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P.M. IlacrepHak
Jlyybrutl HayioHabHULL MeXHIYHUL YHIgepcumem

CTPYKTYPA BCECBITY B EBKJIIIOBOMY YOTUPUBUMIPHOMY ITPOCTOPI

Ananiz nocmynamie penamugicmcbKoi MexaHiKu NnoKa3as, wi0 npocmip iMnynbCei6 YACMUHOK NPUHUUNOBO 4-
GUMIpHUIL, GeNUYUHA WEUOKOCI KOXMCHOT 3 YACMUHOK O00HAaKosa, a maca modxce 3mintoeamuca. Ilepexio anapamy
PenamugicmcoKoi KOpRycKynapHoi Mexaniku 6i0 npocmopy-4acy 00 00HOPIOH020 4-nPpocmopy eumazae 00no0GHeHHA HaAbOOpy
YACMUHOK PYHOAMEHMATbHUMU YACMUHKAMU MEMHOI X0100H0T mamepii ma memnoi eHepzii, wio He cnocmepexcyeani y
npocmopi-uaci. Kosicna 3 yacmunok y 4-npocmopi mosice 6ymu onucana 6eKmopHoI0 Kpueoio (4-mpackmopicio), uio icnye 6io
001020 Y3714 63A€MO0IT 00 iHWL020. Bionogiono 0o nesminnoi eenuuunu 4-weuoxocmi, napamemp 4-mpackmopii (uac) niniiano
noe’sazanuil 3 it MempuuHolo Mipor. Y3200)cenns po3e’a3Kie y 4-npocmopi 3 ananocivnumu y npocmopi-4aci moyicaueuii
auwe npu eukopucmanni eudinenoiza I'.A. Jlopenyom inepyitinoi cucmemu 8ionixy. Anapam 4-eumipnoi mexaniku 4acmuHox
3acmocoeano 00 aHANi3y CMPYKMypu yenmpansHocumempuunozo Bceceimy i ecmanoeneno npuuunu - iiozo
CHPYKMYPO8AHOCMI: CEKMOPANbHOI — 2ANAKMUK, KOCMIYHUX KOMIDOK, Ma 4acoeoi— nepeuHHoz0 cunmesy YacmuHoK
PeuosunU, OCMAHHb020 PO3Cil08AHHA IXHbOI HAOIUWIKOBOT enepeii ma wapy peionizeeanozo 60010,

Knrwuoei cnosa: xio uacy, gisuunuil 6aKyym, HAmMueHi 4acmuHKY, YaCMUHKU-HOMAOU.

R.M. Pasternak
STRUCTURE OF THE UNIVERSE IN EUCLIDEAN FOUR-DIMENSIONAL SPACE

The analysis of the postulates of relativistic mechanics showed that the momentum space of particles is fundamentally
4-dimensional, the velocity of each particle is the same, and the mass can change. The transition of the apparatus of relativistic
corpuscular mechanics from space-time to homogeneous 4-space required the addition of a set of particles with fundamental
particles of cold dark matter and dark energy, which are not observed in space-time. Each of the particles in 4-space can be
described by a vector curve (4-trajectory) that exists from one node of interaction to another. According to the invariant value
of the 4-velocity, the 4-trajectory parameter (time) is linearly related to its metric measure. Reconciliation of solutions in 4-
space with similar ones in space-time is possible only when using the method selected by G.A. Lorentz of the inertial frame of
reference. The apparatus of 4-dimensional particle mechanics was applied to the analysis of the structure of the centrally
symmetricall universe and the reasons for its structure were established: sectoral — galaxies, cosmic cells, and temporal — the
primary synthesis of four-dimensional particles, the last dissipation of their excess energy and a layer of reionized hydrogen.

Key words: passage of time, physical vacuum, native particles, nomadic particles

IocranoBka 3aBmanusi. Moaens Ppigmana-Jlemerpa-Pobeprcona-Bokepa (DJIPB) mosicioe
BJIACTUBOCTI KOCMIYHOTO MiKpOXBHILOBOro (¢ony (KM®P) posmmpennsm Beecity [1]; mpu npomy #oro
PO3IIUPEHHSI KOIHAM YWHOM HE BIUTMBAE Ha BIIACTUBOCTI OapioHiB [1]. ¥ poboTi 3pobieHo crnpoby
PO3TIAHYTH PUYUHM TaKOi HEBIIMOBIHOCTI Ta CTPYKTYpOBaHOCTI BeecBity.

AHami3 ocTaHHIX gocaigkeHb 1 myOmaikaumiii. Bukonani BignmosimHo 10 CranmapTHOI
kocmotorignoi moaeni (ACDM) [2] po3paxyHKku nokasanu, o kpusuHa Beecsity Q, = (0,001 0,002)

, TOOTO (B MeXax MOXHUOKH) BiH MPOCTOPOBO IUIOCKH, 110 BCTYyIAE B MpoTupivust 3 Metpukoro ®JIPB [1].
[HmmM BaxmBuM pe3yiabratoM Bukopuctandss ACDM-moneni Oyio miareepmkeHss rinotesn @. LBikki
[1] icHyBanHs TeMHOi MaTepii [2]. B pe3yabTari npenusiiinux BuUMiproBaHb aHizoTpomnii KM® [3] Gymo
BUSIBJIEHO NEKYJISIpHY IIBUAKICTE COHSYHOI CUCTEMH, L0 CTAHOBUTh p = (368+2)km-c* y HalpsAMI Ha
cysip’sa JleBa (y HoGeniBcpkiit siekuii Jx. CMyT Ha3BaB iX «HOBUM AociigoM Maiikenbcona-Mopimi» [3]).
VY [4] 3ampoIioHOBaHO aTbTEPHATHBHHUM amapar pPelsITHBICTCHKOI KOPITyCKyJsipHOI MexaHiku (APM) B
€BKJIIIOBOMY 4-TIPOCTOPI, JIe TPUCYTHI 3aCOOM OINMHCY SK CIHOCTEPEKYBAHHUX, TaK 1 HECITOCTEPEIKYBAHUX
Oe3nocepeIHbO (TEMHUX) YACTUHOK [2] Ta MICTHTBCS MOB’I3aHE 3 METPHUKOIO 4-TIPOCTOPY O3HAUCHHS X0y
qacy.

MeTo10 po60TH € aganTarisi MOKJIMBOCTEH To/1aHOTO B [4] amapaty APM 1o aHami3y BIaCTUBOCTEH
BcecBity, 30kpema, BpaxyBaHHS KOCMOJIOTIYHUX B’S3€H, PO3IIISALY 3a7ad Npo JHIHHICTh, OJTHOPIIHICTS,
JUHAMIYHICTh TA CTPYKTYPOBaHICTh LIEHTpaibHOCUuMeTpuyHOTO [1] BeecBity.

1. KocMmiuHi cucTemMu Bimmmiky

1.1. JJunamiunicme Bcecsimy. Yac. OCHOBHUMH XapaKTEPUCTUKAMU YaCTUHOK y KOPHYCKYJIApHII
PeATHBICTCHKil MeXaHili € iXHi NoBHa eHepris E Ta moBHOBMMipHMI immymnsc P [5], mpuuomy
BpaxyBaHHs BHMIPHOCTI MPOCTOpPY iMmyinbciB € npuHuunoBuM [4]. I1. Hipak BUCyHYB rimote3y [5], mo
nosHa eHepris E wactunku nponopuiiina emuunni P i noHOBMMipHOTO iMITyIBCY
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E=cP, (1)
ne C — pynnamenTansHa ctana [1]. 3 iHmoro 60Ky, BiAMOBiIHO 10 MpHHIMITY A. AffHIITaiHa, TOBHA
eneprisi E uactunku exsisanentna ii noswiii maci M [6]:

E=c’m. (2)
006’enuyroun (1) Ta (2), oTpUMyEMO POIMHUPEHUH TPUHIIAIT €KBIBAJICHTHOCTI:
E=cP=c’m. (3)

OTxe, IOBHI Maca Ta €Hepris He CAMOCTIiHI, a JINIIE XapaKTepHU3yIOTh BEIMUYNHY TTIOBHOBHUMIPHOTO
IMITYJIBCY YaCTHHKH.

BixmoBigro o mpunmuny JI. Eitnepa [6] moBua maca M e xoedimientom mpomopuiiirocTi Mixk
KOJTiHEapHUMH BEKTOPAaMH MOBHOBHMIpHOTO iMIy/lbcy P Ta HOBHOBHMipHOI IIBUAKOCTI \/ YaCTHUHKH
P =mV , T00TO BeIMYMHA MOBHOBUMIPHOT IBUIKOCTI YCiX YACTUHOK OJIHAKOBA:

IV|= ¢ = const . (4)

SIxmo B mpocTopi-uaci ctana C BiamoBinae BemMuMHI MIBHAKOCTI MOMMPEHHS CBITIA y BaKyyMi, TO B APM
BOHA € KOCMOJIOTIYHOIO CTAJIOIO, 1110 TIOB’sI3aHa 31 MIBUAKICTIO po3mupeHHs Beecsity [4].

I3 HaBemeHMX MOCTYJATIB BUIUIMBAE, IO BHUMIPHICTH HPOCTOPY IMEPEMillIeHb PEISTUBICTCHKOT
MexaHiku Oinbia Big Tpbox. Onuparoyuch Ha KOCMOJIOTTYHUE prHLMI [1], y pensTUBICTCHKIN MeXaHimi

JIOCTaTHHEO BHKOPUCTOBYBAaTH €BKIiiB 4-mpoctip R' 3 Gasmcom (5 A, i, k) , 1e G, I j, K ioro opTH, a
YACTHHKM € BEKTOPHUMH KpUBUMH — 4-Tpaekropismu [7]. Bignosiguo mo (4), Benmuumna R kosxkmoro 3
eneMentiB dR 4-TpaekTopii JOBiINBHOI YACTMHKH NpONOpIiitHa 3MmiHi 1i mapamerpy [ (uacy)— meprma
KOCMOJIOTiYHA B’S3b:
dR=cdt. (5)
1.2. Cucmemu 6i0nixy 6 ounamiunomy Bcecsimi. Piznogumipni uacmunxu. Pe3ynpTaTi BUMipIOBaHb
y auHaMidHOMY BeecBiTi 3aiexarts Bix BuUOOpy cucreMu Bimmiky [1]. Hagami OymeMo po3risigaTta IBi Taki
cucremu: KCB — xocMiuHy, BUMipu B sIKili MpoBOAATH BiTHOCHO BcecBiTy, SK LiTICHOTO KOCMiYHOTO
06’exta, Ta CCB — cymytHi0O 3 po3mupeHHaM BcecBity, ae Tino Bimmiky Hamexuts CCB. Jloriuno
JIONYCTUTH, 10 4-BUMipHa NIBUAKICTH \/  1oBinbHOT yacTuHky B KCB € BekTOpHOWO CyMmoOWO ii
crioctepexxysanoi B CCB cki1a10Boi O Ta HecnocTepesKyBaHOI B IIPOCTOPI-4aci CKIIA0BOI 5, MIBUAKOCTI
tina Bimriky CCB:
V =cF =0, +0F . (6)
Tyr » — oOMHUYHMI BEKTOp HampsMy 4-IIBHUIKOCTI \V , T — OOMHWYHMI 4-BEKTOp, IO
Bi/noBizae HanpsiMy criocrepesxyBaHoi B CCB mBuakocti U, a & — OAMHUYHHI 4-BEKTOp HAIpPsAMY
necriocrepexxysanoi B CCB mBuakocti 5, (BlacHud Hampsm). YMOBOK HECTIOCTEPEKYBAHOCTI 5, €

OpPTOTOHAJIBHICTh BEKTOPIB & 1 T :
(¢,7)=0. (7)

[TopiBHSAHO 3 MPOCTOPOM-YACOM, B €BKIIIIOBOMY 4-TIPOCTOPI ICHYIOTb IIUPIIT MOKIHMBOCTI JIJIST OTTUCY
YaCTUHOK Pi3HMX KiaciB. SIkuio B [5] kiacu eneMeHTapHUX YaCTHHOK — CKaJsIpHi, BEKTOPHI, CIIIHOPHI —
PO3PI3HAIOTH 332 YUCIOM CIIIHOBHUX HOJISIPU3Alliif, TO TYT 3allPOIIOHOBAHO iX aJbTEpPHATHBHE TPAKTYBaHHS
3a BUMIPHICTIO (MiHIMQJIBHOIO KUIBKICTIO KOOPIWHAT, HEOOXIMHUX IS 3aIlUCy iXHBOTO IMITYJIBCY):
OTHOBHMIpHI — YaCTHHKH TeMHOi Matepii (DaM, anamor ckamsapHuX y mpocTtopi-daci) [1], 1BoBUMIpHI —
KBapKH Ta TJII00HH [7], TpuBUMipHiI YacTHHKH TeMHOi eHeprii (DaE, ananor BekropHux y mpocTopi-daci)
[1] Ta YOTUPUBHUMIPHI — JICITOHKM 1 aapOHHM (AHAJOI CIIHOPHUX y IpocTopi-yaci) [7]. BiamosigHo 10
ACDM-mopeni, yactuaku DaM ta DaE B eHepreTnuHOMY BUMIipi CyMapHO CKJIafatoTh 01t 95 % matepil
Bceecgity [1]. (BnactuBocTi HecrocTepexxyBaHux y mpocropi-uaci yactuHok DaM Tta DaE noctynboBano
B [TOJIANIBIIIOMY BUKJIai. 3a3Buuai, y BcecBiTi BOHM HE B3a€MOJIIOTH MiX COOO0I0, yTBOPIOIOUN KOHJICHCAT —
¢iznunni Bakyym [1].)

1.3. Buoineni inepyiuni KCB. Hamueni yacmunku. Anmuyacmunku ma Homaou. BimnoBimHo 10
KocMoloriyHoro npuHuumy [1] BcecBit neHTpanbHOocuMeTpuuHMil, ToOTO BiacHi Hampsmu & KCB
TIOBMHHI 301raTuCs 3 HANPIMaMH &, paialbHUX IPOMEHIB, 0 BUXOIATh 3 IEHTPY cMMETpii Beecaity, a
HaIpsIMU TOMHUPEHHS YacTHHOK DaM Oytr kosnineapanmu iM. Takux KCB 6e3miu.

Bpaxosytoun npurmun JI. Eitnepa ta (6), 4-immynscy P 4acTHHOK B eBKJIiZOBOMY mpocTopi P*

MO’KHA 3aIliCaTH BEKTOPHOIO cymoro P = PySs T+ PT ix mecnocrepexypanux B CCB ckmamoBux Bo
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(BmacHux), Ta cmnocrepexxyBaHux y CCB ckmanoBux P . 3icTaBiIsioud TEMHY XOJIOJHY MaTepiro 3
HepyxomuM edipom I'.A. Jlopenta [5], ymoBoto BumiieHoi inepiiiinoi KCB € npyra kocMoJioriaHa B’ s3b:
Po = PpSs =cCOnst V' t . (8)
Jnst koxnoi KCB 3a 3Hakom CKanspHOro n0OyTKy (7,Z,) PO3PI3HATUMEMO TPH Pi3HOBHIM
YaCTUHOK: BJIACHE Marepii, Mpu (z,&.) >0, aHTUMATepii, MpU (7,5,) <0 Ta HEHUTPAIbHHX, TPH
(%:65)=0-
Hacnigkom ymoB (7) ta (8) € BiaMOBa BiAg NpUHUMIY 3araibHOi KOBapiaHTHOCTI [6] — KokHa
JoKanbHA BUIIeHa iHepmiitaa KCB BimpizHsmacs Bim iHIIAX BIACHUMH (HATHBHUMHE) YaCTHHKAMH, IS
AKMX & = Z, . 4-IMIynbC HaTMBHUX 4acTMHOK DaM ta DaE Moxe OyTu mpencTaBieHnii B OCHOBHOMY

cTani: ans onHoBuMipuux DaM - By, = (pO,O) , Jle TpUCYTHsA Juie HecrnocTepexxyBaHa B CCB

KommoHenTa, a s Tpusumipanx DaE — P. = (0, P), ne npucyrns mume crnocrepexysana 8 CCB
cknaioBa. Binnosiano 10 (7) HampsAM NOIIMPEHHS HATHBHUX 4acTMHOK DaE oprorownanehumii no z, [4].
Bonu He oB’s13aHi Jpyroro KOCMOJIOTIYHOIO B 513310 1 MOXKYTh BiIbHO mepeMintyBatucs Mix pisaumu KCB.
3Bakaroud Ha L0 OCOONWBICTH TPUBUMIPHI YaCTUHKH Ha3MBaTUMEMO HoMaaaMu. OOMEXHBIIHCH
posrisinoM utre iHepiianx KCB, ycyBaemo 3 po3riisimy rpaBiTamiifHy B3a€MOIi10, TOMY HaJali YaCTHHKH
DaE 3icraBnstumeMo e 3 GOTOHAMHU.

2. HacoBa cTpyKTypoBaHicTh BeecBity

2.1. Ilepsunnuii cunmes pewosunu. I omocennicmo Bcecgimy. Y poOOTI BUXOIATE 3 TIIIOTE3H, IO 110
HapovKeHHs BeecBity Bech npoctip R* GyB 3amoBHeHHiT XaocoM (QYHIaMEHTaNIBHIX YacTHHOK DaM Ta
DaE. Bsaemopmitoun, 3ycTpiuHi (yHIaMEHTaJbHI YAaCTHHKH TilIOTETHYHO MOTJHM  B3a€MHO
niepetBoproBatucs: DaE + DaE «<» DaM + antu DaM (mapui yacTuHKH). 3 1HIIOTO O0KY, B pe3yibTaTi
B3aemoii vactuHOk DaE, Mormu yrBOoproBatucs mapHi entoru: DaE + DaE <> enexTpoH + aHTHeIeKTPOH
(edexr Llsinrepa [7]). B APM mnocTymo0Th, 10 TIIOOHM Ta KBAapKH YTBOPIOBAINCS B PE3yNbTaTi
mucornianii gorona mix gieto yactuaku DaM. ¥V pamkax CranpaptHoi Moxeni [7] TIOOHY BiAroBigae
JBOBUMIpHUIT QparMeHT PoTOHA, a KBapKy — riOpH] HOr0 OJHOBUMIPHOTO (pparMeHTy Ta YacTUHKU DaM
[7]. B APM [4] ixHi apomaTu Ta KOJbOPU OB’ A3YIOTh 3 OPIEHTALIIEI0 CKIIAI0OBUX BEKTOPIB 4-iIMITyNbCIB.
MinimanbHa eHeprisi riOpUIHUX YaCTHMHOK (Ta AHTUYACTHHOK) — 00’enHaHb 4yacTHHOK DaM Tta DaE
(xBapKiB, JIENTOHIB Ta aJIpOHIB) KBAHTYETHCSI.

V pesyabTaTi NEpPBMHHOTO CHMHTE3y peuoBMHH mpocTip R' O6yB 3amOBHeHHil IIa3MOIO
PI3HOBUMIPHHMX YaCTUHOK, a iXHE B3aEMOIICPETBOPCHHS IPHU3BEIO IO PIBHOMIPHOTO MEPEPO3MOALTY
Marepii (B eHepreTHIHOMY BUMIpi) O KOKHOMY 3 YOTHPHOX BHMipiB npoctopy R' [1]. BaximBo, mo B
M03a4acoBOMY XaoCi NMEPBHHHOI IUIa3MH BHHHUKAIW TaKOX MNapu CTIHKUX YaCTHHOK — EJIEKTPOHIB i
TTO3UTPOHIB Ta MPOTOHIB 1 AHTUIIPOTOHIB, SAKi IPU 3yCTPidax aHITUTIOBAIH.

IIponec HapokeHHs BcecBiTy mouaBcs 3 BHHHUKHEHHS B OKOJi OKPEMHX TOYOK mpocTopy R
JIOKaJIbHUX HEOJHOPIIHOCTEH HAMPAMIB MOIIUPEHHS OAHOBUMIPHUX YaCTHHOK. 3@ TAKMX YMOB YaCTHHKU
Ta aHTHYACTHHKH Y CEPEIHHOMY PO3HOCHIIHCS B TMIPOTHWICKHNX Hampsamax (Haciigok CPT-inBapiaHTHOCTI
[7]), mo HeoOOpPOTHO 3MEHIIYBAaJI0 KiNBbKICTh AKTIB aHIrusmii (Takux 3apoAKiB Moryio OyTtu Oes3miy).
Cemnapariist YaCTHHOK Ta aHTUYACTHHOK MPHU3BENA 10 HAPOKEeHHS BcecBiTy, 3amycTHBIIN BiAJIIK Hacy, a
caMm Tpoliec HapOKeHHS 3aliMaB 3HAYHY MPUYNHHO-3B’13aHy 00sacTs. BHacHigoK cenapartlii 9acTHHOK Ta
AQHTUYAaCTHHOK Martepis B LEHTPaJbHOCUMETPUYHOMY BcecBiTi (mo3a 00JIacTIO NMEPBUHHOTO CHHTE3Y
PEYOBHHHM) CTa€ TOMOTEHHOIO - TPAKTUYHA BIACYTHICTh aHTHMaTepii (BIAMOBIAHO 1O HaBEIEHOTO B
migpo3aini 1.4 o3HaYeHHS).

2.2. Jlinii' peecmposanux nooiti. Ha puc. 1 HaBeneHo cxeMmy mepepisy mpoctopy R* Bcecsity, ne
Toukoro B mosmaveno #oro nentp cumerpii, Touxoro C — Micle3HaXoKeHHs CIIOCTEPiTrada, a TOYKO0
O - xocmiunoro o0’ekrta. BiacHi HampsMu JokanbHEX KCB, KocMidHOro o0’ekta Ta KCB,

criocTepiradya KodiHeapHi paliadbHAM IMPOMEHSIM, BIIITOBIIHO Lo Ta LC , IK HaBeJeHo Ha puc. 1, a @ —

KyT Mk HUMH. JIiHis 30py crnocTepirada B KCB,. OPTOrOHajIbHA 10 IPOMEHS Lc , SIK HaBeJIeHO Ha puc. 1.
Bekropu 4-iMmynbciB  (OTOHIB, IO BUIIPOMIHIOIOTECS HEPYXOMHM KocMidnuM 06’ecktom O,
oproronanbhi 10 L, (natusi B KCB, ). Y 3aranbromy Bunanky B Touni C MokHa criocTepiraTy Juiie

Ti KocMiuHi 00’eKkTH, sIKi nmepeOyBaroTh Ha JiHii peectpoBanux nomii — koni COBC nmiamerpom, o
nopiBHioe pagiycy I'ab6ma R,, = (4,235 +0,002) I'mk [2]. JlocTymHMMH ONTHYHUM CIOCTEPEKEHHAM
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OynyTb 00’€KTH, IO 3HAXOIIThCA HA YCIX MOMJIMBUX JIIHISIX PEECTPOBAaHMX NOAIH (B Timepol'emi
PEECTPOBAHUX TIOIIH).

Hinis sopy

r
Puc. 1. Jlinis peecTpoBaHuX nomii
2.3. Hamypanizayis wacmunok-nomao. Hexail y KCB, BHUIPOMIHIOETbCA (DOTOH 3 4-IMITyJIbCOM

P, =P.¢&,, nns sxoro (£,,6,) =0. Tyr &, — nanpsm nommpenns gorona y BeecsiTi, a g, — BIACHUH
HanpsiM KCB,,, 9k HaBeneHo Ha puc. 1. Ilpu mepexomi ¢ortona 3 cucremu Bimniky KCB, 10 KCB,, 3
BIIACHUM HANpSAMOM Z_, WA AKHX (Z.,Z.,)=C0S® >0, (QOTOH-MaHIPIBHMK MaTHME Ha/UIMIIKOBY
EHEprilo E, = cp, = cP, sin® nopsaa 3 (oToHOM, MOpOKEHMM Yy KCB.. Y poboTi BUKOpHCTaHa
rinoTesa, o B pe3yabTaTi B3aeMoii POTOHA-MaHIPiBHUKA 3 HEPYXOMOIO YOTUPUBUMIPHOIO YACTHHKOIO Y
KCB,, BIH HaTypali3yeTbCsi, TOOTO CTac HATHBHHMM, a HAUIMIIKOBA €HEPris IIOTIMHAECTHCSA

JoTHpUBUMIipHOIO 4acTuHKOIO. (IIpomec nHartypamizamii ¢oToHiB (i3MYHO eKBiBaJEHTHHH TeHepauil
gactuHOK DaM.) V mpomeci HaTypamizamii BHIIPOMIHIOETBCS (YU PEECTPYETHCS) HOBHMA (DOTOH 3

4-iMIysieCOM |3C = chc , ISl IKOTO (é?c ,6c)=0 Ta
P. =P,cos®. )

2.4. 3cye cnexmpy eunpominioganus. Y CIEKTPOCKOIi BHMIPIOIOTh HE BEIMYHUHHU IMITYJIBCIB
¢doroHiB, a ixHi yactotd @), 3B’A30K MK SKHMH JJI1 HATMBHUX YaCTHHOK 3aJa€ThCs (HOPMYIIOHO
M. [nauka E = cP =cp = hw [6], ne /i — crana [lipaka. BignosinHo 1o gpopmymu [lnanka nepenuuremo
(9) y Burmani: . = w, cos ® . OCKUIBKH B aCTPOHOMIT BUKOPHCTOBYIOTh ITAPaMETP Z simHOCHOTO 3CYBY
CHEKTPY z = v, / e, —1 [1], bopmyna (9) orpumae Burusi:

cos®@ = (z+1)*. (10)

KocmidHi 00°€KTH criocTepiraioTh Ha HeOecHiH cdepi [1], KoKHA TOUKA SIKOI € 300paKeHHIM yCiel
niHii peectpoBaHuX Tofii. PosocepenuTi KocMiuHi 06’€kTH B TpocTopi R' MOXHA, BMBYAIOUM 3MiHH
napamerpa £ . BpaxoByiouw, 10 BifcTaHb Bij ueHTpy cumerpii B Bcecsiry 10 kocMiunoro 06’ekra O
BO = R, (auB. puc. 1) nos’s3ana 3 pagiycom I'ab6ma R, Ta kyrom @ (4u 1onoBHsneEMM 0 =7/ 26
), BignoBigao A0 (10) 3amummemo:

R, =R, c0s@=R,sind =R, (z+1)". (12)

[Iporec 3cyBy HENEpepBHOTO CIEKTPY TEIUIOBOTO BUIPOMIHIOBAaHHS [3] aHaIOTiYHMIA 3CYBY
JHIHYATOTO CIEKTPy 3ipok. OCKUTBKH TPH PEECTparii TEIJIOBOTO BUIIPOMIHIOBAHHS KOPHUCTYIOTHCS
MOHATTAM HOTO TEMIEpAaTypu T, , WIO NMPOMOPIiHHA XBUIBOBOMY YHCIy, HA SKE IPUNALAE MAKCHUMYyM

HenepepBHOro crekTpy [1], dopmyny (11) MoXkHA epenucaTy:
T, =T, cosO=Tgsind =T, (z+1)". (12)

Tyr T. =(2,72548+0,00057) K Ttemneparypa KM® [3], sky peectpye crocrepirad, a T, —
TEMIIEpaTypa BHIIPOMiHIOBa4Ya. 3a MOMIPAHMMH 3HAYCHHAMH T_ Ta IMapaMmerpa Z makcumymy
HETIEPEPBHOTO CIEKTPY MOKHA PO3PAaXyBaTH TEMIIEPATYPY T, BHUIIPOMIHIOBAYA.
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2.5. Ilepemeopenns npomixckie uacy. Ha TiITBEpIKCHHS TIMOTE3W TPO HAMPSIMU BEKTOPIB
4-iMmmynsCiB (DOTOHIB PO3MITHEMO PE3yJbTaTH BHUMIPIOBAaHb TPHUBAIOCTI CHANAXiB HATHOBHX THIY la
(SN 1a) [1]. Sxmo cnanax mounHaerhes B Touri O', a 3akimuyersea B Touni O (mumB. puc. 1), T0 mis
crocTepirada Bin mo4nerhes B Touni C', a 3akimumthes B Touni C . Bignosimxo no osnauenns (5)
NPOMIKKH YaCiB At, Ta At. Y JOKaIbHMX CHCTeMaX Biiiky npornopuiiini sinpiskam 0'O ta C'C, mo
OB’ s13aHi 3 BIacCHUMH HanpsiMamu JBox pisHux KCB (nuB. puc. 1). Bpaxoyroun 38’5130k (10), orpumaemo:

Aty = At cos@ = At (z+1), (13)

BanexuicTs (13) 36iracTecs 3 JaHUMHU BUMIPIOBaHb TPUBAIOCTI cranaxis SN 1a [8].

2.6. Lenmpanvni 06 exmu Bcecgimy. Y ci TOUKOBI BUIIPOMiHIOBadi, 0 3HAXOAATHCS HA KOHKPETHIN
JiHI peecTpoBaHUX TIOMIHA, BimoOpakarOThCsA Ha HeOecHiN cdepi okpemmmu Todkamu. HaromicTh
LEHTPAILHUN BUIPOMiHIOBaY (00’€KT, pajiycoM R, IO OXOIUIKE YCi BJlacHi HampsMu Bcecsity),
TNPOEKTYETBCS Ha  BCIO HebOecHy cdepy (CHOCTeplraq 3HAXOJIUTHCA HiOH BCGpC,ZII/IHl IIEHTPAITBHOTO
BHIIPOMIHIOBAYa, TOMY 36UpaTH 1HPOPMALIIO PO HOro BIACTHBOCTI MOXHA 3 JOBLIbHOI TOYKH HEOCCHOI
cdepu Ta B JOBUILHUX HANPSIMaXx).

Jlns  BW3HAdYeHHS pPO3MIPIB IMEHTPATbHUX O0’€KTiB BcecBiTY BHKOPHCTOBYIOTH —aHAII3
MyJILTUNONBHUX MOMeHTiB KM®. Bimnosinno 1o [3], KyroBi po3mipu 20 UEHTpalbHHX 00 €KTiB

OB’ A3y10Th 3 nopsakoM [ noninomy Jlexanapa [3]:
o=nl(20). (14)

Ha puc. 2 naBeneno B3sruii i3 [2] rpadix TT-cnekTpy My abTHIONEHUX MOMEHTIB KM@, 1110 MICTUTH
JIBi IPUHIMIIOBO pi3Hi 06nacTi: mepiy, B Mexax { <30 Ta apyry, npu (> 30 (06uaBi BUMaramm oKpeMux
ITOPUTMIB ycepeIHEHHS BUMIpiB [2]).

OO - 7T T frrrrrrrrr e e g
5000 |

574000 F

3000 F
S .

2000

1000 f -

10 30 500 , 1000 1500 2000 2500
Puc. 2. TT-cnekTp MyJabTUNOJIbHUX MOMeHTiB KM®

Hinsaxy TT-ciextpy npu / <30 MokHa pO3miAMTH Ha TpU AKiCHO pi3Hi oOmacti: npu /<8, ne
CTIOCTEPITaloOThCsl XaOTUYHI BUMIpPH, CIIPHYMHEHI BUITPOMIHIOBAHHSIM JAWUCKPETHHUX 31POK i1 rajJakTUK, IpU
8</0<20, ne Ha CHEKTp AMCKPETHUX KOCMIYHMX OO’ €KTIB HAKJIAJAETHCS BILIMB BUIIPOMiHIOBAHHS
3HauHuX 00’eMiB peionizoBanoro Boauwo, ta mpu 20< /¢ <30, ne BIWIMB peiOHI30BAHOrO BOIHIO
BigcyTHil. Bignosigno no (14), senvuuni /=8 Bianosinae 3HayeHHs Kyra 0 LEHTPAILHOrO 00’€KTa
o =0,098 pan.

3Baxaroun, Wo npu & <0,1 SINO~J, mna 3pydHOCTI HACTYNHUX TPAKTyBaHb PE3yIbTATIB
BUMIpIOBaHb CKOpHCTaeMocs JliHeapuzoBanumu ¢popmymnamu (11), (12) ta (14):

R,=ZR,, z=%L_1, T =471, (15)
4/ V4 T
Bpaxosytouu (15), Bumipam TT-cniektpy B mianasoni 8 </ <20, Bianosinae BigHocHuit 3cyB z
CIIEKTPY 3IpOK B Mexax (9,2 <z <24), Temneparypu T, UEHTPAJIbLHUX BHUIPOMIHIOBAYiB y MEKax
(28 < T, < 70) K 1a BimHocHa BificTanb x = R, / R,, Bl ueHtpy cumerpii Beecsity (0,039 < x < 0,098)
Hopsiaky noninoma Jlexanapa /=30 Bimmosinarors napamerpu Z2=37, T, =104 K1a R, =0,026R,,

Ilpu (>30, nepeBakac BUIPOMIHIOBAHHS, LIO MOPOUKEHE KOHIEHTPHMYHUMH LEHTPATbHUMU
00’exktamu BeecBiTy 3 kytamu & < 0,026 pan.
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3a takux KyTiB poronn KM® mommproloTeCsl 0 TBIpHUX KOHYCY 3 KYTOM P BEpPLIMHI, MEHIINM

Biz 20 Ta Biccio, 110 36iraeThes 3 BaacHuM HanpsMom L. KCB. Ha puc. 2 nepmomy miky (mpu ¢ , =210

i7110Bi i i ipom 20, =7,28-107°
) BiAMOBiAa€ NEHTPaIbHUN BUIPOMIHIOBAY 3 KyTOBHM pO3MipoM £0; = I, paz, a TpeThoMy, TIPU
¢, =860, (aHOMaJbHO BUCOKMM MOPIBHAHO 3 TporHosoBanuM mozaemwnro ACDM [1]), uenrpanbuuit

. . -3 . .
BUIIPOMIHIOBAY 3 KyTOBUM PO3MIPOM 25, =1,82-10° pax. Kyry 51 =3,74-10" pax. Bixnosizae Terose

. . -3
BUIIPOMIHIOBAHHA 13 z, = 266 , RS = 3, 7410 RH Ta TEMIIEPATYPOIO T1 =729 K.

Ile BumpoMmiHIOBaHHS TpaHHIl 00JACTI OCTAHHBOTO PO3CISHHS [1], CIIpUYMHEHE TINMOTETHYHO
IMCUTIAIIEI0 KIHETUYHOI €Heprii peuoBHMHM B KOCMIYHMX KOMipKaX, fAKi juiie ¢opmyrotbes. Kyty

-4 . . -4
53 = 9,13'10 panl BIINOBIOAIOTH TIAPaMeTpu z, =1094, Rs = 9,13'10 RH Ta TEMIICpaTypa
T, = 2984 K, mo 6mu3pka 10 KpUTHYHOI JUTsl KOCMOJIOTIYHOI peKOMOiHAIi eeKTPOHIB Ta MPOTOHIB [1].

30ir 3HaYEeHb KyTa S, > TIOPAXOBAHOTO pi3HEMHE crioco0aMu (3a KOCMOJIOTIYHUM 3CYBOM Ta CIIEKTPOM
MYJIBTHIIOIBHUX MOMEHTIB KM®) minTBepmKye rirnoTe3y JiHIHHOCTI BeecBiTy.

BucHoBKH

[Tokazano, mo BeecBiT 4-BuMipHuid, AuHAMIYHHANA. )11 HOTO MOIETTIOBaHHS 3aIIPOITOHOBAHO arapar
PENATHBICTCHKOI MEXaHIKH, 10 BUKOPUCTOBYE €BKIIIIIB 4-MIPOCTip 13 BUAiNEHUMHU NpUHIMTIOM JlopeHna
iHEepUIfHUMH KOCMIYHMMH CHUCTEMaMH BIUTiKy. BBemeHO MOHATTS YacTUHOK pIi3HUX BHUMIpIB Ta
PI3HOBHIIB — HATUBHUX, MAPHUX Ta HOMAaJ. J[JI MOSICHEHHS YepBOHOTO 3CYBY CIEKTPY 31pOK Ta KOCMITHOTO
MIKPOXBHJILOBOI'O ()OHY 3aIIPOIIOHOBAHO BUKOPHCTOBYBATH IOHATTS HaTypajizalii GOTOHIB P IXHbOMY
nepexoAi MK pisHUMHU KOCMIYHUMH CUCTEMaMH BiAJIiKy. 3po0JIeHO aHami3 MPUYMH TOMOT€HHOCTI MaTepii
y BcecBiti (npakTHuHy BiAICYTHICTH aHTHMaTepii). BcTaHOBIEHO NPHYMHM pajiadbHOI Ta YacoBOl
CTpYKTypoBaHoOCTi Bceciry.
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J[Hinposcokuil OepixcagHuli azpapHo-eKOHOMIYHUL YHIgepcumem

BYIVIEIINIACTHUK HA OCHOBI AII®ATUYHOI'O TIOJIIAMIAY

Hocnioiceno ennue memnepamypu nepepooku na mepmiuni, menaogizuuni, Qizuxo-mexaniuni i mpuoonoziuni
611ACMUBOCMI 8Y2NIENTIACMUKY HA OCHOGI anihamuunozo noiamioy I1A-6,6. Bcmanosneno, wo onmumanvhuil KOMRIEKC
EeKCHAyamayiiiHux XapakmepucmuK Mae Gyz2iennacmuk, eionpecosanuit npu memnepamypi 518K. Pospoodnenuii
GY2NIENJIACMUK MAE GUCOKY MENI0NRPOGIOHICHb | MIYHICHI XAPAKMEPUCMUKU, HU3LKI 3HAYEHHA RUMOMOT Mena0EMHOCHI,
memnepamypHoz2o Koegiyicuma ninilino2o pozmupenns i Koegiyicuma mepms, a makoyic 2apHy 3HOCOCHMIUKICb, WO
00380114€ peKomMeHnOysamu 1iozo 00 3aCIOCYBAHNA AK MAmMepPian KOHCMPYKYINHO020 RPUHAYUEHHA

Knwuosi cnoea: anipamuuynuii  noniamio, eyeneyege GOJIOKHO, GYIENIACMUK, eKCNIYAmayitHi Xapaxkmepucmuxi,
KOHCMPYKYIuHul mamepian

O.P. Chigvintseva, Yu.V. Boyko
CARBON PLASTIC BASED ON ALIPHATIC POLYAMIDE

The influence of the processing temperature on the thermal, thermophysical, physico-mechanical, and tribological
properties of carbon fiber based on aliphatic polyamide PA-6.6 was studied. It was established that the optimal complex of
operational characteristics has carbon plastic pressed at a temperature of 518K. Reinforcement of PA-6.6 with carbon fiber
material allows to significantly improve the thermal and thermophysical properties of the polymer. Carbon fiber has high values
of heat resistance and thermal conductivity (0.74-0.94 W/m - K), good strength indexes, and almost 6 times lower temperature
coefficient of linear expansion compared to the original polymer. The low coefficient of friction and high wear resistance and
the PV performance criterion of the developed material make it possible to recommend it for use as a material for structural
purposes in the field of mechanical engineering.

Key words: aliphatic polyamide, carbon fiber, carbon plastic, performance characteristics, constructional materials

IHocTanoBka npo6jaeMu. KoMIIeke MOKpameHnx TEXHOJIOTIYHHX 1 eKCINTyaTaifHNX XapaKTeprc-
TUK TIOJIMEPHUX KOMIIO3UIIMHMX MaTepiayiiB 3a0e3neuye iX IIUPOKE 3aCTOCYBAHHS Yy PI3HOMaHITHUX
rany3sx TexHiku. OcobnuBe Miclie cepell INTACTHKIB KOHCTPYKLIHHOTO MTPU3HAYEHHS 3aiMar0Th MOJIIMEpPHi
KOMITO3HIIIITHI MaTepialu.

Anidarnunuii nomiamin mapku [1A-6,6 (monirekcameTuiieHaIunamiz) Bigpi3HAETHCS CBOEIO IOBTO-
BIYHICTIO 1 3HOCOCTIHMKICTIO, TemmepaTypocTitikicTio (10 +140°C rpaayciB) 1 MILIHICTIO IIPH PO3TATYBaHHI.
BiH criiikuil 10 Kopo3ii, Aii manuBa, MacTHJ, >KUPIB, OUIBLIOCTI OPraHIYHUX PO3YMHHHUKIB 1 JIYTiB, LI0
poOHTH HOro He3aMiHHUM MaTepiajoM Jisi BUTOTOBJICHHA BUPOOIB, IO MPALIOIOTh B CKIAAHUX YMOBaX
eKCIUTyaTallii, e moTpiOHa BUCOKA MEXaHIYHA MIIHICTbh, )KOPCTKICTh, TEPMO- 1 XiMiYHA CTIHKICTb.

[Tomiamigy 1 KOMOO3UTH HA X OCHOBI BUKOPHUCTOBYIOTHCS SIK KOHCTPYKLIHHI, €EKTPOI30IALINHI 1
aHTU(QPUKLIHHI MaTepiain y eNeKTPOTEXHIYHIH, pagioTexXHiuHil, aBTOMOOLIbHIHN, aBlauiiHii, npuIano-
OyAiBHIHN 1 MEUYHIN TPOMHUCIIOBOCTI. [3 HUX BUTOTOBJISIOTH KOPITYCHI JIeTalli €JICKTPO- Ta ITHEBMOIHCTPY-
MEHTIB, Oy 1iBEIbHO-03100TI0BaTIbHHUX Ta IHIIMX MAIIUH, 110 MPAIIOIOTH B YMOBAX YIapHUX HABAHTAXKEHb 1
BiOpaliif, geTasi MaxTHOTO eJIeKTPOYCTATKyBaHHsI, 3aTi3HUYHI BTYJIKH-IPOKIAAKH, MeOJIeBi Kojeca, MeTi
Ta IHII HaBaHTaXeHI aeTani MeOJsiB. B aBTOMOOLIBHIM MPOMHUCIOBOCTI i3 MOJiaMiJiB BHUTOTOBJISIOTH
HABaHTaXEHI TEIUIOCTINKI JIeTalli aBTOTPAHCIIOPTHUX 3aCc001B; 3y04acTi Kojeca, CXUIIbHI JI0 IMiBUIICHUX
MEXaHIYHHUX 1 TEIUIOBUX HAaBaHTA)KeHb, OCHOBH HABAaHTAXXCHHUX NPHJIAMiB Ta iH. [1].

