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BIIVINB ATPECUBHUX CEPEJJOBHII HA KOPO3IAHY CTIMKICTh
KOHCTPYKHIMHUX CTAJIEU OBJIAJITHAHHA XAPYOBUX BUPOBHUIITB

Memoto Oanoi pooomu € 00cnioxncenna Koposininoi cmiiikocmi Koncmpykuiinux mamepianie (Cm3, 08X13,
12X18H10T) y mooenvnux posuunax (3% NaCl, 3% numonnoi kuciomu, oucmuibo8ana 600a), GU3HAYEHHA GNIIUGY CKAAOY
KOHCMPYKYIIHO20 Mamepiaiy Ha wieuodKicms Kopo3ii.

Ha ocnosi npogedenozo ekcnepumenmy ModCHA PeKOMEHOy8amu eukopucmannsa neipycagirouux cmanei (08X13,
12X18H10T) 0ns euzomosiennsa 001a0HAHHA, WO KOHMAKMYE 3 XAPYOBUMU CEPEOOSULAMU.

Knrwuoei cnosa: xoposis neipacagitouux cmarnetl, KOpositiHa cmitikicms, azpecusHe cepedoguiye, WeUOKiCmb KOposii.

V.V. Bannyk, N.G. Bannyk, O.S. Kabat

RESEARCH ON THE CORROSION RESISTANCE OF STRUCTURAL STEELS IN
FOOD ENVIRONMENTS

The purpose of this work is to study the corrosion resistance of structural materials (St3, 08X13, 12X18H107) in
model solutions (3% NaCl, 3% citric acid, distilled water), to determine the effect of the composition of the structural material
on the corrosion rate. It is shown that the presence of d-metals (Ni, Cr, etc.) in the composition of steel significantly reduces the
amount of corrosion products formed during long-term (7 days) contact of samples with 3% NacCl. In a solution of citric acid
and distilled water, samples 08X13, 12X18H10T showed an insignificant rate of corrosion, which characterizes these materials
as highly resistant. Corrosion products formed when structural materials come into contact with solutions can dissolve in citric
acid solution (clear solutions). In a solution of 3% NaCl and distilled water, insoluble corrosion products are formed.

Based on the experiment, it is possible to recommend the use of stainless steels (08X13, 12X18H10T) for the
manufacture of equipment in contact with food environments.

Key words: corrosion of stainless steels, corrosion resistance, aggressive environment, corrosion rate.

IMocTranoBka mnpodsemu. bopoTeba 3 KOpO3i€l0 — OHE 3 BaXKIMBUX 3aBJaHb Cy4acHOI TEXHIKH.
Kopo3sis MeTaniB — CKIaHMHA TPOIec, SKAH IPU3BOANTD J0 3HAYHUX 30UTKIB Y BCIX raay3sX BUPOOHHUIITBA
1 3aBIa€ MIKOAW HABKOJMIIHBOMY cepemoBumly. [Ipu BHOOpI KOHCTPYKIIIHOTO MaTepialy BaKIHBO
BPaxoBYBaTU BCi MOXKJIMBI BUAM KOPO3IMHMX PYHHYBaHb: 3arajbHy a00 piBHOMIPHY KOPO3il0, JIOKaJIbHY
KOPO3isi, KOPO3il0 MiJ HaNpyror, MiXKKPHCTAIIYHY KOPO3ii0, raibBaHiuHy KOpO3il0, KOPO3iiiHy epo3ito Ta
Oiosoriuny Kopo3ii. O0uparoun KOHCTPYKIIHII MaTepian HeoOXiMHO 3HANUTH OanaHC MK €KOHOMITHOI
CKJIaJIOBOI0 Ta ONTHUMAaJbHOIO CTiHKicTIO 10 Kopo3ii. OOOB’S3KOBO CIiJg BpaxoBYBaTH cHEUUQIKY
arpecuBHOIO CEPEIOBUIIIA, 1110 KOHTAKTyBaTUME 3 OOJIagHaHHI [IpH Horo ekcruryaTaii [1].

Oco06IMBO rOCTPO MOCTAE MUTAHHS HAIIHHOTO BUOOPY KOHCTPYKIIIHUX MaTepialiB Juist 0018 JHaAHHS
B XapuoBiii i dapmaneBTruHiii npommucioBocti [2, 3]. KoposiiiHa CTiliKicTh MaTepiamiB Ui X
MPOMHCIIOBOCTEH € BUPIIIAIBHOIO, OCKUIBKM XapuoBi MPOAYKTH Ta JIIKK MOBHMHHI BIIMOBIZATH BUCOKHUM
CTaHJapTaM YHCTOTH Ta SIKOCTi [4].

HeipxaBiroui crayi BBaKarOTbCS HaWKpallUM KOHCTPYKIIMHUM MarepiajJoM JUis BHTOTOBIICHHS
oOmagHaHHs xap4yoBUX BUPOOHMUTB. Lli crami Oymu cTBOpeHi 00 momonaTH SBUILE KOpo3ii. BoHu
3a3BUYal MiCTATH Bl 9 10 30 BiACOTKIB XpOMY Ta Pi3Hi KiILKOCTI HiKeIt0, MOJiOIEHY, MiJli, CIpKH, TUTaH,
HI001# TOIIO MOXKYTh OYTH JTOJIaH1 ISl OTPUMaHHS O2)KaHMX MEXaHIYHUX BJIACTUBOCTEH 1 TEPMIiHY CITyKOU
[5]. Hepkagiroui crani € cTiHKMMH IO KOpO3ii, aje 3a MEeBHUX YMOB MaTepialii MOXYTb NPOSBISTH
CXWJIBHICTh JI0 pI3HHX BHUJIB KOPO3iMHHMX pyHHYBaHb, TOMY IOCIHI/DKEHHS iX TMOBEHIHKH B KOHTAKTi 3
KOMIIOHEHTAaMH Xap4YOBUX CEPEJIOBUIN € akTyalbHUM. Koposzis xap4oBoro oONajJHaHHS € KPUTUYHUM
(dakTopoM mpu BHOOPI KOHCTPYKIIMHOTO MaTepiany, a TaKoX BIUIMBAE HA JIOBTOBIYHICTH OOJaTHAHHSI.
Tomy po3ymiHHS (akTOpiB, O BILTMBAIOTH HAa KOPO3ik0 BAXKIIMBO III€ HA CTai1 IPOEKTYBaHHS 00JIaJHAHHSI.
be3 BpaxyBaHHS XIMIYHOTO CKJIQAy XapyOBHUX CEPEOOBHUIN, HEMOXJIMBO NPAaBWIBHO 00paTu
KOHCTPYKUiHHUN MaTepian. B pesynbTati KOpo3iHOTO pyHHYBaHHS Take OOJIaAHAHHS BHWJC 3 Jajy, a
Xap4oBa MPOAYKLis OyJe HEMPUIATHOIO IS CIIOKUBaHHS [6].

Crani mapok Cr. 3 ta Cranp 20 3HaAWIUH IAPOKE 3aCTOCYBAHHS I BUTOTOBIEHHS TPYOOIIPOBOIIB
amMiauyHUX Ta (PEOHOBHX XOJOJWILHMX MAIMH BEIUKOi 1 CepelHbOi MPOAYKTHBHOCTI, OJHAK TEPMiH
CIIy>)kOM OO0JIaZIHAaHHsI A0 TOSIBM HACKPI3HUX PYHHYBaHb Wi Ji€l0 XOJOAMIBHOI POMHU KOJIMBAETHCS B
mexax 0,5-3 poku 3acToCyBaHHS y Xap4OBiil MPOMHCIOBOCTI HepKaBitoumx craieit Tamy 12X18HOT
4acTo HE J]a€ HaM OakaHWX PE3yJIbTATIB, TOMY 110 BOHHM MiJIal0ThCS KOPO3iHHOMY PO3TPICKyBaHHIO [7].

ABTopamu [8] BCTaHOBJICHA MiJBHINEHA KOPO3iliHA CTIHKICTh HEIP)KaBilOUOl CTali y MOPIBHIHHI 3
OIIMHKOBAHOIO CTaJUTI0. BUKOPUCTaHHS ONWHKOBAHOI CTaii Uit oOJamHaHHS Ui OOpPOOKH Xap4dOBHX

© B.B. Bannux, H.I". bannux, O.C. Kabam
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NPOAYKTIB HE € BUTIOHMM 3 KOPO3IHHOI Ta EKOHOMIYHOI TOYKH 30py. Byno BcraHOBJIEHO, IO
HalarpecHBHIIINM CEpEIOBHINEM Oyiia M'IKOTh 000iB Ta M'SKOTH TOMATIB.

HesBaxaroun Ha Te, 110 HeipXKaBiroUi cTali MHUPOKO BUKOPUCTOBYIOTHCS Y SIKOCTI KOHCTPYKIIHHOTO
MaTepiany o0siafHaHHS XapyOBUX BUPOOHUIITB, 32 ICBHUX YMOB, B PE3YJIbTaTi B3a€MOZI] 3 KOMIIOHEHTaMHU
XapUYOBUX CEPEIOBHII, Ha 1l HOBEPXHI MOXKYTh YTBOPIOBATHUCS MTPOIYKTH KOPO3ii.

IMocranoBka 3aBaanb. MeTo0 poOOTH OYJI0 MOCTIIKEHHS HIBUAKOCTI KOPO3ii KOHCTPYKIIHHHUX
craneit (Ct3, 08X13, 12X18HI0T) y momenpHux po3unmHax (3% NaCl, 3% JIUMOHHOI KHCIOTH,
JMICTUIILOBAaHA BOJIa), BU3HAYECHHS BIUIMBY CKJIQJy KOHCTPYKIIIHHOTO MaTepiany Ha IBUAKICTh KOPO3ii.

HaykoBa yacTMHa BKJIIOUA€ BCTAHOBJICHHS 3aKOHOMIPHOCTEH B3aeMOJIIi Xap4yOBUX CEPEIOBHUII 3
KOHCTPYKUIHHMMH CTaJsIMM Ta BHUSBJICHHS MOXIMBUX OOMEXEHb 3aCTOCYBaHHS KOHCTPYKLIHHHX
MatepianiB. Lle macTe 3MOry me Ha eTami NPOEKTYBaHHS OOJIaAHAHHS, OOMpAaloYM KOHCTPYKLIHHMI
MaTepiajl, 3HaWTH 0ajJaHC MiK €eKOHOMIYHOIO CKJIAJIOBOIO Ta ONTHMAJILHO CTIHKICTIO 10 KOPO3ii.

BuknagenHst ocHOBHOro Matepiajy. O0’€KTOM TOCITIDKEHHS € 3pa3Ky CTaJeH I BUIIPOOYBaHHS:
Cr3, 08X13, 12X18HIO0T. 3pasku posmipom 10x10 MM momepen KOpO3iMHUMH BUIPOOYBaHHSIMH
MEXaHIYHO OYUIIYBaJH Ta 3HEKHUPIOBAIIH.

XiMIYHHUM CKIIad JOCTIKYBaHHUX CTajIei HaBeJCHO B Ta0mwili 1.

Tabn. 1
XimMiuHMii CKJIQJ T0CTIKYBAHUX cTaJIel
Ximiuaui ckian, %
Mapka craim C Si Mn Ni S P Cr Fe JCTY
Ct3 0,14- - 0,30- - He Olnblie - - Pemra | JICTY
0,22 0,60 Hix 0,05 2651:2005
08X13 <0.08 | <0.8 |<0.8 <0.6 < 0.025 <0.03 | 12-14 | Pemrta | TOCT
5632-72
12X18H10T | <0.12 | <0.8 <2.0 9.00- | <0.02 <0.04 | 17.0- | Pemta | TOCT
11.00 19.0 5632-72

OCHOBHUM CEpEIOBHINEM OUTBIIOCTI XapuOBUX BHPOOHHITB € Boja. [y BU3HAYCHHS IIBUIKOCTI
Kopo3ii Oynu BuOpani HactynHi po3unHU: 3% NaCl, 3% TUMOHHOI KMCIIOTH, AUCTUIIBOBAHA BOJIA. 3pa3Ku
BHTPUMYBAIH Y CEPEIOBUITIAX MPOTIToM 7 110 mpyr KiMHATHIN TemmepaTtypi 20°C.

IIBuaKicT KOPO3ii METANIB BU3HAYAIH TPaBIMETPUIHAM METOIOM.

Macoswii (BaroBuii) Ioka3HUK KOPO3ii, [0 XapaKTepU3y€e BTPATH METalTy BU3HAYAIH 32 (DOPMYIIOHO,
r/(m? o) [9]:

Je mp 1 my — Maca 3pasKy, 110 KOPOAYeE, BIAMOBIAHO O Ta Micis KOPO3ii, T;
S — wIoma MOBEPXHi 3pa3Ky, M2
T — TPUBAJICTH JIOCTI Ty, TOJUHHU.
[MUOMHHMI MOKA3HUK KOpPO3ii, XapakTepu3ye 3MiHy TOBLIMHH 3pasKy O 3a OJMHHIO 4Yacy MpU

CYLLIBHIN KOPO3ii, MM/piK:

0
M= —;
T
Mix nokazuukamu Ky, 1 I1 € criiBBiiHOIIIEHHS
24 * 365 * KM KM
= ——=8.76—,
1000 - p p

Jie p — TyCTHHA METay, I/cme,

Ban criiikocTi BU3HAYAIY 110 BEIMYHHI TIMOMHHOTO TIOKa3HUKA KOPO3ii.

Kopo3sis — nporec ¢i3uko-xiMigHOT B3a€EMOJIiT MK METAJIOM 1 CEpEAOBHINEM, SKUH BiIOYBAETHCS
MHUMOBIIBHO Ta MPU3BOAUTH O 3MIHH BIACTUBOCTEH METaly Ta cepeloBuIna. ToMy 3MiHa 30BHIIIHBOTO
BUTJISIIY CEPEAOBUILA TO3BOJISIE OLIHUTH MacIuTabu KOpOo3iiHUX pyiHHYBaHb KOHCTPYKLIITHOTO MaTepiany.

Ha pucynky 1 300paxeHno ¢hoto npobipok 3 pozunnamu 3% NaCl B siki 3aHypeHi 3pa3ku. Po3unan
MPO30pi Ta He3abaPBIICHI.

Haii0inpme npoaykTiB KOpo3ii HAKOMUYMIIOCH Y PO3UYMHI, 0 KOHTakTyBaB 3 Ct3 (Puc.2A). 3minn
KOJBbOpY po3unHy 3i 3paskoM ctaii 12X18H10T ne BinOymnocs (Puc.2B).

3pasku craneii, sxi Butpumani B kKoHTakTi 3 3% NaCl HaBeneni Ha puc.3. KibKicTh TpOJYKTIB
KOpO3ii, 110 YTBOPHIUCH Ha MOBepXHi 3pa3ka Ct3 € HaibOinpmoro (Puc 3A). He3nauHa KijbKiCTh MPOAYKTIB

© B.B. Bannux, H.I". bannux, O.C. Kabam
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KOpO3ii, 0 yTBOpHiach Ha moBepxHi 3paska 08X13 memio 3MicTWIACH BHU3 Tij €0 CHIN TSDKiHHS
(Puc.3b).

[ A b

Puc. 1. Buxignuii po3unn 3% NaCl ogpa3y mic/isi 3aHypeHHs B HbOr0 3pa3KiB cTaJeii.

Uepes 7 nuiB (Puc.2) cnoctepiranuck 3Ha4HI 3MiHU KOJIBOPY PO3UYHHY.

Puc. 2. 3mina po3unny 3% NaCl nicas 7 1i6 konrakry 3 ctaasmu. A — Cr3, b - 08X13, B -
12X18H10T.

[IpakT4HO HE BiOYIOCH YTBOPEHHS MPOLYKTiB KOpo3ii Ha 3pa3kax 12X18H10T (puc.3B).

Puc. 3. 3pa3Kn_cTa.11eii nicist BuTpumku 7 1io y 3% NaCl. A - Cr3, b-08X13, B -
12X18H10T

PesynbraTu po3paxyHKiB OKa3HUKIB KOPO3ii gociimKyBaHux crateit B 3% po3unni NaCl metomom
rpaBIMETPUYHOTO aHANI3Y HAaBEJCHO B TAOIHII 2.
Sk BugHO 3 TaOmMMi, mBHAKICTE Kopo3ii Ct3 Halibinbira. Maibke B 2 pa3u HIDKYE TIIMOMHHHUN
noka3HuK kopo3ii mis 08X13. IlpakTiuHo BiacyTHS KOpo3is ams 3pazka 12X18H10T.
Haiikpani pesynbratu mokasana Heipxkasitoua ctanb 12X18HI10T, sxa B 3% NaCl koponysana 3i
mBuKicTio MeHIne 0,001 MM/pik, o Bixnosigae I rpymi Kopo3iiHOi cTIHKOCTI (6a Kopo3iitHoi cTiiikocTi
© B.B. Bannux, H.I'. Bannux, O.C. Kabam
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1) — noswuicTio cridikuii. 3pasku Ct3 Ta 08X 13 mokasanu MBUAKICTH KOpo3ii B aiamasoni 0,01-0,05, 1o
BiZNOBiae 4 Oamy CTIMKOCTI Ta XapaKTepUCTHUIN CTiKoCTi — cTilikuid. He3Baxkaroun Ha OJHAKOBHMA Oan
criiikocTi, 3pa3ku 08X 13 mManu y 2 pa3u MEHIINH TTHOMHHNHN MOKa3HUK IIBUAKOCTI KOPO3ii.

Tabn. 2
BusnauenHsi mBHaKoCTi Kopo3ii crasueii B 3% NaCl
XapakTeprucTuka
Marepian Km, r/M* oz I1, mm/pik Bau criiikocTi CTIAKOCTI
Cr3 0,02691 0,02983 4 Crilikuit
08X13 0,01214 0,01347 4 Criiikuit
12X18H10T 0,00066 0,00073 1 [MoBHicTIO CTiliKHI

Hosicantn Bumty crivikicte 12X18H10T mo xoposii B 3% NaCl moxHa TuM, mo ii macuBHICTH
00yMOBIIEHa HASBHICTIO MiIIHOI TACHBHOI IUTIBKM Ha TIOBEPXHI MeTaly 4Yepe3 HAasBHICTh y TIpU
noBepxHeBoMy miapi ioHiB d-metaniB (Ni, Cr, Ta iH.). [Ipu 11bOMY XJIOpHI- aHIOHA MAJIO BIUTUBAIOTH HA il
CTaOUTBHICTD, Y TOM Yac, KOJH 10HH dKOPCTKOCTI CHPHUSIOTH 11 3MmirtHeHH!O [10].

JluMOHHA KHCIIOTAa YacTO BHKOPHUCTOBYEThCS B XapuyoBil, (QapMmareBTHUHIN Ta XiMIiYHIN
IIPOMHCTIOBOCTI. 1i PO3YMHM MOKYTh OYTH arpeCHBHMMH 10 CTaieil, 0cOOIMBO SIKIIO KOHIEHTpALIis
KHCJIOTH Ta TeMIeparypa cepeaoBuma migBumieHi. Koposis crtanmeil y po3uMmHax JHMOHHOI KHCIIOTH
3aJIe)KUTh BiJl TUITy CTajli, yMOB €KCILTyaTallii, a TaKO) XapaKTEPUCTHUK CaMOr0 PO34MHY, Takux sk pH,
TeMmIeparypa Ta HassBHICTb JJOMIIIOK.

Hocning 6yno mposeneHo 1 B 3% po3urHi JIMMOHHOI KUCIOTH. B pe3ynbraTi ekcniepuMeHTy 3MiHa
KOJBOPY criocTepiraiack B po3unHi 3i 3pazkoMm Ct3 (puc.4A). Crami mapok 08X13 ta 12X18HI10T ne
BUKJIMKAIIM CYTTEBUX 3MiH PO3YHHY JTUMOHHOI KucinoTH (puc.4b ta 4B BigmosiaHO).

Puc. 4. 3mina po3unny 3% JTAMOHHOI KHUCJIOTH micjast 7 1i0 koHTaKkTy 3 ctaaamu. A — C13, b
- 08X13, B - 12X18H10T

Sk BUAHO 3 PUCYHKY 5, HailOinbIIe Kopo3ii miggaerscs CT3, 32 paxyHOK YOTO i 3MiHIOETBCS KOJIIp
posunny. [Ipu npomy 3pasku craneid 08X13 ta 12X18H10T He BTpatwim MeTaneBoro OJNHCKY MiCIs
KOHTaKTy 3 PO3YMHOM JIUMOHHOT KHCIOTH TpoTsiroM 7 ai6 (Puc.5b ta 5B). Jlns 3pazka Ct3 xapakrepHa
BTpaTa METaJIeBOro OIMCKY.

Puc. 5. 3pa3ku craneii micas Burpumkn 7 ai6 y 3% aumonnoi kucioru. A — Cr3, b - 08X13,
B - 12X18H10T

PesynbraTi po3paxyHKiB MOKa3HHKIB KOPO3ii AOCTIKyBaHUX cTtaTeil B 3% po3unHi 3% JTUMOHHOL
KHCIIOTH METOIOM TPaBIMETPUYHOTO aHAJI3y HAaBEJCHO B TaOHIIi 2.

© B.B. Bannux, H.I'. baunux, O.C. Kabam
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Taban. 2
Bu3zHauyeHHs IIBUAKOCTI Kopo3ii cTaseil B 3% po3unHi JUMOHHOI KHCJIO0TH
XapakTepucTuka
Marepian Km, r/M*rox I1, mm/pik Bau criiikocti CTIMKOCTI
Cr3 0,87519 0,97046 7 TToHmxeHo cTIKNIA
08X13 0,00295 0,00327 2 [TixBuIIEHO CTIMKUIA
12X18H10T 0,00715 0,00792 4 Crilikuii

Sk BumHO 3 Tabmumi, WBUAKICTE Koposii Ct3  Haibinema. Heipxasiroua crams 08X 13 Bomoxaie
MiZBUIICHOIO CTIMKICTIO B PO3YMHI JIMMOHHOI KHCIOTH, Oan crilikocti nopiBHioe 2. Cranb Mapku
12X18H10T B maHomy cepemoBuini € crilikoto. banm crifikocti 4. [ligBuineHa CTiHKICTh 3pa3KiB
HeipkaBirouux crajei B 3% po3urHi TUMOHHOI KHUCIOTH MOKe OyTH TOB’si3aHa YTBOPEHHSM MACHUBHOT
IUTIBKHU Ha MOBEpxHi ctaii. Beranosneno [11], 1110 B IPHCYTHOCTI pO3YHHY JTUMOHHOT KUCIOTH Ha IOBEPXHi
YTBOPIOETHCSI OLMIBIN SKiCHA TTACHBHA TUTIBKA HA IMMOBEPXHI ayCTEHITHOI HepKaBitowol ctaii. 3a3Hav4aeThCs
MOJKJIMBICTh BHKOPUCTAaHHS JUMOHHOI KHCJIOTH sIK iHTiOiTOpa KOpo3ii amominio [12], mo Takox
XapaKTepU3YETHCS MOXKIIMBICTIO TEPEXOqy 10 MACHBHOTO CTaHy 3a paxyHOK (hOpMyBaHHS Ha MOBEPXHI
MACHUBHOI 3aXHMCHOI TITiBKH.

[Ipu KOHTaKTi AUCTUILOBAHOT BOJYU 3 KOHCTPYKIIHHUMHU CTAJSIMH 3a()iKCOBAHO 3MIHH arpeCUBHOTO
cepeaoBUILA — HaHO1IbIIE MPOAYKTIB KOPO3ii YyTBOPHIOCH IPH KOTAKTi 31 3paskamu Ct3 (puc. 6A). Ha mo
BKa3ye 3MiHa 3a0apBJIeHHS pO3UMHY. MeHII HacW4yeHa TMPOJYKTaMH KOpO3ii JUCTHIIbLBaHA BOJA MICIs
KOHTaKTY 3i 3pazkamu 08X 13 (Puc. 6b). 3Minu KOJIbpY IMCTUIBOBAHOI BOAM HE BiIOYBaJIOCh IPH KOHTAKTI
31 3paskamu Mapku 12X18H10T (Puc.6B).

Puc. 6. 3mina po3unHy IMCTUILOBAHOI BOAM micias 7 Ai0 koHTaKTy 3 cTajasamu. A — C13, b —

A b B

Puc. 7. 3pa3ku craneii micasi Burpumku 7 ai6 y H20. A — Cr3, b - 08X13, B - 12X18H10T

Ha noBepxHi 3pa3kiB crami CT3 miciisi KOHTaKTY 3 TUCTUIILOBAHOIO BOJOKO CIIOCTEPIralIUCh MPOIYKTH
koposii (Puc. 7A). 3i 3pazkamu craneit mapok 08X13 Ta 12X18H10T cyrreBux 3MmiH He BifOyBaIoch
(Puc.7b ta 7B). OtpuMani pe3ylibTaTd J00pe Y3roKYEThCS 3 PE3yJIbTATaAMU TPABIMETPUIHOTO METOIY
JTOCITi/PKEHHS IBUIKOCTI Kopo3ii (Tab:m.3).

Sk BumHo 3 Tabmumi 3 3pasku mapok 08X13 ta 12X18H10T xapakTepu3yrOThCS ITiIBUIICHOO
CTIHKICTIO Ta MatOTh Oast cTikkocTi 2. 3pasku CT3 MarOTh 3HAYHO BUINKH MTMOMHHMM OKa3HUK MIBUIKOCTI
KOpO3ii Ta € CTIHKUMHU B TUCTUIILOBaHI BOJII.

© B.B. Bannux, H.I'. baunux, O.C. Kabam
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Tabn. 3
Bu3HaueHHsI MBUAKOCTI KOPO3ii cTajeil B AUCTWILOBaHI Boi
XapakTeprucTuka

Marepian Km, r/mM*ron I1, mM/pix Ban criiikocTi CTIMKOCTI

Cr3 0,03901 0,04326 4 Cridikuii
08X13 0,00244 0,002707 2 ITigBuIIEHa CTIHKICTD
12X18H10T 0,00444 0,00493 2 [TigBuIeHAa CTIMKICTD

BucHoBku

B po6oTi mocmimkeHo mBUIKOCTI Kopo3ii koHCTpyKIidHuX ctanen (Ct3, 08X13, 12X18HI10T) y
MonaenbHUX po3urHax (3% NaCl, 3% TUMOHHOT KMCIIOTH, TUCTUIILOBaHA BO/Ia). BcTaHOBIIGHO MacoBHiA Ta
TTMOVHHMN TMOKa3HUKH IIBUAKOCTI KOpO3ii JaHMX MaTepialiiB, a Takox Oan crilikocti. BetanoBieHo, 1m1o
KOpO3iliHa aKTHBHICTH arpeCUBHOTO CEPEIOBUINA 3AICKHUTH BiJl CKIaAy KOHCTPYKIIIITHOTO MaTepiaity.

BcTaHoBieHHS 3aKOHOMIPHOCTEH B3a€MOJIi XapuOBHUX CEPEIOBHIN 3 KOHCTPYKIIHHUMHU CTaIIMHU
JI03BOJISIE BUSBUTH MO>KJIMBI OOMEKEHHS 3aCTOCYBAaHHSA KOHCTPYKLIIHUX MaTepiais.

OO0’exTOM JOCHTIIKEHHSI € KOPO3iiHI MpollecH, 110 BiAOyBarOThCS IMiJf Yac B3aeMOJIl
KOHCTPYKIIHHUX MarepiajiB 3 arpeCHBHAMH CEpEJIOBHINAMH XapYOBUX BHPOOHUITB. MeTOK JaHOl
POOOTH € AOCTiIKEHHSI KOPO3iiHOI cTilikocTi KOHCTpyKLitHuX martepianis (Ct3, 08X13, 12X18H10T) y
MonenbHuX poszunHax (3% NaCl, 3% nMMOHHOI KHCIIOTH, JUCTHIHOBAaHA BOZA), BU3HAYCHHS BIUIMBY
CKJIaJly KOHCTPYKIIIHHOTO MaTepiady Ha IMBUAKICT KOPO3ii.

Bcranosneno, mo HasBHicTh d-meTaniB (Ni, Cr, Ta iH.) y cKJIafi cTaji 3Ha4HO 3MEHIIYIOTh KiJIbKiCTh
MPOJYKTIiB KOPO3ii, 0 YTBOPIOKOTHCA IpH TpuBasioMy (7 mi0) koHTakTi 3pas3kiB 3 3% NaCl. B po3uunni
JUMOHHOT KUCJIOTH Ta JUCTHILOBaHOI Boau 3pa3ku 08X13, 12X18H10T nposiBuiny He3HAYHY IBUAKICTH
KOpO3ii, [0 XapaKTepHU3ye IIi MaTepialin sK MiABUMICHO CTikKi. [IpoayKTH KOpo3ii, 10 YTBOPIOIOTHCS TPU
KOHTaKTi KOHCTPYKIIITHIX MaTepiaiiB 3 pO3YUHAMH, MOXKYTh PO3YHHATUCH B PO3UNHI JTMMOHHOI KHCIIOTH
(npo3opi pozuunu). B posumni 3% NaCl Ta aucTibOBaHii BOII YTBOPIOIOTH HEPO3YMHHI MPOIYKTH
KOpO3ii (B pO34HHI Ta Ha MOBEPXHi 3pa3Ka CIOCTepiraBcs oca).

Ha ocHOBI TpoBeIEHOTO EKCIEPUMEHTY MOXHAa PEKOMEH[yBaTH BHUKOPHCTaHHs HEiIpKaBIFOUMX
crameit (08X13, 12X18H10T) pns BurotoBneHHs OONAJHAHHS, M0 KOHTAKTYE 3 XapYOBUMHU
CepeIOBHILAMH.
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Vkpaincvkuil Oeporcasnuii naykoo-0ocionuii incmumym “Pecype”™
Jhyybkuii HayionanbHuil mexuiunull yHieepcumem®

TEXHOJIOI'TYHI ACIIEKTH CTBOPEHHS PEECTPY JEP/KABHUX PE3EPBIB

Y ecmammi o3eyueni npobnemu cmeopenna ma QYHKYIOHYS6AHHA AGMOMAMU306AHOI cucmemu peecmpy y cgepi
oepicagnux pes3epeis. 30Kpema AKUEHMYEMbCA y6aza HA MOMY, W0 6€0€HHA ONEPaAmueH020, YNPAGIiHCbKO20 ma
OyxeanmepcvKo20 00Ky y nanepogiit popmi 3HAUNHO YROGIILHIOE NPOUEC YRPAGTIHHA 3ANACAMU MAMEPIATbHUX YIHHOCHM ll,
niogUWAYE PUBUKU OMPUMAHHA HEOOCMOGIPHOL iH(opmayii ma YcKIAOHIOE KOHMPOaL 3a 30epicannam mamepianbhux
yinnocmei. CmeopenHs HAyKOBUX 3ACA0 3aXUWEHOI ABMOMAMU306AHOI cucmemu 00360JUmMb 3HAYHO RIOGUUUMU
eghekmuenicms ynpasninna 3anacamu mamepianbHux yinHocmeil.

Knwuogi cnosa: asmomamuzosana cucmema, ooaix, MamepianrvHi YiHHOCMi, epeKmusHicmy YRpagninHs, 3axoou be3nexu

inghopmayii.
Z. Sirko, V. Vashchenko, M. Tolstushko, N. Tolstushko, S. Yukhymchuk
TECHNOLOGICAL ASPECTS OF CREATING A REGISTER OF STATE RESERVES

The article discusses the problems of creation and functioning of an automated register system in the field of state
reserves. Particular attention is paid to the fact that keeping operational, administrative and accounting records in paper form
significantly slows down the process of managing the reserves, increases the risk of receiving inaccurate information and
complicates the control over the storage of material assets. The creation of the scientific basis for the secure automated system
will significantly increase the efficiency of inventory management.

Keywords: automated system, accounting, physical assets, management efficiency, information security measures.

IocTranoBka nmpodaemu. AHani3 (QyHKLUIOHYBaHHS CUCTEMH JAEPKaBHOTO PE3EPBY, BHKIIUKH, SIKi
nocTany nepea YKpaiHOIO HPOJOBXK OCTAHHIX POKIB i, OCOOJIMBO MOYATOK MIMpOKOMaciTabHoi arpecii
pociiicbkoi ¢eaeparrii, 1al0Th MiACTaBY CTBEPKYBATH, IO Iif0Yi 3acaau (YHKIIIOHYBaHHS ACPKABHOIO
pe3epBy, Yy TOMY YHCII MOOLII3aLiHHOrO, MOPSJOK HOro (QOpMyBaHHS IPYHTYETHCS Ha 3acTapiIux
npuHOHnax 0e3 3acTOCYBaHHS BH3HAYEHOI cTparerii PO3BUTKY Ta HE BPaxXOBYIOTh Cy4YacHi 3MiHH Y
(dhopMyBaHHI Ta BUKOPHUCTaHHI JEPyKaBHUX PE3CPBIB.

Benennst onepaTMBHOr0 Ta OyXraJTepChbKOro OONIKY y MamepoBidi (opmi 3HAYHO YIOBUILHIOE
MpoleC YHpaBIiHHS 3alacaMy MaTepiaibHUX LIHHOCTEH, MiIBUIIYE PU3UKK OTPHUMAHHS HEIOCTOBIpHOI
iHpopMaLii Ta yCKIaIHIOE KOHTPOJIb 3a 30epiraHHAM MaTepialbHUX L[IHHOCTEH, 110 BKpail HEraTHBHO
MMO3HAYAETHCS HA CTaHi 3amaciB Ta PyHKIIOHYBaHHI BCIET CHCTEMH JIEPIKABHOTO PE3EPBY.

CTBOpeHHsT HAYKOBHX 3acajl 3aXHWIICHOI aBTOMATH30BAaHOI CHUCTEMH PEECTPY MaTepialbHUX
LWiHHOCTEH, sika Oyne BiACTEXXKyBAaTH CTaH pPE3EpBIB Ha KOXKHOMY €Tali: 3aKIaJCHHI, MOMOBHEHHI,
30epiraHHi, MEepPeMilieHHI, OCBDKEHI, TOIIO JO3BOJMTH 3HAYHO IMIIBUIIMTH €(PEKTHBHICTH YIIPaBIIHHS
3aracaMy MaTepialbHUX I[IHHOCTEH, 3a0€3IeYUTH TOCTOBIPHICTh 3BITHOCTI PO HASIBHICTH Ta PyX 3aIlacis,
X KUIBKICHOTO Ta SIKICHOTO CTaHy.

AHani3 ocTtaHHix nociaimxkens i myGuaikauniii. Y 3akoni Ykpainu «Ilpo nepxaBHi pesepBu» [1]
3a3HAYAETHCS, M0 JCPKABHUN MaTepialbHMH pe3epB — 1€ 3amac MarepiajibHUX IIHHOCTEH, SKHUH
CKJIaJJa€ThCsl 13 3amaciB CUPOBUHHHX, Y TOMY YHCII MAJIWBHO-€HEPreTHYHHUX Ta MaTepiabHO-TEXHIYHUX
pecypciB, IPOMHUCIOBUX 1 IPOJOBOJIBYMX TOBAPIB, KPUTUYHO BaXKIJIMBUX JIIKAPCHKUX 3aC00iB Ta MEIUYHUX
BUPOOIB, IPU3HAUEHUX IS BUKOPUCTAHHS Y MUPHUM Yac, a TAaKOX B OCOOJIMBHH Mepioj.

[poriec 30epiranHs aepKaBHUX PE3CPBIB — IIe TUHAMIYHUEN y Yaci MpoIiec, 3a IKOro BiI0YBAa€EThCS
3aKJIafieHHs] MaTepialbHHUX I[IHHOCTEH, iX 30epiraHHS 3 MOTPUMAHHSM BiAOBITHUX YMOB, BIiIIYCK,
MOMTOBHEHHS, OCBDKCHHS, TEPEMINIEHHsS Ta TMepepoOKa MarepiajJbHHUX I[IHHOCTEH, IX TMOcTaBka Ta
peaizaitisi.

Po3po06iieHHI0 aBTOMATH30BaHUX CHCTEM OOJIKY MaTepiadbHHX IIHHOCTEW MPUAIIAETHCS 3HAYHA
yBara sk B YKpaiHi, Tak i1 3a ii mMexxamm [2-4], Tak SK BOHH JO3BOJSIOTH CIIPOCTUTH KOHTPOJH 32
30epiraHHsM MaTtepialbHUX M[IHHOCTEH, MiJABUIIMTH JOCTOBIPHICTH OTpUMaHOi iH(opmanii, 3HAYHO
AKTHBI3yBaTH MPOIIEC YIIPABIIHHSA MaTepiaTbHIMHA IIIHHOCTSIMH.

VY mepury 4epry HOCHIHKEHHS BITYM3HIHHUX Ta 3apyOiXHUX (haxXiBIIB CTOCYBAJHCS aBTOMAaTH3AIii
OyxranTepchkoro ooiky [5-8].

Jlo BiZOMHUX aBTOMATH30BaHMX CHUCTEM OONIKY MarepialbHUX I[IHHOCTEH MOXKHa BiHECTH
nporpamuuii mpoaykt «BAS Byxranrepis» [9], skuii mpu3HAYEHUH U151 aBTOMATHU3AIIIT OyXTaITepchbKOro
Ta MOJAaTKOBOrO 0OMiKY, opMyBaHHs 000B’S3KOBOI 3BITHOCTI B OpraHi3alisxX 1 Ha MiANPHEMCTBAX, L0
3IIACHIOIOTH Pi3HI BHIU BUPOOHUYOT Ta KOMEPIIHHOI JiISTIbHOCTI 1 BUPOOHUIITBO, HaIaHHS TIOCTYT TOIIO.
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3a3HaueHa OyxranTepchka nporpama «BAS ByxranTepis» BUKOPHCTOBYEThCS K €1MHA 00JIIKOBaA CUCTEMA,
Tak SIK BOHa MOXKE BHMKOPHCTOBYBATHCSA 1 pa3oM 3 IHIIMMH KOH(QIrypaiisMu, HanpUKiIam, i3
CTeLiani30BaHUMU PillICHHSIMH AJIs1 OKPEMOTO BUAY OpraHizarii.

[ndopmariiitai cuctemu i TexHoyorii 00Ky [10] Ha cyyacHOMY eTali €KOHOMIYHOTO PO3BUTKY
MIPUCKOPIOIOTH TEMITH BIPOBAHKCHHS Y BC1 cpepH JKHUTTS OCTaHHI JOCTiKEeHHS 3 iHQopmaTu3atii. Ha 6asi
cydacHUX iH(GOpMaUiiHUX TEXHOJNOTIH CTBOPIOIOTH 3acO0M  KOMYyHIiKalii, II0 J/J03BOJSIOTH
BUKOPHUCTOBYBATH OOJIIKOBY iH(OpMaIli0 K HABaXJIMBIIINK PUHKOBUI pecypc.

[MianpuemctBo TOB «3axuiieni apromatu3oBaHi cucteMuy [11] Hamae mociyru mo70 CTBOPEHHS
KOMIUJIEKCHOT CUCTEMH 3aXUCTy iHpOpMaLlii cucTeMu o0JIiKy MaTepiajJbHUX IIHHOCTEH Ta 3 KoHirypaii
KOMIT IOTEpPHUX TEXHIYHHUX 3aCc00iB.

«BAS Byxrantepis KOPII» [12] € iHcTpymMeHTOM Oyxranrepa Ui NpoQeciiiHOro BeICHHS
OyXrajaTepchbKoro Ta MOJATKOBOrO OOJIKY, MiATOTOBKH 1 PEECTpallii MOAaTKOBUX JOKYMEHTIB, 8 TaKOX
MiTOTOBKYM Ta 37a4i 000B’SI3KOBOI 3BITHOCTI 3 PO3MIMPEHUMH MOXIUBOCTIMH 00diKy. [Iporpama mae
po3mpeHni (GyHKLIOHAT B YacTHUHI PO3paxyHKy 3apIUiaTH, L0 JO3BOJISIE BUKOPUCTOBYBAaTH HOrO Ha
MiAMPUEMCTBI 31 CKJIaJHUM PO3PaxyHKOM 3apO0iTHOI TIATH.

TOB «CEKYP [IHTEI'PALISA» [13] pospoduno mus IliBnenno-3aximHoi — 3ami3HUIN
AT «YKp3adi3HULS» AOKYMEHTALII0 JUIl CTBOPEHHS aBTOMAaTH30BAHOI CHCTEMH KOHTPOJIO Ta OOMIKY
MaJILHOTO 1 TOBAPHO-MaTepiajbHUX LIHHOCTEW. 3asBICHHUI IHTETPOBAHUH KOMIUIEKC OE3MEKH IUIAaHYIOTh
BCTAaHOBHUTH Y BCiX JIOKOMOTHBHHUX JIENIO Ta Ha CKJIaJ[aX MaJbHOTO.

Kommnanis Exkayt (cminka apoMartuzatopiB 0i3Hecy) po3pobmia mporpamy «BAS Byxramnrepis»
[14], wo 3a0e3neuye OyxrantepchKuil 00K pi3HUX BUAIB AisUTBHOCTI (BUPOOHMYOT, KOMEPLIHHOI 1 T.1.) Ta
cucrteM omonaTkyBaHHs. CucTeMa MOXKe TMpaimoBaTH BiaganeHo, depe3 BeO-iHTepdetic. Kommanis
3MIACHIOE TIOCTifHE OHOBIIEHHS TporpaMu (y 3B’S3Ky 31 3MIHOI 3aKOHOAABCTBA), MOXXE 3aMOBHUTHU
KOHCYJIBTAIF0 (axiBIs Ta, B pa3i HEOOXiTHOCTI — MiAKIIIOYUTH TIporpamicta abo IT-daxisis.

Kommanis «BJET SERVICE BOX» [15] po3poOuiia miicHUi XMapHUAN MPOAYKT 3 aBTOMAaTU3alii
MpoIIeCiB 00Ky Ta yNpaBIiHHA IS TOTped Majoro i cepeaHboro 0i3HeCy y Taiy3i HajaHHs mociyr. s
€IVHA IIJTICHa po3po0iieHa CUCTeMa HaJla€ MOMIIMBICTh OMEPAaTUBHO OAYUTH Ta €(PEKTHUBHO YIPABISTH
0i3HeCOM OHJIAaWH B OJTHOMY MICIIi Ta 3a MMOMipHi IHBECTHUIIi.

I'pyna kommnanii «®AKTOPy» [16] BUKOPHUCTOBYE aBTOMATU30BaHY CHUCTEMY OOJIIKY i KOHTPOJIO
HasSBHOCTI Ta pyXy 3amaciB B MiCIISIX iX 30epiranHs Ta y BUpOOHHUIITBI. 3amacy Ha MiAIPUEMCTBAX MOXYTh
30epiratucs y cremiaii3oBaHUX MiclsiX (CKiaau, KoMopu Tomio). CKiIaachki MpUMilIeHHS MOXKYTh OyTH
3arajibHOTO Ta CIELiali30BaHOr0 MpU3HAYeHHs (LEHTPalbHI CKIaau, MPOMiXKHI, EKCIeINTOPCHKI 1 T.1.).
Opranizariito 30epiraHfs 3amaciB Ha MiIIPUEMCTBI 3AIHCHIOIOTH 3alIe)KHO BiJl TEXHOJIOTi] BUPOOHHUIITBA,
BH[y 3aIlaciB, YMOB IIOCTa4aHHs, YMOB 30yTy TOIIO.

AHaJTITUYHUHN OTJIsA] aBTOMATH30BaHUX CHCTEM OOQJIIKY MaTepiajlbHHMX I[IHHOCTCH ITOKa3aB, IO
HaiOinplIe BIPOBAKEHHS BOHM OTPHMANH IJisi OyXraaTepchbKOro OOIIKY, 1 po3poOieHO Winud psj
MPOTPaMHOTO TPOAYKTY B 3aJIEKHOCTI Bif 00’eMy OONiIKy MarepiasibHUX 3amaciB. Po3pobieHi Takox
aBTOMATHU30BaHi CHCTEMH JJISl KOHTPOJIO Ta O0JiKYy MajJbHOTO Ta TOBapHO-MaTepialbHUX LIHHOCTEH IS
AT «YKp3agi3HuLs», MPoLEeCciB 00MiKy Ta ypaBaiHHs AJIsl TOTPEeO MAIOro Ta cepeIHboro Oi3Hecy y ramysi
HaJaHHA MTOCTYT, KOHTPOJIIO HAABHOCTI Ta pyXy 3amaciB B MiCIIAX iX 30epiraHas Ta y BUPOOHHIITBI.

AHaJTITHIHUA OIS TOKa3aB TaKOoX, MO yCi PO3TJITHYTI aBTOMATH30BaHI CHCTEMH MAalOTh CBOi
0c00JIMBOCTI, TIOB’sI3aHi 13 BUJOM MaTepiajJbHUX LIHHOCTEH, sIKi OONIKOBYIOThCA, 3 IXHIMH 00 €Mamu,
yMoBaMH (PYHKITIOHYBaHHSI BUPOOHHUIITBA, Y TaTy31 HaAaHHS MOCIYT 1 T.i. ToMy, BpaxoBytoun crienudiky
TIIITPUEMCTB B CHCTEMI JIEP’KaBHOTO pe3epBY, HEOOXITHO PO3POOUTH BIACHY aBTOMAaTH30BaHY CHUCTEMY
00JIiKy Ta KOHTPOJIIO MaTepiajJbHUX LIHHOCTEH, K1 30epiraloThcs Ha MiINPUEMCTBAX i€l ramys3i.

IocTranoBka 3aBaanmb. MerTa JOCHIDKEHHS — pO3POOMTH HAyKOBI 3acaid CTBOPEHHS
ABTOMATU30BaHOI CUCTEMH PEECTPY MaTepiaIbHUX I[IHHOCTEH.

BuknagenHst ocHoBHOro martepiany. B mponeci Bukonanust po6otu Oysin 3acTOCOBaHi HacCTYITHI
MeTtonu: 30ip iHdopMmaIllii, BUBUEHHS JKEpeN, CIOCTEPEKECHHS, aHalli3 JaHWX Ta iX CHUCTEMAaTH3allisl.
OCHOBOIO ISl PO3POOKH MPOrPAMHOI0 MPOIYKTY aBTOMAaTH30BaHOI CUCTEMHU (DYHKIIIOHYBaHHS PEECTPY
MaTepiaibHUX IIHHOCTEH € apXiTeKTypa €JIWHOTO PEECTPY, SKa OXOIUTOE TOJOBHE BIKHO IPOTPaMHU,
BKJIQJIKH 3 HalpsMKaMu (IPOJOBOJIBYMMA, TEXHIYHUHA, MEAWYHUN, €HEPreTUYHUM, CUPOBUHHMMN). Bijbmn
JIeTaIbHO CTPYKTYpa apXiTEKTYPH EIMHOTO PEECTPY JIep>KaBHUX Pe3epBiB HaBeieHa Ha puc. 1.

Amnani3z pucyHKy | mokasye, M0 B apxiTeKTypi 3a3Ha4eHi HampsMKH, 332 SKAMH 3TiJHO 3aKOHY
VYxpainu «lIpo nepxxaBHi pe3epB», B IKOMY BU3HAUEHI IPAaBOBi, OpraHizaliiiti Ta ¢iHaHCOBO-€KOHOMIUH1
3acaau (popMyBaHHs, PO3MILICHHS, 30epiraHHsl, MepeMilleHHs], TIOCTaBKU Ta PE3ePBYBAaHHS, OCBIXEHHS,
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BIIIIYCKY MaTepiaibHUX I[IHHOCTEH IepXKaBHMX PE3EPBIB, a TaKOX CTBOPEHHS Ta (PYHKIIOHYBaHHS
€IMHOTO pEECTPY HAEpKaBHUX PE3epBiB, MpaIiOE CHUCTEMa pe3epBiB. 30KpeMa IIe MPOIAOBOILUHM,
TEeXHIYHUH, MEIWYHUH, CHEePreTHYHWH, CHPOBUHHHMH HAmpsMKd. TakoX B apXiTeKTypi BimoOpaxeHi
OamaHcoyTpuMyBadi (BiAMOBIAaIbHI 30epiraui, pe3epBaHTH, MOOUII3AMIMHUN pe3epB) 3 IXHIMH THUIIAMH
IISUTBHOCTI, MOTY)KHOCTSIMM Ta MICIIEM 3HaxO/DKeHHSA. B apxXiTekTypi BHCBIT/ICHI omeparii, sKi
BIJCTeXKYIOTh CTaH PE3EPBIB Ha KOXKHOMY €Tami: 3aKyIiBisd, NpUAMaHHs], 3aKjiIaJeHHs, 30epiraHus,
NepeMillleHHsI, OCBDKEHHS, BIAIYCK, CHHCaHHs], peamizalis A1 nepepoOKH, yTHUii3alis, 3HUILCHHS.
AKIIEHTY€EThCSI yBara Ha Jep>KaBHOMY KOHTPOJII 32 PyXOM MarepialbHHX I[iHHOCTEH 3 (hiHAHCOBHMHU
CaHKILISIMU 1100 MOPYIIHWKIB. 3a pe3yiabTaTaMH JEpXKaBHOTO KOHTPOJIO CKJIAJA€ThCS 3BIT, Yy SIKOMY
BifoOpakeHa JIisUTbHICTh OaaHCOyTpUMYBaua, IPOBEIECHI HUM omepalii 3 pyXy MaTepiajbHUX LiHHOCTEH,
BUSIBJICHI TOPYIICHHS TiJl 4ac 3AifiCHEHHs 3TraJaHuX orepamniid. €IWHUIA peecTp JepKaBHUX pe3epBiB
B3a€EMOJII€ i3 30BHINTHIMU oTpuMyBadaMu iH(opmMmartii (Prozorro, npodeciiini 3aKymiBii, iHII PEECTPH).

Cucrtema ‘ Pozainn ‘ Hanpsavu ‘ BanancoyTpumyBaui ‘
BianoginaneHi Mob.
Kopuctypau P PeseppanTH ,
) 30epiraui pesepB
peecTpy V!
IIpooBonpumii Ha3Ba
ITy6munmii > HAIIpsAM
] ajzpeca
peecTpaTtop
L Tun pisibsHOCTI
| TexHiunuii
—> :
HaInpsaMm IToTy*HICTD
Hagirarmiiae nepero
eTEeMEeHTIB
| .
W > Memranmit BHPOOHII CKJIAJICBK]
. HAIIpAM
ApXiBHE cepeoBHIIE
N BuisHI/TI, 1110
Enepreruunmii
BHKOPHCTOBYHOTE
HAIIPAM P Y
OOcAar mopIgHIX CHUpOoBHHHIIT
P S P
TOCTaBOK HAIIPSIM

Puc. 1. CTpyKkTypa apXiTeKTYpH €1MHOIr0 PEECTPY 3 FOJIOBHUM BiKHOM NMPOrpaMu (cucTeMa,
PO31iH, HAPSIMKH, 0aJTaHCOYTPUMYBAadi)

Ha puc. 2 onucanunii mpogoBOIBYNI HATIPSIMOK apXiTEKTYpH €AMHOTO PEECTPY ACP:KaBHUX PE3EPBiB.
30kpeMa HaBeleHI HOMEHKJIATypHa MO3WLIS 3 TEXHIYHUMH SKICHUMH XapaKTepHUCTUKaMH, Ha3Ba
MaTepiajabHOI IIHHOCTI (mapTis, o0csAr, OaJaHCcOBa BapTICTh, JaTa BUTOTOBJICHHS, TEPMIH IPUIAATHOCTI,
CTPOK 3aKJIafaHHs, CTPOK TMOYATKy OCBIKCHHS, KIHIICBHI CTPOK OCBIKCHHS, BIJIyUCHHS 3 00iry), HOpMH
HAKOMWYEHHS, He3HWKyBaHuH 3amac. CTOCOBHO MapTii mpoaykuii (MarepiaidbHOI HIHHOCTI) 3a3HaveHi il
30epiradi Ta pe3epBaHTH, 3 iX MICIC3HAXOKCHHIM, HOMEpaMHU CKJIAIiB AJIs 30epiraHHs, XOJIOAHIbHUX
KaMep, OMaIOBaJIbHUX CXOBHII, BiJOMOCTSIMH IIOJI0 TEMIIEPATYPHO-BOJIOTICHOTO PEKUMY B CKIIQJax Ta
XOJIOAWIBHUX Kamepax.

Taxox HaBOAUTHCS iHPOPMALis 100 BUPOOHUKIB a00 MocTavyaIbHUKIB MAPTii NPOAYKLii, NEpeTiKy
HEOOXIJTHUX JOKYMEHTIB, MOB’S3aHUX 3 MMOCTAYaHHIM MPOJYKINi 3 KOHKPETH3AIIEIO TUITY TOKYMEHTIB, 3
JIaTOO BH/Ia4i, HA3BW BUIaBHHUKA Ta CKAHKOIII 3a3HAYEHUX JOKYMCHTIB.

Ha puc. 3 onucani TexHIYHHHA, MEIUYHUH, €HEPreTUUHUH, CUPOBUHHHUNA HANPSMKH IIOJIO PYXY
MaTepiaabHUX HiHHOCTeH. Ha3Bu MaTepiaabHKUX IIHHOCTEH BIIOBIIHUX HAMIPSAMKIB Ta iXHI CKJIaI0BI 1100
XapaKTepUCTUKN TPONYKIii, HOPM HAKONMHMYCHHS, HE3HMKYBaHOTO 3aracy, Ha3BH BHPOOHHKIB abo
MOCTaYyaNbHUKIB aHAJIOT1YHI THM, SIKi BiZoOpakeHi y MPOJ0BOIBYOMY HAMPSIMKY.
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Hanpaum H Ipoaosonsumit
HAMDAM

Hosenrnarypea Hasea marcpiatssol Hopun HesmmxyBanmit
nosuuia uisHoCTi HAKOMHYSHHSA amac

Bupobumnk/
INocTauameanx

Hypman obmiry
JOKYMCHTIB

0

TexHivH ARiCHI
XapaKTePHCTHEHR

Tepenix HeoOXiTHIX
AokyMeHTIEY

ToTousmii cTal

Banancopa BapTicTs
Jlara BurotTosneHss

‘ TepMiH TPHAATHOCT

‘ BunapHHE
‘ MicuesHaxomsenns ‘ ' |
C'EPDI\'. 3aKIadaHHA cKﬂH.KDl'I.ﬁ ‘

>~

HypHaT moTowHHX
ful:d

Houep
Nara ssgam

Crpok nouarsy
OCBimSHHA P
30epiraq ‘ ‘ Pescpeanr ‘
Kinuennit ctpok —
OCBIXCHHA _ Coman e... ‘
Nomomuneni xamepu

OnamosaTsHi CLOBHIA
Brtydenns 3 obiry*

Binemocti momo
TEMTCPaT YPHC-
BOMIOTICHOTD PEAEMY

Puc. 2. ApXiTeKkTypa €IHHOI0 Pe€ECTPY /Iep:KAaBHUX pe3epBiB 3 BKJIAJAKOI0 POI0BOJILY0r0
HANPAMKY

Texniurmit/
Hanpsym '—) MeIHYHHIL/
eHepreTiiHe/

CHPORHHHHI®
HAOPAM

P

HomeHRIaTypHA > Hazpa maTepiatesol Hopwvm Hesnmxysanai
TIOIHIILA HIHHOCTL HAKOIHYeHHA Jalac
Texniuri AKiCHI
XAPAKTEPHCTHEKH

Brpobauz/

TlocTauaIsHHE

Ofcar Mi
\—V—‘ MicueIHax oTaeHHL .
Banascosa BapTicTs
v Aypraat obmiry
. JlaTa BHTOTORTEHHA k AOKVMEHTIE
JKypHAT IOTOYHHY \1,
. : n
‘ F6epiras ‘ T PBAHT
. . Tun noxymenTa
Tepmin npuAaTHOCTL
. - I
Crnan No...
Nonopmmsai Kavepi Homep
Onamoeanssi crosmma Jara BHAA4L
CTpoK 3aKI1ataHHs BraasHEK
Bimomocti mono |
CTP‘M\: MOTATRY TEMIEPATYPHO- Cranzomii ‘
OCBLIKEeHHS EOMOTICHOr O PEEMMY

Kinuesuii crpok
OCBIASHHA

Puc. 3. ApxiTeKTypa €IMHOr0 PeecTpy Aep:KaBHUX pPe3epPBiB 3 BKJIAAKOI TEXHIYHOrO,
MeIUYHOr0, eHePreTHYHOr0, CHPOBUHHOI0 HANIPAMKIB
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BucHoBkHu.

1. Po3pobiieHa apxiTEeKTypa €IWHOTO PEECTPY ACPKABHUX PE3CPBIB € OCHOBOIO JUISI CTBOPCHHS
MPOTPaMHOTO MPOIYKTY aBTOMAaTH30BaHOI CHCTEMH (DYHKLIOHYBAHHS PEECTPY MaTepialbHUX LIHHOCTEH.

2. B apxiTekTypi BimoOpakeHi OCHOBHI HAMPSMKH MIsITLHOCTI Iep>KaBHUX PE3EPBIB, SAKi 3a3HAUCH] y
3akoni VYkpaiam «lIpo nmepxaBHI pe3epBH» Ta 30KpeMa IMPOAOBOILYHM, TEXHIYHUN, MEIUIHUMH,
€HEepPreTUYHH, CHDOBUHHUN HAMIPSIMKH.

3. CrBopeHHs Ta (YHKIIOHYBaHHA pEECTPY HEPKABHHX PE3EPBIB TO3BOJIMUTH TOCHIUTH
e(EeKTHBHICTh YIPABIIHHS 3amacaMd MaTepialbHUX I[IHHOCTEH Jep)KaBHUX pE3epBIB, IMOKPAIIUTH
ONEpaTUBHUHA Ta OyXraaTepchbKuil OOJIK MaTepialbHUX LiHHOCTEH, 3a0e3MeYuTH JOCTOBIPHICTD
BiJOMOCTEH Ta 3BITHOCTI PO HAsIBHICTh Ta PyX 3araciB MaTepialbHUX LIHHOCTEH.
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ILA. Ctyxask, O.B. Torocsko, L.II. CTyxask
Tepnoninvcokuii HayioHanvHuL mexuiunuil yHigepcumem imeni leana Ilynios

ABTOMATH30BAHA CUCTEMA MOHITOPHHI'Y TOYHOCTI TEXHOJIOT'TYHUX
BUMIPIOBAHbB Y CEPEJJOBUIII IHTEPHETY PEUEU

Po3spooneno apximexkmypy IoT-cucmemu oOna mouimopunzy mounocmi uUMIpI0O8AHb y GUPOOHUYUX HpOUeEcax.
Bnposaosceno mexanizmu aemomamuyHoi nepegipku Kaniopyeanua ma oiazHocmuku cmauy cencopis. IlIpedcmaeneno
ananimuyHy mooenb 6naugy HOXUOOK NepeoasaHHs Oanux uepe3 0e30pomoei mepeyxci HaA pe3yabmamu GUMIPIOGAHD.
Excnepumenmansui pesyniomamu 0eMOHCINPYIOMb NIO8UWEeHHA HAOIIHOCMI KOHMPONio AKocmi npodykyii 00 98%. Cucmema
0azyemuca na po3nooineniii apximekmypi 3 UKOPUCMAHHAM XMAPHUX CEPIcie O yenmpanizoeanoi oopooku oanux. /nsa
3abe3neuennn yinicnocmi ma 00cmogipHocmi ingpopmayii peanizo6ano anzopummu GUAGINEHHA MA KOMREHCAUil anomanii
eumiprogans. IIposedeno nopisnanvnuil ananiz egpekmuenocmi 3anponoH08an020 NiOXo0y 3 MpaoUUiliHUMU Memooamu
KOHmpontw mounocmi. Ompumani pe3yiomamu niomeepodlcylomy O0OYinbHicmy inmezpayii iHmMeaeKmyaibHuUx cencopie y
eupodnuyi Ninii. 3anpononosana cucmema mae MOOYIbHy CIMPYKIYPY, W0 3a0e3neuye Macutmadoeanicms ma ZHy4Kicms npu
po3wupenni pynkyionansnocmi. Po3pooneni piniennsa moxcyms 6ymu 3acmocosani é 2any3ax 3 RiOGUUEHUMU 8UMO2AMU 0O
Memponoziunoi Hadiitnocmi, 30Kpema 6 MautuHoOyOy6anni ma elneKmponiyi.

Knrwuoei cnosa: |0T-cucmemu, xaniopysanus, xmapHi cepsicu, aHATIMU4Ha MOOeb.

P.D. Stukhliak, O.V. Totosko, D.P. Stukhliak

AUTOMATED SYSTEM FOR MONITORING THE ACCURACY OF TECHNOLOGICAL
MEASUREMENTS IN THE IOT ENVIRONMENT

The architecture of an 10T system for monitoring measurement accuracy in production processes has been developed.
Mechanisms for automatic calibration verification and sensor status diagnostics have been implemented. An analytical model
of the impact of data transmission errors over wireless networks on measurement results has been presented. Experimental
results demonstrate an increase in product quality control reliability to 98%. The system is based on a distributed architecture
using cloud services for centralised data processing. To ensure the integrity and reliability of information, algorithms for
detecting and compensating for measurement anomalies have been implemented. A comparative analysis of the effectiveness
of the proposed approach with traditional accuracy control methods has been carried out. The results confirm the feasibility of
integrating intelligent sensors into production lines. The proposed system has a modular structure that provides scalability and
flexibility when expanding functionality. The developed solutions can be applied in industries with increased requirements for
metrological reliability, in particular in mechanical engineering and electronics.

Keywords: 10T systems, calibration, cloud services, analytical model.

IMocTtanoBka 3amaui. CywacHi BHpPOOHHWYI TIpOIleCH JAemaiai OUIbIle TIOKJIANAalOThCs Ha
ABTOMAaTH30BaHI CUCTEMH KOHTPOJIIO, JIe TOYHICTh BUMIPIOBAHD € KPUTHYHUM (PaKTOPOM SIKOCTI ITPOTYKIIii.
Inrerpauist IntepHery peueit (IoT) y MeTposioriuHi CHCTEMH BIAKPUBAaE HOBI MOXIIMBOCTI ISt
0e3mepepBHOr0 MOHITOPHUHTY, KalliOpyBaHHS Ta CaMOIIarHOCTHKH CEHCOpiB. Y LbOMY AOCIHIIKEHHI
3ampPONOHOBAHO TiAXiM A0 mobyaoBu loT-cucTreMn MOHITOPUHTY TOYHOCTI TEXHOJNOTIYHHX BUMIipIOBAHb,
AKuid  3a0e3ledye BHCOKY JOCTOBIPHICTh JdaHMX Yy peanbHoMmy daci. [lomepenni mocimimKeHHs
30CepeIKYIOTHCS Ha MMTAHHIX KaniOpyBaHHS! CEHCOPHUX MEPEX, OLIHKH HEBU3HAUYCHOCTI BUMIpIOBaHb Ta
BIUIMBY KOMYHIKAIIHHUX MMOXMOOK Ha TO4HICTh maHux [1]-[5]. ABropu [6], [7] po3pobuwiu meroau
ABTOMATUYHOI'0 KajiOpyBaHHS CEHCOPIB i3 BUKOPUCTAHHIM HEHPOHHUX MEPEXK, TOAl sIK podoTH [8], [9]
MiAKPECIIIOI0Th 3HAUCHHsI BUABICHHS apeidy Ta 300iB y 6e31poTOBUX ceHcopHuX Mepexax. Ilpami [10]-
[15] po3risiaroTh MOJICITIOBAHHS METPOJIOTIUHUX XapakTepucTHK [0T-By3IiB i MATaHHS METPOJIOTIUHOI
MPOCTEXYBaHOCTI, ToAi 5K [16]-[20] akneHTyIOTh yBary Ha moOyJOBi CHCTEM 3 BHUCOKOIO HAJiIHICTIO
nepeavi JaHuXx.

ApxiTekTypa cucTeMH. 3aporOHOBAaHA aPXITEKTypa CUCTEMH MOHITOPHHTY CKJIaJA€ThCs 3 TPHOX
OCHOBHHUX PIBHIB: CEHCOPHOTO, KOMYHIKaI[ifHOTO Ta aHamiTHYHOrO. CEHCOPHUIA PIBEHb BKIIOYAE BY3IH
BUMIpPIOBaHHSI TEMIIEpaTypH, THUCKY, BOJOTOCTi Ta BiOpauiii, mo 3abe3nedyroTh OaraTonmapameTpUIHUN
KOHTPOJIb CTaHy TEXHOJOTTYHOTO 00sagHaHHsL. [1s1 miABUILIEHHS TOYHOCTI 3UUTYBaHHS JaHUX peali3oBaHoO
MeXaHI3MHU JIOKaJNbHOT (imbTpalii CHUTHANIB 1 TEpPiOJUYHOI CaMOKaIiOpPOBKM CEHCOPHUX MOJYIIIB.
KomyHikaniitauit piBeHb QyHKIIIOHYe Ha OCHOBI Oe3poToBux npotokoniB Wi-Fi, LORaWAN Ta ZigBee,
mo 3abesneuye eHeproeeKTUBHy Iepenavyy JaHUX Y PO3MOAUICHHX BHPOOHHYMX CEPEeOBUILAX.
3abe3neueHo aganTUBHUKA BHOIp HPOTOKOIY 3B’A3KY 3aJIE)KHO BiJ BUMOT JO NPOIYCKHOI 3[JaTHOCTI,
3aTPUMKH Ta JaIbHOCTI epeaaBanHs curaainy. OOMiH JaHUMH 3AicHIOEThes uepe3 MQTT-0pokep, sikuit
MiATPUMY€E aCHHXPOHHY ITyOJIiKaIlifo Ta MAMKUCKY Ha TIOBiOMIICHHS, IO CITPHSIE 3MEHIIIEHHIO MEPEKEBOTO
HAaBaHTAXKCHHS. AHANITUYHUN pIBEHP BIANOBIZa€ 3a IHTEIEKTyalbHY OOPOOKY [aHUX, MEPeBipKy
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KaJiOpyBaHHsI, BUSBJICHHS Apei(y CEHCOPIB 1 MPOTrHO3YBaHHSI MOKIMBHX BIIXHICHb Y BUMIPIOBAHHSX 3a
JOTIOMOTOI0  aJiCOPUTMIB ~ MAaIIMHHOTO HaByaHHA. /I MiABMINEHHS TOYHOCTI  JAiarHOCTUKH
BHKOPHUCTOBYETHCSI KOMOIHAITISI METOIB KJIacTeph3alii Ta perpeciiiHoro anamildy. Pesympratm aHamizy
Bi3yasi3ylOThCsl Ha IHTEPAKTHBHIM BeO-TIaHENlI MOHITOPUHIY, IO 3a0e3ledyye ONepaTUBHHI KOHTPOJIb
napamMeTpiB y pexkuMi peabHOTO Yacy. 3alpollOHOBaHA apXiTEKTypa € MaciITadOBaHOI, MOAYJIBHOIO Ta
NPUAATHOO AJIS iHTerpamnii y IpOMHUCIIOBI cucTeMu [HTepHeTy pedei pi3HOTO PiBHS CKIaIHOCTI.

Metoau kaniopyBaHHs Ta AiarHOCTHKU. MaTeMaTHYHa MOJIEIb CCHCOPIB OIUCYETHCS PiIBHSIHHSIM:

yi(t) = o x(t) + Bi + &(V),

ne X(t) — icTuHHe 3HaueHHS MapaMeTpa, o — KoediuieHT macmrady, i — 3cyB, &(t) — mym
BuMiptoBaHHs. OUIHIOBAaHHS 0; Ta i 3AIMCHIOETHCS 32 METOJOM HaMEHIINX KBaJpaTiB Y KOB3HOMY BiKHI
criocTepekeHb. [ BUsBIICHHS Apeiidy BHKOPHUCTaHO KOB3HE CEPEIHE aOCONIOTHOTO BiXMIICHHS MiXK
CEHCOPOM Ta €TaJIOHHUM CHTHAJIOM.

Taxa Moziens BijoOpaskae JiHiifHe IepeTBOPESHHS PealbHOTO CUTHATY B €JICKTPHYHHN BUX1Jl ceHCOpa
3 ypaxyBaHHSIM CHCTEMAaTHYHHMX 1 BHUMAAKOBUX MoxuOoK. OriHioBaHHS mnapameTpiB oilalpha iai Ta
Bilbeta iPi 3/iliCHIOETBCS METOJOM HAMMEHIIMX KBaJpaTiB y KOB3HOMY BIKHI CHOCTEPEkKEHb, IO
3a0e3redye aJanTUBHICTH 0 3MiH y MOBEAIHIN CEHCOpiB y 4aci. Po3Mip KOB3HOTO BikHa OOMpaeThCH 3
ypaxyBaHHSM KOMIPOMiCYy MK YyTIHUBICTIO O KOPOTKOCTPOKOBUX (IYKTYyallii 1 CTaOLIBHICTIO OIHKH.
Jusa inenTudikarii apeiidy ceHcopiB BUKOPHUCTOBYETHCS KOB3HE CEPEIHE a0COMOTHOTO BiAXWIICHHS MiXK
MOKa3aM{ CEHCOpa Ta €TAJIOHHUM CHUTHAJIOM, IO JA03BOJISIE BUSBIISTH MOCTYIOBI 3MiHHM KaliOpyBaJbHUX
XapaKTePUCTUK. Y pa3i MEePEeBUIECHHS MOPOrOBOT0 3HAYCHHS 1OT0 BIAXMIICHHS 1HIIIIOETHCS TPOIIeIypa
pekaniOpyBaHHs ceHcopa. 3anpoIrOHOBAHUM Miaxia 3a0e3leduye MiJBUIICHHS TOYHOCTI BUMIPIOBaHb Y
OUHAMIYHUX BUPOOHMYMX yMoBax. JlomaTkoBo mependadeHO CTATUCTUYHHUN KOHTPOJb 3aJHILKOBHX
MOXWOOK JJIsi OIIIHKK MOCTOBIpHOCTI Mopem. OTpuMani pe3yiabTaTd MOMAENIOBAHHS IIiATBEPIKYIOTH
aJICKBaTHICTh 3alpOTIOHOBAHOT MAaTEeMAaTM4YHOI MOJENI Ta ii NMPUAATHICTH JJIA IHTErpaiii y CHCTEMHU
MoOHiTOpHHTY Ha 0a3i [oT.

Pe3yabTaTu gociain:kenHs. byno nmposeneHo MoAemoBaHHS POOOTH JECSITH CEHCOPIB 13 YaCTOTOIO
BuMmiptoBanHss 1 [’ mpotsiroMm onHi€E] TOAMHM 3 METOI OMLIHIOBaHHS e(EKTHUBHOCTI AITOPUTMIB
KaJliOpyBaHHsI Ta BUSBIICHHS apeiidy. OnuH 13 CEeHCOpiB OyJI0 BU3HAUCHO SIK €TAJIOHHMIA, TOI SK pellrTa
JIeB’SITh CEHCOPIB 3a3HABAIN BIUIMBY Pi3HUX (PAKTOPIB — aJUTHBHOTO ITyMY, TApaMeTPUIHOTO Apeidy Ta
BUMNAJIKOBUX BTpaT MakeTiB JaHWX y Mexax 3-—12%. Jlnsg xomrmeHcanii CHCTEMAaTHYHUX IMOXHUOOK
3aCTOCOBAHO METOJ KOB3HOI JIIHIWHOI perpecii, skuil JO3BOJISE JUHAMIYHO OHOBJIIOBATH KOCQIIliEHTH
MacImTadyBaHHS Ta 3CYBY B pEAIbHOMY 4aci.

Ha puc. 1 HaBezieHO MOPIBHAHHS MiX iICTHHHAM CHTHAJIOM, CHPUMH Ta BiAKaIIOpOBAaHUMHE JTaHUMHU
cercopa S3, mo BinoOpaxkae TUHaMIKy 3MiHH BUMIPIOBaHHX MapaMeTpiB y vaci. I3 rpadika BuaHO, 1o cupi
JaHl ceHcopa MICTSATh CHUCTEMAaTHYHE BiIXWIEHHS BiJ €TaJOHHOTO CHUTHANY, CIOPHYMHEHE apeidom
KaliOpyBaJIbHUX KOE(]ImieHTIB 1 BUMAagKoBUM mrymoM. [licis 3acTocyBaHHS METOAY KOB3HOI JIiHIHHOT
perpecii cnocTepiraerbcsi CyTTeBe HaOMMKEHHS BiKaliOpoBaHOi KpWUBOi OO ICTHHHOTO 3HAYEHHS, IO
MiATBEPIUKYE ePEKTUBHICTD MPOLEAYPH AMHAMIUHOTO KaniopyBaHHsa. Kpim Toro, ammiityaa ¢aykryamii
y BiAKamiOpoBaHUX MAHWX 3HAYHO 3MEHMIYETHCS, IO CBIAYUTH MPO CTaOLTI3aIlil0 BUXITHUX MOKa3iB
CeHcopa B Yaci.

PesynpTaty o npeacrasieHi Ha pyc. 2 UTIOCTPYIOTh 3MiHY cepeaHboi abcomroTHoi moxuoku (MAE)
IO Ta TIiCiIs KaimiOpyBaHHA 1S BCiX ceHcopiB. Jlo kamibpyBanHs cepenne 3HaueHHsI MAE niepeBunryBaio
0.8 omuHWIN, TOMI SK ITCASA 3aCTOCYBAaHHs 3aIlPOMOHOBAHOTO METOAY IIeH IMOKa3HWK 3HHU3WUBCS [0
npubn3HO (.45 0IMHUIG, IO BiINIOBiIa€ 3MEHINIEHHIO TOXUOKY Ha 35-45%. Takuii pe3ynbTaT BKa3zye Ha
MiABUIICHHS METPOJIOTIYHOT TOYHOCTI CUCTEMH Ta Kpallly y3TOJKEHICTh MMOKa3iB Mi>K CEHCOPaMHU.

Takox OyJI0 HMOAaHO TOKA3HUKH HAMIHHOCTI KOHTPOIO SKOCTi (puc. 3), BU3HAUEHi SK YaCTKY
BUMIpPIOBaHb, W0 MOTPAIUIAIOTH y MEXi Jomyctumoro BiaxwineHHs +0.5 ogununp Bix etanony. o
KamiOpyBanHa Jume Onm3pko 82% BHMIpIOBaHb BiNOBIAAAM 3aJaHUM JOMYCKaM, TOAI SIK TMiCIs
KamiOpyBaHHS 1ei MOKa3HUK 3pic 10 noHaa 96%. Lle cBiqUuTh MPO CYTTEBE 3HMKEHHS KUTBKOCTI XHOHHMX
CHparboByBaHb CUCTEMHU KOHTPOITIO SIKOCTI Ta TIOKPAICHHS CTa0UTFHOCTI BUMIPIOBAIBHOTO MPOIIECY.

Ouinky metpuku F1 mng anroputmy BusiBieHHs napeiidy Ta 3001B y ceHcopax, IO XapaKTepU3ye
OanaHc MiXK TOYHICTIO Ta MMOBHOTOIO Kiacudikamii npencraBieHo Ha puc. 4 . Jlo kaniOpyBaHHS 3HAUYEHHS
F1 cranoBumiio B cepenubomy 0.74, Tomi K MiCias KOPEKIl MapaMeTpiB CEHCOPIB BOHO MiABUIIUAIOCS 10
0.91. Takwuii npUpiCT CBIAYUTH NPO 3AATHICTH CHCTEMH OibII €()eKTUBHO PO3Mi3HABATH BiAXWICHHS Bij
HOPMaJIbHOT pOOOTH, MiHIMI3YIOUH SIK IPOITyIEH] 3001, TaK 1 XHOHI TPUBOTH.
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Sensor S3: true vs raw vs calibrated
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Puc. 1. llpaBauBuii cUTHAJ, CHpi Ta BigkanioOpoBaHi moka3u ceHcopa S3.

MAE per sensor: before vs after calibration
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Puc. 2. CepennboxBagpatuuna noxudka (MAE) 1o Ta micas kajaiopyBaHHs.

3araoM HaBeJIeHI pe3yNbTaTH Ha pHc. 1—4 MiATBEPIDKYIOTh BUCOKY €(EKTHBHICTH PO3pPOOIICHOT
METOAMKH KaniOpyBaHHS Ta AiarHOCTHKH CEHCOpiB y ckiani loT-cuctemu MOHITOpUHTY, 110 3a0e3neuye
i IBUIIICHHS TOYHOCTI, HAJIIHOCTI Ta CTa0iIbHOCTI BUMIiPIOBaHb y TPOMHUCIIOBUX YMOBaX.

OoroBopennsi pesyabtatiB. OTpuMaHi pe3ynbTaTH  EKCIEPHUMEHTAIBHUX  JIOCHIKEHb
HiATBEP/IKYIOTh BUCOKY €(DeKTHBHICTh BUKOPUCTAHHS aBTOMATH30BaHOI CHCTEMH MOHITOPUHTY TOYHOCTI
TEXHOJIOTIYHUX BHMIpIOBaHb y cepenoBuli [HTepHeTy peuelt (IoT). Po3pobnena cucrema 3abe3medye
KOMILIEKCHY B3a€MO/III0 Mi>K CEHCOPHUMH BY3JIaMH, KOMYHIKaIliHHOIO 1HPPACTPYKTYPOIO Ta aHATI THIHUM
MPOTpaMHUM  MOJyJIeM, 10 JO3BOJISE 3JIHCHIOBATH Oe3NepepBHUIl KOHTPOJIb METPOJOTIUHHX
XapaKTePUCTHUK y PEKUMI peasbHOTO Yacy. 3aCTOCYBaHHS aJIrOPUTMY KOB3HOT'O KalliOpyBaHHS a0 3MOTY
3MEHIIUTH CEPEIHI0 MOXWOKY BHUMIPIOBaHb OUIBII HIX yIBiYi, IO ICTOTHO MiJBUIIYE JIOCTOBIPHICTH
310paHMX JaHUX Ta SKICTh MOAAJIBIIOT AaHAIITHKY.

[Toka3HWK HaAMIMHOCTI KOHTPOJIO SKOCTI Micis KamiOpyBaHHS 3pic g0 98%, 10 CBiTYHUTHE PO
cTalinbHy poOOTY CHCTEMH HaBiTh 32 HasBHOCTI IIyMy, BTPAaT MAKETiB i KOPOTKOYACHHUX 3001B 3B’SI3KY.
AJTOpPHUTM BUSIBJICHHS Apei(y CEHCOPIB MPOJSMOHCTPYBAB BUCOKY e(DEeKTHBHICTD i3 MeTpuKkoio F1 = 0.96,
IO MiATBEPIXKYE 30aTHICTH CUCTEMH aBTOHOMHO PO3Mi3HABATH BiIXWJIEHHS BiJl HOpMalbHOI poOOTH Oe3
HEOOX1AHOCTI PyYHOr0 BTPYYaHHS OnepaTopa.

© I1.]]. Cmyxnax, O.B. Tomocvko, JI.11. Cmyxnsak

25



Misceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne84

Quality-control reliability per sensor
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Puc. 3. HagiliHicTb KOHTPOJIIO IKOCTi (YacTKa BUMipIOBaHb y Mexkax +(.5).

Drift/fault detection performance per sensor
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Puc. 4. Ouinka F1 119 BusiBjienHs apeiidy/360iB no cencopax.

Tabn. 1
3BeeHi NOKA3HUKHN TOYHOCTI
Mertpuka Jlo xaniOpyBaHHs [Micns xaniOpyBaHHsS
Cepenns HaAiHHICTD, % 90.12 98.01
Cepenniii MAE, o 0.4032 0.1524
Cepenniit RMSE, og. 0.5128 0.2035
Cepenns F1 merexii - 0.96

Taxwuii piBeHb TOYHOCTI 320€3MEUYETHCS MTOETHAHHIM METOJIIB CTATUCTUIHOTO aHaNi3y, QinbTparrii
JIAHUX 1 MAITMHHOTO HABYAHHSI.

3anpornoHOBaHMUH MiAXiJ Ma€ BUCOKY NMPAKTUYHY 3HAYYIIICTh JUIS aBTOMATH30BaHMX BUPOOHHYHMX
CHUCTEM, JIe KpUTHYHO BAXKIIMBO MiATPUMYBATH CTANICTh METPOJIOTIYHUX XapPaKTEPUCTUK Y JUHAMIYHHX
yMOBax. Y MOJANBIINX JOCHIIKCHHSIX IUIAHYETHCS PO3IIMPEHHS MaTeMaTUYHOI MOJENi CHCTEMH 3a
pPaxyHOK aJanTHBHHX METOIB MAIlIMHHOTO HABYAHHS, CIIPIMOBAaHHUX Ha MPOTHO3YBaHHS JJOBIOCTPOKOBOL
Jerpajaiii ceHcopiB Ta (QOpMyBaHHS CTpaTeriii NPEeBEHTUBHOTO TEXHIYHOro oOciyroByBaHHs. Lle

JIO3BOJIUTH HE JIMIIE IJTPUMYBATH TOYHICTH BUMIPIOBAaHb Ha BHUCOKOMY piBHI, ajie W 3a0e3neunTu
MPOTHO30BaHICTh Ta CAMOHABYAHHS CHCTEMH B YMOBaX peajbHOI0 IIPOMHCIIOBOTO CEPEIOBHIIA.
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BucnoBku. Po3pobneHo Ta eKCIepuMEHTaIhbHO MPOTECTOBAHO apxiTekTypy loT-cuctemu,
MpU3HAYEHY AJIS1 aBTOMaTH30BaHOT'O MOHITOPUHTY TOYHOCTI TEXHOJIOTTYHMX BHMIPIOBAHb y PO3MOIIICHIX
BHPOOHMYWX CEPENOBHUINAX. 3aIPOITOHOBAHA CHCTEMA peajlizye 0araTopiBHEBY CTPYKTYPY, IO BKJIIOYAE
CEHCOPHHM, KOMYHIKAIlIMHUN Ta aHAJTITUYHHHA pPiBHI, 1HTETPOBaHI Yepe3 CTaHAAPTHU30BaHI IMPOTOKOIH
o0MiHy nanumMu. OCOOIUBICTIO apPXITEKTYPH € MOETHAHHS aHAITUYHOTO KaniOpyBaHHs, AeTEKIIii npeidy
CCHCOpPIB Ta KOMIICHCAIlIl MEPEeXEBUX BTpaT, MO 3a0e3neuyye KOMIUIGKCHUW MiAXiJ A0 MiABUINCHHS
TOYHOCTI Ta CTa0IIBHOCTI BUMIPIOBAJIBHUX HPOIIECIB.

AJropuTMH IWHAMIYHOTO KaJiOpyBaHHS peai3oBaHO Ha OCHOBI METOAY KOB3HOI JIiHIHHOI perpecii,
SIKMH T03BOJISIE aJalITUBHO OHOBJIIOBATH NapaMETPH MacIITaOyBaHHS Ta 3CyBY CEHCOPIB Y peajlbHOMY Yaci.
MexaHi3M BHSBICHHS JApeidy TIPYHTYETbCS Ha aHalli3i CTATUCTHYHHMX XapaKTEPUCTHK CUTHAITY Ta
METpPHKaX CEPEeIHLOr0 aOCOIOTHOIO BIAXUICHHS, 1110 Ja€ 3MOI'y CBOEYACHO iMeHTU(DIKYBATH Jerpanaliito
ceHcopiB. s KoMmeHcanii MepexeBHX BTPAT JaHUX 3aCTOCOBAHO METOAM IHTEPIOILIT Ta pEKOHCTPYKIIT
CUTHAIIIB 13 BAKOPUCTaHHSM KOPEJSIiiHOI iH(opMalIlii Mi>k CEHCOpaMH.

Pesynpratn BUNpoOyBaHb MMOKa3aid, IO BIPOBAKEHHS PO3POOJICHOI apXiTeKTypH 03BOJISIE
MiABUIIUTH AOCTOBIPHICTh BUMIPIOBaHb Y MPOMHUCIIOBUX yMoBax Ha 20-30% mopiBHIHO 3 TpaAULiHHUMU
cucreMamu 0e3 aJanTHBHOTO KamiOpyBanHsa. Takum uuHOM, cTtBopeHa loT-cucrema 3abe3meuye
IHTETIeKTyallbHAI KOHTPOJb CTaHy CEHCOPiB, MiHIMI3y€ BIUIMB TMOXHOOK NepelaBaHHsS Ta IiJBUIILYE
3arajbHy HaJ[IHHICTh TEXHOJOTIYHOTO MOHITOPHHTY Y BUPOOHHYHUX IPOIecax.
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POJIb I MICIIE THTEJIEKTYAJIbHOI BIACHOCTI B MAIIIMHOBYIYBAHHI

Y cemammi pozenamymo pone i micue inmenekmyanvhoi enacHocmi 'y po3eumKy MaAuuHoOyOieHol zanysi.
Ilpoananizoeano cyyacnuil cmamn npagoeozo 3axucmy 6UHAxo00ie, KOPUCHUX MOOeell ma nPOMUCI08UX 3pas3kie ¢ Ykpaini,
GU3HAYEHO IX eKOHOMIUHE 3HAUeHHA 021 nionpuemcme. Ocodnusy yeazy npudiieHo numanHaAm Komepyianizayii peynvmamie
inmenekmyanvhoi OianbHoCmi, 30Kpema Mexanimam JiyeH3y6anHa, mpancgepy mexHonoziit ma napmuepcmea 3 HAyKo8o-
docnionumu ycmanoeamu. Buznaueno ocnoeni npodnemu cucmemu inmenekmyanvhoi e1acnocmi 6 YKpaini: HU3bKuil picens
namenmuoi AKMUGHOCHMI Y MAWIUHOOYOY6aHHi, CKIAOHICMb CPO0BO20 3AXUCHY MA 00MeMNCeHicmb DPUHKY JiyeH3iil.
3anpononosano winaxu 600cKoHaNeHHA HAUIOHATLHOI CLUCHIEMU 0XOPOHU NPAG IHMEEKMYANbHOI 61ACHOCMI 3 YPAXYBAHHAM
€8PONEICbK020 00CGi0y. 3p00aeno 6UCHOBOK, W0 edheKmusHe UKOPUCHAHHA [HMENEKMYANbHOT 6/1ACHOCI € KII0408UM
akmopom nideuuienna iHHOGAUINIHOZO nOmMeHUIAnY iI KOHKYPEHMOCHPOMOMNCHOCHI MAUWUHOOYOI6HUX RIONPUEMCHIEG
Ykpainu.

Knrwuogi cnosa: inmenekmyanvHa 61acHicms, MawuHo0yO0V8anHs, NAMeHm, KoMepyianizayis, iHHo8ayii, HemMamepiaibHi
aKmusu.

R. Redko, R. Skliarov, V. Shanaida, V. Puts

ROLE AND PLACE OF INTELLECTUAL PROPERTY IN MECHANICAL
ENGINEERING

The article examines the role and place of intellectual property in the development of the machine-building industry.
The current state of legal protection of inventions, utility models and industrial designs in Ukraine is analyzed, and their
economic significance for enterprises is determined. Particular attention is paid to the issues of commercialization of the results
of intellectual activity, in particular, to the mechanisms of licensing, technology transfer and partnership with research
institutions. The main problems of the intellectual property system in Ukraine are identified: the low level of patent activity in
machine-building, the complexity of judicial protection and the limited license market. Ways of improving the national system
of protection of intellectual property rights are proposed, taking into account European experience. It is concluded that the
effective use of intellectual property is a key factor in increasing the innovative potential and competitiveness of machine-
building enterprises in Ukraine.

Keywords: intellectual property, machine-building, patent, commercialization, innovations, intangible assets.

IHocTanoBka mpoOjemMu. MammHOOY/IIBHA Tady3h TPAAHUIIHHO € OJHUM 3 KIIFOUOBHUX CEKTOPIB
€KOHOMIKH, 110 3a0e31edye PO3BUTOK MPOMHUCIOBOCTI, TPAHCIIOPTY, CHEPTETUKH Ta 000POHHOI cdheph. Y
Cy4acHHX yMOBax TIJIOOQJIbHOI KOHKYpeHLii Ta iHTerpamii A0 CBITOBOIO pPHHKY €(EeKTHBHICTbH
MaIuHOOYAIBHUX MIAIMPUEMCTB JAeAalli OUIBIIE 3aICKUTh HE JIUIIE BiJ| PiBHSI MaTepiaIbHUX PECYpPCIB UM
BUPOOHHYHMX MOTYXKHOCTEH, a ¥ BiJ 3IaTHOCTI T€HEPYBATH, 3aXUINATH Ta KOMEPILiadi3yBaTh pPe3y/IbTaTh
IHTEeNeKTyaJIbHOI AismbHOCTI. CaMe iHTeNekTyanbHa BiacHicTs (IB) crae omHUM i3 KIIIOYOBMX YMHHUKIB
IHHOBAIITHOTO PO3BUTKY Ta MiJBUILEHHS KOHKYPEHTOCIIPOMOKHOCTI ITiANPHEMCTB.

Mera 11i€i cTaTTi — JOCHITUTH POJIb 1 MICIE 1HTEJICKTYalbHOI BJIACHOCTI B MaIIMHOOYAyBaHHI,
BU3HAYUTH OCHOBHI IIPOOJIEMH 11 MPaBOBOIO 3aXUCTY Ta MEPCIIEKTUBH BUKOPUCTAHHS B YKpaiHi.

AHaJi3 ocTaHHIX JocixxkeHb i myOaikaniii. 3a ocTaHHI KijbKa POKIB B YKpaiHi Ta 32 KOPJIOHOM
CIIOCTEPIra€ThCs 3POCTAHHS IHTEPECY J0 POJIi IHTEICKTYaIbHOT BIACHOCTI K OJHOT'O 3 KITFOYOBUX (PaKTOPIB
1HHOBAI[IITHOTO PO3BHUTKY, OCOOJIMBO B MAIIMHOOYAIBHIN raimy3i. Hukue y3arajgbHEHI OCHOBHI HANpsSMH
JOCHIDKEHb Ta MyOJiKaLii, 0 IpOJUBAIOTh CBITIO Ha CTaH, BUKJIMKU 1 MOXKIIMBOCTI B Ll cdepi.

PosriissHeMo HampsIMu 1 TPEHAM JOCIIIKEHb.

1. IIpaBoBe perynroBaHHs Ta cTpaTteridHa nomituka. [Ipoext HamionanbHOi cTpaTerii po3BUTKY
cdepu iHTENEKTyanbHOI BIACHOCTI YKpaiHU: CEKTOpaIbHI 0OTOBOPEHHS 3 MUTaHb BUHAXO/IB Ta KOPUCHUX
MoJenel. B TOKyMeHTI aHanmi3yloTbCs MOKJIMBOCTI NMPHEAHAHHS YKpaiHU A0 €Bponeichbkol maTeHTHOT
KOHBEHIIIi Ta y4acTi B eauHoMy nateHTHoMy cyai [1]. Hocmimkenns «Legal regulation of intellectual
property issues within technology transfer in Ukraine» anamizye 3aKOHOAaBYI MPOOLTH, mpobiemu
TpaHcdepy TEXHOJIOTIH, 1 IK BOHHM BIUIMBAIOTh Ha 3aTHICTh ITiAMPHUEMCTB 3aXHUIIATH CBOT TEXHIYHI PIIIICHHS
[2].

2. lurenektyanbHa BIACHICTH SIK €KOHOMIuHMH pecypc. Crartsi «IHTenekTyanpHa BIIACHICTH
MPOMHCIIOBOTO MiANpHeMCTBa sIK ekoHoMiuHa Kateropisy (HTYY «KIIl») posrnsnae IB sk HeBuammuit
aKTHB, 110 MOXKE€ 3HAYHO BIUIMBAaTH Ha KOHKYPEHTOCIPOMOXKHICTb 4epe3 IaTeHT, KOPUCHI MoJeli,
minensyBanHs [4]. B cratTi «Cy4acHuil cTaH PUHKY 1HTEJEKTYaJIbHOI BIacHOCTI B YKpaiHi» MpoBEeaeHO
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aHai3 MIPaBOBOi, CKOHOMIYHOI ¥ IHCTHTYIIIHHOT CKJIaIOBUX, 3 aKIICHTOM Ha Te, K IB cupusie abo rampmye
IHHOBAIIIHHIM aKTUBHOCTI [5].

3. Komepiiamizaris, Tpancdep TEXHOJIOTIH, mien3yBanns. Jocaimkenns «Formation of intellectual
property commercialization strategies» Big EEJET mokasye aHani3 crpaTeriii koMmepiiiami3aliii maTeHTiB Ta
KOPHCHHX MOJIEJICH, B3a€MO/II 3 TEXHOJIOTIYHUM PUHKOM 1 Tpanchepy TexHoiorii [3]. [Tyomikamis «Legal
regulation ... technology transfer in Ukraine», Takox 3rajana BHIE, SK YacTHHA HANpsIMKY, SKHHA
CTOCYETBCSL TOTO, SIK IOPWIAMYHO 3a0€3MeuuTH Tiepelady TEXHOJOTIH 3 Halle)KHUM 3aXHCTOM 1
BHHAropojamu [2].

4. Tlpobnemu maTeHTYyBaHHS Ta KOPHUCHUX Mogjened. 3 iHpopMauifHO-aHANITHYHOI TOBIIKU
Bepxonoi Panu Ykpainu BuruBae, mo B YKpaiti icHy€e JUCIIPONIOPIIiS MiXK KUJIbKICTIO 3asIBOK Ha KOPHCHI
MOJIEJTi Ta BUHAXOJIU; MPOIETyPH KOPHCHUX MOJIETIEH YacTO € MEHIII BUMOTJIUBUMU 1 JICHICBIIMMH, ajie 1e
MOKE IPU3BOJIUTH JI0 3aXHMCTY TEXHIYHUX PillIeHb 3 HU3bKUM PiBHEM HOBH3HM 00 BUHAX1AHUIBKOTO PiBHS.
JlonatkoBo B CydYacHill 3aKOHOJABUill Ta SKOHOMIYHIN TPAKTHIl 3BEPTAIOTh yBary Ha HEOOXiTHICTh
MIBUIICHHS SKOCTI MATEHTHOT €KCIIEPTU3HU Ta CTUMYIIIB JIJIsl BUHAX1IHUKIB MallTHHOOYIIBHOT rairysi.

Xou 6e3nocepenHix 00’eMHHUX MyOiKaliid, IpUCBsIUYEHUX caMe MamMHOOynyBaHHIO i IB, He Tak
OaraTo (3a HasIBHUMH JDKEpEIaMHu), aje 3aralibHi JociikeHHs puHKY IB Ta xomepiiamizamii TexHomorii
MalOTh BHCOKY pEJIEBAHTHICTh JJIS MAIIMHOOYIMIBHUX MiANPHEMCTB. Hampuknan, miampuemcrsa
MAaIIWHOOYAYBaHHS MOXYTb CKOpHcTaThcsi crpaTerisimu, onucanumu B EEJET, nnst miuensyBanHs abo
cribHUX po3po0ok [3]. Takok, FOPHAWYHI TOCITIPKEHHS PO TpaHchep TeXHOOoTi# (y ToMy 4Yucii 3
JIEP’)KaBHOTO CEKTOPY) MAaloTh MpPsIME 3acCTOCYBaHHS Yy MAIIMHOOYAYyBaHHI, K€ 4YacTO 3aJISKHUTh BiJl
TEXHOJIOTIYHHX PIllICHb, IMIOPTOBAHUX KOMIIOHEHTIB, TAPTHEPCTB, CIUILHUX PO3po0oK [2].

3 ormsy myOumiKarliii MoJkHa 3pOOUTH TaKi BUCHOBKH:

1. 3100yTKM OCTaHHIX POKiB MOKa3ylOTh, 10 YKpaiHa BXe Mae 0a3y 3aKOHOJABCTBA, MOYATKU
MPaKTUK Ta 3alliKaBJICHICTh MANMPUEMCTB y 3aXUcTi IB. Ane neit moTeHmian BUKOPHUCTOBYETHCS HE TOBHOIO
MipOF0, 0COOJIMBO Y TATY35X, 0 MOTPEOYIOTH peCypciB, 30KpeMa SIK MainHOOY TyBaHHS.

2. Jlns MammmHOOYAyBaHHS OCOOJIMBO BYKIIMBUMH €: ITiIBUIIEHHS SKOCTi Ta MIBUIKOCTI TATEHTHOL
eKCIEepPTH3HM; PO3BUTOK MEXaHI3MIB JIIEH3YBaHHS Ta CIIUIBHOIO BHKOPHUCTaHHS TEXHOJIOTIH;
CTUMYJTIOBaHHSI MDKHAPOAHOTO MATEHTYBAHHS; iHTerpallisi IB-koMIIOHEHTIB y OCBiTHI IporpaMu ¢axisBIiB
MaIHOOYAyBaHHS, MO0 iH)KEHEpPH MOTJIH HE JIWIIe BUHAXOAWTH, & H PO3YMITH MPaBOBI Ta €KOHOMIiYHI
aCIeKTH 3aXUCTY CBOIX MPOIYKTIB.

3. Takox BHSABIECHI TakKi MNpPOTAIWHHU: HEAOCTATHS CTATHCTUKA 32 OKPEMHMH IiJraiy3sMu
MalMHOOYAYBaHHS MIOAO MATEHTIB/KOPUCHUX MoOjenell, cimabka KOMyHIKalis MK HAyKOBUMH U
BHPOOHWYNMH CTPYKTYPaMH, IEPEIIKOIN Y TpaHC(EPi TEXHOIOTIN (TIpaBoOBi, IHCTUTYIIiIHI, (piHAHCOBI).

3 aHanizy OCTaHHIX IOCHI/PKEHb 1 MyOJiKamiii MOXKHA OKpPECIMTH Taki HampsSMH IOAaIbIIUX
JOCTTKEHB Y cdepi IHTeNeKTyalbHOI BIACHOCTI.

Emnipuuni  gocmikeHHS ~— MamMHOOYMIBHUX — MIATNPHEMCTB:  aHaii3  TOTO,  CKLIBKH
BUHAXO/I1B/KOPUCHUX MOJENEH 3asBISIETHCS, CKUJIBKU 3 HUX PEalbHO BUKOPHUCTOBYETHCA B MPOAYKLIi, sSKa
yacTKa BUTpaT Ha IB.

[NopiBHAnbHMI aHai3 3 KpaiHamMu €C 1mM010 KUTTEBOTO ITUKITY MMaTEHTIB, BAPTOCTI MATEHTYBaHHS,
e(eKTHBHOCTI JIIIEH3YBaHHS B MaIIMHOOY TyBaHHi.

Po3pobka MeTouK OIiHKM eKOHOMIuHOI epekTHBHOCTI 00’ekTiB IB came B MammHOOy yBaHHI, 3
ypaxyBaHHSM ITUKIIIB BAPOOHHUIITBA, MACIITa0iB BUPOOHHUIITBA, EKCTIOPTY.

Bmme mmdposizamii  (CAD/CAM  cucremm, mMTydHUH iHTENeKkT, 3D-IpykK) Ha THIH
BUHAXO/IB/KOPUCHUX MoOJeNel, HeOoOXiTHICTh OHOBICHHSA 3aKOHOAABYMX MOHATH (HANPHUKIAA, IO
BBaKa€ThCsI HOBU3HOIO YM BUHAX1JHULBKUAM PiBHEM).

TakuMm 4YHHOM, CydYacHI MOCTIIKCHHS CBiAY4aTh TPO Te, IO IHTENCKTyalbHAa BJIACHICTH Y
MaIIWHOOYAYyBaHHI PO3IIISIOAETHCS HE JIMIIE K 1HCTPYMEHT NPaBOBOIO 3aXHCTY, a W SK OCHOBAa IJIS
IHHOBAIIIHOT isTTHOCTI T EKOHOMIYHOTO 3DOCTaHHS.

BukiiaieHHsl 0CHOBHOT0 MaTepiajay

Ilomo poii 1 3HaYEHHS IHTEICKTyaJbHOI BJIACHOCTI B MamMHOOYIYBaHHI MOXHA BUIUIATH TakKi
OCHOBHI MOMEHTH.

1. 3axucT TexXHIYHHMX pillleHb: BHHAXOIW, KOPUCHI MOJENi, MPOMHCIOBI 3pa3ku 3a0e3MeuyroTh
IOPUINIHY OXOPOHY HOBHX TEXHOJIOTIH, BY3IiB 1 MEXaHI3MIB, III0 CTBOPIOIOTHCS HA MiAMPHEMCTBAX.

2. ExoHOMIYHA I[IHHICTb: IHTEJICKTyaJIbHA BJIACHICTh (JOpPMY€E HeMaTepiaibHI aKTHUBH ITiIIPUEMCTBA,
MiABHIIYE HOT0 IHBECTULIIIHY MTPUBAOIUBICTD 1 BAPTICTB.
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3. IHCTpyMEHT KOHKYPEHINi: MaTeHTH Ta JIIEeH3Il JO3BOJISIOTh MAIIMHOOYMIBHMM KOMIIaHIsIM
OTPUMYBaTH [JOJATKOBI NPUOYTKH depe3 JILEeH3yBaHHS a00 BUKOPHCTAaHHA BIACHUX TEXHOJOTIH y
BHPOOHMIITBI.

4. THHOBaliWHWHA PO3BHUTOK: CTHUMYJIIOE€ BIPOBAPKCHHS HOBHX TEXHOJOTIH, ONTHMI3alliio
BUPOOHMYUX MPOIIECiB, CTBOPEHHA KOHKYPEHTOCIPOMO>KHOT POTYKIIii.

Momo mpaBoBHX acleKkTiB (YHKIIOHYBaHHS CHCTEMH IHTEJIEKTYalbHOI BIacHOCTi. YkpaiHa
MOCTYIOBO HaOJIMKae HalllOHANIBbHE 3aKOHOAAaBCTBO Y cdepi IB mo crangapris €C, 30kpeMa nepeadadeHo
ajanTauito 10 €BponeichKoi MaTeHTHOT KoHBeHLi. IIpy 1iboMy iCHYIOTE Taki Cy4acHi BUKIIMKH: 3aTsDKHI
MpOLEeIypH MaTeHTYBaHHS, HEJOCTATHS e(peKTUBHICT 3aXUCTY NPaB y Cy/axX, HU3bKUH PiBEHb NAaTEHTHOT
KyJIbTYpU Cepel IHKEeHEpiB Ta MiANpuUeMIiB. BaxinBuM 3aBHaHHAM € 3a0€3leueHHS OaJlaHCy MIK
MPOCTOTOIO peectpaiii 06’ektiB IB (Hanpukian, KOpUCHUX MOeNe) Ta TX AKICTIO i HOBU3HOI0. ONHIE0
13 Ipo0JieM € HEeBM3HAYEHICTh 3aKOHOJABCTBA LIOJ0 HOBHUX TEXHOJIOTIH, 30KpeMa MUTaHHS aBTOPCHKHUX
MpaB 1 TaTEHTYBaHHS TBOPIiB, CTBOPEHUX 13 3aCTOCYBAHHSAM INTYYHOTO IHTEJIEKTY: XTO € aBTOPOM — JIFOJIIHA
M MITyYHWH 1HTEJICKT, UM SIK 1€ PETYJIOETHCS Ha PiBHI 3aKOHOMABCTBA. CKIIAIHICTh, TAKOXK, BUHUAKAE 3
MIPaBOBOIO OXOPOHOIO OJOKYEHH-TEXHOJOTiH Ta iHhopManiiHIX NPOAYKTiB y HdppoBoMy cepenoui [0,
7]. Takox icCHYIOTB IpoOIeMH B e()eKTUBHOMY 3a0€3IeUeHHI IPaB: CyJOBUI 3aXUCT, BUKPUTTS OPYIICHB,
30ip JoKa3iB — Bce e moTpedye MONATKOBUX BUTpAT 4Yacy, YacTO CKIAJHO JOBECTH IOPYIICHHS; B
JIEH3yBaHHI Ta TpaHCQEpi TEXHOIIOTIH MaJlo MPAKTHUK, IHCTUTYIIHHA MATPUMKA € JIOCUTH CI1a0KOIO.

Tomy B ocraHHIi Yac B VYKpaiHi MOJ0 MPaBOBHX AacCHEKTiB (YHKLUIOHYBaHHS CHCTEMHU
IHTEJIEKTyaJIbHOT BJIACHOCTI IMOSBUJIMCH HOBI MIIXOM Ta TCHCHIIIT:

e iH(hopMAaIliiiHI TEXHONIOTI] K IHCTPYMEHT 3aXUCTY (OHJIAHH-CHCTEMH I10/1a4i 3asBOK, €JIEKTPOHHI
peectpu, UQpoBi waTGopMu, 0 CIPOUIYIOTh KOHTPOJb 32 paBamu 1B; OJOKYEHH sIK TEXHOJIOTis, 0
MOJKe 3a0e3MevyBaTH He3MIHHICTh 3aIUCiB, I0OKa3 paBa BIACHOCTI, ineHTudikariro TBopiiB tumy “digital
provenance”);

® 3aKOHO/IaBYi 1HII[IaTHBH 111010 3MittHeHHsI ipaB IB (3akon Ykpainu Ne 2974-1X Bix 15.04.2023 npo
3MIIIHEHHS 3axXUCTy npaB 1B y Oyorni “BUHAXoaM Ta KOPHCHI MOJENI”; 3yCHJUIS 100 NPUEIHAHHS a00
rapMOHi3aIlil 3 MibKHapOAHUMHU KOHBeHIisiMH, cTarnaptamu (€C, WIPO Tomro);

® PO3BUTOK YIPABJIIHCHKUX IHCTPYMEHTIB Ta MOJITUK (MOHITOPHUHT, i1arHOCTHKA, IHTEIICKTYa IbHUI
ayauT, cTpareriuHe ympasiiHHS |B Ha mianmpueMcTBax; crpaxyBaHHs mpaB IB sk momaTkoBuil MexaHi3M
3aXHCTY.

BaxiuBy posib B PO3BUTKY CHCTEMH IHTEICKTYalbHOI BJIACHOCTI BIJirpae Komepiiaizarlis
pe3yNmbTaTiB IHTENEKTyalbHOI MisTPHOCTI. MarmmHOOYAiBHI MiAMPHEMCTBA MOXYTh BHKOPHCTOBYBATH
MaTeHTH Ta HOY-Xay sIK JDKEpeno JOXOMAIB uepe3 JileH3yBaHHA, (paHyaii3WHT, CIHiIbHI TPOEKTH 3
YHIBEPCUTETaMHU Ta HAYKOBO-IOCTIIHUMH HeHTpaMu. [IpoOieMoro TyT 3anuiiaeTbes ciadKa MpaKTHKa
OIIIHKM €KOHOMIYHOI epekTrBHOCTI IB Ta BiACYTHICTH PO3BHHEHOTO PHUHKY JilleH3iil B Ykpaini. YcmimHi
npukinanu (Hanpukiaa, Siemens, General Electric) meMoHCTpyIOTh, IO aKTWBHA IMAaTEHTHA MOJITHKA
JIO3BOJISIE KOMITAHISIM yTPUMYBATH MPOBiHI MO3HILIIT HA CBITOBOMY PHHKY.

Tomy Ha croromHi anst Ykpainu B cdepi IB criocTepiraroThCst Taki BUKIMKA 1 TEPCIEKTHBH:

® HEJIOCTaTHA KiIbKICTh 3asBOK HA BUHAXO/M Y MallIMHOOY/TyBaHHi;

® HI3bKMiT piBeHb GinancyBands H/IKP nmopiBHsHO 3 IpOBiTHMMHU KpaiHAMH CBITY;

® HeOOXiAHICTh HU(POBi3alii NaTeHTHUX MpoLeayp (OHIaiH-3asBKH, BIAKPUTI 0a3u JaHUX TOLIO);

® PO3BUTOK CIIBIIpali «HayKa—Oi3HEC» sl BIIPOBAXKEHHS Pe3yIbTaTiB y BUPOOHHUIITBO.

BucHoBku

IaTeNnekTyanpHa BIIACHICTH Bifirpae KIFOYOBY POJIh y MaIIMHOOYMYyBaHHI, OCKUIBKH 3a0e3rnedye
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Cnucox BUKOPUCTAHUX JIzKEpeT

1. HamioHanpHuii 1HCTUTYT 1HTENEKTyanbHOI BiacHOCTI. [Ipoekt HarionansHOT cTparerii po3BUTKY
cepu iHTEIEKTyaabHOT BlIaCHOCTI YKpainu: BuHaxo1u / kopucHi mozeni (2024) (https://surl.li/njwela).

2. Shmatkov D., Legal regulation of intellectual property issues within technology transfer in Ukraine
(https://surl.li/zggdgc).

© P.I". Peovko, P.A. Cxaspos, B.B. [llanatioa, B.C. Ilyyb

31


https://surl.li/njwela
https://surl.li/zgqdqc

Miscsysiscokuii 30ipnux « HAYKOBI HOTATKW». Jlyyok, 2025, No84

3. ITepepna P., €scieB A., Macmsax M., TkauoB M., Tkauosa H. Formation of intellectual property
commercialization strategies (https://surl.lt/igjsyt).

4. Crartsa «lHTENneKTyanbHa BIIACHICTH ITPOMHUCIOBOTO MMIAMPHEMCTBA SK €KOHOMIUHA KaTETOPis»
(HTVYY KIII, 2022) (https://surl.lt/komcmn).

5. Cratts «Cy4acHul cTaH pUHKY IHTEJICKTyalbHOI BiacHOCTI B Ykpaini» (https://surl.li/stfesk).

6. Penpko P.I'. ITlopiBHsUIbHO-IPAaBOBUHM aHaji3 3aKOHOAABCTBA Yy cdepi 3aXHUCTy HPOTpaMHHUX
npoaykrie y ®panmii, Himeuunni ta Ykpaini / Cxisipor P.A., Illanaiina B.B., Peapko P.I'., YetBepikyk
T.1. // Haykogi 3anmucku. Cepis: [Ipaso. 2023. Bumyck 14. C. 27 - 39.

7. Peapko P.I'. IlopiBHATIBHO-TIPaBOBHIA aHAIIi3 3aKOHOJABCTBA B 00J1aCTi iHTEIEKTyalIbHO1 BIACHOCTI
B kpainax €C Tta Ykpaini / Peasko P.I'., Cxisspo P.A., lllanaiina B.B. // MixBy3iBCbKUil 30ipHUK
«Hayxkogi HotaTku». JIyipk, 2023. Ne75. — C. 9-14.

© P.I". Peovko, P.A. Cxaspos, B.B. [llanatioa, B.C. Ilyyb

32


https://surl.lt/iqjsyt
https://surl.lt/komcmn
https://surl.li/stfesk

Miocsysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jlyyok, 2025, No84

YK 621.436.5 DOI 10.36910/775.24153966.2025.84.5
0.C. T'izzaryu1in
Tonmascokuii Oepoicagnuil azpapHutl yHieepcumem

PO3POBJIEHHA CUCTEMU KEPYBAHHS IPOCEJIBHOIO 3ACJ/ITHKOIO HA BA31
ARDUINO 3 MOXJIMBICTIO IHTET'PALIIl Y CUCTEMY PEI'YJIIOBAHHSA
ITAJIUBOITIOJAYI

Hagedeno pesynomamu po3pooneHna el1eKmpoOHHOI cucmemu KepyeanHsa OpPOCENbHOI0 3acliHKol0 Ha 0a3i
Mikpokoumponepa Arduino Uno. 3aznauena cucmema inmezpyemoca iz cucmemoro pezyit06aHHA NAIUEON00aui Ou3ens.
AxmyanvHicms 00cni0HceHb 00YM061eHO HeoOXIOHICmI0 RniOGUULEeHHA eheKmugHocmi cucmem KepyeanHHA oOuzens 3
GUKOPUCMAHNAM OOCHYRHUX MA GIOKPDUMUX ANAPAMHO-NPOZPAMHUX Raamopm. 3anpononosana cucmema 6KIIOUAE
damuuk nonoxycenusn opocenvnoi 3acninku (TPS), cepeonpusio Tower Pro MG996R ma OLED-oucnneii SSD1306, axuii
gidooparicac paxmuunuil Kym ¢iOKpummas 3aciiHKu 8 peanbHomy uaci. Cucmemy npomecmoeano Ha 1a60pamopHomy cmenoi
KI-15711 3a piznux pexcumie obepmanns éana naauenozo nacoca (600-2400 oo/xe). Ilposedeno cepiro ekcnepumenmanbHux
00Cniddcenb 3 GUMIPIOGANHA CUMPAMU NATUEA, KOHyeHmpauii wxionueux euxudis (CO, NOz ), OLIHKM CT a6IIbHOCT |
NOI0JICeHNA 3aCTInKU ma ananizy gioxunens. Pesyiomamu céiouame npo 3uudxcenns cepeonvoi eumpamu nanuea na 6-8%,
3menwenna mexaniunozo 3nocy na 10-12% ma cxopouennsn eukudie CO i NOr; Ha 79% nopienano 3 mpaduyiiinoio
MexaniuHow cucmemoro. Busaeneno eucoky ninilinicme ma mouHicmo pezynio6aHHA: GIOXUNEHHA KYyma GIOKpUmMms He
nepesuugye £2°. Ompumano pezpeciitni 3anexicnocmi, AKi RiOmMeepoONHCYIoms eheKmuenicms Aa0AnRMUBHO20 KePyeaHHsi.

Buznaueno modxcnugi HanpAmMKu 6UKOPUCIMAHHA — 1AO0PAMOPHI 00CTIONHCEHHA, 0CBIMHI nompedu ma npaKmuyne
GNPOBAOINCEHHA 8 YMOBAX 0DMEIHCEHUX pecypcCis.

Kniouosi cnoea: Arduino Uno, cepsonpusio, opocenvha 3acninka, OLED-Oucniell, nanusnuil nacoc, adanmusHe
Pe2ynio6anHs.

0O.S. Hizzatullin

DEVELOPMENT OF ATHROTTLE CONTROL SYSTEM BASED ON ARDUINO WITH
THE POSSIBILITY OF INTEGRATION INTO THE FUEL SUPPLY REGULATION SYSTEM

The article presents the development of an electronic throttle valve control system based on the Arduino Uno
microcontroller with the possibility of integration into a diesel fuel supply regulation system. The relevance of this work lies in
the need to modernize outdated control systems using affordable and open-source hardware and software platforms, enabling
the creation of efficient solutions for laboratory research, educational purposes, and practical applications under limited
resource conditions. The proposed system includes a throttle position sensor (TPS), a Tower Pro MG996R servo drive, and an
SSD1306 OLED display that visualizes the actual throttle opening angle in real time. The system was tested on the KI-15711
laboratory stand under various fuel pump shaft rotation speeds (600-2400 rpm). A series of experiments were conducted to
measure fuel consumption, concentrations of harmful emissions (CO, NO: ), assess throttle position stability, and analyze
deviations. The results demonstrate a reduction in average fuel consumption by 6-8%, a decrease in mechanical wear by 10—
12%, and a reduction in CO and NO, emissions by 79% compared to traditional mechanical systems. High linearity and
control accuracy were confirmed: the deviation of the throttle opening angle did not exceed £2°. Regression dependencies were
obtained, confirming the effectiveness of adaptive control.

Future improvements include field testing in real operating conditions.

Keywords: Arduino Uno, servo drive, throttle valve, OLED display, fuel pump, adaptive control.

Beryn. YockoHaneHHS CHCTEM aBTOMAaTH30BAaHOI'O KEPYBAaHHS JIBUI'YHAMHU BHYTPIIIHBOTO
3TOPSIHHS € OJJHUM 13 KITIOYOBHX HAPSIMIB €HEpro30epeKeHHS Ta 3HWKEHHS BUKHIIB. JIpocebHa 3aciHka
3a0e3Meyye peryoBaHHs MoAayi HOBITps, 0 Oe3mocepeHbO BIUIMBAE HAa €(DEKTUBHICT 3TOPSIHHS MAJINBA
1 cTabibHICTE POOOTH Iu3ens. Y 3B 53Ky 3 IMM aKTYaJIbHUM € CTBOPEHHSI HEJOPOTHX Ta YHiBepCaJbHUX
pimeHs I iHTerpamii y HaduBHI CHCTEMH. Y POOOTI PO3MIIHYTO PO3pOOKY EIEKTPOHHOI CHUCTEMH
KEepYBaHHS IPOCENBHOIO 3aCIiHKOI0 Ha 0a3i MikpokoHTpojepa Arduino Uno, 3 MOXIUBICTIO iHTerpamii y
CHCTEMY peryJIIOBaHH: MaluBoIoaadi au3ens 3 Hacocom H/1-21 [5].

Pa3om 3 TuM, icHye moTpeda y CTBOpEHHI JOCTYIHUX 1 MPOCTUX Y peami3allii cucreM, siKi MOXHa
3aCTOCOBYBATH y J1a00paTOPHUX YMOBAX, JJIsl MOZEPHI3allii CTapuX MoJiejiel IBUT'YHIB Ta JIsi HAaBYaJIbHUX
uineit. Lle poOuth gocigkeHHs y HanpsiMi oOYZ0BU CUCTEMH KEPYBaHHS IPOCEIBHOIO 3aCIIHKOIO Ha 6a3i
Arduino akTyaJbHUM Ta MEPCICKTHBHUM.

AHai3 JiTepaTypHHUX JJaHUX Ta IIOCTaHOBKA pobJieMu. Y poboTax [1-8] y3araibHEHO MiAX0aU 10
no0YyJ0OBU CHCTEM KEPYBaHHS APOCEIBHOIO 3aCIiHKOIO.

CyuacHi aBTOMOOUNBHI CHCTEMH KEpPYBaHHS JPOCEIbHOIO 3aciHiHKOI0 0a3yloThCs Ha
eJIEKTPONIpUBOJaX Ta AaTumkax nosokeHHs (TPS), mo 3abe3nedyioTh BUCOKOTOYHE KEPYBAHHS KyTOM
BiIKpuTTsL. OmHAK Ui 1a00paTOPHUX JOCIIIHKEHb Ta MOJEPHI3allil cTapux MOEJICH IBUTYHIB HOTPiOHI
JIeIIeB] pillIeHHS 3 MOKJIMBICTIO THYYKOI'O POrpaMHOro HanamtyBaHHs. [Ipo0ieMa nossirae y nmoetHanHi
armaparHoi Ta MPOrpamMHOI YACTHH JUIsi CHHXPOHi3allii MOKa3HUKIB JaTYMKa, YIPABITiHHS CEPBONPUBOIOM Ta
BiJOOpakeHHsI JaHUX y 3py4HOMY Qopmarti [4, 6].
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3o0kpeMa, po3MISIAlOThCS Pi3HI BapiaHTH peanizallii eJIeKTPOHHOTO0 KepyBaHHS JAPOCeTbHOI0
sacainkoro Electronic Throttle Control (ETC), mo € ckmamoBoro korenmii “Drive-by-Wire”, ska
AKTHBHO BIPOBAIKYETHCA Yy HOBITHIX MOJIEIISIX TPAaHCIIOPTHHX 3ac00iB [4, 5].

VY Takux cHUCTeMax OCHOBHHUMH €JIEMCHTAMH € JaTYUKH MOJIOKEHHSI APOCETbHOI 3acJiHKU
Throttle Position Sensor (TPS), esekTponpuBoau (CepBOMOTOPH), MIKPOKOHTPOJIepHi miaTdopmu
Ta aJropuTMHM KepyBaHHs. Ha BimMiHy Bim TpamuIliiHUX MexXaHIYHHMX a00 BaKyyMHHUX IPHUBOJIB,
CJIEKTPOHHA CHCTeMa 3a0e3leyye TOYHE IO3UIIOHYBAaHHA 3aCIiHKH BiANOBIAHO 0 3amuTiB OJOKY
kepyBanus jgeuryHom (ECU), mimBuiye AuHAMIYHI XapaKTEPUCTHKH aBTOMOOUIS Ta 3HHXKYE BHTPATH
majasHOTO [6, 7].

3 oAy Ha aKTyaJlbHICTh MUTAHHS, 3HaYHA KiNbKICTh IOCHIJHHMKIB akKIEHTYIOTh yBary Ha
aJaNTHBHUX TA IHTEJEKTYaJIbHUX AJrOPUTMAaxX KepyBaHHs, 30KkpeMa, PID-peryasitopax, HewiTkiii
Jorimi, MeToxax MAIIMHHOIO HABYAHHSM, a TaKOXXK KOB3HOMY pexkumi [2, 3, 5, 8]. Takuii iHTEpec
3YMOBJICHHUH MOTPe0OI0 3a0€3MEYUTH BUCOKY TOUHICTh Ta IIBMAKOMII0 CUCTEMH, 110 KPUTUYHO BAKIIHBO
Ipu pearizamii aBTOMaTU30BaHOTO KEPyBaHHS JBUTYHOM, 3MEHIICHHI BUKWAIB Ta MOKPAIICHHI BIATYKY
aBTOMOO1JIS Ha il BOAis.

OnHak, MONPH TEXHIYHY JOCKOHANICTh NMPOMHUCIOBUX PIlIEHb, Y KOHTEKCTI Ja00paTOpHHX
HAOCJIiI7KeHb, IPOTOTUIIYBAHHS, TECTYBAHHA AJITOPUTMIB Ta MoAepHi3amii 3acrapinux moneseii JIB3
icHye HarampbHa moTpeba y CTBOPEHHI MOCTYNHHX, THYYKHMX Ta BiIKpUTHX pillleHb, SKi JIETKO
a/IanITYIOThCSI 10 KOHKPETHUX YMOB.

s nocsrHeHHs wi€l METH OOLIIBHUM € BHUKOPHCTaHHS BiAKPUTHX anapaTHO-NPOrPaMHHMX
maardgopm, 3okpema Arduino, Raspberry Pi, STM32 Ttomo. Taki mmiathopmMu 103BOJSIOTH
eKCTICpUMEHTYBATH 3 Pi3HHUMH TUNIAMU TPUBOJIB (Hampukiaj, cepBoaBurynun MGI996R) ta cencopis
(manpuknan, anagorosi TPS), mo 3a0e3neuye rHydKicTh y HaJalITYyBaHHSX, MOKIMBICTh peajizalii ta
MepeBipKH Pi3HOMAaHITHUX alTOPUTMIB KEPYBaHHS B YMOBax JiabopaTopii abo IMoiboBOTO TeCTyBaHHS [2,
14, 19].

Oco0IMBHI IHTEPEC BUKJIMKAE iIHTErpamisi anmapaTHOI YaCTHHH 3 MPOTrPAMHON0, 1110 TiepedaJac:;

— CHHXPOHI3alil0 CUTHAJIIB 3 JaTUYMKA IOJIOKEHHS APOCEIIbHOI 3aCIiHKY;

— cTabiTbHEe KepyBaHHS EJICKTPOTIPUBOIOM 3aciiHku 3a mporomororo I11/I-perynsaTopa abo iHIIAX
METO/IIB;

— Bi3yamizamiro JaHWX y pexumi peambHoro uacy (uepes LCD-ekpanm, xomim’torep, abo Wi-
Fi/Bluetooth-momymi);

— JIOTYBaHHS AaHUX JAJIS TOJANBIIOTO aHAIII3Y.

Ha npaxTuiii BUHMKa€e HU3Ka TEXHIYHUX Ta METOAUYHMX NPodjeM, 30Kpema:

— KajniOpyBaHHS CUTHAJIIB JaTYMKa (BpaxyBaHHs HEJIHIHOCTI, IIyMiB, MEX KYTiB);

— 3a0e3MeueHHs CTabUTEHOCTI peryssaTopa Py 3MIHHOMY HaBaHTa)KEHHI;

— YHUKHEHHS BiOpatiif abo HaAMiIpHUX KOJIHBaHb 3aCTIHKH;

— 3pydHa B3a€MOJIiS KOPHUCTYBada 3 CUCTEMOIO depe3 iHTepderic.

VY nesxux mrepenax [4, 6] Takox miIHIMAETBCS TPOOJIeMa HAMIIHOCTI Ta 0€3MeKH TaK1X CHCTEM,
0c00JIMBO Y BUNIAJIKY 3aCTOCYBaHHS B TPAHCIIOPTHHUX 3aco0ax, € BiAMOBa B POOOTI JpOCEIbHOI 3acIiHKH
MOK€e TIPU3BECTH A0 aBapiiHOi cuTyarii. I{e moTpedye CTBOpEHHS 3aXMCHUX MeXaHi3MiB Ta pe3epBHHUX
pesKuMiB podoTH.

TakuM yuHOM, MPOOJIEMATHKA JOCTIKeHHS MOJISITA€ Y CTBOPeHHI yHiBepcaJbHOI, JAelIeBo
peali3oBaHol CHCTEeMH €JIeKTPOHHOT0 KePYBAHHS IPOCEJbHOI0 3aC/1iHKOI0, KA [IO€HYE:

— BIOKpHTY amaparny miatopmy (Hanpukiag, Arduino);

— [IPOCTi y BUKOPUCTaHHI CEHCOPH 1 CEPBOABUTYHH;

— aJaNTOBaHI aJITOPUTMU KEPyBaHHS;

— MOJKJIMBOCTI JJIsl BUBOZY 1 aHaJIi3y AaHUX.

Ile 103BONNTE pealli3yBaTy HyYKe CTEHAOBE PillIeHHs I

— HaBYAHHS CTYACHTIB;

— TECTYBaHHS Ta TOPIBHIHHS PETYJIATOPIB;

— MOJepHi3alii iCHYyIOUMX CHJIOBUX arperaris;

— eKCIIEPUMEHTIB Yy cpepl aBTOHOMHOT'O KEPYBaHHS Ta aJIbTEPHATUBHUX NAJMBHUX CUCTEM.

Merta Ta 3ama4i gocmipkeHHs. MeToro poOOTH € miABUIIEeHHS e()EeKTUBHOCTI (yHKLIOHYBaHHS
IBUTYHIB IIIJSIXOM PO3POOJIEHHS €JIEKTPOHHOI CHCTEMHM KEpyBaHHA JPOCEJIBHOI0 3aCIiHKOK 3
BIIOOpaKEHHSAM KyTa BIIKPUTTS Ha MUCIUIC] Ta IHTErpPaIi€l0 y CHUCTEMY PEryJIIOBaHHS MaJIHBOIIOAYI
T3ersl.
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Jns nocArHeHHS METH TTOCTaBIIEHO TaKi 3aBJaHHS:

— pealti3yBaTH 3UWTYBaHHSA CUTHAJY 3 JaTduKa MojdoxeHHs TPS;

— 3a0e3neunTy KepyBaHHs cepBonpuBogoM Tower Pro MG996R;

— OpraHi3yBaTH Bi3yali3allifo CTyIeHs BiIKpUTTA 3aciainku Ha OLED—mucre;

— IIPOBECTHU EKCTIEPUMEHTANbHI BUPOOYBAaHHA y CKJIai 1abOpaTOpPHOTO CTEHY.

JlaTuuk moJyIoKeHHs € KII0YOBUM KOMIIOHEHTOM CHCTEMH KepyBaHHSA ABUTYHOM, SIKUI BH3HAYAE
KYT BIOKPHUTTS Ta MBUAKICTh PYXY, Iepeaae iHpopMaliiio y BUIIISAA] eJIEKTPHYHOI0 CUTHATY (3MiHH OLIOPY
MIPY aHAJOrOBOMY JAaTUYHKY) €IEKTPOHHOMY OJIOKY KepyBaHHS.

VYcepenuHi Kopnycy 3HaAXOAWUTHCS HEBEIMKUNA MOJYSTh KEPYBaHHS Ta CEPBOJABUTYH 3 METAJICBUM
NPUBOIOM, KPYTHHH MOMEHT sIkoro 11 Kkr/cMm, sSikuil miJ [Ai€l0 BXiZHOTO CHTHATY IOAA€ >KUBJICHHS
BiJIMOBITHOT MOJSIPHOCTI HA €JIEKTPOJBUTYH. BXimHWIA CHTHAN KepyBaHHS MICTUTH JaHi MPO MOTPiOHE
MOJIO’KEeHHST Baiy. [Ins BM3HAYEHHS IMOTOYHOTO IIOJIOKEHHS Bally 3'€IHAHUN PEIyKTOp 3 NaTYMKOM
nostoxxeHHs. Enmextponika MG996R o0uuciioe pi3HHIIO MK IMOTOYHAM IOJIOKCHHSIM pEeayKTopa Ta
HeoOXiTHUM. MoyNb yrpaBiTiHHS, OPIEHTYIOUYHCH HA ATYHK ITOJIOKCHHS, ITOIA€ KUBIICHHS HEOOX1THOT
MOJISIPHOCTI HA JOBUTYH JAJsl TIOBOPOTY PEAYKTOpa, IO MPHUBOAUTH y BiAMOBIAHICTH MOJOXKEHHS, SKE
MePeIaEThCsI CUTHAJIOM YIIPaBIIiHHS.

KommakTHuii MOHOXpOMHHMII AMCIUIeH, SKWH BUKOPHUCTOBYE OpTaHiuHi CBITJIOAIONW JUIS
BUIPOMIHIOBAaHHS CBITJa, 10 3a0€3MeUyI0Th BUCOKY SCKPaBiCTh, KOHTPACTHICTD Ta IIUPOKUHA KYT OTJISLY.
Bin cymicuamii 3 Arduino Ta iHIIAMHA MiKPOKOHTPOJUICPaAMHU.

JlaGopatopuuii crenn KI-15711 npusHaueHuit juisi MiarHOCTHKWA Ta PETYIIOBAHHS TAJMBHHUX
HAcOCiB BHCOKOTO THUCKYy. BiH ocHamienuil enekrpoaBuryHoM 7,5 kBT, cuctemoro Tepmoctabimizamii
TajauBa, sika 3abe3rnedye MATPUMKY CTa0UTBHOI TeMIrepaTypH i 9ac poOOTH, CHCTEMOIO PETYITIOBAHHS
IUKJIOBUX I0J1a4, SKa BKIIOYAE BUCOKY Ta HU3BKY IT0/Iavy NaJTUBa JIJIsl PI3HUX PEXKUMIB poOOTH, 8-CeKITiifHa
00’eMHa cucTeMa il BUMIPIOBaHHS LUMKJIOBUX T0/a4 3 MEH3YpKaMH pi3HOTro 00’eMy, mxepernom 12/24
BOJIT MOCTIMHOTO CTPyMy [UIS JKUBJICHHS €JIEKTPOHHHUX CHCTEM, CUCTeMa KEpyBaHHS Ha OCHOBI
€JIEKTPOHHOTO MPOTPAMOBAHOTO TaXOJMIYMIIbHUKA Ta JIOJIATKOBI KPOHIITEHHU, My(QTH Ta TPYOKH BHCOKOTO
TUCKy. Llelt cTeHa sABIsI€ThCS yHIBEPCAJIbHUM Ta JA03BOJISIE AOCSITATH BUCOKOT TOUHOCTI BUMIPIOBAHHS.

Marepiaym i MeTOaH AOCTITKEHD.

Cucrema ckianaerbes 3 MikpokonTposiepa Arduino Uno R3, ceponpuBoay Tower Pro MG996R,
natunka TPS ta OLED-gucmies SSD1306. [IporpaMue 3a0e3edeHHs peaili3oBaHo y cepenoBuiii Arduino
IDE. CepBonpuBix Kepye MOJOXKECHHSM INTAaTHOI APOCENBHOI 3aCiHKHM, a AaHi MpO KyT BiIKPHUTTS
BUBOJIAThCA Ha auciuieii. BunpoOysanus nposoamnu Ha crerai KI-15711, ae cumymoBanu pizHi peskuMu
o0OepTaHHS Bajia MaJIMBHOIO Hacoca [2, 3].

Po6ota 3xiiicHIOBasacs 3a TaKOIO MOCIiTOBHICTIO:

— 3a/1aBaHHs PEKUMIB 0OEPTaHHs Bajla IAJMBHOTO Hacoca y miarmaszoni 600-2400 xs™;

— peecTparis curHaiiB 3 gaTauka TPS Ta Bu3HaueHHS (aKTHYHOTO TOJIOKECHHS 3aCIIiHKH;

— BUMIpIOBaHHS BUTPATH MaJINBA,;

— BUMIPIOBaHHSI YaCTOTH 00CPTaHHS;

— OLiHIOBaHHs KoHIeHTpauii mkianueux pedosuH (CO, NO2) y BianpanboBaHuX ra3ax;

— baratopa3oBe IIOBTOPEHHS BUMIPIOBaHb i OPMYBaHHS CTATUCTUYHO JOCTOBIPHOI BUOIPKH.

MeToau4HI 0COOIUBOCTI.

J71st 3MEHIIIeHHsI TOXUOKHU BIUIMBY JIIO(MTIB 1 HArPiBaHHS CEPBOIPUBOIY KOXKHA Cepis BUMIPIOBaHb
npoBoAuIacs micis ctabimizanii pexxuMmy mpoTsroM 3 xBuiuH. [loxuOKy BH3Ha4Yamu 3a Pi3HULEIO MiX
3aJaHMM 1 (PaKTUIHUM KYTOM BiIKPHUTTS 3aCIIiHKH.

Kputnunuit aHam3 iCHyIOUHX CUCTEM IPHUBO/IIB [S]:

MEXaHIYHI MPUBOIH:

— IPOCTOTA KOHCTPYKIIii Ta HEBUCOKA BapTiCTh;

— He#ojikaMH € OoOMeXeHa TOYHICTh PETYIIOBAaHHSA, 3HONTyBaHHS TPOCOBUX Iiepenad,
HEMOXKITUBICTD peaizalii afanTUBHOTO KepyBaHHS [5];

eJIEKTpOMEXaHIgHi IPUBOIN Ha 0a3i CTAHIAPTHUX CEPBOMOTOPIB:

— 3a0€3MeYyI0Th MPUUHATHY TOYHICTh KEPyBaHHS 3 TPOMHUCIIOBUMH PIllICHHSIMH;

— oOMeXeHHH pecypc, 3aJIeKHICTh BiJl IKOCTI MIKDOKOHTPOJIIEpa Ta allTOpUTMY KepyBaHHS [5].

cucremu «drive-by-wire» y cy4acHHUX aBTOMOOIIAX:

— BHCOKA TOYHICTH Ta IIBUAKOIIS;

— MOXKJIMBICTB 1HTETparii 3 KoMiiekcHuMu cuctemMamu (ABS, ESP, amanrtuBaMI Kpyi3-KOHTPOIIE);

© O.C. T'izzamyanin

35



Miscsysiscokuii 30ipnux « HAYKOBI HOTATKHW». Jhyyok, 2025, No84

— HeJIoJIIKaMU € BUCOKa BapTICTh, CKIIQJHICTh OOCIYrOBYBaHHS, MOTpeda y CIeliani30BaHOMY
MPOTpaMHOMY 3a0€3MeUeHHI.

TakuM YMHOM, aKTyalbHOIO 3AJIMINAETHCS 3a7ada MOLIYKY OalaHCy MiX MPOCTOTOIO peaiizarii,
HU3HKOO BapTICTIO Ta IOCTATHIM PIBHEM TOYHOCTI Ta BUAKOIL. [{e BU3HAYa€ NOIITBHICTh BHKOPUCTAHHS
pitrens Ha 6a3i Arduino Ta JOCTYIMHHUX CEPBONPHUBOJIB JJISI EKCIICPUMEHTAIIBHUX Ta HABYAIBHUX CHCTEM

[5]
,HaT‘lIIK IMOJIOKECHHA

IOpocenbHOi 3aCIIHKH

CepBonpuBiz

Jlvucruiein @

JpocenrHa 3acIiHKa

Puc. 1. CTpyKkTypHO-QYHKIIOHATBHA CXeMa peryJsTopa

Pesynpratn nmocmimkeHs. Bu3zHaueHHS BIAXWICHHS MDK 3aJaHUM 1 (PAaKTUYHHM ITOJIOKEHHIM
JPOCETHHOT 3aCIIIHKH.

VY pesynbrati BunpoOysans Ha crenni KI-15711 (puc. 2) BcTaHOBNEHO, 1O CEPEIHE BiAXHUICHHS
MiXK 3aJaHUM 1 (PaKTHIYHUM TOJIOKEHHSM 3aCIIiHKH s eKCIIePUMEHTAIBHOI cucTeMu Ha 6a3i Arduino ue
MepeBUINye +2°, ToJi SK JJIsl aHAIOTOBOT MEXaHIYHOi CHCTEMH BOHO csirayio +6°. Ile miaTBepmKye BUILY
CTaOLIBbHICTD TA TOUHICTD PETYJIOBaHHS €JICKTPOHHOI CUCTEMH.

Puc. 2. Crenp KI-15711

AHaJi3 BUTPATH MMajJMBa HA PI3HUX PEKUMAX POOOTH.

IMopiBHsIbHI BUMIprOBaHHS BUTpaTH manuBa (Tabn. 1) mokasanu, mio cuctema Ha 6Gasi Arduino
3a0e3mneyye 3MEHIICHHS CepeIHbOI BUTPATH Ha 6—8% MOPIBHSHO 3 TPaJULIHHOIO MEXAHIYHOIO CUCTEMOIO.
Ha puc. 2 HaBeneHO 3aJIe)KHICTh BUTpATH IaJKMBa BiJi YaCTOTH OOCpTaHHS Bajia MAJIMBHOIO Hacoca 3
anpOKCHMAIII€I0 TiHIHHUMU PiBHSHHIMU perpecii:

MeXaHiYHa CHCTeMa:

y=0,0105x+ 6,15y =0,0105x + 6,15y =0,0105x + 6,15.
;
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cucreMa Arduino:
y=0,0095x + 5,95y =0,0095x + 5,95y = 0,0095x + 5,95 .

Ominka koHreHTparii BukugiB CO.

BuwmiproBannsa konnenTpanii CO B BiAmparbOBaHUX Ta3zax MOKa3and 3MeHIIeHHS Ha 7-9% mpu
BUKOpHCTaHHI cuctemu Arduino. Ha puc. 3 npencrasneno 3anexHicts BukuaiB CO Big yacTOTH 0O0epTaHHS
3 BIIMTOBIAHUMU PiBHSIHHSIMU PETPECii:

MeXaHidHa cucTeMa:

y=0,2417x+380y=0,2417x+380y =0,2417x+380.

cucrema Arduino:
y=0,2033x + 360y =0,2033x + 360y = 0,2033x + 360

IToGymoBa perpeciitHux Mojaeel Ta CTATHCTHYHUN aHaIi3 PEe3yIbTaTiB.

OtpuMaHi JaHi MiAraad CTATUCTUYHOMY aHaJli3y 3 BUKOPUCTAHHSIM KOPENSIIHHOTO MiAXO0Iy,
niHiHOI perpecii Ta aucnepciiinoro ananizy (ANOVA).

s surparu manuea: F =0,096, p=0,767(>0,05).

Jns sukuais CO: F =0,401, p=0,550(>0,05).

Ile o3Hadae, MO0 CTATUCTUYHO 3HAYYINOI PI3HUIN MK CHCTEMaMH HE BHSBIICHO, OJTHAK CEPEIHi

3HAYCHHS MMOKA3HUKIB MiATBEPKYIOTh TCHICHINIO 10 3MEHIICHHS BUTpATH nanmBa Ta BUKUAIB CO mpu
BUKOPHUCTaHHI €JIEKTPOHHOI CUCTEMH.

Tabn. 1.
ITopiBHAIBHI pe3yabTATH BUMipIOBaHb
Pexxum Burpara mnammsa, | Butpata namuBa, | Bukunu CO, ppm | Bukugun CO, ppm
oOepTaHHs, 00/XB | I/XB  (MeXaHi4Ha | I/XB (cucrema | (MexaHi4uHa (cucrema
cucTemMa) Arduino) CHCTEMA) Arduino)
600,0 12,5 11,8 520,0 480,0
1200,0 18,7 17,2 680,0 610,0
180,0 251 23,0 810,0 720,0
2400,0 31,4 28,9 960,0 850,0
35
30
25

N
o

(BN
o

Burpara nanusa, r/xB
H
ol

o O

0 500 1000 1500 2000 2500

Yacrora obepraHHs, 00/XB

—o— Mexaniuna cuctema —@—Arduino

Puc.3. 3anexnicTbs BUTPATH NAJUBA BiJ pe;KUMY 00epTaHHSI

ITonpy BIACYTHICTh CTATUCTUYHO 3HAYYIIMX BIAMIHHOCTEH, CEpeIHI 3HAuYCHHS IOKa3aliu
TEHJICHIIIFO JI0 3MEHIIICHHSI BUTpaTH naymBa Ha 6—8 % Ta BukuaiB CO Ha 7-9% npu BUKOpPUCTaHHI CUCTEMU
Ard.

TakuMm 4uHOM, PO3POOIICHUI MPUBII XapaKTEPU3Y€ETHCS OLIBIION JIHIHHICTIO Ta CTAOUIBHICTIO.

BeTaHoBJIeHi 3aKOHOMipPHOCTI:

— cepegHsl BHTpaTa TajuBa 3MEHIIWIacsi Ha 6-8% 3aBasgku crabimizamii 9acToTw oOepTaHHS
nsuryHsa [7, 8];

— MEePEBAHTAXCHHS Ta MEXaHIYHUN 3HOC 3HM3WIUCS npuobau3Ho Ha 10-12%, 1m0 miaTBepHKeHO
3MCHIIICHHSIM KOJINBAHb YaCTOTH 00CPTaHHS;
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— Bukuan CO Tta NO; 3mermmmmca Ha 7-9%, 110 MOSCHIOETHCS OLTBII PIBHOMIPHUM TPOIIECOM
3ropstHHs [7];

—o— Mexaniuna cuctema —@—Arduino

1200
1000
g
2 800
o
O 600
=~
=
S 400
~
m
200
0
0 500 1000 1500 2000 2500
YacToTta obepTanHs, 00/XB
Puc.4. 3anexnicts BuxkuaiB CO Bix pexxnMy o0epTaHHA
Taba. 2
Pe3yabTaTtu gucnepciiinoro anajiizy ANOVA
ITokasnuk F-craructuka p-3HaYCHHS BucHoBOK
Butparu nanusa 0,096 0,767 Pi3HuIIS CTAaTHCTUYHO HE3HAUYIIA
(p>0,05)
Bukuau CO 0,401 0,55 Pi3HuIIS CTAaTHCTUYHO HE3HAUYIIA
(p>0,05)

— c(opMOBaHO OCHOBY AJISl CTBOPEHHS aJalTUBHOI CHUCTEMH PETYJIIOBAaHHA MAJMBOMONAYI 3
BUKOPHUCTAHHIM 3BOPOTHOTO 3B SI3KY.

3a pesynbraTamMyd BUNPOOYBaHb BCTAHOBJIEHO, IO BIIXWJICHHS MDK 3aJaHUM Ta (QaKkTHYHUM
MOJIOKEHHSM 3aciHku He nepeBuirye 2°C. Cucrema BigoOpakae iHhopMalito 3 4acTOTOI0 OHOBIEHHA 10
I'n.

BucHoBku.

1. BeranoBneHo, 110 €JI€KTPOHHA CHCTEMa KepyBaHHS JIPOCENBHOIO 3aclliHKor0 Ha 0a3i Arduino
3a0e3Mneyye BUCOKY TOYHICTh HO3UIIIOHYBaHHS, CEpeTHE BIIXUICHHS KyTa BiIKPUTTS HE MEPEBUILYE +2°,
10 y 3 pa3u MEHIIE TIOPIBHSHO 3 MEXaHITHOIO CHCTEMOTO.

2. llopiBHsnpHI BHUIIPOOYBaHHS TMOKAa3ald 3HIDKEHHA BUTpaTH nNanuBa Ha 6-8% 3aBIsku
cTalinpHiMmii poOOTi NPUBOLY Ta TOYHILIOMY PETYIIOBAHHIO ITOJIOKEHHS 3aCTiHKU.

3. Buxumu CO 3menmmnumcs Ha 7-9% y BcboMy nianazoHi wactot obepranns (600-2400 06/xB),
IO TTOSICHIOETHCS PIBHOMIPHIIITUM ITPOIIECOM 3TOPSIHHS IIPH BUKOPUCTaHHI cuctemMu Arduino.

4. Pesynbratu perpeciiiHoro ananizy Ta ANOVA miaTBepauiu JiHiMHY 3aJ€KHICTh TOKa3HUKIB
BiJl 4acTOTH OOepTaHHS. XO0uYa CTATUCTUYHO 3HAYYIIMX BIAMIHHOCTEH MK CEpPeIHIMHU 3HAUCHHSIMH HE

BusBiIeHo (P > 0,05), orpumani TerneHmii cBixgaTh PO eEKTUBHICTD 3aIPOIOHOBAHOI EIEKTPOHHOL
CUCTEMH KEePYBaHHS Ta JOUUIBHICTH ii MOAIBIIOTO BJIOCKOHAICHHS.

Tlogampmni  gocmipkeHHS MepedadaroTh IMIAKITIOUEHHS JAaTYWKIB — THCKY, TeMIIepaTypH,
BIIPOBA[)KCHHS aJalITUBHUX aJTOPUTMIB Ta MOJILOBI BUIIPOOYBAHHS.
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YK 531:519.6 DOI 10.36910/775.24153966.2025.84.6
0. 0. Jlapin, K. €. lloronaabebka, A. O. 3yeB, H.A. BacuibueHko

Hayionanvruti mexuiunuil ynisepcumem « XapKieCoKuil NOJIMUXHIYHUL IHCIMUIYTY

EKCHNEPUMEHTAJIbHO-YUCEJBHE JJOCJIIXKEHHSI BIBPOI3OJIANIAHOT
HNJIAT®OPMMU 3 KBA3IHYJbOBOIO KOPCTKICTIO JJIs1 MOBIJIBHOI'O POBEPA

Y pobomi npeocmaeneno po3po6Ky ma oocnioxncenns 8iopoizonAuinHol naamgopmu 3 Keazinynib08010 HeopCmKicmio
(KH?K), inmezpoeanoi' y mooinenuit poeep 0,11 3MeHUIeHHA 6NIIUEY HU3LKOYACMOMHUX GiOPayill HA 6CMAHOGIEHY anapamypy.
IInamdghopma eucomosnena memooom 3D-0pyky 3 eukopucmannam TIIY ma IIETI i micmums enacmuuni KHK-enemenmu.
Ilposedeno excnepumenmanvui ma 4uceavbHi 00CAI0NHCEHHA, W0 NIOMEEPOUIU HAABHICMb HENIHINHOT “Npo6anvHoi” dinaHKu
Y Kpugiil «<Haganmax)ceHHA—nepemiienna» ma eQheKkmusHicms 3anPonoHO6anoi KORCMPYKYIi y 8iopoizonaui.

Knrwuogi cnosa: xeasinynvosa scopcmkicme, 8iopoizonayis, mobinonuil pogep, 3D-opyk, TI1V.
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EXPERIMENTAL AND NUMERICAL STUDY OF A QUASI-ZERO STIFFNESS
VIBRATION ISOLATION PLATFORM FOR A MOBILE ROVER

This work presents the design, development, and validation of a vibration isolation platform with quasi-zero stiffness
(QZS) integrated into a mobile rover structure. The proposed system employs elastic elements made of thermoplastic
polyurethane (TITY) to achieve nonlinear stiffness behavior that enables efficient passive isolation of low-frequency vibrations
without active control or energy consumption. Numerical simulations performed in ANSYS and experimental compression tests
confirmed the presence of a sharp stiffness drop characteristic of the QZS effect. The platform demonstrated a high correlation
between simulated and measured force—displacement responses, validating the mechanical model. Owing to its lightweight,
simplicity, and additive manufacturing compatibility, the QZS-based rover platform offers a cost-effective solution for
stabilizing optical equipment and sensors in small robotic systems, where traditional active isolators are impractical.

Keywords: quasi-zero stiffness, vibration isolation, mobile rover, 3D printing, TITY.

Beryn.

Buxopucranas MoOITEHUX poOOTH30BaHMX IUIaTGOPM, 30KpeMa Ha3eMHHX O€3MiIOTHUX
TpancnoptHux 3aco6iB (UGV), HaOyo MOMMpeHHs Y ITUPOKOMY CIIEKTPi 3aCTOCYBaHb Bil IPOMHCIOBOTO
THCIICKTYBaHHSI Ta MPEIM3IHHOTO CLTLCHKOTO TOCIIOAPCTBA JI0 TONIIYKOBO-PATYBAIBHUX ornepariii [1,2].

CIUIBHOIO PHCOI0 TaKMX CHCTEM € 3aJICKHICTh BiJl ONTUYHUX CEHCOPIB, HacaMIiepea Kamep, IIo
BHKOPHUCTOBYIOTLCS JJIs HaBirailii, 300py JaHux i BUKOHaHHS Micii. [IpoTe e(heKTHBHICTh MUX TyTIHBUX
NpWIagiB CYTTEBO 3HMXKYETHCS uepe3 MexaHiuHi BiOpawii, cipuYMHEHI B3a€MOIIEI0 3 HEPIBHOCTAMHU
MOBEPXHi, poOOTOIO MPUBOJY Ta IHINMMHU TUHAMIYHUMH HaBaHTaxxeHHsMH [3,4]. Taki BiOpanii npu3BoaiTh
JI0 PO3MUTTS 300paKeHHS, TPEMTIHHS KaPiB 1 3HMIKESHHSI TOYHOCTI AJITOPUTMIB KOMITFOTEPHOTO 30pY, IO
MOKE MOTiPLINTH pe3yabTaTH BUKOHaHHS Micii [5]. Tpaauuiiini MmeToan npotuaii BiOpamisM 371e011b110r0
0a3yloTbcsl Ha NACHBHIM 130J4Lii 3 BHUKOPHUCTaHHSAM M'SIKMX KpiIJIeHb, e€JacToMepiB abo cucrem
npyxuHa— nemndep. He3Bakaroun Ha MPOCTOTY Ta HHU3bKY BapTicTh, TaKi JiHIHHI 130JTOPH MalOTh
¢bynnamenTanbHe (iznuHe OOMEXEeHHS: e(eKTHBHA 130JAMisl HAa HHU3BKHX YacTOTax MOTpedye Maoi
JUHAMI4HOT )KOPCTKOCTI, 1110, Y CBOIO Yepry, BEI€ 10 HU3bKOI 34aTHOCTI HECTU CTAaTUYHE HABAHTAKCHHS Ta
BEJIMKUX CTATUYHUX JedopMaltiil, 3HIKY0YN cTabilibHICTh miaTdopmi [6].

AXTHUBHI CHCTEMH BiOPOi30JISI1Iii MOXKYTB ITOJIONIATH 1€ OOMEKESHHS [IUIIXOM BUKOPHUCTAHHS CEHCOPIB
Ta aKTyaTopiB, SKi KOMIEHCYIOTh 30ypeHHs y peanbHOoMy yaci [7]. BriMm, ix 3acTocyBaHHS y MOOITBHUX
poboTax i3 OOMEKEHUMH pPecypcaMd 4YacTO OOMEXKYETHCS BHCOKOIO BapTICTIO, €HEPrOCHOXHBaHHSIM,
CKJIQJIHICTIO KepYBaHHs Ta 301IbIICHHSM Bard, 0 POOHUTH iX MEHII MPUAATHUMH JUTS TIOJILOBUX YMOB [8].
Konnernmis kBa3inynpoBoi sxopctkocti (KHXK) € mepcnekTHBHUM HampsMKOM, SIKHH TO3BOJISIE TIO/I0JIaTH
KOMIIPOMICHI OOMEXEHHsI TpaguuidHuxX mnacuBHUX i3oisaTopiB. Cucremun KHIXX moeanyroTh BuCOKY
CTaTUYHY JKOPCTKICTh, IO Ja€ 3MOTY MiATPUMYBAaTH 3HA4YHI HABAaHTAKEHHS IPH MiHIMaJIbHUX
nedopMarisax i3 HU3bKOI JUHAMIYHOKO JKOPCTKICTIO Y TIEBHOMY aiamna3oHi nepemimens [9,10,11]. Taka
TIOBE/IiHKA JIOCSTAEThCS 3aBISKHU ITO€HAHHIO TIO3UTUBHOTO €JIEMEHTA KOPCTKOCTI (HAPHUKIIAI, 3BHYaliHOT
MPYXKUHH) 3 €IEMEHTOM BiJl'€MHOI JKOPCTKOCTi, YBIMKHECHUMH TapaiesibHO. EleMeHTH, 10 CTBOPIOIOTH
BiJ'€eMHY JKOPCTKICTb, MOXKYTh OyTH IpEACTaBIICHI IONEPEAHB0 BUTHYTUMH Oankamu [12,13], MarHiTHUMU
BimmroBXxyBadamu [14] abo crierianbHIMH TeOMETPUYHUME (DOpMaMH, TAKIMH SIK KPUBOJIIHIITHI OasTKu 9n
apku [15,16]. Tlpuniun poOoTH Oa3yeTbcs Ha JOCATHEHHI MUISHKK IUIAaTO Ha Tpadiky «cHia—
nepemimenss» (3ona KHXX), ne BigHOBIIOBaNbHA CHila 3aIMIIAE€THCS MaliKe CTAIO0 MOMPHU 301TBIICHHS
nepeMimieHHs. Lle mMpU3BOIUTH 10 3HMKEHHS BIACHOI YaCTOTH CHUCTEMH, PO3IIUPIOIOYN e(PEKTUBHHI
Jiama3oH 13011111 BiOparliil 10 HIKYHAX 9acTOT, HiXK 1€ MOXKIIMBO Y JTIHIMHUX 130JIATOpaXx i3 eKBiBaJIEHTHOIO
CTaTHMYHOIO KopcTKicTo [17,18,11].
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OctaHnHi AOCTiKEeHHS BIOPOi30IATOPIiB Ha OCHOBI KBa3iHyboBOI xxopcTkocTi (KHXX) oxommooTs
pi3Hi Tamy3i, 30Kpema MNpenu3idHi BuUMiptoBaibHi mpmiaaud [19, 11], 3axucT aBialliifHUX KOPUCHUX
HaBaHTaXxeHb [9, 20], ceficMiuHy 1307110 YyTIUBUX KOHCTpYKUil [13] Ta onTryni ycranoBku [21, 22].
Cepen Ttakux poOiT cmif BimzHauuTH [23], y SKid pO3IJISIHYTO MAcHBHI €IEMEHTH 3 KBa3iHYJIbOBOIO
JKOPCTKICTIO HAa OCHOBI KOMIIO3MTHUX MarepiaiB. Pe3ynbTaTu 1[bOro IOCHIIHKEHHS € PEeJICBAaHTHUMHU Ta
BpaxoBaHi IiJ] Yac po3poOKH CHCTEMH, ITPEICTABICHOI y AaHii poOoTi. Y cdepi poOOTOTEXHIKM iHTErpallis
koHCTpyKLUiit 3 KHXX 3anumaerscst HEMOCTaTHBO OCIHIIKEHOI, OCOOJIHMBO Ul MalIMX 1 €HEPreTHYHO
00MEXEHMX Ha3eMHUX pOOOTIB. Y 3B’S3Ky 3 IIMM CTBOPEHHS KOMIIAKTHHUX, JETKHX 1 €KOHOMIYHHX
BIOpOI3OISMIHHUX TUIaTHOPM, aJaNTOBAHUX JUIsI MOOLIBHHUX POOOTIB THITy «POBEP», € aKTYyaJIbHOI
HAaYKOBO-TIPHKJIA/THOIO 3a/1aUCHO.

Merta Ta 3aBIaHHS AOCTITKEHHS

Mertoro 1aHoi poOOTH € po3p0oOKa KOHIIENITYILHOI MOJIeNi MOOUILHOTO POBepa 3 IHTETPOBAHUMH Y
fioro maci BiOpOi30JII0I0YMMH €JIEMEHTaMH Ha OCHOBI HMPMHLMITY KBa3iHynboBoi xopctkocti (KHX), a
TaKOX TPOBEICHHS YHUCEIBHOTO Ta EKCIIEPUMEHTAIBHOIO JOCIIDKEHHS Ui Bajijaimii oTpHMaHuX
pe3ynabraTiB. Jis IOCTiIPKEHHST BIACTHBOCTEH KBa3iHYJIBOBOI JKOPCTKOCTI Ta OLIHKH XapaKTEPHCTHK
BiOpoi3ossmii Oynu  MpoBeleHI eKCIepUMEHTANbHI  JIOCHIKEHHs (TIOKPOKOBE HAaBaHTAXKEHHS Ta
BUMIpPIOBaHHS MEpEMIiIlleHb) 1 YMCeNbHE MOAETIOBAHHS (CTaTUYHUM aHali3), a TAKOXX BUTOTOBJICHHS Ta
eKCIIEpUMEHTAJIbHA TepeBipKa BIOPOI30JALINHOI mIaTGopMu, IHTEIPOBAHOI y IIaci poBepa. Y Mexkax
pobotu nependaueno creoperns CAD-Momeni poBepa, BATOTOBICHH Horo nertaineit MmetoaoM 3D-npyky
Ta MPOBEACHHS CTATUYHOTO EKCIIEPUMEHTY 3 TIOCTYIIOBUM HaBaHTKEHHSM JUJIS ITIITBEPDKEHHS HassBHOCTI
TUIATO KBa31HYJIbOBOI JKOPCTKOCTI, BUSIBJIICHOTO ITiJI 4ac YHCEILHOTO aHai3y.

Buxiiag ocHOBHOro MaTepiaJy.

Konnentyansna po3podka. PoBep ckimamaerbcs 3 miaci, BUKOHAHOTO y (opMi KOPCTKOL
KOpoOUacToi pamu, y SKiii pO3MILIEHO MPUBOHI ABUTYHH Ta akymyistopH. l1laci cimpaerscst Ha 4OTUPH
KoJieca, 3aKpillIeHi 1Mo KyTaX KOHCTpyKiii. Ha BepxHiil moBepxHi 1maci, B3JIOBXK HOro JOBIIMX CTODIH,
po3tamoBano yotupu npyxkHi (KHXK) enemeHTH, BCTaHOBJICHI IONMApHO OJWH HABIPOTH oxHoro. Ha
pUcyHKY 1 moOKa3aHO cxeMaTHYHE KOMIIOHYBaHHS poBepa 3 BiOpoizonsmiiHO0 maThopMoro, ae
MO3HAYCHO KOJIeca, MIAcCi, MPYKHi eJIEMEHTH B IMiICHITIOBAIBHUX paMax i BEPXHIO IIOIMIAKY JUII KOPUCHOTO
HABAHTAXKCHHS.

Puc. 1. KonnentyajibHa MoJeJib MOOLIbHOTO poBepa: 1) BepxHa miomaaka, 2) maci, 3)
Ko0JIeco, 4) ’KopcTKa Kopoduyacrta pama, 5) KHIK BidpoizonsaTop, 6) mincuiaoBaasHa pama

KoskeH mpy>kHUMIA eJeMeHT NMpH3HAYCHUH JITsl peaiizamii eekTy KBa3iHyJIbOBOT KOPCTKOCTI. s
MiIBUIICHHS. CTAOUTFHOCTI Ta 3armo0iraHHs HaIMipHUM JedopMallisM IiJ HABAHTAKCHHSM IIi CJICMCHTU
BCTaHOBJICH] Y >KOPCTKi apMyBasibHI paMkH. J[aHi 13075TOpH HECYTh BEpXHIO (DYyHKLIOHATBHY MIaTdopMy,
SKa CIYr'ye IOBEPXHEIO IS KPIIUICHHS KOPUCHOTO HABAaHTAXEHHSA. Y IIEHTPI BEpxHBOI IuiaTdopmu
nepeadadyeHo Kpyriay IUIACTHHY JUIS PO3MILICHHS JOJATKOBHX BAaHTaXiB, IO JO3BOJISIE NEPEBOIUTH
cucteMy B pobOody 30HY KBa3iHYJIbOBOI J>KOPCTKOCTI HUISXOM 3MIIIEHHS XapaKTEPUCTUKH «CHJa—
MEPEeMILIEHHS» Y AUISHKY TUIaTO.

InTerpauiss BiOpoizoasimiiinoi nuardopmu y maci posepa. Bibpoizonsmiiina mnatdopma
MEXaHIYHO IHTerpoBaHa 3 IIaci poBepa UIISIXOM J>KOPCTKOTO KpIIJICHHS apMyBaJbHHX PaMOK
Oe3mocepeTHbO 10 BepXHHOI MaHeni 0a3oBoi koHcTpykmii. [le 3a0esnedye HeoOXimHE BUPIBHIOBAHHSI

NPYKHUX €JIEMEHTIB MiJl 4ac poOOTH Ta 3armo0lirae ix 3MilEHHIO.
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Bepxus ¢yHkiioHanbpHa TaTgopMa BCTAHOBICHA HA YOTHPHOX €IEMEHTax, (OPMYIOUU CTIHKY
OTIOPHY CHCTEMY, 130JIbOBaHY BiJl BiOpaIlii.

KoprcHe HaBaHTaXeHHs, Maca SKOTO IEPEBOJHMTh CHCTEMY B pPO0OOYYy 30HY KBa3iHyJIbOBOI
JKOPCTKOCTI, pO3TAILIOBYETHCS B LICHTPI BepXHBOT Iutathopmu. Take po3MilieHHs 3a0e31Medye CHMETPHIHE
HABaHTa)XCHHS Ta PIBHOMIpHHN pO3MOAil edekTy BiOpoizoisimii. MoaynbHa KOHCTPYKIIiSL JTO3BOJISE
3MIHIOBAaTH 200 PETYJIFOBATH MAaCy KOPMCHOTO HABAHTAXKEHHS 0e3 Monubikallii 6a30BOro MexaHizmy.

Puc. 2. CAD-36ipka poBepa 3 yka3aHHSIM NPUHIMIY KpinyeHHs: 1) BiopoizoasTop B
JKOPCTKIil pami, 2):kopcTKa pama, 3) micue kpinjienss mig 6oar M3.

[ToBHa TprBEMIipHA MOJIEIH POBEpa Ta BiOpOi30IsIiitHOT utaTdopmu (prucyHOK 1) Oyna po3pobieHa
B CAD-cucremi ta imnoprosana B CAE-makeT 11l OJANBIIOrO aHaizy.

OOrpyuryBanHss BuOOpY MmartepianiB. [lis BUTOTOBIIGHHS TPY)XKHUX €JEMEHTIB CHUCTEMHU
(ememenTtiB KHXX) Oyno o6pano tepmorutactiunmii moniyperan (TITY). Ileit maTepian Mae 31aTHICTD J10
3HAYHUX MPYKHUX Jeopmallili, mo 3abe3neuye peanizaiilo HeMiHIHHOT XapaKTePUCTHKH JKOPCTKOCTI, Ta
BUKOPHUCTOBYETHCS B aJUTHBHOMY BUPOOHMLTBI MeTogoM FDM, ockinbKu 11t cTBOpeHHS (pi3MYHOT Moeni
poBepa 3acTOCOBYETBCS came ISl TeXHoJoTis. KOHCTpyKIiiHI KOMIIOHEHTH (KOPITyC, KpIiIUICHHS,
apMyBaJIbHI paMKH) BUTOTOBJCHI 3 nojieTwieHTepedTanatriaikomto (ITETT). Lieit marepiai Mae BUCOKY
MIIHICTb, KOPCTKICTh, IO € HEOOXiAHWM AJisi 3a0e3MedYeHHs] TOYHOI reoMeTpii Hecydoi KOHCTPYKII.
dizuko-mexaniyni BractuBocti Matepianis TIIY, IIETI ta ctani BuKopucTaHUX y KOHCTPYKLIi HagaHi y
Tabmuax 1 ta 2.

Puc. 3. Matepiaiau konctpykuii (uepBonuii-IIETT, yopumii- cranp, 3enennii-TITY)

Tabn. 1
BaacTuBocTi matepiaiis
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Marpian I'yctuna (kr/m®) Mopnyns Onra (MIla) Koediuient [Tyaccona
TIY 1180 21 0,48
[ETT 1270 2100 0,38
Cranp 7850 200000 0,3
Tabn. 2
00’emua peaakcauisa TITY
IHnekc i Binaocuuit Mmomyib(i) Yac penakcartii(i) (S)
1 0,3097 110,85
2 0,15 1068,1

Yucjienni po3paxyHku. [ Bu3HaueHHs Mpane3JaTHOCTI KOHIENTyallbHOI MOJeNi poBepa Oyio
MPOBEIEHO CTAaTHYHUM aHami3 i3 MOCTYNOBHMM TNPHUKJIAIAHHSAM HAaBaHTAXEHHS Ha Iuathopmy. s
YUCENBHOTO aHaJli3y BUKOPHUCTOBYBaBCS MeTon ckiHdeHHHX eneMmeHntiB (MCE). lns mporo Oyio
nobynosaHo CE-ciTky, mo cknaganacs 3 238 613 enemeHtiB (po3Mmip enemeHTa ctaHOBUB 1,5 Mm). Byno
MPOBEIEHO aHaJli3 CITKOBOI CXOIUMOCTI, 1 po3Mip eneMeHTa 00paHo TOJi, KOJIM BU3HAYEeHA MOXHOKa Oyna
MeHme 5%.

