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Kageopa excnepumenmanvnoi ¢izuxu, ingpopmayitinux ma oceimmix mexnonozit,
Bonuncoxuti nayionanvnuii ynigepcumem imeni Jleci Yxpainku

CYYACHI HAITPSIMU BUKOPUCTAHHA XAJIBKOI'EHIJHUX CTEKOJI B
EJIEKTPOHIII TA PAATIOEJEKTPOHIII

Y cmammi npoananizoeano cyuacmui nanpamu 3acmocy8amHHs XaNbKO2EHIOHUX CMEKON 6 eNeKmponiui ma
paodioenexmponiyi. Pozenanymo ix euxopucmauua y pazo3minniii nam’ami, HeUpomMop@HUX cucmemax, ceHcopax ma
npucmposx 36’°a3ky 5G/6G. Ocodnugy yeazy npudineno pomoniyi ma nezyeannio ionamu epoiro 0nsa cmeopenna KOMRAKMHUX
onmuuHux niocunrogauie. Busnaueno Kknouoei mexnonoziuni UKIUKU, 30KpeMa RUMAHHA mepmiunol cmabinbHocmi ma
ouuenHA Mamepianie.

Kntouosi cnosa: xanvrkozenioni cmexna, ¢pazo3minna nam’amo, inmespanbha Gomouixa, netipomop@ui cucmemu, ionu
epbito, onmuuni niocunosayi, padioenekmpoHika, cepeouiil ingpavepeonuii dianasoH.

A.H. Kevshyn, V.V. Halyan, H.P. Shavarova, N.A. Kevshyn

MODERN TRENDS IN THE APPLICATION OF CHALCOGENIDE GLASSES IN
ELECTRONICS AND RADIO ENGINEERING

The article provides a comprehensive analysis of modern trends in the application of chalcogenide glasses in electronics
and radio engineering. Their key physicochemical properties, which enable a wide range of applications in optoelectronic and
electronic devices, are considered. Particular attention is paid to their use in phase-change memory, neuromorphic systems,
and sensor technologies. The prospects for integrating chalcogenide glasses into photonic structures, especially in the mid-
infrared range, are analyzed. The role of erbium ion doping in the development of efficient waveguide optical amplifiers for
telecommunication systems is highlighted. The main technological challenges related to thermal stability, material purification,
and compatibility with CMOS technologies are outlined. It is concluded that chalcogenide glasses have significant potential as
a fundamental material platform for next-generation electronics and radiophotonics.

Keywords: chalcogenide glasses, phase-change memory, integrated photonics, neuromorphic systems, erbium ions,optical
amplifiers, radio electronics, mid-infrared range.

IocTranoBka npodiemu. XanbKOTeHiIHI CTEKJIa OCTaHHIMH POKaMH MPHUBEPTAIOTh 3HAYHY yBary
3aBASKH MO€IHAHHIO YHIKATBHUX ONTHUYHHX, CJICKTPUYHHUX Ta IiCNCKTPHYHNX BIACTHBOCTEH, 10 POOUTH
X MepCIIeKTHBHUMH IS Cy4aCHOT €JICKTPOHIKY Ta PaaioeIeKTPOHIKH. BHCOKMIT TOTEHITI AT IUX MaTepiatiB
MPOSIBIIIETBCS Y (PA30BUX KOMIpKax Iam’siTi, CCHCOPHUX MPHUCTPOSIX, ONTOETICKTPOHHUX KOMIIOHEHTaX Ta
eJIeMEHTaX BUCOKOYACTOTHOI TeXHIKU. Pa3oM i3 TMM, paKTHYHE 3aCTOCYBAaHHS XAJIBKOTCHITHUX CTEKOJ y
CKJIAHUX €JICKTPOHHUX CHCTEMaX OOMEXEHE Uepe3 HeJIOCTAaTHE PO3yMIHHS B3a€EMO3B 3Ky iX XIMITHOTO
CKJIagy, CTPYKTYpHM Ta eNeKTPoQi3WYHUX XapaKTEpPUCTHK. TOMYy CHUCTEMaTHYHHH OIJISI CYyYacCHHX
HanpsAMIB JOCHIPKEHb 1 TEXHOJIOTIYHUX PillleHb CTa€ KPUTHYHO BAXKIMBUM JJIsl BU3HAUCHHS IIEPCIIEKTUB
PO3BHTKY Ta IHTETpaIlii [UX MaTepiaiiB y HOBITHI €JIEKTPOHHI Ta pajioeNIeKTPOHHI TIPUCTPOT.

IIpobGiema pocaixkeHHsi. Y CydacHIll eneKTpoOHILl Ta PadioeseKTPOHIiLl 3pocTae morpeda B
MaTepiajax 3 BUCOKOIO (PyHKIIOHATBHICTIO, IO MOEHYIOTh €IEKTPUYHI, ONTHYHI Ta TETJIOBI BIACTUBOCTI,
IO CTUMYJIIOE IHTEPEC 10 XAIBKOTeHITHIX cTeKoll. [1i aMopdHi MaTepianu XapakTepu3yIOThCs ITHPOKOO
4 npo3opicTio, BUCOKUM MOKAa3HUKOM 3IOMIICHHS 1 MOKJIMBICTIO HAJIAIITYBAaHHS (I3UYHUX MapaMeTpiB
gepes 3MiHy CKJIaty, 0 poOUTh IX MpUBaOIMBUMH U1 POTOHHUX Ta €IEKTPOHHMX 3acTocyBasb [ 1]. IIpore
X CKJTaJIHICTh CTPYKTYPH ¥ cl1abKka KopeJsllis MK XIMIYHAM CKIIaIoM i pyHKITIOHATTbHUMH BIIACTHBOCTSIMU
CTBOPIOIOTH 0ap’€p IUIsl IPOTHO30BAHOTO MPOEKTYBAaHHS KOMIIOHEHTIB Ha iX ocHOBi. Yepe3 1me icHye
rocTpa mnorpeda y CHCTEeMaTHYHOMY y3araJlbHEHHI HaAyKOBHX JaHHX IOJ0 iX BIACTHBOCTEH 1 TEXHOJIOTIH
00poOKwH.

OcoONMMBO aKTyaJIbHUM € BHBYEHHS TOHKOILTIBKOBHX 1 CTPYKTYPOBAHUX XaJbKOTCHITHHX CHUCTEM,
31aTHUX 3a0€3MeYNTH IHTErPaIlito B MiKPOESIIEKTPOHHI Ta ONITOSIIEKTPOHHI IIPUCTPOI 13 HU3bKUMHU BTpaTaMu
Ta BUCOKOI CTaOinbHICTIO. PO3BHTOK TEXHONOTiM BHUPOIIYBaHHS IUTIBOK i KOMITO3UTIB Ha iX OCHOBI
MPOJIOBXKYE PO3LIUPIOBATH MOKIUBOCTI it cTBOpeHHS [Y (hoTOmeTeKTOpIB, XBUJIEBOMIB T4 aKTUBHUX
¢dortoHHUX enemeHTiB [2]. BomHowac, BiACYTHICTh y3rOJUKEHHWX MOJENEH MOBENIHKM TaKuUX IIapiB y
pobounx ymoBax oOMexye ix komepiiamizamito. Lle poOuTe HEOOXimHUM y3aralbHEHHS CYy4aCHUX
TOCSTHEHb 1 TEXHOJIOTTYHNX BHKJIMKIB IS ITOJAJIBIIOTO IPOCYBAaHHS Taly3i.

VY pamioeneKTpoHill XalbKOTeHIAHI MaTepiajd MarTh MOTEHIAN ISl BUKOPUCTAHHS B
KOMITIOHEHTHIN 0a31 BUCOKOYACTOTHHUX MPHUCTPOIB 3aBISKHU X TICJIEKTPUYHHUM 1 paiioqacTOTHUM
BJIAcTUBOCTAM. [IpoTe BIJIMB CTPYKTypu CTEKOJ Ha BTpaTH CHUTHANLY 1 iX TMOBEOIHKA IiJl
BHCOKOYAaCTOTHUMH HABaHTAXCHHIMHU JI0CI HEJIOCTATHHO BUBUYEHI y MOPIBHSAHHI 3 TPaAULIIHHUMU
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nienexTpukamu. Yepes e MpakTHUHE 3aCTOCYBaHHA TaKMX MaTepiaiiB y (iabTpax, XBHIEBOIAX
Ta cuctemax 5G/6G 3amummaeThcsi OOMEXEHUM 1 MoTpedye momanbiuxX (GyHIaMEHTaTbHUX 1
MPUKIAAHUX JOCTIKEHb. TakuM YHMHOM, y HAyKOBOMY CIIBTOBapHCTBI TIOCTa€ 3aBJaHHS
y3araJbHUTH CyYacHI TPEHIW 1 KPUTHYHO OI[IHUTH IXHIH TOTEHINAN Yy pPaaioeIeKTPOHHUX
3acTocyBaHHAX. KpiMm Toro, iHTerpamist XaJbKOTeHITHUX CTEKOJ i3 TpaauLiHHUMU KPEMHI€BUMH
Ta CMOS TEeXHOJOTISIMU CTUKAETHCS 3 YUCIICHHUMHU TEXHOJOTIYHUMU Oap’€pamu, OB’ I3aHUMH 3
TEPMIYHOIO CTAOUTBHICTIO Ta CYMICHICTIO TIPOLIECIB BHTOTOBJICHHS. HasBHI mOCHTiKEHHS
JIEeMOHCTPYIOTh OOMEKEHHUH Mporpec y CTBOPEHHI HAAIMHUX MDKMarepiaJbHUX iHTepdeiciB i
KOHTpoJi JedeKTIB CTPYKTYpH, IO BIUIMBAIOTH Ha HaAINWHICTE TpHCTpoiB. lle mimkpecitoe
notpely y CHCTEMHOMY OIJIAJI TeXHIYHHUX 1 MaTepiajlo3HaBUUX BUKIIMKIB, IO CTOSATH Ha LUIAXY
BIPOBAJKEHHS XAJIbKOTEHITHUX CTEKOJI y IPAKTUYHI €JICKTPOHHI PillleHHS. AHAII3 aKTyaJbHUX
HAYKOBUX 3100YTKIB I03BOJIMTH OKPECIUTH MEPCIIEKTUBHI HAMPSMH JOCTIKEHD 1 pO3pOOOK.

AHami3 ocTaHHIX AocailKeHb i myOsaikamiii. XalbKOTeHITHI CKIOMOAIOHI HAIMIBIPOBIIHUKH
(XCH) Ha chOTOoHI 3aIUIIAIOTHCS OJHUM i3 HAHOUTBIT MEPCIIEKTHBHUX 00’€KTIB Y MaTepiaao3HaBCTBI
3aBASKM IXHIM YHIKQIPHHM ONTHYHUM Ta EJICKTPUYHMM BiacTUBOCTAM. CydacHi IOCHiIKCHHS
aKIEHTYIOTh yBary Ha 3J1aTHOCTI IIMX MaTepiaiiB A0 MBUAKKX (Ha30BUX MEPEXOIiB i BIVINBOM 30BHIIIHIX
BmBiB [3]. OcHOBHUI iHTEpEC BUEHHMX 30CepeKeHnil Ha cronykax cucteM Ge-Sh-Te ta Ag-In-Sh-Te,
AKi JEMOHCTPYIOTb BHUCOKY cTabimbHicTh cTaHiB. Came Li XiMi4HI CKJIagd AO3BOJISIIOTH CTBOPIOBATH
CHEProHe3aJIeKHY IaM’siTh HOBOTO IOKOJIIHHS, IIO TEePeBEepIIye TPAAWIiiHI KPEMHi€BI aHAIOTH 3a
MIBUKICTIO 3amucy [4; 5].

OnHUM 13 KIIOYOBHX HAINpPSMIB BUKOPUCTAHHS XaJbKOTCHIIB Yy CYYacHIM pajioeNeKTpOHill €
PO3p0o0Ka ONTUYHUX NEPEMHUKAYIB Ta MOAYISATOPIB 1 POTOHHMX iHTErpanbHUX cxeM. OcTanHi myOuikawii
JNEeMOHCTPYIOTh YCHIIIHI €KCIIEPUMEHTH 3 iHTErpalil XalbKOreHiAHUX IUIIBOK Y KPEMHI€BY (OTOHIKY AJIS
KEepyBaHHS CBITJIOBUMH CHUTHAJIAMH Ha HAHOPiBHI. BHCOKWII MOKa3HUK 3aJIOMJICHHS Ta IMPO30pICTh B
iH(ppadepBOHOMY Aiana3oHi POOJATH 1 CTEKJIa HE3aMiHHUMH IJIsi CEHCOPiB HIYHOrO OadyeHHs Ta CUCTEM
JinapiB. BukopucTaHHs TOHKOIUTIBKOBUX CTPYKTYP Ha OCHOBI XaJIbKOTSHIIiB JO3BOJISIE€ 3HAYHO 3MEHIIUTH
rabapuTH nNpucTpoiB 6e3 BTpaTu IXHBOT 4y TIAUBOCTI [6].

B po6ori [7] omucano crBopeHHst MeMpHCTOpiB Ha ocHoBi XCH, 1110 31aTHI 0 TUIACTHYHOI 3MiHK
mpoBigHOCTI. Taki mpuCTpoi 3a0e3MedyloTh amaparHy peami3aiilo IMTYYHHX HEHPOHHHX MeEpex 3
HAJHU3bKUM EHEProCIOKMBAHHSAM, IO € KPUTUYHUM I MOOUTBHUX IiaT(opM. 3aBASKH 3aTHOCTI
30epiraTé KOHTHHYYM CTaHIB OMOPY, XaJIbKOT'€HIIHI CUCTEMH CTal0Th 023010 [Tl apXiTEKTYP, 1[0 BUXOAATh
3a Mexi KracnyHoi Mojeni ¢poH HelimaHa.

VY cdepi rHyUKOi eIeKTPOHIKM XaJIbKOTeHIIHI CTeKJIa BiIKPUBaIOTh HOBI TOPU30HTH JJIsl CTBOPEHHS
MEPEHOCHUX TMPHUCTPOIB Ta «PO3yMHOTr0O» ofsry. CydacHi JOCHIPKEHHS HiATBEPKYIOTh, 10 amMopdHa
CTPYKTypa IMX MaTepiamiB IO3BOJIAE€ iM 30epiraTh cTaOiTbHI XapaKTEePHUCTUKH HABiTh MPU 3HAYHHUX
MeXaHIYHuX JedopmMarlisx. BueHi akTHBHO TECTYIOTh XalbKOTEHITHI TEPMOETEKTPUYHI TeHEpaTopH, SKi
3IaTHI TEPETBOPIOBATH TEILIO JIFOJCHKOTO TiJIa B EJICKTPOCHEPTil0 JIs KHUBJICHHSA OioceHcopi. lle
JI03BOJISIE CTBOPIOBATH IOBHICTIO aBTOHOMHI MEAMYHI MOHITOPHMHIOBI CHCTEMH, IIO HE MOTPEOYIOTh
TpaJuIiHUX akymyssitopis [8; 9].

OxpeMuM BEKTOPOM JIOCIIIKEHb € BUKOPUCTAHHS XaJIbKOTeHIIiB Y pagiodactoTHux (PY) cucremax
Ta TPUCTPOsX 3B’sa3ky ¢opmary 5G/6G. OctaHHI JOCTIDKESHHS BKa3ylOTh Ha BHUCOKY €(EKTHBHICTh
(ha3o3MiHHMX TiepeMuKadiB y (impTpax Ta aHTeHax 3 MepeOymIoBOO YacTOTH. Taki KOMITOHEHTH
XapaKTepU3yIOThCA HU3bKIMH BTPaTaMy CUTHATY B MIJIIMETPOBOMY JTialla30Hi XBUIIb, IO € BUPIMIATBHAM
JUTSL BUCOKOIIIBUJIKICHOT Mepeiayi JaHuX. 3aCTOCYBaHHS XallbKOT€HIIIB J03BOJISIE pealli3yBaTH JUHAMIYHY
KOH(ITYypaIliro pagiokaHaTIB y peaTbHOMY Yaci, TiABUIIYIOYX IPOIYCKHY 3/1aTHICTh Mepex [10].

OcTaHHIMH pOKam# 3pOCTa€ IHTEpPEC A0 ONTUYHMX MaTepialiB 1 BOJOKOH I CEPEeIHBOTO
inppauepBoHoro (CIY) niamazoHy, mo oOyMOBJIEHO MNOTpeOaMH OXOPOHHM 3HOPOB’S, EKOJOTrii Ta
oboponHnMHU 3actocyBaHHsIMU. CIU-miama3on mictuth atMochepHo mpo3opi BikHA (3—5 pMm 1 8—12 um),
MPHUIATHI IS TETUTOBI3IHHOTO 300pakKeHHS Yy BIHCHKOBHX Ta IUBUIBHUX CHCTeMax. XaJIbKOTEHITHI
MIKpOCTPYKTypoBaHi ontu4Hi BosokHa (MOB) moeaHyOTh MPOMyCKaHHS XaJdbKOTEHITHUX CTEKON 0
18 uM 3 yHIKaJbHUMH ONTHYHHMH BJIACTUBOCTSMH 3aBISKH IIUPOKHM MOXKJIMBOCTSM MPOCKTYBAaHHS X
reometpii. CydacHi MeTOAM Ta3epHOTO OCa/LKeHHA Ta 3D-IpyKy MO3BONSIFOTH CTBOPIOBATH CKJIAIHI
reoMeTpuyHi (GOpMH 3 XaJIBKOTCHIMIB 3 BHCOKOIO TOUHICTIO. lle BimkpwWBae TIAX JO MacoBOTO
BUPOOHMIITBA JICIICBUX Ta OE3MEYHHX KOMIIOHEHTIB Ui MOOYTOBOi EJNEKTPOHIKH Ta MPOMHCIOBOT
aBromaTm3anii [11].
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BuknageHHst 0cCHOBHOI0 MaTepiany. XanbKOT€HIIHI CTEKIa BOPOIOBK OCTaHHIX IBOX JIECATUNITh
MEPETBOPHUIIMCS 3 BY3bKOCICI[ia/li30BaHUX MaTepianiB (i3UKd aMOp(HOro cTaHy Ha OJHY 3 KIIOYOBHX
MarepialbHUX MIaTOPM CydacHOi eJeKTPOHIKM Ta pPalioeNeKTPOHIKW. IXHA HaykoBa il IIpHMKIajgHa
NprBaOIUBICTh 3YMOBJICHA YHIKaJbHUM MO€AHAHHAM EJIEKTPUYHHUX, ONTHYHUX 1 CTPYKTYpHHX
BJIACTUBOCTEH, SIKIi MOXYTh IUIECIIPSMOBAHO 3MIHIOBATHCS MUISXOM BapilOBaHHS XIMIYHOTO CKIaIY,
croco0iB oca/KEeHHS TUTIBOK 1 TepMiuHOi 00poOku. CaMe Il KEpOBaHICTh POOUTH XaBKOTEHIIHI CTEKJIa
yHiBepcaJlbHUMHU (PYyHKLIOHAJBHUMH MaTepiajaMu Ui eHeproHe3alekKHol maM’sITi, CeeKTOpiB Kpocobap-
MaTpHIlb, MEMPUCTHBHUX 1 HEUPOMOP(QHUX EJEMEHTIB, a TaKOX JUIsl iHTerpansHoi QoToHiku i mid-IR
ceHcopuku [12].

OpHuM 13 HaMBaXUIMBIIMX HANpPsSMiB BUKOPUCTAHHS XaJbKOTEHIIHUX CTEKON € (a303MiHHA
€JIEKTpOHHA 1am’siTh. Marepianmu cuctemu Ge-Sb-Te, 30kpema knacuunmii ckian Ge, Sb, Tes, 3natHi
MIBHJIKO ¥ 000POTHO MEPEXOAUTH MK aMOp(HUM 1 KPUCTAIIYHUM CTaHAMH, JIEMOHCTPYIOUH NPU [ILOMY
PI3HULIIO EIEKTPUIHOTO ONOPY B Kinbka mopsiakis [13]. Lle siBuie nexxuts B ocHOBI phase-change memory
(PCM), sKa po3risimaeTbesl K NEPCHEKTHBHA albTEPHATHBA TPAIWLIMHUM THUIIAM CHEProHE3aJeKHOI
nam’siTi. Cy4acHi JOCHIKSHHS 30Cepe/PKEHI He JIUIE Ha IMiBUILCHH] IBUIKOCTI IEPEMUKAHHS, ajlie i Ha
3HW)KEHHI eHepril mporpamyBaHHs1, cTabinizamii aMopQHOTO cTaHy Ta 3MEHIICHHI Apeidy mapaMeTpiB Iy
qac TpuBaiioi ekcrutyarauii [ 14]. BaxxnuBoro TeHneHiero € geryBanus GST-matepianis i po3poOka HOBUX
(ba303MiHHUX CKJIAJIiB, 30KpeMa Ha 0CcHOBI cucteM Ge—Sb—-Se-Te, siki MOEAHYIOTh MPUIHATHI EIEKTPUYHI
XapaKTepUCTUKU 3 TOKPAIICHUMH OINTHYHMUMHU BJIACTUBOCTSMH, IO BiIKPHBAE MOXJIMBOCTI AJsl 1X
BUKOPHCTaHHS B ONITOETEKTPOHII Ta doToHiti [15].

Po3BUTOK HIITEHUX MacHBIB MaM’sITi HEMUHYYE TIOB’I3aHUH 13 MPOOIIEMOIO TTAPa3UTHUX CTPYMIB y
KpocOap-apxiTekTypax, ToMy Hopsia i3 PCM akTHBHO JOCTIIKYIOTCS CEJICKTOPHI CIEMEHTH. Y IbOMY
KOHTEKCTI 0COOJIMBE MicCIle 3aliMal0Th OBOHIYHI OPOroBi nepemukadi (ovonic threshold switching, OTS),
CTBOpPEHI Ha OCHOBI aMOp(HHX XalbKOTeHITHUX ciuiaBiB. OTS-marepianm xapakTepU3yIOTHCS Pi3KUM
HEJIIHIHHUM TIepexX0A0M y TPOBIIHUMA CTaH MPH JOCATHEHHI MMOPOrOBOI HANpPYTW Ta MOBEPHEHHSM Yy
BUCOKOPE3UCTUBHUN CTaH MicCHsl 3HATTS EJNEKTPUYHOro mojs. Taka moBeliHKa I03BOJSE €(EKTHBHO
MPUTHIYYBAaTH BUTOKH CTPYMYy B MATPHUIIX MaM STI Ta MiABUIIYBaTH iX MacmTaboBaHICTh. AHami3
Cy4acHOI JIiTepaTypy CBIAYUTH PO Te, 1o xanbkoreHimHi OTS-cenexTopu 30epiratoTs MiJIepcTBO cepel
KOMITOHEHTIB, HEOOXiTHUX JUIst MaciTadyBaHHs apXiTekTyp Triry 1S1R un 1S1M y cucremax 30epexeHHs
nanmx [15]. Ilpum mpomy 3Ha4HA yBara NPHUAUISETHCS BHBUEHHIO (DI3MYHMX MEXaHI3MIB TOPOTOBOTO
MepeMHUKaHHA, Jerpajallii MaTepiany npu 0araTopa3oBHX IHKIAX, a TaKOX po3poOIll apCeHIK-BITHHUX
CKJIAJIiB 3 OTJISILy Ha €KOJIOTi4HI Ta PerynaTopHi BuMord [ 16].

[To3a mexamu kiIacHM4YHOI HaM’SITI XaNbKOTEHIJHI CTeK/a Je[alli akTUBHIIIE 3aCTOCOBYIOTHCS B
MEMPHUCTHBHHX 1 HeipoMOp()HHX CHCTEMax. IXHS 3JaTHICTh peaizoByBaTH OaraTopiBHEBi CTaHH
MPOBIAHOCTI, a TAaKOXX MOCTYNOBI H KEpOBaHi 3MiHM OMOPY POOWUTH TaKi MaTepiald NPUAATHUMH IS
MOJICJIIOBaHHsI CHHANITUYHUX Bar y anapaTHUX HeHpoMmepeskax i AJisl KOHUeNLil o0uucieHb y mam’sti (in-
memory computing). ¥ cy4acHHX poOOTax HaroJIONIYETHCS, IO KIFOYOBHMHU IapamMeTpamMH U TaKhX
3aCTOCYBaHb € JIHINMHICTP TEpPEeMUKaHHS, pIBeHb IIIyMy, CTaOUTbHICTh NPOMDKHHX CTaHIiB 1
BIJITBOPIOBAHICTh XapaKTEPUCTHK Y BEIUKUX MacuBax [17]. BogHoyac akTHBHO 3aCTOCOBYIOTHCS METOIU
MAIIMHHOTO HABYaHHSA Ta BHCOKONPOIYKTUBHOI'O MOJEJIOBAHHS [UIA IIOLIYKY HOBUX XaJbKOICHITHHX
CKJIAJiB 13 3aJJaHUMH BIIACTUBOCTSIMH, 1110 CBIAYHUTH PO MEPEXi BT EMITIPHYHOTO JI0 TaHO-OPIEHTOBAHOTO
MarepiaipHoro au3aiiny [18].

He MeHII BaXIMBHM € BUKOPHCTAHHS XaJIbKOTEHIIHUX CTEKOJ Y PadioeleKTpoHili Ta (oToHimi,
30KpeMa, B CEpeNHbOMY iH(ppadepBOHOMY miama3oHi. 3aBASKA BHCOKOMY IIOKa3HUKY 3aJIOMJICHHS,
IIUPOKIH Mpo30opocTi B obmacti npuOin3Ho 2—20 MKM 1 MOXKJIHMBOCTI (hOPMYBaHHS TOHKOILTIBKOBHX
XBHJICBOIB LIl MaTepiaiy CTajau OnHier0 3 6a3oBux miardopm 1t mid-IR inrerpansHoi ¢poroniku [19]. V
YUCICHHUX OIJISIOBUX po0O0Tax XajdbKOTEHIZAHI CTEKJIa pO3MISJAIOThCS IOPSA 13 KPEMHIEBUMHU Ta
TepMaHI€EBUMH TEXHOJOTISIMU SIK KJIIOYOBI MaTepiajad JUisi CTBOPEHHS KOMIIAKTHUX CIHEKTPOMETPIB,
CEHCOpPIB Ta3iB i OlOMEIMYHUX [IarHOCTHYHUX CHUCTeM. l[IpakTW4Hi IOCIHiPKEHHS 30Cepe/PKeHi Ha
3HW)KEHH1 ONTHYHMX BTPAT Y XBUJIIEBOAAX, ONTUMI3allii TEXHOJIOT1H OCaIKeHHS Ta TPaBJICHHS, a TAKOX Ha
iHTerparii 3 mid-IR mkepenaMu BUITPOMIHIOBaHHS, 30KpeMa KBAHTOBO-KacKaJHUMH Jiazepamu [20; 21].

OxpeMuil 1 IIBMAKO 3pOCTAIOUM HaAOpsAM IIOB’SI3aHUHM 13 BHUKOPHCTaHHSAM  (Pa303MiHHHX
XaJIbKOTeHIJTHUX MaTepiajiB B ONTHYHUX 1 POTOHHHUX NpUcTposx. [lepexin Mix aMop(hHUM 1 KpHCTaIIYHUM
CTaHAMH CYNPOBO/KYETbCS 3HAYHOIO 3MIHOI0 ONTHYHUX KOHCTAHT, IO JO3BOJISIE CTBOPIOBATH
nporpaMoBani ()OTOHHI €JIEMEHTH, Taki sK (a3oBi MOAYISATOPH, TEpeMHKadl Ta peKOH]IrypoBaHi
pesonatopu. Ha BigMiHy BiA €JIEKTPOHHOI mam’sTi, TYT OCOONMBO IIHY€ThCS 3JAaTHICTh Martepianry
30epiraTd 3aJaHUi ONTHUYHUN CTaH 0€3 JOJATKOBOI'O CHEPrOCIOKHMBAHHS, IO BIAKPHBAE MUIAX JO
eHeproe(pekTUBHUX (OoTOHHHX cxeM [17]. JochmimKyrThCs TaKOXK albTEPHATUBHI METOIU OOpOOKH,
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30KpeMa PO3YHMHHI Ta HU3bKOTEMIIEpaTypHi TEXHOJIOTi popMyBaHHS ONTHYHHUX (a303MiHHHUX TUTIBOK, SIKi
MOXXYTh OyTH IPHUBaOIMBUMH JJIs MacIITaOHOTrO BUPOOHHUIITBA [22].

Xoua OCHOBHA yBara B €JICKTPOHILII 30Cepe/keHa Ha €JIEKTPOHHOMY NEPEHECEHH1 3apsiay, BapTo
BiJ3HAUUTH W CYMDKHHH HampsM BUKOPUCTAHHs XaIbKOTCHIIHMX CKJIOMOMIOHMX MaTepialiB sK iOHHHX
MPOBITHUKIB Y TBEPAOTUILHUX akymylsitopax. CynbdinHi cuctemu Ha ocHOBI Li2S—P»Ss Ta MoaudikoBani
CKJIaTH JTEMOHCTPYIOTh BHCOKY 10HHY MHPOBITHICTH 1 XOPOIIY TEXHOJIOTIYHY CYMICHICTB, IIO POOUTH iX
NEPCHEKTUBHUMH I KHUBJICHHS aBTOHOMHHX €JIEKTPOHHUX 1 CeHcOpHUX mnpuctpoiB [23]. Xowa mi
Marepiaiy HE BHKOHYIOTH Oe3mocepeaHho (YHKINIH aKTUBHUX CJIEMEHTIB PaliOCICKTPOHIKH, BOHH
(hopMyIOTh MaTepiadbHy OCHOBY JUISI IHTETPOBAHUX E€JICKTPOHHHUX CUCTEM HOBOTO ITOKOJIIHHS.

CtpiMKHH PO3BUTOK iH(OPMALIHUX TEXHOJIOTiH, CIPSIMOBAaHMHA HAa MiABHIIEHHS MIBHIAKOMI]
00pOoOKM NaHMX Ta MOJAJNbINY MiHIATIOPHU3aLil0 KOMIIOHEHTIB, MPU3BOAUTH A0 TOTO, L0 TpaguLiiHa
KpPEMHI€BA eNIEKTPOHIKA HAOMIKAETHCS 10 PyHIaMeHTaNbHUX Qi3nuHuX 0OMexeHs. Lle cripusie akTHBHOMY
MOLITYKY HOBHX MaTepiajibHUX IUIaThopM, sKi 3a0e31eUyoTh e()eKTUBHY B3a€EMOIII0 MiXK €IEKTPOHHUMHU
Ta (OTOHHUMH IIPOLECaMH B IHTETPOBAHMX CHCTEMax. 30KpeMa, XalbKOIeHiJHI CTeKJa, JIEroBaHi
piIKO3eMeNbHUMH i0HaMu, TakuMmu gk epOiit (Erd"), posrnsagaroTscs Sk IMepcreKTHBHMI Matepian uls
(hOTOHHMX MPUCTPOIB BUCOKOT MPOAYKTHBHOCTI. Taki cucTeMu JOCTIKYIOThCS K TIOTEHITIifHA OCHOBA JJIS
IHTErPOBAaHUX XBWIEBIAHUX MiJCHIIOBAYiB Ta ONTHYHUX CCHCOPIB y ONMKHBOMY 1 CEpeAHBOMY
iHppauepBOHOMY IiamazoHax [24].

IoHu ep0Oir0 MarOTh BHYTPILIEHTPOBI ONTHYHI IIEPEXOIH, 10 BiAMOBIAAIOTH TOBKHHI XBUII OJHU3bKO
1,55 MKM — CIIeKTpasIbHiii 06J1aCTi, Jie ONTHYHI BOJIOKHA IEMOHCTPYIOTh HaiiHMK4i BTpatH. Lle po6uts Er¥*-
JIETOBaHI CepeJOBHUIIA KIIOYOBUMH JJIsl AKTUBHUX KOMIIOHEHTIB y TeIEKOMYHiKalisX. 30Kpema, B SKOCTi
TaKMX MaTepialliB MOJKHA BUKOPUCTOBYBaTH cynbdiaHi Ta cenenigui XCH.

Ha puc. 1 mnpeacraBieHo CHEKTp (OTONMIOMIHECHCHIIT CKIOMOAIOHMX CIUIaBIB CHCTEMH
(X)(Er2Ses)-(100-X)(20 mon.%Ga Ses—80 mon.%GeSez). Sk BumHO, 3MiHa BMICTY 10HIB epOito Jae 3MOry
KepyBaTH I1HTCHCUBHICTIO JIFOMIHECIICHINII, IO CHPHUAE PO3MIUPCHHIO MOXJIHUBOCTEH iX MPAKTHUIHOTO
BUKOPHUCTAHHS.

E, eB

0,850 0.825 0,800 0,775 0,750
200 :

180 + a

I
160 | /
140 | X2
- X=1 5 2 25
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100 | X=0.1 .

80 |

IHTEHCHBHICTB, BIJIH.OHH.

60 |-

40 |

1440 1480 1520 1560 1600 1640
A, HM
Puc. 1. a) Cnextpu doTonominicueHuii ckiaonoaionnx cniasis cucremu (X)
(X) (Er2Ses) - (100-X) (20 Mmo1.% GazSes - 80 mou1.% GeSey); 0) 3a/eKHicTh iHTEHCMBHOCTI
JioMiHicueHuii B Makcumymi (~1530 um) Bin konuentpauii Er.Ses, mou.%. Temneparypa
pumiproBannsn 298 K [25].

Inrerpanist ep6iro Oe3mocepenHBO B XaJbKOTCHIIHI MaTpPHUIl J03BOJISIE CTBOPIOBATH KOMIAKTHI
XBHWJICBI/IHI MiICMIIIOBaYi, 0 MOXYTh OyTH peanizoBaHi Oe3MocepeHbO Y CBITIOBOAAX Ha KPEMHIEBUX
yumax. Taki MICWIOBa4l IEMOHCTPYIOTh CYTTEBHU Koe(iIi€HT MiACHIIEHHS B Aekinbka ab/cm y C-
niarazoni (6i1s 1,54—1,55 MKM), 1110 T ATBEPIKYETHCS €KCIIEPUMEHTATBHUMHE TaHuMU [26]. Lle oco0amBo
BJIMBO UL PaaioPOTOHHUX CHUCTEM, JI¢ PaJiov4acTOTHI CHTHAIM TEPENalOThCs Ta OOpOOISIIOTHCS B
ONTHUYHOMY JOMEHI, 110 J03BOJISIE CYTTEBO 3MEHIIMTH PIBEHb CIIEKTPOMArHITHHUX 3aBajl 1 3a0€3MeYnTH
3HAYHE PO3IIUPEHHS CMYTH MPOITYCKaHHS, 30KpeMa JJIsl Mepex ctaHnaptiB 5G Ta nepcrnekTuBHUX 6G.
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Ha cphorojni akTHBHI XaJabKOTEHIHI MaTepiad 3aCTOCOBYIOTHCS y HU3Il MPIOPUTETHUX HAYKOBO-
TEXHOJIOTIYHUX HampsMiB. B iHTerpajbHii (OTOHIII BOHM BUKOPHUCTOBYIOTHCS JIs peatizaliii ONTHYHUX
MiACWIIOBAYIB 1 KOMYyTalillHUX €JeMEHTIB y LEeHTpax OOpOOKH JaHHX, NI¢ IIBHUAKOCTI NepeJaBaHHS
iHpopmanii gocsaraoTe TepabitHoro piBHA [27]. YV cdepi ceHCOpHKH Ta cHCTEM HIYHOTO OadeHHS
MPO30PICTh XaIBKOTEHITHIUX CTEKOJI Y CepeTHbOMY iH(ppadepBOHOMY Jliala30H1 Ja€ 3MOTY CTBOPIOBATH
JIa3€PHI CEHCOPH 3 BHCOKOIO CIEKTPAJIbHOIO YyTJIMBICTIO, IPUIATHI /IS ACTEKINI ra30BUX JAOMIIIOK a00
BUKOPHUCTAHHS B HaBiraiiHuX i npuUijibHUX cucteMax [28]. OkpeMuil iHTepec CTaHOBIATH HeHpoMopQHi
00YHCITIOBANIBHI cUCTEMH, Jie (a30Bi MEpexXo i B XaIbKOTEHIIHUX CTPYKTYpax MiJ| JIi€l0 eIeKTPHIHOTO
CTpyMy a00 ONTHYHOTO BHUIIPOMIHIOBAHHS JIO3BOJISIOTH pealli3yBaTh €JIEMEHTH Mam’siTi, (yHKIIOHATHHO
nmo1i0Hi 10 OioIOTiYHUX HEUPOHIB [29].

Pazom i3 TuM, @pakTU4YHE BOPOBAKEHHS XaJbKOTCHIIHMX CTEKOJ, JICTOBaHUX epOieM,
CYIIPOBOKYETHCSA HHU3KOK TEXHOJIOTIYHMX TPYIHOIIB. KIl04oBOIO mpoOIeMOI0  3aIMIIA€ThCS
HEOOXiAHICTh MIMOOKOr0 OYUILECHHS MaTepiaiy BiJ AOMIIIOK KHCHIO Ta T1APOKCHIBHUX IPYII, SIKi HABITh Y
HAJ3BUYAIHO MalliX KOHIEHTPAIiSX MPU3BOAATH 0 CYTTEBOTO MPHUTHIYCHHS JIOMIHECIICHINII 10HIB Er¥*
[28]. KpiM TOTO, TpHWBAIOTH MOCHIKEHHS, CIPSIMOBaHI Ha TiJABUIICHHS MEXaHIYHOI HaAIMHOCTI Ta
TepMiuHOI CTaOUTFHOCTI XadbKOTCHIIHUX CTPYKTYP 3 METOI0 ix cymicHocTi 31 ctangaptHumMu CMOS-
TEXHOJIOTIsIMH BUPOOHHUIITBA MIKPOEJIEKTPOHHUX cxeM [29].

BucnoBku. IIpoBeaecHmii aHami3 MATBEPIKYE, IO XaTbKOTCHIAHI CTEKJIa CHOTOOHI €
(yHIaMEHTAIBHOW IUIATGOPMOI I PO3po0KH eHeproHesanexHol mam’sti PCM Ta HeipomopdHHX
cucreM, 0 0a3yrOThCs Ha 3JaTHOCTI MaTepiany 0 MIBUAKMX (a30BHX MEPEXOAiB. 3aBISKM YHIKaJIbHIH
npo3opocti B [Y-miana3oHi Ta BHCOKOMY MOKAa3HHMKY 3aJIOMJICHHS I CIIOJIYKH BiIKPHBAIOTh LUISIX [0
CTBOPEHHSI HAIYYTIUBHX CEHCOPIB 1 KOMMAKTHOI iHTerpanbHOi (oToHikH. OcoONuBY IIHHICTH Ma€
JIeTyBaHHSI MaTPUIlb iI0HAMH epOifo, sIKEe JI03BOJISIE BUTOTOBIISATH €)EKTUBHI XBUIICBIIHI MiJICHIIOBAYl JUIs
ontnyanx Mepex S5G/6G OesmocepenHhO Ha KpeMHieBHMX uwmmax. Kpim Toro, amopdHa mpupoaa
XaJIbKOTEeHIIIB POOUTH iX MEPCIEKTUBHUMHM JJISi THYYKOI €JIEKTPOHIKA Ta HOBHUX THIIIB TBEPAOTUIEHHX
aKyMyJIITOPIB. Y MiJCYMKY, YCIIIIHA KOMEpIIiami3allis TaKKMX IPUCTPOIB IPSIMO 3aJICIKUTh BiJl BUPIIICHHS
TEXHOJIOTIYHUX MpoOJeM OUYMIIECHHS CHPOBUHHM Ta 3a0€3MEUCHHS TEPMIYHOI CYMICHOCTI 3 Cy4aCHHUMHU
CMOS-nporiecamu.
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Jhyybkuti HayionanbHull MexHiyHUll yHigepcumem

ABTOMATHU3AIIA CTBOPEHHS 3AJAY 3 MATEMATHUYHOI'O AHAJII3Y

Y yiit cmammi pozwupeno gpynxyionanvnicmo cucmemu LaTeX ona asmomamuunozo cmeopenns mamemamuyHux
eupazie meopii 2panuys MamemMamuino20 ananizy memooamu npozpamyeanns moeoto LaTeX. IIpu yvomy cmeopeno nogi
Komanou. Cmeopeni nogi KOMaHoOu RPUCKOPIOIOMb CIEOPEHHA MA OHOB/IEHHA MAMEMAMUYHUX OOKYMEHmIe i 3a0e3neuyioms
ZHyuKicmb 3minu napamempie. Lli Komanou moxcymov Oymu 6uKOpucmaui O0na Rni020MO6KU HAYKOGUX nyOnikauiil ma
HABYAILHUX MaAmepianie 3 MaMeMamuyHozo anaisy.

Knrwuogi cnosa: LaTeX, asmomamuzayis, KoManou, epanuyi, MamemamuyHuil ananis.

H.M. Hubal

AUTOMATION OF THE CREATION OF PROBLEMS IN MATHEMATICAL
ANALYSIS

In order to automatically create mathematical expressions for mathematical analysis, in particular mathematical
expressions for the theory of limits, it is advisable to use the LaTeX programming language. In this article, the functionality of
the LaTeX system was expanded to automatically create mathematical expressions for the theory of limits of mathematical
analysis through programming methods using the LaTeX programming language. New commands were created. The created
new commands accelerate the creation and updating of mathematical documents and provide flexibility in changing parameters.
The created new commands can be used to prepare scientific publications and educational materials on mathematical analysis.

Keywords: LaTeX, automation, commands, limits, mathematical analysis.

Formulation of the problem. The modern stage of the development of mathematics is characterized
by a growing need for the automation of data processing, calculations, and document creation. One of the
main sections on mathematical analysis is the theory of limits that is used in the sections on mathematical
and functional analysis, and other disciplines.

Existing approaches to creating problems in the theory of limits mainly use manual mode. This
restricts the variability of parameters and the flexibility of their change and complicates the systematic
analysis of the structure of problems.

In order to automatically create mathematical expressions, in particular expressions for the theory of
limits of mathematical analysis, it is advisable to use the LaTeX programming language. The LaTeX system
supports random number generation, which makes it possible to automate the creation of mathematical
expressions.

The relevance of this investigation is the need to create algorithms for automatic generation of
mathematical expressions for the theory of limits of different levels of difficulty. This will simplify and
accelerate the work of scientists, educators, and students.

The aim of this investigation is to create new commands for the automatic creation of mathematical
expressions for the theory of limits in the LaTeX programming language in the LaTeX system.

Analysis of recent research and publications. The LaTeX system is a sophisticated system for
creating scientific and educational documents and for performing computations [1-7]. Researchers conduct
their research in the LaTeX system creating complex formulas and performing complex formatting in their
publications [8-14]. The LaTeX programming language can also be used in learning management systems
to improve the quality of education [15-20].

The built-in commands in the system core and the ability to create new commands in the LaTeX
system enable to automate the creation of scientific and educational documents of different levels of
difficulty and to automate the execution of computations [6], [21-24].

The issues of automating document creation and computations in the LaTeX system are relevant and
important [6], [21-26]. Automation in the LaTeX system simplifies and accelerates various computations,
the creation and updating of documents, reduces program code, provides a logical document structure and
flexibility in changing parameters [6], [27-36].

Main results. In the LaTeX system, we will create new commands for automatic creation of
mathematical expressions for the theory of limits of mathematical analysis.

To do this, in the LaTeX document of the article type, we use the amsmath package (this package
creates mathematical formulas) and the amssymb package (this package includes additional mathematical
symbols). We also use the TikZ package for using "\foreach™ loops and for computations using "\pgfmath".
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Let us create a new command “\limitcompare™ that takes one argument (the number of problems).
This command generates a limit with the expressions that need to be compared. In this command, we
organize the number of problems by looping. Using the “\pgfmathparse® command, we compute a
mathematical expression by generating a random integer from 2 to 9 with the “random(2,9)° command. We
store this result in the “\pgfmathresult™ variable. We copy the value of this variable into the variable
“\nmbfirst’. Similarly to the previous one, we generate the second random integer from 2 to 8 and store the
result in the "\nmbsecond" variable. We generate the third random integer from 1 to 9 and store the result
in the "\nmbthird" variable.

We print the problem by creating the “\item" of the enumerated list. The "\item" will be printed inside
the enumerate environment that we write in the body of the LaTeX document.

The program code of this command is shown in Fig. 1.

‘documentclass[adpaper,12pt]{article}
\usepackage{amsmath}
\usepackage{amssymb}
‘usepackage{tikz}

\newcommand{\limitcompare}[1]{%
“foreach \i in {1, ..., #1} {

\pgfmathparse{random(2,9)}
\lethnmbfirst=\pgfmathresult

\pgftmathparse{random(2,8)}
\let\nmbsecond=\pgfmathresult

‘pgfmathparse{random(1,9)}
\let\nmbthird=\pgfmathresult

\item Find the limit “\(\displaystyleMlim_{n \to
\infty} Mrac{\nmbfirst - “nmbfirst\cdot\nmbsecondA{n+1}}
{(A\sgrt{\nmbsecond})"n+er{n+\nmbthird}}\)

1
3

Fig. 1. The creation of the "\limitcompare™ command

Let us create a new command “\limitirrat™ that takes one argument. This command generates a limit
with irrationalities. Similar to the previously created command, in the loop, using the “\pgfmathparse
command, we compute the mathematical expression by generating a random integer from 2 to 9 with the
‘random(2,9)" command. We store this result in the "\pgfmathresult™ variable. We copy the value of this
variable into the "\nmfirst™ variable.

In this problem, we compute the expression “\nmfirst *2" and return the result using the "\numexpr’
command, and convert the result of the computing to text using the "\the® command. The "\relax” command
completes this computing.

We print the problem by creating the "\item" of the enumerated list.

The program code of the "\limitirrat” command is shown in Fig. 2.

‘newcommand{\limitirrat}[1]{%

\foreach \i in {1,..., #1} {

\pgfmathparse{random(2,9)}
Vetwnmfirst=\pgfmathresult
\item Find the limit \(\displaystyleMlim_{n \to \infty}

Veft(ANrac{1}{\sqrt{nr2+\nmfirst}}+\frac{1}{\sqrt{n"2+
“thelvnumexprinmfirst* 2\relax}}+\cdots+\frac{1}{\sqrt{n”r2+
\amfirst n}isright)\)

¥
3

Fig. 2. The creation of the "\limitirrat" command

Let us create a new command “\limitparam™ with one argument. This command generates a limit with
a parameter. In a loop using the “\pgfmathparse® command, we compute the mathematical expression by
generating a random integer from 2 to 19 with the “random(2,19)° command. We copy the result stored in
the “\pgfmathresult™ variable into the "\nmrfirst™ variable.

Similarly, we print this limit with the \item™ of the enumerated list.

The program code of the “\limitparam™ command is shown in Fig. 3.
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\newcommand{\1limitparam}[1]{%
\foreach \i in {1,...,#1} {
\pgfmathparse{random(2,19)}
\let\nmrfirst=\pgfmathresult
“item Find the limit \(M\displaystyle\lim_{n “\to \infty}
Asgqre[n]{irdinmrfirst}+2A\nmrfirst}+3r\nmrfirst}+
\edots+nA{Anmrfirst}+ur{2n}}\)
}
}

Fig. 3. The creation of the "\limitparam™ command

Let us create a new command “\limitsmall” with one argument. This command generates a limit with
an infinitesimal sequence. Similarly to the previously created commands, in the loop, we compute the
mathematical expression by generating a random integer from 2 to 9 and copying the result into the
“\nmbrfirst™ variable. Similarly, we create and copy the generated random integers from 10 to 15 and from
8 to 16 into the "\nmbrsecond" variable and the \nmbrthird" variable respectively.

We print this problem with the \item™ of the enumerated list.

The program code of the “\limitsmall" command is shown in Fig. 4.

“\newcommand{\limitsmall}[1]{%
\foreach \i in {1,...,#1} {
\pgfmathparse{random(2,9)}
\ethnmbrfirst=\pgfmathresult
\pgfmathparse{random(10,15)}
\let\nmbrsecond=\pgfmathresult
‘\pgfmathparse{random(8, 16)}
“Nletywnmbrthird=\pgfmathresult
\item Find the limit “(\displaystyle\lim_{n “\to \infty}
Arac{Asin({n~{\nmbrthird} -\nmbrfirst})}{\sqrt{nA{\nmbrfirst}
+nr\nmbrsecond} }}\)

3

Fig. 4. The creation of the "\limitsmall" command

In order to generate different random integers after each compilation of the LaTeX document (at
different times), we configure the random number generator in the body of the LaTeX document using the
“\pgfmathsetseed” command of the TikZ package.

We invoke the “\limitcompare command by giving it the parameter "2". As a result of compilation,
this command generates two limits with mathematical expressions that need to be compared.

We invoke the “\limitirrat” command by giving it the parameter "2°. As a result of compilation, this
command generates two limits with irrationalities.

We invoke the "\limitparam™ command by giving it the parameter “3". As a result of compilation, this
command generates three limits with a parameter.

We invoke the “\limitsmall® command by giving it the parameter "2, As a result of compilation, this
command generates two limits with infinitesimal sequences.

The program code in the body of the LaTeX document with the invocations of the created commands
is shown in Fig. 5.

The program codes shown in Figs. 1-5 generate the result shown in Fig. 6.

Conclusions. In this article, the new commands “\limitcompare, "\limitirrat’, "\limitparam’, and
Alimitsmall™ that automatically create mathematical expressions for the theory of limits of mathematical
analysis were created.

The created new commands accelerate the creation and updating of mathematical documents and
provide flexibility in changing parameters.

These commands can be used to prepare scientific publications and educational materials on
mathematical analysis.

Thus, in this article, the functionality of the LaTeX system was expanded to automatically create
mathematical expressions for the theory of limits of mathematical analysis.
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\begin{document}

\section*{Problems in Mathematical Analysis}

\pgfmathsetseed {\number\numexpriyear*10000+\month*100+\day+
\time\relax}

\subsection*{Example of using the \texttt{\textbackslash
limitcompare} command}

“begin{enumerate}
“limitcompare{2}
‘end{enumerate}

\subsection*{Example of using the “texttt{\textbackslash
limitirrat} command}

\begin{enumerate}
\limitirrat{2}
‘end{enumerate}

\subsection*{Example of using the \texttt{\textbackslash
limitparam} command}

\begin{enumerate}
Nlimitparam{3}
‘end{enumerate}

‘subsection*{Example of using the ‘texttt{\textbackslash
limitsmall} command}

“begin{enumeratel}
Nlimitsmall{2}
‘end{enumerate}

‘end{document}

Fig. 5. The program code in the body of the LaTeX document with the invocations of the
created commands

Problems in Mathematical Analysis

Example of using the \limitcompare command

i i 3-—3.5"!
1. Find the limit lim ————
no (yfB)n 4 ents

2. Find the limit lim
n—#o0 'j_‘\,n" \SJ

Example of using the \limitirrat command

1. Find the limit lim

1 1 1
—_t 1t —
b (\,-"?’!2 +3 Vnt+6 vt 3n)

2. Find the limit lim

1 1 1
I + ...+
n—4oo («Irﬁ 5 4/m2+10 n? 4 511)

Example of using the ‘\limitparan command

1. Find the limit lim 118 4 218 4 318 4 ... 4 pl6 4 y42n
n—*00

2. Find the limit lim %17 +274+37+---+n7 + u?
n—$on

3. Find the limit lim 1% 4 2194 310 4 ... 4 10 4 2"
n—so0

Example of using the \1imitsmall command

I TR
. sin(n!* — 9)
1. Find the limit lim ———
oo 4/n? 4 nll

PRI TR

; gsin(n™* — 2)

2. Find the limit lim ————
nsca 4fn? 4 nl2

Fig. 6. The generated result
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JlHinposcorutl deparcasHuil aepapHo-eKOHOMIMHULL YHIgepcumem
HOBUMI OPT AHOILJTACTUK HA OCHOBI ®EHIJIOHY C-2

Bueueno mennoghizuuni, gizuxo-mexaniuni i mpubonoziuni enacmueocmi opzanonaacmuKky Ha 0CHO8L apomamuy-
HO20 noniamioy ¢heninon C-2, apmoeanozo apamionum 6010KHOM mepnon. Bcmanoeneno, wio apmysannsa noniamionozo
6’AJICYU020 60IOKHUCMUM HANOGHIO6aUeM Y Kinbkocmi 15 mac. % 003601u0 3nu3umu numomy mennoemMuicms nosimepy na
30-54% i niosuwgumu iozo mennonpogionicme 3 00HOUACHUM 3pOcmaHHAM Mmiynicnux xapakmepucmuk. Ilokasano, wo
PO3pO0ONEHUIl OP2AHONIACMUK MAE AHMUPPUKYIRHI enacmugocmi 30epicarouu 6 ymoeax ycix O00CHIONCEHUX pelcumMie
eKxcniiyamayii Hu3bKuil Koeghiyicnm mepms i BUCOKY 3HOCOCMINKICIb, W0 00360JIUNL0 PEKOMEHOYBAMU HO020 00 3ACMOCYBANHA
AK NIACMUK KOHCMPYKYIIIHO20 RPUHAYEHHA 015 Y3716 mepms MAuuH i Mexanizmie.

Knrouogi cnosa: apomamuunuii noniamio, peninon C-2, apamione 6010KHO, Op2AHONIACMUK, MENI0QI3UYHI 61ACMUBOCHII,
MIYHICHI NOKA3HUKU, KOeiyieHm mepmsi, 3HOCOCMIUKICMb, NAACMUK KOHCIPYKYIUHO20 NPUSHAYEHHS

O.P. Chigvintseva, 1.V. Rula, Ju.V. Boyko
NEW ORGANOPLASTIC BASED ON PHENYLON C-2

The thermophysical, physico-mechanical and tribological properties of organoplastics based on aromatic polyamide
phenylone C-2 reinforced with aramid fiber Terlon were investigated. It was established that reinforcement of the polyamide
binder with a fibrous filler in an amount of 15 wt.% made it possible to reduce the specific heat capacity of the polymer by 30—
54% and to increase its thermal conductivity, accompanied by a simultaneous improvement in strength characteristics. It was
shown that the developed organoplastic exhibits antifriction properties, maintaining a low coefficient of friction and high wear
resistance under all investigated operating regimes, which makes it suitable for recommendation as a structural plastic for
friction units of machines and mechanisms.

Keywords: aromatic polyamide, phenylone C-2, aramid fiber, organoplastic, thermophysical properties, strength
indicators, coefficient of friction, wear resistance, structural plastic

OcTaHHIM dYacoM 3 METOI CTBOPEHHS HOBUX TNONIMEPHHX KOMIIO3UTIB KOHCTPYKLIiHHOTO
MIPU3HAYCHHS IIIMPOKOTO 3aCTOCYBAHHS OTPUMANIM apOMATHYHI TTOJTiaMiId, 10 SKUX HAISKUTh (heniton C-
2. le# TuTacTUK BiAPI3HSIETHCS BHCOKOIO PoOoUor0 TerutocTiiikicTio (270°C), XiMIYHOIO 1HEPTHICTIO IO
OUTBIIOCTI OpraHiYHUX PO3YMHHHUKIB, BHCOKOIO MIIHICTIO, 3HOCOCTIMKICTIO, CTIHKICTIO A0 YAapHHX
HaBaHTAXXEHb, a TAKOXX TAPHUMHU TEIJIO- Ta MOPO3OCTIMKICTIO. 3a KOMILIEKCOM (hi3UKO-MEXaHIYHHX
BiacTHBOCTEeH (eHiton C-2 MoKe KOHKYPYBATH 13 CKJIOIUIACTHKAMH, MPUYOMY HOTO IiHHI BIACTHBOCTI
31aTHI 30epiratucs B iHTepBam temmepatyp Bix -70 mo +250°C.

Ockinbku cepell KOHCTPYKUIHHUX MaTepialliB apoOMaTH4HI MOJiaMigy XapaKTepU3YIOTbCsS JOBOJI
HEBUCOKUMHU 3HAYCHHSIMH TEIUIO- 1 TEMIIEPaTYPOIPOBITHOCTI, 1€ CIIPHSIE€ HAKOMUYEHHIO TeIia B poOOUYMX
opraHax i pyXxoMHuX 3’€JIHaHHSX I BIUIMBOM MEXaHIYHMX HaBaHTa)XCHb, 110 y 0arathboX BHIAJIKaX
MPU3BOAUTE 10 PO3BUTKY ACCTPYKLIMHUX MPOLECIB, SKi BUKIUKAIOTh KatacTpoiyHUK 3HOC BHUPOOIB i3
HuX. ['apHuii eQexT nominmeHHs BIacTUBOCTEH MoiaMiIHUX KOMITO3UTIB I0CATA€THCSI IPH BUKOPHUC-TAHHI
SIK apMYIOUOT0 HAITOBHIOBAaYA apaMiIHOTO BOJIOKHA MapKH TEPJIOH, SIKE Ma€ 3aTHICTh €KCILTyaTy-BaTUCS B
LIMPOKOMY TEMIIEPaTypHOMY iHTEpBaJli, BiAPI3HAETHCS BUCOKUMH TEPMO- 1 TEIUIO-CTIHKICTIO, TUTOMOIO
MIIHICTIO Ha PO3pPHUB, HU3BKOIO TEPMIYHOIO YCAJKOIO, 3aBISKH YOMY IIMPOKO 3aCTOCOBYETHCS SIK
KOHCTPYKIIHHHUN apMyIOUuil MaTepian B pi3HOMAHITHUX BHPOOAaxX TEXHIYHOTO MPU3HAYEHHS. YHIKaJIbHI
XapaKTepUCTUKHU apaMiIHOTO BOJIOKHA TEPJIOH MOSICHIOIOTHCSI KOMOIHAIII €10 JKOPCTKUAX MOJIE-KYJI TOTIMEpy
31 CTPOTrO OPi€EHTOBAaHMMH KPUCTAJAMHM, a TAaKOX CHJIBHOI B3Aa€EMOJIEI0 MIX JIAHIIOTAaMH TIOJIIMEpY, L0
CTBOPEHI BOJAHEBUMH 3B’ si3kaMu. Bigomo, 1110 apamijl CKIIaAaeThes 13 OCH30JIbHUX KiJIEIb, 3’ €IHAHUX OJIUH
3 ogauM uepe3 rpyny —~NH-CO—, oTke, Mi’k BOJIHEBUMH 1 KHICHEBUMH (parMEHTaMH CYCiJTHIX MOJIEKYJ
YTBOPIOIOTHCS MillHI MDXXMOJIEKYJISIPHI 3B’ I3KH, 110 3a0e31evye MiABUIIEHY XiMiYHY, MEXaHIYHY 1 TEpMiUHY
MIIHICTH BOJIOKHA.

3 MeTor0 cTBOpeHHs1 HoBoro opranomiactuka (OI1) 3 mokpameHuM KOMITJIEKCOM eKCILTyaTamiiHuX
XapaKTepUCTHK, apOMaTHIHHH nomiamin ¢eninon C-2 apMyBany apaMiJHUM BOJIOKHOM MapK{ TEpJIOH Y
kimpKocTi 15 mac. %. Kommosur orpumysanu “cyxum” crocoOoM, sIKMil MOJISraB y 3MillyBaHHI KOMIIO-
HEHTIB B €JICKTPOMArHiTHOMY TIOJIi, 110 00epTaeThes. [l IbOTO B PEakTop 3aBaHTAXYBaH MOPOIIKO-
noiOHKH ToJliMep, apaMiJjHe BOJIOKHO 1 HEpiBHOBICHI (epoMaruiTHi yacTuHkU. [lif BIIIMBOM eleKTpo-
MAar"iTHOTO TIOJIS, IO 00epTaEeThes, (PePOMArHiTHI YACTUHKN IHTEHCHBHO OOEpTAINCS, CTUKAIOUUCh MK
c00010, 110 320€3MeYII0 PIBHOMIPHHUH 1 XaOTHYHUHN PO3MOILT apaMiJHOTO BOJIOKHA Y TTOJIIMEPHIH MaTpHIIL.
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BuBueHHS TEI0(I3NIHUX XaPAKTEPUCTHK MOJIMEPHUX KOMIIO3UTIB € OJIHIEIO 13 HEOOXITHUX YMOB
BU3HAYEHHSI IX TEXHOJIOTIYHUX 1 EKCIUTyaTaliiiHAX BIaCTHBOCTEH, @ TAKOXK PEKUMIB EKCIUTyaTalii BUpoOiB
13 Hux. [lopiBHAIBHUN aHANi3 MaHUX TPOBEACHUX TEIUIODI3WYHUX MOCTIIKEHb CBIMYWUB PO Te, IO
apmyBaHHs GeHUToHY C-2 apaMiTHUM BOJOKHOM JIO3BOJIMJIO 3HU3UTH WOTO MMUTOMY TETUIOEMHICTE Ha 30-
54% (puc. la). 3okpema, B JOCHi[PKEHOMY TemmeparypHoMy iHTepBam (323-623 K) rtemnoeMHicTh
¢eninony C-2 3naxoaunack B Mexax 0,86-1,66 k/x/kr - K, B Toit yac sk mist OIl BoHa 3MiHIOBaJach 3
nigBumieHHsM temreparypu Bix 0,6 no 0,77 x/Dx/kr - K. [opsa 3 mum, criocTepirajgoch 3pOCTaHHS
KoeilieHTa TemIonpoBiAHOCTI (puc. 10) moniMepHOro B’spKY4Oro, IO MO3UTUBHO BIUIMHYJIO Ha 3MiHY
Horo TpuOOJIOriYHUX BIACTHBOCTEH, OCKUIBKM 3a0e3MevyBasio MOKPALICHUH TEIUIOBIABIN 13 30HU TEpPTS
3pa3KkiB 00YMOBITIOIOYH CTA0UILHUI €HEPTETHYHHI CTaH TPHOOCHUCTEMH.

Cp, klx/(krK) Foy Br/(m-K)

195 |

278 328 378 428 478 528 578 1. K

a- 107, mc

Puc. 1. TemmnepaTrypHi 3aJIe;KHOCTI
NUTOMOI TemJI0EMHOCTI (a), KoediuieHTIB
TeJIoNpPo-BiTHOCTI ©) i
TeMNepaTyponpoBigHOCTI
(B) ¢eniziony C-2 (1) i opraHomiacTuka Ha
#oro ocHoBI (2)

Pospobmennit OIl MaB TakoX TOKparmieHi ¢i3uko-MexaHiuHi BiacTuBOCTI (Tadn. 1). 3okpema,
CIIOCTEPIraioch 3pOCTaHHSI MIKpPOTBEPJOCTI, MOAYIMS HPY>KHOCTI 1 Mexi TekydocTi npu ctiucHeHHi OIl y
MOPIBHSHHI 13 BUXITHUM IOJIIMEPOM.

Tabn. 1.
®dizuko-MexaHiuHi BjaacTuBocTi ¢peHisiony C-2
i opranomiacTuka Ha Horo ocHOBI
i - 0
' Marepian Perinon C-2 C-2 + 15%
Bunactupocri TEPIIOHY
MIiKpOTBEpIiCTh 36,07 50,03
Meska TekydocTi npu ctucHeHHi, MIla 215,3 250,1
Moayas npyxxHocti, MIla 3273,9 3855,0
BigHocHa nedopmartist mpu ctucHeHHi, % 13,17 10,63

Tpubomoridai BIACTHBOCTI KOMIIO3UTY CYTTEBO 3aJI€Kalld BiJ EKCIDIyaTalliHHUX IapaMeTpiB:
MiHIMaTbHUN KOe(iLi€HT TEPTSI B yCbOMY IOCTIIKEHOMY 1HTEpBaji HABAHTAXCHb MaJlU 3Pa3KH, JJISl SIKHX
3I1ACHIOBAJIOCH TEPTSI 110 CTAIbHOMY KOHTPTIY B yMOBaX IIBHIKOCTI KOB3aHHs v = 1,5 m/c (puc. 2a, kpuBa
2), ofHaK iX 3HOCOCTIHKICTh Pi3K0 3MeHIyBajach npu HaBaHTaxeHHi P = 0,8 MIla.

B ymoBax TepTs 3a MakCHManbHOI IIBUIKOCTI KOB3aHHA (v = 2,0 M/c) Koe(illieHT TepTs Pi3KO
3pOCTaB 3 MOCHIICHHSAM HAaBaHTaXKyBaJbHOI'O PEKUMY, a 3pa3ku KaTtacTpodiyHo crupaiucs (puc. 2a i 0,
kpuBa 3). [Ipu 1bOMy iHTEHCHBHICTB JIiHIMHOrO 3HOIIYBaHHs 36inbmmuack Big 0,68 mo 15,1 - 108, a
Marepian 30epiraB CBOIO Tpare3aaTHICTh 10 HaBaHTaxeHHs P = 0,5 MI]a.
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B yMoBax JKOpPCTKHMX pEXHMIB eKCIUTyaTallii Ha MOBEpXHI KOHTPTUIa PO3BUBAJAChH IIiABHITICHA
TeMIeparypa, o MPHU3Beo A0 3017b-IIeHHs aAre3ii MK MOBEPXHAMH, IO TPYTHCS, 1 K HACTIIOK — 10

CYTTEBOTO ITiIBUINCHHS IHTCHCUBHOCTI JIHIHHOTO 3HOITYBAHHSI.
I 10

fr 35 ¢
0,13 i —u._\l
50 A -

0,12 | 15

L

0,11

0.1

0,09 r

0,08 L - L L 0 - - - *
0.2 03 0.4 0.5 0.6 0.7 P, Mlla 0.2 0.3 0.4 0.5 0.6 0,7 P, Mlla

Puc. 2. BnuinB MUTOMOT0 HABAHTAKEHHA Ha Koe(ilieHT TepTA (a) i iHTeHCHBHICTH
JIiHiifHOT0 3HOIIYBaHHA (0) 3pa3KiB OPraHoOMJIACTHKY, J0CTiAKEeHNX B YMOBAaX TepTs 0e3
3MallyBaHHA B YMOBax mBUAKocTell koB3anHs 1 (1), 1,5 (2)i 2,0 m/c (3)

Cnig 3a3HauwTH, 10 3HOmIIyBaHHs 3paskiB OIl BimOyBanochk BHACHIOK BTOMIIIO-BaIbHOTO
MEXaHI3My pyHHYBaHHS: B IPOIIECi 30BHIIIHBOTO TEPTS CIOCTEPIralioch Oaratopa3oBe nedop-MyBaHHS
HOJTiMEpy B OKPEMHUX MICIIX (PPUKLIHHOTO KOHTAKTY, IO NPU3BOAMIO IO PyWHYBaHHS Ta IOJAJIBIIOTO
BIITUIEHHST MaTepiany. 3a MiHIManbHOI IMIBHAKOCTI KoB3aHHs (v = 1,0 m/c) 3pasku OIl crabiabHO
MPaLIOBAIY B yChOMY AOCIIIPKEHOMY 1HTEpBajl HAaBaHTa)KEHb MAIOUM HU3bKi 3HaUeHHA Koe(illieHTa TepTs
(0,10-0,13) i inTencuBHOCTI NiHiiiHOrO 3H0myBanus (In = 0,6-7,7 - 10°%).

B pesynbprati TpHOOIOTIYHUX TOCIIIPKEHb BCTAHOBJICHO, 0 po3podienuii OI1 mMaB OibI HU3BKI
3HA4YeHHS KoedilieHTa TepTs MOPIBHAHO i3 BHUXIAHUM IOJIMEPOM, JUIS SIKOTO BKa3aHHH IMOKA3HUK
3HaxoauBcs B Meskax 0,21-0,17 B 3a51eKHOCTI BiJ yMOB eKcIutyaTaii. Sk i a1 unctoro ¢eninony C-2, aus
OII kparumMu yMOBaMu ISt cTa0iIbHOT poO0oTH Oyiin HaBaHTakxeHHs 10 P = 0,8 MIla (npu v = 1,5 M/c) Ta
a0 P= 0,65 MlIla (mpu v = 2,0 m/c) [1-3].

OTxe, B IUTOMY, CJIiJT 3a3HAYHTH, 110 pO3pOOIECHUHN TOJIIMEPHUH KOMIIO3UT Ha OCHOBI (peHiTOHY C-
2 1 apaMigHOTO BOJIOKHAa TEpJIOH Ma€ IMOKpalleHI aHTU(QPUKLiHHI BIACTHUBOCTI 30epiraloyu HHU3bKHUHA
koedimient Tepts (f = 0,09-0,13) Ta BHCOKY 3HOCOCTIHKiCTh (IHTGHCHBHICTH JIIHIHHOTO 3HOIIYBAHHS
Ih = 1,2-7,7 - 10°®), mo mo3BoMMIIO HOTO PEKOMEHIYBATH 0 3aCTOCYBAHHS K IUIACTUK KOHCTPYKLIHHOIrO
TIPU3HAYCHHS JJI BY3JIiB TEPTS MAIIMH 1 MEXaHI3MiB.
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ONTUMIBALIA MPOLECY I'A30JIA3EPHOI'O PI3AHHSI KOHCTPYKIIMHUX
MATEPIAJIIB IIOTYKHUM BUITPOMIHIOBAHHAM ITPU MOJAEJFOBAHHI 3A
IHOBHO®AKTOPHUM EKCIIEPUMEHTOM

Po3zznanymo ma eupiuwieno 3a0auy cmeopeHHA CRPOULEHUX MAMEMAMUYHUX mooeneil y popmi pezpeciiinux pienans,
RNPU3HAYEHUX 01 6USHAYEHHA ONMUMANLHUX WIEUOKOCM el 2A30/1a36PHO20 PI3AHHA MAN0GY2IeUesUX | HepHCAGIIoUUX cmaell
Pi3noi moswunu npu podomi na n1a3epHUX yCMAHOBKAX NOMYMCHIcMIO 00 6 KBm. Ananiz nodyoosanux mooeneii noKa3ae
Habip pakmopie, wio HalidinbULe 6NIUBAIOMb HA ONMUMATILHY WIGUOKICIY PI3AHHA maKux cmanei. Pezynomamu po3paxynkie
nOOAHO y 8U2nA0i madauyi, W40 0A€E MONCTUGICING GUHAUAMU PEHCUMU PI3AHHA JIUCMIE MOBUWUHOIO 6i0 3 00 12 Mm.

Knrouosi cnosa: nasep, easonasepue pizanns, Manogyeneyesa ma Hepicasilona cmaib, ONMUMAIbHA WEUOKICb PI3aHHS,
Mamemamuina pezpeciiina Mooens.

M.V. Romanenko, O.D. Kagliak, V.V. Romanenko

OPTIMIZATION OF THE PROCESS OF GAS LASER CUTTING OF STRUCTURAL
MATERIALS WITH POWERFUL RADIATION IN MODELING BY FULL-FACTOR
EXPERIMENT

Considered and resolved the problem of creating simplified mathematical models in the form of regression equations
used to determine the optimal speeds for gas laser cutting of low-carbon and stainless steels of various thicknesses when
operating on laser equipment with a power of up to 6 kW. The aim of the research was to determine the influence of key
technological parameters of the gas laser cutting process on the choice of the optimal processing speed for steel sheets with
different thicknesses in the conditions of multifactorial experiments. As a result of these experiments, regression mathematical
models of the gas laser cutting process for low-carbon and stainless steels were obtained, confirming the possibility of achieving
high cutting productivity with simultaneous ensuring of the proper quality of the processed edges. For practical convenience of
use, the results of calculations of optimal cutting speeds for low-carbon and stainless steels depending on the studied
technological parameters are presented in the form of a table, which makes it possible to quickly and conveniently determine
the regimes of gas laser cutting of sheets with a thickness of 3 to 12 mm.

Keywords: laser, gas laser cutting, low-carbon and stainless steel, optimal cutting speed, mathematical regression model.

IMocTanoBka mpodJiemu. [Tonpu uncieHH1 mepeBary 3aCTOCYBaHHS CIEIiaTi30BaHOTO 00JIaTHAHHS,
BCE K TPUBAIOTH CIIPOOH CTBOPEHHS Ta BIIPOBAKEHHS YHIBEPCATHHUX IHCTPYMEHTIB. OTHUM 13 MOYKITHBUX
pillieHb € BHUKOPHCTAaHHA OJHOTO ¥ TOTO 3K Jia3epa B PI3HMX TEXHOJOTIYHHMX omnepauisx. [lomut Ha
OaraTo(yHKI[IOHAIILHUH 1 THYYKHH IHCTPYMEHT BiZIKpUBAE JUIsI JIa3epiB 3HauHI nepcrnektusd [1]. Bognouac
MPOBIIHI MO3MIII i Hamam yTpUMye Ja3epHe pi3aHHs, Ha sike mpumanae 41% 3acToCyBaHHS Ja3e€pPHOTO
obmaguanus [2,3].

AHani3 octanHix aociaimkeHb i myOJikauiii. B octaHHii yac mMpOKe 3aCTOCYBaHHS OTPUMAIIN
BOJIOKOHHI JIa3epH, IO BII3HAYAIOTHCSI BHUCOKOIO SKICTIO IPOMEHS Ta CTBOPIOIOTH HOBI MOJKIIMBOCTI
00poOKM, SKi paHille 3aTUMMIACI HEIOCSHKHUMH TIPH  poOOTI 3 TpaAMIIHHAMH Ta30BHM Ta
TBEPIOTIILHUMH JlazepaMu. CbOro/iHi OUTBIIICTh BUMPOMiHIOBAYiB BOJIOKOHHHX JIa3epiB MPALIOIOTh SIK 13
(iKCOBaHMMH XapaKTEPUCTUKAMHU POMEHSI, TaK 1 3 BAKOPUCTAHHSIM 3yM-OIITHKH YU JOPOTHUX POKYCYIOUNX
TOJIOBOK, IO JIa€ MOXJIMBICTH KOMIIPOMICHHX pIMIEHh Y BHPOOHWYHMX NIPOIECax, JI€ BPaXOBYETHCA
Pi3HOMaHITHICTH MaTepialiB, TOBIIMH Ta TEXHOJOT1H [4].

VY cdepi nazepHUX TEXHOJIOTIH pi3aHHS 32 OCTaHHI POKH CIIOCTEPIraeThcs MIMPOKE BUKOPUCTAHHS
TTOTY)KHOCTI Ja3epHuX Kepel B 2—6 kBT. 1le 30kpema XxapakTepHO IS MPOAYKIIil BiIOMUX BUPOOHUKIB,
Takux sk Bystronic, BLM Group, Bodor, Trumpf, Amada, Mazak, Prima Power ta inmux. ITopsa i3
MiABUIICHHSAM NPOAYKTUBHOCTI 3pocia i MakCHMainbHa TOBIIMHA cTaneil 3 3 mo 15 MM, sKi ycminiHo
PO3pi3ar0ThCsl TAKUMHU JIa3epaMHM, 10 AOCUTh BAXJIMBO, aJPKE Ha TaKWi [Jiana3oH TOBIIMH NPUIAAAE
OCHOBHHH 00CiT MeTanoo0poOku. JlazepHe pi3aHHs, SKE JOBTHMM Yac 3aiiMaio MPOBiIHI MTO3HUIIII JTUIIIE B
CerMEHTI TOHKHX JINCTiB, HUHI aKTHBHO BUTICHSIE TJIa3MOBE pi3aHHs y cepi cepenHix ToBUIMH. BogHouac
31 30UIBIICHHAM MIBHAKOCTI Pi3aHHS 0COONHMBOI aKkTyadbHOCTI HaOyBa€ aBTOMATH3allisl IOTOMIKHHX
IIPOLIECIB: 3aBaHTaKCHHA N PO3BAHTAXKECHHS, 30€piraHHs 3aroTOBOK Ta TrOTOBUX ieranel. Ilpu npomy
Ba)XXJIUBO, 1100 MPOAYKTUBHICTD J1a3epHOI YCTAHOBKH BiJNOBijana 3araibHii e(eKTUBHOCTI BUPOOHUYOT
JiHil.
Ta HE

KOJIU peatizyeTbes npotec razonaseproro pizanus (I'JIP). IIpu po3kporo KOHCTpYKIIHKX cTanei B IKOCTI
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ACHCTYIOYOT0 Ta3y B OCHOBHOMY 3aCTOCOBYETHCS KHCECHB, CTHCHEHE TOBITps 4u a30T. Ilim wac I'JIP B
CepeIOBHILI KHCHIO a00 CTHCHEHOTO MOBITPS BHACHIZOK EK30TEPMIYHOI peakiii TOpiHHS MeTany Ha
KpaKax pi3y YTBOPIOIOTHCS OKCHIHI HallapyBaHHS, SKi 3r0J0M HEOOXITHO BHUIASITH BiIIOBITHO IO
TEXHOJIOT1YHUX BUMOT. BUKOpHCTaHHS a30Ty € X0 1 TOPOKIHUM, ajie OLTBIT BUT1THAM BapiaHTOM, OCKUTBKH
JI03BOJISIE 3MEHIIUTH TMOTpeOy B JOAATKOBIM 0OpoOLi Ta OTpUMATH TOTOBY J€Talb, NPUAATHY IS
HaHeceHHs (apOH, OPOIIKOBOTO MOKPHUTTS UM 3BapioBaHHs. Takuii crmocid po3Kporo MeTalny Mae Ha3BY
«IpeM’epy» pizaHHA. 3aCTOCYBaHHS a30Ty OCOOJIMBO JIOITIIBHE JUTsI KOPUCTYBAUiB, IKHM MOTPiOHE MPOCTE
pilieHHs I 3anoOiraHHs OKUCICHHIO MiJ 4ac pi3aHHs, B MEpIIy Yepry, HEpXaBilOUWX cTalei i siKi

BUCYBAIOTh MiJBHUILEHI BUMOTH [0 SIKICHUX NapaMeTpiB pisy. KpiM TOro, BHCOKY SKIiCTh pi3aHHS
BOJIOKOHHHM JIa3epOM MOXKHA OTPUMATH, SKIIO JIO a30Ty JIOJIaBaTH KUCEHb. lle J01aTKOBO IigBUIILYyE
TIOAAJIBITY 3BaPIOBAHICTE JCTANCH Ta MOXKIMBICTH HAHECEHHS IMOPOIIKOBOTO TIOKPHUTTA abo dapbu Ha
BUpi3aHi 3aroToBKH [5,6].

Ha BimMiHy Bifg piKydnx TOJIOBOK MAJIOMOTYKHUX Ja3zepiB (HOKyCyrodua CHCTEeMa Jia3epiB
MOTY>KHICTIO 10 6 KBT IOBMHHA MaTH OUIBII MIMPOKUH Jiala30H PEryiOBaHHS IOJIOKEHHS (DOKaabHOT
IUIOIIMHY ONTHYHOTO MEPETBOPIOIOYOr0 €EMEHTY JIa3€pHOr0 BHIIPOMIHIOBAHHA. 3aBIASKH LLOMY OJHY
Ja3epHy TOJOBKY MOYKHa BUKOPMCTOBYBAaTH AK YHiBepcajbHE PIllICHHS AJS 3aBlIaHb, IO MOTPeOyIOTh
peaizalii IIpPoKoro Aiana3oHy MBHIKOCTEH pizanus [7,8].

B ocranniii yac geski 3 kommadiii, Hampuknan, ¢gipma Trumpf, 3alimMaroTbes BIpOBaIKEHHIM
mryyHoro inrenexry (L) y npouecu nazepHoi 00poOkH, 00 pO3MUPUTH MEXi MOKIMBOCTEH JTa3epHUX
MallliH 3a PaxyHOK HE TUIBKM IOBHOI iX aBTOMAaTH3amii, a ¥ MOXKJIHMBOCTI CaMOHABYAaHHS TaKOTO
obnagHaHHS. ABTOMATH30BaHI Ja3epHI CHCTEMH — JIWINE OAWH i3 mpukiamiB 3actocyBanus 1. Kpim
uporo, kommaniss Trumpf po3pobuia pimieHHs A7 3aMiHM 3aIaCHUX YaCTHH JIA3€PHOTO 0ONalHaHHS, IO
Mpalioe 3aBIsSKW INTY4HIA HEHpOHHIH Mepexi, sky Trumpf HamoBHIOE 300paKEHHSMHU Pi3HHX
KOMITOHEHTIB, JOCTYITHUX TSI 3aMOBJICHHS [9].

o6 3abe3meunTH cTabibHY SAKICTh BUpI3aHHS [eTalleil Ta BHCOKY €(EKTHBHICTh MPOLECY
JIa3epHOr0 pi3aHHsA, HEOOXiJHO BMITH OOMpaTH ONTHMAJIbHI MapameTpH ioro peanizamii. Came BOHHM
BH3HAYAIOTh BJIIACTMBOCTI TOTOBHX BHPOOIB, IO TPOSBISAETHCA Y PiBHI IMOPCTKOCTI TOBEPXHI Pi3y,
BEJIMYMHI MTUPUHM TIPOPI3y Ta 30HW TEPMIYHOTO BIUIMBY Ha Kpaikax BHpizaHoi merani. s peamizamii
TaKMX 3aJlad B OCTaHHIW 4yac moyaB 3acTtocoByBatucs merona Taryui [10], skuit HaOyBae Bce OiNBIIOTO
ITAPOKOT0 3aCTOCYBAHHS y TEXHIYHHX Tamy3saX. Takuil MeToxd sBIsS€ COOO0I0 CTAaTUCTHYHUN MiAXif,
CTIPSIMOBaHHMI Ha IOKpAIICHHS SKOCTI BHUTOTOBJICHHS aeraned. CyTHICTh IIbOTO METOJy MOJISTaE y
BUKOPUCTAaHHI CHCTEMHOTO i BOJHOYAC JOBOJi MNPOCTOrO0 MigXOAYy JAO ONTHMi3auii BHUPOOHHUYOT
npoAyKTHBHOCTI. ['omoBHAa Horo Mera — MiABHIIEHHS SKOCTI MPOAYKLIl He3aJeXHO Big cdepu
BHKOPHCTAaHHS, a TaKOXX 3MCHIICHHS Bapiariii y mporecax i JOCATHEHHS CTaOUIBHMX ITOKa3HHKIB
edexrunocTi [11].

MocTranoBka 3aBaaHb. TakuM 4YKMHOM, pPO3pOOKa aJTOPUTMIB TEXHOJOTIYHOTO 3a0e3MECUCHHS
nportecis  I'JIP cTaneBnx JNHUCTIiB i3 KOHCTPYKIIHHAX METANiB € aKTyalbHOIO0 MPoOIeMoro. Ii BUpilTeHHs
JIaCTh MOXIIUBICTh OTPUMATH MaTEMATW4HI MOJIEN JJIsi PO3PAaXyHKY ONTUMaIbHUX IBuakocteid ['JIP
TaKUX KOHCTPYKUIHHUX MaTepiajiiB K MaJOBYTJICICB] Ta HEPKaBiOUi CTalli Pi3HOI TOBLIMHHU Ha JIa3ePHOMY
o0JaHaHHI MMOTYKHICTIO 0 6 KBT. 115 11h0T0 MOoTpiOHE OLTBI MUPOKE BUBUYECHHS BIUTMBY TEXHOJIOTITHUX
rapaMeTpiB, B TEpIIy 4Yepry, Ha po3MipHi Ta skicHI mokasHukd ['JIP koHCTpykmiiHMX MeTtaniB. B
MOJANIBIIOMY OTPUMaHi MOJeNi MOXKYTh BIJKPUTH LULIXH peanizanii Npoueaypy HOIIyKY ONTUMAaIbHHUX
pexxumiB ['JIP pisHuX cTaneBux mMaTepialliB B pealbHOMY BUPOOHHIITBI.

MeToau Ta METOAUKH JOCTiAkeHHs. HaiBHIIOi SIKOCTI TMOBEpPXHI pi3y MOXKHA JOCATTH,
BHKOHYIOUH Pi3aHHS HAa MaKCUMaJIbHO MOKIIUBIM IIBHUAKOCTI, KA Ie 3a0e3Iedye HaCKpi3He MPOopi3aHHs
METaJICBUX JICTIB MEBHOI TOBIIMHM. Taky IMIBHIKICTH JOLUIBHO BBa)KAaTH ONTHMAIBHOIO. Y mpai [12]
OyJI0 TIPEACTABICHO METOMWKY, CYTh SKOi IoJirajga B IIOCTYIIOBOMY CTYIIHYacCTOMY 301IBIICHHI
MIBUIKOCTI pi3aHHS JO TOTO MOMEHTY, KOJH IIPOpi3 MaTepially 3aJaHoi TOBIIMHH CTaBaB HETIOBHHM.
OcTtaHHE 3HaYCHHS MIBUIKOCTI, 32 IKOTO ILI€ JOCSATAN0CS HACKPi3HE pi3aHHS, BBAKAIOCS ONTHMAIBHUM IS
3arOTOBKH BiAMOBiNHOI TOBIIMHH. KpiM Toro, Hamu posrisgaigacs MOXJIHMBICTh BUKOHYBaTH Ppi3aHHS
3arOTOBKMA 31 3MIHHOK MIBHAKICTIO. CIIOYAaTKy BCTAHOBIIOIOTH 3HAYCHHS IBHUIKOCTI, IPU SKOMY
rapaHTOBaHO OTPUMYEMO IIOBHHHM Mpopi3 Marepiany. B momanpmoMy MBHIAKICT MOCTYIIOBO Ta
Oe3nepepBHO 30UIBIIYIOTH 10 MOMEHTY, KOJM HAacKpi3He pi3aHHS Bke He 3abesmeuyerscs. byaemo
BBaXKaTH, 110 Ta NIBHJKICTh, sika Ha 10 % MeHIa IMBUAKOCTI, KOJH IPHIUHIETLCS TOBHE MPOPi3aHHs,
NpUUMAaETHCSA 3a 11 ONTUMAJIbHE 3HAYEHHS JIJIsl JAaHO1 TOBIIMHU 3arOTOBKH.
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Bci mi metoam 3a6e3medyroTh TOCHUTh TOYHE BCTAHOBJICHHS ITYKAHOI BEIMYMHU IIBHUIKOCTI, aje
peanmizamisi iX Ha peaJlbHOMY Jla3epHOMY OONaJTHAHHI BeJE 1O BUXOAY WOTO 3 Jaay B pe3yJbTaTi
MOIIKO/PKEHHSI ONTHYHOI CHCTEeMH Jasepa. Take pyiHHYBaHHS ONTHKH BiJOYBa€TbCs TOMY, IO TPHU
HEHACKPI3HOMY IPOpi3aHHI METaIy NMPOAYKTH PYHHYBaHHS 3 TIOPOKHWHH Pi3y BWIITAIOTh HE BHU3, a
3aBEpPTAIOTHCS HABEPX Ta Yepe3 COIUIO MOXKYTh MOTPANUTH Ha 3aXHCHE CKJI0. [Ipy BHUCOKiN MOTY>KHOCTI
Ja3epa € BUCOKA MMOBIPHICTB, IO 3aXHCHE CKIIO MOXE PO3TPIiCKATUCS Ta 3pyHHYBaTHCs. MaroTh Micie i
BUIAJKH, KOJU MPOIYKTH PYHHYBaHHS MOXKYTh IOJICTITH W 10 (DOKYCYIOYOi JIIH3KM Ta IPUBECTH 11 B
HENPUIATHICTD, 1110 B CyMi MPU3BE/IE 10 BEIMKAX MaTepialbHUX 3aTPaT Ta 3HAYHOT'O Yacy Ha PEMOHT.

Tomy Hamu Oyna 3acTOCOBaHa HACTYITHA METOJWKA IMiIOOPY ONTHUMAJIBHOI IIBHIKOCTI pi3aHHS
HEOOXimHOT TOBITMHU cTaidi Ha 3amaHux pexkmMmax [JIP. Bci BupoOHMKH J1a3zepHOTO OOJIaTHAHHS
KOMIUIEKTYIOTh CYTPOBITHY MOKYMEHTAIII0 IS CBOTO OOJagHAHHS IMHPOKUM HAOOpOM TabIUIb 3
MOXJUBUMH pexumamu [JIP Ha mMakcumalibHO 103BOJIGHHMX MBUAKOCTX. Cepesl IUX TaOMUIb JIETKO
migiopaTe Taki pekKUMH, IKi O BIAMOBIIATN HAIIAM MOTpedaM Il OTPUMAaHHS MaTEMaTHIHHX MOJEICH,
10 PO3pooIIsIIOTHCS HaMu. [100ymoBa K MOJIEINEH Ta€ MOYKITUBICTS OTPHUMAHHS OLTBIIT ITMPOKOTO Jiana3oHy
TaKMX PEKHUMIB Ta MOXJIHMBICTh MPOTHO3YBAaHHS 1X 3aCTOCYBAaHHS ISl IIMPOKOTO Jialma3oHy JIa3epHOTO
oOagHaHHs Pi3HOI MOTYXHOCTI. B mogaipmoMy ekcriepuMeHTH Ha MiAiOpaHuX pesKuMax BUKOHYBaJIUCS
Ha HamoMy OOJIagHaHHI Ta OTPUMAaHi pi3W aHATI3yBaJWCSA HA iX BIAMOBIMHICTH JO 3aJO0BUIBHOI SKOCTI.
TakuM MmigX0AOM MU OTPUMYBAIH ONTHMANIbHI IIBHIKOCTI pi3aHHS Ha 3amaHux mnapamerpax [JIP Ta
YHUKAJIA MOKJIUBOCTI TICYBaHHS JIa3e¢pHOT0 001 THAHHS.

BuxiiaieHHs OCHOBHOTO MaTepiany. AHami3 iCHYIOUYMX TEOPETHYHUX MOJeleil Ta301a3epHOro
pi3aHHS METATIYHUX MaTepialliB, MOKa3as, 10 HA TAHOMY €Talli BiJICYTHI pO3paxyHKOBI 3aJIEKHOCTI, SIKi 3
JIOCTaTHHOIO TOYHICTIO ONHUCYIOTh B3a€MO3B’S30K MK TEXHOJOTIYHUMH TapaMeTpaMu Mpolecy Ta
PO3MIPHMMH XapaKTEpPUCTUKaMHU OTpUMaHuX pi3iB. TeopeTwyni miaxonu, mo 0a3yroThCs Ha (Gi3MUHHX
3aKOHOMIPHOCTSIX TIPOIIECY, 3AeOUTBIIOT0 3a0e3MeuyIoTh JIUINE SKICHHM 30ir PO3paxyHKOBHX NaHHX 3
EKCIIEPUMEHTAIBHUMU Pe3yIbTaTaMu H MOXKYTh 3aCTOCOBYBATHCS TIEPEBAXKHO JUIS ITOTIEPEIHIX OIIHOK Ta
PO3paxyHKiB.

JI1st KiTBKICHOT OITIHKY BIUIMBY Pi3HUX (DAKTOPIB HA TIOKA3HUKHM OTPUMAHHX PO3Pi3iB €KCIIEPUMEHTH
MOXKYTh BUKOHYBATHCS K y (opmarti ogHO(haKTOpHUX, TaK 1 6aratoakTOpHHUX HOCHiKkeHb. HuHi npu
JIOCTIDKEHH]I TEXHOJOTIYHUX TIPOIIECIB 3 METOIO OMHUCY O0'€KTY JOCIIIKEHHS, TOOTO I 3HAXOJKCHHS
MOJICIICH, K1 OUTBII TOYHO ONMHUCYIOThH BIUIMB TeXHONOTIYHHX (akTopiB ['JIP Ha onTUManbHI MOKa3HUKH
pi3aHHS, BCE IMIUPIIE 3aCTOCOBYIOTHCS EKCIEPUMEHTaIbHO-cTaTUCTHYHI MeTomu [13—14]. IlpoeaeHHs
0araToakTOpHUX EKCIICPUMEHTIB Ha THX TEXHOJOTIYHMX (pakTopax, IO CYTTEBO BH3HAUYAIOThH Hepedir
nponecy ['JIP, nae 3mory moOynyBaTu MaTeMaTW4Hi perpeciiiHi moaeni ganoro mpouecy. Taki momeni
MOXHa BUKOPHCTOBYBATH SK TSI OMUCY 00’ €KTY AOCTIIKEHHSI, TaK 1 JJIs MTOJAJIBIIOr0 aHai3y BIUTHBY
TEXHOJIOTIYHUX YNHHUKIB Ha ONTUMAaNbHI mokazHuku ['JIP.

[Ipu omucy mporiecy 0OpoOKH CTATUCTUYHUMHU METOAAMH MaTeMaTHIHA MOJIENb JUTsl 3HAXOKEHHS
mapametpis mporiecy I'JIP ( y ) B 3araibHOMY BUTIISIAI MOYKe OYTH TIpeICTaBlIeHa y BUIJISIII piBHsSHHS [14]:

y = f(Bo,B1 - Brs X1,X2, . Xg), (1)

ne Po,Bi - Bx — TIykaHi mapameTpu Mopeni (koedimieHTH perpecii); xq,Xy, ... Xg —
HE3JIC)KHI KEPOBaHi 3MiHHI.

s OTpUMaHHSI PO3paxyHKOBUX IMapaMeTpiB MaTeMaTHYHOI MOZENi iCHYIOTh pi3HI meToaum. Y
perpeciifHoMy aHaji31 HaHOIBIII IMMMPOKE TTOITUPEHHSI OTPUMAaB METOI HaltMeHTITNX KBaapaTiB. [Ipu mpoMy
Ha MiJcTaBi anpiopHoi iHpopMalii, BU3HAYaI0Th TUIl TEOPETUYHOT KPUBO1, ITOTIM 3HAXOAATH ii HapaMeTpH.
Jlnsi BCTaHOBICHHS MPAaBWIBHOCTI ONWCY TPOLECIB pi3aHHS PIBHAHHAMU perpecii OyB BHKOHaHUHN
CTATUCTUYHHMA aHai3 OTPUMAaHHMX perpeciiHmx wmoxenei [14]. MoximBe BHKOHAHHS PO3PaXyHKIB
Koe(ILIE€HTIB PIBHIAHb PErpecii Ta MPOBEICHHS CTATUCTHYHOTO aHAII3y OTPUMAaHKUX PErpeciiHuX Moaeel
npu BUKopHcTanHi Exel-rabnup.

[lomepenni ekcriepuMEHTH, ONMCaHi B JITEPaTypHHUX JpKepenax [15], 103Bosimimyu BCTaHOBUTH, LIO
HaMOLIBII CYTTEBUMH YMHHHKAMH, 1110 BIUIMBAIOTH HA MiJ0ip ONTHUMAaIbHOI MBUAKOCTI pizanHs nipu ['JIP
KOHCTPYKLIHHHMX MaTepiaiiB TaKuX, K MAJIOBYIJIEIeBa Ta HEPXKaBiloya CTallb, € TOBIIMHA JHCTa cTam H,
MOTYKHICTb Ja3epHOT0 BUMPOMIHIOBAaHHS P Ta THCK aCHCTYIOUYOIO ra3y p, L0 NOAA€THCS B 30HY Pi3aHHS.
[cHYIOTB TakOX iHIII TEXHOJOTIYHI (PaKTOPH, IO BILIMBAIOTH HA ONTHMAaNbHy mBHIKICTH [JIP Taki, sk
BEIMYMHA Ta HANPSIMOK PO3(OKYyCYBaHHS C(OKYCOBAHOTO IIA3epHOrO IMPOMEHS MO BiJHOIICHHIO JIO
MOBEPXH1 3aTOTOBKH, 1[0 PO3PI3aE€THCS, Ta BUA aCUCTYIOUOro poOOYoro rasy, ajie, mod He YCKIaJHIOBATH
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OTpYMaHI HaMU PErpeciiiHi Mozemi, Il mapaMeTpH B KOKHOMY KOHKPETHOMY BHITAIKy Kpalie (iKCyBaTH
Ha ONTHMAaTbHUX 3HAYCHHSX, SIKi OyIyTh MpUBEACHI HIXKYE. J[1s1 BcTAaHOBIEHHS X ONTUMAJIbHUX 3HAYEeHb
IepepaxoBaHuX JAPYTOPSITHAX MapaMeTPiB TOBHICTIO TiIXOAUTH 3raJaHii HaMH BUIIEC Habip TaOIHIb Bijx
BUPOOHMKIB JIa3epHOTO OONATHAHHA 3 MOXJIMBUMH pexuMamu [JIP Ha MakCHMMalbHO I03BOJEHHX
mBHAKOCTAX. Ha migcraBi mux tabnuupe Oyna BHU3HA4YCHAa TAKOXK OONACTh 3MiHM BHOPaHUX CYTTEBHX
¢axropis I'JIP, gxi B moganpmiomy, sik IpURHAITO B perpeciiHoMy aHaui3i, 0yJjeM0 Ha3uBaTH He3aJIe)KHUMH
3MIHHMMH Ta BCTaHOBJICHI PIBHI 1 IHTEPBaJIX BapilOBaHHS IS KOXKHOTO TaKOro ()akTopy BiAIOBIIHO JIs
MaJIOBYIJIEIIEBUX Ta HepykaBitoumx crajei (tabm. 1). ®DikcoBaHi 3HaueHHs iHmMMX napamerpis [JIP
npuBeAeHi mix Taom. 1.

Tabn. 1.
PiBHi Ta iHTepBau BapiloBaHHs AOCTIAKYBAaHUX (PAKTOPIB Ta (iKCOBaHi 3HAYEHHS NeAKUX
APYTOPSIAHUX TeXHOJIOriYHUX napametpiB™* npu ['JIP masnoByriieneBux Ta Hep:KaBiloUUX cTaJei

JlocuipKyBaHi MainoByrienesa Hepxagsiroda
(bakropu cTalb CTallb
PIBHI Ha Pa P, Ha Pa P,
BapilOBaHHS MM kBt | MIla | mm kBt | MIla
X1 Xy X3 X1 Xy X3

3opsue mieue (+ o** )| 11,705| 5,518 | 0,112 |11,705| 6,023 |0,5103

Bepxniii pies (+1) 10 47 10,095]| 10 5 0,425

OcHoBHuti pisenb (0) | 7,5 3,5 0,07 7,5 3,5 0,3

Huxwiit pisens (— I) 5 2,3 | 0,045 5 2 0,175

3opsue meue (—a ) | 3,295 | 1,482 | 0,028 | 3,295 | 0,977 |0,0898

Inrepsan BapitoBanus | 2,5 1,2 (00251 25 15 |0,125

* nmnus TJIP ByrjeueBux crajici: acHUCTyIOYMHd ra3 — KHCEHb, BEJIMYMHA Ta HAMpSIMOK

po3dokycyBanus — +4,5...+7,0 MM (B 3aJ€KHOCTI BiJi TOBIIMHU 3arOTOBKH), BIJCTaHb BiJl COIUIA IO
3arotoBku — 0,7...1,0 mm; 1uist ['JIP HeprkaBitoUHX cTajeii: aCUCTYIOUni Ta3 — CTUCHEHE TOBITPs 200 a30T,
BEJIMYHMHA Ta HANpsIMOK po3dokycyBanns — (...—2,5 MM (B 3a1€KHOCTI Bi/I TOBILMHH 3arOTOBKH ), BiICTaHb
Bij coria 1o 3arotoBku — 0,5...0,8 Mm.

** 3ipkoBe o= 1,682.

OCKUIBKY 3aJIeKHICTh IMIBUAKOCTI Ta30JIa3¢pHOTO Pi3aHHA BiJ 0OpaHUX TEXHOJIOTIYHUX MapaMeTpiB
y 3aralbHOMY BHIIAQAKy Ma€ HeNiHIHHWNA xapakTep [15], misg omucy perpeciiiHuX piBHSHB Npolecy B
JOCHiKyBaHid obnacTi QakropiB Oyno 3acTocoBaHo KBa3zi-D-onTuManbHU miiaH Apyroro MOPSAKY
[14,16]. Po6o4a MaTpuIls bOT0 TIaHY JJIT MAJOBYTJICIICBHUX Ta HEPKaBIIOUMX CTajiel HaBeaeHa B TaOI. 2.
BiamoBiaHO 151 KOXKHOI 3 LIUX CTalel, 3SHAYEHHS ?1 Ta yz ontumManbHOT mBuaKocTi ['JIP mis koxHOI cepil
JIOCITIJIB, HABEICHI B Ta0J. 2, OTpUMaHi SK cepeHbO-apu(METHIHE 3 IBOX BEJIUYHH, Y3ATHX i3 Pi3HUX Ta
paHimie 3raanux TabJIuIlh BUPOOHHUKIB.

OmnpaifoBaHHs €KCIIEPUMEHTATBHUX JAHUX 13 BAKOPUCTAHHAM METOIB MaTEMAaTU4HOI CTATHCTUKU
Ja7o 3MOTY OTPHUMATH PerpeciiiHi piBHSHHA, SKi OMUCYIOTh BIUIMB 3a3HAUYCHHUX TEXHOJOT1UYHHX (HaKTOpiB
Ha BEITMIMHY ONTHMAJIBHOT IIIBUAKOCTI pi3aHHS.

O6uncnenHs Koe(DiIi€eHTIB MUX PIBHSAHB, a TAKOXK CTATUCTUYHHM aHalli3 MOOYTOBAaHUX MOICICH
npoBoauiucs 3a nornomoror Exel-rabmuup. Ilincymku cratuctuyHoi 0OpoOKM Mojenel perpecii mis
MaJIOBYTJICIICBUX Ta HEPIKABIIOYMX CTaJICH TaKO)K HaBeACHI B Ta0j. 2. Buxoasuu i3 maHux i€l Ta0umiii,
BCTAHOBJICHO, 1110 OTPUMAaHI 3aJIEXKHOCTI KOPEKTHO BioOpakaroTs npotec I'JIP mocnimkyBaHuX cTajiei ta
MOXYTb OyTH €(peKTHUBHO BUKOPHCTaHI Ha MPAKTHLI.

OtpumaHi perpeciiiHi MoJielli B KOZOBaHIi MIKaJli BUMIpY He3aJIeKHUX 3MiHHUX MalOTh HACTYITHUI
BUTJISII:

— JUTSI MAJIOBYTJICIIEBUX CTaJICH:
9, = 1,975 — 0,559x; + 0,220x, + 0,121x3 + 0,019x,, + 0,179x2; (2)
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— U HeP KaBItOUNX CTaJIeH:
9, = 3,066 — 1,735x; + 1,702x, + 0,244x3; — 0,231x,, + 0,381x,5 + 0,797x2; (3)

CtBopeHi perpeciiini mozeni npouecy ['JIP KOHCTpYKUIiHHUX cTanell MOXKYTh 3aCTOCOBYBATHCS SIK
IUIL PO3B’sI3aHHS NPSMOTO 3aBAaHHS — BU3HAUEHHA ONTHUMAJbHOI IIBMAKOCTI pi3aHHS AJS 3aJaHoi
TOBITUHU METally, 0OpaHUX TOTYXHOCTI JIazepa Ta THUCKY aCHUCTYIOUOTO rasy, Tak i g oOpaxyHKiB
OOCpHEHOT0 3aBIAaHHS — IMOUIYKY MOXJIMBOI TOBLIMHM CTajlell, 110 pO3pi3al0ThCsl HAa HAsBHOMY
o0nagHaHHi Ta MPH 3aJaHil BUAKOCTI pi3aHHS.

Tabn. 2.

3BinHa Tabanns 6araTop)aKTOPHOIro eKCIepMMEHTy NP 00po0Li MaJIOBYIJIeeBHX TAa
Hep:KaBilOYMX cTAJTeH.

> PesynbraTn excriepuMeHTiB i [TpodosxeHHa mabn. 2.
= YMOBH 3HAYEHHS BIATYKY
& | nposenenms : 11213]4] 5 6 7 8
S OB Manosyrnenesa Hepxxapiroua
: CTaJlb CTaJlb 11. 1 0 +0o/ O 2,2 2,352 5,95(5,909
= X1 Xy X3 yl V1 yz V2 12. O |—al 0 1,75 1,611 0,3 (0,183
11213 4 5 6 ! 8 13. 0|0 |+a] 21 12160(41|3.456
Ll-1=] = | 23| 2399 |345] 3794 ' =
: . 14. 0|0/ @ 1,8 1,753 2.15(2,636
2.1+ - — | 12| 1232 |o,75] 0,025
15. 1000 2,05 1,975| 3 3,066
31—+ — |285| 2051 |775| 7,649
16. |0 0| O 1,9 1,975 3,1 (3,066
41+ +| - |1,75]| 1697 |33] 2,954 )
Hucnepcis
S|—|— + 26 | 2616 |31 3507 % ’E, MOXUOKH 0,1178 0,1634
6.+ — + |145| 1473 |11] 1263 | | & 5| W
- = 2 | Hucnepeis
7 + | + 3,1 3,031 6,6 | 7,386 E E | anexsars. 0,2108 0,3969
8+ +| + | 21| 1,964 |45 4217 = 2 .U
. = o g |F-xpuTepiiif ) 259 | 5499
m ] y
9. 140/ 0 0 15 1,542 1,7 | 2,403 E x (po3paxyH.)
O & |F- kpurepiii
- 2,657 2,538
10.]-a| O 0 3.45 3,421 91| 8238 (Tabun.3maw.)

JU1st 3py4HOCTI BUKOPUCTAHHS MPEACTaBIIEH] BHUILE perpeciiHi MoJei, siki IpuBeieH] B KOJOBaHil
crcTeMi BUMIpIOBaHHsI, OyiH TpaHC(OPMOBaHi y BUTTISA 3 KOeilieHTaMHU B HATYPaJIbHIN MIKasi. 3HaUeHHS

uX Koe(ilieHTiB BigoOpaxkeHi B Ta0. 3.
Tabn. 3.

3HaveHHi KoedilieHTIB perpeciifHUX Moae/ell B HATYPAJBbHIN MIKaJIi BUMipy AJs
MaJjioByryieneBux ( ;) Ta HepxkaBilouux ( y;) crasei.

'5 KoedirieaTn piBHIHB perpecii B HATYpaJIbHIN ITKai

= | bo | b | by | by | Pz | bis | by | BE | B3 | B3
Y1 4516 |-0,682| 0111|4842 - 0,200 |%?08|0009(0762/ 710548
Y2 13,066 |-1,734| 1,702 | 0,244 |- 0,231| 0,381 0,797

OxpiM NoJaHHS OTPUMAHKX PE3YNIbTATIB y BUTIISI PIBHIHB perpecii, 0yio 3aiiicHeHo X rpadidny
iHTepnpeTanito y GopMi JBOBUMIPHUX IEpepi3iB TPrOX BUMIPHUX MOBEPXOHB, SIKi OMUCYIOTh KOXKHY 13
Mozenei. Tak, 3aKOHOMIPHOCTI 3MiHHM ONTHMAabHOI MBHAKOCTI [JIP 3anekHO BiI TEXHOJOTIYHUX
rapaMeTpiB B pe3yJIbTaTi 00pOOKH MAJIOBYTIICIIEBUX CcTajiel HaBeAeH] Ha puc. 1 (a, B, x). BimmosimgHo, 11i
pe3yabpTaTH Uil HepXaBirouoi crami mpeactaBieHi Ha puc. 1 (0, T, €). Bcei 3HaueHHS TEXHOMOTIYHUX
¢akTopiB, sKi OyaM BUKOpPHCTaHI Uil OTPUMAaHHS BiANOBIAHMX TpadikiB, BKa3aHi Ha KOXHOMY i3
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pucyHkiB. Tak, HanpUKIIaI, TPUBEACH] Ha pHC. 1, a 3aKOHOMIPHOCTI BioOpa)karoTh JBOBUMIPHI TTepepi3u
BIJIMOBITHUX TIOBEPXOHb BIATYKIB JJIs MAJOBYIJICIICBUX CTaJlied Ta BCTAaHOBIIOIOTH 3alIeKHICTh
onTuMajabHOI ImBHAKOCTI I'JIP Big TOBIIMHH cTajmi HpH PI3HUX 3HAYCHHSAX IOTY)KHOCTI JIa3€PHOIO
BHITPOMIiHIOBaHHS B 2, 4 Ta 6 KBT 1151 BenmuunHM THCKY pobodoro razy p = 0,1 Ml]a.

V, M/MHUH

43 12,0

= P=60kBr = P=4,0kBT

= P=20«kBT

= P=60KBr = P=40kBtr = P=20kBr

p=0,1Ma

w
[
|
T

V, m/Mmun
[=2]
=]

L

»
w

|

f
i
[=]

|

Wttt ettt

H, mm

6)

43 —

=p=01MMa = p=0,075MMNa = p=0,05Ma =p=01MMa =p=03MMa = p=05Mma

P =6 kBm

3,3
H H
S,a >
1,3 } f i } } } 1 f | 1,0 } } t 1 f f f f 1
3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 1 12
H, Mm H, Mm
B) r)
14,0
=H=12MM = H=75mMM = H=5MM = H=3mm
— H=3mMm = H=5mMm = H=75mmM = H=12mm 120 +
p=0,1MMa 10,0 + p=03MMa
- 8,0 ~
=
2
2 6,0
>
4,0 +
2,0 +
! I [ ! 0,0 } i f f f } f t !
T T T 1
25 35 45 55 15 2,0 25 3,0 3,5 4,0 4,5 5,0 55 6,0
P, kBT P, kBT
) e)

Puc. 1. 3anexHicTh ONTHMATBHOI INBUAKOCTI Pi3y Bil NpUBeeHUX Ha rpagikax 3HAYeHHAX

TexHoJorivHux nmapamertpis I'JIP quist MajsioByriieneBux (a, B, ) Ta Hep:kaBirounx craJjei (0, r, €)

AHasi3 OTpUMaHHUX JBOBHMIPHHUX TNEPEPi3iB perpeciiHux Mojenel CBiIUMTh, IO i Yac pi3aHH

MaJIOBYTJICIICBUX Ta HEP)KABIIOUMX CTANICH HAHOUTBI iCTOTHHUH BILTUB Ha ONITUMAJIEHY MIBUAKICTE [ JIP Mae
TOBITMHA MeETally, IO MasArae pospizaHHio. Jlami 3a 3HAYUMICTIO ¥Ae MOTYKHICTH JIa3epHOTO
BUITPOMiHIOBAaHHS, a IMOTIM — THCK aCHCTYIOYOTr0 ra3y. [Ipu boMy MIBUIKICTE Pi3aHHS Pi3KO 3MEHIITYETHCS
31 30UIBIIEHHSIM TOBIIMHH CTali Ta OUTBII HMOMIPHO 3pOCTa€ NPW MiABHIICHI MOTYKHOCTI Ja3epHOTO
BUITPOMIHIOBaHHS Ta TUCKY poOouoro rasy. KpiM Toro, 301IbIIeHHS TOBIIMHH JIACTOBOI MAJIOBYIJICLIEBOT
CTalli y TIOEJHAHHI 3 MiJBUIICHHSAM IMOTYKHOCTI Jia3epa CIPHYUHSIE JTOJATKOBE 301IbIIEHHS MIBUAKOCTI
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00po0ku (puc. 1, a), M0 MATBEPHKYEThCS MO3UTUBHUM KOe(ili€eHTaMH TP B3aeMOIi UX (HaKkTopiB y
piBasHHI (2). Lleii edekT HeMOXIMBO OyJI0 BUSBUTH IPU BUKOHAHHI OJHO(AKTOPHUX €KCIICPUMEHTIB.

J1s HepKaBIfOUMX CTaJIed Mae MicIie OUTBI CyTTeBe 3pocTaHHs mBuakocTi ['JIP mpu 3MeHmenHi
TOBITUHHU ITi€1 CTaI Ta MiABUINECHHI TOTYXKHOCTI JIa3epa i THCKY aCUCTYIOYOT0 Ta3y. A oCh €(peKT B3aEMOi1
MK TOBIIMHOIO CTali Ta THUCKOM POOOYOro razy HOCHUTh HACTIIBKU ICTOTHHH Xapakrep, IO rpadiku
3aJIeKHOCTI LIBHJIKOCTI Pi3aHHS BiJ TOBIIMHU 3aroTOBKH 31 3MIiHOI THCKY CYHNPOBOKYIOUOTO Ta3y
nepexpenrytorbes (puc. 1, r). Le jgerko nosSCHATH THM, IO JUISI TOHKOJUCTOBUX METAJIIB IIPH 301IbIICHH]
TUCKY T'a3y 3HaYHO 3pOcTa€ e(heKT OXOJIOHKEHHS METally IIUM I'a30M.

Takum YMHOM, NIPH pi3aHHI MAJOBYIJIEHEBHUX cTajel 6 KBT nazepom, He 3aJI€KHO Bifl IX TOBIIMHH,
notpibHo BukoHyBaTH ['JIP Ha MakcMMalbHUX 3HAYEHHSX MOTY)KHOCTI J1a3epHOTO BUIPOMIHIOBAHHS Ta
THUCKY aCHCTYIOUOT0 KHUCHIO B IKOCTI poOouoro ra3y. B nociimkeHoMmy Hamu niana3oni — me 0,1 MlIla. Ipu
PO3pi3aHHi X HEPKaBIIOUNX CTalel MOTYKHICTh BUIIPOMiHIOBaHHS TeK MOBUHHA OyTH MaKCUMaJbHa, a OCh
THUCK aCHCTYIOUOTO ra3y (CTHUCHEHOTO TOBITPS UM a30Ty) Oyne 3aje)KaTd BiJi TOBIIMHU 3arOTOBKH: JUIS
TOBIIMH Bif 3 10 6 MM — 11e 0,1 MIla, a Big 7 1o 12 mm — e 0,5 MITa. IIpu 1iboMy He IOTpiOHO 3a0yBaTH,
LI0 BUKOPUCTAHHS MiJBUILEHOTO THCKY pOOOYOro raszy Bele A0 HOro OibIIMX BUTpAT, LI0 MOXe OyTH
C€KOHOMIYHO HEJOLIbHUM.

Kpim Toro, 3 anamizy puc. 1, 1 Ta puc. 1, e M0OKHA 3pOOUTH BUCHOBOK, 1110 I/l 4ac pi3aHHs JIUCTIB
OJIHAaKOBOT TOBLIMHU 301IBIIEHHS MOTYXHOCTI JIa3€pHOIO BUIIPOMiHIOBaHHS 3 1,5 10 6,0 kBT 3a6e3neuye
NpUpPICT WIBUAKOCTI OOpOOKM IS MajloBYIJIeLeBUX craynedl B cepenHboMy Ha 30 %. Ilpu mpomy 3i
3MEHIIEHHSIM TOBIIMHU PO3Pi3yBaHOIO Marepialny BIUIMB TOTY)KHOCTI JIa3€pHOTO TPOMEHS Ha
MPOAYKTHBHICTH OOpPOOKH CTae OiNbII BiAYYyTHUM. 3 OTJIsIy HAa Te, HIO BAapTIiCTh Ja3epHUX YCTaHOBOK
ICTOTHO 3pOCTac 31 30UTBIIIEHHSM X MOTYXKHOCTI, BAKOPUCTAHHS OLITBII OTYKHOTO 0ONMaaranHs s ['JIP
MaJIOBYTJICIIEBUX CTaJled He 3aBXAM € eKOHOMIYHO BUIIpaBaaHUM. [leno iHakme el aHaii3 BUTTIsLIAE 1S
HEpXKaBilOUMX cTanel, 00 MpUBEACHUH BHINE MPUPICT MOTYKHOCTI BHIIPOMIHIOBAHHSI A€ 3POCTAHHS
IIBUIKOCTI pi3aHHA Oinbpllle, HDK B JBa pasd, IO BHIIPABJOBYE 3aCTOCYBAaHHS OUTBII IMOTYXKHOTO
oOnagnanns st ['JIP nux cramnei.

Ha puc. 2, aTa 2, 6 npeacTaBneHuid BUTIIsA piziB, orpuManux mpu ['JIP BigmoBigHO ManoByrieleBUx
Ta HEPXKABIIOYMX CTaJIeH JIJIsl TOBIIMH, 1110 BIAMOBIIat0Th (200 OJU3bKI /10 HUX) PIBHSIM BapitOBaHHS I[bOTO
napamerpy B Ta0m. 1.

Puc. 2. ®oTo pi3iB, 0oTpUMAHKUX B 3aroTOBKAaX Pi3HOI TOBIIMHHN B MaJI0BYIJIelleBHX (a) Ta
HepxaBiouux (0) cransax

s ominkm sKOCTi BUKOHAHHS Tiportecy ['JIP B 3arotoBkax i3 MaJloBYTJIEIEBOI Ta HEPKaBIIOUOI
cTaji Ha puc. 3 mpuBezeHi 301IbIIeH] (OTO MOBEPXHi Pi3y B 3arOTOBOK TOBIIMHOKO 12 MM B IIMX CTaJIsX.
Ciz Tako BIIMITUTH, IO Pi3 B HEPKaBilOUil CTaji BIIHOCUTHCS 10 KATETOPii TAK 3BaHUX «IPEM’€p» Pi3iB
Ta BUKOHAHMH NTPH BUKOPUCTAHHI a30Ty B SKOCTI aCHCTYIOUOTO Ta3y.

Puc. 3. Burasa sikicHux pi3iB, BUKOHAHUX B CTaJli TOBIIMHOIO 12 MM B MaJloByrJeleBiii (a) Ta
Hep:kaBilouiii (0) cTaJi.

JIJis TUPOKOTo MPAaKTHYHOT'O BUKOPHUCTAHHS OCHOBHI PE3YyJIbTaTH PO3PaxXyHKIB MO BCTAHOBJICHHIO
OTNITHMAJIBHOI IMBUAKOCTI Pi3aHHS JHUCTOBHUX MAaTepialiB i3 MaJOBYTJICIICBOI Ta HEPXKABIIOYOi CTa B
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3QJIEKHOCTI BiJ MOCIHIHKEHUX TEXHOJOTIYHUX (DaKTOPiB, SKI OTPHMAHI IO PETPECHBHUM MOJIEISIM, IO
omuMcaHi 3anexHocTaMH (2) Ta (3), mpenacrasieHi B Ta0n.4, 3aBISKH K € MOXKIIUBICTD 3pYYHO Ta IIBHIKO
migouparu pexkumu ['JIP HazBaHUX cTalilel TOBIIMHOO Bix 3 10 12 MM.
Tabn. 4.
PexxnMu pizaHHSI MaJIOBYIJIelIeBUX TA HEPAKaBIlOYHX cTaJieil pi3HOI TOBIIUHH J1a3epPHUM
BHUIIPOMiHIOBAHHAM 32/IaHOI MOTYKHOCTI IPH ONTHMAJIBHUX 3HAYEHHSAX iHIIMX TeXHOJIOTIYHIX

daxTopin
IMoTyXkHicTH
Po3paxoBana
. JIa3€PHOI0 ToBmmHA .
Bun crani . ONTHMAJTbHA IBUAKICTH
BHNIPOMiHIOBAHHS, JINCTA, MM
I'JIP, m/xB.
kBT

3 3,51
9 5 2,65
8 1,72
%, 12 1,45
5':3[ 3 3,83
% 4 5 3,01
4 8 2,10
g 12 1,83
= 3 4,10
6 5 3,35
8 2,50
12 2,28
3 6,64
5 5 3,65
8 1,10
X 12 0,62
E 3 9,47
2 5 6,24

m 4
g 8 3,32
5) 12 2,50
= 3 12,28
5 5 8,80
8 5,50
12 4,46

* — acHCTyIOUnii ra3 — KMCeHb IpH BenuuHi THCKy B 0,1 MIa; BenuunHa Ta HAIPSAMOK
po3doxycyBanHs — +4,5...+7,0 MM (B 3aJIe)KHOCTI BiJI TOBIUHY 3arOTOBKH); BiJICTaHb BiJ] COIUIA IO
3arotoBku — 0,7...1,0 Mm.
* — acHCTYIOYMH ra3 — CTUCHEHE TOBITpst a00 a30T npu BeauunHi Tucky B 0,3 MIla; BeauuuHa ta
HanpsMoK po3dokycyBanHs — 0...—2,5 MM (B 3aJIeKHOCTI BiJl TOBIIMHH 3arOTOBKH); BiICTaHb BiA coILia
J0 3arotoBku — 0,5...0,8 MMm.

*

B mnopanemiomy HaMu 3amiiaHOBaHE CTBOPEHHS OH-JaWH KalbKynATOpa, SKAH 1O3BOJHTH
KOPHUCTYBady pO3B’A3yBaTH K TPAMY 3amady — IPH BBEICHI 3MIHHHX MapaMeTpiB Pi3Ku (TOBIIMHH
3arOTOBKH, IMOTY>KHOCTI JIa3€pPHOTO BUIIPOMIHIOBAHHS, TUCKY AaCHCTYIOYOIO Ia3y) Ta 3allpOIIOHOBAaHHUX
¢ikcoBaHnX 3HaueHHAX iHMUX pexkuMiB [JIP oTtpumyBaTn HeoOximHe 3Ha4YeHHS MOTPiOHOI MIBUAKOCTI
pi3aHHs, Tak 1 OJHE i3 3BOPOTHHX 3aBAaHb — HAIMpPUKJIA, IIPH 33JaHill TOBIIMHI 3arOTOBKHU Ta THCKY
pobodoro rasy, a TakoX MOTPiOHIN MIBUAKOCTI pi3aHHS pO3paxyBaTH JOCTATHIO MOTYXKHICTH J1a3zepa sl
BUKOHaHHS Takoi omepauii ['JIP. On-naiiH kaJbKynaTop mnependadaTMMe MOXJIUBICTH PO3MIMPEHHS
niama3oHy oro 3acTocyBaHHS NpU BBEAEHI HOBUX pe3ylbTaTiB perpecidiHoro anamizy mpomecy [JIP,
HaTIPUKIIA, JJIs Ta3epHOTro BUNpoMiHioBaHHs B 20 KBT.

BucHoBku. JliteparypHuii aHaji3 I[0Kas3aB, II0 PO3pO0OKa aJrOPUTMIB TEXHOJOTIYHOTO
3abe3neueHHs npouneciB [JIP crameBux nHCTIB 3 KOHCTPYKLIHHHX METaliB Ja€ 3MOTy chopmyBaTu
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BIIHOCHO TMPOCTI MaTeMaTHIHI MOJIETI, SIKi JAFOTh 3MOTY OOYHCIIIOBATH ONTUMAJIbHI IIBHAKOCTI Pi3aHHS
MaJIOBYTJICIICBHX 1 HEPKABIFOUHMX CTaJIeH TOBIIMHOO Bif 3 0 12 MM Ha 00alHaHHI TOTYXHICTIO 10 6 KBT.
CtBOpeHi MOJeN y TOJAIbIIIOMY BiIKPUBAIOThH MEPCIEKTUBH BU3HAYEHHS ONTUMAILHUX pekumi ['JIP
PI3HHUX CTaJCBUX MaTEpialiB y pekKUMi peaTbHOTO Jacy.

Jnsi BU3HAYEHHsS] ONTHMANBHOI IIBUAKOCTI pi3aHHS 3aJIEKHO BiJl KIIOYOBUX TEXHOJOTIUHHX
napameTpiB Oyja 3acTocOBaHAa OpWIiHAJIbHA METOAWKA, IIO IPYHTYETbCA Ha aHawi3i TEeXHIYHOI
JOKYMEHTAIlli BUPOOHWKIB JIa3epHOTO yCTaTKyBaHHS. BiniOpaHi peXuMH TNepeBipsuIUCs IUIIXOM
EKCIIEpPUMEHTIB Ha HasiBHIN Jla3epHill yCTaHOBI, a OTpUMaHi Pe3yJbTaTH OLIHIOBAINCS 33 KPUTEPisMH
SIKOCTI Pi3y.

VY pesynbrati OaraToakTOPHHUX JOCHTIPKEHb OYJIM OTpPHMaHI perpeciiiHi MaTeMaTH4YHI MOJEIi
nportecy I'JIP s MaJOBYTIIEIIEBUX i HEPKABIIOUMX cTaseil. IxHiil aHami3, a TAKOX PO3IIIS ABOBUMIPHHX
nepepiziB MOBEPXOHb, ONHMCYBAHUX LIMMH MOJECISIMH, MOKa3aB, IO HAMOLIbII BaroMuM (akTOpoM IS
ONTUMANIFHOT WIBUAKOCTI pi3aHHS € TOBIIMHA 3aroTOBKH. JIpyruM mMmapaMeTpoM 3a 3HAUYYIIICTIO €
MOTYXKHICTh JIa3€PHOTO BUIPOMIHIOBAHHS, a TPETIM — THUCK acuUCTyrodoro rasy. [lpm mpomy 3i
301IBLICHHSM TOBIIMHHM CTaJi (0COOIMBO HEPKaBit0O4O1) MIBUAKICTD Pi3aHHS CYTTEBO 3HMXKYETBCS, TOMI SIK
MiABHUIIECHHS TOTY>KHOCTI JIa3epa 1 TUCKY ra3y NPU3BOIUTH A0 MOMIPHOTO i1 3pocTaHHS.

BcranoBiieno, mo mpu  0OpoOIli JIMCTIB OJHAKOBOI TOBIIMHM IIJBUIICHHS IOTYXHOCTI
BUTIpOMiHIOBaHHA 3 1,5 10 6,0 kBT 30i71b1Iy€e IIBUAKICTD pi3aHHS MaJOBYTIEIICBUX CTalel B CEPETHEOMY
mume Ha 30 %, ToMy 3aCTOCYBaHHS BUCOKONIOTYKHHX JIa3€PHHUX YCTAaHOBOK JJISl TAKUX MaTepiaiiB He
3aBX/U € EKOHOMIYHO JIOUUILHUM. J[JIs1 HEeprKaBitOUMX CTaJICH 1 JKe Jllana30H 301IbIICHHS MTOTYXKHOCTI
3a0e3reuye MoHa/I IBOPA30Be 3pOCTAHHS IIBUAKOCTI pi3aHHSs, 110 MOBHICTIO OOTPYHTOBY€E BUKOPUCTAHHS
MOTY>KHIIIOTO 00JIaTHAHHS.

[y IpakTUYHOTO 3aCTOCYBAHHS Pe3yIbTaTH PO3PaxXyHKiB, [0 BU3HAYAIOTh ONTHMAJIbHI IIBUIKOCTI
pi3aHHs JHCTOBHX MaTepialliB i3 MaJlOBYTJelEeBOi Ta HEPKaBilO4Ol cTaieil 3alie)kKHO BiJ TOCTIIKEHUX
TEXHOJIOTIYHUX TapaMmeTpiB, MofaHi y BUTIAA Tabnwmi. BuxopucranHs TaOmuIll JTO3BONSE MIBUAKO U
3py4YHO OOMPATH PEKUMH Ta30J1a3€PHOTO Pi3aHHS WX KOHCTPYKIIMHUX CTaJiei TOBITUHOO Bif 3 10 12 MM.

VY TepcrneKTuBi TUIaHYETHCS CTBOPEHHS OH-TIAMH KaJbKYJISATOPA, SIKUA TO3BOISTUME, BUXOASUYH 13
BBEJICHUX TapaMmeTpiB pi3aHHS (TOBIIMHH JIMCTA, MOTY>KHOCTI Ja3epHOr0 BUIPOMIHIOBAHHS Ta THCKY
aCHCTYIOYOTO Ta3y), a TaKOX (hikcoBaHMX J0AaTKOBUX yMOB [ JIP, orrepatnBHO OTpUMyBaTH pO3paxyHKOBI
3HAYEHHS ONTUMAJIbHOI IIBUAKOCTI pi3aHHSA B OH-JIAWH PEXHMI.
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HEHBIOTOHIBCBHKA ITPUPOJA BYPOBUX PO3UYMHIB: BIJ] B’SI3KOCTI 1O
TUKCOTPOIIII

leano-Dpanxiscoruti HAYIOHANLHUL MEXHIYHUL YHIgGepcumem Hapmu i 2azy.

Y ecmammi oocnidiceno pizuuny npupody nenvromoniscobkoi nogedinku oyposux npomueansHux cucmem. Pozxkpumo
MeXanizmu nepexooy 6i0 6’A3KONIACIMUYNHO20 CMAHY 00 MUKCOMPONHO20 BIOHOGIEHHA CMPYKMYpU 3 RO3Uuyii enepzii
MIHCMONEKYNAPHOT  83AEMO0il. Aemopom o00rpynmoeano HeoOXiOHicmb 6paAxXyeaHHA penakcayiiinux egekmie npu
Modeniosanni 2iopasniunux npovecie y nubokux ceeponosunax. Ilpoananizoeano cyvachi ceimogi menoenyii Kepysanns
Pe0102i€10 pO3YUNIE Yy CKIAOHUX MEPMOOAPUUHUX YMOBAX.

Knrwouoei cnoea: peonocis, 6yposuii po3yuH, HeHbIOMOHIBCLKA PIOUHA, MUKCOMPONIsL, HANPYHCEHHS 3CY8Y, 8 A3KICMb.

M.Je.Chernova

NON-NEWTONIAN NATURE OF DRILLING FLUIDS: FROM VISCOSITY TO
THIXOTROPY

The paper presents a fundamental physical analysis of the rheological behavior of drilling fluids as complex disperse
systems. Based on the principles of continuum mechanics, the author investigates the transition between viscoplastic flow and
thixotropic structure recovery. The study highlights that conventional steady-state models, such as the Bingham-Plastic model,
often neglect the time-dependent relaxation spectra, leading to significant errors in hydraulic pressure predictions for deep well
construction.

Special attention is paid to the energetic nature of particle interactions within bentonite-polymer suspensions. By
integrating recent findings from high-impact international journals (Category A), the author proposes a conceptual vision for
"smart" drilling fluids with controlled rheological responses. The results demonstrate that effective hole cleaning and wellbore
stability depend on the kinetic balance between shear-induced structure breakdown and Brownian-driven coagulation. The
research outlines future perspectives for implementing digital twins in rheological monitoring.

Keywords: rheology, drilling fluids, non-Newtonian fluid, thixotropy, shear stress, yield point, HPHT conditions.

ITocTaHoBKa MPo0JIeMH Yy 3arajJibHOMY BUIJISAI Ta ii 3B'A30K i3 BAXKJIMBUMH HAYKOBUMU M
npakTuYHuMH 3aBaaHHsaMu. CydacHe OypiHHS HA(TOBUX 1 Ta30BHX CBEPIJIOBHH — II¢ TIPOIIEC, IO
BiZOyBa€ThCsl B eKCTpeMaJbHUX (i3MYHUX yMoBax. OJHHMM i3 KIIIOYOBUX EJIEMEHTIB LIOTO IPOLECY €
GypOBHii PO3UMH, SKMIi YACTO HA3HBAIOTh «KPOB'I0» CBEP/IOBHHH. VOro rooBHE 3aBIaHHS — He IIPOCTO
3MalllyBaTH iIHCTPYMEHT, a 1 MiAiiiMaTh Ha JICHHY MOBEPXHIO YJIAMKH TipChKOI MTOPOJIH.

Mertor nmaHoi poboTH € TeopeTHdHe (hi3UMKO-MaTeMaTUYHE OOIPYHTYBaHHS B3a€MO3B'SI3KY Mixk
rapamMeTpaMu JUHAMITHOI B’S3KOCTI Ta KIHETUKOIO THUKCOTPOITHOTO CTPYKTYpYBaHHS OYpPOBHX PO3UHHIB.
OcHOBHA yBara NPHAUIIETHCSA aHaANI3y HEHBIOTOHIBCHKOI IOBEMIHKH CHCTEM Y KOHTEKCTI €Heprii
MDKMOJICKYJISIPHOT B3a€MOJIl JMCIIEpCcHOI (ha3u, IO JO3BOJUTH YTOYHUTH METOAM IPOTHO3YBAaHHS
TiIpaBIiYHUX BTpAT MIPU IPOMHUBAHHI TTHOOKHX CBEPIOBHH.

3 TOYKM 30py KIACHIHOI (i3WKH, OLIBIIICTh OYPOBUX PO3UMHIB € HCHBIOTOHIBCHKUMH PiIHHAMH.
Ha BigmiHy Bim BoaM YW O:ii, iXHS B'S3KICTh HE € CTaO. B’sA3KiCTh OYpOBOTO PO3YMHY 3MiHIOETHCS
3aJIe’KHO Bijl CHITH, IPUKJIACHOT 10 CUCTEMH, 3arajoM Ta BiJl IIBUAKOCTI PyXy Li€l piAuHu y TpyOHOMY Ta
B 3aTpyOHOMY MPOCTOPi. Y CTaHI CIOKOIO PO3YHH MA€ TeenoNi0Hy CTPYKTYPY Ta MPOSBIISE BIACTHBOCTI
TBEPJOTO Tija; IiJ BIUTHBOM 3CYBHHX HANPYKECHb y HATHITAIBHIA CHCTEMI CTPYKTypa pYyHHY€EThCS, i
CUCTEMa MTOBOAUTHCS SIK B’s13Ka PiJMHA.

Posyminns 1i€i ¢izuunoi TpaHcdopmaliii - BiJ B'I3KOCTI 0 THKCOTPOIIIT - T03BOJISE BiAMOBITHOMY
TIePCOHAITY KepyBaTH CTAOLILHICTIO CBEPVIOBUHU Ta YHUKATH aBapiil Ha TITHOWHAX Y KiTbKa KUTOMETPIB.
[Ipomec cropymkeHHsT TIUOOKMX CBEPJJIOBHH Ha HAQTy 1 Tra3 CYIOPOBOJKYEThCS CKIAIHUMU
TiIpoAMHAMIYHMMHK TIpolecamy, e(EeKTUBHICTh SKUX Oe3MocepeqHbO 3aJIeKUTh BiJl PEOJOTTUHHX
mapamMeTpiB  OypoBux mpomMuBanbHUX  pigmH. CydacHi OypoBi  PO3UYMHH €  CKJIQJHUMH
0araTOKOMITIOHCHTHUMH  JIUCIIEPCHUMH ~ CHUCTeMaMH, (PI3UKO-XiMiUHAa TIOBEJiHKA SKHUX CYTTEBO
BiIXIJISIETHCSI Bl 3aKOHIB KITACHYHOI rigpoauHamiku Herotona. Takum unHOM, €pEKTHBHICTE Oy 1IBHUIITBA
Ha(TOBHX 1 Ta30BHX CBEPIJIOBHUH 0€3MI0CEPETHHO KOPEIIOE 3 SIKICTIO OUnITIeHHS BuOot0. [Ipobiema mossrae
y HEOOXITHOCTI OJHOYACHOTO 3a0e3MeueHHsT HU3bKO1 B’ I3KOCTI B Yaci OypiHHS Ta BHCOKOi YTPHUMYIOUO1
3IaTHOCTI y CTaHI CIIOKO, MPO IO 33a3HAYAETHCSI Y 0araThOX HAYKOBUX MpallsdX SK MHUHYJIOTO Tak i
TeTepinTHKOro Yacy [7, 8].

TpamumiitHo mji1 omucy Tedii OypoOBHX CHCTEM 3aCTOCOBYIOTH PEOJIOTiUHI Momeli biHrama-
[lIBemoBa Ta OctBanbaa-ne-Baane, onHak BOHH HE 3aBXKIM TIOBHOIO MipOIO BPaXOBYIOTh YACOBY JIUHAMIKY
CTPYKTYPHHX MepeTBOpeHb. OcoOmuBoi yBaru notpedye MOCIiHPKEHHS IIePeX0Ly Bijl B’ I3KOIUIACTUYHOTO

© M.€. Yepnosa

35


https://orcid.org/0000-0001-6014-3087

ISSN: 2415-3966 Miowcsyziecokuii 30ipnux « HAYKOBI HOTATKHy. Jlyyvk, 2026, Ne85

CTaHy [0 THKCOTPOITHOTO BITHOBICHHS CTPYKTYpH, IO € KPUTHUYHO BAXKIMBUM i1 3a0e3nedeHHs
CTIHKOCTI CTIHOK CBEP/JIOBUHU Ta €EKTUBHOTO BUHECCHHS IIIAMY.

Mertoro 1aHOi poOOTH € TEOPETUUHMIA aHali3 (i3NUHOI MPUPOAN HEHBIOTOHIBCHKUX BIACTHBOCTEH
OypoBHX pO3YHMHIB Ta JOCHTI[DKEHHS MEXaHi3MiB THKCOTPOIIi fK KIIOYOBOro (akTopa KepyBaHHA
riipaBIiYHAMHU nporpaMamMu OypiHHA. EdexkTuBHICTE OyAiBHHIITBA HA()TOBHX 1 ra30BUX CBEPAJIOBHH
0e3ImocepeTHRO 3aJICKHUTH BiJl SKOCT1 OUHIIICHHS BUOOTO BiJl BUOYPEHOI IOPOIN Ta CTa01IbHOCTI BiIKPUTOTO
cTOBOYpa /10 HOT0 KPIiIJICHHs. 3a CyYaCHUX YMOB OCBOEHHSI POJOBHIL 31 CKIIaJHUMHU I'€0JI0r0-TeXHI YHUMH
XapaKTEPUCTUKAMU (3HAYHI TTTUOWHM, ITOXIIO-CKEPOBaHI Ta TOPU3OHTANBHI TPOQisi) poh MPOMUBATLHOL
PIIMHU BUXOMINTH 32 MEXi 3BHUAWHOTO T1APOIMHAMIYHOTO CEPEIOBHUIIA.

[Ipobnema monsirac y ToMy, MO OypoBHH pO34YMH TIOBMHEH OJHOYACHO 3aJ0BOJBHSITH
B3a€EMOBUKIIIOYHI (Di3UYHI BUMOTH, 30KpeMa BOJOITH HU3BKOIO B’S3KICTIO 32 BUCOKUX IIBUAKOCTEH 3CYBY
(y Hacagkax J0J10Ta), 00 MiHIMI3yBaTH €HEPrOBUTPATH Ha MTPOKAYyBAaHHS Ta MaKCUMI3yBaTH ITBUIKICTD
MPOXOJKK Ha JIOJIOTO; BHSIBIIATH BHCOKY YTPUMYIOUY 3[aTHICTh Y KUTBIIEBOMY IMPOCTOPi 332 HU3BKUX
IIBUIKOCTEH, 100 3amo0irT! OCiIaHHIO BaXKKOTO MIJIAMY; MUTTEBO IMEPEXOAUTH Y JKEIETOIOHNI CTaH il
gac 3yMUHKU ITUPKYJIIALIi, 10 3a0€3MeTy€eThCS BIACTHUBICTIO TUKCOTPOITIi.

OCHOBHMM HAyKOBHMM 3aBIaHHAM IyOJiKallli € ONTHMI3allis PEOJIOTIYHMX IapaMeTpiB, IO
noTpedye TOYHOTO (Di3UYHOTO MOJICITIOBAHHS MOBEAIHKY CKIIAJTHUX CUCTEM. HeMoCKOHANICTh iCHYFOUHX
METOIB PO3paxyHKy AMHAMIYHOTO HAIMpPY>KCHHS 3CYBY NPHU3BOIUTH IO IMOMHJIOK Y BH3HAYCHHI TiApo-
OUHAMIYHUX OIOPiB, IO MOXXE€ CTaTH NPUYMHOIO TOTJIWHAHHS pPO3YMHY B IUIACT abo, HaBIaKH,
razoHadroogomnpossis (CHBII).

[IpakTuyHe 3HaueHHS 3 BUPIMICHHS [UX 3aBJaHb JO3BOJSE 3a0€3MEYHUTH IUTICHICTh CTIHOK
CBEPJIOBUHHU, 3MCHIITUTH 3HOIMTYBAHICTH OYpOBOr0 OOJIATHAHHS Ta CKOPOTHTH TEPMIHU OYIiBHHUIITBA
CBEPJIOBHH, L0 € CTPATET1YHO BAXKJIMBUM JJISl GHEPTeTHYHOT'O CEKTOPY EKOHOMIKH YKpaiHu.

Buksiaxg ocHOBHOTo mMaTepiany pocuimkenHs. OyHIaMEeHTaNbHI 3aCajJid PEOJIOTIT 3aKiIajeH] y
nparx I1. Pebirnnmepa, B. binmernskoro[ 7] ta . Komnkymmuaa[8]. [TutanHs MoAetOBaHHS TEUil PO3BUHYTO Y
po6otax P. Coussot [1] ta J. Mewis [2]. [IpoTe kiHeTHKa BiIHOBJICHHS CTPYKTYPH Y IHHAMIYHHAX YMOBaXxX
3aJMIIAETHCS AUCKYCiHOI. B OCHOBI peosoriunoi moBemiHKM OypOBHUX CHCTEM JIEKHTH 3IATHICTh
YaCTHHOK TBEpAOi (a3u 10 YTBOPEHHS MPOCTOPOBHX CTPYKTYp 3a PaxyHOK cwi Ban-nep-Baanbca Ta
EJIEKTPOCTATHYHOI B3a€MOJIT. 3 TOUKH 30py (Pi3UKH, MPOIIEC Tedii TAKOTO PO3YMHY MOKHA PO3TILIIATH 5K
JMIMHAMIYHY PIBHOBAry MiX JIBOMa MPOTHJICKHUMH MPOIECAMH: MEXaHIYHUM PYyHHYBaHHSIM CTPYKTYPHHX
BY3JIIB MiJ Ji€0 HANPY>KEHHSA 3CYBY Ta iX CIIOHTAHHMM BiJHOBIIEHHSM YHACHIJJOK OpOYHIBCBKOTO PyXY.
Came 1151 piBHOBara 3yMOBIIO€ (Bi3UUHY NPUPOJTY MTOBEIIHKHA HEHBIOTOHIBCHKOT PiJIHU.

EdexTrBHa B’S3KICTh ONMUCYEThCs MOAM(DIKOBaHUM piBHSHHAM [ epriens-bankmi 3 ypaxyBaHHIM
MOTEHITIaTy eNeKTPOCTaTUYHOI B3aemoxii dwactuHOk [3, 10]. Twuxcorpomito imeHTH(IKOBAHO SK
penakcamiiHui mpoliec, y Mexax sSKOoro mapaMeTp CTPYKTYPOBaHOCTI 3MiHIOEThCS 3 4acoM [4, 11].

Oco0uBHiA 1HTEPEC BHUKIMKAE€ BHKOPHUCTAHHSA rpadeHy Ta IHIIMX HaHO-MOAMDIKATOPIB IS
cTabinizamii THKCOTPOITHUX BJIACTUBOCTEH, 1110 JAeTanbHo onucano y mpansx C. Gao [11]. Ile mae 3mory
JIOCATTH e(hEeKTy «MHUTTEBOTO TEIIO», (Pi3UUHA MOJENb SKOTO BUXOJUTH 32 MEXi TPaJUIliHHUX OIHUCIB,
3anponoroBanux E. V. Oort [4].

MateMaTHyHO L€l epexiJ HalKpalle OMUCY€eThCs Yepe3 3MiHy e(DeKTUBHOI B SA3KOCTI (7eff), sKa
1S OLTBIIOCTI IPOMHUBAIEHUX PINMH € (QYHKINIEI0 HE JIMIIE TpagieHTa mBUakocTi (dv/dx), ane i vacy nii
HaBaHTa)KECHHSI.

Oco0muBicTI0O OypOBHX CHCTEM SK KOJOIMHUX CYCHCH3IH € iXHS 3HaTHOCTI 0 OOOpPOTHOTO
130TepMIYHOTO MEPEXOAY «30J7b — reliby, M0 Y HadTOBIH iHKeHepil iIeHTU(IKY€EThCS K TUKCOTPOITis. 3
MO3UINT CTATUCTHUYHOI (i3uKH, IICH Mpolec MOYKHA IHTEPHPETYBATH 5K CBONIOLII0 CHEPreTHYHOI'O
JaHaAmapTy CUCTEeMHU, TOOTO, MPUIMHEHHS 3CYBHOTO HABaHTAXXCHHS MPHU3BOIUTH 10 MIiHIMI3allii BIILHOT
eHeprii nusixoM (GopMyBaHHS MiXKYAaCTUHKOBHX KOHTAKTiB. Y CTaHi CIIOKOI YACTHHKU TJMHUCTOI (as3u
(OeHToOHITY) 200 MAaKpOMOJIEKYJIH MONIMEPIiB OPIEHTYIOTHCS TAKHMM YHMHOM, 100 CTBOPUTU HENEPEPBHY
MPOCTOPOBY CITKY. 3 TOYKH 30py (Di3WKH 1€ MPOSBISETHCS Y 3POCTAHHI CTATHYHOTO HANPY>KEHHS 3CYBY
(CH3) 3 wacom. KineTnka 1mporo 3pocTaHHs HE € JiHIHHO i 3a3BMYail ONMHUCYETHCS €KCITOHEHINaTIBHOO
3aJIeXkHICTIO[ 9], 1110 BKa3ye HA HASIBHICTH MEBHOTO Yacy peiakcallii CTpyKTypH T.