MeTta po60TH. 3 METOIO CTBOPEHHSI HOBOTO KOMIIO3ULIIHHOTO MaTepiaily KOHCTPYKUIHHOIO pU3Ha-
yeHHsi [IA-6,6 apMmyBaju ByrJielleBUM BOJIOKHHCTHUM MatepiasioM Mapku Ypan Tp 3/2-15 y kinmbkocti
40 mac. %.

BuknaneHHss ocHoBHOro marepiajay. Ha mnouaTkoBomy erami moCHifKeHb BHBYAIM BIUIKMB
TEMIIEPaTypu MPECYBaHHS TEIUIO(I3UYHI BJIACTHBOCTI BYTJICIUIACTHKA. 3pa3Ky MOJIMEPHOTO KOMIIO3UTY
BUTOTOBISLIN 3a Temmeparyp 513, 518 m 523 K. Pesynprat mochimkeHb MOKa3aid, IO Y BCHOMY
JOCITipKeHOMY TeMIiieparypHoMy iHTepBani (323-573K) mnmromMa TeIUIOEMHICTH BYTJIETIACTUKIB 31
3pOCTaHHSAM TEMIIEpaTypH MpecyBaHHs 30inblryBanach (puc. la). 3BepraB Ha cebe yBary Toil ¢akT, o B
o0nacTi BHCOKHMX TEMIeparyp 1HTEHCHBHICTh 3POCTaHHS TEIUIOEMHOCTI 3 MiJBUILEHHAM TeMIepaTypu
MpecyBaHHS iCTOTHO 3MeHITyBasioch. Ha ycix TemmepaTypHHX KpuBHX mpH Temmepartypi 548K gitko
TIPOSIBIISIBCS] CTPHOOK TETUIOEMHOCTI, SIKMU BIJTIOBI/IaB TEMITEPATypi pO3M’ AKIIIEHHS BYTJICTUIACTHKIB.
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BB TemnepaTypu mpecyBaHHS Ha KOE(ILi€HTH TEIUIO- 1 TEMIEPaTypOIPOBITHOCTI AOCTIIKEHUX
MaTtepiaiiB MPOSBIISBCSA y BUTIISAAI 3BOPOTHOI 3aJICKHOCTI: 30LIBINICHHS TEMIIEPATypH TEPEPOOKH BYTIIE-
macTukiB Big 513 mo 528K moHMKAIO TEIUIO- Ta TEMIEPATYPOIIPOBIIHICTD Y JOCIIHKECHOMY TEMIIEpaTyp-
HOMY iHTepBai BiamosiaHo B 1,1-1,3 ta 1,9-1,4 pasu (puc. 10, B).

Prc. 1. 3anexHICTh MUTOMOI TEIUIOEMHOCTI (),
kKoe(inieHTiB TemnonpoBigHocTi (6) i Temmepa-
TYPOIPOBiZHOCTi (B) BYTIeIIacTUKyY Ha OCHOBi
ITA-6,6 Big TeMmepaTypu npecyBaHHS

BcraHoBiieHO, 110 HAMOLIBII ONTHMAIbHUN KOMIUIEKC TEIUIOMI3MYHUX IOCIIIPKEHb MaB BYIJIE-
IUIACTHK, OTPUMAaHUIl METOJOM KOMIIpeciiHOro mpecyBaHHs 3a TemmepaTypu 518 K. 3pasku mporo
BYIJICIUTACTUKY MalH HU3bKY IUTOMY TEIUIOEMHICTD B YCHOMY JAOCIIIKEHOMY TEMIIEpaTypHOMY iHTep-
Baji (1,1-18 x/Ixx/kr - K) 1 Bucoki 3HaueHHs koedinienTa temtonposianocTi (0,74-0,94 Bt/m - K).

PospaxyHok temmeparypHoro koedirierTa miniiaoro po3mmupenus (TKJIP), smilicHeHnii Mo Kpu-
BUM 3aJISKHOCTI BITHOCHOTO MOJOBXEHHS 3pa3ka Bix Temmeparypu (puc. 2), mokasas, 10 JaHHH TOKa3-
HUK 31 3pOCTaHHSM TeMIIEpaTypu 301IBIIMBCA, a TEMIEpaTypa CKIyBaHHS BYTJICIUIACTHKA CTAHOBHIIA
516 K (Tabm. 1).

- 350 400 450 500 T.K
Puc. 2. KpuBa 3a/1€eKHOCTI BiTHOCHOT0 NMOAOBKEHHsI ByrJjenjaacTuka Ha ocHoBi I1A-6,6 Bin
TeMnepaTypu

[opiBustmpHMA aHami3 aaHux pospaxyHky TKJIP BuximHoro momimepy 1 BYIVIEIUIACTHKY HpHU
inTepBaii temmeparyp 298-323 K mokasas, mo apmyBanHs [IA-6,6 ByrieneBiUM BOJIOKHHCTUM Matepi-
arom Mapku Ypain Tp 3/2-15 3Hu3nno maHuii IOKa3HUK Maibke y 6 pasis [3].

OnHuM 3 e(eKTUBHUX METOAIB IIPOTHO3YBAaHHS MOBEIIHKH MaTepialliB B yMOBaX BUCOKHX TEMIIepa-
Typ, € TEpMOTrpaBiMETpUYHHN MeTO aHajizy. Bigomo [2], m10 TepMOCTIHKICT BU3HAYAETHCS TIEK0 TEMIIE-
paTypHOIO MEXKEI0, TIPH SIKiii TOYHHAETHCS TEPMiYHA 200 TEPMOOKHCITIOBAJIbHA JIECTPYKIIiS MaTepiany, ska
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CYMPOBOKYETHCS BUAUICHHSM JICTKHUX MTPOIYKTIB. BHACIIOK MHOTO BiOYBAETHCSI BTpaTa MacH JOCIi-
KEHHUX 3pa3KiB, IO JIKUTh B OCHOBI TEPMOTPaBiIMETPUIHOTO aHAJIi3y.

Taba. 1.
Tepmiunnii KoedimieHT JIiHiliHOr0 PO3MIMPEHHS BYIJIENJIACTUKY Ha ocHOBI ITA-6,6

Temmepatypuuii inTepsai, K
298-323 |298-348 | 298-373 |298-398 | 298-423 | 298-448 | 298-473 | 298-498 | 298-523
15,1 23,0 22,8 28,8 30,2 31,5 32,3 33,2 33,7 516

TCT.! K

Jani TepMorpaBiMETpUYHOro aHajuizy (puc. 3) mokasanu, mo apmyBaHHs [IA-6,6 ByrieneBum
BOJIOKHHCTHM MatepianoMm Mapku Ypan Tp 3/2-15 103Bonauiio icTOTHO MiABUIINUTH HOTO TEPMOCTIHKICTB:
Temreparypa, o sianosigana 30 i 50%-Biit BTpaTi Macu 3pa3KiB I BYTJICIUIACTHKY BiIMOBigAHO Oyna Ha
23 144 rpamycu BUIIA, HIXK IS BUX1THOTO TTOTIMEDY.

T00

680

660 700
a 0
Puc. 3. Temnepatypu o Bignosinawtb 30 i 50%-siii BTpaTi macu (T30 i Tso)
3paskiB I1A-6,6 (1) i ByryiemjiacTuky Ha Horo ocHoBi (2)

KpiM nosinmenux Temio}i3suuHuX BIaCTHBOCTEH, BYIJICIUIACTHK, MEPEPOOIICHUH 3a TeMIepaTypu
518 K, MaB mokpaireHi ¢hi3MKO-MEeXaHiuHI 1 TPUOOIOTIYHI XapaKTepUCTHUKHA. 30KpeMa, PO3pOOJICHHIA
Matepian mMaB mopiBHSHO 3 [1A-6,6 Ha 20 % OinbIn BUCOKI MIIHICHI MOKa3HUKH: MeXa MIITHOCTI IpH
crucHeHHi cknazana 110 MIla, pobora pyiinyBanHs — 718 kJ[X, MOAylb MPYKHOCTI MPH CTUKAHHI
cranoBuB 2750 MIla [3].

Criz 3a3HaYUTH, IO CIIOCTEPiranach rapHa KOpEIsiis MiX 3aJIe:KHICTIO BITHOCHOT 3HOCOCTIMKOCTI 1
TBepIOCTi 3a POKBEIUIOM ByIJeIiacTHKa Bifl TeMIIepaTypH mnepepoOku (puc. 4): BKa3aHi MOKa3HUKH Majn
MaKCUMaJIbHE 3HAYCHHS IS 3pa3KiB, BiAIpecoBaHux 3a Temmeparypu 5S18K.

HRa Kn

0.1
80

0,09

70
0,08

0.07

Puc. 4. 3anexuictb BimHOCHOI 3HO0cocTiiikoCTi (1) i TBepaocTi 3a PokBessiom (2)
ByIJIeIiacTuka Ha ocHOBI [1A-6,6 Big Temnepatypu nepepo0xu

JlaHi M0N0 BIUIMBY TEMIIEPATypH NEPEpOOKH Ha TEPTS Ta 3HOC PO3POOJICHOTO BYTICIUIACTHKY
npeacTasieHi y Tabnuui 2.

OTrpumaHi pe3yabTaTH CBIMYWIM TIPO TE, IO Kpamli TpHOOJOTIYHI XapaKTEPUCTHKHA MaB
BYTUICIIACTHUK, BiaIpecoBaHWi 3a Temmeparypu 518 K, ToMy momamsImi TOCHTIIHKEHHS IIOAO BILIUBY
PEKUMIB eKCITyaTalii Ha Koe(ilieHT TepTa 1 IHTEeHCHBHICTh JIIHIHOTO 3HOCY 31MCHIOBAIN Ha 3pa3Kax,
BiJI IPECOBAHMUX IPH 3a3Ha4YeHil Temmeparypi (puc. 5).
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Tabn. 2.
BniuB TemnepaTypu nepepook Ha TPUOOTEXHIYHI XapaKTePUCTHKH BYIJIENJIACTHKA HA
ocnoBi ITA-6,6

IHTEHCUBHICTB JIHIHHOTO

Temmnepatypa npecyBanus, K sHomyBanHs, x 10°

KoedimieHT Tepts

503 0,18 0,19

518 0,16 0,18

Hpumimka: mepms ma 3HOC 8yeneniaAcmuKa 30IUCHIO8AU NO KOHMPMILY 3i cmani 45 (meepoicme
45-48 HRC, wopcmricmo Ra = 0,16-0,32 mxm) npu numomomy mucky 0,4 MIla ma weuoxocmi Ko83aHHs
1 m/c, winsix mepms cmanosus 1000 m.

AHaji3 maHuX TPHUOOJOTIYHUX IOCIHIHKEHb CBIAYMB PO TE, IO 3MiHA PEKHMIB EKCIDTyaTarlii
CYyTTE€BO BIUIMBAJIA Ha TPOICCH TEPTS Ta 3HOIIYBAHHSA BYTJCIUIACTHKY. llokpamieHi TpuOOIIOTiUHI
BIIACTHBOCTI MajH 3pa3KH, M0 SKCIUTyaTyBaJI¥MCh MPH IBUIKOCTI KOB3aHHS 1,5 m/c. B ychomy iHTepBati
HaBaHTaXEHb MaTepial MaB Hu3bkuil koedimient teptsa (0,13-0,28) i He3naunuit 3HOoCc. B ymoBax
JIOCTIDKEHb NPU IIBUAKOCTI KoB3aHHA 2,0 M/c 1 HaBaHTakeHHI moHan 1MIla 3pa3ku ByrJemiacTUKY
KatacTpo(iYHO 3HOIIYBAIMCH 1 MaTepial BTPATHB CBOIO Mpalie3aaTHICTh (puc. 40). 3rigHO 3 OTPUMaHUMU
JMaHVNMH, MaKCHMaJbHE JONMyCTHMME 3HAYCHHs KPHUTEPit0 mpame3gaTHocTi PV s Byriemimactuky
cranoBuio 2,0 MIla-m/c, B Toii yac six s [1A-6,6 BiH He nepeBuinyBasl,8 MIla-m/c.

-t
L-10

04 0.6 0.8 1 P, MPa

a
Puc. 5. Biu nutomoro tucky (P) Ta mBuakocri koB3anusa (kpusa 1 — 1.5 m/c, kpuBa
2 —2,0 m/c) na xkoedimient Tepta (f) i inTeHcuBHicTH JginiiiHoro 3HoCy (In) ByriemiacTuky
Ha ocHoBi ITA-6,6

BucHoBku. TakuM 4rHOM, JIaHI TMPOBEJEHUX TEPMIYHUX, TETUIO(i3MUHMUX, (I3UKO-MEXaHIYHUX 1
TPUOOJOTIYHUX JOCTIUKEHb CBIMYMIM NP0 T, IO ONTUMAIBHUM KOMIUIEKC BIACTHBOCTEH  MaB
BYIJICIUIACTHK, BiAmnpecoBanui 3a temmnepatypu 518K. B miomy, po3po0biieHuii ByriiemiacTuk Ha OCHOBI
I1A-6,6 1 Byrjie1ieBoro BOJOKHHCTOrO MaTepi-airy Mapku Ypan Tp 3/2-15 MaB BUCOKY TEILUIOMPOBIAHICTD 1
MIIHICHI XapaKTEePUCTHKH, HHU3bKI 3HAYCHHS NMUTOMOI TEIJIOEMHOCTI, TeMIepaTypHOro KoedilieHTa
JMiHIMHOTO pO3MMpEeHHS 1 KoedilieHTa TepTsd, a TaKoOK TapHy 3HOCOCTIMKICTh, IO JTO3BOJIHIIO
PEKOMEH/IyBaTH HOTO 10 3aCTOCYBaHHS SK MaTepiall KOHCTPYKLIIHHOTO NMPU3HAYEHHS NPU3HAYECHHS B
rainysi MalmHOOYAyBaHHS.
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JOCJIII)KEHHSI KOHCTPYKTUBHUX TA TPUBOJIOTTYHUX BJIACTUBOCTEM
HMBUJAKOPO3BIPHOI'O KOHBEE€PHOI'O JIAHIIIOT'A

B pobomi docniornceno koncmpykmueni ma mpuoono2iuni en1acmueocmi 1anyi02080i nepeoayi, {0 CK1a0aEmovea 3
WBUOKOPO30IPHO20 KOHBEEPHO20 NAHUI02a ma 3ipouku. B x00i uozo 3modenvoeano 6ionogiony nanyozoey nepeoavy ma
PO32IAHYMO 0COONUGOCHI KOHMAKMHOT 63A€MOOIT 6 TAHKAX MAK020 NaAHUI02a 1l Mixc Nanylozom i 3ipoukoro. ocnioxyceno
3HOCOCMITIKICIN® 8 NAPi mepms 3iPOUKA-IAHUI0Z, W0 6UZOMOBIAEMBCA 3 6UOPAHUX KOHCMPYKUTIHUX Mamepianie.

Knrouogi cnosa: nanyioe, ianyiozosa nepeoaya, 1aHKa, 3HOCOCMIUKICMb, Napa mepmsi

S.P. Shymchuk, N.S. Pivnytskyi

RESEARCH OF THE STRUCTURAL AND TRIBOLOGY PROPERTIES OF THE
QUICKLY DISASSEMBLY CONVEYOR CHAIN

The work investigates the structural and tribological properties of a chain transmission consisting of a quick-
dismountable conveyor chain and a sprocket. In the course of such a study, such a chain transmission was modeled and the
features of the contact interaction in the links of such a chain and between the chain and the sprocket were considered. The
wear resistance of the sprocket-chain friction pair, which is made of recommended structural materials, was studied.

Keywords: chain, chain transmission, link, wear resistance, friction pair

Beryn. IlpuBogHi naHmiorm Ta JNaHIIOTOBI mepefadi AyKe MIMPOKO BHKOPHCTOBYIOTHCS B
TPAaHCHOPTI, CUTLCHKOIOCIOAaPCHKOMY MAalIMHOOYIyBaHHI, JICOBOMY TOCIOAAPCTBi, TipHUY0N00YBHIN
MIPOMHUCIIOBOCT] Ta IHIUX Taay3sSX MaIIMHOOYIyBaHHS 1 TpaHCHOPTy. Taki mepemadi mpu3HAYCHI IS
repeaadi pyxy i, 3aJeKHO BiJ KOHCTPYKITi JIAaHITIOTAa Ta KIHEMATHYHUX TapaMeTpiB IMepeaadi 3arajiom,
MOKYTh MPALIOBATH B IIMPOKOMY Jiana3oHi HIBUIKOCTEH Ta HaBaHTaXKeHb. Tak, HAPHUKIIA, 32 BUCOKHX
LIBUAKOCTEH 0OepTaHHS MPaLiOlOTh JIAHIIOTH B aBTOMOOUTPHHMX [BUTYHAaX, a 3a BIJHOCHO HHM3BKHX
MIBHJIKOCTEH Ta MPU BUCOKUX KOHTAKTHUX HABAHTAXKCHHSX 1 3HAYHHX TATOBUX 3yCHIUISIX — B KOHBEEPAX.

AHaJni3 cneniajJbHOi HAyKoBOI JiTepatypu. B crnenianbHiil HayKOBii JiTeparypi JIaHIIOTOBUM
nepeaayaM MpUIUISETCS JOCTaTHBO yBard [1 — 5], 1m0 moka3ye iHTepec 10 TaKUX JOCIIIKEHb Ta CIIPHUSE
ix mpakTHuHiK peanizamii. [IpoTe, sk oOKa3ye niTepaTypHHid Ta MATEHTHUH TONIYK OUIBINICTh JOCITHUKIB,
B OCHOBHOMY MPHJILJISE yBary MOJEpHI3allii TaKuX repenad [4], 3amiHi MaTepiaiB, 3 IKUX BUTOTOBJISIOTHCS
CJIEMEHTH JIAHOIOTOBUX Tmiepenad [6]. JleTanpHO BHCBITJICHI NHMTaHHA, IO CTOCYIOTBCS PO3POOKH
KOHCTPYKTHBHO HOBHMX BUJIIB JIAHI[IOTIB B HAYKOBI# JIiTepaTypi 3ycTpidaroThes Habarato pimire [5].

IMocTtaHnoBka 3aBaaHb AocCHiT:KeHHsl. JloCHiUTH OCHOBHI eKCIUTyaTamidHI BIACTUBOCTI
LIBUAKOPO30ipHOr0 KOHBEEPHOI'O JIAHIIOTA, IO PEKOMEHAYETHCS U BHKOPHCTaHHS NPH HEBEIHKHX
LIBUIKOCTSX OOCpTaHHS.

MeTtoauka mocjigeHHss. MOJCIIOBaHHS Ta JOCHIDKCHHS MIIHICHUX XapaKTEPUCTHK OyJIo
BUKOHAHO 3 BUKOPHCTaHHAM NporpamHoro npoaykty tumy SolidWorks [3]. BunpoOyBanHs Ha TepTs Ta
3HOLIYBaHHs OyJIO BUKOHAHO 32 YMOBH CYXOI'O T€PTs, IIPU JIiHITHOMY KOHTAaKTyBaHHI IOCITIIKYBaHHX
moBepxoub [7 — 10]. JocmimkyBaHi 3pa3kd BHTOTOBIUIACSA 3 KOHCTPYKIIWHHX MarepiajiiB, IO
PO3TIAJAI0THCS SIK MaTEPialiv JIIsl BUTOTOBJICHHS pO3POOJICHOTO JIAHIIIOTA.

PesyabTratn  pociaigeHHs.  JlaHIOr  JOCHiIKYBaHOI  KOHCTPYKILii, PEKOMEHIYETHCS
BUKOPUCTOBYBaTH B JIAHIIOTOBHX Iepefadax pi3HMX KOHBEEPIB Ha MiANPHEMCTBAaX Ta 0OIagHaHHI
JiconepepoOHOi, CITbCHKOTOCTIONAPCHKOT Ta MpHUY0100yBHOI Tamy3eil. Takok Moe BUKOPUCTOBYBATHChH
IpY BUPOOHMLITBI MiHEpaIbHOI BaTH (TaKe BUPOOHULITBO CYIPOBOIKYETHCS BUCOKUMH TEMIIEPAaTYPaMH Ta
IHIIMMUA arpeCUBHAIMH YMOBaMHU poOOTH, 30KpeMa i TiIBUIIIEHIM a0pa3uBHAM 3HOITYBAHHSM).

Mogens naHIiora HaBeieHO Ha puc. 1. JlocmimKyBaHWH JaHIIOT CKIANAETHCS 3 IBOX THIIIB,
KOHCTPYKTHUBHO PI3HHX M c000t0 JTaHOK. Lle oBanpHi 1aHKH 1, K1 3’ € THYIOTHCS MiXK COOOFO TTPOMIKHUMU
nmaHkaMu «C»-miofioHOi popmu (mamku 2). g 3amoOiraHHs caMOpo30HMpaHHIO JIAHOK JIAHIIOTA, TPU
PpOOOTI UM 1HIIMX MOXIMBHUX BapiaHTax 3MEHIICHHS HEOOXiTHOTO HATATY Mepenadi, Ha KiHIAX JaHOK 2
MPUBAPIOIOTBCS, YW KPIMIIATBCSA 1HIIMM CHOCOOOM, CcCIeliainbHi 3amoOikHI  momnepeunHH. JlaHKU
3'€IHYIOTBCS MiX 00010 0€3 T0TaTKOBUX KPIMMIIBHUX €JIEMEHTIB.

MopenroBaHHS PO3pOOIICHOT JTAHIIIOTOBOI Tepenadyi BUKOHyBaiu B cepenosuiti SolidWorks (puc.
2). Po3paxyHOK JIaHITIOTOBOI Tiepeiadi Big0yBaeThCs Mo BijoMux Mertomukax [11 — 13].

© C.II Hlumuyk, M.C. ITienuyvruii
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Puc. 1. Moaeanb 10CaiIKyBaHOT0 JIAHIIOTA:
1 — oBaabHi JaHKH; 2 — «C»-noaioHi JaHKH

Ilin gac poOOTH, JAHKH JIAHIFOra, KOHTAKTYIOTh MiXK COOO0 B TOYIl KOHTAKTy Ta 3aBISKH
0CcOONMBIM KOHCTPYKILII MONEPEKyI0Th BUHUKHEHHS PO3TWHAIOUMX CHJI, IIO Ja€ 3MOTY BHTOTOBHUTH
JIAHLIOT MMOKPAIEHOI METAIOEMKOCTI. Taka KOHCTPYKLsS TO3BOJISIE JIAHII 3'€IHAHHS MPALIOBaTH TUTBKU Ha
pO3TAT 1 Ja€ MOXKJIMBICTh 3HAYHO 3MEHIITUTH Bary Ili€l JJAHKW TOPIBHSHO 3 BIJOMHMH aHAJIOTaMH, a
OBaJIbHIM JIaHLI HaIiliHO KOHTaKTYBaTH 3 31poukoro. [loBXHMHA OBaJbHOI JIAHKK Ma€ OyTH OiJIbILOIO BiJ
paniycy 3a0KpyTJeHHS.

3
L
"

.-

"
=
) =

Puc. 2. Pe3yIbTaTH MO/1eJII0BAaHHS PO3p00.IeHOl JIAHIIOT0BOi Nepeayi B cepeloBHILi
SolidWorks:
1 - 3ipouka; 2 — 1aHUIOT

B pobGouomy crani nanitora nie cuna po3tsary N (puc. 3). ITig giero miei cumm nepeaaeTbes TIroBe
3YCHILIS BiJI JpKepena pyxy 1o pobodoro oprany. [Ipu HaBaHTa)xeHHI, y 3’ € AHYBaJIbHIN JaHIIli, 32 PAXyHOK
KyTa o i mornepeunHn A, BUHHKAe cria po3Tsry Ni. Uepe3 3akIMHIOBaHHS MMOMEPEUNHNA A 3 TUIONIHHOO
OBaJIBHOI JaHKU b y TO3MOBXKHIM 4YacTuHI 3’€qHYBaJIbHOI JIAHKW Ji€ JUIIE cuiaa po3tary N, a y
BEpTUKaIbHIN YacThHi — cuia Ni.

MoientoBaHHsI KOHTAKTHOI B3a€MOJIIT IPH TEPTi CIIPSHKEHUX MTOBEPXOHB JIAHIIOTA OYII0 BUKOHAHO

3a MeTouKom0 [7 — 10], mpu NiHiHHOMY KOHTaKTYBaHHI 3pa3KiB 3 BUOpaHUX IS TOCTIIKECHHS MaTepiaiB.
uprna KoHTakTy craHoBWia 3 MM. Jlocmi[pkeHHS MPOBOJWIMCH NMPH KOHTAaKTHOMY HaBaHTa)XKEHHI
P=20 H. Yacrora oOepTraHHs KOHTp3pa3ka m, B YCiX BHUIajKax craHoBwia 185 00/xB. CymapHUil HIISIX
TepTs ctaHOoBHUB 4500 M.
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Puc. 3. Cxema gii cni1 y 3a4enuieHHi 10CTiAKYBaHOT0 JTAHIIOTA MikK 3’ €IHYBaJIbHUMH
JIAHKaMH

TepTs, y HocaimpKyBaHili CUCTEMI, BHHUKAE MK TTOBEPXHSIMH OBATBHHUX Ta TPOMIKHHUX JIAHOK «C»-
nonionoi QopMu naHmIOra, a TaKOX MiX TMOBEPXHSAMH JIAHOK JIAHIIOra Ta 3ipoukoio. BpaxoByroun
MaTepiany, 3 SKUX JAOLUIBHO BHTOTOBISTH JIAaHLIOTOBY Iepefady Takoro tumy [14, 15], mocmigumo
HacTynHi mapu tepts: ctanb 40X — crans 40X, crans 45 — crans 45, ctanb 35 — cranb 35, cranp 40X —
cranb 45. 3a KpUTepi 3HOCOCTIMKOCTI, OyJI0 BUOPAHO BEJIMUUHY JIHIHHOIO 3HOCY HEPYXOMOTO IIOCKOIO
3pas3Kka, BUMIpSIHOTO 3a gonoMoroio npodinorpada-npodinomerpa Kaniop M-201.

Pesynbratu mociipKeHHS HaBEACHO B Ta0umIli 1.

Taon. 1.
3aseskHOCTI BeJJMYUHN 3HOIIYBAHHS BUOPAHMX CIPSI’KeHb MaTepiasiB JOCTi/ZKyBaHOT O
JIAHIIOTA Bil BUOPaHUX YMOB TepTs

Marepiaj napu TepTs Beanuuna
CyMapHOro
Marepian 3pa3ka Marepian Ainiiiworo suocy I,
KOHTp3pa3Ka MM
Crans 40X Crans 40X 6,3
Crains 45 Crans 45 7,5
Craub 35 Craib 35 8,2
Cramp 40X Cranb 45 7

BucHoBku.

JocnimpkeHo KOHCTPYKTUBHI TapaMeTpH Ta eKCIUTyaTaliiiHi XapaKTepUCTHKU MIBUIAKOPO30ipHOTO
KOHBEEPHOTO JIAHLIOTA.

B xoni mocnimkeHs po3po0IeHO MOIETh TAKOTO JIAHITIOTa, PUBEICHO CXeMY il CHJT Y 3a4eIUICHHI
JIOCITIPKYBAHOTO JIAHITIOTA MiX 3’ €THYBaJTLHUMH JJAHKAMHU.

Pesynpratn TpuOONOTiYHMX JOCHIIKEHb CBiIYaTh, L0 JIi BUTOTOBIICHHS 3allpONOHOBaHOI
JIAHLIOTOBO] Mepeaadi, MOKHA BUKOPUCTOBYBATH YC1 PO3TIISIHYTI CIIPSDKEHHS MaTepiajiB, MpoTe HAWO1IbII
TIOITITFHO BUKOPHCTOBYBATH crIpspKeHHS cTanb 40X — ctanmb 40X Ta ctams 40X — crans4s.
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MOBYJOBA MATEMATHYHUAX MOJIEJIEW 1JIA MIATBEPIKEHHA
JOCTOBIPHOCTI PE3YJBTATIB EKCHEPUMEHTAJBHUX JOCJIIKEHb
3 ®PE3EPYBAHHJ JEPEBUHH

! Hayionanvnuii nicomexuiunuii ynisepcumem Ypainu
2 Jhobnincoxuti mexuiunuil ynieepcumem “Jliobnincoka nonimexuixa”

Ilpoananizoeano ennue 3amipie 6azamvox napamempis 8 npoueci 1a60pamopuux mecmy6ans Ha 00CMOoGipHicms
ompumanux excnepumenmanvhux oanux. Ilpueedeno cmpykmypy ma pizuko-mexaniuni enacmugocmi Oepeeunu AK
KOHCIPYKUIiHO20 Mamepiasy. 36epHeHo yeazy Ha Ni0GUWIEHHA pecypcy POsomu 0epesopizanbHoz0 iIHCmPYyMenmy npu pi3anni
oepesunu, 30Kpema, HAuOiNLUL NPOCMOI0 i eheKMUGHOI0 MEXHONOZIEI0 e1eKMPOICKP06020 Nezysanna. Onucano Qizuuny cymeo
maxoi mexnonozii. 3anpononosano memoo inmepnonayii i nodyooeano mamemamuuni mooeni (PyHKyioHanvHi 3anexHcHocmi)
3MIHU MOMeHmY Onopy pizanna npu gpezepysanni oepesunu ouckosumu gpezamu i3 cmani 9XC 3 nanecenumu na pooouy
yacmumny 3youie enekmpooamu i3 NOPOWKOGUX OpOmie eN1eKmpoiCKposUMU ROKpUmMmaAmMU pi3nozo (azoeo20 cKiaoy.
Iliomeeposiceno, w0 6ionoGiOHIicMb Midc eKCREPUMEHMANbHUMU 3HAYEHHAMU OAHUX MOMEHMY ONOpy Pi3aHHA NedCUums 6
medxncax 6io 1 0o 3 %.

Knwwuoei cnosa: oocmosipricme pesynomamis, O0epeduHA, O0epesopi3aIbHULL THCMPYMEHn, HOPOWKOosull Opim,
€NIeKMPOICKPO8e NOKPUMMA, MOMEHN ONOPY DI3AHHS, MEMOO IHMEPNONAYil, MaMeMAMUYHa MOOEb.

V. M. Holubets, M. S. Pashechko, Yu. S. Shpuliar

CONSTRUCTION OF MATHEMATICAL MODELS FOR CONFIRMING THE
RELIABILITY OF THE RESULTS OF EXPERIMENTAL RESEARCH FROM WOOD MILLING

When conducting experimental scientific research, there is always a need to determine the accuracy of the obtained
results to prove their reliability. Particular attention is paid to this in case of technical sciences, since the process of experiments
involves many factors, parameters and other characteristics of the products subject to research. So, for example, in the
specialties ""Materials Science", ""Industrial Mechanical Engineering", "'Friction and Wear in Machines', and ultimately in
many others, when conducting laboratory, bench or operational testing of certain characteristics of materials, modes of
technological processes and processing, or surface hardening, a great number of parameters belonging to the object of research
are covered. In addition to conducting a large number of experimental studies, numerical-tabular and numerical-graphical
values of the studied quantities are always obtained. In this regard, there is a need to build mathematical models of the
dependence of experimental studies, and sometimes even observations of the technological process, because it is not known in
advance whether each of them is absolutely reliable due to the influence of a number of side factors that are considered random.
Random factors include measurement errors, as well as factors resulting from the impossibility or expediency of perfectly
accurate observance of the experimental conditions of each of the experimental values.

It is relevant, for example, to consider the methodology for constructing mathematical models in relation to the
correspondence between the obtained experimental data [2] for the case of laboratory testing of the cutting resistance moment
(CRM) during milling of oak and pine along and across the grain, depending on the dry or moist state, using a disc-shaped
cutter made of 9XC steel with electrospark coatings applied to the teeth, where analyzed was the effect of ESC of different
structural-phase states, obtained by electrodes from both T15K6 hard alloy and flux-cored wires of the Fe-Mn-B-C and Fe-Cr-
B-C system, on the strength indicators of milling wood materials in comparison with 9XC steel, hardened and low-tempered,
(without strengthening of teeth).

The refore, there is a need to describe the studied process in some way, i.e. to present it in a certain mathematical
relationship (mathematical model).

Key words: reliability of results, wood, wood-cutting tool, flux-cored wire, electrospark coating, cutting resistance moment,
interpolation method, mathematical model.

Beryn. [Ipu npoBeseHHI eKcliepUMEHTAIBHUX HAYKOBHUX JOCITIDKEHB 3aBKIM BUHHKAe MOTpeda
BU3HAYEHHS TOYHOCTI OTPHMaHHX pe3yibTaTiB A MiATBEpUKEHHS ix moctoBipHOCTI. Oco0mmBO
3BEPTAETHCS Ha II¢ yBara s TEXHIYHMX HAyK, OCKUIBKH y MPOIIECi EKCIIEPUMEHTIB MPUHMAIOTh Y9acTh
0e31i4 YNHHUKIB, TApaMeTpPiB Ta iHIIUX XapaKTEePUCTUK BUPOOIB, IO HiAJSATarOTh JOCTIKEHHSIM. Tak,
HamnpHUKIad, y cHeuianbHOCTAX «Martepiano3HaBcTBo», «['amyzeBe MmammHOOyamyBaHHs», «Teprs Ta
3HOIIYBaHHS B MaIlIMHAX), 3PEILITO0 1 Y 0araThoX 1HIIKX, IPH MPOBEACHHI J1a00paTOPHHUX, CTCHIOBHX YU
EKCIUTyaTallifHUX TECTYyBaHb TIEBHUX XapPaKTEPUCTUK MaTepialiB, PEKUMIB TEXHOJOTTYHUX MPOIIECIB i
00poOKkH, a00 MOBEPXHEBOrO 3MILHEHHSI OXOIUIIOETHCS BEJIMUYE3Ha KUIBbKICTh MapaMeTpiB, IO HaJeKaTb
00’exTy nociimkenb. KpiM npoBeaeHHs 6araTb0X KiJIbKOCTEH €KCIIEPUMEHTANBHUX JOCHTIHKEHB, 3aBXK I
OTPHUMYIOTHCSl YHCENBHO-TA0NYHI Ta YHCENbHO-TpadiuHi 3HAUECHHSI JIOCIIKYBAHUX BEIWYHH. Y 3B’SI3KYy
3 UM BHHHKAa€ HEOOXiAHICTh MOOYJOBM MAaTEeMAaTHUYHUX MOJEIEH 3aleKHOCTI EKCIECPUMEHTAIBHUX
JOCIHIKEHbB, a 1HOZ1 HaBITh CIIOCTEPEKEHb TEXHOJIOTIYHOT0 Mpoliecy, 00 Harmepe HeBiAOMO, Y KOXKHE 13
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HUX € a0COJIOTHO IOCTOBIPHMM BHACTIIOK BIUIMBY psiAy MOOIYHMX (DaKkTOpIB, SIKi MPUHHATO BBaXKaTH
BUINAJAKOBUMHM. J[0 BHIMAaIKOBUX (haKTOPIB BITHOCATHCS MOXMOKH BHMIPIOBAHHS, a TaKOXK (haKTOpH, IO
BHIUTMBAIOTh 3 HEMOXJIMBOCTI YW JOIUIBHOCTI iZIcaTbHO TOYHOTO IOTPUMAHHS YMOB EKCIIEPUMEHTY
KOXKHOTO 3 eKCTIEPUMEHTAJILHUX 3HAYCHb.

AKTyaJbHUM, HAlPUKIAA, € PO3IIIA] METOIMKM MOOYAOBH MaTeMAaTHYHUX MOJENEH CTOCOBHO
BIMOBIZHOCTI MK OTPHUMAaHUMHU EKCIIEPUMEHTATBHUMH JaHUMHU [2] 1uisi BUDagky j1abopaTopHHX
TECTyBaHb MOMEHTY OMOpY pi3aHHs Mp mix yac gpesepyBaHHs Ay0a i COCHM B3JIOBXK 1 MOMEPEK BOJIOKOH
3aJIeKHO BiJl cyXoro abo BOJIOTOro CTaHy AMCKOBOIO (hacoHHOIO dpe3oro 3i ctam 9XC 3 HaHECeHHMMHU Ha
3yOlli eNIEKTPOICKPOBHX IMOKPUTTIB, Jie poanaiizoBaHo BIUMB EII pisHOro cTpyKTYpHO-(ha30BOTO CTaHy,
OTPHMaHHX EJIEKTPOJAMH sIK 3 TBeporo ciuiaBy T15K6, Tak i mopomkoBux apoTiB cuctemu Fe-Mn-B-C i
Fe-Cr-B-C na cunoBi noka3Huku (pe3epyBaHHs ICpPEBUHHUX MaTepiasliB B MOPIBHAHHI 31 cTammo 9XC
3arapTOBAHOIO 1 HU3BKOBIAMYyIIEHOO (0e3 3MinHeHHs 3y0iB). Bin3Haunmo, mo BIpogoBx 1a00paTOpHUX
TECTYBaHb OJJHOYACHO (IKCYBAIMCS 3MiHH MOMEHTY ONOPY 1HIYKTUBHHUM 37aBadeM. TaKoK 3amuCyBajics
BUMIpIOBaJIbHI IIapaMeTpH, 30KpeMa, yac, MOKa3u JlaBaya, Ta MOCTiiHI ¢pe3n, a came pajiyc, IUTOME
HaBaHTAXXEHHSI, IJIOIIA KOHTAKTY 31 3pa3koM. [lamni OymyBanucs 3aeXHOCTI MOMEHTY OIoOpy pizaHHSI Mp
BiJl Yacy JOCHIDKeHb. Ha HMX BH3HAuYalMCs €Taly TEXHOJIOIIYHOrO MPOIECY: XOJOCTUH Xia ¢pe3u a0
MOYaTKy KOHTAKTYy 3 JIEPEBUHOIO, TOYATOK KOHTAKTY, OOJIACTI pi3aHHs, PO3BAHTAXKEHHS Ta XOJOCTUH XiJ|
micisg KOHTakTy. Mp o04HCIIOBany 3a MEeBHOIO (OPMYJIO0 Ta OymyBajcs TiCTOrpamMu 3ajiexkHocTeil Mp
JUIET KOXXHOTO BUJIY TOKPUTH. TakuM YWHOM OyJO BCTAHOBJIECHO, IO HAWOIMBIIOrO0 3HWKEHHS Mp
JOCSATHYTO Tija 4yac (pe3epyBaHHS IHCTPYMEHTOM, 3MIIIHEHUM ejekTpojaoMm kombOinoBanum [T (T[]
80X20P3T cucremn Fe-Cr-B-C 3 momatkom rpadity MIII-7). BusiBieHo, mo B ycix BUNaaKax pi3aHHA
JIEPEBHHHU B3I0BK BOJIOKOH IMMOKa3HUK Mp € OLIBIINM HiX PH pi3aHHI Monepek BOIOKOH. 30inbmeHHst Mp
3a(hikCOBaHO TAKOX JJIsI [yOa i COCHH y BOJIOTOMY CTaHi TIOPIBHSHO i3 CYXHM CTaHOM.

Tomy nocrae moTpeda SKUMOCh YMHOM OIHMCATH JOCTIUKYBaHUN MIPOIIEC, TOOTO NPEACTABUTH HOTO
y TIEBHIH MaTeMaTH4HIl 3aIeKHOCTI (MaTeMaTHYHIH Mozeli). B oqHAX BUNaaKax Taka 3aJie)kKHICTh MOXeE
OyTH CTPOro BHU3HAYEHO, TOOTO ()YHKI[IOHAJBHOIO, @ B IHIIUX - BOHA HE € TaKOH TICHOI 1 HOCHUTh
croxacTHuHUil xapakrep. OTke 3a7aya BCTAHOBJICHHS THUITY 3aJICKHOCTI OJ(HIE] BETMYMHU BiJ 1HIIOI €
Ba)KJIMBOIO, SIK B HAYKOBOMY, TaK 1 B TPaKTHYHOMY IUIaHi, IIPH IIbOMY HE 3aJIe)KHO BiJ TOTO YH € MaTepial
METaJIIYHOr0 CTaHy, YA HEMETAIIUYHOTO.

Meta poboTn. BcTaHOBICHHS BIAMOBITHOCTI M OTPUMAHMMHU €KCIICPUMCHTAIbHUMU JTAHUMH
CHJIOBUX TIOKAa3HHKIB y TIpOIleci pi3aHHA NEPEBHHH Ta MOOYTOBAaHUMH MOJEIIMHU ((yHKI[IOHATPHIMU
3aJIeKHOCTSIMH) JJIS TTiATBEPIKEHHS TOCTOBIPHOCTI PE3yIbTATIB TOCIIKEHb.