Puc. 4. Ckinuenno-ejsemenTHa citka posepa 3 KHK-nuiiatgopmoro (po3mip eaementis 1,5 mm).

JLst mocTipKeH s TOBEAIHKY CHCTEMH B 30H1 KBa31HYJILOBOT JKOPCTKOCTI 0yJI0 BHKOHAHO CTATHIHUI
aHaIi3 y TBOX MIOCTAaHOBKAX.

Ha nuckomoaiOHy AiNSHKY BEpXHBOI IIATPOPMHU NMPUKIAJANOCS PIBHOMIPHO PO3MOIIIEHHH THUCK
HaBaHTakeHHs (MakcumansHui TUcK —893,8 [la 3 kpokoMm B 44,7 Ila). Ha koxxHoMy Kpomi ¢ikcyBaiocs
BEpTUKAJIbGHE TIEPEMIIICHHS BEpXHbOi ImiaThopmu. OTpuMaHa 3aleKHICTh TEpEeMINMEHHA—THCK"
JEMOHCTpYBaia AUIHKY Pi3KOro 30UIbIICHHA MEpeMIlCHHS NpW HEe3HA4YHild 3MiHI HABAaHTXEHHS, LI0
ineHTr(iKyBajIo MOYaTOK 30HH KBa3iHYJIbOBOI >KOPCTKOCTI (PUCYHOK 5a).

Jns mpsIMOTO MiATBEPKEHHS eeKTy KBa3iHyJIbOBOI JKOPCTKOCTI OyB BUKOHAHHH PO3PAaXyHOK, /1€
JI0 BEPXHBOI IUIATPOPMHU MPHUKIANATOCS IOCTYIIOBE BEPTHKAIBHE TMepeMillleHHS (MaKCUMalbHe
nepemimieHss — 15,5 mm 3 kpokom B 0,31 Mm). OTpumana KpuBa "cuiia—TiepeMilieHHs " MiCTHIA TUITHKY 3
Maibke MOCTIHHMM 3HAYEHHSM CHJIM, 10 MiATBEP/DKYBAJO HASBHICTh IJIATO — XapaKTEPUCTUKH, SKa
CBIJIYUTH MPO KBa3iHYJIbOBY TUHAMIYHY JKOPCTKICTh y IIbOMY Jliana3oHi nepemimenb. OIiHKa MIITHOCTI
KOHCTPYKLIi MOKa3ajia, 10 MaKCUMaJlbHI €KBIBaJICHTHI HANpYyKCHHS, OTPUMaHi B PI3HUX €JeMEHTax
KOHCTPYKIIii (BiOpoizomsarop — 4,87 Muna, xoneco — 1,23 Mna) He nepeBUITYIOTH BiAMOBITHI MEXi MIITHOCTI
(3amac MIIHOCTI JIs eeMeHTa BiOpoizossTopa — 4,3, 3amac MilHOCTI A1 koJyieca 1707.3).

ExcnepumenTanbHe pociaigaenHs. s Bamigamii 4YMCENbHHX PO3PAaXyHKIB Ta NepeBipKU
MPale3aaTHOCTI KOHCTPYKLIi poBepa HOro Oysi0 HAAPYKOBAHO 3a JOMOMOTOI0 TEXHOJOTii aAUTHUBHOTO
BUPOOHUIITBA Ta MPOBEICHO CTATHYHI BUIIPOOYBAHHS Ha CTHCK.

TexHoJIOTiYHMI Tpolec BUTOTOBJEHHS. YCi CTPYKTypHI YaCTHHH pOBEpa: KOPITYC, KPITUICHHS
Koutic, koseca i onopHi pamku 11t KHX-nipyxun (pucynok 1) Oynu Burotosieni meronom 3D-npyky 3 i3
marepiany [IETT i3 BukopucrannsiM coruia giamerpom 0,4 MM i Bucotu mapy 0,2 MM Ha npuaTepi FDM.
BuxopucroByBamucs Tumnosi nmapamerpu Apyky s [IETI, mo 3abe3medmio HEOOXiAHY KOPCTKICTH i

© O. 0. Jlapin, K. €. Illomonanvcoka, A. O. 3yes, H A. Bacunvuenxo
44



Miocsysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jlyyok, 2025, No84

touHicTh reoMeTpii. KHXK-enementu (pucynok 1) Oynu Haapykosasi 3 TITY 40/ i3 BUKOpHUCTaHHSIM COILIA
nmiametpom 0,4 MM i BucoTH 11apy 0,2 MM.
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Puc. 5. a) BepTUKaJIbHE NepeMillleHHs MIaT(OPMH 3a/1€KHO Bil IPUKIAAEHOr0 THCKY, 110
JNeMOHCTPYE nocrynose nepemimients (1), 3ony KHK (2) Ta Buxin i3 30nu (3) (Tuck
nepepaxoBaHuii B eKBiBaJIeHTHI 3HAYEHHS PeaTbHOI0 BAHTAXKY); 0) KpUBa peaKkuiiiHOI CHIIN
3aJIeKHO Bill mepeMillleHHs], 10 1eMOHCTPYE 30ibInenHs peakuii (1), xiisnky KHIK (2) Ta Buxin i3
uie€i 30Hu (3).

Puc. 6. Po3[1py1<013aﬂ171 poe miJ yac TecTiB: Kopyc i3 METT i KH)K-eaementn 3 TITY

MeToauka mpoBeleHHs eKcrepuMeHTy. PoBep po3MinryBaBcs Ha >KOPCTKiH TOPHU3OHTAIBHIM
MMOBEPXHi, IMCJIS YO0 Ha AMCKOIOAI0HY BEPXHIO IJIACTHHY, PO3TALIOBAHY B LIEHTPI IJIATQOPMH, IIOCTYIIOBO
BCTAHORBJIIOBAIM HaBaHTaKeHHs. HaBaHTakeHHs 301IbIITYBATIOCS MTOKPOKOBO 3 KpokoMm 0,5 Kr, a BiAMOBITHI
BEPTHKAJIbHI IEpPEeMIilllcHHS (hIKCYBaJIMCsA 3a JOMOMOIOK) KOHTAKTHOTO JaT4MKa IIEPEMIIICHb,
BCTAHOBJICHOT'O TIOPYY i3 miatdopmoro. [lodaTkoBe MOJI0KEHHS BEPXHBOI IUTACTHHU 0€3 HAaBaHTaKCHHS

npuiiManocs 3a HyJIbOBUI PiBEHb.

a) 0)
Puc. 7. ExcnepuMeHTATbHA YCTAHOBKA: a) MIPOTOTHI POBepa, HABaHTaKyBaIbHi Baru (1) Ta
JATYHK BUMIpIOBaHHs nmepemimierHs (2); 6) BiopoizonsaTop i3 apMyrunm Kapkacom
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VY mporeci HaBaHTaXEHHS TUIATPOpMa TTOCTYIOBO JedhopMyBanacs, JOKH HE JOCSTIa KPUTHIHOTO
HaBaHTaKEHHSI, ICIISA IKOTO BimOyBaBCs pi3kuii criaa—TpoBan (pUCYHOK 8), a He ITUIaBHA JiNIAHKA IIIaTo.
Le mepeMilieHHs 03HaYa€ BXiJ CHCTEMH B 30HY HETATHBHOI JKOPCTKOCTI, XapakTepHy A cTpykTyp KHXX
[23], moOynoBaHuX Ha OCHOBI HONEPEIHHO CTHCHEHHUX EITAaCTUYHUX CJICMEHTIB.

OTpuMaHa B eKCIIEPUMEHTAX 3aJISKHICTD “TIepeMIIeHHsI-HaBaHTKCHHS~ TI0Ka3ajia TP XapaKTepHi

IUIAHKH:
e JlimiiiHa 007acTh >KOPCTKOCTI: ITOCTYIIOBE, MaikKe MPOMOPIliHHE 30UIBIICHHS MEePEeMINICHHS 31
3pOCTaHHSM HaBaHTaKeHHs (Ha pucyHky 8 (1) B mianmaszoni 0-2kr).
e OO0sacTh HECTIMKOCTI (ITPOBaTy): pi3Ke 301JIBIICHHS MEPEMILICHHS MPH JOCITHEHHI KPUTHYHOTO
HaBaHTa)KEHHS, 110 BiamoBigae BxomkeHHio B 300y KHXX (ma pucynky 8 (2) B obmacTi 2 kr).
e [licnanpoBaiibHa 00JIaCTh: MOJAIIBILE 3POCTAHHS JKOPCTKOCTI IMTPU TTOBHOMY CTHCKaHHI €JIEMCHTIB
(na pucyHnky 8 (3) micis 2 kr).

0.00 —8— CHMyNALiA
" W PeanbHuil TecT
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d
=
3

Ha
-10.00
||
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14,00 ] -
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Puc. 8. EkcniepuMeHTaJIbHA KPHBaA “NiepeMillieHH—HABAHTAMKEHHS”, 1110 JIEMOHCTPY€E pi3Kuii
NMPoBaJl, NOB’si3aHuii i3 mepexoaom 10 30uu KHK.

Ha pucynky 8 MoxkHa moOaunTH HeliHiiHa TOBEdiHKA, $Ka BIATBOPIOETBCS SIK B
EKCTICPUMEHTAIIbHOMY TaK 1 B YHCEJIBHOMY JIOCHIDKEHHI. 3a pe3ylbTaTaMH eKCIePHUMEHTAIHHOTO
JOCHI/DKEHHS TbOBE HaBaHTakeHHS a7t pocsarHHa 3oHM KHIK y mexi 2-2,5 xr , a B yHCenbHOMY
MonenmtoBaHHi — 1.9-2.3 kr. TakuMm YWMHOM, BIAXWICHHS MiX EKCICPUMCHTAIbHHUMH Ta YHUCEITHHUMU
pe3yibTaTtamu ckianae 8-12 BificoTkiB. Po301KHOCTI B aOCOMIOTHUX 3HAYCHHSX TIEPEMILIICHh MOXKYTh OyTH
00yMOBIIEHI TEXHOJIOTTYHUMH (PaKTOPaMH, TAKUMH SIK aHI30TPOIIisi MEXaHIYHUX BIIACTHBOCTEH Marepiary
TITY, oTpuMaHuX B IIPOIIECi aANTUBHOTO BUPOOHUIITBA.

[ToBeninka BiOPOI30JISATOPIB B €KCIIEPUMEHTAILHOMY JTOCIIKEHH] (PUCYHOK 9 a) TaK0XK BUSBHJIACS
CXOYKOI0 3 YHUCEIBbHUM JTOCIIKEHHAM (PUCYHOK 9 0).

Puc. 9. a) nedpopmanin KHIK-enemenTin i3 TIIY i panToBe onyckanHs BepXHBOi muiaTdopmu
nia yac nepexoay no 3ouu KHIK; 6) nedopmoBanmii cran miatgopMu HAa MOMEHTI BUXOAY 3 30HH
KHX

O6roBopenns. ExcriepuMeHTallbHI pe3yinbTaTH TOKa3alld BUCOKHU DPIiBEHb 30iry 3 YHCEIHHUM
MojemoBaHHAM. KpuTHaHe HaBaHTaKEHHSI, 10 BiATIOBIIaJI0 MOMEHTY IIPOBaJTy, CITIBIIaAa€ 31 3HAUCHHSM,
OTPHMaHUM y CTAaTHYHOMY aHai3i 3 BiAmoBigHOO MoxuoOkoro (8-12%). B 060x Bumagkax (eKCIIEpUMEHT
Ta YKCeIbHEe MOJICIIOBAHHS) YiTKO MPOCITiIKOBY€EThHCS HElliHIHA TIOBE/[IHKA, 1110 IPUTAMAaHHY CHCTEMaM 3
KHX. Touka npoBaiy Ha eKCIIepUMEHTANIbHIHM KPHBii 3’ IBUIAcs Maike IIPU TOMY CaMOMY HaBaHTaXEHH,
0 ¥ y YHCEeNbHIN MOJEI, [0 MIATBEPIKY€E KOPEKTHICTH MOJEMIOBaHHS (TIprUOIM3HO 8 %).
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OTrpumaHi pO3ODKHOCTI y BEIWYMHAX TMEPEMINIEHh MOXYTh OyTH TIOSCHEHI BapiallisiMu
BractuBocTeit TIIY Ta HeJOCKOHANICTIO MIKITIAPOBOTO 3USIVICHHS B IPOIIECi aAUTHBHOTO BUPOOHHIITRA.

3arajioM Y3ro[pKEHHS YHCEIbHUX 1 €KCIIEPUMEHTAIbHUX Pe3yJbTaTiB MiATBEPIKY€E pealtizaliio
MeXaHi3My KBa3iHyJbOBOI JKOPCTKOCTI y CTBOpEHiH miuatdopmi posepa.

BucnoBku

Y nmaHii po6oTi Oynmo po3poOJieHO, BHUTOTOBJICHO Ta IOCIHIHKEHO ITACHBHY BiOpPOI30MIAIIHY
mwiatdopmy 3 edexrom kBasziHynboBoi xopctkocti (KHIK), iHTerpoBaHy B KOHCTPYKLiI0 MOOUTBHOTO
posepa. ExcriepruMeHTanbHi Ta YUCENbHI TOCIIHKEHHS T ATBEP AN OCHOBHI IPUHIIAIIA POOOTH CHCTEMHU.
Pe3ynmbraTti cTaTHUYHMX BUMPOOYBaHb IMPOIESMOHCTPYBAIN XapaKTepHY HEIIHIMHY TOBEMIHKY 3 YITKO
BUPAXCHOIO AUISHKOIO pi3Koro 30inmbiieHHs aedopmanii («IpoBayly») NpPH AOCSTHEHHI KPUTHYHOTO
HaBaHTaXeHHS. KilouyoBMMHM  mepeBaramy  3ampoONOHOBaHOi  KOHCTPYKLii € MacHUBHUH  Ta
SHEPTOHE3aJISKHUN TPUHIIUIT POOOTH, a TAKOXK TEXHOJOTIYHICTH BUTOTOBJICHHS 3a J0moMorow FDM-
JPYKY 13 3acTocyBaHHAM HocTynHUX nojimepHux martepiani (IIETT mis necyunx enementis ta TITY ans
NPY)KHUX KOMIOHEHTiB). [lepcriekTMBM NOAANbIIMX JOCHIKEHb BKJIIOYAIOTH ONTHMI3alilo (popMu
MPYKHUX EJIEMEHTIB, MIPOBEACHHS TUHAMIYHUX BHIIPOOYBaHb Ta MOKJIMBICTh CTBOPEHHS KOMOIHOBAaHHMX
MACHBHO-aKTUBHHUX CHUCTEM JIJISl MiIBUILCHHS aIAITHBHOCTI.

Hoasika: Lle HaykoBe gociiIKeHHS 0YII0 MiATPUMAHO Ta YaCTKOBO (piHaHCYyBasoch HamioHansHUM
donnom nocmimkenp Ykpaiau (HOAY rpant: 2023.03/0255): Bibpauiitauii 3aX1CT NPUCTPOIB, allapaTypH,
BaHTaXXIB Ta JIFOJICH BiJl JMHAMIYHHMX BILIMBIB B HaI3BHUAHMX YMOBaX Ha OCHOBI JOCITIIPKESHHSI HEJIIHIHHIX
KOJIMBAaHb CUCTEM CKJIQJHOI CTPYKTYPH 3 KEPOBAHUMH 1 HACUBHUMH €JIEMEHTaMH.
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CTPYKTYPA OIIHIOBAHHS XAPAKTEPUCTUK MAIIIMH ABTOMATHUYHOI
NOJAYI IMTPYTKOBUX 3AT'OTOBOK B TOKAPHI BEPCTATHU

3anpononoeano KOMRAKMHY CHMPYKmMYpY 02140y OCHOBHUX XAPAKMEPUCMUK MAWUH AGMOMAMUYHOI noOayi
00620MIpHUX NPYMKOGUX 3A20MOBOK, W40 CHPUAE RIOBUWEHHIO eheKmUeHOCIMI RPUTHAMMSA Pilient 011a IX eubopy nio 3adani
oomedxcenns eupoonuymea. Ompumana CmpyKmypa Micmums 4omupu 0CHOGHI inghopmauinni 610Ku, 0e CUCIeMaAmu3yEcmycs
ingpopmauin, w0 onucye: nepeeazu i hakmopu eubopy, munu cucmem, KOHQicypauii 3a 008)1cuUHOI0 NPYMKA, MEXHO102i]
nooaui ma inmezpayin 3 eepcmamom. Pospooneno nocniooenicme Kpokie i ouinioeanvHy (yuxuyiro npuoammuocmi S 01s
36A2CY6AHHA E€KOHOMIUHOT eghekmuenocmi, cymicHocmi mamepianie, zeomempuynux eumoz i iHmezpayiliHux pu3ukie.
Ompumani pezyiomamu € 0CHO80I0 CHEOPEHHA NPAKMUYHOZ0 WAOIOHY Ona (opmanizayii ma cmanoapmu3ayii uoopy
MauwiuHn nooayi RPYmMKa 6 ymoeax cepiitHozo eupooHuymaea.

Knrwuogi cnoea: npooykxmuericms, HadilHicms, MOYHICMb 00POOKU PI3AHHAM, MOOETI0B8ANHSA, CUCMEMHT 3AKOHOMIPHOCMI,
iHghopmayitina cucmema, onmumizayis, PLM xouyenyis, posmipu 3aeomoexu, OUHAMIYHA cucmema, a0anmueHda cucmemd,
mexnonociunull 30ill, NPOeHO3YEAHHS.

D.V. Yaniuk

STRUCTURE FOR EVALUATING THE CHARACTERISTICS OF MACHINES FOR
AUTOMATIC FEEDING OF BAR BLANKS IN A LATHE

A compact structure for reviewing the main characteristics of machines for automatic feeding of long bar stock is
proposed, which contributes to improving the efficiency of decision-making for their selection under given production
constraints. The resulting structure contains four main information blocks, which systematise information describing:
advantages and selection factors, types of systems, configurations by bar length, feeding technologies and integration with the
machine. A sequence of steps and an evaluation function S for weighing economic efficiency, material compatibility, geometric
requirements, and integration risks have been developed. The results obtained form the basis for creating a practical template
for formalising and standardising the selection of bar feeding machines in serial production.

Keywords: productivity, reliability, maching accuracy, modeling, system regularities, information system, optimization,
PLM concept, workpiece dimensions, dynamic system, adaptive system, technological failure, forecasting.

IHocTanoBka npodiaemu.

[Ipu mocTiiiHO HAPOCTAIOUMX TEMITaX aBTOMAaTH3aIlii BUPOOHHUIITB Ta BUITMCKY HOBOTO OOJIaHAHHS
CTae jAedalli Bakue NMPUHAMATH PIlIEHHS CTOCOBHO MOKPALICHb MPOMHUCIOBOI 30HHU. 3HAYHHUI BiICOTOK
PHHKY 3aiiMaloTh aBTOMaTH30BaHi TOKapHO-00pOOH1 LIEHTPH, TOMY MiABHIICHHS IXHBOI IPOJYKTUBHOCTI €
aKTyaJIbHOIO TEMATHKOI0. MalIiHu 711 aBTOMAaTHYHOI 1T0/[a4i MPYTKOBHX 3arOTOBOK 3HAYHO MiABUIIYIOTh
MIPOIYKTUBHICTh BEPCTATHOTO KOMILIEKCY, HATOMICTh, 3MCHINYIOTh BUIBHY IUIONIY B TMPHUMIIICHHI Ta
notpedytoTs 00cayroByBanHs. Ha punky npeacrasieHo 6arato BUAIB 3aBaHTaKyBadiB MPYTKIB 3 Pi3HUMHU
OCOOJIMBOCTSIMH Ta BUMOTAaMH III0JI0 BCTAHOBJIICHHS Ta eKCIDTyartaiii. Yepe3 HeMOXIIHBICTh TOBHOIIIHHOTO
aHaJIi3y BCiX ()aKTOPIB JOBOAUTHCS MPUHAMATH PILICHHS B yMOBaX 4aCTKOBOI HEBH3HAYEHOCTI, 1[0 MOXKE
MPU3BECTH 1O Hee(DeKTUBHOI BUTPATH KOIITIB.

AHaJIi3 OCTAHHIX JOCTIKeHb 1 myOaikami

ABTOpH H0CTiImKeHHs [1] po3riIsHyIM METOIM aBTOMATH3aIlil BUPOOHMIITBA 3a PaXYHOK IHTErparii
BUPOOHMYHMX JiHIH Ta poOOTiB-MaHIMyIATOPIB, OTHAK BOHH HE PO3PAaxXOBYBAJIH €KOHOMIUHY JOUIJIbHICTh
mozepHizanii. Y [2] po3risHynIM €KOHOMiYHY JOLUIBHICTE aBTOMAaTHYHOI TOAa4i 3a JIOIMOMOTOI0
[MHEBMATUYHOTO 3aBaHTa)KyBaHHS, OJHAK HE PO3IJIAAANd IHII METOMU Iojadvi 3aroToBok. [IpoGiemu
iHTerpalii MPYTKOBUX 3aBaHTAXYBadiB i3 TOKAPHUMH BepCTaTaAMH MOXYTh OyTH TIIOB’SI3aHUMH 3
HPHBOIAMH 1X 3aTUCKHUX MEXaHi3MiB, 0 po3risiHyTo y [3]. st yHuKHeHHs Takux npobiem [punansHuit
b. I. onucaB HOBHit 3aTUCKHUI TIPHCTPii [4], 1110 [OTIOMOKE 301TBIIUTH TPOXiTHUAHN AiaMeTp y IIMTHHACII
Ta MOKPAIIUTh CKOHOMIYHI MOKA3HUKH 3a PaXyHOK IIiIBUIIICHHIO aBTOMaTn3allii. EKOHOMIYHI MOKa3HUKH
IUIsL PO3paxyHKY IHBECTHUIIIH Y MOAEPHI3aLiI0 METa000pOOHUX BUPOOHHIITB JOCIIKYBanu y crarti [5].
Jnst epekTuBHOTO 300py, 0OpOOKH Ta OOMiHY JaHMMH aBTOPH CTATTi [6] mpomoHyBamu iHTErpariro
CHCTEMH aBTOMAaTHU30BaHe TUIaHyBaHHs TexHoJoriuHux npoueciB CAPP y metanoobpoOHe BUpOOHUITBO,
IO J03BOJIUTH MOKPAIIUTH MPOAYKTUBHICTH Ta SIKICTh MPOAYKIIii, ane cepea GakTopiB MOKpAIICHHS He
OyJI0 PO3IIITHYTO MOXIIMBICTh aBTOMAaTH3allli BUOOPY OOJIaTHAHHS.

IcHyroui mparii He MicTATh iH(OpMaIlii MO0 MAXOAIB 0 CUCTEMATH30BAHOTO (hOPMaIi30BaHOTO
BHOOpY MAalllMH aBTOMAaTHYHOI TO/Aa4l JIOBFOMIpHUX TPYTKIB sl (OpMyBaHHS 3arOTOBOK B TOKapHHX
BepCTaTax SKi MPALIOITh B aBTOMAaTHYHOMY pexuMi. TOOTO BHpiLIeHHS NpoOiemu, 10 IMOB’s3aHa 3
CHUCTEMAaTH3aIli€l0 MiAXOMy 0 BHOOPY MAIIMH IOo/adi mpyTKa TUIy Oapdimep 3 ypaxyBaHHAM BapTOCTI,
TaKTy, FeOMETpil MpyTKa, piBHI aBTOMATU3allil i IHTETpallii 3 BEPCTAaTOM € aKTyaJIbHUM 3aBAaHHAM. [[iis
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IIBOTO TIOTPIOHO CTaHTAPTH3YBATH TPOIEC BiAOOPY Yy BHIJISAI YITKOI ITOCHIIOBHOCTI KpPOKIB 1 €THHOL
METPHUKH MIPUAATHOCTI.

Mera i 3apaui

Merta: copMyBaTi CTPYKTYpOBaHMH MiAXiJ 1 MiHIMAlnbHYy METPHKY sl BUOopy Oapdizepa min
KOHKPETHI YMOBH BUPOOHUIITBA.

JJis NOCATHEHHST METH HeOOX1THO BUKOHATH HACTYITHI 3a/1a4i:

- OMHCaTH BapiaHTH CHCTeM 1 KOH(]irypauiii Ha OCHOBI SIKMX MOOYIOBaHI MAaIIMHU HOAayi

MPYTKOBOTO MaTepiany.

- copMyBaTH Ta 33JaTH JIOTIKY ITOCIIIOBHOCTI IPUNAHSTTS pilICHHS

- HOpMaJli3yBaTW KPHUTEpii, 110 ONMUCYIOTh MAlIMHU NOAa4yi NpyTKa Ta BBECTU HNPUHIMIU

(hopMyBaHHS BiAOBIAHUX METPHK LIS BiJOOpa)KEHHS y3arajlbHEHOT XapaKTepUCTUKU.

OcHoBHa MeTOANKA

Bxioni oani.

Jnist moyaTKy MPOBEACHHS OLIHKM MPOIOHYEThCs (opMallizyBaTH BCi BXiZHI HapaMmeTpu BHOOPY
Oapdinepa. Lle mactb MOXJIMBICTH (pOpMyBaTH TOYHI AeQiHIIl, OJUHUII, TUIIOBI Jdialla30HU, BILUIMB Ha
METPUKY TPUAATHOCTI S, MepeBipku 3aidcHeHHOCTI. OJHUMH 3 TOJOBHHUX € MpoQile MapTii, miamerp
3aroTOBOK, 1X (hopma, JTOBKHMHA, TOCTYIHHUI MPOCTip, MapamMeTpu IIMUHACTS SK YaCTUHU KaHy HOjadi,
OaxaHuii piBeHb aBTOMaTH3alli1, BUTpaTH Ha inTerpamnito (CAPEX), Oromker (tabs. 1). AHaumi3 UX JaHUX
JIO3BOJIUTH 3IHCHUTH aJICKBATHY MMapaMeTpU3allito 3aaadyi, GpuIbTpalii 3a BU3HAUCHUMH OOMEKCHHSIMHU,
HOpMaJTizallist y CyOOIliHKH, arperyBaHHs B 3araJbHUN MMOKAa3HUK S 3 MPO30PUMH BaraMu JUIsl IPHUHHATTS
PIIIEHHS TIPO JIOIIBHICT MPUAOAHHS TOTO Y 1HIIOTO 001 THAHHS.

Taon. 1
Ba3oBuii Halip po3risAyBaHMX mapaMeTpiB Ta iX MO3HAYECHHS

Hapamemp Hlo3nauennsn | Oounuuyi | Tunosuii Bnaue na eubip
dianazon
. CyMICHICTh 3 THIIOM CHCTEMH Ta 3
Hianazon
. i Dmin, Dmax MM 2-65 |HampsmHuMHU. BusHadae moTtpedy y
JiamMeTpiB MpyTKa i
3MiHi TPYOOK
KpyTJia, .
BrivBae Ha AOMYCTHMY IIBUIKICTH Ta
®dopma npyTKa KBaJ[paTHa, - 3 knmacu
THT HAPSIMHHAX
reKcaroHasibHa,
Bubip: 12-ft, npomixHi, IOBXHHA
JloBxxrHa npyTKa Lbar M 1.2-3.7 P P A
TITAHACIS
Monyns FOnra, E, I'Tla, . . .
N Pusuk BiOpartiii, BAMOTH 0 M ATPUMKH
TryCTHHA i Dy KI/M3, - . , .
ey AKIII i no B’s3K0CTI Macia
OPSMOJTIHIHHICTh Ostr MM/M
OOMeREHHS MM, 00/XB - .
Dhore, Nmax VYmoBa: Dmax<Duore-€; M€ka IIBUIKOCTIL
TITTAHIEIIS
HoctynHuit M - CyMiCHICTh 13 TOBHOPO3MipHUMH YU
. Lavail X Wavail
IpOCTIp KOMITAKTHUMH MOJICIISIMU
PiBenn A € low, mid, - - ITorpeba B bundle-loader, aBro-gject,
aBTOMAaTH3allil highx MIBH/IKI TICPEHATATOPKCHHS
IIpodins mapriit Ne foo mr, 1/TmK, - Oxynuicte CAPEX,  nouigbHICTB
or Tow Tlp OJl. cepBo-TIoaYi
IToxubka nmoaaui, MM, ¢ | 0,02-0,10; | BubGip cepBo uu mHeBMo. [loTpeba B
Axreq, tcyc,req . .
4yac UKy 10-90 |ymopi/ dead-length maTponi
Bromxer Mic $10-40k; )
PO Bcapex, Tpb S, ®ineTp 32 CAPEX Ta payback
OKYITHICTh 6-24
IaTerpaunis te 1/O XB, — 10-30 |Bumoru g0 oci Z, no intepdeiicy Ta
BEPCTATOM g » 4acy 3MiHH pO3MIipy

Toni mepeBipka 37IMICHEHHOCTI 32 OCHOBHHMH OOMEXCHHSMH Oyae MaTH HACTYHHHMH BUTJIS
Dmax<Duore-¢; noBxuna 0apdinepa Lreed<Lavail , MiATpUMKa 3a7aH01 (HOPMH MOMEPEUHOTO CIUCHHS NPYyTKa
BupoOHuKOM (Shape), xareropist Lyar cymicHa 3 koHdirypamieto (12-ft, mpomixkHa, JOBKHHA IIITHHIE).
SIK1o o/iHa 3 YMOB MOPYILIEHA TO BapiaHT NOTPiOHO BiIAKMHYTH HE3aJIeKHO B 0aIbHOI OIIHKH.
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Hopmanizayia kpumepiis.

JIst KO’KHOTO KpHTepio Ci HeoOXimHO 3amaté Bary Wi (cyma 1), mo macTh 3MOTy OOYHCIUTH
cyoorinku Vi€[0,1]. Hopmamizaiiisi moka3uukiB B cyoominku ViE[0,1] BUKOHYEThCSA 3a BiMOBIIHUMHU
3aJIEKHOCTSIMH.

TouHicTs MOAAYI: Vger = MAX (0, 1-— M)

Axyeq
ALLfeed )

Huxn nogauvi: v, = max (O, 1-—
tcyc,req

. . , Dmax,feed—Dmin,feed
[HY4KICTb 110 aMeTpy: Ve, = min| 0,1 —
L Dmax—Dmin
Micue (cnin) Ha mI03i: Vrooq = max (0, 1- M)

avail
max(O,Price—Bcapex)>

Beapex

CAPEX: Vegpex = max (0, 1-

OriHKa MiZICYyMKOBOI MPUAATHOCTI 3 fICHIOETHCS 32 3AIEKHICTIO) S = Y, W; " vy, 2, Wy = 1.

Bnnue xnrovosux napamempis.

Dhin, Dmax, popma. [[i1s1 By3pKoTO Aiana3oHy i BUCOKAX OOEPTiB MOIUTHHA TiAPOANHAMITHA CHCTEMA.
Jlns mmpoxoro miama3oHy 1 9acTHX MepeHaIaroKeHb — TimpocTatndHa. [[s BenuKux miaMmeTpiB abo x
3ar0TOBOK 3 BEJTUKOIO KPHUBHU3HOIO — MEXaHIYHa.

Loar 12-pT MiHIMI3ye MpOCTOI BUKIMKAHI 3MIHOIO MPYTKA; €KBIBAJICHTHHHA MOBXKHHI INMAHICIA —
MiHIMI3y€ KOJIMBAHHS CIPUYWHEHI TOBIUM HE JKOPCTKUM KiHIIEM MaTepiary, CKOHOMUTh MicIle, 301JIbITy€e
BiIXOJIM Ta MOTpeOye MmomnepenHboi Hapi3Ku NpyTka. [IpoMixkHI JOBXKHHU Jar0Th KOMOPOMIC. Y OKpeMHX
BUMA/IKaX BUKOPUCTOBYIOTH OB Oapdigepu 1y O1IbIIOro 4yacy aBTOHOMHOI poOOTH.

E, dstr, Nmax. @opMytoTh pusuk BiOpariii i motpedy B AKII (ABromarnunwuii Kontpois IBuaKocTi)

AXreq, teycreq. CepBO-TIOIaYa TIPU BUCOKUX BUMOTaX MO TOYHOCTI. [IHeBMaTWKka Ta rifgpaBiika Juis
cepennix Bumor i Hmk4doro CAPEX.

Lavail OOMesxye TOBHOPO3MIipHI CUCTEeMH. BUBOIUTH KOMITAKTHI MOJIETI B TIPIOPHUTET.

Bcapex, Tpb. Jlae pinanbpHuil QinbTp 3aBISKA CKOHOMIYHIN OIIHIII.

OKynuicmp npuiinamux mexHiyHux piuiens

Ha ocHoBi chopMOBaHNX MOKA3HUKIB 03HAYAETHCS BETMIHHA OKYITHOCTI IPUWHATHX PIllIeHb,

niHa
AH -1, + AQ -m + AScrap - ¢

ne AH — 3eKOHOMIICH] JIFOIMHO-TOAMHU Ha MicsIb (depe3 Oe3omepaTopHy podoTy), I'h — cTtaBka, AQ
— J0JIaTKOBHI BHUITYCK, M — MpUOYTOK/IIT ASCrap — 3MeHIIeHHs BiAX0AiB MatepiaiiB (Opaxy), Cm — LiHA
Mmarepiany. PillieHHs MOXKHA BBaXaTH NPUHHATHUM sKino Payback<T .

Tlonepeous obpobxra danux

Jiist 0OpoOKHM TaHUX HEOOXiJHO 3AIMCHUTH MiHIMANbBHI 3aX01H 3 1X TpaHchopMauii Ta yHidikawii ix
omuuuils y cucremy CI, 3a moxmuBocti. OriHka moxuOkum momadi AX Ta Affeq TPOBOIUTHCS 3a
MacropTHUMH AaHUMH. Kareropmsamis piBHA aBTOMarmu3allii A IEpeBOIUTLCS Y CYOOIHKH SIK CEpEeIHE
apupMeTHYHE CyMHU JIOTIYHHMX CKJIaJOBHX, IO TMO3HAYAIOTh MOXKJIHMBICTH B3a€MOAIl 3 OJATKOBUMH
MPUCTPOSMU Ta YACOM TNIepEHANAINTYBAHHS HA 1HIITUHA JiaMeTp:

Payback =

1
Va=73 [1loader + Lpruck + 1tchg515XB]’
1€ 1;pqder — TOTIYHA OTUHUIT MOKIIMBOCTI iHTErpallii 3 JOJATKOBUM 3aBaHTa)KyBaueM MaTepiaiy,
1¢7uck — JOTIUHA OJMHUIISI MOXKITUBOCTI POOOTH 13 aBTOMAaTH30BAHUM TPAHCIIOPTHUM Bi3KOM, Ltongsism ~

JIorivHa 3MiHHA siIKa Ha0yBa€ 3HaueHHs | y BUNMAAKY, KOJIH Ha 3MiHY JliaMeTpa NOTpiOHO BUTPATUTH MEHIIIE
15xs8.

s dhinanpHOrO BU3HAYEHHS 3aCTOCOBYIOTH (iNBTp 3MiIHCHEHHOCTI 32 OOpaHUMU €TaraMH OL[IHKH.
Le no3Bossie BUKIIOUNTH HeCyMicHi BapianTu. Hanpuknaa, npu Buxigaux ganux: D=8...32mmM, Lpar=3,7M,
Lavai=4,6M, Dpore=40MM, Axreg=0,05MM, teycreq=25¢, Beapex=$25000 MoxHA 3pOOHTH BHCHOBOK PO
JOIYCTUMHUIM PO3IIIA[] YCIX THITIB MOBHOPO3MIpHUX OapdimepiB. SKIIO 3aroCTpUTH yBary Ha KoHpiryparrii
OCHAILIEHIH CEepBOIIPHUBOIOM, TOMI treed <2 € 1 Ax <0,04MM 3BiKH OTPUMYE Vacc=0,8 1 Vc=0,92, 0 € 10CUThH
BHUCOKHMMH MOKa3HUKAMHU Ta CBIAYUTDH PO MPAaBUIBHICTH BUOODY.

CmpyKkmypoeanuii 02110 011 6udopy

Cmypxmypa oyinka nepesaz ma 0CHOSHUX (aKmopie

ExonomiuHy e(heKTUBHICTH aBTOMAaTHYHHUX 3aBaHTa)KyBadiB NPYyTKiB 3a0e3neuye O6arato GpaxTopis,
ajie OCHOBHI 3 HUX 1€ BUCOKHH CTYIiHb aBTOHOMHOCTI, IO JIOTIOMO>KE 36KOHOMHTH JIFOANHO-TOANHH, Ta
TUHAMIYHA IIiHA, sIKa 3aJICKUTh BiA KOMIUICKTaIli mpuctporo. OAWHWM i3 OCHOBHHX KpPHTEpIiB
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KOMIUIEKTAIlIi Bil 4oro Oyje HaiOijblle 3ajeKaTh BapTicTh Oapdifepa, sSABISEThCA Horo mopxuHa. [lin
pi3HI TOBXHMHH 3arOTOBOK HAa PHWHKY TPEICTABICHO Pi3HI Bapilii JOBXKWH 3aBaHTa)KyBadiB. 3a3BHYAM
BUPOOHMKH HaMararoTbcs 3pOOUTH YHIBEpCAJIbHUN MPUCTPiH, TOMY OUIBIIICTH OapdinepiB MOXYTb
MoJaBaTy MPYTKH pi3HOrO Mpodiito: Kpyrii, KBaApaTHi Ta mecTurpanHi. [lapamerpuuni BennunHM SKi
HaJa€ BUPOOHUK MOXYTh IOMOMOITH HPH OIMIHII MPUAATHOCTI JO BHKOPUCTaHHS NPOAYKTY y MeXKax
KOKHPKETHOTO BUPOOHHUIITBA. YacTHHA 3 HUX OomucaHa y Tabir.2

Tabn. 2

3aranbHi ocodamnBocTi 0apginepin

bakaHuii TakT mojgayu
IMapameTpuuni | PiBeHp aBTOMaTH3aLil

0CcOOIMBOCTI HeoOxiguuii niameTpa Ta JOBXKHHA MaTepiary
Tun TokapHOro BepcraTy

ExoHomiuna I'ayuxa Bapricts (Bix 10 mo 40 Tuc. nom)
e(EeKTHBHICTh | MOKIIMBICT MpaIioBaTH 0€3 KOHTPOJIIO ITEPCOHATY
[IpawoloTe NpyTKaMH Pi3HO1 TOBKUHH
[ligTpumyroTs momauyy pi3HEUX QopM: Kpyrii,
KBaJpaTHI, IMIECTUTPAHHI.

CyMicCHICTh
MarepiajiiB

Cmpyxkmypa oyinka 0CHOBHUX MUNIE CUCEM MAWUH NOO0AYi NPYMKA
3araioM iCHye TpM OCHOBHHX HamlpsMKU i cTalimisamii BiIBHOTO KiHILS 3arOTOBKH, LIO
3AIIAIIAETRCS y Oapdiaepi: TiapoauHaMIdHI, TiPOCTATHYHI Ta MeXaHi4Hi ormopu (Tabir. 3).

Tabn. 3
OCHOBHI THIIN CHCTEM MIATPUMKH NPyTKa
Tun |punuun Po6orn Kurouogi OcodauBocTi Hpuxknagu Mopeeii
ITpyToK cTabimizyeThCs * Tlimrpumye Brucoki mBuakocti (6-8 [*Mini-Rhinobar (Lexair)
. E T1apoAMHAMITHAM THC. 00/XB).
2, ‘8 |migmmnankoM (epek, mo |* CnaOka crabimisauis va Husekux  |*Super Hydrabar (LNS
5 £ |BuHMKae 3aBasKu reoMetpii [mBuaKocTsx (<1000 06/xB). America)
S |BTynok Ta 06epTaHHIoO). * [ToTpeOye 3aMiHN OTIOPHUX BTYIIOK
pH 3MiHi Iiamerpa.
. |IIpyTok cTabinizyeTbcs * IlinTpuMye Ty*e BUCOKI * Alpha 538
& F|rizpocratnunum mBHIKOCTI (o 12 THC. 06/XB). * Quick Load Servo 80S2
E{ & | miqmmmarkoM (onmmBa mix  |* CymicHuii i3 6yap-aKxoto hopmoro  [* IEMCA Boss 542
e g THUCKOM TIOJA€THCS HACOCOM |MPODLITIO MPyTKA. * IEMCA Elite 220
MK IIPYTKOM Ta BTYJIKOIO).
IIpyTok migrpumyerhes Ta  |* Husbka momyctuMa mBuakicts (o |* Alpha 538
E [EHTPYETHCA MEXaHIYHUMHU |4 THC. 00/XB). * Quick Load Servo 80S2
'Z  |ememenTamu (Hanpuknazn, |* [IpucyTHi nomipHi BiOpauii mix yac [* IEMCA Boss 542
% poavrkaMu abo KOPCTKAMH  |pOOOTH. * [EMCA Elite 220
=  |BTyIKamn). * IIpocTi B 00cIyroByBaHHI Ta
JICIIEBI.

lapocTaTidHi € HAKTOPOKINUMH, aJIKE MMOTPEOYIOTH MAaCIIO-CTAHIII] 3 HACOCOM KU Oye mogaBaTH
MAacTHJIO BHCOKOI SIKOCTI B OTIOpHI BTYNKH. Yepe3 THCK y po3mipi 1-2 Gapu IPyTOK 3aBHCAE Y MACIISIHIN
BaHHi. Takuii Meton 3a0e3neuye Maiike MOBHY BiICYTHICTH BiOpauiii monpu aucOaiaHc 3aroTOBOK IO
J03BOJIsIE 00epTaTH X 3 BEMKUM Jiarma3oHOM 4acToT. I'iApoJuHaMidHi OMOpH € MPOCTilli Ta ACIIeBIi,
aJUKe TIPAIIOIOTH 0e3 IMiJBEACHOTr0 330BHI THUCKY IO JO3BOJISE M 3HAYHO 37ICHIEBUTH MAacllO-CTAHILIO.
Bennunna miaTpuMyrodi CHII, 0 BUHUKAIOTH Yepe3 eEeKT MACISHOTO KIUHY, 3aJ€KUTh Bij IIBHIKOCTI
MOBEPXHi 3aroToBKM: YuM Oinpina MBUAKICTE — TUM Oinbini cuid. Ilpu qye BENMKHMX MIBHIKOCTAX Ta
JMMHAMIYHHAX HABAHTAXXCHHSX BiJl AMCcOANaHCy Mac/sHa IUTiBKa MOXKE IIOPBATHCH 1110 € HeOaKaHUM €PEKTOM
SIKOTO Kpallle yHukaty. L{e Hakamae cyTTeBi 00OMEXKEHHS Y Jiana3oHi poOOYHX IIBHIKOCTEH TAKMX CUCTEM.
Takox A7 BUKOPUCTAaHHS i3 3aroToBKamMH iHIIOI (GopMHM HEOOXigHI HepexifHi BTYJIKH, LI0 MOXE
BUKJIMKATH HE3PYYHOCTI TIPH eKcrutyaraiiii. OOHuBa ONMCaHUX METOAH BUKOPHCTOBYIOTh OTIOPHI BTYJIKH 3
MEBHOIO TEOMETPI€I0 sIKi MPHUJATHI JI0 BUKOPUCTAHHS 3 OOMEXEHUM Jiarma3oHoM po3MipiB. [Ipu 3MiHi
JiameTpa MaTepiasly HEOOXiTHO MPOBOJUTH 3aMiHy LIMX EJIEMEHTIB, IIONpaBAa Yepe3 BEIUKY TOBILIUHY
MAacCJISHOTO Iapy y TFAPOCTATUYHUX CHCTEMAaX JIOMYCKAE€THCS BUKOPUCTAHHS OIHIEI0 BTYJIKH MiJ] IIUPIIHI
Jiana3oH J[iaMeTpiB 3ar0TOBOK.
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CucreMn 3 MEXaHIYHMM METOAOM INITPUMKHA Ta IIEHTPYBaHHSA TMPYTKa BiI3HAYAIOTHCS CBOE
MIPOCTOTOIO B 00CIYroByBaHHI. BOHM MiATPUMYIOTh MEHIII YaCTOTH OOEPTaHHS Ta MPOAYKYIOTh YaCTKOBI
BiOpanii. Tak Ak i 3aBaHTa)KyBadl KOPUCTYIOTbCA HOMYJISPHICTH MiJl HUX PO3POOISAIOTH CUCTEMH IS
ABTOMATUYHOI 3MiHU HAMPSAMHUX BTYJIOK, Ta aBTOMAaTHYHOTO HAIATO/HKCHHS HA HEOOXITHUI PO3MIp.

Cmpyxmypa oyinka Kongicypayii ma npobaemu 06pooKu npymxa neeHoi 008XiCUHU

ko pozninutu Gapdimepu Mo AOBXKHUHAM Marepiaay 3 SKUM BOHM MPAIfOIOTh TO OTPUMAEMO 3
TpyNH: TMOBHOPO3MIpPHI 3aBaHTaXKyBadi, 3aBaHTa)KyBadi IIMUHJIEIBHOI JOBKHHMA Ta 3aBaHTa)XyBaui
po3paxoBaHi ImiJi iHII JOBKUHU (Ta0u. 4). [ToBHOpPO3MIpHI BapiaHTH 4acTo MOPIBHIOKOTH 3 Oapdinepamu
IIIHH/EIBHOT JOBXKUHH aJiKe 1€ JBa HaWy)XHUBaHIIIKX po3Mipu. Ilepiiuii nae Kpaily aBTOHOMHICTh Ta
KoeillieHT BUKOPUCTAaHHS Matepiamy. Jpyruil y CBOIO 4epry 3aiiMae 3Ha4eHO MEHILE MiCIsl, HE Mae
mpo0JieM i3 BiOpalissMu 4epe3 Majly JOBXKHHY IO JO3BOJIAE IMPAIIOBATH 3 OUIBIINMH IIBUIKOCTSIMHU.
3aBaHTaxXyBayi MPOMIKHUX JIOBXKUH BUKOPHCTOBYIOTHCS SIK KOMITPOMIC, MIXK IIUMH JIBOMA BapiaHTaMHU.

[Mpukiaagamu KopoTkux 6apdinepi mokyTh ciyryBatu LNS Quick Load Servo 105+; Edge Rebel
V-65; Samsys Multi-3000.

Ta0n. 4
Kondgirypauii Ta IIpooaemu JoB:xxunu

Makcumi3yIoTh BHXiJ MaTepiay (Kpamie BUKOPUCTAHHS)

HOBH0p03MIPH1 MiHiMI3yIOTh 9ac Ha 3MiHy NPYyTKa
3aBaHTaxyBaui (12 - - -
byTie) Henoniku: 30inbIeHHs JOBXKUHYU BepcTaTa Ha 16+ ¢yTiB
[Ipobnema: BiOpawuis npu KpUBU3HI MPyTKa
3aBaHTa)XyBayi [epeBara: Bech NpyTOK Y IITHHAEI]
AOBXHHOIO [lepeBara: MeHIIa BaXXIIMBICTh MPSIMOTH MIPYTKa
MIMUHAETS (KOPOTKi . . : -
aens ( ;) po [Tepesara: BuII MBUAKOCTI 00epTaHHs (BIOpaIris MiHIMI30BaHa)
HPYTKH

[TepeBara: MeHIII BUMOTH A0 TUIOMT (KOPOTKHMA CIiT)

Hemomik: 301pIICHHS 3aIMINKIB (SIKIIIO MaTepia JOPOTHIA)
[Tpomixkni nosxunu | Hanpukmnan, 2.1-m npytku (IEMCA Prodigy 547)

Banaunc Mix KOPOTKHMMHU Ta TIOBHUMHU JOBXUHAMU

Cmpyxkmypa oyinku mexnonoe2ii nooawi ma iHmezpayisi 6 CUCTEMY 8epCmama

Jnist mozadvi mpyTKa yepe3 MIHHEIb Ta MATPOH 3a3BHYail 3MiHCHIOETHCS CHIIOBUH BIUIMB Ha HOTO
Topews. [KepenoM CHIM MOXKe BUCTYNATU CMUCHYMeE Nogimpsl, 2iopasniuna piouna, adbo enekmpudHuil
Osueyn (tabm. 5). ITHeBMaTWUHMI TIPUBIA € IIBHAKMM Ta JETKAM B OOCIyroBYBaHHI aje moTpebye
MHEeBMaTH4HOI MaricTpami Oinsg Bepcrara. Uepe3 ¢i3uuHi BIacTHBOCTI rasiB 0e3 3BOPOTHBOTO 3B’SI3KY
HEMOJKJIUBO 3/IHCHUTH TOYHE IIO3UIIOHYBAaHHS IO BUMAara€ BHUKOPHCTAHHS MEXaHIYHOI'O YIIOpY.
HarowmicTb riipaBnidHi TPUBOAM MAIOTh JIy’KE BHCOKY KOPCTKICTh SKa € JIOIUIHLHOIO TIPH TT0/1a4i BETTHMKHX
3aroTOBOK 3Ha4HOI Macu. Hemonikom Takoi cUCTeMH € HeOOXiJHICTh MAcJIOCTAaHINI MO MiABHUILYE Yac
00CIIyrOBYBaHHS Ta 3arajbHy BapTicTh. ENeKTpHYHI MPHUBOAM 3aBISKH CYy4acHHM CHUCTEMaM KepyBaHHS
MAalOTh BUCOKY TOUHICTb, & 3aBJISIKH MEXaHIYHIM eJIEeMEHTaM — BUCOKY JKOPCTKICTh. MOKITUBICTh MOBHICTIO
KOHTPOJIOBATH TNapaMeTpH MpOILecy MoAavi 03BOJSLE ONTHUMI3yBaTH 3aKOH PyXy Ui €()EeKTHBHOTO
BUKOPHUCTaHHS PECyPCiB.

YcranoBKy 001aJHaHHS HEOOX1THO IOBIpUTH BUCOKOKBaNTi(piKOBAHOMY IEPCOHANY, aJ)K€ HAMEHTII
BiJIXMJICHHS OCI OTIOp 3aBaHTaKyBaya Bijl 0ci BepcraTa OyyTh BUKIMKATH 3THHAJIBHI 3yCHILIS Y IPYTKA 10
o0epTaeThcs, 1€, B CBOIO Yepry, MOXKe NPU3BECTH IO BiOpaliil Ta HaBaHTa)XEHb HAa CUCTEMY OIOP SK
Oapdinepa Tak i mmuHAENS Bepcrarta. TpuBaia podoTa y TaKOMY pPEXHMI MOXKE TIPU3BECTH JI0 PYHHYBaHHS
CJIEMEHTIB 3 HAMEHIIIOI0 JKOPCTKICTIO Y MeXaHIYHOMY KOHTypi. Ilicns BucTaBieHHs oOnagHaHHS, IS
3a0e3MeUeHHs]  JIOBFOTPUBAJIOrO 30EpEeKEHHS pe3yibTaTy pPEKOMEHAYEThCS IKOPCTKa  (hikcamis
3aBaHTa)XyBaya Ta BepcTaTa M0 IMiUIOTH TPUMIIICHHS, IICIS YOTO 3MIMCHUTH TEPEeBipKYy CTallOCTi
BiJIKaIiOpoBaHOI reoMeTpii.

J1g enexTpruYHOTO i IKITI0YeHHS He0OX i AHmiA cyMicHUI udpoBwuii iHTepdeiic, mod oanH npucTpiit
rmosayi mpyTKiB po3ymiB curHamw 3i criviku UIIK i HaBmaku. 3a3Budaii ympaBiiHHS BiIOyBa€THCS 3aBISKA
M-komaMm. OkpeMy yBary HeoOXiHO 3BEpHYTH Ha 00’€THAHHS CHCTEMH aBapiiHOI 3ynmuHKU. KputnuHo
HEoOXiHO MO0 crapeHe o0IaqHaHH BUMHUKAIOCh CHHXPOHHO.

3a3BH4ail )KUBUJIFHUKN MalOTh HE YK€ BEJMKI MarasuHu marepiany (6-10), mo0 3aiimatu MeHIe
IO, aje AJIs IMiIBUIIEHHS aBTOHOMHOCTI 3’SIBIITIOTHCS MOTPEeOM 30UTBIIYBATH 3amac NpyTKiB. Tomy
ICHYIOTh Mara3uHHM-3aBaHTaXyBadi sIKi BCTAHOBJIIOIOThCS Oist Oapdinepa, MarOTh MPOCTY KOHCTPYKIIIIO Ta
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BMIIIAIOTh BeJMKY Kinbkicts npytkis (Bundle Master 610, J.F. Burns Co). lexu 3 BUCOKHM piBHEM
aBTOMAaTH3allil MalTh aBTOMATHYHI BI3KM 13 MarepialoM SKHHA aBTOMAaTHYHO 3aBaHTaKy€ThCS
MaHimynsaTopoM. Taki Bi3KM MOXYTb OOCIYrOBYBaTH JEKiJbKa MAaIlWH, IO POOHUTH IX HaA3BHYANHO
e(eKTHBHUMHU.

Tabn. 5
TexHnoJiorii nogayi Ta interpaunis
[THeBMaTHUHUI [Ipoctuii, nemesnid, mBuakui (+0,4MM)
IpuBin nogaui INppasiynuii Hwusbka mBuakicTs, TouHicTh (£0,5MM)
Enextpuunuii (cepBo) Bucoka Tounicts 0e3 ynopy (+0,2MM)

CyMICHICTh 3aTUCKHOTO TIPUCTPOIO 3 ABTOMATHIHIMH

3aBaHTaXyBayaMH

InTerpariist 3 | MexaHiuHe migknto4eHHs |Bichk »KUBUIbHUKA HOBUHHA TOYHO CHIBNAAATH 3 BicClO Z
YIIK Bepcrara

BepcTaTaMu Heo0ximHa sxopcTka hikcaris 10 miaiioru

Buxopuctoye M-koau
[TotpeOye inTerpanii aBapiiiHOl 3ynHMHKH

Enexrpuannii inTepdeiic

JlomatkoBa 3aBaHTa)KyBad B’s30K MPYTKIB y Oapdinep
OMIiOHAaIbHA | ABTOMAaTHYHA T0a4a IPYTKIB 0 KUBUIbHUKA Y BUPOOHUYOMY MPHUMIIeHH (10 1
aBTOMAaTHU3aIlIS T)

Ompumani pezynomamau, anzopumm euoopy

OTpuMaHi 3aJIe)KHOCTI Jal0Th MOXKIIMBICTh IMIABHUINEHHS PiBHA (opmaiizaliii Ta craHmapTH3aLil
30IACHEHHS METOAMKH OLIHIOBaHHA MiZ0OpY XapaKTepUCTUK MAaIIMH MOAayi MPYTKOBUX 3ar0TOBOK
BiJINOBIZTHO 10 YMOB BUPOOHHIITBA. AJTOPUTM AAHOTO MiAXOAY BUPAXKAETHCS Y BTUICHH] psAAY HACTYITHHX
KpoKiB (puc. 1).

Kpok 1. Bxin. D i noxuna npyTka, L, MakcumanbHa yactota 00epTaHHS IIUHAETS, pO3Mip NapTii,
IliHA MaTepiaiy, TUIomIa, OrKET, OakaHa TOYHICTh, TAKT.

Kpok 2. Bubip Tumy cucremu. Bucoki 06eptH, By3bkHii ianazon D — rigpogunamivna. [lupokuii
nmiana3oH D, wacTi mepeHanaroKeHHs — rigpoctatuyHa. Benuki D a0o x mIMpOKWE Jiana3oH, JeIieBi
BapiaHTH — MEXaHi4Ha

Kpok 3. BubGip moxuHH. MakcHMyM MpPOIYKTHBHOCTI 1 MiHIMYM MpocToiB 3aminu — 12 ft.
OOMexxeHe MicIle, BUCOKI 00epTH, HU3bKI BUMOTH JI0 3aJMIIKIB — Oapdifep IIMUHIACIBHOI JTOBKHHU.
Kommnpomic — nmpomixHi.

Kpok 4. Mexanizm nonaui. Bucoka TOUHICTh 1 KOPOTKHM TakT — cepBO NpuBia. bromkerit BapianT
cepeiHs TOYHICTh — MTHEBMAaTHKa. BaXkki 3arOTOBKH — TiJPOTIPHBI/I.

Kpok 5. PosrnsiHytn mporiec interpaii. [lepeBiput cymicHicTh natpony, intepdeiic UIIK, gac
TepeHANIAro/KEHHS.

Kpoxk 6. Ominka S. I[IprcBoiTH Baru Vi oIfiHkam 3a miakputepismu 4.1-4.4, migcymyBatu S.

Kpox 7. Exonomika. Ouinutu Payback; skmio Payback Hukue HiIbOBOIO HOpOry — pilllEeHHS
PEKOMEHIOBaHE.

3arponoHOBaHUH aJITOPUTM J03BOJISIE IIBUAKO 3BY3UTH MPOCTIip pimeHs. Kio4yoBi komnpomicu:
MicCIIe TIPOTH TaKTy; TOYHICTH MPOTH BapTOCTI; JOBXKHHA NPYTKa MPOTH 3HIIKiB. CepBo-TI0/1ada BUTPAE
Ha JpiOHMX AeTanix 3 KOPOTKUM TakToM. CHCTeMa TiApOCTaTHUYHHX YIIOpP BHUIPAE NPU YacTUX 3MiHax
niamerpa. 3aBaHTa)KyBadl MOBHOI JOBXMHHM JAalOTh Kpally MaTepialbHy BiAgady CTaHKa 3a I[IHOIO
301IbIIEHHS 3aMHATOT IUIOL].

BiinoBigHO 10 EKOHOMIYHHMX YMOB MiAMPUEMCTBA, TIPOTIOHYETHCS PAKTHYHHIA MOPIT, MO 3arajioM
BapTO BU3HAYaTH YMOBOIO, siKII0 Payback<6-18 wmic i € crabinbHi napTii, iHBecTHIIis palioHanbHa. SKio,
maprisi  crabinpHa, HiYHWE  Oe3omeparopHuid  pexum +5 rom/menr  100AH=100 rom/mic
r=108$/ron=%$1000/mic  exonomii mparmi  AQ-m=$1500/mic, 1ina Oapdimepa $24k. Tomi,
Payback=24000/(1000+1500)~9,6 Mic — IOIJIEHO, SIKIIO0 00MEXKEHHS 10 Dpore, Lavail T (hOpMi BUKOHAHO.

3anponoHOBaHUI ATOPUTM MICTHUTh HACTYMHI OOMEXeHHs Ta npumylieHHs. [lacnopTHi 3HaYeHHS
AXach Ta Ateeq HAOMIDKEHI 1 TOTPEOYIOTH KOPOTKOI Baiifallii B yMoBax 3aIrycky oOiamgHaHHS. Barm Wi €
MPOEKTHUMH 1 TOBHHHI OyTH TOTO/KEHHMH 3 PEAIbHUM KIIOYOBHM ITOKa3HHUKOM €(QEKTUBHOCTI, IO
(opMy€eThCs 3 BpaxyBaHHIM MPOAYKTUBHOCTI, THYYKOCTI, €peTUBHOCTI BUKOPHCTAHOI TUIOLIi, OKYITHOCTI.
Benuunna Payback He BpaxoBye pHU3UKH MPOCTOIB 1 BAPTICTh IHTErPallii; 3a BEJUKUX MPOCKTIB JOLIILHO
MEPEXOANTH 10 OIiHKY iHBecTHii 3a Mmomemao NPV/IRR][5].
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Crapt

y
Kpoxk 1: Anami3 BXiTHUX JaHHUX JaHUX

Kpok 2: HeoOxignicTs yactota 00epTiB

6-8 mo 4 Tuc.
00/xB 10 Twc. [06/xB i BHIIE 00/xB
| liapoxuHaMiTHMIA | | IppocraTnunuit | | MexaHldHuH |

3M, TOIITO
Kpok 3 : JloBxkuHa 3aTOTOBOK

[pomixxuuit

IToBHOPO3MIpHMIA |

HoBxxuna
ITTAH SIS 14-20 ft
Kopotkuit Hosruit

Kpoxk 4 : Bubip mo TouHoCTi

Kpok 5: IaTerpartist HaCKpi3HOTO TTaTPOHY,
HanamtyBaHHs iHTepdeiicy UITK

{

Kpok 6: S =Y w; " v;

[lepernsanyTn

1 i : < . .
Pimenns npuitasaTo Kpok 7: Payback < S KoHGirypatifo a6o w;

Puc. 1. IllokpokoBHii aJTOPUTM OWIHKH Ta NPUAHATTS pillleHHs 1010 OMiHKHK 6apdinepa

3azanwvni 6ucnosKku

3a pe3ynbTaTaMu TOCTIKEHb OTPUMAHO HOBI BUCHOBKH, IO CIIPHSIFOTE MOKPAIICHHIO (DeKTUBHOCTI
BUOOPY MalllMH aBTOMaTUYHOI HOAa4i JOBrOMIpHOTO PYTKOBOTO Matepiaiy ais GOpMyBaHHS 3arOTOBOK
y BepcTaTax TOKapHOI IPYIIH, SIKi MPALOIOTh B AaBTOMAaTHYHOMY PEXKUMI.

Po3po6iieHo cTpyKTypOBaHUM MiAXij, IO MICTHTh YOTHPHU OJIOKH 1 1a€ MOXKJIMBICTh IIEPEXOIY Bif
NPUAHATTS pillIeHb 38 MPUHIKIIOM «OpeH /IiHa», 10 GopMani30BaHOI OLIHKH 32 YOTUPMa 000B’ I3KOBUMHU
KJIacaMH JIaHHMX, KOXKEH 3 SIKMX Ma€e OOMEXKEHHS IO HampsiMy BIUIMBAa€ Ha KiHUEBY owuiHka. [Ipu mpomy,
peaizoBaHa JIOriKa KpUTUYHHX 00MEXEHb CYyMICHOCTI, 11100 BiJICIKTH HEMOXJIMBI BapiaHTH, 1 JIHIIE MIiCIIs
LILOTO €TaIly BiI0YBA€ThCS KIIBbKICHA OIIHKA MPUIATHOCTI.

Heo0xigHo 3a3HaunTH, 110 PO3POOJICHUH aNTOPUTM NPUIATHAN AT BKIIOYCHHS B aBTOMAaTHU30BaHE
IUTaHyBaHHS TEXHOJOTIUHHUX MPOIECiB [6] Sk cTaHmapT mpoueaypH 3AiMCHEHHS BHOOPY, IO JT03BOJISE
3pOOUTH HMOro BIATBOPIOBAHUM apTe(akTOM MPOIECHOI0 IUIaHYBaHHsA. lle 30UIBIIMTE IIBHIKICTH
BUKOHAHHSI PO3POOJICHOTO alrOPUTMY, BIAKPUE MOXKIMBOCTI AJISl MOLIYKY ONTHMAajbHUX BapiaHTiB i3
01711101 KiTbKOCTI BUOIPKH Ta BBEACHHS KOPEKLIH BiAMOBIAHO O MiHIMBUX YMOB CHOTOICHHS.
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YK 539.3 DOI 10.36910/775.24153966.2025.84.8
C.b. MikyJiu, A.O. Cacekuii
Jlyybrutl HayioHaTbHULL MEeXHIYHUL YHIgepCumem

BUKOPUCTAHHSA HEITPAMOI'O NIAXOAY METOAY 'PAHUYHUX EJIEMEHTIB
J0 JOCIIIKEHHA JTUHAMIYHOI'O HAITPYKEHOT'O CTARY IVIACTUHYACTUX
EJIEMEHTIB 3 BKJIIOYEHHAMUA

Y pobomi npedcmaeneno uucnosy peanizauito MemooOury OOCHIONHCEHHA HANPYHCEHO20 CMAHY HECKIHYEeHHUX
RAACMUHOK 3 HcopemKumu ekatouenuamu. Posze’azanna 3adaui npoeoounoca na 0cHoei cymicHoz0 UKOPUCIMAHHA Mem OOy
ZPAHUYHUX IHMeZPANbHUX PIGHAHb, anapamy meopii yukyiii KomnaekcHoi 3minnoi. Yucnoea peanizayia 3anpononosanozo
nioxody 30ilcHI06aANACA 34 BUKOPUCIAHHA MEM OOy MeXaniuHux Keaopamyp ma xonokayii. Tecmysanns epekmusnocmi ma
mMouHOCmI 3anPONOHOBAN020 NIOX00Y NPOBEOEHO O BGURAOKY O0CHIONCEHHA OUHAMIYHOZ0 HANPYICEHO20 CHIAHY
RAACMUHYACINO20 eNIeMEHIY 3 HCOPCIMKUM HEPYXOMUM KPY206UM GKIIOUeHHAM 3a Oii nadaiouoi xeuni cmucky. Ompumani
YUCN06i PO36’A3KU NOPIGHIOGANUCA 3 GIONOGIOHUMU @I0OMuUMU Yy Jimepamypi ananimuynumu po3e’sasxamu. Bioxunenns
pe3ynbmamis cmanosuno ne oinvuie 3%. Ipooemoncmpogano epekmuenicms ma yHieepcanbHicmsy po3poodnenozo nioxooy..

Knrouosi cnosa: memoo epanuiHux enemenmis, niaCmMuHKu, HANPYHCeHuti CMaH, 6KII04YEHH s, OUHAMIYHE HABAHMANCEHHSL.

S.B. Mikulich, A.O. Syaskyi

USE OF THE INDIRECT APPROACH OF THE BOUNDARY ELEMENT METHOD TO
THE STUDY OF THE DYNAMIC STRESS STATE OF PLATE ELEMENTS WITH
INCLUSIONS

The paper presents a numerical implementation of the method for studying the stress state of infinite plates with rigid
inclusions. The problem was solved based on the combined use of the method of boundary integral equations and the apparatus
of the theory of functions of a complex variable. The numerical implementation of the proposed approach was carried out using
the method of mechanical quadratures and collocation. Testing of the proposed approach's effectiveness and accuracy was
carried out to study the dynamic stress state of a plate element with a rigid fixed circular inclusion under the action of an
incident compression wave. The obtained numerical solutions were compared with the corresponding analytical solutions
known in the literature. The deviation of the results was no more than 3%. The effectiveness and versatility of the developed
approach are demonstrated.

Keywords: boundary element method, plates, stress state, inclusion, dynamic loading.

IHocTanoBka mnpodjemMu. Maibke y BCIX IHKEHEPHHX KOHCTPYKIISIX HasBHI KOHIICHTPATOPH
HaIpy>KCHb Y BUTJISAI OTBOPIB, BKIIIOUYCHD UM TiaAcuieHb. OIiHKa KOHIICHTpAIlil HallPy>KEeHb € BaXKJIMBOIO
NpY BU3HAYCHHI HAAIMHOCTI Ta TEPMiHIB eKCIUTyaTalii BiAMOBIIHUX JeTajeld, 0COOIMBO 3a AUHAMIYHOTO
yn BiOpauiiHOro HaBaHTakeHHs. KpiM TOro, KOHIEHTPAaTOPH HAaIpy)KE€Hb BIUIUBAIOTH Ha BTOMHE
pyHHYBaHHS, 110 BUHUKAE Yepe3 TPILMHU a00 MOLIKOKEHHS.

Crmig BIZMITHTH, 110 KOHIICHTpAIlisl HANPYKCHb HasBHA TAKOXK 1 y MaTepiajax 3 CTPYKTypPHUMH
HEOJHOPIJHOCTSMU: MOPOKHUHAMH, OTBOpaMH. 3a Aii AMHAMIYHUX HAaBaHTaKEHb y TaKUX Marepiaiax
CTBOPIOETHCSI TPAJIIEHT HANIPYXKEHb, IO MPHU3BOJUTH JI0 HAKOIIMYESHHS MOIIKOJDKEeHb. BaxmiBe 3HaueHHS
MaloTh JIOCIIDKEHHS PO3MOALIY HANPYXKEeHb B OKOJII TaKUX KOHIIGHTPATOPIB MPH BUBYCHHI MEXaHIYHOT
MOBEIIHKY BiJITIOBITHUX €JIEMEHTIB KOHCTPYKIIil, 0COOJIMBO 32 HAIBHOCTI TEOMETPUYHOT HEOAHOPITHOCTI.
Posnozin Hanpyxenp Ta aedopmauiii y Takux eJeMEHTaxX KOHCTPYKLIH 1CTOTHO 3aJIeXKHTh Bil (GopMu
BKJIFOYEHHS, HWOr0 MEXaHi4HMX, (i3MYHMX Ta TEOMETPMYHHMX XapaKTEPHUCTHK. [PYHTOBHMI aHai3
HanpyXeHO-Ie(OPMOBAHOTO CTaHy I'€OMETPUIHO-OJHOPITHUX TiMI TO3BOJISIE 3aPONIOHYBATH MiAXOIH 10
3MEHIIEHHS 1HTEHCHBHOCTI HAampyXeHb MLUIAXOM MigOOpYy BIAMOBIZHMX MeEXaHIYHUX 1 (i3HUHHX
XapaKTepUCTUK KOMITOHEHTIB BKITIOYECHHSI.

AHani3 ocTaHHiX gochikeHb i myOmikamiii. Y mitepaTypi AN 3agad mpo  JAOCIHIIKEHHS
KOHIIEHTpALii Hallpy>KeHb OiJIs1 KPyrOBUX BKJIIOUEHD 38 CTATHYHOI'O Ta KBAa3iCTaTUYHOTO HABAHTAXKEHHS Y
HECKIHYCHHMX IUIACTMHKAX OTPHMAHO aHAJITHYHI PO3B’sA3ku y ¢opmi psaaiB y poborax O. M. I'yss,
B. JI. Ky6enka [1], I'. M. Cagina [2]. /] BKIFOUSHB 1HIIOT TeOMETPii: eTINTUYHOT, TPSIMOKYTHOI Ta 1HIITHX
(hopM, y ImiTeparypi BAKOPUCTOBYIOThCS HAOIIKEH1 METO I, 30KpeMa, METO]] 6araTOKpaTHUX Bi0OpaKeHb
[2].

KpiM TOro, /s AOCHIKCHHS TaKOro KJacy 3aJad BUCHUMH 3aCTOCOBYBAJIMCS 1 HaIiBYMCIIOBI
METOAM, TakKi K METOJ IPaHUYHHUX €JIEMEHTIB [3-5], 10 HO3BOJIMIO OTPpUMATH CHHTYJISIPHI Ta peryssipHi
IHTerpaJbHUX PIBHAHHS IS BUMAAKY CTATUYHOI'O Ta KBA31CTATUYHOTO HAaBAaHTAXKECHHS.

ITpote, maHwuii Kaac 3a7a4 Ma€ BEJIMKY aKTyalbHICTD 1 3apas, Mpo IO CBigUaTh YKCACHHI poboTH [6-
12], mns po3B’si3aHHs SIKMX Y JITEpaTypi BUKOPHUCTOBYIOTBCS SIK YHCIIOBi, TaK 1 aHAJiTHYHO-YHCIIOBI
METOAH.

Y [6] mpeactaBieHO pe3ydbTaTH YHCIOBOTO aHANI3y HAMPYXKEHOTO CTaHy TOHKOI MPYKHOI
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NPSIMOKYTHOI IUIACTHHM 3 KPYIVIMM OTBOPOM 1 KIJIBIIEBMM BKIIIOYCHHSIM 13 (YHKI[IOHAJIBHO
TPaJiEHTOBAaHOTO MaTepially, 10 OTPHMaHi 32 BUKOPHCTAHHS METOAY CKiHYEHHHX elleMeHTIB. Y [7]
3allPONIOHOBAHO MiAXOAM 1O YHMCIOBOIO aHaJi3y PO3IOITY HAlpy)KEeHb Y NPSAMOKYTHHX IUIACTHHAX 3
MiAKPIIUIEHUMH BUIOBXKEHHUMHU OTBOPAMH 32 JIii OCECUMETPUYHOTO PO3TATYBAIBLHOTO HABAHTAXKCHHSI.

VYV [8] mpeacraBneHO MaTeMaTHYHY MOJENb 3a/adi TOCHIIKEHHS HampyKeHo — /1e(hOpMOBaHOTO
CTaHy IUIACTHHU 3 JKOPCTKUM JIIHIMHAM BKJIOUCHHSM 3a BUNAJKY Jii CTAaTHYHOTO 3TUHAIBHOTO
HaBaHTAXXCHHS, IS PO3B’I3aHHS K0T OTPUMAHO CHHTYIISIPHE IHTETpajbHe PiBHSAHHSA. METOI CHHTYIIIPHUX
IHTETpaNbHUX PIBHSHb BUKOPUCTOBYBaBCS y [9] s moOymoBH TBOBUMIPHOT MOJIET KPYTJIOi IUIACTHHU 3
KPUBOJIIHIHHUM BKJIFOUYEHHSM Ta TpimuHO. Y [10] npeicraBieHa aHaITHYHA MOJIEb TIEpexoly (GOpMH 3
2D na 3D y TOHKHX KpYTOBUX €IE€MEHTaX 3 BKIIOUCHHIMH 32 il 3TMHAIIEHOTO HABAHTAKCHHS.

[ToOynoBi aHaMITHYHHUX PO3B’SA3KIB 33/1a4i PO HATIPYKEHOT'O CTaHY IUIACTHHKY 3 KPYTOBUM M’ SIKUM
Ta KOPCTKUM BKJIIOUEHHSM NpucBsiueHa podota [11]. Tyt po3s’s3o0k Kipmia MmoaudikoBaHO Ui BUMIAAKY
KOPCTKOTO 200 M'SKOTO BKIIFOUEHHS 33 BHKOPHCTaHHS TEOpil CyNEepHo3ullii Ta KPUTEPil0 PO3MOALTY
HaIpy>KeHb.

VY [12] 3anponoHOBaHO BUKOPUCTAaHHS MOAU(DIKOBAHOTO METOJly IPaHUYHHUX EIIEMEHTIB 70 aHaJi3y
HaNpyXeHO-IeOPMOBAHOTO CTaHy IJIACTUHH 3 0araToImapOBHM BKJIIOYEHHSM JOBUTBHOI (OpPMH, MIO
nepeOyBae B yMOBaxX CTaTWUYHOTO HaBaHTaKeHHS. ONHIEIO 3 TepeBar BUKOPUCTAHHS METOIY T'PaHUIHHX
CJIEMEHTIB € MOXKJIMBICTh BU3HAYUTH BCi KOMIIOHEHTH HAaIpyKeHb Ta JedopMalliii Ha MeXi po3Iiny MiK
BKITIOYEHHSIM Ta MaTpuiero. KpiM Toro, BAKOPHCTaHHS TaKOTO MiJXOy AO3BOJIMIIO MPOBOJUTH YHCIIOBI
JOCITIKEHHsI ISl BKJIFOUYCHb MPAKTUYHO MOBUIbHOI Gopmu. Y [13] mpomeMOHCTpOBaHO e€(heKTHBHICTH
BUKOPHCTAHHS METOAY TPAaHWYHUX EJIIEMEHTIB Ta TPAHUYHMX IHTETPAIBHHX PIBHAHB O TOCHIIPKCHHS
JMHAMIYHOTO HANPYKEHOTO CTaHy TUIACTHHYACTUX €JIEMEHTIB 3 po3pi3aMHu.

V [14] o6y moBaHOTO iHTErpasIbHI PIBHSIHHS APYroi OCHOBHOI 3a1a4i /ISl IJIACTHHYACTUX €JIEMECHTIB
3 BKIIFOUCHHSMH. TyT OTpUMaHO BUTISA (yHIAMEHTAIbHUX (YHKIIH BIUIMBY HANPYXKEHb JUIS BUIAIKY
JMHAMIYHOTO HAaBaHTAKEHHS. 3a7jauy 3BEACHO JI0 CHCTEMU CHHTYJIIPHHUX 1HTETPajJbHUX PiBHSHb.

IMocTanoBka 3aBaanHsA. MeToI0 1aHOT poOOTH OYII0 PO3POOUTH YHCIIOBY peattizarito copMOBaHOT
y [14] MeToauKu TOCTi/PKSHHS AMHAMIYHOTO HAIPYKEHO-1e()OPMOBAHOTO CTaHy Tl 3 BKJIIOYEHHSIMH Ta
NPOBECTH YHUCIOBHHA aHAN3 JUIS BHUNAAKYy HECKIHYEHHHX IUIACTHHOK 3 JKOPCTKUMH HEPYyXOMHMH
BKITIOYEHHSIMH KPYTroBoi (hopMH 3a Aii KBa3icTaTHYHOTO OJHOBICHOTO HABaHTa)KEHHS.

BukaneHHss 0CHOBHOTO MaTepiaJty. Po3rissHeMo iacTHHYACTHH €IEMEHT, Y SIKAH BITastHE )KOPCTKE
BKTIOUEHHS (prc. 1). BKirrodeHHS 1oaaTKOBO 3a(pikCOBAaHO TAKUM YHHOM, II00 HA TPAHMITI IUTACTHHYACTOTO
SJIEMEHTY Ta BKJIFOUCHHS OYJM BiICYTHI nepemimenns (puc. 1).

X34
L \CO % D
——— Xy
% aacdd

Puc. 1. Moaean 3agaui

ITo3raunMo depe3 L TpaHuIlto KOHTYpY BKIIOUCHHS, depe3 D — obmacTe, sSKy 3aiiMae TUIacTHHKA.
BigHecemo miacTUHYACTUil €NEMEHT A0 AEKapTOBOi cUCTeMU KOoopauHaT OXixoxs, Ky PO3MICTHMO Y
HEeHTpI Baru BKiIroyeHHs (puc. 1). Binnosigno no [14], rpaHnyHi yMOBH 3a/1a4i 3aUCYIOTHCS Y BUTIISIL:

ulp =0, i=1,2 (1)
TyT u4 Ta U, — BiINOBITHO MEPEMIILIEHHS TOUOK IPaHHMIII IUVIACTUHKU B HANpsIMKY ocelr OXy ta Oxz,

Jnst po3B’si3aHHS TIOCTABJICHOT 3a/1a4i BUKOPUCTAEMO METOJI IPaHUYHUX eneMeHTiB [15]. BinmnosingHo
1o [15], inTerpanbHe MpeacTaBACHHS IEPEMIIEHb Y BUIIAAKY APYroi OCHOBHOI 3a1adi MOYKHA MOJATH Y
Burisiai [14]:

w; (g, 22) = — f, wi(xf x3) - Py (a5 x5 %75 %3) ds, )
ne Py ; — QynnamentanbHi QyHKII, 10 BiIMOBIAIOTH HANPYXKEHHIO Y K-My HanmpsMKy Bim jii
OJMHUYHHUX CHJI Yy j-My HampsMky. J[is ABOBHMIPHOTO BHIAJKY 3HAYCHHS 1HICKCIB MPUAMAIOTHCS:
k,j=1,2.
BinmosinHo no [15], BukopucToBytoun BekTop Byccunecka, GpyHaaMeHTanbHUN TEH30p (QyHKIIH
BIUTHBY, IO BXOJISITH IO IHTETPATLHOTO MPEACTABICHHS (2), I BUTIAKY KBA31CTATHYHOTO HABAaHTAKCHHS
MOKHA 3aIUCaTH y BUIIISAAL, aHaoriuHoMYy 1o [14]:
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P*—l F 6r+F0r o (6r>26r
7 o 1"‘axl 2 9n 3\ox;/) on)’

pr = 1 F 8r+F 6r+2F or Or or
= g\ 0x; 2fh 0x; ® 9x; 0x; On

tj

ne 1 — BekTop HopMaii 10 rpanuii. Tyt dyHkuii Fy, F,, F3, F, MarOTh aHAIOTIYHY CTPYKTYpPY 10

[14]:
2 2 2
C1 C1 , C1 X
F=(=5- + Z2 (1)

’ X ’ X
Fp=y =2 F=—x +2;,F4=< —2)(1/; + )+——.

VY BUMaAKy BKa3iCTATUYHOTO HABAaHTAKCHHS Bi,Z[HOBlHO no [15]:
in wr cy wr cy wr
5[ () 2n))
v 2( Ocz wr 1c2 c11c1
; 2
in wr\ Cy wr
5w -n)
r=7 ( Z\¢c, 2\ g
ner; = a—r, r= \/(xl —x))2 + (xy, — x2)?; HZ(2) =]K(Z) — 1Y, (2) — dynkuii T'ankens II poxy;

Ji(2), Y (z) — BimgnoBinHo ¢ynkuii beccens I ta II pony, 1, j=1, 2. IHTerpyBaHHs B3IOBXK T'paHUII
TIPOBOJIMTHCA 33 3MiHHUMH X{, X3,

BuKkoprCcTOBYIOUH 3alporoHoBaHy v [14] MeTomuKy 3BemeMO pO3B’SI3aHHS 3aadi 0 CHCTEMH
IHTeTpadbHUX PIBHSAHB, SKI y poOOTI OTPHMAaHO NUIAXOM 3a0BOJICHHS TpaHWmdHUX ymoB (1) mpwm
MiCTAaHOBLI I1HTErpaJibHUX MNpeacTaBieHb (2) 3 ypaxyBaHHSIM MpPEACTaBICHb AN MiAiHTErPATbHUX
(GyHKLIH, BCTAaHOBJIEHHS iX OCOONMBOCTEH, BUALICHHS HEPETYNAPHHUX CKJIaJOBUX Ta BHUKOPUCTAHHS
tdopmyn ITnemens-Coxompskoro [2, 15] npu rpannaHOMY 1epexoi. InTerpaabHi piBHSIHHS OCTaBICHOI Y
MeTi poOOTH 3a7aui y MaTpu4Hild GOpMi 3aITUCYIOTHCS:

CU+ [ F-Uds=P, ©)

C11 C12

e C=(
A C21 C22

) - MaTpuIll KOe(iIli€HTIB, MO0 BU3HAYAETHCS MPH TPAHUYHOMY IEPEXOJi 3a
Uy . .
Bukopuctanus popmyn [Inemens-Coxompkoro [2, 15], U = (u ) — MaTpHId HEBIJIOMUX TIepeMillieHb, P =
2

P . .
(Pl) — MaTpuls B1AOMHX BCJIWYUH, IO OTPUMYETLCH IPU YPAaXyBaHH1 BIUIMBY 3aJaHOTIO HaBAHTAKCHHSA
2

f11 f12
f21 f22

(GYHKLIH, SKi OTPUMYIOTBCS TIPH 3aI0BOJICHHI IpaHUYHHUX YMOB (1) Ta MalOTh BUTIISIA:

IUISIXOM 3a7[0BOJICHHST TpaHWUYHHX yMOB (1), F = ( )- MaTpHUIl BIJOMHX IiTIHTETPaIbHUX

f}k = Pj#;cl(xl,xz)eL-
(x? x3)€EL
Cucrema iHTETpaIbHHX piBHAHE (3) po3B’sA3yBajacs dHCIOBO 3a BHUKOPHUCTAaHHS METOIY
MeXaHIYHUX KBaJApaTyp CYMICHO 3 METOAOM KoJioKaii. J[jst iboro mpoBoauiacs napaMeTpu3allis IpaHuLi
KOHTYpY BKJItoueHHs L y Burisni [2]:
x1 = @(0); x; =9(6), t =g(0) =@(6) +iY(6), 0<6 <2m.
Bpaxosyrouu, mio miginrerpanbHi GyHKIii fjx Opu MaIuX 3HAYEHHAX APITyMEHTY € HEPETYIISPHUMH,
BUKOPHCTAEMO YTOYHEHI KBaapaTypHi (GOpPMyIH 3 ypaxyBaHHAM TUIY iX ocoOimuBocTei. [l iHTerpaiis,
110 MafOTh JIorapu(MiuHy 0COOIHMBICTE BUKOPUCTAEMO KBaApaTypHi popmyinu suay [16]:

[ f (62 Inrde = 05Ky fon (102 = S, 27 cos(0 - 6,)) g1, @
e

’ ’ ~ ~ —_— K
gn =9 (6,), 6, =0n, z, =2(0,),6, =6, + 1/2,v=1K, [ =2n/K, M=E.
JU71st peITH iHTerpatiB, 10 HE MAIOTh JIOTApU(PMIUHOI Ta CHHTYJISIPHOT OCOOJIMBOCTI, BUKOPUCTAEMO

Taki KBaZpaTypHi CIIiBBiIHOIIEHHS MMiABHUIEHOI TouHOCTI [17]:

fQ qf (t,zy)dt = [ Zﬁ:l anvngr’u ®)
ne fun = f(tn 2y).
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[Ipu peamizamii 3anpONOHOBAHOIO MIAXOAY TOYKH KOJOKalli BHOMpalMCAd 3 ypaxyBaHHSIM
HACTYIHHUX 3ayexHocTei [17]:

2 2
V=X, Fixy, ty =x)+ixd,r =\/(x1 —x)) + (x, —x2).
Bukopucranns kBanpatrypaux ¢opmyn (4)-(5) no iHTerpanbHHUX piBHSHB (3) IO3BOJSIE 3BECTH
PO3B’s13aHHS 3a]1a4i 10 CUCTEMH PiBHSHb, IO 3alUCYETHCS Y BUTIISIII:
AU=P, (6)
ne A ={Ap}, Ajx = Cie + Fj, U = {wy}, P={P},jk =1..K o _
Jns po3paxyHKy TOJOBHHX HOPMAJIBHHX HAalpyKeHb IMOOYAyeMO aHAJITHYHI 3aleXHOCTI Yy
iHTerpanpHiit popmi. s nuporo Bukoprcraemo Qopmynu [2, 15] mis BUnagKy miocKOro HampyKeHOTro
CTaHy:

c’)u1 auz 6u2 c’)u1
011=.0( +(C1—2C2)62):022=.0( +(C1—22) ) (7

Ie ¢1 , C; - WIBUAKOCTI XBHJIb PO3IIMPEHHS BUBHAYAETHCS Ta XBHIIb 3cyBy [2, 15], sxi y Bunaaxy

IUIOCKOTO HAIPYKEHOTO CTaHy BU3HAYAIOTHCA 32 (hopMynamu:
2 _

——, 0 =
p(1—1*) 2p(1+v)

Tyt E - MoIynb IPYXKHOCTI Iepuioro poay Matepiany (Moxyns FOHra), p — ryctuna matepiany, v -
koediuient [Tyaccona.

IlixcraBnstoun peaCcTaBICHHS TS TepeMimeHs (2) y dopmymu (7) OTpuMaEMO:

0'11 = JHlluldS +fH12u,2ds,
L L

ct =

0'22 = fHZlulds +JH22u2dS,
L L

ne GyHkuii H;j € Bi/IOMMMH Ta IPU PO3PAXyHKY HATIPYKEHb BU3HAYAKOTHCS YUCIIOBO Y BiMOBITHUX
TOUKax. Y BUMAJKy pO3paxyHKy HalpyXeHb Ha TPAaHUI[ BKJIIOUEHHS Ta MaTpuii OyJo J0AaTKOBO
BCTAHOBJICHO OCOOJIMBOCTI MMiIHTErpadbHUX (GYHKIINH Ta BUKOpHUcTaHO dopmynu ILremens-CoxombpKoro
[2, 15] mpu rpaHMYHOMY TIEpEXO/Ii.

Jlns mepeBipKy JOCTOBIPHOCTI Ta TOYHOCTI 3aIPOIIOHOBAHOTO AHATITUYHO-YHUCIIOBOTO MiAXOMY
MIPOBEEMO TECTYBAaHHS Ha 3a7adi IPO IOCHIDKEHHS KOHIICHTpAIlli HampyXeHb Ha TPAHUIll >KOPCTKO
BIIASHOTO KPYTOBOTO HEPYXOMOI'O BKJIIOUEHHs. UMCIIOBI po3paxyHKH MpPOBENEMO AJSl Pi3HUX 3HAYEHBb
koedinienty [lyaccona y Bunaaky mii «magarouoi» XBUIi CTUCKY, OTSHIIAIH K0T 3a1at0Thes [1, 2]:

® = Pelwer) p =, (8)
e @ - 9acToTa, Wq =C%, ON =£. XBHJIS TOIIMPIOETHCS Yy HAmpsIMKy oci Ox;. 2D monens

HAaBAHTAXXCHHA MPEACTABJICHA HA pUC. 2.

Puc. 2. 2D Mopean HaBaHTaAKEHHS

Taka 3amada € JUHAMIYHUM aHAJOrOM 3afadi Mpo KOHUEHTPALil0 HaNpy>KeHb Oilsl OTBOPIB
(BKJIIOYEHB) TMPHU JABOOCHLOBOMY OCHOBHOMY HAIpPyKEHOMY CTaHi. Y BHNAAKy YCTaJC€HHX KOJUBaHb
MaTEeMaTHYHO TaKe HAaBAHTAKCHHS OMMCYETHCS 3 JJOIMOMOTOI0 IUIOCKOI MPYKHOT XBHIII, 1110 IaJa€ Ha OTBIp
(BxiroueHHs ). Taka XBHIISI TOPOIKYE BimOuTI XxBriti. CyMapHe XBHIIHOBE TT0JIC BU3HAYAE HATIPY)KEHUN CTaH
y npy>xHii mnactuaui. [Tpy npoMy, Ha KOHTYPi BKIIOUEHHS BUHUKAIOTh BiTOWUTI XBHJIi CTHCKY, HOTEHLI1AIN
(8) ¥ Ta ® sxMX 3310BONILHAIOTH piBHAHHAM ['emromnsia [1, 2].

VY [1, 2] 3a BUKOpHCTAaHHA METOAY PSAMIB OTPUMAaHO aHATITHYHHMN PO3B’SI30K 3a/adi y BUIIIAIL
HECKIHUEHHOTO DSy, IO XapaKTEPH3YEThCS BUCOKOIO 301KHICTIO. BIJIHOBIJIHI pe3yabTaTH Y BUTIISI

300paxkeHHs 3 kuuru [1] HaBeneHo Ha puc. 3. Tyt npuiimanocs, o & = w, = C—
2

Tomy mis TecTyBaHHS 3alpONOHOBAHOTO MIJXOMY OTPHMAEMO PO3B’S30K IN€l XK 3ajadi MpU

AHAJIOTIYHUX 3HAYCHHSX BXITHHX MapamerpiB. Po3paxyHKH NMPOBOJUTUMEMO y JIBOX TOYKaX TpaHHMII

KOHTYPY KOPCTKOro BkitoueHHs: d =0 T1a = 7.
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Puc. 3. Po3noaiJi pagialbHUX HANPYKEHb HA TPAHUII KPYTOBOI'0 HEPYXOMOI'0 BKJIIOYEHHSI,
orpumasi y [1] meToaom psiaiB

Pe3ynpraTu unciaoBUX po3paxyHKiB Ha OCHOBI PO3BUHEHOI y pOOOTI METOJUKH TPEACTABICHO Ha
puc. 4. TyT HaBeACHO KpHWBI pamiallbHAX HaIMpPYKEHb I BUIAIKY AHAJIOTIYHUX 3HAYCHDb BEIWIMH
koeodiuienta Ilyaccona: v=0,15, 0,25, 0,35 ta v=0,45 mist 3pydHOCTI MOPIBHAHHSA Ta aHam3y. Ilpu
po3paxyHkax 0ysio BuOpano N=50 TOUOK pO30UTTS I'PaHHUIIl BKIFOUCHHS.

25

0.5

0

0

Puc. 4. Po3noain paaianbHUX HANPYKeHb HA IPAHUII KPYTOBOI0 HEPYXOMOTO
BKJIIOUEHHS1, OTPUMAHi ra OCHOBi po3po6.ieH0T MeTOINKH

IIpu mOpIBHSHHI pe3ysbTaTiB, HABEACHUX Ha PHUC. 3 Ta puc. 4, BUAHO, IO HAMPYKCHHS
BiJpi3HAIOTECS Ha 2-3%, 10 MiATBEpIKYyE eEeKTUBHICTH 3aIPOMOHOBAHOTO migxoxy. Kpim Toro, cepen
nepesar po3po01eH0i METOJUKH € MOXIIMBICTh IIPOBOIUTH aHAI3 HATIPYKEHOT'O CTaHY B3/I0BX YCiX TOUOK
IPaHUIl BKIIOUEHHS, OCKLIBKH, Ha BIAMIHY BiJ METOIY PSAIIB, PO3B’SI30K OYAYETHCS IS YCIX TOUOK IPAHII
onHovacHO. Ha puc. 5 HaBeieHO 3MiHYy PO3MOAiTY HOPMANbHUX HANpPYXEHb B3JIOBK T'PAaHUL BKIIOUCHHS,
10 PO3paxoBaHi Il IEKITbKOX 3HAYeHb YaCTOTHOI XapakTepuctuku @, = 0,25; 0,5; 1,0; 1,5.

KinpreBi HampyKeHHS B3[OBX TPaHMI BKIIOUCHHS € 3HAYHO MEHINMMH Bil paialbHAX
HanpyxeHb. Lle mosicHIoeTbes TUM, 0 GPOHT XBUIIl Ai€ B3oBXk oci Ox1, mo y Toumi 6=0 ° cniBmagae 3
HaIpsIMKOM HOpPMaJli 0 TPaHHUIll BKIIOYCHHS.

Po3nogin kinbleBUX HamNpyXeHb, PO3paxOBaHUX Yy aHANOTiYHMX Toukax: € = 0, 8 = «
HaBEJICHO Ha puc. 6.

Crin BIAMITHTH, 3aIpOIIOHOBAHUH y il poOOTI MiIXia XapaKTePU3YETHCS ICTOTHO IITHPITHMH
MOXUJIMBOCTSMHE PO3paxyHKiB. KpiM Toro, 1e# miaxig € yHiBEpCaIbHUM TS TOCIIDKEHHS HAIPYXEHOTO
CTaHy y BUIaJKy BKJIIOUEHb 1HIIOI IIaAKO1 OPMHU Ta HE TOTpedye, Ha BIAMIHY Bil METOLY PSIIiB, KOIHUX
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moaudikariii. [TepeBaru poro miaxoay OyAyTh MPOAEMOHCTPOBAHI Y PsI/Ii HACTYITHUX JAOCIIIKCHb.
90

120 60
011
3
150 30
180 | 0
|
210 X7 1 wy =025 330
2: Wy = 05
3w, = 1.0
240 4:w, =15 300

270

Puc 5. 3mina po3noaiy HOpMaJILHIX HATIPYKeHb B30BK TPAHULI BKJIIOYECHHS

02f .
\\
‘151__7 S——
0 ‘ — |
0 0.5 1 1.5 2 25 Wy 3
Puc. 6. Po3nogia KiibueBUX HaNpyKeHb, PO3PAXOBAHHUX Y AHAJIOTIYHHUX TouKax: 8 = 0,
0==x

Bucnosku
3anpomnoHoBaHa y poboTi 4KciIOBa peaizallisi METOLy, pO3BHHYTOTO y [14], 1m0 H03BOJISE TPOBOIUTH
JOCII/DKEHHS Ta aHauTi3 AU(PaKIlii NpyKHUX XBUIb Y TNIACTUHYACTHX €JIEMEHTAX 3 )KOPCTKUMHU BIASHUMHU
BKITIOUCHHSIMH, € OibII YHIBEPCATBHOIO, IO MPOJEMOHCTPOBAHO HAa OCHOBI YHCIIOBHUX PO3PAXYHKIB.
[Momanbimi KoCipKeHHs OyQyTh CIIPSIMOBaHI Ha BUBUYCHHS BIUIMBY KOHIICHTPATOPIB HAMPYKEHb Y (hopMi
SNMIMTHYHUX BKJIIOYCHbD, 10 € MOJCJIIMHU 3BAPHUX IIBIB, HA PO3MOLI HAMTPYKEHb.

Cnucok BUKOPUCTAHHUX JIZKepeJl

1. Guz, AN., Kubenko, V.D. and Cherevko, M.A. Diffraction of Elastic Waves. Science Dumka,

Kiev, 1978, 307 p.

Savin G. N. Stress distribution around holes. NASA, 1970, 1008 p.

3. Katsikadelis J.T. The Boundary Element Method for Engineers and Scientists: Theory and
Applications (Second Edition), Academic Press, 2016, 446 p.

4. Gwinner J., Stephan E.P. Advanced Boundary Element Methods: Treatment of Boundary Value,
Transmission and Contact Problems, Springer, 2018, 652 p. https://doi.org/10.1007/978-3-319-
92001-6

N

© C.b. Mixyniu, A.O. Cscokutl

62


https://archive.org/search.php?query=creator%3A%22Savin%2C+G.+N%22
https://doi.org/10.1007/978-3-319-92001-6
https://doi.org/10.1007/978-3-319-92001-6

Miocsysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne84

10.

11.

12.

13.

14.

15.

16.

17.

Banjai L., Sayas F.-J. Integral Equation Methods for Evolutionary PDE: A Convolution Quadrature
Approach, Springer, 2022, 268 p. https://doi.org/10.1007/978-3-031-13220-9

Hart E. L.,. Terokhin B. I. Computer Simulation of the Stress-Strain State of the Plate with Circular
Hole and Functionally Graded Inclusion. Journal of Optimization, Differential Equations and Their
Applications (JODEA), 2021, 29, 1, PP. 42-53, DOI 10.15421/142103

Hart E.L., Hudramovich V.S. Computer Simulation of the Stress-Strain State of Plates with
Reinforced Elongate Rectangular Holes of Various Orientations. Strength of Materials and Theory
of Structures, 2022, 108, PP. 77-86. DOI: 10.32347/2410-2547.2022.108.77-86

Nazarenko O., Usov A., Volkova M., Kozin O. Mathematical Modeling of the Stress-Strain State
of a Plate with Rigid Linear Inclusion and Mixed Boundary Conditions. Bichuk KpHY imeni
Muxaiina Octporpancekoro, 1/2023 (138), PP. 22-28. DOI https://doi.org/10.32782/1995-
0519.2023.1.2

Zelenyak V., Kolyasa L., Klapchuk M., Oryshchyn O., Vozna S. Determining Patterns in
Thermoelastic Interaction between a Crack and a Curvilinear Inclusion Located in a Circular Plate,
Eastern-European Journal of Enterprise Technologies, 2021, 6/7 (114), PP. 52-58. DOI:
10.15587/1729-4061.2021.24399

Oshri O.,Biswas S., Balazs A.C. Modeling the behavior of inclusions in circular plates undergoing
shape changes from two to three dimensions. Phys. Rev. E, 2019, 100, 043001. DOI:
10.1103/PhysRevE.100.043001

Lavrenyuk V. I., Lavrenyuk N. V. The Stress-Strain State of a Plate with a Multilayer Inclusion.
International Applied Mechanics, 2007, 43, 3, PP.329-334.

Rana A.K., Paulb S.K., Deya P.P. Stress field in an isotropic elastic solid containing a circular hard
or soft inclusion under uniaxial tensile stress. Materials Today: Proceedings, 2019, 11, PP. 657—
666. https://doi.org/10.1016/j.matpr.2019.03.024

Shvabyuk V., Sulym H., Mikulich O. (2015) Stress State of Plate with Incisions under the Action
of Oscillating Concentrated Forces, Acta Mechanica et Automatica, 9(3), 140-144. DOI
10.1515/ama-2015-0023

[IBa6 1ok B.1., dypc T.B., Komenaa H.B., Mikymniu C.b. InterpansHi piBHSIHHS 3a1a4i gudpaxiii
XBWJIb Y TMIPY>KHUX CEPEAOBHINAX 3 BKIFOUCHHSIMH 32 JIii HECTAIllOHAPHUX HaBaHTa)KEeHb. HaykoBi
Hotatkw, 75,JIynpk, 2023, C. 95-99.

Brebbia, C., Telles, J., Wrobel, L.: Boundary element techniques. Springer, New York, 1984.
Krenk. S., On quadrature formulas for singular integral equations of the first and second kind.
Quarterly of Applied Mathematics, 33(3), 1975, 128-136. DOI:10.1090/qam/448967

Lifanov I. K., Singular Integral Equations and Discrete Vortices, VSP, Utrecht, 1996.

© C.b. Mixyniu, A.O. Cscokutl

63


https://doi.org/10.1007/978-3-031-13220-9
https://doi.org/10.1016/j.matpr.2019.03.024
http://dx.doi.org/10.1090/qam/448967

Miocsysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne84

YK 620.952 DOI 10.36910/775.24153966.2025.84.9

3.C. Cipko?’, T.M. Ctpokosa’, M.M. Toacrymxko?, H.O. Toacrymxko?, P.I. Yepbonkina®

Vrpaincokuii depoicasnuii naykoo-0ocionuii incmumym “Pecype’™

Jhyybkuti HayioHanbHULl MeXHIYHUL YHigepcumem
HTYY “Kuiscoxuii nonimexniunuii incmumym imeni leops Cikopcokoeo”

OCOBJIMBOCTI TEXHOJIOI'TYHOTI' O ITPOIECY OTPUMAHHA MIKPOIIITIORHY 13
JAEPEBUHU BYKA

B cmammi euceimneni numanns, noe’a3ani iz uzomoenennam i3 0epesuHu OyKa MiKpOUINOHY ma AKyYeHMYEMvcsa
Y6aza Ha 0COBAUBOCINAX MEXHOI02IUH020 npoyecy 0ano20 eupobnuymea. Ilokazano, wio MiKpOWNOH — ye HAlIMOHWUT uiap
OepeguHU NegHOT MOGU{URU, OMPUMAHUIL WIAAXOM CMPY2aHnA Jicomamepiany. Hamypanonuit cmpyzanuii winoun 60100ie
bazambma nepesazamu: 0a2amcmeom ma Kpacoio mexcmypu, AKi epaxcaromv yaeu pi3HOMAHImms KoJipHoi nanimpu,
He3euuainicmio (onosux 6izepynKie; UiH06010 O0CMYNHICMIO, addice 0YO0b-AKUI HAMYPANbHUI WHOH GUABGIACMBCA HA
nOpAO0OK Oeuwreguie 0epeeHOz0 MACUBY AHAOZIYHOT NAOWY, 8U20MOGIIEHO20 3 MIET )c nopoou depesunu. B cmammi nagedeni
mexHoN02iuHi npoyecu po3KpoIEannsa ganepnoi cuposunu OyKa Ha KpAdici, OMPUMAHHA i3 HUX 6aHYeci8, 2IOpOMePMIUHO20
00pobnennsa eanyecie, mexHon02iune yCMamKyeanua 01 OMPUMAHHA MIKPOWNOHY, 3MIHEHHA MIKDOWNOHY.

Knwuoei cnosea: mikpownon, oepesuna 6yKa, Qizuxo-mexauiuHi noKa3HUKu Oepesunu OYKA, MexHONO2IYHUl npoyec
OMPUMAHHA MIKDOWNOHY, 3MIYHEHHA MIKPOUNOHY.

3

Z. Sirko, T. Strokova, M. Tolstushko, N. Tolstushko, R. Cheryopkina

FEATURES OF THE TECHNOLOGICAL PROCESS OF OBTAINING MICROWAVES
FROM BEECH WOOD

The article highlights issues related to the production of microveneer from beech wood and focuses on the features of
the technological process of this production. It is shown that microveneer is the thinnest layer of wood of a certain thickness,
obtained by planing timber. Natural planed veneer has many advantages: the richness and beauty of the texture, which amazes
the imagination with the variety of the color palette, the unusualness of the background patterns; affordability, because any
natural veneer is an order of magnitude cheaper than a wood massif of a similar area made from the same type of wood. The
article presents the technological processes of cutting beech plywood raw materials on logs, obtaining veneers from them,
hydrothermal treatment of veneers, technological equipment for obtaining microveneer, strengthening micro-veneer.

Keywords: microveneer, beech wood, physical and mechanical characteristics of beech wood, technological process of
obtaining microveneer, strengthening of microveneer.

IMocTanoBka npo6aemu. MikpommoH — 1e ToHkui (MeHe 0,1 MM) fepeBUHHUE MaTepial (LIIoH)
111 OOTMIIBOBYBAaHHS TOBEPXOHb Y BUPOOHHULITBI MeOIiB Ta OyiBenbHil ramysi. llnon — ne HalToHIINI
map HaTypajdbHOI JEpPeBUHM Majioi TOBIIMHM, OTPUMAaHMI METOJOM CTpyraHHs a0o IJIyIIeHHS
JicomMaTepiany (BaH4eCy), SKUi € OCHOBHUM HaIliBGpaOpHUKaTOM, IO CIYXKUTH 11 BUPOOHHUIITBA TOHKOTO
miapy JACpPEeBHHH Ta MOAANBLIOTO OOJHUIIOBAHHS PI3HUX IUTMTHUX MatepianiB. Ha Ttenepimmiii uac
BUTOTOBJICHHSI IIMOHY 3 MOAAJbIIMM BHPOOHHLTBOM 3 HBOTO PI3HOMAaHITHUX BHPOOIB € OTHUM i3
HAMMEpCIeKTUBHINNX HANPSMKIB Yy JIepeBOOOPOOIIOBaIbHIM TPOMHUCIOBOCTI, YOMY ICHYE YHMAJIO
NPUYMH: MiHIMYM BIJIXOAIB MiJl Yac CTPyraHHs, €KOJOTiYHICTh MaTepially, pi3HOMaHITHICTb BHPOOIB,
OCHOBOIO SIKHX € IITOH.

AHani3 ocraHHiX gociimkeHb i myOmikamiii. CTpyranuii IIOH OTPUMYIOTH IOCIIJIOBHHM
CTpYraHHSIM 3 TIOBEpXHI 3aroToBKM (BaHYeCy) TOHKUX IIApiB JIEPEBUHM, SKHH B TOAAIBIIOMY
3aCTOCOBYIOTH Il OONMIIOBaHHS Pi3HUX IIMTHUX MatepiamiB [1-3]. Ilpouec cTpyraHHs NpOBOAATH Y
MEPIEHIUKYISIPHOMY JTOBXHHI BOJIOKOH HANPSIMKY. 3 METOI0 OTPHMaHHs HAHOLIBII KPACHBOI TEKCTYpH
IIMTOHY HEOOXiHO 3pi3aTH WOTo y MEBHOMY HANpPSMKY IIOJ0 PIYHHUX KiTelb JEPEeBUHHU — pajialibHOMY,
TAaHTEHIIaJJbHOMY Ta 3MilIaHOMYy. Y BHPOOHHUTBI CTPYraHOrO IIIOHY BHUKOPHCTOBYIOTH JCPEBUHY
MEPEeBAXHO TBEPAMX JUCTAHUX Ta XBOMHUX MOPil, AKi MalOTh KpacuBy TEKCTypy. TOBIIMHA CTpyraHoro
mrmony ctanoBUTh 0,6 — 1,0 MM, a crpyranoro mikpominony — 0,1 — 0,04 M. ToBIHHA CTPYyraHOTO MITTOHY
3aJIe)KUTh BiJl TOPOJIH ICPEBUHU. MEHITY TOBIIMHY IITIOHY MOKHA OTPUMATH 13 CYAMHHUX JTHCTSIHUX MOPIJ
JI0 SIKMX BIJJHOCHUTBCS JlepeBHHa Oyka. ByKk € NpeicTaBHUKOM PpO3CISHO-CYAMHHHX IODPiJ JCPEBHHHU.
JepeBuna Oyka — Oe3syipoBa Topoza, Oina i3 >KOBTyBaTuM ab0 UYEpBOHYBATHM BIATIHKOM 3 J00Ope
BUJAMMUMHU pivHUMH mapamu. CepleBHHHI MPOMEHI MIMPOKi, Ha pajlialbHOMY PO3pi3i BOHH MarOTh BUTJIST
OJMHMCKYy4YHX CMY)KOK, @ Ha TAHTCHIIAbHOMY — KOPHYHEBHX YEUEBHYOK, SIKi CTBOPIOIOTH XapaKTEpHHI
KpamyacTuii MamoHOK. JlepeBrHa Oyka Mae KpacuBY TEKCTypy (OCOOJIMBO Ha paaiajibHOMY Iepepisi),
BUCOKY MILIHICTh Ta A00pe THEThCS. Y CBDKO3PYOJCHOMY CTaHi CepeAHs BOJOTICTh JIEpEeBUHH Oyka
cTaHoBUTH 64 %. MinHICTP MIKpPOLINOHY 13 JAepeBUHH Oyka 3yMoBieHa (Pi3MKO-MEXaHIYHUMHU
MOKa3HWKaMU i€l AepeBuHH, a came [4]: Mexxa mimHOCTi, MIla Oyka mpu cTHCKaHHI B3IOBX BOJIOKOH,
Bimnecena 10 1 xr/m® — 0,079; mig 9ac po3TAryBaHHS B310BK BOJOKOH — 0,176; IIpY CTaTUMHOMY BUT'HMHI —
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0,154; mix gac ckomoBaHHs B310BK BoJokoH — 0,019; ynapHa B’s13KicTh aepesunn 6yka, kJIx/m? — 0,119;
Topuesa TBepaicts, H/Mm? — 0,088; cepeHiii MOKa3HMK yIapHOI TBEpAOCTI Oyka 3a BosorocTi 12 % - 0,98
Jlx/cM?. Ha choropHiimHii 1eHb (paHepHa CMpOBHHA OyKa, K 1 iHIIMX MIHHUX TBEPIMX JIMCTAHUX MOPiJ
(my0a, sicenst) mocuth nedinntHa. byk 3aiimae Bcworo 9,3 % miomti gicoBoro Gouay Ykpainu [5, 6]. Tomy
aKTyalbHUMH € JOCHTI/DKCHHS, IO HalpaBieHI HAa CYTTEBY EKOHOMIIO IIIHHOI JEPEBUHU IILITXOM
BHTOTOBJICHHS 13 HE1 HOBOTO BHUTY MPOAYKIIiI — MIKPOIITIOHY.

I[MocranoBka 3aBaanb. MeTa MOCITiHKEHHS — JOCHIIUTH OCOOJIMBOCTI TEXHOJIOTIYHOTO TMPOIECY
OTpUMaHHS MIKpOIIIIOHY 13 AepEeBUHHU OyKa Ta HOro MmoaajiblIoro 3MillHEHHS.

BuxnagenHsi ocHOBHOro Martepianay. /[ qocmimpkeHb 3aCTOCOBYBAIIN JEPEBUHY OyKa (KOJIOIIHN)
nmiamerpoM 26 cMm. Komogu Oyka MOBKHHOIO TOHaJ 3 M PO3KPOIOBATH HAa KPSKI 3 ypaxyBaHHAM
ONTUMANLHOT JOBKHUHH OCTaHHIX 3 METOK MAaKCHMAJbHOTO BHKOPUCTAHHS JIOBXHHH CTOJIA
MIMOHOCTPYTalIbHOTO BEpCTaTa JJisi OTPUMAaHHS MaKCHMAJIBHOI NMPOJYKTUBHOCTI 32 PEKOMEHJAIlisIMU
YKpaiHCHKOTO  JIEP)KAaBHOTO  HAYKOBO-JOCHIHOTO IHCTUTYTY MEXaHIYHOI OOpOOKHM  JIepeBHHU
(YxpHAIMOQN), sixi HaBeneni y tabm.1.

Tabn. 1
Po3mipu koJioa i KpskiB
JloBxxrHa KOJIOH, M Jiametp xomonu, cMm JloBxkrHA KpsDKa, M

3,0 Ho 95 be3 po3kporo
3,0 Tlonan 95 1,511,5

3,5 o 90 Be3 po3kporo
3,5 TTonax 90 2,011,5

4,0 Ho 80 be3 poskporo
4,0 TTonan 80 20120

4,5 Ho 75 be3 poskporo
4,5 Ilonan 75 2,512,0

5,0 o 106 2,512,5

5,5 Ho 95 2,7512,75

6,0 Ho 95 3,0i3,0

6,5 o 80 2,514,0

Kpsoxi Oyka po3kporoBajiy Ha 2 BAHYECH IIJISIXOM JiJIEHHS YOTUPUKAHTHOTO Opyca Mo AiaMeTpabHil
IUIOIIMHI Ha BEpPTHKaJbHOMY cTpiukonmuikoBomy Bepctati BRAUM + CANALI mozeni BBS-200
(Himeuyunna) i3 mupuHOI0 cTpiuku 180-280 M.

INgpoTtepmiune 0OpobIeHHST BaHYECIB 3/ifICHIOBaNN Y apuUJIbHOMY aBTOKJIaBi. BukopucroByBaim
pauioHajIbHI pEeKUMH TEIUIOBOTO 00pOOJIeHHS BaHUECIB B aBTOKJaBI, siki Oynu po3pobaeni YkpHAIMO/]
Ta HaBeJICHI y TaoI. 2.

Tabn. 2
PanionaJbHi pe;KMMH TeNJI0BOro 00po0JieHHsI BaH4YeciB i3 1epeBHHHA OyKa

ITopona ToBmuHa, cM Tuck napu, MIla Tp MBalCTh TIPOTAPIOBAMI, XB.
BIITKY B3UMKY
Jo 18 0,2-0,25 135 160
Byx 18-24 0,2-0,25 150 180
24 - 36 0,2-0,25 170 200

JInst OTpUMaHHS INIOHY i3 AepeBUHM OyKa BHKOPHCTOBYBAIM BEPTHKAJIBbHY CXEMy CTPYTaHHS, 3a
AKOi BaHYeC 3AIMCHIOE MPSMONIHIHHUA 3BOPOTHO-TIOCTYNAJIBHUN PYX y BEPTHKAJIBHIM IUIOLIMHI, a HiX
3ajgumaeTscsi HepyxoMuM. llomaya HoXa Ha TOBLIMHY WIMOHY BifOyBaeThCsl y KIiHII XOJOCTOTO
HepeMIiIIeHHs 3ar0TOBKU BIOPY.

Jlns oTpuMaHHS MIKPOIIIIOHY BUKOPHCTOBYBAIN BEPTUKAIBHUN MIMTOHOCTPYTaIbHUNA BEPCTAT TUILY
SM (®PH), TexHiuHa XapakTepUCTUKA SIKOTO HaBeZeHa y Ta0I. 3.

Ha TemepimiHiii 4ac CHPOEKTOBAaHI Ta BUIOTOBIISIETHCS CIEMIabHI HINOHOCTPYTalbHI BEPCTATH
kommanii Capital Machine Co. Inc (CIIA), siki 31aTHI BHPOOJISATH HAUTOHIIHN MTTOH (MIKPOIITIOH) Y CBITI.

BeprukaibHi IIMOHOCTPYTanbHi BEPCTaTH KOMIAKTHI, Y HUX MEHILIA Maca PyXOMHX YacTHH, 3py4YHE
peryitoBaHHA OOTHCKY, 3py4YHe BiZOMpaHHs JMCTIB LIMOHY BiJ BepcTaTa, a TOBLIMHA BiACTPYTiB MEHIIA,
HIXK y TOPH30HTAIBHUX BEPCTATaX.

Tabn. 3
© 3.C. Cipxo, T.M. Cmpoxosa, M.M. Torcmywro, H.O. Torcmywrxo, P.I. Yepvonkina

65



Miocsysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne84

TexHiuyHa XapaKTepPHCTHKA BEPTHKAJIBLHOI0 MIMOHOCTPYTaJILHOTO BepeTraTy Mojeai SM

(®PH)

Ne e . 3HaYCHHS
i ExcrutyaTaliiiiii moka3HHKA BepcTaTa HapameTpy

1 MaxkcuManbHa JOBKHHA 3aTOTOBKH, MM 4000

2 MaxkcuMalbHa IIMPHUHA 3aTOTOBKH, MM 800

3 MaxkcuManbpHa BUCOTA 3aTOTOBKH, MM 800

4 BenuunHa nojadi Ha MOABIMHMIA X1/ CyOpTa (TOBIIHMHA IITIOHY), MM 0,025-3,0

5 KinbKicTh MoABIHHUX XOAIB CYyNOpTa, NOJ.X/XB 14 -80

6 [ToTy>XHICTb TOJIOBHOTO €JICKTPOABUTYHA, KBT 45

Jnist cyIIiHHS MiKpOIIIIOHY BUKOPHUCTOBYBAJIM CTPIUKOBI (ciT4acTi) cymapku. Yac CyLIiHHS MINOHY
3a MOCTIHHOT IBUAKOCTI HUPKYJISALIT areHTa CyIIiHHs 3aJIeKUTh Bil OPOAH JEPEBUHHU, TOBIIMHH IITIOHY,
HOTO TTIOYaTKOBOI Ta KiHIIEBOi BOJIOTOCTI, TEMITEPATyPH areHTa CyIIiHHS.

JlocmimkeHHss 3MIMTHEHHS IIMIOHY MPOBOIWIN Y HaBYaNbHIN s1abopartopii kadeapu ekosorii Ta
texHoorii pocnuaHux noiimepiB HTYY «KuiBcbkuii monmitexHiunui iHcTUTYT iMeHi [ropst CikopcbKoroy.
st Toro, mo0 orpumarH ImoH i3 po3mipamu 3rigHo 3 HT/I, konona nepeBuHn Oyka MOBHHHA OyTH
niaMeTpoM He MeHIe 24 cM. [l 1ociiiKkeHb BAKOPUCTOBYBAIM KOJIOAU JIEPEBUHU OyKa JiaMeTpoM 26
CM, SIKi PO3KPOIOBAJM Ha JBa BaHUYECH LUIAXOM JAUICHHS YOTHPUKAHTHOro Opyca Ha BEPTHUKaJIbHOMY
ctpiukonmmikoBoMy Bepctati ¢ipmu BRAUM-+CANALI mozeni BBS-200. Jlanmii BepcTaT 3aBIOsKU
mmpokiid crpiumi (180-280 mm) 3abe3nedye BUCOKY TOUYHICTH pi3y IO y CBOIO Yepry Ja€ MOXKIHMBICTh
OTpUMATH BaHYECH 3 IKICHUMHU TTOBEPXHAMU (0€3 XBUIIACTOCTI) 6€3 IMoAaIbIIoro 00poOIeHHS.

lgpotepmiune o0OpoOJieHHS BaHYeciB 3AIMCHIOBAIM 3 METOI0 IiABUINEHHSA IIACTUYHUX
BJIACTUBOCTEH JEPEBUHH, 110 CIIPHUSE OTPUMAHHIO IIMOHY 3 TJAJKOI0 MOBEPXHEIO i MEHINOK KUIBKICTHO
TPIIIUH Ha 3BOPOTHOMY OOIIi JHCTIB Mikpomiony. ['igporepmiune 0OpoOIeHHS BaHYECiB MPOBOIMIHN Y
aBTOKJaBi. ToBmuHa BaHyeciB y Hac Oyma no 18 cm, 3amaBanu tuck mapu 0,2-0,25 Mlla, npu upomy
TPUBAJICTh MPONApPIOBAaHHs cTaHOBWIA BIITKY 135 xB. [licna mpomapioBaHHs BaHUECH 13 IE€pEeBUHH OyKa
BUTPUMYBAIIM Y IPUMIIIIEHH] LIEXY 70 5 TOIUH.

CrpyraHHs IINOHY NMPOBOAWIN Ha LIIOHOCTPYTajJbHOMY BEPCTaTi BEPTUKAIBHOIO THITY MoJeni SM
(®PH). Bepcrar 3abe3neuye rmogady HOXKOBOTO CyNoOpTa Ha HeoOXiaaui moaitani xig 0,05 MM (ToBIIMHA
mrony). [1ix 9ac cTpyranHsl MiKpOIITIOHY BEPCTAT HAAIITOBYBalHN Ha 60 moBiiHUX X0/iB cynoprta. Kyt
pi3aHHS BUOMpPAIHM MiHIMAJBHUM, OCKUIBKH YAM MEHIIMH KYT pi3aHHS O , TAM MEHIIe Oyle 3rUHaTHCS
CTpYXKa IMEPEIHbOI0 TPaHHI0O HOXa, a OTXKEe, 1 MEHIIOK Oyae riauOuHa TpilmuH y cTpyxmi. KyTosi
napaMeTpH HOXKa JUIsi OTPUMaHHS MiKpOILITIOHY OYJIM HACTYITHUMHM: KYT pi3aHHsl O = 18°; KyT 3arocTpeHHs
P =16 saniit kyr @ = 1,5°. IIpouec pizaHHs NPOBOAWIN 3 OOTUCKAHHAM 3Pi3aHOi CTPYKKH, TOOTO y
mporeci pi3aHHA IOBHHHI OpaTH ydacThb HiDX 1 NPUTHCKHA JiHiMKa. 3a OJHAKOBHX TEXHIYHHX
XapaKTepUCTUK, Y BEPTHKAJIHHHUX IIMIOHOCTPYTaJIbHUX BEPCTATIB BiAOYBaeThCs Kpalle 3HIMAaHHS JHCTIB
IITIOHY TIiT 9ac opMyBaHHs KHOJIB. KHOIL — mayka IMCTIB mMITOHY (MIiCTUTH IoHaMeHtIe 10 apkytiB),
3pi3aHOTO0 3 OJTHOTO BaHUYEcCa, OAHIET TEKCTypH Ta AKocTi. CyIIiHHA MIKPOIIIIOHY TIPOBOIIINA B CITYACTUX
cymapkax 3a temreparypu 100°C yxe chopmMoBaHrX KHOMIB. PexkuMu cymiHHs MiKpOIITIOHY A0 KiHIIEBOT
BosiorocTi 8 — 10 % nHaBeneHi y Tadm. 4.

Tabn. 4
Pe:kumu cymiHHsI MiKPOLINOHY /10 KiHueBoi BoJorocti 8 — 10 %
ITouaTkoBa .
ITopona ToBmuHa BOIOLICTS Temnepartypa TpuBanicTh
JEpEBUHU LITOHY, MM N areHTa cyminns, 'C CYIIiHHS, C
oy, %
Byx 0,05 45 100 30

SIKiCTh BHCYLIEHOTO IIINOHY O€3I0CepeAHbO BU3HAYAETHCS NOTPUMAHHSIM PEKUMHUX MapaMeTpiB
IIPOTSTOM BCHOI'O NPOLECY CYLIIHHS.

Mixkpomurmnon ToBuHO0 0,05 MM Mae HU3bKI (i3UKO-MeXaHiuHI BIACTHBOCTI, 0COOIHMBO MILHICTHI.
B nporiecax 3aBaHTa)KEHHSA-PO3BAaHTAKCHHSI, IIEPEMIIIIEHHS, TPAHCTIOPTYBAHHSI Ta 1HIIMX MaHITYJIAIIAX 13
TaKUM IIIIIOHOM BUHUKAIOTH ITOITKOKCHHS Y BUTIISAAI TPIIIMH, CKOJIB, BUPHUBIB Ta 1HIIHUX Ne(EKTiB, SAKi
MOPYIIYIOTh LUTICHICTD JIMCTIB IUIMOHY Ta 3HWXYIOTh HOTO SIKICTh 1 COpTHICTH. TOMy Takuii MiKpOILITIOH
HEOOXiZHO 3MIIHIOBAaTH, 1100 YHUKHYTH BHIIEHABEACHUX HENOMiKiB. [l 3MIiHEHHS MiKpOIINOHY
BUKOpUCTOBYBanu nanip mapku OB-100, sikuii BAKOPUCTOBYIOTh SIK OCHOBY JIJIsl T YBATBHUX MIKYPOK.
HocmijpkenHss  (i3UKO-MeXaHIYHUX Ta eKCIUTyaTallilHMX IMOKa3HWKIB Marnepy MpOBOJIWINA Y
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HTVYYVY «Kuischkuii monitexHiynui iHCTUTYT iMeHi Iropst Cikopewskoro» srigno ACTY 2334-93 (I'OCT
ISO 1924/1-96) «Ilamip Ta xKapToH. Bu3HadeHHs MiIfHOCTI mmif dac po3rtsryBanHs. Yactuua 1. Merton
HaBaHTAXXyBaHHA 3 TIOCTIHOIO MIBHAKICTIO». Pe3ynapraTé mociiikeHb (i3UKO-MEXaHIYHUX Ta
eKCIUTyaTallifHMX TOKa3HUKiB nanepy mapku OB-100 naBezneni y Tadu. 5.
Tabn. 5
Pe3yabTaTu nociigkenb Gizuko-MexaHiYHUX Ta eKCIUTyaTallilHMX MOKA3HUKIB Manepy
mapku OB-100

Ii\f_r)l Haza nokasHukiB Hopwma 3a HT/| DaKTUIHO

1 Ckmam 3a BOJOKHOM, %, MEIONIO3d JCPEBUHHOI

cynbdartHoi 100 100

4

2 | Maca IlM% 1 100+ E 95
3 IlinpHICTB, T/CM2, HE MEHIIIE 0,70 0,75
4 PospuBHe 3ycuiis y cyxoMy craHi, H, He MeHIe 137,3 140,2
5 BumoskeHHS TIpH poO3pHUBI Y CYXOMYy CTaHi, B

MaIIMHHOMY HanpsMKy, % 2,0 2,4
6 Bomnoricts, % 5-8 8

Pe3ynmpraTtit mociipKeHb TOKAa3ajld MOXIIMBICTH BHUTOTOBJICHHS MIKpPOIIIIOHY 13 JEPEBUHU OykKa
toBiuHOIO 0,05 MM Ta 3MinHEeHHS Horo nanepom mapku OB-100.

Bucnosku.

1. OOrpynTOBaHO BUOip AepeBUHU OyKa AJISi BATOTOBJICHHS MIKPOILITIOHY.

2. TIpoaHamnizoBaHi TEXHOJOTIYHI MPOIECH PO3KPOIOBaHHs (paHEPHOI CHUPOBHHU OyKa Ha KpsKi,
OTPYUMAaHHA 13 HAX BaHYECIB, TiIAPOTEPMITHOTO OOpOOJICHHS BAaHYECIB, TEXHOJIOTIYHE YCTATKYBAHHS IS
OTPYUMAaHHS MIKPOIIIIOHY, CYIIIHHS MIKPOIITIOHY, 3MIITHEHHS MiKPOIITIOHY.

3. HaBeneni KOHKpETHI NapamMeTpH Ha3BaHUX TEXHOJOTIYHMX MpOLECIB Uil OTPUMAaHHS
MIiKPOIIITIOHY.

4. IIpoBeneHi JOCTIHKEHHS 13 3MIITHCHHS MiKPOIITIOHY.
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0.A. MikyJiu, T.B. ®ypc, H.IO. Cemenunmun, O.1. I'yaaii, B.S1. lllemeTt
Jhyvkuti HayionanbHUll MexHiYHUL YHigepcumem

BILJINB CUJIIKOHOBOI TOBABKH HA CTPYKTYPY I MEXAHIUHI
BJIACTUBOCTI HIHOIIOJIITYPETAHIB

Y pobomi npedocmaeneno oocniorncennn eénnuey CunikonHoeoi 006asku Ha cmpykmypy i mexaniuni enacmugocmi
ninononiypemanie (I111Y). III1Y ompumani cnocooom 3anueKku y naacmurosi popmu eHaAcniooK cunmesy noionvHozo (3
eMicmom cninioeaua) ma nonii3ouiaHamno20 KOMROHERMie y 6a2080my cniggionowenni 2:4. Moougikyrouy 006a6xy cunikony
6600UIU HA emani IMIULYEAHHA KOMHOHEHMIE Y PI3HUX 6a208UX ChiggiOHoueHHAX 610 1 00 4 sazoseux yacmox. IIpoananizosano
MIKPOCHMPYKIYPY OMPUMAHUX RIHOMAMEPIAie 3 PI3HUM 6A206UM 6MICHOM CUNIKOHOGOI 000asKu, oyineno ix nopucmicms i
CMPYKmMypHo-mophonoziuni ocodrueocmi ma 0oCniodiceno noeedinky moougixosanux III1Y 3paskie nio uac degpopmysannsn
npu cmamuynomy cmucky. Onucano 3aKOHOMIpHICMb 3MIHU ROPUCMOCMI | MEXAHIYHUX XAPAKMEPUCMUK 6HACTIO0K
6apil0GanHs 6a206020 CHIBBIOHOUWIEHHA KOMNOHEHmMIs. 30i1bwieHHA YacmKu CUliKOH080T 000aéKu npu3eo0ums 00
3POCHMAHHAM MIYHICHUX MA MEXAHIYHUX XAPAKMEPUCMUK 00HOUACHO 3i 3Menuennam niacmuynocmi IIIIY ma 3pocmanna
yacmiu iOKpumux nop y mamepiani. Onucani y pooomi nioxoou moscymso 6ymu 6uKOPUCMAani npu 6U20Mo61eHHi enemenmie
KoncmpyKkuyiii 3 ninomamepianie, ujo maioms Hanepeo 3a0aHi XapaKmepucmuKu.

Knwuoei cnosa: ninononiypeman, miynicms, nopucmicms, Mopgonocis, mooyrs fOueza.

0.A. Mikulich, T.V. Furs, N. Yu. Semenyshyn, O.1. Hulai, V.Ya. Shemet

INFLUENCE OF SILICONE ADDITIVES ON STRUCTURE AND MECHANICAL
PROPERTIES OF POLYURETHANE FOAM

The work presents a study of the effect of cilicone supplement on the structure and mechanical properties of
polyurethane foam (PPU). PPUs were obtained by the pouring in plastic forms due to the synthesis of polyole (with the content
of the foam) and the polyisocyanate components in the weight ratio of 2:4. The modifying silicone additive was introduced at
the stage of mixing components in different weight ratios from 1 to 4 weight particles. The microstructure of the obtained foam
with different weight content of silicone additives is analyzed, their porosity and structural and morphological features were
evaluated and the behavior of modified PPU samples during deforming with static compression is considered. The pattern of
change of porosity and mechanical characteristics is described due to the variation of the weight ratio of components. An
increase in the particle of silicone additive leads to an increase in strength and mechanical characteristics at the same time as
a decrease in PPU plasticity and an increase in the proportion of open pores in the material. The approaches described in the
work can be used in the manufacture of foam structures that have predetermined characteristics.

Keywords: polyurethane foam, strength, porosity, morphology, Young’s modulus.

IMocTranoBka npo6saemu. [linononiyperanu (I1I1Y) — e momiMepHi criHeH] MaTepiaiy 3 MOPUCTOIO
CTPYKTYPOIO, IO BOJIOAIIOTH XOPOIIMMH 130JBIIITHUMHI BIACTHUBOCTSIMH Y TOEAHAHHI 3 3aJ0BUIBHAMH
MEXaHIYHUMHU XapaKTEPUCTUKAMH, 3aBISKH YOMY IIMHPOKO BHUKOPUCTOBYIOTHCS y OYIiBHHIITBI,
aBTOMOO1UIBHIH, JerKiil, MeOeBili MPOMHUCIIOBOCTI Ta MOOYTi, €heKTUBHO 3aMiHsI0UH iHII MaTepianu [1].

[oniyperaHOBi MiHK MalOTh HU3KY BiIMiHHUX BIIACTHBOCTEH, SIKi BU3HAYAIOTHCS XIMIYHUM CKJIaJI0M
1 TEXHOJIOTIE€I0 OJEpKaHHS, IO OOYMOBIIIOE CTPYKTYPY IbOro MaTepiamy. Tak, 3aBISKH KOMipYacTii
CTPYKTYpI MHOMOJIYPETaH! NOEAHYIOTh Y CO0l HU3bKY I'YCTHHY, XOPOII TEIUIOI30/IAIiHHI BIACTHBOCTI,
BUCOKY MEXaHI4Hy MIIHICTh 1 XIMi4HY CTIHKiCTb, IO POOHTSH 1X YHIBEpCATbHUMHU MaTepiaaMu JJIs Pi3HUX
ranmy3edd npomucioBocti. Takox [TITY BUPI3HAIOTHCS BUCOKHMHU TEXHOJOTTYHHUMH MOXKJIHBOCTSMH, IO
JIO3BOJISIE OTPUMYBATH LW MaTepiai Pi3HUX BUIIB: BiJ dKOPCTKUX 1 TBEPAMX 10 M’SIKHUX Ta €JIACTHUYHHX.
OcnoBaumu Heponikamu [IITY € wyTnuBicts 0 ynpTpadioneToBOro BUNPOMiHIOBaHHS, TOPIOYICTh, Ta
CKJIaJIHICTh YTHIIi3aIlii.

3Bakatoun Ha mepeBard U Hemomiku [IITY, HUHI TPOTOBKYIOTHCA HAYKOBI PO3POOKH IOJIO
TEXHOJIOTIYHUX aCIIEKTiB OAEp>KaHHA i MOKpAIleHHs YM ONTHMi3alii X BIACTUBOCTEH IJIi KOHKPETHOTO
3actocyBaHHs. 30KkpeMa, cydacHi gocmimxerns [IITY 3ocepemkeni Ha Moaudikariii momionis (I01aBaHHM
HAHOYACTHHOK, OIOMOMiONIB, CHJIIKOHIB), MOJIIIICHHI BOTHECTIMKOCTI 3a JONOMOIOK BBEICHHS
AHTUIIPEHIB, eKoJIoTi3allii ckinany (BUKOPHCTaHHS 0100CHOB, BOAHM SIK IIHOYTBOPIOBAaya 3aMicTh (PEOHIB),
3HW)KEHHI TEIIONPOBIAHOCTI 32 paXyHOK KOHTPOJBOBAHOI CTPYKTYpu mop. Momyinorooui BIacTUBOCTI
3a0e3redyye BBEJICHHS JIOJAaTKOBHX KOMIIOHECHT, TaKMX SK KaTali3aTopH, CTa0lli3aTopu, MOBEPXHEBO-
AKTUBHI PEUOBHHHU i 1HIII 100aBKH.

PizHOMaHiTHICTB 3acTocyBaHHs niHomomiyperaHis (I1I1Y) € mpuanHOO TOTO, 10 BUBYEHHS 3B’ SI3KiB
MiX X CTPYKTYpOIO 1 BIACTHBOCTSAMH B JaHWU Yac € MOMYJISIPHOIO TEMOIO JOCIIIXEHb cepesl HayKOBO-
JOCHITHUX 1HCTUTYTIB 1 KoMmaHiid. Tomy Takuii Hanpsimok focmimpkens [TV, sk MoaudikyBaHHs, HUHI
Mae€ MPOJOBXKEHHS, 1 i Po3poOKH 3aTpedyBaHi mox0 pearizalii a00 MOKPameHHS OKPEMUX MPaKTHIHIX
pIlIeHb y 3aCTOCYBaHHI MIHOMOJypETaHiB.
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AHajmi3 ocTtaHHix mociaimkenb i myOaikamii. Croci® ozeprkaHHS TMONIYPETAHOBHX ITIH TOCHUTH
HPOCTHH, OTHAK NOTpeOy€e TOYHOTO JTOTPUMAHHS TO3yBaHHS KOMIIOHEHTIB, TEMIIEPATYpHOTO PEXHUMY Ta
IIPOTHO3YBAaHHs 1 KOHTPOJIO iHIIMX TEXHOJOTIYHMX YHMHHHKIB. IX OTPHMYIOTH B Pe3yJIbTaTi CHHTE3Y
JBOKOMIOHEHTHOI CyMIIII MOJTIONTy Ta i30LiaHaTy 3 TOAaBaHHSM CIIHIOBaYa i iHIIHMX 00aBOK [2].

AHami3 pe3ynbTaTiB HaykoBuX jgociimkedsr I[IIIY Bkasye Ha Te, MO TIMPOKHHA CIEKTp iX
BJIACTUBOCTEH JUISI PI3HUX MPAKTHUIHUX PIlllEHb OCATAETHCA NIITXOM Momudikarlii cKiaamy OCHOBHHX
KOMITOHEHTIB (i3011iaHaTiB, MONIONIB) a00 BBEACHHSIM IHIINX J00ABOK, SKi MAOTh (YHKIIOHAIbHE
npu3HaueHus [3-6]. 3anexHO Bix NPH3HAYEHHS IHOMOMIypETaHy, IO CKJIaAy MOXYTh JOJaBATHCS
aHTUIipeHn (JIsl TiJBUINEHHS BOTHECTIWKOCTI), OAPBHHUKH, AHTHCTAaTHKH, IUIacTU(IKATOpHU Ta iHIII
PEYOBHHH, LI0 MOKPAIIYIOTh NEBHI €KCIUTyaTalliifHi XapaKTepUCTUKU. 3a paxyHOK 1poro marepian [ITY
MO’KE€ MaTH pi3HY T'YCTHHY, CTPYKTYPY Ta BJIaCTHUBOCTI 3aJ€KHO BiJ JOOABOK i TEXHOJIOTi BUPOOHUITBA.
3aBISKY IIbOMY ITHOIIOJIIYPETaH MOXKE OYTH SIK M’SIKHM 1 €TaCTUYHUM, TaK 1 )KOPCTKUM 1 MIITHUM.

OpnHa 3 OCHOBHHMX TEHJICHILIN JOCTIHKEHB y Wil ramy3i MoB's13aHa 31 3SHKEHHSIM BUPOOHHUYUX BUTPAT
Ha [TV ninu. SIk nokas3yroTh ocTanHi po3poOku B ramysi I1I1Y, miei MeTn MOKHA YCIIIIHO AOCSTTH IUIIXOM
BUKOPUCTAHHS CUPOBHHU TIPUPOJTHOTO TIOXOJKCHHS, IIO MICTHUTh HEIOPOTi Ta EKOJIOTIYHO Oe3meyHi
MoaudikaTopH, Taki sk riinepuH [7-8], piaka 6iomaca [9-10], abo ytumizaiii BigX0IiB K OT mopiOHeHA
ryma 3 muH [11-12] Tormo.

MexaHiuHi BIaCTHBOCTI MIHOMOJIIypeTaHy 3aJIekaTh BiJl XIMIYHOTO CKJIaay, CTPYKTYpPH MaTepiaiy,
HWOT0 T'yCTHHH 1 TIOPUCTOCTI. 3MiHA CITIBBIIHOIIEHb CKJIAJIOBUX KOMIIOHEHT, 1[0 BUKOPUCTOBYIOTHCS JJIs
OTPUMAHHS ITiHH, I03BOJISIE OTPUMATH Pi3HI TUIH ITiH 3 PI3HUMH XapaKTePUCTUKAMHU.

Tax, nmpupona Ta BMICT i30I[iaHaTy BILTUBAE HA KOPCTKICTh MiHW. Halyacrilie BUKOPUCTOBYIOTH €
MetwieHaudeninauizomianat (MDI) 1 Tonyonauizorianar (TDI). Bouu cranomisate 6mu3bko 90% Bin
3arajJbHOTO CIIOXKHUBAHHS Iuizorianary [13]. [3o1mianar pearye 3 mosioioM, yTBOPIOIOYH YPETAHOBI IPYIIH,
1 3 BOJIO10, yTBOpIOIOUM Ipynu cedoBuHH Ta CO,. dparMeHTH ypeTany Ta CEYOBHHU (POPMYIOTH KOPCTKI
cermentu IIITY, a momion yrBoproe M’ski cermentn IIITY [14]. Takum 4yuHOM, 30iIBIIEHHS BMICTY
130111aHaTy 3yMOBITIOE 3pOCTaHHS YKOPCTKOCTI MIHOMOMypEeTaHy.

[HmmM BaromuM akTopoM € (QYHKIIOHAIBHICTH MONIONY (BiZHOCHA KiNBKICTH TiAPOKCHUIBHUX
rpymn). IlizBumenns ¢yHKIiOHATBHOCTI TOdiony 0€3 3MiHM MOJIEKYJISpHOI Mach NPHU3BOAUTH 10
HE3HAYHOTO 301IBIICHHS TBEPIOCTI IMIHK Ta HEBEIIMKOTO 3HIKEHHS MIITHOCTI Ha PO3PHB i BUIOBKEHHS [3].

3a yuacTi HopoyTBOpIOBauiB (criHIOBauiB) GopMmyeThcsi KoMipyacta crpykrypa [ITY. Buninsrors
JIBA OCHOBHHX THITM CIIHIOBaYiB: ()i3WYHI CIiHIOBaYl (30KpeMa, PO3UMHHUKHU 3 HU3BKOI TEMIIEPATYPOIO
KHITIHHSI: TICHTaH, alleTOH a00 FeKCaH), SIKi PO3UIMPIOIOTH MOJIIMEpP B Pe3y/IbTaTi BUIIAPOBYBAHHS, Ta XIMIUHI
MiHOYTBOPIOBadi (Boa), IKi PO3IIMPIOIOTE MoJIiMep 3a paxyHoK yrBopents CO2 [15]. IucTiasoBana Boga
SK CIIHIOBAaY BIUIMBAa€ Ha TycTUHY 1 Mopdonorito xopctkoro IIITY. 3okpema, 3a pesyiabpraTamu
nocmimkenss [16] rycruna IIITY 3Menmmaacs y Maiske TpH pasu 3i 301IbIIEHHAM KiTBKOCTI Boau Bix 0,1
1o 3,0 yacTuH.

JliteparypHuii aHaji3 pe3ynbTaTiB JOCHI[HKEHb TEXHOJOIl OnIepXaHHS 1 BIaCTUBOCTEH
MiHOMOJIiypeTaHiB CBIAYUTH Npo iX 0araTo)yHKUiOHATIBHICTh i MEPCIEKTUBHICTH MIOAO BIIPOBA/IKECHHS B
pi3Hi cdepu, M0 0OYMOBJICHO X pPErylbOBaHOI CTPYKTYPOK, MOIIMBICTIO XiMidHOI Momudikarii ta
BUCOKOIO €(peKTUBHICTIO y 3acTocyBaHHi. Tomy nuraHus mogudikauii € akryansaum uist [ITY.

IMocTanoBka 3aBmaHHsA. MeTa bOTO AOCIKEHHS Hossiraina B MoaudikysanHi [1I1Y cumikoHOBOO
JI00ABKOIO (CHIIOKCAHOBHI Kay4yK) i OI[IHIOBaHHI ii BIUTMBY Ha CTPYKTYPY Ta MEXaHi4Hi BIIACTUBOCTI ITiHM.

BuknanenHst ocHoBHOro marepiaiy. OCHOBHUMH KOMIIOHEHTaMU JJIsl OTPHMAaHHS TTOJI1ypETaHOBOT
niHK Oyny mouios (MiCTHB CIiHIOBaY) Ta IMOJii30110HAT, 10 IIUPOKO BUKOPUCTOBYIOThCS Y OyIiBHULTBI, 3
BaroBHMM CITiBBIJHOIIICHHSAM IOJIION - TOJii3o1iaHar sk 2:4. Moaudikyroda 100aBka CHIIKOHY BBOJIHIIACS
Ha eTarli 3MillyBaHHs KOMIIOHEHTIB, MicJst 4oro BijOyBanacs ximiuHa peakiis cuatesy [1I1Y, B xoxi sxoi
BigOyBaocs CIiHIOBAaHHS CyMillli, MONPOYTBOPEHHs Martepiaiy 1 popmyBanHs komnosuuiid. [1ITY Oymu
OJIepKaHi CIIOCOOOM 3aJTMBKH B IJTACTHKOBI €MHOCTI [2].

CunmikoHOBUH  MOTUQIKATOpP € HU3bKOMOJICKYISIPHOIO  JMMETHIICHIOKCAHOBOKO — PiJIUHOIO,
cTabuUTi30BaHOID OKCHIOM KpeMHito. llefi Marepian € BHCOKOENACTHYHUM, OIiOJOTiYHO IHEPTHUM Ta
TEepMOCTIHKMM y nianma3oHi Temmepatyp Big -40°C mo +100°C. XapakrepucTuku Li€i 100aBKU €
CIIOPITHEHUMU 3a TexHoJoriuHicTio 70 [TITY.

Jnst  mpoBenieHHsT IOCHIKEHb OyJI0 OTpUMAaHO 7 KOMIIO3MINM MiHOMaTepialy 3 BMIiCTOM
CHJIOKCAaHOBOTO Kay4yKy Bijx 0 710 4 BaroBux 4acTox.

3 orpumanux [1ITY-kommno3wumii Bupi3zanucs AOCTIIHI 3pa3Ku y GopMi mapaneserninena po3mMipomM
30x30%30 MM. Y poOOTI IPOBOAMIOCS AOCIIIKEHHSI MIKPOCTPYKTYPH MaTepiaily MiHH, il MOPUCTOCTOCTI
Ta MEXaHIYHUX XapaKTePUCTHK ITiJT TI€I0 MEXaHIYHUX HaBaHTa)KEHb IPU CTATUYHOMY CTHCKaHHI 3pa3KiB.
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JlocmimKkeHHs MIKPOCTYKTYPH IPOBOIMIM 3 JOIIOMOTOI0 METOMY ONTHYHOI MiKpockomii. Jlimst
aHaJi3y TOPHUCTOCTI OTPUMAHUX ITIHOMAaTepialiB BUKOPHUCTOBYBAJIM MporpamMHe 3abe3medeHHs [16],
po3pobisieHe Ha MoBi Swift, 0 103BONIsIE BUKOHYBAaTH OOYMCIICHHS HA OCHOBI (DOTO3HIMKIB CTPYKTYpHU
Marepiany.

Hocmimkenns nopeninku [IITY mig miero MexaHIYHMX HaBaHTA)XCHb BU3HAYAIM 3a PE3yJIbTaTaMH
BUMPOOYBAHHS TOCITIHNX 3pa3KiB Ha CTUCHEHHS METOIOM CTaTHYHOTO HABAHTAXCHHS 3 BUKOPUCTAHHAM
BunpoOyBanbHOi MammHu Mapku MU-40KY. EkcrnepumeHTanbHi BUNPOOYBaHHA HPOBOAMIHMCA NPH
OCbOBOMY CTHCKaHHI 3a JIii pIBHOMIPHO NPUKIIAJICHOr0 CTHCKYIOUOTO HaBaHTKEHHS B3JIOBXK Mepepizy
3pa3kiB. [LIBUAKICTb 3MiHM IHTCHCUBHOCTI HaBaHTa)KCHHS CTAHOBHUIIA 2 MM/XB.

PesynpTat gocniikeHb BKa3ylOThb Ha Te, L0 YacTKa CHJIOKCAHOBOI KaydyKOBOi 10OaBKH MpHU
BEJIMKOMY BMICTi CYTTEBO BIIMBA€ HA MIKPOCTPYKTYPY, MOP(]OJIOTito 1 HOPHUCTICT MiHOMOJiypeTany (pHc.
1).

0, 4 TR s
| ] P. 7o L
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1:2:0 2:41 2:4:15 2:4:2 2:4:25 2:4:3

Barose cmBBlIHOMEHHS KoMIOHeHTIB A:B:C*
* A —momion, B —nmomiizomiagaT. B — CHIIIKOHOBA Jo0aBKa

.x‘ !
M,m v
a) 0)

Puc. 1. Ilopucticts (a) Ta MikpocTpykTypa IIITY (x30), MoaudikoBanoro cuiiikonom (0)

Crioctepiraetbcsi BHI03MiHA MOpdosIorii mop Bix cheprudyHoi GopMH KOMIPOK 10 aCHMETPUYHOI 3
HEPIBHOMIPHOIO TOBIIMHOIO CTIHOK KOMIPOK TMOp, IO Ma€ BHPaKEHWH BUIAIKOBHHA XapakTep. 3i
301JIBIIEHHSIM YacTKU CHIIIKOHY Bifg 0 70 4 3pocTae TOBIIMHA CTIHOK KOMIpPOK TOp, 3POCTa€ BiJCOTOK
BigKpHTHX TIOp, ApioHomopucta cTpykrypa (0,01 ... 0,1 MM) 3MIHIOETBCSA B HANPSIMKY KPYITHOIIOPHUCTOI
(0,1 ... 3mm). Unm Ginbimuit BMicT cumikory B ITITY, TuM GinbIn BUpaXkeHa Taka BHIO3MiHA CTPYKTYPH
matepiany. [lopucricts IIITY cniouaTky 3poctae Big 37% 10 56,5% 31 3011bIIEHHSIM BMiCTY CHJIIOKCAHOBOT'O
KaydyKy BiJ 1 70 2,5 MacoBHX 4acToOK, a TIpH BMICTi Oibie 2,5 MacoBUX YaCTOK — 3MEHIIYETHCS aX JI0
25,5 % (nipu 4 mac. 4. cuiikony B [1ITY cyminni KOMIOHEHTIB).

Ha ocHoBi ananizy MikpocTpyKTypu gociigaux 3pa3kis [1ITY BcTaHOBIIEHO, IO CHIIIKOH BXOANUTH Y
CTPYKTYPY MIHOMOMiypeTaHy reTepOreHHO, YTBOPIOIOYN CaMOCTiiHY (a3y (BKIIFOUYSHHS 6110r0 KOJhOPY Ha
MiKpO3HIMKaX CTPYKTypH pHc. 1, 0).

Hedopmaniiiny noseminky IIIIY 3 pisHMM mnapuianbHUM BMICTOM MOAM(DIKYIOUOI AOMIIIKA
CHJIIKOHY BiZOOpa)kaloTh 1aHi AiarpaMy HaBaHTa)XEHb [IPU CTATUYHOMY CTUCKaHHI (puc. 2). Ha mouatkoBiit
CTaJlii HaBaHTAXXYBaHHS YCiX JOCIIHAX 3pa3KiB 3 PI3HUM BMICTOM CHIIIKOHOBOI n00aBku 3paskiB [1ITY
(Bix 1 1o 4 BaroBUX 4acTOK B CyMillli KOMIIOHEHTIB) BHSIBIISIETHCSI JTiHIHA 3aJISKHICTh MiXK JIeopMalliiMu
1 CHJIOI0 CTHCKY, MaTepian miajsarae 3akoHy ['yka. Xig Takux 3alle)XKHOCTeH MOAIOHWI 3 aHAJIOTiYHUMH
XapakTepucTUKaMu Jutst 3paskis ITITY 6e3 cumikoHOBOT 100aBKH (CIiBBIAHONIICHHS KOMITOHEHTIB 1:2:0).

[lpu mnonmanpmioMy 30iNBIICHHI HABaHTAXXEHb JTHIAHI 3al€KHOCTI MIX CHJIOK CTHUCKY 1
nedopMariisiMu 3paskiB mopymryerses. Jedopmariii 3poctaroTs 3HaUHO MIBHIIIE BiJl HaBaHTaXkeHHs. Jls
yCiX OOCHITHHUX 3pa3KiB (IKCYETbCS 30HA 3arajbHOI TeKydocTi. BTiMm, 3HaueHHs Mexi Tekydocti IIITY
3aJIeKUTh BiJl BMICTY KayuyykoBoi no0OaBku (maHi mpenctasieHi y Tabnmii 5). 3i 301IbIIEHHSIM BMICTY
CHIIIKOHY BiJl 1 10 4 BaroBWxX 4acTOK y CyMillli KOMIOHEHTIB 3HAUYEHHS MEXKi TEKy4OCTi MOJIiypeTaHOBOI
TiHU 3pocTace B Mexax 1,23-2,34 Mlla.

3a ananizom aedopmaiiinoi moBeninku 3pa3kis [1I1Y npu craTHYHOMY CTUCKaHHI BCTAHOBJICHO, IO
301JIBIIEHHS] BMICTY CHUJIIKOHOBOI JOOABKH MPU3BOIUTH TAKOXK JIO IMiJBUIICHHS TBEPAOCTI I KPUXKOCTI Ta
3amKeHHs mwiactugHocTi [TV, o ocobamBo BUpaskeHO TpH BMICTI CHITIKOHY OinbIe 2 Mac.d.
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Puc. 2. liarpamu HaBaHTaKeHHs AocTainHux 3pa3kis [MITY

3oBHIMIHIH BUIIA] cTucHeHHX 3paskiB [IITY B mopsaky 3pocranHs mac. 4. cwiikony 0, 1, 1,5, 2, 2.5,
3, 4 mpexcrasieHi Ha puc. 3.

Puc. 3. 3oBHimHii Burasn crucHenux 3paskis [ITY, MoaudikoBaHUX cHITIKOHOM

Ha ocHOBi pe3ynbTaTiB eKClIepUMEHTAIbHUX AOCHiMIXeHb (JaHi rpadikiB puc. 2) po3paxoBaHO
3HaueHHs Moy FOHra £ Ta TpaHuIi TeKY4OCTi 0, OTPUMAaHKX MiH. BiMOBiqHI pe3ynbTaTi HaBeCHI Y
Tabm. 1.

AHalizyroun pe3yJbTaTH, HaBeJeHi y Tabmuimi 1 MoXHa 3pOOHMTH BHCHOBOK, IO Mojudikaris
MOJIYpeTaHOBUX IMMiH MUISIXOM BHKOPHCTaHHS KaydyKOBHX JOOABOK JIO3BOJSIE OTPHMATH BHIII 3HAYCHHS
MEXaHIYHUX Ta MILHICTHUX XapaKTepUCTHUK JIHIIE ITPH MEBHIA YacTii TaKux 100aBOK, a came, KOJIM BMiCT
CWJIIKOHY JOPiBHIOE (3pa3ok 2:4:2) abo Oinbiue BMicTy modiony. [Ipy MeHIINX 3HAYEHHSIX TaKUX J0OAaBOK
BiJJOYBA€THCS 3MEHIICHHS MIITHICTHUX Ta MEXaHIYHUX XapaKTEPUCTUK OTPUMAHUX ITIHOMATepialliB.

Tabn. 1
Mexaniuni Ta MinHicHi XapakTepucTuku Moaudikanii niHomoJiyperany
Homep cepii Barose crmiBBiTHOIIICHHS E, MI7a om, MITa
3pasKiB xomnonenTis A:B:C”
1 1:2:0 64 1,25
2 2:4:1 61 1,23
3 2:4:15 63,1 1,26
4 2:4:2 62 1,32
5 2:4:25 69 1,33
6 2:4:3 74 1,37
7 2:4:4 106 2,34

* A — nonion, B — nomniizonianar, C — cuiiikoHoBa 1006aBKa
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JocmimkeHHss porieciB AeopMyBaHHs OTPUMAHUX IIiH TOKa3ye, M0 MPH HEBEIHKHX YacTKaX
Kay4yKOBHUX JT00AaBOK, IO HE MEPEBHINYIOTh YaCTKH IOy, OTPUMaHI MaTepiaii MarOTh BJIACTUBOCTI
MPaKTUYHO PIBHOMIPHOTO 3aKPUTTS OP MPY HABaHTAaXKEHHI, IO BiAMIOBIIAa€ MEXi TEKy4OCTi MaTepiany. Y
BUMNAJIKY OLTBLIOr0 BMiCTy Kay4yKOBHX 100aBOK OTpUMaHi MiHU € OUTBII TBEPAUMH 1 KPUXKUMH.

BucHoBku

1. BcranoBneno, mo npu moaudikyBanHi III[IY poGaBka CHIIKOHY BXOAWTH y CTPYKTYpY
MMHOMATEpiaTy TeTepOreHHO, YTBOPIOIOYH CAMOCTIHHY (a3y.

2. MonaugikyBaHHS CHJIIKOHOM MPH3BOAUTH 10 3MiHM MikpocTpykTypu IIITY. Ilpu 1mpomy
BifOyBa€eThCs BUAO3MiHA MOpdoorii nop Bix chepudHoi HopMH KOMIPOK A0 TOBUTFHOI aCHMETPUYHOL Ta
3MiHA BEJIMYMHU IMOPUCTOCTI MaTepiany. Yum Oinpliuii BMICT CHITIKOHY, THM OiJbII BHpa)K€Ha Taka
BHJIO3MIiHA CTPYKTYPH MaTepiaiy.

3. 3i 30i7bLICHHSAM YaCTKH CHJIIKOHY KUIBKICTh BIAKPUTHX MOP B OTPUMaHid MiHI 301JbIIYETHCS.
OnHak, y 1IbOMY BHUMAJKy TOBIIMHA CTiHOK KOMIPOK MOp 30UIBIIYETHCS, IO CIPHUSAE 3MIIHEHHIO
OTPUMaHOT'0 MaTepiay. Y BHUIaJKy BUCOKOTO BMICTY CHIIIKOHOBOI JJOOABKH (BijJ 2 710 4 BArOBHX YacTOK)
MiABHIIYETHCS TBEPAICTh Ta KPUXKICTh MIHOMATEPIaITy.

4. 30inplieHHs 4acTKM MoauQikaTtopa B MOJNiOJ-130IiaHATHIM CyMilli KOMIOHEHTIB, MOPSI 3i
301IBLICHHSIM MIIHOCTI Ta MEXaHIYHMX XapaKTepUCTUK, IMPHU3BOAMTH 1O 3HIKCHHS IUIACTHYHHX
XapaKTEePUCTUK MIHOMATEPiaIiB.

5. Moaudikamis MiHONOJIypeTaHiB CHIIKOHOBOIO JOOABKOIO B ONTHMAJIBHOMY CIIiBBiTHOIICHHI
KOMITOHEHTIB JJO3BOJIIE OTPUMATH IIHOMAaTepianyd 3 BHIIUMH 3HAYCHHSAMH MEXaHIYHHX Ta MIIHICHHX
XapakTepUCTUK W 3 IHIIMM THIIOM TOPUCTOCTI (MEPEeBaKHO 3MIIIAHUN THIT TMOPUCTOCTI) TOPIBHSHO 3
BUX1JTHUM HEMOJIU(IKOBAaHHM MaTePiaoM.

6. Iligxomm, omucaHi B poOOTi, MOXKYTh OYTH BHKOPHCTaHI JJIs BUTOTOBJICHHS KOHCTPYKIIIHHUX
€JIEMEHTIB 3 TIIHOMATepiaiB i3 3aJaHUMH XapaKTEPUCTUKAMHU.
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T. Boxko, O. 3anera, T. 'aabuyk, H. 3y6oBenbka, H. I'y;tieBa
Jlyybrutl HayioHaTbHULL MEeXHIYHUL YHIgepCumem

SAJIEZKHICTD PO3MIPY ITOP B1Jl TAPAMETPIB PI3AJIBHOI'O IHCTPYMEHTY
P MEXAHIYHIN OBPOBII CIEYEHOI'O IIOPOIIKOBOI'O MATEPIAJTY

Jlana cmammsa mae Ha memi noKazamu 6NAUE XAPAKMEPUCHMUK PI3AIbHO20 IHCHMPYMEHNY HA PO3MIpU nop npu
YUCMOBIl MeXAHIYHIN 00pooUi cneueHozo nopucmozo mamepiany. Pezynomamom pobomu € eusenenns gpaxmopie, uio
GNIUBAIOMb HA 3MIHY IX po3mipie ma ghopmu npu mexaHiuHiil oOpooyi cneuenozo nopucmozo mamepiany. Buxooauu 3
0ocnioxyceHb OyY10 6UABNEHO  Hauea)caueiwii akmopu, w0 6NIUGAIOMD AKICHIbL NOBEPXHI: mamepian pi3aibHO20
iHCmpymenmy, w0 3acmocosyemscsa npu o0podui; 30amuicms 00po0II06aAH020 Mamepiaily RPOMUCHOAMU NIAACHUYHIN
oepopmauii nio wac od6pooKu; percumu pizanns, 00TPYHMOBAHI yMOBAMU 63AEMOOIT pizHUX mamepianie; 3acmocysanns MOP,
He0OXIOHICMb 6UKOPUCMAHHA AKUX ROACHIOCMbCA MEXHIYHUMU YMOBAMU PI3AHHA MUM YU inuwum mamepianom. [locniornceno
GNIUG XAPAKMEPUCMUK PI3AIbHO20 IHCMPYMEHMY HA PO3MIPD ROP RPU MeXaHIYHill 00poOUi cneuenozo NOpucmozo 3aniza
mapxu IDKP-3 i3 3acmocysannuam MOP ma écyxy. B akocmi pizansnozo incmpymenmy 6uKopucmogysanuca mokapHi pizuyi 3
PiBHUMU naacmunamu ma winih)yeansHuil Kpye.

Knrwuoei cnosa: nopucmicme, cneueruli Mmamepian, Mexaniyna 06pooKa, pesicumu pi3aHHs..

T. Bozhko, O. Zaleta, T. Halchuk, N. Zubovetska, N. Huliieva

DEPENDENCE OF PORE SIZE ON CUTTING TOOL PARAMETERS DURING
MACHINING OF SINTERED POWDER MATERIAL

This article aims to demonstrate the influence of cutting tool characteristics on pore sizes during fine machining of
sintered porous material. The result of the study is the identification of factors affecting pore tightening, as well as changes in
their size and shape during machining of sintered porous material. Based on the research, it was found that the most important
factors influencing surface quality are: the material of the cutting tool used; the ability of the processed material to resist plastic
deformation; cutting modes, determined by the conditions of interaction between different materials; the use of coolants, the
necessity of which is dictated by the technical conditions of cutting a particular material. The influence of the cutting tool
characteristics on the pore size during the machining of sintered porous iron of the PZhR-3 grade, both with and without
coolants, was investigated. Turning cutters with different inserts and a grinding wheel were used as cutting tools.

Keywords: porosity, sintered material, machining, cutting modes.

IMocTranoBka npodiaemu. [ToyaTkoBuil cTaH MOBEPXHEBOTO MIAPY 3arOTOBKH JI0 MPOLIECY MEXaHIYHOT
00pOOKHM € TTOPHUCTOI0 TTOBEPXHEIO, IO Ma€ HEPIBHOMIpHE po3TarnyBaHHs mop. [lapamerp mopcTkocTi
3QJIEKATh B OCHOBHOMY BiJ PO3MIpiB TOp, XapaKTEPUCTHUKH SKUX, Y CBOIO UEPTry, 3aJIeKaTh Bill YMOB
CHiKaHHS, 3yCWIb MPEeCyBaHHs, (h)OPMHU Ta PO3MIpIB YaCTOK, IO CIiKaloThes. Sk Bimomo [1], BmacTuBOCTI
MTOPUCTHX MaTepialiB 3aJIeXkKaTh BiJI BIACTHBOCTEH BUXIIHUX IMOPOIKIB Ta TEXHOJOTIYHOTO TPOIIECY iX
BUTOTOBJICHHS. J[JIs1 TX BHUTOTOBIICHHS BHUKOPHCTOBYIOTBCS METAJIEBI MOPOIIKH 5K 31 CHEPUYHOI0, TaK i
HecepruuHOI0 (POPMOIO YACTHHOK 3 PO3MipaMH BiJ] KiTbKOX TUCSY MIKPOMETPIB 3 Pi3HUX METAJIIB i CILIABIB.
Ha manomy erarti mOpUCTICTh BU3HAYAETHCS HACTYITHUMH MapaMeTPaMH: 4acOM CITIKaHHS, SIKE 3aJIC)KHUTh
BiJI CKJIay Ta MIUTBHOCTI MaTepiaay, po3MipiB BUPOOIB, IO CHIKAIOTHCS, KOHCTPYKITIT TIedi; BEJIMYNHOIO Ta
(hopMOI0 YaCTHHOK TIOPOIIIKY; CTAHOM TIOBEPXHI YaCTHHOK; BMICTOM OKCHJIIB; TEXHOJIOTI€I0 CITIKAHHSI.

MexanigyHa 00po0OKa MOPUCTHX METATOKEPAMIYHUX MaTepialliB CYyIPOBOKYETHCS OUIBIIT iCTOTHUMU
3MiHaMH Matepiany [2] y MoBepXHEBOMY Iapi, HDK Ipud 0OpoOIl JUTHX MarepiamiB Ta ciuiasiB. Lle
MOB'SI3aHO 3 HASBHICTIO MOPUCTOCTI, SKa MPU3BOAUTH B MPOLECI Pi3aHHSA 10 JOJATKOBHX 3MiH (Di3HKO-
MEXaHIYHOT'O CTaHy MaTepialy B OBEPXHEBOMY Iapi: VIMITLHEHHIO IIOPUCTOTO KapKaca, BIUIUB SKOTO Ha
3arajibHe 3MIIHCHHS MaTepialy He 3aJeKUTh BiJ] TEMIEpaTypH pi3aHHS, 0 3PHBY OKPEMHX MaKpO-i
MIKPOIIJITHOK 3MIITHCHO-YITIIFHEHOTO Mapy. 3HIKEHHS TEIIO- Ta TEMIIEpaTypOIPOBIIHOCTI MaTepialry
MPU3BOANTE JI0 JIOKaNi3allii Aii TemIoBoro (hakTopa B HAWTOHIINX MOBEPXHEBHX miapax [3] .

IMocranoBka 3aBaanb. METOIO OCIIDKCHHS € BILUTUB XapaKTEPUCTHK Pi3aIBHOTO IHCTPYMEHTY Ha
PO3MipH TIOp TIPH YUCTOBIH MeXaHiuHIA 00pOoOIIi CITIEYEHOTO MOPUCTOTO MaTepiary.

Marepiaiu Ta MeToau. EkciepuMeHTH MPOBOIMIIMCS Ha 3pa3kax i3 MOPOIIKiB 3aii3a Mapku [DKP-
3. Y tabmuusx 1 Ta 2 npuBeeHi XiMIYHUHN 1 TpaHYTOMETPHUYHHUN CKJIAJ MOPOLIKY.

3aIeXHICTh BITHOCHOI TycTHHH mopomnky 3amiza [IJKP-3 Bim rimpocTaTHYHOTO THCKY HaBelcHa Ha
pUCYHKY 1.