BaxmBo miIKpECTUTH PI3HUIIO MiXK B S3KICTIO Ta TUKCOTPOITHOO MilHICTIO. B’s13KicTh BU3HAYA€E
BHYTPIIITHE TEPTS MK IIApaMHU PiJMHH, IO PYXAIOTHCS, TOJI K TUKCOTPOIIiS XapaKTEPHU3YE «IIaM’SITh)
CUCTEMH IIPO CTaH CTIOKOI0. CaMe 115 BIACTUBICTH € KPUTHYHOKO JJIs1 yTPUMaHHS [IJIaMy B 3aBHCIIOMY CTaHi
ITiJ] 9aC TEXHOJIOTTYHUX 3YMTUHOK OypiHHS.
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MareMaTiuHe MOJICITIOBaHHS IIbOTO SIBUIIIA BUMATra€ BBEICHHS MapaMeTpa CTPYKTYPHOTO pO3MaTy
A. 3a ymoBu A = 1 cucrema nepeOyBae y MOBHICTIO CTPYKTYPOBAaHOMY CTaHi, Toi sk A = 0 BiamoBigae
MOBHOMY PYHHYBaHHIO CTPYKTYpPH MiJ Ai€l0 BUCOKMX IIBUAKOCTEH 3CYBY B HacagKax J0JOTaA.

AHaji3 ocTaHHIX HoCHiTKeHb i myOmikamiin. dyHnaMeHTaNbHI 3acajid PEOJOTii JAUCIEPCHUX
CHUCTEM, JTO SIKUX HaJIe)KaTh OypOBI pO3UNHH, 3aKJIaJeH] Y KJIAaCHIHHUX BiOMUX Ipaisix Pebinaepa, xe 0yio
BIiepiie c(hOpMyIbOBAHO TOHSTTSI CTPYKTYPOYTBOPEHHS B PIIKHX cepeoBUIax. [IuTaHHs MOJIETIOBaHHS
HEHBIOTOHIBCHKOI Tedii B KaHallaX CBEPAJIOBUH OTPUMAaJM PO3BUTOK y JOCITIMHKEHHSIX BITUYM3HSIHHUX Ta
3aKOPIOHHUX HAYKOBITIB-AOCTiTHUKIB, 30kpema, M. I'. Kacesua, O. O. OpmoBa, a Takox y poboTax
P. biarama ta B. I'eprmens.

CyuacHu# cTaH po3B’si3aHHS L€l MPOOJIeMH XapaKTepU3YEThCS BIPOBAIKEHHSIM KOMIUIEKCHUX
XIMIYHHX peareHTiB-MOAn(ikaTopiB (TOJIMEPHUX CIIONYK, HAaHOLEMIONO3M, rpadeHy), W0 AeTaabHO
BHCBITJICHO B HEIIOJABHIX ITyOJIKAIlisAX AOCTITHUKIB IBaHO-DpaHKIBCHKOTO HAIlIOHAIHHOTO TEXHIYHOTO
yHiBepcuteTy HadTu i ra3y [7] Ta [lonraBchkoi momitexHiku [8]. B mux poborax akieHT 3po0iieHO Ha
eMITpUYHOMY TiI00pi peuentyp Ajs ctadinizamii B’I3K0CTi B YMOBaX BUCOKHX TEMIIEPATYp.

IIpoTe, HE3BaKAOUM HA 3HAYHHIM TTPOTPeEC, OUIBIITICTH ABTOPIB CITUPAETHCS HA CTATUYHI PEOJIOTIvHI
MOJIEII, SKi PO3TIAAAIOTE CUCTEMY B YCTAJCHOMY PEXKHMI Tedii, 3aJIMINAI0YX 11032 yBarow MepexiaHi
npotuecu [6,9].

BugisieHHsi HeBHpillIeHUX paHilie YacTHH 3arajbHoi mpo6Jemu. llompy 3HAYHY KiTBKICTH
EKCTIEpUMEHTAIBPHUX JaHUX IIOAO0 B’SA3KICHUX XapaKTepHUCTUK OYpPOBMX PO3UMHIB, TUTAHHS KiHETHIHOI
BiJMOBIHOCTI MK HIBHJIKICTIO PYHHYBaHHS CTPYKTYPHHX 3B’SI3KiB 1 4acOM iX BiJHOBJICHHS B YMOBax
TypOyi3alii HOTOKY 3aJUIIAE€THCS HEAOCTATHHO BUCBITICHUM.

HeBupileHUMH CKJIaJ0BUMHM NPO0JEMH 3aJIUIIAIOTHCS: BIACYTHICTh €IMHOTO (Di3UYHOTO
KpHTEPIito, SIKHH 1MOB’13yBaB O €HEPTir0 aKTUBAIIIl TeUil 3 TapaMeTpaMu THKCOTPOITHOTO CTPYKTYPYBaHHS
Ha MOJIEKYJISIPHOMY DiBHi; HEBH3HAYCHICTH MEXaHi3My BIUIMBY HaJBHUCOKHX THCKIB Ha pelakcamiiHi
BJIACTUBOCTI CTPYKTYPOBaHUX CHCTEM, IO MPHU3BOJHUTH JO IMOXHOOK y pO3paxyHKax €KBiBaJCHTHOI
IUPKYIBIIIAHOT TYCTHHU; a TaKOXX HEJOCKOHAIICTh aHAIITHYHOTO ONHUCY TOBEMIHKHA PO3YMHIB Yy 30HI
NepexoAy BiA JaMiHAPHOTO M0 TypOYJIEHTHOTO PEXUMY Tedii 3 ypaxyBaHHAM «IaMm’ sTi» piAMHU
(peonoriyHoi mepeaicTopii).

CaMe akIIGHTYBaHHIO yBarM Ha IIMX AacleKTaX, 30KpeMa BCTAHOBJICHHIO (Di3MUHUX
3aKOHOMIPHOCTEH €BOJIIOLI] PEOJIOTIYHUX MapaMeTPiB y JUHAMIYHUX YMOBAX, IPUCBSYECHO IO CTATTIO.

MeToio HayKOBLiB-OypOBHKIB y MOJAIBIIOMY MYCHTh OyTH BCTAHOBJCHHS (i3UUHUX
3aKOHOMIPHOCTEH AUHAMIYHOT TpaHchopMallii CTPYKTYPH HEHbIOTOHIBCHKHX OYPOBHX CHCTEM Y MPOLECI
X mepexoy BiJ B’SI3KOIDIACTHYHOTO CTAHY JI0 THKCOTPOIIHOTO BiTHOBJIEHHS. JIJ1s1 TOCATHEHHSI TaKOi METH
HEOOXiZHO BHUPIMIMTH HACTYIHI 3aBAaHHs: MPOaHANI3yBaTH CHEPreTHYHY NPUPOAY MIKMOJEKYISIPHHUX
B3aEMOJIIH y MUCIIEPCHUX CHCTEMax OypOBHUX PO3YHHIB, IO 3YMOBIIOIOTh BHHHKHEHHS MEXI 3CYBY;
JIOCTIINTH KIHETHKY 3MiHU €(PEeKTHBHOI B’SI3KOCTI Iif| JI€F0 3MIHHMX IIBUAKOCTEH nedopMariii 3 mo3uiii
MEXaHIKM CYLUIBHHX CEPEIOBHUIL; OOTPYHTYBAaTH POJIb THKCOTPOIIHUX BJIACTUBOCTEH AK (Di3MYHOTO
peryisTopa rizpaBiiuHoi cTabiIbHOCTI CTOBOYpa CBEPIIOBUHH, Ha 3aBEPIICHHS 3alIPOIIOHYBAaTH YTOUHEHY
MOJIEJTb IHTEePIpPETAIlii PEOJIOTIYHNX KPUBHX, IO BPAXOBYE peaKcalliiHi eeKTH CTPYKTYPOBaHOT piuHU.

Buxkiiax ocCHOBHOI0 MaTepiany X0cIiAKeHHs 3 00IPYHTYBAHHAM OTPHMAHMX Pe3yJIbTATIB.

®di3uuHa NpUpOAa HEHBIOTOHIBCHKOI TOBEAIHKM Cy4YacHHX OYpOBHX CHUCTeM OOyMOBJIEHA
HAasBHICTIO CKJIamHOI OyIOBH MiKYAaCTHHKOBHX 3B’S3KiB. 3TiAHO 3 IOCIHIHKCHHSIMH OCTaHHIX pOKIB,
OImyOJTiKOBaHUMM TpPYIOK0 BYeHmX mig KepiBuuireoM Meeten G. H [3]. ta P. Coussot [1], Teuiro
CTPYKTYPOBaHUX CYyCIIEH31H cIii po3ryisgaTd depes3 MpHU3My €Heprii akTHBalii pyHHYBaHHS (IJIOKKYII.
Croromui cBiToBa emita peosorii (mampukiam, mpami y Journal of Rheology a6o Rheologica Acta)
BIJIXOIUTH BiJ IMPOCTOTO BUMiproBaHHs B’s3kocti no aHamizy LAOS (Large Amplitude Oscillatory Shear)
- KOJIMBaHb BEJHMKOI aMIUTITyAu. HamMu Ha OCHOBI TEOPETHYHUX AOCTIIKEHb JITEPaTypHOro MOILIYKY
BCTAaHOBJICHO, 1110 TIPH 301IbIICHHI TpajieHTa IMBUIKOCTI 3cyBY (dy/dt) BinOyBa€eThCcs HE IPOCTO MEXaHIYHE
PO3CYHEHHS IapiB, a MEpPEeOopieHTallis aHI30TPOMHUX YACTHHOK TUCIEPCHOI (a3 B3MOBXK JIIHIA Tedii.
3akopmoHHi ¢axisiii (30kpema y po3pobdkax Schlumberger) moBoasTs, 110 1eli mpoec CympOBOIKYETHCS
3MEHILECHHSIM JIOKaJIbHOT eHTpomii cucTeMu. 3 (i3ndHOI TOUKH 30Dy, ePeKTUBHA B'SI3KICTH (Meff) MOXKE OyTH
omnucaHa MoAU(IKOBAaHHUM pPIBHSHHSAM, JI€ BpPaxoOBYeThCsA moTeHiian FOkaBu M €IEKTPOCTaTHYHOT
B3a€MOJII1 YaCTUHOK OCHTOHITY:

Ty + k)"
4

neﬁ = 7700 +
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TyT T - AMHAMIYHE HAIPYKEHHS 3CYBY, II0 KOPEIIOE 3 €HEPri€o 3B SA3Ky y BY3JIaX CTPYKTYPHOI

citku; Mo - ebexkTuBHA B’s3KicTh (@pparent Viscosity); XapakTeprcTHKa OMOpYy PiAWHH Tedii Npu

KOHKPETHI# IBHIKOCTI 3¢yBY; T],, - rpaHiYHA B'SI3KICTh 32 yMOBH HECKIHUCHHO BEITHKOI IIBUIKOCTI 3CYBY
(viscosity at infinite shear rate); miniManapHa B'I3KiCTb, AKOT IIparHe piguHA MMPH IyXKe IHTEHCHBHIN TEUii;
Ty - Mexa TekydocTi (yield stress); MiHiManabHE MeXaHiYHE HANPYKEHHS, SIKE MOTPIOHO MPHUKIACTU A0
pinuHH, 00 BOHA MMOYaja TEKTH, 0 JOCSATHEHHS IIbOT0 3HAUCHHS MaTepiall OBOAMTHCS SK TBEPAE TIIO;
Y - wBuzakicts 3cyBy (shear rate); rpajieHT WIBUAKOCTI Tewii MK IIapamyu pifuHK; N - mokasmmx

teuii (flow behavior index); BusHayae Tun Henmimiiinocti: skmo N <1, piguna e ncepmomIACTHYHOO

(po3pimKyeThes Tpu Teuii, Hanpuknaa, ¢apba abo kerdyn); skmo N >1, pizuna € munaranTHOO
(3arymryerbest M gac Tedii).

. . n . o . .
Cama ctpykTtypa popmynu BizoOpaxae 3akoH 7 =Ty + K}, moaineHni Ha MBUIKICTB 3CYBY J IS

OTPMMAaHHS B'I3KOCTI 77 =7/ ¥ 3 JofaBaHHAM 0a30BOi B'I3KOCTI g .

AHaI3YI0Ud TEOPETHYHI Pe3yIbTaTH 3aKOPIOHHHUX IOCHTIDKEHb IIOAO0 KiHETUKH BiTHOBJICHHS
rexro (Mozeri Papanastasiou), aBTop MPHXOIUTE 10 BUCHOBKY, IO THKCOTPOIIisS HE € MUTTEBHM akToM. Le
penakcamiiHui mpolec, 1e mapaMeTp CTPYKTYPOBaHOCTI (A) 3MiHIOETHCS 3a 3aKOHOM:

9y
dt

TyT krec - KOHCTaHTa BimHOBJICHHSI (OpOYHIBCHKA KOATyYIIAIis); kbreac - KOHCTaHTa pPYWHYBaHHS

(1_ /1) - kbreak;tj}

(rizpoauHaMi4HE pO3MHUBAHHS).

3actocoBytoun rpadik, OTPUMAaHMA 3a paxyHOK BHKOPHUCTAaHHS HASBHOTO IIPOTPAMHOTO
3abe3nedyeHHs, BigHopiaeHHs reio (Gel Strength Recovery), 1o 1eMOHCTpPYE, K INIBHIKO Ta HACKIIBKU
MIIIHO «3aCTHUTa€» PO3UMH Micis 3yNHHKH LUPKYJALii, Oyie 04eBUIHHUM, 0 OCHTOHIT: Mae MOCTYIOBE,
MaiiKe JTiHIHHE 3POCTaHHS MIIHOCTI CTpYKTypH. Lle «moBinbHa» THKcOTpomis. Bin GpopMmye MiliHuUit reib
4yepe3 AJOBrui yac (Hampukiaz, 10-XxBUInHHA CTaTHYHA HAINIpyTa 3CYBY 3HA4HO BHINA 3a 10-CeKyHAHY), HA
NpOTHBary - KCaHTaHOBa KaMelb NOEMOHCTpye MUTTeBe BimHoBieHHs («fragile gel»), cTpykrypa
BiTHOBITIOETHCS Maike Ha 90% y mepiui ceKyHau, ane ii moJjanblie 3pOCTaHHS CTa€ HE3HAYHUM. 3BIJICH €
BaYKJIMBHMM, OJTHAK B1JIOMHI BUCHOBOK ITPO T€, 110 HA BiJIMiHY BiJi OGHTOHITOBHUX CHUCTEM, IO MOTPEOYIOThH
TPHUBAJOro 4acy Aisi (OpMyBaHHS KOAryJsILiHHMX KOHTAaKTiB, KCAHTaHOBa KaMeAb (hopMye cTaOiIbHY
CTPYKTYpY Mai’ke MUTT€EBO, 10 KPUTUYHO BA>KJIMBO JUJIsl yTPUMAaHHS IIJIaMy IIPH KOPOTKOYACHUX 3YITMHKAX
HacociB. Ilnomia metm, oTpuMaHa y pe3yibTaTi IOCIHIDKEeHb, 3aCBIAYyeE, 10 YMM OlJIbIIa IIOma MiXK
BUCXIJTHOIO Ta HU3XiJHOIO KPHBHMH, TUM BHIIA THUKCOTPOMiS PO3YMHY, & TIOPIBHSHHS THX KPHUBHX,
JIOBO/INTh, IO OCHTOHITOBI CycIieH3il 3a3BHYail MalOTh IIUPIIY METII0 TiCTEPE3HUCy, OCKIIbKM iXHA
CTPYKTypa PYHHYETHCS 1 BiIHOBIIOETHCS MOBUIBHIIMIE. CyMilni 3 KCAHTAHOM MalOTh BYXKYY METIIO, IIO
CBIZIYUTH MPO MIBHUIIIY PEAKINIO HA 3MIHY TiIPOJIMHAMIYHUX YMOB.

Jo mpukiamy MOXHa BUKOPUCTATH TakKi JaHi st o0y IOBH JiarpaMu 1o HaBeaeHo y Tabmwmi 1,

HUXKYE.
Tabn. 1
Tabauus A NOpiBHAHHA (AaHi A MO0YA0BU AiarpaMu)
IIapametp BenToniToBuii po3unH (5-6%0) oaimepuuii po3uuH (XG 0,5%)
CH3 10 cek (ITa) Husbka (~2-4) Bucoxka (~6-8)
CH3 10 xs (Ila) Bucoka (~12-20) Crabinnna (~8-10)
Tun rearo [porpecyrountii (Hard) Kpuxxwii (Fragile)
BnumB coueii Uytnusnii (QIIOKyYIIsIIis) Criiikuit

bavennss maii0yTHix pe3yabraTtiB: Ha OCHOBI NpPOBENEHOrO TEOPETHYHOIO AaHaNi3y
MPOTHO3YETHCS, 10 MaOYTHI TOCTIIKEHHS OyAyTh 30CEpeIKeHi Ha CTBOPEHHI «PO3YMHHUX» PO3UHHIB 13
KEpPOBAaHOI0 MarHiTHOI abo enekrpuunoro peonoriero (ER/MR fluids). Ile macte 3mory ormepaTHBHO
3MIHFOBATH MIIIHICTh TEJI0 IIISIXOM TOjadi 30BHIIIHBOTO MO, IO iCTOTHO 3MEHIIUTh PU3UK OCiTaHHS
uIaMy i 9ac TIIHO0KoTo OypiHHSA. ABTOP BBaXKae, IO iHTETpallisl HAaHOCHIIKATIB 1acTh 3MOTY OTPHMATH
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PO3YMHHU 3 MPAKTUYHO HYJIBOBUM YacOM peJakcallil, 10 € KPUTHYHO BaXKJIMBUM JJIsi TOPHU30HTAIBHUX
JIUTSTHOK BEJTMKOI MTPOTSHKHOCTI.

BucHoBku:

IIpoBeneHe TeopeTHUHE AOCTIMKCHHS (I3MYHOI HMPUPOAM HEHBIOTOHIBCHKMX OYPOBHX CHCTEM
TI03BOJISIE 3pOOUTH HACTYITHI CTBEPHKYBaHHS:

1. Peonoriuna nmoBeniaka OypoBHX PO3YHHIB € Pe3ysbTaTOM AUHAMIYHOI KOHKYPEHIIT MiX
TEPMOJMHAMIYHO 3YMOBJICHHM TIPOIIECOM CTPYKTYPYBaHHS (THKCOTPOINE€I0) Ta TiApOoauHAMITHIM
pyHHYBaHHsM arperariB. OmnrTumizamiss 0pOro OajaHcy €  KIIIOYOBOIO YMOBOIO  KEpyBaHHS
TiAPOIMHAMIYHUMY XapaKTEPUCTUKAMHU CBEPIJIOBUHHU.

2. BuxopucranHs nuimre CcTaTHYHAX Mojaenel (Hampukiazn, biarama-llIBemoa) 6e3
ypaxyBaHHS 4aCOBOI pelaKcailii CTpyKTYPH IPU3BOJUTH 10 CYTTEBUX MOXHOO0K (110 ~ 20-30%) po3paxyHKy
Yacy MyCKOBUX THUCKIB MICIIS 3yTUHKH HUPKYJIALIL.

3. Jis rinOoKoro OypiHHS MEPCIEKTUBHHUM € MEPEXia J0 PO3UYMHIB 13 HeTIHIHHUM IpodineM
BIIHOBJICHHSI CTPYKTYpPH, IO JA€ 3MOTYy IIOEIHATH BHUCOKY PYXJHUBICTh Yy TYpOYJICHTHOMY PEXUMI 3
MUTTEBUM T€JICYTBOPEHHSIM Y CTaHi CIIOKOIO.

IlepcniexTHBH MOAANBIIMX AOCTII:KeHb MOJATAlOTh Yy PO3pOoOJeHHI LU(PPOBHUX ABIHHUKIB
(«digital twins») IpOMHBAJIBHUX PIIMH Ha OCHOBI HEHPOHHUX MEPEXK, SAKi 37aTHI B PEIKHUMI pPEAIbHOTO Yacy
MPOTHO3YBATH 3MiHY PEOJIOTIYHOTO CIIEKTPY IiJ BIUIMBOM JleTpajallii moiiMepiB Ta TeMreparyp y BUOOi.
Oco0nuBy yBary ciiiJ MpUIUTUTH AOCTIKEHHIO MiKpOPEOJIOTii 3a JOMOMOT0I0 JIa3epHOi iHTepdepoMeTpii,
10 JTO3BOJIUTH Bi3yai3yBaTH MPOIECH pYHHYBaHHS «CTPYKTYPHHX MICTKIB» Ha HAaHOPIBHI.

3a pe3ynbTaTaMH IPOBEACHOT0 TCOPETUYHOTO (PI3UKO-TEXHIYHOIO aHAIi3y PEOJIOTIYHOT TOBEIIHKH
OypOBHX MPOMHBAJIBHUX CHCTEM $IK CKJIAAHUX HEHBIOTOHIBCBKMX CEPENOBHUI CHOPMYIBOBAHO TaKi
Ba)KJTMB1 BUCHOBKH:

1. ®di3uyHa TMPUPOJa HEHBIOTOHIBCHKHUX BJIACTUBOCTEH OYypOBHX pO3YMHIB 3yMOBIICHA
JUHAMIYHOIO PIBHOBArOl0 MiK EHTPOINIMHMM YMHHUKOM Opi€HTalii MakpOMOJEKYJl Ta €HEPreTUYHUM
Oap'epoM pyiHHYBaHHs Mi)KYaCTHHKOBHX KOHTAKTIB.

2. [Tepexim Big B’SA3KOIUTACTHYHOTO CTaHy A0 Tedii € (a30BHUM NEPEXOJOM «CTPYKTypa—
Xaoc», OI0 BUMarae 3acTOCYBaHHS HENIHIMHUX Mozeneil (3okpema ['epmens-bankimi) nms amekBaTHOTO
1H)KEHEpHOTO PO3paxyHKY.

3. deHoMEH TUKCOTPOIIl 11eHTH()IKOBAHO SIK PeJaKCaIlifHUK MPOIEC 13 MEBHUM CIEKTPOM
gacy BimHOBIEHHSA. OYEeBUIHO, 10 33 U1l 3am00iraHHs CEAMMEHTAIlI] MIJIJaMy B TTHOOKHX CBEPIIOBHHAX
KPUTUYHUM € HE CTLTbKH a0COIOTHE 3HAUCHHS CTATUYHOTO HANPY>KEHHS 3CYBY, CKUTBKH IIBUAKICTH HOTO
HapocTaHHs y niepiri 10 cekyH[ micis 3ynUHKH TUPKYIISLi.

4, [TopiBHsIBHUN aHaMI3 pPE3yIALTATIB 3aKOPIOHHUX IOCHIDKCHBb [4, 6] 3acBimdye, IO
Mail0yTHE pEOJIOTIYHOTO KOHTPONIO TIIOB’sI3aHE 3 YHPOBADKCHHSIM IHTENEKTYyaJbHUX CHCTEM 13
HaHoMmoaudikaTopamH, gKi 3a0e3meuyroTh TepMOCTaOiIbHICTD B a3kocTi B ymoBax HPHT (high pressure,
high temperature).

IlepciekTrBE TOJANBIINX IOCHIHPKEHb IOJSTAIOTh Yy CTBOPEHHI aHANITUYHMX MOJEJEH, IIo
IHTETPYIOTh PEOJIOTIUHI DIBHSHHA CTaHy 3 alTOpUTMaMH MAIUHHOTO HaBYaHHS IS aJalTUBHOTO
KEepyBaHHS IIPOLIECOM IIPOMHUBAHHS B PeKUMI peabHoro dacy («Smart Drilling Fluidsy).
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Jlyybrutl HayioHaTbHULL MEeXHIYHUL YHIgepCumem

JOCIIJKEHHSA T'IJPABJIYHOI IPOHUKHOCTI CAIIOHIT - TATAHOBUX
OLIIbTPIB

Y cmammi npeocmaeneno pesyromamu excnepumeHmanbHux 00c1ioNicens 2iOpasniunoi npoHuKHoOCmi canonim —
mumanosux ginempie. DinompyeanbHuit mMamepiais OMPUMAHO MEMOOOM 2i0OPABIIUHO20 CYX020 NPECYSAHHA I3 HACMYRHUM
CRIKAHHAM HA OCHOGI CANOHIMY AK NPUPOOHO20 AIOMOCUNIKAMNHO20 A0COPOEHY ma MUMAny aK CHpYKmypoymeopouozo
Komnonenma.

IIpogedeno ananiz nopucmocmi mamepiaiy ma CHAHOGICHO 3ANEHCHICMb Koediyicuma npoHUKHOCcmi 6i0
Zpanynomempuunozo ckiady. Busaeneno onmumanwvhi napamempu MIKpoCmpyKkmypu, w0 3abe3neuyiomo egexmueHe
NOEOHAHHA MexaniuHoi miynocmi ma 6ucokoi pinempauiitnoi 30amnocmi. Ompumani pezynomamu Modxcymo Oymu
GUKOPUCMAHI NPU CMEOPEHHI HOBUX MUNiE KepamiuHux Qinempie 0na ouuwienna pioun i zazie y ximiunii, exonoziunii ma
eHepzemuuniil 2any3ax.

Knrwwuosi cnosa: canonim—mumanosi KoMRoO3uyiiHi @inbmpu, 2i0paeiiuHa NpPOHUKHICMb, NOpPOo8a CMPYKmMypd,
nopucmicms, paHyioMempudHuLl CKIao, MiKpOCMPYKMYPHI Xapakmepucmuxu.

H.M. Huliieva, L.M. Samchuk, T.Ye. Bozhko
STUDY OF HYDRAULIC PERMEABILITY OF SAPONITE - TITANIUM FILTERS

The paper presents the results of experimental studies of the hydraulic permeability of saponite — titanium filters. The
filtering material was obtained by the method of hydraulic dry pressing with subsequent sintering based on saponite as a natural
aluminosilicate adsorbent and titanium as a structure-forming component.

The porosity of the material was analyzed and the dependence of the permeability coefficient on the particle size
distribution was established. The optimal microstructure parameters were identified, which provide an effective combination of
mechanical strength and high filtration capacity. The results obtained can be used in the creation of new types of ceramic filters
for the purification of liquids and gases in the chemical, environmental and energy industries.

Keywords: saponite-titanium composite filters, hydraulic permeability, pore structure, porosity, particle size distribution,
microstructural characteristics.

IocTranoBka mnpodaemn. CyyacHUH PO3BHUTOK NPOMHCIOBOCTI, CIIBCHKOI'O TOCIIONAPCTBA Ta
KOMYHAJIbHOTO TOCIOJApCTBA CYNPOBOIXKYETHCA 3POCTAHHAM IOTpeOM B €(PEKTHBHUX CHCTEMax
OUMILECHHS PLAMH, 30KpeMa Boau. OHI€I0 3 TOJIOBHUX BUMOI' JI0 TaKUX CHCTEM € IO€IHAHHS BUCOKOL
(GiMBTpYyBaIbHOI 34aTHOCTI, XIMIYHOI Ta MEXaHIYHOI CTIHKOCTI, a TAKOX JOBrOBIYHOCTI (QiIBTPYBaJIbHUX
MaTepiaiiB. Y 1iii mpoOieMaTHili 0COONMBY yBary IpyMBEPTAIOTh KOMIIO3HIIIHHI (QIIbTPYBaIbHI MaTepianu
Ha OCHOBI IPUPOAHHUX MiHEPAJIiB Ta METAIIB.

CanoHiT, fK TNPeICTaBHUK INAPYBaTUX CHIIKATIB, XapaKTEPU3YEThCS BHCOKOI CcOpOLiiiHOIO
3[IaTHICTIO, PO3BMHEHOIO NMUTOMOKO TTOBEPXHEK0 Ta eKoyioriuHo Oesneunictio [1]. Turtan i TUTaHOBI
CIOJYKH, Y CBOIO Yepry, BiJ[3HAYaIOThCS BHCOKOI KOPO3IMHOK CTIMKICTIO, MEXaHIYHOI MIIIHICTIO Ta
CTabUIBHICTIO B arpecuBHUX cepenoBuiiax [2]. [ToeaHaHHs CANOHITY 3 TUTAHOBOK MATPHICIO A€ 3MOTY
CTBOPIOBATM  IEPCHEKTHBHI  (QUIBTpyBajbHI ~ Marepiaad 3 IMOKPALICHUMH EKCIUTyaTalliHHUMH
Xapaktepuctiukamu [3].

OnHi€ro 3 HAWBaXKITUBIIINX XapaKTEPUCTHUK (PUIBTPIB € 1X rifipaBiivHa MPOHUKHICTH, KA BU3HAYAE
30aTHICTh MaTepialy NPOIyCKaTH PIAMHY M Ai€to nepenany THcKy. Came el mapaMeTp CyTTEBO BIUIMBAE
Ha TIPOJYKTHUBHICTH (ijbTpa, €HEProBUTpaTH Tporiecy (QinbTpamii Ta eQeKTUBHICTh OUYHIIEHHS. Tomy
JOCHI/DKEHHSI TiIpaBIiYHOI TMPOHUKHOCTI CAMOHIT-THUTAHOBUX (UIBTPIB € aKTyadbHHM HayKOBO-
MPAaKTUYHUM 3aBIAHHSM.

AHaJi3 ocTaHHIX JOCTiTKeHb i myQaikamiid. 3a oCTaHHE NECATHIIITTS IHTEpEC 10 KOMIIO3HTIB Ha
OCHOBi IMH (GEHTOHITY, camoHiTy) i TMTaHOBUX n00aBok (TiO, @60 MeTanesuit TMTaH) 3piC uepes
MOETHAHHSI aJICOPOLIMHUK, KaTali3alliiHUX BJIIACTUBOCTEH TakuX MatepiaiiB. JlOCHiKEHHS OXOILTIOIThH
SIK eKCTIEPUIMEHTAIbHI pOOOTH 3 OTpUMaHHsI 1 BUITPOOYBaHHS (PLIBTPIB, TAK 1 MOAEIIOBAHHS TiAPOINHAMIKA
B peaNiCTUUHI MIKpOCTPYKTYpi IOPUCTHX MaTepialis [4].

HaBeneHi excnepyMeHTalbHI JaHI IIOAO TPOHUKHOCTI Ta TOPOBOI CTPYKTYpU CamoOHITY SIK
MiHEpaJIbHOIO HANIOBHIOBAYA, 10 3a0€3MeUy€e BUCOKY MUTOMY IOBEPXHIO, PO3BHUHEHY MiKPOIIOPHUCTICTH 1
3HaYHY BOJOBOMPHY 3/IaTHICTH Ta BILTHBAE Ha ()OPMYBaHHS (PLIBTPAIIfHOTO APy, M0 3MiHIOE e(hEeKTHBHY
TiIpaBNivHy IPOHUKHICTB [5].

Jocnimkena interpatis Tutany abo TiOz Y MATPUUFO, AKa MOXE MaTV NOABI MHWM edeKkT: 3 oaHid
CTOPOHH — TIOKpAIy€ MIIHICTh, TiAPOQLIBbHICTS 1 aHTH(YyamiHroBi ((OTOKATATITHYHI) BIACTHBOCTI,
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3 IHIIOI — TPU MEBHUX yMOBAaX 3MEHIIIYE CEPeIHIA Po3Mip MOp i, K HACTIAOK, 3HIDKYE TPOXiAHICTS.
KinbkicHi edexTr 3aiexarb Bix Gopmu (HAHOYACTHHKHM, IUTIBKA, HUTKH), JOKaji3allii B CTPYKTYpi Ta
KOHIIEHTpAIli1 1o6aBku [6—-8].

CydacHi poOOTH 3aCTOCOBYIOTh TO€IHAHHS MIKPOCTPYKTYpHOI mudpoBoi 06podku (Mmikpo-CT,
SEM) 3 uncensuumu pimerasmu (Has’e Ctoka) mist o6uncieHHs epeKTUBHOI TiApaBIivHO] MTPOBITHOCTI
MarepiaiiB 3 HEOOXiIHOIO MOpHCTicTIO. Taki miaxomw BKe OyJIM YCHINTHO 3aCTOCOBaHI IS TOMIOHUX
TJIMHHUX KOMIIO3UTIB [9].

PesynbpTaTi moka3yoTs, IO CAIOHIT-TUTAHOBI KOMIIO3UTH TIEPCIIEKTUBHI JUIs GUIBTpaIil MMTHOT Ta
CTiuHOT Boiu (KOoMOiHalis aacopOLii JoMilIoK Ta poToKaTaTiTHIHOro 3He3apaxenHs TiOz ), & TAKOK ANA
CTBOPEHHS KepaMidHUX a0 MeMOpaHHHX MaTepiajiB 3 MiABUIIEHOO CTIHKICTIO 10 3a0pyaHeHHA. [IpoTe
MeXa MiX MPOHUKHICTIO (MPOAYKTUBHICTIO) 1 CTYIIEHEM OYHINEHHS/aACOPOIiEI0 3aTUIIAETHCS TOJOBHUM
npu npoektyBanHi [10].

AKTYaJIbHICTh JOC/i>KEHHs TIOJIATa€ B MEPCIEKTUBHOCTI CAMOHIT — THTAHOBUX KOMIIO3UTIB SIK
(GiIBTpyIOUMX MaTepialiB i3 KOPUCHUMH aJCOPOLIHHO-KATaITHYHUMHU BIIACTHBOCTSAMH, MPOTE KUIBKICHI
JOCITIJKEHHSI caMe T1JIPaBIivyHOi MPOHUKHOCTI TAKHX CHCTEM IOKH 110 (pparmeHTapHi. LL{o6 mepeiitu Bin
J1Ta00PAaTOPHUX JCMOHCTpAIliii 1O IH)KEHEPHOI0 3aCTOCYBaHHsS, HEOOXIJIHO MPOBECTH CTaHAApPTH30BaHI
EKCIIEPUMEHTH 13 Cepier0 3pa3KiB i3 MIKPOCTPYKTYPHHM MOJEIIOBAHHAM Ta  JIOCIIKEHHSIM
eKCIUTyaTalliifHOI BJIaCTUBOCTEW (iIbTPIB.

MeTo10 7aHOTO TOCTiI>KEHHSI € BU3HAYCHHS 3aKOHOMIpPHOCTEH (hOpMyBaHHS IIOPOBOT CTPYKTYpPH Ta
KIJIbKICHA OIIHKA TiJIpaBIiYHOI TMPOHUKHOCTI CAllOHIT-THTAHOBHX (PUIBTPIB 3aJIe)KHO B CKJIaIy, YMOB
BUT'OTOBJICHHS Ta CTPYKTYPHHUX XapaKTEPUCTHUK.

BuknagenHss ocHoBHOro wmarepiaay. Jlns HayKOBO-€KCIEPUMEHTAILHOTO — JIOCIIIKEHHS
BUKOPHCTOBYBAII CAMOHIT-TUTaHOBI (inmbTpu [11] 3 pi3HOIO MOPOBOIO MPOXITHICTIO (PLIETPYBATHHOTO
martepiany (ta6i. 1). ToBumHa GinsTpyBansbHOro mapy cranosmia L=50 M i3 B s3kicTio Boau 1=1,0x10"°
ITa/c Ta mineHicTIO p=1000 KT/M°,

Tabn. 1
IlopoBa npoxiaHicTh QiILTPYBAJTBHOI0 MaTepiaxy
Benuka, (pesicum A) | Cepennst, (pescum b) | Townka, (pexcum B)
k, M?
1,0x10°1° | 1,0x107" | 1,0x1072

J171st OLIiHKYM HANopy BUKOPUCTOBYBaJM 3akoH lapci mist dinpTparii:

AP =L 1)
ne V — IIBUAKICTh MTOTOKY, M/C.
OOuncneHHs B METpax BOISHOTO CTOBITYHUKA:

h="2 @)

pg

[Ipu pexxumi A, BenuKild MPOXIAHOCTI MOPUCTOro (GiIBTPYBAJIBHOIO MaTepially Ta CepeaHbOMY
po3mipi mop = 50-100 um cmoctepiraerbcsi BHCOKa NPOITYCKHA 3[aTHICTh, NEPEBa’KHO MOBEPXHEBE
ounieHHs. Je mBunkicts GpinsrpyBanus V cranoButs 0,0013888889 m/c.

3a ¢opmyoro (1) Bu3HATAEMO HAIIpP IS peKUMY b

AP = 1,0 x 1073 x 2203898899, 05 = 694,444 Ta.
1,0x10

3a popmynoro (2) mpoBOAUTHCS OOYUCIESHHS IS PEKUMY A B METpax BOJSHOTO CTOBITYMKA:

694,444
=————=~0,071 m.B.CT.
1000%9,81

CanoHiT — THTaHOBHH (BiNBT BEITMKOI MPOXiAHOCTI Ma€ TaKi TEXHIUHI XapaKTePUCTUKU:

—BEJIMKY MPOIYCKHY 3[aTHICTh, MaJly HMOBIPHICTh 3a0pyAHEHHS APiOHUMH KOJIOIAaMHU;

—BUAAJICHHS YACTHHOK PO3MipoM > ~50 um;

— BHUCOKY e(eKTHBHICTE (> 95 %);

—He ayxe e()eKTUBHUHN IS PiIOHUX KOJOiAiB (PO3YMHEHUX JOMIIIOK) — MOXKE 3HAO0UTHCS
KoaryJsiiist (aacopOrris).

—piJKke IPOMUBAHHSI,

— Tepernaj] TUCKY Ha JoIyCcTHMOMY piBHI (~ < 0,2 — 0,5 M) goBmmii yac.
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[Ipu pexxumi b, cepeaHiii MPOXiAHOCTI MOPUCTOrO (PUILTPYBAIBHOTO MaTepiady s CepPeIHbOrO
po3Mipy mop = 5-20 pum crocTepiraeThCs MEHINA NPOITyCKHA 3aTHICTh, IMEPEBAKHO ITOBEPXHEBE
ounteHHs. Je mBunkicts GpinbrpyBanus V cranosuts 0,00027777778 m/c.

3a ¢opmyroro (1) BU3HAUAEMO HaIip AT pekuMy B:

0,00027777778

AP =1,0 x 1073 x &
1,0x10

x 0,05 = 1388,8889 Ila.

3a ¢opmyoro (2) MPOBOIUTHECS OOUNCICHHS IJIS PSKUMY B B METpax BOJISHOTO CTOBITYHKA!

_1388,8889
" 1000%9,81

h ~ 0,142 m.B.CT.

CaroHit — THTaHOBUH (DUTET CEPEIHBO1 TPOXITHOCTI MA€ TaKi BIACTUBOCTI:

—BUAAJICHHS YACTHUHOK CEPEAHBOr0 PO3Mipy (=5 pm);

—nyxe noope ountieHHs (80-98 % 3anekHO Bij pO3MOALTY YACTUHOK).

—YaCTUHKH <1—-2 M YacTKOBO 3aXOILUTIOIOTHCS B IMTUOMHI, aje e()eKTHUBHICTh HMKYA;

— J17151 IOJTiNIIEHHS HEOOX1THO 3aCTOCOBYBATH KOATYJISIHTH 200 TOHKOMIOPHCTHI BEpXHiit miap.

—yacTile 00CIyroByBaHHS, HI)K Y BEJIMKOIIOPOBOMY PEKUMI;

—BaXJIMBUHA KOHTPOJIb AP,

—HeoOX1AHO MJIaHyBaTH KOATyJSLiI0 P JOCATHEHH] nopory (Hanpuknag, +0,2-0,3 m).

IMpu pexumi B, TOHKOMOPOBIA MPOXiJHOCTI TOPHUCTOrO (iMBTPYBANBHOTO MaTepiany MpH
cepeaHbpoMy po3Mipi mop =~ 0,5-2 um crocrepiraeTbcs HU3bKa MPOIMYCKHA 3JaTHICTh Ta BUCOKOC(EKTUBHE
dbinpTpyBanns. JIe moBepXHeBa MBUAKICTH (inbTpyBanHs V cTaHOBUTH 5,5555556 X 1075 M/c.

3a ¢opmyoro (1) BU3HATAEMO HATIIP IS pEKUMY B:

-5
AP = 1,0 x 1073 x 22222200 5 0,05 = 2777,7778 Ia

3a popmynoro (2) mpoBOIUTHCS OOUUCIICHHS IS pEKUMY B B METpaxX BOASIHOTO CTOBITYHKA!

_2777,7778

= ~ 0,283 M.B.CT.
1000x9,81

CaroHiT — THTaHOBUH (IJIBT TOHKOT MPOXITHOCTI MAa€ TaKi TEXHIYHI BIIACTHBOCTI:

— BHCOKY ¢(DEKTHBHICTh BUAAJICHHS MPIOHNX YACTHMHOK Ta 3HAYHE 3MCHIIICHHS MyTHOCTI;

— MOXe€ 3aTPUMYBaTH YaCTUHKH PO3MipoM ~1 pm i Oibii;

—3HAYHO OUTBIINN TIepenaa TUCKY IIPH Til )K€ TOBIIHHI IIapy;

—noTpelye HIKYMX MBUAKOCTEH, YaCTIIOTO MPOMHUBAHHS 200 OUIBIIOI HACOCHOT MOTYKHOCTI.

—Kpala aJcopOLiiHICTh CAlIOHITY;

— BHJIAJICHHS Ba)KKHMX 10HIB Ta OPTaHIYHUX PCUYOBHH.

st 30epeskeHHS TPOITYCKHOI 37aTHOCTI 3a3BHUYAil BHUTOTOBJSIOTH TpasieHTHI (imbrpu [12] 3
JEeKUIPKOX IIApiB: BEPXHIH TOHKOMOPUCTHUH IIap AJs TOHKOTO OCBITJCHHS Ta BHYTPILIHIA IIap A
MEXaHIYHOI OUUCTKH.

3a pe3ynpTaTaMHd HAyKOBO-€KCIIEPUMEHTAIBLHUX BCTAHOBJICHO, IO TiApaBiIivyHA MPOHUKHICTH
CAlOHIT — TUTAHOBHUX (UIBTPIB CYTTEBO 3aJECKUTH BiJl TPAHYJIOMETPUYHOTO CKJIagy Ta CIIiBBIJHOIICHHS
KOMIIO3UTY, L0 BU3HAYaIOTh ()OPMYBaHHSA MIKPOCTPYKTYpH MaTepiany. s TphoxX eKcliepuMEeHTaIbHUX
peXUMiB BUTOTOBIEHHS (BinbTpiB (Tabu. 1) koedinient nporuknocTi K 3MiHOBaBcs B Mexax Bia 1,0x10710
M2 110 1,0x10712 M2, 1o BiAmoBizae nepexomy BiJ KPyMHONOPHCTOI 10 TOHKOIIOPUCTOI CTPYKTYPH.

V 3paskax pexumy A, e nepeBakaloTh Makporop po3mipoM 50-100 pm, cnocTepiranacsi BUCOKa
MPOIYCKHA 3[aTHICTh MPH IIBHIKOCTI QLIbTpyBaHHS OaM3bKO 5 M/rof. Taki QiabTpU XapaKTepHU3YIOThCS
MIHIMaJIbHUM TiIPaBIIYHKM OIOPOM 1 3a0e3meuyioTh ¢()EKTHBHE BHIAJCHHS MEXaHIYHUX JIOMIIIOK
po3mipom monan 50 pum. [Ipore yepes3 mepeBakHO MOBEPXHEBE 3aTPUMaHHS JOMIIIOK iX €(QEeKTHBHICTh
100 APiIOHOIUCTIEPCHUX YACTHHOK € 00MekeHOI0. Lle cBiqunTh Ipo Te, 110 B MAKPOIIOPUCTUX CTPYKTYPax
OCHOBHHM MEXaHI3MOM € rpy0e (ibTpyBaHHS, TOI AK afcopOIliiiHa CKJIaJ0Ba CAlOHITY MPAKTHYHO HE
peaizyeTbes.

Jnst cepeIHbONOPUCTHX 3pas3kiB (pexxum b) 31 cepeaniM po3mipom mop 5-20 um koedimieHT
nporuksocTi k=1,0x107"" M2, IlIBHAKiCTH (iAETPYBaHHS CTAHOBHMTH ONM3bKO 1 M/rof, o 3abe3meuye
BUJIATICHHS] YaCTHHOK CEPEeTHROT0 po3Mipy (> 5 pm) i3 3arainbHO0 eQeKTHBHICTIO ountieHHs 80-98 %. Y
TAaKUX KOMIO3UTaX BigOyBaeThCsl KOMOIHOBaHMN MeXaHi3M (inbTpalii — MoOBEepXHEBE OCITaHHS YaCTHHOK
TTOETHYETHCS 3 X YaCTKOBUM 3aXOIUICHHAM Y TIuOwHi mmop. Lle 3abe3nedye cTabinbHy poOoTy ¢iabTpa mpH
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MOMIPHUX BHUTpaTax €HEPrii, MPOTe BHMAara€ IEPIOAUYHOIO NMPOMUBAHHSA JUIsI 3amoOIiraHHS POCTY
TipaBIIigHOTO OIIOPY.

Haiimenmmii koediuient nponuknocti (1,0x1072 M?) cmocrepiraes y 3paskax pexumy B, e
cepeaHiit po3mip nop craHoBUTH 0,5-2 um. BiamoBizHo, MBHAKICTH QinbTpyBaHHs 3HHKYEThCA 10 0,2
M/To, ane e(heKTUBHICTh BHIAICHHS YaCTHHOK IMiIBHUINYEThcs 10 Maike 100 %. IlinBuiienuit nepenan
THCKY Ha (DUTBTpI CBIAYMTH PO HEOOXIMHICTH POOOTH MPU MEHINHUX IMBHIKOCTSAX a00 3aCTOCYBaHHS
rpagieHToi cuctemu ¢inbrpanii (puc. 1). B gaHux 3paskax 4iTKO MPOSBISETHCS aAcopOUiliHa 31aTHICTh
CAIOHITY — 3aBASKH KpaIliif MOPUCTOCTI CIIOCTEPIraaocs MOMITHE 3HWKEHHS KOJIbOPOBOCTI Ta MYTHOCTI
BOJIM, 1110 BKa3y€ Ha J0JaTKOBE BUIAJICHHS PO3YMHEHUX OPraHiuHUX PEUOBHH Ta 10HIB BaXKKUX METAIIB.

3anexxHicTb Nepenany TUcky AP Bin NnoBepxHeBOT WBWMAKOCTI v
ONA TPbOX 3Ha4YeHb NepmiabiniTi (cnevyeHnid canoHIT-TUTaH)
k= 1le-10 m™2 (kpynHONOROBWA

105k k = le-11 m"2 (cepenHin)
— k= le-12 m™2 (ToHKoNnopoBKiA)

104}

lD.’i /
10°

1

10°F

Mepenan Tucky AP (Ma) — norapwugMivHa wkana

10! 10° 101
MoeepxHeBa WBKWAKICTL v (M/ron)

Puc.l. I'pagienTHa cuctema pinbTpamii

[opiBHSHHS pe3ynbTaTiB EKCIEPUMEHTY 3 JIITEpaTypHUMHU AaHUMH [2—6] MOKa3ajlo y3roKeHICTh
OTPUMAaHMUX 3HAYCHb KOE(]III€HTIB MPOHUKHOCTI 3 BiIOMHUMH MOCISIMHU MOPUCTHX ATFOMOCHITIKATHHX
KoMITo3uTiB. CIIOCTEpIraeTbess THUIOBUIM CTENMEHEBMH 3B’SI30K MDK KoeillieHTOM NIpOHHMKHOCTI K Ta
cepennim miamerpom mop d Bumy k~d>°3°, mo mixTBepwKye nepeBaru TaMiHAPHOTO PEXKUMY Tedii (3aKOH
Hapci). logaTKoBO BCTAaHOBIICHO, 10 301IBIICHHS YaCTKU TUTaHy y komno3uuii (Oinbiie 30 %) cipuunnse
YaCTKOBE YIIUTBHEHHS CTPYKTypH Ta 3MEHIIeHHS e(eKTuBHOi mopuctocTi Ha 10-15 %, mo 3umKYye
MIPOHUKHICTD, aJI¢ MMiABUIIYE MEXaHIYHY MILHICTb (iIbTpa.

MiKpoCTpYKTypHHI aHaji3 MOKa3aB, IO HASBHICTh TUTAHOBUX BKIIOYEHBb CIpHsi€e (OpPMyBaHHIO
CTIMKOT 3B’13aHOI CITKH TOD, sIKa 3a0e31euye piBHOMIPHUN PO3IOIi TOTOKIB i 3MEHILIY€ PU3HK JIOKAJILHOTO
3acMmiveHHs. Lle 0coOIMBO BaXKIIMBO JJIsl TIOBrOTPUBAJIOT0 BUKOPHUCTAHHS QUIBTPIB Y IMHAMIYHHX YMOBAX.
Bu3sHaueHi onTUMalbHI CHiBBiJHOIIEHHS TTapaMeTpiB nopuctocti (30-35 %) i nporukHocTi (107! M?), mo
3a0e3MeuyroTh 0allaHC MiXK TPOJTYKTUBHICTIO Ta SKICTIO OUUIIICHHSI.

OTxe, pe3yabTaTH EKCIIEPHUMEHTY CBIAYaTh, IO CAMOHIT-TUTAHOBI (UIBTPU MOXYTh OYTH
e(eKTHBHO BUKOPHUCTAHI JJIsl TIONIEPEAHBOTO i TOHKOTO OYHIIICHHS BOJIH, & TAKOX sSIK 0a30Bl1 €JIEMEHTH B
OararomapoBux MeMOpaHHUX cucTeMax. HacTymHi AOCHifKeHHs AOLIIBHO CHOPSMYBAaTH HAa BUBUCHHS
BILIMBY TPHBAJIOr0 MMKJIIYHOI'O HABAHTA)KEHHS Ha CTaOLIBHICTh TiIPaBIiuyHOl MPOHUKHOCTI Ta KOPEJIALIIO
MiX MIKPOCTPYKTYPOIO Ta aJICOPOIIIIHHOI0 aKTUBHICTIO MaTepiaity.

BucHoBkn.

1. [IpoBeneHi ekcriepuMEHTAIbHI JOCTIIKEHHS MOKa3aJid, L0 TiApaBlidyHa NPOHUKHICTbH
CaTOHIT — TUTAHOBUX (UIBTPIB CYTTEBO 3AJICKHUTH BiJI TPAHYJIOMETPHYHOTO CKIIAJly Ta CITiBBIIHOIICHHS
KOMITOHEHTIB KOMIIO3UTY. 3MEHILIEHHS CepeaHboro posMmipy mop i3 50-100 um mo 0,5-2 um
CYNIPOBOIKYETHCS 3HIKEHHAM KoedimienTa nmpoaukHocTi 3 1,0x1071% mo 1,0x10712 M2 Ta migBUIIEHHAM
edextuBHOCTI QiabTparii Big 90 g0 99-100 %.

2. OnTuManbHi QiIbTpaLiiiHi BIACTHBOCTI TOCITalOTHCSA HPU CEPEAHBOIIOPUCTIH CTPYKTYpI
(pexum b) i3 koediuiearom mporuknocti k=1,0x107!! M2, e 3a0e3meuyeThest GamaHC MiK MPOIYCKHOO
3IATHICTIO, SIKICTIO OYMIICHHS T4 CHEPTETHYHUMH BUTPATaMH.

3. BcTanoBneHo, 0 THUTAHOBI BKJIIOYCHHS BUKOHYIOTH (YHKITIIO CTPYKTYPOYTBOPIOIOYOTO
KOMIIOHEHTA, SKUI MiABUILYE MEXaHIUHY MIITHICTb 1 CTaOLIBHICTh MIKPONOPHUCTOI CTPYKTYpH. IIpH BMicTi
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tuTany noHan 30 % croctepiraeThes yIIIbHEHHST MaTPUII, 3MEHIICHHS e(eKTHBHOT opucrocTi Ha 10—
15 % Ta BimmoOBiIHE 3HWKEHHS MPOHUKHOCTI.

4, V 3pazkax i3 IpiOHONOPHUCTOI0 CTPYKTYPOIO (PeXHUM B) UiTKO MPOSBISETHCS ancopOLiiiHa
aAKTHUBHICTD CaHOHiTy, 1o 33663H€‘ly€ AOJAaTKOBC BUAAJICHHS PO3YMHCHUX OpFaHi‘lHI/IX PCUYOBUH 1 BaXKKHX
ioHiB. Lle Bka3ye Ha MOKJIMBICTh [TOE€IHAHHS MEXaHIuHOT Ta COpOLiHHOT (IIbTpallil B OJHOMY MaTepiali.

5. [TopiBHSHHSA eKCTIEpUMEHTAIBHUX PE3yJIbTATIB 13 BIJOMHMH JITECPATYPHUMH TaHUMU
MiATBEPIMIIO BIAMOBIIHICTE OTPUMAaHUX KOe(illiEHTIB MPOHUKHOCTI KIACHYHUM 3aKoHOMIpHOCTAM [lapci
Ta cTeneHesiit 3anexnocTi K~0**2°, xapaxTepHiii 115 TOPUCTHX AOMOCHITIKATHIX KOMITO3HTIB.

6. OTrpuMmaHi pe3ysNbTaTH CBiAYaTh MPO TEPCICKTUBHICTh BUKOPHCTAHHS CAIOHIT —
TUTAaHOBHUX KOMIIO3UTIB JAJIsI CTBOpEHHs e(peKTUBHUX (iIbTpallifHUX €JIEMEHTIB y CHCTEMax OYHIICHHS
piauu 1 raziB. HacTynni nocmigkKeHHS AOLUIBHO CHPSAMYBaTH Ha aHaji3 AOBrOTpHBaioi cTabilbHOCTI
MIPOHWKHOCTI, BIUIMBY TEMIIEPATypHUX PEKHUMIB 1 IUKIIYHAX HaBaHTAXEHh Ha EKCIUTyaTarliitHi
XapakTepUCTUKU PiIbTPiB.
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Cymcwkuil deporcasnuil yuisepcumem®, Binnuybrutl nayionansHutl azpapruil yHieepcumem®

TPAHCO®OPMALIA CTPYKTYPHU IIOTOKY TA EHEPTETUYHI XAPAKTEPUCTUKHA
BIYIBHOBUXPOBOT'O HACOCA B PEXKUMAX YACTKOBOI'O HABAHTAKEHHS

(Q =0,05-0,6 Quom)

Y pobomi nageoeno pezyromamu uucenbHo20 00CiONCEHHA POOOUUX XAPAKMEPUCMUK GIIbHOBUXP06020 Hacoca CBH
80-32 y 30ni 3nusicenux nooau Q = 0,05-0,6 Qnom. Memor 00ciorceHHs € 6CIMAHOBIEHHA 3AKOHOMIDHOC ell 3MIHU HARIPHUX
ma eHnepzemuuHUX NOKA3HUKIE | GU3NHAYEHHA OcoOauGocmeii mpancghopmayii cmpyKkmypu 6HYmpiutHb020 NOMOKY npu
nepexooi 6i0 nOMipHo20 00 21uH0K020 HedosanmarcenHua. Po3paxynku euxonano ¢ npozpamuomy cepeoosuuii ANSYS CFX y
Cmayionapuiii nocmanosui 3 euKOpucmanuam mooeni mypoynenmuocmi k—e. Ilpoananizoeano 06a KOHCMPYKMUGHI
GUKOHAHHA pPOOOU020 Koneca — 00HoapycHe ma o0eoapyche. Ilodyoosano inmezpanvni xapaxmepucmuxu H(Q) ma n(Q),
GU3HAYEHO 3MIHU NOBHOZ0 HANOPY, CROMCUBCAHOI NOmY)CcHOCMI ma Koeghiyicnma Kopucnoi 0ii ¢ 00cnidxicysanomy oianazoni
nooau. Bcmanoeneno, w0 6 30Hi HeO06AHMACEHHA HANIP 3MIHIOEMbCA HE3HAUHOI Mipolo, modi ax KKJ/[ cymmeeo
HUICYEMBCA Uepe3 IHmeHcuPikayito sHympiwinboi peyupKyIayii ma 3poCmants 2iopasiivHux empam y @ibHIll UXPOGITl
kamepi. Ilokazano, wo npu Q = 0,05 Qnom popmyemuoca cmiiika yupKyIayiiHa cCmpyKkmypa, aka 3ade3neuyc niOmpumants
Hanopy 3a 00HOYACHOT ezpadayii enepeemuyHUX NOKA3HUKI6. Busaesneno, ujo 0soapycne poooue Koneco 3ade3neuye deujo 6uuli
3nauennsa KKJ[ y eepxniinn wacmuni docnioxncyeanozo dianazony nooau. Ompumani pe3yiomamu Moy3cyms oymu 6UKOPUCmMani
0713 0OTPYHMYSAHHA Medc PAUIOHANbHOT eKCnayamauii ma 600CKOHANEeHHA KOHCMPYKYIT 6I1bHOGUXPOBUX HACOCIE.

Knrouosi cnosa: 6inbHosuxposuii HAcoc;, 8UXposUll HACOC; pobOMA NPU YACMKOBOMY HABAHMANCEHHI; DeXHCUM MANUX
nooay; eiopaeniunuii KKJ/[; CFD-molentoéanua; moodenv mypoOyienmuocmi k—e; cmpykmypa 6HYmMpiuHb020 HOMOKY,
PeYUpKYIAYIA, enepeemuiHi NOKASHUKU.

V. Kondus, O. Kulikov, V. Ahdrusiak, M. Mushtai, A. Tverdokhleb, A. Didyk

FLOW STRUCTURE TRANSFORMATION AND ENERGY PERFORMANCE OF A
TORQUE-FLOW PUMP UNDER PARTIAL-LOAD CONDITIONS (Q = 0.05-0.6 Qnowm)

The research presents the results of a numerical investigation of the operating characteristics of a torque-flow pump
SVN 80-32 in the low-flow range Q = 0.05-0.6 Qnom. The aim of the study is to determine the regularities of changes in head
and energy performance indicators and to identify the transformation features of the internal flow structure under partial-load
conditions. The simulations were performed in ANSYS CFX using a steady-state formulation and the k—& turbulence model.
Two impeller configurations, single-tier and double-tier, were analyzed. Integral characteristics H(Q) and n(Q) were obtained,
and variations of total head, consumed power, and hydraulic efficiency within the investigated flow range were determined. The
results show that in the partial-load zone the head remains relatively stable, while the efficiency significantly decreases due to
intensified internal recirculation and increased hydraulic losses in the vortex chamber. At Q = 0.05 Qnom a stable circulatory
flow structure is formed, maintaining head generation despite severe efficiency degradation. The double-tier impeller
demonstrates slightly higher efficiency values in the upper part of the investigated flow range. The obtained results may be used
to substantiate rational operating limits and to improve the design of torque-flow pumps operating under variable flow
conditions.

Keywords: torque-flow pump; vortex pump; partial-load operation; low-flow regime; hydraulic efficiency; CFD modeling;
k—¢ turbulence model; internal flow structure, recirculation; energy performance.

1. Introduction
Torque-flow pumps (Fig. 1) are widely used for pumping liquids containing solid and fibrous
inclusions due to the presence of a free vortex chamber and the reduced risk of clogging of the flow passage.

Fig. 1. Design features of torque-flow pumps of the SVN type
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Classical experimental and analytical studies have shown that the operating process in such pumps
is characterized by a combination of blade and vortex mechanisms of energy transfer, while the head
characteristic typically exhibits a relatively flat shape over a wide flow rate range [1, 2]. Further
generalizations of experimental data confirm the significant influence of the geometric parameters of the
impeller and the flow passage on head and energy performance, particularly on the magnitude of hydraulic
losses in the vortex chamber [3, 4].

In recent years, considerable attention has been paid to CFD investigations and parametric
optimization of pump tiers, which allow analysis of velocity and pressure fields as well as assessment of
the influence of design factors on pump performance without conducting a large number of full-scale
experiments [5, 6, 7]. For engineering analysis, steady-state formulations and RANS turbulence models are
widely applied, providing an acceptable compromise between accuracy and computational cost [8]. Some
studies also demonstrate that factors such as wall roughness may significantly affect CFD-based predictions
of energy performance indicators [9].

At the same time, most available studies focus on operating conditions close to the nominal regime,
whereas in real operating conditions pumping units often function in the partial-load zone due to throttling,
variable network demand, or technological constraints. For torque-flow pumps, a reduction in flow rate is
accompanied by intensified recirculation phenomena and increased flow non-uniformity, which may lead
to a significant decrease in efficiency and alterations in the flow structure within the interblade channels
and the vortex chamber [1, 2]. Unsteady effects and the growth of vortex structure intensity in vortex pumps
operating far from nominal conditions are actively discussed in recent publications, highlighting the
relevance of a detailed analysis of low-flow regimes [10, 11].

The issue of operational reliability under off-design conditions is also of practical importance.
Variations in hydrodynamic loading and deterioration of energy performance may be accompanied by
increased vibration manifestations and risks of damage to pump components, as confirmed by approaches
to failure and reliability analysis of pumping equipment [12, 13]. In addition, for pumps operating over a
wide range of regimes, cavitation resistance remains an important aspect, and modern experimental and
numerical approaches propose criteria and indicators for assessing cavitation inception from the standpoint
of energy efficiency and reliable operation [14, 15].

In this context, the investigation of operating characteristics and internal flow structure of a torque-
flow pump in the low-flow range Q = 0.05-0.6 Qnom is of particular relevance, since a qualitative
restructuring of the internal flow occurs and degradation of energy performance becomes apparent in this
zone. In the present study, a numerical analysis of performance characteristics and flow fields of a torque-
flow pump with two impeller configurations was performed in order to establish the regularities of head
and efficiency variation and to compare the influence of impeller design on flow uniformity under partial-
load conditions [3, 5, 6, 7].

2. Literature Review and Problem Statement

An analysis of recent studies shows that the majority of research in the field of torque-flow pump
implementation is focused on geometric optimization of impellers and improvement of energy efficiency
in the vicinity of the nominal flow rate. Parametric investigations of blade wrap angle, axial clearances,
number of blades, and configuration of interblade channels demonstrate a significant influence of these
factors on head and efficiency [5, 6, 7]. Numerical methods are actively applied for multi-objective
optimization and performance prediction of pumps of various types [16, 17, 18].

A separate research direction concerns the improvement of impeller design, particularly through the
application of multi-tier or combined blade systems. It has been shown that such configurations may
provide a more uniform velocity distribution in the interblade channels and influence the shape of the head
characteristic [3, 4]. Within the Ukrainian scientific school, it has also been established that the geometric
parameters of curvilinear blades significantly determine the structure of the internal flow and the ratio
between blade and vortex mechanisms of energy transfer [19, 20], while the combined operating process
may alter the pump’s energy performance depending on the operating regime [21, 22].

At the same time, the literature analysis reveals an imbalance in the investigation of different
operating regimes. While nominal and overload conditions have been thoroughly examined from the
standpoint of CFD analysis and experimental validation, the low-flow region has been studied only
fragmentarily. Existing publications are generally limited to a qualitative statement of increased losses and
reduced efficiency at decreased flow rates, without a systematic analysis of the evolution of velocity fields
in the interblade channels and the free vortex chamber.

© Konoycw B. FO., Kynixos O. A., Anopycax B. O., Mywmaii M. B.,
Teepooxneb A. C., [lioux A. M.

47



ISSN: 2415-3966 Mioceysiecokuii 30ipuux « HAYKOBI HOTATKHy. Jhyyek, 2026, N85

Recent studies devoted to the analysis of unsteady processes in torque-flow pumps indicate that
deviations from nominal operation are accompanied by increased intensity of vortex structures and
hydrodynamic oscillations [10, 11]. However, even in these investigations, the main emphasis is placed on
dynamic characteristics, whereas a systematic analysis of energy performance degradation in the deep
partial-load range remains limited.

An additional factor complicating the assessment of low-flow regimes is the possible increase in
local hydraulic losses and enhanced sensitivity to cavitation phenomena, as confirmed by modern
experimental and numerical studies of various pump types [14, 15]. From a practical standpoint, prolonged
operation outside the recommended flow range is associated with increased vibration loading and a higher
risk of equipment reliability reduction [12, 13], which further emphasizes the necessity of clearly defining
rational operating limits.

Thus, despite the availability of numerous studies devoted to geometric optimization and CFD
modeling of torque-flow pumps, the issue of regularities in head and energy performance variation in the
range Q =0.05-0.6 Qnom, as well as the transformation of the flow structure in this region, remains
insufficiently investigated. This is particularly relevant for comparing different impeller configurations in
terms of velocity distribution uniformity and the intensity of recirculation zones under deep partial-load
conditions.

Addressing this problem requires a systematic numerical analysis using a consistent modeling
methodology for a set of operating regimes within the low-flow range, followed by interpretation of the
obtained results from the standpoint of hydrodynamic mechanisms responsible for loss formation.

3. Aim and Objectives of the Study

The aim of the study is to establish the regularities of variation of head and energy performance
characteristics of a torque-flow pump in the low-flow range Q = 0.05-0.6 Qnom and to determine the features
of internal flow structure transformation when transitioning from moderate to deep partial-load conditions.

To achieve the stated aim, the following objectives were defined:

1. To perform numerical simulation of the operating process of a torque-flow pump in a steady-state
formulation for a set of operating regimes within the range Q = 0.05-0.6 Qnom USing a consistent
turbulence model.

2. To construct the head characteristic H-Q and the energy characteristic n—Q in the partial-load
region and to determine the nature of energy performance degradation with decreasing flow rate.

3. To analyze the distributions of relative and absolute velocities in the interblade channels of the
impeller and to identify changes in flow uniformity when transitioning to low-flow regimes.

4. To investigate the influence of impeller configuration (single-tier and double-tier) on the flow
structure and the magnitude of hydraulic losses under partial-load operation.

5. To determine the rational operating limits of the pump in terms of maintaining an acceptable
efficiency level and stability of the hydrodynamic flow structure.

4. Research Methodology

The object of the study is a torque-flow pump SVN 80-32 (pump capacity 80 m3/h, head 32 m at the
design operating point) equipped with an impeller featuring curvilinear blade profiles and a free vortex
chamber. Two impeller configurations were considered in the study, namely a single-tier and a double-tier
design (Fig. 2).

Fig. 2. Impeller configurations: a — single-tier; b — double-tier
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The geometry of the casing and other elements of the flow passage was identical for both variants,
ensuring a correct comparison of the obtained results and allowing assessment of the influence of impeller
design features on hydrodynamic processes in the low-flow range.

The three-dimensional model of the flow passage was developed taking into account the inlet nozzle,
the impeller region, the free vortex chamber, and the discharge volute. After the geometry was formed, the
computational domain was generated for subsequent numerical simulation. Discretization was performed
using an unstructured volumetric mesh with local refinement in regions of high velocity and pressure
gradients, particularly near the walls of the stator and rotor elements. To ensure accurate boundary layer
resolution, prism layers were generated in near-wall regions. Mesh quality was controlled using standard
geometric criteria, and the number of elements was selected to ensure grid-independent integral results.

Fig. 3. Three-dimensional models of the flow passage of the investigated SVN 80-32 pump: a -
stator element; b, c — rotor element

Numerical simulations were performed in the ANSYS CFX software environment using a steady-
state formulation based on the Navier—Stokes equations for turbulent incompressible flow. A two-equation
k—¢ turbulence model was applied, which is widely used in engineering practice for the analysis of internal
flows in pumping equipment and provides an acceptable balance between computational accuracy and cost.
The interaction between the rotating and stationary parts of the model was accounted for using the Frozen
Rotor approach. At the inlet of the computational domain, a mass flow rate corresponding to the
investigated operating regime was specified, while static pressure was imposed at the outlet. No-slip and
impermeability boundary conditions were applied on the walls. The working medium was considered as a
homogeneous incompressible fluid with constant physical properties.

The simulations were carried out for operating regimes within the range Q = 0.05-0.6 Qnom. For each
regime, the total head, consumed power, and hydraulic efficiency were determined. Convergence of the
numerical solution was controlled by monitoring the reduction of residuals and stabilization of integral
parameters, in particular the head and shaft torque. The obtained results were used to construct the head
characteristic H as a function of Q and the energy characteristic n as a function of Q in the partial-load
zone.

To analyze the transformation of the flow structure, visualization of absolute and relative velocity
fields was performed in characteristic cross-sections of the flow passage. Particular attention was paid to
assessing the uniformity of velocity distribution in the interblade channels and the formation of recirculation
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zones in the free vortex chamber as the flow rate decreased. The comparison of the two impeller
configurations was carried out under identical boundary conditions, allowing an objective assessment of
the influence of design execution on hydrodynamic and energy performance indicators under partial-load
operation.

5. Research Results

5.1 Integral parameters of the torque-flow pump in the range Q = 0.05-0.6 Qnom

The results of numerical simulation made it possible to determine the integral parameters of the SVN
80-32 pump in the low-flow region for both the single-tier and double-tier impeller configurations. The
summarized data are presented in Table 1.

Table 1.
Integral parameters of the SVN pump with single-tier and double-tier impeller
Operating Single-tier impeller Double-tier impeller
parameters
Flow rate, % Qnom 5 20 40 60 5 20 40 60
Flow rate, m¥h 4 16 32 48 4 16 32 48
Total head, m 38.71 | 38.33 | 39.23 39.63 38.72 37.82 38.72 40.59

Hydraulic power, W | 4284 | 1727 3692 5661 424.9 1705 3590 5803.6

S\?”S”med POWET. | 5751 | 7530.8 | 10562 | 13663 | 5409 | 7034 | 10279 | 13691
Hydraulic

efficiency, %

7.4 22.9 35.0 41.4 7.9 24.2 34.9 42.4

Analysis of the obtained results indicates that in the flow rate range Q = 0.05-0.6 Qnom the total head
varies only slightly for both impeller configurations. For the single-tier impeller, the head varies within
38.33-39.63 m, while for the double-tier impeller it ranges from 37.82 to 40.59 m. This behavior confirms
the characteristic relatively flat head curve of torque-flow pumps in the partial-load region.

In contrast to the head, the efficiency demonstrates a pronounced dependence on flow rate. At
Q = 0.05 Qrom, the hydraulic efficiency for both configurations does not exceed 8 %, indicating intensive
internal energy losses under deep partial-load conditions. As the flow rate increases to 0.6 Qnom, the
efficiency rises to 41.4 % for the single-tier and 42.4 % for the double-tier configuration. Thus, increasing
the flow rate is accompanied by an improvement in flow structure and a reduction in recirculation losses.

The consumed power of the pump increases regularly with increasing flow rate. For the single-tier
impeller, it varies from 5.75 kW to 13.66 kW, while for the double-tier configuration it ranges from 5.41
kW to 13.69 kW. At the same time, hydraulic power remains relatively low at small flow rates, which
results in low efficiency values in this region.

Figure 4 presents the dependencies of head, efficiency, and consumed power on the relative flow rate
for both impeller configurations. Graphical analysis shows that the differences between the designs are
most noticeable in the range Q = 0.2-0.6 Qnom. The double-tier impeller provides slightly higher efficiency
values in the upper part of the investigated range, which may be associated with a more uniform velocity
distribution in the interblade channels.

At the same time, in the deep partial-load region the differences between the configurations become
less pronounced, since the dominant factor is the prevalence of circulatory motion in the free vortex
chamber.

5.2 Transformation of the Flow Structure in the Low-Flow Region

The hydrodynamic pattern within the pump flow passage was analyzed for four characteristic
operating regimes in the range Q = 0.6-0.05 Qnom. Visualization of the absolute velocity fields makes it
possible to trace the sequential restructuring of the flow as the discharge decreases and to determine changes
in the ratio between blade and vortex mechanisms of energy transfer.

Figures 57 present the velocity distribution in the flow passage at Q = 0.6 Qnom.

For this regime, relatively uniform filling of the interblade channels and preservation of directed fluid
motion from the inlet to the impeller outlet are characteristic. The vortex chamber participates in the
formation of a circulatory flow; however, the blade mechanism of energy transfer remains dominant.
Recirculation zones are local and do not occupy a significant volume of the chamber. The hydrodynamic
structure is relatively stable, which corresponds to the acceptable efficiency level observed in this regime.
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Fig. 4. Integral parameters of the SVN pump with single-tier and double-tier impellers
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When the flow rate decreases to 0.4 Qnom, as shown in Figures 8-10, an increase in the non-uniformity
of velocity distribution in the interblade channels is observed. A portion of the flow begins to deviate from
the main direction of motion, and the contribution of circulatory velocity components in the free vortex
chamber increases. More extended low-velocity zones appear near the walls, indicating an increase in
hydraulic losses. At the same time, the overall flow structure still retains a relatively ordered character.
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Fig. 8. Relative velocity in the interblade channels near the leading edge (Q = 0.4 Qnom): @ — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller
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Fig. 10. Relative velocity in the interblade channels near the shroud (Q = 0.4 Qnom): a — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

Figures 11-13 show the velocity distribution at Q = 0.2 Qmm. In this regime, a substantial
restructuring of the flow occurs. The non-uniformity of the velocity field in the interblade channels
increases sharply, and part of the vortex chamber volume becomes occupied by recirculation zones. The
tangential velocity component increases, indicating an intensification of the vortex mechanism of energy
transfer. The influence of the blades decreases, and energy transfer is predominantly achieved through
circulatory motion within the chamber.
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Fig. 11. Relative velocity in the interblade channels near the leading edge (Q = 0.2 Qnom): @ — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller
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Fig. 12. Relative velocity in the interblade channels along the midline of the blade passage
(Q =0.2 Qnom): @ —cross-section; b — single-tier impeller; ¢ — double-tier impeller
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It is at this tier that a sharp decline in energy performance indicators is observed, which is associated
with intensified internal losses and partial flow separation.

The most pronounced changes in flow structure are recorded at Q = 0.05 Qnom, as shown in Figures
14-16. The interblade channels are filled non-uniformly, and a significant portion of the fluid participates
in internal recirculation. A stable toroidal vortex structure forms in the free vortex chamber, which
effectively determines the nature of fluid motion within the pump. The blade mechanism of energy transfer
loses its dominant role.
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Fig. 14. Relative velocity in the interblade channels near the leading edge (Q = 0.05 Qnom): @ — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller
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Fig. 16. Relative velocity in the interblade channels near the shroud (Q = 0.05 Qnom): & — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

Despite the relatively stable head, the efficiency of the operating process decreases significantly due
to the increase in the volume of low-velocity zones and intensified energy dissipation.

6. Discussion

The obtained results confirm that, for a torque-flow pump operating in the low-flow region, relative
stability of the head characteristic is maintained while energy performance indicators degrade significantly.
A similar behavior has been reported in classical studies devoted to vortex pump analysis [6, 23], where
the relatively flat shape of the H(Q) curve was emphasized even under substantial deviation from the
nominal regime. In the present study, it was established that within the range Q = 0.05-0.6 Qnom, the head
variation does not exceed several percent, indicating the dominance of the circulatory pressure generation
mechanism in the free vortex chamber.

At the same time, the efficiency demonstrates a pronounced dependence on flow rate. Under deep
partial-load conditions, a developed system of internal recirculation is formed, leading to increased
dissipative losses and intensive redistribution of kinetic energy within the chamber. Similar trends of
efficiency reduction under partial-load operation have been reported in CFD studies of vortex and combined
pumps, where the role of increased tangential velocity components and non-uniform filling of interblade
channels has been emphasized.

The comparison of single-tier and double-tier impellers showed that structural modification does not
have a decisive influence on head in the deep partial-load region; however, it affects the uniformity of the
velocity field and the magnitude of hydraulic losses in the upper part of the investigated range. This is
consistent with studies of multi-tier and combined blade systems, where additional blade elements were
shown to contribute to more uniform velocity distribution and reduced local diffusivity within the channels.
In the present case, the double-tier configuration provides slightly higher efficiency at Q > 0.4 Qnom, Which
can be explained by stabilization of blade inflow conditions and reduction in the scale of local flow
separation.

Particular attention should be paid to the observed preservation of head at a substantial decrease in
efficiency under the regime Q = 0.05 Qnom. This indicates a fundamental shift in the pressure generation
mechanism of the torque-flow pump under deep partial-load conditions. While near-nominal operation is
governed primarily by blade-induced momentum exchange, deep partial-load regimes are characterized by
volumetric vortex-dominated pressure generation within the free chamber. In this case, the impeller plays
a secondary role, mainly sustaining circulation rather than directly transferring energy through blade
loading. The formation of a stable toroidal vortex structure within the chamber creates a circulation loop
that maintains the head level but is accompanied by significant energy losses due to turbulent dissipation.

From a practical standpoint, the obtained results are important for defining rational operating limits.
Although the pump is capable of maintaining head even at 5 % of the nominal flow rate, prolonged
operation under such conditions is energetically inefficient and potentially undesirable from a reliability
perspective. Increased flow non-uniformity, local low-velocity zones, and intensified circulatory structures
may create prerequisites for elevated vibration loading and local fluid overheating, which is consistent with
approaches used in reliability assessment of pumping equipment.

At the same time, certain limitations of the present study should be noted. The simulations were
performed in a steady-state formulation using the k—¢ turbulence model, which does not fully capture
unsteady pulsation phenomena characteristic of deep partial-load regimes. Further research may be directed
toward the application of unsteady models or experimental validation of the obtained dependencies.
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Overall, the results deepen the understanding of hydrodynamic mechanisms governing the operation
of torque-flow pumps in the low-flow region and complement existing studies that are primarily focused
on nominal regimes. The established regularities of flow structure transformation may be used to improve
impeller design and to develop recommendations for the permissible operating range of pumps of this type.

7. Conclusions

A comprehensive numerical analysis of the operating process of the torque-flow pump SVN 80-32
in the low-flow range Q = 0.05-0.6 Qnom Was carried out with comparison of two impeller configurations.
The obtained results made it possible to establish the regularities of variation of integral characteristics and
to identify the features of internal flow structure transformation under partial-load conditions.

1. It was established that the torque-flow pump SVN 80-32 in the range Q = 0.05-0.6 Qnom Maintains
a relatively stable head level, while energy performance indicators demonstrate a pronounced dependence
on flow rate. The variation of total head within the investigated interval is insignificant, confirming the
relatively flat shape of the H(Q) characteristic in the partial-load region.

2. It was shown that under deep partial-load conditions, a sharp degradation of efficiency occurs due
to increased internal hydraulic losses and the formation of developed recirculation zones in the free vortex
chamber. At Q = 0.05 Qnom, the hydraulic efficiency does not exceed 8 %, indicating the dominance of
dissipative processes in the flow structure.

3. A regular transformation of the internal flow with decreasing discharge was revealed, from
relatively ordered blade inflow at Q = 0.6 Qnom to the formation of a stable toroidal vortex structure in the
chamber at Q = 0.05 Qnom. In this case, the contribution of the tangential velocity component increases,
while the role of the blade mechanism of energy transfer decreases.

4. It was established that the double-tier impeller provides a more uniform velocity distribution in
the interblade channels and slightly higher efficiency values in the upper part of the investigated flow range.
Under deep partial-load regimes, the differences between the configurations decrease, since the dominant
factor becomes the nature of circulatory motion in the free chamber.

5. The obtained results make it possible to outline the limits of rational pump operation. Although
head maintenance is possible even at 5 % of the nominal flow rate, from energy and operational perspectives
it is advisable to operate at Q > 0.4 Qnom, Where an acceptable efficiency level and a more stable flow
structure are ensured.

6. The study demonstrates that torque-flow pumps exhibit a dual-mechanism operating behavior,
where the relative contribution of blade and vortex energy transfer mechanisms depends strongly on the
flow regime. The identified transition zone provides a theoretical basis for optimizing impeller design and
defining rational partial-load operating limits.
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Hayionansnuil ynisepcumem «JIvsiscuka nonimexuixay®
Kosenvcokuii npomucioso-ekonomiunuil ghaxosuii konedrc Jyybko2o Ha YioHAIbLHO20 MEXHIYHO20
yHieepcumemy2

JAT'HOCTUKA ABTOMOBUIBHUX IBUI'YHIB HA CTUCHEHOMY I1OBITPI 3
BUKOPUCTAHHSAM HLII

Edexmuena diacnocmuxa mexniuno2o cmamny asmomooina 3abezneyye 1020 Hadiiinicms ma npooyKmueHicms nio uac
GUKOHANHA mpancnopmuux npoyecie. Cyuacni ingpopmayiiini mexnonozii ma memoou o00podOKu O0anux 0army 3Mozy
GUAGNIAMU MA NRPOZHO3YEAMU NOMEHUIIHI HeCRPAGHOCMI HA PAHHIX emanax ix 6UHUKHEHHA, W0 CRPUAE NIOBUUIEHHIO De3neKu
00PONHCHBOZO PYXY MA 3MEHUEHHIO 6UMPAI HA MeXHIYNe 00CIY206Y8aANHAL.

Y po6omi nposedeno ananiz memoodie i moodeneit, w0 3acMOCOGYIOMbCA 6 IHPOpMayilinux cucmemax OlAzZHOCMUKY
08U2yHI8, AKI NPAYIOIOMb HA CIMUCHEHOMY Nnogimpi. Po3zenanymo moxcaueocmi eUKOPUCMANHA AN20PUMMIE MAUIUHHOZ20
HABYAHHA ONA 00POOKU OAHUX CEHCOPI6 Ma GUAG/IEHHA HecnpasHocmeil y pooomi 06uzyHa. 3anponoHO6aHO CHMPYKMypy
iHgpopmauiiinozo 3abe3nevenns cucmemu OiAGZHOCMUKU, WO GKNIOHAE peNAyiiny 0azy O0aHUX ma Mooeii MAWUHHO20
Haeuanus, peanizoeani na naamgopmi TensorFlow.

Ilokazano moscnugicms 3acmocyéanna memooie Kiracugpikayii, pecpecii ma ananizy anomaniii 01s GU3HAYEHHA
MeXHIUH020 CcmaHy enemenmie O6UZYHA mMaA NPOZHO3YBAHHA IXHBO20 pecypcy. 3anponoHe6anuil nioxXio 0036014€
asmomamusyeamu npoyec OiazHOCMUKU, NIOGUUW{UMU MOYHICMb 6U3HAYUEHHA HecnpasHocmell i 3abe3neuumu inmezpayiro
cucmemu 3 meneKOMyHIKAUIlHUMU MA XMaApRUMU cepsicamu.

Knrouosi cnosa: diaznocmuxa agmomoo6ins, 08USYHU HA CIMUCHEHOMY NOSIMPI, MAWUHHE HAGYAHHSA, WIMYYHUI THMeleKm,
penayitina 6aza danux, TensorFlow.

B. Yu. Mokriak, R. V. Zinko, N. A. Tarasov, R. Ya. Kachmar, R. Panechko
DIAGNOSTICS OF COMPRESSED AIR CAR ENGINES USING Al

Effective diagnostics of the technical condition of a vehicle ensures its reliability and productivity during the
performance of transport processes. Modern information technologies and data processing methods make it possible to detect
and predict potential malfunctions at the early stages of their occurrence, which contributes to increasing road safety and
reducing maintenance costs.

The paper analyzes the methods and models used in information systems for diagnosing engines operating on
compressed air. The possibilities of using machine learning algorithms for processing sensor data and detecting engine
malfunctions are considered. The structure of the information support of the diagnostic system is proposed, which includes a
relational database and machine learning models implemented on the TensorFlow platform.

The possibility of using classification, regression and anomaly analysis methods to determine the technical condition of
engine elements and predict their resource is shown. The proposed approach allows you to automate the diagnostic process,
increase the accuracy of fault detection and ensure system integration with telecommunication and cloud services.

Keywords: car diagnostics, compressed air engines, machine learning, artificial intelligence, relational database,
TensorFlow.

Beryn. CBoewacHa MiarHOCTHKA TEXHIYHOTO CTaHy aBTOMOOUIS 3abe3rnedye IHOoro BHUCOKY
eeKTHBHICTh Ta HafiiHicTh. [losiBa HOBMX iH(QOpMaLiMHUX TEXHOJOTIH Ta METOAIB OOpOOKM JaHMX
JIO3BOJISIIOTh BUSBJISITH Ta TPOTHO3YBaTH TOTEHIIIHHI HECMPABHOCTI IE A0 IX BUHUKHEHHS, 1 IIHM
3aro0irar0Ty apapisM, 3MEHIIYBaTH BUTPATH HA PEMOHT.

3apa3 aBTOMOOITI OCHAIIYIOTHCS 3HAYHOIO KUTBKICTIO CEHCOPIB Ta CIEKTPOHHUX CHUCTEMaM, SIKi
JTAIOTh MOJKJIMBICTH TOCTIHHOTO MOHITOPUHTY HOTrO TEXHIYHOro cTaHy. JlaHi, IO HAmXOIsATh 3 IUX
CEHCOPIB, BUKOPHUCTOBYIOTHCS IS TIarHOCTHKH, MPOTHO3YBAaHHS IOJOMOK Ta MPHUHATTS PIllIEHb 100
00cayroByBaHHs. Y JOCTIKEHHI PO3IJISHYTO METOIM MAIIMHHOTO HAaBYaHHS, IO aHAII3YIOTh BEJIMKI
00CATH aHWX, BUSIBIIIIOTH MPUXOBaHI 3aJI€KHOCTI Ta ()OPMYIOTh MTPOTHO3HU IIIOJI0 CTaHy TPAHCIOPTHOTO
3aco0y.

3acTOCyBaHHS METOIB MAIIMHHOTO HABYaHHS Ja€ HOBI MOYJIMBOCTI JUISl TOKPAIICHHS TOYHOCTI
JIarHOCTHKY, 3MEHIICHHS 4Yacy Ha BUSBJICHHS IMOJIOMOK Ta MiJBHUINEHHS HamiliHOCTI aBTOMOOLIA. Tak
ITOpUTMHU Kiacudikamii Ta perpecii fonmomMararoTh B i1eHTU(IKaLi] Ta OLiHLI MipH 3HOILEHHS CKJIaJ0OBUX
JIBUT'YHA, 2 METOIM KJIACTEpU3allii BUSBIISIOTh aHOMAaJIbHI ITOBEIIHKOBI MATEPHH, 1110 CBITYATh ITPO MOXKIIUBI
HEeTraTHBHI TEHNEHIi1 B poOOTi BUTYHA.

Orasaa. HoeitHi TexHOMOTIT y cepi aBTOMOOLIBHOT MIarHOCTUKN MAlOTh 3HAYHUMA MOTEHITIAN JIs
MOKPAIIEHHSI AKOCTI AiarHocTuky [1,2]. BukopucraHHs 10AaTKOBUX JAaTYMKIB JI03BOJIsE 30UpaTh OibIie
JaHUX PO CTAH aBTOMOOLISA, 110 MiJBUIINYE TOYHICTD aHAI3y. AJITOPUTMU MAIIMHHOTO HABYAHHS 3/1aTHI
00po0IsITH BeNMKi OOCATH JaHWX Ta BUSBIATH CKJIATHI 3aKOHOMIPHOCTi, IO JOIIOMAara€ y TOYHOMY
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BH3HAYCHHI HECIIPABHOCTEH. ABTOMATH3AIIIS MPOIIECY TIarHOCTUKH 32 JOIIOMOTOI0 IITYYHOTO 1HTEICKTY
ta [oT TexHoOTiH H03BOJISIE 3HAUHO MPHCKOPUTH NPOIIEC Ta 3MEHIIUTH BIUIMB JIFOACHKOTO (hakTOopy.

OcHoBHa niepeBara METOAY INIMOOKOTO HABYAHHS MOJISATA€E B HOTO 31aTHOCTI aBTOMATUYHO BUSIBIIATH
CKJIaJHI 3aJIEKHOCTI B JaHUX 0€3 HeoOXiJHOCTI py4yHOi iHxkeHepii o3Hak [3,4]. Lle 103BosIsi€ CKOPOTUTH Yac
Ha MIATOTOBKY JaHWX Ta MiJBHIIUTA TOYHICTh pe3ynbTaTiB. [MMOOKI HEHpOHHI Mepexi, Taki sK
OararomapoBi MEpCENTPOHH, 3rOPTKOBI HEHPOHHI MEpeki Ta PEeKypeHTHI HEHPOHHI Mepexki, MOXYTbh
HaBYaTHCA Ha HEOOPOOJIEHNX NaHUX 1 CAMOCTIMHO BUAIISATH 3HAUYILI O3HAKH [5].

[IporpamMHe 3a0e3mneueHHs I AIarHOCTUKYA aBTOMOOUIIB Oyjo po3po0ieHOo mis podOTH Ha
omepariiituii cuctemi Windows, sika € OHi€10 3 HAWTIOMIUPEHIIIMX Y CBITI [6].

MySQL € pensmiifHOIO CHCTEMOIO YIpaBIliHHSA 0a3aMu AaHWX 3 BiAKpUTAM KomoMm [7]. Bona
3aJIMIIAETHCS OHIEI0 3 HAWNOMYJSIpHINX 0a3 naHux y BeO-nonaTkax: 6unpmicts CMS BUKOPHCTOBYIOTb
came MySQL, i maiibke Bci BeO-ppeiiMBOpkH MIATPUMYIOTH ii Ha piBHI 06a30Boi KoHiryparii. OcHOBHI
nepeBarn MySQL BKIII0O4alOTh MPOCTOTY BUKOPUCTAHHS, THYUYKICTh, HU3bKY BapTICTh BOJOAIHHA (Y
nopiBasiaHI 3 aTHUMU CYB/I), MacmtaboBaHicTh 1 BUCOKY MIPOAYKTHBHICTb.

CyuacHi iH(popMaliliHi CHCTEMH IiarHOCTHKH aKTHBHO BHKOPUCTOBYIOTH XMapHi TEXHOJOTii Ta
inTeprer pedeit (IoT), o 1ae MOKIMBICTH 3MIHCHIOBATH BialIeCHHH MOHITOPHUHT TPaHCIIOPTHHUX 3ac00iB
Y PEXUMi peasbHOro yacy.

Hes3Bakatoun Ha 3Ha4Hy KUIBKICTH JOCHIKEHb Y cdepi aBTOMOOLIBHOI NiarHOCTUKH, THTaHHS
BUKOPHUCTAHHS MAIIMHHOTO HABUAHHS JJIs IBUTYHIB HAa CTUCHEHOMY IOBITPI JOCIIPKEHI HEJJOCTAaTHBO Ta
NoTpeOyIOTh MOAATBILION0 PO3BUTKY.

Mera i 3aBaaHHs JaociaiTkeHHs. MeTor0 poOOTH € pO3pOOJIEHHS MiIXOAy A0 iarHOCTHKHU
ABTOMOOUIFHUX JIBUTYHIB HA CTUCHEHOMY IMOBITPI 13 BUKOPUCTAHHIM TEXHOJIOTIH IITYYHOTO IHTENEKTY.

Jl1s noCATHEHHS TTOCTaBJICHOT METH HEOOXiTHO BUPIIINTH TaKi 3aBIaHHS:

1. IlpoanamizyBaTul Cy4acHi METOAH JiarHOCTUKHA aBTOMOOIUTEHUX JBUTYHIB.

2. BusHaunTH mapameTpH, sIKi MOXKYTh BUKOPHUCTOBYBATHCH JJISi MOHITOPUHTY POOOTH ABHT'YHA Ha
CTHCHEHOMY TOBITpi.

3. Po3pobutu cTpykTypy iHGOpPMAIHOI CHCTEMHU AiarHOCTHKH.

4. 3anpomoHyBaTH MOJENb 00POOKH TaHUX 13 BHKOPUCTAHHSIM aJTOPUTMIB MAIITHHHOTO HaBYAHHSI.

5. PeanizyBaru npukiaa iHhopMaIiiiHOro 3a0e3MeUYeHHs y BUTIISAI PEAIiHOT 0a3u JaHuX.

OcHoBHHI BUKJIAA MaTepiaay. ['ooBHE 3aBIaHHS BCiX alTOPUTMIB Cy4acHHX OOPTOBUX 3ac00iB
MIarHOCTUKH TEXHIYHOTO CTaHy MPsIMO YH OIOCEPEKOBAHO IONIATAE Y BHU3HAYEHHI (DaKTOPIB CHIH Y
KOHTaKTi KoJieca 3 OTIOPHOIO TOBEPXHEI0, TOMY IXHE MPsIME BUMipIOBaHHS CIIPOCTHTH ANTOPUTM KEPyBaHHS,
a OTKe, MiABUIINTH €(PEKTUBHICTh POOOTH aBTOMATUYHUX CHCTEM 1 3HU3UTH iXHIO BAPTiCTh.

[ToOymoBi AIarHOCTUYHOTO AITOPUTMY IIepeaye po3poOKa OIOK-CXeMHU CTPYKTYPHHX 1 HACTIAKOBHX
JIAHOK Y3[IOBXK JIaHIIOTA: IiarHOCTOBAHWUH O0'€KT — OAMHULA — CHCTEMa, MEXaHi3M — eJIeMEHT —
CTPYKTYpHUI MapaMeTp — HECIPaBHICTh — 30BHIIIHIN 3HaK (CHMITOM) — AiarHOCTUYHUH Hapamerp.
Koxne 3B'130K BH3Ha4Yae piBeHb MOIIYKY a00 TEXHOIOTIYHOTO KPOKY, CIIPSIMOBAHOTO HAa BCTaHOBJICHHS
HECIPaBHOCTI. 3arajiom, eTanu po3poOKH JIarHOCTUYHOTO alNrOPUTMY HaBeneH1 y Tabmumi 1.

Tabn. 1
Etanu po3po0Kku aJroputMy yzarajbHeHol 1iarHOCTHKHA
Etanu .
PiBenb . N A
PO3pOOKH HotyKy CTpyKTypHO-HACIITKOBHH 3B'I30K Merton peaizarii
AITOPUTMY
1 Bu3HaueHHS 3araabHOTO TEXHIYHOTO CTaHy aBTOMOOLIS
2 MOHITOpPHHT OCHOBHHUX OJIOKIB i CHCTEM aBTOMOOLIIS
3 YcyHEeHHST HECIpPaBHOCTEH KOMITOHEHTIB, MEXaHI3MIB 1
AHATDR CHCTEM OKPEMHX 0JI0KiB o . IHCprMeHTa}ana
4 MOHITOpPUHT KOMITOHEHTIB IIarHOCTOBAHOT'O MEXaHI3My Ta TEXHOJIOTIYHA
5 Ormsan  iHTepdeiiciB 1 eIeMEeHTIB 3  HAWHIKIUMHU
6 3HAYCHHSIMHM [MOKA3HUKIB HAAIHHOCTI eKCIuTyaTarii
7 MOHITOPHHT CTPYKTYPHHUX HapaMeTpiB
7 MOHITOPHHT MOKJIMBUX HECTPABHOCTEH €JIEMEHTIB 1
8 inTepdericis
CHHTE3 9 Busnauenns crmcky 30BHiHI.HiX O3HAK, TIPOSB SKUX IHq)opMauiﬁHa Ta
BHU3HAYA€ KOHKPETHY HECTIPABHICTh aHaIITHYHA
BusHaueHHS ~ MOMEpPeNHbOrO  CIIHCKY  MOMJIMBUX
JIarHOCTUIHUX ITapaMeTPiB
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CydJacHuil piBeHb PO3BHUTKY TEICKOMYHIKAIlIHHUX TEXHOJIOTIH TO3BOJIsE €(PEKTUBHO IEpENaBaTH
BenuKi o0csTH iH(QopMalii B peaqTbHOMY Yaci, 0 BiIKPUBAE MOKIMBOCTI JUIS BiIAJICHOI JTIarHOCTHKH Ta
KOHTPOJIO TPAHCIIOPTHUX 3ac00iB, y TOMY YHCII B aBTOMAaTUYHOMY pexkuMi [8-14]. ¥V npomy BHmaaky
JiarHOCTHKA 3AIHCHIOETHCS BIITAICHHM CEPBEPOM Ha OCHOBI HAKOTTMYCHHX 1 OTIEPaTUBHUX TaHUX.

Buxopucranas mrygdoro intenekty (L) mms miarHOCTMKM aBTOMOOUTHPHOTO JBHUTYHA Ha
CTHCHEHOMY TIOBITpi 3 MOPUTHEBUM MEXaHI3MOM BiJIKpUBa€ HOBI MOXKIIUBOCTI JUIsi TOYHOTO 1 IIBHJIKOTO
BUSIBJICHHS HecIipaBHOCTEH (puc.1). MeToauka JOCTi IKSHHS

MeToauka JOCHTIKeHHS 0a3yeThCsl Ha BUKOPUCTaHHI CydacHUX iH(QOpMAaIIHHUX TEXHOJIOTiH 300py
Ta OOpOOKH aHHX.

OCHOBHI eTanu JOCIiKEHHS BKIFOYAIOTh:

1. 306ip maHMX 3 JaTYUKIB JBUTYHA:
THCK y CUCTEMI CTUCHEHOTO TIOBITPSI;
TEeMIIEpaTypa KOMIIOHCHTIB,
BiOparIriiii mapameTpu;
aAKyCTHUYHI CUTHAJIH;
O BUTpPATH MOBITPS.
2. OO0poOka Ta MiATOTOBKA JaAHUX
O OYWIICHHS BiJI ITyMiB;
O HOpMali3alis napameTpiB;
0 (QopMyBaHHS HABYAJILHUX Ta TECTOBUX BUOIPOK.
3. MoaeaoBaHHsI TEXHIYHOTO CTAHY IBUT'YHA
O 3aCTOCYBaHHS aJTOPHUTMIB MAIIMHHOTO HaBYaHHS,
O aHaJi3 YaCOBHX PS/IiB;
O BUSBJICHHA aHOMAJIiii.
4. Po3po0JenHs indopmaiiiiiHoi cucTemMu
O CTBOPEHHS peIALiiiHOl 0a3u TaHuX;
O iHTerpamis 3 aJITOPUTMaM{ MAalTMHHOTO HaBYaHHA Ha ruiatdopmi TensorFlow.
1

L 3 5 6

O O 0O

Puc. 1. KomniekcHa qiarHocTHKa aBTOMOOIILHUX JBUTYHIB HA CTUCHEHOMY NOBITpI:
1 - ExcneprHa cucrema; 2 — TenekomyHikauiiini 3acoou 38's13ky 3 — BoproBa cucrema
aiarnocTuku 4 — Jliarnoctuka raaibMiBHOI cuctemu 5 — CTenaoBa giarnoctuka 6 — JlopoxHi
BHUIIPOOOBYBaHHS

[Tnardopma TensorFlow € ogHuM 13 HAROOMYJISAPHIIINX IHCTPYMEHTIB JJIs peaizarii MalliHHOTO
HaBuanHa (ML) i mrtyunoro intenekty (IIII). Bona Hamae iHCTpyMeHTH sl TTOOYAOBH, HaBYaHHS i
pO3TOpTaHHS MOJeNel MAaIIMHHOTO HaBYaHHS, SIKIi MOXHAa BHKOPUCTOBYBAaTH JJsl AiarHOCTHKU
aBTOMOOUIFHOTO JIBUTYHa Ha cTUcHeHoMy moBiTpi. TensorFlow mMokHa 3actocyBatu AJsl JiarHOCTHKH
JBUTYHIB, IO TPAIIOIOTh HA CTHCHEHOMY TIOBITPI.

1. 30ip Ta miArOTOBKA JaHUX

TensorFlow morpeOye siKicHUX AaHUX AJS1 HABYAHHS MOJIEJICH, TOMY TEPILUM €TalloM € CTBOPEHHS
JiaTacery.

1.1. Jlxxepena manux

e JlaTumku nBUTYyHA!
0 Tuck y cuctemi CTUCHEHOTO TOBITPSI.
o Bibpauis nopuHeBoro MexaHizmy.
o Temneparypa KOMIOHEHTIB.
0 Yac BiAKpUTTA/3aKpUTTS KIIANaHiB.
o Burparu nositps.
e AKyCTHW4YHI AaHi:
0 3BykH poOOTH ABHUTYHA, 3alTUCaHI MIKPO(QOHAMH.
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3o0pakeHHS Ta BiIe€o:
0 ®DoTo Ta BifIco BI3yaTbHOT'O CTaHY KOMITOHEHTIB (KOPITyC, IIOPIIIHI, YITUTbHCHHS, KJIaraHm).
e IcTopwuHni maHi:
o Jloru momepeaHix HECTIPABHOCTEH 1 pEMOHTIB.
0 3ammcH CepBiCHOTO OOCITYyTOBYBaHHS.
1.2. IligroToBKa qaHUX
e  OuyuieHHs TaHUX:
0 Bunanenns mymis, mpomnyIieHUX 3Ha4eHb Ta aHOMATIH Y TaHUX.
dopmaTyBaHHS:
o IleperBopenns manux y mnorpiOHuit ¢opmar mis TensorFlow, Hampuknan, TeH30pH
(OaraToBUMipHI MACHBH YHCEN).
AyrmeHTanis qaHux (3a motpeon):
0o 30inpieHHsT 0OOCSATY NaHMX, HANpHUKIAL, CTBOPEHHS HOBHX 3pasKiB i3 HEBEIMKUMHU
BapiawisMu (3MiHEHHS YaCTOTH BiOpalliii, INTYYHE T0JAaBAaHHA LIYMiB).
Posnoain nanux:
o Pozginenns Ha TpenyBanbHi (70-80%), Tectosi (10-15%) 1 Bamigamiiini (10-15%) nabopwu.
2. CTBOpEHHS MOZETI MAalInHHOTO HABYAaHHS
TensorFlow Hamae iHcTpyMeHTH 111 TOOYAOBH Pi3HUX THITIB Mozeneir ML, siki MOKHa afianTyBaTu
710 3a]1a4i TIarHOCTHKH.
2.1. Bubip Tumy moaeni
o Kiacudikamis:
0 BuxopucroByeThCs Uil BH3HAYCHHS TUIY HECHPABHOCTI OBUTYyHA (HANPHUKIAA, BHUTIK
MOBITPsI, 3HOC TOPILIHIB, MPOOIEMH 3 KIIaIaHAMH).
e Perpecis:
0 /lns mporHo3yBaHHS KUTbKiCHUX MOKa3HUKIB, TAKUX SIK 3aJIMIIKOBHI peCypc KOMIIOHEHTIB
(KUTBKICTh IHUKJIIIB J0 3HOCY).
e  Amnaii3 aHomamii:
0 BukopucTtoByeThCS IS BUSABICHHS BIOXWICHb BiJl HOpMajahbHOI poOOTH (HANIPHUKIA,
HECTaHIAPTHI 3BYKH, BIOpAIIisl UM TUCK).
e OOpoOka curHaTIB:
0 Jlnsa pobOTH 3 YaCO-4aCTOTHUMM CHTHAJIaMU, TAKUMH K BiOpalii 4 akycTHUHI podifi,
MO’XHa BUKOPHCTOBYBATH 3rOpTKOBI HepoHHI Mepexi (CNN).
e Po0oTa 3 mociqOBHOCTSIMH:
0 /Jlns aHamizy 4acoBUX PAAIB (JaHUX, III0 3MIHIOIOTHCS 3 4aCOM ), HATIPUKIIAI, 3MiH TUCKY U1
TeMIIepaTypH, 3aCTOCOBYIOTH PEeKypeHTHI HeiponHi Mmepexi (RNN) a6o Momeni Tuimy

LSTM (Long Short-Term Memory) (puc. 2).
A A

- A
IS S S S

Puc. 2. CtpykTypHO-(pyHKIiOHATBbHA CXeMa PeKypPeHTHOI HelipOHHOI Mepexi

2.2. MaremaTiyHa IOCTAaHOBKA 33134 A1arHOCTHKH JIBUTYHA

dopMyBaHHS BEKTOpa AIarHOCTHYHUX TTapaMeTpiB

PoGota nBuryHa Ha CTUCHEHOMY MOBITPi XapaKTepU3yEThCsl HAOOPOM BUMIPIOBAaHUX MTapaMeTpiB, SKi
(hopMyIOTh BEKTOp O3HAK:

x=[pT,wv,al (D

ne p(t) — TUCK y cucTeMi cTUCHEHOTOo NoBITps; T(t) — Temnepatypa By3JiB IBUTYHA; V(t) — BiOpaliiiHi
napametpu; q(t) — BUTpaTH MOBITPs; a(t) — aKyCTUUHI XapaKTEPUCTHUKH.

Toxi MHOKMHA TIarHOCTUYHHUX JaHUX BH3HAYAETHCS SIK
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Xk+1 = Axk + Buk + Wy (2)
Vi = Cxp + vy

1. 3agaya knacugikawii TEXHIYHOTO CTaHy

3amaya kinacudikalii mojsarae y BA3Ha4eHHI THIY TEXHIYHOI'O CTaHy JBUT'YHA Ha OCHOBI BUMIPSHHX
rapameTpiB.

Hexaity € C, ne C = {cy, 5, ..., Cx} — MHOXWHA MOXJIMBUX CTaHIB JIBUTYHA.

Hanpuknan:

cl — HopMaILHUH PEKUM POOOTH

C2 — BUTIK MOBITPs

€3 — 3HOC TIOPIIHEBOTO MEXaHI3My

C4 — HeCTIPaBHICTh KIIAITAHHOTO MEXaHI3My

Moenb MalMHHOTO HABYAHHS peaiidye BimoOpaxenHs fy: R™ — C, ne 0 — napameTpu HeHpoOHHOT
MEpexi.

st HelipoHHOT Mepexi 3 pyHKkuielo Softmax iMOBIpHICTE HAaJIEKHOCTI IO KJ1acy BU3HAYAETHCS:

exp(z
P(y:klx):# (3)
j=1 exp(zj )
Iie Z;— BUXITHUI CUTHAJ HeMpoHa s Kiacy k.
DyHKITiST BTPAT 7151 HABYAHHS MO/JIETI:
N K
L==>" yilogP(y=k|x) @
i=1 k=1

1€ Vi — IHAUKATOp HAIECKHOCTI 3pa3ka iii 1o Kiacy k.

2. 3amaya perpecii (TpOrHO3yBaHHS PECYPCY)

Jlyis oIiHIOBaHHS TEXHIYHOTO CTaHy EJIEMEHTIB JBUTYHa MOXE BHUKOPHUCTOBYBATHCH perpeciiiHa
MOJIETIb, KA MPOTHO3YE 3ATUIIKOBHIA pecypc.

Hexait

R =f(x) (5)

ne R — mporHo3oBaHuii 3aJUIIKOBHI peCypc KOMIIOHEHTa (KUIBKICTh LMKIIIB abd0 yac poOOTH 10
BiIMOBH).

VY pa3i BUKOPUCTAHHS HEHPOHHOT MEPEXi MOJICIh 33/1a€ThC SK:

R = fO (x) (6)
HaBuaHHs BUKOHYETHCS IUIIXOM MiHIMi3allil KBaIpaTUIHOI MTOMUIIKH:
N
1 ~\2
L= NZ(Ri ~R) @)
=

ne R;— paxtnunmii pecype; R,— Iporuos Moueri.
3. 3agaya BUABIIEHHS aHOMAJIIi
AHajti3 aHoMaTiil T03BOJIsIE€ BUSBIISATH BiIXMJICHHS BiJl HOPMaJIbHOT pOOOTH ABUTYHA.
Hexait x, — BEKTOp mapameTpiB HOPMAJIBHOTO PeKUMY poOOTH. ByayeThcst Momens g(X), IKa Omucye
HOPMaJTBHHI CTaH CUCTEMH. AHOMAITisl BU3HAYAETHCS 32 BETUYMHOK BiIXUIICHHS
D(x) = |x — g(x)| ®
Sxmo D(x) > & To cTaH ABHI'YHA BBAYKAETHCH aHOMAJILHUM.
Y BUNAIKy BUKOPUCTaHHS aBTOKOIepa (hYHKIisl TOMUIKH PEKOHCTPYKIIIi:
E = |x — x| )
ne X — peKOHCTPYHOBaHHH BEKTOP O3HAK.
Sxmo E > Ep, TO PiKCYETHCS MOXKIIMBA HECIIPABHICTD JBUTYHA.
4. AHaii3 9acoBUX PSAIiB MapaMETpPiB ABUTYHA
OCKUIBKY TTapaMeTPH IBUTYHA 3MIHIOIOTHCS Y 9aci, IX MOXHA OIMMCATH TTOCITITOBHICTIO CTaHIB:
X = {x(t1), x(t2), ..., x(tr)} (10)
Jlst aHamizy Takux JaHUX 3aCTOCOBYIOTHCS peKypeHTHI HelpoHHi Mepeki (RNN / LSTM).
Mopens LSTM BuU3HAYAETHCS PIBHAHHSIMUA:
ht = U(tht + Uhht—l + bh) (11)
ne hy — mpuxoBaHHiA CTaH MEPEKI; X — BXiIHI TapaMeTpH IBUTYHA; ¢ — HENiHiifHA (QYHKIIiS aKTUBALIl.
OTprMaHUil MPUXOBAaHUHA CTAaH BUKOPUCTOBYETHCS /ISl IPOTHO3YBAaHHS TEXHIYHOTO CTaHY:
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ye = Wyhy + by, (12)

VY3araipHEeHa MOJIENb CHCTEMH IiarHOCTHKH. Y 3arajlbHOMY BHIJIIAI 3aJada 1HTENEKTyalbHOI
JIarHOCTUKHU MOXe OyTH TIpeICTaBIcHA K

y=F(X,0) (13)

ne X — MHOJKMHA BUMIPSTHUX TTapaMeTpiB IBUTYHA; 0 — mapaMeTpy MOJIEi MAIIMHHOTO HAaBYaHHS; y
— OITiHKAa TEXHIYHOTO CTaHy JBUTYHA.

[Ipuknan po3pobneHoro enemenra indpopmauiiHoro 3abe3nevyeHHs — pessiliHa 6a3a JaHMX, sSKa
BKJIIOYa€ 7 cyTHOCTeH HaBeaeHO Ha puc.3. KoxHa cyTHICTb MOB'sI3aHa 3 IHIIUMH 32 JOTIOMOTOIO 3B’SI3KiB
THITy OAWH-T0-OaraThoX. Twu 3B’s3KiB HaBeneHi y TaOmwmimi 2. Tabmurs 3 MIiCTHTH ommc aTpUOYTiB
CYTHOCTEH.

Taban. 2
BigomocTi mpo Tunu cyTHocrei
Im’st cyTHOCTI | Busznauenns
Status Indopmamiss  mpo  craTycm  HiarHOCTHK
Users Indopmaris mpo KopucTyBaya
Auto Indopmariist mpo aBToMOO1Ib
Diagnostic Tadopmariis mpo IiarHOCTUKY
Owner Indopmaris mpo BIacHUKA aBTO
Detals Iadopmaris po JTaTYUKU JBUTYHA
Detector IHdopmariist mpo JaTYUKK TpaHCMICIT
Tabn. 3
BinomocTi npo Tunu 3B’sA3KiB
Tum cytHOCTI 1 Turt 3B’ 513Ky 2 Tun cytHOCTI 3 KapmunansHicTs 4
Status BXOZMTH JI0 Diagnostic 1:M
Users BXOZMTH JI0 Diagnostic 1:M
Auto BXOIUTH 10 Detals 1:M
Owner BXOJUTH JI0 Auto 1:M
Detals BXOIUTH JI0 Detector 1:M
detail detector user
i detail_id pepd  detector_id o
auto
detail_name detector_name logan
To_.ldl_ auto_id (FK detail_id (FK) pﬁ:g:ﬁrd
model
auto name
owner_id (FK) owner status
+ owmner_id di . status_id
iagnostic
O N agnostic_i i
m&qs:;ﬂan‘e s:'ﬂiﬁ;—_'r:}';;qk] + us_name
detector id FK)
date

Puc. 3. Cxema Joriunoi MoaeJi Janux 3agaqi

dparMeHT KOAy TS peisIiitHoi 0a3u maHnux

I/ backend/models/index.js

const { Sequelize, DataTypes } = require(‘'sequelize’);

const sequelize = new Sequelize(‘database’, 'user’, 'password’, {
host: 'localhost’,
dialect: 'mysql’,

b

const Status = sequelize.define('Status’, {
name: { type: DataTypes.STRING, allowNull: false }

b
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const Users = sequelize.define('Users', {
name: { type: DataTypes.STRING, allowNull: false },
email: { type: DataTypes.STRING, unique: true, allowNull: false }
b
const Auto = sequelize.define('Auto’, {
model: { type: DataTypes.STRING, allowNull: false },
year: { type: DataTypes.INTEGER }
bk
const Diagnostic = sequelize.define('Diagnostic', {
description: { type: DataTypes. TEXT }
ok
const Owner = sequelize.define('Owner’, {
name: { type: DataTypes.STRING, allowNull: false }
b
const Detals = sequelize.define('Detals’, {
name: { type: DataTypes.STRING, allowNull: false }
ok
const Detector = sequelize.define('Detector’, {
type: { type: DataTypes.STRING, allowNull: false }
b
// Bu3HaueHHS 3B'SI3KiB
Status.hasMany(Diagnostic);
Diagnostic.belongsTo(Status);
Users.hasMany(Diagnostic);
Diagnostic.belongsTo(Users);
Owner.hasMany(Auto);
Auto.belongsTo(Owner);
Auto.hasMany(Detals);
Detals.belongsTo(Auto);
Detals.hasMany(Detector);
Detector.belongsTo(Detals);
sequelize.sync({ force: true })
.then(() => console.log('Database & tables created!"))
.catch(error => console.log(error));
module.exports = { Status, Users, Auto, Diagnostic, Owner, Detals, Detector };
3. Hapuanusa mozemi
HaBuanns Mozeni mpoBOAUTHECA HA TPEHYBaTFHOMY Ha0OPi TaHUX.
3.1. Ilporiec HaBYaHHS
Ilepenaya naHux y MOJielb:
MosxkmuBocTti TensorFlow:
0 ABTOMAaTHYHA 3yNUHKA HABYaHHS IIPH JOCITHEHHI ONTUMAIBHOTO PE3YIIBTATY.
0 Perymspuzamnis s 3amo0iranHs mepeHaBuYaHHIO.
3.2. Ominka Mozeii
4. 3acTocyBaHHS MOJIENI B pealIbHOMY Yaci
ITicist HaBUaHHS MOJCJIb MOKHAa BUKOPUCTOBYBATH JJIA ,I[iaFHOCTI/IKI/I JABUI'YHa B pCaJIbHOMY yacl.
4.1. [arerpariis 3 JaTIUKaAMHU
[ligxnroueHHs Mojeni g0 cucTemu 300py MaHMX Bia gaTdukiB depe3 APl abo crmenianpHMiA
iHTEpdeiic.
BxiznHi naHi B pexkuMi peajbHOro 4acy 00poOsSIOThCS MOACILITIO!
predictions = model.predict(live_data)
4.2. Inentudikauis npodiem
Ha ocnoB1 IMPpOrHo3y MoOJACJb HOBi}.‘[OMJ’I}IG THUII HeCHpaBHOCTi abo NOICpeIKaA€E MpO MOKIIMBC
3HOLICHHA.
5. [NokpamieHHst Mojaeni
TensorFlow mo3Bossie peryasipHO OHOBIIIOBATH MOJIEHb:
HaBuanng Ha HOBHUX JaHUX:
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0 Jlomatu HOBI IPHKIAAW HECTIPABHOCTEH IS T IBUIIICHHS TOYHOCTI.
[TepenaBuanHs MOJIEII:
0 BukopucroByBaTH iHKpeMeHTaIbHE HABYAHHS IS QIaITaIlii 10 3MiH y TaHUX.
6. [TepeBaru Bukopuctands TensorFlow miist giarHoCTHKH
e I'myukicTs: IligTprMKa pi3HUX TUIIIB JaHUX (CUTHAIH, 300paXKEHHS, TEKCT).
e MacmTaboBaHiCTh: MOXIHBICTE POOOTH 3 BETUKHUMH O0CSTaMH TaHUX.
e Peanpuuii yac: Bukopucranus TensorFlow Lite mis BOymoBanux cucteM (MOOLIBHI IpUcTpoi abo
aBTOMOOLTBEHI KOMITIOTEPH).
e [Iporao3yBaHHsI HECTPAaBHOCTEH: 3aCTOCYBaHHS CKIIQJIHUX MOJEJei MPOrHO3yBaHHS Ha OCHOBI
ICTOPUYHUX JAHHX.

PesyabTraTtn gociaimkenHsi. Y poOOTI 3alpONOHOBAHO CTPYKTYPY CHUCTEMH KOMILIEKCHOT
J1arHOCTHKH JBUTYHA, KA BKIIIOYAE:
e 0OOpTOBY CHCTEMY 300Dy JTaHHX;
e  TeJEKOMYHiKaliiiHi 3aco0u nepeaadi iHpopmarii;
e cepBep OOpPOOKH JaHUX;
e  MOIYJIi aHATI3y Ha OCHOBI IITYYHOTO IHTEIIEKTY.
CucreMa BUKOPUCTOBYE JAaHi JaTYHKIB A7 JOPMYBaHHS JiarHOCTUYHHUX HapaMeTpiB Ta BU3HAYCHHS
TEXHIYHOTO CTaHy JBUTYHA.
Po3pobiieHo soriuny Momens 0asu NaHWX, sSKa BKJIIOYAE CiM OCHOBHHX CyTHOCTeH: Status, Users,
Auto, Diagnostic, Owner, Detals, Detector.
MiK cyTHOCTSIMH peajli3oBaHi 3B’S3KH THUIy OJIMH-A0-0araThboxX, L0 3abe3meuye 30epiraHHs
iH(pOpMaIIil PO Pe3yNbTaTH JIIarHOCTUKH, TapaMeTPH JBUTYHA Ta ICTOPII0 eKCILTyaTalii aBTOMOO1IIS.
Junst peamizanii anropuTMiB MAIIUHHOTO HABYaHHS 3allPOTIOHOBAHO BUKOPHCTAHHS IUIATQOPMHU
TensorFlow, sika 3a0e3neuye mobynoBy Moaeneil kiacudikaiii, perpecii Ta aHanizy aHOMaii.
OOroBopeHHsi. 3anpoONOHOBAaHMK MiAXiJ JO3BOJSIE peali3yBaTH IHTENEKTyaJlbHY CHCTEMY
JIarHOCTHKH aBTOMOOLIBHUX JIBUTYHIB, sIKa 3a0€3IeUye:
e aBTOMAaTHYHHI aHaJi3 MapaMeTpiB poOOTH ABUTYHA;
e  paHHE BHUSBJICHHS HECIIPaBHOCTEI;
e IIPOTHO3YBAHHS PECYpCY €JIEMEHTIB;
e IHTETpaIliio 3 TeJICKOMYHIKAIlIHHUMHU Ta XMAPHUMHU CUCTEMaMHU.
[lopiBHsIHO 3 TpagUUiIMHUMKU METOJAMH IIarHOCTHKA BUKOPHCTAHHS AITOPUTMIB MAaIIMHHOTO
HAaBYaHHS JI03BOJISE MiABHUINNTH TOYHICTh BH3HAYECHHS TEXHIYHOTO CTaHy JBUTyHA Ta CKOPOTHUTH Yac
TIPUIHSATTS PIIICHB MOJI0 TEXHIYHOTO OOCITyTOBYBaHHS.

BucHoBkn.

1. IlpoBemeHOo aHaji3 CydyaCHHX METOJIB JIarHOCTUKH aBTOMOOITHHUX JBUTYHIB Ta BHU3HAYEHO
MIePCIEKTUBHICTh 3aCTOCYBaHHS TEXHOJIOTIH ITYYHOTO IHTEIEKTY JUII OOPOOKH MiarHOCTHYHUX
JaHKX.

2. 3amnporoHOBaHO CTPYKTYpY iH(OPMAIiHHOI CHCTEMH TIarHOCTHKH JBHMIYHIB Ha CTHCHEHOMY
TIOBITPI, 110 BKITFOYAE MOITYJTi 300Dy, 30epiranus Ta 00poOKH TaHUX.

3. Pozpobneno noriuny Moaens pensuiiinoi 6a3u qanux Ass 30epiranss iHpopManii mpo mapaMeTpu
pOOOTH JBUTYHA Ta PE3yNBTATH 11arHOCTUKH.

4. Tloka3aHO MOXXJIHUBICTH BHUKOpHCTaHHSA ruiaThopmu TensorFlow s CTBOpeHHsS Mojenei
MAIIMHHOTO HaBYaHHSA, L0 JO3BOJISIIOTH BHKOHYBaTH KiacuQikalilo HeCIpaBHOCTEH, aHaii3
aHOMaJliii Ta MPOTHO3yBaHHS TEXHIYHOTO CTaHy JBUTYHA.

5. 3anpomnoHoBaHMUH MiJXiJi MOKE OYTH BUKOPWUCTAHUH JUIi CTBOPEHHS IHTEIEKTYAIbHUX CHCTEM
MOHITOPHHTY Ta JiarHOCTUKU TPAHCIIOPTHUX 3aCO0IB.
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JlyubKuii HalliOHAIBHUH TEXHIYHMA YHIBEpCUTET®
HamionansHuii yHiBEpCUTET BOJHOTO FOCHOAAPCTBA Ta MPUPOJAOKOPHCTYBaHHS

BIIJIUB TEMIIEPATYPHO-BOJIOI'ICHOI'O PEXKUMY HA JE®@OPMIBHICTbD
3rUHAJIBHUX EJJEMEHTIB IICJS TPUBAJOI EKCILTY ATALI

2

Haeseoeno pe3yromamu eKcnepumenmanbHux eUnpodyeans 6aiokK 3 yiibHoi 0epesuHu 3a Pi3HO20 meMnepamypHo-
60J102iCHO20 pedtcumy, AKL OY1u 6U2OMO061€eHI 3 KDOKGAHUX cucmem nicaa ix mpueanoi excniayamauii.. 3a2anom eunpooysano
dsanaoyamos 6anoK iz eonozicmio 12% ma 15% ma mepminom excnayamauii 25, 50 ma 75 pokie. Bcmanoeneno ennue
memnepamypHo-60102iCHOZ0 PelcUMy HA eTUHUHU BIOHOCHUX Oehopmauiii banok. Ilpu 36inbuenni 6onozocmi 6anox 3 12%
00 15% cnocmepizanoce ne3naune 30iNbUEHHA MAKCUMATBHUX GIOHOCHUX Oeqhopmauiil cCmucHymoi ma po3mazHymoi 30H.
3HaunuXx 3aKOHOMIpHOCH el 6NIUGY GIKY 0epesUHU HA PO3GUMOK Oehopmayiil HanioK He UA6JIEHO.

Kniouosi cnosa: Jlepesuna, nanpysicerno-oegpopmosanuii cman, oeopmayii, HAGAHMAIICEHHS, 3CUHANLHULL eleMenmn,
mMemMnepamypHo-60J102ICHULL PENICUM, MEPMIH eKCIyamayii.

V.V. Datsiuk, A.P. Pavluk

INFLUENCE OF TEMPERATURE-HUMIDITY REGIME ON THE DEFORMABILITY OF
BENDING ELEMENTS AFTER LONG-TERM OPERATION

Operational experience with timber structures shows that one of the most common defects causing negative
consequences for timber as a building material is moisture exposure. There are many causes of failure in timber structures of
buildings and coopycenuii. In most cases, failure results from a combination of specific factors and influences acting on
structural elements. An analysis of the conducted studies indicates that such factors include, among others, an increase in
timber moisture content and the aging of materials.

The results of experimental tests of solid timber beams under different service conditions are presented. Within the
framework of the tests, these conditions were simulated by varying the moisture content of the specimens from 12% to 15% and
by considering different service lives. In total, twelve experimental beams with service lives of 25, 50, and 75 years were tested.
The test specimens were divided into three series with different moisture contents and service lives.

As a result of the conducted tests, the values of the relative deformations of the beams were determined from the
beginning of loading until failure. The load-bearing capacity of the beams was established. The failure mode of the beams was
identified, occurring in the pure bending zone. The maximum values of relative deformations in the compressed and tension
zones were determined. It was established that an increase in timber moisture content leads to an increase in the relative
deformations of the compressed zone of the beam by up to 12%, and of the tension zone by up to 7%. No consistent patterns
regarding the influence of timber age on the development of deformations in the tested beams were identified. However, it
should be noted that no clear generalized correlation can be established regarding the influence of service life on deformability.
The deformation behavior and load-bearing capacity of beams depend on their service conditions and the presence of external
adverse effects on timber as a building material.

Key words: Wood, stress-strain state, deformations, loading, bending element, temperature-humidity regime,
service life.

IocTranoBka mnpoGJjemu. [locBiag ekcrmyaTtamii KPOKBSHHMX CHCTEM IMOKa3ye, IO OTHHUM i3
HaOLIbII MOIMPEHNUX BIUIMBIB, SIKi CIPUYUHAIOTH HETATUBHI HACHIAKHU [T AEPEBUHU K OYyAiBEITHHOTO
MaTepiaiy € BILUIMB TEMIIEPaTypPHO-BOJIOTICHOTO peskuMy. BiHn Moske 3ajesxaTu Bix Oaratbox ¢axTopis. I1ig
Yac eKcIUTyaTalii 3BOJIOKEHHS JEPEBHHMA MOXKE BHHUKATH BHACIINOK MPOTIKaHHS 1HXKEHEPHUX MEPEK,
MOLIKO/DKEHHS TiIpoi3oMsUiifHuX mapiB Ta Oe3nocepeHbO MOKpiBelb, YTBOPEHHS! KOHACHCATY, 3MiHU
nopu poky Ttomo [l]. ToMy mnuTaHHS MAOCHi/KEHHS 3TMHAIBHUX €JIEMEHTIB 13 BIUIMBOM 3MiHHU
TEMIIEPaTypHO-BOJIOTICHOTO PEXHUMY € aKTyaJlbHUM MUTAHHSIM CHOTO/ICHHS.

AHani3 ocraHHiX JochaigxKeHb. I[CHye BenMKa KUIBKICTh NPUYMH PYHHYBaHHS JepeB’SHUX
KOHCTPYKUi# OyaiBeins i ciopyl. 3ae01Ib1Ioro 1o pyHHyBaHHS IPU3BOIATH MOEJHAHHS MTEBHUX (AKTOPiB
1 YMHHMKIB BIUTMBY Ha KOHCTPYKTHBHI e€J1eMeHTH. ABTOpH [2] cepea TakuxX BHIUISIOTH NMEPEBaHTaKCHHS
4yepe3 CHIroBi HABAaHTAKCHHS, TOMWJIKH TIiJl 4ac MPOEKTYBaHHS, MIOMUJIKH Mijl 4aCc BUKOHAHHS MOHTaXY,
HEBIMOBIIHICTh KOHCTPYKIiH. [0 OKpeMoi Irpyny YNHHHKIB BITHOCATHCS HEAOCTATHSA AKICTh MaTepialis,
MPOHUKHEHHsI BOJIOTH, KJIIMATHYHI BIUIMBU Ta HEHAJI)KHE TEXHIYHE 00CIyroByBanHs [2-4].

Oxpim ¢akTopiB SBHOTO HETaTUBHOTO BIUIMBY Ha JepeB’sHI KOHCTPYKIIiH, iCHYIOTh 1 iHIII, SKi
MIPOSIBIISIIOTECS. B OUTBIIOMY PO3pi3i 4acy 1 Bi3yaJIbHO CIIOCTEpITaroThCs JUIe iX Hachiakd. Jlo Takmx
(bakTopiB BiHOCATH BOJIOTICTh IEPEBHHH, SIKA i IIAETHCS 3MiHaM B mporieci ii ekciutyarartii [5-9]. Binbie
TOTr'0, BOHA 3aJIEXKUTh BiJl TEMIIEPATYPHO-BOJIOTICHOI'O PEKUMY CEPEIOBHUINA, B IKOMY €KCIUTYyaTY€EThCS, TaK
SK JEPEeBUHA MOXE «IIOTJIMHATH» 1 «BIJAAaBaTH» BIAHOCHY BOJIOTICTh. Y BUIaJKaX BUKOPUCTAHHS B SIKOCTI
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OyMiBEeIHHOTO MaTepiany JIEPeBUHH i3 MiIBHIICHOI BosoricTio (Oinbme 12%) i i ekcruryarariii B TeImux
MPUMIIIEHHIX Oy/e BUHUKATH 3MiHA BOJIOIOCTI OajKH, i, SIK HACNIJOK, YTBOPEHHS TPILIUH BiJ YCYLIKA
JIEpeBHUHU. Y JEepEeB’THUX KJICEHUX KOHCTPYKIISAX 38 paXyHOK HEOHOPIAHOCTI BOJIOTOCTI IIAPiB IEPEBHHU
MOJKYTh BUHUKATH JIOJIATKOBI BHYTPIIIIHI HANIPY>KEHHSI, SIKi HE BPAaXOBYIOThCS PO3PaXyHKOBHMH MOJICIISIMU
[10,11].

VY pob6orax [12-14] cepen meTaapHOTO aHaNi3y pyHHYBaHb IEPEB’SHMX KOHCTPYKINH Ha Pi3HHX
00’€KTax aBTOPH BUJLISIOTH BIUIMB BOJIOTH SIK OJHY 13 MPUYMH BUHUKHEHHS MOIIKO/KEHb. Y 0aratbox
00’€eKTax JTOCITIJKeHb NOJAATKOBHM HETATUBHUM YMHHHUKOM BIUTUBY Ha TEXHIYHWI CTaH OyJlH yCaJIKOBI
nedopmariii gepeBuHH, sKa Oyiia 3BeAcHA 3 HAATO BHUCOKOIO BOJIOTICTIO IOPIBHSHO 3 PIBHOBAKHOIO
BOJIOTICTIO OYIiBIIi B IILJIOMY.

IMocTanoBKa 3aBaaHHs. MeTOI0 poOOTH € BCTAaHOBIICHHS jaedopMaltiii 6aaoK 3 MiTLHOI JepeBUHI
3a pi3HOi BOJIOTOCTI Ta TEPMiHIB €KCILTyaTarii BiJ MOYaTKy 3aBaHTAXEHHS 1 10 pyHHYBaHHS.

MeToauka ekcriepUMEHTAILHUX J0CTIIKeKHb. B paMkax BUKOHaHHS MOCTABJICHOT METH POOOTH
Oy70 TIPOBENEHO MIOCIIPKCHHS OaJloK 13 IUIbHOI JepeBWHU. JlepeBWHA JJIT BUTOTOBJICHHS OaJioK
BHKOPHCTOBYBaJIach 13 00’€KTIB (KPOKBSHHX CHCTEM), M0 TiepedyBajl B eKCIUTyaTallii MpOTArOoM
mpuOar3HO 25, 50 Ta 75 poKiB 31 3MIHOIO TEMITEPATYPHO-BOJIOTICHOTO PEXXKHIMY.

Kpim TepMmiHy ekcrimyaTariii me OoJHHUM MapaMeTpoM, SIKUH JOCTIIPKyBaBcs SK (aKTop BIUIMBY Ha
nedopmariii 6amok, Oyna Boioricts. Bosoricts 0ajok, sKki mianaBainck BUIPOOyBaHHS, cTaHOBIIIA 12 Ta
15% BignoBimHo. Pi3HMI Bik Ta BOJIOTICTH JOCTIAHUX 0ATOK MOJIEITIOBAIN Pi3HI PEXKUMHA EKCIUTyaTaIlii.

BunpoOyBanHs ipoBOIMIIOCE B cepTr(iKOBaHIK Taboparopii. MeToanka BUIpoOyBaHb 3THHAITBHUX
eJIEMEHTIB LIILHOTO TIepepi3y HaBeleHa B HaykoBiil mpaui [15]. BunpoOyBanHIO minmgaBanuch Oaimku 3
nonepeunuM nepepizom 50x80(h) mm i noBxkuHO0 1650 MM. Po3paxyHkoBuii npositT ctaHoBUB 1500 MM.
HaBanTtakeHHS MPHUKIAAaI0Ch B TPETHHAX MPOJBOTY, IO 3a0e3MmedyBaio poOOTy Oanku B 30HI YUCTOTO
3TUHY.

[epen BunpoOyBaHHsAMHU BCi Oanku OyiiM YMOBHO HO1JICH] Ha IIICTh cepili — IO ABi OaJIKH B KOXKHIN
cepii. BuMiproBanHs BiHOCHUX Aedopmaltiii 0alok BUKOHYBaJIOCh 3 BUKOPHCTAHHSIM TEH30JaTYUKIB Ta
TEH30METPUYHOI CUCTEMH. 3arajibHa KUIbKICTh TaTYHKIB HA KOXHIH Oaiili craHoBuia 8 mit. BcTaHoBIeHHS
JaTYMKiB MPOBOAMIOCH B CEepeAMHI MpONbOTY Oankd, Tak SK B JaHoMy Michi aedopmauii OyayTh
MaKCUMAaJTbHI.

Bci ekcriepiMeHTH MPOBOAMIINCH 3T1THO JIIF0YMX HOPMAaTHBHUX TOKYMEHTiB [16-19].

Pe3ysbTaTH eKcniepMMEHTAJBHUX AOCHiTKeHb. [licas oOpoOKM OTpUMaHMX pe3ylbTaTiB
orpuManu rpadiku aedhopMyBaHHS OalOK BiJ MOYATKy 3aBaHTaKEHHs 1 10 pyiiHyBaHHS. Ha puc. 1...6
HaBeJeHi rpadiku nedopmyBanns 6anok b-1, b-3, b-5, b-7, b-9 ta b-11 (1o oaHiif Ha KOXHIN 13 cepii
0aJoK) Ta cxemMa po3TalllyBaHHS TEH30JaTYHKIB 110 BiIHOLICHHIO 10 MTOTIEPEYHOTO Mepepi3y OakH.
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B tabnuni 1 HaBeneHi oTpuMaHi pe3yIbTaTH MaKCHUMaIbHUX BIJHOCHUX IedopMaliil CTUCHYTOI Ta

PO3TATHYTOT 30HU IS KOKHOI 13 0aJIOK, 10 BUIPOOOBYBAJIHCE.

Tabn. 1
MaxkcumanbHi BiqHocHi nedopmanii 6aa0k
Hazra Bogoricts Tepwmin excruryararii Cepist MakcumanpHi | MakcuManbHi
Oanku Oanku NEPEBUHHU, 3 SIKOT nedopmarrii nedopmarrii
BUTOTOBJISITUCH OaJIKH, CTHUCHEHOT PO3TATHYTOT
pOKiB 30HH, U ¢ g 30H1, U tg

x10% x10%
b-1 12 25 1 49,9 43,8
B-2 12 25 50,3 44,8
b-3 12 50 2 50,2 434
b-4 12 50 49,5 42,1
B-5 12 75 3 53,3 44,2
b-6 12 75 49,5 44,1
b-7 15 25 4 58,9 49,3
b-8 15 25 57,1 46,4
B-9 15 50 5 56,4 44,2
B-10 15 50 56,1 49,2
b-11 15 75 6 55,1 42,9
b-12 15 75 56,2 48,4

B Tabnuii 2 HaBeaeHI MaKCHMaJIbHI CEpeIHI 3HAUCHHS AeopMalliif CTUCHYTOI Ta PO3TATHYTOI 30H
JUTSL KOXKHOI 13 cepiii Oanok. CepeiHi 3HaUSHHS /ISl KOXKHOI 13 Cepill 3HAXOUIIUCH K CepeIHE apu(pMeTHIHE

MIXK MAKCUMaJIbHUMH 3HaUYCHHIMH AedopMaliiii 180X 0ajiok.

Taba. 2
MaxkcumanbHi gedopmanii CTHCHYTOI Ta PO3TITHYTOI 30H 0aJI0K
Howmep cepii PyiiniBae CepenHi MakCHUMaITbHI CepenHi MakCHUMaITbHI
HaBaHTaXeHHS, KH nedopmarii CTHCHEHOT nedopMariii po3TArHyTOl
30uH, U ¢¢x10™ 30Hi, U 1¢x10™*
1 cepis 147 50,10 44,30
2 cepis 14,0 49,85 42,75
3 cepis 13,5 51,40 44,15
4 cepis 12,8 58,00 47,85
5 cepis 121 56,25 46,70
6 cepis 11,2 55,65 45,65

MaxkcumaibHi BiTHOCHI AedopmManii cTUCHYTO1 30HM Ul OalloK MepLIoi, Apyroi Ta TpeThoi cepii

3HAXOJMIIUCH B MEXaX Bifl Ucd= 49,85x10™ 10 Uca= 51,40x10™, po3Tarayroi 308m — Big Ucd= 42,75x10*

10 Ucq= 44,30x10™. MakcumaibHi BigHOCHI 1edopMalii CTUCHYTOI 30HH JIsi 6aJIOK 9eTBEPTOI, I’ ATOi Ta

IOCTOT cepii 3HAXOMMIUCH B MeXKax Bil Ucg= 55,65x10 10 Uca= 58,00x10™, po3TarayToi 3004 — Bif Ucd
=45,65x10" 10 Uca=47,85x10™.
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BucHoBKH.
1. B pe3ynbrari TpOBEACHHS BHUIPOOYBaHb BCTAaHOBJICHO BIUIMB TEMIIEPATYPHO-BOJIOTICHOTO

PSKMMY Ha BEJIWYHMHU BITHOCHUX aedopMaliiii mepeB’ssHuX OaloK LIILHOrO Iepepidy Micis TpUBajoi
eKCIuTyaTarlii.

2. BcraHoBiieHO, 1110 301IbIIEHHS BOJOTOCTI epeBUHU 3 12 10 15 % mpu3BOAUTH 10 HE3HAYHOTO
301IBLICHHS] MAKCUMAJIBHUX BIIHOCHUX AedopMaliil CTUCHYTOI Ta pO3TSTHYTOI 30H.

3. 3HaYyHUX 3aKOHOMIPHOCTI MK PO3IOIIJIOM MAaKCUMAJIbHUX BIAHOCHHUX AedopMaliiii Ta TepMiHOM
eKCIUTyaTallii IGpeBUHU B paMKax BUIIPOOYBaHb ()aKTHYHO HE BUSBIICHO.
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Jhyybkuti HayionanbHull MexHiYHUl yHigepcumem

AHAJII3 CYYACHHUX TA IEPCIHEKTUBHUX MATEPIAJIIB JJIs1 BUT'OTOBJIEHHS
EJIEKTPOMOBILJIIB

Y cmammi npoananizoeano cyuacni ma nepcnekmugni mamepianu 073 6U2OMOGIEHHA €NEKMPOMODInia i3
YPaxyeauuam ixuix Qizuxko-mexaniunux, eKOHOMIUHUX | eKON02IUHUX XaAPAKMEPUCMUK. 3ANPDONOHOAHO BUKOPUCHANHA
Koeghiviecnma mamepianvnoi nepeeazu K = (6 — p) / C 0na KinpKicnozo nopienannsa epexmuenocmi cmaneii, cniagie i
Komno3umis. Bcmanoeneno, w0 Haiidinbw 30a1aHCO6AHI NOKA3HUKU MaAlOmb cmani H06020 nokoninua (AHSS),
aniominiegi cnnagu cepii 6xxx i nonimepni komnozumu. /lo 2030 poky ouikyemuoca smeHwieHHA yacmku cmani 00 25 % i
3pocmauna poni anominito ma kKomnosumie 00 28-30 %. Ompumani pesynomamu 6ionogioaroms KoHUEnYiaAM
lightweighting,  additivemanufacturing ma  circulareconomy, w0  6usnHaualomy  po3GUMOK  CYYACHO20
eneKmpomooinedyoyeanusa.

Knruoei cnosa: enexkmpomodine, KOHCMPYKYIUHI Mamepianu, 1e2Ki CHAAsu, KOMHO3UMU, CIAL HO8020 NOKOJIIHHS.

L. Samchuk, V. Franchuk, V. Yeremin

ANALYSIS OF MODERN AND PROMISING MATERIALS FOR ELECTRIC CAR
MANUFACTURING

The article analyzes modern and promising materials for the manufacture of electric vehicles, taking into account their
physical, mechanical, economic, and environmental characteristics. The use of the material advantage coefficient K = (6 —p) /
C is proposed for a quantitative comparison of the efficiency of steels, alloys, and composites. It has been established that the
most balanced indicators are found in new-generation steels (AHSS), 6xxx series aluminum alloys, and polymer composites.
By 2030, the share of steel is expected to decrease to 25%, while the role of aluminum and composites is expected to grow to
28-30%. The results obtained are consistent with the concepts of light weighting, additive manufacturing, and circular
economy, which determine the development of modern electric vehicle manufacturing.

Keywords:electric vehicles, structural materials, light alloys, composites, new generation steels.

IHocTtanoBka mpo6Jemu. [lepexig 10 €IeKTPOMOOITEHOTO TPAHCIOPTY BHUMAara€ BHKOPHCTAHHS
HOBUX KOHCTPYKIIIMHMX MaTepiaiiB, sIKi MOENHYIOTH JIETKICTh, MIITHICTh 1 €KOJOTIYHY CTIHKICTB.
Tpaguuiiini cTani Bxe He MOBHICTIO BiANOBINAIOTH BUMOTaM €HEProe(eKTHBHOCTI Ta 3HMIKCHHS MAacH.
Bomnodac mmpoke BIPOBADKCHHS AIOMIHIEBUX 1 MarHi€BHX CIUIABiB, BHCOKOMIITHMX CTajeil HOBOTO
TTOKOJIIHHS, TOJIIMEPHUX Ta BOJOKHUCTHUX KOMIIO3HUTIB CYNPOBOIKYETHCS HU3KOI KPUTHIHHUX MPOOJIEM,
30KpeMa BHCOKOIO €HEPrOEMHICTIO BUPOOHHIITBA, 3HAUHOIO BapTICTIO CUPOBHHH, CKJIAJHICTIO 3’ €JHAHHS
pi3HOpiIHUX MaTepialiB i 0OMEKEHUMH MOXJIMBOCTSMHU iX TOBTOPHOTO BUKOPUCTAHHS Ta PELMKIIIHTY.
Oco6nnBoi akTyanbHOCTI HaOyBae muTaHHS (OPMYBaHHS OaraToMaTepialibHUX KOHCTPYKIIH, y SKHX
MOEAHAHHS METAlNeBUX 1 TMOJIMEPHHX KOMIIOHEHTIB 4YacTO IPHU3BOAUTH 1O TEXHOJOTIYHUX,
eKCIUTyaTallifHuX 1 eKOJOTiYHMX KOMIpoMmiciB. Ha chOrogHi HEAOCTaTHbO CHCTEMATH30BAHUMHU
3aJIMINAOTHCS HAYKOBI IMIJXOMIU JIO ONTHMI3allii CTPYKTYpPH Ta CKJIady OararoMaTepiallbHUX CHCTEM 3
ypaxyBaHHSIM HE JIUIIE MEXaHIYHUX 1 eKCIUTyaTalliiHNX XapaKTepPHCTHK, a i TIOBHOTO KUTTEBOTO IUKITY
BUPOOY — Bi OTpUMaHHA CHPOBUHH Ta BUPOOHUITBA 10 EKCILTyaTallii, peMOHTY Ta yTuiizawii. B ymoBax
MOCUJICHHS MDKHapOJHHX CKOJOTIYHMX CTaHAapTiB, BHMOI 1O LHUPKYJSIPHOI EKOHOMIKH Ta
BiJINIOBIZIATbHOCTI BUPOOHHWKIB IOCTa€ HaraibHa NOTpeda y po3poOJIeHHI HayKOBO OOTPYHTOBaHHX
KpuTepiiB BUOOpy il KoMOiHyBaHHS MaTepiaiiB AJisl KOHCTPYKLIHM el1eKTpoMOOiiB, sIKi 3a0e3euyBaTuMyTh
ONTUMAJbHUNA OanmaHCc MK MEXaHIYHOI ePEeKTHUBHICTIO, EKOHOMIYHOIO JOIIBHICTIO Ta E€KOJOTIYHOIO
CTIHKICTIO.

HaykoBa HOBH3HA po0OoTH mosisrae y GpopmaitizoBaHili aHaJIITHYHO-METOANYHIN ajanTalii miaxomry
BuOOpy MarepianiB 3a Emibi 10 yMOB CydacHOTO CEpiHOTO eIleKTpOMOOITFHOTO BHPOOHUIITBA, IO
XapaKTepU3YEThCsl )KOPCTKUMH OOMEKEHHSIMH 32 MAacolo, BapTICTIO Ta €KOJIOTIYHUMHU MoKa3HuKaMu. Ha
BIIMIHY BiJl OLIBIIOCTI ICHYHOUMX JOCHIKEHb, y SKHX aHali3 KOHCTPYKI[HHHMX MarepiaiiB s
EJIEKTPOMOOIIIIB Mae TIepeBaXHO SKICHWHA a00 By3bKOCHEIialli30BaHUM XapakTep, y HaHiii poOoTi
3aMpoIIOHOBAHO IHTETpaTbHUN IHKEHEPHUH MIIXiJ 0 TMOPIBHAIGHOTO pAaH)XyBaHHS MartepiamiB pi3HOT
MPUPOAN Ha OCHOBI y3araJbHEHOT0 KoedillieHTa MaTepiajbHOI IlepeBar, U0 MOEJHY€E MIIHICHI, MacoBi Ta
eKOHOMIYHI XapakrepucTukd. HoBW3HA MiIXony MONsrae HE y BBEACHHI HOBOTO (PyHIaMEHTAIBHOTO
MaTepiaJOo3HaBUOTO KPHUTEPilo, a Yy TPaKTUYHIA IHTepmperamii Ta iHXEHEpPHOMY BHKOPHCTaHHI
0e3p03MipHOTo IHTETrPaJbHOTO 1HAEKCY SIK IHCTPYMEHTY IMEPBHHHOI OIL[IHKH JOLIILHOCTI 3aCTOCYBaHHS
CTajieii HOBOTO MOKONIHHS, JIETKHX METAJIEeBUX CIUIABiB 1 MOJIMEPHHX KOMIIO3HTIB y KOHCTPYKIIiSIX
enekTpoMoOiniB. TakWi MiAXiM JO3BOJMSE TIEPEUTH BiM (PparMEeHTapHOTO TOPIBHSHHS OKPEMHX
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BJIACTUBOCTEH MaTepialliB 0 KUTBKICHO OOTPYHTOBAaHOTO aHali3y ix 30a7aHCOBAHOCTI B KOHTEKCTI
MacoBOT'O BUPOOHHUIITBA.