XapakTepucTuKa AepeBuHH. /[epeBuHa J0BOJI BijoMa K HeMeTanesuid matepian [1]. Yactka ii
y Cy4aCHHX KOHCTPYKIIAX 3pOCTa€E 3a paxXyHOK 3MEHIICHHS Y HUX YaCcTKU MeTaliB. JlepeBUHHI MaTepiann
MOBHICTIO a00 YaCTKOBO BUTOTOBISIOTH i3 JEPEBMHH. IX 3aCTOCOBYIOTh y OymiBHMITBI, MeOnesiit
MPOMHCIIOBOCTI, piAlie B MalIMHOOYAyBaHHI, CyAHOOYIyBaHHI Ta 0araTboX iHIIUX Tany3sx. JlepeBuHHI
MaTepiai MalOTh HEBEIHUKY T'yCTHHY, MOPIBHSIHO BHCOKY MEXaHi4Hy MIIHICTh, HAIIHHO 3’ €IHYIOTHCS
KIIeEM, IIypymaMu, [BAXamu, nobpe ¢apOyroThCs, MarOTh TapHHWA TEKCTypHHUH PHCYHOK #H m00pi
TEIUIOI30JSIiiHI  BIacTHBOCTI. Jl0o HEraTMBHUX BIJIACTUBOCTEH JCPEBHMHHHX MaTepialliB HaJlekKaTh
TIrPOCKOIIYHICTb, 1[0 CIPUYUHSE 3MiHY PO3MipiB, CXUIIBHICTD 10 THUTTS, TOPIHHSA 1 po3TpicKyBaHHSs. [1[006
3aXUCTUTH [EPEBHHY BiJ THHUTTS, 11 mpocodyioTh posunHamu coseir (NaF, ZnCl,, CuSOs Ta iH.),
MOKPUBAIOTh JIakopapOHUMH MaTepiajaMH, a €JIEMEHTH KOHCTPYKLIH, IO KOHTAKTYIOTh 3 BOJIOTOIO,
3aXHIIAIOTh TiApoizossmiero. 11100 3HM3NTH pU3UK 3aiiMaHHsI Ha ICPEBUHY HAHOCATH BOTHE3axHCHI (Gapowu,
a00 TIpocoUyIOThH i1 aHTHITipeHaMu (coJii hochopHOi Yi OOPHOT KUCTIOT).

HepeBuna sik MaTepiall pOCIMHHOTO MOXOMKEHHS 1 K KOHCTPYKIIHHUI Matepiai CKIagaeThCsl y
cyxomy ctani 3 ~ 50 % muemronosu (CeH100s)n mpupomnoro monimepy niHiiHOi OymoBu, ~ 25 %
TeNinenono3n i ~ 25 % BUCOKOB’SA3KOi pimWHU TycTociTdacToi OynoBu — mirHiHy. KpiM mepemiueHmx
PEUOBHH Yy CBiXKO3pi3aHOMY AepeBi € mie Oarato Boau. [lepeBuHa Mae BOJOKHHUCTY OyZOBY CTOBOYDa,
XapaKTepPU3YEThCsl aHI30TPOIIEI0, TOMY MAKpPOCTPYKTYpY IOLIJIBHO PO3INISJATH Y TPhOX INEPETHUHAX:
MONEepeyHOMY NEPIEeHANKYIISIPHO 0 Oci cTOBOYpa i 10 BOJIOKOH, pajiaIbkHOMY B3J0OBX CTOBOYypa uepe3
HOro BiCh 1 TAHT€HTAJILHOMY HapalieIbHO 70 oci CTOBOypa Ha Aeskiil Bin Hei Biactani. [lo MexaHiuHUX
BJIACTUBOCTEH, KPIM MILIHOCTI, CIiJ BiIHECTH BUCOKHH OMip yAapHUM i1 BiOpaLiiHUM HaBaHTAKCHHSM, a
TAKOX OMIp 3TUHY TBEPAMX MOPIiJI, HANPHUKIAMI, TyOa (JUCTSHOI MOPOIH) MPH YAAPHUX HABAHTKEHHSIX B
1,5...3 pa3u BUIIMH, HIX JUI1 M’SIKUX (XBOMHHX MOpix) — cocHU. HeBenuka muToma Maca JEpEeBHHH, SK
(¢isnuna Bractusicts ¥ = 0,34 — 0,98 r/cm® Ta 3aMeKUTH Bix BOJIOroCTi (Cyxa JepeBHHA IIPUHMAEThCS 3
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BostoricTio 10 10 %, Bomora — 110 40 %). OTxe nepeBrHa XapaKTepPU3y€eThCS BUCOKOIO MMTOMOIO MIITHICTIO,
a TaKOX MaJIOK TEIUIONMPOBITHICTIO 1 B 20 pa3iB Mae MEHINHIA, HIK y CTall TeMIepaTypHUuil koedimieHT
JHIHHOTO pO3MHUpeHHs. /[0 hi3MYHUX BIACTUBOCTEH NEPEBUHH HAJICKHUTH TAKOXK 3MATHICTH 1O YCUXaHHS
1 IO BOJIOTIOTIIMHAHHS, TETIJIO- M eJIEKTPOTIPOBITHICTE. J[epeBrHa Mae BUCOKY XiMIUHY CTIMKICTB IO TECSIKUX
KHCJIOT, COJIeH, MAaCTHJI, Ta3iB.

i mopiBHAHHS HAaBEIEMO OCHOBHI (hi3MKO-MEXaHIuHI BIaCTHUBOCTI TBEPIOi MMOPOIH, HAIPUKIIA
ny0a, B TOPIBHAHHI 3 M’SIKOK COCHOMN: Oiiblia ryctuHa y = 723 xr/m® mpotu 534 y cocHHM, IpaHMIs
MILIHOCTI Ha pO3TAr B310BXk BoJIoKoH GM = 145 MITa nportu 103; Topiiea Teepaicts HB = 67,5 MIla npotu
28,5.

[IpoTe oOmanb ganuX npo HpPUKLIKHY MOBENIHKY AEPEBUHH B yMOBaX 11 KOHTAKTHOI B3a€MOJI1 mpu
TEpTi KOB3aHHS, PO a0CONIIOTHI 3HAYCHHS BEIWYMH 3HOCY 1 KoedillieHTa TEepTs Ta MEXaHi3M 3HOIIYBaHHS
[3, 4].

Jlo mo3UTHBHMX mepeBar JEpeBUHM CIiJ BiHECTH (akT Jerkoro oopobnenns ii pizanusam. [Ipu
LOMY BUKOPHCTOBYIOTHCS IHCTPYMEHTH Pi3HHUX IPYII cTasieH (BYTJIELEBHX, JIETOBAHUX, IIBUAKOPI3AIbHUX
BHUCOKONeroBanux) Tta TBepaux cmiaBiB rpyn BK i1 TK. ami mpo ix xapakTepucTuku (Mapkw,
MPOTapTOBYBaHICTh, TEIUIOCTIMKICTD, JiaMeTp 1HCTPYMEHTY, TepMidHy 00pOOKY, TBEpPAiCTh, CTPYKTYPY,
JOITyCTUMY IIBUIKICTh pi3aHHs, BUJ 1HCTpyMEHTY a0o oOpobnenHs) momano y [5, 6]. IleBuuii inTepec
MPOSIBISETHCS IO MPOBEACHHS JOCIHIIHKeHbh KOHTAKTHOI B3a€MOJii Pi3ajbHOI0 IHCTPYMEHTY Ha CHIIOBI
MOKa3HUKH NIPU pi3aHHI EpPEeBUHH.

AKTyalbpHOIO MIPH LBOMY IIOCTa€ HEOOXiAHICTH MIABHIIEHHS PEeCypcy poOOTH JIepeBOpi3anbHOTO
IHCTPYMEHTY, OCKIJbKM BHUTpPAaTH Ha HOro mnpuaOaHHA Ta 3aroCTPIOBAHHS € JIOCUTh 3HAYHUMH.
Inrencudikamis pexumiB 0OpoOJICHHS JEPEBHHN MOXKITUBA TP 3aCTOCYBaHHI TBEPAUX CIUIaBiB. Ale iX
BUKOPHUCTAHHS 3HAYHO MiJIBUIIYE BAPTICTh 1 YCKIIQJTHIOE TEXHOJIOTII0 BUTOTOBJICHHS. TOMY BHUTIIHIIIAM €
3aCTOCYBaHHS METO[[IB TOBEPXHEBOTO 3MII[HEHHA IS TABHINEHHS 3HOCOCTIHKOCTI pi3albHUX Jie3
1HCTPYMEHTIB, BUTOTOBJICHUX 3 OJIHOPIIHOTO MaTepiary. MaTepian iHCTpyMEHTY MOBUHEH MaTh HEOoOXi THi
TEXHOJIOTIYHI BJIACTHBOCTI, 30KpeMa XOpolly oOpoOIIOBaHICTH Pi3aHHSAM 1 THCKOM, TEPMOCTIHKICTb,
MPOTapTOBYBaHICTh, CTIMKICTh 10 aAedopmamiidi Ta YTBOPEHHS TPIIIMH 1 TEBHI BIACTHBOCTI MIOAO
nutipyBaHHS.

3MIIHCHHS JIe3 IHCTPYMEHTIB Ta BiAHOBJICHHS BUXIJIHUX PO3MIpIB JeTalIel BiIOYBAETHCS IUIIXOM
HaHECEHHsI Ha 1X MOBEPXHIO IIAPy HOKPHUTTS, IO BiAPI3HAETHCS BiJ OCHOBHU MiABUILIEHUMH MEXaHIYHUMHU
xapaktepucTukamy. OZHUM 13 HUIAXiB 3MEHLICHHS BUTPAT Ha BUPIMIEHHS IUX IpoOiIeM € 00IpyHTYBaHHS
BUOOPY HEJIOPOTHUX MaTepialliB Ta COco0iB, SIKi BHKOPUCTOBYIOTh Y TEXHOJIOTIYHOMY HPOIIECi 3MiITHEHHS
YUY BIJHOBJIEHHS.

Haii6inpm npoctuM i eheKTHBHUM METOJOM HAHECeHHS Ha po0OdYi MOBEpXHi Jie3 MeTajo- Ta
JIEPEBOPI3ANIBHAX IHCTPYMEHTIB MOKPUTTIB IMEBHOTO XIMIYHOTO CKJIay, SKHH Ja€ MOXJIHMBICTh 3HAYHO
MiIBUIIATH X 3HOCOCTIHMKICTh, € CIEKTPOICKPOBE JICTYBaHHSI.

CyTHicTh TexHoJIOTii ejieKTpoickpoBoro JieryBaHHA. OCHOBHI TIepeBard TEXHOJOTil
enektpoickpoBoro neryBanas (ELJ]) momararoTs y MOXKIHBOCTI TIEpeHOCY Ha TOBEPXHIO METAIB 1 CIITaBiB
Oyab-SIKUX CTPYMOIPOBIIHUX MaTepialliB, Y BHCOKiHd MILIHOCTI airesii mapy 3 OCHOBOIO, JOKaJTbHOMY
HAHECEeHHI eNEKTPOICKPOBOTO MOKPHUTTS 0e3 MmoMiTHOI Aedopmarii aerami, YHUKHEHHI HEOOXiTHOCTI
HarpiBy BCbOTO 00’ €My BHPOOY.

[IpuHOUIIOBO METOA TIPYHTYEThCSI Ha BUKOPUCTAHHI EJEKTPHUYHOI €Heprii, IO BHUILIAETHCA
MHTTEBO 1 XapaKTEpHU3Ye€ThCs BHCOKOK TeMieparyporo Kanamy ickpu (mo 1000°C) ta iomizamiecro
MDXKEJIEKTPOJHOTO MPOMIKKY. OCKUIBKH M 4ac OJUHUYHOTO PO3Psly MPOTIKaIOTh KOPOTKI 3a 4acoM
iMoynscu  enektpuunoro crpymy Bim 102 gmo 10° cex., To BimBim Temma He 3abesnedyeThes
TETUIOTIPOBITHICTIO METATy 1 TOMY HOT0 Maii 00’ €MH 3a3HAIOTh KOJMBAHb TEMITEpaTypH Bill TEMITEpaTypH
kumiaast MeTamis 1o 20...30° C.

Cxema npouecy ELUI npeacraBnena Ha puc. 1.

CyTHiCTh HoOro mossirae y HactymHomy. Ilpu 30mkeHHi enexkTpomiB 1 1 2 30uIblIyeThCs
HaIPY>KCHICTh CEJIEKTPUIHOTO ToyiA. Bimcrane Mik enekTpomamu 5...20 MM Oyme JOCTaTHA IS
BUHHUKHEHHS €JICKTPUYHOTO po3psiay (30Ha 3), i yac sIKOTO YTBOPIOETHCS KaHaJI HACKPI3HO1 MPOBiJHOCTI.

CdokycoBaHul IOTIK €ISKTPOHIB 4 3 KaroAa 2 MOTpaIUisie Ha TOBEPXHIO aHonxa 1 1 32 paxyHOK
BUJIUJIEHHS TETUIOBOI eHeprii (TOOTO cHcTeMa MHTTEBO 3BIJIbHIOE HAKONMWYEHY EHEPrii0) MPOXOIUTh
BUINIAPOBYBAaHHS S HAMOULIBLI PO3IrpiTOi YaCTMHM aHOMA, a BiJl aHOJA BiAPUBAIOTHCA YaCTHHU / (KpaIuli)
PO3IIJIaBICHOTO METaly, SIKi PyXaroThCs 0 KaToAy 2 31 MIBHUIKICTIO, IO € OIBIIOI0 32 MIBUAKICTE PyXY
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anoza. Lli mpoayKTH BUKMAAIOTECS Y MiXKeNIeKTpo I poctip 3. binbm Binganena yactTuHa enekTpoa 6
1, BITIOBITHO, MEHIII PO3ITpPiTa, OTUIABITIOETHCS.

Puc. 1. Cxema niporuiecy eJ1eKTpoicKpoBOro JeryBannsi: 1 — anoa (komoiHoBanuii esexrpon IIII [2])
2 — kaTof (1eTaib), 3 — 30Ha po3psiay, 4 — MOTIK €JIEKTPOHIB 3 KaToa 10 MOBEPXHi aHoAa, 5 —
NOTiK BUIIAPOBYBAHHS HAWOUIbILE PO3IrpiTol YaCTUHM €NEKTPOIi B 30H1 po3psaAy, 6 — oriaBieHa OiIbII
BiJ/IaJieHa 1 MEHIIl po3irpiTa YaCTHHU €JEKTPoAa, 7 — NPOLYKT OIJIABICHOT YACTHHH B MIKEIEKTPOAHOMY
POCTOPI, 8 — eJEKTPOICKPOBE MOKPHUTTS; N1 — 06€M BUTpaueHOro aHOIY B IPOILIECi JieryBanus, hy — 06eM
BiJIKJIaJICHOT0 LIapy Ha KaTOl 3a Yac JIEryBaHHS B MOBITPSHOMY CepeIOBHILI Ha 9-My pexkumi poOoTH

[Ipu MexaHIYHOMY KOHTaKTi €JIeKTpoAiB 1 i 2 yacTUHKHM 7 3BapIOIOTHCS MiX COOOIO, YaCTHHKU
aHoAa TUQYHIYIOTh B METall KaToJa, BifOyBaeThCs B3aEMOis M o0oMa yacthuHamu. [licis poro aHox
BIZIBOAUTHCS, a HAa KaToOMl 3aJIMIIAETBCS IAp 8 MIIMHO 3YEIUICHHX 3 KAaTOAOM YacTHHOK AaHOIY
(eIeKTPOICKPOBE TIOKPHUTTS).

HaBenene Buile CBiTYUTH MPO 3MiHHM y CTPYKTYpi MOBEPXHEBOTO APy METay: MOAPIOHIOETHCS
CTPYKTypa, MiABUIINYETbCS TBEPAICTh METaly. 3aBAsSKH BHUCOKIH 10HI3aLii MIKEICKTPOAHOIO MPOMIKKY
CTBOPIOIOTHCST YMOBH JIJISl XIMIYHOT B3a€MOIIT, IO Bejie /10 3MiHM (Pa30BOTO CKIIaly MOBEPXHEBOTO IIapy.
ITpu EIJI Ha moBiTpi YyTBOPIOIOTHCS OKCHOM 1 B MEHIIIM Mipi HITpUAM METajiB, sKi OepyTh y4acTb y
TEXHOJIOTIYHOMY NpOLEC] JIeryBaHHsA. B XimMiuHy B3a€MOJil0 3 MaTepialioM KaToay BCTYNAIOTh TaKOXK i
KOMITOHCHTH MaTepiainy aHo/ia, Ha MOBEPXHi MeTaly YTBOPIOETHCS HOBUH Iap 31 3MIHEHOIO CTPYKTYPOIO,
sKa HEe BU3HAYAETHCS MIPH Jii Ha HEl CTAHAaPTHUMH TPaBHUKAMHU - TAaK 3BaHUH «Oinuii mapy. [Ipu neryBanni
YUCTUX METAJiB MiA IIapoM 3HAXOAMTHCS OOJIACTh TEPMIYHOTO BIUIMBY TOOTO 00JacTh BiIIIyILEHOTO
MeTany 1 Oinuid map (Bl obnacti), MpH JIeTyBaHHI CTalieBUX BUPOOiB - 3 obnacti: Oinuii map, odiacth
30aradeHa ByTJeneM i 0071aCTh TEPMIYHOTO BIUTHBY.

Metoauka mo0yaoBH MaTeMATHYHHMX MoJeseil MOCTiAKYyBaHUX INpoueciB. 3ymMHUMOCS Ha
noOya0Bi 1X (yHKUIOHAJIBHUX 3aJIEKHOCTEH (aHATIITHYHUX (HOPMYI), SIKUM Ha JaHUH 4Yac, MPHCBAYCHO
BEJIMKHI 00CST HayKOBUX Ta HAaBYAIBHUX PO3p0OOK. MaTeMaTHYHHUM arapaToM X METOJUK € METOIU
IHTEPIIOJIALIT Ta alpOKCUMAIIii, SKi IIUPOKO OMKCaHI Y BCIiX MiJPYYHUKAX , [0 CTOCYKOTHCS BUCBITICHHS
YHCEeNFHUX METO/iB. 30KpeMa, METOJI IHTEPIIOJNAIii MOisIrae B TOMY, IO Yy OUTBIIOCTI BUMAIKIB IS
BioOpakeHHs! (DYHKIIOHATIBHOT 3aJIEKHOCTI JIOCIIPKYBAaHOTO TEXHOIOTIYHOTO MPOIIeCy BUKOPUCTOBYIOTh
MHorouieHu Jlarpanxa abo Hetorona. IIpote i popmyiiu maroTh nieBHi Henosiku. @opmyiia Jlarpanxa €
JIOCUTB TPOMI3JIKOTO 1 He HACTIIBKH 3araIbHO0, OCKIIBKH, SIKIIIO BHHUKAE MOTpeda Y MOKpaIieHHI TOYHOCTI
IHTEpNOJNALIl, TO MPH 30UTBIICHHI EKCIEePUMEHTAJbHUX 3HAu€Hb, IMOTPIOHO HAHOBO MPOBOAUTH BCi
oOuncieHHs, 60 Ha ofgHy i3 3MiHHUX (Qopmynu Jlarpanxka BoHH He 30epiratoThcs. CTocOBHO (popmymu
HproToHa - TO TyT HE MaeMO THX MpoOIeM, BOHA € TOCUTh 3PYYHOI0, IPOTE Y BUMAIKY, SKIIO 3HAYCHHS
EKCIIEPUMEHTAIEHAX JaHuX, SKi € apryMeHTaMd 3MiHHUX (GOpPMYJIH 1 YTBOPIOKTH apu(pMeTHdHy
MPOTPECito, TO HE 3aBXKIM MOYKEMO MPO HUX TaK CTBEPIKYBATH.

BBaxkaemo, 110 y AESKUX BUMAIKaX, Ie HE BUMAraeThCsl BACOKA TOYHICTH 301KHOCTI TOOYJOBaHUX
(DYHKITIOHATBHUX 3alIe)KHOCTEW 3 eKCHepUMEHTAFHUMH, MOXXEMO IHTEpPIOJIIOBATH IIi 3aJIEKHOCTI Y
BUTJIS/I1 3BUYAITHOTO MHOTOUWIEHA TIEBHOTO MOPSKY, IPOTE HE BUILE IT°SITOT0, OCKUTBKH 3 POCTOM KiJIbKOCTI
BY3JIiB IHTEPHOJISALII POCTe 1 CTEMiHhP MHOTOWICHA. AJie BiJl I[bOTO, B3araji KaXkydu, iHTECPIOJSIIIHHUN
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MHOTOYJICH HE CTA€ OLIBII TOYHUM HAOJMKEHHIM TaOau4HOT QYHKIIi1. Bijblie TOoro, 3 TakMM MHOTOWICHOM
Ba)kue MpamioBaTH Yyepe3 Horo rpoOMi3AKiCTh.

Hexait BenmnunHa Y QyHKIIOHATBHO 3aJICKHUTh Bl 1€AKOI BeIHUUHH X. Lle 03Hauae, 1110 KOKHOMY
3HAYCHHIO X 3 MEBHOI MHOKMHHM X BIJIIOBiTa€ OJHE 3HA4YCHHS Y 13 MHOXHWHHU Y. Ha mpakTumi gacto €
HEBIJIOMOIO 3aJICKHICTh MIXK X 1y, TOOTO HEMOKJIMBO 3alIMCATH IO 3aJICKHICTh Yy BUIIiAi y = f(X). ko
K TaKy 3aJISKHICTh 1 MOYKHa BCTAHOBUTH, TO B 0araTbox BUmajkax (yHKIis f(X) € HaCTiIbKK CKIIaJHOIO,
o i BUKOPHCTAaHHS B MOJANBIINX NMPAKTUYHUX OOYHCIEHHSIX € HEeIOHUIbHUM. Jly)Ke MOIIMpeHuM i
MPAaKTUYHO BAXKIMBUM BHUIIAJKOM, KOJHM BHJ 3B’SI3Ky MK BEJIMYMHAMH X 1 Y € HEBIJOMHI, € 3aaHHS
BIJIMOBITHOCTI JISSKUX 3HAYCHb BEJIMYHH Xj BEIMYMHAM Vi Y BUTJISI1 TaOIHUII.

Sk mpaBwio, TaONMMYHO 3amaHi  (QYHKII BHHUKAIOTh B Pe3yJbTaTi OOYMCICHb IPH
eKCTIEPUMEHTAIBHUX AOCIUKeHHIX. YacTo moTpiOHO 3HAiTH YoMy piBHA BEJIMYMHA y TPH 3HAYECHHIX
BEJIMYMHU X, BIAMIHHHMX BiA 3HaueHb x; OTpUMaTH Taki 3HAYCHHS MOKHA JIMIIE NUISXOM CKIIaIHUX
obuncneHs abo TPOBEOCHHSAM IOPOTHX EKCIIEPHMEHTIB. ToMy MOTpiOHO BMiTH Xo4ya © mpHOIH3HO
3HAaXO/AUTH 3HAUCHHS Y IIpU Oyb-sIKOMY 3HAUCHHI X 13 I€IKOI MHOXKUHH X, MatOUH B HasIBHOCTI JIUILIE AEAKY
KUIBKICTh 3HAYCHD BEITUYMHU X.

Le moxemo 3miHCHUTH 3riHO METOAIB iHTEpHoOJsLii abo ampokcuMmalii, MPUIOMYy METO.
arpoKCUMaIlii JOIUIEHO 3aCTOCOBYBATH Y BHITAJIKYy BEJIMKOi KiJBKOCTI €KCIIEPUMEHTAIHHUX 3HAYCHD
JOCTIIIDKYBaHOT'O TIPOLIECY.

PosrnsnemMo cyth Mmeronmy iHTepmossuii, TOOTO NMOOYyAOBHM MareMaTH4yHOI Mojeini (dhopmynn
(YHKIIOHATBHOT 3aJIeKHOCTI) Uil TAOJUYHO 3a/IaHMX EKCIEPUMEHTAILHUX 3HA4YEeHb JIOCIIJHKYBAHOTO
nporiecy.

[ToOynyemo MaTeMaTHUHy MOZEIH 32 JTOMOMOIOI0 3BHYAHHOTO0 MHOTOWIEHA, CTEMiHb SKOTo Ha 1
MEHIIIa BiJi KUTBKOCTI BYy3JiB, TOOTO SKIIO BY3TiB Maemo N, To 1ie Oyae mHOorowieH N-1 mopsnky. B
MPAKTUYHUX 33Jla4ax TaKMi BUIMAJA0K IHTEPIIOJIALIT 3yCTpIiYaeThCs AyKE 4acTo.

Hexaii 3aganuii TaOMMYHO ASSIKHUI JOCIIKYBaHUIA mpoiiec, To0To GyHKis Y(X):

Tabn. 1

Xi X1 X2 Xn
Yi Vi V2 Vn

[MoOymyemMo MaTeMaTH4Hy MOJEINB IIOTO TPOIECy, SIKMI BiINOBiaTHMe HaOIkeHHIO §(X):
g(x)=a, +a,-Xx+a,x*+...+a, X" 1)

npuyoMy OyJeMo BUMaraTv, IoOu B TOUKax (X;, yi) (1HaKIIe BOHY 1€ HA3UBAIOTHCA BY3J1aMHU 1IHTEPIIOJISILIIT)
3Ha4YeHHS MHOrowieHa ((X) cmiBmaganM i3 3HAYEHHAMHM TaONIMYHO 3afaHol (YyHKI, TO6TO 100
BHUKOHYBAJIUCh YMOBHU:

g(xi):yi’i:ﬁ _ )

Ipu 11bOMY BBaXKA€THCS, 110 BCI TOUKH X; € Pi3Hi: X; #xj NpH [ # ). ['padiuHo e 03HAYAE, 10
rpadik MHOTOUICHA g(X) MPOXOIUTh Yepe3 TOUKHU 3 KoopAuHaTaMmu (x;, yi) (puc. 2).

YA
ys
BRI 7%
yl’l 4 \/o—
yo !
yi
o x1 x xs Xn X

Puc. 2.
TakuM 4YMHOM, MpH IHTEPHOMALii 3a CTYmiHb OJMM3BKOCTI TaOMMYHO 3amaHoi (QYHKOIl Ta
IHTEPITOJIAHTH g(X) OepeThecsl YMOBa CITIBIIaJaHHs iX 3HAUEHb Y By3JIaX IHTEPIOJIALIT X;. 3aluIIeMO YMOBH
(2) B pO3ropHyTOMY BHUTJISAI:
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i

ay+ax, +ax;, F A a X, =V

. 2 i S
. ay TaxX, TaX5 T d X T =V

a4 +ax, +ax. +. 4a, X =y, 3)

1 M

Cucrema (3) € cuctemoro N piBHSAHB BiJHOCHO HEBIOMUX KOE(DIIi€HTIB dg, d1, ...,dn-1 MHOTOWICHA
g(x) 1 3aBxaM Ma€ €IMHUN PO3B’A30K. 3HANIIOBIIY 3 cHCTeMH (3) KOe(DIIIEHTH o, a1, ..., Gn-1 1 ICTABUBIIN
ix B g(X), OTpUMa€EMO KOHKPETHUH BUIJISA iHTEPHONISHTH. TakuM YHHOM, OCHOBHA TEXHIYHA MPOoOIIeMa, ska
BUHHMKA€ Ha NUIIXY iHTepHoisuii TabiauyHo 3amaHoi (yHKUii, € pO3B’A3yBaHHA CHUCTEM JiHIHHHX
anreOpaiYHuX PiBHSHB.

IToGynoBa mMaTeMaTHYHHX Mojesieil ((PyHKUIOHAJBLHUX 3aJ1€KHOCTEll) MpH BCTAHOBJIEHHI
3MiHH MOMEHTY omopy pizaHnss Mp. 3rigHO 3ampONOHOBAHOTO METOAY IMOOYyMOBaHI Trpadiku Ta
MaTeMaTH4YHI MOJIeJi HA OCHOBI OOpOOKM €KCIEPUMEHTAILHUX JIOCIIHPKEHb YCEePEeTHCHUX 3HAYCHb 3MiHU
momenty (Mp) omopy pi3zanus 3y6OiiB pesu crami 9XC B mporeci ¢pe3epyBaHHs Ayda y CyXOMy 4
Bosioromy craHax, nomnepek (I1B) i B3goBx (BB) Bonokon, nmpusenenux B [2].

IIputimemo, o x1 — 9XC 6e3 EII, x2 — 3 HarnecennM EIIT enextpomom i3 T15K6, x3— [1/]1 (cuctema
Fe-Mn-B-C), x4 — IIJ (cucrema Fe-Cr-B-C),xs — ITII' cucrema (Fe-Cr-B-C + rpadit MIIT-7).
HaBanTaxxenns P Bin 0 no 3 Mlla, mBuakicts pizanus V=0,67 m/c.

OCKUTbKH, MAaEMO 5 BYy3JiB (EKCICPUMEHTAILHUX 3HAYCHBL 3aJICXKHO BiJ BHUAY ITOKPUTTIB),TO
MaTeMaTHYHa MOJIENb JUIS JIOCITIJHKYBAHOTO TpoIiecy Oyjie MaTH BUIJIS]] MHOTOYICHA YeTBEPTOTO MOPSIKY:
g(x) =a, +a, - X+a,x* +a,x° +a,x*.

Tabn. 2
Tun 9XC T15K6 T111 I1]] IAr
MaTepiaay 1 2 3 4 5
Mp 0,01 0,008 0,006 0,006 0,0025

HiZ[CTaBI/IBH_II/I 3HAUYCHHA X Yy BHUpa3 MHOIo4ji€Ha, OACPKHUMO HACTYIIHY CUCTCMY piBH}IHB JJIA
3HaxomKeHHs KoedirienTis @ (i = 0-4) 3anmpomnonoBaHoi MOIEIT:
a,+a +a,+a,+a,=0,0L
a, + 2a, +4a, +8a, +16a, = 0,008;
a, +3a, +9a, + 27a, +81a, = 0,006;
a, +4a, +16a, + 64a, + 256a, = 0, 006;
a, +5a, + 25a, +125a, + 625a, = 0,0025.

MarematuyHa MozeiIh U1 {y0a cyxoro, nonepek BosiokoH (I1B):
Mp =0,0070 + 0,0032 - x - 0,0029 - x* + 0,0008 - x*-0,0001- x*

I'padiunuii BUTIIAL 3MiHU 3HaYeHb MP y JaHOMYy IpoIieci 3rigHO MOOYIOBaHOI MaTeMaTHUHOL
mozeni (puc. 3 a).

AHAJIOTIYHO MOMIEPETHBOMY TOCIIHKEHHIO, PO3TIITHEMO MPOIIEC Pi3aHHS B3I0BXK BOJIOKOH (BB),
TOOTO MOAAEMO MaTeMaTHYHY MOJIENb Ta 11 rpadidHy peaizaiiio.

MaremarnuHa Mojens 118 1yba cyxoro (BB):

Mp = 0,0080 + 0,006- x — 0,005 - x? + 0,0014 - x*~ 0,0001- x*

I'padiunuii BUrIsa 3MiHy 3Ha4eHb Mp 3rigHo noOymoBaHoi Mozeli (puc. 3 0).

IToObynoBano MaTemaTW4yHi MOJENTI HA OCHOBI OOPOOKM EKCIIEPUMEHTAIbHUX JOCIIKEHb
yCcepenlHeHHX 3Ha4yeHb 3MiHM MoMeHTy (Mp ) omopy pizaHHs 3yOuiB ¢pesu crani 9XC B mpomeci
(dpe3epyBanHs ayoa y Bosioromy crasi, nomnepek (I1B) 1 B3goex (BB) BojiokoH, Ta HaBeaeHa iX rpadiuHa
IHTepIIpeTallis.
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I'padix zanesxkHOCTI omopy Mp pizaHHS I
ayoa cyxoro (I11B)

Twun matepiany.

Puc. 3 a

MartemarruHa Mojeib s 1y6a Bojororo (I1B):
Mp =0,130-0,216 - x + 0,150 - x2— 0,043 - x*+ 0,004 x*

. I'padix 2nnur momenta AMp onmopy

= pilzanHg avoa cyxoro (BB)
0,009
0,008 L S
0,007 o

W
0,006 sy
.

0,005 N,
0,004 e
0,003 \
0,002 i
0,001

Tun matepiany
Puc. 30
I'padiuna inTepnperanis MaTeMaTHIHO1 Mozeni (puc. 4 a):

I'paduk 2mHEN MoMeHTa Mp ontopy
s ! .
= przasss 1yvoa Bonororo (11B)

0,01
0,008
0,006
0,004
0,002

0
0 1 2 3 4 5 6

Tum matepiary
Puc. 4a

MaremarnuHa Mojens s 1y6a Bosororo (BB)

Mp =0,300 + 0,0045 - x —0,0061 - x2 + 0,0018 - x*~0,0001- x*.
I'padiunuii BUrIs 3rigHo Mo0ym0BaHOI MAaTEMAaTHYHOT MOJICITI Ma€ HACTYIIHHUI BUIIIsL (puc. 4 0):
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['padux 2zvuun momenTa Mp onopy

gQ p13aHHA 1y 0a Bonororo (BB)

0,01
0,008
0,006
0,004
0,002
0

. 0 1 2 3 4 5 3

Tum matepiary
Puc. 406

IToOymoBaHo MareMaTWdHI MOJETIi Ha OCHOBI OOpOOKH €KCIIepUMEHTAIBHHUX JOCIIIKECHD
yCepemHeHNX 3HadeHb 3MiHM MoMeHTY (Mp) omopy pizanHs 3yOmiB ¢pe3u crami 9XC B mpormeci
(bpe3epyBaHHs cOCHU Y BojoroMy crasi, monepek (I1B) i B3norx (BB) BosiokoH, Ta HaBeneHa ix rpadidna
IHTepIpeTaLis.

MarematnuHa Mojens s cocHu cyxoi (I1B):

Mp =0,0020 + 0,0023 - x —0,0016 - x* + 0,0004 - x*—0,0001- x*.

I'padivna inTepnperaris MaTeMaTHdHO1 Mojieni (puc. 5 a):

I'paduk 2anan MomenTa AMp onopy
o T :
= praHHg cocH cyxol (ITB)
0,01
0,008
0,006
0,004
0,002

0
0 1 2 3 4 5 6

Tum MaTepiany
Puc. 5a

MaremMaTruHa MoJieITh st cocHu cyxoi (BB):
Mp =0,0016 + 0,0042 - x —0,0030 - x> + 0,0008 - x*—0,0001- x*.
I'padiuna iHTEpHIpeTaList MAaTeMaTHYHOI Moae (puc. 5 0):

[padur 2mian MoMerTa Mp o1topy

j=N

= plzaHHg cocHII cyxol(BB)
0,01

0,008

0,006

0,004

0,002

0
0 1 2 ) 4 5 G

Tun MaTepiale
Puc. 50
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MarematnyHa MoJiens i cocHu Bojtoroi (I1B):
Mp =0,0050 + 0,0014 - x —0,0021 - x> + 0,0007 - x*—0,0001- x*.
I'padiuHa iHTEpHIpeTaLiss MaTeMaTUYHOI Mojei (puc. 6 a):

[‘padix 3mian MoMeHTa Mp onopy
o -
s przaHHa cocHIl Bomorol (11B)

0,01
0,008
0,006
0,004

0,002

Tum matepiary
Puc. 6a

MarematndHa MOJIEh It COCHH BoJioroi (BB):
Mp =0,0020 + 0,0023 - x —0,0016 - x2 + 0,0004 - x*-0,0001- x*.
I'padiuna inTepnperanis MaTeMaTHIHO1 Mozeni (puc. 6 0):
& [padx 3minI MOMeHTa Mp oTIOpY
pl2aHBg cocHI Boltorol (BB)
0,01
0,008
0,006
0,004
0,002
0
] 1 2 3 4 5 6

Tun matepiany
Puc. 66

AHaNOTIYHUH MiAXiJ A7 BCTAHOBJICHHS JOCTOBIPHOCTI OTPUMAHUX E€KCIEPUMEHTAIBHUX AaHUX
MOKJIMBUH A7l pe3ynbTariB poOOTH [3] MO BCTAHOBJIEHHIO 3aKOHOMipHOCTEH (ppHUKLiiHOI MOBEAiHKU
TPUOOJIOTTYHUX XapaKTEPUCTUK (BEJIUYHUH 3HOCY 1 KOSII[iEHTIB TepTs) iIHCTpyMeHTaIbHOT cTaji 9XC micis
rapTyBaHHS 1 HU3bKOTO BIJIITYCKY 3 HAHECEHUMH Ha poO0YY MOBEPXHIO EIEKTPOIaMU 3 TOPOIITKOBHX JIPOTIB
EIIl B KOHTaKTi 3 1€pPEBUHOIO 3aJ€KHO BiJ MOPOAM (JIMCTsAHA, XBOWHA), il BOJOrOCTI (Cyxa, BoJIora) Ta
HaTpsAMYy BOJOKOH (B3JI0BXK, TIOTIEPEK) MPH 3BOPOTHO-TIOCTYNAILHOMY PYXOBI.

BucHoBok: Ha mincraBi aHamizy moOy[oBaHMX MareMaTHYHUX MOJEICH Ta BIANOBIAHUX M
rpagiuHuX iHTepHpeTamii MOXEMO KOHCTaTyBaTH, IO BIiANOBIAHICTH MiX EKCIEPHUMEHTAIbLHUMHU
3HAYECHHSIMH JJaHUX MOMEHTY ONOpPY pi3aHHA B mpoleci ¢ppe3epyBaHHS TUCKOBUMHU (aCOHHUMH (pe3aMu
31 3MIIIHEHUMH EIEKTPOICKPOBUMH MOKPUTTSIMH 3yOISIMU Ty0a 1 COCHH y CYXOMY 1 BOJIOTOMY CTaHi, B3JIOBXK
1 IIoTmepeK BOJIOKOH, Ta NOOYA0BaHUMHU MOJEIAMH ((PYHKIIOHATBHUMH 3QJICKHOCTSIMH) JIEKUTh B MEXKax
Big 1% o 3%.
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AHAJII3 TUHAMIKH 31-IPUHTEPA 3 MEXAHI3MOM ITAPAPEJIBHOI CTPYKTYPU

Po3zenaymi ocobauosecmi ounamiunozo ananizy 3/[-npunmepa 3 mexanizmamu napaenbHoi CmpyKkmypu, MoOen08anns
ounamiunux npoyecie cucmem meepoux min ¢ ADAMS, uyucnose mooeniosannn konmaxmy 3 euoxkpucmnnam IMPACT
ynuxuyii ma cmeopenna mooeneil 013 YACMOMHO20 AHATIZY .

Knrouogi cnosa: ananiz Ounamixu, cumyasayis cucmem 3 mgepoux min, 3/-npunmep, napanenvhas Kinemamuxa, yuciosa
onmumizayis.

O. Solntsev, Y. Kuznetsov, J. Hamuyela
DYNAMIC ANALYSIS OF A 3D - PRINTER WITH PARALLEL STRUCTURE MECHANISMS

The focus is on some features of dynamic modelling of 3D printer with mechanisms of parallel structure, modeling
dynamic processes in ADAMS, numerical modeling of contact and using the IMPACT function for contact modeling, model
building for vibration analysis and modal analysis

Key words: dynamic analysis, multy body system simulation, 3D-printer, parallel kinematics, numeric optimization

Some features of dynamic modeling in Autodesk Inventor CAD.” The object of research into the
dynamics of parallel structure mechanisms (PSS) [4] is a mathematical description of the forces and
moments acting on it in the form of equations of motion, in other words, the creation and analysis of a
dynamic model with a closed kinematic chain [3,7]. These equations are necessary for solving the direct
and inverse problem of dynamics [2], synthesis of control laws, and evaluation of the quality of the
mechanism design. In general, the preparation of the dynamic calculation model includes the following
works: simplification of the composite model; creation of mechanical connections; determination of the
loading scheme of model elements. To speed up the modeling process and make it more reliable, before
adding connections and forces (in the extreme case after that), it is necessary to perform the following
definitions: the features of the assembly of the node and the purpose of modeling; the most important (from
the point of view of dynamic analysis) assembly components. In this way, the finished assembly should be
simplified to a model for analysis [8]. In the Autodesk Inventor environment, this can easily be done using
the Suppress command. Fig.1 shows the model after simplification, which is completely ready for dynamic
modeling.

Fig. 1. Triglide-based 3D printer model before and after simplification

Using the "Automatically convert dependencies to standard connections” command, which is
enabled by default in the "Dynamic Modeling Parameters" dialog box in the form of a checkbox with the
caption "Automatically convert dependencies to standard connections” (The program automatically
converts component structural connections into standard Connections made using automatic transformation
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can be edited later by changing the direction vectors of the main part and the attached one. Let's check the
correctness of the automatic generation of connections in the model using the "Model state"
command (Fig. 2)

CBeneHuA o Moden
COCTOAHWE Ha MCXOAHGIR MOMEHT
BpeMeHd = 0 cekyHa

CreneHs u3bbmasHocT () 0
CreneHb noaevekHocT (dom) 9
Konwyectso Ten 31
KonMyecTEo NoABMHKHEIX TEN 10
@ OK Otmena

SHI

SHE

3HE

3HE

Tak

n2
Fig. 2. Verification and structural analysis of the mechanism in Autodesk Inventor

As can be seen from Fig. 2, the number of degrees of mobility is 9. This is the correct value, because
3 of them are the movement of the platform and 6 are excess degrees of freedom in the rods around their
own axis, due to the use of spherical joints, not cardan joints. Thus, after starting the dynamic simulation,
6 spherical joints were automatically created in the hinges, with the further possibility of their editing (Fig.
3, a) and 3 prismatic joints between rails and carriages. (Fig. 3, b). So in fig. 3, b. it can be seen that the

corresponding lower planes of the parts are selected as the origin of the coordinate system of each element
of the connection, the Z axis is directed upwards.