BurotoBieHHs 3aroTOBKH ITPOBOAUIIOCE B [[BA €TAIU: IPeCyBaHH 1 criikaHHs. [IpecyBaHHs 3a1i3HOTO
MOPOLIKY MPOBOAMIOCH 33 JOTMOMOI0I0 T'yMOBOi (pOPMH y KaMepi BUCOKOTO THCKY, CTBOPIOIOYH THUCK,
HEOOXITHUH JITISl OTPUMAaHHS 3pa3Ka 3a1aHoi moprcTocTi. CriKaHHS TOPOITKOBHUX MPECOBOK 3/11HCHIOBAIN
B OZIHOKaMEPHIiH medi MiJl piAKUM 3aTBOPOM MPOTSIOM JBOX ToauH. Temneparypa crikaHHS IOpiBHIOBaIa
T=1050°C.
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Jia nociiniB BUKOPUCTOBYBAIUCS 3pa3Ku MOPHCTICTIO 24%, 28% Ta 32%.

Taon. 1
Ximiunuii ckiaag nopomky I7KP-3
Mapka nioporky Ximiuanit cknag (%)
Fe C Si Mn S P 0
IDKP-3 98,5 0,02 0,17 0,03 0,01 0,02 0,27
Tabn. 2

I'panyiaomerpuunmii ckaaa nopomky I7KP-3
Buxinx ¢pakmiit (%) mpu po3mipi gacTok (Mm)

-0400 -0315 -0200 -0160 -0100 -0063 -0050
+0315 +0200 +0160 +0100 +0063 +0050

Mapka nopouiky

IDKP-3 0,6 8,28 6,82 15,1 34,8 28,6 6,8

0,75

0,70 "

0,60

0,55
40 50 120 160 200 240 Mila

Puc. 1. 3anexnicTs BifHOCHOI rycTHHM nopomky 3aiaiza II7KP-3 Bix rizpocTaTH4HOT0 THCKY

Sk pi3ayIbHHNA I1HCTPYMEHT IJIi TOKapHOi OOpOOKH, BHUKOPHCTOBYBAJHWCS PIi3Ili, sKi OCHAIIEHI
IIACTUHAMMU 13 MBHIKOpi3anbHOI ctam POMS; pisnem i3 TBepaoro crutaBy TSK10; TBepaum crutaBom 3
mokputtssm TiN (mapka mactuan DNMG150608 PC), a Takok BUKOPHCTOBYBABCS NUTIYBAIBHHM KPYT
€JICKTPOKOPYHAY O1LII0r0 Ha KepaMiuHik 3B's3111 TBepaicTio CM2 mapku 1A1 250x25x75 24A 20 CM2 K6.

BukianeHHs: 0CHOBHOTO MaTepiairy. SIk Mmokaszanyu pe3ysIbTaTH €KCIICPUMEHTIB, Y TIPOIIECi pi3aHHS
IDXP-3 3a Bcix cioco6iB MexaHigyHOT 00pOOKH, ITpH pi3HUX ii pekuMax BiOyBaeThCs 3MEHILIEHHS PO3MIpiB
Top.

3MiHM 110 3aKiHYCHHI MEXaHI9HOI OOpOOKHW crocTepirayimcs HEe TUIBKM Ha TIOBEPXHI, a W ¥y
MMOBEPXHEBOMY IIIapi METAJOKepaMiYHMX CIICUCHUX MaTepialliB, IO BHUPAXKAKOThCA B JedopMariii
CTPYKTYpH Ta 3MiHI PO3MIpiB TOp MaTepialy Ha HesKid TmuOuHi. 3aTaryBaHHS TOp BiIOYBAETHCS TiX
BIUTMBOM P1’KY40i KPOMKH IHCTPYMEHTY BHACJIIOK 3HAYHOTO BIUTMBY CWJI pizaHHs. [Ipu TodiHHI pixyda
KpOMKa 3MHHA€, MOTIM 3pi3ae Matepian. [Ipym HaOMIKEHHI 30HW KOHTaKTY «IHCTPYMEHT - 3arOTOBKa»
BiIOyBaeThCs Aeopmalrist 3pi3aHOr0 MaTepially, SKU BUXOAUTS i3 30HH Pi3aHHS 32 PAXyHOK 00'eMy caMHx
op. B pe3ynmbrati 00poOKku KpaTep MopH 3aKpUTHH TOHKOIO IIIApOM METaITy, TOBIIIMHA SKOTO 3aJIC)KUTh BiJl
XapaKTePUCTUK PIXKYUOro iHCTPYMEHTY, BiJl MApKU MaTtepiany, o o0poOsSeThCs, a TAKOK BiJ PEKUMIB 1
YMOB 00pOOKH.

CrogaTky 10 MeXaHi9HOI 00pOOKH po3MipH TTOp CTAHOBIIIH 110 A0BXHHI 150 - 500 MKM, TI0 ITHPHHI
45 - 120 MxMm.

[Ipu pocmimkeHHI pe3yibTaTy TOKapHOI OOpOOKHM pi3lieM i3 MIBUAKOpi3anbHOI crami P6MS 06e3
3actocyBanHs MOP (puc.2,3) Oys10 BCTAHOBJICHO YTO PO3MIpH MOP 3MiHUIKCS i CTaaKM CTAHOBUTH 110 JOBKHHI
20 - 150 mxwm, mo mupuHi 20 - 50 MKM, y TO# yac, sk mpu 00poOi pisuem 3 P6MS i3 3actocyBanusim MOP po3mipu
nop ckianu 1o nosxuui 30 - 200 mxm. B 000X Bumankax rimbuna pizaHas t cranoBuia 0,75 MM; IIBUIKICTD
pizaHHs ctaHoBwia V - 20 m/xB; mogaya S — 0,05 Mmm/00.

Sk mokazanm pe3ysbTaTi eKCIIEPUMEHTIB, PO3MIPH ITOP IICIISA YUCTOBOT MEXaHIYHOT 00pPOOKH pislieM
31 mBHAKOpi3anbHOI cTaixi P6MS 3Ha4HO CKOPOTHIMCS B TOPIBHSHHI 3 MOYATKOBHMH PO3MipamMH [0
MexaHiuHoi 00poOKH, ajne 3actocyBanHs MOP, a Takox 00poOka Ha 30UIbIIEHUX MBUAKOCTSIX 31 3MIHOIO
MBUAKOCTI pizanHs 3 20 M/xB 10 180 M/XB, cipusiin 301IbIIEHHIO MITBHOCTI. Takum YnHOM, TIpu 00pOoOIIi
3 MOP 1V = 181 M/XB po3mipu mop ckiianu 3aBIoBkku 40 - 220MkM, mupuHy 25 - 100 MKM.

B pesynbrarti 4ncToBO1 TOKapHOi 00po0OKH TBepaociuIaBHUM iHCTpyMeHToM T5K10 (puc. 2,3) Oyio
BCTaHOBJICHO, 1[0 3MiHA PO3MIPiB IOPH CYITPOBOIKYBAIOCS Pi3KUM 301IBIIIEHHSM IIOPCTKOCTI 00po0IeHOT
noBepxHi. [Tpu 11boMy q0BKHHA ITOpU OyJia OTprMaHa B Mexax 35 — 90 MkM, mupuHa Biamnosigana 20 — 60
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MKM. JlaHi pe3yiabTat Oyjad MOJydYeHI IIPHU YUCTOBIH 00poOIi i3 3actocyBanHsaM MacissHoi MOP. Ilpu
pizanHi 6e3 MOP 3HaueHHS MIOPCTKOCTI MOBEPXHI TaKOXK 301IBIINUIOCS, IIPH I[bOMY SBHOI 3MIHH PO3MIpiB
MOpH MPAaKTHYHO HE crocTepiranocs. Takox Bin3Havanocs 301bIICHHS MIUIBHOCTI Op MpH 00poOIi 3i
30UTBIICHHAM IIBUAKOCTI pizaHHs 10 V =140 M/XB.

IIpu 06poOLi nuTiQyBaHHSIM 3a JTOIOMOTOM0 ITidyBalbHOrO Kpyra (puc. 2,3) Bif3Havaaocs piske
3MCHIIICHHSI PO3MIpiB TOp, IXHsS JOBXKWHA craHoBmia 30 - 60 MKM, mHpWHA KONHWBATACSI B MeEXax
10-30 mkwm. [Tpu oMy BiI3HAYAETHCSI BHCOKA YACTOTA TIOBEPXHI 00POOIICHOT 3arOTOBKH.

250

200

150
100

1R
0

P6MS5 Bcyxy P6MS5 3 30P T15K6 wnipyBaHHA TBEpAOCN/IaBHa
naacTumHa 3
nokputtam TiN

o

Puc. 2. Bnau maTepiajia pisky4oi YacTHHHM iHCTPyMEHTA HA JOBKUHY MOPH
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Puc. 3. BniiuB martepiajia pisKy4oi 4acTHHM iHCTPYMEHTA HA IMPHHY NOPH

[lopiBHsHO 31 BciMa BHIAMH IHCTPYMEHTAJIbHHUX MarepiajiiB, IO BHKOPUCTOBYIOTHCS TIPH
MIPOBEICHHI eKCIIEPUMEHTIB, abpa3nBHa 00po0Ka Mmokaszajia MaKCUMaJbHE 3aTATyBaHHS OP OBEPXHEBOMY
mapi 3arOTOBKH.

Hatikparii pe3ynbraTi Oy/Iu JOCATHYTI IPH YHCTORIH 00p0OI1Ii 3pa3KiB TBEPAOCIIABHOO TUIACTHHOIO
3 nokputtssM TiN i3 MOP ta mBuakocti pizanas V =140 m/xB. B pesynbraTi mocmiukeHHs Oyio
BCTaHOBJICHO, 1[0 TPUBAICTh IOPH BianoBinana aiamazony 40 — 95 mxwm, mmpuna 25 — 60 MKM, TPy IIbOMY
CITOCTEPIraeThCS MiHIMaIbHA IIOPCTKICT MOBepXHI Ra 0,4.

B pesynbrari eKCriepUMEHTIB BCTAHOBJICHO, IO 3MiHA PEKUMIB pizaHHsA, 3actocyBanHi MOP Ta
XapaKTEPUCTUK PI3ATBHOTO 1HCTPYMEHTY B MPOIleCci 0OPOOKH METAJIOMOPOIIKOBUX CIICYCHUX MAaTepialliB
ICTOTHO BIUTMBAIOTh HAa 3MiHY PO3MIpiB MMOBEPXHEBHUX IMOp. BakimBe 3HadYeHHS y (popMyBaHHI SKOCTI
MOBEPXHi Bimirpae BuOip pexumiB 00poOku. ITpu Tounnni [DKP -3 mBuakopizanpHoo crammo PO6MS
Bcyxy mipu V - 20 M/XB, MakCHMaJbHa JOBXKHUHA MOpU ckiana 150 MkM, ane mpu mBHIKOCTI pizanHs V - 80
M/XB MaKCUMallbHUH po3Mip mopH JocsraB 160 MkM. 3 3actocyBaHHsIM Bojgopo3unHHOT 3% MOP T1a
IIBUAKICTIO pizaHHAs V - 20 M/XB MakCUMajbHHMH pPO3Mip mopu crtaHoBUTh 210 MxM. VY mporeci
uutigpyBansHOi 00poOku 3paskiB i3 [DKP-3 crnoctepiranocst aHanoriuHe 3pOCTaHHSI MOp TMPH 3MiHI
LIBUIKOCTI pi3aHHA: mpu V - 60 M/XB MakcuMalbHa JOBKWMHA TIOPU CTaHOBWIIA OMn3bk0o 60 MKM, Ipu
30iabIIeHHl V 10 120 M/XB criocTepirajiacs 3MiHa MaKCUMaJIbHUX PO3MIpiB 70 90 MKM.

TakuM YMHOM, BCTaHOBJICHO, IO B TMPOIECi MEXaHIi4HOi OOpOOKM MeTalloOKepaMiuyHHX CIIEYCHUX
MaTepiaiB BiIOyBalOTbCA 3HaYHI MEPETBOPEHHS CTPYKTYPU MOBEPXHEBOTO APy, IO CHPHUSIOTH 3MiHI

© T. booicko, O. 3anema, T. 'anvuyx, H. 3yboeeyvra, H. I'ynicsa

76



Miocsysiecokutl 30ipnux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne84

BJIACTUBOCTEH IMOBEPXHEBOTO Mapy. 3acTOCYBaHHS aOpa3WBHOI OOPOOKH TMPHU3BOAUTH MPAKTHIHO [0
TIOBHOTO 3aTATYBaHHS TOp OIS IOBEPXHI.

250
— e TOUiHHA MXP-3
200 BCyXy
150
100 e TOYiHHA i3
3aCTOCYBaHHAM
50 30P
0 WwipyBaHHA

V=20m/x8 V=60m/x8V=120m/xB

Puc.4. 3anexuicTs po3mipa nop Bix pexkumiB pizaHHs

BucHoBku.

1.Haiipaxxkugirni (akTopw, 1110 BIUIMBAIOTh Ha 3MIiHY X PO3MIpIiB Ta GOPMH:

- MaTepiain pi3aJbHOrO IHCTPYMEHTY, IO 3aCTOCOBYETHCS IIPH 00pOO1Ii;

- 3IaTHICTh 0OPOOIIOBAHOTO MaTepiady NPOTHCTOSATH IUTACTUYHIN JedopmMartii iy yac o0poOKw;

- PSKUMU pi3aHHsA, OOTPYHTOBAHI yMOBaMH B3a€EMOJII pi3HUX MaTepiaiiB;

- 3actocyBanHs MOP, HEOOXiIHICTb BUKOPHUCTAHHS SKHX ITOSICHIOETHCS TEXHIYHUMH YMOBaMHU
pi3aHHS THM YH iHIIUM MaTepiaioM;

2.I1pu abpasuBHiit 06po0IIi BiAOYBa€THCS MPOIIEC 3aMa3yBaHH APiOHUX ITOP TIOBHICTIO, BEITHUKI TIOPH
TIOBHICTIO HE 3aTSTIINCS, aJie 3a3HAIA 3HAYHOTO CKOPOUCHHS PO3MIpIB.

3.3acTocyBaHHS MpH YUCTOBiM 00poOLi nuTiQyBaHHS CIIpHsie MAKCUMAaJIbHIA 3MiHI PO3MipiB HOPH.
Ti mopw, sKi TOBHICTIO HE 3aTSATHYJIUCS, HAOYJIM BUTATHYTOI (hOPMHU, TOOTO CIIOCTEPIraeThCsl 3HAYHE
nepeBakaHHs CKOPOUCHHS IIUPUHH HAJI CKOPOUYCHHSM JIOBKUHH TIOPH.

4.3acTocyBaHHS TBEPAOCIUIABHOTO 1HCTPYMEHTY 3 TIOKPHUTTSIM HITPHIY TUTAHY JO3BOJISIE OTPUMATH
MTOBEPXHIO 3 BiTHOCHO BUCOKOIO SIKICTEO TIOBEPXHI.
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H.M. Ctpyk, H.O. ®imok, O.B. 3a6oa0THuii
Jlyybrutl HayioHaTbHULL MEeXHIYHUL YHIgepCumem

JTOCJII)XKEHHS TEXHOJIOI' T IEPEPOBKW CUPOBUHHU ITPUPOJTHOT'O
MOXO/I)KEHHSA TA BIIXOAIB MEBJIEBOI'O BUPOBHMIITBA JIJIsI OTPUMAHHSA HA IX
OCHOBI IHHOBAIIMHNX MATEPIAJIIB TA EKOBE3IIEYHUX BUPOBIB JIJIs1 PI3HUX
TAJIY3EN TIPOMUCJIOBOCTI

Y cmammi pozenaoaromeca ocmanni 00cacHeHHA Yy MeXHON02IAX NEPePOOKU ONANO20 TUCMA ma IHWOI cuposunu
RPUPOOHO20 NOX00IHCEHHA Y bionanueni Opuxkemu abo nenemu aoo inwi 6iokomno3uyinni mamepianu i exodezneuni eupoou
Ha IX OcHO6i 01a nobymoseux nomped ma nomped cyuacnoi npomucnoeocmi. Hamu npedcmaeneno ysazanvnenns
EeKCNepUMEHMANbHUX Pe3ybmamie i3 GU3HAYEHHAM 6NIUEY 6071020CMi, MUNY MA KiNbKOCMI 6’A3KUX KOMHOHEHmIé Ha
izuxo-mexaniuni ma mepmoximiuni enacmugocmi opurKemis, a maKoxic 00Cai0HceHHA KiHemuKu po3Knady nio uac nipoaizy
ma 320panns. Pozznanymo maxooic cyuacui nioxoou 3 mepmoximiuno2o nonepeonso2o 00poodaenns, 30Kkpema 2iopomepmiuny
Kapoonizayiio, aKa onmumizye AKicmo nejiem, w0 upoOIAIOMLCA 3 AUCMOBOI Oiomacu. Y pooomi Haseoeno nopiHANHA
napamempie AKOCmi neiem, He3ANeHCHO 6i0 MO20, YU GU2OMOBIAIOMbCA 60HU (€3 000ABAHHA 8 ’A3ZKUX KOMNOHEHmie, uu 3
IXHBOIO 00NOMO2010, @ MAKOIIC OXONTEHO NEPCNEKMUBH IX BUKOPUCMANHA 015 CINIIIKO20 enepzo3ade3neueHHa ma onmumizayii
nozicmuuHux npoyecis y micmax.

Knwuoei cnosa: nepepobra, nosmopHe SUKOPUCMAHHA, CUPOBUHA NPUPOOHO20 NOXOONMCEHHA, 8i0X00U Meb1e8020
8uUpobHUYmMEa, nenemu, bpuxemu, OIOKOMNO3UYINIHI Mamepianu, ekobesneuni supoou.

N.M. Struk, N.O. Filiuk, O. V. Zabolotnyi

PROCESSING TECHNOLOGIES INVESTIGATION OF NATURAL RAW MATERIALS
AND FURNITURE PRODUCTION WASTE FOR PRODUCING INNOVATIVE MATERIALS
AND ECO-FRIENDLY PRODUCTS FOR VARIOUS INDUSTRIES

Beryn. Onane nucts nepeB, TijKW, KOpa, IIUIIKHA, XBOS, TPaBa, 0 HAKOMHMYYETHCS B MICHKUX 1
MPUMICBKUX TEPUTOPIAK, CTAHOBUTH BEIMYEC3HUN 00cAT OiomMacH, SKy MOXXHAa BHUKOPHCTOBYBATH IS
BHpOOHMIITBA OiomanuBa a00 iIHHOBAIIMHAX eKoOe3medHnXx MatepiaiiB [1]. Takox € mocTiHHO 3poCcTarodi
o0csary BigxoAiB Me0IeBOTO BUPOOHUIITBA, TIOBTOPHA TIEPepOOKa SKUX Yy, HAPUKIIAM, HOBI MaTepiaiu Iu
BUpOOH 1715 TOTPeO iIHAYCTPil TO3BOIMTE 3a0IIANTH 3HAYHI MaTepiaibHi pecypcu. CydacHi TOCTiIKeHHS
T IKPECIIOI0Th, M0 30UpaHHs 1 MepepoOKa JTUCTOBOTO CMITTS MOXKYTh HE JIUIIC 3MEHIITUTH €KOJIOTITHE
HAaBaHTAKCHHA W PHU3WKH IS 3I0POB’S JIIOJCH, IMMOB’sA3aHiI 3 HEmepeadadyBaHUM IHJIOM Ta 3JIHTTIM
BIZIXOJIB, ajie i ciryryBaTH epeKTHBHUM KEPESIOM ITOHOBJIIOBAHOI eHeprii [2].

Jis MICBKMX YMOB OKpEMY YBary MpHIUISIOTh TMEpepoOIl JHCTA 3€JeHUX HACapKEHb, IO
HAKOMUYYIOThCS Y MICBKHMX cepenoBuiiax. JlociikeHHs] TTOKa3yioTh, MO JIUCTS TAKUX BB, SK JIWIIA,
IIaTaH Ta iH., Ma€ MOXJIHMBICTh OyTH HEPETBOPEHUM Y SIKICHE TBEpJIC MAIMBO 3aBMSKH IEJIETU3aIli Ta
arjomeparii, o0 3Ha4HO MiABHIIYE IX MIUIBHICT 1 CIpHs€ 3MEHIIEHHIO JoricThuHuX BuTpaT [2]. Kpim
TOT0, MEXaHIuHe HOAPIOHCHHS Ja€ 3MOT'Y IMIABUINUTH (Pi3UKO-MEXaHIuHI Ta CHEPIeTUYHI XapaKTePHUCTUKU
Oiomacw, 10 JO3BOJISAE IHTETPYBATH ii Y TEIJIOB1 YCTAHOBKH 0€3 PU3UKY HECIIOIBAHOTO YTBOPCHHS ITOTIETY,
KM MOY€ BIUTMBATH Ha eKCILTyaTallito KoTmis [2].

BaxxnmuBuM HampsMKOM Y CydYacHHX JOCHDKCHHSX € MEXaHidHa oOpoOKa Ta TeJIeTH3aris
(OpukeTH3aIliss) JUCTS, IO € KIIOYOBHM AacTeKTOM I 3aCTOCYBAaHHSA IMX BIAXOAIB K OlomannBa.
JlocnipKkeHHs MOKa3yIoTh, U0 IEPBUHHE TOAPIOHEHHS JIUCTS 3HAYHO MiABUIIYE iX IIUIBHICTD, IO CIIPUSIE
3HIDKEHHIO BHUTpAT Ha TPAHCIOPTYBaHHS Ta 30€piraHHsS CUPOBHHH, a TaKOX IMOKpaIlye MeXaHidHi
BJIACTHBOCTI OTpUMaHUX OpukeTiB. [IpakTuuHa peamizalfisi MOJIAra€ y BUKOPHCTAHHI TEXHOJOIIH i
arjioMepailii, 1110 J03BOJIsIE OTPUMYBATH IejieTH (OpPUKETH) 3 HHU)KYOI BOJIOTICTIO, BUCOKOKO MILIHICTIO Ta
CIPUSATIMBAM HIDKYUM 3HAYCHHSM TEIIOTBOPHOI 3[IaTHOCTI, 3HAXOJSYM 3aCTOCYBaHHS B iCHYHOUUX
cucTeMax onajaeHus [2].

Panni pobotr 3 aHaNi3y AKOCTI TeneT (OPUKETIB) 3 OMAIOTO JIUCTS ITOKA3aJId, IO BIUIMB BOJOTOCTI
CUPOBUHHM Ta HASIBHICTh JOJATKOBHX 3B’SA3YIOUMX (HAMPHUKIAJ, TIHIEPOTYy) BH3HAYAIOTH MEXaHIYHY
MIIHICTb, IINBHICTh 1 TEMJIOTBOPHY 3AATHICTH KiHLeBoro mponaykry [1] . Kpim Toro, mocmimkeHHS 3
TEIJIOBOTO PO3KJIAMy Ta IpOJi3y MOOLTI3YIOTh MaHi IMIOA0 KIHETHYHHMX IIapaMeTpiB IPOIIECIB, IO
BiJI0OYBAIOTHCS TIiJT YAC 3TOPSHHS, 10 € BAXKIMBUMH JJI ONTHMi3allil eHEPreTHYHUX CUCTEM, SIKi TIPAIIOI0Th
Ha OcHOBI Oiomacu [3].

MeTomoJiorisi Ta TeXHOJOTiUHI Miaxoau. 3a OCHOBY CYJacCHHX TEXHOJIOTIH MepepoOKH OIajoro
JIACTS ISl BUTOTOBJICHHS OlOTAJIMBHHUX IIEJICT IMOKJIANCHO MEXaHIYHY IeHCHU(IKAII0O CHPOBHHHU Yepe3
MOJPIOHEHHS Ta IMOAAJIBINY KOMIIPECII0 3 BUKOPHCTAHHSIM CIICI[ialli30BaHUX IEIETH3aTOPiB. 30KpeMa,
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JOCTITHAKY JOCHITUIN BIUIMB pi3HUX piBHIB BojorocTi (10, 15, 20 wt%) ta momaBanus rminepory (0, 5,
10 wt%) sk nmenieBoi anbTEPHATHBH CHHTETUYHUM 3B’S3YIOUMM, 0 3HAYHO BIUTMBAE HA MEXaHIYHI
XapaKTePUCTHUKH IIEJIET — 3HUKEHHS [ILTBHOCTI, 3SMEHILICHHS MIIIHOCTI Ta MiIBUILICHHS 1X e1acTHYHOCTI [1].
JlocnipkeHHsT TakoXK CBiAYaTh, MI0 30UIBIICHHS BMICTY TIILEPOJIy MOXKE 3MEHINYBAaTH IMIJIBHICTB 1
MIIHICTB TIEJIET, 1[0 B CBOIO YEPry BIUIMBAE HAa €KCIUTyaTallifiHi XapaKTepUCTHKH mannsa [1].

[TapanenbHi ZOCTIKEHHAS 3 BUKOPUCTAHHIM TepMorpaBiMeTpuaaoro anainizy (TGA) mpoBoasThCs
JUIsL OL[IHKH TEPMOXIMiYHOI PEaKTHBHOCTI IEJIET, A¢ MOPIBHIOIOTH 3pa3KH, OTpUMaHi 0e3 i 3 10oJaBaHHAM
3B’ s13yt0unX KoMIoHeHTIiB [3] . Jlani TGA 103BOJISIOTh BU3HAYNUTH aKTUBAIIHY €HEPrilo MPH MipoJIi3i Ta
3rOpsIHHI, II0 BKAa3y€ Ha 3MiHYy pPEaKTUBHOCTI OioMacu mpu AoxaBaHHi rminepoiy [3] . Kpim Toro,
BU3HAYEHHSI TapaMeTpiB, TAKHUX SIK HIDKYA TETJIOTa 3rOpsHHs Ta 00'eMHa INIIBHICTh TEJIeT, OKa3ajH, 10
TIEJIETH 3 OTAJIOTO JIUCTS MOXKYTh MaTH TETUI0(i3u4Hi BIACTUBOCTI, OM3bKIi 0 BIaCTHBOCTEH TPaaHLIIHHIX
IepeBHUX meneT [2].

CywacHi MiAXOOUM [0 TEPMOXIMIYHOTO TMEPETBOPEHHS JIUCTS AaKTUBHO PO3BUBAIOTHCS 13
3aCTOCYBaHHSIM IHHOBAIIMHUX METOJIB, TakuMX SK MIKPOXBHJIbOBA aCHUCTOBaHA TiAPOTEpMidyHA
KapOomHizaiis. L[ TeXHOIOTis 103BOJIsE IEPETBOPUTH JIUCTS B T1ApOXap, IKUH XapaKTEPU3y€EThCS BUCOKHM
BMICTOM €HEpTrii Ta MOXJIMBICTIO BHKOPHCTAHHS sK OlomanmBo abo sK 100aBKa I IOKPAIICHHS
IPYHTOBHX BiacTuBocTei [4]. locmimKeHHs cBiquaTh, 0 IPH 3aCTOCYBaHHI MiKPOXBHIIBLOBOI TEXHOJIOTI]
JI0 CIIAHOTO JIUCTS MICBKHX JIEPEB MOKHA JOCATHYTH SK BWINOI BiAgadi MPOAYKTY, TaK 1 3MCHIICHHS
C€HEPTOCIIOKUBAHHS Y TTOPIBHAHHI 3 TPATUIIIHHUMA METOAAMH, 1110 MO3UTHUBHO BIUIMBAE HA €KOHOMIUHY
edekTuBHICTH Tporecy [4].

OxpiM KJITaCHYHOTO MiAXOMy IO TeNeTh3allii, Cy4acHi JOCTiJHUKH 3aCTOCOBYHOTh TEXHOJOTIl
TEPMOXIMIYHOTO MOIEPEAHBOI0 O00POOJICHHS, TaKi SK Ir'ajJoreHoBaHa Toppedikallis, HapoBHi BUOYX Ta
rizpotepmiuna kap6onizauiga (HTC) ans mokparueHHs BnacTUBOCcTed Oiomacu 1ie Ha cTafii cupoBuHH. LIi
METOAM JO3BOJIAIOTH 3HU3UTH BMICT BOJIOTOCTI Ta MiABHUIIMTH KOHLEHTPALiIO BYIJICLIO, IO TTO3UTHBHO
BIIMBA€E HA CHEPreTUYHY €(PEKTUBHICTD MEJICT 1 POOUTH iX OLIBII CTIHKUMH /10 aTMOC(EPHUX BIUIMBIB ITi]T
Yac 30epiraHHs Ta TPaHCIOPTYBaHH [5, 6] .

Bapro BigzHauuTH, 0 1HTETPOBaHI MiAXOH, TaKi K CHHXPOHI3alis Toppedikaii Ta nemeTusamii
(STP), naroTh 3MOTY OAHOYACHO MPOBOIUTH TEPMiuHy OOpOOKYy Ta yuIibHEHHS OioMacH, MO 3HHXKYE
JIOTICTHYHI BUTPATH 1 CKOPOUYE CHEPTOCIIOKUBAHHS 32 PaXyHOK 1HTETparlii mporecis [/] ABToMaTn30BaHi
CHCTEMH, IIO BKJIIOYAIOTH YJIBTPA3BYKOBI BiOpalii mig dYac mejeTu3amii, CHpUSIOTh PiBHOMipHOMY
HarpiBaHHIO CUPOBHUHH, LIO MOJIMIIYE 3B'SI3YI0Ul BIaCTHBOCTI HPUPOIHOTO JITHIHY Ta MOJETUIYE TPOLEC
(dopmyBanus neneT [7] .

ExcnepumeHnT. Pe3ynbraté eKCHEpUMEHTAIbHUX JIOCHIIPKEHb JEMOHCTPYIOTh, MO IIpU
ONTUMAJbHUAX MapaMeTpax MOAPIOHEHHS Ta PEeKUMax IMeNeTH3amii BUXiAHI MEJeTH ONaJoro JIUCTS
XapaKTEePU3YIOThCS HUKYOK TEILIOTO 3ropsHHS mpubau3Ho 14.5-15.5 MJ/kg, MexaHiuHOIO MIIHICTIO,
mo Bapitoerbess B Mexax 90-96%, 1 ob'emnoro minbHicTIO 600-660 kg/m?®, mo mo3Bosse ix
BUKOPUCTOBYBAaTH B TNPOMHCIOBHUX KOTJax 3 TOpiHHAM Oiomacu [2]. [JlocmimpkeHHS 3 MEXaHIYHOTO
VIIBIIbHEHHS TAaKOK BKA3YIOTh Ha BIUIMB CTYIEHS MOAPIOHEHHsS CMPOBHHHU — ApiOHIMma ¢pakiis 3HAUHO
MIJIBHIYE KOMIIAKTH3AI[I0 Ta OJHOPIMHICTH TENeT, IO CYTTEBO IIOKpallye iX JIOTICTHYHI Ta
eKCILTyaTalliliHi XapaKTepUCTHKH [2].

JlomaTkoBO [0 MEXaHIYHHMX BJIACTHBOCTEH, BH3HAUCHO TAaKOXX XIMIYHMHA CKJad TMeNeT, Je
MIIBUINCHAN BMICT MIHEPaJbHUX KOMIIOHEHTIB (Taki SK KaJbIlii, Kajii, 3aJ1i30) MOXKe BIUIMBATH Ha
TeMIIepaTypy TUIaBICHHS 3019 ITi ] 9ac 3ropsiHHs. le 30kpeMa BaKITUBO IS ONTHMI3allii pe:KUMiB OUHCHUX
cucteM KOTiiB [2] . BoaHodac, 3acTOCyBaHHS NPHPOJHHUX 3B’SA3YIOUMX (5K, HANPHUKIAA, TIILEPOJ)
JI03BOJISIE KOMIICHCYBATH HETaTHBHHM BIUIMB BOJIOTOCTI CHPOBHUHHU Ta 3a0€3IMEYHUTH Kpally aare3iro Mik
YacTUHKaMM 0i0MacH, 10 IMiABUINy€e Mixk(dasHy MilHicTh meier [1].

[ocrifine cnocTepe)keHHS 3a MMapaMeTpamMH B3TOPSHHS IMeNeT OO3BOJISIE BUBYMUTH CTYTEHi
peakTHBHOCTI 0i0MacH MiJ] Yac MmipoJlizy Ta MOJANBLIOrO 3ropsHHA. Tak, eKCIIepUMEHTH 3 BAKOPUCTAaHHAM
TGA mokazanu 3HWKEHHS aKTHBAIIIHHOI €Heprii y 3pa3kax 3 M0JaBaHHAM TUIIEPOITY, IO MiATBEPIKYE
e(eKTHBHICTh 3aCTOCYBaHHs B’SI3KMX KOMIIOHEHTIB JUIsl MOJIMIIEHHS PEaKTHBHOCTI MiJl Yac TEpMidHOL
00po0kw [3].

InTerpamissi MeTomiB momepeaHLOi TepMoOXiMiuHOI 00poOku. OKpiM KIACHIHMX METOJIB
TIeJIeTU3allii, OCTaHHI JOCTIPKCHHS OpPIEHTOBaHI HAa BUKOPHCTAHHS TEPMOXIMIUYHHUX TEXHOJOTIH IS
MOKpAaIleHHs BiIacTuBocTer Oiomacu. ['imporepmiuna kap6Oonizanist (HTC) mo3Bomnsie 06pobdmstu Bojory
Oiomacy, He BUMarar4u MONEPEAHBOr0 CYIIIHHS, 10 € KPUTHYHO BaXKIMBUM JUISI CHPOBHHH 3 BUCOKHM
BMICTOM BOJIOTH, Takoi sk omaie jucTs [5] . HTC crpuse 301IbIIEHHIO BMICTY BYTJIELIO Ta IiABUIIEHHIO
CHEepPreTUYHOI LIITFHOCTI KiHIIEBOTO MPOAYKTY, LIO IMOJETUIye TPaHCIOPTYBaHHA 1 30epiraHHs Iener.
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[Tonepenni mocmiKEeHHS BKa3ylOTh Ha Te, mo 3actocyBanHs HTC 3HagHO mMokpaniye 006’ €KTHBHI
IHIMKATOPH 3TOPSHHSA TIEJIET, 3HIKYIOYH PU3UKH KOPO3iifHOTO BIUIMBY iHOPTaHIYHUX KOMITOHEHTIB [6] .

[nTerpamist TEpMOXiIMIYHOTO TONEPENIHBOIO OOPOOJEHHS 3 NeNeTH3aUi€l0 BiAKPUBAE HOBI
MEPCIICKTHBH TSI BUPOOHUIITBA BHCOKOSKICHOTO OiomaiuBa 3 onanoro juctsa. CHHXpOHI3aIlisl MPOLEeCiB
JO3BOJISIE OTHOYACHO 3MEHITYBAaTH BOJIOTiCTh CHPOBHUHH, TOKPAITyBaTH 3B'sI3yBaHHA YaCTOK 1 ITiABUIILyBaTH
MeXaHIYHy CTabUTbHICTD TIENET, IO 0COOJIMBO aKTyalIbHO IPH BUPOOHUIITBI TIENIET 3 MaTepialliB 3 HU3bKOIO
MEPBUHHOIO IMUIBHICTIO [7]. B mpOMy KOHTEKCTi iHTerpoBaHi miatopMH, IO MOEAHYIOTH METAHOJI3,
Toppedikallilo Ta IMeNeTH3alio, 3a0e3MeuyoTh BHUCOKHM pIBCHb EHEPreTHYHOI e(pEKTUBHOCTI Ta
€KOHOMIYHY KOHKYPEHTOCIIPOMOXHICTE KiHIIEBOTO MPOIYKTY [7].

Micska 6iomaca Ta moTeHIiliHe 3acTOCyBaHHs. Po3risa mepepoOKH Omajioro JUCTS OXOILTIOE
TAKOXX aCNEKTH BUKOPUCTAHHA 0ioMacu 3 MiCBKUX TepuTopiil. JociimkeHHs, Mo aHali3yloTh TOTeHLial
BHKOPHCTAHHS 3JIMINKIB OIAJIOTO JIUCTS 3 ypOaHI30BaHWX IIPOCTOPIB, IMOKA3yIOTh, IO IPABHIBHE
MeXaHiuHe TornepeaHe oOpoOieHHs (30KpeMa, NOApPiOHEHHs, YIIITbHEHHS Ta MOJalbIla IeJIeTH3alis)
JI03BOJISIE 301IBIIUTH IUTBHICTD 6i0Macy 0 piBHS TPaAULIHHUX JEPEBHUX IIEJIET, IO CIPHUSIE 3MEHIICHHIO
JIOTICTUYHHUX BUTPAT 1 MOKPAILICHHIO SKCIUTyaTalliiHUX XapakTepucTuk [2] . OnHoYacHO, XIMIYHUI aHAII3
BMICTY MiHEpalbHUX JOMIIIOK Y PI3HUX BHIIB ONAJIOTO JIUCTS ITO3BOJSIE BHU3HAYWUTH ONTHUMAIBHI
TEXHOJIOTIUHI TapaMeTpu A OTPUMAaHHS IeJeT 3 HEOOXiAHOI TeMIepaTyporo caMo3aiMaHHA, i3
MIiHIMaJIBHOIO KiIBKICTIO 30JIH, IO POOHTH 1X MPHAATHUMH [UIS CYYaCHUX CHCTEM 3ropstHHS [2] .

Ha nmomarox, TexHomorii menern3amii OmMajoro JHCTS BKJIIOYAIOTh BHKOPHCTAHHS TPHUPOIHUX
3B’S3yIOUUX arcHTiB 200 HaBiTh METOIB, 10 HE BUMArarTh J0JaBaHHs CTOPOHHIX KOMITOHEHTIB, 3aBJSTKA
0c00JIMBOCTAM caMoopraizanii 6ioMacu npu BUCOKOMY THUCKY Ta TEMIIEPaTypi, IO JO3BOJISIE OTPUMATH
CTaOUIbHUIM MPOAYKT 13 BHUCOKOK TemioToro 3ropsHHs [8] . Takok anbTepHATHBHI TEXHOJIOTII, IO
nepeadadaroTh T0aBaHHA BiANpalbOBAaHUX OJNiH Ta MOMIMEPHUX PO3UYHHIB SIK 3B’SI3yI0YOr0 KOMIIOHEHTY,
JIEMOHCTPYIOTh MOXKITUBICTh OJIHOYACHOI YTHIII3aIlil JEKiTbKOX BiXOJIB, IO MO3WTUBHO BIUIMBAE Ha
€KOHOMIYHY IOLIIBHICTH BUPOOHHMIITBA TTeieT [8] .

HopiBHanbHUI aHAJI3 Ta oliHKA eekTUBHOCTI. [IopiBHUTBHMIA aHAITI3 CydaCHUX ITOCHIIKEHB 3
neJieTH3amii Omajoro JIMCTA Ja€ 3MOTY BH3HAUMTH KJIIOUOBI MapaMeTpH, IO BIUIMBAIOTh Ha SKIiCTh
KiHLIeBOro mnpoAykTy. OCHOBHMMH XapaKTEPHCTHKaMH, L0 OLHIOIOTHCS, 3aJMIIAIOTBCS 00’ €MHa
mineHIcTh (600-660 kg/m?®), MmexaHiuHa MiHICTB (10 96% TpHU cTaHAapTaX MIIHOCTI) Ta HIDKYA TEIUIOTa
sropsiHas (6mm3bko 14.5-15.5 MJ/KQ) [2, 1] . Ilpu upoMy BIUIMB JOAABaHHS TJLEPONY SIK 3B’SA3yHOYOT
PEYOBHHU J103BOJISIE TOMITHO 3MiHUTH (hi3WUHI XapaKTEPUCTHKH TIENIET, 3HIKYIOUH iX 00’ €MHY LIIBHICTh
1 3MIHIOIOYN OaJIaHC MK MIIHICTIO Ta €JaCTUYHICTIO, III0 MOXKE OyTH ONTHMI30BaHO 332 PAaXyHOK OiJIbII
TOYHOTO PETYIIOBAHHS BOJIOTOCTI CHPOBHHH [1].

JocnipkeHHsT  KIHETHMKH TEPMIYHOTO PO3KJIany TMejieT IOKa3yloTh, IO JOAABAaHHS B’ SI3KHX
KOMITOHEHTIB BIIMBA€ HA aKTHBAIIIHHY €HEPTiI0 pEaKIii I 9ac Mipoi3y, M0 Ma€e MpsMe 3HAUYCHHS IS
e(EeKTUBHOCTI 3ropsHHS OlomaauMBa B KOTJIAaxX 1 rasoreHeparopax [3] . PesynbTaTei JEeMOHCTPYIOTh
MOJKJIMBICTh ONTUMI3alil TEXHOJOTTYHOTO MPOLECY 3 OOpaHHIM CHEUiaTbHUX PEXHUMIB TeNeTH3amii s
JOCSTHEHHSI MAKCUMAaJIbHOI CHEPreTHYHOT e()eKTUBHOCTI Ta 3HIKCHHSI €KOJIOTIYHOrO BILTHBY [9] .

Hogi Tenaenuii Ta mepcnekTuBu. CydacHi TOCHTIHKEHHS TEeMOHCTPYIOTh ITO3UTHBHY THHAMIKY B
PO3BHUTKY TEXHOJIOTIH, SIKi HOEAHYIOTh KJIACHYHY MEXaHiuHy MeNeTH3alilo 13 TePMOXIMIYHUMH METOJaMU
nonepeaHbpoi 0O6poOKH, Hampukiaaa, riaporepMiunoro kapoonizauieto (HTC). Lleit nanpsMok no3Bosse
TIePETBOPIOBATH BOJIOTY 0ioMacy, TaKy sK OIaje JUCTS, 0€3 HeoOX1THOCTI €Hepro3aTpaTHOro CYIIiHHSA, i
3HAYHO TIOKPAIIWATH ii MaJMBHI XapaKTEPUCTHKH, IO BiIKPHUBAE€ HOBI MEPCHEKTUBU IS iHTETPOBAHUX
OioeHepreTuHuX cucteM [5, 6]. [HTerpoBaHi cuctemu, MO CHHXPOHI3YIOTH Toppedikarito abo HTC 3
TIeTICTU3AIlI€10, JEMOHCTPYIOTh 3HAYHE 30UIBINICHHS CHEPreTHYHOI IIUIBHOCTI MPOAYKTY, IO POOUTH iX
KOHKYPEHTOCTIPOMOKHUMH HE TUIBKM B KOHTEKCTI BIIHOBJIIOBAaHHUX JDKEpEN €Heprii, ame # s
3aCTOCYBaHHS B CHCTEMaX CyMiCHOTO 3TOPSIHHS 3 BUKOITHUMH TTauBamu [7] .

Kpim TOTO, mMEpcrneKTUBHUMH € OOCTIDKEHHS 3 ONTUMi3alii mapaMeTpiB MmoAapiOHeHHs Oiomacu
(po3Mip YacTHHOK, CTYITiHb TOAPIOHEHHS) Ta KOHTPOJIIO BOJOTOCTI CHPOBHHHM, IO POOWTH IpoIiec
neneTr3anii OuUThIn CcTabiTbHUM 1 BiATBOPIOBAHUM i BENUKHUX 00csriB BupoOHunTBa [10] . 3 meroro
3a0e3MeUeHHs] BUCOKOT €(DEKTUBHOCTI MENET TaK0XK PO3TIISAAI0THCSI METOAW BUKOPUCTAHHS IPUPOJHUX Ta
CHHTETUYHHX B’ SI3KUX KOMIIOHEHTIB, IO CIIPUSAIOTH ONTHMI3aIlii €eHeproBiamadi Ta 3SMEHIIICHHIO BUTPAT Ha
TPAaHCIOPTYBAHHS 3a PaXyHOK 301IBIIEHHS IILIBHOCTI KiHIIEBOTO MpoaykTy [8, 11] .

CyuacHuil TpeH/1 CIpSIMOBaHHH Ha CTBOPEHHS IHTETpOBaHUX OiopediHepiil, e BigX0Iu pOCINHHOTO
MTOXOJKEHHSI, 30KpeMa OTfaje JHUCTS, OOpOOISIOTHCS /0 BUCOKOSKICHUX IENeT OiomanuBa, sSIKi MOXYTh
BUKOPHCTOBYBATHCh SIK CTaOUNbHE PKEpeNo €Heprii IUIsl JIOKAIBHOTO CIIOKMBAHHA Ta IMPOMHCIIOBUX
3acTtocyBaHb. lle 103BOJsg€ 3HM3UTHM EKOHOMIYWHI BHUTpPATH Ha YTHIi3alil0 OpPraHiYHUX 3aJIHIIKIiB,
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3a0€3NeUNTH CHEPreTHIHY HE3aICKHICTh MICT Ta CIPHSATH ITUPKYJIAPHiH €KOHOMIIIL, 3BOJSTIH IO MIHIMyMY
BIUIMB Ha HAaBKOJIMIIHE cepenoBuiue [12].

BucnoBku. IlincymMoBytoun, ocTaHHi AOCIiIKEHHS EpEpOOKH OIAIOT0 JIUCTS AepeB y GiomanuBHi
MeJIETH BUSBIISIIOTH TaKi KIIIOYOBI TEHICHIII: ONTHUMI3allisl mapaMeTpiB meseTusawii (BOJIOTiCTh, pO3Mip
JaCTHUHOK, PEKHUM TIPECYBaHH!) 13 3aCTOCYBaHHAM MPUPOIHUX B’ I3KUX PEUOBHH (HAIIPHUKIIA, TIIIEPOITY)
T03BOJISIE OTPUMATH MENeTH 3 IOKPAIICHUMH MEXaHIYHUMH XapaKTepHCTHKAMH Ta IIiIBHIIEHOIO
CHEePreTUYHOI0 HIUIBHICTIO; BUKOPUCTAHHS TEPMOXIMIUHMX METOAIB MONEpeIHbOi 0OpoOKH, 30KpemMa
riaporepMiuHoi KapOoHi3allii, 3a0e3meuye MOKIMBICTh 0OPOOKH BOJIOTHX 0i0MAac, 110 CYTTEBO IiABHIIYE
SKICTh KIHIIEBOI'O MPOIYKTY; IHTErpoBaHa TEXHOJOIIS CHHXPOHi3allil mpoleciB Toppedikamii Ta
nesieTu3anii J03BOJIE 3HAYHO 3HM3UTH BHUTPATH €HEPrii Ta €KOHOMUTH PECYpCH IpH MEepeTBOPEHHI
cupoBuHH. Lli migxoau miATBEpIKYIOTH MOTEHIiaj ONAJOrO JIMCTS SK NMEPCHEKTHBHOI CHUPOBUHH IS
BUPOOHUIITBA O10MAIMB HUX IEJIET, 110 BIIOBIIAI0Th Cy4aCHUM BUMOTaM JI0 SIKOCTI MaJIMBa, €KOJOTTYHUM
BUMOT'aM Ta CIPUSIOTH CTIHKOMY PO3BUTKY €HEPIeTHKH.

AHaJti3 eKCTIepUMEHTANBHUX AOCHTIPKEHb CB1IUNTE, [0 KOMOIHYBaHHS MEXaHIYHHUX, TEPMOXIMIYHUX
Ta IHTEIPOBAHMX IIJXO/IB J0 MEPEPOOKH OMAJIOTO JIMUCTS BiIKPUBAE IIMPOKHMA CIIEKTP MOKIHUBOCTEH s
Horo egeKkTHBHOI yTWIi3amii Ta BUKOPUCTAHHS Yy BHPOOHHMIITBI OioIeNeT, M0 MOXXE KOHKYpYBaTH 3
TPaJULiHHUMH BUKONIHUMHM Ta JAEPEBHHMH BHIAMM TMalMBa Y IUIaHi EHEPreTHMYHoi Bixmaui Ta
SKCIUTyaTalllHUX XapaKTepUCTHK. [lomabiii MOCTIIKEHHS MalTh OyTH CHpPSMOBaHI Ha ONTHMI3alliio
napameTpiB Mo piOHEHHS Pi3HUX BUIB CHPOBHHU MIPUPOIHOTO TIOXOKECHHS (JIUCTSL, TLIOK, IIHMIIOK, KOPH,
XBO{, TPaBH TOIIO), MATOTOBKA CyMilllel 3 Pi3HUX BUAIB MOAPIOHEHOI CUPOBUHH Y Pi3HUX MPOMOPIIiLX,
OIITHMI3allii MPOIIECiB MPECYBaHHS, Ta MacIITaOyBaHHs TEXHOJIOTIH 3 MPOBEICHHSM IMIJIOTHUX JIOCIiIPKEHB,
JUISL TITBEP/KEHHST CHEPreTUYHOT e()eKTHUBHOCTI PO3POOJICHOI TEXHONOTIi, a TaKOX €KOHOMIYHOI Ta
€KOJIOT1YHOI AOIITLHOCTI 3aIPONOHOBAHUX METOIB [5, 6].

Otxe, MpoBeACHUI aHANI3 Cyd9acHOT HAYKOBOI JIITEpaTypH IEMOHCTPYE, 110 3aBISKU BIIPOBAIKCHHIO
IHHOBAITIMHAX TEXHOJIOTIH Ta ONTUMI3aIlii PoIIeciB, IepepoOKa OImaIoro JMCTS Ta IHIITNX TOCTYITHUX BH/IIB
O10CHPOBUHU MPUPOTHOTO TMOXOKEHHS B Ol0TANMBHI TeneTn HaOyBae Bce OUTBITIOl MOIMYISIPHOCTI, IO
CHpHsi€ PO3BUTKY BiJHOBIIOBAHMX JKEPEN €HEprii Ta CTBOPEHHIO €KOJIOTiYHO YMCTHX TEXHOJIOTIYHHX
JIAHIIOTIB 13 BUKOPHCTAHHIM MichKUX Oiopecypcis [8, 3].

TakuM 9YMHOM, OCTaHHI JIOCIHIIKCHHS OXOIUTIOIOTH K JETalbHE BHBUYCHHS BIUIMBY HNEPBHHHHUX
napaMeTpiB CHPOBUHHM Ha SIKiCTh MEJIET, TaK 1 Cy4acHi TepMOXIMiYHI MiAXOIH 3 MONEpeaHbOT 00pOOKH, 110
JIO3BOJISIIOTH OTPUMATH TEJIETH 3 ONTUMAIbHUMH MMaTUBHUMHU XapakTepucTiukamu. Li pesynbraTu cBingats
po Te, IO OMajie JHCTI MOXKE YCIINIHO KOHBEPTYBaTHUCh Y BHCOKOSKICHUH OioIeneT 3aBIsKd
IHTErpOBaHMM TEXHOJIOTIYHUM IUIaTGopMaM i MOXKE CTAaTH BAXKIMBUM KOMIIOHEHTOM Yy CHCTEMax
BiJIHOBJIFOBAHOI CHEPIeTUKH B YMOBAX 3pOCTaHHS MiCbKUX 00cATiB OioBimxomniB [2, 5] .

Y MaiiOyTHROMY TMOAANbBINI IOCHTIMDKEHHS 3 AaKIeHTOM Ha MacmTaOyBaHHS TEXHOJOTIH,
aBTOMATH3aIlI0 BUPOOHMYMX JIIHIM Ta MOMAJIbINe BIOCKOHAICHHS 1HTETPOBAHUX IiAXOMIB JO3BOJISATH IIE
OLJIBIIIe TIABUIMUTH KOHKYPEHTOCIIPOMOXKHICTH OiOMEUIeT HAa OCHOBI OMAJIOTO JIUCTS Ta 1HIIUX BUIB
NpUPOAHOI OI0CHPOBUHH SIK ANBTEPHATUBHOTO JKEPENa eHeprii, 110 MO3UTHBHO BIIMBAE Ha €KOJOTTYHUI
OajaHc Ta 3MEHIITY€ 3aJIeKHICTh BiJl BUKOIIHUX pecypcis [12, 7] .

TakuM YMHOM, CydacHi TOCTIKEHHS MEepepoOKH OMajoro JIMCTA Ta iHIMIMX BUAIB 0i0OCHPOBUHU
MPUPOAHOTO MOXOKEHHS B Oi0MaIMBHI MEJETH OXOIUTIOIOTh!

1. OnruMmizanio mapaMeTpiB IMeNeTH3allii — BIUIUB THCKY, BOJOTOCTI, PO3MIpiB YaCTHHOK, BHUIY
CHPOBHHHU Ta J0JaBaHHS IPUPOIHUX 3B’ s13yrounx [1, 8] .

2. TepmoximiuHy 0OpOoOKY CHPOBHHH, 30KpeMa TigpoTepMidHy KapOOHi3aLito 1t 0OpOOKH BOJIOTHX
6iomac, 110 JJO3BOJISE i ABHUIIMTH €HEPTETHYHY MIiTEHICTS Ta 3MEHIIUTH BMICT JIETKHX KOMITOHEHTIB [5, 6].

3. JocmimkeHHs KIHETHKY MMPOITi3y Ta 3rOPSHHS IeJIeT 3 METOI0 ONTUMI3aIlii peKUMIB €KCIUTyaTaIlii
CHEPreTUYHHX YCTaHOBOK [3, 4] .

4. InarerpoBani TexHoNOriYHI TIATPOpPMH, [IO0 TOENHYIOTH MEXaHIYHE YUIUIBHEHHA 13
TEPMOXIMIYHUMH METOAAMHU IOMEPEaAHbOI 0OpOOKH, 110 3a0e3MeUyIOTh MiABUIICHHS SKOCTI KiHI[EBOIO
NPOIYKTY i onTHMi3alito BUTpar [7, 5] .

Sk cBiguaTh pe3yabTaTH aHaNi3y, OCTaHHI JOCHIiPKEHHS IEMOHCTPYIOTh, IO BUKOPUCTAHHS OIAJIOr0
JIACTS Ta IHIMUX JOCTYITHUX BHIIB CHPOBUHH MPUPOTHOTO MOXOHKCHHS I BUPOOHHIITBA Ol0OTIENIET Mae
BHCOKHI TEPCIICKTUBHUM ITOTSHITIAN 3aBISKA PO3pOOIN BIOCKOHAICHWX TEXHOJOTIH TeleTu3amii, sKi
3a0e3MeuyloTh HEOOXiJHY AKICTh MPOAYKTY AJS Cy4acCHUX €HEepreTHYHUX cucteM. Iloganbini HayKoBi Ta
1HKeHepHI po3poOKku OyAyTh CIPAMOBAaHI Ha ONTHMI3AIil0 MapaMmeTpiB TEXHOJOTIYHOTO MpOIECy, IO
T03BOJIMTh CTBOPUTH €KOHOMIYHO Ta €KOJOTIYHO e(EeKTUBHMH JIAHIIOT NEepepoOKH OIajoro JHCTS Ta
IHIIMX BHIIB NPUPOAHOI OlOCHPOBMHM B OlOMalMBHI MENETH Ta HOBI OIOKOMITO3MLINHHI Martepianu Ta
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eko0e3meyHi BUPOOW Ha 1X OCHOBI, SKI BIAMOBITAIOTH CydaCHHUM BHMOTAaM IO CTaJlOTO PO3BUTKY Ta
BiHOBIIIOBaHOI eHepreTuku [12, 6].

TakuM YWHOM, Cy4YacHi IOCIHIPKEHHS HAJal0Th MOXJIHUBICTH 0O0'€THAHHS KUTBKOX ITiJXOMIB —
ONTUMI3allisl MapaMeTpiB CHPOBHHHOTO MOIMEPEAHBOTO OOpOOJEHHS, 3acTOCYBaHHS TMPHPOJHHUX
3B’SI3YIOYMX Ta BIPOBAHKCHHS 1HTETPOBAHUX TEPMOXIMIYHHMX TEXHOJOTIH — IO pOOWTH BHPOOHHUIITBO
TIeJIET Ha OCHOBI OTIAJIOTO JINCTS Ta 1HITUX BHUIB JOCTYITHOI O10CHPOBHUHU MPHUPOJTHOTO MMOXOHKCHHS HE
nume epeKTUBHUM, ajie ¥ NEepCHEeKTUBHUM JJIsl IUPOKOTO BHUKOPHUCTAHHS B €HEPreTHI Ta YNpaBiiHHI
MicekumHu Bigxomamu [9, 10].

3axi0ueHHs1. 3arajgoM, aHali3 OCTaHHIX JOCTIKCHb IEPEPOOKH OIMajoro JIUCTS Ta IHIIAX BHUIB
JNOCTYIHOT TpUpORHOi OlocHMpOBHHM Yy OiomanuBHI MEJIETH Ta HOBI OIOKOMMO3MLINAHI MaTepiand i
exo0e3neyHi BUpOOH Ha iX OCHOBI MiATBEPKYIOTh MOKIJIMBICTh KOHBEpPTALii BEJIMKOI KIJIBKOCTI MiCBKOTO
JIUCTOBOTO CMITTS Y BHCOKOSKICHUI OioreneTr a0o IiHHOBAIifHMX Marepian, IO MOXE YCITIITHO
KOHKYPYBaTH 3 IHIIMMH BUAaMH OiomMacu Sk NaiuBHAa cupoBHHA. CydacHi eKCIepUMEHTaNbHI JaHi
CBiYaTh TpPO TMO3WTHBHUU BIUIMB ONTHMANbHUX PEXHUMIB TMeEJETU3allii, a TaKoX 3aCTOCYBaHHS
TEPMOXIMIYHUX TOTEpeHIX 00pOOOK, sIKi 3HAYHO MiIBUIIYIOTh CHEPreTHYHY e(DEeKTUBHICTD 1 3HIKYIOTh
BUTpATH Ha 30epiraHHs Ta TPAHCIIOPTYBAHHS KIHIIEBOTO MPOAYKTY. [Tomanbmn ociiyKeHHS IIOBUHHI Oy TH
30cepeKeHi Ha MaclTaOyBaHHI MpOIECiB, aBTOMaTu3alii BUPOOHMYUX JiHIH Ta NETaJbHOMY aHami3i
€KOHOMIYHOI JOLIIBHOCTI, 110 BIJKPHUE HOBI MOXKJIMBOCTI JUIS BIPOBAIKCHHS TEXHOJIOTIH OTPUMaHHS
Oiomener Ta pi3HUX BHUJIB IHHOBALIMHUX OIOKOMITO3WIIIHHMX MaTepiajdiB Ha OCHOBI PI3HHMX BUJIB
010CHPOBUHH MTPUPOHOTO MOXOPKEHHS B KOMIUICKCHI €HepreTuyHi cuctemu [5, 10] .

e nocmimkeHHs Haxae MOCUTh HMIMPOKUN OIIA[ CyYacHMX HAyKOBHX MHIAXOAIB A0 MepepoOKu
OTIAJIOTO JIUCTS Ta 1HIIUX BUIIB TOCTYITHOI MPUPOIHOI O10CHMPOBHUHN Y Oi10TIaTUBHI TEJIETH 1 T IKPECITIOE,
mo po3poOKa HOBHUX TEXHOJOTIM KOMOIHOBAaHOTO 3aCTOCYBaHHS MEXaHIYHHX, TEPMOXIMIUYHHX i
IHTETPOBAaHUX METOMAIB € KIIOYEM A0 OTPUMAaHHS KOHKYPEHTOCIPOMOXHOTO Ta EKOJIOT1YHO YHCTOrO
IPOAYKTY, 110 MAaTHUME 3HAYHUM MOTEHIiaj AJs BIPOBAIKEHHS Y CUCTEMHU BIJHOBIIIOBAHOI €HEPI€TUKU
Maitbytasoro [8, 7].

TakuM YnHOM, OCTaHHI JOCIIKEHHS 3aCBiTYYIOTh, [0 3aBJSKU ONTHUMI3allil MPOIIECiB MeJIeTH3AaIlil,
BUKOPUCTAHHIO NMPUPOJHUX 3B’ A3YIOUHX PEUOBHMH Ta IHTETpalii TEPMOXIMIYHUX TEXHOJIOTiH, Iepepooka
OTIAJIOTO JIUCTS Ta IHITUX BUAIB 010CHPOBUHU IIPUPOTHOTO MTOXOMKCHHS Y O10TIATMBHI ITEJICTH Ta Pi3HI BUIAH
IHHOBALIHUX 010KOMITO3ULIIHHUX MaTepialliB Ta eK0Oe3MeYHNX BUPOOIB HAa iX OCHOBI € peamiCTHYHUM i
Iy’Ke MEePCIIEKTUBHUM HANPSAMKOM JJIsl eHEPreTUYHO1 Ta 1HIIUX rainy3eld MpoOMHCIOBOCTI, IO COPUSTHME
3MCHIICHHIO €KOJIOTIYHOTO HAaBAHTAXXCHHS B MICHKHX paiiOHaX Ta MiABUINECHHIO e(QEKTUBHOCTI
BUKOPUCTAHHS MPHUPOJHUX, CHEPTETUYHNX Ta IHIIUX BUJIB PECypCiB, a TaKOXK 3a0€3MeUuTh MOBTOPHY
nepepoOKy BiAXoiB MeOIeBOro BUPOOHMIITBA, IO CIPUATHME PO3POOLI 1 BIPOBAIKEHHIO IHHOBALIHHIX
TEXHOJIOTI# 151 iX MOBTOPHOTO BUKOpUcTanHs [ 13-14].

3a3HaveHl MIAXOAM Ta PE3yJIbTaTH CEKCIEPUMEHTAIbHUX JOCII/PKeHb, BUKJIAACHI B CydacHId
JmiTepatrypi, HAlOTh HaM BaroMi apryMeHTH [UIs MOJAJIBIIOTO EKCIEPUMEHTAIBHOIO JOCIiIKCHHS
TEXHOJIOTIYHUX NPOLECiB MOAPiOHEHHs, MIArOTOBKM CyMILIECH, MpecyBaHHA PI3HUX BHIIB NPHUPOTHOL
0locHMpOBUHU Ta cHOCO0IB yTHIII3aIlii OIOBIAXOIB 3 METOI PO3POOKHM HOBHMX IHHOBAI[IHHUX TEXHOJOTIH
OTpUMaHHA C€HEpProe(eKTUBHUX 1 EKOJIOTIYHMX BHIIB OiomanuBa, a TakKoX 1HHOBAILIMHMX
010KOMITO3MLIMHUX MaTepiaiB Ta eKoOe3NeYHuX BHPOOIB Ha iX OCHOBI 13 JOCTYIHOI CHPOBHUHH
MPUPOHOTO MOXOKEHHS IS TOTped cydacHOoi iHIyCTpii.
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Vkpaincokuii Oepacasnuii naykoeo-0ocnionuii incmumym “Pecype”™
JIyybKuii HayionanbHuil mexuiunull yHieepcumem®

BIIJIUB ITAPAMETPIB 3YBIB IINJI HA AKICTb PO3IIMJIIOBAHHSA JEPEBUHA
TBEPJIUX JIMCTAHUX TOPIJ

Y cmammi euceimneni numanns, ujo cmocyromuca eniugy napamempis 3y0ie nun Ha AKICMb PO3NUNIOBAHHA 0ePesUHU
meepoux nucmanux nopio. Ilokazano, wio ¢ Ykpaini meepoi nucmani nopoou cknadaromsy 6ausvko 30%, a naiidinou
nowupeniwiumu iz Hux € 0yo, oyk ma acens. Lli nopoou depesunu 3a ceoimu QizuKo-mexaniuHumu NOKA3HUKAMU CYMMECO
GIOpI3HAIOMbCA IO OepeGuHU M’AKUX JUCHMAHUX ma XGouHux nopio. Taki ocHoéHi noKasHuku @HizuxKo-mexaniunux
enacmueocmeil 0epeguHU meepoux JUCMAHUX HOPIO AK WINbHICMb, Medca MiYHOCMI i) 4ac CMUCKAHHA 830064 80J10KOH,
cmamuuna meepoicms npudIUIHO Y OeKinbKa pazie euwyi, Hide, nanpuknad, y cocuu. Taxi niosuwieni 3nauenns @izuko-
MEXAHIYHUX NOKA3HUKIE 0epesun meepoux TUCmAHUX ROPIO0 3yMOGIIOIOMb pic RUMOMOI podomu pizanus, a maxKoyc Oinvu
iHmencuene 3amynienHs 3y0ie nujl, o0 He2AaMUGHO 8i00OPAINCAEMbCA HA AKOCMI POZNUNIOBAHHA.

Knrwwuosi cnosa: doepesuna meepoux ucmsuux nopio, napamempu 3y0ie nui, sAKiCmb po3NUTIO8AHHs, NOO0aya Ha 3y0,
NOCUNAHHS KOIOOU, WOPCMKICMb 06POOIEHUX NOBEPXOHD.

Z. Sirko, N. Tsiren, M. Tolstushko, N. Tolstushko, S. Yukhymchuk

INFLUENCE OF THE PARAMETERS OF THE SAW TEETH ON THE QUALITY OF
SPRAYING OF HARD-BROAD WOOD

The article covers issues related to the influence of saw tooth parameters on the quality of sawing hardwood. It is shown
that in Ukraine, hard hardwoods make up about 30%, and the most common of them are oak, beech and ash. These types of
wood differ significantly in their physical and mechanical characteristics from the wood of soft deciduous and coniferous
species. Such basic indicators of the physical and mechanical properties of hardwood wood as density, strength limit during
compression along the fibers, static hardness are approximately several times higher than, for example, in pine. Such increased
values of the physical and mechanical indicators of hard hardwood wood lead to an increase in the specific work of cutting, as
well as a more intense dulling of saw teeth, which negatively affects the quality of sawing.

Keywords: hardwood is hard, parameters of saw teeth, sawing quality, feed per tooth, log reference, roughness of treated
surfaces.

IMocTtanoBka npodaemu. JlicomaTepiany MiHHUX TBEPAUX JUCTIHHUX MOPiJ CKIAAAOTh MPHOIN3HO
30%, a HaiiOiIBII MOMMPEHIINMY 13 HUX € ay0, Oyk Ta sicenp [1]. Lli mopoaun 3a ¢izuxo-MexaHiYHUMU
BJIACTUBOCTSIMHU BiJIPI3HAIOTHCS BiJ] NEPEBUHU M SKHX JIUCTSHHX TOPiM Ta XBOWHUX mopia. [lToka3Huku
OCHOBHHX (Pi3MKO-MEXaHIYHHX BIACTUBOCTEH NEPEBHMHM TBEPAUX JHUCTSHUX MOPiJ (IIUIBHICTH, MeXa
MIIIHOCTI ITiJT YaC CTUCKAHHS B3/I0OBXK BOJIOKOH, CTATUYHA TBEPAICTh pajiajdbHa) MPUOIN3HO Y IeKiIbKA pa3iB
BHIIII, HK, HAITPUKIIAJ, y COCHH. Tak, mijabHICTh BUINA y 1,3 — 2,48 pa3u, Me)ka MIIIHOCTI 111 4aC CTHCKAHHS
B3JIOBXK BOJIOKOH OinbIna y 2,8 pasu, a cTaTW4Ha TBEpHiCTh — y 4,7 pasu [2]. Taki migBUIIeH] 3HAYSHHS
(hi3MKO-MeXaHIYHMX MMOKA3HUKIB JEPEBUHM TBEPAMX JUCTSIHUX MOPiJ 3yMOBIIOIOTH PICT MUTOMOI pobOTH
pizaHHs B mporieci muisiHAS B 1,4 — 2,0 pa3u, a TakoX CIOCTEpIraeTbesi OiNbII IHTEHCHBHE 3aTYIUICHHS
3y0iB IIHJI I11J1 Yac MUJISTHHS TaKol JepeBuHH |3, 4].

OxpeMi mopoau AepeBUHH TBEPAUX JHUCTIHUX MOPiJ TEX BiAPIZHAIOTHCS MIX COO0I0 MEXaHIYHUMHU
BJIACTUBOCTSIMH, 1[0 MPUBOIUTH A0 PI3HUII B CHJIAX pi3aHHS Ta BIHKUMY I 4ac MUJISHHS JACPEBHUHU, B
SIKOCT1 Ta TOYHOCTI 00pPOOICHHS, CTINKOCTI IHCTPYMEHTY 1 T. 1., @ B KIHIIEBOMY pe3yJIbTaTi — B e(EeKTUBHOCTI
iX 00pOOJICHHS Pi3aHHSM.

Buxomsunm 13 BHUILEHABEACHOrO, IJIsi NWISHHA JCPEBHHUA TBEPAMX JHUCTAHUX HOpix (s
PO3KPOIOBaHHS KOJIOA) HEOOXITHO 3aCTOCOBYBATH I 13 3y0aMH IiABUILEHOI MIITHOCTI Ta CTIHKOCTI.

AHani3 ocraHHiX Jaociaimxens i myOmikamiii. TeopeTwuHuil aHami3a yMOB palioHaJbHOCTI
nmapaMeTpiB MW IIiJ 4Yac PO3MWIIOBAHHS JIEPEeBHHU TBEPAMX JUCTSHHX mopin [5] mokasye, mo s
30epekeHHs PiBHS CHIIOBMX HABaHTa)KEeHb Oa)kaHO 3MiHIOBATH KyTOBIi IMapameTpu 3y0iB IMHI AJIs HAJaHHS
OUJIBIIOT 3HOCOCTIMKOCTI Ta KOPCTKOCTI 3y0a. Y LbOMY HaNpsIMKY JIOCII/PKeHb OyJIO MPOBEIEHO Oarato,
aJe Jesiki 0COOJIMBOCTI OTPEOYIOTh yTouHeHHs [ 1-5].

IMocTranoBka 3aBaaHb. MeTa JOCHIKEHHS — BU3HAYNTH BILTUB TMapaMeTpiB 3y0iB MW Ha SAKiCTh
PO3MUITIOBAHHS IEPEBUHH TBEPMX JTUCTIHUX TOPII.

BuknagenHst ocHoBHOro matepiany. s JOCHiIKeHh BUKOPHCTOBYBAIM paMHI TN TOBIIMHOIO
2,2 mM. Po3nmuimioBaHHS KOO I€PEBUHU TBEPIMX JIMCTSIHUX MOPIiJ MPOBOAMIN HA CEPEeIHBbOIPOCBITHIN
JiconmMIIsUIbHIN pami 2P75-1.
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[TapameTpu paMHUX TIHUI — I1€ JIiHIMHI Ta KYyTOBI X XapaKTEPUCTHKH, & ONTUMANTbHI IXHI BETHINHHI —
IIe Ti BEJIMYWHH, SKi 3a0€3MeUyIOTh HAHOUTBIT BUCOKMHA €EeKT IMpoIecy pPO3MIIIOBAHHS JicoMaTepiaiB.
OnTuManpHi TapaMeTpU paMHUX MW TIOBUHHI 33JIOBOJBHATH HACTYIIHUM OCHOBHUM KPHUTEPIisM:
3a0e3rneyyBaTé MaKCHMajbHY MPOJAYKTUBHICTh Ta SKICTh PO3MIIIIOBAHHS; OOYMOBIIOBATH HaWMEHIII
BTpaTH JCPEBUHH B TUPCY Ta 3a0e3MedyBaTH HAaltMEHIII BUTPATH HA BUPOOHUIITBO OJIMHUIII TTPOTYKITIT.

Sxicth 00poOJICHHS TOBEPXOHb, IO HAMAIOTH TOBAPHWU BHUZ MWJIOMAaTrepiagaM, OIHIOIOThH
MIOPCTKICTIO Ta HASsBHICTIO MINKCTOCTI Ha IUIacTAX mmiomarepianiB. LIopcTKicTh XapaKTepH3yEThCS
CYMapHOI0 TIIHOMHOIO HEPIBHOCTEH, BUPHBIB Ta PUCOK BiJI Bpi3aHHS 3y0iB B IUIACTh MUJIOMATEPIAiB 1 MOXKE
OyTH BUpaXKeHa:

Hn=H +H,+H,+H,,
ne H, —rnubuHa KiHEeMaTHYHHX CIIJIB 3y0iB (PUCOK), MM;
H, — rnmnbuna HepiBHOCTEH y 3B’A3KY 3 HETOUHICTIO PO3IIMPEHHS 3y0iB, MM;
H — rnubuna HepiBHOCTEH y 3B’513Ky 3 IIOIEPEYHUM BiIXUICHHAM BEPLIUH 3y0iB, MM;

H, — rnubuHa cifiB pyiiHyBaHHS ACPEBHHH ITiJ] 4ac 3pi3aHHs CTPYKOK, MM.
['mubuHy KiHEMaTHYHUX PUCOK BU3HAYAIOTH 32 (POPMYIIOHO:
H =81gr,
ne S, —noxava Ha 3y0, Mm;
T — KyT HiIHYTPEHH:.
B3a 7 =5 Hl =0,1 SZ , 10 Ha OCHOBI €KCTIIEPUMECHTAIBHUX JOCHTIJIIB CKIIaAa€e TUTbku 15 — 25 % Bin

3arajpHOI TITMOMHM HEPiBHOCTEH.

I'mnOuHa HepiBHOCTEH Yy 3B 3Ky 3 HETOUHICTIO pO3IIUpEHHs 3y0iB Moxke gocsirati 1o 0,2 — 0,3 mm
HE3aJIC)KHO BiJl TIOPOJIU IEPEBUHH, IO POMUITIOETHCA.

Bigxunenns pepurit 3y0iB y 3B’ 3Ky 3 IPYKHUM BIATHHOM ITiJT 9ac OHIET 1 Ti€T XK IMoAadi JOCATAIOTh
BEIIMKUX BEIIMYWH IIiJ] 9ac PO3MWIIOBAHHS TBEPIOI MOPOAM NEPEBUHHU, a TIIMOMHA CIIIMIB pyHHYBaHHS
JIepEeBUHM 3BOPOTHO MPOMOpIioHaANbHA 11 MIIIBHOCTI, a OTXKe, HIKYa Yy TBEPAUX MOPiJ AEPEBUHU.

JIBa octanHIX (pakTOpH, MArOYN 3BOPOTHI 3HAKH, MAIOTh HEBHU3HAYCHHM MPHUPICT IO MEPIIUX ABOX
JoJaHKiB. Pa3oM 3 THM, MOXKHA TIPUTTYCTHTH, IO BIUTUB ITOPOJIU IEPEBUHH OUTBII Pi3KO MPOSBIISETHCS i1
Yac BeJIMKOI oAayi Ha 3y0 Ta 3HaUHOMY 3aTYIUICHHI, TOMY JIy’Ke BaXJIMBUM Y ITiJIBUILIEHH] KOCTI HaOHpae
(akTop XKOpCTKOCTI 3y0a.

[Nonaua Ha 3y0 32 yMOBaMU CTIHKOCTI ITHJI BU3HAYAETHCSI 13 PIBHSHHS, SIKE BPAXOBYE CTaH JICPEBUHHU:

0,8R,t

(30-1,4t°)S, —0,75t°+ 40
mnapbhmax

=0,

ne t — kpok 3y0iB mui1, MM;
t° — remneparypa nepesunu, °C;
M, i &, — nonpaBo4Hi KOC(ILIEHTH, IO BPaXOBYIOTh 3aTyIUICHHS 3yOIB IIMII Ta IPUPOY ACPCBHHH:

npuiiMaeThes piBHumMu a,=1,151 M, =1,25 — 11 IEpEBUHHU TBEPIUX JIUCTAHUX MOPIJ;
Po

b — mmpuHa npormwty, Mm;

— BCIIMYHWHAa KpI/ITI/I‘-IHOI CHIIHN piBHHH}I;

h,.. — HaiibiIbIua BECOTa POMKITY Y IIOCTABI, MM.

AHaji3 BHpazy M03BOJIAE 3pOOWUTH JBAa OCHOBHI METOMWYHI BUCHOBKH. [T SKICHOTO THJISTHHS
JEPEBUHU TBEPIUX JTUCTIHUX MOPIT HEOOX1THO: TSI 3aTaHUX ITapaMeTpPiB I, TIOPOIH Ta CTaHY NEPEBUHU
BU3HAYUTH I0JIa4y Ha 3y0 1 BIAMOBITHO MOCKIaHHS KOJIOAM a00 BUOPATH MapaMeTpH paMHUX ITHII Ta CHITH
iX HaTATYBaHHS, HEOOX1THI IS PAKTUIHOI peati3allii 3aJaHuX MOCHIaHb KOJOIH, SIKi 0OMEKEHI 1HITUMHA
(dakTopaMu (IIIOPCTKICTIO IOBEPXHI MHJIOMATEpialliB, 3allOBHEHHS BIAIUH 3y0iB, MOTY)KHICTIO IPHUBOJA
MeXaHi3My pi3aHHs, HAAIHHICTIO POOOTH MHII).

BucnoBku.

1. IigBureHi (izMKO-MEXaHIYHI TOKA3HUKH IEPEBHHU TBEPAUX JHUCTSIHUX MOPIJI y MOPIBHIHHI 13
JICPEBUHOI0 M’SIKUX Ta XBOWHUX MOPiJ 3yMOBIIOIOTH PICT MUTOMOI pOOOTH pi3aHHS, IO B CBOI UEPry
moTpedye 3aCTOCOBYBATH IMUJIH 13 3y0aMH ITiIBUIICHOT MIITHOCTI Ta CTIHKOCTI.
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2. OxpeMi MOpoau AEPEBUHHU TBEPAMX JUCTIHUX TOPi BIIPI3HAIOTHCS MK COO0I0 MEXaHIIHUMU
BJIACTUBOCTSIMU, 1110 IPUBOIUTE A0 PI3HUIN y CHIAX pi3aHHS Ta BUDKAMY i 9ac MWISTHHS IEPEBUHU, B
SKOCT1 Ta TOYHOCTI 00pOOIeHHs, CTIHKOCTI IHCTPYMEHTY, a B KiHIIEBOMY pe3yJbTaTi — B €peKTHUBHOCTI iX
00pOOJICHHS pi3aHHSM.

3. HaBeneni ¢opmyiau iss BHU3HAYEHHS IIOPCTKOCTI OOpOOJCHHX IMOBEPXOHb IHIIOMATepialiB,
TMHOWHY KIHEMaTHYHHUX PHCOK Ta MOoAadi Ha 3y0 pi3aIbHOTO IHCTPYMEHTY JO03BOJISIOTH KOHCTATYBAaTH, 1110
JUTSL SIKICHOTO TWJISIHHS JISPEBUHU TBEPIUX JUCTSHUX TOPIA JUIS 3alaHuX IMapaMeTpiB MU HEoOXiTHO
BH3HAYMTH TTOAady Ha 3y0 1 BIAMOBITHO ITOCWJIAHHS KOJIOAM a00 BHOpaTH mMapaMeTpH pPaMHHUX ITHII,
HEOOXiTHI IS MPaKTUYHOI peaizallii 3aJaHuX MOCHIAHb KOJIOIU B TIPOIIECi PO3MILTIOBAHHS.
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PO3POBKA KOMIIVIEKCHOT O IIOKA3ZHUKA AKOCTI MOPO3IBA 3
YPAXYBAHHSAM ITAPAMETPIB OBJIAJTHAHHA JJIs1 HIEPEPOBKH

Axicmy npomucnoso 6upooneH0z0 MOPO3UCA BUHAYACHBLCA HOECOHAHHAM CHONCUGUUX XAPAKMEPUCHMUK Ma
MexXHO102I4HO UMIPIOGAHUX NOKA3HUKIE. Y UbOMYy 00CNidICeHHT 3anPONOHOBAHO MEMO00J102i10 6U3HAYEHHA KOMNIEKCHO20
nokaznuka axocmi (KIIA), saka 06’conmye cencopni enacmugocmi (30Kpema cmax) 3 KAOYOBUMU MEXHOI0ZIUHUMU
napamempamu, maKumu AK 6Micm yucupy, 30umicms i uac manenns. /Jocnioxnceno mpu Komepyiini 3pa3Ku Mopo3uea Ha 0CHOGE
CMAHOAPMHUX YKPAIHCLKUX Memoouk i nopmanizayii pesynomamie. Pospaxoeani 3nauennsn KIIA nokazyroms, uo
00CAZHEHHA GUCOKOT AKOCMI NPOOYKUii nompedye 00HOUACHOI onmumizauyii AK peyenmypu, maxk i napamempie podomu
mexnonoziunozo oonaonannua. Pesynomamu 003eonaiomsy chpopmynioeamu KoHKpemHi peKoMeHOauii U000 600CKOHAIEHHA
eupodnuuux JNiHIl Ona 3a0e3neyeHna 30a1aHCO8AHOT AKOCMI — 3 YPAXYBAHHAM CROMCUGUUX OUIKY8AHL U000 CMAKY,
CIMPYKMYpU ii KOHCUCHM EHUIT Ma MeXHOI02IYHUX 6/IACMUEOC ell, MAKUX AK 30Umicmb i 4ac maneHns.

Kntouogi cnosa: moposueo, KOMNAEKCHULL NOKAZHUK AKOCMI, OP2AHOIENMUYHA OYIiHKA, 30Umicmb, MAHEHHs, MEeXHON02IUHA
onmumizayis, 0ONAOHAHHSL.

T. Yaroshevych, S. Yaheliuk

DEVELOPMENT OF A COMPREHENSIVE QUALITY INDICATOR FOR ICE CREAM
WITH CONSIDERATION OF PROCESSING EQUIPMENT PARAMETERS

The quality of industrially produced ice cream is determined by a combination of consumer-oriented and technologically
measurable characteristics. This study proposes a Comprehensive Quality Indicator (CQI) methodology that integrates sensory
attributes (primarily taste) with key processing-dependent parameters such as overrun (degree of air incorporation) and melting
time. Using standard Ukrainian methodologies and CQIl-based normalization, three ice cream products were evaluated. The
resulting CQI values demonstrate that achieving high product quality requires optimizing both formulation and equipment
operation. Based on the findings, the study recommends specific technological improvements for manufacturing lines that aim
to align consumer preferences especially taste, structure, consistency, with desirable structural properties such as overrun
(degree of air incorporation) and melting time.

Keywords: ice cream, comprehensive quality indicator, sensory evaluation, overrun, melting time, technological
optimization, equipment

Introduction. In the modern food industry, the production of ice cream presents a unique challenge:
it must meet both the sensory expectations of consumers and the rigorous technological standards required
for industrial manufacturing. Ice cream is not only a dessert — it is a complex aerated emulsion-foam system
with delicate structural properties formed during production. Characteristics such as taste, total fat,
structure, consistency, overrun (degree of air incorporation) and melting time are crucial for consumer
acceptance and are highly sensitive to variations in processing conditions.

Despite the development of regulatory standards in Ukraine (e.g., DSTU 4733:2007 and DSTU
4735:2007), many producers continue to rely on outdated or inflexible processing equipment. These systems
are often unable to achieve the precise control necessary over freezing kinetics, air distribution, or structural
stabilization, which are vital for ensuring uniform product quality. As a result, products may exhibit
inconsistencies in creaminess, hardness, or resistance to melting, leading to consumer dissatisfaction and
economic losses for manufacturers.

The core of this problem lies in the technological gap between production requirements and
equipment capability. In particular, insufficient control of parameters such as draw temperature, dasher
speed, and aeration rate directly impacts the microstructure of ice cream — specifically the size and
distribution of ice crystals and air cells. These structural elements determine key physical properties like
melting time and overrun (degree of air incorporation), which in turn affect organoleptic perception such as
texture and mouthfeel. If freezing is too slow or aeration is uneven, the resulting product may contain large
crystals or unstable foam, reducing its sensory appeal and shortening its shelf life [1].

Furthermore, producers often lack a unified framework for evaluating how processing variables
translate into final product quality. Traditional assessments focus on individual parameters (e.g., fat content,
sugar concentration, or taste), but these isolated metrics fail to capture the holistic performance of the
product. Without an integrated evaluation system, it becomes difficult to identify which production
adjustments are most effective in improving quality.

To address this challenge, there is a growing need for an objective, quantifiable metric that can link
technological performance with consumer-oriented outcomes. One promising solution is the development
of a Comprehensive Quality Indicator (CQI), which consolidates multiple physical and sensory variables
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into a single evaluative score. Such an indicator can serve not only as a diagnostic tool for identifying
shortcomings in current production but also as a benchmark for optimizing equipment design and process
control.

The study proposes the construction of a CQI tailored specifically to the Ukrainian ice cream
market. It focuses on the most commonly consumed types of ice cream — such as classic “Plombir” and
cream-based cones — and evaluates them based on three main parameters: taste (as the dominant sensory
trait), overrun (degree of air incorporation) (as a marker of aeration quality), and melting time (as an
indicator of structural stability). By analyzing how each of these parameters contributes to overall product
quality, and how they are influenced by processing conditions, we aim to establish a scientific basis for
improving production lines [2].

Ultimately, the objective is not merely to assess current products but to guide the development of
technological strategies that can reliably produce ice cream with optimal organoleptic, physicochemical,
and functional characteristics. The CQI will serve as a bridge between consumer satisfaction and industrial
efficiency, helping manufacturers align equipment capabilities with market demands.

Analysis of recent studies. Recent scientific research confirms that ice cream quality depends not
only on ingredients, but largely on the technological parameters of the equipment used during production.
Studies by Inoue et al. have demonstrated that the settings of continuous freezers — specifically draw
temperature, dasher speed, and aeration rate — significantly affect the size and distribution of ice crystals
and air cells. These microstructural elements, in turn, determine product texture, hardness, and melting time
[3]. Gallagher’s research supports this, showing that dasher geometry directly influences freezing efficiency
and residence time, which are critical for structure & consistency [4].

Other researchers have evaluated the effect of aeration equipment on foam characteristics. Narchi
et al. showed that rotor—stator systems are effective for producing high overrun (degree of air incorporation)
but can yield large bubbles, whereas stirred columns are better for fine foam structures but require higher
energy inputs [5]. This engineering trade-off highlights the need for balanced control of aeration to ensure
desirable texture and overrun (degree of air incorporation) without compromising stability [6].

Further studies emphasize the direct connection between freezing kinetics and consumer-perceived
creaminess. Researchers noted that ice cream samples with smaller crystals and air cells were rated higher
in taste and texture evaluations. These structural attributes are most effectively controlled by modern
freezing and mixing systems, which provide the fine control needed for high-quality output [3, 5].

In Ukraine, research has focused primarily on the physical and microbiological aspects of ice cream
and their compliance with national standards such as DSTU 4733:2007 and DSTU 4735:2007 [10, 11].
However, existing studies often treat quality indicators in isolation, without a comprehensive framework to
combine technical and sensory parameters. For example, Narizhniy et al. examined sensory and
physicochemical properties of low-calorie ice cream but did not attempt to unify these into a single metric
that could guide equipment optimization [7, 8].

The absence of a unified evaluative system presents a gap in the literature. While producers measure
fat content, overrun (degree of air incorporation), and taste individually, these indicators do not offer a
comprehensive picture of how equipment parameters impact final product quality. This makes it difficult
to identify process improvements or benchmark production efficiency. Asmaa Harfousha et al., note that
many current industrial lines lack real-time integration of product quality data, leading to variability across
production batches [13].

To address this issue, recent studies in related fields have proposed using Comprehensive Quality
Indicators (CQI) to assess product performance holistically. For instance, Yaheliuk and Fomich successfully
applied a CQI model to optimize fuel roll production by balancing structural and energy characteristics [2,
12]. Their methodology — based on weighted normalization of multiple criteria — can be adapted to ice
cream evaluation by incorporating overrun (degree of air incorporation), melting time, and taste as core
indicators.

Although CQI-type approaches have been occasionally explored in food science, their application
to ice cream remains underdeveloped. Fedchenko et al. were among the first in Ukraine to propose a
complex evaluation system for ice cream, integrating sensory, physicochemical, and microbiological
characteristics [1]. However, their model lacked a strong focus on processing parameters and did not link
quality outputs to equipment design.

Taken together, these findings point to the need for a modern, processing-aware CQI model tailored
to ice cream production. Such a model would not only allow for comparative evaluation of popular
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Ukrainian ice cream types but also inform targeted upgrades of equipment and technology to improve
consistency, consumer satisfaction, and production efficiency

The aim. The aim of this study is to develop a comprehensive Quality Indicator (CQI) for ice cream
that explicitly includes processing equipment effects. We will focus on three critical metrics: (1) overrun
(degree of air incorporation) (the percent increase in volume from air incorporation during freezing), (2)
melting time (resistance to melt under standard conditions), and (3) sensory taste score. The CQI will be a
weighted combination of these metrics, reflecting both production performance and consumer satisfaction.
By quantifying quality in this integrated way, we can provide clear recommendations for optimizing ice-
cream manufacturing lines (e.g. freezer design and settings) to produce better-tasting products with desired
texture and melt properties.

Materials and Methods. This study included the evaluation of three commercially available ice
cream products representative of the most consumed types in Ukraine: Plombir in chocolate glaze (TM
"Limo"), sugar-free Classic Plombir (TM "Maxkholod"), and creamy cone “Eclair Brownie Monaco” (TM
"Tri Vedmedi™). All samples were certified in accordance with Ukrainian national standards DSTU
4733:2007 and DSTU 4735:2007, which regulate both compositional and sensory requirements for ice
cream products [10, 11].

Sensory evaluation was carried out in accordance with DSTU 4733:2007. Trained panelists
assessed product appearance, color, internal structure, consistency, aroma, and flavor. Evaluation was
conducted under standardized lighting and temperature conditions, using a 5-point hedonic scale. Sensory
defects such as glaze cracking, color irregularities, graininess, or off-odors were recorded as deviations from
normative benchmarks. Each sensory test was performed in triplicate, with mean scores used in further
analysis.

Standardized methods were applied to ensure reproducibility of freezing parameters and their
control using modern production systems [6]. Moisture and total solids content were measured
gravimetrically via oven drying at 110-112 °C to constant weight, according to DSTU 8552:2015 [14] and
AOAC procedures [4]. Fat content was determined using the Gerber butyrometric method in accordance
with ISO 2446:2008 [3, 8]. Titratable acidity was measured by titration with 0.1 N NaOH using
phenolphthalein as an indicator, and pH values were recorded using a calibrated potentiometric pH meter.
Sugar content was quantified by the Bertrand copper reduction method. Overrun (degree of air
incorporation) was measured as the percentage difference in weight between aerated and melted product,
per DSTU 4733:2007. Melting time was determined by measuring the time required for 10 mL of meltwater
to pass through a funnel at 20 + 2 °C from a 50 g ice cream sample.

To synthesize a unified quality measure, a Comprehensive Quality Indicator (CQI) was introduced.
This index reflects a weighted integration of selected sensory and technological parameters that influence
consumer perception and industrial performance. The initial pool of parameters considered for inclusion
comprised ten indicators: external appearance, color, structure and consistency, aroma, taste, fat content,
total sugar, titratable acidity, overrun, and melting time. To determine the most relevant criteria for inclusion
in the final CQI, an expert elicitation procedure was used.

A panel of six qualified experts with backgrounds in dairy technology, food engineering, and
sensory analysis participated in the selection and weighting process. Each expert independently ranked the
importance of the ten initial parameters. After aggregation and comparative analysis of expert input, five
key indicators were selected for CQI modeling: taste, structure and consistency, total fat content, overrun
(degree of air incorporation) percentage, and melting time. Final weights were assigned to each criterion
based on normalized rankings, reflecting both technological relevance and consumer impact.

All analytical and sensory measurements were performed in triplicate. The resulting CQI scores
were used to compare product performance across samples and assess alignment with national quality
standards and consumer expectations.

Results. The study evaluated three widely available industrial ice cream products representing
different compositional and technological formats: Plombir in chocolate glaze (TM “Limo”), Classic sugar-
free Plombir (TM “Maxkholod”), and the Cream Cone “Eclair Brownie Monaco” (TM “Tri Vedmedi”).

A standardized methodology was applied to calculate the Comprehensive Quality Indicator (CQI)
for ice cream samples, based on multi-criteria normalization and weighted aggregation of key quality
parameters. The overall quality score was derived using the following model:

CQI = X Wy x Py, 1)
where W; — the weight coefficient reflecting the significance of parameter i for ice cream quality;
P; — the normalized value of parameter i scaled to a dimensionless range between 0 and 1.
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Tabl. 1
General Information about Ice Cream Samples
Attribute Plombir in Chocolate Classic Sugar-Free Cream Ice Cream Cone
Glaze (TM "Limo") Plombir (TM “Eclair Brownie Monaco”
"Maxkholod") (TM "Tri Vedmedi")

Product Type Plombir Ice Cream in | Classic Plombir Ice | Cream Ice Cream Cone
Chocolate Glaze Cream, Sugar-Free “Eclair Brownie Monaco”

Brand Limo Maxkholod Tri Vedmedi

Net Weight, g 80 80 100

Manufacturer PJSC “Lviv Cold Storage | LLC “Maxkholod”, | LLC “Tri Vedmedi”, 65
Plant”, 2 Povitryana St., | Dmytrivka, Bucha | Kozatska St., Berdychiv,
Lviv District, Kyiv Region Zhytomyr Region

Regulatory DSTU 4733:2007 — Milk, | DSTU 4733:2007 — Milk, | DSTU 4735:2007 - Ice

Standard Cream, and Plombir Ice | Cream, and Plombir Ice | Cream with Combined Raw
Cream. General | Cream. General | Material Composition.
Specifications Specifications General Specifications

Nutritional

Value per 100 g:

— Proteins, ¢ 3.3 41 4.6

— Total fats, g 21.7 (7.2) 12.3(7.2) 11.2 (4.3)

(saturated)

— Carbohydrates, 24.2 (18.2) 5.5 (4.5) 29.9 (17.0)

g (sugars)

Energy  Value, 305 149.1 242

kcal/100 g

The assessment was carried out through a multiparametric analysis framework, aimed at

guantifying product quality through five principal indicators: sensory (taste), structure and consistency, total
fat content, overrun (degree of air incorporation) (air incorporation), and melting time. These indicators
were selected to integrate both consumer-relevant attributes and manufacturing-critical physical parameters,
thereby enabling simultaneous evaluation of technological performance and sensory satisfaction.

The weighting of parameters was performed using an expert-based approach. Experts independently
evaluated the importance of each parameter on a scale from 1 to 10. The individual scores S;; assigned by

expert j for parameter i were aggregated to determine the average importance
1
S; = —XSij,
where m is the number of experts.

The resulting average scores Si were then normalized to ensure that the total sum of weights equaled
1, following the equation:

(2)

W= 3)

This procedure yielded the relative weights used in the CQI model. Statistical methods were
employed to assess the consistency of expert evaluations, including measures of standard deviation and
coefficient of variation.

The normalized score 2 for each parameter was calculated to transform raw measurements into
dimensionless units, ensuring comparability across different metrics. The normalization formula was
selected based on the direction of correlation between the parameter and perceived quality. For indicators
with direct correlation (e.g., taste, structure, fat content, overrun), the normalization was conducted as:

. o I:_)i - BenchmarkValue' o . (4)
For attributes with inverse correlation, where lower values indicate better quality (such as melting

time), the normalization was inverted:

MeasuredValue

BenchmarkValue

] ] b = MeasuredValue . . . (5)
This methodological framework was applied to evaluate three commercially available ice cream

(table 1), enabling an objective and integrated quality assessment. All measurements were performed in
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triplicate to ensure data reliability, with calibrated instruments and controlled testing conditions to ensure
reproducibility. The results are presented in Table 2.

Tabl. 2
Normalized Quality Parameters of Ice Cream Samples
No. Parameter Benchmark | Limo Tri Maxkholod | Wi | Correlation
Vedmedi

1 Taste 5 4 4 5 0.20 | Direct

2 Structure & consistency 5 3 4 4 0.14 | Direct

3 Total fat, % 16 19.6 11.3 14.4 0.12 | Direct

4 Overrun (degree of air 85 86 95 88 0.16 | Direct

incorporation), %
5 Melting time, min 60 77 52 60 0.16 | Inverse

Using the normalized values and the expert-derived weights, the comprehensive quality indicator
(CQI) was calculated for each of the analyzed ice cream samples. The results of this evaluation are presented
in Table 3.

Tabl. 3
Comprehensive Quality Indicator (CQI) Results
Ice Cream Sample CQI Value
Plombir in chocolate glaze (TM "Limo") 0.86
Eclair Brownie Cone (TM "Tri Vedmedi") 0.66
Classic Plombir without sugar (TM "Maxkholod") 0.74

Among the tested products, the highest integral quality score was achieved by the Plombir in
chocolate glaze (TM “Limo”), which scored 0.86 on the CQI scale. This result can be attributed to the
sample’s high fat content (exceeding the benchmark value by over 20%), favorable melting time (77
minutes compared to a standard of 60 minutes), and overall solid sensory acceptance, despite scoring
slightly below maximum in terms of structure. These technological and sensory strengths yielded high
normalized values across most quality dimensions, effectively compensating for a minor structural
deficiency.

The Classic Plombir without sugar (TM “Maxkholod”) ranked second, with a CQI value of 0.74.
While this product achieved the highest possible score for taste (5.0) and satisfactory structure, its lower fat
content (14.4% vs. the benchmark of 16%) and average melting stability constrained its final rating. The
reduced fat level may be linked to the sugar-free formulation, which often necessitates adjustments in the
fat-to-solid balance to maintain palatability and texture. Although its overrun (degree of air incorporation)
was above the benchmark (88% vs. 85%), the relatively moderate weight of this parameter (Wi = 0.16)
limited its compensatory effect.

The lowest CQI value (0.66) was observed in the Eclair Brownie Cone (TM “Tri Vedmedi™), largely
due to the combination of a modest sensory rating (taste and structure both scored 4 out of 5), lower fat
content (11.3%), and below-standard melting time (52 minutes). Despite achieving the highest overrun
(degree of air incorporation) value (95%), the weak performance in high-weighted criteria such as melting
time and sensory characteristics reduced the total CQI. This sample's composition — which includes non-
dairy fat substitutes according to DSTU 4735:2007 — may have contributed to its diminished melt stability
and perceived richness.

These findings highlight the significant role of each selected parameter within the weighted CQI
framework. Notably, while parameters such as overrun (degree of air incorporation) may show high
absolute values, their relative contribution to total quality remains dependent on both their normalized score
and expert-assigned weight. For instance, although “Tri Vedmedi” excelled in overrun (degree of air
incorporation), this alone could not compensate for sensory and compositional shortcomings, as those
dimensions hold higher weight in determining consumer-perceived quality.

Moreover, the results validate the relevance of using a multi-criteria, weighted assessment model for
quality evaluation. This approach allows researchers and manufacturers to quantify not just individual
deviations from ideal standards but also the cumulative effect of multiple quality attributes. It becomes
especially relevant in industrial contexts where formulation, ingredient substitution, and equipment settings
(e.g., freezer draw temperature, homogenization pressure, aerator speed) must be finely tuned to optimize
product performance holistically.
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In this context, the CQIl methodology offers several practical advantages. First, it enables a
standardized comparison across diverse ice cream types and production formats. Second, it facilitates
evidence-based decisions regarding process modifications or raw material substitutions. Finally, it provides
a framework for continuous improvement by indicating which specific parameters most strongly influence
the final product quality, based on consumer-relevant benchmarks and expert consensus.

The radar chart (fig.1) presented provides a comparative visualization of the normalized quality
parameters of three industrial ice cream samples: Plombir in chocolate glaze (TM “Limo”), Eclair Brownie
Cone (TM “Tri Vedmedi”), and Classic Plombir without sugar (TM “Maxkholod”). The evaluation
encompasses five key indicators — taste, structure and consistency, total fat content, overrun (degree of air
incorporation) (degree of aeration), and melting time — all of which were normalized relative to established
benchmark values to facilitate inter-sample comparability.

From the graphical representation, several critical observations emerge. The “Limo” sample exhibits
the highest normalized score for total fat content, significantly exceeding the benchmark reference
(normalized value > 1.0). This is indicative of its superior richness, a factor positively correlated with both
sensory appeal and textural stability. However, the same sample demonstrates a relatively lower score in
structure and consistency, suggesting slight deficiencies in structure and consistency or resistance to
mechanical deformation during consumption. Nonetheless, its melting time and overrun (degree of air
incorporation) values are within acceptable normalized ranges, collectively contributing to its leading
comprehensive quality indicator (CQI) score.

In contrast, the “Tri Vedmedi” product achieves the highest value in overrun (degree of air
incorporation), reflecting superior air incorporation during freezing. However, it performs less favorably in
both taste and melting time — attributes critical to consumer perception and overall structural performance.
The relatively low fat content further diminishes its normalized quality score in that dimension, which
collectively leads to its lowest CQI value among the three samples.

The “Maxkholod” sample demonstrates a well-balanced profile. It achieves the highest normalized
score in taste (1.0), indicating optimal flavor quality per expert assessment. Structure & consistency is also
favorable, while fat content and overrun (degree of air incorporation) are moderately aligned with
benchmark targets. Notably, its melting time matches the reference value, contributing positively to its
overall CQI. While it does not outperform in any singular dimension, its consistent performance across
multiple indicators results in an intermediate quality rank.

Limo
Tri Vedmedi
Maxkholod

Normalized Quality Parameters of Ice Creamn Samples

e & Consistency

ifig Resistance

Fig 1. Radar chart showing normalized scores for ice cream quality parameters
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Based on the results of the CQI analysis and the radar profile of normalized parameters, several
recommendations can be made regarding technological improvements in ice cream production equipment:
- Aeration control systems should be fine-tuned to ensure consistent overrun (degree of air
incorporation) without compromising melting time. Equipment should allow for adjustable overrun (degree
of air incorporation) targets depending on product type and desired sensory attributes.

- Freezing and hardening equipment must provide precise control over draw temperature and
residence time to enhance melting time and minimize structural defects such as ice crystal formation or
glaze cracking.

- Homogenization units should be optimized to enhance the uniformity of structure and
consistency. Upgraded pressure regulation systems and two-stage homogenizers can help improve fat
dispersion and product smoothness.

Fat integration modules (especially in products with reduced sugar or dairy content) should allow for
precise blending and emulsification. This is particularly relevant for sugar-free and combined-ingredient
formulations like TM "Maxkholod" and TM "Tri Vedmedi".

Thus, the CQI approach, when applied systematically, serves not only as a diagnostic tool for quality
differentiation but also as a strategic instrument for optimizing production technology in the ice cream
industry. Further research could explore its applicability in broader product categories and validate its
predictive power in consumer preference modeling. This study confirms that a structured CQI methodology
can effectively capture and quantify quality differences among industrial ice cream products, and can serve
as a tool for optimizing equipment settings and formulation design.

Conclusions. This study confirms that a Comprehensive Quality Indicator (CQI) provides a robust
framework for evaluating and comparing industrial ice cream products. The methodology effectively
integrates both consumer-relevant parameters (taste) and technological attributes (overrun (degree of air
incorporation) and melting time), reflecting real-world production and consumption conditions.

The highest CQI score was achieved by the sample with a well-balanced combination of high fat
content and melting time, indicating the critical role of processing equipment in shaping product quality.
Specifically, the results underline that improving dasher configuration, air injection systems, and draw
temperature control can significantly enhance ice cream texture and prolong melting time, thus increasing
consumer satisfaction.

We recommend the following steps for manufacturers: optimize overrun (degree of air incorporation)
levels through precise control of aeration equipment to balance texture and energy use; improve melting
time by adjusting freezing temperature and dasher shear rate to refine microstructure; align sensory
expectations with process outputs via routine CQI assessments during product development.

These recommendations support the development of high-quality ice cream that satisfies both market
demand and technical efficiency, thereby contributing to improved production practices in the food
engineering sector.
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B.M. Xoagopuyk
Jhyvkuti HayionanbHUll MexHiYHUL YHigepcumem

AHAJII3 IPUCTPOIB JIJIS PO3IYINYBAHHSA CTPTUKH JIbOHY

B cmammi npoananizoeano npucmpoi 1b0H030UpanbHUX Mawun 01 30iliCHEHHA PO3NYUWIYGAHHA CMPIYKU cmebden
IbOHY, 6UAGNEHO IX HEOONKU ma OKPecIeHO WNAXU YOOCKOHANEeHHA MAKuX RNPUCMpoie 014 NOJNIRUIEHHA AKOCHI
po3nyuiyeanna cmpiuku cmebden nvony. fAxicme pobdomu po3nyuiyeanvHux RpUcCmMpoie oOyiHI08ANAct 34 GUKOHAHHAM
ecmanoenenux azpomexniunux eumoz. Hageoeniy cmammi po3nyuiyeanvhi npucmpoi onsa cmeodnoeoi cmpiuku 101y MOiCyms
GUKOpUCMO8y8amuca nio yac peanizayii pi3HuUX mexnono02ii 30upanns J1boHy.

Knrouogi cnosa: posnyuysanbruil npucmpiil, KoJICyx, HanpsAMHA NOBEPXHsl, Naleyb, TbOHOBUWe, CMPIUKa cmeben TbOH)Y.

V.Khodorchuk
ANALYSIS OF FLAX RIBBON LOOSENING DEVICES

To achieve high volumes of production of high-quality raw materials, it is critically important to introduce advanced
technologies and equipment in flax growing. Despite the fact that the modern market of equipment is currently represented
mainly by expensive foreign models, Ukraine has the potential to create its own production of flax harvesting machines. This is
made possible thanks to international cooperation with world brands and the use of the significant experience of domestic
scientists who have devoted their work to studying the working processes of specialized equipment and flax growing machines.
The article analyzes the devices of flax harvesting machines for loosening the flax stalk tape, identifies their shortcomings and
outlines ways to improve such devices to improve the quality of loosening the flax stalk tape. The quality of the loosening devices
was assessed by fulfilling the established agrotechnical requirements. The loosening devices for flax stalk tape presented in the
article can be used during the implementation of various flax harvesting technologies.

Keywords: loosening device, casing, guide surface, finger, flax stalk, ribbon of flax stalks.

IMocTanoBka npodaemu. BinpomxeHHs 1-0HapcTBa B YKpaiHi BiAKpUBA€ MIMPOKI MEPCIIEKTUBH TS
pPO3B’s3aHHS KOMITIEKCY €KOHOMIYHHX, COITIAIbHIX Ta €KOJOTIYHUX NMUTaHb. CHOTOHI CBITOBHM PHHOK
JIEMOHCTPYE cTabUTbHE 3pOCTaHHS TOMKUTY Ha MPOIYKINIIO 3 THOHY 3aBISKH 11 6araToyHKITIOHAIBHOCTI, a
npupoaHi ymoBH Ykpaincekoro Ilormiccs BBaKalOThCSI OAHMMH 3 HAHOUIBII CHOPUATIMBUX JUIS
KYJIFTUBYBAHHS Li€l POCIUHH. IcCTOpUYHO caMe JIb0H BUCTYyNaB QyHIAMEHTOM J0OpoOyTy MOMICHKUX Cill,
TOMY JIep)KaBHE CTUMYJIFOBAHHS I[i€1 raly3i € CTpaTeriyHo BasKIIMBUM 3aBJIaHHIM 3arajibHOHAIIOHATLHOTO
piBus [1-4].

Jnst  DOCSATHEHHS BHCOKMX 0OCATiB BUPOOHHMLTBA SIKICHOI CHPOBMHHM KPUTHYHO Ba)JIMBO
BIIPOB/KYBATH IIEPENIOBI TEXHOJOTII Ta oONamHaHHsA B JboHApcTBi. [lompu Te, M0 Cy4acHUil pUHOK
TEXHIKH Hapasi pe/ICTaBICHUH MTEPEBaKHO JOPOTUMH 1HO3EMHHUMHU 3pa3kamu, YKpaiHa Mae TIOTSHIII A JTst
CTBOPEHHSI BIACHOTO BUPOOHHUITBA JIOHO30MPAIHIX MalIKH. Lle cTae MOXKIMBUM 3aBISIKH MIXXHAPOIHIN
Koollepalii 3i CBITOBUMH OpeHJaMu Ta BUKOPUCTAHHIO BaroMOro JOCBiAy BITYM3HSHUX HAyKOBIIB, SIKi
MPUCBATHIN CBOi TIpalli BUBYCHHIO POOOYHMX MPOIECIB CIIEIiai30BaHOTO OONaJHAHHA Ta MAIIWH
napoHapcTBa [ 1-4].

OnHuM 13 NpIOPUTETHUX HANpAMIB y Wil cdepi 3anuinaeTbcs BAOCKOHAJICHHS TEXHOJIOTIYHUX
oreparliii, 30KpeMa IiJIBUIIEHHS SIKOCTI PO3MYyNIyBaHHS CTEOJIOBHX CTPIYOK JbOHY. MojepHizamis
BiJIMIOBIJTHUX TPHCTPOIB JTILOHO30MpPAIbHUX MAIMH JIO3BOJIMTH 3HAYHO TOKPAIUTH SIKICTh 30MpaibHUX
orepauii 6e3mocepeHbO Ha MO, IO € aKTyaJIbHUM BUKIIMKOM U1l Cy4acHOI arpapHoi HayKu Ta iHKeHepil
[1-4].

AHaJi3 ocTaHHIX K0caiTKeHb i my0Jikanii. CyuacHa HayKa Ma€e y CBOEMY pO3TOPSKEHH] YAMAIIO
BITYM3HSHUX Ta 3aKOPAOHHUX [JOCTI[KEHb, L0 MPUCBIYECHI BUBYCHHIO IIPOLECIB PO3IMYIIyBaHHS
CTEOJIOBUX CTPIYOK JIbOHY Ta IHIIMX MOMIOHMX POCIMHHHAX MaTepiaiiB 3a JOMOMOTOI0 CIIEIiaTi30BaHUX
MamuH. Ilpore, monmpu HasBHUA HAyKOBHH NOPOOOK, HA CHOTOMHI CIOCTEPIracThcsl MEBHUH AeiluT
KOMIIJICKCHOTO CHCTEMHOTO aHaJli3y PO3IMyLIyBaJbHUX MPHUCTPOIB, SKi 3aCTOCOBYIOTHCS B MEXKAax Pi3HUX
TEXHOJIOT1# 30upaHHs Tr0HY. HecTada Takoro aHaIITHIHOTO MMiIXOAY 00MEXKYE MOMIIUBOCTI JIJISl TOYHOTO
BUSIBJICHHS KOHCTPYKTHBHUX HEJONIKIB 1 CTpPUMYyE TMOIIYK EQEeKTHBHUX MUIAXIB JAJS TOAAJBIION
MOJIepHi3aIlil Ta BIOCKOHAICHHS I1iel TexHiku [1-9].

IlocranoBka 3aBaanb. OCHOBHE 3aBIHaHHA 1€l POOOTH TONSITae y JeTaJbHOMY aHami3i
KOHCTPYKTUBHHX OCOOJHMBOCTEH Ta TPUHIOUMIIB (YHKIIOHYBAaHHS MPUCTPOIB, NPU3HAUCHHUX IS
PO3MyIIyBaHHsS CTEOJIOBUX CTPIUOK JbOHY. Y mpoiieci poOoTu 0co0KMBa yBara NpuIiIsiEThCsl BUSBICHHIO
TEXHIYHUX HEIOJIKIB ICHYFOUMX MEXaHI3MiB, IO JO3BOJISIE BU3HAYUTH KOHKPETHI HANpSAMH IXHBOI
MozepHizarii. KiHIeBoro MU0 MO0 MOMIYKY € CYTTEBE MOKPAIICHHS SKOCTI MPOIECY pO3MyNTyBaHHS
CTPIYKH JbOHY, IO Oe3MocepeTHHO BILTMBAE Ha €()eKTHBHICTH MOJAIBIIOT MEPepOOKH JTHOHOCHPOBHHHU.
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BukiageHHst o0CHOBHOI0 MaTepiany.

BynoBa ta mpuHIMI poOOOTH pPO3MYIIYBaJLHOTO MPUCTPOIO CTPIYOK JHOHY BOpymmiku BJI-2
JICTAJILHO BiI0OpaXkeHi HA CXeMi, JIe TIOKa3aHO OCOOIHMBOCTI Ili€] MAIIUHY, 31aTHOI OJTHOYACHO 00pOOIATH
IIBI TIapaJIeTbHO BKJIAACHI CTpiuku. KOHCTpyKIliss MammHM 0a3yeThCs Ha pami 1, IO CHUpaeThes Ha
TIPUBOIHI Kojeca 3, AKi 4epe3 CIeliadbHy YITOBUILHIOBAIBHY JIAHITIOTOBY Iepeady HagaloTh pPyXy
pobounm opranam. ['0JIOBHUME elleMEHTaMH, 1110 0€3MOCEPETHHO B3aEMOJIIIOTH 13 CHPOBUHOIO, € JAWCKH 5,
ocHaieHi QirypHumMu 3y6aMu 6 Ta 3HIMHOIO PEIIiTKOO 7.

Ilig yac pyXy arperaTy B CKjaji 3 TPAaKTOPOM poOOUYHii MPOLIEC BiIOYBAETHCS 3aBASKH 00CPTAHHIO
3y0iB 6 32 TOMMHHUKOBOIO CTPLNKOI0. BOHY migXomiooTs ctediaa I60HY 3 MOBEPXHI MO, MiAHIMAIOTh 1X
yropy Ta BOJHOYAC 3MIIyIOTh Ha3aJ. Y 1eid MOMEHT BiI0yBa€eThCS IHTEHCUBHE PO3ITYIIYBAHHS MaTepialy:
cTeOuia eeKTUBHO BiJIOKPEMITIOFOTHCS BiJl 3¢MIIi Ta POCITMHHOTO IOKPHUBY, MICIISI YOTO 3HOBY BKJIAIAFOTHCS
Ha JIbOHOBHIIIE Y MIAMOTOBJIICHOMY CTaHI.

< Sooe o
a2 200 o oo

5 Od:' (Ono) ;
/ | 77X VA =
/ |
5 4 8 1 3 2
Puc. 1. Cxema BOPpYIMIWJIKH CTPivoK JboHY BJI-2: 1 — pama; 2, 4 — Banu; 3 — KOJIECO OIOPHO-
MIPUBOJIHE; 5 — TUCK; 6 — 3y0; 7 — penriTka 3HiMHA; 8 — YIIOBIIHLHIOBAJIbHA JTAHITIOTOBa ITepeaaya

oo
S98.

PesynpTatn BUunpoOyBaHb 1aHOI MAllMHU CBiAYaTh MPO 3arajoM 3aJ0BiJbHI MOKA3HUKH ii poOoTH,
mpote OyJi0 BUSABJICHO MEBHUM KOHCTPYKTUBHHUI MpopaxyHok. [IpobOiema moisrae y cnenudiunii gpopmi
3y0iB, KpaifHI 4aCTHMHM SKHX 3ITHYTI B OiK, MPOTHJIC)KHWM HANpPsIMKy oOepTaHHs IuCKiB. Yepes Taky
0c00JIMBICTH pOOOYl OpraHu HE 3aBXKIHU 3AaTHI e(eKTUBHO 3aXOIUTIOBATH CTE0Ia, 10 JIEKATh Y HIKHBOMY
api CTpiuky 0e3mocepeaHbO OIS 3eMIIi, 110 MPU3BOIUTH 10 YaCTKOBOI'O HEA000PY JILOHOCHPOBUHH IIij
gac oOpoOIeHHS.

€ nonibna mamman BJI-3 3 TppoMa CeKLisiIMU PO3MyLTyBaJIbHUX NPUCTPOIB, SIKa Bipaszy pO3IyLIye
Tpu cTeOJI0BI CTPIYKHM HA JILOHOBHUILI. YnM Olnblie cexuiif, To 3po3ymiso, 0 3pOCTae MPOLYyKTHBHICTD
pOOOTH NHOHO30MPANTBEHOI MAIMHM, ajie SKICTh PO3IMYIIYyBaHHS MOME TIOTIpPITyBaTHCSA. 301TbIICHHS
LIBUJKOCTI PyXy MallMHU TaK0X MOKE CIIPUYMHATH NOTipIIeHHs ii sKkocTi poOoTH.

Hactynuuii BapiaHT TEXHIYHOTO pillleHHS, 3alaTeHTOBaHWH B YKpaiHi, MpeIcTaBIeHUI
KOHCTPYKIIIEIO pOo3MymryBada (puc. 2), 1mo 0a3yeThcsi HAa BHKOPHUCTaHHI BEPTHKAJIBHHUX JHMCKIB 3 13
poOOYMMH OpTraHaMy y BHIIISAII MPSAMONiIHIHHUX NanbliB 4. OCHOBOIO MalllMHH CIyTye paMa | 3 1Boma
CaMOYCTAaHOBJIIOBaJbHUMH OIOPHUMH KoJiecaMd 2, Ha SIKid 3MOHTOBaHO Bajd 11 i3 TpboMa >KOPCTKO
3aKpiicHUMHA JuckaMu 3. KokeH JUCK OCHAICHMH paliajibHUMM HalblIMH 4, PO3MIIICHUMHU 3
OJIHAKOBUM 1HTepBasioM. Haj muckaMu BCTAaHOBJICHO CIICIaIbHUN KOXXKYX 6 Ta HampsMHI HOBEPXHI 5,
paaiyc KpUBHHHM SKUX TEPEBUINYE pajiyc camux AuckiB. [lpuBoa mexaHi3My 3HiHCHIOETBCS Bin Baia
BiZ0OOpY HMOTYKHOCTI TPAKTOpa Yepe3 CUCTEMY, L0 BKIIIOYA€ KOHIYHUH peayKTop 9 Ta macoBy nepenauy 10,
a 3a TIEPEBE/ICHHS arperary 3 pooo4yoro y TpaHCIOPTHE IMOJIOKESHHS BiJIIIOBIIA€ TiAPOLMIIHAD 7.

[Iponiec poOOTH LBHOrO MPHUCTPOIO PO3MOYMHAETHCA IiJi Yac PyXy B3AOBXK CTPIUKU JIbOHY Ha
JLOHOBUIII, KOIW 00epTOBI mamnblli 4 MiAXOILTIOIOTH CTEONIOBY CTpiuky 12, Bigokpemuroroud ii Bif
POCIMHHOTO TOKPHBY JHOHOBHUINA. JILOHOCHPOBHHA CIPSIMOBYETBHCS Y TIPOCTIP MK HampsIMHAMH
MOBEPXHSIMH 5 Ta KOXYXOM 0, Jle BOHAa TOCTYNOBO BHBUIBHSETHCS BijJ 3a4elJICHHS 3 MAIBLSAMH H
PIBHOMIpPHO PO3CTHIIA€THCS HAa TOBEpXHI moysd. Taka TOCTiNOBHICTH Al 3a0e3medye sKiCHy 0OpoOKy
MaTepiany 6e3 Horo MOITKOKEHHS.
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Puc. 2. Cxema npucTpoIo 1Jisi pO3NYUIYBAHHS CTPIYKH JIbOHY (2 — BUIJISIA 300KY; 0 — BUIJISA
3Bepxy): 1 — pama; 2 — KoJIeco OIOpPHE CaMOYCTAHOBIIOBAIBHE; 3 — TUCK 3 MABIIMU; 4 — Tajelh; 5 —
MTOBEPXHSI HAMPSAMHA; 6 — KOXKYX 3aXUCHHUH; 7 — TiIpOIMIIiHAp; 8 — MpUBOT; 9 — penykTop KoHiuHMI; 10 —
nepenaya nacosa; 11 — Ban auckis; 12 — cTebn0Ba CTpiuKa JHOHY

[TopiBHsIBHUH aHAII3 i€l KOHCTPYKITT 3 MONEPEIHBOI0 KOHCTPYKINIEIO TIPUCTPOIO BUSBIISE HU3KY
CYTT€BUX IepeBar. 3aBIsSKu 301JIbIIEHOMY JiaMeTpy AWCKIB MalllMHAa 3/1aTHA MiAHIMATH cTebIa Ha 3HAYHO
OlNTpIly BUCOTY, IO CHPHUSE iXHBOMY KpalioMmy NpoBiTproBaHHIO. OKpiM TOro, 0COOIMBOCTI B3a€MOIil
MaJbIiB 31 CTPIYKOIO JO3BOJIAIOTH 3HAYHO €(EKTUBHIINIE MiAiiMaTH HaBiTH Ti cTebia, IO MIUTHHO
MPWISITAI0Th 0 3eMili abo mpwiauium a0 Hei. TakuM 9MHOM, 1€ TEXHIYHE PIIICHHS JTEMOHCTPYE BHIIY
AKICTb pOOOTH Ta € MPOrPECUBHIILINM MOPIBHIHO 3 aHAIOTAMH.

UeproBa KOHCTpPYKIIiS PO3MYIIyBAIBHOTO TMPHUCTPOl0 (puc.3) 0azyeTbcs Ha BHUKOPUCTAHHI
JIAHITIOTOBOTO MEXaHi3MYy, IO T03BOJISIE e eheKTuBHiIIe 00poOIATH TH0HOCHPOBHHY. OCHOBOIO MAaIlIMHU
€ pama 1 3 aBOMa CaMOYCTaHOBJIIOBAJbHHMHU KOJieCaMH 2, Ha SIKili 3MOHTOBaHO TpH NapaieibHi
ropu3oHTaj]bHI Banu 7, 8 19. Ha koskxHOMY Balty 3aKpimieHi BinnosiaHi 3ipouku 10, 111 12, mo yrpuMyoThb
TPH JIAHIIIOTH 3 13 MPUKPITUICHUMH JI0 HUX POOOYMMH OpraHaMH y BUTIISII PSMONiIHIHHUX manbiiB 4. Ak i
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B MOTIEPEAHIX BapiaHTax KOHCTPYKIIii, po6oda 30Ha JOMOBHEHA HAIIPIMHUMH MTOBEPXHSAMH 5 Ta 3aXUCHAM
KOXKyXOM 6, a pyX yciM MexaHi3MaM TepelaeThCs BiJl Bajia BiIOOPY MOTY>KHOCTI TPaKTopa.

4 8 11 6 10 1 5

050
//

9 12 7 2 13

Puc. 3. Cxema po3nyuyBajbLHOr0 MPUCTPOIO 1A CTeOI0BOI CTPiuKH JboHY: 1 — pama; 2 —
KOJIECO CaMOYyCTaHOBIIOBAJILHE OTIOPHE; 3 — JIAHIIIOT 3 MAJBIAMHK; 4 — MIPSMOJTIHIMHHN Majels; 5 —
MMOBEPXHS HANpsAMHA; 6 — KOXKYX; 7, 8, 9 — ropuzonTanpHuit Bax; 10, 11, 12 — BepTukansHa 3ipouka; 13 —
cTebsI0Ba CTPiUKa JHOHY

OyHKIIOHYBaHHs PO3MYIIYBaJbHOTO NPUCTPOIO BiAOyBAa€TbCA MiJ Yac PyXy arperary B3IOBXK
BKJIQICHUX CTPI4OK JIbOoHY. JIaHIforoBa mepefaya akTUBY€E Haiblli, SKi MiAXOIUTIOIOTH CTeONa CTPIuKH
JIbOHY, IMOBHICTIO BIJOKPEMIIIOIOYH iX BiJ POCIMHHOIO IOKPHUBY JboHOBHINA. CTeOia CIIPAMOBYIOTHCS Y
HPOCTIp MK KOXKyXOM Ta HamlpsIMHUMH, 1€ BOHU IPOXOIATH Kpi3b po0Ody 30HY NPHCTPOIO, TIOCTYHOBO
3BUTBHSIOTHCS Bij 3a4ETJICHHS Ta 3HOBY BKJIAIAIOTHCS Ha 3eMJIIO JUIS MOJAIBIIOTO MiACyITyBaHHS.

['onoBHOIO MepeBaror0 Takoi JAHIIOTOBOI CXEMH € MOXKJIMBICTH MiAHIMATH CTPIYKY JbOHY Ha IIe
O1JIBIIlYy BUCOTY ITOPIBHSIHO 3 TUCKOBUMH aHaioramu. Lle He yuiie rapanTye sSKiCHE BiapuBaHHS cTeOe B
IPYHTY, aje H CTBOpIOE igealibHi YMOBH JUIA iXHBOTO IHTEHCHBHOI'O NpoBiTproBaHHs. Kpim ToOTO,
KOHCTPYKLsl 103BOJIsIE 3a0€3MeUnTH BUKOHAHHS JOAaTKOBOI KOPHCHOI ornepaii — migpiBHIOBAHHS CTPIUYKH
0e3nocepeHb0 B IpOILECi ii pO3MyIIyBaHHSA, IO CYTTEBO IMIJABHUINYE SKICTh IMIATOTOBKH CHPOBHHH.
[MigpiBHIOBaHHS CTPIYKH TYT MOXKHA 3a0€3MEUUTH K aKTHBHUMH, TaK 1 TACHBHUMH POOOYHNMH OpraHaMH.

BucHoBku. [IpoBenenuii aHasi3 HassBHUX KOHCTPYKLIHM pO3MyIIyBaJbHUX HPUCTPOIB CBITYUTH HPO
Te, 1[0 BOHM HE 3aBXKIM 3a0e3MeUyIOTh HAJICKHY SAKICTh 00poOKH cTebsoBoi Macu. Yacto nei mporiec
CYIIPOBO/IKY€ETHCSI 3HAYHUMU BTpaTaMi CUPOBUHU, MEXaHIYHUM TIOIIKO/DKEHHSIM cTe0es Ta MOTipIIeHHIM
KIIIOYOBUX XapaKTEPUCTHUK CPOPMOBAHUX CTpiuoK. HaiOinbll KPUTHYHO L HEJOMIKH HPOSIBISIOTHCS i
gac poOOTH y CKIAJHUX YMOBaX, COPUUYMHEHHUX HECHPHUSATIUBOIO MOT0M0I0 a00 HE3aJOBIIbHUM CTaHOM
caMoro JILboHOBHIA. Taki YMHHUKHA HEraTUBHO MO3HAYAIOTHCS HE JIMIIE HAa TEXHOJOTTYHUX MOKa3HUKaX, a
1 Ha 3arajpHii MPOAYKTUBHOCTI 30MPaTbHOI TEXHIKH.

Po3B's3anHs 1€l mpobaeMu BOAYAETHCS B YAOCKOHAICHHI KOHCTPYKIIii pO3MYIIyBaTbHUX MPUCTPOIB.
[nsax g0 miaBUIICHHS €PEKTUBHOCTI Ta SIKOCTI POOOTH JIGKUTh Yepe3 CUCTEMHE Y3rO/DKCHHS TeXHIYHUX
napameTpiB i3 pexxuMamu PyHKIIIOHYBaHHS POOOYHMX OPraHiB PO3MyIIyBaIbHUX MPUCTPOiB. Takuii miaxiz
JO3BOJIUTH CTa0LMi3yBaTH MPOIEC PO3MYNIyBaHHS Ta MIHIMI3yBaTH BIUIMB 30BHIIIHIX (DakTopiB Ha
pe3yabTaT poOOoTH.
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AHAJII3 IPOIIECIB TEPMOMEXAHIYHOI CYMICHOCTI ®A3 BATATOIIAPOBHUX
MOKPUTTIB MOSI,-MEB:-(T1, MO)

1
2

Y pooomi nposedeno oOocnioscennn mepmomexaniunoi cymicnocmi Oazamowiapogux ZpadicHMHUX NOKPUMMIE
MoSiz -MeB2 —(Mo, Ti) na nioknaouyi Inconel 718 memodom ckinuennux enemenmis. Ilpoananizoeano po3nodin nanpysycerns
i Oehopmauiit nio uac oxonooxncennsa 6io 1000 °C oo 20 °C. Ilokpummsa 3 demngepnum wapom i3 Mo 3abe3neuyrome 6UcoKy
cmabinoHicmos 3a eucokux memnepamyp, mooi ak Ti ak demnghep nioeuuiye naacmuuny adanmayiro, ane opmye eucoki
3anuwkogi Hanpysycenna ¢ wapax. Haitnuscui pieni nanpyscens (~100 MIla) ma naiieuuia mepmomexaniyna cmaodinouicmo
3a YUKATUHUX HAZPIBAILHO-0X000ICYBAIBHUX HAGAHMAIICEHb cnocmepicalombca 6 Komnosuyii MoSiz —ZrB, —10 SiC-Mo.
Pe3ynomamu niokpecniooms 6a)ciaugicms ONMUMATLHO20 RIOOOpY Oap’cpnux i Odemngpepnux wapie 0ns Minimizayii
mepmiuHuX HaAnPYMHceHb ma 3a0e3nevenns YiicHoCmi NOKPUMmie y UCOKOmeMnepamypHux ymoeax.

Knrouogi cnoea: epadienmne nokpumms,; MoSiz . 60DV nepexionux memanie; mepmMomMexaniuna CymicHicms, Memoo
cKiHuennux enemenmis; Inconel 718; mepmocmitikicms, 3a1UKO8] HANPYHCEHHA

lu. Bogomol, P. Loboda, S. Teslia, V. Nadtoka, I. Husarova, V. Kraieva

ANALYSIS OF THERMOMECHANICAL COMPATIBILITY OF PHASES IN
MULTILAYER MOSI:-MEB>—~(TI, MO) COATINGS

This work presents a finite element study of the thermomechanical compatibility of multilayer gradient coatings MoSi, —
MeB, —(Mo, Ti) on an Inconel 718 substrate. The stress and deformation fields in the coatings were analyzed during cooling
from 1000 °C to 20 °C. Coatings with Mo as the buffer layer showed high stability at elevated temperatures, while Ti as a buffer
improved plastic accommodation but increased residual stresses in some layers. Among the studied compositions, MoSi, —
ZrB2 —10 SiC-Mo demonstrated the lowest stress levels (~100 MPa) and the highest thermomechanical stability under cyclic
thermal loading. The results highlight the importance of selecting appropriate barrier and buffer layers to minimize thermal
stresses and ensure coating integrity in high-temperature applications.

Keywords: gradient coating; MoSi. /' fransition metal borides, thermormechanical compatibility, finite element analysis
Inconel 718; high-temperature stability; residual stress

IMocTtanoBka nmpodiaemu. EQEeKTUBHICTh BUKOPHCTaHHS Cy4acHUX JIITAJbHHUX alapariB Ha MPAMY
3aJISKUTh BiJl HAAIWHOCTI Ta TOBrOBIYHOCTI poOOTH CKIIaJOBUX YAaCTUH PEAKTUBHHUX Ta TYpOOPEAKTUBHHUX
mqeuryHiB [1]. OgHuM i3 BaKIMBUX 3aBIaHb i 9ac po3poOKH HOBHX MaTepialiB I aBiamiiiHOI TEXHIKY €
3a0€3MeYCHHs] BHCOKOTO DPIBHS 3aXHCTy KOPIYCIB HE OXOJIOPKYBaHHMX Kamep 3ropaHfs. I[limBuimeHHs
JKapOCTIHKOCTI Ta >KapOMILHICTh AaHUX €JIEMEHTIB J03BOJSIOTH 30UIBIINTH pecypc poOOTH ABUTYHIB y
2-5 pasiB, 3a0e3neuntn Bumuid KKJ| Ta Bumi temmeparypu pobotu. Cepen BiZOMHX MatepiaiiiB s
POOOYHX YACTHH JIBUT'YHIB JIITAILHUX aIlapaTiB € BAKOPUCTAHHS HIKEJIEBUX Ta KOOATBTOBUX MKaPOCTIHKIX
crnaBiB [2]. Ane BHacmigok pobotu 3a Bucokux TemmepaTyp 1300-1700 °C BizOyBaeTbcs iHTEHCHBHA
BTpaTa MIIHOCTI MartepiajiB KOPIYCiB, OKUCHEHHs, B OKPEMHUX BUIAJKaX CIIOCTEPIraeTbcs YTBOPEHHS
TEPMIYHHX TPIIUH, TTOB3YYicTh Ta Aedopmalis. OJHUM 3 BapiaHTIB 3aXHUCTYy HE OXOJOKYBaHUX Kamep
IBUTYHIB € (OPMYyBaHHS 3aXHUCHUX MOKPHUTTIB. Bucokuii piBeHp TepMiyHOi cTablIbHOCTI Ta (HOpMYBaHHS
3aXUCHUX INapiB B yMmMoBax Iii arpecwBHOro cepeosuiia 30araueHoro O., H,O, CO,, cipuanmmu i
XJIOPHUMH JOMIIIKAMH TIOKA3YIOTh CHJIIIHAIN TepeXimHuX MeTamiB. CHTIIUIHI TOKPUTTS MalOTh BHUCOKI
3aXMCHI BJACTHBOCTI BHacCHigoK (opMmyBaHHS ImiibHOI IUTiBKM SiO; sika HE PYHHYETHCS MiJ Yac
tepmouukiiB [3]. Takoxx oTpuMaHi HIapy HE PO3KIAAAETHCA, HE YTBOPIOE KpUXKi ab0 HecTaliibHI (a3u
HaBiTh 3a 1400-1800 °C. IlpoTte, cuminuaHi MaTepiajid, BHACIIAOK 3HAYHOI BIIMIHHOCTI B KOoedillieHTax
TEPMIYHOTO PO3IMIUPEHHs (K.T.p.) HE 37aTHI YCINIIHO MpAIfOBaTH B YMOBaX 3HAKO3MIHHHUX ITUKIIIB
HarpiBaHHs Ta oxoyio[pkeHHs. CamMe TOMY ONTHMi3alis TEXHOJIOTii OTPUMAaHHS, Ta CKJIagy 3aXHUCHHX
MOKPUTTIB HA OCHOBI CUITILIMAIB MEPEXiTHUX METAJIIB € aKTyaIbHUM 3aBIaHHSIM.

AHaJi3 ocTaHHIX JoCTiI:KkeHb Ta myOaikamiid. MakcuMambHO JOMYCTUMAa TeMIlepaTrypa poOoTH
JieTajieil CUJIOBUX yCTAaHOBOK JITAlIbHUX arapariB BU3HAYAE MEKY MOKIUBOTO IIUTOMOTO IMIIYJIbCY TSTH
nBUTryHiB [4]. JIuiie HeBeIHMKa KUTbKICTh MaTepialliB 34aTHI CTa0UIHHO (DYHKIIIOHYBATH B OKHCIIIOBAILHOMY
CEpeIOBHIII 3a TAKMX TEMITEPATYp - 30KpeMa maatuHa (10 ~1700 °C) ta ipumiii (mo ~2300 °C) [5]. TIpote
XHs HQJI3BUYAHO BHCOKA BapTICTh POOHUTH 3aCTOCYBAHHS IIMX MaTepialliB HE MPAKTUIHUMH.

© 1O. I. bozomon, I1. I. Jlobooa, C. IO. Tecna, B. M. Haomoka, 1. O. I'ycaposa,
B. C. Kpacsa

100



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

JIsT ManoIOTY)KHUX JHTATFHAX CHUCTEM KOHCTPYKIIHHI Marepiasim moTpeOyIOTh BHUKOPHCTAHHS
3aXMCHUX IOKPHUTTIB, IO NEPEIIKOKAIOTh iXHIH XiMIYHIA B3a€MOJil 3 KOMIIOHEHTaMH aTMocdepH,
MAJIMBOM 1 IPOIYKTaMH 3ropsiHHA. PoOo4a TemmepaTypa TaKuX KOMIIO3HULIN 37e01IbII0Or0 BU3HAYAETHCS
TUIIOM Ta MIKPOCTPYKTYpOIO €amMoro mOKpHUTTS. IliBUIIEHHS TEpMi4HOI CTIHKOCTI TIOKPHUTTS
0e3nocepeIHbO J03BOJISE 301IBIIUTH POOOUY TEMIIEPATypy AeTaiel CHIIOBOTO OJI0KY, a OTXKE 1 IiABHIIUTH
MUTOMUI IMITyJIbC ABHUTYHA [5, 6].

J111s1 HEOXOJIOPKYBaHUX €JIEMEHTIB CHJIOBUX YCTAaHOBOK HaluacTillle 3aCTOCOBYIOTh HI00i€B1 CIIaBU
Ta BYIJICLb-BYIJICIIEB] KOMIIO3UTH, 1110 30€piratoTh BUCOKY MilHICTh 0sin3bko 2000 °C. HaiinomupeHimuum
3aXMCHUM DILICHHSIM A poOOTH B OKMCHHMX CEpENOBHIIAX € IOKPHUTTS Ha OCHOBI CHIILUAIB, SKi
YTBOPIOIOTH HAa TOBEPXHI 3aXHCHY CaMO BiJIHOBIIOBAJIbHY IUTIBKY OKCHIY. T€OpETHYHO BEpXHS Mexa
KapocTifikocTi TOKpUTTIB i3 MoSi,  CTaHOoBMTL npnénmuaHo 1800 °C. /[ANA migBHIEHHS iXHBOT
edexTHBHOCTI 10 Temnepatyp o 1950 °C map BUIIoro criminuy Moan(ikyroTh MeTaJIaMH, 0 GOPMYIOTh
HaATBEpi OKCUAM 1 CIIOBIIBHIOIOTH BUITapoByBaHHs Si0, , 3a8AAKM UOMY NOKPALLLY ETbCA A0BIrOBIUHICTb |
TepMiuHa cTabinbHICTh MOKPHUTT [7]. OaHi€er0 3 ipobeM HopMyBaHHS CUITIIUIHUX MOKPUTTIB HA TOBEPXHi
METaJIiB € BUCOKA PI3HUIA K.T.p. PI3HHUII K.T.p. MK CHJIIIIUJAHAM IIAPOM Ta IMiJKIaJKOI HIPU3BOIUTH JI0
HAKONMHMYEHHS TEPMIYHUX HANpYXXEHb IMiJ] Yac HArpiBaHHS/OXOJO/KEHHS. 3a paXyHOK HAaNpyXKeHb iCHY€
pu3uK (OpMYyBaHHS TPIIIHH , TOPUCTOCTI Ta BiJIIapyBaHH, IO 3HAYHO 3HMKYE BIACTUBOCTI. B miTepartypi
HaBEJCHO  aHalli3 MPOILECiB  BiAumapyBaHHS  MOKPUTTIB  MoSi—Mo  [8]  OCKIIBKH  K.T.p.
MoSi, = 8.5x10% K%, a Mo = 5.8x10® K1, Otrum 3i crioco6iB HiBETHOBATH BILTUB K.T.p. € BUKOPUCTAHHS
KOMITIO3UTHHX Y OaraToIIapoBUX MOKPHUTTIB. B poOorti [9] mokazaHo, mo BBeAEHHS APiOHOANCHEPCHUX
(a3 (manpukian, (Mo, Ti)Siz, abo T1/T2 a3 y cucremi Mo-Si—B) 3miHtoe epeKTUBHIIA K.T.p. Ta I IBUILYE
omp 10 yTBOpeHHs TpimmH. OpgHoyacHO Jeski OaraToda3Hi  KOMIIO3HUIT  3a0e3MeuyroTh
«CaMO3aJIIKOBYBaHHS» OKAJIMHU TIiJl 4ac OKMCHEeHHs. /711 HiBeIIOBaHHS BIUTUBY K.T.p. Mixk M0OSiz - Mo B
pobori [10] 3ampomoHoBaHO (opMyBaHHS HPOMDKHOTO mapy MOsSis, HasgBHICTL AKOTO e(hEeKTHBHO
MPUTHIYYe AePEKTH Yepe3 HEBIAMOBIAHICTh K. T.p. MiX IlapamMu. Tako BapTo 3a3HAYUTH, 1110 GOPMyBaHHSI
MPOMIKHOTO IIapy BiIOYBa€ThCS peakUiifHO, M0 A 0araTboX 3aCTOCYBaHb € HE MPHUIYCTHUM SIBUILIEM.
Binpm mepcnekTHBHUM € (opMyBaHHA OaraToIIapOBUX TPaJi€HTHUX MOKPHUTTIB, MIApH SIKOTO OYAyTb
BUKOHYBATH Pi3HI (QyHKIIOHAJIbHI 3aBaaHHs. HalBHIII 3aXHCHI BIACTHUBOCTI Ta TEPMIYHY CTaOLIbHICTH
neMoHcTpye MoSiz, 100 yHHKHYTH Horo qudys3ito B MaTepiall OCHOBH, Ta 3a0€3IIEYUTH PIBHOMIPHY 3MiHY
K.T.p. MOXJIMBUM BapiaHTOM € 3aCTOCYBaHHs 0ap’€pHHUX IIapiB Ha OCHOBI OOPHIIB TYrOIUIAaBKUX METANiB
[11]. Bopuau 3a paxyHOK BiIHOCHO HE BHCOKHX K.T.p. OYIyTh MEHIIE PO3IIUPIOBATHCH Ta CTUCKATHCH, 110
MOJKe TIPU3BOIUTH 0 PYHHYBaHHS IMOKPUTTS HA TpaHMIli 3 0ocHOBO [12]. Tomy HeoOXimHO mepeabadaTH
MPOMIKHUIM MeTaneBUi Liap, 3a3BUYail Ha OCHOBI TYrOIJIABKHX METaliB, Uil (OPMYBaHHS MPOMiKHOI
3MiHH K.T.p.

IMocTtanoBka 3aBaanb. Buxoasun 3 BuIlle BHKIQJIEHOTO B poOOTI MOCTABIEHO METY — MPOBECTH
OLIIHKY TePMOMEXaHIYHOI CyMiCHOCTI (ha3 rpalieHTHOro MOKPUTTs Ha ocHOBI M0Si> — MeB; — Me metonom
CKIHUCHHHX €JEMEHTIB, 3 METOI0 BCTAHOBJCHHS ONTUMAIBHOTO CKJIQAy IOKPUTTA Ta HOro
TePMOMEXAHIYHUX TTOKa3HUKIB.

BuxnageHHsi OCHOBHOro Martepiandy. MojenpHI JOCHIDKEHHS MPOIECIiB TEPMOMEXaHIIHOT
CYMICHOCTI MIapiB I'paJi€HTHUX MOKPHUTTIB MPOBOAWIM 3 BHKOPHCTAHHAM IIPOrPaMHOTO 3a0e3MEeUEHHS
Comsol Multiphysics na minitiniit mogesni (puc. 1). Ilepiumii map — BUKOHYE poOjIb AeMII(epa IS 3HIKEHHS
PI3HUINI K.T.p. MK MaTepialoM OCHOBH Ta KepaMiYHUMH mapamu. SIK JOcHijHI MaTepiaiu oOpaHO
tyromnaBki meramu (Mo, Ti). [Ipomixkuuit map (6ap’epHuil) — nporuzaie nudysii aToMiB KpeMHiI0 B
rIMOMHY Matepially OCHOBH, SIK JIOCIiHI Marepianu Oyno oOpano Oopuam nepexigaux metamiB (TiBa,
ZrB,-SiC, MoB;, TaB;). OcHoBHuii »apocTiiikuii map — moOynoBanuii Ha ocHoBi MO0Si,, Marepianom
OCHOBH JUTS IOKPHUTTS 00paHo kapominauii cruias Inconel 718. Tosumaa nemngepHoro mapy — 30 MK,
Oap’epuoro — 50 mkm, 3axucHoro — 100 mkm. JlochmimKeHHs NPOBOIWIMCH B yMOBax HarpiBy Ta
oxomnomkenHs Bif 1000 °C no 20 °C.

B ocHOBI po3paxyHKy Hampy»XeHb JIeXKaTh PAI NPHUITYIICHb Ta PO3paxyHKOBHUX Mozxerneil. [leporo
TPAaHUYHOIO YMOBOIO MOJICIIOBAHHSI € HAKJIaaHHS CTalllOHAPHUX YMOB 32 SIKUX Ji€ MPaBHJIO CTATUYHOL
pIBHOBAard B Marepiaii, a caMe CyMa BHYTPIIIHIX HANPY>EHb Ta 30BHIIIHIX CHJI IOPIBHIOE HYIIO: €

V-o+F/ =0,
neV- o — TeH3op Hamnpyxenb, Mlla;
Fv — 30BHIIIHI cHiH, IO IFOTh HA OJUHHUINO 00’ emy, H.
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Puc. 1. JliniliHa MozeJIb OI[IHKY TEPMOMeXaHiYHOI CyMICHOCTI IIapiB MOKPHUTTS
MoSi; — MeB; - Me

TepmiuHi Harpy>keHHs Ta Aedopmalis B Iapax BU3HAYAETHCS BIIMOBIHO 10 MEXaHIYHOI MOJE:
o= (UO + Oyt + Uq) + (C: gel): el = €— (50 + Eext + En T shs): Eth = CZ(T)(T - Tref):
1
&= E[(Vu)T + Vul,C = C(E,v),

Iie 0 — ITOYAaTKOBI Hanpy>keHHsI B Matepiani, MIIa; 0.y — 30BHIiIIHI (3a1aH1) HanpyxeHHs, MI1a;
Oq — HaNpy>KEHHI1 BUKJIMKaHI HarpiBanHsM, Mlla; C — dyHKIIis KOPCTKOCTI MaTepially; € — MPYXKHA
nedopmariis; €- moBHa AedopMallis; €y — MOYaTKoBa AeOPMALLS; Eqyi— ACHOpMalIist mig Ji€r0 30BHIIIHIX
cun; £y, —dedopmaris Mix ¢asamm; VU- rpagienT nepemimenss; (Vu)T- TpamcmonoBammii rpamieHT
nepeMilleHHS.

Ha pucynky 2 HaBeaeHO 3MiHY IOJISI HaNpy>KEHb i 9ac OXOJODKCHHS T'Pali€HTHUX MOKPHUTTIB
MoSi; — MeB; — Mo. Tlokpurtst MoSi> — TiB2 — Mo ta MoSiz — ZrB; — 10SiC — Mo 1eMOHCTpyIOTh
HallMeHII aMIUTITYAHI KOJMBaHHS HANpYyXXEHb B Iapax cepea oOpaHMX Kommosuuiil (puc. 2, a, 6). B
cucremi 3 TiB; mokamizariiss HanpyKeHb (ikcyeTbcst B o0yacTi Gap’€pHOTO Ta AeMII(EPHOrO IIapiB.
I'parnuni HanpyxeHHs He nepeBuinyoTs 300 MIla. B ymoBax moMipHOTO 3HIDKEHHS TEMIICPATYpPH, TaHE
MOKPUTTS MOXE MPALIOBaTH 31 30epeKeHHAM IIICHOCTI Ta BiACYTHOCTI BinmapyBanHus. [Ipote, 3a pobotn
B YMOBaXx IHKJIIYHUX PEKUMIB HarpiBaHHs;/0X0JI0KEHHS BApTO O4iKYBaTH YTBOPEHHS TEPMIYHHUX TPILIUH
Ta gedopmariiit. Bucoky TepMoMexaHiuHy CTaOUIBHICTE HATOMICTH AEMOHCTpYE Kommosuitist 3 MoSi; —
ZrB; — 10SiC — Mo. Bubip 6ap’epHoro mapy Ha OCHOBI ITUOOpHIY LMPKOHIIO 3 H00aBKaMu KapOixy
KPEMHII0, Ma€ Ha METi SK TEXHOJOTi4YHe, TaK i TepMoMexaHiyHe miarpyHts. Beeaenus SiC, sk Bimomo
iHTeHcn(iKye mporiec crikanasa ZrBz Ta mo3Bosise oTpuMaTH KepaMidHi MaTepialii 3 BiTHOCHOIO IIUTBHICTIO
90-95 % 3a Temneparyp cmikanas 1850 — 1900 °C. 3 inmoi Touku 30py BBeneHHs SIC  103BosIE€ o
3HMUKYE KOeILi€HT TEPMIYHOTO PO3LIMPEHHS HAONIM3UBIIN 3HAUYEHHS 0 METAIEeBOI OCHOBH. B OKpHUTTSIX
MoSi; — ZrB; — 10SiC — Mo (puc. 1, 6) crocTepira€Tbcs piBHOMIpHE IOJI€ HANPYKEHb, BETHUUHOIO 10
100 Mlla, mo BKa3ye Ha BUCOKY IpaIle3MaTHICTh KOMITO3HUIII B YMOBaX TEPMOIMKIIYHIX HABAHTAXEHb.
Jlnst kommnosutiii MoSi; — MoB; — Mo, MoSi; — TaB, — Mo BHHUKarOTh HalpyKEHHS PO3TATY Ta CTUKY
Buie 600 MIla. Bkazane mosie Hanpy>KeHb HE JO3BOJISAE YCITIITHO BUKOPHUCTOBYBATH JTaHI KOMITO3HITIT JIJIsT
CTBOpPEHHS 0araToIIapoBUX IPAIIEHTHUX TOKPHUTTIB.

MomniOaen, sk aeMndepHUi Mmap B TPagi€HTHUX NOKPUTTAX JO3BONAE 3a0€3MEUUTH BHCOKY
CTaOLTBbHICTh 332 BHCOKMX TeMmIepaTyp ekcruiyaTtamii. Takok BiH BOJIOJi€ BHCOKOIO MILIHICTIO Ta
’KOPCTKICTIO, IO J03BOJSIE YHUKATH €(eKTiB MOB3ydocTi Ta Jedopmamnii B NPUKOHTAKTHUX MIapax
MOKPUTTA. BakjiuBUM He1011KOM MOITIO/ICHY € HOro HU3bKa OKHMCHA CTIHKICTh 32 BUCOKHMX TeMIIeparyp, Ta
BUCOKHMH MOJYJb MPY)KHOCTI, AKi 32 iHIIMX PIBHUX YMOB MOXKE CIIPHYMHSATH HAKOMWYEHHS TEPMiYHUX
HaNpyXeHb. AJBTEPHATHBHAM BapiaHTOM JeMI(EpHOTO WIapy IMOKPUTTS € THTaH. THTaH € OuTbII
TUTACTUYHUM METAJIOM, BIJIMOBITHO BapTO OYIKYyBaTH Kpamly 37aTHICTh O TOTJIMHAHHS 1 PO3MOALTY
IIacTUYHOI Aedopmartii.

Ha BigMiny Big mMomiGaeHy, THTAaH Ma€ Kpally OKHCHY CTIMKICTh 3a paxyHOK MacHBallii HOBEpXHi
TiO.. Ha prucyHKky 3 HaBeeHO 3MiHYy II0JIS HAaIIPYKEHb B mapax mokputTie MoSi; — MeB; — Ti. 3a paxyHok
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BHCOKOI cymicHOCTI 3 TiB; ik Ha aTOMHO Tak i Ha MIKpOPIBHAX IOKPHUTTS mMOKpUTTiB MOSIi; — TiB; — Ti
(puc. 3, a) B obnacti aemndep — O0ap’epHHI AP NPAKTHYHO HE JEMOHCTPYIOTh HAKOITMYEHHSI HAIPYKEHb.

Tempi2)=203.15 K Surface: Strass tensor, (MPal a Tempi2)=203.15 K Surface: Strass tensor. (MPa) L
um um

450 1 450 1 100

4001 1 4001

350 350

Tempi2)=203.15 K Surface: Strass tensor, (MPal Tempi2)=203.15 K Surface: Strass tensor. (MPa)

um um
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a) - TiBy, 6) ZrB,-10SiC, 6)- M0By, ¢) - TaB;
Puc. 2. 3mina Hanpy:keHb 10 mepepisy rpagientHoro mokpurrsa MoSi; — MeB; — Mo

B Toii ke yac 3a paXyHOK BHCOKOi BigMiHHOCTI B K.T.p MO0Si> — TiB; mocsratorbess KpuTH4HI
HanpyxenHs 6mam3pko 1400 MITa.

IMopiBHsHO 3 BupocTaHHsAM Mmifmapy Mo (puc. 2, 6), map Ti B kommosumii 3 MoSi; — ZrB; — 10SiC
(puc. 3, 6) npu3BOIUTH A0 HOpMYBaHHS MIHUPOKOI 00IACTI PO3TATY/CTUCKY B AeMIIhepHOMY Ta Oap’epHOMY
mapax. PiBenp Hanpyxens nocsraetbes 550 MIla. Kommosunii MoSi; — MoB; — Ti, MoSi; — TaB; — Ti
(puc. 3, B, T) MalOTh CepeHE 3HAYCHHS HANPY>KEHb B mapax mokputtiB 300 MIla. BapTo 3a3HauuTw, mo y
BUIAAKy BUKOpucTaHHS Ti CkiIagHuUi HampyXeHo JehopMoBaHHU cTaH (OPMYEThCA y BCIX MIapax
IPafi€eHTHOTO MOKPHUTTS.

BucHoBku. B po0oTi npoBeeHO OOCTIIKSHHSI TEPMOMEXaHIYHOI CyMIiCHOCTI (pa3 GaraTomapoBux
rpanieHTHUX NOKpuTTiB MOSi; — MeB; —(Mo, Ti) Ha mizkmagui 3 Inconel 718 meronom ckiHYeHHHX
eJIEMEHTIB. BiAmoBinHO 10 OTpUMaHUX pe3yJbTaTiB, BCTAHOBIICHO, 110 B Mpolieci oxoiomkeHHs Big 1000
°C mo 20 °C BinOyBaeThcsi (OPMYBaHHS CKJIaIHOTO HANPYKEHO-AC(OPMOBAHOIO CTaHY B Pi3HHX Iapax
mokpuTTiB. HaliHmkyi 3HaYeHHs Hanpy»keHs Ha piBai 100 MIla mocsrarorses B koMmosuiii MoSi; — ZrB;
— 10SiC-Mo. 3amina aemmndepHoro mapy Ha ocHoBi Mo Ha Ti mokaszamy, o0 MPaKTHYHO IS BCIX
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JTOCTITHUX KOMIIO3MIIA 30epira€ThCs BUCOKHMH PiBEHb 3aJIMIIKOBHX HampyxeHb Big 300 MIla go 1400
Mlla, mo He n03BOIIsAE 3a0e3MeyyBaTH CTa0iIbHY POOOTY Ta LiNICHICTh MOKPHUTTIB B YMOBaX LHUKIIYHOTO
HarpiBaHHS Ta OXOJIOKCHHSL.

Tempi2)=203.15 K Surface: Stress tensor. (MPa) Tempi2)=203.15 K Surface: Stress tensor, (MPa)
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Puc. 3. 3miHa Hanpy:KkeHb MO Mepepisy rpagicuTHoro mokpurtsa MoSi; — MeB; -Ti

L]
=
]
8

300 Bm

L]
=
]

[MopiBHsHO 3 BUpOcTaHHsIM Timmapy Mo (puc. 2, 0), map Ti B komno3uuii 3 MoSi; — ZrB; — 10SiC
(puc. 3, 6) IpU3BOIUTH 10 (POPMYBAHHS IIUPOKOI 00JIACTI PO3TATY/CTUCKY B AeMiipepHOMY Ta Oap’epHOMY
mapax. PiBenp Hanpyxkens nocsraetbes 550 MIla. Kommosunii MoSi; — MoB; — Ti, MoSi; — TaB; — Ti
(puc. 3, B, T) MaloTh CepelHE 3HAUEHHsI HAaNpyXeHb B mapax nokputtiB 300 MIla. Bapro 3a3naunty, mo y
BUINAAKy BuUKopucTaHHs Ti ckiaagHuil HampyXeHo nehopMoBaHHMU cTaH (DOPMYEThCA y BCIX MIapax
IPagiEHTHOTO MOKPUTTS.

BucHoBku. B po0oTi npoBeeHO OOCTIIKEHHS TEPMOMEXaHIYHOI CyMIiCHOCTI (pa3 GaraTomiapoBux
rpagieaTHHX MOKpuTTiB MOSi; — MeB2 —(Mo, Ti) na migkmammi 3 Inconel 718 meTomoMm ckiHueHHHX
eJIeMEHTIB. BiamoBiHO 0 OTpUMaHUX pPe3yJbTaTiB, BCTAHOBJICHO, IO B Mpoiieci oxonomkeHHs Bix 1000
°C no 20 °C BigOyBaeThcst HhopMyBaHHsI CKIaTHOTO HANPY>KEHO-Ie(OPMOBAHOTO CTaHy B Pi3HHX IIapax
mokputTTiB. HaliHwkul 3HaueHHS HamnpykeHb Ha piBHi 100 MIla gocsararoTbcst B KOMITO3HIIT
MoSi; — ZrB; — 10SiC-Mo. 3amina memrdepHoro mapy Ha ocHoBi Mo Ha Ti mokasaim, 1o IpakTHIHO IS
BCiX AOCIIAHUX KOMITO3HLIN 30epiraeThCsi BUCOKUHN PiBEHB 3aNIMIIKOBUX HanpyskeHb Big 300 MIla no 1400
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MllIa, mo He K03BOJIsLE 3a0€3MedyBaTh CTabUIBHY pOOOTY Ta MiJIICHICTh OKPHUTTIB B YMOBAX IMUKJIITHOTO
HarpiBaHHS Ta OXOJIOKSHHSL.

BigomocTi npo ¢inancyBanus gociimkennsi. Pobora BukoHaHa 3a (piHAHCOBOI MiATPUMKH
HarionansHoro ¢oumy mpociimkens Ykpainu (mpoekt 2025.06/0079)
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Hayionanvnuti mexuiunuil ynisepcumem Yxpainu
“Kuiscokuil nonimexuiunuil incmumym imeni leops Cikopcovkozo ™

BIIJIUB BMICTY BOJIb®APMY HA 3AKOHOMIPHOCTI ®OPMYBAHHS
MIKPOCTPYKTYPHU TA ®A30BOI'O CKIIAQY ITOPOUIKIB CIITABY WxFECONI I 1
YAC MEXAHIYHOI'O JIET'YBAHHA

Y po6omi oocniornceno cunmes sarxnckux eucoxkoenmponiunux cniagie WxFeCoNi (x=1; 1,5; 2), ompumanux memooom
MeXAHIUH020 N1e2y8anns y Genzunosomy cepedosunii. Iloxkasano, wo exeiamomnuii cniae WFeCoNi ghopmye 08oghaznuii cman
OLK/TIIK 6e3 inmepmemanioie, mooi ak 30invuiennsn emicmy eonvpamy 0o x = 1,5 3nuxncye xougpicypayiiny enmponito
3miuiyeanna ma nocunioe cezpezayiro gas. /Ina cknady x = 2 ¢cmanosneno ymeopenua kapoioy WC enacniook nepesuuienns
ZPAHUYHOT POZYUHHOCI 8Y2Nleyl0 Ma AKMUE068aHoi Ouysii y npoueci noopionennsa. Ompumani pe3yiomamu 0eMoOHCIMPYIONb
eaxcnugicmo KOHmMpoOI0 Konyenmpayii W i ymoe mexaniunozo nezy6anua 0na Kepysanns MiKpoCmpyKmypow ma ¢)a3oeoio
cmabdinvricmio saxckux BEC, wjo € nepcnekmugHum 0ns 3acmocysans y 6UCOKOMeMnepamypHux ma 6UCOKOHAGAHMANCEHUX
ey3nax

Knruoei cnosa: mexaniune ne2ysanis, 6UCOKOEHMPONIUHI CRIABU, CUHME3, MIKPOCMPYKIMYPa, Kapoio eonvghpamy

S. Teslia, O. Yurkova, lu. Bogomol, I. Trosnikova, P Loboda

INFLUENCE OF TUNGSTEN CONTENT ON THE REGULARITIES OF
MICROSTRUCTURE AND PHASE FORMATION IN W,FECONI ALLOY POWDERS DURING
MECHANICAL ALLOYING

This work investigates the synthesis of heavy high-entropy alloys W.FeCoNi (x = 1, 1.5, 2) produced by mechanical
alloying in a gasoline medium. It is shown that the equiatomic alloy WFeCoNi forms a dual-phase BCC/FCC structure without
intermetallic compounds, whereas increasing the tungsten content to x = 1.5 reduces the configurational mixing entropy and
enhances phase segregation. For the composition x = 2, the formation of tungsten carbide (WC) is established, resulting from
the exceeded carbon solubility limit and the diffusion activation occurring during milling. The obtained results highlight the
importance of controlling the W concentration and mechanical alloying conditions to tailor the microstructure and phase
stability of heavy HEASs, which is promising for applications in high-temperature and highly loaded components.

Keywords: mechanical alloying, high-entropy alloys, synthesis, microstructure, tungsten carbide

IHocTtanoBka npodsemMu. CydacHi eHEpPreTHdHI, MPOMHUCIIOBI Ta OOOPOHHI TEXHOJIOTI] BUCYBAIOThH
YKOPCTKI BUMOTH JI0 MaTepiaiB, SKi MPaLIOI0Th 32 YMOB EKCTPEMaIbHUX TEMIIEPATyP, BUCOKHX MEXaHIYHUX
HaBaHTa)XKCHb, IHTCHCHBHOI'O 3HOLIYBAaHHS Ta KOPO31HHO-aKTHBHUX CEpPENOBHILI. Y TaKUX YMOBax
TpaIuIliiHI CIUIAaBH HAa OCHOBI HIKENI0, KOOAnhTy ab0 TYrOIUIaBKHX METAJiB YacTO JIEMOHCTPYIOTH
HEIOCTATHIO CTPYKTYPHY CTaOlIbHICTh, CXUIBHICTH JO IBUAKOTO OKMUCHEHHS YU JErpajalii 3a TPUBAIOTO
TepMiuHOro HaBaHTaxeHHs [1,2]. OnHMM 3 HOBUX pillleHb MIONO 30UIBIICHHS Pecypcy poOOTH Ba)KKO
HABaHTAXKCHUX EJIIEMEHTIB KOHCTPYKIII € BHKOpUCTaHHs BucOKoeHTpomiitHux cruiaBie (BEC) [3]. Ha
BiAMiIHY BiJ TpaauLidHUX MeTanmiB Ta cmiaBiB BECu MaioTe BHCOKY KOH(]irypamiiiHy EHTpPOMIO
3MiLTYBaHHS aTOMiB, 32 PaxXyHOK 4OT0 CTa0Ii3yI0ThCsl MPOCTi TBEP/i PO3UMHH, a HE iHTepMeTalliaHi (azu.
3HauHa BIAMIHHICTH aTOMHUX pajiyciB ckianoBux BEC npu3BoauTh TakoX A0 3HWKEHHS KOe(illieHTIB
nudy3ii, TpuTHIYEHHS po3Mipy 3epHa Ta (a3oBuX NepeTBopeHb. [lana ocobnmBicth mozBoisie BEC
JEeMOHCTPYBaTH BiAMiHHI 3HA4YE€HHS BHCOKOTEMIICPATYpPHOI MOB3Y4OCTI Ta MIIHOCTI B Jiama3oHi
temnepatyp 1000 — 1500 °C [4]. OcHoBHuit GpoKyc CydacHHUX TOCIIDKEHb CIPSIMOBAHHUIA HA OTPHUMAHHS
BEC MeTtomamu Oe3mepepBHOTO JIMTBa a00 E€IEKTPOAYTrOBOTO MeperuiaBy. 3a JaHWX YMOB BIA€ThCS
OTPUMATH MIPAKTHUYHO OE3MMOPUCTI BUIIMBKH, SIKI MOXYTh IiJIaBaTUChH BCIM BiJOMUM METOJaM MEXaHI9HOI
00poOku. OTHUM 3 HEJOJIKiB BKa3aHUX METOJIB, € BUCOKI PIBHOBa)KHI YMOBHU KPHCTANi3allii 3a SKUX HE
BJIAE€THCS JIOCATHYTH YTBOPEHHS MOHO TBEPIUX PO3YMHIB Ta CyOMIKpOHOTO po3Mmipy 3epHa. [1ig uac nmursa
MOXYTh KPHCTANli3yBaTUCh iHTEpMeTaniau pizHuX Tpyn, ¢asu JlaBeca Ta Xoiicnepa, mo poOUTH JaHi
MaTepiasu KPpUXKUMH Ta HE NMPUIATHUMH J0 BUKOPUCTAHHS, SIK KOHCTPYKUiiHI Martepianu. Takox ams
BUPIBHIOBaHHSl XIMIYHOTO CKJaJly JHMBAapHHUX CIUIaBiB OOOB’S3KOBOKO YMOBOK € 0OararopaszoBe
NepervIaBieHHs Ta MepeMilllyBaHHsI BaHHU po3iuiaBy [5]. AnbrepHaTtuBHUM MeTonoMm otpumanHs BEC e
MeXaHiuHe JIETYBaHHS CyMIIIel TOPOIIKiB

AHaJi3 ocTaHHIX JocHiI:KeHb Ta myOJikaniii. Mexaniune neryBanus (MJI) — ne tBepaodazamii
mpoliec OTPUMaHHSA CIUIaBiB Ta CIOJYK B IMOPOIIKOBOMY CTaHi 32 PaxyHOK BHCOKOCHEPTETHYHOTO
MexaHigHoro moapioneHHs. MJl cympoBomKyeThcs TporecaMd TOAPiOHEHHs, OaraTopazoBUM
3BapIOBAaHHSM Ta PYHHYBaHHs YaCTHHOK ITOPOIIKiB, MEPEMIlIlyBaHHIM €JIEMCHTIB Ha aTOMHOMY piBHi [6].
BaxumBoro mepeBaroro meromy MJI MOpiBHSHO 3 JTUBapHUMH METOJAMH € DO3MIMPEHHS objacTeit
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PO3YMHHOCTI Ta 3MIITYBaHHs KOMIIOHEHTIB, sSIKi 32 pIBHOB&KHHUX YMOB YTBOPIOIOTH IHTEpMETAIIIH, a00 HE
3MIIIYFOThCSI B3araii. Po3ImIUpeHHs o00JacTeidl pPO3YMHHOCTI 3a3BHYAll aCOIIOETHCS 3 MeXaHi3MaMH
npuckopeHoi audysii B yJIbTpaIUCIEPCHUX YAaCTHUHKAX, SIKI JOCATAIOTHCS Mix 4ac 0araToroIuHHOTO
moapibuenns [7]. Buepie metomom MJI cutas Oyio currezoBano ciaB AlCrCuFeTiZn Vara-lakshmi ta
in. [8]. HaBakky BHXiTHHMX €JIEMCHTIB MiJaBali MEXaHIYHOMY JIETYBaHHIO MPOTsrom 20 TroauH B
cepeoBHILi Tonyony. Bymno mokazano, mo moyatok gopmysanns OLIK TBeproro po3unHy BinOyBaeTbes
BXe Ha modaTkoBuX ctafisx MJI mpotsrom 5 roaun. Ilopanbiie noapiOHEHHS TOMOTEHI3y€E CTPYKTYpPY
CIIaBY Ta 3HIKYE po3mip KprctaiiTiB 10 10 M. N. Jahani ta iH. [9] cuntesyBanu BECy FeENiMnCuX (X:
Co, Cr, Mo, Ti, W) merogom MIJI 3 moganbiium ickpo-tiasmoBuM crikanism (ITIC). Byso BcTaHOBIIEHO,
IO B MPOLECI MEXaHIYHOTO JIETyBaHHS, 3aJ€KHO BiJ MPUPOAM BHXIIHUX KOMIIOHEHTIB, YTBOPIOIOTHCS
TBepai po3umHu Ha ocHoBi ['LIK a6o cymimi OLK/THK ¢a3. B npomeci ITIC BinOyBaeTscs azosi
MEPETBOPCHHSI Ta TIEpErpyIyBaHHS aTOMIB SIKi CYMpPOBO/DKYIOTBCS YTBOPEHHSM Cerperamiii TBepaux
pozunnis OLIK1 — OLIK2, T'IK1 — I'IK2. [Toka3ano, 110 HalBUILY INIACTHYHICTH JeMOHCTPYI0Th BECu
FeNiMnCu (27,2 %) ta FeNiMnCuCo (34,7 %). Ilix yac MeXaHIYHOTO JIETYBaHHS 3HAYHOT'O IUIMBY Ha
¢opmyBanns BEC maroTh He Juilie IPUPOJa BUXiTHUX KOMIIOHEHTIB, ajic i KOHIICHTpAIlisl €JICMEHTIB B
craBi. Chun-Liang Chen Ta in. [10] npoBenu nocmimxkeHHs BIUIMBY BMicTy Ta Ha (a3oBuid ckiag Ta
MmikpocTpyktypy CoCrNiFeTax. Pesynpraty mokasyrots, mo nomgaBanHs Ta no cucremu CoCrNiFeTa
TIPU3BOIUTE 0 YTBOpPeHHS (ha3 TBepmoro po3unHy 3i cTpykrypamu I'TIK ta OLIK. Kpim toro, OLIK da3a,
30arayena Ta, 30inbmryeTscs 31 30inbIIeHHSAM BMicTy Ta, IO MOXE CIPUYMHHUTH YTBOPEHHS LICHTPIB
3apoKeHHS TpiluH. BapTo Takox 3a3HaYMTH, 0 100aBKa TYTOIUIAaBKUX METalliB, MOXKE MPU3BOAUTH 10
ytBopenHst y BEC obnacrelt 3MiITHEHNX YaCTHHKAMH TYTOMAaBKUX KapOilliB, OKHIIIB, HITPUIIB YU OOPHUIIB.
B pob6ori [11] mpoBomwam moChiKeHHs BILUIMBY BMicTy Ti Ha ¢opMmyBaHHsA (Pa3oBOro CKiaay Ta
mikpoctpyktypu BEC TaMoNbCrTix (x = 0, 0.25, 0.5, 0.75, 1). [Ticns ITIC cymimei nopomkis mokasaHo,
mo BinOyBaerbcs (opmyBanHs marpumi 3 OLIK TBepmoro posumny ta ¢a3 JlaBeca. Okpemo, BapTo
migKpecnuTy GopMyBaHHs ckimaaHux (asu Ha ocHoBi twrany Ti(O, N). 306imblneHHsS BMICTy THTaHYy
00’eMuwmii BMicT (ha3 JlaBecy 3MeHIIYIOTHCS, Ta TPaHC(HOPMYIOTBCS 13 CITYACTOI CTPYKTYpH B TUCIIEPCHY,
BMmicT ¢asu Ti(O, N) 3pocrac. BEC TaMoNbCrTig7s nemoHcTpye uynoBuil OamaHC MillHOCTI Ta
TJIACTUYHOCTI, MAIOYHM MEXKY TEKYJOCTi, MIIHICTh Ha CTHCK Ta Jedopmariito micist pyiHyBanas 2696 Mlla,
3098 MlIla ta 16,8% BigmOBIIHO.