JlonaTKOBUM €J1eMEHTOM HayKOBOi HOBH3HH € iHTEpIIpeTallisi OTpPUMaHUX PE3yNbTaTiB y O€THAHHI
3 IPOTHO3YBAHHSM 3MiHU CTPYKTYPU MaTepianiB y BUPOOHHULTBI eaekTpoMoOiniB 10 2030 poky, mo aae
3MOT'Yy TOSICHUTH 30€peKeHHs MPOBIAHOI poJi CTajell HOBOTO IOKOJIHHS TIONPH AKTHBHUH PO3BHUTOK
JISTKUX METaliB 1 KOMIIO3MTHUX CHCTEM. 3alpOIOHOBAaHUHM IMiAXiZ MOXKe OYyTH BUKOPHUCTAHHH SIK
aHaJITMYHA OCHOBA Ui MPHUHHATTSA 1HXXEHEPHUX PpIlIeHb Ha paHHIX eTalnax MPOEKTYBAHHS
OararomarepialbHUX KOHCTPYKIIIH eJIEKTPOMOOLITIB.

MeTtow podoTm — € aHalmi3 Cy4YacHUX Ta TMEPCHEKTHBHUX MaTepialliB ISl BHTOTOBIICHHS
AaBTOMOO1JIIB, OIlIHKAa IXHIX BIIACTHBOCTEH 1 MOMJIMBOCTEH 3aCTOCYBaHHS, a TaKOX BH3HAUEHHS
ONTUMAJbHUX PilIeHb IJIsl MiABHILICHHS HaXidHOCTi, Oe3MeKH, eHeproeeKTUBHOCTI Ta EKOJOriuyHOCTI
CYy4YaCHHMX TPAHCIIOPTHHUX 3aCO0iB.

AHaJi3 ocTaHHIX J0CTiNKeHb Ta myOJikanii. Y crarti [1] cucreMaTH30BaHO MiAXO0IU 10 BUOOPY
KOHCTPYKUIMHMX MaTepianiB y MamuHOOyIyBaHHI 3 ypaxyBaHHSAM KpUTEpiiB MIIHOCTi, TyCTHHH,
TEXHOJIOTIYHOCTI Ta BapTOCTi. ABTOp 3alpoIOHyBaB YHiBepCallbHI METOANKHU OIIHIOBaHHS €(EKTHBHOCTI
MaTepiajiB, AKi CTadd OCHOBOIO JJIsi MOPIBHAIBHOIO aHaNi3y CTaJCH, JETKUX CIUIaBIB Ta KOMIIO3UTIB Y
JAHOMY JTOCITiKEHHI.

VY crarti [2] pO3MISAHYTO AaKTyanbHI TEHJAEHII y BHKOPHCTaHHI JIETKHX MaTepiaiiB Jyis
€JIEKTPOMOOLITIB Ta TXHIH BIUIMB Ha eHEProe()eKTHBHICTh TPAHCTIOPTHUX CUCTEM. ABTOP POOHTH aKIIEHT Ha
CTAIIIX HOBOTO IIOKOJIIHHS, AFOMIiHIEBUX 1 MarHi€BUX CIUIaBaX, a TaKoX IOJTIMEPHUX KOMITO3UTAX,
3a3Hauvaroud, mo 10 2035 poxky yacTka cTajiell y KOHCTPYKIUSX eNeKTPOMOOLTIB 3MEHIIUTHCS Maibke
BABiui. OcoONMMBY yBary mOpuAieHO TpoOieMi OanaHCy MiK MEXaHIYHUMH XapaKTepUCTHKaMHU Ta
€KOJIOTIYHUMH MaTepiaJaMH.

Hocnimxenuss [3] mnpucBiadeHe po3poOJICHHIO NPUHLUIIB CTAJIOr0 MaTepiaJo3HaBCTBA IS
eJIEKTPOMOOLITLHOTO TPAHCIOPTY. Y POOOTI 3amponoHOBaHO MeTomooriI0 «Sustainable Material Index»
— IHTETPaJbHOTO TIOKA3HUKA, SIKUH TMOETHYE MEXaHiyHy €(QEeKTHBHICTh 1 BYIJICHEBY IHTCHCHUBHICThH
BHPOOHUIITBA. ABTOPH JIOBOJSTh, 110 TIOJMIMEPHI KOMITO3UTH HOBOTO TTOKOJIHHS, 0COOJIMBO 13 YaCTKOBUM
010BMICHUM KOMIIOHEHTOM, MOXXYTb 3MeHIINTH BUKHAM CO; Ha 40 % y MOpIBHSAHHI 3 TpaaWLiHOIO
CTaJLIIO.

VY npani [4] 3aiiCHEHO TOPIBHSUIBHUH aHaJi3 ATIOMiHIEBHX 1 KOMITIO3UTHUX KOHCTPYKIIH Y KOHTEKCTI
MPOEKTYBaHHS eJIeKTpoMoOiTiB. JlociipkeHHsT OKa3ye, 10 BUKOPHCTaHHS aJIOMiHI€BUX CIUIaBiB cepil
6XXX JI03BOJISIE 3MEHIIUTH Macy Ky3oBa 10 40 %, ToAi SIK KOMIIO3UTH 3a0e3MedyIoTh e OibIIuii
MOTEHIIIa] y JETKHMX HECY4HX €JeMEHTax. ABTOPH HAroJoMIyIOTh, IO BHCOKAa COOIBapTiCTh Hapasi
CTPUMYE iXHE IUPOKE MPOMHCIOBE 3aCTOCYBAHHSI.

Crarrs [5] y3aranbHIOE CBITOBWE JIOCBIJ BIIPOB/KEHHS MPHHIUIIB MUPKYISIPHOT €KOHOMIKHA B
aBTOMOO1IEOY/TyBaHHI. ABTOPH MIKPECIIOIOTh, 10 BTOPHHHA ITepepoOKa allOMiHIIO Ta cTall focsarae 95—
98 %, Toxi SIK KOMIIO3UTH 3aIMIIAIOTHCS CKIAIHUMHU Y PELMKIIIHTY. Y poOOTi ONUCAHO CYy4acHi TEXHOJOT1]
mipoJizy, XiMiYHOTO BiJHOBJCHHS BOJIOKOH 1 BHPOOHMLTBA OIOKOMIIO3WTIB HAa OCHOBI JUIAHUX 1
KOHOTUISTHUX BOJIOKOH.

Y nmocmimkeHHi [6] TPOBEACHO EKOJOTIYHMN Ta E€KOHOMIYHWN aHalli3 TPagullifHUX METOMiB
3BapIOBaHHA. ABTOpPM BH3HAYMIM, IO aBTOMAaTHU30BaHI BapiaHTH 3BAapIOBAaHHA 3MEHIIYIOTh
eHeprocrokuBanHs 10 25 % i sukuau CO; Ha 15—18 % mopiBHIHO 3 pYYHUMH MIPOIECaMH, 0 pOOUTH iX
TIePCIICKTUBHUMH 711 BHPOOHHUIITBA KOPITYCIB 1 paM €JICKTPOMOO1TIB.

ABTOpamu po0oTH [7] pO3MIISIHYTO Cy4acHi IUIAXM MiABUINEHHS epekTtuBHOCTI mpoueciB TIG-
3BapIOBaHHS (BUKOPUCTAHHS IHEPTHOTO 3aXMCHOTO Ta3y) MIJITXOM ONTHMI3allii MOJIIPHOCTI, TEOMETPii IBa
Ta TEIIOBOro pekumy. OTpuMaHi pe3yiabTaTH CBIAYATH MPO MOMUIMBICTE iHTerparii TIG-3BaproBaHHS ¥
BUPOOHUITBO JIETKUX aTIOMIHIEBUX 1 MAarHI€BHUX CIIaBiB O€3 BTPATH SIKOCTI 3’ €AHAHD.

Crarrs [8] ommcye TeXHOJNOTiIYHI HepeBard TiOPUAHOTO JA3€PHO-TNIA3MOBOTO 3BapIOBAaHHS, SIKE
MOEIHY€E BUCOKY TOUYHICTB JIa3epHOi 0OPOOKH 3 MIMOMHOKO MPOIIIABIICHHS IJ1a3MOBOI0 Mporecy. ABTOpU
3a3Ha4yaloTh, U0 el METOoJ Ja€ 3MOry e(eKTUBHO MOE€IHYBAaTH PI3HOPiAHI MaTepialu — HaIlpHKIaL,
QIIOMiHiH 1 CTaJIb, 10 € Ba>KIMBUM JUISI CTBOPEHHS OaraToMaTepiajJbHUX Ky30BiB €JIEKTPOMOOLITIB.

Y po6oti [9] mOCHiKEHO BIUIUB IPOMHUCIOBHX (DAKTOPIB Ha SKICTh KOHTAKTHOIO TOYKOBOTO
3BaproBaHHsA. Po0OTa Ma€ mpakTUYHE 3HAUCHHS IS OL[IHKU €KCIUTyaTaliiHOT HaJiHHOCTI €JIEKTPHYHUX
3’€IHaHb y JETKUX METAIECBUX KOHCTPYKIIiSX.

Crarrs [10] npucesiueHa po3po0IeHHIO aBTOMaTH30BaHOTO TEXHOJIOTTYHOTO MPOLIECY 3BapIOBAHHS
METaJeBUX BUPOOIB y KoHTeKCTi IHayctpii 4.0. 3anmpomoHOBaHO KOMII IOTEPHO-IHTEIPOBAaHY CHCTEMY
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KOHTPOJTIIO TTapaMeTpiB 3BapIOBaHHSA, SKa MOXE OyTH aJanToBaHa 0 BHPOOHHUIITBA AITIOMIHIEBHX Ta
KOMITO3UTHHX KOMITOHEHTIB €JICKTPOMOO1ITIB.

Hes3Bakatoun Ha 3HA4Hy KUIBKiCTh HAYKOBHX JOCIIIKECHb, IPUCBSIUYECHUX BUOOpPY MaTepialiB [uis
€JIEKTPOMOOLITIB, OLIBIIICTH POOIT 30cepekeHi abo Ha aHaNi31 OKpEeMUX TPyH MaTepiajiB, ado Ha AKiICHOMY
OMucCi TeHACHIH 0e3 (opmanizoBaHOI KiIbKICHOI OLIHKHM 1X €(EKTUBHOCTI. Y HasSBHHX MyOJiKaIisIx
HEJIOCTaTHhO YBard MPHAUICHO IOEIHAHHIO MEXAHIYHHX XapaKTEPUCTHK MaTepiasliB 3 €KOHOMIYHUMH
MOKa3HUKAaMH Ta €KOJIOTTYHUMHU OOMEXEHHSIMH B MEXaxX €IMHOTO aHAJITUYHOrO MiAXoay. Y AaHid poOoTi
3aMpONOHOBAHO IHTETPAJIbHUM MIAXIA [0 TOPIBHSUIBHOT OIHKK KOHCTPYKI[IHHMX MarepiajiB
€JIEKTPOMOOLITIB, KM 0a3yeThCsl HA BUKOPUCTaHHI KoeillieHTa MaTepiabHOI ImepeBart, aJanToBaHOTO
70 YMOB €JIeKTpOMOO1IbHOr0 BUpoOHUITBA. Ha BigMiHy Bifl iCHYIOUHMX JOCHIKEHb, Y pOOOTI BUKOHAHO
y3araJbHeHHI KiJbKICHUIM aHalli3 cTallell HOBOTO TMOKOJIHHS, JIESTKUX METaJeBUX CILIABiB Ta MOTIMEPHUX
KOMITO3UTIB 13 ypaxyBaHHSM BapTOCTi MaTepiaqy Ta MPOTHO30BAaHWX 3MiH CTPYKTYpH MaTepiabHOTO
ckiany enektpomooiniB 1o 2030 poky.

BukiageHHsT OCHOBHOIO Matepiajy. ABTOMOOINBHA NPOMHCIIOBICTD CBHOTOIHI TEPEKHUBAE
MaciTabHy TpaHc(hOPMAIIi0, CHPUIUHEHY MEPEXO0IOM JI0 EIEKTPOMOOITILHOTO TPAHCIIOPTY, TII00aTbHIMHU
BUMOTaMH €HEProe(eKTHUBHOCTI, AeKapOOHi3alii Ta EKOJOriYHOI BiANMOBIAAABHOCTI. Y UEHTPI i€l
TpaHcdopmarii nepedyBae MaTepiaJo3HaBUYa OCHOBAa KOHCTPYKIINA €IEKTPOMOOLTIB, a/ke came BUOIp
MaTepialliB BU3HA4a€e Mmacy, Oe3rneKy, JOBrOBiYHICTb, COOIBapTICTh 1 HABITH CTPaTETiYHy NPHIATHICTH
TEXHOJIOTI 0 UUpKyIsipHOi ekoHoMikM. KokeH Kijorpam 3MEHIIEHHST MacH TPaHCIIOPTHOTO 3aco0y
BIUTMBAE€ Ha 3amac XOJy, CIIOXHBAHHS €HEeprii Ta KUTbKICTh INKiIJIMBUX BUKUIIB, TOMY OITHMIi3allis
KOHCTPYKITi Yepe3 BHUKOPHCTAHHS JIETKHX, MIIHUX 1 CTIHKMX MaTepialiB cTajla OJTHUM i3 KIIFOUOBHX
HaIpsMiB PO3BUTKY aBTOMOO11e0y myBarHs. Cy4acHi TCHISHIIIT MaTepiajJ03HABCTBA OPIEHTOBAaHI Ha MOIIIYK
ONTUMANBHOTO 0allaHCy MiX TYCTHHOIO, TMHTOMOIO MIIIHICTIO, TEXHOIOTIYHICTIO Ta EKOJOTiYHO0
cTifikicTio. JSIKmo TpamguiiiiHa aBTOMOOLTBHA CTamb JECATHIITTSIMH  3aJAIIANACS OCHOBHUM
KOHCTPYKLIHHUM MaTepianoM, TO ChOTOJHI BiiOyBaeThcs TMepexia A0 OaraTomMarepiaibHUX IIATPOpM, Y
SIKUX CTaJIl HOBOT'O MOKOJIIHHSI TIOEIHYIOThCS 3 AJIFOMIHIEBUMU, MATHIEBUMH, TUTAHOBUMH 1 KOMITO3UTHHUMHU
eslemMeHTaMu. Takuil miaxin 3a0e3nedye 3HIKEHHSI MacH Ky30Ba ejekrpoMobinsg Ha 30-50 % 0Oe3 BTpaTu
YKOPCTKOCTI Ta O€3IMeKH, a TAKOXK CIPHSE MiABUIIEHHIO €HePTOePeKTUBHOCTI Ha 10-15 %.

JocnipkeHHs Mae aHaNi THYHO-METOIMYHUI XapakTep i IPYHTYEThCS Ha MTOE€AHAHH] TTOPiBHSIBHOTO
aHaJTi3y BIACTHBOCTEH MaTepiaiB, eIEMEHTIB METOAOJIOT 11 Big0opy MaTepianiB 3a Embi Ta mporHo3yBaHHs
PO3BUTKY €NeKTpOMOOITBHOI rary3i. MeToauka JOCHiKeHHS BKIIOYae: ((OpMyBaHHS PENPEe3eHTaTUBHUX
rpyl MaTepiajiB, MO0 3aCTOCOBYHOTHCS a00 PO3MISIAIOTHCS JUIsi BUKOPHCTAHHS B €JICKTPOMOOUISX;
y3araibHeHHS (I3UKO-MEXaHIYHUX, CKOHOMIYHHMX Ta CKOJOTIYHHMX MapaMeTpiB Ha OCHOBI Cy4acHHX
JTEpaTypHUX KEpell; KUTbKICHY OIiHKY e(peKTHBHOCTI MartepialliB i3 BHKOPHCTAHHSAM IHTETPaTLHOTO
KoeillieHTa MaTepialibHOI TepeBard; AaHaliTHYHE TOPIBHAHHS OTPUMaHHMX pe3yJbTaTiB Ta ix
IHTEpIpEeTaLilo 3 MO3UIII MAacOBOTO 1 MEPCIIEKTUBHOTO €JEKTPOMOOITEHOTO BUPOOHHIITBA.

MeTor0 Takoro aHamizy € KOMIUIEKCHAa OIliHKa e()eKTHBHOCTI KOHCTPYKIIIMHHX MaTepiaiB st
eJIeKTPOMOOIITIB 13 ypaxyBaHHIM (Pi3UKO-MEXaHIYHMX, €KOHOMIYHHAX 1 €KOJIOTIYHHX acIeKTiB, a TaKoX
BU3HAYEHHsI 1X TepcreKTuB po3BUTKY A0 2030 poky. HocniikeHHS Mae aHaIi THYHO-OTIISIIOBUH XapakTep
i 6a3yeThcs Ha y3arajJbHEHHI JaHUX MPOBITHUX HayKoBHX 0a3 Scopus, ScienceDirect ta SpringerLink 3a
2020-2025 poxkwu. Jlns aHaizy 0OpaHo I’ ITh TUIIOBUX TPYI MaTepialiB: cTai HoBoro nokouinas (AHSS),
IIOMiHIEB] Ta MAarHi€Bi CIUIaBM, TUTaH 1 MOJIMEpHI KOMMO3UTH. OCHOBHUMH KPHUTEPiSIMU OLIHKH
BUCTYNAIOTh TYCTUHA, MILIHICTb HA PO3TAT, MOAYJb IPYXKHOCTI, cCO0iBapTicTh 1 00csr BukuaiB CO; mix gac
BUpOOHMITBA. [JI KITBKICHOT OIIHKH €(EeKTUBHOCTI BUKOPHCTAHO KOedillieHT MaTepiajbHOI mepeBaru
(K), sikmii iHTErpye TPH OCHOBHI MapaMeTpH — MilHICTb, I'yCTHHY Ta BapTicTh Matepiany. Moro
3aCTOCYBaHHS TIPYHTYEThCA Ha mimxonai Emibi, pekoMeHIOBaHOMY ISl TOPIBHSHHS KOHCTPYKIIIHUX
MaTtepianiB pizHoi mpupoau. Popmyna Mae BUTIIL:

K=(o-p)/C (1)

Jie: 6 — HOpMajli30BaHa MILHICTh MaTepialy; p — HopMaji3oBaHa ryctuHa; C — Hopmali3oBaHa
BapTiCTh MaTepiany.
Ba3oBi 3HaueHHS JIsi HOpMaTi3allii:

on = 1000 MIIa;
pn = 7,8 T/c™m?,
Ch=1 €/kr;

1. Crane AHSS;

on = 1000/ 1000 = 1,00;
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pn=7,817,8=1,00;

Cy=1,0/1,0=1,00;

Kanss = (1,00 — 1,00) / 1,00 = 0,128.

2. AroMiHIEBHI CIUIaB 6XXX

on = 350/1000 = 0,35;

pn=2,7/17,8=0,35;

Ch=28/10=28;

Kai=(0,35—-0,35) /2,8 = 0,046.

OtpuMani 3Ha4YeHHS Koe(illieHTa MaTepialbHOI IepeBark CBiayaTh, M0 CTaJli HOBOTO IOKOJIIHHS
MalOTh HAMBUIIMK 1HTETPaJIbHUN MOKa3HUK €(EKTHUBHOCTI cepell pO3INIIHYTUX MarepianiB. He3Baxaroun
Ha Oinbmry ryctuny, AHSS koMmeHcyroTh MacoBi HEJOIKM BHCOKOIO MIITHICTIO Ta HHU3bKOIO BapTiCTIO.
AJIIOMIHIEB] CIUIaBH, HOMPH 3HAYHO MEHIINY T'YCTHUHY, IEMOHCTPYIOTh HIDKYE 3HadeHHs koedimienta K
4yepe3 0OMeXeHYy MILHICTh 1 BUILY coOiBapTicTh. Takuil IpUKIa] po3paxyHKy HiATBEPKY€E MOUITbHICTh
BUKOpUCTaHHS Koedinienta K sK iHX€HEpHOTro iHCTPYMEHTY MEPBUHHOTO PAaH)XyBaHHS MaTepiaiiB ajs
eJIeKTpOMOOiNIeOy IyBaHHsI Ta TOSCHIOE 30epekeHHsT MpoBigHOI poni crameit AHSS y macoBomy
BUPOOHUIITBI €IEKTPOMOOLITIB.

3anponoHoBaHu# y poOOTI MifXif BiAPi3HAETHCA Bijl KIACHYHUX KapT MaTepiaabHoro subopy Emoi
THM, 110 OPIEHTOBaHWH HE HA ONTHUMI3AIliI0 OKPEMOi MEXaHIYHOI BIIACTUBOCTI, & Ha 1HTETPaJbHY OIIHKY
MaTepiagiB Y KOHTEKCTI CEpiHHOro eNeKTPOMOOIILHOr0 BHPOOHMIITBA. Ha BimMiHY BiJ TpaauiiiiHHX
JiarpaM «MilHiCTh —TYCTHHa» a00 «GKOPCTKICTb — Macay, y JaHOMY JOCIiIKEHHI BpaXxOBaHO EKOHOMIUHHN
(bakTop, SIKUI CyTTEBO OOMEKY€ MPAKTUIHE BIPOBAIKCHHS BUCOKOE()EKTUBHUX, aJie JOPOr'UX MaTepiajis.
TakuM YMHOM, TI1JIXi]l, BAKOPUCTAHUH y POOOTI, JO3BOJISIE IEPEUTH BiJ] a0CTPAKTHOTO MaTepiao3HABYOTO
NOPIBHSHHSA 1O 1H)XKEHEpHO OOIPYHTOBAaHOTO BHOOpPY MaTepiaiiB /il peanbHUX KOHCTPYKLIH
EJIEKTPOMOOIITIB.

Koedimient marepiansHoi nepeBarn K = (o — p) / C BUKOPUCTOBYIOTH caMe TOMY, IO BiH Ja€
MOJKJIMBICTD TIOETHATH TPH KIFOUOBI ITAPaMETPH — MIIHICTh, TYCTHHY Ta BapTiCTh — B OJIMH IHTETPpaIbHUN
MTOKA3HUK, MIPUIATHUHA JIJIs TIOPiBHSAHHS MartepiamiB pizHOi npupoau. Takuit minxin Biamnosigae inei Emoi:
MaKCHMI3yBaTH €KCIUTyaTalliiHy 3IaTHICTh NMPHU MiHiMi3allil Macu ¥ BuTpar. Ha BimMiHy Bim muTomoi
MIITHOCTI YH BiZTHOCHOI KOPCTKOCTI, SIKi BpaXOBYIOTb JIMIIIE CITIBBiIHOIICHHS MEXaHIYHUX XapaKTePUCTHK,
koedinienT K 103Bomsi€ OAHOYACHO OIIHUTH i TEXHIYHI, 1 EKOHOMIUHI aCTIEKTH, TOMY € OLITBII IPUIATHUM
JUTSL IIBUIKOTO PamKyBaHHS MaTepialliB y MpaKTHYHUX IHKCHEPHUX 3aqa4ax. Hanpukmax, MaTepian Mmoxe
MaTH BHCOKY NHTOMY MIIHICTh, ane OyTH HACTUIBKM JOPOTHM, WLI0 WHOTO 3acTOCYBaHHS CTa€
HepaiioHaTbHUM — koedinieHT K oapasy 1e BimoOpakae.

[onpu yHiBepcaIbHICTB, MOJIENb Ma€ CYTTEBI 0OMexxkeHHsI. DopMyIia € CIIPOLICHHSM 1 He BPaxOBYye
MTOBEIIHKY MaTepially B pealbHUX yMOBaX POOOTH, 30KpeMa KOPO3iitHy CTiHKICTh, TOB3YYiCTh, UyTIHUBICTh
JI0 yIApHUX HaBAaHTAXKECHD YM TEMIIEpaTypHUX 3MiH. MOIyJb MPYKHOCTI ¥ (hOPMYITi BiICYTHIHN, TOMY JUIS
KOHCTPYKUiH, Ae >KOPCTKICTh € BH3HA4aJbHOIO, KpuTepii K Moxe natu He wiTKy ominky. Kpim Toro,
3HAYCHHS G 1 P JJI1 KOMIIO3UTIB 3aJieXaTh BiJl Opi€HTAIll BOJIOKOH, 110 HE Bil0OOpakaeThCS B MOJICIII.
[Tokaznuk K Takok He BpaX0OBY€E €KOJIOT1IHIX ITapaMETPiB, TAKUX K CHEPrOMICTKICTh BUPOOHHIITBA, BUOIp
TEXHOJIOT11, 3BapIOBaHiCTh, MPUIATHICTE A0 mepepoOku uu BUKkHIU CO2, ToMy caM 1o cobi He Moxke OyTH
KpUTEpieEM CTIMKOro MarepianoBoro BuOopy. Bin Takoxx He BimoOpaxae peanbHOi cobiBapToCTi
KOHCTPYKIIii, OCKUIBKH IliHA 3a KiJIOrpaM HE BPaxOBYE TPYAHOINI OOPOOKH 4M KOHTPOJb sIKOCTi. Tomy
koedimieHT K I0MiIIbHO BUKOPHUCTOBYBAaTH SIK IICPBHHHUN OpPIEHTOBHMH I1HAMKATOp, SKWUH Hajaii
JIOTIOBHIOETBCSA EKOJOTIYHMM Ta TEXHOJOTIYHMM aHali30M, a TaKoX pO3IJLIIOM eKCIUTyaTamiiHIX
BJIACTHBOCTEH Marepiaiay. B a0 1 HaBeaeHO NOPIBHAHHSI OCHOBHUX MaTepialliB i €IeKTPOMOOLIIB.

Craji HoBoro mokomiHHSA (AHSS) 3aimmarotbest HalO1IbIT e(HEKTUBHAM MaTEPiajioM JIJIsT MaCOBOTO
BUPOOHUIITBA CIICKTPOMOOITIB 3aB/ISKH TOEJHAHHIO BUCOKOI MIITHOCTi, TEXHOJOTIYHOI CyMiCHOCTi 3
ICHYIOUMMH TIpOIecaMy 3BapIOBaHHs, JOCTYIMHOI BapTOocTi. BOHM BUKOPHCTOBYIOTHCS ISl BUTOTOBIICHHS
CHJIOBHX €JIEMEHTIB Ky30Ba, IBEPHUX paM, CHEPrONMONIMHAIOYHMX 30H 1 MIACHIIOBAaYiB Oe3meku. Y
moneneitVolkswagen 1D.4 Ta Ford Mustang Mach-E uactka AHSS nepesuriye 45 % kapkaca kKy3o0Ba, 110
3a0e3mneuye BUCOKY aCUBHY Oe3MeKy NpH 3HIKEHHI Macu A0 15 % NopiBHAHO 3 TpagUUiHHUMHU CTAJISIMH.
KpiMm Toro, ctaii 1i€i KaTeropii MaroTh OJIMH 13 HAWHWKYKX MMOKa3HUKIB BUKUAIB CO2 cepen ycix MeTalliB
(0M3pKO 2 KI/KT MHPOIYKINI), IO POOMTH iX HAWOUIBII €KOJOTIYHO paIliOHAIBbHUMU IS CEPIHHOTO
BUPOOHUIITBA.

AJNIOMiHI€B] CTIIaBH cepii 6XXX JEMOHCTPYIOTh ONTHMANBHUI OanaHC MK MTUTOMOIO XKOPCTKICTIO,
JIETKOIO Baroo Ta TEXHOJIOTIYHICTIO INTTS. BoHM 3a0e3meuytoTh 3HIKEHHS MacH Ky30Ba 10 40 % 1 akTHBHO
BUKOPUCTOBYIOThCST y TexHojorii Giga Casting, BmpoBamkeHiii kommanissmu Tesla, Volvo ans
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BHTOTOBJICHHS BEJIMKUX HECYYHX CJIEMEHTIB Ky30Ba, MiAPaMHHKIB Ta IHTETPOBAHUX CEKINM OaTtapeiHuX
mratopM. AOMIHIA XapaKTepU3YETbCd BHUCOKHM piBHeM mepepoOHocTi (1o 98 %) 1 crabinbHICTIO
BJIACTHBOCTE(l IPH BTOPUHHOMY ILIABICHHI, 110 Bi/IOBIa€ IPUHIMIAM eKOHOMIKH. oro 3acTocyBanHs
JI03BOJISIE HE JIMIIE MiABUIIUTH €HEProeeKTUBHICTD, ajle i CKOPOTHTH 3arajbHUM KUTTEBUH BYTJIeleBUI
cimig aBToMoOuUTsA. MarHieBi criaBu, 30kpeMa AZ91, BiI3HAYAIOTHCS HAWHIDKYOI TYCTHHOIO CEpel
KOHCTPYKIIHHHUX METAJIiB, 10 Ja€ MOXKJIMBICTh 3MEHIIMTH Macy OKpeMuX By3iB Ha 60-70 %. Ix axtuBHO
BUKOPUCTOBYIOTh Y BHPOOHMUTBI JIETKUX KOPIYCIB €JIEKTPOHHMX MOJYJiB, KPOHIITEHHIB, €IEMEHTIB
PYJBOBOIO YIIPABIIIHHSA Ta ONOP JBWMIYHIB, sik 1ie peanizoBaHo B BMW ta Nissan Leaf. OcHoBHOMO
MEepeBarol0 MarHi€BUX CIDIaBIB € BHCOKA IMUTOMAa OPCTKICTh, OJHAK HENOJIKAMH 3aJHIIar0ThCs
MiZBHUIIEHA CXWIBHICTh IO KOpO3ii Ta CKIagHiCTh y 3BapioBaHHi. [y ycyHeHHS LuX OOMeEXeHb
3aCTOCOBYIOTBCS HOJTIMEPHO-KEPaMidHi HOKPHUTTS Ta KOMOIHOBaHI TEXHOJIOTIi TEPMIYHOTO HAITUIICHHS, SIKi
MOJIOBXKYIOTh TEPMiH CITy»Ou aeraneit y 1,5-2 pasu.

TuranoBi criaBy, 30kpema Ti-6Al-4V, 1eMOHCTPYIOTh BUCOKY MIIIHICTb 1 KOPO3iiiHY CTi#KicTb, 10
poOuTH iX HE3aMiHHHUMH y BY3JIaX i3 ITiIBUIICHUMH HABAHTAKCHHSAMH — EIIEMEHTaX IIiJ[BICKH, 0ONTax
aKyMyJIATOPHMX MOJIYJIiB, KPIiIUIEHHSX CHJIOBMX KOMIIOHEHTIB. IX 3acTOCYBaHHS XapaKTepHe JIs
BHUCOKOTEXHOJIOTIYHAX MOJIENICH, JIe IPIOPUTETOM € JOBTOBIUHICTH 1 MiHIMalIbHA Maca MPU MaKCHUMAJbHIH
skopcTkocTi. OgHak HaiBHCOKa co0iBapTicTh (<18 €/kr) oOMexye MacoBe BIPOBAIKEHHS TUTaHY B cepiiiHe
BUPOOHUIITBO.

[TomiMepHi KOMIIO3MTH HAa OCHOBI BYTJIEBOJIOKHA 3aliMarOTh MiCIe cepej] KOHCTPYKIIHHUX
MmatepianiB MaiiOytHeoro. BoHu 3abe3neuyioTh 3HMXKEHHS Macu Ky3oBa Ha 60-65 % 0Oe3 BTpatu
YKOPCTKOCTI, MalOTh BHCOKI BiOparliiiHi XapakTepUCTHKH Ta CYMiCHI 3 aJWUTUBHUMHU TEXHOJIOTisMH. Y
npeMialbHUX eNEKTPOMOOIISIX, TakuX Sk BMW BHKOPHCTOBYETHCS JIJIs1 BATOTOBJICHHS TaXOBUX MaHENCH,
KaIloTiB, KapKaciB ABepeil. [ 0JI0BHMM BUKJIMKOM 3aJUILIAETHCS BUCOKA BAPTICTh BUPOOHUITBA i OOMEXeHa
nepepoOHicTh — cboroaHi aumie 15-20 % KOMIO3UTIB miIAraloTb BTOPUHHOMY BUKOpUCTaHHIO. [IpoTe
BIIPOBKCHHSI METOZIB MipoJIizy Ta XIMIYHOTO PEUUKIIIHTY MOCTYIOBO J03BOJIsIE 30epiraTé MexaHiuHi
BJIACTUBOCTI BYIJIEBOJIOKOH 1 IIOBTOPHO BUKOPUCTOBYBATH iX Y HOBHX MaTepianax. MeTorw mpoBeIeHOTO
aHaIi3y € He BIIKPUTTS HOBUX MaTepiaiiB, a KUTbKiCHe OOTpYHTYBaHHS JOIIBHOCTI iX BUKOPUCTAHHS B
KOHCTPYKITiSAX €IEKTPOMOOLITIB 3 ITO3UIIiH CydaCHUX €KOHOMIYHUX 1 TEXHOJIOTIYHIX 00MexeHb. HaBiTh as
Jno0pe BIIOMHX MarepialiB OTpUMaHi pe3ylbTaTdh [O3BOJISIOTH BHSBUTH 3aKOHOMIPHOCTI, SIKi HE €
OYEBHHUMH TIPU SKICHOMY aHalli3i, 30KpeMa TMOSICHATH MPUYUHHU 30€peKEeHHS BUCOKOI YaCTKH CTallel
HOBOT'O TTOKOJIIHHS Y MaCOBOMY BHPOOHUIITBI €IIEKTPOMOOIITIB.

Tabn.1.
IlopiBHAHHSI OCHOBHUX MaTepiaJiB s eJIeKTPOMOOLTIB
(y3aranbHeHo 3a Yan, 2025; Ghoshetal., 2025
Marepian I'yctuna, | MiuHicTb, Monyns Lina, Buxunn Koed. K,
r/cm? MIla IOmnra, I'Tla €/xr COy, Kr/KT YM. OfI.
Crams AHSS 7,8 1000 210 1,0 2,1 0,128
AnromiHIH 6XXX 2,7 350 70 2,8 12,0 0,046
Marsiii AZ91 1,8 250 45 3,5 26,0 0,040
TuranTi-6Al-4V 4,5 950 110 18,0 40,0 0,012
Byrnemiactuk 1,6 600 80 20,0 30,0 0,019

OTtpumaHi pe3yabTaTH CBiAYaTh, MO €PEKTUBHICTh MaTepialiB i €JIEeKTPOMOOLITIB BU3HAUAETHCS
HE MaKCHMaJbHHMHU 3HAYCHHSAMH OKPEMHX IapaMeTpiB, a iX 30aJlaHCOBAaHMM MOE€IHAHHIM. 30Kpema,
Marepianay 3 MiHIMAJIEHOIO TYCTUHOIO HE 3aBXKIH IEMOHCTPYIOTh HAMBHUIY KOHCTPYKIIHHY e(EeKTUBHICTD
4yepe3 0OMeKeHHsI MiTHOCTiI a0o BUCOKY cobiBapTicTh. BogHouac marepiany i3 cepeAHIMU 3HAUYCHHSIMHU
TYCTHHH, ajl€¢ BHCOKOIO MIIHICTIO Ta JOCTYIHOK BapTicTio, 3a0e3MeduyioTh OuIbIl CHPUATINBE
CHIBBIJHOIICHHS NapaMETPiB JJIi MacOBOrO0 BUPOOHHUIITBA. Takui pe3yabTaT IMOSCHIOE 30€peKECHHS
JOMiHYIOYO1 poJIi cTasieii HOBOTO MOKOJIIHHS Y KOHCTPYKLISX €1eKTPOMOO1ITiB, MONPH aKTUBHUN PO3BUTOK
JIETKUX METaJIiB i KOMIO3UTiB. TakuM 4MHOM, Niepexia A0 6araroMaTepialbHUX IU1aTGOPM CIIi pO3rIsaaTu
HEe sIK 3aMiHy OJIHOTO Marepialy IHIINM, a K PalliOHATbHWUU po3nonin (yHKIIH MK MarepianaMu
BIJIMOBIAHO J10 TXHIX CHUJIBHUX CTODIH.

BrmB rycTuHH Mmartepially Ha y3arajJbHEHY KOHCTPYKUIHHY €(EeKTHBHICTH HMPOITIOCTPOBAHO Ha
puc.1, ie HaBeIeHO 3aIeKHICTh KoedillieHTa MaTtepianbHoi nepesaru K Big ryctuns p. Puc. 1 nemoncTpye,
[0 3MEHIIEHHS T'YCTHHM MaTepialy HE NPUBOIUTH ABTOMATHYHO 1O IIiJBHIICHHS €(EKTUBHOCTI.
Hes3Bakatoun Ha MiHIManbHy TYCTHHY MAarHi€BUX CIUIaBiB 1 HONIMEPHHUX KOMIIO3UTIB, IX 3HAYCHHS
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koedimieHTa K 3aauIarThCs HIKYUMH MTOPIBHSIHO 31 CTAISMH HOBOTO IOKOJIIHHS, IO CBIXYMTH IPO
HETHIHHUN XapakTep 3ai1exHocTi K(p) Ta HeoOXiAHICTh BpaXyBaHHS KOMILICKCY ITapaMeTpiB.

1,6 Byrnennactuk (CFRP)

4,5 TutaH Ti-6Al-4V
s MarHiit AZ91
218
a

2,7 ANOMIHIN 6XXX

Cranb AHSS
7,8
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45

K, ym. oa.

Puc. 1.3anexnicts K Bin rycrunm (p)

AmHaJti3 mokasye BiICyTHICTh MPSIMOT JIIHIIHOT 3aJIe)KHOCTI MK T'YCTHHOIO MaTepiany Ta 3HaUYCHHSIM
koedinienTa K. 3MeHIIIeHHS I'YCTHHH MaTepialy came 1o co0l He MPU3BOIUTH J0 3pOCTaHHsA e()eKTUBHOCTI,
[0 OCOOJIMBO XapaKTEPHO JUIsi MarHiEBMX CIUIaBIB 1 MOJMIMEPHUX KOMIIO3UTIB. TakMM 4YHMHOM, rpadik
HiATBEp/DKYE HENMHIMHMKA Xapaktep 3anexHocTi K(p) Ta cBiIYMTH NMPO HEOOXIAHICTH ypaxyBaHHS
KOMILIEKCY T1apaMeTpiB pU BHOOPI MaTepialliB sl eleKTPOMOOLITIB.

He MeHIII Mmoka30BUM € BIUIMB BapTOCTI MaTepiany, SSKUi BiZ0OpaXKeHO Ha PUCYHKY 2, JIe HaBEACHO
3aJIeKHICTh KoedilieHTa MaTepialbHOI NepeBary Bif WiHW. PHCYHOK 2 4iTKO JeMOHCTpYE BH3HAYaJIbHY
POJb eKOHOMIUHOTO YnHHHKA: cTaimi AHSS 3aiiMaioTs 1oMiHyI0UYy HO3HUIIIO 3aBASKH HAMHWKYIN BapTOCTI
MpU BUCOKHX MEXaHIYHHX XapaKTepUCTHUKaX. AJIIOMIHIEBI Ta MarHi€Bi CIUTaBU 3a0€3MEUyIOTh IIUIIE
noMipHi 3HaueHHs Koediumienta K, mo oOMexye iX 3acCTOCYBaHHs By3JlaMH, A€ MIiHIMi3allis Macu €
KPUTUYHOIO. 3HA4YHE 3HIWKEHHS KoedimieHTa K 118 THTAaHOBMX CIUIaBiB MiATBEPIUKYE, IO, MONPH
VHIKQJIbHI ~ eKCIUTyaTalliiiHi BIACTUBOCTI, I1X BHKOPHCTaHHS €KOHOMIYHO BHIIpaBJaHE JMIIE Y
cremianizoBaHux abo MmpeMiallbHUX CerMeHTaXx.

Byrnennactuk

s
c4 - 1o TieAlay
W
O3 I Vvarwii..

2 I Anrominii 6xxx

Ctanb AHSS
1 e
0 0,02 0,04 0,06 yMm. 00,08 0,1 0,12 0,14

Puc. 2.3anexuicts K Bix BapTocTi

AHai3 3aJeKHOCTI KoedillieHTa MaTepiajbHOI IepeBard BiJl BapTOCTI MaTepialy CBIAYUTH IIPO
HasBHICTH YITKO BUPAXKEHOI 0OEPHEHOI TeHIEHIIi: 31 3pOCTaHHAM LiHU MaTepiady 3HaueHHs KoedilieHTa
K cyrreBOo 3MeHmIyeThCs. 3alleXXHICTh JEMOHCTPYE BH3HAYaJbHY pPOJb SKOHOMIYHOTO UYMHHUKA MPHU
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TIOPIBHSAHHI PI3HOPITHUX MaTepiamiB. 30KpeMa, HaBiTh Marepiadd 3 BHCOKHMH MEXaHIYHHUMH
XapaKTEPUCTUKAMH, TaKl SIK TUTAHOBI CIUIABH, XapaKTEPU3YIOTHCS HHU3BKOIO €(EKTHBHICTIO B MeEXax
3allPONIOHOBAHOTO KPHUTEPII0 4Yepe3 BHCOKY co0iBapTicTe. OTpuMaHUi pe3yiabTaT MiATBEPAKYE
JOLINBHICTh BHKOpUCTaHHS KoedimieHTa K U1 1HXKEHEPHOTO paHKyBaHHS MartepiaiiB y KOHTEKCTi
MacoBOTO €IEKTPOMOO1IeOy TyBaHHS.

[ToOymoBani rpadiku 3anekHOCTI KoedilieHTa MaTepianbHol nepeBard K Bij rycTHHHU Ta BapTOCTI
MaTepiajiB 103BOJSIIOTH TPOBECTH KOMILUIEKCHE IOPIBHSAHHS KOHCTPYKLIHHOI e(eKTUBHOCTI I’ ATH
TUTIOBUX TPYIl MaTepiayiiB, MI0 3aCTOCOBYIOTHCS B eJeKTpoMoOineOymyBanHi. OTpuMaHi 3aJIe)KHOCTI
JIEMOHCTPYIOTh HASBHICTh YITKO BHUPAXEHHX 3aKOHOMIPHOCTEH, $Ki BH3HAYAIOTh JOIUILHICTH
BUKOPUCTAaHHS TOTO YM I1HIIOTO MaTepially B KOHTEKCTI MacoBOro BUpOOHHMITBa enekrpomoOinis.Ilo-
nepuie, aHai3 3anexHocTi K BiJf T'yCTHHH MOKa3ye, 110 HU3bKa I'yCTHHA caMa 110 co01 He TapaHTye BUCOKOT
KOHCTPYKIIiHHOT ehekTUBHOCTI. He3Baxkaroun Ha MiHIMAIBHY TYCTHHY, ITOJIIMEpHI KOMIIO3UTH Ta MarHi€Bi
CIUIaBH JIEMOHCTPYIOTh MeHIINH KoedinienTt K nopiBasno 31 ctamumo AHSS. Le 3ymoBneno tum, mo ixHs
MIIHICTh Ha PO3TAr HEJOCTaTHHO BHCOKA JUI1 MOBHOI KOMIIEHCAlii B Maci, a B OKPEMHX BHIaIKax
JI0ZIATKOBE OOMEXEHHsI HaK/IaJae BUCOKa coOiBapTicTh. TakuM 4MHOM, 3anekHicTh K(p) Mae HemiHiHMIA
XapakTep: Marepiajid JIerkoi IpylnH JNalTh MEPEeBard JIMIIE 32 YMOBHU BHCOKOI MIIIHOCTI a00 HHU3bKOI
BapTOCTi, a ONTHMAJIBLHUIN OaJaHC MapaMeTPiB CIIOCTEPIraeThCsl CaMe y CTaieil HOBOTO TIOKOJTiHHS.

Ha BiaMiHy Bijg TaONWMYHUX JaHWX, TpadiuHe MPENCTABICHHS PE3YJbTAaTiB JIO3BOJISE BUSIBHTH
XapakxTep BIUIMBY OKPEMHUX MapaMeTpiB Ha iHTErpalibHy e(eKTUBHICTh MaTepiajiB, a TAKOXK Bi3yallizyBaTH
TEHJICHIIT, 5IKi He € OYEBUAHUMH NPU TUCKPETHOMY MOPIBHSHHI OKpeMHX 3HaueHb. Ciix 3a3HauuTH, 110
OTpUMaHe PaHXyBaHHS MaTepialliB HE € YHIBEpPCAJIbHUM 1 MOXKE 3MIHIOBATHCS 3aJ€KHO BiJl 30BHINIHIX
yYMOB. 30KpeMa, 32 YMOB ICTOTHOTO 3HIKCHHS BAPTOCTI BYIJICIUIACTHKIB a00 BITPOBAKEHHS MaCIITAOHUX
TEXHOJIOTIH iX penuKimnry, KoedimieHT K 11 KOMITO3UTIB MOXKe 3piBHATHUCS a00 MMEPEBUIUTH TOKA3HUKA
CTajell HOBOTO IOKOJIHHSA. AHAJIOTIYHO, NOCHJICHHS PETYISTOPHUX BHMOT IIOJO BYTJICIEBOTO CIiTY
BUPOOHUIITBA MOYKE 3MCHIIIUTH BiIHOCHY €(DeKTHBHICTh METAIIEBUX MaTepiajiB Ha KOPUCTH MOJIMEPHHUX 1
010KOMITO3UTHUX CHCTEM.

TakuM umHOM, Bi3yamizarisi 000X 3aIeKHOCTEH MmiaTBEpKye, mo ctaneBi AHSS 3ammmarorscs
HaWOIMBII 30aTaHCOBAaHUM MaTepiaioM Il MacoOBOTO BHPOOHHWITBA 3aBASKHM  ONTHMAIEHOMY
CHIBBiIHOLICHHIO MIIIHOCTI, TYCTHHU Ta BapTocTi. Jlerki metanu (Al Ta Mg) 1eMOHCTPYIOTh TEPCIIEKTUBH
JUIIe TIPY 3HIDKEHHI iX co0iBapTOCTi. 3 €KONOTIYHOI TOYKH 30py, CTalll Ta aaloMiHIN 3alWIIal0ThCs
Jigepamu 3a nokasHukamu yrumizauii (95-98 %), Toai sk mosiMepHi KOMITO3UTH MOTPEOYIOTh MOAAIBIINX
JOCIipKeHb Y cepl 3aMKHEeHOro 1ukiy nepepoOku. Haiimenmni Bukumu CO; 3a KMTTEBHM ITUKIOM
CIIOCTEPITAlOThCS Y CTaJied HOBOTO TIOKOJIHHS, TOJMI SK BHPOOHHWIITBO THUTAHY XapaKTEPH3yEThCS
HAfBHIIOI0O EHEPrOEMHICTIO. Y IIbOMY KOHTEKCTI CaM€ pO3BHTOK TEXHOJOTI pEUMKIIHTY,
eHeproe()eKTUBHOTO IUIABJICHHS Ta BiJIHOBJICHHS BOJIOKOH CTaHE BU3HAYAJIBHUM (DaKTOpPOM IS TIepexoa
JI0 €KOJIOTIYHO 30aJIaHCOBAHOTO EICKTPOMOO1IEOy TyBaHHSI.

[IporHo3yBaHHA 3MiHM CTPYKTYpH MarepiajiB y BUPOOHHLTBI €JIEKTPOMOOLNIB IPYHTYETbCS Ha
TPEHI0BOMY aHaJIi31 YMCIOBUX IaHHX, B3ATHX i3 TeXHIYHUX 3BiTiB IEA (2023-2024), ananiTHYHUX OTIISIB
McKinsey (2023), a Takoxx MaTepiaio3HaBuuX JociikeHs Yan (2025) Ta Ghoshetal. (2024-2025). dus
moOyJ0OBU MPOTHO3YBAaHHS 3aCTOCOBAHO METOJ KOMIIO3UTHOTO TPEHIY, SKUH MOEAHYE €KCTPAIIOJSLIIO
TEMIIIB 3pOCTaHHS PUHKY JIETKMX METaliB 1 KOMIIO3WTIB, aHaJli3 YacTOK BUKOPHCTaHHS MaTepialliB y
CYy4aCHHMX MOJE/ISIX €JIEKTPOMOOIIIB, a TAKOXK 3ICTaBJICHHS 3 BUMOTaMH IIOJ0 JAekapOoHizariii. Ha ocHOBI
UX Jokepel chopMoBaHo aiarpamy (puc. 2), o JEMOHCTPY€E O4iKyBaHe 3pOCTaHHS YaCTKA KOMIIO3UTIB Ta
aIOMiHiI0, ckopoueHHs AominyBaHHs AHSS 1 mosiBa cermenTy Oiomosnimepis.

MeTo/10/I0TIYHOI0 OCHOBOIO IPOTHO3YBaHHS € MiAXid, SKUH NOEAHYE EKCTPAIOJISIIiI0 HAasBHHUX
TEH/ICHI[I BUKOPUCTAHHS MaTepialliB y Cy4acHUX MOJIENAX €JICKTPOMOOLIIB Ta EKCIIEPTHY OILIIHKY BILIHBY
PETYNATOPHUX 1 TEXHOJOTIUHUX (hakTopiB. [[1s1 KOXKHOT rpynu MaTepianiB aHANI3YBaIHCA CepeIHbOPIUHI
TEMITH 3MIHM YaCTKH 3aCTOCYBaHHS Ha OCHOBI BIJIKPHUTHX Taily3eBUX 3BITiB Ta CTATUCTHYHHX JTaHUX 32
nepion 2015-2024 pokis. OtpumMani Tpenau ekcrpamnomtoBanucs 10 2030 poky 3 ypaxyBaHHIM OOMEXEHb,
MTOB’sI3aHUX 13 TEXHOIJIOTIYHOIO TOTOBHICTIO MaTepiajiB Ta €KOHOMIYHOK JIOIUIBHICTIO iX MacoBOTO
BIPOBA/KCHHSI.

Crix 3a3HaYMTH, 110 3aMIPOIIOHOBAHMH POTHO3 HE MAE XapaKkTepy AeTepMIHOBAHOTO MOJICITIOBAHHS
Ta HE BPaxOBY€ MOKJIMBUX TEXHOJIOTIYHUX MIPOPHUBIB, 3MiH y 3aKOHOJIABCTBI 200 Pi3KUX KOJMBAaHb BAPTOCTI
CHpPOBHMHK. MOro JOLiTBHO PO3ITIAATH SK OPIEHTOBHY CIEHAPHY OLUHKY, fKa BimoOpaskkae HaiGimbur
IMOBIpHUH HampsM PO3BUTKY MaTepialbHOI CTPYKTYPH €IEeKTPOMOOITIB 32 YMOB 30€peKeHHs CyJacHUX
TeHJeHIIH. Takué MiAXiA IMUPOKO 3aCTOCOBYETHCS Yy MAaTEepiajlO3HABUMX 1 TEXHIKO-KOHOMIYHHMX
TOCTIDKEHHSIX HAa paHHIX eTarax aHawizy.
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Crin migKpecIuTH, 10 HaBeAeHI 3HAYCHHsI 9acTOK MaTepiaiiB 10 2030 poky MarOTh iHTEPBATHHIIA
xapakTep. 3 oIy Ha HEBHU3HAYCHICTh CKOHOMIYHHX, TEXHOJOTIYHHUX Ta PEryISATOPHUX (AKTOPIB,
noxu0OKa NMPOrHO3YBaHHS MOKE CTAHOBUTH +5-7 % Juig okpemux rpyn marepiaiiB. ToMmy oTpumani
pe3ybTaTH CIi TPAKTyBaTH HE SIK TOYHI 3HAYEHHS, a K OPI€HTOBHI JAiana3oHU HaWOUIBII IMOBIPHOTO
PO3BUTKY MaTEPiaJibHOI CTPYKTYPH €JCKTPOMOOITIB.

= CTani HoBoro nokosniHHa (AHSS)
= AntomiHiesi cnnasm (6xxx Ta iH.)
MarHiesi cnnasum
= [onimepHi komnosutun (CFRP, 6iokomnosunTu)

= Gionosimepn Ta «po3yMHi» maTepianu (smart materials)
Puc. 3. IIporHo3yBaHHsI CTPYKTYPH MaTepiajiB y BUTOTOBJICHHI eJlekTpoMooiaiB Ha 2030 pik

[IpeacraBnennii TMPOrHO3 CBITYUTH HE MPO BUTICHEHHS TPAAMIIIMHUX MaTepiaiiB, a Mmpo ixX
(GyHKIIOHAIBHY TpaHchopMaIlilo B Mekax OaraToMaTepiallbHUX MIaTGopM. 3MEHIICHHS YaCTKU CTajick
HOBOTO TMOKOJIHHSI CYNPOBODKYETHCS 3POCTAHHSAM BUKOPUCTAHHS ANIOMIHIIO Ta KOMIIO3UTIB y THX
eJIeMEHTaX KOHCTPYKIIi, A¢ MiHIMi3allis Macd Mae KpUTHYHE 3Ha4YeHHs. BomgHowac cTajmi 30epiraroTh
KJIFOUOBY POJIb y CHJIOBHMX 1 €HEPIrONONIMHAIOYMX 30HaX, IO MiATBEPKYE AOLIIBHICTD CBOJIIOIIIHOIO, a
HE PEBOJIOLIHHOTO CIIEHAPiI0 PO3BUTKY MaTepiaiiB eIeKTPOMOOLIiB.

Taka nuHaMmika CBIJUYMTH MPO MOCTYHNOBUH TMepexia ramys3i Biag TpaguuiiHOI MeTaIoMiCTKOl
napajurMi JI0 1HTETPOBaHUX OararoMmarepialbHUX IUIATGOPM, Je KIIOYOBY pOIIb  BiAIrpaloTh
€KOJIOT1UHICTB, IepepoOHICTh 1 udpoBizalis BUpoOHUUUX mporeciB. OuikyeTbes, 1o 10 2030 poky moHa
70 % KOMIIOHEHTIB €JIEKTPOMOOiISl BHIOTOBISTHUMYTBHCS 3 MarepiajliiB, NPUAATHUX 10 HOBTOPHOTO
BUKopucTaHHS. [IporHo3 moOymoBaHO Ha OCHOBI aHAJ3y 3 BHKOPHUCTAHHSM CKCTPAIOISII Tralry3eBHX
nanux 3a 2015-2024 p.

Bukonanuii aHani3 miaTBepAXKye, Mo cTani HOBuX reHepauiil (AHSS) na manuil yac numaroTbes
OCHOBHHMM KOHCTPYKLIMHUM CKJIaJHHUKOM Y pO3pOOIi elIeKTpOMOOiNiB 3aBASKH IXHBOMY ifeaIbHOMY
OanaHcy MIIHOCTI, LIIHK Ta MOXIIUBOCTEe 00poOKu. BoHOYac HaNpsIMKK PO3BHTKY Cepd BKa3yIOTh Ha
MOCTYMOBUH PyX [0 0araToCKIaJoBHUX CTPYKTYp MaiOyTHBOTO, /1€ METaJId, KOMIIO3UTH Ta OiomosiiMepu
3'€IHYIOTBbCS Y LUTICHY THYYKY KOHCTPYKWIiMHY OCHOBY. Taki cucTeMHM TapaHTYyIOTh 3HIDKEHHS Baru,
3pOCTaHHs eHepro30epeKeHHs Ta 301IbIIeHHS pOOOYNX BIACTUBOCTEH YaCTHH Ky30Ba 1 X00BOI YaCTHHHU.
TakuM uYMHOM, pe3yJbTaTH, y3arajibHeHI B Tabmaumi 1 Ta mnpoimocTpoBaHi Ha rpadikax 1-3,
MiATBEP/UKYIOTh, MO €(EeKTUBHICTh KOHCTPYKIIWHUX MaTrepialliB eIeKTPOMOOLTIB BHU3HAYAETHCA HE
OKPEMHUMH BJIACTHBOCTSAMH, & TX KOMIUIEKCHHM IOETHAHHSAM MEXaHIYHUX, EKOHOMIYHUX Ta €KOJOTTUHHX
napaMmeTpiB. 3ampONOHOBAHUMA 1HTErPAIbHHMA MiJIX1J O OI[IHIOBAaHHS MaTepialiB JO3BOJISIE IEPEHTH BiJl
IHTYITHBHOTO 200 eMITipHYHOTO BUOOPY 0 KiTBKICHO OOIPYHTOBAaHUX iHXKEHEPHHUX PIllleHb, CIIPIMOBAHUX
Ha 3MEHIIIEHHS MaCH eJIeKTPOMOOLIA, MiABUIIEHHS HOTO eHeProeeKTUBHOCTI Ta 3HWKEHHS COO1BapTOCTI
0e3 BTpaTu MIIHOCTI i piBHs Oe3neku. OTprMaHi pe3yabTaTH MOXKYTh OyTH Oe3rmocepeJHb0 BUKOPHCTaHI
Ha paHHIX eTamax TMPOEKTYBaHHA €INEeKTPOMOOITIB Ui (QOpMyBaHHS palliOHANTBHOI MaTepianbHOI
CTPYKTYPHU Ky30Ba Ta HECYYHX €JIEMEHTIB, a TaKOX CIYTyBaTH OCHOBOIO JUIS ITOJAJIBIINX JOCII/KEHb,
MOB’sI3aHUX 3 ONTUMI3ali€lo OararoMaTepialbHUX IUIaT(HOPM, PO3BUTKOM TEXHOJOTIH PEUUKIIHTY Ta
3MEHIIICHHSIM BYTJICHIEBOTO CJIiTy TPAHCIIOPTHUX 3aCO0iB. Y OLIbII HTUPOKOMY KOHTEKCTI MPEACTABICHHIA
miaxin crupuse (HOpMyBaHHIO HAyKOBO OOIPYHTOBAaHUX pIlIEHh Y Taly3i CTaJOr0 TPaHCIOPTHOTO
MaIIMHOOYAYBaHHS Ta IIIBHIIEHHIO KOHKYPEHTOCIIPOMOKHOCTI €JEeKTPUYHOTO TpPAHCIOPTYy Ha
rJI00aTbHOMY PHHKY.
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BucnoBku. OtpuMaHi 3aKOHOMIPHOCTI JO3BOJISIIOTH CHOPMYBaTH y3arajibHEHE OadeHHS
MIePCIEKTHB PO3BUTKY MaTEPialIbHOT CTPYKTYPH €IEKTPOMOOiTiB. OdiKyBaHy 3MiHY YaCTOK OCHOBHHUX TPYII
MaTepianiB y BUpoOHHUTBI enekTpomoOiniB 1o 2030 poky BimoOpaskeHo Ha pucyHky 3. IlpeacraBnene
MPOTHO3YBaHHS CBiAYUTH MpPO MOCTYNOBE 3MEHIICHHs AoMiHyBaHHs ctaneii AHSS mpu omnouacHomy
3pOCTaHHI BUKOPUCTAHHS ANIOMIHIIO, TOJIMEPHUX KOMITO3HUTIB 1 MMOsiBI OiomosriMepHuXx MaTepiamiB. Taka
TUHAMIKa 3yMOBJICHA PO3BUTKOM TEXHOJOTIH PENMKIIHTY, IMABUIICHHAM BHUMOT IO AeKapOoHizarii Ta
BIIPOBA/KEHHSAM LUQPOBUX 1 aJUTUBHUX METOJIB BHPOOHMITBAa. BogHOwWac NpOTHO3YyBaHHS — HE
nepeabadae MOBHOI BiJIMOBH BiJI cTalied, a BKazye Ha iX iHTerpallilo B OaratoMmaTepialibHi TUIATQOPMHU
BIJIMOBIAHO 10 (DYHKIIIOHAILHOTO MPU3HAYEHHS €JIEMEHTIB KOHCTPYKIIII.

VY Mexax 3amporoOHOBAaHOI'O KPUTEPiI0 BCTAHOBIEHO, IIO MPH BApTOCTI Marepiany moHag 5 €/kr
KoedilieHT mMartepianbHOi mepeBarn K pi3ko 3HIKYETbCS HE3aleXHO BiA piBHS MiuHocti. lle Bu3Hauae
C€KOHOMIYHY MEXY JOLIBHOCTI 3aCTOCYBaHHS THUTAHOBHX CIUIABIB 1 BYIJICIUIACTHKIB Y MacOBOMY
esnekTpomMobineOynyBanHi. [lokazaHo, 0 3MEHIIEHHS TYCTUHH MaTepialy HUX4e 2 r/cM® He 3a0e3neuye
AaBTOMATUYHOTO MiABHIICHHS KOHCTPYKUIHHOI e(eKTHBHOCTI O€3 BiAMOBIAHOIO 3pOCTaHHS MIITHOCTI 460
3HMYKEHHS BAPTOCTI, IO MPUHIIUIIOBO BAYKIIMBO TIPH OIiHIII IEPCIIEKTUB MarHi€BUX CIUTABIB i KOMITO3HTIB.
3anponoHoBaHUK MiAXid JCMOHCTpYye, M0 e(eKTHBHUH BHUOIp MartepialiB I €JIEKTPOMOOLIIB
BU3HAYAETHCS HE MAKCHMI3aLi€I0 OKPEMUX BIIACTHBOCTEH, a MOIIYKOM 30aJJaHCOBAHOTO KOMITPOMICY MixK
Macol0, BapTICTIO, MIITHICTIO Ta YMOBaMH CEPIHHOTO BUPOOHHUIITBA.
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JOCJIJIXKYBAHHS BILIUBY TAPAMETPIB CUTOBOI CUCTEMU BAPABAHHHUX
HOJPIGHIOBAYIB JEPEBUHU HA ®PAKIIMHICTH TEXHOJIOTTAHUX TPICOK

Yemanoeneno 3akonomipuicms 3miHI0GAHHA eUNUNHU  8I0COMKA HEKOHOUUINHOT ¢pakuyii 6 3acanvuiit maci
MEXHONO2IHUX MPICOK 3a71e)HCHO 8i0 hapamempie cumogoi cucmemu oapadannux nodpioniosauie depesunu. Qoeprcano
pienannsa pezpecii, 3a 00NOMO2010 AKO20 MONCHA PO3PAXYBAMU 8I0COMOK HEeKOHOUUINHOT (hpaKuyil 3 ypaxyeannuam KiibKocmi
ceKyiil cxiouacmozo cuma, eeaudunu padiychoi giocmani mixyce cumom i dapadanom ma 601020cmi oepesunu. Ycmanoeieno
pauyionanvhi napamempu cumogoi cucmemu 6apadanHux noopionIoeauie oepesunu.

Kniouogi cnoea: 6apabannuii nodpioniosau Oepesunu, CUMosda cCUCMeMd, MeXHOAO02iUHI mpicKu, cxiowacme cumo,
KIIbKICMb CeKyiil.

B. Barabash, |. Rebezniuk

INVESTIGATION OF THE INFLUENCE OF THE SCREEN SYSTEM PARAMETERS OF
DRUM WOOD CHIPPERS ON THE FRACTIONAL COMPOSITION OF INDUSTRIAL WOOD
CHIPS

A pattern has been established in the variation of the percentage of substandard fraction of wood chips in the total mass
of industrial chips depending on the parameters of the screen system of drum wood chippers. A regression equation was
obtained, which can be used to calculate the percentage of substandard fraction, taking into account the number of sections of
the stepped screen, the radial distance between the screen and the drum, and the moisture content of the wood. Optimal
parameters for the screen system of drum wood chippers have been established.

Keywords: drum wood chipper, screen system, industrial chips, stepped screen, number of sections.

Problem formulation

Improving the efficiency of wood chipping is a pressing task for the woodworking and bioenergy
industries due to growing demands for uniformity in the fractional composition of wood chips and energy
efficiency in technological processes. In drum wood chippers designed to produce wood chips for fuel
pellets, significant losses in productivity and energy consumption are caused by the irrational kinematics
of chip particles movement on a smooth cylindrical screen, which results in a large percentage of the chips
produced being of substandard size (over 6 mm) and requiring additional chipping (rechipping).

Therefore, improving the design of the screen by giving it a stepped geometry, which changes the
conditions for transporting and sorting chips, is an urgent scientific and practical task.

The formation of a homogeneous fractional composition of industrial chips with the lowest possible
percentage of substandard fraction in their total mass is a determining factor in the energy and resource
efficiency of wood chipping and the effectiveness of the subsequent use of chips. In drum chippers, the
conditions for separating particles in the product discharge zone play a significant role, which to a certain
extent depend on the design features of the screen surface and its spatial arrangement relative to the chipping
drum.

The use of a stepped screen changes the nature of the interaction between chip particles and the
working surface, the conditions of their retention within the zone of chipping, and the likelihood of repeated
chipping, which directly affects the ratio of standard to substandard fractions.

At the same time, the magnitude of the radial distance between the screen and the drum (the distance
between the inner radius of the screen surface and the radius of the working surface of the drum) determines
the duration of the chips' staying in the working zone, the intensity of the mechanical impact of the structural
components on the wood particles, and the probability of the chips passing through the screen surface.
Despite the practical significance of these parameters, their complex influence on the process of forming
the fractional composition of industrial chips remains insufficiently substantiated, which necessitates
systematic experimental investigation of this issue.

Reviewing the latest studies and publications.

One of the relatively few experimental studies in this field was published in the journal Forests
(MDPI) [1], which provides a detailed analysis of the distribution of wood particle sizes depending on the
size of the drum chipper screen. The results showed that smaller screen sizes significantly increase the
proportion of fine fractions (less than 10 mm) in the total output, while larger screens increase the
proportion of medium and large fractions (over 45 mm). This is due to the fact that increasing the size of
the screen reduces the time that chips remain in the chipping zone, which reduces the probability of them
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being further chipped. For example, when the screen size is reduced from 80 mm to 40 mm, the proportion
of fine fractions increases significantly, while the proportion of fractions between 45 and 63 mm decreases
or is completely absent.

Currently, all wood chippers [2-4] employ a plate screen of cylindrical shape to sort wood chips, this
screen being positioned at a specified distance from the working surface of the drum. An analysis of these
technical reviews shows that the design of drum chippers, including the condition of the blades and the
presence of a screen, affects the quality (dimensional uniformity) of the chips. Currently, there are no
studies on the impact of a stepped screen on the fractionation of industrial chips.

Also, there are no studies on the effect of the radial distance between the screen and the drum in
drum-type wood chippers on the fractionation of chips. In existing works, including [1-4], this parameter
is considered only indirectly in the context of the size of the screen or operating modes, but not as an
independent factor that directly affects the fractional distribution of the chips.

In modern drum wood chippers, the radial distance between the screen and the drum is not a
standardized parameter and depends on the design of the specific chipper, the type of screen, and the
intended use of the wood chips. Typically, the radial distance is constant along the entire length of the
screen [2, 3]. The manufacturers rarely publish this parameter as a separate specification, however, based
on technical descriptions, engineering calculations, and operational guidelines, the following typical
engineering ranges can be identified

Typical values for the radial distance between the screen and the drum:

» 10-25 mm - for chippers designed to produce relatively fine and uniform chips (increased
intensity of rechipping).

* 25-45 mm - the most common working range for universal drum chippers.

» 45-70 mm - for equipment where priority is given to productivity and the reduction of particle
re-fragmentation (most of the large fractions).

Occasionally, a plate-type screen of cylindrical shape is installed in the chipping chamber for
industrial chips with different radial distances to the drum: the largest distance is near the lower counter-
blade and the smallest is near the upper counter-blade [4]. This arrangement of the screen causes the edges
of the holes to form as if in the shape of micro-steps. which finely grind the industrial chips in the chipping
chamber like micro-counter knives. With this screen arrangement, the number of large-sized industrial chip
particles is reduced, but their chipping is still insufficient.

Based on the analysis of the wood chipping process in drum chippers, the study of their design,
operating principle, and the main parameters affecting the size and quality of the obtained chips, stepped
plate screens were developed in accordance with the declarative utility model patent [6]. A working model
of a drum wood chipper [7] has also been developed, which, by eliminating all secondary factors as much
as possible, provides an oppotunity to experimentally study, with a high degree of accuracy, the process of
chipping wood into industrial chips.

Setting the task.

It is necessary to identify the patterns of influence of the stepped screen design and its radial distance
to the working surface of the chipping drum on the formation of the fractional composition of industrial
chips. To do this, along with theoretical substantiation, it is necessary to experimentally determine how
changes in the geometric parameters of the stepped screen 1 and its relative positioning in the chipping
chamber 6 with the knife drum 3 affect the conditions for particles passing through the screen surface, the
intensity of their re-chipping, and the proportion of the acceptable fraction in the total product throughput
(Fig. 1).

The purpose of the study — to identify the patterns of influence of the number of sections of a
stepped screen and the magnitude of the radial distance between the screen and the drum on the percentage
of substandard fraction in the total mass of wood chips, and to recommend rational parameters of the screen
system (a parameterized stepped volumetric structure of an arc-shaped screen) for drum wood chippers.

Solving the problem.

In order to investigate the influence of the number of sections of the stepped screen, the radial
distance between the screen and the drum, as well as wood moisture content on the percentage of
substandard fraction in the total mass of chips, a mathematical experiment planning method was used. The
experimental variables were as follows: X; — number of screen sections n; X, — radial distance between the
screen and the drum d, Xz — wood moisture content W. All the factors are quantitative, controllable, and
manageable.

The investigated indicator Psusta is the percentage of substandard fraction in the total mass of wood
chips.
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This indicator was determined as follows:

Psubsta = (msubstd/ mtot)loo%,
where msusq IS the mass of the substandard fraction of chips (with dimensions exceeding 6 mm), kg;
Mt IS the total mass of chips, kg.

Fig. 1. Structure of a drum wood chipper with a stepped plate screen [4]
1 - screen; 2 — chipping knife; 3 — knife-equipped drum; 4 — lower counter-blade; 5 — upper
counter-blade; 6 — chipping chamber; 7 — section; 8 — longitudinal edge of the section; 9 — steps.

To experimentally investigate the effect of the number of sections on wood chipping productivity,
three plate-type screens with identical 8 mm x 8 mm holes and with different numbers of sections (3, 7, 11)
were designed and manufactured (Fig. 2). The screen mounting structure is designed in such a way that
the screens can be installed on the wood chipper with different radial distances between the screen and the
drum.

Fig. 2. Stepped screens with different numbers of sections: a - eleven; b — seven; ¢ — three

The values of the other factors were constant.

To obtain the regression equation for the percentage of the substandard fraction Psusw in the total
mass of wood chips, a second-order B-plan was applied. It is assumed a priori that the factors are interrelated
and that the process under study is described with sufficient accuracy by a second-order polynomial.

The mathematical model of the process takes the form:

y = bo + Xfey biX; + Xy buXP + Xhcicjcn bisXiX;,

where vy is the value of the output parameter; bo is the intercept term of the regression equation; b,
bii, bjj are coefficients that express the effects of the first- and second orders, and pairwise interactions; X;,
X; are independent variables; k is the number of factors being studied.
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Description of the identified key variables is presented in Table 1.

Table 1
Variable factors and conditions for their variation
Variable Factors Designation PiBHi BapitoBaHHs Variation levels Variability
Lower Middle Upper interval
(=) (0) (+)

X1 — the number of n 3 7 11 4
screen sections, pcs

X> — radial distance d 15 20 25 5

between the screen
and the drum, mm

Xz — wood moisture w 20 30 40 10
content, %

For the specified plan, levels and variability intervals were selected in the range of interest (see Table
1).

The formulas linking normalized and natural designations of factors are as follows:

n—7 d—ZOX_W—SO
-5 7T 10
To avoid systematic errors arising from the influence of uncontrolled input factors, the tests were

randomized prior to the experiment, according to [7], and the experiments were performed in accordance
with the obtained sequence of tests (Table 2).

Table 2
Experiment planning matrix in normalized designations
Test Sequence of conducting three X1 Xo X3
number repeated tests
1 5,11, 23 -1 -1 -1
2 22,24,41 +1 -1 -1
3 9, 28, 32 -1 +1 -1
4 21, 36, 39 +1 +1 -1
5 4,15, 27 -1 -1 +1
6 7,14, 20 +1 -1 +1
7 6, 8, 30 -1 +1 +1
8 25, 31, 33 +1 +1 +1
9 2,13, 19 -1 0 0
10 1,17, 34 +1 0 0
11 3,10, 29 0 -1 0
12 18, 26, 37 0 +1 0
13 12, 35, 38 0 0 -1
14 16, 40, 42 0 0 +1

In addition to fourteen tests of the orthogonal part of the plan, three tests were conducted under
conditions corresponding to the middle level, which are necessary, in particular, to verify the adequacy of
the hypothesis.

The experimental data were processed using the KoefRR 5.0 program, developed at the Department
of Technological Machines and Technical Service of the Ukrainian National Forestry University, according
to [7].

As a result of computerized processing of the experimental study results, regression coefficients were
obtained. The regression equations (in normalized factor designations) for the percentage of substandard
fraction in the total mass of industrial chips Psusta are as follows:

Psubstg = 19.52— 0.53X1 + 9.92X, — 0.21 X3+ 0.84)(12 + 0.99)(22 — 0.56)(32 + 1.3X1Xo—0.3X1 X3+ 0.58X5 X3
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The calculation of the Fisher F-criterion confirms the adequacy of the equation (FLJ = 1.39 < F[J =
4.53).

Analyzing the regression equation in normalized factor designations, the following conclusions can
be drawn.

Of all the factors studied, the radial distance between the screen and the drum, d (b, = 9.92),
influences most significantly on the percentage of substandard fraction in the total mass of chips, Psubst, t0
a lesser extent - the number of screen sections, n (b:=—0.53), and the least effect on the percentage of
substandard fraction is produced by the wood moisture content, W (bs=—0.21). The dependence of Psypsta ON
all the factors within the studied range is nonlinear, since b1 = —0.84; by, = 0.99; bss = -0.56.

Among the various factors affecting Psuasta, the most significant is the interrelationship between the
number of screen sections and the radial distance between the screen and the drum (biz = 1.3). The
relationship of the radial distance between the screen and the drum with the moisture content of the wood
(b2s = 0.58) has a less significant effect on the percentage of the substandard fraction in the total mass of
chips, and the relationship between the number of screen sections and wood moisture content (b3 = —0.3)
has the least significant effect. A plus sign “+” next to the coefficient means that as this coefficient
increases, the percentage of Psunsta increases, while a minus sign “~" means that the percentage of Psubstd
decreases.

Thus, the analysis of the regression equation shows that variations in the number of screen sections
and the radial distance between the screen and the drum in wood chippers will affect the percentage of
substandard fraction in the total mass of chips (Fig. 3). Moreover, this effect occurs in interaction with the
moisture content of the wood.

Psubstd’ % 030,00-35,00
m25,00-30,00
@20,00-25,00
o015,00-20,00
010,00-15,00

05,00-10,00

80,00-5,00

Fig. 3. Graph showing the dependence of the percentage of substandard fraction of industrial
wood chips in their total mass on the number of screen sections n and the radial distance between
the screen and the drum d (wood moisture content W = 40 %).

The results of the experimental study showed that the lowest percentage of substandard wood chips
was obtained when the radial distance between the screen and the drum was the smallest — 15 mm  (Fig.
4). When the distance is reduced from 25 mm to 15 mm, the percentage of substandard wood chips
decreases most rapidly when the wood moisture content is W = 40 %, ranging from 31.54 % (for 25 mm)
to 7.95 % (for 15 mm). In general, with the reduction in the radial distance between the screen and the
drum, the percentage of substandard wood chips decreases approximately fourfold (by 75 %).

The second parameter in terms of its impact on reducing the percentage of substandard chips is the
number of sections on the screen. At a radial distance of 15 mm between the screen and the drum and when
the humidity is 40 %, the percentage values decrease from 12.21 % for a screen with three sections to 7.95
% for a screen with 11 sections (see Fig. 4). In general, when the number of sections in the screen increases
from 3 to 11, the percentage of substandard industrial chips in the total mass of chips decreases by
approximately 35 %. When the radial distance is 20 mm, this percentage decreases by approximately 10 %
when the number of sections in the screen increases from three to 11, and at a distance of 25 mm, it even
increases by approximately 3 %.
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When the moisture content increases from W = 20 % to W = 40 %, with a distance of 15 mm
between the drum and the screen, the percentage of substandard industrial chips in their total mass decreases
to 23 % (n=11).

35

30,61 30,2331’54

30
25
20,42
20 18,4518,76
12,21
9,24
. I 795
0 I I

15 mm 20 mm 25 mm

The number of
screen sections n, pcs

E3 m7 mll

o

6]

Percentage of substandard fraction
Psubstd, %

The radial distance between the screen and the drum d, mm

Fig. 4. Diagram showing the change in the percentage of substandad fraction of wood chips
depending on the number of sections in the stepped screen and the radial distance between the
screen and the drum (wood moisture content W = 40 %)
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Fig. 5. Diagram showing the change in the percentage of substandard chips in the total mass of
chips depending on the radial distance between the screen and the drum and the moisture content
of the wood (the number of screen sections is 11)

However, at a longer radial distance between the drum to the screen of 20 mm, the percentage of
substandard fraction of industrial chips in their total mass decreases slightly - by up to 5 %—as the wood
moisture content increases from W = 20 % to W = 40 %. And when d = 25 mm, the percentage of
substandard industrial chips in their total mass begins to increase.

Conclusions

1 A pattern has been identified in the change in the percentage of substandard fraction in the total
mass of wood chips depending on the parameters of the screen system of drum wood chippers. A regression
equation was obtained, which can be used to calculate the percentage of substandard fraction, taking into
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account the number of sections of the stepped screen, the radial distance between the screen and the drum,
as well as the moisture content of the wood.

2 The experimental investigation revealed that an increase in the number of sections of the stepped
screen leads to a decrease in the percentage of substandard industrial chips in their total mass. Therefore, it
is advisable for a stepped screen to have 11 sections. Further increasing the number of sections in the
stepped screen will increase the hydrodynamic resistance of the chips and the energy consumption of the
process.

3. It has been revealed that, among the factors studied, the reduction in the radial distance between
the screen and the drum has the most significant impact on the decrease in the percentage of the substandard
fraction. It has been found that the most optimal distance is 15 mm.

4. Based on the study, it is recommended to use the following optimal parameters for the screen
system of drum wood chippers: the number of sections of stepped screens is 11, and the radial distance
between the screen and the drum is 15 mm.
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Hayionanvnuii ynisepcumem "Jlvgiscoka Ilonimexuixa"

AHAJII3 METOJIB ITPOTHO3YBAHHS PYXY MICBKOT'O I'POMAICBKOTI'O
TPAHCIIOPTY

Y ecmammi pozenanymo npoénemy npoznosyeannsa pyxy MicbKozo ZpomaocbKozo mpancnopmy 6 ymoeax 3poCmaHus
MOOinbHOCIMI HACENeHHA, NIOGUW{eHHA [HMEHCUGHOCMI MPAHCNOPMHUX HOMOKI6 ma po36UMKY iHMeNeKmyaaIbHUx
MPAHCROPpMHuUX cucmem. AKmyanbHicmy 00CHIONCEHHA 3YMO81EHA HEOOXIOHICMI0 RIOGUWIEHHA MOYHOCHMI NPOZHO3Y6AHHA
yacy npubymms mMpaHcnopmy Ha 3YRUHKY, YACY PYXy Midc 3YRUHKaMu, IHMepPeanie pyxy ma 3a8aHmMANCceHOCmi
MPAHCROPMHUX 3ACO0I6 0N NOKPAUEHHA AKOCHI MPAHCROPMHO20 00CIY208Y6AHHA HACE/ICHHA.

Memoio pobomu € ananiz cynacHux memooie RPOCHO3Y8AHHA PYXY MICbKOZ0 2PDOMAOCHKO20 MPAHCHOPIY, 6U3HAYECHHA
ix nepesaz i HeOoiKi8, a MAKOXC OUIHKA NEPCNEKMUBHUX HANPAMIE POZGUMKY CUCIEM NPOZHO3YE6AHHA 6 YMOBAX OUHAMIUHO20
MicbKozo cepedosuwia. Ocodnuea yeaza NPUOINAEMBCA MOMCTUBOCHI 3ACHIOCYBAHHA PI3HUX RIOX00i6 3A71eHCHO 8I0
docmynHocmi 0GHUX, 00UUCTIOBALHUX Pecypcie ma 0coodausocmell mpancnopmuoi ingppacmpykmypu.

Y poéomi npoananizosano cmamucmuuni memoou npozHo3yeaHHs, 30Kpema mooeai 4acoeux paoie, pezpeciunuil
ananiz, Memoo Koe3no2o cepeonvozo, ARIMA ma SARIMA-mooeni. Ilokazano, wio yi nioxoou 3anuuwiaiomucsa egpekmuenumu
0151 KOPOMKOCMPOK08020 RPOCHO3YBAHHA Y 6IOHOCHO CMADIILHUX MPAHCROPMHUX CUCHEMAX 3A80AKU nPOCmomi peanizayii,
WEUOKOCmI 00YUCIenb | 3PO3YyMINill MamemamuyHiil inmepnpemauii, npome MaiOmov 00MeNHceHHA Yy 8PAXYy6AHHI HeNIHITIHUX
3anexcrHocmeil i 6nAUGY 306HIUIHIX YUHHUKIB.

OKpemo posenanymo ginompauyiiini memoou, 30kpema inomp Kanmana, akuii 3acmocogyemuvca 014 OYiHIO8AHHA
cmany mpancnopmuoi cucmemu 6 peanvHomy uaci na ocnoei oanux GPS, AVL ma cencopnoi ingpopmauii. Tarosrc
00CNi0XHCEHO0 MEMOOU MAWUHHO20 HAGYAHHA, 2TUOOKO20 HABYAHHA, HellPOHHI Mepedci ma zpaghoei moodeni, aAKi 3abezneuyroms
GUWY MOYHICIMb RPOZHO3I6 3a PAXYHOK 30AMHOCHI MOOeI06amu CKAAOHi RPOCMOPOGO-4ACO8i ma HeNIHIIHI 3a1exicnocmi y
MpancnopmHuux nomoKax.

Bcemanoeneno, wio nanbineuw nepcnekmuenumu € 2iOpudHi ma npocmoposo-4acosi mooeiii, AKi ROCOHYIOmMb nepesazu
cmamucmuyHux, ginempayiiinux i Heipomepexncesux nioxooie. Taxi modeni 003601a10mMb 00CcA2AMU BUCOKOI MOUHOCHI
NPOZHO3Y6AHHA 6 yM06ax 3HaAuHOl eapiamuenocmi mpagiky, adanmyeamucsa 00 3MIH mMpPAHCROPpMHOI cumyauii ma
npayroeamu 3 6eIUKUMU 00CA2AMU PIZHOPIOHUX OAHUX.

Y3acanvnueno, wo 6ubip memody npocnosysanns mac 06a3zyeamucs Ha MURI MPAHCROPMHOI 3a0ayi, sKocmi ma
CIpPYKmMypi 6XiOHUX 0AHUX, A MAKOIC GUMO2aX 00 WEUOK0OIi ma mounocmi cucmemu. Ilpakmuune snauenns po6omu nonszae
Y MONCAUBOCMI BUKOPUCHIAHHA OMPUMAHUX PeE3YIbmamie 011 PO3POOIEeHHA [HMENeKMYAabHUX CUCHEM RIOMPUMKU
npuiuHamms piwiensv, YOOCKOHANCHHA YRPAGNIHHA MICObKUM 2DOMAOCOKUM MPAHCROPMOM, ORmMuMi3ayii mapuipymie i
PO3KNa0ie, a MaKodic nidsuuieHHa HAdiliHOCMI ma 00CMYRHOCHIE MICbKUX Nepe6e3eHb.

Kniouosi cnosa: 2pomadcokuii mpancnopm, npOSHO3Y8AHHS MPUBANOCMI PYXY, MPAHCNOPMHI NOMOKU, 4ACO8I psiou,
MAuiuHHe HABYAMHSA, HeUpOoHHi mepeoci, @itomp Kanmana, 2iopudni memoou, npocmoposo-yacosi mooeni, iHmeneKmyaibHi
MPAHCROPMHI CUCTEMU.

V. Kovalyshyn, V. Chaikovskyi

ANALYSIS OF METHODS FOR FORECASTING URBAN PUBLIC TRANSPORT
MOVEMENT

The article presents the results of a study the problem of forecasting urban public transport movement under conditions
of increasing mobility demand, growing traffic intensity and the need to improve intelligent transport systems. Accurate
prediction of vehicle arrival time, travel time between stops, service headways, and vehicle occupancy is essential for route
optimization, timetable planning, and improving passenger service quality. The research is motivated by the fact that transport
systems operate in a highly dynamic environment influenced by congestion, weather conditions, infrastructure disruptions, and
fluctuations in passenger demand.

Analyzed the main methodological approaches used for forecasting urban public transport movement. These include
statistical time-series methods (particularly regression analysis, moving average techniques, and ARIMA/SARIMA models),
filtering approaches based on the Kalman filter, machine learning and deep learning methods, neural network architectures,
hybrid and spatio-temporal models. Particular attention is paid to the strengths and limitations of each approach, their data
requirements, computational complexity, and suitability for real-time applications in urban transport systems.

The results show that statistical models remain useful for baseline forecasting due to their simplicity, transparency, and
low computational cost, but their ability to capture nonlinear and rapidly changing transport conditions is limited. Kalman filter
are effective for short-term real-time estimation when streaming GPS and sensor data are available. Machine learning, deep
learning, and graph-based neural network models demonstrate higher predictive accuracy because they can process large-scale
heterogeneous data and represent complex temporal and spatial dependencies. Hybrid models that combine statistical and
artificial intelligence methods achieve the best overall performance in highly dynamic urban environments.

Keywords: public transport, travel time prediction, traffic flows, time series, machine learning, neural networks, Kalman
filter, hybrid methods, spatio-temporal models, intelligent transportation systems.

INTRODUCTION

In the modern urban environment, the growth of population mobility and the constant increase in
traffic intensity require the improvement of intelligent transport systems (ITS) for the effective management
of urban public transport [1]. Therefore, forecasting urban public transport movement has become a key
component for route optimization, timetable planning, and improving the quality of passenger service,
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including the prediction of vehicle arrival time at stops, travel time between stops, service headways, and
vehicle occupancy levels.

With the increasing number of vehicles and passenger demand, as well as the dynamic changes in
the urban environment, accurate and timely forecasting becomes critically important for reducing
congestion and improving the efficiency of the transport system [2]. The demand for high-precision
forecasts is growing alongside changes in demographic structure, urbanization processes, and the increasing
requirements for environmentally sustainable development [3].

A serious challenge in the development of forecasting algorithms lies in the high variability and
multi-factor nature of transport system parameters. These parameters include temporal and spatial
irregularities of traffic flows, the influence of non-recurrent mobility patterns (such as large-scale events or
seasonal fluctuations), external factors (weather conditions, traffic incidents, infrastructure maintenance),
as well as difficult-to-predict passenger behavior characteristics [4]. Another critical barrier to improving
forecasting accuracy is traffic congestion, which disrupts transport schedules in real time and reduces the
reliability of planned operational data [5].

Considering the relevance of forecasting urban public transport movement, it is important to
highlight the wide range of modern approaches currently applied in this field. These include statistical time-
series models (regression analysis, moving average methods, and ARIMA models), filtering techniques for
real-time data estimation (Kalman filter), machine learning algorithms, neural networks, hybrid methods,
and spatio-temporal models [6-7]. In particular, studies by Antonio Comi and colleagues demonstrate the
high potential of time-series approaches and artificial intelligence methods in improving forecasting
accuracy and enhancing the adaptability of transport systems [8-10].

Despite significant progress in this area, identifying the most effective methods under specific urban
conditions remains a subject of ongoing scientific discussion. Therefore, a comprehensive analysis of
modern methodologies and approaches to forecasting urban transport movement is an essential task for
ensuring the efficient functioning of transport infrastructure under increasing urbanization.

ANALYSIS OF LITERATURE DATA AND FORMULATION OF THE PROBLEM

Current research in the field of urban public transport forecasting are focused on the development of
algorithms capable of addressing the high variability of traffic flows caused by demand uncertainty, traffic
congestion, and external factors such as weather conditions. In European countries, considerable attention
is given to the integration of machine learning techniques with traditional approaches in order to improve
model accuracy and robustness [8; 11].

Time series methods (ARIMA, SARIMA) remain widely used due to their simplicity of
implementation and mathematically grounded approach to analyzing historical data. For instance, studies
by Janicka, L., and Christofa, E. [12] have demonstrated that these methods achieve satisfactory
performance for medium-term forecasting in relatively stable transport networks, although they exhibit
limitations under conditions of fluctuating passenger behavior or unstable traffic conditions [13].

The Kalman filter, widely used in modeling both deterministic and stochastic processes, is also
extensively applied in transport modeling tasks. This method enables real-time estimation of the transport
system state based on data streams obtained from sensors and GPS devices. Studies indicate that adapting
the classical Kalman filter for the analysis of large-scale transport data and the integration of multiple data
sources can significantly improve the accuracy of traffic parameter forecasting [14-15].

Machine learning and deep learning methods have become the foundation of many innovations in
transport forecasting over the past decade. Studies [16] have demonstrated that the use of recurrent neural
networks (RNN) and variational autoencoders enables not only the prediction of transport movement but
also the optimization of route schedules depending on the time of day and other influencing factors.

In turn, hybrid approaches that combine multiple methodologies (e.g., the integration of ARIMA
models with neural networks) have attracted particular interest among researchers, especially in Europe.
As argued in [17-19], such combined models achieve superior performance under highly dynamic traffic
conditions, allowing them to adapt to sudden changes in transport system behavior.

Based on the literature review, it can be concluded that the most promising directions of development
at the current stage involve the integration of big data with artificial intelligence systems and the
advancement of adaptive models capable of learning under changing real-world conditions. However, the
complexity of such models requires substantial computational resources and careful parameter tuning to
ensure sufficient forecasting accuracy.

At the same time, the use of mathematical approaches, including regression analysis, time-series
methods, and machine learning techniques, continues to demonstrate high effectiveness in solving
forecasting problems, provided that high-quality data preprocessing is ensured [8, 19].
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An important challenge remains the availability, systematization, and updating of data for transport
movement forecasting, as well as the consideration of external factors such as changes in weather conditions
(rain, snow, ice), road maintenance, and other unforeseen events. Improving transport forecasting requires
the integration of diverse data sources, including GPS systems (vehicle coordinates, speed, and direction),
Automatic Vehicle Location (AVL) systems, Automatic Passenger Counters (APC), Automated Fare
Collection (AFC) systems, IC card data, data from mobile network operators, and traffic sensors [11, 20,
21].

Thus, the analysis of existing methods for forecasting urban public transport movement indicates the
necessity of developing universal platforms capable of adapting to dynamic changes in the system. This
creates opportunities for the implementation of smart transportation systems that can optimize passenger
travel time and the operational resources of transport operators.

RESEARCH QUESTIONS

- RQL1. To analyze modern methods for forecasting urban public transport movement, including

statistical time-series models, filtering techniques, machine learning and deep learning
algorithms, neural networks, hybrid methods, and spatio-temporal models.

- RQ2. To evaluate the advantages and disadvantages of each method in order to determine their

effectiveness under diverse urban transport infrastructure conditions.

- RQ3. To identify promising directions for improving forecasting systems with a focus on speed,

scalability, and adaptability to dynamic conditions.

RESEARCH RESULT

Modern urban public transport forecasting systems are based on the integration of heterogeneous
data sources, their preprocessing, and the application of advanced analytical methods. The primary sources
of information include GPS monitoring data, passenger flow indicators, road conditions, and weather
factors, which form the basis for developing predictive models of transport processes [18, 22].

At the preprocessing stage, data filtering, aggregation, and synchronization are performed, which are
critically important for improving forecasting accuracy under conditions of large-scale and heterogeneous
data [23]. Further analysis is carried out using various approaches, including statistical time-series models,
filtering techniques, and machine learning and deep learning algorithms, each of which offers specific
advantages depending on the nature of the data and the forecasting task [18, 24].

Recent studies indicate that hybrid approaches, which combine multiple methods and account for
both temporal and spatial dependencies in transport systems, are the most effective, providing high
forecasting accuracy in real-time applications [22, 25].

Thus, the structural scheme of the transport movement forecasting system (Fig. 1) reflects the
sequence of data processing stages — from data acquisition to the generation of predictive information —
used within intelligent transportation systems to support decision-making and improve the efficiency of
urban transport operations.

Statistical forecasting methods based on historical data and time series

Among the methods used for forecasting public transport travel time, time-series-based approaches
occupy a leading position. Comi, A., Nuzzolo, A., Brinchi, S., and Verghini, R. [8] analyzed the variability
of bus travel time on routes in the city of Rome (Italy) using data from Automatic Vehicle Location (AVL)
systems and Automatic Vehicle Counters (AVC). The results of the study revealed a significant influence
of temporal factors (time of day and day of the week) on travel time variability and confirmed the similarity
between bus travel time patterns and overall traffic flow dynamics. In particular, it was found that the
variance of travel time is higher during the evening peak period compared to the morning peak.

Comi and Polimeni [9] proposed a time-series-based approach for forecasting travel time using
Automatic Vehicle Monitoring (AVM) data from bus routes in Rome (ltaly) and Lviv (Ukraine). The
comparison of these two cities, which differ significantly in size and economic structure, revealed that
travel time patterns are primarily determined by the intensity of traffic congestion associated with lifestyle
characteristics and working hours, rather than by city size. In both cities, buses operated within mixed
traffic conditions alongside other vehicles, which had a significant impact on their travel speed.

Comi, zZhuk, Kovalyshyn and Hilevych [10] demonstrated the effectiveness of time-series-based
approaches for forecasting bus travel time in Lviv (Ukraine). The authors showed that, among the numerous
factors influencing public transport operations, the majority follow specific temporal patterns. This enables
the effective application of time-series methods for forecasting and reducing the gap between actual and
scheduled travel times.
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Fig. 1. Structural scheme of an urban transport movement forecasting system based on multi-
source data integration and advanced predictive methods

Nuzzolo and Comi [11] examined methodological issues related to the development of short-term
forecasting tools for intelligent transportation systems (ITS). The authors emphasized that the collection
and processing of large-scale transit data (big data), as well as passenger interaction with system control
centers for forecasting optimization, create new opportunities for improving forecasting methods.

ARIMA (Autoregressive Integrated Moving Average) models and their seasonal variant, SARIMA,
are widely used for forecasting bus travel time [26]. These models combine autoregressive components,
differencing, and moving average terms.

The main advantages of ARIMA models include:

- effective performance in modeling time-series data;
- clear mathematical interpretation.

However, their limitations include the complexity of parameter selection and a limited ability to
incorporate multiple influencing factors.

The general ARIMA(p, d, g) model is defined by the following equation [26]:

Y't=c+olY't-1+ ..+ opY’'t—p + et + 0let—1 + ... + Oget—q, (1)
where Y’t — is the differenced time series of order d; ¢ — constant; @1, ..., pp — autoregressive
parameters of order p; 01, ..., 6g — moving average parameters of order g; €t — error term (white noise).

The advantages of statistical time series forecasting methods include simplicity of formulation, high
computational efficiency, and a relatively small number of operational variables. However, their main
limitation lies in the restricted ability to model complex nonlinear traffic dynamics and high variability
caused by external factors.

Filtering Methods (Kalman Filter)

The Kalman filter is widely used for predicting bus arrival times, demonstrating high accuracy in
short-term forecasting. Zhang, Lauber, Liu et al. [20] proposed a bus travel time prediction model based on
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the Kalman filter using multi-source data (AVL and IC card data) applied to the transport network of
Madison, Wisconsin (USA). The results showed that, given the availability of multi-source data, the model
is capable of meeting forecasting accuracy requirements, with route-level predictions being more accurate
than predictions for individual segments between stops.

Jairam, Kumar, Arkatkar and Vanajakshi [27] conducted a comparative analysis of bus travel time
prediction models in several Indian cities (Surat, Mysuru, and Chennai), using k-NN, the Kalman filter, and
ARIMA methods. The study confirmed that the Kalman filter provides high accuracy for one-step-ahead
forecasting and is capable of processing large volumes of data.

The Kalman filter algorithm consists of two main stages: prediction and update.

Prediction stage:

xtjt=1 =F ¢ xt—1]t—1 + B * ut, ()
Ptjt—1 =F « Pt—1[t—1 + FT+ Q, 3)
Update stage:
Kt=Ptjt—1 «HT « (H* Ptjt-1«H"+ R)" 1, 4)
xt|t = xtjt—1 + Kt * (zt — H * xtjt—1), (5)
Ptjt = (I— Kt « H) « Ptjt—1, (6)

where Xt — status assessment (estimated travel time); F — state transition matrix; P — error covariance
matrix; K — Kalman coefficient; H — observation matrix; Q and R — covariances of process and measurement
noise; zt — actual observation.

The advantages of this method include high accuracy in one-step-ahead forecasting and the ability
to process large volumes of data in real time. However, its main limitation is reduced effectiveness under
conditions of complex nonlinear traffic dynamics and high variability of external factors.

Machine learning and deep learning methods

Machine learning methods, particularly artificial neural networks, have attracted significant attention
due to their ability to model complex nonlinear relationships and integrate diverse types of data. A typical
neural network architecture for travel time prediction (Fig. 2) consists of an input layer that receives data
from multiple sources (AVL/GPS data, time of day, day of the week, weather conditions, passenger flow,
and historical data), one or more hidden layers with activation functions (such as sigmoid, ReLU, and tanh),
and an output layer that generates travel time predictions (ETA — Estimated Time of Arrival).

Depending on the problem type and data characteristics, various neural network architectures are
applied, including fully connected networks, recurrent neural networks (particularly LSTM), graph neural
networks (GNN), convolutional neural networks (CNN), and transformer-based architectures [28].

AVL/GPS data e »

™,

\ 2
Timeofday @& AN T =
N AT ° Travel Time
RO W Prediction
Day of week @&\ < /< > (ETA)
Wea}ther - N : g
conditions
S ]
Passenger flow @ /- =
Historical data @ e Ve
Input Layer Hidden Layer 1 Hidden Layer 2 Output Layer

Fig. 2. Neural Network Architecture for Travel Time Prediction
Rashvand [28] proposed a methodology based on a fully connected neural network for predicting
bus arrival times in New York City. The study identified an average delay of approximately eight minutes
between scheduled and actual arrival times, highlighting the need for accurate predictive models. The model
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incorporated factors such as day type (weekday/weekend), peak hour status, and the distance to the next
stop.

Approaches based on graph neural networks (GNN) are rapidly evolving, as they enable the
incorporation of transport network topology into forecasting models. Baghbani, Bouguila and Patterson
[29] proposed a graph convolutional network with recurrent layers for short-term passenger flow prediction
across 929 bus stops in Laval (Canada). This approach effectively captures spatio-temporal correlations
between different stops and routes, representing a significant advantage over models that treat each stop
independently.

Neural network methods are characterized by their ability to model complex nonlinear relationships,
integrate heterogeneous data sources, and adapt to dynamically changing conditions. However, their
limitations include the requirement for large volumes of high-quality training data and substantial
computational resources, as well as sensitivity to noisy data (e.g., GPS signal loss and human-related
factors), which may reduce forecasting accuracy.

Hybrid and combined approaches

A promising direction involves the integration of different methods within hybrid models. Nuzzolo
and Comi [21] developed an approach for identifying dynamic optimal routing strategies in intelligent
stochastic transit networks, which includes a system for forecasting bus travel time and arrival time at stops.
Such an approach enables the provision of optimal route predictions to passengers in real time, taking into
account the stochastic nature of the transport network, where actual bus arrival times may significantly
differ from scheduled or predicted values.

The advantages of hybrid approaches lie in their ability to compensate for the limitations of
individual methods and to achieve higher forecasting accuracy. However, their main drawbacks include
implementation complexity, the need for tuning a large number of parameters, and scalability challenges
for large transport networks with hundreds of routes.

Comparative analysis of methods

Urban public transport forecasting has been extensively studied in recent years, with researchers
increasingly employing advanced analytical and data-driven approaches depending on data availability,
computational resources, and the complexity of transport systems. Contemporary studies still acknowledge
the relevance of statistical time-series models, such as regression analysis and ARIMA-based approaches,
which remain effective for short-term forecasting and baseline modelling of traffic flow and passenger
demand [24, 30].

At the same time, traditional methods have been enhanced and extended through hybridization and
integration with real-time data sources. In particular, filtering techniques, including the Kalman filter and
its modifications, are widely used for real-time estimation and prediction of dynamic traffic states,
especially in applications involving connected vehicles and sensor-based monitoring systems [31-32].

With the rapid growth of intelligent transportation systems and big data technologies, machine
learning methods have become a dominant approach in transport forecasting. These methods enable
efficient processing of large-scale heterogeneous data and identification of nonlinear relationships in traffic
patterns [17, 23]. Countries such as China, the United States, and Singapore actively implement these
techniques in smart mobility systems and urban traffic management.

More recently, deep learning models, including recurrent neural networks (RNN), long short-term
memory (LSTM), and graph-based neural networks, have demonstrated superior performance in predicting
traffic flow, travel time, and congestion levels [22, 25]. These approaches are particularly effective in data-
rich environments and are widely applied in technologically advanced countries such as China, South
Korea, and the United States.

The latest research trends focus on spatio-temporal and hybrid models, which integrate statistical
methods, machine learning, and deep learning techniques to capture both temporal dynamics and spatial
dependencies in transport networks. Such models have shown significant improvements in forecasting
accuracy and robustness under highly dynamic urban conditions [20, 23].

Distribution of urban transport forecasting methods used in different countries according to the
scientific literature (Fig. 3).

The evolution of methods for forecasting urban public transport movement reflects a gradual
advancement of approaches in transportation system research. In the early stages, statistical models based
on historical data — such as route characteristics and timetables — played a dominant role, enabling the
development of baseline predictive frameworks. Early studies from the mid-20th century primarily relied
on simplified empirical models that described traffic behavior using aggregated observations. With the
advancement of computational technologies, these approaches were further refined through the integration
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of regression analysis and time-series techniques, allowing for more accurate estimation of travel time and

operational parameters [1,4,13,29].
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Fig. 3. Distribution of urban transport forecasting methods by Country

In recent decades, transport movement forecasting has increasingly relied on artificial intelligence
and machine learning techniques. The application of deep learning models and big data analytics enables
real-time processing of heterogeneous data sources and incorporation of complex influencing factors, such
as weather conditions, traffic congestion, and dynamic passenger demand. As a result, modern forecasting
systems demonstrate significantly improved accuracy and adaptability. Furthermore, the emergence of
hybrid and spatio-temporal models has enhanced the ability to capture both temporal dynamics and spatial
dependencies within urban transport networks [3,8,9,19]. These advancements contribute to more efficient
transport planning and improve accessibility and reliability of urban mobility systems (Fig. 4). The given
chronology illustrates the periods of application of forecasting methods in transportation research.
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Fig. 4. Timeline of the evolution of forecasting methods for urban public transport movement

Table 1 presents a comparative analysis of the main forecasting methods used in urban public
transport systems. It highlights their key characteristics, including accuracy, computational complexity,

data requirements, as well as their advantages and limitations.
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Table 1.
Comparative Analysis of Forecasting Methods for Urban Public Transport Movement
Forecasting | Model | Prediction | Computational Data Main Main
Method Type Accuracy Complexity Type Advantages Disadvantages
Time-Series | Statistical | Medium Low Historical | Simple Lower
Methods time- (high  for time implementation, | accuracy,
(ARIMA /| series stable series strong limited ability
SARIMA) model data) mathematical to capture
interpretability | nonlinear
relationships
and  external
factors
Kalman Stochastic | Medium — | Medium Streaming | Effective  for | Requires
Filter model high data, real-time precise model
GPS, forecasting, parameter
sensor robust to noise | tuning
data
Machine Machine | High High Large Captures Requires large
learning learning / datasets complex datasets  and
algorithms, | deep (GPS, nonlinear significant
Neural learning passenger | relationships, computational
networks flow, high accuracy resources
weather,
traffic)
Hybrid Combined | Very high | High Combined | Combines High
Models model datasets strengths of | implementation
(ARIMA + statistical and | and tuning
NN) ML methods complexity

The analysis shows that traditional statistical methods remain useful due to their simplicity and
interpretability but are limited in handling complex and nonlinear patterns. In contrast, machine learning
and neural network approaches provide higher accuracy at the cost of increased computational requirements
and data dependency. Hybrid models demonstrate the best overall performance by combining the strengths
of different approaches, although they require more sophisticated implementation and tuning. Overall, the
choice of method depends on the availability of data, computational resources, and the required level of
prediction accuracy.

DISCUSSION OF THE RESULTS OF THE STUDY AND SUMMARY

The conducted analysis confirms that forecasting urban public transport movement is a
multidimensional task that requires the integration of heterogeneous data sources and the application of
methods with different levels of mathematical complexity. No single forecasting method can be considered
universally optimal for all transport systems, since forecasting performance depends on network structure,
service variability, data quality, and the influence of external factors such as weather, incidents, and
fluctuations in passenger demand.

Traditional statistical time-series methods preserve their practical relevance because they are
relatively simple to implement, computationally efficient, and mathematically interpretable. At the same
time, their predictive capability is limited in highly nonlinear and unstable environments. Filtering methods,
especially the Kalman filter, are effective for real-time estimation and short-horizon prediction, particularly
when continuous streams of GPS, AVL, and sensor data are available. These methods are especially
valuable for operational monitoring and control of transport systems.

Machine learning, deep learning, and spatio-temporal approaches currently represent the most
promising class of methods for advanced forecasting tasks. Their main advantage lies in the ability to model
nonlinear relationships, integrate multiple influencing variables, and capture both temporal dynamics and
spatial interactions within transport networks. Hybrid approaches further enhance this potential by
combining the interpretability of statistical methods with the flexibility and predictive power of neural and
data-driven models. As a result, such models achieve the highest accuracy in complex urban conditions.

The practical use of the obtained results may involve the development of intelligent decision-support
systems for public transport operators, real-time passenger information platforms, adaptive timetable
optimization tools, and smart city mobility services. Further research should focus on the creation of
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scalable forecasting platforms based on big data integration, explainable artificial intelligence, and self-
learning adaptive models capable of responding to structural changes in transport behavior. Special
attention should also be paid to the transferability of forecasting models across cities with different
infrastructural, demographic, and operational characteristics.
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Hayionanvruil yrisepcumem Oiopecypcie ma npupoooKopucimyaHHs. YKpai'Hul
JIyybKuii HayionanbHuil mexuiunull yHigepcumem®

MEXAHIZAIIA I ABTOMATHU3ALIA CAAIBHULTBA: HIVIAX 10 CTAJIOT'O TA
E®EKTUBHOI'O BUPOBHUILITBA

Iumanna mexanizayii ma agmomamu3ayii € HA036UUATIHO AKMYAILHUMU 8 KOHIMEKCMI 6NPOBAOIHCEHHA IHHOBAYIIHUX
mexHono2ii y cadigHuymei. 3acmocy8ants Cy4acHux pilleHb CRPAMOGAHe HA OO0CACHEHHA MAKCUMAIbHOL 8pPOMCATIHOCHI,
GUCOKOI AKOCMI n100i6 ma 3HAYHO20 3HUNCEHHA eumpam pyunoi npaui. Bukopucmannsa cneuianizoeanux mawun ma
ABMOMAMU308AHUX CUCIEM 00380IA€ ORMUMIZYEAMU MEXHOI02IUHI pecypcu, MIHIMIZyeamu naue 11I00UHU HA HABKOJIUMWHE
cepedoguuie ma 3MeHWUmMuU PU3UKU Ona 300poe'a npayienukie. Cyuacni mawunu 0na 002140y 3a AiCOCMyzamu Marmo
MOOYIbHY KOHCIMPYKUiI0, W0 0036014€ adanmyeamu poooyi opzanu 00 KOHKpemHux ymos. /[na 3axucmy cmoedypie oepes
azpezamu OCHawjeHi e1eKmMpo2iopasniyHuUM MeXanizMoM 6iOXUNEHHA, @ AKMUGHI KOMNOHEHMU HCUBNAMBCA i0 2i0pasniuHol
cucmemu mMpakmopa ado A8MOHOMHO20 CUN06020 azpezamy. Bupoonuku nponouyroms mooleni 3 nepeomim, 3a0nim abo
cepeonim HagicHum o001aonannam. Bimuusnuani eupoOnuku ejce aKmueHno 6nPOBAOIHCYIOMb Ui CEImoGi cmanoapmu y
61acHomy eupoonuymei. Pezynomamu 00cnioiicenv niomeepodycylomov Ceimogy meHOeHuilo nepexoody 6i0 mpaouyininux
Memooie mexanizayii 00 IHHOGAYINIHUX CUCHEM, 3ACHOBANUX HA RPUHWURAX aemomamu3ayii. Binvwicme npoyecis y cadax
3apaz aemomamu306ani: camoxioni wiaci 3 A6MONiNOMOM RPAUIOIOMb AGMOHOMHO, A CUCHIEMU 3POUIEHHA Kepylombcs
oucmanyitino. CitbcbK020Cn00apcvKi OpoHu 6UKOPUCMOEYIOMbCA 01 3AXUCHY POCTUH, A 30Ip 6poicalo 30iliCHIOEMbCA 3a
00nOMO02010 IHMENEKMYAIbHO KEPOSaAHUX KoMOalinie. Baxcnusum Kpokom 00 6npoeaodiceHHA CilbCbKO20Cn00apchKux OpoHie
y cadienuymei 6yoe moxcnugicmy ix inmezpayii 6 wupwii cucmemu A6mMoOMamu3ayii ma NOKpaweHHA NPuilHAmMma piuiens,
maki AK memeocmanyii ma cucmemu 3pouwtennsn ma pepmuzayii. Kniouosumu enemenmamu yb020 npoyecy € MOHImopunz ma
l0T-pimenna na ocnosi oamuukie eonozocmi rpynmy ma cucmem cKaHysaunus Kpouu. Texnonocii oughepenuiiiosanozo
GHeceHns 000pue ma 3acofis 3axucny pociun 6nPOBAONHCYIOMbCA 3 YPAXYSAHHAM MIHAUBOCHIE HACAOICEHb, MOOJI AK 21100aNbHI
Hasicayiini cynymnukoei cucmemu (GNSS/GPS) 3abesneuyromv aemonomne ninomyeanus 001AOHAHHA MIXNC PAOAMU.
Aemopu y3azanvnioloms ceimosi menoenyii mexanizayii cadienuyoi 2any3i ma o6rpynmogyrome npiopumemui HaAnNPAMKU
GUKOPUCMAHHA AGMOMAMU3O6AHUX cucmeM y cadienuymei. /J0cnioxiceHHA nOKA3ano, w0 cadiGHUUMeEo nepedyseac Ha panHix
cmaoiax mpaunchopmauii, 3yMo61eHOT NOCMYNOBUM NEPEXOOOM 8i0 MEXAHIZ06AHUX 00 AGMOMAMU3Z08AHUX MeXHON02il. L]e
CHPUAE NIOGUEHHIO eeKMUBHOCINI UPOOHUYMEA MA CINATIOMY PO3GUMKY 2ATLY3i.

Kniouogi cnosa: cadienuua 2anysv, mexamizayis, agmomamu3sayis, pooomusayis, nepcnekmusu po3gunixy.

V.M. Martyshko, Yu.O. Gumenyuk, O.P. Derkach, H.A. Herasymchuk

MECHANIZATION AND AUTOMATION OF HORTICULTURE: THE PATH TO
SUSTAINABLE AND EFFICIENT PRODUCTION

The issues of mechanization and automation are highly relevant in the context of introducing innovative technologies
in horticulture. The application of modern solutions is aimed at achieving maximum yields, high-quality fruit, and a significant
reduction in manual labor costs. The use of specialized machines and automated systems allows for the optimization of
technological resources, minimization of human impact on the environment, and reduction of health risks for workers. Modern
machines for maintaining tree-line strips feature a modular design, allowing working components to be adapted to specific
conditions. To protect tree trunks, the units are equipped with an electro-hydraulic deflection mechanism, and the active
components are powered by the tractor’s hydraulic system or an autonomous power unit. Manufacturers offer models with
front, rear, or mid-mount hitches. Domestic manufacturers are already actively implementing these global standards in their
own production. Research results confirm the global trend of transitioning from traditional mechanization methods to
innovative systems based on automation principles. Most orchard processes are now automated: self-propelled chassis with
autopilot operate autonomously, and irrigation systems are controlled remotely. Agricultural drones are used for plant
protection, and harvesting is carried out by intelligently controlled combines. An important step toward the adoption of
agricultural drones in horticulture will be the ability to integrate them into broader automation systems and improve decision-
making, such as weather stations and irrigation and fertigation systems. Key elements of this process include monitoring and
10T solutions based on soil moisture sensors and canopy scanning systems. Technologies for the differentiated application of
fertilizers and plant protection products are implemented taking into account the variability of plantings, while global navigation
satellite systems (GNSS/GPS) ensure autonomous piloting of equipment between rows. The authors summarize global trends in
the mechanization of the horticulture industry and justify priority areas for the use of automated systems in horticulture. The
study found that horticulture is in the early stages of a transformation driven by a gradual shift from mechanized to automated
technologies. This contributes to increased production efficiency and the sustainable development of the industry.

Keywords: horticulture industry, mechanization, automation, robotization, development prospects.

CTaH NMUTAHHA Ta MOCTAHOBKA mpoodJjemu. CaliBHULITBO — II€ CTpAaTErivyHa Traiy3b, M0 MOCiIae
KITFOUOBE MICIIC B arporpOMHICIOBOMY KOMILIEKCI YKpaiHu. 3a OCTaHHE NECATUIITTS BITYM3HIHUN CEKTOP
CaJiBHUIITBA TIPOJEMOHCTPYBAB CYTTEBUH IIPOTrpec, 3a0e3Mmeuyroun BHYTPIIIHI MMOTpeOn KpaiHu i cTaTh
cTalbiIbHUM ekcropTepa (pykroBoi mpoaykilii Ha puHku €C [9]. Po3BuTOK Trajigy3i HEMOXIHMBUN 0e3
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BIIPOBADKCHHS TEPEIOBUX TEXHOJIOTIH Ta 1HHOBAIIHHUX MeToxiB. OMHUM i3 BH3HAYAILHUX YWHHUKIB
TpaHcdopmaliii caliBHHIITBA € MEXaHI3allisl Ta aBTOMATH3allisl TEXHOJOTTYHUX MPOIECIB, SKI CIPHUSIIOTH
HapOIyBaHHIO 00CSTIB BUPOOHHUIITBA, IOBHOMY 33JI0BOJICHHIO MOMHUTY Ha IJIOJOBO-AT1IHY MPOAYKIIIO Ha
BHYTPIIIHBOMY PUHKY Ta PO3LIMPEHHIO €KCIIOPTHOTO MOTeHIiany [8].

Bucoxka yacTka py4HOI mpaiii, MOCTiiHE 3pOCTaHHs ii BAPTOCTI, a TAKOXK FOCTPHI CC30HHHUM Ae(ilUT
KaapiB aKTyali3yloTh TOTpedy B IHHOBAaIiWHMX migxomax. llepexim Bim pydHoi mpami a0
BHUCOKOTEXHOJIOTIYHUX pillleHb € HE TPOCTO O03HAKOK MpOrpecy, a 00 €KTUBHOIO HEOOXiAHICTIO,
3YMOBJICHOIO OpakoM poOod0i CHIIM Ta YKOPCTKUMH BUMOTAMH €KOJIOTIYHOI O0e3MeKn. Y ITbOMY KOHTEKCTI
Bce OUTBITOI aKTyaJIbHOCTI HaOyBa€ BIPOBAIKEHHS aBTOMATH30BAHMX Ta POOOTH30BAHUX CHUCTEM, ITIO
BiJIMTOBITal0OTh BUKITUKAM CYyYaCHOCTI.

[MutanHsm MexaHizamii Ta aBTOMaTH3alii MPOLECIB y CaXiBHUITBI MPUCBIYEHO Mpami HHU3KH
TIPOBIAHUX BITYM3HSIHUX YUYCHUX. 30KpeMa, TEXHOJIOTIYHI Ta TEXHIYHI acleKTH MeXaHi3arlil Trarysi
BUCBITIIeHO B nociimkenHsx [10, 11, 12]. IIpobnematuka aBromaTu3amii Ta poOOTH3aLii BUPOOHUYNX
HpOLIECiB 3HaMIILIA BitoOpakeHHs: B podoTtax [13, 14, 15].

[Tonmpm HasBHI HamNpalfOBaHHS, y BITYM3HAHIN HAYKOBIH JTEpaTypi 3aJUIIAIOTHCS HEIOCTATHHO
PO3KpUTHMHU — SIK Yy TEOPETHYHOMY, TaKk 1 B MPHUKIAAHOMY acleKTaXx — NHUTaHHA iHTeHCUiKarmii
CaJ[iBHUIITBA, TEPEAyCiM Yy KOHTEKCTI afanTaiii ramy3i J0 cCyJdacCHHX YMOB TocIofaproBaHHsA. BomgHouac
cydacHi 3apyOixHi my0Jtikaiii, 30kpema mpaiii [25, 26] IHUPOKO BUCBITIIIOIOTH MTOCTYIIOBE 3aITPOBaPKCHHS
B Ca/IiBHUIITBI IHTEIEKTYAIbHUX CUCTEM KepyBaHHS Ta pOOOTH30BAHUX KOMIUICKCIB.

OcobnuBa yBara B MOCHIKEHHSAX aBTOpiB [31, 28] mpuaimseThesi 3aCTOCYBAaHHIO arpOAPOHIB MIPH
30MpaHHs IUIOMIB, 3POIICHHIO CaJiB, MOHITOPHHTY Ta OONPHUCKYBAaHHS HACAIDKEHB, IO € KIIOYOBUM
YHMHHUKOM I (PoBOi TpaHchopMallii CydacHOTO caiBHULITBA.

BnpoBamkeHHssT 1HHOBAIIMHMX CHCTEM Y TPAKTHKy CyYacHOTO CaIiBHHUIITBA BigOyBaeThCs
OJTHOYACHO 3 MOHITOPHHTOM ITOTOYHOTO CTaHy TEXHIYHOTO 3a0e3redeHHS 1 KOMIUIEKCHOTO aHai3y
POOOTH30BaHUX KOMIUIEKCIB [Tl HACKPI3HOT aBTOMAaTH3allii TEXHOIOTiH BUPOIIYBaHHS IIOA0BUX KYJIBTYP.
Jlo 0a30BHX TEXHOJOTIM IBOr0 HAaMpAMY HaJEKUTh 3aCTOCYBaHHS aBTOHOMHHUX MOOUTBHHX IIaT(opM,
3ATHAX BUKOHYBATH IMUPOKHHA CIEKTp ONEpalliii: BiJ CaJiHHSA Ta 3pPOIICHHS JIO MPEIU3iHHOTO 3aXHUCTY
pocCIuH 1 30MpaHHS BPOXKAr0 3 MiHIMAJILHUMHU TTOIIKO)KEHHSIMHU.

Ha BinMiHy BiZ pOCIMHHHILITBA, CaAiBHULTBO NOTPEOy€E By3bKOCIENIai30BaHUX TEXHIYHUX PillICHb.
Ile 3ymoBneHO crerudikor arpodi3MuHUX MMapaMeTpiB HACaHKCHb: OOMEKCHHUMH MIDKPSIIIMH,
PI3HOMAHITHICTIO CTPYKTYPH KPOH JIEPEB, a TaKOX MiJIBUIIEHUMH BUMOTaMH J0 30€pPEeKEeHHS I[1IICHOCTI
TUIOJIB Ti/T Yac MEXaHIYHOTO BIUIHBY.

[IpoTsiroM OCTaHHLOTO ACCATIIIITTSA B arpapHOMY CEeKTOpi YKpaiHu BinOyBCs 3HAYHHI IIpOTpec y
chepax aBromaru3aiii Ta poOoTH3alii Ha 3acajax BIPOBAPKEHHS KOHIIEMII TOYHOrO 3eMIJIEPOOCTRA.
Hudposi iHcTpyMeHnTn — 30kpeMa mryynuid iHtenaekT (III), Inreprer peueit (IoT) ta xmapHi cucTeMu
NIATPUMKH OPUHHATTS pilleHb — CHPUSIOTH PO3poOLi Ta BIPOBAKCHHIO JAeAalli CKIAAHIMNX 1
BHCOKOIIPOAYKTUBHUX MamuH. [lo3uTwBHUEI  gocBig TpanchopMmarii y CYMDKHHUX —Taly3sx
arponpOMHCIIOBOT'0 KOMIUIEKCY CTBOPIOE NIEPEIYMOBH IJIs1 aKTUBHOTO 3aCTOCYBaHHS B CaIiBHULITBI CTATUX
arpotexHoJorii [16].

3a3HaueHe aKTyalli3ye po3poOKy HayKOBO OOTPYHTOBAHMX IMIiAXOMIB JO BIIPOBAKCHHS 1HHOBAIIIN,
10 BPaXxOBYIOTh cliel(]iKy ramysi Ta cTparerio po3BUTKY HU(poBi3amii caliBHUNITBA.

Merta nocaigKeHHsi — y3arajlbHUTH CBITOBI TEHACHLIl MeXaHi3alii ramy3i Ta OOIpYHTYBaTH
HaNPSMKH BUKOPUCTAHHS aBTOMAaTH30BaHUX CHCTEM Y CaJiBHUITBI.

Marepiaaun Ta MeToau. Y Tpoleci JOCIIPKCHHS BHKOPHUCTAHO KOMIUICKC HAayKOBHUX METOZIB,
30KpeMa: a0CTPaKTHO—JIOTTYHHM — JJIs y3araJbHCHHS TEOPETHUHUX 1 METOIWYHUX 3acajl; MOHOrpadiuHuit
— IpU ONpalfoBaHHI eMmipudHoi 6a3u. J[>KepenbHy OCHOBY IOCIIIKEHHS CKJIald MaTepiaji HayKOBHX
KOH(epeHLiH, creniaaizoBaHa JiTeparypa Ta akTyalbHi BiIKpHTi AaHi Mepexi [HTepHer.

PesyabTaTH aociail:keHHsi Ta oOroBopeHHsi. PiBeHbr MexaHizarii cagiBHHMIITBA B YKpaiHi He
BIJITOBI/Ia€ BUMOTaM CYJaCHHMX TEXHOJOTiH. MU MaEMO BHCOKI TIOKa3HUKH MPU 00POOITKY IPYHTY (B TOMY
YUCITi TIpU A0S 3a HacapkeHHAMHU) — 90...95 %, ximiuHomy 3axucti — 90 %, ne MOXKHA afanTyBaTH
TEXHIKY 3arajlbHOTO IPU3HAYEHHS, 1 KPUTHYHO HU3bKI P JAOTIISAII 32 KpOoHOTO — 25% 1 30upaHHi BpOXKaro
—-10 % [3].

B iHTeHCHMBHHX cajax INMAJEPHOTO THUIy piBEHb MeXaHizalil BHUILUHA, MpOTE aBTOMATH3aLlisd
(BUKOpUCTaHHS CHUCTEM O€3 y4YacTi JIOJAWHU) BIOPOBAKYETHCS MOBUILHO Yepe3 BUCOKY BapTiCcTh
BrpoBapkeHHS. OKpeMi CHCTeM aBTOMaTw3allii (Hampukian, poOOTH-30Mpadi) BCe IIe 3HAXOIATHCS Ha
cTaii mpOTOTHITIB a00 TecTyBaHHA HaBiTh y KpaiHax €C ta CILA [24].
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OxkpeMi TOCIOAApCTBa YK€ BHKOPHUCTOBYIOTH BHCOKOMEXAHI30BaHI CHCTEMH 3 €JIEMEHTaMH
aBromaTu3alii. [HTerpoBaHi JaTYNKH ONTHUMI3YIOTh 0OpOOITOK IPYHTY, ITOJUB Ta JKUBIICHHS POCIUH, IIIO
3a0IIQ/KYE PECYpCH 1 3MEHIIIye eKOJIOTiuHe HaBaHTakeHHA. IIpore ramysp morpeOye mMacmTaOyBaHHS
IUPPOBHX PIllICHB.

B VkpaiHi nuTaHHSIMHA MEXaHi3allii Ta aBTOMAaTH3allil CaJiBHULITBA 3aiMal0ThCs MPODIIbHI HAyKOBI
YCTAHOBH, a TaKOX BITYM3HSIHI KOMIIAHIi-BUPOOHWKH CITCIiali3oBaHoi TexHIKH. Jlo mpoBigHUX
MapueEMCTB Taimy3i HamexaTh: I «Arpopemmami-Ilmroc» (M. KpommBHHITBKHI) — po3pobise Ta
BUTOTOBJISIE TEXHIKY IJ1s1 00pi3yBaHHs, OONPUCKYBaHHS, a TAKOXK MYJIbUyBaHHS cafiB i BUHOTpagHuKiB; AT
«EmeBopTi» (M. KpormmBaumpkmit) Ta TOB «IIpomias» (M. bima IlepkBa) — crermiamizyloTbes Ha
BHPOOHMIITBI CydacHUX IpyHT00O0poOHUX MamuH; TOB «JIpBiBciIbMaND» — 30cepeKye MisUTbHICTE Ha
BUITYCKY BUCOKOE(EKTHBHUX CaJl0OBHX OOIPHUCKYBaUiB.

Ha croroani B YkpaiHi BiacHe cepiiiHe BUpOOHUIITBO CTICLialli30BaHUX CaJOBUX TPAKTOPIB BiJICYTHE.
Maui ¢depMepchKi rocrnoaapcTBa MEPEeBayKHO BUKOPUCTOBYIOTh YHIBEpCaabHI KMTAHCBKI MiHI-TPaKTOPH:
BOHM MNPHUBAONIOIOTH OCTYITHOKO IIHOIO Ta KOMIIAKTHICTIO, MPOTE HE € BY3bKOCIENiali30BaHUMHU
MalluHaMu Ui npodeciiiHoro cagiBHULTBA. HaToMicTh BeNMKi arpomiJnpUEMCTBA BiJAIOTh IepeBary
TpaKTOpaM TPOBITHUX CBITOBHX OPEHIIIB, OOMpalound MOJEI, IO CHEIiadbHO aganToBaHi I CKIIATHUX
YMOB y cajax 1 BUHOrpaaHukax. JlizepaMu Ha pUHKY CIeliani3oBaHUX TpakTopiB € Taki cepii: CLAAS
NEXOS (Himeuunna); Massey Ferguson (cepis 3, CI1IA); New Holland (cepis T4, CLLA/ITanis); Landini
(cepis Rex, Itamis). Lli mamuHu MOeqHyOTh y €001, creiubidHi radapuTH Ta Cyd4acHI CHCTEMH IS
ehexTuBHOI poOOTH B callaX i BUHOTPAIHUKAX.

CazmoBuil TpakTOp BiIPi3HIETHCS BiA MOJENEH 3arajJbHOT0 Npu3HaueHH. OOMeXeHUI MpoCTip Is
MaHEBpPYBaHHsI AUKTY€ crielu]iuyHi BUMOTH 10 TabapuTiB: KOMIAKTHICTh JO3BOJISIE TEXHILll MPALIOBATH B
MDKPSIISIX, HE TPAaBMYIOUH TUTKH Ta TUTOH.

KoHCTpyKITisSt TaKuX TPaKTOPIiB ONTHMIi30BaHa I POOOTH B OOMEXEHOMY IPOCTOPi: BOHH MalOTh
KOPOTKY KOJIiCHy 0a3y, MiHIMalbHY MIMPHHY KOJii Ta HHU3bKY rabapuTHy BHcoTy. Lle 3ymoBmoe
BHKOPHCTAHHS KOJIIC HEBEIMKOTO iaMeTpa Ta KOMIIAKTHOI KaOiHu.

VY camiBHUIITBI, J¢ MHUPUHA MIKPSAIb Y CePEeAHHOMY CTAHOBHUTH 3 M, BUKOPHCTOBYIOTh CTaHAAPTHI
BY3BbKOKOJIMHI MOZieTi. Y BUHOTpalapcTBi, e MKPAAIS MOXKYTh OyTH MEHIIUMHU 3a 1,5 M, 3aCTOCOBYIOTb
crerianizoBaHi Moaudikallii 3aBIUPIIKK TPOX¥ OkIe Hixk 1 M. OOMEXKEHHS 110 BUCOTI 3a3BUYal CKIIaaae
2,3-2,4 M, 1110 JI03BOJISIE TEXHILI BIILHO MPOXOAMUTH Il KPOHAMH JIEPEB Ta BUHOTPAIHUMH IIIaICPAMH.

OxpeMi MOZIEi OCHAILYIOThCS KPICJIOM Ta KepMmoMm, 1o noBeprarothes Ha 180°. Ile nossonse
orepatopy e(peKTUBHO MpaLiOBaTH B PEKUMI «3a10M-Harepeay, 3a0e3MneuytoUun 3pyYHUI OTJIs] HAa4ilHOTO
obmagHanas. st poOOTH 3 MECTUIMAAMH TPAKTOP 00OB’SI3KOBO O0IaTHYETHCS TEPMETHYHOIO KaOIHOIO 3
cucTeMoro GinbTpariii moBiTps (KaTeropii 4), 1110 3aXHUIIA€ BiJ XIMIYHUX IIapiB Ta aePO30JIiB.

3 orsiay Ha Pi3HOMAaHITHICTH Cy4acHOTo o0JaJHaHHs, TPAKTOP MOBHHEH MATH YHIBEPCaIbHY 33 HIO
Havinky. JJs1 MakcHMaJIbHOT IPOYKTUBHOCTI OakaHa HasSBHICTD ITEPEIHBOI HAYITKK Ta Tiepeaabporo BBIT
— 1€ JO3BOJISIE BUKOPUCTOBYBATH KOMOIHOBaHI arperaTé Ta BAKOHYBATH KiUJIbKa Orepalliif 3a OJuH MpoxXi.
Jis cTablapHOT poOOTH MPUBOAHMX 3HAPSIL HEOOXIHA BUCOKA MTPOAYKTUBHICTH rifpaBiiku (Hacoc Big 60
JI/XB) Ta 000B’S3KOBA HASBHICTh CHCTEMH OXOJIOPKECHHS OJIMBH.

Tpaxtopu dipma CLAAS cepii NEXOS sumyckae B 4* Bapianrtax: F, FB1, VL i VE, 3 MiHiMaipHOIO
3aranpHOI0 mmpuHOI0 1,46; 1,40; 1,26 1 1,00 M. TpakTopu ocHaIIeHI TBUTYHAMH MTOTYXKHICTIO Bix 65 10
106 k.c. Mexaniuna tpaHcMicis (16/16) Ta enekTporifpaBiiuHe KepyBaHHS A03BOJISIIOTH MAaHEBPYBATH 3
paziycom po3BopoTy Bix 3,06 m [21].

New Holland T4 ta Massey Ferguson (cepist 3) MaroTh aHaJIOTi4Hi KOHCTPYKTHBHI TapaMeTpH Ta B
000B’SI3KOBOMY TOPSIKY OCHAIIYIOTHCSA CHCTeMaMu (iIbTpallii KaOiHU Ui 3aXUCTY orepaTopa IiJ 4ac
XIMIYHOTO OOTIPUCKYBaHHS HacaIKEHb.

[lepcneKTHBHUMH HamNpsIMaMu PO3BHUTKY Tally3i € BIPOBAIKEHHS EIEKTPOTPAKTOPIB Ta TiOpUIHHUX

CHJIOBUX YCTAaHOBOK, IO TOEAHYIOTh E€KOJIOTIYHICTh 13 BHCOKOIW C(EeKTHUBHICTIO. JlOCHTiHKSHHS
MiATBEPIUKYIOT, 10 eneKTpoaBurynu Ha 30 — 40 % edexTuBHii 3a au3enbHi ananoru [7]. [puknamgom
Takoi iHHOBaIii € iramiticekmii Tpakrop Landini Rex4 Full-Hybrid, ocmamennii komMOiHOBaHHM
€JIEKTPOIBUTYHOM-TCHEPATOPOM 3 HOMIHAIBHOIO MOTYKHICTIO 50 KBT. YV CyTO el1eKTpudIHOMY pEeXKNMI IS
MOJIeTTh 3/JaTHA TPAIFOBATH 10 2 ToAuH 0e3 mim3apsaku. [lapanenbHo 3pocTae poih aBTOHOMHUX MAIIIHH;
3apasku GPS-Hagiraiii, ceHCcOpaM Ta HITYYHOMY IHTEJIEKTY BOHH (DYHKIIIOHYIOTh 0€3 ydJacTi omeparopa,
110 MiHIMI3y€ BILIUB JIIOJICBKOTO (PaKTopa Ta TapaHTy€e BUCOKY TOYHICTH 0OpOOITKY casiB.

© B.M. Mapmuwxo, FO.O. I'vmeniox, O.I1. [eprauy, I'A. I'epacumuyk

102



ISSN: 2415-3966 Miorceysiecokuii 30ipnux « HAYKOBI HOTATKH». Jlyyok, 2026, Ne85

J1o HaHOLIbIIT OMIUPEHUX MEXaHI30BaHUX Ta YACTKOBO aBTOMATHU30BaHUX TEXHOJIOTIYHHX MPOLIECIB
B CaJliBHUIITBI BIIHOCSTHCA: OOPOOITOK I'PYHTY — J€ BUKOPHUCTOBYIOTh JHUCKOBI OOPOHH, KYJIbTHBATOPH,
(dbpe3n Kocapku Ta MyJbUyBadi 3 aBTOMATHYHAMH TIPUCTPOSMH KEPYBaHHS, XIMIUYHHUH 3aXUCT — B
OCHOBHOMY, BCHTHJIITOPHI OONPHCKYyBaui; MO 3a KPOHOK — aBTOMATH30BaHI KOHTYpHI 00pi3yBaui
JiepeB 1 KyIIiB; 30MpaHHS BpO’Kalo — Creniani3oBaHi koMOaiiHu 1 101030upanHi WIaTQopMu; 3pOIICHHS
(aBTOMATUYHUI TIOJIMB) — CHUCTEMH KPAIUTMHHOTO a00 CIPHHKJICPHOTO TOJHBY 3 aBTOMATHYHHMH
KJIaTTaHAMH, SIKi KEPYIOThCS TalMepaMH, TaTINKaMH BOJIOTOCTI 200 TIOTOTHUMHU JIAHUMH.

KnrodoBoro mepeBaroio HOBITHBOI TEXHIKH € ii MOmynbHa (CceKuiiiHa) KOHCTpyKLis. BoHa mo3Bomsie
OTIEPaTUBHO aJaNTyBaTH arperaT 10 KOHKPETHUX arpOTeXHIYHMX YMOB IUISIXOM IIBHAKOI 3aMiHHA pOOOYNX
oprasiB. [IpoBimHi CBITOBI BHPOOHHKH MPOMOHYIOTH IIMPOKY JIHIAKY TaKoro oOOJaJHAHHS IS
KOMILJICKCHOTO BHPIILICHHS 3aBAaHb AOTJISILY 3a CalaMH.

Haiimmpmmii acopTUMEHT caJoBUX MAallWH BHPOOJSIOTH itamidiceki kommadii: SICMA S.p.A.,
Calderoni, GEO, Ideal S.r.l., Irrimec S.r.l. Ta N.Blosi. 3HauyHy Hillly Ha PHHKY 3aiiMalOTh iCITAHCHKA
koMmmanis ID David, manceka Hardi, a Takox HOJIbCHKI BHPOOHHKH Sl@za ta Weremczuk FMR, sxki
CTELiaNi3yI0ThCSI Ha TEXHIL IS AT1AHUKIB 1 3aXUCTY POCITUH. Y CerMeHTi HH(POBUX TEXHOJOTIH NPOBiTHY
PoJb Bifirpae kutaiiceka komnatis XAG — cBITOBUi Jinep y BUpOOHUITBI OE3MIIOTHIX CUCTEM, 30KpeMa
arpoJIpoHiB Ta aBTOHOMHUX Ha3eMHUX POOOTIB.

Jyis moriisaay 3a IPYHTOM 3pa3koM YHIBepCaabHOI MOAY/IbHOI TeXHIKHU € KyabruBaTop PRO-2 (puc.1)
Bix SICMA S.p.A. (Itamist). Bin npu3HadeHnid a1 00OpoOITKY TPYHTY B STITHHMKAX, BUHOTPATHHUKAX Ta
IHTEHCHBHHX cajiax i3 Mbkpsiisamu 1,75-3,8 m [29].

Puc. 1. Kyabtuatop SICMA PRO-2

3ayexHO BiJ 0OpaHOi TEXHOJOTI yTpUMaHHS IPYHTY, arperaT MoKe KOMIUICKTYBATHCS Pi3HUMHU
3MIHHUMH MOJYJSIMH: TIOBOPOTHHMHM JIallaM{ IS MIAPi3aHHA Ta BUYICYBaHHSA Oyp’sHIB; CEKIIisIMHU 3
TOPU30HTAJIBHIUMH HOXaMH a00 BEPTUKAILHUMH (pe3aMu, a TaKoXK IOBOPOTHUM TPUMEPOM JUIS
CKOIIIYBaHHSI TPaBH.

JI1st 3poIIeHHS CaliB BUKOPHUCTOBYIOTh MAITUHU Ta CHCTEMH SIK BITYH3HSHOTO, TaK 1 1HO3EMHOTO
BUPOOHHUIITBA, B OCHOBI SKHX IHHOBAI[il TEXHOJOTIYHI PIIICHHS, [0 3a0e3MeYyloTh MIHIMI3AIi0
HETaTHBHOTO BIUIUBY €pO3ii IPYHTY Ta BTPAT BOJIU.

KparnaHe 3polneHHs BBaxkaeThesl HaileeKTUBHIINM METOJIOM TIOJIUBY JUIS CaJliB 3aBISIKH TOYHIH
nofadi Bogu OesmocepeaHbO 10 KopeHeBoi cuctemu. lle 3abe3neuye monan 90-95% edextuBHOCTI
BUKOpHUCTaHHs pecypciB. CrokuBaHHS Boau 3MeHIIyeTbess Ha 30-50% mopiBHSAHO 3 TpaauiiiiHHAM
nomryBaHHsM [17]. Boga mopmaeTscst MaauMU HOPLISIMH, IO MiHIMI3ye BHUIIAPOBYBAHHS Ta CTiKaHHS.
PocnnHr OTpUMYIOTH BOJIOTY PIBHOMIpPHO, IO CHOPUSE TIIMOOKOMY PO3BUTKY KopeHiB. CucTema 103BOJIsIE
aBTOMATHU3YBATH TIPOIIEC, 320MIA/HKYIOUN Yac Ta BUTPATH HA OIUIATy mpaii. ¥ BUPOOHHIITBI 0ONaTHAHHS
JUTSL CUCTEM KparmenbHOro Kommadis «lppiratop Ykpainay, o € JOUipHIM IMiIMPHEMCTBOM 13pailbCchKOT
koproparii Metzer, € ofHUM 3i CBITOBUX JIiJISpPiB MOJIUBY [6].

Jmst 3poImeHHsT pO3CamHUKIB 1 SATITHUKIB YacTile BHUKOPHCTOBYIOTH JOIITYBAJIbHI MAaITAHA
0apa0aHHOTO THIY 3 IMITYJIbCHHMHU CIIPHHKIICPAMH, IO IMITYIOTh IpUPOAHHUE moin. [lepeBaramu Takux
MallliH € MOOUIBHICTD 1 MaHEBPEHICTh, IO JO3BOJIIE ONEPATHBHO IEPEMIIlyBaTH YCTaHOBKY MIiX
OKpEeMHMH KBapTajaMH ad0 CEeKTOpaMH caly 3aJIe)KHO Bif moTpedu y Bonosi. bapabanni MammHu 31aTHI
3poIryBaTH KyTH Ta Kpai IUISHOK, gocsraoun maibke 100% moxputTs mmomi. 3pa3koM TaKHX CHCTEM €
3porryBadi iTamifickkoro BupooHuirrea kommanii IRRIME [5].

CyuacHi caay Bce yacTille IepexosiTh Ha aBTOMAaTU30BaHE KEPYBaHHS, IO MiHIMI3ye JIIOACHKHUN
(dakTop Ta onTHMI3ye pecypcu. Lle He uille eKOHOMIS BOJIHU, a  HEOOXITHHI MIKPOKIIMAT JJIsl POCIIHH.
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OcobnuBe MicIle TOCITAIOTh «PO3YMHI» CHCTEMH 3 MOXJIMBICTIO TUCTAHIIIHHOTO KepyBaHHS,
aJanTyI4nCh 0 OBKIUIA 3aBISKHA TEXHIYHOMY OCHAIIEHHIO! JATYHKH BOJOTOCTI, BHMIPIOIOTH CTaH
IPYHTY B pealbHOMY 4aci i aKTHBYIOTH MOJIMB TiIBKK 3a MOTPEeOH; METEOCTaHLil, aHai3ylOTh HPOTHO3
MOTOJH Ta aBTOMAaTHYHO CKACOBYIOTH CEaHC IiJ] Yac AOILY YU CHIBHOIO BiTPY; MOOUIbHI TOJATKH, JA0Th
3MOTy HaJIaIITOBYBATH I'paiky Ta OTPUMYBATH 3BITH PO POOOTY CUCTEMU 3 OYyIb-IKOi TOUKH CBITY [28].

JIst XIMI9YHOTO 3aXHCTy CafiB Ta STIAHUKIB BEHTHWISATOPHI OOMPHCKYBaYl 3aJIUIIAIOTHCS 0a30BUM
pimeHHsAM, iXHS TOJIOBHA IIepeBara — 3MaTHICTh CTBOPIOBATH TIOTY)KHWM TIOBITPSHHUM TOTIK, SKHN
3a0e3mneyye rMOoKe MPOHUKHEHHS POOOYOro po34MHy HaBiTh Y TyCTy KpPOHY JepeB. 3aBIsSKA poOOYOMY
TUCKy 70 10 6ap nocsiraeTbest ApiOHOTUCTIEPCHE PO3MMIICHHS, IO TapaHTy€e PiBHOMIPHE MOKPHUTTS BCiel
JINCTOBOI TIOBEPXHi.

Ha punky Ykpainu npeacraBieHa TexHika sk cBitoBux mifepis: IDEAL (Itaxis), Vicar (Himeuunna),
BAB Bamps NV (bensrisi), Tak i mnepeBipeHMX BiTYM3HAHUX, 30kpeMa TOB «JIpBiBcinbMAaID».
BuxopuctanHs €BpoOneHCHKIX KOMIDIEKTYIOUNX (HACOCIB) V BITUYM3HSIHUX MAITMHAX JTO3BOJISIE TIOETHATH
JOCTYITHY BapTiCTh arperaty 3 BUCOKOIO SIKICTIO 3axucTy pociud [20].

Jna ximiunozo 3axucmy narememuux cadié 3aCTOCOBYIOTh TyHENbHI oOmpuckyBaui. KoHcTpyKiis
TaKUX MAITNH CKIIATAETHCS 3 OTIOPHOI paMH, OJTHI€T a00 KiTPKOX 3aKpUTHX KaMep Ta CUCTEMH PEITUPKYJISIIIL
po6090T0 pOo3UNHY. 3aBISIKH 3aKPUTOMY THITY KaMep TECTHIMAN HE TOTPAIUISIOTEH 32 MEXKi 30HH 00pPOOKH,
OCKLIBKU POCIIMHH TIiJ] 4ac OOMPUCKYBaHHS MepeOyBaloTh Oe3M0cepeIHbO BCepeaArHi TyHemo [22].

Koxna xamepa o0nangHaHa BEpPTUKAIbHUMH CTaJIeBUMH KOJEKTOpaMH, PO3MIIIEHUMH Ha
MPOTHIICKHHUX cTiHKax. Ha Hux BcTaHoBjIeHO Bix 5 10 10 hopcyHOK, SIKi pO3MIIIIOIOTS PiAUHY, YTBOPIOIOYH
npioHOMTUCTIEpCcHMIA TyMaH. Lle rapanTye piBHOMIpHE Ta SIKiCHE TIOKPUTTS JIUCTS 1 TIJIOIIB.

l'onoBHOIO 0COONMBICTIO TYHENBHHX OONPHCKYBadiB € CHCTEMa ITOBTOPHOTO BHUKOPUCTAHHS
po3unHy. PimuHa, mo He ocijga Ha pociuHaX, 30MpacThCs 1 MOBepTacThes Hazan y 6ak. EdexTuBHicTh
PELUPKYIISILIT 3a1€KUTh BiJ (Da3y BereTallii: HABECHI, KOJIM JIUCTS I11€ MaJlo, BiZICOTOK IIOBEPHEHHS PO3UYHUHY
no 70%; y miTHIM mepion el mokasHUK 3HMKYyeTbcs 10 20%. IlepeBaru TyHENbHUX OOIMPHCKYBadiB —
MOKJIMBICTh POOOTH y BITpSIHY MOTOY Ta MPU NPSMOMY COHSYHOMY CBITJi, €KOHOMIsI ecTuiuaiB Ha 50 —
70% Ta MiHIMAJIbHUN BIIIMB Ha JOBKIJIJIA.