Pesucnancears cosganenmE

! b1 II:-a.no
o By 5 |oax LER Al = o
@ : Ormena | Tlsiies 3 = 3
a) b)

Fig. 3. Editing of automatically generated connections: a-spherical; b-prismatic

In the dynamic modeling module, types of kinematic connections are available, implementing all
existing classes of kinematic pairs: - standard connections (“Rotation”, "Prismatic", "Cylindrical",
"Spherical”, "Flat", "Point - segment"”, "Segment - plane”, "Point - plane”, "Space", "Welded" "); - rolling
joints ("Cylinder on plane”, "Cylinder on cylinder"”, "Cylinder in cylinder", "Cylinder-curve”, "Belt", "Cone
on plane"”, "Cone on cone", "Cone in cone”, "Screw", "Worm gear"); - sliding joints ("Cylinder on plane",
"Cylinder on cylinder™, "Cylinder in cylinder”, "Cylinder-curve", "Point-curve"); - 2D contact connections
("2D contact"); power connections ("Spring / shock absorber / jack”, "3D contact™). Next, configure the
connection properties using the "Connection Properties™ tab. For prismatic connections, we will accept the
following restrictions and settings. To limit the mobility of carriages along the rail, we set the minimum
and maximum position settings so that the position of the working body (carriage) in these extremes
corresponded to the minimum and maximum at the points of the working space along the Z axis (Fig. 4).
After creating a connection (by inserting or transforming structural connections), the correct operation of
the mechanism can be checked in two ways. After using the "State and redundant mechanism dependencies"
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mode to eliminate redundant dependencies, you can perform a check of the new solution. The mechanism
can also be activated without running the simulation. There are several such ways of putting the mechanism
into action. One of them involves the use of the "Dynamic movement" function (Fig. 5).
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Fig. 4. Determination of the minimum and maximum position of the carriage

Other methods are described below. Dynamic movement of the part (simplified mode). To activate
the mechanism, use the drag function, which is available both in the environment for working with assembly
models and and in the dynamic modeling environment. This mode is similar to the Dynamic Motion mode.
For example, it is not possible to control the damping of the overall motion. If the drag parts are connected
to the joints, their behavior is limited by the degrees of freedom. However, you can drag and drop details
that are not connected to connections.

The mechanism should be carefully studied to find out the observed type of movement. To set the
mechanism in motion, it is necessary: - In the graphics window, select a point on the part that should move.
- Press and hold the left mouse button to move the part. - To stop the movement of the part, simply release
the mouse button. In the graphic window, the part will be displayed in the position in which it was at the
moment when the mouse button was released. - Kinematic movement. The mechanism can be activated by
changing the initial position of the degree of freedom of the standard connection. This process allows you
to check the correctness of the kinematic function of the mechanism and determine the tolerances for correct
operation. For the correctness of the further modeling, we set the internal forces in the connections, so there
are certain frictional forces in the spherical joints and guides, which should be taken into account. Thus,
the result of the work done in the dynamic modeling environment is a prepared model for further dynamic
modeling.

Fig. 5. Checking the functionality of the model without using the function ""Dynamic
movement™
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Modeling of dynamic processes in ADAMS

ADAMS is a software product from MSC Corporation for dynamic and kinematic analysis of rigid
body systems. Main features and advantages of ADAMS: « Development of calculation models of the
researched products, taking into account the features of their design to the maximum extent, including the
high identity of the appearance, which in many cases facilitates the construction of models, their adjustment
and analysis of the obtained results; ¢ Calculate product parameters that determine their performance and
accuracy (movement, speed and acceleration of product components, operating loads, dimensions of the
space required for moving parts of the machine, etc.); » Perform parameter optimization. One of the tasks
that arose during the execution was the optimization of the 3D printer and the creation of a multi-purpose
small-sized robotic platform based on it based on the modular principle. So, for example, the
implementation of the possibility of replacing such a module as a tool presents us with the following task.
Let there be two tools A nozzle with an extruder for printing and an adaptive gripper [1,6]. In this way, it
is necessary to "tear off" the printed sample from the surface and transfer it with the help of a gripper to a
given position, which may go beyond the working area of the robot's printing. In order to simulate the
separation and gripping process, it was necessary to recreate a flexible grip (Fig. 6).

b)
Fig. 6. Adaptive gripping device, a — working prototype, b — ADAMS model

ADAMS allows modeling: multi-contact; dynamic friction; contact between three-dimensional solid
geometry; contact between two-dimensional geometries The Adams solver (C++) has two geometry
engines that it uses for 3D contacts. It uses Parasolid, a geometry toolkit with EDS / Unigraphics and
RAPID. Currently, RAPID is the default, and Adams Solver (C++) supports version 2.01. Adamc Solver
distinguishes some geometries as analytic. The following contact types are fully analytical. These two
geometries are considered analytically: sphere by sphere; cylinder by cylinder. Numerical methods must be
used to model the grip of an arbitrary object with an adaptive grip. Contact modeling can be conventionally
divided into two stages. The first is the simulation of the normal component of the force and the second is
the simulation of the tangential force. Fig. 7 shows the components of the contact modeling function in
ADAMS.

Two models are available in Adams Solver (C++) to calculate the normal force: IMPACT function
model;

Coefficient of restitution or POISSON model. Both models result from the regularization of normal
contact constraints. Penalty regularization is a modeling technique in mechanics in which a constraint is
applied mathematically by applying forces along the gradient of the constraint. The magnitude is a function
of constraint violation.

Contact between solid bodies theoretically requires that the two bodies do not penetrate each other.
This can be expressed as a one-sided (inequality) constraint. The contact force is the force associated with
the application of this constraint. Processing these auxiliary constraints is usually carried out in one of two
ways - either by introducing Lagrange multipliers or by regularizing fines. For contact problems, the latter
technique has the advantage of simplicity; no additional equations or variables are introduced. This is
particularly useful for intermittent contact and algorithmic control of active and inactive conditions
associated with unilateral constraints. In addition, the concept is easily interpreted from a physical point of
view. For example, the magnitude of the reaction contact force is equal to the product of the stiffness of the
material and the penetration between the contacting bodies, similar to the spring force. For these reasons,
the Adams (C++) solver uses penalty regularization to enforce all contact constraints.

Adams Solver (C++) uses a relatively simple model based on friction velocity for contacts (Fig. 9).
Indication of friction behavior is optional. The figure below shows how the coefficient of friction varies
with sliding speed.
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Fig. 8. Numerical simulation of contact (a) and use of the IMPACT function for contact
simulation (b)

Model development for vibration and modal analysis

Signal analysis is the process of determining the system's response to an unknown, in general,
disturbance and presenting them in a form that is easy to understand. System analysis is a method of
determining the characteristic properties of systems. It can be conducted by disrupting the system by
measuring forces and determining the response/force ratio (sensitivity). For linear systems, this ratio is an
independent parameter characteristic of these systems. This parameter remains constant regardless of
whether the system is in an excited or quiescent state. The frequency characteristic of a given output channel
is the dependence of the amplitude of the output signal of the device or transmission, amplification or signal
processing system on the frequency of the input signal of constant amplitude. To calculate the frequency
response, the linearized model is represented as:

sX(s) = A x(s) + B u(s) (1)
y(s) = C x(s) + D u(s),
where: s - Laplace variable; A, B, C, D - state matrices for a linearized model; x (s) - the Laplace transform
of the linearization states; u (s) and y (s) - Laplace transformations of input and output channels.

Frequency response is calculated by:

H(s) = % = C(sI—A) 'B+D 2)

The main problem in vibration analysis is the construction of an appropriate mathematical model.

It should reflect all important moving masses and elastic elements. Concepts and models shown in
fig. 10.

Fig. 11 shows the frequency response in the low-frequency range for a 3D - printer with a ball-screw
pair (BSP) instead of belt transmission [5].
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Coefficient of Friction vs. Slip Velocity Block Diagram of Friction Regimes
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Fig. 9. Modeling contact friction in ADAMS. Friction coefficient vs slip velocity chart (a),
block diagram (b)

The model with modal parameters is shown in Fig. 12. It is built using two parameters that can be
obtained from the results of measuring frequency characteristics. In Fig. 12, the function H(w) is determined
by the coordinates of the pole (p) and subtraction (R) and their complex related values (p* and R*). The
pole and offset coordinate, in turn, is determined through spatial parameters. The pole coordinate is a
complex quantity. The numerical value of its real part (o) represents the damping rate of oscillations. This
is shown on the graph of the dependence of the impulse response on time. In the frequency domain, o is
half the bandwidth (-3 dB) of the peak of the frequency response. The imaginary part of the pole coordinate
represents the modal frequency - the natural frequency of freely damped oscillations (wd). The subtraction
in the case of a system with one degree of freedom is a dummy value that reflects the intensity of the
oscillation mode. Fig. 12 shows all modes of oscillations of a triglide-based 3D - printer.
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Fig. 10. Some concepts and submodels (submodels) for the implementation of dynamic
analysis
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Fig. 12. All modes of oscillations of a triglide-based 3D - printer

Fig 13 shows some forms of modes from the working frequency range.

wd = 561 Hz, wd = 3300 Hz; wd = 1175 Hz;
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Fig 13. Some 3D printer vibration modes with corresponding frequencies and relative
damping
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PO3B'SI30K KOHTAKTHOI 3AJTIAYI ITPO IMMEPEJAYY 30CEPEI)KEHOT'O
HABAHTAXKXEHHA

B pobomi posenanymo po3e’a3ok naockoi KOHmakmHol 3a0ayi Ha OCHOGI Jineapu306anoi meopii npyxcuocmi npo
nepeoavy HAGAHMANCEHHS 34 0ONOMO2010 HECKIHUEHHO020 HEOOHOPIOH020 CMPUHZEPA 00 080X 3AUWEMIEHUX 0OHOI0 ZPDAHHIO
RPYHCHUX CMYZ RPU HAAGHOCMI NOYAMKOSUX (A0O 3ANUWIKOGUX) HANDPYXHCEHb. AGMOPAMU GUKOHAHO O0CHIOMNCEHHA Y
3a2aNbHOMY 8U2TIAOL 015 OYHCe GEJIUKUX NOUAMKOBUX Oeqhopmayiil i pO32AAHYMO 0eAKI 6apiaHmMU Meopii MAIUX NOUAMKOBUX
dehopmauiin npu ymosi 006inbHOT CMPYKMYPU RPYHCHO20 ROMEHYIaNy. 3 6UKOPUCIMAHHAM IHMEZPAlIbHO20 NEPemeopeHts
Dyp’e 60anoca ooepicamu po3e’a30K OCHOBHUX I[HmMezpo-Oughepenyiiini pieHAHL [ npeocmasumu U020 y 6u2iaoi
Keazipecynapnux neckinuennux cucmem. Kpim yvoz2o oocniosyceno ennue icnuyiouux nouamxosux (3anuuiKoeux) HanpyyHcens
01 RPYHCHUX CMY2 HA 3AKOH PO3NOOINY OllICHUX KOHMAKMHUX HANPYYHCEHb 3a JIHIEI0 3 HECKIHYeHHUM He0OHOPIOHUM
CHIpUHZEPOM.

Haneni nouamkoei HANPYsceHHA y MAKUX CUCIEMAX CMy2 HPU3B00AMb 00 AKICHOI 3MIHU 3AKOHY PO3nOOiny
KOHMAKMHUX HANPYHCEHb, a came nPu CMUCKY8AHHI KOHMAKMHI HANPYHCEHHA CYMMEGO 3MEHULYIOMbCA (A 011 PO3MAZYBAHHA
— 30inbuwiylomsbea), MAKumM YUHOM NePeMilieHHA Npu CMUCKYBAHHA CYMMESO 3POCMAIOMb, A4 NPU PO3ZMAY6AHHI —
smenuyromoca. Kinvkicnuil xapakmep énnugy nouamkogux HaAnpyHceHs y 6UCOKOENACMUYHUX Manmepianax npu nopieHAHHI
3 HCOPCMKIMUMU MAMEPIANAMU MAE AHANO2IYHUIL XapaKmep, W0 i AKICHUIL.

Knrouogi cnosa: nineapuzosana meopis npyycnocmi, nouamkosi (3a1umiKogi) Hanpyyicenns, KOHMAKmMHI 3a0adi,
inmezpanvhe nepemeopenns Dyp’e.

Yu. Zhiguts, V. Rudj, |V. Lazar

SOLUTION OF THE CONTACT PROBLEM ON THE TRANSMISSION OF A
CONCENTRATED LOAD

The paper considers the solution of the plane contact problem based on the linearized theory of elasticity about the load
transfer using an infinite non-uniform stringer to two elastic strips clamped by one face in the presence of initial (or residual)
stresses. The authors performed a general study for very large initial deformations and considered some variants of the theory
of small initial deformations under the condition of an arbitrary structure of the elastic potential. Using the integral Fourier
transform, it was possible to obtain the solution of the main integro-differential equations and present it in the form of quasi-
regular infinite systems. In addition, the influence of existing initial (residual) stresses for elastic strips on the distribution law
of actual contact stresses along a line with an infinite non-homogeneous stringer was investigated.

The initial stresses present in such strip systems lead to a qualitative change in the law of distribution of contact stresses,
namely, during compression, the contact stresses significantly decrease (and for stretching, they increase), thus, displacements
during compression significantly increase, and during stretching, they decrease. The quantitative nature of the influence of the
initial stresses in highly elastic materials when compared with stiffer materials has a similar nature to the qualitative one.

Key words: contact problems, the linearized elasticity theory resiliency, resilient protective strap, initial (residual)
tension, initial deformations.

Introduction. Despite the large amount of literature in which contact problems of the linearized
theory of elasticity are considered [1,2], research on the problems of elastic contact interaction of bodies
with initial stresses in our country and abroad appeared relatively recently. Only recently, the study of the
contact interaction of prestressed bodies has gained special interest in connection with the introduction into
practice of new artificial materials that can withstand large initial deformations. In practice, residual stresses
(for example, technological ones) are artificially created to compensate or adjust them in structural elements
during operation, as well as to increase strength and stability. This is justified by the fact that when solving
the problem of contact interaction of elastic bodies with initial stresses, the linear theory of elasticity used
cannot take into account the influence of these stresses. To ensure the calculation of the entire process, they
can be taken into account using the linearized theory of elasticity [1,3-6]. Taking into account the initial
stresses within the framework of the linearized theory of elasticity leads to new formulations of problems
of the interaction of deformed bodies, which differ significantly from the formulations of classical problems
of the theory of elasticity. And although when solving these problems, the system of basic differential
equations, expressions that are used to determine the components of the stress tensor and for which the
entire structure of the boundary conditions differs significantly from the corresponding systems of the
described equations of the stress tensor of the theory of elasticity, by their nature and structure, they are
related to ordinary contact mixed problems [6-8]. This paper shows a possible variant of setting up and
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using a general method of solving the problem for an arbitrary form of elastic potentials, which is provided
in a general form for theories of large initial strains, as well as the use of some types of problems from the
theory of small initial strains.

When setting the specified tasks in the cited works, an assumption was made, namely, the contact
interaction of bodies with initial stresses and elastic stringers is carried out immediately after the initial
stress state occurs; external loads in the elastic overlay cause a perturbation of the stressed deformation
state with a value much smaller than the value of the initial stressed state; the initial stress state of one of
the interacting bodies has a structure that can be considered homogeneous; the solution of linearized
problems of the theory of elasticity related to the contact interaction of stressed bodies and overlays is
unique [6].

In fact, in the work using the relations of the linearized theory of elasticity [1, 8-10] solutions to the
problem of the contact interaction of a heterogeneous stringer with pre-stressed tapes are proposed. The
study was conducted in a general form for compressible and incompressible bodies using the theory of
initial deformations with an arbitrary structure of the elastic potential.

Using [1,4,6,10], we will perform the calculation in the coordinates of the initial deformed state,
y, » Which are related to the Lagrangian coordinates x, by the relations y; = A;x;, (i = 1,2) where 4; —

are the elongation coefficients that determine the change in the coordinates of the initial state in the
directions of the coordinate axes. When conditions 1-4 are fulfilled in the area of contact Ly{ay, by} for
elastic overlays and an elastic strip with residual stresses, the boundary conditions apply at

Y2 = 0uly) = uy(v1); v(y1) = uz(y1); V(1) € Ly 1

du du; dv du,
—=—— ==V €L 2
dy, dy, " dy, dy1 (Y1) k ( )

Boundary conditions (1) and (2) together with conditions (1-4)

p = fay; TCE)AL, v e (3)

complete the formulation of linearized problems about the contact interaction of elastic overlays (a; =
—o0; b, = +00) that reinforce the elastic strip.

Statement of the problem and basic solving equations. Let the infinite elastic strips of thickness
with the initial stresses are pinched by faces , and their other faces are connected to each other by an infinite
inhomogeneous elastic stringer of small thickness h (Fig. 1).

The infinite prestressed strips reinforced H in this way are under the action of the distributed
horizontal forces y, = +H of intensity applied to the connecting infinite non-homogeneous stringer
according to h (Fig. 1). It is necessary to establish the laws of distribution of normal p(y;) and horizontal
q(y,) stresses in the area of contact.

|¥o

Fig. 1. Diagram of the distribution of horizontal forces applied to a prestressed strip
reinforced with a stringer

When the area of contact with the stringer is investigated, we assume that under the action applied
load and tangential stresses, it stretches or compresses like a rod in a uniaxial stress state [11]. We also
assume that along the horizontal axis there are vertical elastic movements of steel. The last assumption is
due to the small thickness of the stringer, since its changes from point to point in the process of deformation
are insignificant and can be neglected.

Let us denote the intensities of normal and tangential contact stresses acting along the line of
connection of the stringer with elastic prestressed strips p(y;) and q(y,), and u, (y,) vertical and u, (y,)
horizontal displacements respectively.

Let's move on to obtaining the main systems of solving equations for the given problem. To this end,
we first consider the equilibrium of the stringer.

From the condition of equilibrium (—oo, x), we get parts of the stringer

0y, 00 = 2 24 1a(0) = g0 (D]dE, (=00 < y1 < 00). 4
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This means that the cross-section of the stringer is rectangular, the width of which is equal to unity,
and the Ty, y, axial stress in the direction of the axis. According to Hooke's law, we will determine the axial
tension and equilibrium of the stringer Oy; .

From the condition of equilibrium, we get parts of the stringer

Oy,y:(y1) = Elgyt’yl)(yl), (5)
_ adu(y
where Eyiyiy) = dy11 ’ (6)

here u(y;) - horizontal displacements of points of the elastic stringer, E; - modulus of elasticity of the
stringer.
Taking into account (4) — (6), we find

T = 2 Pela(®) = qo()de, (—o0 < y; < 00). ™

With the established assumption that the stringer bends in the vertical direction, it is possible to write
d4—

DL — (5, — py(y), (=0 < 3, < o). ®

here v(y,) — vertical movements of stringer points; D — bending stiffness of the stringer; po(y1), p(y1) —
intensity of vertical forces.

Existing conditions at the line of contact of stringer with elastic bands

u(y1) = w0, v(y1) = uz (1), ¥y, € (0 <y; <o) ©)
where u4 (y;), u, (1) is the displacement of points in elastic bands with initial stresses. Let's determine the
law of distribution of normal and tangential contact stresses along the connection line of the stringer with
the prestressed tapes.

To determine the movements and stresses along the line of contact of the stringer with the strips, we
will set the boundary conditions of the problem for the edges of the strips. free from pinching with initial
stresses from the force P applied at an angle «, [4,6,11]

Q22(y1,0) = —P&(y1) sinag; Q11(y1,0) = —P8(y1) cos ay; (10)
u(y1 — ) = 0 up(y; —t) = 05 (=0 < y; < ), (11)
where is the Dirac delta function.

As a result of solving the given problem, the impact function from the action of the tangential force
(at ay = 0) for equal roots of the characteristic equation [1] (n, = n,) are as follows:

ho1(y1) = %fooo Hyi (@) sina yrda (12)

[0

1

hy2(y1) = ;f Hy(a) cos a y,da.
0

For unequal roots (n, # n,) we can write

hy1(y1) = %fooo Hyi(a) sinay,da, (13)

[ee)

1 ~

hy2(y1) = ;J Hy,(@) cos a y,da.
0

For unequal roots (n; # n,) we can write

ha1(y1) = %fooo Hy1(a) sinay,da, (14)

o)

1 ~
hy (y1) = ;f H,,(a) cos a y,da.
0

The kernels H;j(a) and ﬁij (a) respectively have the form [1,12,13]:

fOF n1 = nz
Hay (@) = mg[—(s + 1)(s5:§ (@) — a¢py) + ch®apy — sysh?agy —s] =
= my[—(s + 1)(s;shap,chap; — ap,) + ch?ap, — s;sh?a¢p; — s] - A7 (a), (15)
mem
Hyp (@) =i \;n_ll [s - sich?*ag, + (agp,)? — agié(a) — sfsh?(ag,) — s - 51] - AT (@),
forn, #n,

Hy1 () ?nmr;)l[_ssl(a(i’ﬂfz (@) — s&(a) + s(apy)é(a) + &(a)] - 471 (@), Hyp(a) =
(L= 51chQady) + 5181(@) + sadi84(@) + 551(ag) shagy -
1
—ssych?agy; — st(agy)éa(a) + §3(a) ] - 471 (a), (16)
here n, and n, are the roots of the defining equation [1,13]. The quantities appearing in formulas (13),
(14), (15), (16) are expressed in terms of the known parameters of the initial stress state [1,14].

=i
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Solving the system of recurrent equations. We apply the principle of superposition to determine
the displacement of the points of the elastic band in the direction 0y, and 0y, under the simultaneous action
of normal and tangential stresses for compressible and incompressible bodies for potentials of an arbitrary
structure [1]

w () = [ Rk (lyy — thp@dr + [ hyp(lys — TDq(@)dr, (17)

Uy (yy) = f har(Iyr — Thp(@de + f hoa(Iyr — TDq(@)dx.

Following [1,9], according to the system of equations

B21) _ ), (o0 < y; < 00) (18)
dy,

d
B0 T2 2 [ (240 - qo(@le

Assuming that the heterogeneity of the stringer varies according to the law
Ei(y1) = E[(1 +6f(y1)], (=0 < y; < ), (19)
where f(y;) is known function, § is small parameter.

Using the contact boundary conditions (9) and presenting the unknown contact stressesp,(y1),
qo(y1) in the form of series of a small parameter

Q1) = Xz 6% qP (1), (o0 < y; < 00), (20)
let's write the system of solutions of recurrent systems of equations
du,©®
T =0, (~o0 <y < ) (21)

d2u,©
ph 00 — 290 (3y) - go(v2),

)
T =0, (k= 12,...) (=0 < yy < ), (22)
d*u; 9 (y1)
th1—21 q(k)()’1) - QO(k 1)(}’1)
d(y1)
where
0 D) = hEo = [rom 2 o 0] (k= 12,...),

w0 = [ haOr - op®@de+ j haz(1y1 — TDq® (@),
u(y1) = f_m hy1(ly1 — tDp® (2)dt + f_ ho (1 — D)g® (D)dr, (0 <y, < 0,k =

0,1,...),
(k=1) _ a? d?u, V(1) _
RE0n) = Do g [f(yl) "o [ te=12,..), (23)
d dulft (y1)
®=D(y,) = Eoh (1) —= 21, Do = Eol.
f2 V1 0 d(y1) f d(yy) 0 0

where Dy is the zero term of the expansion for the series, D(y;) = IE;(y,) — bending stiffness of the
stringer, |1 — parameter of inhomogeneity.

System (21) describes the contact problem for a homogeneous infinite stringer [6,13,15], each
subsequent system with (22) differs from the previous external load. The solution of the contact problem
for a prestressed strip with a heterogeneous infinite stringer is simplified to the solution of a series of
uniform contact problems with different external loads system (21). The zero approximate solution, that is,
the solution of system (21) using the Fourier transform, is constructed in [1] and has the form

p(y;) = %I_Z[O‘ZHL(O‘)%(“) + HZZ((X)IN)O(O()] H(a)e™1do; (—0 < y; <) (24)
a(y1) = 2= [ [H11(@)d0(00)-iH1z (@)po ()] H (@) ™1 da.

Here, the quantities H™1(a), H{j(a)(i,j = 1,2), are expressed through functions H;;(a) and
Hij(a)(i,j = 1,2), are determined by the formulas of equal and unequal roots of the equation [1,3,6,13] in
the case of the specific structure of elastic potentials. The rest of the approximate solutions of influence of
the heterogeneity of the stringer material are constructed in a similar way, where p, () and g, () is the

Fourier, and u is the Lamé coefficient.
Thus, the k approximation has the form

p®(yy) = - [72 PR (s) e~ 1ds, qO(y,) = - [ QU(s) e7¥1ds, (k = 1,2,...),
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where

P (s) = Ds?{[E7D(5) [Eohs?Hya(s) + 11— Eohs £ (s)H1z(5) }/L(S)'

W —IEyhs {fz(k_l) (s) [DOhS4H11(s) +1]+ Dohs3fl(k_1) ()H5(s) }
QY (s) = L(s) (25)
(k=12,...),
are Fourier transforms of contact stresses.
In (25):

L(s) = [Dos*Hy1(s) — 1][Eghs®Hy(s) + 1] + DoEos*hHE, (s),
7O = FIFD 01, G = 12), (k= 1.2,...),
where F is the Fourier transform operator for the specified function (functional).
Applying to (21) and (22) the integral Fourier transform to the contact stress transforms:

h11()’1)P(0) ) — 1h12(}’1)Q(0)(J’1) =0
th}’12h21(}’1)P(0) (1) = [Eohy1%haa(y1) + Z]Q(O) 1) = Qo(y1)- (26)
h11()’1)l’(k)(J’1) - Ihlz(yl)Q(k)(J’1) =0(k=12...)
X Eohy12ha1(y0)p® (1) = [Eohyr*haa (1) + 210 (1) = *P0n)  (27)

where

p® (1) = F[p® )], QM) = Flq®(y)] (k=0,1,2,...).

Qo(y1) = Flao(y1)], Qo(k_l)(yl) = F[‘Io(k_l)()ﬁ)],

and | is the heterogeneity parameter, and h;;(y,) is the influence function, the expressions:
for equal roots n; = n,:

hi1(y1) = %fooo Hy; (@)cosay, da, (28)

1 poo ,
hi2(y1) = ;fo Hyp(@)sinay; da,
for unequal roots n; # nj:

hi1(y1) = %fooo Hy1(a)cosay, da, (29)

11 -
hi,(y1) = ;f Hiz(a)cosay, da

0
Here, h;;(@),i,j = 1,2 the influence functions, which characterize the movement of the limit points
v, = 0 of an infinite elastic band with initial stresses from a unit horizontal force, core H;;(a) and ﬁij (a),
respectively, have the form (15), (16).
After finding the transformants of the contact stresses from systems (26), (27) and applying the

inverse Fourier transform, the expressions of the zero and k approximation of the normal and tangential
stresses

o H* , —i
PO ) = £ [, 528 0y (@)signae ™ Vida; (—oo < y; < o) (30)
o H* _:
a0 =", Hizg) Qo(@)e 1 da;.
o H* - , —i
pP ) = %f_mﬁg)%(k D(a)signae™®1da; (—oo <y, < o) (31)

) _ H o Hu(@) 5 (k-1) —iay
a0 =5/, T Q- (@e ' da.

Here H(a), H{‘j (a)(i,j = 1,2) the quantities are expressed through known functions H;;(a) and
Fil-j (a)(i,j = 1,2), which are determined by the formulas of equal and unequal roots of the equation [1,16]
for the corresponding structure of elastic potentials.

Expressions of contact stresses (30) describe the solution of the problem for a uniform stringer, which
is the zero approximation of the problem for a non-homogeneous stringer. In this way, the approximations
specified by formulas (31) create a variant of the solution for a non-homogeneous stringer. At the same
time, it is possible to solve contact problems of an elastic body, with an infinite stringer, in which a weak
heterogeneity varying according to the law is simulated

Ei(y1) = E[(1 + 6f (y1)] (w0 < y; < )
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where f(y;) is known function, § — small parameter.

System of solving equations. Having applied to both parts of the system (2.8) the integral Fourier
transform by variable and using the convolution theorem, we find the expressions.

The zero approximation for the cases of equal and unequal roots of the characteristic equation will
take the form (24), if these formulas are substituted:

- for equal roots (n; = n;) H;j(a) on Hy;(a),

- for unequal roots on (n, # n,) H;j(«) on Hij (a),

- where the kernels H;;(a) and Hij (a) have the form (1.11) and (1.12), respectively.

Let's consider numerical examples for incompressible bodies of neo-Hookian material (Treloir
potential) (Fig. 2, a, b).

P 1

S

Fig. 2. Numerical examples for incompressible bodies of neohouk material: a — for the
dependence of p® () on &, b — for the dependence of q(&) on &

Here p(§), q(&) are dimensionless contact normal and tangential stresses in elastic strips with initial
stresses. The value 4; = 1 corresponds to the results obtained in the work [11,16], 4; = 0;0,8;0,4 —
corresponds to the initial compression stresses, and ¢ — the initial tensile stresses, is a dimensionless
coordinate of the initial stress state in the elastic band with the initial stresses.

The analysis of the graphs shows that in the case of compression (1; < 1), The presence of initial
stresses in the strip leads to a significant reduction in tensile stresses (A; > 1) - to their increase.

Conclusions. In the work using the linearized theory of elasticity, it was possible to obtain a solution
of the planar contact problem with the transfer of a concentrated horizontal load from an inhomogeneous
infinite elastic stringer to prestressed strips with pinched faces. The calculations were based on the theory
of large initial deformations and established several variants of small initial deformations. The solution of
the problem is determined for normal and tangential contact stresses thanks to the system of recurrent
integro-differential equations. The zero approximate solution of the inhomogeneous problem is built on the
integral Fourier transform, which led to the representation of contact stresses by Fourier integrals.

1. The presented general case for equal and unequal roots of the equation of contact problems based
on the linearized theory of elasticity makes it possible to formulate a general solution method that
determines the solution of similar problems with known linear (without initial stresses) parameters.

2. For the case of equal roots of the defining equation for bodies with elastic potentials of arbitrary
shape, the stresses and displacements at the ends of elastic pads have a feature that completely coincides
with the feature in similar problems of the classical linear theory of elasticity. With unequal roots for bodies
with elastic potentials of arbitrary shape, it is not possible to prove the coincidence of the orders of the
specified features.

3. The contact stresses at the contact line with the elastic overlay are significantly dependent on the
initial stresses. For highly elastic materials, the initial stresses play a more significant quantitative effect.
Qualitative influence has an identical character.

References:
1. Jlixmapyk M.M. llepiogumuHa KOHTAaKTHA 3adada il TPYKHOI CMYTd 3 IOYATKOBHMH
(3anMIIKOBUMM) HanpykeHHsAMH. JlonoBiai HanioHadbpHOT akanemii Hayk.— 2004. Ne 3. - C. 46 —49. 2. Yuan

© [0.10. XKueyy, BJI. Pyov,| B.®. Jlazap



http://appliedmechanics.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=W.+K.+Yuan&q=W.+K.+Yuan

Mixcsy3ziecoruil 30iprux « HAYKOBI HOTATKHy. Jhyyvk, 2024, Ne77

W.K.,_Long J.M.,_Ding Y., Wang G.F. Micro/Nanocontact Between a Rigid Ellipsoid and an Elastic
Substrate With Surface Tension // Journal of Applied Mechanics. — 2017. Nel. — p. 011012, Paper No:
JAM-16-1460. 3. Stashchuk M.G., Nitrebych Z.M., Zhiguts Yu.Yu., Lazar V.F. at all. Methods of calculating
singular integrals for engineering problems // The 7th International scientific and practical conference
“International scientific innovations in human life” (January 19-21, 2022) Cognum Publishing House,
Manchester, United Kingdom. 2022. — P. 164-171. 4. Zhiguts Yu., Lazar V., Pallay D. Features of
calculation of stresses caused in metal structures // The VIII International Scientific and Practical
Conference «Actual trends in science and practice», February 28 — March 02, Geneva, Switzerland. 2022.
—P. 162- 164. 5. Akopyan V.N., Mirzoyan S.A., Mkhitaryan S.M. The Problem of the Contact Between a
Broken Stringer and an Elastic Infinite Strip Containing a Vertical Edge Crack // Int. Appl. Mech. — 2015.
—51,N2.-P. 176 — 186. 6. Babich S., Zhiguts Y., Lazar V. System of recurrent equations for the problem
of load transfer from an infinite inhomogeneous stringer to two jointed elastic strips // The 12th
International scientific and practical conference “Actual issues of the development of science and ensuring
the quality of education” (March 28 — 31, 2023) Florence, Italy. International Science Group. 2023. Pp.
347-353. 7. Babich, S.Y., Yarets ’ka, N.O. Contact Problem for an Elastic Ring Punch and a Half-Space with
Initial (Residual) Stresses. // International Applied Mechanics. 2021, Ne6. — p. 297-305. 8. Moses O. P.
Adewale A. O., Olusegun O. A. Numerical Analysis of Thermo-Elastic Contact Problem of Disc Brakes for
Vehicle on Gradient Surfaces. // World Journal of Engineering and Technology. — 2016. Nel. —p. 51 — 58.
9. Babich S.Yu., Zhiguts Yu.Yu., Lazar V.F. Dynamic tensioned twolayer semispace under the influence of
moving load // The 9th International scientific and practical conference “Modern science: innovations and
prospects” (May 29-31, 2022) SSPG Publish, Stockholm, Sweden. 2022. — P. 201-207. 10. Yaretskaya N.A.
The impact of the initial (residual) stresses on the contact interaction of elastic cylindrical punch and an
elastic layer // Bulletin of NAS of Ukraine. — 2014. — N 1. — P. 57 — 62. 11. Dikhtyaruk N.N. Load transfer
from the infinite stringer to the two jammed along one edge identical stripes with initial (residual) stresses
/I Scientific journal of the Ternopil national technical university. — 2016. N 3. — P. 51— 61. 12. Babych S.,
Zhiguts Yu., Lazar V., Dihtyaruk M. Contact problems for preliminary strips reinforced by thin elastic
overlays stringers // The 4th International scientific and practical conference “Innovations and prospects of
world science” (December 1-3, 2021) Perfect Publishing, Vancouver, Canada. 2021. — P. 220-224. 13.
Yaretskaya N.A. Three-Dimensional Contact Problem for an Elastic Layer and a Cylindrical Punch with
Prestresses // Int. Appl. Mech. —2014. N 4. — P. 378 — 388. 14. Rudnitsky V.B., Dikhtyaruk N.N. Interaction
Between an Infinite Stringer and Two lIdentical Prestressed Strips: Contact Problem. // International
Applied Mechanics. — 2017. Ne2. — p 149-155. 15. Babich, S.Y., Dikhtyaruk, N.N., Degtyar, S.V. Contact
Problem for Two Identical Strips Reinforced by Periodically Arranged Fasteners with Initial Stresses //
International Applied Mechanics. — 2019. Ne6 — p. 629 — 635. 16. Bosakov S.V. Finite Integral Transform
Method in Static Problems for Inhomogeneous Plates // Int. Appl. Mech. — 2014. — 50, N 6. —P. 651 663.

Peuenzent PyOim Bacuins Muxaiinosuu, mpod., 1ok, (i3.-MaT. HayK, 3aBigyBad Y KIOPOIACHKOT
nabopatopii MaTepialliB ONTOENIEKTPOHIKH Ta (oToHIKK [HCTHTYTY TpobiieM peectpauii iHpopmanii HAH
VYkpainu

© FO.FO. JKueyy, B.Jl. Pyov,| B.®. Jlazap

45


http://appliedmechanics.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=J.+M.+Long&q=J.+M.+Long
http://appliedmechanics.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=Y.+Ding&q=Y.+Ding
http://appliedmechanics.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=G.+F.+Wang&q=G.+F.+Wang
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=63369&utm_campaign=Paper&utm_source=e_nl&utm_medium=wjet_20160304_zhangjie_ab_68198
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=63369&utm_campaign=Paper&utm_source=e_nl&utm_medium=wjet_20160304_zhangjie_ab_68198
http://www.scirp.org/Journal/JournalArticles.aspx?JournalID=2451&utm_campaign=ViewPapers&utm_source=e_nl&utm_medium=wjet_20160304_zhangjie_ab_68198
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
https://www.scopus.com/authid/detail.uri?authorId=7005937163
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778
http://link.springer.com/journal/10778

46
Mioceysiecokuii 30ipuux «HAYKOBI HOTATKHy. Jlyyvk, 2024, Ne77

VK 539.3:620.22: 621.762 DOI 10.36910/775.24153966.2024.77.7
I1.0. Kopooko!, A.B. Ky3bmos!?

Ynemumym npo6nem mamepianosnascmea im. I M. ®panyesuva HAH Vrpainu,
’Hayionanvruii mexuiunuii ynigepcumem Yrpainu "Kuiscoxutl norimexuiunutl incmumym imeni Ieops
Cixopcbkozo".

E®EKTHUBHI IIPYKHI BJJACTUBOCTI IIOPUCTUX MATEPIAJIIB 31 CTPYKTYPOIO
IHBEPCHOT'O OIIAJIY

Baszyrouuce na meopemuunux 3acadax mMexaniku KOMRO3umie winaxom cKiHueHHO-el1eMEeHNH020 MOOeNI06AHHA OY10
00CNi0XHCEHO eheKmusHy RNpYyHCHY NO6EOIHKU NOPUCIOZ0 Mamepiany 3 nepiooudHol CHMPYKmypoio iH6epCcHOz0 onay.
30iiicH106a10Ch 0cepeonenHA RUMOMOI nPYIHCHOT enepeii Ha RPeOCMABHULLKOMY 0CePeOKy iH8EPCHO20 ONAJly 3a PI3HUX CXeM
depopmyeanns. 3a paxynok ybo2o 0yn0 3HAOEHO eheKmueHi MoOynbL 3¢yey ma 00’ €MHUIL MOOYIb ONA PIZHUX BUNAOKIE
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P. Korobko, A. Kuzmov

EFFECTIVE ELASTIC PROPERTIES OF POROUS MATERIALS WITH INVERSE OPAL
STRUCTURE

Based on the theoretical principles of composite materials mechanics, the effective elastic behavior of a porous material
with a periodic inverse opal structure was investigated by finite element modeling. The specific elastic energy was averaged on
a representative cell of the inverse opal under different deformation schemes. This allowed us to find the effective shear modulus
and bulk modulus for different cases of the inverse opal structure. It turned out that the effective elastic moduli are extremely
sensitive to porosity. In particular, the application of an additional coating, even with a thickness less than 0.05 of the diameter
of the spherical pores (the original polymer particles), causes an increase in the effective bulk modulus of elasticity by a factor
of 4, and the shear modulus by a factor of 6.

Key words: metamaterials, inverse opal, representative cell, elastic moduli, micromechanics.

1. Introduction.

In recent years, intensive research has been conducted on the phenomena associated with the negative
refractive index of electromagnetic waves [1]. The reason for the intensification of these studies was the
emergence of a new class of nanostructured composite materials that have an ordered periodic structure
and are called metamaterials. The structure of these materials can be changed so that they have a wider
range of electromagnetic characteristics, including a negative refractive index. One type of metamaterials
is porous materials with an inverse opal structure, and such materials are also being investigated as
promising structural materials with high specific strength and stiffness characteristics [2]. Inverse opal
structures, characterized by their unique geometry and mechanical properties, have emerged as a focal point
in recent research due to their versatile applications. One notable advancement is in the domain of wound
management, where inverse opal hydrogel layers incorporated into Chinese herb hydrogel patches have
demonstrated significant improvements in mechanical properties. This development is crucial for medical
applications, offering a promising pathway for the creation of advanced wound care solutions [3].

The inverse opal structure is made in several stages [4]. The first stage is the self-assembly of
polystyrene spheres into an opal structure on a substrate by slowly evaporating the colloidal solution of
these spheres. The second stage is sintering of the spheres to form a bond between them. The third stage
involves electrodeposition of nickel to fill the remaining space between the spheres. The fourth stage is the
etching of polystyrene to obtain the actual inverse opal structure, after which an additional layer of the same
or another material can be applied to the formed structure. The periodic cell of the inverse opal is shown in
Fig. 1.

Although the structure of the pore space in an inverse opal is quite complex, it can be characterized
by only two parameters, such as the isthmus between spherical pores and the thickness of the coating
applied to the metal frame, according to the material production technology. In this work, the porosity and
thickness of the additionally deposited nickel layer are used as a characteristic of the structure. Nickel [4]
is considered as a solid phase material for such a porous composite, both for the main structure and for the
additional layer.

The Goal of this work is to find the effective elastic properties of materials with an inverse opal
structure by finite element modeling on a unit cell.
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a)

Fig. 1. Periodic cell of inverse opal a) uncoated; b) coated.

2. Micromechanical averaging procedure on a unit cell.

Inverse opal is a microheterogeneous material with a regular periodic structure. For composites of
this type, approaches to finding effective properties are well developed [5]. For materials with a periodic
structure, micromechanical averaging is sufficient to be carried out within a periodic cell, i.e., on a scale of
heterogeneity that is smaller than the scale of the averaging length [6]. On the scale of the averaging length,
the boundary of the representative cell is distorted close to a linear transformation [7], and in the case of an
elementary periodic cell, generally speaking, it is not [8].

However, due to symmetry, in the case when there are no shear components of macroscopic
"effective” deformations in the XYZ coordinate system shown in Fig. 1, the cell will retain a rectangular
shape during such deformation. Using this, in the following, as a first approximation, we will consider the
inverse opal as an isotropic composite. In this case, we assume that the main axes of the macroscopic stress
and strain tensors are directed along the XYZ coordinate axes from Fig. 1. Accordingly, to describe the
elastic behavior of the inverse opal, it will be sufficient to find only two independent elastic moduli, for
example, the shear G and bulk K elastic moduli.

For this purpose, the elementary (representative) volume extracted from the material space is
subjected to two loading schemes - hydrostatic compression and pure shear (Fig. 2.2).

