBopeHb [1]. [jis
3a0e3leueHHsT pallioHAJIbHMX YMOB B3a€MOZii KMCHEBOTO CTPYMeHSI 3 piJKOIo
BAHHOIO Ta IOJIIIIIIEHHS TEXHOJIOTIUHMX Ta €KOJIOTiYHMX ITOKa3HMKIB BUILIABKU Y

KMCHEBUX KOHBepTepax IIOCTifHO BIOCKOHAIIOKTHCS HasIBHI  KOHCTPYKIILii
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MpOAyBHMX (QypM Ta CTBOPIOIOTBCS HOBiI  KOHCTPYKIIii MOPUCTpPOiB  Ta
YOOCKOHA/IIOIOTHCS KOHCTPYKIiI IpoayBHMUX coren [2]. Byab-fike HOBOBBeIEeHHS
nmoTpebye BUIIPOOYBAaHHSI Ha MPAKTHUII [/ BiAIpalloBaHHS CTa/JMX palliOHATbHUX
pekuMiB poboTu. V 3B’43Ky i3 MM IIMPOKOIrO 3arajly HaOy/jI0 pi3HOILIaHOBE
MOJIeJIIOBAaHHSI  TIpOLleCiB  TMPOAYBKM Yy KUCHEBMX KOHBepTepax: di3uuHe
BIMCOKOTEeMIIepaTypHe, HU3bKOTeMIIepaTypHe abo MaTeMaTUyHe MOJeIOBaHHS [3-
5]. OctanHe 3aiimae ocobMBe Miclie cepe[i iHIIMX CIIOCO0iB, 60 HaA€ MOXIUBICTD
OTPUMATU He TiJbKM KUIbKICHY OI[iHKY TeXHOJIOTIYHMX ITOKa3HMKIB MPOIYBHOTO
MIPUCTPOIO, ajie i CIIPOrHO3YBaTM XapaKTepUCTUKM Ta30BOTO CTPYMeHS, 1110 BUTIKae
3 OOCTIIKYEMOrO MPOAYBHOTO MPUCTPOIO, MpMU 3MiHI OOHOrO UM [EeKiJIbKOX
rapaMeTpiB OAHOYACHO ¥ GiJIbIIl TOYHO OI[iIHMTM pallioHa/IbHi pobOoYi IMapaMeTpu Ta
MOK/IMBI HeJIOTiKM poOOTH MPUCTPOIO, TaKi SIK po3rap KpPOMKM, TOIIO [5].

OnHaK TOYHICTh MaTEMaTUUYOTO MO/Ie/IIOBaHHS 3a/IeXXUTh BiJl FPAHUYHUX YMOB,
SIKi BUKOPUCTOBYIOTHCS 7 BiJl TOUHOCTi CKJIaJ€HUX PiBHSIHb, 3a SIKMMM IIPOBOASITHCS
pO3paxyHKM. BimmoBimiHO Ha IIOYATKOBMX CTalisIX MOJENTIOBAaHHSI POOOTU
IIPOIyBHOTO IIPUCTPOIO0 HEOOXimHO mpoBOAUTH Bepudikallilo pe3yabTaTiB
MopeaoBaHHs. Haituacrime Bepudikalliio HPOBOASITL 3a IOIMOMOTOI0 IIPSIMOIO
BMMIipIOBaHHSI IIBUIKOCTEN y TMOTOL 32 KOHKPETHUX YMOB TPOAYBKMU, SIK Y [5].
OnHak, i LIbOTO TOTPiGHO crelianbHe obmagHaHHS (TpyOka ITiTo 3 oTBOpamm
BiAMOBiAHOTO AiaMeTpy). A SIKIIO MOJEJIOBAaHHS MPOBOAMUTHCS HAa COIUIAX MaJMX
pO3MipiB, TO BHECEHHSI CTOPOHHBOIO Tijia B MOTIK ra3y CIIPUUMHSIE 3HAYHUI BIUINB
Ha TIOKa3HUKM CTPyMeHs, y TOMY YMCJIi 1 Ha MBUAKICTb. [HIIMM BapiaHTOM
npoBefieHHsT Bepudikallii pe3yabTaTiB MOIEIIOBaHHS MOXXe OyTM TiHbOBa 37i0MKa
ra30BOT0O CTPYMeHS, 1110 BUTiKa€ 3a YMOB, sIKi 0OpaHi [Jis1 MozetoBaHHS [6].

MeToo poboTM Oyna oOI[iHKAa MOXIMBOCTI Bepudikallii pe3ynabTaTiB
MaTeMaTUYHOTO MO/JIe/IIOBaHHS BUTiKaHHS ra30BOTO CTPYMEHS 3 IPOJIYBHOTO COILIa
3a OMIOMOTOI0 pe3yJ/ibTaTiB TiHbOBOI 31IOMKM JIJISI YMOB LIMIIHAPUYHOTO COTIA.

[t mocigskeHHsT 6y/10 00paHO ofiHe LMJIiHAPUYHE COILIOo i3 AiameTpom 3,2-10°
M (y MaciTabi 1:13 1o ekBiBaJIeHTHOTO TMepeTMHY ITPOMMCIOBOTO COTIIa BEPXHbOI
KMCcHeBOoi dypMu misi mpomyBku y 250-T KoHBepTepi), MPOAYBKY uepe3 sike

30iMCHIOBa/IM MOBITpsIM 3a YMOB TucKy 100 — 300 kIla HagauiikoBi. MaTemaTnyHe
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MOJe/II0OBaHHSI MpoBeAeHOo 3a goromoroio rporpamu ANSYS Fluent, npusHaueHoi
IJIsT BUpilIeHHST 3amau obumciaoBanbHOl rimpoamHamiku (CFD) Ta rasomyHaMiku.
JlJis1 MofeiOBaHHS y IMporpami 6yB 0OpaHMit aArOPpUTM pillleHHS], 1110 6a3y€e€ThCsT Ha
TYCTMHI Ta SIKMI 3aCTOCOBYETHCSI [IJIsI PO3PaxXyHKiB BUMCOKOUIBUAKICHMX TpaHC- Ta
HAJA3BYKOBMX TIOTOKIiB Ta 3amyCKa€ 3aCcHOBAaHMI Ha IIUIbHOCTI aJTOPUTM
po3B'si3aHHY piBHSAHHS HaB'e-Ctokca. [Ipy nboMy auckpeTn3sanisi OCHOBHUX PiBHSIHb
Ma€ BUIJISIL HEYCTAJIEeHOrO PpiBHSHHSI 30epeskeHHSI eHeprii [ MepeHeceHHS
cKaisipHuX BeanuuH [7]. Takoxk OynaM BpaxoBaHi piBHSHHSI 3MiHM eHeprii Ta
TypOyJIEHTHOCTi 3a pPaxyHOK OILIiHIOBAaHHS CymMM KoedillieHTiB JjaMiHapHOi Ta
TypOY/eHTHOI B'SI3KOCTi Ta TEIUIONMPOBIAHOCTI [7]. BiacTuBOCTi MozeapHOrO Tijia —
TIOBITPSI, 3a4aBaJIMCS PIBHSIHHSIM CTaHy ifgeanbHOro rasy KiamneiipoHa-MeHpesneesa.
JIJist OTpMMaHHS TOUHUX pillleHb HE0OXiTHO OYJI0O BUKOPUCTOBYBATH AMCKPETHU3AIlil0
PiBHSIHD (IIOTOKY; KiHETMYHOI eHeprii B TypOyJIeHTHOMY ITOTOIIi; PiBHSI pO3CilOBaHHS
TYpOY/JI€HTHOTO IOTOKY) IPYroro Ta BuMIlle TOPSIAKIB TOYHOCTI [7]. PesynbraTtu
MO/JIeJTIOBAHHSI OYy/IM OTPMMAaHi y BUIJIAAI SIK KOJbOPOBMX IIOJIiB IIBMIKOCTEN 3a
IOBXMHOIO CTPyMeHs, TaK i rpadiyHuxX 3ajJeKHOCTei MIBUIKOCTI CTPYMeHS Bif
KOOPAMHATU B310BX r'OPU30HTA/IbHOI BiCi.

[T OLIIHKM OTPUMMAHMX pe3yJbTaTiB MaTeMaTMUYHOrO MOEIIOBAaHHS OyJo
TIPOBEeJIEeHO HaTypHe MOCJiI)KeHHSI MTPOAYBKM KpPi3b LMWIIHAPUUHE MOJe/ibHE COILUIO
MEeTOJIOM TiHbOBOi 3OMKM. K/IO4OBMMM MOMEHTaMM TiHbOBOi 3MOMKMU OyIIm:
3abes3mneveHHs JIiHITHOCTi CBITOBOrO IOTOKY BiJ mkepesia CBiT/ja, 3abe3meueHHs
MepHeHIUKYISIPHOCTI  [Kepejia CBiT/Ja Ta Tra30BOrO CTPyMeHS ¥  eKpaHy.
ExkcriepuMeHTanbHi (HOTO3HIMKM Oy/aM Iepil 3a BCe IOPiBHSHI 3 KOJIbOPOBUMMU
MOJSIMM IIBUIKOCTENM, pO3paxOBaHMX 3a OJHAKOBMX yMOB. Ha puc. 1 HaBemeHO
NIpUKJIaZ MOPIBHSIHHS OJIs1 YMOB TUCKY Tiepef corioMm 300 klla HaaguimkoBux. Ha
pe3yJbTaTi MOAeMOBaHHS Ta (POTO3MIOMKM BUXiIHMI TIepepi3 coIia y HaBeJeHOMY
dbopmaTri PUCYHKY € OTHAKOBMM [JisI 3a0e3leueHHS aJeKBaTHOI MOXKIMBOCTI
TOpiBHSIHHS. BifgMmoBimHO OO PUCYHKIB BMUAHO, L0 OTPUMMAaHi 3a pe3yJbTaTaMu
MaTeMaTUYHOTO MOeII0BaHHS 0COOJMBOCTI 3MiHM MIBMUIKOCTI ra30BOr0 MOTOKY 3a
TIOBKHOIO CTPYMEHS 3 YTBOPEHHSIM «O60UYKOMOIiOHMX» CTPYKTYP MalOTh BiIAITOBiTHi

BimobpaskeHHs Ha (HOTO, OTPUMMAHMX TiHbOBOIO 3/IOMKOIO, 3 HasBHUMM IiITHKAMU
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VIIiIbHEHb i PpO3piIKeHb CepeloBMIlNa, SKi BimOMBAIOTbCI B 3rylIeHHi abo
BUCBIT/I€EHHI iHTEHCUMBHOCTI KOJIbOPY Ha GOTO3HIMKY. [Ipy 1ibOoMy C1if Big3HAUUTH,
10 pe3yabTaTy MaTeMaTMUYHOIO MOJE/IOBAHHS MAIOTh Oi/IbIII HAOUHMIA XapaKTep Ta
JIA0Th 3MOTY Oi/IbIII TTOBHO OILIHMUTM XapaKTep PO3IOBCIOIKEHHS Ta30BOT0 CTPYMEHS
3 MOMEHTY BMUTiKaHHS 3 COIUIA i 1ajii 32 0OCbOBMM HampaB/ieHHSIM. BuaHo, 110 came B
LIEHTPi KOXXHOTO «OOUKOITOAiOHOrO» YTBOPEHHS IIBUIKICTH CTpPyMeHsI HabyBae
MaKCMMaJbHOTO 3HaueHHS. TakoX BMOHO, IO Hamasi, 3a 00JIaCTI0O YTBOPEHHS
«OOUYKOIOAiOHNX» CTPYKTYpP, CTPYMiHb [I€I0 PO3IIMPIOETHCS Y TOPiBHSIHHI 3
BUXiTHUM IepeTMHOM (mIpubimsHo Ha 15 — 20 %), 36epiraroum HOCTATHHO BMCOKI

3HAYEeHHS MBUAKOCTI (BUIle 3BYKOBOI MBUAKOCTI 330 M/C [IJIsI TIOBITpSI).
Velocity [m s*-1]
R Rl AL T NINERRINST O IS ALIE N

PucyHoxk 1 — [TopiBHSIHHS pe3y/IbTaTiB MaTeMaTUUYHOTO MO/Ie/IIOBaHHS Ta TiHbOBOI 31AOMKU
BUTiKaHHS Ta30BOTO CTPYMeEHSI KpPi3b IMIiHAPUUHE COTLIO 3a TUCKY ITpoayBHOTO rasy 300 kIla
Takox cif Bil3HAUUTH, L0 HA PUCYHKAX CHiBMaAal0Th AOBXMHU YTBOPEHUX
BiITIOBiMHMX 3a JOBKMHOIO CTPYMeHSI «00uoK»: mjst repmoi — 0,012 m, gpyroi —
0,014 m, tpetnoi 0,013 m, yeTBepToi — 0,012 M (masni 3a HaIBHUX YMOB 3JIOMKM Ha
dboTo «O6OUKOIOfi6HI» YTBOpPEHHSI HEMAa€ MOSKJIMBOCTI TOUYHO OIiHUTH). [lelo
BiIpi3HsS€TbCI BUCOTA «OOUKOIOIIOHMX» YTBOpPEHb 3a (OTO Bif MaTeMaTUYHO
OTpMMaHMX NOpubIM3HO Ha 1 MM, IO, MOBipHO, IIOB’SI3aHO 3 TOYHICTIO
$hoTO3710MKH.

BignoBimHO [0 MeTOOMKM OI[iHIOBAaHHSI HIBUMAKOCTI Tra3oBOTO IIOTOKY 3a
TiHbOBUMMM (OTO, 3a SIKOi HMIBUAKICTb Ta30BOTO ITOTOKY Iepel yAapHOKI XBUJIEHO
BM3HAYAETHCS 3a KyTOM HaXMJIy TMpsSMOi cTpubKa yulibHeHHs [6], 6yinu obuncieHi
IMIBUAKOCTI 3a MEPIIMMM TPbOMa «OOUKOIIOMiOHMMM» YTBOPEHHSIMM ¥ pe3yabTaTu

CITiBCTaB/IeHi 3 pe3y/JbTaTaMM OOUMCIEHHS WIBUIKOCTI METOJOM MaTeMaTUYHOTO
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MopenoBaHHs. Ha puc. 2 HaBefgeHO y SIKOCTI MPUK/IALY CITIBCTaBJIEHHS [JISI YMOB
MPOAYBKM 3 HaajauMIIKOBUMM TUCKOM 300 kIla. byno Big3HadeHO, 10 pe3yabTaTu
MaTeMaTMYHOTO MOJIEeJIOBAHHSI Ta Ti, IO OyAM OTpUMMaHi 3a TiHbOBMMMU (HOTO,
BiJIpi3HSAIOTHCS Ha BeJIMUMHY Iopsaka 1,6 — 5,5 %. Ile mae 3mMory 3poOUTY BUCHOBOK
NP0 aAeKBATHICTh OTPMMAHMX PE3Y/AbTATIB LIJIIXOM MaTEMAaTUYHOTO MOAETIOBAHHSI.
Crmipg Big3HAUMTHU, WO TOYHICTD METOAY BM3HAUYEHHS IIBUAKOCTI 3a TiHbOBOKO
31IOMKOI0, SIK i OYIOb-sSIKMif MeToH, y SIKOMY Oepe ydyacTb JIIOAVHA, 3aJ€KUTh Bif
TOYHOCTi TOOYIOBM TPSIMMX Ta BMU3HAUEHHS iX KOOPAMHAT IEePEeTUMHY OCeil s
BCTAHOBJIEHHS KyTiB Haxwiy. OOHaK, AJj1s JaHOTO BUIMAIKY MpsSiIMe BMMipIOBaHHS He
HaJacTh TOYHIIIMX pe3yJabTaTiB, 00 [diaMeTp MOEJbHOIO COIIa MEHIIe Yu
CITiBIIaIa€ 3 AiaMeTpoOM OTBOPiB cTaHAapTHMUX TPyoOok IliTo. KpiM TOro HasiBHOIO €
repeBara MaTeMaTMYHOTO MOJIEIOBAaHHS, SIKe€ OO3BOJISIE OTPUMATU HE TUIbKU Yy
OKpeMMX TOUYKax JaHi MIBUIKOCTE ra30BOr0 CTPyMeHs, ajie il Ai3HaTUCA 5K i 3 IKUM
XapaKTepoM IIBUAKICTh 3MIiHIOETbCS 3@ OOBXKMHOW0O cTpymeHs. Lli gaHHi [maioTh
IOJlaTKOBY KOPUCHY iH(oOpMallilo Ajis1 PO3YMiHHS TMOBEOiHKM SK OKPEMO Tra30BUX
TOTOKIB, TaK i HA HACTYITHOMY eTalli — y B3a€EMO/1 i3 piIKOI0 BaHHOIO.