Ha mpakrtumi rocmogapcTa MepexoasiTh Bill MMPOCTUX BEHTIIATOPHUX OOMPHUCKYBadiB HA KOPHUCTH
cucteM 3 ISOBUS-cymicHICTIO, sIKI 103BOJIAIOTH KEPYBaTH BCiMa (PYHKIIIMU MAIllMHU Yepe3 CTaHIapTHHH
(enuHUMiT) TepMiHAN TpaKTOpA.

Bukopucranns GPS-nasicayii' y noennansi 3 cucteMaMul CYIyTHHUKOBOTO MOHITOPHHTY JIO3BOJISIE
TUCTAHITIHHO KEpyBaTH TIPOIECOM 3aCTOCYBAaHHS IIECTHUIIMIIB Ha OCHOBI TOYHHUX TEXHOJIOTIYHHX
MOKAa3HHUKIB 3 BHUKOPUCTAHHSIM CaMOXiZHHX poOOTiB ab0 arpoApoHiB. 3aBASKU IHCIUICI0 OOPTOBOTO
KOMIT'IOTepa OMepaTop B PEXHUMIi PEaJbHOTO 4acy MOXE KOHTPOJIOBATH KIIIOYOBI MapaMeTpH: poOodHit
THCK y CHCTEMI, IIOTOYHY Ta 3aTaJIbHy BUTpaTy poO0doi piuHu, poO0Uy MBHIKICTH arperary, oopooieHy
IOy Ta 9ac poOOTH.

Oco6nMBO e(QEeKTHUBHUM € 3aCTOCYBaHHA arpoApoHiB (puc.2) Ta aBTOHOMHHUX TPAaKTOPIB I
TOYKOBOTO BHECEHHS MECTHLHWIIB, IO 03BOJIIE TOYHO BHU3HAYATH MapIIPYT PYXy arperaTiB i BHOCHUTH
TIECTUITAIN BUKIIOYHO B THX 30HAX, JIC BOHA HEOOXi/THI, MiHIMI3yBaTH iX BILUTUB Ha JOBKULIA Ta PU3UKH IS
310poB's moaeH [1].

Ha BigMmiHy BiI mONbOBHX KyJIBTYp y CaJiBHHUITBI, MONHUT Ha arpoApPOHH-OONPUCKYBadi JIHIIE
nmounHae (opmyBaTucs. lle 3yMOBIEHO THUM, MO TPAAUIIHHI MIIAXOAM B CaJiBHHUILTBI 3MIHIOIOTHCS
MOBUTBHILIE, HI’K Y POCTMHHHUIITBI, 8 METOAM 3aXUCTy OaraTopiuHuX HACaHKEHb CYTTEBO BiAPI3HAIOTHCS Bl
00pOOKH MONTBOBUX KYJIBTYP.

Honatox 10 XAG Mae (QyHKIII0O aBTOMaTUYHOI'O IUIAHYBAaHHS MapIIpyTy, 3aJI€KHO BiJ (GOpMH Ta
po3Mipy camy, BUABIISIE Ha Biggami 1o 80 merpiB i oOMuHae mepermkoan. OMHIEIO 3 KIOYOBUX IIEpeBar
arpoApoHa-o0IpucKyBaya € HOro 3AaTHICTh 3A1HCHIOBATH OOJIIT caly 3 METOIO CTBOPEHHS po00YO0i KapTu
[23].

BuxopucranHs Oe3MIOTHUX pilIeHb MOPIBHAHO 3 TPAaIWIIAHOI0 TEXHIKOI A03Boisie 1m0 90%
exoHoMii masmsHOTrOo Ta A0 30% — MecTUIUAIB, OTIEPAaTUBHO BUSBIISATH OCEPEAKH MOIIUPEHHS IIKiIHUKIB 1
xXBOp00. 3a mporuHo3amu (axiBIis, 1o 2028 poKy "yacTka BUKOPHUCTAHHS arpoJipoHiB Jyisi BHeceHHS 33P B
yKpaiHCbKOMY camiBHULTBI csarae 20-25%, 110 cTaHe 3HAaYHUM YCIIiXOM.

Jornsa 3a KpoHOIO — OfAHA 3 HAaWTPYOOMICTKIIIMX omepauiii y camiBHUUTBI. s IeTaabHOTO
00pi3yBaHHS BUKOPUCTOBYIOTh PY4HI, THEBMATHYHI 800 aKyMYJSTOPHI IHCTPYMEHTH: HOXKIBKH, CEKaTOpU
Ta cyukopi3u. [IopiBHAHO 3 MHEBMATHYHUMH MOJEIISMH, IO MOTPEeOYIOTH KOMIIpecopa, aKyMyJIsITOpPHI
IHCTPYMEHTH € 3HAYHO 3PYYHILINMHU Y BUKOPHCTAaHHI.
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Puc. 2. Arponpon-oénpuckysay XAG P100 PRO
Hnst netampHOro 0Opi3yBaHHS KPOH IUIOAOBHUX JEPEB 3aCTOCOBYIOTH CazioBi ILUIAT(MOPMH, IO
3a0e3Me4yroTh CTaOlILHUI JOCTYII 0 BEPXHLOTO Apycy (Ha BHCOTI 3,5 — 5,0 M) Ta CTBOPIOIOTH O€3MeuHi it
KoMpopTHI yMoBH mpaui. Ha ykpaiHCbKOMY pPHHKY NpEACTaBlIeHI NPHUYIMHI MOJENI BIiTYM3HSIHOTO
BupoOnunTsa Bia 'K «bpaimas» i TOB «Arpomam-Kanuna», a Takox npoaykuist pipmu Agromasina S.A.
(Momnnmosa). Ha#tOibI1 JOCKOHAIO BBAKAETHCS YHIBEpCaJIbHA CaMOXigHa iTamiiiceka miatdopma Zip 30
dbipmu Blosi (puc. 3, a).

BukopucTaHHs Takoi TEXHIKM B MO€JHAHHI 3 ITHEBMATHYHUM a00 aKyMyJSTOPHHM iHCTPYMEHTOM
JTO3BOJISE IMIJABHMIIUTH MPOAYKTUBHICTh Y 1,5-2 pasu Ta ckopotutu TpynoBurpatu Ha 25-40%. Oxpim
C€KOHOMIYHOTO e(peKTy, poOO0Ta 13 BUKOPUCTAHHAM IUIAT(GOPMHU rapaHTye CTaOlIbHY SKICTh 3pi3y Ha BCii
BHCOTI JiepeBa Ta MiHIMi3ye 3aiiBi mepeMillleHHS NPaL[iBHUKIB Y MIXpAAIsix [27].

Puc. 3. Camoxigni cagoBi minatgopmu Zip 30 pipmu Blosi: a) — 1151 neransnoro oopizyBannst
KPOH ILUIOAOBHX AepeB; ) — AJis 30upaHHi mIoaiB

KonTypHe 00pi3yBaHHs — 11 Ai€BUI CIIOCIO MIHIMI3yBaTH PYYHY IIPALO Ta HPUIIBHIIIMTY OIS
3a cagoM. Haifyacrimie A mbOro BUKOPHUCTOBYIOTH AMCKOBI 00pi3yBauyi 3 TigpaBmiyHUM npuBogoM. Lle
yHiBepcalibHe HadilHe 00JagHaHHS, UI0 CyMICHE 3 TPaKTOpPaMHU YU TEIECKOMIYHUMHU HaBaHTaKyBadaMu.
Ha ykpaiHChbKOMY pHHKY IMOMYJISPHOIO MOJEJUI0 TaKoro THIy € camoBuii oOpizyau OCK-9 Bing TOB
«CHUHTE3 ATPO».

[IpoTe AMCKOBI cCHCTEMHU MarOTh HEIOJIK: BOHH YacTO HE JIOPI3al0Th TOHKI TUIKH, BiIXWISIOUH 1X
3aMICTh YHCTOTO 3pi3y, IO MOIIKOKYE Kopy. JJIsi yHUKHEHHS ITi€l Tpo0ieMu, Kpalre o0upaTh MaltuHu 31
3BOPOTHO-TIOCTYMAILHUM PYXOM HOXIB (TIPUHIMI CErMEHTHO-NIANBILOBOI Kocapku). [Ipukiazom Takoi
TeXHIKH € itaniicekuii 00pizyBau FAMA SKR 250, sikuii nipaiiroe 3 Tinkamu giametpom 110 3 cM («<FAMA
—fabbrica macchine»).

OnTuManeHOIO CTpaTeri€lo ChOrofHi € KOMOIHOBaHA cxema OOpi3yBaHHS: KOHTYPHHH OOpizyBau
BUKOHYE 0113bK0 80% poOiT, GOopMyrOur BEpXHIO Ta O1YHI TUIONIMHM, & MPAIiBHUKH 3 aKyMYJIATOPHHMU
ceKaTopaMH JIMIIE 3aBEPIIYIOTh IPOIEC, MPOPIIKYIOYN BHYTPINIHIO YaCTUHY KpOHHW. Takwid mimxinm
ckopouye BuTpat yacy Ha 50—70% mopiBHSHO 3 pyYyHOIO POOOTOIO.

V mepcreKkTHBi 1HTCHCUBHI Caay MPOCKTYBATUMYTh SK «IIONOBI CTIHM», aJalTOBaHi ITiJl MOBHY
aBTOMaru3ailito. lle M03BOJIUTH BIPOBATUTHA CHCTEMH MAITMHHOTO 30Dy, SIKi CKAHYBaTUMYTh JIEPEBO B
pearbHOMY 4Yaci, MOKH IITYYHUH iHTENIEKT MUTTEBO MPUHMATHME PIllICHHS IIOJ0 3pi3y KOXKHOI OKpeMoi
TTKH.
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30upaHHs TUIOMIB — II¢ KJIFOUOBHM €Tam y CaJliBHUITBI, OCKIJIBKU YacTKa BUTPAT Ha IIEW Mpoiiec
cTaHoBHTSH BiJ 15% 1o 40% y 3aranbHill CTpYKTYpi cobiBapTOCTi BUpolnyBaHHs. EdexTuBHicTh 30MpanHs
BpPOXKal0 3a0e3MeuyeThCsl BHKOPHUCTAHHSM CICIIaJbHUX MallldH, sKi OiA0MparoTh BiAMOBIIHO 10
010JI0TYHUX OCOOJIMBOCTEH KYJIBTYpPH 1 CXEM BHPOIIYBAHHS.

3acToCcyBaHHS IUI0I030MPAEHUX TUIAT(HOPM € 3aralIbHONPUHHATAM TEXHOJOTIYHUM CTaHAAPTOM Y
Cy4YacHUX IHTCHCUBHHX HACAJDKCHHSX 3EPHSATKOBHX KYJBTYp, IO 3a0e3ledye BUCOKY SKICTh IUIOJIB JUIS
peanizamii y CBKOMY BHUTJISAAI. BOHU TOJIETHIYIOTH PydYHY IIPAIiO, AO3BOJISIOUH 3PYYHE IEPEMIIICHHS
30MpaviB Ha BHUCOTY, 3HIMaTH IJIOAW HA Pi3HIA BUCOTI, Ta aBTOMAaTHYHO TPAHCIIOPTYBaTH IUIOAM B
KOHTEHHEPH, MiHIMI3YIOUM MEXaHI4Hi TTOITKOKCHHSL.

Camoxigna matdopma Zip 30 ¢pipmu Blosi (puc. 3, 6) 103BosIsI€ 30UpaTH IJI0U BPYYHY Ha BHCOTI
o 4 MeTpiB, Ma€ aBTOMAaTUYHE BUPIBHIOBAHHS HA CXWJIAX, aBTOMATH3Y€ JIOTICTUKY TpH 30MpaHHI Ta
HANOBHEHHI KoHTeiHepiB. [lnardopmy oOciyroBye manka i3 6 TpalliBHUKIB, IO 3a0e3medye
npoayktuBHicTh Ha piBHI 200...250 kr/rom koxkHoro. IlmaTdopma KOMIUIEKTYETbCS MPUYEIIOM IS
aBTOMATH30BaHOT'O PO3BAHTAKECHHS KOHTCHHEPiB HAMMOBHEHUX 1o qaMu [18].

Camoxinna HamiBaBToMatnuHa iatdopma Frumaco Tecnofruit CF 105 (Iranis) npusHaueHa ist
30MpaHHs IJIOAIB y cajgax i3 Mibkpsaaaamu Biag 3,0 1o 3,9 M (puc. 4). KoHcTpykiiis 3 4oTHpMa OIYHHUMH
iaThopMaMu JT03BOJISIE 30MPaTH BpOKail OTHOYACHO HAa TPHOX PIBHSAX 3 KPOHAMH JIEPEB 3aBBUIIKH JI0 3,6
M (puc. 4, a). [Iporiec 3HIMaHHS IUTOTiB 3ICHIOETHCS BPYYHY, IPOTE IXHE MOANBIIE TPAHCIIOPTYBAHHS Ta
3alOBHCHHS KOHTCHHEPIB aBTOMAaTH30BaHO 3a JIOTIOMOTOK) CIIEIialli30BaHUX HAIMiBABTOMATHYHUX
TPaHCIIOPTEPIB.

Jis pobot 3 KOHTeWHepamu (BCTAHOBIICHHS, MEPEMIIICHHS Ta PO3BAHTAKEHHS 3allOBHEHHX
MiCTKOCTei) nepenbaueHo cremianbuuid npudin (puc. 4, 6). Camoxigna miardopma Tecnofruit CF 105
po3paxoBaHa Ha rpyIry 10 6 ocib, a ii mpoaykTiBHICTE csarae 200-250 Kr/roa Ha KO)KHOTO mpamiBauka [19].

N

Puc. 4. Camoxinna cagoBa miaargopma Frumaco Tecnofruit CF 105: a) — 3arajbHuii BUTJIsIA;
0) — mpouec nepemMilleHHsI i HATOBHEHHN KOHTEWHePiB NMJI01aMu.

1no0036upanvhi mawunu 8ibpayitinoi Oii, K1 TPAIOIOTH 32 MPUHIIMIIOM 3yIIHHKH OiJs KOXXHOTO
JiepeBa, aKTyallbHi EPEeBaXKHO B caJjax cTaporo THITy. [IpoAyKTHBHICTh TAKUX MAIIMH Majla dyepe3 HU3bKUi
Koe]ilieHT BUKOPUCTAaHHs poO0UOro yacy uepe3 MaHeBpYBaHHsI, TIO3UL[IOHYBaHHS POOOYHX OpraHiB MO0
mram0a Ta nepeizau Mix nepeBamu. Taki MalIHU € HAHO1TBII €)eKTUBHUMH JUIs 30MpPaHHs KiCTOYKOBUX
KYJIbTYD, IDIOAH SIKMX TMPU3HAUEHI JJISl TTOAabIN0i TPOMHCIOBOT epepoOKu. [1Jist 30MpaHHs 3epHATKOBUX
IUIOIB 1X poOOTa OOMEKEHA.

Tlomoxosi 51200036upanbHi KOMOaWHU (IUIS CMOPOJIUHY, MAJIMHHU, arpycy) 3a0e3leuyrTh BHCOKY
MPOJIYKTHBHICTh, MAKCUMAaJIbHY TIOBHOTY 3HIMaHHS BPOXKAK0 Ta HAJIICKHUI PIBEHb YMCTOTH 310paHUX STiJ.
3aBasiku Oe3rnepepBHOMY PYXY B3OBXK PSJIiB Ta CUCTEMaM IHTEHCHBHOI'O OYHIIEHHS BiJl TOMIIIOK (JIUCTS,
riJI0K), Il MalIMHKU 3a0€3Me4yroTh 30ip MPOAYKLIl SK AJISl IPOMHUCIIOBOI epepoOKH (3aMOPOKEHHS, COKH),
TakK i I CBIXKOTO CIIOYKUBAHHS.

IMpuuinauit  sromo3oupansanii kombaitn KAREN Weremczuk Agromachines (ITomsma) (puc. 5)
MPU3HAYCHUH s 30MPaHHS JIOXHHU, MATTMHHU, OKUHH Ta )KUMOJIOCTI [4].

KomOaiin mnpuyinHui, OCHalleHWil BOMa BEPTUKAIBHHUMU CTPYLIyBauaMH 3 PpEryJIbOBaHOIO
YaCcTOTOK CTPYIIYBaHHs (pHUC.5, a).

3aBAsIKH 1[bOMY ITOBHOTA 30MPaHHS STiJ JOCUTH BUCOKA IPH 3a10BLIBbHIM SIKOCTI. BTpaTs cTpyIeHHX
IJIOTiB MiHIMABHI 3aBISKH CHCTEMI TepPMETH3AaIlii, IO CKIATAETHCS 3 KPHUIIIOK Ta YIIOBIIOBAUIB.

VY CBITI CTa€ Aenali aKTyadbHIITAM BIPOBAKECHHS aBTOHOMHHUX MaIlTiH 1 poOOTIB, 3MaTHUX 30MpaTh
Bpokail 0e3 ydacTi JogwHH. 3aBAsSKA aBTOHOMHIN Hapiramii (GPS), mryunomy intenekty (Al) Ta
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Cy4aCHOMY arapaTHOMY 3a0€3MeUYeHHI0 poOOTH-30Mpadl CaMOCTIHHO MEePECYBaIOThC MIKPSUISIMU CaiB 1
3MIMCHIOIOTH BHOIPKOBE 30MPaHHS TUIOIIBY.

B yniBepcuteTi Monama (ABcTpaiis) crBopuin podota Apple Harvester mist ckaHyBaHHS caliB i
BHSIBJICHHSI TUTOAIB. [1ig 9ac poOoTH BiH aHAJI3ye KOMIp 1 po3Mip KOKHOTO S0IyKa, a TAaKOXK OpiEHTAIII0 Ta
po3TamryBaHHA TiJOK. POOOT 3HIMae miiogM 3a MOTMOMOTOI0 M’SIKOTO 3aXBaTy YOTHpPMA «IIajbI[SIMI 3
BaKyyMHHMM IIpuBoaOM (puc.6, a). Ile 3abe3meuye MiHiMaabHE ITONIKOKEHHS BPOKAIO Ta CAMOT0 JIEpeBa,
posmizHaBaTH Ta 30mpatu moHax 90% tuoaiB y paaiyci 1,2 M, a Ha 30mpaHHS OogHOTO SI0OIyKa cucTeMa

Puc. 5. TIpnuinuuii aromnosoupaibuuii komoaiin KAREN: q) — 3arajibHuii BUTJIAI B po0OTi;
0) — COPTYBaHHS Ta OUMIIEHHS Bi CMITTS B KoMOaiini

Kommanis Tevel Aerobotics Technologies (I3pains) po3pobuna minatdopmy 31 IITYIHUM iHTEIEKTOM
JUTA 30MpaHHs IIOAIB JOMOMOTOI0 «IIPUCOCOK» BCTAHOBJICHUX Ha ITaHrax (puc.6, ¢, ). Cucrema 300py
Bpoxaro cknanaerbes 3 8 Flying Autonomous Robots (yritaroui aBTOHOMHI poOOTH), BCTAHOBJIEHUX Ha
HazeMHii mnatdopmi Darwin Harvesting Group (puc.6, 6). [Ipu 30upaHHi MI0AIB IpOHH MEPEMIIIYIOTHCS
cepel TUIOK 1 BUOMPAIOTh TIJABKH 3piii mioau 0e3 03HaK MOMIKOKeHb. 30ip Bpoxkaro BiOyBaeThcs 0e3
ydacTi Jifo/ieit Ha Beix eramax [2].

3axoIuIeHHs A0JyK JPOHaMH 3AiIHCHIOETbCS BaKyyMHOIO «IIPHCOCKOIO» (pHUC.0, 6), 10 MiHIMI3ye
MOLIKO/DKEHHS TUIONIB. 3HATI sIOMyKa JPOHM YKJIAaJaroThb Ha CTPIUKy IUIATPOpMH, a Jalli IUIOAH
MOTPAIUISIIOTh Y KOHTeHHepH. 3a iHdopMaliero po3poOHHKIB, iTarodi podoTu 30upatoTs noHaa 90% s6mayk
B TI0JT1 30py CBO€1 KaMepH, Ha BiICTaHi A0 1,2 M i3 TMOIIKOMKEHHS MEHIIIE HixK 6%.

JpoToBe *XuBIEHHS BiA MIaTGOpMH Ja€ MOXKJIHMBICTh JITalOYMM APOHAM-30MpadaM MpaLioBaTH A0
THX IIip, MOKK cama IuIaTgopMa OTPUMYE KUBICHHS. SIKIIO maatdopMy 3aKMBUTH CHIOBHM KaOeleM,
poboTa MOKe TPUBATH HABITH Y TEMHHMIA yac 1o0u [24].

BrpoBamkeHHsI poOOTH30BaHUX CUCTEM 30MpaHHs IUIOAIB B YKpaiHi y HalOIMKYiil IepCIEeKTUBI €
MaJIOMMOBIDHUM 4Yepe3 HHM3Ky UYHMHHHUKIB: HEaJalTOBAaHICTh CXEM CadiHHA Ta (OPMyBaHHS KpOH
BITYM3HSAHUX Ca/iB TEXHIYHUM BHMOIaM OOJagHaHHs, Ae(IIMUT IHBECTHLIMHOTO KamiTaay Ta TPHBAJIHI
TEPMiH OKYITHOCTI TaKOi TEXHIKH.

V mepcnekTHBI aBTOMAaTH3allis Ta POOOTH3Allis CaliBHHMIITBA IPYHTYBATUMYThCS Ha IMPHHIIMIAX
TOYHOTO 3eMJIepOOCTBA 3 ypaxyBaHHAM Trary3eBoi crierm¢iku. KirrouoBnmMu KOMIIOHEHTaMH IEOTO TPOLIECy
€: KOMIUTeKCHUH MOHITOpWHT Ta loT-pimeHHss — BUKOPHCTaHHS CEHCOPIB BOJIOTOCTI IPYHTY, HATYUKIB
CKaHyBaHHS KPOHHM Ta IHIIHX 1HTEJIEKTYATbHHUX MPUCTPOIB U 300py JaHUX y PeaTbHOMY 4aci; TEXHOIOTii
nuepeHIiioBaHOTO BHECEHHSI IMOXKMBHUX PEYOBHH Ta 3ac00IB 3aXMCTy POCIHH, IO aIalTyIOTHCS /0
BapiaTHBHOCTI Haca/PKeHb; TI00abHI HaBirariitHi cynmyTHIKOBI cucteMu (GNSS/GPS) mst 3abe3neuenns
MPOEKTYBaHHA caliB, HH(POBOro KapTrorpadyBaHHsS Ta aBTOHOMHOTO MiJOTYBAaHHS TEXHIKU B MIKPSAIAX.

BucnoBok. B pe3ynbTati oCiIKeHHS! BCTAHOBJICHO, IO CaIiBHULITBO IlepeOyBa€e Ha IOYaTKOBOMY
eTari TpaHchoOpMaLlii, 3yMOBJIEHOI MOCTYIOBHM IIEPEXOJOM BiJ] MEXaHI30BaHUX [0 aBTOMAaTH30BaHUX
TexHozorii. e cpusie miaBuieHH0 eeKTUBHOCTI BUPOOHHUIITBA 1 CTAIOMY PO3BHUTKY Taiy3i.

3’s1cOBaHO, MPUYMHYU HEJOCTaTHHOTO BUKOPHCTaHHS MAIlIMH 1 aBTOMAaTH30BaHNX CHCTEM, BU3HAYEHO
(akTopH, 10 TaTbMYIOTh 1X BIPOBAKEHHS, Ta IUIAXM MOAONAaHHS LUX MEpemKoa. BuzHaueHO OCHOBHI
HaIpsIMU MeXaHi3allii, aBToMaTH3allii Ta MOIepHi3aIii TEXHOJIOT1H Y CaTiBHUIITBI.
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Puc. 6. Po6oru3zoBaHi niiargopmu 15 30MpaHHsi IUI0AIB: @) — miaTdopma i3 3axBaramu
«MANBUAMMAY» | THEBMATHYHUM NPHBOIOM; §) — IIIaT(opMA 3 JIITAIYMMH POGOTAMHE; 6) —
3aXOIUICHHSI KIPHCOCKAMEI»; 2) — 3aXOIUIEHHS 32 IPUHIUNIOM POOOTH KHCTi PYKH.

BukopucTtanHs poOOTOTEXHIKH Ta INTYYHOTO IHTENEKTY MiATBEPIMIIO 3HAYHUI TMOTEHIAN s
MIJIBHIICHHS MPOAYKTUBHOCTI Ta MiHIMI3amii BTpAaT y CamiBHHUITBI. 3aBISKH METOJaM TOYHOI'O
3eMJIepo0CTBa BIAJOCSA ONTHUMI3YBAaTH PO3MOALT pecypciB (BOAH, JOOPHB 1 3ac00iB 3axXHUCTy), MIO
3a0e3MeUnsio 3pOCTaHHsS BpoXaiHocTi. J[si mMacmTaOHOro BNPOBADKEHHS WX IHHOBAIiH KPUTHYHO
Ba)XXJTUBOIO € MMOJAJIBIIA CHHEPTiS MK PO3pPOOHUKAaMHU TEXHOJIOT1H Ta (paxiBIsMU ramysi.
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Jlyybruil HayioHaTbHULL MEeXHIYHUL YHIgepCUmem

OINTUMI3ALIA MAPHIPYTIB KYJIbTYPHOI CIIAJIIIMHA METOJIAMUM TEOPII
T'PA®IB: MEPEXKA MY3EIB TA "JIYIbKI KJIUKYHHU"

Anomauia. Y cmammi po3enadaemoca 3a0aua anzopummiynoi onmumizayii mypucmuyHux Mapuipymis Ha MaKkpopieni
(pecion) ma mikpopieni (micmo) na ocmnosi meopii cpagpie. /Jocnioncenns o6azycmvca Ha 060X NPAKMUYHUX Kellcax y
Bonuncokin oonacmi: mepesici 3 7 myseie ma memamuunozo niuioxiono2o mapuipymy 3 21 ckynonmypu «/Iyyvkux Knukynie».
Kynomypni 06'ekmu 3mo0envoeano y 6u2naoi gepuiun 36axcenux zpagis, de eazamu gucmynaioms giocmani abo eumpamu Ha
nooopoic. Ilpozpamna peanizauin na mosi Python 06'conye pizni anzopummiuni nioxoou: ous no6yoosu epexmusHux yuKie
My3elinoi mepesici 3acmocoeano anzopummu /eiikcmpu, Kpyckana ma espucmuky Haiionuxicuozo cycioa, a oaa onmumizayii
MiCbK020 mapuipymy (3a0aua Komieosaxycepa) - KOMOIHAYil0 Hcadionozo anzopummy 3 JOKATbHOW onmumizayicio 2-opt.
Pe3ynomamu niomeepocytoms ynieepcanvHicms po3poonenozo nioxooy: cghopmoeano Haodiiiny mMooenv 01 pezioHanbHoz0
NIAHYBAHHA MA PO3PAXOGAHO ONMUMANLHUI RIWOXIOHUL mapuipym 008xcunoto 11,5 km, docmynnuit 0na 00HoOeHHOT
eKCKypcii.

Knrwuoei crosa: meopia epagis, 3adaua xomisoscepa, onmumizayis mapwpymy, aneopumm [letikcmpu, aneopumm
Kpyckana, nocicmuxa mypusmy, kyiemyphua cnaowuna Boauni, Python, Jlyyex, Jlyyvxi Knuxynu, areopumm 2-0pt, mampuys
Jlannaciana.

0O.V. Bondaruk, A. S. Osadchyi, M. S. Vavdiiuk

OPTIMIZATION OF CULTURAL HERITAGE ROUTES USING GRAPH THEORY
METHODS: MUSEUM NETWORK AND "LUTSK KLIKUNS"

Abstract. This paper addresses the problem of mathematical modeling and algorithmic optimization of tourist routes at
macro- (regional) and micro- (urban) levels using graph theory. The research is based on two case studies in the Volyn region:
a logistic network of seven key museums and a themed walking route featuring 21 *""Lutsk Klikuns' bronze sculptures. The
methodology involves representing the spatial distribution of cultural objects as weighted undirected graphs, where edges reflect
real logistical costs (time, fuel, or pedestrian distance). The software implementation, performed in Python (Jupyter Notebook,
NumPy), integrates distinct algorithmic strategies for different scales. For the regional museum network, Dijkstra’s algorithm,
the Nearest Neighbor heuristic, and Kruskal’s algorithm were applied to construct a minimum spanning tree and cost-efficient
cycles. For the urban pedestrian route, a combination of the Greedy algorithm and 2-opt local optimization was employed to
solve the Traveling Salesman Problem. The results demonstrate the universality of the proposed approach: a logistically sound
itinerary minimizing transit costs was created for automobile tourism, while an optimal pedestrian path of approximately 11.5
km (starting from point Al) was calculated for the city tour. The practical significance of the work lies in automating the
planning of cultural expeditions and enhancing the tourist experience through scientifically grounded navigation.

Keywords: graph theory, Dijkstra's algorithm, Kruskal's algorithm, tourism logistics, cultural heritage of Volyn, Python,
Traveling Salesman Problem (TSP), route optimization, tourism, Lutsk, Lutsk Klikuns, 2-opt algorithm, Laplacian matrix.

Introduction. Efficient planning of tourist routes between cultural heritage objects is an important
practical task in modern urban navigation and decision-support systems [3, 7]. Museums and historical
landmarks can be naturally represented as vertices of a weighted graph, where edges correspond to travel
distances or time costs between locations [8]. Within this framework, classical graph algorithms provide a
reliable mathematical and computational foundation for solving route optimization problems related to
tourism and cultural infrastructure, such as the Traveling Salesman Problem (TSP) or Vehicle Routing
Problem (VRP) [1, 9]. Fundamental approaches, including Dijkstra’s algorithm and local search heuristics
like 2-opt, remain relevant for creating practical navigation solutions [2, 6].

Lutsk, the historic center of the VVolyn region, serves as an ideal case study for applying these methods
due to its unique cultural heritage. One of the modern tourist attractions of the city is the "Lutsk Klikuns"
(town criers). Historically, these were guards who patrolled the castle walls, announced the time, and
warned of danger. Today, the memory of this profession is preserved in the form of 21 bronze sculptures
installed in various parts of the city. While the cultural value of these objects is undeniable, their
geographical distribution presents a logistical challenge. The sculptures are scattered across the city - from
the central park and the Old Town to remote railway areas. Similarly, on a regional level, the network of
museums in Volyn requires efficient logistical planning to minimize travel costs between distant
settlements.

For a tourist unfamiliar with the topography, visiting these locations can turn into a chaotic and
exhausting experience, leading to wasted time and missed objects. Therefore, the task of building optimal
routes - both for pedestrian city tours and regional vehicle travel - using mathematical modeling is an urgent
scientific and practical task.
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The scientific novelty of this study lies in the integrated application of classical graph algorithms to
a small-scale regional cultural heritage network based on real geographic data, combined with comparative
evaluation using MST as a lower bound.

Analysis of recent research and publications. The problem of finding the shortest route through a
set of points is known in mathematics as the Traveling Salesman Problem (TSP). Since finding an exact
solution for a large number of vertices is an NP-hard problem, heuristic algorithms are usually employed in
tourism applications. Scientists such as Applegate and Cook [1] have significantly advanced the methods
of solving TSP.

For determining shortest paths in weighted graphs with non-negative edge weights, Dijkstra’s
algorithm remains one of the most widely used methods, as stated in [2]. In applied routing and navigation
problems, greedy heuristics such as the Nearest Neighbor method are often combined with shortest-path
computations to construct feasible visiting sequences within acceptable computational time. To further
optimize the route, local search methods like k-opt (Lin-Kernighan) are used, as described in the works of
Helsgaun [6].

In the field of logistics and vehicle routing (VRP), significant contributions have been made by Toth
and Vigo [9]. However, most existing navigation solutions focus on automobile transport, ignoring the
specifics of pedestrian infrastructure (sidewalks, crossings, park paths) and the unique requirements of
urban cultural heritage sites, a gap highlighted in recent studies by Gavalas [3, 4] and Rodriguez [8].

Unsolved aspects of the general problem. Despite the extensive theoretical development of graph
algorithms, their application to small-scale cultural heritage networks based on real geographic data remains
insufficiently documented. In particular, the combined use of shortest-path algorithms and greedy route
construction methods for museum networks has not been thoroughly analyzed in the context of applied and
educational research. This creates a gap between theoretical algorithmic studies and practical route-planning
solutions for regional cultural tourism. Furthermore, in practical terms, existing general navigation
applications (such as Google Maps or Waze) typically focus on building a route between two points.
Creating a multi-point itinerary (e.g., involving 21 distinct locations) with automatic sequence optimization
remains a non-trivial task for standard users. Currently, there is no scientifically grounded, optimized route
for specific cultural products like the "Lutsk Klikuns" quest that takes into account the real topology of the
city's pedestrian network.

Paper objective. The goal of this paper is to develop and implement a unified algorithmic approach
for optimizing tourist routes at both regional and urban scales using classical graph theory and heuristic
methods within the Python programming environment. The study targets two distinct practical applications:
constructing an efficient logistic network between museums in the VVolyn region and generating an optimal
pedestrian route for visiting all 21 "Lutsk Klikuns" sculptures. In this research, optimality is defined in a
practical sense - as the construction of closed routes where total length is minimized subject to real
geographic data and infrastructure constraints. The proposed approach does not aim to find a global exact
solution to the Traveling Salesman Problem (TSP), but rather to obtain near-optimal, computationally
efficient itineraries suitable for real-world tourism. The effectiveness of the developed solutions is evaluated
by minimizing total travel distance and comparing the results against theoretical lower bounds, such as the
minimum spanning tree of the network.

Main material. Case Study: Regional Museum Network. 1. Problem formulation. Mathematical
modeling of a tourist route requires representing the inter-city space as a weighted graph G = (V, E), where
the set of vertices V represents museums, and the set of edges E represents transport routes between them
(visualized in Fig. 1). Ve € E has a weight w(e) corresponding to the geographical distance in kilometers.

In this study, we consider the problem of constructing an optimal tourist cycle that starts and ends at
the same vertex. A key feature of this problem in a real environment is that the optimal sequence of visits
to all museums does not always allow for a simple Hamiltonian cycle. Due to the specific location of roads,
the shortest path between two non-adjacent attractions in the sequence may require passing through already
visited vertices or edges more than once. Therefore, the tourist route is defined as a closed walk of minimum
total weight L = X w(e;) which covers all target vertices of the graph. This formulation reflects realistic
transport constraints and allows intermediate transit through previously visited locations when necessary.

To ensure consistency, several formal assumptions have been made. We assume that the graph is
connected, which guarantees that every museum is accessible from any starting point. Distances are
considered symmetric, w(v;, v;) = w(v;,v;). In addition, the model relies on triangle inequality, i.e., the
weight of an edge between two vertices is always less than or equal to the sum of the weights of any
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alternative path between them. These assumptions allow us to consider the distances between landmarks as

a metric space.
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Fig. 1. Graph representation of the Volyn museum network.

Description of algorithms. The problem of constructing an optimal tourist route is a practical
application of the traveling salesman problem (TSP), which is classified as an NP-hard problem. For the
purposes of this study, we use a combination of classical graph algorithms to achieve an effective routing
strategy for various urban cultural sites.

Dijkstra's algorithm. Dijkstra's algorithm is used to determine the shortest path between any two
vertices in a basic transport network. In our study, we apply this algorithm to calculate the distance matrix
nxn for selected sets of objects, ensuring that each pairwise distance used in subsequent steps is the absolute
minimum allowed by the urban infrastructure.

Nearest Neighbor (NN) heuristic. To build a sequence of visits, we use the nearest neighbor
heuristic. This “greedy” algorithm starts from a selected location and repeatedly visits the nearest unvisited
object until all locations are included, finally returning to the starting point. This approach is particularly
effective for tourist navigation because it mimics natural human decision-making.

Kruskal's algorithm. We use Kruskal's algorithm to construct the minimum spanning tree (MST)
of the network. The MST represents the minimum connection cost and serves as a theoretical benchmark
for evaluating the efficiency of routes generated by the nearest neighbor method.

Data description. The effectiveness and accuracy of route optimization directly depend on the quality
of the input spatial data. For case study 1, a group of seven key cultural sites in the Volyn region was
selected: Kamin-Kashyrskyi Folk Museum of Local History, Luboml Local History Museum, The Kosach
Estate, Volyn Regional Museum of Local History, Lobnensky Museum of Partisan Glory, Museum of Flora
and Fauna of Shatsk Forest College, Volodymyr Historical Museum named after O. M. Dvernitsky.

Information about these institutions, their exact geographical location, and status was collected based
on data from open government and specialized sources. In particular, materials from the information portal
“Museum Space of Volyn,” data from the Museum Fund of Ukraine, and official web resources of territorial
communities were used. A 7x7 distance matrix was created to represent the distances between these objects
mathematically (Table 1). Data was collected by analyzing routes on Google My Maps online maps. This
made it possible to obtain real distance measurements in kilometers, taking into account the public road
network of the Volyn region and the optimal routes between settlements. It should be noted that some
elements of this matrix are undefined. This is due to the geographical location of objects in different areas
of the region and the peculiarities of the road infrastructure: in certain cases, direct road connections
between two museums may be irrational. In such situations, the algorithm considers these routes to have
infinite weight (w = o), which encourages the construction of a route through key logistics hubs and main
roads in the region.

1- Kamin-Kashyrskyi Folk Museum of Local History

2 - Luboml Local History Museum

3 - The Kosach Estate
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4 - Volyn Regional Museum of Local History

5 - Lobnensky Museum of Partisan Glory

6 - Museum of Flora and Fauna of Shatsk Forest College

7 - Volodymyr Historical Museum named after O. M. Dvernitsky

Table 1
Distance matrix between museums in Kilometers

1 2 3 4 5 6 7
1 0 - 61.8 - 60.6 - -
2 - 0 59 - - 32 52
3 61.8 59 0 66 - 93 60
4 - - 66 0 151.1 - 77
5 60.6 - - 151.1 0 - -
6 - 32 93 - - 0 -
7 - 52 60 77 - - 0

Experimental implementation. To verify the theoretical models described for case study 1, a software
implementation was carried out in Python. Below is a description of the development environment, a
detailed analysis of the code construction logic, and the stages of calculating the optimal route for the
selected museum network.

The algorithms were developed and tested in the interactive Jupyter Notebook environment. This tool
was chosen because it allows step-by-step execution of computational blocks, which is critical for verifying
the intermediate results of the Dijkstra algorithm. The environment allows for isolated debugging of
individual modules - from the preparation of the initial matrix to the final reconstruction of the path - and
instant verification of the state of data arrays without the need to restart the entire program. The NumPy
library was used for manipulating numerical data and working efficiently with the distance matrix.

The process of finding the optimal path is based on the sequential execution of the main stages of
data processing, which are implemented in the form of interconnected functions in the Jupyter Notebook
environment.

Module for finding the shortest paths (Dijkstra’s function). The program uses a graph adjacency
matrix that was manually initialized based on collected geographic data, where pairs of museums without a
direct connection are assigned an infinite value. The dijkstra function calculates the minimum distances
from each of the 7 points to all others. This iterative process allows the program to select the nearest
unvisited vertex each time and update the weights of the paths through it. In parallel with this, a list of
predecessors is formed - a data structure that remembers the node from which we arrived at the current
point, which is key for further visualization of real movement.

Tourist cycle formation module (tsp function). At the next stage, using the already formed complete
matrix of shortest distances dist_matrix, the “nearest neighbor” strategy is implemented within the tsp
function. Starting from the selected starting point start_node_index, the algorithm sequentially selects the
nearest unvisited museum until it covers all 7 locations in the area. An important feature of the developed
logic is automatic route closure: after visiting the last object, the program independently calculates the return
path to the starting point, forming a complete cycle.

Transit route reconstruction module (reconstruct_path function). The final stage is devoted to the
complete reconstruction of transit routes. Since direct connections between individual museums in Volyn
are often impossible, the program uses the reconstruct_path function. It works on the basis of an array of
predecessors and recursively unfolds each segment of the route, adding all the necessary intermediate nodes.
This transforms an abstract sequence of museums into a detailed chain of indices, a path list suitable for
navigation.

Connectivity analysis using Kruskal's algorithm (kruskal function). A separate block of the program
is dedicated to constructing a minimum spanning tree (MST) using the kruskal function. The process
involves sorting all available road connections by length and gradually adding the shortest edges to the
overall network. To manage connectivity components and prevent the formation of cycles in the code, a
system of auxiliary functions is used, where get_root searches for the root for the current set using the path
compression method, while join_sets and join_groups provide logical merging of components, with
join_groups interacting directly with root elements to establish connections between different groups of
vertices. This complex algorithm allows us to determine the theoretical minimum length of roads required
to connect all seven museums into a single network, which becomes a benchmark for comparison with the
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results of the tourist route obtained. The complete implementation of the features discussed above can be
accessed in our GitHub repository [11].

Case study: Cultural Heritage Trail ""Lutsk Klikuns™. 1. Problem formulation. To solve the
problem of optimizing the excursion route, the apparatus of graph theory was used. The city road network
is modeled as a weighted graph G = (V, E), where V = {vy, v, ..., vn) is the set of vertices corresponding
to the locations of the "Lutsk Klikuns" sculptures (n = 21), and E is the set of edges connecting them. Each
edge (i, j) is assigned a weight w;;, which corresponds to the pedestrian distance between points i and j in
meters.The task is reduced to finding the Hamiltonian path (or circuit) of minimum length that passes
through all vertices of the graph exactly once. Mathematically, the objective function for the Traveling

Salesman Problem (TSP) is minimized:
n-1

L= Z Wpipisr T Wppp, = TUR
i=1

where p is the permutation of vertices representing the order of visiting the objects.

Description of algorithms. The computational experiment was conducted in the interactive
environment Jupyter Notebook. The software implementation was performed using the Python 3.13.5
programming language [10]. A distinctive feature of the developed solution is the refusal to use heavy
external frameworks for graph processing. Instead, a native implementation of algorithms [2] was created
using standard Python libraries, which ensures high code performance and ease of deployment.

1. Microsoft Excel was used to collect, structure, and store the initial dataset (coordinates and
distance matrix).

2. Google My Maps service was used to visualize the route nodes and verify the pedestrian
accessibility of the paths.

3. The complete source code and dataset are available at GitHub repository [12]

Two algorithmic approaches were implemented in the program code to find the solution:

a) Greedy Algorithm (Nearest Neighbor). The basic algorithm selects the nearest unvisited node as
the next step. It is computationally fast but often leads to suboptimal solutions due to "local traps"”, creating
excessive loops at the end of the route.

b) 2-opt Heuristic Optimization. To improve the route obtained by the greedy method, the 2-opt local
search algorithm was applied manually. The essence of the method is to iteratively check for intersections
in the route graph. If the inequality holds:

dist(4,C) + dist(B,D) < dist(A, B) + dist(C,D)

then edges (A, B) and (C, D) are removed, and the route is reconnected through edges (A, C) and (B,
D). This procedure is repeated until no further improvements are possible, eliminating inefficient "zigzags"
in the path.

Research results. Case Study: Regional Museum Network. To verify the theoretical models
described above, a software implementation was developed in the Python programming language. This
section outlines the computational environment, the structure of the implemented algorithms, and the main
stages involved in constructing an efficient tourist route for the selected museum network.

The algorithms were implemented and tested in the interactive Jupyter Notebook environment. This
environment was chosen because it supports step-by-step execution of computational blocks, which is
essential for monitoring intermediate results, particularly during the execution of Dijkstra’s algorithm. Such
an approach enables isolated debugging of individual modules, ranging from the initialization of the
distance matrix to the final reconstruction of the tourist route. Numerical computations and matrix
operations were performed using the NumPy library [5].

Analysis of the routes obtained. The use of the Dijkstra function made it possible to form a complete
distance matrix, eliminating the problem of the absence of direct roads between distant objects.
Visualization of one of the constructed routes (Fig. 2), starting from the Volyn Regional Museum of Local
History (vertex 3, Lutsk), demonstrates the algorithm's ability to construct a complete logistical trajectory.
The total distance of the calculated tourist cycle was 574.50 km, which is an acceptable indicator for a
multi-day car trip through the region.

During the experiment, the optimal route was obtained with the start and end at vertex 3 (Lutsk): 3
—2—->1-5-51-6—>2—0—4— 3. Analysis of this sequence shows that although tourists have to
pass through certain nodes (for example, vertices 1 - Luboml and 2 - Kolodyazhne) more than once, such a
route is mathematically and practically the most optimal for this road configuration. Repeated visits are due
to the tree-like structure of the road network in certain parts of the region, where certain locations have a
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limited number of connecting highways. Returning through already visited points in such conditions is a
necessary condition for minimizing the total distance compared to using significantly longer detours. The
efficiency of the constructed route was assessed by comparing its total length (574.50 km) with the weight
of the minimum spanning tree (MST), which was 331.4 km. In this study, the MST acts as the lower limit
of theoretical connectivity. Although the tourist cycle exceeds the MST in length, this is explained by the
need to close the route and return to the starting point, as well as the specifics of transit routes. The small
gap between these indicators, given the actual topology of the roads, indicates the high quality of the
solution found.

The developed approach has direct practical significance for the development of domestic tourism,
since automated calculations allow for the optimization of fuel and time costs for organized tour groups and
the creation of dynamic itineraries that can be adjusted to the selected starting point (e.g., Lutsk, Volodymyr,
or Luboml), and provide effective logistical support for regional cultural events.

Despite its successful implementation, the study revealed certain limitations of the nearest neighbor
heuristic used. The main drawback is the algorithm's “short-sightedness”: in the final stages of cycle
construction, it may be forced to choose very long edges to return to the remaining points, which sometimes
significantly increases the final distance. In addition, the model is based on static geographical distances
and does not take into account dynamic factors such as current road conditions, traffic jams, or seasonal
traffic restrictions.

The experiments confirmed the viability of the mathematical model. The resulting route is logistically
justified and demonstrates a balance between the complexity of calculations and the quality of the final
result. Further improvement of the system may consist in the integration of local search algorithms (e.g., 2-
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Fig. 2. Visualization of one of the routes (starting point - leyn Regibhal Museum of Local
History), constructed based on the application of algorithms.

Case study: Cultural Heritage Trail ""Lutsk Klikuns. The starting point was chosen as Al, where
the sculpture "Radyk Zadovolenyi™ is located. To interpret the matrix, the correspondence of codes to the
first 7 sculptures is as follows: Al - Radyk Zadovolenyi, B2 - Zustrichayko, C3 - Hnat, D4 - Vasyl
«Soloveiko», E5 - Franyo, F6 - Khvatské and Prudko, G7 - Knyzhko. The first result of the study is the
distance matrix calculated for these points. A fragment of this data is presented in Table 2. For better visual
perception, a color gradient is applied to the cells: the darker the shade, the greater the distance between the
objects. The full distance matrix is provided in the “Distance matrix” worksheet of the “Table for the
graph_Lutsk Klikuns_.xIsx file, available in the repository [12].

Before applying the routing algorithms, the structural properties of the graph were analyzed using the
Laplacian matrix. Given the large dimension of the network (n = 21), the full matrix is provided in the
“Laplacian matrix” worksheet of the “Table for the graph_Lutsk Klikuns_.xIsx” file, available in the
repository [12]. Below is the principal fragment (Table 3) corresponding to the first 7 vertices (7x7).
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Table 2
Fragment of the distance matrix between the first 7 locations of ""Lutsk Klikuns' in meters

Fragment of the Laplacian matrix

The algebraic properties of this matrix (specifically the Fiedler value A, > 0) confirm that the graph
is fully connected, allowing for the construction of a valid Hamiltonian cycle.

The geographical distribution of the 21 historical sculptures ("vertices™) across the city map is shown
in Fig. 3 (a). The same figure also illustrates the constructed pedestrian graph (Fig. 3 (b)), including all
potential edges between the tourist objects, which demonstrates the high density and complexity of the route

network.
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a)
Fig. 3. Location of the ""Lutsk Klikuns™ vertices and visualization of the pedestrian graph
edges on the city map.

For the mathematical analysis, the pedestrian network was represented as an abstract weighted graph
(Fig. 4 (a)) suitable for algorithmic processing. An initial route was constructed using a Greedy heuristic
and then refined using the 2-opt optimization algorithm. The resulting Hamiltonian path and the
corresponding structural graph model are shown in Fig. 4 (b).

Route sequence: Al (Radyk Zadovolenyi) — B2 (Zustrichayko) — C3 (Hnat) — D4 (Vasyl
«Soloveiko») — E5 (Franyo) — F6 (Khvatské and Prudké) — L12 (Vertun) — N14 (Klikun Andrii) —
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M13 (Vartko and Vartko) — 015 (Stephan) — T20 (Vogniar) — U21 (Mykytovych) — S19 (Bratko and
Bratko) — R18 (Providnyk) — Q17 (Kliuchnyk) — P16 (Kavus) — K11 (Muzyka) — J10 (Trylinko) —
19 (Zirko) — G7 (Knyzhko) — H8 (Semen Gust).

— ]
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b)
Fig. 4. Graph model of connections between tourist objects and the optimized pedestrian
route obtained using the Greedy + 2-opt algorithm.

Quantitative indicators:

1. Total number of vertices: 21.

2. Number of unique edges analyzed: 210.

3. Total length of the optimized route: 11,503 meters.

Visual analysis of the built route (Fig. 4 (b)) shows that the algorithm successfully avoided large
""zigzags" and backtracking. For a tourist moving at an average speed of 4 km/h, the pure walking time will
be approximately 3 hours. Taking into account stops for photos and sightseeing (10-15 minutes per point),
the total duration of the excursion will be 6-7 hours, which fits perfectly into a one-day tourist program.
Without optimization, a random search for these locations could exceed 15-18 km, which is physically
difficult for an unprepared person.

Conclusions. The study confirms that classical graph algorithms can be effectively applied to
practical route planning problems in cultural tourism, bridging the gap between theoretical models and real-
world navigation. The obtained results demonstrate the feasibility of combining shortest-path algorithms
with heuristic methods for both regional and urban navigation tasks.

Case Study: Regional Museum Network.

1. Algorithmic Efficiency. The integration of Dijkstra's algorithm with the Nearest Neighbor heuristic
successfully generates a complete and mathematically valid tourist cycle, effectively managing missing
direct connections by calculating optimal transit paths. The calculated total route distance of 574.50 km
demonstrates a reasonable and acceptable deviation from the theoretical lower bound established by the
Minimum Spanning Tree (331.4 km). However, while the computational approach is highly efficient for
small-scale networks, the Nearest Neighbor heuristic exhibits a "short-sightedness" limitation in the final
stages of cycle construction, which can occasionally lead to the selection of longer return edges.

2. Practical Feasibility. The proposed model successfully fills the gap between abstract graph theory
and practical tourism logistics by using real geographic data and accounting for the actual road infrastructure
of the VVolyn region. The algorithm effectively accounts for the tree-like topology of regional roads, proving
that traversing previously visited nodes (e.g., Luboml and Kolodyazhne) is a practically justified strategy
to avoid significantly longer detours. Therefore, the generated route is highly practical for real-world
application, offering an optimized, ready-to-use itinerary suitable for car tourism and organized cultural
expeditions.

3. Scalability and Flexibility. The Python-based implementation offers a flexible tool for
recalculating routes based on different starting locations (e.g., Lutsk, Volodymyr, or Luboml). The
program's structure allows for easy scaling, meaning new cultural heritage sites can be added to the network
without altering the core algorithms. Additionally, the model can be further improved by integrating local
search methods (e.g., 2-opt) to resolve path intersections, or by incorporating real-world constraints such as
traffic conditions and museum operating hours.

Case study: Cultural Heritage Trail ""Lutsk Klikuns".

1. Algorithmic Efficiency. The implementation of the Greedy algorithm combined with 2-opt local
optimization in Python successfully solved the routing problem for the "Lutsk Klikuns" thematic pedestrian
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route. The proposed method reduced the chaotic set of 21 locations into a structured, logistically optimal
route with a total length of 11.5 km.

2. Practical Feasibility. A key advantage of the study is the use of real pedestrian distances rather
than theoretical straight lines (Euclidean distance). This ensures that the generated route is physically
feasible for an average tourist within a single-day excursion (approximately 3 - 4 hours of pure walking
time). Similarly, for the regional museum network, the approach allowed for the construction of
logistically sound loops that minimize travel costs.

3. Scalability and Flexibility. The developed software tool (script in Jupyter Notebook environment)
is universal. It allows for easy scaling of the model: adding new sculptures, changing the starting point (e.g.,
from Al to any other location), or adapting the algorithm for other cities without significant code
modifications. This provides a flexible technological foundation for the future development of smart
tourism in the Volyn region.
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Jhyvkuti HayionanbHUll MexHIYHUL YHigepcumem

POBOTOTEXHIKA - IIUIAX 3AITPOBAIKEHHS PEBOJIIOIIII 4,0 Y CLIBCBKOMY
IroCliogAPCTBI

Ha cyuacnomy emani po3sumky cilbCbKoz0cnooapcovKoi 2aay3i 0na yKpaiHcbKux eupoOHUKI6 0coOnU60 aKmyansHow €
npoonema Oegivumy po6ouoi cunu, w0 Ma€e 3HAUHUI HE2AMUGHUIL 6NJIUE HA NPOYeEC 3ANPOBAONHCEHHA IHHOBAUIIHUX
mexnonozii. Taka cumyayin € npamoro 3azpo3010 npodykmoeoi 6e3nexu kpainu. OOnuM i3 aKmyanbHuUxX HANPAMKIE 6UPIULIEHHS
0anoi npoonemu € po3poodIAHHA Ma 3anPoBAOHCEHHA POOOMIE, AKI 30amHi 3aMIHUMU TIOOUHY 1l 6UKOHYEAMU MEXHOI02iUHI
onepayii asmonomno. Y cmammi 6UKOHAHO 027140 POOOMIe, AKi AKMUBHO 3ANPOGAONCYIOMBCA 8 CiIbCbKO20CNO0APCLKOMY
eupoonuymei. Ak noxazae 02110 00CHiOMNCeHb | YUHHUX KOHCMPYKYIE podomie, 60HU 30amHui 6uKOHyeamu pizHOMAaHImMHI
MexHON02IuNI onepayii 6i0 MOHIMOPUHZY NOJIA 00 NOCIGY U 300Dy 6POICAI0 MUM CAMUM 3MEHULYIOMb 3A1€IHCHICIb 8I0 PYUHOT
npaui. Ilpu ybomy 3nauHUM YUHOM 3POCMAE NPOOYKMUBHICIb BUKOHAHUX POOImM i AKICMb 20M06OI RPOOYKUIi.

Kniouogi cnosa: pobom, pobomomexniuna cucmema, CilbCoke 20Cno0apcmeo, IHHO8ayil, asmomMamu3ayis.

S. Yaheliuk, V. Puts, V. Martyniuk
ROBOTICS - THE PATH TO IMPLEMENTING INDUSTRY 4.0 IN AGRICULTURE

At the current stage of development in the agricultural sector, the labor shortage is a particularly pressing issue for
Ukrainian producers, significantly hindering the adoption of innovative technologies. This situation poses a direct threat to the
country’s food security. One of the most promising approaches to solving this problem is the development and deployment of
robots capable of replacing human labor and performing agricultural operations autonomously. As a review of research and
existing robot designs has shown, they are capable of performing a variety of technological operations, from field monitoring
to sowing and harvesting, thereby reducing dependence on manual labor. At the same time, the productivity of the work
performed and the quality of the finished product increase significantly, while the negative impact on the environment decreases.
This article provides an overview of robots that are being actively introduced into agricultural production. The advantages and
challenges of robot implementation are outlined. It has been established that the creation of swarm robotic systems is a
promising direction for the development of robotics in agriculture.

Keywords: robot, robotic system, agriculture, innovation, automation.

IocTanoBka mpo6Jemu. Bueni-arpapii, BUpoOOHUKH CyYacHOI CUTBCHKOTOCTIONAPCHKOI TEXHIKH,
CIIPSIMOBYIOYHM CBOi JOCHI/DKCHHS Ha BHUPIMICHHS MpoOJieMrd 3a0e3NedeHHs JIIOACTBA TPOAYKTaAMH
XapuyBaHHS. 3 LI€I0 METOI0 OCTaHHI POKM MH CIIOCTEPIra€eMo aKTUBHE PO3POOJISIHHS Ta 3aCTOCYBaHHS
TIepeJOBUX TEXHOJIOTIH B arpapHOMY CEKTODI.

AKTUBHUH PO3BUTOK CKJIQJHHMX TEXHOJIOTIH, IO 0a3yroThCS Ha BUKOpPUCTaHHI maTumkiB, GPS
TEXHOJIOTiH, pO3pOOIsIHHS aBTOHOMHHX MAIINMH T03BOJISIFOTH 3HAYHUM YHHOM CKOPOTUTH BTPATH ypOXKarlo,
ONITUMIi3yBaTH BHUKOPHCTaHHS PECYPCiB, MiABUIINTH NPOIYKTUBHICTD i peHTAOENbHICT, BUPOOHHUIITBA B
YCIX Tay3sX CUIBCHKOTO TOCIoAapcTBa. B ymMoBax cinbchbkoro rocnogapctsa 4,0 BUpOOHHUKH BHPINTYIOTh
nemorpadiuni npobiemu (HecTaya poOOUYHX PYK), OOMEXKEHHUX PECYpCiB, 3MIHM KJIIMaTy Ta MOBTOPHOTO
BUKOPHUCTaHHS BiJIXO/IiB.

Y SKOCTI KIIOYOBOTO AacCIEKTy PO3BUTKY CUIBCBKOTO TocmomapctBa 4,0 MOXXKHA BIIMITHTH
pPO3pOOJISHHS Ta 3ampOBa/LKEHHS POOOTIB I BUKOHAHHS Pi3HUX 3a7ad SK Yy POCIMHHHIITBI Tak ¥ B
TBapUHHMUIITBI.

AHani3 ocTaHHix aocairxeHs i myOuikaniii. 3anpoBamKeHHS TEXHOJOTIYHHMX MPOILECIB i3
BHKOPHUCTAaHHAM poOOTiB, OaratbMa aBTOpamu [1, 2, 3] MO3HIIOHYETHCS SK MEPCIICKTUBHUN HAIPSIMOK
BUpILIEHHS TpobaeMu AedinuTy pododoi CHIH Y CilbcbKoMy rocriogapctsi. Kpim Toro, po6oTH 3a paxyHOK
iMiTaIli pyxiB JFOAWHU, 3aMiHSFOTh 1X ITiJI YaC BUKOHAHHS CKJIQJHUX ITPOIIECIB, a TAKOXK Y HEOS3MEUHHX IS
3I0POB’S JTI0IeH yMOBax [3], 3a0€3MMeUy0Th BUCOKY TOYHICTH 1 SIKICTh BUKOHAHHS pooOiT [2].

CiTbChKE TOCIIOIAPCTBO BUKOHYE CKIIATHE 3aBIAHHS — 3a0€3MEUCHHS XapuoBOi OC3MEKH JIIOJCTBA.
OnHouacHO Tepen HUM CTOITh riio0anbHa MpoOieMa 3MEHIICHHS! BUKUAIB Y HABKOJUILHE CEPEIOBHUIIIE.
Bigomo, 1o y ciTbCbKOMY TOCIIOApPCTBI BiOYBA€ThCS HAKONMMYCHHS B IPYHTAX, BOIHUX JDKEpeNax Ta
aTMocdepi HaTUIIKOBOI KUTBPKOCTI HeOe3nmeuHnx pedoBUH. KpiM BIUMBY Ha 370pOB’S JTIOJUHU, BUKAIU
BiJl CINIbCBKOIO TOCHOAAPCTBA TAaKOX INKOAATH YPOXKalo, 3HWKYIOTh YPOXKaHHICTh, YIIKOIKYIOTh
€KOCHCTEMH Ta 3MEHIIYIOTh OiopizHOMaHITTS [4]. BupimuTt nany nmpobiemy nomoMaraioTs poOoTH.

3 ypaxyBaHHSIM IIBOT'0, 6araTo BYCHHX 30CEPEDKYIOTh CBOT HAYKOBI TOCITIIKEHHS Ha BUPIIICHI JaHOI
mpoOyieMu. 30KpeMa KPUTHYHO BaXKJIMBUM € BHpPINICHHS MPOOJEMU 3MEHINCHHS KITBbKOCTI
BUKOPHCTOBYBaHHX y CUTBCBKOMY TOCIIOAapCTBi arpoximikaTiB. Ha manuit wac 00poOka pociuH i3 METOI0
3HUIICHHS Oyp’sSHIB 1 NpPUTHIYEHHS XBOPOO TIPOBOAMTHCS 13 3aCTOCYBAaHHSAM TiApaBIIYHUX Ta
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TiIpOITHEBMATUIHUX OOMPHCKYBaUiB. 32 YMOBH iXHBOTO 3aCTOCYBAaHHS 3HAYHA YaCTHHA XIMITYHUX PEUOBUH
MOTPAIUISIIOTh OCHOBHI KOMIIOHEHTH arpo(iTOLEHO31B: IPYHTH CiIbCHKOTOCIIONAPCHKUX YTib, POCIHHH,
Ha/J3eMHa Ta IPyHTOBa 0ioTa, IPYHTOBI BOIM, MOBEpXHEBI BoAHI 00’exTH [5]. HpiOHi kpammi pinuHH
TIEPEHOCITHCS BITPOM Ha CYCiIHI MOCIBH a0o TOJIA, 110 IMPU3BOANTH A0 YTBOPEHHS 3aHINKIB TepOIITHIiB
(abo arpoximikariB 3arajoM) Ha CUTBCBKOTOCTIONAPCHKiN mpoayKiii. Ile Moke 3aBmaTh KoM TMOCiBaM, a
TaKOXX MO>Ke OyTH IepeaHo KiHIIEBOMY CIIOKUBAUEBi, € 11e MOYKE MaTH 3HAYHUH BIUIMB Ha HOT'O 310pOB’S1.

VY poGotax [6, 7] aBTOpamMH [IOBEICHO, IO BUKOPUCTAHHSI POOOTIB 1 IITyYHOTO iHTEIEKTY
JIO3BOJISIIOTh 3a0€3MEYNTH BUCOKY €(DEKTHBHICTh BHKOPHCTAHHS PECypCiB, 30KkpeMa i mectuuufiis. Lle
JIOCSITAETHCS 32 paXyHOK TOYHOTO BHECEHH:I IECTULXIIB Y 30HY PO3BUTKY Oyp’stHiB. [Ipu npomy Moxe OyTu
3MEHIIICHE BUKOPHCTAaHH IepOilMaiB y cepeqabomy Ha 77% [7].

3HayHa YacTWHA HAYKOBUX IMIpallb IPHUCBSYCHA PO3POOJSHHIO Ta IOCHIHKCHHIO POOOTIB s
36upanHs Bpokaro. PoboTn3oBaHi cucTeMH 300py BpOXKar0 IMPHBEPTAIOTH YBary sSK PIilICHHS MpobiaemM
HecTaui poOoyoi CHiIM Ta 00MEeXeHb eEeKTUBHOCTI B CLIbChbKOMY rocrnoxapctsi [9, 10, 11].

VY pobori [9] aBTOpamMu po3polOiieHO Ta JOCHiKeHO Moaenb podora YOLOvVS8m, skwid 3maTeH
aHaAII3yBaTH IUIOJW TOMATIB 3a CTHUTJIICTIO B TpoIieci 30MpaHHs. 3aBASKHA TOYHOMY BHSIBICHHIO CTHUTIIAX
mwioaiB (99,9%) TounicTs 300py Bpoxkaro cTaHOBUTH 83,3%, KoedillieHTa MOMIKOMXKEHHS BPOXKAIO JIMIIIE
4,0%.

VY mocmimkenti [ 10] mpeacTaBieHO pe3ynbTaTH IPOSKTYBAaHHSA, Ta TIOJILOBOTO BUIIPOOYBaHHS poOOTa
s 300py uuTpycoBuX. [10yIbOBI eKCcliepUMEHTH, BUKOHAHI Ayl 142 3pa3KiB LIUTPYCOBHUX MOKAa3aJId, IO
99% mutoniB OyI10 3ipBaHO O€3 MOIMIKOIKEHb. 3aCTOCYBaHHS POOOTIB 103BOJIHUTH TOBHICTIO ABTOMAaTH3yBaTH
30ip BpOXKaro.

Sk 6aunMo 3 aHaNN3y YMHHUX JOCIIHKEHh POOOTOTEXHIKA BiAIrpae BaXXIMBY POJIb y CLIHCHKOMY
rocronapctBi 4.0 Ta BHpiNIye MPOOJIEMHU: CKOPOYCHHI PYYHOI Mparli, MiJABUIEHHS MPOAYKTUBHOCTI
BUKOHAHHS TEXHOJIOTIYHHX IIPOIIECiB, 3MCHIICHHS BHUTPAT, IOKPAIICHHS SKOCTI TOTOBOI IMPOIYKIIii,
3MEHIIICHHSI €KOJIOTIYHOTO HABAHTAXKEHHSI TOIIO.

Meta po6oTH. AHali3 HANPSAMKIB 3aCTOCYBaHHS pOOOTIB y CUTBCBKOMY FOCHOAAPCTBI, BU3HAUCHHS
MEPCHEKTHB 1 0COOIMBOCTEH IXHBOTO 3alpOBaKEHHSL.

Buxnaan ocHoBHoOro martepiaay. PoOoTH mHpPOKO BHKOPHCTOBYIOTH SIK y POCIHHHOCTI, Tak 1 B
TBapUHHHULTBI. PO3risiHEMO AesKi KOHCTPYKUIi ciibrocnpo0oTiB. Mogeni yHiKadbHI 1 aBTOHOMHI: JAJIst
BUKOHAHHSI HUMH CBOIX (DYHKIil y4acTb JTIOIUHHA aOCOTIOTHO HE TIOTPiOHA.

Po6ot mist npontosroBarust Nexus Robotics (puc.1) - aBTOHOMHH# pOOOT 15t IPOTOIIOBAHHS Ha 6a3i
LI, po3pobenuii AjIsT OBOYiBHHUIITBA.

Nexus Robotics La Chévre BHUKOpUCTOBYETbCS Ui ABTOHOMHOTO IPOMONIOBAHHS Ha
CITBCBKOTOCITOJIAPCHKUX — TIOJSAX, OCOOJIMBO B  OBOYIBHMIITBI. YHIKQIbHA TOYHICTh BUKOHAHHS
TEXHOJIOT1YHOI orepallii BHECECHHS MECTUIUIB 103BOJIsE hepMepaM eheKTHBHO OOPOTHUCS 3 MOIIMPEHHIM
Oyp’sHIB, HE 3a0pyIHIOIOYM HABKOJIHIIHE CEPEIOBHUIIIE.

PoGort Bupimrye npoGieMy HecTayi poO0U0i CHIK Ta 3HMXKYE EKCIUTyaTaliiHi BUTpATH. 3aCTOCYBaHHS
La Chévre 3abe3neuye exoHOMi0 TepOinuaiB ta ¢yHrinumie g0 50%, CHpHUSIOYN OUTBII CTIHKUM Ta
OpTaHIYHUM METOJaM BEICHHS CUTbChKOTo rocmomapcersa [12]. PoboT Takox 30Mpae maHi Mpo MOCIBU Ta
YMOBM BHUPOILYBaHHS, Hajgae ¢QepmepaMm iH(opMmalil0o B pPeXHMi peaTbHOr0 4Yacy Uil NPHAHSATTA
OOIPYHTOBaHUX PillIEHb PO POMIOYICTH IPYHTY, OOPOTHOY 3 XBOpOOaMH 1 MPOrHO3YBAaHHS BPOXKAIO.
Cucrema Hagiramii po6ora Bkmouae RTK-GPS, matumki LiDAR. T'iGpuaHa enekTpudHa TpaHCMICIs
po0oTa, OCHaIICHA ENEKTPUIHOIO CUCTEMOIO IPUBO/Y, IO JKUBUTHCS BiJl aKyMYJISITOPIB, IO 3apsHKAIOTHCS
BiJ OOPTOBOrO AM3EIBHOTO TeHEpaTopa 3ade3nedye po3UIHPEeHy aBTOHOMHICTh POOOTH B TIOJI.

Nexus Robotics La Chévre BHKOPHUCTOBYETBCS IS ABTOHOMHOI'O TMPOIOJIIOBAaHHS Ha
CITBCBKOTOCITOJIAPCHKUX — TIOJSAX, OCOOJIMBO B OBOYIBHMIITBI. YHIKQIbHA TOYHICTh BUKOHAHHS
TEXHOJIOTI4HO1 omeparii BHECEHHS MECTHIUAIB J03BOJIIE pepMmepaM eheKTUBHO OOPOTHCS 3 TIOMIMPEHHSIM
Oyp’sHIB, HE 3a0PYIHIOIOYN HABKOJHUIITHE CEPEIOBHIIIE.

Po6ort Bupinrye mpobiieMy HecTadi poO0Ud01 CHITH Ta 3HUXKYE eKCIUTyaTaIliiiHI BUTPATH. 3aCTOCYBAHHS
La Chevre 3abe3neuye exoHomiro repOinuaiB ta ¢yHrinugiz go 50%, cnpusiroud OimbII CTIHKUM Ta
OpTaHIYHUM METOJaM BEICHHS CUTbCHKOTOo rocmomapcersa [12]. PoboT Takox 30Mpae maHi Mpo MOCIBU Ta
YMOBH BHPOIIyBaHHS, Hamae (epMepam iHGOpPMAII0 B PEKHMI PEATBHOTO dYacy IS TPUHHATTS
OOIPYHTOBaHUX PIlIEHb MPO POMIOYICTH IPYHTY, OOpPOTHOY 3 XBOpOOaMH 1 MPOTHO3YBAHHS BPOXKalo.
Cucrema Hasiranii podorta Bkmouyae RTK-GPS, patumku LiDAR. T'iOpuana enexTprudHa TpaHCMIicCis
poboTa, OCHAICHA EIEKTPUIHOIO CUCTEMOIO TPHBOJLY, IO JKUBUTHCS BiJl aKyMYJISTOPIB, IO 3aPsHKAIOTHCS
BiJ OOPTOBOrO AM3EIBHOTO TeHEpaTopa 3a0e3nedye po3UIHPEHy aBTOHOMHICTh POOOTH B TIOJI.
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Puc.1. Po6ot nyist nponosmoBanHst Nexus Robotics: a — 3aranbHuii BUTIsi1, 6 — po6ounii opran

Ha BucraBui Agritechnica 2025 xommnanis Fendt mpencraBuna pobora Xaver GT (puc.2) sikuit
npH3HAYCHO 151 60poTHOU 3 Oyp’stHamMu Ha oBouyeBHX mouisix [13]. XomoBa yacTrHa po60Ta MICTUTH YOTHPH
KoJieca, SIKi MaroTh He3aJIe)KHE KepyBaHHS. Y SKOCTI [DKEpesia eHeprii BUKOPUCTAHO eIeKTPOABUTYHH. Take
HE3aJIe)KHE KepyBaHHS [la€ MOXKIHUBICTD 3 ocobmuBoio TouHicTio Fendt Xaver GT opieHtyBatucs B
npocropi. Poboua mBuakicts pobota 10 10 km/roa. Po6ot Touno Bu3Havae Oyp’siHU, KyJIbTYPHI POCIUHH
3a paxyHOK BUKOPUCTaHHS IITYYHOTO iHTENEKTy. 3a 100y poOoT 31aTeH o0pobisT 10 4 ra. 3riiHO JaHuX
BUPOOHWKA Ta KOPHUCTYBadiB, CKOHOMIYHMH eQekT Bix BHKopucTaHHs Nexus Robotics cTaHOBHUTH
npuban3Ho 1000 momapis 3 0JJHOTO TEKTapy.

Puc.2. 00T XaVT
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Xaver GT Haramye aBroHOMHY u1aTdopmy. PoGOT Mae nmpu 11boMy HOPiBHSHO HEBEIHKY Macy — 3 T.
Oco0OnuBicTIO po0oTa € MiHIManbHE YUIUIBHEHHS IPYHTY HaBiTh MiAg 4yac 0aratopa3oBHX MPOXOMIB.
MiHimi3yBaTH THCK Ha TPYHT BHPOOHHMKAaM BIAJIOCS 3a PaxyHOK 3a0e3leueHHsS PiBHOMIPHOTO PO3MOALTY
HaBAaHTAXXECHHS MK OCSIMU.

Benprilicbka pobotorexHiyHa kommaHis Octinion 3amycTHia MOBHICTIO aBTOHOMHOTO po0OTa JIJIst
30MpaHHs NOTyHHLI i Ha3Bolo Rubion (puc.3). POOOT aBTOHOMHO pyXa€eThes MO TEITUISAM abo MOJIo,
BU3HAYAE CTYMIHb CTUTIIOCTI sTiA. Pobounii opran podoTa 31aTeH 3aX0IUIIOBATH STOIH 3 PI3HUM BILTUBOM
Ha HUX (3aJIeKHO BiJI CTUTIIOCTI), IO JIA€ MOXKJIMBICTh 30epiraTH IXHIo 1uticHicTb. [l]e oHiet0 ocobmuBicTIO
pobota Rubion € 37aTHICTH MPOTHO3YBaTH HACTYIIHUI ypoXKail HAa OCHOBI aHA3y JaHHUX MPO MOTOYHHUH
Bpoxaii [14].

Puc. 3. Pooot Rubion

HoBuM HampsIMKOM pO3BHTKY POOOTH30BaHUX CHCTEM Yy CUIBCBKOMY TOCIOIAPCTBI € poiioBa
pobororexHika. BueHi Ta BHpOOHWKM Bce Oibllie yBard NMPUAUISIIOTh BHBUCHHIO IMPOIECIB B3a€MOJIIT
POOOTIB, SIKiI MPAIOIOTh y TPYII JUIS BUKOHAHHS CIUTBHHUX 3aBJaHb. PoeBa poOOTOTEXHIKA y CLTLCHKOMY
TOCIIOIAPCTBI BUKOPHCTOBYETHCS ISl MOHITOPHHTY ITOCIBIB, 300py TaHUX MPO SKICTh IPYHTY Ta BAKOHAHHS
3aBJIaHb TOYHOTO 3eMJICPOOCTBA, TAKUX SIK IIIJIECIIPIMOBAHE 3aCTOCYBAHHS HECTUIIUIIB.

[Mpuknamom poeBoi poboToTexHiKM € mpoekT RoboBees, Takox po3poOienuii y [apsapi.
RoboBees (puc. 4) — e kpuxiTHI J1iTat04i poOOTH, CTBOPEHI JUTs iMiTallii TOBEIiHKH O/KiI. BOHM MOXKYTH
OyTM BHKOPUCTaHi JUIs BUKOHAHHS PI3HUX 3aBJaHb, BKJIIOYAIOYM MOHITOPUHT HABKOJHUIIHBOTO
CepeIoBHINA, TOILIYK Ta MOPSATYHOK, a TAKOXK 3AIMIICHHS ClIIbChKOTOCIOAAPCHKUX KyIbTYp [15].

Puc. 4. PoeBa podoToTexnika RoboBees
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Bimomoro Takoxk € podoruzoBana cucremMa MARS (puc. 5), sika peanizye poeBi MPUHIUIH pOOOTH.
Po6otn MARS npusHaueHi Uil BAKOHAHHS TEXHOJIOTIYHOTO MPOLECY BUCIBY KYKYpYyI3U. 3aCTOCYBaHHS
pobotuzoBanoi cucteMu MARS 103BONUTH 3aMIHUTH BaXKKi arperatu (TpakTop i ciBaika) ¥ 3MEHIIUTH
VIIUTBHEHHSI TPYHTY, & TaKOX CIOXHMBAHHS CHEpPril BaXKKOI TeXHiKOr. KpiMm TOro, 3ampoBajpKeHHS
poboruzoBanoi cuctemu MARS mpusBene j0 3MEHIEHHS BUTpAT HACIHHS, NOOPUB Ta MECTHIUIB 1
301IbIIICHHS BPOXKaWHOCTI [16].

Puc.5. PoﬁoTﬂa cucrema MARS

Cucrema MARS peanizye iHTerpoBaHWi TpOIEC aBTOMATH30BAHOTO IOCIBY 3 BHKOPHUCTAHHSIM
THYYKOT KUTBKOCTI POOOTIB, SIKi KEpYIOTh TIOJIOKEHHSM KOXHOTO TMOCa/KEHOro HaciHHs. Ha puc. 6
MOKa3aHo TI00aNIbHY apXiTEKTypy CUCTEMH, sIKa MoJiieHa Ha 3 yacTiHHU. PoOoTH (3) BUKOHYIOTH IpOIIeC
MOCIBY, SIKHU TONEPEIHbO IJIaHYEThCSl Ta KOHTpoiroeTscsi OptiVisor (2). Xwmapue cepemosumie (1)
3abe3neuye QyHKINI0 KepyBaHHS JAaHUMH Ta KOPUCTYyBadaMHu.

® [IIaHmeT
mHTepheiic
AIMapHe EOPUCTVEada
CepemoBHIE
® VIIPABIHHA [TPOLIECOM
Opti Visor TIocEY

OMN(©O ® —

Pobotu

Puc. 6. CucremHa apxiTekTypa podoTuzoBaHoi cucremu MARS [16]
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baunmo, mo M CiThCHKOTOCIIONAPCHKOTO0 BUPOOHHUIITBA pOOOTOTEXHIKA € e(DEKTUBHUM 3ac000M
BUPILICHHS MPOo0OJeM MPOAOBOILUOi Oe3mekH, nedinury poOodoi cuir Ta 30epeskeHHS HaBKOJIUIIHBOTO
cepenoBuIa. PoboTH 3MiHIOIOTH BUPOOHWYI MPOIECH, MiABUIIYIOUM iXHIO €()EeKTUBHICTH, CIPHUSIOTH
3pOCTaHHIO MPOIYKTUBHOCTI Ta SKOCTI IXHHOTO BUKOHAHHS. POOOTH 3MEHITYIOTh 3aJeKHICTh BiJ pydHOT
TIparli B pi3HUX CUTBCHKOTOCTIONAPCHKUX MPOIIECcax, MO MPU3BOANTH 0 3HIKESHHS BUTPAT Ha OIUIATY IIparii.
PoboTn3oBaHi cuCTeMH ONTHUMI3YIOTh BOJIHI PECYpPCH, BUKOPUCTAHHS JOOPWB Ta MECTULUIB, CIPHUIIOTH
3alPOBA/KCHHIO CTAJTHX CLTBCHKOTOCIOAAPCHKUX MPAKTHUK [17].

3anpoBaKEHHS POOOTIB ¥ CiIbCHKOTOCIIONAPCHKE BHPOOHMIITBO BiMITOBITA€ OCHOBHUM TPEHIAM
Ianycrpii 4.0, ska XapakTepu3yeTbCsl aKTHBHUM PO3BUTKOM aBTOMAaTH3allii MpOLECIB, 3aCTOCYBaHHIM
IHTEepHET — peyeii, XMapHUX TEXHOJOTIH.

BucHoBkH 3 [aHOTO [OCHIIKeHHSI i MepPCNeKTHBU MOAAJBIIMX JOCITIKEHb Yy JAAHOMY
HANPSAMKY.

AHaJti3 YUHHUX HAYKOBUX JOCIHIPKEHb 1 pi3HOMaHITHUX KOHCTPYKLiH poOOTIB, SIKi IHTETPYIOTBCS Y
CITBCBKE TOCIIOApPCTBO, JOBOIUTH, IO Cy4YacHE CUIBLChKE TOCIIOJApCTBO 3HAXOAWTHCS Ha eram 4.0
(«Cinscrke TocmogapetBo 4.0»). Ile crpuse 3ampoBaKEHHIO IPOIECIB, SKi CHPUSIOTH ITiIBHUIIICHHIO
e(eKTHBHOCTI CUTLCHKOTOCIIOAAPCHKOT0 BUPOOHUIITBA 32 paXyHOK aBTOMAaTH3alli] i MiJBUILEHHS TOYHOCTI
OKpEMHX TEXHOJIOTYHUX omeparniil. PoboTu3auis arponpoMucIoBOro KOMIUIEKCY JO3BOJUTH:

- BUPIMIUTH npobieMy aedinuTy poOoUYHX PyK B raiaysi;

- MiIBUILUTH €PEKTUBHICTH Ta MPOAYKTUBHICTH TEXHOJIOTIYHUX MPOLIECiB;

- TABUIIUTH SIKICTh MPOJYKIIil;

- 3MCHIIUTA HETaTHBHUH BIUTUB HA HABKOIMIIHE CEPEJOBHUINE, 30KpEMa, BUPIIIMTH NPOOIIEMY
MEePeyIIIbHECHHS IPYHTIB, IIKIIJIMBUX BUKHIIB B aTMocdepy, XIMIYHOTO HaBaHTAKCHHS Ha I'PYHT 1 BOAHI
pecypen;

- 3aMIHHTH JIIO/IeH TIUJT Yac BUKOHAHHS HeOE3IMEeYHUX JIJIs 37I0pOB’ s poOOTax.

[Monmasbii AOCTIIKSHHS TOBHHHI OYTH CIIPSMOBaHI Ha:

- pO3poONsSHHA ¥ 3ampoBaJUKEHHS BITYM3HSAHOI POOOTOTEXHiKM, sKa Oylne AOCTYHHOIO IS
YKpaiHCBKOTO BUPOOHMKA CIIIbCHKOTOCIIONAPCHKOT MPOAYKIIIT;

- PO3pOOJISHHS HABYAIBHUX HPOTPaM IS MiATOTOBKH BUCOKOKBaJIi(hiIKOBAHUX POOITHUKIB, 3MaTHUX
KepyBaTH Ta 00CIyroByBaTH CKJIaJHi aBTOMAaTH30BaHI CUCTEMHU.

Cnucox BUKOPUCTAHUX JIKepeT

1. Marinoudi V., Sorensen C. G., Pearson S., Bochtis D., et al. Robotics and labour in agriculture. A
context consideration// Biosystems Engineering. - 2019.- Vol. 184. - P. 111-121.
https://doi.org/10.1016/j.biosystemseng.2019.06.013.

2. Marinoudi V., Lampridi M., Kateris D., Pearson S. et al.
The_Future_of Agricultural_Jobs_in_View_of Robotization// Sustainability. — 2021. — Vol. 13(21),
12109. https://doi.org/10.3390/su132112109

3. Manning L. Innovating in an Uncertain World: Understanding the Social, Technical and Systemic
Barriers to Farmers Adopting New Technologies/ Challengesto — 2024. — Vol. 15(2), 32.
https://doi.org/10.3390/challe15020032

4. Swanson, N.L., Leu, A., Abrahamson, J., Wallet, B. Genetically engineered crops, glyphosate and
the deterioration of health in the United States of America// Journal of Organic Systems. — 2014. — Vol.
9(2). P. 6-37.

5. Kocrenko C.O. Ilectunumu Ta arpoximikaTH sK iHHOBALii B arpapHiil cdepi: A0 NHUTaHHA
MPaBOBOTO PETYNIOBaHHS «PO3YMHHUX MEX» BUKOpUCTaHHS. Ha ctoposki 3emensHOro nagy: o 20-pivus
3emenpHOrO KoAeKkcy: MikHap. Hayk.-mipakT. Kord., M. Kui, 26 mmucromaga 2021 p. HarmionansHuit
yHiBepcHTET GiopecypciB 1 mpupoaokopucTyBanHs Ykpainu. Kuis, 2021. C. 92-98.

6. DasS., Wiafe E. K., Upadhyay A., et al. Design and evaluation of a vision-guided robotic platform
with root-zone drilling for targeted weed removal// Computers and Electronics in Agriculture. - 2026.- VVol.
246, 111605. https://doi.org/10.1016/j.compag.2026.111605.

7. AijazN., Lan H., RazaT., et al. Artificial intelligence in agriculture: Advancing crop productivity
and sustainability// Journal of Agriculture and Food Research.- 2025.-Vol. 20, 101762. -
https://doi.org/10.1016/j.jafr.2025.101762.

8. John Deere. John Deere 3anyckae cucremy See & Spray™ Select onst obnpuckysauis cepiii 400
ma 600. URL:_https://www.deere.com/en/news/all-news/2021mar02-john-deere-launches-see-and-spray-
select/ (nara 3Bepuenns 17.01. 2026).

© C.B. Aeenox, B.C. Ilyys, B.JI. Mapmuniok

125


https://doi.org/10.1016/j.biosystemseng.2019.06.013
https://doi.org/10.3390/su132112109
https://doi.org/10.3390/challe15020032
https://doi.org/10.1016/j.compag.2026.111605
https://doi.org/10.1016/j.jafr.2025.101762
https://www.deere.com/en/news/all-news/2021mar02-john-deere-launches-see-and-spray-select/
https://www.deere.com/en/news/all-news/2021mar02-john-deere-launches-see-and-spray-select/

ISSN: 2415-3966 Miowceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyovk, 2026, Ne85

9. Prajwal R, Parray R. A., Bhaleka D. G., Tushar Dhar, et al. Maturity detection based autonomous
robotic system for tomato harvesting in green houses.// Results in Engineering. - 2026. — 110044.
https://doi.org/10.1016/j.rineng.2026.110044.

10. Espinoza J., Chinnock B., Bahne C., et al. A novel high-precision citrus harvesting robotic
system for controlled stem length: Design, validation, and field evaluation//Smart Agricultural Technology.
—2026. - Vol. 13, 101918. https://doi.org/10.1016/j.atech.2026.101918.

11. Li H., Chen Y., Li Z., et al. A following collaborative robot Harvesting-Assisted transport
system with collaborative region constraints model for fruit harvesting//Computers and Electronics in
Agriculture. — 2026. — Vol. 244. -.p. 111467. https://doi.org/10.1016/j.compag.2026.111467.

12. Inertia. URL.:_https://www.inertiapd.com/cases/autonomous-weeding-robot (mara 3BepHeHHS
17.01. 2026).

13. Fendt. Press release. URL.: https://www.fendt.com/php/create pdf/pdf2/47576_web_en_2026-
01-27 09-38-19.pdf (nara 3Bepuenus 17.01. 2026).

14. Octinion. URL: http://octinion.com / (mnarta 3Beprennus 17.01. 2026).15. Wyss Institute. URL.:
https://wyss.harvard.edu/technology/robobees-autonomous-flying-microrobots/ (mara 3epuenns 17.01.

2026).
16. Mobile Agricultural Robot Swarms (MARS)/ AGCO GmbH (AGCO)// Final Report. - 2016. —
p.48. Hochschule Ulm - Ulm University of Applied Sciences, Germany (HSU).

https://echord.eu/public/wp-content/uploads/2018/01/Final-Report-MARS.pdf

17. Yang, Q., Du, X., Wang, Z., Meng, Z., Ma, Z., & Zhang, Q. A review of core agricultural robot
technologies for crop productions.// Computers and Electronics in Agriculture. — 2023. - Vol. 206. P.
107701. https://doi.org/10.1016/j.compag.2023.107701

Jara HagxomkeHHs cTaTTi 10 BugaHHs: 27.02.2026
Jlata mpuiHATTS CTAaTTi 10 APYKY micis peuensysanus: 24.03.2026
Harta onpumonnenss 14.04.2026

© C.B. Aeenox, B.C. Ilyys, B.JI. Mapmuniok

126


https://doi.org/10.1016/j.rineng.2026.110044
https://doi.org/10.1016/j.atech.2026.101918
https://doi.org/10.1016/j.compag.2026.111467
https://www.inertiapd.com/cases/autonomous-weeding-robot
https://www.fendt.com/php/create_pdf/pdf2/47576_web_en_2026-01-27_09-38-19.pdf
https://www.fendt.com/php/create_pdf/pdf2/47576_web_en_2026-01-27_09-38-19.pdf
https://wyss.harvard.edu/technology/robobees-autonomous-flying-microrobots/
https://echord.eu/public/wp-content/uploads/2018/01/Final-Report-MARS.pdf
https://doi.org/10.1016/j.compag.2023.107701

ISSN: 2415-3966 Miowceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyovk, 2026, Ne85

YK 629.083.4 DOI 10.36910/775.24153966.2026.85.16

0O.B. 3axapqul[oooorooozrgzesrAW y O.A. MiKy .]'li‘ll 0000-0003-4522-596X y B.1. 3axapqyKl[oooorooozrmsorsglx]'
O.C' le/IXOIleOI 0000—0001—8496—1295]' A.C K J'IeHll.lI/lHZ 0009-0001-1168-6613

JlyubKuii HalliOHAIEHMI TEXHIYHUH yHIBEPCHTET!
T®K JIyibKoro HalliOHATEHOTO TEXHIYHOTO YHIBEPCHTETY?

BHUBIP CIIOCOBY 3BAPIOBAHHSI YHABYHY 1P PEMOHTI TA BITHOBJIEHHI
JAETAJIEX ABTOMOBLJIIB

Y po6omi oocniosceno ocodnueocmi 3eaprosanns 6e3 nonepeonb020 nidizpigy wagymny, wj0 mMoxce o6ymu UKOPUCHIAHO
npu pemonmi ma 6i0H06NeHHI Oemaneii agmMomoodinie. Akmyanvricme memu noe’a3ana 3i CKIAOHICMIO 36aAPIOAHHA YABYHY
uepes3 1020 KpUXKiCmb, CXUILHICHIO 00 YMEOPEeHHA MPIUH MA YOPMYSAHHA MEEPOUX CMPYKMYP Y 30HI MEPMIuHO020 6NIUEY.
Ilposedeno ananiz icnyroyux cnocoodieé 36apio6aHHA YaAGYHY MA GUIHAYEHO, W0 3ACHOCYBAHHA CHEUIAIbHUX eNeKmpooie i
ONMUMATILHUX PENHCUMIE 0036011A€ NidsuUmMU AKicmb 36apHux 3’conans. Excnepumenmanvni 00cnioicenns 6UKOHAHO Ha
3pasKax iz cipozo 4agyny, OMpuUMAHUX i3 GUNYCKHO20 KOJEKMOpa 08U2yna. 36aploéants npoeoouu 6e3 nonepeonbo2o nidizpigy
i3 euxopucmannam mpovox munie enrekmpooie: I[9-4, MHY-2 ma UTP-8. /{na ouyinku axocmi 36apHux 3’ €OHAHD 3ACMOCOBAHO
eunpodysanns na posmsaz na cmendi MP-100, npu uyvomy Kodicen 3pazok eunpodosyeascsa n’amv pazie i3 noOAnbUIUM
GU3HAYEHHAM CEPEOHbO20 3HAYEHHA CUNU PYUHYSAHHA RPU PO3pUei. Ompumani pe3yaivmamu 003601UnU 00 EKMUBHO OYiHUMU
MexaniuHi enacmueocmi 36apuux 3’cOHans. Ilposedeno po3paxynok miyHocmi cmuKkoeux 36apHux 3’ cOHamny, AKUIL NOKA3Aae,
w0 6ci 00cnioxHceni eapianmu i0n06i0AIOmMs yMo8aM MiyHOCII ma maroms docmamuiil 3anac Haditinocmi. Bcmanoeneno, wio
enexkmpoo L[9-4 3abe3neuye miynuii, ane iOHOCHO KPUXKUIL U108, MOMY 1020 OOUIIbHO 3ACMOCO8yéamu 014 demaneii oe3
ounamiunux nasanmasycenv. Enexkmpoo MHY-2 ¢ ynisepcanvnum i 3a6e3neuye 006puil 6ananc miynocmi ma naacmusocmi,
mooi ak UTP-8 ¢hopmye naiioinbuws nnacmuynuil i AKicHUil wioe, npome XapaxKmepuzyemnca eunio1o eapmicmio. Pesynomamu
00CNiOMNCEHHA RIOMEEPOIHCYIOMb epeKmuUsHiCmy 36apIOGAHHA YAGYHY MA 00360/A10Mb O0OIPYHMOBAHO o00upamu mun
eNIeKmMPOo0a 3a1e)cHo 8i0 yMoe excniyamayii oemani ma eKOHOMIUHOT 00UiIbHOCHI.

Knrouoei cnosa: pemonm agmomo06inis, 8i0H08IeHHs demaineti asmomooinie, 0ye06e 36apio6aHHsl, 36aprOGAIbHI eIeKMPOOU.

O. Zakharchuk, O. Mikulich, V. Zakharchuk, O. Prykhod’ko, A. Klenshyn

SELECTION OF CAST IRON WELDING METHOD FOR REPAIR AND RESTORATION
OF AUTOMOTIVE COMPONENTS

The study investigates the features of cast iron welding without preheating, which can be applied in the repair and
restoration of automotive components. The relevance of the topic is determined by the inherent difficulties of welding cast iron
due to its brittleness, susceptibility to cracking, and the formation of hard structures in the heat-affected zone. An analysis of
existing cast iron welding methods was carried out, demonstrating that the use of specialized electrodes and optimized welding
parameters can significantly improve the quality of welded joints. Experimental studies were performed on gray cast iron
samples obtained from an engine exhaust manifold. Welding was carried out without preheating using three types of electrodes:
TsCh-4, MNCh-2, and UTP-8. The quality of the welded joints was evaluated through tensile testing on an MR-100 testing
machine, with each sample tested five times followed by the determination of the average fracture load. The obtained results
made it possible to objectively assess the mechanical properties of the welded joints. A strength analysis of butt welded joints
was conducted, showing that all investigated variants meet the strength requirements and possess a sufficient safety margin. It
was established that the TsCh-4 electrode provides a strong but relatively brittle weld, making it suitable for components not
subjected to dynamic loads. The MNCh-2 electrode is versatile and ensures a good balance between strength and ductility, while
the UTP-8 electrode produces the most ductile and high-quality weld, although it is characterized by a higher cost. The results
of the study confirm the effectiveness of welding of cast iron and allow for a well-founded selection of electrode type depending
on operating conditions and economic feasibility.

Keywords: automotive repair, restoration of automotive parts, arc welding, welding electrodes.

IMocTtanoBka mpodsaemu. YaByH € OTHUM 13 HAMMOIIMPEHINX KOHCTPYKLUIHHUX MaTepiajiB, sIKUHA
ITUPOKO 3aCTOCOBYETHCS B MalIMHOOYAyBaHHI, 30KpeMa B aBTOMOOLIBHIH MPOMHCIOBOCTI. BiH sBise
c000¥0 3aJ1I30BYTJICIIEBHIA CIUIAB, [0 MICTUTH TIOHaA 2,14 % ByTIIeIio, a TAaKOK KPEMHIN, MapraHeib, CipKy
Ta pocdop. 3aBASKH BUCOKHM JIMBAPHUM BIACTHUBOCTSIM, JOOPii 3HOCOCTIMKOCTI, JOCTaTHIA MIlTHOCTI Ta
3aTHOCTI MOTJIMHATH BIOpaIlii 4aByH OTUPOKO BUKOPHCTOBYIOTH ISl BUTOTOBJICHHST KOPITYCHUX JCTAJICH,
OJIOKIB IIMJIIHAPIB JBUTYHIB, BUIYCKHMX TPyOONPOBOMIIB, rajbMiBHUX OapabaHiB, KapTepiB Ta IHIIMX
€JIEMEHTIB aBTOMOOLNIB. Pa3oM 3 TWM 4YaByH XapakTepH3YETbCsS BiJHOCHO HHU3BKOIO IUIACTHUYHICTIO Ta
KPHUXKICTIO, LII0 YCKJIaJHIOE HOTO 3BaprOBaHHs 1 MOTpeOye 3aCTOCYBaHHA CHeNiaJbHUX TEXHOJOT1H mix yac
PEMOHTY Ta BiIHOBIICHHS JIeTallCH.

Cdepamu 3acToCyBaHHS 3BapIOBaHHS YaBYHY € BUIIPABICHHA 1e(EKTiB JINTTA (PAKOBUHU, HETOJIMBH,
TPILIMHM, TOPUCTICTH Ta 1H.), PEMOHT Ta BiIHOBICHHS Ae(EKTIB, SIKI OTPUMYIOTHCS MiJ 4ac eKCIUTyaTarii
aBTOMOO1JIIB, BATOTOBJICHHSI OKPEMHX BHPOOIB 13 YaBYHHHX 3aIOTOBOK.

SKicTh 3BapHOTO 3’€JHAHHS B YaBYHHHX BHPO0ax Ta JIETANSAX BH3HAYAETHCS HACTYITHUMH
MOKa3HUKAMU: JIETKiCTh OOpOOKHU 3BapHOTO IIBA, OHAKOBA TBEPAICTh IIBA TA OCHOBHOT'O METAIY, 1OCTATHS
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MIIHICTh 3BapHOTO 3’ €IHAHHS, OJHAKOBHM XIMIYHHM CKJIA] Ta CTPYKTypa HAIUIABICHOTO Ta OCHOBHOTO
MeTany.

AHami3 ocTaHHIX gociaimxeHb i myOaikamiii. Ha nanuii yac 3BaproBaTH 4aBYHHI JIeTalli MOXHA
HACTYIHHMH CHOCOOAaMH: ra30Be 3BApIOBAHHS 13 3aCTOCYBaHHSAM IIPHUCAJOK 13 YaByHY Ta KOJIbOPOBHX
METaJIiB, aprOHOIyrOBE 3BapIOBAHHS 13 YaBYHHOK MPHCAKOI0, HAllIBABTOMATHYHE 3BapIOBAHHS, JIyTOBE
3BapIOBaHHA Pi3HUMH THUIIAMH €JIEKTPOIiB, Fa30BE€ HU3bKOTEMIIEPATypPHE 3BaPIOBAHHS Ta iH.

OCHOBHI yCKJIaAHEHHsI NPH 3BapIOBaHHI YaByHY IIOB’sI3aHi 31 CXMJIBHICTIO 10 YTBOPEHHS TBEPAMX
3arapTOBaHMX MPONIAPKIB MPH IBUIKOMY OXOJIOJKEHHI Ta HEJOCTATHBOIO IIACTUYHICTIO YaBYHY, IO MTPH
3BapIOBaHHI IPUBOIUTH 0 YTBOPECHHS TPIIKH Y 3B’sI3KY 13 HEPIBHOMIpHUM HarpiBoM BHupoOy. Kpim toro,
BiZI0OYBa€THCs BTpATa IIACTUYHHUX BIACTUBOCTEH MPH IUIABJICHHI Ta TBEpAiHHI 3BapHOro miBa [1-10].

Ha nmanwmii yac BeleThCsl IOIIYK NUISXIB MIOKPAIICHHS BXKE ICHYFOUMX CIIOCO01B 3BapIOBAHHS YaBYHY.
Y nocmimpkeHHi [5] mpeacTaBieHO OrMsA  PI3HUX TNPHCATHUX MaTepialiB Ta eNeKTPOJiB, IO
BUKOPHUCTOBYIOTBHCS ISl 3BApIOBAHHS KOBKOI'O YaBYHY 3a JONOMOTOI0 aproHOAYTOBOTO 3BApIOBAaHHA Ta
PYYHOTO AYTOBOTO 3BaplOBaHHs. BcTaHOBIIEHO, 10 €TIEKTPOIH Ta IPUCAIHI MATEPialHt, SIKi MICTATH BUCOKY
koHenTpariiro Ni, MatoTh HaliKpaIli MOKa3HUKK 3BapPIOBAIBHOTO II1BA.

[TpoBomumics onTHMIi3alii 3BapIOBaHHS CipHX YaBYHIB METOJIOM HaIlliBaBTOMATHYHOTO 3BapIOBAHHS
pi3HUMH pexxuMaMH. BcTaHOBIEHO, IO MpH 3BaproBaHHI craHzapTHUM AporoM CB 08A 0e3 mimirpiBy
MiHIMaJIbHUMH CTPYMaMH{ MOYKHa OTPUMATH SIKICHI 3BapHi 1iBH [6].

Hocmimkenuii crocid, KoM 3BaproBajibHa Iyra TOPUTh MK BYTUTBHUM €JIEKTPOJOM 1 BUpoOOM, a
3BapIOBANBHHUN JPIT MOAAIOTH Yepe3 OTBIp Y BYTUIBHOMY €JIEKTPOIi, SIKUH JKUBUTHCS CTPYMOM IIPSMOIi
nomnsipHocTi. [Ipy IbOMY BYTiIBHUI €JIEKTPO € CTPYMOITIABOAOM JIO0 3BAPIOBALHOTO JIPOTY 1 pEYOBHHOIO,
IO YTBOPIOE 3aXUCHUH BYTJIEKUCIINH Ta3 y 3BaproBaibHii ay3i. [1in yac gociiyKeHHs 3BapHUX IIBIB TIOP,
TPIMIKH Ta iHIMX Ae(EeKTiB He BUSIBICHO [7].

[cHYIOTB HOCIHIKEHHS 13 3aCTOCYBaHHIM €IEKTPOAYTOBOTO 3BapIOBAHHS YaBYHY 13 BUKOPUCTAHHIM
CTaJIbHUX EJICKTPOJIB 13 OKMCICHHSIM HAJJIMIIKOBOTO BYIJICLIO Yy 30HI IUIABJICHHS TEMATHUTOM, SIKHH
MOMEePETHhO PO3ILIABIISUTH BYriIbHOIO ayrofo [8]. Takoxk € cxoxuii croci6 i3 BUKOPUCTAHHSIM CTaTbHUX
€IEeKTPOJIiB, a 3BApIOBaNIbHI KPOMKH 3a3falierifib OOpOOISITUCS aKTUBHUM BYTJICLICTIOTIIMHAYEM —
HErallaHuM BalHOM i3 mogaibmuM Harpisom 10 400-600°C [9]. 1li cnoco6u 3BaproBaHHS JO3BOJISIOTH
BUAAJATH 3 MTOBEPXHEBOTO IIAPy YaBYHY HaIMipHY KUIBKICTh BYTJICLIO, IO MPHBOAUTH IO IMiABUILECHHS
SIKOCT1 3BapHOTO IIBA i 3HW)KEHHSI TBEPJOCT] HAIIABICHOT'O METAITY.

II1le B omHOMY HayKOBOMY JAOCIIKEHHI PO3pOOJICHI €IEKTPOIH ISl XOJIOJHOTO 3BAPIOBAHHS YaBYHY
Ha npoti CB-08A 3 OKMCHMM TOKPHUTTSIM. BCTaHOBJICHO, IO JONUILHO 3BapIOBaTH YaBYHHI AeTali 3i
3MEHIICHHSIM CHIH cTpyMy. Lle mpu3Be/e 10 3MeHIICHHs HaByTJICIIOBaHH: MeTairy 3BapHoro msa [10].

[IpoBenenuii aHani3 JiTEpaTypHUX JKEpeN IOKa3ye, HIO 3BApPIOBAHHA YaBYHY 3aMIIA€THCS
CKJIaTHIM TEXHOJIOTYHUM IPOIECOM Yepe3 HOro KPUXKIiCTh, CXUIIBHICTD JI0 YTBOPEHHS TPIIIMH Ta TMOSBY
TBEPAUX CTPYKTYp Y 30HI TEpPMIYHOTrO BIUIMBY. Pa3omM 3 TWM cyuyacHi AOCHiKEHHS CBiI4aTh, IO
3aCTOCYBaHHS CHEliaJbHUX eJNEKTPOMAiB, NPUCATHUX MaTepialliB Ta ONTUMAJIbHUX PEXUMIB MpHU
3BapIOBaHHI, JTO3BOJISIE 3MEHIIMTH HABYTJICIFOBAHHS METAlly IIBa Ta IMiJBUIIUTH SIKICTh BiJIHOBIICHHS
YaBYHHUX JECTaJICH.

Takum urHOM, BHOIp PaLliOHANBHOTO CIIOCOOY 3BapIOBAHHS € BaXJIMBUM (DakTOpoM 3abe3redeHHs
HaJIMHOCTI Ta JOBFOBIYHOCTI BIJPEMOHTOBAHUX aBTOMOOUILHUX JCTAJICH.

IocTranoBka 3aBaanb. MeTa poOOTH MHOJISATAE Y AOCHTIHKCHHI Ta BUOOPI PalliOHAIILHOTO CIIOCO0Y
3BapIOBaHHS YaBYHY MiJ 4Yac PEMOHTY Ta BiAHOBJICHHs [eTajeil aBTOMOOLTIB, a TaKOX y BH3HAYCHHI
ONTHMAIIBHUX TEXHOJOTIYHUX YMOB, IO 3a0€3MeUyI0Th BUCOKY SKiCTh 3BApHOTO 3’€IHAHHS, ITiBHIICHHS
MIIHOCTI Ta JIOBIOBIYHOCTI BiJIHOBJICHUX YaBYHHHUX JICTaJICH.

st mocsirHeHHst MeTH B poOOTI BUPINIYIOTHCS HACTYITHI 3aBJIaHHS: aHAi3 MPOOJIeM Ta IMePCIIeKTHB
3BapIOBaHHS YaBYHY IPU PEMOHTI Ta BiTHOBIEHHI JleTaliell aBTOMOOLIIB; MPUUHATTS TEXHIYHUX PIllleHb
BUOOPY JOLIIBHOTO CIOCO0Y 3BaplOBaHHS YaBYHY ITPU PEMOHTI Ta BiIHOBJICHHI JieTajiell aBTOMOOLTIB.

BuknanenHst ocHoBHOro Mmartepiany. EkcriepuMeHTanbHi TOCIiIKEHHS 3BapIOBaHHSI TPOBOTHITUCS
Ha JIeTalli, sKa BUTOTOBIIeHa i3 ciporo 4yaByHy CY 18-36 — BunyckHuii konexTop ABUryHa (puc. 1). I3 nerami
OyJ10 BUpi3aHO JIBi 3aTOTOBKH LTSI MOJATBIINX HAYKOBHX JTOCHIKEHB (pHC. 2).

J1nist mpoBeieHHsT 3BapIOBaHHs BAKOPUCTOBYBABCS 3BaproBaiibHuI anapat Juinpo-M MIG/MMA-210.
HamniBaBTOMaT npu3HayeHuit 1715t KOMOiHOBaHOI po6oTH B pexumax MIG/MAG (3 BUKOPHCTaHHSIM JPOTY)
ta MMA (pydHa ayroBa 3BapKa eJeKTPOIOM).

[ 3BaproBaHHA 3aroTOBOK i3 CIpOro 4YaByHY MiliOpaHO eJNEKTPOAd, SKi MaroTh pi3Hi
XapaKTEepPUCTUKH 3BAPIOBAaHHS, PI3HY BapTICTh Ta € IOCTYITHUMH JIJISl TOKYIKH (puc. 3).
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; < S T it i ; - 3 3 L
Puc. 1. BunyckHuii KOJ1eKTOp IBUTI'YHA Puc. 2. 3aroToBKM BHpi3aHi i3 BUIIyCKHOIO
aBTOMODIJIs KOJIEKTOpPA IBUTYHA aBTOMOOLIA

3

Puc. 3. 3aproBajibHi ejieKTpoaAH, SIKi BUKOPUCTOBYBa/INCA B ekciepumenTi: 1 — [[YU-4;
2-MHY-2;3-UTP 8

Enexrpon [{U-4 — crientianbHuil pepuTHUIA e1eKTpo U Py9IHOTO AYTOBOTO 3BAPIOBAHHS CIpOTO Ta
KOBKOT'O YaBYHY, SKHH IINPOKO 3aCTOCOBYETHCS ITiJ] YaC PEMOHTY KOPIYCHHX JeTanei, OJIOKiB ABUTYHIB,
CTaHMH Ta IHIIMX YaBYHHUX eJeMeHTiB. HaruraBneHuit meTan mae QepUTHO-TIEPIITHY CTPYKTYpY 1
TBepaicTh mpuonu3Ho 180-220 HB, mio 3a0e3mnedye 3a10BUIbHY MeXaHiuHy 00po0toBaHicTh. OCHOBHUMU
nepeBaraMu €JIeKTpPoa € HEBHUCOKA BapTICTh, JOCTYIHICTH 1 MOXKIIHUBICTH 3BaploBaHHS 0€3 3HAYHOTO
MOIMEPEHBOrO MiAIrPiBy, OJHAK IIOB Ma€ MEHIY IJIACTUYHICTh MOPIBHAHO 3 HIKEJIEBUMU €JIEKTPOIAMH.

Enextpox MHU-2 € MinHO-HIKEIEBUM €IEKTPOIOM, IPU3HAYEHIM JUIS 3BaPIOBAHHS Ta HAIUIABJICHHS
CIporo, KOBKOI'0 1 BHCOKOMIIIHOT'O YaBYHY, @ TAKOX JJIs 3’ €JHAHHS 4aBYHY 31 cTayuno. Harasienuii metai
MICTHTB 3HaYHY 4aCTKy HIKeJII0 1 MiJli, 10 3a0e3Meuye BUCOKY TUIACTHYHICTh LIBa, TBEPIICTb OJ13bK0 160—
190 HB Ta xoporry mexaHiuHy 00po0IItOBaHiCTh. EJeKTpoI MIMPOKO 3aCTOCOBYETRCS ITiJ] Yac XOJIOAHOTO
3BapIOBaHHS YaBYHY, OCKIJIbKM JO3BOJISIE BUKOHYBATH 3BapIOBaHHSA 0€3 IMOMEPEIHbOTO MiJIrpiBy abo 3
MiHIMaJIbHUM HarpiBaHHSIM.

Enexrpon UTP 8 — e nikenesuii enexrpon tuiy Ni-Fe, npuzHadueHuii 1j1si peMOHTY Ta HaIlJIaBJICHHS
YaBYHHUX J€TaJICH, 30KpeMa KOpITyCiB, OJIOKIB JBUTYHIB, CTAHHMH 1 KOPIyCiB HacociB. Hamasienuii Mmetai
XapaKTEePU3YETHCS BUCOKOIO MILIHICTIO, 10OpO0 00po0moBaHicTIO Ta TBepaicTio O6au3bko 170-190 HB, mo
3abe3neuye HaAiiHIiCTh 3BapHOTO 3’eqHaHHs. OCHOBHUMHM IE€peBaraMi €JeKTpoJa € BUCOKa SIKICTh LIBa,
3MEHIIEHUH PU3UK YTBOPECHHS TPIIIMH i MOXIJIMBICTh 3BapIOBAaHHS YaBYHY 0€3 3HAYHOTO MOMEPEIHHOTO
HigirpiBy.

IlopiBHSHHS €NeKTPOIiB AJsl 3BapIOBaHHS YaByHY HaBeAeHO y Tabimui 1.

Hactymaum etamom Oylio IpoBEeHHS 3BapIOBaHHS 3arOTOBOK, SIKi BUTOTOBJICHI 13 CIPOTO YaBYyHY,
PI3HUMH THITAMU eNeKTPOoiB (puc. 4). 3BapioBaHHs BUKOHYBaIH 0e3 momnepeIHboro miairpisy aeraii. [lin
yac BUKOHAHHS poOIT ZOTPUMYBAINCS PEKOMEHIOBAHUX PEKUMIB 3BapIOBaHHS, 30KpeMa BiIIOBIAHOI CHIIH
CTpyMy, KOPOTKOi MOBXHWHH JIyI'H Ta BHKOHAHHS KOPOTKMX 3BapHHMX IIBiB. TakoX BpaxoBYBaJH
TEXHOJIOTI4HI O0COONMBOCTI 3BaplOBaHHS 4YaBYHy, MMOB’s3aHi 3 HOr0 KPHUXKICTIO Ta CXWIBHICTIO IO
YTBOPEHHSI TPIIIMH, TOMY MK OKpEMUMH IPOX0JaMH 3a0e3euyBajiy IIOCTYIIOBE 0XO0JIOKeHHs AeTani. Lle
JTO3BOJIAJIO 3MEHIIIUTH BHYTPIIITHI HANPYKEHHS Y METai IIBa Ta MiJBUIINTH SIKICTh OTPUMAHUX 3BAPHUAX
3’€IHaHb.

[Ticns 3BaproBaHHS BUKOHYIOTH 3a4MCTKY 3BapHOTO IIBA, SIKa CIPSIMOBAaHA HAa BHJAJICHHS IUIAKY,
OpM30K MeTaly, OKaJlWHU Ta iHIIWX HEPIBHOCTEH, M0 YTBOpPWIIHCA i 4ac 3BaproBaHHA. Ll omeparis
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3a0e3rneuye Kpaimyy sKiCTh 3’€JIHAHHS, MOKpAIly€e 30BHINIHIA BUTJSA [IBA Ta MiJrOTOBIIOE JETANb JIO
MO 1aJIbII01 0OPOOKH.

Tabn. 1
IlopiBHAHHSA eJIEKTPOIIB 1JIsl 3BAPIOBAHHA YaBYHY
. Bapricts
Enextpon OcHoBa [TepeBaru Henomixu P ’
I'pH/IUT
114-4 Fe_C_Si JIEIEBUH, TIPOCTHH, IIOB KPUXKHUIA MIPU TUHAMIYHHX 20
JOCTYIIHUH HAaBaHTAXKEHHSX, TPILMHU
MHY-2 Ni—CU—Fe YHiBepcalbHHM, 100pe JIEII0 MEHIA MillHICTh IIBa, 40
BapuTh 0e3 miirpiBy HiX Y HIKEJIEBHX
UTP 8 Ni-Fe MIIHUH, IIIaCTHYHUN JIOPOTHIA 150

B

a 0 B
Puc. 4. 3pa3ku 3aroToBOK, siKi BUTOTOBJIEHI i3 ciporo 4yaByHy 3BapeHi pi3HUMU eJ1eKTPOAaMu:
a—-H14Y-4; 6 - MHY-2; 8- UTP 8

JIJis TIpOBEJICHHST EKCIIEPUMEHTAIBHUX JIOCIIDKEHh MEXaHIYHUX BIIACTUBOCTEH 3pa3KiB 13 ciporo
YaByHY, Ki 3BapIOBAJIMCS PI3HUMH €JIeKTPOAaMH, BUKOPHCTOBYBABCS BUITPOOyBanbHUHA cTeH ] THIry MP-
100 (puc. 5). [lanuii cTena mpu3HAYCHUI JJIs1 BU3HAYCHHS XapaKTEPUCTUK MIIJHOCTI MaTepialliB NUIIXOM
BUIPOOYBaHHS 3pa3KiB Ha PO3TAT i CTUCK. [IpHHIMIT pOOOTH YCTAaHOBKH MOJIATAE Yy PUKIIAIaHHI 0 3pa3Ka
MOCTYIIOBO 3pPOCTAI0UOr0 HABAaHTAXCHHS JI0 MOMEHTY Horo pyWHyBaHHs. [lin yac BHIIPOOYBaHHS
PEECTPYIOTBCSI 3HAUEHHS HPHKIAJCHOI CHIM, IO J03BOJISE BU3HAYMTU MEXY MIIIHOCTI 3BapHOrO IIBA.
OTtpuMaHi pe3yJbTaTH BUKOPUCTOBYIOTHCS JIUISl OLIHFOBAHHS MEXaHIYHUX BIIACTUBOCTEH OCIHIIKYBAaHHUX
3pa3KiB Ta aHaII3y SIKOCTI 3BAPHUX 3’ €HAHb.

3pa3Ky BCTAaHOBIIIOBAJIM y 3aXBaTaX MAIIMHM Ta HABAHTA)XKyBAJIM ITOCTYIOBO 31 301IBIICHHSIM CHIH
0O MOMEHTY iX pyHHYBaHHS, NpPH LOMY (IKCYyBaM MaKCUMaJbHE 3HAYCHHS HABAHTAXKCHHS (CHIH
pyHHYBaHHS TIpH po3puBi) (puc. 6).

Puc. 5. llpoBenenns Puc. 6. OauH i3 nocaiqHuX 3pa3KiB micJist
eKCIepUMEHTATBHUX A0CTiIKeHb MeXaHIYHUX BHIIPOOYBAHb HA PO3THT i3 XapaKTepoM
BJIACTHBOCTeIi 3pa3KiB i3 ciporo 4yaByHy Ha pylHHYBaHHS

crenai MP-100
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JIis migBUIIEHHS MOCTOBIPHOCTI PE3yNbTATIB KOXEH 3pa30K BHUIPOOOBYBAIW ITSATh pa3iB 3a
onHakoBUX yMOB. Ilicns mpoBeneHHs cepii BUIpoOyBaHb BU3HAYAIN CEPEAHE 3HAUCHHSI CHIIU PO3PHBY, SIKE
BUKOPUCTOBYBaIM Ui TOJANBLIOrO aHaji3y MIIHOCTI 3BapHUX 3’€AHaHb. Pe3ynpratn BHUIpoOyBaHb
HaBEIICHO y TadmiIi 2.

VYci 3pa3ku micis BUPOOYBaHb HA PO3TAT MAOTh THIIOBHI XapaKTep pyWHYBaHHsI, IO CBIIYUTH TIPO
OJIHAKOBHMH MEXaHi3M pO3pHBY MaTepially B 30HI 3BapHOro 3’e€qHaHHA (puc. 6). Xapakrtep pyHHYyBaHHS
MiATBEPIUKYE BiANOBIAHICTE OTPUMAHUX PE3YJIbTATiB yMOBaM BHUIPOOYBaHHS Ta 03BOJSiE 00’ €KTHBHO
OLIIHUTH MEXaHIYHI BIACTUBOCTI JOCIIIKEHUX 3’ €IHAHbD.

Tabn. 2
PesynbpraTn BUIIPOOYBaHb MEXaHIYMHUX BJIACTHBOCTEH 3pa3KiB i3 ciporo yaByHy
Enexrpomu Cepii BunpobyBanb, KH
1 2 3 4 5 CepeiHe 3HAYCHHS
114-4 5200 5250 5300 5150 5100 5200
MHUY-2 3900 4000 4100 3950 4050 4000
UTP 8 3400 3550 3600 3450 3500 3500

Po3paxyHOK MIITHOCTI 3BapHHX 3’ €IHAHb € HEOOXIMHUM €TaIloM JJIA OIlIHKH iXHBOI HaAIMHOCTI Ta
Mpane3gaTHOCTI MpU il 30BHILIHIX HaBaHTaXeHb. lIpoBeleHi pO3paxyHKH HO3BOJSIIOTH IEPEBIpUTH
BIJIMTOBITHICTH 3BapHOTO IITBA YMOBAM MIITHOCTI Ta BU3HAYUTH MOYKJIUBICTh HOTO BUKOPHUCTAHHS B PEATbHUX
yMOBax ekciuiyatarii. Ile Takoxk mae 3MOry MHOPIBHATH €(PEKTUBHICTH PI3HHMX EJIEKTPOIIB 1 00paTH
ONTUMAIFHUN BapiaHT /IS BiHOBJICHHS YaBYHHUX JCTAJICH.

Po3paxyHOK 3BapHUX CTUKOBHX 3’ €IHAHb IPH Iii M0310BKHBOI criti N, 110 MPOXOIUTH Yepe3 IEHTP
Baru 3’€IHAHHS, BUKOHYEThCS 3a popmysioro [11]:

N -
Yn <1
tmin * lw Rwy “Ye

ne N — no3noBxHs cuna, H;

¥y, — KOCQIIiEHT HAMIHHOCTI 32 HABAHTAKCHHSIM;
tmin — MiHIMaJIbHA TOBIIWHA ACTAJICH, MM;

l,, — MTOBXHMHA 3BapHOIO I11Ba, MM;

Ry, — po3paxyHkoBuii onip mMetany mBsa, MIla;
¥, — Koe(irieaT yMOBH poOOTH.

dakTr4He HANpy:KEeHHs y 3BapHOMY 1Bi [11]:

N
g = K’ MlIla

nie A — TIona po3paxyHKOBOTO TIEPEPi3y 3BAPHOTO IIBa, MMZ,

[lix gac ekcrepuMEHTANIBHUX BUIPOOYBaHb BCTAHOBJICHO, IO 3BapHI 3’ €IHAHHS, BUKOHAHI
enektporom 1[U-4, BuTpuMyBanu mpuUKIaneHe HABaHTKEHHS, MPH IbOMY pYHHYBaHHS YacCTKOBO
BiZOyBasocs 0 OCHOBHOMY METaly, a He 1o mBy. Lle cBiAYUTH PO BUCOKY MILHICTH 3BAPHOTO LIBa, ajie
pa3oM 3 THM BKa3ye Ha HOro HEIOCTATHIO IUTACTHYHICTE. Y BHIAAKY 3aCTOCYBaHHS enekTpoaie MHY-2 ta
UTP-8 pyiinyBaHHS BimOyBajgocs O€3MOCEpPeIHbO [0 3BapHOMY IIBY, IO CBIAYUTH IPO OLIbIIY
IUIACTUYHICTh HAIUIABICHOTO MeTaly. Taka moBediHKa 3’€IHAHHA € OUIbII CIPHUATIMBOIO HpPU POOOTI
JIeTajei B yMOBaxX 3MiHHHUX Ta JHHAMIYHUX HaBaHTAXKCHb.

CrukoBe 3BapHe 3’€THaHHS, BUKOHaHe enekTpoaoM L[U-4, npu naBanTaxkeHHi 5200 H 3amoBonbHsIE
YMOBY MIIJHOCTi, OCKIJIbKH PO3paxyHKOBHI MOKa3HUK cTaHOBUTH 0,00608 (1110 € MeHImM 3a 1), a pakThuHe
HanpyXeHHs y mBi gopiBHioe 7,90 Mlla, mo € 3HauHO HIX4YUM 32 fomyctume. s enekrpoga MHY-2 npu
HaBantaxeHHi 4000 H orpumano 3nauenns 0,0415, npu npoMy HaIrpyKeHHs y 3BapHOMY IIIBI CTAHOBHUTH
8,71 Mlla, mo Takox MiATBepIKye 3a0e3MedeHHs] HeoOXimHoi MILHOCTI. Y BHMNAAKy 3aCTOCYBaHHS
enexktpona UTP-8 npu naBantaxxkenHi 3500 H po3paxynkosuii moka3zHuk ctanoButs 0,0291, a HanpyxeHHs
— 6,69 MIla, 1110 CBiIYUTH PO BUCOKHIA 3a11ac MIITHOCTI 3’ € THAHHS.

BucnoBku. [IpoananizoBaHo mpoOieMu Ta MEPCIEKTHBH 3BApIOBAHHS Ta BiJHOBJICHHS JeTalei
aBTOMOO1IIIB, sIKI BUTOTOBJICHI i3 CIpOro 4aByHy.
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[IpoBeneHO eNEKTPOAYTOBE 3BAPIOBAHHS 3aTOTOBOK 13 CIpOTo YaBYHY Pi3HUMH THIIAMH CTICIIAIBHAX
eJIeKTpOIiB. BUKOHAHO €KCIEpUMEHTANbHI JOCHIHKCHHS MEXaHIYHUX BJIACTUBOCTEH 3pa3KiB i3 ciporo
4yaByHYy Ha ctenai MP-100.

Po3paxoBaHo Ha MIIHICTb 3BapHi 3’€1HaHH:A. EXcIiepUMeHTaNbHIMH JOCIIIKEHHSIMH BCTAHOBJICHO,
110 BCi 3BapHi 3’€HaHHA, BUKOHaHI enekTpoaamu [[U-4, MHY-2 ta UTP-8, BiamnoBigar0Th yMOBI MIIIHOCTI.
Enextpon 11U-4 mouineHO 3acTOCOBYBAaTH AJsl AeTaiell 0e3 TUHAMIYHMX HAaBaHTaKEHb depe3 3HMKEHY
IIacTHYHIcTh 3BapHoro msa, MHY-2 e yniBepcanbuuMm, a UTP-8 3a0e3neuye Hail0inbm ruiacTUYHUAHN 1
SIKICHHH 110B, aJIe € IOPOKIHM.
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C'B_ Mle .IIi'-I 0009-0003-3287-217X
o . 7 o . o .
Jlyubkuil HayioHanbHUL MexXHIYHUL YHIgepcumem

CUMYJISIIAHAN AHAJI3 B3AEMO/III )KOPCTKHX BKJIIOYEHD Y
HNJTACTUHYACTUX EJIEMEHTAX 3A TUHAMIYHOI'O HABAHTA’KEHHA

Y pooomi npeocmaeneno cumynayinnuii ananiz ma 4uciosy peanizayito MemooOuxKu O00Cai0HCeHHA OUHAMIYHOT
63A€MOOIT HCOPCMKUX GKTIOYEHD ) HECKIHUEHHUX naacmunyacmux eremenmax. Po3ze’azanns 3zaoaui 6azyemuca na cymicnomy
GUKOPUCMAHHI MEMOOY ZPAHUYHUX IHMeZPANbHUX PDIGHAHb Ma anapamy meopii pyHKuiil KOMnAeKCHOT 3MIHHOT, W0 0036013€
ehekmueno mooenrogamu 36aphi 3’€OHAHHA AK HcOPCMKI HeoOHopionocmi. Hucnosa peanizayin 3anponono6anozo nioxooy
30ilicHIosanaca i3 3acmocy8anHAM Memoody MeXaniuHux Keaopamyp ma KonoKayii Ona po3e'a3anna cucmem CUHZYIAPHUX
inmezpanvHuux pienans. Ilpoeedeno 00cniorncenna 6naUGy 2e0MemMpuUYHUX NAPaAMEempis Ha PO3N0Oin padianbHUX ma Kinbyeeux
Hanpyscenb 8 0KoIi cucmemu 3 060X ékntoueHb. Bukonano nopisnansnuil ananiz OunHamiuHo20 HANPYIHCEHO20 CMAHY O
6UNAOKIE 00HAKO60T ma pPi3HOI 006JCUHU GKIIOUEHb NPU 6apiayii Yyacmomu 306HIUIHBO20 HAGAHmMad ceHHA. Bemanoeneno
ehekmu 63a€MHO20 €KPAHYGAHHA MA NIOCUICHHA JIOKAIbHUX NONI6 HANPYIHCEHb 3AIEHCHO 60 MONONO2II pO3MAuy8anHs
enemenmis. IIpodemoncmposano ynieepcanbHicmo po3poodnenozo nioxooy 01a OUiHKU MIYHOCHI MOHKOCMIHHUX KOHCIMPYKUIi
3i CKIAOHUMU CUCIEMAMU 6KTTIOYEHDb.

Kniouogi cnosa: xonyenmpayis Hanpysicens, RAACMUHYACHI eleMeHM, JHCOPCMKI GKTIOUEHHS, OUHAMIYHE HABAHMANCEHHS.

S.B. Mikulich

SIMULATION ANALYSIS OF RIGID INCLUSIONS INTERACTION IN PLATE
ELEMENTS UNDER DYNAMIC LOADS

The paper presents a simulation analysis and numerical implementation of a methodology for investigating the dynamic
interaction of rigid inclusions in infinite plate elements. The problem is solved based on the combined application of the
boundary integral equation method and the theory of functions of a complex variable, which allows for effective modeling of
welded joints as rigid heterogeneities. The numerical implementation of the proposed approach was carried out using the method
of mechanical quadratures and collocation to solve systems of singular integral equations.

A study of the influence of geometric parameters on the distribution of radial and hoop stresses in the vicinity of a system
of two inclusions was performed. A comparative analysis of the dynamic stress state for cases of identical and different inclusion
lengths under varying frequencies of the external load was conducted. The effects of mutual shielding and reinforcement of
local stress fields depending on the topology of the elements' arrangement were established. The versatility of the developed
approach for assessing the strength of thin-walled structures with complex inclusion systems is demonstrated.

Keywords: tress concentration, plate elements, rigid inclusions, dynamic loads.

AHami3 akTyaJabHOCTI aociaigxeHHs. CyJacHWH pO3BHUTOK MAIIMHOOYMyBaHHSA Ta OyIiBHHIITBA
BHCYBAE€ JIeAalli BUII[I BUMOTH JIO0 HAJIHOCTI Ta JOBrOBIYHOCTI TOHKOCTIHHUX IJIACTUHYACTUX CIIEMCHTIB,
IO CKJIaJIAl0Th OCHOBY KPUTHUYHUX KOHCTPYKIiH. HaliOinbn Bpa3znuBUMH AUITHKAMH TaKHX CJICMCHTIB
TPagUIIIAHO € 30HM 3’ €IHAHHS ACTaJIel, 30KpeMa 3BapHi IIBH, SKi JTOKOPIHHO 3MIHIOIOTH OJHOPITHICTH
CHJIOBOTO TTOJISI KOHCTPYKITii. PeanpHi 3BapHi 3’ € THAHHS XapaKTEPU3YIOTHCS CKIAIHOIO MiIKPOCTPYKTYPOIO,
HaSBHICTIO 30H TEPMIYHOTO BIUIMBY Ta 3aJIMIIKOBUMH HANPYKCHHSMH, IO pOOUTH iX MpsAMe 4HceIbHEe
MO/ISJTIOBaHHSI HA/I3BHYAHHO PECYpCOMICTKHMM. Y 3B'I3KY 3 IMM BHHUKAE NOTpeda y po3poOili aHaTI THIHO-
YHCIIOBUX PO3PaXyHKOBUX MOJIEIIEH, 3JaTHUX MPOTHO3YBATH MMOBEIIHKY KOHCTPYKIIIT BiJ] /Iii PI3HUX THITIB
HaBaHTaXXEHHs, OCOOJIMBO, TUHAMIYHUX Ta IMITYJIbCHHUX BILTUBIB.

EdexTuBHUM minxoaoM 10 BUpilIeHHS L€l 3a1a4i € nepexil BijJ AeTaJbHOTo OMUCY TeOMeTpii IBa
710 HOTO TIPE/ICTABICHHS Y BUTJISII JKOPCTKOTO BKITFOUEHHSI Y IPYKHIN MaTPHUI TUIACTHHYACTOTO EIIEMEHTY.
Takuii miaxix A0 MOJENIOBaHHA MOXKHA BHKOPUCTOBYBATH, OCKUTBKH MOIYJb TPYKHOCTI Ta Mexa
TEKY4YOCTI MaTepiany IIBa Ta MPHWIETINX 30H CYTTEBO MEPEBUINYIOTh aHAJIOTIYHI IMOKA3HUKH OCHOBHOTO
MeTaly, CTBOPIOIOYH edeKT JoKambHOTro "apMyBaHHsS". JKopcTke BKIIOYEHHS i€abHO BiJITBOPIOE
KiHEeMaTH4YHEe OOMEKeHHs nedopMalliii, sSke BHHHMKAE B pPealbHOMY 3BapHOMY BY3Ji, JTO3BOJISIOUH
30CEpeIUTH yBary Ha TOJIOBHOMY YMHHUKY PYHHYBaHHS — KOHIICHTpAIlil Hapy>KeHb Ha MEXi PO3IOILTY
CepeIOBHIL.

Oco0IMBO BaXKJIMBHM € JIOCHIDKEHHS B3a€MO/Iii KIIBKOX TaKUX BKJIIOUEHBb, OCKUIBKH B PEalbHUX
00’€KTax 3BapHi IIBU YacTO PO3TAIIOBaHi OJIM3BKO OIMH JIO OJHOTO, YTBOPIOIOYH CKJIAJHI TOTOJOTIYHI
cucremu. CUMyNSIMIMHAN aHaTi3 B3aEMOIl IUX EIIEMEHTIB Ja€ 3MOTy BUSBUTH €()EKTH B3a€MHOTO
MiCUICHHS HANPY>KeHb, SIKI HEMOKIIMBO 3a(DiKCyBaTH MPH PO3MIISL MOOANHOKHX JE(PEKTIB YH BKIFOUEHb.
BuxopucranHs KOHIEMIIT )KOPCTKUX BKJIFOYEHB J03BOIISAE YHI()IKYyBaTH PO3PAaXyHKOBI CXEMH ISl Pi3HUX
THUIIIB 3BapIOBAHHSA, BiJl TOYKOBOTO J0 MEPEPUBYACTOTO IIBA, 3BOAYH IX JO0 YITKO BU3HAYCHHUX TPAaHUTHUAX
3a]a4 MEXaHiKH.

TakuM YMHOM, aKTyaJbHICTh IOCIIPKCHHS 3yMOBJIEHAa HEOOXITHICTIO CTBOPCHHS IIBUIKUX Ta
TOYHUX alTOPUTMIB OIIIHKM MIIIHOCTI IIACTHHYACTUX CHCTEM 13 HEOJHOpimHOCTAMH. PesymbraTi
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CUMYJIAIIIHOTO MOJICIIOBAHHS MOYKHA BUKOPHUCTOBYBATH IS TECOPETUIHOTO OOTPYHTYBaHHS ONTHUMIi3aril
pO3TallyBaHHS 3BapHUX BY3/iB 3 METOI0 MiHIMi3alii PHU3UKIB KPUXKOTO pyHHyBaHHS. Po3ymiHHA
MEXaHI3MiB Mepepo3NoAlly 3yCHJIb MK KOPCTKUMH BKJIIOYEHHSMH JO03BOJIMTH 3HAYHO MiJBHILUTH
eKCIUTyaTariitHy 0e3neKy TeXHIYHUX 00’ €KTIB y aBialliiHii Ta CyTHOOYIIBHIN raTy3sx.

AHai3 ocTaHHIX gocaixxeHs i myOaikaniid. OTBOpH, BKIIFOUECHHS YW TIJACWICHHS CIIPUIHHSIOTH
3HAYHY KOHLEHTPALII0 HAIPYXEeHb Yy BCIX IHKEHEPHUX KOHCTPYKUISIX, 10 POOUTH OLIHKY iX BETUYMHH
KPUTHUYHO Ba)KJIMBOKO IS BUBHAYCHHS HAJIHHOCTI Ta TEPMiHIB eKcILTyaTallii eixeMeHTiB. KoHIeHTpaiis
HaNpYyXXEeHb TAKOXK HasBHA Y MaTepianax 3i CTPYKTYPHUMH HEOJIHOPITHOCTSAMH, TAKHMH SIK TTOPOKHUHH,
JIOMIIIKH Ta T€OMETPUYHI BKIIOUEHHS, 0COOIMBO 3a Iii AMHAMIYHOTO YHM BiOpaLifHOrO HaBaHTaKEHHS.
JluHaMiuHi BIUIMBU CTBOPIOIOTH Y TAKUX 30HAX IPAJi€HT HANPYKEHB, 10 CTa€ MPUIMHOIO MPOTPECUBHOTO
HAKOMWYEHHS MOIIKO/HKEeHb. Po3no/iin HanpykeHo-1e(OpMOBaHOIO CTaHy B OKOJI IUX KOHIIEHTPATOPiB
3HAYHOI0 MIpOI0 BH3HAYAETHCSA (POPMOIO, MEXaHIYHHMH Ta TEOMETPUYHUMH XapaKTepPHCTHKAMH
BKIIFOUEHHS. [ pyHTOBHUI aHaJi3 TAKUX Tl € OCHOBOK IS PO3POOKH METO/IIB 3HUKEHHS IHTEHCHMBHOCTI
HaTpy>XeHb NIISIXOM e)eKTUBHOTO MiI00OPY BIACTHBOCTEH €JIEMEHTIB Ta iX pO3TallyBaHHSI.

[IpoGiieMa KOHIIEHTpaLii HANpPy)XeHb IOONHM3Y BKJIIOYCHb 3aJIUIIAETHCS BHCOKOAKTYaJIbHOI B
cydacHiit mexanini [1-12]. IcTopuuHo m7s 3a7a4 Mpo KPYroBi BKIFOYEHHS B HECKIHYEHHUX TUIACTHHAX 32
CTaTHYHOTO 200 KBa3iCTATHYHOTO HABAHTAXXEHHSI iICHYIOTh KIIACHYHI aHAJTITHYHI PO3B'SI3KH Y GopMi PSIiB,
npenacranieHi y pooorax O. M. I'y3s, B. JI. Kyoenka ta I'. M. Cagina [13, 14]. OgHak 1S BKIIIOYEHb 31
CKJIQJIHOI0 TEOMETpi€l0 (ETINTHYHOI, MPSAMOKYTHOI Ta iHIMX (OpPM) BHKOPHUCTOBYIOTHCS HaONMKEHi
METOAHM, 30KpeMa MEeToA OaraToKpaTHUX BinoOpaxeHs [14]. Takox A ZOCTIAKEHHS LBOTO KJIAcy 3a1ad
aKTHBHO 3aCTOCOBYIOTBHCSI HAIMIBYMCIIOBI MiIXOMIH, TaKi K MeToA rpaHnuHux eiementiB (MI'E) [15-17].
[epeBaroro MI'E € MOXIUBICTD 3alHCy CHHTYJISIPHUAX Ta PETYISIPHUX 1HTErpallbHUX PIBHSHB IS Pi3HUX
THUIIB TpaHUYHUX yMOB [15, 18, 19].

VY cy4yacHHX JIOCJIIDKCHHSX IIUPOKE 3aCTOCYBaHHS MAlOTh YMCIIOBI Ta aHAJII THYHO-YUCIIOBI METOIH.
3okpema, Metona ckinueHHuX enemeHTiB (MCE) BUKOPHCTOBYETbCS Ul aHANi3y HANpYKEHOTO CTaHy
IUIACTUH 13 (PYHKIIOHANBHO-TPAJIEHTOBAHUMH KIUTBIIEBUMH BKJIIOUEHHSMH [1] Ta migKpirieHuMu
BUIOBXXKEeHUMHU oTBopamu [2]. [Ipote, kmacuannit MCE wacTo geMOHCTpY€e BUCOKY TOUYHICTH IEPEBaKHO
JUIsl CTATUYHNX HaBaHTaXKEHb.

Kpim Toro, mapanensHO pO3BHBAOTHCS MaTEMaTHYHI MOl HA OCHOBI CHHTYJISIPHUX 1HTETpaTbHUX
PIBHSIHB [UTSI TUIACTHH 13 JiHiMHENME [3, 20] Ta KpUBOMIHIHHUME BKIIOYEHHAMU 1 TpimuHamu [4, 21]. Taki
MiAX0AM MO3BOJIOTH aHamizyBatu 2D-3D mepexomam y ¢opmi KpyroBux eneMeHTiB [5] Ta OyayBaru
MoauikoBani po3B’s3ku Kipina fist sopcTkux abo M'skux BKItoueHb [6, 7]. [lepeBaroro 3acTocyBaHHS
MOIH(DiKOBAHOTO METONy TPaHWYHHX €JEMEHTIB IS IOCIIPKeHHS JaHOTO KIAacy 3aJad € MOJXIJIHBICTH
BHBUYEHHS HaIpPY>KEHO-Ie(OPMOBAHOTO CTaHy CHCTEM i3 0araromapoBHMH BKIIOYEHHSMH TOBIIBHOL
dopmu [8, 11]. Leit minxin 3a0e3neuye TOUHEe BU3HAYCHHS BCIX KOMIIOHEHT HANpPYKeHb HA MEXI PO3MOALTY
BKJIIOUCHHS — MaTpurd. EQextuBHicTs MI'E Ta rpaHMYHUX iHTETpaNbHUX PIBHSHD TAaKOX MIATBEPIKEHA
IPH JOCITI/DKSHH] JMHAMIYHOTO HAMPYKEHOT0 CTaHy IUIACTHHYACTHX €IEMEHTIB i3 po3pizamu [9].

Hns 3agau qudpaxiii XBUilb y cepeoBHUINAX 13 BKIIOUEHHSIMHU 338 HECTAalliOHAPHUX HAaBaHTa)KEHb
BUKOPUCTAHHS METOAY IPaHUYHHX €JIEMEHTIB J03BOJISIE MOOYAYBaTH 1HTETPaIbHi PiBHIHHA Y 3aMKHEHIN
dhopwmi, 30kpema, 11 Apyroi ocHoBHOI 3amadi [10]. Bukopuctanas GpyHmaMeHTaTbHIX (YHKINH BILTHBY,
3allUCaHuX y aHATITU4HIA QOopMi, TO3BOJISLE 3BOJUTH TaKi 33/1a4i 4O CUCTEM CHHTYJISIPHHUX iHTETPalbHUX
PIBHSHB, 10 € KIIIOYOBUM 11 CUMYJISILIITHOTO aHalli3y B3a€MOJI1 JKOPCTKUX BKITIOUYEHB.

IlocTaHoBKka 3aBaaHHs. AHaN3 iCHYIOUHMX MyOJIKaIlid CBITIUTH, IO TOMPH 3HAYHI YCITIXH B
pO3po0ITi YUCITOBUX METOMIB JUIS aHAJi3y HaIpyXKeHO-Ae(OPMOBAHOTO CTaHy CJIIEMEHTIB 3 OMMHHUYHUMU
BKITIOYEHHSIMH, NMUTAHHS JUHAMIYHOI B3a€MOJIi CHCTEM >XOPCTKHX HEOJHOPIAHOCTEH y TOHKOCTIHHHX
eIeMEHTaX 3aJUIIAEThCS PO3B’SA3aHUM JIAIIE YaCTKOBO. BUTBIIICTh KIACHYHUX MOJEIEH OOMEXYIOThCS
CTaTUYHUM HABAaHTAKCHHSIM a00 KaHOHIYHMMH (opMaMH BKIIIOYEHbB, IO HE JO3BOJIIE MOBHOIO MIpPOIO
BpaxyBaTH creln(iky peaqbHUX 3BapHUX BY3JIB SIK CKJIAJIHUX TOMOJIOTIYHUX CUCTEM.

Tomy meroro naHoi poOOTH € po3poOKa anropuTMy CUMYJISILIHHOTO aHami3y, sIKuil 6a3yeTbcsl Ha
KOHIICTIIIT MPEJICTABIICHHsI 3BapPHUX IIBIB K YXOPCTKUX BKIIOYEHb Y MeEXaX TPaHUYHO-CIEMEHTHOTO
nigxony. Lle mo3Bonse He numie yHi(iKyBaTh pPO3paxyHKOBI CXEMH AJsl PI3HUX THUIIB 3’€IHaHb, a U
JETaJIbHO JOCHIIUTH €()EeKTH B3a€EMHOTO ITiJICUIICHHS HANPYy>KeHb NIpH 1X ONM3bKOMY po3TallyBaHHi. Takuit
miaxig 3abe3nedye BUCOKY OOYHMCIIOBAIRHY €(EKTHBHICT TPU aHaji3li HeCcTalioHapHHUX IIPOILIECIB,
CTBOPIOIOYM TEOPETUYHE MiAIPYHTS JUIS ONTUMI3allii 3BapHMX KOHCTPYKIIA 3 METOI 3armoOiraHHs ix
KPUXKOMY pyHHYBaHHIO.

BuknageHHss ocHOBHOro martepiaiy. Po3risHeMo MIacTHHYACTHH €IEMEHT, II0 MICTUTh CHCTEMY

© C.b. Mixyniu

134



ISSN: 2415-3966 Miowceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyovk, 2026, Ne85

JKOPCTKHUX TOBIIFHO PO3MIIMIEHUX BKIIOYEHB (puc. 1), M0 € MOACSISIMH 3BapHUX IIBiB. Po3rismaeTncs
BUITAJI0K, KOJIM Ha TPaHMII TUIACTUHYACTOTO €IEMEHTY Ta BKIIIOYEHHS BIICYTHI iepeMilieHHs (puc. 1).

r 3
X3

/ B A
O T
[ 0, L2

Puc. 1. Moaean 3agavi

[lo3naunmo uepe3 L1 rpaHuIio KOHTYpY OIHOTO 3 BKIIIOYEHB, a uepe3 Lo - rpaHuiio KOHTYpY 1HIIOTO
BirodeHHS. O0acTh, Ky 3aiiMae IIacTUHKA, o3Ha4YeHo depe3 D. BigHecemo 1muracTHHYACTHI elIeMEHT
0 JeKapToBoi cucTteMu KoopauHat OXixoxs, AKY PO3MICTHMO y cepenuHi Biapizka (010, 10 3’ €IHYE
LEHTPH Baru BKIOYeHb (puc. 1). I'paHuuHi yMOBH 3amadi Ui BHIIQAKY BiJICYTHOCTI HEpEMILCHb Y
BKITIOYEHHSX BiAMOBiaHO 10 [13] 3amucyroThCst y BUTIISIL:

wly; = D=0, i j=12. (1)
Tyr u; P, u,U) — BignoinHO NepeMileHHs TOUYOK HA 'PAHHIII [IACTHHKA-BKIIIOUCHHS B HAIPAMKY
oceit Oxy1a Oxz,

Bukopucraemo 3anporonoBanuii 'y [9] minxim, amantyBaBIIM HOTro Uil BUMAAKY TOCIIKECHHS

ABO3B’s13HUX obnacteil. [Tosnaunmo wepes L — cymapuuii rpaHnyHuii KoHTyp: L = U; Lj IaTerpanpue

MIPEACTaBJIEHHS ITEPEMIIIEHB IPYTroi OCHOBHOI 3a1a4i 3amuiemMo y B [14]:

u;(xq, %) = — fL uj(xf;xg) ) Pj*i(xl; X2; xfi xg)ds, 2
ne Pi; — bynnamentansui Gynkuii [9]. s posryisHyTOro JBOBUMIDHOTO BHNIAJKY 3HAYECHHS
inmexciB Bubupammes K, j =1, 2.