To set up a numerical experiment to determine the effective elastic properties of a nanostructured
material, it is necessary to use the properties of the solid phase of a porous material. In our study, the solid
phase of the base and coating is electrodeposited nickel, the elastic constants of which correspond to the
properties of pure nickel (Table 2.1).

Table 2.1
Solid phase material elastic properties
Material Density, p Young’s Modulus, E Poisson’s ratio, v
Electrodeposited nickel 8900[%] 171 GPa 0,31
o I
: | —
el |
| L, I z-
R
¢ s
a) b)

Fig. 2.2. Scheme of elementary volume loading: a) hydrostatic compression scheme; b) shear
loading scheme.

As mentioned above, the structure must be subjected to hydrostatic and shear loading. In order to
represent this mathematically, we have used the boundary conditions on the unit cell (UC), which are
transformed into a strain matrix (eioj) from which we can calculate the normal strain (e®) and shear strain
(y°) using the following formulas:

e =ed +ed, +ed; (2.1

1
Yl = ﬁ\j(ell —e2)% + (€22 — €33)% + (e33 — €11)% + 6(ef, + €35 + e3) (2.2)
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Since the boundary of the elementary volume is a parallelepiped, considering the symmetry of the
structure, the conditions for micromechanical averaging of a composite with a periodic structure can be
represented in the form of displacements of the edges perpendicular to the axes of a rectangular coordinate
system (Table 2.2). [5]

Table 2.2
Representative cell boundary conditions
Stress scheme Boundary conditions e e | y°
#i=(1,00):U, =X 1.0 0
Hydrostatic 7=(01,0):U,=-Y e =10 1 0 3 0
#i=(001):Us = —Z 0 0 1
S 1 0 O
7=(100):U, =X o _ |~ _10 1
Shear 7 = (0,1,0): U, = —Y A O I ol [ 0]2

3. Description of finite element modeling

The loading process is modeled by the finite element method in the ABAQUS/Standard software
environment. The material model is assumed to be isotropic elastic, with the properties shown in Table 2.1.
We apply displacements corresponding to the shear and hydrostatic loads to the elementary cell on the
corresponding faces in accordance with the parameters given in Table 2.2. We use the automatic division
of the solid phase of the structure into a mesh of ten-node quadratic tetrahedral finite elements by the type
of volumetric stress. The results of modeling the hydrostatic compression of a structure with a pore diameter
of 495 nm and a 33 nm nickel layer are shown in Fig. 2.3.

The target parameter for hydrostatic load modeling is the value of the total internal energy ALLIE
accumulated during deformation. Having determined this parameter, we calculate the value of the total

elastic specific energy from the following expression:
W= ALLIE

‘/C )

(2.3)

where 1/, — the volume of the representative cell.
On the other hand, the total elastic specific energy W is defined as [6]:

W =2 (02 + 6007, 2.4)

where K — Bulk modulus, Pa; G — Shear modulus, Pa.
Taking into account the boundary conditions (Table 2.2), we can calculate the Bulk modulus K from
formula (2.4) using the following formula:

2
where W, — specific elastic energy accumulated as a result of hydrostatic compression, Pa.

E, Ma

Fig. 2.3. Maximal strain under hydrostatic stress condition
Similarly to hydrostatic compression, we model the shear deformation (Fig. 2.4). The desired
parameter in the shear load modeling is the value of the total internal energy ALLIE accumulated during
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the deformation process. After determining this parameter, we calculate the value of the total elastic specific
energy using formula (2.3).

Given the boundary conditions (Table 2.2), we can calculate the shear modulus G from formula (2.4)
using the following formula:

1
G = > Wsn (2.6)

Fig. 2.4 Maximal strain under shear stress condition

The obtained values of the bulk modulus K and the shear modulus G fully describe the isotropic
elastic behavior of the inverse opal structure under load. In Hooke's law for an isotropic linear elastic
material, there is an unambiguous relationship between the elastic constants of the material, so the following
dependencies are valid for determining the effective Young's modulus E* and Poisson's ratio v¢ [9]:

err _ 9KG
B =5k yo @7
vefrf —M (2.8)
23K +6)’ '

Summarizing the values obtained from the finite element modeling with the results of analytical
calculations in the form of a table (Table 2.3), while comparing them with the properties of the solid phase
material.

Table 2.3
Numerical calculations results

Structure ®,% | Wy, [GPa] | Wy, [GPa] | K,[GPa] | G,[GPa] | E,[GPa] \
Bulk Ni 0 - - - - 171 0,31
NilO 260nm 90 8,67 0,588 1,93 0,294 0,84 0,427
NilO 520nm 84 21,5 2,53 4,77 1,27 3,49 0,378
NilO 930nm 90 8,01 0,513 1,78 0,257 0,735 0,431
NilO 470+19nm 65 79,3 14,4 17,6 7.2 19 0,32
NilO 495+33nm 57 113 22,5 25,1 11,25 29,3 0,305

Conclusion: As can be seen from the calculation results, both the bulk and shear moduli of elasticity
depend significantly on the structure of the inverse opal. The porosity of 0.9 is almost the limit for inverse
opal and corresponds to a structure with thin cross-links. In this case, the stiffness of the inverse opal is
about two orders of magnitude less than the stiffness of the solid phase material (i.e. nickel). In this case,
the bulk modulus decreases less than the shear modulus. However, a slight decrease in porosity from 0,9 to
0,84 causes an approximately fivefold increase in the shear modulus and Young's modulus. The application
of an additional layer causes an even more significant increase in the stiffness of the inverse opal. An
additional coating, even with a thickness less than 0,05 of the diameter of the spherical pores (the original
polymer particles), causes a 4-fold increase in the effective bulk modulus of elasticity and a 6-fold increase
in the shear modulus.
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'Hayionansnuii ynieepcumem 600no2o0 20cnodapcmea ma npupoOoKopUCmyéanHs.
2JTyybKuitl HayionanbHull mexHiuHul yHigepcumen

JIO IATAHHS MOJAEJIOBAHHSA HAJIMHOCTI CLLIbCbKOIOCIIOJAPCBKHUX
MAIINH

30ammuicmo 6y0b-aKO0i CiNbCbKO20CNO00ApPCLKOT Mawiunu 30epizamu c6oi nOYAMKOGI MexXHIUHI NOKAZHUKU Y npoueci
excnyamauii eusnauyacmyca it Haoditinicmio. Yci nokasnuKu, wio 6nauealoms Ha HAJIIHICMb, AK NPAGUIIO0, PO3PAXOCYIOMbCA
Ha niocmaegi mux yu inwux mooenei yynkyionyeauua. Bioomumu € pizni nioxoou 0o mooentosanna npoyecie ghopmysanns
noOKa3HuKie nHaditinocmi. Y oaniii poo6omi npoananizoeano yunti Mooeni Hadilinocmi mexHiYHUX cucmem ma 3anPonoHO8aHo
HO6UIl niOXi0 00 OUIHIO6AHHA HAOIHHOCMI 3 YPAXYBAHHAM GNIUEY HA OAHUI NOKA3ZHUK KOMNJIEKCY 63AEMON06’A3ANHUX
eHympiwmnix i 308Hiwnix gaxmopie. Takoi cucmemnocmi MOMCHA 00CAZMU GUKOPUCMABUIU MONCIUGOCHI WIMYUHO20
inmenexkmy.

Knrwuoei cnosa: naoitinicmv, MoOenb, MeXHIUHA CUCIEMA, CLTbCHKO2OCNO0APCbKA MAUUHA, AHATL3.

O. Nalobina, M. Holotiuk, A. Shymko, O. Bundza, V. Martyniuk, V. Puts

ON THE ISSUE OF MODELING THE RELIABILITY OF AGRICULTURAL
MACHINERY

The ability of any agricultural machine to maintain its original technical performance during operation is determined
by its reliability. All indicators that affect reliability are usually calculated on the basis of certain models of functioning. There
are various approaches to modeling the processes of forming reliability indicators. This paper analyzes the existing reliability
models of technical systems and proposes a new approach to assessing reliability, taking into account the impact of a set of
interrelated internal and external factors on this indicator. Such a systematic approach can be achieved using the capabilities
of artificial intelligence.

Keywords: reliability, model, technical system, agricultural machine, analysis.

IocTranoBka mnpoOaemu. EdexkTuBHICTh ekcrulyaTamii — CiJIbCHBKOTOCIOAAPCHKUX — MAallWH
BU3HAYAETHCS PiBHEM IXHBOI HAIIHOCTI, sIKa POPMY€ETHCS 1LI€ ITiJ] YaC BUKOHAHHS MIPOLIeCy HPOEKTYBaHHS,
3a0€31eTyEThCS B XOJi BUTOTOBJICHHS, MPOSBIISIETHCS Ta MATPUMYETHCS B IPOIIEC] eKCILTyaTallii ManiyH.

Binomo, 10 HamiHICTB — 11€ BIACTUBICTh BUPOOY 30epiraT B 4aci y BCTAHOBJICHUX MEXKaxX 3HAUCHHS
napameTpiB, SIKi XapaKTepu3ylOTh 34aTHICTh BHKOHYBaTH 3akjiajeHi (yHKLIi 3a yMoBH poOOTH Ha
PEKOMEHIOBAHMX PEKUMaX, 13 MPOBEACHHSIM TEXHIYHOTO OOCIyrOBYBaHHS, PEMOHTY, 30epiraHHs Ta
TPaHCIIOPTYBAHHSI.

Huspkuii mokasHWK HaAIHHOCTI € BHpIIAIGHUM (PAKTOpPOM 3pOCTaHHS BUTpaT Ha TEXHIYHE
00CITyroByBaHHS ¥ pEMOHT MaIlliH. AHaJI3 TUTaHHS HAAIHHOCTI MAIlIMH € BUPIMIATHLHUM IS OpTaHi3allii
yrpaBmiHHS imkeHepHuMH akTuBaMu AlIIK, sxuit mH03BOMWTH 3pO3yMITH AWHAMIKY IXHIX 3MiH,
ONITUMIi3yBaTH iXHIO poOOTYy Ta MiHIMI3yBaTH €KCIUTyaTamiiHi BUTpaTu. TOMY BHXiZHOIO TOYKOIO IS
BUPIIICHHS TUTAHHS HAJIIHHOCTI € BUBYCHHS Ta JOCIIPKEHHS MPUYMH BUHUKHCHHS HECTIPABHOCTEH, BH/IIB
iXHIX MPOSBIB 1 HACIIIKIB, MOKJIUBOCTEH iXHROMY 3aIlOOITaHHIO 3aJIe)KHO BiJ] CYKYITHOCTI BHIIAIKOBUX
BIUTMBIB, IO MIFOTh Ha 00’ €KT HA BCIiX €Tamax Horo JKUTTEBOTO IHKITY.

AHaJi3 ocTaHHIX qocaimKeHs i mydsikamiii. [Tutanas HaiHHOCTI CITBCHKOTOCIIONAPCHKOT TEXHIKU
BHCBITIIEHO B poborax B.JI. Boiitioka, 1. IT. XKypasens, M.I. UepHosoma, B.®d. Anicimosa, Durczak Karol,
Wang, Huang Ta inmmux Byenux [1-6].

MeTtoauuHi  TAXOAM A0 BU3HAYCHHA  HAJIMHOCTI TEXHIYHMX 3aco0iB 1, 30KpeMa,
CITBCHKOTOCIIONIAPCHKUX MAIllMH, BUKJIaNeHO B pobotax A.B. Homumpkoro [7], Wang, Huang [8],
O.C. I'punuenko [8].

3okpema y pobOoti [7] BUKIaAeHO eramy 3a0e3NedeHHs HaAIMHOCTI TEXHIYHUX 3ac00iB I
NPUTOTYBAaHHA 1 po3JaBaHHs KOPMiB Ha cTalii eKcIulyartamii Ta 0OCIyroByBaHHS. ABTOPOM OKpECIEHO
peKOMeHaIl IS MiABUINEHHS HaaidHOCTI. PO3KpUTO CyTHICTH oOpraHizaiii cuCcTeMH 30WUpaHHS
iH(pOpMaIIii po HaJiiHICTh; 3a0e3MeueHHs CUCTEMH TEXHIYHOTO 00CIyroByBaHHS 1 peMoHTy. HOoBHIbKHIA
A.B. Haromnourye Ha HEOOXiTHOCTI PO3POOIISTHHA HAyKOBO-OOIPYHTOBAaHUX NMPUHLUIIB i € AMHUX MiJXOIiB
U1t OpMyBaHHS HANPSMKIB 3a0€3MEYCHHS HaliHHOCTI.

Wang, Huang [6] 3a3Hauae, 1110 BUKOPHUCTaHHS KOMIIOHEHTOIICHTPHYHOT'O ITiX0/y Ha OCHOBI JaHUX
PO BiIMOBH, SKHH 3aCTOCOBYIOTH MiJ Yac OILIHIOBaHHS HAAIHHOCTI € HEAOCTaTHHO TOYHHM. ABTOD
MPONOHY€E Oi7bII TOYHUN METO, IO IHTErPye MOHITOPHHT HPOIYKTUBHOCTI Ta aHalli3 HAAIMHOCTI B OJHY
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cTpyKTypy. IIpu 1boMy HEOOX1ZHO BUKOPHCTOBYBAaTH PE3yJbTaTH MOHITOPUHIY, SIKHMM NPOBOAUTHCS 3a
PI3HUX YMOB, IO J1a€ OUIBIN TOYHI PE3yIbTATH.

I'puryenko O.C. [8] mpoBiB aHami3 YMHHUX METOMIB OLIHIOBAHHS 1 MOZEJNEW MpPOTrHO3YBaHHS
MeXaHI4HOi HaIidHOCTi, 110 YTBOPIOIOTh 3arajibHy METOJOJOTiI0 OLIHIOBAaHHA Ta 3a0e3MeYeHHS
HagiHOCTI. Haronomeno Ha HEOOXiTHOCTI pO3pOOKH 3arajibHOI METOMOJIOTIT 3a0e3MeYeHHsT MeXaHIIHOT
HaJiHHOCTI CIIbCHKOTOCIOJAPCHKUX MAIIWH, fKa MOXKe OyTH NOKJaJeHa B OCHOBY BiIPOIKECHHS
BITYM3HSHOIO MalIMHOOyAyBaHHS. B ocHOBYy Takoi MeTomonorii ciifi MOKJIaaTH pe3yabTaTh
BUNIPOOYBaHb, SIKI JIO3BOJIIIOTH TPOTHO3YBATH PECYpCHI TOKAa3HUKW MeXaHiuHol HaaidHocTi. Kpim
EKCTICPUMEHTAIILHIX METOIB aBTOP PEKOMEHJIy€ BUKOPHCTOBYBATU TEOPETHYHHI aHai3 KOHCTPYKIIH i
KOMIT IOTEpU30BaHi YMCIIOBI METOAM BU3HAUEHHS HANPYKEHO-1e()OpPMOBaHOTO CTaHy 00’ €KTIB.

Metoay TiIBUINEHHS HAMIHHOCTI pO3MIIsIHYTO y pobotax [9-13]. ¥V poboti [9] aBTOpamu
MPOaHaTi30BaHO YMHHI METOIU MiIBUIIICHHS HAAIHOCTI CUCTEM 1 arperaTiB JUIsl CLIbCHKOT'O FOCIIOIAPCTBA.
JaHi MeToau MOAIISIOTECS Ha TPU TPYNH: KOHCTPYKLIHHI, TEXHOJOTIYHI Ta eKCIUTyaTaliiiHi. ABTOpaMu
TAKOXX 3alpOIOHOBAHO METOJOJIOTII0 BUPILIEHHS MPOOJeMH HAaOilHOCTI CHCTEM 1 arperatiB MOOUTBHOT
CLIBCBKOTOCTIONIAPCHKOI 1 aBTOTPAHCHIOPTHOI TEXHIKH TEXHOJIOTISIMA TPUOOTEXHIYHOTO BiTHOBJICHHSI.

Aptopamu [10] BumineHo 4YoTHpH «(paKTOPU MINBUIICHHA HAMIMHOCTI TpakTOpiB i
CLIBCBKOTOCNIONAPCHKUX MAIIMH: 1) YJOCKOHAJIECHHS METOAIB KOHCTPYIOBaHHS 3 BHUKOPUCTAaHHIM
KOMIT FOTEPHUX CHUCTEM, BIINPAIIOBaHHSI KOHCTPYKI[H Pi3HUX BY3JIB 1 JeTanell Ha CTajil MPOeKTYBaHHS,
nepeBipKa X HaAIHHOCTI 10 TOYaTKy BUPOOHUIITBA; 2) 3aCTOCYBaHHS B KOHCTPYKIIISIX MAalIWH JOCTaTHHO
BiANpalbOBAaHOI BUCOKO-HAAIHHOI eneMeHTHOi 0a3u; 3) 3acTocyBaHHS HOBHUX BHCOKOSIKICHHX
KOHCTPYKI[IHHUX MarepiajiiB JijIi BUTOTOBJICHHS JeTajicl, By3JIiB 1 0a30BMX €JIEMEHTIB MaIlUH;
4) yIOCKOHAJICHHST TEXHOJIOTiH BHUPOOHMIITBA 1 KOHTPOJb SKOCTI MarepiaiaiB, KOMIUICKTYHOUHX i
BUTOTOBJICHHS MalllMH Ha BCiX €Tarax BUPOOHHUIITBAY.

Bukonanuni anasi3 YMHHUX JOCHTIHKEHb BUSBUB 3HAUHUHM HAYKOBUH iHTEpeC 10 MUTaHHA HaIIHOCTI
TEXHIYHUX CUCTEM U CLIBCHKOTOCIOAPCHKUX MallliH, 30KpeMa.

IocTranoBka 3aBaaHb. 3 ypaxyBaHHAM BUKJIaJCHOTO, METOIO AaHOI POOOTH € aHaji3 Mopesen
HAJIMHOCTI TEXHIYHMX CHCTeM 1 po3poOKa HOBOTO TiAXOAy JIO OIHIOBaHHS HAaJIHHOCTI
CLIBCHKOrOCHOJAPChKUX MAIIKH.

BuxnagenHst o)cHOBHOT0 MaTepiany. HamiiiHicTs BU3HAYAETHCS K HMOBIPHICTE TOTO, III0 CHCTEMA
Oyzne BUKOHYBaTH cBO1 (yHKLIi MPOTSTOM MEBHOTO Yacy 3a BCTAHOBJICHUX YMOB. SIK BCTaHOBIICHO BHILE,
BiOMa 3HAa4yHa KiJIbKICTh POOIT, MPUCBSIYEHHX NUTAHHIO HafifHOCTI. [[na oOUiHIOBaHHA NOKa3HUKA
HaJIHHOCTI BUKOPUCTOBYIOTH Pi3HI METOOJIOTIUHI IMiIXOIN: 0a€COBCHKI MEPEXKi, IEPEBO HECTIPABHOCTEH,
JIepeBo BiAMOB, JaHLIOT MapKoBa, TOILO.

PosriistHeEMO fiesiki B1IOMI MOJEII.

Mopeni aepeBa BiAMOB 1 JepeBa HECIPABHOCTEH, sIKI 4YaCTO BUKOPHCTOBYETHCS IS OI[IHIOBAHHS
HaIIHHOCTI, TOTPEOYIOTh 3HAYHOT 0a3M eKCIIEPUMEHTALHHUX JaHUX PO BIIMOBH Ta (ikcallii GaKTHIHOTO
qacy, BUTPA4e€HOI'0 Ha PeMOHTHI podoru. OTpuMaTH Taki AaHi y AOCTaTHHOMY OO0’e€Mi AJsl CKIaJHUX
TEXHIYHUX CHCTEM JI0BOJII BaXKKO. e Takox € mpu4uHOIO Juis OararopakTopHOro aHamizy. JlaHuid MeTo
HE JIO3BOJISIE BCTAHOBHTH 3aJIS)KHOCTI MK (haKTOpaMH BIUIMBY Ha HaJliHHICTh, OCOOJIMBO B yMOBax
HEBU3HAYCHOCTI, BpaXxyBaTH BIUIMB TEPMiHY €KCIUTyaTallii OKpeMHX CKJIaJOBUX TEXHIYHOI CHCTEMH Ha il
HaAilHicTh. [lepeBaroio MeToLy € TOCTYIHICTD Bi3yaJbHOI'O CIIPUHHSATTS Ta MPOCTOTA Y BUKOPHCTAHHI.

MopnentoBaHHs HaIIHHOCTI TEXHIYHHMX CHUCTEM Ha OCHOBI JIaHIfOTiB MapkoBa. 3acTOCyBaHHS
JaHIOTiB MapKoBa Ja€ MOKJIMBICTh BUKOHATH aHANi3 HAIIHHOCTI CKJIAHOI TEXHIYHOI CUCTEMH SIKOO €
CilmbCchKOTOCIIONapCchka TexHika. OCOONHMBICTE JaHOTO METOMOJIOTIYHOTO MiIXOAYy — II€ MOXKIUBICTh
OIIIHUTH KOMIIOHCHTH CHUCTEMH, SIKi PI3HITHCS 3a TEXHIYHUM CTaHOM, IMPOSBOM BiJIMOB Yy YacOBOMY
MPOCTOPI.

Metox TpyHTYeTbCSI Ha BHUKOPUCTaHHI BHIIAJKOBHX MapKiBCBKMX MpoleciB. MopaearoBaHHS
BUMAJIKOBUX CTaHIB BPaXxOBYE Ta po3risigac (aKkToOpH, 10 BUKIMKAIOTh HAWOLIbII HeOe3NeuHuil cTaH y
mporeci eKkcrutyaTtamii MamuH. MOXJIMBICTE BpaxOBYBaTH 30BHIIIHI (AKTOpU MPOTATOM JAESKOTO
MPOMDKKY 4acy € Oe3lepeyHOI0 IepeBarold METOAYy, IO [O03BOJsiE POOUTH IMPOTHO3M HAAIMHOCTI
3arajqbHOTO CTaHy MAIlMHU 3 YPaxyBaHHAM HMOBIpHICHMX KpPHTEpiiB, AKi BpPaXxOBYIOTh HeOe3MedHi
CHUTYyallii, HeCIPUSATIUBI BILUTMBH 30BHIIIHIX (aKTOPiB, TEXHOTCHHI TPUYHHH.

Henonik maHoro meromy oOrpyHTOBaHO B po0OOTi [14]. ABTOp BiaMIYa€ CKIAIHICTh MOOYIOBH
MOJIeTli Ha OCHOBI NaHIfora MapkoBa, IO € MPUYHUHOI ToMuiok. Kpim Toro, moOymoBaHy MOJelb
HaJIMHOCTI, sIKa BpaXxOBYy€e 0araTo CTaHiB, BAYKKO PO3B’S3aTH i3 3aCTOCYBaHHSAM KOMII FOTEPHUX HPOTPaM.
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BbaecoBchbki Mepeski BiTHOCITH 10 TMOBIpHICHO-CTATUCTUIHUX METOJIB, SIKi TIO3BOJISIOTH MIPUITMaTH
OOIpyHTOBaH1 TAKTUYHI Ta CTPATEriuHi pilIeHHs 3 3a0€3MeYeHHs HaJilfHOCTI.

3rigHo 3 [15] mpoliiec MOAEIIOBaHHS Ta IPOrHO3yBaHHS Ha OCHOBI 0a€COBCHKOI MEPEXKi CKIIATa€ThCS
3 TaKUX eTamiB: 30ip AaHMX; NOOYya0Ba MOJCNICH-KaHAUAATIB, BUOIp KpaIloi MOAesl 3a CTaTUCTUYHUMU
KPUTEPISIMU a/IeKBATHOCTI; OOYMCIECHHS OLIHOK IIPOTHO31B.

Mogeni, sxi 06a3yloThCS Ha BUKOPHCTaHHI 0aeCOBCHKOI MepeXi, MOPIBHAHO 3 IHIIMMH, TOYHO
MOKAa3yI0Th CTPYKTYPY (POpMyBaHHS HaAIMHOCTI B KOHTEKCTI HMOBIPHICHUX MOIiM Ta 1al0Th MOXJIUBICTh
(dopmainizyBatu ganuii nmporec [15].

Crnin 3ayBakWTH, IO 0aeCcOBCHKI MepeXi BHUKOPHCTOBYIOTbCA MJISl OLIHIOBaHHS HaAiHHOCTI
0araTOKOMITOHEHTHUX CHUCTEM, sIKi XapaKTepH3YIOThCS PI3HUMH CTaHaMHU HAaBITh 32 YMOBH HEIIOBHOTO
Ha0Opy CTATUCTUYHUX JIAHUX.

Cepen HenmomikiB JaHOTO METOAY MOXKHA BBaKaTW Te, IIO JOBOJI BaXKO Ha OCHOBI JaHHUX
MOHITOPHHTY MO, OTpPUMaHUX 13 pI3HUX [DKeped, MoOyoyBaTH MOJAEIb BTpPaTH HAaAIHHOCTI 3
BpaxyBaHHIM 30BHIIIHIX (akTopiB BIUBY. Takox JiesKi BUEHI y SKOCTI HEOTIKY METO/AY BiIMI4alOTh
Cy0’eKTUBHE CHPUIHATTS CIIOCTEPIrayiB TAKUX MOHATH K «TPAHUYHHUIY 1 «I1edeKTHUI» cTanu [16].

AHai3 mIxoiB 10 OMiHIOBaHHS HAIiMHOCTI JO3BOJIMB HaM 3pOOWTH BHCHOBOK , IIO B JIiTepaTypi
MPaKTUYHO BIJICYTHI pOOOTH, y SIKMX HaJiHHICTh PO3TISIAETHCSI CHCTEMHO, TOOTO 3 YPaxyBaHHSIM BIUIUBY
Ha JJaHWH MOKAa3HUK KOMIUIEKCY B3aEMOTIOB’ SI3aHUX BHYTPIIIHIX 1 30BHIIIHIX (akTopiB. Takoi cucteMHOCTI
MO’KHA JOCSTTH BUKOPHCTABIIN MOKJIMBOCTI IITYYHOTO 1HTENEKTY.

3acTOCYEMO SIK OCHOBY JIOTiKO-CEMAaHTHYHY MOJIENb, 10 0a3y€ThCsl HAa MOOYJOBI CEMaHTUYHHUX
citok. [TepeBaroro Takoi Mojieni 00poOKu iH(OpMALlii € CIIPOLIECHHS IHTErpallii JaHUX, 1110 JJA€ MOYKJIMBICTh
CIIPOCTHUTH BBEJIEHHS HOBOI iH(popMmallii 3 30BHIMIHIX JHKEPET B PEXKUMIi PEalTbHOTO Jacy.

BukopucTanHs ceMaHTUYHOI CITKH 103BOJIMTH HAM OTPUMATH FHYYKY MOJIENIb HAAIHHOCTI Oyab AKOT
CIIBCHKOTOCIIONAPCHKOI MAILTUHH.

Ha pucyHky 300pa)XeHO NPHHLMIIOBY CXEeMy CKJIafaHHS Takoi moneni. Mozenb (GopMmyeThes 3
MeBHOI KUTBKOCTI OJIOKiB, SIKi MOXKYTh HAKIIIaTUCh OJUH Ha ApYyruil. bioku 3 naHnMu 3a motpedbu MoXKHA
nonaBatu abo Buiydatu 3 0a3u Oe3 BTpaTh poOOTO3MATHOCTI MOJENi HamiMHOCTI. CyKyIHICTh OJIOKIB
CTBOPIOE MIEBHY CHCTEMY 3HaHb, SIKa MICTUTH iH(OpMaIito, NOTPiOHY AJIS aHANI3y HAaJIifHOCTI KOHKPETHOT
MalluHH.

[Ipaktuuno Ha erami | (pucyHok) hopmyeTbes GopmManizoBaHa MOJEb y BUIIIAII CiTOK. BepxiBku
CITOK — IIe CTaH OKPEMHUX CTPYKTYPHHUX €JIE€MEHTIB; JIiHIT M’k BEpXiBKaMH pPO3KPUBAIOTh B3aEMHUI BILJIMB
CJIEMEHTIB.

BukopucTaHHs ceMaHTHYHOI MOJEIi O3BOJIAE CUCTEMHO OLIHUTH INPOLEC 3a PAXyHOK BBEICHHS
OJIOKIB JaHUX, K1 MICTATH SIK 30BHIIIHI TaK i BHYTPillHi (pakTOpH BIUIMBY Ha OKa3HWKHU HafdiiHOCTI. Kpim
TOTO B MEXaxX KOXKHOTO MU MOKEMO BiJICTEKUTH 3aKOHOMIPHOCTI B3aEMHOTO BIUIMBY (PaKTOPIiB (PUCYHOK).

\ Y

11 Fo=f140)-V(0] Fo=f14(0)-W (0] F.=TA(0-U(®]

111 Cemanmuuna mooeno CM={F,, F,, F,}

Pucynox. CxeMaTu4He NMpeACTABJIEHHS CEMAHTHYHOI Mo/ieJIi HagdiifHOCTi
CiIbCHLKOT0COAAPCHhKOI MALIMHH
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HaBenena cemanTHyHa Mojelb (OPMYBaHHS HAIIMHOCTI CKIagaeTbes 3 Onoky G — MiCTUTh
iHpopMaIlil0 IPO BIAMOBU AETalCH Yepe3 3HOIIYBAaHHS Yy BHUIJIAAI CITKHM, sSKa MICTUTh 3B’SI3KH MIX
okpemumu arperatamu (1.1, 1.2,...,1.n), By3mamu (1.1.1., 1.1.2,1.3,...1.n,j) Ta meramamu (1.n.j.m), o
BXOZSTH A0 IXHBOTO CKJIany.

Biox Q — MicTuTh iH()OPMALIiIO PO BiIMOBH, IPUUUHOIO AKHX € BTOMHE PYHHYBaHHS IIPHUYUHOIO
SIKUX € ISl MUKTIYHUX HaBaHTaKCHb.

bnok E — micTuTh iHpOpMaIio Npo BiAMOBH Yepe3 MOPYLIECHHS MOHTaXY Ta €KCIUTyaTallii.

Tak sIK CUTBCHKOTOCIOAApPChKa MallliHA SBISIE COOOI0 CKJIAJHY CHCTEMY, TO KOXEH Il OKpeMuit
CJIEMEHT MOXKE€ MaTH JEKiIbKa CTaHiB, SIKI XapaKTepH3YIOTh INEBHHUM TOKa3HWUK HAJIMHOCTI CHCTEMHU.
OxpeMi eeMEeHTH 3MiHIOIYM CBili CTaH, OJHOYACHO BIUIMBAIOTH HA IHIII €JIEMEHTH, 3 SIKUMU BOHH
MOB’s13aHI CTPYKTYpHHMH, KIHEMATHYHUMH a00 CHIIOBHMHU B’si3siMu. Bcee Iie PUBOIUTH 7O TOTO, IO
MaluHa HaOyBae HOBI BiIacTHBOCTI. Lle, B CBOIO uepry, BIUIMBAE Ha SKICTh BUKOHAHHS TIEBHUX (QYHKIN T
Ha TIOKa3HUKHU HaJ[IHHOCTI.

3 ypaxyBaHHAM LBOTO MPEICTAaBUMO OKpEMi EJIIEMEHTH CTPYKTYpH MAIlIMHU SK BEPLIMHU
CEMaHTHYHOI CiTKHM, a peOpa CITKM BiZ0OpakaroTh B3a€MO3B’s3KHM Mik HuMHU (puc.l). BpaxoByrouu
3a3HaueHe, [Mo/IaHi Ha PUCYHKY €JIEMEHTH, MOXHA OIHCATH TAKOK MHOKHUHOO

A={4®}. nej=1..n (1)

BinmoBigHO MOKa3HWKHM HAJIWHOCTI 3MIHIOIOTHCS 1 y TICBHHM MOMEHT 4acy XapaKTepU3YIOThCS
BiamoBimHUM ctaHoM (V;). B¢i MOXITHBI CTaHH MaIlTiHA

v ={V®}
W ={W;(t)}, nei=1..m. 2
U ={U;(®)}

BHacnigok ananmisy CeMaHTUYHMX JIAHIOTiB, oTpumaemo (QyHKuii Fg, Fo, Fg (wa pisui II), sxi
IHTEPIPETYIOTh MMOKA3HUKH HATIHHOCTI.

PosrnsiHeMo MOXIIMBI BapiaHTU OTPUMAaHUX (PYHKIIIH.

Hanpukian, wa pisai I orpumano ¢ynkiito: F; = min(A1.1) vV (A1.2) & j < 3. Takuii
pe3yNbTaT IHTEPHPETYEThCS HACTYIHUM YHMHOM: BiJIMOBa TOJIOBHOTO KOHCTPYKTHBHOTO eieMeHty A 1
BiZIOYI€THCSI 32 YMOBH BiJIMOBH OJIHOTO 3 HaiMeHmn HaaiiiHux enementiB (4 1.1), (A 1.2).

3a ymoBu, mo F;=min(A11)V (A1.2) & j>2 - poboTo3gaTHUH CTaH TOJOBHOIO
KOHCTPYKTHUBHOTO eneMeHTy A 1 Oyme 30epiraTuch pu BiIMOBI OAHOTO 3 HAWMEHII HAAIHUX €JIEMEHTIB
(A1.1),(A1.2).

3BUyaifHo, Moke OyTH Oarato pi3HMX CLEHApiiB 3arpo3 BTPaTH HAIIHHOCTI, KOXKEH 3 SIKUX SBJISIE
co0010 Halip KPOKIB, SIKi B MEBHiH CYKYITHOCTI MOXKYTh BIUNTMHYTH Ha MOKa3HUKH HaliHHOCTI.

Ha mincraei orpumanux Gynkuii Fg, Fy, Fg GopMye€Thest ceMaHTHYHA MOJIENb HAIHHOCTI MAIIMHHA
(CM) Ha pieHi III. O6’egHaHHsS OKpEMUX CEMaHTHYHHX JIAHIIOTIB Ha piBHI III mpuBemo 10 CTBOpeHHS
1HTErpOBaHOI MEPEXKi, SIKAa MiCTUTH 00’ €JHAHHS €J1eMEeHTiB piBHS L.

3acToCOBYBaHHS TaKO1 MOJIEII OIIHFOBaHHSI HA/IIMHOCTI 1a€ MOXKITUBICTh CITPOCTHUTH MPOIIEC aHATI3Y
3HAYHOI'0 00CATY JaHMX 1 OTPUMATH MOTPIOHY iH(OPMAILIiI0 338 He3HAYHHI IMPOMIXKOK yacy. CeMaHTHUHY
MOJIEJIb TAKOXK JIETKO aIaliTYBaTH 0 HOBHX JDKEpell IaHUX 1 MiHIMBUX YMOB €KCIUTyaTallil MalliHy.

BucHoBku. [lommpeHHs TEXHOMOTiH MITYYHOTO iIHTETIEKTY NPU3BOANUTH A0 HEOOXiAHOCTI CTBOPEHHS
CY4acHUX IHTEJIEKTyaJbHUX CHCTEM HOBOTO THITY, SIKi 3JIaTHi OOpOOJISTH CKIAIHOCTPYKTYPOBAaHY
iHpopmarliito. JJo Takux cucteM MOXKHA BijiHECTH 00poOKy iH(opMaIlii 3 BUKOPHCTAHHSIM CEMaHTHYHHX
MoJieIIeH, siKi 0a3yroThesl Ha 0OpOOIIIHHI BEJIMKOTo 00’ eMy iH(opMarii 3 3acTocyBaHHAM rpadidyHUX CiTOK.

BukopucTaHHs TakuX MOJeNeH Ui OLIHIOBAaHHS HAMIMHOCTI CLIBCBKOTOCIIONAPCHKUX MallluH
JI03BOJIUTh:

—aBTOMAaTHYHO 200 HaMiBaBTOMAaTHYHO pearyBaTH Ha 3MiHy CTPYKTYpH 3arajibHoi iHhopmaii (Tumy
MaIliHN );

—IOCTIDKYBaTH CTPYKTYPY, (YyHKIIOHaJbHI Ta IHIII 3B’A3KM HE Yy BHIISIAI YHUCEIBHHX
(MaTeMaTH4HUX) a0CTPAaKIIil, a y BUTJISIL JIOTIYHHX 3aB’SI3KiB;

—aHaNI3yBaTH IIOKa3HUKU HAMIMHOCTI CHUCTEMHO, TOOTO 3 ypaxyBaHHSAM BIUIMBY KOMILICKCY
B32€MOIIOB’ I3aHMX BHYTPIIIHIX 1 30BHIITHIX (aKTOPIB.
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AHAJII3 IUVIAXIB HIABUIIEHHSA AKOCTI OYNINEHHA MIHIATIOPHUX
NIIIIANTHAKIB KOUEHHSA JJI MPENU3IMHUX MEXAHIYHUX TA ABIAKOCMIYHHX
CUCTEM HA PEMOHTHOMY BUPOBHUIITBI

B pobomi npusedeno ananimuuni 00cnioycenHa memooie OUUU4EHHA NIOWUNHUKIG KOUEHHA 6i0 Pi3HO20 pOOY
3a0pyonensb. 3anpOnOHOBAHO, 011 NOKPAWEHHA eeKmUBHOCMI OYUWEHHA NIOWURHUKIE 8i0 CKIAOHUX 3a0pYOHEHb PI3HOT
npupoou, BUKOPUCMOBYSAMU MEMO0 IMRYILCHO20 MAZHIMHO-MYPOYICHMHO20 OYUWLEHHA 6 MUIOUOMY Cepedosuyi 3
000amMKOBUM GUKOPUCIMAHHAM YIIbIMPA3EYKOGUX CUCHEM Pi3HOT uacmomu.

Kntouosi cnosa: memoo imnynbCcHo2o MacHimHo-mypoyieHm1o20 Ouuwents, YibmpaseyK, NIOWMUNHUKY KOYEeHHs.

O. Stelmakh, R. Kostyunik, O. Kushchev, S. Shymchuk

ANALYSIS OF WAYS OF IMPROVING THE QUALITY OF CLEANING MINIATURE
ROLLER BEARINGS FOR PRECISION MECHANICAL AND AEROSPACE SYSTEMS IN
THE REPAIR PRODUCTION

Analytical studies of methods of cleaning rolling bearings from various types of contamination are presented in the
work. It is proposed to use the method of pulsed magnetic-turbulent cleaning in my environment with the additional use of
ultrasonic systems of different frequencies to increase the efficiency of cleaning bearings from complex contamination of
various nature.

Keywords: method of pulsed magnetic-turbulent cleaning, ultrasound, rolling bearings

Beryn. Ilpu ekcruryaranii, HaBiTh y BHCOKOTOYHMX IiJIIMIHUKAX, BUHUKAIOTh PI3HOTO POIY
nedextu. IcHye 3alexHICTh MK BHHUKHEHHSIM 3HAYHOI YaCTHHH Ne(EKTIB MiANIUITHUKIB KOYCHHS, 110
MIPU3BOIUTE 10 iX BUXOMIY 3 JIady, Ta BHIOM 1 KUTBKICTIO 3a0pymHeHb pobounx moBepxoHb [1, 2]. Lle
MPUCKOPIOE 3HOLIYBAHHS €IEMEHTIB KOHCTPYKIIi, 30UIbIIye CHIIN TePTs, MiABUIIYe BiOpamii Ta mrymMoBi
XapaKTePUCTUKH BUPOOY B IijloMy. Ha choromHi BijoMo 0araTo pi3HOMAaHITHHX METOJIB OYHWIICHHS
T JIIATTHUKIB BiJl 3a0pyAHEHB, 10 e()eKTHBHI MPH iX 3aCTOCYBaHHI HA HOBUX ITiIIIMITHAKAX Ta HE 3aBXKIN
MOXYTh 3a0e3neuuTH HeoOXigHy 4YHCTOTY BHUpOOiB, Mmicis IX eKcIulyaramii, depe3 O0cOoOJIHBiCTh
bopMyBaHHS JesKUX 3a0pyaHeHb [1 — 4].

JlitepaTypHuii aHaji3 BHUKOPHUCTOBYBAHUX METOAIB OUMINEHHS MiIIIUNMHUKIB KOYeHHs. Sk
MoKa3ajau pe3yiabTaTh Py JOCHIHKCHb, TPOBEICHUX KOJIEKTUBOM aBTOPIB HAYKOBO-JIOCIIAHOT
nmaboparopii HanotpuboTexnomorii HaiioHansHOTO aBiamiifHOT0 yHiBEpCUTETY Ta iHIIMMU TOCI THUKAMHA
3a M IHATOI0 MpodaeMaTukoro [1 — 7], BUKOpUCTaHHS Kepeia iMITyTbCHOTO 3MIHHOTO MarHiTHOTO TIOJIS B
MPUCTPOSIX OYMIICHHS JO3BOJSE €PEKTHUBHO BHIAIATH 3a0pyIHEHHS METaJiuHOI MPUPOAU, & TaKOK
HEMETalleBi Ta OPTaHIYHI YACTHHKH, SIKi HE XapaKTepPU3yIOThCS BHCOKOIO HIUTFHICTIO Ta CTYIIEHEM aAre3ii.
s mpoBesieHHs €DeKTUBHOTO OYMIIEHHS HOBUX ITiIIIMITHAKIB KOUEHHSI, [0 HAJAXOSATh BiJl BAPOOHUKIB,
I[LOTO 3a3BHYail IIJIKOM JOCTaTHBO. AJle TIPH JIarHOCTYBaHHI Ta BIJIHOBJICHHI MIiAIIWITHUKIB KOYCHHS, 1110
Oynu B eKcIUTyaTarlii, Koy 3a0pyIHEeHHS MarOTh JIENI0 CKIAIHINTY NpupoAy (Hampukian 3a0pyIHEHHS
MAaloTh MPUPOAY CTAPUX MOJIMEPU30BAaHUX MAaCTWIBHUX MaTepiajiB, KOKCOBAaHUX MIPOAYKTIB 3MALICHHS Ta
KOHCepBallii, MUILHUX 3a0py/JHEHb YTBOPEHHX OpPTraHiYHUMH MaTepialaMH Ta METaTiYHUMHU
BKJIIOYEHHSIMH) BHCBITJICHHH BHILIE METOA € €(EKTHBHUM, 3a3BHYai, IPU KOMIUIEKCHOMY MOE€THAHHI 3
YIIBTPa3BYKOM.