[IpoBefeHe MOCTIMKEHHS IaJ0 3MOIY 3pOOMTHM BUCHOBOK, IO Bepudikailiio
pes3yibTaTiB MaTeMaTUYHOTO MOeMI0BaHHSI MOX/IMBO MTPOBOAUTY LIJIIXOM TiHbOBOI
3IOMKM BUTIKaHHSI Ta30BMX ITOTOKIiB 3 COMeJI, SIKi MOIE/NI0I0ThCS, 32 OJJHAKOBUX 3
MaTeMaTUYHMUM MOZE/IIOBAaHHSIM TEeXHOJIOTIYHMX YMOB. Big3HaueHO BUCOKMUIT piBeHb
Bi3yaJIbHOTO CITiB MaJiiHHS OTPMMAaHMX Pe3yJIbTaTiB Ta 3HAYHMIA PiBeHb CITiBHAiHHS
(hakTMYHO 00UMC/IeHMX Pe3y/IbTaTiB 3a IMTOKA3HUKOM IIBUIKOCTI BUTIKAHHS T'a30BOT0O
CTpyMeHSI Ha pi3HMX [MOiAsSHKax 3a [JOBXMHOW. BigmiueHo, 1[0 MaTemMaTuUuHe
MOJe/JIIOBaHHSI Ma€ 3HAuHi IepeBaru $SIK IIOJAO Bi3yasisallil 3arajibHOi KapTUHU
0CcO6MBOCTEN PO3IOiTy IMIBUIKOCTEN Y CTPYMeHi Ipu BUTIKaHHI 3 coIuia, Tak i
00 BM3HAUEHHS 3MiHM BeIMUYMHM IMIBUIAKOCTI Yy Pi3HMX TOYKAxX 3a OCbOBUM

HaIIpaBJI€HHIM.
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Pucynok 2 — CriBcTaB/ieHHS pe3y/IbTaTiB MaTeMaTUYHOTO o6umciaeHHs (1) MBUAKOCTI 3a
TOPU30HTAIBHOIO BiCCIO CTPYMEHS Ta IBUAKOCTEN, OIliHEHMX 3a TiIHbOBUMM (GOTO (2)
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VERIFICATION OF THE RESULTS OF NUMERICAL MODELING OF GAS JETS
OUTFLOW FROM A CYLINDRICAL NOZZLE USING SHADOW
PHOTOGRAPHY METHODS
Golub T.S., Molchanov L.S., Minai O.M.

Abstract. Many varieties of designs of top blowing nozzles in oxygen converters were
created. Every new nozzle requires testing and studying the technological and physical
possibilities, which is almost impossible to do in industrial conditions. High-temperature,
low-temperature and mathematical modeling methods are actively developing for
studying the gas-hydrodynamic features of gas jets flowing from nozzles of various
designs. Mathematical modeling gives the possibility of simultaneously evaluating several
factors and predicts the operating parameters of nozzles. However, this type of modeling
at the initial stages requires verification. It is most often done with direct methods of
measuring rates, depending on the availability of equipment. The paper studies the
possibility of verifying the results of mathematical modeling of the outflow of a gas jet
from a cylindrical nozzle by using shadow photography. A significant level of
correspondence between the results of both types of modeling and the advantages of
mathematical modeling were noted.

Keywords: blowing nozzle, physical modeling, mathematical modeling, shadowing
photography, verification of results
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DETECTING FLAT ROOF DEFECTS WITH MACHINE LEARNING AND DEEP
LEARNING TECHNIQUES
Hryhorovych Mykyta
Ukrainian State University of Science and Technologies, ESI "Prydniprovska State
Academy of Civil Engineering and Architecture", Dnipro, Applicant, Ukraine

Abstract. In the context of the ongoing war in Ukraine, ensuring the safety and longevity
of buildings and infrastructure is paramount. Traditional inspection methods for
detecting structural damages—such as cracks, spalling, or corrosion—are labor-
intensive, time-consuming, and prone to human error. This study addresses these
challenges by leveraging deep learning techniques, particularly for flat roofs. Models
including CNNs, U-Net, YOLO, and autoencoders enable efficient defect detection from
both visual and thermal data, even in hazardous or hard-to-reach areas. UAVs facilitate
rapid image collection, thereby reducing costs and risks associated with manual
inspections. Our findings indicate that Al-driven methods can significantly improve
inspection accuracy, accelerate maintenance, and ensure early detection of critical
damage, crucial for infrastructure safety in conflict-affected zones. Ultimately,
integrating deep learning into structural health monitoring offers a robust and
automated approach to safeguarding buildings and optimizing maintenance efforts.

Keywords: Deep learning, structural monitoring, neural networks, YOLO, CNN,
flat roofs

Introduction. The integrity of a structure is fundamental for its longevity and
safety, particularly in critical components like roofs, which are exposed to harsh
weather conditions. Detecting defects such as cracks, deformations, or corrosion in
flat roofs is vital, as failure to identify these issues early can result in serious
consequences. Traditional manual inspection methods, while effective, are time-
consuming, costly, and susceptible to human error. Recent advancements in
technology, particularly the application of machine learning (ML) and deep learning
(DL) techniques, have opened new avenues for automated and efficient damage
detection. These techniques, especially convolutional neural networks (CNNs),
object detection methods (YOLO), and autoencoders, can analyze large datasets,
such as images or sensor data, much faster and more accurately than traditional

methods. The objective of this study is to assess the effectiveness of these methods
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in detecting flat roof defects, focusing on image analysis and sensor data
interpretation for early damage detection.

Research Objective. This research aims to explore how deep learning
techniques can be applied to detect structural deformation and damage in

construction, with a focus on flat roofs. Specifically, we aim to:

1. Review deep learning models (CNN-based classifiers, U-Net, YOLO,
autoencoders) for structural damage detection.

2. Analyze the effectiveness of these methods based on recent studies, focusing
on roofs and other structural components.

3. Investigate the data sources and tools involved, such as UAVs, high-
resolution cameras, and thermal sensors.

4. Compare the performance of deep learning models across different structural
elements and damage types.

5. Examine the real-world applications and challenges of integrating deep
learning into maintenance workflows for continuous monitoring and efficient
decision-making.

Deep Learning Methods for Structural Damage Detection. Convolutional
Neural Networks (CNNs): CNNs are widely used for detecting surface defects like
cracks in concrete. They can not only classify images but also localize damage areas.
For example, ResNet-18 was employed to analyze structural damage in camera
footage, improving detection accuracy over traditional methods. Semantic
Segmentation (U-Net): U-Net is effective for pixel-level crack detection. It can
delineate even thin and irregular cracks in concrete. Advanced versions, like VM-
UNet++, further improve accuracy by incorporating multi-scale context, making
them ideal for complex crack patterns. Object Detection (YOLO, Faster R-CNN):
YOLO models excel in real-time detection, identifying defects such as exposed
rebars and spalling with high precision. These models are fast and suitable for
dynamic, on-the-fly inspections, particularly when using UAVs. Autoencoders and
Anomaly Detection: Autoencoders, a type of unsupervised model, detect anomalies
in vibration and thermal data. Trained on healthy structure data, these models can

flag deviations that indicate potential damage, even without labeled examples.
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Data Sources and Inspection Tools. Effective deep learning-based damage
detection relies on high-quality data, often collected via UAVs equipped with RGB
cameras, thermal imaging, and other sensors. These technologies enable
comprehensive inspections, especially in hard-to-reach areas like roofs. The fusion
of data from different sensors—such as visual images and thermal scans—enhances
detection capabilities. For example, UAVs can quickly cover large surfaces, and
thermal imaging can reveal hidden subsurface defects, providing a fuller picture of
structural health.

Conclusion. Deep learning has proven to be a powerful tool for automating the
detection of structural damage in flat roofs, offering high accuracy and efficiency
compared to traditional inspection methods. Convolutional neural networks (CNNs),
semantic segmentation networks like U-Net, and object detection models such as
YOLO have demonstrated effectiveness in detecting various types of damage,
including cracks, spalling, and exposed rebars. Additionally, autoencoders offer a
promising solution for detecting structural anomalies through vibration or sensor
data analysis.

The integration of UAVs, high-resolution cameras, and thermal sensors has
made data collection more efficient and accessible. Real-time monitoring systems
can now autonomously detect damage, reducing the need for manual inspections
and enhancing safety by enabling timely maintenance. While challenges remain in
ensuring models generalize across different structures and conditions, the advances
in deep learning and data collection tools suggest a future where automated damage

detection becomes a standard practice in structural health monitoring.
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BUSIBJIEHHS JE®EKTIB IVIOCKHUX ITOKPIBEJIb 3A TOITOMOI'OI0 METO/I1IB
MANIMHHOT'O HABYAHHS TA I'NIMBOKOT'O HABUYAHHSA
I'puroposuu M.C.

AHoramnig. Y konmexcmi nomouHoi 8iliHu 8 YKpaiHi 3abe3neueHHs 6e3neku ma
dogzosiuHocmi 0ydigenv i iHppacmpykmypu € Had3suuatiHo eamciusum. TpaduuyitiHi
memoou iHCneKmy8aHHs 011 BUSBJNEHHS CMPYKMYPHUX NOWKOOHCEHb—MAKUX 5K
mpiwuHu, 8idwapysaHHs abo Kopo3is—eumazarnmos 3HAYHUX JHOICbKUX pecypcis,
O6azamo uacy ma CcxuabHi 00 NOMUNOK. Y UbOMY O0O0CHIOHEHHI pPO032190aemscs
MOMCIUBICMb 3ACMOCY8AHHS MEXHOJI02ill 2IUOUHHO20 HABUAHHS, 0CO0IUB0 O/ NIAACKUX
nokpisens. Moodeni, 3okpema CNN, U-Net, YOLO ma asmoeHKkoOdepu, 0aiwoms 3Mo02y
epexmugsHo sussnaamMu depekmu HA OCHOB8I 8i3yanbHUX I Meniosux O0aHux, Hasime y
CKNAOHUX YU BaMKOOOCMYNHUX ymo8ax. BukopucmauHsi 0e3nilomHux JaimansHux
anapamie (BILV/IA) nonezwye weuodkuii 30ip 300paxceHv i 3HUNCYE sumMpamu ma pusuku,
nog’s13ani 3 pyuyHumu nepegipkamu. Pezynemamu ceiduame, wo memoou, KepoeaHi
WMYYHUM  [HMENEKMOM, MOXCYMb CYyMmeso nidguwjumu mouHiCmb nepesipok,
npuckopumu mexHiuHe 00C/1y208y8aHHSL ma 3abe3neuumu PaHHE 8USIBNIEHHSI KPUMUUHUX
NOWKOOXCeHb, WO HAOD38UUALIHO 8aXIUBO O 0Oe3neku iH(ppacmpykmypu 8 ymosax
KOHpnikmy. [Hmezpayia 21UOUHHO20 HABUAHHS 8 CUCMEMU MOHIMOPUHZY MEeXHIUHO020
cmaty cnopyo nponoHye Haditiuili i asmomamu3osaHuti nioxio o 3axucmy 6ydigensb i
onmumisauyii 3ycunw i3 ix 00C/1y208Y8aHHS.

KiiouoBi cjioBa: 21ubuHHe HagUaHHs, MOHIMOpUH2 cmawy 6ydigesb, HelipOHHI Mepexci,
YOLO, CNN, nnocki daxu.
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PEAJII3AIIIA PO3IIOAVIEHHS ITPOLIECY POBOTU TEHETMYHOT'O
AJITOPUTMY HIJITIXOM BITPOBAIJKEHHSI KAHAJIIB TA BY3JIIB
OBPOBKMU ITOBIJOMJIEHDb
JKapan A. A., lllmakapenko B.1.2
I'Vkpaiucokuti depxcastuli yHigepcumem HAyKu i mexHonoeiti, acnipanm, Ykpaina
2 Vkpaincokuti depicasHuti yHigepcumem HayKu i mexHonoziti, 0.m.H., npogecop, Yxkpaina

AHoTauis. Peanizayis ~ 2eHemMuuH020  An0pUMMY  WISAXOM — BUKOPUCMAHHSA
apximekmypHozo namepHy npoekmyeanHs «Pipes and Filters» supiuiye 08a 0CHOBHUX
3a80aHHsl — epekmusHicmb pobomu ma sezkicms moougikauii. Ilepuia docsizaemuvcs 3a
PAXYHOK ACUMXPOHHOI KOMYHIKAUil ma MOXueocmi macuimaby8aHHsi OKpemux a3
dodarwuu Hosi 8y3nu o0panozo muny. [Jlpyee 3abe3neuyemoCs HU3LKUM pigHeM
38A3HOCMI KOMNOHEHMI8 cucmemu Mixc co6ol, a came 8y3auU NOBUHHI 3HAMU JiULLE
(opmam i npomokoJ, Ha OCHO8I SIKUX BUHU NOBUHHI (hopmysamu Nno8i0OMJIEHHS 3
pe3ynemamom ceo€i pobomu. CyuacHi mosu ma cepedosuuya npozpamyeaHHs Haoarms
genukulli Habip iHcmpymenmie Ons peanizayii cucmem nodob6HO20 6udy NOBHICMIO
abcmpazyruu 8i0 83aemodii 3 s10pom onepauitiHoi cucmemu. Haiibinow npogioHow
MO08010 hpozpamys8aHHs 0715 peanidauii po3nodineHux oouucners € Golang.

KirouoBi cimoBa: npozpamue 3abe3neueHHs, IHQOpMayiliHi mexHoJ02ii, zeHemMuyHuUll
anzopumm, pipes and filters, po3nodineHi 06UUCNeHHS, ACUHXPOHHE BUKOHAHHS, golang

KinacuuyHuM TpeficTaB/IeHHSIM TeHEeTUYHOIO aJITOPUTMY € IToeTarHa 0O6poOKa
IIOTOYHOI TOIJIsILii BiAIOBiZHO M0 obpaHoro Habopy d¢a3. Peasmizallis Takoro
MiIXOOy CKAAJA€ThCS 3 HAOOpPYy LMKIIUHMX OIlepaTopiB Ta (YHKIii 0OpOOKM.
OCHOBHMM HeJIOJIIKOM MOXXHA Bif3HAUMTHM CUMHXPOHHMII HpUMHIMIT poboTtu. Ciif
BiI3HAUMUTH, IO 3arajibHa CKIAHICTb BUIE3a3HAYEHOTO aJITOPUTMY 3a HOTAIli€l0
Jlanpay [1] € niniliHOO.

ANbTepHATMBHUM MigX0IOM € BIIPOBa/KeHHSI 6araTornoTOKOBOCTI B Ipoiiec 3
BUKOPUCTAHHSAM IaTepHy mnpoeKTyBaHHs1 «Pipes and Filters» [2]. Ha moTtounHwmii
MOMEHT iCHye O0araTo Ppi3HOBM[IB HAHOTO IPUHLMITY, aje s peajisamii
TeHeTUYHOTO aJITOPUTMYy Haib6inbin BigmoBimHum € «Dump Pipes and Smart
Endpoints» [3]. Mloro ocHoBa mossiraec y TOMy, IO KaHaay IepecuaHHs JaHUX
BiJIMTOBiAAIOTh Jinille 3a Tepecuiky. Bysin 06pobky maHMX BUKOHYIOTH BCHO JIOTiKY
po6OTM OJHOTO 3 BM3HAUEHMX €TalliB 3arajJibHOTO IIpoliecy, IO BiAIOBimae

OCHOBHMM MPUHLMIIAM peasli3allii rfeHeTUYHOTO aaroputmy (puc. 1).
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* N ' N
Byzon 00pobku dazu Pipe Byzon 06pobkn dazu Pipe

KpoccoBepy ” MyTaLil

Byzon 00pobkn dhazm
ceneKuii

Y

PucyHok 1 — 3arasipHa cxeMa peaJtisailii aropuTmMy

KinacuuHuMmu ejeMeHTaMM IIpOrpaMHMX peasisariii migxomy «Pipes and
Filters» Ha PpiBHIi JIOKQJIBHOTO CepedoOBUINA € 0araTomOTOKOBICTh YU
O6araToIpolleCHiCTh. B JaHOMY BUITAQAKY KOXKE€H BY30J OOpPOOKM BMKOHYETHCS Ha
OCHOBi OKpemoro o6°‘ekra sigpa. Y SKOCTI 3arajJbHOrO aJrOpuMTMy B3aeMofii 3i
006°€eKTaMy IaHKX € AITOPUTM BupileHHs 3anaui [TocrauanbHmka-CrioxkuBaya [4].

OCHOBHOI0O TP06/IEMOI0 6AraTOMIOTOKOBOI peastisallii € BilCyTHOCTi MOKIMBOCTi
o MaciTabyBaHHsI 6e3 30BHILTHHOTO KepPYyHUOro KOMIIOHEHTa. B TakoMy BUITaAKy
HaMMpPOCTIIIMM pillIeHHSIM € BM3HAUYEeHHS ITiKOBOi KiJIBKOCTi HEOOXigZHMX ITOTOKIB
00poOKM Ta iX 3amyck Ha Mo4YaTKy poboTu momatky (puc. 2). OCHOBHUMM
HeJoJikaMM € HepallioOHaJbHe BUKOPUCTAHHS PeCypCiB cepefoBMINA Ta MOKJIMBE
3MEHIIIEeHHS IIPOAYKTUBHOCTI poOOTH MPM HEOUiKyBaHMX CIIecKaxX TpadiKy JaHUX Y

cHUCTeMi.