BukoprcToByroun po3pobineruii y [9] amroputM, modyayeMo s po3B’sS3aHHS 3afadi CHCTEMY
iHTerpaNbHUX PiBHSHG. {J15 IbOTO 3310BOJABHUMO rpaHIYHi YMOBH (1) Ha KOKHOMY 3 TPaHUYHUX KOHTYPIB,
BUKOPUCTOBYIOUM 1HTErpajbHI MPEACTaBICHHA s mnepemimeHsb (2). JloCHiaMBIIN HEPETyISIPHICTH
HiiHTErpaTbHUX (QYHKIIIH Ta BCTAHOBHBILY iX 0COOIMBOCTI MUITXOM BUIUICHHSI HEPETYIIIPHUX CKIIaJOBUX
ta BuKopuctaBmu ¢opmynu I[lnemens-Coxoupkoro [13, 14] mpu rpaHMYHOMY NEpEXOAl 3arMUIIEMO
CHCTEMY iHTerpajlbHUX PiBHSIHD 3a7a4i y MaTpUUIHIA GopMi:

C'U+fLF-Uds=P, 3)

(. . D _ [, _ .
ne C = {CU} MaTpuLd II03aiHTErpalbHuX Koedinientis, U = ju; MaTpUIlsl HEBITOMHUX
mepeMimens, P = {Pl-j} — MAaTpullsl BIUIMBY 3aJaHOTO HaBaHTaXeHHs, F = {fij}— MaTpHIIs

¢dbyHIaMeHTanbHUX (YHKIIH.

Jiiss po3B’si3aHHS CHCTEMH IHTETpajbHUX PIBHSIHD (3) BHKOPHCTAHO YHUCIOBUHAITOPUTM, IO
TPYHTYETBCS HAa METOZI MEXaHIYHMX KBaapaTyp Ta Kosokamii. [Ipn mapamerpuzariisi TpaHHUIll KOHTYpPY
BKJIFOUCHB Lj BUKopucToByBanocsi koHpopMHe BinoOpaxkenHs [14]:

t=g(0) =a(e™® +ae? + a,e’? +aze’ +..), 0< 6 < 2m,

Je cTaimi aq,d,, ... BA3HAYAKOTH CIIIBBIHONIEHHS M)XK CTOPOHAMHU MPSIMOKYTHOTO BKITFOUCHHS, a
cTajia a BIUIMBAE HA OTO TOBXKUHY.

Jlns1 BU3HAYCHHS HANIPYKEHb HAa TPAHUII MATPHIIS - BKIFOUCHHS BUKOPUCTOBYBAJIUCS OTpUMaHi y [9]
3aJICKHOCTI Yy IHTerpajbHii Gopmi:

o = inkude,
L

npudoMy GyHkuii H;; € Bitomumu. Po3paxyHOK HAanpy>KeHb MPOBOAMBCS YUCIIOBO Y BiMOBIIHMX
TOYKaX TPaHUIIb BKIIIOUCHb.
UucnoBi po3paxyHKH MPOBEACHI I BUIAIKY JOCTIDKCHHS BIUIMBY «I1aJIal0vu0i» XBHJI CTHUCKY,
MOTEHINaIH K01 3amaroThes [13, 14]:
& = d)oeiw(r—wlxl)’ Y =,
JIe W - 4acToTa, Wy = Cﬂl Py = ﬁ, 0 MONIUPIOETHCS Y HAMPsAMKY oci 0x; Ha CUCTEMY KOPCTKHX
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BKJIIOUEHB. 2D Mozens 3a7a4i A1 BUNAAKY KOJIIHEAPHUX BKIIFOUEHb IPEJCTAaBICHO Ha puc. 2.

X3

Puc. 2. 2D moaeanr HaBaHTaKEeHH.

Yucnosi po3paxyHKH MPOBEACHO [T BUMAAKY, KOJIH BKIFOUCHHS MAlOTh OJHAKOBY (pHC. 3, 371iBa)
Ta pi3Hi (puc. 3, cmpaBa) HOBKUHHU. [Ipu po3paxyHKax BpPaxOBYBajOCs, IO BIJACTaHb MIXK IEHTpaMHU
BKJIFOUEHbB JIOPIBHIOE JOBKUHI OLJIBIIOTO 3 BKIKOYCHb.

35 T T T T T T T 5

i\ 7 ’ = 1\
3 N =
N Vg = |1 4 I 7 = | |
s \\// / =7 \ [ L=
e / . " f
N e o/ e /f /
' / Ay /’;f 'f/ el "/ ‘ ‘ ff »fn:l % /
1.5} ,Jf \ ; [_f - \\\ f/ ) \ ,’f { AN f ;_i . ;/"“\\_5 |
\V / ~ N/ A/
- lln’.’ ’u'?gg 1t \‘\_)I[" llr = <4
05 S ™~ e e —
— “-‘“‘x/"'/ @ \\\// W h\?l_'/f—c:
0 : : : . : : . 0 . . ' i : : : !
o 0.5 1 1.5 2 2.5 3 a5 4 0 0.5 1 16 2 25 3 35 4

Puc. 3. Hanpy:keHu#i cTaH IJIACTHHYACTUX eJIEMEHTIB 3 CHCTEMOI0 BKJIIOYEeHb.

[IpoBeneHi po3paxyHKH O3BOJIIM BCTAHOBHTH 3aKOHOMIPHOCTI pO3MOAUTY KOMITOHEHT
HaTpyXeHb 0, Ta Og B OKOJIi IBOX KOPCTKUX BKIIOUECHB 3AJICKHO BiJI YaCTOTH TUHAMIYHOTO HABAHTAKEHHS
o Ta reoMeTpudHOi KoH(pirypamii cuctemu. Ha mpencraBiaeHux Ha puc. 3 rpadikax CIIOCTEPIraeThCs
OCLIMTIOIOYHNH XapaKTep 3MiHHM Hallpy>KeHb, 10 MOSCHIOETHCS iHTEp(EpEHLIEI0 XBUIIb, BIAOUTHX Bil MEXi
PO3IITY «BKIFOUEHHI—MATPHIIS.

J1s BUNaaKy BKJIIOYEHB OJJHAKOBO1 JIOBXKUHU (pHUC. 3, 371iBa) MaKCHUMaJIbHI 3HAYEHHS paliallbHAX
HanpyXeHb 0, (IKCYIOThCS B 00JACTi HU3BKHUX YacTOT, MICNIs YOTO CIIOCTEPIraeThCsl iX MOCTYIMOBE
3aTyXaHHS 3 BUPQKCHUMH JIOKaJIbHUMH eKcTpemMyMamu. Hampy)keHHS Ha mepiioMy BKIIOYeHHI |, sike
TIEPIIIAM CTIpUHMae XBIIILOBUH (POHT, € NSO BUITAMH 33 aHAIOTIYHI ITOKa3HUKH HA APYTOMY BKITIOUCHHI
I1, 1110 CBiAYUTH PO YACTKOBHH €EKT «EKpaHyBaHH».

[Ipu gocnimxeHHi MOAENi 3 BKIIOUESHHAMH Pi3HOI JOBXKHUHU (pHC. 3, cipaBa) XapakTep B3aeMOAil
CYTT€BO 3MIHIOETHCSA. 3MEHIIEHHS PO3MIpy HEPIIOro BKJIIOYEHHS MPU3BOIUTH O 3POCTAHHS aMILTITYIH
HaIpy>XeHb 0, Ha OLIBIIOMY (IpyromMy) BKIIFOUEHHI, IO BKa3ye€ HA MEPEPO3NOIIT CHEPril JMHAMITHOTO
BIUIMBY B cucTeMi. I'padiku JEeMOHCTPYIOTh, IO AJS BHIAAKY CHCTEMH BKIIOYEHb DPI3HOI JOBXKHHU
EKCTPEMYMH HANPYKEHb CTalOTh OLIBLI TOCTPUMH, @ YACTOTHUH 1IHTEpBaJl Mi>K HUIMH CKOPOUY€ETBCSL.

Kinpnesi HanpyXeHHS dg B 000X BUNAAKaX MAlOTh 3HAYHO MEHINY aMILTITYXy TOPIBHSIHO 3
pamianbHUMH, TpPOTE IX PONb y 30HaX KOHLEHTpauii € BaKIMBOIO ISl OLIHKH PH3HKY 3CYBHOTO
pyinyBaHHs. [lopiBHANBHMI aHaNi3 MOKa3ye, IO MPH BiACTaHI MIX ILEHTPAaMH, SKa TOPIBHIOE TOBXKHHI
OUIBIIOrO BKJIIOUEHHS, B3a€MHMI BIUIUB €JIEMEHTIB 3aJIMIIAE€THCSA IHTCHCHBHUM, IIPOBOKYIOUH €(EeKT
i ICHJICHHS TIOJIS HAIIPYKEHb Y TPOMIKKY MK HUMHU.

Pesynpratn cumymnsamii miATBEpIDKYIOTH, IO 3MiHA TEOMETPHUYHHX MapaMeTpiB OIHOTO 3
BKJIIOUEHb PaJMKaIbHO 3MIHIOE€ YaCTOTHUH BIATYK yciel KOHCTpYKIIii. e m03Bosiste 3p00UTH BUCHOBOK, 1110
MpU TPOEKTYBaHHI 3BapHUX BY3JIiB HEOOXiJIHO BPaxoBYBaTH HE JIMIIE iX BJIACHY MIIHICTh, a U
PO3TalIyBaHHS 100 HAPAMKY OYiKyBaHOT'O JUHAMIYHOTO HaBaHTaXeHHs. OTpuMaHi JaHi MOXYTh OyTH
BUKOPUCTaHi JJsl BHU3HAYEHHS KPUTHYHHMX 4YacTOT, NPH SKHX KOHLEHTpalis HampyXeHb H0Csrae
HeOE3NeUHUX 3HAYCHb, 1110 € KITFOUOBUM JIJIs1 3a0€3MeUeHHS HAAIHOCTI TNIACTUHYACTHX €JIEMEHTIB y aBia-
Ta cyAHOOyTyBaHHI.

Crnix BiAMITUTH, 3ampONOHOBaHMU y LIl poOOTI MiAXiX XapaKTEepU3YeThCS ICTOTHO IIUPLIMMHU
MOJJIMBOCTSIMH PO3paxyHKiB. KpiM Toro, mei mijaxij € yHiBepCaIbHUM JUIsl JOCIIKEHHST HAaIPYKEHOT'O
CTaHy y BUMAJKY BKJIIOUYEHb 1HINIOT rankoi popMu Ta He oTpedye, Ha BiZIMiHY BiJl METOJY PSIIB, KOIHUX
monudikariii. [lepeBaru mporo miaxoay OyAyTh MPOIEMOHCTPOBaHI y Psi/ii HACTYITHUX JOCIIKCHb.
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BucHoBKH

3anpomnoHoBaHUK y POOOTI MiAXiJ Ha OCHOBI MOAM(IKOBAHOTO METOAY TPAaHHMYHUX EJICMCHTIB
JEMOHCTPY€E 3HAYHO INUPII OOYKCIIOBAaTbHI MOMUIMBOCTI TOPIBHSIHO 3 TPAAUIIHHUME TIiIXOJaMH.
['onmoBHOIO TIEpeBaror0 MaHOTO METOAY € WOTO YHIBEpCaIbHICTh, OCKUTBKHM BiH JO3BOJISAE JOCTIKYBaTH
HaInpy>KeHUH CTaH TUIACTHH 13 BKIIOYCHHIMH OyIb-KOi TJIagKoi reoMeTpii 6e3 HeoOXi1MHOCTI CKIIaIHOT
MaTeMaTHYHOI Moau(diKarii anropuTMy, o € 000B’I3KOBUM ISl METOY po3kKiany y psaau. [loTenmian Ta
e()eKTUBHICTh 3aCTOCYBAHHS I[i€] METOJIUKH JUIsl CKJIATHINIMX CUCTeM OyayTh JETalbHO BHCBITICHI Y
HAIlIMX HACTYITHUX HAYKOBHUX IPALISX.
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Jhyvkuti HayionanbHUll MexHiYHULl YHigepcumem

NIJIBAMIEHHA HAIIMHOCTI POBOTU30BAHUX BUPOBHUYNX CUCTEM HA
OCHOBI JIATHOCTHUKH BIJIMOB, IIPOI'HOCTUYHOI'O OBCJIYI'OBYBAHHS TA
INOTOYHOI'O MOHITOPHUHI'Y

Y cmammi y3azanvneno cywacni nioxoou 0o 3abdesneuenna HadiliHocmi podOMU306AHUX | AGMOMAMU30EAHUX
eupobnuuux cucmem. Pozenanymo memoou OiazHocmuku 8iOM08, RPOCHOCHMUYHO20 MEXHIYHO20 00C/IY208Y8aAHNA,
MOHIMOPUN2Y HA OCHOBI NPOMUCTI08020 IHMEPHEmY peyell ma pojlb A6MOMAMU306an0T RIOMPUMy8anbHoi ingpacmpykmypu.
3anpononoeano y3azanvheny CmMpyKmypy cucmemu 3ade3nedeHHs HAOIUHOCMI POOOMU306AHO20 KOMRAEKCY i NOOAHO
NpaKmuyHi peKomenoauii uj000 ii noemanno2o 6npoeadIceHHs Ha NIONPUEMCINEI,

Knrwuoei cnoea: mexuiunuii cepgic;, po6omu308ami upoOHUYI cucmemu; CUcmemu Kepysanusa, anaiimuyne MoOenio8aHHs:,;
MexampouHi cucmemu npugooie; asmomamuune o6pobHe 001AOHAHHSA, NPOEKMYBAHHS eNleMeHmie 00NAOHAHHA, MOHIMOPUHE
menaogQisuuHux npoyecis.

B.I. Prydalnyi, L.M. Samchuk, N.M. Huliieva, V.A. Sychuk

IMPROVING THE RELIABILITY OF ROBOTIC MANUFACTURING SYSTEMS BASED ON
FAULT DIAGNOSIS, PREDICTIVE MAINTENANCE, AND REAL-TIME
MONITORING

The paper considers current approaches to improving the reliability of robotic and automated manufacturing systems
based on fault diagnosis, predictive maintenance, real-time condition monitoring, and supporting automated infrastructure. The
relevance of the study is determined by the increasing structural and functional complexity of robotic complexes, in which local
defects of drives, reducers, bearings, sensors, or auxiliary subsystems may cause unplanned downtime and loss of process
stability. The paper generalizes diagnostic, prognostic, and monitoring approaches and proposes a generalized structure of a
reliability assurance system for a robotic complex that integrates physical subsystems, data acquisition, local diagnostic
processing, 11oT-based data exchange, technical state analytics, and service decision support.

Keywords: technical service; robotic production systems; control systems; analytical modeling; mechatronic drive systems;
automatic processing equipment, design of equipment elements, monitoring of thermophysical processes.

IHocTtanoBka npodjgemu. CydacHi poOOTH30BaHI BHPOOHHWYI CHCTEMH € 0araTOKOMIIOHCHTHUMU
TEXHIYHUMHU KOMIUIEKCAMH, Y SIKUX B3a€MOIIIOTh MEXaHIUHI, €JICKTPHUYHI, iHGOpMAIiifHI Ta KepyBaabHI
migcucteMu. 3a TakMX YMOB HaBiTh JIOKAJbHI BIAXWICHHA TEXHIYHOTO CTaHy NPHBOMAIB, PEAYKTOPIB,
MiAMUITHAKOBUX BY3JiB, CCHCOPHUX KaHaJiB a00 JONOMIKHUX MEXaHI3MiB MOXKYTb CHPHUYUHSTH BTPaTy
TOYHOCTI, 3HIKEHHS MTPOTYKTUBHOCTI Ta HE3aIUTAHOBAaHI MTPOCTOI.

TpaauuiiiHe peakTHBHE TEXHIYHE 00CIYrOBYBaHH: BXKE He 3a0e3medye MoTpiOHOro piBHS HaAiHHOCTI
POOOTH30BaHUX KOMIUIEKCIB. Y 3B’SI3Ky 3 MM Y CY4YacHOMY BHPOOHMLTBI 3pOCTa€ POJIb MiAXOIIB,
3aCHOBAaHMX Ha O€3MEepPEePBHOMY KOHTPOJI TEXHIYHOI'O CTaHy, AIarHOCTHUIN BIIMOB 1 HPOTHO3YBaHHI
nerpanaiii By3miB. Hait0inbn nepcrieKTMBHAM HANPSIMOM € TIPOTHOCTHYHE TEXHIYHE 00CITyTrOBYBaHHS, 32
SIKOTO PIILIEHHS 100 CEPBICHOr0 BTPYYaHHs IPUHMAIOThCS HA OCHOBI MOTOYHHX €KCIUTyaTalliiHUX TaHUX.

TeXxHIYHOIO OCHOBOIO TaKOI'0 MIiJAXOMY € TOEIHAHHSA 3aCO0IB JiarHOCTHUKU BiIMOB, MOTOYHOIO
MOHITOPHHTY NapamMeTpiB poOOTH Ta (P POBOTO MepelaBaHHs JaHUX Y MEKaX apXiTEKTYpH MPOMHCIOBOTO
iHTepHeTy pedeid. s poOOTH30BaHMX CHUCTEM HaOLIbII iHGOPMATUBHMMH € CHUTHAIIM, MOB’S3aHI 3i
CTaHOM IMPHUBOJIB, MEXaHIYHMX Iepedad, MiAIIHNIHUKIB, CHCTEM 3MAIlyBaHHS, a TaKOX YacoBl psaau
HABAHTAKEHHs, IBUIKOCTI Ta TONOKEHHS oceil. IX BUKOpHCTaHHS fa€ 3MOTy TIepeiiTH Bij (ikcarii pakTy
HECIIPABHOCTI 10 PAHHBOTO BHSBJICHHS O3HAK JIeTPajallii.

BoaHouac HafmiifHICTE pOOOTH30BAaHOTO KOMIUIEKCY BH3HAYA€ThCS HE JIMIIE CTAHOM OCHOBHOTO
BUKOHABYOI0 OOJaJHAHHS, a W POOOTOK JIOTIOMIXKHOI aBTOMATH30BaHOI i1H(PACTPYKTYpH, 30KpeMa
TPaHCIOPTHO-HAKOMTMYYBAJIbHUX 1 CKIAJCHKHX MigcucTeM. Tomy 3abesredeHHs] HaJilHOCTI JOLIIBHO
pO3IIIsIaTH K IHTETpOBaHy 3ajady, MO OXOIUIIOE JiarHOCTHKY BiJIMOB, MPOTHOCTUYHE TEXHIUHE
00CcITyroByBaHHS, MIOTOYHUN MOHITOPUHT Ta Y3TOJKEHY pOOOTY JONMOMIXKHUX ITiACHCTEM.

Jnst y3aragpbHEHHsI TmepeBar 1 OOMEXKEHb OCHOBHUX IIJIXOAIB JIO 3a0€3MeYeHHS HaIHHOCTI
POOOTH30BaHUX CUCTEM JOLIIHHO BUKOPHUCTATH NOPIBHIBHY XapaKTEPUCTUKY, HaBEeICHY B Ta0. 1.

Takuii cTaH B HOCIIHKEHHAX 1 3aCTOCYBaHHI CHCTEM JiarHOCTUKH BKa3ye Ha JAOIUTBHICTD PO3BUTKY
MOJANIBIIUX JOCIIIKEHD.
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Tabn. 1
IlopiBHsAIbHA XapaKTepPUCTHKA MiAXOAIB 10 3a0e3nevYeHHs HATIITHOCTI po0OTH30BaHNX
CHCTEM
. . . . oyinbHICMb
I'pyna nioxoodis OcHnogni oami Ilepesazu Obmedncenns Hoy
BUKOPUCTAHHS
Kimacuuni .
. . . ... |oOMeXeHa THYYKICTb, . .
JIarHOCTHYHI CTpyMH, BiOpallii, |mpocrora peanizamii, . .’ | ©a30BHU piBEHD
. . . YYTJIMBICTB JIO IIIYMiB,| .
MeTOH (TIOPOTOBI, Temreparypa, THTEePIPETOBAHICTS, CRIAIHICTS JIarHOCTHKH Ta
rule-based, signal CHT'HAIU MPHUJIATHICT JUIS . IIOTOYHOT'O
; . . BUSIBJIICHHS PAHHBOT
processing, model- KOHTPOJIEPiB JIOKaJBHOTO PiBHS erpazaii KOHTPOJIIO
based FDI) P
. BUSIBIICHHSI CKJIQJIHUX | MOTpeda Y BETUKUX
Data-driven metou . A CIIal peoa y
(ML, DL, CNN 4acoBi pAIH, HEJTHITHIX BHOIpKaX, MPOTHO3YBaHHS
RNl\i ' LSTM' OaraToceHCOpHi 3aJIeKHOCTEH, o0umcIoBaIbHA Jerpanarii Ta
aHi, ICTOPis BIIMOB|  MPOTHO3YBaHHS CKJIaIHICTh, HMXKYA aHoMalri
autoencoder) Aatl, U BIA porHosy A >
BiJIMOB MOSICHIOBAHICTh
. . Oe3nepepBHMIA 30ip, | BUMOTH J0 SKOCTI .
[loT-MOHITOPHHT | CHTHaJIU CEHCOPIB, HAKOIIOHHS iCToDii ARHX TEXHIYHA OCHOBA
Ta oUQpoBi PLC/CNC, . H13 1CTOptL, N QpoBOTO
. . . iHTerpaIlis piBHIiB CUHXPOHI3allii,
apxiTeKTypH MEpEeXeBi JaHi . CYNPOBOY
KepyBaHHS kiOepOe3nekn
. napameTpu crabimizaris .
[linTpumyBambHa . . T JIBUIICHHS
TPaHCIOPTHO- MaTepiaabHOTO HeTpsIMHI BIUTUB Ha N
aBTOMAaTH30BaHA . . 3arajibHOl
. HAKOMUYYBAIbHUX 1 | TOTOKY, 3MEHIIICHHS JIIarHOCTHKY . :
IH(pacTPyKTypa CKJIQJICBKHIX HEMPOAYKTUBHUX OCHOBHUX BY3IIiB CTIKOCTI
(AS/RS Ta in.) . POAYKTH Y KOMIUIEKCY
iIcUCTeM MPOCTOTB
HaNOUIBIIT TTOBHE o
HaNHOTBIIT
N . .. 3a0e3rmeucHHs . . .
IaTerpoBanmii yci mepeniyeHi . T BUIIIA CKIAJHICTh | JOIUIBHUN JIIsS
miaxin Ipynu JaHUX HAIIHOCTL, 3B A30K BIIPOBAJ[)KCHHS Cy4acHOTO
py JIIarHOCTHKH 1 p &y
. . TiANPUEMCTBA
CEPBICHHX PIIICHb

V mparsax [1-3] po3mistHyTO Cy9acHi ImiaX0mu 10 HiarHOCTHKH BiIMOB, IPOTHOCTHYHOTO TEXHITHOTO
obcmyroByBanHs Ta [loT-peanizamii 1151 MpoOMHUCIOBUX poOOTIB, OTHAK OCHOBHHIA aKIICHT 3p00JIeHo a0o Ha
OTJISIZIOBOMY y3arajJbHEHHI METOIIB, a00 Ha OKpEeMHX TEXHIUYHHMX peamizamisx. Y mkepenax [5-10]
BHCBITJICHO 3arayibHi 3acagu predictive maintenance, OLIHIOBaHHS TEXHIYHOTO CTaHY Ta 3aJMIITKOBOTO
pecypcy, Tpote 6e3 JOCTaTHROI CIIelianizallii Ha poO0TH30BaHNX BUPOOHNYMX crcTeMax. Po6oru [11-17]
MPUCBSYCHI apXiTeKTypaM 300py JaHHUX, OKPEMHUM IPOTHO3HUM MOJEIISIM Ta IIarHOCTHUI OKPEMHX BY3IiB,
aJie BOHH MEPEBAKHO 30CEPEIKEHI Ha YACTKOBHX aCMEKTax MPOOJIEMH.

Oxpemy rpymny CTaHOBJIATH ipkepena [4, 18-21], y SKMX BHCBITJICHO pOJIb aBTOMATH30BaHOI
HMiATPUMYBAIIBHOT iIHPPACTPYKTYPH, KOHCTPYKTHBHO-TEXHOJIOTIYHI OCOOJIMBOCTI OCHAIIEHHS, MIPUBOJIIB i
MexaHi3MiB ManimymoBaHHs. Lli mpaii € KOpMCHMMH Al OOIPYHTYBAaHHS CHCTEMHOI Ta MEXaHiKo-
KOHCTPYKTOPCBKOI MPHUPOJH pOOOTH30BAHOTO KOMIUIEKCY, ajie He OXOIUTIOIOTH MTOBHOIO MIipOIO CyYacHi
3acobu ¢ poBoi giarHocTuky, [[oT-MOHITOPHHTY Ta IPOTHOCTHYHOTO TEXHIYHOTO CYIIPOBO/TY.

TakuM YMHOM, HasIBHI TOCHIUKEHHS JOCTATHHO IIOBHO BUCBITIIOIOTH OKPEMO METOIH iarHOCTHKH,
MPOTHOCTUYHOIO OOCIYrOBYBaHHS, apXiTeKTypu 300py [daHUX 1 JONMOMIXKHI MiJCHCTEMH, OIHAK
HEJO0CTaTHBO POOIT, Y SKUX Il CKIaA0BI Oyiu O MOEaHAHI B €IUHY CUCTEMY 3a0€3IEeUeHHS HaIIHOCTI
pOOOTH30BaHOTO BUPOOHHYOTO KOMILIEKCY. HeBHpileHow 3anumaeTsess mnpodiieMa (hopMyBaHHS
y3arajibHEHOI CTPYKTYPH TaKOi CHCTEMHU, fKa O iHTerpyBalia IiarHOCTUKY BiIMOB, TPOrHOCTHYHE TEXHIUYHE
00CITyroByBaHHs, MOTOYHHI MOHITOPUHT Ta IMiITPUMYBAILHY aBTOMATH30BaHy iHQPACTPYKTYpY B MekKax
€JIMHOTO TeXHIYHOTO IMiIXO/1Y.

IlocTranoBka 3aBaaHHA. MeTOIO MAaHOTO MOCIIPKEHHS € y3arajlbHEHHsI Cy4acHHX IiIXOMIB 0
3a0e3reyeHHs HaliiHOCTI POOOTH30BAHUX BHPOOHWYMX CHCTEM Ha OCHOBI [IIaTrHOCTHKH BiJIMOB,
MPOrHOCTUYHOTO TEXHIYHOI'O OOCIYroBYBaHHS Ta IIOTOYHOT'O MOHITOPHHTY, a TakKoX C(HOpMyBaTH
y3arajlbHEeHY CTPYKTYPY TaKOi CHCTEMH JUTsI IPAKTUYHOTO BIIPOBAKEHHS HA T ATIPHEMCTBI.

BukiaanenHss ocHoBHOro matepiany. Ha ocHOBI aHamizy Cy4acHUX MigXOMiB O IiarHOCTHUKH
Bi]MOB, TPOTHOCTHYHOTO TEXHIYHOTO OOCIYrOBYBaHHS, IMMOTOYHOTO MOHITOPHHTY Ta IMiATPUMYBAIBLHOI
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ABTOMAaTH30BaHOI 1HQPACTPYKTYpHU POOOTH30BAHMI KOMIUIEKC IOLIIBHO PO3IJISIATH SIK OaraTOPiBHEBY
cUCTeMy 3a0e3IeUeHHS HAAIMHOCTI. Y TaKiil CHCTeMi Ha/liifHICTh BU3HAYAETHCS HE JIUIIE CTAHOM OCHOBHOTO
BUKOHABYOT'O OOJIQJIHAHHS, a ¥ y3TO/KEHOI B3a€MOJIIEI0 CEHCOPHOTO CEPEIOBHUINA, JIOKATHHUX 3aCc00iB
KepyBaHHS, IU(PPOBUX KAHAIIB EpeJaBaHHs JaHNUX, aHATITHYHIX MOJTYJTiB OLlIHIOBAaHHS TEXHIYHOTO CTaHy
Ta JOMOMDKHUX aBTOMAaTH30BaHUX ITiACHCTEM.

Di3uyHiI BUKOHABYI Ta JOIIOMIXKHI
MiICHCTEMH POOOTH, IIPHBOJIN,
PEIYKTOPH, MiINTHITHAKH, CHCTEMHU
3manryBaHHs, AS/RS, TpancnopTHO-
HAKOTIUYYyBaJIbHI MiICUCTEMU

[MepBUHHI CUTHAIK Ta BUMipIOBaHHS
CTpyMH, BiOparii,
TeMIeparypa, MIBUKICTS,
TIOJIOXKCHHS OCeif, HaBaHTAXKEHHS,

UlokanbHe KepyBaHHS Ta IIEPBHHHA
nmiarnoctuka CNC, PLC,
KOHTPOJIEpH pOOOTIB, JIOKAJIBHI
IH/IMKATOPH pecypcy

[TporuocTuyHe TeXHIYHE
00CIyroByBaHHS OLIHIOBAHHS

AHaJiTHKa TEXHITHOTO CTaHy
JiarHOCTHKA BiJMOB, MOHITOPHUHT
TexHiyHOro crany, model-based Ta
data-driven anami3

lloT-iHTerpais Ta nepenaBaHHs
nmanux mepexi, MQTT, HMI,
SCADA, MES

Jerpanaiii, 3aHIIKOBOTO
pecypcy, MOMEHTY CEPBiCHOTO
BTpPYYaHHS

MixTpuMka pimeHs i cepBicHe
pearyBaHHS 00CITyroOBYBaHHS,
HaJIAIITYBaHHsI, 3aMiHa BY3JiB,
KOPUT'YBaHHS PEXKHMMiB pOOOTH

360pOMHULL 38'A30K

<

3BOpPOTHUIT BIUIMB Ha TEXHIYHUI CTaH i PeKUM (YHKLIOHYBAHHS KOMIUIEKCY

Puc. 1. Y3arajbHeHa CTPYKTypa cucTeMU 3a0e3nedeHHsI HailiHOCTI po00THU30BaHOIO
KOMILIEKCY

[Tepmmii piBeHb CTPYKTYPH YTBOPIOIOTH (Pi3W4YHI BHKOHABUI Ta JOMOMIKHI mimcucreMu. Jlo HUX
HaJIe)KaTh TPOMHUCIIOBI pOOOTH, 0araToOCHOBI MAIIMHH, MPUBOIHU, PELyKTOPH, MiJIIMIHHUKOBI BY3IH,
CHCTEMH 3MallyBaHHs, a TAKOX TPAHCIIOPTHO-HAKOMUYYBaJIbHI i CKIaichKi miacucremu. CaMe Ha IbOMY
PiBHI BHHHKAIOTh MPOTIECH 3HOIITYBAHHS, PO3PETYIIOBAHHS, TICPEBAHTAKCHHS Ta 1HIIN IPHUIHUHHU ITOCTYIIOBOT
nmerpanarnii TexHigHoro crany. [lomomikHa iH(pacTpyKTypa MpU IIOMY PO3IIISIAETHCA K CKJIaJI0Ba
3arajJpHOi HAAIHHOCTI KOMIUIEKCY, OCKIJIbKH TOPYIIEHHS MaTepialbHOIO TOTOKY TaKOX MOXYTb
CHPUYHHSTH HETPOYKTUBHI MPOCTOT.

Jpyruii piBeHb CTAHOBJIATH IEPBUHHI CUTHAJIM Ta BUMIPIOBaHHS, sIKi POpMyIoTh iHpOpMaIiliHy 0a3y
JUIS OLIHIOBaHHS TEXHIYHOTrO cTaHy. [lo HaiiOinpml iHQOpPMATHBHUX MapaMeTpiB HaJeXaTh MOTOPHI
CTpyMH, BiOpamii, Temmneparypa, IBUAKICTb, MOJOXEHHS OCEH, HaBaHTaKCHHS Ta TPUBANICTh PoOOTH
okpeMux By3niB. Came Il CHIHAJIHM JIO3BOJISIIOTh BUSIBIATH pPaHHI O3HaKW jerpagamii # ¢opmysaru
JiarHOCTUYHI O3HAKH JUI HOAAJBIIOTO aHaJIi3y.

Tperiii piBeHb OXOIUIIOE JIOKAJIbHE KEPYBaHHS Ta IEPBUHHY JiarHOCTUUHY 00poOKy. Ha npomy piBHi
¢yukuionyiotb CNC, PLC, xoHTponepu poOOTIB Ta iHIN 3aco0M aBTOMAaTH3alii, SKi He JIHIIe
3a0e3MeUyIOTh TEXHOJIOTIYHE KEPYBaHHS, a i MOXYTh BHKOHYBAaTH PO3PaxyHOK JIOKAJIbHUX 1HIUKATOPIB
TEXHIYHOTO cTaHy. JOIIbHICTh TAKOTO MiAXOTYy MOJIATAE y TIEPEXO Il BiJ] IIepeiaBaHHs CHPUX CUTHAIIIB JI0
(hopMyBaHHS CTPYKTYPOBAHOI JIarHOCTHYHOI iH(OpMaIlii, MpUIATHOT AJIS MOJANBIIOT0 BUKOPUCTAHHS B
CHUCTEMI TEXHIYHOT'O CYNPOBOY.

UerBepTuii piBeHs cranoBuTh lloT-iHTerpartis Ta nmepenaBanHs AaHux. Ha 1ipoMy piBHI JOKaJbHO
cthopMoBaHi MmapaMeTpu HAAXOJATH N0 BUIIMX iHQOPMAMIMHUX PIBHIB 4Yepe3 MPOMUCIOBI MEpexi Ta
MepekeBi cepBicu oOMiny, 30kpemMa MQTT. Lle 3a0e3neuye HAKOMMYCHHS ICTOPUYHUX JaHUX, BiIaICHUI
OCTyn 10 aiarHOCTUYHOI iH(popwmarii, iHTerpamito 3 HMI, SCADA, MES Ta dopMyBaHHS €IUHOTO
IU(POBOT0O CepeOBUILA CYIPOBOAY POOOTH30BAHOTO KOMILIEKCY.

[T’sTHii piBeHb YTBOPIOE aHATITHKA TEXHIYHOTO CTaHy, y MeXax sikoi peanizyrotses fault detection
and diagnosis, condition monitoring, model-based ta data-driven meroau. Ha iipomy piBHI BinOyBarOThCs
BUSBIICHHS aHOMAIii, iHTepIpeTallisl BiIXWICHb, OLIHIOBAHHS Jerpajallii Ta BH3HAYEHHS O3HAK, AKi €
MiJCTaBOIO [UIsI TPOTHO3YBAaHHSA TEXHIYHOrOo cTaHy. ®DakTHYHO caMe TyT eKCIUTyaTaliiHi JaHi
MEPETBOPIOIOTHCS Ha iHKEHEPHY 1H(OpPMAIIiIo PO Mpane3JaTHICTh BY3IiB 1 MiICUCTEM.

IlocTHit piBeHb CTAHOBUTH MPOTHOCTHYHE TEXHiUHe 06CIyroBYBaHHS T MiATPUMKA pillieHb. Moro
(yHKIIiS TToNATae y BU3HAYEHHI MOMEHTY JIOIJIFHOTO CEPBICHOTO BTPYYaHHS, OIIHIOBaHHI 3AJIUIITKOBOTO
pecypcy, GhopMyBaHHI MONEPE/HKYBAIBHUX CTaHIB 1 BUPOOJICHHI PEKOMEHJAIlM 111010 HaJAIITyBaHHS,
o0cinyroByBaHHS a00 3aMiHM BY3JIiB. 3aBepIIAIbHUM EJIEMEHTOM CHUCTEMH € CEpBICHE pearyBaHHS,
PE3yIBTATOM SIKOTO CTa€ KOPUI'YBAaHHSI TEXHIYHOTO CTaHY Ta PEKUMIB POOOTH KOMILIEKCY.
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TakuMm YwHOM, y3araJlbHEHa CTPYKTypa CHUCTEMH 3a0e3leueHHS HaIIMHOCTI pOOOTH30BaHOTO
KOMIUIEKCY fBJsIE cOO0I0 3aMKHEHHH KOHTYp, Y AKOMY (pi3sMuHMiA cTaH 0OJIagHAHHA, MOTOYHI CUTHAIH,
JIOKaJIbHA JiarHOCTHKA, HU(PPOBE MepeaaBaHHs JaHUX, aHATITUKA Ta CEPBiCHI pillleHHs! QYHKLIOHYIOTH SIK
B3a€MOITOB s13aHi exeMeHTH. 3a Takoro miaxomry fault diagnosis, mporanoctruune TexHiuHe 006CTyrOBYBaHHS,
10T -MOHITOpHHT 1 i ATPUMYBaAIBbHA ABTOMATH30BaHa iHQPACTPYKTYpa pO3TIISIAI0THECS HE 130J1b0BAHO, a SIK
CKJIaJIOBI €IMHOT apXiTEKTYpH HU(PPOBOTO TEXHIYHOTO CYNPOBOY.

Jus  y3aralbHEHOTO TOPIBHSHHA MiAXOAiB A0 3a0e3lmeveHHs HaiiHOCTI POOOTH30BaHHMX
BUPOOHUYMX CHCTEM JOIUILHO (OpManizyBaTH iX 3a CYKYIHICTIO KPUTEpiiB, SKi MarOTh Oe3rnocepeaHe
MPaKTUYHE 3HAYCHHS ATl IPOMHCIIOBOTO BIPOBAKECHHSL.

3 ypaxyBaHHSIM aHaIIi3y JiTepaTypu TAKUMHU KPUTEPISIMH IPUHHSTO:

K1 - miarmoctr4Ha iHQOPMaTHBHICTb;

K2 — npuaaTHICTh 10 paHHBOI'O BUSIBJICHHS JCTPaIallil;

K3 — inTepnpeToBaHicTh pe3ynbTaTiB;

K4 — ckiaiHiCTh BIIPOBAHKCHHS;

K5 — BuMoru 710 00CATY 1 SIKOCTI TaHUX;

K6 — nmpupaTtHicTh 10 poOOTH B peabHOMY Yaci;

K7 — cymicHuicTtb 3 apxiTektyporo IloT.

Jist iHTerpaNbHOTO OIIHIOBAHHS MiIX0/(IB BBEJIEMO y3arajlbHEHUN MOKa3HUK €(PEKTHBHOCTI:

Qj = Xi-y wikij (1)

ne Qj — iHTerpasibHa OIiHKa |-TO TiIX0.1Yy;
kij — OayibHa OIiHKA J-r0 MiAXO0y 3a I-M KpUTepieM 3a mkaioo Bia 1 1o 5;
Wi — BaroBuii KoeQillieHT KPUTEPiI0, IPUIOMY

7
z w; = 1.
i=1

Jis 3a1a4 3a0e3nedeHHS HQIHOCTI pOOOTH30BaHUX KOMILIEKCIB TOIUTLHO HAIATH ITi IBUIIICHY Bary
KPUTEPisAM TiarHOCTUIHOI 1HPOPMATHBHOCTI, pAHHBOT'O BUSIBJIICHHS IeTpaaaIlii Ta MpUAATHOCTI 0 poOOTH
B pealTbHOMY 4aci. Y Me)Kax JaHoi CTaTTi MPUHHATO Taki Barosi koedimientn: w1=0,20, w2=0,20, w3=0,10,
w4=0,10, w5=0,10, w6=0,15, w7=0,15.

Ha ocHOBiI mpuitHATOI cHCTEMH KpPUTEpIiiB BUKOHAHO y3araJbHEHE IMOPIBHSHHS OCHOBHHUX TPYII
I IXO/TiB, PE3YJIBTATH SKOTO HABEICHO B TAOII. 2.

Tabn. 2

IlopiBHsANIbHA OLIIHKA MIAX0IB 10 3a0e3nMeYeHHs] HaliHHOCTI pOOOTH30BAHHUX CHCTEM

ioxio (K1) | (K2) | (K3) | (K4) | (K5) | (K6) | (K7) | (Q))

KrnacuyHi JiarHOCTHYHI METOIH 3 2 5 4 4 5 4 3,70

Data-driven meronn 5 5 2 2 2 3 4 3,70

I10T-mMoHiTOPUHT 4 3 4 3 3 5 5 3,95
[MinTpumyBanbHa aBTOMAaTH30BaHA

iH(pacTpyKTypa 3 2 4 3 3 4 4 3,20

IHTerpoBaHuii miaxin 5 5 4 3 3 4 5 4,35

Hageneni pe3ynbTaTi MaloTh y3aralbHEHUH €KCIEPTHO-aHATITUYHUAN XapakTep i BifoOpaxkaloTh He
TOYHI BHUMIpSHI 3HA4YCHHS, a BiMHOCHY MPHAATHICTH MITXOIIB J0 BHUKOPHUCTAaHHSI B POOOTH30BAHHX
BHPOOHMYWX cHcTeMax. [3 Tabir. 1 BUAHO, 110 KITACHYHI JIarHOCTUYHI METOIH 30€piraroTh BUCOKY ITIHHICTh
3aBISIKM MPOCTOTI BIPOBAXKEHHS, BUCOKIH 1IHTEPIPETOBAHOCTI Ta MPUAATHOCTI O POOOTH B peabHOMY
9aci, OJHAK IMOCTYIAIOTHCS 3a MOMUIMBICTIO PAaHHBOTO BHSBIICHHS ClIaOKOBHUpaKeHOI merpanarii. Data-
driven meToam, HaBIAKH, 3a0€3MIE€UYIOTh HAMBHIIY iHHOPMATHBHICTD 1 POrHO3HY 31aTHICTH, IPOTE MAIOTh
BUIII BUMOTH JI0 JIaHWX, CKIIAJHIIII B peani3allii Ta MEHII MPOo30pi 3 MOTISAAY TEXHIYHOTO TIyMadeHHS
pe3ysbTaTiB.

Oxpemo ciig BiazHauntd IloT-moHiTOpUHT, SKUME caM 1O CO0i HE € TOBHOI[IHHMM METOJ0M
niarHocTuky, ane Gopmye iHQoOpMaIiiiHy OCHOBY JUisi Oe3NepepBHOrO CIIOCTEPEKEHHS 3a CTaHOM
KOMILIEKCY, HAKOTIMYEHHS ICTOPUYHHX PSJIiB 1 OAAJIBIIIOT0 BUKOPUCTAHHS SIK KIIACHYHUX, Tak i data-driven
anroputMiB. [linTpuMyBaibHa aBTOMaTH30BaHa iHPPACTpyKTypa, 30kpemMa AS/RS, Mae Hmxk4y mpsmy
JiarHOCTHYHY i1H(GOPMATHUBHICTh, OJHAK ICTOTHO BIUIMBAE HA 3aralilbHy CTIMKICTh (YHKIIOHYBaHHS
KOMILJIEKCY uepe3 3a0e3neyeHHs 0e3epepBHOCTI MaTepiaJbHOrO MOTOKY.
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Haiipumy iHTerpalbHy OITIHKY Ma€ iHTETPOBAaHWH MiIXifd, SKHH MOEIHYE JIOKATBHY IIarHOCTHKY,
IloT-MoHiITOpHHT, aHATITHYHI MOAYJIi OLIHIOBAaHHS TEXHIYHOTO CTaHy Ta MIATPUMKY CEPBICHHUX pillICHb.
Voro mepesara monsrae B TOMy, IO BiH J03BOJISE KOMIIGHCYBATH CIa0Ki CTOPOHH OKPEMHX ITiIXOJB:
36eperTy iHTEPIPETOBAHICTh KIIACHYHUX METOJIB, BUKOPUCTATH MPOrHOCTHYHUHN moTeHitian data-driven
MoJielielt Ta 3a0e3neunTr UQPPOBY 3B’ SI3HICTH YCiX piBHIB cucTeMu yepe3 [loT-apxiTekTypy.

Taxum unHOM, opMani3oBaHe MOPIBHAHHS ITOKA3ye, IO A pOOOTH30BAHUX BUPOOHUYHMX CHCTEM
HaWOUIBII JOIUIFHUM € HE 130JIbOBaHE 3aCTOCYBaHHS OKPEMOTo MiIXOAy, a MoOyaoBa iHTErpoOBaHOI
CUCTEMH, Y SIKIH KIIACHYHI 1arHOCTHUYHI METOMIHU, POrHocTuyHi Moei, [loT-MOoHITOpUHT Ta J0moMiKHA
aBTOMATH30BaHa i1HQPACTPyKTypa NpALIOIOTh SK B3a€MOIOB’S3aHI €JIEMEHTH €IUHOTO KOHTYpPY
3a0e3IeueHHs HaJiHHOCTI.

[IpakTH4He BHPOBAHKCHHS CHCTEMH 3a0e3NeueHHs HAJIMHOCTI POOOTH30BAHOTO KOMILIEKCY
JIOLIJIBHO 3IACHIOBATH IIOCTAIHO, MEPEXOASYd Bij JOKAJILHOTO KOHTPOIIO OKPEMHX IapaMeTpiB [0
IHTErpPOBAHOI CUCTEMH IarHOCTHKH, IPOTHO3YBAHHS Ta MIATPUMKHU CEPBICHUX PIlLICHb.

O1iHIOBaHHS TPIOPUTETY MOHITOPUHTY BY31MiB. [ NPakTHYHOTO BIPOBAPKEHHS CHCTEMHU
3a0e3MeUeHHsT HaJAIMHOCTI JOUIBHO (opMamizyBaTH BUOIp BY3IiB, SKi NOTPEOYIOTH MHEPIIOYEPrOBOTO
MOHITOPHHTY. 3 Li€I0 METOIO BBEAEMO IHTETPajIbHUMN MOKa3HUK MPIOPUTETY MOHITOPHHTY:

Pi=w:Ci+w2Di+w30i+w,S;, (2)
ne Pi — mpiopureT MOHITOPHMHTY i-TO By37a;

Ci — KpUTHYHICTB By3J1a JUIS MPALE3AaTHOCTI KOMILICKCY;

Di — imoBipHicTh a00 iIHTEHCHBHICTH Jerpaaii;

Oi — iHbOpMaTUBHICTH 1 JOCTYIHICTh MMAPAMETPIB IJIs1 KOHTPOJIIO;

Si — cepBicHa 3HAYYILIICTh HACIAKIB BiIMOBH;

W1, W2, W3, W4 — BaroBi koegillieHTH KpUTEpiiB, mpuaomy W1 + Wo + W3z + Ws=1.

Y Mexax JaHoi CTaTTi IJIs y3araabHEHOTO OIIHIOBAHHS JOIIIEHO MPUHHATH TaKl 3HAYCHHS BarOBHX
koedimientis: wi1=0,35, w.=0,3, w3=0,2, w,=0,15.

[IpuitasaTa cuctemMa Bar BimoOpakae NPIOPUTET KPUTHYHOCTI By3Jla Ta IHTEHCHBHOCTI HOToO
Jerpajanii mopiBHAHO 3 iHIKUMU Kputepismu. Koxuuit mokasauk Ci, Di, O;, Si mouissHO oIliHIOBaTH 3a
T’ ATHOATBHOIO MIKaJIOI0 Bix 1 Mo 5, me 1 BiAmoBigae MiHIMATbHOMY PIBHIO O3HAKH, a 5 - MAKCUMAaJIHLHOMY.

3a oTpuMaHUM 3HaYeHHSM P By3/I1 MOKHA OAIMKUTH Ha TpH rpymnu. [Ipu Pi>4,0 By301 HanexuTh 10
IpyIX BUCOKOTO mpioputery Oe3nepepBHOro MoHiTopuHry. [Ipu 3,0<Pi<4,0 mouinsHUM € mepioudHuii
MOHITOPHHT 13 ITiIBUIIICHOIO YBaroro 10 TrHaMiku rmapameTpiB. [Ipu Pi<3,0 goctaTHiM € 3BHUaliHAN piBEHB
KOHTPOJIIO B MEXaX 3arajbHOi CHCTEMH TEXHIYHOT'O CYIPOBOMY. 3alpOINOHOBAHUH IOKa3HHUK JI03BOJISE
pamKyBaTH BYy3IHM POOOTH30BAHOI'O KOMIUIEKCY 3a IPIOPUTETOM MOHITOPUHTY Ta OOIPYHTOBaHO
(hopMyBaTH MepesiK napamMeTpiB, sKi AOLUIFHO BKIOYATH 10 CUCTEMH MOTOYHOTO KOHTPOJIO TEXHIYHOTO
CTaHy.

Ha mepmomy erami ciig BHU3HAUWTH HAHOIMBII KPUTHYHI BY3JM KOMIUIEKCY, BIIMOBAa SIKHX
Oe3nocepeIHbO BIUIMBAE HA TOYHICTh, MPOAYKTUBHICTE a00 Oe3nepepBHiCTh poOoTH. [0 HUX, K paBUIIO,
HaJIe)KATh TPUBOJM, PEIYKTOPH, IMiIIUITHUKOBI BY3JM, CUCTEMH 3MalllyBaHHsS, MEXaHI4YHI Iepesadyi, a
TaKOX TPAHCIIOPTHO-HAKONIMYYBAIBHI i JTOMOMDKHI TiJICHCTEMH.

Ha ppyromy erami AOLiIBHO OOMEXHUTH IMEpeNiK KOHTPOJIBbOBAaHMX MNapaMeTpiB HaHOimbII
1HpOpPMATUBHUMHU CHTHanmaMu. s poOOTH30BaHMX CHCTEM TaKUMH MapaMeTpaMd € MOTOPHI CTPYMH,
BiOpaliii, Temreparypa, IIBHIKICTh, TOJIOXKEHHS 0CeH, HAaBaHTAKEHHS, TPUBAIICTh pOOOTH CEPBOIIPUBOIIB
1 IOKa3HUKH CIIOKMBAHHSA pecypcy OKpeMux By3JiB. Came 1i AaHi € HAO1IbII MPUAATHUMH AJIS1 PAHHBOTO
BUSIBJICHHS JIeTpajarii.

Ha tperpoMy erari peKOMEHIOBAHO MOYHHATH 3 MPOCTHX 1 TEXHIYHO IHTEPIPETOBAHUX METOJIB
niarHoctuky. Ha mpakTuui e o3Hauae BUKOPUCTAHHS IOPOTOBOTO KOHTPOJIIO, aHANi3Y TPEH/iB, CUTHAIIIB
CTpyMY, YaCOBUX 1HTEPBaIIiB pOOOTH, a TAKOXK JIOKATHHUX 1HAUKATOPIB 3HOCY UM PECYPCY, AKi MOXKYTh OyTH
peaizoBani Ha piBHi PLC abo CNC. Takuii miaxiJ cripoliye mo4aTkoBe BIPOBaPKEHHS 1 1a€ pe3yabTaTH,
3pO3yMIJII JIJIst CEPBICHOTO TIEPCOHAITY.

Ha weTtBepromy etami ciijt 3a0e3meunTn HaJIeXKHY AKICTh MaHuX. 1 iboro HeoOXiMHO epeadaunTH
MEPEBIPKY JOCTOBIPHOCTI CUTHAJIIB, Y3TOKEHHS OJUHMIIb BUMIPIOBaHHS, CHHXPOHI3AIIil0 YaCOBUX PSIJIIiB,
¢GinbTpaliio MyMiB i KOHTPOJIb MPOMYIIEHNX 3HaYeHb. be3 IbOro HaBiTh MPAaBMIIEHO O0OpaHa apxiTeKTypa
MOHITOPHHTY He 3a0e31eUnTh HaiifHOI JIarHOCTUKA Ta IPOTHO3YBaHHS.

Ha m’stoMy ertami AOIINBHO MOETHATH JIOKANBHY AiarHocTUKY 3 lloT-o0Minom mannmu. JlokambHO
o04HMCIeH] IHAMKATOPH TEXHIYHOT'O CTaHy MOBHMHHI IEpeaBaTUCs Ha BUINWH PiBeHb IS HAKOIMMYCHHS
icTopii, BUSIBICGHHS TPEH/IB, MOPIBHAHHS PEKMUMIB eKCIUTyaTalii Ta MATPUMKH CepBiCHUX pimieHsb. Lle €
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HEOOXITHOIO YMOBOIO TIEPEXOAY BiA TIOTOYHOTO KOHTPOJIO JO MPOTHOCTHYHOTO TEXHITHOTO
00CITyrOBYBaHHSI.

Ha moctomy erami, micig HaKONMYEHHS OCTaTHHOTO MACUBY SKICHHX MJaHUX, JOLIIBHO
PO3IIMPIOBATH CHCTEMY 3a paxyHoK data-driven mimxomi. Ix ciix 3acTocoByBaTH He 3aMiCTh KIAaCHYHUX
METOJIIB, & Pa3oM 13 HHUMH, OCKUIBKH MOEJHAHHS 1HTEPIPETOBAHUX JIarHOCTHYHUX O3HAK 1 MPOTHO3HUX
MoJIeJIel € HaOTbII TPUAATHUM JJIsl peajbHOTO BUPOOHHUIITBA.

OxpeMy yBary ciij IpuIUIATH TOTIOMIXKHIM aBToMaTH30BaHii iHgpacTpykTypi. I1ig yac ouiHtOBaHHS
HaJIMHOCTI POOOTH30BAHOIO KOMILIEKCY HEOOXIJHO BPaxOBYBAaTH CTaH 1 PEKUM POOOTH TPAHCIOPTHO-
HaKOMUYyBaJbHUX Ta CKIAJCHKUX IIJCHCTEM, OCKUJIBKM TOpPYLICHHS i1X (YHKLIOHYBaHHS MOXeE
CIPUYMHSITH POCTOI HABITh 32 TEXHIYHO CIIPABHOTO OCHOBHOT'O 00J1aTHAHHSI.

OTxe, MPaKTHYHO JOIUIHHOIO € TaKa ITOCTiI0OBHICTh BIPOBAKCHH: BU3HAYCHHSI KDUTUIHUX BY3IiB,
BUOIp iHQOPMATUBHUX MTApaMETPiB, BAKOPUCTAHHS MPOCTUX JIOKATHHUX 1HIUKATOPIB, 32a0€3MEUCHHS SKOCTI
nanux, iHterpauis 3 lloT-apxitekTyporo, moxanplie MiAKIIOYEHHS IPOrHO3HUX MOJIEJICH Ta BpaXyBaHHS
JOTIOMIXKHOT iHQPACTPYKTYPH SIK CKIIAZI0BOI 3arajibHOI CUCTeMH 3a0e3edeHHs HaliiHOCTI.

Bucnoeku

VY crarTi y3aragbHEHO CydacHi MigX0au A0 3a0e3MedeHHs HaJiltHOCTI pOOOTH30BaHMX BUPOOHUYNX
CHCTEM 1 IOKa3aHo, 10 JJISl TAKUX KOMILJIEKCIB KIIFOYOBOIO YMOBOIO ITiIBUILEHHS HaIHHOCTI € epexik Bix
PEaKTHBHOTO TEXHIYHOTO OOCIyroByBaHHS 10 Oe3lepepBHOI JIarHOCTHKHA BiJIMOB, IIOTOYHOTO
MOHITOPUHTY TEXHIYHOTO CTaHy Ta IPOTHOCTHYHOTO TEXHIYHOTO 00CITyTrOBYBaHHS.

BcranoBiieHo, 10 i307b0BaHE 3aCTOCYBAaHHS OKPEMHX MIAXOJIB Mae oOMexXeHYy e(peKTHBHICTB:
KJIACHYHI JIarHOCTHYHI METO/IM 3a0e3Meuyr0Th IHTePIPETOBAHICTh 1 MPOCTOTY BITpOBapKeHHs, data-driven
MOJIeIl TiJIBMINYIOTh 3JaTHICTh 10 PAHHBOTO BUSABJICHHs Jerpananii, a IloT-MOHITOpPUHT CTBOpPIOE
iH(opMaLiiiHy OCHOBY Il HAKOITMYSHHS Ta IIEPEAaBaHHs TaHHUX, OHAK JIUIIE iX IHTerpOBaHe MO THAHHS
J103BOJIsIE ChOPMYBATH MMOBHOLIIHHY CUCTEMY 3a0€3IeUeHHs HalIHHOCTI POOOTH30BAHOTO KOMILICKCY.

dopmanizoBaHe TOPIBHAHHS IMiAXO/IB 32 KPUTEPISIMU IarHOCTHYHOI iHQOPMATHBHOCTI, 3IaTHOCTI
70 PaHHBOTO BHUSBIICHHS JAErpajarii, IHTepHpeTOBAHOCTI, CKIAIHOCTI BIPOBA/UKEHHS, BUMOT 10 JaHHX,
MIPUIATHOCTI 10 poOOTH B peabHOMY 4aci Ta cymicHocTi 3 lloT-apxiTekTyporo mokasano, mo HaHOUTBII
JOUTBHUM U POOOTH30BaHUX BHPOOHMYMX CHCTEM € IHTEIpOBaHUH MiAXid, y MEXax SKOTO JIOKaJlbHa
JIarHOCTHKA, IPOTHOCTHYHI Mojemi, OU(POBHHA MOHITOPUHT 1 MITPUMYyBaJlbHA aBTOMAaTH30BaHA
iH(ppacTpyKTypa QYHKIIIOHYIOTh SIK B3a€EMOTIOB’ SI3aHI €JIEMEHTH €IMHOTO KOHTYPY TEXHIYHOTO CYIIPOBOIY.

3anpornoHOBaHO Y3arajJibHEHY CTPYKTYpY CHCTEMHU 3a0€3MeueHHS HaJiHHOCTI POOOTH30BAHOIO
KOMIUIEKCY, II0 OXOIUIIOE (i3WYHI BHKOHABYI Ta JIOMOMIXHI MiJICHCTEMH, PiBEHb MEPBUHHOTO 300Dy
CUTHAJIB, JIOKalbHE KEpyBaHHS 1 MEpBUHHY AiarHOCTUYHY 00poOky, IloT-iHTerpamiro, aHamiTHKY
TEXHIYHOTO CTaHy, MPOTHOCTHYHE TEXHIYHE OOCIYrOoBYBaHHS Ta PiBEHBb MiJTPUMKH CEPBICHUX pIllIEHb.
Taka cTpyKTypa JO3BOJISIE€ PO3TIIAAATH HAliHHICTE KOMIUIEKCY SIK pe3yJIbTaT Y3ro[KEHO! B3a€EMOJIi BCiX
PIBHIB CHCTEMH, a HE JIMIIIE SIK BIACTUBICTh OKPEMHUX BY3IIiB.

OOrpyHTOBaHO, IO MiATPUMYBajdbHa aBTOMAaTH30BaHa iH(PPACTPYKTypa, 30KpeMa TPAHCIIOPTHO-
HakomuuyBanbHI migcucremu Ta AS/RS, moBMHHA po3risgaTucs SK CKJIagoBa 3arajbHOI CHCTEMH
3a0e3MeUeHHs] HaliHHOCTi, OCKUTBbKM i1 (YHKIIOHANBFHMHA CTaH MpPSAMO BIUIMBAaE Ha Oe3MEepEepBHICTDH
MaTepiaJbHOTO TOTOKY, PHUTMIYHICTE poOOTH Ta CTIHKICTh (YHKIIIOHYBaHHS pPOOOTH30BAHOTO
BUPOOHUYOTO OCEPEIIKY.

JJist IpaKTUYHOTO BIPOBAKEHHS CUCTEMH 3a0e3MeueHHs] HaliiHOCTI 3alpONOHOBAaHO MOETAIHUI
MiIXig, SKAi nepemdadac: BUAUICHHS KPUTUYHHUX BY3JIIB, BUHOIp HAWOUTHII iHGOPMATHBHHUX TapaMeTpiB
KOHTPOJTI0, BUKOPHWCTAHHS JIOKAJGHUX IHTEPIPETOBAHUX I1HIUKATOPIB, 3a0€3MEeUeHHs SKOCTI IaHMX,
iHTerpawito JiokanbHOi AiarHocTUkU 3 [[oT-o0MiHOM Ta monanblie PO3LIMPEHHS CHUCTEMH 32 PaXyHOK
MIPOTHO3HUX MOJIeeH. 3amporOHOBAHUM 1HTETPAIBHUNA TMOKAa3HUK IMPIOPUTETY MOHITOPUHTY A€ 3MOTY
pamKyBaTH BY3JIM 3a JOLIBHICTIO KOHTPOJIO 1 (JOPMYyBaTH TEXHIYHO OOIPYHTOBAHMM CKJIAJ CHCTEMH
MOHITOPHHTY.

Otxe, miABUIIEHHS HAAIHHOCTI POOOTH30BAaHMX BHPOOHWYMX CHUCTEM IOLUIBHO PO3TISAATH SIK
KOMIUIEKCHY 1H)KEHEpHY 3aj1aqy, 110 OXOTUTIOE TIarHOCTHKY BiIMOB, IIOTOYHU MOHITOPHHT, TPOTHOCTHYHE
TeXHIYHe 00CIyroByBaHH:, IU(POBY iHGPACTPYKTYpy 300py AaHUX 1 Y3romXKeHy pPoOOTYy JOMOMIXHHX
aBTOMATHU30BaHUX IMiAcUCTeM, a ii pO3B’si3aHHS MOBHMHHO 0a3yBaTHCS Ha IHTETPOBAHOMY TEXHIYHOMY
MiaxXo.

Cnucox BUKOPUCTAHUX JIZKEPeT
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B.I. Ocunenkoleewezzssl C J1, Cepeniok
YepracvKuti 0epaicasHull MexHoL02THHULL YHigepcumem

EKCIHHEPUMEHTAJIBHE BUBHAYEHHS ECEKTUBHUX PEXKUMIB TA
AHAJITAYHE MOJEJIOBAHHAA ITPOLECY JIASEPHOI'O PI3BAHHSA
HM3bKOBYTJIEHEBUX CTAJIEM OIITOBOJIOKOHHUM JIASEPOM ITOTYKHICTIO

12 KBT

Y cmammi nasedeno pezynomamu  excnepumMeHmanbHoz0 O00CIIONCEHHA RPOUECy 2a301aA3ePHO20 Pi3aHHA
HU3bKOGy2leyeeux cmajeil GUNPOMIHIOGAHHAM ONMOGOJI0KOHHO20 Nazepa nomydycnicmio 12 kBm y cepedosuwyi xuchio.
Bcemanoeneno 3anexcnocmi onmumansnoi nomysycnocmi nazepa ma MAaKCUMAibHOI wWieUOKOCMI Pi3anHA 6i0 MOosujuHU
aucmoeozo mamepiaiy. Ompumano auanimuyni ARPOKCUMAUINHI  3A1eHCHOCMI ma 3anponoHo6aAHO  y3acaibHeHy
mexHnono2iuny mooens npouecy pizanns. Ilposedeno enepzemuunuil ananiz i NOKA3aHo 3POCMAHNA eHepzoedheKmusnocmi
npouyecy 3i 30invuennam mosuunu mamepiany. Pesynomamu moscyme 6ymu eukopucmaui 014 npoZHO3y6anHa eheKkmueHux
MEXHON02IUHUX pexcumie 1a3epHoi 00pooKu.

Knwuoei cnosa: nazepne pizamHsa; OonmogoJOKOHHULL NA3ep, HU3bKOGY2leyesd CMaib, KUCHee 2a301d3epHe DI3aHH:,
TMEXHON0TUHI pedcumMu Pi3aHHs; WEUOKICMb PI3AHHSA, eHepeoeheKMUBHICIb NPoyecy, MamemMamuita Mooelb Pi3aHHsL.

V.1. Osypenko, S.P. Serediuk

EXPERIMENTAL DETERMINATION OF EFFICIENT PROCESSING PARAMETERS
AND ANALYTICAL MODELING OF LOW-CARBON STEEL LASER CUTTING WITH A
12 KW FIBER LASER

The paper presents the results of an experimental study of gas-assisted laser cutting of low-carbon steels using a high-
power 12 kW fiber laser in an oxygen environment. The research was carried out on sheet steel of various thicknesses using full
factorial experimental planning methods. The relationships between the optimal laser power and the maximum cutting speed
as functions of material thickness were determined. Based on the experimental data, analytical approximation dependencies
were obtained and a generalized technological model describing the cutting process was proposed. The model links cutting speed
with laser power and sheet thickness and demonstrates good agreement with experimental results. In addition, an energy
analysis of the process was performed, showing a significant increase in energy efficiency with increasing material thickness
due to the contribution of exothermic oxidation and improved heat localization in the cutting channel. The obtained results can
be used to predict efficient technological parameters for industrial laser cutting of low-carbon steels.

Keywords: laser cutting; fiber laser; low-carbon steel; oxygen-assisted laser cutting; cutting process parameters; cutting
speed; energy efficiency; mathematical model of laser cutting.

IocTranoBka mpodsemu. [Iporec nasepHOro pizaHHS HU3BKOBYIJICIIEBUX CTallell y cepeloBHILI
KHCHIO € CKJIATHAM TETUTIO(i3MIHAM Ta TiIPOIAHAMIYHIM IIPOIIECOM, IO BKITIOYAE B3AEMOJIIIO JIA3EPHOTO
BHIIPOMIHIOBaHHS 3 MarepiajioM, IUIaBJICHHS METaly, XIMIYHY pEeakIlil0 OKHCHCHHsS Ta BHIAJICHHS
MPOAYKTIB IUIABICHHS CTPYMEHEM acUCTyrouoro rasy. Ha mepmomy erami BigOyBaeTbesi MOTJIHMHAHHS
SHeprii JIa3epHOTr0 BUIIPOMIHIOBAHHS MOBEPXHEI0 MeTaly. [lornuHyTa eHepris NpU3BOAUTH A0 IIBUIKOTO
HarpiBaHHsA MaTepiady 0 TeMIepaTypH IUIaBJICHHS Ta YacCTKOBOIO BHIApOBYBaHHS. Ilicis yTBOpeHHS
PO3MJIaBIEHOT 30HH CTPYMiHb KHCHIO iHII[IIOE €K30TEPMIYHY PEaKIil0 OKHCHEHHS 3aji3a, SKa M0CcTavyae
JOJAaTKOBE TEIJIO B 30HY pi3aHHS 1 JIO3BOJISIE CKOPOYYBATHM BUTPATH JiazepHOI eHeprii. BumineHHs
JI0JIATKOBOI TEIUIOTH BHACIIJOK XIMIYHOI peakilii Crpusie IMiIBUIIEHHIO e(EeKTUBHOCTI TPOIIeCy pi3aHHS
MOPIBHSHO 3 IHEPTHUMH Ta3aMH Ta J03BOJISIE 30UIBIIATH TOBIIMHY MaTepiajiy, IO Iiajsirae oOpoOii.
BaxuBy poip Bimirpae Takox rigpoauHamika HOTOKy razy. CTpyMiHb KMCHIO BHKOHY€E B OCHOBHI
GyHKIIT: HTEHCU(]IKYe peakiilo OKHCHEHHS Ta BHAANSAE PO3IUIABICHUH MeTal 3 30HH pi3aHHS.
EdexTuBHICT BHIANCHHS pO3IUIaBYy 3HAYHOIO MIpOK BH3HAYa€ SKicTh cPopMoBaHOI KpOMKH. [3
301IBLICHHSM TOBLIMHU MaTepiay 301IbIIy€eThcs 00’ €M PO3IUIABICHOTO METaly Ta TEIUIOBIABIA Y MacuB
netani. lle mpu3BOaUTH 0 HEOOXIMHOCTI MiJBWIICHHS IOTYXXHOCTI JIa3€pHOTO BUIPOMIHIOBAHHS Ta
3MEHIICHHsI [IBUJIKOCTI MEPEMIIIEHHsT PiXKy4ol TOJNOBKH. B ocranHili yac B 0araThbOX MPOMHCIOBUX
HiANpUEMCTBaX YKpaiHH BHHMKJA TOCTpa MOTpeda SKICHOTO Ta30Jla3epHOTO pi3aHHS CTaleil BEIMKHX
toBmmH (15 MM — 25 wmwm). Binkmukarounch Ha moTpeOW PHHKY MPOBITHUA BHPOOHWK Ja3epHUX
TEXHOJIOTIYHUX YCTaHOBOK B YKpaiHi KOMIMaHisg «Apamicy 3amovaTKyBaja BUIYCK JIiHIHKH yCTaHOBOK,
YKOMIUIEKTOBAaHUX OITOBOJIOKOHHMMH Jiazepamu moTykHicTio 12 kBt. [lpu razonazepHomy pizaHHI
HHU3bKOBYTJICIIEBUX CTaJledl 3a BHKOPHCTAaHHS B SIKOCTI aCHCTYIOUOrO ra3y KHCHIO TaKy IIOTYXKHiCTb
€KOHOMIYHO JIOIUTFHO BUKOPHCTOBYBATHU TIPH pi3aHHi cTanel TOBIMHOK Oinmbine 15 MM. OqHak B pamMKax
KOHKPETHOTO MiIPUEMCTBA YaCTO BUHHUKAE MTOTpeba B pi3aHHI HA JAaHUX MOTYKHUX YCTaHOBKAX BIITHOCHO
HEBEJIWKUX TOBIMH (Big 2 MM 1 Buile). BusHaueHHS e(QEeKTHBHHX pEXHMIB pi3aHHI Yy BChOMY
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CTaHAAPTHOMY Jiama3oHi TOBIIMH € CKJIAZHOIO OaraToeTamHOI0 3aJadeio, BUPIMICHHS SKOi BHMarae
CHUCTEMHOTO KOMIUICKCY EKCIEPUMEHTAIbHUX JOCHIKEHb, aHajli3y OTPUMaHUX pe3yJbTaTiB Ta ix
anpokcuMalii MareMaTHYHUMH (YHKLIIMH, TOOYZOBH y3araJlbHEHOI MaTeMaTHYHOI MOJENI MpOLeEcy.
Takuii migxin 3a0e3mnedye MAOCATHEHHS MaKCHMMAaabHOI INBHIKOCTI Pi3y 3a 3adaHOl SKOCTI IMOBEPXOHb
OTPHMAaHMX JIeTallel, 10 1 00YMOBIIIOE BUCOKY €KOHOMIUHY e€()eKTHBHICTh TEXHOJIOTIT 32 BUKOPHCTAHHS
OIITOBOJIOKOHHHX JIa3€PiB 3 MAKCUMAIBbHOIO BUX1THOIO MOTYXHicTIO 12 KBT.

AHaJIi3 OCTAHHIX JOCTIKeHb 1 mMyOJriKkanii.

B cyyacHUX TEXHOJOTISIX Ja3epHOrO PO3KPOI0 HU3BKOBYTIICIICBHX CTalleii BUKOPUCTAHHS B SKOCTI
ACHCTYI0YOT'0 T'a3y KUCHIO € ITMPOKO MOIIMPEHUM 1 CKIIaIHUM 3acTOCyBaHHsIM [ 1, 2]. Ek3oTepMivHa peakiis
KHCHIO 13 3ali30M Ja€ BHCOKY IIBHJAKICTh pi3aHHSA Ul HHU3BKOBYIVIELEBUX CTajlell Ta 30iMbIIye
MaKCUMaJIbHY TOBIIWHY Pi3aHHS JJIsi KOHKPETHOT MaKCUMAIIbHOI BUXiJTHOT OTYKHOCTI OIITOBOJIOKOHHOTO
naszepa. lle poOuTh eKOHOMIYHO PUBAOIMBUM BUKOPUCTAHHS KUCHIO JUIS TOBCTHX JIHCTIB, ajie TIOPOJIKYE
psia po6iem [3, 4]. Kucens, ik acCHCTYrOUH ra3, BUKOHYE /1B OCHOBHI (DYHKIIT: BUIAJISIE PiKHIA PO3ILIaB
3 30HH Pi3aHHs Ta BHOCUTh CYTTEBHI BKJIAJ B CHEPreTUYHMI OajlaHC IIPOIECY 3aBASKH JOJATKOBIH TEIUIOTI
peaxiiii okucieHHs. [Ipu 3aHIKEHOMY TUCKY PIIKUN METall HE BUIAISTHMEThHCS 3 HEOOXITHO MBUIKICTIO.
3aBHIICHNH TUCK MIPU3BOANUTH 110 3pOCTAHHS TETJIOTH TOPiHHS Ta 00’ €MiB pO3IUIaBICHOIO METally, IKUI HE
BCTHUTaTHME MOBHICTIO BUAAIATHUCS 3 30HH pizaHHs. EdexkTuBHICTH BUAaneHHs pO3IUIaBy 3HAYHOIO MipOIO
BHU3HaUa€e sKiCTh copmoBaHoi kpomku [8]. B poOoTi [2] moka3aHo 110 BaroMuii BILIMB HAa TEPMIUHY
e(eKTUBHICTh TOPIHHA Ma€ YHCTOTA KUCHIO. I3 30LMBIICHHSIM TOBIIMHH MaTepialy 30UIbIIYEThCS 00’ €M
PO3IUIaBIICHOTO METATy Ta TEIUIOBiABIN y MacuB aertanmi. Lle mpu3BoanTh 10 HEOOXIAHOCTI TIiABHUINECHHS
MOTY>KHOCTI J1a3epHOTO BUMPOMIHIOBAHHS Ta 3MEHIICHHS IIBUKOCTI MEpeMillleHHs pixKy4oi ronoBku Ha
Mpolec KMCHEBOTO Ta30J1a3epHOTO pi3aHHA TaKOX CYTTEBO BIUIMBAIOTH: MOJOXKEHHS (POKycy MPOMEHIO
Ja3zepa BIIHOCHO MOBEPXHi 3aTOTOBKH; TEOMETPUYHI ITApaMeTPH COTIIa; BUCOTA pi3aHHH (BiACTiAKOBYBaHUI
3a30p); MBUAKICTE pizaHHA [4, 5]. [lopsa 31 WBUAKICTIO pi3aHHS SKICTh MOBEPXOHb OTPHMAHHX JeTanen
BHU3HAYa€ HEOOXITHICTh MOAAJIBIIOT 00POOKH JeTajCH 1 TUM CaMUM 0€3M0CEPEIHBO BILTUBAE HA EKOHOMIUHY
edexTuBHICTH TexHoJoril. Kputnaanii ormsya mybmikaiiidi HaBeZeHnid B po0oTi [8] moka3as, 10 HaOiIbII
BKIMBAMH 1 KOHTPOJILOBAaHIMH TTaApaMETPaMH SKOCTI € MIOPCTKICTh, IMPHHA Pi3y B BEPXHIN Ta HWKHIH
TUIOIIMHAX 3aTOTOBKH, MEPIEHANKYISPHICTh (HaXWil) OTPUMAHUX MOBEPXOHb. [laHi mapaMeTpu MOBUHHI
YKOPCTKO BimmoBimatu BuMoram cranmapty ISO 9013:2017 [4]. Posmmpernii KOMILIEKC MOKIHBOCTEH
00yMOBJIEHH TIOSBOIO TOTYXKHUX 12 KiTOBaTHHX Jia3epiB MOKa3aB HEOOXiJHICTh €KCHEPUMEHTAIHLHOTO
OOTpyHTYBaHHS e€(EKTUBHOCTI BUKOPUCTAHHS TMOTYXHOCTI JIa3epPHOTO MPOMEHI0O 3 TOYKHA 30DpY
MPOJYKTHBHOCTI MPOIIECY Ta SKOCTI OTPUMAHUX JIeTaJIeH, aHaJIi3y Ta MaTeMaTHYHOi 00pOOKU Pe3yIbTaTiB
eKCIIEPUMEHTAIBHUX JOCHTIKEeHb, SKI MOXYTh OyTH BHUKOPHCTaHI Ui TPOTHO3YBaHHSA €(QEKTUBHUX
TEXHOJIOTIYHUX PEKUMIB JJa3epHOI 0OPOOKH.

Mera cTaTTi — eKCliepUMEHTAIbHE BU3HAUYEHHSI €)EKTUBHIX PEKUMIB JIa3€PHOTO Pi3aHHS JTUCTOBHX
HU3BKOBYTJIEIIEBUX CTaJIed BUIIPOMIHIOBaHHSM MOTYKHOTO OITOBOJOKOHHOTO nasepa (12 xBrt) y
CEepEeNOBUIL ACUCTYIOUOTr0 Ta3y — KUCHIO. BCTaHOBJIEHHS 3aJ1€3KHOCTI ONITUMAJIbHOI HOTYHOCTI JIA3€PHOTO
BUIPOMIHIOBaHHS Ta MAaKCHMANbHOI IIBHJIKOCTI SKICHOTO pi3aHHS BiJ TOBUIMHU OOpOOIIOBaHOTO
Matepiany. OTpuUMaHHsS aHAJTITHYHHX 3aJIC)KHOCTEH Ta y3arajdbHEHOI TEXHOJIOTIYHOI MOJeNi Mpouecy
pizaHHs, SIKi MOKYTh OYTH BUKOPUCTAHI IS MTPOTHO3YBAHHS TEXHOJIOTIYHUX PEKUMIB JIa3epHOT OOPOOKH.

Bukiaa ocHOBHOro MmaTepiaiy.

Oo6aagHaHHS, TA METOAU A0CTILKeHHs1. ExcieprMeHTH BUKOHYBAIHCSI Ha CEpiifHOMY BepCTari
KOMIIaHii «ApaMic», POBiTHOTO BHUPOOHMKA JIA3€pHUX TEXHOJOTTYHMX YCTAaHOBOK B YKpaiHi. OcHOBHI
iH(popMaLlis po BepcTaT HaBeAeHa B Ta0muMi 1.

Tabn. 1
MopeJti 0CHOBHHMX CHCTEM BepcTaTta ISl IPOBeAeHHS JOCTi>KeHb
Bepcrat AFX-PR0O-12000-1530-LD
Monenb na3epa, @ OnTOBOJIOKHA MAX Photonics 12 kWt, onrroBostokao 100 MKkM
Mopenb ONTHYHOI TOI0BKH, KosiMatop | BOCS BLT642, £ 200 mm

OO6pobnsutacs auctoBa ctanb CT3cI cTaHAaPTHOTO Psiy TOBIIMH (MM) 2; 3; 4; 5; 6; 8; 10; 12; 14;
16; 20; 25. Cnuparounch Ha Marepiajiu MONEpeHiX JOCHIHKeHb aBTopiB [9, 10] B onTWYHIA TONOBII
BepCcTaTa BCTAHOBIIOBAJIKUCS CEpiiiHi IBOKaHAIbHI comia kommanii Thermacut 3 BUXiZHMMHU JiaMeTpaMu
IeHTpaIbHOTO OTBOPY 1,2 MM; 1,5 MMm; 1,8 B 3aieXHOCTI BiJl TOBIIWHY JINCTA. BHYTpINTHS CTPYKTypa Ta
pO3MipH coruia 3 BUXiTHUM JiameTpoM 1,5 MM mokasana Ha puc. 1.

© B.1. Ocunenko, C.I1. Cepeorwx

146



ISSN: 2415-3966 Miorcsysiscokuii 30ipnux « HAYKOBI HOTATKHy. Jhywx, 2026, No85

Puc. 1. BHyTpilIHA CTPYKTypa Ta po3MipH ABOKAaHAJIBLHOIO COILIA 3 JiaMeTpoM
HEeHTPAJbLHOro oTBOpY 1,5 MM kommnanii Thermacut

BukopuctanHs =~ OBOKaHAIPHUX  (OBOIIAPOBUX)  COMEJN  JUISI  Ta30JIa3epHOrO  pi3aHHA
HU3bKOBYIJICLIEBUX CTajJeH 3yMOBJIEHO (DI3MKOI0 IIPOLIECY OKMCIEHHS METaly KHCHEM — 1€, 10 CYTi,
KepOBaHe TOpiHHA. 30BHIIIHIA IIap Ta3y IBOKAHAJIBHOIO COIUIA JOIOMara€ TOYHille C(hOKyCyBaTH
«po0oUMid» KUCEHb Yy BY3bKYy IIUIMHY pidy. Lle m03Boisie OTpUMyBaTH YHMCTHHA 3pi3 HaBiTh HAa BETUKUX
TOBIIMHAX 0e3 3afiBOro BUNAIIOBAaHHA MeTalay HaBkoyo. OKpiM TOro 30BHIIIHIA KiJbICBHH IMOTIK rasy
Buctynae QiznyauM Oap'epoMm. BiH «Bizicikae» HABKOJIMILIHE IMOBITPS, HE JAIOYM a30Ty 3MIIIyBaTHCS 3
LEHTPaJbHUM CTPYMEHEM BHCOKOYHCTOTO KHCHIO (arMocgepHe MOBITps MicTUTh Onm3bko 78% azory.
Hagite nmotpamisiaas 1-2% a30Ty B 30HY pi3y pi3KO 3HMKYE €(EKTHUBHICTH OKUCICHHS). 301bIIEHHS
JiaMeTpa coIula TpPW 3POCTAaHHI TOBIIUH — II€ BCTAHOBICHHSA OalaHCcy MiX (I3UKOI0 IUIABJICHHS Ta
TiIPOAMHAMIKOI0 BWIYyBaHHS Mertany. J[s mpopi3aHHS MeTany TOBIIMHOK 20 MM TOTPIOHO OKHUCIUTH
(cmanuty) 3Ha4HO OinbLIy Macy 3aiiza, HiX Ha 5—10 mm. Binemumit niametp m03BOJISIE MOJATH BEIMKHN
00'eM Ta3y Ha HH3bKiil mBHKOCTI. e 3a0e3neduye crabibHE TOPIHHS MO BCid MIMOMHI pidy (10 caMoro
HU3Y IUIATH). Benrke comio 103BoJIs€ MpalfoBaTH Ha MiHiMabHOMY THCKY (0.4—0.8 Oap). ['a3 3amoBHI0€
pi3 M'SIKO, HIATPUMYIOYM peakiilo TropiHHA 0e3 3aliBOro «po3ayBaHHS» (akena Ha moBepxHi. Sk
aCHCTYIOUMH ra3 3acTOCOBYBAaBCS KMCEHb 3 4HCTOTOI 99,97 (piBeHb YHMCTOTH, SIKHH B OCHOBHOMY
BUKOPUCTOBYIOTh 3aMOBHHMKH BEpCTaTiB JaHOro THIy). KOMIUIEKC MOCTiIKEHb BHKOHYBaBCS 3
BUKOPHCTAaHHSIM METOJIIB IIaHyBaHHS moBHO(dakTopHOTO ekcriepumenty (IIIIDE). dakropuuii mpoctip
BKITFOYaB BUXiHY TOTYXKHICTh J1azepa (Q — kBT), mBuakicts pizanus (F — M/XB), THCK acCHCTYIOUYOTO Ta3y
(P — Gap, xucenb 3 umctoTor0 99,97%), nmojoxeHHs (HOKYCYy BIHOCHO MOBEpXHi Jiucta (S — +MMm).
BiamoBigHo 10 MacnopTHUX JAaHUX ONTHYHOI TOJOBKH B (DOKAJIBHIN IIONIMHI JiaMETp JIA3ePHOI TUISIMH
cranoBuB 200 mxM. KoHTponboBaHUMI 3a30p MiX IMOBEPXHEIO JeTaii Ta cormoM cTaHoBuB 0,6 MM i
3aJIMIIaBCs HE3MIHHUM B KO)KHOMY JOCHimi. 3Ha4eHHS (akTOpiB HA TPHOX PIBHAX (HYJIbOBHM, BEPXHIM,
HWKHIN) 3aJIaBaIMCs 1| KOHTPOJIFOBAIMCS CUCTEMOIO YUCIIOBOTO nporpamMuoro kepyaHus (UIIK) BepcraTta
3 TOYHICTIO, SIKa BiJITIOBi/la€ TACIOPTHUM [aHUM Bepcrata (puc. 2). 3pa3ku 3 HASABHICTIO TpaTry
BiIOpaKOBYBAIIMCS 1 HE TOCIIIKYBAIINCS, TaK 5K TpaT € OYEBUIHOIO 03HAKOKO HE33I0BIIHBHOTO PE3yIbTaTy
nocainy. Ilpu netanbHOMY IOCTIIKEHHI MPUHHATHUX 3pa3KiB, BU3HAUAINCS PEKUMH 3 MaKCHUMaTbHUMH
IIBUIKOCTSIMH pi3aHHs 32 YMOBH BiMmoBiAHOCTI BuMoram ctangapty ISO 9013:2017. BiamosigHo 10 BUMOT
CTaHAAPTY Y MPUHHITHAX 3pa3KiB KOHTPOIIOBAINCS MOPCTKICTH OOKOBHX MTOBEPXOHBH (3a Ra Ta Rz.), BepxHs
Ta HIKHS HIMPHUHA Pi3y, BEIMYMHA BIAXWICHHS BiJl NEPHEHIUKYJSIPHOCTI (HAaXWiI) MOBEPXHI pi3aHHS.
KpecnenHs 3pa3kiB aj1s1 AOCIiIKEHb Ta METOJUKH BUMIPIOBaHb HIMPHHU Pi3y, HIOPCTKOCTI, BIAXUICHHS Bij
MIEPIICHINKYIISIPHOCTI HaBeJIeH1 B TOTIepeAHii poOOTi aBTOPIB [4].

Pe3yabTaTu AociigxeHb.

OCHOBHI pe3yJbTaTH MPOBEICHOTO KOMIUIEKCY €KCIIEPUMEHTAIbHUX JIOCHIHKeHb, o(opMiIeHi Sk
TEXHOJIOTIYHI KapTH MapaMeTpiB pi3aHHS HU3bKOJIETOBAHMX CTaJlell B CEpPEelOBHINI KUCHIO TEXHOJIOTTIHOT
iHCTpYyKIi o BepcraTiB Moneni AFX-PRO-12000-1530-LD npencrasieHi Ha puc. 3. SIk BUAHO 3 TaOIMIb
y TIpOLIeCi JOCHTiPKEHb BCTAHOBIIEHO 3aJISKHOCTI ONTUMAJIBLHOT MOTYKHOCTI JIa3epHOTO BUIPOMiHIOBAHHS
Ta MaKCUMAJIBHOI IIBUIKOCTI AKICHOTO Pi3aHHs BiJl TOBIIUHU 00OPOOJIOBAHOTO MaTepiay.
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Layer Parameter Settings *

Layerl

MateriaI|C0|d rolled steel w || Thianess| 2mm w ” nc.zzle:|DefauIt v| =~ &

[Ismooth Fierce [ ]Pre-pierce [ ]Defim [|Recool Blow [Motcut Mot folow Mode: |Standard

Cut  Pierce  Corner
Cutting parameter |:| Slow Start

Cut speed:

Mozzle height:

02

Gas pressure: U,

12 000

Gas type:

[
[=]
m
=
eal

Beam width: ahsolute value
Focus pos:

LaserOn delay:

Laser off delay:

60

[CJEnable precision

~N O O A W N =

40

Low-pass freq: 4 Hz
Cutting acc: 2000 mmjs~2
g : 20
Curve precision: 0,05 = mm

Speed(%)
Corner precision: 0,10 -5~ mm i 10 20 30 40 50 1] 70 80 50 100

User Notes

v oK)

1 — mwBUAKICTD pi3aHHS, MM/XB; 2 — BiCIiAKOBYBaHUH 3a30p, MM; 3 — TUCK aCHUCTYIOUOTO
rasy, bap; 4 — moTy>xHiCTb JIa3epHOI0 IPOMEHIO, BT; 5 — poOounii 1K iMITyJIbCY (Oe3HepepBHUI
YH IMITYJIbCHUH IMKIT); 6 — poOoya yacToTa iMmynbciB, I'i; 7 — mojoxeHHs GOKYCY BIZHOCHO TOPIIS
COIUIA, MM.
Puc. 2. Intepeiic niis1 BHecenHs1 napametpiB pizannst B nporpami Cyp CUT Ha cTtaHky
AFX-PRO-12000-1530LD

OTpuMaHi eKCIepUMEHTAIbHI pe3yibTaTH Oylu MignaHi MareMaThdHid oOpodui 3 MeTolo
OTPUMaHHA AaHAMITHYHHUX 3aJEXKHOCTEH, SAKI MOXYTb OYTH BHUKOPUCTaHI Ui HPOTHO3YBaHHS
TEXHOJIOTTYHUX PEKHUMIB JIazepHOi 00poOkH (puc. 4, puc. 5). Ha rpadiky (puc. 4) npencraBieHo 3a1€KHICTh
ONITUMAJILHOT MOTYKHOCTI Jlazepa Q, 1o 3abe3rneuye MakCUMallbHY IIBUJKICTh Ta SIKICTh Pi3aHHs, Bill
TOBILMHMY JikcTa h.

OCHOBHI 0COOJIMBOCTI €KCIIEPUMEHTAIBHOT 3aJIe)KHOCTI:

e IIPW MaIKX TOBIIMHAX (2—5 MM) MTOTYXXHICTh Maixke He 3MiHIoeThes (=3-3.6 KBT);
e 1pu 6—15 MM criocTepiraeTscsi Maibke JIiHiHE 3pOCTaHHS MOTY>KHOCTI;

npu 20-25 MM BinOyBaeTbcs HaCHUEHHS MOTYKHOCTI (=12 kBT), mo moB’s3aHO 3 OOMEKEHHSIM
MOTY)KHOCTI JKepeida Ta IHTCHCHMBHUM 3pPOCTAaHHSAM HEOOXIZHOI MMOTY)KHOCTi, IO ITOB’sI3aHO 3i
301IBLICHHSM TEIUIOBIABEICHHS B MaTepiaj Ta 3pOCTaHHsIM 00’ €My MeTally, SIKHid He0OXiTHO MepeBecTu y
piakuii cran. s onucy Beiel 00nacTi TOBIIMH HaWKpalle MiAX0UTh KBagpaTuyHa anpokcumaris (1).

Ak BumHO 3 Tpadika, OTpUMaHa aHAIITHYHA 3adexHicTh (1) 700pe y3roKyeTbes 3
EKCTICPUMEHTAIbHUMHA TOYKaMHU Ta MOXXE BHKOPHCTOBYBATHUCS JUIS OIIHKK ONTUMAIILHOI TOTYKHOCTI
JIa3epHOr0 BUMPOMiHIOBaHHS IPH pi3aHHI HU3bKOBYTJICLIEBUX CTalle Pi3HOT TOBILMHH.
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iuHa KapTa napameTpiB pizanHs cTaxi

Puc. 3. Texnoaor

BepCTaTiB MoaeJa1
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Puc. 4. 3aexxHicTh BeJIMYUHA ONTHMAIBLHOI BUXiTHOT MOTY:KHOCTI (Q) 0N TOBOJIOKOHHOT0
Jiazepa 3 MAKCHMAJIbHOIO BUXITHOIO NMOTY:KHicTIO 12 KBT, 110 3a0e3neuye MakcHMAaJIbHY IIBHAKICTH
pizanns (F) aucroBoi craji BCt3cn 3a yMoB 0OTpUMAaHHS NapamMeTpiB SIKOCTI, 1110 Bi1NOBi1al0THh
BuMoram cranaaprty ISO 9013:2017: a) ekcniepuMeHTaNbHi AaHi; 0) oTpUMaHAa B cepeaoBHIIL

Mathcad anpokcuMyro4a KpuBi

Q(h)=-0, 0045h* +0,5500h +1,638

ne Q(h) — onrrumaneHa I 1aHOI TOBIIKMHK MTOTYKHICTB J1a3epa, KBT;

(1)

h — ToBuIMHA NHICTA, MM.
3naveHHs koedinienty aerepminanii R* = 0.970.

Ha rpadiky (puc. 5) npeicTraBicHO 3aJIeXKHICTh MAKCUMAaJIbHOI MIBUIAKOCTI Pi3aHHS BiJ TOBIIMHHU
Marepiany, OCKUTEKH APYTUM BaXKJIMBHM ITapaMeTPOM TEXHOJIOTIYHOTO TPOIIECY € MaKCUMaIbHa IITBUIKICT
pizaHHs, siKa 3a0e3nedye OTpUMaHHS SIKICHOT KPOMKH 0€3 YTBOPEHHSI Je(EKTiB.

F wm/xe FE m/xn

=]
=
-

N 15 175 a0 115 35
h, v

¥

T T T T T

5 10 15 20 25
h, m

6)

Puc. 5. 3anexuicTb MakcuMaJbHOI IBUAKOCTI pizanHs (F) aucroBoi ctami BCt3cn
BHUIIPOMiHIOBAHHSAM ONITOBOJIOKOHHOTIO JIa3epa 3 MAKCHMAJBHOI0 BHXITHOIO OTY kHicTIO 12 KBT 32
BHKOPHCTAHHS ONITHMAJIbHOI BUXiTHOI MOTYKHOCTI Bix ToBmmHM JucTa (h) 3a ymMoB oTpumManus
napamMeTpiB sIKOCTi, 110 BitmoBinaTs Bumoram cranaapty ISO 9013:2017: a) ekcnnepuMeHTAIbHI
naHi; 0) orpumaHa B cepenouini Mathcad anpoxkcumMyroua kpuBi

ExcnepuMeHTaIbHA TEHIEHIIs:

e  IIBUJKICTH Pi3KO 3MEHIIYETHCS MPH MIEPEXO/i BiJf TOHKHUX O CEpEeNHiX TOBIINH;

e  IIpY BEJIMKHX TOBIIMHAX 3HIDKCHHS CTa€ OUIBII TTIABHUM;

e  XapakTep KpHBOI BiINOBigae cTeneHeBiid abo rimepOoiuHiil 3aIeKHOCTI.
Haiikpamia anpokcuMaliis OTpUMaHa CTEIICHEBOIO QyHKILi€ro (2)

F (h)=10,006-h°%*

ne F(h) — mBuakicts pi3anHHs, M/XB,;
h — ToBuIMHA NHICTA, MM.
3HaueHHs koedimienty Aerepminarii R2=0.971.

)
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®dizuyHa iHTepnpeTamis:
1. 3i30inblIEHHSIM TOBIIMHU:
0 30iIbIIyeThCA 00’ €M PO3ILIaBY,
O TOTIPIIYETHCS BUAAJICHHS MPOAYKTIB IJIABICHHS KUCHEM,
O 3pOCTae€ TEIUIOBIABI y MaTepiall.
2. lle mpu3BOAMTE A0 CTETICHEBOTO 3HMKCHHS IIIBH/IKOCTI Pi3aHHS.
V3araibHeHa TEeXHOJIOTIYHA MOJAe/]b Npouecy pizaHHs. /[ y3araqbHEHOTO OMHUCY MPOLECY
JIa3epHOTO pi3aHHSA Oyja 3ampollOHOBaHA TEXHOJIOTIYHA MOJENb, SKa ITOB’SA3Yy€ IIBHIKICTH pi3aHHS 3
MOTY>KHICTIO JIA3¢PHOTO BHUIIPOMIHIOBAHHS Ta TOBIIMHOI MaTepiany. OTpuMaHa eMIipuyHa 3aJIeKHICTh

Ma€ BUTJIIS]T

F (Q, h) =8,693Q°%" -h™ %" (©)]

3navuenas koedirienty nerepminamii R? = 0.974. Ha puc.6 mnpencraBiena 3D-moBepxHs
3aMpoNIOHOBAHOT TEXHOIOTIYHOT MOJIETII.

= N w s, o
LWBunakicTs Pi3aHHA F, m/xs

4
o 6
Ur’m, i 8 R
ICT, 5 N
b 10 o~

A,
5"35’,05 o) . 12 s

Puc. 6. 3D-monens mBuaAKOCTi Ja3epHoro pizannsa F(Q,h)

OTpuMaHa MOJIENh ITOKa3yeE:
e IIABHE 3pOCTaHHS IIBUAKOCTI MPH 30UIBIICHHI ITOTY>KHOCTI JIazepa;
e TINBHUJIKEC 3MCHIICHHS IIBUAKOCTI TpPH 3pOCTaHHI TOBIIMHH MeETaly, IO BiJAMOBiga€e
eKCTIepUMEHTaIBHIHN (i3HIIi MpoTiecy
Hesenuke 3nadenns nmokasuuka crymnei npu Q (a = 0,1) o3Hauae, 1m0 B JOCTIIKEHOMY iaa3oHi
TOBIIMH IMIBUJKICT Pi3aHHS cIa00 3aJeKUTHh BiJl MOTY>KHOCTi, OCKUIBKH TMOTYXHICTh BXe OJHM3bKa JI0
ontuManbHOi (1) 1 mporec 00MeXy€eThCsI FiAPOAMHAMIKOIO BUAATICHHS PO3ILIaBy.
IMoxkazuuk mpu h (b~ -0,705) cBimuMTH MPO CYTTEBHIA BIUIUB TOBIIHHM, IO JT00PE Y3rOIKYETHCS 3

TEIUIOBOIO TEOPI€r0 OaaHcy pi3aHHS.
Ha puc.7 npencrasieHi pe3ynbTaT NEPEeBipKU Mpale31aTHOCTI y3arajJbHEeHOI TEXHOIOTT4HOT MoIei

MPOLIECY Pi3aHHs.

5.0 1
45
4.0 1
3.5
3.0 4 °
2.5 ®

2.0+

PozpaxoBaHa WengkicTe 3a mogeanio FQ,h), mixe

T T T T T
1 2 3 4 5
ExcnepuMeHTansHa WenaxicTe pizauHa F, m/xe

Puc.7. Pe3yabTaTn nepeBipku piBHs ciBnagiHHs po3paxoBanux 3a moaeaaro F(Q,h) ta
BH3HAYEHHUX eKCNEePHMEHTAIBLHO MIBUAKOCTEH pi3aHHs
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Hapeneni  pe3ynmpTaTd  MIATBEPIKYIOTH  3aJOBUTBHY  Y3TOJDKCHICTh  PO3paXyHKOBHX — Ta
EKCICPUMEHTABHUX JaHHX.

Eneprernunuii anaji3 npouecy pi3annsi. 3aliporioHOBaHHH €HEPreTUUHUH aHali3 0a3yeTbcs Ha
CHIBBIHOIICHHI M)XK CHEPIi€lo Jiazepa Ta KOPHCHOIO €HEPri€ro, 0 BUTPAYAETHCS HA HArPIB 1 IJIABJICHHS
Metany. EHeproedekTHUBHICTh MpoOIECYy pi3aHHS OILiHIOBajJacs 3a KOe(DIIiEHTOM KOPHUCHOI [ii mpH
BUKOPHUCTaHHI €Heprii Ja3epHOro MPOMEHI0, SIKUH pO3paxoByBaBCs 3a PIBHAHHAM (4).

p-F-b~h-(C-AT+Lm) @
Q

Ie p — T'yCTHHA MeTaly, Kr/M3 | ¢ — MUTOMa TEIUIOEMHICTh MeTany, mk/Kr-rpax; AT — Harpis 1o
TeMITepaTypH TUIABJICHHS, Tpajl; Lm— MUTOMa TEIU1oTa IIaBICHHS, JUK/KT; D — cepeHs mupuHa pi3y, Mm; F
— IIBUJKICTH pi3aHHsl, M/c; Q — IOTYXHICTh Jla3epa, BT.

Ha puc.8 npeacrasieHo po3paxoBaHy 3a (4) AMHAMIKY 3MiHH eHeproe()eKTUBHOCTI IPOIIECY Pi3aHHs
HU3BKOBYTJICIIEBUX CTaJel B 3JICXKHOCTI BiJl TOBIIUHHM JIUCTA PY BUKOPHCTAHHI ONTOBOJIOKOHHOTO JIa3epa
3 MaKCMMAJIbHOK BUXiJHOIO IIOTYXKHICTIO 12 KBT Ta KMCHIO B IKOCTI aCHCTYIOYOIO rasy.

0.08 1

0.07

0.06

KK/l BMKOpWCTaHHA eHeprii n

0.05 -

0.04

é ‘IIO IIS 2I0 2I5
ToeuwHa n1cta h, mm
Puc.8. 3anexuicTb eHeproeeKTUBHOCTI JIa3ePHOT0 Pi3aHHSA HU3bKOBYTIJIENEBUX CTajleil Bi
TOBIIIMHH 3arOTOBKHU
BcTanoBiieHe CTpiMKe 3pOCTaHHS CHEProeeKTUBHOCTI JA3epHOTO pi3aHHSA 31 30UTBIICHHSIM
TOBIIMHHU JIHCTA Ma€ YiTKe TEIIo(i3UYHE MOSCHEHHS 3YMOBJIEHE CYKYMHICTIO ()aKTOPIiB: 301IbIICHHSIM
MacoBoi TPOAYKTUBHOCTI TIPOLECY; 3MEHIICHHSIM BiIHOCHMX TEIUIOBHX BTpPAaT; 3pPOCTaHHAM pOJIi
€K30TEPMIYHOTO OKWUCHEHHS METaly; Kpalllolo JIOKaTi3alli€elo Temja B KaHali pizy; Oararopa3oBuM
MOTJIMHAHHSAM BUIPOMIHIOBAHHS B TITMOOKOMY pi3i.

BucHoBkn.

1. TIpoBemseHO KOMIUIEKC EKCIIEPHUMEHTAJIbHUX JAOCITI/KEHb MPOLECY Tra307a3epHOro pi3aHHA
JMCTOBOT HU3bKOBYTIIELeBOi cTani BCT3cn BUIIPOMIHIOBaHHSIM ONTOBOJOKOHHOTO Jia3zepa MOTYXHICTIO 12
KBT y cepenoBuIl KHCHIO i3 3aCTOCYBaHHSM METOIB MOBHO(AKTOPHOTO IUIAHYBAaHHS EKCIIEPUMEHTY.
BusnaueHo pamioHambHI TEXHOJOTIUHI PEXKHMH Pi3aHHSA IS CTaHAAPTHOTO PSIY TOBIIUH JHICTOBOTO
MaTepiany, mo 3a0e3NeuyioTh BHUCOKY MPOJYKTHBHICTh IPOIECy Ta MapaMeTpH SKOCTi pi3y, sKi
BIJIMIOBiat0Th BUMoOram cranaapry 1SO 9013:2017.

2. BcTaHOBIEHO €KCHEpUMEHTANBHI 3aJIe)KHOCTI ONTHMAJIbHOI BUXITHOI MOTYXKHOCTI JIa3epHOTO
BUIIPOMIHIOBaHHS Ta MAaKCHUMAJIBHOI INBHIKOCTiI SIKICHOTO pi3aHHS BiJ TOBIIMHH OOpOOIIOBAHOTO
Matepiaay. OTpuMaHI aHAJIITUYHI ANpPOKCUMAIlIMHI 3aJeKHOCTI J03BOJISIIOTh 3[IHCHIOBATH IHXCHEPHY
OIIIHKY pallioHaJIbHUX MapaMeTPiB TEXHOJIOTIYHOTO MPOIIECY JIa3ePHOTO Pi3aHHS.

3. 3anpomoHOBaHO Yy3arallbHEHY TEXHOJIOTIYHY MOJENb TPOIEeCY JIa3epHOro pi3aHHS, sKa
BCTAHOBJIIOE B3a€MO3B 30K MiX WIBUJKICTIO pi3aHHS, MOTY)KHICTIO J1a3epHOTO BUIPOMIHIOBaHHS Ta
TOBIUHOIO MaTepiany. EkcriepuMeHTanbHa IepeBipka MOJeNi IoKaszajia 3al0BiIbHY Y3TOJKEHICTh
PO3paxyHKOBUX Ta €KCIIEPUMEHTANBHUAX PE3YNbTaTIB, IO MATBEPIKYE MOKIUBICTH 11 BUKOPUCTAHHS IS
MIPOTHO3YBaHHS TEXHOJIOTTYHUX PEXKUMIB 0OPOOKH.

4. BukoHaHO €HepreTHYHMI aHalli3 MpoIiecy pi3aHHs, SKHUH T0Ka3aB 3pOCTaHHS eHeproeeKTHBHOCTI
JA3epPHOTO pi3aHHA HU3BKOBYTJEIEBUX CTalieil 31 301MBIICHHAM TOBIIWHHU 3aroTOBKH. BcraHOBIeHa
TEHCHINISI TIOSCHIOETHCS MiABHUIEHHSIM MacoBOi MPOAYKTUBHOCTI TPOIECY, 3MEHIICHHSM BiJIHOCHUX
TEIUIOBHUX BTPAT Ta 3POCTAHHSIM POJIi €K30TEPMIUHOI peakilii OKUCHEHHS! METally KHUCHEM.
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5. 3a pesympTaTaMu TMPOBEACHUX IOCIIKEHb PO3pPOOJICHO TEXHOJIOTIYHY KapTy IapamMeTpiB
razonasepHoro pizanus ctani BCt3cn ans BepcrariB moneni AFX-PRO-12000-1530-LD, sika moxe OyTu
BUKOPHUCTaHA SIK NMPAKTUYHA OCHOBA JUIA HANAIUTYBAaHHS PEXHMIB Pi3aHHSA Ha MPOMHUCIOBHX JIa3€pPHUX
yYCTaHOBKaXx.
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POJIb TA PO3BUTOK IHXKEHEPHOI ETUKH B YKPATHI

Y cmammi posenanymo ¢popmyeanna, cyvacuuii cman i nepcnekmueu po3eumky iHyceHepHOI emuku ¢ YKpaiui.
Ilpoananizoseano ponv oceimnix 3axknadie, npogeciiinux Kooekcie ma cycninpno-icmopuunux nodiit (3okpema Yopnoounsa) y
cmanoenenni emuunoi ceioomocmi indicenepie. Hagedeno 02110 Haa6HUX eMUUHUX KOOEKCi8 6 YKPAIHCLKUX IHIMHCeHepHUX
CRiIbHOMAX, NPAKMUYHI GUKIUKU MA PEKOMEeHOauii w000 inmezpauyii emuunoi ni02omoeKu y HaAGUANbHI RPOZPAMU il
KOpnopamueny npakmukxy.

Knrouogi cnosa: insicenepna emuxa, npoghecivina emuxa, emuina noseodinka, npogecitini KoOexcu, MOpantbHi NPUHYUNU,
be3nexa nooeil, mexHo2eHHi nooii.

R. Redko, V. Puts, V. Martyniuk, O. Redko
ROLE AND DEVELOPMENT OF ENGINEERING ETHICS IN UKRAINE

The article examines the formation, current state and prospects for the development of engineering ethics in Ukraine.
The role of educational institutions, professional codes and socio-historical events (in particular, Chernobyl) in the formation
of the ethical consciousness of engineers is analyzed. An overview of existing ethical codes in Ukrainian engineering
communities, practical challenges and recommendations for integrating ethical training into curricula and corporate practice
are presented.

Keywords: engineering ethics, professional ethics, ethical behavior, professional codes, moral principles, human safety,
man-made events.

IocTanoBka mpoOJjemMu. [mKeHEepHa €THKAa — IIe po3Ail IPodeciifHOl €THKH, IO IOCIIHKYE
MOpaJIbHI MPUHUIUNK TOBEAIHKM iH)KEHepa y Mpoleci NPOEKTYBaHHs, BUPOOHULITBA, BIPOBAKEHHS Ta
eKCIUTyaTalii TeXHIYHMX cHCTeM. Y Cy4YacHOMY CBiTi, J€¢ TEXHOJIOTiuHi pilleHHs Oe3mocepenHbo
BIUTMBAIOTh Ha OE3MeKy JIFoeH, TOBKIUIA i CyCIiIbHY CTPYKTYPY, POJib iIH)KEHEPHOI €THKH 3pOCTaE: Bij
1HAMBITyaIbHUX €TUYHUX BHOOPIB OKPEMOTo crienianicTa — 10 GopMyBaHHs KOPIOPATUBHOI Ta AEp>KaBHOT
MOJIITUK y chepi Oe3MeKn i CTaoro po3BUTKY.

IcTropuyuni nepenymoBu (popMyBaHHS iHKeHEPHOI eTMKU B YKpaini. BuHukHEeHHS iHXEHEpHOI
€THKH SIK OKPEMOIr0 HampsiMy CIIiBIaJa€ 3 PO3BUTKOM I1HAYCTPIalbHOIO CYCHUIBCTBA — TOXI 3pociia
BIJIMOBiaNbHICTh (PaxiBIiB 32 TEXHOT€HHI PHU3WKA. B yKpaiHCEKOMY KOHTEKCTI OCOOIIMBY pOIIb Yy
(hopMyBaHHI CYCITIIBHOI yBarum IO E€THYHUX AacleKTiB TEXHIKH BiJlirpand 3HA4YHI TEXHOTEHHI TMOii,
KyJbMiHamiero skux ctana YopHoOmnbceka katactpoda 1986 poxy. UopHoOwib He NUIIE CIPUYHHUB
MacoBi TyMaHITapHI W €KOJIOTiYHI HACHiAKW; BiH CTaB KaTaji3aTOPOM CYCIJIBHOTO IMEPEeOCMHUCICHHS
TEXHOJOTIYHUX PHU3HKIB, KyIbTypH OE3IEeKH Ta BiAIMOBIMaTBHOCTI CIIEIIANiCTIB, Y TOMY YHCIHI iHXESHEPIB.
e BrMHYJO SIK HA HOPMATUBH U MPOLETyPH, TaK i HA CYCIIbHI OYiKYBaHHS IIO/I0 MOBEIIHKH TEXHIYHUX
daxisiis [5].

VY HaykoBUX 1 HaBUQIBHMX KOJax YKpaiHM NUTaHHS 1HXXEHEPHOI €THUKM JOCHIDKYIOThCS 1
BUKJIAJIAIOTBCS: € METOJWYHI MaTepialny Ta KypcH, SIKi IMiJKPECIIOI0Th BAKIUBICTh (POpMyBaHHS €THYHOI
KYJIBTYpH iH)KEHepa fK YacTHHU MOro mpodeciiHoi miAroToBKU. 30KpeMa, JOCHIHKEHHS Ta HaBYaIbHI
porpaMy yKpaiHCBKMX TEXHIYHHX YHIBEPCHTETIB aKLUEHTYIOTh yBary Ha COLIaJbHIM BiMOBiAaIbHOCTI
IH)KCHEPIB Ta €TUYHUX KOJCKCaX SK €JIeMEHTI MiAroTOBKHU (axiBiiB [1].

AHaJi3 ocTaHHiX qocihimkeHs i myOaikaniid. 3a ocTaHHE JECATHIIITTS JOCHIHKCHHS 1HXEHEPHOL
€TMKM B YKpaiHi NOKazald TOMITHY JMHAMIKy — BiJg MEpeBaXHO iCTOpHKO-(imocodcbkux Ta
MyOTIUCTUYHUX PO3BIIOK 0 MPHUKIATHUX POOIT, 110 OPIEHTOBAHI Ha OCBITY, MPOQECiiiHi CTaHIAPTH Ta
MPaKTU4HI MEXaHi3MHU 3a0e31eueHHs eTHUHOI oBeAiHKU. Ll Tpanchopmartis 3ymMoBiIeHa K BHYTPILIHIMH
YHMHHUKaMH (HayKOBO-OCBITHI iHILIIaTUBH, JOCBIi TEXHOI€HHHUX KaTacTpod), TaK i 30BHILIHIMU BUKIUKaAMH
(rapMomHizamis 3 MDKHaApOZHUMH CTaHaapTamu, IUdposizaiis) [5]. Po3risaeMo IWHAMIKY DPO3BHUTKY
1H)KEHEPHOI eTHKH B YKpaiHi.

1. Tennenuis iHTerpauii eTMKH B OcBiTHI mporpamu. OctaHHi myOnikamii i HaBYaJIbHI IUTAHH
TEXHIYHUX BUIIIB YKpaiHU CBITYATh PO CHCTEMATHYHE BKIIOUSHHS MOIYJIIB 3 IHKEHEPHOT ETHKH, O€3MEeKH
Ta COLIaNbHOI BiANOBINANBHOCTI A0 HABYAJBHUX MpPOrpaM — SK OKPEeMHUX JAUCHMIUIH abo
MDKIUCIUTUTIHApHUX MOAyJiB. [IpakTnka mependadae BUKOpPHCTAHHS KeHC-METOMIB, aHANI3y peaNbHUX
IHITU/ICHTIB Ta MOJETIOBAaHHS KPU30BHX CUTYallil y HaB4aIbHOMY Tiporieci. Lle BiamoBigae Mi>kHApOTHUM
migxoJaM i CIpsIMOBaHO Ha (OPMYBaHHS «ETHYHOI KyJIbTYpH» MailOyTHIX iH>keHepiB [6].

2. AKIIeHT Ha BUBYEHHI BIUIMBY BEJIMKUX TEXHOTEHHUX MOAIH Ha podeciiiHy cBigoMicTh. IcTopuko-
corrioyorivHi npari mo10 YopHoOUIbChKOi KaTacTpodu Ta i HACHIIKIB JUTA CYCIUTBHOT TOBIPH 1 KyIBTYpH
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0e3MeKn 10Ci CTAaHOBIIATH BaXIIMBY YaCTHHY YKpaiHChKO1 stiTepaTypu. Lli qocmimKkeHHs miAKpeCTo0Th, IO
YopHOOMIIb CTaB HE JIKIIIE TEXHIYHO0, 8 i MOPAJIBHOIO BiX0I0: POOUTH OYSBHIHUMH IOTPEOY MPO30POCTI,
MIA3BITHOCTI Ta €THYHUX MPOLEAYDP Y TEXHIYHMX cepax. AHai3 TaKUX POOIT AOIOMArae 3po3yMiTH, K
BiOyBa€ThCsI IEPETBOPEHHS KOJIEKTUBHOI MaM'ATi B akaJeMiuHi i HOpMaTHBHI pileHHs [5].

3. [Ipuknagai mocmimKeHHS 3 (JOKYCOM Ha CTaHOAPTH 1 KOAEKCH. Y MOCHIDKEHHSIX 3’ SBISETHCS
nenain OinbpIre myOmiKallii, Mo aHajli3yloTh iICHYI0Ul KOoIeKCH (HaIllOHAIBHI i afanToBaHi M KHAPOIHI) 1
MPOTNIOHYIOTh MEXaHI3MH iX BIOPOBaKEHHS B YKPaiHCHKOMY KOHTEKCTI — BiJl KOPIIOPATHMBHUX €TUYHHX
KOMITETIB [0 mporenyp 3axucty BukpuBauiB (whistleblowing). Taki pobGoTu yacTo peKOMEHIYIOTH
yHi(IKaIio MIX0AiB Ta aIaNTaIliI0 KpamuX MiXXHAPOTHUX MPAKTHK 10 HAIllOHATBHUX peaii [2, 3].

4. HoBi Hanpsmku: mudpoBa eThka W BIDIUB TexHOyoTid. CydacHi myOJikamii aemani dacTilie
MOETHYIOTh 1HXKEHEPHY €THKY 3 TeMaMH Hu(poBi3allii: eTuka JaHWX, alrOpUTMIYHA BiATIOBIAATBHICTS,
NUTaHHS Oe3MeKH MpOorpaMHUX CHCTEM 1 aBTomartu3anii. B ymoBax crpiMkoro BmpoBamxenHs [T-
TEXHOJIOT Y BUPOOHUUTBO U iHQPACTPYKTYpy i€ CIpsIMyBaHHS HaOyBa€ MPAaKTUYHOT BAXKIUBOCTI JIJIs
MiTOTOBKY 1HXKEHEPiB, sIKi TOBUHHI BpaXxOBYBaTH HE JIMIIE TEXHIYHI, a i CYCIiIbHI i MpaBOBi HACTIAKI
CBOIX pimeHsb [8].

5. BUKIMKY ¥ MIporajuHu, Ha SKi BKa3yIOTh JOCHiIHUKU. He3Bakarouu Ha MO3UTHBHI 3pYIICHHS,
CydacHa HayKoOBa IHUCKYCisS IOAO IHKEHEPHOI eTWKH B YKpaiHi ifeHTH(iKye Kilbka MpoOIeM:
(parMeHTapHICTh HOPMATHBHOI 0a3u (BIJACYTHICTh €IMHOTO HAIIOHAJIBHOTO €THUYHOTO CTaHIAPTY IS
1HKeHepiB), HEPIBHOMIPHICTh 1HTErpallii €eTHYHUX MOJYJIIB y MPOrpaMH Pi3HUX BHIIIB, OpaK MPaKTUIHUX
KEHCiB, OPIEHTOBAHMX CaMe Ha YKPaTHCHKUI KOHTEKCT, @ TAKOK CKJIQ/IHOIII 3 MEXaHi3MaMH KOHTPOJIIO Ta
MiA3BITHOCTI Y MPUBAaTHHUX 1 JEpKaBHUX MPOEKTaX. JOCTIMHUKU PEKOMEHIYIOTh CHCTEMHY MOJITHKY,
MiXBIIOMYY KOOPJIUHAIIIIO Ta pO3p0OKY aJanToBaHUX OCBITHIX i KOPIIOPATUBHUX 1HCTPYMEHTIB [2, 7].

6. MeTromooriydi miaXoau B JOCHIDKEHHSAX. Y BITYM3HSAHUX TpaIlsgX MOMITHA IMepeBara sKiCHUX
miaxoniB (ICTOpUYHMIA aHali3, KeWc-cTali, I1HTepB’l0 3 TPAKTHKAMH) TOpSJ 3 EMIipUIHUMH
JOCTIIDKEHHSIMH OCBITHBOTO IPOIeCY (ONMMUTYBaHHS CTYACHTIB 1 BUKJIAJa4iB, aHA3 HAaBYAJbHUX IUIAHIB).
HaykoBui 3akinkaroTh 10 OUIBIIOI KIIBKOCTI MKIMCUUILTIHAPDHUX 1 €KCIIEPUMEHTAIBHUX JOCIIIKEHb
(HampuKJIa1, KOHTPOJIbOBaHI OCBITHI IHTEPBEHIIIi, OllIHKA e()eKTUBHOCTI €THYHUX TPEHiHTIB) [1, §].

CymapHi BUCHOBKH OTJISITY.

e Ocranni myOmikamii TMOKa3ylOTh ITOCTYIIOBY, aj€ CTIMKy IHTETpaImii0 iHKEHEpHOI ETHKH B
akajeMiuHy ¥ mpodeciiiny nmpakTuky YKpaiHu; ofHaK MOTPiOHI CKOOPAMHOBAHI 3yCUIUIS Ui yHi(ikawii
CTaHAAPTIB 1 MACIITA0HOTO BIIPOBAIKEHHS MPAKTHYHUX METOAMK Y HABYAaHHS i KOPIOPATUBHY KYJIBTYPY.

e 3pocTae 3HAYCHHA TeM LUMPOBOI €THKM 1 B3aEMO3B’SI3KYy IHXKEHEpHOI mpodeciitHol
BIJIMOBIaNbHOCTI 3 MUTaHHsIMH Oe3neku [13, aaropuTMi4HOI TPO30PICTIO Ta OXOPOHOK JAHUX, IO
CTBOPIOE TI0JIE AJIsl HOBUX JIOCIITHUIBKHUX MTPOEKTIB.

e HeoOxigui momanpiini eMmipuyHi JoCaimKeHHS (0CO0JIMBO OIliHKAa €()EeKTHMBHOCTI OCBITHIX
IHCTpYMEHTIB) 1 MiKCEKTOpajibHa CIIBIpaUs MiK YHIBepcHUTETaMH, NPOQEeciiHUMH acouialisiMu Hu
Jep’KaBorO IS PO3POOKH MPAKTHIHUX MEXaHi3MiB 3a0€3TIeUeHHS €THYHOI TIOBEIIHKH 1H)KEHEPIB.

BuxiiageHHs1 0OCHOBHOI0 MaTepiajy

[Ipodeciiini komexkcn W opranizamii. B VYkpaini ¢yHKuioHyoTh mpodeciiiHi 00’€qHaHHS Ta
IHIIIIATHBH, 10 PO3POOIISTIOTH €TUYHI KOJEKCH a00 aanTyroTh MIXKHAPOIHI CTAaHAAPTH 10 HAIllOHAFHOTO
koHTeKCTy. [lpukmamun — ernyHi Kogekcn MiXaep»aBHOI TifbAii 1HKEHEPiB-KOHCYJIBTAHTIB Ta 1HIINX
rajqy3eBUX acoliamiid, fKi IEKIapylTh MpiopuTeT Oe3MeKd CyCHinbCTBa U A00poOyTy, mpodeciiiHy
KOMIIETEHTHICTH 1 BiIMOBY BiJl KOH(MIIKTY iHTepeciB. Taki JoKyMeHTH 0a3yrOThCs Ha MIDKHAPOAHHX 3pa3Kax
(FIDIC, iHo3emHI iH)KEHEpHI TOBApWCTBA), A€ MICTATh TOJOXKEHHS 3 YpaxyBaHHSM HaIliOHAJIbHOI
npakTHKy [2].

Po3po6iieHHs BiracHUX KOJIEKCIB 1 peKoMeHalliil B YKpaiHi € BAKIHBUM KPOKOM, OCKIJIBKH CTBOPIOE
OUiKyBaHHS W CTaHAAPTH MOBEIHKH IS IHKSHEPHUX MPAKTUK y KpaiHi. Lle Takoxk crpuse migBUIIEHHIO
JIOBIpY CYCIIIBCTBA 10 Npodecii i BU3HAYCHHIO BiAMOBIAAILHOCTI y BUMAJKAX TEXHOTCHHUX PU3UKIB.

OcgitHs ckiamoBa. OcBiTHI 3akianu (TEXHIYHI YHIBEPCHUTETH, KOJIEIKi) MOCTYIOBO IHTETPYIOTh
TEMH IHKEHEPHOI eTUKH, COIIaTbHOI BiIMOBINaTHHOCTI Ta O€3MeKu y HaBYalbHi iporpamu. JlocmimkeHHs
I IKPECITIOITh HEOOXIHICTh CUCTEMHOT ITiJITOTOBKH, sIKa BKJTFOUAE HE JIUIIIE TEOPIt0, a i MPaKTU4HI KEHCH,
cuMmyJsinii ¥ aHami3 kpu3oBux noxii. CyuacHi myOmikamii i mMetoguuHi po3poOku (2020-2024 pp.)
HaroJONIyIOTh Ha aKTyaJllbHOCTI BKJIFOYEHHS ETHYHHUX MOJYJIB y MIiATOTOBKY iHXXEHEpIB fAK 3aci0d
MpoQUIAKTUKY TOMIJIOK 1 IiIBUILIEHHS KyJIbTYpH Oe3reku [4].
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Ha cporonni B YkpaiHi 1010 iH)K€HEpHOI €THKU ICHYIOTh TaKi BUKJIMKHY i IpOOIeMHi 30HU.

1. ®parmeHTapHICTh HOPMATHUBHOI 0a3u. X04a B YKpaiHi € rary3eBi KOJEKCH Ta iHIIIaTUBH, BIICYTHS
€IMHA BCEOXOIUTIOI0YA HAIllOHAIbHA CHUCTEMa CTHYHOI perIaMEHTAIii IHKEHEepPHOI IPaKTHUKH, sSKa O
MO€AHYyBaJIa MPaBOBI HOPMH, IPodeciiiHi cTaHAAPTH i OCBITHI BUMOTH.

2. HemocraTHs iHTETpallis €TUKH B TEXHIYHY IIATOTOBKY. Y NMESKUX HaBUAJILHUX MporpamMax eTHIHI
Moyl (opMabHO MPHUCYTHI, ajie BIACYTHI MPaKTHYIHI KEHUCH Ta METOIH, IO TO3BOJIIIOTH CTyICHTaM
OTIPallbOBYBATH PeabHi AUIEMH.

3. Komepritinnii THCK 1 KOHQUIKT iHTEepeciB. SIK 1 B IHIUX KpaiHax, iEKeHepH B YKpaiHi iHOmII
CTHKAIOThCSl 3 TUCKOM Ha CKOPOYECHHS TEPMiHiB, 3HIDKEHHS BUTPAT UM MPUXOBYBAaHHS AE(EKTIB — Iie
MOPOJKY€E €THUYHI PU3MKH, SKI BUMAraloTh UYiTKMX TMPOLENyp 3aXHUCTy BUKpHBadiB 1 mia3BiTHocTi. Ha
HAIIOHAILHOMY PiBHI JIMIIIE TOONHOKI 1HII[IaTHBH 3a0€3eUYyIOTh i ITPUMKY ETHIHUX MPAKTUK [4].

CouianbHa noBipa Ta KoMyHikamis. [licis Benukux kKatacTpod CycHiIbCTBO OUiKYy€E Bija iHXKEHEPiB
MPO30POCTi Ta BiAMOBiNaNbHOCTI. HenocTaTHs KOMYyHIKalis PO PU3UKHM Ta MPO 3aXOAH O€3MeKH MOXKe
MipPUBATH JOBIpY A0 Tpodecii Ta TeXHONIOTIH 3aramoM. YOpHOOMIBCHKUI TOCBIA TMOKAa3ye, HACKIUITBKH
3HAYMMOIO € CYCITLIbHA peakKilis Ta morpeda y mpo3opocTi [5].

[Mpuknanu BrmuBy: YoMy iHKeHEpHA €THKA Ma€ 3HAYCHHS?

e Texnorenni aBapii (HopHOOMIIH Ta 1HII) MPOAEMOHCTPYBAJIH, 110 TEXHIUHI MTOMIJIKH, HEXTyBaHHS
npoleaypaMu ado HeMPO30PiCTh MOKYTh MPU3BECTU O MACIITAOHUX JIFOJACHKHUX Ta €KOJIOTIYHUX BTPAT; 11e
3pO0MIIO MUTAHHS €THKH Ta BiJINOBIAATBFHOCTI HEHTPAJILHUM Y IUCKYCIAX PO TeXHooril [5].

o [losiBa Ta 3acTOCyBaHHS ETHYHHMX KOJAEKCIB B YKPAiHCBKHMX IH)KEHEPHHX CIIJIBHOTAX CIIyTye
HOPMAaTUBHOIO OMNOPOIO ISt MPUHHSATTS pillleHb, OTOMAarae yHUKaTH KOH(IIKTIB iHTepeciB 1 crpuse
3aXHCTy CYCHIIbHUX 1HTEPECiB MPH BIIPOBAKEHHI TEXHIYHHUX pillieHb [2].

PexomMenpaii /U1 moIanbIIoro pO3BUTKY iH)KEHEPHO! €THKH B YKpaiHi.

1. Vuidikanis miaxomiB i po3poOka HamiOHAJIBHOTO CTaHAAPTY. PEKOMEHIYETbCS PO3TISAHYTH
CTBOPEHHS HAalliOHAJBHOTO PAaMKOBOTO JOKYMEHTY (peKOMEHAalii/KolleKc), sSKui Ou iHTerpyBaB
HarioHabHi peanii Ta mixxaapoaHi crannaptu (FIDIC, Engineers Europe, IEEE ta iH.) i cimyryBaB 0CHOBOIO
JUIs Tally3€BUX KOJIEKCIB.

2. INocunenHst ocBiTHBOI CKIaZo0BOi. BripoBaanTi 000B’SI3KOBI KypcH 3 iHKEHEPHOI €THUKH Yy BCiX
IHKEeHEepPHUX MporpaMax, BAKOPUCTOBYBATH KeWC-METOAMKY, CUMYJISII] iHIUASHTIB Ta MIKIUCIUILTIHAPHI
MPOEKTH (FOPUINYHI, EKOJIOTiuHi, couionoriuni acnekTtn). [IpakTuuHi MaTepianu Ta Kelcu, po3pobieHi
YKpaiHCHKMUMHU YHIBEpPCUTETAMH, CIIiJl aAalTYyBaTH i PO3IOBCIOIXKYBATH MK 3aKIIa/IlaMH.

3. IlinTpuMKa «eTHYHOTO TOJIOCY» B oprasizamisx. Kommanii # nepaBHI YCTaHOBH MaroTh
BIIPOB/XKYBaTH TPOLEAYPU IMOBIIOMIICHHS Mpo mopyiieHHs (whistleblowing), 3abe3medyBaT 3axuct
MPaliBHUKIB, IO MOBIJOMIISIOTH [IPO PU3HKH, T4 CTBOPIOBATH HE3aJEXHI €THYHI KOMITETH IS PO3TIISTY
CKJIQ/IHUX BHIIAJIKIB.

4. MixHapoaHa criBnpaisd. AKTHBHO 3alydaTH MDKHApOJHI iHKEHepHi acoriamii 10 oOMiHYy
MPaKTUKAaMH i HaBYaJIbHUMH MaTepialaMy, IEPEeBOIUTH 1 alanTyBaTl MIKHAPOIHI KOJEKCH W KypCH IS
YKpaiHChKOTO KOHTEKCTY [7].

Hocnimxennst Ta MoHiTopHHT. [10oTpiOHA crcTeMHA HayKOBa po0OOTa 3 aHAIli3y MPUYHH TEXHOTCHHHX
IHIIMCHTIB, €(EKTUBHOCTI €TUYHUX TPEHIHTIB Ta 3aCTOCYBAaHHS KOAEKCIB y peabHil NPaKTHULl iHKEeHEPiB
B YKpaiHi.

BucHoeku

ImxenepHa etuka B YKpaiHi pO3BHBA€ThbCs 4epe3 MOEAHAHHS OCBITHIX iHILIaTUB, mpodeciiiHux
KOZEKCIB Ta CYCIIIBHOTO THCKY, TOCUJIEHOTO 3HAYHUMH TEXHOI€HHUMH NOAisIMU (30Kkpema YopHoOunem).
CporoiHi HaIliOHAITBHI 1HIIIIATUBY BXKE CTBOPIOIOTH €THYHI KOJEKCH M METOAMYHI MaTepiaiw, aje mepes
KpaiHOIO CTOSITh 3aBIaHHS YHiQikalii HOpMaTWBiB, MOCHJIEHHS OCBITHBOI MIITOTOBKH 1 CTBOPEHHS
MeXaHi3MiB 3a0e3leUeHHs] eTUYHOI MOBENiHKM B mpodeciiHiii mpakTuii. Peanizamis 3ampornoHOBaHHX
3aXO0iB CIPUATHME T ABUIICHHIO OE3IIeKH, SKOCTI 1 CYCIUIBHOI JOBipH 0 iHKeHepHOT mpodecii B YkpaiHi.
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MLJIL. Psagunkoploenesess] C 1, IMumaykleecezssod T 11, 3aituyk, C.B. Muiunuyk
Jhyvkuti HayionanbHUll MexXHIYHUL YHigepcumem

CUHHEPI'ETUKA TEXHOJIOI'TYHHUX ITPOLECIB: ®IJIOCOPCBHKO-
TEXHOJIOTTYHE MOJEJIIOBAHHSA YHIBEPCAJIBHUX IMTPUHIUITIB BUPOBHUIITBA

Y emammi 30iiicneno ginocogpcoko-mexnonoziune ocmucienna cunepzemuyHuUX NPURYUNIG OP2anizayii 6upooHUYUX
npoyecie. Ilokazano, wio cyvyacuuil eman po36UMKY NPOMUCT060CMI XAPAKMEPUZYEMBCA IHMEZPAUIEI0 UUPPOsUX,
ABMOMAMU308AHUX MA €KONO0ZIYHO OPIEHMOGAHUX MEXHO02il, W0 6UMA2AE NOWIYKY YHIGepCANbHUX RIOX00i6 00
MoOentoeanna eupoonuymea. QOrpyHmMOaAHo OOYINbHICMG 3ACMOCY6AHHA CUHEPZEMUKU AK MIMNCOUCUUNTIHAPHOT
Memooonozii, 30amuoi noconamu meopemuuHi KOHUenuii camoopzauizayii ma Heninilinoi Ounamiku 3 IHdCeHepHUMU
Mmoodenamu. Buoineno ynieepcanvui npunyunu mexnonoziyunux npoyecie — pizauns, popmyeanns, memnepamypnoi oopooxu
ma 30upanns — i 008e0eHo ix cnibHICMb Y PIZHUX 2AY3AX HPOMUCT060CHI. 3ANPONOHOBANHO DAYUEHHA BUPOOHUYUX CUCHIEM AK
GiOKpumux, bazamopienesux ma a0anMUGHUX CIPYKMYP, 30amHuux 00 camogionoesnenns. Ilokazano cmpameziune 3nauennsn
CUHEPZEMUYNHO20 NIOX00Y 0ns 6i00y0oeu iHOycmpianvhoi ingppacmpykmypu Ykpainu, 30Kpema y Hanpamkax ZHyu4Kocmi,
cmiitkocmi, pecypcoeghekmugnocmi ma mexHnon02iunozo cysepeninemy.

Kniouogi cnosa: cunepeemura, mexnHono2iuHi npoyecu, GUpOOHUYMEO, CAMOOP2AHI3aAYisl, MOOENIOBAHHS, A0ANMUGHICIb,
81000080 NPOMUCTOBOCMI.

M.L. Riabchykov, S.P. Shymchuk, T.P. Zaychuk, S.V. Pylypchuk

SYNERGETICS OF TECHNOLOGICAL PROCESSES: PHILOSOPHICAL AND
TECHNOLOGICAL MODELING OF UNIVERSAL PRINCIPLES OF PRODUCTION

The article presents a philosophical and technological analysis of synergistic principles in the organization of production
processes. It is demonstrated that the current stage of industrial development is characterized by the integration of digitalization,
automation, and environmentally oriented technologies, which requires the search for universal approaches to production
modeling. The feasibility of applying synergetics as an interdisciplinary methodology is substantiated, enabling the combination
of theoretical concepts of self-organization and nonlinear dynamics with engineering models. Universal principles of
technological processes — cutting, forming, thermal treatment, and assembling — are identified, and their cross-industry
similarity is confirmed. Production systems are proposed to be viewed as open, multi-level, and adaptive structures capable of
self-recovery. The strategic importance of the synergistic approach for the reconstruction of Ukraine’s industrial infrastructure
is emphasized, particularly in ensuring flexibility, resilience, resource efficiency, and technological sovereignty.

Keywords: synergetics, technological processes, production, self-organization, modeling, adaptability, industrial
reconstruction.

IHocTanoBKka Mpo6eMu B 3arajbHoMy BHUIJIsiAi. CydacHHN eTan pO3BUTKY BUPOOHUYIMX CHCTEM
XapaKTEePU3y€EThCS MIMOOKOI IHTErPalli€l0 HAyKOBO-TEXHIYHUX MOCATHEHb, IIU(POBI3allii, aBTOMATH3ALi1
Ta HEOOXIAHICTIO €KOJIOTIYHO 30aIaHCOBaHOTO BUKOPUCTAaHHS pecypciB. B ymMoBax rno0anbHUX BUKIHKIB
— BiJ EHEepreTMYHUX KpU3 A0 BOEHHUX pyHHYyBaHb — OCOOJMBOIO 3HA4YeHHs HaOyBae IOILIYK
YHIBEpCaJIbHUX TMPHUHITUIIB OpraHizamii TEXHOJOTIYHMX IPOIeCiB, MO 37MaTHI 3a0e3MeYNTH THYUYKICTh,
BiTHOBJIIOBAaHICTh TA €(PEeKTUBHICTH BUPOOHHIITBA.

CuHepreTHUHUM MiAXiA, MO IPYHTYEThCS Ha i€l caMooprasizauii, HETiHIHHOCTI Ta B3aeMOmii
€JIEMEHTIB CKJIaJHUX CUCTEM, BIIKPUBAE HOBI MOXKIIMBOCTI I MOJICIIFOBAHHS TEXHOJIOTTYHHUX MPOIIECIB K
LTICHUX, aJalTUBHUX 1 3/1aTHUX JIO CAMOBITHOBJIEHHS cucTeM. Lle ocobnmBo akTyanbHO i YKpaiHu, sKa
nepedyBae y ¢aszi BifOyJ0BU KPUTHUHOI IHPpaCTPYKTYPH, IPOMHUCIOBOCTI T JKUTTEBO BAXKJIMBUX ray3en
MicJIst MacITaOHUX pyHHYBaHb. BUKOpUCTaHHS CHHEPTETHKHY JI03BOJISIE HE JINIIIE BiIHOBUTH BUPOOHUIITBO,
a ¥ 3aKJIaCTH OCHOBH MOTO CTIMKOTO, IHHOBAI[ITHOTO Ta KOHKYPEHTOCIIPOMOXKHOTO PO3BUTKY.

[Ipobnema monsrae y BiICYTHOCTI €IWHOIO YHIBEpCAJbHOIO MiAXOAY A0 MOJEIIOBAHHS Ta
oprasizaiii TeXHOJOTIYHUX IPOLECIB, 3aTHOT0 BPaxXOBYBaTH B3a€MOJII0 TEXHIYHHUX, CKOHOMIUHHUX I
coliayIbHUX (PaKTOPIB Y CKIAJHUX BHPOOHHYMX CHCTEMax. TpajuiiliiHi METOIU YIpaBIiHHS MPOIeCaMH
Opi€HTOBaHI Ha TiHIIiHI MOJaeni Ta XKOPCTKO 33JaHi aJIrOPUTMH, M0 OOMEXYE MOKIHUBICTh HIBUAKOI
ajanrarii 10 Herepe10adyBaHUX BUKJIVKIB.

Jns Ykpainu 1g mnpobiieMa HaOyBae OCOOJMBOI TOCTPOTH y 3B’sA3KYy 3 MOTPeOOrO: MaciiTaOHOI
PEKOHCTPYKINi MPOMHUCIOBHUX OO’€KTIB Ta 1HQPACTPYKTYpPH; CTBOPEHHS BHCOKOTEXHOJOTIYHUX
BUPOOHUIITB Ha OCHOBI IMPHHIIMIIB CTAJIOTO PO3BUTKY; 3a0€3MeUeHHs] TEXHOJIOTIYHOTO CYBEPEHITETy B
YMOBax T7100alIbHOT KOHKYPEHIIii Ta HeCTaOlIbHOCTI.

Taxum YUHOM, BHHUKAE HEOOXITHICTh y Pi10cOPCHKO-TEXHOIOTTYHOMY OCMHCIICHH]I CHHEPTEeTUIHUX
MPUHIUIIB, M0 [O3BOJSIOTH OyayBaTH yHIBepCalIbHI MOZENi Oprasizamii BUPOOHHIITBA, 3[aTHI
3a0e3MeYnTH OTHOYACHO CTAOIMBHICTD 1 AMHAMIYHY a/IallTaIlilo 0 3MiH.

AHani3 crany nuTaHHs. BunisienHsi Hepo3B’si3aHHX 4YacTHH NMpodJiemu. TeopeTHuHi OCHOBH
CHHEPreTHKN — TIOJIATaloTh y KOHIIETIIAX caMooprasizaiii, Oidypkamiif, MakpOBILUTUBY «KEPYIOUUX
napaMeTpiB» Ta BUHUKHEHHsI OPSAKY B BIIKPUTHX HENHIHHNX cucTeMax (knacuaHi podotu I'. Xakena [1]
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Ta nojanbiii ¢inocodebki iHTepnperarii). Lls 6a3a Gpopmye Joridamii KapKac s IEPSHECEHHs iael Ha
TEXHIYHI/BUPOOHNYI CUCTEMH.

IcHyr0TH POOOTH, IO PO3IILAAIOTE CHHEPIeTUYHUM PO3BUTOK MPOIYKTY i MPOLECY B MPOMHUCIOBHX
MIAIPUEMCTBAX, a TAKOXK MOOYJI0BY «CHHEPIeTUYHHMX CHCTEM» IHHOBAILIM 1 TEXHOJIOITYHOTO OHOBJICHHS.
Bonu 1ar0Th METOJIONOTIYHI IHCTPYMEHTH, aJie YacTOo 3aHIIAI0THCS KOHIENTYaIbHUMHU Ta JIOKAJTHbHUMHU 32
3aCTOCYBaHHSM [2].

Bimomi mpukiiagHi AOCHIKEHHS B MPOLECHOMY KOHTPOJ, & TaKOX MYJIbTUMOMAENBHI ITiJXO/IH,
MOEHAHHS PI3HUX MOJIENICH JUIsi YIpaBJIiHHS TEXHOJOTIYHMMHU TMpolecaMu (MEeXaHiCTUYHI + faHi),
JOCIIKEHHSI caMOperyJIsiLii i aganTanii B aBTOMaTU30BaHUX BUPOOHUYHX JiHIAX. TyT MOMiTHA TEHIEHIIIs
no TiOpumuzanii mojened (¢dizumuHi Mozeni + MallMHHE HAaBUYaHHS) U IIBUIICHHS CTIHKOCTI Ta
MPOAYKTHBHOCTI [3].

dinocohcbkO-METOMONOTUHI POOOTH — TIpaIli, IO 3B’ SI3yI0Th CHHEPTETUKY 3 HOBOIO «IIPHUPOIHOIO
¢inocodiero» Ta METOAOIOTTYHUMH MiJXOJAMH B Haylli, IPONOHYIOTh PAMKH Ul 1HTEPAUCLUILTIHAPHUX
JociipkeHb (dinocodis Hayku + imkeHepis). OmHak Taki poOOTH 1HKONH BiAICTAIOTh BiJf MPAKTUYHUX
KelciB [4].

Buxonsan 3 aHai3y cTaHy TUTAaHHS CINiJ BigzHaunTH CUITBHI CTOPOHU ICHYIOUHX TTAXOIB.

HasBHa comiHa TeopeTnyHa 6a3a (CHHEpreTHKa K MDKAMCIUATUTIHAPHA Teopis camooprasizarii). [1]
. Po3BuToK TiOpuaHux Mozened (MEXaHICTHUYHI + JiaHi) Ja€ MpakTHYHI 1HCTPYMEHTH JUIS IiABUIIEHHS
TOYHOCTI Ta aJaNTUBHOCTI yNpaBIliHH] TEXHOJOTTYHIUMH TpoLecamy [5]. 3pocTarouuii NpaKTHUHUHI MOUT
y BinmOyZ0Bi Ta MOZEpHi3allii B YKpaiHi CTBOPIOE MOMITHYHI/(hiHAHCOBI MOXKITMBOCTI IS peai3allii HOBUX
METO/IB.

B mpomeci anamizy craHy mnuTaHHs Oynu BuaineHi Heposs'szani, cnmaOko ompaisoBaHi abo
CylepednBi THUTaHHS, 30KpeMa BiACYTHICTh Y3rofkeHoi (iTocodChKO-TEXHONOTIYHOI paMKH, sSKa
MoeHyBaa O CHHEPreTUYH KOHIENTH 3 iHKEHEPHUMH METOAaMHU MPOEKTYBaHHS BUPOOHUITB (TOOTO 5K
nepeHecTH a0CTPaKTHY i7ef0 caMOOpraHizamii y KOHKPETHI ajJrOpUTMH Ta apXiTeKTyph BUPOOHUYMX
cucteMm). bakano mpoBecTn MacmITaOyBaHHS Ta MYJIBTH-PIBHEBE MOJIENIOBAHHS, NMPH I[bOMY HEOOX1IHO
Y3TOJUTH TOBEAIHKY Ha PiBHI €JIEMEHTIB (areHTH, BepCTaTH) i3 MaKpOMOBEAIHKOW (PabpuK, KiacTepiB i
HaIllOHAJILHUX JIAHIIOTIB MMOCTAaYaHHS — MUTAHHS MIKCKAISPHOI Y3TO/HKEHOCT] 3aIUIIA€THCS BiIKPHTUM.
(mpakTWYHI KeHCHM — TOOAMHOKI). Mano CTaHZapTH30BAaHWX MOKA3HUKIB (K KUTBKICHO BUMIPSTH
«CHHEPTi0» B MPOMHUCIOBOMY IPOIECi, TEXHOJOTIYHY CTIMKICTh, 3IATHICTh O camoopranizamii). Hosi
iHpOpMaLiTHO-TEOPETUYHI MiAXOIH 3'ABISIOTHCA, aje Iie He YBIWIUTH B mpakTHKy. OOMekeHa KiIbKiCTh
nmyOutikamii, o TOENHYIOTh CHHEPIeTUKY Ta KOHKPETHI clieHapii BifOyI0BH yKpaiHCHKOI IPOMHUCIIOBOCTI;
€ 3aIlUT Ha JIOCHI/DKCHHS «CHHEPTeTUYHHX) CTPATEriil peKOHCTPYKIli B yMOBax OOMEXEHHX PECypciB i
PHU3HKIB.

Mera pociaigmeHHs:: po3poOUTH  (iTOCOPCHKO-TEXHONOTIYHE MOJEIIOBAaHHA YyHiBEpCaIbHUX
MIPUHIIMIIIB OpTaHi3amii BUpOOHUIITBA HA OCHOBI CHHEPTeTHKH, 110 3a0e3evye aJanTHBHICTh, CTIHKICTS 1
MOJKIIUBICTh MacIITa0HOI pearizallii B yMOBaxX peKOHCTPYKIIi IHAYCTpiaabHOI iHPPACTPYKTypH YKpaiHw.

[loeananHsT TeOpeTHYHOI 3pIIOCTI CHHEPreTHKH Ta MPAaKTUYHOI MOTPeOM y THYYKHX, CTIHKHX
BUPOOHMYMX pIlIEHHSIX CTBOPIOE YHIKaJdbHYy MOXKJIMBICTH IJIsi BIPOBAKEHHS YHIBEpCaJbHOI MOJeni
BupoOHMITBA. /{151 YKpainu 11e Mae cTpaTeriyHe 3HaUYeHHS: Bi10y10Ba — ITAHC HE JIUIIE BITHOBUTH CTapi
MOTYKHOCTI, a i 3ampoBaJuTH 1HHOBALIWHI, alaNTHBHI Ta pecypcoedeKTHBHI BUPOOHUYI CHUCTEMH, IO
MOCUJIATH TEXHOJIOTIYHUH CYyBEpEHITET.