IMocTranoBka 3aBaanb. OCHOBHOIO METOIO JaHOT POOOTH € JOCHIHKEHHS €BOIIOLii (pa3oBOro ckiamy
Ta MIKPOCTPYKTYpPH HOBHX cepefnboenTpomiinux crasiB WxFeCoNi (X = 1; 1,5, 2) 3anexHo Bif BMicTy
BOJIb(pamy.

BuxiiagenHsi ocHOBHOTo Matepiany. Y nanomy nociimkenHi nopomku BEC Wy FeCoNi (X = 1;
1,5, 2) Oynu orpumani meromo MexaHiuHoro jeryBanHs W, Fe, Co, Ni B muanerapHoMy MIIMHI 3a
mBuaAKocTi obepranus — 100 06/xB mpotsirom 10 rogus. [ yHUKHEHHS aire3iMHOIO CXOIUIIOBAaHHS,
XOJIOJTHOTO 3BapIOBaHHS Ta YaCTKOBOTO HAJHITAHHS MOPOIIKIB HAa PO3MEJbHI TiJla Ta CTIHKK OapabaHy B
CepeIOBHILE PO3MEIIOBaHHS Oyn0 BBEACHO OCH3MH. 3a paxyHOK CKIAIAHOI TPAEKTOpil pyxy KyJb,
IHTEHCHBHOI IUTaCTUYHOI AedopMallii Ta aKyMyJIsiii Teia B 30HI MOAPIOHEHHS BiAOYBAIOTHCS MPOLECH
CIUIAaBOYTBOpPEHHsI Ta (opMyBaHHS HAHOCTPYKTYp, SKi B PIBHOBRKHOMY CTaHI HE MOXYTh iCHYBAaTH.
OTpuMaHHI OPOLIKY MiCIs MOAPIOHEHHS CYIIMIM y BakyyMHiH madi 3a Temmnepatypu 100 °C npoTsirom 5
roJl 3 METOI BHJAICHHS 3IMIIKOBOI Boyoru. JlochmiypkeHHsT (a30BOro CKIaJy IOPOIIKIB TiCIs
OTPHMaHHHS IPOBOJIMIIA 3 BUKOPUCTAHHSAM PEHTIeHiBChbKoro nudpakromerpa Ultima IV, Rigaku (Anonis)
3 Cu-Ko-BunpomiHioBaHHsM B fiamazoHi kytiB 260: 20-90°. MikpocTtpykrypy mnopomkoBux BEC
JOCTI/DKYBaJIl METOJaMH CKaHYyK4O0i eneKTpoHHOI mikpockomii Ha Axia ChemiSEM (Thermo Fisher
Scientific), sxwit ocHaiieHO eHepro-AMcIEpCHHMM aHaimizaTopoMm TrueSight X ams BusHaueHHS
€JIEMEHTHOT'O CKJIaAYy.

B rtabnumi 1 HaBegeHo TepMoauMHaMiuHi mapameTpu jgochigHux cruiaBiB. CrutaB WiFeCoNi
BIJIMIOBIHO 110 TepMOAMHaMiuHOI oOIliHKKH Oyae (opmyBatu oxmnopimuuii OIIK TBepauii po3uuH, 3
moxomBuME fomimkamu 'K da3u. KBE ckmagae 8,25, mo 3a mpocTUM KpUTEPiEM OIMHKH BKa3zye Ha
yrBopeHHs uncToi ['LIK ¢aszu. [IpoTe y npucyTHOCTI BETMKOI 4aCTKH aTOMiB BoJb(pamy, 6a30BHii TBepaAUil
PO3UMH MOXKE eBOJOIlioHyBaTH Ta ctabimizyBatuck B OIIK momudikarii. Cma WisFeCoNi
HaWiMoBipHime ¢dopmyBatuMe TBepamid po3umH OLIK cTpykTypu, MOXIuBa IOsiBa KOPOTKOIOMEHHOI
XIMIYHO{ yIOpsIKOBaHOCTI a00 ApiOHMX iHTepMeTaIeBuX ocepekis [12]. 36inpmenns BMicty W npuyuHse
nepemimieHns ooiacti KBE B 6ik yrBopenHs 3mimanux ctpykryp. CriaB WoFeCoNi nopiBHSIHO 3 iHIIIME
mae KBE Ha piHi 7,8 (MeHmme &), mo 103BOJISIE TIPUITYCTUTH yTBOpeHHS crabimpHoro OLIK TBepmoro
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PO3YMHY Ta BHCOKOI IMOBIpHOCTI (pOpMyBaHHS KepaMiuHUX Ta iHTEpMeTaleBHX (a3, 3aJeKHO BiJ YMOB
cuntesy [13].

Tabn. 1
Tepmoaunamiuni mapamerpu ciiasiB WyFeCoNi (x =1; 1,5, 2)
CrmiaB EnTpomis Pizautsg aromHNX Konmnentpartis
3MIlTyBaHHS, ASmix paniycis, 6 % BaJICHTHUX
([x / momp * K) enektpoHiB KBE
W:FeCoNi 11,526 4,75 8,25
Wiy sFeCoNi 11,382 5,12 8,0
W,FeCoNi 11,076 5,27 7,8

Ha pucynky 1 maBemeno audpaxrorpamu ciuaBy WxFeCoNi (x = 1; 1,5, 2) orpumanoro micis
MEXaHIYHOrO JIeTyBaHHSA. 3a ekBiaToMHOro Bimmomienus kommoHeHTiB Wi1FeCoNi (puc. 1, a)
CHOCTEpiraeTbcs yTBOpeHHS aBox TBepaux posumHiB OLIK ta T'IIK. BimmoBigHo mo ocoOaumBocTeit
KpUCTAIIIYHOI OYJIOBH BHUXIJTHUX elleMeHTIB MoxHa npunyctutu mo OLIK TBepamii po3unH dopmMyeThCs
mepeBakHo 3a paxyHOK atomiB W, Fe, B Toii sxe gac T'LIK dasa yrBoproersest Ha ocHoBi CO, Ni. YTBopenHs
BTOPHHHUX (ha3 He imeHTH(}piKoBaHO. 30iabIIeHHs BMicTy atoMiB Boabhpamy WisFeCoNi (puc. 1, 6) He
MPU3BOAUTH 10 3MiHM Npodinmo AudpakuiiHux MakcuMyMiB. [IpoTe BigmivaeTscs 3MileHHS pedIIeKciB B
OiKk MEHIMX KYTiB, [0 BKa3ye Ha 301IbIIeHHS napameTpi rpatku BEC. 36imbImeHds BMICTY Boib(ppaMmy
TEOPETUYHO MAa€ MPU3BOIUTU J0 YTBOPEHHsS OLIBIINOI KIJIBKOCTI BaKAHTHUX Iap IS PO3UMHEHHS aTOMIiB
3aJ1iza, HIKeNI0 Ta KOOAIbTy, 0 Ma€ 3HU)KYBATH IMapaMeTp TPaTKH.

o - UK, - OLK, ¢—WC

I | U W G | W 6)

IHTEHCUBHICTE (B. 0.)

J:rk k J:\_a)

20 40 60 80
20, rpaa.

a) WFeCoNi; 6) W1 sFeCoNi; B) W2FeCoNi
Puc. 1. Tludppaxrorpamu nopomkiB WxFeCoNi oTpuMaHuX mic/isi MeXaHi4HOI0 JIeryBaHHSA
npotsirom 10 roga.

OnHak, BUXOISIYN 3 TMPOTHIICIKHOTO €(EKTYy, MOXKHA IPHUITYCTUTH, IO BiAOYBAETHCS PO3UYNHEHHS
aTOMIB BYTJIEITIO 3 OeH3MHY. ATOMH ByTUIenio 3 ManuM pazgiycoM (0,077 HM) JIeTKo 3aiiMaroTh MIXKBY3JIS
KpucTaidiuHol rpatku W i 30i1b1ryroTh 11 mapametp [14]. Ilopankiie 30ibIIeHHS BMicTy Boibdpamy (pHc.
1, 6) npu3BOANTH OO TEPEBUILEHHA TI'PaHMYHOI PO3UYMHHOCTI aTtoMiB Byriemioo B Marpuui BEC, mo
CIPUYNHIE YTBOPEHHS YacTHHOK KapOixy Bombdpamy (WC). 3HmKEHHS IHTEHCUBHOCTI AM(paKIifHuX
MaKCHUMYMIB 3yMOBJIGHO 3HIKCHHSIM KiJIbKOCTI Bojdb(pamy B Matpuui BEC Ta ¢opmyBaHHSM HOBUX
KapOigHux (as.

Ha pucynky 2 HaBeZIeHO 3MiHY MiKpOCTPYKTYPH MOPOMIKIB IiCs MEXaHIYHOro JeryBaHHs. s
crwiay WFeCoNi (puc. 2, a) BiaMmidaeTbCsi FOMOTE€HHa MIKPOCTPYKTYpa IO Mepepidy Mmopoinky. B
€JIEKTPOHHOMY CBIiTJi He BHaetThes ineHtudikysatu ¢gasu OLIK ta I'LK, mo Moxxe BKa3zyBaTH Ha IX BUCOKY
JMCIICPCHICTh Ta piBHOMIpHE mepemimyBaHusa. [ns crutaBy WisFeCONi (puc. 2, 6) BiaMidaerbcs
dhopmyBaHHS TeTepodasHOi CTPYKTYPH 3 YITKO OKPECICHUMH T'paHHISIMH (a3. MaTpulsd CKIagaeThes 3
OLIK TtBepmoro po3umHy Ha OCHOBI Bojdb(pamy. CrocrepiraeTbcst GopMyBaHHs cerperamii, HIISIXOM
yTBOpeHHs KpynmHuX obnacteii Ha ocHoBi ['LIK TBepmoro pozumny (cipi BkitouyenHns). Takox B
NpiOHOIUCIIEPCHOMY CTaHI B MaTpPHIII IPUCYTHI 3ajIMIIKK BOJb(pamy, sKi 3a yacy jeryBanHs 10 rom He
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PO3YMHUIINCH B OCHOBHIM (pa3i. 30imblieHHs cerperamii (a3 Moke OyTH 3yMOBJIGHO PIi3HOIO
KoH(irypauiiiHo1 eHTpomiero 3minryBanns, sika it WisFeCoNi  ckmamae 11,38 JIx/(mon * K), a mis
WFeCoNi cknanmae 11,52 Jhx/(mon * K). UuM HIKYy €HTPOIII0 Mae CHCTeMa, TUM ciadiia ogHodasHa
crabimizamis cucremu, Ta Bumia cerperaiis. Jius cmmaBy WoFeCoNi (puc. 2, 6) crocrepiraerscs 3MiHa
MIKpOCTPYKTYPH IOPOIIKY, IIJISIXOM YTBOPEHHS KPYITHHUX 3¢peH Kap0Oiny Bonbdpamy B MaTpuii OLIK/TTIK
TBEpIUX po3unHiB. PopMyBaHHS KapOily 3yMOBIEHO Ai€l0 KOHLEHTPOBAHOTO BYTJIELIEBOTO CEPEIOBHIIA Y
BurisAi Oensuny. Ilix wac MexaHi4HOTO JeTryBaHHs BiZOYBA€TbCS aKTHBALlis MOBEPXHI Ta AECTPYKIIis
MOJIEKYJI OEH3MHY, 10 TIPU3BOIUTD 10 akTHBarii audysii. ITopisusauo 3i cruraamu WFeCoNi, W1 sFeCoNi
BHCOKA KOHLIEHTpALlis BOJIb(PpaMy NPU3BOIUTH A0 TOCATHEHHS IPaHUYHOI PO3UMHHOCTI aTOMIB BYTJIEIIO Y
BEC, Ta nouarkom audysii Mk aToMaMH BYIJICLIO Ta BOJb(QpPaMOM B pEakLiifHOMY MPOCTOPi Mia yac
JeryBaHHs. TakoX aToMH BYTJIEITio i yac audy3ii B rpatky OLIK TBepmaoro po3unHy MOXYTh pyHHYBATH
MeTasieBi 3B s13ku yrBopenHi W-Fe ta ¢hopmyBatu Hanpasieni koBaaeHTHi W-C.

g A\

.l\ \
Sum -hi i
—_— a) =

Puc. 2. Mikpoctpykrypa nopoiukiB WXFeCoNi oTpuMaHHX mic/s MeXaHiYHOr0 JIeryBaHHsA
npotsrom 10 rox (a) WFeCoNi; 6) W1 sFeCoNi; B) W2FeCoNi)

BucHoBku. B maniii po0OOTI BCTaHOBJICHO, IO MEXaHIYHE JICTYBaHHS € €(PEKTHMBHMM METOIOM
CHHTE3Y BaKKMX BUCOKOCHTpoIiitHIX cruiaBiB cucteMu WxFeCoNi (x =1; 1,5; 2), mo3omsttoun popmyBaTH
HEPIBHOBAXKHI TBEP/i PO3UMHH Ta HAHOCTPYKTYPOBaHI CTaHH, HEJOCSDKHI 38 YMOB TpaauLiiiHOT MeTanyprii.
[okazano, mo ais ekBiaromuoro cknany WFeCoNi yTBoprotoTscs Ba TBepAi po3unHu Ha ocHoBi OLIK Ta
'K rpatok 0e3 dhopMmyBaHHs iHTepMeTaliaiB. 30LIbIICHHS BMICTY BoJibdpamy 10 X = 1,5 cripuuunse
3pocTaHHs cerperaiii (a3, 110 KOPEJIIOE 31 3HIKEHHIM KOHGIrypamiiHoi eHTpomii 3mimyBanas (11,38
npotu 11,52 JIx/(mons-K)) Ta yTBOpeHHsM retepodazHoi CTpyKTypu 3 KpymHumu oOmactsamu ['LK
TBeporo po3urHy. [Tonaneiie 30i1bpmeH s KoHIeHTparii W (X = 2) MpU3BOJANUTS JIO0 JTOCSTHEHHS TPAHUIHOT
PO3YMHHOCTI aTOMIB BYTJIEIIIO, IHTEHCHBHOTO Kap0iIoyTBOpeHHs Ta popmyBaHHs yacThHOK WC y MaTpuiIi
OLIK/TLIK TBepaux po3uuHiB. BCTaHOBNIEHO, 10 MPHUCYTHICTh OCH3MHY SIK OPTaHIYHOTO CEpeOBUINA
crpusie aucouianii mMosekyn, audysii Byryemio ta crabimizanii xapOinHux ¢a3. OTpuMani pe3ynbTaTtu
JIO3BOJISIIOTH  ONITHMI3YBaTH YMOBH MEXAHIYHOTO JIETYBaHHS il KepyBaHHS (a30oBUM CKIIQJIOM 1
MikpocTpykTypoto Baxkux BEC Ha ocHoBi W Ta 3a0e3nedyioTh HayKOBE MIATPYHTA IJIsi pO3pOOKH
JKapOCTIHKMX Ta 3HOCOCTIHKMX MaTepiajiiB HOBOTO MOKOJIHHS.
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Hayionanenuii mexuivnutl ynisepcumem Yxpainu
“Kuiscokuil nonimexuiunuil incmumym imeni leops Cikopcovkozo ™

CTPYKTYPA BUCOKOEHTPONIMHOTO AINICrTiB CIIVIABY HICJISA
BUCOKOIIBUAKICHOI EJJEKTPOHHO-IIPOMEHEBOI TEPMIYHOI OBPOBKH

Y po6omi oocniorceno cmpykmypy ma pazoeuii cknad nezkozo gucoxkoenmponiiinozo cnnagy AINiCrTiB, ompumanozo
MEXAHIYHUM J1€2Y6AHHAM MA e1IeKMPOHHO-NPOMENEE0I0 00podKot. Bemanosneno gpopmyeannsn in-situ 6opuonux ¢az TiB i
Cr:Bs, saxi ymeopwiomusca 6 npoueci eucoxomemnepamypuozo Hazpisanns. Iloxaszano, w0 nio uac nepennasneHHs
Nn0BEPXHEE020 Wapy opmyemuca memaneea Mampuysa 3 KPYRHUMU 02PAHEHUMU OOPUOHUMU 6KTIIOUEHHAMU, MOOL AK 3a OiNblL
PI6HOMIPHO20 HAZPIGAHHA 3a HUMCUUX memnepamyp 6i00ysacmubca picm OpioHoducnepcrux wacmunok TiB uepe3 é3aemodiro
mumawy 3 60pom. Y nepexioniii 301i Midc nepennasnenoio ma HympiuiHb010 oonacmamu gopmyemuca mouxuii wap TiB, wio
3abe3neuye nooanvuie PopmyeaHHa PiGHOMIPHOI KOMNOZUMHOT CMPYKMYPU HA OCHOGI Memaneeoi mampuuyi ma OUCnepCcHux
OOpuUOHUX BKIIOUEHD.

Kntouogi cnoea: sucoxoenmponiinuii cnias, HU3bKa 2ycmund, KOMRO3um, 6opuoHi 6KII0UeHHs, CIMPYKMypa, MexauiyHe
Jle2y8anHsl, eleKmpoHHO-npomMeHesa 0opooKa.

S. O. Nakonechnyi, O. I. Yurkova, P. I. Loboda, Y. I. Bogomol, I. Y. Trosnikova

STRUCTURE OF HIGH-ENTROPY AINiICrTiB ALLOY AFTER HIGH-SPEED
ELECTRON-BEAM HEAT TREATMENT

In this study, the structure and phase composition of lightweight high-entropy AINiCrTiB alloy produced by mechanical
alloying followed by electron-beam treatment were investigated. The in-situ formation of TiB and Cr2Bz boride phases during
high-temperature exposure was confirmed. It was shown that remelting of the surface layer leads to the formation of a metallic
matrix containing large, , edged boride inclusions, whereas more uniform heating at lower temperatures promotes the growth
of finely dispersed TiB particles through the interaction of titanium with boron. A thin TiB-enriched transition layer forms
between the remelted surface and the inner regions, facilitating the development of a homogeneous composite structure
composed of a metallic matrix reinforced with dispersed boride inclusions.

Keywords: high-entropy alloy, low density, composite, boride inclusions, structure, mechanical alloying, electron beam
treatment.

IMocTtanoBka mpodiaemu. CydacHHH MPOMHCIOBUN PO3BUTOK HEMOXJIHMBHN 0O€3 CTBOPEHHS Ta
BIIPOBAHKCHHS HOBUX MaTepiajiB, 37aTHUX 3a0e31euyBaTH HEOOX1/THI eKCIUTyaTaIliifHI XapaKTePUCTHKH Ta
TTiIBHUIITYBaTH €(DEKTUBHICTB 1 JOBTOBIYHICTH KOHCTPYKITIHHUX €IIEMEHTIB MaITiH 1 MexaHi3MiB. L{e moBHOIO
MIpOIO CTOCY€ThCSI M aBialliifHOT TeXHIKH, AJS SKOI aKTyalbHUM € 3aCTOCYBaHHS JIETKHX MarepiajiB i3
MIIBUIICHAMA MEXaHIYHUMH BJIACTHBOCTSIMH, TEPMOCTaOIIBHICTIO, a TaKOX BHCOKOIO CTIMKICTIO 0
OKHMCHEHHSI, KOpO3il Ta 3HOINYBaHHS B yMOBax eKCTpeMailbHuMX Temmeparyp [1]. Omuum i3 HaWOimbII
aKTHBHUX HaNpsMiB Cy4acHHUX MaTepialo3HaBUMX AOCIiIKEHb € PO3pOOJIeHHS IHHOBALIHHUX MaTepialliB
JUIsl IeTaliel aBialiiiHuX ABUTYHIB, 30KpeMa JIOAaTOK Ia30TypOiHHUX YCTaHOBOK.

Po3BuTok MatepianiB Juis JIONaToOK TypOiH YIPOJJOBXK OCTAaHHIX JECATHIITH OyB, B IEpIIy 4epry,
30Cepe/PKCHNI Ha BIOCKOHAJIEHHI HIKEJIEBUX MOHOKPHCTAJIIYHUX KAPOMIIIHUX CIUIABIB, ONMTHMI3alii iX
¢a3zoBoro ckiamy Ta MIKPOCTPYKTYpH Ul MiABHILEHHS POOOYMX TeMIeparyp 1 pecypcy IeTaiei
ra3oTypOiHHUX ABUTYHIB [ 1, 2]. Takox ak THBHUMH OYIIM HATIPSIMKU HAHECEHHS TEIUIO3aXUCHUX TIOKPHUTTIB,
0 3HAYHO PO3IMIMPHIO TEMICPATYypPHHUHM MOTEHIIA] HIKEJICBUX CYIEpPCIUIaBiB, a TaKOX PO3BUTOK
KepaMiyHUX KOMIIO3ULIMHUX MaTepiasiB, 10 MOEAHYIOTh BHCOKY >KapOCTIHKiCTh, HU3bKY T'YCTHHY Ta
CTIHKICTP 3a MiABHIIEHUX poOounXx Temrepatyp [3—6]. ITopsia i3 M HOCTiIKYOThCS Oopuau i KapOiau
MEePEeXiTHIX METAIliB, BIIOMi CBOEI BHHSATKOBOIO TEPMOCTIHKICTIO, X04a iX BUKOPUCTAHHS OOMEKYETHCS
BHCOKOFO TYCTHHOIO Ta CKJIaIHICTIO BUpOOHUIITBA [7, §].

TakuM uYwHOM, TpamWIliiHI TEXHONOTil Ta MaTepiand JO3BOJISIFOTh B TIEBHIM Mipi MiJABHIUTH
eKCIUTyaTalliifHi XapaKTepUCTHKH, OJHAK OOMEXYIOTbCS CTPYKTYpOIO BHXIJHHX KOMIIOHEHTIB, IX
ckinafoBux abo ¢azoBoro ckiany. ToMy ocTaHHIMH pOKaMH 3HAYHOTO TIOMIMPEHHS HaOyJIH JOCIiIKEHHS
HOBOTO KJlacy marepianiB — BucokoeHTpomiiiHux cmiaBiB (BEC), ski 3aBOsgkd BHCOKiH eHTpOmMii
3MIIIYBaHHS JIEMOHCTPYIOThH MiJBHUINEHI KapOMIIHICTh, TEPMOCTAOUIBHICTh 1 CTIMKICTh 10 OKHCHEHHS,
MOPSIJ] 3 BUCOKUMH MEXaHIYHUMHM Ta eKCIuTyaraliiniMu xapakrepuctukamu [9, 10]. OcobnuBuii iHTepec
CTaHOBJATHh TYTOIUIaBKI BHCOKOCHTPOMIiNHI CIIaBM HAa OCHOBI TYTOIUIABKMX METANIB, AKi IMOETHYIOTH
BHCOKY MIIHICTh 1 CTIHKICTH JO KOpO3il Ta OKHUCHEHHS 3a €KCTPEeMaJbHHX TEeMIIEpaTyp, OJHAK IXHE
MpaKTUYHE 3aCTOCYBAaHHS B aBiallilfHii TeXHill 00MeXKy€eThCS BUCOKOIO TycThuHOIO [11, 12].

Y 1mpOMy KOHTEKCTI OJHHM i3 KJIIFOYOBMX HAmNpsAMIB AOCHIKeHb € cTBopeHHs lerkux BEC i3
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BHKOPUCTAHHSAM JIETKAX €JIEMEHTIB Ta MEXaHI3MIB I[IECTIPIMOBAHOTO 3MIIHEHHS IIISAXOM IN-Situ
(hopMyBaHHS TYroIUIaBKHX CIHOJYK BHACIiZIOK BBEJCHHS HEMETAIEBUX eleMeHTIiB. Taki MaTepiain JaroTh
3MOTy ONTUMAaJIbHO MOETHATU >KaPOMIIHICTh, TEPMIUHY CTaOUIBHICTD 1 HM3BbKY T'yCTHHY, BiJKpPHBalOUYH
nepcrnekTHBr (HOpMyBaHHS HOBOTI'O IOKOJIIHHSI JICTKHUX JKaPOMIIIHUX CIUIABIB IS JIONATOK TYpPOiH, 3MaTHUX
KOHKYPYBATH SIK 13 HIKEJIEBUMH CyTepCIIaBaMH, TakK i 3 Bakkumu Tyromiaskumu BEC [13-16].

AHani3 ocTtaHHiX xociailkeHb Ta myOuaikauiii. Y cdepi Jerkux BUCOKOCHTPONIMHUX CIUIaBiB
OCTaHHI JJOCIIKEHHs 30cepe/KeH] Ha cuctemax Ha ocHOBI Al, Ti, Mg, Li ta Be [13-15], siki 3a0e3neuyr0Th
ryctuHy < 5-6 r/cM® Ta MexaHiuHI XapaKTEPUCTHKH, IO HAOIMKAIOThCA a00 MEPEBHILYIOTh TOKA3HUKH
HikeneBux cynepcmiasiB [13—15]. Ornanosi Ta ekcnepuMenTansHi podotu [13, 14, 16] neMOHCTPYIOTH
epextuBHicTh CALPHAD-MonentoBaHHs, BHCOKONPOAYKTHBHUX OOYHCIIOBAILHHX METOAIB Ta
QITOPUTMIB MAITHHHOTO HABYaHHS Yy TMPOTHO3YBAaHHI CKJIAAiB 13 KOMOIHOBAaHMMH MEXaHi3MaMU
3MIITHEHHS — TBEPAOPO3IMHOM Ta JUCIOKAIMIMHIM 3MIITHEHHSIM.

[lapanensHO iHTEHCHMBHO pPO3BUBAETHCS KOHIEMIis camoapmyBaHHS BEC mnuisixom BBemeHHS
HemetaneBux enementis (C, B, N, O, Si) [8-10, 16]. JlocnimkeHHs OKa3yoTh, 110 AogaBaHHs C ado B
cripuyuHs€e in-Situ popmyBaHHs yacTHHOK KapOimiB Ta GopumiB [8—10], ski GOPMYIOTh KOMITO3HUILIHHY
MIKPOCTPYKTYpY THIY «IUTACTHYHA MATPHUL — KOPCTKI AUCHEPCHI YaCTUHKW». Takuil miaxin 3ade3neqye
CYTT€BE MiJBUILEHHSA TPaHULi IUIMHHOCTI, TBEPAOCTI Ta 3HOCOCTIHKOCTI, 30epiraroun HeoOXiAHUHN PiBEHb
TUIACTUYHOCTI Ta iHmuX xapaktepuctuk BEC [8-10, 16]. Jlo xapakTepHHX MPUKIAIiB HAJICKUTH in-Situ
tdhopmyBanns kap6iniB y CoCrFeMnNi BEC Bracninok BeenenHs C abo hopMyBaHHS OOPUIHUX YaCTHHOK
nuisaxoM nonasanHsa yactuHok NbB; no BEC.

Onnak, mMONpH HaSBHI YCIXHW, OUIBIIICTE POOIT 30cepemKyeThest a00 Ha Baxknx BEC Ha ocHOBI
TYroIUIaBKHX eJIeMeHTiB, a00 Ha Jierkux BEC 0e3 ontumizarii ckiaamy tyromiaskux ¢as [9, 10, 15, 16]. Lie
BU3HAYAE aKTYAIbHICTh MOAAIBIINX JOCHIKEHb, CIIPSIMOBaHUX Ha cTBOpeHHSA Jierkux BEC 3 kepoBanum
dbopmyBaHHIM KapOimiB, OOpwIiB, HITPHUAIB Ta OKCHUAIB mis camoapmyBaHHs BEC warpwri, mo
3a0e3neyyBaTUME HU3bKY T'YCTHUHY, IMiIBUIICHY KaPOMILIHICTh Ta CTIMKICTh 10 OKMCHEHHS, HEOOXITHI JIJIst
neranei aBianiitHux TypOiH [13-16].

IMocTranoBka 3aBaaHb. BUxoasuu 3 BUILEBUKIAAEHOTO OCHOBHOIO METOIO AaHOi poOoTu Oyio
CHHTE3 Ta JIOCII/DKCHHSI JIETKOTO BHCOKOSHTPOMIMHOTO CIUIaBy 3 KOMIO3HIIHHOIO CTPYKTYPOIO THITY
«MeTajeBa MATPHIl — TYTOIUIABKI CHONYKH», OTPUMAHOI0 HULIXOM iN-situ opMyBaHHS TYroOIIaBKUX
CIOJNIYK BHACHiZIOK BBEACHHS HEMETAJCBOTO €JIEMEHTY Ta IIBHAKMM HAarpiBaHHAM MaTepiany o
TEMIIeparTyp IJIaBICHHS.

VY sAKOCTI MeTaleBHX CKJIaaoBuX ciuiaBy obpano Al, Ni, Cr ta Ti. Taka koMOiHallisl €JIEMEHTIB
3abe3neyye:

1) sumxkenns ryctunu (Al, Ti):

2) TiJBHIICHHS MEXaHIYHUX XapaKTepUCTUK 3a paxyHok Al, Tira Cr [9, 13-15];

3) mocrarHIO IIacTUYHICTE 3aBasku Ni ta Ti [13, 14, 20, 21];

4) CTIHKICTB 10 KOPO3ii Ta OKUCHEHHS, & TAaKOXK TepMocTabiibHicTs (Al, Ti, Cr) [9-12, 15];

5) ymoBu mis B3aemonii TyromnaBkux metaiiB (Ti, Cr) i3 6opom 3 meToro (opmyBanHs in-Situ
YaCTHHOK TYTOIUTaBKUX CTIONyK (OopumiB) [22-24, 27, 28].

VY skocTi HeMeTaeBoi ckiaoBoi oOpano 6op (B). 3a maHMMU cy4acHHX IOCIIKEHb, JOAaBaHHS
oineinocti HemeraneBux enementiB (C, B, N, O, Si) no cknany BEC cripusie 3miliHeHHIO MaTepialy, OIHaK
sl 0araThoX 13 HHX KpUTHYHHM (QaktopoMm € ix konueHtpamis [17-19]. Hanpukmnan, BBemeHHS
migBumieHnx kouneHTpaniit C abo N o tBepaoro po3unny BEC MaTpuii cyTTeBo 30imbirye ii TBepaicTsh 1
MIIHICTh, TIPOT€ B 0araThOX BHUMAAKAX CYNPOBODKYETHCA 3HIDKCHHSM IUIACTUYHOCTI Ta B S3KOCTI
pyitnyBanns [17, 18, 20, 21]. Harowmicts Bucokuii BmicT 6opy y BEC, noeananuii 3 yrBopeHHsM in-Situ
TUCTIEpCHUX OOpHUIHUX (Da3 1 3MIITHEHHAM METalIeBOI MAaTPHII aTOMaMH MTPOHUKHEHHS, (POpPMy€E KOMITIIEKC
MiJBUIIEHAX MEXaHIYHUX XapaKTepPHCTUK (MIIHICTB, TBEPIICTh, TEPMOCTIMKICTh) 3a 30epekeHHS
NPUIHATHOT TUIacTUYHOCTI [22—-28].

Metoau orpumannsi BEC/kommo3uty. Y 1aHoMy J0CHi)KeHHI BUKOPHCTOBYBaJIM KOMOiHOBaHUH
Metox orpuMmanHHd BEC miisixoM IOBroTpuBajoro MeXaHIYHOTO JIETYBaHHS Ta BHUCOKOIIBUAKICHOTO
€JIEKTPOHHO-TIPOMEHEBOTO CIiKaHHA. MeToA MEXaHIYHOTO JIETYBaHHS JIO3BOJISIE OTPUMATH MPAKTHYHO
OJHOPITHI HAHOCTPYKTYpPOBaHi MOPOLIKHU CIUIABIB, HABITh 32 YMOB 3HAYHOI Pi3HUII B aTOMHHUX pajiycax,
CTPYKTYpi Ta eNeKTPOHETaTUBHOCTI BUXiTHUX KOMITOHEHTIB [ 18, 19]. MexaHiuHe neryBaHHS MTPOBOAMIN B
wianerapHomy mimHi Retsch PM100 y cepenouiii 6ensuny. IBuakicts ooepranus — 400 06/xB. Yac
neryBanHs — 10 rox (ue Bkimtovatoun 10 XB 3yNMHKH MMicis KOKHUX 10 XB po3MentoBaHHS Ij1s1 YHUKHEHHS
MeperpiBaHHsg MOPOIIKOBOTO Matepiamy). Matepian po3MenbHHX Tinl Ta OapabaHy — TBEpAWA CIIIaB
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WC-6Co.

B Toii e yac BUKOpUCTaHHS €JEKTPOHHO-TIPOMEHEBOIO METOy HArpiBaHHs Marepially J03BOJISIE
30eperTu BUXiOHY HAHOCTPYKTypy Ta BnactuBocTi BEC, oTpumaHoro micis MeXaHi4HOTO JieryBaHHS,
BHACJIIIOK BHCOKOI IIBUAKOCTI HarpiBanHs (30-60 c¢), KOpOTKOro 4acy TepMidHOi 0OpoOku (He Oinbliie
JIEKUTbKOX XBWJIMH) Ta oxoiojpkeHHs (1o 60 c¢) [10, 16]. [Ipu npomy HajgaHoi eHeprii JOCTATHBO JUIS
MPOXODKECHHS in-situ peakmii Mk MeTanaMu Ta HemeTaioM [27]. B naHoMy nociipKeHH] 4ac BUTPUMKH
cranoBuB 60 c, TeMIepaTypa MaKCUMaJIbHO OJIM3bKa 110 TemriepaTypu ruiaBienHs BEC.

Mertoau nociaimkenb. CTpykTypy Ta (a30BUi CKJaj MMOPOIIKOBUX Ta CIIEYCHHMX 3pa3KiB CIUIABIB
BUBYAJIM 3a JONOMOrOI0 peHTreHiBcekoro audpaxtomerpa Ultima [V, Rigaku (Anonis) y
MoHoxpomatnyHoMy Cu-Ko-BUNpomiHIOBaHHI 3a CTaHZAPTHUMH METOAMKAaMH. MIiKpOCTPYKTypy
nopomkoBoro BEC Ta oTprMMaHOro KOMIIO3MIIMHOTO MaTepially IOCHIDKYBaIM 3a JIOTIOMOTORO
cKaHyrodoro enekrpoHHoro Mikpockona Axia ChemiSEM (Thermo Fisher Scientific), ocnamenoro
CHEeProIUCIEPCIHHUM PEHTTEHIBCHKUM MikpoaHamizatopoM TrueSight X 1y BU3HAUYEHHS €IEMEHTHOTO
CKJIAJLy.

Buknanennst ocHoBHOro marepiany. Ha puc. 1 npencraBieHo ClieKTpH peHTIeHIBChKOT qudpaxiii
nopouikoBoro cmiaBy AINiCrTiB BEC micns MexaHIYHOTO JIETYBaHHS Ta €JIEKTPOHHO-IIPOMEHEBOI
00poOKkH. Sk BUAHO 3 OTPUMAHHMX pPE3yNbTaTiB, BUXIAHWU TOPOIIKOBH CIUIAB TICISI MEXaHIYHOTO
neryBanHs nipotsiroM 10 rox (puc. 1a) cknagaeTses 3 ABOX TBEPAMX PO3UMHIB 3amimieHHs: Ha ocHoBi OLIK
(B-daza) ta I'lIK (o-aza) kpucramivyHUX CTPYKTYyp. BiAmOBiMHO A0 iHTEHCHBHOCTI IU(PPAKIiHHAX
MaKCHUMYMIiB, JOMiHYI040I0 € B-(haza. OOuaBa TBEpAl PO3UNHH XaPAKTEPU3YIOTHCS 3HAUHUM PO3LIUPEHHIM
JUQpaKIitHIX MAKCUMYMIB, IO CBIZYUTH PO HAHOCTPYKTYPHUI CTaH Ta HASIBHICTH CYTTEBUX BHYTPIIIHIX
Mikpozedopmariii. Ix GopMyBaHHs € HACTIIKOM iHTEHCHBHOI MIACTHYHOT AeopMallii, Kka BifOyBaeThCs
IiJ] 9ac MPOIeCy MEXaHIYHOTO JISTYBAaHHS Ta CYIIPOBOIKYETHCS TOJAPiOHEHHSIM YaCTUHOK 1 HAKOTTHYEHHIM
neeKTiB KpUCTANIYHOT IPATKH.

OxpiM mudpakmiifHuX MaKCHMyMIB, IO BIiATIOBIMAIOTh TBEPAWM pPO3UHWHAM, y CHEKTpaxX UiTKO
ineHTudiKoBaHO MakCUMyMH Bif HepozuuHeHoro Ti. Lle moB’s3aHo 3 ThM, mo arom Ti Mae oauH i3
HaOLIPIIMX aTOMHHUX pafiyciB (~147 mMm) cepell KOMIIOHEHTIB CUCTEMH, IO iCTOTHO YCKJIaTHIOE HOTO
posunnenns y OIIK (B-daza) ta T'TIK (0-dasza) TBepaMx po3urHAX Ha paHHIX Ta HABITH IM3HIX CTAmisIx
MEXaHI4HOTO JIeryBaHHs. 3Ha4YHi BiAMIHHOCTI aTOMHHX PaiyciB 1 XapakTep eHeprii 3MilllyBaHHS B CHCTEMI
00MEXXYIOTh CTYMiHb B3a€EMHOI PO3YMHHOCTI, BHACHIZOK 4Oro HaBiTh micig 10 roa JeryBaHHS yacTHHA
TUTaHy 30€piraeTbCcs y BUIIAAI OKpeMol (a3u, IO MPOSABISETHCA y BUINIAAI OKpeMuX IupaxiiiiHux
MaKCHUMYMIB.
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Puc. 1. Cnextpu pentreHiBebkoi nudpaxuii mopomkosoro AINiCrTiB BEC micasn (a)
MeXaHiYHOT0 JieryBaHHs Ta (0) eJ1eKTPOHHO-NPOMeHEBOI 00pOOKH

CEM 300paxennss vactuHok mopoiikoBoro AINiCrTiB BEC micias MexaHIYHOTO JIeryBaHHS
HaBeleHO Ha puc. 2. OTpUMaHWA MOPOITKOBUN CIUIAB MPEACTABIsAE cO00I0 MpiOHI (10 5 MKM) YaCTHHKHU
HenpaBUIBHOI GopmMu (puc. 2a), IO € HACTIAKOM aKTUBHOTO MOAPIOHEHHS Ta «XOJOJHOTO0» 3BapIOBAHHS
i 9ac IHTEeHCUBHOI INIACTUYHO] AeopMarii B MpoLieci MEXaHiYHOTO JIEryBaHHs. Taki HUKIN NoApiOHEeHHS
Ta 3BapIOBaHHS MpPU3BOJAATH JO HAKONMHWYEHHS BHYTPIIIHIX MIKpOHANpPYXKEHb, (opMyBaHHS
HAaHOCTPYKTYpHOTO CTaHy Ta, BiANOBIIHO, MiJBUILEHHS MEXaHIYHHX XapaKTEepUCTUK CHOPMOBAHOTO
cruay [9, 10, 17, 18, 19].
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MIiKpOCTPYKTypa OKpEMHX YaCTHHOK a00 IX arioMmepaTiB (puc. 20) npeacraBieHa JB0Ma OCHOBHUMHM
¢azamu: cBiTio-cipoto B-hazoro Ta cipoto a-¢pazoro. f-aza cTaHOBUTH OCHOBHY YAaCTHHY MaTepiany Ta
XapaKTepu3yeTbes MiaBuiIeHUM BMicToM Cr, Toai siK a-¢pa3a GopMyeThCsl y BUTTISAI TOHKHUX MPOILAPKIB
MiXx 3epHamu B-(ha3u Ta 30aradeHa Ha Ni ta Ti. Taka Mop¢oioris € TUIIOBOO AJis1 0araTOKOMIIOHEHTHUX
CHCTEM TICJIsI TPUBAJIOTO MEXaHIYHOTO JIETYBaHHS, KOJH BiIOYBa€Thesi (GOpMyBaHHS HAHOCTPYKTYPHHX
nrapiB a00 BKIIIOUEHb Yepe3 HEOAHOPIAHMH PO3MOiN Ta Pi3HY €HTANbIIII0 3MIITyBaHHs KOMITOHEHTIB [9, 10,
13, 18]. Okpim ocHOBHHX (ha3, Y MIKpOCTPYKTYpi BHSBICHO IMOOAWHOKI cBiTii BKitoueHHs WC, 1o €
pe3yIbTaTOM 3HOIIYBaHHS TBEPAOCIUIABHHX PO3MENBHUX TUT Y TPOLECI TPUBAJOTO JieryBaHHS. Takox
CTHIOCTEPIraloThCcsl TEMHI BKJIIOUEHHS HEpo3uyMHEHOro Ti, MI0 y3TrO[DKYEThCS 3 IAHHUMU PEHTI€HiBCHKOL
audpakiii i MOSCHIOETbCS 0OMexeHor po3unHHiCTIO T1 B OLIK- Ta T'IIK-TBepanX po3dnHaxX 3a yMOB
KOPOTKOTPUBAJIOTO MEXaHIYHOTO JIETYBaHHSI.

[}

]
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:‘l.‘.f "“‘:.. w

Puc. 2. CEM 300paxkenHs yacTuHOK nopomkoBoro AINiCrTiB BEC micsisi MexaHi4HOr0 jJ1eryBaHHsA:
(a) mopdouJioris; (0) MmikpocTpyKkTypa

[Ticast eneKTPOHHO-IIPOMEHEBOI 0OPOOKH B CIIEKTpaxX PEHTICHIBCHKOI TUGPAKIII CIIOCTEPIraloThes
neBHi 3MiHu (puc. 10). Y nepury uepry ciig BigMiTUTH, 1o cknag metaineBoi Matpuni BEC Ha ocHoBi - Ta
a-a3z 30epiraerscs. 3HaYHE PO3LMIMPEHHS OUQPPAKIIMHUX MaKCUMyMiB Ta HE3HA4YHE MiABHIICHHS iX
IHTCHCHBHOCTI, HE3Ba)KAlOYM Ha PEJIaKCallil0 YaCTMHH BHYTPIIIHIX MIKPOHANPY)KEHb 3a IIIBUIICHUX
TEeMIIepaTyp, IO3BOJISIOTH CTBEP/DKYBATH PO 30€pEKEHHSI HAHOCTPYKTYPHOTO CTaHy TBEPAMX PO3UMHIB
micyIsl BUCOKOTeMIIepaTypHOi 00poOku. KpiM 1poro, crnocTepira€rbcsi HEBENMKUHM 3CYB OUQpaKLIiiHUX
MaKCUMyMiB 000X TBEpJUX PO3YMHIB Y OiK MEHIIMX KyTiB 20 (puc. 1), o0 CBiqUuTh NpO 301TbIICHHS
napaMmeTpiB iX KpUCTATIYHUX IPaToK. Ile 00yMOBICHO PO3UMHEHHIM 3aIMIIKOBHX aToMmiB Ti B IpaTkax
TBEpPAUX PO3YMHIB 32 MiABHLICHUX TeMmmepaTyp. OKpiM MakCHMyMiB, IO BiJANOBIiJAIOTh TBEPAUM
pPO3UMHAM, y CIEKTpax PEHTTeHIBCbKOI AM(pakmii TaKoX CIOCTEPIraroTbesi AOCTATHHO 1HTEHCHBHI
MakcumyMHu Bif 6opuaaux (a3 Ha ocHoBi Ti (TiB) ta Cr (Cr:Bs3). ®opmysanus nux a3 € odikyBaHUM,
ocKkiTbkH atoMHi nmapu Ti-B Ta Cr-B MaroTh HallHWK4i 3HAYCHHS SHTANBIIT cepe]] MOXKIMBHX OiHApPHHX
OOpHIIiB Y TaHIl €IIEMEHTHIH CUCTEMI, 110 POOUTH X TEPMOJAUHAMIYHO HAWCTAOUTHLHIIIIMMY 32 ITi/IBUIIICHUX
TeMIIeparTyp.

Ha puc. 3 mpencrasineno CEM 300paxkenns 3pazka AINiCrTiB BEC miciis e1eKTpoHHO-TIPOMEHEBOT
00poOKkH. SIKk BUAHO 3 PHUCYHKY, KPiM HIDKHBOI YaCTHHH, IO CKJIAJA€THCS 3 HECIIEYEHOTO MOPOIIKOBOTO
Marepialy, B CIUTaBi MOXHA BUIITUTH 4 OCHOBHI 30HU TEPMIYHOTO BILUIHBY:

1) moBepxHeBa 30Ha (BUCOKI TEMIIEPATYPH, BIZICYTHICT MPSIMOT0 KOHTAKTY 3 TPOMEHEM);

2) ueHTpajJbHA 30Ha (MAaKCHMAJIbHI TEMIIEPATyPH, IPSIMUIA KOHTAKT 3 TIPOMEHEM);

3) BHyTpilIHA 30Ha (ycepeaHeHa TeMIieparypa, CllikaHHs MaTepiaiy);

4) nedexTHa 30Ha (3HWKEHA TEMIIEPATYpPa, YACTKOBE CITIKAHHS).

HepiBHOMIpHICTh yUIiTEHEHHS Ta (OPMYBaHHS BEJIUKUX TPIILMH Y 3pa3Ky 3yMOBIICHI SIK BUCOKUMH
HIBUJKOCTSAMH HarpiBaHHA Ta OXOJOMKEHHS I dYac eJIeKTPOHHO-IPOMEHEBOI OOpoOKH, Tak i
HE/IOCTaTHHOIO TEPMIYHOI BUTPHMKOIO, & TaKOX 3HAYHOIO PI3HUICID B KOEQIIi€EHTaX TEPMIYHOTO
PO3IIMPEHHS MiXK METAJICBOI0 MATPHIICI0 HA OCHOBI TBEPAWX PO3UYMHIB Ta TYTOIJIABKUMH OOPHIHHMH
cnoinykamu. Haiibinpmn BupaxkeHi AedekTH crmocTepiraloTbcs y 30HAX JIOKAJIBHOTO II€perpiBaHHs
MOPOIIKOBOT MPECOBKH Ta HA MEKaxX MiXK MOBHICTIO 1 YaCTKOBO CIICUYCHUMH O0JIaCTSIMH MaTepiaiy.

Lle moxe OyTH MOB’S3aHO 3i 3HAYHUM UQPY3IHHUM TEPEpPO3MOAITIOM aTOMIB, HEOOXIMHUM s
YTBOPEHHS TYTOIUIaBKUX OopuaHuX (a3. [HTeHcMBHMI nuQy3iHHMI MOTIK TPU3BOAUTH 1O THMYACOBOTO
JIOKATBHOTO AeiuTy aToMiB Ha ()POHTI CITIKaHHS Ta BiAIOBIAHOTO OCIIA0IEHHS MIXKaTOMHHUX 3B’ SI3KiB, 1110
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PpOOUTH 11l 00J1aCTI 0COOJIMBO BPA3IUBUMHU 10 PYWHYBAHHS ITiJ] Yac MBUIKICHOTO OXOJIOIKCHHS.

Puc. 3. CEM 300pazxenns 3pazka AINiCrTiB BEC nicuisi esiekTpoHHO-IpoMeHeBoi 06pooKH:
(1) moBepxHeBa 30Ha; (2) HeHTpaabHa 30Ha; (3) BHYTpiliHs 30Ha; (4) gedexkTHA 30HA

Oxpemoi yBaru notpedye aHaii3 MiKpOCTPYKTYpPH BCiX 30H TEPMIYHOTO BILTUBY, IO CHOPMYBAITUCS
B 3pa3Ky IICIs EJICKTPOHHO-IIPOMEHEBOI 00poOku (puc. 4), OCKUIbKM caMe€ BOHHM BiZ0OpaXkalOTh
0COOJIMBOCTI MOBEIIHKM MaTrepiajlly 3a YMOB IHTCHCHBHOI'O BHCOKOTEMIIEPATypHOrO HarpiBaHHs. 30Ha
MOPOLIKOBOr0 HECTICUEHOT'0 MaTepialy TyT HE PO3TIIAAA€THCS, OCKUIBKH 11 CTPYKTYpa HOBHICTIO BiAIIOBiIa€
BUXIJIHOMY HOPOLIKY (pHc. 20).

Ha moBepxHi 3pa3ka miciast 00pOOKH BUAUIAIOTHCSA JBI OCHOBHI 30HHU (puc. 3, 30Hu 1 Ta 2). Y
LEHTpaJbHIi 30HI (IKCYETbCS MakCHManbHa Jis TEMJIOBOTO MOTOKY, IO € PE3yJbTaTOM MpPSIMOTO
OIIPOMIHEHHS €JIEKTPOHHUM IYYKOM. Y TOBEpXHEBiH 30HI 3pa3ka HarpiBaHHS MOBEPXHi 3abe3neuyBanocs
TPHBAJIOIO TETUIOBOIO Ji€I0 Oe3 MPSMOro KOHTAKTy 3 eIEKTPOHHUM MOTOKOM, 3aBJISIKA YOMY TEMIIepaTypa
00poOKH OyIa OIMKYOI0 JI0 ONTUMAITBHOI. Y pe3yNbTaTi B IOBEPXHEBiH 30Hi (pHc. 4a) HOpMYIOThCS Maiike
neperuiaBieHi 00JacTi, MPeACTaBIeH! CBITIOI METaJeBOI0 MATPHULECI0 HA OCHOBI TBEPAMX PO3UMHIB Ta
KPYITHUMHU TIPSMOKYTHUMH TEMHUMH BKIFOYeHHsMEH TiB. Takoxk MOJEKyIW BHUSBISIOTHCS IMOOJAWHOKI
IECTUKYTHI yacTUHKU TiB 3 reKcaroHajabHOIO CTPYKTYPOIO, KIJIBKICTh SIKHX € HEAOCTAaTHBOIO I iX
HaJiiHOI i1eHTH(iKaIlii 32 JOMTOMOTOI0 PEHTTCHOCTPYKTYPHOTO aHayizy (puc. 10).

B uenrpanbHiii 30Hi 3paska (puc. 40) wactuaku TiB/TiB, Bxe He BusABIAOThCA. Hatomicts y
BIJIMTOBIIHIH MIKPOCTPYKTYPI CIIOCTEPIraeThCs 3HaYHA KIJIbKICTh BUAOBKECHHUX BKIItoueHb CroBs. BupakeHa
nedekTHICTh OBEpXHi, HAsSBHICTh MOAPSINUH Ta YAaCTKOBE PYHHYBAaHHS CTPYKTYPH IMX BKJIIOYCHBb IMPU
nutiyBaHHI CBiAYATE PO iX HU3bKY MEXaHIUHY MilHICTh. @OpMyBaHHS MOAIOHOT CTPYKTYPH CILIIaBY MOXKeE
OyTH 1OB’s3aHe 31 MBUAKKM IutaBiacHHsIM HasBHOro y ckiaai AINiCrTiB BEC nepo3uunenoro Ti, 1o
MPU3BOJIUTH JI0 HOTO TIEpeHEeCeHHs Y TIHOIII [IapH IiJ| 9ac iHTEHCUBHOTO TeperuiaBieHHs. OJIHOYaCcCHO
gactuaku OLIK tBeproro pozumnny (B-¢asu), SKi MiCTITh 3HaYHY KiJIBKICTh aTOMiB IPOHUKHEHHS (00pY),
MOXYTh CITyTYBaTH 3apojkamu Juis (GopMyBaHHS B mepmry 4epry BrmoudeHb CraBs, Tomi sk Oinbin
tyromiaBkuii TiB/TiB; yreoproerscs misHimnre. 1le y3romKyerbes 3 MMiIBUIIEHOI0 KOHIIEHTPAI[IEI0 TEMHHX
OopuaHuX BKIOUeHb TiB y mepexigHoMy mpolapKy MiX HEHTPaTbHOIO 30HO0 Ta MOYaTKOM BHYTPIIIHBOT
30HU 3 KOMITO3UIIIHOIO CTPYKTYyporo (puc. 40 Ta 4B), IO CBIAYUTH MPO TMOCTIAOBHE Ta MPOCTOPOBO
HepiBHOMIpHE (popMyBaHH OOpUAHMUX (a3 3aIeIKHO BiJl JOKAIBHUX YMOB HArpiBy.

Hatomicte MiKpocTpykTypa BHYTPIIIHBOI 30HM 3paska (pHc. 4B) Micisl €IeKTPOHHO-IIPOMEHEBOI
00poOKH sBISIE COOOI0 KOMIIO3MT, IO CKJIAJAETHCSA 31 CBITJIOI METaleBOi MAaTpPUIll Ha OCHOBI TBEPAUX
PO3UYMHIB Ta BEIHMKOI KIJILKOCTI JINCTIEPCHUX BKIFOUYEHb PO3MIpOM He Ounblire 2 MKM. L1 BKITIOYEHHS MalOTh
HEeTpaBUIbHY a00 MPSAMOKYTHY (JopMy Ta, BiIMOBITHO J0 PE3yJbTATiB JOKAIBHOTO €JIEMEHTHOTO aHaIli3y,
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Bignosimarots TiB.

bopuani
YaCTUHKH

Puc. 4. Mikpoctpykrypa 3pa3ka AINiCrTiB BEC nicis e1eKTPpOHHO-NIPOMeHEeBOI 00pOOKH:
(a) nmoBepxHeBa 30Ha; (0) HeHTPaJIbHA 30HA; (B) BHYTPIlIHA 30HA; (T) Ae(peKTHA 30HA

Posmonin TyromimaBkux OOPHIHHUX YACTHHOK Y BHYTPIIIHIM 30HI € OibII PIBHOMIPHHUM, IO MOXE
OyTH TOB’sI3aHO 3 BUPIBHIOBAHHSIM TEMIIEPATYpPHOTO IOJIS Ta OLIbLI CTaOiNbHUM nepebiroM nudy3iiHuX
nporeciB y TIMOMHI MaTepiany mia yac OLTbII TPUBAJIOrO JIOKAJIbHOrO HarpiBaHHs. Lle Takox Moxke OyTH
00YMOBJICHO HAsBHICTIO 3aQJIMIIKOBOIO 0OPY Yy BHXIIHOMY IMOPOIIKOBOMY cIutaBi. OCKiibKH OOp €
amMopdHUM MaTepianioM, HOr0 HEMOKIHMBO IACHTH(IKYBATH 3a IOTMOMOTOI0 PEHTT€HIBCHKOI AudpakLii y
Takiii 0araTOKOMIIOHEHTHIW CHUCTEMi, OJJHaK II¢ HE BUKJIIOYA€E MOTr0 KOHIIEHTpAIlii Ha Mekax 3epeH abo
JaCTHHOK MopoIuKy. Ha moyaTtkoBux eramax HarpiBaHHS O0Op MOKe iHTEHCHBHO pearyBaTé 3 METaJICBUMHU
eJIeMEHTaMH Ta 1X OKCHAMH, a IiC/Is 3aBEPIICHHS [UX PEAKI[ii TeMIepaTypa CUCTEMH CTaOlIi3y€eThes, M0
cpusie OUIBII PIBHOMIPHOMY PO3NOALTY OopuaHuX (das3.

luprHa BHYTPIIHBOI 30HM CTAaHOBUTH ONM3bKO 2—-3 MM (pHC. 3) Micis eNeKTPOHHO-TIPOMEHEBOT
00po6ku mipotsaroM 1 xBuimHM. [Ticns Hel crioctepiraeThes AedekTHa 30Ha (puc. 4T), MO CKIAJAEThCS 3
YaCTKOBO CIICYEHUX IOPOLIKOBUX YAaCTHHOK. Y I 00yacTi BUSIBISETHCS 3HAYHA KUIBKICTH MOP, IO
CBIZUUTH PO HEAOCTATHIN PiBEHB TEIUIOBOI €HEPTil U1 3aBepLIeHHs Iu(Y31MHUX 1 peakiifHUX IPOLECIB,
HEOOXITHUX Uit (OPMYBaHHS KiHIIEBOI CTPYKTYPH CILIaBy Ta Horo ymigbHeHHs. [Ipu mpoMy BcepenuHi
YaCTKOBO CIICUCHUX YaCTHHOK (DIKCYEThCS BEJIMKA KIIBKICTh CIpUX NPIOHOAMCIIEPCHUX BKJIHOYCHB, IO
CBIUUTH IMPO MOYATOK (HOPMYBaHHA 3apOAKiB OopuaHUX (a3 yXe 3a BIJHOCHO HU3BKHX TEMIIEparyp,
CYTTEBO HWKYMX 3a TEMIleparypy IUIaBICHHS OCHOBHOTO Matepianmy. lle Bkasye Ha BHCOKY
TEPMOJIMHAMIYHY CTaOUIbHICTE OOpUIIB Ta iX paHHE 3apOJPKEHHS IiJi Yac HHU3BKOTEMIIEPaTypHOTO
HarpiBaHHs, 3HAYHO HIDKYE TEMIIEPATyp MJIaBJICHHS.

BucHoBku. Y po0OTI NpOBEIEHO IOCHIIKEHHS CTPYKTypH Ta (ha30BOro CKIAAy JIETKOrO
BucokoeHtporiitHoro cmiaBy AINiCrTiB, oTpuMaHoro muisixoM MeXaHiqyHOTO JIETYBaHHS Ta IOAaJbIION
eNIeKTPOHHO-TIPOMEHEBOi 00poOKH. BcTaHOBIEHO, IO MiJX Yac €JIeKTPOHHO-IIPOMEHEBOIO HarpiBaHHS B
nopouikoBomy AINiCrTiB BEC ¢opmyrotses in-situ 6opunni BximtodenHs TiB/TiBz ta Cr:Bs. Ilpu
HarpiBaHHI J0 TeMIIEparyp, 10 MEePEBUILYIOTh TEMIIEPATypy IJIaBICHHS MaTepiany ado OiIbIIOCTI HOro
KOMITOHEHTIB, IOBEPXHEBHH IIap IOPOIIKOBOI IPECOBKU IeperuiaBisieTbesa. Lle mpu3BomuTh 110
(opMyBaHHS MeTaleBOi MaTpULi 3 KPYMHUMH, OTPaHEHUMH 32 (HOPMOIO OOPHIHMMHU BKIIOYCHHSIMH. Y
BUIAJKY HAJIMIPHOTO IeperpiBaHHS NEpIIOUeproBo yTBoproeThes Cr:Bs, mo Mae HKYy Temmeparypy
wiaBieHHs nopieHsHo 3 TiB/TiB,. HatomicTh 3a yMOB OUIbII PIBHOMIPHOIO HArpiBaHHS MPH HUKYUX
TeMIIeparypax CHOCTEPIraeThCsl 3pOCTAaHHs KUIBKOCTI BKIIOUEHb TiB BHAcHiIOK MOCTYMOBOi B3aeMOAii
HEPO3YMHEHOTO THUTaHy 3 aroMaMu Oopy. MiX mepemjaBleHHMMH 30HAMH 1 BHYTPIIIHIMH 30HaMu
00po0bsieHOr0 Matepiany (OpMYyeTbCS TOHKHUN IMEPEXiAHUK IMPOIIAPOK, MO CKIAAAE€THCA 3 OOPUIHUX
BKII0YeHb Ha ocHOBI Ti. Came BiH 3a0e3neuye nogansiie GopMyBaHHs OUTBII PIBHOMIPHOI KOMITO3UTHOT
CTPYKTYpH, L0 CKJIAQAA€TbCA 31 CBITIOI MeTaneBoi MaTpulll Ta [ApiOHOAMCHEPCHHUX PIBHOMIPHO
pO3MOoIiIeHnX YacTHHOK TiB.
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Binomocti mpo ¢inancyBanus. Ile mociimkenHs Oyno mpodiHAaHCOBAaHO B paMKax IPOEKTIB
HarmionansHoro Qouay nocuimkens Ykpainu, rpant Ne 2023.03/0053 (MiKpOCTPYKTypHUU aHai3,
BKIIIOYHO 3 JIOKAJIbHUM €JIEMEHTHHM aHaJli30M i3 BUKOPHCTaHHSAM OOJagHaHHS, NpUAOAHOTO 32 KOLITH
®onmy), Ta MiHicTepcTBa OCBITH 1 Haykd YKpaiHwm, HoMmep nepskaBHOi peectpartii 0124U000913
(mocHiKEHHST  PEXUMIB  €JEKTPOHHO-TIPOMEHEBOTO  CIIKaHHs, Tig0lp KOMIIOHEHTIB  CIUIaBy,
PEHTICHOCTPYKTYPHHUH aHai3).
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I.B. CamoneHko
Jhyyvkuti Hayionanbhull mexHivHull yHigepcumem

WMOBIPHICHI MOJIEJI JIISI AHAJII3Y TA TIPOTHO3YBAHHSA
JOBI'OBIYHOCTI APXITEKTYPHUX OB’€EKTIB

Y emammi posenanymo 3acmocysanns iimogipnicnux mooenei 011 ananizy ma nPocHO3yY6aHHA 006208IYHOCHI
apximekmypnux 00°’cKmi¢ 6 ymMoeax HeGU3HAYUeHOCMI eKcniyamayiiunux i mamepianvnux napamempis. Memooonozin
00CNI0MHCEHHA TPYHMYEMbCA HA 6UKOPUC AHHI MOOeeli meopii Hadiiinocmi ma ananizy yacy 00 6i0Mosu, 30Kpema po3noodinie
Beitoynna ma noznopmanvnozo po3noodiny, AKi WUPOKO 3ACHIOCOEYIOMbCA 0N ORUCY npoyecie dezpadauyii 0yoieenbHUX
Mmamepianie i Koncmpykuyii. Y pobomi eukopucmano cunmemuuni 0ani, 3M00€1608aHi HA OCHOBI EMRIPUYHUX PE3YSIbMAmie
nonepeonix 00cnioNcenb 006208iYHOCMI OemOnKuUX i KOHCmPYKYiinux mamepianie. /Ina oyinku umogipnocmi ¢iomosu ma
RPOCHO3Y6AHHA CMPOKY CAYHCOU aAPXIMEKMYPHUX 00’CKMi6 3ACMOCO8AHO Memoou CmpPYyKmypHoi Hadiinocmi ma
Mmooenoeanns Monme-Kapno. Ompumani pe3ynomamu 0emMoOHCHMPYIOmMb egeKmuenicms MOGIPHICH020 niOX00y 014
KInbKicHoi oyinKu pusukie Oezpadauyii ma 00360714A10Mb GU3HAYAMU OYIKY6AHUI CMPOK eKCHAYAmMauii 3 ypaxyeamHam
eapiabenvnocmi éniaugosux hakmopis. 3anpononosanuil nioxio moice dymu UKOPUCMAHUI AK THCMPYMEHM RIOMPUMKU
npuaHAmMma piwiens y npoyeci npoCKmyeants ma Oyini06anna HadiiHOCMI apxXimeKmypHux 00’ ckmis.

Kntouosi cnosa: iimogipnicni mooeni, 006208iuHicIb apXimeKmypHux o0 €kmis, cmpykmypHa HAOIIHICMb, po3nooin
Betibynna, noenopmanvruil po3noodin, ananiz uacy 0o 8iomosu, mooenosants Monme-Kapno, npocnoszysanms cmpoxy ciyacou

l. V. Samonenko

PROBABILISTIC MODELS FOR THE ANALYSIS AND PREDITION OF THE
DURABILITY OF ARCHITECTURAL STRUCTURES

This paper examines the application of probabilistic models for the analysis and prediction of the durability of
architectural structures under uncertainty in material properties and operational conditions. The research methodology is
based on reliability theory and time-to-failure analysis, with particular emphasis on the Weibull and lognormal distributions,
which are widely used to describe degradation processes in building materials and structural systems. The study employs
synthetic datasets generated on the basis of empirical results reported in previous investigations of the durability of concrete
and structural materials. Structural reliability methods and Monte Carlo simulation are applied to estimate failure probabilities
and to predict the service life of architectural objects. The results demonstrate the effectiveness of the probabilistic approach
for quantitative assessment of degradation risks and enable the estimation of expected service life while accounting for the
variability of influencing factors. The proposed methodology can be used as a decision-support tool in the design process and
in the reliability assessment of architectural structures.

Keywords: probabilistic models, durability of architectural structures, structural reliability, Weibull distribution, lognormal
distribution, time-to-failure analysis, Monte Carlo simulation, service life prediction

AHami3 JiTepaTypHuX JKepejl Ta MoOCTaHOBKa Tmipodaemu. IIpoOGrema mTOBroBiYHOCTI
apXiTeKTypHHUX O0’€KTiB € OJHIEI0 3 KIIOUOBHMX Yy Cy4yacHild Teopii Ta mpakTuui OymiBHUUTBA, OCKIIBKU
CTPOK CITy>KOM KOHCTPYKILIH BU3HAYAE HE JIMIIEC eKOHOMIYHY e()eKTUBHICTB, ajle i 0e3MeKy eKcIuTyaTanii Ta
CTaNICTh ApPXITEKTypHOTO cepemoBuIa. PeanbHI yMOBH eKCIUIyaTallii OyIiBeNlb XapaKTepU3YIOTHCS
3HAYHOI0O HEBH3HAYCHICTIO, 3yMOBJICHOIO BapiaOCIbHICTIO BJIIACTHBOCTEH MaTepialliB, BIUIHBOM
KJIIMaTHYHUX YNHHMKIB, HABAHTAXXECHD 1 IPOLIECIiB Jerpaarii, 0 YHEMOKIIMBIIOE TOUYHE ACTEPMiHICTUYHE
MIPOTHO3YBAHHS iIXHBOTO pecypcy. Y 3B’S3Ky 3 IIUM y CyYaCHUX JOCTIKCHHSIX yce OUIBITOTO MOMHUPEHHS
HaOyBarOTh IMOBIPHICHI TMiJIXOJIH, SIKi O3BOJIIOTH KUTbKICHO BPAXOBYBATH BUTIAJIKOBHI XapaKTep MpoIieciB
pYHHYBaHHSI Ta CTapiHHS KOHCTPYKLIH [5].

OnHuM 13 HAMOIBII MOMIMPEHUX THCTPYMEHTIB aHaJi3y JOBIOBIYHOCTI MaTepialliB i KOHCTPYKLIH €
BUKOPHUCTAHHS po3noiny BeiOyra, sskuil IUPOKO 3aCTOCOBYETHCS JUIsS MOJICIIOBAHHSI Yacy JI0 BiJIMOBH
Ta MPOLECIB BTOMHOIO pyiHYyBaHHs. ¥ poOoTax [1; 6] moka3aHo, 110 mapaMeTpu po3nojaily BeiiOyiia
a/ICKBaTHO OIHUCYIOTh CTaTUCTHYHI 3aKOHOMIpHOCTI Jerpajamii maTepiaigiB 1 JO3BOJIAIOTH OLHIOBATH
HMOBIpHICTh PYHHYBaHHS Ha Pi3HHUX eTarax ekcruryararii. Moaudikaris mapamerpiB MbOro po3MoiTy, 3
ypaxyBaHHSIM crielii(iKu HaBaHTa)KEHb 1 YMOB €KCIUTyaTallii, J1a€ 3MOTY TiJIBUIIIMTH TOYHICTh MPOTHO31B
JIOBTOBIYHOCTI, IO € OCOOJIMBO BYKIMBUM JUISI CKIIQJIHUX apXiTEKTypHUX KOHCTPYKIIii [6].

[opsin i3 posnominom BeliOyma, y 3amadax aHaii3y CTPOKY CIYXOH IMTUPOKO 3aCTOCOBYIOTHCS
JIOTHOPMAJIbH1 MOJIETi, SIKi BAKOPUCTOBYIOTHCS JJIsl OTIMCY JIAHUX BH)KUBAHHSI Ta 4acy JI0 BiIMOBH B YMOBaX
aCUMETPUYHUX po3nonimiB. Kinacuuni JOCHiKEHHs 3 aHali3y JOTHOPMaIbHHMX JIaHUX BIDKUBAHHS [3]
3aKJIJIM TEOPETHYHE MiAIPYHTS AJIsl BAKOPUCTAHHS LIbOTO MIAXO0y Y TEXHIYHUX CHCTEMaXx, Jie Aerpajaliiiai
MPOIIECH HAKOMUYYIOThCS MOCTYIOBO. JIOTHOpMalIbHHI PO3MOALT BUSBUBCS OCOOIMBO KOPUCHHM IS
MO/ISJTIOBaHHSI JIOBTOTPUBAJIHMX MPOIIECIB CTAPIHHSA OY/IBEILHIX MaTepiaiiB, [0 MAIOTh CKJIAJHY HEJTIHIHHY

TPUPOITY.
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3HaYHa YacTWHA CYyYaCHHUX IOCHIDKEHb 30Cepe/KeHa Ha HMOBIPHICHIM OIHIN JTOBTOBIYHOCTI
OeTOHHUX 1 3a/11300€TOHHIX KOHCTPYKIIH SIK OCHOBHHX €JIEMEHTIB apXiTeKTYpHUX 00’ €KTiB. Y mpawsix [2;
4] po3risAaoTHCs BIUIMBY LUKITYHUX TEMIIEPATypHUX HaBaHTaKEHb, MEXaHIYHUX HANpPYKEHb i BTOMHUX
MPOLICCIB HAa CTPOK CIY:KOM OCTOHHMX KOHCTPYKI[iH. ABTOPH HIiAKPECIIOIOTh, IO TpPaIUIliiiHi
JETEPMIHICTHYHI METOJIN HE JTO3BOJISIOTH aICKBATHO OLIIHUTH PU3MKH BIIMOBH, TO/I1 SIK IMOBIPHICHI MOIei
3a0e3MeyyIoTh OUIBII peasliCTUYHY OLIHKY HaJiHHOCTI Ta AOBrOBIYHOCTI 3 ypaxyBaHHSIM BHIIaJKOBOCTI
30BHIILHIX 1 BHYTPILIHIX YAHHUKIB.

BaimBUM HanpsiMOM CydacHHX JIOCHI/PKEHb € 3aCTOCYBAaHHSI METO/IIB CTPYKTYPHOT HAMiHHOCTI, sIKi
MOEAHYIOTh IMOBIpHICHI MOJeNi MaTepialiiB i3 MaTeMaTUYHUM OINMCOM IOBEIIHKM KOHCTPYKILiH y yaci.
CucrteMaTH4HI OTJISIIM METOIIB CTPYKTYpPHOI HaaidHOCTI [S] cBim4aTe Npo e(eKTHUBHICTH BUKOPHCTAHHS
IMOBIpHICHUX ITiJIXO/IiB JUISI OI[IHKU PU3HKIB PYHHYBaHHS Ta ONITUMI3allii TPOEKTHHUX PIllICHb. Y MEKax IUX
IIJIXO/11B 0COOJIMBE MiCIIe 3aiiMal0Th METOIU MOJIeIIOBaHHs MoHTe-Kapiio, siki 103BOJISIIOTH BIATBOPIOBATH
LIMPOKUHN CIIEKTP MOMJIMBUX CIIEHApiiB Jerpaaalii Ta OTpUMYBAaTH CTATHCTUYHI OL[IHKH CTPOKY CIIy>KOH
KOHCTPYKIIi# [7].

[orpu 3HauHUI 00CSAT HAYKOBUX JOCIHIIKEHb, OUIBINICTH POOIT 30cepemkeHa abo Ha aHami3i
OKpeMHX MarepiaiiB, a0 Ha KOHKPETHHX THIAaX KOHCTPYKIIH, TOAI SK KOMIUIGKCHHW IiIXiT 0
MTPOTHO3YBAHHS JIOBIOBIYHOCTI apXiTEKTYpHUX 00 €KTIB SK HITICHMX CHUCTEM 3aIUIIAETHCS HEIOCTATHHO
po3BuHeHNM. KpiM TOTO, y HasBHUX JIOCII/DKEHHSX YaCTO BiJICYTHE MOPIBHSUIBHE BUKOPHCTAHHS Pi3HUX
IMOBIpDHICHUX MOJIEJIei, IO YCKJIAQJHIOE BHUOIp ONTUMAIBHOTO I1HCTPYMEHTApIIO IS TPaKTUIHOTO
3aCTOCYBaHHSL.

VY 3B’sI3KY 3 IIUM aKTyalbHOIO € TpodJieMa po3po0IIeHHS Ta y3arajJbHEHHs IMOBIPHICHOTO MiXO.TY 10
aHawi3y i MPOTHO3YBaHHS JOBIOBIYHOCTI apXiTEKTypHHX OO0’ €KTiB, SIKMH OW MOEJHYBaB MOJEi Teopii
HaJIMHOCTI, aHali3 4Yacy no BigMoBu Ta Metoam MonTte-Kapmo. Takuit miaxin mo3Boisie HE WIS
OLIIHIOBATH OYiKYBaHHH CTPOK CITy>KOM KOHCTPYKIIIH, ajie i KiTbKiCHO BU3HAYaTH PiBeHb PU3HKY AeTpajarii
3 ypaxyBaHHSIM HEBH3HAYCHOCTI MaTepiallbHUX 1 eKCIUTyaTaliiHUX MapaMeTpiB, 0 BU3HAYAE HAYKOBY Ta
NPaKTHYHY aKTyaJIbHICTh JaHOTO HoCimKeHHs [1-7].

Mera i 3aBgaHHs AocJigxkeHHs. MeToro naHOi cTaTTi € pO3pOOJieHHS Ta 3acCTOCYBaHHS
HMOBIPHICHOTO TiAXOAY [0 aHallizy W TPOTHO3YBAaHHS JIOBTOBIYHOCTI apXiTEeKTYpHUX OO’€KTiB 3
ypaxyBaHHSIM HEBH3HAYEHOCTI MaTepialbHUX BJIACTUBOCTEW, EKCIUTyaTaIlliHUX yMOB 1 JerpafamiifHux
nporieciB. JlocmipkeHHsT cCripsMOBaHe Ha BUKOPHCTAHHS MOJeNeld Teopil HaliiHOCTI Ta aHaJi3y Yacy [0
BIIMOBHU JUIsl KUIBKICHOT OI[IHKH CTPOKY CIy’KOM KOHCTPYKIH i HMOBIpHOCTI IXHBOTO pyHHYBaHHS Ha
pi3HEX eTamax ekcrutyatamii. OcoOnuBa yBara MPHIUISETECS 3aCTOCYBAaHHIO po3moiiliB BeitOyina Ta
JIOTHOPMAIIBHOTO PO3MOILTY SIK 0a30BHX IMOBIPHICHHX MOJENEH, 10 IUPOKO BHUKOPHUCTOBYIOTHCS IS
OITHCY TIPOIIECIB CTApiHHS Ta BTOMHOTO pyHHYBaHH: OymiBeTbHUX MaTepiatiB 1 KOHCTPYKIiH [1; 3; 6].

Jiist [OCSTHEHHS TIOCTaBICHOI MeTH y poOOTi mependadeHo po3B’sI3aHHsI HU3KH B3a€MOIIOB’ I3aHUX
3aBIaHb. 30KpeMa, 3MIMCHIOEThCS aHami3 HAyKOBHX TIAXOMIB 10 MHMOBIPHICHOTO OIlIHIOBAaHHS
JIOBTOBIYHOCTI apXiTEKTypHUX 1 OyIiBEeTbHHX KOHCTPYKIIA Ha OCHOBI CYy4acCHHWX METOJIB CTPYKTYypPHOI
HaziHocTi [S]. OKpeMuM 3aBIaHHSAM € OCHTIDKEHHSI MOKIIMBOCTEH 3acTOCYBaHHs posnoainy BeiiOyiia
JUIE MOJEJIIOBaHHSA TNPOLECiB Jerpajamnii MaTepiaqiB 1 BHM3HA4YeHHS BIUIMBY HOro mapaMeTpiB Ha
TIPOTHO30BAHUM CTPOK CITYKOM KOHCTPYKITIH [1; 6]. Takok po3riIsIaeThCsl BHKOPUCTAHHS JIOTHOPMATBHUX
MoJIeJIeH I aHajli3y AaHuX Yacy A0 BiIMOBHM B YMOBaxX HAKONMHWYYBaJILHOI'O XapaKTepy MOIIKOKEHb [3].

VY meskax qociiHKeHHs Tepe10adaeThest MPOBEACHHS HMOBIPHICHOT OLIIHKH JOBIOBIYHOCTI OETOHHUX
Ta KOHCTPYKIIIHHUX EJIEMEHTIB apXiTEeKTypHUX OO0’ €KTIB 3 ypaxyBaHHAM NHUKIIYHAX HABAHTAKCHH 1
TeMITepaTypHUX BIUIUBIB, III0 CYTTEBO BIUIMBAIOTH HA IMPOIIECH BTOMHOTO pyiHYBaHH [2; 4]. OkpeMy yBary
MPUIIIEHO 3aCTOCYBaHHIO METOMIB MojentoBaHHA Monte-Kapno mis ouiHku MMOBIpHOCTI BiIMOBH Ta
OTPUMAaHHS CTAaTHCTHYHUX XapaKTCPUCTHUK CTPOKY CIY)KOM 3a pi3HUX CIeHapiiB ekcruryatamii [7].
3aBepiiajibHUM 3aBJaHHSAM € (OPMYBaHHS y3arajJbHEHOI'O MiJXOAY 10 MPOTHO3YBaHHS JOBIOBIYHOCTI
apXiTeKTYpHHUX 00’ €KTiB, SIKUH MOXe OyTH BUKOPUCTAHHUHN SIK IHCTPYMEHT MiATPUMKHU NPUHHATTS PilICHb Y
Ipoleci NPOEKTYBaHHSI, OLIHIOBaHHS HAAIMHOCTI Ta MJIaHyBaHHS eKcIuTyaTamnii OyaiBens [5].

Martepiaan Ta MeTOAH. METOIONOTIS JOCIIKEHHSI TPYHTYEThCSI HAa 3aCTOCYBaHHI MMOBIPHICHHX
MoJesiel Teopii HamiltHOCTI 1Jis aHaii3y Ta NMPOrHO3YBAaHHS JOBIOBIYHOCTI apXiTEKTYpHUX OO’€KTiB B
yYMOBaxX HEBU3HAUEHOCT] MaTepiajbHUX BIACTUBOCTEH 1 €KCILTyaTaliiHUX BIUIMBIB. Y POOOTI BUKOPUCTAHO
MOEIHAHHSI y3arallbHeHUX EMIIPUYHUX Pe3YIbTaTIB MOMEPEIHIX TOCTIIKEHb Ta CHHTETUYHUX JIaHUX, 110
JI03BOJISIE MOJICITIOBATH TPOIECH JeTpaaallii KOHCTPYKIIiK 32 KOHTPOJIbOBaHUX YMOB. [lapamerpu Mozenei
(¢opMyBaiMCsi Ha OCHOBI CTATHCTHYHUX XapaKTEPUCTUK, HABEACHUX Yy HAYKOBHX MyOJiKawisx,
MPUCBSIUEHUX JOBFOBIYHOCTI OY/IIBEIBHUX MaTepialiiB 1 KOHCTpYKIii [1; 2; 4].
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CunTeTnYHI HAOOPHU JAHUX TCHEPYBAIUCS 3 METOIO MOJACIIOBAHHS Yacy J0 BIJIMOBH apXiTEKTypHUX
KOHCTPYKLiH 3 ypaXyBaHHSIM BapiaOeIbHOCTI (Pi3MKO-MEXaHIYHUX BIACTHBOCTEH MaTepiajiiB, HABAHTaKEHb
1 BIUIMBY 30BHIIIHBOTO CEpeloBHINA. TakWi MiAXiA IIUPOKO BHKOPHUCTOBYETHCS B JIOCIIIKEHHSX
CTPYKTYPHOI Ha{iIHHOCTI, OCKUILKH JI03BOJISIE BpaxyBaTH BUITAIKOBUI XapaKTep AerpaialiiHuX IpoLeciB i
OIL[IHUTH MOJKJIUBI CIIeHAPii PO3BUTKY IMOIIKO/DKEHB y uaci [5]. MoienoBaHHs 3A1HCHIOBAIOCS /ISl THITOBUX
apXiTeKTypHUX KOHCTPYKTHBHUX €JIEMEHTIB, 30KpeMa OCETOHHHUX 1 3ali300€TOHHUX KOMIIOHEHTIB,
JIOBTOBIYHICTB SIKAX € KPUTUYHO BAXKIIUBOIO JIJIs O€3MEKH Ta eKCIUTyaTalliiHOl HaliiHOCTI OyiBens [2; 4].

Jlist aHautizy JOBrOBIYHOCTI B pOOOTI 3aCTOCOBYBAJIMCS MOJIE/II aHai3y yacy JI0 BiJIMOBH, 30KpeMa
posnonin BeitOysuia sk oauH 13 HaOUIBII YHIBEpCAILHUX IHCTPYMEHTIB OITUCY MPOILECIB pyHHYBaHHS Ta
crapinaa MatepianiB. [lapamerpu posnoainy BeliOynna BUKOPHCTOBYBAIUCS AJsI MOACTIOBAHHS Pi3HUX
CTajil Jerpajaiii, o JJ03BOJISE ONMHCYBAaTH SK IOYAaTKOBI JAC(PEKTH, TaK 1 HAKOIMUYEHHS BTOMHHX
MOIITKOJ/PKEHb Y Tporeci ekcruryaramii [1; 6]. AHami3 9yTJIUBOCTI MapaMeTpiB pO3MOALTY JaBaB 3MOTY
OLIIHWTH iXHI{ BIUIUB Ha IPOTHO30BAHUH CTPOK CIYOU Ta HMOBIPHICTb BiIMOBH KOHCTPYKIIH.

[Mopsin 13 po3noaizioM BeliOyma y K0OCHIHKEHHI 3aCTOCOBYBABCSI JIOTHOPMAJIBHUIN PO3MOILI, KUK
BUKOPUCTOBYETHCS JUIS ONHCY JIOBrOTPHBAJIMX TPOIECIB Jerpajalii 3 HAKOMUYYBAILHUM XapaKTepOM
MOMIKO/DKEHb. JIOorHOpMaIibHI MOIeli € 0COOIMBO AOIITBHUMH JUIS aHATI3Y JaHUX BIDKMBAHHS Y BUIAIKAX,
KOJIM Yac JI0 BiJIMOBU BU3HAYAETHCSI CYMapHUM BIUTUBOM 0araThboX HE3aJIS)KHUX BUITAJIKOBHX YHHHUKIB [3].
BukopucTaHHS JBOX THITIB IMOBIPHICHHX PO3MO/IIIB JIO3BOIMIIO 31IHCHUTH MOPIBHAJIBHUN aHalli3 IXHBOI
aJIeKBATHOCTI JIJISl IPOTHO3YBAHHS JIOBIOBIYHOCTI apXiTEeKTYPHHUX 00’ €KTIB.

JI1st KiabKiCHOT OI[iHKM HMOBIpHOCTI BiIMOBH Ta OTPUMaHHS CTATUCTUYHUX XapPAKTEPUCTHK CTPOKY
CITy’>KOM BHKOPHCTOBYBAJIMCS METOJW CTPYKTYpPHOI HAaAiWHOCTI Ta YMCENIbHE MOJEIIOBAHHS HAa OCHOBI
Metosry MonTe-Kapio. 3actocyBaHHS 1IbOTO METOJY JI03BOJISIE€ OaraTopa3oBO BiJATBOPIOBATH BUIIAJIKOBI
peamizarii mapaMeTpiB MaTepialiB i HABaHTaXKEeHb, POPMYIOUHN PO3TOILIN Yacy 10 PyHHYBaHHS Ta KPHUBI
HajiiHocTi [7]. Takuii miaxia 3a0e3rneuye MOKIUBICTh OILIIHIOBAHHS HE JIMIIE CEPEJIHBOTO OUYiKyBaHOIO
CTPOKY cyOHu, ajie i pu3uKy nepeadacHoi BiMOBU KOHCTPYKIIIH.

3anpornoHoBaHU y poOOTI KOMIUIEKC METO/IiB I03BOJIMB MTOETHATH aHATITHYHI IMOBIpHICHI MO
3 YHCENbHUM MOJICIIOBAaHHAM, IO CTBOPIOE HAaJiifHYy OCHOBY Uil HPOTHO3YBaHHS OBIOBIYHOCTI
apxiTeKTypHHUX 00’ekTiB. OTprMaHi pe3yJlbTaTh MOXKYTh OyTH BHKOPHUCTaHI JUIs MIATPUMKH MPUAHSTTS
pillIeHb y TIpoleci MPOEKTYBAaHHS, OIIHIOBAHHS 3aJIMIIKOBOTO PECypCy Ta IUIaHYBaHHS E€KCIUTyaTarii
OyaiBenb 3 ypaxyBaHHSM pPiBHA PU3UKY Jerpajaarii [5].

Pe3syabTatH Ta 00roBopeHHsi. Y MeXax NpPOBEICHOTO JIOCTIIKCHHS HMOBIpHICHI Mozeni
JO3BOJIJIM KiTBKICHO OILIHUTH JIOBTOBIYHICTH OCHOBHMX KOHCTPYKTHBHHX MaTepialliB apXiTeKTYpHHUX
00’€KTiB Ta TpoaHali3yBaTH PH3UKW iX jaerpamaimii B daci. OTpumaHi pe3ynbTaTH MiATBEPIKYIOTH
JOIUTFHICTh BUKOPUCTAHHSA PO3MOAUTIB Teopli HAMIMHOCTI s TPOTHO3YBaHHS CTPOKY CITYKOH
KOHCTPYKIiH B yMOBax eKCILTyaTalifHOT HEBU3HAYEHOCT.

Jlnst aramizy MOBrOBIYHOCTI CTalieBUX KOHCTPYKIIH Oyio 3acTocoBaHO po3mojin BeiOymma, skwii
IITUPOKO BUKOPUCTOBYETHCS TSI MOJIEITFOBAHHS BTOMHHUX ITPOIIECiB 1 yacy 1o BinMoBH. [1oOynoBaHi KpuBi
fiMoBipHOCTI BigMoBH F(t) 115 pi3HUX peXMMiB HABaHTa)KEHHsI HaBeJIeHO Ha puc. 1

1.0 1 PiBEHb HABAHTaMEHHR
— Low

= Medium
~—— High

0.8

0.6

0.4

WmosipHicTb siamosu F(t)

0.2 A

0.0

0 10 20 % 40 50
Yac ekcnnyaTauii, pokis
Puc. 1. UmoBipHicTh BiIMOBH cTajleBUX KOHCTPYKIIii (po3moaisa Beiioynia)
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Sk BumHO 3 Tpadika, 3a HU3BKUX HABAHTAKEHH IMOBIPHICTH BIMOBH 3pOCTAa€ IMOCTYIIOBO, IIO
BiJINIOBiIa€ MOBIILHOMY HAKONMUYEHHIO TIOIIKOAXKEHb Y MaTepiani. BogHouac 3a cepeiHiX 1 BUCOKUX PiBHIB
HaBaHTAXXCHHS CIIOCTEPIra€ThCsl 3HAUHO MPUCKOPEHE 3pOCTaHHsI KMOBIPHOCTI BiIMOBH, LI0 CBIYUTH PO
iHTeHCH(DIKAI[iF0 BTOMHHUX IIPOIECIB 1 3MEHIICHHS IPOTHO30BAHOI'O CTPOKY CIIy)KOM KOHCTpyKIIiii. Taka
MOBE/IIHKA Y3TOKYEThCS 3 (DI3UUHOK NPUPOJOI0 Jerpajarii craji Ta MiATBEPIKYE aJCKBATHICTbH
BUKOpHUCTaHHS BelOyTiBCbKUX MOIenel Ui aHaji3y JOBrOBIYHOCTI CTAJIEBUX €JIEMEHTIB apXiTeKTYPHHUX
00’ €eKTiB.

JonaTtkoBwuii aHani3 ¢yHkiil HeOe3neku h(t), HaBeaeHui Ha Puc. 2, oka3aB MOHOTOHHE 3POCTaHHS
PU3UKY BiZAMOBM 3i 30iJbLICHHSAM dYacy ekcrutyartamii. JiIsi KOHCTPYKIiH, IO MpamioioTh 3a BHUCOKUX
HaBaHTaXEHb, KpUBa (QYHKLII HEOE3MEeKH Mae 3HAYHO KPYTIIIMH XapakTep, M0 BKa3ye Ha NPUCKOPEHE
JIOCSITHEHHSI TPaHWYHUX cTaHiB. Lle 103Boisie 3pOOMTH BHUCHOBOK, IO XOYa CTallb XapaKTePHU3YEThCS
BHCOKOIO HQIIMHICTIO Ta Mepe0avyBaHiCTIO eKCIUTyaTalliiHUX XapaKTePUCTHK, 11 JOBrOBIYHICTH CYTTEBO

3aJICKUTh BiJl PEKUMIB HaBAaHTAXKECHHS, SIKI MAlOTh BPAaXxOBYBATHCS IIPH MPOrHO3YBAaHHI CTPOKY CIyxKOU
apXiTeKTypHHUX 00’ €KTIB.

0.5 1 PiBeHb HaBaHTaMEHHA
— Low
E Medium

= High

0.4 1

0.3 1

0.2 4

DyHKUia Hebe3nekn hit)

0.1 A1

0.0 4

0 10 20 30 40 50
Yac ekcnayaTauil, pokie

Puc. 2. ®ynkuis He0e3MeKH cTajJeBUX KOHCTPYKIiii h(t)

Jlyiss 6eTOHHUX KOHCTPYKIIiH OyJI0 BUKOPUCTAHO SKCIIOHCHITIAIbHY MOJIEh Yacy J0 BiJMOBH, IO €
JOTUTHHOIO YISl OIUCY JOBTOTPHUBAINX NETpalallifHuX mporieciB. KiabKicHI pe3yibTaTd MOJCTIOBAHHS

HaBeneHo B Tabnuii 1, me mogaHo 3HaYEHHS IHTCHCHUBHOCTI BiIMOB A Ta CEpeIHIN Jac 10 MOSBH TPIIIAH
JUIS PI3HUX KJIIMaTUYHUX YMOB.

Taon. 1.
Jani focaizkeHHs 3HO0CY 0eTOHHMX KOHCTPYKIiH 32 Pi3HUX KJIIMATHYHUX YMOB
YMoBH Temnepatypa Bomnoricts | A (IHTEHCHBHICTB Cepenniii yac 10
eKCILTyaTarii (°C) (%) BiJIMOB) TPIIIUHOYTBOPEHHS
(poxu)
[MomipHuit +10 ... +25 50-70 0.045 22.2
KJIiMaT
Bonoruit +5 ... +20 80-90 0.060 16.7
KIIiMaT
XomoaHui 5...+15 60 - 80 0.075 13.3
KJIiMaT

AHaji3 TabIuIIl MOKa3ye, M0 B MMOMIPHOMY KIIIMaTi OETOHHI KOHCTPYKITi TEMOHCTPYIOTH HAMBHUIILY
MMPOTHO30BaHY JIOBTOBIYHICTh, TOJI SIK y XOJOJHOMY KJIiMarTi, ¢ MarOTh MiCIIE IIUKJIH 3aMOPOKYBaHHSI—
BiJITaBaHHS, IHTEHCUBHICTb JIeTpaiallii € MaKCUMaTbHOIO.
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3ae)KHICTh WMOBIPHOCTI BiIMOBH OCTOHHUX KOHCTPYKIIIH Bim dWacy Moxe OyTH oOIrcaHa
EKCIOHEHIIaNbHOIO (QYHKLIEI0, HABEACHOIO y popmyii (1), mapameTpH sIKOi BU3HAYAIOTHCS IHTCHCUBHICTIO

BIJIMOB
P(t) =1—eAt (1)

ne P(t) — iMOBipHICTh BiIMOBH O MOMEHTY 4acy t; A — IHTEHCHBHICTb BiIMOB. 3pOCTaHHS 3HaYCHb
A TIpE TIepexXoAi BiJ TOMIPHOTO MO XOJOIHOTO KJIIMATy CBIAYWTH TPO ICTOTHUH BIUIUB 30BHINTHIX
cepeIoBHITHUX (aKTOPIB Ha IOBIOBIYHICTH OCTOHY.

JU1st KOMIUIEKCHOT OLIIHKH JTOBFOBIYHOCTI apXiTEKTYpHHUX 00’ €KTiB OyJI0 MPOBEACHO NOPIBHAIBHUN
aHaji3 CTaJeBHX, OCTOHHUX 1 JCPEB’SIHMX KOHCTPYKIIM Ha OCHOBI 3MOJICTHOBAHHX IMOBIPHICHUX
PO3MOAUTIB CTPOKY CITy)0u. OTpUMaHi pe3yIbTaTH MOKA3aJIH, IO CTaJIeBl KOHCTPYKIIIT XapaKTepU3yIOThCS
HalBUIIMMU 3HAYEHHSIMU 1HAEKCY HaAIHHOCTI Ta HAaWMEHILIOI BapiaTUBHICTIO eKCILTyaTaliliHUX
XapaKTepUCTUK, 10 POOMTH iX HaMOLIbII mependauyBaHUMHU 3 TOYKH 30py JIOBrosiuHoOcTi. beronHi
KOHCTPYKIIIT 3aiiMal0Th MPOMiIXKHE TOJOKEHHS, JEMOHCTPYIOUH NMPHUHSATHHNA CTPOK CIY)KOM 32 YMOBH
BpaxyBaHHs KJIIMaTHYHHUX BIUIMBIB. JlepeBrMHa, HABMAKH, XapaKTEPU3YETHCS BUCOKOIO BapiaOeIbHICTIO
TEPMiHY CIIy>KOH, 110 0OMEXKYye ii 3acTOCYBaHHS B apXiTEeKTYPHUX 00’ €KTax 3 MiABUICHUMH BUMOTaMH J10
JIOBI'OBIYHOCTI.

TakuM 9MHOM, PE3yNbTATH JOCITIHKEHHS JIEMOHCTPYIOTh, 10 MMOBIPHICHI MOJIENI JT03BOJISIIOTH HE
JIMILIE MPOTHO3YBaTH OYiKYBAaHMW CTPOK CIYKOM apXiTeKTypHHX 00 €KTiB, ajie i KiJIbKICHO OLIiHIOBATH
PU3MKH TepeadacHoi jaerpajgamii 3a pi3HHX yMOB ekcrutyaramii. [loemnanns wmopeneii BeiiOyona,
EKCIOHEHIIIaTbHOTO PO3MOALTY Ta MOKAa3HUKIB TeOpii HaIHHOCTI CTBOPIOE €EKTUBHUI 1HCTpYMEHTApil
JUTSI aHaJTi3y JOBTOBIYHOCTI Ta MOXKe OyTH BUKOPUCTAHE MPH OIIIHIOBAHHI JKUTTEBOTO IUKITY apXiTEKTYPHUX
00’ €KTiB.

BucnoBku. [IpoBeneHe JOCHi/DKEHHST IPOJAEMOHCTPYBaio  e(EKTHUBHICTH  3aCTOCYBaHHS
HMOBIpHICHUX MOJIETIeH ISl aHai3y Ta MPOrHO3YBaHHsI JOBMOBIYHOCTI apXiTEKTypHHUX 00’ €KTIB B yMOBaX
eKcIulyartaniinoi HeBn3HaueHocTi. OTpUMaHi pe3ysibTaTu MiATBEPIDKYIOTh, 10 BUKOPUCTAHHS MOZENeH
TeOopii HAAIMHOCTI T03BOJISE KUJIbKICHO OMUCYBATH MPOIIECH JIeTpaiallii KOHCTPYKIIiH 1 OLIHIOBATH PU3UKH
X BIZIMOBHU HPOTSITOM YKUTTEBOTO IIUKITY Oy iBEIIb.

3acrocyBaHHs po3noainy BeiOyma st aHami3y cTajaeBUX KOHCTPYKTUBHHUX €JIEMEHTIB aJI0 3MOTY
aJIeKBaTHO B1I0OpA3UTH XapaKTep BTOMHOTO PYHHYBaHHS Ta BCTAHOBUTH 3aJI€KHICTh IMOBIPHOCTI BiZIMOBH
BiJl Yacy eKcIuTyaTamii i piBHS HaBaHTaKeHHSA. AHaii3 QyHKIiM HeOe3meku Ta HaAIMHOCTI MOKa3as, 10
CTalleBi KOHCTPYKIIIi XapaKTeprU3yIOThCS BHCOKOIO Tepen0adyBaHICTIO eKCILTyaTallifHUX XapaKTePHCTHK,
OJHAK MOTPEeOYIOTh PETEIbHOTO BpaxyBaHHsS HAaBaHTAXXKYyBAJIbHUX PEXHUMIB NPH MPOTHO3YBaHHI CTPOKY
CITy’KOM apXiTeKTypHHX 00 €KTIB.

Jlyis OSTOHHUX KOHCTPYKIIIH EKCIIOHEHIiaJbHAa MOJIEIbh 4Yacy JIO BiJIMOBU JIO3BOJIMJIA BUSBUTH
ICTOTHUH BIUIMB KIIMaTHYHUX (aKTOPiB HA IIBUIKICTH JETpajallii Ta OYiKyBaHWW CTPOK €KCILTyaTarlii.
OtpuMaHi 3HA4YCHHS IHTCHCUBHOCTI BIJMOB TIATBEPAMIM, IO IUKIA 3aMOPOXKYBAaHHS—BIiJTaBaHHS,
MiABHIICHA BOJIOTICTH 1 TEMIIEPATyPHI KOJMBAHHS CYTTEBO 3HWKYIOThH IOBIOBIYHICTh OETOHHUX €JIEMEHTIB,
[0 Ma€e BPAaxXOBYBATHUCS TPU OIIHIOBAaHHI HAMIMHOCTI apXiTEKTypHUX OO0 €KTIB y PI3HHX KIIMaTHIHUX
30HaXx.

[lopiBHSIBPHUI aHaJII3 CTaJIeBUX, OCTOHHHMX 1 JICPEB’SIHMX KOHCTPYKIIA IIOKa3aB, IO CTallb
3a0e3redye HaWBHUII MMOKa3HUKH JTOBTOBIYHOCTI Ta CTaOITBHOCTI €KCIUTyaTalllifHIX XapaKTEePUCTHK, TOAI
SIK OETOH € JOLITHPHAM MaTepiaioM Il KOHCTPYKIIH CepeHbOI BiAIOBIJATEHOCTI 32 YMOBHU BpaxXyBaHHS
KIIIMaTWYHUX BIUIMBIB. JlepeBUHA, 3 OISy Ha BHCOKY BapiaOElbHICTh CTPOKY CIYXKOH, MOXe
3aCTOCOBYBATHUCSl TIEPEBAKHO B apXiTEKTypHHX 00’€KTax 3 OOMEXKEHHMH HaBaHTAKCHHSIMH Ta
KOHTPOJbOBAHWUMH YMOBAaMH €KCIDIyaTallii. 3arajoM OTpHMaHI pe3yNbTaTd MiATBEPIKYIOTh, IO
HMOBIpHICHI MiAX0AM € e(EeKTHBHUM I1HCTPYMEHTOM IPOTHO3YBAaHHS [OBIOBIYHOCTI apXiTEKTYPHHX
00’€KTiB 1 MOXYTb OyTH BHUKOPUCTaHI JUIl MiATPUMKH NPUHHATTS PILICHb Yy NPOLECi MPOEKTYBaHHS,
OIIIHIOBAHHSI 3aJTUIIKOBOTO PECYPCy Ta IUIaHyBaHHS €KCIUTyaTallii OymiBeNb 3 ypaxXyBaHHSIM PiBHS PU3HKY
Jerpamarii.
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PO3TSI IINTACTUHH 3 OTBOPOM TA PAZIIAJIBHOIO TPIIIMHOLO, HA
MNPOJOBXEHHI SAKOI YTBOPUJINCA IIJIACTHYHI 30HU 3 BUKOPUCTAHHSAM
YMOBHU IVIACTUYHOCTI TPECKA-CEH-BEHAHA

Y pobomi nodyoosano poze’azok 3adaui npo pozmaz 6e3medxncnoi i30mponnoi RAAGCMUHU 3 KPY2OGUM OMEOPOM ma
PaodianvHo0 HACKPI3ZHOI0 npAMOoniniinolo mpiwunoro. Ilpu po3e’azyeanni 3adaui npunyckanoca, wio nio Oi€lo 306HiUIHLO20
HABAHMAMCEHHA HA HECKIHYEHHOCMI HA NPOO0BMHCEHHI MPIWUHU YMEOPUNUCA NIAACMUYHI 30HU, 014 MOOENI06AHHA AKUX
euxopucmano ymosu naacmuynocmi Tpecka-Cen-Benana. Po36’a30k 3a0aui no6yooeanuii 3 6uKOpucmanuam memooie meopii
ynuxyin KomnaekcHol 3MiHHOT Ma KOMNIEKCHUX ROMENUIANI6 i 36e0eHUIl 00 CUCMEMU CUHZYIAPHUX IHMEZPAIbHUX PIGHAHD,
AKA PO36°A3AHA YUCEAbHO 34 00NOMO2010 Memody mexauniunux keaopamyp. Ilpoeedeno uucnoeuit ananiz 3adaui ma
nooyooeano zpaghiku 011 008)CUH NAACMUYHUX 30H 8 3ANeHCHOCMI 8i0 NPUKIADEHO20 306HIUHBO20 HABAHMANICEHHA.

Knwuosi cnosa: niacmuwna, mpiwuna, niacmuyHi 30HU, KOMMWIEKCHI NOMeHyianu, 3a0aua IiHIUHO20 CHPSX’CEHHS,

CUHSYTIAPHI THMeZPanbHI PIGHAHHA.
M.S. Slobodian, M.1. Shaynoga

STRETCHING OF APLATE WITH A HOLE AND A RADIAL CRACK, THE
CONTINUATION OF WHICH FORMED PLASTIC ZONES USING TRESCA-SAINT-VENANT
PLASTICITY CONDITION

The work presents a solution to the problem of the stretching of an infinite isotropic plate with a circular hole and a
radial through straight crack. It was assumed that under the action of an external load at infinity, on the crack extension the
plastic zones are formed, modeled using Tresca-Saint-Venant plasticity conditions. The solution of the problem is built using
the method of the theory of functions of a complex variable and complex potentials and is reduced to a system of singular
integral equations, which is numerically solved using the method of mechanical quadrature. A numerical analysis of the
problem is conducted and graphic dependencies of the length of the plastic zones and applied external loads were constructed.

Key words: plate, crack, plastic zones, complex potentials, linear conjugation problem, singular integral equations.

IocTtanoBka mpodaemu. Y 0araThbOxX ramy3sx MPOMHCIOBOCTI BUKOPHUCTOBYIOTHCS TIACTHHYACTI
€JIEeMEHTH KOHCTPYKIIA. Y TaKuxX eJeMeHTaX MOXKYTh MICTHUTHCS OTBOPH, a IIiJ] Yac eKCIUTyaTamii
BHHHUKATUMYTh TPIITAHH, K1 Pi3KO 3HIKYIOTH PIBEHB JOITyCTHMOT0 HaBaHTaXKeHHsI. 111 Mi€f0 30BHINTHEOTO
HaBaHTAXEHHS Ha MPOJOBKEHHI TPIIIUH MOXYTh BUHUKATH IUIACTUYHI 30HA. TOMY pO3po0Ka METOIB [is
BU3HAYEHHs HANpPYXEHO-Ae(QOPMOBAHOTO CTaHy IJIACTUH 3 OTBOPAMHM Ta TPIIIMHAMH, Ha MPOJOBKEHHI
SIKAX YTBOPHWJIMCS TUIACTHYHI 30HH, € aKTyaJhbHOI0 HAYKOBO-TEXHIYHONO 3a7adero MexaHiku. OmHuM i3
OCHOBHHMX 3aBJaHb IPH OL[HIII MIIITHOCTI KOHCTPYKTHBHOTO €JIEMEHTY 3 TPilIMHAMHM € BU3HAUYCHHSI JOBXHH
TUTACTHYHUX 30H, 3 JIOTIOMOTOI0 SIKMX XapaKTepU3yeMO Halpy>KeHO-Ie(OPMOBaHHN CTaH B OKOJIi BEPIINH
TPIIIUH, a TAKOK MO’KHA BU3HAYHTH KPUTHYHE HABAHTAXKEHHS, SIKE MOXKEe OYTH NPUKIIAJICHE JIO IIACTHHH.

AHaJIi3 ocTaHHIX JoCaiKeHb | myQmikanii. Y crarti [1] HaBeACHO METO/ BU3HAYCHHS PO3MIILICHHS
TPILIMHM Ta PO3MIpIB IUIACTUYHKUX 30H Ha ii MPOIOBKEHHI 32 JOIOMOT0I0 BUKOPHCTAaHHS MO3aIUIOMMHHUX
MOJIB 3MillleHb. Y poOOTi [2] HaBeJCHO aHANITUYHUI PO3B’S30K IS BH3HAYCHHS PO3MIpIB IJIACTUYHOI
30HH y BEpUIMHI TPIMIMHU B TPYOi 3 BHYTPINTHIMH MOXWIIUMH ITOBEPXHEBUMHU TPIIIMHU, 3 BAKOPUCTAHHIM
Ha KpuTepito Tekydocti Mizeca. ¥ [3] mapameTrpu chopMysIbOBaHO 3aady AJIs IVIACTUYHOT 30HH B IPYIKHO-
IUTACTUYHOMY KYCKOBO-OIHOPIAHOMY TiJli, sike 3a3Hae aedopmaiii 3cyBy moOnu3y BepIIMHU MiK(pazHOT
TPIIIUHM, 3 BUKOPUCTAHHSIM MeTony BiHepa-Xomda. YV miii mpari BBaXaeThCs, MO Oeperd TPiluHH
KOHTaKTYIOTb 3 TEPTSIM, a IUIACTHYHA 30Ha MOJIEJIIOETHCA SIK IpsIMa JIiHis PO3PHUBY NepeMillieHb. Y CTaTTi
[4] 3 BUKOpUCTaHHIM KOMIUIEKCHUX ITOTEHLIalliB IMIOCKOT 3a1a4i Ta 3a1a4i 3rHHY PO3B’s3aHO 3a1a4y 3TrHHY
HECKIHYCHHOT KyCKOBO-OJTHOPIHOT 130TPOIHOI IJIACTUHU 3 MPYXKHOI KPYrOBOIO I1aii000 Ta paaiajibHOO
HACKPI3HOIO TPSMOI0 TPIIIUHOIO, Oeperd SKoi KOHTAKTYIOThCA. Y JOCIHipKeHHI [5] 3amponoHOBaHO
AQHAITHYHANA METO]I BU3HAYCHHS TEPMIYHUX KOE(]iIlieHTiB iHTEHCUBHOCTI HANPY>KEHb JUISI KOMITO3UTHOI
TUTACTHHY, SIKA MICTUTh KPYTJIMH OTBIp Ta TPILIMHOIO, 1 SIKa IMiIa€ThCs BIUIMBY TEIUIOBOTO MOTOKY. Y Hill
BIIEpIIIE TOOYIOBAHO aHATITUIHUI PO3B’SI30K, 3 BAKOPUCTAHHAM METOAY KOMIIEKCHUX 3MiHHUX Ta METOY
interpyBanaa lllBapma. Y poGoti [6] posrmsHyTOo Momens TpimuHN Jlarmeina-bapenOnarra y
HECKIHUEHHIN CMY3i LIUIIXOM, IIPH YOMY TPIllMHA € IEPIEHANKYIISPHOIO IO MEK CMYTH Ta PO3TAllIOBaHa B
il menTpi. Po3B's130k 3amadi OyayeThes 3 TOMOMOTol0 Ha nojiHoMiB UeOuieBa qpyroro nopsaky. ¥ craTTi
[7] po3p’sizaHO 3amady MpO 3TUH CMYTH, SKa MICTHTh HACKpi3Hy TpIilIMHY, Oepern SKoi TIaako
KOHTaKTYIOTh, a Ha TPOJOBXKEHHI TPIIIMHN YTBOPWIIHCS TUTACTHYHI 30HHU. Y [8] po3B’si3aHa 3a/1a4ya 3TUHY 3
PO3TATOM 130TPONHOI IIACTHHH, K4 MICTHTh HACKPI3HY TPIIIMHY, 32 HASBHOCTI IUIACTHYHHUX 30H Y ii
BepmuHax. [IppuoMy y 1iil mpami BpaxoBaHO 3MiIIHEHHs MaTepiany i BAKOHYIOTbCS YMOBH TIAaCTUYHOCTI
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Tpecka y BUTIISA1 MOBEPXHEBOTO MIAPY Ta INIACTHIHOTO MapHipy. Y cTaTTi [9] po3B’sA3aHa 3a/1a4a YUCTOTO
3TUHY OaNKH 3 TPILIMHOIO, MEPIECHANKYISPHOIO 10 i OCi, Ha MPOJOBXKEHHI SKOI YTBOPWINCS TIACTUYHI
30HH. BukopucToByroun mMetonu teopil QpyHKIIM KOMIJIEKCHOI 3MiHHOI Ta KOMILJIEKCHHX MOTEHIialiB,
3a/1a4ya 3BOJUTHCS 10 3a]a4 JIIHIHHOIO CIPSOKCHHS, SIKi PO3B’I3aHO aHAIITHYHO.

Ha ocHOBI HaBeIeHOTO BHIIE MOYKEMO 3pOOUTH BUCHOBOK, IO 3a/1a4i PO3TATY IJIACTHH 3 OTBOPOM Ta
TpIIIMHAMHK, Ha MPONOBKEHHI SKHX YTBOPHIHMCA IUIACTUYHI 30HH, € aKTyaJbHUMH. Y pPOOOTI
chopMysIbOBaHa MOJENb TPIIMHU, HA MPOJOBKEHHI SIKOi yTBOPWJINCS IUIACTUYHI 30HH, 3a PO3TATY
IUIACTUHU 3YCHIUIAIMH Ha Oe3MexxHocTi. Ll Momens gae 3Mory 3 OUIBIION TOYHICTIO OILIHWTH BIUIHB
TPIIIMHM Ha HaNpYXeHO-Ie(POPMOBaHUH CTaH IUIACTHHU Ta Ha ii MIIHICTb.

MeTo10 cTATTi € BU3HAUCHHS HANPYKEHO-IE(POPMOBAHOTO CTAHY 32 PO3TATY O€3MEXKHOI MIIaCTUHH
3 KpyTOBHM OTBOPOM Ta TPILIIUHOIO, Ha TMTPOAOBKEHHI AKOi YTBOPWIIHCS TUTACTUYHI 30HH, 3 BUKOPHUCTAHHIM
yMoBH TutactudHocTi Tpecka-CeH-Benana.

Buxnan ocHoBHOro marepiaiy.

®opMyJ/I10BaHHA 3a7ayi.

Po3riisHeMo HeCKIHUEHHY 130TPOIHY IUIACTHHY 3aBTOBIIKU 2R, sIKa MiCTUTh KPYTOBHIA OTBIp pajiyca
R 1 Hackpi3Hy NpsIMOJIiHINHY paliaibHy TpilIMHY 3aBHOBXKH 2I. Mexka KpyroBoro oTBopy Ta Oeperu
TPIIIMHM BUIBHI BiJ 30BHIIIHBOTO HaBaHTaxeHH:. Ilpumyctrmo, mo 3a Aii piBHOMIPHO pPO3MOAITIEHOTO
PO3TATyBaJIbHOTO HaBaHTA)KCHHS Ha OeaMexkHOoCcTi P; 1 P, (auB. puc. 1) Ha IPOJOBKECHHI TPILIUHH
YTBOPWJIUCS TIPSAMOJIHINHI TUIACTHYHI 30HHM 3aBIOBXKKH W; 1 W,. PO3MICTHMO IEKapTOBY CHCTEMY
koopauHat OxyZ y cepeluHHIl IJIOLIMHI IIACTUHH 3 TIOYAaTKOM Y LEHTPi KPyroBOTO OTBOPY, MPH YOMY
Bick OX HampaBHMO IO TPilIHHIi, a Bick 0Z — NEpHEHAUKYISIPHO 10 CEPEANHHOI TNIOLUIMHY MIaCTUHU. Tex
BHOEpeMO TOJISIPHY cucTeMy koopamHat Orf 3 meHTpom y Toulli O Ta moispHoio Biccto Ox. Y meHTpi
TPIIIMHA PO3MICTHUMO JAEKapTOBY cucTeMy KoopauHat O;x1Y;Z;. Uepe3 L mo3HauYMMoO MeEKy KpyroBOTO
OTBOPY; JiHiI0, I PO3MillleHa TPIll[MHA TIO3HAYUMO L4, MpsIMOITiHiiHI TiacTiaHi 300 — L] 1 LY, Bincrans
Mi’ LIEHTPOM OTBOPY Ta LIEHTPOM TPILIMHHU — X,; 00OJIACTH BCEpEIMHI KPyroBOro oTBopy — ST, a 330BHi —
S7; MOBKHMHU IUIACTUYHMX 30H — Wy 1 W ; BEPIIMHU TPIIIUHU — @ 1 b; BEPUIMHM IJIACTHYHHUX 30H — C 1 d;
L,=L,uLljulLl.

A
/P,

/ A A

A A4 A A A A4 A A A4

vy

/ / / / / F /! /

4 /!

A A
Puc. 1. Cxema HaBaHTaKeHHsI IVIACTUHHU Ta PO3MillleHHS TPilIUHHA

Ha mexi kpyroBoro orBopy OyzeMo MaTH Taki KpaioBi yMOBH
0 =0,7, =0,x €L, D
1€ Oy 1 Trg — KOMIIOHEHTH TEH30pa HATPYXeHb y MOJSIPHii cHCTeMi KOOpAMHAT.
Ha Geperax Tpiutuau OyaemMo MaTtiu
0;7“13,1 =0, T;_rlyl =0,x, € Lq, 2
Jie 0y, y, 1Ty, y,— KOMIIOHCHTH TEH30Pa HATIPYKEHb Y JIEKAPTOBI CHCTEMI KOOPIMHAT, 3HAUKAMH “+7
i TTO3HA4YeHI TpaHW4YHI 3HA4YeHHS (YHKIIH TpH TpsAMyBaHHI TOYKH IUIONMIMHH JO TPIIUHU 3

IUIACTUYHUMU 30HaMu 1ipu y; — 0.
VY mnactuuHuX 30HaX OyZeMo MaTH Taki KpaloBi yMOBH

(1]

+ _ @® _+ __© /
Oy,y, = 0y »Tx,y, =T %1 €Ly, 3
+ _ (2 _+ _ _.@ "
Oyiy: =00 »Txyy, =TT » X1 €Ly, (G))]
1 2 1 2 . . ) .
Ie aé ) O'é ), ) 7:(() )_ HEBIZIOMi HOpMaJTbHI Ta JOTHUYHI HAMPY)KEHHS y TTACTHYHKUX 30HAX.
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IIoGynoBa po3B’sa3Ky 3ajadi.
3a y3arajpbHEHOrO IIOCKOrO HATIPYKEHOTO CTaHy KOMIIOHEHTH TE€H30Pa HAIPYKEHb Oy, Oyy, Ty 1
BEKTOpA MEPEMIILEHD Uy, U, Y JCKAPTOBIM CHCTEMI KOOPAMHAT abdO TEH30pa HAINPYKEHb Oyy, Ogg, Trg 1

BEKTOpa MEPEMIlIeHb U,, Ug Y TOJSAPHINA CUCTEM] KOOPAMHAT BUPAKAIOTh uepe3 OBl PyHKIIT KOMIUIEKCHOT
sminaoi @ (z) i ¥ (z) [10]

®P(2) = Pg(2) + P1(21), ¥(2) = W(2) + ¥1(21) — xP1(21), (®)
ne pyskuii Pk (z) 1 Pk (z) ronomopdHi B obnacti S, a pynkuii @4 (z) 1 ¥4 (z) ronomopdHi 330BHI
TPIILMHY 3 MIACTUYHUMM 30HaMu; Z = X + iy, i2 = —1.

Brengemo dynkiii B B B
2y(z) = ¢1(Z1) + Zl‘pl(zl) + '1U1(Z1)
Dy (z) = By (= )+ 51(( )+ ¢K( )ze5+, (6)

ne ®,(z;) = @1(Z).
3ayBa)kuMO, 110

P(2) = P 4 0(1),2 - 0.

3 ypaxyBauusaM (5) Ta (6), Hampy)eHO-Ie(hOPMOBAHHMIA CTaH IIACTHHU 3 OTBOPOM Ta TPIIMIUHOIO
BU3HaYMMO 3 popmy [10]

R? R? R?
Opp + iTrg = Pk (2) — T—ZCDK <?> + <1 — r_2> {Px(2) — 204 (2)} +

+{o1(z0) + (1+2)81(z0) - 2(21(@) + (21 — 2)P] ()}, (7)
9 _ R?  (R? R? _
Zu%(ur + iup) = kPk(2) + T—ZCDK <?> - <1 - r_2> {Px(2) — 204 (2)} +
+ {1 (20) = (142) B1(z0) + 2 (U (2) + (21 — 2)P] (20) } ®
- RZ\ ___
Oyy — iTyxy = P1(21) + 2,(Z1) + (21 — Z1)P1(21) + Pk (2) + (1 + Z_2> dp(z) +
20 (2) + 2 {ch( ) - z'fb,’((z)}, (9)
9 -
Zlia_ (uy + iuy) = k®1(z1) — 2 (21) — (21 — 2))P1(21) + kPk(2) —
—(1+ _Z)qu(z) — —20(2) — {cpK( )— 7@}, (10)

ne u=E/(2(1+v)) - mMonynpb 3CyBy MaTeplaJIy wiactuan, kK = (3 —v)/(1 +v), E — Moaynb
MPYKHOCTI MaTepiany IIacTHHY, V — KoediuieHT [Tyaccona.
3 (9) Ta kpaiioBux ymMoB (2)-(4) MaeMo TaKy 3afady JiHIHHOTO CIIPSKEHHS
+ -_— ~
(¢1(t) - (t)) - (‘p1 ) - (t)) =0,t € Ly, (11)
PO3B’s13aBIIN SKY, OTPUMAEMO
2,(z) = &1(2).
Homamo (9) ta (10)
, d ,
Oyy — iTyy + ZMa—xl (uy + luy) =1+ 1){P1(z)) + P, (2)}.
BpaxysaBmu kpaiioBi ymoBu (2)-(4), 3 nor[epe;[Hbo'l' (hopMynu oTpUMaEMO
(14 ){®F () — P7(H)} = 2,1[ (uy + luy)] tel, (12)
ne [fl=f*—f".
BBenemo no3HaueHHs
1(0) = 2 [a (uy +i )] tel
g1t = (1 +x)ilox, e Ty )| 1
Toni 3 (12) maeMo Taky 3afaqy JIiHIHHOTO CIIPSKEHHS
P (8) — @1 (1) = igi(0),

PO3B’SI30K 5IKOi Oye MaTu BUTIIAL

d t)dt
@@a——f““

3 (7) Ta kpaiioBux ymoB (1) orpumMaemo

(13)
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P (t) — PE() + D, (t — x) + <1 +1§—22> D, <RTZ — x0> —
B (B -x) + (e -2 (- x)} =0t el (14)

i (z) — P1(z — x0),z € ST,
F(z) = {®y(2) + (1 + )(Dl (R—Z - xo) R—Z{.Ql (R—z - xo) + (z - R;) @] (R—z - xo)} (15)

z? z
ZES™.
Sxmo migcraButu (15) y (14), Toai oTpuMaemo 3aaavy JiHIHHOTO CHOpsHKEHHS
Ft®)—F (t)=0,t €L,

PO3B’S30K KO OyIe MaTH BUTJIIS
P,—P,)R?> | P;+P. d gi(t)at
Flz) =0t Ity L 9;5; . (16)
Ockinbku Gyukuis F(z) Bigoma, Toai 3 (15) orpumaemo
F(z)+ ®,(z—x,),z€ ST,
_ 2 RZ RZ RZ RZ
(pK(Z) - F(Z) - (1 + )¢1 (—_.xo) {‘Ql (—_XO) + (Z Z)¢1 (—_XO)} (17)
ZES™.

3 (9) Ta kpaiioBux ymoB (2)-(4), Bpaxysasmu (1), Oynemo matu
2

Bgenemo (byHKuuo

&F (x1) + D7 (x1) + Pi(x1 + x) + <1 + m) Dy (x1 + x0) +

R \e— R? R?
+<x1+x0— >¢;((x1+xo)+ (pK< >=

X1 + Xo (xq + x0)? X1 + Xo
0 xl [a b]'
= (1) + lr(()l),xl € [c,a], (18)

0(2) it x € [b,d]
0 0o %1 &l
[MigcraBuBmm (13), (16), (17) y (18) y 6e3po3mipHUX 3MiHHUX OTPUMA€EMO CHHTYIISIPHE iHTErpajibHe
PIBHSIHHS JIJIs BU3HAYCHHsI HeBioMoi GyHKILT g1 (t), sike Oy/e MaTH BUTJIIS

LLRM, G + 51, G )dn = H(E), € € [-1,1], (19)
ae
(O e (142w /QR+w; +wy),1—-2w,/(24+w; +wy)),

HE = py - pZsz i (a8 +1it) /oy & € [-1, =1+ 2wj/@+w; +w))],
(aéz) Lréz))/ay,f € [1-2w;/2+w; +w)), 1],
R(n, &) = ﬁ‘*‘
2 1 T2—1  (T2-1)(2TX% = 3TX + 1) + TX(TX — 1)2
_{X(TX -1 T(TX —1)2 + TX2(TX — 1)3 }
1 12-1 1 3TX—X2Q2TX—1)-2
S8 = {X(TX D TaX—12 TRz T T x3ax —1)2 }

X=1+¢+05M{w; —wj + (2+wj +w;)¢},
T=1+€+051{W§ wi ++2 +wj +wi)nl,
A SRS 11' W2 = %’Pl :Pz = £,G(n) = G1(n) +iG2(n) _L()

ne G1 m, G, (n) — JiiicHI HeBiTOMI (byHKLul oy — Mexca TEKy4O0CTi MaTepiary HJ‘IaCTI/IHI/I
3 yMOBH OIHO3HAYHOCTI MEPEMIILICHb TIPH 00X0/[i KOHTYPY TPIIIHHH 3 INIACTHYHUMH 30HAMH
OTPHMAEMO

1 .
J_ G () +iG,(n)}dn = 0. (20)
Koedimientn inrencusHocti 3ycuib (KI3) k = k; + ik, Busnaunmo 3a hopmynamu [11]
cd _ T : i _
ket =Fh lim (g1 GV +x)d=x)/l).

OCKUIBKY y BepIIMHAX IIACTHYHUX 30H c d KI3 piBHi HyJIeBI, TOAI
=0,k%=0. (21)
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Jlotst racTuaHuX 30H L) 1 LY 3amumiemo ymoBu miactuarocTi Tpecka-Cen-Benana [11]
6)) 6)) 0)) WN —
max{|a1 |, |02 |, |01 -0 |} = oy, (22)
ae

. . . . N2 N\ 2
01(’]2) =05 <a,§§2 + a(gj) T \/(O'JEQ - aé])) + 4(‘[(()])) ),j =1,2.

Omxe, I 3HAXOKEHHsS HeBimoMux (GyHKIT G4 (1), G, (), HEBITOMUX HOPMAaJBHHX 1 JOTHYHHX
HAIPY>KEHHS Y TUIACTHYHUX 30HAX aél), Jéz), ‘L'(()l), 7:(()2) Ta JOBXHH IUTACTHYHUX 30H Wi, W, OTPUMAHO
cucteMy piBHSHB (19)-(22).

YucaoBuii anamis.

ByB mpoBepenuil umcioBuil ananmiz 3agaui, skuii momanuii Ha Puc. 2-3 mpu v =0.3. Cucrema
CHUHTYJSIpHUX iHTerpanpHux piBHSIHBb (19), (20) po3B’s3yBajacsi YUCIOBMM METOIOM MEXaHIYHUX
KBapartyp, a cuctema piBHiIHB (21), (22) po3B’s3yBasiacst 9UCI0BUM MeTogoM HproTOHA.

Ha Puc. 2 300paxeHo 3a1exHICTh 00€3p03MiIpEHHX TOBXKHH TNIACTHYHUX 30H Wy, W, Bij apameTpa

. . l . X X
e= % npu (ikcoBaHOMY 3HaueHHI A = 7= 0.5, p, = 0. I'padix 1 (mig wy), 2 (m1s w;) moOyaoBaHO Mpu
p1 = 0.6, rpadik 3 (g wy), 4 (s wy) —p; = 0.5, rpadik 5 (ans wy), 6 (ans wy) —p; = 0.4,
Ha Puc. 3 300paskeH0 3a1eKHICTh 00€3p03MipeHNX JOBKHH TIACTHYHHUX 30H W1, W, BiJl mapamerpa
l . * *
== 0.3, p, = 0. I'padix 1 (mig wy), 2 (m1g w;) moOyaoBaHO mpu
p1 = 0.6, rpadik 3 (s wy), 4 (g wy) —p; = 0.5, rpadik 5 (ansg wy), 6 (ans wy) —p; = 0.4,
WwEA 3

w*

' 0,254 <
N
oas }1 0,20
Tdi

N . .
€ = TpHu ¢ikcoBaHOMY 3HaueHHI A =

0,45+

3

0.15 4 <
\4

0,10 —

0,30 —

0,25+

0,20

0,15

5 5
0,10 ,4/,/() 0,05+ 4/ 6
|
I

005 | | I | ] I | | | | | I | 5

~ _ I
15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50
Puc. 2. Puc. 3.

Bucnosku.

3 BHUKOPUCTAaHHSIM METOAIB Teopil (QyHKUiH KOMIUIEKCHOI 3MiHHOI Ta KOMIUIEKCHHUX IHOTEHLIaNiB
PO3B’S3aHO 33724y MPO PO3TIr O0E3MEKHOI i30TPOMHOI IJIACTHHU 3 KPYrOBUM OTBOPOM Ta PajlialIbHOIO
HACKPi3HOIO MPSMOJIIHIHHOIO TPIIITUHOO Ha TTPOIOBKCHHI TPIIIIMHA YTBOPUITUCS TIACTUYHI 30HH. Y TBOpPEHI
TUIACTUYHI 30HU MOJIETIOBAIIMCS YMOBH TuacTuaHOCTI Tpecka-Cen-Benana. Po3B’s130k 3a1a4i 3BeieHU 110
CHUCTEeMH CUHTYJISIDHUX IHTETpajJbHUX pPIiBHSAHb, sIKa PO3B’s3aHa YHCEIHHO 3a JIOTIOMOTOK) METOIy
MeXaHIYHuX KBamparyp. Ha cOHOBI 4uCIIOBOro aHajiizy 3amadi moOyaoBaHO rpadikd I JTOBKHH
IUTACTUYHMX 30H B 3aJISKHOCTI BiJl MPUKJIAJCHOTO 30BHIITHHOTO HABAHTAKEHHS.
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XepcoHcvka 0epacasHa MopcvKa akaoemis

JOCJIIKEHHA CTPYKTYPU EIIOKCUIHUX KOMIIO3UTIB METOAOM
ONTUYHOI MIKPOCKOIIII TA IY"CHEKTPAJIBHOI'O AHAJII3Y

Jna gopmysanna nonimepnux mamepianie eukopucmano enokcuonuii oianosuii oniromep EJI-20, nonimepusayiro
AKO20 BGUKOHY8ANU 34 O0NOMO2010 AMIHHO020 meepoHuka noniemunennoniaminy IIEIIA. ITiosuwenns enacmugocmeil
E€NOKCUOHUX KOMRO3UMIE 00CA2ANU WIIAXOM 6UKOPUCHMAHHA CYyMIili OUCKPENHUX 8010KOH HA OCHO8L noniecmepy, 6i3Ko3u,
enacmamy, emicm akux sminrosanu y mexcax q = 0,25...2,00 mac.%. Y pooomi oocnioscysanu xapaxmep pyiiHy6anHsa noepxui
EenOKCUOHUX KOMNO3UMIE MEMOOOM ORMUUHOT MIKPOCKONIT, Wi0 00360116 6UHAYUMU 0COONUGOCHI 83AEMOOIT iHZpedicHmie |
cmiiikicms po3poodnenux mamepianie 00 6naU8y HAGAHMAHCEHb YOApHO20 Xapakmepy. /{00amKo60 00cnioxcysanu mixcgdazogy
63a€mo0ito  inzpedicnmie Komnozumy 3 eukopucmauuam memooy I9-cnekmpanvnoco ananizy. Bcmanoeneno 3miny
napamempie inmencuenocmi (T, %), sionocnoi nnowi nixy (S, %), @ maxosc nesnauni smiwenna xeunvoeux uucen (4v, em™),
wo eionogioac konusanmuam zpyn: -NH-, O-H (v =3408 cm™), C-H, (v =2922...2848 cm™Y), C=0 (v =2019 cm™), noniecmepnoi
cknaoosoi (v = 1700 cm™), C-0-C (v = 1112...914 cm™Y) ma exazyec na cmpykmypui nepemeopenna npu nonimepusauii
inzpedienmie komnozumy.

Knrwuogi cnoea: enoxcuonuii onicomep E/I-20, meeponux IIEIIA, cymiue Ouckpemuux 6010KOH, onmuyHa mikpockonis, [4-
CNeKmpanbHUll AHALi3.

L.O. Sapronova, V.V. Toropenko

RESEARCH OF THE STRUCTURE OF EPOXY COMPOSITES BY OPTICAL
MICROSCOPY AND IR-SPECTRAL ANALYSIS

For the formation of polymer materials, the epoxy dian oligomer ED-20 was used, and its polymerization was performed
using the amine hardener polyethylenepolyamine PEPA. The properties of epoxy composites were improved by using a mixture
of discrete fibers based on polyester, viscose, and elastane, the content of which was varied within q = 0.25...2.00 wt.%. In this
work, the nature of surface destruction in epoxy composites was investigated using optical microscopy, which enabled us to
determine the interaction features between ingredients and the resistance of the developed materials to shock loads. Additionally,
the interfacial interaction of the composite ingredients was investigated using the IR spectral analysis method. A change in the
intensity parameters (T, %), relative peak area (S, %), as well as insignificant shifts in wave numbers (4v, cm™) was established,
which corresponds to vibrations of the groups: -NH-, O-H (v = 3408 cm™), C-H, (v = 2922...2848 cm™), C=0 (v = 2019 cm™),
polyester component (v=1700 cm™), C-0-C (v=1112...914 cm™) and indicates structural transformations during
polymerization of the composite ingredients.

Keywords: epoxy oligomer ED-20, hardener PEPA, mixture of discrete fibers, optical microscopy, IR spectral analysis

Problem statement. Today, there is an urgent need to improve the performance characteristics of
composite materials (CM), which is due to a set of industry requirements (reliability, product weight,
manufacturing processability, durability, and a set of improved characteristics). That is why the study of
new approaches to modifying polymer materials and improving the interfacial interaction of ingredients is
a priority direction in performing materials science research. It should be noted that the introduction of
active fibrous fillers into the polymer binder affects the course of physicochemical processes during
crosslinking of epoxy composites [1]. In this case, the choice of fillers should take into account their
chemical activity, i.e., the presence of active groups on the surface and in the structure capable of interacting
with the epoxy and amine groups of the binder. Such an approach enables you to influence the kinetics of
physicochemical processes in the polymerization of epoxy composites, the deformation mobility of the main
chain and its segments, their ordering, and the formation of additional intermolecular bonds. At the same
time, standardized methods for studying the properties of polymers do not always allow us to determine the
regularities of structural transformations in polymers. Therefore, the use of precision methods for analyzing
the structure, in particular optical microscopy and IR spectroscopy [2-4], is relevant. Such research methods
aim to determine both the morphological features of polymer composites and the degree of their
crosslinking, which enables us to influence the properties of these materials.

Analysis of recent studies and publications. The analysis of the authors' work [5] allows us to state
that filling the epoxy matrix with discrete carbon fibers contributes to the reduction of thermal stresses in
composites during operation at elevated temperatures. Such an effect is associated with the difference in the
thermal coefficient of linear expansion between individual reinforcing components, which reduces the risk
of local stress concentration zones in the matrix. The analysis of the authors' work [6] enables us to conclude
that nitron fibers are effectively used for reinforcing the polymer matrix. Based on IR spectral analysis and
optical microscopy, the authors proved the interfacial interaction of the ingredients. Such an effect is due to
the absence of an absorption band in the filled polymer, which is responsible for the hydroxyl (-OH) groups
at a vibration frequency of v = 3450 cm-1. This indicates the intermolecular interaction of the ingredients
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used, and therefore, high mechanical characteristics. Thus, based on the analysis of scientific works [6-10],
it can be stated that the combination of modern methods for studying the structure of epoxy composites
filled with fibrous additives allows us to localize areas of weakened adhesion and fiber aggregation, and
prevent similar anomalous morphological and chemical changes in the polymer volume.

The purpose of the work is to study the inter-vessel interaction of ingredients during the structure
formation of epoxy composites.

Materials and research methods. As the main component for the formation of epoxy composites,
epoxy resin of the ED-20 brand (1SO 18280:2010) was used.

For the polymerization of epoxy composites, the hardener polyethylene polyamine PEPA (TU 6-05-
241-202-78) was used, which is characterized by the presence of amine groups as reaction centers, allowing
for curing of polymers at room temperature.

As a filler, a mixture of discrete fibers (MDFOOPVE) of organic origin based on polyester (75%),
viscose (23%), elastane (2%) with the following parameters was used: | = 15...30 um, d = 15...20 um.

Epoxy composites were formed according to the technology described in the work [7].

The study of the composite structure was conducted using a microscope model XJL-17AT. For digital
image processing, the software "Levenhuk Toup View" was used.

To study chemical bonds and their changes in the epoxy composite, IR spectral analysis was used [2,
4]. IR spectra were recorded on a spectrophotometer of the brand "IRAffinity-1" (Japan) in the wavenumber
range v = 400...4000 cm™ by the single-beam method in reflected light.

Discussion of the results. Based on the previous results of the study [7] of the influence of a mixture
of discrete fibers (MDFOOPVE) on the properties of epoxy composites, an increase in their characteristics
was established at the additive content q = 0.50...0.75 wt.% (compared to an unfilled epoxy matrix). In
particular, an increase in the value of the destructive stresses during bending from o, = 48.0 MPa to
ob = 74.0...90 MPa, the modulus of elasticity during bending from E = 2.7 GPa to E = 3.1...3.4 GPa, and
the impact strength from W = 7.0 kJ/m? to W = 10.0...12.8 kJ/m? was observed. A similar effect of the
mixture of discrete fibers was also found in the study of thermophysical properties, in particular, an increase
in the Martens heat resistance from T = 341 K to T = 343-344 K and a decrease in the thermal coefficient
of linear expansion (TCLE), respectively, were observed. To analyze morphological changes in the material
structure, a microscope model XJL-17AT with the software "Levenhuk Toup View" was used. The nature
of the fracture in epoxy composites, as determined by TCLR and impact toughness studies, was
investigated. Thus, the method of optical microscopy established the localized distribution of microcracks
within the polymer volume (Fig. 1a). The nature of the fracture of the epoxy composite filled with
g=0.25wt.% of MDFOOPVE indicates moderate adhesion between the fibrous filler and the polymer
matrix.

In contrast, the formation of microcracks in the direction of the applied load was observed. Based on
the obtained fracture images, the polymer's structure is relatively plastic, characteristic of a low level of
reinforcement. When introducing MDFOOPVE at a content of g = 0.50 wt.% into the epoxy oligomer ED-
20, a combined fracture mechanism was observed (Fig. 1b). That is, signs of quasi-brittle behavior with the
formation of large fragments and plastic crushing of the polymer matrix are simultaneously detected. In this
case, the surface of the composite material exhibits pronounced wavy shear zones, which alter the trajectory
of crack propagation and are accompanied by the dissipation of impact energy within the polymer volume.
This indicates increased interphase interaction, which provides high-strength indicators. A somewhat
different nature of fracture was observed when g = 0.75 wt.% of MDFOOPVE was introduced. The polymer
surface is characterized by a pronounced quasi-brittle nature of fracture (Fig. 1c), where the propagation of
the crack network occurs through cells of increased rigidity. An increase in the MDFOOPVE content
(g =1.00...2.00 wt.%) ensures the formation of a defective polymer structure. For example, a KM filled
with g =1.00 wt.%. MDFOOPVE is characterized by the most brittle type of fracture, where large
fragments and a significant number of cracks with slight air inclusions prevail (Fig. 1d). Such morphological
defects indicate oversaturation of the matrix with fibers, which changes the mechanics of load transfer.
Analysis of the fracture surface of CM filled with q = 2.00 wt.% of MDFOOPVE enabled us to identify
brittle fracture centers characterized by the formation of a significant number of microcracks and stress
concentrators, as indicated by traces of air inclusions (Fig.1e). This nature of the fracture of the polymer
surface indicates an excess content of fibers, which reduces the efficiency of their interaction with the matrix
and contributes to the rapid propagation of cracks.

Additionally, the chemical interaction of the CM ingredients was determined by IR spectral analysis
(Fig. 2). The absorption bands of composites filled with g = 0.25-0.50wt.% of MDFOOPVE were analyzed
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in the wave number range v = 400...4000 cm™ (Table 1). The IR-spectral analysis method established the
presence of a broad spectrum of absorption bands that characterize the valence, pendulum, and deformation
vibrations of the side groups and segments of CM.

A Fig. 1. General view of the surface failure of
epoxy composites filled with MDFOOPVE, g,
wt.%:

a) 0.25; b) 0.50; c) 0.75; d) 1.00; e) 2.00

Analysis of IR spectra enabled us to detect structural changes, specifically a shift in frequency
(v, cm), a change in transmission intensity (7, %), and a change in relative peak area (S, %). This indicates
a different number of chemical bonds in the polymer, and, consequently, a change in the degree of
crosslinking of the developed composites. Analysis of IR spectra (Fig.2a-c) allowed us to detect absorption
bands characteristic of the hydroxyl group OH (v =3408 cm?) for composites containing q = 0.25-
0.50 wt.% of MDFOOPVE.
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Fig. 2. IR spectra of composite materials in the wavenumber range v = 400...4000 cm™:
a - 0.25 wt.% of MDFOOPVE; b — 0.50 wt.% of MDFOOPVE; ¢ — 0.75 wt.% of
MDFOOPVE

At the same time, a shift of the peak towards lower frequencies and a change in the relative area of
the peaks were observed. The maximum shift of the peak towards lower frequencies (Av = 3.86 cm™) was
observed for CM containing q =0.75 wt.% of MDFOOPVE. Such materials are characterized by the
smallest value of the relative peak area — S = 88.1 % (Table 1). This indirectly indicates the formation or
strengthening of hydrogen bonds between the hydroxyl groups of viscose and the polar groups of the epoxy
matrix. The absorption bands at the wave number v = 2922 cm™ were attributed to asymmetric/symmetric
CH: groups, and at v = 2848 cm™ — to asymmetric/symmetric CHs, characteristic of all components of the
mixture of discrete fibers (polyester, viscose, elastane). The increase in the intensity of the absorption bands
(T, %) with increasing MDFOOPVE content (Table 1) indicates an increase in the proportion of organic
fibers in the composition, confirming their presence in the polymer structure. The presence of a peak at
v =2640 cm™ is characteristic of overtrons of other groups. That is, these are bands that arise not from
vibrations, but from multiple energy transitions in molecular groups during valence stretching.

The absorption band at v = 1700 cm? is characteristic of the polyester component C=0 (ester,
polyester). While the range of wave numbers v = 1419...1541 cm? indicates deformation vibrations of
CH2/CHs groups, which are due to an increase in the additive content. The absorption band at
v=1112 cm~ " indicate s ether bridges of epoxy groups and ether bonds of polyester, which are indicators
of fibers adsorbed by the polymer and affect the interfacial interaction. Changes in the relative area of the
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peak at v=914cm~"' (Table 1) indicate the interaction of epox y groups (C—O-C) during polymerization
with a mixture of discrete fibers.

Table 1.
Characteristic absorption bands according to IR-spectral analysis of composites filled with
MDFOOPVE
XapaKTepUCTHKH CMYTH IY-cnekTpy KOMIO3HUTIB
0,25 mac.u4. 0,50 mac.u4. 0,75 mac.u4.
I'pyna v, emt T, % S, % T, % S, % T, % S, %
(o)) - N Lo
Konusanus © < ~ 8 ] N~
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noJiecrepy i
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1541 — © — © — To}
— — — — — —
C=0 (ester, poliester)
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C=0 ~ — ~ — N —
- - 1 (o)) »
CN- astentH 2339 | < < < < S 5
KOJIMBaHHS N ™ N ™ N ™
OBepTpoHHU HIIUX o — — @
rpyn 2640 =2 r~ o ©
AcumeTpudHi Ta — ] o — © ™
CUMETPHUYHI 2848 a3 R a3 3 A X
KOJIMBaHHSA 3B’ s13KiB C—
H amipaTnunux rpyn 2922 = o < s % o
(CHz, CH3) — Te) To) Lo
N N ©
BasieHTHI KOJMBaHHS © o A =) ) g
O-H 3408 o oo
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Av=11cm? Av = 3,86 cm?

Therefore, there are structural changes in the studied CM. It was established that for the composite
filled with q = 0.25 wt.% of MDFOOPVE, the maximum relative peak area (S = 25.4%) was observed at
v=914cm ', which indicates a low er degree of conv ersion of epoxy groups compared to composites filled
with g =0.50-0.75 wt.% of MDFOOPVE. Additionally, the maximum value of the relative peak area
(S = 98.6%) was observed at v = 3408 cm™, indicating an insignificant interfacial interaction between the
hydroxyl groups of viscose and the polar groups of the epoxy matrix. Then, as the decrease in the relative
area of the peaks at v = 3408 cm?, the weakening of the epoxy peak at v =914 cm? is an indicator of
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improved interaction of discrete fibers with the matrix, which is typical for CM filled with MDFOOPVE at
a content of q = 0.50-0.75 wt.%.

Conclusions. The work compares the results of a study on the physical and mechanical properties
and structure of epoxy composite materials filled with a mixture of discrete fibers based on polyester,
viscose, and elastane. The work substantiates the possibility of controlled mechanical modification of the
epoxy binder by introducing the optimal amount of a mixture of discrete fibers, which ensures improvement
of the characteristics of epoxy composites. Additionally, generalized conclusions are made:

1. By optical microscopy, it was established that composites filled with g =0.50-0.75 wt.% of
MDFOOPVE are characterized by a combined fracture mechanism, which involves both localization and
redirection of cracks in the polymer network, and therefore indicates effective interfacial interaction of the
ingredients. Due to the nature of this fracture, the developed materials exhibit improved mechanical
properties compared to other CMs studied in this work.

2. Based on IR-spectral analysis, it was found that when introducing a mixture of discrete fibers based
on polyester, viscose, and elastane with a content of g = 0.50-0.75 wt.%, a decrease in the relative peak area
from S =98.9% to S = 88.1% at v = 3408 cm™ was observed and at the same time a decrease in the relative
peak area from S=25.4% to S=17.5% at v=914 cm™. The results obtained can be interpreted as
confirmation of intensive hydrogen interactions between the hydroxyl groups of viscose and the polar
groups of the epoxy matrix, as well as an indicator of the reactive interaction of the ingredients. In parallel,
an increase in the intensity of the absorption bands at v = 1700 cm™ and v = 1112 cm™ was observed, which
characterizes the double and single bonds of the C=0 and C-O groups, respectively, and indicates the
participation of the polyester component in the interfacial interaction.
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Hayionansnuii mexuiunuil ynieepcumem «Xapkiecokutl noimexHivHutl incmumymy*
Tnemumym 3azanvnoi ma negioknaonoi xipypeii in. B.T.3aiiyesa HAMH Ykpainu?

CKIHYEHHO-EJIEMEHTHE MOJIEJJIOBAHHS CTATUYHOI'O JIE®@OPMOBAHOI'O
CTAHY ATEPOCKJVIEPOTUYHUX CYAUH HA OCHOBI JAHUX OCT 30BPA’KEHb

Y pooomi npedcmaeneno memoouxy ouinku Hanpyyiceno-0e)opmoeanozo cmamny amepockiepoOMmuyHuUx CyouH Ha
0CHOGI KNIHIYHUX 0anux onmuyunoi kozepenmnoi momozpaghii (OKT). Po3pooneno anzopumm agmomamu3oeanoi nodyoosu
napamempuynoi ceomempii cyounu. 3a 00noOmMo2010 memoody CKIHUeHHUX e/leMeHnie nPOaHani308ano mpu munu 0JaauWoK:
HeKaNbYUHOBAHY, KATbUUHOBAHY MA HU3LKOT Wiinbnocmi. Bcmanosneno 30nu Konyenmpayii HANPYicens y «naedax» onAuKu,
W0 0036071€ NPOCHO3y6amMU PU3UK il po3puey.

Kniouogi cnosa: amepocknepomuuni cyounu, MCE, 6aswka, Hanpydiceno-0egpopmosanuii cmam

1.VV. Hovorukha, O.O. Larin, I. V. Polivenok, K. le. Potopalska, N.O. Fomenko

FE SIMULATIONS OF THE STATIC DEFORMED STATE OF ATHEROSCLEROTIC
VESSELS BASED ON OCT IMAGE DATA

This study focuses on the biomechanical modeling of atherosclerotic vessels to predict the risk of plaque rupture, a
primary cause of acute cardiovascular events. A methodology integrating clinical Optical Coherence Tomography (OCT)
imaging with Finite Element Analysis (FEA) is proposed. An automated Python-based algorithm was developed to reconstruct
patient-specific geometries of vessel layers (intima, media, adventitia) and plaque components directly from OCT images.

Numerical simulations were conducted for three different plaques cases under physiological pressure. The results
revealed that maximum stresses are consistently localized at the plaque shoulders. The proposed approach provides a
quantitative tool for assessing plaque vulnerability beyond geometric analysis.

Key words: atherosclerotic vessels, FE, Plaque, stress strain state.

Introduction. Atherosclerotic plaque is a common condition where the walls of blood vessels
become thick and stiff, leading to an increased risk of cardiovascular diseases such as heart attack and
stroke. Despite significant advances in the bio-medical understanding of the disease, its complex nature has
some randomness, and early diagnosis and treatment are crucial for preventing the spread of atherosclerosis
and its life-threatening complications. Mathematical and computer modeling can provide valuable insights
into the complex processes of blood vessels' mechanical response considering inside plague formation and
growth. The main challenge of computational modeling here is the accurate reconstruction of patient-
specific vessel geometry from diagnostic images, such as Optical Coherence Tomography (OCT), and its
conversion into a parametric finite element model. This requires precise differentiation of vessel layers and
plague components to ensure the reliability of stress-strain analysis and the subsequent prediction of plaque
vulnerability.

Furthermore, the widespread clinical application of such biomechanical analysis is currently limited
by the complexity of model generation. Converting raw OCT images into finite element models typically
involves tedious manual segmentation, which is time-consuming and subject to operator variability.
Therefore, a pressing scientific and practical task is to automate this workflow. Developing a robust
algorithm that can instantly translate diagnostic data into a parametric geometric model—preserving the
anatomical features of layers and plague components—is a key step toward making patient-specific rupture
risk prediction a viable tool for real-time decision-making.

Analysis of the latest research and publications. There are numerous researchers considering the
predictive modelling of the mechanics of human atherosclerotic blood vessels. Part of that involves
investigating the process solely through the mathematical formulation of the problem, based on approaches
to assessing the strength of a vessel with plaque. [2,3] The other investigations employ numerical methods
to predict probable critical situations. [1,4,5-9].

One approach to assessing blood vessel strength is modelling residual stresses in arterial walls by
simulating a radial cut through an unloaded artery. This simulation helps determine the strain gradient
associated with residual stresses, which is then applied in subsequent simulations. Age-related changes,
such as the widening of the thoracic aorta, affect vessel size and strength, with differences noted between
sexes based on body size. [9].

Research shows that age-related changes also affect the size and strength of blood vessels. For
example, the thoracic aorta typically widens with age and was larger in people with larger frames.
Differences in aortic diameter between sexes are associated with differences in body size. In individuals
without significant aortic disease, aortic growth was faster in younger individuals with a smaller indexed
diameter [3].
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To assess plague vulnerability, three-dimensional finite element models are used that take into
account biomechanical factors such as capsule thickness, lipid core stiffness, remodeling index, blood
pressure, and the presence of microcalcifications in the capsule tissue. Within the framework of this
technique, a vulnerability index was determined based on the ratio of maximum stresses to the tensile
strength of the capsule tissue. The most significant factors were capsule thickness and lipid core rigidity.
This technique was able to predict the risk of human atheroma rupture under different conditions [4].

Beyond the plaque itself, the microenvironment—specifically neovascularization—reshapes local
lipid and inflammatory profiles. Simultaneously, physical forces such as pulsatile hemodynamics and
arterial wall stiffness contribute to intimal hypoxia. These mechanical factors ultimately determine the
distribution of Wall Shear Stress (WSS), thereby regulating the pathological entry of monocytes and plasma
LDL into the lesion [5].

Simulation studies show that reducing slice thickness in MRI studies does not always lead to
improved measurements of the lumen, vessel wall, or necrotic lipid core size. In some cases, a more
important factor is to obtain anisotropic voxels to improve measurement accuracy and estimate stresses in
the plague capsule. Such studies are needed to quantify the benefits of different MRI techniques [6].

Mathematical modeling of the process of formation of atherosclerotic plagues makes it possible to
simulate various dynamic behaviors in various clinical cases. The model system can determine the critical
conditions separating stable and unstable plaques. The most important parameter for maintaining system
stability is the rate of proliferation of smooth muscle cells. If the proliferation rate exceeds a certain
threshold, the system can become unstable, increasing the risk of cardiovascular disease. [7].

Modeling of atherosclerotic plaque growth, including both macroscopic and molecular and cellular
processes, allows the interaction between the blood flow and the arterial wall to be taken into account. The
model uses the TAWSS dependence of endothelial permeability to describe the entry of substances from
the bloodstream and subsequent accumulation of elements such as LDL, macrophages and foam cells. The
influence of initial geometry and various model parameters on plaque growth highlights the importance of
a multi-level approach to solving the problem [2].

Finally, modeling of hemodynamics and mechanical properties of arterial walls with different types
of plaques shows that WSS around calcified plaques (low stenosis) is lower than around lipid plagues (high
stenosis). This can lead to further accumulation of new plaques around the calcified areas. Lipid plaques,
on the other hand, cause WSS fluctuations in healthy areas behind them, which can initiate the formation
of new plaques in these areas. The maximum stress is usually located at the shoulder of the plaque, which
is considered to be the site of plaque rupture [1, 8].

To summarize all of the above the purpose of the work is: to create the methodology of prediction
rupture of human blood atherosclerotic vessels with plague based on diagnostic of real patients using
numerical methods.

The
simulation of
The image The building steady state

The pictures
of human

Analysis of
principal

processing of of parametric of human
pictures model aorta under
blood
pressure

aorta from
medical
practices

stresses and
deformation

Fig.1. The general scheme of research

OCT Image Processing and Model Reconstruction.

As initial data for the paper, the results of patient vessel observation were provided by Optical
Coherence Tomography (OCT) in the form of pictures of the vessel cross-section. Coronary plaques are
classified into three different categories: calcified, non-calcified, and low-density non-calcified plaques.
Idealized plane models of longitudinal atherosclerotic arteries are used to investigate the impact of stenotic
severity on the circumferential stress exerted on plaque.

The vessel model with plague consists of three layers (Intima, Media, and Adventitia layers) and the
plague itself (Fig. 2).

Description of algorithm for building the parametric model of vessel. To analyze the structure of
the vessel with plaque components, numerical simulation is applied to illustrate the variation in mechanical
properties due to the lipid core. An algorithm is proposed for building the geometrical model of a vessel
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with plaque based on OCT results.

Lipid plaque

Adventitia

plaque

+cholesterol
crystals

b)
Fig. 2. Schematic definition layers and plague of vessel a) OCT results, b) schematic view

The dimensions and coordinates of all vessel layers and plaques are determined based on OCT images
using a Python script for image processing.

The Media and Adventitia layers are represented as a ring, corresponding to OCT pictures. The Intima
layer and Plaque are represented as spline parameters, which are defined according to the proposed
algorithm, as shown in fig.2. The Intima layer consists of an arc and a spline. The ends of the arc are
connected by a spline, which can take various shapes, simulating different forms and thicknesses of the
plaque cap. The plaque is represented by spline parameters, which are defined according to the proposed
algorithm, as shown in Fig. 3. The geometry of the plaque is created using two splines (upper and lower).
These splines, similar to the cap spline, can take various shapes, simulating different structures and positions
of the plaque.

The detailed description of the main stages of the algorithm for determining the geometrical
parameters of vessel layers and plague is shown in fig.3.

© LB. I'osopyxa, O.0. Jlapin, 1.B. onisenox, K.€. [lomonanvcvka, H.O. @omenko

139



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

v
i
Create variables: re, rl, r2, r3- (Create arcs for the intima layer and
radii for the vessel layers, n1, n2, nl points for the cap with the angle
n3 - number of points for the anglel/(n1+1)
splines, anglel, angle2, angle3 -
sector angles
\ J Y
y Create n2 points for the upper part
Create and initialize distance of the plaque with the angle
arrayvs dotsi1, dots2, dots3 and angle2/(n2-1) and n3 points for
angl‘e arrays :;\nglesl_. angles2, the lower part of the plaque with
angles3 the angle angle3/(n3-1)

v v

Create the adventitia layer Subtract th.e Elaque :_11'ea from the
. intima layer
Create the media layer End

Fig.3. The algorithm of determining geometrical parameters of vessel with plagque

Fig.4. The Media and Adventitia Fig.5. The intima layer of vessel with plaque
layers of vessel with plaque

The detailed description of algorithm is presented below:

1.

2.

3.

oa s

The artery's geometry is idealized to a circle with a constant diameter for further numerical
modeling.

The midpoint of the idealized artery is determined at the intersection of the circle's diameters.
The outer radius of the adventitia (outer layer) is identified. (fig.4)

Key parameters are defined, such as the thickness of the intima layer (inner layer, fig.5), the
thickness of the media layer (middle layer), and the thickness of the adventitia (outer layer).
Using the midpoint of the artery, the sector of the plaque cap is determined.

An application is used to construct the cap over the plaque, determining the distance and angle
of inclination relative to the artery's midpoint.

For constructing the upper part of the plaque (fig.6), an application is used to determine the
distance and angle of inclination relative to the artery's midpoint.

For constructing the lower part of the plaque (fig.7), an application is used to determine the
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distance and angle of inclination relative to the artery's midpoint.
8. The modeled geometry of the artery with the lipid plaque is created in ANSYS software.

Fig.6. The upper part of the plaque Fig.7. The lower part of the plaque

All layers and plaque are created as separate areas but considering geometry of each other as well as
all of them has a different material properties. The material properties as Young’s modulus (E;, Es, E,),
shear modulus (G,s, Ge;, Giz) and Poisson’s ratios (v.4, viz,ve:,) are presented of the plaque constituents are
consolidated from Wong [1] and shown in table 1.
Table 1
Material properties for vessel layers and plaque

Vessel layers -
Parameter Intima MediZ Adventitia Plaque (Lipid pool)

Er, E; kPa 300 100 350

Ey, kPa 3000 1000 3500 E = 10 kPa (isotropic)
G0, kPa 1500 500 2000

Gez, Grz, kPa 150 50 200

Veg, Viz, - 0.01 0.01 0.01 v=0.45

Vo, - 0.27 0.27 0.27

Numerical results. The Finite element method were used for determining the stress strain state of
vessel with plaque. The single layer model was set in solid plane strain, structural, linear, isotropic
quadrilateral elements (8 node PLANE 183) throughout the analysis as shown in fig. 8.

The study was conducted for different plaque geometries based on OCT results and subjected to a
pressure of 16,200 Pa, corresponding to normal human systolic pressure.

The proposed approach for building FE-model was applied for three different cases.

The simulation results reveal the complex nature of stress and strain distribution within the vessel
wall and plague components. Figure 9 illustrates the contour plots of the 1st principal stress for three clinical
cases. The results indicate that the maximum stress concentrations are consistently located at the "shoulders"
of the plaque (the transition zone between the plaque and the normal vessel wall).

In case 1 the stress distribution (fig.9) is relatively uniform compared to other cases. The maximum
1st principal stress reached approximately 236 kPa. The deformation pattern follows the geometry of the
fibrous cap without critical localization (fig.10). In case 2 the maximum 1st principal stress reached
approximately 537 kPa

Case 3 exhibited the most critical behavior in terms of deformation. Figure 10 shows the distribution
of the 1st principal elastic strain. Due to the low stiffness of the lipid core, the plaque underwent significant
deformation under systolic pressure. The maximum elastic strain reached 0.157 (15.7%), while the peak
stress was recorded at approximately 160 kPa. Such high strain levels indicate a significant stretching of
the thin fibrous cap, marking it as highly vulnerable to rupture.
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c)
Case 1 Case 2 Case 3

Fig.8. The vessel models: a) initial data, b) schematic view of vessel parts separation, ¢) mesh
models based on provided data and build by proposed algorithm

Conclusions and prospects for further exploration in this direction. In this study, a methodology
for the patient-specific finite element modeling of atherosclerotic vessels based on Optical Coherence
Tomography (OCT) data was developed and implemented. The following conclusions can be drawn: an
algorithm using Python scripting was successfully created to process OCT images and automatically
generate parametric geometric models of the vessel layers (intima, media, adventitia) and plaque
components. This approach reduces manual processing time and preserves the anatomical accuracy of
patient-specific data.

Finite element analysis of three models with plaques showed that mechanical stress is distributed
unevenly. Maximum stress concentrations are localized at the edges of the plaques, which are considered
to be the weakest points.

Future research in this direction will focus on:

o refining the load applied to the vessel walls and better simulate blood pulsation;

« expanding the current 2D cross-sectional models to fully three-dimensional reconstructions
to account for the longitudinal variability of the plaque;

e implementing hyperelastic material models (e.g., Mooney-Rivlin or Ogden) to better
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describe the behavior of arterial tissues at higher strain levels.

o000

Case 2 Case 3
Fig.9. Contour plot of the 1st principal stress

Case 1 Case 2 Case 3
Fig.10. Contour plots of the 1st principal elastic strain. Maximum values are localized in the plaque
contact area
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O. 1. Beurpunmwk, O. L. 3Bipko
Dizuxo-mexaniunuil incmumym im. I'. B. Kapnenxa HAH Yxpainu

OBIPYHTYBAHHS KPUTEPIFO TPAHUYHOI'O CTAHY CTAJIEN I'A30ITPOBO/IIB
3A IX IEPENPO®LIIOBAHHSA U151 BOJHIO

Tpueana excnnyamauyia mazicmpanvhux mpyoonpoeooié CRPUHUHAE ICMOMHE 3HUNCEHHA GUXIOHUX MeXAHIUHUX
xapaxmepucmux. Ilpoananizoeano ennue ekcniayamayitHux ymoe Hag0OHIO6AHHA cmaiell 2a30npoeodise Ha ix dezpadayio 3a
0nopom Kpuxkomy pyiinyeannio. O6rpynmoeano Kpumepiil 00CAZHEHHA ZPAHUYHOZ0 CMAHY cmanell 3a mpiujuHoCmiliiKicmio
3anexcHo 6i0 MucKy 2a3y 6 mpyodi ma HaaeHOCMI MPIWUHONOOJIOHUX Oeexmis. Ompumani pe3yrbmamu MoHCHA
euKopucmamu 01:a OYIHIOBAHHA POOOMO30amHOCI cmaneil MazicmpaibHUx 2a3onpogoodie 6 ymoeax MmpancnopmyeaHH:
600HI0.

Kniouosi cnosa: cmanv, mpyoonposio, Mexaniuni 61acmugocmi, 8600eHb, 0e2paoayis, KOHYeHMpayis 800HIO,
mMpiwuHocmituKicms, J-inmezpan, HAniee inMu4Ha mpiwuna, pooomo30amHicme.

O. I. Venhryniuk, O. I. Zvirko

SUBSTITUTION OF THE LIMIT STATE CRITERIUM OF GAS PIPELINE STEEL DURING
THEIR REPROFILING FOR HYDROGEN

Long-term operation of natural gas transmission pipelines causes a significant decrease in the initial mechanical
characteristics of pipeline steels. The influence of operating conditions of hydrogen uptake by natural gas pipeline steels on
their degradation in terms of resistance to brittle fracture is analyzed. The criterion for achieving a limit state of steels in terms
of crack growth resistance considering the operational degradation, hydrogen charging conditions, gas pressure in the pipe and
the presence of crack-like defects is substantiated. The obtained results can be used for assessment the serviceability of gas
transit pipeline steels reprofiling for gaseous hydrogen transportation.

Key words: steel, pipeline, mechanical properties, hydrogen, degradation, hydrogen concentration, crack growth
resistance, J-integral, semi-elliptical crack, serviceability.