IMotox 1

( Byijep moBLDoMISHE ( :

IlotoE N

PucyHok 2 — BaraTonoTokoBumit migxiz,

PimeHHsIM 3a3HaueHUX MpPo6ieM € BIPOBAJKEHHSI KOMIIOHEHTiB-MeHe/ IsKepiB
tpadiky [5]. IX OCHOBHMM 3aBHAHHSM MOXYTh OYIOM HE TiIbKM PO3IOIiTEeHHS
HAaBAaHTAKEHHSI MiX ICHYIOUMMM TIOTOKamMu OOGpoOKM, a ¥ 3aIllyck HOBUX IIpU
HeJJOCTATHOCTI OOUMCIIIOBATbHUX MOXIMUBOCTEN. AGO X HaBMaku, 3MEHIIyBaTU ix
3arajJibHy KiJIbKiCTb IpPM HEOOCTAaTHbOMY piBHi Tpadika abo B BU3HAYEHi TOOMHU

HM3bKO1 iIHTEHCUBHOCTI (puc. 3).

ISSN 1991-7848 216



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

VY BuITaaKy 6araTonpoIecHOCTi, OKpeMuii Ipoliec MOXKe MOBHICTIO MTOKPUBATHU
GyHKITIOHATBHICTh By3Jla 00pOOKM, BiAIoBigamum sIK 3a 06pOOKY JaHMX, TakK i 3a
npoiiec MaciiTabyBaHHsl. Cilifi 3a3HaYMTH, IO peastisallisi JaHOTO MigXO0Iy MOsKe
BimpisusiTucs 6a3ywounch Ha API o6paHoi omnepaliiiiHoi cuctemu EOM.

3 pO3BMHEHHSIM TEXHOJIOTiii CIPSIMOBAaHMX Ha ONTUMIi3allil0 BUMKOHAHHS
IIpOrpaMHMX [OJATKiB Bce Oisbille HaOyBajaM IIOMYJSIPHOCTI pillleHHS IJIsT
pO3TaTy;KeHHSI ITPOIeciB 00UMCIeHHSs, sIKi HaJaloTh caMi cepeloBMIlla BUKOHAHHS,
6ibIIicTh 3 AKMX Takox miaTpumye ThreadPool [6]. s omTumisanii KibKOCTi

BUKOPUCTAaHUX HOTOKiB, 3aCTOCOBYETHCA IMMPUMHIUIT aCMHXPOHHOI'O BMKOHAHHSA 3a14d4

[7]-

CreopeHHi
Gﬁ}"‘]lcrﬁ MOBLIOMICH b (}47 Mencamep noTokis ""'\"_"unm:m MOTOKY

[Mepechnka
MOBIZOMIEHE

Hapo
onepauiinol
CHCTEMH

[NoTok

PucyHOK 3 — BaraTonoTokoBmii Oigxis 3 KOMIIOHEHTOM KepyBaHHS

Haii6inpin o1ibHOI0 B MATAHHSIX iHCTPYMEHTIB [IJISI Mapa/IieIbHUX 00UMCIeHb
€ MoBa nporpamyBaHHs Golang. Y momaTok A0 Buille 3a3HaYeHMX KOMIIOHEHTiB BOHA
TaKOX HaZla€ MOXJ/IMBICTh BUKOPUCTOBYBATY KaHaIM MOBiIOMJIEHb, peali3oBaHMX Ha
piBHi mraTgopmu. KoskeH KaHa/l mpeacTaBiase cobOl0 uepry, sKa MOXe
BUKOPUCTOBYBATUCS IJIsI TIepecHUIaHHS JaHUX MiXX acMHXpOoHMMM 3amavamu. Crifg
3a3HAuYMUTH, LIO0 BUXOASUM 3 TUITY iTepallii, a caMe UM € BOHA HAIIepIIo, UM Hi,
TIepINit By30J1 B JTAHIIOKKY 00p0OKM pi3HMit. [Ipyu movaTKy mporiiecy, mepiimii By30
TIOBMHEH TreHepyBaTy Habip XpOMOCOM Ha OCHOBi 3amaHuii rapaMeTpiB. B iHmmx
BUITAJKaX, OTPMMaHMI Habip JaHMX ITOBMHEH OyTHU JIMIIIe IIePeTBOPEHMIA BillIOBiAHO
no creiudikaiii dopmary HacTymHuKa (puc. 4). s IOJaabIioro 30iJblIeHHS
e(eKkTMBHOCTI pOOOTY MOSK/IMBE MacCIITA0yBaHHS OKPEMMUX €JIEMEHTIB aJITOPUTMY Ha

apxiTeKTypHOMY DiBHi [§].
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PucyHok 4 — Peanizaiiis reHeTUYHOTO aATOPUTMY iHCTpyMeHTaMu MoBu Golang

B pesynabraTi maHoi pobGoTM Oyia CIPOEKTOBAaHMIA Ta peayi30BaHMIA
IIpOrpamMHuit MOYJib, SIKUIA aCMHXPOHHO BMKOHY€E r'eHEeTUUYHMIA aJITOPUTM Ha OCHOBI
aCMHXPOHHOI KOMYHiKallii MiXX TpyIliamMu By3/1iB, KO’KHA 3 SIKMX Bi[IIOBiJa€ 3a OKpemMy
da3y sarasbHOro mpouecy. [lepecwiaHHSI HAaHUX MK By3JlaMM BUKOHYETBHCS 3a

JOIIOMOTOIO0 6y(bepM30BaHI/IX yepr MMOBiTOMJIEHb.
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IMPLEMENTING DISTRIBUTED GENETIC ALGORITHM WORKFLOW WITH
CHANNELS AND MESSAGE PROCESSING NODES
Artem Zhadan, Viktor Shynkarenko

Abstract. The implementation of the genetic algorithm using the architectural design pattern
"Pipes and Filters" solves two main problems — efficiency and ease of modification. The first is
achieved due to asynchronous communication and the ability to scale individual phases by
adding new nodes of the selected type. The second is ensured by a low level of connectivity of the
system components among themselves, namely, the nodes should know only the format and
protocol, based on which they should form messages with the results of their work. Modern
languages and programming environments provide a large set of tools for implementing systems
of this type, completely abstracting from interaction with the operating system kernel. The most
leading programming language for implementing distributed computing is Golang.

Keywords: software engineering, information technologies, genetic algorithm, pipes and filters,
distributed computing, asynchronous execution, golang.
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USING DLP TO OPTIMIZE COMPUTER MODELS IN SCADA SYSTEMS
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Abstract. This paper presents a study on the efficiency of applying data-level parallelism
using SIMD technology to optimize computer models within SCADA systems. The focus is
on implementing computational algorithms based on explicit and implicit finite difference
schemes, which are widely used in industrial process modeling. Experimental research
demonstrates improved computational performance achieved through the use of modern
SIMD instructions, primarily AVX-256, enabling real-time data processing for complex
simulation models in industrial control systems. It was found that explicit finite
difference schemes exhibit better suitability for vectorization compared to implicit
schemes implemented using the Thomas algorithm. The practical significance of the
results lies in enhancing the efficiency of SCADA systems through the optimal utilization
of modern CPU capabilities, offering tangible benefits for industrial enterprises adopting
this technology.

Keywords: Industry 4.0, SCADA, SIMD, parallel computing, finite difference schemes,
vectorization, AVX-256.

Modern SCADA systems (Supervisory Control and Data Acquisition) are key
components of the digital transformation in manufacturing, providing real-time
data acquisition, analysis, and control of technological processes [1]. With the
evolution of the Industry 4.0 paradigm and the integration of artificial intelligence
elements into industrial systems, the need for high-performance computational
algorithms has become critical. The requirement to process large volumes of data
and perform complex computations in real time imposes stringent demands on the
performance of algorithms used in these systems. Among such algorithms are
computationally intensive tasks of numerical modeling, implemented through finite
difference schemes for solving partial differential equations, particularly in problems
related to heat transfer, hydrodynamics, and electromagnetism. Therefore, the
development of efficient optimization algorithms, including the implementation of

parallel computing [2, 3], for both types of schemes is a highly relevant issue.
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DLP (Data-Level Parallelism) technology using SIMD (Single Instruction
Multiple Data) provides a mechanism for performing the same operation on multiple
data elements simultaneously [4-6]. Modern processors support advanced SIMD
instruction sets such as AVX, AVX-256 (AVX2), and AVX-512 [7]. These allow
simultaneous processing of 4, 8, 16, or more floating-point operands in single and
double precision, respectively. However, the effective use of these technologies for
finite difference schemes requires the development of specialized algorithms that
take into account the specifics of computational patterns and data
access structures [8].

As part of the study, a methodology was developed for optimizing numerical
modeling algorithms in SCADA systems using SIMD. The software implementation
was carried out in C++ with the use of the <immintrin.h> library, which provides
access to SIMD instructions. As a result, scalar algorithms were implemented for
both the explicit and implicit schemes, along with their vectorized counterparts
utilizing double and float data types. In the implicit scheme algorithm, the solution
of the SLAE (system of linear algebraic equations) was performed using the TDMA
(Tridiagonal Matrix Algorithm).

Experimental verification of the developed algorithms was conducted using
heat transfer models commonly employed in SCADA systems for monitoring and
controlling industrial processes. The testing was performed on a modern Intel
processor with support for AVX-256 SIMD instruction sets.

The experimental results demonstrate a speedup in computations when using
optimized SIMD algorithms compared to traditional sequential implementations.
The highest speedup (up to 1.89 times) is achieved for explicit schemes using single-
precision floating-point data types with a high resolution of the computational grid
(>10%). Optimization of the implicit scheme algorithm shows a speedup of up to 1.41
times, which is a significant result considering the complexity of vectorizing it due
to its sequential nature and the presence of recurrent dependencies. Overall, explicit
finite difference schemes exhibit better suitability for vectorization compared to

implicit schemes implemented using TDMA.
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Conclusions. The conducted research confirms the potential of SIMD
technology for optimizing algorithms in SCADA systems. The use of data-level
parallelism allows improving the performance of solving problems with explicit and
implicit finite difference schemes by approximately 1.4-1.9 times.

Promising directions for future research include the use of other SIMD
instructions, particularly AVX-512, the development of hybrid algorithms that
combine SIMD with other parallel computing technologies such as multithreading
and GPU computing (CUDA), as well as adapting the developed methods to the
specific requirements of various industries. Special attention will be given to
optimizing machine learning algorithms, which are increasingly integrated into

SCADA systems for process forecasting and optimization.
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BUKOPHCTAHHS DLP JIJII OIITUMI3AIIIT KOMIPIOTEPHUX MOJIEJIEN V
SCADA-CUCTEMAX
XynpkoBcbkuii O.0., XKynbkosebka 1.1, BoxmsHin I'.4.

AHoTamniss. B pobomi npedcmaeneHo 00CNi0#ceHHS epekmusHoCmi 3acmocy8aHHs
mexHonozii napanenismy Ha pieHi davux SIMD 0Oas onmumizayii KOMN’rOMepPHUX
Mmodeneti y SCADA-cucmemax Ha npukaadi peanizayii 00UUCTIOBANIbHUX A120PUMMI8 3a
SIBHUMU MA HeSI8HUMU KIHYe80-pi3HUYesuUMU CXeMamul, SIKi WUpoKO 3acmocosyomucs 8
Moden8aHHi npomucnosux npouecie. ExkcnepumenmansHi docnioxneHHs deMoHCMpPYombo
nidsuweHHss 00UUCNI08ANbHOI NPOJYKMUBHOCMI 3AB0SKU BUKOPUCMAHHIO CY4aCHUX
SIMD-incmpykuiti, nepedycim AVX-256, do3zsonsrwuu peanizysamu 00poOKY OAHUX Y
peanvHoMy uaci Ona CKAAOHUX CUMYJSAYIUHUX Modeneli 8 NPOMUCIO8UX CUCMEMAX
KepysaHHsl. BcmaHoeneHo, ujo 18HI KiHYeB0-pi3HUYe8i cxeMu O0eMOHCMpyms Kpawy
npudamuicme 00 8eKmopu3ayii NOpPiBHIHO 3 HEIBHUMU CXeMAaMu, peani308aHuMu 3
BUKOPUCMAHHAM Memody npo2oHKuU. IIpakmuuHa 3Hauumicme pe3ynbmamie noysede 6
nidsuwienHi epexmusHocmi SCADA-cucmem uepe3 OnmumanvHe BUKOPUCMAHHS
MoMueocmell  CyuacHux npoyecopie, w0 Hadae nepesazu 0]l NPOMUCIOBUX
nionpuemcma, sIKi 8nP0OBAOHCYIOMb YH0 MEXHOJI02I10.

KnrouoBi cimoBa: [ndycmpis 4.0, SCADA, SIMD, napanenvbHi 00UUCNEHHS, KiHUEB0-
pi3Huuesi cxemu, sekmopu3auis, AVX-256.
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AHoTarist. Y donoegidi npedcmasneHo pe3ynvmamu 00C1i0HeHb 3aCMOCY8AHHS 8ENUKUX
Mo8HUx modenelli (amen. LLM) y cgepi HanazoodmceHHs: npozpamHozo 3abe3neueHHsl.
Po3znanymo cyuacHuii cmaHv 0docnioxeHs y Uill eanysi, 8kawouawyu K nepcnekmueHi
HanpsamMKu, maxk 1 icHyooui npobnemu, saKi 00Mexcyloms WUPOKe NpaKmuyHe
3aCmMoCy8aHHsT mMakoz20 3acmocyeaHHsi Mmodenel. IIpoaHanizosaHo pi3Hi nidxodu
gukopucmauHss BMM y npoueci HanazodmeHHs. OOTPYHMOBAHO, W0 epekmusHe
gukopucmauuss BMM 0ns HaAnazo0xceHHs BUMA2AE KOMNJIEKCHO20 hidxody, sKuli
8pAX08Y€E K PO38UMOK camux modeseli, mak i nidsuujeHHs Keanigikayii po3pobHuUKie
0/1 3ab6e3neueHHs: NPOOYKMUBHOI 83AEMODii Mixc HOOUHOK MA WMYUYHUM iHMEIeKMOM.
Poboma cnpsimosaHa Ha U3HAYEHHS ONMUMAILHUX WsXi8 3acmocysanHst BMM y cpepi
HANA200HEHHS. NPO2PAMHO20 3a0e3neueHHs, 3 ypaxy8aHHIM NOMOUHUX MEXHON02IUHUX
Moxcusocmeti ma nompeb po3poOHUKIS.

KmrouoBi cioBa: eenuki mMoeHi modeni (ckopou. LLM), Hanazo0miceHHs NpozpamHoz0
3abe3neueHHs,  aABMOMAamMu308aHe  HANA200MEHHS,  IHMepPaKmueHi  NOMIUHUKU,
cepedosuiya po3pobxu, 83aemodis arduHa-III, obmexceHHs 8eUKUX MOBHUX ModeJell,
PO3pOOHUKU NPO2PAMHO20 3a0€e3NneUeHHS..

Ha choropHimHii neHb BeluKi MOBHiI mopesni (mani ckopoueHo BMM) HaGyu
3HAYHOI MOMYJSIPHOCTI B pi3HOMaHITHMX cdepax 3aCcTOCYBaHHS, TeMOHCTPYIOUMU
nmigBuineHHs eheKTUBHOCTI Mpu ix BuKopuctaHHi [1, 15]. 30kpema, MOTYXHMUI
TMOIITOBX OTpUMaJia iHAYCTPis MporpamHoi iHkeHepii. Momeri Bif TakuMx KOMITaHil,
gk OpenAl (ChatGPT, ta oco6amnBo Codex y cmiBmpaii 3 GitHub), Google (Gemini,
PalLM 2), Anthropic (Claude), meMOHCTpPYIOTh 3HAaUHMII TTIOTEHIIial Y TeHepallii Koxy,
npolecax Ha/llaroKeHHsI Ta pedaKTOPMHTY, CHPOIIYIOUYM Ta IIOJeruryrodmn
TPYAOMIiCTKi nipouecu [1, 5, 15].