MeTtonoJiorisi gocaimxenns. O0’ekT qocmimpKeHHS - TEeXHOIOTIYHI TPOIECH K CKIIATHI BiIKPUTI
CHUCTEMH, 1110 GYHKIIIOHYIOTh Y BUPOOHHYOMY CEPEIOBHIII Ta MiJIAral0Th BINIMBY TEXHIYHUX, COLIAIbHO-
EeKOHOMIYHHX Ta MPUPOAHUX YMHHHKIB. [IpeameT nocrimkenus - ®inocodcbko-TeXHOMOTTUHI MPUHIUITN
MOJICJIFOBAHHS Ta OpraHi3ailii BUpOOHHYHUX MPOLIECIB HA OCHOBI CHHEPI€TUKHU, CIPSIMOBAHI Ha JOCSITHEHHS
CTIHKOCTI, QIaITUBHOCTI Ta YHIBEPCATLHOCTI BUPOOHUIITBA.

MeTom00TiYHOI0 OCHOBOIO AOCIHIIKEHHS MOXYTb OyTH CHHEpPreTHYHa MmapagurmMa — KOHIEMIil
camoopranizauii, 6ipypkauiid, HeniHiiiHOI AMHaMiKK Ta (QopMyBaHHS TMOPAAKY B CKIAJHUX CHCTEMax,
¢dinocodis HayKM Ta TEXHIKM — JJISI OCMHUCIICHHS YHIBEPCAIBHUX 3aKOHOMIPHOCTEH pPO3BUTKY
BUPOOHUITBA i TPaHCIALI] CHHEPTeTUYHMX 1716l y TEXHOJOTiYHI MOJeNi, CUCTEMHHMI MiJIXiJl — PO3TIIsL
BUPOOHMYMX MPOLECIB SIK 1€papXii B3a€MONOB’sI3aHUX PiBHIB (€IEMEHT — MiJICHCTEMa — CHUCTeMa —
HAQJICUCTEMA), I1HTepPIUCIMILUIIHAPHICTP — 1HTerpaiiss MeTofiB (imocodii, iHkeHepii, EKOHOMIKH,
YIpaBIIiHHS T COIIONOTII.

Metoau IOCHIKEHHS BKIIOYAIOTh aHAIITUKO-TEOPETHYHI METOAM — aHaji3 1 CHHTE3 HayKOBUX
JOKEpeNl, y3arallbHeHHS CYYaCHUX TiJIXOMiB J0 CHHEPreTHKH Yy BHPOOHHYHMX cHUCTeMaX, (irocodcbke
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MOJICITIOBAHHS — KOHIICTITyaTi3allisl YHIBEpCATHHUX MPUHITUIIB BHPOOHUIITBA Y BHUTIIAAI aOCTPaKTHHX
CXEM 1 KaTeropii, CHCTeMHE MOJICJIIOBaHHS — BUKOPHCTaHHA CTPYKTYPHO-(QYHKIIOHATBHUX MOJENeH 115t
ornucy 0aratopiBHEBOi B3a€MOJii y TEXHOJOTIYHHMX MpOILEecax, MOPIBHIBHUN aHalli3 — 3iCTaBICHHS
TPaJULIIHHUX T4 CHHEPreTUYHO OPIEHTOBAHUX IMIIXOIIB 10 OpraHi3allii BAPOOHMIITBA.

OOrpyHTYBaHHSI OCHOBHMX YHiBepcaJbHUX NPHHUOMMIB BHPOOHMUTBA. YHIBEpCATLHIUMU
eJIeMeHTaMH OyIb-SIKOTO TEXHOJIOT1YHOTO MPOLIECY € OTepaLii, 10 3MiHIOIOTh CTaH MaTepialy 4u 00’ €KTa
mpaii. Jlo 6a30BUX eTarmiB HaleKAaTh:

PizanHs — MexaHiuHE BiJJOKpEMIICHHSI YACTUHH MaTepiany JJisi JOCSTHEHHS HeoOXimHoi Gpopmu Ta
Po3MipiB (TokapHa 00poOKa MeTary, pO3Kpiil TKAHUHH, Pi3aHHA TiCTa Y XapyoBili MPOMHUCIOBOCTI).

dopmMyBaHHS — HaZaHHS MaTepiany HOBoi KoH(DIrypauii mij A€o THCKY, Aedopmarii abo XiMiYHHX
MEPETBOPCHB (IITAMITyBaHHsI METAJIIB, IPSIIHHS HUTOK, (OpMyBaHHS MaKapOHHHUX BHPOOIB).

TemmepartypHa Jisi — 3MiHa BIaCTUBOCTEH a00 CTPYKTYpU MaTepialry IMiJl BILTABOM TeIljIa YU XOJIOLY
(TepmiuHa 0OpoOKa cTaii, mpacyBaHHs TKAaHUH, BUITIKaHHS X1i0a).

30upaHHs — MOEJHAHHS €JIEMEHTIB y HUTICHUI BUPiO (MOHTaX JeTalieii MalllMHU, MOIIUTTS OJIATY,
MaKyBaHHS Xap4YOBUX MPOIYKTiB).

Koxxen 13 ux eramniB € IposiBOM yHiBepCaTIbHOTO IPUHLIUITY «IIEPETBOPEHHS MaTepiany Ha GopMy»
1 IOBTOPIOETHCS B PI3HHUX TaTy3X BUPOOHHUIITBA.

Pucynok 1 JleMoHCTpY€E MOKIIMBOCTI BHKOPHUCTAHHS IPUHIIMITIB Pi3aHHA B Pi3HUX rary3sx. 30KpeMa,
Puc.1, a nemoHCTpye cxemy pizaHHS MeTany, puc.l,0 pizaHHS TEKCTHJIBHHX MaTepialiB Ha CTPIYKOBUX
MaIliHax, puc. 1 ,B — pi3aHHA Xap4OBUX MPOTYKTIB. BUTBIIICTh CydacHUX MPHUHIUIIB pi3aHHs 0a3yeThCs Ha
BUKOPHUCTAHHI MPUHIHITIB Ji1 iIHCTPYMEHTA, SIK KJIIMHY, 10 3aTJTHOII0ETHCS B MaTepial.

Puc. 1. Ilpouecu pizaHHs B Pi3HUX rajay3sx a-MeTanoo0podka, 6 — Jerka NpoMHUCJI0BICTb,
B — Xap40Ba MPOMMCJIOBICTb.

MopemtoBaHHS MPOIIECY pi3aHH Mae MOMIOHI MAXOAH Y Pi3HUX Tally3siX. 30KpeMa, CHujia pi3aHHA 3
BpaxyBaHHIM TeOMETpii KJIMHY MOke OyTH BU3HA4YCHA 3a PiBHSIHHSAM [6]

%:r-t(005¢+tg((ﬂ+ﬂ))’

Ie ¢ — KYT IUIOIIMHY 3pi3y (shear plane angle), f — KyT TepTs Ha KOHTAKTI CTPY)KKa—IHCTPYMEHT
(B = arctan ), t — ToBIIMHA 1Ay, KU 3pizaeTbes (Mm), W — IIUpUHA pizaHHS (mm), T — cepeaHii
3CyBHHUH omip Ha riomuHi 3pizy (MPa), Fc — pangiansHa/ropusonTanbsHa cuna pizanss (cutting force),

3aransHUH I IXi/1 10 TMPOLECY Pi3aHHs B Pi3HUX Taly3sx MATBEPIKYETHCA psAIoM myomikartii [7-9].
CyuacHi cCHHEpreTH4Hi TEHACHIII B Mpolecax pi3aHHS BEeAyTb A0 MapaleldbHOr0 KypCy BIPOBAIXKCHHS
aBTOMATHU30BaHUX JiHIN AT pizaHHA (puc.2).

[Iporecu, HampasjcHi Ha 3MiHy (OPMHU, TAKOXK XapaKTEPHI JJIS Pi3HUX rajxysell MPOMUCIOBOCTI.
Yacriie BChOro BOHHU 3B’sI3aHi 3 IEPEBEACHHAM MaTepiaiy, 110 00po0IIsI€ThCs, A0 IHIIOro (hi3HUHOr0 CTaHy
(mmacTU4HOrO, B’A3KO TEKY4Oro ad0 piKOro) 3 HACTYIIHUM MOBEPHEHHSM JI0 IPY>KHOT'O CTaHOBHIIIA.

Puc. 3, a nemoHcTpye nponecu GopMyBaHHS B MalIMHOOYyBaHHi, puc. 3, 0 — moAiOHi mporecu B
JIETKil TIPOMHUCIIOBOCTI, pUC. 3, B — B Xap4OBiH raysi.

[Migxim no MopmemoBaHHS MpolEeCciB (OpMyBaHHS Ma€ TaKOXK 3arallbHUM MiAXiA 1 OMUCyeThCs
PIBHSHHSAMH TEOpil MIACTUYHOCTI.
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Puc.2. 3aranpHa MoaeJib ABTOMATH30BAHOI0 Pi3aHHSI B Pi3HUX rajay3six

v

Puc.3. Ilpouecu (popMyBaHHS B Pi3HUX raay3six, a-MalInHOOY1yBaHH:, 0-J1erka
NMPOMHCJIOBICTh, B — Xap40Ba MPOMHCJIOBICTD

ITpu 1bOMY piBHSTHHS 3aJI€KHOCTI PEabHOTO HAIPY)KEHHS G BiJ peanbHoi medopmartii elt Mmoxke OyTu
3amHcaHa y BUTJIS
o=Kg"
ne K, n — koHCcTaHTH MaTtepiamy.
B mpoueci mtammyBaHHS / MJIOCKOTO MpecyBaHHs CHIIM (OPMYBaHHS NPUOIM3HO MOXYTb OyTH
PO3paxoBaHi, SIK
F= o1 As,
JIe of - MeXa IUIMHHOCTI MaTepiany,
As - cymapHa mioma, mo IepOpMyeThCS B JaHWH MOMEHT (IUIONIa KOHTAaKTy Matepiaimy, SKHH
nigmnsrae GopMyBaHHIO).
Jns BUnaaKy rimOoKoi BUTSDKKY KIIACHYHA OIIIHKA JUIsl MUTOMOT cvuitn Mae Burisiz [10]
F~nDat-or(1+f(1,geom)),
ne Da cepenniit miamerp, t ToumHa, f(i,geom) mompaBka Ha TepTs Ta Ha (HOPMOYTBOPIOBAIIBHI
BTpaTH (MoXxe OyTH BUpa)KeHa depes3 Jorapu(MidHi BiAHOIIEHHS paiyciB a0 YHCIIO MPOXO/iB).
[ponecu popmyBaHHS B pi3HHUX rajxy3sx MarOTh NOAIOHI OCHOBH. ISl IGKrOi MPOMUCIOBOCTI TakKi
MPOIIECH OIHMCaHi, 30kpemMa, B [11-12], nus xapwyoBoi mpomuciosocTi — B [13-14].
PozBuTox mporeciB ¢opmyBaHHS B OLIBIIOCTI ramy3eil BiIOyBaeTbcsa mapalielbHO 1 mependadae
akTHBHE Brposamkenus 3D npuntepis [14-15], puc.4.
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Puc.4. 3aranbHa MoieIb ABTOMATH30BAHOT0 (P)OPMYBAHHS B Pi3HHX ragxy3sx

OO0poOka MarepialliB TEMIIEPATYPHOIO HI€I0 TAKOXK € THIIOBUM IIPOLECOM y OUIBIIOCTI rairysei
(Puc.5). Jo Takux mpoLeciB BiIHOCUTHCS, 30KpeMa, TepMooOpoOKa MeTaiB [ 16], Bojioro-rermiosa 00poOku
TEKCTHJILHUX MaTepiaiiB i BupoOiB [17], TemioBa oOpoOKY Ipy NpUTOTYBaHHi 1 30epiransi ixi [17]

el

Puc.5. TensioBi npouecy B pi3HUX rajy3six IPOMHCJIOBOCTI a-MalINHOOYAYyBaHHs, 0-J1erka
NPOMHUCJIOBICTb, B — Xap40Ba NPOMHUCJIOBICTh

MogenioBaHHS TPOLECIB TEIUIOBOI OOpOOKM BiAOyBaeTbcs 3a HOMOMOIOI0 aHANITHYHHX abo
YUCENbHUX METOMiB. [l0 aHANITHYHMX METOJMIB MOJICITIOBAHHS MOXKHA BiJHECTH PIllICHHS PIiBHIHHSI
TEIUIONPOBIAHOCTI A mpocTHx ¢GopMm, Meroau DPyp’e — po3KIaJaHHSA TEMIICPATYPHUX TOJIB Y DSIH,
METOJIM IHTETPAIBHUX TMEPEeTBOPEeHb. UHCEeNbHI METOIU BHUKOPHCTOBYIOTBCS JUISI CKIIQJHUX JeTaned Ta
peanbHUX yMOB 00poOku. [Ipu 1iboMy HaWOINBIT PO3MOBCIOJKCHUMU € METO]] CKIHYEHHUX Pi3HHIb Ta
METOJ CKiHYeHHUX eaemeHTiB [19]..

CyuacHi yHiBepcalibHI aBTOMAaTH30BaHI PillICHHS IS IPOIIECIB TEIUIOBOT 0OPOOKH MarOTh CIIIBHY
TEHJICHIIIO 1 CTPYKTYpY (pHc.6).

[Iponecu cknamaHHs i 30MpaHHS TAaKOXK MOXKYTh OyTH PO3TIAHYTI, SK CHUIBHI ISl Pi3HUX Taly3ei
BUPOOHHUIITBA.

VY mammHoOyayBaHHI 30MpaHHS € 3aBEpIIATBLHOI0 CTAaTi€I0 BUTOTOBJICHHS BHPOOY, KOJIHM OKpeMi
JeTali Ta By3JIU MOEIHYIOThCS B €IMHY KOHCTpyKito [20-21].
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VY nerkiit mpoMHUcIOBOCTI (LIBEWHE, B3yTTEBE BUPOOHUIITBO) 30MpaHHS Ma€ IHIIMH XapakTep — Ie
MO€AHAHHS OKPEMHUX TEKCTHIBHHX, IIKIPSHUX YM CHHTETUYHUX €JIEMEHTIB Y roToBUH BHpiO [22-23]. ¥V
Xapy4oBiil MPOMHUCIOBOCTI MiA 30MpaHHAM YacTO MAaeThCS Ha yBa3i (OpMyBaHHS TOTOBUX HPOIYKTIB i3

HarmiB(abpukaTiB a60 KOMIOHEHTIB [24-25] .

Puc.6. YHiBepcaJIbHi TeXHOJIOTiYHI pillIeHHS MPOLeCiB TENJIOBOI 00pOOKH

Ha puc.7 nokasaHi THNIOBI MiIX0/AW 10 30MpaHHS B PI3HUX ranmy3sx. 3okpema Puc.7,a neMoHCTpye
npolecu 30UpaHHs B CTaressIX, 30KpeMa B aBiallifHOMy BUPOOHHIITBI, puc.7.0 — mBeiiHe oOnagHaHHs 1is
30UpaHHsI JeTane B JIETKild MPOMUCIOBOCTI, pUC.7,B — aBTOMaTH30BaHY JIiHIIO 10 30MPaHHIO BAPCHUKIB.

L
v v
o v
W v
v

Puc.7. TIpouecu 30MpaHHs B Pi3HUX rajy3sx a-MalIMHOOyYBaHHs, 0-J1erka MPOMHCJIOBICTb,
B — Xap40Ba MPOMUCJIOBICTH
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Omxe: y MamuHOOymyBaHHI 30MpaHHS — 1€ TOYHE IOEAHAHHS MEXaHIYHUX BY3JiB. Yy JIETKii
MPOMHCIIOBOCTI — II€ TEXHOJIOT1UHE TIOETHAHHS JeTajlel 3 TKaHWH 1 WIKipH, Y XapuoBii — e popMyBaHHS
TOTOBOr'O MPOAYKTY Ta Horo makyBaHHs. [lopiBHSHHS HapAMKiB 30MpaHHS B PI3HUX Tajly3sX HaBEICHE B
Tabmuni 1.

Tabn. 1
IopiBHAHHSA MiIX0AiB 10 30MPAHHS Y Pi3HUX raJIy3sX
lNamyss OcHoBHI eTanu 30upannsi| Meronu Ta o0nagHaHHS Ocob6auBocTi
- [linroroBka netanei . .
) PyuHe, MexaHi30BaHe, Bucoka TOYHICTh, KOHTPOJIb

- CxrraanHs By3JIiB . . .

aBTOMAaTHU30BaHeE, 3a30py i CyMiCHOCTI,

MamHoOyayBaHHs |- 3aranbHe 30MpaHHS .
) KOHBEEPH, CKIIaANIbHI BUITPOOYBaHHS

- PerymtoBanns i .

CTeHIU Mpare3aaTHOCTI

BUNIPOOYBaHH

- Po3kpiii matepiany

- [lontepenue 3’ eqHaHHS " . . .. .
pea a IlIBetini MammHy, KiIeeBi  (Benuka KUTbKICTh APIOHUX

Jlerka - OcHoBHE , . . .
. mpecH, B’ sI3aNIbHI neTasnel, akIeHT Ha eCTeTHIII
MIPOMUCIIOBICTh 3IIUBAHHS/CKICIOBAHHS 9 .
. aBTOMAaTH i1 eproHoMiIli BHpoOy
- ®inanpHe 30UpaHHs
- O31001cHAS
- JJo3yBaHHS 1 NIArOTOBKA .
. . D Bucoki Bumoru 1o
IHTpeTIEHTIB ABTOMaTH30BaHI JiHii, . .
XapdoBa N CTepUIBHOCTI, IIBUAKOCTI,
. - ®opMyBaHHS MPOAYKTY |pacyBaibHE 1 TAKyBaJIbHE .
MIPOMUCIIOBICTh 0e3MeYHOCTi, KOHTPOIh
- [TakyBanHs obmaHaHHS

FepMCTI/I‘lHOCTi Tapu

- Konrtpomns sikocti

OCHOBHOI0 BUMOT 010 JIO ITPOIIECiB 30UpaHHS € 3a0e31IeUCHHS B3aEMO3aMiHHOCTI OKPEMUX EJIEMEHTIB,
10 BUMarae BUKOPUCTAaHHS a00 CTBOPEHHS B OKPEMHX Trally3siX CUCTEMH JIOITYCKiB, MOCAIOK 1 MOOyI0BH
PO3MIpHUX JIAHITIOTIB.

ABTOMaTH3aMiA 1 CydacHi MiIX0AN JeMOHCTPYIOTh 3arajibHi HAPSIMKHU PO3BUTKY MPOLIECiB 30UpaHHs
y Pi3HUX Taly3iX Yy BUIJAALI poboTu3auii BupoOHunTsa [25]. TakuM 4WHOM, MOXKHA CTBEPDKYBATH, IO
OUIBIIICTD Tally3eil MPOMHUCIIOBOCTI MAalOTh CIIIbHI MiAXOAH 10 BUPOOHHUIITBA, IO JA03BOJISIE PO3POOIIATH
CHUHEPreTHYHI ONTUMI3aIliiHI CXeMH 3 BUKOPUCTAHHSAM JIOCATHEHb B CYMDKHHX TaTy3sIX.

BucHoBku. Y xoai nocnipkeHHs OyJiO MOKa3aHO, IO CUHEPTeTUYHHHA MiAXiJ BiJIKpUBa€E HOBI
MOJKITUBOCTI JJI1 OCMHUCJICHHSI Ta OpraHi3allii TeXHOJOT1YHUX MPOIECIB SK IUTICHUX CUCTEM, 3[aTHUX [0
camMooprasizaiii, ajganrtaiii Ta BiJHOBJICHHS. Y3arajJbHCHHsS YHIBEPCAJIbHHUX IMPHHIIUIIB BUPOOHMIITBA
(pizanHs, ¢popMyBaHHs, TeMIepaTypHa Aist, 30MpaHHs) AO3BOJIMIO BCTAHOBHUTH X CIINBHICTD AJS PI3HUX
raiysel MpoOMHCIIOBOCTI, IO MiATBEPKYE HASBHICTD €AMHUX 3aKOHOMIPHOCTEH TpaHcopmalii MaTepiany
y (opMy HE3aIEeKHO BiJl Chepr 3aCTOCYBaHHS.

AHami3 TpaauliiHUX 1 CHHEPreTUYHO OPIEHTOBAHMX MOJEJCH IMOKa3aB, MO0 Cy4YacHI TEHACHIIT
PO3BHUTKY BUPOOHUITBA MOB’S13aHi 3:

e IIEPEXOJIOM Bij JIIHIWHUX J0 HEMHIMHUX 1 TIOpUIHUX MOCIICH YIIPaBIIiHHS IIPOIICCAMHU;

e iHTerpamiero MeToiB Giocodii, iHxkeHepii Ta iHGOPMAIIHHIUX TEXHOJIOTIH;

e MacmTaOyBaHHSM TPOLECIB BiA PIiBHA OKpEMOi omepamii A0 piBHSI BUPOOHHYHMX KIJIACTEPIB 1
HaI[iOHAJILHUX JIAHITIOTIB IIOCTaYaHHS;

e  yHiIBepcali3ali€lo MmIXo/IiB 10 aBTOMATH3AIlil Ta poOOTH3aIlI] B PI3HUX TATY35X.

Ocob6nuBOro 3HaYeHHS 1 pe3ysbTaTH HaOyBaloOTh UIA YKpaiHy, sika nepedyBae y dasi BinOynoBu
iHgycTpianbHOi iH(QpacTpykTypu. CHHEpreTHUHE MOJENIOBAHHS J03BOJISIE HE JIMIIC BiIHOBIIOBATH
BUPOOHHUYI MOTY)XKHOCTI, ajle ¥ QopmyBaTH HOBY (islocodit0 MPOMHCIOBOCTI — THYYKOI, CTIHKOI,
pecypcoeeKTUBHOI Ta KOHKYPEHTOCITPOMOIKHOT.

TakuMm YMHOM, CHHEPreTHKa TEXHOJOTIIYHHX IMPOLECIB BUCTYNAE METOAOJOTIYHOI OCHOBOIO JJIS
CTBOPEHHS YHiBEepCaTbHOI MOJIEIN OpraHisanii BUpOOHHIITBA, IO TIOEIHYE CTAOLIBHICTD i aaANTHBHICTS. 11
MPaKTUYHE 3aCTOCYBAHHS MOXE CTaTH CTPATEriYHMM IHCTPYMEHTOM Yy 3a0e3leYeHHI TEXHOJOTIYHOTO
CyBepeHiTeTy YKpaiHu Ta pO3BUTKY IIPOMHUCIOBOCTI Maii0yTHBOTO.
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Jhyvkuti HayionanbHUll MexXHIYHUL YHigepcumem

CTATUCTUKA HOCIIB 3APAY B BUPOJ)KEHOMY I HEBUPO/KEHOMY
HAIIIBITPOBIITHUKY

Enekmponu 6 30ni npogionocmi ma Oipku y eanenmuiil 30ni moycna posenaoamu ak ioeanvnuil @epmi-zaz. Y
HanienpoeiOHUKaAx npu He Oyrce HU3LKUX MeMnepamypax KinemuuHna eHepzia eneKmponie dinvuia 3a Kyn10HI8CbKy eHepzilo,
MOMY e1IeKmpOHU MOIHCHA po32aadamu AK einvui. [na ideanvnozo epmi-ca3y iimosipuicms 3anoenenns cmany 3 enepzicro E
npu memnepamypi T 3naxo00umuscs 3a 00NOM02010 po3noodiny Depmi.

JIna eupoorcenozo i HegUPOOI}HCEHO20 HANIENPOGIOHUKA 3HATIOEHO GUPA3U 0714 OO0UUCIEHHA KOHUEHmpAauiii Hociie
3apady, eneKmponie y 30Hi npogionocmi i OipoK y eanenmmuiil 30Hi, KOaU 8i00M0 nonoxcenHusa piena Pepmi. Bupasu ona
Konyenmpauyii enekmponie i OipoK 3HAYHO CRPOWYIOMbCA, AKWLO HANIENPOGIOHUK € HEGUPOOIHCEHUII.

Knwuogi cnosa: enexmpon, dipka, 30Ha npogiOHOCMI, 8ANEHMHA 30HA, KOHYEHMPAYis HOCIi8 3apa0y, enepeia Depmi.

S. Fedosov, O. Huda, L. Yashchynskyy, T. Kradinova, V. Tymoshchuk

STATISTICS OF CHARGE CARRIERS IN A DEGENERATE AND NON-DEGENERATE
SEMICONDUCTOR

Electrons in the conduction band and holes in the valence band can be considered as an ideal Fermi gas. In
semiconductors at not very low temperatures, the kinetic energy of electrons is greater than the Coulomb energy, so electrons
can be considered as free. For an ideal Fermi gas, the probability of filling a state with energy E at temperature T is found using
the Fermi distribution.

For a degenerate and non-degenerate semiconductor, expressions have been found for calculating the concentrations
of charge carriers, electrons in the conduction band, and holes in the valence band, when the position of the Fermi level is
known. The expressions for the concentrations of electrons and holes are greatly simplified if the semiconductor is non-
degenerate.

Keywords: electron, hole, conduction band, valence band, charge carrier concentration, Fermi energy.

IHocTanoBka mnpodaemu. Hocissmu 3apsmy (cTpyMmy) Yy HaIIBOPOBITHUKY € EJIEKTPOHH 30HU
MPOBIAHOCTI Ta IipKH BAJICHTHOI 30HM. 3arajoM >K€ Yy HaNiBIOPOBIIHUKY MOXYTb OyTH IOMIIIKH SK

JIOHOPHOTO, 1 AKLEITOPHOro THIB. Y 1poMy Bumaky mpu | > 0 K y pe3ysTaTi TemioBoro 36y mKeHHs
CJIEKTPOHU NIEPEXOTUTUMYTh Y 30HY MPOBIAHOCTI 1 HAa aKIENTOPHI PiBHI.

VY pe3ynbTati TEIDIOBUX MEPEXOiB (3HU3Y Bropy 3a €HEPTi€l0) YTBOPIOIOTHCS HOCIT 3apsmy. SkOu
TEIUIOBI mepexoau OyiH €IMHUMH, TO KOHLIEHTPaLis HOCIiB 3apsay Oe3nepepBHO 3pocTaja 3 yacoM i Oymna
6 10%2+10% cm®, npoTe eKCHEPMMEHTH NAr0Th MEHIIE 3HaueHHs. Lle MOB’A3aHO 3 THM, WO MOPSAA 3
TETUIOBUM 30Y/IKEHHSIM OJHOYACHO MPOTIKAE 3BOPOTHHH MPOIIeC — IMporiec pekoMOiHamii (mepexoau HOCiiB
3BEpXy A0 HH3Y). 3a Jac t =102 ¢ BeranoBmOETHCS MHAMIYHA piBHOBara Mix mpomecamMu. Y IIbOMY
BHITAJIKy KUTBKICTh TIEPEXO/IiB 32 OJMHHMITIO YaCy 3HU3Y Bropy IOPIBHIOE KUTBKOCTI TIEPEXO/iB 3BEPXY BHU3.

VY piBHOBaXHOMY CTaHI TeMIlepaTypa KpHcTajga OJHAKOBa Y BCiX WOro Toukax. B amiabatnanomy
HaOMIDKEHHI BBAXKAETHCA, IO TEIJIOBUI PyX KPUCTANIYHOI IPATKH BIUIMBAE HA MMOBIPHICTH 3alIOBHEHHS
HOCISIMH 3apsy CTaHiB y 30HaX, ajie¢ He Ha caMi CTaHW. Y HaIliBIPOBIAHUKAX, K 1 MeTanax, iIMOBIpHICTb
3aIOBHEHHS €IEKTPOHOM EHEPreTHUHOTo PiBHs 3 eHepriero E BusHauaeThes pynkuiero posnoainy depmi-
Hipaxa.

3amaui MOB’A3aHI 13 CTATUCTHUYHUMH METOJAaMH 3HAXOKCHHS KOHIIGHTpalii HOCIiB 3apsay y
HaITIBIPOBITHUKAX OyJIM 1 3aJUIIAIOTHCS aKTyalbHUM [1-5] TIpH pO3TIIsAai BIACTHBOCTEH €JIEKTPOHHOI
CHUCTEMH Y BHPOJKEHOMY 1 HeBHPO/PKEHOMY HAITiBIIPOBITHUKY.

IMocTtanoBka 3aBaaHb. B po0oTi mocTaBieHO MeTy — PpO3IJISHYTH METOAM 3HAXOKEHHS
KOHIIEHTpALi eJeKTPOHIB y 30HI MPOBIAHOCTI, IIPOK Yy BaJECHTHIH 30Hi, 3HAUTH BUpa3u Uil OOUMCICHHS
KOHIIEHTpAI[Ifl €JICKTPOHIB 1 JIPOK JJIs BHPOIKEHOIO 1 HEBHUPOJ/IKEHOIO HAMIBIPOBIIHHMKA 3a BiJIOMUM
MOJIOXKEHHIM piBHS Depmi.

BuknagenHst ocHoBHOro martepiany. IloBeninka Oyap-Koi cUCTEMH, SKa CKIAAA€THCS 3 BEJIUKOT
KUTBKOCTI YaCTUHOK OMUCYETHCS CTATUCTHYHUMH 3aKOHaMU. [J1s1 po3riisy BUOUPAIOTH JAESKY IiJICUCTEMY,
sIKa € YaCTHHOIO 3HaYyHO OUIBIIOI CHCTEMH-TEpPMOCTaTa 1 ¢1ab0 3 HEer B3aeMojli€. BakMBUM MOHATTIM
CTaTUCTUYHOI (i3UKM € (QYHKIIS PO3MONiTy, SKa XapaKTepHU3ye PO3MOALT YAaCTHHOK IO KOOpAMHATAX i
iMmynbcax. OCKUTBKM KOXKEH TaKUH PO3MOIiT BU3HAYAE CTaH CHCTEMH, TO MOXKHA CKa3aTu, MO (YHKIsA
PO3MOITY XapaKTepPHU3Ye Pi3HI CTAHH CUCTEMH, sIKa CKIIaJIA€EThCs 3 0araThOX YaCTUHOK. Y BHIIAJIKY, SIKIIO
cuctema cknagaerbess 3 N yacTuHOK, TO i cTaH MOBHICTIO BU3HAYAETHCS 3a1aHHAM KOOPAMHAT i IMITYJIbCiB
BCIX YACTHHOK CHCTEMH. VIMOBIpHICTh AHOrO CTaHy CHCTEMH BHM3HAYAETHCS 3 JOMOMOTO (YHKIII
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po3noainy. 3 1ormoMorow (GyHKIIT po3MOaLIy MOXKHA BU3HAYUTH CEPEIHE 3HAYCHHS OYyIb-aKoi (Di3udHOl
BEITUYMHHU.

[Ipu po3rasai BIACTUBOCTEH ENEKTPOHHOI CHUCTEMH Yy HAIIBIIPOBIHUKY YacTO JOBOIHUTHCS
BHU3HAYaTH €KCIIEPUMEHTAJIbHI BEIMYHMHH, 1110 3aJIe)KaTh BiJ KUILKOCTI T03BOJICHUX CTaHIB CJIIEKTPOHIB, SKi

IIPUXOATECS HA OIMHIYHUIT iHTepBan eneprii. B intepsani eneprii AE moxe micTuTncs pizHa inbkicTs
cTamiB, mo Mmae 6ytu nponopuiiinoo OE | i xoepinient nmponopmuiiiHOCTi Mae 3a1exaTH BiJ BelTHUMHI

eHeprii, B OKOMi AKOi BU3HA4aeThcs eneMentapuuii intepsan OE . Otxe, 3Hatoun rycruny cranis N (E)

MOYHA 3HANTH KinbKicTh enextponis 0N | mo 3aiimarots cTanu 3 enepriero sig E no E+dE:

dn=f (E)-N(E)-dE,
-1
ne f (E)= {exp(%Jle} — ¢yHKIs posnoairy depmi abo IMOBIPHICTH TOTO, IO CTaH 3

enepriero E 3aitusruit enexrponom; E,: a6o F — ximiunuit notenmian aGo enepris depmi (puc. 1).

A

7=0
P
y ¥
F 720 {
a5
{
i
i
o ‘ -
r £

Puc. 1. ®ynkuis ®epwmi-ipakxa

KoHmeHTpaItist e1eKTpOHIB Y 30HI MPOBITHOCTI O0UHCITIOETHCS SIK:

w
n= jfn(E)-N(E)-dE-
Ec
VY sSKOCTI BEpXHBOT MEXKI IHTETpyBaHHS HEOOX1THO B3ATH €HEPTiI0 €IEKTPOHIB BEPXHHOT'O KParo 30HU
nposizHocTi. Ane ockinbku mpu E > Ee ynxuis posmoxniny xyxe meunko criagae 3 poctom E | To 3amiHa
BEPXHBOI MEX1 HA oo MPAKTUYHO HE BIUIMBAE HA 3HAYEHHS JaHOTO iHTerpaiy. [lepmr Hixk obuucmoBaTH
KOHLICHTPAIIO n, OTOBOPUMO JesIKi BIIaCTUBOCTI (QYHKIIT po3noaiiy (auB. puc. 1).

HOpu T — 0, mwis snauens eneprii 0SE<E;, -1 (abo ams emexrponis, sx fn(E)—>1), TUIS
E>E;, f,(E)—>0.1le o3nauae, mo Bei piBHi 3 enepriero < Ep saitusri enexrponamu, a npu E> E; — pinpHi.
Jns sunagxy 1T >0, npu E=E., f =1/2. To610 npu temneparypi 1 > 0 pisen» ®epmi € piBHeM,

IMOBIpHICTB 3aIIOBHEHHSI SIKOTO piBHA ]/2 . IMOBipHICTB TOTO, IO JaHWUH PiBEHb HE 3aHHITO EIEKTPOHOM
(3aifHATO HipKOI0) OyIe piBHA:

f (E)=1-f,(E) :l—{exp(%)+l}_ = {exp(%} +1]

1
abo fp (E) = -
e T +1
Omxe, (QYHKIS PO3MOAULY s OIPOK aHauoriyda (yHKINI po3mOaily IS €JICKTPOHIB, TiIBKH
EHEpTis BiApaxoByeThCs Bim piBHA DPepmMi B TPOTWISKHOMY HaNpsMi, HDK IS €JICKTPOHIB.
HaniBnpoBigHUKOBI MaTepianu, B SKHUX BUIbHI HOCIT 3apsily onuCyrOThes (pyHKHi€o po3noainy Pepwmi-
Jipaka Ha3MBaIOTh BUPOIKCHUMHU.

Jlnst enextpowis, enepris axux E—Ep >> KT :
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1 Er-E -E

f(E)=—z—~e K =C-e\,
e T +1

Er
ne C =eX , aomke chinanae 3 GpyHKIieo po3noainy Makcsena-Bbonbimana. ko Hocii 3apsty
B HAIBOPOBIMHUKY TUIITal0OTh PO3MOAUTY bonbliMaHa, TO Taki HaIiBIPOBIIHUKA HA3WBAIOTh
HEBUPOHKCHUMH.
3HalieMo KOHIICHTPAITIO €JICKTPOHIB Y 30H1 TIPOBITHOCTI:

T 1 (2m)¥?
n=j — (ﬂ; (E—E.)Y2dE .

Ee
Ecg KT 41

Brenemo HOBY 3MiHHY iHTETpyBaHHS

E-E.

X =
KT
: E|: - C dE .
1 TIO3HAYEHHS 77 = , npuyomy dx = —. Toxi
T g PO g
E-E.\"
(E-E. W2 =(kT)?| ——==| =x"2(kT )" i dE =d| ——< KT =KkTdx,
KT kT
a
E-Ee (E-Ec)-(Er—Ec)
e KT _g kT —eX 7, pu E:EC:>)(:O.

Sk pe3ynbTaT nepeTBOPeHb, OTPUMAEMO:

_m x¥2 (kT )1/2 (2mn)3/2 (2m, kT)3/2 5 2

=|—= 73 kTdx = o es dx =
Ve il 27%h 271 e 41
(2zm kKT)¥? 2 % x¥2 2

X n — dx=—=N_D ,

(27[;’1)3 \/; : ex—z; +1 \/; Cc 12 (77)

3/2
m kT Xl/ -dx
e N¢ = 2( 2:zh2 j — eeKTHBHA I'YCTHHA CTaHIB B 30HI ITPOBIIHOCTI, a @, (r7)= J' g -

inTerpan depmi MopsIaAKy 1/ 2 . Hloro 3mauenns amexuTh Bix mapamMetpa ] i mopsaky. B 3arampHOMY

BUTJIS/II BiH HE BUPAXKAETHCS Uepe3 eleMeHTapHi QyHKLIi, a HOro 3HaueHHs1 BU3HAYAETHCS 3 TaOJIHLIb.

[TpoBomsaun aHANOTIYHI MipKyBaHHS MOKHA 3HAWTH BHpa3 JJIsS BU3HAYCHHS KOHIICHTpAIlli IPOK Y
BaJICHTHIN 30Hi. BiIMIHHICTh TOJATAE B TOMY, IO ITiIPaXxOBYBaTH MOTPIOHO TIIBKH YHUCIIO0 HE3aWHATHX
CTaHiB, Ta IHTETPyBaHHS BECTH B ME)XaxX BaJIC€HTHOI 30HU:

Ey
= [N, (E)f,(E)dE.
YV upoMy BUNAAKY:
m kT 2 oxVdx 2
=2 P N, ®
p [27[7[2] ”‘[[ X" +1 \/_ 1/2(77 )

27m kT )
:EV_E- *:EV_EF-N :2—‘)
e 7 SR (P

— — e(heKTUBHA TYCTHHA CTaHIB Y BaJICHTHIN
KT KT
0 1/2
.. . x7edx
soHi; @, (77 ): J' s
0

Bupasu i KoHIEHTparii eJeKTPOHIB 1 MIPOK 3HAYHO CIPOIIYIOTHCS, SKIIO HAIliBIPOBITHUK
HeBUpoKeHui. Ha rpadikax puc. 2 300pakeHO JaHWi BUMAI0K, 1€ 300paskeHO 3aJIeKHOCTI Bif €HEprii:

d

ryctunu ctaniB N¢(E), dynkuii ®epmi f(E) i d—E(E), ne dN - xoHueHTpallis eneKTPOHiB 3 eHepricio

— inTerpan depmi.

© C.A. ®eoocos, O.B. I'voa, JI.B. Awuncexuii, T.A. Kpadinosa, B.M. Tumowgyx

169



ISSN: 2415-3966 Miorceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne85

gin E no E+dE. YV nmawomy Bumamky icTotHuM € Tinmbkm «xBicT» posmomimy ®Depwmi, sxuii
anpOKCHUMY€ThCs posnofiioMm bonbimana.

K EN
7k £ £
S
g‘?_;\ 4 &
at
% C.
Yo &

Puc. 2. Cxemarnunmii xix pynxniii N¢(E), f(E) i S—E(E) JJIsI HEBHPOIKEHOT 0

HAMBNPOBIAHMKA N-THITLY
JI71s HEBUPOIKEHOT0 HaMiBIpoBigHuKa 1] <-1 , Tomi iHTerpan depmi:

12 o 0 s
X -dx -J.e‘xxl/zdx :e’712.|'e‘Z z%dz :ﬁi =e”,

2 n
(1)1/2(77) \/_J.l+exr7_ \/; J \/; > \/;.e

OTKC
E.-E
n=N_exp ———F |
¢ p( kT J

AHaJIOTiYHO [T KOHLEHTpPaLii AipOK B HEBUPOIKEHOMY HaIliBIIPOBIAHUKY, OJEPKaHO:

E. -E
=N, exp| -————¥ |
e B2

oknanaroun, vanpuknag, 1 = 300 K, M, =M, orpumaemo NC(V) =2,5x10% cm3,

3uaiinemo gooyrox NP :

— — E
np = N, exp% N, exp%: NN, exp(—ﬁ]: n?,

ne N; — xonuenTpamnis enektporis B ymosax, ko N= [, T06T0 y BJIaCHOMY HamiBIIPOBiIHHUKY.
Omxe, nodyrok NP He 3amexuth Bix mojoxeHHs piBHs Depwmi. JlaHe CIIBBIIHOIIECHHS YacTO
BUKOPUCTOBYIOTh JIJIsl BU3HAYEHHS ITMPUHU 3200POHEHOT 30HH.

VY Bunaaky xonu 1] > 5, piBenb ®epmi JIeKUTh B cepeluHi 30HU NpoBigHOCTI (puc. 3). Y oMy

x- . . .. E.-E . .
Bunajky €' <<1, B sikoCTi BepXHBOI MEKi IHTErpyBaHHS MOXKHA B3TH X =—F——C | OCKUIBKH (yHKLLis

®depmi TyKe MIBUIKO CHAAA€E MIPH E> EF Toni oTpuMaeMo HACTYITHUN BUpa3 ISl KOHIICHTPAITIi:

_ 3/2
Ix”zdx_iN X2 = 4 NC(EF EC) :
kT

W NCd

\/_
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Puc. 3. Cxematuunuii xix gyHKirii N.(E), f(E) i dd_lr-:](E) JUIS1 CHJILHO BUPO/IKEHOT0
HANIBIPOBIAHMKA N-THITY

IIpu TemriepaTypi aOCOIIOTHOTO HYJIS BC1 CTAHH B 30H1, CHEPTis AKUX E> EF 3aMHATI €JICKTPOHAMHU,
a npu E>E; — Bineni. Toxi ximiunuit morenmian 77 = Ex —E. € makcumanbia eneprist enexrponis mpu

T = 0K, ii me HasuBaroTh eHepriero Pepmi. B mepexinuiii o6macti —1 < 1 < 5,

N 1

12l1)=3 0,25+e” c

Ec-Ef -

0,25+e ©

BucHoBku. 3HalizeHo BUpa3u AJs OOYUCICHHS KOHIEHTpALiil HOCI{B 3apsady, SK KOHIEHTparii
CJIEKTPOHIB y 30HI MPOBIAHOCTI, TaK i IIPOK y BAJICHTHIA 30HI Uil BUPOIKEHOTO 1 HEBUPOIHKEHOTO
HAaITiBIPOBITHHKA, KOJH BiOMO TIOJIOKEeHHSI piBHA DepMi. Bupasu miist KoHIIEHTpallii eIeKTPOHIB 1 TipOK
3HAYHO CITPOIIYIOTHCS, SKIIO HAITIBIIPOBITHUK HEBUPOHKCHUH. Alle piBeHh DepMi MOXKE 3MIHIOBATH CBOE
MOJIOKEHHS B 3aJIKHOCTI BiJ TeMIepaTypu 1 KOHLEHTpamii IOMilloK. BBoxasum pomimku B
HAIIBIPOBITHHK, B 3a00pPOHEHII 30HI HAIIBIPOBIIHUKA YTBOPIOIOTHCS JUCKPETHI piBHI. Po3moain HociiB
3apsiliB IO IIMX PIBHSX PETYIIOETHCS 3MIHOIO TIOJIOXKEHHsI piBHS Depmi.
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HAHOTEXHOJIOT'Tl B EHEPTETHIII: MEPEBATH, BUKJIMKH I MEPCIEKTUBA

3

Ha ocnogi eusuenns i ananizy nepeooeux ceimoeux 00C1i0Ncensb, AKi NOG’A3AHI 3 MONCIUBOCMAMU 3ACMOCYBAHHA
HAHOMEXHON02Il, Yy cmammi mMu npoeenu OUIHKY NEPCHeKMUG PO3GUMKY GUKOPUCMAHHA HAHOMEXHONO02il 8 eHepzemuuyi.
3acmocysanna HaHOMEXHON02Ii 6IOKPUBAE HOGI WIUPOKI MOMHCIUBOCII 0N ROKPAWEHHA ehekmusnocmi, cmadinenocmi ma
eKon102iunoi yucmomu enepzemuynux cucmem. QOHaK, pazom 3 NOMEHYIHUMU nePesazamu, MAKOHC 6HOCUMb NEGHI UKTUKU
i pusuku, noe’a3ani 3 6e3nNeKoI0, eKON02I€I0 Ma PeyIAMUSHUMU ACHEeKMAMU.

Knrwwuoei cnosa: nanomexnonoeii, enepeemura, npUucmpiil, COHAYHA NAHelb, HAHOMAMePIa, HAHOMACUMAOY8AHHS.

B. Trots, Yu. lvanovskyi, L. Nykyruy, O. Zamurujeva, S. Fedosov
NANOTECHNOLOGY IN ENERGY: ADVANTAGES, CHALLENGES AND PROSPECTS

Based on the study and analysis of advanced world research related to the possibilities of applying nanotechnologies, in
the article we assessed the prospects for the development of the use of nanotechnologies in the energy sector. The application of
nanotechnology opens up new broad opportunities for improving the efficiency, stability and environmental friendliness of
energy systems. However, along with potential advantages, it also introduces certain challenges and risks related to safety,
ecology and regulatory aspects.

Keywords: nanotechnology, energy, device, solar panel, nanomaterial, nanoscaling.

IocTranoBka mpodiaemu. HanotexHonorii € oHi€0 3 HAOLIBII iHHOBaWIMHUX Tramy3eld HayKH i
TEXHIKH, 1[0 BUBYAE Ta 3aCTOCOBYE MaTepiaJid Ta CTPYKTYPH Ha PiBHI HAHOMETPiB. BOHM BiIpi3HSIIOTHCS
BiJ TpaAMLIHHIX MaTepialliB CBOIMU YHIKQJIbHUMHU BIACTUBOCTSIMH, TAKHMH SIK BEJIMKA TUIOLIA MTOBEPXHI,
BHCOKAa PEaKTHUBHICTH 1 MOKpaIieHi (i3udHi, XiMigHI Ta €JIEKTPOHHI BJIACTHUBOCTI. Y cdepi eHepreTHKH
HaHOTEXHOJIOT1l MAarOTh BEIUKHK IOTEHINAT I PO3BUTKY IHHOBAIIMHUX pillleHb, CIPIMOBAaHUX Ha
BUPIIICHHS BOKJIMBUX EHEPreTUYHUX BUKJIHMKIB cydacHocTi [1].

OmanM i3 HamNpSIMKIB BUKOPUCTAHHS HAHOTEXHOJIOTIM B EHEPTeTHINl € po3poOka HOBHUX THITIB
COHSYHMX OaTapeil. BHKOpHCTaHHS HAHOYACTHHOK y COHSYHUX MAHENSX MOXKE TOKPAIIUTH IXHIO
e(EeKTHBHICTh 1 3HM3UTH BapTICTb BUPOOHUIITBA, IO POOHUTH COHSYHY €HEpriro OiIbII JOCTYIMHOKI Ta
e eKTUBHOIO. [HITIMIT BaXKITUBUIT aCTIEKT — 116 BUKOPHUCTaHHS HAHOTEXHOJIOTIH Y po3po0Ili HOBUX MaTepialiB
JUIs. BUPOOHHWIITBA MAIMBHUX eJleMeHTiB. HaHomarepiann MOXyTh TMOKPALUTH KaTaliTHYHI BIACTHBOCTI
MAJMBHUX €JIEMEHTIB, 3a0e31euytoun OTbITy e)eKTUBHICTh KOHBEPTAIlil €Hepriil Ta 3HIKYI0YH BUTPATH Ha
ix BUpoOHUITBO. KpiM TOT0O, HAHOTEXHOJIOTii BAKOPHCTOBYIOTHCS Y PO3POOIII HOBUX CHCTEM 30epiraHHs Ta
nepenayi eneprii. Hanpuknan, HaHoMmaTtepialin MOXYTh OyTH BUKOPHCTaHI AJsl CTBOPEHHS HOBHX THIIIB
Oarapeil 3 BETUKOIO €MHICTIO Ta IIBHIKICTIO 3aps/DKaHHS, a TAKOX IJIST PO3pOOKH €(PEeKTHBHHUX CHUCTEM
30epiraHHs €Heprii, TaKUX SIK HAHOTEXHOJIOT1] Ha OCHOBI JIITIEBUX aKyMYJIATOPIB.

VY cBIiTHI 3pOCTarOYOTO iHTEpPECY MO0 BHKOPUCTAHHS albTEPHATHBHUX JDKEPEN €HEPrii Ta PO3BUTKY
CTaJINX CHEPreTHYHUX CHCTEM, HAHOTEXHOJIOT1i MOXKYTh CTaTH KIIFOUOBUM iHCTPYMEHTOM Y IOCSITHEHH1 ITX
mineli. BoHN BiIKpHBalOTH HOBI MOXKJIMBOCTI JJIsl TIOKpaIeHHs] e()eKTUBHOCTI, HAAIHHOCTI Ta CTIMKOCTI
CHEPreTHYHUX CHUCTEM, IO CIPHSIE IePexXoqy A0 OLIbII CTAJOro Ta €KOJOTTYHO YUCTOIO €HEPreTUYHOTO
MaiiOyTHBOTO.

AHami3 ocTaHHiIX JaociailkeHb i myOuaikamiii. BuBdeHHIO 3acTocyBaHHS, TepeBar, a OTXKE i
MEPCIIEKTHB PO3BUTKY BUKOPHCTAHHS HAHOTEXHOJIOTIM B €HEPreTHIll OMyOJIIKOBAHO BEJIMKY KUIBKICTh
HayKOBHX ITpailb. 30KpeMa, y 0a3i SCopus 3a nepion 1993-2026 pp., BinoOpakeHo maibke 11 THC. HAYKOBUX
myOikariid. [Ipudomy, cyTTeBe 3pocCTaHHS aKTUBHOCTI MOCHiKeHb crioctepiraetbes 3 2000-ux poxiB
(puc. 1) i 30epiraerbest 10 choroani. Tak, y [2] HamaHO OIS Ta OLIHKY HAWCYYacHIMHMX (POTONETEKTOPIB
Ha OCHOBI TpadeHy, IHIIUX JBOBUMIPHUX MaTepiaiiB i TiOpHIHUX CHUCTEM, 3aCHOBAHWX Ha IOETHAHHI
PI3HHX NBOBUMIpPHHX KPHCTANiB a00 JIBOBUMIPDHHX KpPHCTANiB Ta iHIMIMX (HAHO) MaTepiamiB, Taki K
TUTa3MOHHI HAHOYACTWUHKH, HAIIBIPOBIJIHUKK, KBAaHTOBI TOYKH, ab0 iX iHTerpamis 3 (KpeMHIEBHMH)
XBuiIeBogaMu. Y cTatTi [3] mpencraieHo AeTanbHUi orys Gisuunux BiaactuBocteid InN i criopigHeHnx
HiTpuaHKX HamiBnpoBiaHukiB Il rpymu. OnmcaHo nporpec, meperekTHBH 1 mpodieMu B po3poOIli HOBUX
CJIEKTPOHHHUX Ta ONTOEIEKTPOHHUX NPUCTPOiB Ha 0cHOBI criaBiB InGaN. JlocArHeHHS B XapaKTepUCTHUKaX
i po3yminai HaHocTpykTyp InN 1 InGaN Takox po3risHyTi B MOpiBHSHHI 3 X TOHKOIUTIBKOBHMH
aHaJIOTaMHu.

AkTHBHI KpucTaniyHi moBepxHi SnO2 BiAIrparoTh )KUTTEBO BAXKIUBY POJIb Y HOro 0araThox IiKaBUX
BJIACTUBOCTSIX, BKJIIOYAIOUM CEHCOPHI Ta KaTaJIITHYHI 3aCTOCYBaHHSI.
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Puc. 1. Ilyoaikaiii 3a pokamu

Ornsig [4] HamucaHO mpo HOTO pi3HI MOBEPXHi, CNEKTPOHHY CTPYKTYPY Ta IIUIBHICTH CTaHiB.
OOroBOpeHHS BaXKJIMBOCTI MOp(doIoridHMX Bapialliid BIacTUBOCTEH SnOz CYNPOBOIIKYETHCS OTIISAIOM
PI3HUX METOJIB OTPUMAHHS TaKHX CTPYKTYp, a TAKOX MaOyTHIH Kypc SnO; K BaXXIUBOTO MaTepialy B
CY4YacHUX JOCHIPKEHHsIX. PO3BUTOK HAHOTEXHOJIOT1H 3 BUKOPUCTAHHAM OpPraHiYHUX MaTepialliB € OJHI€I0
3 HaWOUTBII IHTENEKTYaJIbHO Ta KOMEPLIITHO 3aXOIUIFOI0YHX iCTOpil Hamoro yacy. B ornsai [5] mokazano,
SIK  B3aEMOJIT MK CHHTCTHYHOIO XIMI€IO Ta CIEKTPOCKOIIEI0 TPOCYHyNa cdepy OpraHidIHUX
HaHOMAaTepialiB BIepen A0 KiHLEBOI MeTH HOBOI TexHouorii. B ormsai [6] aBropu 30cepemkyoThes Ha
JOCIHIPKEHHSIX YTBOPEHHS HAHOAPOTSHUX CTPYKTYP LUISIXOM BUCOKOAHI30TPOIHOTO POCTY HAHOKPHCTAIIIB
HAMIBIPOBITHIUKOBUX 1 METAJOOKCHIHHMX MaTepialiB 3 HarojllocoM Ha CTPYKTYpHIM XapakTepHCTHII
3apOJIKCHHS, [TOYAaTKOBOIO POCTy, Ae(EKTIB 1 CTPYKTYp PO3ALIY, a TAKOX SIK HAa TCOPETHYHOMY aHaJIi3i
YTBOPEHHSI HAHOKPHCTAIIB, peakLiiiHOT 31aTHOCTI Ta CTal0iIbHOCTI.

Amnarni3 myOikaiii aBTOPUTETHUX CBITOBUX BUEHHUX Y Taly3l HAHOCTPYKTYP IUISL ONTOEIEKTPOHHUX
TeXHOJIOTiH mpopobimero y [7]. OxpecieHo Kojao MPOBIAHMX MyOdiKamii y HayKOBii raimysi,
npoaHanizoBaHo (DaKTOpH BIUTMBY BYCHHX pIi3HMX KpaiH Ha PO3BHTOK Iii€i ramysi. Y crarti [8]
HpeICcTaBICHO KOPOTKH oryisia nextnano (Nextnano — re iHCTpyMeHT MO/ICITIOBaHHS HalliBIIPOBITHUKOBUX
HAHOMPHUCTPOIB, PO3POOJICHHH JIJIsl IPOTHO3YBAHHS Ta PO3YMIHHS IMUPOKOTO Jialma3oHy eJIeKTPOHHHX i
ONTUYHUX BJIACTHBOCTEH HAMIBIOPOBIIHUKOBUX HAHOCTPYKTYpP) 1 HagaHO YOTHPH NPUKIagH, SKi
JEMOHCTPYIOTh LIMPOKHUN CIIEKTP MOXIIMBHX 3aCTOCYBaHb IIbOI'O MPOrPaMHOT0 3a0e3MeyYeHHs B ranmysi
TBEPJOTIIEHUX KBAHTOBUX OOYMCIICHB, HAHOEJIEKTPOHIKH Ta ONTOEICKTPOHIKH.

Y [9], Ha OCHOBI NEpPIOAMYHOrO KOHTAKTY/BIIOKPEMJICHHS MK MIKIpOKW JIIOJAWHH Ta
MIKPOCTPYKTYpPOBaHOIO MoJianMeTHicuiokcanoBoo (PDMS) muniBkoio, MpoaeMOHCTPOBAHO MPO30pHI
rHy4kuil Tpuboenexktpuunuii HanoreHepaTtop (TENG) 3a 1omomororo BiZHOCHO MPOCTOTrO, HEAOPOTOTO,
€KOJIOTIYHO YHCTOro Ta BUCcOKoedekTuBHOro Merony. Y [10] mpencTaBieHo Ta 3aCTOCOBAHO HEIHBAa3UBHY
OIITOEEKTPOHHY HAHOCKOMIIO JUISl JIOKAIbHOTO BUMIPIOBAaHHS ONTHYHHX TA €EKTPOHHUX BIACTHBOCTEH
rpadeHoBuX npucTpoiB. Lle mocsraerbcs HUIAXOM IMOEOHAHHS CKaHYIO4Oi iH(pauepBOHOI HAHOCKOMIi
OMKHBOTO TIOJIS 3 ENIEKTPUYHUM 3YMTYBAaHHSM, IO JTO3BOJISIE BimoOpaxaru iH(pauepBoHHUl GOTOCTpYM
Ha MaciTabax JOBKUHU B JECATKH HaHOMETpiB. BusiBnenuit y [11] edexr Pambu i HamamryBaHHs
TEPMOEJTICKTPUYHUX XaPAKTEPUCTHK MOXKE OyTH aJIbTepHATUBHUM METOAOM PO3POOKH BUCOKOE(HEKTUBHUX
TEPMOCTIEKTPUYHUX MaTepiaiB.

IMocTtanoBka 3aBaanb. B poOOTI MOCTaBIeHO METy — Ha OCHOBI BUBUEHHSI 1 aHaji3y MepesoBUX
CBITOBHX JOCIi/PK€Hb, TIOB’S3aHUX 3 MOMJIMBOCTSIMH 3aCTOCYBaHHS HAHOTEXHOJIOTIH, OIlIHUTH
NEPCHEKTUBH PO3BUTKY BUKOPHCTAHHS HAHOTEXHOJIOTIH B €HEPIreTHLIi.

BuknageHHst 0CHOBHOI0 MaTepiany.

Orasan nanorexHosoriii. HanotexHosoril € ofgHi€l0 3 HAOILIBII aKTUBHO PO3BHUBAIOYMX Talry3eit
HayKH Ta TEXHOJIOTiH, 5IKa CTAaBUTh CBOIM 3aBJaHHSM BHBUEHHS Ta BUKOPHUCTAHHS MaTepialliB i CTPYKTYp
Ha HAHOMETPOBOMY piBHI. OCHOBHI IPUHIIMITA HAHOTEXHOJIOTI ! BUHUKIIU 3 BUBYCHHS (Di3MYHUX 1 XIMIYHUX
BJIACTUBOCTEH MarepiajiiB Ha HaHO-piBHI. ONHUM 3 MEPIINX 3HAYYIIMX KPOKIB y I[bOMY HAIPSIMKY CTaJlo
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BHHAWICHHS MIKPOCKOITIB 3 BHCOKOIO PO3MUIBHOIO 3MaTHICTIO, IO MO3BOJMJIO BYCHUM OadnuTH 1
MaHiIyJIIOBaTH 3 OKPEMUMHU aTOMaMU 1 MOJIEKYJIaMH.

HanortexHomnorii  po3BuBarOTbcs y  pIi3HMX  HampsIMKaX, BKJIIOYAIOUM  HaHOMaTepiai,
HAHOECJICKTPOHIKY, HAHOMEXaHIKY, HaH0010JI0Tit0 TOI0. OJHUM 3 KJIHOYOBUX aCHEeKTiB HAHOTEXHOJIOTIH €
MaciTabyBaHHs, IO J03BOJISIE CTBOPIOBATH MaTepiaji i MPHUCTPOi 3 YHIKAIGHUMH BIACTUBOCTSIMH 32
JIOTIOMOT'00 KOHTPOJIBOBAHOTO BIUIMBY HA IXHIO CTPYKTYPY Ta BIACTHBOCTI HA MOJIEKYJISIPHOMY PiBHI.

HanoTtexHonorii HIMPOKO 3aCTOCOBYIOTBCS y PI3HHUX Taly3sX HAayku Ta TexHojorii. BoHwu
BUKOPUCTOBYIOTBCS Y BUPOOHHWITBI ENEKTPOHIKM il CTBOPEHHS OiNbIl TOTYXHUX 1 €(QeKTHBHUX
MPUCTPOIB, Y MEIUIMHI I pO3POOKH HOBUX METOIB AIarHOCTUKY Ta JIIKYBaHHS, y MaTepialo3HaBCTBI IS
CTBOPEHHS HOBHX MarepialiB 3 MOKPALICHUMH BIACTUBOCTSIMH, Y KOCMIUHIN TEXHOJOTII AjIsl CTBOPEHHS
JIETKHX 1 MIITHAX MaTepiajiB Ui KOCMIYHHX arapaTiB i 6arato iHmmx cgep.

HanoTexHo0Tii MatoTh BEMMKHIA NOTEHIIIAN JJIS1 PO3BUTKY HOBUX €HEPreTHYHHUX TEXHOJIOT1H, TAKUX
AK COHSYHA EHEepris, aKyMyJsATOPH BHMCOKOi €MHOCTi Ta eHeproe(eKTHBHI MaTepianu. IxHiif BHECOK y
MOKPAIIEHHS] EHEPTeTHYHNX TEXHOJIOTIH € KIIIOYOBUM y 3a0e3MeueHHi CTajloro PO3BUTKY Ta 3HIDKEHHI
BUKU/IIB TAPHUKOBHX Ta3iB.

Texnonorii orpumaHHsi HaHomartepianiB. OTpuMaHHS HaHOMaTepialiB BKIO4Yae B cebe
PI3HOMaHITHI METOJIU 1 TIPOIIECH, IO JO3BOJISIOTH BUTOTOBIISITH MaTepialid 3 HAHOMETPOBHMH PO3MipaMHu.
Jlesiki 3 OCHOBHMX METOJ(IB OTPUMaHHS HAaHOMATEPialiB BKIIIOUAIOTh:

o  Mexaniune posuunenus: MeTOJ BUKOPHCTOBYE MEXaHIYHI CHJIM JJIs PO3UMHEHHS MartepialliB Ha
aTOMapHOMY 9H MOJIEKYJIsIpHOMY piBHI. [IprukimagomM Moxe OyTH MexaHidHe a00 MarHiTHE METFOBaHHS.

o Ximiuni memoou: Bxiaro4aroTh XiMiuHI peakilii Ta MpOIECH CHHTE3Yy, TaKi K Tiapoii3, razodasHe
CHUHTE3yBaHHSI, 30JIb-T€JIb METO/IH.

e Bioknadenns 3 2azo060i ¢azu: Metonu BUKOPHCTOBYIOTh peakilii B ra3oBiil ¢aszi g BiIKIaAeHHS
aTOMIB 200 MOJICKYJI Ha IMOBEPXHI MaTepiaiB.

o Ximiune gidocaoxcenHns: BHUKOPUCTaHHA XIMIYHHX TIPOLECIiB JUIS POCTY TOHKHX IDTIBOK YH
HAaHOYACTHHOK Ha ITiJIKJIajikax abo cyOcTpaTax.

o Jlazepue eunaposysanns: llpouec, mpu SIKOMy Marepiajd BHIIQPOBYETHCS JIa3epoOM, a IOTIM
KOHJIEHCYETBCS Ha IIOBEPXHI U1 (OPMYBaHHS HAHOCTPYKTYD.

Oco0auBocti HaHomacmitadyBanusi. HanomacmtaOyBaHHST — 1€ TpolLec CTBOPEHHS Ta
BUKOPUCTAaHHS MaTepialliB, CTPYKTYyp 1 HPUCTPOiB 3 PO3MipaMu BiJl KUIBKOX 1O HEKiJIbKOX COTEHb
HaHoMeTpiB. OCHOBHI 0COOIMBOCTI HAHOMACIITAOYBaHHS BKITIOYAIOTh!

e  Benuka nrowa nogepxui: Hanomatepiaau MaloTh BEJHMKY BiIHOCHY IUIOIY NOBEPXHi B MOPIBHSHHI 3
ixHIM 00’ €MOM, 1110 3a0e3nedye iM yHIKalIbHI (P i3M9HI Ta XiMidHI BIaCTUBOCTI.

o Keaumosi egexmu: HaHomaTepianum MOXYTh BUSBISATH KBaHTOBI e(eKTH, Taki SK KBaHTOBE
TYHEJIIOBaHHS Ta KBAaHTOBI TOUKH, SIKi BIUTUBAIOTH Ha iXHI €JIEKTPOHHI Ta ONTHUYHI BIACTHBOCTI.

e Bucoxa nogepxnesa ewnepeis: HaHomaTepialu MOXYTb MaTH BHCOKY ITOBEPXHEBY €HEPTilO, IIO
MIPU3BOIUTE J0 3MiHH IXHBOT XIMI9HOT aKTUBHOCTI Ta PEaKTUBHOCTI.

e  Beauka cmpyxmypua anomanis: HaHomatepiaiy MOXyTb JEMOHCTPYBATH CTPYKTYPHI aHOMaTii, Taki
SIK 3MiHA KPUCTAJIIHOT CTPYKTYPH ab0 301IbIICHHS KITbKOCTI TePEKTIB.

Hanomacmrabni matepianmd Ta CTPYKTypH BiIKPHBAalOTh HOBI MOXIIMBOCTI HJsl PO3BHUTKY
IHHOBALITHUX MaTepiaiiB, MPUCTPOIB Ta CHCTEM Y PI3HHUX Taly3sX TEXHOJOTiH, BKIIOUAIOUN CHEPreTUKY,
€JIEKTPOHIKY, MEIUITUHY Ta 1HIIII.

3acTocyBaHHsI HAHOTeXHOJIOTili B eHepreruni. HaHorexHomnorii B eHepreTHii BiAKpUBAIOTH
LIMPOKI MOKIIMBOCTI JUIsl TIOKpaIIeHHs! e()eKTUBHOCTI, CTIHKOCTI Ta CTAJIOCTI €HEPreTUYHUX CHCTeM. TyT
PO3IJITHEMO TPU OCHOBHI HAIIPSIMKH 3aCTOCYBAHHS HAHOTEXHOJIOT1H B €HEPIeTHII.

Bupobnuymeo cousunux 6amapeii na ocnogi nanovacmunox. COHsIUHA €HEPrisi BBAKAETHCS OTHUM
13 HaWOUIBII MEePCIEeKTUBHUX [DKEPE albTepHATHBHOI €Heprii, ajge MOTOYHI COHSYHI OaTapei MaroTh
o0OMexeHy e(heKTUBHICTh. 3aCTOCYBaHHS HAHOTEXHOJIOTIH JO3BOJISE TOKPAIIUTH ¢()eKTUBHICTh COHSYHUX
MaHeNel MUITXOM BHKOPHCTAaHHS HAHOYACTHMHOK. HaHOYacTWHKM MOXYTh MaTH YHIKaJIbHI (i3W4HI
BIIACTHBOCTI, TaKi K IiABHUIIIEHA IOTJIMHAHHS CBITJIA Ta ITiIBUIIICHA €(PEKTHBHICTH IIEPETBOPEHHSI CBITIIOBOL
eHeprii Ha eNeKTpuyHy. BUKOpHCTAaHHA HAHOYACTHHOK JO3BOJISAE 301MBIIMTH €PEKTHBHICTb COHSIYHHUX
Oarapeil Ta 3HU3UTH BUTPATH Ha BUPOOHUIITBO.

Buxopucmanns nanomamepianie y eupobnuymei nanuenux enemenmis. IlanuBHi eneMeHTH — Lie
EHEePreTHYHI MPUCTPOI, MO0 BUKOPUCTOBYIOTh XiMiUHI peakiii JJIsi BUPOOHUIITBA €IEKTPUYHOI SHEepTii.
3acTocyBaHHs HaHOMATEpialiB y MAJTMBHUX €JIEMEHTaX MOXKE IMOKPAIIUTH iX e(EKTUBHICTh Ta CTIMKICTb.
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Hamnpuknan, HaHoMaTepiaan MOKYTh BUKOPHCTOBYBATHCS SK KaTali3aTOPH IS MPUCKOPECHHS XIMITHHX
peakiiii y maJuBHUX €JIEMEHTAaX, 10 JO3BOJISE 301TBIINTH €JICKTPUYHIHA BUX1/l Ta 3HU3UTH BUTPATHU NAJTUBA.

Poszsumox nanoenepeemuunux cucmem 0is 36epicanus ma nepedadi enepeii. HaHOTEXHOIIOTIT TaKOXK
BUKOPHCTOBYIOThCSI y pPO3poOLIl HOBHX CHCTEeM 30epiraHHs Ta Imepenadi eHeprii. Hampukman,
HaHOMAaTepial MOXKYTh BUKOPHUCTOBYBATHUCS y OaTapesx 3 BUCOKOI EMHICTIO Ta MIBUIKICTIO 3apsHKaHHS,
10 /103BOJIsIE 30epiratu Oifble eHeprii Ta 3a0e3neunTy WBUAKE 3apsupkanHsa. Kpim Toro, HanHomarepianu
MOKYTh OyTH BUKOPHCTaHI y CYNEPKOHACHCATOPAX Ta IHIINX CHEPrOEMHUX MPHUCTPOSIX AT 3a0e3neueHHs
CTaOUILHOTO Ta eEKTHBHOTO 30epiraHHs eHeprii.

3arasipHUI BIUIMB 3aCTOCYBaHHS HAHOTEXHOJIOTI B €HEPreTHL IOJIArae B MOKpAIleHHI
€()eKTUBHOCTI Ta €KOJIOTIYHOI CTAIOCTI €HEPTETUYHUX CUCTEM, IO CIIPHUSE CTBOPSHHIO OUTBII CTAJIOTO Ta
e(EKTHBHOTO EHEPTeTHYHOTO Mal0YTHBOTO.

IlepeBarn BUKOPHUCTAHHS HAHOTEXHOJOTi B eHepreruui. [lidguwenns egexmugnocmi
eHepeemuynux cucmem. HaHOTeXHONOTIT MO3BOJSIOTH CTBOPIOBATH HOBI MaTepiaid 3 YHIKQIbHUMH
BJIACTUBOCTSIMH, II0 MOXXYTh 3HAYHO TOKPalIMTH €(EeKTUBHICTh EHEepreTHUHUX cucreM. Hampuxma,
BUKOPUCTAHHS HAHOYACTUHOK Yy COHSYHUX OaTapesx MOoKe 30UTBIIMTH iXHIO MOTJIMHAHHS CBIiTIA Ta
i IBUIIATH KOHBEPCIHY €(eKTUBHICTb, 110 MPU3BEIE 10 301LIbIIEHHS BUPOOIeHO enekTpoeHeprii. Takox,
3aCTOCYBaHHS HAHOMATEPIANIB Y MATMBHUAX SIEMEHTAX MOXE IMiJIBUIIUTH iXHIO €(DEKTUBHICTh Ta 3HU3UTH
BUTPATH MAJIMBA, IO € BAKIMBUM JIJISl PO3BUTKY €HEProe)eKTUBHUX TEXHOJIOTIH.

3menwenns empam enepeii nio yac mpaHcnopmyeanus ma 30epicanHs. HaHOTEXHONOTIT TakoXk
MOXYTh OyTH BHKOPHCTaHI /I CTBOPEHHS HOBHX MaTepialmiB Ta CHUCTeM [uis 30epiraHHs Ta
TPaHCHOPTYBaHHS SHEPTii 3 MEHIIMMH BTpataMu. Hanpukman, po3poOka HaHOMAaTepiaiB A5l BAPOOHHIITBA
Oarapeil 3 BHCOKOIO €EMHICTIO Ta MIBUAKICTIO 3apsKaHHs MOXKE JIOTIOMOITH 3MEHIIUTH BTPATH €HEPTii il
yac 30epiraHHA Ta TPaHCIOPTYBaHHS eJNeKTpoeHeprii. Takok, 3acTocyBaHHS HaHOMAaTepialiB y
MPOBITHUKAX MOXKE 3HU3UTH OIIip Ta TEIUIOBI BTPATH IiJ] Yac mepeaadi eeKTPOeHepril o Mepeski.

Cmeopennsi  HOBUX — MOJMCIUGOCMEl Ol PO3GUMKY — ATbMEPHAMUGHUX — 0Jicepell  eHepeii.
HanortexHomorii BiKpHBarOTh HOBI MOXIIMBOCTI IJIsl PO3BUTKY albTEPHATHBHUX JDKEPET €Heprii Ta
3MEHIIEHHs 3aJIKHOCTI BiJl BYTUIBHUX Ta HAQTOBHX pecypciB. BoHM MOXyTh OyTH BHKOpPHCTaHI IS
MOKpAaIIeHHsT eeKTHBHOCTI Ta CTAaOIIbHOCTI COHSYHUX, BITPOBUX Ta TiAPOCHEPreTUYHUX YCTAHOBOK, a
TAKOX JJIsl PO3BUTKY HOBUX TEXHOJIOTiH, TAKHMX SIK TAJHMBHI €JIEMEHTH Ha OCHOBI BOJHIO. Le BaxknmBuit
KPOK Y HANPSIMKY PO3BUTKY CTAJIOi Ta EKOJIOTTYHO YHCTOT CHEPIreTHKH.

TakuM YHMHOM, BHKOPHUCTaHHS HAHOTEXHOJOTiIH B EHEPreTUIl MOXE MNPU3BECTH A0 3HAYHOTO
MOKpaIIeHHsT €QeKTUBHOCTI, CTIHKOCTI Ta EKOJOTIYHOi CTalOCTi EHEPreTHYHUX CUCTEM, IO CHpHSE
PO3BHTKY CTAJIOr0 Ta e()EKTUBHOTO EHEPreTHIHOT0 MaOYTHBOTO.

Bukiauku BHpoBaj:KeHHs] HAHOTEXHOJOTIH B eHepreTuui. besnexa ma puzuxu 36'a3awni 3
BUKOPUCMAHHAM HanoMmamepianie. HaHoMaTepiany MaroTh YHIKaIbHI (i3WYHI Ta XiMIYHI BIACTHBOCTI, ajie
pa3oM 3 UM ICHYIOTHh TEBHI PH3HWKH IS 3I0POB'SI Ta HABKOJHWIIHBOTO cepenoBuia. Hampukman, mesxi
HAaHOYACTHHKH MOXXYTh OyTH TOKCHYHHMH TIPH BEJIUKUX KOHIICHTPAIisIX a00 MpH MOTPAIUIIHHI B OPTaHi3M
JIOAMHYU Yepe3 AWXaHHS 4d MmKipy. Takoxk, iCHye pU3MK HaHOMAaTepialiB pO3CIIOBATUCS B HMPUPOJHOMY
Cepe/IOBHILI Ta BIUTUBATH Ha EKOCHCTEMHU.

Exonociuni acnexmu eupobnuymea ma euxopucmants. BHUPOOHWUITBO HaHOMATEpIaNiB MOXE
BKJIFOUATH B ceO¢ BUKOPUCTAHHS PI3HOMAHITHUX XIMIYHHX PEYOBUH Ta CHEPTETUYHUX PECYPCIB, 110 MOXKE
MaTH HETaTHBHUN BIUIMB Ha JOBKULIA. Tako, MiJl 4ac BUKOPHCTaHHS HAHOTEXHOJIOTIH y €HEpreTHIi
HEOOXITHO BPaxOBYBAaTH MOXKJIMBICTh BHIKHIIB HaHOMAaTepialiB IiJ Yac eKCIuTyaTarlii Ta yTHTi3aIli
CHEPTeTHYHHX CUCTEM.

Pecynamueni acnexmu 6npogaodicenuss Hosux mexHonozit. BrpoBapkeHHS HAaHOTEXHOJOTIH B
E€HePTeTHUIll BUMArae po3poOKH Ta BIPOBAHKCHHS e(hEKTHBHUX PETYJIATUBHIX MEXaHi3MiB, sIKi 3a0e31edaTh
Oe3IIeKy Ta CTaJIiCTh BUKOPUCTAHHS ITMX TeXHOJIOTiH. HeoOXimHO po3pobiaT cTaHIapTH Ta HOPMATHBH
JUIsl OLIIHKK Oe3leKn HaHOMAaTepialliB, a TAaKOXK BU3HAYMTU MpaBWiia BUPOOHHIITBA, TPAHCHOPTYBAHHS Ta
BUKOPHUCTAHHS HAHOMATepiaJliB Y eHEPreTUYHUX CUCTEMAX.

BupimeHHs 1MX BHKIHMKIB BHMAara€ CIHiBOpani MiK HAYKOBHMH YCTaHOBAMH, MPOMHCIOBUMH
KOMIIaHiIMH, YPSAOBUMH OpTaHaMH Ta rpoMaJchbKicTio. Baxknuso 3abe3neunty 30a1aHcoBaHui Migxia 10
BIIPOB/XKCHHS HAaHOTEXHOJIOT1 B €HEPreTUKY, IO BPAaxOBYe sIK iXHI MOTEHUialbHI NepeBard, TaK i
MOJKJIMBI PU3HKH JIJIS 3JI0POB'S T JOBKIJUISA.

IepcrniekTHBY PO3BUTKY BUKOPUCTAHHS HAHOTEXHOJIOTi B eHepreTuli. Tendenyii pozeumxy ma
innosayii 6 eanysi. HaHOTeXHOMOTIi MOCTIIHO PO3BHBAIOTHCS, a Pa3oM 3 HUMH 1 iXHE 3aCTOCYBaHHS B
eHepreTuii. TeHIEHIIIT PO3BUTKY BKIIOYAIOTh MOKpAIleHHs e()eKTUBHOCTI COHSYHHX OaTapeil 3a paXyHOK
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BHKOPHUCTAHHA HAHOYACTHHOK, PO3BUTOK HOBHX MaTepialliB i BUPOOHHUIITBA OUIBIT €(PEKTUBHHUX
NAJIMBHUX €JIEMEHTIB, a TaKOX CTBOPEHHS EHEPreTHYHUX CHCTEM 3 BHIIOI0 €MHICTIO Ta IIBUAKICTIO
3apsIDKAHHS 32 PaXyHOK BUKOPUCTaHHS HaHOMAaTEepiaiB.

IIpocno3u wo0o MarbymHb020 BUKOPUCIAHHA HAHOMEXHONOZ2IU 6 eHnepeemuyi. IIporHO3yBaTH
Maii0yTHE BUKOPHCTAaHHA HAaHOTEXHOJIOTIM B €HEPreTHLi MOXKHAa 3 BIIEBHEHICTIO, OCKUIBKH IS Taly3b
NPOJOBXKYBATUME PO3BHUBATHCS HIBHAKMMH TemramMu. [IpOTHO3yeTbCS 3pOCTaHHS BUKOPHCTAHHS
HaHOMaTepiajiB y BHUPOOHMUTBI COHSYHUX Oarapel, MaJMBHHUX EJIEMEHTIB, aKyMYJSATOpiB Ta iHIINX
SHEepPreTUYHUX CUCTEM JJIS MiABUILEHHS €EKTUBHOCTI Ta CTa01ILHOCTI €HEePronoCTayaHHsI.

Pexomenoayii ons nooanvuux 0ocriodxcenv i 6npo8addicents HO8UX piuieHb. JIJIS TTOANBITOTO
YCIIIIHOTO BIPOBAPKEHHSI HAHOTEXHOJIOT1H B €HEPreTULl BaXKJIMBO MPOJOBXKYBATH AOCIIIKEHHS Y LM
rary3i Ta po3poOisTH HOBI TEXHOIOTI] i MaTepianu. PekoMeHaIii BKIF09a0Th CTUMYTIOBAHHS JepKaBHOL
MIATPUMKH Uil AOCIHIIKEHb y Taly3i HAHOTEXHOJIOTiH, CIPHUSHHS KOMepLiamizalii Ta BIPOBAIKEHHIO
HOBHX DIilleHb, a TaKOX PO3BHUTOK CTaHIApTIB Ta HOPMATHBIB UIsi O€3MEYHOro Ta EPEeKTHBHOTO
BHUKOPHCTAHHS HAHOMATEpialliB y eHEPreTHYHNX CHCTEMaX.

HanoTexHonorii MaioTh BENMKWA MOTeHian ans Tpancdopmaiii eHepreTHdHoi iHAYCTpii Ta
CTBOpEHHS OUTBIN CTaoi, e(peKTHBHOI Ta €KOJOTIYHO YMCTOI €HEPreTUKH. 3 ypaxyBaHHIM IPaBHIbHUX
CTpAaTeTii Ta IHHOBAIIMHUX ITiIX0/1B, BAKOPUCTAHHS HAHOTEXHOJIOTIH MOXKE JOMOMOI'TH BUPIIIIUTH OaraTo
CY4YaCHUX BUKJIMKIB y raiy3i €HepreTHKH.

BucHoBku. 3acTocyBaHHSI HAHOTEXHOJIOT1H Y chepi eHepreTHKH BiAKPHUBAE IMPOKI MOYKITMBOCTI AJIS
MOKpaIIeHHsT €(EeKTUBHOCTI, CTIMKOCTI Ta €KOJIOTIYHOiI YUCTOTH €HepreTHUHuX cucreM. [Ipote, pasom 3
MOTEHIIHHUMH TIepeBaraMy, BUKOPHCTaHHS HAaHOTEXHOJIOTiH TaKOX BHOCHTH IIEBHI BUKJIUKH Ta PH3UKH,
TOB’s13aH1 3 0€3MeK0I0, EKOJIOTIEI0 Ta PETyIATHBHUMH acleKTaMH. BUKOpHUCTaHHS HaHOTEXHOJIOTIH Mae
BEJIMKHI TMOTEHIiaNn Jisi TpaHcopMalii eHepreTHYHOi I1HAYCTpii Ta CTBOPEHHS OuIbII cTanoi Ta
e eKTUBHOT EHEPIeTHKH, 32 YMOBHU BpaXyBaHHs Ta BUPIIICHHS BCiX BUKJIMKIB Ta PU3HKIB, TOB'SI3aHUX 3 IIUM
MPOIIECOM.
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Jlyybrutl HayionanbHUll MeXHIYHU YHigepcumem

BU3HAYEHHA TOYHOCTI JO3YBAHHSA PIAKUX ITPOAYKTIB 3A TOIIOMOI'OIO
EHEPT'O3BEPII'AIOYOI'O ABTOMATU30BAHOI'O YCTATKYBAHHSA

Y cmammi naeedeni pesynomamu 0ocnioscenv npouecie 003y6aHHA piOKUX RPOOYKMI6 3 PI3HUMU PeoNoiYHUMU
611ACIMUBOCAMU 3A O0NOMO2010 00°€MHO20 003amMOpa, a MAKOMC 3ANPONOHOBAHO KOHCMPYKUIIO A6MOMAMU306AH020
CHEP2OOUAOR020 RPUCMPOIO O ROOAYi PIOKUX nPoOyKmie 00 0o3amopa.

Kntouosi cnoea: 0ozysanns, npooykm, 8 A3Kicmb, MOUYHICMb, MUCK, eHep2030epedcents, A8MmoMamu3ayis, YCmaHosKa.

Y. L. Hunko, Y. V. Fedorus, S. Ye. Holiachuk

DETERMINATION OF THE ACCURACY OF LIQUID PRODUCTS DOSING USING
ENERGY-SAVING AUTOMATED EQUIPMENT

The article presents the results of research into the processes of dosing liquid products with different rheological
properties using a volumetric dispenser, and also proposes the design of an automated energy-saving device for feeding liquid
products to the dispenser.

Keywords: dosing, product, viscosity, accuracy, pressure, energy saving, automation, installation.

MocTranoBka npo6/emu. J{03aTopu € BaXKIUBUMHU MPHUCTPOSIMH (acyBadbHUX MamuH. J{o3yroui
NpUCTPOi NOAINAIOTHCS Ha 00’ €MHI Ta Barosi fo3atopu. Ha dacyBanpHUX MalInHax Ui 103YBAaHHS PiJKUX
MaTrepiaiiB MepeBaXHO BCTAHOBIIOIOTH 00’ €MHI J03aTOpH. Taki MpUCTPOi MAIOTh BUCOKY HAIIHHICTH Ta
IIBUJIKICTH POOOTH.

Y xap4oBOMY BUPOOHHIITBI JO3YIOThCA PiAKi MPOAYKTH 3 PI3HUMH BIacTUBOCTAMH. BogHouac, mist
CaMUX PIIKUX MPOIYKTIB BIACTUBOCTI MOXYTh OyTH Pi3HUMH 3aJI€KHO BiJl CTAaHy Ta YMOB B3aEMOJIIi i3
CEepEeIOBHIIEM.

OCKiNbKH UTA T03YIOYMX NPUCTPOIB BU3HAYAJIHLHUMH MOKa3HUKAMH € TIOKAa3HUKH SIKOCTI MPOLIECy
O3yBaHHS, TO BAXKJIIMBO JOCTIAUTH IPOIECH B3aEMOIIi PIAKUX MPOIYKTIB i3 poOOYMME OpraHaMu
J103aTOPIB, MO0 BU3HAYUTH HEOOX1THI PEKUMHU POOOTH 00JIaTHAHHS.

s B'SI3KHMX PiIKHUX MPOAYKTiB, 30KpeMa, BasKIMBOIO XapaKTEPUCTHKOIO € TIOKa3HUK OTOpy Teuii,
IO 32 CBOEIO CYTTIO € iX B'A3KiCTIO. B’S3KicTh Al PiAKMX PEYOBHH € OCHOBHUM TOKa3HUKOM ITiCIHIA
HEePEBUIIEHHS MEXI1 INTHHHOCTI.

MeTton 00'€eMHOTO J03yBaHHS PiIKUX MPOAYKTIB 3 MIEBHUM CIIPOIICHHSM MOXHA PO3TIISIATH SIK
BIIMIpPIOBAaHHs 3aJaHOT0 00’€My NPOAYKTY Ta 3allOBHEHHS LUM MPOAYKTOM Tapu. OCKUIbKH 3Ha4YHA
YaCTUHA PIJIKHX XapuOBUX MPOAYKTIB € BAXKKOTUTMHHUMH, TO BIJIMOBITHO iX 1Mojavy JI0 poOOYUX OpraHiB
(acyBaJIbHUX MallH CJIiJi BAKOHYBaTH PUMYCOBO.

YuM BUIIMM € TOKA3HUK B’ SI3KOCTI IJIsI PIIKOTO MPOAYKTY, TUM OLIBII AOLITEHIM € BUKOPHUCTaHHS
MPHUMYCOBOI TOAa4Yl MPOLYKTY IO TPyOONpPOBOAaX Ta y J03aTopax.

Ha nanwmit yac y KOHCTPYKIISIX JO3YIOUHMX MPHUCTPOIB 3aKIaJCHI TaKi NMPUHITAIN POOOTH, SIKi
0a3yloTbCcs Ha KiHEMaTHLl >KUBHIBHHX MPUCTPOiB, aje NPH LOMY HE BPaxXOBYETHCS IUHAMIKA PYyXY
piakoro mponykry. JuHamika pyxXy piOKuX NPOAYKTIB, Y CBOIO YEpry, BH3HAUAETHCSA PEOJIOTIUYHUMHU
BJIACTUBOCTSIMH MaTepialliB.

IIporiec 3amOBHEHHS AEIKOr0o 00’ €My B’ I3KMM IIPOAYKTOM € HecTarfioHapHuM [3]. Piakwii mpoaykT,
IiIXO/ISTYU Y 103aTOPi A0 HACAKH, MiIAAE€ThCA Y Hilt nedopmartii.

OMHUM 13 BXIMBHUX TOKa3HUKIB SKOCTI POOOTH JO3YIOYHMX MPHUCTPOIB € TOYHICTH JIO3YBaHHS
pinkoro nponaykty. To4HICTH J03yBaHHS TOKa3ye Mipy BiJXWiIeHb (DaKTHYHUX 3HAYEHb JI0O3 PIJIKOTo
NPOAYKTY BiA 3aJaHMX 3HAa4YCHb. BiAXWIeHHA, $SKi MOXYTh CIOCTEpIraTUCh,  XapaKTepU3YIOThCS
MEePEeBaKalOYOl0 CUCTEMATHYHOIO a00 BHUIAAKOBOIO CKIAAOBUMH. Ilepii 3 HUX MOXYTb CHIPUYMHSATHCH
4yepe3 HeMpaBUIbHE HAIAIITYBAaHHS JIO3YIOYOTO MPUCTPOIO HA HEOOXIJHUI MOKA3HUK J03U MPOIYKTY, a
TAaKOXX 4Yepe3 HemepenOadyBaHWI BIUIMB Ha IpOLEC JO3YBaHHS TaKMX YWHHMKIB SIK TEMIEpaTypHi,
JMHAMIYHI a00 X AesIKl 1HIII.

Cniz BpaxoByBaTH, IO 33 BEJIMKUX 3HAUCHB IIBUAKOCTI TeUii PiAKOro Marepialy CTpyKTypa Horo
MOX€ TOBHICTIO PYHHYBAaTHCh, PiJMHA NPU [bOMY XapaKTePH3YEThCS HAHMEHIIOW (HBIOTOHIBCHKOIO)
B'3KICTIO. A 3a MaJMX IIBUAKOCTEH Tedil PiIKOT0o MaTepially CTpyKTypa HOro pyHHYeThCsS Ta MOBHICTIO
BIJIHOBITIOEThCS (PiIMHA XapaKTEPU3YEThCSI HAHOUIBIIOI B'S3KICTIO). 32 YMOBH MMOJAIIBIIOTO 301bIICHHS
MIBHJIKOCTI Tedii pyWHYBaHHS CTPYKTYpPH PiJIKOTO MaTepiany NOYHHAE TIEPeBaKaTH HaJ| BiJHOBJICHHSIM, a
B'SI3KICTh 3HAYHOIO MipOO 3MEHIIY€ETHCS.
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Sk 3a3Ha”aNoCh BUIIE, MPOIECH MO3YBAaHHSA PIAKUX MPOIYKTIB € CKIATHUMH (0OYMOBJICHO
MOKJIMBOIO 3MIHOIO PEOJIOTIYHHX XapaKTEPUCTHUK PIIUH), TOMY Al 00’ €KTHBHOTO OLIHIOBaHHS TUX UM
IHIINX SIBUIL, LIO0 MOXYTh CYHPOBOMKYBAaTH Li NPOLECH, IOUIBHO IMPOBOJUTH EKCIIEPUMEHTAIbHI
TOCITIJKEHHS, pe3yIbTaTH SAKUX T03BOJISITh BU3HAYUTH HEOOXIMHI PEKUMH POOOTH TO3YIOUHX IIPHCTPOIB
(hacyBaabHUX MAITHH.

AHaJi3 ocTaHHiX qocHiKeHsb i myosikamniii. Pinki xap4oBi mpoIyKTH, sIKi JO3YIOThCS, IEPEBAKHO
XapaKTepU3YIOThCS XOPOIIOO IUIMHHICTIO 1 TOMY iX BJIACTHBOCTI, SIK TMPABUIIO, HE HAATO YCKJIAIHIOIOTH
MpolecH A03yBaHHS Yepe3 HAIMIAaHHS YaCTHHOK MaTepially Ha MOBEPXHI CTIHOK KOHCTPYKLiH. AJje, 3a
YMOBH 3pOCTaHHS B'3KOCTI PIIKOr0 XapyoBOTO NPOAYKTY HETaTHBHI SABUIIA HAJHUMAaHHSI MOXYTb
MIPOSIBIIATHCH OibIT BupasHo [4].

Pi3HOMaHITHICTh Xap4YOBHX PIAKUX MPOAYKTIB, IO XapaKTEPU3YIOTHCS MEBHUMU XIMIYHUMH Ta
(hi3MKO-MeXaHIYHUMH XapaKTePUCTUKAaMH, BHIIB iX yIaKOBKH, yMOB Ta CTPOKIB X 30epirants, 00yMOBIIIO€
noTpedy y BUKOPUCTaHHI (PacyBaIbHO-03yH0UOT0 00JIaIHAHHS Pi3HOTO IPU3HAYCHHS.

VY po6oti Bonunus H. C. ta denopopa C. @. [2] HaBeleHI pe3yabTaTH TOCTIIKEHHS POOOTH
aBTOMara Juis acyBaHHS PiAKUX NPOLYKTiB. Byno BctanoBieHo, mo dakropamu, sKi HAHOUIBII CYTTEBO
BIUIMBAIOTh Ha XapakTep HpOLECY A03yBaHHsS PIAKOTO MPOAYKTY (CMETaHM) € HACTYIHI: MOJEKYJISIpHa
B’SI3KiCTB, JIaMEeTP HACAJIKU 1 THCK CTUCHEHOTO MOBITPS, TOTPIOHUH LI TIepeMillicHHs! TOpIIHs. BHeceHHs
3MiH JI0 KOHCTPYKIIii I03yBaJIbHOTO MPHUCTPOIO (3aMiHa KJIalaHa) MOJIIIIIYE Ipoliec 103yBaHHs. Peaizaris
JaHO1 MPOMOo3HLii HOTpedye BiJTHOCHO HE3HAYHUX MaTepiaIbHUX 3aTpart.

[MuTanHiO BH3HAYECHHS peoJiorii Ta peosoriyHoi Mopdoiorii y He3MillyBaHUX JBO(A3HUX
MOJTIMEPHUX MOJEIBHHUX CyMIIlIax IpUaiIeHo yBary y pooori T. Jansseune, J. Mewis, P. Moldenaers [7].
Byno nposeneno ananiz Madderrona-Minase, 110 103BOJIMB OTPUMATH OITUC (POPMH EIINCOITHUX Kpariesb
y He3MIilIyBaHUX ABO(A3HHUX MOTIMEPHUX MOJIEIBHAX CyMIllIax ITiJ 9ac TIOTOKY.

Hocnimkenusmu [3] OyJio BCTaHOBJICHO JUIS IOPIIHEBOTO J03aTOPa 3ajIeKHICTh IMIBUIKOCTI
JTO3yBaHHS PiIKUX MPOIYKTIB BiJl B’SI3KOCTI Ta TUCKY CTUCHEHOTO TIOBITPSI.

JlocmipkeHHsT KOHCTPYKIIN J03YI0UUX MPUCTPOIB, IO 3aCTOCOBYIOTHCS y Ipolecax (acyBaHHS
piakux B'SIBKUX NPOAYKTIB B Tapy [1-3], mokasano, mo Ui A03yBaHHS TaKHX MaTepialiB MEpeBaXHO
3aCTOCOBYIOTBCS J03aTOPH, IO MPAIIOIOTH 332 00'€MHIM MPUHIIUIIOM.

Jlo3ytodi MpUCTpOl, IO MPAIIOIOTh 32 00’ €MHUM MPUHIUIIOM, X04a W XapaKTepH3YIOTHCS JEII0
HIDKYOI0 TOYHICTIO JO3yBaHHS BaroBi J03aTOpH, ajieé MaroTh IepeBary 3a IIBUAKICTIO 03YBaHHS
MaTepiais.

Ha maxuit yac y xapuoBoMy BUPOOHHIITBI HAHOUIBII MIMPOKE 3aCTOCYBAHHS OTPUMAIH ITHEKOBI,
IUTYH)KEPHI 1 IOpIIHEBi 103aTopH [2].

VY po6ori ToBaxusHcbkoro JIJIL., binenpkoro E. B., Tomuuncbkoro 0. A. [2] HaBeneHi pe3ynbTaTi
BUBUYCHHS MIPOOJIEMU MAaTEMaTHYHOI'O MOJIC/IFOBAHHS KBa3iB sI3KOT0 MOTOKY PIAMHYU y NIUIMHHUX KaHAJIaX
IIHEKOBUX NPHUCTPoiB. B pesynbraTi MonemoBaHHS Oyino OTPHUMaHO pIBHSHHS, IO JIO3BOJISIOTH
MOJICTTFOBATH TEYil B’ SI3KOTUIACTHYHUX PiJIKH.

[ocTranoBka 3aBaanb. B poOOTi MOCTaBICHO METy - AOCHIOUTH XapakTep 3MIiHM TOYHOCTI
JTO3yBaHHS PiJIKUX B SI3KHUX MPOAYKTIB 3a JOMOMOTOI0 aBTOMAaTHYHOTO eHepro30epiratouoro o0iagHaHHI
3a yMOB 3MiHH (D)aKTOPiB BILIMBY Ha MPOIIEC JO3YBaHHS.

BukiaaneHHs 0CHOBHOTo martepiamy. J[ns gocnimkeHHs poOOTH M03aTopa Oyjao po3pobIieHO
eKCIIepUMEHTAIbHY YCTaHOBKY (pHcC. 1).

Puc. 1. ExcriepuMeHTaJbHA JOCTiIHA YCTAHOBKA /103aTOPa PiAKMX MaTepiatiB
B’s3kicTh pimkoro mOpoayKTy BHU3HAaYalach 3 BHKOPUCTaHHSM Bickosumerpa BIDK-2, Tuck
CTHCHEHOTI'O ITOBITPS BCTAHOBJIIOBABCS 3 BUKOPUCTAHHIM MaHOMETPA.
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3a TOTOMOTO0 J103aTOpa BUKOHYBAJIOCh TO3YBAaHHS TaKWX MAaTepialiB SK TOMATHHH CIK, KETUYII,
MaiioHe3 (KOJKEeH 3 IIX MaTepialliB XapaKTePU3y€eThCs TOKA3HUKOM MOJICKYIISIPHOI B I3KOCTI).

IMpuBox QopcyHkH - MHEBMaTHYHMN. 3aKpUTTS BHXOAY (DOPCYHKH JOCSTa€ThCsS 3a PaxyHOK
HepeMilleHHs IEHTPAIBHOIO LITOKA, 10 IPUBOAMUTHCS y PyX 3a JOHNOMOrOK MHEBMATHYHOIO LIMIIIHApA.
[ITok 3’emHannii 3 HOCUKOM (hOPCYHKH.

XapakTep BUTIKaHHS PIIKOTO B’S3KOTO MPOAYKTY 3 HACAAKH Ta (JOPMYBaHHS PO3MOILTY
MIBUJIKOCTI PyXy MPOAYKTY 3aJIeKaTh BiJI MapaMeTpiB HacaaKu (puc. 2).

Puc. 2. IlapaMeTpu HacaJKu A0CJTIAKYBAHOI0 103aTOPa

i mapameTrpu HacTyIHi:

- BIIHOIIICHHS JIOBXKWHH OTBOPY HACAJKU A0 11 liameTpa L/D;

- KyTa BXOJy 110 HacaKH o,

-KyTa BUXOAY 3 HacaIKu f3,

- ¢opma 1 MaTepia HaCaIKu.

3HavyeHHs KyTiB BXOJy B OTBip HacaJKH Ta BUXOAY 3 OTBOPY HACAAKH MOXYTb 3MIHIOBATUCS Y
Mmexax Big 0° mo 180°.

Y Hacaami CTPyMiHBb PIAKOTO TPOAYKTY HAcaMmIepell CTHCKAEThCS, a IOTIM PO3IIHPIOETHCS,
JOTUKAIOYXCH 10 BHYTPILIHIX CTIHOK HACAKH Ta BUXOJUTH IOBHUM IEPEPi3OM.

Pyx pimkoro npoJykTy y IHIIHIPHYHIA HAcAIII OOMEXYEThCSl IEBHUM 3HAYEHHSIM MiHIMAJIILHOTO
TUCKY Yy CTHCHYTOMY mepepi3i. [TokasHMK IbOro THUCKY 3aJIeXHTh BT THCKY, IO 3a0e3reuyeThes
MHEBMAaTUYHUM LWIHAPOM. ToMy, BIANOBIAHO Mae OYyTH IEBHA MeXa I THCKY, IO CTBOPIOETHCS
MHEBMATUYHUM [MIIHAPOM. 3a BUIIOTO 3HAYEHHS BiJ IIi€l MeXi SKICTh POOOTH HACAJIOK MOXKE
MOTIPITYBaTHCh.

Bynu npoBeneHi ekcriepuMeHTalbHI TOCIiIKEHHS pOOOTH 103aTopa AJ1s1 BCTAHOBIICHHS 3HAYCHHS
THUCKY CTHCHEHOOTO IOBITPsI, 32 IKOTO MOXKE CIIOCTEPIraTHCh MOTIPLIEHHS HOT0 poOOTH, 110 BUPAKAETHCS
Y 3HIDKEHHI MTOKa3HUKa TOYHOCTI J03yBaHHs. JloCiPKEHHsI TPOBOIMIIUCH JUIS TPHOX Pi3HUX BUJIB PIAKHX
npoaykTiB. Ha puc. 3 HaBeneHi pe3ysbTaTh JOCIiIKEHb.

1

%

= 0,60 |

0,55 | | L
0,50 ——t—§ 4 —
0,45
0,40

950  100,0 105,0 120,0 1250  130,0
P, klMa

Puc. 3. 3ane:xxnocTi 1J1s1 BU3HAYEHHSI TOYHOCTI K03yBaHHsA: 1 - 11 MaiioHe3y; 2 - nJs
KeT4yny; 3 - A1l TOMATHOTO COKY.

PesynpraTn mociikeHb MOKa3aiM, IO MPH JOCATHEHI MOKa3HMKA THCKY CTHCHEHOTO IMOBITPS
120 xI1a i BUmIE MOTPILIHICTH NO3YBaHHA 3pocTae 1 ctae BUmoo 3a 0,55 %, mo MOXHa MOSCHUTH
YTBOPEHHSIM BaKyyMy y CTHCHEHOMY Hepepisi Ao3yrouoi Hacaaku. IIpore, Taki moxuOku mo3yBaHHS LIe
BIHOCATBCS JI0 TOITYCTHMUX.
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s Toro, o6 3abe3neunTr epeKTUBHE TO3YBAHHS PiIKUX MPOAYKTIB Y SKOCTI aBTOMAaTH30BaHOL
€MKOCTI, 3 SIKOI TPOYKT MOXE TOJaBaTHCh JI0 TO3YHOUOr0 MPUCTPOIO MPOMOHYETHCS BUKOPHUCTOBYBATH

HACTYNHY KOHCTPYKLIiO (pHc. 3).
1 2
3

N\

10

_19 713/ T

Puc. 4. ABTOMaTH30BaHA €EMKICTB Il MOAA4i PiIKUX NMPOAYKTIB: 1 - eMKicTh MocTiiiHOTO
PiBHs; 2 - piBeHb NPOAYKTY; 3 - TPyOKa; 4 - KajaiOpoBaHa Bara; S - BepxHiil piBeHb NPOAYKTY; 6 -
KOPOMHUCJIO; 7 - TBUHT; 8 - ITOK; 9 - eMKicTh; 10 - momyiaBok; 11 - memOpana; 12 - peopa; 13 -
po6oua kamepa; 14, 16 - knananm; 15 - k1ananHa kopoOka; 17 - imnyJbcHa TpyOka; 18 - nuck; 19 -
TpyOoOnpoBia.

Koprryc po6odoi kamepu gepes pedpa ®KOPCTKOCTI 3’ €THAHHH 3 TPYOOIIPOBOIOM, 3’ €THYE EMKICTh
1 Ta emkictp 9. Knananna xopoOka 15 3’etHaHa 3 eMKicTIO 9 OTBOpPOM, a 3 €MKicTiO 1 - TpyOKoro. OTBOpH
1 TpyOKa mepeKpUBaroThCS BiAMOBIIHO KiiamaHaMu 14 Ta 16, o BCTAHOBIIEHI Ha IITOKY 8.
Ha mToKy TakoX 3HaXOAWTHCS IOIUIABKOBHM YYTJIMBHN €JIEMEHT. BiH BUKOHAHWN y BHTIISIIIL
TIOPOKHMHHOTO WTiHApPA. FI0ro MON0XKEHHs PEryIoeThes 3a JOIOMOTO0 IBUHTA 7.
I Tok mpucTporo 3B’ AI3aHUM MAPHIPHO 3 OMHUM IIJIeYeM KOPOMHCTa 6, a iHIIe HOro myieye 3B’ 13aHe
13 3aHYPEHOI Y PIAKUH MPOAYKT BEPTUKAILHOIO T'epMETHUHOK TpyOkoro 3. Ilmoma ciueHHs i€l
BEPTUKAIBHOI TPYyOKM 3a 30BHINIHIM JliaMeTpoM piBHA JTOOYTKY 3arajibHOl IJIOIII IONEePeYyHNX CiueHb
MOPOXXHUHHOTO LWIiHApa Ta IITOKAa 1 BiAHOIICHHIO JOBXHH IJjied Kopomucia. Ha omHomy 3 ruieueit
KOpPOMHMCJIa BCTaHOBJICHa KaniOpoaHa Bara 4. [lonoxeHHs KanmiOpoBaHOI Barm BH3HAYA€ YCTAHOBKY
HEOOXIHOTO PIBHS PIIKOTO MPOAYKTY.
[leBHiit mopuii piAKUX TPOAYKTiB BiAnoBigae piBeHs 2. I1o Mipi omopokHEHHsI MipHOT €MKOCT] THCK
Ha KJIamaH 16 3HWKYEThCS, IITOK 8 OMYCKAETHCS Ta BiIKPUBAETHCS OTBIP, SIKMH 3’€HYE €MKICTh 9 3
pobodoro kameporo 13, 3pocTae cuiia TiIPOCTATUYHOTO THCKY Ha MEMOpaHy, IO BUTHHAETHCS 1 PiAKAN
MIPOIYKT TI0 TPYOOTIPOBOAY HAAXOAWTH ¥ €MKICTh 1. Ilpm mocsaTHEeHHI piBHSA PiAKOTO MPOAYKTY Y MipHIH
€MKOCT1 HEOOX1THOT'O 3HaYeHH: THCK Ha KJiarnaH 16 3abe3nedye migHsTTs MITOKY i3 pO3MIILIEHUMHU Ha HbOMY
KJIallaHAMHM Ta MIEPEKPUBAHHS OTBOPY, L0 3 €IHYE CIIOJIyYae EMKICTh 9 13 poOouoro Kameporo 13.
BucHoBox. Pe3ynbraTil npoBeieHUX HOCIIIKEHb IT0Ka3ally, 110 XapaKTep IPOLECy JO3yBaHHS PLAKUX
B’SI3KMX MPOAYKTIiB 3aJ€KHUTh BiJ] PEOJOT1YHUX BIACTHBOCTEH MPOIYKTIB Ta OCOOIMBOCTEH KOHCTPYKIIT
Hacagku. Takoxk, Oysi0 BCTaHOBJICHO, 1110 IPU TUCKY CTUCHEHOTO NOBiTps moHay 120 klla ciocrepiraeThes
HOTIPUIEHHS TOYHOCTI 103yBaHHA Ye€pe3 BUHUKHEHHS BaKyyMy Y IIPOCTOP1 HacalKu J103aTopa.
Byno 3anponoHoBaHO KOHCTPYKIIiI0 aBTOMAaTH30BAHOTO €HEPTro30epiratouoro MmpucTPorO - EMKOCTI
JUIs TIOAa4l PiIKOTO MPOAYKTY, AKa Ma€ TiIpaBIiuHIi NIPUBOJ BUKOHABUYMX POOOUMX OPTaHiB.
CnucoKk BUKOPUCTAHUX JUKepes
1.binenpkwuii E. B. BuzHaueHHs rifgpaBniyHuX BTpAT npu Tedii B's3koi piauau / E. B. Binenpkuid, O.
A. Tomunncbkuii // BicHuk JIpBiBCEKOT0 iHCTUTYTY eKOHOMIKH 1 Typusmy.— JIbBiB : JIIET, 2011. — Ne6. —
C. 143 — 148. http://nbuv.gov.ua/UJRN/Pt 2014 2 12
2. Bomuuaenp H. C. JlochipkeHHS TMporiecy M03yBaHHS B’S3KHX MOJIOYHHX IPOIYKTIB 3 METOIO
BJIOCKOHAJICHHS KOHCTPYKIIii pacyBanbHOT0 aBTomMary M-2 / H. C. Bonurenp, C. @. ®enopos // Ukrainian
food journal. - 2012. - Ne 3. - C. 54 — 58. https://dspace.nuft.edu.ua/handle/123456789/21354
3. I'yusko O.JI. Jocmimkenns podoTu mo3aropa piakux npoaykris / FO.JI. I'yaeko, C.€. Tonsduyk,
I0.B. ®enmopycs // HaykoBi wHortarkm. - 2022. - Bumyck 74— C.152 - 155.
https://doi.org/10.36910/775.24153966.2022.74.25

© 10. JI. I'yuvko, [O.B. @eoopyce, C.€. [onsuyk
180



http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?I21DBN=LINK&P21DBN=UJRN&Z21ID=&S21REF=10&S21CNR=20&S21STN=1&S21FMT=ASP_meta&C21COM=S&2_S21P03=FILA=&2_S21STR=Pt_2014_2_12
https://dspace.nuft.edu.ua/handle/123456789/21354
https://doi.org/10.36910/775.24153966.2022.74.25

ISSN: 2415-3966 Miorceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne85

4.I'ymie B. C. Meton aHamizy peoJIOTIYHHUX MOJAENEH B’S3KO-TPYXKHO-TUTACTHYHUX MaTepialiB y
nakyBajgpHuX mpouecax/ B. C. I'yup, O. A. KoBanms // Ymakoska. — 2013. —-Ned. — C. 46 — 49.
http://nbuv.gov.ua/UJRN/Upakovka 2013 4 15

5. ToBaxusucekuit JI. JI. [Jleski acmekTw MOB3I0BKHBO-TIONIEPEYHOI Tedii CTHCHEHOI PITWHH, IO
3aJICKUTh BiJl IIBUAKOCTI 3PYIIEHHS 1 THUCKY B3IOBX IiiinHHOro kanany (Yacrtuma 2) / JI. JL
ToBaxusiHchkuid, E. B. binenpskuii, FO. A. Torunuceskuii // Haykosi nparii HarioHanbHOTO yHIBEpCUTETY
xapuoBux texnoisoriil. — K. : HYXT, 2012. — Ne 46. — C. 25 - 31.

6.Dudarev, 1., Holiachuk, S., Hunko, Y., Panasyuk, S. (2021) Modeling of the mixing process in the
gravitational mixer using the theory of Markov chains. In: Tonkonogyi V. et al. (eds) Advanced
Manufacturing Processes Il. InterPartner 2020. Lecture Notes in Mechanical Engineering. Springer, Cham.
https://doi.org/10.1007/978-3-030-68014-5 12

7. Jansseune T. Rheology and rheological morphology determination in immiscible two-phasepolymer
model blends / T. Jansseune, J. Mewis,P. Moldenaers [et. al.] / J. Non-Newton. Fluid Mech. — 2000. — P.
153 — 165. https://doi.org/10.1016/S0377-0257(00)00109-9

JlaTa HagxoKEHHS cTaTTl 40 BuganHs: 27.02.2026
JlaTa mpuifHATTS CTATTi A0 APYKY Micis penen3yBanns: 24.03.2026
Hara onpumtognenss 14.04.2026

© 10. JI. I'yuvko, [O.B. @eoopyce, C.€. [onsuyk
181


http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?I21DBN=LINK&P21DBN=UJRN&Z21ID=&S21REF=10&S21CNR=20&S21STN=1&S21FMT=ASP_meta&C21COM=S&2_S21P03=FILA=&2_S21STR=Upakovka_2013_4_15
https://doi.org/10.1016/S0377-0257(00)00109-9

ISSN: 2415-3966 Miorceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne85

VJIK 674.053:621.933.6 DOI 10.36910/775.24153966.2026.85.25
JI.E. Cenesnpoplocwerzssl F T, Cenesnpoplocwsneal C FO. Tpumok

PE3VYJIBTATH JOCIIIUKEHDb HAIIPYKEHOI'O CTAHY BAJIA KPUBOLIUIIA
RV PEAYKTOPA

Jlyyvruil HayioHanbHUL MeXHIYHU YHIgepcumem

B pooomi npoeedeno docnioricenna cmamuinozo HARPYHCEHHA CMAHY 641y KPUGOWIUNY MA PO3MIP ZPAHUYUHOZO0
3HAYEHHA HANPYHCEHHA NIUHHOCHI, U{0 He0OXIOHO 014 600CKOHANEHHA KOHCMPYKYII ma mamepiany 6any Kpugouiuny.

Knrouosi cnosa: san xpusowuna, cmamuyne Hanpyscenus, RV-pedykmop, manpyscenuii cman, epanuys RauHHOCMI
Mamepiany, MaKxCumanbHe HANPpY*CeHHsA, Pe3yiIbmamu MOOTIO8AHHS.

D.E. Seleznov, E.L. Seleznov, S.Y. Hrytsiuk

RESULTS OF RESEARCH ON THE STRESS STATE OF THE CRANKSHAFT OF THE
RV GEARBOX

The paper presents research on the static stress state of a crankshaft and the limit value of yield stress, which is
necessary for improving the design and material of a crankshaft.

Keywords: crankshaft, static stress, RV-reducer, stress state, yield strength of material, maximum stress, simulation
results.

Introduction. The design of the RV reducer includes a whole process from determining geometric
parameters, design to developing technological tolerances for dimensions. Due to the interaction of both
stages of the gear speed switching mechanism, when choosing their geometric parameters, it is necessary
to take into account the mutual limitation between them, and the impact on the transmission characteristics
of the reducer and the accuracy of processing and manufacturing of the reducer. However, the RV reducer
contains many key parts and assemblies whose design affects the characteristics of the reducer. The RV
reducer has a two-stage transmission: the first stage is a conventional spur gear 2K-H, the second stage is a
cycloidal KHV. The crankshaft is a key part, as it connects the two stages, and also supports and transmits
motion to the two cycloidal wheels. Since a key connection is used between the crank shaft and the planetary
wheel, the force perceived by the planetary wheel is transmitted to the crank shaft. All this requires targeted
research to develop parameters and design the RV reducer. To ensure the accuracy of the calculation, the
work uses the equivalent mode analysis method simultaneously with a simplified analysis of the perceived
effort.

During continuous testing of the RV gearbox under a given load, the crankshaft experienced varying
degrees of fracture. Therefore, in order to analyze the stress state of the crankshaft under a given load, and
to provide a theoretical basis for improving the design of the structure and material of the crankshaft, the
static stress state of the crankshaft and the size of the yield stress limit value were first analyzed. Through
theoretical calculation and finite element analysis of ANSYS, the stress state of each section of the
crankshaft, the bending stress limits and deformation were separately calculated, so that the analysis result
was close to the actual state of the object.

Research methods. Finite Element Analysis (FEA) is based on the modeling of physical objects
using mathematical algorithms [1, 2]. In this work, the modeling and analysis are performed using ANSY'S
software [3].

ANSYS has three main modules: 1 - Preprocessing module: Creates a mock-up model and performs
finite element decomposition; 2 - Computational module: Analyzes structures, fields (fluid, magnetic) and
performs coupled analysis between different physical fields (e.g. thermal coupling); 3 - Final processing
module: Processes the results, including displaying cloud maps of stresses, displacements, and plotting
diagrams.

Static analysis typically does not consider the effects of inertia and damping in finite element
models. ANSYS is capable of performing linear analysis as well as complex nonlinear analysis, including
thermal expansion, plastic deformation, and creep deformation of parts. These capabilities make ANSYS a
leader in finite element analysis [3].

When creating finite elements [4], the main parameters for structural analysis are external force,
stress, deformation and displacement. For this, a geometric formula is created and conditions for the
associated contour are determined. The main equations and physical quantities of elastic mechanics are
expressed in the corresponding formulas.
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Presentation of the main material. Using ANSYS Workbench's proprietary CAD connectivity
interface, a three-dimensional model created in SolidWorks was loaded into Workbench.

The specific input process is as follows:

Launch the ANSYS Workbench software, open the "Toolbox" in AWB, find the "Analysis
Systems" taskbar, right-click "Static Structural”, and you can create a list of static structural analysis items
on the software interface.

Double-click "Geometry™ in the list of items to enter the ANSYS Workbench software, where you
will find the "Design Modeler" - a geometric modeling module. Click the computer file on the menu bar,
and then click "Import Geometry" in the open drop-down menu. After entering the external model, a file
selection dialog box will appear, where you can select the object model created in SolidWorks and confirm
it, thus completing the file selection. Clicking "Generate" will allow you to enter the model into ANSYS
Workbench. Fig. 1a shows the geometric model created in Workbench after the specific input.

Setting material properties. First, set the material definitions of various elements. The AWB module
has its own material database, which allows the user to directly call up material data and improves work
efficiency. If necessary, the user can manually add data to the material database to enrich and expand it.

ANSYS Workbench contains one of the largest databases of materials and includes parameters such
as material density, elastic modulus, Poisson's ratio, etc. By clicking on the name of the parameter, a window
will appear for editing the material properties, then you need to enter specific values in the corresponding
physical property field, and finally click the "Return to Project” button to return to to the main page of
ANSYS Workbench, at which point the installation of material properties will be completed.

The quality of cell division is important in the analysis process and decides the accuracy of the final
analysis results. Usually, cell division is performed in an adaptive automatic way. It is divided into three
classes: coarse, medium and fine. The size of the cells is also one of the conditions that determines the
accuracy of the analysis results.

The smaller the cells, the more they are, the better the accuracy, but the amount of calculation also
increases. However, the results of the model analysis will be closer to the actual state, or vice versa.

Determine the cell type. Open the static structure list on the main interface of ANSYS Workbench
- find and double-click "Model", enter "Mechanical®, that is, the window for cellular decomposition and
analysis of the structure, then find "Outline", expand the tree menu of the model "Model "under Project,
and find the item " Mesh". Set the cell size of the tetrahedral object (Element size) to 5 mm, leave the other
items by default. Right-click "Mesh", in the menu, then click the Generate mesh command. At this time,
Workbench begins to develop a mesh for the geometric object. The geometric model after cellular
decomposition is shown in Fig. 1 b. The total number of cells is 67,353, the total number of nodes is 32,136.

coo BO.00 Imm)
L —

Qe

a b
Fig 1. Crankshaft model: a) simplified model, b) model obtained after cellular decomposition

Next, we conduct a stress state study. In order to better reflect the stress state of the crankshaft, it is
necessary to securely fix both ends of the crankshaft to ensure the convergence of the simulation results,
otherwise it is impossible to obtain the calculation results. Therefore, the stress or deformation response at
both ends of the crankshaft should be ignored in the simulation results (Fis 2).
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Fig. 2. Simulation results: a) displacement diagram ( w ), b), ¢) cloud stress diagram

Results. When the rotation angle (RV) of the crankshaft is equal 6 = 15° to the nominal torque, the
stress and strain values on it are as follows. According to the simulation results, it is established that the
maximum load value is concentrated in the crank (corresponding to the area shown in Fig. 4-5). The
maximum stress is 66 MPa. The crankshaft is made of GCr15 bearing steel, which after heat treatment
(quenching and tempering) acquires high and uniform hardness, good wear resistance and high resistance
to contact fatigue. The yield strength of this material is 608 MPa. Since the calculated maximum stress
(66 MPa) is much lower than the yield strength (608 MPa), the material fully meets the operating
requirements. According to the stress diagram, the maximum strain is 1,8 x10-° mm. This maximum strain
is localized in the same zone of maximum stress - in the middle of the crankshaft.
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T'A3OI'EHEPATOP HA BYIVIEBMICHUX KOMITIOHEHTAX
IMPOMMUCJIOBUX BIIXO/IB

Y cmammi euceéimneni numannsa, noe’aszani 3i cmeopeHHAM 2a3o0zenepamopa, 020 KOHCMPYKUIEI0, mMeXHIYHUMU
OaHUMU, MEXHIYHOW MmMa MEXHOI02UHOI0 YMOoeamMu eKcnayamauii. 3a3HAYeHO, W0 KOHCMPYKWiA 2a302eHepamopa
GIOpI3HACMbCA 6i0 AHANO2I6 MUM, WO 80HA MAE 08I Kamepu 20piHHA, 8 OOHIN i3 AKUX NPOXOOUMb HEPEUHHE CRANI0GAHHA
nanuea 3 enemenmamu 2ioponizy ma ¢ inuiiti OCmamoune cnanleants, oe 3zoparoms naaueni 2aszu (CO, CHs, C2Hs, H ma in.)
i ekon02iuno yucmi nanueHi 2a3u nooarwmvca 00 mennocnodcusaua. /na 3abesneuenna ehexmueno20 20pinHA naiuea ma
nanuenux 2azie y KOHCMPYKUii 2azozenepamopa nepeddoaveno 06a 003amopa — nooaui NEPEUHHOZ0 Ma 6MOPUHHOZ0 ROGIMPSL.
/na  egpexkmuenoi pobomu zazozenepamop KoOMNIEKMYIOMb O000amKOGUM OONAOHAHHAM: WIHEKOM NoOayi nanuea,
GEHMUNAMOPAMU HAOOYBY NOBIMPA MA 8i06€0EHHA OUMOBUX 2A3i8, KOHMPOILHO-GUMIPIOBATLHUMU RPUNAOAMU MA CUCHIEMOIO
agmomamuxu. Hagedeni ocnoeni napamempu 2azozenepamopa, 11020 mexnonoziuni NOKA3HUKU, YMOGU eKCHIIYamauyii.

Knrwuogi cnosa: zazozenepamop, KOHCMPYKYis, NAAUB0, MeXHIUHI ma MexHOI02IYHI YMO8U eKChIyamayii, epekmusHicmo.

Z. Sirko, V. Vashchenko, M. Tolstushko, O. Yeremenko N. Tolstushko
GAS GENERATOR BASED ON CARBON COMPONENTS OF INDUSTRIAL WASTE

The article highlights issues related to the creation of a gas generator, its design, technical data, technical and
technological operating conditions. It is noted that the design of the gas generator differs from analogues in that it has two
combustion chambers, in one of which the primary combustion of fuel with hydrolysis elements takes place and in the other the
final combustion, where fuel gases (CO, CH4, C2H6, H, etc.) burn and environmentally friendly fuel gases are supplied to the
heat consumer. To ensure efficient combustion of fuel and fuel gases, the design of the gas generator provides two dispensers -
primary and secondary air supply. For effective operation, the gas generator is equipped with additional equipment: a fuel
supply screw, air pressure fans and flue gas removal, control and measuring instruments and an automation system. The main
parameters of the gas generator, its technological indicators, operating conditions are given.

Keywords: gas generator, design, fuel, technical and technological operating conditions, efficiency.

3

I[MocTanoBka mpodeMu. Y CTaTKyBaHHS OUIBIIIOCTI KOTEICHD, 110 B JAHUH Yac eKCILTyaTy€eThCs, He
BI/IIOBi/Ta€ BUMOTAM €KOJIOTii, €Hepro30epekKeHHs, aBTOMAaTH3aIii, Oe3MeKH Ta HAMIMHOCTI. 3HAaYHE
MopallbHe Ta (i3MYHE 3HOILICHHS ILOTO YCTATKyBaHHsS nocsirae O0mu3bko 50%. PeanbHuit koedimieHT
KOPHCHOI JIii TeTUTOTEHEPYIYHUX YCTAHOBOK CTaHOBUTH Outst 70%, mo Ha 20-25% HuK4e BiJ MPOSKTHUX
MMOKa3HUKIB. Butpara majuBa 3 MeTo0 oTpuManHs 1 ['kan TemaoTd 3HAYHO OUIbINA, HIXK Y PO3BHHEHHX
KpaiHax.

HaBeneni o0cTaBUHU 3YMOBIIOIOTH  JIONUIBHICTH BIiIMOBH  BiJl TPAAMIIHHUX  BEIUKUX
HEHTPaTI30BaHUX CUCTEM IeHepallii Teruia Ta mepexo/ry 10 CTBOPSHHS HOBUX JIOKATBHUX CUCTEM HEBEITMKOL
OJIMHUYHOT MOTYHOCTI.

[limx 4wac CTBOpeHHS 3a3HAYEHOTO0 HOBOTO YCTAaTKyBaHHS BaXKIUBO, 100 €QEKTUBHO
BUKOPHCTOBYBAJIOCS OPTaHIYHE MaJIMBO Ta CIOCTEPIraioch 3HAYHE 3MEHIICHHS BUKHUIIB IIKITHBUX
PEYOBHH Y HABKOJIMIITHE CEPEIOBHIIIC.

TennooOMiHHI MpoIecH y TOTMKOBUX KaMepax Majoro 00’eéMy MOBUHHI IMiABHIIUTH €(EKTHBHICTb
CHAJTFOBAHHS TTAJTMBHOI CHPOBHHU IEPEBAXKHO POCIMHHOTO IMOXOKEHHS, 3HAYHO 3HU3UTHU 3a0pyAHEHHS
aTMOC(EPHOr0 MOBITPS HABKOJIHUIIHLOTO CEPEIOBUINA BUKUAAMH IIKIJIMBUX PCUOBHH.

AHani3 octraHHix aociaimkensb i my0mikamiii. Po3BuTok enepretmkn B YKpaiHi NOBUHEH MaTH
BUPIIIATHLHUNA BIUIMB HAa CTaH €KOHOMIKH B IIJIOMY, III0 320€3MeYNTh HAICKHUHN PiBEHBb KUTTS HaCEICHHS
KpaiHu. 3amopyKor IhOTO TOBHHHO CTAaTH E€KOHOMIYHO OOTPYHTOBaHE Ta €KOJOTIYHO Oe3reuHe
3a0e3nedyeHHs KpaiHu Ta HaceJIeHHs eHepreTHYHUMU pecypcamu [1].

Enepretnka choro/ieHHs TIOBHHHA IepelTH Ha e(eKTHBHE 3a0e3MeYeHHS CTalOT0 PO3BHUTKY
€KOHOMIKH Ta COIliabHOI cepr KpaiHM OCHOBHUMH BHJIAMHU €HEPTOHOCIIB (EJIEKTPUYHOI Ta TEIUTIOBOI
SHepril, pi3HUMHU BUIaMU NAJINBA, IIPUPOIHOTO rasy).

Enepreruuna cTpateris KpaiHu MOBHHHA OyTH CIIPSIMOBaHa Ha JAOCATHCHHS HAIlIOHAJILHOI O€3IeKH,
HE3aJIS)KHOCTI Ta 33JI0BOJICHHS €HePTeTUYHUX MOTped cycminbeTna [1].

Jiisi ciantoBaHHS B €HEPreTUYHUX YCTaHOBKaX BUKOPHCTOBYIOTH O10MAIMBO, IO YSBISE COOOFO
BiJIXOJIM arpapHUX, NepepoOHHX, J1iCO3arOTIBEIbHIX, 1EPEBOOOPOOHHX Ta IHIITNX BUPOOHUIITB, a TAKOXK 3
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OlomMacw €HEepreTMYHMX HacapkeHb [2]. 3a3HadeHo, M0 PO3BUHYTI KpaiHW CBITy Ha Cy4acHOMY eTarli
MOHOBIIIOIOTh CBOi MaJUBHO-CHEPIeTUYHI PECypCH TBEPAUMH BHIaMU OilomaguBa SK Ha E€KOHOMIYHO
BUT1THUH Ta €KOJIOT1YHUI BUJ BiTHOBIIOBAJILHOT €HEPIETUKU.

B po6ori [3] 3a3HaueHo, 1110 CMIaa0BaHHsI BUKOITHOTO aJuBa I OTPUMAaHHS SHEPrii 3aB1ae 3HaYHOT
IIKOJI HABKOJIUIITHHOMY CEPEJIOBHIITY.

AJBTEpHATHBOIO IILOTO BHIY HajuBa Moke OyTu OiomannBo. BoHO BUTOTOBISETHCS 13 POCITUHHOL
CUPOBUHHM 1 € BiJIHOBIIOBAaHHUM. 3TiJTHO 3 PI3HUMH AOCHIKCHHAMHU [4-7] OiomanuBO MOXKE CKOPOTHTH
BUKHIM MAapHUKOBUX ra3iB Ounbil HiX Ha 60%. BiomanuBo Ha BiAMIHY BiJ BUKOIIHOT'O MajHBa MICTHTh
MEHIII KOHLEHTpaLii XiMiYHUX pedoBHH. bionmanuBo MoxHa BUPOOIATH JIOKAIBHO, TaM A€ Horo OymyTh
CHAJIIOBATH 1, TAKUM YMHOM, 3MEHIIUTH TPAHCIIOPTHI BUTPATH.

AHani3 JoCHi/pKeHb MOKa3aB, M0 JUIS CIANTIOBAHHS, Y TOMY YUCIi B SHEPreTHYHHX YCTAHOBKAX,
BUTIJIHO 3aCTOCOBYBaTH OiONAaNMBO i3 POCIMHHOI CHPOBHHH, SIKE € BiJIHOBIIOBAHHMM, MEPCHEKTHBHUM,
€KOJIOT1YHO OE3MEeYHUM.

IMocTtanoBka 3aBaanb. Mera JOCHIDKEHHS — PO3POOHMTH KOHCTPYKINIO Ta3oreHeparopa 3
MOJKJTUBICTIO OTPHMAaHHS BUCOKOKAJIOPIHOTO Ta €KOJIOTTYHO Oe3MEYHOI0 MreHEPaTOPHOIO ra3y.

BukiaanenHss ocHoBHoro martepiany. Ilin yac BukoHaHHS POOOTH OynM 3aCTOCOBaHI HACTYITHI
METOAM — AHAJTITUYHMUH, CTAaHAAPTHUII METOJ OLIHKM SKOCTI BHKOHAHHSA TEXHOJOTIYHOIO IpOLecy Ta
BCTaHOBJICHHsI HOTO BiAMOBIIHOCTI YKPaiHCHKUM CTaHapTaM 3 O€3MeKH Ta eproHOMIYHOCTI.

YMoBu BuUmpoOyBaHb reHeparopa: Ttemneparypa mnoBiTps 17,4°C, Bojoricte — 34,4%.
BukopucToByBaiu TpH 3pa3Ku Manraa: 3pa3ok 1 — Bojora 0iomaca; 3pa3ok 2 — IepeBUHHA TPpicKa Ta THPCa;
3pa30K 3 — MeNeTH i3 JYLITUHHAS COHSIIHUKA.

Ha ocHOBI nomnepeHix T0cTiKeHb ra30reHepaTOPHUX YCTAHOBOK Ta 33 pe3y/bTaTaMy MaTeHTHOTO
MoITyKy Oyia po3pobieHa KOHCTPYKITis Ta3oreneparopa [8], cxema sKoro HaBeneHa Ha puc. 1.

1

15

14

o/

Puc. 1. T'a3oreneparop: 1 — kopmyc; 2 — 3aBaHTAKyBAJIbHMII OTBIpP A/ MaInUBa; 3 — IBEpPUATA;
4 — kamepa ropiHHs; 5 — 103aTOp NoAAYi NEPBMHHOIO MOBITPSI; 6 — LIypOBOYHe BikoHue; 7 —
JABEpPUSITA IIYPOBOYHOI0 BiKOHIIA 3 103aTOPOM NojAavi NOBiTps; 8§ — 103aTop noaayi BTOPUHHOIO
noBiTps; 9 — ABepuATa 30;1bHUKA; 10 — 30Ha 0cTaTOYHOTrO cnagoBaHHs; 11 — KoJIOCHHKOBa
pewriTka; 12 — 30JbHMH 321HII0K; 13 — OTBip JJIs BiABOAY MATHBHOIO Ia3y A0 TEMJIOCIOKABAYA;
14 — maauBo, M0 YaCTKOBO 3ropijio Ta 00Byrauiaocs; 15 — najupo
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['azorenepaTopHa yCTaHOBKAa BHTOTOBJCHA JUIS MOMIPHOTO KIIMAaTHYHOTO pPaHOHY, 10 SKOTO
HaJIKUTh YKpaiHa Ta 30epirae cBoi TeXHIUHI MOKAa3HUKH MiJ 4Yac eKcIUTyaTalil 3a TaKuX KIIMaTHYHHX
YMOB: TeMIIepaTypa HaBKOIUIIHBOro MoBiTps — 40 — 45°C; BiZHOCHA BOJOTICTH MOBITPS, 32 TEMIIEPATYpH
25 °C — no 98%; armocdepnuii Trck — 84 — 106,7 kI1a; 3anuieHiCTh HABKOJIHUIITHHOTO MOBITPS — HE OLIbIIIe
2,5 mr/m°. g epeKTHBHOI poOOTH ra30reHepaTop KOMILIEKTYEThCS JOAATKOBUM OOJIaJHAHHAM: IIHEKOM
MoJadi NanyBa; BEHTHISTOPOM HaJIyBY MOBITPSI; BEHTWJIATOPOM-TUMOTSITOM TUMOBHUX ra3iB; KOHTPOJIBHO-
BUMIpPIOBaJIbHUMH MIPHJIaIaMH; MyJIbTOM KEPYBAaHHS Ta aBTOMATHKH.

l"azorenepaTop mpaifioe HACTYITHHIM YHHOM. Uepe3 3aBaHTaXyBAIBHHH OTBIp KOPITYCY IOAAIOThH
naJuBo (ApOBa, AEPEBUHHI BiIXoau, Oiomaca POCIMHHOIO MOXOMKEHHA 0e3 OOMEXEHHS NPUpPOTHOI
BoJiorocTi). /IBepisiTa BUKOHaHI TBOKAaMEPHUMHU JAJIS MiAIrpiBaHHs MOBITPs, IO TOCTYIA€E Yepe3 J03aTop.
B HIDKHINM 9acTHHI KaMepH ropiHHs 3a0e3MevyoThcs HalOUThIN eheKTHBHI yMOBH Ta30yTBOpeHHs. [TanmnBo
YaCTKOBO 3TrOpa€ Ta OOBYTIIIOETHCS Y BUTIISIL JIEPEBUHHOTO BYTULIA. B 30H1 ra3oyTBOpeHHS BijiOyBa€eThCs
PO3KJIaAaHHs BOAM IO aTOMAapHOIO CKJIay i yTBOPEHHS IHIIMX BYIJIEBOAHEBUX CIONYK Ta KoHBepcia CO:
B CO.

UYepe3 mIypoBOYHE BIKHO 3IHCHIOIOTH BHAAICHHS 30JbHOTO 3QJIMIIKY, IO HAKOMHUYYEThCS Ha
KOJIOCHUKOBIH perritii. [llypoBoune BikOHIIE Mae ABEpLATa 3 I03aTOPOM I0Jadi MEPBHHHOTO MOBITPSL.
[TanuBHi rasu, mo yrBopuiIncs B HIKHIHM yactuHi kamepu ropinasa (CO, CHy, CoHs, H 1a iH.) 3roparots B
30HI OCTATOYHOTO CTIAJIFOBAHHS, 10 3HAXOJUTHCS i/l KOJIOCHUKOBOIO PEIIiTKOIO.

30/1bHU 3aIHMIIOK BUIAISAIOTH Yepe3 ABEpLATa 30JbHMKA, 10 MAIOTh J03aTOP MOAa4yi BTOPHHHOTO
noBiTpst. Yepe3 oTBip manuBHI ra3u MOJAIOTHCS 10 TEIUIOCIIOXKMBAYa, a TUMOBI ra3u BUAAISIOTHCS Yepes3
IUMOXia. 30j1a 3CUIAEThCSA B FepMETHYHUN KoHTeWHep. [1in yac BUKOPUCTAaHHSA 4MCTOI OioMacH, 30JbHI
3aJIMIIKH BUBO3STh Ha YTHIII3ALI0 a00 I MPOAAXKY — B SKOCTI HATYPaJbHOI'O MiHEPaIbHOI'O J00pHUBa.

s 3amo0iranHs BTpaT Teljla BECh KOPIYC ra30reHepaTopa i30JI0ETHCSI CKIOBOJOKHOM BHCOKOI
IIIIBHOCTI, a8 KaMepa TOpiHHS BUrOTOBJCHA 13 IaMoTHOI 1eriu. OCHOBHI IapaMeTpu ra3oreHeparopa
HaBeneHi y Tabm. 1.

Tabn. 1
OcHOBHI mapamMeTpH ra3oreHeparopa
No XapakTeprucTuKa ITokaznuk
1. | BcranoBneHa TEIIIOBa MOTYXKHICTh 98 kBT
2. | Huromuit KK/, % 94
[MuToMa MpoAyKTUBHICTH Ta30Te€HEpaTOpPa, BUXiA CyXOro ra3y 3 HaJuBHOI
CHUPOBMHU, HE MEHILIE:
3. | —Bosora 6iomaca; 2,0 M¥/kr
— JIepeBHMHHA TpPiCKa Ta THPCa; 2,1 M¥xr
— IEJETH 3 JIYIINWHHS COHALIHUKA. 2,4 M¥/xr
4. | Yac po3nanroBaHHS ra3oreHepaTopa, He OibIne 25 xB
5. | HominanpHe 3HAYCHHS HANPYTH KUBJICHHS BEHTHISITOPIB 220 B
6. | IMorik moBitps 7000 m3/ron
7. | TpuBamicte poOOTH razoreHeparopa B cTabiIbHOMY peKUMi, He Oinblie 2 ronuH

B mporeci gocmimpkeHHs razoreHeparopa OyiiM BCTaHOBIIEHI HOTO TEXHOJOTIYHI MOKA3HUKH, SIKi
HaBeJieHI y Tabn. 2. TexXHONOTiYHME TpOIeC CHANTIOBAHHS KEPYEThCS EICKTPOHHUM TeMIIepaTypHHM
naTaukoM. JIroachkuil pakTop BILTMBY Ha TEXHOJIOTIYHUH MPOIIEC MPAKTHYHO BiJICYTHIN.

TexH0JIOTIYHI IOKA3HUKH Ia30reHepaTropa

Tabn. 2

No ToKasHuk 3HaquHs{ 3a JTAHUMHU
JIOCITIDKEHb
1. Yac poboTH HA OTHOMY 3aBaHTAKCHHS, TOJT 6,5
2. KinbKicTh 3aBaHTaXCHBb Ha 100y, pa3iB 3-4
3. Butparu nanuisa (uiisHicTs 230 /M%), M¥/ron 0,2
4, Po6ouiii 06’ eM KaMepH TOPiHHS, M° 1,3
5. BrpaTtu nanuBa mig yac 3aBaHTakeHHS B OyHKeED, %o BIJICYTHI
6. Temnepatypa rasy, 110 HaIXOIUTh B cuctemy, °C 850
7. Oaxrrunuii KK, % 85
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Ha matuuky omneparop BUCTaBIIsIE HEOOX1AHY TEMITepaTypy 1 ITiJT 9ac 3HIWKEHHS 3a1aH01 TeMITepaTypr
ABTOMATUYHO CHpAaIlbOBYE IATUUK, SKH BMHKA€E ITHCKOBHWM TPAHCIIOPTEp JJIS MOJadvi MajuBa B 30HY
ropiHHA a00 3BYKOBUI CUTHAJI JIS OTIePaTopa, SIKUi 00CIyTOBYE Ta30reHepaTop.

JlocnipkeHHsT TIOKa3aiHd TaKoX, [0 ra30reHepaTop MOXe 00CIYroByBaTH OIEPaTop, SKUN MPaIioe
3a CyMICHHUIITBOM. ['a3oreHeparop He MOTpeOye 3HAYHUX 3aTpaT Iparli omeparopa Ha HOro TeXHIYHE Ta
TEXHOJIOTIYHE OOCIIyTOBYBaHHS, MAa€ CHUCTEMY TiJJyBaHHS TMOBITPS, EJIEKTPOHHOTO KOHTPOJIIO
TEXHOJIOTIYHOTO MPOIECY 3aBAHTAKEHHS Ta CIATIOBAHHS, TI0/1a4i IPOAYKTY TOPiHHSA (T€HEpaTOPHOTO Ta3y)
JI0 TETUIOCTIOKMBAYA.

BucnoBku.

1. Po3po0iieHa KOHCTPYKIIiSl Ta30reHepaTopa, sKa JI03BOJISE€ 3MEHIINTH S€HEPTOBUTPATH 3aBISKH
3aMIlIEHHIO TPaJUIiHHNX BUIIB TMaJMBa Ha OioMacy Ta OTPHUMYBATH TEHEPATOPHUHA Ta3 BHCOKOL
KaJIOpiHOCTI.

2. Koncrpykuis razoreHeparopa 3abesnedye noBHe 3ropanus nanuBHux rasis CO, CHa, CoHe, H Ta
1H. Ta OJa9y /10 TEIUIOCTIOKMBAYa €KOJIOTIYHO YHCTOTO TeHEPAaTOPHOTO Tazy.

3. Kamepa ocTaTOYHOTO CIIaTIOBaHHS MPOMYKTIB Ta3oreHeparlii 3 103aTOpoM Iogadi BTOPUHHOTO
MOBITPSL CIPUSIOTh 301IBIIEHHIO €()EKTUBHOCTI 3rOpaHHS MajhBa, a TaKOX aBTOMATH3allisl IMPOIECy
cnianroBaHHs qo3BonuTh migsuimtu KK/ raszoreneparopa g0 90%.
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Vrpaincokuii Oepacasnuii Haykoeo-0ocionuii incmumym “Pecypc’™

JIyybKuil HayionanbHuil mexuiynull ynieepcumem?

3BEPEKEHHA AKOCTI BEH3UHY ABTOMOBIJIBHOT'O B YMOBAX
JOBI'OTPUBAJIOI'O 3BEPII'"AHHS

Y cmammi euceimneni numanmnsa, noe’aszamni 3 O00CNIOHCEHHAMU AKOCMI ABMOMODOIILHOZ0 Oen3uny ni0 uac
00620mpueano2o 30epicanna. 3aznaveno, wio Ykpaina 60100ic Hesnaunumu 3anacamu HagymonpooyKkmie, 30Kpema 0eH3unis.
Tomy neobdxiono cmeoprosamu MinimMaabHi 3anacu, AK ye NPAKMUKYEMbCA Y pO3euHenux Kpainax. /Jlocums akmyanvhum €
30epercennn AKICHUX NOKA3HUKIG OeH3UHYy Rni0 uac 00620mpueanozo 30epizanHsa ma eKonoziunoi 6e3neku nio uac ix
mpancnopmyeanuna i 30epicanna. Ilokaszano, wo na izuxo-ximiuni nOKasHUKU OeH3UHY N0 Yac 00620mpueanozo 30epizannsa
die Oazamo paxkmopie: 63aemodia 3 KOHCMPYKYIliHUMU Mmamepianamu pe3epeyapie, 6naue 306HiwHIX hakmopis, ymoeu
30epizanna ma mpancnopmyeanua mouwjo. Tomy eaxciueo nposecmu eunpoOy8aHHs OeH3UHY A6MOMOOIIbLHO20 nicna
00620mpusanozo 30epizanna Ha 6iONOGIOHICMb 11020 AKICHUX NOKA3HUKIE 6UMO2AM CIMAHOAPMY.

Knrwuogi cnosa: benzumn agmomobinvhuil, 0oszompugane 30epicauts, QisuKo-XiMiuni nepemeopenis, ymosu 3oepieats ma
MPAHCNOPMYBAHHS, 3MIHA AKICHUX NOKA3HUKIE OEH3UHY .

O. Nilov, V. Vashchenko, Z. Sirko, M. Tolstushko, N. Tolstushko

PRESERVATION OF THE QUALITY OF AUTOMOTIVE GASOLINE DURING LONG-
TERM STORAGE

The article highlights issues related to studies of the quality of automotive gasoline during long-term storage. It is noted
that Ukraine has small reserves of petroleum products, in particular gasoline. Therefore, it is necessary to create minimal
reserves, as is practiced in developed countries. The preservation of the quality indicators of gasoline during long-term storage
and environmental safety during their transportation and storage is quite relevant. It has been shown that many factors affect
the physicochemical parameters of gasoline during long-term storage: interaction with the structural materials of tanks, the
influence of external factors, storage and transportation conditions, etc. Therefore, it is important to test automobile gasoline
after long-term storage for compliance of its quality parameters with the requirements of the standard.

Keywords: automobile gasoline, long-term storage, physicochemical transformations, storage and transportation
conditions, change in gasoline quality parameters.

IMocranoBka npo6JjeMu. YKpaiHa BOJIO/Ii€ HE3HAYHUMU 3ariacaMy Ha) TOIPOIYKTIB, SIKI HEOOXiAH1
s OesmepebiitHoro (QyHKIIOHYBAaHHS HApOIHOTO TOCIIOAAPCTBA. 3 METOIO 3a0e3MedeHHS JOCTATHHOI
KUTBKOCTI Ha) TONIPOIYKTiB, HEOOXIAHUX AJIs1 HOPMAJILHOT pOOOTH, 3HaUHA iX KiJIbKICTh iMIOpTyeThes. Jns
3amo0iraHHs HACIIIKIB MOXIIMBOI HEeCcTadi HaTOMPOIYKTIB, HEOOX1THO CTBOPIOBATH MIHIMAJIbHI 3aITacH.
JlocuTh akTyanpbHUM € 30€peKCHHS SKOCTI MaJMB IIiJ] 4ac JOBIOTPUBAJIOro 30epiraHHsS Ta €KOJIOTi9HOT
Oes3meku MmiJ 4Yac iX TpaHCHOPTyBaHHS 1 30epiranHsi. EQeKTHBHICTH BHKOpPHCTaHHS aBTOMOOIIBHOTO
OCH3MHY TOB’s3aHa 3 MOXJIMBICTIO PEryJIOBaHHS (i3MKO-XIMIYHHMX IPOLECIB, IO MPOTIKAIOTH IiJ Yac
B33a€MOJIIT 3 KOHCTPYKIIIHHUMH MaTepiajlaMH Ta 30BHIIIHIM CepeJIOBUIIEM TIiJ1 4ac HOro TpaHCIOPTYBaHHS
Ta JIOBrOTpHBaJoro 30epiraHHs. BrmB 30BHIMIHIX ()aKTOpiB MOXKE NMPU3BECTU A0 TAKUX INPOLECIB K
KpHUCTali3alis, HOrJMHAHHS BOJOTH, BUIIAPOBYBAaHHS 1 YTBOPEHHs 3a0pyaHeHb. Takoxk crocrepiraerbes
(i3UKO-XIMIYHI TIEPETBOPEHHS TaKi K OKHMCHEHHsI, KOHICHCAIlis, MoJIiMepu3allis Ta aecTpykiis. Ha3pani
MpOIleCH BUKJIMKAIOTh 3BOPOTHI Ta HE3BOPOTHI 3MIHM SKOCTI OCH3MHY Ta MarepiaiiB, 3 SKUMH BiH
KOHTaKTy€e. ABTOMOOIIbHUN OCH3MH, 10 MPU3HAYEHHUH AJIS1 JOBTOTPHUBAIOTO 30€epiraHHs, MOBUHEH MaTH
CreLianbHi XapaKTePUCTHKH, SKi 3MOXYTh 3a0€3MEeYMTH 3MEHILICHHS BTpAT MiJ 4ac IOBrOTPHUBAJIOrO
30epiraHHs Ta 30€peKEHHS MOKA3HUKIB SIKOCTI.