IMocTtanoBka mpodiemu. MarictpanbHi TpyOONIPOBOIM BiAHOCATH A0 OCOOJIMBO BiJIMOBiJaNbHHUX,
OCKITBKHM TIOPYIICHHS 1X ITUTICHOCTI CHpPHYWHSE 3HAYHI HETaTHBHI HACTIAKU. AKTyalbHUM 3aBIaHHIM
JekapOOHi3aIlii EHePTreTUKH € TepenpodiTIOBaHHS ra30B01 iIHGPACTPYKTYPH TSl TPAHCTIOPTYBAHHS BOIHIO
[1, 2]. dns iioro BupinieHHs HEOOXIIHO BpaxyBaTW HHU3KY YMHHHKIB, BU3HAYaJIbHUX Ul OE3MEYHOI Ta
HaJilHOI eKkcrutyatamii TpyoonpoBomiB. Lle, 30kpeMa, 3aranbHOBIOMUN HETATHBHHIA BILIMB BOJHIO Ha
MeXaHIYHI BIacTHBOCTI cTaied [1-5], a Takok gerpamariis TPHUBAJIO EKCIDIyaTOBAaHWX CTaliek
TpyOonpoBoaiB [2, 6—8]. OckinbKM MaricTpajibHi Ta30MPOBOAM CIPOEKTOBaHI Ui TPAaHCIIOPTYBAHHS
OPUPOAHOTO Ta3y, TO B3a€EMOJiS BOJAHIO 3 TPYOHUMH CTalsIMH y MO€AHAaHHI 3 X eKcCIUTyaTauiiHOIO
JeTpanaIiiero BUMarae po3po0aeHHs HOBUX KpUTEpil OMIHIOBAHHSA iX poOOTO3IaTHOCTI 3a il BOJTHIO.

AHaJi3 ocTaHHIX HoCTigxKeHb Ta myoOJikamiid. J[ociKeHHS CTaHy TPUBAJO EKCIUTyaTOBaHHMX
MaricTpaJlbHAX Ta30IMpPOBOJMIB CBi4aTh TMPO ICTOTHE TOTIPIICHHS BUXIMTHUX (i3UKO-MEXaHIYHUX
XapaKTEPUCTHK CTajeH, SKIIO iX nmerpanailis BiMOYBAaeThCA 3a CYMICHOI Mii MEXaHIYHMX HABaHTAKCHb 1
a0copOOBaHOIro MeTajioM BOAHIO [2, 6—8]. BoHa mposBIsSeTbCS OKPUXUYCHHSM CTaliel, pPO3BUTKOM Y HHX
MOIITKO/PKEHOCTI Ta 3HIKEHHSM X OIOpYy KPUXKOMY pyiHYBaHHIO. BogHOYAC, MOXKE 3pOCTaTH CXUIBHICTD
craieii 1o BoaHeBOro okpuxueHHs [8, 9]. OcoOmmBo HeOe3MeUHHM pe3yIbTaTOM ITOIIKO/PKEHOCTI €
YTBOPEHHSI Ta PO3BUTOK TPINIWH. 3arajioM, YXe Ha CTajii MPOEKTYBAHHS TaKUX BEIMKUX KOHCTPYKITIH
PO3TISAAA0Th IMOBIPHICTh HASIBHOCTI B HUX HEBHUSBICHUX MiKpOTpinuH [10], 1110 HE MOXIJIMBO YHUKHYTH
HaBiTh TPU 3aCTOCYBaHHI Cy4YaCHHMX JiarHOCTUYHHX CHUCTeM. EKCIulyaTamiliHa Ierpajaiis MOCHUITIOE
PO3BHTOK HAasBHUX Ta 3apODKEHHS HOBHX MIKPOTPIMUH. TOMYy TpPIIIMHOCTIHKICT € BaKIUBOIO
XapaKTEPUCTUKOIO METAITy, IKa BU3HAYA€E POOOTO3IATHICTE TpyOoIpoBomiB [1].

B ymoBax TpaHCIIOpTYBaHHS BOJHIO BiH Oy/ie B3a€EMOIIATH 3 TPYOHUMHU CTaJISIMU, BHACIIJOK YOTO
BiZOyBaTUMETHCSA BOIHEBA Jerpajallis crajeil, HacamIepen depes ix BomHeBe okpuxuenus [1-3]. Ile
CIIPUYMHSE TIOTIPIICHHS MEXaHIYHMX XapaKTepUCTHK cTayei [1-5, 8], mo HeraTMBHO BIUIMBAaE Ha iX
POOOTO31IATHICTh, OCKIJIBKY MiABHIIYE PU3MK aBapiiHUX BiAMOB Yepe3 3pOCTaHHsS iMOBIPHOCTI KPHUXKOTO
pylinyBaHHs. Ha cporomni Hemae poO3poOJNICHUX KPUTEPIiB TPAaHUYHOTO CTaHy MeETaly Ul
nepenpodiiboBaHUX  TPYOONPOBOIIB, 30KpeMa, 3a yMOB BHKOPHUCTAHHS Ta30MNpPOBOIIB IS
TPAaHCIIOPTYBAHHS BOJIHIO.

I[MocTanoBka 3aBaanb. Meta poOOTH MoJIATaE B OOTPYHTYBAaHHI KPUTEPIIO TOCSITHEHHS TPAaHUYHOTO
CTaHy TPyOHHX CTaJel 3a mapamMeTpoM TPIIIMHOCTIHKOCTI 3 ypaXyBaHHSAM €KCIUIyaTalliifHOl Jerpazariii,
YMOB HaBOJHIOBAHHS, TUCKY Ta3y B TPyOl Ta HAIBHOCTI TPIIIUHOMOMIOHUX Te(DEKTiB.
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Buxnaaa ocHoBHOro marepiajy. /[ oOrpyHTyBaHHS KPUTEPIIO MOCATHEHHS KPUTHYHOTO CTAHY
TpYOHHUX CTajell BAKOPUCTOBYBAJIH PE3YJIBTATH MPO 1X TPIIIMHOCTIHKICTH 3aJ1€KHO BiJl yMOB €KCILTyaTalii,
HAaBOJHIOBAHHS Ta IIBHAKOCTI AeQopMyBaHHS. TpIIMHOCTIMKICTD MeTaly BH3HAayald MeETOAOM J-
iHTerpajia, BPaXxOBYHOUM METOAMYHI BUMOTH [11] 3 BHUKOPHUCTaHHSAM IIO3JOBKHIX OAaJKOBHX 3pa3KiB
po3mipamu 4x15x150 mm 3 OokoBuM HazapizoM. JlocmimkyBaau Tpyony ctanb 17T1C, Tumy API 5L X52,
eKCILTyaToBaHy 38 POKiB Ha MaricTpaabHOMY razonpooii [8, 9]. Ii uyTimBicTh 10 BOAHEBOrO OKpHXUYEHHS
OLIIHIOBANM 3a BUMPOOYBaHb 0e3 Ta Micis MONEepPeIHbOTO ENEKTPOJIITHYHOTO HABOIHIOBAHHS 3pas3KiB 3
TpiluHaMu, sike peanizyBanu B enektpomiti HoSOs (pH1) + 10 r/n ceyoBuuu Tpuaiictio S0roi. 3a
ryctunu ctpymy 0,05 MA/cm? Ta 1 MA/cM?. 3pasku BUPOOOBYBAJIH 3a MIBMAKOCTI HaBaHTaxeHHs V = 0,5,
0,051 0,005 mm/xB. Pe3ynbratn BUnpoOyBaHb ekciuryaroBanoi 38 pokis craini 171'1C npuseneni Ha puc. 1
(mokasHuK Joy — 3HAUEHHS J-iHTErpana, BU3HAUYEHe IS CTaPTy TPIL[UHMK).

Mapametp J, . Himm

N [ A

0 ] T T T T
5x107 5x10° 5x10° 5x10™

[IBIAKICTE HABAHTAKEHHA V, MM/XB

Puc. 1. 3anexuicTs napamMerpa Jou Bil IIBUIKOCTI HABaAHTasKeHHs V 1Jis 3pa3kiB 38 pokis
ekcmiyaroBaHoi cragi 171'1C micJst X monepeaHboro eJeKTPOJiTUIHOr0 HABOAHIOBAHHSA 32
ryctunu crpymy 0,05 mA/em? (1) Ta 1 (2) mA/cm?

Sx KpuTepid TPaHUYHOTO CTaHy CTajl eKCIUTyaTOBAaHOTO TPYOOIIPOBOAY 3alpOMOHOBAHO
BUKOPHCTOBYBATH TOKA3HUK B’S3KOCTI pyiHYyBaHHS K, SIKUH MepepaxoBYEThCS 3 Jou, 0 BU3HAYAETHCS
EKCIIEPUMEHTAILHO BiIMTOBITHO JTO MiXO/IB HEMHIIHOT MeXaHiku pyiHyBaHHS, 3a Gopmysoro [11]:

Kt = V[Jon Eal(1-v2)], )

ne Jon — pIBEHb B’S3KOCTI PYHHYBAaHHS, 3a SIKOTO IHIIIOETHCS PICT TPIIMIUMHE 32 aKTUBHOTO

HaBaHTaXXCHHS y CTaJli, [0 MiCTUTh IEBHY KOHIEHTpaIlito BoaHIO Cu, Ee — Moaynb nipyxkHOCTI (FKOHra), v

— xoedimient [Tyaccona. Ctaib IOCIHIPKYBAHOTO €KCILTYaTOBAaHOTO TPYOONPOBOY JOCATAE TPAHUYHOTO

CTaHy 3a YMOBH, IO ii B’S3KiCTh pyWHYBaHHA Ky 3a HasBHOI KOHIIEHTparii abcopOOBaHOTO B MPOIIECi
excruryaTaiii BogHio Cy Tocsria KpUTUIHOTO 3HauYeHHS Koy

KH = Rt rH. (2)

[pwuitasau, oo Ky = 55 MIla-\M BignosigHo 10 aMEpPUKAaHCHKOTO HOPMATHBHOTO OKYMCHTY
ASME B31.12 [12] momo BoaHEeBHX TPYyOOIPOBOIIB i3 cTajiei Takoi »x kareropii mirtHocTi APl 5L X52,
o i crans 171'1C, wo Bianosinae y nepepaxynky Jou™ = 13,3 H/mm.

V mporieci excIuTyaTarii mokasHuK B’a3kocTi pyinyBanus crani 171'1C Joy 3sumkyerses [8, 9]. T tum
CUJIBHIIIE, M0 OibINa KOHIICHTPAIlisI BOIHIO Y MeTani (IHTCHCHBHICTh HAaBOJHIOBAHHS), a 3 1HIIIOTO —
MEHIIIA MIBUJIKICTh HABAHTAXKCHHS. 3BiJICH IS KOPEKTHOI OITIHKM 3HAYCHHS B’S3KOCTI pyWHYBaHHSI CTali
JIOCTI/DKYBAaHOTO Ta30MPOBOAY CJiJ BpaXOBYBaTH IIBUAKICTh HABAHTAXKEHHS TOMEPETHHO HABOAHECHUX
3pa3KiB MPH BU3HAYCHHI Joi Ta HANPYXKEHUH cTaH B TpimuHi B oka3Hukax KIH mis meBHUX CHIIOBUX Ta
TCOMETPUYHHUX YMOB.

3 puc. 1 BUAHO, IO HaBiTh 3a HAWHWKYOI MIBUIKOCTI HABAaHTAXKCHHS Ta BHCOKOI IHTEHCHUBHOCTI
HABOJHIOBaHHS (KpHBa 2) Ha CTaJIl HE JocAraeThes piBHS Jon©.

3 pukopuctanasaM mporpamu ORIGIN oTtpumaHni faHi omucady PiBHAHHIMH Y BHUTIISII JTIHIHHAX
3anexxHocTei (puc. 1):

Banexwuicts 1 (puc. 1): Joy = 50,51 + 8,05-v; 3
Banexwuicts 2 (puc. 1): Joy = 39,67 + 8,05-v. 4)
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3aJe)KHOCTI anmpOKCHMYBalld Ha MEHIN IMBHIKOCTI HABaHTaXXEHHS 1 BM3HauWiau (puc. 1), mo 3a
BHMCOKOI IHTEHCMBHOCTI HaBOJHIOBaHHs 3a MBHAKOCTI 5-10* owikyBaHO J-iHTerpasi 1mo crapTy TpillMHH
Moke OyTH ONM3BKMM A0 TPAaHWYHOTO 3HAYEHHS, IJIsl MEHIIOI iHTEHCHBHOCTI HABOJHIOBAHHS — L
MIBUIKICTH Oy/I€ HIKYOI0.

Bimomo [13], mo MiX (YriTHBHICTIO B IPOIECI €ICKTPOJITHYHOIO HABOIHIOBAHHS Ta THUCKOM
ra3onofgiOHOro BOJHIO, SKi 3a0€3Meuyl0oTh OJHAKOBY KOHLIEHTPALil0 BOAHIO y CTali, BCTaHOBIICHA
kopersiiss. ToMy y JOCHIKYBaHHX 3pa3kax 3a EJEKTPOJITHUYHOTO HABOJHIOBAHHS 3a KOPEKTHO
BCTAHOBJICHOI 1Oro QyrituBHOCTI (i, BIANOBITHO, TYCTUHH CTPYMy HAaBOJHIOBaHHS 3a KaTOJHOI
noJsipu3anii) Oyae NOCATHyTa Taka K KOHIEHTpaLis abcopOOBaHOIO BOJHIO, IO 1 32 iX BUTPUMKH MpPHU
eKCIUTyaTallifHuX TUCKax BOXHIO. BogHowac, TepeBaraMM 3acTOCYBaHHS — €JIEKTPOJIITHYHOIO
HABOJIHIOBAHHSI € O€3IeYHINI Ta NIBHUIII J1a00paTOpHI BUIIPOOYBaHHS, @ OTKE 1 €KCIIEPTU3U OIIHIOBAHHS
TEXHIYHOTO CTaHy CTaJIel eKCIUTyaTOBaHUX Ia30MPOBO/IIB.

BpaxoByroun BcTaHOBJICHHUIT B3a€MO3B’ 130K MiXK (DYTITHBHICTIO Ta €KBiBaJCHTHUM THCKOM BOJHIO, &
TAKO)K MDK (YTITUBHICTIO Ta TyCTHHOIO CTPYMy HABOJHIOBaHHS, MOOYIyBajdM 3aJIeKHICTh MiX
CKBIBaJICHTHUM THCKOM BOJIHIO Ta TYCTHHOIO CTPYMY HaBOJHIOBaHHsS (pHC. 2), SIKYy ONHUCATH JIiHIHHAM

piBHAHHAM 3 BUKOpHUcTaHHAM nporpamu ORIGIN:
s =0,12 + 9,594, (5)

CKB
H2?

P

Puc. 2. 3anexuicTh Mik eKBiBAJEHTHAM THCKOM BOTHIO B TPYOi P[5’ 3a iioro ¢yrirusHuicTio,
BUXOASIYH 3 BeJIJMYUHN I'YCTHHH CTPYMY HABOJAHIOBAHHA i

st oOrpyHTYBaHHS (TIEPEBIpKM) KpUTEpito BUOpaliu ABa 3HaYCHHS TUCKY BoaHIO: 3,5 Ta 7,5 MIla.
Busnaunnm, 1o mias THCKY BoaHo 3,5 MIla ekBiBajeHTHOO € (QyriTHBHICTH 35,5 aT™ 1, BiAIMOBIIHO,
TYyCTHHAa CTpyMy KaTOAHOI MHoispu3amii 3a BHOpAaHMM pEKHUMOM ENeKTPOJITHYHOTO HABOIHIOBAHHS
i = 0,35 MA/cM?, Toni sk s THCKY BoatHIo 7,5 MITa dyritusricTs — 76,1 at™, a i = 0,77 MA/cMm?,

[MpunycTuBmm, mo MK mNapamerpamu Joy Ta I JiHIAHA 3aJIEXKHICTh, MPOBEIU PO3PaXyHOK
3a5IexKHOCTI Mixk mapamerpamu JonTa V ast | = 0,35 ta 0,77 MA/cm?. Jlani npencrasneni y tabmn. 1 ta Ha
puc. 3. 3aJIeKHICTh MA€ HACTYITHUI BUTIISIA:

Jou =26-v+36-121 (6)
Tabn. 1.
ExcnepumenTasibHi i po3paxyHkoBi gani mapamerpa Jon 1J1s ekcmryatoBasoi craji 17T1C
Excniepument Po3zpaxynoxk Po3zpaxynoxk ExcniepumeHnT
i =0,05 MA/cMm? i =0,35 MA/cM? i =0,77 MA/cM? i =1,0 MA/cM?

vV, MM/xB | Jog, H/mm | v, Mm/xB | Jou, H/Mm | v, Mm/xB | Jouw, H/MM | v, Mm/xB | Jou, H/MM
0,5 46,6 0,5 44,8 0,5 39,76 0,5 37,9
0,05 43,0 0,05 33,1 0,05 28,06 0,05 27,5

0,005 30,5 0,005 31,93 0,005 26,89 0,005 21,4
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Puc. 3. 3anexuicTs napamerpa Jou Bil IIBUAKOCTI HABAHTAKEHHS /IS MO310BKHiX 3pa3KiB
38 pokiB exciuryaroBaHoi ctaji 17T'1C miciis exexrposiitTudHoro HapoaHwBanus 3a i = 0,05 (1);
0,35 (2); 0,77 (3) Ta 1,0 MA/cm? (4) BiIOBiIHO 10 BUGPAHOIO PEsKUMY

[opiBHIHHS eKCIIEpUMEHTATBHUX 3HaUYEHb MapaMeTpa Jog Ta MPOTHO30BAHMX 3TiHO 3 3aJICKHICTIO
(6) HaBeneno Ha puc. 4. CepenHpo-KBaipaTHYHa MOXHOKA MPOTHO30BAHUX Ta €KCIIEPUMEHTAIBHUX TaHUX
cxiagae 3,16 H/mMm.

50 -
[ ExcnepuMeHTanbHi
=3 MporHo3oBaHi

40 -

= 301
=
=
-
=
(=]
— 204
10

v=0.500 v=0.050 v=0.005 v=0.500 v=0.050 v=0.005
=1.00 =1.00 i=1.00 i=0.05 i=0.05 1=0.05

YMmoBu BunpobyeaHb (v: MM/XB, i: MA/CM?)
Puc. 4. TlopiBHSIHHA eKCIEPUMEHTAJILHHUX 3HAYeHb MapaMeTpa Jou Ta NPOrHO30BAHUX 3TiTHO
3 3aj1eKHicTIO (6)

OTpuMaHi  pO3paxyHKOBI  pe3ynbTaTH  BKa3ylOTh, IO 33 NIBHIKOCTI  HAaBaHTAKCHHS
v =0,5...0,005 mm/xB 3HaueHHS TapameTpa Jon HE € HIXKYMMH 3a rpaHu4dHo pomyctume (13,3 H/mm) HaBiTh
3a BUCOKOI iHTGHCHBHOCTI HaBOJHIOBAHHS, 1110 BKAa3y€ HA MOXJIMBICTB 33 PUIHATHM KPUTEPIEM BU3HATH
NPUIATHOIO CTalb JUIS MOJAJBIIO] eKCIUTyaTallii 3a TakuX yMOB HABOJHIOBAHHSA (MaKCHMAaJbHUI
eKBiBaJIeHTHHH THCK BojHiO 9,71 MIlla, sxuil BimnoBiac BHOPaHOMY PEXHUMY EIEKTPOIITHIHOTO
HaBOJHIOBaHHs 32 i = 1,0 MA/cM?).

[Ipu oOrpyHTYBaHHI IPaHUYHO JOMYCTUMHX MIHIMAJbHUX 3HAYCHb ITOKA3HUKIB OMOPY KPUXKOMY
PYHHYBAaHHIO B)XXIIMBO OpaTH JO YBaru TaKoXX MOXKJIMBHU HAINpPYKEHWH CTaH y BEPIIMHI BHYTPIIIHbOT
TPILIMHM BiJ TUCKY BOAHIO (B mapaMeTpax KoediuieHTy inTeHcuBHOCTI HanpyskeHb (KIH), a mpu motpe6i i
J-interpana). [liaxia rpyHTyeThCS Ha MPUITYLIEHH], IO B €KCIUTyaTOBAHUX TPYOax Ta30IpOBO/IB MOXKYTh
OyTH TPIIMHU NIEBHUX PO3MIpIiB (TIMOUHH dcr), SKi 3 PI3HUX MPHYMH HE OYJIM BUSBIICH] 1e(DEKTOCKOMIELO.
Hamu posrisiHyTO ader = 1-2 MMm.
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3riHO 3 3ampPOTOHOBAHUM ITIIXOJOM TPUHAHATO, MO CTalb JOCTIIKYBAHOTO EKCILTyaTOBaHOTO
TpyOONIpOBOAY AOCSTAE TPAHUYHOTO CTaHy 33 YMOBH, IO ii B’A3KiCTh pylHYBaHHS Ky JOCATIIa 3HAYCHHS
K% (2), sixe BiAmoBigae KoedilieHTY IHTEHCUBHOCTI HAPYyXeHb, 10 peali3yeThCsl y BEPLIMHI TPIILIUHH 32
eKCIUTyaTariifHoro TUCKY BOJHIO y TpyOi. ToOTO HasBHA TPIlIMHA Y CTIHII TPYOH IMOYHE MOITHPIOBATHCS
KOJIM TIOKa3HUK TPIMTUHOCTIMKOCTI HABOJAHEHOTO MeTamy Ky 3HH3UTHCS JO pIiBHI Koe(ilieHTy
IHTEHCUBHOCTI HanpykeHb Ky, 1110 peasi3yeTbcs y BEPUIMHI TPIILIMHY BiJl eKCIUTyaTaliiHIX HAPY>KEHb.

st mporo y po0oTi, 6a3yrounchk Ha miaxoax JiHiiiHOT MexaHiku pyiHyBaHHs, o0uncieno KIH nns
TpyOu 1220 x 12 MM 117151 TBOX 3HaYEHBb THCKY Ta3y B TpyOi 3,5 1 7,5 Mlla 3a HassBHOCTI B Hiif HAa BHYTPIIITHIN
MOBEPXHI HAITIBENIMTUYHOI TPIIIMHU 3 0CHOBOIO 200 KOJIOBOIO OpieHTaIi€er0 (puc. 5) rimbuHow a =112 MM
Ta CIiBBITHOIICHHSM TIMOWHU TPIIIUHY JI0 HAMIBAOBKUHY a/c = 1/3 Ta 2/3 [10].

a 0
Puc. 5. Cxemu TpyOH 3 BHYTPIlIHIMU HaNiBeJTINTUYHMMU TPIlUMHAMM 0CLOBOI (2) Ta KOJIOBOL
(0) opienramii [10]

st po3paxynaky KIH a1 HanmiBeTinTUYIHUX TPITUH B IMUTIHAPI B OCEOBOMY Ta KOJIOBOMY HAIIPSIMKY
BHKOPUCTOBYBaH (hopMynu Biamosigno g0 API 579-1 [10]:

K,:Rg’fiiz[zco 261 (£) +36, (5 ) —4(;3( ) +56, (2 ]\/ﬁ )
ki =60 (5 + )] ©®

1.65
Q=1+1464(%) ", ©)
R; —BHYTpimHI# pagiyc Tpyou 598 MM, R, — 30BHIIIHIN paaiyc Tpyon 610 MM, ¢ —TtapamMeTpuIHUH

ac

2 ) . . .2 o .. ..
KYT, 7"’ =0- anomz{ae TOUYIlI Ha TTOBEPXHI, 7"’ = 1 — HaWOIBm TAUOOKIN TOYIl TPINIMHU. 3HAYCHHS

KoedilienTiB G; ( TR go) — 3rigHo 3 API 579-1 [9].

VY Tabi1. 2 HaBeneHO pe3yabTaTH po3paxyHkiB KIH a1 KoJ0BUX Ta OCOBHX TPIIIMH HA BHYTPINTHIN
MTOBEPXHI TPYOH.

Tabx. 2.
PesyabTaTtu po3paxynkis KIH (MHa-\/M) AJisl IOBEPXHEBUX HAMiBeJiNTUYHUX TPilllUH
Tuck P, | I'muGuna a, OcboBa opieHTAaIIS Komnoga opienTartist
MIla MM alc=1/3 alc=2/3 alc=1/3 alc =2/3
3,5 1 9,95 8,12 4,99 4,05
2 14,18 11,48 7,12 5,72
7,5 1 21,32 17,40 10,69 8,68
2 30,38 24,60 15,26 12,25

Oo6uncneni 3nadends KIH (ta6im. 2) BKasyroTh Ha Te, IO 32 HABEICHWX YMOB HAaBAaHTAKCHHS Ta
reoMeTpii TPIIMHH BOHH HE JOCSTAIOTh KPUTHUHOTO 3HaueHHs 55 MITa-Vm. Lle BKasye Ha MOXTHBICTH
0e3mevyHol moJanpioi eKcrutyaTamii TpyOr HaBiTh 3a JOBXHHHU TPILIMHMA 2 MM Ta MAKCUMAaJIbHOTO THCKY
7,5 MIla. Jlns mapameTpiB TPIliMHH, 33 SkuX orpuMain Haipumuii KIH (mis P = 7,5 MIla, noxunu a = 2
MM Ta a/c = 1/3) nogatkoBo pospaxysamu KIH 3a nosxunn Tpimmen 3 MM — 38,29 MITa-\m. Bigmosiaso,
piens KIH nist 6inbioi gOBXUHY TPIIIMHY Ta 11 TTMOWHH BXKE MOXKE CATaTH OJIM3BKOTO 0 TPAaHUYHOTO
3HAYEHHS 1 eKCIUTyaTallisi TpyOu 3 TaKOI TPIIUHOO MOXKEe OyTH MPOOIEMAaTUIHOO.

© O. I. Benepuniok, O. 1. 3gipko

149



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

[IpoBenenHmit aHami3 Ciif pO3MIBSIAATH SIK TIEPIINKA €Tarm B OOTPYHTYBaHHI O€3MEYHOI eKCIuTyaTallii
TpyOONIPOBOAIB B KOHTEKCTI TPAHCHIOPTYBAaHHS BOAHIO.

BucHoBku. TpuBamo ekclulyaToBaHa CTajlb MariCTpajJbHOrO Ta30NpOBOAY € YYTJIUBOIO [0
BOJHEBOTO OKPHXYCHHS 3a TapaMeTpPOM TPIMTMHOCTIMKOCTI, IO OCOOJHMBO TPOSBISETHCS 32 HHU3BKHUX
MIBUIKOCTEH HaBaHTAKCHHSI 3pa3KiB Ta BUCOKOI IHTCHCHBHOCTI HABOIHIOBAHHS. 3alIPOTIOHOBAHO KPUTEPIN
TPaHUYHOTO CTaHy CTaJICH 3a MOKa3HUKOM B’SI3KOCTi PyHHYBaHHS, SKHH BU3HAYAETHCS EKCIICPUMEHTAIEHO
MeToAoM J-iHTerpaja 3 ypaxyBaHHSM YMOB HAaBOJHIOBAaHHs, THUCKy ra3zy B TpyOi, HasBHOCTI
TPIIIMHONOAIOHNX Ae(EeKTIB Ta CTyIEHs eKCILIyaTalliiiHoi merpamamnii. [Tokasano, mo mus cram 17T'1C
MiCJIsl TPUBAJIOl eKCIUTyaTamii 3a MeBHUX PEKUMiB HABOIHIOBAaHHS Ta HU3bKUX IIBUAKOCTEH HABaHTAKEHHS
TPIIMHOCTIHKICTh MOXKE 3HM)KYBATUCH /10 TPAHUYHOTO PiBHSA, IO CBITYMUTH MPO BTPATY ii MPUAATHOCTI 10
MOAJIbIIOT eKCIUTyaTallii, 30KpeMa, B YMOBaxX TPaHCIOPTYBaHHS BOJHIO. Po3paxyHku KkoedilieHTa
THTEHCUBHOCTI HANPYKEHb JIJISl HAMIIBEJINITHYHHUX TPIIUH y TpyOax 3aCBiUWIIH, IO 33 PO3TISIHYTUX YMOB
HaBaHTaXeHHS Ta reomerpii AedekriB piBHi KIH He nocararoTb rpaHUYHOrO 3HauY€HHS, IO BKA3ye Ha
MOJKJIMBICTh O€3MevHol ekcruryataiii Tpyo 3 aedekramu TIHOMHOIO 10 2 MM Ipu THCKY 10 7,5 Mlla.
3anpornoHoBaHUN MiAXIT MOXe OyTH BHKOPHUCTAHWMN IS OIHIOBaHHS pPOOOTO3MaTHOCTI CTajei
MaricTpalbHUX Ta30MpPOBOAIB MpH iX mepenpoditoBaHH] IS TPAHCHOPTYBAaHHS BOAHIO, & TAKOX JUIS
PO3po0KHM KpuTepiiB ix Oe3neuHoi ekcluryartamii 3 ypaxyBaHHIM €KCIUTyaTalildHOl Aerpajauii craien Ta
BIUIMBY BOJIHIO.
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ML.JL. Pa6unkos, O.J1. Tkauyk, T.M. I'o;10BeHKO
Jlyyvruil HayioHabHULL MeXHIYHU YHIgepcumem

NOBYJAOBA BPEHAY MOJHOI'O OJAT'Y HA IPUHIUITIAX CTAJIOI'O PO3BUTKY

Y cmammi 0ocniosceno meopemuuni ma npaxmuuni 3acaou opmysanna 6peHoy MoOHO020 0042y HA RPUHUUNAX
cmanozo pozeumxy. Ilpoananizoeano cyuachi nioxoou oo cmanozo openounzy, 30kpema Konyenyii slow fashion, exonomixu
3AMKHEHO020 YUKy Ma MINCHAPOOHI cmanoapmu exoa02iunoi cepmudikauii. Y3azanvneno noeedinko6i YUHHUKU, W0
GNIIUEAIOMY HA JIOATILHICIb CRONCUBAYIE 00 CIAIUX OPEHOi6, A MAKOMC BUHAYEHO KI0U08I Oap’Epu 6nPOBAICEHH CIMAIUX

€K0102i4H020 enniugy ma modcaueocmi nepepooku. Hagedeno nopienanvnuili ananiz nepepooku OCHOGHUX 60J10KOH i
cuCmemMamu306aH0 KOHCIMPYKMUGHI NPUHYUNRU CHIEOPEHHA CIAN020 0042y, MAKI AK MOOYIbHICHb, PEMOHNONPUOAMHICIY,
Zero-waste ou3aiin, MOHO-mamepianvuicmy ma 0oezoeiunicms. Ha ocHnoei y3azanvhenux eumoz po3poodneno KonaeKuiio
Y40N06i4020 0042y, WO 6I00OPAIHCAE MOMCIUGOCMI NPAKMUYHOZO 3ACHMOCYBAHHA €KO Ou3aiin-nioxodie. Pezynvmamu
npooemoncmpysanu, wio iHmezpayia eKo102iuHuUX mamepianie, 6i0N0GIOAILHUX MEXHONO02IN ma NPOOYMAHOT KOHCMPYKUYIl
0036071A€ nidGUUUMU YYHKUIOHANbHICMb, 3MEHWUMU PeCYPCOMICMKICINE MaA RPOO0BHCUMU HCUMMEGUIL YUK 8UPODIE.
Hocnidcennsn niokpecnroe HeodXionicms KOMRIEKCHO20 RIOX00Y 00 CMA1020 OPEeHOUN2Y, AKUIL OXONTIOE He 1uuie RPOOYKmU i
Mmamepianu, a il KOMyHIKayilo, 6upoonuui npoyecu, n08ediHKosi acnekmu ma diznec-mooeni.
Knrwuoei cnosa: cmanuii Openoune, yupkyispHa eKOHOMIKA, eKO OU3alH, MOOYIbHICb 00512y, eKONOSTUHULL CIIO.

M.L. Riabchykov, O.L. Tkachuk, T.M. Holovenko

BUILDING A FASHION BRAND BASED ON SUSTAINABLE DEVELOPMENT
PRINCIPLES

The article examines the theoretical and practical foundations of building a fashion brand on the principles of
sustainable development. It analyzes contemporary approaches to sustainable branding, including the concepts of slow fashion,
the circular economy, and international environmental certification standards. The study summarizes behavioral factors that
influence consumer loyalty to sustainable brands and identifies the key barriers to implementing sustainable practices in the
fashion industry. Particular attention is paid to the characteristics of textile materials in terms of their environmental impact
and recyclability. A comparative analysis of the recyclability of major fiber groups is presented, and design principles for
sustainable garments are systematized, including modularity, repairability, zero-waste design, mono-materiality, and durability.
Based on these principles, a men’s clothing collection was developed, demonstrating the practical application of eco-design
solutions. The results show that integrating eco-friendly materials, responsible technologies, and carefully considered
construction can improve functionality, reduce resource intensity, and extend the product life cycle. The study highlights the
necessity of a holistic approach to sustainable branding that encompasses not only the product and materials, but also
communication, production processes, consumer behavior, and business models.

Keywords: sustainable branding; circular economy; ecodesign; clothing modularity; ecological footprint.

Problem Statement. The contemporary fashion industry is one of the most dynamic yet at the same
time one of the most environmentally intensive sectors of the global economy. According to international
organizations, clothing production entails significant consumption of water and energy and is a major source
of environmental pollution due to the generation of textile waste and greenhouse gas emissions. These
challenges shape a new global demand — the creation of brands that reflect the principles of sustainable
development and minimize their negative impact on the environment.

Under these conditions, sustainable branding is becoming a strategic tool for ensuring the
competitiveness of companies. Consumers increasingly prefer products with a transparent origin that
comply with ethical standards and demonstrate a responsible attitude toward resources. However, building
a sustainable brand is a complex process that requires aligning the environmental, social, and economic
dimensions of a company’s activities.

Analysis of Recent Research and Publications. The main branding strategies in sustainable fashion
business include positioning through slow fashion, emphasizing material provenance, ethical working
conditions, and service components (repair/upcycling). This is confirmed by studies that consider slow
fashion as a communication strategy and a tool for brand positioning [1].

From the perspective of marketing and consumer behavior, research indicates that the perception of
sustainability strengthens purchase intention in certain segments, but the effect depends on trust in
labels/certifications and on consumers’ willingness to pay a price premium. At the same time, there is a
pronounced gap between environmental awareness and actual behavior (the attitude—behavior gap) [2]. A
number of publications emphasize the importance of communication and trust [3]. Third-party certificates
and indicators can enhance credibility, yet some tools (such as the Higg MSI) are criticized for their
methodology, which generates risks of greenwashing and distrust. Therefore, brand communication must
be transparent and evidence-based.
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In terms of business models and profitability, the shift to a sustainable model requires rethinking the
value chain. Some studies demonstrate potential pathways to profitability (revenue diversification, service-
based models, local production). However, the issue of long-term financial sustainability for small and
medium-sized brands remains unresolved [4]. Research on design and circularity highlights design as a
driver of change (durability, repairability, modularity) and stresses the importance of integrating circular
practices into product strategy as a prerequisite for the practical implementation of a sustainable brand [5].

The review of the state of the art reveals a number of gaps and unresolved issues in relation to
sustainable fashion brands.

First, the problem of standardized impact metrics for fashion brands remains unresolved. There is no
widely accepted, industry-specific system for assessing “brand sustainability,” which complicates cross-
brand comparison and communication with investors and consumers [6]. The review also identifies the local
(Ukrainian) context as a research vacuum. Most empirical studies focus on Western Europe, Asia, and the
United States; there is a lack of research on Ukrainian consumers, local supply chains, policy and economic
barriers, and cultural factors in brand building under post-conflict/war conditions. The relevance of such
directions is confirmed in international benchmarks [7] and in a small number of Ukrainian studies [8].

Second, the long-term profitability of small sustainable brands has not been convincingly
demonstrated. It remains unclear which business models actually generate profit in different market
segments, as there are not enough randomized empirical studies [9]. Open questions persist as to why
conscious intentions do not translate into purchases (price, availability, status codes of fashion) and which
brand practices can change this situation [10].

There is existing research on communication in social networks, but there is a lack of systematic
experiments comparing specific tactics (storytelling, evidence-based documentation, AR links to life cycle
assessment (LCA) results) in terms of their impact on consumer behavior [11]. Environmental metrics are
relatively widespread, while social aspects are often communicated in a merely declarative manner; there
is a shortage of transparent data and documented case confirmations [12]. Cross-national comparisons are
also lacking regarding how public policies (taxation, incentives, standards) influence the opportunities for
building a sustainable brand [13].

A number of publications outline potential directions for further research in this field. In particular,
authors propose comprehensive case studies of Ukrainian brands [14]. There is a need for comparative
analysis of incentives and barriers for brands in Eastern European countries (including Ukraine) and their
impact on the pace of transition to sustainable models [15].

Task formulation. The aim of this study is to investigate the theoretical and practical foundations of
building a fashion brand based on the principles of sustainable development and to identify the key
sustainable branding tools in the contemporary fashion industry.

The research objectives are as follows:

—to analyze the essence of sustainable branding in the context of the fashion industry;

— to systematize the approaches and standards applied in sustainable fashion;

— to examine practical tools for building sustainable brands;

— to identify behavioral factors influencing consumer loyalty to sustainable brands;

— to determine the barriers and prospects for the development of sustainable branding.

Presentation of the Main Material.

Theoretical Foundations of Building a Brand on the Principles of Sustainable Development.

Sustainable development in the fashion sector implies producing goods with minimal negative impact
on the environment, as well as treating all people involved in the value chain responsibly. This includes the
use of eco-friendly materials, optimization of energy consumption, innovative recycling technologies, fair
working conditions, and process transparency.

Sustainable branding is the process of building a brand that integrates marketing activities with the
values of responsible consumption and ethical business conduct. Its foundations include: environmental
performance (eco-friendly materials, low-impact production); social responsibility (fair working conditions,
fair remuneration); ethics (supply chain transparency, absence of exploitation); and economic efficiency
(product durability, minimized costs of recycling and disposal).

International standards and practices show that the key global concepts include: Sustainable Fashion
— an approach to design and production that reduces the environmental footprint; Circular Economy — a
closed-loop model in which products are created with their subsequent recycling in mind; and certifications
such as GOTS, Fair Trade, and OEKO-TEX, which ensure transparency and quality control at all stages of
production.
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The value model of a sustainable brand presupposes a harmonious combination of four components:
environmental, social, ethical, and economic. A brand built on these foundations fosters lasting consumer
trust and a positive reputation.

The practical aspects of forming a sustainable fashion brand consist of a series of stages and steps.
The sustainable product development stage [16] is based on the use of organic or recycled materials; low-
impact dyeing technologies; eco-design that extends the life cycle of garments; and modular or
transformable designs that reduce the amount of waste generated.

The communication strategy of a sustainable brand should be based on openness regarding materials
and suppliers; an evidence-based approach (infographics, eco-labels, reports); and positioning the brand as
a bearer of a social mission.

Transparency and traceability make it possible to follow the product’s journey from raw material to
finished garment. This strengthens consumer trust and is a key factor in combating greenwashing. Elements
of social responsibility in the fashion industry include ensuring fair wages; rejecting exploitation and child
labor; supporting local manufacturers; and establishing ethical standards for interaction.

A sustainable brand uses storytelling to demonstrate its values, mission, and concrete actions. Eco-
labeling confirms compliance with international standards.

The interaction of a sustainable brand with consumers is determined by a number of factors, among
which one of the most important is consumer behavioral trends. Contemporary generations tend to prefer
brands with a clear social and environmental stance. They evaluate not only the product itself but also the
story behind its creation.

The key loyalty factors are determined by the following indicators: transparency of the company’s
activities; high quality and durability of products; consistency with declared values; and authenticity of
communication. In the fashion segment, effective tools for engagement include educational content on the
environmental impact of textile production; user-generated content and the creation of communities of
responsible consumers; as well as take-back and reuse programs for clothing.

Among the main barriers to the development of a sustainable brand are the high cost of eco-friendly
materials, insufficient recycling infrastructure, low consumer awareness in some countries, and the risks of
greenwashing, which undermine trust in sustainable brands as a whole.

Practical Directions for Implementing Sustainable Brands

The practical directions for implementing sustainable brands encompass environmental, economic,
social, technological, and communication-related actions. A successful sustainable brand is not only an
environmentally safe product, but also a comprehensive strategy that transforms the business model,
corporate culture, and interaction with consumers.

In sustainable clothing production, the most significant are organic natural fibers, recycled synthetic
materials, and novel biomaterials that reduce environmental impact. The choice among them depends on
the market segment: everyday wear, sportswear, premium fashion, or the vegan segment.

Indicators of resource efficiency and circularity of textile materials determine their recyclability, in
particular the percentage of material that can be reused or recycled. The values of this parameter for different
materials are presented in Fig. 1.

100 =

Materials

Fig. 1. Comparison of the recyclability of textile materials
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When designing garments on the principles of sustainable development, it is advisable to take into
account the use of detachable, easily replaceable trimming and hardware elements, as well as segmented

components.

In creating such garments, it is recommended to consider the principles of modularity; construction
solutions that facilitate recycling; low-waste (zero-waste) design; versatile and durable cuts; designs that
are easy to care for; and the possibility of reusing individual components [17].

The requirements for designing clothing based on the principles of sustainable development are

presented in Table.

Table

Design features of sustainable clothing

Group of design features

Example of design solution

Explanation

1. Ease of repair

Detachable cuffs and collars

Allow easy replacement of the most
wear-prone components.

Externally sewn zippers

The zipper can be replaced quickly]
without complex disassembly of the
garment.

Patch pockets sewn on top of seams

Easier to re-stitch or replace without
affecting the main construction.

2. Modularity and
transformability

Jacket with detachable sleeves

Converts into a wvest, increasing
functionality.

Convertible trousers

The lower part of the legs can be
removed, turning the trousers into shorts.

Removable insulating linings

Allow the garment to be used in different
seasons.

3. Facilitated recycling

Single-material garment (mono-
material)

Simplifies sorting and textile recycling.

Minimal amount of hardware/trims

Fewer components make the garment
easier to disassemble into parts.

Avoidance of complex composite
fabrics

Reduces problems with separating fibers
during recycling.

4. Zero-waste
construction

Rectangular or simple geometric
pattern pieces

Pattern layouts use fabric efficiently,
minimizing cutting waste.

Garments designed using the
“envelope cutting” method

Pattern pieces are cut as a single surface
with minimal off-cuts.

5. Durability and

Adjustable volume (drawstrings,
casings)

A single garment can fit different body|
types and “grow” with the wearer.

Double or reinforced seams

Increase the service life of the garment.

versatility - - :
. L Reduces the risk of the item becoming
Classic or minimalist cut .
aesthetically outdated.
Accumulate less dirt and are easier to
Flat seams .
iron.
6. Easy care

Detachable lining elements

The lining can be washed separately]
from the outer garment.

7. Reuse of components

Standardized pocket and flap sizes

Can be transferred to other garments or
reused.

Detachable hardware (screw-on

buttons, carabiners)

Enables the reuse of metal components.

Based on the table, a design prompt was formulated for developing a clothing collection on the

principles of sustainable development: “Desigh a men’s clothing collection (a jacket and trousers) based on
sustainable development principles. The garments should feature detachable cuffs and collars, externally
sewn zippers, patch pockets sewn on top of seams, a jacket with detachable sleeves, convertible trousers,
removable insulating linings, pattern pieces of rectangular geometric shape, garments designed using the
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envelope-cutting method, adjustable volume (drawstrings, casings), double or reinforced seams, and a
classic or minimalist cut.”
The results of creating this collection are presented in Fig. 2.

Fig. 2. Clothing collection designed on sustainable development principles

As a result of analyzing the clothing collection shown in Fig. 2 from the standpoint of sustainable
development — with an emphasis on durability, functionality, minimalism, and the potential environmental
friendliness of materials and production — the following conclusions can be drawn.

All four looks are built around concise, basic silhouettes: short jackets, straight trousers, and neutral
footwear. Such aesthetics are key for a sustainable wardrobe, as they do not go out of style quickly, are easy
to combine with other garments, and require less frequent replacement.

The appearance of the jackets and trousers suggests dense nylon or recycled polyamide, i.e. technical
fabrics with water-repellent finishes. The more natural tones are characteristic of outdoor brands that
employ sustainable approaches (for example, through the use of recycled materials).

Color harmony as an element of a conscious wardrobe is defined by several factors. The palette
includes dark blue, olive, brown, and black. These are universal, nature-inspired colors that are independent
of short-term trends, conceal signs of wear, and reduce the need for frequent purchases of new items. Such
colors are fundamental to the concept of a capsule wardrobe.

The looks are constructed by combining versatile trousers (straight or relaxed), basic layers (T-shirts,
sweaters), and jackets with technical details. This creates multifunctional clothing suitable for wearing in
the city, in nature, and in everyday situations. The more usage scenarios can be developed for a garment,
the more sustainable the wardrobe becomes.

The clothing appears to be oriented toward modularity and layering, which allows adaptation to
different weather conditions, reduces seasonality, and diminishes the need to buy highly specialized items
for particular environments. The silhouettes and design approach are reminiscent of brands that typically
use responsible supply chains, adhere to ethical labor standards, and minimize production waste.

The outfits in the photos align well with sustainable development principles thanks to minimalist
design, universal colors, potentially functional and durable materials, multifunctionality and layering
potential, and their compatibility with the idea of a capsule wardrobe. Even without brand information, it
can be stated that the silhouettes and composition correspond to the contemporary concept of conscious
fashion.

Conclusions. In the course of the study, the theoretical foundations for building a fashion brand on
the principles of sustainable development were defined, and practical tools that ensure environmental
performance, social responsibility, and economic efficiency in the fashion business were analyzed. A review
of recent scientific sources showed that sustainable branding is becoming a key strategic direction in the
development of the global fashion industry. However, this process is accompanied by a number of
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challenges, ranging from the lack of transparent metrics of environmental impact to limited recycling
infrastructure and the risks of greenwashing.

It has been demonstrated that an effective sustainable brand is based on a comprehensive value
system that includes environmentally friendly materials, transparent supply chains, ethical working
conditions, durability-oriented design, and responsible communication with consumers. The synthesis of
international practices (Circular Economy, Slow Fashion, GOTS, OEKO-TEX, etc.) has shown that
standards have become an integral element in strengthening brand trust and a tool for reducing the
environmental footprint of products.

The analysis of textile materials confirmed that raw material selection is critically important for a
sustainable brand. Natural organic fibers, recycled synthetic materials, and novel biomaterials demonstrate
the best recyclability indicators and the lowest environmental impact. The comparative analysis (Fig. 1)
revealed significant differences between material groups and made it possible to identify those most suitable
for circular production models.

An important practical component of the study was the development of design solutions that ensure
garment longevity and repairability: modularity, detachable elements, simplified recycling of mono-
materials, zero-waste cutting technologies, and the possibility of reusing trims and components. The
presented collection demonstrates how eco-design principles can be integrated at the levels of silhouette,
construction, and functionality. The analysis of the looks confirmed that minimalist design, a universal color
palette, technical fabrics, and the ideology of a capsule wardrobe help increase product resilience and extend
the life cycle of garments.

Thus, the results of the study allow us to assert that a successful sustainable brand in the fashion
industry requires not isolated environmental measures, but a holistic systemic approach that encompasses
the product, the production process, the business model, and communication. The proposed
recommendations, construction principles, and design outcomes can be used to create new collections, to
develop educational programs in eco-design, and as practical guidelines for Ukrainian brands seeking to
integrate the principles of sustainable development into their activities.
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B.I'. Muxaiinuk, M.B. lllanosau, A.I. Kpusopot
Hayionanenuii ynisepcumem «llonmascvra noaimexuixa imeni fOpiss Konopamiokay

BU3HAYEHHSA OBEMY €MHOCTI KOMBIHOBAHOI'O KOMIIEHCATOPA 3A
POBOTOIO AKYMYJIIOBAHHSA PO3YUHY OJHOIIOPIIHEBOI'O I'I/IPOITPUBOJHOI'O
PO3YNHOHACOCA

AHaniz cyvacnux HAcocie 6KaA3ye HA ROWYK WIIAXIE CHPOWEHHA IX KOHCMPYKYIl | HA 600CKOHAIEHHA RPUHUUNOGOT
cxemu 0OHONOPUWHEBUX POZUUHOHACOCIE NPU 36€0eHHI 00 MIHIMyMY RYIbCayinl y mpyoonpoeoodi nio wac mpancnopmyeanns
OyoisenvHux pozuunie.

3nusicennn nynvcayiii MUcCKy 6 Cy4acHux OOHONOPUIHEBUX POZUUHOHACOCAX 3A0e3NeuycmbCa 3acCmoCy8aHHAM
Komnencamopie mucky y éuznaoi nogimpaHux KO6naKie piznozo 00°emy. Ane nogimpani KomneHcamopu, 6UKOHYIOUU C6010
dynkuyito nopad 3 nepeeazamu, mMarOmov CYMMmMesi HeOONiKU, a came: 00’°€mM CMUCHYMO2O0 NOGIMpPA, W0 0e3nocepeorbo
KOHMAKMYy€e 3 REpekayysanum pO3uUHOM IHMEHCUBHO GUOGIAEMbLCA 3 KOMHEHCAmMOopa Rid uac pobomu po3uuHoHaAcocd.
Ocoonugo inmeHcUBHICMb 6UOANICHHA NOBIMPA 3POCMAE nPU MUCKY nodayi po3uuny (euwe 1,5 MIla). Ilpu ybomy kopucnuii
00°€mM KOMRneHCamopa 3MeHuLyEmovcs, eheKmueHicms aKymynii06antsa po3uuny KOMHEHCAmMOopa Cymmego 3HUICYEMbCA, a
CMYRiHb RYIbCAYill PO3UUHY RPOROPYITIHO 3POCMAIOMb.

Y cmammi npoananizoeano poéomy ma mamemamuyuno 00rpyHmoeano GU3HAYEHHA KOPUCHO20 00°cMy HA OCHOGI
npasun noeedinKu 2azy 6 i30mepMiuHOMY npoyeci HO60I KOHCMPYKUYII KOMOIH06AH020 KOMReHcamopa niosuuieHol
ehekmuenocmi 3MEHUIEHHA CMYNensa Nyabcayill MUcKy nio uac nepekauyeanHsa 0yoigenbHUX po3uunie pisHoi pyxomocmi
2i0ponpueoOHUM 00HOROPUIHEGUM PO3ZUUHOHACOCOM.

Kniouogi cnosa: posuunonacoc, KOMOIHOBAHUL KOMNEHCAMOp, CMYNiHb NYNbCayill MUcKy, 8LIbHA KAMepd, 3aMKHEeHd
Kamepa, 6yoisenvHull po3yuH, muck, 3axon boiis—Mapiomma.

V.G. Mykhailyk, M.V. Shapoval, A.l. Kryvorot

DETERMINATION OF THE CAPACITY OF A COMBINED COMPENSATOR BY THE
OPERATION OF THE SOLUTION ACCUMULATION OF A SINGLE-PISTON HYDRAULIC
MORTAR PUMP

Analysis of modern pumps indicates the search for ways to simplify their designs and improve the basic scheme of single-
piston mortar pumps while minimizing pulsations in the pipeline during the transportation of building mortars.

Reducing pressure pulsations in modern single-piston mortar pumps is ensured by the use of pressure compensators in
the form of air caps of various volumes. But air compensators, while performing their function along with advantages, have
significant disadvantages, namely: the volume of compressed air that is in direct contact with the pumped solution is intensively
removed from the compensator during the operation of the mortar pump. Especially the intensity of air removal increases at the
pressure of the solution supply (above 1.5 MPa). In this case, the useful volume of the compensator decreases, the efficiency of
the solution accumulation of the compensator significantly decreases, and the degree of solution pulsations increases
proportionally.

The article analyzes the work and mathematically substantiates the determination of the useful volume based on the
rules of gas behavior in the isothermal process of a new design of a combined compensator of increased efficiency in reducing
the degree of pressure pulsations during pumping of mortars of different mobility by a hydraulically driven single-piston mortar

pump.
Keywords: mortar pump, combined compensator, degree of pressure pulsations, free chamber, closed chamber, mortar,
pressure, Boyle-Mariotte law.

IMocTtanoBka mpodsaemu. BaxinBoio BHMOroo A0 Cy4acHHX PO3YHMHOHACOCIB € PiBHOMIPHICTB
nojadi ITyKaTypHOro YW OyaiBenbHOTO po3unHy. LIUpoko pO3MOBCIOMXKEHI OZHOMOPIIHEBI
PO3YMHOHACOCH OJHOCTOPOHHBOI il XapaKTepU3yIOThCS 3HAYHOIO MyJbcallieo momadi. Lls oOcraBuHa €
CEpHO3HOI0 TEPEHIKOAOI0 sl BUKOHAHHS MEXaHi30BaHOTO COILUTYBaHHSA A0 OACP:KaHHS LITYKaTypHOTO
mapy HeoOXigHOI TOBIIMHH, OCKUIBKM Ui HOPMajibHOI PoOOTH MOBITPsIHOI (OPCYHKH H OCOOIUBO
OE3KOMITPECOPHOTO COIIa HEoOXiJHa CTiKa Iojada Po3drHy. Y TPOTHISKHOMY BHMIAAKY CTPYMiHB
MITYKaTYPHOT'O PO3YMHY € HECTIHKUM, IiJecpsIMOBaHE HAHECEHHS PO3UUHY Ha 00pOOIIOBaHY MTOBEPXHIO
CTa€ yTPyAHEHHUM, a BTPATH PO3UMHY CYTTEBO 301IBIIYIOThCA. BaXkITMBO TakoX, 110 PpH piBHOMIpHOMY pyci
PO3UYMHY OI1ip HOro MPOCYBaHHIO B TPYOOIIPOBOIi y 1,5 pa3u HIXKYMH, HIXK y BUNAKY ITyJIbCallii ITBUAKOCTI
MOTOKY, 1[0 IO3UTHBHO MMO3HAYAETHCS HAa €HEProCIOXUBaHHI Hacoca.

Haii0inpm mpocTrM 3a KOHCTPYKLIEIO € OHOMOPIIHEBUI PO3UMHOHACOC 3 T1IPONPUBOAOM OPIIHS
Ta MiHIMaJbHUM "IIKIIUIMBUM" 00’€MOM YCMOKTYBalIbHOI po0OO4Oi KamepH, ajieé Takuil po3uMHOHACOC
MPAIIOE 33 MPUHIAIIOM OJIMHAPHOT JTiT Ta XapaKTePH3YETHCS 3HAYHOIO MYJICAIIEI0 THCKY ITO/1adi.

st 3a0e3neyeH s 3r1aKyBaHHs MyJIbcallil TUCKY 10 TIOMIpPHOTO PiBHS HEOOXiTHO 3aCTOCYBAaTH y
CKJIagi po3uMHOHAacoca KOMOIHOBaHHMH MOBITPSAHUI KOMIIEHCATOp, SIKUM MICTUTh [BI KaMepH — OAHA 3
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BUIBHHM, a IpyTa — 31 CTUCHYTHUM ToBiTpsiM. [lepmra kamepa Oy/ie mpaltoBaTH MPH HU3bKOMY THCKY TI01adi
PO3UHHY, a Ipyra — npu OiIbLI BUCOKOMY.

CymMapHuii KOpUCHUHN PUBEACHUH 10 aTMOC(EpHOTO TUCKY 00’ €M MOBITPs B 000X KaMepax OBUHEH
OyTH TakuM, 11100 3a0e3MmedyBanocs HeOOXiqHe 3IJ1aI)KyBaHHs My/Ibcallii mpy poOoYOMY THCKY MOaui.

AHaJi3 ocTaHHIX qocaixxeHb i myOaikanii. PozunHoHacOC Mae MMUPOKUN CIIEKTP BUKOPUCTAHS, a
caMe: pH BUKOHAHHI TOPKPET-POOIT MiJ] Yac HAHECEHHs 3arajbHUX 1 CHelialbHUX PIAKUX CyMillel, s
nepeKkadyBaHHs, HOoAayl SIK CleliaIbHUX PO3YMHIB, TaK 1 TOTOBUX IMEpEA3aMilllaHuX CyMIilled y Ba)KKHX
YMOBaX, a TAKOX CYMIIIIEH 3 PEeryIIOBaHHSIM TUCKY TOJaui.

BiTun3HAHI NOPIIHEB] pO3UNHOHACOCH 3aCTOCOBYIOTH JAJIS IIEpeKauyyBaHHs PO3UMHIB PyXOMICTIO HE
MeHIe 5...7 ¢M 1 KpynHicTio ¢pakuii He Oinbiue 5... 12 MM [1, 6, 14].

[opmuesi pozunnonacocu Mapku CO ta PHIIL, PH [1, 6, 14], cknagaroTbcs i3 eNEKTPOMEXaHIYHOTO
MPUBOJIa, BCMOKTYBAIBHOTO Ta HATHITAIBHOTO NATpyOKiB, MWITIHAPO-TIOPIIHEBOI TPYIHU, poOOYOi i
KJIAIIaHHO1 KaMep 13 BCMOKTYBaJIbHUM 1 HarHITAJIbHUM KYJIbOBUMH CaMOIiI0YMMH KJIallaHAMH, HOBITPSHOTO
KOBIaka (OKpIM JIBOMIOPIIHEBMX) JUIS 3TJIAJKYBaHHS MyJbCallii TUCKY PO3YMHY, IyJIbTa YIPaBIiHHS i
pamu, Ha SIKii 3MOHTOBaHI BCi CKJIaJIOBI po3urHOHAcoca. OCHOBHMMHU XapaKTEPUCTHKAMHU TOPIIHEBUX
PO3YMHOHACOCIB €: BUCOKA MPOAYKTUBHICTh, BUCOKUH piBeHb 00€’MHOTr0 KK/, He3anexHa monava po3unHy
BiJl PO3BHHYTOI'O HAIlOPY, XOpOIa BCMOKTYBaJlbHAa 3JaTHICTb, BUCOKHH pecypc LMIIHIPO-IOPIIHEBO]
rpynu (6mm3bko 2000 mami-rox). [TopirHeBi po3YrMHOHACOCH TIPU3HAYEHI JUIsT KOMIUIEKTAII] ITYKaTypPHUX
arperariB 1 CTaHII, HaWMOIIMPEHINII Ta MaKCHMMaJbHO YHidikoBaHi. Takoxx 1 3a0e3ledeHHs
MOOUTEHOCTI PO3YHMHOHACOCH MOHTYIOTHCS, KOJIICHUMH Bi3KaMH.

Putzmeister P13 (Himeunnna)[13] — ue HamiiHWI IITyKaTypHH arperaT, SIKUH OCHaIIeHUH
MOPIIHEBUM PO3YMHOHACOCOM 13 TIOABIMHOIO AI€I0 Ta BUKOPUCTOBYETHCS ISl MPUTOTYBAHHS Ta IMOJAdi
MITYKaTypHUX CYMIIIIeH 3 BalHa, MiCKy, IEMEHTY Ta IHIIUX MaTepiatiB, i3 BAXKKUM IIUKJIOM 3MIlTyBaHHS.
HagiTh mpu BenMMKMX HaBaHTaKEHHSX Ha JAaHWH TMOPLUIHEBHH HACOC HOTO AeTani Maibke He 3HOUIYIOThCS
4yepes CBOI HaJIIWHICTh 1 SKICT .

PozunroHacocu ¢ipmu Turbosol (ITamis) [8] ocHamyrOTbCS aBTOMaTHIHUM TIPUCTPOEM 3aXUCTY Bif
HaJJMIIKOBOTO THUCKY, TMPHCTPOEM DPELUUPKYJALil, MHEBMAaTUUYHUM AUCTAaHLIHHUM YIIPaBIiHHAM
(IycK/3ynuHKa).

3a moaudikariero po3unHOHacocu ocHameHi: ES cranmaptHo enextpomBuryHom 5,5 kB1/ EMF
eNeKTpoaBUTYHOM 13 3mimyBadem 1,5 kBt 180 n/ DS muzenem 10,5 kBt cranmapt/ DMF gmzenem i3
3MillyBa4eM IPUMYCOBOi [ii. ATrperaTHm TaKo)XX OCHalleHi: NpuBOA Hacoca 2-mBuakicHoro MKII;
3aro01>KHUKOM IMEPEBUILIEHHS TUCKY; PAMHUM JBOKOJICHUM Bi3KOM; BiOpaIiiiHUM BiJICiFOBa4€M 3 CHTOM 8§
MM; CHCTEMOIO PEIUPKYJIAIMiil CyMirti; BOyTOBAaHHM MOBITPSTHUM KoMIipecopoM 270 JI/XB 3 AUCTaHILITHIM
KEpYBaHHSIM.

Henonikom po3zunHonacociB Turbosol € miaBHIIeHI cTyNeH] Mynbcaliii THCKY 32 paXyHOK OJMHAPHOT
Iii poOoTH, HeBHCOKHH piBeHb 00’ eMHOTO KK/I, MimBHITIEHA METAIIOEMHICTB.

Hacocu 3 rigpaBniyauM MPUBOJOM IIfe HEAOCTATHRO BiAOMI Ha BITYM3HSIHOMY PHHKY, B TOH XKe dac
SK y 6arateox Kpainax cBity, Hanpukian, B CIIA, Himeuunni, Hopgerii, ITanii, Ta iHmmx kpaiHax 3aBasKu
CBOIM IlepeBaraM BOHM LIMPOKO PO3MOBCIOKEHI B 0araTthox raiys3sx mpoMucioBocti. Ha manuii wac y
0araThb0X PO3BMHEHMX KpaiHaX HACOCH 3 TiIpaBIiuHHM IPHUBOJIOM BHITycKaroTh psam ¢ipm: Milton Roy
(CIIA), Alemite (CIIA), Feluwa Pumpen GMBH (Himewunna), Maritime Hydraulics (Hopgeris),
Wagner, Dellmeco, FlowMaster, Graco, Tapflo, Wilden Pump & Engineering, Grundfos, Maxroy (CIIIA)
Ta im. [9, 10, 11, 12]. Taki HacOoCH IIUPOKO BHKOPMCTOBYIOTHCS Yy PI3HHMX Taly3sX MPOMHCIOBOCTI, i,
TIPUMiPOM, 3 METOIO BiJIKauyBaHHS B'SI3KHX, KOPO31MHO-aKTUBHUX 1 3a0pyAHECHUX CEPEIOBHIIL 3 pe3epByapiB
1 BIICTIMHUKIB, 30MpaHHs PONIUTHX HAPTONPOLYKTIiB, IEpeKauyyBaHHs OypOBOTrO PO3YHMHY 1 OYyIiBeTbHUX
CyMIIIIEH, a TAaKOX B SIKOCTI HACOCIB-103aTOPIB ITiJT YaC PI3HUX TEXHOJIOTIYHUX MTPOIIECIB Xap4uOBOi, XiMITHOT
Ta IHIIAX TaTy35SX MPOMHUCIOBOCTI.

AHamiz HayKOBHX JDKEped, BKasye Ha Te, IO Cy4YacHi HAacoch € JIOCKOHAJIUMH
BHCOKOTEXHOJIOTTYHUMH arperaTamy, siki MaloTh BUCOKi XapaKTEepUCTUKH 1 3a0e31euyloTh BUCOKMI PiBEHb
NepeKavyBaHHs PI3HOTO POy Cymilied. AJie HACOCH HE € YHIBEpCaabHHMHM, a CIIPSIMOBaHI 3/11HCHIOBATH
nepeKkadyBaHHAd OOMEXKEHHH mnepenik cymimeid. ToMy NHTaHHA YHIBepCaJbHOCTI HACOCIB NHUTaHHA
BIKpHUTE, a TOMY MOTpiOHO KepyBaTHcs OaraTbMa YMHHUKAaMH AJISl JOCSTHEHHS [IOCTaBJICHUX 3ajgad. Y
TEOpil0 1 TPAKTHKy EKOHOMIYHO JOIIBHINIOr0 TpPyOOIPOBIAHOTO TPAaHCIOPTYBAaHHS OyHiBEIbHUX
PO34YMHIB PO3UMHOHACOCAMHU BAaroMuil BKjaJ BHeciu BueHi Ta imkeHepu: C.I. Anekcees, M.l. AnboiuH,
C.C. Abens, IO.M. baxxenoB, A.M. bapanoB, 0.1 bemskoB, M.C. bonorcekux, B.M. €BcTudees,
LLA. €EmenbsHoBa, M.M. 3aBpaxun, A.O. 3amopoxuuii, I'.B. Issucekuii, M.C. Kanroka, b.O. Kopo6xko,
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LI. Hazapenko, O.I'. Ouumenko, C.IL Ilapdpeno, A.M. Ilpomenko, €.C.Craituenxo, B.JI. Tomuii,
B.Y. Yer’sunes, HO.I1. YupkoB Ta psij iHITUX BiJOMUX JTOCIiTHHKIB.

AKTyaJbHICTh JOCHII:KEHHH TIOJSITa€ B HEOOXIHOCTI MiJIBUIICHHS MapaMeTpiB poOoTH
OJTHOTIOPITHEBOTO TiPONPUBOAHOTO PO3UMHOHACOCA 33 PAXyHOK €()EKTHBHOTO aKyMYJIOBAHHS PO3UHHY
KOMOIHOBaHMM KOMITCHCATOPOM Ta 3MEHITICHHS PiBHS CTYIIEHHS MyJIbCaIliif TUCKY M01adi PO3UHHY.

MeTo0 J0CTiKEHHs1 BCTAHOBJICHHS aJrOPUTMY BHU3HAYEHHS MapaMeTpiB KOMOiIHOBaHOTO
KOMIIEHCAaTOpa, a caMe BH3HAYEHHS KOPHCHOIO 00’€My aKyMyJIOBaHHS PO3YMHY KOMIIEHCYIOUOTO
MPUCTPOO B TAKTI BCMOKTYBAHHS TiIPONIPUBOIHIM PO3YMHOHACOCOM TIiJI Yac i30TEpMHOIO mporecy (Ha
ocHOBI 3akoHiB boins-Mapiorra i ['eii-Jlroccaka), sskuii mpoTikae mig 4ac nepekavyBaHHs PO3YMHIB, TAK SIK
BBaXKa€THCSI MUTTEBUM.

Buknanennss ocHoBHoro warepiany. [Ipu mpoBeneHHI aHamizy HasABHUX KOHCTPYKIii
PO3YMHOHACOCIB BCTAHOBIICHO Psiji MEpeBar HAcociB i3 TigpompuBoaoM (puc. 1) BIIHOCHO HacociB 3
MEXaHIYHUM MIPUBOJIOM, 30KpeMa: Bucokuil pieHb KK/I, HapiliHicTh mix yac ekciutyaranii, piBHOMIpHICTb
nojiadi Ta MOXIHUBICTE 11 OE3CTYHiHUACTOrO0 pETyNIOBaHHS, TPUBAIMNH TEPMiH CIYXOHW, MPOCTOTA
BUTOTOBJICHHS, 3pYYHICTh €KCILTyaTallil, Maii po3Mipu i Maca. 3aBASKH BKa3aHUM TiepeBaram, OyiBenbHa
TeXHiKa 3 TiApaBIiYHUM NPHBOAOM JUIS TPAHCIIOPTYBaHHA MaJIOPYXOMHX cyMilieil TpyOompoBoxamu
3HalIUIa K B YKpaiHi, TaK 1 32 KOPJOHOM IIMPOKE BIPOBADKEHHS. Y BHUIAJKaX, KOJM HACOC IOBUHEH
3a0e3MeYnTH 3MiHHY MPOAYKTHBHICTh, 3ACTOCYBAaHHS HACOCHUX arperaTiB 3 TiIpaBIiqHAM IPUBOJIOM CTaHE
e BurigHimmM. [le 00yMOBII€HO HAsSBHICTIO OUIBIINX Ta0apUTIB 1 MacH B MEXaHIYHOMY PETyIbOBAaHOMY
MIPUBOJIi MOPIBHAHO 3 PETYIhOBAHUM TigpaBiidyHuM mpuBonoM [149]. [Ipore aHami3 po3YWHOHACOCIB i3
T1IPONPUBOIOM, MPOBEJICHUN 3a JaHUMH JITEpaTypHUX DKEpes, CBIIYHUTH i MPO Te, IO KOHCTPYKIISIM
TaKWX MalllH IpUTaMaHHi IeBHI HEAOMIKH, sIKi TaJIbMYIOTh IIMPOKE 3aCTOCYBaHHSI T1IPaBIiYHUX MPUBO/IIB
Yy HacocoOyTyBaHHI.

CyuacHi OZHOMOPIIHEBI POZYMHOHACOCH XapaKTEPU3YIOTHCSI BUCOKUM PIiBHEM CTYIEHS ITyJbcaiii
6225 9, Ile nos’s3aHo y mepiry yepes podoTy PO3UMHOHACOCA, AKHUil 3a0e3Medye Noaauy TiIbKH B TAKTI
HarHiTaHHA. 3aCTOCYBaHHS KOMIIEHCATOPIB BUCOKO1 €(PEKTUBHOCTI Ha HAIiPHIN MaricTpaii po3duHOHacoca
3a0e3MeYnTh CTa0Ti3alio TUCKY Ta MO1avi B TAKTI BCMOKTYBaHHS.

A-4

Puc. 1. KoHCTPpYKTHBHA cXeMa O{HONIOPIIIHEBOI0 IiiPONPUBOJHOI0 PO3YHMHOHACOCA 3
KOMOIHOBAHNM KOMIIEHCATOPOM 301/1b1IeHOT0 00°emy: 1, 12 — yCMOKTYBaJILHUI Ta HATHITAJIbHUI
naTpyook; 2, 4 — BCMOKTYBAJIbHHUIA Ta HATHITAJBHUI MIANPYKAHEHN KyJIbOBI KIananu; 3 —
YCMOKTYBAJIbHA KaMepa; S — KOMOIHOBaHMIi KOMIIEHCATOP; 6 — NOPIIEHb 3 HANIPABJISIIVYUM
ILUTYHKEPOM; 7 — XOMYT TiipaBJidyHUid NPUBITHUI HWITiHAP 3 po3noainwBadem; 8 — rinpouusinap 3
NMOPIIHEM i IITOKOM; 9 — 3010THUKOBHH po3noaiiibHNK; 10 — peryjasitop nmoaaui rixpasigHol
pinunan; 11 — exexkrpoasurys; 13 — ginbTp MacTuabHOI pigunn; 14 — naTpy0ok 3.1MBY rigpaBaidHOI
pinunu; 15 — rizponacoc mecrepennnii; 16 — mydgra

Heo0ximHO mpoBecTH TOCIiPKEHHST KOMIICHCATOPa, 3 BU3HAYCHHS KOHCTPYKTHBHOI TOBHOT EMHOCTI,
MPUBEICHOTO 00’ €My 10 aTMOC(EPHUX YMOB Vnp 1 KOPUCHOTO 00’ eMy onp po3uuHy (00’€M pinuHU, 110

BUTHUCKAETHCA TI'a30M (HOBiTpSIM) 3 KOMIICHCATOpa Hi,[[ Jac mpoucecy HOro IIOBHOI PO3pAaKHU, Hi)_'[ gac
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3HW)KGHHSI THCKY Ta3y B TaKTi BCMOKTYBAaHHS PO3YMHOHAcOCOM). TOMy 3acCTOCYBaHHsS KOMOiIHOBaHOTO
KOMIIEHCAaTOpa HOBOT'O THUIIy 3 BUIBHOIO Y BUIJISIAI LWIIHApA Ta 3aMKHEHO! y BUIJISALI MHEBMOOAJIOHY
BAaHTA/KHOTO aBTOMOOIIIS TOBMHHO 3a6e3TeYnTH HU3bKHUI PiBeHb CTyneHs mynbcaniit o < 25 %.

J1oOyTOK KOpPHCHOTO 00’ €My Ha CepeIHil TUCK ra3y B IbOMY Jialma30Hi THCKIB BU3HAYAE 30BHIIITHIO
po0OoTy (eHepriro) akyMynsTopa.

[lix gac KOHCTpYIOBaHHS Ta BCTAHOBJIICHHS pPOOOYHX ITapaMeTpiB KOMIIEHCATOpa KEPYIOThCS B
OCHOBHOMY TIParHCHHSIM OTPHUMATH MiHIMaJIbHYy Bary i 00’eM, ToOTO pobodi mapameTpu KOMIIEHCATOpa
NOBHHHI OyTH TakuMHu, IIOO MNpH MiHIMATBHOMY KOHCTPYKTHBHOMY HOro o00’emi Ta 3amaHOMY
MiHIMaJIbHOMY Jiana3oHi THCKY Oyja JOCSTHYTa MakCHMallbHa KOpPUCHA EMHICTH (00’ €M) KOMIIEHCAaTOopa.

SIKII0 BUXOUTH 3 130TEPMITHOTO TIPOIIECY, TO TPUOIM3HO B 3araibHOMY BUIIAJIKy MOXHA TIPUHHSATH

AV _Ap, (1)
Voop

ne AV —3mina 06’emy rasy (a6o HakonuueHoro 06’ eMy po3unny); V — 06’eM rasy B KOMIIEHCaTOpi;
p i Ap — cepelHil TUCK, Ta 3MiHa THCKY Tasy.

3rigHo puc. 2 1 BUpa3y Ha BiAMIHY BiJl KalJIIPHUX PIAMH B’S3KICTh Ta3iB 301IBIIYETHCS 3
M IBUIIICHHSIM TeMITepaTypH. Lls 3a1eKHICTh TOCUTHh TOYHO XapaKTepHU3YEThCS 3aexkHIcTIO CaTepreHna

3/2
To+ Cj. ry, )
T+C TO

e 1y i p — abCOMIOTHA B'A3KICTb IPH BUX1/HIA Temnepatypi Ty i Temneparypi T'; C — nocriiinuit

ﬂZﬂo(

JUTSL TAHHOTO Ta3y KoeiIlieHT.
s 3astexkHICTE MOXKEe OyTH MOXKe OyTH BUpa)KeHa PIBHSIHHIM

n
Tp-273)" 3)

=\ 1973

e N — MoKa3HuK, piBHumii a1 noBitpa N=0,76; T — Temneparypas ° K .

B’s13kicTh Ta3iB 3aJICKUTH BiJl TUCKY 1 3pOCTaE MPH 3HAYHUX 3HAYCHHSX, SK HAMPHUKIIAT B’ S3KICTh
BYTIIEKUCIIOTO ra3y 10 90 kr/cM? 3pocTae IpubIM3HO B 5 pas.

B peanpHMX ymMoBax mpu 3MiHI CTaHy ra3y HEMHHYYE BiAOyBaeThCs OOMiH Teruia ( MK Ta3oM i
CTIHKaMH KOMIIEHCATOpa 1 pO3YMHY), Ha MMPAKTHIII BiOYBA€EThLCS MOIITPOITHA 3MiHa CTaHy, IKa BUPAKAETHCS
HACTYITHUM PiBHSHHSAM

pV" =const i in =const, 4

4

ne N — mokasHuk nojitpormy; mpu N =1 i3oTepmnnii i mpu N =K — agiaGaTauii npouecw.

UncnoBe 3HA4YEHHS MOKa3HUKA MOJITPONM N MOXKHA BU3HAYMTH JIHIIE IJII KOHKPETHUX YMOB 3
ypaxyBaHHSM BEIMYUHH THCKY 1 IHTCHCUBHOCTI CTUCHEHHS a00 pO3IMIMPEHHS ra3y 1 yMOB BiBOIY TeIlIa,
IO XapaKTepHE [T HAILIOTO BUMAKY.

Heo0xigHo BiAMITHTH, IO SKIIO ISl Ta30BUX CHCTEM, B KOTPHX BHKOPHCTOBYIOTHCS ABOATOMHI
rasu npu Tuckax (<11,0 MIla) BenuurHa MOKa3HUKA MOIITPOIH MPOIIECIB CIIOPOXKHEHHS ( 1 3aIIOBHEHHS)
BUTbHOI KaMepu KOMIIEHCAaTopa (EMHOCTI) MPAKTUYHO KOJHBAETHCS MK MOKa3HHUKAMHU 130TEPMHOTO i
aa1abaTHOTO MPOIIECiB k>n>l, ua BiZIMiHY ITPOIIECIB B CHCTEMaxX BUCOKOro THCKY Oinbiie (15,0 MITa).

[aTeHCHBHICTE TEIIOOOMIHY Ta3y B KaMmepax KOMITEHCAaTopa 3 HOro CTIHKaMH Ta HABKOJMIITHIM
cepeloBHILEM OYIyTh BIUIMBATH MaTepian i hopMa eMHOCTI KOMIIEHCATOPA, a TaKOXK (Pi3UUHI BIACTUBOCTI
1 TapaMeTpu 3aCTOCOBYBAHOTO Ta3y, BIIACTUBOCTI HABKOJUIITHHOTO CEPEIOBHINA Ta 1HIIIE.

Tomy 3 (puc. 1 5 — KoMOiHOBaHWH KOMIICGHCATOpP) HAa OCHOBI BIACTHUBOCTEH 1J€allbHUX Ta3iB
XapakTepu3yeTbes 3akonamu boitnsa-Mapiotra i ['eii-JIroccaka [5].

B namomy Bunanky poOoTy KoMIIeHCaTopa MO>KHA PO3AUTUTH Ha JBa PEKUMHU: IPH TUCKY TPH SIKOMY
BiIOYBA€ThCS aKyMYJIIOBAaHHS PO3YMHY 3a PaxXyHOK 00’€My Tra3y BIIbHOI KaMepH [0 PIBHSA THCKY Yy
3aMKHEHIH; 1 pe:KUM TpH SKOMY BiJOyBa€ThCsl aKyMyJIIOBaHHS PO3YMHY 32 PaxyHOK 00 €My ra3y BUIBHOI
KaMepH Ta 3aMKHEHOI IPU THCKY BUIUE THCKY [, THCKY B 3aMKHEHIH Kamepi.

A TOMY 3 ypaxyBaHHSIM 3aJ€KHOCTI (3) ciimye Amsl i30TepMHOTO MPOLECY
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Pr. Vi 5
V :V—’ p :p—’a ( )
2 1p2 2 1V2

ne Pp i V| — nouatkoBuii THCK i 00’€M TIOBITPs 10 3aNOBHEHHS (3aps/PKaHHS) KOMIIEHCATOpPA
posunnom Vy =V, . +V, - p,,.;V,  —o0’em BinbHOi kKamepu komnencaropa; V,, , P, . —o00’em Ta

TUCK 3aMKHEHOI KaMepH KOMIIeHcaTopa
Py i V, — kiHueBnii THCK i 00’€M TOBITPS B KiHIIi 3alIOBHEHHs (3apsA/PKaHHS) KOMIIEHCATOPA

PO3YHHOM.
Y%
_ N
e T
{ /}‘ T'as “&:

p1; Vi = Vik Vs po

[

- Posun

0) B)

Puc. 2. 300paxeHHs1 po0OTH KOMIIEHCATOPA: ) 3 NOYATKOBMM THCKOM Y BiIbHIil Kamepi;
0) 3 TUCKOM, SIKMIi BHIlle TUCKY Y 3aMKHEeHiil kamepi; B) npouec CTHCHEHHs ra3y BiJ 10YaTKOBOI0
/10 MiHIMAJILHOTO PO0OYOro Pppin

pl’lO'-t

KoHcTpykTHBHA €MHICTh (MOBHMI 00’€M BiibHOT kKamepy) V. KoMIeHcaTopa piBHMI TOYaTKOBOMY

06’emy (Vy =V, ), Kopuchuii 06’ em VK,OP MOBITPSI PIBHUH pi3HULI 00’ €MiB

V’£0P :Vl _V2 = (Ve.K. +V3.K. ’ ps‘K.) _(V6.K. +V3.K. ’ p3.x.) .%, (6)
2
[TincTaBUBILY B y 3aJIEKHICTH (5) MaEMO
' p p
Viop =V 1-Ploy 1P “(V, e 4V, py ) 1= 2L )
P2 P2 Py

OcTtaHHs 3aeXHICTh CIpaBeAiiMBa 32 YMOBH MOBHOTO BUTICHEHHS PO3YMHY 3 BIJIbHOI KaMepu
KOMIIEHCATOpa MPH HOTO PO3PAILI.
Ha mpakrtuui THCK p; TPHUHHATO HA3MBAaTH [OYATKOBUM (MONEPEIHIM) THUCKOM  3apsijiKu

KOMIIEHCATOPA MOBITPSIHOTO 1 MO3HAYaTu [, . 1 THCK [Py — MaKCUMaIbHAM POOOYMM THUCKOM B KiHIII
3apAIKH PO3YMHOM i TO3HAYAEMO Ppyyay -

VY BiAIMOBITHOCTI 3 IUM OCTAHHIW BUPAa3 MPUIME BU]T

Prou 8
8.K. +V3.1<.' p3.1<.)' 1- ! ( )
Pmax Pmax
[IpakTHaHO PO3psAKY KOMIIEHCATOPA HE TOBOJATH A0 MOBHOTO BUTICHEHHS PO3UYHHY, a 30€piraroTh
B HBOMY JIeSIKHiA 3amac 00’eMy posuny V., , 0 HEOOXinHMI B OCHOBHOMY JUIs 3a0€3MeUYeHHs HaliiHOT

V/pp =V, 1— Prou —(V

p06OTI/I ABTOMAaTHUKH pO6OTI/I BMHUKaHHs HacoCa Ha niz[3ap$m1<y KOMIICHCATOpa iCIISt TOro, K THCK B
pe3yiIbTaTl BUTPATH PO3UYHUHY (pOBpSII[KI/I KOMHCHC&TOpa) SHU3UTHCA OO0 MIHIMAJIIBHOTI'O THCKY pmin'

KoHcTpykTHBHHII 00’ €M KOMIICHCATOPA B JAHOMY BHITaIKy BUKOPHCTOBYETHCS HE TIOBHICTIO (KOMITEHCATOP
Oy/ie YaCTKOBO 3aNOBHEHMH HEMPAIIOKOYMM 00’€MOM po3uuHy V., , 11O 3HHKYE HOTO KOPHCHY €MHICTb.

He# nenpaiorounii 06’eM po3uuHy V, (3amac) MOBMHEH iCHyBaTH, AKIIO HE BUCYHYTi iHIIi BUMOTH,

MIHIMQJIBEHUM.
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BianosiaHo 10 uporo mMae Oyt A0TpUMaHa yMoBa Puin > P,y > TPUYOMY MiHIMAJIbHE 3HAUECHHS
mi€i pi3HMIN TOBHHHO OYTH TakuM, II00 BOHA TIEPEKPHBANA BEIWYMHY MOMIIMBOI HETOYHOCTI
HaJIAIITYBaHHS Ta poOOTH aBTOMATHUKH YBIMKHEHHs mimzapsinku. OIHaK y BCiX BUNAAKax MpH BUOOpi
MOYaTKOBOTO THCKY TIOBITpS HEOOXiTHO, SIKIIO HE TMpen’siBICHO IHII BHMOTH, A0 HaHOUIBIIOTO
HaOJIMIKEHHST HOTO JI0 MIHIMAIILHOTO POGOYOro THCKY Ppyip -

IIporec cTucHEHHS Ta3y Bij] TOYATKOBOTO O MiHIMaJILHOTO POOOTOT0 THCKY IMTPOTIKATUME 32 THMHU
K 3aKOHaMH, 110 ¥ Y PO3IIIAHYTOMY BHIIAJIKY, BiIIOBITHO 10 YOTO MOKEMO HAIKCAaTH

2y 1= Prou | _ : | 1— Prou 9
VKOp _VK 1 T (VS.K. +V3.K. p3.K.) 1 Rk ©)
Pmin Pmin

3 ypaxyBaHHSIM ITHOTO KOPUCHUH 00’eM (pHC. 2, B) 3MEHIITYETHCS 3a BCiX 1HIIMX PIBHUX YMOB Ha

obcar 3anacy V, 3a paXxyHOK 30MTKOBOTO THCKY, IKHH CTBOPIOETBCS 3aBJISIKH OTIOPY 3pYLICHHS PO3YHHY Y

HarHiTaTbHOMY TPYOOIIPOBOY 0 HOro BUXoay i Oyzae piBHUI

VKOp :VK, _V3 ! (10)

IlixBiBImHM B 11e¥i BUpa3 3HAUYCHHS BHUpa3y 3HaiAeMO KOpHCHHH 00'eM (EMHICTB) KOMIIEHCATOpa 3a

YMOBH
' p
VKOP =V =V; = (Ve.;c. +V p3K) 1ot
Pmax : (11)
(VS.K. +V3.K. ’ pa.K.)' 1_M = (Ve.K. +V3.K. ’ p3.;c.)' M_M
Pmin Pmin  Pmax
abo
VKOp — pnoq _ pnoq , (12)

(VG.K. +V3.K. ' p3.1<.) Ponin Prmax
, . o .
06’em V, ra30BOi 4aCTUHU KOMIIEHCATOPA B KiHIIi 3aPS/IKH PO3YMHOM (TIPU Ppay ) BU3HAYEHHUH 3
ypaxyBaHHSM 3aJaHOTO IOIYCTUMOTO Iiala3oHy poOOYMX THCKIB y KOMIIEHCATOpI Ta KOPHCHOI HOTO
€MHOCTI, MO>KHA 3HAWTH JUIS1 130T€PMHOTO TPOLIECY CTUCHEHHS ra3y i3 CHiBBiAHOLICHHS

\ﬂ:m_l, (13)

V2 Prmin

IICJIA MACTAHOBKH

(V +V, . p3.;<4)' Puou _ Puou

8.K Pmin Pmax _ Pmax 1 (14)
(VS.K‘ +V3.1<. ’ pa.x.)‘ 1- M Pmin
Pmax

Jlst momiTponHoi 3MiHK cTany (N 1> 1)BUpasy HaOyayTh BUTIISALY

n n

P2 Pmax
n (15)
n
V V. +V, . -
P2 = pl[v—lj = Prvax = Prou wo ! tes Pos — |
2 (VB.K. +V3.K. : ps',K.) : [1_pnow)
max
BianosigHo 10 1150T0 OyAEMO MaTH

VKOP — Proy |" Proy |M : (16)
VK Prmin Prmax
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1
VKOP — Pmax |" ~1 (17)
Vs Pmin

€ N — MOKa3HHK MOJITPOIIH.
ParjionansHa BeMYMHA TOYATKOBOTO THUCKY 3apsIKH JUTS IIbOTO BUIAJKY MOXKE OYyTH po3paxoBaHa
3a BUPa3oM

11

Prou = Pmar - pnr’]lin pu N=1 Ppoy = P (18)
Takox rmpu mpu po3psAI KOMIIEHCATOPA PO3YHH, III0 BUTICHAETHCS, 3MIMCHIOE POOOTY, piBHY poOOTI
PO3IIMPEHHSI Ta3y BiJl MAKCHUMAIBLHOTO THCKY [Ppyay » BIATIOBIIHOTO MOYATKY PO3PSAKH, 10 Py, — B KIHII
PO3PSAIKH KOMIICHCATOPA PO3YHHOM.
Pobota, 1110 311HCHIOETHCS TIPU PO3PSALI KOMIIEHCATOPa, MOXKe OYyTH BUPaKEHA 3a 3aJICIKHICTIO IS
130T€PMHOTO UKITY

Veop - I Pmax (19)

nod
BrumB Temmneparypu Ha KUIBKICTb po3unHy V, op > 1O BIITAETHCS 1T 9ac PO3PSAIKH KOMIIEHCaTOpa

A'wmepm. = Prou

(kopucHMIA 00'eM), MOKe OyTH BU3HAYCHHIA 32 3AJICIKHICTIO

1r1 . 1
p n P n
Ve =V | 5 || PP (20)
Paou _ P o 7 | v | [T 0
n - = n
=V_.+V”-p_.- nou _ Mnou nou . pnpn |22
(GK' 3.K 31<) pmin pmax pl'p2 1 M2 Tl

. o\ s . . .

zie V/,, — KOHCTPYKTUBHHUI (OBHHUIT) 06’ €M KOMIICHCATOpa; [, MOYAaTKOBHIA TUCK 3apsi/IKK ra30Boi
NOPOKHUHH; Py = Pin | P2 = Pmax — THCK rasy B MOYaTKOBHH 1 KiHUEBMH MOMEHTH 3apsjKu
KOMIIEHCATOpa MPHU MOCTikHil Temnepatypi; T i T, — abcomroTHa Temmeparypa y JIBOX aHATi30BaHMX

MOMEHTAaX; N — [IOKAa3HUK MOJITPOIIH 3a JaHOI TeMIIepaTypH rasy
BucnoBok. 3anexHocti (17), (18) moka3zyroTh, II0 KOpPHCHa €MHICTb (€HEPrOEMHICTB) onp

pi’lO‘l

KOMITEHCATOPa 3aJICKHUTh 3a BCIX IHIMUX PIBHUX YMOB BiJ BIIHOIICHHS i s manoro Pmax — Bix

Prax
BEJINYMHHU TI0YATKOBOT'O TUCKY Proy 3apsIKH KOMIIEHCATOPA T'a30M.

BB pexxuMy CTHCHEHHS 1 PO3IIMPEHHS ra3y B KOMIIEHCATOpi MpH 3MiHi Temmeparypu (n>1)
3MEHIIYIOTh KOPUCHUH 00’ €M KOMIIEHCATOpa.

3anexxaoctsamu (12) 1 (16) Bka3yroTs, 10 00°€M po3uuHy B KOMITEHCATOpi pu n =1 Oyae O1Ibmmm
HIX TIpy YMOBI n>1.

Taxox, SKIIO 3apsAKaHHsI KOMIIEHCaTopa BifOyBa€eThCs BITHOCHO MOBUIBLHO (N =1), a po3paKaHHs
BiOyBa€ThCs BITHOCHO IIBUAKO (Ni>1), TOMY HE BCS €HEprisi CTHCHEHHS a3y MO)ke OyTH BHKOpHCTaHa
MIPY PO3PSALI O 3aJaHOTO THCKY BHACTIIOK OXOJIOMKEHHS ra3y, 10 PO3MIHKPIOEThCs (Y KoMIIeHcaTopi Oyae
3aJMIIATACS HEBUKOPUCTOBYBAaHMH 00CAT pO3YMHY, OOYMOBICHHMH II€PEOXOJIOKEHHSIM Ta3y IIpH
PO3IIUPEHH]).
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P. Ilacrepnak
Jlyyvruil HayioHabHULL MeXHIYHU YHIgepcumem

MEPEBIPKA CYMICHOCTI NIPUHIIMIIB CIEIIAJBHOI TEOPII BITHOCHOCTI

Anapam cneyianvnoi meopii gionocnocmi (CTB) ¢ ocnoeorw oOocnioxnceny ak mikpo-, max i mezaceimy [I].
Acmponomiuni cnocmepeicenna 0CmManHix poKie ma po3paxynku 6ionogiono 00 ACDM-mooeni Bceceimy [2] eunsunu nogi
Ppiznoeudou mamepii — memui, 3acodu onucy akux ¢ anapami npocmopy-uacy giocymui. Lllnaxom npeyusiiinux eumiprosans
anizomponii KOCMiUH020 MIKpOX6unv06020 ony (KM®@) /Ic. Cuym [3] naodiiino 3apeecmpyeas y I'anaxmuyi eudinenuii
nanpam [4]. /looamkoeozo euguenna eumazac nopyuienna 6 Hbiomononodionii CTB npunyuny A. Aunwmaiina
eKeieanenmnocmi macu ma enepzii uacmunok. Pesynomamu nazeanux 00cnioxicens MOXiCymo 6Ka3yeamu Ha HAOTUMWKOGICD
(uu po3uwiupene mpaxmyeannus) okpemux nocmynamie CTB. Ilepesipka nazeanux po3oixcrnocmeii i € 0CHO8HOI MemMOI0 OAHOT
pobomu.

Y pooomi [5] npeocmasneno nopisnanna anapamy CTB 3 mecmosumu meopiamu (eéxnrouarouu meopii Pooepmcona
ma Mancypi-Cexcma), wjo oonyckaroms po3wiupenns nepemeopens Jlopenuya [1] 0ooamkoeumu napamempamu. Buseunocs,
wo eukopucmani Humu meopii Hivum He giopizuaomoca 6i0 CTB. Ilpu nodyoosi pensmusicmcoKkoi X6unb060i mexaniku
I1. Tlipak nokasae [6], w0 adexeamnum pensmugicmcoKiii mexaniyi ¢ 4-eumipnuuil npocmip imnyapcie uacmunok, momy 6 [7]
3anpononosano inuly memoouxy mecmyeauus CTB — 6 eeknioosomy 4-npocmopi, ujo mae 3acoou onucy AK memHux pizHoeuoie
Mmamepii max i 6udinenozo nanpamy.

Ilpuyunorw necymicnocmi anapamy CTB 3 npunyunom exeieanenmuocmi macu ma eHepzii 6UAGUNACL HU3LKA
GUMIpHICHb RPOCIMODY IMRYbCI6 YacMUNHOK. /A 06IPYyHMYSAHHA MAKO20 6UCHOGKY PO3GUHYIMO ARAPAM PeNAMUBICH CbKOT
Mmexaniku 6 4-npocmopi. Buseneno oomerncennsn, uwio HaK1adaomyca 3aKOHOM 30epedceHHs enep2ii Ha NPUHYURN CYynepno3unii
IMRYIbCI6 YACMUHOK MA 366PHEHO Y6A2y HA HeOemepMIHOeaHicmy 63acM00ii yacmunok. Beedeno nonamms nennanapnozo
OUCURAMUGHO20 8Y3]1A 63AEMO0il, 0€3 GUKOPUCMAHHA AKO20 HEMOJICIUGO Oydysamu anapam OUHAMIKU 6 €e8Ki0080MY
npocmopi. Bpaxoeano ynikanvnicme 6 pensmugicmcovKiil Mexaniyi uoinenoi cucmemu ioiKy ma 61acmueocmeii memHux
uacmuHok mamepii i enepzii. Bcmanosneno, w0 6UKOPUCMAHHS RPUHUURY 3A2AIbHOI KOGADIAHMHOCMI NPU360OUMb 00
PI3HO020 X00Y uacy 6 pizHuUX cucmemax 6ioiky.

Kniouogi cnosa: npunyun 6i0HOCHOCMI, pane YACMUHOK, HENJIAHAPHICMb 83AEMOOIT YACMUHOK.

R. Pasternak

CHECKING THE COMPATIBILITY OF THE PRINCIPLES OF THE SPECIAL THEORY
OF RELATIVITY

The apparatus of the special theory of relativity (SR) is the basis for the study of both micro- and mega-world [1].
Astronomical observations and calculations, including the ACDM-model of the Universe [2], have revealed new types of matter
- dark matter, which have no means of description in space-time. By means of precision measurements of the anisotropy of the
cosmic microwave background (CMB), J. Smoot [3] reliably registered an unobservable directly distinguished direction in the
Galaxy [4] . Additional study requires the violation of the principle of equivalence of by A. Einstein of the mass and energy
particles in SR. Based on the results of these studies, one can assume the redundancy (or a broader interpretation) of some of
the postulates of the SR, the re-verification of which is the purpose of this work.

The paper [5] presents a comparison between the SR apparatus and test theories (including the Robertson and
Mansouri-Sext theories), which are an extended Lorentz transformation [1] with additional parameters. It turned out that the
theories used did not in any way dispute the SR. With the help of relativistic wave mechanics, P. Dirac showed [6] that the 4
momentum space of particles is adequate to relativistic mechanics. In [7], the approach proposed by P. Dirac was extended to
another method for checking SR — in Euclidean 4 space, in which directly unobservable particles can also be described. It is
shown that the reason for the discrepancy between the SR apparatus and the equivalence principle is the low dimension of the
momentum space. Restrictions imposed by the law of conservation of energy on the principle of superposition of particle
momentum are revealed, and the indeterminacy of particle interaction is pointed out. The uniqueness in relativistic mechanics
of the selected reference system and the properties of dark particles of matter and energy is taken into account. It is shown that
the use of the principle of general covariance leads to a different course of time in different frames of reference. The concept of
a non-planar dissipative interaction node is introduced, without which it is impossible to build a dynamic apparatus in Euclidean
space.

Key words: principle of relativity, rank of particles, non-planar interactions.

1. IIpoctip 4-iMmynsciB.
1.1. Ipusuun [dipaka. OCHOBHOI0O XapaKTEPHUCTHUKOIO YACTHHOK Yy MEXaHII € iXHi IMITyJIbCH,
MUTaHHS BUMIPHOCTI SIKMX moci auckytyerbes [1]. Ilpn moGynoBi amapaTy peisTHBICTCBKOI XBHIIBOBOI

Mmexaniku I1. Jlipak 3ampomoHyBaB 3aMicTh 3-iMITyJIbCY YaCTUHOK BUKOPHCTOBYBATH TaKHH BEKTOD

IMITyJIBCY P (xBaTepHion), Hopma P sxoro nponopuiiina eneprii E wactunxu [6] (mpunmun dipaka)
E=cP, (1)

ne C — mocTiiHui KoedimieHT (IIBUIKICTE), IO Y3TOIKYE X1/l MapaMeTPUYHOTO 4acy t PENATHBICTCHKOT

MEXaHiK1 3 aCTpOHOMIuHNM eemepHuM dacoM [2]. [Tpunnun [lipaka ekBiBaeHTHUIA TamMiibToHIaHy [1]
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H =cy\py +(P.P) =CcP=E, ne (2)
pg = (po’ po) = (Cmo)2 =const . (3)

Tyr M, — maca yactuuku npu p=0 [1]. Bextop Py = PoS HYITHOBOI cKIamoBOi 4-iMmyInbCy, ae g_: -

OTUHUYHUHN BekTOp (0pT) Gasucy (g_: 0, j , k) €BKJIIZIOBOTO (BiJIIOBITHO JI0 BIACTHBOCTEH IraMiJIbTOHIaHY)

npocropy P* 4-immynsciB, HazsuBaTHMeMO BjaacHMM (BujinennM). IT. Jlipak moka3as, 10 4eTBEPTHil
BUMIp peaJbHO iCHYe 1 MOB’S3aHMi, 30KpeMa, 31 CIIHOM YaCTHHOK Ta HAsSBHICTIO aHTHMaTepii [6].
[ToOymoBaHuii Ha Y3rOMKEHHUX MiX C000I0 (I3MYHMX NPUHIUIAX TECTOBUH amapaT PelsSTHBICTCHKOT

MeXaHiK¥ YaCTHHOK 3MiHHOI MacH [7] 3 4-immymascamu P = (py, P) cympoBomxyBaTuMeMo npedikcom 4D,
a MOTro BiAMOBIIHKK y pocTOpi-yaci 3 TeH3opoM eneprii-immynscy (E /¢, p) = (P, p) [1] - 3D.

1.2. Kocmiuni cuctemu Bimmiky. BcecBit iepapxidHO CTPYKTYpPOBAaHHM — TiNa, 30PSHI CHCTEMH,
raJaKTHKH, KOCMiYHI KoMipkH [2]. B ocHOBY anapaty TecToBoi 4-BUMipHO1 pensTHBICTChKOI MeXaHiku [7]
TTOKJIAZICHO TIiMOTe3y iCHYBaHHS CTPYKTYPOYTBOPIOIOYOTO (haKTopa, SIKUM MOXE OYTH pafialbHHM MOTIK

JacTUHOK TeMHoi Matepii (DaM) y 4-BumipHOMY LeHTpansHOCHUMETpHYHOMY Beecsiti [2].
BiamoBigHO 10 BIIACTHUBOCTEH TraMUIBTOHIAHY MOHSTTSI CUCTEMH BiJUTIKY BiTHOCHUTBCS JIUIIE O

OOMEKEHHX KIIACTEPIB S YACTHHOK, HAMPSM BJIACHHMX BEKTOPIB Py SKUX CHIILHUMN, BUIITICHAN 4-BEKTOPOM

Gs. Cucremu BLUIIKY 3 BHUIUIEHUM HaIpsMOM &g HasuBatumeMmo kocMidyHuMHu (KCB). IcHyBaHHS

BUJILJIEHOTO HATIPAMY JUIS KJIACTEPY S 4acTUHOK HasuBatuMeMo npunuunom Jlopenna. Came I'. A. Jlopewiy
BIIEpLIC 3BEPHYB YBary Ha OCOOJMBICTH BUIIIEHOTO HANpsMY MpPU PO3IIIAAI YMOB MOLIMPEHHS CBiTAaA [5]

(potowis, ans axkux P, =0). [naxom npenusiitaux BuMiproans anizoTponii KM® y [3] Brepie HafiliHO

3apeeCTPOBAHO BUAUICHWM HampsiM B ['amakTwmi. 3Bakaro4u Ha BaXKIIMBICTh OTPHUMAHHMX pPE3YyJIbTaTiB,
Jx. CmyT y cBoiti HoOemiBChKil JIekIlii Ha3BaB iX «HOBUM AociinoM Matikenscona-Mopai» [3].
Bignosiguo 10 (3) ta npunmumny JlopeHna, 1jis KOXKHOI 3 4aCTHHOK KJIacTepy S :
P, = PoGs =const V't (4)
V [7] mokasano, mo cucrema Bimmiky S 3 ymoBoro (4) € inepuiiinoro. Hamani posrignarumemo auime KCB.

TlepeMHOXMBITH CKaspHO P Ta G
P, = (P,&;) = Pcosa = const, (5)
OTPUMAEMO 3HAYCHHS KyTa ¢ aleparii (BiAXuiIeHHs HanpsiMy 4-iMmysascy P 9acTHHKM Bif BUILICHOTO

G KCB). VMoBy (5) moxua nepenucary y surmsini E(a) =CP =cp,(Cosa)™, mo nonae 3amexuicTs

eHeprii YaCcTWHKHM BiJg KyTa « . Y LeHTpaJbHOCHMETpUuHOMY BcecBiti [2] icHye 0e3mniu po3maiieHux
noreHuiansauMu Oap’epamu KCB — cuctem Bimtiky, 1€ eHeprisi IOBUIbHOI 4acTuHKM npu P=0 €

MiHIMAQJIBHOIO TOPSA 3 ii 3HAYCHHSAM B 1HIIMX IHEPIIHHUX CHCTEMax BiIIiKy. BiAMOBIAHO 0 TPHHIIAITY
Jlopenma B 4D-mexaHini BBOAATH TMOHATTS BHYTPINIHIX (HATUBHWUX) CTaHIB YAaCTHHOK, IO HAJIEKATh

knactepy S (y akux G =G ). Yactunku 3 inmux KCB, s skux ¢ # g, HA3UBATUMEMO 30BHIIIHIMH TIO

BimHOMmenHO 10 KCB 3 BHIiIeHNM HAampsAMOM G .

3a JaHUMHM aCTPOHOMIYHHUX CIIOCTEPEKEHD [2] y MeXkax KOCMiUHOT KOMipKH KyT &) Mix HanpsMamu
BekTOpa Gg s pisaux KCB (y mepepaxyHky) Moxe 3minroBatucsa B Mexax A@ < 0,01 pax. Ix. CmyT
oKasas, 10 Tijia, HepyXxoMmi B cucreMi Bimmiky M. Konepauka, Marots Kyt abepariii 6imst « = 0,001 pan
[3]. Ockinbku mpu mManux ¢ 3anexkHicth E(a) KBagpaTWdHa, TOYHICTH TAKMX BHMIPIOBaHb MOBHHHA

nepesuntyBatn 10™° (IpM MeHmIH TOYHOCTI BHMIpIOBaHB NPAKTHYHO HEMOXKIIMBO 3apEECTPyBATH
BIIXWJICHHS BiJl MPUHIIKITY BigHOCHOCTI I'. ["amises).

B anapari 3D-Mexaniku 4eTBepTHI TPOCTOPOBUI BUMIp BiACYTHIM, TOMY BIaCTHBOCTI iHEpLIHUX
CHUCTEM BIIUTIKY (OPMYITIOIOTE 1HIITMMH 3aC00aMH 3a BUKOHAHHS TPHOX YMOB:

a) 1ist KOKHOT 3 yacTuHok My =CONSt (ne 3minroeThCs B Haci);

b) cucrema BiJliKy HE 3a3Ha€ NPUIIBUIICHD;
C) BUKOHYETHCS MPUHIAI BigHocHocTi I, Tamisest.

[3 BUKJIa/IEHOTO BHILE BUILTMBAE, 10 yMOBA C) BUMArae pO3IIMPEHHs. yMOBH a) 10 M= M, =Cconst.
© P. Ilacmepnax
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1.3. Knacu ta panrn yactunok y KCB. Tlpunnun Jlopenma (4) poOWTs BIacHHN HaIpsAM
HECIIOCTEPEKyBaHUM Y JIMHAMII Ta JLTHTH IpocTip P* Ha 1Ba He3aleXKHi I IMPOCTOPU — OHOBUMIPHHUI
P" ta tpuBuMipHuii /2°. SIKIO B XBUIBOBiil MeXaHIlli pO3Pi3HAIOTH KJIACH YACTHHOK BiIIIOBIZHO 0O
CHiHY — CKaJISIpHi, BEKTOPHI, CIIIHOPHI [6], To B 4D-MexaHiIli — J0JaTKOBO 32 paHTOM MaTpHIli Koe(ilieHTiB
MOKJIMBUX CTaHiB 4-IMITyJIbCiB YACTHHOK:

1 . . . = - .
e P —mianpocTip YaCTHHOK MEpIIOro paHTy (CKamsipHUX), 4-iMmynscn skux Py = (pg,0) = Pigs ;

e P® — mianpocTip YaCTMHOK TPETHOTO PaHTy (BeKTOpHHX), 4-immymben sxux Py = (0, p) = P.&, .
DyHIaMEeHTaTFHUM YaCTHHKAM IIEPITIOTO PAHTy MOXKYThH BiIITOBIAATH TOTeTHYHI YacTHHKH DaM, equHnM
NPOSIBOM SIKMX € TpaBiTalliiiHa B3aeMomis [2], a pyHIaMEHTaIbHUM YaCTHHKAM TPETHOTO PAHTy (TeMHIi

. . . 1
eHeprii) — Gororu [8]. I3 yMOBH IOy YACTHHOK IEPIIOrO Ta TPETHOTO PaHTiB Ha migmpocropu /2 Tta
/P? BuruiBae, mo

(65:60)=0, (6)
10670 B KCB HaTuBHi ()OTOHM HameXaTh BUKIIOYHO HigmpocTopy /2° i He MOXyTh 6e3mOcepenHbo
B3aemMomiaTh 3 dactuHkamu DaM. Bimmosimao mo Crammaprtaoi kocmounoriunoi mozeni (ACDM), na

YaCTHUHKH TMEPIIOTo Ta TPETHOTO PAHTIB CyMicHO mipunanae 95 % Bceecrity [2] (B eHepreTHUHOMY BUMIpI).
Kpim Ha3BaHmX, ICHYIOTh YaCTHHKH YETBEPTOr0 paHry (CmiHOpHi), 3 4-iMITyJIbcaMu

P= (Py, P) =Py, mo € 38’a3aHUM (TiOpHAHNM) CTAHOM YaCTUHOK IIEPIIOTO TA TPETHOTO PAHTIB (TYT § —

OJIMHUYHHMN BEKTOp Hampsimy 4-immyibcy P ). 3a o3HaueHHSM, TiOpHAHI YaCTHHKU HIKOJIH HE MOXKYTh
nepe6yBaTH BUKIIOUHO B mignpoctopax ' un /2° . Hapit pu P =0 BOHM MiCTATB 4-iMITy/IbCH 4aCTHHOK

TPETHOTO PaHry, TOMy J # Gs (IO MiATBEPUKYIOTh BUMIPIOBAHHS CITIPAJIbHOCTI FiOpUAHUX YaCTHHOK [8]).
3a 3HAaKOM CKanapHOro 100yTKy (Gs,}) pO3pi3HAIOTH TiGPHIHI YaCTHHKM Matepii Ta aHTHMatepii. Tak,

ymona (G5, 7) >0 xapakrepusye peuouny, a (G5, 7) <0 — antupeuosnny [8].

VY CranpgapTHii MozeNni YacTUHOK BHKOPUCTOBYIOTH TAaKOXK IOHSTTS HapTOHIB [8] — yacTHHOK
apyroro pasry. I'iOTETMYHO MapTOHH YTBOPIOIOTHCSA B pe3ynbTaTi aucouiamii GoToHa, ABOBUMIpHUIA
(parMeHT SIKOTO € TJII00HOM, a TiOpHHA YaCTHHKA JIPYTrOro PaHry, 10 MICTHTh OJHOBUMIPHUHN (parMeHT
¢oTOHA Ta YACTWHKY MEPIIOTO paHry € KBapkoM [8]. 3aMicTh mominy mapTOHiB 3a Kombopamu [8], y
AD-MexaHili iX pO3PI3HAIOTH BiANOBIAHO 1O KOOPAMHATHUX oceil miampoctopy /P°, ski BoHM
npenacTaBisitorh. [lapToHn HecTaOiNbHI 1 HE MOXKYTH iICHYBaTh caMOCTiHHO — 00’ €IHYIOYHCh, BOHH a0o0
MMOBEPTAIOTHCS /10 GYyHIAMEHTAIbHUX YaCTHHOK, 200 YTBOPIOIOTH OLIBIII CTIHKI apOHH Y siapa aToMiB [8].

2. IIpocrip 4-nepeMimeHsb.

JloCTYnHHMU CIIOCTEPEKECHHIO € JIMIIE BY3JIM B3a€MOJii 4acTHHOK. sl 3amucy iXHiX MO3ULIHA y
4D-mexanini BHKOpHcTaHO mpoctip R BekTopis R 4-mepemimens [7], me yce po3MaiTTst 4acTHHOK
MPEICTABICHO CYKyIMHIiCcTIO rpadiB B3aemomii. Taki rpadu MICTSITh TOUKOBI BY3JIH, IO XapaKTEPU3YIOTh
pO3TallyBaHHS aKTiB B3a€MOIM YaCTHHOK, Ta OPI€HTOBaHI NPSMONIHIHHI BITKM MK BY3JaMH, fKi
BIIMOBITAIOTh BUIBHUM dYacTUHKaM. Y 4D-MmexaHilli 4aCTUHKH MPOTsDKHI (BeKTOpHI KpuBi). CraOiibHi
YaCTHUHKH, IO OXOILTIOIOTH 0arato BY3JiB B3a€MOJIH, BHAUIIEMO JJAMAHUMH JTHISAMHU (4-TPacKTOPISIMH).
BuMiproBaHHS MITBEPIKYIOTH, 0 MeXax MoxXuOku BeecBiT mrockuii (3a marnmmu [3] #ioro kpuBuHa

Q, =0,001+0,002), Tomy nanani npuiimatumemo mpoctip R* eBKIiz0OBUM.

3BakarouM Ha HASBHICTH Y KJIACTEPIiB YaCTHHOK OMOPHOTO HANpPSIMY, CEPel CKIIaTOBHUX BEKTOPIB
4-nepemimens R =(S,F) wactiHOK BHminseMo migmpocTip /R’ HeCroCTepexyBaHO! KOMIIOHEHTH S Ta
mignpoctip R® cnocTepexyBaHux ckmaamoBux F. limotesoro 4D-MeXaHiKM € MOpIBHSAHHS IIOTOKY

JaCTHUHOK TIEPIITOTO paHTy 3 HepyxoMmuM edipom I'. A. Jlopenta.
2.1.Yac KCB. 4-mBuakictb. [lommupuBmm npunuun JI. Eiinepa p=mv [1] ma mpoctip

4-imnynseis P=MmV | ne M — maca yactunky, a V' — rinoteTnunuit Bektop ii 4-IIBUAKOCTI, OTPUMYEMO

—

BHCHOBOK TIPO KoJjiHeapHicTh BektopiB P Ta V. Omxe, optu (imTerpamsnoi KCB) mpocropy R*

KoniHeapHi aHanoriuaum KCB y npoctopi P* .
[Tpu mapameTpu3artii 4-TpaekTopiit Oy1eM0 BUKOPUCTOBYBATH €JUHHUIA [Tl YCiX YaCTHHOK BeecBiTy
mapamerp t
dR=cdt, )
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ne C — MmBHIKICTH posmmpeHHs BcecBiTy. HeoOXimHicTh BHKOpUCTaHHS B MeXaHili mapamerpa t
MPOAWKTOBAHA HECHIOCTEPEKYBAHICTIO TMEpPEMILCHb Y3/0BX BIACHOTO HampsMmy. [Ipaktuuno s
sumipiopanns OR BukopucTOByIOTH mapamerp t 4-TpaekTopii creniagbHO rpagyHoBaHOi CHCTEMH Till —

rojuHHNKa [1]. 3Baxkaroum, mo JBi ToukM B mignpocTopi /R° MOXKHA MOEIHATH 4-TPAeKTOPIsAMH Pi3HOL
JOBXHHHU, TIOHATTS TMPOMDKKIB NMapaMeTPUYHOrO 4Yacy MOTPiOHO YTOYHHUTH — BIAMOBIZHO A0 TOKa3iB

TroMHHMKA, KyT abepartii axoro ¢ =0 (wac KCB).

BBe1eMo MOHSATTA 4-IITBHAKOCTI Ta pO3KJIaeMo i BEKTOp Ha CKJIaIoBi Mo mianpocTopax R' ta R®:

- dR ds dr
V=—=—¢.+—=(,,0)=C). 8
at  dt Ss dt (y,0)=cx 8)
Tyr U, — HynaboBa (HECOCTEPEXKYBaHA) KOMIIOHEHTa, a U - BEKTOp  IIEKYJISIPHOI

(cmmocrepexxyBanoi) mBuaKocTi. [k, CMyT mokasas [3], 110 meKkynspHa MBHAKICTE YaCTHHOK IMPAKTHYHO
30iraeThCs 3 KIIACHYHOIO B CUCTEMI BiUTIKY, IO OB’ s13aHa 3 [ aJaKTHKOIO.

2.2. CnocTepe:kyBaHi MPOsiBH BJIACHOr0 Hanmpsimy. Biamosinuo 1o (5), Hecnoctepe:xyBaHHN KyT
aleparlii & Ta BeJIMYHMHA CIIOCTEPEKYBaHOI (MEKYJISIPHOT) IIBUIKOCTI U YaCTHHOK MOB’sI3aHi

v=csina =Cf; v, =CCosa =Cy1- %, 9)

ne B - 3BeneHa (Ge3po3MipHa) MeKynspHa mBHAKICTh, a ¥ = (1— 2)72 — Jlopenu-daxrop [1]. JIume s

HaTHBHUX (QOTOHIB, 1t sKuX (s, ISO) =0, cnocTepexxyBaHa MIBUAKICTh MaKCHMallbHa (IOPIBHIOE C ) Ta

0JIHAKOBA IO BCiX HAmpsAMaXx mixmpoctopy R°.
Bpaxosyroun (1) ta (8), eHeprist i Maca YaCTHHKH IIPOITOPIIiiHI BEMHUHHI 11 4-IMITyIIbCY:

E=cP=c’m. (10)

(Y 4D-mexanimi 3B’s30k (10) € macmiakom mpuniumiB Efinepa ta Jlipaka.) I3 (5) Ta (10) oTrpumyemo
($hopMyJIH 3aJIeKHOCTI €Heprii Ta MacH YacTUHKH Bif JlopeHi-hakropa:

-1 Cm—
E=E,(cosa) =E,y; m=myy. (11)

. . . -1 .
MinimanbHi 3Hadenns Eg =CPy i My = C P, eneprii ta macu B KCB, 110 110B’s13aHi 3 BEAHYHHOO

P, BIacHOTrO iMIyJIbCY YACTHHKH, HA3UBATUMEMO BIACHUMH.

2.3. Xig yacy B CTB. VY [7] moka3zaHo, 0 OCHOBHUMH MapKepaMH PEISATUBICTCHKOI MEXaHIKH €
CHCTEMa BIJUTIKY 3 BUIIGHUM HamNpsSMOM Ta O3HadeHHs xoxy 4dacy t. Ockinbku B CTB npsaMe o3naveHHs
Yacy BiZICYTHE, AJisl MOPIBHSAHHS HOTO XOAy 3 XoAoM dacy t B 4D-mexaHili BUKOPHUCTAEMO HENPSMHIMA
croci6, 71 4oro posrisHeMo enemenT goxkunu R myru 4-Tpaexropii yactunky y Bupasi (7) 3 noainom
npocropy R* Ha mignmpoctopu:

dR? =dr? +ds® = c’dt’. (12)
3Baxaroun, o B KCB Bennunna HecnocTepexxyBaHoi cknanosoi S nepemimenns 0R mos’s3ana

31 3MiHHUMH t, I' Ta U, IKi MOYKHA IOMIPSTH, 3aIIUIIEMO i1 y BUTJISAIL:
ds® = c’dt® —dr? = (¢* —v?)dt’ =c’d7’. (13)

Taky KOHCTPYKIIO 31 cCIOCTepeXKyBaHUX 3MIHHUX I'. MIHKOBCHKHH Ha3BaB IPOCTip-dac, a
BeuunHy (S (ckxamsap JlopeHia) — #Horo MeTpH4HOIO Mipoto [4]. (TyT 3aMicTh IICEBIOEBKIIiI0OBOTO
BHKOPHCTAHO TPOCTIp KBATEPHIOHIB [6]).

Cnij HarolocMTH Ha CYTTeEBili BimxMiHHOCTI TpakTyBaHb Benumuunu OS y 4D-mexaniuni Ta

tpuBnMipiit CTB. Sximo B 4D-mexanini S = dS¢, s € BEKTOpPOM 1 yM0Ba (13) BUKOHYETbCS BUKIIOUHO JUIS
Hanpsamy Gs,To B CTB dS € ckamspom, 1o HeoBIpyHTOBAHO HOIMHUpPIOE yMOBY (13) Ha JOBiNbHUI HAPAM

sektopa 05 . Iopisussum Bupas (12) 3i cnoco6oM I'. MiHKOBChKOro HapaMeTpusalii intepsamy S
CBITOBOI JIiHII y TIpOoCTOpi-4aci KoopAMHATHUM yacoM 7 [1] 3’sicoByemMo, 110 JHIe y BUAUICHIH CUCTEMI

BimTiKy 32 ymoBu 7 =¥ ‘1, xin wacy B 3D ta 4D-MexaHikax OIHAKOBHIA.
Posristremo BracTuBOCTI hoTOHA 3 4-iMIynbcoM Py y IBOX pi3HHUX iHEPIIHHUX cHCTEMax BIAMIKY:
B KCB1 , 3 BUILJICHUM HampsIMOM Gg; , Ta B KCB2 , 3 BUJILJICHUM HaIPAMOM G, , IKUH HE KOJIIHeapHUi

3 G, . Hexait y KCB1 (otoH BHYyTpiuIHIH (HaTHBHUI), 11 skoro (G, P,) =0, To6To BemuunHa iforo
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CIOCTEPEKYBaHOT MIBUAKOCTI MOIIUPEHHS OJHAKOBA B YCiX HampsMax Ta JOpiBHIOE C . Hartomicth ams
CHCTEMH BIATIKY KCB2 ueit ¢ortoH 30BHIWHIA, ae (s,, F30) #0, ToMy TyT BemMYMHA HOTO
CIIOCTEPEXKYBaHOI MBUIKOCTI TOMHUPEHHS OyIe

Ur :C@smgsz):CCOS@, (14)
ne @ — KyT Mik HampsMaMu BHAJIEHHX BEKTOPiB Gs; Ta Gg, mBoX KCB. YV saranpHOMy BUMAnky (B
PYXOMHUX CHCTEMaX BiJUTIKY BITHOCHO BHAUICHOT) 3aMicTh C B (13) HEO0OXiTHO BUKOPHUCTOBYBATH 3B’ SI30K
(14), Tomy mopsig 3 7 TOSBUTHCSA MOMATKOBUH MHOXHHUK T = }/71 COS@t . Buacmimok pi3HOro X0y 4acy

CTB t'=cos®t, mopiBusiHo 3 #Horo xomom y 4D-mexanimi, (i3uuHe TPaKTyBaHHS IPOLECIB
BiJIPI3HATUMETHCA BiJ] aHanoriuHoro B 4D-mexaHini. MaremaTrnuHO O€30TaHHUH amapar mpocTopy-4yacy 3
HE MEHIII eJICTAaHTHUMH IepeTBOpeHHAMH JlopeHna B HboMy [ 1] € HeoOXigHMMU, ane He TOCTATHIMHU IS
MOOYIOBH amapary pesIATHBICTChKOT MexaHiku. Pi3udHe TPaKTyBaHHS CaMOT0 IIOHATTS BUIIJICHA 1HEPITiiiHA
CUCTEMa BiJTIKy CTaJI0 MOXKIJIMBAMHU JIUIIIC TICIIS PO3MIMPEHHS BUMIPHOCTI arapary MEXaHiKu JI0 YOTUPHOX
1 JOMOBHEHHS 10r0 YaCTWHKaMH MEPLIOro Ta TPETHOI'O PAHTIB.

3. B3aeMoJisf YaCTHHOK.

ITommpumo KimacuyHi 3aKOHW 30epeKeHHS CyMapHOi €Heprii Ta IMIyJabCy dYacThHOK [1] vy
TOYKOBOMY BY3Ili B3a€MOXii Ha mpocTip 4-iMOynbCiB (IOMOBHHMBIIM iX yMOBaMH 30€peiKECHHS
PE3yNIBTYIOUUX BJIACHOTO IMITYJIBCY Ta CIIIHOBOTO YHCIIA).

3.1. HemstanapHuii fucunaTUBHMIA BY30J1 B3aeMoii. 3anmuimeMo CyMiCHO 3aKOHH 30epeKeHHS

IMITyIIbCy Ta €Heprii Ui By3ia B3a€MOJIl ABOX YacTUHOK 3 4-immynbcamu P, Ta P,, pesynbratoM sikoi

Morna 6 OyTu yacTHHKa 3 4-iMmysabscoMm P
=P +F; P=R+P,. (15)
HesanexxHo Bij 3Ha4yeHb BekTopiB P, ta P, 3a0e3neuntn BukoHanHs ymoB (15) B eBKiiZ0oBOMY

npocropi P* HEMOXIHBO, OCKiIBKM BiJICYTHS YaCTHHKA-aKLENTOpP HA/UIMIIKY CyMapHOI eHepril
B3aeMOIIT:

EA:C(P1+P2—\/I312+P22+2(I51,I32)). (16)

Jns peanizanii ymoB (15) y [7] 3anponoHOBaHO BUKOPUCTOBYBATH HEIUIAHAPHHUN TUCUITATHBHUIM
CEepPEeIHbOCTATUCTUIHNNA T’ ITHBITKOBUU By30d B3aemomii (HJIB), me I502 = —501 — CHUMETpPUYHI BITKH
YaCTHHOK-aKIIENTOPIB TPETHOrO paHry (cxema nojana Ha puc. 1). Y cepennbocratuctuanomy H/IB Oyne

BUKOHYBATHCSI 3aKOH 30epekeHHs iMmynscy P, = P, + P, 1Box uacTHHOK, a eHepris, MoB’s3aHa 3 BiTKaMu

P, ta P,,,y cepennbomMy Binnosizatume (16). Came BUIIaAKOBUI XapaKTep €JIEMEHTapHUX B3a€MOI1i
pobuts mepedir dizuaamx nporecie y HIB He3BopoTHUM (CTpisa gacy).

A . .
P
L—"V5,

Puc. 1. Cxema cepeAHbOCTATHCTHYHOI0 BYy3J1a B3a€MO/Iii.

BukopuctanHs 1’STHBITKOBOTO cepeAHbocTtaTucTuuHoro HJIB € HapikHMM B amapari
4D-mexaniku. Came BiH 1a€ MOXKIIMBICTH 30epertu yMoBy (4) iHepUiiHOCTI CHCTEMH BiATIKY, MOLIUPUTH
Ha MEXaHIKy armapaT MaTeMaTHIHOTO aHaIi3y 1 BAKOPUCTOBYBATH B MEXaHIIll €BKJIIAIB MMPOCTIp IMITYJIbCIB
YJACTUHOK.

3.2. CunoBuii minxin. OcHOBa AMHAMIKH YaCTHHOK — 3aKOH pyxy P. Jlexapra [1] — 6a3yetscs (3a

3aMOBUyBaHHAM) caMe Ha Bukopuctansi HJIB. ITpupicT 4-iMmynscy MaTepiansHoi Touky Ha ginsami AR
TPa€EKTOPii, AKy HA3UBATUMEMO JIIHIHHUM BY3JIOM (TIOJIIE€0), 3AIMUAIIIEMO Y BUTIISIL

dP, = J,dR = J cdt = Fdt, 17
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ne J, — cepenHs IiHiliHA T'yCTMHA BIUIMBIB YaCTHMHOK TPETHOTO PAHry B JiHIHHOMY By3mi. OTxe,
BianoBiaHo 10 (4), y BekTopa F=cJ o 4-cuiy, BiACYTHS HyJIbOBAa KOMIIOHEHTA! F= (O, ]?) .
Heranizysasmu ymoBy (17) mis momii 3 ypaxyBaHHSM 3MiH Macu [N 9aCTHHKH, OJEPKHMO:
dP dm- dV dm

g_dP_dmg; v _dmg oz (18)
dt dt dt dt

IMepemuoxupmu (18) ckanspHo Ha BekTop V 1 BpaxoBYIOUM OPTOTOHAIBHICTH BEKTOPIB

A-npumBuaueHEs A Ta 4-IIBHIKOCTI v (6azuc Ceppe-@pene [1]), oTpuMyeMO €KCTIEPUMEHTAIBHO
BcTanoBieHy ¢opmyiy XK. [loncene [1]:

= : dm dE
FV)=(f,0)=c"—=—. 19
( ) ( U) dt ~ dt (19)
Pa3zom i3 (19), piBasinus (18) orpumae BT
mZ\:lf—iz(ﬁ,;z)\?. (20)
c

. , A _f2KR o . . .
Ha ocnosi (20) Ta 38’s3ky A=C°KN [7], ne N — onuHMuHMiI BEKTOp TONOBHOI HOPMAMi 10
4-TpaexTopii, oTpuMyeMoO BUpa3 A KpuBUHU K 4-TpaekTopii YaCTHHKH:

EKi=F—(F.7)7. (21)
To0To, MpH BiZICYTHOCTI CHIIOBHX B3a€EMOJIIH, 4-TPA€KTOPIS YACTHHKH € MPSMOIO.

HynpoBa ckiamoBa BektopiB y (20) Bimmomimae 3a 3MiHy Macu YacTHHKH, TOMY IIPH PEYKINii
HYJBOBOTO BUMIipY 3amnuc piBHsIHHSA (20) hopmabHO 30iraeTbes 3 piBHAHHAM PyXy MaTepialbHOi TOUKU B

3D-mexanini [1]. BixnosinHo mo (11) Benmuuna Py = M,C =My, , ToMy 3a1C CIIOCTEPEKYBAHOI CKIIA0BOT
P 4-iMmysnscy GpopManabHO OfHAKOBHMIA sk B 4D P,p = (mOJ/ )0, Tak i B 3D-Mexanimi Py =M, (y0) . 3a
dopmoro P, Ta Piy 36iraroThcs 3 BHUpa3oM, BIepIIe OTPUMAHMM He3alexkHO A. AlfHimraiiHoM Ta

A. Tlyankape [1], omHak, BHAaCIiA0K pi3HOro Xomy uacie t Ta t', B immynsciB P,p Ta Pyp 30BciM pisHe

¢dizuune TpakTyBaHHA — armapat CTB HecyMicHMIA 3 MPUHITATIOM €KBIBAJICHTHOCTI MacH Ta €HEpTii.
3.3. bagictuunmii mpuHuMn. 3acTocyeMo MOHATTA cepeaHboctaTucTHuHoro HJAB nmo aHamizy

Tpoliecy BUIPOMiHIOBaHHs TOTOKy (oToHiB. Hexaii BumpominioBau, mo mepyxomuii ( Pz =0) B KCB,
nopokye potonn 3 4-immynscamu Py (0) = Py (0) 7 . Sxmo BunpominoBau pyxomuit ( Py # 0), 38°s3ami 3
HUM (OTOHH HECTUMYTH HOJATKOBHUH IMITYIIbC AI5R =P, (0)sina,7, ne T — GpopMaNbHO PO3IIUPEHHUH 10
4-ipocTopy OJMHHYHHII BEKTOp HAMpSAMY KIACHYHOI MIBMAKOCTI Uy =URT BumpoMminioBaya [1] (o6umsa
BekTOpHU ( 7 Ta 7 ) Halexkath manpoctopy R*).

SIkmo BUOpPOMiHIOBaHHA (OTOHIB BiZOyBa€TbCs I KyToM (0 10 HanpsaMy 7  pPyxy
BUIIPOMiHIOBaYa, 1e COS¢ =(7, ), KOKeH (OTOH BUHECE MONATKOBHH IMITYJIbC AISZ =AR (7, )7,
BEJIMYMHA SKOTO 3aJIe)KUTh BiJ] HANPSAMY J BHIIPOMIHIOBaHHSA. BiAMOBITHO 10 3aKOHY 30€pexeHHs,
BEIMYMHA IMITYyJIbCY BUIIPOMIHEHOTO (pOTOHA Oy/Ie:

P. = P, (0)(1+sina, cos ). (22)

Hocnig Maiikenscona-Mopai [1] mokasas, 1110 6aqiCTHYHUI MPUHIMIT BUKOHYETHCS TAKOX 1 MPH
MOTJIMHAHHI CBITJIa, TOOTO Ha3BaHUI JIOCIII HE Ma€ KOJHOTO BiTHOIICHHS JI0 IPUHITUIY BiHOCHOCTI [1].

3.4. Kocmounoriuna Harypasizauis ¢oronib. [lepeiinemMo 10 po3risiay cepeIHbOCTATUCTAIHOTO
HJB mnst goTtoHa, mo Moxe moueproBo mepedyBaTH B ABOX JokanbHux KCB 3 pisHMMH omopHUMH

HanpsAMaMHM Gp Ta G, , AK HaBeJeHo Ha puc. 2. Hexaii Bunpomintosay, mo nepe6ysac y KCB; (3 omopaum
HAIpsIMOM Gy ), IOPOKye (oTonu 3 4-iMmnynbcamu P, mis sikux (Py,5;) =0. Ockinbku poTtoHn He
niAnopsAKoBaHi npuHUMIY JIopeHa, BOHM MOXYTh BUIBHO Ta 0€3 3MiH IEePEXOJUTH BiJl OJHI€T JTOKAIBLHOT
KCB o inmoi. Mommupusmmcs 1o KCB, (3 omopanm manpsmom ¢, ), manpsam 4-immynscy P, dotona-
MirpaHTa He 33J0BOJILHATUME YMOBY (6) HATHBHOCTI.
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Puc. 2. Cxema By3ia KHO®

Jns momoaHHS MBOTO TMPOTHPIYdsi, B 4D-MexaHiI 3amporoHOBAHO TIMMOTE3y KOCMOJIOTIYHOT

Harypamizanii otonis (KH®). Ocramms 3Bomuthea mo aucomianii 8 KCB, dorona-mirpanra (s

HPUCYTHOCTI TiOpHIHOI YAaCTUHKH, IO € JOHOPOM eHeprii), Ha (GoToH 3 4-iMmynbcoM P, Ta 4acTHHKY
HEpLIOro paHry 3 4-immynbcoM P, (Ha puc. 2 BEKTOp iMIyJIbCy YaCTHHKH-IOHOPA HE HaBeneHo). Jlis
uepyxomoro ( P, =0) 8 KCB, peecrparopa orpumaemo:
Py =P (Sri6a) =P C0SO. (23)
OCKiTbKM OCHOBHAa Maca PEYOBHMHM 30CEpEe/KEHa B TA3ONMMJIOBHX XMapax TaJlakKTHK, YaCTHHKH
NepIoro paHry OyayTb TeHepyBaTHCS IEPeBaXHO TYT, MO MiATBEPHKEHO ACTPOHOMIYHUMHU
crioctepekeHHsmu [2]. IcayBanns npouecy KH® miaTBepmkeHO acTpOHOMIYHHME CIIOCTEPEIKCHHSIMH SIK
YEepBOHOTO KOCMOJIOTIYHOTO 3CYBY CIEKTPY, Tak 1 BHUBYEHHSAM posnoairy DaM B ramakrtukax —
KOHIICHTPOBAHOI'O B 11 LICHTPaJIbHIN YacTHHI Ta AU(y3HOrO B ra30MUIOBUX XMapax Ha nepudepii [2].
I'imoresy KH® BBeeHo Ha 3aminy dopmyini X. JJorutepa [1], o nopyurye 3aKoHu 30epeKeHHS Ta
MOPOJKy€e Napagokcu. Hampukmazn, BigHmOBiAZHO 10 XBWIBOBOTO mizxoay [2], ¢oronu y Beecsiti, mo

PO3IINPIOETHCS, 3MIHIOIOTh JIOBXKHWHY XBHUIIi, TOOTO €Heprito [8], TO/i K eHepris pelT BUIbHIX YaCTHHOK
3aJIMIIAETHCS] HE3MIHHOIO.
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OKPEMI ACHEKTHU TEOPII BIIIAJNY JE®EKTIB B OITIPOMIHEHUX KPUCTAJIAX
CdSb

Ilpouyecu ymeopenna i nepedyooeu paodiayitinux Oegexmie npu OnRPoOMiHeHHI i GIONANi MOMCHA PO321A0AMU AK
CYKynHicmo Keaziximiunux peakuyiii pizHozo nopaoky. /leaki i3 HuUx eajxcko 3eecmu 00 opmu, aka 6 dasana Moxicaugicmy
npoOananizyeamu uacogy 3anexcHicms Konyenmpayii deghekmie npu eionai.

Baswenueum napamempom, akuit euznauac Kinemuky eionany oeghekmis, ¢ enepzia akmueayii ¢ionauy. Icuye oazamo
Memooie eusnauenus yici enepeii. Mu Kopucmyeanucs Memooom nepepizie, AKUil [PYHMycmMyca Ha ananizi Kpueux Appeniyca
npu piznux memnepamypax gionaiuy. /Ina euznauenns oonacmi mepmocmiikocmi padiayintnux deghpexmie euxopucmosgysanacsa
MemoouKa i30XpoHHO20 6iOnay.

Kniouogi cnosa: padiayitinuii oecpexm, onpominenns, sionan, kpucman CdSh, enepzis axmusayii, ougysis.

O. Urban, S. Fedosov, L. Yashchynskyy

SOME ASPECTS OF THE THEORY OF DEFECT ANNEALING IN IRRADIATED CdSb
CRYSTALS

The processes of formation and rearrangement of radiation defects during irradiation and annealing can be considered
as a set of quasichemical reactions of different orders. Some of them are difficult to reduce to a form that would allow analyzing
the time dependence of the defect concentration during annealing.

An important parameter that determines the kinetics of defect annealing is the annealing activation energy. There are
many methods for determining this energy. We used the cross-section method, which is based on the analysis of Arrhenius
curves at different annealing temperatures. To determine the thermal stability region of radiation defects, the isochronal
annealing method was used.

Keywords: radiation defect, irradiation, annealing, CdSb crystal, activation energy, diffusion.

Statement of the problem. The annealing process is part of a complex of measurements to establish
the nature and mechanisms of the physicochemical properties of materials. Theoretical approaches to
annealing are based on the kinetics of defect reactions — diffusion of interstitial and vacancy components,
their mutual recombination, or the formation of more stable complexes. Important concepts are defect
mobility (diffusion coefficients), migration activation energies, charge carrier capture/emission by defects,
and kinetic models of isochronal and isothermal annealing. The classical picture involves successive stages
of annealing with increasing temperature — low-temperature recombination (mobile interstitial atoms),
intermediate association (formation of complexes), and high-temperature reperforation (movement of
vacancies/clusters). Mathematically, the processes are described by systems of diffusion-reaction equations
or exponential relaxation laws with characteristic activation energies [1]. Theoretical aspects of
semiconductor defect annealing have been analyzed in the literature [2-8].

Analysis of recent research and publications. In the modern semiconductor industry, there is a
growing need to understand and combat potential radiation damage problems. Space applications are an
obvious case, but, beyond that, today's device and circuit fabrication rely on increasing numbers of
processing steps that involve an aggressive environment where inadvertant radiation damage can occur [3].

The authors [4] proposed and simulated the radiation defects type and amount of CdogZngaTe:In
crystals after neutron irradiation with the Monte-Carlo software SRIM. The calculated data are also
compared with experimental results of detector performance and the crystal defects obtained using
thermally stimulated current (TSC) measurement. The effect of a fast neutron flux (® = 1014 — 1015 cm-
2) on the electrical and photoluminescence properties of p-CdZnTe single crystals is studied [5]. Isothermal
annealing is performed (T = 400 — 500 K), and the activation energy of the dissociation of radiation-induced
defects is determined at ED ~0.75eV. The parameters that characterize process the annealing (the
activation energies and frequency factors) of the main radiation defects in silicon (A-centers, E-centers,
divacancies, etc.) have been ascertained, and various mechanisms and reactions that determine the
conditions for the annealing of the defects were proposed [6].

It is revealed [7] that radiation defects of both donor and acceptor types are introduced into the lattice
of the CdSb crystals with gamma-irradiation. The effectiveness of removal of carriers is a consequence of
the involvement of impurity atoms in the formation of corresponding radiation defects with deep energy
levels. Starting from the annealing temperature of 80 °C, deep donors with Ec — 0.16 eV are annealed in the
irradiated crystals [8]. During annealing, shallow acceptors ionized at 7= 78 K are formed, which leads to
a decrease in the crystal resistance and a change in its conductivity type. After annealing at 130 °C, the
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irradiated crystals were converted from n to p-type conductivity, as before irradiation. Neutron-irradiated
crystals annealed at a temperature of 200 °C practically did not differ in electrical and optical properties
from unirradiated CdSb crystals.

Problem setting. The aim of the paper is to consider methods for studying the kinetics and
establishing the mechanisms of annealing of radiation defects in cadmium antimonide crystals.

Presentation of the main material. The processes of formation and rearrangement of radiation
defects during irradiation and annealing can be considered as a set of quasichemical reactions of different
orders. Some of them are difficult to reduce to a form that would allow analyzing the time dependence of
the defect concentration during annealing.

Very often, the elementary activation annealing process is described by the equation:

dN E
E__ko : f(N)-exp(—ﬁj, @D

dN . . .
where a7 is the rate of change of the defect concentration at a constant annealing temperature and
T

a constant activation energy of the process E ;
N is the concentration of point defects or a physical parameter proportional to the concentration;
f(N)=N" is some function;
y determines the order of the process;

K, is aconstant, which at y = 1 is a frequency factor.
The simplest annealing of defects is the case where y = 1 (a first-order process). Such a process

occurs, for example, during the diffusion of defects (during annealing) to constant drains far from saturation.
Most experimental data indicate that isothermal annealing curves described by first-order kinetics can be
represented by an exponential function:
dN
—=—kN, (2
dr
where
k=AD, ®)
N is the concentration of defects at time 7 ;
A depends on the geometry of the drains;
D is the diffusion coefficient.
The solution to Eq. 2 is:
N =N, -exp(-kz),
where N, is the concentration of defects at the initial moment of annealing, when 7 = 0.
The coefficient A in Eq. 3 can be determined knowing the geometry of the sinks. In the case when
2
V4
the sink is the outer surface of the crystal, the coefficient A = ? for a spherical surface with radius R

2

and A= ﬁ for a surface in the form of a rectangular parallelepiped with edge sizes a, b, C
a’> b*> c?

An important parameter that determines the kinetics of defect annealing is the annealing activation
energy E . There are many methods for determining this energy. We used the cross-section method, which
is based on the analysis of Arrhenius curves at different annealing temperatures.

The rate of change of the defect concentration at a constant annealing temperature and a constant
activation energy is expressed by Eq. 1, written as:

1 dN E
E-W——exp(—ﬁjdr. (4)

Let us determine the change in the left-hand side of Eq. 4 for a certain time interval = from the
beginning of isothermal annealing:
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N
_ij.d_N=T.exp(_£j' (5)
ko 5 F(N) kT
where N is the initial concentration of defects at time 7 = 0 (the beginning of annealing).
We will perform isothermal annealing at various close temperatures. At each temperature, we will
choose such a time interval 7, during which the change in the defect concentration will be the same. Under
such conditions, the left-hand sides of Eq. 5 will be the same, which we will denote by:

N
C= 1 J'd_N (6)
Ko i, T(N)
Eq. 5, taking into account Eq. 6, will take the form:
7,=C- exp(%) @)

This Eq. 7 expresses the functional dependence between the annealing temperature T and the
annealing time 7, during which the defect concentration decreases by the same amount at each annealing
temperature. Taking the logarithm of Eqg. 7, we obtain:

E
Inz, =InC +—. 8
0 T (8)

1 . I
From the dependence Inz, = f(—j , we can determine the activation energy E of the process.

To determine the thermal stability region of radiation defects, the isochronal annealing method was
used. The irradiated crystal was isothermally annealed for the same time interval At =7, — 7, , atdifferent

temperatures T,, T,, T,, ..., which increased after each previous annealing. The isochronal annealing curve
can be obtained by integrating Eq. 1 over time:

N
= dN E

—=k, -exp| —— . 9
0 N7 0 p( an JAT ( )

Figure 1 shows the dependences of the time during which the resistance of the freshly treated surface
decreased by a factor of e = 2.7 (in the exponential interval) on the storage temperature of the irradiated
crystal. The activation energy of the process determined from this dependence using Eqg. 8 is equal to
(0.36 £ 0.03) eV. Obviously, this energy is the energy of defect migration, which is formed during the
decay of defect clusters in neutron-irradiated CdSb crystals. For the exponential interval of the dependence
of the resistance on time, we can determine the value K and, accordingly, the coefficient of defect diffusion
D at different temperatures (Eq. 3).

When determining the coefficient A, it was assumed that the sink for defects is the surface of the
crystal in the form of a parallelepiped, far from saturation. The calculated value of D at different
temperatures is given in Table 1.

Table 1.
Temperature dependence of the diffusion coefficient D
T,K D, cm?/s
273 1.6-10*
293 3.6-10*
308 7.6 - 10"
318 14-10°

Conclusions. At annealing temperatures T, , for which KT, << E, the left-hand side of Eq. 9, which

determines the change in the defect concentration during the annealing time Az, will be very small.
Significant annealing of defects will be observed at temperatures for which KT, is close to the activation

energy of defect annealing E. By conducting isochronal annealing, the main stages of annealing of
radiation defects in irradiated crystals are established.
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Fig. 1. Temperature dependence of the time interval during which the defect concentration in
the exponential region of the curves decreases by the same amount during annealing of neutron-
irradiated (® = 2 - 10'® n/cm?) CdSb crystals
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OYHKIIOHAJIBHA POJIb ITIOAIJIBHUKIB III/{ YAC 350PY HTOJIEL'JIOT O JIBOHY

Iloneznicme — 00na 3 Kpumuynux npoonem nio wac 36upants 1b0Hy. OYHKUIOHANLHA POTb NOOIILHUKIE Y CUCIEMAX
30UpanHA J1bOHY-0062YHUA OOCHIAMHBLO NOBHO GUCEIMEHA 6 Kaacuuhiii i cyuacHiii mexniunii nimepamypi. Boonouac
RUMAanHA X 3aCMOCY8AHNA NIO YaAC 30UPAHHA CYUACHUX COPMIE ONIIHO20 IbOHY 3AUUAIOMbCA HEOOCHMAMHBO 00C1I0NCEHUMU.
Iliosuwieni nokazHuku eucomu ma 2yCmomu pociun ONiUHO20 TbOHY (OpMYIOMb NOGEJIHKY CcmedIocmolo, nodiony 00
NnO6EOIHKU NO01e2/1020 1bOHY-0062VHYA. Y cmammi HA6e0eH0 AHANIMUYHY OYIHKY KOHCMPYKUINl nOOINbHUKIG, GUKOHAHY HA
OCHOGI cunme3sy pe3yibmanie CyuacHux iHHceHepHUX 00Ci0Ncensb | mexHiunoi 0oKymenmauii 6UpoOOHUKIE 1b0OHO30UPAILHUX
Mmawun. Oznanymo mexaunizmu po3oinennsa cmeben, 0it0 niONOMHUX CUl MA POPMYBAHHA KOHMPOIbOGAHOZ0 NONEPEOHLOZO
Haxuny, woo 3’acyeamu, AK NOOLMbHUKU GNIUEAIOMb HA cMAlinbHicmb nodaui ma axicme 30upaunsa. Ocodnugy yeazy
HpUOINEeHo NOPIGHAHHIO HCOPCMKUX [ RPYIHCUHHUX ROOIILHUKI6 ma GU3HAUEeHHIO iX egexkmuenocmi 3a pi3HUX pieHie
noneznocmi. AHaNi3 NOKA3Y€, WO NOOINBHUKU CYMMEEO RIOGUU{YIOMb NOGHOMY 3AXONJIEHHA Ccmebden, 3MEeHULyIomb
HOUWIKOOICEHHA, CHPUYUHEHR] 32UHARHAM, | CAdiNi3yIoms nomik cmeoden He auuie nio 4ac 6UMAY6AHHA TbOHY-0082YHUA, A 1l
nio uac 3pizanna aboHy 0aiiiHo20. Po3pooneno xKoHcmpykmueni pexomenoauyii wio0o inmezpayii noOIbHUKIE y CYYACHI
JNIbOHO30UPATLHI MAWIURU, 30KPeMaA ONMUMI3AUIT 6UCOMU 6CINANOGIEHHA, 3ACIMOCYSAHHA ZHYUKO20 KPINIeHNA, PAUiOHATbHOT
KPUBU3HU HOCOBOT YACMUHU MA NOBEPXOHL I3 HU3bKUM Koeiyicnmom mepmsa. Ompumani pezynibmamu niOKpecaowms, o
ROOINbHUKU CNI0 po3enadamu AK Heeio’emuull yHKYIOHanbHuii KOMROHeHm Rni0 yac 30upannHa 000X Kamezopiii 1boHY,
OCKIIbKU 60HU 0€3n0cepeonbo 6NIUEAIOMb HA eeKmuUeHicmy poOOmu Mawiunu, pieHoOMIpHICIG POpMYyeanHAa cmpivoKk ma
30epedxicenna AKocmi mamepiany.

Knrwowuoei cnosea: 36upanns 1601y, 1b0H noaeanuil; NOOIIbHUK, TbOH-0082YHeYb, IbOH ONIHUL, 8I00iNeHH: cmebel; HaxXul
cmebna; Mexaniuna 63a€mMo0is.

O. Yaheliuk
FUNCTIONAL ROLE OF DIVIDERS IN HARVESTING LODGED FLAX

Lodged flax remains one of the most critical challenges in mechanized harvesting due to stem interlocking, ground-
level deformation, and the high elasticity of flax stems. While the functional role of crop dividers in fiber flax pulling systems is
well described in classical literature, little attention has been paid to their applicability in harvesting modern oilseed flax, whose
increasing plant height and density lead to stem-flow behaviour similar to lodged fiber flax. This paper presents an analytical
evaluation of divider designs, synthesizing findings from recent engineering studies and technical documentation. The
mechanisms of stem separation, lifting forces, and controlled pre-bending are examined to clarify how divider affect feeding
stability and harvesting quality. Particular emphasis is placed on comparing rigid and spring-loaded dividers and identifying
their performance under varying lodging conditions. The analysis demonstrates that dividers significantly improve the
completeness of stem capture, reduce bending-induced damage, and stabilize crop flow not only in fiber flax pulling but also in
cutting-based oilseed flax systems. Design implications are formulated to guide the integration of divider into modern flax
harvesters, including adjustable height settings, flexible mounting, optimized nose curvature, and low-friction surfaces. The
findings highlight that crop dividers should be considered a functional component for both flax categories, with direct impact
on harvesting efficiency, ribbon uniformity, and material preservation.

Keywords: Flax harvesting; Lodged flax; Crop divider; Fiber flax; Oilseed flax; Stem separation; Stem bending;
Mechanical interaction;

Introduction. Flax (Linum usitatissimum L.) is a historically important crop grown for fiber and
seed [1]. Unlike most grain crops, fiber flax is harvested by pulling the entire plant (including roots) from
the soil rather than cutting [2]. This preserves the full length of the stem for maximum fiber yield. Flaxseed
is harvested using flax harvesters or separation technology, but the stems are cut [3]. A critical component
of mechanized flax pulling harvesters is the crop divider — a wedge-like guiding device at the front of the
harvester. The divider’s role is to separate standing flax plants into manageable strips and guide them into
the pulling mechanism of the machine [3].

However, flax is a slender, elastic and tall crop, with fiber varieties reaching 0.9-1.2 m height [4,
5] and exceptionally high elastic and slenderness ratios [4]. This makes flax prone to lodging — bending or
falling over due to wind, rain, or dense sowing [6]. Lodged (flattened or severely inclined) flax presents a
major challenge during harvesting. The divider must lift and part tangled, leaning stems without excessive
losses or fiber damage. [6, 7] Modern engineering research, much of it from flax-growing regions of Eastern
Europe (e.g. the western regions of Ukraine), has focused on improving divider [8].

This paper reviews modern types of flax crop dividers and evaluates which designs perform most
effectively under lodging conditions. We examine the stem separation process by the divider, the forces
acting on flax stems, and how stem length and inclination angle affect harvest quality.

Analysis of recent studies. The harvesting methods differ between the two types of the flax (fiber
and oilseed) due to the distinct agronomic and morphological characteristics of the plants. Fiber flax
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requires pulling the entire plant from the ground, preserving the full stem for fiber extraction. This is
typically done using specialized flax pulling machines (fig. 1). [2, 11] In contrast, oilseed flax is generally
harvested by cutting the stems using conventional combine harvesters or specially adapted mechanisms [3].

Fig. 1. The Flax double rows pulling machine. lllustration provided by source [2]

While there is a broad body of literature and technical development focused on dividers for fiber
flax harvesters, there is a noticeable lack of unified classification or comparative evaluation of different
divider types across both flax categories. Previous studies by Dai et al. [3] and Mankowski et al. [7] have
detailed designs for dividers in fiber flax pulling systems. Similarly, Didukh et al. [2] investigated
mechanical solutions for pulling oleaginous flax but did not elaborate on divider configuration. This
fragmentation creates an opportunity for holistic analysis of crop divider function and design in flax
harvesting.

Additionally, most existing studies focus on the operational dynamics of dividers for a specific flax
type, without drawing broader design principles or universal recommendations. For example, research has
shown that the geometry and positioning of the divider influence how the stems enter the pulling unit —
which directly affects pulling purity, fiber alignment, and overall harvest quality [8, 10]. However, few
studies attempt to provide a unified typology of flax dividers or systematically compares their suitability
for varying field conditions and flax varieties.

Moreover, with current trends towards mechanizing oilseed flax harvesting and improving the fiber
potential of linseed stems, there is a growing need to incorporate divider technologies into machines used
for oleaginous flax. High-density sowing and improved varietal height have made the oilseed flax crop more
susceptible to overlapping and irregular feeding, even in standing crops. Despite this, dividers are rarely
integrated into combines used for linseed, partly due to the assumption that cutting eliminates the need for
guided feeding. However, recent engineering analyses suggest that stem orientation and guidance remain
important even during cutting, especially to ensure uniform swathing, reduce fiber entanglement, and
prevent reel blockage [9].

Table 1.
Comparison of flax divider types

Divider Type

Design Features

Performance in Lodged Flax

Rigid bar divider

Long steel wedge bar with
fixed mounting; bent upward
tip; often has skid plate for
ground contact.

Can part standing crop well, but tends to push or
ride over severely lodged stems. High resistance
in downed crop can cause missed stems or
tangling. Less forgiving over obstacles, so lodged
patches may reduce reliability.

Spring-loaded
divider

Wedge bar with spring-loaded
or pivoting attachment to
frame. Tip (toe) can move
upward when resistance is
encountered, then  return.
Height often adjustable.

Much better adaptation to lodged or uneven crop.
Divider “floats” to maintain contact, lifting fallen
stems gently. Reduces risk of bulldozing lodged
plants and improves reliability when harvesting
lodged flax. Helps ensure more complete
gathering of low-lying stems with less fiber
damage.
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From an engineering standpoint, crop dividers are responsible for three main functions: 1. Isolating
a band of stems corresponding to the width of the pulling or cutting mechanism. 2. Pre-aligning or inclining
the stems in a manner that facilitates smooth entry into the harvesting zone. 3. Minimizing resistance and
losses by reducing tangling, overlapping, or stem breakage at the machine’s entry point.

When used with fiber flax, dividers ensure stems remain intact and properly aligned for downstream
processing, such as retting and scutching. For oilseed flax, dividers could assist in reducing losses by
guiding stems consistently into the cutter bar and maintaining a cleaner swath for post-harvest seed
separation or potential fiber extraction. Research shows that the consistency of stem orientation directly
correlates with the efficiency of harvesting belts or reel-cutter interaction [3, 9].

Given the importance of these processes, and in light of the limited cross-type studies, the present
work aims to fill this research gap. The goal is to provide a comprehensive analysis of divider design and
operation for flax harvesting under varied agronomic conditions. This involves studying both fiber and
oilseed flax and exploring their shared requirements for crop feeding into the harvesting apparatus. This is
especially relevant for regions such as Western Ukraine, where both types of flax are cultivated and
advanced harvesting techniques are under development.

The aim of this analytical study is to evaluate the functional suitability of different types of flax
crop dividers under conditions of lodged and uneven stands, and to identify the key engineering factors that
influence stem separation, lifting efficiency, and feeding quality during harvesting.

The study also aims to generalize the operational principles of dividers for both fiber and oilseed
flax and to determine which geometrical and mechanical characteristics of dividers most significantly affect
harvesting quality, completeness of picking, and the preservation of stem integrity.

Materials and Methods. This study is analytical in nature and is based on a structured review and
synthesis of scientific, technical, and engineering sources related to flax harvesting mechanisms. The
material for analysis includes peer-reviewed research articles published between 2015 and 2025 [2-4, 7-
10], patents on pulling and dividing devices [12-16], operational documentation for flax harvesters, and
technical manuals describing divider configurations [6, 7, 11]. Special attention was given to studies
examining -stem—divider interaction, lodged crop behaviour, and the influence of divider geometry on the
feeding quality of both fiber and oilseed flax.

The methodological approach involves comparative evaluation of the two dominant categories of
flax crop dividers — rigid bar dividers and spring-loaded or floating dividers. It based on their structural
characteristics, adaptability to uneven or lodged crops, and their documented impact on stem lifting,
separation quality, and the completeness of feeding into the pulling or cutting mechanism. The analysis
incorporates engineering criteria such as divider height, nose curvature, side-rod geometry, and the
kinematic relationship between the divider and the forward motion of the harvester.

To clarify how the divider influences harvesting quality, the process of stem separation was
examined through functional descriptions available in the literature and technical documentation. These
sources provide information on the forces acting on stems as they pass through the divider zone, including
lateral bending forces, lifting forces, frictional interactions, and the transitional tensile forces applied by
pulling belts or disk-belt mechanisms. The evaluation focuses on understanding how stem length, lodging
angle, crop density, and divider positioning contribute to successful stem isolation, lifting, and feeding
continuity.

The study employs synthesis of reported engineering findings, qualitative comparison of device
designs, and interpretation of agrotechnical recommendations regarding acceptable harvesting losses, stem
stretching, and ribbon alignment. This integrative analytical method allows the identification of the most
influential factors determining the performance and suitability of different divider types under lodged flax
conditions, and enables formulation of generalized principles applicable to harvesting both fiber and oilseed
flax.

Results. As the flax (fiber flax) harvester advances, the divider initiates the harvesting process by
isolating a defined strip of flax stems and guiding it toward the pulling apparatus. This interaction can be
described as a sequence of functional stages (Fig. 2).

1. Entry of stems. The pointed nose of the divider penetrates the flax stand, while the lower rod or
skid operates at ground level or near the crop base. Side rods extend upward and backward, forming a
wedge-shaped structure that separates the standing crop into discrete strips corresponding to the width of
the pulling mechanism. As a result, the flax stand is divided into parallel bands, each directed into the intake
zone between converging pulling belts or between a belt and a disk.
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2. Initial separation and controlled inclination. As stems come into contact with the side rods of
the divider, they are displaced laterally and begin to incline relative to their original upright position. This
inclination is induced by the divider geometry and forward motion of the machine. Stems directly contacted
by the divider are guided outward or toward the pulling throat, while central stems within the strip also
incline due to mechanical interaction and entanglement with neighboring plants. When properly adjusted in
terms of height, angle, and spacing, the divider produces a controlled pre-inclination of the entire stem
group, which facilitates smoother entry into the pulling zone and reduces excessive bending during
subsequent gripping.

3. Clamping and pulling. Once the separated and pre-oriented strip reaches the pulling apparatus,
the stems are clamped and uprooted. In conventional systems, converging rubber belts grip the stems,
whereas more recent designs employ a belt—disk combination in which a rotating disk presses the stems
against a moving belt. In both configurations, the stems are securely clamped and conveyed upward and
backward as the harvester advances, resulting in their extraction from the soil. At this stage, the divider has
completed its primary function by ensuring orderly delivery of stems to the pulling mechanism.

4. Merging and laying. Following uprooting, multiple streams of flax from adjacent pulling
sections are combined into a single flow. The belts typically converge downstream of the pulling zone,
merging the plant streams before transferring them to the rear of the machine. A transverse conveyor or
laying mechanism then deposits the stems onto the field as a uniform ribbon suitable for drying and retting.
The quality of this ribbon depends strongly on the initial separation performed by the divider; inadequate
strip formation may lead to stem crossing, uneven ribbon thickness, or overlapping swaths, adversely
affecting retting uniformity and fiber quality.

Throughout this process, the forces on the flax stems change in nature: Initially, at the divider, stems
experience lateral bending forces and friction; later, the pulling apparatus applies tensile force (vertical
pulling) to uproot them. Let’s examine the forces at the divider stage in more detail.

During the stem-dividing process, flax stems are subjected to a combination of lateral, lifting,
frictional, and inertial forces, the interaction of which determines the effectiveness of stem separation under
lodged conditions. The lateral force generated by the divider rod induces stem bending and initiates
separation of interlocked stalks. Its magnitude is governed by divider geometry, surface characteristics, and
forward speed; smooth profiles and low-friction surfaces promote stem sliding and reduce resistance,
whereas blunt or poorly aligned dividers increase bending stress and the risk of stem damage. Such effects
are particularly pronounced in lodged flax, where stems tend to ride along the divider surface before entering
the pulling or cutting zone [3, 7, 10].

An upward force component arises from the combined effect of divider inclination, nose curvature,
and forward motion of the harvester. Although typically smaller than the lateral force, this lifting action is
critical for raising flat-lying stems and enabling their engagement with the pulling or cutting mechanism.
Passive lifting through wedge-shaped or curved divider elements is the prevailing solution in flax harvesters,
contrasting with active lifting systems used in other crops. Under severe lodging, increased stem mass and
moisture intensify gravitational resistance, requiring more effective geometric lifting rather than increased
forward speed [7, 9].

In addition to bending and lifting forces, lodged flax presents substantial drag and inertial resistance
due to stem entanglement and soil contact. When divider geometry or operating speed is suboptimal, stems
may be displaced as a compact mass rather than being cleanly separated, leading to unstable feeding and
uneven harvesting. Studies indicate that, in such conditions, a portion of the pulling effort is effectively
transferred to the traction force of the machine, particularly when stems are inclined relative to the pulling
direction [2, 8, 10].

Overall, the divider governs the redistribution of forces acting on lodged flax by converting
excessive bending and drag into controlled stem inclination prior to tensile loading by the pulling or cutting
apparatus. Modern flexible or spring-loaded divider designs mitigate force peaks by yielding under
resistance, thereby reducing stem breakage, fiber damage, and feeding interruptions. Effective divider
design therefore relies on balancing lateral separation, passive lifting, and friction control to ensure stable
stem flow with minimal mechanical stress [7, 9].

The quality of flax harvesting is strongly influenced by stem length and the angle at which stems
enter the harvesting apparatus, particularly under lodged conditions. In this context, harvesting quality is
assessed through several interrelated indicators, including picking completeness, the extent of stem damage,
and the uniformity of the formed flax ribbon. Lodging severity is directly associated with reduced stem
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inclination relative to the horizontal plane, while excessive stem length increases the likelihood of lodging
and complicates controlled feeding into the header (Table 2).

Entry of Stems Initial Separation and Inclination Clamping and Pulling

<=

1
X\

A

ﬁ" 1T I

1— Nose (Pointed Tip of Divder 2— Lower Rod / Sod 3—Side Rods (Wedge Foming Rods) 4 — Puling Apparatus

N

Fig. 2. Stages of Stem Separation by the Divider. lllustration provided by author

Under optimal conditions, upright flax stands with stem lengths of approximately 0.8-1.5 m allow
harvesting systems to achieve near-complete picking efficiency, typically exceeding 99%. However,
lodging significantly alters stem orientation and accessibility. When stems lie close to the ground or are
inclined opposite to the direction of travel, the effectiveness of stem capture decreases, and acceptable
picking purity may drop to around 95%. Missed stems are predominantly those that remain below the
effective operating zone of the divider or are insufficiently separated prior to entering the pulling or cutting
mechanism. Short lodged stems (<0.5 m) are particularly challenging, as they may escape divider contact
or fail to be securely engaged by pulling belts, necessitating careful adjustment of divider height and
operating direction.

Table 2.
Key harvesting quality parameters for flax (fiber and oilseed) under upright and lodged
conditions
Parameter Typical value / Practical implication Source
threshold

Stem length (upright flax) 0.8-1.5m Enables high picking completeness [7]
fslfxr;] length (short lodged <0.5m Increased risk of missed stems [2,10]
Picking completeness 0 . . .
(upright) >99% Optimal harvesting quality [7]
Picking completeness —aco .
(lodged) ~95% Acceptable losses under lodging [7,10]
ls\:lri;):(l:?um allowable - stem <1.2x (20%) Preserves fiber integrity [2,8]
,;]I;?zvable ribbon — skew <20° Prevents ribbon entanglement [7,10]
Critical lodging angle 30-40° Cutter bar alone becomes ineffective [6,9]

Lodging also increases the risk of mechanical damage to stems and fibers. Long flax stems
subjected to pulling at shallow angles experience increased bending and tensile deformation. Excessive
longitudinal stretching, exceeding approximately 20% of stem length, is generally associated with fiber
slippage, partial breakage, or surface damage, which negatively affects fiber quality and seed retention.
Moreover, uneven stem orientation during feeding can result in skewed alignment within the flax ribbon.
While a misalignment angle of up to 20° is typically acceptable, larger deviations promote ribbon
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entanglement and irregular deposition on the field. These effects are exacerbated when divider geometry or
positioning does not adequately account for stem length and lodging angle.

The uniformity of the laid flax ribbon represents a further critical quality criterion, as it directly
influences subsequent retting processes. Uneven feeding caused by lodging may produce ribbons with gaps,
overlaps, or localized bunching. Engineering and agrotechnical guidelines therefore emphasize the
formation of straight, continuous ribbons with minimal skew and consistent thickness, conditions that are
difficult to achieve without effective stem guidance.

Recent engineering studies consistently identify the divider as a decisive element governing feeding
stability, pulling continuity, and stem integrity in fiber flax harvesting. Experimental and analytical
investigations have shown that dividers not only separate crop strips but also induce controlled pre-
orientation of stems, ensuring smooth entry into belt or disk-belt pulling systems [2, 7, 10]. In the absence
of such guided pre-alignment, long and elastic flax stems tend to cross, twist, or bypass the pulling zone,
resulting in reduced picking purity and increased mechanical damage.

Although these findings were originally established for fiber flax, they are increasingly applicable
to modern oilseed flax. Intensified cultivation practices aimed at maximizing seed yield have led to higher
plant densities and increased stem height, causing oilseed flax to exhibit mechanical behavior comparable
to lodged fiber flax. Under such conditions, stems interlock, resist separation, and enter the cutting zone at
inconsistent angles, reproducing the same mechanical challenges observed in pulling-based systems [6, 9].
Consequently, effective harvesting requires not only cutting action but also controlled stem orientation prior
to engagement with the working organs.

In oilseed flax harvesting, the absence of a divider often results in uneven cutter-bar loading,
incomplete capture of low-lying stems, elevated seed losses due to repeated reel impact, and irregular swath
formation. Published field observations indicate that when lodging angles exceed approximately 30-40°,
the cutter bar alone is insufficient to lift and guide stems, leading to accumulation and non-uniform flow at
the header [6, 9]. Therefore, the engineering principles underlying divider use in fiber flax — stabilizing
stem flow, lifting low-lying plants, reducing resistance, and preventing entanglement — are directly
transferable to oilseed flax harvesting. Recent developments in oilseed flax machinery, including prototypes
from Chinese manufacturers (Fig. 3), confirm a growing tendency to integrate divider-like guiding elements
into cutting-based harvesting systems, reflecting their recognized role in improving crop engagement and
harvesting quality [9, 16].

Fig. 3. Example of a modern tracked-type flax harvester developed in China, equipped with
guiding elements that perform divider functions. lllustration provided by source [9] and
manufacturer open-access materials

Based on the synthesis of mechanical interaction principles, divider configurations, and lodging-related
stem behavior, the following design implications can be formulated for both fiber and oilseed flax
harvesting systems (Table 3).