OCHOBHOI0 TeMOIO JAaHOI [IOMOBiJli € pe3yabTaTu OOCTiIkeHb came Yy cdepi
3actocyBaHHg BMM y mpoliecax HajnarofykeHHsI MporpaM: OCHOBHI HAIPSIMKM Ta

IiIXO/IM, @ TAKOX ITPo06ieMM Ta 0OOMeKeHHSI 3aCTOCYyBaHHS BMM.
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3actocyBaHHs BMM 151 BUpillleHHS 3a7,a4 reHepallii Kogy IpoAeMOHCTPYBaIn
TIeBHI MOKJIMBOCTI Ta MOTEHIIia/ Y BUPIIIeHHI CMHTaKCUYHUX TOMWJIOK, IO B CBOIO
yepry CHIPOBOKYBaJIO pSA OOCHIIKeHb 1 eKCIIepUMMEHTIB IIO4O0 IIMPIIOTO
3acTocyBaHHd BMM y KoOHTekcTi HanaromikeHHs [5]. OpHak HeBOOB3i Oys0
3aCBilueHO TIIeBHiI Mpo06JeMM TaKOro 3aCTOCYBaHHSI, 3YMOBJIEHI BiJICYTHICTIO
I7IMOOKOTO pPO3YyMiHHSI KOHTEKCTIB (30KpeMa cepej MepIIMX Bepciii mopesei) Ta
o6MeKeHMMM 3HaHHSIMM BMKOPMCTAaHMMM JJi1 HaBUaHHSI Mogjeneit [2, 4, 5]. Panni
BMM 4acTo JeMOHCTPYBaIM OOMeEXeHYy 3OaTHICTb [0 CKJIALHOTO JIOTiYHOTO
PO3MipKOBYBAHHSI Ta PO3YMiHHS crienudiuHux 6i6mioTek abo (GpeiiMBOPKiB, IO
BUKOPUCTOBYBIMCS B peaJlbHUX IIpoekTax [2, 6]. Kpim Toro, momeni morau
reHepyBaTM TIPaBAOMNOMAiOHI, ajie HEeBipHi BMUITpaBJIE€HHSI yepe3 TajlolyMHalii abo
BUKOPUCTAHHS 3aCTapiinX 3HaHb, L0 CTAHOBWJIO 3HAUYHUI PU3UK [OJISI MPOLIECY
HasiaromkeHHs. 1li o6Me>keHHSI B KOHTEKCTI Ta 3HAHHSIX Oe3rocepeHbO BILIMBAJIU
Ha edekTuBHicTh BMM 1ipu poOOTi 3i CKIagHMM, peaJibHMM KOAOM, IO YacTo
3aJIeXKUTD Bif criennbivyHMX TeXHOJIOriN Ta BK/IoUae 6araTomapoBy JOTiKy [5].

Jljist TOro abm IomoJIaTH Ta MOKpaIIUTH e(peKTUBHICTb 3acToCcyBaHHSI BMM mjis
3aJay HaJaroJKeHHs1 BMHMKIM TMeBHiI miaxomm [7, 8, 9, 10]. OpHak, [nOaHi
HarpallloBaHHSI, SIKi XOYU i [IeMOHCTPYIOTb IeBHi IOKpalleHHS e(eKTUBHOCTI
IIpOIIecy, BCe X I0Ci MAalOTh HU3KY KPUTUUHMUX TPOOIeM 3YMOBJIEHUX 0OMEXKeHHSIMU
1IMX MOJieJieit, siki MOTpe6y0Th BUPillleHHS Ta IMTOKpaleHHs.

OpnHi€lo 3 KPUTUMUYHUX TPo6GIeM € oOMeXkeHHSI pO3Mipy BXiJHOTO IapaMmeTpy
MOJeJli, BiJOMOTO SIK KOHTEKCTHE BiKHO, SIKe 3 JIeTKICTIO MOPYIIYETHCS pO3Mipammu
pernosuTopiiB, SKMMM € OiMbIIICTh CYYaCHMX peaJbHUX IIPOEKTIB, 3 SIKUMMU
npaioTh po3pobHuku [11, 17]. Xoua mesiki HoBimri mopmeni, Taki sk ChatGPT4,
Gemini 1.5 Ta 2, MarOTh 3HAYHO Oi/IbIIi KOHTEKCTHi BikHA, e()eKTUBHICTb 0OPOOKMU
iHpopMallii B Meskax Ayke BeJIMKOTO KOHTEKCTY aKTMBHO OOCIiIKYyeThCs [3, 11, 17].
Insg Toro abmu TomojaTH  Ipo6seMy OOMEXKEHOrO0 KOHTEKCTHOIO  BiKHA
3aCTOCOBYIOTbCSI PO3OUTTSI MPOEKTY HA MEHI JIOTiUHI OOMHMII IJIsT CIIPOIIeHHS
poboTtu [12], TpoTe Take 3aCTOCyBaHHS MOTpebye 06epesKHOTO TTPOeKTyBaHHS HOBUX
iHIeKCOBaHMX CTPYKTYp INOO 3HU3UTU PU3MK BTPATUM TOBHOTM PO3YMIiHHS SIK

KOHTEKCTY IporpaMM Tak i 3aB’sI3KiB MOYJIiB Ta (aiiiB mporpamm.
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[HIIIOI0 KPUTUYHOIO ITPOOJIEMOI0 € «HOBa IOMMJIKA», MPUPOIY SKOi MOmesb
paHilie He 6aunsa abo SIKOi He 3ycTpivyanach B Habopi JaHUX [/ HaBYaHHS BMM |5,
15, 18]. Hdana mnpoGieMa MOXe BUHMKHYTM B peaJbHUX IIPOEKTAX, KOJIU
BUKOPMCTOBYIOThCSI HOBi (bpeiiMBOPKM, MOBM IIpOrpamyBaHHSI ab0 HaBiTh IpuU
3aCTOCYBaHHi B3Ke BiJOMMX TEXHOJIOTIi ajie B YHiKaJIbHMX KOMOiHaIlisX [6, 19]. Xoua
BMM MoOXe BMKOHAaTM TIOBEPXHEBUI aHali3 Ta HaMaraTMMeETbCS BUPIMIUTU
Mpo6sieMy BUMKOPUCTOBYIOUM TI€BHI IIA0JIOHM Ta 3HaOMi 3B’SI3KM, IO SIKMX MOSKHA
3BECTM HOBY IIOMMJIKY, 3a3BMYaii IIbOIO MOXe OyTM HeIOCTaTHbO aby BUKOHATHU
eekTUBHMUI aHaTi3, BU3HAUUTU HedeKT Ta 3alpoIOHYBaTM OOpeuHi 3MmiHu. s
BUpilIeHHST 1iei Tpob6yieMM OOCTIIKYIOTbCS IiAXOmM, IO IO3BOJSIOTH BMM
OTPUMYBATU AOCTYII O 30BHIllIHiX 3HAHb, HANIpUKJAZ, yepe3 6a3u 3HaHb [14] abo
IIJITXOM B3aeEMoOpii 3 PO3POOHUKOM IJIST OTpUMAaHHS IOJATKOBOI
iHpopmariii [13, 15, 16].

BpaxoByioun HaBeZieHi BuIle Mpo6eMy 30KpeMa IepCIeKTUBHMM € HAIIPSIMOK
JOCTigKeHb, BiAMiHHMII BiJl TOBHOTO aBTOMAaTUMYHOIO BMKOHAHHSI HaJIaroKeHHS,
CIipssMOBaHMi1 Ha BuUKopuctaHHsd BMM B mapi 3 ekciepToM-po3po6HuKkom [15, 16].
Iauuii HaIpsIMOK OTpPMMaB pPO3BUTOK Ha 0a3i po3poOOK iHTErpoBaHUX ¥
cepeloBUIA PO3POOKM areHTiB-TIOMIYHMKIB, SIKi HAJAalTh PO3POOHMKAM 3MOTY
iHTepaKTMBHO Ta MOKPOKOBO BUKOHYBATM HaJaro[ykKeHHs, TaKOXX HaJaluu 3MOTY
BeCTM [iajorM BiJHOCHO Ti€i uM iHIIOI AUIIHKM KOAY 4YM OTpPMMAaHOI IIif dac
BUKOHAHHSI Tiporpamm [16]. Sk Bxke 3ramyBajiocb y pob6oti, BMM, nmoci €
HeJJOCKOHAJIMMM, 30Kpema uyepe3 HeOOCTAaTHICTh 3HAHb BiTHOCHO Ti€l 4M iHIIOI
TEeXHOJIOTii, MOBM IIpOrpaMyBaHHS, @ TaKOX BiJICYyTHICTIO INIMOMHHOTO PO3YMiHHS
KOHTEKCTy. BogHouac, cuHeprisi Mik po3po6HMKoM Ta BMM Moxke 3MeHIIUTHU ITi
Mpo6JieMu, ajie 32 YMOBM eKCIepTu3u po3pobHuKa [19]. Ik moKasyoThb JOC/TiIsKeHHS
i 3BiTM, 3arasom mpu poboti 3 BMM, B cepegHbOMY MOKA3HUKMU €(EKTUBHOCTI
pPOOOTH TOKPAIIYIOThCS, CEpell AOCBiIUeHMX IMpAIiBHMKIB TaK i cepes HOBAUKiB,
MPUIIBUIIITYIOUM IX HaBuaHHA [19]. OgHak € i HM3Ka HeJomiKiB. B mepury uepry, 1e
HeOOXiTHICTh momaTKOBMX Bepudikalliii, 0co6JMBO cepej ITOYATKiBIIiB, amKe IIPuU
HaBUaHHI uepe3 HeJOCTayy 3HAaHb ab0 eKCHepTu3M CTYAEeHTU MOXYThb

BUMKOPUCTOBYBATH YaCTKOBO BipHi 3arporoHoBaHi BMM piliileHHS HAATO JOBipSIFOUA
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iM, 110 30KpeMa BifmbyBaeThcsl MOBOJI yacTo [19]. IHIIOMIO X MPo6JIeMOI0 € TIOMiU Y
po06OTi i3 CKIagHMMM JIOTIYHMMM 3aBOAHHSIM, SIKa BCe X [OOCi 3a/JIMIIA€ThCS
HeCyTT€EBOIO (3a3BMYali Ie TIOB’SI3aHO i3 3rajaHoi0 Bske 00MesKeHICTI0O KOHTEKCTHOTO
po3yMiHHSI MogensiMu) [19] Ta moTpebye peTelbHOTO MPUIIPAIIOBAHHS €KCIIePTOM
IIUISIXOM HaJlaHHSI JOAaTKOBOI iH(GopMallilo PO KOHTEKCT BJIaCHOPYY.

BucHoBKM. 3BepTaiouy yBary Ha HaBe/ieHi B 1aHiit poOOTi acIekTu, MaEMO, 10
3acTocyBaHHsS BMM 111 aBTOMAaTMYHOTO HaJaroKeHHS 3aJMIIAETbCS 0OMeXeHUM
Ta MOTpebye CYTTEBUX MOKpAIleHb Yepe3 HM3KY IMPUUMH: 0OMeKeHHSI KOHTEKCTHOTO
BikHa BMM (HeMOX/IMBICTb TpallOBaTy 3 BeIUKMMMU, PeaIbHUMM IIPOEKTAMMU) —
nmoTpebye MJOIATKOBOTO PO3OMTTS Ta iHAEKCallii, HeBimoMi MOMMIIKM (HEMOSK/IMBICTD
eekTMBHO BM3HAUNUTH IedeKT Ta 3alpoIIOHYyBaT 10r0 BUITPAB/IEHHS) - IOTpebye
PO3BUTKY iHTerpailii okpemMux 6a3 3HaHb Ta MPOCYHYTUX CTpPATETii MOIIyKy. Takoxk
OOHMUM i3 Baromux (akTOpiB € BjaacHe 0OMeXKeHHSI Mojejiei, OJHaK BXe ChbOTOMHi
MOXXHa IIOKpalMTM I[IPOLeCH HajlarofyKeHHs 3a paxyHOK iHTerpauiin BMM vy
cepeoBUIIA PO3POOKM Yy BUIJISIAI iHTEPAKTUBHUX areHTiB-IIOMiUYHMKIB, SIKi MAlOTh
TpalfloBaTy B Mapi 3 pO3poOHMKOM-eKcriepToM. [laHuii akT B CBOIO Uepry 3acBiguye
HeOoOXiIHiCTh He TiIbKM pOo3pOo0JIsITH i ToKpaluyBaTu MoskanBocti BMM, a it HaBuaTu
Ta PO3BUBATY HABUUKM Ha/IaTO/KEHHST Y CTYAEHTIB, I edeKTUBHOI KooIlepaliii

areHTiB Ta pO3POOHMKIB.
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MODERN TRENDS AND CHALLENGES IN DEBUGGING SOFTWARE BASED ON
LARGE LANGUAGE MODELS
Andrii Zavhorodnii, Oleksandr Ivanov

Abstract. This report presents the results of research on the application of large
language models (LLMs) in the field of software debugging. The current state of research
in this area is examined, including both promising directions and existing problems that
limit the widespread practical application of such model usage. Various approaches to
using LLMs in the debugging process are analyzed. Particular attention is paid to the
integration of LLMs into development environments as interactive assistants that work in
close collaboration with the developer. It is argued that the effective use of LLMs for
debugging requires a comprehensive approach that considers both the development of the
models themselves and the improvement of developers' skills to ensure productive
human-AI interaction. The work aims to identify optimal ways of applying LLMs in the
field of software debugging, considering current technological capabilities and the needs
of developers.

Keywords: Large Language Models (LLMs), software debugging, automated debugging,
interactive assistants, development environments, human-AIl interaction, LLM
limitations, software developers.
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IITYYHUI IHTEJIEKT B IMITAIIIIHOMY MOJETIOBAHHI CUCTEM
3iHoB’eBa O.I.
Taspiticokuti depxcasHuli azpomexHo02iuHULl YHIBepcumem
imeni /Imumpa MomopHozo, YkpaiHa

AHoTranis. ImimayiiiHe M00eN08AHHS € 8AMIUBUM THCMPYMEHMOM 8 Pi3HUX HAYKOBUX
ma iH#ceHepHUX 2aty3sx, 00380J1s104U hpedcmasasmu CKJAaodHi cucmemu ma npoyecu 6e3
obMmexceHb (izuuHozo0 ekcnepumenmy. Tpaduuyitini memodu MOOen08aHHs UaAcmo
BUABTISIIOMBCA HEAOCMAMHBO eheKkmueHUMU O0JI1 AHANI3y Mma NpPo2HO3Y8AHHS MAKUX
cucmem. Ili iHCmpymeHmu 3HAYHO €60JIYIOHY8ANIU 3 [HMeEpayielo Wmy4H020
iHmenekmy (LII), sikuii nponoHye po3WUpeHi MOMAUBOCMI 8 OCHOBHUX dAcCneKkmax
iMimauitino2o0 MOOeN0B8AHHS, MaKux IK onmumizauis, aHaniz davux, eepugikauis ma
ganidauisa. 3acmocysanHs IIII, 30Kkpema MAUWIUHHO20 HABUAHHS MA A2EHMHOZ0
MOOeNBAHHS 3 eleMeHmamMu iHmenekmy, 00380/€ agmomamu3ysamu oKpemi emanu
MOOen8anHs, nidsuwumu mouHicme NpozHO3ie ma ompumamu 2aubwe po3yMiHHS
OJuHamiku 0oCnioHcy8auux cucmem. Y cmammi po3znsa0ainomocs nepesazu 8UKOPUCMAHHS
IIII dnsa zeHepauii cueHapiis, kanibpysaHHs moodeneli, onmumizauii napamempie ma
amanisy pesyabmamie imimauii. O62080pHI0MbCS Nepcnekmusu nooanbUWo20 po3sUMKY
inmezpauii IIII 8 imimauitiHi modenni.

KnwouoBi cioBa: wmyuHuti iHmenekm, imimayitive Mo0en08aHHs, MAUWUHHE
HABUAHHS, A2eHMHe MOJeIB8AHHs, OnMuUMi3ayisi, aHani3 OaHux

Beryn. CyyacHi cucTemMu CTaloTh BCe OibII CKIATHUMMU, IO IMOTPEOY€e HOBUX
MeTOMiB iX aHaji3y Ta IMpPOTHO3yBaHHS. IMiTallifiHe MO/eII0BaHHS HOO3BOJISIE
CTBOPIOBATU MOZEJIi peaJbHMX MPOIEeCiB, BUBUATH iX MOBEAIHKY B Pi3HMX YMOBax Ta
nmepenbavyaT¥ MOKIMBI  clieHapisix po3BuTKy. OpHAK TpaguiliiiHi MeTomu
MO/IeJTIOBAHHS YaCTO MOTPeOYIOTh 3HAUHMX 00UMCTIOBAIbHUX PECYPCIB Ta HE 3aBXKIU
3a6e3MeuyIoTh IOCTATHIO TOUYHiCTh. OOHi€I0 3 TOJIOBHMX MpPOOJIEM € CKIaJHICTh Ta
6araToOMipHICTh CUCTEM, SIKi MOJIENIOIOThCSI. PeabHi CUCTeMM 4acTO MalOTh O6arato
B3a€EMOJiIOUMX €JIeMEHTiB, iX MOBHUI ONMC € cKiaagHum. Kpim Toro, Benauka
KiJIbKiCTh JaHMX MO3Ke BUKJIMKATY CKJIAaJHOIII IIpy iX 06poO1ii Ta aHasi3i, 0cobaMBO
KOJM MOBa ife Mpo 3ajJavi 3 BMCOKMM piBHeM HeBM3HaueHocTi. Lle moTpebye
TIONIYKY OinbIll e(peKTUBHUX MEeTOHiB MOMeI0BaHHS, SIKi 3MOXYTb MOKpaIUTH

NpoLec MIPUMHATTS PillleHb Ta 3HU3UTU BUTPATU Yacy Ta pecypcis [1].
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B upomy koHTekcti III mpomoHye HOBiI IlepCcHekKTUMBU. BUKOpUCTaHHS
MalIMHHOTO HAaBYaHHS, JTOPUTMIB OINTMMIi3allil Ta iHIWNMX Al-TexHOJIOriin [ae
MOSK/IMBICTh 30iMbITYBATM TOYHICTh Ta IMIBMUIAKICTH iMiTaIlilfHOrO MOMAEIIOBAaHHS, a
TaKOXX BiIKPMBA€E HOBI MMepCHEeKTUBMU [IJIs1 aHaIi3y Ta IPOrHO3yBaHHS.