IMocTaHoBKa 3aBAaHb A0CHiIKeHHs. Ha 0CHOBI IPaKTUYHOTO JIOCBITY Ta JIiTEpaTypPHOI'O aHAII3y
3allpONIOHYBAaTH HOBHUH €(EeKTHBHUI METOA OYMILEHHS NiANIMIIHUKIB KOYEHHS BiI PI3HOTO pPOAY
3a0pyTHEHb.

BukiaaaeHHsi 0CHOBHOI0 MaTepiaay cTaTTi. MarHiTHO-TYpOYJICHTHHI METO I OYHIIEHHS, IO
0a3yeTbCsl HA BIUIMBI 3MiHHOTO MAarHiTHOrO MOJsI Ta TypOYJIEHTHOTO IMOTOKY Ha 3a0pyIHEHI MOBEpXHi
MiAMUITHAKIB KOUYEHHS, BUKOHYE CBOE NMPH3HAYCHHS 32 PaxyHOK OE3KOHTAKTHOro oOepTaHHS 00’€KTa
OYMIICHHS Ta €(QEKTUBHOTO «PO3PUXJIECHHA» W BHAAJICHHS 3a0pyAHEHb 3 pOOOYMX ITOBEPXOHBb
migmmnHuKiB. OCOOMMBO 1€l METOJ] € aKTyaJIbHUM JUIsi OYMINCHHS MIiHIaTIOPHUX Ta MPEIU3idiHuX
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HmIapuKomiAmunHuKiB. [Ipote, ans 3abe3mnedeHHs] epEKTUBHOTO OYMIIECHHS MiAIIUITHUKIB, Horo OyBae
HEI0CTaTHBO.

[Ilo6 3abe3meunTi HEOOXIAHY SAKICTH OUMIIEHHS MIKPOIIIIMITHAKIB KOUYEHHS TSI MPen3iiHIX
MEXaHIYHUX CHCTEM aBiaKOCMIYHOI W IHINOI TEXHIKM IUBIIBHOTO Ta BIMCHKOBOTO IMPU3HAYCHHS Ha
PEMOHTHOMY BUPOOHUITBI, MOTPiOEH HOBUII €(peKTUBHUIT METO, IO OyAe BKIIOYATH KPiM iMITYJIbCHOTO
Mar"iTHO-TypOYJI€HTHOTO METO/Y IIe i TEXHOJOTiI0 3MEeHIIIEHHS IITPHOCTI HassBHUX 3a0pyTHEHb.

OCHOBHI HEJONIKH IMIYJIbCHOTO MAarHiTHO-TYpOYJIEHTHOTO METOJY OYMILIEHHS MOXYTh OyTH
KOMIICGHCOBaHI TOCTIJOBHUM BHUKOPHCTAaHHAM JOJAATKOBOI'O CHOCOOY OYMWIIEHHS, IO JO3BOJIUTH
e(eKTUBHO «PO3PUXIUTH» (3MEHIINTH MIUIBHICTh) Ta MOAOJATH aire3iiiHy CKIaJoBY psIy HaWOimbII
CKJIaTHUX Ta TBEPAUX EKCIUTyaTaliiHuX 3a0pyIHEHB.

B sxocti Takoro cmoco0y MOXHa BHKOPHCTOBYBATH VYIBTPAa3BYKOBE OYHMIICHHS, IO 32
pesyipTaTamMu 1a0OpaTOPHUX OCHIIPKEHB TT0Ka3ajl0 3Ha4Hy e(pEeKTUBHICTbH, IO CYTTEBO MEPEBEPILNYE 3a
SIKICTFO 1HIII iCHYrO41 MeToH [4 — 5]. Ha choroHimHii qeHb el MeTO 1 3HANIIIOB HalOIbIIE MOMTUPESHHS
JUIS OYMINEHHs MiJIIMIHMAKIB KOYEHHS, SIK TpH iX BUPOOHWNTBI, TaK 1 MNpH BiTHOBJICHHI B
MikeKkcrTyaTariiiauii (peMoHTHUIT) nepios. Moro npuHun i monsrae B CTBOPEHHI B MHIOUiil piguHi
YIILTPa3BYKOBHUX KOJHMBaHb, SKi NMPH3BOSTH JO BHHUKHEHHS KaBiTallii Ha poOOYMX TOBEPXHAX, IO
HiAIATaloTh OUnIIeHHI0. OOMEXEHHS 3a pO3MipaMH AeTajiei, 110 MiAJaI0Th OYHUIIEHHIO B JTaHOMY BUNIAIKY
HE € CyTTeBUM. BHsIBJICHI B IIpo1ieci BAKOPUCTAHHS JaHOTO CIIOCO0Y OYMIICHHS TPYIHOLII — 3a0€3eYeHHS
e(eKTHBHOTO BiJ[BOJly 3a0pyJHEHb 3 30HH [iii JpKepesa, P KOMOIHYyBaHHI 3 iMIYJIbCHUM MarHiTHO-
TypOyJIEHTHUM METO/IOM, BUPIIIYIOTHCS OpraHi3ali€ro rigpoJuHaMiqHO] Tedil 3a paxyHOK O€3KOHTaKTHOTO
(mpumycoBoro) oOepTaHHsS BUIBHOIO KiJbLA I[IAPUKOMIMIIUIHUKIB. [Ipobiemoro BulleHaBeIEeHOTO
CII0Cco0y € TaKOXK MePEKPUBAHHS (3aTIHECHHS) 3HAYHOT YaCTHHHU POOOYMX MOBEPXOHD JACTAICH MiAIINITHIKA
BiJ eeKTHBHOI Aii yJIbTPa3ByKOBUX KOJHMBAaHb KOHCTPYKTHBHO. [Ipy mpumMycoBoMy O€3KOHTaKTHOMY
oOepTaHHI eJeMEHTIB miamunHuKa [8], BEKTOpy Aii yJIbTpa3ByKy € OJXHOHAIPABICHUM, L0 IPU3BOANUTH
IO 3HAYHOI aHI30TPOT] HOTO MOMMPEHHS B MUIOYOMY CEPEIOBHIIIL.

TaxkuM YMHOM, SIK TIOKa3aB JOCBiJ] BUCBITICHUX TOCHIIKECHB, AJIs1 €PEKTUBHOTO BUJAJICHHS Pi3HOTO
pony 3a0pyIHEHb 3 METaJIEBUX MMOBEPXOHD CKJIAJ0OBHX IAPUKOMIJIINITHUKIB TOUIJIBHO BUKOPHCTOBYBATH
KOMOiIHOBaHI MeTOH, 0 0a3yI0ThCS HA BUKOPHCTAaHHI iIMIYJIBCHOTO MAarHiTHO-TYpOYJIEHTHOTO METOIY
JIONIOBHEHOTO YJIbTPa3BYKOBUMH BUIpOMiHIOBauamu [9 — 11].

Cepen mepeBar Takoi KOMOIHAIIT € TOCTATHRO HEBEJIMKA I[iHA OOJIaJIHAHHS Ta KOMILUICKTYHOUUX,
HOT0 MOIMPEHICTh Ha PUHKY Ta BETUKWN BHOIpP BAIIPOMIHIOBAYIB YIBTPa3BYKY, 3 MUPOKUM ialla30HOM
TEXHIYHAX XapaKTEPUCTHK Ta MOTYKHOCTeH. Takuii KOMIUIEKC € BiTHOCHO MPOCTHM Yy peamizauii. [Tpu
IBOMY, IPABUIBHUH MiA0Ip MapaMeTpiB BUIPOMiHIOBaYa, 38 paXyHOK BUHUKHEHHS KaBiTAl[ITHUX MPOLECIB
B MUIOYIH piAwHI, J03BOJIAE 0€3 KaBITAIITHOTO TOIIKO/PKEHHS €JIEMEHTIB KOHCTPYKIIT MiAMUITHIKA
e(eKTHBHO MOPYIIUTH are3if0 Ta MIIIHICTh HAWOIIBII CKITAAHNUX 3a0pyIHEHD [5 — 6].

MeTox 10BiB CBOIO €(peKTUBHICTH HABITh MPU OUYMINEHHI OPraHiYHUX YTBOPEHb (TAKUX SIK Harap,
KOKCOBaHI MacTHJIa Ta JIaKOBiI BIOKJIAACHHS), MO0 HAWOUIBIIT Ba)XKO BHIAISIOTHCS, OCKITBKH BOHH
YTBOPIOIOTHCS TiJI TEMIEPaTypHUM BIUIMBOM Ha MallMBO-MACTHIIBHI Marepianu. [Ipu 1ipoMy B 6araTbox
HayKOBHX JoKepenax [7, 12 — 13] BkazaHo, mo e(eKTHBHICTh I[bOTO METOJMy HANpsSMYy 3alekKHUThb BiJ
HOTY>KHOCTI BUIIPOMiHIOBaYa Ta YaCTOTH KOJIMBAHb.

OcHoBHHMH (pakTOpamH, sIKi BIUIMBAIOTh HA PE3YNbTAT Ta MPOJYKTUBHICTh OUYHMIICHHS € YacTOTa
BUTIIPOMiHIOBa4Ya, HOTro TMOTYXHICTh, TEMIIEpaTypa CEpEelOBHINA Ta CYMICHICTH MHIOYOT pIAMHU 3
Matepianamu 00’ ekTy ouneHss [7, 13].

I'o510BHUM €J€MEHTOM HPHUCTPOIO € YIBTPAa3BYKOBUI IeHEpaTop 3 MepeTBOPIOBadeM, 1o hopMye
CJIEKTPUYHI KOJUBAHHS 13 YaCTOTOIO YIBTPa3ByKOBOTO Aiana3oHy Ta riudokoro (1o 90%) ammiiTyaHOO
monysmieto (50 — 100 ' 1 6inpire). BunpominioBad epeTBOPIOE EEKTPUYHI YIABTPa3BYKOBI KOJHMBAHHS
Ha MEXaHIYHI.

[Ipu BUNpOMiHIOBaHHI MOTYKHOTO yIbTPa3ByKy B PiAUHY, B OCTaHHIM BUHHUKAIOTh KaBiTallis Ta
aKyCTHYHi Tedii, 10 BiAIrparoTh BEJIMKY POJIb MPH OYHIICHHI. BOHM BUHMKAIOTh BHACHIJOK TOTJMHAHHS
yIBTPa3ByKOBOi XBWII cepenoBuieM. [Ipn 1poMy IMIyJIbC KOJIMBAaHb OKPEMHX YAaCTHHOK B XBHJII, IO
MOLIUPIOETHCS, TIEPEXOANUTH B IMITYJILC CIIPSIMOBAHOTO PYyXy CTPYMEHS MOTOKY SIK €QuHOTO winoro. Ilpu
TaKild yJIbTPa3BYKOBi OUMCTLI, aKyCTHYHI Tedii CIPUAIOTH BHHOCY YaCTUHOK 3a0pyIHEHHS 3 00JIacTi, 10
OYHIIAETHCS, IHTCHCU(IKYIOTh XIMIYHY B3a€MOJII0 MHIOUOTO CEPEIOBHINA 3 TOBEPXHEIO 3a PaXxyHOK
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MOCUJICHHS LUPKYJALil B NpUTrpaHudHiid obnacti. KpiMm Toro, BOHM AOCTaBISIOTH aKTHBHI KaBiTamidHi
OyILOAIIKY 10 AUISTHOK ITOBEPXHI, MO0 OYHINAETHCS.

CyuacHi TpPOMHCIOBI JDKepena yIbTpa3ByKy 3AaTHI (OpMyBaTH yIBTPa3ByKOBY XBHIIIO B
MHUIOUOMY CEPEOBHIII 3 4acTOTOIO Bif 25 K[ 1. Anle Ha MpaKTHLi Cy4acHUX TEXHOJOTIH YIbTPa3ByKOBOTO
OYHIIECHHS HaM4YacTillle 3aCTOCOBYETHCS YIABTPA3BYK HU3BKHUX 9acTOT — Bix 16 g0 45 k111

BusHaueHHs onTUMaibHOI HEOOXiIHOI YacTOTH € OAHIEI0 3 OCHOBHHUX 3ajay, 1o 3ale3rnedye
eeKkTUBHICTh poOOTH MPUCTPOIO. BiAmoBiaHo 10 HiTepaTypHux mKepen [6, 12 — 13]:

- gactotu 20-30 k[l CHIPHUAIOTH IMIBHAKOMY PO3YMHECHHIO IMOBEPXHEBHX 3a0pyIHEHb Ta HE

BUKJIMKAIOTh MOIMIKOIKEHHS BUPOOiB;
- HazgHu3bKi yacToTH (MeHe 20 k['11) MOXyTb MPU3BOANUTH O PYHHYBaHHS 00’ €KTY OUYMIICHHS;
- s OLITBIIOCTI MPOIIECIB OYUIIEHHS KPAIOI0 € YacToTa Aianazony Bix 35 mo 45 kI, Yacrotr
B IIbOMY [iamna3oHi Haiyacrimie 3a0e3neuyroTh HalOUIbII MBUAKE Ta €(PEeKTUBHE PO3UNHEHHS
3a0pyIHEeHb, OCOOJIMBO B Ma3ax Ta MOPOKHUHAX;

- OUIBIT BUCOKI YaCTOTH 3HAYHO MEHIN ¢()EeKTHBHI.

Ha cporonHi icHyI0Th HaCTYITHI TUIIM TPOMHCIIOBUX YIBTPa3BYKOBUX NPUIIAIB Il OUHICHHS:

- OIHOYACTOTHI (T€HEPYIOTh YABTPa3BYK JIMILIE OHIET YacToTH, 3a3Buyait 35-40 k['m);

- 0araTo4yacToOTHI;

- 3 «IUTaBal0Y0I0» YaCTOTOIO (3 TIABHOIO 3MiHOIO YACTOTH B IIEBHOMY [iama3oHi).

IlepeBaramMmu 6araTo4acTOTHHX IPHUCTPOIB Ta CHCTEM OYMINEHHS € T€, 10 B 00’ €Mi MHIOYOTO
CEpeIOBUIIA HE YTBOPIOETHCS «MEPTBI» 30HU y By3nax iHTepdepentiii. ToMy 6araro4acToTHi CHCTEMH
JI03BOJISIIOTH PO3TAILIOBYBaTH OO'€KT OYMILNEHHS NPAKTUYHO B Oyab-AKii 30HI BaHHM Ta HPOBOAMTH
OYHIIECHHS OLIbII €PEKTUBHO Yy CKIATHOKOHTYPHHX MOJECISAX. 3a pe3yjbTaTaMy aHaji3y JiTepaTypHHUX
JUKEpeNl BCTAaHOBJEHO, Mo dactota 35-40 k[T € onTuManbHOIO TSI BUAAICHHS OLIBIIOCTI BHIIB
3a0pyIHEHb:

- IUTIBKOBHX 3a0pyIHECHb;

- MAaCIISTHHX 3a0pyIHEHB;

- HarapHHX 3a0py/JHEHb;

- TPOAYKTIB KOPO3ii;

- KOHCEpPBYIOUHX Ta 3aXHCHHX MOKPHUTTIB,

- CONbOBHX 3a0pyAHEHb.

bararodyacToTHi cHCTeMH OYHINICHHS HaWJacTile 3MaTHI BUPOOISATH JBI pi3HI YaCTOTH
yneTpasByKy. Hampukman, obmagnanus ¢ipmu Elma Hans Schmidbauer GmbH & Co KG (Himeuurnna)
MpaLIoe B iana3oHi yactoT — 25/45 k[’ asist rpy0oro Ta TOHKOTO OYMILEHHS BiAMOBiAHO. TakoxX iCHYIOTh
BapiaHTH O0araToyacToTHUX Bepcidt 35/130 k' Ta 25/45 kI'1, e ABI Mapy 4acTOT JA03BOJISIOTh BUKOHYBAaTH
TOHKE Ta Tpy0€e OUYHINECHHS IUTI0C OYMIIEHHS YIbTPa3BYKOBUM ITOTOKOM 0€3 KaBiTallii.

He Menm BaxnmBuM 3a po0OOUYy 4acTOTy € MOTY)KHICTh YJIBTPa3BYKOBOI'O BHIPOMiHIOBaYa.
[Insx0M TTOPIBHSATHPHUX JIA00PATOPHHX TOCHIHKEHb BCTAHOBIICHO, 1[0 UMM OUTHIIUM Oyze 00’ €M BaHHH,
THM BHUIIOIO Ma€ OyTH HOro MOTYyXHIicTh. Lle 0co0IMBO BaXKITMBO IS 3a0pyIHEHD 3 BETUKOIO IIUIBHICTIO
Ta MinHIicTIO MUIiBOK. [Ipu HegoCTaTHIN MOTYXHOCTI Taki 3a0pyAHEHHS HE MOXYTh OynyTh e()eKTHBHO
BHJAJIEHI 3 POOOYHX MMOBEPXOHH €JIEMEHTIB KOHCTPYKIIii Hi MiJ BIUTMBOM TEMIEpaTypH, Hi i1 BIUTHBOM
ITOBEPXHEBO aKTHBHUX PEUYOBHH UYepe3 HEIOCTaTHIN 00’ €M KaBiTallii.

B pesynbraTi aHamizy JgiTepaTypHHX KEpell Ta pO3paxyHKiB BU3HAUeHO Oa’kaHe CITiBBiIHOIICHHS
TTOTY>KHOCTI — 0yim3pKk0 40 BT Ha 1 1 KOprcHOTO 00'€eMy BaHHH.

B nesikux BUMaakax € CEHC MaTH MOKJIMBICTh PETYJIIOBAaTH HOTYKHICTh:

- JUI. OYMIICHHS TMPEIMETIB 13 pi3HOPIAHUMH MOBEPXHSIMU. B 1poMy Bumanky 3a3Buyait
OpIEHTYIOTHCS 32 HAITMEHII MIITHUM KOMIIOHEHTOM;

- IUIsl IPOMUBAHHS KOHCTPYKIIH, IO MIiCTATH €IEMEHTH, BUKOHAHI 3 KPUXKUX MaTepiaiB:
JesIKMX TUIACTUKIB, TOHKOTO METally, KEpaMiKH, TyMH;

- IUTSL BUTIAKIB, KOJIM HEOOXiTHO MiAOUPATH OTYKHICTh BiAMIOBIAHO IO IILJIEH.

B skocTi MHIOHOTO CcepefoBHIAa MOXKHAa BHUKOPHCTOBYBaTH PO3YMHHUKM a0 cremianizoBaHi
CKJIagy IOBEPXHEBO-aKTHBHUX pEYOBMH. B cydacHiii miTeparypi HaiyacTilie peKOMEHAYIOTh
BUKOPHCTOBYBATH BOJIHI CYyMillli Ta PO3YUHHM, IK MAKCHUMAIFHO OE3IMEeYHi MPH JOCTATHINH e(eKTUBHOCTI.
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[Ipyr npoMy KaTerOpHUYHO 3a00POHSETHCS BUKOPUCTOBYBATH TOPIOYi PEYOBHMHU UM PO3UYMHH 3 HU3BKOIO
TEMIIEpaTypol0 Crajaxy 4yepe3 MOKIMBICTh Clajaxy BiJl €Heprii, U0 BUBLIBHAETHCSA NMPH KaBiTawlii i
MIEPETBOPIOETHCA Ha TEIUIOBY UM KIHETHYHY €Hepriro, reHepyrdYd BHCOKOTEMIEpaTypHI TpaJlieHTH B
po3unHi. Takoxk He GakaHO BUKOPHCTOBYBATH KUCIIOTH.

TakuM YWHOM, Ui OYMIICHHS MiHIATIOPHUX ITiIIMITHUKIB KOYEHHS Ha BiJHOBIIOBAIHLHOMY
BHPOOHMIITBI, HABITH JOITyCTHIMO TEPMIYHO HABAaHTAXXEHUX B MPOIIEC] TOMIEPEAHBOI POOOTH ITi AMTHITHUKIB,
MiABUIICHHS €()eKTUBHOCTI BUKOPUCTOBYBAHOI'O IMITYJIbCHOI'O MAarHiTHO-TYPOYJIEHTHOTO METOY LUIIXOM
JIOYKOMIUIEKTYBaHHSI HOT'O YJIBTPa3BYKOBOIO CKJIAIOBOIO € YK€ MepcreKTUBHUM. [Ipu iboMy, cTOCOBHO
ICHYIOUMX yIBTPa3BYKOBHX METO/IIB OUUIIIEHHS i IIIUITHUAKIB, IK CAMOCTIHHIUX METO/IB OUYHIIICHHS, BAPTO
3ayBa)KUTH, 110 OCHOBHHMM HEAOJIIKOM iX € HEHOCTaTHs eQEeKTHBHICTh BHIAICHHs 3a0pyIHEHbL depe3
CKJIaMHICTh KOHCTPYKIWIii MiANIMIHUKIB Ta BENHKY KUIBKICTh MEPEKPUTUX «3aTiHEHHX» POOOUYHX
MOBEPXOHb, L0 HE CIPUSIOTH HOPMAJIbHOMY OCTYITy YJIbTPa3ByKOBHX XBHJIb. TaKOX, yJIbTPa3ByKOBi
METOJH OYHMIIEHHS HEe MAIOTh BUCOKOI e(DEKTUBHOCTI MPH OYMIICHHI MeTaJeBUX 3a0pyAHEHb Ha pOOOYHX
MOBEPXHAX MiANIMIHUKIB, IO YTPUMYIOTBCS 3a paxyHOK MarHiTHOi ckimamoBoi [1 — 2]. Ilpore
BUKOPHUCTAHHS yJIbTPa3ByKOBUX XBHJIb JJO3BOJHTH IOJOJNATH aAre3ito Ta e(eKTHBHO 3pyHHYBaTH HaBiTh
HaMILHII Ta HAWCKIAAHINN TUTiBKY 3a0pyAHEHb, TOAl SIK MarHiTHa CKJIAJAO0Ba IMITyJLCHOTO MarHiTHO-
TypOyJeHTHOTO MeToAa e(eKTHBHO BUBEJAE 3 ITiIIIMITHAKA METaJIeBl CKIIaAoBi 3a0pyaHeHs. [Ipumycose
oOepTaHHS 3 TypOyJi3ali€o MOTOKIB MHIOUO] piAHM 320€31MeYNTh MaKCUMAaIbHUH TOCTYH 0 POOOUIHX
MOBEPXOHB Ta e(peKTHBHE BUIAICHH 3 00’ €KTY OUMILEHHS 3a0pyTHECHb.

BucHoBku.

1. BuxopucranHs nwire iMIyJIbCHOTO MAarHITHO-TYPOYJIEHTHOTO METOMy IS SIKICHOTO
BUAAJICHHSl €KCIUTyaTallifHuX 3a0pylHEHb 3 MIHIaTIOPDHHUX IiJMIMIHHUKIB KOUYEHHS Ui MPeu3idiHuX
MEXaHIYHUX CHCTEM aBiaKOCMIYHOI Ta IHIIOI TEXHIKW ITMBIIHHOTO Ta BIMCHKOBOTO TIPHU3HAYCHHS HA
PEMOHTHOMY BHPOOHHUIITBI HETOCTATHBO.

2. HaiiGinpmn  parfioHalbHUM [UISIXOM  MIiJBUINCHHS SIKOCTI OYHINEHHS, BPaXOBYHOUH
0COOIMBOCTI eKCIDTyaTallifHuX 3a0pyaHeHb, € BUKOPWUCTAHHSA IMITyJECHOTO MAarHiTHO-TypOYJIEHTHOTO
METOLy Ta JOAATKOBOTO JDKEperda, 10 Oyne TeHepyBaTH MOXIIMBICTH €()EKTHBHOTO PO3PHXJICHHS
HaHOUIBIN CKIIAHUX SKCIUTyaTal[iiHUX 3a0py/HCHb.

3. BuxopucraHHs  IMIIyIBCHOTO  MAarHiTHO-TYpOYJIEHTHOTO  METOAY, JOIIOBHEHOTO
yIBTPAa3BYKOBUM BHUIIPOMIHIOBAYeM 3 TIEBHUMH XapaKTEPUCTHUKAMH, JO3BOJUTH €(PEKTUBHO BUIAIATH
HAMOLIBII CKJIagHI eKCIUTyaTamiiHi 3a0pyAHEHHS MiHIaTIODHUX MiJIIMIHUKIB KOoueHHs. [IpumycoBe
obepTaHHs, Il Yac OYHIIEeHHS, Oyne cpusiTH e(heKTHBHOMY IMPOHUKHEHHIO yIbTPa3BYKy Ta 3amodiratu
edekTy ekpaHyBaHHS pOOOYMX ITOBEPXOHb EIIEMEHTAMH KOHCTPYKIi, 10 € OCHOBHOIO IEPEIIKOIO0
e(EeKTHBHOTO OYMIIEHHS POOOYHMX TIOBEPXOHb INAPUKOMIJAIIUIHAKIB MPH CTATUYHOMY CIOCO0i B
yIBTPa3BYKOBUX BaHHAX.
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B. B. Ceprees
Jhyyvkutl HayioHanbHUL MeXHIYHUL YHIsepcumem

MOJEJIOBAHHSA TBEPAUX YACTUHOK METOJAMHA HOOMD-BLUE PYTHON TA
MOHTE-KAPJIO

Memoou Monume-Kapno euagunuca yinnumu npu mooenioéanHi izuunux 06'eckmie i npouecie. Mosa npozpamysanus
Python € ocnoenum incmpymenmom, akuii wiupoxo 6UKOPUCHOBYEMBCA ceped HAYKOGUX 00CiOHUKIE. Memod, 6uKopucmanui
¥y uili cmammi, 3a0a€ anzopummiuny OCHO8Y 0714 MOOENI06AHHA 3ACURKU MEepoux uacmunox. Buxopucmanuii eapianm
memooa Monme-Kapno (HPMC). npedcmasnsne uacmunku ak 00'ekmu pisnomanimmuoi gpopmu, ugo He Morcymo HaKaaoamucs
oona Ha Opyz2y. Y cucmemi nemace cui. RpumsAAHHA abo iowmoexyeanns Buxawouno sycopcmki 36'a3Ku npu3zeooams 00
6NOPAOKOBARUX CIPYKMYP. 3ANPONOHOBCARUIL (PPEiMBOPK BKIIOUAC 6CL eMANU MOOETIO6AHHA: MEMAMOBY 01 OnUcCy hopmu
YACMUHOK, THMEZPamop ONYKIUX MHOZ0ZPAHHUKIG, iniyianizayilo cmawny cucmemu, npooHi x00u (eapianmu RPOMINCHUX
cmania), 30epicanna Koughizypauii' y ¢aitnosiii cucmemi.

Kniouogi cnosa: mooenioganms, 4acmuHKka, nimon MOHmMe-Kapio, Cmpykmypa, popma, mema, cucmema.

V. Serhieiev

SIMULATION OF THE HARD PARTICLES WITH HOOMD-BLUE PYTHON AND
MONTE CARLO METHODS

Monte Carlo methods proved to be valuable in simulating physical objects and processes. The Python programming
language is the mainstream tool used widely among scientific researchers. The method used in this article sets an algorithmic
basis to the problem of hard particle Monte Carlo (HPMC) simulation. The HPMC represents particles as extended objects
which are not allowed to overlap. There are no attractive or repulsive forces in the system. Purely hard interactions induce
effective attractions between simulated particles which can lead to ordered structures. The proposed framework includes all
steps for the simulation: meta language to describe particle shape, convex polyhedron integrator, system state initialization,
trial moves, storing the configuration to the file system.

Keywords: simulation, particle, structure, python monte carlo, framework, shape, meta, system.

Formulation of the problem.

Hard particle simulations are arguably one of the most fundamental model systems in soft matter
physics, and hence a common topic of simulation studies. The primary obstacle in these simulations is the
computational requirements for the system with a waste amount of simulated particles. The complexity
calculation for N-body simulations is stated in [1] as follows: Given initial positions and velocities of n
particles that have pairwise force interactions, simulate the movement of these particles so as to determine
the positions of the particles at a future time.

During recent years various automated frameworks have been developed for designing hardware
accelerators on reconfigurable platforms [2]. Applications written using general-purpose programming
languages (Python, R, Julia) or specialized computational environments like MATLAB utilizing such
algorithms on large-size data sets require high-volume computation platforms [3]. The focus is on N-body
interaction problems which have a wide range of applications spanning from astrophysics to molecular
dynamics.

Another prospective approach is to utilize the capabilities of the quantum processing units or
guantum computers. Quantum computing and quantum Monte Carlo (QMC) are respectively the most
powerful quantum and classical computing methods for understanding many-body systems [4, 5].
Unfortunately current state-of-art near term quantum devices (NISQ era) are limited in computing power
and error correction protocols; the quantum hardware capable of simulating practical-useful quantities of
particles is not yet available for the wide audience.

HPMC and Newtonian event-chain Monte Carlo method.

This article uses the HOOMD-blue particle simulation engine to set an algorithmic basis and
framework to the problem of hard particle Monte Carlo (HPMC) simulation. The HOOMD-blue package
[6] is actively developed by the University of Michigan and available open source. HOOMD-blue is a
Python package with a high performance C++/CUDA [7] backend that is built from the ground up for GPU
[8] acceleration. The Python interface allows users to combine HOOMD-blue with other packages to create
simulation and analysis workflows. The framework can execute simulations both on CPUs or GPUs. The
library default installation supports NVIDIA GPUs and CPU support is always enabled.
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Typical Monte Carlo simulations run more efficiently on GPUs for simulation sizes larger than a few
thousand particles (LKB in memory for particle with modern hardware gives a ~100 000 000 soft limit for
simulation), although this strongly depends on the details of the simulation:

e The complexity of the definition of particle shape.

e Spherical or cylindrical particles are easier to simulate from the computational cost while complex,
unregular and more realistic particles require more computations to perform.

e Simulation step parameters.

HOOMD-blue engine implements Newtonian event-chain Monte Carlo (NEC) simulation method.
In NEC a trial move is applied to a sequence and these collective moves form a chain which updates the
configuration. Each update chain has a random start particle and is followed by the series of deterministic
events. This is different in nature from the classical Monte Carlo method with local update. In classical trial
moves a single randomly selected particle is either moved or rotated and new configuration is then accepted
with Boltzmann factor. The Boltzmann factor collapses to an overlap check when simulating a system of
hard particles. Newtonian event-chain NEC has best performance with a system of anisotropic particles and
obeys the balance condition [9].

4

[ Particle selection ]

1-p chain

andom choice

[ Execute chain ] Try rotating particle ]

FIG. 1. Flowchart of Monte Carlo simulation for anisotropic particles. The algorithm
combines event chains for translation moves and random trial rotation moves as in local Monte
Carlo

The core object of the engine - is ConvexPolyhedron integrator which implements HPMC

simulations:
mc = hoomd.hpmc.integrate.ConvexPolyhedron()

The particle in simulation is described as a set of vertices, normalized in range 0..1. The shape of the
particle alone controls how it interacts with other particles. Formally, the potential energy of the system is
zero when there are no overlaps and infinite when there are. Purely hard interactions induce effective
attractions between particles which can lead to ordered structures. The example below illustrates the
definition of Octahedron particle:

mc.shape['octahedron’] = dict(
vertices = [
(-0.5,0,0),
(0.5, 0, 0),
0,-0.5,0),
(0, 0.5, 0),
(0, 0,-0.5),
(0,0,0.5),
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FIG. 2. The initial random state of the simulation of octahedron particles

The particle class in the example above, 'octahedron’ acts as a descriptor for defined shape. The
simulation can have [1..N] particle shapes and sizes. The next example uses the “Dodecahedron” particle
shape.

FIG. 4. The initial random state of the simulation of spherical particles

This shape structure is the standard array of the points (X, Y, Z) and could reuse existing public
datasets for the complex particle shapes (construction materials, powder metallurgy, crystals).

We have analyzed the speed of simulation depending on the sphericity of the particles. The trend is
that the higher sphericity results in the higher speed-up. This makes sense because higher sphericity makes
translations less critical for equilibrating polyhedra and rotation moves number decreases (since it has no
effect on spheres).
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Speedup, NEC vs. Sphericity
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FIG. 5. The speedup of the simulation with dependence on the sphericity of the particles

During each time step in Monte Carlo the algorithm attempts to make a number of “nselect™ trial
moves on each particle in the simulation. The NEC method has two types of moves:
e Translation move - affects the position of the start particle, and then impacts all chains of particles.
e Rotation move - rotate the particle by a random angle about a random axis.
These parameters are properties of the integrator:
mc.nselect = 2
mc.d['octahedron’] = 0.15
mc.a['octahedron] = 0.2

For the test simulation with ideal spherical particles the result with 10,000,000 steps gives the
expected packing lattice:

FIG. 6. The convergence test for spherical simulation

The HOOMD-blue integrator should be set to use either CPU or GPU. It is a type of operation and
integrates the simulation state at every time step. Assigning the HPMC integrator is required to the
simulation object:

cpu = hoomd.device.CPU()
simulation = hoomd.Simulation(device=cpu, seed=1)
simulation.operations.integrator = mc

The seed value (passed to the simulation constructor above) selects the sequence of values in the
pseudorandom number stream. Given the same initial condition and seed, HPMC simulations will produce
exactly the same results. All operations that generate pseudorandom numbers use the seed set in the
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simulation. Whenever you add operations that utilize random numbers, you should set the seed to a non-
default value.

HOOMD-blue does not adopt any particular real system of units. Instead, HOOMD-blue uses an
internally self-consistent system of units and is compatible with many systems of units. For example: if you
select the units of meter, Joule, and kilogram for length, energy and mass then the units of force will be
Newtons and velocity will be meters/second. A popular system of units for nano-scale systems is
nanometers, kilojoules/mol, and atomic mass units.

Run the simulation to randomize the particle positions and orientations. The run method takes the
number of steps to run as an argument. 10,000 steps is enough to randomize a low density system:

simulation.run(10e3)

During each step the algorithm combines event chains for translation moves and random trial rotation
moves as in local Monte Carlo. In the example the acceptance ratio (the fraction of attempted moves which
are accepted) is very high since this is a low density simulation.

Accepted moves vs. Attempted moves
B Attempted moves [l Accepted moves
1000 000,00
100 000,00
10 000,00

1000,00

Accepted moves

100,00

10,00

1,00
FIG. 7. The accepted moves versus attempted moves ratio

The resulting packed cluster of particles shown on the figure below.

FIG. 8. The converged results visualization for octahedron simulation
Conclusion.

The simulation algorithm uses the XenoSweep extension of XenoCollide [10] library for detecting
collisions among a limitless variety of convex shapes. It is based on the technique “Minkowski Portal
Refinement”. The method of simulation of the hard particles using HOOMD-blue is an important
improvement both in terms of speed and in terms of simplicity of the algorithm. Such computation
efficiency and simplicity in setup simulation is of interest to researchers working on a broad range of
problems in computer graphics, robotics, and granular dynamics.
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The great feature of the HPMC is that it automatically tunes simulation parameters to improve
performance. During the first 1,000 - 20,000 timesteps of the simulation run, runtime will optimize kernel
parameters each time it calls a kernel.

Future extensions should advance this method in two directions: improved handling of rotations and
generalization to anisotropic particles with extended interaction, i.e. particles that are not purely hard. Next
steps in the method improvement should focus on developing collective rotations moves that resemble
conceptually the idea of event chains for translations. Such an improved algorithm has the potential to reach
a speed-up of up to one order of magnitude across all convex polyhedra.
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Jlninpoecoruti OepoicasHull mexuiuHuil yHisepcumem

HIABUIIEHHSA JOBI'OBIYHOCTI 'BUHTIB HATUCKHOT O ITPUCTPOIO
POBOYOI KJIITI CTAHY 650

Y oaniit 0ocnionuypkiii po6omi po3zenadacmovca 6UKOPUCMAHHA XPOMOBAHOZ0 NOKPUMMIA i3 3ACHOCYBAHHAM NPOYECy
Camopo3noecro0icysanozo eucokomemnepamypnozo cunmesy (CBC) na 2eunmax Hamsicnozo npucmpoio npoKamHuozo cmamy
Mmodeni 650. Ocnosnoro memoro podomu € niOBUWEHHA 3HOCOCMIIKOCII MA 008206IUHOCHI] MEXAHIIMI6 RPOKAMHO20 CIMAHY
0N noninwienna iiozo npooykmugnocmi. Excnepumenmansui 00cniodycenna 6Kno4aromev npoeeoeHHs eUnpoodyeans Ha
mawuni mepma MT-5 3 memoro ouyinku mikpomeepoocmi ma 3Hococmiiikocmi xpomosanozo nokpumms. Takosc 30iticneno
mepMoOuHamiunull ananiz npoyecy OMpPUMAHHA NOKPUMMA MA GUEUEHHA CKAAdYy 2a3060i ma KOHOEHCO8aHol ¢asu 6
peaxmopi. Pesynomamu po6omu moxcyms 6ymu uUKopucmani ona onmumizayii mexnHonoziuHux npoyecie Ha NPOKAMHUX
CMAaHAx, NOINWERHA AKOCMI RPOOYKYIT ma 3HUNCEHHA 8UMPAm HA MeXHiune 00cny2o8ysanns ooaaonanns. /locnioyicennsn
GUABUILO, W0 J1€208AHE MUMAHOM | KDEMHIEM XPOMOBaAHEe ROKPpUmMms, ompumane iz zacmocysanuam mexuonocii CBC, cnpuse
opmysannio 3axucnozo wapy, wo nonainuiye aozesilo i cmiikicms 00 mexaniunux ennaugie. Ompumani pe3yromamu
niomeeposcyromo eexmuenicmov 3acmocyéanua mexnonozii CBC ona niosuwiennsa 3nococmiiikocmi ma 006206iuHocCHi
26UHMIE HAMANCHO20 RPUCMPOI0 NPOKAmMHo20 cmany 650, w0 € aKkmyaibHum 3a60aHHAM Y 2any3i RPOMUCTI08020
MAUUHOOYOYGAHHA MA 6UPOOHULMEA JHCEPCMI.

Knwuoei cnosea: npoxamuuii cmau, XpoMy8aHHs, CAMOPO3NOBCIOONCYEANbHUL BUCOKOMEMNEPAMYPHULL  CUHME3,
3HOCOCMINIKICTb, MepMmA.

I. Kruhliak, D. Sereda, R. Krivko

INCREASING THE DURABILITY OF THE SCREWS OF THE PRESSING DEVICE OF
THE MILL STAND 650

This research work deals with the use of chrome plating using the self-propagating high temperature synthesis (SHS)
process on the idler screws of a Model 650 rolling mill. The main objective of the work is to improve the wear resistance and
durability of the rolling mill mechanisms to improve its performance. Experimental studies include conducting tests on an MT-
5 friction machine to evaluate the microhardness and wear resistance of the chrome plating. Also thermodynamic analysis of
the process of obtaining the coating and study of the composition of the gas and condensed phase in the reactor were carried
out. The results of the work can be used to optimize technological processes at rolling mills, improve product quality and reduce
equipment maintenance costs. The study revealed that titanium and silicon doped chrome coating obtained using SHS
technology promotes the formation of a protective layer that improves adhesion and resistance to mechanical effects. The
obtained results confirm the efficiency of SHS technology application for increasing wear resistance and durability of screws
of tensioning device of rolling mill 650, which is an actual task in the field of industrial machine building and tinplate
production.

Key words: rolling mill, chrome plating, self-propagating high-temperature synthesis, wear resistance, friction.

Problem statement. Statement of the problem in this study is associated with the need to improve
the wear resistance and service life of tensioning devices of rolling mill 650. The main problem is that
standard materials do not provide the required level of wear resistance under high loads and intensive
friction conditions. This requires the development and use of new technologies to improve mechanical
properties and extend the service life of tensioning devices. The main direction to address this problem is
to investigate the use of chrome plating produced using the self-propagating high-temperature synthesis
(SHS) process and its effect on tensioner performance. However, successful implementation of this
approach requires a more detailed analysis of the thermodynamic processes in the SHS reactor, as well as
an evaluation of the structural and mechanical properties of the resulting coating to determine the optimal
application parameters [1]. Thus, the problem statement includes the need for a comprehensive approach
to the study of wear mechanisms and service life of tensioning devices, as well as the search for innovative
technological solutions to improve them and increase the efficiency of the rolling process.

Analysis of recent research. An analysis of recent research in the field of functional coatings and
alloying technologies to improve the durability of mechanical equipment in metallurgical production
highlights several key areas and results. In recent years, numerous studies have been conducted to optimize
the composition and structure of functional coatings to improve their adhesion, hardness, and wear
resistance. One of the most promising approaches is the use of alloy coatings made of chromium, silicon
and titanium, as these materials have high hardness and resistance to abrasive and adhesive wear, making
them ideal for use in metallurgical production. Much attention is also paid to the study of wear mechanisms
and surface interaction in contact, which allows us to more accurately determine the factors that affect the
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durability of coatings. The molecular mechanical theory of friction is widely used to explain the processes
that occur during friction and to develop effective methods to reduce surface wear.