In summary, the analysis of lodged fiber flax demonstrates that stem inclination, interlocking, and
ground-level deformation fundamentally disrupt the harvesting flow unless the stems are separated and
lifted prior to entering the pulling or cutting mechanism. Across multiple studies, the divider consistently
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appears as the component that restores order to the flow by reducing lateral resistance, initiating controlled
stem inclination, and ensuring that even low-lying plants are captured.

Table 3.

Design Implications for Crop Divider Application in Fiber and Qilseed Flax Harvesting

Design Implication

Engineering Rationale

Relevance for Fiber Flax

Relevance for Oilseed
Flax

Low divider height near
soil level

Ensures capture of low-
lying stems; prevents stems
from slipping under the
divider

Critical for lodged fiber
flax due to long, flexible
stems

Necessary for tall, dense
modern oilseed flax prone
to lodging

Spring-loaded / floating
mounting

Reduces peak forces, adapts
to uneven terrain, prevents
bulldozing

Maximizes picking
completeness in lodged
stands

Stabilizes cutter-bar
feeding and reduces seed
loss

Moderate upward nose
curvature

Generates a lifting vector;
avoids excessive bending

Prevents fiber damage;
improves orientation
before pulling

Ensures uniform feeding
into cutter bar in lodged
conditions

Smooth tapering of side fr:]?:ﬂtr:gtlison' gradual redSL}gen; Maintains stable stem | Reduces bunching and
rods . ' flow into belts/disks reel overload

resistance
Passive guiding | Compensates for lack of : . .| Strongly  recommended
elements for cutting- | pulling mechanism; aligns Snpéggael\/eg%dbﬁ]nef'c'al for modern oilseed flax
based systems stems. ging combines
Divider selection by | Matches ~ mechanical | Flexible dividers required gﬁtrtne? thresbg(?ld apg)ll(l)ense;)
lodging severity behavior to field conditions | at lodging >30-40 insufficient
Universal  adjustable | Increases machine | Applicable when | Supports oilseed
divider for dual-purpose | versatility; reduces need for | harvesting mixed flax | harvesting with varying
harvesters header changes varieties stem density
Low-friction ~ contact | Minimizes snagging and . . Reduces boll loss and stem
surfaces surface abrasion Preserves fiber quality tearing

These findings are directly applicable to oilseed flax harvesting, as contemporary agronomic
practices increasingly result in denser stands and greater average stem height than those typical of traditional
oilseed flax production. Under lodging conditions, such stands exhibit mechanical behavior analogous to
fiber flax, characterized by stem interlocking, low entry angles relative to the header, and increased
resistance to separation at ground level. In the absence of a guiding element at the header front, oilseed flax
stems tend to enter the cutting zone irregularly, leading to incomplete stem capture, uneven loading of the
cutter bar, increased seed loss due to repeated reel impact, and non-uniform swath formation [3, 9, 16].
Consequently, the functional role of the divider extends beyond pulling-based systems: by stabilizing stem
flow, promoting controlled pre-orientation, and mitigating the mechanical effects of lodging, dividers
become a critical component in reducing harvesting losses and ensuring consistent feeding in cutting-based
oilseed flax harvesters.

Conclusions. This analytical study clarifies the functional role of crop dividers as a key interface
between lodged flax stems and harvesting mechanisms. By synthesizing recent engineering studies,
technical documentation, and patent-based solutions, the paper demonstrates that dividers are not auxiliary
components but critical elements governing stem separation, lifting, and flow stabilization prior to pulling
or cutting.

The analysis shows that under lodged conditions the divider redistributes mechanical loads acting
on flax stems by converting excessive bending and drag into controlled stem inclination before tensile
loading occurs. Lateral forces initiate separation of interlocked stems, while passive lifting generated by
divider geometry enables engagement of flat-lying plants with the harvesting apparatus. In such conditions,
divider design directly affects harvesting completeness, feeding stability, and the risk of stem damage.

A comparative evaluation of rigid and spring-loaded divider configurations indicates that flexible
or floating designs provide superior adaptability to uneven terrain and severe lodging. Their ability to yield
under resistance mitigates force peaks, reduces bulldozing of lodged stems, and minimizes stress
concentrations that can lead to fiber breakage or uneven uprooting.

Although divider applications have traditionally been associated with fiber flax pulling systems,
this study demonstrates that the same functional principles are increasingly relevant for modern oilseed flax
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harvesting. Increased plant height and stand density cause oilseed flax to exhibit mechanical behavior
similar to lodged fiber flax, making controlled stem guidance essential even in cutting-based systems.
Recent machinery concepts and patented solutions confirm a technological shift toward integrating divider
or divider-like guiding elements into oilseed flax harvesters.

The main contribution of this work lies in formulating design implications that link divider
geometry, mounting elasticity, and operating conditions to the mechanical behavior of lodged flax. These
implications provide a structured framework for selecting and adapting divider designs for both fiber and
oilseed flax harvesting. Future research should focus on quantitative validation of these relationships
through field experiments and numerical modeling to refine divider parameters under varying lodging
scenarios.
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ABTOMATH30BAHE ITIPOEKTYBAHHSI EJIEKTPUUHUX CUCTEM Y XAPUOBII
IMPOMMUCJIOBOCTI: SOLIDWORKS ELECTRICAL, EPLAN ELECTRIC P8 TA AUTOCAD
ELECTRICAL

Y cmammi 30iiicneno nopisenanonui ananiz cyuvacnux ECAD-cucmem, wjo 3acmocosyromscs 0 agmomMamu308anozo
NPOEKMYGANHA eNIeKMPUYHUX CXeM Y Xapyo0giil npomucnogocmi. Pozenanymo apximexmypy ma gynkyionanvni moxcaueocmi
SolidWorks Electrical, EPLAN Electric P8 ma AutoCAD Electrical, nasedeno npaxmuuni Keiicu ix 6uUKOPUCHMAHHA Y
eupoonuuux npoyecax i haguanvnux 3axnaoax. Ioxazano, wo SolidWorks Electrical 3a6e3neuye inmezpauyiro ECAD-MCAD,
EPLAN Electric P8 xapaxkmepusyemuoca eucokum pienem cmaunoapmusayii ma aemomamusauii, a AutoCAD Electrical
SUPIZHAEMbCA OOCHMYNHICMIO Ma eheKmueHicmio OnA 10KAIbHUX cucmem Kepyeanna. Busnaueno nepcnekmueu po3eumky
ECAD-pimens y konmexcmi Industry 4.0, 30kpema inmezpauiro 3 xmapuumu cepgicamu, loT ma yugpposumu osiiinuxamu.

Kniouosi cnosa: ECAD, asmomamusosane npockmyeanns, SolidWorks Electrical, EPLAN Electric P8, AutoCAD
Electrical, xapuosa npomucnosicms, Industry 4.0.

L. Fedik, Yu. Fedorus

AUTOMATED DESIGN OF ELECTRICAL SYSTEMS IN THE FOOD INDUSTRY:
SOLIDWORKS ELECTRICAL, EPLAN ELECTRIC P8 AND AUTOCAD ELECTRICAL

This article provides a comparative analysis of modern ECAD systems used for automated design of electrical circuits
in the food industry. It examines the architecture and functionality of SolidWorks Electrical, EPLAN Electric P8, and AutoCAD
Electrical, and provides practical examples of their use in manufacturing processes and educational institutions.

SolidWorks Electrical provides ECAD/MCAD integration, EPLAN Electric P8 is characterized by a high level of
standardization and automation, and AutoCAD Electrical is accessible and efficient for local control systems. The development
prospects for ECAD solutions in the context of Industry 4.0 are identified, including integration with cloud services, 10T, and
digital twins.

Keywords: ECAD, computer-aided design, SolidWorks Electrical, EPLAN Electric P8, AutoCAD Electrical, food industry,
Industry 4.0.

IloctanoBka mpoOiemMu Ta ii 3B'I30K i3 BAXKIMBHMH HAYKOBMMH 4YHM NPAKTHYHUMH
3aBJAHHAMM. Y CydYacHIM XapdoBiii IPOMHUCIOBOCTI €MEKTPUIHI CHCTEMH BINIrparOTh KIIFOYOBY POJE Y
3abe3nedeHH] Oe3MepepBHOCTI TEXHOJIOTIYHUX MTPOIIECIB, MABUITICHH] eHeproe)eKTHBHOCTI Ta JOTPUMAaHHI
caHiTapHux HOpM. IlpoTe TpagumidHI METOOM MPOEKTYBAHHS EINCKTPUYHUX CXEM 3alUIIAIOThCs
TPYAOMICTKHMH, CXWJIBHHMH A0 TOMHJIOK 1 He 3a0e3ledyroTh HaNEXHOI iHTerpamii 3 MeXaHiYHUMH
cucteMamu. ToMy BHHHKae TOTpeda ONTHUMI3yBaTH TNPOLECH MPOEKTYBAHHS, IO MOJKIMBO 3aBISKH
BHKOPHUCTAHHIO CYYacCHHX CHCTeM aBToMaTu3oBaHoro mnpoektyBaHHS (CAIIP). Taki cmcremm 3matHi
MOEAHYBATH EJCKTPUYHI Ta MeEXaHi4HI KOMIIOHEHTH, ABTOMAaTHYHO TE€HEPYBaTH TOYHY TEXHIUHY
JIOKyMEHTAIIiI0 Ta BiAIOBIAATH MI>XKHAPOIHUM cTaHAapTam [3; 5; 7; 11; 17].

AHami3 OoCTaHHIX AOCHiMKeHb i mMyOaikamiid, B fIKMX 3aM0YaTKOBAHO PO3B'SI3aHHS JAHOL
npoo6Jemu. Jocmimxenns Smith J., Brown A. Robotics and Automation in Food Manufacturing (Springer
Nature, 2025) cBimuats npo 3HaueHHs interpauii CAD/ECAD y konnenuii Industry 4.0 Ta crBopeHHi
mudpoBux ABiiiHukiB. A anamiz Garcia M., Lee K. Computer-aided design and manufacturing in food
processing (JISEM, 2025) noxasye BmmB CAD Ha edexTHBHICTH BHPOOHHMITBAa Ta BiJIOBIIHICTH
MmixkaapoaHuM cranaapram HACCP 1 ISO 22000. [Ipaktuuni kelicy, mpeacrasieHi oQimiiHUMH pecypcamMu
Autodesk, SolidWorks Ta EPLAN Software, nemoncTpyroTh yeminiae 3actocyBants SolidWorks Electrical,
EPLAN Electric P8 Ta AutoCAD Electrical y xapuosiii raiy3i. Lle 103Bosisie CKOPOTUTH Yac IPOEKTYBaHHS,
i IBUIIIATH TOYHICTh TEXHIYHOT IOKYMEHTAIIi] Ta 3a0€3eYUTH BiIITOBIIHICTh MI>XKHAPOAHUM HOpMaM [2-4;
7; 11].

JHocnimpkenns, npeacraieHi y BuaanHsax Robotics and Automation in Food Manufacturing (Springer
Nature, 2025), Computer-aided design and manufacturing in food processing (JISEM, 2025), a Takox y
npatsix Ciakosebkoi O. M., Tpodimosoi 1O. B., Kongiyc 1. C. (2023), miaTBepaxyIoTh, 110 BAKOPHUCTAHHS
CY4aCHUX KOMII'IOTEPHUX TEXHOJOTiH Ta MPOEKTYBAaHHS JiHIN 3B 3Ky y CUCTEMaX aBTOMAaTHU3Allil cripusie
MiIBUIIEHHIO €(DeKTUBHOCTI BUPOOHWYHX TPOIIECiB 1 (POPMYBAHHIO KOMIDIEKCHHUX DPIllIEHb JJIS Xap4OBOi
mpomucioBocti [7; 11; 14; 20].

VY Toit ke wac aeMoHcTpauis edexTBHOCTI 3actocyBaHHS ECAD-pimenp y mnoemaHaHHI 3
MPOEKTYBAHHSAM BHKOHABYMX MEXaHi3MiB, IyHKTIB YIPABIIHHS Ta iHTErpaiicl0 MPOMHUCIOBUX pPOOOTIB
FANUC, YASKAWA, ABB, KUKA y BupoOuuui nponecu Bukonani @egopycem 0. B. (2025), ['yapkom
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10. JI. (2024) ta Konmiyc I. C., Octamaykom . O. (2023). Ile 3a0e3medye THYYKICTH CHCTEM Ta ix
BiJIMOBITHICTh MiXKHApOJHUM cTaHmapTam [7; 11; 14; 17; 18; 21].

BucnoBku aBropiB (Penik JI. 0., CiBakorcekoi O. M., 2023) cBiguarh, 10 iHTETrparis
KOMIT IOTEpHUX TEXHOJIOTiH y HaBUadbHUH Tpolec 3abe3medye CTyIeHTaM MOKIHBICTh MOJICITIOBATH
peanbHi BUpOOHHYI cuTyallii Ta popmyBatu npodeciiiai komrnereHTHOCTI. Takum unnoMm, ECAD-pimeHHs
BUCTYNAIOTh BOKJIMBUM 1HCTPYMEHTOM He JIUILE JUIsl IPOMHUCIIOBOCTI, ajie i 1 OcBiTH. JlocTimKeHHs nux
aBTOPIB MiATBEPIUKYIOTH, 10 KOMIUIEKCHUN MiJIXiJ 10 MPOEKTYBaHHS CHCTEM aBTOMAaTH3alii — Bia JiHIN
3B’s13Ky Ta MYHKTIB YIPaBIiHHS JIO iHTETpaiii BUKOHABYMX MEXaHi3MiB 1 POOOTOTEXHIKH — 3abe3reuye
MPaKTUYHY HiHHICTh, YHIKaJBHICTh 3aBAaHb Ta BiAMOBIIHICTh MKHAPOIHUM cTaHAapTam [14; 17; 18].

Otxe, cydacHi myOmikamii miATBepIKYyIOTh aKTyaJbHICTh 1HTErpamii cCHCTEM aBTOMAaTH30BaHOTO
MPOEKTYBAHHS Y TIPOEKTYBAHHS SIEKTPUIHUX CHCTEM XapUOBHX ITiIIPUEMCTB.

IMocTanoBka 3aBaaHb. BpaxoByrouW pe3ynbTaTH aHali3y Cy4YacHUX JIOCIHIPKEHb OCHOBHUMH
3aBJIaHHSMU Ii€i pOOOTH €:

1. BwusnadeHHs (QyHKIIIOHATFHUX MOXKIJIMBOCTEH mporpamuux komimiekciB SolidWorks Electrical,
EPLAN Electric P8 ta AutoCAD Electrical y KOHTEKCTi Xap40BOi TIPOMHUCIIOBOCTI;

2. AHami3 NpaKTUYHUX ACTEKTiB X 3aCTOCYBaHHS JUIs IPOEKTYBAaHHs CUCTEM aBTOMAaTHU3Aallil;

3. Ouinka ocBiTHbOro Ta imkeHepHoro mnoreHumiany ECAD-pimens y miarotoBmi MailOyTHiX
(haxiBIiB;

4. VY3aranpHeHHs1 mepeBar Ta oomexenb iHTerpauii CAD/ECAD y BHpoOHMYI HpoLecH XapuoBHX
MiANPUEMCTB.

Limto craTTi € oOImiHKa IHTerpamii CyJacHHX CHCTEM aBTOMATH30BAaHOTO TIPOEKTYBaHHS
(CAD/ECAD) y mpoiiec po3pOoOKH EIEKTPHYHHUX CHCTEM Xap4yOBHX IMIANPUEMCTB 3 YpaxyBaHHIM
CaHiTapHUX BUMOT, CIIeU(IKK 00JaTHAHHS Ta PE3yJIbTAaTiB BIaCHUX HAYKOBUX PO3POOOK.

BuxiiageHHs1 OCHOBHOIO Martepiajgy Jocjif:keHHsl. TpagumiiiHi MeTOAM IIPOEKTYBAaHHS
CJIEKTPUYHUX CHCTEM YacTO HE BPaXOBYIOThH cIielM(iuHi caHiTApHI BUMOTH XapUOBHX ITiIIPUEMCTB Ta HE
3a0e3MeuyIoTh HaJIeKHOI iHTerpauii 3 MexaHiuHuMH MoaessiMu. Lle ctBoproe notpedy y cyuacaux ECAD-
pilIeHHSIX, 30aTHUX MOEJHYBATH €JIEKTPUYH] Ta MEXaHI9H1 KOMIIOHEHTH B €JUHOMY cepeAoBuili. OaHuM i3
takux iHcTpyMeHTiB € SolidWorks Electrical — nporpamue 3abe3nedenHs, mo 3ade3nevye NOBHUM UK
CJIEKTPOTEXHIYHOTO TPOEKTYBAHHSI: BiJl CTBOPEHHS CXeMHU J0 ii iHTerpauii y TpuBuMipHy Moaens [3; 7; 11].

SolidWorks Electrical cknanaeTbest 3 TBOX OCHOBHUX MOy iB: Schematic ta 3D.

Monynb Schematic npu3HaYeHUN AJ11 CTBOPSHHS OXHONIHIMHUX Ta 0araTOMIHIMHHUX €JIEKTPHYHUX
CXEM 13 BUKOPUCTAHHSM BOYIOBaHOI 010JIIOTEKH CUMBOJIIB, IO BIAMOBIAAI0Th MIKHAPOIHUM CTaHIapTaM
IEC ta NFPA. IIporpama aBTOMaTH4HO HyMepye MPOBOAH, KOMIIOHEHTH Ta TETH, 110 3HAYHO MPUCKOPIOE
nporec npoektyBanHs. Kpim toro, cucrema gpopmye 3BiTH — CIMCKU KabeiB, MPOBOAIB 1 KJieM, HEOOXiHi
JUTS BAPOOHUIITBA T4 MOHTAXKY.

Hpyruii moayns — SolidWorks Electrical 3D — 3a0e3nedye iHTerpaiito €IeKTPUIHOI CXEMH 3
MEXaHIYHOI0 MOJEIUII0 BHPOOY. I[H)KEeHep OTpUMYye MOMIIMBICTH PpO3MILIYBaTH KOMIIOHEHTH Y
TPUBUMIPHOMY TPOCTOpi, MPOKIAAaTH Kabemi Ta JDKTYTH, 3/AiMCHIOBATH IEPEBIpKY HA 3ITKHEHHS W
ONTUMI3yBaTH iX pO3TallyBaHHs. Taka (YHKIIOHAIBHICTH € OCOOJMBO BAXIJIMBOIO JJIsi IMPOEKTIB i3
00MEXEHIM NTPOCTOPOM Ta BUCOKMMH BUMOI'aMH 0 TOYHOCTI — 30KpeMa y BUPOOHUYHUX L[€XaX XapyOBUX
MiIPUEMCTB, JI¢ HEOOXITHO TOTPUMYBATHUCS 30H TITi€HIYHOTO KOHTPOJIO [3; 5].

3aBasku B3aemoiil mux 1Box MoayiiB SolidWorks Electrical rapaHTye y3ro/pKeHICTh Mix
CJICKTPUYHMMH CXEMaMH Ta MEXaHIYHMMH Mogjensimu. lle Mae KirouoBe 3HAYEHHS [UISI Xap4yoOBHX
MiIPUEMCTB, JIe CIIiJi BpaXxOBYBaTH CaHITApHI HOPMH, IPOCTOPOBI OOMEXKEHHS Ta BUMOTH JI0 MOHTAXKY.
Taxwii migxig K03BOJSE MiHIMI3yBaTH KiIbKICTh TOMUIIOK, CKOPOTHTH Yac MPOEKTYBaHHS Ta 3a0€3MEUUTH
BiJIMTOBITHICTH MI>KHAPOTHUM CTaHAAPTaAM.

3acrocyBanHs Bepcii SolidWorks Electrical 2025 Bigkpwuiio HOBHA e€Tam PO3BUTKY MpPOTPaMHOTO
KoMmIuiekcy. Y Bepcii 2025 peani3oBaHO HHU3KY BaKIMBUX YJOCKOHAJICHb, CIIPSIMOBAHUX Ha ITiJBHIEHHS
epeKTHBHOCTI pOOOTH iHXKEHEpiB. 30KpeMma: BJOCKOHAJICHO IMIOPT ENeKTPOTEXHIYHOTO KOHTEHTY;
OHOBJIEHO JOKYMEHTAIil0 UIT KIeM 1 KOJOJOK; IOJaHO (PYHKIF0O CTBOPEHHS TPUBHUMIPHHUX MacCHBIB
JUKTYTiB; BIpoBamkeHo xmapHe pimeHHs Electrical Schematic Designer, sike 103BOJsi€ palloBaTH HaJ
SJIIEKTPUYHUMH CXeMaMH 0Oe3locepeiHb0 y BeO-Opaysepi, 30epiraouu CTpyKTypy BUpoOy Ha mmaTdopmi
3DEXPERIENCE [3].

Lli HOBOBBenEHHS BiIKPWUBAIOTH HOBI MOIMBOCTI Uil BiIJAJIEHOi CIBIpAIi MiX iH)KEHEpaMH,
TEXHOJIOTAMH Ta CEpBICHUMH (axiBISIMH, 3a0€3MEUYIOYHM IHTETPalil0 MPOEKTHUX NAHUX Yy €IMHOMY
(POBOMY CEPETOBHIII.
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SolidWorks Electrical 3HalIIIOB IIMPOKE 3aCTOCYBAHHS il Yac MPOEKTYBAHHS CIIEKTPUUHUX IIad
yIpaBliHHS, CHUCTEM aBTOMAaTW3allii, MallMH Ta OOJaJHAHHA, MIO 3aCTOCOBYIOTHCS Ha Xap4OBHX
HiANPHEMCTBAxX. 30KpeMa, IHKeHEp MOKe: CTBOPUTH CXeMy KepyBaHHS AJIs JiHii (acyBaHHS; pO3MICTUTH
KOMITOHEHTH y TPUBHUMIPHIi# Mojenmi 1madu 3 ypaxyBaHHSAM ra0apuTiB 1 CAaHITAPHUX BUMOT; aBTOMATHYHO
3reHepyBaTH BHPOOHHYY JOKYMEHTAIll0; CHHXPOHI3YBaTH BCi 3MIHH MiX EJEKTPUYHOIO CXEMOIO Ta
TPUBHUMIpHOIO Mozemio [3; 5].

Taxuit migxig 3abesnedye TOYHICTH MPOEKTYBAHHS, CKOPOYYE Hac MiArOTOBKM JOKyMEHTallii Ta
CHpUSIE BiJMOBIIHOCTI TiIriEHIYHAM HOpMaM Xap4oBOi Tarys3i.

VY xap4oBiii ramy3i OCOOJMBO BaKJIMBO BpaxoBYBaTH crenu(diky oOJaJHAHHS: 3aCTOCYBAaHHS
HEepXXaBiIOUMX MaTepiajiB, 3aXUCT Bix Bosioru ta nuiny (IP65/1P67), Binnosianicts crangapram HACCP ta
ISO 22000, a Takox MOXKJIMBICTH IIBUAKOTO JAEMOHTaXY JUIsl caHiTapHOi 00poOku. SolidWorks Electrical
JI03BOJISIE MOJICITFOBATH 11 aCTICKTH BXKE Ha €Talli MPOEKTYBAHHS, IO 3HWKYE PU3HKH ITiJI 4ac eKCIUTyaTaIlii
Ta 3a0e3meuye BiAMOBIAHICTh MIXKHAPOAHUM BHMOTaM.

BpaxyBaHHS IMX acCIEKTiB Ha €Tami MPOEKTYBaHHS CTBOPIOE OCHOBY JJISl TOAAJBINOI iHTErparii
CICKTPUYHUX CXEM VY 3arajbHy CTPYKTYpy BHPOOHHWYOI JIiHIi, [0 JO3BOJISE: ONTHMIi3yBaTH
SHEProCIIO’KUBAHHS 00JIaJHAHHS; CKOPOTUTH Yac Ha MOHTaX 1 BBEIEHHS B €KCIUTyaTallil0; IiJABUIIUTH
TOYHICTh TEXHIYHOI JTIOKyMEHTAIlil; 3a0€3MeYnTH BiMOBIAHICTh HOpMaM O€3IeKH! Ta TIiTi€HH; MiATOTyBaTH
nupoBi ABIHHUKY s peanizaliii konueniii Industry 4.0 [3; 7; 11].

3aBAsIKM MOYIJIMBOCTI CTBOPEHHS U(POBOI MOIEII BUPOOY MiANPUEMCTBA OTPUMYIOTh IHCTPYMEHT
IUIl TPOBEACHHS BIPTYyaJbHOTO TECTYyBaHHS, aHATi3y HAaBaHTAXXCHb, IPOTHO3YBAHHS 3HOIIYBAaHHS
KOMIIOHCHTIB 1 IIaHyBaHHS TexHi4HOro oOciayroByBaHHs. EdektuBnicts SolidWorks Electrical
MiATBEPIDKYETHCS HE JIMIIE TEOPETUYHUMH JOCHIDKEHHSIMU, a W NPaKTUYHUMH TpPUKIaJaMH HOro
3aCTOCYBaHHS y BUPOOHUYNX YMOBAX.

SolidWorks Electrical mae He nunie BUpoOHHMYE, a 1 OCBITHE 3HAUCHHA. 3aBASKH IHTYITHBHOMY
inTepdeiicy, rHyukocti Ta iHTerpamii 3 SolidWorks CAD, mporpamauii KoMIuieKc € e()eKTHBHHM
THCTPYMEHTOM SIK JJIs1 JOCBITYCHNX 1H)KEHEPIB, TaK 1 U CTY/ISHTIB, SIKi HABYAIOTHCA €IEKTPOTEXHITHOMY
MPOEKTYBAHHIO.

VY HaBYaJbHMX 3aKjaJaxX BiH BUKOPHCTOBYETHCS JUII MOJECIIOBAHHS PEabHUX BUPOOHWUYMX
CHTYyAIlii{, 0 AO3BOJSIE CTYyIEHTAM OTPUMATH NPAKTUYHI HABHYKH POOOTH 3 EIEKTPUYHHMH CXEMaMH,
inrerpanii ECAD-MCAD Tta cTBOpeHHS TEXHIYHOT JOKYMEHTaIIii BiIIOBITHO 10 MIXKHAPOIHUX CTaHIAPTiB
(IEC, NFPA). Le cmpusie $hopMyBaHHIO KOMIIETEHTHOCTEH, HEOOXiTHHMX IJisi POOOTH Ha Cy4YacHHUX
MiANPUEMCTBAX, e KPUTUIHO BRKIIMBUMH € TOUHICTb, BIAMIOBIIHICTD CaHITADHIUM HOPMaM Ta iHTerpatis y
koHnentiro Industry 4.0 [3; 5; 18].

Hocnimxenns, omyOmikoBaHi y Bupanaax Robotics and Automation in Food Manufacturing (Springer
Nature, 2025) ta Computer-aided design and manufacturing in food processing (JISEM, 2025),
MiATBEPUKYIOTH, Mo 3actocyBaHHs CAD/ECAD y HaB4ampHOMY IMpOILieCi CHPHUSE MiABUIIEHHIO SKOCTI
I ITOTOBKY iHkeHepiB [7; 11].

[MpakTnuni keiicu, mnpencraBieni kommanieto Select Technologies (2024), neMOHCTPYIOTh
edpexTuBHicTh BukopuctanHs SolidWorks Electrical y ckopoueHHi 4acy MpOeKTyBaHHs Ta ITiJBHILEHHI
TOYHOCTI TEXHIYHOI TOKYMEHTAITllT 3aBIAKHM IHTETPaIil eNEKTPUIHNX CXEM 13 MEXaHIIHUMH MOEIISIMH Ta
BiJIMOBITHICTh MI)KHAPOJHUM cTaHaapTam [3; 5].

Orxe, ocBiTHi Ta imxeHepHudd mnoteHmian SolidWorks Electrical momsrae y mnoenHanHi
MIPAKTUYHOTO JOCBIMY 3 aKaIeMIYHOIO MiATOTOBKOIO, IO POOUTH HOT0 BaKIWBHM IHCTPYMEHTOM SIK JIJIS
MIPOMHUCIIOBOCTI, TakK 1 i OCBITH. [IporpamMHHMii KOMIUIEKC BHCTyIae IUaThopMoro IUppoBol
TpaHcopMalii XapuoBHX MiJNPUEMCTB, 3a0e3Meuyloud BiAMOBIMHICTD MIKHAPOAHUM CTaHAApTaM,
MIABUIICHHS ¢()EKTUBHOCTI BUPOOHHYHMX MPOIIECIB Ta CTBOPCHHSI OCHOBM IS BIPOBAIXKCHHS KOHIICIILIT
Industry 4.0.

[lepcnexTuBHUME Hanpsimamu po3BUTKY SolidWorks Electrical €: po3mmipeHHs XMapHUX pillleHb;
iHTerpauis 3 rexnomnorisimu loT; BukopuctanHs unppoBUX IBIHHUKIB.

Peamizamiss 1ux HampsMiB J03BOJIMTH Xap4YOBHUM IIIJANPHUEMCTBAM Iii¢ OIIbIIE ONTHMIi3yBaTH
CHEePrOCIIOKMBAHHA, MIABUIIMTH TOYHICTh TEXHIYHOI MJOKyMeHTalii Ta 3a0e3NeuynTH THYYKIiCTb
BUPOOHHMITBA BiAMOBIAHO O Cy4acHUX BUMOT [3; 11].

Oxpim SolidWorks Electrical, BaxnuBe 3HaueHHS Mijl Y9ac MPOEKTYBAaHHS EIEKTPUYHUX CHUCTEM
XapyoBHX MiaAnpreMcTB Mae nporpamuuii komruieke EPLAN Electric P8, skwuii 3a0e3neuye BUCOKHH PIBEHb
aBTOMAaTH3aliil Ta iHTerpauii 3 BUpOOHUYNMH MTPOLIECAMH.
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TpamumiitHi METOIW eNEeKTPOTEXHIYHOTO TPOEKTYBAHHS YacTO HE TapaHTYIOTh HaJISKHOI
CTaHAapTH3alii Ta iHTerpauii 3 BUPOOHMYMMHU MpoLecaMu Xap4yoBuX mignpueMcTB. LI{o B cBoio uepry
MPU3BOAUTH JI0 3aTPUMOK Y MOJIepHi3awii 001a HaHHs, CKIaJHOIIIB Y TOTPUMAaHHI CaHITApHUX HOPM Ta JI0
3HIKEHHSI €()eKTUBHOCTI BHPOOHMIITBA. Y TaKMX YMOBax BHHHKA€E MOTpPeOa BHKOPHCTAHHS Cy9acCHHX
ECAD-pinieHp, 37aTHUX aBTOMATHU3yBaTH NPOEKTHI TMPOIECH, 3a0e3MeYUTH TOYHICTh TEXHIYHOT
JOKYMEHTAlIi Ta IHTerpawito 3 CHCTeMaMH yIpaBIiHHS MiANpHEMCTBOM [4; 9; 13].

CyuacHi pocnimxenns (SpringerLink i JISEM, 2025) miarepmkyroTs, mo Bukopuctanus EPLAN
Electric P8 y xapuoBili mpoMHUCIIOBOCTI cripusic nUGpoBiii TpaHchoOpMaIlii MiINPUEMCTB, ITiJBUILICHHIO
MPOAYKTUBHOCTI Ta BIAMOBIAHOCTI MUKHAapoAHUM cTaHmaptaM. llpaktuuni ornsau (A2M Engineering i
EPLAN Software, 2025) neMOHCTpYIOTb, II0 CUCTEMa O3BOJISIE YCYHYTH IOBTOPHE BBEACHHS NAHHX,
aBTOMATH3yBaTH CTBOPECHHS 3BITIB Ta iHTerpyBatu npoektn 3 ERP-cucremamu. e 0co0nmBo BaxIMBO JUIst
MIIPUEMCTB 13 BEJIMKOIO KIJIBKICTIO 3MIHHUX MapTii npoaykuii [4; 7;9; 11; 13].

EPLAN Electric P8 3a0e3neuye BHCOKMI piBeHb aBTOMAaTH3alii MPOEKTHUX IPOLECIB 3aBISKH
CTBOPEHHIO: IPUHIIMIIOBHUX EJIEKTPUYHUX CXeM; KabelbHUX KypHaNiB; crienudikarii o0naaHaHHI;, THITNX
JIOKYMEHTIB, HEOOX1THUX JIJIsl BAPOOHUIITBA T4 MOHTAXY.

Kpim mporo cucrema minrtpumye Mixaapomsi ctanmaptu IEC, DIN, NFPA, mo 3abe3neuye
aJIanTaIiiio MpOEKTIB 10 BUMOT pi3HUX KpaiH. BoHa BpaxoBye crienudiky xap4oBoro o0aaiHaHH:, 30KpeMa:
BUKOPUCTAHHS KOMITIOHEHTIB 13 MiJBUIIeHUM cTyreHeM 3axucty (IP65/IP67); 3actocyBanHs mMarepialis,
CTIMKMX IO KOPO3ii; BUMOTH JIO JIETKOTO JEMOHTAXY IS caHiTapHOT 00podku [4; 9; 13].

Takum umnom, EPLAN Electric P8 Bucrtymae moTy)XHMM iHCTPYMEHTOM [UIsl CTBOpPEHHS
CTaHIAPTH30BaHMUX, TOYHUX Ta aJalTOBAHUX J0 MIKHAPOJHUX BHMOT EIEKTPHYHUX MPOEKTIB y XapyoBil
MIPOMHCIIOBOCTI.

3acrocyBanHs EPLAN Electric P8 y y xapuoBoMy BHPOOHHIITBI IiITBEPIKYETHCS MPHUKIATAMH
MOJIEpHi3allil JIiHii PO3JIKMBY HAMOIB 1 BIPOBAI)KEHHS CUCTEM TEPMOKOHTPOJIO. Y LUX BUMAIKaX CHCTEMa
JIO3BOJISIE OTEPAaTHBHO aJanTyBaTH EJIEKTPUYHI CXEMH, OHOBJIOBAaTH TEXHIYHY JOKYMCHTAII0 Ta
3a0e3nedyBaTu Oe3nepepBHiCTh BUpOOHNUHX nporieciB. [Ipaktuyuni keticu (Timkiv & Moshnoriz i EPLAN
Software, 2025) 1eMOHCTPYIOTH CKOPOYEHHS Yacy pealizaiii MPOEKTIB Ta 3MEHIIEHHS KiTbKOCTI TOMIIIOK
y TEXHIYHIN TOKyMeHTaIIii.

EPLAN EFElectric P8 Takok akTHBHO BHKOPHCTOBYETHCS y HaBUAIHHHX 3aKJIagax ISl MiATOTOBKU
imKeHepiB. 3aBOSKH MOIYJIHHOMY IIAXOQy Ta aBTOMATH30BaHWM (YHKIIISIM CTyIEHTH OTPHUMYIOTh
MPaKTUYHI HaBUYKH POOOTH 3 EJIEKTPUYHHMHU CXEMaMH, CTBOPEHHs 3BITIB Ta iHTerpamii MpOEKTiB i3
cUCTeMaMM YIpaBliHHSA BHPOOHHUTBOM. Lle crpuse QopMyBaHHIO KOMIETEHTHOCTEH, HEOOXIAHUX ISt
pobotu B ymoBax nnpoBoi TpaHcdopmarlii xapuoBoi mpomucioBocTi [4; 13].

Taxum unaoMm, EPLAN Electric P8 € He mumie mporpaMoro i KPECIeHHs SIIEKTPUIHUX CXEM, a
KOMILIEKCHOIO MIaT(OpMOIO iHKEHEPHOTO MPOEKTYBAHHS, 110 3a0e3Medye TOYHICTh, CTAaHJApTH3AIII0 Ta
e(eKTUBHICTb. Y XapyoBid MPOMHCIOBOCTI BOHA BHUCTYMAE€ KIIOYOBHM IHCTpPYMEHTOM mH(ppoBoOi
TpaHchopmarii, JO3BOISAIOYN MiAIPUEMCTBAM BIAMOBIAATA CydaCHHUM BHMOTaM DPHHKY, ITiBHIIYBaTH
MPOAYKTHBHICTh Ta FapaHTyBaTH Oe3MeKy MPOAYKIIi.

[lepcnieKTHBHUMHM HampsiMaMd PO3BUTKY CHUCTEMH €: PO3IMIMpPEHHS iHTerpamii 3 XMapHUMH
cepBicaMu; 3acTocyBaHHs TexHONOTi#H loT; BUkopucTaHHsa MU POBUX ABIHHUKIB.

Peanizawiss uux HampsMiB BiIKpHBAa€ HOBI MOXKIJIMBOCTI AJISl ONTUMi3alii BUPOOHUYMX MPOILECIB 1
BIIpoBaKeHHs KoHHenuii Industry 4.0, 1o 3a6e3mne4yye rHydKicTh Ta KOHKYPEHTOCHPOMOKHICTh XapUOBUX
M IITPUEMCTB Y TJIoOaIbHOMY cepenoBui [4; 9; 13].

Taxkum uymroMm, SolidWorks Electrical Ta EPLAN Electric P8 meMOHCTPYIOTh IIMPOKHUI CHEKTP
MOKJIMBOCTEH JUIa HUQpoBoi TpaHchopMmalii XapuoBHX MiJOPUEMCTB — BiJ IHTErpawii eJEKTPUYHUX i
MEXaHIYHUX MOJENIed JO aBTOMATH3allli CTBOPECHHS TEXHIYHOI JOKyYMCEHTallli Ta 3a0e3leuecHHs
BIITIOBITHOCTI MIXKHAPOIHUM CTaHIApTaM.

Boanouac, nyis BupilieHHs 3aBJaHb JIOKaJILHOTO PiBHS, 30KpeMa MPOEKTYBAHHSA CUCTEM KEpYBaHHS
OKpeMHMH{ BUPOOHMYMMH AUITHKAMH, BXKJIMBY POJIb Bifirpae nporpamuanii npoaykt AutoCAD Electrical.
Moro (yHKIioHan opieHTOBaHMH Ha e(EeKTUBHE CTBOPEHHS Ta MOJEPHI3AllI0 JOKAIBHUX CHCTEM
KepyBaHHJ, 1110 3a0e31euye THyUYKICTh Ta alalTaliio 10 cneu(iyHuX BUMOT Xap4oBOi MPOMHUCIOBOCTI. A
caMme: €JEeKTPUYHI CHUCTEMH KEpyBaHHS TIOBHHHI BIANOBIZaTH CyBOPUM CaHITaPHUM HOpMam,
3a0e3rneuyBaTH eHeproe()eKTHBHICTh Ta JIETKO aJalTyBaTUCS JIO 3MiH Yy BUPOOHW4YMX mporecax. [Ipore,
TpaJUIiiHI METOJIM MPOEKTYBAHHS YaCTO HE FAPaHTYIOTh HAJIS)KHOI aBTOMAaTH3allil Ta CTaHJapTH3allil, 10
CTBOPIOE PU3HUKH 300iB y poOOTi 00MafHAHHA Ta BTPATH NPOAYKLii. Y TaKuX yMOBax BHHUKAE MOTpeda y
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BHKOpHCTaHHI cremiamizoBaaux ECAD-pimieHb, 3MaTHHX TOENHYBATH TOYHICTh IIPOEKTYBAaHHSA 3
THYYKICTIO aJIalTallii 10 Mi>KHApOJIHUX CTaHAapTiB [2; 12].

Cyuacni pocmimxenns (SpringerLink, 2025; Academia.edu, 2022) miaTBepIKyIOTh, IO
3acrocyBanHst AutoCAD Electrical y xapuoBiii rayry3i 103B0JISIE CKOPOTHTH Yac MPOEKTYBAHHS, 3MEHILTUTH
KUIBKICTh TOMHWJIOK Ta 3a0e3redyuTd BiAmoBiAHICT, MiKHapomanuM cranmaptam IEC, JIC, IEEE. Ile
0C00JIMBO BaXKJIMBO JJIs1 MIATIPUEMCTB, JIe TOUHICTD eNIeKTPOTEXHIYHUX PillleHb 0e3M0CcepeHbO BIIMBAE HA
0e3mneKy MpOAYKIIi Ta epeKTUBHICTh BUPOOHUYHUX TpolieciB [2; 6; 11].

[pakTuuHi oryisay, npeactarieHi kommnaniero Autodesk (2025) ta pecypcom Polimetro.com (2024),
JIeMOHCTPYIOTH eekTuBHICTh BukopuctanHs AutoCAD FElectrical ans MmonepHizarnii BUpOOHUYHX JiISTHOK
Ta CTBOPEHHS JIOKAJbHUX CHCTEM KEpyBaHHS. 3aCTOCYBaHHs Ili€i mporpamM B LMX yMOBax 3abesnedye
THYYKICTh TIPOEKTHHX PIillleHb, aJanTaliio g0 crenudiuHuX BUMOT Xap4oBOi MPOMHCIOBOCTI Ta
MIBUIICHHS PiBHS aBTOMaTu3anii [2; 23; 24].

AutoCAD Electrical sBnse coboro posmmpeHHs kinacuuHoro AutoCAD, ske MiCTHTB
creliani3oBaHuii HaOlp 1HCTPYMEHTIB JJIsl CTBOPEHHS, peJlaryBaHHS Ta JTOKYMEHTYBAaHHS €JCKTPUYIHUX
cxeM kepyBanHs. Cepesl KIIIOYOBUX TEpeBar CUCTEMH €: aBTOMAaTH3allisi pyTUHHUX 3aBlaHb (HyMeparlis
MPOBOIiB, KPOC-TIOCHJIAHHSI, TeHEPAILlist 3BiTiB); miaTpuMKa MixkHapoauux cranaaptis (IEC, JIC, IEEE), mo
3a0e3revye BiIMOBIIHICT MTPOEKTIB BUMOTAM Pi3HHUX KpaiH; aJanTailis CXeM JI0 JIOKAITBHUX BUMOT 3 METOIO
MPOXOJUKEHHSI TEXHIYHUX ayJuTiB Ta cepTUdikalliif; iHTerpamis eJeKTPUYHHX CXeM i3 MeXaHIYHHUMU
KPECJICHHSMH, 10 € 0COOIMBO BAXKIUBUM JJIs1 KOMIJIEKCHUX MPOEKTIB Y Xap4oBii MPOMHCIOBOCTI [2; 6;
24].

Otxe, AutoCAD Electrical MokHa po3risiaTH K KOMIUIEKCHE PIIICHHS JJIsi CTBOPEHHS TOYHHX,
CTaHJAPTH30BAHUX 1 3PYYHUX Y pelaryBaHHI €JICKTPUYHMX CXEM. Y XapyoBiil MPOMHUCIOBOCTI HOTO
3aCcTOCYBaHHS 3a0e3redye Oe3mepepBHiCTh TEXHONOTIYHUX MPOIIECiB, CIIPUSE TiABUINEHHIO e(heKTHBHOCTI
BUPOOHUIITBA Ta TapPaHTYE BiAMOBIAHICTh MIKHAPOJAHUM CTaHAApPTaM. 3aBASKH JOCTYITHOCTI Ta THYYKOCTI
AutoCAD Electrical 3amumaerbcss NMpakTUYHUM IHCTPYMEHTOM JJIsl peaii3amii JIOKaJbHUX CHCTEM
KepyBaHHS, 110 OTPEOYIOTh MIBUAKOI aIanTariii 10 crenuiyHIX YMOB BUPOOHUYOTO CEPEOBHIIA.

Takum umaom, AutoCAD Electrical moeaHye TOYHICTP MPOEKTYBAaHHS 3 THYYKICTIO ajamTartii,
3a0e3neuyoun ePeKTHBHICTh JIOKATBHUX CHCTEM KEpyBaHHS Ta BiJINOBITHICTE MIXXHAPOAHUM CTaHIApPTaM.

AutoCAD Electrical mmipoko BUKOPHUCTOBYETHCS ISt MOJIEPHi3allii Ta 00CIyroByBaHH BUPOOHHYNX
TISTHOK y XapuoBill ramysi. Hanpukia, mig yac CTBOPEHHS €IEKTPOCXEMH KepyBaHHS TSl (pacyBaIbHOTO
aBTOMara iHKEHEP MOXKE PO3MICTHTH KOMIIOHCHTH Ha MOHTa)XKHIH MaHedl 3 ypaxyBaHHSM Ta0apuTiB,
CaHITapHUX BUMOT 1 po3TalllyBaHHs KaOeIbHUX BBOMIB. Takuil miXi JO3BOJSIE YHUKHYTH TOMHIIOK ITiJT
Yac MOHTaXy Ta 3a0€3MEeUNTH BiIMOBIAHICTH TITl€EHIYHUM HOPMaM.

Y 1pOMy KOHTEKCTI BaKJIMBO OKPECIMTH IIEPCIEKTUBHI HANpPAMU PO3BUTKY CHCTEMH, SKI
BU3HAYAIOTH il MOJANIBILY POJIb y IIM(POBiK TpaHCPOpMAaLlii BUpOOHUITBA. A came: pO3IIUPEHHS iHTerpaii
3 XMapHUMHU CepBicaMU; 3aCTOCyBaHHs TexHoJori# loT; BukopucTanHs U poBuX ABIHHUKIB [2; 6; 24].

Peamizamiss mux HampsMiB BIIKPHBAE HOBI MOXKJIMBOCTI I HdpoBoi TpaHchopmarlii XapaoBHX
MiANPUEMCTB y  KOHTeKcTi KoHuenmii  Industry 4.0, 3abesmedyrounm  IXHIO THYYKICTh 1
KOHKYPEHTOCIIPOMOXKHICTh Ha TI100aTbHOMY PHHKY.

[IpaxTruni npukirany, HaBeaeHi kommaniero Autodesk (2025) Ta pecypcom Polimetro.com (2024),
HMiATBEPIUKYIOTH, 0 BUKopucTanHd AutoCAD Electrical cripuse CKOpOYeHHIO Yacy HPOEKTYBaHHS Ta
MiABUIICHHIO TOYHOCTI TEXHIYHOI MJoKyMeHTalii. Takuil migxig poOWTh NpOrpaMHHUN KOMIUIEKC
¢(EeKTUBHUM I1HCTPYMEHTOM [IJI1 CTBOPEHHS JIOKAJIbHUX CHCTEM KEpyBaHHsS, sKi BiJIIOBIJalOTh
cnernudiuHUM BUMOTaM Xap4oBoi IIPOMUCIIOBOCTI [2; 23; 24].

3aBnsku 3pydHoMy cepenoBuiry AutoCAD Ta iHTepakTUBHHM HaBuaJIbHUM MaTepianam, AutoCAD
Electrical € poctymHMM JUIsi CTYyICHTIB 1 MOJOIWX IHKEHEpiB. Y HaBYAIBHHX 3akKjiagax BiH
BUKOPHCTOBYETHCSI Ul MOJICJIIOBAaHHS PEaJbHUX BHPOOHMYMX CHUTyalid, IO 103BOJSE (OPMYBaTH
KOMIIETEHTHOCTI y cdepi eNeKTPOTEXHIYHOTO0 MPOEKTYBaHHS Ta MIiATOTOBKH TEXHIYHOI JOKyMEHTAamii
BiJNOBIZTHO /1O MI>KHAPOJHUX CTaHAapTiB. Lle poOuTh mporpaMHuii KOMIUIEKC BasKIMBUM IHCTPYMEHTOM SIK
JUTSI IPOMUCIIOBOCTI, TaK 1 It OCBITH [2; 6; 12].

EdexruBnicts BuxkopuctanHsi ECAD-pimens y XapuoBii MPOMHCIOBOCTI HiATBEPIKYETHCS K
TECOPETHYHUMH JOCTIUKEHHAMH, TaK i IPaKTHYHUMH Keicamu, Tabmuis 1 [2-4; 6; 7; 9-13; 23; 24].

Amnamiz tabmumi 1 mokasye, mo KOXeH i3 MPOrpaMHUX MPOJYKTIB Ma€ YHIKAIbHI MOMJIMBOCTI Ta
BU3Ha4YeHi HarpsiMu BukoprctaHas. SolidWorks Electrical upizusierses inrerpanieto ECAD-MCAD, mo
€ KPUTUYHO BRKJIMBHM JUI KOMIUIEKCHHX TIIPOEKTIB i3 BHCOKHM piBHEM JeTanizalii Ta motpedoro
y3TOJDKCHHS eeKTpuyHuX 1 MexaniuHux Mojeneir. EPLAN Electric P8 xapakTepu3yeTbcsi BACOKHM piBHEM
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CTaHAApTH3AaIlil Ta aBTOMATH3aIlii, 3aBASKA YOMY BIH ONTHMAJIBHO TMIIXOAUTH IS MAaCIITAaOHHMX
BUPOOHMYHX CUCTEM 1 MIKHAPOIHHX MPOEKTIB, A€ HEOOXiHA BiANOBIAHICTE MDKHAPOAHUM CTaHAApTaM Ta
inTerpanis 3 ERP-pimennsmu. Bonnouac AutoCAD Electrical 3a6e3neuye 1oCTynHiCTh Ta €(peKTUBHICTD
y CTBOPEHHI JOKAJbHHUX CHCTEM KEpyBaHHS, IO J03BOJISIE THYYKO aJaNnTyBaTH NPOEKTHI DIIIEHHSA 10
crennpiYHIX BUMOT Xap4OBOi IIPOMHUCIIOBOCTI Ta ONIEPATHBHO PearyBaTy Ha 3MiHW BUPOOHUYIHX MPOIIECIB.

Tabn. 1.
ITopiBHATLHMI aHAJI3 MPOrPaAMHUX KOMILJIEKCIB
Kpurepiit SolidWorks Electrical EPLAN Electric P8 AutoCAD Electrical
Cranmapti IEC, NFPA IEC, DIN, NFPA IEC, JIC, IEEE
ABTOMaTHYHA ABTOMaTHYHE
ABTOMaTH3AILis HyMepallis, FeHepaiis Maipocu, wabaoun, HyMepYBaHHSs, KPOC-
ymepatii, TeHep inrerpauis 3 ERP yMepy » ¥P
3BITIB MOCHITAHHS
I .
Inrerparis ECAD-MCAD, ERP-cuctem, MZ}ZZEEEZMSI/I
patt 3DEXPERIENCE norictuxa
KPECIICHHSIMHI
. [TinroroBka iHmKeHEPIB JlocTymHICTb TSt
OcaiTHil Buxkopucranns y . .
. Jutst TU(POBOT KOPHUCTYBaYiB
MOTEHITI AT HAaBYAIBHUX 3aKJaJax
TpaHchopmarii AutoCAD

BucnoBku. [locnimkenns cygyacaux ECAD-pimens mokasano, mo SolidWorks Electrical, EPLAN
Electric P8 Ta AutoCAD Electrical maroTh pi3Hi apXiTeKTypHi 0c00IHUBOCTI, (YHKIIOHATIbHI MOXKIMBOCTI
Ta cepu 3aCTOCYBaHHsI, IPOTE BC1 BOHU CIPUSIOTH HU(POBiit TpaHchopmaliii XapuoBUX MiAIPUEMCTB.

SolidWorks Electrical 3a6esmeuye interpamiro ECAD-MCAD, mo A03BOJsS€E CTBOPIOBATH
KOMIUIEKCHI HU(POBI Mojeni BUPOOiB, ONTUMi3yBaTH PO3MILEHHS KaOemiB i JKIyTiB Ta BpaxoBYBaTH
caHiTapHi BumMoru xapuoBoi rany3i. EPLAN Electric P8 Bupi3Hs€ThCSI BACOKMM PIBHEM CTaHAapTH3ALlil Ta
aBTOMAaTH3allil, MATPUMKOI MIXXHAPOJHUX CTaHAAPTiB Ta iHTerpamieto 3 ERP-cucremamu, mo poOuTh
HOro ONTHMAJILHUM JJIsl MACIITAOHUX BUPOOHMYUX CUCTEM 1 MIKHApOJHHUX NPOeKTiB. Bognouac AutoCAD
Electrical € goctynHuMm Ta e)eKTUBHMM pilIEHHSIM JAJIs JOKAIBHUX CHCTEM KepyBaHH:, 3a0e3ledyroun
MIBUJIKY aJanTalliio CXeM JI0 Crenu(iuHuX BUMOT XapuoBOi IPOMKCIOBOCTI Ta BiJNOBIIHICTh TEXHIYHUM
ayauTam.

TakuM YMHOM, KOXKEH 13 PO3TIISIHYTHX MIPOrPAMHUX KOMILIEKCIB Ma€ BIIACHI epeBaru i Moxe OyTH
BUKOPUCTAHUI 3aJIe)KHO BiJi MacmTaly 3aBJaHb Ta PiBHS IHTETpamii, a iXHE BIPOBAIKECHHS CIPUSE
MIJBUIICHHIO €(EKTUBHOCTI BHUPOOHMYMX TMPOLECIB 1 BIAMOBIAHOCTI MDKHApPOJHMM CTaHAapTaM Yy
koHTekcTi Industry 4.0.

[epcnexTuBHUME HampsMamu po3BuTKy ECAD-pilneHs € po3mmupeHHs iHTerpamii 3 XMapHUMH
cepBicamH, 3acTocyBaHHs TexHOJOTiH [oT Ta BuKOpucTaHHS MU(PPOBHUX ABIHHUKIB, IO BiJKPUBA€E HOBI
MOJKJIMBOCTI JJIsI ONTHMI3alii BHPOOHUYMX TMPOIECIB, MiABHUINEHHS €(QEeKTHBHOCTI Ta 3abe3rmedueHHs
THYYKOCTI XapuOBHX MiJIPHEMCTB y IN100aTbHOMY KOHKYPEHTHOMY CEPEIOBHILI.
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MOJIEJTIOBAHHS IVIACTUYHOI HOBEJTHKH ITOPUCTOI'O MATEPIAJTY 31
CTPYKTYPOIO IHBEPCHOI'O OITAJIY ITPU BEJIMKUX JE®POPMAIIAX

IlInsaxom cKinueno-enemeHmHO20 MOOEIO6AHHA HA RPEOCMABHUUBKOMY 0CEPEOKY 00CLIONCEHO NPOUeC He360POMHO20
HAACIMUYHO20 0e)OPMYEAHHA ROPUCHIO20 MamepPiaty 3 iIHEePCHO-0NAI06010 CIMPYKMYPOIO ¢ 00 MOMEHMY, KOMU CIRPYKMYypa
nop cmae maiixce nognicmio 3akpumoro. Lle € eaxcausum 0na npozHo3yeanna 30epedxceHHA adcopouiinux ma Ximiuno-
KamanimuyHux YyHKYIOHANbHUX 671ACMUBOCHeEll IHEEPCHO-0NAI08UX Mamepianie npu eKcnayamauii ma oopooui muckom.
Buseunocs, wio cmpykmypa ineepcrnozo onaiuy 3oepicac 6iOKpumy nopucmicms HAgimv 3a 00CUMb 6eNUKUX Oehopmauiil.
Bcmanoenena cymmeea posoisicnicms midic insiceneprum kpumepiem mexyuocmi 0.2 % sanuuikoeoi degpopmauii ma pizuunoro
Zpanuyeio mexkyuocmi.

Knrouosi cnosa: memamamepianu, inéepcHuii onai, npeocmasHUybKuli 0cepeook, niacmuyHa deopmayis, 6iOKpuma
nopucmicmo, 2parHuysi meky4ocmi.

P. Korobko, A. Kuzmov, M. Shtern

MODELING THE PLASTIC BEHAVIOR OF A POROUS MATERIAL WITH AN INVERSE
OPAL STRUCTURE AT LARGE DEFORMATION

By means of finite element modeling on a representative cell, the process of irreversible plastic deformation of a porous
material with an inverse opal structure was investigated up to the moment when the pore structure becomes almost completely
closed. This is important for predicting the preservation of the adsorption and chemical-catalytic functional properties of inverse
opal materials during operation and pressure treatment. It was found that the structure of inverse opal retains permeable porous
structure even under fairly large deformations. A significant discrepancy was found between the engineering yield criterion of
0.2% residual strain and the physical yield point.

Keywords: metamaterials, inverse opal, unit cell, plastic deformation, permeable porous structure, yield limit.

Introduction.

With the development of materials production technologies, composite materials with a periodic
ordered structure have recently begun to be distinguished into a separate class and called metamaterials [1].
Such metamaterials include, in particular, porous materials with an inverse opal structure [2, 3], which can
have high adsorption [4], catalytic [5], photocatalytic [6], and capillary [7] properties. The structure of such
porous materials is formed by filling the voids between the regular dense packing of spheres with some
interparticle contacts with a substance. After that, the substance of densely packed spheres is removed from
the composite material and a porous material with an inverse opal structure is obtained (Fig. 1 a).
Subsequently, a coating of a certain thickness can be applied to this frame while maintaining the open pore
structure (Fig. 1 b).

a) b)

Fig.1. Periodic structure of inverse opal a) without coating; b) with coating

In their previous works, the authors modeled the elastic [8] and plastic [9] properties of inverse opal
structures, while the plasticity criterion, similar to work [2], was taken as the common engineering criterion
of achieving 0.2% irreversible deformation. However, for such a highly porous material as inverse opal, it
is also interesting to study its plastic behavior at much higher degrees of deformation than 0.2%. Therefore,
the aim of this work was to study the plastic behavior of a porous material with an inverse opal structure at
significant deformation. At the same time, by means of finite element modeling in the volume of a unit cell,
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deformation was studied up to the moment of contact of different edges of the pore surface, that is, in fact,
until the moment when the pore structure loses permeability and becomes closed. Studying the issue of the
transition of the structure type from open porosity to closed porosity is important for predicting the
preservation of adsorption and chemical-catalytic functional properties. As in the previous works of the
authors [8,9] and work [2], nickel was used as the material for both the initial inverse opal structure and the
additional deposited layer. In this work, we will limit ourselves to the case of uniaxial compression of an
inverse opal porous material, in particular for the purpose of comparing the physical yield point o, with the
engineering criterion gy ,. The structure of inverse opal can be described by two parameters, which in this
work were used as the porosity ® and the thickness of the additionally deposited nickel layer.

Micromechanical averaging of the stress-strain state in inverse opal.

Due to symmetry, in the case where the XYZ coordinate system shown in Fig. 2 lacks shear
components of macroscopic “effective” [10, 11] deformations, the cell will retain a rectangular shape during
such deformation. Therefore, even under macroscopic uniaxial compressive loading along the Z axis (i.e.,

when o, is the only non-zero component in the macroscopic "effective™ stress tensor), the shape of the
periodic cell will remain rectangular. Let's denote the dimensions of a rectangular cell h ,h ,h

X1yt

Micromechanical boundary conditions [10, 11], which relate the stress-strain state in the cell volume to the
“effective” strain &,, or stress o, , in this case will take the form:

7

« The points of each wall continue to lie in a plane with the same normal u’ —u! =0

e For the upper wall, some fixed component of displacement is given u; = ui =U, =¢&,h,, and for

27
the lower wall u! =u! =0.

At the same time, knowing, as a result of solving the equilibrium equations with these boundary
conditions, the resultant force P, on the upper wall (which, according to the problem formulation, can only

be in the Z direction), one can easily calculate the macroscopic stresses o,, =P, / S corresponding to U,

and ¢,,, where S is the area of the upper wall of the rectangular cell. Due to symmetry, the simulation was
carried out on a quarter of the periodic cell Fig. 2.

== Yield point

5, Misas

+6.730+09
+6.17e+09
+5.60e+09
+ 5.04a+09
. 48e+09
+3.92e+09
+3.362+09

5. 60e+08
- +0.00e+00

a) b)
Fig.2. Finite element modeling in the volume of a periodic unit cell:
a) finite element mesh; b) von Mises stress distribution

It is worth noting that since in the boundary conditions there are restrictions only on the normal
component of the velocity of the nodes on the walls of the cell, the tangential stresses on each of the walls,
and accordingly the tangential components of the macroscopic "effective"” stresses, will be zero. We also
note that the finite element modeling software we used makes it possible to tie a certain component of the
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movement of all points of the plane to the movement of some fixed point on it. And if the magnitude of
such a displacement itself is not specified, then this displacement will take on such a value that the resultant
force on this plane is zero. Thus, the absence of other components of the "effective™ stress tensor except

o, is achieved.

z
By changing the sign of U, , one can go from uniaxial loading to uniaxial unloading, up to the moment

when o, =0. At the same time, if during loading the frame material underwent irreversible plastic
deformation, then at the moment of complete unloading, when o,, =0 , the magnitude of macroscopic

3an

deformations is ¢,, =¢&,," # 0. This non-zero value of &, will be the “effective” macroscopic plastic

deformations of the porous material.

Behavior of porous inverse opal material at significant deformation.

The study of significant deformations of a structure is dictated by the need to find critical values of
the deformation of the material at which it will be considered destroyed or distorted sufficiently to represent
a different structure than the one being studied. The criterion for the limit state of deformation was taken
by us as the moment at which the opening between two pores was completely closed (Fig. 3). This criterion
was chosen to track the magnitude of plastic deformations that lead to the transition of porosity from open
to closed, that is, the moment when flow cannot occur between different points of the porous material.
Moreover, depending on the porosity of the structure, the magnitude of the ultimate deformation is different.
Thus, for a porosity of 56% (Fig. 3. a)) this deformation is about 30%, while for a porosity of 90% the
deformation reaches about 70%.

PEEQ
(Avg: 75%)

+1.854e+00
[ +1.700e+00

+1.5456400
+1.391e+00
+1.236e+00
+1.082e+00
+9.271e-01
+7.7256-01
+6.180e-01

+4.635e-01
[ +3.000e-01

+1.545e-01
+0.000e+00

b)

Fig.3. Accumulated strain of the structure: a) ®=56,1%; b) ®=90%

For the structure of inverse opal, we will show the dependence of the effective stress on deformation
(Fig. 4). As can be seen from the graph, the deformation of the cell can be divided into three stages: a linear

increase in stress to the value of the calculated yield strength oy ,, an inclined section of stress increase, and
a horizontal section corresponding to the physical yield strength o.
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Fig.4. Dependence of effective stress on the degree of deformation for different porosities.
The value of gy , is numerically indicated for each curve

It is important to note that the physical yield point o, for the inverse opal structure is higher than the
engineering criterion o, . Moreover, with increasing porosity, this difference increases nonlinearly and for
porosity 0.9 it reaches 31%.

At the first stage, elastic deformation of the cell occurs, which corresponds to the straight-line
section of the graphs shown in Fig. 4. The geometry of the structure almost does not change, and stress
concentration occurs at the transition points from the strut to the nodes of the inverse opal structure (Fig.
5).

S, Mises
(Avg: 75%)

+1.980e+09
i +1.816e+09

+1.652e+09
+1.488e+09
+1.323e+09
+1.15%409
+9.950e+08
+8.308e+08
+6.667e4+08
+5.025e+08
+3.383e+08
+1.742e+4+08
+1.002e+07

Fig.5. von Mises stress for the strain 1%, Pa

At the second stage, which corresponds to the nonlinear zone of the graph, the center of plastic
deformation spreads (Fig. 6) in the volume of the solid phase material; it is in this area that the point
corresponding to the residual deformation of 0.2% is located (the value of the yield strength gy, , is shown
as a footnote in Fig. 4). For this residual deformation, the total deformation value is from 1.4% to 2.2%,
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depending on the porosity of the structure. In the second stage, plastic deformation occurs, which leads to
a noticeable distortion of the structure, but the geometry itself remains characteristic of inverse opal.

S, Mises
(Avg: 75%)

+1.980e+09
+1.816e+09
+1.653e+09
+1.48%+09
+1.326e+09
+1.162e+09
+9.987e+08
+8.352e+08
+6.717e+08
+5.081e+08
+3.446e+08
+1.810e+08
+1.747e+07

Fig.6. von Mises stress for the strain 1,5%, Pa

The third stage corresponds to the horizontal section of the graph - here the geometry of the structure
undergoes significant distortions and mainly plastic bending of the struts connecting the nodes occurs for
structures with high porosity, or approximate shear deformation along the rod cross-section for structures
with medium porosity (Fig. 7).

S, Mises
(Avg: 75%)

+1.980e+09
E +1.816e+09

+1.651e+09
+1.486e+09
+1.322e+09
+1.157e+09
+0.9206+08
+8.2830+08
+6.638e+08

+4.9930+08
[ +3.3486+08

+1.702e+08
+5.697e+06

Fig.7. von Mises stress for the strain 30%, Pa

When the pore boundaries close, the effective behavior of the porous material begins to be variable
resistance to tension-compression and possibly dilatant (non-zero average pressure under purely shear
deformations and some volume growth under purely tangential stresses) [12].

Studying the behavior of the structure under significant deformations allows us to assess the
technological qualities of the material in classical technologies of pressure processing of materials. Studying
the issue of the critical value of the acquired deformation is also one of the main parameters for reproducing
the material model in commercial application software packages. As shown above, the structure of inverse
opal retains pore permeability at fairly high degrees of deformation.

Conclusions.

The process of irreversible plastic compression of a porous material with an inverse opal structure
was simulated until the pore structure becomes almost completely closed. What is important for predicting
the preservation of adsorption and chemical-catalytic functional properties of inverse opal materials during
operation and pressure treatment. It was found that the structure of inverse opal retains open porosity even
at relatively high degrees of deformation. The deformation value at which the contact of opposite parts of
the pore surface occurs and the pore permeability is drastically reduced ranges from 0.3 for porosity 0.56
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to 0.7 for porosity 0.9. It was also found that the physical yield point o for the inverse opal structure is
higher than the engineering criterion oy ,, and this tendency increases with increasing porosity, and for a
porosity of 0.9 it reaches 31%. In addition, it was found that during uniform uniaxial compression of a
porous inverse opal material, a significantly inhomogeneous stress-strain state is observed in the volume of
a unit cell, so much so that in certain cases we can speak of localization of plastic flow of the base material.
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HEPCIHEKTHUBHU NNEPEJI3BUPAJIBHOI'O MOHITOPUHI'Y IIOCIBIB JIbOHY 3
BUKOPUCTAHHSAM BE3NIVIOTHUX JIITAJIBHUX AITAPATIB

Cyuacni nioxoou 00 azpomoHimopunzy nompeoyroms ni06UU{eHHA ONEPAMUGHOCHI Il MOYHOCMI OUIHIOBAHHA CHANY
CiIbCbKO20CN00APCLKUX KYbmyp y nepeo3oupanviuil nepiod. 3anpononosano anzopumm KOMRIEKCHO20 OUIHIOBANHA CIAHY
CMedI0CmOI0 TbOHY neped 30uPanHaM, w0 IPYHMYEMbCA HA NOCOHAHHE OAHUX, OMPUMAHUX 3 BUKOPUCHMAHHAM O€3NIIOMHUX
NimansHux anapamis, ma pe3yabmamie mpaouyiiinux noabLosux i 1adopamopnux 00cnioxcens. CK1adeno mamemamuyny
MOOeNb KOMNIEKCHO20 NOKA3HUKA CMAHY CMebocmor J1b0Hy ma po3podneno nioxio 0o gopmyseanns xapm nonis, w0
0036071A10Mb OOIPYHMOBAHO GU3HAYAMU MEPMIHU I MEXHON02iI0 30UPAHHA JIbOHY MA ONMUMIZYEAMU HAIAUIMYEAHHA
30upanvHoi mexuiKu.

Knrouoei cnosa: 36upanms 10y, a2pOMOHIMOPUHS, TbOH, 6e3NIIOMHI TIMATbHI anapamu, OpoHU.

.M. Dudarev, A.V. Khomych

PROSPECTS OF PRE-HARVEST MONITORING OF FLAX CROPS USING UNMANNED
AERIAL VEHICLES

Modern agricultural monitoring approaches require increased efficiency and accuracy in assessing crop conditions
during the pre-harvest period. This paper presents an algorithm for comprehensive assessment of the flax crop stand condition
prior to harvesting, based on the integration of data obtained using unmanned aerial vehicles and results from traditional field
and laboratory measurements. A mathematical model of an integrated indicator describing the flax crop stand condition is
developed, incorporating key agronomic, technological, and biological parameters. Furthermore, an approach for generating
digital field maps with mapped values of the integrated crop stand condition index is proposed, enabling visualization of the
quality of the flax crop stand within fields. The resulting information enables well-founded decisions on optimal harvesting
dates, selection of appropriate harvesting technologies, and optimization of harvesting machinery settings. The proposed
methodology is applicable to both fiber flax and oilseed flax and contributes to improving harvesting efficiency and overall crop
management.

Keywords: flax harvesting, agromonitoring, flax, unmanned aerial vehicles (UAVs), drones.

[ocTranoBka npoOJemMu. TpaguuiiHO y CLIBCBKOMY TOCIIOAAPCTBI BUKOPUCTOBYIOTH HA3eMHI
METOIY MOHITOPHHTY CTaHy CUIBCBKOTOCHOAAPCHKUX KYNBTYp, 30KpeMa mepen 30MpaHHAM, IO
MOTpeOyIOTh 3HAYHUX 3aTPaT Yacy Ta JIOJACHKHUX pecypciB. JloCimKeHHS TOBENH, IO OE3MIOTHI JTiTabHI
amapaTtd MOXYTh OXOIUTIOBAaTH MiJl 4ac arpoMOHITOpUHTY Maibke B 10-15 pasiB Ouipmry miomry, HiX
TpaauLiiHI Ha3eMHI MeTOaH [1], 0 pOOKMTH OLIBII TOYHHM OILIHIOBAHHS CTaHY ClIbCHKOTOCIOAAPChKHUX
KYJBTYp Ha PI3HUX €Talrax BereTarii.

Ha cporonHi y cinbCbKkOMy roCHOAAapCTBI JPOHM BHUKOPHCTOBYIOTH JUIS aHaJi3yBaHHS IPYHTIB,
IUTaHyBaHHs TIONIB, BHCIBaHHS HACiHHS Y MiATOTOBICHUH I'PYHT, MOHITOPHHIY Ta OLIHIOBAaHHS CTaHY
MociBiB (ypakKeHHS XBOpPOOaMU Ta WIKIIHUKaMH, 3a0yp’sSHEHOCTI TOIIO), OONPHCKYBaHHS IOCIBIB,
BIJUISIKYBaHHS NTaxiB TomIo [2]. 300pakeHHs BUCOKOI PO3ALILHOI 3IaTHOCTI Ta JIaHi, OTpUMaHi IpOHAMHU
i 9Yac MOHITOPUHTY CUTBCHKOTOCIIOAaPCHKUX YTi/b, arpOBUPOOHUKH MOXKYTh aHANII3YBaTH 3a JONOMOTOI0
CIELiaTi30BaHOTO MPOTrpaMHOro 3abe3nedeHHs. BUKOpUCTOBYIOUH 11l JaHi MOKHA CTBOPHUTH KapTH TIOJIiB
(3a HEOOXITHMUMHM MOKA3HUKAMHU) JUIsI ITOAJIBIIOT0 1X 00pOOJICHHS CLITbChKOTOCIIOAAPCHKOI0 TEXHIKOFO, 10
JI03BOJISIE, HATIPUKIIAJ, CKOPUTYBATH Ha PI3HUX IUISHKAX, 3aJI€KHO BiJl IXHBOTO CTaHy, KITbKICTh BHECEHUX
no0puB, nectuaiB Tomo [3]. Omke, OTpUMaHa 3 BUKOPUCTAaHHIM JIPOHIB iH(opMaIlis JT03BOJISIE Kpalle
OLIIHUTH CTaH TPYHTY Ta POCJIMH, MPOTHO3YBATH ypOXaiHICTh. [IpHyoMy 3a JOTOMOTOIO alrOpUTMiB
00poOsieHHsT 300pakeHb MOXKHA MPOAHAJTi3yBaTH OKpeMy pociuHy [2]. BUKOpuCTOBYrOUM pe3yibTaTtu
aHalizy, BUPOOHUKH CILTHCHKOTOCIIONAPCHKOI MPOAYKIli MOXKYTh BXKHBAaTH HEOOXiIHUX MPEBEHTHUBHHUX
3ax07IiB, HAPUKIIAJ], II00 3yMUHUATH MOIUPEHHs XBOPOO Ha iHII JUISTHKY TOJSI UM 1HII KYJIbTYPH TOILIO.
[lepcrieKTHBHUM TaKOX € BAKOPUCTAHHS O€3MUIOTHUX JITAILHUX arlapartiB Il MOHITOPUHTY TIOCIBIB IIepe/t
30WpaHHAM JJIs IPUHHATTS OOTPYHTOBAHOTO PILIEHHS II0JI0 TEPMiHIB Ta TEXHOJIOTI] iX 30MpaHHsl, a TAKOXK
[IOZ0 BHU3HAYEHHS PO3MIpIB Ta pO3TAlIyBaHHS [IUISHOK 3 TOMIKOMKEHHMH MOCIBaMH, HAaIllpUKIa
MOJIETIIMMH, JIJIsi BAOMPAHHS KOMIUIEKCY HEOOXITHUX TEXHIYHHUX 3aC001B Ta paioHaJbHUX PEXKUMIB poOOTH
TexHIKH. BogHOYac TmoOeiHAHHS CyYaCHMX TEXHOJOTIH MOHITOPHHTY TIOCIBIB 3 BHKOPHCTaHHSIM
TPaJULIHHUX METOJIIB OI[IHFOBAHHS IXHBOTO CTaHY JIO3BOJIUTH KOMIUICKCHO OLIIHUTH SIKICHI Ta KiJIbKICHI
napamMeTpH ypoKaro Ta BU3HAYUTH HAIIPSIMHU HOTO BUKOPUCTAHHSI.
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AHai3 ocTaHHiX gocaiTkeHb Ta myoJikaniid. besmimoTHi mitaneHi amapatu (BIIJIA) 3maTHi
HIBUIKO Ta e()eKTUBHO 30MpaTH BeIHUYE3HI 00CATH AaHUX, HAAAI0OUU arpoBUPOOHMKAM iH(OpMalilo, Ky
Oyno 0 BaKKO, a iHOMAI i HEMOXJIHMBO, OTPUMATH TpaaumiiHuMu Metomamu. BITJIA-TexHomorii MarTh
MOTEHIlia]l He JIMIIE MiJBHUIIYBaTH NPOAYKTUBHICTH Y CIIBCBKOMY TOCIOAAPCTBI, @ W MiATPHUMYBaTH
KIIIMaTHYHO OpPI€HTOBAHE 3eMJIEPOOCTBO NUISXOM IMOKPAIIEHOTO YIPAaBIiHHS PECypcaMu 3 YpaxyBaHHIM
3MiH Kiimary [4]. Bracnmizok moctifiHOro po3BuTKy Ta 3MmeHmeHHsi BaptocTi BIIJIA-texnHomoriii ix
3aCTOCYBaHHS y CUIBCBKOMY TOCHOJAPCTBI MIOPOKY PO3IIMPIOETHCS, IO POOUTH iX Aedaii LiHHILIMM
IHCTpYMEHTOM JiIsi BUPOOHUWKIB  cilbchbKOrocmoaapcbkoi mpoaykmii  [4].  BIIJIA  3mebinmbimoro
BUKOPHUCTOBYIOTh SIK HEiHBa3HMBHUH 1HCTPYMEHT Uil 30MpaHHA JIOKaIbHO crenudiuHoi iHpopmauii 3a
JIOTIOMOT OO0 KaMep Ta CEHCOPiB, BCTAHOBJICHUX Ha O0opTy [5]. 310paHi HUMHM CIIEKTpalbHi JaHi MOXKYTh OyTH
JIOJTATKOBO OTIPaIlbOBaHi Ta MEPETBOPEHi HAa KAPTH, IO CIYT'YIOTh OCHOBOIO JIJISl TOUHOTO 3eMJIepOOCTBA.

Bukopucranns BIUJIA y noenHanHi 3 iHIIUME iHQOPMAIIITHO-KOMYHIKAIIIHHUMH TEXHOJIOTiSIMH
BIIKpHBa€E HOBHH eTam y cdepi CiIbCbKOro rocrnoiapcTsa, Ae ¢GopMmyerscsi nuppoBe 3eMIepoOCTBO,
PO3yMHE 3eMIIEPOOCTBO, €JICKTPOHHE CLIbChKE TOCHoAapcTBO (e-agriculture) Ta TouHe 3eMiepoOcTBO [6].
Ha ©0a3i Inrepuery peueii (IoT) 3’sBunacs kouuenmis IarepHery nponis (IoD), mo 3abesmneuye
YHIBepcalibHi CepBiCH Ui PI3HOMAaHITHUX 3aCTOCYBaHb JAPOHIB [6]. 3aBasky Bi3yalli3yBaHHIO CTaHy
CLIBCBKOTOCIIONAPChKUX KyNbTyp, iHTerpoBanomy IIC-kaprorpadysannio (I'IC — reoindopmarniiina
cucTeMa) Ta MiHIMI3yBaHHIO HEOOXiAHOCTI (hi3MYHOTO nepeMimieHHs moseM, BIUJIA MoxyTh MaTu Benuke
3HAYEHHS AJISl MpoLecy NPUHHATTS PillleHb Ta YNPaBIiHHS, CHPUSAIOYM 301UIBLICHHIO YPOXKAaHHOCTI Ta
3MeHIIeHHI0 BUTpaT [7]. Omxke, pisHoMaHITTS BIIJIA-0opi€eHTOBaHMX 3aCTOCYBaHb y MEXaX MPOCTOPOBO-
YacOBUX MacIITabiB pPOOUTH IO TEXHOJOTIK MEPCICKTUBHUM PIIICHHSAM JUIS TOAOJAaHHS 3arpo3H
MOJKJTUBOT ITPOJIOBOJIBYOT HeOe3nekH [8].

3aneKHO BiAg KOHCTPYKUii Ta pexxumy podotu BIIJIA moainstoTs Ha kinbka kiaciB [9]: BIUIA 3
(hikcoBaHMM KPHJIOM, IO TIOMi0HI J0 JIiTaKiB (34aTHI OXOMUTH BEJIMKI TEPUTOPIi, MPAIFOIOTh Ha 3HAYHHUX
BHCOTaX, TCHEPYIOTh 300pa’kKeHHS BUCOKOI PO3IiIBHOI 3MaTHOCTI); MyiabTupoTopHi BIIJIA (MaHeBpeHi,
3aBHCAIOTh HaJl HEOOXiTHOIO TUISTHKOIO, MAIOTh BEPTHUKAJILHHUM 3T Ta mocaky); riopunai BIUIA (MoxyTh
MO€EAHYBATH KOHCTPYKILIIO Ta QyHKUii ABOX momnepeaHix kiaciB); BIIJIA 31 ckinagauM Kpuiom (3pyduHi y
TPAHCIIOPTYBAHHI Ta PO3TOPTaHHI B MTOJIBOBUX YMOBAX).

BIIJTA BUTOTOBIAIOTH 3 JIETKHUX 1 MIIJHUX MaTepialliB Ta MEPEBaKHO OCHAILYIOTH €IEKTPUYHUMHU
PYLIHHUMH CHCTEMaMH 3 PI3HUMH THIIAMH JIITIEBUX aKyMyJSTOpiB, W0 3a0e3ledye ONTUMalbHe
CHIBBIIHOIICHHS MacH, IMPOJYKTHBHOCTI Ta eHeproedekTuBHOCTI [9]. BomHoYac akTHBHO pO3BHBAIOTH
TiOpHIHI PYIIiiHI CHCTEMH, 30KpeMa eJICKTPO-0EH3MHOBI, aKyMYJIATOPHO-BOJHEBI Ta COHIIHO-CIICKTPUYIHI
CHCTEMH, CTIPSIMOBaHI Ha 301IbIIEHHS TPUBAJIOCT] ONBOTY Ta EHEPTeTHYHOT aBTOHOMHOCTi. ABTOHOMHICTb
nonboTy BIIJIA 3anexHo BiJl yMOB BUKOPHCTAaHHS Ta KOPUCHOTO HaBaHTaKEHHs Moke Oyt Bin 20 XB 110
KUTBKOX TOIHH [9].

VY CilbCBKOMY TOCHOJAPCTBI 3/1€01JIbIION0 BUKOPUCTOBYIOTh KBAJPOKONTEPH AJISI TEHEPYBaHHS
KOJBOPOBUX i1H(payepBoHux 300pakenb momiB [10]. Jlerki kamepw O3BOJISIIOTH 3aCTOCOBYBATH
KBaJ[POKOIITEPH 3 HEBEJHMKOI BaHTaXOMiIHOMHICTIO. BomHouac Maca 00’€KTHBa KaMepu € Ba)KIUBUM
(dakTopoM Ta Ge3nocepeIHLO BIUIMBAE HA TUIOILY, IO OXOIUTIOE OJHE 300paxkeHHs. TOMy BHKOPHCTaHHS
JIETIIMX KaMep Y9acTo MoTpeOye MoabOTiB Ha MEHIITiH BUCOTI Ta OTPUMAaHHS O1TbIIOT KUIBKOCTI 3HIMKIB LIS
MOKPHUTTS Bcboro moiist [11]. 3po3ymisno, 1m0, HanmpuKiam, i oOnpucKyBaHHs noniB HeoOXiaHi BITJIA 3
OinbIIO0 BaHTakomiaiomMHicTiO (10-50 kr).

TouyHUI MOHITOPHHT TIOJIB € IOCUTH CKJIAIHAM 3aBIaHHAM Ta MoTpedye 3actocyBanHs BIIA, o
OCHAILleH] PI3HUMH BUIAMH KaMep, 30KpeMa MyJIbTHCIICKTPAIbHUMH Ta TeTIoBi3iiHumH [ 12]. BcraHoBieHi
Ha BITUJIA umdpoBi, MymbTHCIEKTPaNbHI, TiNEpCIEKTPabHi, (IyOpecleHTHI Ta TEIJIoBi3iliHI naBadi 3
BHUCOKOIO PO3JUIBHOIO 3JIaTHICTIO B TMO€QHAHHI 3 €()EeKTUBHMMH QJITOPUTMAaMHU OINPALIOBaHHS JaHUX
JTO3BOJISIIOTH TIPOBOIUTH €(DeKTUBHUK MOHITOPHHT TOJIIB CiIbCHKOTOCITOIAPCHKUX BUPOOHHUKIB [13].

e omumm BaxnuBuM acnekToM BITJIA-TexHomorii y pi3HHX cdepax € HEOOXiJHICTh Ha
3aKOHOJ/IaBUOMY PIBHI 3aTBEPIKCHHSI PEryJSITOPHUX HOPM ii 3acTocyBaHHs. Xoya 3actocyBaHHs BITJIA
31e0LTBIIIOT0 TIPOXOANUTH B CUTBCHKIA MICIIEBOCTI 3 HU3bKOIO HIUTHHICTIO HACENEHHS, OJHAK 3aJIUIIA€THCS
Ba)XKJTUBUM 3a0€3IICUCHHS IpaBa MPUBAaTHOCTI OKpeMuX ocib [14].

IMocranoBka 3aBaanb. Po3Butok BIIJIA-TexHomorii Ta iX 3acTOCYBaHHS Y CIJIbCBKOMY
TOCIIOJIapPCTBi, 30KpeMa UIsi MOHITOPHHTY CTaHy IIOCIBiB PI3HUX KyJIbTyp, MoTpeOye OOTpyHTYBaHHS
KITBKICHHUX TTOKa3HHUKIB, IO TO3BOJIATH HA OCHOBI JAHUX TAKOTO MOHITOPHHTY ITPOBOIUTH aHAJI3 MOCIBIB 3
ypaxyBaHHSIM OCOOJIMBOCTEH BereTalii MeBHOI KyJIbTypH. BakmuBuM € mepen3oupanbHUi MOHITOPWUHT
Takoi KyJNIbTYpHU SK JIbOH (JTIbOH-AOBI'YHEIb, JIbOH OJIMHUIA), OCKINIBKH [OCTOBIpHI HaHi MpO CTaH
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CTEOJOCTO JhOHY HA OKPEMHX IIISHKAX IOJSA J03BOJIATh BHOpaTH €(hEKTUBHY TEXHOJIOTIIO HOro
30MpaHHs Ta BCTAHOBUTH palioHaJbHI PEKUMHU pOOOTH TEXHIYHUX 3ac00iB. X04a iCHYIOTh JOCHiKEHHS,
MPUCBSYCH]I OLIHIOBAaHHIO AMHAMIKH POCTY JIbOHY Ta HOro arpOHOMIYHMX MOKA3HHUKIB 3 BUKOPHCTAHHAM
KapT HOpMaJIi30BaHOTO pi3HUIEBOrO Bererariinoro inaekcy (NDVI — Normalized Difference Vegetation
Index) [15], oTpuMaHWX Ha OCHOBI MYJIBTHUCIEKTPaJIbHUX 300pakeHb 3 BILJIA, mns oOrpyHTYyBaHHS
pauioHaJbHOT TEXHOJOrii Ta ONTUMAJIBHUX TEPMiHIB 30MpaHHSA JIbOHY MOTPiOEH OULIBII KOMIUIEKCHHUH
niaxia. OTxe, BaIMBUM 3aBAaHHSIM € OOIPYHTYBaHHS KOMIUIEKCHOI'O IMOKa3HHKa CTaHy CTEOJIOCTOIO
JMBOHY Tiepea 30MpaHHSAM Ha OCHOBI JAHWX MOHITOPHHTY 3 3actocyBaHHsIM BIIJIA-TexHonorii Ta
Pe3ybTaTIB MOJIBOBHUX JOCHTIHKEHb CTaHy CTEOIOCTOIO.

BukinageHHst ocHOBHOro martepiaay. OOIpyHTYeEMO KOMILJIEKCHUH MOKa3HHMK, L0 XapaKTEePU3ye
CTaH CTEeOJIOCTOIO JILOHY Tepell 30MpaHHSM, YPaxOBYIOUH AITOPUTM OOYMCIICHHS CEPeIHbO3BAXKEHOI'O
apu(METUYHOTO TOKAa3HWKa cTaHy crebnoctoro [16]. Yci MOKasHWKH, IO XapaKTepHU3YIOTh CTaH
cTe0JIOCTOI0 JIbOHY (JIbOHY-IOBTYHLSL Ta JIBOTHY OJIIHHOrO) 00’€qIHaeEMO B JABI IpyNU 3a MOXKJIMBHUM
METOZIOM iX BH3HauYeHHs (puc. l): MOKa3HWKH CTEOJOCTOI JbOHY, IO MOXYTh OyTH BHU3HA4YeHI 3
BukopuctanHsaM BITJTA; moka3zHUKY CTEOIOCTOO JILOHY, 1110 BU3HAYAIOTH 33 TPATUIIHHUMH METOJTUKAMHU Y
MOJBOBUX 4M JTabopaTopHUX yMmoBax. 3a monomoroio BIIJIA-texHomoriii MoXxyTb OyTH BU3Ha4eHi (asa
CTHUTJIOCTI JIbOHY, IOJICTIIICTh Ta 3a0yp’ SHEHICTh CTEOIOCTOI0, YPaXKeHICTh CTEOJIOCTO XBOPOOAMU UM
mKigHuKamMu. 3okpema, BITJIA-TexHOOrIT 103BOJISAIOTh BU3HAYUTH PO3MIPH JUISIHOK (TLIONI IMOJIst), Ha
SKUX CTeOJOCTIH Mae 3a3Ha4yeHi XapaKTePUCTHKU. 3a TPaAULiHHMMU METOAMKAMH BHU3HAYAIOTh BHCOTY
cTebII0CTO0, TEXHIYHY JOBXKHUHY Ta AiaMeTp cTeOell, po3raily eHIiCTh Ta BOJOTICTh cTeOel, BMICT BOJIOKHA
(moBroro, KOPOTKOro) y crediax, Bosioricte Ta Macy 1000 HaciHHMH, YpOXKaHHICTh HACIHHS Ta COJIOMHU, a
TAKOK MIMPUHY MDKPSIb (3aeKUTh BiJ crmoco0y TOCiBy) Ta KiNBKICTh POCIAMH Ha 1 M? muiomti mous.
[upuHy MiXpSAIb Ta KiTbKICTh POCIMH Ha |1 M? TUIONI TIOJISt TAKOXK MOYKHA BU3HAYMTH, BUKOPUCTOBYIOUH
BITA-TtexHomorii. Jleski 3 mHWX IMMOKAa3HWKIB BaXUIMBI IS BU3HAYCHHS HAIPSAMIB TIOJAITBIIIOTO
repepoOJICHHST JUITHOT CHPOBHWHHM, a ACSIKI MarOTh OE3IMOCepenHii BIUMB Ha mporec 30upanHs. OTxe,
MPoaHai3y€eMO 1i MOKa3HUKH CTaHy CTeOJI0CTOIO IbOHY, 3TPYIYBaBIIH 1X y IIICTh TPYI: MOKa3HUKH cTeOen
JBOHY, TIOKa3HUKU HACIHHS JIbOHY, MOKa3HUK CTHIJIOCTI JIbOHY, arpOTEXHi4HI MOKa3HUKU CTEOIOCTOIO
JILOHY, (piTOCaHITapHI MOKAa3HUKH CTEOJOCTOO JILOHY, IOKA3HUKH YPOXKaHHOCTI JIbOHY.

Bucora crebnocToro Ta TeXHIUHA JOBKMHA JbOHY — 1I€ BaXKJIUBI MapaMeTpH Uil HaJlaIlTyBaHHS
pOOOTH 36MPaNbHOT TEXHIKU. X BU3HAYAIOTH 38 TPAAUI[IHHMMH METOJMKAMHU HLISXOM BiflOMpaHHs mpod 3
PI3HUX JUISTHOK TIOJIS T2 BUMIPIOBaHHS JIOBXKHUHU cTeOel. Te came cToCyeThesl BU3HAUEHHS JliameTpa cTeden
JMBOHY, BIJl SIKOTO 3aJIeKUTh TOBIIMHA c(opMoBaHOi cTpiuku creden (UIs IJHOHY-JOBTYHI) Ta
HaJIAIITYBaHHS ¥ eeKTUBHICTh poOOTH 30MpanbHOT MamMHU. BMicT BonokHa y crebnax BayKIMBUH Mpu
BU3HAYEHHI SIKICHMX MOKa3HHUKIB CTEOJIOBOI YaCTHHH YPOXKalo JbOHY Ta HampsMiB HOTo mepepoOieHHs.
Boanovac, HeoOXiIHO MaM’sITaTH, IO MIIHICTh BOJIOKHA BIUIMBA€ Ha IPOICCH OpaHHS Ta 3pi3yBaHHS
cre0en JIbOHY, a TaKOX HOro oOMojouyBaHHsA. Bomoricte creben Ta iXHA pO3TalyKeHICTh (COpPTOBI
0COOJMBOCTI) BIUIMBAIOTH HAa BUOIp TEXHONOTIi 30MpaHHA Ta PEXHUMIB POOOTH 30MpaNTbHUX MAIWH,
OCKIJIbKY BiJ] IIUX ITapaMeTPiB 3aJeKUTh Mepedir TEXHONOTIYHUX MPOleciB 30upaHHs (OpaHHs/3pi3yBaHHS
creben, oOMonovyBaHHS JbOHY TOmIO). Lli MOKa3HWKM BH3HAYAIOTH 32 TPAAUIIHHHMH METOAUKAMH,
MEPEBAXHO B 1aOOPAaTOPHUX YMOBAX.

BamBuM MOKa3HUKOM CTEOJIOCTOIO JIbOHY € BOJIOTICTh HAciHHA (200 HACIHHEBHUX KOPOOOYOK),
OCKIJIbKY BiJl IIbOTO MapameTpa 3aleXHuTh e()EeKTUBHICTH Mpoliecy 0OMOJOYYBaHHS JIbOHY Ta BTPAaTH H
MmomKopkeHHsT HaciHHsA. Maca 1000 HaciHMH JIBOHY XapakTepu3ye SIKiCTh HACiHHS, HOro JOOIpHICTH,
KPYIHICTb Ta BUIOBHEHICTh. Lli MOKa3sHMKM MOXHA BH3HAUYMTH 3a TPAAULIMHUMH METOAMKAMH SK B
MOJILOBUX YMOBAX, TakK 1 B 1a00OpaTOpHHUX.

Pimenns mopo novyatky 30MpaHHs JIbOHY NPUHMAIOTh, IEPELYCiM, 32 Pe3yJIbTaTaMi BU3HAUCHHS
(hasu cruriocti pociuH. 30MpaHHS TOBAPHUX ITOCIBIB THOHY-IOBTYHIISA 3a PO3AUTFHOI TEXHOJIOTI1 30upaHHs
PEKOMEHIYIOTh TIPOBOAUTH y (ha3i paHHBOI KOBTOI cTUriocTi (60—75% pocinuH nocsariu 1i€ei ¢dasu), a 3a
KOMOalHHOBOI TEXHOJIOTi] 30MpaHHsA — HANPHUKIHI (a3u paHHBOI KOBTOI CTHUIVIOCTI i Ha Moyatky asu
KOBTOI cTUIIIOCTI (MoHaH 75% pocnuH nocsriu wiei ¢asu) [17]. YV Bumaaky J1b0Hy 0niiHOTO 30MpaHHA 32
PO3IITBHOI0 TEXHOJIOTIEI0 PO3MOYNHAIOTS, SKIIO 50-75% pocnuH nepeOyBaroTh y (asi MOBHOT CTUTIIOCTI,
a KOMOAHOBY TEXHOJIOTII0 3aCTOCOBYIOTh, KOJIU Yy I1iil (ha3i CTUTIIOCTI nepeOyBaroTh MoHa 75% pociuH.
BusHaueHHst a3y cTUIIIOCTI POCIHMH 3a IJIOLIECI0 YChOTO IOJIS JOLIIBHO NMPOBOIUTH 3 BUKOPHCTAaHHAM
BIUIA-TexHOoMO0Ti#, 110 J03BONHUTH OOYHCIUTH BiICOTOK POCIIMH Y HEOOXiIHiH (a3i CTUTIIOCTI.

115 XapaKTepUCTHKHU CTEOI0CTOI0 THOHY BaXKIIMBUMH € IIMPUHA MK, KUTBKICTh POCITUH JILOHY
Ha 1 M? monms Ta MOJIEMIICTh CTEONOCTON, OCKUIGKM BOHM BILIMBAIOTH HA HAIAINTYBaHHS 30MpabHOI
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TEXHIKH Ta Tepedir TexHoJoriyaux omepailiid. lllnprHa MKPSIs 3aJIeKUTE Bill CIIOCOOY MOCIBY JIHOHY Ta
HAJIANITYBaHHs I0CIBHOT TexHiku. KinbKicTh pociaus Ha 1 M? miomi 3a1eXuTh BiJ croco0y IOCiBy, yMOB
BUpOILYBaHHS Ta iHIHX (hakTopiB. [logermicTs cTe610CTOI0 MOYXKE BUHHKATH BHACHTIJOK HECIIPUATINBUX
MOTOJHUX YMOB, COPTOBHX OCOOJIMBOCTEH, HEPaliOHAIBLHOTO YI0OpEeHHs, OOpOOJICHHS IMOCIBIB abo X
KOMOiHaii nux Ta iHmux GakTopis.

[ToKa3HHMKH cTEOIOCTOI0 [MokazuukH credbnocTor
JILOHY, 110 BH3HA4aI0Th 3 JIBLOITY, 11O BH3NAYAIOTE 3a
BMKOpHcTannsM BITJTA 'rpa,rmuii«ilmmu MCTOJIMKAMH
)\ A
— [ \ —
<:| ®aza CTHTIIOCTI TLOITY Bucora crebaocror
<:| [MonernicTs cTebnocToro Texniuna gosxuia creben
<:I 3abyp anenicTs ctef10cToIo Hiamerp creben
<:] YpamceHICTh CTebIocTo BuicT Bonokna y crebnax
XBOPOOAMH
Bosnoricts creben
<:| YpamceHICTh CTebIocTo
HIKIJIHHKAMH i —
Posranyenicts creben

BonoricT nacins

Maca 1000 nacinun

¢ i HIupuia MiKpsIb

4 1| Kinskicts pocann na | m?

Y pomaiinicTs Hacinms

YposaiHiCTh COTOMH

Jagagiiidliilydy

N/

<

K()M[IJ[CI{CIIH“ NMOKAZHHKH CTdHY crebnocro JILOHY TICPCL 'iﬁl'lpélllﬂﬂm

Puc. 1. Iloka3HUKH cTaHy cTe0JI0CTOIO JIHLOHY, N0 BU3HAYAKOTH 3 BUKOopucTaHHAM BIIJIA Ta
3a TpaAMUiIiHUMHM MEeTOIUKAMM

®diTocaHiTapHi MOKAa3HUKH CTEOJIOCTOIO JILOHY, 30KpeMa 3a0yp’ SHEHICTh, YPakeHICTh XBOpOOaMu
Ta IIKIJHUKAaMH, BAXIUBI MpH BUOOpi TexHoorii 30MpaHHs Ta HaNAIITyBaHHS 30MpajbHOI TEXHIKH.
JinsHKy, Ha AKUX TaKUi (iTOCaHITapHUE CTaH CTe0I0CTOI0, MOKYTh OyTH BHSBJICHI 3a tomomMororo bITJIA-
TEXHOJIOT1H.

YpokaiiHICTh HACiHHSI Ta COJIOMH JIbOHY XapaKTepPH3YIOThb €(EeKTUBHICTH BHPOLIYBaHHS i€l
KyJIbTYypHd. Bu3HaueHHs LMX MOKa3HHUKIB MOXJIMBE 33 TPAAULIHHUMUA METOAWKAMH LUIIXOM BiZOHpaHHS
mpo0 Ha moJii (mepex moyaTkoM 30UpaHHs).

Cdhopmyemo «aepeBo» TOKAa3HUKIB CTEOJIOCTOI0 JIbOHY, IO XapaKTEpU3yIOTh HOro cTaH mepes
30upaHusM (puc. 2). KoxHil rpymi moKa3HUKIB PUCBOIOEMO BaroBUi KoeilieHT Mi, cyMa SKuX piBHA 1.
VY KOXHIl rpymi yciM TOKa3HUKaM TaKOX MPUCBOIEMO BaroBi KOeQilieHTH Mij, CyMa SKUX B MeXax rPpyIu
piBHa 1. Yci Baroi koedillieHTH BU3HAYAIOTh €KCIIEPTHUM MeTo10M [ 16]. Ha ocHOBI «1epeBay» MOKa3HUKIB
CKJIaJIleMO MaTeMaTHYHy MOZENb AJsl O0UMCIECHHS KOMIUIEKCHOTO MOKa3HHKa CTaHy CTeOJIOCTOI0 JbOHY
nepes 30upaHHsIM:
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P P P P,
Q =m!m 11 +m 12 +m 013 +m 14 +m 615 +m 616 +
1 11 12 3 P 14 P 15 P 16 P
611 612 13 614 15 16
+m, m h+m B +m,—+m,| m, <2 +m,—2+m P + 1)
2 21 22 3 4 41 42 43
P21 622 603 41 642 P43
P, P P P P
+m m 651 +m 652 +m 653 +m m 61 +m 62 ,
5 51 P 52 P 53 6 61 62 P

51 52 53 661 662

ne Q — KOMIUIEKCHU MOKAa3HUK CTaHy CTEOJIOCTOIO JILOHY Iepet 30MpanHsIM; My, M2, M3, M4, Ms,
Me — BaroBi KOC(IIi€HTH TPYII MMOKA3HUKIB (IUB. PHC. 2); M11, M12, M1z, M1a, M15, M1s — BaroBi KoeirieHTH
IpYyIN TOKa3HUKIB CTEOEI TbOHY (IUB. pHC. 2); M21, M2 — BaroBi Koe(ilieHTH rpyny MOKa3HUKIB HACIHHA
JBOHY (IUB. pUC. 2); Ma1, M4z, M43 — BaroBi Koe(illieHTH TPyNU arpOTEXHIYHUX MOKAa3HUKIB CTEOIOCTOIO
JIbOHY (IMB. puC. 2); Ms1, Ms2, Ms3 — BaroBi KoeilieHTH Ipynu GiTOCAHITAPHUX MOKA3HHUKIB CTEOIOCTOIO
JBbOHY (IMB. pUC. 2); Me1, Me2 — BaroBi KoeillieHTH IPYIH MOKa3HUKIB YPOXKAWHOCTI JbOHY (IMB. puC. 2);
Pij, P3 — 3HaueHHs MOKa3HHUKIB CTEONOCTOIO JILOHY, BU3HAaueHi 3a gponomoroio BITJIA-texHomoriit um 3a

TpaauuinHumMu Metonukamu (i # 3); Pgij, Ps3 — 0a30B1 3HaU€HHS TOKa3HUKIB CTEOJIOCTOIO THOHY (i # 3).

Bucora cte@aocToo (1)

Texniuna noBxuHa ctebemn (m12)

iaMeTp cteben (i3
TlokasHuku creben TB0HY (m11) 4 D (m13)

BumicT BonokHa (#114)
BomoricTe cTeben (im)s)

PosramyskeHicTs ctebes (1mis)

BousoricTe HaciHua (ma21)

[Moxkasuuin nacins nLony (ma) g
|

KoMIekcHuil moKkazHuk Maca 1000 nacinun (ma2z)

CTaHY cTedIOCTOO JTHO HY

[NTokazuuk cTUrnocti aboHY (1m3)

nepen 30UpaHHAM O

ATpOoTeXHITHI NOKa3HUKH

[Iupusa MIKPAIE (Ma1)

cTeOI0CTOI0 JILOHY (M4)

Kinbxicrs pocaun na 1 M2 (ma2)

ITomeraicTe cTeOIOCTOIO (1143)

ditocaHiTaApHI MOKA3HHKH

3abyp stHeHICTE (ms1)

CTeOJIOCTOIO TLOHY (#115)

YpaxeHHA XBopodaMu (ms2)

YpaskeHHA MKITHUKAMU (1153)

[Mokazunku ypowxkaiinocti
JIBOHY (1116)

VYpoxaiinicrs Hacinus (me1)

VpoxaliHICTE COTOMH (#1162)

Puc. 2. «/IepeBo» noka3HUKIB cTe0J10CTOI0 JILOHY, III0 XAPAKTEPU3YIOTh HOI0 CTAH MepeS
30MpaHHAM

KpiM KOMITIIEKCHOTO MOKa3HUKA, MOMUTFHO OOYMCITIOBATH OKPEMO TMOKA3HUKH ISl KOYKHOT TPYTIH,
10 JTO3BOJIUTH BU3HAYUTH MIPOOJIEMHI XapaKTEPUCTUKH CTEOIOCTOR0, sIKi HEOOXiTHO BpaXOBYBATH ITiJT Yac
30upaHHs. ba30Bi 3HAYCHHS IOKA3HUKIB MPHIMAIOTh 3ajJC)KHO BiJi BUMOI HOPMATHBHHX JIOKYMEHTIB
(mepkaBHUX CTaHIAPTIB), METOIUIHUX PEKOMEHIAIIN HAYKOBO-IOCIITHUIILKIX YCTAHOB, arpOTEXHITHUX
BUMOT TOIIO. SIKIO 4MM OiNbIlie 3HAYCHHS IMOKA3HWKA, TMM Kpamui cTaH CTe0JIOCTOI0, TOAlI 0a30BHi
MOKA3HUK y MaTeMaTW4Hii mojem (1) po3TamoBylOTh B 3HAMEHHUKY. SIKIIO K YUM MEHIIEC 3HAYCHHS
MOKa3HHWKA, TUM Kpallui cTaH cTeOIOCTOr0, TOJI 0a30BWil MOKa3HWK y piBHsHHI (1) po3TamoByrOTh B
yrcenbHUKy. Habip moka3HukiB y MaTemMatuuHiil Mozeni (1) Moxke 3MiHFOBAaTHCS 3aJISKHO BiJI BUIY JIbOHY
Ta NPU3HAYECHHS TIOCIBIB.

[Mpuknax 6a30BUX MOKa3HUKIB JJIS ILOHY-IOBTYHIIS: BUCOTA cTeOIOCTOI0 — P11 = 0,6 M; TexHIUHA
noBxuHa cTeden — Ps1z = 0,5 M; miametp creden — Psiz= 1,5 MM; BMicT BosjokHa — P14 = 18%; BojIoTicTh
cteben — Psis = 40%; posramyskeHicTh cTebel (BiICOTOK POCIHH, 0 MatOTh MoHAA 1 ¢ctedso) — Psis = 5%;
BoJIoTicTh HaciHHA — Pg1 = 20%; maca 1000 nacinuH — Pg = 6 T; CTUTIICT NbOHY (11 KOMOAHOBOT
TEXHOJIOT11 30MpaHHs — BiICOTOK POCIHH, IO AOCATIHN (a3u 3KOBTOi CTUIIOCTI) — Pgz = 75%; mmpuHa
MDKPSAB (ZOMyCTHME BiAXMJICHHS BiJl IIUPUHU MIKPSIbL 32 MOAYNeM) — Psar = 1 cM; KiJIBKICTh POCIIMH Ha
1 m? mwiomi nons — Pz = 1800 mt/m?; monermicTs cTe610cTor (BiCOTOK MIOLII MOJS 3 IOJIETIHM
cTe0socToeM) — Pz = 5%; 3a0yp’ sitHeHICTh cTeO10CTOI0 — Pgs1 = 5%; ypaxkeHHs cTe010CTOI0 XBOPOOaMu —
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Pss2 = 5%; ypaxkeHHsS cTeOIOCTO0 MIKiTHUKaMH — Pgss = 5%; ypoxaiiHicTh HaciHHS — Pgey = 400 kr/ra;
ypOkaliHicTh TOHOCOIOMH — Pgg2 = 5 T/Ta.

3a pe3yabraTamMH IepeA30UpaIbHOr0 MOHITOPUHTY JIBOHY Ta 3HAYEHHSMH OOYHCIICHOTO
KOMIUTIEKCHOTO MOKa3HHKa CTaHy CTEOJI0CTOIO JIbOHY JOLIIBHO (popMyBaTH KapTH IOJIB 3 HAHECEHHAM Ha
HUX OTPUMAaHUX 3HA4YeHb KOMIUICKCHOIO TIOKa3HUKa (puc. 3). JlomiIbHO NPOBOAWTH MOHITOPHHT
cTe0JIOCTO0, MOAUIMBLIN ToJIe Ha AUSHKY momero 10x10 m. Taki nudpoBi KapTH MOIIB TO3BOJISIIOTH
Bi3yalli3yBaTu SIKICHUH CTaH cTeOJIOCTOIO JIbOHY B MEXax I0Jis, 0 J03BOJUTH NPUMMaTH OOIPYHTOBaHI
PIIICHHS 1100 TEPMIHIB 1 TEXHOJIOTIT HOro 30MpaHHs, a TAKOXK 111010 HaJAIITyBaHHS 30UPaJIbHOT TEXHIKH.

Ilokaznuk Q

. 0-0,25
0,26-0,50
0.51-0,75
0,76-1,00

B o1-125

Puc. 3. Ilpukjaja pe3yJibTaTiB MOHITOPHUHIY M0JISl 3 00YHCIEHHAM KOMILIEKCHOI O
NMOKAa3HUKA CTaHy cTe0JIOCTOI0 JIbOHY Nepea 30MpaHHAM

BucHoBkH. Po3po0iieHO alropuT™M KOMIUIEKCHOTO MOHITOPHHTY CTaHy CTEOJIOCTOIO JIbOHY TIepe/T
30MpaHHsM, IO MOEAHYE BU3HAUEHHS MOKA3HHUKIB CTEOJOCTOIO K TPaJUUiMHUMKU METOAAaMH, TaK 1 3
3actocyBaHHsIM BIIJIA-TexHOMOrIH. ANTOpUTM MOXKE OYTH 3aCTOCOBAHO IS JIHOHY-AOBTYHIS Ta JIHOHY
oumiiHoro. Jlns peamizaiii ajaropuTMy MOHITOPHHIY CTaHY CTEOJIOCTOI JIbOHY HEOOXiIHO PO3POOHUTH
BIJIMIOBIIHE MporpaMHe 3a0e3lCYCHHs, IO I03BOJUTH 30MpaTH Ta aHali3yBaTH JdaHI MO0 CTaHy
cTe0I0CTOI0, ONpalbOBYBAaTH X, OOYMCIIOBATH KOMIUICKCHHH MOKAa3HUK Ta (OpPMYyBaTH KapTy IO 3
HaHECEHHSIM Ha Hill pe3yJIbTaTiB MOHITOPUHTY.
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PE3YJbTATH JOCTIIKEHHS MATEMATHUYHOI MOJEJI AKCIAJIBHO
IHHOPIIHEBOI I'TNPOMAIIMHU 3 JEGEKTOM B [IOPITHEBIN YACTHHI

B pooomi npoeedeno oocnidyicenna mamemamuynoi mooeni aKkcianbHo-nopuiHesol 2iopomamiunu 3 oeghexmom 6
nopuinesiil uacmuni 3 3a3HAYEHUMU POIMIPAMU OegheKmig.

Knrouosi cnoea: mamemamuuxa mooensb, aKCianbHO-NOPUWIHESA 2iOpoMAMUHA, NOPWIHESA YACMUNA, WAapHip, Oeghexm,
cnexkmp, 8ibpayiline NPUCKOPEHHS, 330D, YACmomad, ik, aMniimyod..

E.L. Seleznov, D.E. Seleznov, V.S. Matviichuk

RESULTS OF RESEARCH ON THE MATHEMATICAL MODEL OF AN AXIAL"
PISTON HYDRAULIC MACHINE WITH A DEFECT IN THE PISTON PART
The paper presents research on a mathematical model of an axial piston hydraulic machine with a defect in the piston
part with specified defect dimensions.

Keywords: mathematical model, axial-piston hydraulic machine, piston part, hinge, defect, spectrum, vibration
acceleration, gap, frequency, peak, amplitude.

Introduction. The relevance of the topic is associated with the need for early diagnosis of defects
in hydraulic drive elements. Today, there are many methods for diagnosing hydraulic drive elements, the
most common in the modern world is static parametric analysis, based on measuring the parameters of a
steady throttled flow of the working fluid [1, 2]. The value of the volumetric efficiency is used as a
diagnostic parameter. However, this method is not able to detect a defect in the piston group of a hydraulic
machine at an early stage, which entails the destruction of the piston group and the ingress of destroyed
parts into the system, which contributes to the failure of all hydraulic drive elements. In this case, the
vibration diagnostics method [3] surpasses existing methods and allows you to detect a defect in the piston
part of a hydraulic machine at an early stage of its occurrence, preventing possible downtime of the
hydraulic drive.

Presentation of the main material. The object of the study is a mathematical model of an axial-
piston hydraulic machine with a defect in the piston part, developed in the Simulink software environment.

The mathematical model of the defect has the form of a gap, which is implemented as a conditional
length determined by the length of the signal movement zone within which the detected defect is recorded.

The mathematical model of an axial-piston hydraulic machine with a gap in the piston part in the
Simulink [4] software environment will look like this (Fig. 1).

The work investigated the change in vibration signals of a model of an axial-piston hydraulic
machine without and with a defect in the form of a gap in the piston.

The study consists of conducting an experiment in the Simulink software environment (Table 1),
which is implemented by simulating a gap of different sizes in the piston part of an axial-piston hydraulic
machine, to identify emergency and permissible gap sizes in the device.

Table 1.
Experimental design
No. Experimental site Defects, mm Bloc
1 Gap2x 1073
2 Piston part Gap 2 x 10 2 "Dead Zone"
3 Gap2x10

The results of the research of the mathematical model of an axial-piston hydraulic machine in the
form of vibration acceleration spectra of an axial-piston hydraulic machine in the absence of a defect and
with them are shown in Figure 2.

Figure 2a clearly shows three peaks: the drive frequency (45 Hz), the natural frequency of the shaft
(25 Hz), and the inclined block (75 Hz). The absence of other spectra shows that the system is operating
smoothly.

In Figure 2b, the spectra show that in addition to the existing natural frequencies of the shaft (25
Hz) and the inclined block (75 Hz), as well as the drive frequency (45 Hz), noise appears around the inclined
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block frequency (75 Hz), which leads to an increase in its amplitude from 0.1 m to 0.22 m. Harmonics are
also noticeable at frequencies of 115 Hz, 135 Hz, 155 Hz, and 175 Hz.
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Fig. 1. Model of an axial-piston hydraulic machine with a gap in the piston part in the
Simulink software environment

In Figure 2, the spectra show that the harmonics that appeared at agap of 2- 10~ *mm increase 1 0.07
m, and additional noise is generated around them.

In Figure 2d, the spectra show that the noise increases as the excitation frequency decreases to 0.55
pum. If the gap size increases further, the system stops working.

Conclusion. The results of the study showed (Fig. 2) that the vibration acceleration parameter,
which changes at the initial stages of defect occurrence, demonstrates high sensitivity, which confirms the
theory of hypersensitivity of the vibration acceleration parameter to defects in the form of a gap.

It was determined that in the case of a defect in the form of a gap in the hinge of an axial-piston
hydraulic machine, the vibration acceleration spectrum contains several harmonics with a fairly large
amplitude. For this device, these are harmonics with frequencies of 115 Hz, 135 Hz, 155 Hz, and 175 Hz.

Figure 3 shows the limits of permissible frequency values for a defect in the hinge section of an
axial-piston hydraulic machine, according to which, at a harmonic with an amplitude of up to 0.07 m, the
device is in satisfactory condition, at a harmonic with an amplitude of 0.07 m to 0.1 m, the device is in
danger, and at a harmonic with an amplitude of 0.1 m, the piston section is destroyed and the hydraulic
machine is inoperable.
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Fig. 3. Limits of permissible frequency values for a defect in the hinge part of an axial-
piston hydraulic machine
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Jhyvkuti HayionanbHUll MexXHiYHUL YHigepcumem

PO3POBKA BATATOETAITHOI IHHOBAIIITHOI TEXHOJ}OFIi
KOMBIHOBAHOI'O OYHMIIEHHSI MIHIATIOPHUX TA NPELM3IHHUX
IHAPUKONIIIIUITHUKIB

Y emammi nooano po3pooky 6azamoemannoi mexnonozii KOmMoiH08aH020 OUUUIEHHA MIHIAMIOPHUX MA RPEYUIITHUX
RIOWIUNHUKIE KOYEeHHA, AKY pO3POONEHO HA OCHOBI pe3ynbmamie KOMNIEKCHUX eKCHEePUMEHMAIbHUX O00CTIONHCEeHD
MiHIGMIOPHUX Ma RPEYU3InHUX WapUKoniouwunnuKie 306niwinimn diamempom 0o 30 mm (knacie P4/P2). Taki niowunnuxu €
KpUmMu4HUMU e1eMeHMAMU 8UCOKOMEXHOI02IUHUX MEXAHIYHUX CUCEM, W0 0COOIUBO AKMYAIbHO 8 AGiayiliNill, KOCMIUHIN
ma cneyianvniil eUcoKomounin npomuciosocmi. /Ina miniamopuux niOwWIUNHUKIE KOYEHHA 6CMAHO6IEHO Heo0XiOHicmb
Odocaznenna 12-20 knacy uucmomu 3a ISO 16232, 0e 3anuuiok yacmuHnok 3a0pyonens poamipom > 5 um ne nepesuwiye 60 wim.,
AK KpUmuuHoi ymoeu 01s 3abe3nevenns excniayamayiinux xapaxmepucmuk. Excnepumenmansno écmanoeneno, ujo npu
PO3POOUI MexXHONO02I] OUULEeHHA ONMUMATILHUI Kym ouuuenna mae cmanosumu 30°-45° a weuokicme o6epmanns 6ymu 500
00/x6. B x00i po3pob6Kku 6yn0 onmumizoeano mexnonoziuni napamempu, wo ekaouaoms: maznimuy cenapayirno (0,5 Tn),
0gouacmomue yiompazeyKoee oOUUUieHHA 6 mypoyienmuomy nomoui pozuunnuxy /I-60, ¢pinanvne npomusannus I'enmanom 3
GUKOPUCMAHHAM 8AKYYMHO020 cywiinnus. Iliomeeposcena egpekmuenicmey ouuwenna n = 96,7 % 3abe3neuye 30epericeHHsn
GiOpoaKycmuunux napamempie ma eKOHOMIuHy 0OUiNbHICMb Yepe3 YHUKHEHHA 00POZUX eKCRIIYAmayiiinux 6i0moe.

Kniouogi cnosa: mexnonocis, kombinogane ouuujeHs, MiHiamoOpHi ma npeyu3itini niowunHuKy, 8ibpoodiacHocmuxa

R.E. Kostyunik, O.0. Mikosyanchyk, S.P. Shymchuk, O.G. Kovalchuk, O.V. Kushchev

DEVELOPMENT OF A MULTI-STAGE INNOVATIVE TECHNOLOGY FOR
COMBINED CLEANING OF MINIATURE AND PRECISION BALL BEARINGS

The article presents the development of a multi-stage technology for combined cleaning of miniature and precision
rolling bearings, which was developed based on the results of comprehensive experimental studies of miniature and precision
ball bearings with an outer diameter of up to 30 mm (classes P4/P2). Such bearings are critical elements of high-tech mechanical
systems, which is especially relevant in the aviation, space and special high-precision industries. For miniature rolling bearings,
the need to achieve the 12th class of cleanliness according to 1SO 16232, where the remaining particles of contaminants with a
size of > 5 um do not exceed 60 pieces, has been established as a critical condition for ensuring operational characteristics. It
has been experimentally established that when developing a cleaning technology, the optimal cleaning angle should be 30°-45°,
and the rotation speed should be 500 rpm. During the development, technological parameters were optimized, including:
magnetic separation (0.5 T), dual-frequency ultrasonic cleaning in a turbulent flow of solvent D-60, final washing with Heptane
using vacuum drying. The confirmed cleaning efficiency n = 96.7% ensures the preservation of vibroacoustic parameters and
economic feasibility by avoiding expensive operational failures.

Keywords: technology, combined cleaning, miniature and precision bearings, vibration diagnostics

IocTanoBka mpooJemMu. be3 MIMUIHUKIB KOYSHHS HEMOXIIMBO YSBUTH CKJIAIHI MEXaHIUHI
CHCTEMH Ta BHCOKOTOYHI MPHUCTPOi, 0COOIMBO Ti, IO BUKOPHUCTOBYIOTHCSl B aBialliiHii Ta criemiaibHil
TexHimi, [li KOMIIOHEHTH HE MPOCTO peali3yloTh MPOCTOPOBY (ikcalliro 00EpPTOBUX POTOPIB, aje M
CIIPUIMAIOTh OCHOBHY YaCTHHY CTATUYHUX 1 JWHAMIYHUX HaBaHTaXKeHb. [limBUINECHHS €(PEKTHBHOCTI,
HaIHHOCTI Ta pecypcey, a TakoxK 3abe3nedeHHs 0e3BiAMOBHOT Ta Oe3MedHol eKCIuTyaTamii MUX MEXaHi3MiB,
KPUTHYHO 3aJISKUTH BiJ OLIIHKH iIXHHOTO TEXHIYHOTO CTaHYy.

OCHOBHOIO TIPUYIMHOIO TIEPEAYACHOI BiIIMOBU Ta 3HMKCHHS CEPEAHBOTO Yacy MiXK BiIMOBaMHU
(MTBF — Mean Time Between Failures) y Takux mnpenmsiiHux TpHOOBY3/IaX € MIKpO3aOpyIHEHHS —
HasBHICTH aOpa3sHMBHUX YACTWHOK Ta METaleBUX (hparMeHTiB (0COOIUBO po3MipoM Oinblie, HIXK 5 MKM) Ha
poOOYMX MOBEPXHAX JETaleH, cenaparopa Ta AOpiXKax KoueHHs. Lli YaCTHHKHM CHPUYMHSIOTH MIBHIKUI
a0bpa3uBHUI 3HOC, EICKTPUYHY €pO3it0 1 TOUKOBE MOMIKOHKCHHS ITOBEPXOHB, IO PI3KO MiABUIIYE PiBEHB
BiOpaIlii Ta CKOpodye eKCILTyaTalifHIA PECypC MIPU3BOASIH 10 BIIMOB Y KPUTHIHHUX CUTYAITisIX.

Hes3Bakatoun Ha BUCOKY KPUTHYHICTH 3aCTOCYBaHHs, MPOOJIeMa BUCOKOS(PEKTUBHOTO OUMIICHHS
MPeNU3iHHAX IEMEHTIB MiHIATIOPHUX MAPUKOITIAIIUITHUAKIB 3ATUIIAETHCS TOCTPO-aKTYIBHO0, OCOOIUBO
y BifiCBKOBO-TIPOMHUCIIOBOMY KOMITIIEKCI Ta aBiaOymyBanHi [1-3].

Lle 06yMOBNIEHO YHIKaIbHUMH KOHCTPYKTHUBHUMH OCOOJMBOCTSIMU MTPELU31HHUX HiIIUITHHUKIB, SIKi
YCKJIQJIHIOIOTh TIOBHE BUAAJICHHS 3a0pyAHEHb:

- MiHIMaJBHUH Mepepi3 MIMH MiXK eIleMEHTaMH KOHCTPYKIIii;
- HasiBHICTh TOHKHX KaHANIB MOPOXHKH CKJIAJHOTO Npodisio;
- B3a€EMHE TEPEKPUTTS pOOOUNX OBEPXOHb.
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i ocobiuBOCTI (GOPMYIOTh YHIKAJIbHUH KOMIUIEKC IH)KCHEPHHX MPOOJIEM, IO IOJSATalTh y
CKJIaJHOCTI 3a0€3MEYCHHS] PETEeNbHOTO OUYMIIEHHS MNPEUU3iMHUX MiJIIUIHNKIB, OCKIJIBKH 3aBXKIN
3aJIMIIAE€THCS PHU3MK MOBTOPHOTO MIKPOCKOMIYHOTO 3a0pynHEHHsS (YaCTUHKH MeTaly, OKCHIH,
MOJIIMEPHU30BaHI 3aJMIIKA MAaCTHJI) Y HEAOCTaTHbO €()EKTHBHOrO OYHIINCHHS. Tomy, (iHIIIHI omepariii
OUMINEHHS € KIIIOYOBHM €JIEMEHTOM TEXHOJIOTIYHOTO TIPOIECY SIK BHWTOTOBJICHHS TakK 1 PEMOHTY
MiAMUIHAKIB 1 MAMKANTHUKOBUX BYy3miB [3]. Kpim Toro, miaBHMIIEHHS pecypcy HiALIMIHUKIB 4epes
e(eKTHBHE OUNIIECHHS Ma€ EKOHOMIUHE Ta EKOJIOTiuHe O0IPyHTYBaHHS, OCKIJIbKH 3MEHILY€E EHEPrOBUTPATH
Ta OMOCEPEAKOBAHO CrIpHsie ckopodennio BukuaiB CO- [3].

AKTyanbHICTh 3aBAaHHS MTOCHIIOETHCS BIICYTHICTIO €()eKTUBHUX IHTETPOBAHUX METOAIB, 3JaTHUX
BUPIIIUTH NpoOJeMy eKpaHyBaHHS y MiHIQTIODHHX By3JaX, IO MiATBEPAKYE HEOOXiMHICTh TIMOOKHX
JOCIIDKEHB TS PO3pOOKH 0CO0IMBOTO, iHHOBAIHOTO Tiaxoay [3 — 9].

AHaJti3 ocTaHHIX J0CiIKeHb Ta MyOJaikauniii. AHai3 HayKoBOi JiTepatypu [4, 5] mokasye, 1o
OLTBIIICTD TOCTIKEHb 30cepeDKEHO Ha BiOpauiiiHiil niarnoctuni (Hanpuknaf, [10 — 15]), mo monsrae y
BUSIBJICHHI JIe(EKTIB 3 BUKOPUCTAHHIM PI3HOTO poOjy BiOpamiiHuX edekTiB. ICHYI04I METOAM OUYMIICHHS
MaroTh CyTTeBI oOMexeHHs [10 — 24]. V3-meToau eeKTHBHO BiJIpUBAIOTH 3a0pyTHEHHS, aJie Hee()eKTHBHI
JUIS IXHBOTO BUBEACHHS 3 TJIMOOKHX IIUIMH, OCOOJMBO B 3aTiHeHHMX 30Hax. TypOyneHntHi meroau (0e3
BUKOPHUCTAHHS CIIELiaJIbHOr0 MarHiTHOTO BIUIMBY) HEJIOCTATHBHO MIOBHO PYHHYIOTH ajre3iiiHi 3B'13ku [2].

TakuM YMHOM MOXHA CTBEPJKYBATH, IO OJCH i3 HAIBHUX METOJIB HE IMOEAHYE ePEKTHBHE
pYHHYBaHHS Ta BiAPUB MIKPOYAaCTUHOK 3 TMOJANBIIMM TapaHTOBaHUM iX BHUBEICHHSAM, IO MOKHA
BUKOPHCTOBYBATH y MIPOMHCIIOBUX MacIITadax.

IMMocTtanoBka 3aBaaHb. OCHOBHUM 3aBJaHHSIM JaHOT POOOTH € po3poOKa Ta CTBOPEHHS
KOMILIEKCHOT, 0araToeTamHol TEXHOJIOT11 OUMIIIEHHS, 3/1aTHOI TapaHTOBAHO BUBECTH YHCTOTY TPEIM31HHNX
IiIIAITHUKIB Ha PiBeHb, IO BiJNOBITa€ HANBHUINUM Tally3eBUM CTaHAapTaM. 3a pe3yiabTaTaMd aHali3y
KPUTUYHOCTI 3aCTOCYBaHHS BCTAHOBJICHO LIIBOBHI TMOKa3HWK uucToTH 3a 1SO 16232: Knac 12, mpo
00MeKye 3aTUIIKOBE 3a0pyTHEHHS 10 KiJIbKOCTI, IO He MepeBuInye 60 4acTHHOK 3a0pyAHEHb PO3MipoM <
5 MKM Ha OJUH HIaPUKOIIALIUITHUK.

Jnst [OCATHEHHS LbOrO HAA3BHYAMHO BHCOKOTO CTAaHAAPTY HEOOXiHE IMOETHAHHS PI3HUX
¢Gi3nYHMX Ta XIMIYHMX METOMIB BIUIMBY. Po3po0OiieHa TexHONoTriss 0a3yeThCsl Ha MOCITiIOBHOMY
3aCTOCYBaHHI KOMOIHOBaHHUX METOIIB Aii, IO BKIIOYAIOTH IMIYJIHCHE MarHITHO-TYPOYIIEHTHE OYHIICHHS
(mns BumaneHHs ¢epoMarHiTHUX (pparMeHTiB), YIbTPa3BYKOBE OUYMINEHHS y 0araro4acTOTHOMY PEXHMIi
(28 xI'u / 40 kI'1), BUKOpUCTAaHHSI BUCOKOUNUCTHX PO3YMHHUKIB (Takux sk J[-60 Ta ['entan) Ta BakyymHe
cymrinHs. diHaHCOBa JOIUIBHICTh IHBECTHUINN Yy IO CKJIaJHY TEXHOJOTII0 OOIPYHTOBYETHCS BHCOKOIO
edexruBHicTIO (96,7%) Ta MiHIMi3amier0 pu3UKiB mo3arwianoBux BigmMoB (AOG — Aircraft on Ground),
BapTICTh SKUX 3HAYHO IEPEBUIILYE BUTPATH HA OUUILICHHS.

BuknagenHss ocHoBHOro marepianay. TexHOJOTiYHMH Mpolec KOMOIHOBAaHOTO OYHIICHHS
MIHIATIODHUX Ta TPENU3IHHUX  MIAPUKOMIAIIUIHAUKIB € OaratoctamiiHuMm. Bin po3poOmeHuit st
MaKCHMaJTbHOTO BUIAJICHHS SIK KPYITHUX, TaK 1 MIKPOCKOMIYHUX 3a0pyAHEHb, Ta CKIAIA€THCS 3 HACTYITHUX
eTalliB:

1. Tomepemust oOpoOka (MmarHiTHa cemapauis cTtaHoBuTh 0,5 T Ta BHKOPUCTOBYETHCS ISt
MPEBEHTUBHOTO BHJIYUCHHS BENHUKUX (pepoMarHiTHHX (parMeHTIB 3a0pyIdHEHb il MOMANbIIOl
KOHcepBalii);

2. OcHoBHe o4HIICHHS (KOMOIHOBaHUI MarHiTHO-TypOyneHTHUH + Y 3-BruuB y pexxkumi 30°— 45° Ta

npu yacToTi 500 06/xB).
dinanpHa 00poOKa (mpomuBaHHs ['enTaHOM Ta BaKyyMHE CYILiHHS);

4. Koncepsarlis Ta makyBaHHA (HAaHECEHHS THMYACOBOTO aHTHUKOPO3IHHOTO MOKPUTTS Ta 3aXHCT Bif

MOBTOPHOTO 3a0pYAHEHHS], @ TAKOK ITaKyBaHHS y BaKyyMHY a00 aHTUCTaTUYHY IUTIBKY).

Posrnsnemo Etanm 1 (Po3koHcepBauis Ta momnepensst po3dipka). Ha npomy erami migIIMnmHUKY,
0 HAAXOJSITh HAa PEMOHT, MiJUIATaloTh OOOB'SI3KOBIM pO3KOHCEpBallii Ta momnepeaHid oOpodmi uis
BUJIAJICHHSI CTApHX MAaCTHJIBHUX MaTepialiiB Ta KOHCepBalliiHUX macT. Moxke BUKOPHCTOBYBATHCS TPyoOe
3aMOYyBaHHs y CHeliajJbHUX MHUIOUYMX PO3UHHAX a00 KEPOCHHI, 10 MAa€ BUCOKY JKUPOPO3UMHHY 3/1aTHICTh.

Ha erami 2, momepeqHe iMIyJbCHE MAarHiTHO-TYPOYJICHTHE OYHMIICHHS BUKOPUCTOBYETHCS IS
BUJIAJICHHsI KPYIMHUX (hparMeHTiB 3a0pyMHEeHHs pi3HOi npupoau. el eTanm € KpUTHYHO BaXKIMBHM JUIS
3armo0iraHHs TOIIKO/UKEHHS OONajHaHHA Ta POOOYMX IMOBEPXOHb MiA Yac MPOBEACHHS MNOAAIBIION
YIIBTPa3ByKOBOI OOpOOKH, KON BUAAISNIOTHCA BEIHMKI (epOMAarHiTHI MeTaneBi MiKpOYaCTUHKHU
3a0pyaHeHHs (> 50 mxm). [TiAMUIHUK MigIa€ThCs il JpKepeia 3MIHHOTO IMITYJIbCHOTO MarHiTHOTO TOJIs
BHCOKOI HampyxeHocTi, pekomeHmoBaHo 0,5 Tm B cepemoBumni pigmau [[-60 (BucokooumieHMit

w
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i3onapa)iHOBUIl PO3YMHHHUK), sKa 3a0e3redye e(QEeKTHBHE PO3UMHCHHS >KHPIB IPH MIiHIMAIbHOMY
Hesetkomy 3anuiky (NVR). Lle 3amo0irae mrymy Ta po3BUTKY Ae(eKTiB Ha AOpLKKaX KOUEHHS Ta 1HIINX
POOOYHX MOBEPXHSIX.

Ha Erami 3 (dinansHa 00po0OKka) BUKOHYEThCS TPOMUBAHHS ['elITaHOM Ta BaKyyMHE CYIIIIHHS.

Etamn 4, «IIpuMycoBe CyIIiHHS Ta MaKyBaHHS», € KPUTUIHAM JUTS 3aII00iraHHsT MUTTEBIN KOPO3ii
Ta BTOpUHHOMY 3a0pyanenHto. [Ipu peanizaii eranmy BigOyBaeTbes:

- CyWIiHHA (BUKOPHCTOBYETHCS METOJl BAKyyMHOTO CYILiHHS NMPH KOHTPOJILOBAHIM Temmeparypi.
Bakyym 3a0e3neuye HIBHJIKE BHIIAPOBYBAaHHsS pPO3YMHHHMKA TPU HU3BKIA Temreparypi, 3anobiraroun
OKHCJICHHIO Ta KOHJCHCAIIi1 BOJIOTN);

- KOHCepBalisl Ta NaKyBaHHS (Mmicas CYIIIHHS, MiAMIMIIHUKE HEraiHo 0oO0poOIsIIoThCS
BHCOKOYHCTOIO KOHCEPBAIIIHOIO OJIMBOIO 200 MAacTHJIOM, IO BiIMOBIJIA€ CTAHAAPTY YMCTOTH HE MEHIIIE
ISO 14/12/10, i moMiIaroThCcs y TepMETHYHE TaKyBaHHS ISk 30epiraHHs).

B ocHOBY TexHOJOril MOKIaAECHO Psl ONTHUMI30BaHUX MapaMeTpiB Ta PilleHb, IO CTOCYIOTHCS
o0J1aIHAHHS, METOTy OUMIIICHHS Ta MHIOYOI'0 CEpEAOBHINA /¢ IHHOBAIliliHA e(DeKTHBHICTb 3a0€3MeUy€EThCs
OJTHOYACHUM BHUKOPHCTaHHSM IMITyJbCHOTO MarHitTHO-TypOynentHoro (IMT) Ta nBOouacToTHOTO
yneTpa3BykoBoro (¥Y3) meroxis. B pe3ynbrari yoro:

- ONTUMAIBHUNA KyT Haxwiy MiAIHUITHAKIB, IO IJJAIOTECS OYHMIICHHIO Ma€ CTaHOBHTH
30° — 45° (ekcHepUMEHTAJILHO JOBEACHO, IO el Jiana3oH, y MO€IHaHHI 3 OIYHUMH YJIbTPa3ByKOBHMH
BUIIPOMiHIOBaYaMH, 3a0e3leuye HalKpaluid KOMIOpPOMIC MK NpsAMHM Ta BigOWTHM Y 3-BIUIMBOM,
rapaHTyIOud piBHOMIpHE OYHIIEHHS pOOOYHX MOBEPXOHD Ta MiHIMi3allii0 eeKTy eKpaHyBaHHs);

- BUKOPHCTOBYEThCSI MHIOUe cepenoBuiie J[-60 — ms po3unHeHHs opraHiku Ta Hu3bkoro NVR i
I'enrtan — 1 GiHANIBHOTO MPOMUBAHHS Ta 3aM00IraHHS OKHUCICHHIO ITEPE]l BAKYYMHHUM CYIIIHHSM;

- (binanpHe mpomuBaHHA y ['enTaHi (a0o iHIIOMY HaJYUCTOMY PO3UYMHHHKY), PEKOMEHIYETHCS 3
BUKOPUCTAHHSIM CUCTEMH MPOTOYHOI (inbTpalii (MOCTiiHA MUPKYIISIS PiIMHA Yepe3 QimbTpu < 1 MKM,
110 3a0e3Meuye MBUAKE JOCITHEHHS HiJbOBOT YUCTOTH.

st ouiHIOBaHHS €)EeKTHBHOCTI TEXHOJIOT] BAKOPUCTOBY€ETHCS BaIiaLlisl TA KOHTPOJIb SKOCTI.

BukopucTtoByroun MeToJ Bajiijauii BUKOHYETbCA KiJbKicHa omiHka 3a ISO 16232. B upomy
BUTIAJIKY, IPH KOHTPOJIHOBAHOTO 3MHBI Ta aHami3i Ha SEM/oNTHYHOMY MIKPOCKOI, 3 BUKOPUCTAHHIM
JMYMIbHUKA YacTUHOK a0o aHami3y 3a JOMOMOrow (¢inbTpa BHUKOPHCTOBYIOTBCSA ISl KiJIBKICHOTO
niarBepukenHs uucrotu (Kmacy 12). IlporpamHe 3a0e3medyeHHs MIKPOCKOIY [IO3BOJISIE paxyBaTu
MIKpOYaCTHHKH 3a0pyJHEHb, COPTYIOUH iX 3a po3MipoMm (Hampukiaa, 5S—15 MM, 15-25 MkM, >25 MKMm).
Tak y HamoMy BUIMAJKy pO3paxyHKOBa e(EKTUBHICTh BHIAJICHHS KPUTHYHOI (pakmii € TOoJOBHHM
JTOCITI THUIIEKUM PE3yIHTAaTOM Ta JOCSITHEHHSI BUCOKOT €)EeKTUBHOCTI BUAANICHHS KpUTHIHOT (pakmii (> 10
MKM), IO MiTBEP/KYE MPaBUIbHICT BUOOPY TEXHOJOTIYHUX IMapaMeTpiB [5] CTaHOBUTS:

n= (1 DNater ) x 100% ~ 96, 7%
N before

i€ Npefore T2 Nafter — KITTBKICTh YaCTUHOK 3a0pYIHEHB JI0 Ta MiCIIs OUUIICHHS, BUMIipsiHa 3riaHO 3 ISO
16232.

OyHKIIOHAIBHI BUIPOOYBaHHS Ha CTBOPEHOMY KOJIGKTHBOM aBTOPIB JAaHOI CTATTI MOCIIAHOMY
3pa3Ky CTeH/a BUAaJICHHS (hepOMArHiTHUX MIKpO-, CYOMIKpO-, Ta HAHO3a0pyIHEHb 13 POOOYHX TOBEPXOHb
JeTayield MiHIQTIOPHUX IIAPHUKOIIIIAITHUKIB IMiITBEPWIA, IO BUCOKA YHCTOTa 3a0e3Medye SKiCTh
eKCIUTyaTamii. AmpoOailiss  TEXHOJIOTI  MIATBEP/UKYETbCS  (DYHKI[IOHAJBHHUMH  BHIIPOOYBaHHAMU
MPOBEJCHUMH B J1a0OPAaTOPHUX YMOBax 3a PO3POOJICHOI METOIMKOI MPOBEACHHS AOCTimkeHb [7]. B
pe3ynbTaTi MPOBEACHHS BiOPOIarHOCTUKH ITiIIMITHUKIB, IMiCIS BUKOPUCTAHHS TEXHOJOTI] OYHUINEHHS,
¢ikcyBaJoOCh 3HAYyHE 3HIDKEHHS BHCOKOYACTOTHOIO HIyMOBOro (oHy Ta crabimizamii crnektpy. Lle
MiATBEPIDKYE, IO YCYHEHHS BEJIHMKOI KUIBKOCTI aOpa3sMBHHX YaCTHHOK, TapaHTY€ TOKpAIeHHS
BiOPOAaKyCTHMYHHMX MapaMeTpiB Ta 3amodirae MporpecylouoMy 3pOCTaHHIO AE(EKTiB Mpeuu3idHux i
MiHIaTIOpPHHUX [LAPUKOIIAIIHUITHUKIB, 3a0€3MeuyI0un iX TOBroTpuBajly poOOTy Ha piBHI HOBHX [8§].

KoHTpoib SKOCTI MmoisaTrae y BU3HAYEHHI CTYIEHS YACTOTH. [ Iperu3iHHuX MiITUITHUKIB, 10
[PALIOIOTh y KPUTHYHHUX BY3JaX, CTYIIHb YMCTOTH Mae OyTHM BH3HA4YEHHUH 3a IBOMa OCHOBHHMHU
napaMeTpamH:

- 3AJIMILIKOBA Maca 3a0pyIHEeHb (TpaBiMeTpUYHNN KpuTepiit). Llelt kputepiii KOHTPOITIOE 3arajabHy
KUTBKICT 3aJIUIIKIB MaCTHII, KOHCEPBAIIHHIX MaTepialliB, MIKPOIIMIY Ta IHITNX TBEPIUX 3aJIHIIKIB,

- po3Mip Ta KiNbKICTh YacTHHOK (KpuTepiii 3a kiacamu po3mipiB). Lleii kpurepiii €
HaNBa)KJIMBIIIMM, OCKUIBKH BiH MPSIMO MOB'SI3aHAHN 13 pU3UKOM 3aKJIMHIOBAHHS Ta MITTiHTY.
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Po3po6iena TexHomoris 3abe3nedye MOTPUMAaHHA BHOPAaHWX KpPUTEpIiiB, e A Mperu3iiHuX
MiAMUITHAKIB 3arajbHa Maca TBEPAUX 3aTHIIKOBUX YACTUHOK He NepeBUILYE G4, <0.5 MI Ha MiJIINIHUK, a
MaKCUMaJbHUN JOMYCTUMHH pO3Mip YacTUHKH Dmax<25 Mmxm (B abconmroTHOMY BupaskeHHi). Jlns
BHU3HAYEHHS KUTPKOCTI YaCTHHOK 3a KJlacaMH (KOJl YMCTOTH) BHKOPHUCTOBYETHCS BHYTPIIIHIN Taimy3eBHi
cTaHaapT abo aganroBanuii crangapt 1SO 16232.

ExonomiuHe OOIpyHTYBaHHS TEXHOJIOTIi, 3acCHOBaHe Ha NpUHUOMII yHUKHeHHS BHUTpar (Cost
Avoidance). OOrpyHTyBaHHS MiATBEPXKYE CTPATEriYHy JOLUIBHICTH BIPOBAHKEHHS y BiIIOBIIHI Tary3i
IIPOMHCIIOBOCTI pO3p00JIeHOT Ta anpoOOBaHOT IHHOBALIIHHOT TEXHOJIOTIT BUIATICHHS (PepOMarHiTHUX MiKpO-
, CyOMiKpo-, Ta HAHO3a0pyIHEHb 13 POOOUHX IMOBEPXOHD ACTANCH MiHIaTIOPHUX MIAPUKOMIAIIUITHUKIB, 110
€ TMpiOpUTETOM, 30KpeMa, y BiiCBKOBO-IPOMHUCIOBOMY KOMIUIEKCi. BrpoBamkeHHs 3alesnedye
CTpaTeriyHy TOTOBHICTD Ta O€3MeKy eKCIUTyaTallii aBialiiHOl, Ha3eMHOI Ta CIeIialbHOT TEXHIKH.

BucHoBku. Po3polOiieHa iHHOBaIliifHA TEXHOJIOTiS KOMOIHOBAHOTO OYHMIICHHS, IO IOEIHYE
ontumizoBaHi mnapamerpu IMT wmeromy ouMIIeHHS Ta JBOYACTOTHOTO Y3-BIUIMBY, € HAayKOBO
OOIPpYHTOBaHMM  DpIlICHHSAM  JUIg  3a0e3leYeHHs  YUCTOTH  MPEeHM3idHMX Ta  MIHIATIOPHUX
MIAPUKOIIAIUITHUKIB. ExcriepuMeHTabHO oBeieHa eeKTHBHICTE 96,7% Ta 3HAYHE 3HMKCHHS DiBHS
BiOpaliil miaATBepAXKYIOTh, 10 PO3poOJIeHa Ta CTBOpPEHA iHHOBaLiiHA TEXHOJIOTIS TO3BOJISIE TAPAHTOBAHO
BiTHOBUTH KOMITOHEHTH 10 kiacy uuctotd 12 (ISO 16232). BrpoBamkeHHsS NAHOTO TEXHOJIOTIYHOTO
MpoIecy € KPUTHYHOIO YMOBOIO Jisi 3a0e3IeUeHHs HaJIMHOCTI, pecypcy Ta Oe3leKH eKcIutyarallii B
aBialiifHii Ta BificbKOBO-TIPOMUCIIOBIH cdepax [7, 8].
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I.B. CamoneHKoO

Jhyybkuti Hayionanbhull mexHiyHull yHigepcumem

CTATUCTUYHHUA AHAJII3 BIUIUBY APXITEKTYPHOI'O TA3AMHY HA
MNCUXOJIOTTYHUIM CTAH KOPUCTYBAYIB

Y cmammi npogedeno cmamucmuunuii ananiz enaugy apximekmypHozo Ou3aiiHy HA NCUXOI0ZIYHUI CHIAH
Kopucmyeauie i3 3acmocyeannam A/B-mecmysannsn, KOHUenmyanbHo 3anponoHOEAHO20 AGMOPOM  OO0CHIOIHCEHHS.
Memooonozia rpynmycmsca Hna CUHMEMUYHUX Oamacemax, 3mooenvoeanux y Python mna ocunosi emnipuunux
3aKoHoMIpHOCmEll, Onucanux y cyuacuii nimepamypi 3 A/B-mecmysanna ma ncuxonozii cepedosuwia. Ilpoananizoeano mpu
K1I0406i napamempu apximeKmypHozo cepeoosuuya — KoJlip, Mun 0CeimaeHHa ma Kongizypayito npocmopy — ma ixnii
6nue Ha cmpec, emouyiiinuil Komgopm i Koznimueny npooykmuenicms. Cmamucmudnuii anauiz i3 6UKOPUCMAHHAM -
mecmia, OUCNEPCIlINO20 AHANi3y ma pezpeciinux Mooenell HOKA3ae, W0 X0100Hi KOJ1b0pU, RPUPOOHE 0CEIMIAeHHA i GIOKpUmi
npocmopu no3umueHO GNAUGAIOMb HA NCUXOJ02IMHUIL cmaH Kopucmyeauie. Ompumani pezynomamu niOKpecaowmo
HeoOXiOHicmb inmezpayii 00KaA306uUx CIMAMUCMUYHUX Ni0OX00I8 Y apXimeKmypHe npOEKMy8anH.

Knrouogi cnosa: apximexmyphuii ousaiin, ncuxonoziynuti cmam, A/B-mecmysanns, emoyiiinuti komgpopm, cmpec,
oceimnenns, Kolip cepe0osuya

l. V. Samonenko

STATISTICAL ANALYSIS OF THE IMPACT OF ARCHITECTURAL DESIGN ON
USERS’ PSYCHOLOGICAL STATE

This paper presents a statistical analysis of the impact of architectural design on users’ psychological well-being
using A/B testing, a methodological approach introduced by the author. The study relies on synthetic datasets generated in
Python and informed by empirical patterns reported in contemporary literature on A/B testing and environmental psychology.
Three architectural parameters—color schemes, lighting type, and spatial configuration—were examined to determine their
influence on stress, emotional comfort, and cognitive performance. Statistical techniques including t-tests, ANOVA, and
regression modelling were applied. The results show that cool colors, natural lighting, and open layouts positively affect
psychological well-being. These findings demonstrate the importance of incorporating evidence-based statistical methods into
architectural design practice.

Keywords: architectural design, psychological well-being, A/B testing, emotional comfort, stress, lighting,
environmental color.

AHaJi3 JiiTepaTypHUX :Kepes Ta MocTaHOBKAa mpodgemu. CydacHi HAyKOBI JOCITIKCHHS Y
cepi apxXiTeKTypu BCe YacTillle pO3TIIAIar0Th OYIIBIIO HE JIMIIE SIK IH)KCHEPHH 00 €KT, a SIK CKIaIHy
crucTeMy B3aeMOJIl (I3MYHUX, CHEPTeTHYHUX 1 TICHUXOJOTIYHMX YUHHHUKIB. Y po0O0Tax, MPHUCBIICHUX
eHeproe(eKTUBHOCTI  OymiBeNb, AaKIEHT pPOOWTHCS HA  3HIDKEHHI  TEIJIOBTPAT, OITHMIi3allii
OTOpOJKYBAJIbHUX KOHCTPYKILIM Ta BUKOPHCTaHHI IHHOBAaliMHMX MarepiamiB, IO J03BOJISIE JIOCATTH
icToTHOI ekoHOMIi eHepropecypciB. [Ipn 1IbOMy 3aCTOCOBYIOTBCSI CTATUCTHYHI METOMM aHAJI3y, 30KpemMa
perpeciiiHi Mojeni Ta IHAGKCHI MOKa3HUKH, SKi Jal0Th 3MOTY KUIBKICHO OIIHIOBATH €(EKTHBHICTh
apXITEKTYpHUX PIllIEHb Y PI3HUX KITIMATUIHUX YMOBAX.

AHai3 miTepaTypH CBiTYHTD, IO APXITEKTYpPHI XapaKTEPUCTHKH CEPEIOBHIIA CYTTEBO BILTMBAIOTH
Ha MCUXOJIOTIYHUI cTaH moauHu. Kinacuyni poOOTH JeMOHCTPYIOTH, IO TMPUPOIHI €IEMEHTH Ta SIKICTb
MIPOCTOPY MOXYTh 3HIDKYBATH CTPEC 1 MOKPAIyBaTH eMOIliiiHe BimHOBIEHH [ 1; 3], ToAl K HEAOCKOHATUI
apxiTeKTypHHH JH3aiiH 37aT€H TPOBOKYBAaTH HAIPyry, TPUBOXKHICTb 1 3HW)KEHHS 3arajibHOTO
Omaromomyygust [4]. JlocmiKeHHsSI BILUTUBY OCBITJIGHHS Ta KOJBOPY MiATBEP/DKYIOTH, IO I (QakTOpH
Oe3mocepeIHbO BIUTMBAIOTH HA HACTPIiH 1 ICUXOJIOTTYHUE KOMOPT KopucTyBauiB [2; 5]. [lonpu HasBHICTH
3HAYHOI KUTBKOCTI JOCHI/KEeHb, HEIOCTATHRO BUBYCHHMH 3aJIMINAIOTHCS KUIBKICHI TOPIBHSAHHS BILTUBY
OKpEMUX apXiTeKTYpPHUX MapaMeTpiB Ta IX KOMOIHOBaHOT [ii.

Boanouac y mitepaTypi 3 c€peAOBHUILHOI ICUXOJIOTI] T0BEACHO, 110 MPOCTOPOBI XapaKTEPUCTHKH,
OCBITJIEHHS Ta KOJHOPOBI PIIIIEHHS CYTTEBO BIUTMBAIOTH HAa TICUXOEMOIIHHIHI CTaH KOPUCTYBadiB Oy 1iBEIb.
[TpuposaHe CBITIO, BIAKPUTI MPOCTOPOBI CTPYKTYpPH Ta TApMOHIIHI KONIpHI MOEJHAHHS acOIIOIOTHCS 31
3HIDKEHHSIM DIBHS CTpecy, MiJBUIICHHAM KOTHITUBHOI MPOAYKTUBHOCTI Ta 3arajibHOro Komdoprty
nepeOyBaHHsl B mpuMimieHHI. OmHaK 1mi JOCH/DKEHHS 3/Ae0UIBIIOr0 MAaroTh SIKICHHH Xapaktep abo
IPYHTYIOTBCS Ha aHKETYBaHHI, 110 YCKIIAHIOE O€3T0CepeTHE TOPIBHAHHS PI3HUX apXiTEKTypHUX CIICHAPIiB
Ha KUTHKICHOMY PiBHI.

[IpoGiiema mosisirae y HEOOXiTHOCTI CTBOPEHHS CUCTEMATH30BAHOTO CTATUCTUYHOTO TAXO0TY, SIKUH
JTIO3BOJIUTH 00’ €KTUBHO OIIIHUTH, SIKi CaMe €JIeMEHTH apXiTeKTypHOTO AM3aiHy CIIPUYMHSIIOTh HAWO LTI
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ncuxosoriyauii edekt. Lle 3ymoBmoe moTpedy B eKCIEPUMEHTAIBHUX JOCIHIKEHHSX 13 BUKOPHCTaHHIM
Cy4acHHUX METOMIB aHalizy, Takux sk A/B-tectyBanus [6]. TakuM 4MHOM, aKTyaJbHOIO 3aJIHMIIAETHCS
mpoOjema iHTerpamii CTATUCTHYHUX METOIB aHaJli3y €Heproe(EeKTUBHOCTI 3 OIMIHKOIO TICHXOJIOTIIHOTO
BIUIMBY apXiTEKTYPHOTO cepefoBHILa. BiICyTHICTh €IMHOTO KiNbKICHOTO MiAXOAY, IKUH OW MO€AHYBaB i
JIBa HANpPSIMH, OOMEXye€ MOXKJIMBOCTI OOTPYHTOBAHOTO BHOOPY apXiTEKTYpHHX pIlIeHh Ha eTari
NPOEKTYBAHHS, L0 3yMOBIIIO€ HEOOX1THICTh MOAAIBIINX JOCII/KEHb Y IbOMY HaIpPsIMi.

Merta i 3aB1aHHs 10CTiKeHHs. Y JJOCHTIPKEHHI 3aCTOCOBaHO KOMITJIEKCHUH MiJXi, IO MOEIHYE
CTATUCTUYHUUA aHai3 CHEPreTHYHUX I[TOKAa3HWKIB OyiBeNb Ta OIHKY IICHXOJIOTIYHOTO KOM(pOpPTY
KopucTtyBadiB. i1 mporo OyJI0 BUKOPHUCTAHO CHUHTETHYHI HAOOpHW NAaHWX, 3TEHEPOBaHI Y CEPEIOBHIII
Python Ha OCHOBI eMmipHYHHUX 3aKOHOMIPHOCTEH, ONMMCAHUX y CyYaCHUX HAYKOBHX MyOmikamisx. Taxuii
X1 TO3BOJISIE MOJETIOBATH Pi3HI apXIiTEKTYpHI crieHapii 6e3 HeoOXiMHOCTI TPOBEICHHS TPUBAIHX 1
PECYPCOMICTKHX HATYPHHUX CKCIICPUMEHTIB, 30€pirarouu MpH bOMY KOHTPOJIb HaJl OCHOBHHMMH 3MiHHUMHU.

[lapameTpu eHepreTHYHO1 e()EKTUBHOCTI BKJIIOYAIN IOKa3HUKHU TEIUIONEpeaayil OropoIKyBaIbHUX
KOHCTPYKLiH, THIIX TEIUIO130JIMIHHUX MaTepianiB, piBeHb MPUPOAHOTO Ta MITYYHOT'O OCBITICHHS, a TAKOX
KJIIMaTUYHI YMOBM eKCIUTyaTamii OymiBenb. [lyist aHaimizy BiIHOCHHX ITOKa3HHKIB CHEPro30epeKeHHS
BUKOPHCTOBYBABCsI OeTa-perpeciiHuil aHai3, 110 € J0LIIbHUM Py poOO0Ti 3 HOpMai30BaHUMHU 3MIHHUMH,
0OMEXEHHMH IHTEPBAJIOM BiJl HYJS 10 oauHMIi. Lle mamo 3MOry KOpPEeKTHO OIIHHUTH BIUIMB PIi3HUX
apxiTeKTypHHX (PaKkTOpiB Ha PiBEeHb CKOHOMIT eHeprii Ta KoM(OPT BHYTPIIIHHOTO CEPEIOBHUIIIA.

Okpemy yBary MpHIiICHO 3acToCyBaHHIO A/B-TecTyBaHHs il MOPIBHSHHS aJlbTePHATUBHUX
apxiTeKTypHHUX pimeHb. [aHuii MeTox 103BOJIsE 3MIHCHIOBATH MpPSAME CTATUCTHYHE TMOPIBHSHHS JIBOX
BapiaHTIB TNPOEKTYBaHHA 3a (DIKCOBAaHMX yMOB, IIO MiABHIIYE HAAIWHICTb OTPUMAHUX PE3YJIBTATIB.
Jlo1aTKOBO BHKOPHUCTOBYBAJKCS €JIEMEHTH MAIIMHHOTO HABYAHHS JUIsS MPOTHO3YBAHHS TEIUIOBTPAT Ta
BUSIBJICHHS HAaHO1IbII 3HAYYIIMX (DAKTOpIB, 110 BIUIMBAIOTH HA 3arajibHy eHeproe()eKTUBHICTH Oy IiBIi.

Marepiasm Ta MeToaM. MeTOONOTIA AOCHIIKEHHS O0a3yeTbcsl Ha MOEAHAHHI IOJIOKEHb
CEpPEIOBUIHOI TICUXOJIOTIT Ta KiJBKICHUX CTaTUCTUYHUX METOJIB aHaizy. TEeopeTHYHHUM MiATPYHTIM
poOOTH cTamy KIacH4Hi Ta CydacHi JOCHIPKEHHS, sIKi JOBOISATH CYTTEBHUH BIUIMB apXiTEKTypHOI'O
cepe/loBHIA Ha TCUXOCMOIIWHUNA cTaH JIOAWHU. 30KpeMa, y (QyHIaMEHTAIBHUX MpalsiX MOKa3aHo, M0
Bi3yalIbHHI KOHTAKT 13 MPUPOJIHUMHE SIIEMEHTAMH Ta SIKiCHE apXiTEKTypHE OTOYCHHS CIIPUSIFOTH 3HIKCHHIO
PiBHS CTpecy Ta MOKPAILEHHIO 3aralbHOr0 CaMONOYyYTTs KOpUcTyBauiB [1; 3]. AHanoriuHo 10BEACHO, LI0
HECTIPHUATIMBI apXiTEKTYPHI YMOBH MOXYTh HETaTHBHO BIUIUBATH HA TICHXOJOTIYHE 370POB’S JIIOIMHH,
IiABUIIYIOUH PiBEHb HANPYKEHHS Ta JuckoMdopty [4].

J11s1 3a06e3neueHHs] KOHTPOJIbOBAHOCTI €KCIIEPUMEHTAIHIX YMOB Ta BiAITBOPIOBAHOCTI PE3YNbTaTIB
y JOCTi/DKeHHI OyJI0 BHUKOPHCTAaHO CHHTETHYHI HAa0OpW JaHWX, 3reHEpOBaHi y cepenoBuil Python.
[lapameTpu CTATUCTHYHHUX PO3MNOLNIB (POPMYBAIUCS HA OCHOBI EMIIPUYHUX 3aKOHOMIPHOCTEH, OIIMCAHUX
y MOTIepEeAHIX JOCTIHKEHHSIX BITTUBY apXiTEKTYPHOTO CEPEIOBHUIIA HA TICHXOJIOTIYHII CTaH KOPUCTYBaUiB
[2; 5]. Bokpema, pe3ynbTaTi pooiT, MPUCBIYCHUX BIUIMBY CBITJIa Ta KOJILOPY HA EMOLIIMHUI HACTpil, piBeHb
30yKeHHS Ta TICUX0(i310JI0TiUHI peakilii, Oy BUKOPUCTaHI IJIsi OOTpYHTYBaHHS [ialma30HIiB 3HAYCHD
BIJIMOBIAHMX 3MIHHUX Y POLECi MoJemoBanHs [2].

VY Mexax MOAETIOBaHHS OyJI0 PO3MISIHYTO TPH KIIOUOBI MapaMeTpu apXiTEKTYpHOTO JU3aiHy:
KOJIIpHE PIIICHHS CepeOBHINA, THII OCBITICHHS Ta IMIPOCTOPOBY OpTaHizalito. Bubip came nux mapaMmeTpin
IPYHTYETBCSI Ha PE3yJIbTaTax AOCIHiIKEeHb, SKi MOKa3ylOTh, IO BOHH € OJHUMH 3 HaWOUIbII 3HAYYIIMX
YUHHUKIB (QOpMyBaHHS TICHXOJOTidHOro KoMpopTy y 3akputux mpoctopax [2; 5]. IIpoctoposi
KOH]irypamii 3 BIAKPUTHMH Bi3yalbHUMH 3B’S3KAMH Ta JOCTYIIOM JO0 TPUPOJHOIO CEPEIOBHUIIA
MOJIEJIIOBAJIMCS 3 ypaxXyBaHHSAM IIOJIOXKEHb TEOpil BITHOBJIEHHS yBard Ta BiJHOBIIIOBAJIBHOTO BIUIUBY
npupoau [3].

[lcuxomnoriuHmii cTaH KOPUCTYBayiB OLIHIOBABCS 3a y3arallbHCHUMH KiTbKICHUMH MOKa3HHUKaMH
piBHS CTpecy, eMOIIIHOTO KOM(OPTY Ta KOTHITHBHOI MPOAYKTUBHOCTI. [y aHAi3y OTPUMAaHHUX JTaHUX
3aCTOCOBYBJINCS METOJIM OMHCOBOI CTAaTUCTHKH, IIO J03BOJUIIO BHSBUTH 3arajibHi TCHJCHIIIT BIUIMBY
apXiTEKTypHHUX MapaMeTpiB Ha IMCUXOJOTIYHUH cTaH. [lepeBipka cTaTHCTUYHOT 3HAYYIIOCTI BIAMIHHOCTEH
MDX aJbTePHATHBHUMH YMOBAaMH 3/I1HCHIOBAJIACS 3 BUKOPUCTAHHSAM t-TECTIB /ISl HE3aJeKHUX BHOIPOK Ta
JIUCTICPCIHHOTO ~ aHami3y, SKi IIMPOKO 3aCTOCOBYIOTHCS Yy MDKIUCIUIUIIHAPHUX  JIOCIIJDKCHHSX
apxiTeKTypHOTO cepenoBuia [5].

OxpemMuM eramoM JOCHI/DKEHHS CTalo 3acTocyBaHHA A/B-TecTyBaHHS SIK 1HCTPYMEHTY
EKCIIEpUMEHTAIILHOTO MMOPIBHSIHHS apXiTeKTYpPHUX pillieHb. JlaHui miaxij J03BOJISIE 31IHCHIOBATH MpsMe
CTaTHCTUYHE 31CTABICHHS BOX BapiaHTIB CepelOBHIIA 32 (PiKCOBAHMX YMOB i IMMPOKO BUKOPUCTOBYETHCS

© [.B. Camonenko

214



Mixceysiecoruii 30ipuux « HAYKOBI HOTATKHy. Jlyyok, 2025, Ne84

y MPHUKIIQJHUX JOCIHIKEHHSX IS OLIHKK e(heKTUBHOCTI pi3HUX pilieHs [6]. Y mexax ganoi podotu A/B-
TECTYBaHHSI 3aCTOCOBYBAJIOCS JUISl OI[IHKM BIUIMBY OKPEMHX IMapaMeTpiB apXiTeKTypHOTO aW3aifHy Ha
MICUXOJIOTIYHI TTOKA3HUKH, 10 3a0e3Mednio 00’ €KTUBHICTh Ta HAJIIHHICTh OTPUMAHKX PE3yJIbTAaTIB.

3anponoHOBaHUi KOMIUIEKC METOJIB JIO3BOJHMB KUIbKICHO OIHUTH TCHXOJOTIUHUHA epeKT
apXiTEKTypHOTO CEepEIOBHUINA Ta chOopMyBaTH JOKAa30BYy OCHOBY JUIsl TIOJAJIBINOI iHTErpaIlii pe3yabTaTiB
CEepEIOBHUIHOT IICUXOJIOTIT Y MPAKTHKY apXITEeKTYPHOTO MPOEKTYBAHHS.

Pe3yabTaTu Ta 006roBopeHHs. PesynpraTn nmposenaeHoro A/B-TecTyBaHHS 3aCBiIUMIN HASBHICTD
CTATUCTHYHO 3HAYYIIUX BIIMIHHOCTEW MIX EKCIIEPHUMEHTAJIHHUMHU TPYNaMH 32 BCiMa JIOCTIKYBAaHHUMU
napameTpaMu apxiTeKTypHOro Au3aiiHy. AHaji3 BIUIMBY KOJIPHHUX PillIeHb [TOKa3aB, 0 KOPUCTYBAadi, sKi
nepeOyBali 'y CEpelOBHINI 3 TEPEBAKAHHAM XOJOIHHX KOJIBOPIB, JEMOHCTPYBAIM HWXKYi CepelHi
3HAYEHHS PIBHS CTpECy TOPIBHSHO 3 TPYNOK TeIMX KoyibopiB. Lli BigMiHHOCTI OynM MmigTBEep/KEHI
pe3yabTaTamMu t-TeCTy JUIs He3alIeKHUX BUOIpOK i3 piBHEM cTaTCTHUHOI 3Hauymocti p <0.05. Ha rpagiky
CepelHiX 3HaueHb, NPEJICTaBICHOMY Ha Puc. 1, BUIHO, O PI3HUIL MK TPYyIIaMH CTAaHOBHTH OJHM3bKO 12
%, 0 y3TOUKYETHCS 3 pe3ydbTaTaMH IONEPEIHIX TOCHIIKeHb, y AKX JOBEACHO BIUIMB KOJIHOPY Ha
EMOLIIMHUI CTaH Ta piBEHb MCUX0()i310J0TYHOT0 HANPYKEHHS JTIFOUHHM [2; 4].
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Puc. 1. CepenHiii piBeHb cTpecy 3a KOJIPHUMH YMOBAMH

OTtpuMaHi pe3ysbTaTH I0JI0 BIUIMBY OCBITJICHHSI CBIIYATh MPO TE, IO MPUPOJIHE OCBITICHHS Ma€e
BUPXCHUH MMO3UTHBHUI e(heKT Ha eMOIIIHNN KOM(POPT Ta KOTHITUBHY MPOJYKTUBHICTh KOPUCTYBaUiB. ¥
CepeHbOMY IMOKAa3HUKH EMOIIMHOrO KOM(OPTY Ta MPOAYKTUBHOCTI 32 YMOB NPHPOJHOTO OCBITIICHHS
MEPEBUILYBaIM BiAMOBIIHI 3HAUYEHHs NP IUTYYHOMY ocBiTieHHI Ha 15-18 %. Cepenni 3HaueHHS Ta
JIOBip4i iHTepBaIM s 000X yMOB HaBeineHo B TaOmumi 1. AHani3 po3mOAUIIB TPOIYKTUBHOCTI,
npejacTaBieHuid Ha Puc. 2, neMoHCTpye 3CyB Moau y OiK BHIIMX 3HAY€Hb JJIsI TPYHNH HPUPOTHOTO
OCBITJICHHSI, 1110 BKa3y€e HE JIMILIE HA 3pOCTaHHS CEPEIHbOr0 PiBHS MPOAYKTUBHOCTI, aje i Ha CTaOLIbHIIINHA
xapaktep ii nposBy. Lli pe3yabTaT y3roKyrThCS 3 JaHUMH JIITEPaTypy, Y SIKUX MiAKPECIIOETHCS POITh
CBITJIa SIK OJTHOTO 3 KJIHOYOBUX (hakTOpiB (OPMYBaHHS ICHXOJIOTTYHOTO KOMMOPTY B apXiTCKTYpHOMY
cepenoui [2; 5].