MeTtow [naHOi poOOTM € MOOCTIIKEeHHS CydJacHMX IIiIXOmiB HO iHTerparii
IITYYHOI'O IHTEJIeKTy Ta IMITaliifHOr0O MOJEIOBAaHHS, aHa/li3 OCHOBHUX IlepeBar
TaKoi iHTerparii.

OcHoBHMII MaTepiaa. ImiTalliiiHe MoOAe/NIOBaHHSI — 1€ METO[, AOCJiIKeHHS
CUCTEM IIJISXOM ITOOYIOBM MOesiei, sIKi iMiTyI0OTh IOBeIiHKY CUCTEM Y pealbHOMY
yaci abo B ymMoOBax, OM3bKMUX OO peaysibHMX. IMiTalliliHe MOJe/JI0BaHHS TO3BOJISE
MOJEIIoBaTU SK OUCKPETHO-TIOHi€Bi cucreMu, TakK i Oe3mnepepBHi abo
ribpuaHi mporecu.

YacTo MOHSITTSL «iMiTallisi» CIIPOIIYEThCS OO IIOOYIOBM MOJesei, SKi
Bi/ITIOBiIalOTh HA TiMmoTeTuYHi mnutaHHs Tumy «Illo O6yme, sKimo...?». OmHAaK,
IOCSTHEHHS y Ta/ly3i IITYYHOTO iHTEeNeKTYy 3HAYHO PpO3MUPWIM MOXKJIUBOCTI
mopenoBaHHs. Il BHiC HOBI MeTomu, IO 06asylOTbCS Ha JIOTIYHMX BMCHOBKAX,
MipKyBaHHSIX, aITOPMUTMax IMOIIyKy iHpopmailii Ta criocobax rpeacTaB/ieHHs 3HaHb.
Ile m03BOMMIO CTBOPUTU AOCKOHAIIIII MOJesi, 3MaTHi BiAIOBiZaTy Ha MUTAHHS, 11O
BUXOSTh 38 MeXi IMPOCTUX ClLeHapiiB. Takuii Miaxif, SKuUii BUKOPUCTOBYE 3HAHHS,
HakonuueHi B IIII, Ha3MBa€eThCs «iMiTalli€l0 HA OCHOBI 3HAHb».

Ha BigmiHy Big TpaauiiiiHMX MeTOiB iMiTalliiHOTO MO/ eI0OBaHHS, SIKi B
OCHOBHOMY (DOKYCYIOTbCSI Ha IOBEIiHKOBOMY MOMe/I0OBaHHIi Ta IPOTHO3YBaHHI,
«iMiTallisi Ha OCHOBi 3HaHb» BUKOPUCTOBYE CKIanHilI mexaHidmu LI, ns aHamisy ta
BUBeIeHHS inbopmariii, IIO3BOJISTIOUN OTpUMaTU OibII [JIMOOKi
Ta SIKiCHi pe3yabTaTu.

[HTerpauisi WTYy4YHOro IiHTENEKTy B IMiTaliliHe MOJE/NIOBAHHS MOXe
3[Ii/iICHIOBATUCS Pi3HUMM CITOCOOAMM

1) MammuHHe HaBUaHHS ISl KadiOpyBaHHS Ta Baslijallii Mojeseii.
AJTOpUTMM MAIIMHHOIO HaBUYAaHHS MOXYTb OYTM BMKOPMCTaHi JJIs1 aBTOMATUYHOTO
HaJIaIITYBaHHS MTapaMeTpiB iMiTaliliHOI MoJie/i Ha OCHOBi iCTOPMYHMX AaHUX abo
JaHMX peasibHOI cucTteMu. Lle m03BOJISIE MiABUIIUTY TOUHICTh MOJIE/i Ta 3MEHIIUTHI
3aJIeKHICTh Bif, py4yHOro HajamTyBaHHs. KpiMm TOro, MeTogyu MallMHHOTO HaBUYaHHS
JI03BOJISIIOTh TIE€peBipUTHU aJeKBaTHICTh iMITalliiHUMX Mofeel IIJIIXOM MOPiBHSIHHS
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iX BUXIIHUX JaHUX 3 peaJibHMMM MMOKa3HMKAMM Ta OL[IHUTU piBeHb BiAMOBiAHOCTI i
KOPEKTHOCTI MOJIe/TI0OBaHHS [2].

2) AreHTHe MOJENIOBAaHHS 3 IHTEJEKTYyaJIbHMMM areHTamm.xodya areHTHe
MOZe/JIIOBaHHS He 3aBXIu BimHOCUThCS A0 LI B KimacMyHOMY pO3yMiHHI, BOHO 4aCTO
BUKopuctoBye metonu Il gnas momentoBaHHS IMOBEOiHKM areHTIiB y cucTeMi. Y
0araTOKOMIIOHEHTHMX CUCTeMaX areHTM MOXKYTb HpUIIMaTy pillleHHS Ha OCHOBI
QJITOPUTMIB HABUYaHHS 3 MiAKPIIUIEHHSM, IO [O3BOJISIE MOMENIOBATU CKJIALHY
IOBEeIiHKY IHAMBIyaJbHUX €JIeMEeHTIiB CUCTEMNA.1.

3) W gng aHamizy BUXiOHMX OaHUX iMiTalLiiHMX eKCllepuMeHTiB. MeToau
MallMHHOTO HaBYaHHS, a caMme KjacTepusallis, Kiaacudikallis Ta acoliaTMBHI
npaBmMia, MOXYTb OYTM BUKOPUCTAHi MJIsI aHali3y BeJIMKUX OOCSTIB HaHUX,
OTPUMAHMX B pe3yJibTaTi IMiTaliiHMX eKcrepuMeHTiB. lle [03BOJsiE BUSBISATHU
MIPUXOBaHi 3aKOHOMIPHOCTi, BU3HAUaT OCHOBHi (haKTOpPM BIUIMBY Ta OTPUMYBaTHU
TJIM01IIe pO3YMiHHS MOBEiHKY JOCTiIKYBAaHOI CUCTEMU.

4) BuKoOpuCTaHHS HENWPOHHMX MepexX mJjs1 I00yJ0BM MeTa-MOJeeit.
HejtpoHHi Mepexi MOXyTb OyTM HaBueHi Ha pesyabTaTax iMiTalliiiHUX
eKCIIepUMEeHTIB [Jji1 CTBOpPeHHSI MeTa-Mojesiei, SIKi allpOKCMMYIOTb TOBEeiHKY
CKJIagHOI imiTamiriHOi Mopesni. MeTa-momeni MOXYTh OyTM BUKOPUCTAHI IJIs
IIBMIKOTO ITPOTHO3YBAHHS pe3yabTaTiB 3a Pi3HMX BXiAHMX I1apaMeTpax 0e3
HeOOXiHOCTI ~ TOBTOPHOTO  3alyCKy  pecypcoeMHOI  imirtaliiiHoi  mopeti.

[Tpoliec cTBOpeHHSI Ta 3aCTOCYBaHHS MofeJieii IITYYHOTO IHTeJeKTy [Jist
MIPOTHO3YBAaHHS KPUTUUYHUX CUTYyallili, HANpPUKIad, B iH)KEHEpHUX CHUCTeMaX, €
6araToCTyIeHeBMM aJrOPUTMOM, IO BMMAara€ peTeJbHOrO aHajidy Ta Bamigalrii.
[louaTKOBMM eTarloM € TMo0yAgoBa Mojesieli MallMHHOTO HaBYaHHS, SKi
BCTAHOBJIIOIOTh 3B’SI3KM MiX pi3HMMM (aKkTopaMu Ta KPUTUUHUMMU peakilisiMu
cuctemu. Lle, BlacHe, HaBUaHHS MOJeJi Ha iCTOPUYHUX AaHUX Y 1IbOMY KOHTEKCTi
dbakTopy MOXYTb SIBJISITU CO00I0 OyIb-sKi BXigHi mapameTpu cuctemu. Bubip
BiAIMOBiAHMX MOJe/eil MalIMHHOTO HaBUaHHS 3a/JeXuUTh Bifg crenudiku 3agaui. Ie
MOXe OyTM perpeciiiHMii aHasli3 s IIPOTHO3YBaHHS Oe3IlepepBHUX BeJIMUMH,
Kimacudikarlis o5 BU3HaUeHHST KaTeropiit moAiit (Harpukiaza, «<HopMajaibHa poboTa»
abo «aBapiifHa cuTyallisi»), ab0 HeNPOHHI Mepexki MJis BUPIIIeHHS CKIaTHIiIIMX
3aBJaHb i3 HEJIHIMHUMMU 3aJeKHOCTSIMU. BakIMBO IpaBUAbHO BU3HAUUTU Ta
MiAroTyBaTH MOaHi Ojs HaByaHHS. [laHi MaioThb OYyTM peleBaHTHUMM, TOCUTH
00’eMHMMM i, OCOOJMBO BaXK/IMBO, SIKICHMMM, TOOTO 0e3 iCTOTHMX BUKUAIB Ta

ITOMUJIOK.
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HacTyrmHuM KpOKOM € BU3HAUEHHS 3MiHHMX, SIKi OYIyTh BUKOPUCTOBYBATHUCS B
Mogeti. Ile BumMarae riamboOKOro po3yMiHHSI camoi cucTeMu Ta ii moBemiHku. Ilicis
TOro, $IK 3MiHHi 00paHi, IPOBOAMTHCS aHaji3 iX IepembadyBaHOCTi. SIKIIO
3aJI€5KHOCTi MiK 3MiHHMMM TOCUTb CTabi/IbHI Ta MiAOar0OThCsl KiJIbKICHOMY OITUCY
MOXXHa TepexOouTU [0 HaBYaHHS Mogeni. IIpoliec HaBUYaHHS MOJeJi BKI/IIOYAE
migbip ONMTMMAaJIbHMX TapaMeTpiB Mopesi, Bajifallilo Ha He3aJaeXXHOMY Habopi
JaHMX 1 TeCTyBaHHS, INOO OILHUTM TOYHICTb 1 HAaAiliHICTh IPOTHO3iB. Ha
3aKJIOYHOMY eTami HaBuyeHa MOJeJib iHTerpyeTbCs i3 CUCTEeMOIO iMiTalliliHOTO
mopentoBaHHs. lle nmossosisie BUKOpUCTOBYBaTM Mogmenb Il pisg mpoBepeHHS
BipTyaJbHMX €KCIIEPMMEHTIB, IO iMiTyIOTh pi3Hi clieHapii poboTu cucremmu Ta
OL[iHKYM e(eKTUBHOCTI 3aITPOIIOHOBAHMX pillleHb. Takuii MiXia JO03BOJISE CBOEYACHO
BUSIBJISITY TIOTEHIIiliHI ITpobeMu Ta po3pobssaTy edeKTUBHI cTpaTerii 3armobiraHHs
KPUTUYHMM CUTyalisM. TakuM UYMHOM, pe3yJbTaTOM BCbOTO IIPOIeCy CTa€
iHCTpYyMeHT, 3OaTHUII IPOTHO3YBAaTM pPU3MKM Ta [OOMOMaraTv y IIPUAHSTTI
ONTUMAaJIbHUX PillleHb.

OmHMM 3 HaWMOiNBII 3HAYYIIMX MPUKIAAiB 3actocyBaHHs LI B imitamiiiHOMYy
MonenoBaHHI — 1le mpoekT AlphaFold, sikmit mepen6auae cTpyKTypy OiJKiB 3
BIMCOKOIO TOUHicTIO. KoMmmasii, Taki sk Google ta NVIDIA po3spo6isiiors Mogerti 11
Il 30iJbIIeHHS TOYHOCTI MpPOrHO3iB Ioroau. MallyHHe HaBYaHHS OO3BOJISIE
aHasi3yBaTy BeJMKI MacUMBM KIIMaTUUYHUX AAHUX Ta MPOTHO3YBATU €KCTpeMasbHi
MOTOJIHI YMOBH.

ByucHOBKM. BUKOpPUCTAaHHS  WITYYHOrO IHTEJEKTYy B  IMiTaL[iiHOMY
MO/JIeJII0BaHHI BiIKPMBA€ HOBI MOXJIMBOCTI OJSI BUBUEHHS CKIaAHMUX CUCTEM Ta
KepyBaHHSI HUMM. PeasibHi MPOEKTH MiATBEPIKYIOTh e(eKTUBHICTb TAKOTO IiAXOAY,
IO3BOJISIIOUM TIPUCKOPIOBATM PO3pPaxXyHKM, MiABUILYBAaTU TOYHICTb IPOTHO3iB Ta
afarnTyBaTy Mojesi A0 MiHJMBUX YMOB. B MaltOyTHbOMY OUiKy€ThCSI MOIAbIINIA
po3BUTOK iHTerpaiiii Il Ta imiTaliliHOro Moae/II0BaHHS, 10 ITpUBeae A0 IOSIBU IIe

OLTBII MOTY>KHUX iIHCTPYMEHTIB [Jis aHaMi3y CKJIaJHUX CUCTEM.

ISSN 1991-7848 233



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

JIITEPATYPA

1. Zeigler, B., Muzy, A., Yilmaz, L. Artificial Intelligence in Modeling and Simulation. In:
Meyers, R. (eds) Encyclopedia of Complexity and Systems Science. Springer, New York, 2009. S.
344 — 368.

2. TomameBcbkuit B.M. MopgemntoBanus cuctem. KuiB: BugaBunua rpyna BHV. 2005. 352 c.

ARTIFICIAL INTELLIGENCE IN SYSTEMS SIMULATION
Olha Zinovieva

Abstract. Simulation modeling is an important tool in various scientific and engineering
fields, allowing to represent complex systems and processes without the limitations of
physical experiment. Traditional modeling methods often prove to be insufficiently
effective for the analysis and prediction of such systems. These tools have evolved
significantly with the integration of artificial intelligence (AI), which offers enhanced
capabilities in the main aspects of simulation modeling, such as optimization, data
analysis, verification and validation. The application of Al, in particular machine
learning and agent modeling with elements of intelligence, allows to automate individual
stages of modeling, increase the accuracy of predictions and gain a deeper understanding
of the dynamics of the studied systems. The article considers the advantages of using Al
for scenario generation, model calibration, parameter optimization and analysis of
simulation results. The prospects for further development of Al integration into
simulation models are discussed.

Keywords: artificial intelligence, simulation modeling, machine learning, agent
modeling, optimization, data analysis.
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AHoramnis. IIposedeHo aHaniz nidxodie do nobydosu po3paxyHKOBUX CIMOK OJisl
uucesbHO20 MOOeNB8AHHS mypOy/IeHmHUX meuili 8 001acmsax cKJAadHoi zeomempii 3a
Has8Hocmi  pyxomMux 30H. Po3ensHymo nepesazu ma Hedoniku nioxodie 3
BUKOPUCMAHHAM ~ 6a2amoOsOK08UX  PYXOMUX CIMOK, a MAako#  HAOJUMNEHHS
“samopoxcerozo pomopa”. O6TPyHMOBAHO O0YiNbHICMbE BUKOPUCMAHHA HAOIUMEHHS
“samopoxcenozo pomopa” 0ns Modeno8aHHA meuiil y NPOMouHiil uacmuHi padiaibHux
8EHMUISIMOpI8. Pospobneno memod onmumizayii nepeciuHux  obaacmeti
06azamob10K08UX  CiMOK. BukoHaHo 2eHepauiio  2ibpudHoi  6azamob10K0801
PO3pPAxyHKoB80I cimKu 011 NPOMOYHOI YACMUHU padianbHo20 8eHMUIIMOpd, NPUOamuoi
0N 8UKOpUCMAHHA NidXody “3amopoxeHoz0 pomopa”, ma HasedeHo ii cmpykmypy.
IIposedeHi 6 nodanvuiomy po3paxyHku mypoyieHmHoi meuii Ha 06a3i KoMniexcy
ceeHeposaHux 6azamo0610K08UX CIMOK NOKA3AIU BUCOKY SKICMb OMPUMAHUX YUCENbHUX
pe3yibmamis ma 3ado8ifivHe CniBnadiHHA 3 gidoMuMuU pe3yibmamamu eKxcnepumeHmis.
KimiouoBi cioBa: uucenvHe MmoldentoéaHHsi, pieHsHHA Hag’e-Cmoxca, po3paxyHKo8i
cimku, padianvHi seHmuismopu, 6azamo6.10K08i 2ibpudHi cimku.