An important research result is the determination of optimal production parameters, such as
temperature, pressure, and speed, which allow for maximum efficiency of coatings and alloyed materials.
This helps to optimize application processes and improve the quality of the final product [2-4]. Thus, the
analysis of recent studies shows significant progress in the field of functional coatings and alloying
technologies to increase the durability of mechanical equipment in metallurgical production, which opens
up new prospects for the development of this area and increase the efficiency of production processes. Until
now, intensive research has been conducted using self-propagating high-temperature synthesis to apply
alloy chrome coatings to important mill parts. The results of these studies have shown the high potential of
SHS in forming wear-resistant and durable coatings that significantly improve the performance of
equipment. In particular, the thermodynamic features of the processes in the SHS reactor were studied, the
chemical and physical properties of the formed compounds were analyzed, and the optimal process
parameters were determined to obtain the best results in ensuring the durability and efficiency of the
mechanism.

Setting objectives. The purpose of this work is to study and analyze the production technology of a
650 tinplate rolling mill using an alloyed chromium coating obtained by self-propagating high-temperature
synthesis. The main objective is to evaluate the effectiveness of the alloyed chromium coating on the bolts
of the tensioning mechanism of the rolling mill and its effect on the wear resistance and mechanical
properties of the bolts. In addition, the work plans to thermodynamic analysis of the gas and condensed
phase composition in the SHS process to determine the optimum coating parameters. Tests on the MT-5
friction machine will be used to verify the durability and reliability of this coating under real operating
conditions. Based on the results obtained, recommendations will be formulated to optimize the coating
process in order to improve the durability and reliability of the tin mill 650.

Presentation of the main material. Hardening of machine parts and mechanisms in industrial
engineering for metallurgical production is one of the key strategies to ensure the reliability and uptime of
rolling mills. To achieve these goals, it is important to strengthen the surface layer of parts, in particular,
the screws of the pressure device of the 650 cold rolling mills. The wear resistance of these parts can be
significantly improved by applying functional active layers, which can reduce hardening costs and energy
consumption.

The use of self-propagating high-temperature synthesis technology to form protective coatings is an
effective approach. The SHS technology is based on exothermic reactions occurring in the combustion
wave mode, which contributes to the formation of products with high physical and chemical characteristics.
This approach differs from traditional powder metallurgy methods, as it allows not only surface hardening
but also the formation of active chemical and thermal zones.

Such synthesis of materials differs significantly from standard methods of powder metallurgy based
on sintering of chemically inert compounds and has a number of obvious advantages, among which the
following can be noted: - formation of active chemical and thermal zones, which allows to intensify
transformations of reagents and leads to the formation of desired products; - use of less expensive chemical
energy (heat generation during exothermic reactions) instead of electrical energy to achieve high
temperatures required for obtaining products; - use of relatively simple equipment (instead of furnaces and
other heating devices); - use in the process of rapid layer-by-layer heating of large volumes of reagents
instead of slow heating of blacks.

One of the advantages of using SHS technology is the efficient use of energy and reduced costs for
strengthening parts. It is also worth noting that this technology makes it possible to produce materials with
high technical characteristics that meet modern industrial requirements. From this point of view, the use of
SHS technology has great potential in the production of industrial parts and machinery, where reliability,
service life and efficiency are important factors.

The 650 cold rolling mill stand consists of two massive closed-type stands, usually cast from 35L
steel, a set of rolls, a pressure and balance device, and a leash table. The top and bottom stands are connected
to each other by bolts and crossbeams. The support and working rolls with cushions are installed between
the beds. Side bars are attached to the outer parts of the bed posts to guide the cushions in the beds and to
adjust the rolls in the axial direction[5].

Side strips are attached to the outer parts of the bed posts to guide the cushions in the beds and to
adjust the rolls in the axial direction.
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The stand stands are fixed to the plates with anchor bolts using special tides. The distance between
the cold rolling mill stands is 4.3 to 5 meters. According to A.l. Tselikov, the cross-sectional area of the
bed stand is approximately equal to (1,0 — 1,2) d?, where d is the diameter of the neck of the support roll[6].

A pressing device is provided in the upper part of the stand to install the rolls and adjust the gap
between them. In modern cold rolling mills, each pressure screw is driven by an electric motor through two
globular gearboxes. The drives of the two screws are coupled via an electromagnetic clutch, which allows
for joint or separate operation of the screws.

The power supply for each motor of the pressure screws is carried out according to the D-D system.
The power and control systems ensure minimal acceleration and deceleration times. The accuracy of
stopping the screws is £ 0.01 mm. Figure 1 shows a diagram of the pressing device[7-8].
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Fig 1. Schematic of the pressing device of the mill stand 650 [5].
1 - electric motor; 2 - electromagnetic clutch; 3 - worm gearbox; 4 - tachogenerator; 5 -
globular gearbox; 6 - rotation angle sensors; 7 - selsin sensor; 8 - command unit.

The operating speed of the pressure screws is significantly lower than the maximum speed possible.
This is done in order to accelerate the movement of the screws during swath handling. The balancing device
consists of a single hydraulic cylinder, two crossheads, a lever system and rods. The hydraulic drive system
for the pressure device is shown. The torque is transmitted from the stand to the work rolls via a spindle
connection. connection of the quarto stand of a cold tinplate mill. The spindles are supported in the middle
section by plain bearings. The plain bearings are mounted on traverses that move vertically along guide
rails under the action of coil springs and rest on a spindle chair. The spindle connection allows the torque
to be transmitted at a certain angle. The weak link in the spindle device is the bronze bushings, which wear
out quickly under heavy loads.

For the thermodynamic analysis of the SHS process of forming alloyed protective coatings, we used
the universal program for calculating multicomponent heterogeneous systems TERRA, created on the basis
of the ASTRA-4 program for the WINDOWS environment and developed for high-temperature processes.
In contrast to the traditional methods of calculating equilibrium parameters in chemical thermodynamics
using the Gibbs energy, equilibrium constants, and the Goldberg and Waget law of masses, the universal
thermodynamic calculation program TERRA is based on the principle of maximum entropy for isolated
thermodynamic systems in equilibrium. It is characterized by the maximum entropy with respect to
thermodynamic degrees of freedom, which include the concentrations of system components, temperature,
pressure, etc.

To develop specific methods for obtaining protective coatings on structural materials under high-
temperature synthesis conditions, it is necessary to clarify the thermodynamic features of the process.

Among the various factors that affect the mechanism of coating formation under SHS conditions are
the initial conditions preceding the process of diffusion of elements into the material, which directly or
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indirectly depend on the physicochemical factors of saturation (thermodynamic characteristics of phases in
the system of interacting elements; thermodynamic characteristics of the saturated medium). Let's consider
the most important ones.

The main condition for the spontaneous occurrence of this reaction is the higher thermodynamic
strength of aluminum oxides compared to oxides of renewable metals. The strength of oxides of various
metals is characterized by the value of the isobaric potential AZ° when these metals interact with oxygen.
The greater the difference in the isobaric potentials of aluminum oxide formation and the element (metal)
being reduced, the more complete and energetic the reduction reactions are.

The heating temperature of the mixture as a result of the SHS reaction depends on the temperature
of its preliminary heating, as well as the amount of heat released as a result of the reduction reaction. It
should be borne in mind that the final heating temperature depends not only on the amount of heat from the
reduction reaction, but also on the temperature range in which the reaction itself takes place.

In most cases, the temperatures that develop during reduction reactions are significantly higher than
the melting points of metals and alloys.

In SHS processes, which can take place during reactive mechanical alloying, an important
characteristic is the adiabatic interaction temperature Taq. In the course of a single SHS reaction, the
thermodynamic calculation of the adiabatic interaction temperature is based on the following assumption:
the reaction proceeds completely (with a conversion rate of 100%) under adiabatic conditions. The heat of
reaction at the initial temperature T, (To>298 K) is consumed for heating to Ta¢ and possible melting of the
products. The calculation is reduced to determining the value of r.g from the nonlinear enthalpy balance
equation.

Powdered saturating charges for alitization under SHS conditions contain a chromium component,
aluminum, transport activators, and chromium. The equilibrium composition of SHS charges in the mode
of thermal self-ignition was calculated for the system: XC + Al + Cr + Al:O3 + NH4 | + NH4F, for a large
range of changes in the output components depending on temperature (Fig. 2, 3).

At temperatures above 700 K, the proportion of the condensed phase practically does not change.
This fact suggests that in the temperature range of 700-1500 K, reactions occur with the release of the
condensed phase, but without changing the number of moles, which is typical for decomposition reactions,
exchange with the material, i.e., in fact, chemical transport of elements occurs The content of gaseous
aluminum compounds in the reactor, the mode of thermal self-ignition of the SHS charge for the system:
XC + Al + Cr + Al,03 + NH4 | + NH4F in temperature range 400-15000 K e: AIH, AlH,, AlF, AlF;, AIF3,
AIHF, AlHzF, All, Ally, Alls, Alzls etc. Content of gaseous chromium compounds: Cr, Crz, CrO, CrH,
CrOH, CrF, CrF,, CrFs, Crl, Crl,, Crls etc., as well as the content of condensed products: Al(c), Al.Os(c),
AlF3(c), Allz(c), AIN(c), Cr© etc.

Deformation interaction occurs in areas of contact with rough surfaces and causes repeated
deformation of the surface layer by irregularities. Mechanical impact can be in the form of elastic or plastic
interaction, as well as micro-cutting. Adhesive interaction occurs when micro-welds are formed in the
contact zone. Reducing the intensity and even suppressing wear, according to molecular mechanical theory,
helps to: prevent the formation of strong adhesive bonds in friction pores; increase the hardness of friction
surfaces. Applying a durable coating to rubbing surfaces can, on the one hand, form a barrier that prevents
adhesion of the mating surfaces, and, on the other hand, increase the surface hardness. Increasing the
hardness of the coated surface, making it difficult to deform and eliminating microcutting, contributes to
the elastic interaction of rubbing surfaces, which is most favorable for increasing wear resistance.

Tests on the MT-5 friction machine (friction under shock-dynamic loading) show that the best wear
resistance is provided by alloyed coatings alloyed with Si and Ti with a wear value of Al = (33 — 55)-10*
g/m?2. This can be explained by the higher values of the total brittle fracture score of isothermal coatings,
where it is 20-25% higher.

Conclusions. This work discussed various aspects of the production technology of a 650 tinplate
rolling mill, with a particular focus on improving the wear resistance and mechanical properties of the
tensioner bolts. The use of alloyed chrome plating using the self-propagating high-temperature synthesis
(SHS) process was shown to significantly improve the durability and wear resistance of important parts of
the mill. Thermodynamic analysis of gas and condensed phase composition in the SHS process allowed to
determine the optimal parameters of the coating process providing high quality and desired chemical
properties: XC + Al + Cr + Al,Os + NH4 | + NH4F in temperature range 400-15000 K: AIH, AlH,, AlF,
AlF;, AIF3, AIHF, AlH.F, All, Ally, Alls, Allg etc. Content of gaseous chromium compounds: Cr, Cro,
CrO, CrH, CrOH, CrF, CrF, CrFs, Crl, Crly, Crl; etc., as well as the content of condensed products: Al(c),
Al>03(c), AlF3(c), Alls(c), AIN(c), Cr(c) i in. i in. The results of tests on the MT-5 friction machine
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confirmed the effectiveness of alloyed chrome coating, which is an important step in ensuring the reliability
and durability of the rolling mill. The best wear resistance is provided by aluminized coatings alloyed with
Si and Ti with a wear rate of Al = (33 - 55)-10*g/m?. This can be explained by the higher values of the
total brittle fracture score of isothermal coatings, where it is 20-25% higher. Thus, this research has shown
that the use of SHS process for coating the screws of the tensioning mechanism of the rolling mill is a
promising and effective method to improve its performance characteristics.
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Fig. 2. The content of condensed products in the reactor.
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Jninposcoxutl OepocasHuil mexHiuHull yHisepcumem

OTPUMAHHSA BATATOKOMITIOHEHTHUX XPOMOBAHUX ITOKPUTTIB HA
JAETAJISX, AKI EKCIVIYATYIOTBCS B ATPECUBHUX YMOBAX EJIACTOMEPHOI'O
BHPOBHHUIITBA

Jlana cmamma npuceauena 00cai0HCennio mexnoa02ii OmpuUMaHHa 6a2amoKOMNOHEHMHUX XPOMOGAHUX NOKPUMMIE
Ha Oemanax, AKi EeKCHAYAMYIOMbCA 6 AZPECUGHUX YMOBAX €NACHIOMEPHOZ0 6UPOOHUYMEA. 30Kpema, pOo32na0acmuvca
GUKOPUCMAHHA MEMO0y CAMOPO3NOECIO0NCYIOU020CA sucoKomemnepamyprnozo cunmesy (SHS), wo 0o3eonac ompumysamu
HOKPpUMMSA 3 6UCOKOI0 KOPO3IIHOI0 CIINKICIMIO 3A80AKU YMEOPEHHI0 NACUBHUX OKCUOHUX N1i6OK Ha noeepxhi. IIposedeno
ananiz aKmyaipsHocmi npoodnemu nidsuuieHnA HAdliHOCmi ma 006208iYHOCII 0emaneil 6 yMoeax azpecusnozo 6niugy, AKuil
ceiouums npo HeoOXiOHicmv 6nPOBAOINCEHHA eheKMUBHUX MEeMOOi6 3axucmy Mawiun ma ycmanoeok. Cmamms posenaoac
MemoouKy ompumManHus 06a2amoKOMROHEHMHUX XPOMOGAHUX ROKpummis 3 euxopucmannam mexuonoczii SHS, a maxosrc
GNIIUG PEHCUMY MENI06020 CAMOGOCHIAMEHEHHs 3 PO30AGIEHHAM HOPOWKO8OI cymiwii Ha eheKmuenicms ompumanus
nokpummie i ix Koposiiny cmiiikicme. IIpoeedeno oocnidxicenHa KoOpo3iliHOI cmiilikocmi OmMpumManux RNOKpUmMMIe 6
azpecusHux cepedosuUILax, MAKUX K 600HUI PO3UUH CONAHOI KUCTIOMU, A30MHA KUCIOMA MaA CIpYana Kucioma, wo maonts
konyenmpayito 15%. Ha ocnoei pesynvmamie 00cniodcensv 3p0o0OieHO 6UCHOBOK NP0 e(heKmueHicmov 3acmocy8anHs
0a2amoKOMNOHEHMHUX XPOMOGAHUX NOKPUMMIE 01 RIOGUWEHHA KOPO3IIHOI cmilikocmi 0emaneil, AKi eKCRILyamyomscs 6
azpecusHUx yMoGax enacmomeprHozo Gupoonuymea. Jlama cmamms Ma€ NPAKMUYHE 3HAYEHHA OnA NIOGUUEHH:A
006208iuHOCMI Ma HAOIIHOCMI MAWUH | YCMAHOBOK, 0COOAUBO 8 YMOBAX €IACHIOMEPHO20 GUPOOHUUMEA, 0e 8aANCIUBA
cmiitkicme demadeit 00 azpecugHUX cepeodosuly ma Koposili.

Knwuogi cnosa: camopo3nosciooicysanvHull 8UCOKOmMeMnepamypHull CUHmes, Kopo3sitiHa cmilKicms, XpomMosaHi
NOKpUMMSL, e1acmoMepHi Mamepianu, KpemHuiil, 60p, Mampuysi.

B. Sereda, A. Udod

OBTAINING MULTI-COMPONENT CHROME COATINGS ON PARTS THAT
ARE USED IN AGGRESSIVE CONDITIONS OF ELASTOMER PRODUCTION

This research is devoted to the study of the technology for obtaining multicomponent chrome coatings on parts that
operate under aggressive conditions of elastomeric production. In particular, the use of the self-propagating high-temperature
synthesis (SHS) method is considered, which allows obtaining coatings with high corrosion resistance due to the formation of
passive oxide films on the surface. The urgency of the problem of increasing the reliability and durability of parts under
aggressive conditions is analyzed, which indicates the need to introduce effective methods of protecting machines and
installations. The article considers the methodology for obtaining multicomponent chrome coatings using SHS technology, as
well as the effect of thermal spontaneous combustion with dilution of the powder mixture on the efficiency of coating production
and their corrosion resistance. The corrosion resistance of the obtained coatings in aggressive environments, such as an
aqueous solution of hydrochloric acid, nitric acid, and sulfuric acid with a concentration of 15%, was studied. Based on the
research results, it is concluded that the use of multicomponent chrome coatings is effective for improving the corrosion
resistance of parts that operate in aggressive conditions of elastomer production. This article is of practical importance for
increasing the durability and reliability of machines and installations, especially in the conditions of elastomer production,
where the resistance of parts to aggressive environments and corrosion is important.

Key words: selfpropagating high-temperature synthesis, corrosion resistance, chrome coatings, elastomeric materials,
silicon, boron, matrix.

Formulation of the problem. Formulation of the problem in the context of the study under
discussion includes the following aspects. First of all, with the development of technologies, there is a
growing need to improve the reliability and durability of machine parts, devices and installations, especially
those operating under vulcanization conditions of elastomer production. The role of surface hardening
processes is becoming critical to ensure the longevity of machines and mechanisms due to the growing
demands of the industry, including high loads, temperature fluctuations and aggressive environments. The
SHS method, based on diffusion chromium plating, is proving to be effective in increasing the durability
of various components as it changes the chemical composition, structure and properties of metal surface
layers, which increases their resistance to wear, corrosion and other types of degradation. A comparative
analysis with other diffusion saturation methods shows the advantages of SHS coatings, as they can have
material properties that increase wear or corrosion resistance compared to the substrate, and also have
strong adhesive strength to powders. In this regard, it is also important to take into account the
microstructure of SHS coatings, which determines their mechanical and chemical properties, and to solve
problems related to the control of diffusion processes and coating homogeneity, which is important for
practical applications in industrial environments [1, 3].
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Analysis of recent research and publications. An analysis of recent research and publications in
the field of obtaining chromium coatings on parts that operate under aggressive conditions of elastomeric
production using the self-propagating high-temperature synthesis method allows us to identify the
following key aspects.

Recent studies confirm the high efficiency of the SHS method in forming chrome coatings on metal
parts. This method can significantly increase the resistance of parts to aggressive environments and ensure
their long-term operation. New research aims to optimize SHS processes to achieve maximum uniformity
and quality of chrome coatings. This includes developing new formulations, controlling process parameters,
and analyzing the impact of microstructure on coating properties.

Research focuses on the microstructure of SHS chrome coatings and its impact on mechanical,
thermal and corrosion properties. It is important to ensure the correct microstructure to form high-quality
chrome coatings. Comparative studies with other coating methods allow us to find out the advantages and
disadvantages of the SHS method in specific operating conditions and compare its effectiveness [4,5].

Recent studies have focused on the practical applicability of the SHS method in industrial
environments. It is important to develop technologies that would be efficient, cost-effective and have a
wide range of applications in aggressive elastomer production conditions [2].

Setting objectives. Research into the self-propagating high-temperature synthesis method for
obtaining chromium coatings on parts used in aggressive elastomeric production conditions has the
following goals and objectives. First of all, the main goal is to develop optimal process parameters and
formulations for the SHS process to produce high-quality and efficient chrome coatings on metal parts.
This includes studying the effect of processing conditions, temperature parameters, powder composition
and gasification mode on the quality and properties of coatings. Another important aspect is the study of
the microstructure of the resulting coatings and their properties, such as strength, hardness, resistance to
abrasive wear, as well as thermal conductivity and electrical conductivity. This makes it possible to assess
the effectiveness of the coating in the conditions of its operation and determine the possibility of its use in
specific production conditions.

The third task is to optimize the SHS process to meet practical requirements and in accordance with
the technological capabilities of the production. This includes implementing the most effective solutions
for equipment, operating modes and process control to ensure consistent coating quality at the industrial
level. In addition, it is important to conduct a comparative analysis of the effectiveness of the SHS method
with other coating technologies to determine its competitiveness and applicability in practical conditions
of elastomer production. The overall result of the study provides for specific practical recommendations for
the implementation of the obtained results in production, which will improve the quality and efficiency of
elastomeric products with chrome coatings in aggressive operating conditions.

Presenting main material. Given the rapid development of technology in Ukraine, the issues of
increasing the reliability and durability of machine parts, devices and installations operating under
conditions of vulcanization of rubber products have become so urgent. The role of surface hardening
processes in the durability of machines and mechanisms has become especially important at the present
stage, as the development of machine-building industries is associated with an increase in loads,
temperatures and aggressiveness of the environments in which critical parts operate. Diffusion chromium
plating using the CVS method is an effective method of increasing the durability of various parts, which
changes the chemical composition, structure and properties of the metal surface layers.

Modern composite materials, such as rubber and rubber-based natural and synthetic rubber, play
an important role in the metallurgical, textile and chemical industries. The use of such materials allows for
the creation of products for structural and tribotechnical applications with improved damping properties,
high elasticity and corrosion resistance. The use of rubber instead of metal also helps to reduce the weight
of structures and machines, shortens the time for manufacturing parts (even of complex configurations) and
increases corrosion resistance [6]. The pressing process was carried out using a hydraulic press of the
"vulcanization 100-400 2E" type with plates measuring 400x400 mm for new elastomeric materials based
on a copolymer of vinyl di-fluoride and hexopropylene, ethylene-propylene rubber.

Rubbers consist of a mixture of substances, the main component of which is natural or synthetic
rubber. It is important to note that pure rubber has low mechanical, thermal, chemical and electrical
properties. To improve these characteristics, fillers such as clay, carbon black, modified montmorillonite
octadecylamine, silica (SiO,), aluminosilicate hollow microspheres, carbon black, and others are effectively
used [3].
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The materials used for press tooling in the production of elastomeric products, such as steel 20,
steel 45, U8, 40X, 40X16M, were investigated. Mixtures of powders with dispersity from 60 to 250
microns of the following materials were used as reaction agents. When determining the necessary
dispersity of reagents, we were guided by the studies, which showed that the maximum completeness of
transformation is achieved when using a reaction mixture with a fraction of 100-120 microns. The press
tooling to be processed is shown in Fig. 1.

c d
Fig. 1. General view of the press tooling: a- appearance of the complete tooling, b- punch, c-
press spacer, d- die.

Coatings obtained in self-propagating high-temperature synthesis processes have unique properties
related to the associated gas-transport reactions. These coatings consist of a film of the applied product,
similar to gas-phase deposition, as well as a broad transient diffusion (gradient) zone, as in diffusion
saturation. Due to these features, gas-phase SHS coatings have better characteristics compared to other
methods [7,8]. They can have properties of the applied material, such as being more wear-resistant or
corrosion-resistant than the substrate, and have high adhesion strength powders. In such powders, the
particles of one substance are coated with a layer of another, which provides a large specific contact surface
for the reactants at sufficiently small particle sizes.The micron sizes under such conditions are satisfactory,
and the interaction between the reactants occurs in the solid phase in the reaction diffusion regime if the
particles do not melt. The low values of mass transfer coefficients in the solid phase can be compensated
by a large contact surface. In this case high temperature is an important factor intensifying the process.

Determination of reaction products allows modeling the process of formation of protective layers
under SHS conditions. On the basis of calculation of adiabatic temperatures of SHS system combustion it
is possible to solve the heat balance equation, which is important for optimization and control of the process
of protective coatings application. For the application of protective coatings on samples under SHS
conditions the developed pilot plant DDTU12 was used, which includes the main functional systems:
reaction equipment, system of control and regulation of technological parameters, as well as the system of
gas utilization. This ensured efficient and controlled deposition of coatings with specified characteristics
and quality.
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The existence of temperature limits to which the combustion front can spread limits the use of
combustion in technological processes. This is due to the fact that certain conditions, such as the presence
of oxygen and sufficiently high temperatures, are required to sustain combustion. However, the thermal
self-ignition mode is not subject to these limitations. By diluting the initial powder mixture with an inert
substance to 85-90% by weight, it is possible to reduce the maximum process temperature to the values
required by the technology. This approach allows more flexible process control and provides the necessary
conditions without the risk of exceeding temperature limits.

Thus, the use of thermal auto-ignition mode with powder mixture dilution with an inert substance is
an effective way to optimize processes, especially in areas where precise temperature control and avoidance
of possible combustion limitations are important.

The following compounds predominate in the gas phase at temperatures between 400 and 1600 K:
SiC|, SiC'z, SiC|3, SiJz, SiJs, AlCl, AlClz, A1C13, BF3, CI‘F, Cer, CrF4, TiClz, TiCls, TiC14, AIJ, as well as
iodine in atomic and molecular states. With increasing temperature, an increase in the number of products
in the gaseous phase as well as the formation of condensed products is observed. However, the fraction of
condensed phase decreases in the range of 400-1600 K due to vaporization of the carriers used. At
temperatures above 800 K, the decomposition of reaction products occurs, indicating the appearance of
decomposition products and a sharp increase in the number of gaseous molecules. The gaseous products
interact with the elements of the powder system (Al, Si, B, Ti, Cr), transferring them to the gas phase.

At temperatures above 800 K, the proportion of the condensed phase practically does not change,
indicating reactions with the formation of the condensed phase without changing the total number of
molecules. This fact indicates the chemical transport of elements in the range of 800-1600 K. To increase
corrosion resistance, a coating containing elements that form passive films is required. When tested in a
20% aqueous solution of hydrochloric acid, the best resistance is shown by protective coatings alloyed with
chromium and titanium, which have the following weight loss rates: 23.5 and 21.5 g/m?. Corrosion test
results for 8 days are shown in Table 1.

Table 1
Corrosion resistance of steel 45 with protective coatings in aqueous acidic environments
Corrosive Type of coating Weight loss (10 g/m?)
environment Test time, days
1 2 3 4 5 6 7 8
20% HNOs Uncoated 87 | 152 | 230 | 300 | 363 | 468 | 547 | 631
Cr-Al-Si 58 | 10,8 | 18 23 27 31 35 38
Cr-Al-Ti 6,3 13 19 24 28 33 38 44
Cr-Al-B 5,6 11 | 14,7 | 18 23 28 | 336 | 37,8
20% HCI Uncoated 56 90 121 | 166 | 218 | 280 | 340 | 401
Cr-Al-Si 6,7 | 10,3 | 11,7 | 15 | 183 | 20,9 | 251 | 28,2
Cr-Al-Ti 59 | 92 | 111 | 133 | 154 | 16,9 | 19,2 | 215
Cr-Al-B 6,4 | 10,7 | 125 | 141 | 164 | 191 | 21,1 | 235
20% H2S04 Uncoated 59 94 130 | 160 | 198 | 220 | 252 | 280
Cr-Al-Si 3,7 | 47 6,6 8,2 9,2 | 10,9 | 12,2 | 13,4
Cr-Al-Ti 29 | 34 4,5 5,6 7,2 8,1 8,8 9,6
Cr-Al-B 3,9 5 6,4 7,9 9,7 | 108 | 129 | 14

When tested in a 20% aqueous solution of sulfuric acid, the best resistance is shown by protective
coatings alloyed with silicon and titanium, which have the following weight loss rates: 13.4 and 9.6 g/m?.
When tested in a 20% aqueous solution of nitric acid, titanium and silicon-alloyed protective coatings show
good resistance, with the following indicators: 44 and 38 g/m?. A comparative analysis of the corrosion
resistance of protective SHS coatings and CTH coatings obtained under isothermal conditions shows that
they have a weight loss of 1.9-2.2 times less.

The results obtained can be explained by the formation of alloyed phases on the surface, which leads
to surface passivation in aggressive environments. It is also possible to assume the influence of
electrochemical inhibition of anodic dissolution of metals at a higher concentration of alloying elements of
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alloyed protective coatings compared to coatings obtained under isothermal conditions, which indicates the
absence of microcracking.

It is known that mechanical stresses (in this case, compressive residual stresses) affect the corrosion
behavior of metals due to the structural material receiving additional energy due to the fact that the level of
residual stresses in coatings obtained under conditions of thermal spontaneous combustion of SHS charges
is higher. As a result, the probability of microcracking of passive oxide films decreases, which leads to an
increase in corrosion resistance. A comparative analysis of the corrosion resistance of protective SHS
coatings and CTH coatings obtained under isothermal conditions shows that they have a weight loss of 1.9-
2.2 times less.

The conducted research allows us to conclude that one of the main factors affecting the performance
of equipment is its corrosion resistance under the aggressive influence of the corrosive environment of
elastomeric products production.

Conclusions. Several important conclusions were drawn during the study of the self-propagating
high-temperature synthesis SHS method for obtaining chromium coatings on parts that operate under
aggressive conditions of elastomer production. The SHS method is an effective and promising way to
produce high-quality coatings, including chrome, on metal parts. It was found that optimal process
parameters, such as processing modes, temperature, and powder composition, significantly affect the
quality and properties of the resulting coatings. A detailed analysis of the microstructure allows us to
determine the optimal conditions for coating formation. When tested in a 20% aqueous solution of sulfuric
acid, the best resistance is shown by protective coatings alloyed with silicon and titanium, which have the
following mass loss rates: 13.4 and 9.6 g/m?.

When tested in a 20% aqueous nitric acid solution, titanium- and silicon-alloyed protective coatings
show good resistance, with values of 42 and 37 g/m?. A comparative analysis of the corrosion resistance of
protective SHS coatings and CTH coatings obtained under isothermal conditions shows that they have a
weight loss of 1.9-2.2 times less. The chromium coatings obtained by the SHS method are highly resistant
to abrasive wear, corrosion and mechanical stress, which makes them effective for use in elastomeric
production. The high level of stability and efficiency of the SHS process confirms the possibility of
implementing this method at elastomeric products manufacturing enterprises to improve the quality and
service life of parts. Thus, the study of SHS for obtaining chromium coatings in the context of elastomeric
production is a relevant and promising area that will further improve the quality and efficiency of
elastomeric production.
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I''M. I'yb6aasb
Jhyvkuti HayionanbHull mexHiYHULl YHigepcumem

BJAOCKOHAJIEHHSA CTBOPEHHSA TABJIMIB I AEAKUX OBYUCJIEHDb HA MOBI
MNPOI'PAMYBAHHS LATEX JJIA MATEMATHUYHUX JOCIIAKEHb

Y ecmammi poszenaoaemvca cucmema LaTeX. Bukonano asmomamu3ayilo cmeopeHHA OAHUX Yy MAMEMAMUYHUX
00CNIOHCEHHAX 30 OONOMO2010 CMEopeHUx Hogux makpocie y cucmemi LaTeX na moei npozpamysanna LaTeX. Cmeopeno nogi
MaKpocu, AKi 2eHepyIOmb MAmMpPuyi 6UNAOKOBUX YUCET, PO3SMIPHOCHE AKUX MOMCHA 66eCMU HA eMANi 6UKOHAHHA MAKPOCi6, AKI
o0uucnowms i OpyKyomov cymu 66e0enoi KinbKocmi 000aHKie, nionecenux 00 3a0aH020 CMmeneHs, AKi OPYyKyiomv pAOKu
66e0eHUX MAdIUYL NPU 3A0aHill YMOGI, AKI 00UUCTIIOIOMDb | OPYKYIOMb CYMY elleMenmis pAoKie i cmoenyie 66e0enux maonuyb.

Knrouogi cnosa: LaTeX, makpocu, mampuys, 1ivunsHux, ymosa.

H.M. Hubal

IMPROVEMENT OF CREATION OF TABLES AND SOME CALCULATIONS IN THE
LATEX PROGRAMMING LANGUAGE FOR MATHEMATICAL RESEARCH

The LaTeX system is considered in this article. The automation of data creation in mathematical research is performed
using created new macros in the LaTeX system in the LaTeX programming language. New macros are created that generate
matrices of random numbers, the dimensions of which can be entered at the stage of execution of macros that calculate and
print the sums of the entered number of terms raised to a given power, that print the rows of the entered tables under a given
condition, that calculate and print the sum of the elements of the rows and columns of entered tables.

Keywords: LaTeX, macros, matrix, counter, condition.

[ocranoBka mpo6iaemn. Cucrema LaTeX mmMpoKo BUKOPUCTOBYETHCS ISl HATUCAHHS HAYKOBHX
cTareil, HaBYAJIBHUX MMOCIOHMKIB, MAPYYHNKIB, MOHOTpadiii, o MaroTh cKiaaaHe Gopmarysanns [1]-[14].
HayxkoBmi 1 mocnmigHuku HanmaroTe mepeBary cuctemi LaTeX, ockimbku B cuctemi LaTeX wmoxHa
CTBOpIOBATH CKJIamHI (opmynu, nocuiaanHs i BuHOCKH [15]-[24]. MoBa nporpamyBanus LaTeX nae
MOJKJIMBICTh aBTOMATH3YBaTH 1 CIIPOCTUTH poOOTY i3 CHCTEMOIO 3a TOTIOMOroro mMakpocis [13], [14].

BukopucTanHsT MakpociB J103BOJIsIE €)EKTUBHO KEPYBATH EIEMEHTAMH, 1[0 BUKOPHUCTOBYIOTHCS
Oarato pa3iB. MakpocH TOKpAIIyIOTh YHTAHHS 1 OHOBJICHHS MPOrPAaMHOrO KOAY Ta 3MEHIIYIOTh HOTO
IOyOJIOBaHHS, IO MiABHUIIYE IBUIKICTE KOMOUTALIT 1 00poOku qokymenTa LaTeX. Makpocu noJermymoTh
KOJICKTHBHY pOOOTY, OCKIJIbKH PO3POOHHUKH ITPOEKTY MOKYTh €()eKTHBHO BUKOPHCTOBYBATH Ta 3MIHIOBATH
CTaHAAPTH30BaHI KOHCTPYKIII.

CtBopuMo HOBI MakpocH y cuctemi LaTeX na MoBi nporpamyBanns LaTeX, ski

— TCHEPYIOTh MaTPHUIll BUMATKOBUX YHCEJ, PO3MIPHOCTI SKMX MO>KHA BBECTH Ha €Tall BUKOHAHHS
MaKpOCiB;

— OOYHCIIOIOTH 1 IPYKYIOTh CYMH BBEICHOT KiIIBKOCTI JIOJAHKIB, I THECCHUX 10 3aJIaHOTO CTETICHS;

— APYKYIOTh PSAAKY BBEICHUX TaOJHUITh TIPH 3a/1aHIN YMOBI;

— 00YHUCITIOIOTH 1 APYKYIOTh CYMY €JIEMEHTIB PSAAKIB 1 CTOBIIIIB BBEACHUX TAOJIHIIb.

[i MakpocH aBTOMATHU3YIOTh 1 CIIPOIYIOTh CTBOPCHHS HAYKOBUX 1 HABYAIILHO-METOUYHUX TPAllb,
3MIHCHIOIOTH O0YHCIICHHS, JOMTOMAraloYy HAyKOBIISIM y IXHIX JTOCIIIKESHHSIX.

AHaJi3 ocTaHHiX gocaixkeHb i myoJikaniii. [Ipu ctBopenni noxkymenrta LaTeX nmporpaMHuii Kot
KoMIioeThes. [Ipu boMy KOMaHAM TPAHCIIIOIOTHCS B iHII KOJH, SIKi B CBOIO Yepry TPAHCIIOIOTHCS B 1HIII
komu i T.1. [5], [8], [11], [16]-[18], [21], [22]. V cucTemi LaTeX mokHa reHepyBaTh TECTOBI MUTAHHS IS
MEPEBiPKY 3HaHb CTYAEHTIB [22] Ta po3poOJIsSTH CBOI THIIH TECTOBHMX muTaHb [13]. MoBa mporpamyBaHHs
LaTeX mae MOKIMBICTH CTBOpIOBATH Makpocu [14].

Bukaax ocHoBHOTO MaTepiaay. CTBOPHMO MaTPHINIO BUTIAAKOBUX YHCEI, PO3MIPHICTh SKOT MOJKHA
BBECTHM Ha €Talli BUKOHaHHA MakpociB. ¥ LaTeX mokymenrti article’ migkmrounmo makern amsmath’,
“forloop™ Ta ‘pgf. CTBOpHMO HOBI MaKpOCH:

="\rnd’, mio rerepye BunmaakoBe Iijae yucio Bix -30 mo 30 3a gomomororo makera pPgf;

—iCJIsE OTOJOIICHHS JIIYMIBHUKIB 'TOW' 1 ‘COl’, cTBopuMo “\randmatrix’, 1110 TeHepye MATPHITIO 3a
JOITIOMOTOI0 OTOYEHHS "pPmatrix’ 3 makera ‘amsmath’ 3 3amaHMM YHCIIOM PSAKIB i CTOBIIIIB, SIKI MOXKHA
BBOJHUTH 3 KiaBiaTypu. "\randmatrix’ BUKOPHUCTOBYE 1B apIyMEHTH — YHCIIO PSAAKIB i CTOBIIIB. BrimageHi
ukiu forloop' BukopHcTaHi 71t CTBOPEHHS PSAKIB i CTOBIIIB MAaTPHII 32 JOMOMOT0K0 KoMaHu '\rnd".

Hagenemo niporpaMHmuii KOl JUIsi CTBOPEHHS MATPUII BUTIAIKOBUX YUCEN, PO3MIPHICTH SKOT MOKHA
BBecTH (puc. 1).

© I'M. I'ybane



Mixceysiecokuil 30ipnux « HAYKOBI HOTATKH». Jhyyvk, 2024, Ne77

79

‘“documentclass{article}

Zusepackage{amsmath}
‘usepackage{forloop}
\usepackage{pgf}

\newcommand{\rnd}{\pgtmathparse{int(random(-30,30))}

\pgTmathresult}%

\newcounter{row}
‘newcounter{col}

“newcommand{\randmatrix}[2]{%

“begin{pmatrix}

Aforloop{rowl{1}{\waluef{row} =< #1}{%
\forloop{col}{1}{ \value{col} = #2}{%

wrnd &
}95%6%
Arnd
W
1%%

Aforloop{col}{i}{\walue{col} = #2}{%

Arnd &

R

Arnd
‘end{pmatrix}

=
1%

Puc. 1. CTBOpeHHs1 MATPULi BUNIAJKOBUX YHCeN

V Tiji ToKyMeHTa BUKJIMYEMO CTBOPEHY KoMaH 1y ' \randmatrix’ i BBEIEMO YHCIIO PSJIKiB, HATPUKIIA,

10 Ta 4KcIIO CTOBILIB, HANIPUKIAL, 7 (pHcC. 2).
“begin{document}

Matrix of inputted size with random elements has the

form

$3Nrandmatrix{10}{715%

‘end{document}

Puc. 2. 3BepTaHHs 10 CTBOPEHOI KOMAaH/M Y TiJIi JOKYMEHTa

Hasenenwmii nporpamumuii kox (puc. 1 1 puc. 2) reHepye pe3ynbTaT, IpeACTaBICHU Ha pHC. 3

Matrix of inputted size with random elements has the form

(14 -1
-7 1
10 —29
27 10
0 -3
24 19
-3 2
iy ol
9 21
\10 -9

Puc. 3. Pe3ynbrar, 3reHepoBaHuii IPOrpaMHHM KOIOM

=1 AL —12
-3 =23 10
=2 =20 =10
-13 10 G
-13 -6 =30
J0 -25 22
17 23 =11
—25 11 -2}
T =17 =25
24 23 -9
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—28
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=15
=7
—30
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—22
3
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—6
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VY Bumanmkax, KOJW y HAYKOBHX JTOCIHIHKEHHSIX Tpebda OOUMCIIIOBATH JOCHTH CKJIAIIHI TPAHUII TIPH
N — 00| MoxHa ix o6umcmoBaTH Ha KOMIT ToTepi ;1 Bermmkux [, TIpu npomy ynm Ginbure [, Tum nosme
BUKOHYIOThCA Taki o6uncienss, a mpu 1 —> 00 oGumciIeHHs rpaHuIlh HA KOMIT IOTEpi HEMA€E 3MiCTy.

Mo2Ha CIIPOCTHTH 0O0UHCIIEHHS CKIIaIHUX IPaHMIb nociigosHocTeil pu [1 —> 00 3a momomororo
Koy Ha MoBi mporpamyBanHs LaTeX. Hampukmanm, 3HaiieMoO TPaHHUIIO ITOCHTIITOBHOCTI 3 3arajabHUM
YJICHOM

2n
a, =1a+2""+3a+---+ua+(—j
u
npu a=3, U=120, n_, . Ji1st HOrO 3aIUIIEMO ITPAHHUIIIO

lima, =1*+2% +3% +-.-+u®.
n—oo

VY 1poMy BHIAJIKy MOYKHA O0UMCIUTH TPAHUIIO MOCIITOBHOCTI 32 JOTIOMOT'OIO IIPOTPAMHOTO KO,
Hamrcanoro Ha MoBi LaTeX (puc. 4). Y LaTeX nokymenri "article” migxmrourmo makeru calc' ta ‘forloop'.
CtBopumo HOBi mivmwnbHEKA [, 't i ‘result’. IlpucBoimo 3nauenust 0 miumneHuKy result’. CtBopumo
KOMaHIy \SUMN™ [u1st 00UMCIICHHS 1 IPYKY CYMH BBEJCHOI KIIBKOCTI HaTYpaJbHUX YHCEI, MiTHECCHHUX J10
KyOy. BBeneHa KinbKicTh HATypaJIbHUX YHCEN € apTYMEHTOM L€l KOMaHH, 1 s KiJIbKICTh MOBHHHA OyTH
BBeJIcHa O1IBIIOI0 HAa OJIMHHMLIO.

\documentclass{article}
“usepackage{calc}
Zusepackage{forloop}

\newcounter{r}
‘newcounter{t}
“newcounter{result}

‘“setcounter{result}{o}
\newcommand{\sumn}[1]{%

\Nforloop{r}{i}{walue{r} =« #1}%

‘setcounter{t}{‘walue{r}*walue{r}*\walue{r}*\wvalue{r}}
Zsetcounter{result}{\wvalue{result}+\value{t}}}
\theresult
1%
Puc. 4. O0unceHHs i IPyK CyMH BBeA€HOI KiITbKOCTI HATYPaJbHUX YHCe, MiTHEeCEHUX 10
KyOy

V Tini gokymenta LaTeX Bukinuemo KoManmy \SUMN i BBEAEMO KiJbKICTh HATYPaTbHHUX YHCEIN
Oy Ha OOUHHUITO (puC. 5). SAKimo HeoOXxigHo o0uncnuTH cymy 120 HaTypaJIbHUX YHCEN, MiHECCHUX 10
KyOy, TO BBeieMo ynciio 121 B IKOCTI apryMeHTa KOMaHad \sumn'.