AHaJIi3 IpoCTOPOBUX KOH(DIryparliii mokasas, 110 BIIKPHUTI IPOCTOPH ACOIIIFOIOTHCS 31 3HHKSHHIM
PIBHS TPHUBOKHOCTI Y KOPUCTYBadiB MOPIBHSAHO 3 3aMKHYTHMH MPUMIIICHHAMHU. DYHKIS MIIIBHOCTI
PO3MOALTY MOKa3HUKA TPUBOXKHOCTI, HaBeZeHa Ha Puc. 3, IeMOHCTpye MUpIINI PO3NOALT 31 3MIIICHHSIM Y
OiK HWKYMX 3HAYeHb Uil TPYMH BIIKPUTOTO TPOCTOPY, WIO CBIAYUTH IMPO 3arajbHE 3MCHIICHHS
IHTCHCHBHOCTI HETaTMBHMX EMOLIMHUX peakiid. OTpumaHi BIAMIHHOCTI OyJIM JOJATKOBO IiITBEPHKEHI
pe3yibTaTaMy JUCIIEPCIHHOTO aHati3y, IKWH BUSIBUB CTATUCTUYHO 3HAUYILY Pi3HHUIIO MiX rpynamu. Taki
pe3yabTaTH BiMOBIJAIOTH MOJOXKEHHSAM Teopii BiAHOBIIOBAIBHOIO BIUIMBY CEPEIOBHIIA Ta MOMIEPEIHIM
EeMIIIPUYHUM JIOCHTI/DKEHHSIM, Y SIKHX JIOBEJCHO ITO3UTUBHHUM TICHXOJOTIUHMHA e(EeKT BIIKPUTHUX 1
Bi3yaJIbHOOCTYITHUX IpocTopiB [1; 3].

[ToGynoBana perpeciiiHa MoJieJib TO3BOJIMIIA OLIHUTU CyMapHUH BIUIMB apXiTEKTYpPHUX (akKTOpiB
Ha MCUXOJIOTTYHHI CTaH KOPUCTYyBauiB. Pe3ynbraTn MOAemoBaHHS TIOKA3aJIH, 10 JIisi OKPEeMHUX TTapaMeTpiB
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JIU3aliHy Ma€e KyMyJISITUBHHN XapakTep: MO€THAHHS XOJIOJHUX KOJIPHHUX PillIeHb, IPUPOJHOTO OCBITICHHS
Ta BIIKPUTOI MPOCTOPOBOi opranizauii Gopmye HalOIIBII COPUSTINBI YMOBH 3 TOUYKH 30pYy 3HMKEHHS
CTpecy, MiIBUIIECHHs eMOLIHHOro KoM(opTy Ta NpoAyKTUBHOCTI. CTaTHCTUYHA 3HAYYIIICTh KOe(illi€HTiB
perpeciiHoi MoJienli MiATBEPIDKYE, M0 apXITEKTypHHM TU3aiiH MOXE PO3IIISIaTUCS SIK ePeKTHBHUN
THCTPYMEHT pEryJisiiii TCHXOJOTriYHOrO CTaHy KOpPUCTYBauiB, a HE JIHIIE SK eCTCTHYHUH abo
($yHKLIOHATBHUN YUHHUK [4; 5].

natural
20.0 ~ artificial

17.5 4

15.0 4

30 40 50 60 70 80 920 100 110
Productivity Index

Puc. 2. Po3noain npogyKTUBHOCTI 32 TUIIOM OCBIiT/IeHHS

i open
o closed
20 A

15 4

Frequency

10 15 20 25 30 35
Stress Score

Puc. 3. Po3noaij noka3HUKIB TPUBOKHOCTI 32 TUIIOM NMPOCTOPY

3arajgom pe3yiabTaTH JOCIIDKEHHS IEMOHCTPYIOTh, IO apXiTEKTypHI apaMeTpH MatOTh CyTTEBUI
BIUTHMB Ha IICUXOJIOTIYHE OJIaromnonyyds aoanau. OTpuMaHi KiTbKiCHI OI[IHKH I ITBEPIXKYIOTh JOIIEHICTD
BUKOPUCTAHHS CTATUCTUYHUX METOJIB, 30KkpeMa A/B-TecTyBaHHsS Ta perpeciiHOro aHamily, uis
OOTPYHTOBAHOTO BHOOpPY apXiTEKTypHUX pilieHb. [lo€HaHHS CHPHATIMBUX YMOB apXiTEKTypHOTO
cepesioBuINa 3a0e3rnedyye HalOUIbII BHUPKEHWH MO3UTUBHUA €(EeKT, M0 CTBOPIOE TMEPEIYMOBH JUIS
BITPOB/DKCHHS JIOKA30BHX MMIJAXO/IIB Y MPAKTHKY apXiTEKTYPHOTO MPOEKTYBaHH [6].

BucnoBku. [IpoBeneHe AOCTIDKEHHS MIATBEPAWIO, IO OKPeMi MapaMeTpH apXiTeKTYpHOTO
JIM3aiiHy MalOTh CTATHCTHYHO 3HAYYIINI BIUIMB HA ICHXOJIOTIYHUH CTaH KOPUCTYBAaviB, 30KpeMa Ha piBEHb
CTpecy, eMOLIMHUN KOM(OPT 1 KOTHITHBHY NPOAYKTUBHICTb. OTpUMaHi pe3ylbTaTH Y3TOMKYIOTHCS 3
BHCHOBKAaMH TIOTIEPE/IHIX poOIT Y cepi cepeTOBHITHOT MICUXOJIOTT, Y SKUX MiAKPECIIOEThCS BaXKIIUBICTD
Bi3yaJbHUX 1 MPOCTOPOBHX XapPAaKTEPUCTUK apXITEKTYPHOTO CEPEelOBHINA JUIs TICUXOEMOIIHHOTO
onmaromonryuust mogauHu [1; 3; 4]. KinpkicHuid aHami3 mokasap, M0 apXiTeKTypHi (akTopu He HIOTh
130;1b0BaHO, a (OPMYIOTh KOMIUICKCHHH TICUXOJIOTIYHUN eQeKT, SIKUH TPOSBISETHCS y 3MiHi
Cy0’€KTUBHOTO CIIPHUAHSTTS IPOCTOPY Ta (YHKIIOHATBHOTO CTaHY KOPUCTYBAYiB.

3actocyBaHHS A/B-TecTyBaHHS y NMO€IHAHHI 31 CTATUCTUYHHMH METOJAMH aHAJi3y JO3BOJIMIO
00’€KTHBHO OIIHUTH BIUTUB aJbTEPHATHBHUX apXITEKTYPHUX PIIEHb 1 KUIbKICHO BH3HAYUTH XapakTep
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BHSIBJICHUX BIIMIHHOCTEH. 30KpemMa, BCTAHOBJICHO, IO KOMOIHAIll XOJOJHUX KOJIPHUX pIllICHb,
MPUPOAHOTO OCBITICHHS Ta BIAKPUTOI MPOCTOPOBOi opranizamii (GOpMyIOTh HaMOINBII CHIPHUATINBI
MICUXOJIOTIUHI YMOBH, IO BiAINOBIJAE pe3yJbTaTaM JOCHIPKEHb BIUIMBY CBITJa, KOJIBOPY Ta MPOCTOPY Ha
eMoriitauit cran moguau [2; 5]. lle miATBEpIKye MOIIIBHICTE BHUKOPHUCTAHHS EKCIEPUMEHTAIBHUX
CTATHCTUYHUX ITIIXOIB JIJIs OI[IHKU SKOCTI apXITEKTypHOTO CEPEIOBHIIA III€ HA €Talll MPOEKTYBaHHS.

OTtpumaHi pe3yabTaTH AEMOHCTPYIOTb, IO apXiTEKTYPHUH AU3aiiH MOKE PO3IIIAIATHCS HE JIMIIE
K eCTeTHYHHMH a00 (pyHKIIOHANBHHMH acnekT OyniBenb, ane 1 sK e(PeKTUBHUH IHCTPYMEHT peryJsimil
TICUXOJIOTIYHOTO CTaHy KOPHUCTYBadiB. [HTerparisi METOAIB CEpPEIOBHINHOI IICHXOJOTII Ta JOKA30BUX
CTaTUCTUYHUX MIAXOIIB CTBOPIOE MIAIPYHTS Uil (GOPMYBaHHS JIOAWHOOPIEHTOBAHOTO APXITEKTYPHOI'O
MIPOEKTYBAHHS, Y SIKOMY PilICHHS IPYHTYIOTHCSI Ha KUIbKICHO MIATBEPKCHUX e(heKTaxX BIUIMBY HPOCTOPY
Ha JTIOaUHY [6].
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AHAJITAYHUN METO/] PO3PAXYHKY HA 3I'MH BAJIOK 3MIHHOI JKOPCTKOCTI
HA HEOJHOPIJHIU ITPYKHIU OCHOBI

Po3pobneno ananimuunuit Memoo po3paxynKy 6a10K 0068invHoT HenepepeHol IMIHHOT HCOPCMKOCI, W0 ORUPAIOMbCA
Ha HeOoOHODIOHY cyuinoHy npyxcHy ochosey Binknepa. Heoonopionicme ocnosu xapaxkmepusyemuvca 3MIHHUM HOZOHHUM
Koegiyicnmom nocmeini, AKUil mModxce A6nAMU coH0l0 OyOb-AKy HenepepeHy ynkuito. Memoo rpynmyemovca HaA MOUHOMY
PO36°A3Ky 6i0noeionoz0 oOugpepenuyianvhozo pienannsa 3i 3minhumu Koeghiyienmamu. B 3amkueniii ¢popmi naeedeno
PO3PAxXyHKO8I hopmynu 0n1a napamempise nanpyrnceno-oehopmosanozo cmany danxu. Hasedeno po3paxynok na 3zun 6emounoi
oanku y 6u2na0i 3pi3ano20 KIuHy, wi0 ONUPAEMbCA HA eKCHOHEHUIANbHO-3MIHHY RPYICHY OCHOBY.

Knrwuoei cnosa: banxa, 3MiHHa JicOpCmKicmy, HEOOHOPIOHA OCHO8a, 2inomesa Binknepa, anarimuunuil Memoo.

Yu. S. Krutii, M. H. Surianinov, A. O. Perperi, V. V. Vakulenko, V. M. Mytynskyi

ANALYTICAL METHOD FOR CALCULATING BENDING OF BEAMS OF VARIABLE
STIFFNESS ON A NON-UNIFORM ELASTIC FOUNDATION

An analytical method for calculating beams of arbitrary continuous variable stiffness supported on a non-uniform
continuous elastic Winkler foundation has been developed. The classical problem of calculating the bending of beams of
constant stiffness supported on a constant elastic Winkler foundation is well studied. However, the assumption of the
homogeneity of the foundation is far from reality and for more qualitative studies it is necessary to take into account the
heterogeneity (variability) of the foundation. In this case, the bed coefficient will be variable along the beam axis, which
significantly complicates the solution of the corresponding differential equation. The problem becomes even more complicated
when not only the bed coefficient, but also the stiffness of the beam is variable. This is the case that this article is devoted to.
The heterogeneity of the foundation is characterized by a variable linear bed coefficient, which can be any continuous function.
The method is based on the exact solution of the corresponding differential equation with variable coefficients. In closed form,
calculation formulas for the parameters of the stress-strain state of the beam are given. The calculation for the bending of a
concrete beam in the form of a truncated wedge resting on an exponentially varying elastic base is given.

Keywords: beam, variable stiffness, inhomogeneous foundation, Winkler hypothesis, analytical method.

IHocTtanoBka mpoodaemu. KoHCTpykilis, mo sBisie coboio Oanky Ha TMPYKHIA OCHOBI, 9acTo
3aCTOCOBYETHCS B IHKEHEPHIN MPAKTHUII, B TOMY YHMCIIi, B IPOMHUCIOBOMY Ta LUBIILHOMY Oy[IiBHHUITBI, B
3aJi3HUYHIN ramysi, rigpoTexHimi, KopabneOynyBaHHI, aepoOKOCMiYHIM TexHimi Ta iHMUX. 3 dYucia
ICHYIOUMX MOJIEICH OCHOBH IIMPOKOTO TOITUPEHHS Habyma Tak 3BaHa Mojaens Binkiepa. Y miit momeni
MpyKHa OCHOBA, HA AKY OMUPAETbCA KOHCTPYKIISA, MPEACTABISIETHCS Yy BUIIALI HAOOpY BEpTHKAJIbHHX,
ONMU3BKO PO3TAIIOBAHMX, HE MOB’S3aHUX MK COOOI0 MpPYKMH. Taky CHUTYyamlilo 3arajJioM MOXXHa OIHCAaTH
€IMHAM TapaMEeTPOM, SKWH Ha3WBalOTh MOJYJIEM IPYKHOCTI OCHOBM YW KoedimieHTom moctemi. Y
HAHOPOCTIIIOMY BHIAAKY, KOJM OCHOBA BBaXKAETHCSA OJHOPIIHOI, KOE(DILIEHT IOCTEN € CTaauM.
Knacuyna 3agaua npo po3paxyHOK Ha 3riH 0aJOK CTajoi JKOPCTKOCTI, 10 OMUPAIOTHCS HA CTaly IPYKHY
ocHoBY BiHkJepa, 3araiiom 100pe BUBYEHA. 3aCTOCYBaHHsI BiATIOBIIHMX PO3B’SA3KiB B iHKEHEPHIHM MpaKTHIIi
HE BHKITUKAE TPYTHOIIIB.

OpHak TPUNYIICHHS PO OJHOPITHICTHP OCHOBM JalieKe BiJl PeambHOCTI 1 Ay OUThIN SKiCHHX
JOCHIDKEHb HEOOXIHO BpaxoBYBaTH HEOAHOPIAHICTH (3MiHHiICTB) ocHOBH [1]. B Takomy Bumaaky
Koe(ILieHT MocTeNi Oyae 3MIHHAM y3I0BX OCI OaJIKH, 110 CYTTEBO YCKJIAJIHIOE PO3B’A3aHHS BiIIOBIIHOTO
ndepeHIiabHOTO PiBHAHHS. TakoMy BUTIAJIKy MPHUCBAYEHi poO0TH aBTOpiB [2-5]. 3agaua crae mie OibII
CKJIaJHOIO, KOJIM HE TUTbKU Koe(iLieHT MOCTeNi, a i )KOPCTKICTh OajKH € 3MiHHOI0. CaMe TakOMY BHUIAJAKY
MIPUCBSIUEHO JaHy MyOTiKarlito.

AHanmi3 ocTtaHHiX AochimkeHb i myoaikamiii. Cepen myOumikailiii, MPUCBSYEHUX 3THHY OaJIKH
3MIHHOi >KOPCTKOCTI Ha MNPYXHiIA OCHOBi, BigsHauuMo pobotu [6-13]. ¥V crarti [6] posrisaaeTses
HaliBaHANITUYHA TPOIEaypa Ui TOMIPHO BEIMKUX MPOTHHIB HECKIHYEHHO! HEOIHOPITHOI CTATHYHOL
0aJKy, IO CIUPAETHCS HAa HEJNIHIMHY MPY)KHY OCHOBY. 3alpONOHOBAaHUI TYT METO[| € (YHKI[IOHAIbHO-
iTepalifHO0 TPOLEIYPO0, HE TINBKH JOCHTH MPOCTOIO, aje ¥ JIETKOK y 3acTOCyBaHHI. Y cTarTi [7]
MPOTIOHYETHCA HOBHH (DYyHKITIOHATBHO-ITEpAIiHIA METO U CTATHYHOTO aHalli3y OaloK SK 3arallbHUi
MiAXiA 10 3MIHHOTO TOTEpPEeyHOro mnepepidy Oanku. HaBenaeHo iUmocTpaTHBHUE NpUKIan AJisl TIEPEBipKH
JIOCTOBIPHOCTI  3alPOTNIOHOBAHOTO METOAy. Y CTarTi [8] MpeacTaBiICHO pO3B'A30K TPAHHUYHOIO
IHTETpabHOTO PIBHSHHS IS HENiHIMHOI 33734l HEOTHOPIMHMWX OanoK, M0 CHHPAIOTHCSA Ha HENiHIHHY
TpHUIIapaMETPUUHY MPYKHY OCHOBY. Killbka 0aliok aHai3yloThCs 3a PI3HUX TPAHUYHUX YMOB Ta PO3IOJIiTIB
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HaBaHTaKCHHA. B paboTi [9] posrisimaeTses 0anka 3MIHHOTO TIepepisy, M0 OIMMUPAETHCS Ha MPYKHY OCHOBY,
IO XapaKTepu3yeThcs ABOMa KoedilieHTamu moctenmi. st po3paxyHKy TYT BUKOPHUCTOBYETHCS METOJ
anpokcuMalii po3B’s3Ky CTemneHeBol (¢yHKUiel. EeKkTHBHICTE MeTOMy MiATBEPHKEHO TECTOBHUMHU
npukiagamMu. Y po6oti [10] posrisimaerbess podoTa 3ami300€TOHHOT Oaliki, IO JISKHTh Ha MPYKHOMY
dbyHaaMenTi, redopMalliiiHi XapaKTePUCTUKH SKOT OMUCYIOTHCS MOJICIUTIO 3 TBOMA KOe(iIliEHTaMHU MOCTENi
Bnacosa-Ilactepnaka. lns po3B’s3anHs AudepeHIiabHOrO PiBHSHHS TYT 3aCTOCOBYETHCS BapiauiiHHUMA
Metoa. Pabora [11] mpucBsdyeHa nocnikeHHIO KonuBaHb Oaiku Einiepa, mo omupaerbes Ha NpPYKHY
ocHoBy. [Ipumyckaerscs, mo Oajika Mae 3MIHHY JKOPCTKICTb Y3IOBXK JIOBXKWHH. TyT BUKOPUCTOBYETHCS
METOJ TOMOTOIIYHUX 30ypeHb, IKHI J03BOJISIE CTBOPUTH B SIKOCTI PO3B’ 3Ky HAONMKEHUH aHATITHUHUN
BUpa3. ABTOPH NMPUXOAATH 10 BUCHOBKY, L0 BKa3aHWH MigXiJ] € MEPCHEKTUBHUM METOAOM AOCIiIKECHHS
KOJINBaHb OAJIOK 3MIHHOT JKOPCTKOCTI Ha MPYKHi OoCHOBI. Y cTarTi [12] mochimkeHo 3ruHABHAN CTaH
3aJ11300€TOHHOT OaNKK 31 3MIHHOIO BUCOTOIO MOTIEPEYHOT0 TIepepisy 1O JOBXKHHI, 110 CIUPAETHCS MO BCiH
JOBXHHI Ha LEMSHY OCHOBY. JKOpCTKicTh Takoi OajKy € HemepepBHOIO 3MiHHOIO (yHKLi€ro. banka
3HAXOJUTHCS TiJ BIUTMBOM JOBUIBHO PO3TAIIOBAHUX 30CEPE/DKEHUX CWII. BuXifHE pIBHSIHHS 3TUHY
PO3B’SI3y€ThCSI METOJIOM CKIHYCHHHUX pi3HMIb. B myOumikamii [13] B sSIKOCTI METOMY AOCHIIKCHHS TaKOX
BUOpPaHO METOJ CKiHYEHHUX pi3HHIb. TyT HaBOAATHCS NMPAKTUYHI HPHUKIAIN PO3pPaxyHKy Uil Oajiok
3MiHHOT )KOPCTKOCTI.

[lomo myOmikarriii, IPUCBAYCHUX PO3PAXYHKY OAJIOK CTAJIOT )KOPCTKOCTI Ha 3MIHHIHM NPY>KHIl OCHOBI,
TO 1X JETaNbHUI OIS HalaHo B poOoTax aBTOpiB [2-5]. B mux myOmikarisx po3poOiaeHo BigmoBiIHUI
aHATITHYHUN METOJ Ta PO3IIITHYTO MPHUKJIAIN HOTO 3aCTOCYBaHHS. 30KpeMa, HaBeICHO PO3PaxyHKH, KOJIH
3MIHHUH KOe(illieHT TMOCTeNi, SKHH XapaKTepU3ye€ HEOTHOPITHICTh OCHOBH, 33/1a€ThCS CTEIICHEBUM,
napaboJIiYHUM Ta €KCTIOHCHINIAJIbHUM 3aKOHAMU.

Sk mokasye aHami3 myOuiKamii, po3po0Kka HOBOTO aHATITHIHOTO METOAY PO3PaxXyHKY Ha 3THH OaIOK
3MIHHOT )KOPCTKOCTI, 1[0 OMUPAIOTHCS Ha HEOAHOPIIHY MPYKHY OCHOBY, € aKTyaJIbHOIO.

IMocTtanoBKka 3aBaaHb. MeTo0 pobOTH € po3po0Ka aHATITHYHOTO METOJY PO3PAaxXyHKy Oallku Ha
MPYXHIN OCHOBI, KON 3THHAIIFHA JKOPCTKICTh Ta KOE(IIli€HT MOCTENi MPY>KHOI OCHOBHU SIBISIOTH COOOIO
Oyab-AKi HeriepepBHi (yHKIIII.

Buknanennst ocHoBHOTro MaTepiaay. O0’€KTOM JOCTiIKEeHHs € Oalika 3 JOBUIBHOIO HENEpEPBHOIO
3MIHHOO 3rHHAIBHOIO KopcTKicTIo E(X)1(X), 110 onmpaeThest Ha CyLinbHy HEOHOPIAHY IIPYXXHY OCHOBY,

nist sikoi npuiiHATO rinoresy Binknepa. Ha puc. 1 mpencraBieHO po3paxyHKOBY CXeMy Oanku, e
g(X) — 3amaHe po3mOJiNeHE 3MiIHHE IMONEPEeYHE HaBaHTAXEHHS, Y(X) — mporuH (mpocajka
OCHOBH), ¢@(X) — KyT moBopoTy. Ha puc. 2 mokaszaHi BHYTpILIHI 3yCWJUIS, SIKI BUHHUKAIOTh Yy
MOTIEpEYHHX Tepepizax Oalku, a came, SruHabHUN MOMEHT M (X) 1 momepeuna cuina Q(X) .

g(x)
Mix) 4E)
.
--------------- —_— - Mixy+dM(x)
oy |
= N, A
é\ B )
3 ) dh h OO x)
X
i
Puc. 1. Calculation diagram of the beam Puc. 2. Internal forces

HanpysxeHo-nedopMoBanuil cTaH Oanku XapakTepusyeTbes mnepemimennsMu Y(X), @(X) Ta
sycumisiva M (X), Q(X) . B nopanbiiomMy 6yneMo Ha3WBaTH iX MapaMeTpaMu CTaHy OaJKu.

Jlns srunanbHOi skopetkocTi mpuitvaemo popmy sammcy: E(X)1(X) = E 1 A(X), e Eyl, -
JKOPCTKICTh B TIEBHil XapakTepHiii Touni Oanku (Hanpuknam, B touri X=0), A(X) — Ge3posmipua
HerlepepBHa (QVHKINIS, MO0 BHUpakae 3aKOH 3MIiHHM JKOPCTKOCTI Y3MOBX ITOBXKHHH Oanku. AHAIOTidHE
TOJIAHHA 3aIUIIEMO TAKOX JJIs1 HABAHTAXKCHHS: q(x) = qOC(x) , 1¢ (, — IHTEHCUBHICTh HABAHTAXCHHS B

© 1O. C. Kpymiu, M. I'. Cyp'saninos, A. O. Ilepnepi, B. B. Baxynenxo, B. M. Mimincokuii

219



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

nesikiii xapakrepHiit Touri 6anku; C(X) — Ge3po3mipHa HerepepBHa (QYHKILisL, KA BU3HAYAE 3aKOH 3MiHU
IHTEHCHBHOCTI HaBaHT)XCHHS BiJl KOOpAUHATH X .

ITpu po3paxyHKax Oaiok, [0 ONHPAIOTHCS HA MPYKHY OCHOBY, ONEPYIOTh TAKUMH HOHATTSIMH, SIK
norouuuii koedinient moctermi K(X) Ta koedilieHT mocTeNi MpyKHOI OCHOBU k*(X) , SIKi XapaKTepPU3yIOTh
i1 )KOpcTKicTh. BkazaHi kKoedillieHTH, SKi B 3aTalbHOMY BHUIAAKY BBXAEMO 3MIHHHMH, ITOB’S3aHI MiX
co6oto crieinnomennsm K(X) =0b(X)k™(X) , ze b(X) — mupnna Ganxu B Touwi X.

V BiAmoBigHOCTI 3 Tinote30r0 Binkiepa, peakitist ocHoBH Ha Oanky R(X) B moBimbHii Touri X
npornopiiiiina mporuny  Y(X) 3 koedimierrom  mpomopuiiitnocti  K(X), k(X) >0, T06TO
R(X) =—k(X)y(x). 3nHak MiHyc TyT O3Haudae, IO PEAKI[is MPOTUIICKHA HAMPSIMKY MPOCAIKH OCHOBH.

Hanani O6ymemo BBaxkati K(X) MOBLIBHOIO HEmepepBHOIW (GYHKIIEH, Ui SIKOT MPUIMAEMO MOIaHHS:
k(x) =k,B(X), ne K, — 3nauenns norounoro xoediienty nocreni y nesikiii xapakTepHiii Touli Ganku

(manpuxnan, B touni X=0); B(X) — Ge3posmipHa HenepepBHa (GyHKILs, 0 BHPAKAE 3aKOH 3MiHH

TTOTOHHOTO KOS(III€HTY IMOCTENI Y3I0BXK JOBKUHA OAJIKH.
HudepenuiansHe piBHSIHHS 3ruHy O0anku [ 14] y HamoMy Bunagky HaOyBae BUTIISILY

n "
Eolo (A(X) Y (X)) + K, B(x) y(X) = 4,C(X) . )
I[Ticis 3HAaXO/PKEHHS 3 WBOTO piBHSHHA (yHKHii mporuHiB Y(X), pemita mapaMerpiB CTaHy
3HAWYTHCSA 32 JIOMIOMOT OO0 Tu(epeHIIATbHUX 3aJIeKHOCTEH, BIIOMUX 3 TEOPil 3riHy OaJoK:

9(x) = y'(x); M(x) ==Egl,A(x)y"(x); Q(X) = —E,lo(A(X)y"(x))". @

Piusiuus (1) HanexuTh [0 Kiacy 3BHYAWHHX JAW(EpCHLIaNbHUX PIBHAHb 31 3MIHHUMH
koedirmieHTamMu. 3HAXOKEHHS 3arajbHUX 1HTETPANIB JUIA TaKUX PIBHIHBb € CKJIQJHOI0 MATEeMATHYHOIO
npobiiemMoro. Sk 3a3HavaeThcst B MoHOTpadii [14, c. 203], orpumaty po3B’si30Kk piBHsAHHSA (1) B 3aMKHYTIH
(hopMi BIa€ThCS TITIBKU B JCSIKUX OKpEMUX BuTaikax. Harma Meta — BUnucaT TOYHUN pO3B’ 30K PiBHSIHHS
(1) mtst TOBIMBHYX HETIEPEPBHUX (BYHKIIIH dKOPCTKOCTI, HOTOHHOTO KOE(ILi€HTY ITIOCTEi T HABAHTAXKEHHS.

Tounuit po3eé’a30k oughepenyianbHo2o PieHARNA 32UHY MA (OPpMYIU naApamempie CmaHy danku

Jlnst po3B’si3aHHs piBHAHHA (1) 3acTOCYEMO METO IPSIMOTO iHTEIPYBaHHS, SKUH OYyJI0 pO3BUHYTO Y
Hu3i pobit [15-18].

Oxpim piBasaHEA (1), TaKOX PO3IIAOATHMEMO DPIBHOCHIBHY HOMY CHCTEMY IU(EpEHIiaTbHUX
piBHsAHB. B sKOCTI BEKTOpPY HEBiIOMHX CHCTEMH NPHUMMEMO BEKTOpP, KOMIIOHEHTaMHU SKOTro OyayTb
BUCTYIIATH TIAPAMETPHU CTaHy OaIKU

y(x) y(x)
o(X) y'(x)
(D(X) = = " (3)
MO || ~EslAM)Y ()
Q(x) ) \=Eolo(A)Y"(x))
B Taxomy pasi, Baacmigox (1), (2), cucreMa 3anMIeThes y BUIIISAII
dd(x
Y _ o) - 1), @
ne
0 1 0 0 0
0 0 -L/(E|I,A 0 0
O - YELAND 0|
0 0 0 1 0
k,B(x) O 0 0 q,C(x)
B mnopanemomy, okpiM HeogHopimHoro piBHsSHHS (1), Oymemo omepyBaTé BiIIOBIIHUM HOMY
OJHOPITHUM PiBHAHHSIM
Eq 1o (A(X)Y" (X)) +k,B(X)y(x) =0, ()
a TaKO’K PiBHOCHJIFHOIO HOMY OJTHOPITHOIO CUCTEMOIO TU(epeHITiaTbHUX PIBHIHDb
dd(x
d0(x) =H(X)D(x). (6)
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Mosnaunmo uepes X,(X) (1=12,3,4) wykani Ge3posmipui dyHmaMeHTANbHI PO3B’A3KHU

omHopigHoro piBusHHA (D), a yepes
. gl
X (x)=
(x) =

0°0

X (x) (7

yacTHHHUI PO3B’ 130K HeoHOpiaHoro piBHsHus (1), ne X, (x) — neBinoma 6e3posmipna dyHkiist. OyHKi
X,(X) (n=1,2,3,4,5) Gynemo urykatu y BUrisi psiis no crenensm Gezposmiproro mapamerpy —K 3
HEB1JIOMUMH 3MiHHUMH KOedilli€eHTaMu

Xa(¥) = B0 () = KB, () + KB, ,(x) =K*B, ,(x) +... (1=12,3,4,5), (8)

e K=kl / (Eoly). 3rimso 3 tepminonoriero, sxa npuiimsra B [19], dymxuii /3, ((X)
HasuBatHMeMo mouatkosumu, a B, (X) (k=1,2,3,...) — tBipHnMHE.

[Toku mpumyckaemo, mo psau (8), a TakoX aHAIOTIYHI PSAM, CTBOPEHI 13 MEPIIMX YOTHPHOX
noximuux dymxuiii B ,(X), B, (X) (k=12,3,...), pisHomipHo 306iratothca. B Takomy pasi Gyne
MOKJIMBOIO onepauis An(epeHIiIOBaHHS PSAIB.

TouaTkoBi Ta TBipHi QyHKI{i Gyaemo urykaty i3 ymoB, mo 3a pusnasennsm X, (X) (N=1,2,3,4)

TIOBHHHI 3a710BOJIHATH ofHOpinHe piBnauus (5), a X (X) — neoxnopinue pisnsuus (1). 3axaroun Ha (7)
, 3a3HAYCHI YMOBH Y BUTJISIII PIBHOCTEH 3aIIMIIYTHCS TaK:

(ACOX; ()" + 1 BOOX, (0 =0 (n=12.3.4); ©)
(ACOXZ 00" +7¢ BOOX () =3C0). (10)

Mincrasnstoun B (9), (10) zamicts X, (X) (n =1,2,3,4,5) ix 3nauenns (8), micis mepeTBOPEHS,

OTPUMAEMO:

(A() £, o(X))”+Z( K)* ((A(X) k(X))”——B(X)ﬂn k_l(X)j 0(n=1234);

(M@ﬂumw—ﬁqm+zckr@Mmﬁuwr— B0/, =0.

3Bijficu, NPUPIBHIOKYM 10 Hyjs BCi koedilieHTn mpu crenensx napamerpa —K, Bkmouno 3
HYJIbOBHM CTEIICHEM, NMPUXOAMUMO 110 HACTYMHUX IHU(epeHIiaTbHUX PIBHIHL BITHOCHO ITOYATKOBHX Ta
TBIpHUX (DyHKIIIMH:

(A(X)B:(x))" =0 (n=1,2,3,4); (11)
(A(X)ﬂs','o(X))” = |—4C(X) ; (12)
(A(X)p: k(x))”— B(X)B, () (n=1,2,3,4,5)(k=123,..), (13)
JIOMy4HMO 10 JAHHX PiBHSHB TAKi rpaanHi YMOBH:
Bo(0)  f3,,(0) s,0(0) B..0(0) 1 0 0 0

B5(0)  5;,(0) Bs0(0) Pio©@ | |0 21 0 0| (14)
00 B0 A0S0  A0BLO) | |0 0o 1P 0 |
50) B0 (A0)B,0) (A0B,L©)) o 0o 0 4P
Ps0(0) = B5,5(0) = A0) 5 (0) = (A(0) 5, (0)) = (15)

B, () = B, (0) = A(0) 5, (0) = (A(0) 3, (0)) =0 (n=1,2,34 5)(k 123.). (16
B migcymky, micas inrerpyBanus piBHaHB (11)-(13) 3 ypaxyBaHHSM 3amaHMX TPaHUYHHX YMOB,
MaTHMEMO HACTYIIHY CYKYIHICTh (GOpMYIT:
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ﬂn,o(x){lj“ (n=12); a

B0 (X) =Ii2 ! ! ﬁ(ﬂ dxdx (n=3,4): (18)
By (X) = H!ﬁ ! j C (x)dxcxdxdx : (19)

ﬁ%ﬁa(x)ﬂnk () dxdxdxdx (1=1,2,3,4,5)(k=12,3,..). (20)

.lsll—‘

ﬂ n,k (X
OKpiM peKypeHTHOI (I)OpMI/I (20) TBlle (byHKLIll MOJXHa I10gaTu TaKOX B aHaJ'IlTI/I‘{HOMy BI/IFJ'ISIZ[I

,Bnk()—IAk”A()H (x)... ”A()J"([B(x)[)’no(x)dxdxdxdx .dxdx (n=1,2,3,4,5). (21)

0

IIpaBa yacTHHA OCTaHHKOI (popMynH MicTuth Bchoro 4K iHterpamis, 6e3 ypaxyBaHHs iHTerpanis,
yepes sKi BupakeHi mouatkosi Gpyukirii (18) ta (19).

TakuM 4MHOM, 32 JONOMOror peKypeHTHoi Gopmynu (20), s KOKHOI 3 MOYaTKOBHX (YHKITiH
(17)-(19) 3maxomsarecs Bimmoimui TBipHI ¢yHKIi. OueBMaHo, mis Takux (yHkIii pisHocti (9), (10)
3aJI0BOJILHSIFOTHCST TOTOXKHO.

Tenep, xomu mouaTkoBi Ta TBipHi Oymkuii A o(X), B, (X) (1=12,34,5)(k=123,..)

BH3HAYEHI, He0OXimHO HoBecTH, 1m0 psau (8) 3b6irarorbes. HaBememo moka3 301KHOCTI, HAIPUKIA, IS
HEepIIUX IBOX PSIB, sKi BU3HaueHi popmyinamiu (8). [lozHauusim

h=max ——, g =maxB(X),
xe[0,1] A( ) ><e[0l]

Ta BUKOPHCTOBYIOUH (hopmyiy (20), oTpuMaeMo HACTYITHI OIIHKH [T TBIpHUX (PYHKITi#:

Bk (X) s%(ﬂ _ (n=12)(k=12,3,..).

3a TOMTOMOr0I0 TAHHUX OIIHOK, OyIeMO MaTH

& (hgK Y& (hgK
00 < ZK Fric(X) = [ j z(n(+?1k)1)'(x) <2 n+?1k)1)l (n=12).

3BiICH 3HAXOIUMO:

|X,(X)| si (Tgl':))l :%(cos 4/hgK +ch ¢/hgK);

|x2(x)|sg((23fi)! 24h (sin 4/ngK +sh ¢/ngK)

Sk BHUIHO, B pOJ'Ii MaXOpaHT TYT BUCTYNAKOTb KOHCTAHTH, SIKI BUPAXKAKOTHCA YCPC3 3HAUCHHIA

TPUTOHOMETPUYHHUX Ta rinepOomiunux GyHKmii. TuM camum qoBeneHo, mo psaau (8) mms 3navens N = 12

30iratoThCs aOCONIIOTHO 1 pIBHOMIpHO. AHAJIOT1YHO JOBOJAUTHCS 301KHICTh sl PELITH PALIIB.
Takum uymHOM, Qopmynamu (7), (8), (17)-(21) mnoBHicTIO BH3HAYEHI YOTHUPH PO3B’S3KU

X, (X) (N1=1,2,3,4) onmuopianoro pimsiums (5) Ta uactummmi poss’smsox X (X) HeomHOpiAHOTO
piBasiaHS (1).
Kosxen 3 po3s’sskis X, (X) (N=1,2,3,4) nopomwkye no popmyni (3) Bekrop
X, (X)
Xy (X)
—Eolo A(X) X[ (X)
—(EoloA(X) X" (X))’

@, (X) = (n=12,3,4)
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PO3B’A30K OmHOpiAHOI cHcTeMu gUdepeHIianbHuX piBHAHL (6), B YOMy JIErKO IE€PEKOHATHUCH
MiJICTAaHOBKOIO. T0/1i MaTpuIls
X, (x) X,(X) X4(x) X, (x)

X{(x) X5 (X) X3(x) X4(X)
Q(x) = . (22)
—E, 1, A(X) X/(x) —E 1, A(X) X, (x) —E 1, A(X) X,'(x) —E 1, A(X) X,'(x)
Bl (A X' (X)) —Eolo (A X (X)) —Eglo (AX) X;'(X))" —Eolo (AX) X (X))’

sIka YTBOpEHaA 3 JaHMX BEKTOPIB TaKOXK 3aJ0BOJILHSATHME OMHOPiAHIN cucTeMi (6). Ilpu mpomy, 3
ypaxysanuam (14)-(16), sHaxoamumo

1 0 o0 0 2
o U 0 0 E,|
ao)=|0 Y e o ()| = (Eolo)” °|6°) £0.

0 0 0 —E,I,/1°

Orxe, Matpus (22) € bynaamenTaisHoo Matpuieio [20] cuctemn (6), a X, (X) (N1=12,3,4) -
(dbyHIaMeHTaIbHI PO3B’sI3KK OqHOPigHOTO piBHSAHHS (5).

[MomuoxwuBIIH TpaBopyd (Q(X) Ha cTaxy MaTpPHIO o (0) orpumaemo HOBY (yHHAMEHTaTBHY

matpumio A(X) = Q(X)Q_l (0), sixa B Touni X =0 nopiBHIOBaTHME OXMHIYHIN MaTpHITi

1000
A(0)=8(1)(1)8- (23)
000 1

Sk Bimomo [20], ¢yHIaMeHTalpHa MaTpHI, SKa 33J0BONIbHSE yMOBI (23), BH3HAYAETHCS
OJTHO3HAYHO 1 Ha3MBAETHCSI MATPHLIAHTOM. 3arajbHHUN PO3B’ 30K OAHOPINHOI cucTeMu (6) 3a JOIOMOro0
MaTpuIaHTa 3anumerses y Burisigi d(X) = A(X)D(0) .

CdhopmyBaBIIIHM 3a TOTIOMOTO0 YaCTHHHOTO po3B’si3Ky (7) BEKTOp

X5(x)
O (x) = Gl * Xg(X)
Eolo _EOIOA(X)Xsn(X)
—Eoly (AX) X" (X))
OTPUMA€EMO YAaCTUHHUI pO3B’S30K HEOJHOpiAHOI cuctemu (4), B UYOMYy MOXKHA MEPEKOHATHUCH
migcraHoBKoro. Bpaxosyroun (15), (16), s maHoro BEKTOPY TaKOK 3HAXOIAMO

0
. 0
@' (0)=| g |

0

Otxe, 3arajJbHUI PO3B’ 30K HEOAHOPITHOI cUcTeMU OudepeHIialbHUX PiBHSHD (4) 3amuiueTbest
HACTYITHUM YHHOM

D(x) = A(X)P(0)+D (X). (24)

[ToctaBuMo co0i 3a MeTy BHpa3uUTH MiACYMKOBI (OpMyNH AJs MapaMmeTpiB cTaHy Oajku udepes

6e3po3mipHi GyaKmii. Takuil miaXix JacTh MOXKIABICTH B MOAAIBIIOMY TPH YHUCENBHUX PO3PaXyHKAX

onepyBaTu 6€3pO3MipHIMHU BETHYUHAMHU.
Amnanizyroun popmynu (17)-(21), na migcrasi pesynabraTiB podotu [19], 3akimodaemo, 10 MoYaTKoBi

ta TBipHi dpynkuii B, ,(X), B, (X) (1=12,3,4,5)(k=12,3,...) e Ge3posmipuumu. Sk HaCTiTOK, PyHKIIT
X,(X) (n=1,2,3,4,5) rakox Oyaytb Ge3po3MipHUMH.
[Mepen TiM, sik 3anucatu hopmyiy (24) y po3ropHyTOMY BUTJISII, BBEIEMO JI0 PO3IJISY HACTYIHI
GyHKIT:
X (%) =IX!(x): X, (x) = PAR) X (x):; X, (x) = P(A) X" (X)) (1=12,3,4,5). (25)
besnocepenuno 3 (8) Ta (25) BuruuBae, mo aaxi GpyHKIIT BUSHAYaTUMYThCS TAKUMH PSAAMHU:
Xn(x) = ﬂn,o(x) - Kﬂn,l(x) + Kzﬂn,z(x) - K3an,3(X) +.. (n :11 213’ 4l5) ; (26)
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)’(\ (X) = Bn,o(x) - KBn,l(X) + Kzﬁn,Z(X) - Ksﬁn,s(x) +.. (n :1’ 2131 4! 5) ; (27)
X, (0 = 000 —KB, 00+ KB, ,(0-K*B 4 (0 +.. (1=12,345),  (28)
Iie
ﬁn,o(x) = Iﬂr:,o(x)’ zgn,o(x) = IZA(X)IB o(X) ﬂn o(X) =I° (A(X)IB o(X)) (29)
Boi () =18, (X), B () =1PAX) B (X), B, () =1*(AX) By, (X)) (k=1,23...). (30)

®ynkuii (29) TyT BUCTYNAIOTh B pOJIi MOYaTKOBHX, a GpyHKuii (30) — B posti TBIpHHUX /151 BiANOBIAHUX
psniB (26)-(28).

Ha Bigminy Bin noxizaux ¢ymxuiii X, (X) (N1=1,2,3,4,5), ynkuii (25) 6yxyts 6e3po3mipauMu
[19]. Hamani X, (x), X, (X), )2n (x) (n=1,2,3,4,5) 6ynemo Ha3uBaTH 0€3p03MipHIMH HOXiAHUMH.

3anucyoun Terep MaTpuyHy piBHICTH (24) y pO3ropHyTOMYy BHUIJISIII Ta BpaxoByroun (25),
MaTUMEMO HaCTYIHI (GOpPMYIIH AJIs HapaMeTPiB CTaHy 6am<1/1'

y(x>=y<o>><l<x)+(p(0)lx2<x)—M(0)EI = BLX,00: @D
qo(x)=y(O)%&(x)w(O)iz(x)—M(0)E' X:(0-Q0) = x4(x>+%>€5(x); (32)

M () = —y(0) E°2'° X,(x) - p(0) E°'° X, (%) + M (0)X, () + QUO)IX, (%) — ol Xs (x): (33)

Q(X)——Y(O) 2 X, (x) - (0 ° o % (X)+|V|(0) X, () +Q(0)X, ()~ Gl X5(x).  (34)

Otxe, MOXXEMO KOHCTaTyBaTI/I, IO JUTS JOBLIBHHUX HenepepBHHx (GYHKIIH 3THHAIBHOT )KOPCTKOCTI,
HaBaHTAXXCHHsI Ta TIOTOHHOTO KOS(II[iEHTY MOCTENi OTPUMaHO (popMyIIH [UIs mapaMeTpiB ctany Oanku (31)
-(34). Onnak oburcaeHHs 3a IMMH (HOPMYIIaMU OYIyTh MOKJIMBI TiIBKH ITICIIS BU3HAYEHHS HEBIIOMHUX

[IOYaTKOBUX IapaMeTpiB Y(O), (0(0), M (0), Q(O) VY KOXHOMY KOHKPETHOMY BMIAIKy Ili HEB1JIOMI
BU3HAYAIOTHCS 3 YMOB 3aKPIMJICHHS KiHIIB OajKu.

Ilooannsn nouamkosux ma meipHux QYHKYii cmeneHesUMU paoamu

Caia 3a3Ha4YMTH, 110 [IPHU YMUCENBHIN peaizamii GopMys1 i mapaMeTpiB CTaHy OaJIkk Ha MPaKTHUIL
MOXXYTh BUHHMKATH TPYIHOI, MOB’s3aHi 3 HEOOXIHICTIO 00YMCIeHHs iHTerpanbHux Bupasis (18)-(21),
SIKHMHW BU3HAYAIOTHCS TTOYATKOBI Ta TBipHI (hyHKIIIT. OTpUMAaTH B IBHOMY BHIJISLII (POPMYIIH TS BKA3aHHUX
(yHKIIM TTOPIBHSIHO MPOCTO MOXKHA TUIBKM B NIEAKHX OKpPEeMHX BHUIankax. HartomicTe y mepeBakHii
Oinpmrocti BUNakiB oduucnenHs iHrerpamis (18)-(21) Oyae siBnsTH cOOOIO JOCHTH CKIIaTHE 3aBIaHHS,
HaBiThb KOJIM BOHU BHPaXKarOThCs depe3 eneMeHTapHi QyHKuii. OkpiM TOro, sK BiJOMO, iHTErpaiu Bix
nesiknx (QYHKIIN B3araliii MOXKyTh HE BUPaKaTHCh depe3 elleMeHTapHi (yHkiii. Cka3aHe MOXe CIyryBaTH
MEPENOHOI0 Ha LUISXY IIUPOKOTO 3aCTOCYBaHHS OTpUMaHKUX (OPMYI B iHxkeHepHiH npakTuui. Tomy mocrae
aKTyaJbHEe MUTAHHS 100 NOJaHHS MOYaTKOBUX Ta TBIpHUX (YHKUIN y BUTIAAI hopMyd, OLIbLI 3pydHUX
JUTSL TPaKTHUYHOT peatizarii.

Sk BiOMO, OJIMH 3 KJIACHYHUX METOJIB 1HTETpyBaHHS TPYHTYEThCS HAa 3aMiHI MiAiHTETpatbHOL
¢GyHKIIT BiANOBIAHUM Tif psimoM MakiopeHa. Y HamioMy BUMAAKY TaKUW MiAXif TO3BOJIE OOYHCIUTH
interpanu (18)-(21) B aHaTI THYHOMY BUTJISII.

Binrak, 6ynemo BBaxartH, mo 6e3posmipri ¢ynkmii f(x) =1/A(x), B(X) ta C(X) momani y
BHTJISIII CTETICHEBUX PSIIB:

f(x):A)+Ai( )+A2( )+...+Aj(lljj+...; (35)

B(x)=B +B(IJ+B (Ijz+...+8j(lljj+...; (36)

C(x)=C,+C (I)+C (Ij2+...+Cj(|5jj+.... (37)

V 3arajbHOMY BHITKy 0€3p03MipHI KOShIIlIEHTH JaHUX PAAIB BU3HAYAIOTHCS 3a HOpMyIaMu
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1 |] f(i)(o) B B |jB(j)(O)
A, = A0 A0)#0, A = — B, =B(0), B, =——7,
ic (38)
Co=c(0), €, =¥ (j=123..),

ne ingekc () o3Hauae mopsaoK moximHOI. OpHAK, IS BH3HAYCHHS BKa3aHUX KOC(IIiEHTIB
3py4Hillle KOPUCTYBATHCh He 3aranbHuUMHU Gopmynamu (38), a BUXOISUH 3 BimoMux psaiB MakiopeHa s
TUX YM IHIOUX eleMeHTapHuX (yHkuid. Takoxk ciim 3ayBaKUTH, IO B Cy4acHUX MyOJiKaLisiX 4acTo
posrispatoTees Bunaaky, komu Gyskmii f (X), B(X), C(X) Bix camoro movatky 3agaHi noniHomamu. B

Takux BUnaakax psau (35)-(37) BUPOIKYIOThCS 10 CKIHUCHHHX CyM 3 BiJOMUMH KOe(]illi€eHTaMu.
Bpaxosytoun noganns (35), (37), mouarkosi ¢yukitii (18) Ta (19) micims iHTerpyBaHHS 3aIMITYTHCS

Y BUTJISAII TAKUX CTEIICHEBUX PSIIB:

(X)nl y A ( ) n=34); 39
Pro =] Z(nﬂ_z)(nﬂ 1) ¢ (39)

Aol (Iﬁji(wzxm)(x)] 4o

ne
i A _.C
e = Z# (41)
i (1+1)(i+2)
Besnocepenuro 3 popmymu (20) ado (21), 3 ypaxysannsam (17), (39), (40), 3axmodaeMo, 110 TBipHi

dyuxuii S, (X) (1=1,2,3,4,5)(k =1,2,3,...) Takox OyayTs ABIATH CO60I0 CTeneHeBi psitu. ITpu mpomy

CTEMiHb NEPLIOTO J0AaHKY (TOOTO HaliMEHIIMI CTEMiHb) y BKa3aHUX psagax Oye nopisaioatu N+ 4K —1

Otxe, TBipHI QYHKLIT MOXKHA TTOAATH Y BUTIISIAL
n+4k-1 o
X
ﬂn,k(x)z(,—) §Lcnk,[ ) (1=12345)(k=123.), (42

ae C,, ; — KoedilieHTH, IO MiISralTh BUSHAYCHHIO. B TakoMmy pasi

ﬂn,k_l(x)z(li)wSicnk“( j (n=1,2,3,4,5)(k=1,2,3,..). (43)

Tomi mis no6yTky psaxis (36) ta (43), MaTuMeMO

B 1 (%) =(|5]Mk S A2 jj (a4)

j=0
e

i
hn,k—l,j = Z Bj—s Cokas - (45)
Iincrasumo B (20) samicts S, , (X), B(X) B, (1 (X), f(x)=1/A(x) ix 3uauenns (42), (44), (35),

MICJIs YOr0 BUKOHAEMO OIlepalil iIHTerpyBaHHs Ta MHOXKEHHS psAiB. B miacyMky npuiiieMo 10 piBHOCTI

dn,k—l,j X ! _ _
ch“(j Z(n+4k+j—2)(n+4k+j—1)(l_) (n=1,2,3,4,5)(k=1,2,3,..),

ac

A_h,
dn o= _ j—i " nk-1i i )
k1] g(n+4k+|—4)(n+4k+|—3)

(46)
3BiacH 3HaXO0IUMO

dyis j

L= — - =1,2,3,4,5)(k=12,3,..)(j=012,..).
i ks o)Ak j-D) " ) )U )
BpaxoBytouu Tyt (45) Ta (46), ocTaTO4HO MaTUMEMO (OPMYITY
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1 j Aj—i Z Bi—s Cn,k—l,s
Copi = . . Z 520 .
“I T (n+4k+ j-2)(n+4k+ j-1) & (n+4k+i-4)(n+4k +i-3)

(47)

(n=1,2,3,45)(k=123.)(j=012,..).
Otpumana gopmyia (47) € peKypeHTHOI 3a iHaekcoM K, ToGTO KOXHi HAaCTYIHI 3HAYEHHS Cok.j
TYyT OOYHCIIOIOTBCS Uepe3 momepenHi. JJisi MOBHOI BH3HAYEHOCTI Taky (OpPMyIy CIiJ JOIIOBHUTH

(n=12,345)(j=012,..).

Baxaroun K =1 B Gpopmyi (43), matumemo

ﬂn,o(X)=(|ﬁ)nl y G)J (1=1,2,3,4,5).

2 Cno
j=0

3icraBnsroun AaHy Qopmyny ais pisHuX 3HaueHb N moyeproBo 3 ¢popmyinamu (17), (39), (40),

3HaXOJIMMO:

IMIOYaTKOBUMH 3HAYCHHAMHU C, j

Cooo=1L Cpp;=0 (n=12)(j=123,..); (48)
_ A _ . .
Cooj = -2 D (n=3,4)(j=0,1,2,...); (49)
h .
o =3y ray =002 (50)

TakuMm 4MHOM, peKypeHTHOIO (opmynoro (47), 3 ypaxyBaHHSAM IOYaTKOBHX 3HaueHb (48)-(50),
MTOBHICTIO BU3HaYeHi KoeirieHT psamiB (42), TOMy Hamajli MOKEMO BBAXKATH iX BiJOMHUMH.

Buxonsuu 3 popmyn (17)-(20), (29), (30) Ta ckopucrasmmcs piBHocTsimu (36), (37), (39), (40), (42)
, 3alUIIeMO B SBHOMY BHUIJISIII TOJAHHS JUId PEIUTH TOYAaTKOBUX Ta TBIPHUX (QYHKIIH

Bro), Boo(¥), B o), B (X, Boc(¥), Bric(¥) (01=1,2,3,4,5)(k=1,2,3...).

Omnyckaroun HeCKJIaH1 BUKJIAJKH, HABEJEMO HW)KUYE TUIBKH TOTOBI pe3yIbTaTH.
V 3BeneHiil Taba. 1 mpeacTaBieHi GopMyH U BCiX TOYATKOBUX (QYHKIIIH.

Tabn. 1
TMouatkosi hynkiii
n=12 n=34 n=>5
Fro®) G) (TX)MZ(M j—2?én+ 1_1)_@1 ?)4:20(,43;&,44)(.5)1
ol | () St | e
Fral) |0 G) Tx)zg<j+1)c(jj+2)(ll)1
o) | o (HE7all)

Iloxo TBipHUX (DyHKIIIH

M psiAM 3aNUITYTHCS Y BUTIISIAL:

But0=()

3

| V.(_)j (n1=12,3,4,5)(k=123..):

N (_)j (n=1,2,3,4,5)(k=123..):

(0, B (0, B (¥) (1=1,2,3,4,5)(k=1,2,3,...), To sizmoimi

(51)

(52)

© 1O. C. Kpymiu, M. I'. Cyp'saninos, A. O. Ilepnepi, B. B. Baxynenxo, B. M. Mimincokuii

226



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

B, (X) = (IEJMH ,Zi;é”'k' j (Iljj (1=12,3,4,5)(k=123,..), (53)

e
En,k,' nk ](n+4k+] 1) (54)
_ 1 |
i = (3 A+ K ]9 ;Bj_s Crics: (59)
én,k,' Coy.j(n+4k+j=3). (56)

TyT iHgeKCH NpUMarOTh Taki 3HaYeHHs: N =12,3,4,5 X k =123,.. ; 1=0,12,....
B migcyMmKy Bci TO9aTKOBI Ta TBipHI (DYHKINIT TTIOJaH1 CTETICHEBUMH PSITaMH.

Po3paxyukoei ghopmynu ona pynoamenmanvnux ynkuiii ma ix 6e3po3mMipHux noxioHux
UucenpHUI po3paxyHOK (haKTUIHO 3BOJIUTHCS /IO OOUYHMCICHHS 3HAYCHD ()yHIaMEHTATbHUX (YHKITIH

X, (x) (n=1,2,3,4),  dynxuii Xs(X), a  Takox  ix  0e3pO3MipHMX  MOXigHMX

)Zn(x),)zn(x),)zn(x) (n=1,2,3,4,5). Tomy pmouinbHO BHUMHCATH JUIA HHUX KIHIEBI PO3PaXyHKOBI

(bOpMyJIH, CKOPHCTABIINCH 3HAHJICHUMH BHIIE MOJAAHHIMHU MOYATKOBHX Ta TBIPHUX (YHKIH y BHIIISII
CTETICHEBHX PS/IiB.
IMigcrasnsroun y popmyian (8) 3aMicTh MOYaTKOBUX Ta TBIpHUX GYHKIIH iX 3HaueHHs (17), (39), (40)

, (42), mus pynnamentanshnx ¢yukuin X, (X) (N1=1,2,3,4) Ta dynkuii X, (X) onepxumo moganus y

BHTJISIAI TAKUX CTETICHEBUX PSIiB:

X (X)= ( j ZZ( K)“c, ( )M (n=1,2,3,4,5).

k=0 j=0
KoeoimienTn naHux psiB MOBHICTIO BU3HavYaoThest Gpopmynamu (41), (47)-(50). Buxonsuu 3 (26)-
(28), (51)-(53) Ta BukopucTOBYOUH GOpPMYIIH 3 Ta0. 1, 115 6€3pO3MIPHUX MOXITHINX OTPUMAEMO:

Rw=3ScKre (2] &7

k=1 j=0
B n-2 o o 4k+j
W= TIeRre(f) -2349; )
k=0 j=0
_ o © 4k+j-2
X1(X) = ZZ(_K)kél,k,j (Ié] ; (59)
k=1 j=0
_ o o 4k+j-1
XZ(X) = kZZ(_K)k HZ,k,j (Ilj ; (60)
210
~ X n-3 ooj w X 4k+j
W=(1] TTekre(f] m-a4s) (1)
k=0 j=0
R o o 4k+j-3
SO N AL C R )
k=1 j=0
. _OO OCJ n X4k+j_2_
Xz(x)—ZZ(_K) C2k] T , (63)
k=1 j=0
R w o 4k+j-1
X4(X) = ZZ(_K)k A3,k,j (%j ; (64)
k=1 j-0
~ _ﬁn—4ww_ . 14k+j ) |
£,00=(X] T3 K6, (] (=45), (5
k=0 j=0

© 1O. C. Kpymiu, M. I'. Cyp'saninos, A. O. Ilepnepi, B. B. Baxynenxo, B. M. Mimincokuii

227



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

B psnax (57)-(65) Bei xoediuientn, okpim nouatkosux C o, C, o én,o, i (n=1234,)5)
(J=0,1,2,...), BusHawatotbcsi 3a (opmynamu (54)-(56). 3rizHo dopmynam 3 Tabm. 1, moyaTKoBi
Koe(iIlieHTH BU3HAIOTHCS PIBHOCTSAMU:

Cooo=n-1 Cn,o,j =0 (n=12)(j=123,..);
A, o
Cooj=——— (N=3,4); &, =—= (j=012..);
T ntj-2 ° =13
Cooj =0 (n=12)(j=012,..);
Croo =k Cpoj=0 (N=34)(j=123..);
o j _
o1 = (02 |
Co; =0 (1=12)(j=012,.);
Cooo=N—3; én,o,j=0 (n=3,4)(j=12,3..);

n

=0,12,..);

. C
Cso, :—j 1 (j=0,1,2,...).

3ayBaxxuMo, IO JOJAHKU 3 HYJIHOBHMH MOYATKOBUMH Koe(illieHTaMH y HaBEJICHUX BHUIIE PAIax
BijicyTHi. 30BHIIIHA CyMa B Takux psgax nodnHaethbes 3 K =1. OTke, MOKeMO KOHCTaTyBaTH HAsBHICTh
KIHIIEBUX PO3PAXyHKOBUX (OPMYJT y BUDUBIAI CTENEHEBUX PAmIB I (QyHIaAMEHTATBHHX (QYHKITIH
X,(x) (n=1,2,3,4), pynxuii X,(X), a Takox mis ix 6e3p03MipHUX MOXiTAHHX.

Ilpuknao po3paxyuky
PosrisaeMo OeToHHY OaNIKy y BUTIISAI 3pi3aHOTO KJIIMHY 3 3aTHCHYTHUMH KiHIAMH (pHC. 3).
q(1/2)
X
X

B 1

3 T — L h(x)=ho- (ho- h) 3

2 E |

hy 2_0 ............... | h;l_._ P !
; I
! y o b
F=E==========
EESSEE5335=55

JWAWUWY]
WWAWWY

AAANRANL

LR T R TR T

n
v v

AMAVVMAVWY

WY

AAALAAAD

k(/)
Puc. 3. Po3paxyHkoBa cxemMa 0ajKH y BUTJISIAI 3Pi3aHOr0 KIUHY
Banka onupaeThcs Ha €KCIIOHEHITIATbHO 3MIHHY MPYKHY OCHOBY

() =k©@exp( % ). 7= <)
Ta nepeOyBae MmiJ] BILIMBOM NapaboIiuHOTO HABaHTAKEHHS

mn=4«ua$@f$) q(1/2) =0

3rizHo 3 GOpMYIIOK0 IS MOMEHTY iHepuii monepeunoro mepepisy | (X) == bh®(X) /12, ms 3ananoi
0aJIKy 3HaXOAUMO:
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h3 3 h
1(x) =—2 (1 1-5) j h—'; hy2h =0.
0
OT)KC, Y JaHOMY BUIIAOKY:

Ebh? o)
Byl =0 ko =K(O) G =40(1/2) A= (1—(1—5)Tj;

f(x):l+%(1—5)(lj —(1 5)( j ﬁa 5)( j3+..;

B(x):exp(ylj 1+%%+%(ij +%(Iﬁj o C(x):li—(lﬁj :

Tyr Bpaxosano, mo E(X)=E =E, =const.
BignosigHo miist koedimientis psiais (35)-(37) maTumemo:
3-4-..-(j+2) . P
A =1 A =T(1—5)', B, =1 B, =% (j=12,3..):
G =0¢C=1C,=-1 C,;=0 (j=3,4,5,.).
Bunazky 3aTucHyTHX KiHIIB OajKy BiAMOBiJAIOTh TPAaHUYHI YMOBH:
y(0)=0; (0)=0; y(I)=0; (1) =0.
OTxe, JBa MOYATKOBI MapaMeTpH y(O), (0(0) Bigomi. JlBa immmx M (0), Q(O) 3HAWIEMO 13

CHCTEMH DiBHSHB, IKy OTPMMAEMO IIiC/Is peali3alii rpaHuYHUX yMOB Ha KiHii X = |, BuxopmcToByroun
(31), (32). Y migcymky pisrocTi (31)-(34) mis 3aaHuX TPaHHYHAX YMOB 3aIUIIYThCS Y BUTJISIL

y00 = 20D

o= SW DL

M (%) ==4q(1/2)17 (2, X5(X) + 2, X, (X) + X5 (X)) ;
Q(X) = ~4g(1/2)1 (2, X5 (X) + 2, X, (x) + X5 (X)) ,

(ﬂ“lXS(X) +22X4(X) + Xs(x)) ,

(ll)zs(x) +12X4(X) + Xs(x)) ;

ac

_XOX M=K WX, X DR )= X Xs(0)
' X3(|)X4(|)—X3(|)X4(|)’ ’ X3(|)X4(|)—X3(|)X4(|)'
Buxioni dani ona po3paxynky: NOBXKHAHA OAITKH [=6m; IITUpHUHA b=0,4mM; sucora nigoro kinus
h,=0,6m; Bucora mpasoro ximms h =0,3m; E =1,5-10"kPa: k(0) =2-10°kN / m?:
k(1) =4-10°kN /m?; q(1/2) =50kN /m .

PesynpTati po3paxyHKy aBTOpchbkuM MeTtomoM (AM) mpencrasineno B tabm. 2, 3 ta Ha puc. 4. B
Taby. 2, 3 TaKOX HaAaHi pe3yJabTaTH PO3paxyHKY METOJOM CKiHUCHHHUX eleMeHTiB y nporpami LIRA.

Tabn. 2
3HavyeHHs] KiHEeMATHYHHUX MapaMeTpPiB
x y(x), [mm] BigHocHa o(x), [rad] BigHocHa
AM FEM moxuoka, [%] AM FEM moxuoka, [%]
0,0 | 0,000000 | 0,000000 0,00 0,000000 0,000000 0,00
0,3 | 0,065941 | 0,067649 2,59 0,000429 0,000435 1,33
0,6 | 0,250933 | 0,255807 1,94 0,000792 0,000803 1,32
0,9 | 0,533689 | 0,542331 1,62 0,001080 0,001093 1,25
1,2 | 0,890494 | 0,903581 1,47 0,001285 0,001300 1,18
15 | 1,295620 | 1,313397 1,37 0,001401 0,001416 1,10
1,8 | 1,721828 | 1,744096 1,29 0,001425 0,001439 1,00

© 1O. C. Kpymiu, M. I'. Cyp'saninos, A. O. Ilepnepi, B. B. Baxynenxo, B. M. Mimincokuii

229



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

Tabn. 3

2,1 | 2,140975 | 2,167112 1,22 0,001354 0,001365 0,86
2,4 | 2,524752 | 2,553764 1,15 0,001189 0,001197 0,67
2,7 | 2,845582 | 2,876188 1,08 0,000935 0,000939 0,38
3,0 | 3,077709 | 3,108459 1,00 0,000600 0,000598 0,21
3,3 | 3,198540 | 3,227943 0,92 0,000196 0,000190 3,03
3,6 | 3,190269 | 3,216949 0,84 -0,000257 -0,000267 3,92
3,9 | 3,041876 | 3,064709 0,75 -0,000733 -0,000746 1,80
4,2 | 2,751569 | 2,769810 0,66 -0,001197 -0,001212 1,25
45 | 2,329769 | 2,343135 0,57 -0,001601 -0,001616 0,95
48 | 1,802752 | 1,811461 0,48 -0,001887 -0,001901 0,75
51 | 1,217104 | 1,221844 0,39 -0,001978 -0,001989 0,59
54 | 0,645104 | 0,646965 0,29 -0,001778 -0,001787 0,48
5,7 | 0,191245 | 0,191412 0,09 -0,001168 -0,001172 0,37
6,0 | 0,000000 | 0,000000 0,00 0,000000 0,000000 0,00
3HaveHHs CUJIOBUX IapaMeTpiB
« M (x), [kNm] BigHocHa Q(x), [kN] BignocHa
AM FEM moxubka,[%] AM FEM noxu0Ka,[%]
0,0 165.378606 -167,487930 1,28 109,515957 | 111,132675 1,48
0,3 132.669082 -134,290207 1,22 108,078956 | 109,713280 1,51
0,6 100793993 -101,926636 1,12 104,013733 | 105,626846 1,55
0,9 | -70,488115 | -71,147575 0,94 97,675187 99,204384 1,57
1,2 | -42,382450 | -42,604538 0,52 89,400381 90,773865 1,54
1,5 | -17,009447 | -16,851238 0,93 79,509442 80,658981 1,45
1,8 5,192084 5,654892 8,91 68,306706 69,177757 1,28
2,1 | 23,872435 24,550808 2,84 56,082122 56,641239 1,00
2,4 | 38,766929 | 39,565563 2,06 43,112897 43,352207 0,56
2,7 | 49,692374 | 50,517658 1,66 29,665393 29,604097 0,21
3,0 | 56,544124 | 57,312099 1,36 15,997273 15,680112 1,98
3,3 | 59,293827 59,937244 1,09 2,359927 1,852758 21,49
3,6 | 57,987942 58,461597 0,82 -10,998816 | -11,616062 5,61
3,9 | 52,747120 | 53,030731 0,54 -23,831640 | -24,474113 2,70
4,2 | 43,766550 | 43,864670 0,22 -35,888323 | -36,476810 1,64
45 | 31,317400 | 31,256083 0,20 -46,911896 | -47,383656 1,01
4,8 | 15,749475 15,569860 1,14 -56,634310 | -56,952610 0,56
51 | -2,504738 -2,755275 10,00 -64,771531 | -64,931831 0,25
54 | -22,924458 | -23,202120 1,21 -71,017978 | -71,047768 0,04
5,7 | -44,893219 | -45,166122 0,61 -75,040208 | -74,988724 0,07
6,0 | -67,689457 | -67,940750 0,37 -76,469737 | -76,382378 0,11
A. Ilporuu B. Kyt moBopoty
y(x), [mm] @(x), [mm]
0 1 2 3 4 g 3 -0,0030

0,0 -

0,5
1,0

2,0
2,5
3,0
3,5

-0,0020

-0,0010

0,0000

0,0010

0,0020

© 1O. C. Kpymiu, M. I'. Cyp'saninos, A. O. Ilepnepi, B. B. Baxynenxo, B. M. Mimincokuii

230




Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

C. 3ruHanbHUil MOMEHT D. Ilonepeuna cuia

M(x), [kNm] O(x), [kN]
2200 -100

-150 o =

<360 0 1 2 3 / 5 6

| e 100 _—

50 =  —
100 150
Puc. 4. I'padixu mapameTpiB cTaHy 0aJKu

Ciz 3ayBa)kHTH, 1110 HaHO1IbIIIA BITHOCHA MOXUOKA OCATAETHCS B OKOJHUIIX THX TOYOK, ¢ QYHKIIT
napameTpiB cTaHy OanKku 3MiHIOIOTH 3HAK.

BucHoBku

1. OckinbKu aBTOPCHKUN METOJ IPYHTYETHCS HA TOUHOMY PO3B’SI3KYy OU(EepeHLialbHOrO PiBHSIHHSA,
TO BIZAIOBIIHI YMCENBHI PO3PaXyHKH MOXKHA TPAKTYBaTH, K TOUHi. Taki po3B’s3KH € 0COOIMBO L[IHHUMH,
OCKITBKM BOHH MOXYTHb CIYKUTH KPHUTEPISIMH, MO SIKUM MOXHA OIHIOBATH TOYHICTH PI3HOTO POIY
HaOJIKEHUX PO3B’S3KIB.

2. OtpuMaHi pe3yabTaTH Jald MOXKJIMBICTh YHUCEIHLHO BU3HAYUTH MOXMUOKY PO3PaxyHKIB METOJOM
CKIHYCHHHX €JIEMEHTIB JUISl PO3TJITHYTOTO TPHKJIATy.

3. Y mizoMy MOKHAa KOHCTAaTyBaTH HAasBHICTH HOBOT'O aHAIITHYHOTO METOIY PO3PaxyHKY Ha 3THH
0aJloKk Ha HEONHOPIIHIM NpyXHiIM ocHOBI BiHkiepa, Komu 3ruHajIbHA KOPCTKICTh OalKu, KoediLieHT
MOCTENIi Ta HABaHTXKEHHsI 3a]aHi OyAb-SIKUMH HETIEPEPBHUMH (PYHKIISIMH.
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3AKOHOMIPHOCTI ®OPMYBAHHS PIDKYYOI'O TUCKY HA BICI CTPYMEHA
ACUCTYIOUOI'O I'A3Y IIPU I'A3OJIASEPHOMY PI3AHHI

Hagedeno pesynomamu meopemuyHuUx ma eKCHEPUMEHMATbHUX O0CTIOHCEHD PIdCYU020 MUCKY ACUCHYIOU020 2a3Y,
chopmoeanozo 0036yKosumu ma HAO36YKOBUMU CIIPYMEHAMU RPU IX 2aNbMYGAHHI HA NOGEPXHI Oemani npu 2a301a3epHoMy
pizanni. Ompumani 3aK0HOMIpHOCMI 6nauUEy muny 2azy (noeimpa/Kucens), MUCKY HA 6X00i 6 CONNO, 3a30Py Midc CONI0M Mma
0emanvio Ha CMPYKMYpPy 2a306020 CMPYMeHA, ma ehpexmusnicms gudanennsa posnaagy. Excnepumenmanvno niomeeposceno
GUCOKY mounicms 3anpononosai uuceavnoi mooeni. Iloxazano eucoxuii pigeny Kopeaayii mixe AKicmio pizy ma xapaxmepom
KOJIUGaHb Pidicyu020 MUCKY Ha 8ici cCmpymens.

Knrouosi cnoea: onmosonokoHHUll 1a3ep, YUCENbHA MOOeNb, 2a301a3epHe DI3AHHA, MUCK ACUCHYIOH020 2d3y, CONO,
2a308Ull CMPYMiHb, YOAPHO-XBUNLOBA CIPYKMYPA

S.P. Seredyuk, V.V. Chudov

REGULARITIES OF FORMING CUTTING PRESSURE ON THE AXIS OF THE
ASSISTING GAS JET DURING GAS LASER CUTTING

The results of theoretical and experimental studies of the cutting pressure of the assist gas formed by subsonic and
supersonic jets when they are decelerated on the surface of a part during gas laser cutting are presented. The patterns of
influence of the gas type (air/oxygen), pressure at the nozzle inlet, gap between the nozzle and the part on the gas jet structure,
and the efficiency of melt removal have been established. The obtained accurate quantitative data are in good agreement with
the basic features of gas dynamics of supersonic jets. The high accuracy of the proposed numerical model has been
experimentally confirmed. A high level of correlation between the quality of the cut and the nature of the cutting pressure
fluctuations on the jet axis has been demonstrated.

Keywords: fiber laser, numerical model, gas-assisted laser cutting, assist gas pressure, nozzle, gas jet, shock wave structure

IHocTanoBka npodiaemu.

I3 pocToM BUMOT 10 SKOCTiI Ta MPOAYKTHUBHOCTI Y TPOMHCIOBOMY JIa3€pHOMY pi3aHHI (METaiiB,
CIJIaBiB, TOHKOJIMCTOBOI CTaJli TOIO), POJIb ACUCTYIOUOTO Ta3y 30KpeMa, Horo THUCK, THII ra3y, KOHCTPYKLis
COIUIa Ta BiICTAaHb COIUIO—3arOTOBKA — CTa€ KPUTUYHOIO. ACUCTYIOUMH ra3 HE JHILIE CIpUse BUAAJICHHIO
PO3ILIaBICHOTO METATy 3 IPOPI3y, a i 3HAYHOIO MipOI0 BU3HAYAE TaKi MMApaMeTpPH, K IMIBUAKICTD Pi3aHHSI,
SIKICTh KPOMKH, PiBEHB ACPEKTIB (3aAUPKH, IIIOPCTKICTh, HEMOBHUI MPOPi3) Ta MOBTOPIOBAHICTH MIPOIIECY.

OnHak, SIK OKa3ye OrJIsiA JiTepaTypH, JUHAMiKa ra30BOT0 CTPYMEHS — YTBOPEHHS yJapHUX XBHJIb,
posmmpenss abo “zagymenss’” (choking), BigxuneHHs MOTOKY, pO3IIapyBaHHs IPaHUYHOTO IIapy — YacTo
HE BPaxOBYETHCS a00 JOCII/KY€EThCS B YMOBAX, JallCKUX BiJI pealbHUX TEXHOIOTTYHAX PEIKUMIB.

KpiM Toro — 11e 0co0IMBO Ba)JIMBO JJIs1 TOHKOCTIHHUX a00 CKJIaIHUX 3a KOH(DIryparli€ro 3aroToBok
— B3a€EMOJIsl Ta30BOr0 CTPYMEHS 3 PO3IUIAaBIEHHMM METaJIOM, 30HOI0 CTIHOK MpOpi3y, a TAaKOX BIUIHB
KOHCTPYKITii COIJIa Ta BEPTUKAIBLHOTO 3a30py Ha CTaOLIBHICTH CTPYMEHS 1 THCK, KU BHAANSIE PO3ILUIAB,
TIOKM TIOTaHO BHBYCHA. ICHYIOWI MOMEII YacTo irHOPYIOTH pealibHi TeOMETpii coIia Ta HeCTaOUIBHOCTI
MOTOKY MiA [i€l0 IMIOKOBHX Ta TypOyJeHTHHUX CTPyKTyp. Taka cuTyawis yCKIaAHIOE HafiiiHe
MIPOTHO3YBaHHS €GEKTHBHUX PEKHUMIB JUIS JTOCSTHEHHS BHCOKOI SKOCTI pi3aHHS (MIKpPOTCOMETpis,
BIIXWJICHHS BiJl MEPIICHAUKYIAPHOCTI, 6€3A¢PEKTHICTh pi3aHHs). BUX0OIsI49u 3 HAaBEACHOTO CHCTEMATHIHE
EKCIIEpUMEHTAJIbHE Ta YHCEIbHE JOCIIIKEHHS BIUIMBY KJIIOUOBHX a30BHX MMapaMeTpiB (TUCK, TUN rasy,
3a30p COII0—3aroTOBKa, KOHCTPYKIIA comia) Ha (POpMyBaHHS ra30BOI0 CTPYMEHSI Ta MOJISl PKYyYOTro TUCKY
B 30HI 00pOOKH, SIKMI BU3HAYAE PO3IIOJILT TUCKY B MPOPI3i i yMOBH e(DEKTUBHOTO BHJIAIICHHSI PO3ILIaBY, €
BXXJIMBUM HIAIPYHTSM MiABHILEHHS NPOAYKTUBHOCTI, SIKOCTi 1 CTaOUIBHOCTI Hpolecy TIa30yia3epHOro
pizaHHsL.

AHami3 ocTtaHHiX gocaimkeHb i myOuaikauniii. ['azomnHaMika HAI3BYKOBOTO CTPYMEHS B 30HI
JIA3epHOrO pi3aHHS € BU3HAYAIGHUM (DakTopoM epeKTHBHOIO BUJIAICHHS PO3IUIABICHOTO METAally Ta
(hopMyBaHHSA SIKICHOI OBEPXHi pi3y. Y MPOMHCIOBUX YCTAaHOBKAX HailuacTille 3aCTOCOBYIOTHCS CTHCHEHE
TIOBITPS, 30T a00 KHCEHBb IiJ MiABHUIIICHUM THCKOM, IO 3a0e3redye YTBOPSHHS HEPO3MHMPEHOTO abo
TIOMIPHO PO3IIUPEHOTO HAJA3BYKOBOT'O MOTOKY. [IpaBribHUN BUOIp peXKUMIB Mojadi ra3y 0e3mocepeIHbO
BIUIMBA€ HA CTAOUIBHICTB MPOLIECY Ta KIHIEBI TEXHOJIOT1UHI XapaKTepUCTUKU TOBEPXHI.

ExcnepumenTanbHi JOCTIHKEHHS POl TUCKY KHCHIO MiJ Yac pi3aHHs cTajeil HaBeneHi B poOoTax
IBapcona Tta cmiBaBT. [1], e OyJ70 BCTAHOBJEHO iICHYBaHHS JIBOX ONTHMAIILHUX Jialla30HIB THUCKY, IO
3a0e3MevyoTh BUCOKY AKiCTh pizaHHS. Bomnodac O'Hin i CriH [2] BUKOHANU YHCENbHE MOJEITIOBAHHS
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TPUBHUMIPHOTO TypOYJICHTHOTO KHCHEBOTO CTPYMEHS Ta TIOKa3aJH, IO BCEPEIUHI Pi3y YTBOPIOIOTHCS 30HU
3aXOIUICHHsS] JOMIIIOK, SIKI MOKYTh HETaTWBHO BIUIMBAaTH Ha MPOLEC OKUCHEHHS Ta, BIAMOBIIHO, Ha
eeKTHBHICTH pi3aHHs. UncIeHH] BapiaHTH KOHCTPYKLIH comes JoCiipKyBanuch y podorax Chryssolouris
i Choi [3], Brandt i Settles [4], a Tako)x iHIIUX aBTOPIB [5—8], 110 CBITYHUTH PO AKTYAIbHICTh MPOOIEMHU
onTHMI3alii IOTOKIB JOIMOMDKHOIO rasy. Y3arajbHCHHMH aHali3 ra3oguHamiuHuX eQekTiB OyB
npencrasienuii Fieret Ta in. [9], ne 3a3Ha4eHo, 10 HASBHICTH AUCKAa Maxa CyTTEBO 3HMKYE PIKYUHN THCK
Ha 3aroTOBLi Ta MOXE CHOpUATH (QOPMYBaHHIO 3acTiiiHOi 30HM. BomHowyac BapToO 3a3HAYMTH, IIO
CUCTEMAaTHYHHUX TEOPETHYHHX JIOCII/KEHb, NMPUCBSIYEHUX BIUIMBY IOJIOXKEHHS COIJIa, WOTO reoMerpii,
BHYTpIIIHBbOT KOH(Irypamii KaHajdiB 1 MaHOMETPUYHOIO THCKY ra3y Ha BXOJi B COIUIO, IOKH IO
HemocTaTHRO. [Ipy BUXOAl 3 comuia HaA3ByKOBUH CTPYMiHb (POPMYE CKIaIHYy CHCTEMY yIapHO-XBUIbOBUX
CTPYKTYp, 30KpeMa XBWIb posmupenHs [Ipanaris—Meliepa, kocux Ta peIeKTOBAHUX YAapHUX XBHJIb.
Ixus B3aeMogmis BM3HAuYae PO3MOMAIN THUCKY B3IOBK OCi CTpyMeHs Ta (OpPMye XapakTepHy «alMaszHy»
CTPYKTYpY MOTOKYy. 3MiHa BiJCTaHi MK COIUIOM 1 MOBEPXHEIO 3arOTOBKM BIUIMBAE HA IPOCTOPOBY
KOH(ITYypaIio XBHIbOBOI CHCTEMH, IO, Y CBOIO Yepry, 3MIHIOE YMOBH BHHECEHHS PO3IUIaBY 3 i3y Ta
e(eKTUBHICTH MPOILIECY.

HeoOxigHicTh BCTaHOBICHHS ONTUMAJIBHUX MapaMeTpiB MOAayl Ta3y MOSCHIOEThCS THM, IO
HaJMIipHI BTPAaTH MOBHOTO THUCKY IPH B3a€MO/IiT Ma1al040i Ta HOPMaJIbHOI YIapHOI XBUJIb MIPU3BOASTE 11O
3MEHIIEHHS] PIXXY4Oro THCKY, 3HI)KEHHS MacoBOi BHUTpATH dYepe3 Mpopi3 Ta, BIAMOBIAHO, MOTIpIICHHS
OUMILCHHS KaHaBKU. HaBmaku, pexuMu, 3a SKUX KOCi XBHJI BiAOMBAIOTHCS J0 3yCTpidi 3 HOPMAJIBHOIO
YAapHOIO XBUJICIO, 3SMEHIIYIOTh BTPATH TUCKY 1 MiBUILYIOTh CTa0lIbHICTD IpOLIECY.

MerTo10 cTaTTi € BCTAHOBJICHHS 3aKOHOMIPHOCTEH B3aeMOJii HaJA3BYKOBHX ra30BHX CTPYMEHIB 3
MOBEPXHEI0 3arOTOBKM 3a PeajbHUX TEXHOJOTIYHUX YMOB Ta30JIa3€PHOTO Pi3aHHS IUISIXOM YHCEITBHOTO
MO/JICJIIOBAHHSI TIPOLIECY, EKCIIEPUMEHTaIbHOI Bepudikalii pe3yibTaTiB MOACTIOBAHHS Ta BUKOPHCTaHHS
OTPUMaHUX 3aKOHOMIPHOCTE! TP MPOEKTYBaHHI e()EeKTUBHUX PEIKUMIB Ia301a3epHOTO Pi3aHHS.

OO0sagHAaHHA TAa MeTOAU AOCHiIKeHHA. MeToaMKa 4YHCeJbHOr0 MOJEJIOBAHHA TMpoleciB
razoquHaMikud. Y JaHili poOOTi YHUCEeNbHE MOJENIOBAaHHS TNPOIECIB Ta30JUHAMIKH aCUCTYIOYOTO
Ha/I3BYKOBOT'O ITOTOKY 3/A1MCHIOBAJIOCS Ha OCHOBI piBHsAHb Hap’e—CToKca AJIsl CTUCIMBOTO CEpeIoBHIIA 3
ypaxyBaHHSIM TYpOYJIEHTHOCTI HUISXOM pO3B’si3aHHS ocepelHeHnX 3a PeitHonbacom piBHsHB (RANS).
Amxe npsime MozentoBanHs TypOynenTHocti (DNS) B yMoBax 3ajau ra30y1a3epHOTO pi3aHHs € MPAKTUIHO
HEIOCSDKHUM 4epe3 HeoOXiAHICTh 3aCTOCYBaHHS HaA3BHYaiHO IPiOHMX MPOCTOPOBUX CITOK Ta MaJIUX
YacOBMX KpOKIB, II0 MarOTh OYTH MEHIIMMHU XapaKTEPHOTO dYacy TYypOYJICHTHHX Iynbcamid. Tomy
3aCTOCOBYETHCS HAOJNMIKCHUH MiJXiZ, y SKOMY MHTTEBI Ta30JWHAMIYHI BEJMYMHU TPEACTABISAIOTH Y
BUTJISI/IL CYMH CEPEIHBOTO 3HAYCHHS Ta (UIYKTYaliiiHOI KOMIIOHEHTH.

Ocepennene no PeifHonbacy piBHAHHS PyXy Ma€ HACTYITHHNA BUIJIS

+ — 1 = I
o o )T ok ox | Mo ) ok,

1 ]

au, oa, op o ou | OR;
—+0 =——+ — |[+—

p , M)

L ou ou;| 2 ou, 2 _
ne Rij =-pUl = | —+— |~ 9 —pké}j — TEH30p HalpyXeHb PeltHonbca.

37 ox, 3

Hns  3amukanHs cucteMd RANS-piBHSHB 3aCTOCOBaHO JBOMApaMeTpUuHy k—¢ Momenb
TypOyYJICHTHOCTI, sSIka HOOpe 3apeKoMeHayBajia ceOe IIPH MOJCTIOBAHHI TEUil 13 BEIUKUMH IIepera aMu
THUCKY, YIaPHIUMH CTPYKTYPaMH Ta IHTCHCUBHUAM TypOyJICHTHUM 3MiIIyBaHHAM, XapaKTEPHUM JUIS TIPOLECy
ra30Ja3epHoro pizaHHA.

Mopenb cKIagaeTbesi 3 PIBHAHHS JUIS KiHETHYHOI eHeprii TypOyieHTHOCTi K Ta piBHSHHS Ui
IIBUIKOCTI 1i gucumanii .

TypOynenTHa B’13KiCTh BU3HAYAETHCS 3aJIEKHICTIO!
k2
# = pC,— @
&

Bona no3Bonsie ypaxyBaTH J[JOJATKOBHH TIEPEHOC IMIYNBCY, OOYMOBICHHH TypOYJIEHTHUMHU
nyJibcalisMi. Monekyisipa Ta TypOyJeHTHa B’S3KICTh CyMYIOThCS, 3a0€3Medyloud KOPEKTHUN OIMUC SIK
JaMiHapHUX, TaK 1 TypOyJeHTHUX OUISHOK MOTOKY. sl miABHMIIEHOT TOYHOCTI O11s1 CTIHOK BUKOPUCTAHO
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CTaHIapTHUH HaOip mpucTiHkoBux ¢yHKIi# (standard wall functions), pekoMeHIOBaHUN IS BEIMKHX
3HaueHb yucna PeitHonbaca.
MareMaTH4YHa MOJICTb JOTTOBHIOETHCS PIBHSAHHSIM SHEPTii Ta PiBHSIHHAME CTaHy ieabHOTO rasy.
PiBHsIHHS 30€pe)KECHHS HEprii:

o o oP o oT
— +— U J=—+—rJurz, + 11—
St () SX, (ph“" ’) st oox " ox )
PiBHsSHHS cTaHy i1eaabHOTO Ta3y:
p=pRT (4)

VY uncenpbHOMY MOMAETIOBAaHHI ACHUCTYIOYOT'O Ta3y BHKOPHCTAHO TIOBITPS Ta KHUCEHB SK PoOodUl
CepeIOBHIIA OCHOBHI IMapaMeTpH SIKUX HaBeJeHi B Ta0umili 1. O0uaBa ra3u po3risaaroThCs K i1eanbHi, a
iXHi BITaCTUBOCTI BU3HAYAIOTHCS CTAHAAPTHUMH TEPMOJAUHAMIYHIUMH 3aJIC)KHOCTSMU.

Tabn. 1
OcHoBHI mapaMeTpu ra3is siki 0yJiM 3aCTOCOBaHi B po3paxyHKax
Tas MomnspHa Maca, l'azoBa cTana, B’si3kicTh L,
KI/MOJIb J/(xr-K) Kr/(MC)
Iositps | 0.02897 287 1.81e-5
Kucenr | 0.032 259.8 2.0e-5

3acTocyBaHHS MOAENl iJealbHOrO razy B JaHUX PEKUMAaxX XapaKTepU3yeThCs HE3HAYHUM
BIIXWJICHHSIM Bifl peanbHOi Ta30BOi MOBEAIHKU. Takuil MiIXil € oOIpyHTOBaHHMM, OCKIIBKH 3a0e3mnedye
ICTOTHE MPHCKOPCHHS OOYMCIIIOBAIBHOIO IIpoliecy Oe3 BIAYYTHOI BTpaTH TOYHOCTI IIpHU aHami3l
ra3oIuHaMIK{ CTPYMEHSL.

Huckpernzaniss o0macTi po3paxyHKy BHKOHyBajlacsi 3 BHKOPHCTAHHAM CTPYKTypoBaHoi a0o
riOpuaHOl 00YMCIIIOBATIBHOI CITKM 3 JIOKAJIBHUM ii 3TYIIEHHSM Y 30HI BHXOJy coIula Ta (hOpMyBaHHS
YIapHO-XBWJIBLOBOT CTPYKTYpH. BIiIMOBiAHO 70 CydacHWX METOJMK MOJICITIOBAHHS BHUCOKOIIBUIKICHHUX
MOTOKIB, Oyno 3a0e3neueHo HeOoOXiHI YMOBH AJIsl KOPEKTHOI poOOTH NMPHUCTIHKOBUX (YHKILIN: 3HAYSHHS
napamerpa y+ miarpuMmyBanocs B Mexax 30—200. Y 30HaxX IIOKOBHX XBHJIb Ta MOTEHUIIHOTO Apa MOTOKY
3aCTOCOBYBAIIUCS JO/IATKOBI JIOKAJIBHI 3TYIIEHHS, 10 JIO3BOIMIIO IMiJBUIUTH PO3UIBHY 3/1aTHICTh CITKH.
TunoBuit po3Mip KOMipoK y HaiOinbm kputuyHUX obnactax craHoBuB 0,01-0,02 mwm, mo 3abe3nednso
JIOCTOBipHE BIATBOPEHHS ApiOHOMACIITAOHMX TPali€HTiB THCKY Ta IIBUAKOCTI.

3ampornoHoBaHa METOJMKA JIO3BOJISIE 3 JIOCTATHBOIO TOYHICTIO MOJICNIOBATH OCHOBHI (hi3muHi
XapaKTepUCTUKU HaJ3ByKOBOTO CTPYMEHS: MpOIeC HOro po3MIMpeHHs, (OPMYBaHHS yJapHO-XBUIbOBHX
CTPYKTYp, TypOyJIeHTHE 3MilllyBaHHsI, a TAKOX 3MiHy IIapaMeTpiB y310BXk oci. Lle € BaxauBuM U1 aHATi3y
B3a€MO/II1 aCUCTYI0YOI0 ra30BOr0 IIOTOKY 13 30HOIO pi3aHHs Ta [10aJIbII0T BajIifallii MaTeMaTHIHOT MOJIEII
HPOLIECY ra30J1a3epPHOT0 Pi3aHHs.

Ha puc. 1,a mpencraBieHo po3moxaisl TUCKY aisi pododoro Tucky 1 Gap. IloTik mepeOyBae y
TPaHC3BYKOBOMY PEXHMI 31 MIBHIKICTIO, OJM3bKOIO M0 unciaa Maxa ~1; dopmyBaHHs auckiB Maxa Ha
JAaHOMY peXXHMi He criocTepiraerbesi. Ha puc. 1,6 HaBeeHO po3MOAia TUCKY JJIsl TUCKY 3 0ap, 3a sIKoro
NOTIK Ha0yBa€ HaI3BYKOBHX BIIACTUBOCTEH 1 4ITKO MPOCTEKYETHCS CUCTEMA YIapHUX XBHJIb Ta CYOPMOBaHi
nucku Maxa.

Anzrs

L ¥ $
AL SIS AL A ISR
BT, . O .
Pressute sl I.‘_, Prassisn P2 I_. "
ey L —
a) 0)

Puc. 1. I'padiune 306paxenns 2D moaeni po3paxyHkoBoi KapTu THCKY B nepepisi comia
orpumanoro B ANSYS, tuck 1 bap, npukiaja raibMyBaHHs 103BYKOBOT0 cTpyMeHs (a); Tuck 3 bap
NPUKJIAJA TaIbMYBaHHS HAI3BYKOTOBOr0 CTpyMeHs (0)
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Jlst ekcriepuMeHTaIbHOI BeprdiKallii pe3y/IbTaTiB YUCEIbHOr0 MOACIIOBaHHSA 0YJI0 PO3po0IeHO Ta
peatizoBaHO YCTAHOBKY JUIsS PEECTpallii 3HAYCHb THCKY B 30HI TaJbMyBaHHS ACHUCTYIOYOTO Tra30BOTO
ctpymens: [10]. Bona m03BoJisiE 3 BHCOKOK TOYHICTIO JIOKATBHO PEECTPYBATH PLKYUUM THCK
BUMIPIOBAJIbHUM IIEPETBOPIOBAYEM THCKY B 30HI OTBOpY AiamerpoM 0.3 MM B METaIi4YHOMY IUCKY, IO
MOJIEITFOE 3aTOTOBKY. J{0CiIKEHHST BHKOHYBAJIUCS Ha €KCIIEPUMEHTAILHOMY BEPCTATI KOMIIaHii « Apamicy,
MPOBIHOTO BUPOOHHWKA Ja3epHUX TEXHOJOTIYHHUX YCTAHOBOK B YKpaiHi. B mo4yaTkoBuii MOMEHT
CHIBBICHICTh Bicell JUCKOBOTO 30HAY Ta COIUIa, BMOHTOBAHOTO B ONTHYHY TOJIOBKY BepCTaTa,
BCTaHOBJIIOBAJIACS 3a JIOTIOMOT'OK0 FOCTYBAJIBHOI'O JIa3epa Ta BiJeO-ONTHYHOI CUCTEMH BepcTarta (puc 2 a).

CT-22- 4604 G1A4-C- 530

Puc. 2. 3aranbunii BUTJISIA JUCKOBOI0 30H/Aa 3 BUMipIOBAJIbHHUM NEePeTBOPIOBaYeM THCKY
(n'e3ope3ucTuBHUll 1aTYUK THCKY Moaeai BCT110) npu BUCTaBJIeHHi ciBBICHOCTI comia ONTHYHOT
roJIOBKH BepCTaTa Ta NPUitMaJbHOr0 0TBOPY JMCKOBOI0 30H1a (2); 3d Moj1e/ib TUCKOBOI0 30H/1a
(0); KOHCTPYKTHBHA CXe€Ma YCTAHOBKH /ISl IPOBeIeHHs A0c/TimkeHb (B) [10]

1 — cons10 ONTHYHOI TOJIOBKM BepcTaTa; 2 — IMCKOBMIi 30HA; 3 — I1'€30pe3UCTUBHMIT JaTYMK
Tucky moaesi BCT110; 4 — xkonTpoJsep EPA100

Ha puc. 2, 6 naBeaena 3d mopaenb AMCKOBOIO 30HIa. KOHCTpYKTHBHA CXeMa YCTAHOBKH IS
MPOBEACHHS JOCIIKEHb MOJIB PIKYYIOro THCKY aCHCTYIOUOTO Ta3y B poOOUiii 30HI BepcTaTra HaBe/IeHa Ha
puc. 1, B. brok BigcnmiakoByBaHHS 3a30py BepcTaTa BU3HAYae KOOPAMHATY Bici Z MpU TOPKaHHI TOpLEM
coria | moBepxHi AUCKOBOTO 30H[A 2, MpUAMAarOuH ii 3a HyJIbOBY KOOpAHHATY BiAmiKy (puc. 1, a). Bei tpu
JHIAHUX MPUBOIU KOOPAHMHAT SKCIICPUMEHTAILHOTO BepcTaTa 3a0e3reuyBaiy MOXHUOKY MO3HUIIIOBaHHS,
mo He nepeBumryBana +0,005 MMm. B SKOCTI BUMIpIOBaNbHOrO MEPETBOPIOBavYa AUCKOBOTO 30HAA OyJo
BUKOPUCTAHO M'€30pe3ucTUBHUN MaTuyuk THCKy Mojeni BCT110. TexHiuHi XapaKTepUCTHKH OaTUHKA
HaBeJICHO B TaOIUII 2.

30°
@8.6

254
227.8

Puc. 3. BHyTpilIHA CTPYKTypa Ta po3MipH 0JHOKAHAJIBHOI'0 COIIA 3 BUXIIHUM JTiaMeTpoM
1,5 mm kommnanii Thermacut, BUKOPHCTAHOI0 B eKCIIEPUMEHTAX

[Tpu mpoBeIeHHI TOCIiKEHb BUKOPUCTOBYBAIOCS HAMOIIBII BXKUBAHE 0 TUITY 1 XapaKTEPUCTUKAM
COIIO y BepcTaTax KoMIaHil «Apamicy. BHyTpiliHS cTpyKTypa Ta po3MipHu coIlla HaBelAeHI Ha puc. 3. B
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SIKOCTI aCHCTYIOYMX Ta3iB BHKOPHCTOBYBAJIMCS TOBITPSA Ta KHUCEHb. [IOBHUH MaHOMETPUYHUN THCK
BCEPE/IMHI COTIIA 32/1aBaBCS Ta KOHTPOJIOBABCS CHCTEMOIO YHCIOBOTO MMPOrPaMHOTO KEPYBaHHS BEPCTATOM
1 IapanensHO 30BHIIIHIM JATYUKOM ]IS ITiIBUIICHHS JOCTOBIPHOCTI BUMIPIB.

Tab6n. 2
TexHiuHI XapaKTepUCTHKH 1'€30Pe3UCTUBHOIO AaTunKka THCKY Moaeai BCT110
Hiamazon Bix 0 bar no 16 bar
Buxigawii curaan 4...20mA(2 miposin), 0...10VDC(3 nposix)
ITiAKITFOYEHHS 10 TIPOIIECY G1,G1/2,G1/4
KusneHus +12...30vDC
Knac Tounocrti %0.5
CryniHb 3axucTy IP65
Poboua Temneparypa -20C...- +85C

Sk gmcenbHE MOMETIOBAaHHS TaK 1 EKCIIEPUMEHTANBbHI JOCHIHKCHHS BHUKOHAHO MJIS ITOBHHUX
manoMeTpuaaux THCKIB 0,5; 1,0; 1,5, 2,0, 2,5 Tta 3,0 Gap Ta BepTUKATLHUX 3a30piB MK COIUIOM 1
noBepxHero netaii 0,5 mm; 1,0 mvm; 1,5 mm; 2,0 mm; 2,5 Mu; 3,0 MM 3 kpokom 0,5 M.

PesyabTaTtH aociaimkeHb. Pe3ynbTaTh UYMCENBHOTO MOJICNIOBAHHS Ta CKCICPUMEHTAIBLHUX
JOCITIIKEHD 3 BUKOPHUCTAHHAM B SIKOCTI aCHCTYIOUOT0 Ta3y MOBITPs MPEACTaBIICHI Ha puC. 4.

325
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2.75)
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Exc2.5 223
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& ®® 173
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Puc. 4. Po3paxyHKoBi Ta ekcriepuMeHTAJNBbHI rpadgiku po3noainy pizky4oro THCKY NpH 3MiHi
THCKY Ha BXO/i B COILIO Ta BEePTUKAJBHUX 3a30PiB Mi’K COIJIOM i MOBEPXHeI0 AeTAJi IS MOBIiTPsA

AHaJi3 OTpUMaHUX Pe3yJIbTaTiB MMOKa3ye HacTymmHe. i1 Hu3pKuX BXimHUX THCKIB (0.5 1 1 Gap, cuHs
Ta POXKEBA KPHBi) OCHOBHU THCK 3aJUILAETHCS MPAKTHYHO MOCTIMHMM IpH 3MiHI 3a30py — L€ BUAHO SK
Maike TOPHU3OHTANbHI CYIUIBHI JiHii. Touku (Teopis) IS WX BUIIAIKIB TaKOX JIEKaTh OJU3BKO IO
excriepumenTy. Jlast cepennix i Bucokux THcKiB (1.5-3 Gap) mpu mepexomi [0 HAA3BYKOBHX CTPyMEHIB
CIIOCTEPITra€eThCsl 3aralIbHUM CIaJ OCHOBOTO THCKY 31 301IBLICHHSM 3a30py: MPH MaJIOMY 3a30Pi OChOBHI
TUCK OJMM3BKUN IO TUCKY Ha BXOJi, PH OLIBIINX — Majaae 3Ha4HO (10 ~1—1.5 OGap 3anexHO BiJ BUMIAJKY).
VY neskux cepisix (oco0muBo it 2—3 6ap) BUIHO HEOAHOPIAHY/HETMIHIHHY MOBEIHKY: JIOKaJIbHE MaliHHS,
noTiM 30iMbIIeHHsT a00 IUIATO OpW NEeBHUX 3a3opax. lle TWMoBO 1isl mepexomiB MiX peXHMamu
(popmyBanHs/pyiiHYBaHHSI yOapHUX CTPYKTYp, BiAJaleHHS/TIPUOJIMKEHHS MOTEHLIHHOTO spa IUCKY
Maxa). TeopeTwuHi TOUKM (MapKepH) 3arajoM IOBTOPIOIOTH TpPEHJ EKCIePUMEHTY, aje 4YacTo
CIIOCTEPIraeMo 3CyB BHH3 200 iHINA KPYTHU3HA KPUBHX Y 3aJIE)KHOCTI BiJI Jiala30Hy 3a30py 1 THCKY.

[opiBHSHHS pO3paxyHKY i €KCIIEpUMEHTY HaBeIEHO Ha puC. 5.

Amnauti3 rpadikiB pi3HHLI (PO3paxyHOK — €KCIIEPUMEHT) MTOKA3Ye, 10 HaO1IbII TOYHA BiANOBIIHICTh
CIOCTEpIraeThes y aiana3oni 1.5-2 0ap, ne BiaxwieHHS He nepeBunlytoth 0.1 6ap. st Tuckis 2.5-3 Gap
CIIOCTEPIraloThCsl HOMITHILII PO3XOAKEHHS, OCOOIUBO MPH 3a30pax 1.5—2.5 MM, 110 OYEBHUIHO MIOB’A3aHO 3
HEPIBHOMIPHOIO yapHOIO CTPYKTYPOIO HAI3BYKOBOTO CTPYMEHSI Ta MOKJIMBO HEJOCTATHBOIO JIeTalli3alli€lo
MOJIEJTi B IIUX PeXHMMaXx. 3aralbHUi XapakTep 3MiHN 30€peKeHo, MPOTe Teopis MEPEBAXKHO JICHIO 3HUIKYE
THUCK Y BUCOKOOAPHUX peKUMaX.
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Puc. 5. Pi3HuIs1 po3paxyHKOBHX Ta eKCIIePUMEHTAIBHUX 3HAYEHb PiKy40ro THCKY Ha Bici
CTpPYMeHs AJid NOBiTps
Pe3y.]'II)TaTI/I YHUCCJIBbHOTO MOACIIOBAHHA Ta CKCICPUMCHTAJIBHUX JIOCHi,ZI)KeHI) 3 BUKOPUCTaHHSIM B
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Puc. 6. Po3paxyHkoBi Ta ekcriepuMeHTaNbHI rpadgiku po3noainy pizky4oro THCKY NpH 3MiHi
THCKY HA BXOJi B COIIO Ta BEPTHUKAJIBHUX 3a30piB MiK COIJIOM i MOBepXHeI0 AeTali JJIsi KHCHIO

AHaji3 po3NOIiTy THCKY TaJlbMyBaHHS Ha OCi Ta30BOTO CTPYMEHsS KHCHIO ITOKa3aB BiIMIHHY
30DKHICTh MK TEOPETUIHOIO MOJICIUTIO Ta €KCIIEPUMEHTOM Yy miama3oHi 0.5-2 OGap, me BiIXWICHHS HE
nepeBuinyoth 0.04 Gap (sKx 1 [ moBiTps 3a HU3BKMX BXimHuX TucKiB (0.5 i 1 Gap) ochoBuil THCK
3QIAMIAETHCS TIPAKTUIHO MTOCTIHHUM TIpH 3MiHi 3a30py). Ilpu Bummx trckax (2.5-3 6ap) crocTepiraeThest
3pOCTaHHS PO3XOKCHHS, TOB'SI3aHE 3 IHTEHCHBHHM (OPMYBAHHSAM YyIapHO-XBHJIBOBOI CTPYKTYypH Ta
HEPIBHOMIPHOIO TYpOYJICHTHOIO B3a€MOJIEI0 CTPYMEHS i3 MOBepxHE. SIK 1 y BUMaAKy HOBITpPA, TeOpis
KOPEKTHO BiJITBOPIOE 3arajibHy TEHAEHIIIO CTIay TUCKY 31 301JIbIIEHHSM 3a30pY, IPOTE 3II1aPKY€ JIOKaIbHI
iKY, 10 PUCYTHI B peallbHOMY TOTOI. MO/IeNh CHCTEMHO 3HIDKYE THCK JUtsd 2.5-3 6ap, mo Moxe OyTn
3YMOBJICHO CIIPOILEHHSIM TYpOYJIEHTHHX 1 TEIJIOBUX MEXaHI3MIB Y CTpyMEHi KHCHIO, SIKHI Ma€ BHILY
peakiiiiHy akTUBHICTh Ta TEIUIOBY IPOBIIHICTH MOPIBHIHO 3 MOBITPSIM.

KinbkicHe MOpiBHSIHHS pO3paxyHKY i eKCTIEpUMEHTY HaBeJICHO Ha puC. 7.

OcCHOBHI BUCHOBKH 32 TpadikaMu pi3HHIl (PO3PaXyHOK — EKCTIEPUMEHT) MOJISTAI0Th Y HACTYITHOMY.
Tuck 1.5 Gap — maibke imeanbHa y3romKeHicTh, pisHUL He nepeBuirye +0.06 Oap. TeopeTnuna mMozensb
J00pe OMKCye MOBEAIHKY CTpyMeHs. Tuck 2 6ap — 301KHICTh 00pa MPU MaJIUX 3a30pax, ajle MOTIPIIy€EThCs
micias ~2 MM. MoJienb 3aHHKYE THCK Y pekuMi po3xopkeHHs notoky (-0.1...-0.05 6ap). Tuck 2.5 Gap —
HaiOu1bmi BigxuneHHs (~—0.15 6ap na h=2-2.5 mm). Came TyT aKTHBHI YAapHI CTPYKTYPH Ta TYpOYJIEHTHE
PO3MIMpPEHHS, SKi MOAEIH JIemo crupourye. Tuck 3 6ap —3a 301IbIIEHHS AUCTAHIIIT /10 epIIoro Aucky Maxa
TPEH]I MaliXKe HYJbOBHIA, MOJIEb CTAOUILHO OJTM3bKA JI0 SKCIIEpUMEHTY. Pexxum cTaOinbHIIINN, XBHIILOBI
nepenaay MEeHII BIUIMBAIOTh Ha EHTPATLHUH THCK.
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Puc. 7. Pi3HHIA Po3paxXyHKOBHX Ta eKCIIEPUMEHTAILHUX 3HAYeHb PiZKy40ro THCKY Ha Bici
CTPYMeEHS 1151 KHCHIO

MopiBHsiHHA. B mizoMy oTpuMaHi sSK pO3paxyHKOBI TaK i €KCIIEPUMEHTAJbHI PE3ylbTaTh JUIs
MOBITPSI 1 KUCHIO MalTh BiIHOCHO He3HayHi BigMiHHOCTI. KuceHb Mae BHIIy TyCTHHY Ta HHXKUY
TEIUIOEMHICTD, IO POOUTH XBUJIBOBY CTPYKTYPY OUTBII Pi3KOI0, €KCIIEPHUMEHT MOKa3ye OUMbIIi MiKH, a
Teopis 1X HE 3aBKId BHCOKOTOYHO BinTBOpioe. OTpuMaHi TOYHI KUIBKICHI JaHi A00pe KOPEIoITh 3
0a30BUMH OCOOJIMBOCTI Ta30IMHAMIKM HaJ3ByKOBUX CTpPYMEHiB. Manuii 3a30p 3aBXJM TapaHTye
MIIBUILCHAN JIOKaJbHUI piKyunid THCK. Lle 3yMOBieHO OJNM3BKUM pO3TAllyBaHHSM 30HW CTarHamii i
MPSIMOIO B3a€EMOJIIEID XBUJIb CTHCHEHHS 3 TOBepxHero nertami. CepeqHiil 3a30p — HasBHE pi3Ke MaiHHS
THCKY. [IprunHa — B3a€EMOIist KOCHX XBWJIb 3 HOPMAJILHOIO XBUJICIO CTOSIHHSI, III0 CTBOPIOE 3HAYHI BTPATH
MOBHOTO THCKY. [Tepexin Ha BiZIHOCHO BEIHMKI 3a30pH B 3aJIC)KHOCTI BiJI THCKY Ha BXO/Ii B COILIO IPU3BOANTD
Jo crabimizauii piXky4oro THCKy Ha JeII0 HIKIOMY piBHI. Ha Takux BicTaHAX yaapHi CTPYKTYpPH 4aCTKOBO
«PO3CMOKTYIOTBCS» 1 IOTIK HAOJIMKAETHCSA 10 KBA31BUILHOTO HAJ3BYKOBOI'O PEIKUMY.

BcraHoBIIEHI 3aKOHOMIPHOCTI BaXKJIMBI ITPY HAJIAIITYBaHHI PeaibHOTO MPOLIECY Ja3ePHOTO Pi3aHHs,
JUIsl 3a0€3MeYeHHs MaKCUMAJIBHOI MPOTYKTUBHOCTI TPOIIECY Ta BiIMOBIJIHOI SIKOCTI OTPUMAaHHX JCTaJeH.
Ha puc. 8 mokaszaHo sk 3MiHa 3a30py 1 PIXKY4oro THCKY, sKi BIANOBIIAIOTh E€KCIICPUMEHTAIBHHM 1
PO3PaxyHKOBUM JaHHMM, 3a MOCTIHHOT IIBUIKOCTI Pi3aHHS Ta TUCKY Ha BXO/Ii B COILJIO CYTTEBO 3MIiHIOIOTh
SIKICTh TIOBEPXOHB Pi3y.

Puc. 8. BisyainbHa oninka sikocTi pi3y ctaji CT3 TOBIIMHOIO 5 MM NPH 3MiHi BEPTHKAJILHOIO
3a30py 32 NOCTIHOI IBHAKOCTI pi3aHHs Ta THCKY KHCHIO 2 Bap: npn 3a30pi 0,5 mm (a); npu 3a30pi
1 MM (0); mpu 3a30pi 1,5 mm (B); npu 3a3opi 1,8 mm (r); npu 3a30pi 2,5 MM (1)
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Hecxramno mo6aunTy, mo KOJWBAaHHS SKOCTI Pi3aHHS BiAIOBIAAIOTH XapaKTepy KOJMBAHb PIKYJOTO
TUCKY Ha BiCl CTpyMeHS HpW HOro rajJbMyBaHHI Ha MOBEpXHi Aertani. 3a30pu 3i cTaOilIbHUM THCKOM
3a0e3MneuyIoTh OLTbII SKicHI Ta Oe31eeKTHI MOBEPXHI OTPUMAaHUX AeTaleil.

BucHoBku.

1. IlpoBeneHO KOMIUIEKCHI CHCTEMHI TEOPETHYHI Ta €KCIePUMEHTATbHI JOCIIHKCHHS B3a€MOJIil
JI03BYKOBOTO Ta HA/I3BYKOBOT'O Ta30BUX CTPYMEHIB (IIOBITps Ta KUCEHB), C(POPMOBAaHUX CXiTHUM KOHIYHHM
COIUIOM JIa3epHOI TEXHOJIOTTYHOI YCTAHOBKM 3 MOBEPXHEIO JeTali Al 0OpaHoro psay TUCKIB Ha BXOi B
COIUIO Ta BEJIMYMH BEPTUKAIBHUX 3a30piB MK COIUIOM Ta JIeTaulto. YucenbHEe MOJIETIOBAHHS
BUKOHYBAJIOCS 3 BUKOPHUCTAHHSAM CTPYKTYPOBaHOI a00 riOpHIHOI OOYMCIIOBAIBLHOI CITKH 3 JIOKAIBHUM ii
3TYHICHHSIM Yy 30HI BUXOXLy comia Ta (opMyBaHHS yIapHO-XBMIJIbOBOI CTPYKTypH. EkcrepuMeHTanbHi
JOCII/DKEHHSI MTPOBE/ICHI 3 BUKOPHCTAaHHSAM YCTATKYBaHHS Ta METOIWMKH JJIi BUCOKOTOYHOI peecTparii
BEJIMYMHU Pi’KY4IOTO TUCKY YTBOPEHOTO TralIbMyBaHHSIM CTPYMEHsI aCHCTYIOUOTO Ta3zy.

2. BcraHoBieHi uncenbHI 3aKOHOMIPHOCTI (DOpMYBaHHsI PKyUOro THUCKY Ha Bici CTpyMeHS AT
JI03BYKOBUX Ta HAI3BYKOBHX CTPYMEHIB B 3QJICKHOCTI BiJ THCKY Ha BXOJI B COIIO Ta BEJIUYHHH 3230y
MIDXK COTIOM Ta IETaJUTIO 32 BUKOPUCTAHHS B SIKOCTI aCHCTYIOUHX Ta3iB MOBITPS Ta KUCHIO.

3. CmiBcTaBlIeHHsI pO3PaXxyHKOBUX Ta €KCIIEPUMEHTANBHUX Pe3YJIbTaTiB MiATBEPANIO, IO PiBEHb
TOYHOCTI 3aIpONOHOBAHOI YMCENBbHOI MOJIEINI AOCTATHIN Al €(peKTUBHUX PO3PaXyHKIB ra3o0JuHaMiqHUX
TIPOIIECIB B3a€EMOIi1 Ta30BHUX CTPYMEHIB 3 IIOBEPXHEIO eTaji. Moaelb MOKe YCITIITHO BUKOPHCTOBYBATHUCS
NPy HaJlalITYyBaHHI peajbHOTO MPOLECY ra3oja3epHOro pi3aHHs, Uil 3a0e3MeYeHHS MaKCHUMaJIbHOI
MPOAYKTUBHOCTI POLIECY Ta BiAMOBIAHOI AKOCTI OTPUMaHHX JICTaJICH.

4. OTpuMaHO eKCIepUMEHTAIbHE MIATBEP/HKEHHS BHCOKOTO PIBHA KOPEJAIii SKOCTI pi3y Ta
XapakTepy KOJIUBAaHb PIXKYYOTo TUCKY Ha Bici CTPYMEHS NPHU HOTO rallbMyBaHHI Ha MMOBEPXHI JIETAII.
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JIyybruti HayioHanbHULL MEXHIYHUL y;ﬁti‘sepcumem1

BIIJIUB CKJIALY METAKAOJIIHIB HA BJJACTUBOCTI 'EOITIOJIIMEPHUX
KOMIIO3UTIB HA TEPMOIIEPJIITHIA OCHOBI

T'eononimepu € nepcnekmugenumu cyvacHumu 6yoigenbHUMU Mamepianamu, AK albMmepHAmuea 6emonam Ha 0CHOGL
nopmaanoyemenmy. Onmumizayia XiMiunozo ma zpaHyi0MempuuHoz0 CcK1a0y KOMNOHEHMIe 2e0nonimepy, 30Kpema
Memaxaosiny, 003604€ Kepyeamu uiguOKicmio meeponeHHs, nioguuiyeamu 006206i4HiCIb ma mMexaniuni eracmueocmi, a
maKoic adanmyeamu 2eonoiimepu 00 KOHKPEeMmHUX yMoe 3acmocyséanns. B oanomy docnioxnceni npoananizoeano memaxaoJiin
MK 40 ma eucoxoaxkmuenuii memaxaonin BKM, ixuiii ximiunuii cknad ma po3nooin 4acmuHoK, @ mMaxKoic 6NauUe Yux
thaxkmopie na enacmueocmi zeononimepia.

Knrwwuogi cnosa: memaxaonin eucoxoaxmuenuti BKM, memaxaonin MK-40, 2eononimep, anomocunikamu, KOMno3umu,
nonimepusayis.

N. Polivoda, M. Melnychuk, 1. Shevchuk, Y. Babych, V. Rud

THE INFLUENCE OF METAKAOLIN COMPOSITION ON THE PROPERTIES OF
THERMOPERLITE-BASED GEOPOLYMER COMPOSITES

Geopolymers are promising modern building materials, serving as an alternative to Portland cement-based concretes.
Optimizing the chemical and granulometric composition of geopolymer components, particularly metakaolin, allows for
controlling the hardening rate, increasing durability and mechanical properties, and adapting geopolymers to specific
application conditions. This study analyzes metakaolin MK 40 and highly active metakaolin HAM, their chemical composition
and particle distribution, as well as the influence of these factors on the properties of geopolymers.

Keywords: highly active metakaolin HAM, MK-40 metakaolin, geopolymer, aluminosilicates, composites,
polymerization.

Introduction

The chemical and granulometric composition of components has a key influence on the properties of
geopolymers, affecting their strength, resistance to aggressive environments, thermal conductivity, water
absorption, and other properties. The study analyzed metakaolin MK 40 (TU.U 14.2-00191916-001:2005)
and highly active metakaolin HAM (TU.U 14.2-36363275-001:2009) were analyzed, which can be used
for the production of geopolymers.

Problem statement

Energy efficiency, environmental safety, and durability are important aspects for building materials.
Geopolymers are a promising alternative to traditional cement composites. The properties of thermoperlite-
based geopolymer composites depend on the composition of the raw materials, in particular on the type and
activity of metakaolin, its chemical composition, and granulometric characteristics. The lack of data on the
influence of different types of metakaolin (MK-40 and HAM) on the structure formation and operational
properties of thermopearlite-based geopolymer composites complicates the process of optimizing the
composition of such materials. The lack of a systematic analysis of the relationship between the initial
parameters of the raw materials and the final properties of geopolymers does not allow their composition
to be formulated to achieve the required characteristics.

Review of Modern Information Sources on the Subject of the Paper

Geopolymer composites are the result of alkaline activation of aluminosilicate materials, which
produces a three-dimensional aluminosilicate gel (N-A-S-H) that determines the mechanical and
physicochemical properties of the material [1, 4, 5]. One of the most common precursors for the creation
of geopolymer composites is metakaolin, whose chemical composition is a key factor in the formation of
the structure and properties of the geopolymer. The silicon dioxide (SiO. ) content contributes to the
formation of the polymer matrix, increasing the gel density and mechanical strength of the material, as well
as its thermal stability [1, 2, 4, 10].

Research results [3, 6] show that a SiO, /Al, Os; ratio of approximately 3-4 ensures a balance
between the formation of a strong matrix and the reactivity of the precursor. Increasing the SiO, content
to a certain level leads to a denser structure and reduced porosity, which has a positive effect on strength.
However, an excess of silicon can reduce the reactivity of aluminosilicates and slow down polymerization,
limiting further strength growth [4, 6, 9].

Aluminum oxide Al, O; causes the formation of a threedimensional polymer aluminosilicate
network, which provides high thermal and acid resistance of the geopolymer [1, 2, 10]. Works [5, 7] show
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that the presence of Al, Oj; in a certain amount contributes to the formation of stable SFO-AI bonds, as
well as increases the density of the structure and reduces water absorption. The addition of CaO or calcium-
containing slags promotes the formation of hybrid gels of the C-A-S-H and N-A-S-H type [2, 4, 11], which
significantly increases early strength and accelerates the hardening of the material. However, excess CaO
can reduce the chemical stability of geopolymers in an acidic environment, so its amount in the preparation
of a geopolymer composite must be regulated [4, 5, 7].

In the geopolymer composition, iron oxide Fe, Os; insmall concentrations can act as a catalyst for
structure formation, increasing thermal stability and stability when heated. In high concentrations, Fe, Os
reduces strength due to the formation of less reactive phases and disruption of gel homogeneity [3, 5, 7].

In addition to chemical composition, granulometry and specific surface area of metakaolin particles
play an important role [6, 8, 9]. The granulometric composition of raw materials is one of the key factors
determining the kinetics of polymerization and the density of the geopolymer matrix structure. Studies show
that reducing the particle size of metakaolin and other aluminosilicates leads to an increase in specific
surface area, which increases the reactivity of the material during alkaline activation. As Duxson [5] notes,
finely dispersed particles promote more intense dissolution of Si and Al in an alkaline environment,
accelerating polymerization and the formation of a three-dimensional structure of the geopolymer gel.
Similar results were obtained in [10], where it was noted that the use of finely dispersed metakaolin ensures
the formation of a more homogeneous and dense structure, which reduces porosity and increases the
mechanical strength of the final material. In addition, granulometry significantly affects the microstructure
and defectiveness of the matrix.

Kohout et al. [6] experimentally proved that excessively large aluminosilicate particles slow down
the polymerization process, causing the appearance of heterogeneous zones and microcracks in the
structure, while a uniform distribution of particles smaller than 20 um contributes to the formation of a
dense and uniform matrix. Similarly, Tchakouté et al. [7] note that controlling the particle size distribution
allows the degree of gelation to be regulated and the number of unreacted metakaolin grains to be reduced.
Thus, granulometry directly determines the polymerization rate, homogeneity, and density of the
geopolymer matrix, which is crucial for obtaining materials with high physical and mechanical
characteristics.

The assessment of the structural and morphological characteristics of metakaolin, as one of the most
effective aluminosilicate bases for the synthesis of geopolymers, allows not only to visualize the
morphology of its particles, the degree of amorphousness after calcination and the process of gel formation
during geopolymerization, but also the porosity and presence of defects in the formed matrix [5; 13].

According to studies [4; 17], the intensity of gel matrix formation and its porosity depend on the
reactivity of metakaolin, i.e., the degree of its structural destruction during calcination. The temperature for
obtaining metakaolin is approximately 650-750 °C, resulting in high dispersibility and the largest surface
area, which contributes to the effective formation of a three-dimensional aluminosilicate network.

Microstructural observations also show that when the reactivity of metakaolin in the geopolymer
matrix is insufficient, unreacted particles remain, forming defects and reducing the density of the structure.
SEM analysis in this case reveals characteristic pores and cracks, indicating incomplete polymerization [6,
12, 21]. Conversely, with the correct selection of the alkali solution composition and Si/Al ratio, the
microstructure is more homogeneous, without microcracks, with a clearly defined gel background,
confirming a high degree of geopolymerization [9; 15].

In addition, the use of SEM in combination with EDS energy dispersive analysis allows the elemental
composition of local areas of the structure to be determined, which is important for identifying phases with
different concentrations of silicon, aluminum, and alkali cations. This helps to trace the process of
metakaolin transition to the N-A-S—H gel phase, characteristic of geopolymers [5, 13, 18, 20].

Assessment of the degree of microstructure compaction and the presence of residual voids, which
determine the mechanical strength of geopolymers [19; 20]. Comparison of microstructural data with the
results of mechanical tests demonstrates a clear correlation between morphological homogeneity and the
strength of samples.

Geopolymers synthesized on the basis of metakaolin are characterized by high density and the
presence of an amorphous gel matrix formed as a result of the polymerization of silicate and aluminate
groups. According to research [15], when metakaolin is used as the main component, N-A-S-H-type gels
are formed, which are responsible for the mechanical properties of the material. Additionally, in studies
[15, 19], a microstructural analysis of metakaolin-based geopolymers was performed using SEM methods,
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which allowed the identification of characteristic features of the structure and phase transformations in the
material.

Objectives and Problems of Research

The aim of this study is to investigate the relationship between the elemental and granulometric
composition of aluminosilicate raw materials, in particular metakaolin MK 40 and HAM, the nature of their
influence on the course of polymerization, microstructure formation, and the final properties of geopolymer
composites. In the search for environmentally sustainable and durable building materials, understanding
the role of particle size and nature in structural and chemical processes is of particular importance. The
reaction rate of alkali activation, the level of homogeneity of the mixture, and, consequently, the density
and strength of the formed matrix depend on the particle size distribution. Therefore, the task is not only to
describe the physicochemical patterns, but also to identify practical approaches to optimizing the
composition in order to obtain stable, heat-resistant, and mechanically strong geopolymers.

An important task of the study is to gradually investigate the relationship between granulometry and
structure formation in geopolymer systems, in particular, to determine the role of particle size in the
formation of an aluminosilicate network and to determine the critical parameters that affect the
polymerization rate [6, 11]. Therefore, the study aims to establish the limits of metakaolin dispersibility, at
which the highest reactivity and maximum matrix density are achieved [4, 7]. By performing a comparative
analysis of the microstructure of materials synthesized with different particle size distributions, it is possible
to understand how changes in morphology affect the performance properties of the finished samples [10,
12].

Main Material Presentation

The elemental and oxide composition of VCM and MK-40 was measured using an X-ray
fluorescence spectrometer (XRF) by two methods. In the first method, loosely packed metakaolin powder
was used for measurements. In the second method, measurements were performed on compressed material.
To prepare the sample for measurement, 6 g of metakaolin was weighed and 1.5 g of wax was added. The
prepared mixture was pressed with a load of 15 T on a Hercules 25T press. The results of the second method
are shown in Fig. 1. The increased content of Al in the form of oxide in HAM metakaolin is explained by
the high content of the y-Al, O, phase. This phase is formed during the production of metakaolin in the
calcination process, as a result of which, at temperatures of 500-700 °C, gibbsite is transformed into y-
Al; O; . This phase remains inert during geopolymerization, but contributes to the compaction of the
structure, effectively acting as a filler that increases compressive strength [5,7].

The formation of y-Al, O is also accompanied by a decrease in the specific surface area of
metakaolin, which can affect the reactivity of the raw material, but the formation of y-Al, Os compensates
for this effect by improving the mechanical properties of geopolymer materials and their thermal stability
[4,8]. The strength of geopolymers also depends on the molar ratio of Si/Al. Studies show [3, 5] that at a
Si/Al ratio of = 1.95, maximum compressive strength is achieved. from which it can be concluded that this
ratio, i.e., an increase in the Al, Oz content, can lead to a decrease in strength due to the formation of less
strong Al-O-Al bonds in the geopolymer structure.

The granulometric composition of geopolymer components has a direct impact on the reactivity of
materials. This is because fine particles have a higher specific surface area, resulting in faster alkali
activation of geopolymers and increased initial strength. Excessively fine metakaolin particles can reduce
the mobility of the mixture and require a larger amount of activator, leading to microcracks and shrinkage.
Coarse particles are less reactive but can serve as fillers [9, 10]. The granulometric analysis of the samples
was performed using an Anton Paar GmBH (Graz, Austria) laser particle analyzer, which uses the light
diffraction method. The measurements were performed in wet mode, which required the preparation of
samples of BMC and MK40 metakaolin and their introduction into the device, where light scattering
analysis was then performed. The study established statistical values for grain size based on six
measurements (Fig.2).

In metakaolin MK 40, a more uniform distribution of particles is observed, which in turn contributes
to the compaction of the structure of the geopolymer mixture. Thus, a decrease in the average particle size
of metakaolin (to 3.9-10 um) contributes to an increase in the specific surface area, which improves the
dissolution of aluminosilicates during geopolymerization. This leads to the formation of a larger amount of
amorphous (glass) phase, which provides a denser microstructure and increased strength of the material [7,
10], as well as a decrease in the porosity of the material, an increase in its strength, and improved frost
resistance and water resistance.
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Using scanning electron microscopy (SEM) analysis, the morphological features of HAM and MK
40 particles were studied at magnifications from 150 to 1500, and the elemental composition of metakaolins
used as an aluminosilicate base for the synthesis of geopolymer binder was determined.

Al: 408466,51 PPM

Mg: 4675,13 PPM
Pb: 001 %
ﬂTa: 0,01 %
Zr: 612,75 PPM
#Y: 88,62 PPM
Sr: 196,84 PPM
Rb: 170,08 PPM
Ga: 123,78 PPM
Zn: 50,05 PPM

Cu: 78,57 PPM

Ni: 53,52 PPM
Fe: 23007,52 PPM
\Cr: 400,99 PPM

V: 620,85 PPM
Ti: 18199,34 PPM
Ca: 7508,68 PPM
K: 24360,56 PPM
\5: 407,94 PPM

Si: 51068540 PPM

Al: 207498,79 PPM
Mg: 5618,48 PPM
SPB:0,01 %
2r: 3453,92 PPM
#Y:54.23 PPM
Sr: 429,26 PPM
1488,92 PPM
— Ga: 80,44 PPM

Zn: 560,90 PPM

Si: 642319,66 PPM 30 PPM
\Ni: 31,02 PPM
Fe: 19112,72 PPM
\cr: 264,63 PPM
M:253,28 PPM
Ti: 10920,72 PPM
Ca: 13169,08 PPM
\K: 68471,23 PPM

b
Fig. 1. Elemental composition of metakaolin HAM (a) and MK40 (b)

He obtained VCM images (Fig.3a) demonstrate the aggregated structure of particles with a
pronounced leafy surface character, which corresponds to the morphology of kaolinite after thermal
activation. The particles have an irregular shape, a size within the range of 1-10 um, and are characterized
by the presence of microcracks and porosity, which are formed as a result of dehydroxylation of kaolinite
at a temperature of 650-800 °C. The surface of the particles is partially loosened, with amorphous areas,
indicating the destruction of the layered structure and the formation of reaction-active centers. Such
morphological features indicate the effective conversion of kaolinite into metakaolin, an amorphous
aluminosilicate characterized by high reactivity in alkaline activation processes. The appearance of
amorphous areas confirms the loss of crystallinity necessary for the formation of an N-A-S—H-type gel,
which is formed during the geopolymerization process [1, 3]. The results of EDS energy dispersive analysis
of VCM indicate that the main elements of the sample are oxygen, silicon, aluminum, as well as a small
amount of potassium and carbon (Table 1). The presence of gold within 10 wt.% is explained by the
application of a metal coating prior to SEM analysis to ensure the electrical conductivity of the surface.

The calculated Si/Al ratio within the range of 1.1-2.3 is characteristic of highly active metakaolin
used in N-A-S—H-type geopolymers. This range is consistent with the results of studies [15] and [16],
where the optimal silicon-to-aluminum ratio ensured the formation of a homogeneous gel phase with high
density. The presence of potassium indicates natural impurities of feldspars in the initial kaolinite, while
the insignificant carbon content may be due to residual organic impurities or carbon contamination during
sample preparation. The absence of iron and titanium indicates the high purity of metakaolin, which is an
important prerequisite for the stable chemical composition of future geopolymers.
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According to SEM data (Fig.3, b), the MK40 metakaolin sample is characterized by an agglomerated
microstructure with a predominance of finely dispersed irregularly shaped particles connected in loose
clusters. Local pores and breaks are observed on the surface, which are typical for partially amorphized
metakaolin that has undergone dehydroxylation. Unlike the HAM sample, where lamellar fragments with
remnants of a layered structure prevailed, the structure of MK40 is more porous and loose, indicating a
higher degree of kaolinite thermal activation. Such surface destruction can contribute to increased reactivity
during alkaline activation, but excessive porosity potentially reduces the density of the future geopolymer.
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Fig. 2. Results of granulometric analysis of metakaolins HAM (a) and MK40 (b)
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Fig. 3. Results of scanning electron microscopy (SEM) analysis of metakaolins HAM (a) and MK40
(b), x1500

Based on the EDS results of metakaolin MK40, its composition was determined (Table 2), with a
Si/Al ratio in the range of 1.5-2.6, which is typical for reactive metakaolins suitable for forming
N-A-S-H gel during geopolymerization. Compared to VCM, the MK40 sample has a slightly higher Si
content and lower Al content, indicating a higher proportion of the amorphous phase. The presence of up
to 2.2 wt% sodium may be the result of prior contact with alkaline environments or natural impurities of
feldspars, which is sometimes observed in thermally activated kaolinites.

As can be seen from the SEM results, sample MK40 shows more intense destruction of the crystalline
structure of kaolinite, indicating a higher degree of activation. This has a positive effect on reactivity, but
excessive porosity may require correction of the alkali activator composition to ensure uniform formation
of the N-A-S—H gel. The HAM sample has less developed porosity but a more stable morphology, which
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ensures more controlled polymerization. It is likely that its structure will promote the formation of a denser
geopolymer matrix with an optimal Si/Al ratio.

Table 1
Results of energy dispersion analysis of HAM
Element Line Mass% Atom%
C K 6.80+0.12 10.78+0.18
) K 49.81+0.26 59.29+0.30
Al K 20.43+0.13 14.42+0.09
Si K 22.63+0.15 15.35+0.10
K K 0.33+0.03 0.16+0.01
Total 100.00 100.00
Spc_007 Fitting ratio 0.0402

For geopolymer synthesis, MK40 can be considered a more reactive metakaolin, suitable for rapid

polymerization at low temperatures, while VCM is a structurally more stable material that provides better
uniformity and less shrinkage during hardening. For geopolymer synthesis, it is advisable to combine both
types of metakaolin in a ratio of 1:1 or 2:1 to achieve a balance between the reaction activity and structural

density of the final material.

Table 2
Results of energy dispersive analysis of MK40
Element Line Mass% Atom%
C K 14.72+0.14 36.93+0.36
O K 19.53+0.26 36.78+0.48
Na K 0.69+0.07 0.90+0.09
Al K 4.75+0.19 5.30+0.21
Si K 11.80+0.34 12.66+0.36
Au M 48.52+1.42 7.42+0.22
Total 100.00 100.00

The results obtained are consistent with the morphological characteristics of metakaolin given in
[16], [17], [18], [19]. According to these studies, after thermal activation, metakaolin exhibits a
heterogeneous microstructure with amorphous areas that promote alkaline activation and the formation of
an aluminosilicate gel matrix. The high oxygen and silicon content with a relatively low aluminum content
indicates a well-dehydroxylated phase capable of polymerization when interacting with alkaline activators.
A similar correlation between the degree of amorphization, reactivity, and microstructure was also
established in the works [19], [20], and [21].

Geopolymer components with an optimized SiO, andAl, Oj; ratio and fine grains, such asMK40
metakaolin, are raw materials for producing high-quality geopolymers. Unlike fly ash, which has low
reactivity and requires greater grinding or the use of activator additives, metakaolin MK40 requires less
Na. O/, Ofor polymerization. The high Al, Os; content in BMK metakaolin can reduce the reactivity
in the geopolymerization process and cause a decrease in the mechanical properties of the geopolymer due
to the formation of weaker Al-O-Al bonds in the geopolymer structure.

Conclusions

The study found that the chemical and granulometric composition of metakaolin significantly affects
the structure formation process, polymerization rate, and operational properties of thermopearlite-based
geopolymer composites. The main factors determining the quality and homogeneity of the formed
geopolymer matrix are the Si/Al ratio and the degree of amorphization of the initial aluminosilicate
material.

A comparative analysis of two types of metakaolin — HAM and MK40 — showed that the MK40
sample has a higher degree of thermal activation, increased silicon content (approximately 35 wt.%) and a
more developed porous microstructure, which determines its high reactivity in the alkali activation process.
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At the same time, HAM metakaolin is characterized by a more stable, lamellar morphology, a Si/Al ratio
in the range of 1.8-2.2, and lower porosity, which ensures controlled hardening and the formation of a
dense matrix with minimal shrinkage. The calculated Si/Al ratios within the range of 1.1-2.6 for both types
of metakaolin correspond to values sufficient for the formation of an N-A-S—H type aluminosilicate gel,
which determines the strength and stability of geopolymers.

An effective Si/Al ratio of approximately 1.9-2.0 ensures the formation of a uniform three-
dimensional network with increased density. It has been established that a decrease in the average particle
size of metakaolin (to 3.9-10 um) contributes to an increase in specific surface area, improved dissolution
of aluminosilicates in an alkaline environment, intensification of the polymerization process, and the
formation of a denser amorphous structure of the geopolymer matrix. This leads to an increase in the
strength, frost resistance, and water resistance of the material. The results of SEM and EDS analyses
confirm that MK40, having a more porous and amorphous structure, contributes to rapid initial hardening,
but requires optimization of the activator composition to prevent the formation of defects. In contrast, HAM
exhibits stable particle morphology and ensures uniform polymerization with the formation of a dense
matrix, which contributes to the increase in the final strength of the composite.

High performance characteristics of thermopearlite-based geopolymers can be achieved by
combining VCM and MK40 metakaolins in a ratio of 1:1 or 2:1, which allows for a balance between
reaction activity and structural density. The results obtained indicate the possibility of targeted control of
the properties of geopolymer composites by varying the composition, dispersibility, and ratio of metakaolin
components, which opens up prospects for the creation of environmentally friendly, energy-efficient, and
durable building materials of a new generation.

References

1. J. Davidovits, “Geopolymers and geopolymeric materials,” Journal of Thermal Analysis, vol. 35,
no. 2, pp. 429-441, 1989. DOI: 10.1007/bf01904446.

2. S. Shahieh, G. McKay, and S. G. Al-Ghamdi, “Comprehensive analysis of geopolymer materials:
Properties, environmental impacts, and applications,” Materials, vol. 16, no. 23, p. 7363, 2023. DOI:
10.3390/mal6237363.

3.J. Davidovits, “High-alkali cements for 21st century concretes,” Special Publication, vol. 144, pp.
383-398, 1994.

4. J. L. Provis and J. S. J. van Deventer, Geopolymers: Structures, Processing, Properties and
Industrial Applications, 1st ed. Cambridge, UK: Woodhead Publishing, 2009, ch. 3, pp. 45-98. DOI:
10.1533/9781845696382.

5. P. Duxson, A. Fernandez-Jiménez, J. L. Provis, G. C. Lukey, A. Palomo, and J. S. J. van Deventer,
“Geopolymer technology: The current state of the art,” Journal of Materials Science, vol. 42, no. 9, pp.
2917-2933, 2007. DOI: 10.1007/s10853-006-0637-z.

6. J. Kohout, P. Koutnik, P. Hajkova, E. Kohoutova, A. Soukup, and M. Vakili, “Effect of
aluminosilicates’ particle size distribution on the microstructural and mechanical properties of
metakaolinite-based geopolymers,” Materials, vol. 16, no. 14, p. 5008, 2023. DOI: 10.3390/ma16145008.

7. H. K. Tchakouté, E. Kamseu, C. Banenzoué, C. H. Rischer, F. Andreola, C. C. L. Tchamo, and
C. Leonelli, “Role of y-Al, O; on the mechanical and microstructural properties of metakaolirbased
geopolymer cements,” Journal of Sol-Gel Science and Technology, vol. 86, pp. 305-315, 2018. DOI:
10.1007/s10971-018-4643-8.

8. J. Davidovits, “Geopolymers: Inorganic polymeric new materials,” Journal of Thermal Analysis
and Calorimetry, vol. 37, pp. 1633-1656, 1991.

9. B. Kimand S. Lee, “Review on characteristics of metakaolin-based geopolymer and fast-setting,”
Journal of the Korean Ceramic Society, vol. 57, no. 4, pp. 368-377, 2020. DOI: 10.1007/s43207-020-
00043-y.

10. E. Kamseu, A. Rizzuti, C. Leonelli, and D. Perera, “Enhanced thermal stability in K, G
metakaolin-based geopolymer concretes by Al, O; and SiO, fillers addition,” Journal of Materials
Science, vol. 45, pp. 1715-1724, 2010.

11. F. Farooq, X. Jin, M. F. Javed, A. Akbar, M. I. Shah, F. Aslam, and R. Alyousef, “Geopolymer
concrete as sustainable material: A state of the art review,” Construction and Building Materials, vol. 306,
p. 124762, 2021.

12. P. Duxson, G. C. Lukey, F. Separovic, and J. S. J. van Deventer, “Effect of alkali cations on
aluminum incorporation in geopolymeric gels,” Industrial & Engineering Chemistry Research, vol. 44, no.
4, pp. 832-839, 2005.

© H. Ionrieooa, M. Menvruuyk, 1. lllesuyk, A. babuu, B. Pyov

247



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

13. J. Davidovits, Geopolymer Chemistry and Applications, 5th ed. Saint-Quentin, France: Institut
Géopolymere, 2020. 703 p.

14.Z. Zhang, J. L. Provis, A. Reid, and H. Wang, “Geopolymer foam concrete: An emerging material
for sustainable construction,” Cement and Concrete Composites, vol. 56, pp. 113-127, 2014. DOI:
10.1016/j.cemconcomp.2014.01.014.

15. A. Fernandez-Jiménez and A. Palomo, “Composition and microstructure of alkali-activated fly
ash binder: Effect of the activator,” Cement and Concrete Research, vol. 35, no. 10, pp. 1984-1992, 2005.
DOI: 10.1016/j.cemconres.2005.03.003.

16. J. Zeng et al., “Mechanics and microstructure analysis of geopolymer composites,” Materials
Today Communications, vol. 29, p. 102837, 2024. DOI: 10.1016/j.mtcomm.2022.102837.

17. L. Yuan et al., “Orthogonal analysis and mechanism of compressive strength of metakaolin—fly-
ash-based geopolymer,” Materials Today Communications, vol. 27, p. 102286, 2022. DOI:
10.1016/j.mtcomm.2021.102286.

18. X. Shi et al., “Experimental study on the mechanical properties and microstructure of metakaolin-
based geopolymer,” Materials, vol. 15, no. 13, p. 4487, 2022. DOI: 10.3390/ma15134487.

19.J. Lizcano et al., “Reaction and microstructure of metakaolin-based geopolymer: An SEM study,”
Journal of Materials Science, vol. 60, no. 2, pp. 1245-1257, 2025. DOI: 10.1007/s10853-024-06822-4.

20.A. S. S. K. Mohammed et al., “Comparative study of metakaolin-based geopolymer: Effect of
activator composition,” Materials Today Communications, vol. 28, p. 102836, 2023. DOI:
10.1016/j.mtcomm.2021.102836.

21. N. Polivoda, M. Melnychuk, B. Kozub, R. Ostapchuk, and Y. Babych, “Properties of perlite-
based geopolymer as a thermal insulation material for building efficiency,” in Advances in Design,
Simulation and Manufacturing VIII (DSMIE 2025), Lecture Notes in Mechanical Engineering, F. J. G.
Silva et al., Eds. Cham, Switzerland: Springer, 2025, pp. 91-104. DOI: 10.1007/978-3-031-96413-8_8.

22. M. Nykiel, K. Korniejenko, K. Setlak, M. Melnychuk, N. Polivoda, B. Kozub, M. Hebdowska-
Krupa, and M. Lach, “The influence of diatomite addition on the properties of geopolymers based on fly
ash and metakaolin,” Materials, vol. 17, p. 2399, 2024. DOI: 10.3390/ma17102399.

23. B. Kozub, J. Dudek, and M. Melnychuk, “The effect of oil additives on the properties of fly ash-
based foamed geopolymers,” Materials, vol. 17, no. 23, p. 5819, 2024. DOI: 10.3390/mal17235819.

© H. Ionrieooa, M. Menvruuyk, 1. lllesuyk, A. babuu, B. Pyov

248



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

YK 678.549 DOI 10.36910/775.24153966.2025.84.38
O. CagoBa, B. Kammunpkunii, JI. I'ycauyk, M. Bumnncebkuii, €. Yepnora
Jlyybrutl HayioHanbHULL MEeXHIYHUL YHIgepCumem

JOCJII)KEHHS MEXAHIYHUX BJIACTUBOCTEM TA CTPYKTYPH
BIOKOMIIO3UTIB, HAIIOBHEHUX KABOBOIO I'YIIEIO

B cmammi 0ocnidyceno miynicmo Ha cMUcKanna 6i0KOMRO3UMHUX MAMEPIAie HA 0CHOGI 2IIOMUH060T Mampuyi ma
Kaeoeoi zyuii 3anexcHo 6i0 emicmy HANROGHIOBAYA MA CHMYNEHA NIOCYULy8anHa Komnoszuyili. Busznaueno miynicmo ha
CMUCKAHHA O0IOKOMRO3UMIE 3a1e)HcH0 6i0 Konyenmpayii Oiononimepnoi mampuuyi, emicmy Komno3uuii ¢ npec-ghopmi,
memnepamypu 0CHO8HOT mepMiunoi 00pooKu ma 000amko8oi mepmiunoi 06pooxu. [ocniornceno, ujo maKcumanrbHy MiyHicms
Ha cmuckanuua 79,6 MIla maromo OGiokomno3umni mamepianu i3 cmynenem niocywyeauua 20%. Taxoorc Oocrioxnceno
MIKpOCMPYKIYpy Oi0OKOMRO3UMI6 ONMUMAIBbHO20 CKAady (emicm Kagoeoi ywyi 6 kinvkocmi 200 mac. u.) 3i cmynenem
niocywiyeanus komnozuyii 20%.

Kniouogi cnosa: pozuun eniomuny, Kasoéa 2ywd, MiyHiCmb HA CIMUCKAHHS, MePMIYHa 00pobKa, cmyninb niOCyuLy8amHs,
cmpykmypa.

O. Sadova, V. Kashytskyi, D. Husachuk, M. Vyshynskyi, Ye. Chernota

STUDY OF MECHANICAL PROPERTIES AND STRUCTURE OF BIOMPOSITS FILLED
WITH COFFEE GROUNDS

The article investigates the compressive strength of biocomposite materials based on glutin matrix and coffee grounds
depending on the filler content and the degree of drying of the composition. The compressive strength of biocomposites is
determined depending on the concentration of the biopolymer matrix, the composition content in the mold, the temperature of
the main heat treatment and additional heat treatment. It is investigated that biocomposite materials with a degree of drying of
20% have a maximum compressive strength of 79.6 MPa. The microstructure of the biocomposite sample of the optimal
composition (coffee grounds content in the amount of 200 wt. parts) with a degree of drying of the composition of 20% is also
investigated.

Key words: glutin solution, coffee grounds, compressive strength, heat treatment, degree of drying, structure.

Problem statement. Nowadays Today, plastic products based on synthetic binders are very common
in the world due to their properties, in particular, the combination of low weight with high strength and
corrosion resistance. However, the excessive accumulation of plastic waste creates a serious environmental
problem due to the long-term decomposition during disposal and their toxicity. Millions of tons of plastic
waste, which is difficult to recycle or utilise, are generated every year. Plastic waste decomposes for
hundreds of years, polluting soils and water bodies. Toxic substances are released during the combustion of
plastic waste. They harm the atmosphere, polluting the air [1]. This necessitates the development of new
alternative materials that are safer for the environment. Biocomposite materials based on natural fibers and
natural polymers can partially replace products made of traditional plastic. They decompose faster and have
a smaller negative impact on the environment, reducing the carbon footprint. The relevance of the
development of biocomposites is due to the strategic priorities of sustainable development, since such
materials are environmentally friendly, are made from renewable sources and reduce energy costs [2].

Analysis of recent research and publications. Construction and automotive industries are currently
the main areas of introduction of biocomposite materials . However, new promising markets and
applications of biocomposite products are emerging as a result of improvements, innovative solutions and
increased productivity [3]. The direction of wood composites is of significant economic importance. The
direction is rapidly developing in the concept of creating new composites and more in the development of
new types of binders for them. There is significant progress in the development of biobased adhesives,
caused by external restrictions, in particular, strict conditions of regulatory documents on the reduction and
even elimination of formaldehyde and other materials that are toxic. Consumer awareness is no less
important, that is the desire of industry to give preference to environmentally friendly materials and reduce
or even eliminate its dependence on exhaustible petrochemical products with a subsequent increase in the
price of raw materials [4].

The properties of reinforced natural biocomposites are determined by both the characteristics of the
filler and the polymer matrix. The properties of biocomposites depend on the type of natural fiber and its
modification, the use of modifiers, the ratio of the mass of the filler to the polymer, the manufacturing and
processing technology, as well as the efficiency of the interfacial connection between the reinforcing
materials and the matrix [5].

Petinakis E et al. [6] investigated composites based on polylactic acid (PLA) and wood flour. They
observed that the tensile strength was not significantly improved by increasing the number of wood flour
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particles. With the addition of the modifier methylene diphenyl diisocyanate, the mechanical properties of
the composites, in particular the tensile strength and Young's modulus, increased by 10% and 135% with
increasing wood flour content.

The properties of epoxy composites [7] filled with crushed walnut shells, which are organic waste of
agricultural production, were investigated. Composite samples containing 20, 30, 40 and 50 wt. % crushed
walnut shells have increased stiffness and hardness compared to epoxy polymers. The introduction of this
filler leads to a decrease in the tensile strength and Charpy impact resistance of the composite material.
Thermogravimetric analysis has shown that the introduction of crushed walnut shells improves the thermal
stability of composite materials.

The authors of [8] developed an environmentally friendly frame for glasses made of recycled coffee
grounds, natural oils and a biopolymer based on vegetable oils, which are used as a binder. The glasses are
waterproof due to a special type of hydrophobic coating. The biomaterial of the frames decomposes in about
10 years under natural conditions.

In [9], biocomposite samples without delaminations and structural defects were obtained by
introducing the optimal content of filler (wood flour), formed by pressing. Biocomposite materials based
on starch binder were modified with an aqueous solution of glutin. It was found that the most homogeneous
and dense structure of biocomposites is formed at the optimal content of the modifier in the amount of 70
wt. parts, which ensures an increase in the hardness of biocomposite materials.

Compositions of biocomposite materials based on glutin and crushed straw have been developed. It
was found that higher degrees of drying of the composition (25%) are advisable to use for biocomposites
with lower filler content (140 wt. parts) and, conversely, lower degrees of drying of the composition (20%)
are sufficient for biocomposites with higher filler content (150 wt. parts). This is economically
advantageous, since the duration of the technological process is reduced, which will lead to a decrease in
energy costs. The highest compressive strength of 82.8 MPa is possessed by biocomposites with a filling
degree of 150 wt. parts of crushed cereal stalks and a drying degree of 20% of the composition with a glutin
solution concentration of 50% [10].

Biocomposite materials with a filler content of 200 wt. parts have a higher compressive strength (75.8
MPa) compared to materials with a lower filler content of 190 wt. parts. The strength of biocomposites
increases with a higher filler particle content (200 wt. parts), which is determined by the ability of coffee
grounds particles to deform as a result of compression during molding. The optimal density (1.17 g/cm3)
provides an additional increase in strength due to the physical and chemical bonds between coffee grounds
particles and glutin macromolecules. Coffee bean particles have low mechanical characteristics and are less
deformed during pressing under the influence of a specific load of 8 MPa compared to pressing under a
pressure of 11 MPa. Therefore, biocomposite materials formed under a pressing pressure of 8 MPa have a
higher impact strength of 3.55 kJ/m? [11].

Statement of tasks. The aim of the work is to study the mechanical properties and structure of
biocomposite materials based on a glutin solution of various concentrations with coffee grounds.

Presentation of the main material. Coffee grounds in the amount of 180-210 wt. parts were used
as a filler for biocomposites. An aqueous solution based on bone glue with a concentration of 43% was used
as a polymer binder. The pre-dried filler was added to the glutin solution and mixed to obtain a
homogeneous composition. The composition was pressed at a temperature of 50-60 °C to a mass loss of
5%, 10%, 15%, 20% and 25%. The composition was placed in a mold and pressed. Next, the samples in the
mold were heat treated for 2 hours at a temperature of 150 °C. It is necessary to press the composition after
1 hour of holding time to ensure the density of the material. The biocomposite samples were cooled in the
mold in still air at room temperature.

Biocomposite samples filled with coffee grounds in an amount of 180 wt. parts with a drying degree
of 10% have a low compressive strength of 9.6 MPa (Fig. 1). This indicates insufficient removal of moisture
from the composition during its drying, which prevents the complete structuring of the material. The
compressive strength of a biocomposite of this composition increases with an increase in the degree of
drying of the composition from 10% to 25%. The compressive strength of biocomposites with a degree of
drying of the composition of 15% increases by 4.2 times (40.4 MPa). The compressive strength of
biocomposites with a degree of drying of the composition of 20% increases by 5.2 times (50.3 MPa). The
compressive strength of biocomposites with a degree of drying of the composition of 25% increases by 6.9
times (66.8 MPa). This indicates an increase in the structuring of biocomposite materials due to the removal
of excess moisture that enters the material during its formation.
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Biocomposite samples containing 180 wt. parts of coffee grounds contain a large number of small
pores that are evenly distributed over the surface. Presumably, these pores are formed during heat treatment
due to the removal of excess moisture from the volume of the material. The surface of samples with a degree
of drying of the composition of 10% and 15% is uneven at the ends with brittle burrs. Biocomposite samples
with a higher degree of drying of the composition contain a smaller number of pores on the surface. The
surface of the ends and the side surface of biocomposite samples with a degree of drying of the composition
of 20% are even, which indicates a high degree of structuring of the high-density biocomposite due to the
removal of a larger amount of moisture from the material, which confirms the obtained high strength values.
The degree of drying of the composition of 25% is too high, since the edges of the ends have burrs.

100 - Degree of drying of composition
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Fig. 1. Compressive strength of biocomposites filled with coffee grounds, depending on the
filler content and the degree of drying of the composition

Biocomposites with a content of 190 wt. parts of coffee grounds and a degree of drying of the
composition of 5% have the lowest compressive strength of about 1 MPa. These biocomposite samples
contain a significant amount of moisture, which does not allow to obtain a material with high strength. The
edges on the end of the sample are brittle and uneven, which confirms the low compressive strength of these
biocomposites. The compressive strength of biocomposites with a higher degree of drying of the
composition of 10% is 6.7 MPa. Higher degrees of drying of the composition up to 15% and 20% allow to
increase the compressive strength of biocomposites by 3.5-11.4 times, which is 23.9 MPa and 76.4 MPa,
respectively. The compressive strength of biocomposites increases due to the formation of an additional
number of physical and chemical bonds in biocomposite materials because excess moisture is removed from
the material. The surface of the samples becomes smoother and contains fewer pores as the degree of drying
of the composition increases from 5% to 20%.

The biocomposite samples with a composition drying degree of 20% have the smoothest surface.
This biocomposite has the highest compressive strength of 76.4 MPa among samples with a content of 190
wt. parts of coffee grounds. The biocomposite sample with a composition drying degree of 25% contains
small pores on the side surface. The end surface is uneven. The light brown color of the sample indicates
an insufficient content of the biopolymer matrix, as a result of which the biocomposites are brittle. The
compressive strength of these biocomposites (25.5 MPa) is 3 times lower compared to the compressive
strength of the biocomposite with a composition drying degree of 20% (76.4 MPa). Therefore, drying the
composition to a degree of 25% with a high filler content is impractical.

The compressive strength of biocomposites filled with 200 wt. parts of coffee grounds with a degree
of drying of the composition of 10% is 27.1 MPa. The compressive strength increases with an increase in
the degree of drying of the composition from 10% to 20% and decreases with a degree of drying of the
composition of 25%. The compressive strength of biocomposites with a degree of drying of 15% is higher
by 15% compared to a degree of drying of 10% and is 31.8 MPa. Biocomposites with a degree of drying of
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20% have a maximum compressive strength of 79.6 MPa. Increasing the degree of drying of a highly filled
composition is not advisable, since the compressive strength of biocomposites decrease by 2 times
(39.8 MPa).

Biocomposite samples with a higher filler content (200 wt. parts) have high strength (79.6 MPa). The
surface of these samples with a higher degree of drying of the composition (20%) is smooth without visible
structural defects in the form of pores. The degree of drying of the composition of 25% is too high and does
not allow obtaining high-strength biocomposites. In this case, the binder content in the composition is
insufficient, which causes the formation of microcracks and complicates the structuring of the biocomposite
material.

The lowest compressive strength of 4.0 MPa is possessed by biocomposites filled with 210 wt. parts
of coffee grounds with a low degree of drying of 10%. The lateral surface of the sample is uneven, since
there is a burr on the end of the sample due to an excess of binder. The compressive strength of
biocomposites increases by 9 times (35.8 MPa) with an increase in the degree of drying of the composition
to 15%. Increasing the degree of drying of the composition to 20% allows obtaining biocomposites with a
compressive strength of 39.8 MPa, which is 12% higher compared to the compressive strength of
biocomposite materials with a degree of drying of the composition of 15%. The surfaces of biocomposite
samples with degrees of drying of the composition of 15% and 20% are smooth, which indicates a high
hardness of the material.

Biocomposites with a composition drying degree of 25% have a compressive strength lower by 8.3
times (4.8 MPa). These results of compressive strength at a given composition drying degree (25%) are
significantly lower compared to the compressive strength of biocomposites filled with 190 wt. parts and
200 wt. parts. The side surface of the biocomposite sample is smooth, without macroscopic defects. A
developed surface relief formed by coffee grounds particles was recorded on the end of the sample. This
indicates an insufficient amount of binder for a given filler content in the composition and a lower degree
of structuring.

Therefore, the next stage of optimizing the technology for forming biocomposites was to establish
the optimal concentration of the glutin solution. Biocomposite samples were formed with different
concentrations of the solution: 50%, 46%, 43%. The content of coffee grounds was chosen to be 200 wt.
parts, since biocomposite materials with a given filler content have the highest values of compressive
strength. The density of biocomposite materials was 1.17 g/cm® and 1.38 g/cm®. It was found that the
compressive strength of the developed biocomposites decreases with a decrease in the concentration of bone
glue in the aqueous solution of the matrix (Fig. 2). Among biocomposites with a composition density in the
mold of 1.17 g/cm?, biocomposites based on a glutin solution with a concentration of 50% have the highest
compressive strength of 73.2 MPa. Compressive strength of biocomposites decreases by 9% with a decrease
in glutin concentration to 46% (66.9 MPa). Reducing glutin concentration to 43% leads to an additional
decrease in the compressive strength of biocomposites (58.9 MPa) by 24% and 14% compared to
biocomposites based on glutin solution with a concentration of 50% and 46%, respectively. The decrease
in compressive strength of biocomposites is associated with a decrease in the quantitative content of bone
glue and an increase in the quantitative content of water, the excess of which in the material prevents the
structuring of the material.

Among the developed biocomposites with a density of 1.38 g/cm?, the highest compressive strength
of 74.8 MPa is possessed by biocomposite materials also with a glutin solution concentration of 50%. With
a decrease in the glutin solution concentration to 46%, the compressive strength of biocomposites decreases
by 17% (63.7 MPa). A further decrease in the glutin solution concentration to 43% leads to an additional
decrease in the compressive strength (63.1 MPa) of biocomposites by 19% and 1% compared to
biocomposites based on glutin solution with a concentration of 50% and 46%, respectively. Biocomposites
filled with 200 wt. parts of coffee grounds with a glutin solution concentration of 50% and a composition
density of 1.38 g/cm? have a 2% higher compressive strength of 74.8 MPa compared to biocomposites with
a glutin solution concentration of 50% and a composition density of 1.17 g/cm?.

It is proposed to reduce the temperature to 100 °C or 120 °C in order to optimize the heat treatment.
It was found that the compressive strength of biocomposites increases with a decrease in the glutin
concentration from 50% to 43%. Biocomposites with a glutin solution concentration of 50%, for which heat
treatment was carried out at temperatures of 100 °C and 120 °C, have the lowest compressive strength
values of 5.4 MPa and 9.6 MPa (Fig. 3), respectively.

Biocomposites with a glutin concentration of 46%, which were heat treated at temperatures of
100 °C and 120 °C, have 2.2 times higher values of compressive strength of 11.9 MPa and 20.7 MPa,
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respectively. Biocomposites with a glutin concentration of 43%, which were heat treated at temperatures of
100 °C and 120 °C, have the highest values of compressive strength (2.3-3.6 times higher than the previous
ones) of 42.9 MPa and 47.8 MPa, respectively. However, these values of compressive strength are 1.6-1.7
times lower compared to the maximum value of compressive strength (74.8 MPa) of biocomposites with a
glutin concentration of 50% and a composition density of 1.38 g/m?, which were subjected to heat treatment
at a temperature of 150 °C for 2 hours. Therefore, reducing the heat treatment temperature to 100 °C and
120 °C is not advisable, since at a higher temperature of 150 °C, a greater number of physical and chemical
bonds are formed between the biopolymer matrix and the filler.
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Fig. 2. Compressive strength of biocomposites depending on the concentration of glutin solution
and the density of the composition (1.2 g/cm?® and 1.4 g/cmq)
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Fig. 3. Compressive strength of biocomposites depending on the concentration of glutin
solution and the temperature of the main heat treatment
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Structural defects in the form of small cracks are present on the side surfaces of the biocomposites
(Fig. 4, a, b, d, e). These cracks are formed as a result of the elastic aftereffect after removing the samples
from the molds. The presence of cracks facilitates the destruction of the materials and explains the obtained
low values of the compressive strength of the biocomposites with a glutin concentration of 50% and 46%,
which were subjected to heat treatment at temperatures of 120 °C and 150 °C with a holding time of 2 hours.

No cracks were detected on the surfaces of biocomposites with a glutin concentration of 43% (Fig.
4, ¢, f). This explains the higher values of compressive strength obtained for these biocomposites compared
to biocomposite samples with a glutin concentration of 50% and 46%. The higher valuesof compressive
strength of biocomposites with a lower glutin concentration of 43% can be explained by the better
interaction of the components with each other during their mixing due to the lower viscosity of the
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biopolymer binder. As a result, a greater number of bonds are formed between the components. Also, cracks
are not formed due to the elastic aftereffect of the material.

Fig. 4. General appearance of biocomposite samples with a composition density of 1.17 g/m®
(a-c) and 1.38 g/m? (d-f) and different glutin concentrations:
a, d —50%; b, e — 46%; c, f — 43%

The next stage was to determine the feasibility of additional heat treatment. Biocomposite materials
with a composition density of 1.38 g/m® and a glutin solution concentration of 43% were formed. The
content of coffee grounds in the biocomposites was 190 wt. parts and 200 wt. parts. The biocomposite
samples were subjected to the main heat treatment at a temperature of 150 °C with a holding time of 2 hours
for biocomposites. The sample was cooled in a mold in still air at room temperature. Then the biocomposite
samples were subjected to additional heat treatment at a temperature of 50 °C.

It was found that the compressive strength of biocomposites with a coffee grounds content of 190
wt. parts and 200 wt. parts is 23.9 MPa and 62.1 MPa (Fig. 5), respectively. The compressive strength of
biocomposites increases by 1.5-21% with an increase in the holding time of the samples from 1 hour to 2
hours. The compressive strength of biocomposites with a filler content of 190 wt. parts and 200 wt. parts is
30.3 MPa and 63.0 MPa, respectively. The subsequent increase in the holding time of biocomposites to 3
hours additionally increases the compressive strength of the side composites by 9-24%, which is 40.6 MPa
(190 wt. parts) and 70.1 MPa (200 wt. parts).

The increase in the strength of biocomposites can be explained by the higher structuring of
biocomposite materials due to the additional removal of excess moisture. Exposure in a thermal field for 4
hours is inappropriate, since it leads to a slight decrease of 1-5% in the compressive strength of
biocomposites with a content of 190 wt. parts and 200 wt. parts (39.8 MPa and 66.9 MPa, respectively).
The decrease in the compressive strength of biocomposites can be explained by too high removal of
moisture from the materials, resulting in the formation of fewer physical and chemical bonds between the
components of the biocomposite material. There are no visible structural defects in the form of pores or
cracks on the surface of the biocomposites (Fig. 6). The surfaces are smooth, without pronounced relief.
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The microstructure of the biocomposite material based on a 43% glutin solution with a content of
200 wt. parts of coffee grounds, a degree of drying of the composition of 20% and a density of the
composition of 1.38 g/cm?® has a pronounced surface relief (Fig. 7, a).
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Fig. 5. The effect of additional heat treatment at a temperature of 50 °C on the compressive
strength of biocomposites

Fig. 6. General appearance of biocomposite samples with an additional heat treatment

The microstructure of the biocomposite material is homogeneous, which indicates high strength and
hardness of the material. The coffee ground particles are covered with a biopolymer matrix (Fig. 7, b),
which indicates about a high degree of structuring of the biocomposite. Open porosity is observed
throughout the entire volume of the material.

Conclusions. It was found that the biocomposite material with a content of 200 wt. parts of coffee
grounds and with a degree of drying of the composition of 20% has the highest compressive strength of
79.6 MPa. Biocomposites with a glutin solution concentration of 50% and a composition density of 1.17
g/cm® and 1.38 g/cm?® have the highest values of compressive strength of 73.2 MPa and 74.8 MPa,
respectively.