PO3BUTOK ITPOMMCIOBOCTI BMCYBAa€ BCe HOBi BMMOTrM [0 TypOOMAaIIMH Ta
BEHTUJIAITOPIB: MiJABUINEHHS iX e(eKTUBHOCTi, 3MEHIIeHHsI TabapUTHUX PO3MipiB,
Macy, CTBOPEHHSI HOBMX KOMIIOHYBaJbHMUX cXeM. KoOMIT'I0OTepHe MOJeT0BaHHS
TypOyJIeHTHUX Teuili Ha 0a3i umceabHOTO pO3B’sI3Ky piBHSIHb Hap’e-CTokca €
Hallkpall¥M Cy4YacHMM iHCTPYMEHTOM JOC/TiIKeHHS IiepeBar Ta HeOOJIiKiB
KOHCTPYKIIii1 pagiaJbHMX BEHTWISTOPIB Ta 3a6e31eueHHs iX BMCOKOro KoediiieHTy
KOPUCHOI Aii Ta MpOAYKTUBHOCTI MM 3aJaHMX MacOBO-TrabapUTHUX po3Mipax. Bubip
TUITYy PO3PaxyHKOBOi CiTKM Ta ii mapamMeTpiB € BU3HA4YaJIbHUM (aKTOpPOM, IO
BIUIMBA€E Ha BiAIMOBIIHICTb OTPUMMAHOTO PO3B'SI3KYy peaibHUM (isMUHMM IIpoliecam,

SIKi BigOyBatoThcs y GisuuHiii obmacTi (puc. 1).
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pyxoma 30Ha

CTaIioHapHa
30Ha

iHTepderic
PucyHok 1 — CxeMa IPOTOYHOI YaCTMHM BEHTUISITOPA Ta 30HU PO3PaxyHKOBOI 06/1acCTi

Iiss 3amad  MOZENIOBAaHHSI Teuili y TIPOTOYHMX YaCTUMHAX pafiaJbHUX
BEHTUJIITOPIB, TOJIOBHMIA iHTepec IpeaCcTaB/isie OOTiKAHHSI PyXOMUX YaCTUH TaKUX
SIK 00epTOBi JionaTi Ta pobouUi Kojileca BEHTMISITOPiB. Y OiIbIIIOCTI BUITAAKIB PyXOMi
YaCTMHM POOJISATH 3aJady HeCcTalliOHapHOW, SKIIO PO3IJISAaTy ii 3i crarioHapHOi
cucteMu Bifjiky. OgHaK TMpM pyxoMili CUCTeMi Bi[JIiKy ITOTIK HAaBKOJIO PYXOMOI
YaCTMHM MO3KHA, 3 TIeBHMMM OOMeXXeHHSIMM, MOJIe/II0OBAaT! SIK CTallioHApHY 3ajady
BiIHOCHO PyXOMOI CCTeMM KOOPAMHAT.

3araabHOINPUMHATHUM € BUKOPUCTAHHS PYXOMUX CITOK [1], KO y3romyKeHHs
rapamMeTpiB 3MiHHMX Ha MeXi pPyXOMMX Ta CTalliOHAapHMUX 30H B 30Hi iHTepdeiicy
(puc. 1) BigOyBa€eTbCs Ha KOXHOMY KpOIli 3a 4acoM LUISIXOM IepeiHTeproJIsilii.
TakMmM UYMHOM BIAETHCSI 3BECTM 3aJauy, SKa € HeCTal[iOHApHOI Yy HepyXOMili,
iHepIia/ibHIN CcUCTeMi Bi[JIiKy, A0 CTalliOHApHOI BiJJTHOCHO PYXOMOI CUCTeMMU
KOOpAMHAT.

B ToOit ke uac Ayl pO3paxyHKiB Ha YycCTaJeHHs, Oulblll edeKTUBHUM B
06UMCIIOBAILHOMY IUIAHI € TaK 3BaHMil Migxin “3amoposkeHoro poropa” [2]. Lle
cTallioHapHe HAOJIMKEHHS, B SKOMY OKpEMMM 30HaM PO3PaxyHKOBOi CiTKM MOXYTb
OyTM TpM3HAuUeHi pi3Hi obepTajbHi Ta IOCTYIMaJbHi IBUIAKOCTI. Teuis B KOXHii
PYXOMili 30Hi pO3B'SI3YETHCSI 3 BUKOPUCTAHHSIM PiBHSIHb PyXOMOI CUCTEMU BiJIJIiKy.
Skiio 30HaA cralioHapHa, piBHSIHHSI 3BOASATbCS MO cTalioHapHux ¢opm. Ha
iHTepdeiicax Mi>k 30HaAMM CiTKM TaKOX BUKOHYETHCSI ITEePeiHTepIosIlisl 3MiHHUX.
IlaHuit Tiaxig He BpaxOBY€ BiIHOCHMUIT PyX PYXxOMOi 30HM IIO BiJHOIIEHHIO 0
CYMiKHMX 30H, SIKi MOXYTb O6yTu pyxomumu a6o Hepyxomumu. CiTKa 3aIUIIAETHCS

dikcoBaHOW i1 06uMcieHHs. lle aHa/JOTiYHO 3aMOPOKYBAHHIO DPYXy PyXOMOi
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YaCTMHU B TIEBHOMY IIOJIOK€HHI i CIIOCTepeskeHHS 3a MUTTEBUM IIOJIEM ITOTOKY Y
LIbOMY ITOJIOKEHHI.

Xoua mimxim “samopoxkeHOro poTopa” SBHO € HaOMMKeHHSM, BiH €
NPUITHSITHUM TPUITYIEHHSIM 771 6araTbox 3afgau. Mloro MokHa BUMKOPUCTOBYBAaTU
o7 TypOOMalllMH B SKUX B3a€EMOZis POTOP-CTAaTOP € BiAHOCHO He BHOCUTH
cepito3HMUX 30ypeHb y MOTiK, a CTPYKTypa Tedii 1mobam3y intepdeiicy Mixk 30HaMu €
BIiTHOCHO He CKJIagHOW. [HIIMM MNOTEeHIiIHMM BUKOPUCTAHHSIM  MOZEi
“3aMOpPOKEHOro poTopa” € 06UMC/IeHHS IT0JIS Tedii, sike 6y/1e BUKOPUCTOBYBATMCS SIK
TOYaTKOBE HAOIMKEeHHS [J1s1 pO3paxXyHKY MepexiHOi pyXOMOi CiTKMH.

Ilisi Tedii B MPOTOYHIN 30HI pafialbHOTO BEHTW/ISITOpA MOXHA BU3HAUUTU
PYXOMY CHUCTEMY BifJIiKy, sIka OXOIUTIOE poOoYe KOJIeCo Ta IOTiK, IO Oro OTOYYE, i
BUMKOPUCTATY HEPYXOMY CiTKY JJIs1 00J1acTi 1o3a pobounum Kosecom (puc. 1).

IToTik Ha BUXOAi 3 po60OYOro KoJjieca, 1o € iHTep¢eiiCHOI 30HOI0, BBAXKAETHCS
cTamioHapHMM. AGCOTIOTHI 3HAUEHHS MIBUAKOCTEN Ha iHTepdeiicHii MeXi IMOBMHHI
OyTM OJHAKOBMMM IS pyxoMoi Ta HepyxoMoi ciTku. Ha mexi MixX mBoma
nmigobnactavu audysis Ta iHIII uYJeHM B PIBHSIHHSIX II€PEHOCY IIOTPeOYyIOTh
BiITIOBiTHMX 3HAueHb MIBUIKOCTEN B3SITUX i3 CyMiXKHOI Mmigo6sacTti. UmcenbHmii
aJTOPUTM IIOBMHEH 3a0e3IedyBaTy ITOCTiiiHiCTb aOCOJMIOTHOI IIBUAKOCTI B 30HI
intepdeiicy, mo6 OTpMMATM KOPEKTHi 3HAUYEHHSI CYCigHIX IIBUAKOCTEN IS
BimmoBimHOI migo6acTi.

Buxonsuy 3 aHasli3y IepeBar i HefoJiKiB Pi3HUX TUIIIB CiTOK Oyn10 3po6jeHO
BMOip HA KOPUCTb 0araToOJOKOBMX TiOPUIHMX CITOK [3], IO CKIAJaIOThCS 3
IEeKiTbKOX CTPYKTYPOBAHMX Ta HECTPYKTYpOBaHMX TimobOsacTeir. O6macTi 3
HEeCTPYKTYpPOBAHOIO CiTKOI OyiaM moOyaoBaHi HAaBKOJAO TBepPAMX CTiHOK, a pellTa
pPO3paxyHKOBOi 00/1acTi 3amoOBHIOBajach CTPYKTYpOBaHOIO CiTKow. Takuit migxim
II03BOJIMB BUPOOUTHU €AMHY METOJOJIOTiI0 pO3PaxXyHKIiB TeUiil B'SI3KOr0 CYIiIbHOTO
cepeIoBUIlA HABKOJIO TiJl CKJIaJHOI reoMeTpUUHOi (POpMM.

i1 TojanbllinX PpO3paxyHKiB B [JAaHOMY [OCTiIKeHHI Oyna mmobymoBaHa
6araTob6/i0KOBa TriOpMaHa ciTKa 3 3arajJbHOI0 KilbKicTio 2-10° By3miB. CiTka
npefcTaBieHa Ha puc. 2-4. BoHa Ma€ CyTTeBi 3TYIIeHHSI TTOOAM3Y TBEPAUX CTiHOK

17151 3a6e3meyeHHs Kpaloi getaiisaliii egekTiB y mpMMeskoBOMY Iapi.
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PucyHok 4 — Bisyani3zanist TpMBMMIpHOI pO3paxXyHKOBOI CITKM y 30Hi SI3MKa YJIiTKM BEeHTUISATOPA

3aK/JIIOYHMM KPOKOM B OTpPMMAaHHiI SIKiCHOTO PO3B'SI3Ky [JIsl TepeciuHuX
obnacTeit MOBMHHA OYTM OITMMi3allisi 06araTo0/JOKOBMX CiTOK. B ob6macTsx
repeTHaHb OKpeMUX OJIOKiB 3aJMINAIOThCS JIMIlle KOMIipKM 3 MiHiMaabHOIO
moie. L mpouemypa BMKOHYETbCS Ticisi dhopMyBaHHS O6JIOKiB, KOJMM CTalOTh

BiZlOMi BCi JJOHOPHI Ta mpuiiMaroui By3/iM pO3paxyHKOBUX CITOK. MeTo[ onTuMmi3allii
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nepeciyHux obacTeit 3aCHOBAHO HA TOMY, 1110 BY3/IM JOK/IAAHOI CiTKYM 3a/IMIIAI0THCS
SK 4YacTMHA OOUMCIIOBAJIbHOI 007acTi, y TOV Yac $IK IJisi By3JiB Tpy0oi CiTKu
3aCTOCOBYETHCS IHTEPIIOJISILIS 3 BY3/IiB JOK/IAAHOI CITKU.

Po3pobyieHnii B paMKaxX JaHOTO MAOCTi[KeHHS aJrOpUTM OITMMi3arii
nmepeciyHMx o06jacTeii Ma€ BMCOKY HAAiliHICTh i BMKOHYETHCSI B IIOBHICTIO
aBTOMaTUYHOMY PeXUMI.

BucHoBku. basoBaHo Ha migxoxi “3aMOpOXKEHOro poTopa” BUKOHAHO
reHepailifo riopugHoi 6araTob6/J0KOBOI PO3PaxXyHKOBOI CiTKM [JIS IIPOTOYHOI
YaCTMHM pafiaJbHOrO BeHTUIATOpa. [IpoBegeHi B MOJaJbIIOMY PO3PaxyHKU
TypOyneHTHOi Teuii Ha 6a3i creHepoBaHOi CiTKM [4] MOKaszaauM BUCOKY SIKiCTh
OTPUMAHMX UMCEIbHUX pe3yJbTaTiB Ta 3aJ0BiJIbHE CIIIBOAAIHHSI 3 BigomMuMu

€KCIIepMMEHTAaJIbHMMMU pe3y/JIibTaTaMM .
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ON DEVELOPMENT OF HYBRID COMPUTATIONAL MESHES FOR NUMERICAL
SIMULATION OF TURBULENT FLOWS IN THE FLOW PART
OF CENTRIFUGAL FANS
Andrii Zinchenko, Dmytro Redchyts

Abstract. An analysis of approaches to the development of computational meshes for the
simulation of turbulent flows in areas of complex geometry with moving zones is
performed. The pros and cons of multiblock moving grids and the “frozen rotor”
approaches are considered. The efficiency of using the "frozen rotor" approach for
simulating flows in the flowing part of centrifugal fans is discussed. A method for
optimizing the overlapping regions of multiblock meshes is developed. A hybrid
multiblock computational grid for the flow part of a centrifugal fan suitable for using the
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frozen rotor approach is generated. The details of its structure are presented. The
subsequent simulations of the turbulent flows based on the complex of generated
multiblock meshes showed high quality of the obtained numerical results and sufficient
consistency with the known experimental data.

Keywords: numerical simulation, Navier-Stokes equations, computational meshes,
centrifugal fans. multiblock hybrid meshes.
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LONG SHORT-TERM MEMORY MODEL WITH THE EXTERNAL TREND AND
INTERNAL COMPONENTS ANALYSIS
O. Inkin, V. Belozyorov
I0les Honchar Dnipro National University, postgraduate student, Ukraine
2Oles Honchar Dnipro National University, Doctor of Physical and Mathematical
Sciences, Professor, Ukraine

Abstract. This paper presents a modification of a recurrent neural network with long-
term and short-term memory for modeling electroencephalogram signals and highlights
its potential in predicting pathological conditions. The demonstrated interpretation
includes a method for decomposing the external trend and internal components that most
characteristically determine the parameters of the input signal. The obtained segmented
data, after pre-processing by this method, are further processed by a neural network,
which is trained on them with more efficient calibration. As a result, the trained network
can reproduce the data on which it was trained and predict the further trend of brain
activity. The results show the potential of this approach for both basic neuroscience
research and clinical applications in the diagnosis and modeling of neuropathologies.

Keywords: EEG, LSTM, ETICA, neural network, modeling, trend decomposition.

The development of automated electroencephalogram (EEG) analysis systems
has become essential for timely medical decision-making, particularly when
managing brain-related pathologies where rapid assessment can significantly impact
patient outcomes. Medical professionals require sophisticated tools that can provide
initial analysis and guidance regarding illness severity or the potential approach of
critical periods. Within the complex patterns of EEG signals, the ability to predict
future developments holds tremendous clinical value for intervention planning.
Recent computational advances have positioned neural signal prediction as a
primary focus in cutting-edge research, with recurrent neural networks (RNNs)
demonstrating remarkable effectiveness across multiple domains. Long short-term
memory (LSTM) networks, an advanced RNN variant, have proven particularly
valuable by addressing the vanishing gradient problem through the implementation
of memory cells in place of standard hidden layer units, thereby enhancing
predictive capabilities [1, 2, 3]. Predictive accuracy can be further enhanced through

hybrid or ensemble modeling approaches. Despite these technological advances,
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certain EEG time series remain challenging to analyze due to their inherent
instability and chaotic nature. The External Trend and Internal Components
Analysis (ETICA) decomposition method effectively addresses this limitation by
systematically dividing highly fluctuating data into more manageable lower-
frequency components, creating a robust foundation for subsequent analysis and
prediction tasks [4, 5, 6].

The integration of LSTM networks with outer-trend decomposition and inner-
component analysis presents a sophisticated framework for modeling EEG signals
that addresses the inherent problems of non-stationarity and complex temporal
dependencies in neural data. This methodological approach begins with a thorough
preprocessing of EEG signals using bandpass filtering, artifact removal, and
segmentation, followed by an ETICA decomposition step that separates the signal
into physiologically relevant components - outer trends that capture low-frequency
drift, rhythmic components that correspond to neural oscillations in different
frequency bands, and transient components that represent event-related potentials.
These decomposed elements serve as the basis for further parameter extraction,
from which statistical, frequency, and connectivity characteristics are extracted and
normalized before being fed into an architecturally optimized LSTM network
designed with multiple recurrent layers, carefully calibrated regularization dropouts,
and output layers. The network's ventilation mechanism, consisting of forgetting
gates, entry gates, and exit gates, allows it to selectively retain relevant historical
information while discarding noise, thus modeling both short-term and long-term
dependencies characterizing cognitive processes, seizure dynamics, sleep

architecture, and various neurological states (Fig. 1).
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Figure 1 — Architecture LSTM-ETICA model

This synergistic combination demonstrates high performance in creating an
interface between the brain and the computer and has the potential to be further
adapted to detect abnormal EEG patterns. To demonstrate the results of processing
with the described tool, a MATLAB script was developed and some EEG signals with

abnormal areas were simulated (Fig. 2).
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Figure 2 — Result of modeling EEG signals

As a result, the model demonstrated 95% matching accuracy and high data
processing performance. However, the forecasting did not yield such encouraging

results, but some of the main trends persist (Fig. 3).