Amnami3 ocTraHHiX Aocaimkens i myoOmikamii. Bignoeimno no HupektuBu 2009/119/€C y
PO3BHHEHHX KpaiHaX CTBOPIOIOTHCA MiHIMallbHI 3amacu HagTOmpoAyKTiB. Jlo mWX KpaiH BiAHOCHTHCA 1
VYkpaiHa, sika B3sjla Ha ceOe 3000B’si3aHHS CTBOPUTH Taki 3amacu [1-3]. Jlo manuB, 110 BXOIATH [0
JIEpKaBHOI CHCTEMHM 3amaciB Ha(pTONPOIYKTIB, BiJJHOCHTHCS aBTOMOOINbHUN OeH3uH. BiH moBHHEH
BiJlMOBiTaT BUMOTaM «TeXHIYHOTO peraaMeHTy MIOA0 BUMOT J0 aBTOMOOLTHHUX OCH3UHIB, AU3EIBHOTO,
cynHOBUX Ta korenbHux nanuB» [4] ta JACTY 7687:2015 «bensunu aBromoOinbHi €BPO. Texuiumni
yMOBH» [5]. 3 METOI JOBrOTpUBAJIOro 30epiraHHsS OCH3WMH TaKOXX IIOBUHEH BIAMOBIZATA BUMOTaM
JACTY 8704:2017 «beH3uHn aBTOMOOiNBHI moBrorpuBanoro 30epiranHs. Texriuni ymoBu» [6]. Llum
CTaH/IapTOM BCTaHOBJICHO TapaHTIHHHUN TepMiH 30epiraHHs — TpU POKU 3 MOMEHTY BUPOOHHUIITBA.

BMicT npoyKTiB KaTaiTHYHAX TPOLIECIB epepoOKH HA()TH IPU3BOIUTD 10 BMICTY JIETKO KUIT TYHX
KoMMOHeHTiB. CamMe BOHH CKJIaJJal0Th OCHOBHY YaCTHHY KOMITOHEHTIB, 1[0 BTPAYAE€THCA 1 iXHS OLIBIIICTD
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3HAaXOIUThCS y OeH3uHi [7, 8]. 3MiHa SIKOCTI MajKBa IIiJ Yac JOBrOTPUBAIOro 30epiraHHs 00yMOBJICHA
(i3UKO-XIMIYHIMH TIPOLIECaMU, SIKI MPOTIKAIOTh 3 PI3HOI0 MIBHAKICTIO 1 3aJI€KaTh Bifl BYTJIEBOIHEBOIO
ckinany OeH3WHy, 30BHILIHIX (aKTOpiB, PiBHSA 3allOBHEHHs pe3epByapiB, NPHCAIOK Ta TEXHOJOTIi
36epiranms [9-12].

IMocTtanoBka 3aBnanb. MeTta JochiypkeHHsT — 30epeKeHHs MMOKa3HHUKIB SKOCTI Ta 3a0e3redeHHs
NpUAaTHOCTI OEH3UHY MPOTIrOM BCHOI'O TEPMiHY JOBFOTPUBAJIOr0 30epiraHHsl.

BuknageHHst OoCHOBHOro martepiamy. ABTOMOOINBbHI OCH3MHHM, NMpHU3HAYEHI Ui (HOPMyBaHHS
3amaciB  JIep)KaBHOTO MaTepialbHOTO pe3epBy, IMOBHHHI MaTH CIEI[ialibHI XapaKTePUCTHKH, IO
3a0€31eYyIOTh!

a) 3MEHILICHHS POLECiB OKUCHEHHS Ta OCMOJICHHS ITiJl YaC JOBTOTPUBAJIOTO 30€piranHsl.

BMicT HeHacMUeHMX BYIJIEBOJIHIB Ma€ OyTH MiHIMAJILHUM, a BMICT OKCHTEHATHHX CIONYK, SKi
CIIPUYUHSIOTH IIBUJIKE OKHCHEHHS (3a BUHATKOM eTepiB Cs 1 BHIlE), B3arajii MOBHHEH OyTH BIACYTHIM,
10010 MeHIUM Hixk 0,17% 3rimao JJCTY EN 1601 a6o mermmm Hix 0,20% 3rigao ACTY 7683. Kpim Toro,
OEH3MHU JOBrOTPHUBAJIOTO 30epiraHHs NHOBHHHI XapaKTepU3yBaTUCS 3HAYHO BUIIMM 3HAUYCHHSAM MOKa3HHUKA
«CTabiabHICTD 10 OKUCHEHHS (IHIYKIIHHUK Iepio)», HIXK 3BHUYaliHI OCH3MHU;

0) 3MEHILEHHS TPUPOTHOTO YOYTKY MiJl Yac JOBIOTPUBAIIOTO 30epiraHHs.

VY Takux O€H3MHAX 3HAUYEHHS BEPXHBOI MEXi THUCKY HacH4YeHOl mapu Mae OyTH HWXKYE, HIX Y
OeH3MHax JIJIsl MIOTOYHOTO 3aCTOCYBaHHS, a 33 (PpaKIifHAM CKIIQJIOM BOHH MArOTh OyTH OLIbII BAXKKUMU;

B) 30epexeHHs TOKA3HHUKIB SIKOCTI MPOTATOM BU3HAUYEHOT'O TapaHTIHHOTO CTPOKY.

Cyu4acHi TeXHOJIOT11 BUTOTOBIIEHHS! aBTOMOOUTHPHUX OCH3UHIB Iepen0adaroTh BBEIACHHS JI0 iX CKIIaay
BEJIMKOT0 CIIEKTPY MPHUCAI0K/TIAKETIB IIPUCAI0K, TEPMiH 30€PEIKECHHS BJIACTUBOCTEH OIIBIIOCTI 3 SIKUX, K
MpaBUIIO, OOMEKEHHI rapaHTiiHUM TepMiHOM OceH3uHIB. [Ipricagku 3 4acoM CXWJIbHI 0 PO3KITaJaHHs Ta
JIETKOCTi, II0 NPU3BOIUTH O MOKJIMBOTO PO3LIApyBaHHS MPOAYKTY Ta MOTIpIICHHS (i3UKO-XIMiYHHX
MOKa3HHKIB. TOMY BBaXa€ThCsl, [0 OCH3WHH, MPU3HAYEHI ISl JOBFOTPUBAIOTO 30epiranHs, He TOBUHHI
MICTHTH Y CBOEMY CKJIaJli IPUCAJIOK i JOOABOK, OKPIM aHTHOKHUCHIOBAJIbHHX.

YxpHI «Pecypcy» mpoBeneHi mochimkeHHs aBTOMOOUIbHOrO OeH3uHy A-92-€BpoS-ES 3rimHo
ACTY 7687:2015, mo Bupobnenuii IIAT «VYkpratHadray y cepmui 2019 p., gxkuil wmicTus
OaratoyHKIiOHATbHMI makeT npucanok Mapku Keropur® Energi xonmepry BASF 3 murounmu
BIACTHBOCTAMH y KimbkocTi 0,055+0.0055% (mac). ABToMOOiTEHUE OeH3UH 30epiraBcs y 3arau0acHOMY
TpaHielHoMy ctanbHoMy pesepByapi PTC-5000. [ocmimkeHHs TpOBOAMINCS B paMKaxX MEPioAWYHOTO
KOHTPOJIIO TPOTSTOM JKUTTEBOI'O LIUKJIY aBTOMOOIJIBHOIO OCH3UHY, a came 2 poKd. MeToau BUNPOOyBaHb
aBTOMOO1IbHOTO OeH3uHY A-92-€Bp0o5-ES HaBeneni y Tadi. 1.

Tabn. 1
MeToau BUIIPOOYBaHb ABTOMOOIIbHOTO Oen3uny A-92-€BpoS-ES
Ne /it | TToka3HukH | MeTtou BUIpOOYBaHb
1 [Toxa3HuKH 3MaTHOCTI 10 30€peKEHHS

1.1 | Cri#ikicTh 70 OKHCHEHHS JCTY 7685:2015

1.2 | MacoBa yacTKa KHCHEBHUX CIIOJIYK JACTY EN 13132:2012
1.3 | MacoBa 4acTKa KHCHIO JCTY EN 13132:2012

2 [Toxa3HUKH BHITAPHOCTI
2.1 | Xapakrepuctuka temmepatypu dpakuiinoro ckiaagxy | TOCT 2177-99
2.2 | TUCK HaCHMUYEHOI mapu JACTYVY 4160:2003
2.3 | 3annmok y Konbi I'OCT 2177-99

3 [Toka3HHUKH TOPHOYOCTI
3.1 | OKkTaHOBE YHCIIO, MOTOPHUI METOJ JACTY 8736:2017
3.2 | OKTaHOBE YHCIIO, TOCHI THUIBKUH METOT JCTY 8737:2017
3.3 | O6’emna yacTka OEH307y JACTY EN 12177
3.4 | O0’emHa yacTKa apOMaTHYHUX BYTJIEBOJIHIB JACTY 7686:2015

4 [Toxa3HMKH CXWIBHOCTI 0 YTBOPEHHS BiJIKJIAJICHb
4.1 | Konmentpartis cMoi ((hakKTHIHUX ) | JACTY I'OCT 1567

IBuakicTh Ta Xapakrep Gi3UKO-XiMIYHUX MEPETBOPEHB MiJ Yac 30epiraHHs, TpaHCIIOPTYBaHHA Ta
3aCTOCYBaHHS aBTOMOOUTFHOTO OCH3WHY BH3HAYAIH 32 (POPMYIIOIO:

W D,;D,) 1)

¢.x.n.

=f(E;@

m?
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ne W, — mBuakicts $i3uko-XiMigHOTO Ipolecy, M0 BU3HAYAETHCA KiNbKICTIO PeUOBHHH (AIBHOTO,

n
TOPIOYO01 CYyMIIlli TOIIIO, IO PYHHYETHCA);

Ex — XapaKTepUCTHUKH EKCIUTyaTaIliifHO1 BIIACTHBOCTI;

@ — daxropn MexaHi3My Tporecy;

@y — MapaMeTpy YMOBHOTO PO3BUTKY MPOLECY;

@ — KOHCTPYKTHBHI MapaMeTPH CHCTEMH, B SIKiil IPOTIKAIOTH ()i3MKO-XiMiUHi TIepEeTBOPEHHSL.

ExcniepuMeHTanbHI TOCHIMHKEHHS TTOKA3IH, MO I XapaKTePUCTHUKU 3MiHU IMBHUIKOCTI MPOIIECY
MO>KHa BUKOPUCTOBYBATH HACTYIIHI EMITIPHUYHI 3aJIeKHOCTI:

W, = f(E,;®,) npn P, = const, )
W =f(E,;®,) npu @, = const. 3)

BunpoOyBanHs MOKa3HUKIB 3MaTHOCTI OCH3WHY J0 30€pEeKCHHS MPOBOAMIN Y aKPEIUTOBAHOMY
BHIPOOYBAaILHOMY IICHTPl ITaJMBHO-MACTHJIBHMX MartepianiB (M. Kwui). Pesymbratm BuUnpoOyBaHb
HaBeneHi y Ta0i. 2.

Tabn. 2
Pe3yibTaTH BUIPOOYBaHb ABTOMOOIIbHOIO OeH3uHy A-92-€Bpo5-ES
Ne ITokazuuk Onunuus 3HaYSHHS 3a [Macnopt | IIporoxon | [Iporoxon | [IpoToko:n | [TpoTokon
3/l BUMIpY ACTY SIKOCTI1 BiZ BiZ BiX BiX

BupobHrka | 04.10.19 | 26.03.20 | 02.06.21 | 18.10.21

1 OKTaHOBE 4YHCIIO 3a

OCIIIHAM METOIOM 92 92,2 93,3 94 92,2 92
2 OKTaHOBE 4YMCIO 32

MOTOPHHM METOJIOM 82,5 84 84 84 84 85,4
3 Tuck HacuueHoi napu klla 45-80 63,5 60,6 60,5 61,3 57,8
4 Opakuiiftuii ckmag -

3a Ttemmeparypu 70°C %

BUIIAPOBYETHCA, y | (06.)

Mexax 20,0-50,0 34 35 39 37 37

- 3a emmnepatrypu 100°C

BHUIAPOBYETHCS, y %

Mexax (06.) 46,0-71,0 55 56 59 58 56

- 3a Temmneparypu 150°C

BHUIAPOBYETHCS, HE %

MeHLIe (06.) 75 83 86 85 86 86

Temneparypa

BHKIITAHHS, HE BUIIE °C 210 194 193 193 191 188

3amumiok 'y Koubi, He

Oinblue % 2 11 13 15 14 0,5
5 O06'emHa YyacTKa

BYTJICBOIHIB, HE OibIIie:

- one(hiHOBHX

% 18 3,162 2,9 3,3 3 3

- apOMaTHYHHX % 35 31,589 31,8 31,2 32 324
6 O6'emHa YacTKa

GeH3ouny, He Oinblie % 1 0,691 0,72 0,73 0,76 0,7
7 O0'emMHa YyacTKa KHCHIO,

He OiiblIe % 2,7 1,78 1,52 1,67 1,66 1,65
8 O0'eMHa 4YacTka eTepiB

(C5 i Bumie), He Ginblire: % 15 9,77 8,4 91 9,1 9,1

- iHOI  KHCHEBMICHI
CHOJNYKH 3 TEMII. KiHIIS

kumings e suie 200°C % 10 BIZICYTH. BIZICYTH. | BiICYTH. | BIACYTH. | BiICYTH
9 CTabiIbHICTh 1o

OKHUCHEHHS

(iHoykuiiinuii  nepion), OlisbLe Oiple

HE MEHIIE XB. 360,0 1200 1460 1460 1200 1460
10 | Konuenrpatis

(baxTuaHIX cMot

MPOMHUTHUX pO34nH-

nukom wmr/100 cm3, ne | mr/100 MEHIIIE MEHILIE

Oinbie cm® 5,0 1,2 0 1 1 1
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Burdenns Ta BU3HAUCHHS BHIY 3ajliexHOCTEH (2) 1 (3) HA OCHOBI €KCIIEPUMEHTANBHIX JTOCIIIKEHb
JAI0Th HAYKOBI OCHOBH JJIS1 pO3POOKH METOIB OIIHKH Ta KOHTPOJIO SIKOCTI aBTOMOOUIBHOTO OCH3UHY, a
TaKOX METOJIB MPOTHO3YBAHH iX MOBEIIHKH IIiJ 4ac 30epiraHHs, TPAaHCTIOPTYBAHHS Ta 3aCTOCYBaHHSI.
OCHOBHHUM 3aBIaHHSIM JIOCITIKEHB, OB’ I3aHUX 13 3aCTOCYBAHHAM OCH3UHY aBTOMOOLUTEHOTO, € BHSIBICHHS
3B’SI3KIB MK ITPOIIECaMH 1110 BiIOYBAIOTHCS Ta 3MiHOIO BIIACTUBOCTEH IMAJTNBa, HA OCHOBI SKUX BUSBIISETHCS
MOXUIMBICTh PO3POOKH HAYKOBO-OOTPYHTOBAHUX BHMOT JIO TTOKA3HHKIB SKOCTI OCH3WHY Ta BH3HAYCHHS
MUISIX1B TIOKPAIIEHHS HOTO SIKOCTI.
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3ACTOCYBAHHS TOIMOJIOTTYHOI'O AHAJII3Y JAHUX JJIA BUSIBIEHH ST
AHOMAJUIIN Y BATATOBUMIPHUX HABOPAX JTAHHUX

Anomauia. Y cmammi 00CioHcy1omsca Moxcnueocmi mononoziunozo ananizy oanux (TDA) ona euagnenns anomaniii
y 6azamosumipnux nabdopax oanux. Pozenanymo mamemamuuni ocHoeu nepcucmenmuoi 20monozii, memoo nodyooeu
CUMNIIYIATLHUX KOMNIIEKCI6 ma RnepcucmeHmuux oiazpam. 3anpononoeano nioxio 0o idenmugpikayii cmpykmypHux
anomaniii Ha O0cHO8i mononoziunux ineapianmis. Ilposeedeno nopienansvuuil ananiz egexmuenocmi TDA-memoody 3
KNACUYHUMU ANI20DUMMAMY GUABIEHHA AHOMAITL.

Kniouogi cnosa: mononociunuil ananiz 0aHux, NepCUcmenmua 20Moa02is, UABIEHHS AHOMANI, CUMATIYIATLHUL KOMNIEKC,
baproou.

K. V. Vavryniuk

APPROACHES TO TOPOLOGICAL DATA ANALYSIS FOR DETECTING ANOMALIES
IN MULTIDIMENSIONAL DATA SETS

Abstract. The paper investigates the application of Topological Data Analysis (TDA) for anomaly detection in
multidimensional datasets. The rapid growth of data volumes in modern systems — including 10T, financial monitoring,
cybersecurity, and medical diagnostics — necessitates the development of robust methods capable of detecting structural
anomalies in high-dimensional spaces. Classical statistical approaches often fail to capture the non-linear topological features
of complex datasets. This study examines the mathematical foundations of persistent homology, the construction of Vietoris-
Rips simplicial complexes, and the computation of persistence diagrams and barcodes as topological signatures. A methodology
for structural anomaly identification based on topological invariants and Wasserstein distance metrics is proposed.
Experimental evaluation on a synthetic 10-dimensional dataset shows that the proposed TDA approach achieves AUC-ROC =
0.951 and Precision = 0.746, outperforming classical methods (Isolation Forest, LOF, One-Class SVM) in precision while
remaining competitive in overall discriminative ability. The results confirm the potential of TDA-based approaches for real-
world anomaly detection tasks, particularly where low false-positive rates are critical.

Keywords: topological data analysis, persistent homology, anomaly detection, simplicial complex, barcodes, Wasserstein
distance.

Problem statement. The growth in volume and complexity of data in modern information systems
poses new requirements for analytical methods. Internet of Things systems, financial monitoring,
cybersecurity, and medical diagnostics generate massive flows of multidimensional data daily, within which
anomalies — atypical observations deviating from expected behavior — must be identified.

Traditional statistical methods — distribution-based analysis, clustering, principal component methods
—work effectively in low-dimensional spaces where reasonable assumptions about data distribution can be
made. However, in multidimensional spaces these methods encounter the so-called "curse of
dimensionality": Euclidean distances lose discriminative power, density distributions become uniform, and
non-linear structures remain undetected.

The relevance of the problem is confirmed by a broad practical context: detecting fraudulent
transactions in financial flows, diagnosing industrial equipment failures from sensor data, identifying
cyberattacks in network traffic, and finding anomalous patterns in medical time series. In each of these
cases, an anomaly may have a topological nature — that is, manifesting not as a statistically deviated point,
but as a structural irregularity in the shape of the data cloud.

Analysis of recent research and publications. The problem of anomaly detection (AD) has been
studied since the 1980s. Classical approaches include statistical methods (Grubbs' test, density-based
methods), machine learning methods — Local Outlier Factor (LOF) [1], Isolation Forest [2], One-Class SVM
[3] — and neural network approaches, particularly autoencoders [4].

Topological Data Analysis (TDA) emerged as an independent field in the early 2000s through the
work of Carlsson [5], Edelsbrunner and Harer [6]. The key concept of TDA is persistent homology — a tool
for studying the multi-scale topological structure of point clouds. Unlike classical methods, TDA operates
with topological invariants (Betti numbers) that are robust to noise and independent of metric properties of
the space.

The application of TDA to machine learning tasks has been actively researched in recent years. Works
by Chazal [7] and Otter et al. [8] laid the theoretical foundations for TDA-based classification and
clustering. For anomaly detection tasks, the use of persistence diagrams as features was proposed in works
[9, 10], which showed that topological signatures effectively identify structural anomalies in network failure
data and time series.
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Despite significant progress, several problems remain unresolved: computational complexity of
building simplicial complexes for large datasets (n > 10° points), lack of unified anom aly criteria based on
topological distances, and limited interpretability of TDA results for real-time practical applications.

Article objectives. The aim of this article is to investigate the capabilities of topological data analysis
for anomaly detection in multidimensional datasets. To achieve this aim, the following tasks are set: to
outline the mathematical foundations of persistent homology as applied to the anomaly detection problem;
to develop a methodology for constructing a TDA pipeline for structural anomaly identification; to conduct
a comparative analysis of the effectiveness of the proposed approach against classical algorithms.

Main content. Mathematical Foundations of TDA. Let X = {X; , Xz , ..., X[} € [1¢ be a finite
point cloud in d-dimensional space. To study the topological structure of X, a parameterized family of
simplicial complexes is introduced that filters the space by a scale parameter € > 0.

The Vietoris-Rips complex VR(X, ¢€) is constructed as follows: vertices are points from X; a k-
simplex [xi[], X', ..., xi(1] is included in the complex if and only if d(xi,, Xig) < € for all 0 < a, b <k, where
d is the Euclidean distance.

As g increases from 0 to 0, we obtain a filtration: VR(X, § )€ VR(X, &2 )Wheng, <g, .Persistent
homology tracks the appearance (birth, b) and disappearance (death, d) of topological features — connected
components (Ho), loops H 1 ), voids H . ) — during this filtration.

Each topological feature corresponds to a pair (b, d), represented as a point in the persistence diagram
Dgm(X) or as an interval in the barcode. Features with large persistence (d — b) are considered topologically
significant, whereas features with small persistence are considered noise.

Methodology for anomaly detection based on TDA. The proposed anomaly detection pipeline
consists of four main stages.

Stage 1. Preprocessing and normalization. The input dataset D is normalized (z-score or min-max),
and dimensionality reduction is performed if necessary using UMAP or PCA to accelerate computations.

Stage 2. Construction of persistence diagrams. For the reference dataset Dyt (without anomalies), the
persistence diagram Dgmyes is computed. For a new observation or data window, Dguery and DgMguery are
constructed.

Stage 3. Computation of topological distance. The measure of deviation of the query from the
reference is assessed using the Wasserstein distance:

VI/p(ngref' ngquery) = (infy % [|x — v ()| |p)’1/p 1)
where v is a bijection between diagram points.

Alternatively, the bottleneck distance is used:

dp = infysupy||x — y(x)||o )

Stage 4. Decision making. If Wy(Dgmyer, DgMguery) > 0, where 0 is a threshold parameter determined
on the training sample, the observation is classified as an anomaly.

Computational implementation. For practical implementation, the following technologies were
used: Python libraries Ripser [11] (efficient computation of persistent homology) and Giotto-TDA [12] (ML
integration of TDA). The Ripser algorithm uses the adjacency matrix in sparse matrix format and
implements boundary matrix reduction through the clearing algorithm, which ensures O(n3) complexity in
the worst case and significantly better performance in practical scenarios.

Experimental section. In order to validate the proposed approach, it was tested on a synthetic 10-
dimensional dataset consisting of 5,000 observations, 5% of which are outliers. Normal observations were
generated as a mixture of three Gaussian distributions with different means and covariance matrices, while
outliers were generated as points from a uniform distribution on the interval [-8, 8], which are topologically
different from the normal cloud due to the absence of a cluster structure. Such a configuration allows us to
test the method’s ability to detect topological anomalies, rather than merely statistically outlier points.

Preprocessing included feature standardization (z-score) and dimensionality reduction to 5
components using the PCA method, which allowed reducing the time for building the simplicial complex
without significant loss of topological information. For each test observation, a local neighborhood of 30
nearest neighbors from the training sample of normal data (using BallTree) was constructed, after which
the weighted Wasserstein distance over homologies Ho and H 1 relative I the reference persistence
diagram was computed. The weights were 0.4 for Ho and 0.6 forH 1 , reflecting the higher inform ativeness
of one-dimensional topological cycles for detecting structural anomalies.

Figure 1 presents the persistence diagram of the reference sample (left), the H, persistence barcode
(center), and ROC curves of all compared methods (right). The persistence diagram demonstrates the
presence of several significant Ho topological features (connected com ponents) located far from the
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diagonal, confirming the pronounced cluster structure of normal data. Most H, points are |ocated near the
diagonal, corresponding to noise. The H, barcode reflects the distribution of topologica cycde durationsin
the filtration space.

Persistence Diagram (reference) Barcode H: ROC curves
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Fig. 1. TDA analysis results: persistence diagram of the reference sample, H, persistence
barcode, and ROC curves of compared anomaly detection methods.

Table 1
Comparative analysis of anomaly detection methods
Method Precision Recall F1-score AUC-ROC
Isolation Forest 0.460 1.000 0.630 0.969
LOF 0.517 1.000 0.682 0.975
One-Class SVM 0.484 1.000 0.652 0.972
TDA (proposed) 0.746 0.707 0.726 0.951

The results presented in Table 1 demonstrate that the TDA approach shows a competitive level of
guality compared to classical methods. In terms of AUC-ROC, TDA achieves a value of 0.951, which is
close to LOF (0.975) and Isolation Forest (0.969). At the same time, TDA demonstrates higher Precision
(0.746) compared to all baseline methods (0.460-0.517), indicating a lower number of false positives — a
critically important characteristic for practical monitoring systems. The lower Recall (0.707) compared to
baseline methods (1.000) is explained by the fact that classical algorithms are tuned for maximum coverage
of anomalies at the expense of precision, while the TDA approach provides a more balanced ratio between
Precision and Recall.

The computational time for building persistence diagrams for a dataset of 5000 points in 10-
dimensional space averaged 2.3 seconds on an Intel Core i7-11th Gen processor, which is acceptable for
tasks with moderate latency requirements. For datasets with n > 50000 points, preliminary dimensionality
reduction to d < 5 using UMAP is recommended, which reduces computation time to 8-12 seconds.

An important advantage of TDA is the interpretability of results: the persistence diagram directly
indicates the scale and character of topological violations. Points on the diagram that deviate significantly
from the diagonal correspond to persistent topological features and can be associated with specific structural
anomalies in the data.

Analysis of topological features of anomalies. Detailed analysis of persistence diagrams for normal
and anomalous observations revealed characteristic topological differences between the two classes. For
normal observations, local neighborhoods demonstrate a pronounced cluster structure: several significant
connected components (Ho) w ith large persistence and virtually no persistentH  cycles, corresponding o
dense Gaussian clusters in the input data.

In contrast, local neighborhoods of anomalous points are characterized by uniformly distributed
neighbors without pronounced cluster structure, which manifests in a different persistence diagram pattern:
a larger number of Ho com ponentsw ith sm aller persistence and the appearance ofatypicalH « cycles. This
difference in topological signature is the basis for the classification decision: the Wasserstein distance
between the local diagram of an observation and the reference diagram of the normal class exceeds the
threshold 0 if and only if the topological structure of the neighborhood significantly deviates from the
expected.

© K. B. Baspuniox

196



ISSN: 2415-3966 Miowceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyovk, 2026, Ne85

Analysis of the TDA score distribution (Figure 2) shows a clear separation between normal
observations (low Wasserstein distance values) and anomalies (high values). This separability confirms the
ability of topological features to detect structural anomalies even in cases where classical density-based
methods are prone to false positives due to the influence of the "curse of dimensionality”. The obtained
results are consistent with theoretical results on the stability of persistence diagrams under small
perturbations of the input data, as shown in the work of Chazal [7].
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Fig. 2. Distribution of normalized TDA scores for normal observations and anomalies in the
test sample; the vertical dashed line corresponds to the optimal threshold 0.

Conclusions. The conducted research confirmed the effectiveness of topological data analysis for
anomaly detection in multidimensional datasets. The proposed approach based on persistent homology and
Wasserstein distance demonstrates a competitive level of quality (F1 = 0.726, AUC-ROC = 0.951)
compared to classical LOF and Isolation Forest methods, and in terms of Precision (0.746) exceeds all
considered baseline methods (0.460-0.517).

Key advantages of the TDA approach include robustness of topological invariants to noise and
deformations; the ability to detect nonlinear structural anomalies in high-dimensional spaces; and geometric
interpretability of results through persistence diagrams and barcodes.

Limitations of the method include: high computational complexity for datasets with n > 10° points;
the need to tune the threshold parameter 0; and difficulty integrating into real-time systems.

Prospects for further research include: development of adaptive dimensionality reduction methods
for scaling the TDA approach; combination of topological features with deep neural networks (TopoNet)
for increased accuracy; investigation of TDA application in online anomaly detection tasks in streaming
data; development of interpretability metrics for TDA results for applied cybersecurity and medical
diagnostics systems.
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I.M. BoiiTiok
Jlhyyvrutl HayionanbHUll MeXHIYHUL YHigepcumem

E®EKTUBHICTD BUKOPUCTAHHSA MIKPOCTPYKTYPHOI'O AHAJII3Y IIPU
OIIHIOI MIDHICTHUX XAPAKTEPUCTUK IITHOITIOJITYPETAHIB

Y pobomi npeocmaeneno komnnexkcnuit nioxio 00 OyinKU MIYHICHUX XAPAKMEPUCMUK RIHONONIIYPEmanie Ha 0CHOBL
NOECOHAHHA MAKPOCKONIYHUX 6UNPOOYBANL MA MIKPOCIMPYKMYPHO20 ananizy. /locnioycennsn 6azyemuca na eapiauii 6208020
CniGGIOHOWEHHA OCHOBHUX KOMROHEHMIE — nOJi0y ma i3ouianamy, wio 00360.1U10 chopmyeamu 00CIIOHL 3pa3Ku 3 pi3HUMU
mononociunumu napamempamu nopucmoi mampuyi. Yucnoea ma cpaghiuna inmepnpemauyia pezynvmamie CMUCKY
30ilicHIo8anaca i3 3acmMoCy6anHaAmM CMUCKYEAIbHOZ0 HAGAHMANCEHHA 6 30HI naacmuynux degpopmayii ona ioenmugpikayii
cmadiil pyinysanna komipok. Ilpoeedeno 00cniosycennsa enaugy peyenmypnozo cknady Ha cmaodinibHicme naamo meKyuocmi
ma xapakmep HAKONUYEHHA 3ANUUIKOSUX Oeopmauiii y cminkax i pebpax ninu. Buxonano nopienanvhuii ananiz
MexaniuHozo 6i0zyKy ona mpaouyiiinux ma moougixkoseanux cknaoie IIIY npu eapiayii enepzoemuocmi cmpykmypu. 3a
00NOMO2010 2E0MEMPUYHO20 MOOEIIVBAHHA 26KCAZOHANILHOT Mepedci 6CIAHO6IEHO 63AEMO38 A30K Midic 3MIHOIO KYNié HAXULY
2paneii KOMIpoK ma MaxkpoCKORIUHO0 Medcelo miynocmi mamepiany. Bemanoeneno egpekmu nokanvnoi Konyenmpayii
HanpyyceHb 'y 6y31a4X MIKPOCHMPYKMYpU, W0 6GU3HAYAIOMb MOMEHm empamu CmiiKocmi nopucmozo Kapkaca.
IIpooemoncmposano ynisepcanvnicms po3pooneno2o nioxooy 0nsa npeOuKmueHo20 NPOEKmMy8anHa NOJIIMEPHUX KOMNOZUUII
i3 Hanepeo 3a0aHuUMU eKCRILYAMAayiHUMU 611ACIUBOCMAMU 015 8ION0BIOANLHUX IHIHCCHEPHUX KOHCMPYKUYIIL.

Knwuoei cnosa: nanpysicenns, MiKpoOCmMpYKmMypHUll aHaniz, niHonoaiypemanu, oiazpama 0e@opmy8aHHs, sunpoOyeanus
Ha CIUCK, YUGpoasi O8itIHUKU.

.M. Voitiuk

EFFICIENCY OF MICROSTRUCTURE ANALYSIS IN EVALUATING THE STRENGTH
CHARACTERISTICS OF POLYURETHANE FOAMS

The paper presents a comprehensive approach to evaluating the strength characteristics of polyurethane foams (PUF)
based on a combination of macroscopic testing and microstructure analysis. The study is founded on varying the weight ratios
of the primary components—polyol and isocyanate—enabling the formation of test specimens with diverse topological
parameters of the porous matrix. Numerical and graphical interpretation of the compression results was conducted using cyclic
loading within the plastic deformation zone to identify the stages of cell failure. The influence of the formulation on the stability
of the plateau stress and the nature of residual deformation accumulation in the cell walls and struts was investigated. A
comparative analysis of the mechanical response for both traditional and modified PUF compositions was performed across
variations in structural energy absorption. Through geometric modeling of a hexagonal network, the relationship between
changes in cell face tilt angles and the macroscopic yield strength of the material was established. Effects of local stress
concentration at microstructure nodes, which dictate the onset of stability loss in the porous framework, were identified. The
study demonstrates the versatility of the developed approach for the predictive design of polymer compositions with
predetermined performance properties for critical engineering structures.

Keywords: stress, microstructure analysis, polyurethane foams, deformation diagram, compression test, digital twins.

AHaji3 aKkTyajabHOCTI AocCiilzkeHHsl. AHani3 iCHyrouMX MyOJsiKauid CBiIYMTH, MO OUIBIIICTH
TOCITI/KEHD (hi3MKO-MEXaHIYHUX BJIACTUBOCTEH MIHOIMOIIypETaHiB, HABEICHUX Y JIiTepaTypi, 0OMeKeH1
BUBYCHHSIM KOHKPETHHMX THIIB IIiHOMarepiajgiB 0e3 ypaxyBaHHS VYHIBEpCAJbHUX CTPYKTYPHHX
3akoHOMipHOCTell. HalOinpl  pO3MOBCIOMKEHUM MPEICTABHUKOM IIbOrO KJiacy MaTepialliB €
mionomyperaan (I1I1Y), dyHKIIIOHATPHA HAMIHHICTD SKAX BU3HAYAETHCS CKIQAHUM TOETHAHHSIM
XIMIYHOTO CKJIay Ta IMOPUCTOI CTPYKTypu. TpamuiiiiHi METOAM OLIHKH MIIIHOCTI, IO PO3IJIAAar0Th
miHoMaTepian SK CYLIbHE 130TpONHE CEepeloBHIIE, YacTO HE BPaXOBYIOTh JIOKJIbHI MEXaHi3MH
nedopMariii, SIKi CTal0Th KPUTHYHUMH TIPH €KCTPEMAIbHIUX HABaHTAXKEHHSX a00 TPHUBAJiil ekcruryararii.
Peanpna 6ynosa I1I1Y xapakTepu3yeThbes MOIIAUCIIEPCHICTIO KOMiPOK, HASIBHICTIO aHI30TPOMI] B HAPSMKY
CHIHEHH Ta HEPIBHOMIPHUM PO3MOALJIOM MOJIIMEPY MiX CTIHKaMu Ta pedpamu, 10 pOOUTh MPOTrHO3YBaHHS
MEXaHIYHOTO BiATyKy MaTepiany 0e3 ypaxyBaHHSA HOT'O TOHOJIOTIi HEIOCTATHHO TOYHHM.

EdexTrBHUM miAX0I0M 10 BUPIIICHHS II€T 3a/1a4i € MepexXij| BiJ MaKpOCKOIIIYHMX BUIPOOYBaHb J10
JeTalbHOTO MIKPOCTPYKTYPHOTO aHami3dy, IKui go3Boisie intepnperysatu [I1Y sk cknanHy mpocTopoBy
cTpykTypy. Takuii miaxixg 0a3yeTbcsi HA TOMY, IO >KOPCTKICTb Ta €HEPrOEMHICThH IMiHU Oe3MoceperHbo
3aJIe’KaTh BijJl TEOMETPUYHUX MapaMeTpiB OKPeMoi KOMIPKH Ta MTICHOCTI 11 nepeTrHOK. MiKpocTpyKTypHE
MO/JICJTIOBAaHHSI J]a€ 3MOTY BUSIBUTH POJIb "KPUTUUHUX JIeQeKTiB" — po3ipBaHMX MeMOpaH abo MOTOBIICHNUX
BY3JIIB, SIKi BUCTYIAIOTh KOHIIEHTPATOPAMH HaIpyskeHsb. Lle 103BoIIsi€ BCTAHOBUTH KiJIbKICHUH 3B’ 130K MK
MOP(}OIIOTi€r0 TOPHCTOTO MPOCTOPY Ta MAKPOCKOIIIYHOIO MEXKEI0 TEKYyJOCTi, TPaHC(HOPMYIOUH eMITipHYHi
CTIIOCTEPEIKEHHS y 4iTKO Bepr]ikoBaHi Pi3MKo-MaTeMaTH4Hi 3aKOHOMipHOCTI.

OcCOoOMMBO BaXJIMBUM € JAOCHIIKEHHA MIKPOCTPYKTYPHUX 3MIH i BIUIMBOM JHHAMIYHUX
HABaHTAXXCHb Ta TEMIIEPATYPHUX KOJHMBAaHb, OCKUIBKM BHYTPIIIHS TI'E€OMETpis KOMIpOK BH3HAUa€
CTaOUIBHICTD Ta30Boi (a3u BcepeauHi marepiany. CUMymsIiiHUE aHami3 nedopmMaliii OKpeMHX KOMipOK
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N03BOJIsIE 3aiKCyBaTH MOMEHTH BTpaTH CTIMKOCTI CTIHOK, SIKI MEpPEAyIOTh 3arajbHOMYy PYHHYBaHHIO
CTPYKTypH. BUKOpUCTaHHS MIKpOCTPYKTYpPHUX THapaMmeTpiB SK BXIIHUX JAaHUX ISl YHCEIBHOTO
MO/JICJIIOBaHHSI 1a€ 3MOTY CTBOPIOBATH BipTyaJibHi IPOTOTUIH — UM POBI ABIHUKH, MaTepialliB i3 3a/1aHOIO
AHI30TPOITI€I0 BIACTHBOCTEH, 1110 MiHIMI3y€e OTPEOy y TOpOroBapTICHUX HATYPHUX BHIIPOOYBAHHSX.

TakyuM 4MHOM, aKTyaJIbHICTh JOCIHIHKCHHS 3yMOBIIEHA HEOOXITHICTIO MEPEX0ay 10 MPEAUMKTHBHOIO
MPOEKTYBaHHA MOJIMEPHHUX MiHOMAaTepialiB i3 Hamepel 3aJaHUMH XapaKTePUCTUKAMH MILHOCTI.
Pe3ynpTati MIKpOCTPYKTYPHOTO aHAIIi3y MOXYTb OyTH BHKOPUCTaHi AJISl TEOPETUYHOTO OOIPYHTYBAaHHS
ontumizarii peuentyp I1I1Y 3 MeTor0 MmiABUILEHHS TXHBOT CTIHKOCTI 10 AeCTPYKIIil. PO3yMiHHS MeXaHI3MiB
pO3MOTYy HampyXeHb Ha PIBHI OKpPeMOi KOMIPKH JIO3BOJIUTh 3HAYHO IIJBHIUTH HAIIWHICTh
TEIUIOI30JSIMIHHIX CHCTEM Yy BIANMOBIAAIbHUX IH)KEHEPHUX KOHCTPYKIISIX, 3a0€3MeUyl0uH iX TpUBAILY
0e3mneuHy eKCILTyaTalliro.

AHani3 octaHHix gochaimkens i myOJikauiin. GopmyBanHs (i3MKO-MEXaHIYHUX BIACTUBOCTEH
niHononiyperanis (I1I11Y) € pe3ynbraTom ckiaagHux GizMKo-XiMiYHUX MPOLECIB, IO BiAOYBAIOTHCS Mif Yac
peakiii i3o1miaHariB 3 moJiosaMu. CTPyKTypHa Oprasizalfisi IMX MarepiajiiB 0a3yeTbCs Ha PO3MOMALII
CErMEHTIB JKOPCTKOr0 Ta M’SKOT'O JIAHIIIOTIB, ¢ TMOJI0IKM 3a0e3Meuyl0Th eJaCTHYHICTh, a i30IiaHaTH —
HeOOXiIHy OPCTKICTh KOHCTpYKMHiiHOT Matpuii [6, 7]. Cyd4acHi MOCHIPKEHHS ITiIKPECIIOITh, IO
Mexaniuauii Binryk IIIIY Ha HaBaHTakeHHs Oe3mocepenHbO 3aJIeKHUTh Bifl CITIBBIIHOMIEHHS IIUX
KOMITOHEHTIB, 1[0 JIO3BOJISIE BAPiIOBATH XapaKTEPUCTUKU MaTepialy Bii M'IKUX THYYKHX ITiHH JI0 TBEPIUX
BHCOKOMIITHHX CHUCTEM [6].

KitrouoBuMm pakTopom, 1o Bu3Havgae MinHicHi xapakrepuctuxu [1ITY, € iforo komipyacra cTpyKTypa,
sika (OpPMY€EThCS il BIUIMBOM THITY CIIIHIOBa4ya Ta 00paHOoi TEXHOJIOTIi BUPOOHMIITBA. TpamuIliiini MeTo Iy,
Taki Ak JuTTA [8, 9], posnmienns [11, 12] ta peakiifine nutTs mija TuckoM [13, 14], 3a0e3neuyroTh pi3Hi
YMOBH (OPMYBaHHS MIKPOCTPYKTYpH. 30KpeMa, METOJ JIUTTSA JO3BOJIIE OTPUMATH IPOTHO30BaHI
napamMeTpH UIUTBHOCTI Ta MOPUCTOCTI IIJISIXOM TOYHOTO KOHTPOIIIO yMOB 3arBepainus [10]. V cBoro uepry,
peakiiiiHe JTUTTS MiJl THCKOM 3a0e3Medye MOKIUBICTh CTBOPSHHS CKIIQJIHUX BUPOOIB, JIe pO3Mip KOMIPOK i
MeXaHiuHI XapaKTePUCTHKH CYTTEBO 3aJIeXKaTh BiJl TEPMOAMHAMIYHIX MTApaMETPiB MPOIIECY YIOPCKyBaHHS
[13, 14].

[Mompu 3HaYHY KITBKICTH POOIT, MPUCBSIUCHUX MaKpOCKONiYHUM BunipoOyBaHHsM [1ITY, Bce Oinbimol
aKTyallbHOCTI Ha0yBa€ BUBYEHHS MIKPOCTPYKTYPHHX OCOOIHMBOCTEH SK (yHIAMEHTAIBFHOTO YMHHHKA
MIIHOCTi. MIKPOCTPYKTYPHHUIA aHaTi3 TO3BOJISE OIIHUTH MOP(OIIOTiII0 KOMIpPOK, IO € KPUTHYHUM IS
PO3YMIHHSI TIPOLIECIiB KOHIEHTpalil HampyKeHb. BCTaHOBIIEHO, MO0 BUKOPHCTaHHA MOIMDIKYIOUHX
J00aBOK, 30KpeMa IeT0I031 ad0 CHITIKOHOBUX cyp(aKTaHTiB, JO3BOJISIE TOHKO PETYJIOBATH apXiTEKTypy
MTOPUCTOTO TIPOCTOPY, 3MIHIOIOYH PO3Mip KOMIPOK Ta TOBIIMHY iXHIX pebep, mo 0e3rmocepeiHbO BILTHBAE
Ha MEXy TeKy4OCTi Ta eHepronoriInHaHHs MaTepiany [4, 5, 15].

OkpeMUM HampsIMKOM JOCHI/PKEHb € OIiHKa €(QEeKTUBHOCTI BUKOPUCTAHHS MiKPOCTPYKTYPHHUX
Mozenel as nmporHo3yBaHHs nosroBiwHocTi IIITY B ymoBax ekcruryarariii. AHai3 B3a€MO3B'S3KY MiX
napaMmerpaMu "perentypa — CTPYKTypa — BJIACTHUBICTR" Ja€ 3MOTY HE JIUIIEe KOHCTATyBaTH JTOCSTHYTI
MeXaHI4Hi TOKa3HUKH, aJie i TEOPETUYHO OOIPYHTOBYBATH IILISIXM iX ontumizamii [3, 15].

TakuM YMHOM, MIKPOCTPYKTYPHUH aHami3 BHCTyMae SK €(EKTHBHHN 1HCTPYMEHT BepHQikamii
aHATITUIHUX MOJENICH, IO MO3BOJISAE MIHIMI3yBaTH PH3WKH KPUXKOTO PYHHYBaHHS Ta ITiIBHIIATH
eKCIUTyaTalliiiHy HaJilHICTh MIHOMOMIYPETAHOBHUX €JIEMEHTIB Y KPUTHUHHUX 1H)KEHEPHUX KOHCTPYKLIAX [1,
15].

IlocranoBka 3aBaaHHsl. AHali3 iCHyIOUHX MyOJiKaIlii CBIOYUThH, IO Y BHUBYCHHS 3arajbHHX
(hi3MKO-MEXaHIYHAX BJIACTUBOCTEH IIHOMOJIypeTaHiB y JiTepaTypi HaBEACHO IS MEBHUX THIIIB IIiH.
[TutanHs mpsAMOro B3a€MO3B’SI3KYy MiXK TONOJOTIYHMMHM IapamMeTpaMu MIKPOCTPYKTYPHU Ta JIOKaJbHOIO
MIIHICTIO MaTepially 3aJIMIIAETHCS PO3B’SI3aHUM JIMIIEG YAacTKOBO. BUIBIIICT KIACHYHUX ITiIXOIIB
posrmsnarots [IITY sk roMoreHHe cepenoBHINE 3 yCepeIHEHHMH XapaKTEPUCTHUKAMH, IO HE J03BOJISIE
MOBHOIO MIpOI0 BpaxyBaTH crieUU]iKy po3MoAiTy HaBaHTAXKEHb y CTIHKaxX Ta peOpax KOMipOK, 0COOIUBO
IpYM HasiBHOCTI CTPYKTYpHHX aHoOMaliii abo mMoau(ikyrouumx BKIOYeHb. Lle oOMexye MOKIMBOCTI
MPEIUKTHBHOTO MOJIEIIOBAHHS MOBEIHKY IMHOIJIACTIB MPU CKIIAJHUX BUAAX Jedopmallii, e KpUTHIHY
POJIb Bifirpae BTpaTa CTIHKOCTI OKpEMHX €JIeMEHTIB MOPUCTOI MaTpHIIi.

Tomy meroro naHoi poOOTH € OOIpyHTYBaHHS €(EKTUBHOCTI BUKOPHUCTAHHSI MIKPOCTPYKTYPHOTO
aHamizy sk 0a30BOTO IHCTPYMEHTY JUIsl OIIIHKM MII[HICTHUX XapaKTEepPHCTHK IMiHomoiyperaniB. lle
nependavae mepexia BiJ MaKPOCKOMIIYHOTO OIMHUCY JO IMPEICTABICHHS IHU SK JUCKPETHOI CHCTEMH
B33a€MOIIOB SI3aHUX CTPYKTYPHUX €JIEMEHTIB. CTpariB Ta MeMmOpaH. Takuil miaxix H03BOJsiE HE JHIIE
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i71eHTU(IKYBaTH 30HH KOHIICHTpAIil HANpyXXeHb Ha MIKpPOpIBHI, a ¥ JETajlbHO IOCIIAWTH BIUIUB
MopdoJorii KOMIpOK Ha 3arajibHy Hecydy 3[aTHICTh MaTepiany.

BukopucTtanHs JaHMX MIKpOCTPYKTYpHOI Bi3yamizamii 3a0e3medye BHCOKY TOYHICTh YHCEIBHUX
CUMYJISLIM, CTBOPIOIOYM TEOPETHYHE MMIAIPYHTS IS omnTumizaiii Mikpoctpykrypu IIITY 3 meroro
MIJBUIICHHS iXHBOI EKCIUIyaTal[ifHOi HAgiHHOCTI Ta 3amoOiraHHs MepeaYacHOMY pYWHYBaHHIO Y
BiJIMTOBITaJIbHUX KOHCTPYKITiSIX.

BuknagenHss ocHoBHOro martepianxy. /lns BHBUEHHA BIUIMBY e€(EKTHBHOCTI aHali3zy
MIKPOCTPYKTYpH IIHOMOJIypEeTaHIB Ha OIIHKY iX MEXaHIYHUX XapaKTEPUCTHK MpPU CTATHIYHOMY
CTHCKYIOUOMY HaBaHTaKCHHI, IO BHKIMKAE IUIACTHYHI nedopmauii marepiany, Oyno MpoBeneHO
BiJNOBiZHI BUIIPOOYBaHHS JOCHIJHUX 3pa3KiB 3 PI3HOIO YaCTKOIO OCHOBHMX KOMIIOHEHT MiHHU: MOJIONY Ta
IOJI11301I0HATY.

Jocniani 3pa3ku miHoMarepiaiiB Oyiu oTpuMaHi y 1abopaTopHUX YMOBaxX 3 MOJIONY Ta MOJIii301[i0HaTy
LUISIXOM X 3MIITYBaHHS [IPU Pi3HUX YacTKaxX LuX KoMnoHeHT. [lomion, sik cymimn nomniedipy, crabinizaTopis
Ta KaTani3aTopiB, € MATOTOKCHYHHII Ta HeBUOYXoHeOe3neunuit. Moro rycruuna npu temmepatypi 20 °C y
piakomy craHi craHoBuTh 1,09 r/cm3. B’s3kicTs mosiony 1300 mIla-c. [TomiizorioHaT, He3aiMUCTa piuHa
31 cienuQivHUM 3amaxoM, JIETKO pearye 3 Bogoio. 3a remneparypu 20 °C iioro ryctuHa CTaHOBHUTH 1,25
r/cm3, a B sa3kicth 300 mlda-c.

MexaHiuHi BUNpOoOYBaHHS MPOBOAWIH JUIS TPHOX T'PYI 3pa3KiB MiHOMOJIypETaHy 3 Pi3HUM BaroBUM
CHIBBITHOIIEHHSIM CKJIAJJOBUX KOMIIOHEHT Tojiony Ta izomianaty: 1:1, 1:1,2 Ta 1,2:1. na mexaHiuHUX
BUNPOOYBaHb BUKOPHUCTOBYBAJIMCSA JIMILIE 3pa3Ky 3 APiOHO KOMIPKOBOIO CTPYKTYpPOIO, IO BHpi3agucs 3
MiHOMOJypETAHOBUX KOMIIO3ULIiH y popMmi KyOiB 3 nminiliHuMu posmipamu 35%35x35 mm® (puc. 1).

Puc. 1. Jocainni 3pa3ku HITY

MexaHiuHi XapaKTepPUCTHKH MiHOMOJypeTaHiB BUIIPOOYBAIKCS HA CTUCK Ha AociaHii Mamai MU-
40KY. JInst KOKHOTO THITY BUITPOOYBaHb BUKOHYBAJIU O [Bi cepii AOCIiIKEHb ISl YCiX TPbOX IPYII 3pa3KiB
PI3HOTO CHIBBIIHONICHHS] KOMIIOHECHTIB. JIJIT BUBUCHHS MEXaHIYHOI ITOBEIIHKY IIIHOMATEpialiB OTPUMAHO
3aJIeKHOCTI MDK HaBaHTaKEHHAM 1 aOcomroTHOIO Jedopmaliiero 3pa3KiB B IMPOLECi CTaTUYHOTO
CTHCKYBAJILHOT'O HaBaHTa)KyBaHH:. JliarpaMu HaBaHTa)XeHb NPH CTHCKY HaBEACHI HA pUC. 2.

Y E RN

£ kN

3750 150 11.250 150 =] TiE T T BRIEE] am

“TEW

Puc. 2. liarpaMu HaBaHTa)KeHb MIHOMOJIiypeTAHOBUX 3pa3KiB 3 Pi3HUM BiTHOIIEHHSIM
KOMIIOHEHT
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ExcniepuMeHTanpHi  MOCHIMHKEHHS MEXaHIYHOI TOBEMIHKH  ITHOMOJIYPETaHIB 13  Pi3HUM
CHIBBiIHOLICHHSM KOMIIOHEHTIB JO3BOJIMIM BCTAHOBUTH YiTKY 3aJIKHICTh MIX PELENTYpOIO MaTepiaiy Ta
HOro 3MaTHICTIO 10 MOTJIMHAHHA eHeprii nedopmanii. OTpumani giarpaMu CTUCKY (puc. 2) BimoOpaxaroTb
CTANiIiHICT pPYHHYBAaHHSA IIOPHCTOI CTPYKTypH, IWIO € KIIOYOBHM AaCHEKTOM IIpH BHKOPHUCTaHHI
MIKpOCTPYKTYpHOTO aHaii3zy. Ha modaTkoBoMy eTari HaBaHTa)XCHHS BCi JOCITI/PKYBaHI 3pa3KH BUSBIISIOTH
JiHIHY NPYXHY 3aJ1€KHICTh, IKa 3yMOBJIEHA IIPY>KHUM BUTHHOM CTiHOK Ta pedep KOMipOK.

st 3paskiB cknany 1:1 3adikcoBaHo HalO1IbII 30aaHCOBAaHNH NIepeXiJ] BiA MPYKHOI 30HM JI0 IJIaTO
TEKY4YOCTi, IO CBIJYUTH NMPO TOMOTEHHICTh C(HPOPMOBAHOI MIKPOCTPYKTYpH. Y I Tpymi KpUTHYHE
HaBaHTAXXEHHS jgocsrae 3HadeHb Onusbko 0,9 xH, micast doro cmocrepiraeTbcs KOJEKTHBHA BTpaTa
CTIMKOCTI cucTeMu KoMipok. Ilepexin 10 30HM mIaCTUYHUX AeopMaliiil CyIPOBOMKYETHCS XapaKTEPHUM
«3yOOM» TEKy4OoCTi Ha rpadiky, II0 Bi3yaji3y€ MOMEHT IOYaTKy KOJIAICy IMEPIIOro Mapy MOPUCTOL
MaTpuili. MIKpOCTPYKTYPHHI aHai3 I03BOJIAE iAeHTU(IKYBaTH LIeH MPOIEC AK MOCIIIOBHE 3MUHAHHS
HalMEHII )KOPCTKUX €JIEMEHTIB KapKaca.

JocnipkeHHsT 3pa3kiB i3 CIIBBIJHOIIEHHSAM KOMIIOHEHTIB 1,2:1 (HaIUIMINIOK MOJiONy) BUSBUIIO
CYTT€EBE 3HIKCHHS MOJTYJIsl IPYKHOCTI Ta pO3MHTTS MeKi TeKydocTi. Ha miarpami (puc. 2) crioctepiraerbest
HaHOTBI TPUBAIA CTadisl TIATO, IO TMOSCHIOETHCS TiIBUIIEHOO IMiIAATINBICTIO TIOJIMEPHUX MEMOpaH y
ckiani koMmipok. Taka cTpyKTypa 34aTHA 10 3HAYHUX 00’ eMHUX jaedopmariii 0e3 panToBOTO pyHHYBaHHS
3B’SI3KIB MIXK By3JlaMH ciTku. Lle miaTBepaxkye eeKTUBHICTh BUKOPUCTAHHS MIKPOCTPYKTYPHUX MOJIEIeH
JUTSL IPOEKTYBAHHS €HEProNOTIMHAIOYNX EIEMEHTIB, JIe BXIMBO 3a0€3MeYUTH CTAa0iIbHe HABAaHTAKECHHS
NPU BEJIMKUX 3HAYCHHSX Al.

HaBmakm, 3paskm 3 HammmkoMm i3omianaty (1:1,2) HeMOHCTPYIOTH MiBUINEHY TOYaTKOBY
KOPCTKICTh, MPOTE iXHS TOBEIiHKA B 30HI IUIACTHYHOCTI Ma€ BUPAKCHUI OCHWIIOIOYHN XapakTep.
KonuBanus cunm Ha rpadiky (pHc. 2) KOPETIIoOTh 13 JUCKPETHUMH aKTaMu PYHHYBaHHSI KpUXKHX peodep,
II0 CYIPOBOJUKYETHCS JTOKAJIBHUM MEPEPO3IIOIIIOM HanpyKeHb. Takuit xapaktep neopMyBaHHS BKa3ye
Ha BHCOKY KOHIICHTPAIIO HANPY>KEHb y BY3JIaX MIKPOCTPYKTYPH, III0 MOKE MPU3BECTH JI0 MEPETIACHOTO
BHUXOJTy 3 JIaJly BiAMOBIAAILHUX KOHCTPYKITiH.

J1)1s BUBUEHHS BILTUBY MIKPOCTPYKTYPH MaTepiaiy Imi4ac npoiecy aeGopmyBaHHs Ha 3pa3kax 0yjio
BUJIIJIEHO 00JIACTI, O MOMiYeHi YepPBOHUM KOJILopoM (puc. 3). JIocTiKeHHsT Ha CTUCK MPOXOJIUIIUCS Ha
nocmigHiit mammuai MU-40KY mpu 3mini mBuakocTi aedhopmyBaHHS 2 MM/XB. BukxopucroByroun
uudpoBuil  Mikpockon (puc. 3) Oyno JOCHIHKEHO 3MiHY T€OMEeTpii HOCTiKyBaHHX oOnacTeid 10
nedopMyBaHHS Ta y poneci AepopmyBaHHs (puc. 4).

Hns  Bepudikamii MaKpoCKOMYHMX BHUMPOOyBaHh OylI0 TIPOBEACHO Bi3yami3alilo 3MiHH
MIKpOCTPYKTYpH 3pa3KiB 10 Ta Ticis HaBaHTaXeHHs. l[IpoBeaeHuil aHammi3 JO3BONMB BCTAHOBUTH
OesrocepenHii 3B’SA30K MDK MEXaHIYHHMH JiarpamMaMd  Ta (GI3UYHOI0 jaedopMallielo  KOMIpOK
miHomarepiary. Ha orpumanmx wikpodororpadisx (puc. 4) HITKO CHOCTEpIra€Tbcs KomipdacTa
apxitektypa IIIIY, ska XapakTepH3yeTbCs HAsSBHICTIO OaraTOrpaHHHUX MOp, PO3IUIEHHX TOHKHUMHU
MOJIMEpHUMHU CTiHKaMH. JleTampHMI OTJISA 30HM TUIACTUYHOI Jedopmanii BHUSBUB (OpPMYBaHHS
cnenu(igHuX CTPYKTYPHUX aHOMAIii, MO3HAUYEHNX Ha 3pa3kax KOJIFOPOBHUM MapKepOM JUIS JIOKali3amii
ninsHok aHamizy. [lpu HaBaHTaXeHHi, 10 BiANOBIAA€ MIATO TEKY4OCTi, CIIOCTEPIracThCsl MACOBHH KOJIATIC
KOMIpOK, SIKHi Ha MiKPOPiBHI MPOSIBIAETHCA SK BTpaTa CTIMKOCTI (3MHHAHHsI) CTiHOK. JlJsl enacTH4YHuX
3paskiB (Tpyma 1,2:1) xapakTepHUM € 00OpOTHE BHIIOBKEHHS IIOP, TOMI SK IJIS KOPCTKUX KOMIIO3HITIH
(rpyma 1:1,2) 3adikcoBaHO YHCJICHHI PO3PHMBH MeMOpaH Ta pyHHYBaHHS pebep, IO IiATBEPIKYE
«3yOuacTuii» XxapakTep OTpUMaHHX JiarpaM CTHCKY (puc. 2).

JInst TeOPETUYHOTO OOTPYHTYBAaHHS OTPUMAHUX IAaHUX OyJIO pO3pOOJIEHO I'€OMETPHUYHY MOJAENb
imeamizoBanoi MikpocTpykrypu IIIIY (puc5). bazoBa Mozenb mpencTaBisie IMHY SK CYKYIHICTH
NpaBHJIBHUX T'eKCArOHABHUX KOMIPOK 3 XapaKTePHUMH NapaMeTpaMu: BUCOTOIO N Ta JOBXUHOIO rpaHi a.
Takuit minxix 703BOJsSE MATEMAaTHYHO OMKCATH 3MiHY BUTLHOTO 00’€My MOPHUCTOTO MPOCTOPY B MpoIeci
CTHCKY.

[MouarkoBuit cran (puc. 5, a) xapakTepU3yeTbCs PIBHOBRKHUM PO3IMOJMIIOM HANpyKeHb Yy
HezneOopMOBaHiil ciTLi, A€ TeOMETPUYHI MapaMeTpH BiANOBIAa0Th BUXiAHIA T'ycTHHI Martepiany. Craais
IUIACTUYHOTO 3CyBY (pHc. 5, b) meMoHcTpye 3MiHY KyTiB HaXHIy rpaHel, 110 Bi3yalbHO Haraiye mporec
«cxyomyBanHs» mop. Lle BiamoBinae nepexomy Martepiaay B 30HY IUIaTO Ha JiarpamMax HaBaHTaXEHHs (puC.
2). Cranis yurinsHeHHs (puc. 5, ¢), e TIpH TOCSATHEHHI KPUTHYHUX 3HaYeHb aedopmartii BiaOyBaeThCs
MOBHE 3MHKaHHS NPOTWIEKHHX CTIHOK KOMIPOK, IO NMPHU3BOJAUTH IO Pi3KOr0 3POCTAHHS KOPCTKOCTI

CTPYKTYpH.
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[NopiBHSIHHS pe3yNbTaTiB EKCIEPUMEHTAIBHOT Bi3yali3allii Ta po3paxyHKOBUX CXEM MiATBEPIKYE
aZIeKBaTHICTh 00paHoi Mozeni. CxeMaTHUHe MpeAcTaBIeHH AeOpMOBaHUX KOMIpOK (puC. 5) MOBHICTIO
Kopeltoe 3 Mopdoorieto, 3adikcoBaHOK Ha MikpodoTorpadisx (puc. 4), e CroCTepiracThCs aHI30TPOITHE
CIUTIOILICHHS 0P y HAINPSAMKY NPHKIAJCHOTO BEKTOpPAa CHIM. BHKOpPHCTaHHS TakMX MOENed J03BOJIIE
po3paxyBaTd JIOKalbHI KOHIIEHTpAIlli HamNpyXeHb Yy By3lax 3’€JHaHHS pebep, SKi BHCTYNAIOThH
iHiIiaTopamMu 3arajbHOTO PYHHYBaHHS MaTepiaiy.

Puc. 4. 3pizu MIKpOCTPYKTYPHU NiHOMOJiypeTaHOBHUX 3pa3KiB A0 Ta Mic/isi BUNPOOYBaHHS
b
— a c
| § g

Puc. 5. MopenoBanus AedopManiil y MiIHONMOTiypeTaHOBHX 3pa3Kax

TakuMm YuHOM, MOegHaHHS MiKpooTOrpadiqHOr0 aHami3y Ta TEOMETPUYHOTO MOJEIIOBAHHSI
JIOBOJIUTH, MO MilHicTh [1ITY BU3HAUAETHCS HE JHIE XIMIYHOIO MPUPOJIOI0 MOTIMEpPY, a i TOMOJIOTTYHO0
cTabLIBHICTIO HOTO TIOPHUCTOTO Kapkaca. Mo IefoBaHHs MEPEX0y BiJl MPaBHIBLHOT TeKCAaroHaAIbHOT (hopMu
0 1eOopMOBAHOIO CTaHy JAO3BOJISIE BCTAHOBUTH KIJIBKICHI Mexi Oe3MedyHOl eKcIuTyaTalii marepiaity.
BrnipoBakeHHS TaKOrO MiIXOIy B iHKCHEPHY MPAKTUKY Ja€ 3MOTY CTBOPIOBATH ONTHMI30BaHI CTPYKTYpH
3 Hamepel 3aJaHOK CTIMKICTIO 10 IUIACTHYHUX jAedopmalii, M0 € KPUTHYHO BaXKIIMBUM IS
eHeproeekTHBHOTO Oy IIBHUIITBA Ta aePOKOCMIYHOI TaTy3i.

BucHoBkHn

OOrpyHTOBaHa METOAMKA JIO3BOJISIE HE JIMIIE KOHCTaTyBaTH (hakT pyWHYBaHHS, a i TEOPETUYHO
MOJISJTIOBATH 30HH MaiOyTHBOT JIECTPYKIIii HA PIBHI OKPEMHX eJIeMEHTIB MmiHu. OTprMaHi 1aHi CTBOPIOIOTH
HiATPYHTS 17151 pO3p0oO0KH HUPPOBHUX ABIMHUKIB MIHOMOIYPETAHIB i3 381aHOI0 aHI30TPOMI€I0 BIACTUBOCTEH.
OnTumMizanist MIKpPOCTYKTYPU KOMIPOK, BUXOJASYH 3 PE3yIbTaTiB MIKPOCTPYKTYPHOTO aHami3y, 3a0e3nedye
MIBUIICHHS SKCIUTyaTaliiMHOT HAaAIHHOCTI CHCTEM TEIUIOi30JIAIil Ta KPIOTEHHOI TEXHIKH. Y MiJACYMKY,
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IHTerpallisi eKCIePpUMEHTATLHUX JliarpaM CTHCKY 3 MIKPOCTPYKTYPHUM MOJICIIOBAHHSAM JIO3BOJISE
TpaHc(hOpPMyBaTH EMIIPUYHUN TiAXiA Y IPEAUKTUBHY iH)KEHEPHY METOIUKY.
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Incmumym npobnrem mamepianosnascmea imeni .M. @panyeeuua HAH Ykpainu

HOIIYK MATEPIAJIIB, TIOAIBHUX 1O KAPBIAY BOPY HA OCHOBI BIIKPUTHUX
OBYUC/IIOBAJIBHUX BA3 TAHUX MATEPIAJIIB

Y uvomy 0ocnioscenni npedcmagneno nioxio ona euAeNeHHA Mamepianie iz 61acmugocmamu, ROOIGHUMU 00 YiNbOBUX
CHOJIYK, 3 6UKOPUCIAHHAM GIOKPUMUX 00UUCTI06ANbHUX 0a3 0aHux mamepianie. SIK mecmosuii mamepian 6uKOPUCMOo8yEmuvca
kapoio 6opy (B4 C) i3 neenumu cnissionowmennsmu dop-eyeneys (0,78-0,91), onsn sakozo pospobneno nocrnioosnicms 3i 360py,
00pobKku ma aunanizy oaunux. /lna cpynysamus mamepianie 3a CMPYKMYPDHUMU, €HEPEMUYHUMU MA MeXAHIYHUMU
671ACHMUBOCMAMU 3ACIOCOEYIOMbCA WICMb AI20PUMMIE KAcCmepu3auyii, ujo npeocmasisioms pizHi Memooo102iuni nioxoou,
a makojic Kiibka memooie cenekyii earacmugocmeil. 3anponono6ana Memooo102is YCRiuino 6UABIAE K1acmepu 3 6UCOKOI
KOHUEeHmpayiero yinpboeux cKk1adie Kapoioy 6opy ma po3Kpueac inuii 60popoemicHi mamepianu 3i CX0HCUMU 871ACHUGOCHIAMU.
Lleii nioxio oemoncmpye nomenyian UKOPUCMARHA GIOKpUMUX 0a3 OAHUX Mamepianié OnNA NPUCKOPEHO20 NOULYKY HOGUX
Mmamepianie i 3a6e3neyye niOrpyHms, AKe MOMCHA 3ACMOCY8AMU 00 PI3SHOMAHIMHUX MAMEPIAILHUX CUCHIEM NO3A MeHCAMU
Kapoioy 6opy.

Knrwuoei cnosa: 06uucnosanvruli ckputine Mamepianie, ingpopmamuxa mamepianie, kapoio 6opy

N. Mediukh, A. Krasikov, O. Vasiliev

DATA-DRIVEN DISCOVERY OF BORON CARBIDE-LIKE MATERIALS USING
OPEN COMPUTATIONAL MATERIALS DATABASES

This study presents a data-driven approach for identifying materials with similar properties to target compounds using
open computational materials databases. We use boron carbide (B, C) with spedific boronto-carbon ratios (0.78-0.91) as our
test case material and develop a robust pipeline for data collection, processing, and analysis. Six clustering algorithms
representing different methodologies and several feature engineering techniques are employed to group materials based on
structural, energetic, and mechanical properties. Our methodology successfully identifies clusters with high concentrations of
target boron carbide compositions and reveals other boron-containing materials with similar properties. This approach
demonstrates the potential of leveraging open materials databases for accelerated materials discovery and provides a framework
applicable to various material systems beyond boron carbide.

Keywords: computational materials discovery, materials informatics, boron carbide

1. Introduction

In this context, computational materials discovery has advanced significantly through the
development of high-throughput screening methodologies, primarily based on density functional theory
(DFT) calculations. These efforts are substantially supported by the growth of open materials databases like
the Materials Project [1] and NOMAD (Novel Materials Discovery) [2]. Such platforms facilitate property-
based filtering and similarity searches across extensive datasets of calculated materials. However, a
limitation of these approaches is their frequent reliance on pre-existing knowledge and defined chemical
descriptors, which may restrict the identification of unanticipated compositions or structures with desired
mechanical properties. To address these limitations, the field of materials informatics has emerged, with
machine learning (ML) techniques becoming integral to materials research [3]. For example, supervised
ML models have been successfully applied to predict various material properties [4]. Unsupervised learning
methods, particularly clustering algorithms, are gaining attention for their capacity to identify inherent
patterns and relationships within large materials datasets without requiring a priori labeling of material
characteristics [5].

The application of clustering algorithms in materials discovery is predicated on their ability to
perform unsupervised pattern recognition within complex, high-dimensional datasets. These methods can
reveal intrinsic groupings of materials that share similarities in their features, which might not be discernible
through conventional analysis [6]. The central hypothesis is that materials exhibiting analogous
fundamental crystallographic, energetic, or mechanical properties will co-locate within a defined feature
space. This offers a pathway to discover novel material analogues, such as those with mechanical properties
similar to boron carbide, by identifying compounds that cluster with the target material, irrespective of exact
stoichiometry or elemental composition. However, significant challenges in applying clustering to materials
data include the appropriate selection and representation of material features (descriptors) relevant to
mechanical behavior [5]. The choice of clustering algorithm and the subsequent validation of cluster quality
both require careful consideration and often require domain-specific expertise. Furthermore, the
development of quantitative evaluation metrics that are meaningful for materials science applications
focusing on mechanical properties is essential for translating clustering results into actionable insights.
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Boron carbide (B, C) isa ceramic materia characterized by a combination of desirable properties,
including ultra-high hardness and low density [7]. These attributes underpin its utilization in demanding
applications such as ballistic armor and abrasive cutting tools [8]. Nevertheless, challenges associated with
the synthesis and processing of boron carbide, including high sintering temperatures and difficulties in
achieving full densification, motivate the search for alternative materials with comparable or superior
mechanical performance characteristics [9]. The discovery of such novel materials traditionally relies on
experimental methodologies that are often resource-intensive and time-consuming. The combinatorial
explosion of possible chemical compositions and structural configurations renders exhaustive experimental
exploration impractical. Consequently, computational approaches are increasingly relevant for guiding and
accelerating experimental efforts in materials discovery [10].

This work introduces a systematic, data-driven framework to identify novel materials with
mechanical properties analogous to boron carbide. By applying unsupervised clustering to computational
materials databases, we address the core challenges of feature engineering and algorithm selection to
establish a robust pipeline for materials discovery. Our approach evaluates diverse feature sets and
clustering models, using domain-specific metrics to ensure physical relevance. Ultimately, this
methodology identifies specific candidates for experimental validation and provides a transferable
architecture for targeting custom mechanical attributes across diverse material systems.

2. Materials and Methods

2.1 Data Collection and Database Construction

Materials data acquisition was evaluated through two primary approaches: the OPTIMADE [11]
interface and direct database APIs. OPTIMADE is a standardized API specification that provides unified
access to multiple materials databases, including AFLOW [12], Materials Project [1], and NOMAD [2].
However, practical implementation revealed significant limitations in the OPTIMADE approach. Individual
database providers implement the OPTIMADE specification inconsistently, leading to incompatible data
structures and response formats across providers. Additionally, the federated queries frequently encountered
random API errors and timeout issues, making large-scale data harvesting unreliable. The theoretical
advantage of accessing multiple databases through a single interface was undermined by these
implementation inconsistencies and reliability issues.

The NOMAD database was selected as the primary data source due to its native API stability and
comprehensive data coverage. Unlike the OPTIMADE interface, NOMAD's native API provides direct,
stable access to its complete repository of computational materials data without the intermediary
standardization layer that introduces inconsistencies. The NOMAD API demonstrated superior reliability
for large-scale data harvesting operations and provided access to detailed computational metadata necessary
for this analysis.

BxZy, where Z - any element, materials data were systematically harvested from the NOMAD
database using its native API (https://nomad-lab.eu/prod/v1/api/vl/entries). The data collection focused
exclusively on Density Functional Theory (DFT) calculations to ensure computational consistency across
the dataset. Filtering criteria included restricting the computational method to DFT calculations, requiring
complete system geometry information, and requiring the availability of both total energy and stress tensor
data. All available chemical systems were included without initial composition-based filtering to maintain
dataset diversity.

The raw NOMAD data were stored in a MongoDB database to facilitate efficient querying and
processing of large-scale materials data. This intermediate storage approach enabled robust error handling
during data acquisition and flexible downstream analysis. The current analysis was executed on all 70k
materials records available in the NOMAD database by the B* search criteria.

2.2 Dataset Preparation and Feature Engineering

From each DFT calculation record, 13 quantitative features were systematically extracted to
characterize the materials. Structural features included crystal space group number, unit cell volume per
atom, lattice parameters (a, b, ¢ lengths), and lattice angles (a, B, y). Chemical features comprised boron
atomic fraction (B_ratio), atomic number of the second most abundant element, and periodic table group of
the second element. Physical features included the DFT total energy per atom and the von Mises equivalent
stress calculated from the stress tensor components.

Statistical outliers were identified and removed using a 3-sigma criterion applied specifically to the
energy and stress features (energy_per_atom, equivalent_stress). This targeted approach preserved natural
diversity in structural parameters while removing potentially erroneous computational results. All features
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were standardized using z-score normalization, and categorical variables (space groups) were handled with
one-hot encoding when necessary.

Four distinct feature sets were designed to investigate the relative importance of different material
properties: (1) all_features - complete 13-feature set including structural, chemical, and physical properties;
(2) structural - crystal structure and lattice parameters only; (3) energy_stress - DFT energy and mechanical
stress only; (4) structural_energy_stress - combined structural and energy/stress features excluding
chemical composition.

Principal Component Analysis (PCA) was systematically applied to each feature set with varying
numbers of components (2, 3, 4, 5, 6, and no PCA\) to investigate the effect of dimensionality reduction on
clustering performance.

2.3 Clustering Methodology

Six distinct clustering algorithms were implemented to capture different clustering paradigms: K-
Means (centroid-based), Gaussian Mixture Model (probabilistic), Agglomerative Clustering (hierarchical
with Ward linkage), Birch (hierarchical optimized for large datasets), DBSCAN (density-based with noise
detection), and HDBSCAN (hierarchical density-based with varying density handling).

Each algorithm underwent systematic parameter optimization. K-Means, Agglomerative, Birch, and
Gaussian Mixture Model were tested with cluster numbers from 2 to 20. DBSCAN explored epsilon values
from 0.1 to 2.0 with minimum samples fixed at 5. HDBSCAN tested 36 parameter combinations varying
minimum samples (5-30) and minimum cluster size (5-30).

The complete experimental matrix consisted of 4 feature sets x 6 PCA configurations x 6 algorithms
with their parameter grids, resulting in 2,317 unique clustering experiments. All results were stored in
MongoDB with complete parameter tracking for reproducibility and systematic analysis.

2.4 Discovery-Focused Evaluation Framework

The evaluation framework was designed as a general methodology for identifying clusters enriched
with target materials, demonstrated here using boron carbide (BC) compounds as an example case. Target
materials were defined as compounds containing both boron and carbon atoms with a boron-to-carbon
atomic ratio within 0.78 < B/(B+C) < 0.91, representing established BC stoichiometries. This approach can
be adapted for any target material class by modifying the identification criteria.

A comprehensive scoring system was developed, combining multiple evaluation criteria:

- Silhouette Score: Traditional clustering quality metric ensuring geometric coherence, though
weighted lower than domain-specific criteria.

- Cluster Count Score: Favors clustering solutions producing 10-25 total clusters, balancing
granularity with interpretability. Solutions with fewer than 5 clusters receive minimal scores, while those
exceeding 40 clusters are penalized for over-fragmentation.

- Target Concentration Score: Evaluates how effectively target compounds (BC materials) are
concentrated within a few clusters. Optimal scores are achieved when 70%+ of target compounds reside in
a single cluster, or 80%-+ in two clusters. Solutions with target compounds dispersed across many clusters
receive lower scores.

- Diversity Score: Assesses the composition diversity within target-rich clusters to ensure discovery
potential. Clusters with 20-70% target compound ratios receive maximum scores, representing an optimal
balance for identifying similar materials. Pure target clusters receive low scores because they offer limited
discovery opportunities.

Each score range is from 0 to 1. Those scores are combined as a linear combination with the same
weights to get the final score. The final score shows not only whether this clustering attempt is good enough
according to the classical silhouette score, but also whether we can discover materials similar to boron
carbide.

3. Results and Discussion

3.1 Data Collection Performance

Our data collection pipeline successfully harvested materials data from open computational material
databases using Optimade API (via Python client library and via direct API calls) and Nomad API. Table 1
summarizes the data collection performance across different APIs and providers.

The NOMAD native API provided the most comprehensive dataset, but required significantly more
time for complete harvesting. For targeted studies focusing on specific element combinations (e.g., boron
carbide), filtered queries substantially reduced collection time while maintaining a high yield of relevant
data.
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Table 1
Data collection performance comparison

Method Provider | Structures Retrieved | Time (min) Success

Rate (%0)
OPTIMADE Client All 20,957 ~10 95.3
OPTIMADE Client (filtered) | All 4,971 ~5 94.7
OPTIMADE API NOMAD 9,920 ~15 99.6
OPTIMADE API AFLOW 100,000 ~120 98.2
NOMAD Native API NOMAD 13,000,000 ~1,800 99.9

3.2 Dataset Characteristics and Clustering Performance

Our systematic clustering analysis processed 29,378 materials records from the NOMAD database
after outlier removal, representing a comprehensive survey of DFT-calculated crystalline materials. The
dataset encompassed diverse chemical compositions, with particular focus on boron-containing compounds
as our target case study. A total of 2,317 distinct clustering configurations were evaluated across six
algorithms, four feature sets, and multiple PCA dimensionalities, demonstrating the robustness of our
systematic approach.

3.2.1 Algorithm Performance Comparison

The comprehensive evaluation revealed significant performance differences across clustering
algorithms and feature sets (Table 2). Birch clustering consistently achieved the highest performance with
an average score of 0.552 across all configurations, followed by DBSCAN (0.511) and K-means (0.486).
The superior performance of Birch can be attributed to its hierarchical approach and optimization for large
datasets, making it particularly well-suited for materials discovery applications.

Table 2.
Algorithm Performance Summary

Algorithm Average Score Best Configuration Optimal Features
Birch 0.552 0.801 energy_mechanics
DBSCAN 0.511 0.797 energy_mechanics
K-means 0.486 0.691 energy_mechanics
Agglomerative 0.472 0.700 energy_mechanics
GMM 0.454 0.608 all_features

HDBSCAN 0.454 0.586 structural (PCA=3)

3.2.2 Feature Set Effectiveness

The energy_mechanics feature set demonstrated superior performance (average score 0.567)
compared to other feature combinations, validating our hypothesis that energetic and mechanical properties
are primary determinants of materials similarity. This finding suggests that materials with similar
thermodynamic stability and mechanical response tend to exhibit analogous behaviors regardless of their
exact chemical composition.

The structural feature set showed moderate performance (0.481), while the complete all_features set
achieved comparable results (0.480). Interestingly, the structural_energy mechanics combination (0.468)
performed slightly lower than energy mechanics alone, suggesting that the inclusion of structural
parameters may introduce noise when energetic properties are already well-represented.
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3.3 Target Material Identification

3.3.1 Optimal Clustering Configuration

The best-performing configuration employed Birch clustering with energy_mechanics features and
no PCA dimensionality reduction, achieving a combined score of 0.801. This configuration successfully
concentrated 65 boron carbide compounds with target B/(B+C) ratios (0.78-0.91) into 5 clusters out of 18
total clusters (Fig. 1).
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Upper Bound (0.91)
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Fig. 1. Distribution of Boron content per cluster. Only clusters that have at least one boron
carbide calculation are represented

3.3.2 Discovery Potential Analysis

The clustering analysis identified two distinct discovery clusters with contrasting compositional
profiles, each offering unique insights for materials discovery.

Cluster 16 contained 148 compounds, dominated by alkali and alkaline-earth metal borides,
exhibiting remarkable compositional consistency. The boron ratios ranged from 0.75 to 0.923, with most
compounds falling in the 0.857-0.923 range—closely matching the target B, C stoichiometry. The duster
was characterized by extensive representation of alkaline earth metal borides, including B-Ba (17
compounds), B-Sr (15 compounds), B-Ca (11 compounds), and B-Mg (11 compounds), alongside alkali
metal borides such as B-Li (16 compounds), B-K (13 compounds), B-Na (10 compounds), and B-Cs (10
compounds). Rare earth borides were also present, notably B-Y (18 compounds) and B-La (13 compounds),
while pure borocarbides (C-B, 14 compounds) exhibited boron ratios between 0.80 and 0.87. This cluster's
chemical coherence suggests shared electronic structure and bonding characteristics relevant to B, Glike
materials.

Cluster 17 comprised 81 compounds exhibiting greater chemical diversity, capturing materials with
varied bonding character. Boron oxides (B-O, 25 compounds, boron ratio 0.89) dominated this cluster.
Metal borides were represented by B-Na (15 compounds, boron ratio 0.87 - 0.94) and B-Mg (13 compounds,
boron ratio 0.80 - 0.88). C-B borocarbides (16 compounds) spanned a wide compositional range from 0.625
to 0.90. The cluster also contained B-H borohydrides (12 compounds, boron ratio 0.29 - 0.38), representing
alternative boron coordination environments distinct from the target B, C structure.

The separation into electropositive metal borides and mixed-bonding structures provides actionable
chemical insights for materials discovery. The first cluster suggests that electropositive metals may stabilize
boron-rich structures through ionic bonding mechanisms similar to those in B, C, making these compounds
promising candidates for experimental synthesis. The second cluster, with its diverse bonding environments
including covalent B-O and coordination-based B-H interactions, represents alternative pathways to achieve
similar characteristics through fundamentally different chemical strategies. This focused clustering
demonstrates that machine learning-driven materials discovery can simultaneously achieve high selectivity
and chemical interpretability when appropriate feature engineering and scoring metrics are employed.

4. Conclusions

This study presents a systematic data-driven methodology for identifying materials with similar
properties to target compounds using open computational material databases. Our comprehensive analysis
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of 70k DFT-calculated materials from the NOMAD database, evaluated through 2,317 distinct clustering
configurations, establishes several key contributions to computational materials discovery.

The systematic harvesting and processing of large-scale materials data from NOMAD demonstrates
the feasibility of leveraging open databases for materials discovery. Our multi-tier feature engineering
approach, encompassing structural, energetic, mechanical, and chemical descriptors, combined with
rigorous outlier removal and standardization protocols, provides a robust foundation for unsupervised
analysis. The comprehensive evaluation framework, testing six clustering algorithms across four feature
sets with systematic PCA dimensionality reduction, ensures methodological rigor and reproducibility.

Our approach offers several distinct advantages over traditional materials discovery methods.
Unsupervised clustering eliminates composition-based biases, enabling the discovery of non-obvious
material analogues across diverse chemical spaces. The methodology scales naturally with database growth,
becoming more powerful as computational repositories expand. Emphasis on energetic and mechanical
descriptors captures fundamental principles of similarity that transcend elemental composition.

The framework's generalizability extends far beyond boron carbide systems. The methodology can
be readily adapted to any target material class by modifying identification criteria and adjusting scoring
weights according to desired properties. The convergence of energy-mechanics features across multiple
algorithms suggests universal applicability of thermodynamic and mechanical property descriptors for
materials similarity assessment.
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Jhyvkuti HayionanbHUll MexHiYHUL YHigepcumem

JTAHAMIYHA CUHXPOHI3AIIA THEPIIIMHUX BIGPO3BY/IHUKIB
BI'APMOHIYHOT O BIBPOITPUBO Y

Pozenaoacmoca modxcaugicms OMPUMAHHA CMINKUX 0i2apMOHIYHUX KOJAUGAHL GIOPOMAWIUNU 3 KIHEMAMUYHO
He3e’a3anumu  inepuyiinumu iopo3oyonuxamu. Jlocnioxcyemovca OuHAMIUHA CUHXPOHI3AUIA 060X nap iHepuyiliHux
6i0p030YOHUKI6 3 KPAMHUMU YACMOMAMU 00EPMAHHA. 3a0aua po36’A3YEMbCA 3a 00NOMO2010 IHMEZPANbHO20 Kpumepiio
cmiiitkocmi (eKcmpemanvHol e1acmueocmi) cCUHXpoHHUX pyxie. Bcmanoeneni scyeu ¢pas y moxcnueux cuHXpoHHUX pyxax
6i0p030yOHUKIE, YMOGU ICHY6AHHA MA CMINKOCMI CUHXPOHHUX pyXie. Ompumano opmynu ona eiopayiiinux momenmie, AKi
3abe3neuylomy  CamMoCUHXpoHizayilo  6iopo3oyonuxie. Teopemuuni pesynomamu  nIOMEEPONCYIOMBCA  YUCEALHUM
MOOeno6aHHAM.

Knruoei cnosa: sibpomawuna, 6icapMOHIUHI KOTUSAHHS, 0eOeIAHCHUL 8I0P030YOHUK, CAMOCUHXPOHI3AYIs, IHMeSpaTbHULL
Kpumepiii.

M. Yaroshevich, V. Puts, T. Yaroshevych, V. Martyniuk

DYNAMIC SYNCHRONIZATION OF INERTIAL VIBRATION EXCITERS
BIHARMONY VIBRATION DRIVE

The possibility of obtaining stable biharmonic oscillations of a vibration machine with kinematically uncoupled inertial
vibration exciters is considered. The dynamic synchronization of two pairs of inertial vibration exciters with multiple rotation
frequencies is investigated. The problem is solved using the integral stability criterion (extreme property) of synchronous
movements. Phase shifts in possible synchronous movements of vibration exciters, conditions for the existence and stability of
synchronous movements are established. Formulas for vibration moments that ensure self-synchronization of vibration exciters
are obtained. Theoretical results are confirmed by numerical modeling.

Keywords: vibration machine, biharmonic oscillation, unbalanced vibrator, self-synchronization, integral criterion.

IMocTtanoBka npodJemu. Bibpomamiay 3 iHepUidHIMHU 30y THUKaMH, 10 CAMOCHHXPOHI3YIOThCS,
CEpiitHO BHITYCKAIOTKLCS Ta YCITIITHO MPAITIOIOTh SK Ha IiAIPUEMCTBAX HAIOi KpaiHH, Tak 1 0ararbox Kpaid
cBiTy [1-3]. OcHOBHUMH TIepeBaraMy BUKOPUCTAHHsI SIBUILIA CAMOCHHXPOHI3allii y MprUBO/Ii BiOpOMAILIUH €:
YCYHEHHSI BHCOKOHABAaHTA)XCHUX KIHEMATHYHUX IMepeAad MiK BiOpo3OyIHHKaMH; pPO30CEpeIKEeHHS
30yprOrou0i CHIIM B3IOBXK poOodoro oprany (s 3abesnedueHHs 30UTBIICHHS JKOPCTKOCTI poO0YOro
Ooprany); 3MCHIICHE HABAaHTAXKCHHS HA MMIIMIUITHUKA BiOPO30YIHUKIB, MOMKIIUBICTh TNPUKIATAHHS
30ypIOrOU0l CHIIH y TIEHTpI iHepIiii cucteMu. Pazom 3 TUM, MOKIIMBOCTI BAOCKOHAJICHHS BiOpOMAIIMH Ha
OCHOBI SIBUIIIA CAMOCHHXPOHI3AIIT II[e 1aJIeKO He BHUEPIIaHi.

AHaJi3 icHywuYnx gociaimkeHb i myouikamiii. Ha choroxmHi siBuie IuHaMiuHOT CHHXPOHI3aIlii
iHepUidHUX BiOPO30yIHUKIB dOCHiKEeHO moctaTHbO AoOpe [1, 2]. B [4] posrmspatoTbest ABI HOBI
MOKJIMBOCTI yIOCKOHAJICHHS BiOpOMAaIlMH, $Ki MICTSITh B KOHCTPYKLii BiOpO30yIHUKH, IO
CaMOCHHXPOHI3YIOTBCS, a came: MOYEepPTrOBHi IycK BiOp030yMHUKIB Ta eeKT BiOpaliifHOro miaATpruMaHHs
obepranns. [lepeBarn BUKOpPHUCTaHHS IIOYEProBOro MycKy iHepLiiiHUX BiOp030yIHHUKIB OOIPYHTOBYETHCS
TaKOX B cTaTTi [5]. MOXIMBOCTI BUKOPUCTAHHS €(EeKTy CAMOCHHXPOHI3aLil A1l CTBOPEHHs BiOpoMaIinH
13 3aKOHOM KOJIMBaHb pOOOYOro OpraHy, SIKHH MOKe 3MiHIOBATHCS MPH POOOTi, TEMOHCTPYEThCs B [6]. B
npaisix [7, 8] 3BepTaeTbesl yBara Ha MOXIIMBICTD PO3B’SI3yBaHHS MPAKTHYHUX 33714 CAMOCHHXPOHi3allii 3a
METOJTMKOIO JOCIHIKeHHS e(eKTy BiOpalliiiHoro 3axsary o0epTaHHs He3piBHOBaXXeHOTO poTopa. [IpoTe, B
ICHYIOUMX JTOCIIPKEHHSX PO3TISAA€THCS, 3a3BUYall, CAMOCHHXPOHI3aIlisl BiOpO30YIHHKIB 3 OJHAKOBHMU
JacToTaMH 00epTaHHS.

Bunankam camocuHxpoHi3anii BiOpo30YAHUKIB 3 KpaTHUMH 4YacTOTaMu OOEpTaHHS MPHUCBSIYCHO
icrotHOo MeHmre nociipkeHb [1, 9-12]. B monorpadii [1] Bka3yeTbcss Ha 3HAYHO OUTBIIY CKIIAIHICTB
pO3B’sI3yBaHHS MaHUX 3a7ad, a TAaKOX Ha NPOOJeMH MPAKTHYHOTO BHKOPHCTaHHS e(eKTy KpaTHOI
camocHHXpoHi3alii. ¥ crarti [10] 0OrpyHTOBYETHCS MOKIUBICTS BUKOPUCTAHHS IHTETPAIbHOTO KPUTEPItO
CTIMKOCTI CHHXPOHHUX pyXiB Ui pO3B’sA3yBaHHS 3aJady KpaTHOI caMocHHXpoHizamii. YacTkosiii
CaMOCHHXPOHI3aIlil iHepHiiHUX BiOpO30yAHUKIB OIrapMOHIYHOIO BiOpONpHUBOAA MPHUCBsYeHI cTatTi [11,
12].

Merta pocainkenb. [IlpogeMoHCTpyBaTH MOKIIMBICT OTPUMAHHS TOPU3OHTAIBHUX OIrapMOHIYHHUX
KOJIMBaHb POOOYOro opraHy BiOpoMamMHM 3 iHepUiiHMMH BiOpO30yAHMKaMH, SIKi HE 3 €IHaHi
KiIHEMaTHYHAMHU TIepejadyaMH.
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MeToauka aocigkeHHs. [y BUPIIICHHS OCTABICHNUX 33]a4 BUKOPUCTAHO METOAM TEOPETHIHO]
Ta BiOpaLiiiHOT MeXaHiKM, a TaKoX IHTETPAIbHUI KPHUTEPid CTIHKOCTI CHMHXPOHHUX pyXiB. UuncenbHe
MOJIEJIIOBAHHSI TPOBOJMIIOCS 3 BAKOPUCTaHHSAM MaTeMaTH4HOro nakety Maple.

BukiaaneHHss 0CHOBHOro marepiany. Onuc ounamiynoi cucmemu ma Oupepenyianvhi pieHsIHHSA
pyxy. Ha BiOpyrouomy po6odoMy opraHi BiOpoMaIiMHu (HECY4OMY TBEPIOMY TiJii), )KOPCTKO 3aKpiIUIeH]
IBi mapu iHepuiHuX BiOpo30ynHUKIB (puc. 1). Pobounii opran BCcTaHOBJIEHO Ha HEPYXOMiil OCHOBI 3a
JIOTIOMOTOI0 TBMHTOBUX LWIIHAPUYHMX TPYXKHH. B 3aranbHOMYy BHIAIKy pOOOYHMH OpraH MOXe
3MIHUCHIOBATH TUIOCKI KOJIMBaHHS. Yci BiOpO30YIHHKH TNPHBOASTHCS B OOEpPTaHHS BiJl HE3AICKHUX
ACHHXPOHHHUX €JIeKTPOABUryHiB. [Ipumuomy, BiOpo30OymHHMKH y mapax OOEpTaloThbCsS B IMPOTHIICKHHUX
HanpsIMKax; Tapu BiOpO30yIHUKIB NPUBOIATHCS B 00EpPTaHHS BiJl EJNEKTPOIABUTYHIB 3 KPaTHUMH
CUHXpOHHUMH YacTtoTamu. Oci BiOpO30OYAHWKIB TEPHCHIUKYISPHI 10 TUIONMHUA KOJIWBAHb POOOYOTrO

oprany.
//////, ’7ZH£%I(PS

§L\AI\A
y

Puc. 1. Jlunamiuna cxema GirapMoHiYHOro BiOponpusoay

PiBHSHHS pyXy Takoi TMHAMIYHOI CHCTEMH MOXKHA TMOAaTH Y BUTIISImI [1]:

4 4
MX + B, X+C X = stgsgbj cos g, , My +B,y+c,y = —z m.e.@’ sing, ,
s=1 s=1
4
IG+ B,p+C,0= > MeLsin(p, +6), 1,g, =L, (¢)-R,(9)+¥,, (1)
s=1

e M, J, q ; =X, Y, — Maca, MOMCHT iHepuil Ta y3araibHCHI KOOPAMHATH IPYKHO MiJBILICHOrO
poGouoro opraHy; ¢,, M.E - KyTH TOBOPOTY Ta CTaTWYHI MOMEHTH BiOpO3OymHUKIiB; [3,, C,—
KOe(iLiEHTH B A3KOT0 OMOPY Ta KOPCTKOCTI MPYKUH MiJBICKM poOOYOro oprasy; I, — Bifnanb BiJi HEHTPY
sarn O 110 oci i-20 BiGpo36ymHUKa; | . - 3BeJieHi MOoMeHTH iHepuii BiOpo30yaHuKiB; L ((0,) — obeproBuit

MOMEHT Ha Bally eJIEeKTpoABHryHa; R (gbi)— 3BEICHUH MOMEHT CHJI Omopy oOepTanHs (00yMOBICHHI

MEePEeBaXHO OMOPOM Yy MiALIMITHUKAX); § — NPUCKOPEHHS BiIBHOTO MaliHHS.

Ananimuuni 00CRiONCeHHs CamMoCUHXponizayii dieapmoniynux 6i6po30yoHuKie. Y PpO3TILIIyBaHUX
NPaKTUYHUX  BHUMaJKaxX BIOpO30yAHWKM Ta  €JICKTPOABUTYHH TMap HOMIHAJIBHO  OJHAKOBI:
me =M, =Meg, =M & Mg, =Myg,; =0 GL,=nh; l,=1; l,,=1,. Y pasi ko,
KOHCEPBATHBHI CHJIM MO KOJIMBHUX KOOPAMHATAX HE BPAaXOBYIOTHCSI, U PO3B’ A3yBaHHS MPHUKIIAJIHUX 3a/1a4
TUHAMIYHOI CHHXpOHI3amii iHEpmiHMX BiOPO30yIHUKIB MOXKE OyTH BUKOPHCTAHWM  IHTETpaJbHUN
KpHUTEpiil CTIHKOCTI CHHXpOHHHX pyxXiB [1, 4]. 3rigHO JaHOrO KpPUTEpilO, CTIMKI CHHXPOHHI PyXH
BiOpO30YIHUKIB BiMOBIJAaIOTh TOYKAM rpyOuX MiHiMyMiB, aeskoi ¢yHkuii D pisHumi ¢a3 obepranus
30yaauKiB. JlaHy QyHKITII0 HA3UBaIOTh MOTEHIIABHOI0. OCKIIBKH Y TEXHIYHUX 3a7adax MapIiiaabHi KyTOB1
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MIBUIKOCTI BiOpO30YIHUKIB BBaXKAIOTHCS OJTHAKOBHMH (IOCTATHHO ONM3BLKHUMH), TO POJIh MOTCHIIATBEHOT

¢yukuito D Gyne BigirpaBatu cepenne 3HadeHH0 GyHkii Jlarpamka A pobodoro oprany [1]. Buacmizok
. . .

NPUIYIIEHHS PO «M’AKICTb» NPYXKHAX OI0p pobodoro oprany (¢ >> p,, Ae P, — BIaCHi 4acToTH

KOJINBaHb pobo4oro oprany), Gpyskiis Jlarpamka A JOpiBHIOE CepeIHROMY 3HAYEHHIO HOTO KiHETHYHOI
eHeprii:

D:%(M(x2+y2)+J¢2>. @)
(.

3a3HaunMo, M0 KyTOBI IYXKH > BKa3ylOTh HAa YCEpETHEHHS BHPAa3iB 3a IIBHAKHUM YacOM

T=ot.

3rifHO METOIWKH IOCHIIDKCHHS, CHCTEMY PIBHSHL KOJHMBaHb pobOodoro oprany (1) mocTaTHBO
PO3B’A3yBaTH 3a NPHITYIIEHHS PO PIBHOMIPHE 00EpTaHHA BIOPO3OYIHUKIB: @, = goio =0, (wt+¢q;), ne
0, =*1 B 3aNekKHOCTI BiJl HANPAMKY OOepTaHHs BiOPO3OYIHMKA; @), =@, W, =2@; @ - 4acTOTa

KpaTHO-CUHXPOHHOTO oOepTaHHA. Y IIbOMY pa3i piBHSHHS pyXy poOOYOro opraHy HepeTBOPIOIOTHCS Ha
3BUYAliHI JHIMHI TUQepeHLianbHi PiBHSHHSA MaluX BHUMYIICHUX KOJIMBaHb. 3 ypaxXyBaHHSIM DPO3B’S3KiB
piBHsHB (1), micist ycepeaHeHHs Bupasy (2) orpuMyeMo GhopMyy Ui MOTEHIIAIBHOT PYHKIIIT:

D =-V, cos(e, —,) -V, cos(a, — t,) 3)

2 2
V = (m, &, 1,0) V - 2(m, g, 1, o) . T .
v, =——_—, Vy = - - MakCuMaJlbHl 3HAa4YCHH (MO,Z[yJ'Il) Bl6paL[lI/IHI/IX MOMCHTIB.

2] J

Sk Bigomo, BiOpaliiiHi MOMEHTH XapaKTepU3yIOThb ycepeIHEHHWH BIUIMB BiOpamii Ha oOepTaHHS
BiOp030ymHUKIB;, caMme BiOpamiiiHi MOMEHTH TPU3BOIATH (32 BHUKOHAHHS IIEBHHX YMOB) JO
CaMOCHHXpOHi3a1lii BiOp030yTHUKIB.

Bupas ans nmotenuiansHoi QyHKIIT (3) MicTUTD Jinmie pizHULi (a3 BiOPO3OYIHHKIB 3 OTHAKOBUMHU
gacroraMu. Pi3Humi ¢a3 30yIHUKIB 3 KpaTHUMH 4acTOTaMH BiZICYTHi. 3BiACH CIiaye, 10 AMHAMIYHHHA
3B’S30K MDK TapaMu BiOpo3OYIHHKIB BiACYTHIH. 3BHYaliHO, TaKe 3aKIIOYCHHS CIIPaBEUIMBE JIHIIC Y
po3riaayBaHoMy HaOmmkeHHI. OTxe, y epiioMy HaOIMKEeHHi (peani3oBaHOro Ha MpaKTHIi) 3aJada npo
KpaTHy CaMOCHHXPOHI3allil0 PO3MajaeThcsi Ha JABI ogHaKoBi 3amayi. KojkHa 3 HUX OKpEMO € BiOMOIO
3aJjauero PO CAMOCHHXPOHI3AIII0 JIBOX 30YIHUKIB 3 OJJHAKOBUMH YacTOTaMHU 00epTaHHs B MPOTHIICKHUX
HanpsMKaX, SKi BCTAHOBJICHI Ha po0OOYOMY OpraHi 3 IUIOCKMMH KOJIMBaHHAMHU. Toxai aHamoriyao [1],
HECKJIAAHO BCTAHOBHTH, 1110 NPOTU(a3H] pexxUMU 00epTaHHs BiOpo30yTHUKIB y mapax OyIayTb CTIHKMMHU 3a
OyIb-SIKNX IIO€JHAHb IApPAaMeTpiB; HeoOXimHMM € nuime BukoHaHHS ymoB I, #0, I, #0. YmoBu

icHyBaHHS CHH(A3HUX PSKUMIB PyXy MOKHA IMOAATH y BUTIIAMI [ 1]:

k172|a)1—a)2|/\/,¢ <1, k374|w3 _a)4|/\/||¢ <1,

ne K_,, K; ,— xoediuientn nemndysanms. [las 3ape30HaHCHHX BiOPOMAIINMH 3 OJHAKOBHMH

(61M3pKMMHM) TapLiajJbHUMHU YaCTOTaMHU JaHi YMOBH OOOB’SI3KOBO BHUKOHYIOTBCSA. T00TO, Ha MpaKTHLi
000B’SI3KOBO MarOTh BCTAHOBUTHCS JIBa YCTaJICHI PEKUMHU MPOTU(HA3HOr0 o0epTaHHS BiOPO30YIHHUKIB Y
napax. BinmosinHo, poboumii opraH BiOpoMamuHy Oye KOJIUBATHCS 3a OIrapMOHIYHUM 3aKOHOM.
Pezynomamu  komn’tomepnoco modeniosannsi. MoaemoBaHHS 3BOAMJIIOCA /O YUCEIHHOTO
iHTerpyBaHHs cucteMH (1) Ta piBHAHB JUHAMIYHOI MOZIEN] aCHHXPOHHOTO eneKkTpoaBuryHa [8]. [lapamerpu

cucremu: M =108kg; J =2,4kg-m’; cq:3,5-104N/m; B,=500kg/s; m =32kg;
g =0,02m; 1,=0,008kg-m*; 1,=0,005kg-m*; r,=0,76m; r, =0,51m; y, =0,13rad;
7, =011rad; enexrpomsurynn P, =0,18kW , @, =157 rad/s. 3assaunmo, mo oCHOBHI

Bi6p036y)_'[HI/IKI/I HpI/IBOJ_'[}ITbC}I B 06epTaHH}I 3a JO0IIOMOI'OKO K.]'II/IHOHaCOBO'I' nepeuaqi 3 Hepe}.‘[aTHI/IM YUCJIIOM
2:1.
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Puc. 2. 3minn B 4yaci yactoTtu BiOpo30yIHUKIB: Puc. 3. 3minm B uaci pisanui dpas mix

D a2 =05 3) =055 4) @, BiGpo30yauukamu y napax:1-¢,,; 2-¢,,

0.0004 | y, M
0.0002 Y

-0.001 -0.0006 000 0.0002 0.0006 0.001

Puc. 4. TpaexTopis pyxy ueHTpa Mac po604oro oprany

PesynpTat 4ncensHOrO MOJETIOBAHHA BKa3ylOTh Ha  MOMKIMBICTH YCTaJCHHX OirapMOHIYHHX
KOJIMBaHb HECYYOro Tijla BiOpoMammHU 3 JeOaJaHCHUMH BiOpo30ymHWKaMH, SKi HE 3B’s3aHi
KiHEMaTUIHUMH TTepegadamu. [1po 1ie cBiquarh rpadiku 3MiHM B 4aci 9acTOTH oOepTaHHS BiOPO30yIHHUKIB
Ta pisHUULI (a3 MK 30yTHUKaMHU y TMapax, a TAKOXK rpadiku TpaeKkTopii KOJIMBaHb LEHTpa Mac poOOYOro
oprany. Sk ciiaye 3 puc. 2, B ycTaleHOMY peXuMi pyXy BiOpo30yJHHKH y Tapax 00epTaroThes y npoTudasi

3 CHHXPOHHHUMH YaCTOTaMHU: () |(p2| =o, ~78,2s™, |(/)3| ~ @, =, =155,3s™" (puc. 3); BigHOmEHHS
CUHXPOHHUX YacTOT BiOpO3OYIHMKIB pi3HHUX mHap OJM3bKEe 10 KpaTHOro. 3riiHo puc. 4, TpaekTopis

po6oYOro OpraHy B YCTaJe€HOMY PEKHMMi — MOCTYNajibHi KonuBaHHs mapajienbHo oci OX (puc. 3).
[IpuBenena pizHuns a3 Mixk BiOpo30yTHUKaMU 3 KpaTHUMHU YaCTOTaMH € 3MiHHOIO.

BucHoBkH.

BcTaHoBI€HO MOKIMBICTE OTPUMAHHS NOCTYMANBHUX OIrapMOHIYHHMX KOJIHMBAaHb POOOYOr0 OpraHy
BiOpOMalIMHU 3 JBOMa Napamu JeOanaHCHUX BiOpO30OyAHMKIB, sIKi HE 3B’s3aHI KiHEMaTUYHUMH
nepeayamu.

[TokaszaHo, 1110 3ampoONOHOBaHA JUHAMIYHA CXeMa JOIYCKae J1Ba CTaOLIbHI YCTaJCHI PEXHUMH
npotudaznoro odepraHHs BiOpo30yIHUKIB KOKHOI apH; oOepTaHHs map 30yJHHUKIB BiIOyBa€ThCs Maike
3 KPAaTHUMH 4aCTOTaAMH.
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®OPMYBAHHSA EIIOKCUKOMIIO3UTIB HA OCHOBI PEIIUKJIOBAHUX
HAIIOBHIOBAYIB CUHTETUYHOI'O NIOXO/KEHH

IIpeocmaeneno memoouKy nepepooKu CKi108010KHUCIUX ROIIMEPKOMNOZUMHUX MAMEPIANie MEmoooM MexXaniunozo
nOOPIOHEHHA 3 HACMYRHOI KI1ACUPIKAYICl0 YACMUHOK Ma @QOPMYSAHHAM eHOKCUKOMNO3UmHuUX 3paskie. Busnaueno
nioguwenns Qi3 uKo-Mexanivnux XapaKmepucmuKk enoKCUKOMROZUMHUX Mamepianie Ha OCHOBL 6MOPUHHOI CUPOBUHU, U0
cmpykmypoeani 3a kinyeeoi memnepamypu 170°C. Bcmanoeneno 3nuxcenna miyHocmi Ha CMUCKAHHA MA 6MICY 2ellb-
¢pakuii enokcukomno3ummnozo mamepiauy ¢ pe3yibmami 66e0eHHs 00 CKAA0Y KOMNO3UYii HANO6HIV8AUA ¢ KilbKocmi bibute
200 mac.u., 00HaK 6uKOpUCMAHHA HaANOGHIO6aya 6 Kinvbkocmi 600 mac.u. 3abe3neuye 3pocmanua yoapnoi 6'azkocmi
enokcukomnosumie. Buxopucmanus wacmunox emopunHOi CUPOSUHU MEHULO20 PO3MIDY ROKPAWLYE MEXHON0ZIMHICMb
KOMRO3uuyii ma MiyHiCmov HA CMUCHEHHA eNOKCUKOMHNO3UMIE.

Knwwuosi cnosa: enoxcuone g'socyue, gpaxyis, mepmiuna oOpoOKa, MiyHICMb HA CMUCHEHHS, 2elb-QpaKkyis, yYOapHa
8's13Kicmb, Xxapakxmep pyuHY8auHs.

V. Kashytskyi, O. Sadova, A. Chernov, Yu. Kras

FORMATION OF EPOXY COMPOSITES BASED ON RECYCLED FILLERS OF
SYNTHETIC ORIGIN

A method of processing glass-fiber polymer composite materials by mechanical grinding with subsequent classification
of particles and formation of epoxy composite samples is presented. An increase in the physical and mechanical characteristics
of epoxy composite materials based on secondary raw materials, structured at a final temperature of 170°C, is determined. A
decrease in the compressive strength and gel fraction content of the epoxy composite material as a result of introducing a filler
into the composition in an amount of more than 200 wt. parts is established. However, the use of a filler in an amount of 600
wt. parts provides an increase in the impact strength of epoxy composites. The using of smaller particles of secondary raw
materials improves processability of the composition and increases the compressive strength of epoxy composites.

Key words: epoxy binder, fraction, heat treatment, compressive strength, gel fraction, impact strength, fracture behavior.

Formulation of the problem. Over the past few decades, polymer composites have replaced many
metal or ceramic materials in various applications due to their ease of processing, corrosion resistance, light
weight and cost-effectiveness. Such materials provide an optimal ratio between weight and mechanical
properties, which is practically unattainable for many traditional materials, so their introduction into the
aviation, automotive industries and the construction of large structures is quite relevant. The demand for
carbon and glass fibers is constantly increasing, since such fibers are almost entirely used as reinforcement
in plastic matrix composites (mainly epoxy type). The consumption of a huge amount of synthetic polymer
materials and fibers in composites creates a serious problem for recycling and waste management. Most
high-performance polymer composites are based on thermosetting polymer materials, which are not
recyclable, since their internal three-dimensional structure with covalent bonds creates obstacles to the
decomposition and recycling of used products. Therefore, there is a need to conduct research that will
determine the technology for processing composites based on thermosetting materials, which is of great
importance for resource conservation and environmental protection.

Analysis of recent research and publications. Glass fiber reinforced polymer composites (GFRP)
are polymer composites that are widely used in electronics, electrical engineering, construction, automotive,
shipbuilding and aviation industries due to their high specific strength and corrosion resistance [1]. The
requirements of sustainable development and the principles of circular economy require the development
of technologies for processing polymer composites based on thermosetting polymers, which usually contain
a significant amount of inorganic filler. Forming processing of polymer composite material is very difficult
because of the heterogeneous nature of the polymer composite material. Therefore, thermosetting polymers
do not melt or dissolve, and their processing is difficult [2]. In most cases, glass fiber polymers end up in
solid waste landfills [3] or incinerators, which leads to a negative impact on the environment.

According to current research, scientists recommend several alternative technologies for GFRP
recovery, including mechanical, chemical and thermal methods [4-6]. Mechanical processing involves
mechanical reduction of the size of composite waste by grinding [7]. The starting material is reduced by
impact and shear to a size that allows the fragments to pass through a specified size of the screen holes of
the shredder. Typically, recyclates are in the form of flakes, fiber-rich and resin-rich fractions [8].
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Chemical processing can include solvolysis, hydrolysis and acid cleavage using solvents, water,
glycols and acids. In this case, the process ensures the dissolution of the polymer matrix to separate it from
the filler. The thermal processing process involves high temperatures and the use of complex equipment,
which, together with chemical treatment, limits the widespread use of such processing methods.

Mechanical and physical methods are most often used due to the simplicity of the equipment design.
However, the disadvantage of the mechanical method is that the fillers cannot be obtained in their original
form, since during grinding the fillers lose their strength and technological properties. In addition, it is
difficult to remove the structured polymer from the filler surface.

In [9], positive results of mechanical processing of fiberglass waste were noted, since primary oil-
based resources are saved. Mechanical processing remains an effective option for fiberglass processing [10],
especially from an environmental point of view, since the use of a closed loop and secondary raw materials
allows for additional environmental benefits. In addition, it was found that the processes of recovering
products from glass fiber polymer composites (GFRP) waste require significantly less energy (0.17-1.93
MJ/kg) compared to the production of primary fiberglass (13-54 MJ/kg) [11]. Recycled fiberglass
fragments are usually in the form of short fibers or powder, unlike primary, long fibers, which affects the
technology for forming products from recycled materials.

Setting tasks. The aim of the work is to study the influence of the fractional composition of fragments
from the processing of glass-fiber polymer composites on the mechanical characteristics of recycled epoxy
composites formed at different heat treatment temperatures.

Presentation of the main material. The secondary raw material is fragments of electronic boards
based on fiberglass, which were dried at a temperature of 110° C for 2 hours. Next, additional grinding of
the fragments was carried out, after which the powder was sieved using sieves with a hole size of 0.7 mm
and 0.5 mm. The resulting powder was mixed with epoxy binder to a homogeneous mass and placed in the
mold matrix. The composition was compressed using a hydraulic press and left for structuring for 24 hours
at room temperature. Heat treatment of the samples was carried out in a stepwise mode: 1 hour at a
temperature of 50° C, 1 hour at a temperature of 100° C, 5 hours at a temperature of 170° C. The highest
compressive strength is achieved by epoxy composite materials with a content of finely dispersed filler
(fraction less than 0.5 mm) of 150 wt. parts per 100 wt. parts. epoxy binder under the condition of heat
treatment for 3 h at a final temperature of 150° C (Fig. 1). Compressive strength of biocomposites decrease
by 6-8% with an increase in the final temperature of heat treatment 170° C, which is associated with the
appearance of residual stresses due to excessive compression of the composition during the molding process
under the influence of static load, since fine-dispersed fillers have a high ability to compact compared to
fillers of a larger fraction.

Ehe compressive strength of biocomposites decrease to 280 MPa after heat treatment at a final
temperature of 150° C in the case of using a fine-dispersed filler in an amount of 200 wt. parts. This is due
to the increased content of the filler, which has high surface energy and requires an optimal amount in the
ratio of system components. Increasing the final heat treatment temperature to 170°C leads to an increase
of 17-18% in the compressive strength compared to 150°C, since a higher heat treatment temperature
provides a higher degree of structuring due to the formation of additional chemical bonds between the
components of the epoxy polymer system.

Biocomposite materials contained with 600 wt. parts of the filler have less compressive strength by
68-70% after heat treatment at a temperature of 150°C compared to epoxy composites containing the filler
in an amount of 150 wt. parts. This is due to the excess content of filler, which is not wetted by the epoxy
binder. With an increase in heat treatment temperatures to 170°C, epoxy composites obtain a high strength
value (292 MPa), which indicates the dominant effect of heat treatment on the structuring processes, since
the mobility of the segments of the epoxy matrix macromolecules increases.

The ultimate strength of epoxy composite materials containing larger particles (more than 0.5 mm)
is 356 MPa (Fig. 2), which is almost the same as the strength of epoxy composites (360 MPa) containing
fine particles less than 0.5 mm in size. With an increase in the heat treatment temperature to 170° C, there
is a slight increase in the compressive strength to 363 MPa, which is due to the ability of the epoxy matrix
macromolecules to perform oscillatory movements in the structure, which is characterized by a less dense
arrangement of filler particles compared to the compact arrangement of particles in epoxy composites
containing a fine fraction (less than 0.5 mm)
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Fig. 1. The influence of the content of powder particles of secondary raw material of a
fraction less than 0.5 mm on the compressive strength of epoxy composites

Increasing the filler content to 200 wt. parts leads to a decrease in the compressive strength, since
larger particles are more chaotic arrangement and they are difficult to compactly arrange in the volume of
the epoxy polymer matrix. Increasing the temperature to 170° C provides a slight increase in compressive
strength due to the possibility of forming a larger number of chemical bonds.

Compressive strength of biocomposites decrease to 95 MPa in the case of containing of a filler in an
amount of 600 wt. parts, which is due to insufficient thermal effect at a temperature of 150° C of heat
treatment. Increasing the temperature to 170° C provides a compressive strength limit in the range of 280—
290 MPa, since additional structuring of the epoxy composite system occurs.
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Fig. 2. The influence of the content of powder particles of secondary raw of a fraction larger
than 0.5 mm on the compressive strength of epoxy composites

The gel fraction content in the epoxy composite material with a filler content of 150 wt. parts, which
contains particles of a fraction with a size to 0.5 mm, is 88% in the case of sample processing at a final
temperature of 150° C (Fig. 3). With an increase in the heat treatment temperature to 170° C, the degree of
structuring increases to 92%, which is associated with an increase in the rate of chemical reaction and the
formation of a larger number of chemical bonds.
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Gel fraction content of biocomposites decreases slightly with an increase in the filler content to 200
wt. parts, since the density of the epoxy composite material decreases due to the introduction of larger
particles. The structuring of the system can be improove by using the temperature of heat treatment of
170° C. This is possible due to increased mobility of the segments of the epoxy matrix macromolecules.

The content of the gel fraction is the lowest in the case of forming a material with a filler content of
600 wt. parts. This is is due to the presence in the system of a large number of particles that are poorly
wetted by the binder.
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Fig. 3. The influence of the content of powder particles of secondary raw material of a
fraction less than 0.5 mm on the content of the gel fraction of epoxy composites

The impact strength of epoxy composites with a filler content of 150 wt. parts, which are structured
at a final heat treatment temperature of 150° C, is 3.2 kJ/m? (Fig. 4). With an increase in the heat treatment
temperature to 170° C, the investigated characteristic increases to 4.5 MPa, which is associated with an
increase in the material’s resistance to dynamic loads due to better structuring of the epoxy polymer matrix.

Increasing the filler content to 200 wt. parts leads to a decrease in the impact strength of the material
in the case of a heat treatment temperature of 150° C, which is explained by the insufficient thermal effect
on the formation of a highly filled system. With an increase in temperature to 170° C, the impact strength
increases to 4.8 kJ/m? due to the possibility of forming additional chemical bonds.

The temperature of 150°C is insufficient for the formation of epoxy composites with a filler content
of 600 wt. parts, since the ability of the binder to wet the surface of the filler particles is reduced, however,
after processing at a temperature of 170°C, the impact strength increases to its maximum value of 5.7 kJ/m?,
The increase in this characteristic occurs by 20-22% compared to the impact strength of epoxy composites
containing 150 wt. parts of the filler. Such an increase in impact strength is due to the presence of a
significant number of obstacles to crack propagation under the influence of dynamic loading in arigid epoxy
polymer matrix. Particles larger than 0.5 mm in size form obstacles in the epoxy polymer matrix that are
able to dissipate kinetic energy better than smaller filler particles.

The structure of epoxy composites depends on the size of the filler particles based on secondary raw
materials and its content in the epoxy polymer matrix. A dense structure of epoxy composites is formed in
the case of using a filler in an amount of 150 wt. parts, since the particles are fully wetted by the epoxy
polymer binder (Fig. 5, a). With an increase in the filler content to 200 wt. parts, small pores are present on
the surface of the epoxy composite sample (Fig. 3.5, b). This indicates about an insufficient binder content
in the system. Craters and pores are present on the surface of the epoxy composite material, which contains
600 wt. parts of filler (Fig. 3.5, c), which indicates a low degree of compaction of the epoxy composite
material due to poor wettability.

Under the influence of static loading, the epoxy composite samples are destroyed with the formation
of a main crack, which indicates the formation of a rigid structure of the epoxy polymer matrix.
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Fig. 4. The influence of the content of powder particles of secondary raw material of a
fraction less than 0.5 mm on the impact strength of epoxy composites

The main crack in the epoxy composite sample with a particle fraction of less than 0.5 mm and a
filler content of 150 wt. parts is located at an angle of 75° (Fig. 6, a). In the case of compression of epoxy
composite samples with a filler content of 200 wt. parts, the main crack propagates at an angle of 65° (Fig.
6, b).

e .
a b c

This indicates the presence of plastic deformation, since the sample is subjected to tangential loads.
In this case, the resistance of the epoxy composite material to the influence of static loading decreases.
Epoxy composite samples containing 150 wt. parts of the filler particles larger than 0.5 mm fail with the
formation of a main crack located at an angle of 50° (Fig. 7, a). In the case of failure of epoxy composite
samples with a filler content of 200 wt. parts, the main crack is located at an angle of 45° (Fig. 7, b). This
indicates an increase in the influence of tangential loads, which cause plastic deformation, since such a
material has a reduced resistance to static loads.

Conclusions and prospects for further research. Epoxy composite materials with a content of
finely dispersed filler (fraction less than 0.5 mm) have the highest compressive strength (360 MPa) when
using a filler in an amount of 150 wt. parts, which is associated with a uniform and compact distribution of
filler particles.
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Fig. 6. General appearance of epoxy composite samples after compression with filler content
(fraction less than 0.5 mm): a — 150 wt. parts; b — 200 wt. parts.

Fig. 7. General appearance of epoxy composite samples after compression with filler content
(fraction more than 0.5 mm): a — 150 wt. parts; b — 200 wt. parts.

With an increase in the temperature of heat treatment to 170° C, the degree of structuring increases
to 92%, which is associated with an increase in the rate of chemical reaction and the formation of a larger
number of chemical bonds.

The impact strength of epoxy composites increases to its maximum value of 5.7 kJ/m? when epoxy
composites are treated at a temperature of 170° C and a filler content of 600 wt. parts, since particles larger
than 0.5 mm form obstacles in the epoxy polymer matrix that are able to dissipate kinetic energy better than
smaller filler particles.

The compressive strength of biocomposites decrease with increasing particle size and their content
in the epoxy polymer matrix. That fact can be explained by the irregular arrangement of filler particles in
the volume of the epoxy composite material. In the future, it is planned to carry out a combined treatment
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of fiberglass fragments with the additional use of thermal or chemical methods in combination with a
mechanical treatment method in order to increase the degree of purification of fibers from the polymer
matrix.
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CHHEKTPO®OTOMETPUYHI METOAN OINIHIOBAHHS AKOCTI BIOITAJIUBA 13
CTEBEJI JIbOHY OJIIMHOI'O: 3HAUEHHS JIJISI CTAJIOTO PO3BUTKY

[ocnioscenna npuceauene po3poONeHHIO CHEKMPOGOomomempuunoi MemoouKu OyiHIO8AHHA OIONATUBHUX
mamepianie, OMpPUMAHUX i3 HeKOHOUWiHuUX cmeben abony onininozo (Linum usitatissimum L.). /locnidynceno opurkemu
meepoozo Gionanuea 3 pi3HUM CRiGGIOHOWIEHHAM Diomacu NbOHYy ma 36’°a3y10uozo — canponenro (L70/830, L50/850, L100), a
MaKkoxMc KOHMPObHUI 3PA30K HA OCHOBI Oepesunu. Booni eumssdcku npooykmie 320panHA aHANIZYEATIU MEMOOOM
cnekmpogomomempii ¢ dianazoni 0oexcun xeunp 200-1100 nm. Ompumani cnekmpu RponyCKaAHHA RPOOEMOHCMPYBAIU
noOIOHUI 3azanbHUll Xapakmep 014 6cix 3pa3Kie, wio ceiouUmMb NPO ONU3LKI CMPYKMYPHI 0COONUEOCMI NPOOYKMIE 320PAHHA.
/Jlna ecix 0ocnidxcenux 3pazkie 6CMano61eHo HAAGHICHb GUPAIHCEH 020 MIHIMYMY npu 006xcuni xeuni 975 um. Lla cnekmpanvna
ocobnugicms nog’szana 3 opyeum o6epmonom eanenmuux konueanv O—H i idoopasicac nasagnicmo 2iOpOKCUNBMICHUX CROTYK
ma 36°a3anoi 600u 6 0ocniodxycysanux cucmemax. llopienanvHuii ananiz noKazae, ujo 6iOMiHHOCMI 3HAYEHb RPONYCKAHHA MIXC
bionanuseamu Ha OCHOGI 1bOHY MA KOHMPOIbHUM O0EPEBHUM 3DA3KOM He nepesuniyioms 3—4 %, w0 ceiouume npo eucoxkuii
cmyninb noodionocmi iXHb020 XimMiuH020 cK1ady npoOyKmie 320panHA. Bukopucmanms canponenio Ak 36’a3yuoco e
npu3600umy 00 iCHOMHOL 3MIHU 3A2AIbHUX CREKMPATIbHUX XAPAKMEPUCMUK, 00HAK 3YMOBJIIOE RIOSUW|CHHA IHMEeHCUBHOCMI
no2IUHAHHA Yepe3 Oinbuiuil emicm MIHEpAIbHUX Komnouenmis. Ompumani pezyromamu niomeepoyHcyloms 00UiibHiCHb
GUKOpUCMAHHA Oiomacu cmeben JbOHY OJIIIHO20 014 GUPOOHUYmMEA meEepoux 0Oionanue ma OeMOHCHMPYIOMb, WO
CneKmpogomomempuuHuil ananiz moxce Oymu 3aCmoco8anuii AK eKCnpec-memoo OYiHI8AHHA IX AKOCMI Ma eKo102iuHoT
be3neunocmi.

Knwuogi cnoea: cnexmpogomomempuynuii ananis; cneKmpocKkonis, npoOyKmu 320pAHHS, NicHOYenI03Ha biomaca;
VMURI3ayisn azpaprux 6i0xo0is;, canponeis K 36 ‘s13yioue;, CHeKMPAaibHi MapKepu, OYIHIOGAHHS IKOCME NATU6A

S. Yaheliuk

SPECTROPHOTOMETRIC METHODS FOR QUALITY ASSESSMENT OF BIOFUEL
MATERIALS DERIVED FROM OIL FLAX STEMS: IMPLICATIONS FOR SUSTAINABLE
DEVELOPMENT

The study is devoted to the development of a spectrophotometric methodology for evaluating biofuel materials produced
from non-conditioned oil flax (Linum usitatissimum L.) stems. Solid biofuel briquettes with different ratios of flax biomass and
sapropel binder (L70/S30, L50/S50, L100) and a control wood sample were investigated. Aqueous extracts of combustion
residues were analyzed using spectrophotometry in the wavelength range of 200-1100 nm. The obtained transmission spectra
demonstrated similar overall patterns for all samples, indicating comparable structural features of combustion residues. A
pronounced minimum at a wavelength of 975 nm was identified for all investigated samples. This spectral feature is attributed
to the second overtone of O-H stretching vibrations and reflects the presence of hydroxyl-containing compounds and bound
water in the analyzed systems. Comparative analysis showed that the differences in transmission values between flax-based
biofuels and the control wood sample do not exceed 3-4%, indicating a high degree of similarity in the chemical composition of
their combustion residues. The use of sapropel as a binder does not significantly affect the overall spectral characteristics,
although it increases absorption intensity due to higher mineral content. The results confirm the feasibility of using oil flax stem
biomass for the production of solid biofuels and demonstrate that spectrophotometric analysis can be applied as a rapid
diagnostic tool for assessing their quality and environmental safety.

Keywords: spectrophotometric analysis; spectrophotometry; combustion residues; lignocellulosic biomass; agricultural
waste valorization; sapropel binder; spectral markers; biofuel quality assessment

Introduction. The growing demand for renewable energy and sustainable resource utilization has
intensified interest in solid biofuels derived from agricultural residues. Among these, oil flax (Linum
usitatissimum L.) stems represent a promising but insufficiently utilized type of biomass generated in
significant amounts after harvesting and primary processing of the crop. Efficient conversion of such non-
conditioned biomass into solid fuels requires not only technological solutions but also scientifically
substantiated approaches to assessing their quality and environmental safety [1, 2]. Solid biofuel briquettes
based on lignocellulosic materials, including flax stems, are extensively studied in the context of renewable
energy production due to their availability, renewability, and potential to substitute conventional fossil fuels.
Their combustion behavior is determined by physicochemical properties of the raw material, including
composition, density, moisture content, and the presence of binders [3, 4]. Natural binders such as sapropel
are of particular interest, as they enhance the structural integrity and mechanical stability of briquettes
without significantly reducing calorific value. However, the addition of such components may influence the
composition of combustion residues, thus requiring detailed analytical evaluation [5]. Traditional methods
for evaluating solid biofuels include calorimetric analysis, determination of ash content, volatile matter, and
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elemental composition. Although these methods provide integral characteristics of the fuel, they do not
allow detailed assessment of changes in the chemical structure of combustion products. In this context,
spectrophotometric methods offer an alternative analytical approach, enabling the study of optical
properties of combustion products and providing information on their chemical composition based on
wavelength-dependent absorption or transmission spectra [6].

Spectrophotometry is widely used in chemical and environmental analysis due to its sensitivity and
rapid response. It allows the identification of characteristic spectral features associated with specific
functional groups or compounds in liquid extracts [7]. However, its application to the assessment of
combustion residues of solid biofuels remains limited, particularly for biomass derived from flax stems.
The identification of reproducible spectral patterns may serve as a basis for the development of rapid
methods for assessing the quality of solid biofuels.

Despite significant research on biomass combustion and biofuel characterization, there is a lack of
systematic approaches that utilize spectrophotometric analysis to evaluate the environmental safety and
compositional similarity of combustion residues from different biofuel compositions. In particular, the
identification of stable spectral markers common to various types of biomass-based fuels remains an
unresolved scientific problem. Therefore, the aim of this study is to develop a spectrophotometric
methodology for evaluating solid biofuel materials produced from non-conditioned oil flax stems based on
the analysis of transmission spectra of combustion residue extracts, as well as to identify characteristic
spectral features that can serve as reliable indicators of fuel quality and environmental safety.

Analysis of recent studies. Recent international studies show that agricultural residues are
increasingly regarded as a valuable raw material for renewable energy production, especially in the form of
densified solid biofuels. General reviews emphasize that biomass can partly replace fossil fuels, but its
practical use depends on the availability of stable feedstocks, appropriate preprocessing, and reliable
methods for quality assessment [1], [2]. In this context, densification is considered one of the key
technological routes because it improves bulk density, handling, transportability, and combustion
performance of plant-derived fuels [3], [4].

A large part of the foreign literature is devoted to the technological factors that determine the quality
of densified biofuels. Researchers have shown that the strength and durability of briquettes and pellets
depend on particle size, moisture content, compaction pressure, temperature, and the natural binding ability
of lignocellulosic components [3]. Review studies also note that densification systems must be adapted to
the physical nature of the raw material, since different agricultural residues behave differently during
compaction and combustion [4]. This is especially important for flax residues, which are structurally
heterogeneous and mechanically different from wood-based biomass.

Another important line of recent research concerns the broader performance of densified biomass
fuels, including storage, transportation, end-use efficiency, and market applicability. A later review
confirms that the long-term viability of densified solid biomass depends not only on energy properties, but
also on technical reliability and user acceptance in practical energy systems [5]. Thus, the literature
increasingly moves from general biomass potential toward the integrated evaluation of final fuel products.

At the same time, the body of studies specifically focused on oil flax residues remains much smaller
than the general biomass literature. This gap is important because flax residues have specific elastic and
structural properties that complicate their processing into compact fuel forms. In particular, Didukh et al.
showed that oleaginous flax residues are characterized by pronounced elasticity and rapid shape recovery,
which hinder their technological processing, while decortication reduces elasticity and improves the
suitability of the biomass for further utilization [8]. This result is directly relevant to fuel production,
because reduced elasticity facilitates compaction and helps stabilize the geometry and density of the final
solid fuel.

Further development of this research direction is presented in studies devoted to the production of
fuel rolls from agricultural stem biomass. Yaheliuk et al. demonstrated that the density of fuel rolls can be
optimized through the rational selection of chamber pressure, biomass moisture, and holding time,
confirming the importance of controlling technological parameters during fuel formation [9]. In an earlier
study, the same research group showed that the combustion efficiency of small-sized fuel rolls made of
oleaginous flax residues depends on roll diameter, density, and moisture content; in addition, combustion
tests indicated environmentally acceptable performance under properly selected operating conditions [10].
Together, these studies establish the engineering basis for converting flax residues into solid fuels, but they
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are focused mainly on production and combustion parameters rather than on the analytical characterization
of combustion residues.

A broader economic and resource-use context is also relevant. Analysis of global market trends for
grain and industrial crops indicates the growing importance of integrated utilization of agricultural raw
materials and residues, including non-food biomass streams [11]. At the national level, the Waste
Management Strategy of Ukraine until 2030 also supports more efficient use of waste and secondary raw
materials, providing an institutional framework for the valorization of agricultural residues into value-added
products, including biofuels [12]. These considerations strengthen the relevance of research aimed at
converting non-conditioned flax stems into energy materials instead of treating them as low-value waste.

Despite the considerable progress in biomass densification and combustion studies, the reviewed
literature shows that much less attention has been paid to spectrophotometric assessment of combustion
residues from flax-based solid biofuels. Most available works focus on feedstock properties, densification
conditions, or combustion efficiency [3, 5, 8, 10], whereas analytical approaches for evaluating ash or
extract composition through optical spectra are discussed much less frequently in the specific context of
flax-derived fuels. Therefore, there is a clear need for a methodology that would complement engineering
studies of briquetting and combustion with instrumental assessment of combustion residue extracts. Such
an approach may improve comparative evaluation of different briquette compositions and provide an
additional basis for judging their environmental safety and similarity to conventional solid fuels.

Thus, the analysis of the reviewed literature indicates that the issues of biomass utilization potential,
densification of plant materials, and optimization of combustion processes are relatively well developed.
However, methods for spectrophotometric evaluation of combustion residues of solid biofuels produced
specifically from non-conditioned oil flax stems remain insufficiently studied. This determines the
relevance and necessity of the present research.

The aim of this study is to develop a spectrophotometric methodology for evaluating the quality
and environmental safety of solid biofuel materials produced from non-conditioned oil flax stems based on
the analysis of transmission spectra of combustion residue extracts, as well as to identify characteristic
spectral features that can serve as reliable indicators of fuel properties. The subject of the research is the
spectrophotometric characteristics of transmission spectra of aqueous extracts obtained from combustion
residues of solid biofuel briquettes with different component compositions.

Materials and Methods. The study was carried out using solid biofuel briquettes produced from
non-conditioned oil flax (Linum usitatissimum L.) stem biomass. The investigated samples differed in the
ratio of flax straw to binder (frozen sapropel): L70/S30 (70% flax biomass and 30% sapropel), L50/S50
(50% flax biomass and 50% sapropel), L100 (100% flax biomass without binder), and a control sample (D)
based on wood biomass. Sapropel was selected as a natural binder due to its ability to enhance the structural
integrity of briquettes without significantly reducing their calorific value, while its potential influence on
combustion products requires detailed analytical evaluation (Fig. 1a). After combustion of the briquettes
under controlled conditions, ash residues were collected and used for further analysis. Aqueous extracts of
the combustion residues were prepared by mixing a fixed mass of ash residue with distilled water, followed
by settling and filtration to obtain clear solutions suitable for spectrophotometric measurements. The
prepared extracts were placed in standard optical cuvettes. The prepared aqueous extracts are presented in
fig. 1b.

Spectral measurements were performed using a single-beam scanning spectrophotometer (UNICO
2800) operating in transmission mode (T%). The scanning was carried out in the wavelength range of 200
1100 nm. Prior to sample measurements, baseline correction was performed using a blank solution (distilled
water) to eliminate background absorption effects. The spectrophotometric measurements were performed
using the equipment shown in Fig. 2. The cuvette with the blank solution was placed in the optical path,
and the baseline spectrum was recorded, after which the cuvette containing the sample extract was inserted
and spectral scanning was conducted.

The scanning parameters were selected according to the instrument capabilities: the scanning step
was set to 5 nm for general spectral acquisition and reduced when higher resolution was required, while the
scanning speed was adjusted depending on the required resolution. The obtained spectra represent the
dependence of light transmission (T%) on wavelength relative to the baseline, allowing comparative
analysis of the investigated samples.
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Fig. 1. Biofuel samples and products of their analytical preparation: a — solid biofuel
briquettes produced from oil flax stems; b — aqueous extracts of combustion residues obtained from
solid biofuel samples

Fig. 2. Spectrophotometer UNICO 2800 used for spectral analysis of combustion residue
extracts

The spectral data were processed by identifying local maxima and minima of transmission and
determining the corresponding wavelengths using the built-in peak search function of the
spectrophotometer. Comparative analysis of spectral curves was performed to detect common patterns and
characteristic features across all investigated samples, with particular attention to the identification of stable
spectral extrema. This approach enabled the evaluation of similarities and differences in the chemical
composition of combustion residues and provided a basis for assessing the quality and environmental safety
of solid biofuel materials derived from oil flax stems in comparison with conventional wood-based fuels.

Results. The spectrophotometric analysis of aqueous extracts obtained from combustion residues
of solid biofuel briquettes revealed consistent spectral patterns across all investigated samples. The spectra
recorded in the wavelength range of 200-1100 nm demonstrated a similar overall shape, indicating the
presence of structurally related components in the combustion residue extracts. The transmission spectra of
aqueous extracts of combustion residues are presented in Fig. 3. As shown in Fig. 3, all spectra are
characterized by smooth curves with several local extrema, which is typical for complex multicomponent
systems formed after thermal decomposition of lignocellulosic materials. In the short-wavelength region
(200-400 nm), a sharp decrease in transmission is observed for all samples, approaching near-zero values.
This behavior is associated with strong absorption of ultraviolet radiation by conjugated organic structures
and degradation products of lignocellulosic biomass [13], [14].
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In the visible region (approximately 400-800 nm), transmission increases significantly and forms
a relatively stable plateau. The spectral curves of all samples are close to each other in this region, although
slight differences in transmission levels can be observed. These variations reflect differences in the
concentration of absorbing components but do not allow reliable attribution to specific individual
compounds, which is typical for multicomponent systems [15].

In the near-infrared region (800-1100 nm), more pronounced spectral features are observed. In
particular, slight shifts in local extrema occur in the range of 870-910 nm. The L50/S50 sample shows a
shift toward longer wavelengths (around 910 nm), whereas other samples demonstrate extrema closer to
870-895 nm. These variations can be attributed to changes in the mineral composition and structural
environment of combustion residues, particularly in samples with increased sapropel content [16].
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Fig. 3. Transmission spectra of aqueous extracts of combustion residues of solid biofuel

samples based on oil flax stems with different binder content (L70/S30, L50/S50, L100) and control
sample (D) in the wavelength range of 200-1100 nm

The most significant and consistent feature of all investigated spectra is the presence of a
pronounced minimum at a wavelength of 975 nm. This minimum is observed for all samples regardless of
their composition, indicating a common absorption mechanism. The transmission values at this wavelength
are 51.19% for L70/S30, 45.41% for L50/S50, 51.03% for L100, and 54.63% for the control wood sample.

The spectral feature at 975 nm can be attributed to the second overtone of O—H stretching vibrations,
which is characteristic of hydroxyl-containing compounds and bound water in complex systems [15], [17].
The reproducibility of this spectral feature across all samples indicates that it can be considered a diagnostic
spectral marker for evaluating solid biofuel materials.

A comparative analysis shows that the differences in transmission values between flax-based
samples and the control wood sample do not exceed 3-4%, indicating a high degree of similarity in the
chemical composition of combustion residues. At the same time, the L50/S50 sample exhibits the lowest
transmission value (45.41%), suggesting a higher concentration of absorbing components, which can be

attributed to the increased content of mineral components introduced by the sapropel binder.

At longer wavelengths (around 1070 nm), all samples demonstrate an increase in transmission,
indicating reduced absorption and confirming that the dominant absorbing components are active in the
shorter near-infrared region. The characteristic spectral extrema identified for all investigated samples are
summarized in Table 1.

The data presented in Table 1 confirm that all investigated samples exhibit a common spectral pattern,

particularly the stable minimum at 975 nm, which can be considered a universal spectral marker of
combustion residues of lignocellulosic biofuels. The similarity of spectral characteristics between flax-
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based briquettes and the control wood sample indicates the comparability of their combustion products in
terms of chemical composition and supports the possibility of using flax biomass as an alternative energy
source without significant changes in the nature of combustion residues. The obtained results are consistent
with previous studies [3], [4], which indicate that the properties of solid biofuels are largely determined by
the nature of the raw material. At the same time, the present study extends these findings by introducing a
spectrophotometric approach for evaluating combustion residues, providing an additional analytical tool for
assessing the quality and environmental safety of biofuel materials.

Table 1
Characteristic transmission peaks of combustion residue extracts
Sample Peak type Wavs]lrtra]ngth, Transmission, % Interpretation
Maximum | 540-710 ~90-95 Residual organic chromophores
L70/S30 | Maximum | 685-815 ~92-97 Lignocellulosic structures
Minimum | 975 51.19 O-H absorption
Maximum | ~1070 ~95-98 Low absorption
Maximum | 540-710 ~85-92 Binder influence
L50/S50 | Maximum | 700-910 ~88-94 Shift due to sapropel
Minimum 975 45.41 Increased absorption
Maximum | ~1070 ~92-96 Reduced absorption
Maximum | 540-710 ~90-96 Pure biomass
L100 Maximum | 685-815 ~92-97 Typical residues
Minimum 975 51.03 Stable marker
Maximum | ~1070 ~95-98 Low absorption
Maximum | 540-710 ~92-97 Reference material
D (wood) | Maximum | 685-815 ~93-98 Wood residues
Minimum 975 54.63 O-H absorption
Maximum | ~1070 ~96-99 Minimal absorption

Conclusions. The conducted study confirmed that solid biofuel briquettes produced from non-
conditioned oil flax stems form combustion residues with similar optical properties regardless of binder
content. Spectrophotometric analysis of aqueous extracts proved to be an effective and rapid method for
evaluating the composition and properties of combustion residues, enabling the identification of
characteristic spectral features in the wavelength range of 200—1100 nm. A stable transmission minimum
at a wavelength of 975 nm was identified for all investigated samples, including flax-based briquettes and
the control wood sample. This feature is attributed to the second overtone of O-H stretching vibrations and
can be considered a diagnostic spectral marker. The differences in transmission values between flax-based
biofuels and the control wood sample do not exceed 3-4%, indicating a high degree of similarity in the
chemical composition of their combustion residues. The use of sapropel as a natural binder (30-50%) does
not significantly alter the overall spectral characteristics of combustion products, although it increases
absorption intensity due to a higher content of mineral components. The obtained results confirm the
feasibility of using oil flax stem biomass as a raw material for solid biofuels with properties comparable to
conventional wood-based fuels. The proposed spectrophotometric approach can be applied as a rapid
diagnostic tool for comparative evaluation of solid biofuel materials and their environmental safety.
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JIyybkuii Hayionanbruii mexuiunull ynigepcumem®
HY Kuiscvokuil asiayitinui incmumym?

AKTYAJIBHI IINTAHHSA CTPYKTYPHUX IIEPETBOPEHD B
NOJIMEPKOMIIO3UTAX IIIJI BIIVIMBOM ®I3NYHUX T1OJIB: OI'JISAA

B cmammi npoeedeno ananiz nimepamyprux oxcepei 6 KORMeKCMi opmMysants noaimMepKoOMnoO3uYinHUX mamepiaie
nio enaueom ¢hizuuHux nonie, AKi 3adezneuyrOmsy iHmMeHcUsHe CMPYKMYPYBAHHA KOMRO3UUII HA OCHOGI peaKmoniacmis.
Ilooano xapakxmepucmuky izuunux nonie ma 0codoaAUEOCHMIi CMPYKMYPHUX NEPEMBEOPEHb HA PIGHI MOHKOI cmpyKmypu ma
HAOMONEKYIAPHUX YIBEOPEHb, AKI 8I00Y6AIOMbCA 6 Pe3Yibmani 306HINHBOZ0 eHepeemuuno2o enauegy. /[oeedeno no3umuenuil
6nuUe (hizuuHuUX noié Ha npouecu CMPYKMYpPYy8aHHA NOJIMEPKOMNOZUMHUX Mamepianié HA OCHO8I peaKuilino30amHuux
nonimepie 3a paxynox 6nOPAOKYSAHHA CHPYKMYPHUX CKIA006UX, 4 MAKONHC (OPMYBAHHA NOJIMEPKOMNOZUNIE 3 HUILKUM
Hanpy)ceHuM CManoM ma eUCOKUM CHLYReHeM CIPYKMYPYSAHHA NOAIMEPHOT mampuyi.

Knrwuoei cnosa: mexaniune none, menioguii 6naus, MasHimue noje, eneKmpoMAazHimue uUnpoOMiHIO8aHHA, YIbMpPa3eyKoea
00pobOKa, cecmeHmu MaKpoMONeKy, HAOMOLEKVAAPHI YMGOPEHHs, XIMIUHI 36'13KuU.

V. Kashytskyi, P. Savchuk, O. Sadova

CURRENT ISSUES OF STRUCTURAL TRANSFORMATIONS IN POLYMER
COMPOSITE MATERIALS UNDER THE INFLUENCE OF PHYSICAL FIELDS: A REVIEW

The article analyzes the literature in the aspect of the formation of polymer composites under the influence of physical
fields, which provide intensive structuring of the composition based on thermosets. The characteristics of physical fields and the
features of structural transformations at the level of fine structure and supramolecular formations, which occur as a result of
external energy influence, are presented. The positive influence of physical fields on the processes of structuring of polymer
composite materials based on reactive polymers is proven, which is determined by the processes of ordering structural
components and the formation of polymer composites with a low stress state and a high degree of structuring of the polymer
matrix.

Key words: mechanical field, thermal field, magnetic field, electromagnetic radiation, ultrasonic treatment, macromolecule
segments, supramolecular formations, chemical bonds.