Among the biocomposites that were heat treated at lower temperatures of 100 °C and 120 °C, the
highest values of compressive strength of 42.9 MPa and 47.8 MPa, respectively, are obtained for
biocomposites with a glutin concentration of 43% compared to biocomposites with a glutin solution
concentration of 46% and 43%. However, these values of compressive strength are 1.6-1.7 times lower
compared to the maximum compressive strength (74.8 MPa) of biocomposites with a glutin concentration
of 50%, which were subjected to heat treatment at 150 °C for 2 hours. Therefore, reducing the heat treatment
temperature to 100 °C and 120 °C is not advisable, since a greater number of physicochemical bonds are
formed between the biopolymer matrix and the filler at a higher temperature of 150 °C, which indicates a
higher degree of structuring of these biocomposite materials. Carrying out additional heat treatment with
holding the biocomposites in a thermal field for 3 hours additionally increases their compressive strength

© 0O.JI. Caoosa, B.Il. Kawuyvkuii, /{.A. I'vcauyx, M.1. Buwuncoxuii, €.10. Yeprnoma

255



Miscsysisecoruii 30ipnux « HAYKOBI HOTATKU». Jhyyok, 2025, No84

by 9-24%, which is 40.6 MPa and 70.1 MPa for a coffee grounds content of 190 wt. parts and 200 wt. parts,

respectively. The increase in the strength of biocomposites can be explained by the higher structuring of

biocomposite materials due to additional removal of excess moisture. Increasing the holding time to 4 hours

is not advisable, since it leads to a slight decrease in the compressive strength of biocomposites.
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Fig. 7. Microstructure of a biocomposite material filled with coffee grounds in an amount of
200 wt. parts with a degree of drying of the composition of 20%
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B.JI. 3akpeBcbkuii, O.C. Ilpuxoabko
Jhyyvkutl HayioHanbHULL MEXHIYHUL YHIBEpCUmMem

PO3POBKA AJAIITUBHOI'O METOY KEPYBAHH# BIIJIA HA OCHOBI
I'JIMBOKOI'O HABUAHHS 3 HIJIKPIIIJIEHHSIM TA JIOMEHHOI PAHIOMI3AILI

Y pobomi poszenaoaemoca npobnema cmeopenna adanmueHoi cucmemu KepyeaHHA 0Oe3ninomHum imaabHum
anapamom (BII/IA) ona pooomu é ymosax cmoxacmuunoi HeeuzHaueHoCmi. 3anponono8ano nidXio Ha OCHOGI AnNoOpUmMMY
Proximal Policy Optimization (PPO) i3 3acmocysaunuam cmpamezii 00mMeHHOI panoomizayii napamempise cepedosuuia.
Po3pooneno cmpykmypy neiponnoi mepexci ma yHKyiro unazopoou, w0 3adezneuyioms 6ananc mixc mounicmio Hagizayii
ma enepzoeexmuenicmio. Po3poonenuii konmponep npooemoncmpyeas 30amHuicme adanmysamucs 00 3MiH Macu KOpUcHoz2o
Hasanmadicenua (00 20%) ma 306HiwiniIx 6imposux 30ypend 6e3 HeoOXiOHOCMI PyUHO20 NepeHanaumysanna Koegiyienmis.
Pezynomamu nopieHanbn020 M00en08anHs niOMeepoONHcyloms nepeeazy 3anpononoeano2o memoody nad xaacuunum IIJ[-
pezyaamopom: yac cmaodinizayii smenuieno 6 1.5 pazu, a makcumanvhe gioxunennsa npu 3oypennax — na 40%.

Kniouosi cnosa: BIIJIA, nasuanns 3 niokpiniennam, PPO, adanmusenuii konmponep, 0OMEeHHA panooMizayis, OUHAMIKA
noavomy

V.L. Zakrevskyi, O.S. Prykhodko

DEVELOPMENT OF AN ADAPTIVE UAV CONTROL METHOD BASED ON DEEP
REINFORCEMENT LEARNING AND DOMAIN RANDOMIZATION

The paper addresses the problem of creating an adaptive control system for an unmanned aerial vehicle (UAV) to
operate under conditions of stochastic uncertainty. An approach based on the Proximal Policy Optimization (PPO) algorithm
using a domain randomization strategy for environmental parameters is proposed. A neural network structure and a reward
function have been developed to ensure a balance between navigation accuracy and energy efficiency. The developed controller
demonstrated the ability to adapt to payload mass changes (up to 20%) and external wind disturbances without the need for
manual coefficient retuning. Comparative simulation results confirm the advantage of the proposed method over a classical
PID controller: stabilization time is reduced by 1.5 times, and maximum deviation during disturbances is reduced by 40%.

Keywords: UAV, reinforcement learning, PPO, adaptive control, domain randomization, flight dynamics

Introduction and problem statement. The rapid development of unmanned aircraft systems
requires the improvement of control algorithms capable of ensuring reliable vehicle operation in complex
conditions. Modern UAVs are used for cargo delivery, infrastructure monitoring, and rescue operations,
where accuracy and reliability are critical. Classical automatic control methods, such as PID controllers or
Linear Quadratic Regulators (LQR), demonstrate high effectiveness in deterministic environments with
known and invariant model parameters. However, under real operating conditions, UAVs face
unpredictable factors: sudden wind gusts, aerodynamic effects near obstacles, mass changes during cargo
drop or lifting, and propulsion system degradation. Traditional linear regulators, tuned to a nominal
operating point, often prove unable to compensate for such significant nonlinear disturbances without a
complex adaptive overlay or real-time system identification, which requires significant computational
resources. An urgent scientific task is the development of control methods that combine flight task
execution accuracy with a high level of adaptability (robustness) by utilizing the potential of modern
machine learning methods, particularly Reinforcement Learning (RL), which allows an agent to
independently form an optimal control strategy based on experience interacting with the environment.

Analysis of the latest research and publications. The current state of research in the field of
intelligent UAV control is characterized by a variety of Reinforcement Learning (RL) integration
architectures, driven by high dynamics nonlinearity, the presence of external disturbances, and limited
vehicle energy resources [1-3].

Paper [4] proposes a direct neural network control architecture, where the agent generates control
signals for the motors, while stability against external influences, such as wind, is ensured by an additional
state observer. Similar approaches are actively researched in the context of applying model-free RL
algorithms for continuous state and action spaces, particularly PPO and SAC, which demonstrate high
training stability [1]. A drawback of this class of methods remains the dependence on disturbance estimation
accuracy and the complexity of transferring trained policies from simulation to the real environment.

An alternative approach, known as "residual control," is discussed in study [5]. The authors propose
supplementing the classical control loop with an RL agent that compensates for unmodeled dynamics. Such
integration allows combining RL adaptability with the guaranteed stability of classical control methods,
which is relevant for tasks with strict constraints on power consumption and computational resources [2].
At the same time, the base controller may limit the system's maneuverability.

© B.JI 3akpescoxuii, O.C. [Ipuxodvko

257



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

Study [6] focuses on universality by using a dynamics encoder based on deep neural networks. The
application of scale-aware domain randomization allows a single policy to control UAVs of different
configurations, which aligns with modern approaches to increasing the generalization capability of RL
controllers and reducing the Sim-to-Real gap [7]. This method opens the way for creating controllers that
are less dependent on a specific hardware platform.

Hybrid approaches described in work [8] propose a mechanism for mixing control signals from a
classical regulator and an RL policy. Training with domain randomization ensures adaptability, while the
classical component guarantees basic stability, combining the advantages of both paradigms, as confirmed
by the successful application of RL in UAV energy efficiency optimization and safe navigation tasks [1,
7].

The aim of the study. The aim of the study is the development, software implementation, and
experimental verification of an adaptive quadcopter attitude control algorithm based on the deep
reinforcement learning method PPO. The main tasks include synthesizing the neural network architecture,
developing a reward function for flight stabilization, and ensuring the controller's robustness to changes in
the vehicle's inertial characteristics and external wind disturbances.

Experimental methodology. To achieve the set goal, the mathematical apparatus of Markov
Decision Processes (MDP) was used. The control task is formalized as a tuple (S, A,P,R, ). The state

space S is continuous and includes 15 components: position vector p R?, linear velocity vector v e R?,

Euler angles (roll, pitch, yaw) « € R?, angular velocities @ € R?, and the relative target position vector
Purger — P~ The action space A consists of four continuous values u €[0,1]* corresponding to the

normalized thrust of each of the four quadcopter rotors.

Proximal Policy Optimization (PPO) was chosen as the main training algorithm. This algorithm
belongs to the Actor-Critic family of methods and utilizes a policy update step constraint (clipping), which
prevents training destabilization during sharp changes in neural network weights. Training was conducted
in the PyBullet physical simulator, which ensures high-accuracy modeling of rigid body dynamics.

A key methodological element for ensuring adaptability is the domain randomization strategy.
During training, simulation environment parameters were varied at the beginning of each episode according
to a normal distribution:

— UAV mass (m): m~ A(m,,,,0.2m
— Inertia tensor (1): | ~ N(I,,,,,0.1l

— External disturbances: random wind force vectors F; , with an intensity of up to 5 N.

Presentation of the main research material. The architecture of the developed system includes
two neural networks: the Actor (policy) network and the Critic (value) network. Both networks are
Multilayer Perceptrons (MLP) with two hidden layers of 256 neurons each. Tanh was used as the activation
function, providing nonlinearity and bounded output signals.

A critical development stage was the construction of the reward function, which defines the agent's
behavior. It is designed as a weighted sum of components:

Rt = Rpos + Rstab + Ract + Rterm '

nom) !

nom) 1

where:
Rpos = —Wy 0P = Prarger U — penalty for deviation from the target;

R =W, 0o F +Oa
velocities), which prevents oscillations;

R, =-W,Ou,_, —u F - penalty for sharp changes in control signals, promoting control
smoothness and reducing motor wear;

R — @ large penalty for crashing or moving outside the operating zone.

Training was conducted over 2 million simulation steps. PPO algorithm hyperparameters: learning
rate = 3-10™*, » =0.99, clip range = 0.2. Three characteristic phases are observed in the learning curve

graph (Fig. 1).

roll, pitch [f) - penalty for instability (large tilt angles and angular
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Fig. 1. RL model learning curve graph

The first phase (0 — 500k steps) is characterized by high reward variance, corresponding to the
environment exploration stage. The second phase (500k — 1.5m steps) demonstrates rapid growth in average
reward, indicating the formation of an effective stabilization policy. In the third phase, the curve plateaus,
confirming the algorithm's convergence to an optimal strategy.

Results. Experimental verification of the developed RL controller was conducted through
comparative analysis with a reference PID regulator tuned using the Ziegler-Nichols method for the nominal
vehicle mass. A series of tests was conducted in three scenarios.

1. Target reaching scenario. This experiment evaluated the speed and accuracy of reaching a
specified point located 10 meters from the starting position. The graph (Fig. 2) demonstrates how the UAV
reaches the target under the control of the PID controller and the RL controller.
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Fig2. Comparison of trajectories in the goal achievement scenario

The presented graphs imply that the RL controller provides better control quality indicators
compared to the PID regulator. In particular, the average time to reach the target state decreases by
approximately 14%, and the overshoot magnitude is smaller. This indicates the RL agent's formation of
smoother and more optimal motion trajectories without pronounced oscillations in the target point vicinity.
Additionally, the advantages of the RL controller are confirmed by a lower value of conditional energy
consumption, defined as the integral of the sum of squared control signals. In contrast, the PID regulator,
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even with correct tuning, is characterized by more aggressive control actions, leading to increased overshoot
and higher energy costs.

2. Response to wind disturbance. In this experiment, a constant wind load with a speed of 3 m/s
was applied to the UAV in hovering mode at time t = 5s.

The transient process graph (Fig. 3) demonstrates the deviation of the vehicle's coordinates from
the target point.

—— PID controller
0.0 —— RL-controller
Beginning of wind disturbance

015 m

m

—-0.2

Deviation along the X axis

-1.0 T T T T T T T
0.0 2.5 5.0 1.5 10.0 125 15.0 17.5 20.0

Time =

Fig. 3. Comparison of wind disturbance response

It is evident from the graphs that the PID regulator reacts with a delay, allowing a maximum
deviation of 0.85 m. The process of returning to the point is accompanied by damped oscillations lasting
about 3 s. The static error is 0.28 m. The RL controller demonstrates predictive behavior, minimizing
deviation to 0.52 m (a 39% improvement). The transient process time is reduced to 2 s, and the static error
is reduced to 0.15 m. This is explained by the neural network having learned to compensate for disturbances
by changing the vehicle's angle of attack more aggressively yet precisely.

3. Adaptation to mass change (Fig. 4). The scenario simulates a sudden load change, resulting in an
instantaneous mass variation of 20%. The height change graph (Fig. 4) shows the vehicle's subsidence.
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Fig. 4. Response to load drop (height change)
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As seen from the figure, the PID regulator demonstrates a deep subsidence of 1.15 m. The
regulator's integral component required 4.55 s to accumulate the error and increase thrust to the level
necessary for weight compensation. The RL controller detects the discrepancy between the dynamics and
the expected model within the first few steps after the mass change. Subsidence was only 0.68 m, and
recovery of the set height took 2.91 s. This indicates a higher generalization capability of the trained policy.

Quantitative comparison results are presented in Table 1.
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Discussion. The obtained results confirm the effectiveness of applying deep reinforcement learning
for adaptive control tasks.

Analysis of transient processes reveals a fundamental difference in the operation of the investigated
controllers. The PID regulator is a reactive system that begins to act effectively only after the occurrence
of a significant control error. In contrast, the RL agent, trained in an environment with randomized
parameters, forms a kind of "intuitive™ model of dynamics. It is capable of generating control actions that
preemptively prevent the development of significant deviations.

Table 1.
Comparison of controller performance metrics
Metric PID Controller | RL (PPO) Controller | Improvement
Settling time (mass change), s 455+0.31 2.91+0.28 36%
Max deviation (wind), m 0.85+0.11 0.52 +0.09 39%
Static error (wind), m 0.28 £ 0.05 0.15+0.04 46%

Energy efficiency is an important aspect. Although the RL controller acts faster, analysis of control
signals indicates that it avoids high-frequency thrust oscillations, which frequently occur in PID regulators
with high gain coefficients (specifically the D-component). This is achieved by including a penalty for
abrupt action changes (Ra) in the reward function.

A limitation of the proposed method is the sim-to-real gap. Although domain randomization
significantly enhances robustness, deploying the model to a physical controller may require additional fine-
tuning on real-world data to compensate for effects that are difficult to model (e.g., complex turbulent flows
or communication channel delays). It is also worth noting the high computational cost of the training stage,
which, however, is compensated by the high speed of the trained neural network during inference

Conclusions. The paper presents and investigates an adaptive UAV control algorithm based on
reinforcement learning. The use of the PPO algorithm combined with a domain randomization strategy
allowed for the synthesis of a control law that surpasses traditional methods in terms of robustness and
response speed.

It has been experimentally proven that the proposed approach reduces maximum trajectory
deviation under wind loads by 39% and shortens the adaptation time to mass changes by 36% compared to
the PID regulator. This makes the developed method promising for application in autonomous logistics and
monitoring systems operating in variable weather conditions. Future research will focus on integrating
Recurrent Neural Networks (LSTM) to improve the system's memory of past states and account for time
delays.
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YTonmascvkuii depycasnuii azpapuuii ynisepcumem, m. ITonmaea, Yxpaina.
2Biookpemnenuti cmpykmypruti nioposoin I iyxiecoruil azpomexuivnuil paxosuti Koneoic
Cymcvro20 HAYioHANbHO20 azpapHoo yHigepcumemy. m. I nyxis, Yxpaina.

BU3HAYEHHS BILIUBY KOHCTPYKIIII 3BAKPUTOIO POBOYOI'O KOJIECA HA
EOEKTUBHICTDH OBPYIIIYBAHHSA HACIHHSA TPOMUCJIOBUX KOHOIIEJIb

Y ecmammi 0ocnidiceno epekmusnicms yukniuno2o 00pyuty8anns HACIHHA RPOMUCTIOBUX KOHONENb He3 RONepeonb02o
Kanigpysanua y ¢iouenmposomy odpyutyeadi iz 3axpumum podouum Konecom. 3a wacmomu obepmanns 6000+200 x6™* oyineno
OUHAMIKY HeOopyuly ma euxio oopyuwienoz2o aopa. Bcmanoeneno, wio 011 noenozo oopyutysanns napmii HACiHHA HE0OXiOHO
nposecmu n’ame yukie. [Ana 3HudxcenHa sumpam 0e3 empamu 6uxooy 00IPYHmMOBAHO OOUINbHICMb 00MeNHCEHHA NPOYecy
mpboma YUKIamu, wio cymapuo 3abesneuye ¢uxio aopa na pieni 29,88%.

Knrwuogi cnosa: nacinnsa Kononenw, A0po, 8ioyenmposuil 06pyuiyead, poboue Koneco, egpekmugHicms 06pooKu

V. Sheichenko, D. Petrachenko, D. Sheichenko

DETERMINATION OF THE IMPACT OF CLOSED-TYPE IMPELLER DESIGN ON THE
EFFICIENCY OF INDUSTRIAL HEMP SEED SHELLING

The article presents the results of a study on the efficiency of the centrifugal dehulling method for industrial hemp seeds
using a device equipped with a closed-sector impeller with four profiled radial channels.

At an impeller rotational speed of 6000+200 rpm, the kernel yield in the first three cycles was 9.27%, 12.75%, and 7.86%,
respectively, whereas the fourth and fifth cycles produced only 3.54% and 1.39%. The decrease in yield at later stages is
explained by the increased strength of the seed hulls remaining after the previous cycles. The share of unhulled seeds gradually
decreased from 71.24% after the first cycle to 1.90% after the fifth.

The results indicate that limiting the number of dehulling cycles to three is advisable, as it significantly reduces operating
costs without reducing kernel yield. The geometry of the radial channels (20x20 mm, 44 mm long), combined with a rotational
speed of 6000 rpm, provided sufficient centrifugal acceleration for effective dehulling. Within the tested design, the
configuration with four channels was recognized as a technically justified solution for the basic setup.

Keywords: hemp seeds, kernel, centrifugal dehuller, impeller, processing efficiency

IloctanoBka mnpoOjemMu. VY Cyd4acHMX yMOBax arpapHOro BHPOOHMLTBA CIIOCTEPIraeThCs
3pOCTarouuil MOMUT A0 TEXHOJOIH INepepoOsieHHs HACIHHS IPOMMCIOBUX KOHOIENb SIK JDKepesa
BHCOKOSIKICHHX Xap4OBUX Ta TEXHIYHHX MPOIYKTiB. 3aBASKH OararoMy XiMiyHOMY CKIaay I HaciHHS
3HAXOIUTh AKTHUBHE 3aCTOCYBaHHS Yy XapdyoBid, (apMmalleBTHUYHIA Ta KOCMETHYHIH MPOMHUCIOBOCTI.
BogHouac neHTpanbHHM €TamoM TEXHOJIOTIYHOTO MPOIECY 3aJIMINAEThCS C(PEKTUBHE OOpYIIyBaHHSI
HaCiHHs, 1O 3a0e3neuye oJlepKaHHs SKICHUX sAep 13 MiHiIMaJIbHUMU BTpaTaMu.

SIxicHe oOpyILIyBaHHS YCKIIAIHSETHCS BUCOKOIO BapiaTUBHICTIO (hi3MKO-MEXaHIYHUX BIACTHBOCTEH
HACIHHS IPOMHUCIIOBUX KOHOIIEJIb, 110 3AJIEXKATH BiJl COPTY, BOJIOTOCTI, CTYIIEHS 3pLiocTi Ta MOp(hOIOriaHOT
HEOJHOPIJHOCTI. 3a3HaueHe YCKIIaIHIOE PO3POOIICHHS YHIBEpCATbHUX TEXHIYHUX PillIeHb. Y 3B'A3KY 3 UM
aKTyaJIbHUMH € KOHCTPYKLil 0OpylIyBadiB, IIO 34aTHI €(QEeKTHBHO IpalioBaTH 0e3 IONepeaHbOrO
KamiOpyBaHHS CUPOBHHU T4 B YMOBaX 3MiHHOT BOJIOTOCTI.

BinneHTpoBuii MeTOA BHU3HAHO OJHMM 13 HAHOUIBIN TEPCIEKTHBHUM TEXHIYHMM PIIICHHSAM
oOpyIIyBaHHs HAciHHA. Y 3a3HAYEHOMY METOI TPaHCPOPMYIOTh KiHETHYHY €Heprii 00epTalbHOro pyxy
pobodoro opraHy B ylnapHe HaBaHTa)KEHHsS HACIHHS, SKE B3aeMOZil 3 BinOuMBHOIO moBepxHero. [Ipote
e(pEeKTHBHICTh METOJly 3HAYHOIO MIpOI0 3aJIeKUTh B KOHCTPYKLIHHUX TMapaMmeTpiB poOOYOro opraHy
(dbopmu, KITEKOCTI Ta IPOQLITFO KaHATIIB KOJIeca).

Hes3Bakatoun Ha MOLIMPEHHS BiALEHTPOBUX HNPUCTPOIB, Y HAYKOBIH JiTepaTypi HEIOCTaTHHO
JIOCTIIDKEHb 1010 CUCTEMHOTO aHali3y BIUIMBY KOHCTPYKIIHHUX apaMeTpiB 3aKPUTOr0 POOOYOro Kojieca
Ha eeKTUBHICTh OOpyIyBaHHsI HACIHHS MPOMHUCIOBHX KOHoOMENb. Llsi oOcTaBHHA CTpUMY€E CTBOPEHHS
aJlaNTUBHUX TEXHIYHMX DILICHB, SKi MOTJIH O e()eKTUBHO BUKOPHUCTOBYBATHCS Ha MIANPHUEMCTBAX MAJIOTO
Ta cepeHbOro Oi3Hecy.

AHani3 ocTaHHIX qocaixKeHb Ta nyOJikaniii. [IpoMucioBe BUpoOIIyBaHHS Ta epepoOKa HACIHHS
KOHOTIENb CTAIOTh JIeAali aKTyalbHIIINMH, 1[0 3yMOBJICHO HOTO I[iHHKM OioXiMiuHMM CKiIaaoM [1], skuit
3abe3reyuye BUCOKY Xap4yoBy W (YHKIIIOHAIbHY HIHHICTh KiHIIEBUX MPOAYKTIB [2]. ¥V cydvacHiii mpakTuii
HACiHHS KOHOIENb BHKOPHCTOBYIOTH SIK y HATypajJbHOMY BHUTJISAI, TaK 1 B MepepoOieHHX Qopmax:
OYHMIIIEHHX sIpax, OJii, OLTKOBMX Ta KIITKOBHHHHMX KOHIICHTpaTax, a Takox Oopomni [3]. Cepen mmx
MPOAYKTiB OCOOJIMBO MOMYJISIPHAMH € OYHUIICHI BiJl 0OOJOHKH Spa, 0 MAIOTh MiIBUIEHY KOHIIEHTPAIIif0
MOXKMBHHUX PEYOBUH Ta A00pPY 010JI0TIUHY TOCTYIHICTD [4].
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SIKicTh 1 BUXiA sSAep 3HAYHOIO MIpOIO 3aJICKUTH B THUITY OOJaIHAHHS, IO BUKOPUCTOBYIOTH IS
o0pyIyBaHHs HACIHHA. 3a IPUHLIUIIOM Aii pOOOYNX OpraHiB BUALISIOTH KiJibKa TUMIB JYLIIMJILHUX MAaIIUH
3 [5]: BanbIbOBI, AUCKOBI, MOJIOTKOBI, BIiAIICHTPOBI Ta KoMOiHOBaHi. KokeH THI 00JagHAHHS Mae
crerudiuHi TEXHIYHI XapaKTePUCTUKH Ta IO PI3HOMY B3a€MOJi€ 3 O0OJIOHKOK HaCiHHS. Y CHIIIHICTb
3aCTOCYBaHHs 00JIalHAHHS 3aJICKUTh Bl (PI3MKO-MEXaHIYHUX BJIACTUBOCTEH HACIHHS, TAKUX SIK MII[HICTb,
pO3Mip, BOJIOTICTh Ta TOBIIMHA 000J0HKH. HeBiMmoBiIHICTh MapaMeTpiB MAIIMHA BIACTHBOCTSAM HACIHHS
MPU3BOAUTH J10 MOUIKO/PKEHHS A€, 3MEHILY€E BUXiJ MPOAYKIIi Ta eEeKTUBHICTh OYHIICHHSI.

VY nocmimkenni [6] mpoananizoBaHO €(peKTHBHICTH POTOPHOTO YIAPHOTO OOPYIIyBaHHS HACIHHS
BiBCa PI3HUX I'CHOTHUIIIB 32 BapiaTHBHUX arpoeKOJIOTTYHUX YMOB. ABTOPH BKa3ylOThb Ha CYTTEBHH BIUIUB
LIBUIKOCTI 00epTaHHs POTOpa Ha BHUXiA LIJILHOTO sApa Ta CTYIiHb JdylieHHs. Big3HaueHo onTuManbHUN
Jiana3oH IMIBUAKOCTEH, 3a SKOrO JOCATAal0Th OajlaHCy MIX MPOAYKTHBHICTIO Ta MIHIMI3aIli€l0 BTpaT.
3a3HayeHi pe3yJbTaTH CTOCYIOThCS JIMIIEC HACIHHS BIBCA, SIKE CYTTEBO BIAPIZHAETHCS TCOMETPHYHHMH 1
MEXaHIYHUMH BJIACTHBOCTI BiJ HaciHHS KoHomendb. Kpim Toro, y poOoTi BiACyTHIN aHali3 KOHCTPYKMLIi
YAapHOTO eJIeMeHTa, MO 00MEXKY€e MOKIIMBOCTI y3aralbHeHHsI BACHOBKIB JIJIS IHIIUX KYJIBTYP.

VY poborti [7] mocmimKeHO OCOOMUBOCTI MPOIECY YAApPHOTO JYIIEHHS HACiHHSA BiBCa 3a yMOB,
HaOIIMKEHUX JI0 BHPOOHUYMX. ABTOPH [ETANILHO OMNHCYIOTh 3QJICKHICTh MiX IIBHUAKICTIO OOepTaHHS
poTOpa ¥ MOKa3HUKaMH SIKOCTI JIYIICHHS: BHXOJIOM IIUIbHUX S/A€P, PIBHEM PyHHYBaHHS Ta KUIBKICTIO
HEJOYIICHUX 3epeH. Big3HaueHo, M0 BHACHIAOK CrHeru(piuHux (i3UKO-MEXaHIYHUX OCOOIMBOCTEH
HACiHHS BiBCa OTPHMaHI pe3yJIbTaTH BaXXKO Oe3IMOocepeHbhO 3aCTOCOBYBATH 10 OOPYIIYBaHHS HACIHHS
MPOMHCIIOBUX KOHOMEIb.

VY pobori [8] mocmimKkeHO e(PEKTHBHICTh 3aCTOCYBAHHS PI3HUX THINB JIYIMMIGHUX MAIIWAH IS
00poOKH pHCy Ta iX BIUIMB Ha SIKICTh KiHIIEBOTO MpoxaykTty. [IpoaHanizoBaHO KOHCTPYKIIiHHI apameTpu
oOnmajHaHHS Ta peXWMHI (aKTOPH, AKI BU3HAYAIOTH CTYIIHB IYIMIEHHs, KITbKICTh OWUTOrO 3epHA W
(dpakiiiinuii ckia; rotoBoi MPOAYKIii. Y JOCHIHKCHHI PO3IJISHYTO BajbI[bOBi, JUCKOBI Ta yIapHi
JIYUTWIBHUKH, IO JO3BOJIMJIO MOPIBHATH IXHIO €EKTHBHICTD 3aJIGKHO BiJl KOHKPETHUX TEXHOJOTIYHUX
yMoB. PesymbraTté nmaroTh 3MOTy OOTpyHTYBaTH BHOIp OONaAHAHHS IS PUCY, TIPOTEe Oe3MOCepeaHbO
MEPEHECTH IIi PEeKOMEHJAllll Ha HACiHHSI KOHOTENh HEMOXKIMBO BHACIIJOK 3HAYHUX BiAMIHHOCTEH B
MOPQOJIOTIUHIHi CTPYKTYpi Ta (i3UKO-MEXaHIYHUX BIACTHBOCTSIX.

VY poboti [9] HaBemeHO pe3ybTaTH MOJCIIOBAHHS Ta €KCIEPHUMEHTAIBHUX OCIIKEHb BIUIUBY
CXeMH PO3MIIIEHHS JIomaTedl poOoYoro Kojeca MamIMHH JJs JIyIIeHHS (icTamok Ha eQeKTHUBHICTH
mporiecy. ABTOpH NpoaHalli3yBaJid BIUIMB KyTa HAXWITY Ta KIJIbKOCTI JIONATeH, a TAKOXK PO3MIpiB TOPiXiB Ha
CTYIIHb JIyILIEHHS Ta TOWKOIKeHHS sinep. [lonpu TexHiuHy iHQOpMaTHBHICTh, OTPUMaHi BUCHOBKH MarOTh
oOMexeHe 3aCTOCYBaHHS 10 JTYIICHHS APIOHOTO HACIHHS, 30KpeMa KOHOTEIb, Yepe3 CyTTEBI BIAMIHHOCTI y
¢hopMi, Maci, MIITFHOCTI Ta MIIIHOCTi OOOJIOHKH.

VY po6oTi [10] HaBemeHO pe3ynbTaTH TOCTIHKCHHS e(DEeKTUBHOCTI JYIIHIBLHOI MAIIWHY 31 3MiHHOIO
JIEKOI0, pO3pO0IIeHOT TS TYIIeHHS Tpedkd. KOHCTPYKIlis MPUCTPOIO BKITIOYAE POOOYE KOJIECO 3 JOMATIMHU
Ta 00epTOBY JIeKy KOHIYHOI ()OpMH, 1[0 YMOMIIMBHIIO BapilOBaTH IMapaMeTpH BILUTUBY Ha 3€pHO. Y TMpOIeCi
EKCIICPUMEHTIB aBTOPH BCTAHOBHWIIM 3aJICKHICTh MK IIBUAKICTIO 00EpTaHHA POTOPA, JEKH Ta BOJOTOCTI
3epHa 3 OJHOTrO OOKy, Ta KoedillieHTaMu JIyIeHHS W IITICHOCTI siep — 3 iHmoro. J[OCHiKeHHS Mae
3HAUCHHS JUISI BJOCKOHAJICHHS JIYIIEHHS T'PEUYKH, MPOTE Pe3ylbTaTH HEe MOXYTh OyTH Oe3mocepenHbo
EKCTPaIoJIbOBaHO HA HACIHHS MPOMHCIOBUX KOHOIENb BHACHIJOK BiIMIHHOCTEH B MOpQOI0TiuHii OyoBi
Ta MEXaHIYHUX XapaKTePUCTUKAX.

VY pob6ori [11] omiHeHO IPOIYKTHBHICTD JYIIMIBHOI MAIIUHK IS PUCY, TOCIIIKEHO BIUIUB COPTY,
BOJIOTOCTI Ta MONEPEJHBOI MiArOTOBKM CHPOBHHM HA MOKA3HUKH JIYIIEHHS. ABTOpU HE HABENH YiTKHX
KOHCTPYKI[IHHUX XapaKTEPUCTUK MAITHHH, IO 0OMEKY€E MOKJIMBICTh OILIHKH ii aJanTUBHOCTI 10 HACIHHSI
IHINX KyJIBTYp, 30KpeMa KOHOIICIb.

VY poboti [12] mocmimkeHO BIUIMB aOpasWBHOTO JIYINEHHS Ha HACIHHS 3¢pHOO0000BUX KYIBTYP,
30KpeMa COUYEBHLi, HYTY, KBacoii Ta ropoxy. HaBeaeHo eekTHBHICTB Ipoliecy 3aeKHO BiJl ONEPEAHBOTO
KOHJIMLIIOBaHHs, TUITy a0pa3suBHOT MOBEPXHi, TpUBanocTi 00poOku Ta Bosorocti cupoBuHU. [Ipeacrasieno
SIK BUXIJ si7IeP, TaK 1 CTYIIHb MOIIKO/PKEHH. Big3HaueHo, 1110 3a HeI0CTaTHLOI BOJIOTOCTI a0 TPHUBAJIOCTI
JMYIIEHHS MiJBUILYETbCS YacTKa IOIIKOMXEHOro 3epHa. Pesymbratm pocniipkeHHS (OKYCYIOTHCS
BUKJIIOYHO Ha aOpa3sMBHOMY THI JIYILEHHs, 1[0 Hependayae MeXaHi3M CTHpaHHS OOOJIOHKH, SKHU €
MasioepeKTUBHIM a00 HENPUAATHUM JJIsi HACIHHSI 3 BUCOKOO OJIIKHICTIO, SIK Y BUMAJKY 3 KOHOTUISIMH.

VY pob6ori [13] HaBeZeHO pe3yabTaTH PO3POOICHHS Ta EKCIIEPUMEHTATBHUX TOCITIKEHb MAIITHHY JIJIsT
JYIIEHHS HACIHHSA MOPUHTH. BH3HaYeHO BIUTMB KOHCTPYKLIHHHUX Ta PEXKUMHUX YNHHUKIB, TAKUX SIK PO3MIp
OTBOpY JUIS TI0Jjadi HACIHHS, MPOMIKOK MK POTOPOM i CTIHKOIO KOPITyCYy, & TaKOX 4acToTa 0OepTaHHs
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poTopa, Ha TPOAYKTHUBHICTH Ta CTYHiHB JIymeHHS. [1oOymoBaHO perpeciiiHi Mojeni, sSKi T03BOJSIOTH
MPOTHO3YBaTH NPOAYKTUBHICTh MamMHU. CrHeuu@iuHicTh KyJAbTYpU 3 OOCHUTH BEIMKUM HACiHHIM
YHEMOXJIUBJIIOE 3aCTOCOBYBAaTH 3a3HaueHi pe3yJbTaTH [JIsi OOpYyIIyBaHHS HACiHHS IPOMHCIOBUX
KOHOIIEJIb.

VY pob6ori [14] npoanaiizoBaHo ePEeKTHBHICTh PI3HUX THUIIB JIYIHILHOTO OONIaIHAHHS IS HACIHHS
COHSIIIIHUKY, 30KpeMa MOJIOTKOBOTO, yJapHOI'O Ta AUCKOBOro. HaBemeHO KiNbKiCHI MOKa3HUKH BHUXOAY
saep, CTYNEeHb OOpYIIyBaHHS Ta BTPaTH. AKIIEHTOBAHO yBary Ha Ba)KIHMBOCTI MiATPUMAHHS ONTHMAaTbHOL
IIBHJIKOCTI 00EpTaHHS pOTOpa 3 METOIO MiHIMI3allil BTpar.

VY po6orti [15] HaBeneHo cripoOM CTBOPEHHS YHIBEPCAIBHOTO MEXaHi3My JUIs OOpYIIYBaHHS Pi3HUX
3epHOBUX KYyJbTYp, TAKHX SIK CHeNbTa, eMMep Ta iHmi. IIpore 3amporoHoBaHi pillleHHs! He 3a0e3MeYmiIn
CTaOUTbHOI SKOCTI, MajdW HHU3bKY HPOJYKTUBHICTh 1 BUMAarajlld 4acTOTO PYYHOTO HAJAINTYBaHHS JUIs
KO>KHOTO HOBOTO BHJY 3epHa. Taki YCTAaHOBKH HE JIO3BOJISIIH JIOCSITTH TIPUHHATHOTO CTYIICHS OYUIIICHHS,
mo OOMEXyBalo IXHE 3aCTOCYBaHHS y NPOMHCIOBHX yMOBax. BincyTHicTe amanrtamii no ¢i3uko-
MEXaHIYHUX BJIACTUBOCTEH KOHKPETHOTO HACIHHS MPU3BOAMJIA 10 HAIMIPHOTO MOIIKOKEHHS 3epHa ado
HEIMIOBHOT'O BHUIAJIEHHS 000JIOHKH.

Bim3naueHo, mio yHiBepcadbHI KOHCTPYKIiI He 37aTHI 3a0€3MEYUTH BHCOKHX MOKa3HUKIBH
e(eKTHBHOCTI 3a YMOB POOOTH 3 PI3HMMH KyJlbTypamu. /s KOKHOTO BUAY 3€pHa IOLINBHUM €
PO3pOOJICHHSI CIIEialIbHOTO MeXaHi3My, SKHH Bpaxye HOTO TeOMETPUYHI, CTPYKTYpHI Ta MeEXaHidyHi
oco0imBocTi. Came TOMy CTBOPEHHS €()eKTUBHOTO OOpyIITyBaya JUIsl HACIHHS IPOMHCIIOBUX KOHOTIEINb, SKE
Ma€ XapaKTepHY BapiaTHBHICTH PO3MIpiB, Macl Ta MII[HOCTI OOOJIOHKH, € aKTyaJhbHHM Ta HAayKOBO
OOIPYHTOBAHUM HANPSIMOM JOCIIPKSHHS.

3a pe3ynbTaTaMu IMPOBEJCHOTO IMOPIBHAJIBHOIO aHANi3y J0 HAHOUIBIN €(PEKTUBHHX BiJHECEHO
BIJIIIEHTPOBHUI CIOCIO 0OpyITyBaHHS HACIHHS TPOMHCIOBHX KOHOIIENb, IO IPYHTYETHCS HA MPUHIIHITI
yIapHOi B3aEMOJIi1. 3a3HAYCHMI CIIOCIO YMOKIIMBIIIOE CTa0UIBHICTH POOOTH 00IaIHAHHS, BUCOKHHA BHUXIi
Saep 3a MiHIMaIbHOTO CTYNEHS TOMIKO/KEHHS 32 YMOB YHUKHEHHS MOIEPEAHBOTO KaliOpyBaHHS
CUpOBUHH. Bim3HaueHe MiATBEPIKY€E TMEPCHEKTHUBHICTh MOJANBIIONO BIOCKOHAJICHHS BiIIEHTPOBHUX
KOHCTPYKIIiif 00pyIITyBadiB B HANIPSIMKY YTOYHEHHS KOHCTPYKIIMHUX MapaMeTpiB i pexXUMiB pOOOTH st
3a0e3MeUeHHs] ONTUMAIBHOTO OajaHCy MK MPOILYKTHBHICTIO Ta SIKICTIO IPOIYKTY.

IlocranoBka 3aBaaHb. MeToro po0OOTH € TiABHIIEHHS €(PEeKTHBHOCTI BUPOOHHWIITBA HACIHHA
MMPOMHUCIIOBUX KOHOIIENh 0O€3 TMOMepenIHbOr0 KamiOpyBaHHS UYMW YHOPMYBAaHHS BOJIOTOCTI IIIJISIXOM
LUUKTIYHOTO 00pYILIyBaHHS HapTii poOOYHM KOJIECOM 3aKPUTOTO THUILY.

3amadi JOCIiIKEHb:

—BCTaHOBUTH BIUTUB IMKIIYHOTO OOpYIIyBaHHS MApTii HACIHHA Ha €(QEeKTHUBHICTh PYHHYBaHHA
000JIOHKH;

—BCTaHOBUTH BIUIMB IIMKJIIYHOTO OOPYIIyBaHHS MapTii HACIHHS Ha BUXiJ A1pa;

BukianeHHss 0CHOBHOTO MaTtepianay. BinnentpoBuii 0OpyIyBad, y SKOMY peaixi30BaHO MIPHHIIAIL
OJHOKPAaTHOTO yHapy, MO3UTHBHO 3apeKOMEHIyBaB ceOe 3a yMOB OOpYyILIyBaHHS HACIHHS IMPOMHCIOBUX
koHomenb [16]. BukopucraHHs MeXaHi3My JO3BOJIJIO MPOBOAUTH TpoOIeC Oe3 MONepeIHbOro
KamiOpyBaHHS, yHOpPMYBaHHs BoJjorocti ta onepxatru 28,0-38,0% roroBux siep i3 3acMiueHICTIO
no 1,0% [17].

JocnipkeHHsT TPOBEAGHO 3 METOI0 BCTaHOBJIEHHS €(EeKTHBHOCTI OOpYyLIyBaHHS HACiHHS
MPOMHCIIOBUX KOHOIIENIb BiJIEHTPOBUM IMPHUCTPOEM i3 3aKPUTUM POOOUYUM KOJECOM, IO MAa€ YOTHPH
npodinbHi oTBOpH. KUTBKICHO OIIHEHO BUXiJ TOTOBHX SA€p HA KOXKHOMY €Tarll MAKIIYHOTO O0pYyITyBaHHS
OJIHi€1 mapTii HACIHHS, a TAKOXK BH3HAYCHO JOMUIBHY KUTBKICTh TOBTOPHUX MUKIIB. HayKoBOIO TimOTE3010
BiJ3HAUYEHO [OLUIBHICTH IOBTOPHOTO OOpYyIIyBaHHS HenooOpoOieHoi ¢pakmii, mpoTe KiIbKIiCTh
e(EeKTUBHUX LUKJIIB IOTPeOy€e BCTAHOBJICHHS EKOHOMIYHO OOIPYHTOBAaHOT MEXKI.

Y Mexax TOoCHiHKEHHS KOHCTPYKITIHHOI0 OCHOBOIO BU3HAUEHO BIIIICHTPOBUI MEXaHI3M 13 3aKPUTUM
poOOYMM KOJECOM 3 4YOTUpMa MPOQIIFHUMH OTBOpaMH. Bu3HaueHHsS BIUIMBY LMKIi4HOI 0OpoOKM 3a
HE3MIHHMX MapaMeTpax Iojadi, 4acTOTH O0OepTaHHs Ta TeoMeTpii KaHaJiB YMOXJIMBHIO 00’€KTUBHO
OILIIHUTH e(PEKTUBHICTH 0a30BOi KOHbIrypalii 00pyiIyBaya.

OOpyi1yBaHHSI HAaCiHHS KOHOIETb MPOBOIAMIM 3 BHUKOPHCTAHHAM PO3POOJIEHOTrO BiILEHTPOBOTO
npuctporo. IIpuctpiit s oOpyuryBanns (puc. 1-a) MicTuth Kopiyc 1, poboue koseco 2 3 KaHanaMu, 110
3aKpIIJICHO Ha BaJly EJIEKTPOJABUTYHA 3, 3aKpuTy pobOouy kamepy 4, BimOiliHy 1eKky 5 3 TIJIaJKO
BHYTPIITHBOIO TIOBEPXHEI0, BUBAHTAXKYBAJIBHUHN JIOTOK 6.

Poboue Kojeco 3aKpUTOrO CEKTOPAILHOTO THITYy 3 YOTHpMa Mpo¢inbHUMH OTBOpamu (puc. 1-0)
MICTUTh JiBa JuCKa. HmkHIN auck Iiyxui, i3 KOPCTKHUM 3’€qHaHHSIM Ha Bany. BepxHifi nuck 3
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IICHTPAIHPHAM 3aBaHTAXyBAIBHHM OTBOPOM JiamMeTpoM 74 MM. Mix auckamMu (GOpPMYIOTh YOTHPH
pazmianbHi OTBOpM KBaIpaTHOTO mepepizy po3mipom 20%20 MM 1 noBxkuHOIO 44 MM, YTBOpEHi
rinepOomiYHUMHI OOKOBHUMH TOBEPXHSIMU CEKTOPIB.

/4_
BI27mM I%ﬁaj / 5
o /
80mm
F62mm \

a
Puc. 1. Cxema mexaHi3my (a) Ta po6ouyoro xoJieca (0)

I'eomerpito pobodoro Kojeca MPUHHAIM BU3HAYAIBHOIO JUI 3a0e3NedeHHS e(QEeKTUBHOTO
MPUCKOPEHHsT HACIHHS 10 KOHTaKTHOI mBHAKOCTi. [IpodinboBani oTBopu 3 rinmepboiniunoro (opmoro
OOKOBHX ITOBEPXOHb CTBOPIOBAJIM PiBHOMipHE PO3MOIiNIEHHS 3yCHIb HA HACIHUHH 32 YMOB IIPOXOKEHHI
gepe3 KaHal, 1Mo CIIPHUSUIO CTa0lIbHOMY pO3roHy 0e3 3aBuxpeHb. KBagpaTHa ¢opMa momepedaHoro nepepizy
JI03BOJINIIA YHUKHYTH (hikcarlii abo o0epTaHHs HACIHUH ITij] Yac MPOXOKEHHS, IO ITi ABUIIIUIO HMOBIPHICTh
pyHHyBaHHs 000JIOHKM TIpu yaapi. JloBxuHa OTBOpY Ta HiaMeTp Kojeca Y3rofKeHi TaKuM YMHOM, 1100
MaKCHMi3yBaTH BiALIEHTPOBE IPUCKOPEHHS 0€3 MepeBUIIEHHS MEXi pyHHIBHOI CHJIH, 34aTHOI IPUBECTH O
MOLITKOJ/DKEHHS siipa. 3aBaHTaXKYBAIBLHHUKA OTBIp 3a0e3nednB cTaliibHY TOJa4yy HACIHHA Yy poOOYHid
MPOCTip, MiHIMI3YI0UH HMOBIPHICTh 3aKYIOPIOBaHHS KaHAJIiB.

Yacrora obepTanHs Kojieca B gocigax cranouina 6000+200 xs~ . Had HHA nofaBanm 38epxy Yepes
KOHCTPYKIIHHHUN OTBIp y BIIBHOMY CHITy4OMY CTaHi B 3aBaHTaKyBaJIbHHI OTBip pobodoro koseca. Tam
BOHO ITPHCKOPIOBANIOCS y PO TbOBaHUX KaHaaX 1 CIPSIMOBYBAIOCS HA BHYTPIIITHIO MOBEPXHIO BiI01HHOT
JeKH, 1o 3abe3nedyBano pyHHYBaHHS OOOJOHKM HACiHHA. YJapHy B3a€EMOJII0 peasli3oBYBANU 3aBISKU
MEPETBOPCHHIO KIHETMYHOI €HEprii HaciHHA, IM0 HaOyBajo IIBHAKOCTI I Ji€l0 BiALEHTPOBOTO
MPUCKOPEHHS, Y IMITYJIbC KOHTAKTY 3 )KOPCTKOO TIOBEPXHEIO JIEKH. Y HACIIZIOK IEOTO B 000JIOHII BUHUKAJIH
JIOKaJIbHI HaNpYKXEeHHS, 10 MEPEBULIYBAIN MEXKY i1 MILIHOCT], CIPUYMHAIOYH BiZOKPEMIICHHS sIIpa.

st mociigKeHb BUKOPUCTOBYBAJIM HACIHHS IIPOMHUCIIOBHX KOHOIIENb cOPTY «l mecisy, BUpOLIeHE y
BUPOOHMYMX TociBax [HeTHTYTY My0’ stHMX KyineTyp HAAH Ykpainu. HaciHHs Mano HacTyIHI MOKa3HUKH:
BoJioricth 8,4%, 3acMiveHicTh opraHigyHUMHU nomimkamu 1,2%, maca 1000 HaciauH 17,46 T, 3a3HaveHi
MOKa3HUKH BIATOBiAAIM CepeiHiM I JaHOTO COPTY.

Bonoricte HaciHHA BU3HAYaaM BIANOBIMHO A0 craHmapTHoi Meromuku (JJCTY 4138-2002) i3
BUKOPUCTAaHHAM NabopaTopHoi cymibHOI madu. Macy HaciHHs Ta (Gpakiiii pylIaHKH BCTaHOBIIIOBAIH
3BaXYBAaHHSM Ha €JEKTPOHHMX Barax 3 TouHicTio 10 0,01 r. I KokHOro BapiaHTa OOpyIIyBaHHS
¢dopmyBanu HaBaxxky macor 1000 r. KoxeH ekcriepuMeHTAIBHUI BapiaHT MOBTOPIOBANHU IT'SITh pasiB 3
METOIO 3a0e3Me"eHHs JOCTOBIPHOCTI pe3yJIbTaTiB.

OOpytryBaHHS TPOBOIMIA O€3 MONepeAHhOro KamiOpyBaHHs HaciHHA. [louaTkoBy mpoby Macoro
1000 r 3aBaHTa)KyBaJIK B MIPHUCTPIii 1 minaBany oOpyIryBaHHIO (TIEPIIHA IUKI). Y pe3yNbTaTi OTPUMYBAIIN
PYIIAHKY: CYMIIl siJiep, 3aJTUIIKIB 000JIOHOK 1 HETOOOPYIIEHOTO HACIHHSL.

Jig mopanbmioro po3zisieHHs (Qpakiiii BUKOPUCTOBYBAIM MOBITPSHO-PEIIITHUN Cenaparop, KAl
3a0e3redyBaB BiJOKpEMIICHHS! KOMITOHEHTIB pymaHky. [licis OunIeHHs BUAUISUI TP OCHOBHI (paKIIii:
1 — HenOpyIIeHE Ta MOIIKO/PKCHE HACIHHS, 2 — TOTOBI s/1pa; 3 — BiIXOIH.

HenooOpymeny ¢pakuito moBepTraid Ha MOBTOpHE OOpyIIyBaHHs (Apyruil mmki). LlukmivHicTh
MTOBTOPIOBAJIA JJOTH, TIOKH KUTBKICTH 3aJUIIKIB y BUTJISII HEAOOOPYIIIEHOTO HACIHHS HE 3MEHIITyBaIacs 110
2-4% BiJ MOYaTKOBOT MacCH.

[Ticns 3aBepiieHHs] KOKHOTO MKy OOpYyLTYBaHHS OKPEMO BH3HAYald MacoOBY YacTKy OTPUMaHHX
siiep, M0 JO03BOJISUIO OLMIHWUTH €(eKTUBHICTH KOXKHOTO OKpeMmoro eramy. Ilicis BUKOHaHHS BCIX ITUKIIB
pe3ymbTaTH MiACYMOBYBAJIH, BU3HAYANM 3aralbHUN BHXIJ Aep BIJHOCHO TOYAaTKOBOI MacH IPOOH.
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3a3HavyeHUH METOMUYHUHN MiAXI YMOXKIMBUB SIK KUIbKICHO OXapaKTepU3yBaTH €(PEKTHBHICTh KOKHOTO
LUKy, TaK 1 BCTAHOBUTH CyMapHy NPOJYKTUBHICTb OOpYITyBaHHS.

CraructruHe oOpoOIeHHs pe3yabTaTiB 3AiCHIOBAIN y TporpaMHoMy cepenoBuiii Microsoft Excel
3 BOyIOBaHMM MOJyJeM «AHai3 JaHHX». 3aCTOCOBYBaIH OAHOGAKTOPHUM IUCIEPCIHHMI aHai3
(ANOVA) nis nepeBipKy HasIBHOCTI CTATUCTHUYHO 3HAYYIIUX BIAMIHHOCTEH MK IUKJIaMH 0OpYIIyBaHHI.
[lopiBHIOBaNIM HE JHIIE BUXiJ FOTOBUX SIEp, ajle i YaCTKy HEAOPYIIECHOro HaCiHHs. AHali3 34iHCHIOBAIH
3a piBHeM 3Hauymiocti o = 0,05. Takox mepeBipsuM BiANMOBIAHICTH BUOIPKOBHUX NAaHUX HOPMAaJIEHOMY
PO3MOITY 3a KPUTEPisIMH acuMeTpii Ta ekcriecy. CTaHIapTHE BIAXWICHHS HE NMEpeBHILyBaio 4% s
OCHOBHHUX MOKa3HHUKIB.

KoHTponp TOYHOCTI BHUMipIOBaHb 3AiHCHIOBAJIM 32 JOIMOMOTOI0 €IEKTPOHHHMX aHANITHYHHUX Bar 3
nmoxuokoro He OubIire £0,01 r. [ToBTOpIOBaHICTh JOCIIIIB 3a0€3MeUyBaIHU IIUIIXOM JOTPUMAHHS OHAKOBUX
YMOB O0OpPYIIyBaHHS JUIs KOJKHOI cepii: mocTiliHa Maca OYaTKOBOT HABAYKKHU, CTaOLIbHA YacTOTa 00epTaHHS
pobodoro Kozeca, ctabinbpHa mojaya oOpoOIIOBaHOI CHUPOBHHH, CTabiIbHA BOJOTICTh HACIHHS, HE3MiHHA
KoHQirypaiiss pododoro oprany. KoxkeH BapiaHT HOCTiAy HOBTOPIOBAIM II'SATh pas3iB, pe3yJbTaTH
¢dikcyBany Ta OINPalbOBYBAIM CTAaTHCTHYHO. TeMmIeparypy MOBITpS B J1a0OpaTOpHOMY NPHUMIIICHHI
miaTpuMyBanu Ha piBHI 25+1 °C.

3MiHEHHs KUIBKOCTI HEJOPYIIEHOI'O HACIHHS MIC/IA KOKHOTO IMKIY OOpYyLIyBaHHS HaBEIEHO Ha
puc. 2.

Bix Macu mo4aTKoBOI HaBaKKH
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Puc. 2. 3MiHeHHS KiTbKOCTi HeIOPYIIEHOT0 HACIHHS B 3aJIEXKHOCTI Bil MacH MOYaTKOBOI
HABAKKHM (a) Ta Bil MACH HeOPYIIIEHOT0 HACIHHA MicJisl UKy (0)
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VY Taba. 1 HaBeJACHO pPE3yabTaTH CTATUCTHYHOTO OOPOOICHHS OTPUMAHHMX JaHUX 3 BHU3HAUCHHS
KIJIBKOCTI HEOPYIICHOT'O HACIHHS MIC/Is KOXKHOTO IIUKITY O0pYIIIyBaHHS.

HaBeneni y (tabm. 1) pesynbTaTu cBiguaTh, IO Bapiallis MK IpylnaMu € 3HaYHO OUTBIIOI0, HIX
Bapiawis BcepeauHi rpyn. Lle miaTBepaKye HasBHICTb CYTTEBOTO BIUIMBY (DaKTOpy, IO PO3PI3HSE TPYIIH,
Ha JIOCII)KyBaHy 3MiHHY. PesynbTaT 0OpOOKM BKa3ylOTh Ha BHCOKY CTAaTHCTHYHY 3HAYYLIICTh LIHUX
BIZIMIHHOCTEH.
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Ha puc. 2 HaBeaeHO 3aeKHICTh 3MIHCHHS KUIBKOCTI HEJOPYIICHOTO HACIHHS 1] 9ac 0OpyITyBaHHS
3a m'aTh UMKIiB. Ha puc.2-a — Bix Macu moyaTKoBOi HaBa)KKW, HA PHUC.2-0 — BiJ Macu HEIOPYUIY MiCis
KOXKHOTO LIUKITY. BiamosinHo 10 puc.2-a croctepiraeTbes 3HAYHE 3MEHIICHHS! 3aJTUILIKIB HEAOPYITY MicIs
KOXKHOTO 1UKy. [licis mepiroro nukiy HeJopylleHe HaciHHs cTaHoBIIIO 71,24%. [licist npyroro mukiy
el MoKa3HUK 3MeHIIUBCs 110 38,13%, micis Tpetboro — a0 16,23%, micis yeTBepToro — 10 5,85%. A micns
m'sToro nuKIiny 3ainumuiocs aume 1,90% HeoOpoOieHoro HaciHHS BiA 3arajibHOl Macu maprtii. 3a3HadyeHi
pe3yabTaTH 3acBiAUyIOTh 3arajbHy TEHJICHLIIO MPOLECY, — OCHOBHY YaCTHHY HACiHHS OOpYIIEHO Ha
MEepIIMX TPhOX HUKIaX. Ha mi3HiX eTamax 3aluimanvcsi OUTbII CTiHKI /IO MEXaHIYHOTO BIUIMBY Ta
pYHHYBaHHS 3€pHa, 1110 KMOBIPHO 3yMOBJIEHO X crielu(iyHOI0 CTPYKTYPOIO.

Tabn. 1
CraTucTH4HO 00p00JIeHi pe3yJIbTaTH J0CTi/IKeHb 3 BU3HAYEHHSA KiJIbKOCTI HeIOPpyILIEeHOT 0
HACIHHSI MiCJIs KOKHOTO IUKJY 00pYIIYBaHHSA

I[)Ke.pe.ﬂ"(.) SS df MS F P- F kpurnune
Baplallll SHAYCHHSA
Mix rpynavu | 16368,76 4 4092,19 2052306 | 6,23E-16 2.866081
B cepemuni | 599 7896 20 19,93948 - - ;
prl'[

BigmoBigHo no puc.2-0, mo BigoOpaxae KiIbKiCTh HEIOPYIICHOTO HACIHHS y BiJICOTKAaX BiJ] MacH
HEJOPYIIY TMIiCJIsI KOXXHOTO IHMKIY, BiA3HAYeHO 3MiHEHHS €(QEKTHBHOCTI 3 YpaxXyBaHHSIM KOKHOTO
HACTYIHOTO etamy oOpoOiTky. Ilicnmst meprmoro HUKIy HenopylleHe HaciHHs cTaHoBmio 71,24% (Binx
noyatkoBoi macu 100%). [Ticist apyroro uukity 3anummnocs 54,62% Bin Hegopymy (BiJl MOYaTKOBOI MacH
71,24%). ToO6TO 00pPOOITKY HE TiIIaI0Cs OJIOBUHA 3€PEH, MO He OOpyIIInCcs Ha nepuiomy erari. [Ticis
TPEeTHLOrO IMKIY HenopyleHuMHy 3anuimmiocs 43,11% (Big mouatkoBoi Macu 54,62%), mo BiamoBinae
npubIM3HO YeTBepTHHI Bif momepennboi Macw. llicnms uwerBepToro mmkiy samummiocs 35,62%, mo
CTaHOBHUTD OJM3BKO TPETHHU HEJOPYILY IiCJIs TPETHOTO LUKITY, a Micis 11’ siToro uukity — 32,07%.

BigzHaueHo, 1110 Ha MOYaTKOBHX IMKJIaX OOPYIIYBAaHHIO IMiIIaBAJIMCS IEPEBAXKHO 3e€pHA 31 C1a0KOI0
CTPYKTYPOIO 000JI0HKH. Ha 3aKk/Ir0uHMX eTanax 3ajuinaiucs OUIbI CTiHKI (pakiiii. 3MEHIIICHHS KIJIbKOCTI
HEIOPYLICHOTO HACIHHA Ha KOXXHOMY HACTYIMHOMY LMKl CBIJYUTH NMPO 3MEHIIEHHS AOCTYIHOI IS
00OpyIIyBaHHS MacH, 1110 00Mexye e(heKTUBHICTh IPOIIECY Ha IMi3HIX eTamax.

3MiHEHHS KUTBKOCTI OOpYIICHUX SIEp MiCHs KOKHOTO IIUKITYy HaBeIEHO Ha pHUC. 3.

Bix Macu mo4aTKoBOi HaBaXKKH Bix macn Henopyury micis IUKITY
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2,0 I - 1,39 4,0

0,0 0,0
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Puc. 3. 3MiHeHHA KiTbKOCTI fiep 3a MUKJIaMH 00pPYIIYBAHHS B 3aJ1€KHOCTI Bil MacH
MOYATKOBOI HABAXKKHM (a) Ta Bil MAcH HeOPYIIEHOT0 HACIHHS MmicJisi UKy (0)

V Tabi. 2 HaBEOEHO pPe3yNbTaTH CTATHCTHYHOTO OOpPOOJICHHS OTPUMAaHWX TaHUX 3 BU3HAYCHHS
KIJIBKOCTI siiep Micisl KOXKHOTO UKy OOpYIIyBaHHS.

AHaii3oM pe3ynbTaTiB JAOCHiKEeHHs (Taln. 2) BCTAHOBIEHO HAsIBHICTh CTATUCTUYHO 3HAYYIIMX
BiAMiHHOCTEH MiX rpymamu. OTpuMane 3HaueHHs F-KpuTepilo CyTT€BO MEpeBHUILye KPUTUYHE, a PiBEHb
3HauYyHiocTi € HaOarato MeHmuM 3a 0,05, 110 MATBEPIKYE MOCTOBIPHICTH BIUIMBY JOCIIIKYBAHOTO
¢akTopa. Bapiamiss MiX rpynmaMu iCTOTHO IEPEBHUIILY€E Bapiallil0o BCEpeIWHI TIpym, IO CBIAYUTH PO
peanbHuil ePeKT paKTOPHOT O3HAKH.

© B.O. llenuenxo, /1.0. [lempauenxo, /.B. llletiuenko

268



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

Ha puc.3-a HaBemeHO pe3yabTaTHd IOCHIHKEHL 3 BHU3HAYCHHS BHUXOMY SICP Y BIJICOTKAaX BiX
noyatkoBoi MacH. Bim3HadeHo mmocTymoBe 3MeHIIEHHS €(QEKTHBHOCTI BUIUICHHS AAep Y KOKHOMY
HactynHomy nukdii. [licns mepmoro nukny orpumano 9,27% snep. [licns apyroro uukiy — 12,75%, micns
TpeThoro — 7,86%, micis gerBepToro — 3,54%, a micis m’storo mukiry — 1,39%, BiamoBimHO. 3araabHAN
BHXIJ A7ep 3a BCI I’ SITh HUKIIB cTaHOBUB 34,81% Bix moyaTKOBOi MacH.

Tabn. 2
CraTtucTH4yHo 00p0o0JieHi pe3yJbTaTH J0CHIIKEeHb 3 BU3HAYEHHS KiJTbKOCTi HeIOpyIIeHOT 0
HACIiHHS MiCJIfA KOKHOTO IIMKJIY 00pyIIYBaHHS

Hwepeto ss df MS F P- F
Baplallll JHAYECHHHA KpI/lTI/l‘lHe
Mixx 412,0004 4 10300011 | 1042291805 | 4.2584E7 | 2866081
rpynamu
B cepemuni | 9976216 | 20 0,088208 ; ; ;
rpyn

Ha puc. 3-0 HaBemeHO BHMXif sAEp Yy BIACOTKax BiJ Macd HEIOPYINY IMICIsA KOXKHOTO IMKIY. Y
nepuomMy UK orpuManu 9,27% sizep Bi Ho4aTKoBOi Macu Henopyury. Ha apyromy nukii neit moka3Huk
361umemuBcs 1o 18,05%, Ha Tpetromy — 110 20,66%, Ha yeTBepTOoMy — 10 21,98%, a Ha 11’ siTomy — 110 24,73%,
BIAMOBITHO. 301IBIIEHHS YaCTKH SACP BiTHOCHO 3aJIUINKIB HEAOPYITY IMiCIIS KOXKHOTO UKITY CBIAYHUTH TIPO
Te, 10 OOPYLIYBaHHS CTOCYETHCS BCE MEHILOI KUTBKOCTI, SIKa OUIBII OCTYIHA JUIA PYHHYBaHHS HACIHHSL.

[lopiBHIOIOUM pe3ynbTaTH IOCTIKEHb (PUC. 2 Ta pHUC. 3) BIAMITUMO B3aEMO3B’ 30K MiX
e(eKTUBHICTIO OOpYIIyBaHHS Ta BHXOJOM T'OTOBOIO MPOIYKTY. 3HA4HA KiIbKiCTh Hemopyuty (71,24%)
MICJIS MEPLIOTro MUKITY CBIIYHMTE MPO Te€, II0 OOPYIIyBaHHIO MiAAETHCS HACIHHS 31 c1a0KOI0 CTPYKTYPOIO
o0onoHKH. Pemta HaCiHHS 3aMIIAETHCS HEJOCTATHHO OOPOOJIEHUM BHACIIJOK MPHUPOJHBO ICHYIOYOTO
HEPIBHOMIPHOT'O MEXAHIYHOTO BILIMBY, a TAKOXX 3HAYHUM J11alla30M KOJIMBaHb MEXaHIKO-TEXHOJIOTTUHUX
BJIACTUBOCTEH HAaciHWUH. Y APYroMy IMKII MOMITHE 3MEHIICHHS HepopymeHoro matepiany (38,13%)
CBIAYMUTH PO Te, U0 OiNIbIlA YaCTHHA 3aJIMIIKIB MiAJA€ThCS pyHHYBaHHIO, OCKIJIBKH KiIHETUYHA SHEPTis B
OBOMY BHMNAAKY Oinbll e(eKTUBHO CHOpSAMOBaHA HA HACIHHS, SKE€ 3aluIIMiIocs. TpeTid LUK
XapaKTepu3yBaBCsl 3MCHIICHHSM 3araibHoi e(eKTUBHOCTI OOpYIIYyBaHHS, OCKUIbKH 3aJIHIIUIOCS
MEPeBXKHO HACIHHS 31 CTIHKOIO CTPYKTYpPOIO OOOJIOHKHM, SIK€ BaXKKO PYHWHYBATH 3a BCTAHOBICHUX
napameTpiB mporecy. He 3Bakaroum Ha Te, IO YacTKa sjep e 3alHIIanacs 3HaYyHOK, TEMITH HOTro
MPUPOCTY TIOCTYIMOBO 3MEHIIyBalucs. Ha deTBepToMy Ta I’SITOMY IHMKIAX OOpPYITYBaHHIO IMiJIAA€THCS
MiHIMallbHa KiJIbKICTh HACiHHS, a HOTO 3aJIMIIKH CTAIOTh JeJalli MEHII JAOCTYNHHUMH Ui PyHHYBaHHS
BHACITIIOK TXHBOI ITIABUIIEHOT MIITHOCTI.

AHai3y0un HaBEJCHI Pe3yJIbTaTH JAOCIIKEHb BIAMITUMO, 110 OCHOBHHM OOCST sjep BUALISUIA Ha
MEPUIMX TPHOX LMKJIAX. 3aCTOCYBaHHS BCTAHOBICHHX IMapaMeTpiB i pexXHMiB poOOTH 0oOpylIryBaya Ha
MOAJBIINX UKIIAX XapaKTePU3yBAIOCS HU3BKOIO MPOMYKTHUBHICTIO. 3a3HaUYeHE BKA3y€ HA aKTyaJbHICTh
MONAJBIINX JIOCHI[UKEHb HAIpaBIIEHUX Ha TiJBUIICHHA €(QEKTUBHOCTI TEXHOJOTIYHOTO IPOIECY
oOpYyIIyBaHHS HACIHHS KOHOIIEb.

Y momanpIioMy TMEpPCIEKTHBHUM BUTJISAA€ JOCTI/DKEHHS 3MiHEHHS KIUIBKOCTI KaHamiB abo
MapaMeTpiB TPAEKTOPIii HACIHHS 3 METOIO 3MEHIIEHHS KUTBKOCTI IUKIIIB 10 IBOX 200 TPhOX Oe3 3MEeHIIIEHHS
00CATIB 3arajlkHOTO BHUXOXY Sep. 3alpoNOHOBAaHY METOIUKY JOIUIBHO aJanTyBaTH 0 IHIIUX COPTIB
KOHOIIEJIb, 32 YMOBH YTOYHEHHS (hi3MKO-MEXaHIYHUX BJIACTUBOCTEH HACIHHSI.

BucnoBku. HaBeneHo pesynmbTaTH OCHIPKEHHS €(EKTUBHOCTI  BIMIEHTPOBOTO METOIY
0OpyIIyBaHHS HACIHHS TPOMHCIOBUX KOHOTIENb 32 JOMOMOTOI0 MPUCTPOIO i3 pOOOYHM KOJIECOM 3aKPHTOTO
CEeKTOPaJbHOTO THUIY 3 YOTHpMa NpodiTbHMMH OTBOpaMu. BcraHoBIEHO, 1m0 0OOpymIyBaHHS 0e3
MOTIEPEIHBOTO KaniOpyBaHHs 3abe3nedye 3arajibHUN BUXin siaep Ha piBHI 34,81% i3 3acMiueHicTiO He
oinbmme 1%.

3a yactotu obepraHHs podoyoro komeca 6000+200 xB~' BAX 4 AOEP Ha NEQLMX TPLOX LMKIax
cranoBuB  9,27%, 12,75% Ta 7,86% BiAmMOBiAHO, TOAI SK HAa YETBEPTOMY Ta II'SITOMY

nukiaax — gume 3,54% i 1,39%. 3meHmeHHs BUXOAY MOB’S3aHE 3 MiABUIICHOIO MIIHICTIO 000JIOHOK
3aJIMIIKOBUX HaciHWH. YacTka HeZOOOpYIIEHOTO HAaCiHHS MOCTYNOBO 3MeHInyBanacsa Bia 71,24% micns
nepioro nukiy 10 1,90% micnst m’sitoro.

OTtpuMaHi pe3yibTaTd 3aCBIMYMIN AOMUIBHICTD OOMEXEHHS KiNBKOCTI ITUKIIB OOpYIIyBaHHS IO
TPHOX, IO B CYKYITHOCTI 3MEHIIIIJIO eKCILTyaTalliifHi BUTpaTH 0e3 BTpaTH BUXOIY szep. | eoMeTpist kaHaiB
(20%20 mm, moekuHa 44 MM) y MO€HAaHHI 3 yacToTOK oOepranHs 6000 00/xB. 3a0e3neumin JOCTaTHIH
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piBEHb BIALEHTPOBOIO MPHUCKOPEHHS s e()EeKTUBHOTO OOpyIIyBaHHSA. Y MeEKax JOCHIIKYBaHOT
KOHCTPYKIIii BCTAHOBIJICHO, III0 YOTHPH OTBOPH € OOTPYHTOBAHWM TEXHIYHHUM PIlICHHSAM Ui 0230BOTO
BapiaHTy.
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H.P. Ileyonuux, O.C. IIpuxoabko

Jhyyvkutl HayioHanbHULL MEXHIYHUL YHIBEpCUMem

HOPIBHSIBHUM AHAJII3 MOJEJIEM MAIIMHHOT O HABUAHHS JIJ15
MNPOI'HO3YBAHHSA MIINTHOCTI BETOHY

Y pooomi posenanymo 3adauy npoznosysanna miynocmi 6emony Ha CIMUCK 3a 11020 CKIA0OM i3 UKOPUCHAHHAM
Mmemoodie mawunnozo naeuanna. Ha ocnoei eiokpumozo nabdopy oanux Concrete Compressive Strength euxonano
ROPIGHANbHUIL AHANI3 JUHIIHOIL, ROMIHOMIANLHOI pezpecii, WMYUHUX HEUPOHHUX Mepeldc ma aHCAMOIeeUX Memoois.
Ilokazano, wio npocmi ninitini mooeni He 30amHi A0eKeamMno oOnUcamu cKAaOni Heainiuni npoyecu 2iopamauii yemenny, mooi
AK aHcamoneei memoou 3ade3neuyroms OnNMuMaIbHe cniegionouienna mouynocmi ma cmiiikocmi. Haiikpawuii cmaéinonuil
pe3yibmam ompumano 3a 00nomozoio anzopummy Random Forest i3 cepeonvoto adcontomnoro noxuoxoio 3.73 Mlla. Oxkpim
Ub020, WNAXOM JliHeaApU3AYIl MYJbMURIIKAMUGCHOI MOOEN 6UBE0EHO eMRIpUYHy cmenenesy Gopmyny, npuoamuy ons
eKcnpec-oyinoK MiyHocmi 0e3 6UKOPUCHMAHHA 004UCTI06ANbHUX 3ac00ie. Ompumani pezynvmamu niomeepoI;cyms
0oyinbHicmy 3acMOCY8anHA aHcamobnegux i 2iOpuOHUX NIOX00i6 ONA IHIHCEHEPHUX 3a0ay NPOZHO3YEAHHA 61ACHUEOCHell
0yodigenvHux mamepianie.

Kniouosi cnosa: miynicme 6emony, mawunne nasuanns, peepeciinui ananiz, Random Forest, neiponni mepeorci

N.R. Pechonchyk, O.S. Prykhodko

COMPARATIVE ANALYSIS OF MACHINE LEARNING MODELS FOR
PREDICTING CONCRETE COMPRESSIVE STRENGTH

This paper addresses the problem of predicting concrete compressive strength based on mixture composition using
machine learning methods. A comparative analysis of linear regression, polynomial regression, artificial neural networks, and
ensemble learning techniques was conducted using the publicly available Concrete Compressive Strength dataset. The results
show that simple linear models are unable to adequately capture the complex non-linear physicochemical processes of cement
hydration, while ensemble-based approaches provide a superior balance between accuracy and robustness. The best stable
performance was achieved by the Random Forest algorithm, with a mean absolute error of 3.73 MPa. In addition, an empirical
power-law formula was derived through linearization of a multiplicative model, enabling approximate strength estimation
without computational resources. The findings confirm the effectiveness of ensemble and hybrid modeling approaches for
practical engineering applications in construction materials science.

Keywords: concrete compressive strength, machine learning, regression analysis, Random Forest, neural networks

Introduction and problem statement. Concrete is the most widely used construction material
worldwide, and its compressive strength is a key parameter governing the quality, reliability, and safety of
building structures. Traditionally, compressive strength is determined through destructive laboratory testing
of standard specimens, typically performed after 28 days of curing. This inherent time lag poses significant
challenges for real-time quality control in concrete production and slows down construction processes.

Moreover, concrete compressive strength is a complex, non-linear function of mixture
composition—including cement, water, aggregates, and chemical or mineral admixtures—as well as curing
age. Classical empirical relationships, such as Abrams’ law or Bolomey’s formula, often fail to provide
sufficient accuracy for modern multi-component concretes incorporating superplasticizers and
supplementary cementitious materials. In this context, the application of machine learning (ML) techniques
for in silico prediction of concrete properties has emerged as a relevant and promising research direction,
offering the potential to replace time-consuming experimental testing with rapid computational estimates.

Analysis of the latest research and publications. The task of predicting concrete compressive
strength from mixture proportions is a canonical benchmark problem in regression analysis within
construction materials science and machine learning. Contemporary research efforts emphasize not only
minimizing prediction error but also improving model interpretability and practical applicability for
engineering practice.

In foundational works [1-4], the Concrete Compressive Strength dataset has been extensively used
to demonstrate advanced modeling techniques. For example, study [1] proposes an ensemble of predictive
intervals to assess reliability of predictions, while [2] introduces the SelectiveNet architecture, which can
abstain from predictions in cases of low model confidence, addressing safety-critical decision contexts.
Research [3] integrates boosting-based ensemble methods into the optimization of mixture compositions,
and [4] explores symbolic regression for automatic derivation of analytical formulas.

Despite these advances, the choice of an optimal model that achieves high accuracy, robustness to
overfitting, and interpretability remains an open research question.
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Recent contributions in the literature extend these themes in several directions. Wang et al. [5]
developed an interpretable machine learning framework based on boosted tree models, demonstrating that
the XGBoost algorithm achieves high predictive accuracy on experimental concrete datasets and employing
SHAP analysis to elucidate feature contributions consistent with material science principles (e.g., age and
mix ratios). Similarly, Zhang et al. [6] applied interpretable ML models including Random Forest,
AdaBoost, XGBoost, and LightGBM to high-performance concrete, combining Bayesian optimization with
SHAP to both optimize prediction and analyze feature influence.

Other studies have explored interpretable and optimized regression frameworks for concrete
strength prediction. An interpretable machine learning model for self-compacting concrete incorporating
recycled aggregates and supplementary cementitious materials achieved high accuracy and identified key
mix variables, demonstrating the utility of hyperparameter-tuned ensemble methods with feature attribution
analysis [7]. Research focused on comparative evaluations of diverse ML techniques, including Random
Forest, SVM, neural networks, and rule-based models, further confirms the superior performance of
ensemble frameworks over basic linear approaches in concrete strength forecasting [8].

Collectively, these studies highlight ongoing efforts to balance accuracy, robustness, and
interpretability in machine learning models for concrete compressive strength prediction. The literature
indicates a continued trend toward ensemble and explainable models that provide not only strong predictive
performance but also engineering insights into the influence of mix components on material properties.

The aim of the study. The aim of the paper is to conduct a comparative analysis of the effectiveness
of machine learning models of different architectural complexity (from linear regression to deep neural
networks) for the task of predicting concrete strength, as well as to construct an interpreted empirical
dependence for express strength assessment.

Experimental methodology. To achieve the objectives of this study, the publicly available
Concrete Compressive Strength dataset from the UCI Machine Learning Repository [9] was used. The
dataset consists of 1030 observations describing concrete mixtures with varying compositions and curing
ages.

Each sample is characterized by eight input variables, including the contents of cement, blast
furnace slag, fly ash, water, superplasticizer, coarse aggregate, and fine aggregate (all measured in kg/m3),
as well as the age of the concrete in days. The target variable is the compressive strength of concrete,
expressed in megapascals (MPa).

Prior to model training, an exploratory data analysis (EDA) was conducted to assess data quality,
variable distributions, and potential modeling challenges. Histograms of all input features and the target
variable are shown in Figure 1.

The target variable exhibits an approximately normal distribution with a slight right skew and a
concentration around 35-40 MPa, indicating a well-balanced range of concrete strengths suitable for
regression modeling. In contrast, the input features demonstrate pronounced heterogeneity. Admixture-
related variables (blast furnace slag, fly ash, and superplasticizer) are strongly right-skewed and zero-
inflated, reflecting the prevalence of conventional concrete mixtures without additives. Cement content
spans a wide range (approximately 100-550 kg/m3) with a multimodal structure, while the age variable is
discrete, with peaks corresponding to standard curing periods (7, 28, and 90 days).

Overall, the dataset combines continuous, discrete, and sparse variables, forming a complex non-
linear feature space. This characteristic motivates the use of non-linear and tree-based ensemble methods,
such as Random Forest regression, which are better suited to capturing feature interactions and handling
data sparsity than classical linear models.

The modeling workflow included checking the dataset for missing values (none were found),
applying standard feature scaling where required particularly for neural networks and splitting the data into
training and test sets using an 80/20 ratio with a fixed random seed to ensure reproducibility.

Three classes of regression models were investigated. As baseline approaches, linear regression and
second-degree polynomial regression were employed to establish reference performance levels. For deep
learning methods, fully connected multilayer perceptron (MLP) networks with varying architectures were
explored, ranging from two to seven hidden layers and containing between 128 and 256 neurons per layer.
In addition, an ensemble learning approach based on decision trees, namely the Random Forest Regressor,
was evaluated due to its robustness to non-linear relationships and heterogeneous feature distributions.
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Model performance was assessed using the mean absolute error (MAE), which provides an intuitive
measure of prediction accuracy in physical units (MPa) and is therefore well suited for engineering
interpretation. Finally, a linearization approach for a multiplicative regression model was applied to derive
an empirical power-law relationship between the input variables and concrete compressive strength.

Dustribufion of Camant Distnbution of Blast Fumace Slag Destribubon of Fly Ash

Fig 1. Exploratory data analysis

Presentation of the main research material. During the study, multiple regression models were
trained and evaluated on a held-out test dataset in order to assess their predictive accuracy and practical
applicability.

Linear regression exhibited the poorest performance, which can be attributed to its inability to
represent the complex non-linear physicochemical processes governing cement hydration and strength
development. Polynomial regression partially addressed this limitation by capturing non-linear interactions
between mixture components—most notably the interaction between water and cement content—resulting in
a noticeable improvement in prediction accuracy.

Acrtificial neural networks demonstrated a high modeling potential. Increasing the network depth
from two to seven hidden layers led to a systematic improvement in prediction accuracy, with the best
results obtained for the most complex architecture. However, the training process proved sensitive to weight
initialization and hyperparameter settings, and the resulting models exhibit limited interpretability,
effectively functioning as “black boxes” from an engineering perspective.

The most favorable balance between accuracy, robustness, and interpretability was achieved by the
Random Forest model. This approach does not require feature scaling, is resilient to outliers, and is capable
of capturing non-linear dependencies and feature interactions without explicitly introducing polynomial
terms. A visual comparison between the predictions of linear regression and the Random Forest model is
presented in Figure 2.

For practical applications where computational resources are unavailable, an empirical formula for
estimating compressive strength was derived by logarithmic transformation of the input variables followed
by linear regression. The resulting multiplicative power-law model for compressive strength o[ is
expressed as.

oy = 257,2635(1 + w™%9702) (1 + ¢0774)(1 + a®3199) (1 + bf00659) x
X (1 + f0.0217)(1 + Sp0'0715)(1 + fa—0.3776)(1 + ca‘°'°272).
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where a denotes the curing age of concrete in days, and w, ¢, bf, f, sp, fa, and ca represent the masses
(kg per 1 m3 of concrete) of water, cement, blast furnace slag, fly ash, superplasticizer, fine aggregate, and
coarse aggregate, respectively.
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Fig 2. Comparison of prediction accuracy between linear regression and Random Forest
models
Results. The aggregated performance metrics of the investigated models are summarized in Table

1.
Table 1.
Accuracy metrics of the studied models
Machine learning model MAE, MPa
Linear regression 7.46
Empirical power-law formula 6.38
Polynomial regression 5,97
Neural network (2 x 128) 4,3
Neural network (7 x 256) 3,3
RandomForest 3,73

The Random Forest model achieved an MAE of 3.73 MPa, representing the best stable performance
among the evaluated methods. Although the deep neural network with seven hidden layers achieved a
slightly lower MAE of 3.3 MPa, this improvement came at the cost of significantly increased model
complexity, computational demands, and reduced interpretability. The empirical power-law formula
yielded an MAE of approximately 6.38 MPa, which is acceptable for rapid preliminary assessments.

Figure 2 illustrates a scatter plot comparing predicted and experimental compressive strength values
for linear regression and the Random Forest model. The Random Forest predictions cluster more tightly
around the ideal prediction line, particularly in the low-to-medium strength range, indicating higher
accuracy and reduced systematic bias. In contrast, the linear regression model exhibits a clear trend of
underestimating compressive strength, which visually confirms its limited capability to model non-linear
material behavior.

Discussion. Feature importance analysis, conducted using the Random Forest model, enabled
interpretation of the physical consistency of the learned relationships. Figure 3 presents the distribution of
input feature contributions to the prediction of concrete compressive strength.

As shown in the figure, the most influential variables are concrete age and cement content, which
fully aligns with established principles of concrete technology and cement hydration theory. This result
indicates that the model does not merely memorize the training data but instead captures fundamental
mechanisms governing strength development.

Compared to artificial neural networks, which typically operate as black-box models, the Random
Forest approach offers a higher degree of transparency by allowing direct assessment of the relative
contribution of each input variable. This interpretability is particularly valuable for engineering
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applications, where trust in model predictions and consistency with physical knowledge are essential for
practical adoption.

(]
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Blast Furnace Slag

Superplasticizer

Input Parameters
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Fly Ash
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Fig 3. Feature importance analysis obtained from the Random Forest model

Conclusions. This study demonstrates that simple linear regression models are insufficient for
accurate prediction of concrete compressive strength, yielding mean absolute errors exceeding 7 MPa. Such
performance limitations confirm that linear assumptions fail to capture the complex and non-linear
relationships inherent in concrete mixture composition and curing processes.

Among the evaluated approaches, ensemble learning methods exhibited the most favorable balance
between predictive accuracy and model robustness, achieving an MAE of 3.73 MPa. The Random Forest
model consistently outperformed baseline linear and polynomial regressions and approached the predictive
performance of deeper neural network architectures, while offering improved stability and reduced
sensitivity to hyperparameter selection. In addition to data-driven prediction, an empirical power-law model
was derived through linearization of a multiplicative regression formulation. Despite its simplicity, the
resulting formula enables approximate manual estimation of compressive strength with an average error of
approximately 15%. This level of accuracy may be sufficient for preliminary assessments and rapid
decision-making in construction site conditions where computational tools are unavailable.

Feature importance analysis further confirmed the physical plausibility of the learned models.
Concrete age and total binder content were identified as the dominant factors influencing compressive
strength, in agreement with established material science principles. This alignment between model behavior
and domain knowledge supports the interpretability and practical relevance of the proposed approach.

Future Research Directions. While the proposed models demonstrate high predictive accuracy on
standardized benchmark data, their industrial application requires adaptation to regional variability in raw
materials and production conditions. Future research will focus on incorporating aggregate morphology
descriptors (e.g., washed versus unwashed fine aggregates and particle shape characteristics) to improve
sensitivity to local material properties. In addition, transfer learning strategies will be investigated to
recalibrate the base model using limited historical production data from individual concrete plants, enabling
practical deployment without extensive additional laboratory testing.
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JIBH3 «Yorceopodcvkuii nayionanbhuii ynisepcumemm:
JIyybKuii Hayionanbruii mexuiunull yHieepcumem®
Myxauiecokuii depocasnuil ynisepcumem®

©®OPMYBAHHA MOJEJII BASHAYEHHSI HAIIPY’KEHb B METAJIEBUX
KOHCTPYKIUAX HIJ BIININBOM KOHIHEHTPALII BOAHIO

Y cyuacnux ymosax npomucnosoi diansnocmi oco6nusoi zocmpomu Hapyeac NUMAHHA MOYHO20 NPOZHO3YEAHHA
EKCHIIYAmayilinux pecypcie memanesux cucmem, 30Kpema ixuvoi eumpueanocmi ma oOe3giomosnocmi. Ile 3ymoeneno
CK/IAOHUM ROCOHAHHAM KOpO3iiHoi dezpadauii mamepiany ma nocmiiinozo mexaniunozo nasanmasicenns. Ha cvozooni
MEXAHIZMU  63AEMO38°A3KY MINC 600HE6UM HACUUEHHAM [ NEPEPO3NOOINIOM HANPYIHCEHb Yy MEmanax 00caioHceHo
ppacmenmapno. Ipouec abcopouii 600nI0 cnpuuunse degopmauilo cmpykmypu mina, w0 RPOAGAAECMBCA Y 3MIHI 11020
JIHIUHUX napamempie ma 3azanbHozo 00’emy. Taki 06’emui mpancghopmauii 3a 6i0n0GIOHUX YMO8 CMAIOMb 0XCePenom
GUHUKHEHHA GHYMPIWIHIX 3ycutb. Y uiti pooomi po3znadaemuvcsa mooeib, 0e 63AEMHUN 6NIUG AMOMIE B00HIO 8BAMNCAEMbCA
Hexmoeno manum. Knrouoeum 3a60annaM 00CHi0NCEHHA € BUIHAUCHHA NAPAMEMPIE HANPYHCEHO-0eIOPMOBAHO20 CIMAHY
00°€Kma, Wi0 GUHUKAE 6HACTIOOK OUDY3il ma HAKONUYUEHHA 6OOHIO 6 11020 CIPYKIMYD

Knrwowuoei cnosa: xoncmpyxyii, oegopmayii, HanpysicenHs, KOHYEHMPAYis 600HI0, MeMOO CKIHUEHHUX elleMeHmIs,
CYYINbHUT YURIHOP.

Stashchuk M. G.

Yu.Yu. Zhiguts, V.D. Rudj, I.M Shkirta,|Stashchuk M.G.

FORMATION OF A MODEL FOR DETERMINING STRESSES IN METAL
STRUCTURES UNDER THE INFLUENCE OF HYDROGEN CONCENTRATION

In modern industrial conditions, the issue of accurately predicting the operational resources of metal systems, in
particular their durability and reliability, is becoming particularly acute. This is due to the complex combination of material
corrosion degradation and constant mechanical stress. To date, the mechanisms of the relationship between hydrogen saturation
and stress redistribution in metals have been studied fragmentarily. The process of hydrogen absorption causes deformation of
the body structure, which manifests itself in a change in its linear parameters and total volume. Under appropriate conditions,
such volumetric transformations become a source of internal forces. This paper considers a model in which the mutual influence
of hydrogen atoms is considered negligible. The key objective of the study is to determine the parameters of the stress-strain
state of an object resulting from the diffusion and accumulation of hydrogen in its structure.

Keywords: structures, deformations, stress, hydrogen concentration, finite element method, solid cylinder, cylindrical.

Introduction. When using materials, residual stresses play a significant role, which is associated
with a significant temperature gradient in the creation of the alloy, high cooling rates, etc. This, in turn, can
cause residual stresses, which have not yet been sufficiently studied in materials.

Among the existing experimental methods for determining residual stresses, the most widely used
are the method of N.V. Kalakutsky for disc-type parts, the method of N.N. Davidenkov's method for ring-
type parts and prismatic bars, L.A. Glikman and D.I. Gregon's method for I-beam bars, D.M. Shur's method,
i.e., the force method for determining residual stresses, which does not require measurements of part
deformation based on approximate relationships between stresses and deformations, but it can only be
applied to parts with a regular geometric shape, the Gunnert method, which requires drilling conical holes,
milling ring grooves, and high-precision deformation measurements, which greatly complicates the
measurement process, and the Zaks method for solid and hollow cylinder-type parts [1-3].

The authors set themselves the task of simulating the stress state of a cylindrical sample and studying
the effect of hydrogen on the stress characteristics of the material using this model.

The presence of hydrogen in the structure of metallic materials significantly affects their mechanical
properties, in particular, their resistance to destruction and service life. The key factor here is the ability of
hydrogen atoms to freely migrate through the crystal lattice, causing its deformation expansion [4]. The
results of the analysis of sorption and desorption processes confirm the formation of local inhomogeneities
in hydrogen content [5]. These areas of uneven concentration become sources of internal forces known as
concentration stresses. That is why the identification and calculation of such factors are critically important
for modern engineering design of objects that come into contact with aggressive hydrogen-saturated parts.

It should be emphasized that previous scientific studies have mainly focused on how external
mechanical stress affects hydrogen diffusion processes [6-10]. However, for the qualitative development of
the theoretical basis, it is necessary to study in more detail the reverse feedback — the formation of a stress-
strain state under the direct influence of a change in gas concentration. For example, study [11] analyses
the stresses in a solid cylinder caused by hydrogen diffusion, but the algorithm proposed there is only
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effective for bodies of infinite size. This article presents the author's methodology, which allows for the
proper assessment of stress indicators in bodies of finite geometric configuration.

Theoretical position and solution algorithm. The process of hydrogen saturation of metal is
accompanied by a transformation of its geometric characteristics — both the linear parameters of individual
elements and the overall volume of the structure. When free deformation is restricted, such volumetric
changes become the root cause of internal stresses. Within the proposed approach, we base ourselves on the
hypothesis of a negligible energy connection between individual hydrogen atoms. The key task is to
calculate the parameters of the stress-strain state of a metal object formed under the direct influence of
variations in hydrogen concentration.

The total deformation of the material resulting from a variation in hydrogen content by a value of C.
Macroscopic deformation of the material resulting from a variation in hydrogen content by a value is
accompanied by a change in the linear parameters of its structure. Thus, the edge of an elementary
parallelepiped ds after transformation takes the form (1 + aCHCH)ds, where ac, is the concentration
expansion index [2]. In the case of an isotropic and homogeneous medium, this coefficient does not depend
on the spatial orientation of the segment ds. If we assume that a,, is invariant with respect to the saturation
level, this parameter can be considered a constant. Under these circumstances, the differential rectangular
element retains its initial orthogonal configuration, since the elongation indices are identical in all
directions. Thus, a change in hydrogen concentration Cy over a time interval At initiates the following
increase in deformation components of a hydrogen nature:

Aefl = ag, Cy = ac, [C(t+40) — C(D)],i,j = 1,2,3; ¢/} = 0npu i # j. (1)

According to the principle of superposition, the total increase in material deformation is determined
as the additive sum of two components: the increase resulting from fluctuations in hydrogen concentration
and the deformation changes caused by external force factors.

Agi; = Asi';- + Asg. 2

To determine the hydrogen distribution profile in the material structure, the solution of Fick's
diffusion equation will be used. This model takes into account an additional factor — the influence of the

mechanical stress gradient on the migration processes of hydrogen atoms [11-13].
ac

e =rVC) +V (22 Vay), (3)
The following symbols are used in the expression above: V = (d/dx,0/0y,d/0z) — Hamilton
operator, represented by components (9/0x,0/0y,0/0z); D is responsible for the intensity of diffusion
processes (diffusion coefficient); R and T denote the universal gas constant and the absolute temperature,
respectively. The parameter V, reflects the partial molar volume occupied by hydrogen in the metal matrix,
while g, characterizes the hydrostatic component of the internal stress tensor; the time coordinate is defined

by the variable t.
The solution to mathematical model (3) is sought taking into account the following initial parameters:
C(x»y'z' t)|t=0 = CO' (4)

The boundary state of the system is described as follows: for the outer boundary section S, a fixed
hydrogen content C, is regulated, while on the segment Sy, the hydrogen flow intensity ¢ is determined. In
this case, the total surface area of the object is the result of combining both of the specified zones
S.USy =S.

For one surface area, boundary conditions of the first kind (hydrogen content) are set, while for the
other, the intensity of the hydrogen flow is determined.

Cylindrical samples were selected as objects of study for testing the developed algorithm for
calculating the stress state caused by fluctuations in hydrogen concentration. The first model is represented
by a solid body with a radius , = b and a length of 2h.

The analysis is performed for two types of mechanical fastening: in the absence of external
constraints (free bodies) and in the case of rigid fixation of one end. For free samples, given their symmetry,
the calculation scheme is limited to half of them. When modelling, the assumption of zero hydrogen flow
intensity is made. The formulation of boundary and initial conditions for each scenario is given below:

C(r,z,0) = Cy,nipur,z € S,
C(r,z,t) = C.,,npur, z € L,y (20)

In the above expressions, S1 denotes the area of the meridian cross-section of the corresponding
cylindrical bodies, and S, denotes the contours formed by the intersection of the plane of symmetry with
the free lateral surface and the unfixed end face.
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The calculations were performed for two boundary conditions: hydrogen saturation (C, = 0,C, =
= 5mol/m3) and dehydration (C, = 5mol/m3,C, = 0) of the samples. All calculations were performed
using the following parameters: Young's modulus E = 2.1-10°MPa, Poisson's ratio v=0.3, D =
1071%m?2/s,, R=8.31 J/(mol-K), V5=1,96 - 10~ m®/mol, 7=295 K, a=5 mm, b=10 mm, R;=2.5 mm, h=40
mm, h1=9 mm.

The analysed areas were discretized using linear four-node finite elements. For the numerical
implementation of mathematical models (14) and (17) in FORTRAN, software was developed that allows
tracking the dynamics of hydrogen content and the corresponding increase in stresses at any time interval.
The accuracy of the computational algorithm was verified by comparing the obtained data with the
analytical solution [7] for hydrogen absorption and desorption processes in an infinite cylinder. The
graphical analysis presented in Figs. 1 and 2 demonstrates a high degree of correlation between the results
of the author's program and the theoretical data [7] with acceptable errors.
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Fig. 1. Comparison of data obtained by Fig. 2. Assessment of the convergence of
numerical method and by analytical solution of numerical results with the exact solution of
equation (14) for the case of hydrogen equation (14) for modelling the process of
absorption by a long cylindrical body hydrogen desorption from an elongated
cylinder

Modelling of the stress-strain state of a monolithic cylinder was performed using two calculation
schemes. In the first approach, the boundary L, is identified with the contour that arises at the intersection
of the end and side surfaces; at the same time, a restriction on axial displacements in the form of
u,(r,0,t) = 0 is assumed. The second scheme is based on the assumption of rigid fixation of the object
from the end face z=—h . This sam e section is considered isolated from diffusion exchange, which makes it
impossible for hydrogen sorption or desorption processes to occur through it. For this case, the boundary
conditions are formulated as u,.(r, 0,t) = u,(r,0,t) = 0.

Experimental results. Mathematical implementation of dependencies (14) and (17) was performed
using an iterative step in time At=1 minutes. The finite element approximation of the unclamped cylinder
model was based on the use of 900 four-node fragments (corresponding to 966 nodal points), while for the
clamped configuration, the mesh density was increased to 1800 elements (1911 nodes). The calculation
period for hydrogen saturation and desorption processes was 100 hours. Fig. 3 and 4 shows the spatial
profiles of radial stresses or in the cross section z=0 for a free object at times t=10 and t=100 hours. The
data obtained indicate that the amplitude values o\ during sorption and dehydration are mirror images: they
coincide in absolute value but have opposite directions (different signs). Since a similar symmetry is
inherent in all other components of the stress-strain state throughout the cycle, further interpretation of the
results in the work is given only for the gas desorption scenario.

The graphical interpretation in Fig. 4 illustrates the distribution of radial stresses o\ for different
cutting planes of clamped and free cylindrical objects. Evaluation of the obtained data confirms that the
amplitude and nature of these forces demonstrate invariance with respect to the spatial coordinate of the
cross section, remaining identical for both rigidly fixed and unfastened models.

Similar patterns have been established for the tangential components c,,.. However, it should be
noted that such a correlation is not typical for axial stresses oz: in this case, there are significant differences
in distribution caused by the influence of boundary conditions and cross-section localization.
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The construction of graphical dependencies and the execution of computational procedures are
implemented using the author's software complex [14]. The development is based on the adaptation of
classical theoretical models for an infinite solid cylinder [3, 7, 8, 11-13] to the specifics of analysing real
experimental objects of cylindrical configuration.
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Fig. 3. Nature of stress state change o in Fig. 4. Comparative characteristics of
the plane z=0 of a monolithic cylinder during stress fields o in different planes of clamped
its hydrogen saturation and dehydration, and unclamped cylindrical specimens after
recorded 10 and 100 hours after the start of t=100 hours of exposure
diffusion

Conclusions. During the study, analytical patterns were derived and systematized, allowing the
deformation components and stress vectors in metal media to be determined depending on the level of
hydrogen saturation. This made it possible to conduct a series of numerical experiments to study the spatial
distribution of hydrogen concentration and the corresponding force factors inside a cylinder of finite
dimensions, taking into account the temporal dynamics of sorption and desorption processes. It was found
that during hydrogen removal (dehydration), a compression zone forms in the central part of the sample,
while the peripheral layers are subjected to tensile forces. During saturation (flooding), the opposite effect
is observed: the inner zones are characterized by uniform stretching, while an increase in the intensity of
compressive stresses is recorded near the outer surface.
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A. I1. TaBmok?, 3sTiok F0.10.Y, Cynpyniok B.B. !, Ckpunuuxk M.M. %, P.B. Ilaciunnk?, C.B. PoTko?

Hayionansnuil ynisepcumem 600H020 20Cno0apcmea ma npupoooKopuUciysanHs -
Jhyvkuti HayionanbHull MexHIiYHUL YHigepcumem

JOCJI/UKEHHSA JE®EKTIB I IOIKOIKEHb JEPEB’AHUX ®EPM

loenmudpikayia Oegpexmie i euacna ix nikeidauia Ha eKCHYAMOBAHUX KOHCMPYKUIAX € ANCIUEON) CKNAO0B0I0
3abe3neuennsa 006zogiunocmi oydigens i cnopyo. Haeedeni pezynomamu 00cnioxncensv oepee’sanux gpepm, AKi 3HaxX00AMbCA
mpueanuit uac ¢ exkcnayamauyii. Poszenanymi naiidinouws nowupeni Oepexmu i nOWKOOMCceHHA enemenmie gepm, AKi
GUHUKaIOmMb 6 npoyeci ix excniayamayii. B pamkax docnioscennsn oyno nposedeno aunaniz 10 piznux 06’ckmie i3 pisnumu
2eomempuyHumu cxemamu hepm. Bukonanuii cmamucmuynuil ananiz uwacmomu GUHUKHEHHA 3aikcoeanux Oeghexmis i
nouwikoocens. Ilposedene nopienannn eussienux oegrekmis i3 ix eudamu, AKi HAgeOeHA 8 HOPMAMUGHUX OOKYMEHM AX.

Knwwuosi cnoea: Jlepesuna, nanpysceHo-0eghopmoeanuii CmaH, Hecyya 30amuicmv, 0eqhopmMamueHicmv,, oOepes siHi
KOHCMpYKYIL, Oepeg siHi ¢hepmu, degpexmu Oepes siHuxX KOHCIMPYKYil.

A. P. Pavluk, Y.Y. Ziatiuk, V.V. Supruniuk, M.M. Skrypnyk, R.V. Pasichnyk, S.V. Rotko
INVESTIGATION OF DEFECTS AND DAMAGE IN TIMBER TRUSSES

The identification of defects and their timely remediation in structures in service constitute a key factor in ensuring the
durability and reliability of buildings and civil engineering structures. This study presents the results of investigations of timber
trusses that have been in long-term service. The most common defects and damage affecting truss members during operation
are analysed. The research is based on the examination of ten different structures incorporating timber trusses with various
geometric configurations. A statistical analysis of the frequency of occurrence of the identified defects and damage was carried
out. The detected defects were compared with the defect classifications specified in relevant regulatory documents. The results
indicate that almost all defect types listed in the regulatory literature are observed in structures employing timber trusses. In
addition to the defects identified in the standards, additional types of damage were detected, including contamination of timber
structural elements with bird droppings. Furthermore, a significant deficiency of timber trusses in service is the lack of
documentation and the absence of systematic application of protective treatments.

Of the defects identified, prolonged and repeated moisture exposure was found to have the most adverse impact on timber
truss members, promoting fungal activity and subsequent wood decay. Decay of timber, especially in joint regions, results in a
substantial reduction in the service life of timber trusses.

The results of the study indicate that the most prevalent defects in timber truss members are longitudinal cracking due
to wood shrinkage and corrosion of metal components in joint connections. The next most prevalent defect observed in timber
trusses is the lack of information regarding treatment with protective agents (antiseptics and fire retardants). Given the frequent
occurrence of timber infestation by wood-boring insects, as well as the necessity to comply with fire safety requirements,
maintaining systematic and documented treatment of timber elements with protective substances is of critical importance.

Key words: Wood, stress-strain state, caring capacity, deformation, wooden structures, wooden trusses, defects of wooden
structures.

IMocranoBka nmpodJemu. JlepeBuHa — npupoaHii OyaiBenbHUi MaTepian [1-3], skuit HaligacTinre
Ha TepuTopii YKpailHU BUKOPHCTOBYETHCS K HECY4l KOHCTPYKLUIT MOKpiBii [4-7]. OmHuM 13 BUIIB HECY4nX
KOHCTPYKITiff TIOKPIiBENb € AepeB’siHI PepMH.

Tepmin excruyaranii OyAiBesb 1 CIOpy[ 3aJIeKHUTh BiJ TOBFOBIYHOCTI €JI€MEHTIB KOHCTPYKILIH, 3 KX
BOHH CKJIaJar0Thcs. B cBOIO uepry mOBroBiuHICTb OyAb SKMX KOHCTPYKILIN 3aJI€KUTh Bl MPAaBUIIBHOCTI Ta
KOPEKTHOCTI X BHKOpPHCTaHHS (TeMIIEpaTypHO-BOJOTICHOTO PEXHMY, HABaHTQ)KEHb 1 BIUIMBIB, yMOB
eKCIUTyaTallii TOIIO), a TAKOK BUYACHOTO BHSBIICHHS, (DIKCYBaHHS Ta YCyHEHHs JE(PEKTiB 1 TONIKOIKEHb.
JepeB’siHi KOHCTPYKLii HE € BUKIIOUEHHSIM. JlOCBix 1X BHMKOpPHCTaHHS IMOKa3ye, IO MPH JOTPUMaHHI
KOPEKTHHX TEMIIEPAaTyPHO-BOJIOTICHUX pEeXKUMax IX JIOBTOBIYHICTh 3HAYHO IIEPEBUIIYE MPOCKTHI
MPOrHO30BaHi J1aHi, HaBeICHI B HOPMATUBHIN JOKyMeHTallii [8].

AHani3 octaHHixX AocaikeHb i my0Jikauii. B mponeci exkcriryaTanii qepeB’sHUX KOHCTPYKLIN
BUHHUKAIOTh JE(PEeKTH 1 MOmKoHKeHH. KoxkeH i3 HUX Hece MEeBHUI BIUIMB Ha OBrOBIYHICTH Ta HECy4y
3MaTHICTh. ICHyrOUi JochipkeHHS AedeKTiB aepeB’sHHX (epM ToBOpATh, MI0 BAXIMBUM € BUYACHA
imeHTH(]IKAIlS TOMIKO/HKSHHS, BA3HAYCHHS IPUYMHY iX BHHUKHEHHS Ta JIIKBiAaIis Haciakis [9].

JocnipKkeHHsIM TPUYMH BUHUKHEHHS e(DEKTiB 1 MOLIKOHKEHb AePEB’ IHUX KOHCTPYKILIH Ta iX BILUIMBH
Ha eKCIUTyaTalliiiHy NpuIaTHICTh 3aiiManuck psa BueHux [10,11]. Tak, aBropm [12] nocmimxyBainu
TEXHIYHUH CTaH JiepeB’sHUX (epM, TepMiH eKcIulyaralii skux Onu3bKo cra pokiB. Cepell OCHOBHHX
nedeKTiB, sKi Oynu BUABIIEH] Ha eleMeHTax (hepm, Oyir 3aMOKaHHS 1 pO3BUTOK TPHOKIB.

B nocmimkennsx [13] mpoBemeHo anami3 qedeKTiB i MOMKOMKEHD 3THHAIBHUX SIIEMEHTIB 13 I€PEBUHH.
B pe3ynbTati BCTaHOBJICHO, 1110 OCHOBHUM BHIOM IOIIKO/PKEHb, SIKI BIUIMBAIOTh Ha I[UTICHICTh MOMEPEYHUX
nepepiziB, € TPIIMHOYTBOPEHHS B3JOBX BOJOKOH. IIpMumMHM TakuxX NOLIKOKEHb IIOB’A3aHI 3
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MepEeBaHTAKECHHSIM, YACTIMH 3MiHAMH BOJIOTOCTI IEPEBUHH Ta HANIPYKCHHAMHU PO3TATY MEPIEHIUKYISIPHO
110 BostokoH. Cepesi OCHOBHUX Je(EKTiB BUSBICHUX Y ICTOPUYHUX Oy IiBIISIX, € TO3X0BXKHI TPILLIMHHU Pi3HOTO
MOXOJKEHHS, 1[0 TAKOXK HABEICHO B Tparsix [14-18].

Hocnimpkenns [ 14] mpoBoAWIIMCH HA IPUKIIA/II BUSIBICHUX Je(eKTiB Ta pyiiHyBaHb 127 pi3HUX 00'€KTIB,
aki Oynaw 3BelieHI 13 BHUKOPUCTAHHSM JIEpEB'STHMX KOHCTPYKIiA. Pe3ymbratn mokazanm, 110
HANMOIIMPEHIIIOI NPUYMHOI0 BiJIMOB KOHCTPYKTHBHHX €JIEMEHTIB € HEAONiKh abo BiJICYTHICTH
HAJIEKHOTO PO3PAaXyHKy HA MilHiCTh. IX 4YacTKa y BifICOTKOBOMY BigHOIEHHi cTaHOBHTH 41,5%.
HactynHoro mpu4nHOIO pyHHYBaHb JIepeB’SHHMX KOHCTPYKLIH € MOMMJIKH IPH MOHTaXy, 4acTKa SKHX
cknagae 14,1%. [ami HWayTs NOMIKOIKEHHS Ta 3MIHM JEpeB’sIHUX KOHCTPYKLiA Oe3nocepeaHbo Ha
OyniBenbHOMY MainaHuuKy (ix yacTka craHoBUTH 12,5%), Ta HemocTaTHE a00 BiACYTHE MPOEKTYBAHHS 3
ypaxyBaHHSIM BIUTMBIB HaBKOJUIIHBOTO cepenoBuma (11,4%). 3aramoM OJHM3BKO IOJIOBHHU BiIIMOB
CIIPUYUHEHI POEKTYBAJIbHUKAMH, a IPUOJIM3HO YBEPTh — IEPCOHAIOM, KM HPAIIOe HA OYIiBEIbHOMY
MaiinaHuuKy. SIKiCTb OEepeBHHH, METOAM Ta NPUHLMIM BHPOOHHULTBA 3YMOBIIOIOThH JIMIIE HE3HAUHY
YacTUHY BiIMOB (pazom 0mu3sko 11%).

IMocranoBka 3aBaaHHsi. MeToro poOOTH € BCTAHOBJICHHS JAC(EKTIB 1 MOIIKOHKEHD B JCPEB’ THUX
(depmax, AKi 3HAXOAATHCS TPUBAIMU 4yac B EKCIUTyaTalii Ta MPOBEAEHHS CTATUCTUYHOTO aHaji3y LI0J0
YaCTOTH X BHHUKHEHHS.

Bukaan ocHoBHoro marepiamy. B niporieci qociimkeHHs OyJio MPOBEIECHO OOCTEKEHHS JCCITH
pi3HUX 00’€KTiB, AKi nepeOyBanyu TpUBaJIMi yac B exciutyartauii. [Jepes’sHi pepMu Ha gaHuX 00’ €KTax
BUKOHYBAJIM (DYHKIIII0 HECYYMX KPOKBSIHUX KOHCTPYKLiH. B 3araspHOMY MOXXHA BHIITUTH YOTHPH THUIH
KOHCTPYKIi# pepm:

1) npsIMOKYTHI JiepeB’siHI — BEPXHiid, HIXKHIH MOSC Ta PElIiTKa BAKOHAHI 13 JIEpeB’ SIHUX €JIeMEHTIB
(puc.1);

Puc.]. 3araabHuid BUTJISI NPSIMOKYTHHX AepeB’ssHUX depm Tumy 1
y Yy

2) TPHKYTHI METAlOJCPEB’siHI — BEPXHiil Ta HIKHIM MOSC BHKOHAHI i3 JCPCBUHHU, CICMCHTH
PELIITKH — 13 IEpeBUHH Ta MeTaiy (pHc.2);

Puc.2. 3aranbHui BUIVIA TPUKYTHHX (pepm THITY 2

3) TPUKYTHI METAJIOJIEPEB’ sIHI — BEPXHIii TI0SIC BUKOHAHUH 13 ICPEBUHY, HIDKHIH MOSIC 13 IPOKATHUX
METAJICBHX C€JICMEHTIB, €JICMCHTH PENITKH i3 IEPEBUHU Ta MeTany (puc.3);
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Puc.3. 3araabHuii BUIJIsiA TPUKYTHHX (pepM THIY 3
4) TpukyTHi nepeB’siHi (epMHU — BepXHil, HW)KHIH MOsIC Ta pELIiTKa BUKOHAHi i3 IepeB’sTHUX
eJleMeHTiB (puc.4).

Puc.4. 3aranbHuii BUIJIsig TPUKYTHHX (pepM THIY 4

3rigHo mirouux OyniBensHUX HOpM Ykpainu [19,20], HaiiOinpm mnommpeHuMH AedeKTamMu
JIepeB’ STHUX KOHCTPYKIIIH €:

- Bojoruii craH (abo mepiouvHe 3BOJI0KEHHS ) JCPCBHHY;

- 3MiHa IPUPOAHBOTO 3a0apBICHHS JCPEBUHU;

- HeJIOMyCTUMI JieopMaIii KOHCTPYKIIIH Ta X eJIEMEHTIB;

- YpaKeHHS JepCBHHU OiOMIKITHUKAMH KYKaMHU-JIEPEBOTOUIISIMU;

- TEXHOJIOTI4Hi AeeKTH (HasiBHICTh HEPIBHOCTEH Mepepi3iB, 3aUILKIB KOPH, HE IIUIBHI
NPUMHKaHHS JIEpPeB’ SHUX €JIEMEHTIB Y By3JlaX TOIIO);

- TPILIMHH BiJl YCYIIKH JCPEBUHY;

- Ypa)XKE€HHS JICPEBUHU THHILITIO;

- KOpO3isl METaJIeBUX €JICMEHTIB BY3JIOBUX 3’ €JJHAaHb;

- BIJICYTHICTh OOpOOKH 3aXUCHHUMHU PCUOBHHAMU,;

- 00ByTJIcHHS (ITPH BUHUKHEHHI TTOXKEXKI).

BpaxoBytoun OyniBelbHI HOPMH B YaCTHHI MOXEXHOi Oe3meku [21], BapTO BIAMITHTH TaKOX
BRKJIMBICTh OOPOOKHU JepeB’THUX HECYYMX KOHCTPYKIIiM BOrHE3aXHCHUMH 3acobamu. ToMy mpu aHaui3i
CTaHy JIepeB’siHUX ()epM TaKoXK 3BepTajach yBara Ha HasBHICTh a0O0 BIJICYTHICTH OOpPOOKH ACpEBUHHU
aHTHIipeHamu. J{ocBin oOcTerkeHHs OyAiBeNb 1 CIOPY i3 AepeB’ THUMU HECYYMMH KOHCTPYKLISIMH BKa3ye
Ha HEJOCTATHIO KYJbTYpy B YaCTHHI 3a0e3MeUeHHs] HEOOXiIHOI 4YacTOTH OOpPOOKH JEpEeBUHM 3aXMCHUMHU
pEUYOBHHAMH, B TOMY YHCII 1 aHTHCEeNTHKaMU. Jly)Ke 4acTo BIACHUKU a00 yTpUMyBaui OyIiBeNb i CoOpy.I
HEXTYIOTh HEOOXiJHOI 4acToToro o00poOku. HasBHicTs iHGOpMalii moao oOpoOKM JepeBUHU
aHTHIIipeHamMu Oyna nuire Ha oxHoMy i3 10 00’ekTiB nocmimxenHs. [Ipote i Tam BoHa Oyna 3acrtapina i
notpe0yBana OHOBIICHHSI.

KosxeHn 13 HaBeieHUX BHIIE Ae(DEKTIiB 1 MOMIKO/HKEHB 0YyJI0 BUSABIeHO Ha Qepmax. [Ipore mpuunHm ix
BUHUKHEHHS 1 XapakTep PO3BUTKY MajHM NeBHI ocobnmBocTi. Haifbinem nommpennm nedextom €
MO3I0BKHI TPIIMHM Bif ycywmIku nepeBuHH (puc.5). IlpuunmHM BUHHMKHEHHS NAaHUX TPIILMH € 3MiHa
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TEMIIEPaTypHO-BOJIOTICHUX PEXHMIB TPOTATOM eKcIUTyartallii, MOPYIICHHS BHMOT IIOJI0O BOJOTOCTI
JIEpeB’sIHUX €JEMEHTIB, SIKi BUKOPUCTOBYBAIHMCh NpH OyNiBHHUTBI. BapTo BiAMITHUTH, IO BETUYMHH
TPIIMH HA JepeB’THUX KOHCTPYKLIAX 13 OLIBIIMM TepMiHOM eKcIuTyaTamii Oy OiIbIIMMHU B MOPiBHSHHI
13 OLIBII «MOJOAIINMIY» AHAJIOTTYHUMH €JICMEHTaMH.

Puc.5. TpilyuHHU Bif yCYyIIKH epeBHHH HA eJleMeHTax ¢epM

OpHuM 13 HaUOIIBIT MOMIMPEHUX Ne(EeKTiB TaKOK Oyiia KOpo3is METaleBUX EIEMEHTIB BY3JIOBHX
3’enHaHb (puc.6). [3 301IBIICHHS BIKY €JIEMEHTIB KOPO3is MaJia OiIbIIy TUIONTY 1 INIMOMHY BiJITIOBIIHO.

Puc.6. Kopo3isi meTajieBUX eJleMeHTIB 3’€IHAHb

Ha nBox i3 gecsaty 00’ ekTiB Oymnu 3a(hikcoBaHi JIOKABHI JUISHKY 13 IPOTIKaHHAM MOKPIBIi. B manux
MicIsIX (pikcyBasuCh 3MiHa 3a0apBICHHS AEPEBUHH, PO3BUTOK I'PHOKIB Ta PO3IMOYMHATIMCH IPOLIECH THUTTS
(puc.7). Bapro BimMmiTHTH, 0 B MOpPIBHSIHHI i3 IHIIMMH BUSIBICHHUMHU Ae(eKTaMH, CHUCTEMaTHYHE
3BOJIOKEHHSI JIEpEB’SIHUX EJIEMEHTIB y BHIAJKaX BiJICYTHOCTI PEMOHTIB MPOTiIKaHb HECTHME HAWOUIBII
HETaTUBHUH BIUIUB HA TEXHIYHUH cTaH (epM 1 3HAYHO 3HIKYBaTUME TEPMiH €KCIUTyaTaliifHOI IpUAATHOCTI

P— T . - .

=k

= T
- B e

Puc.7. Cinn Big cucTeMaTHYHOTO 3BOJI0KEHHS IePeBUHU

[Ile ogHuM i3 HalOLIBII MOIMpPEHUX AS(EKTIB, SIKUI TpaIUIsABCS Ha KOXKHIM Apyrii ¢epmi, Oys
BpPKEHHS JIEPEBUHU KyKamMu-aepeBoTounssMu (puc.8). [Ipore cmigy Bijg ypakeHb Malld 3acTapilivid
xapakrep. O3HaK MPOAOBKEHHS BPaKCHHsI )KyKaMH JepeBUHH He 0yi10. O0’eMH BpaskeHHS OYI1 HEBEIHKI.
3a paxyHOK MacHBHHX €JIEMEHTIB ()epM JIOKaIbHI BPaKEHHS KYKaMU-ICPEBOTOUISIMUA MAIOTh HEBEIUKHUI
BIUIMB Ha MOJAIBITY E€KCIUTyaTallif0 Ta Hecydi 31aTHICTh (epM. CIPUSTIMBEM CEepPeOBUIIEM JUIsl JaHUX
IIKiTHUKIB € 3aJIMIIKH KOPU Ha AEPeB’ sSIHUX eJIeMeHTax. IMOBIpHO, BpaxOBYIOUH PO3TAlTyBaHHS BUSBICHUX
ypaKeHb CaMe Ha KyTaXx JIepeB’sIHUX €JICMEHTIB, B IAaHUX MICIISIX paHille 3HAXOJHIHCh PEUITKUA KOPH.
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Puc.8. YpaieHHs1 iepeBHHM KyKaMHU-1epPeBOTOYLAMH

JlonaTKkoBO MOKHA BHIUTUTH TTOIIKO/DKEHHS, SIKi BUHHKAIOTh BHACIIIOK KOHTAKTy €JIEMEHTIB (epm
i3 mramuHEM nocmigoM (puc.9). Ha mokpiBisix YacTo TpamuisFOTCS BUMAIKH 13 TONIKOPKEHUMHU
CIIyXOBUMHU BiKHAMH, 4epe3 SKi NTaxd MalwTh IOCTYI JO0 TOPHIIHOTO Impoctopy. lltammuuii mociin
HETaTHBHO JIi€ HAa METaJIeBi eJIeMEeHTH (epM 1 MPUIIBUIIIYE X KOPO3ilo.

Puc.9. 3aranbHuii BUIJIsiA TPUKYTHHX (pepM THTY 4

[IpakTH4HO BCi HaBeACHI BHIIE ASPEKTH TPATULTUCH B Mpolleci gocmiukerHs. [Ipore ix 00’emu ta
yacrora Oynu pizHumu. Ha puc.10 HaBeneHa croBmyacra jJiarpama, Ha sKiii BKazaHa 4acToOTa KOXHOTO 13
BUSIBJICHUX JiehekTiB Ha 10 pi3HUX MOKPIBIAX Y BiJICOTKAX.
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" BiacyTHICTE
Bonorvi ctad . YpameHHa - ACYT -
3mina ) . . iHGopmaLt
(abo AEPEEWHY | YPaMEHHA . TpiwmuK gin  YpameHHa Hopozia
K NPHPOAHOTo TexHonoriui woao
nepioauiHe WYKaMKM - | JEpeBMHW YCYLIKK [EPEBMHN | METANeBsnx
zabapeneHHA nederTu . 06pobiku
3BONOHEHHA) fAepesoTouuA  rpHOKOM AEpPEBUHK THUAMID | enemeHTie
LlepeBuHK 3aXUCHUMMN
[epeBnHU MK
PeYOBMHaMM
W YacToTa BMABNEHUX gedekTis, % 30 30 50 10 40 100 10 100 50

Puc.10. YacToTa BUsSIBJIEHUX JIe(PEKTIB i MOMIKOXKEHD

Taki medexT, K TPINIMHA BiJi YCYIIKH Ta KOPO3isl METANEBHX EIIEMEHTIB TPAaIUISUIMCh Ha BCIX
(dbepmax. BincyTHicTh iHpopMarlii mpo 00poOKy 3axucHUMH pedoBrHaMU Oyia Ha 90% 00’ ekTiB. YpakeHHS
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JIEpEBUHH KYKaMHU-IePEBOTOUIISIMH criocTepiranock y 50 % gepm. Y 40 % BusBIICHI TEXHOIOTIYHI IePEKTH
y BUIVIAI HEpIBHOCTEH Mepepi3iB, 3aJMILKIB KOPH, HE IIiIbHI MPUMHUKAHHA OEPEB’SIHUX €JIEMEHTIB Y
By3sax. ¥ 30% 00’eKTiB crocTepirajuch HACHiAKH Bil CHCTEMaTHYHOTO 3BOJIOKEHHS JEPEBHHHU (3MiHa
3a0apBIICHHS, THATTS).

BucHoBku.

1. Haii6inbm nommpeHnM 1eeKToM JepeB'sIHAX SIEMEHTIB (epM € TPIIUHU Bil YCYIIKH JepEBUHN
Ta KOPO3ii METAJEBUX EIEMEHTIB BY3JIOBHX 3 €IHAHb.

2. HactynHuMm 3a momdpeHHsM AeeKT B aepeB'ssHuX (epmax € BiACYTHICTH iH(opMarii 010
00pOOKH 3aXUCHUMH PEYOBUHAMH (AaHTUCETITUKAMHU Ta aHTHITIpeHaMK). BpaxoByroun 4acToTy 3ycTpidaHHs
BpaKEHHS JCPEBHHU >KYKaMH-ICPEBOTOULIIMHU, & TaKOXX HEOOXIAHICTh NOTPHUMAHHS MPAaBUI MOKEKHOT
Oe3IeKn TyXKe BAKIIMBO CITIAKYBATH 3a CHCTEMATHYHICTIO OOpOOKH NEpEB'SHUX CIEMEHTIB 3aXUCHUMH
PEYOBHHAMH.

3. Haii0inpmmii HeraTUBHUHA BIUIMB i3 BUSIBICHUX Ae(EKTIB Ha JepeB'sHi eleMeHTH (epM Hece
CHCTEMAaTUYHE 3BOJIOKEHHSI, SIKE 3 YacOM MPU3BOJUTH JIO PO3BUTKY TPHOKIB Ta THHUTTS. B cBOtO uepry
THUTTSI JIEPEBUHH, OCOOJIMBO Ha JUISHKAX BIAIITYBaHHS BY3JiB, 3HAYHO 3HIIKYE TEPMIH EKCILTyaTarii
nepeB'stHuX (hepM.

4. BuacHuil peMOHT 1 00CIyroByBaHHs JepeB'sIHUX (pepM 3HAUHO MiABHIIYE iX TEPMiH CIyxOu.
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JIyybkuii HayionaneHuii mexuiunuil ynieepcumem
Hayionansnuti mexniynuii ynicepcumem «JIHinposcuka nonimexuixay?

PEXXUMU CUHTE3Y KQHBEPCIﬁHHX ITASMOEJIEKTPOJIITHUX ITOKPUTTIB
HA IIMUPKOHIEBI OCHOBI TA IX KOPO3IHI BJIACTUBOCTI

Memotwo pobomu 0yno nposedenns cneKmpanbho2o ananizy eaexkmponimuunoi nanazmu. byno ecmanoeneno, wio
memnepamypa niamu, 6 AKill YmMeopIEmuvca eucokomemnepamypuuil okcud, cmanosums 8000-500 K. /locnioxnceno ennue
CKNady eneKmponimy ma cnigBiOHOWEHHA 2YCMUH CMPYMY HA e1eKmpoizuuni napamempu nia3mo60eaeKmpoimnozo
OKUCTIEHHA.

ITio uac oocnidsrcenns 6yno 0ocniornceno Kopo3iiny cmilikicms 6 maxkomy azpecusnomy cepeoosuuyi, axk 10% HCI. B
pe3ynvmami eKcnepumenmie 0yno 6cnmano6neHo, W0 OMPUMAHI OKCUOOKEPAMIUHI ROKPUMMA XaPaKmMepu3yomsca 6UcoKo0
MiKpomeepoicmio ma Kopo3ilinoio cmiiikicmio.

Kniouosi cnosa: naazmoenekmponimme OKCUOYBAMHSA, — OKCUOOKEPAMIYHI ~ NOKPUMMS, — 3GXUCHI ~ NOKPUMMS,
MIKpOCHpYyKmypa, Kopo3ilii é1acmusocmi, 00pooKa nogepxHi.

N.Yu. Imbirovych, Yu, V. Shyshko, V.V. Tkachuk, I. V. Boiarska

SYNTHESIS MODES OF CONVERSION PLASMA-ELECTROLYTIC COATINGS ON
ZIRCONIUM BASIS AND THEIR CORROSION PROPERTIES

The aim of the work was to conduct a spectral analysis of electrolytic plasma. It was established that the plasma
temperature in which the high-temperature oxide is formed is 8000 500 K. The influence of the electrolyte composition and the
ratio of current densities on the electrophysical parameters of plasma-electrolytic oxidation was investigated.

During the research, a study of corrosion resistance in such an aggressive environment as 10% HCI was conducted. As
a result of the experiments, it was found that the obtained oxide-ceramic coatings are characterized by high microhardness and
corrosion resistance.

Key words: plasma electrolytic oxidation, oxide ceramic coatings, protective coatings, microstructure, corrosion
properties, surface treatment.

Statement of the problem.Due to its properties, zirconium and alloys based on it are widely used in
various industries. For example, zirconium alloys have found their application in nuclear power engineering
for the manufacture of shells of heat-generating elements with an increased operating temperature, channel
pipes, etc. Such use is due to the ability of zirconium to have a low thermal neutron capture and high
corrosion resistance [1]. Of course, the use of zirconium is not limited to the nuclear power industry. Alloys
based on it are also attractive for chemical engineering, as a structural material with high anti-corrosion
properties in acids and aqueous environments. Zirconium is an inert material in biological environments,
and therefore promising in the medical industry. Due to this property, implants in dentistry and
traumatology, as well as surgical instruments, are made from zirconium alloys [2, 3].

Protective coatings on alloy products, as is known, must meet many requirements, the most important
of which are: sufficient adhesion of coatings to the substrate (base), uniformity in thickness, low porosity
and, accordingly, high corrosion resistance, satisfactory mechanical properties (hardness, wear resistance).
These and other characteristics depend on the method of coating application, the technological conditions
of its formation, the nature and composition of the alloy.

In modern mechanical engineering, metals with low specific gravity and high corrosion resistance
are widely used, for example, aluminum and titanium alloys, but their characteristics are often limited by
low wear resistance and strength, the thickness of the protective film to various types of damage.

Most methods for protecting metal from corrosion are aimed at weakening or preventing the
appearance of corrosion. Plasma electrolytic oxidation (PEO) has recently been considered a promising
method for surface protection of light alloys against corrosion and mechanical damage [4].

The PEO method makes it possible to obtain coatings on metal surfaces that are identical in
physicochemical properties (hardness, heat, wear, and corrosion resistance) to refractory ceramic materials
[5]. The combination of functional properties with the decorative appearance of products obtained by this
method makes it possible to use them in rocketry, shipbuilding, aviation, as well as in building decoration,
etc.

Analysis of recent research and publications.Plasma-electrolytic oxidation (other names:
microplasma, anodic spark, microarc) is one of the most promising methods of surface treatment of
materials. The essence of the method is that when a high-density current passes through the metal-
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electrolyte interface, conditions are created when the tension at the interface becomes higher than its
dielectric strength and micro-plasma discharges with high local temperatures and pressures appear on the
electrode surface. The result of the action of micro-plasma discharges is the formation of a coating layer
consisting of oxidized forms of the elements of the base metal and components of the electrolyte. Depending
on the modes of plasma-electrolytic oxidation (PEO) and the composition of the electrolyte, ceramic
coatings with unique characteristics and a very wide range of applications can be obtained [6].

The advantages of the method are the ability to create ultra-strong coatings with unique characteristics,
obtaining several protective characteristics in a complex, practically infinite service life of the electrolyte,
the ability to process complex profile parts, high dispersion ability of the electrolyte (the coating is applied
into holes and planes without difficulties), there is no need for special surface preparation before applying
the coating and mechanical treatment after applying the coating, obtaining different coatings on the same
material.

Setting tasks. The aim of the study was to investigate the corrosion resistance of oxide-ceramic
coatings synthesized on a zirconium alloy Zr-2,5%Nb in an alkaline electrolyte of the composition 10 g/l
KOH + 15 g/l liquid glass (the electrolyte base is distilled water).

Presentation of the main material. In general, the production line for PEO coatings consists of:
power equipment (specialized power supplies); baths in which surface preparation, processing and washing
are carried out; a manipulator for moving the suspension with parts (in the case of serial production); metal
structures for placing baths and a manipulator; auxiliary equipment - a distiller, a pump-filter for cleaning
and pumping solutions; reserve tanks, devices for controlling the quality of the coating and the state of the
electrolyte.

The process of coating formation takes place in an electric field, which is a source of energy for
plasma-chemical reactions on the working electrode. At a certain voltage, a sharp heating of the thin channel
in the oxide layer occurs, and the current there is interrupted due to the formation of a vapor-gas bubble,
due to the evaporation and electrolysis of the electrolyte. With a further increase in voltage, an electric spark
breakdown of this bubble occurs, which is accompanied by a sharp thermal increase in its volume, and,
accordingly, the interelectrode distance in the discharge channel - the voltage to maintain it begins to be
insufficient, and the spark discharge is extinguished. After the discharge is extinguished, the bubble cools
sharply and contracts, which is accompanied by a crackling characteristic of anodizing in a spark discharge.
Galvanoluminescence, the valve effect, spark discharge at the anode, and electric breakdown of oxide films
continue to be studied today [7]. In the breakdown channel, the temperature increases sharply, dissociation
and ionization of the electrolyte occur, and a plasma clot is formed, in which plasma-chemical reactions of
oxide synthesis take place.

In this work, the zirconium alloy Zr-2.5%Nb was investigated. The experiments were carried out
in alkaline electrolytes based on distilled water of the following composition: 3 g/l KOH + 2 g/l liquid glass,
10 g/l KOH + 15 g/1 liquid glass, 10 g/l KOH + 15 g/ liquid glass + 0,1 g/1 GrOs, 10 g/l KOH + 15 g/l liquid
glass + 0,1 g/l GrOz + 10 g/l glycerin, 10 g/l KOH + 15 g/l liquid glass + 0.1 g/l GrOs + 10 g/l glycerin +
10 g/l H202, 10 g/l KOH + 15 g/l liquid glass + 0.1 g/l GrOs + 18 g/l glycerin + 10 g/l H,O,. To achieve
homogeneity of the electrolyte concentration throughout the volume, it was constantly stirred with air.
Chromium oxide GrOs (VI1), which is a strong oxidizer, is obtained by the action of excess concentrated
H»SO4 on a saturated aqueous solution of potassium dichromate. Acidic chromium oxide, reacting with
alkalis, forms chromates CrO4%: . The synthesis of oxide ceramics was carried out at different ratios of the
anode current to the cathode current (la/ Ic): 20/20 A / dm?, 10/15 A/ dm?, 10/10 A / dm?, 20/30 A / dm?,
Synthesis time from 20 to 60 min.

To solve this problem, the dependences of voltage change over time at a constant current density in
the process of synthesis of a coating on titanium and zirconium alloys were constructed. The Faraday region
is an integral part of the process at the pre-spark stage, and its duration depends on the method of
implementing the process and the rate of voltage growth to the sparking potential.

Electrical parameters for the synthesis of oxide-ceramic coating (OCC) are selected mainly
experimentally, without proper theoretical justification. However, it is the ratio of the anodic current to the
cathodic current (la/Ic) and the voltage that determine the nature and intensity of the discharges, and also
affect the temperature conditions on the alloy surface. These parameters also affect the functional
characteristics of the formed coating, such as hardness, wear resistance, and corrosion resistance. When
synthesizing OCC, the stage of spark discharge formation on the sample surface is important. Studies of
voltage changes during the synthesis of oxide-ceramic coating on zirconium alloy Zr-2.5%Nb have shown
that with the growth of the coating, the voltage on the anode smoothly decreases. An increase in the anodic
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potential outside the Faraday region leads to a breakdown of the dielectric or semiconductor film of the
anode, which is formed when passing the Faraday region (Fig. 1a). The breakdown occurs due to the
injection of electrons from the valence band to the conduction band.

The formation of the OCP on the zirconium alloy occurs in two stages: in the first seconds, the
anode voltage Ua increases by about 5...10 V (Fig. 1a, stage 1), here the formation of the primary oxide film
occurs by the electrochemical mechanism. The only reaction on the anode at a voltage of up to 100 V is the
anodic growth of the oxide. In this case, the overvoltage of oxide formation is less than the voltage of
electrolyte decomposition. At the second stage of the formation of the spark discharge channel in the “metal
— oxide — electrolyte” system, with a further increase in voltage during the synthesis of the coating, a
breakdown of this channel by electrons occurs.
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Fig. 1. Dependence of the anodic a) and cathodic b) voltages on the time of synthesis on
zirconium alloy electrodes in electrolyte (a): 3 g/l KOH+2 g/l liquid glass with different current
densities la/lc: 1, 1/ - 20/20 A/dm?, 2, 2/ - 10/15 A/dm?, 3, 3/ - 10/10 A/dm?; (b): 10 g/l KOH+15 g/I
liquid glass with different current densities la/lc: 1.1/ - 20/20 A/dm?, 2, 2/ - 10/10 A/dm?

During the synthesis of the anodic spark coating on the zirconium alloy, a slight increase in the
anodic Ua and cathodic Uc voltages is observed with an increase in the concentration of KOH and liquid
glass in the electrolyte (Fig. 1a, b). With an increase in the concentration of KOH and liquid glass (Fig. 1b,
stage I1) the process of coating formation stabilizes and occurs uniformly. Only with the addition of 10 g/l
HO at the stage of coating formation does the voltage begin to gradually decrease (Fig. 2, field I1).
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Fig. 2. Dependence of anodic (a) and cathodic (b) voltage on the synthesis time on zirconium
alloy electrodes in an electrolyte 10 g/l KOH + 15 g/l liquid glass + 0.1 g/l GrOz + 18 g/l glycerol + 10
H.O. with different current densities: 1, 1/ -20/30A/dm?, 2, 2/ -10/15 A/dm?,

A single reaction on the anode at a voltage of up to 100 V results in anode growth of the oxide. In
this case, the overvoltage is created by the mensch oxide due to the voltage of the electrolyte.

Thus, the electrophysical parameters of the process of synthesis of OKP on zirconium alloy depend
on the composition of the electrolyte and the ratio of the density of the anodic current to the cathodic current.
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Thus, in the least concentrated electrolyte, which contains alkali and liquid glass, the synthesis is uneven,
which affects the quality of the coating. Such a coating does not completely cover the surface of the metal,
forming islands of synthesized oxide on the surface (Fig. 3) and, therefore, is not of high quality.

Fig. 3. Oxide-ceramic coatings on zirconium alloy (processing modes are given in Table 1)

Table 1
Processing modes of oxide-ceramic coatings on zirconium alloy
-y H
No electrolyte composition, g/l /L, Aldm? |7, min “ thickness, m
KOH liquid glass | GrOs; GPa

1 5 5 — 14/20 30 9 70...100

2 10 15 — 20/20 40 16 70...130

3 10 15 0,1 20/20 30 10 90...160

4 3 2 — 20/20 30 14 20...50

Plasma electrolyte coating is inert. One of the explanations in them is that there are various options
for compounds that can lead to the destruction of metal or alloy. All this reduces the functionality of the
power and will soon end the use of the alloy. Due to the fact that the corrosion chemistry of plasma-
electrochemical coatings on zircon and titanium alloys in various corrosive-aggressive environments is
revealed and it is important for their corrosion jets, for these they judged the speed of corrosion alloys.

After the formation of the OCC, corrosion processes are essentially galvanized. In hydrochloric
acid environments, corrosion flows, which are reduced in a curve against the matrix in the order.

It is seen that high corrosion power of zirconium is allowed into a thin-walled acidified liquid of
oxides partially ZrO, (Table 2). However, respected minds, engaged and declaring personally aggressive
middle peasants (including in the case of robots) chickens, within the limits of small thickness and low
rigidity, do not exclude high anti-corrosion powers.

Corrosion jets covered this, which judged the speed of corrosion of the material, reducing all the
systems used.

The corrosion potential of the corrosion-German zirconium alloy when diluted with 10% HCI has
a negative value of -370 mV (Fig. 4 a), the corrosion jet is 80 mA / m?,

When forming this alloy, OCC produces softening by 1...2 serial places in the electrolyte
warehouse, where the tires were synthesized. Since it is synthesized in a low-concentration electrolyte,
which is the case with alkali and glass, it is possible to find lower corrosion activity because of this, which
were synthesized in more concentrated electrolytes and have a value of 1,210 A/m? (Fig. 4 a, curve 4).
With an additional increase in the concentration of electrolyte on the streams of corrosion and cor OCC are
reduced.
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Fig. 4. Polarization curves: a — zirconium alloy (1) and its OCC (2, 3, 4) in a 10% HCI
solution (modes are presents in Table 1)

Table 2
Corrosion potential and current of Zr - 2,5%Nb alloy and coating on it under different oxidation
regimes
. Corrosive electrolyte qc/(IJmposmon, /L | Uy oo
0 . ) . )
environment KOH [1g. ] Cros [ 10, A/dm min B A/m
1 — — | — — — — | 0,37 | 8,07102
2 0 10 15| — 10 20/20 | 30 | 0,41 | 0,2110*
3 10%HCI 10 15| — — 20/20 | 30 | 0,50 | 1,39-10*
4 3 2 — — 20/20 20 | 0,45 | 12,0710*

The coating obtained in an electrolyte of 10 g/l KOH + 15 g/l rs has a corrosion current value of
1,3910* A/m?, and when 10 g/l H,O- is introduced into the electrolyte, the icor decreases to a value of
1,21.10* A/m?,

This result is obviously associated with the combination of high hardness and thickness of the coating.

Conclusions. Plasma is formed within 3...5 min (initial section of the curve), the voltage in this
section increases. Further increase in the electrolyte concentration by increasing the content of the main
composition of KOH and liquid glass and by introducing additional chromium stabilizes the synthesis
process. The current ratio does not change the nature of the voltage dependences on time, i.e. does not affect
the stability of the synthesis process. A decrease in currents reduces the anodic and cathodic components of
voltage, and this in turn affects the properties of the coatings. The most favorable conditions for the
formation of oxide are formed at a current density ratio of la/Ic=1,5 and at a relatively low electrolyte
concentration of 10 g/l KOH+15 g/l liquid glass. Studies of the corrosion properties of plasma-electrolytic
coatings showed that the corrosion currents of the OCC for all studied systems are reduced by 2...3 orders
of magnitude.
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Xepconcora depocasna mopcora axademis®
Tepuoninbcokuil HayioHarbHUL MeXHIYHUL YHigepcumem imeni lsana Hym!o;i2

JTOCJII)KEHHSI MEXAHIYHUX BJIACTUBOCTEM I TEILIOCTIMKOCTI
IIVIACTUPIKOBAHUX ENOKCUKOMITIO3UTIB 3 MIKPOJIOBABKAMU

Y cmammi odocnioxnceno ennue mikponanoeniosauie na mexamiuni i mennogizuuni enacmueocmi enoxkcuoOHux
Komno3umie na ocnogi nnacmugixosanoi cmoau DER 331. Ak mikponanosuiogaui 6uKOpuUCmano nopouiKu OKcuoy xpomy
Cre O; (20 Mxm) T a kap6iay kpemHiro SIC (40 Mkm) 3a Bucmy 6id 5 0o 20 mac.%. Jocniosceno mexaniuni enacmueocmi:
DYUHIGHI Hanpy)sceHHA | MOOYIb RpyycHOcmi npu 32uni, yoapna 6’sazkicms. /[00amKo6o npoeoounu GunpodyeanHs
mennocmitikocmi po3poonenux mamepianie.

Ilopisnanvruuil ananiz énnugy MiKpOHANO06H08aAYie RIOMEEPOHCYE NEPesazy 3aCMOCY8AHHA OKCUOY XPOMY NOPIGHAHO 3
Kapoioom KpemHuiio Ona NOKpaw|eHHA enacmueocmeit enokcuonux komnosumie. Ilpu konyenmpayii 10 mac.% oxcuo xpomy
3abesneuye na 6,4 % euwy miynicmo mamepianie (85,2 MIla npomu 80,1 MIla) ma na 17,6 % euwjuit mooyns npysycnocmi (4
I'lla npomu 3,4 I'lla) nopienano 3 Komnozumamu, HanoGHeHumMu Kapoioom Kpemuiro. Lla nepeeaza 3ymoenena Kpaujoro
aozesieto 00 mampuyi ma 30amHicmI0 00 ymeopeHHs Gi3uuHuX, KOBANEHMHUX MA IOHHUX 36’ A3KI6 Ha Medci nodiny gas.

Haiikpawyi pesynomamu xapakmepui 01a mamepiaiy 3 OKCUOOM Xpomy, aKuil 3a emicmy 15 mac.% 3abe3neuye
dopmysanna KM 3i 3nauennamu miynocmi na pospue (88,3 Mlla), mooyns npyyucnocmi (4,2 I'lla) ma mennocmiikocmi (364
K). Mexanizm nokpawiennsa 61acmugocmeit nojas2ac y momy, w0 MikpoOUcnepcHi 4acmKu opmyroms cmpyKkmypHuil Kapkac,
AKUI cmeopioe 6ap’epu npu nowiupenni mpiwiun (moomo, 6i0dysacmoca Kozesiiine 3smiynennsa mamepiany). /Ina komno3umis
3 Crz O3 KWOUORIM € T aKOX YT BODEHHA AQAAT KORX @iiKeximiunux 36’a3kie 3 mampuuelo, wo 3abesneuye
mepmocmadinbHicms HO8UX Mamepianie.

Kniouosi cnosa: enokcuonuii KOMno3um, Mexamiymi i menio@izuuni 61acmueocmi, HANOGHIO8AYI, NOIMED, NOKPUMMSL,
nracmugixamop.

A. V. Buketov, V. Yu. Strelchenko, O. V. Totosko, V. V. Sotsenko,
D. V. Zhytnyk, O. M. Bezbakh, E. S. Appazov

RESEARCH ON THE MECHANICAL PROPERTIES AND HEAT RESISTANCE OF
PLASTICIZED EPOXY COMPOSITES WITH MICROADDITIONALS

The article investigates the influence of microfillers on the mechanical and thermophysical properties of epoxy
composites based on plasticized resin DER 331. As microfillers, chromium oxide Cr. Os powakrs (20 um) and silicon carbide
SiC (40 pm) were used with a content of 5 to 20 wt%. Mechanical properties were investigated: fracture stress and modulus of
elasticity during bending, impact strength. Additionally, heat resistance tests of the developed materials were conducted.

Comparative analysis of the effect of microfillers confirms the advantage of using chromium oxide compared to silicon
carbide for improving the properties of epoxy composites. At a concentration of 10 wt.% chromium oxide provides 6.4% higher
strength of materials (85.2 MPa vs. 80.1 MPa) and 17.6% higher modulus of elasticity (4 GPa vs. 3.4 GPa) compared to
composites filled with silicon carbide. This advantage is due to better adhesion to the matrix and the ability to form physical,
covalent and ionic bonds at the interface.

The best results are characteristic of the material with chromium oxide, which at a content of 15 wt.% provides the
formation of CM with values of tensile strength (88.3 MPa), elastic modulus (4.2 GPa) and heat resistance (364 K). The
mechanism of improving the properties is that microdispersed particles form a structural framework that creates barriers to
crack propagation (i.e., cohesive strengthening of the material occurs). For composites with Crz O , the formation of additional
physicochemical bonds with the matrix is also key, which ensures the thermal stability of new materials.

Keywords: epoxy composite, mechanical and thermophysical properties, fillers, polymer, coating, plasticizer.

Problem statement. Modern technologies require the development of materials with high
mechanical properties and resistance to thermal loads [1-12]. Epoxy composites remain one of the most
promising polymer systems due to their improved adhesion, strength and chemical resistance. However,
their brittleness and limited thermal resistance necessitate modification [1-4].

Analysis of recent studies and publications. For plasticization of epoxy matrices, phthalic acid
ethers, dibutyl phthalate, and also diethylene glycol DEG-1 are widely used [8]. We previously established
the optimal content of DEG-1 in an epoxy binder based on the oligomer DER 331 and substantiated that
from the point of view of rheological, mechanical properties and heat resistance in the resin (100 wt.%) it
is advisable to introduce 12 wt.% of the plasticizer. As a hardener, polyethylenepolyamine (PEPA) was
used in an amount of 12 wt.%, which provides an optimal polymerization rate at room temperature [5, 7].
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To further strengthen the structure and improve the properties of CM, it is advisable to introduce
fillers of various nature and sizes. These include microparticles, in particular chromium oxide (Cr. O3 )
and silicon carbide (SiC). They are added to increase impact resistance and thermal stability.

The purpose of the work is to investigate the mechanical properties and heat resistance of plasticized
epoxy composites with microadditives in the form of chromium oxide and silicon carbide.

Materials and research methods. During the formation of polymer compositions, the epoxy resin
DER 331 (ISO 9001) was chosen as the basis, which is the reaction product of epichlorohydrin and
bisphenol A. The epoxy oligomer was plasticized with aliphatic resin DEG-1 in an amount of 12 wt.% per
100 wt.% DER 331. Polyethylene polyamine (TU 2413-357-00203447-99) was used to cure epoxy
compositions. As microdispersed additives, the work used powders of chromium oxide (Cr203) (ISO
4621:1986) and silicon carbide (SiC) (ISO 8486-2:2007) with particle sizes of 20 um and 40 pm,
respectively.

The values of the ultimate stress and the modulus of elasticity in bending were determined using a
four-point loading scheme according to ASTM D 790-03. The impact toughness was tested by the Charpy
impact without notch (ISO 179-1). The heat resistance of the isotropic polymer composites was tested using
Martens according to I1SO 75-2.

Discussion of the results. The study of the influence of chromium oxide microadditions revealed a
significant improvement in the performance characteristics of the epoxy composite in the content range of
10...15 wt.% (Fig. 1). The destructive stresses demonstrate an intensive increase to 85.2 MPa at 10 wt.%
and 88.3 MPa at 15 wt.%, which is explained by the formation of a volumetric dispersed-filled structure.
Cr, Os; partides, having a high surface energy, create an effective barrier system for the propagation of
microcracks.

o, MPa E,GPa  W,kIimt T K
83 42 4 15 < 368 <
80 38~ 14 - 364
75 34~ 13 - 360 -
70 3.0~ 12— 356
65 28~ 11 o 352 —
60 24 10 348

) T R R A R R H S T B I

0 5 10 15 q, wt.%

Fig. 1. Dependence of the cohesive properties of CM on the content of chromium oxide
microfiller: 1 — failure stress (6); 2 — modulus of elasticity (E); 3 — impact strength (W); 4 — heat
resistance (T).

The elastic modulus increases from 2.6 GPa to 4 GPa at 10 wt.% and reaches 4.2 GPa at 15 wt.%,
reflecting the ability of microadditives to create a structural framework of increased rigidity.

The impact strength shows a stable increase from 10.4 kJ/m2 to 13.5 kJ/m2 at 10 wt.% and 13.8 kJ/m?2
at 15 wt.%, which indicates the activation of energy dissipation mechanisms. The filler particles are centers
of multiple deflection and branching of cracks, increasing their propagation path.

The heat resistance of the composites increases from 352 K to 360 K at 10 wt.% and to 364 K at 15
wt.%, demonstrating the ability of chromium oxide to create a thermostabilizing effect. This is due to an
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increase in the thermal conductivity of the system and a decrease in the molecular mobility of polymer
chains.

The strengthening mechanism is based on the principle of composite synergism, where
microdispersed particles form a spatial reinforcing system. At a content of 10...15 wt.%, a critical level of
filling is achieved, which provides optimal density of reinforcing elements without their agglomeration.
This creates conditions for effective redistribution of stresses across the volume of the material.

A feature of Cr,0s is the ability to form chemical bonds with the epoxy matrix through surface
hydroxyl groups. This provides strong adhesion at the phase interface and prevents defects under load.
Functional groups on the surface of chromium oxide contribute to the formation of coordination bonds with
functional groups of the polymer.

The optimal content range of 10...15 wt.% corresponds to the maximum efficiency of the additive.
At these values, an optimal ratio between volumetric filling and effective transfer of the polymer to the state
of the outer surface layers was observed [5]. Further increase in filler content leads to further improvement
of CM properties.

Thermal stabilization occurs by creating thermal barriers and increasing the heat resistance of
composites. Cr.0s particles, having high thermal conductivity, form heat-conducting paths that contribute
to uniform temperature distribution.

The increase in impact strength is due to the activation of multiple energy dissipation mechanisms:
crack deflection, their branching, and plastic deformation of the matrix around the particles. This leads to
the conversion of kinetic energy into surface energy of newly formed surfaces.

Microstructural studies show that Cr, Os; particles are distributed mainly inthe intercluster spaces
of the polymer, creating additional reinforcement in areas of stress concentration. Such morphology
contributes to increased resistance to various types of loads.

Therefore, the introduction of micro-additions of chromium oxide in the amount of 10...15 wt.%
allows achieving a comprehensive improvement in properties: increasing strength by 33...38%, modulus
of elasticity by 54...62%, impact strength by 30...33%, and heat resistance by 8...12 K. The results
obtained demonstrate the high efficiency of Cr. Oj; for creating adhesives and composites with increased
performance characteristics.

The results of tests of the influence of silicon carbide microadditives on the properties of CM revealed
their monotonic improvement compared to the original matrix (Fig. 2). An increase from 64.2 MPa to 80.1
MPa of destructive stresses was established at the optimal concentration of the additive (10 wt.%), which
is associated with the ability of SiC particles to partially screen the trajectories of crack propagation. The
elastic modulus increases to 3.4 GPa (at 10 wt.%), reflecting the formation of a rigid structural framework
of the introduced particles. The impact strength reaches a maximum of 14 kJ/m2 at 10 wt.%, which is
explained by the ability of dispersion-filled CM to resist impact loads and branch cracks. At the same time,
this CM is characterized by heat resistance, which is 360 K. This is evidence of the formation of a composite
that is characterized by a thermostabilizing effect.

A comparative analysis of the effectiveness of the influence of Cr, O; and SiC particles on the
properties of CM (Fig. 1 and Fig. 2) demonstrates a significant advantage of chromium oxide as a
microfiller. At the optimal content of Cr, Oz (10 wt.%), CM is formed with higher valuesof destructive
stresses (85.2 MPa versus 80.1 MPa in CM with SiC) and elastic modulus (4 GPa versus 3.4 GPa in CM
with SiC). This difference is 6.4% for strength and 17.6% for elastic modulus in favor of CM filled with
Cr. Os; partides.

The advantage of CM with Cr, Oz is especidly noticeable when comparing heat resistance
indicators: at 10 wt.% it provides an increase in heat resistance to 360 K, but at 15 wt.% the value of 364 K
was obtained, while CM with SiC demonstrates maximum heat resistance only up to 362 K at 15 wt.%. The
difference in mechanisms is due to the better adhesion of Cr, O; to the epoxy matrix due to its surface
chemical properties.

Cr, Os; partidesform agreater number of physicochemical bonds with the functional groups of the
polymer, which provides a more effective counteraction to the influence of external stresses. In addition,
Cr, Os; demonstrates better thermostabilizing properties due to higher heat resistance and the ability to
create more effective thermal barriers.

Economic analysis also indicates in favor of Cr, Os , since its effectiveness at |ower concentrations
allows to reduce the costs of composite production. Thus, despite similar strengthening mechanisms,
chromium oxide demonstrates higher efficiency as a microfiller for epoxy composites compared to silicon
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carbide. This advantage is manifested in a more significant increase in mechanical characteristics and heat
resistance, which makes Cr, O; a more promising materia for creating hightperformance structural
composites.

a, MPa E, GPa W, kIlm* T K
85 42 - 15 - 368 —
80 384 14 < 364
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Fig. 2. Dependence of the cohesive properties of CM on the content of silicon carbide
microfiller: 1 — fracture stress (6); 2 — modulus of elasticity (E); 3 — impact strength (W); 4 — heat
resistance (T).

Conclusions.

1. Microfillers (Cr. O; and SiC) demonstiate high efficiency at a significantly higher (compared to
nanoadditives) content in composites (10...15 wt.%). The best results are characteristic of the material with
chromium oxide, which at a content of 15 wt.% ensures the formation of CM with values of tensile strength
(88.3 MPa), elastic modulus (4.2 GPa) and heat resistance (364 K). The mechanism of improving properties
is that microdispersed particles form a structural framework that creates barriers to crack propagation (i.e.,
cohesive strengthening of the material occurs). For composites with Cr. Oj , the formation of additional
physicochemical bonds with the matrix is also key, which ensures the thermal stability of new materials.

2. Comparative analysis of microfillers confirms the advantage of using chromium oxide compared
to silicon carbide to improve the properties of epoxy composites. At a concentration of 10 wt.% chromium
oxide provides 6.4% higher strength of materials (85.2 MPa vs. 80.1 MPa) and 17.6% higher modulus of
elasticity (4 GPa vs. 3.4 GPa) compared to composites filled with silicon carbide. This advantage is due to
better adhesion to the matrix and the ability to form physical, covalent and ionic bonds at the interface.

3. The synergistic effect of combining the plasticizer DEG-1 (12 wt.%) with fillers of different size
classes allows for a controlled modification of the composite structure: microparticles (Cr. Oz ) form a
volumetric reinforcing framework, which increases the stiffness and heat resistance of the composites. This
opens up prospects for the creation of new hybrid composites with predicted properties.

List of sources used
1. Shaffer, E.O., McGarry, F.J., Hoang, Lan: Designing reliable polymer coatings. Polymer

Engineering & Science. 36 (18), 2375-2381 (1996).

2. Yan, L., Chouw, N., Jayaraman, K.: Flax fibre and its composites — A review. Composites Part B:
Engineering. 56, 296-317 (2014).

3. La Mantia, F.P., Morreale, M.: Green composites: A brief review. Composites Part A: Applied
Science and Manufacturing. 42(6), 579-588 (2011).

© A. B. bykemos, B. FO. Cmpenvuenxo, O. B. Tomocwko, B. B. Coyenko,
J. B. ZKumnux, O. M. be3bax, E. C. Annazos

298



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

4. Chandrasekaran, S., Seidel, C., Schulte, K.: Preparation and characterization of graphite nano-
platelet (GNP)/epoxy nano-composite: Mechanical, electrical and thermal properties. European Polymer
Journal. 49 (12), 3878-3888 (2013).

5. Stukhlyak, P.D., Buketov, A.V., Panin, S.V., Maruschak, P.O., Moroz, K.M., Poltaranin, M.A.,
Vukherer, T., Kornienko, L.A., Lyukshin, B.A.: Structural fracture scales in shock-loaded epoxy
composites. Physical Mesomechanics. 18 (1), 58-74 (2015).

6. Rubino, F., Nistico, A., Tucci, F., Carlone, P.: Marine Application of Fiber Reinforced
Composites: A Review. Journal of Marine Science and Engineering. 8 (1): 26 (2020).

7. Brailo, M.V, Buketov, A.V., Yakushchenko, S.V., Sapronov, O.0., Dmytriiev, D.O., Buketova,
N.M.: Development of epoxy-polyester nanocomposite materials with improved physical and mechanical
properties for increasing transport vehicle reliability. Journal of nano- and electronic physics. 13 (1), 01003-
1-01003-5 (2021).

8. Friedrich, K., Almajid, A.A.: Manufacturing Aspects of Advanced Polymer Composites for
Automotive Applications. Applied Composite Materials. 20(2), 107-128 (2012).

9. Mallick, P.K.: Fiber-Reinforced Composites: Materials, Manufacturing, and Design. 3rd ed. CRC
Press (2007).

10. Greene, E.: Marine composites and IMO fire safety requirements. In: Marine Composites (2nd
ed.), pp. 437-458. Butterworth-Heinemann (2019).

11. Hoffman, R.L.: Explanations for the cause of shear thickening in concentrated colloidal
suspensions. Journal of Rheology, 42 (1), 111-123 (1998).Pascault, J.-P., Williams, R.J.J.: Epoxy
Polymers: New Materials and Innovations. Wiley-VCH (2010).

12. Mewis, J., Wagner, N.J.: Colloidal Suspension Rheology. Cambridge University Press (2012).

© A. B. bykemos, B. FO. Cmpenvuenxo, O. B. Tomocwko, B. B. Coyenko,
J. B. ZKumnux, O. M. be3bax, E. C. Annazos

299



Misicaysiecvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

IMPABHJIA O®OPMJIEHHS TA IIOJJAHHSI CTATEA

CratrTts HaACUITIAEThCS 710 pelaKIlii 30ipHHUKa y MarepoBOMY BapiaHTI 3 MiAMUCAMH aBTOPiB
Ha azapecy: 43018, m. Jlyupk, Byn. JIbBiBcbka 75, Jlyupkuit HTY; B e1ekTpoHHOMY BUTIISAIL Y
dopmari MS WORD- Ha enextponny azapecy: naukovi-notatki@Ilutsk-ntu.com.ua. O6uasa
BapiaHTH MOBUHHI OyTH 11€HTUUHUMH.

HaykoBa crarTsi 000B’A3KOBO NOBMHHA MATH HACTYNHI HeoOXiAHI ejleMeHTH:
MOCTAHOBKA MPOOJIEMH Yy 3araJlbHOMY BUTIISAAI Ta i1 3B'I30K i3 BaXKJIMBHUMH HAayKOBUMHU YH
MPAKTUYHUMHU 3aBIAHHSIMH, aHAJ3 OCTaHHIX TOCIIPKEeHb 1 IMyOJiKallii, B SIKUX 3all049aTKOBaHO
PO3B's13aHHS JaHO1 TPOOJIEMU 1 Ha SIKI CIUPAETHCS aBTOP, BUILJICHHS HEBUPIIIICHUX paHiIle YaCTHH
3arajibHOI MPOoOIeMHU, KOTPUM MPUCBAYYETHCS O3HAYEHA CTATTs; (POPMYIIOBAHHS IIEH CTaTTi;
BUKJIaJI OCHOBHOTO Marepiaiay JOCITIDKCHHS 3 TTOBHUM OOTIPYHTYBaHHSIM OTPUMaHUX HayKOBUX
PE3yNbTaTiB; BUCHOBKH 3 JAHOTO JOCIIXKEHHS 1 MEPCIEKTUBU MOIATBIINX JOCTIHKEHb Y TAHOMY
HaTPSMKY.

1. CrarrTio MOKHA OJaBaTH YKPaiHCbKOK 200 aHIJilicbKO MOBOK. CTarTs NOBUHHA
Oytu HabpaHa y TeKCTOBOMY penaktopi He Huxde MS WORD 97/03 1 nHagpykoBaHa TiJIbKH
Ha JIa3epHOMY a0o cTpyHHOMY NpHHTEpi Ha Oumx nucrax gopmaty A4 (297x210 mm).
Hywmepariito cropiHok He BUKOHYBaTh. OOCST cTaTTi Bif 4-9 CTOPIHOK.

2. TlapameTpu CTOpIHKH: BEpXHE, HIDKHE Ta JIiBe Moje — 2 cM, mpase nojie 2,5 cm. Bix kpato
710 KOJIOHTUTYJIa BEpXHBOTO — 1,25 cM, HI>kHBOTO — 1,25 CM.

3. IHanka crarti: inaekc YK, inHinianu ta mpi3BHIa aBTOPIB PO3MILYETHCS Ha OUH a03all
Hwk4e mpudTom 11 nt, HazBa opranizaiii — HAOUPAIOTHCS 3 HOBOTO psizika mpudTom Time
New Roman Cyr po3mipom 11 0T 3 OZMHaApHUM MDKPSAKOBUM i1HTEPBAJIOM 1
BHUPIBHIOIOTHCS O IeHTpYy. Ha3Ba cTarTi po3MmilnyeThcss Ha OIWH ad3al] HUXKYEC Ha3BU
opranizauii, HaOupaerbca mpugprom Time New Roman Cyr posmipom 11 nr 3
HaITBXUPHUM BUAUICHHIM 1 BUPIBHIOETHCS TI0 LIEHTPY.

4. AHotauii yKpaiHCHKOIO Ta aHINIIMCHKOI0O MOBaMHU HaOWpPaloThCs 3 ab3alHOTO BIJICTYIY
mpudTom Time New Roman Cyr po3mipom 9, kypcus, HamiBxupauii 300-500 npykoBaHux
3HAKIB 3 OIMHAPHUM MDKPSIKOBUM IHTEPBAJIOM 1 BUPIBHIOIOTHCS 110 HIMPHHI; aHTITIHCHKOIO
MoBamMu po3iupena anoraiist 700-1000 npykoBaHHUX 3HAKIB.

5. Hwmxue aHoTaniii 000B’43K0BO BKa3ylOThCs KJIIOYOBI ciioBa mpudToM Time New Roman
Cyr, KypcuB, HamBXUPHUH 9 TIT.

6. OCHOBHHUH TEKCT pO3MIIIyeThCS Ha 1 cM HWXKYE aHOTAlii, HaOupaeThcs 3 ab3aIHOTO
Bimctyny 1 cm mpuptom Time New Roman Cyr posmipom 11 nT 3 oauHapHHM
MDKPSIKOBUM 1HTEPBAJIOM 1 BUPIBHIOETHCS MO HIMPHHI.

7. Jlnas wHabupanHs ¢opMmyn 3acTtocoByBatH  pemaktop Gopmyn MS  WORD
(BukopucroByBatu mmpudtu: Symbol, Time New Roman Cyr; po3mipu mpudTis:
3BUYaiiHUHN 12 NT, KpYIHUM 1HIEKC 7 OT, IpiOHMM 1HAEKC 5 NT, KPYIMHUA cuMBOJ 18 T,
npioHuii cumBon 12 nT). Popmyrna BHPIBHIOEThCS MO LEHTPY 1 HE MOBUHHA 3aiiMaTH
OunbIIe 5/6 MUPUHU PsIIKa.

8. Skmo B cTarTi MPHCYTHI UIOCTpalii, HEOOXIJHO pPO3TAIIOBYBATH iX TIO TEKCTY,
BUpiBHIOWOUH Tianucy (Puc. 1. Cxema ...) o mupuHi 3 ab3anHoro Bigcryny 1 cm. Apyruit
eK3eMIUISIp LTrocTpanii HeoOXiIHO MOAAaTH Ha OKpeMoMy JHCTi. LmocTpartii moBuHHI OyTH
YITKUMH Ta KOHTPACTHUMH.

9. Talnuui po3TalIoByBaTH MO TEKCTY, MPUUOMY iX IIMpUHA MOBUHHA OyTH Ha 1 cM MeHIIa
mupuHK psaaka. Hax Tabmuniero moctaBuTH 11 mopsiakoBuid HoMmep (7aba. 1) BUPIBHIOIOUH
110 IPaBOMY Kparo, Mijl SKUM PO3MICTUTH Ha3BY TaOJIHIIl BUPIBHIOIOYH O LICHTPY.

10. JlitepaTtypa MOJA€ThCs 3arajJbHUM CIIMCKOM B KIHIII PYKOIHCY 3TiITHO 3 BHMOTaMU
Jep>KaBHOTO CTaHIAPTy yepe3 | ¢M BiJ OCTaHHBOTO PAIKA.
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11. O60B’A3K0OBO MMOJATH CTATTIO. HA Jla3epHOMY NHCKY. CTaTTi MOXHA TAaKOX MEPECHIIATH
eJIEKTPOHHOIO TIOIITOO 32 Takor azapecoro: 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 BUTJISAI1
3a BKa3aHOI (HOpPMOIO:

pizBuie, Im’s, [lo-0aTbKOBI

Micue podoTu, nocaga, HAayKOBHH CTYIliHb, BYeHE 3BAHHA
Hayxkogi intepecu, ORCID

Ha3sga cratTi Ta 0coducTi mianucu ycix aBTopis

Aapeca sl JIUCTYBaHHS, TeJie()OH, e-mail, KOHTAKTHY 0c00y

14. B kinmi crarti 060B’s13k0B0 BKaszytoThes I11b, mocany, HaykoBuil CTyIiHb, BUCHE 3BaHHS
peleH3eHTa CTaTTi.

15. PykonucwH, 110 He BiIMOBIIAIOTh BUILE BKa3aHUM BUMOTaM, HE PO3IIISIAIOTHCA 1 10 IPYKY
HE MPUNMAIOTHCA.
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3PA30OK O®OPMJIEHHSA CTATTI

YJK: 620.179.16
LI Isanog?, ILIIL IeTpos?
JIyybkuii Hayionanbruii mexuiunutl ynieepcumem®
Teproninbcokuii Hayionanbruli mexuiynuii yuisepcumem®

HABJHW/XEHE BU3HAYEHHS OCI KOHOIJA, TPEICTABJIEHOT' O JIUCKPETHAM
KAPKACOM TBIPHUX

Po3pobneno anzopumm HAOAUIHCEHO20 BUHAUEHHA OCI KOHOI0A, NPEOCMABIEH020 OUCKPDEMHUM KApKACOM
CRIIbHUX MEIPHUX.
Kniouogi cnoesa: sicv xonoioa, ouckpemnuii Kapkac, meipna.

1. Ilvanov, P. Petrov
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.

IMocTranoBka npodjaemu. Ha koHOiz1, peacTaBIeHOMY AUCKPETHUM KapKacoM. . ...

AHaJi3 oCTaHHIX J0CTiMKeHb i myOmikaniid. Hackinpku BijioMo aBTOpYy 3......

IocTanoBKa 3aBAaHb. B poOOTI TOCTABIEHO METY — PO3POOUTH ANTOPUTM. . ..

BuxianeHHs ocHOBHOro MaTepiany. [ HaOmmKeHOTO BU3HAYEHHS 0Ci BUKOPHUCTOBYBAIacs Taka
BJIACTUBICTH KOHOIMIB: yCi TBipHI MOBEPXHi EPETUHAIOTH ii Bich [1].

¢dbopmyna oy
Pucynox

Puc. 1. Ha3Ba pucynka

Tabn. 1.
Ha3Ba Ta0auni

BucnoBku. B ctaTTi po3pobieHo adroputM HaOIMKEHOTO. ...

Cnucok BUKOPUCTAHHUX KepeJa:

1116, mocajxa, HAVKOBHH CTVIiHDL, BUCHE 3BAHHS PEIl€H3EeHTIiB CTATTI.
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