ISSN 1991-7848 243



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

Continuous Time Series Forecast

‘‘‘‘‘‘‘‘‘‘

Figure 3 — Result of forecasting EEG signals

Conclusion. The proposed model, which is described in detail in the previous
section, is a unique hybrid method that combines LSTM and ETICA decomposition.
The ETICA method is first used to decompose the time series into internal
components and external trends, which are then predicted separately by the LSTM
model. The accuracy of the model's forecast is evaluated using the RMSE and MAE
metrics to compare the predicted values with the initial values. In most of the
experiments conducted, the average RMSE ranged from 0.007-0.009, and the MAE
from 0.005-0.0075. These results indicate that ETICA-ISTM is well suited for EEG
modeling and prediction, as it minimizes both the root mean square error and the

mean absolute error, providing more accurate and consistent prediction.
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MO/IEJIb TIOBITOCTPOKOBOI KOPOTKOCTPOKOBOI ITAM'AITI 3
BPAXVBAHHSM 30BHIIIIHbOI'O TEHJIEHIIIITHOI'O TA BHYTPIIIHHOI'O
KOMIIOHEHTHOTI'O AHAJII3Y
Iukin O. A., Biyio3bopoB B. €.

AHoramnist: YV daniti pobomi npedcmasneHo modudikauilo pexypeHmHoi HelipoHHOI
Mepexci 3 00820CMpOKOBO Ma KOPOMKOCMPOKOBO nam’smmio 0751 M0OOen8aHHs
CuzHanie enekmpoeHyepanozpamu ma eudieHo ii nomeHyian 6 NpPoO2HO3y8AHHI
namonoziuHux cmawie. IIpodemoHcmposaHa iHmepnpemauyis 6KJIKUAE Memood
dekomMno3uuii 308HiUIHBO20 MpeHdy ma BHYMpiWHiXx KOMNOHeHm, SKi Halibinbl
XapakmepHo 8U3HAYAOMb napamempu 6XxioHozo cuzHany. OmpumaHi cezmeHmo8aHi
daHi nicas nonepedHvoi 00POOKU 3a3HAUEHUM MEMOOOM 8 NOOANbUIOMY 00POOAIIOMbCS
HelipOHHOK Mepexcer, IKA Ha HUX HABUAEMbCS 3 OiIblU eheKMUBHUM KanibpysaHHsm. B
pe3yibmami, HaeueHa mepexca Moxce 8idmeopieamu O0aHi, HA SKUX 60Ha Oy1a
Hasuanacb ma ChNpozHO3ysamu nodanvly meHdeHUil0 MO3K080i aKMUBHOCHMI.
OmpumaHi  pe3yaismamu  cgiduams npo NOmMeHyian Uyvo20 nidxody Ak 0ns
(pyHOameHmanvHUx HelipoOHAyKo8UX 00CNI0HEHb, MAK [ Ol KAIHIUH020 3ACMOCY8AHHS 8
diazHocmuui ma Mo0en8aHHi Heliponamonoeili.

KmiouoBi cmoBa: EEI, LSTM, ETICA, HeilipoHHa Mepexca, MOOeN8aHHS,
dekomno3uuyiss mpeHay.
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OHTOJIOITI HA OCHOBI AHOTOBAHMX TEKCTIB
Kapmnoscbkuii [1.0'., [lImakapeHko B.12%.
'YIVHT, acnipanm, Ykpaina
2VIVHT, 0.m.H., hpogecop, Ykpaina

AHoTaniss. Y pobomi aHanizylomecsi Memoou AHOMYBAHHS meKcmie,  SKi
3acmocogyromscsi 011 pobomu 3 OHMONO2IAMU. AHOMYB8AHHSI ~ 0onomazae
cmpykmypysamu iHgopmauito ma cnpowlye ii aHaniz. Posensdaromecsa 08a 0CHOBHI
nioxodu: pyuHe ma asmomamuuHe aAHOMYBAHHS. PyuHe AHOMYBAHHS € MOUHIWUM,
OCKIIbKU 8paAx08y€ KOHMeKCMm ma cneyugiky mosu, aie € mpyooMiCmKuM i eumazae
3HAUHUX pecypcis. AemomamuuHe aHOMY8aHHS € OLIbW WEUOIKUM, Habazamo weuduie
niddaemocs macuimaby8amHio, npome Moxe 00ONycKaAmu NOMUJIKU uepe3 00MexceHe
PO3YMIHHSL KOHMeKCmy ma Manuti 00°em nouamkosoi 6asu 3HaHb. OKpemo
BUCBIMJIIOIOMBCS IHCMPYMEHMU | MexHoJI02ii 071 AHOMYBAHHS, 30Kpema NpozpamHe
3abe3neueHHs, wo asmomamu3sye uyeli npouyec. BusHaueHo npobiemu, no8'si3aHi 3
Nid8UWEHHAM MOYHOCMI A8MOMAMUYHUX CUCMeM ma iHmezpauie pi3HUx memoodis
aianizy daHux. AHomayis mekcmie Mae 8axciuge 3HaueHHs 011 pO38UMKY OHMOJI02ill,
asmomamuyHozo nepekiady ma aHanizy 0aHux, ujo CNpusie NOKPAaAuweHHI mexHoa02iil y
yux cpepax. Ha ocHo8i aHOMOBAHUX MeEKCMi8 CMBOPHEMbBCST OHMOJI02i5, IKA € 0CHOBOK)
0215 nodanvux 00CNi0HceHb 3a memoi. 3a 00noMO0z2010 Hei supiulyemocss npobaema
HenogHomu iHGopmauii 8 mekCcmi, a MAaKo#< BUSBJIEHHS mMd BUNpasseHHs
npomupiu ma HegionosioHocmeii.

KimiouoBi cjiioBa. aHomyeaHHs mekcmis, OHMOJ102ii, npupooHa Moed, asmomamuyHe
aHomyeawHs, 06pobKka mekcmosux 0aHux, iHhopmauyiiiHi cucmemu.

AHOTYBaHHSI TeKCTiB € K/IIUYOBMM eTarom Yy Iipolieci 06po6KM MPUPOAHOi
MOBMU, SIKe Ma€ BeJIKe 3HauUeHHS JJ1s1 CTBOpeHHsT e)eKTUBHUX OHTOJIOTii. OHTOMOTi
BUKOPUCTOBYIOTbCSI [JII CTPYKTYpyBaHHS 3HaHb Yy pi3HUX cdepax, Takux SK
MeauuyHa, ¢iHaHcu, 6ioorig Ta 6araTo iHIMX, Ae BaK/IMBO 30epiraTy TOUHICTh Ta
Y3TO[KEHICTh JaHMUX. BOHM [O3BOJSIOTH CTBOPIOBATM TOYHI MOZedi [Jis
aBTOMaTMUYHOI 00po6KM iHdoOpMmallii, a TaKoX BUSBISITU Ta BUIPABIITHU
cyrepewiMBi ab0 HEMOBHICTIO TIIOKpUTiI creHapii. AHOTaLii € BasKJIMBUM
iHCTpyMEHTOM [Jisi OpraHi3ailii TeKCTOBUX [aHMUX, IO J03BOJISIE TOKPALIUTU IiX
Tojasbllinii aHaji3, kinacudikallilo Ta iHTerpailio B aBTOMaTM30BaHi cucTeMu. Y
pobOTi pPO3IISIAAIOThCSI OCHOBHI MeTOIM aHOTYBaHHSI TEKCTiB, iXHi IepeBaru Ta

HeNOJIiKM, a TaKOoX POJIb aHoTalili y mMnoOymoBi OHTOJOrii. 30Kpema, MM
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OOCTIIKYEMO, SIK Pi3HI TUIM AHOTYBAaHHS MOXYTbh [JOOMOMOITM Y TIOKpalleHHi
TOYHOCTi Ta e(PeKTUBHOCTI 06POOKM TEKCTOBUX HAHUX [JIS MOJAIbIIOTO BUSIBJIEHHS
11 BUTIpaBJIEHHS HEJIOJIIKIB Yy ITpoLecax aBTOMaTUYHOIO aHaslisy [1].

MeTomamn aHOTYBaHHS TEKCTY € «pyuHe aHOTYBAaHHSI» Ta
«aBTOMAaTUYHE aHOTYBAHHSI».

PyyHe aHOTYBaHHSl — L€ KJIaCMYHMI METOJ, SIKUI IIOJATa€ y 3allydeHHi
By3bKOHAIpaBieHMX GaxiBIliB /Il OJaBaHHS MiTOK A0 TEKCTiB. Lle Moyke BK/IIOUATH
MapKyBaHHSI CyTHOCTEJ (TaKuX SIK IeBHi 00’€KTU, MiCIls, JaTH), a TAKOK BKa3yBaHHS
Ha BiJHOIIEHHSI MiXX CYTHOCTSIMM, JIEKCUMYHiI XapaKTepUCTUMKM abo HaBiThb MOBHi
CMHTAKCUYHIi CTPYKTYypU. 3a3BMUUaiil 1jeil MeToJi 3aCTOCOBYETHCS B JOCTiIKEHHSIX, Je
HeoOXiJlHa BMCOKA TOUHICTh aHOTalliit.[2]

ABTOMaTMYHe aHOTYBAHHSI 3[i/CHIOETHCSI 3@ [OOIOMOIOK  QJITOPUTMIB
MallMHHOTO HaBYaHHSI i MeTomiB 06po6ku mpupomHoi mosu (NLP). B mpomy
BUIIaIKy BUKOPUCTOBYIOTHCS TONEpeSHbO HaBUeHi Mopeni Ajsi aBTOMaTUYHOTO
BUAiIEHHSI  CyTHOCTel, kiacudikalii TeKCTy Ta  BUSIBJIEHHSI  BiJHOCUH
MiX eJleMeHTaMM.

PyuyHe aHOTyBaHHSI Kpallle 00MpaTH, SKIIO pe3yJbTaT aHOTYBaHHS MalOTh
OyTM BMCOKOTOUHMMM, ake ¢axiBIli MOKYTh BpaxyBaTM BCi 0COOJMBOCTI KOHTEKCTY,
criendiky MOBM Ta rpaMaTUYHi 0cobamMBoCTi. Takok itoro Tpeba 3aCTOCOBYBAaTHU B
TOMY BUIMAJKY, SIKIIIO OTPMMaHy aHOTallilo HeoOXiAHO afganTyBaT 40 crielnudiuHmnx
BMMOT TeKCTy abo 3aBAaHHs. [lepeBaroi pyyHOro aHOTYBaHHSI TaKOX € Te, IO IJs
IOCSITHEHHST BUCOKOI SIKOCTi pe3y/ibTaTiB He Tpeba IorepelHbO HABYATU MOJesTi Ha
BeJIMKOMY 00CsI3i rornepeaHbo aHOTOBAHUX AAaHUX. [3].

ABTOMaTHYHe AaHOTYBaHHSI € TapHUM KaauAaTOM [Jig OOpaHHS, SKIIO
HeOoOXiTHO 0OpOOJISITY BeJMKi 00CSTM HAaHMX 3a KOPOTKMIA Yac, TAaKOX IOr0 MOXKHA
YCIHIIIHO 3aCTOCOBYBATH JI0 BEJIMKMUX HAOOPiB JaHUX.

TunuM aHOTyBaHHS TEKCTY MOXXHA MOAIIUTU HA «aHOTYBAaHHS CYTHOCTEN»,
«3iCTaBIeHHS CYTHOCTET», «kmacudikaris TEeKCTY», «aHOTYBAHHA
€MOIIi/fHOTO HaCTPOIO». [4]

AHOTYBaHHSI CYyTHOCTel — TUI aHOTYBaHHS, SIKUII (POKYCYETbCSI Ha BUSIBIEHHI

Ta pO3Mi3HaBaHHI BaKIMBUX €JIEMEHTIB y TeKCTi, TaKMX SIK iMeHa, JaTy, MiCIS 4u
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crieliiajii3oBaHi TepmiHu. Po3nisHaBaHHS iMeHOBaHUX cyTHOCTel (NER) € BaxknuBum
IHCTpyMEeHTOM B aHai3i TeKCTy, 30KpeMa B 3aCTOCYBaHHSX, TaKUX SIK ITOLIYKOBI
CHUCTEeMM Ta YyaT-00TH.

3icTaB/IeHHSI CYTHOCTEI — ITiCJISI TOTO SIK CYTHOCTi OyJIM BUJiJIeHi, HACTYITHUM
KPOKOM € iX 3icTaB/ieHHSI 3 BiAIOBiIHMMM [OAaHMMM B iHIIMX 6aszax 3HaHb. Lle
IIO3BOJISIE YTOUHUTY 3HAUEHHSI Ta KOHTEKCT CyTHOCTEl, HAlpPUKaf, 3’sICyBaTH, 4mu
MIeThCS PO JIOAMHY UM OpraHi3allito I IIeBHUM iMeHeM.

Knacudikanisi TekcTy - 3aBOaHHS Mependavyae aHOTYBAaHHS TEKCTOBUX
dbparMeHTiB IEBHOIO KaTeropielo ab6o mMmirkow. Hamnpuknan, Kkiracugikalis
IOKYMEHTIB ab0 TEeKCTiB 3a TEMOIO UM eMOLiifHMM HacTpoeM. Take aHOTYBaHHS
Ba)K/IMBe B KOHTEKCTi aBTOMAaTM3allii Ipo1leciB MOLIYKY Ta COPTYBaHHS iHdopmariii.

AHOTYBaHHSI eMOI[iifHOTO HAacCTpOld — TUIO aHOTYBaHHS 3aliMa€ThCS
BM3HAUEHHSIM €eMOIiii ab0 OyMOK, BMpPaXXeHMX Y TeKCTi. AHali3 eMOILiiiHOro
HACTPOIO € BaKIMBUM [JI1 PO3YMIiHHSI CIIOKMBYOI MOBEIiHKM, COLiaJIbHMX Mefia Ta
iHIMX 061acTet, ne moTpibHO iHTepIpeTyBaTH eMollii, BUCJIOB/IEHi B TeKCTax [5].

OwxToJIorii BimirpaloTh BasK/IMBY POJIb Y CTPYKTYpM3allii 3HaHb Ta 3a0e3MeueHHi
iX ceMaHTUMYHOI0 00pOOKOI. AHOTOBaHi TeKCTU CTalOTh OCHOBOIO JIJIsSi CTBOPEHHS 260
BIOCKOHQ/JIEHHS OHTOJIOTiN, 10 [JO3BOJISIE 3HAUHO MiABUIIMTU  TOUYHICTb
aBTOMaTUYHOTO aHaji3y TEKCTIB [6].

OHTOMIOrii JOomOoMaralwTh:

- MOKPALUTU TOYHICTh aHaji3y: [OO3BOJSIIOTh MPaBUJIbHO iHTEPIIPETYyBaTU
AHOTOBAaHI JIaHi, MOKPAIIYIOUM Pe3yabTaTu 0OPOOKM TEKCTY;

- 3a0e3meunTy iHTerpamilo JaHuX: JO3BOJSIIOTH 00’€MHYBAaTH OaHi 3 Pi3HUX
Ixepes Ta hopmaTiB, MOMETrIIyIOUM iX aHaIi3 Ta OIpalloBaHHS;

- CIIPOIIYIOTh TONIYK Ta Kiacudikailio: 3aBASKM CTPYKTYpOBaHili opraHisaiiii
3HaHb, OHTOJIOTii MOJIETHTYIOTh MOIIYK Ta Kiaacudikaiiito iHpopmaiiii y Beamkux
MacuBax JaHUX.

AHOTYBaHHSI TEKCTiB [JjIsI TIOAAJbIIOI OOpPOOKM OHTOJIOTi € CKIaJHUM

3aBIAHHSM, 1[0 BUMarae BUpillleHHsI KiIbKOX Ipobiiem [7]:

- aBTOMAaTM3allisl Mpoiecy aHOTYBaHHS: 3MeHIIEeHHS IOTpedu B JIOACHKOMY
BTPYYaHHi ITpu 30epeskeHHi BUCOKOi TOYHOCTI;

- BUSIBJIEHHSI TIPOTUpPiU Ta HEMOBHOTM MOOKYMEHTY: aHaji3 JOKYMEeHTy Ha
npegMeT MPOTUJIEXXHMX 38 3MICTOM TBEPIKeHb, a TAKOX He MOBHMUX ClleHapiiB;

- 06pobKa 06araTOMOBHMX TEKCTiB: HEOOXigHICTh CTBOpEHHSI Mopesein, SKi
e eKTUBHO Ipalll0I0Th 3 TEKCTAMM Ha Pi3HMUX MOBAX;
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- iHTerpailiss aHOTOBAaHMX [JaHMX 3 IHIIMMMU CUCTEMaMu: 3abe3MeuyeHHs
CYMICHOCTI MiX pi3HMMM TUIIAMU JAHUX Ta OHTOJIOTiISIMMA.