Problem statement. Improvement of physico-mechanical, thermophysical and operational
properties of polymer composite materials occurs due to chemical and physical modification of the polymer
network of thermosetting plastics under the influence of energy fields: mechanical and thermal fields,
permanent magnetic field, electric field, electromagnetic radiation, infrared or ultraviolet rays, radiation
rays or a flow of fast electrons, ultrasonic treatment. The effectiveness of physical modification depends on
the chemical structure of the polymer, in particular its polarity, which determines the intensity of the
structuring process of polymer composite products, increases the productivity of the technological process,
provides the opportunity to automate the processing process and eliminate harmful effects on workers, as
well as reduce energy costs and reduce the cost of production.

Analysis of recent research and publications.

The classic technological method for improving the physical and mechanical properties of epoxy
composite materials is the use of heat treatment. Heat treatment is usually carried out using automation
tools, which allows to increase the productivity of the technological process [1]. With increasing
temperature, physical bonds in the epoxy binder are destroyed, which creates conditions for additional
structuring. Under the influence of a thermal field, the degree of structuring increases, which is accompanied
by an increase in the content of the gel fraction and limitation of the mobility of macromolecules. Therefore,
there is a need to increase the temperature of heat treatment to values higher than the glass transition
temperature, which increases the mobility of the segments of the epoxy binder macromolecules and leads
to a change in the conformational set of the epoxy polymer matrix. At elevated temperatures, the heat
treatment process is recommended to be carried out in a stepwise mode [2] to avoid the appearance of
residual stresses.

The degree of structuring of epoxy composites depends on the amount of thermal energy, which
determines the rate of chemical reaction between the components [3]. At low temperatures, the process of
forming a glassy state slows down due to poor diffusion and reduced molecular mobility [4]. During
gelation, the rigidity of the skeleton of thermosetting polymer macromolecules increases, which limits the
chemical reaction on the side chains. To complete the structuring process, the final temperature of the heat
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treatment should be 10-15 °C higher than the glass transition temperature. In practice, the temperature of
the heat treatment is usually set 50 °C higher than the glass transition temperature, which allows you to
reduce the duration of the curing process to two hours or more. However, high curing temperatures directly
increase the amount of residual stresses due to the formation of phases with quite different coefficients of
thermal expansion (CTE), since a gel fraction is formed in the liquid phase of the binder - a mixture of
epoxy resin macromolecules and hardener [5]. Stresses increase as the shrinkage of the structured product
increases during cooling from the highest temperature of gel formation to ambient temperature. Polymer
composite products based on thermoset polymers are formed under the influence of elevated temperatures,
the value of which does not exceed 200 °C, therefore the most common devices for structuring thermosets
are resistance furnaces, aerodynamic furnaces and induction furnaces [6]. A significant disadvantage of
thermal heating is the appearance of a thermal gradient, which during processing can lead to uneven
hardening, an increase in residual stresses and the formation of defects in the formed product.

Structuring in resistance furnaces [7] occurs due to convection processes in the working chamber
of the furnace and thermal conductivity of the mold material and polymer composite material, which
requires time to equalize the temperature in the volume of the product and the sequence of the structuring
process, which begins in the peripheral zone and ends in the central zone of the product. In this case, the
product has a higher temperature in the lower part due to the convection distribution of heat flows. Under
such conditions, the structure of the polymer composite material is formed in a stressed state, which reduces
the mechanical characteristics of the product. The use of aerodynamic furnaces ensures uniform distribution
of air flows in the working chamber of the furnace, as a result of which the mold or product is heated
simultaneously from all sides, however, the problem of peripheral distribution of thermal energy in the
volume of the product is not solved, since energy transfer occurs due to thermal conductivity.

The use of IR radiation [8] in the wavelength range of 76-108-10° m provides uniform heating of
polymer composite materials to a greater depth, compared to convection heating in resistance furnaces,
where heat transfer occurs in the air flow and due to the thermal conductivity of the polymer material. The
penetration depth of IR rays depends on the intensity of absorption by the radiation medium, but the
efficiency mainly depends on the spectral properties of the IR source and the optical characteristics of the
material. It has been experimentally established that phenol-formaldehyde and epoxy resins absorb IR rays
well in the wavelength range of (2.7-4.0)-10° m. This creates an optimal heat flux and ensures the formation
of a given material structure with high mechanical characteristics.

Structuring polymer composite products in the field of IR radiation intensifies the synthesis
reaction [9] and ensures the formation of a larger number of ordered areas, compared to convective heating.
This is due to the direct absorption of energy quanta by polymer molecules, which causes a simultaneous
increase in temperature in the thickness of the product and the formation of stronger bonds between the
components of the polymer composite material. Under the influence of IR radiation, the processes of heating
the material and hardening are combined, which positively affects the productivity of the product molding
process, compared to sequential processes that occur using convective thermal energy supply. The
formation of polymer composite materials in the field of IR radiation ensures the free removal of moisture
and volatile compounds, since there is no densification of the surface layer.

As a result of the treatment of compositions with constant physical fields, the physicochemical
properties improve without changing the chemical composition of epoxy composites [10]. This treatment
provides regulation of the parameters of the supramolecular structure of the polymer matrix and oriented
distribution of filler particles [11] at the interface of the “matrix — filler” phases. An effective method of
processing polymer composite materials is the method of forming a composition in a magnetic field [12],
which can act as a catalyst or inhibitor of the polymerization reaction and allows changing the topological
structure of polymers with the appearance of heterogeneous characteristics of composites. Magnetic
processing of polymer composites usually makes it possible to order the structure of the polymer matrix
and significantly increase the strength of materials. After magnetic processing in the viscofluid state, a
change occurs in the relaxation, mechanical and other properties of polymers. Processing in a constant
magnetic field increases the degree of ordering of macromolecules, reduces the size of crystallites and
causes anisotropy of supramolecular formations. Epoxy polymers formed under the influence of a constant
magnetic flux have anisotropy of optical-mechanical and elastic characteristics with axes of preferential
decrease or increase in the values of mechanical and optical properties. The directions of the anisotropy
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axes change their orientation in the direction of the magnetic flux depending on the isomerism and chemical
structure of the hardener.

Polymer composites are classified as weakly magnetic materials due to the presence of a benzene
ring and the anisotropy of magnetic susceptibility along and across the macromolecules. Under the influence
of external physical fields, the topological structure, which consists of a system of physical and chemical
bonds between the molecules of the epoxy binder and finely dispersed particles, changes to an ordered
structure with the orientation of the macromolecules in the direction of the field lines [13]. The orientation
of fragments of macromolecules with high values of the anisotropy of magnetic susceptibility in a uniform
constant magnetic field occurs along the lines of force, and in an inhomogeneous field, the orientation is
enhanced due to the additional moment that rotates the macromolecules along the field gradient. The
orientation of macromolecules of the polymer binder in a magnetic field provides structural ordering due to
the orientation of polymer chains [14], due to which the reactive groups of macromolecules come closer
together and additional chemical bonds are formed. It has been established that the orientation of
macromolecules in a magnetic field is hindered by the thermal motion of particles, in this case the magnetic
field does not affect a separate macromolecule, but a diamagnetic segment. During the synthesis process,
the energy of interaction of the magnetic field with the crystal increases. Provided that the energy of the
magnetic field and thermal energy are commensurate, the orientation of diamagnetic crystals and structural
ordering occur, which positively affects the properties of polymer composite materials. In polymers under
the influence of a magnetic field, changes also occur at the level of the supramolecular structure, which
leads to a change in the size and shape of the globules of the polymer matrix.

In epoxy compositions, during structuring under the influence of a magnetic field, the size of the
globules increases, in addition, the restructuring of the globules into linear structures is possible. The
mechanism of structural transformation in polymers is conveniently described using the cluster model,
which represents the amorphous structure of the polymer in the form of a set of crystalline clusters with an
ordered and compacted arrangement of molecules. Under the influence of a magnetic field, the number of
clusters increases, as well as their size and the ordering of macromolecules in them [15]. The heat resistance
and mechanical characteristics of polymer composite materials, the structuring of which occurred under the
influence of a magnetic field, are higher compared to the physical and mechanical characteristics of polymer
composites, the formation of which was carried out under the influence of convective heating. This is
explained by the formation of stronger physical and chemical bonds between macromolecules in the middle
of the cluster, as well as an increase in their number [16]. In work [17], based on the results of the analysis
of X-ray structural studies of an epoxy polymer structured in a constant magnetic field, a compaction of the
spatial structure of molecules was recorded as a result of the appearance of an orientation effect under the
influence of a magnetic field. The epoxy polymer, which is structured under the influence of external
physical fields, becomes capable of anomalous thermal expansion and an increase in the density of the
composite. At the same time, polymer composites based on epoxy resin containing metal oxide particles,
which are structured under the influence of external physical fields, are characterized by lower values of
the thermal coefficient of linear expansion, which is explained by the higher density of the polymer network.

In the process of forming the structure of the epoxy polymer under the influence of a magnetic field,
a new complex of thermodynamic, thermophysical, thermomechanical properties is formed, and the
mechanical characteristics of epoxy composite products also increase [18]. In polymethyl methacrylates,
under the influence of an external magnetic field, a crystalline and supramolecular structure that is more
resistant to external loads is formed, which is not distinguished by high thermal stability.

In the process of creating composites based on amorphous polyurethane under the influence of a
permanent magnetic field, the formation of long-range order in the polymer matrix does not occur, and a
decrease in heterogeneity is recorded as a result of the destruction of the system of intermolecular hydrogen
bonds [19]. A permanent magnetic field increases the homogeneity of the initial polymers and mixtures,
which improves the thermal and thermomechanical properties of the composites. This allows you to expand
the scope of application of polymer composites by giving the materials new properties (conductivity,
dielectric permittivity). Polymer composites with dispersed ferromagnetic fillers, which are structured
under the action of an external permanent magnetic field, have a better ability to orient fragments of
macromolecules than composites with a diamagnetic type of filler. In the process of structuring epoxy
composite materials under the influence of external fields, the orientation of fragments of macromolecule
chains around particles of finely dispersed filler occurs, which increases their mechanical
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characteristics [20]. On the surface of ferromagnetic particles under the action of an external magnetic field,
a surface layer with a high degree of structuring is formed, which provides an increase in the adhesive and
cohesive strength of the epoxy composite material. This is due to the existence of a double electric layer at
the phase interface. Most polymers are dielectrics that have the ability to polarize under the influence of an
external constant electric field. In the case of a dielectric in an electric field, the centers of gravity of negative
and positive charges are displaced relative to their equilibrium positions, resulting in electric polarization
of the medium [21]. The following types of dielectric polarization are characteristic of polymers: electronic
polarization, which occurs as a result of the displacement of the orbitals of electron motion under the
influence of an external field; atomic polarization, which is due to the displacement of atomic nuclei; dipole
polarization, which is associated with the thermal motion of macromolecule fragments. The polarization of
polymer dielectrics is determined by the number of dipoles per unit volume of the polymer, and also depends
on the interaction between macromolecules and the dipole moment of the macromolecule link [22].

Under the influence of an electric field, the neutrality of macromolecules is disturbed and
polarization of macromolecule fragments occurs, which is accompanied by the opposition of
macromolecules to the formation of an energetically favorable conformation [23]. The packing density of
polymer macromolecules after treatment in an electric field increases, which is determined by a higher
density and a higher softening temperature. Polymer polarization occurs as a result of the arrangement of
macromolecule chain fragments in such a way that their dipole moments and polarized bonds are oriented
in the direction of the lines of external field strength.

Uniform distribution of thermal energy in the volume of polymer composite products occurs as a
result of the absorption of electromagnetic radiation energy generated by ultrahigh frequency sources [24].
This method provides increased productivity, improves product characteristics, promotes uniformity of the
structuring process, reduces the required production space and process control, intensifies the heating
process of the polymer composite product, allows you to control the temperature, and also stops the heating
process after turning off the source of electromagnetic waves [25]. Processing of epoxy compositions
without a hardener using high-frequency electromagnetic pulse irradiation allows you to predictably control
the processes of structure formation and increase the performance characteristics of epoxy composites.

Electromagnetic heating of conductive metals occurs as a result of the action of a magnetic field,
and heating of dielectric polymers occurs under the influence of an electric field. During processing in a
high-frequency electromagnetic field, better temperature control is provided compared to thermal
curing [26]. Polymers with low moisture content and at low temperatures exhibit dielectric properties,
however, in the case of increasing moisture content or heating, the polymers become semiconductors. This
determines the dominant influence of the electric or magnetic component of the electromagnetic field.
Heating of polymers occurs as a result of direct absorption of energy by the material due to the movement
of ions and oscillations of dipoles with the frequency of oscillations of the electromagnetic field without
changes in the structure of molecules. During the influence of a high-frequency electromagnetic field, a
simultaneous and uniform increase in temperature occurs throughout the volume of a homogeneous material
due to the dissipation of the electric field energy, since dielectric energy losses occur, which are associated
with overcoming the interaction of polarized molecules [27] of polymers.

Processing of polymers in an ultrahigh-frequency electromagnetic field provides intensive heat
generation in the material, and the heating is uniform throughout the volume of the material. In addition,
since the energy is supplied directly to the material, the heat energy consumption for heating the equipment
is reduced, as well as heat losses for convection and radiation from the mold surfaces. In an electromagnetic
field, with increasing field frequency, the dielectric constant decreases, which indicates an increase in the
degree of structuring and the formation of a denser spatial network [28]. Under the influence of high-
frequency treatment, polymerization occurs by a step mechanism, polymerization with ring opening, and
also radical polymerization [29]. As a result of the influence of a high-frequency electromagnetic field, the
physicomechanical and tribological properties of polymer composites improve due to the ordering of the
supramolecular structure of the polymer matrix [30].

The authors of [31] conducted a study of the influence of an ultrahigh-frequency electromagnetic
field on the strength and thermomechanical characteristics of epoxy composites. Graphite-filled epoxy
composites after treatment in an electromagnetic field have a strength that corresponds to the strength values
of epoxy composites structured by the thermal method. A significant advantage of structuring in a field of
ultrahigh-frequency currents is the reduction of the process duration.
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In [32], a positive effect of ultrahigh-frequency treatment on the adhesion and strength
characteristics of epoxy composites was determined. At the optimal time of electromagnetic treatment of
the plasticized epoxy matrix, the adhesion strength increases by 35%, compared with untreated epoxy
polymer samples. The increase in this characteristic occurs due to the formation of radicals and an increase
in the number of paramagnetic centers in the binder under the influence of electromagnetic treatment. In
the process of structuring, radicals and paramagnetic centers recombine, which leads to the formation of
additional physical bonds with the surface of the metal substrate.

The high intensity of the structuring process is determined by the rate of formation of active
centers [33] under the influence of radiation. This processing method is convenient in the technological
process, since it allows you to control with high accuracy the initialization of the structuring process, the
speed and temperature of the reaction as a result of changing the intensity of the energy flow. A significant
disadvantage of the method is the high sensitivity of the polymer matrix to the intensity of radiation
radiation. The use of fillers leads to the absorption of part of the energy, which as a result will not be enough
for polymerization, however, in the case of an increase in the radiation dose, the mechanical properties of
the polymer composite material deteriorate and the destruction of the polymer matrix is possible. The use
of a stream of accelerated electrons as radiation radiation allows the use of large doses of radiation, since
the stream of electrons interacts directly with atoms and electrons of the substance, as a result of which their
kinetic energy is lost. This has a positive effect on increasing the productivity of the processing of polymer
composite products, however, the depth of the layer in which the structuring processes occur under the
influence of the flow of accelerated electrons does not exceed 2 mm. In this case, it is necessary to form
products using layer-by-layer application of a polymer binder, which limits the unification of the application
of processing for different technologies for forming polymer composite products. In the case of electron
irradiation of polyethylene at lower absorption doses, the degree of crystallinity decreases, and at higher
absorption doses, this degree increases. Electron irradiation at low absorption doses leads to simultaneous
processes of destruction of the main chain and side branches, as well as to crosslinking of polyethylene
macromolecules [34].

The effect of elastic vibrations of the sonic and ultrasonic frequency ranges on liquids allows for
the widespread use of such vibrations to intensify technological processes (dispersion, emulsification and
preparation of suspensions, mixing of various components, polymerization) during the production of
polymer composite materials [35]. Ultrasonic vibrations provide a high level of dispersion, while increasing
the interfacial surface of the reacting components. The use of mechanical vibrations of the ultrasonic range
or low-frequency ultrasonic vibrations (vibration treatment) is one of the dominant methods in the
production of classical polymer composites and nanocomposites and the most promising means of physical
modification of liquid epoxy resin or solid components used in chemical technology to intensify
technological processes for structuring epoxy composite products [36].

High-frequency sound treatment of the composition before hardening provides a more ordered and
less defective structure, which contributes to increasing the strength of polymers [37]. Ultrasonic treatment
improves the conditions for homogenization of the mixture, sharply reduces the viscosity of the composition
and improves the hardening kinetics of epoxy composites. Treatment of the composition with ultrasonic
vibrations ensures the formation of a less stressed structure of epoxy composites, which indicates a minimal
exothermic effect and a more homogeneous nature of structuring, since the relaxation processes occur at
maximum speed [38]. As a result, ultrasonic treatment allows you to increase the adhesive strength,
deformation-strength and operational characteristics of polymer composite materials, as well as reduce the
level of residual stresses [39]. This type of treatment contributes to the manufacture of defect-free and
monolithic structures from reinforced polymer composites, which is determined by the ability of low-
frequency ultrasound to destroy agglomerates of nanodispersed particles and ensure uniform distribution of
the filler in the volume of the polymer matrix.

The author of the work [40] determined that one of the promising directions for creating protective
polymer composite coatings with high physical and mechanical characteristics is the treatment of the
composition with external physical fields. Ultrasonic treatment allows to increase the adhesive strength by
25-30%, the impact strength by 50% and to reduce the heat treatment temperature by 20-30%. The optimal
treatment mode in an alternating electromagnetic field at a frequency of 40 MHz for 2-3 min was
determined, as a result of which the adhesive strength increases by 4-8 MPa. Treatment of the composition
in a field of ultrahigh frequency currents improves the process of structure formation and allows to reduce
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the residual stresses of the coatings by 20-25%, which occurs due to the formation of a dense and
homogeneous spatial epoxy polymer network and the passage of relaxation processes. Complex treatment
in external physical fields allows to additionally increase the adhesive strength by 15-20% and reduce
residual stresses by 30%.

In [41], the need for complex ultrasonic and high-frequency electromagnetic treatment of epoxy
binder containing ferromagnetic nanodispersed filler was identified. The influence of physical fields ensures
spatial orientation of the filler and a high degree of structuring of the composite due to the formation of a
uniformly distributed spatial network of epoxy polymer.

Treatment of epoxy compositions in a viscous-fluid state with ultraviolet rays in low doses for short
periods of time leads to cracking of macromolecule chains [42], which will occur for the following reasons:

— due to ultraviolet irradiation of the epoxy composition, the potential energy of the heterogeneous
system increases, which is accompanied by a change in interatomic distances and valence angles in the
macromolecular chains. The increase in the internal energy of the system causes the localization of potential
energy in individual sections of the macromolecular chains. This leads to the formation of an active state in
such sections, which is characterized by increased stress and destruction of chemical bonds. In this case,
there is a redistribution of potential energy between the oligomer macromolecules;

— ultraviolet treatment of epoxy compositions is carried out in an air environment, in which oxygen
molecules are acceptors and are able to interact with the atoms of the main chain. The interaction of oxygen
molecules with oligomer macroradicals leads to the formation of stable peroxides, which cause the
destruction of the epoxy resin macromolecule chains;

—the introduction of dispersed mineral additives also accelerates the destruction of macromolecules
as a result of a change in the conformation of macromolecules and the initiation of free radicals. Important
in this case is the magnetic and chemical nature of the dispersed filler, as well as the topology of its surface.
Active centers that are formed on the surface of dispersed particles under the action of ultraviolet radiation
are not necessarily localized near it, since this is not always energetically advantageous. This leads to a
change in the position and movement of the polymer macromolecule node, which causes the isomerization
of the macroradical.

As a result of experimental studies, a positive effect of the influence of acceptors of different nature
on the formation of radicals and the structure formation of composites during ultraviolet treatment was
determined [43]. The formation of free radicals occurs as a result of the complex effect on macromolecules
of oligomers of ultraviolet radiation and thermal treatment of filler particles, which leads to an increase in
the chemical and thermodynamic activity of the dispersed filler. During ultraviolet treatment, the increase
in the number of free radicals provides an increase in the degree of structuring of the binder in the outer
surface layers, which significantly improves the physical and mechanical properties of epoxy composite
materials.

Treatment of epoxy compositions with ultraviolet rays provides an increase in the rate of structuring
of the matrix and a significant increase in the degree of gelation of the material [44]. The results obtained
are determined by the formation of active free radicals, which intensively interact with the surface of the
filler and macromolecules of the matrix. Ultraviolet treatment of the matrix intensifies the process of
structure formation, which leads to an increase in the stiffness of the composite.

In [45], as a result of preliminary irradiation of epoxy resin with ultraviolet light, there is a decrease
in the adhesion strength of coatings regardless of the physical nature of the finely dispersed filler. At the
same time, ultraviolet irradiation of epoxy compositions leads to an increase in the cohesive strength of
coatings, which is due to the formation of outer surface layers of a certain thickness around finely dispersed
particles.

As a result of complex treatment (ultraviolet irradiation and magnetic treatment) of the
composition [46], the cyclic strength of epoxy composite coatings increases. Treatment with ultraviolet
irradiation of epoxy resin followed by magnetic treatment of the composition provides an increase in the
endurance limit of the “substrate - coating” system by 1.8-2.0 times, compared to the untreated system.

One of the main tasks in the process of forming epoxy composites is to ensure optimal conditions
for physicochemical interaction at the “binder-filler” phase interface. An important stage in solving such a
problem is to obtain information about the interfacial interaction of binder macromolecules with active
centers on the surface of mineral filler particles during the process of forming the material, as well as
determining the influence of this interaction on the properties of epoxy composites during operation.
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Conclusions. Physical modification of polymer composite materials consists in processing
compositions at the structuring stage with energy fields, which increases the intensity and productivity of
the process of forming polymer composite products, and also provides the opportunity to automate and
shorten the processing process, which allows eliminating harmful effects on workers and reducing energy
costs.

As a result of processing an epoxy composition in a thermal field, physical bonds are destroyed,
which leads to a decrease in viscosity and an increase in the mobility of segments of macromolecules of the
epoxy binder with a subsequent change in the conformational set. Thermal treatment of epoxy composites
is regulated by an optimal temperature-time regime, which provides a high degree of structuring of the
system with low residual stresses. A significant disadvantage of thermal structuring is the uneven
distribution of thermal energy in the volume of the polymer composite product, which leads to an increase
in the level of the stressed state and a decrease in mechanical characteristics.

A more effective method of structuring is the irradiation of the composition with infrared rays,
which are able to penetrate to a greater depth and initiate the process of forming a network structure with
stronger chemical bonds.

Under the influence of magnetic treatment, the parameters of the supramolecular structure of the
polymer matrix are adjusted and the filler particles are oriented at the interface of the “matrix-filler” phases,
which allows the structure to be ordered due to the orientation of macromolecules in the direction of the
magnetic flux. This ensures the approximation of the reactive groups of the epoxy binder with the formation
of additional chemical bonds.

Epoxy resin macromolecules are polarized in an electric field, which is determined by the
displacement of the centers of electric charges, as a result of which the packing density of the polymer
network increases, conformational transformations occur and the interaction between macromolecules
improves.

Processing of compositions in a microwave field provides uniform absorption of
electromagnetic radiation energy, which is accompanied by heat generation as a result of
overcoming the interaction of polarized polymer macromolecules. Such processing provides the
formation of a denser spatial network, increases the uniformity of the structure and intensifies the
process of structuring epoxy composites.

The use of radiation irradiation methods allows structuring without hardeners, however,
polymer systems are quite sensitive to the intensity of such an energy field, which complicates the
process of forming epoxy composite products.

Ultrasonic treatment is advisable for compositions containing highly dispersed fillers,
which provides a high degree of dispersion of components and uniformity of the structure of
polymer composites with a lower content of defects.

Under the influence of ultraviolet radiation, the number of free radicals increases, which
significantly increase the degree of gelation of the material and the degree of structuring of the
binder in the outer surface layers.

The scientific approach and practical implementation of the processes of structuring epoxy
composite products consists in determining the optimal treatment mode of the composition of a
given composition in energy fields, which will allow obtaining the predicted structure of the
polymer matrix and forming an epoxy composite material with high performance characteristics.
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Jhyvkuti HayionanbHUll MexHiYHUL YHigepcumem

NEPEIYMOBH 10 BPAXYBAHHSI MOJU®IKAIIL XBOMHUX MOPIJI AEPEBUHU B
PO3PAXYHKAX JEPEB’SHUX EJTEMEHTIB TA KOHCTPYKIIIA

Jocnioscenna 6uceimnioe menooonoziro 6paxyeanis 6nauey Mooupikayii xeounux nopio oepesuHu npu po3paxynKax
oepes'anux KoHcmpykuyii. Bono 30cepediceno na KoHcmpyKmugnux elemeHmax, 6K1i04Ualouu 6anKu, KOJ0HU Ma nepexpecHo-
NamMinoeani nauneni, 0e N03006#cHA MIYHICINb 3HAUHOIO MIPOIO 6U3HAYAE HeCYyUy 30AMHICIb MA HCOPCMKICb. 3anPONOHOEAHO
Memo00102i10, W0 0038071A€ MOYHO B8PAX0BYBAMU 3MIHU MEXAHIYHOI NOBEJIHKU 8HACNIOOK 00pOOKU KOMROZUUWIUHUMU
Mmamepianamu, 3a0e3neyyiouu mMoOYHy OUIHKY MIYHOCMI Ma NOKPAW(EHHA eKCnayamauiinoi npudamuocmi oOepee'aHux
Koncmpykuyii. Bnpoeaoicenns koegivicnmie y cmpykmypui po3paxyHKu O0eMOHCHMPYE, W0 mMOOughikayis moice 3HAYHO
nioguwumu eKCnyamayiitii Xapaxkmepucmuku ma mepmin ciyxicou oepes'anux koncmpykuii. Ileit nioxio 3axknaoae ocnogy
0714 GKJII0YEHHA MOOUDIKOGaHUX 61acmUBOCHMell 0epesUHI 6 MAllOYmMHI CIAHOApmMu NPOEKMYBAHHA MA HAOAE IH)CEHepPam
npakmuyuni incmpymenmu 01 Oinbuwt HaAIliHO20 MA 006208IUHO20 NPOEKMYBAHHA 0epPes ' aHUX KOHCMPYKYIL.

Kniouosi cnosa: moougixosana Oepesuna, HANPYICEHO-0eOPMOBAHULI CMAH, MIiYHICMb, Hecyya 30amuicm,
Oeghopmignicmb, CIMUCK, 32UH, PO3MS2.

0.0. Homon, O.M. Suvorov

PREREQUISITES FOR TAKING INTO ACCOUNT MODIFICATIONS OF CONIFERS
OF WOOD SPECIES IN CALCULATIONS OF TIMBER ELEMENTS AND STRUCTURES

The study highlights the methodology for considering the impact of softwood modification in the design of timber
structures. Although timber is a widely used building material due to its environmental friendliness, low weight, ease of
processing, high longitudinal strength and cost-effectiveness, it has limitations such as moisture sensitivity, anisotropy and
natural defects that limit its structural application. Modification of timber with various composite materials improves the
physical and mechanical properties of timber, improves moisture resistance and increases durability. Such types of modifications
change the behaviour of timber structures and their stress-strain state, which is not taken into account in current design
standards, which highlights the need to update design approaches. The study focuses on structural elements, including beams,
columns and cross-laminated panels, where longitudinal strength largely determines the load-bearing capacity and stiffness.
Traditional design includes characteristic and design values of compressive, tensile, and flexural strengths, as well as elastic
and shear moduli modified by reliability factors. This paper presents the possibility of using experimental data when taking into
account the modification of coniferous wood species. In this case, experimental values are used to determine modification
factors that correct the design resistance to bending, compression, tensile, and elastic moduli. Formulas are given to illustrate
the application of these factors under uniaxial bending and combined loading conditions. A methodology is proposed that allows
for accurate consideration of changes in mechanical behavior due to processing with composite materials, providing an accurate
assessment of the strength and improved serviceability of wooden structures. The introduction of these factors into structural
calculations demonstrates that modification can significantly improve the performance and service life of wooden structures.
This approach lays the foundation for incorporating modified wood properties into future design standards and provides
engineers with practical tools for more reliable and durable wood construction designs.

Key words: modified wood, stress-strain state, strength, load-bearing capacity, deformation, compression, bending,
tension.

IocTtanoBka npo6/emu. BukopuctanHs AepeBHHU SIK MaTepiany A OyAiBeTbHUX KOHCTPYKIIH
00yMOBIICHO BEIUKOIO KimbKicTio mepeBar [1,2]. JIo OCHOBHHX IepeBar IAepeBHHH MOJKHA BimgHECTH ii
€KOJIOTIYHICTh, HEBEJIUKY Bary, JIETKy 00poOKY, BUCOKY MIITHITh B3JIOBX BOJIOKOH, HEBEIMKI BUTPATH IIPU
BUTOTOBJICHH] Ta iHmI. IIpoTe He 3Ba)karoum Ha BENMKY KUIBKICTh IepeBar AJsl AEPEBHHH XapaKTEpHI i
HEJIOJIIKH, JTO SIKUX MOJKHA BITHECTH: Yy TJIMBICTH IO BUCOKOI BOJIOTOCTI, aHI30TPOIIi0, TPUPOIHI HETOTIKH
(cyukn, xocomapysarocti) Ta immi [1,2]. Came HemomiKd OOMEXYIOTH BHKOPHCTaHHS IEPEBHHHU SIK
KOHCTPYKTHUBHOT'O MaTepiaiy.

Jnist moKpalieHHsl eKCIUTyaTaliiiHuX BIAaCTUBOCTEH, MOJOJIAHHA HEIOJIKIB JIEpPEeBHHH, MOXKIIUBE
3acTocyBaHHs Mojaudikaiii JepeBHHH 3a JOMOMOro0 pi3HHX KoMmo3uTHux MatepiaiiB [3-10]. Came
MIPOCOYYBaHHS ACPEBUHU J03BOJISIE CTBOPUTH MaTepiai, SKUi HOENHYE TIepeBard NPUPOIHOI AEPEBUHH Ta
LITYYHOTO KOMIIO3UTY, MiJBUILYIOUH (i3MKO-MEXaHIuHI BIACTHBOCTI, 3MEHIIYIOUH BIUIUB BOJIOTOCTI a
TaKOX MiJIBUIIYE JOBrOBIYHICTh JepeBUHH. [Ipu IboMy BILIHB MoJUdiKallii 3MiHIOI0UH (Di3HKO-MeXaHiqHi
BJIACTUBOCTI JICPEBUHH, 3MIHIOE HAmpyKeHO-Ie()OpMOBaHUIA CTaH KOHCTpPYKIii [4]. BpaxyBaHHs Takoi
3MIiHM B CYyYacHMX HOPMAaTHUBHHMX JOKyMmeHTax BiacyTHs [11,12], Tomy omHOIO i3 3agay Hamoro
JOCII/PKEHHSI CTaJl0 CTBOPUTH TMEPEAYMOBH JUIsl BpaxyBaHHS B PO3paxyHKax JepeB’sIHUX KOHCTPYKIIH
Moauikariii IepeBUHN XBOWHHUX MOPiA PI3HUMHU KOMITO3UI[IHHIMH MaTepiajaMH.

© 0.0. I'omon, O.M. Cysopos

239


https://orcid.org/0009-0009-6488-8073
https://orcid.org/0009-0009-7077-3600

ISSN: 2415-3966 Miorceysiecokuii 30ipnux « HAYKOBI HOTATKH». Jlyyok, 2026, Ne85

AHaJni3 ocTaHHiX a0ciaigxKeHsb. B cydqacHoMy OyqiBHULITBI A€pEBHHY 3a3BHYail BAKOPUCTOBYIOT Y
BHUTJISIAI TOBIUX CTEPXKHIB (Oaimkw, KOMOHW) abo (MepexpecHO-KIC€EH! MaHell, TaHelll 3 BUKOPHUCTaHHIM
(danepu), Ipu IIHOMY OpIEHTAIlis] ACPEBUHH BHUKOHYIOTHCS B3MIOBX BOJIOKOH, II€ JIO3BOJISIE CIIPHUHMATH
Oinpiui HaBaHTaXeHHS. CaMe MIIHICTh AEPEBHHU B3JOBXK BOJIOKOH € BH3HAYAJBHOIO XapaKTEPHUCTHKOIO
HECYYO0l 3AaTHOCTI Ta KOPCTKOCTI OymiBeIBHHMX KOHCTPYKIii. ToMy B HOpMaTHBHIM jiTeparypi [11-13]
MOJKHA 3HAUTH TaKi XapaKTepUCTUKHU JIEPEBUHH, SIKi BAKOPHCTOBYIOTHCS B TIPOCKTYBaHHI:

food » fmk - PO3paxyHKoBe Ta XapaKTEpUCTHUYHE 3HAUEHHs MILIHOCTI IIPU CTUCKY B3/10BXK BOJIOKOH;

fe 90k - XapakTepuCTHUHE 3HAUEHHS MIlJHOCTI IPU CTUCKY MONEPEK BOIOKOH;

fnd - PO3paXyHKOBE 3HAYEHHs MIILIHOCTI TIPH 3THHI;

fiod » fiox - PO3paxyHKOBe Ta XapaKTepUCTHUHE 3HAYEHHS Mil[HOCTI IIPU PO3TATY B3/I0BK BOJIOKOH;
fi 90,4 - PO3PaXyHKOBE 3HAUEHHS MIIIHOCTI IPH PO3TATY MONEPEK BOJIOKOH;

Eyq, Emeen - PO3PaXyHKOBE Ta CEpeIHE 3HAUCHHS MOYJIS IPYKHOCTI;

Gy, G - pO3paxyHKOBE Ta CEPEIHE 3HAYECHHSA MOIYJIA 3CYBY.

d meen
SIk11o 300pa3uTH MOXKITMBE BUHIUKHEHHS HAaBAaHTAXEHHS Ta OITip, SKUH HEOOX1THHHA JIs 311001 TaH s
pyWHYBaHHsI, HOT0 MOXHA 300pa3uTH Y BUTJISAL JBOX CyKymHOCTeH (puc. 1). He3Baxkarouu Ha MpUCYTHICTh

MII[HICHUX JIIMITIB Ha 3THH, PO3TAT Ta CTHCK B PO3PaxyHOK BBOJAATH psiA Koe(illieHTIB, AKi 3aiexarhb Bil
YMOB €KCIUTyaTalil Ta TPHBAIOCTI HaBaHTaXeHHs. Takumu koedinientamu € [11-13]: k.4 - KoedimieHT,

SIKUM BBOJIUTH JJISE PO3PAaXYHKOBUX OIOPIB, IO CIYXKUTh BPaXyBaHHIO TPUBAJIOCTI [Iii HABAaHTAXKEHHS, a
TAKOXK TIPH SKUX YMOBAaX CKCIUTYaTYEThCS KOHCTPYKIIS; Ky - KOEQIIieHT NedOpMaTHBHOCTI, KU

BPaxoBY€ PEOJIOTiUHi BIACTUBOCTI IEPEBUHH, a caMe MOB3y4icTh. P0O0Ty KoedimieHTiB HafiHHOCTI MOYKHA
300pa3uTH y BUTIISAI cXeMu (puc. 2).
A

Ji1 HaBaHTa’KSHHA Omnip pyHHYBaHHIO

Bimmvoea

=
>

Puc. 1. Po3noaiu Aii HAaBaHTaXKeHHS Ta ONOPY PyiHYBAHHSA

CamMe BUKOpPHCTaHHSIM BEJHMKOI KUTBKOCTI KoedilieHTiB (puc. 2) 0OyMOBIIOE TPYKHY YacCTHHY
pOOOTH JIEpPEBUHM, 1Ie TIOSICHIOETHCSI HEBEIMKHMHU PIBHSAMHM HABAHTAXKCHHS MPU SKUX BHKOPHUCTOBYETHCS
JIepEeBHHA.

IMocTtanoBka 3aBaaHHs. MeTor0 HamMX JOCHIPKEHb € PO3pOOKa METOJUKH BpaxyBaHHS B
po3paxyHKax IepeB’ THUX KOHCTPYKITiH Moaudikalii 1epeBUHNA XBOWHUX MTOP1 PI3HUMH KOMIIO3UIIHHUMUI
MaTepiajgamH, 3a JOMOMOT0I0 OTPUMAHHUX HOBUX (DI3UKO-MEXaHIYHUX XapaKTEPUCTHK.

Bukaax ocHOBHOro Matepianay. 3 JOCHTIPKEHb BCTAHOBJICHO, 1110 MOU(iKaIlis 30UTbIIyE MO
MPY>KHOCTI JICPEBUHU B3JIOBXK BOJIOKOH, 8 TAKOX 301JIBIIYE OMIp JCPEBUHU CTUCKAIOYHM HAINPYKCHHSIM.
Toni BmiuB Moauikailii MOXKHA PO3IJISIHYTH, SK CIIIBBIJIHOIIECHHS OTPUMAaHMX MOJYJIB IPY)KHOCTI
nepesunu ¢popmymna (1)

Ymoa,e = Emeanmoa/Emean 1)
1€ Epeqn - CEPEIHE 3HAUCHHS MOJTYJIS MPYKHOCTI JCPEBUHU B3J0BXK BOJIOKOH;

Ermeanmoa -~ CEPETHE 3HAYECHHS MOJYJIs IPYKHOCTI B3JJ0BK BOJIOKOH MO (iKOBAHOT IEPEBUHU.
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Jlis HaBaHTaKeHHS Omip pyitHyBaHHIO

YacToTa BHHEKHEHHS

v

I (L I
E, i

F an
ah

r

Yo Ya * Kmad *Tm

Puc. 2. CxemaTu4He 300pakeHHs! 3aM00iraHHIO PYilHYBaHHS KOHCTPYKUIHA (7, , V5, Yo -

koedinieHTH HaxiliHoCcTi)

Tak camMo 5K 1 7151 MOYJIS IPY’KHOCTI MOYKHA BCTAHOBHUTH BIUTHB Ha MIITHICTE IEPEBUHU IIPHU CTHCKY.
KoeditienT BpaxyBaHHS Vpoq,r BIVIMBY Ha PO3PAXYHKOBUH OMIp MPH CTHCKY MOHA BU3HAYMTH 3a
tdhopmymoro (2)

Ymod,f = frmoal Sk 2

3 BpaxyBaHHSM TOTO, IO CITiBBITHOIIEHHS PO3PaXyHKOBUX OIMOPIB MOYKHA BH3HAYMTH 3rigHo [13],
3a GopmyIoro (3), To MOXKIIMBO CTBEPDKYBATH, IO MPH TAKOMY CIiBBiIHOIIEHHI KOC(IIEHT BIIMBY Ha
MOIU(DIKOBaHY JEPEBUHY Vpyoq,f MOKHA BUKOPUCTOBYBATH, SIK U1l PO3PAXYHKOBOTO OIOPY 3THHY, TaK i
po3TIATY

frok = 0.6fim 3)

Tak, BpaxyBaHHS MoAudiKkaIli Mpu po3paxyHKax MOXKIMBO IUISIXOM BUKOPHUCTaHHA Koe(imi€HTIB
Vmod,f Ta ymod,E-

[pukiaaag BukopucTanis koedinienTiB Moaupikarii

PosrnsiHeMo croci6 3acTocyBaHHs KOe(iliEHTIB U PO3paxyHKy 3THHAIBHUX KOHCTPYKIiH. Tak ams
BU3HAYEHHsI HECYYOi 3[aTHOCTI 3THHAJILHHUX €JIEMEHTIB BUKOPUCTOBYETHCS (hopmyda (4) 1uist 0IHOOCHOBOTO
3TUHY
M,z

I,
Jie o, - HAalPYXCHHSI TIPH il 3THHAJILHOrO MOMEHTY M ;

(4)

g, =

|, - MOMEHT iHepIii BiTHOCHO OCi Z.
YMoBoIO X 3amobiranHto pyiHyBaHHS € popmyrna (5), ska BKa3ye M0 NMEPEBUIICHHS HAIPYKEHb
OispIIIe TO3BOJICHUX PO3PaXyHKOBHX, MOXKE CIIPHYMHHUTH PYHHYBaHHS KOHCTPYKIIi{
Om,d < fm,d (5)
BpaxyBanus momudikanii JepeBUHU BPaxOBYEThCS IUISIXOM BBEACHHS B PO3PaxXyHKOBUH OIIip
KoedilieHTa, 1110 BpaxoBye Moaudikariito (6)
fm,d = Kmoa Tmp Ymod,f (6)
Ym
[Tpu koMOiHaii Ha COPUAHATTS 3yCHIIb Ha 3T'MH 3 CTUCKOM Ta Ha 3THH 3 PO3TATOM 3aCTOCOBYIOThH
piBHSHHS BianoBigHo piBHsHHA (7), (8) Ta (9), (10)

o O d O

t,0,d m,y, +km m,z,d <1 (7)
ft,O,d fm,y,d fm,z,d

O; O, d O,

t,O,d+km my, n m,z,d <1 (8)
ft,o,d fm,y,d fm,z,d

2
O O, O
c,0d " m,y,d 1k m,z,d <1 (9)

m
fc,O,d fm,y,d fm,z,d
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2
(O-c,o,d J Tk, Om,yd + Om,zd <1 (10)
fc,O,d fm,y,d fm,z,d

SIK [U1s MPOCTOTO 3rUHY BpaxyBaHHs MOAM(DIKALIii €MOKCHIHOI CMOJIOK Oyjie MPOBOJAUTHCH Y
bopmymax (11), (12) Ta (13), (14):

f

ft,O,d = Kinoa ;,Okymodf (11)
fe,

fc,O,d = Kinoa Okymodf (12)

fm,y,d = Kmoa r; kymodf (13)
fm,

fm,z,d = Kmoa —— Ym Vmod,f (14)

3 BpaxyBaHHAM BHILE 3rajaHoi iHpopMmalii 3acTOCYBaHHS KOEDIIEHTIB Vmoqs T& Vmodr €
MOJKJIUBUM ITiJT 9aC PO3PaxXyHKY Ta MPOSKTYBaHHs KOHCTPYKIIiH 3 ICPCBUHH.

BucnoBku

1. Bcranosneno, mo MoaudikoBaHa IEepeBHHA € CydJaCHUM MaTepialioM, SKHH Mae IOKpaIieHi
(hi3nko-MeXaHIYHI BIACTUBOCTI, ITIABUIICHY BOJOTOCTIHKICTE Ta JJOBIOBIYHICTS.

2. IlpoananizoBaHi JliTepaTypHi JuKepea MOKa3aiu, o BpaxyBaHH:A MOADiKaLii AepeBUHI MOKHA
BUKOHATH TIPH BCTAHOBIIEHHI PO3PaxyHKOBUX OMOpIB JepeBuHU. lIpn mpomy BpaxyBanHS Monaugikarii
Oy/1e BpaxoBYBATHCh 3a JOMOMOTOI0 IBOX KOEDILi€HTIB MOAUDIKALT Vinoa,f TA Yimod,E-

3. B pobori HaBezpeHi crmocoOn 3acTOCYBaHHS KOCQILieHTIB Moxu¢ikauii Npu po3paxyHKy
KOHCTPYKIIiH, K1 MPAIfOI0Th Ha CTHCK Ta 3TMH. BCTaHOBJIEHO, 10 TIPH 3aCTOCYBaHHS KOC(i)lI_IICHTlB MOJKHA
BpaxyBaTH BIUTUB MOAM(IKaIlii AepeBUHI XBOWMHUX MOPIJl IPU PO3PaXyHKY TaKUX KOHCTPYKITIH.
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Tnemumym npo6nem mamepianosnaecmesa in. LM. ®panyesuva HAH Vipainu®

Isano-Ppanxiecokuil HayionanbHuii mexHiunull ynigepcumem nagmu i 2azy*

VJABTPA3BYKOBI HEPYWHIBHI JOCJIII)KEHHA PEAKIIIHHO CIEYEHOT'O
KAPBIAY KPEMHIIO, MOJJU®IKOBAHOI'O KAPBIIOM BOJIb®OPAMY

3a mexnonoziero peakyiiinozo cnikanna NOPOWIKI6 OMPUMAaHi Kepamiuni mamepianu Ha 0CHO8I Kapoioy KpemHiro, wo
micmunu ¢ wuxmi 6i0 1 0o 8% (mac.) wacmunox nopowky kapoidy eonvgppamy. Hocnioyceno ennug emicmy Kapoioy
601bhpamy Ha 3aKOHOMIDHOCHI 3MIHU RUMOMO20 €1eKMPUUHOZO ONOPY MA XaAPAKMEPUCMUK NPYHCHOCMI KOMRO3umis,
GU3HAYEHUX 3a PE3YTbMAMAMU YIbMPAZEYKOGUX GUMIPIOSAHb WEUOKOCHEN NOWUPEHHA RPYHCHUX XGUNL DPI3HUX MUNIE
imnynscuumu memooamu.

Kntouosi cnoea: peaxiiiine criikaHHs, KapOiqy, yIbTPa3ByKOBHI KOHTPOJIb, €IEKTPHIHMIT OIIip.

O.V. Vdovychenko, M.P. Gadzyra, I.D. Hnylytsia, A.M. Kolesnykov, O.V. Talko,
N.D. Tkachuk, A.M. Vysotskyy

ULTRASONIC NON-DESTRUCTIVE STUDY OF REACTION-SINTERED SILICON
CARBIDE MODIFIED WITH TUNGSTEN CARBIDE

Using the technology of reactive sintering of nanosized powders, composite materials based on silicon carbide,
containing in the charge from 1 to 8% (wt.) of tungsten carbide powder particles were fabricated. The influence of the WC
content in the charge on the regularities of changes in the electrical resistivity and elastic characteristics of composites,
determined from the results of ultrasonic measurements of the propagation velocities of elastic waves of various types using
pulse methods, was investigated.

Key words: reaction sintering, carbides, ultrasonic testing, electrical resistivity

Beryn. Kepawmiuni Mmartepianu Ha ocHOBi kapOimy kpemHito (SiC) neMOHCTPYIOTh BHAATHI
BIIACTHBOCTI, TaKi SIK BUCOKI TBEP/IICTh, MIIIHICTh Ta TEIUIOMPOBIAHICTh, CTIHKOCTI 10 OKUCHEHHS 1 KOPO3ii,
HU3BKUH KOE(DIIEHT TEPMIYHOIO PO3IIMPEHHS. 3aBASKH I[bOMY 3aCTOCOBYIOTBCS ISl BHUTOTOBJICHHS
VIIIbHIOBAaYiB, OpOHBOBHX IUIACTHH, MiJIIUIHMKIB, TiNb3 LWIIHAPIB 1 (OPCYHOK JMABHUTYHIB, Ta
HaMiBIPOBITHUKOBUX BUPOOiB, SIKi B IIPOLIECi eKCIUTyaTalil MiaIaoThes Aii BACOKUX TeMIepaTyp, YIapHUX
Ta IMUKIIYHAX HaBaHTaxeHb [1, 2]. BriM, KoHComigamis mopommky unctoro SiC € CKIagHuM 3aBIaHHSIM
BHACJIIIOK MIIIHAX KOBAJCHTHUX 3B’SA3KiB Ta Maaux Koe(imieHTIB audy3ii aToMiB I TOMY BHMarae
TemrepatypH crikanHs monax 2773 K i tucky 50 MIla. 3amkenns Temneparypu crikanus SiC B TBepiit
¢da3i MOXKHa JIOMOTTHCS JOJaBaHHSM BYTJICIFO T4 IHIIMX XIMIYHHUX CIOJYK, aje OTPHMaHi KepaMidHi
BUPOOH MAKOTh HU3bKY TPIIHMHOCTIHKICTH [3]. [HIINM CTOCOOOM 3MEHIIICHHS TeMITepaTypy KOHCOiIallii €
peaxiiiiiHe CITiKaHHs 3 YTBOPCHHsM Oaratoa3HOro KOMIO3UTHOro Mmarepiany [2, 4]. 3okpema, Takum
criocoboM ojepxkyroTh kommo3utu cucremu SiC-WC, GyHKUIIOHATIbHI BIACTHBOCTI SKHX MOXHA
pEryIoBaTH 3MiHOK BMICTY BHUXIIHUX KommoHeHTIB [3, 5, 6]. IIpore, BHacIioK pi3HOro KoedilieHTa
TEPMIYHOTO PO3LIMPEHHS Pi3HUX (a3, B MPOLECi BUTOTOBJICHHS BUHUKAIOTh 3AIMIIKOBI HANPY>KEHHS, fAKi
MOKYTh MPHU3BECTH IO YTBOPEHHS TPIILMH, @ OTXKE J0 MOTiPIICHHS MEXaHIYHUX XapaKTEPHUCTHK 1 HaBiTh
BTPATH LIJTICHOCTI.

Mera po6orn. Meroro Ii€l poOOTH € MOCHIPKCHHS HEpYHHIBHUMH YibTpa3BykoBumu (Y3)
MeToxaMu BIIMBY 3MiHM BMicTy WC B mmxTi 10 8% (Mac.) Ha MOXKJIMBE YTBOPEHHS Je(EKTiB B peakuiiHO
CIIEYECHHX EJIEKTPOIIPOBITHUX Marepiajiax Ha OCHOBI HAHOPO3MIPHHUX IIOPOIIKIB TBEPIOTO PO3YHHY
KapOOHY B KapOiJi KpEeMHII0, TEXHOJIOIisl BUTOTOBJCHHs sikux pospoOsiena B IIIM HAH VYkpainu Tta
omucana B [7, 8].

Marepiaju i MeTOIU JOCTITKEeHb

®dopMmyBaHHs 3pa3KiB MIPOBOAMIM 3 3€JEHOr0 KapOiay kpemHio dpaxiii 30-40 MM 3 10AaBaHHIM
12% enexrponnoro rpadity ¢gpaxiii 20-30 MxkM Ta Hanonopomky WC 3 TMTOMOKO MOBEPXHEK ~4 MY/T y
kinpkocTi Big 1% 10 8% (mac.) 3 kpokom 1%. Ak mnactudikarop Oys Bukopuctauuii 10% po3uuH mopomKy
0akeniTy B €THJIOBOMY CHHPTI y KijgbKocTi 3-4 % (Mac.). 3mimryBaHHS KOKHOTO CKJIaay BiAOyBasloch Y
KyJIbOBOMY MJIMHI 3 PO3MOJBHHMH TiJJaMH 3 TBEPAOTO CIUIaBy BIpOoAOBXk Omm3bko 1 rox. IlpecyBanns
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3pa3KiB IPOBOAMIIOCH HA TiAPaBIivHOMY Mpeci Ipu muToMoMmy TcKy 200 Kr/cm2, nami cpopMoBaHi 3pazku
CYLIMJIM Ha TMOBITPI 3a Temmeparypu ~ 453 K Bropomorxk 5-6 roxa. Peakuiline crmikaHHS c)OpMOBaHHX
3pa3KiB MPOBOJAWIM B IHAYKLIHHIA medi y Bakyymi 3a Temmeparypu 2273-2373 K mpotsrom 30 xa.,
LIBUIKICTh HarpiBaHHsa ctaHoBwia ~50 K/xB. BigHOmIEHHS MacH BiIbBHOTO KPEMHIIO O MacH 3pa3KiB
cranoBmiio 1:1. BHacmimok peakmiiHoro CriikaHHs OyiaIu ofepiKaHi 3pa3ku KOMIIO3UTHOI kepamiku SiC-Si
(W, C), B sikux kapbix Boab(ppaMy MOBHICTIO IPpOpearyBaB 3 CHIIMIIB BOJIb(pamMy y pi3Hiil KOHIIEHTpaITii
B 3aJIEKHOCTI BiJl BMICTY CKJIaZIOBUX B ILIUXTi.

JlocmijpkeHHsT MPOBOAMIIM 32 KIMHATHOI TeMIlEpaTypd Ha 3pa3kax y (opMi HpPSIMOKYTHHX
napaseserine1iB 3 MmonepeyHuMu po3mipamu 8 ... 16 MM micis nuridpyBanus. JliHiiHI po3mipu 3pa3kiB
BUMIpPIOBaJIM 32 JONOMOIOI0 MiKpOMeTpa 3 oauHHLEe0 Monoxmoro pospsany 0,01 MM, ryctuny p
OJICp’)KaHUX KOMIIO3UTIB BU3HAYAIH METOOM TiJPOCTATHYHOTO 3BAXKyBaHHSL.

EnexTpuuHi BUMIpIOBaHHS IPOBOIVIIH 3a A0HOMOror0 mudposoro mikpoommerpa UNI-T.UT620b.

XapaKTepUCTHKH TPYKHOCTI BU3HAYAIM METOAOM HACKPIZHOTO TPOXOKEHHS YJIBTPa3BYKOBOTO
IMITyJIbCy 32 DIBHIKOCTSMH HOIIMPEHHS MO3I0BXKHBOI Ta MOMEPEYHOi (3CYBHOI) NPYXKHUX XBUIb. MeTox
peanizoByBaBcs TaKuM YMHOM. [IpoTuiiekHi TpaHi 3pa3ka MoCiIiJOBHO BBOJIWIN B aKyCTHYHUI KOHTAKT 3
JIBOMA TIapaMH 11" €30€IEKTPUYHHUX TIEPETBOPIOBAYIB TO3/JOBXKHBOT 00 3CYBHOI XBWIII PE30HAHCHOTO THITY
3 IEHTPaJbHOK YacToTO 5 MII. SIKk KOHTaKTHE CEpeIOBHINEC MK 3pa3koM 1 MepeTBOPIOBAYAMHU
3aCTOCOBYBAJIM JIMCTUIILOBAHY BOJAY y BHMAJKY MO3AO0BXKHBOT XBUII 200 MiHEpalbHY OJHMBY y BHUIMAIKY
3cyBHOI XxBWIi. Ha ofguH 3 mepeTBoproBayiB (BUIPOMIHIOBaY) 3 TE€HEpaTopa HaJIXOIWUB EICKTPUUHHMA
IMITyJIbC IPSIMOKYTHOT (hOPMHU TPUBATICTIO 4 MKC 1 TiepiogoM 1 Mc i mepeTBoproBay 30yproBaB B MaTepiali
3pa3ka TO3J0BXHIO a00 TMOoMNepeuHy YJiIbTPa3BYKOBY XBWJIIO. [lepeTBOproBau, pO3TAIIOBAHUN Ha
MPOTHJICKHIN TpaHi 3pa3ka, TpaHC(HOPMYBAB aKyCTUYHHUM CHTHAJ, IO MPOWIIOB Kpi3b 3pa3oK, 3HOBY B
CIIEKTPUYHMHN, IKMH TTICIIS i ACHIICHHS HaIXOANB T Bidyaisamii Ha ocipuiorpad. Iarepsan yacy At mix
MOMEHTaMHU BUIIPOMIHIOBAaHHSI Ta PEECTPALlil YJIbTPa3BYKOBOTO IMITYJIbCY BHUMIPIOBAIHM 3a JOMOMOTOO
BHMIpIOBada iIHTEPBAJIIB 3 TOYHICTIO 1 HC, BPaXOBYIOYH Yac MPOXOKECHHS CUTHATY 10 BUMIPIOBAIBHOMY
TpakTy 6e3 3pa3ka.

HIBHAKICTH NOIIUPEHHS TMO3I0BXKHBOI V| Ta monepe4yHoi Vi ylbTpa3ByKOBUX XBHJIb BU3HAYAIH SIK
BiTHOIIEHHS TIIAXy N, Ha sgKkWii B 3pa3Ky IOIIMPIOBABCS IMITYJIbC BiAMOBIMHOI XBHWII, JO Yacy HOTO
mommperas At. Moaymi IOnra E, 3cyBy G Tta koedimient Ilyaccoma v BH3HAYadM 3 BiJOMHX
CHIBBiIHOLICHBb TEOPii NPYKHOCTI

E= p'vtz (3VI2 _4Vt2) :

ERYE 1)
| t
G=pV’; )
1V2 -2y
v=oa ZSh 3
PRVERYE @)

Jie p — eKCTIEPUMEHTAIBHO BU3HAUEHA TYCTHHA MaTepiay 3paska.

IIBuakocTi momupenHs V| ta Vi BuMipioBadu B3AOBX 000X KOPOTKHX IpaHed (B HANpPsSMKY
MpecyBaHH: Ta B MONEPEK LHOTO HANPSIMKY), 100 3a0e3meYnT YMOBU ()OPMYBaHHS BiATIOBIAHUX XBUJIb B
Ipy>KHOMY cepenoBuilti. [loxubka yapTpa3ByKOBUX BUMiPIOBaHb iIMITYJIbCHAM METOJOM HE ITEPEBHIITYBAIO
0,5%. Ockinbku He OynO BHUSBIEHO 3aKOHOMIPHOI Pi3HHUII MK pe3ylbTaTaMd BUMIPIOBaHb y Pi3HHX
HanpsIMKaXx, HaBeZCHI Aajll pe3yIbTaTH OACPKyBall ocepeTHeHHM Bix 4 10 10 He3anexHUX BUMIpIOBaHb
9acy MPOXOUKEHHS XBUJII KOXKHOTO TUITY SIK B HAIIPSIMKY, TaK 1 B IUIOIIMHI IPECyBaHHS.

AMIITITYM BIIHOCHUX MaKCHMAIbHUX IMUKITIYHHUX AedopMarii, Mo BHHUKAIMA B 3pa3Kax IIij] 4ac
BUMiprOBaHb, Mau nopsigok 108,107,

Pe3ybTaTH q0CTi1KeHb Ta IX 00roBOpeHHst

T'ycmuna. Pe3ynbTaTi, HaBeleHI Ha puc.l,a BKa3ylOTh Ha BiIICYTHICTh OJIHO3HAYHOI 3aJICKHOCTI
TYCTHHH 3pa3kiB micns peakuii p Big Bmicty WC. I'yctuna MaTepiaily 3 BHXiZHOTO MOPOIIKY TBEPAOTO
po34uHy KapOoHY B Kap0iai kpeMHio ctanoBwia 3050 kr/M3, 1m0 €m0 MeHIIe HiX BigoMi 3 jiTepaTypu
3HaueHns ryctunn SiC o- ta B-momudikaniii p = 3210-3215 xr/m® [9], mo moB’sA3aHO 3 0COOIMBOCTAMU
TEXHOJIOTi] OTPUMaHHS Ta CTPYKTYypH BUXiTHUX mopomkiB. JlogaBannas B mmxty 1 — 3% (Mac.) kapbimy
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BOJB(PaMy MO HACJIJKOM 3MEHIIEHHS TYCTHHH OJIEPKAHUX KOMIO3UTIB 10 2970 kr/mM%, a nonanbiue
36inbmenns BMicty WC 10 8% (Mac.) BUKIMKAJIO MOCTYNOBE 3pocTanHs ryctian 10 3110-3120 kr/me. Tak
B IIIJIOMY HE3HAYHE 301JIBIICHHS P IOB’S3aHO 3 BEITUKOIO TYCTHHOIO CITONYK Bosibdpamy. Tak, TrycTuHa
cuninuay Bonbppamy WSiz cranouts 6nmsbko 9250 kr/m3, a kap6igie WC ta W,C — 15500 ta 17200
kr/m°, BignosigHo [9].

Humomuit  enekmpuunuii  onip. Pe3ynbrath BU3HAYEHHS CICKTPUYHUX XapaKTEPHUCTHUK
JOCHIPKYBaHUX KOMIIO3UTIB, HaBeAeHi Ha Puc.1,0, cBinuatk, mo 30inbLIeHHs BMICTy KapOiqy Boibppamy
B IIMXTI Ma€ HACIiAKOM 3MEHIIEHHS MUTOMOTO €JIEKTPHYHOTo onopy p*. Bixke micist 1onaBaHHA B IIUXTY
1% (mac.) kap6imy Bosb(paMy BigOyBaeThCs CTPIMKE MaAiHHsA p* oiepikanoro marepiany Bix 55-10° Om-m
y He MOM(iKOBAHOTO HAHOPO3MIPHOTO TBEPAOTO po3urHy kapbony B SiC 10 21,2:10° Om-M y mMarepiay,
MoaudikoBanoro 1%(mac.) WC. Lle 6inbin sk BIABIUI MEHINE, HIXK Y JOCTIHKEHOTO aBTOpaMH IIi€i cTaTTi
matepiany Ha ocHoBi SiC, momudikosanoro 1%(mac.) TiC, skuii cramosus 49,4-10° Om-m [10]. 3i
3poctanHsaM KoHneHTpamii WC B mmxti Big g0 2% (Mac.) eJIeKTpUYHHMHA OImip 3MEHIITYETHCS JI0
15-10° Om'M, a mopanbiie 36inbmends Bvicty WC Mae HAaclmiKoM 3pOCTaHHS p* 3 MakCHMyMOM 3a
5%(mac.) W i Hactynre #ioro naginus 1o p*=11,1-10° Om-M y marepiany 3 8%(mac.) WC.
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Puc.1. 3anexnocri (a) - rycTuHu p Ta () - TMTOMOI0 eJIeKTPUYHOIO OMOpYy P*
marepiaJiB Ha ocHoBi SiC, MmogudpikoBannx WC Bix MmacoBoro Bmicty kapoizy
BOJb(QpaMy B IIMXTi

3 nmitepaTypH BiJoOMO, 110 y TIOPiBHAHHI 3 IHIIMMU KapOigamu, cTeXioMeTpUIHUHN KapOia Bonbdpamy
Ma€ HU3bKI 3HAYEHHsS MUTOMOTO EJEKTPUYHOIO OIOpY, SIKMH 3a KIMHATHOI TeMIIepaTypH CTaHOBHUTH
p*wc = 2,2:107 Om-m [11], a p* mosmikpucTanigHoro kapoigy KpeMHiro JekuTh Mixk 3,5:10° 1 3-101 Om-m
B 3QJIEXHOCTI BiJl XIMIYHOTO CKIaxy MOIU(IiKaTopiB i TexHomoriunoro mpouecy [2]. Omke, BCTaHOBJIEHI
HaMH 3aJIe)KHOCTI 3arajjoM HiATBEPUKYIOTbCA BIJOMHUMH [JaHMM. BtiMm, ¢isuuHi MexaHi3mu, sKi
KOHTPOJIIOIOTH €JIEKTPUYHUM OMip peakiifHO CIIeYeHUX MaTepianiB Ha OCHOBI HAHOPO3MipHUX IOPOILIKIB
SiC Ta WC BuMaraioTh OKpeMOro JOCITiKEHHS.

Pe3ynomamu ynrompazeykogux 00ciioxnceHs.

Hleuokicmov nowupennsn Y3 xeuns. PesynbraT, HaBeleHI Ha puc.2 CBiuYaTh, IO JOJABAaHHS B
mmxty 1% (Mac.) kapOimy Boibdpamy BUKIMKAE CYTTEBE 3MEHINIEHHS IBUJIKOCTEH SK MMO3I0BXHBOI, TaK 1
3CYBHOI IPY)KHUX XBHJIb — OLjIbI K HA 6% 10 10574 M/c, Ta Oinbin sk Ha 8% 10 5875 M/c, BiIOBIIHO.
Tenpenuii moganpmoi 3MiHi 000X MBHIKOCTEH 31 30umbmIeHHsM BMmicty WC 3aramom 30irarotbes —
CIIOCTEPITaeThCsl MiHIMYM IBUAKOCTeH Y3 xBuib B MaTepiam SiC-4%WC (V) = 10268 m/c ta Vi = 5680
M/C) 3 MOAAIBIIMM ACSIKHUM 30LIbIICHHSAM IXHIX 3Ha4YeHb. JIOCHTh ICTOTHE PO3CIIOBaHHS PE3YJIbTATiB
EKCICpUMEHTAIbHUX BUMIPIOBAaHb IIOB’si3aHE, HMOBIPHO, 3 aHI30TPOIEI0 MpPYKHOCTI MarepiajiiB B
HamNpsIMKY 1 TEpIeHAUKYJSPHO A0 OCi NpUKIafgaHHS 3ycwuid mnpecyBaHHA. [lonmiOHa ani3oTpormis
CIocTepiranach HaMH y MarepiaiiB, mMoau¢ikoBaHux kapOimom xpomy [12]. ITuranas ¢dopMmyBaHHS
aHI30TpOMii BIACTUBOCTEH y KepaMiuHUX, 30KpeMa, KOMIIO3UTHHX MaTepialiB B MPOLECi peakuiiHOro
CHIKaHHS BUMAara€ OKpeMoro JOKJIaJHOTO JOCIiIKEeHHSI.
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Mooyni npyscnocmi. Pesynvratu BusHadeHHs: moayiiB FOnra E, 3cyBy G Ta koedinienrta Ilyaccona
Vv KOMITO3UTIB 3a pe3yJIbTaTaMH IMIIyJIbCHUX YJIbTPa3BYKOBUX BUMIpIOBaHb 3a opmyiiamu (1-3) HaBemeHi
Ha puc.3.

7 6500-
110004 §
SN §
2 © 6000+
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(a) (6)

Puc.2. 3anexHO0CTi IBUAKOCTEH MOMMPeHHs (a) — MO3A0BXKHLOI V| Ta (0) - monmepeuynoi V;
YJAbTPa3BYKOBHX XBHJIb Bil MACOBOro BMicTy Kap0iny BoJib(ppaMy B IIUXTI

byno BcTaHOBIIEHO, 110 3HauYeHHs Moyl FOHra ta Moxmyis 3cyBy MarOTh OJHAKOBY TEHJEHIIIO
3MIHM 31 30UIBLICHHSIM BMICTY KapOiny Bojbppamy, a came: 1) CYTTEBO 3MEHIIYIOTHCS BHACIIIOK
nonasanHs 1% (mac.) Mogudikaropa; 2) MaroTh MiHiMyM 3a KoHteHTpamnii WC B muxTi 4% (Mmac.) (Puc.3,
a, 0). 3BepTae Ha cebe yBary Toi Qakr, mo 3miHa koedimienrta [Tyaccona nmpotunexxHa: gogasanus 1% WC
BUKJIMKae 30utbmieHHs v 3 0,22 y He moaudikoBanoro SiC g0 0,27; 2) BiTHOCHO OLTBIIMM 3HAYCHHSIM
MoayiiB E Ta G BiNoBiatoTh BiTHOCHO MeHIN 3HaYeHHs KoeditienTa [lyaccona (Puc.3, B).

Astopu pobotu [13] croctepiraim cxoxy eKCTpeMallbHy 3ajJeKHicTh Moxyns FOHra KommosuTiB
cucremu SiC-4,3%Al203-5,7%Y203-TiC, onepxxaHux pinkodasHUM CIIKaHHSIM, 3 MaKCUMyMaJbHUM
3HaueHHsM E y kommosuta 3 SiC-4,3%AI1203-5,7%Y203-5%TiC (ckpi3b HaBeJCHO IPOLICHTH 332 MACOI0).
Ha nymky aBtopiB [13] Takuii XapakTep 3aleKHICTh 00yMOBIeHHH TOpHUCTICTIO. OHAK, TOPiBHSHHS 3MiH
TYCTHHH, MUTOMOTO €JEKTPHUYHOIO OIMOpY Ta XapaKTEePUCTHK, IO OyidW BHU3HAYEHI 3a JOMOMOTOIO
yIBTPa3ByKOBUX BUMIipIOBaHb BKA3yIOTh, 10 HAHO1IbII HMOBIPHOIO MPUYMHOIO 3MiHH IIUX XaPAKTEPUCTHK,
30KpeMa XapaKTepUCTUK MPYKHOCTI KOMIIO3HTIB, KpIM MOPHCTOCTI MOXKYTh OyTH JBOBHUMIpHI JedeKTH
(MiKpOTpILIMHM), 110 BUHUKAIOTh BHACIIJIOK JIii 3aJIMIIKOBUX HaNpy>XKeHb MK (a3aMu, 110 YTBOPIOIOTHCS
B IIPOLIECi peaKLiifHOTO CIiKaHHS.

3araqoM 3MEHILIEHHS MOJYIIB MPYKHOCTI MOAH(DIKOBaHUX KOMIIO3UTIB MOke OyTH TIOB’si3aHE 3
YTBOPEHHSAM CHJIILUIIB, OCKUIBKY KapOiau BoJdb(paMy MaroTh OLIBII BUCOKI XapaKTEPUCTUKH MPY>KHOCTI,
Hik SIiC [9]. 3MiHM XapaKkTEepUCTUK NPYNKHOCTI € ICTOTHUMHU 1 HE MOXYTh OyTH MOSICHEHI HPOCTHM
CTaTUCTHYHUM PO3CIIOBaHHSIM MEXaHIYHMX XapaKTEPUCTHK, BIACTHBUM KepaMidyHHM MaTtepianam. Lle,
30KpeMa, MiATBEPIKY€ETbcs (PaKTOM y3rofKeHoi 3MiHU 3HaueHb E, G Ta v, BU3HaUeHHX 3a pe3ylbTaTaMu
HE3AJI)KHUX BHMIPIOBaHb MIBHJKOCTEH MOIIUPEHHS YJIbTPa3BYKOBHUX XBWIIb ABOX THUIIB. AHI30TpOIIis
MPYKHOCTI, IO CHOCTEpiranach, BOYEBUAb € HACHIJKOM aHI30TPOMii CTPYKTypH (ha3 KOMIIO3UTIB, sKa
3yMOBJICHA BJacHE MPOLIECOM MPOCOYYBAHHS BIPOJOBK PEAKUiHHOTO CHIKAaHHSA, IO CyTTEBO BIUIMBAE HA
OpIEHTAIIII0 KPUCTAITIB.

Bimznauenuit xin 3anexHocti koedimienra [lyaccona gemio Bipi3HAETbCS Bijg 3MiHH KoedilieHTa
[lyaccona, siknii aBTOpH CHOCTEpirand B KOMIIO3UTI, OJEpKaHOMY pPEaKUiMHUM CIIKaHHSM TBEPAOTO
po34rHy KapOOHY B KapOii KPEeMHI0 3 KapOiloM THTaHy B SIKOCTI MOJU(iKaTopa, Ie 3HAUCHHS V TaIaiu
nipu nogasanHi 1% TiC mo 0,20, mamni 3poctanu o 0,28 y SiC-3%(mac.)TiC, i HapemTi cTpiMKO maaaiy 10
0,15 [10].
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Puc.3. 3anexunocti monyas FOura E (a), moxyus 3cyBy G (6) Ta koedimienTa Ilyaccona v (B)
KOMIO3uTiB Bix MacoBoro Bmicty WC B muxri

BucHoBku

1. MeToaoM peakIfiifHOro CIiKaHHsA 0yJI0 0fepKaH0 HAHOCTPYKTYPHI KOMITO3UTH Ha 0cHOBI SiC, 110
Mmictuan B muxTi Bigx 1 mo 8%(mac.) kapbiny Bonb¢ppamy. BceranoBieHo, 1o TycTHHa OIEpXKaHUX
KOMITO3UTIB IIpH JoaBaHHi B Xty 1-3% (mac.) WC nerro 3MeHIITy€eThCsl, a TP oAaIbIIoMY 301IbIIEeHH]
BMicTy Moaudikaropa 3poctae 10 3120 kr/m3, 1m0 nepeBuIIye TYCTUHY Marepiana-OCHOBH, IO CBiIYUTH
npo (opMyBaHHS CIIOJIYK BOJIb(paMy BUCOKOI I'yCTHHH.

2. lonaBaHHA BX€ MiHIMaIbHOI KiJIBKOCTI MOIU(IKaTOpa CTPIMKO 3HIKAE MUTOMUI EIeKTPHYHHN
omip oxepxanoro marepiamy mo 1,04:10% Om'M, a 36inbmenns Bmicty WC 103BOIMIO 3HHM3UTH IO
xapakTepuctuky 10 5,0-10° Om-m.

3. Moaudikariis T03BOJMIA 3MEHIIUTH XapaKTePUCTHKHU MPY)KHOCTI OJICPIKaHUX HAHOPO3MIPHHX
MarepianiB. Moayni FOHra ta 3cyBy, BU3Ha4YCHI YIBTPAa3ByKOBUMH METOJAAMH, JEMOHCTPYIOTh MIHIMYM Y
Matepianis, siki MicTsaTh 4% (mac.) WC y mmxTi. [le Moxxe OyTH TOB’s13aHO 3 YTBOpPEeHHsM (a3 3 (i3uko-
MEXaHIYHUMH BIIACTHBOCTSIMHM, BIJMIHHHMH BiJ] MaTepialy-OCHOBH, 1 IIsI PI3HHUISI MOXXE BUKIMKATH
3aJIMIIKOBI HANIPY>KEHHS 1 iHILIIOBATH YTBOPEHHS MiKPOTPILIUH, 5IKi Y CBOIO YePry BIUIMBAIOTH Ha 3rajaHi
XapaKTepUCTHUKH.

4. OpnepxaHi pe3ysbTaTH BiJKPUBAIOTH HAMPSIMOK OJCPKAHHS KOMITO3HTIB Ha OCHOBI TBEPJOr0
po34rHy KapOOHY B Kap0i/ii KpEMHIIO 3 TOKPAIIEHUMU eKCILTyaTalliiHUME BIACTHBOCTSIMH.
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UTvsiscoruii nayionanvnuii ynisepcumem semepunaproi meouyunu ma 6iomexnonozii
imeni C.3. Dicuyvrozo
2JTyybkutl HayionaneHuti mexnivnuil yuisepcumen

JOCHIIKEHHA I'IIPOT'A3OJMHAMIYHUX MPOLECIB Y 3AKPUTOMY
HNEPEITYCKHOMY KAHAJII IPAMOKYTHOI'O ITIEPEPI3Y 3 PI3BHUM
CIIIBBIJHOIIEHHAM CTOPIH

Y emammi oocnidsceno naykoeo-npuxnaduy 3aoauy eusHaueHHA 2i0PO2A300UHAMINHUX NAPAMEMPI6 NOMOKY 6
3aKpUMUX KAHAAAax i3 NPAMOKYMHUM nonepeunum nepepizom. OOrpynmoeano, wio Kiacuyni aHARimuyuHi 3anexcHocmi,
3acnoeani na 3axoni I'azena-Ilyazeiina, € adekeamuumu GUKIIOYHO 0714 KAHAI@ KPY2020 nepepizy, moodi AK y peanibHux
iHJICeHEPpHUX CcUCmeMax nepesa)scaromsv KaHanu npAmMoKymuoi aoo cknaoniwoi zeomempii. Ilepegipky ananimuunux
pe3ybmamie 30iliCHEeHO WIAXOM YUCEIbHO20 M0Oen0eannsn y npozpamnux cepedosuuiax MATLAB ma SOLIDWORKS Flow
Simulation. Ilodyodoeano ¢hynxuyionanvni 3anexcnocmi wieUOKICHUX | GUMPAMHUX XAPAKMEPUCMUK 6I10 2e0MemMPUUHUX
napamempis Kanany.

Knrouosi cnosa: 2iopozazoounamixa, npsmoxymuuti kauan, cucmema MATLAB, SOLIDWORKS Flow Simulation.

S. Baranovych, I. Stukalets, S. Korobka, M. Tolstushko, N. Tolstushko

INVESTIGATION OF HYDRODYNAMIC AND GAS DYNAMIC PROCESSES IN A
CLOSED BYPASS CHANNEL WITH A RECTANGULAR CROSS-SECTION OF VARYING
ASPECT RATIOS

The article addresses a scientific and applied problem of determining the hydrodynamic and gas dynamic characteristics
of flow in closed channels with a rectangular cross-section. It is substantiated that classical analytical relations based on the
Hagen-Poiseuille law are valid exclusively for channels with a circular cross-section, whereas in real engineering systems,
rectangular or more complex geometries are predominant. The study presents an analytical investigation of laminar flow of
liquids and gases in a rectangular channel based on the Navier-Stokes equations. For the rectangular channel, the solution was
constructed using the method of expansion in trigonometric series, which allows proper consideration of boundary conditions
and the geometric characteristics of the flow domain. It was established that the flow capacity of the channel depends on the
aspect ratio of its sides, with the extreme value of the corresponding coefficient being achieved for a square cross-section. The
analytical results were verified through numerical simulations using MATLAB and SOLIDWORKS Flow Simulation.
Functional dependencies of velocity and flow characteristics on the geometric parameters of the channel were constructed.

Keywords: hydrodynamics and gas dynamics, rectangular channel, MATLAB system, SOLIDWORKS Flow Simulation.

IMocTranoBka npodaemu. KiacuuHi migxoan A0 OLiHIOBaHHS BUTPATH B JOBIHX 3aKPUTHX KaHaIax
13 TaMiHapHUM PEKUMOM PYXY PiJUH i ra3iB IPyHTYIOTHCS Ha 3aKOHi, cpopmynboBaHoMmy [ aren-ITyaseiins,
SIKAW CTIPaBEMJIUBUN I KaHAJIB 13 KPYTJIUM TOTIEpEeYHHM IepepizoM. [IpoTe B pealbHUX KOHCTPYKITISX
MAaIlWH 1 MeXaHi3MiB 3’ €JHyBaJbHI KaHAJTU MK OKPEMHMHU MOPOKHUHAMHM PiIKO MArOTh iJeabHO KPYIIy
¢dopmy. 3HauyHO yacTimie iXHIA mepepi3 € NPAMOKYTHHM, TPUKYTHUM a00 HAOMIKEHHM 0 CKIAIHILIOl
reomeTpii. Uepes 1€ po3paxyHKOBI CITIBBIIHOIICHHS, OTPUMaHI IS KaHAJIB i3 KPYTJIUM ITONEPEUHUM
nepepizoM, He 3a0e3MeduyroTh JOCTaTHBOI TOYHOCTI W MOTPeOYIOTH ajanTallii 3 ypaxyBaHHSIM BILTUBY
(dhopMu TIepepilzy Ha TiIpaBIiIYHUH OIip Ta PO3MOALT MBUAKOCTEH MOTOKY. OCOOINBOI aKTyalbHOCTI Taka
KOPEKIlisi HA0yBa€ MPU MPOEKTYBaHHI KaHAJIB M0Jjaui 3Ma3yBaIbHO-0X0JIO/XKYBAIBLHOI PITUHU B PIXKYIOMY
THCTPYMEHTI JUUIsl MeTanooOpoOHUX BepCTaTiB, Jie TEOMETpis BHYTPINIHIX KaHAJIiB 4YacTo oOMexeHa
KOHCTPYKITIEI0 IHCTPYMEHTA 1 TEXHOJOTIYHUMH BHMOTaMHu. Y TMOAIOHMX CHCTEMaX HaBiTh HE3HAYHI
BIIXWIEHHS B PO3PaxyHKy IPOIMYCKHOi 34aTHOCTI MOXYTb CYTTEBO BIUIMBaTH Ha e(EKTUBHICTH
OXOJIO[DKEHHS, 3HOC IHCTpYMEHTa Ta CTaOlIbHICTh mpotiecy pizanHs [1-14].

AHami3 ocTtaHHIX gocaimxeHb i myOuaikamiii. JlocmiguBmm 0a30Bi TEOPETHUYHI IMOJIOKEHHS, IO
OIMCYIOTh TiAPOIMHAMIYHI SBUINIA, SIKIi BUKOPUCTOBYIOTHCS MiJ Yac iHKEHEPHHUX PO3PAaXyHKIB 3aKPUTHX
TEXHOJIOTIYHUX KaHAJIiB, CIIijl 3a3HAYMTH, 110 KIIFOYOBUM MMapaMeTpOM y TakuxX Monensx Bucrynae K —
koediuient [lyaseitns, Ha 1m0 BKa3ylOTh YHCIEHHI mociimkeHHs [3, 4, 8, 10, 11], 3HaueHHS SIKOTO
BH3HAYAIOTH 32 BiJIMOBITHOIO 3aJIEKHICTIO:

4
K, =7zD"/(12871), 1)
ne D — miameTp Kanany, M; 1 — Koedimient B’ s3xocTi, Ia-c; | — moBxuHa KaHaTy, M.
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BukopucTanHns nporo koedimieHTa mij] 4ac BU3HAUYEHHsI TApaBIiYHMX 1 Ta30AMHAMIYHHUX TTapaMeTpiB
MOTOKY B 3AMKHEHUX TEXHOJIOTIYHHMX KaHaJlaX € OOIPYHTOBAHUM JIHIIIE 32 YMOBH, IO KaHAJ Ma€ KPYyTJIUH
ronepeunuii mepepiz. Came s Takoi TeoMeTpii OTpUMAaHO KIIACHYHI AHANITHYHI 3aJICKHOCTI, SKi
a/IeKBaTHO BiJOOpaXaloTh PO3MOALT MIBUAKOCTEH, BTPATH THCKY Ta 3aKOHOMIPHOCTI JIAMiHAPHOTO PYXY
CepeIoBHIIA.

SIKIo K TONepedyHuil mepepi3 BiAPI3HAETBCS BiJ KPYIJIOrO — HANPHUKIAL, € TNPSIMOKYTHHM,
TPUKYTHUM a00 Mae CKJIaAHy KOHQIrypamito, 3yMOBJIEHY KOHCTPYKTHBHUMH OCOOJMBOCTSIMH BY3Ia, -
3aCTOCYBaHHS [JaHOro KoedimieHTa 0e3 YTOYHEHb MNPHU3BOAMTH A0 MOXMOOK Yy po3paxyHkax. Lle
MOSICHIOETBCSL 3MIHOKO XapakTepy (OpMYBaHHS MPHKOPIOHHOTO IIapy, MEPepo3NOiIoM MIBUAKICHOTO
npodiyto Ta IHIKUMH YMOBaMH T1iApaBIiyHOTO ONOPY.

VY Takux BUMagkax HEOOXiTHMM € MPOBEICHHS IOJATKOBUX TEOPETHYHHX 1 EKCIIEPHUMEHTAJIbHUX
JIOCHIJKEHB, CITPSIMOBAHUX Ha BCTAHOBJICHHSI KOPUTYBaJIbHUX 3aJICKHOCTEH a00 BBEJICHHS €KBIBAJIGHTHHX
napameTpiB. Jluie 3 ypaxyBaHHSAM peanbHOI reoMeTpil KaHaay MOKHA 3a0€3MEeYUTH JOCTATHIO TOYHICTh
MIPOTHO3YBaHHS BUTPATHUX XapaKTEPUCTHUK, BTPAT €HEPTil Ta CTINKOCTI pOOOTH TEXHOIOTIYHOT CUCTEMHU.

IlocTaHoBka 3aBaaHb. Y CydacHOMY MAaIIMHOOYAyBaHHI Ta NpWiIagoOyAyBaHHI PO3PaxyHOK
TiIpaBIIvYHUX 1 Ta30IMHAMIYHUX XapaKTEPUCTUK MOTOKY B 3aKPUTHX TEXHOJOTIYHUX KaHANAX TPATUIIHHO
3MIACHIOETHCS HA OCHOBI AHANITUYHHUX 3aJIeKHOCTEH, M0 MICTATh KoedimieHt Ilyaseiins. 3azHaueHi
CIiBBITHOMIEHHS OTPUMaHI JIJIsl YMOB JIAaMiHAPHOTO PYXY PIUH 1 Ta3iB y KaHAIax KPYIJIOTO MOMEePEYHOTO
nepepizy Ta 3a0e3MeuyroTh JOCTATHIO TOYHICTH JIMINIE 3a BiJMOBIJIHOCTI peajibHOI reoMeTpii KaHaly
NPUAHATIA TeopeTHuHild Mojieni. Pa3oM i3 TUM y MpakTHYHUX KOHCTPYKIIISIX TEXHOJOTIUHI KaHAIIM 4acTo
MaloTh TPSAMOKYTHHH, KBaJpaTHWA a00 TPUKYTHUW IHIMUK Tpodine mepepidy, IO 3YMOBIEHO
KOHCTPYKTUBHHMHU OOMEXEHHSMH, OCOOJMBOCTSIMA KOMITIOHYBAaHHS BY3JiB 1 €KOHOMIYHUMH YHHHUKAMH
BUTOTOBJICHHS. 3MiHAa TI'eOMETpii MOMEPEeYHOro IMepepi3y ICTOTHO BIUIMBAE HA XapaKTep PO3IOALTY
MIBUIKOCTEH, BEIMYMHY TiIpaBIiYHOIO OIOPY Ta BTPATH THCKY, IO, CBOEIO YEProo, MO3HAYAETHCS Ha
TOYHOCTI TPOTHO3YBaHHS BUTPATHHX XapaKTEPHCTHK IOTOKY. Y 3B’S3Ky 3 IIMM BHHHMKA€E HayKOBO-
NpUKIagHa mpoOiieMa YTOYHEHHS ICHYIOUMX PO3PaxyHKOBHUX MJIXOMIB 1 PO3POOJICHHS METOAHNKH
BHU3HAYEHHSI T1APOTra30AMHAMIYHHAX TTapaMeTpiB ISl 3aKPUTHX KaHAIIB JOBUTEHOT (hopMu mepepisy.

Buknagennss ocHoBHOro marepiamy. IlpoBenemMo TeopeTHuyHE IOCTIMHKEHHS TiApaBIiYHUX 1
ra30JMHAMIYHIX TTapaMeTpiB 3aKPUTHX KaHAJIB i3 KPyTJIuM Ta MPSIMOKYTHHM IIONIEPEIHUMH TTepepizaMu
[6, 11]. Po3paxyHKM BHKOHYBaTHMYTHCS JUII YMOB JaMiHApHOTO pyxy poOOYoro cepeiaoBwima 3
BU3HAYEHHSIM JIOKQJIFHOTO PO3IOALTY IBUAKOCTEH, CEpeAHBOI IBUAKOCTI MOTOKY Ta 00 €MHOT BUTPATH SIK
IHTErpaTbHOTO TOKA3HHWKA MPOIMYCKHOI 37aTHOCTI. Takwil miaxij Jae 3MOTy KiIbKICHO OITIHUTH BIUIHB
reoMeTpii kaHaiay Ha GOpMyBaHHS HIBHUAKICHOIO MPOQIII0 Ta BEIMYUHY TiIPaBIidYHOIO OMOpY. 3 METO0
3a0e3MeUeHHs] KOPEKTHOCTI MOPIBHSIBHOTO aHaji3y NPUMMEMO NPHUIYIIEHHS MNP0 OJHAKOBICThH ILIOIL
MONIEPEYHUX MEPEePi3iB TOCTIKYBaHUX KaHaNiB. Lle 103BoIIsI€ BUKIIIOYUTH BIUIMB PO3MIPHOTO YUHHUKA Ta
30CepeIUTHCS BUKIIIOYHO Ha polii POpMHU KOHTYPY Mepepi3y B 3MiHI IBUAKOCTI MOTOKY ¥ MPOJTYKTHBHOCTI
nepeTiKaHHA PiguH i rasis.

Jnst kaHaIly 3 KPYTJIUM MOTepeuHuM repepizoM (puc. 1) audepenuianbia Gpopma piBasHHS Hap’e-
Crokca y HoJsIpHii CUCTEMi KOOPAWHAT, 3 ypaxyBaHHIM OChOBOI cuMeTpii moToky [1-3], HabyBae Takoro
BUTIIAY:

2
d_9 + ld_S =—k, 2)
dr2 rdr
1dp . . . :
ne k= —d—; n — IUMHaMivyHa B’SI3KicTh piamHu (rasy), Ila-c; p — Tuck pimunm (rasy), ITa; 3 -
X

LIBUIKICTH MIEPETiKaHHA PiJHH 1 Ta3iB 10 KaHaly, M/C.
Po3B’s130Kk piBHAHHS | HaOyIe HACTYITHOTO BUTIISTY:

9=—(k-r*/4)+C/Inr+C,. 3)

ne Ci, C; — 4uCIoBi CTalli, AKi Jal0Th YACTKOBUH PO3B’A30K PiBHSHHAL.
3a obmexenoi mBuakocti, C; = 0, a > BU3HA4YaeMoO 3 TpaHWYHOI ymMoBH — F = $a = 0 —

C,=k-a’/4
Tomi,
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I=(k/4)(@* +r?). (4)

Puc. 1. Cxema po3paxyHKy HIBHIKOCTI MOTOKY PiuH i ra3iB y Kpyrjiomy kaHaii
BusHauaemMo pOAyKTHBHICTh 32 HACTYITHOIO (hOPMYIIOI0:

Q= HdeA: jl‘kTp(a2 —r?)-27rdr =
A 0
S 7k pa’

_kp azrz_ﬁ
r 2 4, 8

dopMyiTa s BU3HAYCHHS pajliyCy KaHamy KPyIJIoro Iepepisy MaTHMe BHIIAL A’ / N7, aiioro

a

: ©)

MMpoOITyCKHa SZLaTHiCTLI
Q=kpa*/(87)=0,0398kpa*.

Po3paxynkoBa cxeMa /Il BU3HAUCHHS IIBUIKOCTI PYXY MOBITPS B KaHAJI MPSIMOKYTHOTO Iepepizy
MmoJiaHa Ha puc. 2.
SIk1o kaHa MPAMOKYTHOTO TIEpepi3y, TO PO3B’A30K MTUGPEPEHIIIATBHOTO PiBHSIHHS:

d*¢ d*$
— +— =K, (6)
dy® dz
OyzneMo HIyKaTH y BUTIISIII OJMHAPHOTO TPUTOHOMETPHYHOTO PSIAY:
- . n
S:an(z)3|nLy. 7)
= b
KoskeH 10o1aHOK IBOTO psiy 3a10BOJIbHSIE rpaHuyHi ymMmoBU: ipuy =0 3=0 i y=b 9=0.
Z
o
b y

Puc. 2. Cxema 111 BUBHA4YeHHsI IIBUAKOCTI pyXy HOBIiTPs B KaHAJi NPAMOKYTHOT0 nepepiszy

[IpaBy wactuny piBHSHHS (6) po3kinageMo B psia Dyp’e:
~ . n
-1

ac
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b
C, :%kj.(—k)si (”nyjdy = —kicosﬂ—ny
0

b

b b zn b |,
4k
= 2 (1cos(mn))={ Zn TP
n 0...n—napmne.

[lizcraBumo Bupasu (7) i (8) B piBHsAHHSA (6):
=(d*f (zn in 7Y zny
L—| — C,s |n—
Z‘( dz’ ( b J J Z

Psmu @yp’e 30iraroThes, Ko koedilieHTH 0HAKOBI, TOOTO

d?f, (znY’
—r—— | f =C. 9
dz’ ( b j noon ©)
Po3B’ 130K 1150T0 AMGEPEHITIATEHOTO PIBHAHHS Ma€ TaKUH BUTIISI:
nz znz\ C b’
f.(z)= Aich( j As h( ] — (10)
(7n)"

Craui inTerpyBanus A1 i A2 3HaxoAUMO 3 rpaHuyHUX yMOB: Ipu Z2 =0 $=0;mpuz=c $=0.
[MincTapnstoun mi 3HaueHHs y Gopmyity (10), oaepKuMo cucTeMy JIiHIHHKX anreOpaldHuX PiBHSIHb:

2
A-1+A -0- C,b =0,
(7n)’
nc znc) C.b? ()
Ac h( j+A2 h(_} 2 g
b )" (n)
3BiCH 3HAXOIUMO
1-ch )
C.b? C.b? ( b
=—1l— =—1= . 12
b

BpaxoBytoun 3HadeHHs Cn, OJep)KUMO OCTATOYHY (OPMYINY JUIS 3HAXOJPKEHHS IMBUAKOCTI ¢ y
PI3HUX TOYKaX MOTEPEYHOTO Mepepizy KaHaTy:
7r(2n—1)y]

’ sin(
9:4kb > b

7 &< (2n-1)°
1c z(2n— 1)0)

h
en (n(Zn 1)zj in(;z(Zn—l)zj | 13)
b Sm(ﬂ(Zn 1)0) b

O06UHCITIMO TIPOITYCKHY 31aTHICTh KaHAITY:

o 8k:4pz(2n -1)’ L_%V(Zi_l)(m[”(an_l)cj_
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1_Ch(7r(2n—1)cJ ’
b
- . (14)

NEERD

b

. a
SIkmo 1iola KaHally MHOCTiiiHa A=bc=a2, TO CTOPOHH NPSIMOKYTHHKA b ZT, c=<ma, ge
m

c . .
m= E i0<m< o | toni popmymna (14) MaTuMe BUTTISAN:

2(ch(z(2n-1)m)-1)
m+ =
m’z nzl(zn_l)“ m(2n-1)sh(z(2n-1)m)
L. 8 & 1 2 z(2n-1)m
=kpa m27z4nz_;‘(2n—1)4 " 7[(2n—1)th[ 2 ] (15)

Sk GauMMO 3 BHBEJCHHX 3aieKHOCTel, y dopmymu Bxomuth mobyrox ka'p. Jlns kamamy 3

TIPSIMOKYTHHM TIEPEPi30M IeH YnCI0BHI KoeilieHT Oy e MaTH 3HAUCHHS, IKe MOXKHA BU3HAYNTH 3 Tpadika
(puc. 3), O 3aNEKUTh BiJ CHIBBiJHOIICHHS CTOpPiH MpsAMOKyTHHKA M =c/b. BusHadeHHs mporycKHOT
3IaTHOCTI MPSMOKYTHOTO KaHATY 3 PI3HUM CITiBBIIHOIIIEHHSAM CTOPIH € BAXKIIMBIM HAYKOBO-TIPAKTHIYHUM
3aBJaHHSM, OCKIJIbKM T€OMETPHYHI HapameTpu Iepepidy Oes3mocepenHbO BIUIMBAIOTH Ha TiApaBIlivHI
XapaKTepUCTUKU TIOTOKY, 30KpeMa pO3MOMALT IIBWAKOCTEH, BTpATH CHEprii Ta YMOBH IMEPEXOIy Mix
peXuMaMH Tedii.

3HaMeHHS YHCIIOBOrO KoedilienTa

02 04 06 08 1 12 14 16 18 2

CnipgigHomenHs ctopin ™ =

Puc. 3. Tpadik 3amexnocti uncaosoro xoedimienta ka' £ BiJ cCHIBBITHOIIICHHSA CTOPIH 3
BUKOpHUcTaHHAM cepenoBuia MATLAB
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[Iporpamy Bu3HaueHHS YHCIOBOrO Koedinienta po3pobieHo B cepenouili MATLAB. BuznaueHus
BIIHOIIICHHS CITIBBIAHOIIICHHS CTOPIH MPSAMOKYTHHKA JI0 YUCIIOBOTO KoedirieHTa, mo HoMy BiAMOBimae,
HaBEIICHO Ha PUCYHKY 3.

3 rpadika puc. 3 6aunmo, mo HaibineIIe 3HaueHHs Koedinienta 0,0351 BinmoBigae BiAHOIIECHHIO
CTOpiH M=1, TOOTO YaCTKOBOMY BHIIJKY I ITepepizy y ¢hopMi KBaapara.

MeTon iMITaIliITHOIO MOJIC/TIOBAHHS TiApora3zoauHaMidHux mpoiiecie y cepenoruili SOLIDWORKS
Flow Simulation [9, 12, 13] Bkmtovae kinbka eramniB. Ha nmepmomy erarni B8 CAD-momyni SOLIDWORKS
CTBOPEHO TPUBUMIPHY T€OMETPUYHY MOJIENb KaHAYy 3 BU3HAUCHUM HONIEPEYHUM MIEPEPi30M.

Jnst  mpoBeneHHs IMITAI[ifHOrO MOJEIIOBAHHS TiIpOra3oJWHaMIuHOrO MPOLECy B KaHai
Bukopuctano moxayip SOLIDWORKS Flow Simulation. O6mnacte mocmimkeHHss 0OMeKeHO 00’€MOM
KaHally, a TpaHUYHUMH YMOBaMH BCTAHOBJICHO 3HAU€HHS TUCKY Ha BxoAi (1,5 aTM.) Ta Ha BUXOZi KaHaTy
(1 aT™.). B sxocTi cepenoBuila 3a1aHo Boay 3a Temneparypu 20°C, ik JOCTiDKEHHS — cepeIHE 3HAYCHHS
LIBUAKOCTI PyXy BOAM B KaHaji. TBepmOTily MOIENb MEPETBOPEHO y CITKY CKIHYEHHHX EJIEMEHTIB 3
PO3MIpOM €JIEMEHTIB, SKWi 3abe3rmedyBaTHMe HEOOXiJHY TOYHICTh pe3yibraTiB. [licis mpoBemeHHsS
MOJICJIIOBaHHs TPOAHAII30BaHO OTPUMAaHI pPe3ysbTaTd, NOOYAOBAaHO EMIOPH PO3MONLTY IIBHIAKOCTI B
3aJlaHuX TUTOIIMHAX KaHaly (puc. 4).

HactymHum etaroM MozentoBaHHs OyJIO CTBOPEHHSI ITAPAMETPUIHOTO JTOCIIJIKCHHS, SIKE TIOJISTalI0
y BU3HAUEHHI IIBUAKOCTI PyXy PIAMHU B KaHali MPSMOKYTHOTO Tepepidy 3a YMOBH 3MIHHM BXiJHOTO
napamerpa — koedimieara m 3a ymosu me[0,1;2]. OneprkaHo pe3yabTaTH NapaMeTPUYHOTO MOJICTIOBAHHS,
SIKi TIPEJICTAaBJICHO HA pHC. 5.

8438
8.230
8.021
7.813
7.605
7.386
7.188
6.980
B.771
B.563

B.355
B.146

Welocity [mfs]

Cut Plot 1: contours

Puc. 4. Enropa po3noaijly MIBUAKOCTI pyXy PiAMHHN B KaHAJI NPSIMOKYTHOTI'O Mepepi3zy

(5 Input Vanables | g Output Parameters | T Scenario| o Study Plots # Goals

= Fun X | & . Ol m

Summary Design Point 1 Design Point 2 Design Point 3 Design Point 4 Design Poim 5 Design Point 6 Design Point 7 Design Point&  Design Point 9 Dresign Point 10
D2@Sketch1 @Kanan npanosyTHWi 2 Part [mm] 438 56 682 a04 926 1048 1.7 1292 1414

GG Average Velocity 1 [m/s] 876702379 969606651 10.298081 106559913 10776227 10.7998499 107347829 10.5964209 103894216
Finished Finished Finished Finished Finished Finished Finished Finished Finished
Fun at This computer  This computer  This computer  This computer  This computer  This computer  This computer  This computer  This compater This compuster
Humber of cores a ] a B 8 a B a B B
Recalcuiate [ ] ] ] [

Status

0 [}
Take previous results [ | [ ]
[ =]

|
Save full results (=] = =]

Puc. 5. BikHo cueHapiio Ta pe3yJbTaTiB NapaMeTPUYHOI0 MOJETIOBAHHSA MPOIECY
nepeTikaHHs PiIMHA B KaHAJI NPSIMOKYTHOTO Mepepi3y

3a oJiepyKaHNUMH Pe3yJIbTaTaMi CUCTEMOI0 c(hOpMOBAHO BiJMOBINHI rpadiky 3ajeKHOCTEH 3aIaHUX
IiJIe¥ JOCTiHKEHHS Bl BXITHUX mapameTpiB (puc. 6).
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% Input Variables | B Output Parameters Scenario | = Study Plots| * Goals

e Dependency Parallel data = Dependency Chart

£ 11.000 5 O £ 11.000

= 105500 - Al Optimal 14.140 10.800 = 10500 K ;E%ggggggo .
= 10.000 E = Feasible W Design Point 1 = 10.000 Cl ' o
g 9300 - Infeasible B Design Point 2 5 9300 5-5000000

= 8,000 5 : = 9.000¢ 4 3.2500000 O
2 3500 W Design Point 3 £ 3500 1.0000000

¥ 3000 — W Design Point4 & 2.000 O
T 3160 7.426 & 7500] Design Point []

E 2.000 6.000  10.000 16.000 D2@Sketch1... GG Average ... < 2000 8000  16.000

O D2@Sketch1@KaHan npaMokyTHWA 2.Part]) [mm] 54' =} % @2@§<etch1@KaHan NPAMOKYTHUIA 2.Part() [mm]

Puc. 6. I'padikn 3anexnHocTeil nijieil 1ocailzkeHHs Bil 3HaYeHb BXiTHMX NapaMeTpiB

B nporeci ananmizy Ta iHTepmperallii pe3yabTaTiB MOJCIIOBaHHS M00Yy10BaHO Ipadik 3aJIeKHOCTI
LIBUIKOCTI PyXy PiAMHM B KaHAaJl MPSIMOKYTHOTO TIepepi3y BiJ 3Ha4eHb KoedilieHnta M (puc. 7).

0 0,5 4 1,5 2
m=c/b

Puc. 7. T'padik 3aj1e:kHOCTI IIBUAKOCTI pyXy piiuHu B KaHaJi Bix koedinieHTa
CHiBBiIHOLIEHHSsI CTOPiH 3 BUKOpucTaHHAM Moay.as Flow Simulation cucmemu SOLIDWORKS

Sk BUIHO, OTIHICAHI BHINE METOIU TEMOHCTPYIOTH IIPAKTUYHO OHAKOBI PE3yJbTAaTH Y BIATBOPCHHI
ripora3oArHaMivyHHX MPOILECIB y 3aKPUTUX MEPEMYCKHUX KaHallaX 3 MPSMOKYTHUM TepepizoM. 3a3HadeHi
3aJIeKHOCTI OTPUMAHO i3 3aCTOCYBaHHSIM MPUHIMIIOBO Pi3HWUX MiAXOIB: Mepia — HUIIXOM YHCEIbHO-
aHATITUIHOTO MOJIemoBaHHA y cepenounni MATLAB, npyra — 3a 1ommoMororo TpUBHMIpHOTO iHXKEHEPHOTO
MOJICTIFOBAHHS Ta YrceabHOI cumyJsaiii y SOLIDWORKS.

AmnanitiuHa Mopenb, peanizoBaHa B MATLAB, 0Gasyerbcs Ha y3araJbHEHUX pIBHSHHAX, IO
OMKCYIOTh MPOLIECH Y KaHalli, Ta repeadadac HU3KY MPUITYIIEHD 100 11eaTi30BaHOI0 XapakTepy Tedii,
PIBHOMIPHOCTI PO3MOJIIY MapaMeTpiB MO Mepepidy Ta BiJCYTHOCTI JIOKATBHUX 30ypeHb. Takui miaxin
JI03BOJISIE OTPUMATH (PYHKILIOHAIBHY 3aJISKHICTh KoedillieHTa, siKa BigoOpaxae 3arajpHy TEHISHIIiI0 3MiHHA
napameTrpa, IpoTe He BPaxOBY€ BILTUBY CKJIAIHUX MIPOCTOPOBHUX €(EKTiB.

Haromicte mogmens, mnoOymoBana y SOLIDWORKS, mnepenbauae neTanbHy TE€OMETPUYHY
penpe3eHTALI0 3aKPUTOr0 KaHaly 3 MPAMOKYTHHM MEpepi3oM, i3 ypaxyBaHHSM pPEaNbHUX T'PaHHMYHHX
YMOB, HEOJHOPIJHOCTI OB IBUAKOCTEH T4 MOKIMBUX JIOKAJIBHUX €(EKTIB, 110 BUHUKAIOTh YHACTIIOK
B3a€EMO/II1 MOTOKY 31 CTIHKAMU KaHaIy. Y MEXax I[bOro MiIX0Ay 3MiHCHIOEThCS TUCKPETH3aIlis 00JIacTi Ta
YrceNbHE PO3B’SI3aHHS BiIOBIHUX PIBHSIHbB, IO J03BOJISIE OTPUMATH OUIBII JIOKaNi30BaHy Ta (i3U4HO
JeTani30BaHy KapTHHY IIPOLECY.

[lopiBHAHHS oTpuMaHMX TpadikiB TOKa3ano, MO MPH 3arajibHii MOAIOHOCTI XapakTepy 3MiHU
3aIIeXKHOCTEIl CIIOCTEpiraeThes BiIXHIeH s 3HaueHb Koedinienta ka'p , sxe carae npu6mmsuo 0,3 oguuumi
IIPH IOBHOMY JIiaIia30Hi MIKAJIM CITiBBIAHOIICHHS CTOPIH M = ¢/b. y H0C/IiKyBaHUX MeKaxX B 2 OMHHUILII.

Taxka pi3HHUIA BiIMTOBiTa€ BITHOCHOMY PO3XO/KEHHIO Ha PiBHI 01m3pK0 12%.

BussieHa HeBIMOBIAHICTE MOXKE OYTH 3yMOBJICHA KOMIUIEKCOM (aKTOPIB, CEpell IKUX: 17eami3artis
¢i3n4yHOT MOZETi B aHAIITHYHOMY MiJXO/i; PI3HULA Y MOCTAHOBLI Ta peali3alii FpaHUYHUX YMOB; BIUIUB
T€OMETPHUYHHUX OCOOJIMBOCTEH NMPSIMOKYTHOTO KaHAITy, IO OUIBII HOBHO BPAXOBYIOTHCSA Y TPUBHMIPHOMY
MOJICTIIOBaHHI; YMCEIbHI MOXHOKH, OB’ I3aH] 3 JUCKPETU3AIIEI0 PO3PaXyHKOBOI 00J1aCTi Ta arOpUTMaMHK
PO3B’s13aHH; MOXKJIMBI BIIMIHHOCTI Y BpaxyBaHHI TypOYyJICHTHHX a00 NepeXiJHUX PEKUMIB TeUii.
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OOuzaBa migxoaW OEMOHCTPYIOTh Y3TO/DKEHICTH Yy SIKICHOMY OIMCI HpOLECY Ta BiATBOPIOIOTH
aHAJIOTIYHI TeHCHIIIT 3MiHU JOCHTIKYBaHOTO Koe(ilieHTa ka* fo

Bucnosku.

OTpuMaHO 3aJICKHOCTI, SIKi ONMHUCYIOTh BINIUB T€OMETPUYHHUX TapaMeTpiB KaHATY MPSIMOKYTHOTO
nepepisy Ha 0COOIMBOCTI mepe0diry rizporasoauHaMivHUX IpoleciB y HboMy. 11 yac aHanizy BpaxoBaHO
MOJKJIUBICTh BUKOPHCTAHHS PI3HUX CITIBBIIHOLICHL CTOPIH MPSAMOKYTHOTO MEpepi3y KaHaiy, 10 Aa€ 3MOTY
JIOCHIJPKYBAaTH 3MIHY MapaMeTpiB MOTOKY 3a Pi3HUX TeoMeTpHYHHX KoHirypamiid. Ile, y cBoro yepry,
MiIBUIIIYE TOYHICTh BU3HAYCHHS OCHOBHHX XapaKTEPUCTHK PyXy PLAMH i Ta3iB y 3aKpUTHX KaHAJIAX.

OtpumaHi pe3ynabTaTH CBiAYaThb NPO Te, IIO 3aCTOCYBAHHS Pi3HUX MiAXOIIB OO MOZAEIIOBaHHS
MPOLIECIB Y 3aKPUTOMY KaHaJIl 3 MPAMOKYTHHUM IEPEPi3oM 3a0€3Ieuye 3arajioM y3roDKeHUH SIKICHUM OIUC
nocmipkyBaHoro suma. OOuaBi Mozenm — aHamiThyHa, peamizoBana y MATLAB, Ta 4ncenbHa,

noGynosana B SOLIDWORKS — neMoHCTpyrOTh HomibHHiT xapaktep 3Minu koedimienta Ka'p, mio
MiATBEPIUKYE KOPEKTHICTh O0PaHOIo MiAX0Ay JO AOCIIIKEHHS.
BoaHovac BusiBIIeHE BiIXWICHHS Y 3HAYCHHIX KOeillieHTa ka* £ Ha piBHI Oim3bko 0,3 A mwkanu

CIIBBIAHOIIEHHS CTOPIH Y JOCTIIKYBAaHUX MEXax B 2 OMWHUII MOXKE OYTH TOSCHEHE OCOOIMBOCTIMHU
peamizanii Mopaeneil, pizHuIEI0 Y BpaxyBaHHI (ismuHHX (akTopiB Ta cTymeHeM ix neramizaumii. Taka
PO30DKHICTh HE € KPUTUYHOIO, OJHAK BKa3y€e Ha JOIUIBHICTH TOJABIION0 YTOUHCHHS MOJIEICH 3 METOIO
ITiIBUIIIEHHS X Y3TOKCHOCTI.

Otxe, OTpUMaHi pe3yJbTaTH BioOpakaroTh OCHOBHI 3aKOHOMIPHOCTI TPOIIECY IS TOTIEPETHBEOTO
aHaIIi3y, a MOAANBIII JOCTIHKESHHS TOIUIFHO CIIPSIMYBATH Ha JISTalli3allilo MOJIECH, yTOUHEHHS BUXiTHUX
MPUIYIICHb 1 EKCIEPUMEHTAJIbHY TEpEeBIPKY JUIS IMiJBUINEHHS TOYHOCTI Ta HAIIHHOCTI OJepKaHUX
3anexkHocTe. OTprMaHi pe3ynbTaTH CTBOPIOIOTH MIAIPYHTS JUIsi OOIPYHTOBAHOTO BHOOPY TE€OMETpii
KaHAJIB Y TEXHOJIOTIYHUX CHCTEMAaX.
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JIyybruil HayioHabHULL MeXHIYHUL YHIgepcumem

J1O BUBHAUEHHS JE®@OPMIBHUX XAPAKTEPUCTUK KOHCTPYKIIMHOI KJIEEHOT
JEPEBHUHMU 3A PI3BHOI BOJIOI'OCTI B JOKPUTUYHIN TA 3AKPUTHYHIN CTAISX
POBOTU: EKCIIEPUMEHTAJIBHA CTAIA

IIposedeno excnepumenmanvhi 00CHi0NHCEHHA KOHCMPYKYIIHOT KNechoi 0epesunu coOCHU ma ANUNU PIZHOT 60J1020Cmi
nicia 3aHypeHHA y piuKoeoMy ma MOPCbKOMY 80OHUX CEPEOOSGUULAX OCbOBUM CHIUCKOM 63008X4C 60JIOKOH 3A HCOPCMKOZ20
pesrcumy eunpodyseans. ExkcnepumenmanvHum winaxom 6Cmamno61eHo 0CHOGHI MEXAHIYHI XapaKmepucmuKu Kiecnoi oepesunu
COCHU Ma ANUHU 6 OOKPUMUYHII Ma 3aKPUMUYHII cmadisax podomu, 6 momy Yucii mumMyacogy 2panuiiy MiyHicms oepesunu,
MOOYb NPYHCHOCHI, BIOHOCHI KDUMUYHI, ZDAHUYHI MA 3ATUMKO6I 0ehopmayil, 3a maxKux ymoe excniayamauii. 3anpononoeano
opmynu ona eusnauenns GiOHOCHUX ZPAHUYHUX Oehopmauiil KOHCMPYKUIUHOT K1e€Hol Oepesunu 3a pizHOI 601020cmi.
Bcmanoeneno ocnoeni degpopmieni xapaxkmepucmuku KiecHOli 0epeeunu cOCHU mMa AAUHU, AK Y PIUKOGOMY 600HOMY
cepedosuwli, maxKk i MOPCbKOMY, GIOHOCHI KpumuuHi, ZpanuuHi ma 3a1uwikosi depopmauii. 3a eonozocmi 21% ma 30%
30i16UYIOMbCA 6 NOPIGHAHHI 3 XAPAKMEPUCMUKAMU, USHAYCHUMU 3 CaHOapmHoi eonozocmi 12%.

Kniouosi cnoea: kiecHa Oepeguna, HANPYICEHO-0ePOPMOBAHULl CMAH, MiyHicmb, O0eopmieHicmb,  CMUCK,
HABAHMANCEHHSL.

0O.S. Chapiuk, O.M. Kratiuk

TO DETERMINATION OF DEFORMATION CHARACTERISTICS OF GLUE-LAIMED PINE
AND SPRUCE WOOD AT DIFFERENT HUMIDITIES IN THE PRECRITICAL AND
POSTCRITICAL STAGES OF WORK: EXPERIMENTAL STAGE

Solid and glued wood is often operated in environments with different humidity levels. Current regulatory documents
limit such operation to the Kmod coefficient. In some cases, it is unclear how to determine certain mechanical characteristics
with increased moisture content, including deformable ones. For example, the operation of elements in bridge structures,
hydraulic structures, sea piers, shore protection structures, and others. Very often, materials, elements, and structures based on
wood operate in a post-critical stage of operation (seismic vibrations, dynamic loads, progressive destruction, floods, changes in
water levels, and others).

The purpose of our research is to conduct experimental studies of structural glued laminated wood of pine and spruce
with different moisture content under a strict regime of axial compression tests along the fibers during operation in river and
marine aquatic environments. As well as to establish the main deformation parameters in the pre-critical and post-critical stages
of operation under such operating conditions.

Experimental studies of structural glued pine and spruce wood of different humidity after immersion in river and sea
water environments by axial compression along the fibers under a rigid test regime were carried out. The main mechanical
characteristics of glued pine and spruce wood in the pre-critical and post-critical stages of operation were experimentally
established, including the temporary ultimate strength of wood, the modulus of elasticity, relative critical, limiting and residual
deformations, under such operating conditions. Formulas were proposed for determining the relative limiting deformations of
structural glued wood at different humidity. The main deformation characteristics of glued pine and spruce wood, both in river
and sea water environments, relative critical, limiting and residual deformations were established. At humidity levels of 21%
and 30%, they increase in comparison with the characteristics determined at a standard humidity of 12%.

Key words: modified wood, stress-strain state, strength, load-bearing capacity, deformation, compression,
bending, tension.

IMocTtanoBka mpodiaemu. JlepeBrHa BXKE COTHI POKIB 3aJIMILAETHCS OJHUM 3 HAWMOMYJISPHIIINX
MmarepiaiiB B pi3HHX cepax kutTs [1-6]. Bona Mae cBoepiiHi HEOBTOPHI (hi3MKO-MEXaHI4Hi BITaCTHBOCTI.
B 3amexxHoCTi Bif TOpoaM ACPEBHUHM, ii TBEPIOCTI Ta IHIITNX BIACTUBOCTEH 3aJICKHUTH ii Oe3rmocepente
MpU3HaYeHHSA. B OUTBIIOCTI BUTIAAKIB MPHU 3BENICHHI Oy/iBENIb Ta CIIOPYA PI3HOTO MPH3HAYCHHS B SKOCTI
HECYYHX JepeB’SIHUX EJIEMEHTIB Ta KOHCTPYKLid BHKOPHUCTOBYIOTH XBOIHI MOPOIM: COCHA, SUIMHA,
MOJIpHHA, CMEpeKa, SUTHILLS, TUC Ta 1HIII. X04a 3BUYaiiHO € 1 BUHATKH. /ly>ke 9acTO BUKOPUCTOBYIOTH LITbHY
a0o kiieeny nepepuny. KiieeHa Mae meBHi epeBary HaJi MUJILHOO 1 MOYKE 3aCTOCOBYBATHUCS JJIsl IIEPEKPHUTTS
OinpIIKMX POJBbOTIB [7,8].

3BUYaifHO IepeBUHA, SK 1HIII MaTepiaji, Mae CBOI mepeBaru Ta HeAo k. OCHOBHUMU IiepeBaraMu
€ BIJIHOCHO HEBEJIMKA Bara, JIOCTaTHS MIIHICTh Ta MOJIYJIb IIPY)KHOCTI, JIETKO 3’ €IHY€ETHCSA Mk CO0O0I0 Ta 3
iHmmmu Matepianamu [1-9]. Yacto MoXke eKCIUTyaTyBaTHCS B arpeCHBHHUX CEPEIOBHIIAX, B TOMY YHCHI i
BoHUX (TIpicHUX 1 comonux) [10-17].

AHani3 ocTaHHix Aocaimkenb. [[ibHa Ta KJIe€Ha JOCUTh YaCTO EKCILTYaTYEThCS B CEPEIOBUIIAX 3
pi3HUM MoKa3HUKOM Bojorocti [10-17]. Jliro4i HOpMAaTHBHI TOKYMEHTH OOMEKYIOTh TaKy EKCILTyaTaIliio
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koedimieHoM Kmod [18,19,29]. B okpemMux Bumamkax HE3po3yMilo SIK came HEOOXiAHO BH3HAYaTH MEBHi
MEXaHIYHI XapaKTePUCTUKH 3 ITiIBUIEHAM BMICTOM BOJIOTH, B TOMY 49ucii 1 pedopmiBamx. Hampuxman,
poboTa eleMeHTIB y CKJIaai MOCTOBHUX KOHCTPYKIIH, TIAPOTEXHIYHUX CIOPYI, MOPCHKHX ITipCiB,
OeperoyKpiruIroIYNX CIOpyA Ta iHmuX. Jyxe 4acTo maTepiand, eIEeMEHTH Ta KOHCTPYKIlii Ha OCHOBI
JIEPEBUHU TPAITIOIOTh B 3aKPUTHYHIA cTamii poOoTH (CeCMIYHI KOJMBAHHSI, JUHAMIYHI HaBaHTAKCHHS,
MpOrpecyroue pyHHyBaHHs, TABOAKH, 3MiHa PIBHS BOJIH Ta 1HIIN).

ExcnepumeHTanbHi OCTiIKESHHS Ta 3apOIOHOBaHI METOAWKH 3 BU3HAYCHHS! OCHOBHUX MEXaHIYHUX
XapaKTePUCTUK B 3aKPUTHUHIH cTail poOOTH 3 pi3HUM ITOKa3HHUKOM BOJIOTOCTI 32 OCHOBOT'O CTUCKY B3IOBX
BOJIOKOH, B TOMY 4YHCIi e(OpMiBHUX, 110 CTOCYIOThCS IIIIBHOT IEPEeBUHH 3HAXOJMMO B poOoTax ['omoHa
CgB.Cg. [20-23] Ta ioro yuHiB — Bepemka O.B. [24], Martsiroka O.B. [25,26], Pouryka M.M. [27]. ABTOopHn
JOCUTH JOCTEMEHHO BUBYMIIH MTOBEIIHKY POOOTH LIJIBHOI AEPEBUHH JUCTSHUX T4 XBOMHUX MOPIJ 32 TAKUX
YMOB  eKCIUTyaralii, moOyJQyBaid TIOBHI jiarpamMu JeOPMYBaHHS 3a IKOPCTKOTO PEKUMY,
EKCTICPUMEHTAIILHAM T2 TEOPETUYHUM IUITXOM BCTAHOBMIJIM OCHOBHI MEXaHI4Hi TIOKa3HHUKH: THMYAaCcOBY
IpaHUYHY MIIHICTh, BIAHOCHI KPUTHYHI, I'PaHUYHI Ta 3aJUIUKOBI aedopmaiii, MOIydb MPYXKHOCTI Ta
cluHuil MOy b AedopMarlii.

ExcniepumeHTanbHi AOCIHTIKEHHS KOHCTPYKIIIHHOT KIIGEHOT IEPEBUHM CTaHAapTHOI Bojorocti 12%
3a JKOPCTKOT'O PEXHMY HaBaHTa)KEHb OCHOBHM CTHCKOM B3J0BK BOJIOKOH 3HAaXOAWMO TiJIbKH B HAYKOBHUX
npaisix ['omona Cs.Cs. [28].

B cBiToBi#l mpakTHili (akTUYHO BiJICYyTHI €KCIEPUMEHTAILHI Ta TEOPETHYHI JOCIIKCHHS, IO
CTOCYIOTBCSI 3MIHHOTO BIUIMBY BOJIOTOCTI Ha MEXaHIUHI XapaKTePUCTUKU KOHCTPYKIIHHOI KIIe€HOT
JEPEBUHM COCHHU Ta SUIMHM B JOKPUTHYHIM Ta 3aKpUTHUUHIN cTamil poOOTH MaTepiaqy Ha CTHCK B3IOBX
BOJIOKOH. A SIK HaCJIiZIOK BiJICYTHI TIOBHi JiarpaMu aedopMyBaHHs 3a TaKUX YMOB €KCIUTyaTallii, a TaKox
OCHOBHI ITOKa3HMKH MIITHOCTI Ta Je(OpMiBHOCTI: THMYacoBa TpaHMYHA MILlHICTh, BiJHOCHI KPUTHYHI,
TPaHWYHI Ta 3ATHIIKOBI 1edopMarltii, MOAYIb MPYXKHOCTI Ta CIYHUA MOIYITb Ae(opMaIriii.

IlocraHoBka 3aBaaHHs. MeTO0 HamMX [OCHIUKEHb € TPOBEICHHS EKCIEPUMEHTAJIbHUX
JOCHIPKEHb KOHCTPYKIIHHOI KIIe€HO NEpeBHUHM COCHH Ta SUIMHHM 3 PI3HUM IOKa3HMKOM BOJIOTOCTI 3a
XKOPCTKOTO PEXHMMY BUIPOOYBaHb OCHOBHM CTHCKOM B3JIOBX BOJIOKOH 3a EKCIUIyaTalii y piuKOBUX Ta
MOPCBHKHX BOJHHX CEpelOBHINAX. A TaKOXX BCTAHOBJIECHHS OCHOBHUX Je(OpPMIBHHUX IIOKa3HHKIB B
JOKPUTHYHIN Ta 3aKPUTUYHIN CTaAisIX POOOTH 32 TAKMX YMOB €KCILTyaTallii.

MeToau eKkcrnepuUMEHTAJBHHUX JOCTiMKeHb. [l peamizamii IMOCTaBICHWX 3aBOaHb OyIio
BUTOTOBJICHO Npu3MaTH4Hi 3pa3kH (30%30%120 MM) i3 KOHCTPYKUIHHOI KIEEHOT JEPEBUHHU MEPILIOTO COPTY

COCHHU Ta SAJINHU.

120

D

e e U ¢
J 30 LY

Puc. 1. Po3mipu npu3MaTHYHUX XOCTITHUX 3Pa3KiB

BuxinHy cupoBHHY BinOupay 3a KPUTEPisIMU NPSIMONTiHIHHOCTI cTOBOYpa Ta HU3bKO1 CYy4KYyBaTOCTI
BiamoBimHO 10 [30-35], M0 A03BOJIMIIO 3a0€3MEYUTH OJHOPIAHICTH CTPYKTYPH Ta OPIEHTAII0 BOJOKOH.
[Ticns 3aroTiBimi qepeBUHY TPAHCIIOPTYBAIN HA BUPOOHMIITBO, JI€ i1 pO3MILTIOBAIH Ha OpycH, MapKyBaJIA Ta
BUCYIIYBaJIM 10 HOPMAaTUBHOI Bojorocti. Hagani 6pycu po3kporoBany Ha gAomku po3mipoM 10x40 mwm i
noBxuHOI0 100 cMm. CkieloBaHHS 1O IUIACTY BHKOHYBAJM 13 3aCTOCYBaHHSIM PE30PLUUHOBOIO KIICIO Y
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3aBOJICBKUX yMoBax. [IpecyBaHHs TpuBano 12 ToAuH i3 MOAAIBIION BUTPUMKOK 48 TOIMH IO MOBHOTO
TBEpAIHHA. YMOBH cKieoBaHHs: Temmeparypa 20 °C, BimHOcHa BojoricTe 65+5 %. 3pasku It
BHITPOOYBaHb BUPI3aJIH 3 OJHIET OATKH OKPEMO JIJIsT KOXKHOI ITOPOIN ICPEBUHH.

[1ix yac BunpoOyBaHb BUKOPUCTOBYBAIN KOHCTPYKLIIHY KJICEHY IepeBUHY 3 BosoricTio 12%, 21%
ta 30%. [Ipu3MaTiyHi 3pa3ku JepeBUHU CTaHAapTHOI BosorocTi 12 % 3aHyproBaiii BiAMIOBIIHO y PIYKOBE
Ta MOPChKE BOJIHI CEpEI0BHIIA B Ta0OPaTOPHHUX YMOBaX 110 ycepeaHeHoi Botorocti 21 + 1 % 1a30 + 1 %.
PiukoBa Bona Opanacs 3 piuku Ctup (M. JIypk), a Mopceska — 3 Yopraoro mops (M. Oneca).

OO6csr exkcrnepuMEHTaIbHUX OCTIKEHb KOHCTPYKLIHHOT KJIe€HOi NE€peBMHM Pi3HOI BOJOTOCTI
HaBeJIeHO B Ta0uI. 1.

Tabn. 1
O0cAAr eKCIepUMEHTAJIBHHX T0CTiKeHb KOHCTPYKIIHOI KJI1e€HOI AepeBHHH Pi3HOI BOJIOTOCTi
Ne | Tlopona [lepepiz | Bosoricts, Bik Tun knero Kinekicts
JIEPEBUHU | 3pasKiB, % JIEPEBUHH, 3pa3KiB,
MM POKiB IT.

PiukoBe BoJIHE cepeoBuIIe
1 Cocua | 30x30x120 | 12,21, 30 50-75 PE30PIUHOBHIH 15
2 Smmna | 30x30x120 | 12, 21, 30 50-75 PE30PIUHOBHI 15
Mopchbke BOJIHE CEpEOBHUIIE
3 Cocna | 30x30x120 | 12,21, 30 50-75 Pe30pLHOBUH 15
4 Amuna | 30x30x120 | 12,21, 30 50-75 Pe30pLMHOBHH 15

3arajgpHa KUTBKICTh 3pa3KiB KICEHO! JEPEBHUHHM BCIX JOCHIKYBAaHHMX TOPiM, IO ITiJISTaIA
BHITPOOYBaHHIO, CTAHOBIIIA 54 onmuHMIN. EXKCIIEprMEHTaIbHI TOCTIHKEHHS B YMOBAX KOPCTKOTO PEKUMY
HaBaHTa)KCHHs MMPOBOAMIN Ha BUIIPOOYBaabHiil MamuHi CTM-100 [28,35] 31 mBuaKicTIO 1ehOpMyBaHHS
1,5 MM/XB.

Pe3yabTaTH mnpoBeaeHMX ekcnepuMeHTiB. Ha mincTaBi BHKOHAHUX —EKCIIEPUMEHTAIbHUX
JIOCIII/PKEeHb OyJId BCTAHOBJICHI OCHOBHI MEXaHIYHI XapaKTEPUCTUKH KOHCTPYKIIHHOT KJICEHOT ICPEBHHU 3a
Bosorocti 12%, 21%, 30%, mo excruryaTyBaiucs B piYKOBOMY Ta MOPCBKOMY BOJHHUX CEPEIOBHUILAX, 32
0CBHOBOI'O CTUCKY B3JIOBK BOJIOKOH B IOKPUTHYHIH Ta 3aKpTHUHil cTanisx podoTu (tadm. 1).

Tabn. 1
o Bu3HAYeHHs Ae(OPMIBHUX XapaKTepPHUCTHK KOHCTPYKUIHOI Ki1e€HOI AepeBHHM 32 Pi3HOI
BOJIOTOCTi B JOKPUTHYHIl Ta 3aKPUTHYHII cTagigx podoTH

W, % | 04, MIla | E, MIla | Uc1, MM/MM | Uc,0.d, MM/MM | Uc,u, MM/MM | Uc fin, MM/MM
PiuxoBe BosiHE cepenoBHUIIe
CocHa
12 49,8 13900 0,00067 0,00506 0,00698 0,3401
21 34,6 11200 0,00071 0,00557 0,00791 0,3775
30 22,8 10100 0,00078 0,00621 0,00838 0,4217
Slmana
12 46,1 15300 0,00060 0,00457 0,00640 0,3119
21 31,7 12700 0,00063 0,00530 0,00726 0,3369
30 21,3 11600 0,00069 0,00571 0,00822 0,3712
Mopchbke BOJIHE CEPEOBHUIIE
CocHa
12 49,8 13900 0,00067 0,00506 0,00698 0,3401
21 32,7 11000 0,00071 0,00570 0,00827 0,3819
30 22,0 9900 0,00079 0,00635 0,00940 0,4353
Slmana
12 46,1 15300 0,00060 0,00457 0,00640 0,3119
21 29,9 12600 0,00065 0,00536 0,00766 0,3457
30 20,8 11200 0,00072 0,00579 0,00805 0,3872
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3rigHo Tabm.l Oyno BCTAaHOBJIEHO, IIO OCHOBHI MEXaHi4HI MOKa3HUKH KOHCTPYKLIHHOI KIIE€HOI
JNEPEBUHU 3 TIABUIICHHSIM BOJIOTOCTI MOTIPIIYIOTECS, SK Y PIYKOBOMY BOIHOMY CEpPEIOBHINI, TaK 1
MOpCBhKOMY. 30Kpema, 1eopMiBHI XapaKTepUCTUKHU KIICEHOT IEPEBUHH COCHHM Ta SUTHHU 3a BoyiorocTi 21%
Ta 30% 301MBLIYIOTHCS B IOPIBHSHHI 3 XapaKTepUCTUKAMH, BU3HAUYCHUMH 32 CTaHIAPTHOI Bojorocti 12%.

OTxe, B PIYKOBOMY BOJHOMY CEPEIOBHILI BIIHOCHI KPUTHYHI aedopmariii 1epeBHMHH COCHH 3a
Boorocti 30% 3pocnu B 1,23 pasu, a jepeBHHU sUTUHA — B 1,25 pasu; BiIHOCHI TpaHnyHi AedopMarii s
JIEPEeBUHU COCHU 30imbmmuchk B 1,20 pasu, a ans AepeBUHH siuHU — B 1,28 pasu; BiIHOCHI 3aJIMIIKOBI
nedopmanii 1y AepeBUHU COCHU 3pociiu B 1,24 pasu, a ans nepeBuHH suHu — B 1,19 pasu.

Takum 4MHOM, B MOPCHKOMY BOJTHOMY CEPE/IOBHIIII BiIHOCHI KpUTHYHI JeopMallii JIepeBUHI COCHH
3a Bostorocti 30% 3pociau B 1,25 pa3u, a nepeBuHU sUIMHU — B 1,26 pas3u; BiAHOCHI rpaHnyHi aedopmaii
JUIsl IEPEBUHH COCHH 30UThIIMInCh B 1,35 pasu, a U1 iepeBUHU sUTMHU — B 1,26 pas3u; BiJHOCHI 3aJIHIIKOBI
nedopMarii Juis JepeBUHU COCHU 3pociii B 1,28 pasu, a s iepeBuHH suiHA — B 1,24 pasu.

3a MeToauKor0 3anpornoHoBano ['omoHom CB.CB. B HaykoBiii mpari [30] HaBeaemo dhopmyiu s
BU3HAYEHHS BITHOCHUX T'PAaHUYHUX JeQopMamiil KOHCTPYKLIHHOI KJIEE€HOI JepeBUHHU Pi3HOI BOJIOTOCTI B
3aJIeKHOCTI BiJf KpUTHUHHX.

30Kkpema, TS PiYKOBOT'O BOJHOTO CEPETOBHIIA:

- s nepeButu cocHu 12 % 3anpornonoBano B po6ori [30]

Uey = 1,38 Uc g a; )
- 118 nepeBuHu cocHu 21 %

Ucy = 142 ucoq; )
- ansa aepeBunu cocHu 30 %

Uey = 1,35 Ugq; 3)
- st nepeBunu sutuau 12 % 3anpononoBaHo B po6oti [30]

Ucy = 1,40 - uc g g; 4)
- s aepeBuHu stmuHu 21 %

Ucy = 1,37 " U qg; ®)
- s aepeBunu stmuHu 30 %

Uy = 1,44 Ucoq. (6)

3okpema, 151 MOPCHKOT'0 BOAHOT'O CEPEAOBHILIA:
- 118 nepeBuHu cocHu 21 %

Uey = 1,45 ucoq; (7)

- ansa aepeBunu cocHu 30 %
Ucy = 1,48 ucg g, 8

- 11 nepeBuHHA suHU 21 %
Uey = 1,43 "Uco,d: (9)

- s nepeBunu stmuHu 30 %
Uey = 1,39 uggq. (20)

BucnoBku

1. Bmepiie npoBeneHO eKCIIEpUMEHTATBHI JOCTIHKCHHS KOHCTPYKITIHHOT KJICEHOT IEPESBUHU COCHH
Ta STHHU Pi3HOT BOJIOTOCTI MICIIsI 3aHYPEHHS y PIYKOBOMY Ta MOPCHKOMY BOJTHHX CEPEIOBUIIAX
OCBOBUM CTHCKOM B3JIOBK BOJIOKOH 33 KOPCTKOT'O PEKUMY BUIIPOOYBaHb.

2. ExcrieprMeHTaIbHUM IUITXOM BCTAHOBJICHO OCHOBHI MEXaHIUHI XapaKTEepPUCTUKU KICEHOT
JICPEBUHU COCHU Ta SUTMHU B JIOKPUTHYHIN Ta 3aKpUTHYHIN CTaisfX poOOTH, B TOMY YHCII TUMYACOBY
TPaHWYHY MIITHICTh IEPEBUHU, MOIYJIb MPY>KHOCTI, BITHOCHI KPUTHYHI, TPAHUYHI Ta 3aJIAIITKOBI
nedopmariii, 3a TAKUX YMOB €KCILTyaTartii.

3. 3anpomoHOBaHO GOPMYIIH ISl BU3HAYCHHS BIIHOCHUX TPAaHUYHUX jAe(opmariiii KOHCTPYKIIHHOT
KJICEHOT ICPEBUHU 32 Pi3HOI BOJIOTOCTI.
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4. BcraHoBieHO OCHOBHI Ae()OpMiBHI XapaKTEepUCTUKHU KJICEHOT IEpEBUHH COCHU Ta SUTMHU, SIK Y
pPIYKOBOMY BOJTHOMY CEPEIOBHII, TaK i MOPCHKOMY, BITHOCHI KPUTHYHI, TPAHUYIHI Ta 3QJIMIITKOBI
nedopmarii. 3a Bosorocti 21% Ta 30% 3011bLIYIOTECS B IOPIBHSHHI 3 XapaKTEPUCTUKAMHU, BU3HAUEHUMH
3a cTaHAapTHOI BoJyorocTi 12%.
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IMPABHJIA O®OPMJIEHHS TA IIOJJAHHSI CTATEA

CraTTs HaACHIIAETBCA 0 peakiii 30ipHUKa y ManepoBOMY BapiaHTi 3 MiJMHCaMU aBTOPIB
Ha anapecy: 43018, m. Jlynpk, Byn. JIpBiBcbka 75, Jlynpkuit HTY; B enekTpoHHOMY BUTIISIAL Y
dopmari MS WORD- Ha enektpoHHy aapecy: naukovi—notatki@lutsk-ntu.com.ua. O6unsa
BapiaHTH NMOBUHHI OYTH 11CHTUYHUMH.

HaykoBa crarTsi 000B’A3KOBO NOBMHHA MATH HACTYIHI HeoOXiAHI ejleMeHTH:
MOCTAHOBKA MPOOJIEMH Yy 3araJlbHOMY BHUTIISAI Ta i1 3B'I30K i3 BaXKIMBHUMH HAayKOBUMH YH
MPAKTUYHUMHU 3aBIAHHSIMH;, aHAJ3 OCTaHHIX MOCIHIKEHb 1 IMyOJiKallii, B SIKUX 3all0YaTKOBaHO
PO3B's13aHHS JaHO1 TPOOJIEMHU 1 Ha SIKI CIUPAETHCS aBTOP, BUIJICHHS HEBUPIIIICHUX paHiIle YaCTHH
3arajibHOI MPOoOIeMHU, KOTPUM MPUCBAYYETHCS O3HAYCHA CTATTs; (JOPMYJIOBAHHS IIEH CTaTTi;
BUKJIaJI OCHOBHOTO MaTrepiaiy JOCITIKCHHS 3 TOBHUM OOTIPYHTYBaHHSIM OTPUMaHUX HayKOBUX
PE3yNbTaTiB; BUCHOBKH 3 JAHOTO JOCIIXKEHHS 1 MEPCIEKTUBU MOIATIBIINX TOCTIHKEHb Y TAHOMY
HaTPSMKY.

1. CrarTio MOKHA MOJaBATH YKPAiHCHKOI0 200 aHIJilicbK00 MOBOK. CTaTTs MMOBUHHA
OyTtu HaOpaHa y TekcToBoMY peaakTopi He Hikae MS WORD 97/03 1 HanpykoBaHa TiTbKU
Ha JIa3epHOMY a00 CTpyHHOMY TpHHTEpi Ha Oimux ymctax Gopmary A4 (297x210 mm).
Hywmepatito ctopiHok He BUKOHYBaTH. OOCsT cTaTTi Big 4-9 CTOPIHOK.

2. TlapameTpu CTOpIHKH: BEpXHE, HUKHE Ta JIiBE T0JIe — 2 ¢M, mpaBe mnojie 2,5 cM. Big kpato
710 KOJIOHTUTYJa BEpXHbOro — 1,25 cm, HuxkHbOTO — 1,25 CM.

3. IMamka crarti: iHgekc YK, iHimiany Ta mpi3BUIla aBTOPIB PO3MIIIYETHCS Ha OJUH a03all
Hkue mpudrom 11 0T, Ha3Ba opranizaiii — HaOMPaIOTHCs 3 HOBOTO psiaka mpudrom Time
New Roman Cyr posmipom 11 0T 3 OJMHApPHUM MIDKPSAJIKOBHUM IHTEPBAJIOM 1
BUPIBHIOIOTBCS 1O IEHTpY. Ha3Ba craTTi po3mimryeThcsi Ha onuH a03all HUXKYE HAa3BU
opranizarii, Habupaerbcs mpudptom Time New Roman Cyr posmipom 11 nr 3
HaMiBXUPHUM BUIUICHHSIM 1 BUPIBHIOETHCS 10 IIEHTPY.

4. AHoTtanii ykpaiHChKOIO Ta aHTJIIHCHKOIO MOBaMHU HaOWpParOThCs 3 a03alHOTO BIACTYIY
mpudToMm Time New Roman Cyr po3mipom 9, kypcuB, HamiBxupauid 300-500 npyxkoBaHUX
3HAKIB 3 OJITMHAPHUM MDKPSIKOBUM IHTEPBAJIOM 1 BUPIBHIOIOTHCS 110 MIMPHUHI; aHTTIHCHKOI0
MoBaMu po3impena aHoraiist 700-1000 gpykoBaHUX 3HaKIB.

5. Hwmxde anoTariiif 000B’sI3KOBO BKa3yIOThCs KIFO4OB1 cioBa mpudToM Time New Roman
Cyr, KypcHB, HaIBXXUPHUA 9 TIT.

6. OCHOBHHI TEKCT PO3MIIIYEThCS Ha |1 CM HIKYE aHOTAIlid, HAOUpaeThCs 3 ab3aIHOTO
Bincryny 1 cm mpuprom Time New Roman Cyr posmipom 11 0T 3 oxuHapHuUM
MDKPSITKOBUM 1HTEPBAJIOM 1 BUPIBHIOETHCS 110 IIIMPHHI.

7. Hdnsa wabupanHa QopMmyn 3acTtocoByBatd  pemaktop ¢opmyn MS  WORD
(BukopuctoByBatu mpudtr: Symbol, Time New Roman Cyr; po3mipu muipudTis:
3BUYAHUN 12 nT, KpynHUH iHAEKC 7 OT, ApiOHMIA iHAEKC 5 NT, KpynHHUi cumBoa 18 mr,
npiOoHMit cuMBoa 12 mT). DopMyna BUPIBHIOETHCSA MO IEHTPY 1 HE NMOBHHHA 3aliMaTH
OinpIIe 5/6 MWUPUHU pAKA.

8. Skmo B cTarTi MPUCYTHI UIOCTpallii, HEOOXITHO PO3TAIIOBYBaTH iX IO TEKCTY,
BupiBHIOIOUHM minnucu (Puc. 1. Cxema ...) o mupuHi 3 ab3arHoro Biactyny 1 cMm. [pyruit
eK3eMIUISIp LTrocTpallii HeoOX1THO IMOJJaTH Ha OKpEeMOMY JIMCTI. ImocTpartiii moBuHHI OyTH
YITKUMHU Ta KOHTPACTHUMHU.
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9. Talnuui po3TalIoByBaTH MO TEKCTY, MPUUOMY iX IIMpUHA MOBUHHA OyTH Ha 1 cM MeHIIa
mMpuHK psaaka. Hag tabiuiero mocraButy ii mopsakosuit Homep (Taba. 1) BUPIBHIOIOYN
110 IPaBOMY Kparo, Mijl SKUM PO3MICTUTH Ha3BY TaOJHIIl BUPIBHIOIOYH O LIEHTPY.

10. JlitepaTtypa MOJa€ThCsl 3arajbHUM CIIMCKOM B KIHIII PYKOIHMCY 3TiITHO 3 BHMOTaMU
Jep>KaBHOTO CTaHIAPTy yepe3 | ¢M BiJ OCTaHHBOTO PAIKA.

11. O60B’A3K0BO MMOJATH CTATTIO. HA Jla3epHOMY NHUCKY. CTaTTi MOXHA TaKOX MEPECHIATH
eNIEKTPOHHOIO TIOIITOIO 32 Takor aapecoro: naukovi—notatki@lutsk-ntu.com.ua

12. JIo craTTi 000B'SI3KOBO J0/Ia€THCS PeleH3ifl gi0 TPOBIIHOTO BYECHOTO 3a HAYKOBUM
CHpSIMYBaHHSIM CTATTi Ta aBTOPCHKA JIOBiIKA y MHCEMOBOMY Ta €JIEKTPOHHOMY BHUTJISI1
3a BKa3aHOI (HOpPMOIO:

MpizBue, Im’s, [lo-0aTbKOBI

Micue podoTH, mocaga, HAyKOBHM CTYNiHb, BU€HE 3BAHHS
Hayxkosi inTepecn, ORCID

Ha3zga crarTi Ta 0oco0ucTi mianmucu ycix aBTopis

Anpeca 1J1s1 TMCTyBaHHS, TejedoH, e-mail, KOHTAKTHY 0c00y

14. B kinmi crarti 060B’s13k0B0 BKaszytoThes I11b, mocany, HaykoBuUil CTyIiHb, BUCHE 3BaHHS
peleH3eHTa CTaTTi.

15. PykonucH, 110 He BiIMOBIIAIOTh BUILE BKa3aHUM BUMOTaM, HE PO3IIISIAIOTHCA 1 10 IPYKY
HE MPUINMAIOTHCA.

16. ¥V npwuiiHaTuUX 10 onmyOiKyBaHHs pykomucax BkasyeTbcs ISSN-nomep Bunanus, ORCID
aBTOpa (aBTOPIB) Ta JaTH MEPIIOTO HAIXOHKEHHS CTATTI 10 BUIAHHS, IPUUHSITTS CTATTI
710 APYKY TiCIIs pelieH3yBaHHs Ta ii myOsikamii (OnpuItoAHEHHS).

264


mailto:notatki@ukr.net

Miocsysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jlyyok, 2026, Ne85

3PA30K O®OPMJIEHHSA CTATTI

YJK: 620.179.16
LI Bacuabuenko! [°RCPl C.C. Cugopenko? [ORC!P]
JIyybkuii Hayionanbruil mexuiunull ynieepcumem®
Teproninbcokuii HayioHanbHuli mexuiynuii yuisepcumem®

HABJIN)KEHE BUSHAUEHHSA OCI KOHOIJIA, TIPEJCTABJIEHOI'O JUCKPETHUM
KAPKACOM TBIPHHUX

Po3pooneno ancopumm HAOAUINCEHO20 GUHAYUEHHA OCI KOHOIOA, NPEOCMAasien020 OUCKPEMHUM KapKacom
CRIIbHUX MEIPHUX.
Knrwuogi cnosa: sicvy konoioa, Ouckpemmuuil Kapkac, meipna.

1. Vasylchenko! [OR€IPl S S, Sydorenko? [ORCIP]
AXIS APPROXIMATE DEFINITION OF CONOID DESCRIBED BY THE SET OF
STRAIGHT LINES

The algorithm of axis approximate definition of conoid described by the set of straight lines is made. The approximate
conoid axis is a lane. Conoid is created by straight lines.
Keywords: conoid axis, discretely carcass of straight lines.

IMocTanoBka npoo6aemu. Ha KoHOI I, IpeICTaBICHOMY AUCKPETHIM KapKacoM. ....

AHaJi3 ocTaHHIX JocaixxKeHsb i myOaikamiii. Hackieku BizomMo aBTOpY 3......

I[ocTranoBka 3aBaaHb. B po0OTi MOCTaBICHO METY — PO3POOUTH AITOPUTM. ...

BuxianeHHs ocHOBHOro MaTepiany. /s HaOmmKEeHOTO BU3HAYEHHS 0Ci BUKOPHUCTOBYBaIacs Taka
BJIACTUBICTH KOHOIIB: yCi TBipHI MOBEPXHI MePEeTUHAIOTSH i1 Bich [1].

bopmyrna (1)
Pucynoxk

Puc. 1. Ha3Ba pucyHka

Tabn. 1.
Ha3Ba Ta0auni

BucnoBku. B ctaTTi po3pobiaeHo adroputM HaOIMKEHOTO. ...

Cnucok BUKOPUCTAHHUX ZKEPETI:

1116, mocaga, HAYKOBHIi CTYNiHL, BU€HE 3BAHHS PEIECH3EHTIB CTATTI.
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