[lepcriekTUBM PO3BUTKY TEMM BKIKOYAIOTh TIMOKpAIIeHHS TEeXHOJIOTi
MAaIIMHHOTO HAaBYaHHS, 3aCTOCYyBaHHS T/IMOOKMX HEMPOHHUX Mepex s
AHOTYBaHHS Ta iIHTETpallilo X TEXHOJIOTi B IPaKTUYHi JOAATKM [8].

BMCHOBOK. AHOTYBaHHSI TEKCTIB € BasKJIMBOIO CKIAJOBOI0 YaCTMHOIO 0O6pOOKM
MIPUPOIHOI MOBM Ta IOOYZOBM OHTOJIOTii. PyuHe Ta aBTOMaTMUYHE aHOTYBaHHS
MalOTh CBOi TIepeBarM Ta OOMEKeHHsS, ajie B CYKYIIHOCTi BOHM [IO3BOJISIIOTh
CTBOPIOBATM TOUHIIN, Oifibil edeKTUBHI Momesi Ajs1 MOAAbIIOI aBTOMATMYHOI
00poOkM maHux. OOGpaHHSI METOAYy aHOTYBaHHSI TEKCTiB 3ajJeKUThb Bim 3amaui Ta
HasIBHMX pecypciB (JIIOACbKUX, YaCOBUX, MaTepialbHMX). 3aJydeHHSI OHTOJIOTIN A1
CTPYKTYpPYBaHHSI aHOTOBaHOi iHQopMallii BiZkpyuBa€e HOBi MOKIMBOCTI [IJIST PO3BUTKY
TEeXHOJIOTii B 6araTbox cepax, Takux SIK aHaji3 JaHUX, aBTOMaTUYHMI TTepeKaj Ta
IITYYHUII iHTe/NieKT. BMKOpuUCTaHHS aHOTYBaHHSI Ta OHTOJIOTiM JaBaTUMe
MOXJ/IMBICTb BUSIBJISITM TMPOTUPIUYSI B OJHOMY IOYAaTKOBOMY TeKCTOBOMY (aiiii, a
TaKOXX 3HAXOAUTM HEMOBHY iH(pOpMaIllifo, TOOTO Ty YaCTUHY ME€BHOTO OIMCYBAaHOTO

00’eKTY sIKa He € ONMCAHOIO.
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USING ONTOLOGIES IN TEXTS ANNOTATION

Dmytro Karpovskyi, Viktor Shynkarenko

Abstract. The work analyzes the text annotation methods used to work with ontologies.
Annotation helps to structure information and simplifies its analysis. Two main
approaches are considered: manual and automatic annotation. Manual annotation is
more accurate, as it considers the context and language specifics, but is laborious and
requires significant resources. Automatic annotation is faster, scales much faster, but
can be prone to errors due to limited understanding of the context and a small amount of
initial knowledge base. Tools and technologies for annotation are separately highlighted,
software that automates this process. Problems associated with increasing the accuracy
of automatic systems and integrating various data analysis methods are identified. Text
annotation is important for the development of ontologies, automatic translation, and
data analysis, which contributes to the improvement of technologies in these areas.
Ontology helps solve the problem of incomplete information in the text, as well as identify
and correct contradictions and inconsistencies.

Keywords: text annotation, ontologies, natural language, automatic annotation, text
data processing, information systems.
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JOCJIIKEHHS 3AKOHOMIPHOCTE¥ ITPOIIECY IH)KEKTYBAHHS
CYMIIII PEATEHTIB
Kucnskos B.I''2, €micees B.IL., ITeTpyma B.I1.!
THcmumym uopHoi memanypeii im. 3. I. Hekpacosa HAHY, m. JTHinpo, YkpaiHa
2YkpaiHcokuli depycasHull yHisepcumem HAyKU ma mexHoJiozii, M. /[Hinpo, Ykpaina

Anoranisgs. Ha ocHosi meopii dsogasHux meuiii (2a3 - meepdi uacmuHKu), wWo
0a3yemuvCcsl HA MAMEMamMu4HOMy ONUCi JOCIOHY8aHUX cucmem, po3pobaeHo mMemoouKy
meopemuuHo20 OUYiHIOBAHHS 6NJIUBY XApAKmMepucmuk 080¢a3Hux Nnomokie ma
xapakmepucmuku mpacu, wjo mpadcnopmye 0eogasuuili nomik, Ha 3MiHy napamempis
080(hasHo020 nomoky. 3pobseH0 NpunyuweHs, wo Mix oucnepcHorw ma OucnepcitiHowo
cepedosulyamu 8i0CymHiii MacoobmiH, Kpim mozo 8i0KuHymo ducunamusHi ma
NyAbCcayitiHi uneHu 0711 Hecyuozo cepedosuwya, maxk sk nepeddauaemucs, ujo eHepzis
Mixcaszoeoi 83aemodii 3HauHO nepesuwiye yi eHepeemuuHi empamu. Ha «X0n00Hiii»
Mmodeni npoeedeHo 1a6OpamopHi 00CNIOHEHHS NPOYecy I[HHEKMY8aHHs paiHywuoi
cymiwi. Y nabopamopHux 00CNiOHEHHAX Y IKOCMi pedzeHmMi8 8UKOPUCMO8Y8alu COdY,
8anHo ma ix cymiw 3 okcudom 3aniza. OmpumaHo ymouHeHi Koepiyienmu Bycpoiida.
3pobneHo NOPiBHSHHS meopemuyuHux PO3paxyHkie 3 OmpuMaHuMu
8 1a060paMOpHUX YMOBAX.

KirouoBi cioBa: uasyH, domiwiku, KomniaekcHa o00poOka, Koegiuyienm Bycpotioa,
MoOenb.

Beryn. KomrmiekcHa 06po6Ka 4aByHY, 1[0 BKTIOYA€ BUAATEHHS CipKM, KPEMHIIO
i dochopy Mae mepeBarm Tiepel CTAaHAAPTHOK TEXHOJIOTI€I0 TIOETAITHOIO
padiHyBaHHS YaBYHY Yy BUIJIAAi 3MeHIIIeHHS 3arajJibHOTO LMKy IUIaBKM, TEIJIOBUX
BTpaT i 3MeHIIeHHS BUTpaT Yy IMOJAJbIIOMY KOHBEPTEPHOMY mepeniti. VY
PO3TJISIHYTi/i TEXHOJIOTii SIK peareHT MPOMOHYETbCS BUKOPUCTOBYBATM CYMilll Ha
ocHoBi Ca0 - Na,COs - FeO. 3HauHMit HAayKOBUI i MPAKTUYHMIA iHTepeC CTAHOBJISTh
OOCTIIKEeHHS TiApo-ra3oAMHaMiYHMX 3aKOHOMIpPHOCTEeN IIpoLecy iHXKeKTyBaHHS
i€l cymiui.

OcHoBHMIT Martepian. Ha ocHoOBi Teopii gBodasHux Tediii (ras - TBepmi
YaCTUHKM), 10 6asyeTbcsi HA MaTeMaTUYHOMY OIMUCI AOCTiIKyBaHUX CUCTEM,
pO3p06JIEHO MEeTOIMKY TEeOPeTUMUYHOIO OIiHIOBAaHHS BIUIMBY XapaKTePUCTUK
nBoda3HMX MOTOKIB (BUTpaTa ra3oBoi ¢asu, iHTeHCUBHICTh ofaui TBepaoi ¢asn) ta

XapaKTepUCTUKU Tpacu, II0 TPaHCIOpPTye nBodasHMII MOTIK (miameTp KaHasy,
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IOBXMHA TOPU3OHTAIbHUX, BEPTUKAIbHUX Ta MOXWIUX OUISTHOK, MaTepiaj Tpacu),
Ha 3MiHy IlapaMeTpiB (Iepemnaj TUCKY, MiK ITOYaTKOM Ta 3aKiHYEHHSIM Tpacy,
HIBUIKICTb Ta30B0Oi Ta TBepAoi ¢das) geodasHoro notoky [1, 2].

[InsT JaHoro TIpollecy II0YaTKOBAa BeJMMUMHA ab0 MIBUIKICTh YaCTUMHOK
BifirpaloTh BaXKJIMBY pPOJib, BHACIIAOK YOTrO IIi 3HAUEHHSI JOCUTh CYTTEBO MOXKYTb
BIUIMHYTU Ha BU3HaAueHi rnapameTpu i, 30KpeMa, BU3HAUEHHS
koediuienta Bycpoiina [3].

[MomepenHi po3paxyHKM TIIOKa3yloTh, 10 KoedillieHT bBycpoitma mpu
rOpM30HTaAbHOMY pyci ABO(a3HOro cepenoBuiiia caabo BIUIMBAE Ha mepemnay TUCKY,
TOMY Ipuiimemo ¥oro piBHMM 0.5, K 1e O0y/J10 IPUITHITO NP PO3PaxyHKax Tpacu
[4]. B ekcriepuMeHTi jioro moxkHa yTouHuTu. KoediuieHnT koediuieHnt Bycpoiiga Ha
BePTUKAIbHIl OiMSHI pyxy ABO(a3HOTo cepemoBuilia BIUIMBAE 3HAUHIIIIE, TOMY BiH
CTAaHOBUTH OiNbIINMII iHTepec y po3paxyHKax. 3 MOCBily [OCTiIKEHHSI Tpacu
BUIUIMBAE, 1O JIOTO BeJMUMHA MOXKe 3MiHmoBaTucga He 6inpme 0,00002 - 0,0002.
BHacniok 1pbOro TMpoBeAeMO pe3yJbTaTU PO3PaxXyHKIB I[MX [ABOX KpalHix
3Ha4YeHb KoedillieHTa.

3 BMKOPUCTAHHSIM PO3p006JIeHOI MeTOAMKM BUKOHAHO PO3pPaxyHKM mepenangy
TUCKiB, IIBUIKOCTEN ra3oBoi Ta TBepaoi da3 mjis yactuHoK CaO 3 miamerpom 60,
100 mxm; FeO - 70, 450 mxm; Na,COs - 100 mrm) i Al - 500 Mxm 3a BuTpaTu rasy 100
HJI/XB Ta IiHTEHCMBHOCTI Iomaui TBepmoi ¢asum 1,67 kr/c Ta 2,5 Kr/c, sKi
TPAHCHOPTYIOTh KaHAJIOM [iaMeTpoM 4 MM 3 TOPM3OHTAJbHOI IUISHKOW 1 M i
BepTUKaAJIbHOW 0,6 M.

JIJ1s1 yTOUHEHHSI TEOPETUYHO OTPMMaHMX 3HaUeHb KoedilieHta bycpoitga 6ymo
IpoBeieHO J1abopaTOpHi AoC/ilkeHHs. SIK peareHTM OylIM BUKOPUCTAHI -
KaJblIMHOBAaHA COJa, HeramieHe BamHO, okcup 3amiza (II) Ta pigunHa TIAP.
JlabopaTopHa yCTaHOBKA [03BOJISZIa B MPOIECi MOCTiIKeHb 3MiHIOBATM BUTpPATY
ra3y-HOCisl Ta iHTeHCUBHICTb IMOAAaui peareHTy.

3a IOMOMOrow po3pobsieHOi MeTOAUKM Oy BUKOHAHI PO3paxyHKH, SIKi Aanmu
3MOTY TIOPiBHSITY J1abOpaTOpHi 3HAUEHHS 3 TeOPeTUYHUMM pO3paxyHKaMu. 3Be/ieHi

JaHi mpeacTaBieHi B Tabaui 1.
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Tabmuig 1
[TopiBHSHHS 1a60paTOPHUX JaHUX 3 TEOPETUUHMMM PO3PaXyYHKAMMU
Butpara Twuck Ha
. . . Tuck 3a
InTeHcuBHICcTE | KOHIleHTpalris, rasa- BXOM1
5 . pO3paxyHKaMM,
I'P/XB KI/M HOCis, YCTaHOBKW, MIla
M3/4 MIla
Cona 400 6,66 3,6 0,15 0,17
550 7,85 4,2 0,20 0,19
Bamno 100 2,00 3,0 0,15 0,15
100 1,66 3,6 0,20 0,16
160 2,46 3,9 0,21 0,19
160 2,29 4,2 0,22 0,19
Cymiru 230 3,29 4,2 0,22 0,21
410 6,83 3,6 0,22 0,24

BucHoBKM: OTpuMaHi eKcliepMMeHTa/IbHi JaHi J03BOJUIM YTOUHUTU OLiHOUHI
BEJIMUMHM HeOoOXigHux KoedilieHTiB. 1151 IbOTO CKOPUCTAIMCS TUMU BeJIUIYMHAMMU,
SKi OTpMMAaHO MiJ Yac BUTIKaHHSA [OBO(A3HOIO cepeloBuIlla B aTmMochepHMit
MIPOCTip, TOOTO 3 BiZOMMM KiHLIEBMM TMCKOM, IO TOpPiBHIOE aTMochepHOMY. 3a
IIOTIOMOT0I0 PO3p06IeHOI MeTOAMKM Oy BUMKOHAHI PO3paxyHKM, SKi Janau 3MOTy

MIOPiBHSITY TEOPETUYHO OTPMMaHi 3HaueHHS 3 TabopaTOPHUMM 3HAUEHHSIMMU.
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STUDYING THE REGULARITIES OF THE PROCESS OF INJECTING A MIXTURE
OF REAGENTS
V.G. Kislyakov, V.I. Yelisieiev, V.P. Petrusha

Abstract. Based on the theory of two-phase flows (gas - solid particles), which is based
on the mathematical description of the systems under study, a methodology for
theoretical evaluation of the influence of the characteristics of two-phase flows and the
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characteristics of the route transporting the two-phase flow on the change in the
parameters of the two-phase flow has been developed. It is assumed that there is no
mass transfer between the dispersed and dispersed media, and the dissipative and
pulsation terms for the carrier medium are rejected, since it is assumed that the energy of
interfacial interaction significantly exceeds these energy losses. Laboratory studies of the
refining mixture injection process were carried out on the "cold" model. In laboratory
studies, soda, lime, and their mixture with iron oxide were used as reagents. The refined
Busroyd coefficients were obtained. Theoretical calculations were compared with those
obtained in the laboratory.

Keywords: cast iron, impurities, complex processing, Busroyd's coefficient, model..
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ITOPIBHSIJIbHUI AHAJII3 YACOBOI EOEKTUBHOCTI AJITOPUTMIB
IMOLIYKY MIAPAIKA
Knumenxko 1.B.!, JIebigp €.A.2
'VIIVHT, K.e.H., doueHm, YKpaiHa
2YIVHT, acnipaum, Ykpaiua

AHoTramigs. Y cmammi nposedeHO NOpIBHANbHULI AHANI3 uaAC080i egekmusHocmi
UOMUPLOX KAACUYHUX AN20pummis noutyky niopadka (string searching algorithms), wo
Hamazarmscs 3Hatimu no3uyir, de o0uH abo Oekiibka mexkcmosux psdkie (3paskis)
8x00amo y doswuti pssdok abo mexkcm. IlopigHio8anucy HACMYNHI an20pummu: Hai8HO20
nowtyky (nepebopy, abo x 6pym-gopc), Knyma-Moppica-IIpamma (KMII), boepa-Mypa
ma Pab6ina-Kapna. [locnidxceHHss npo8odunoce HA MpwoX pIi3HUX apximekmypax
npouyecopie ma 3 mpvoma Habopamu 6xiOHUX OaHux pi3Ho20 00cs2y. Anzopummu
mecmyeanuce 3a yMos K X0J00H020, Mak i npoezpimozo xeuty. /st 3HUMCEHHSI 8NIUBY
CMOPOHHIX YUHHUKI8 OYJ10 peanizo8aHo 3anyck HA 00OHOMY NPOUECOpHOMY 50pi ma
npumycoee OUUWeHHsT nam’simi nicas KoucHozo mecmy. Pe3ynbmamu exkcnepumeHmis
NpoaHanizoeaHo 3a 00NOMO2010 po3paxyHkie S- ma R-noka3Huxié egexkmueHocmi,
HadaHo pekomeHdauii w000 doYibHOCMI 3aCMOCYBAHHS KOXCHO20 OKPEMO20 aN20pummy
8 PI3HUX YMOBAX.

KniouoBi cioBa: iH(opmayitiHa mexHonozis, mMawuHHuli ekcnepumeHm, S- ma R-
NOKA3HUKU, AJ120pUumm nouLyky niopsioka, uacoea epekmusHicmes aizopummy

[Momyk migpsaka B psIIKY € OfHielo 3 0a30BMX 3amady iHGOPMATUKM Ta
KOMIT'IOTEPHMX HAyK, 3 IMIMPOKMM CIIEKTPOM 3aCTOCYBAaHHS — BiJ, MOIIYKOBUX
cucTeM, OOpOOKM MPUPOAHOI MOBM Ta aHA/Ii3y BENIMKUX H