‘“begin{document}

The sum of A\(120%\) natural numbers raised to the power of
3 is \sumn{i121}.

“end{document}

Puc. 5. 3BepTaHHs 10 CTBOPEHOI KOMAHIHU Y TiJIi TOKYMeHTAa

HaBenenwii mporpaMHuil Ko Ha puc. 4 1 pUC. 5 TeHEPY€E pe3yIbTaT, IPEeACTaBICHUI Ha pHC. 6.

The sum of 120 natural numbers raised to the power of 3 is
52707600,

Puc. 6. Pe3ynbTar, 3reHepoBaHMii IPOrpaMHHM KOIOM

Takum 9rHOM, TPaHUII 330aHOT ITOCITIIOBHOCTI 3 3araIbHAM YICHOM
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2n
a,=1%+22+3%+...+u? +(Uj

npu a=3, U=120, n_, , nopiBHIOE 52707600.

CTBOpPUMO KOPETAIIHHY TaOIHITIO, HAIPHUKIIA, 3 IIIECTH PSAIKIB 1 IIECTH CTOBIIIIB.

Jst uporo y LaTeX nokymenrti article” migkmrounmo maketu pgf' i ‘bnumexpr’. Ctopumo HOBY
komanmy \ifthenrow’, mo MicTHTE ciM apryMeHTiB, sKi MoXKHa BBeCTH. LI KOMaHa IPYKY€ PSIKH TaOIHIIi
3a YMOBH, 10 BBEJICHE YHCIIO (TIEPIINI apTyMEHT 1€l KOMaHIH) JOPIBHIOE OJUHUII. SIKIIIO BBEACHE YUCIIO
(mepmwmii apryMeHT 1€l KOMaHOW) HE IOPIBHIOE ONMHMII, TO PSAAKH TabIHLi He OpyKyloThcs. Pemira
aprymenTiB komanau \ifthenrow™ — ue mepuuwii, Apyruid, ..., MIOCTHUI EIEMEHTH BiIIOBITHOTO psIKa
Tabsumi (puc. 7).

“documentclass{article}
\usepackage{pgf, bnumexpr}

\newcommand{\ifthenrow}[7]{\ifnum \numexpr#iirelax=1
H2EHIEHAEHDEHBERT\NTL

}

Puc. 7. JIpyk psaakiB Tadauili 3a yMOBH, 110 BBe/leHe YHCJI0 (MepIiuuii apryMeHT miel
KOMAaH/N) T0PiBHIOE ONUHHU LI

SK1mo HeoOXiAHO CTBOPUTH KOpEJSLiiHY TaOIMIO 3 1HIIOK KiJIBKICTIO PAAKIB 1 CTOBIMIIIB, MOKHA

3MIHUTH 9HCJIO apryMeHTiB KoMarau \ifthenrow™ na HeoOXigHY KiTbKiCTS.
VY Timi mokymenTa LaTeX crBopumo Tabnwmirio i BukianmdeMo koMaHmy \ifthenrow’, manpuxman, y

TPEThOMY PAAKY TaOJHLi, BBIBIIM OAMHHUIIO B SKOCTI MEpUIOro aprymenta (puc. 8). Y mpoMy BHUIaIKy
TPEeTii pAAOK TaOIUI HAAPYKY€ETHCSL.

“begin{document}

\begin{tabular}{|clclclclclc]|}

\hline
“(A\x1 “backslash “etal\) & 16 & 26 & 36 & 46 & 56 \\
\hline
20 & 4 & 0 & 0 & 0 & 8 N\
25 £ 6 & 8 & 0 & 0O & 0 \\
Nifthenrow{1}{3e}{e}{10}{32}{4}{0}
3 £ 0 & 0 & 32 & 12 & 1 \\
40 & B & 0 & 9 & 6 & 5 N\
“hline

‘end{tabular}

‘end{document}

Puc. 8. 3BepTaHHs 10 CTBOpPeHOI KOMAHAHU Y Tijli JOKyMeHTa

HaBenenwmii mporpaMHuiil Ko Ha puc. 7 1 puc. 8 TeHEpye pe3ylibTaT, IPeACTaBICHUi Ha puc. 9.

E\np | 16 | 26 | 36 | 46 | 56
20 4 0|0 0|0
25 | 6 8| 0 0|0
Jo |0 |10|32] 4]0
da |0 0| 3|12
40 |0 | 0| 9 6

oo

Puc. 9. PesyabTar, 3reHepoBaHuii IPOrpaMHUM KOIOM

Skuro BukiMKaTH Komauay \ifthenrow™ y tperboMy psiiky Tabiumil i BBECTH, HAPUKIIA/, HYJIb B
SIKOCTI TepIoro aprymenta (puc. 10), To TpeTii psIoK TabIHIll He HAIPYKY€EThCA.
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“begin{document}

“begin{tabular}{|c|c|c|c|c]c]|}

“hline
“(Axi \backslash ‘eta\) & 16 & 26 & 36 & 46 & 56 \\
“hline
20 & 4 &0 & 0 & 0 & 8 M\
25 &£ 6 & 8 & 0 & B & B N\
Nifthenrow{0}{3e}{e}{10}{32}143 {0}
355 0 &0 & 3 & 12 & 1 M\
40 & 0 & 0 & 9 & 6 & 5 N\
“hline

‘end{tabular}

“end{document}

Puc. 10. 3BepTaHHs 10 CTBOPEHOI KOMAHAM Y TiJli JOKyMeHTa

Hagenenwmii mporpamuuii kox Ha puc. 7 i puc. 10 reHepye pe3ynprar, mpeacTaBieHnii Ha puc. 11.

&\ |16 | 26 | 36 | 46 | 56
I HIERERERERE
25 |6 |8 |ofo]o
35 |0o|lo|3|12]1
wlo|lo|lole]s

Puc. 11. Pe3yabTaT, 3reHepOBaHNii NPOrPaMHUM KOJIOM
OO6uncanMo 1 HATPYKy€EMO CyMy €JI€MEHTIB PSAKIB 1 CTOBILIB KOPEJALiiHOT TaOIHLi, TPEACTaBICHOT
Ha puc. 9.

s uporo y LaTeX moxymenri article” migkmrounmo makeru pgf’ i ‘bnumexpr’. CtBopuMo HOBY
KOMaH/y \SM’, 110 MiCTUTb IT’SITh apT'yMEHTIB, SIKi MOXHa BBeCTH. LIst KOMaH/1a 00YKCITIOE i IPYKY€E CyMy
BBEJICHHMX aprymenTiB. HaBemeMo nporpamuumii Ko Ha puc. 12.

“documentclass{article}
‘usepackage{pgf, bnumexpr}

snewcommand{\sm}[5]{%
Mhelvnumexpr#l+#2+#3+#4+8#5\relax
}

Puc. 12. O04ucaeHHs i IPYK CyMH BBeleHHX aPryMeHTiB

SIk1o HeoOXiTHO CTBOPUTH KOPEISIIHY TaOIUITI0 3 1HIIO0 KUTHKICTIO PSAKIB 1 CTOBIIIIB, MOYKHA
3MIHUTH YHCIIO APTYMEHTIB KOMaHIU \SM  Ha HEOOXiAHY KiTbKiCTb.

V tini gokymenta LaTeX cTBOpUMO TaOMHMIO i BUKJIMYEMO KOMAaHIy \SM', B SKOCTi apryMEHTiB
SIKOT BBEIEMO 3aaHi guciia — eeMenTr Taouri (puc. 13). Lg komaHaa 009nuCINTh CyMy €JIEMEHTIB PSIIKiB
1 CTOBIILIB.

Hagenennii nporpaMuuii kox Ha puc. 12 i puc. 13 reHepye pe3yibTaT, MpeAcTaBieHui Ha puc. 14.
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“begin{document}
“begin{tabular}{|c|c|c|c|clc]|]|c]|}
\hline
MN(\xi “backslash “eta\) & 16 & 26 & 36 & 46 & 56 &
sumi\
\hline
20 & 4 & 0D & 0 & 0 & 0 & \sm{4}{0HO}{eI{aI\\
25 £ 6 & 8 & 0 &0 &0 & \sm{6}{8IHO}IOI{OI\\
30 & 0 & 10 & 32 & 4 & 0 & \sm{P}{10}{32}{41Ia1\\
35 20 &0&3&12 &1 & \sm{O}O}{3{12 {11 \\
40 & 0 & 0 & 9 & 6 & 5 & \sm{O}{O}{9}I{63{51\\
\hline
\hline

sum & \sm{4}{6}{0}{0} {0} & \sm{O}{8}{10}{0}{0}& \sm{O}
{03{32}3{33{9} & \sm{o}{0}{4}{12}{6}& \sm{0}{0}{0}{1}{5}
& \sm{4}{14} {46} {163 {20} \\

\hline
‘end{tabular}

‘end{document}

Puc. 13. 3BepTaHHs 10 CTBOPEHOI KOMAHAM Yy TiJIi JOKyMeHTa

E\n | 16 | 26 | 36 | 46 | 56 || sum

20 1 0 01010 4
25 6 | 8 01010 14
30 0 |10]32) 4 0 46
35 010 3 1121 1 16

0 [o]Jof9|6]5( 20
[sum 1018 4422 6 [ 100 |

=]

Puc. 14. Pe3yabTaT, 3reHepOBaHNii NPOrPaMHUM KOOM

BucHoBKu. Y cTaTTi BUKOHAHO aBTOMATHU3AIII0 CTBOPEHHS IAHUX Y MATEMATUIHUX JIOCI1DKECHHSX
3a JIOTIOMOTOI0 CTBOPEHMX HOBUX MakpociB y cuctemi LaTeX Ha mMoBi nmporpamysanas LaTeX. CtBopeHO
HOB1 MaKpOCH, SIKi
— TCHEPYIOTh MATpUIll BHITAJKOBUX YHCEJ, PO3MIPHOCTI SKHX MOXHa BBECTHM Ha eTari
BHKOHAHHS MaKpOCiB;

—  OOYHCIIOIOTH 1 JPYKYIOTh CYMH BBEIEHOI KUTBKOCTI JOJAHKIB, MiJHECEHUX JI0 3aJIaHOTO
CTeTIeHS,;

—  JIPYKYIOTh PSAIKH BBEACHUX TAOJHIIb NP 3a7aHiil yMOBI;

—  0OYHCTIOIOTH i APYKYIOTH CYMY €IEMEHTIB PSIIKIB i CTOBIILIIB BBEACHUX TaONHUIIb.
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AHAJII3 ITAHTOBOI HACOCHOI CUCTEMMH JIIsI BUSHAYEHHS PEXKUMIB POBOTH
IIPU BUJOBYTKY HA®TH 3A SMIHHUX YMOB HA OCHOBI TUHAMOMETPUYHUX
JAHHUX I HEUPOHHHUX MEPEX

Cucmemu 2n1ub0K0800HOT HACOCHOT WiMan2u 011 MOPCHbKO20 6UO0OYMKY HA(MU NOBUHHI RPAUIOEAMU HATIEHCHUM
yunom. Bascnueo posymimu pescumu pooomu yux cucmem, w06 éonu 00ope gpynxyionysanu. Ile docazacmoca 3a 0onomozorw
2/1UO0KO080OHOT HACOCHOT WIMAH20801 YCINAHO6KU, AKA HA3UBAEMbCA WM aH206UM Hacocom (SRP). Oonak 2n1ubokoeoo0Hi ymosu
ROCMITIHO 3MIHIOIOMbCA, 3HUNCYIOUU ehekmusnicmb mpaouyitinux cucmem SRP. Poboma modxnce nozipwumucsa, a ymosu
HABKOIUWHBOZ0 CEPEO0BULA MOHCYMb CUNbHO 8iOpi3HAmMUCA. Mema 00CioxHcennA: Yy YbOMYy OOKYMEHMI NOACHIOEMbCA, YOMY
earxcnueo adanmyeamu cucmemu SRP 0o 3min y cyeopux 2aubokoeo0nux pezionax. Y HbOMy MAaKodic po3enaoaromycs
npoonemu, w0 GUHUKAIOMY Y 36’A3KY 3 YUM, HOMOUHI MemoOoN02ii a6o nagime UMoeipni maidymui nioxoou. Kpim mozo,
onmumizayin eghekmuenocmi, 6e3neku ma cmiilkocmi MopcoKux naghmoesux onepayiii nepeddauac ananiz SRP. Inwi euknuxu
GKIIIOYAIOMb  0A2AMONPOMEHEB] NEPeuKoOU, AKL CHPUYUHAIOMDL ROZIPUIEHHA CUZHATLY ma 30ypeHHsA ioHocghepu, w0
npu3600ums 00 31UMMmA 0AHUX i YCKAAOHEHb MAWUHHO020 HaguanHA. Kpim mozo, icuyioms dodamxosi npodnemu, cnpuuuneni
OUHAMIYHUMU CEPe00BUAMU MA O0O0UUCTIIOBANbHUMYU CKIAOHOWAMU NIO 4AaC 31umMmsA OAHUX, A MAKOX}C HA emanax
Mawiunnozo naeuannAa. Iu6Gokoeoonuit monimopunz i koumpons eumazae aoanmauii SRP. Memooonozia: Memoouka
0271100601 cmammi nepeodayac WUpoKuil 02140 imepamypu 3 Memol GUAGIEHHA 00CNIONHCEHb, WO CHIOCYIOMbCA MeMU
3acmocyeanns cmpudcnie IIBH ona euoobymky nagpmu. Cmammi KpumuuHo RpOAHANI308AHO MA OUCMUILOBAHO O/A
OMPUMAHHA OCHOGHUX PE3YINbMAMie 00CII0NCEHHA 3 BUKOPUCMAHHAM 300pPy OUHAMOMEMPUYHUX 0anux ma anzopummie HM.
Haykoea nosusna: Touna ioenmugpixayin pobouux peixcumie mae eupimianvie 3HAYEHHA 0 2NUOOKOBOOHUX WIMAH20BUX
cucmem, AKi GUKOPUCMOBYIOMBCA 6 MOPCbKOMY 6UO00ymKy Hagmu. OOnak cepedosuuie, w0 NOCHMIUHO 3MIHIOEMbCA 6
2IUOOKUX 600ax, YCKNaoHio€ eghekmugny podomy munoseux cucmem SRP. Poooma moxnce dymu noczipuiena, a ymoeu
HABKOIUWHBOZ0 CePeOo0sUA MOMCYMb 3HAUNO i0pi3namuca. Lln cmammsa mae na memi docnioumu, yomy adanmauis
cucmem SRP 00 minaueux 2n1ub60K0800HUX YMOE € 8ANHCTIUGON). Y HbOMY MAKOMHC PO3ZNAOAIOMBCA UKIUKU, AKI HOCHMANU hepeo
Hamu, nomoyHi nidxo0u ma nepcnekmueu, AKi 3acmocogyromoca. Bucnosok: Ananiz SRP neodxionuii ona oocaznenHns
epekmuenocmi, 6e3nexku ma cmiiukocmi mMopcokux nagymosux onepauyiii. Ilpodonemu exnwuaroms dezpadauyiio cuzHaty Ha
0ocHOog6i Gazamonpomenesoi inmepghepenyii ma ionocghepni 30ypenna 3minnux. Icnyroms oodamkoei cknaonocmi uepes
Ounamiune cepedosunie, a MAKoIHc RPOOIEMU 3 OOUUCIIEHHAM Y NPOYeCcax 31umms OaHux i Mawunnoz2o naguyannsn. Tum ne
MeHut, ehleKmueHUIl 21uO0K0600HUII MOHIMOPUHZ | KOHMPONbL umazaioms aoanmauyii SRP.

Knwwuoei cnosa: THIIY, enubokosooHi pailoHu, HAGMOa HACOCHA WMAH2084 YCMAHOBKA, A0ANmMayis, HeupoHHA
Mepedica.

O. Turchyn

ANALYSIS OF THE SUCKER-ROD PUMP SYSTEM FOR IDENTIFYING OPERATING
MODES IN OIL PRODUCTION UNDER VARIABLE CONDITIONS BASED ON
DYNAMOMETRIC DATA AND NEURAL NETWORKS

Deep-sea pumping rod systems for offshore oil production must operate properly. It is crucial to understand the modes
of operation of these systems for them to function well. The use of a deep water pumping rod installation called a sucker-rod
pump (SRP) achieves this. However, deep-water conditions continually change, reducing traditional SRP systems" effectiveness.
Operations may deteriorate, and environmental conditions vary greatly. Purpose of study: This paper highlights why it is
important to adapt SRP systems to changes in harsh deepwater regions. It also considers issues arising from this, present
methodologies, or even likely future approaches. Also, optimizing efficiency, safety, and sustainability in offshore oil operations
involves analyzing SRP. Other challenges include multi-path interferences that cause signal deterioration and ionospheric
disturbances that result in data fusion and machine learning complexities. Also, there are additional problems occasioned by
dynamic environments and computational complexities during data fusion as well as machine-learning phases. Deep-water
monitoring and control requires SRP adaptation. Methodology: The method of the review article involves a wide-ranging
literature review, to identify research that relates to the subject of SRP rod application for oil production. The articles are
critically analyzed and distilled to obtain the main results of the study using dynamometric data collection and NN algorithms.
Scientific novelty: Accurate identification of operational modes is crucial for deep-water rod systems used in offshore oil
production. However, the constantly changing environments in deep waters make it difficult for typical SRP systems to perform
well. The operation can be degraded, and environmental conditions may vary much. This paper aims to examine why adapting
SRP systems to changing deep-water conditions is important. It also examines the challenges faced, current approaches used,
and prospects that are being analyzed. Conclusion: Analysis of SRP is necessary for achieving efficiency, safety, and
sustainability in offshore oil operations. Challenges comprise multipath interference-based signal degradation and ionospheric
disturbances of variables. There are additional complexities due to dynamic environments as well as computational issues in
data fusion and machine learning processes. Nonetheless, effective deep-water monitoring and control require SRP adaptation.

Keywords: SRP, Deep-water, oil pumping rod installment, Adaption, Neural Network.
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Introduction. The accurate pumping and monitoring in the design of the devices is the only way
that deep-sea oil production the well pumping rod installations will be able to function efficiently. Hence,
the need to develop some control mechanisms could overcome the volatile and changing natures of deep
waters, which is the great hindrance for the regulated running mode of power generation. The evaluation of
the adaptive nature of the Sucker rod pump (SRP) system, which has the capability of deciding the states of
operations that are dynamic and involve the diverse conditions get authenticated by using the theory of
dynamo-metrics data analysis, a machine learning paradigm. This can be recognized to be an effective
approach (Al-Rbeawi, 2023).

Using SRP technology in the installation of the downhole pumping rods is not only revolutionizing
the accuracy and precision of the oil production techniques but it has as well created a new level of rationale
in the oil extraction processes. SRP might be used together with systems operators so that they can monitor
the location and move of equipment on the spot. Thus, they can improve operations and ensure equipment
safety. Strangely, the SRP-based conventional systems though are sensitive to the changing elements of
seabed shapes, waves and currents in the deep water area, there exist the examples where the systems have
overcome the obstacles (Yang, Chen, Wu, & Li, 2022).

In this reason, we propose a novel approach that uses the dynamometry data and takes benefits of
neural networks to improve the adaptability of the SRP based system. The dynamometry analyzes the forces
and moments acting on the area of the rod pump which turns into the mechanics of operation processing.
The sensory adaptation is happening and it will visualize the correct picture of future similar events with
unusual events ahead.

Not only the neural network stands out as the prime tool for the deep learning providing the
complicated pattern recognition function and the ability to generate models of the patterns but also because
of that, the system can find and apply the past patterns to forecast the outcomes (Panettiere, Bosser, &
Khenchaf, 2023).

Implementation of SAP integrated Smart Pump system with fully developed technology will be
groundbreaking in the oil production industry. Such straightforward process ensures the impetuous oil
recovery and supports climbing in field oil production too. The utilization of SRP technology by us will not
only enable us to reach the right levels of reliability and efficiency but also it will enable us to extract oil
from the deep-water level. By applying this technology, the SRP system’s accuracy is enhanced, and real-
time monitoring is introduced for all possible system modes of operation, consequently exposing the
systems to the best performance under every situation. Because of the arrival of such CBM technology, we
are going to witness an incomparable oil output from the fields, and this will be done with the
implementation of strict standards of safety in the deep-sea oil extraction environment and compatible the
advanced operational competence (Ranawat, Kankar, & Miglani, 2020).

Problem statement. Efficient operation of rod lift installations for extraction of deep water oil
depends majorly on the accurate identification of operational modes using SRP. On the other hand, the fast
and unstable characteristics of deep-water environment make the traditional SRP-based technology very
bad with high level of inaccuracy and thus possible safety hazards. At the moment, existing systems are not
able to adapt to the varying water conditions such as currents, wave patterns, and sea bottom topography
that amend equipment performance. It will be needed to create a stronger and more adaptable system which
will have capacity to determine different operational modes considering up-to-date data inputs. Combating
this challenge necessitates the use of cutting-edge techniques that integrate dynamometric data analysis and
neural networks so as to improve the performance and effectiveness of SRP-based systems in deep-water
environmental conditions. Through the solution of this problem, the chances can be transformed to elevate
the efficacy, safety and sustainability of deep-water oil extraction schemes.

Purpose of the study. The aim of this research work is to design a general converter that would be
able to be applied to any transient mode of pumping oil from oceanic wells depending on the environmental
conditions. The study seeks to achieve this objective by integrating dynamic data modeling and neural
network algorithms that improve the flexibility and dependability of this system. This study aims at
developing the innovations in the current SRP-based systems by providing a more dependable and changed
based approach toward know the nature of the operation modes of changing situations. The research, in the
long run, aims multi-faceted contribution to convenience deep-water oil extraction practices by increasing
productivity, safety, and sustainability. Via inference from mass observations and deductions from the
model thesis, the study will offer current guidelines and approaches to the integration of adaptive SRP
systems into practical scenarios thus boosting the innovation and modernization of the offshore oil
production.
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Recent research and publications. The use of SRP systems based technology for moving
equipment to depth in deep-water pumping rod installations during oil production has been adapted to utilize
developmental innovations in research, publications, and technology. A study held in Journal of oil Science
and Engineering suggested that the mix of machine learning algorithms with SRP data for the sake of
forecasting operational modes in deep water and with high precision is a productive idea (Al-Rbeawi, 2023;
Ranawat, Kankar, & Miglani, 2020). The research paper Chen, Li, & Li (2022) established the validity of
the neural networks for dynamometric data analysis combined with SRP installation allowing for real-time
response to variable conditions.

Additionally, emerging technological trends have been concerned with strengthening the credibility

and accuracy of SRP-aided systems in depth-sea operations (Al Toubi, Harrison, & CV, 2023;
Krishnakumari, Sivasankar, & Radhakrishnan, 2020).
Institution and research technology institutions together with industry leaders have collaborated and
developed advanced sensors and data fusion techniques that boost resilience of SRP operations to the
interference and multipath effects in maritime environment. Deep-water rod-pump installations for deep
well development where such oil production is made possible by the employment of SRP have become the
major research subject for scientists. This is done to increase the responsiveness of system and also
efficiency. Study can define the best possible way of using real-time monitoring and pumping operations
control in the deep-water and provide the basis for further development. As a part of research work the
elasticity of the piling, the robustness of the capsules employed in the SRP and the durability of the offshore
conditions is going to be taken covered in detail. In addition, the mud logging, sensor technology, and data
analytics are perfected, and sucker rod pumps become more efficient, thus improving the safety of the
overall oil production operation, especially deep water extraction development (Behari et al., 2020; Ganat,
2019).

Additionally, recent studies have underlined the significance of taking on board environmental
factors like ocean currents, tides and underwater terrain during the design and implementation of decisive
SRP platforms (Vandrangi, Lemma, Mujtaba, & Ofei, 2022; Freitas, Barbosa, & Aguirre, 2021).

Probabilistic modeling is one of the methods which has been used in studies to cover uncertainties
with dynamic environmental circumstances encompassing improve decision making and planning of
operations.

The last publications Chen, Li, & Li (2022), Tomczak, Stgpien, Abramowski, & Bejger (2022) the
research that is being made about the water depth topic and the innovations which are very related to SRP
technology are a main proof that SRP technology is improving deep-water oil production. A growing
number of these inventions will be implemented by the companies, and they will focus on the improvement
of operational efficiency, risk management, and making the industry more sustainable. The experience from
the past has great deal in taking decisions for betterment of the oil and gas industry.

Main research analysis. Deep water oil extraction experiences the peculiar turbulent character of
the offshore environment; it possesses some specific problems. In this case, convergence of the high
precision SRP-based technology which is responsible for the detection of operational modes of pumping
rod installations is very important for ensuring productivity, security and sustainability (Behari et al., 2020).
The following analysis presents the crucial elements of this which consist of changing the way SRP systems
are working, the problems of changing them, methods that have already been applied and prospects.

Significance of Adapting SRP Systems. Deepwater No longer humans solely perform the
extraction workface and supervise the execution of their blueprints in deep water. Indeed, the SRP stands
out, and this is basically by giving all the information that can be used to figure out the whereabouts of the
vehicles in the real time context. Besides, navigating systems, which are mostly based on pumping, may
not easily adapt to motion changes neither depth, current, sea wave and bottom features. It is impossible for
the operational activities of SRP if they cannot adapt to these changes. This is guaranteed to reduce danger
levels and also ensures the safety of the personnel on-board and their assets (Tomczak, Stepien,
Abramowski, & Bejger, 2022).

Not to say more, theory of establishment of SRP must be considered while placing the pumping rod
in deep-water well of oil extraction processes. It is vital that the SRPs are modified in the deep-water regions
where obstacles are added to the dynamic conditions, therefore the maintenance of a healthy SRP depends
on several factors of the technology (Wang et al., 2021).

The proper placement of the pumping rod installations is also an important factor that needs to be
considered for installing the facilities. This is if the highest productivity goals in the oil extraction process
are to be met. SRP has the functionality of providing the operators with regular pumping data that assists
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them in tracking the placing and/or advancing of their equipment. This task is meant to enhance or adjust
performances or to maximize production efficiency (Gao et al., 2022). However, the exact determining
problem with SRP systems is approached as an effect of pumping operation attenuation, multipath, and
ionospheric interference which are mostly the cases in deep waters. Changes in SRP systems to be made in
order to carry these difficulties are tailor-made for retaining the operational precision, so it confirms
accurate pumping information.

Additionally, the safety levels of human content and equipment are heavily dependent upon

precision pumping oil production process. SRP-based systems with the attempt of getting current data with
the precision, result in avoiding hazard in pumping rod installations, hence, are being the basis of a safe
operation. Developing an SRP that is adaptable to changing conditions would improve the safety aspect of
the equipment by permitting the relevant authorities to act in advance towards crisis prevention as well as
preparation for potential emergencies (Al Toubi, Harrison, & CV, 2023)
This becomes the next factor that effectively greening the operations of deep ocean oil drilling with SRP
capability. Using systems like SRP for such services like system optimization and for environmental safety
can contribute to the conservation of resources and to the decrease of carbon footprint and finally have a
positive impact on the ecological status (Osagie et al., 2019).

In fact, SRP systems use for deep-water pumping rods installation will be beneficial in many ways
through enhancing the productivity, guaranteeing high-security standards and a sustainable means of oil
exploitation for the offshore activities. The operations of deep-water sited is resolved through the use of
innumerable technologies and modified SRP serves as the steppingstone into the expansive and dependable
offshore oil production.

Challenges Involved. Impacts of corrosion and erosion of the product occurrence which are caused
by the rough offshore environment. In addition, a faulty piece of equipment when working at seabed under
high pressure and extreme current may lead to major complications. Moreover, creating an uninterruptible
energy source and communication systems at deep offshore locations is a key effort. During deep-water
diving in complex surroundings with reduced sight and obstacles along the way, precise pumping and
navigation in dynamic environment is the most challenging task. Overcoming these challenges calls for a
smart engineering approach as well as solid revenues syategies that will delivery both high performance
and efficiency of SRP while sustaining safety and environment as well (Krishnakumari et al., 2019).

In particular, the maintenance of deep-sea pumping rod stations is linked to difficulties caused by
the availability of and access to such structural components as sensors and electric motor. Performance of
regular checkups, repairs and replacements in offshore is facilitated through use of specific equipment and
well-trained personnel, but of course, it requires a high level of logistic complexity and money. To maintain
corrosion- and biofouling-free surface of equipment in aggressive marine environments always raises this
issue, thus the requirement for new materials and coatings is incessant in order to increase equipment service
life. Not only that but environmental risks, for example, oil spills or habitat disturbance, which results in
stricter regulations and set of environmental control protocols. On the other hand, the deep sea is an extreme
and remote environment, which increases safety risks for personnel. Emergency response plans and
personnel training are therefore vital to assure effective safety its essential. It is complex to say simple that
the solutions should be interdisciplinary cooperation, technological development, and creating the system
for deep-water pumping rod installations to work efficiently and sustainably, still using SRP. Being in deep
water brings big hurdles that call for quick fixes. likewise, joining dynamometric data and neural networks
exacerbates computational complications like data operation, model training, and algorithm optimization.
important swings, surge signal, and uneven aquatic home pose redundant difficulties, making it delicate to
calibrate SRP systems. Conquering such difficulties calls for fresh ideas concerning sensor technology used
in this field, data processing algorithms as well as self-sufficiency in decision making thus refining
adaptability and reliability of SRP based systems when operating circumstances change (Panetier, Bosser,
& Khenchaf, 2023).

Data integration techniques based on machine learning algorithms are the main available means for
joining SRP technology into water pumping rod installation. By merging data, it is aimed at improving the
precision and reliability of the pumping system. Therefore, big datasets that look unintelligible to human
observer become analyzed by such artificial neural nets as machine-learning algorithms for their decision-
making process to be translated into real-world operations. Merger of these two things (data fusion and
machine learning methods) has proved to be a very effective way of enhancing SRP performance in various
surroundings and environmental conditions (Al-Rbeawi, 2023).
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Current Approaches. There are majorly two groups’ approaches concerning SRP technology with
respect to deep-water pumping rod installations. The existing technologies used currently involve
combining measurements from several sensors, intelligent control systems, data loggers, computers, and
software applications. The first group views it as a problem of joining or integrating various components of
SRP with other parts that perform some functionalities like inertial operation system; while second group
looks at it through an interface approach between SRP and environmental conditions (Chen, Li, & Li, 2022;
Freitas, Barbosa, & Aguirre, 2021).

There are two major groups or sorts of trends in SRP technology for water pumping rods located at
the bottom. The current technologies generally use combinations of measurements made by several sensors,
smart instrument control methods and data logging units, computers and software tools/programs that are
used today. While one class looks at it as a way of bringing together various factors from SRP which include
other supporting means such as environmental conditions; another class considers this to be a boundary
between SRP and environmental conditions. For identifying operational modes, machine learning
algorithms particularly neural networks have been employed in the analysis of complex datasets to extract
significant insights. Hybrid approaches that involve combining data fusion and machine learning techniques
have shown promising results in enhancing adaptability of SRP systems under different operating
conditions. This facilitates the system’s ability to learn from previous occurrences and make real-time
adjustments with optimum performance and safety in offshore circumstances. But it still doesn’t sit right.
All these new calculations, in addition to a lot of computer power and complex algorithms, remain the price
we pay to use SRP systems in deep-water oil drilling — and efforts to improve and refine those current
methods continue.

Potential for Future. The future for applying SRP systems in deep-water pump application will
depend upon development in sensor tech, data processing technology, and decision-making capability. The
development of new sensor technology that can use different frequency and different systems to offer
pumping solution underwater such as SRP receivers with flexibilities for receiving data will transform it to
amore usable tool for both greater accuracies in challenging settings and conditions. There is also an avenue
towards better pumping solution by improving data processing technology. Different algorithms for signal
processing such as using probabilistic method and processing of data on the spot can produce more precise
pumping than traditional computing. Additionally, there is an opportunity to make SRP-based system
smarter and better in decision making by linking artificial intelligence and self-governing systems.

Conclusion. The adaptation of SRP-based systems has been evolutionary in offshore oil producing
industries, as the systems have successfully adapted to rough sea conditions. Still, the extreme dynamic
nature of the operating conditions and the effect of pumping degradation by the propagation in harsh
offshore environments pose many challenges. Recent developments in research on data fusion techniques
and machine learning algorithms, such as neural networks, have shown the potential to improve the
adaptability and reliability of the systems for real-time adaptation to variable operating conditions, thus
increasing the efficiency, safety and sustainability of offshore oil-gas industries.

These indispensable efforts should continue to address such residual problems as data-fusion
complexities, optimization of algorithms to reduce computation requirements, and the challenge to deliver
required computational resource. Research may have to concentrate on advancing sensor technology,
refinement in data-processing algorithms and self-decision autonomy capabilities aimed at improving SRP
performance. The role of collaboration between academia and industry and the need for intervention from
government agencies have an essential role to play if these advanced technologies are to be driven forward
and then applied to offshore oil extraction operations in the real world.

SRP systems are increasingly being optimized to fit deep-sea oil extraction. Their impact can be
immense, boosting production, and protecting nature and people offshore. The offshore world may not be
the same anymore.
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Knrouosi cnosa: xomn romepro-opicumogani 0odamku, niamgopmu Windows, ingopmayitina 6asza, inmepakmueHi
CKNAOO8I.

0.0. Molnar, V.V. Gerasimov, Yu.Yu. Zhiguts

COMPUTER-ORIENTED APPLICATIONS IN THE STUDY OF ASTRONOMY ON THE
WIDOWS PLATFORM

The article reviews computer programs suitable for studying astronomy while training students at universities, schools,
and clubs. Emphasis is placed on free applications based on the Windows platform. It is noted that the research programs are
characterized by a set of functionality of various directions, oriented both for beginners, for high school students, and for
students. Most applications are constantly updated, which contributes to the expansion of the information base on the objects
of study, as well as the improvement of interactive components when working with this platform.

Keywords: computer-oriented applications, Windows platforms, information base, interactive components.

Betyn. [lizHaHHS KOCMOCY CTa€e Bee OLIBIT aKTyallbHUM Y Hallll THi, MPUYOMY HE JIMIIE 3 HAYKOBOI,
a 1 3 IPaKTUYHOIO TOYKH 30py. ImoH Mack 30upaetbcst mokoputu Mapc, NASA noseptaetsest Ha JlyHy,
KOCMIUHI amapaTd BHBYAIOTh CKJIaJ acTEpoifiB 3 METOI0 BHUAOOYTKY KOPHUCHHMX KOMAJIUH Tomo. Tomy
BHBYCHHS aCTPOHOMIi B YHIBEPCUTETCHKIH ITporpami, KO € Ty’Ke aKTyaIbHOIO, TaK SIK ChOTOMHIITHI YIH1
gepe3 10-15 pokiB MOXKYTh aOCOJIIOTHO PEaIbHO 3ITKHYTHCH 3 MOJKJIMBICTIO KOCMIYHHX IOJOPOXKEH a0o
poboToI0 Y KOcMoci. BUBUeHHS 3aKOHIB BCECBITY, Mi3HAHHS 00’ €KTIB COHSYHOI CUCTEMH BiIOYBa€THCS B Ha
3aHATTAX «S1 MO3HAIO CBIT», a MOTIM Ha 3aHATTIX 3 «ACTpoHOMIi». TakoXX BayKIMBUM € Te, 0 MalOyTHI
BUYHTENI ACTPOHOMIi NMOBHWHHI OBOJIO/IBATH KOMIIETEHTHOCTSIMH B 00JIaCTi KOMII IOTEPHO OpIEHTOBaHUX

3acTocyBaHHS Cy4acHHX TEXHOJIOTIH B IpOLEC] MiArOTOBKM MaiOyTHIX (axiBLiB B cdepi BUBUECHHS
ACTPOHOMIi CYTTEBO MIIBHIIYIO PiBEHb 3alliKaBJICHOCTI MPeAMETOM y (DOKyCi JIEMOHCTpaIllii JOCSATHEHD B
00J1acTi AOCHTIKCHHS KOCMOCY B KOMOIHAIIIT 3 KJIaCHYHUM HaBYAJIbHUM MaTepiajioM IMPEICTaBICHUMHU Y
BUTJIA/I TiAPYYHUKIB, TOBIMHUKIB 3 acTpoHOMii [1,2]. [IeBHI acmekTu Takoro iHQOpMAIHOTO MiAXOILy
Oy/H IPOJIEMOHCTPOBaHI aBTOpaMu B poboTtax [3,4]. He BUCBITIICHUM 3aJIUINKUBCS MaTepiall MOB'sI3aHUM 3
JIOJaTKaMd TPHUAATHUMU Ui poboTH Ha KoMmir'rorepax kimacy PC B cepemosumi Windows (a6o
aNbTePHATUBHUX OIEpallifHAX cUcTeMax). Ha BiAMiHHY BiJg MOpPTaTHMBHHUX IPHUCTPOIB, HACTIIHHUMA
KOMIT'FOTEp Mae€ TIepeBary y OimpIIOMYy €KpaHi, MIUPIIOMY KOJIi MYyIbTUMEIIHHUX 3aCTOCYBaHb Ta
3pYYHIIOMY KEpyBaHHI, IO TMEBHAM YWHOM CHpHUSE€ e(QEKTHBHINIOMY 3aCBOEHHIO MaTepiaily, o
BIZINOBI1a€ MOYKITUBOCTSIM sIKi Ha1a€ niepconanbauii komi’rorep (I1K). B 1iii po6oti Oy/ie 31iiCHEHO OIS/
6e3komroBHUX Bepcii mporpam mis [IK, BUKOpUCTaHHS SKUX HE BHUMAara€ OKPEMOTO IIIIEH3YBaHHS B
3aKJaiaX OCBiTH.

Be3komToBHi mporpamu 3 ActpoHomii. Mynstu-iarpopmua (Windows, MacOS, Linux)
nporpama KStars (ocranus Bepcis 3.6.9 Bumymena 1 kBitHsa 2024) nomomoke BHBYaTH 30psiHE HeOO,
3MIMCHIOIOYI PyX Y JIHININ 4Yacy Ha3aj Ta BIEpPEl, 3MIHIOBATH ITOJOXKEHHS TOYKH CIIOCTEPEIKEHHS 3a
30psiHUM HeOoM Ta GaraTo-Oarato iHmoro. Hmxue HaBeaeHO nepentik MOXKIMBOCTEH MPOrpaMu, SIKUH BeCh
Yac MOMOBHIOIOTHCS BHACHIZIOK OHOBIICHHS BEPCild:

-103BOJIAA€ 3MIHIOBATH TOYKY CIHOCTCPCIKCHHA 3a FeOFpa(bi‘lHI/IMI/I KoOopAuHaTaMu, H106 H06a‘II/ITI/I, SIKUA Mae
BUTIIST HEOO Y 3QJICXKHOCTI BiJl 3 IIUPOTH;

- MOOAYUTH Ta 3PO3YMITH Pi3HHUITIO MK 30PSHUMHU i COHTYHUMH JTHIMH, 3MIHIOIOYH IIBUIKICTH CUMYJISILIT;

- HpI/IKpiHI/IBIHI/I TPCKU 10 IJIaHET 1 BCTAHOBUBILH BHCOKY HIBI/I[[KiCTI) MOACIOBAaHHs, MOXHa nodaunTu ix
TPAEKTOPI11, a CaM€ KOJIX BOHU 3A1MCHIOIOTH OIIO3UTHUU PYX B CHCTEMI,
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- JOCIIANTH Pi3HI CHUCTEMHM KOOpPAMHAT, 3MIHCHIOIOYM MEpexXiJ BiJ €KBAaTOpialbHUX Ta TOPU30HTAIBHUX
KOODPJIMHAT, T 3aCTOCOBYBATH IIEPETBOPEHHS KOOPAMHAT B aCTPOKAIbKYJIsiTOpi KStars;

- OTpUMYBATH iH(OPMAIIiIO TIPO Pi3HI TEMAaTHYHI HOBHHH 3 aCTPOHOMIi Ta acTpO(Di3HKH 32 JOMTOMOTOI0 IPOEKTY
Astrolnfo (vactuna JloBizanka KStars, nocrymHoro uepes MeHro [loBinka);

- BUKOPHUCTATH €(PEeKTH 3MIIICHHS Yacy Ha JCKiIbKa TUCSY POKIB BIepe, 00 CIOCTepiraT 3a BIUTMBOM SBHUIIA
mperecii;

- criocTepiraTH 3a ekcriepuMeHToM EiiHrTona akTuByr0un e(heKTH rpaBiTaiifHOTO JIiH3yBaHHA B Kot COHIIS,

- ICHy€ MOXKJIMBICTB TIEPEXOAY J0 €KBATOpiaIbHUX KOOPIMHAT, BCTAHOBUTH IIBUAKICTH MOZEIIOBaHHA Ha | ik,
BIAMITHTH 3ipKy (ABiYl «KJamHyTH» N0 ii 300pakeHHi), mo0 yrpumaTu ii y ¢okyci, 1 301IpIIMBLIIM MacIITao,
criocrepirati 3a eekroM abepatii cBiTIa;

- IpY [IEpEeKIIIOYEHHI Ha eKBATOpialibHI KOOPAWHATH, MOXXEMO BCTAHOBUTH IIBHUJIKICTh MOJICIOBAaHHS Ha | piK,
Ta JBIYi «KJIAHYBIIN» HA TOPOXKHIH 00sacTi, modayntu edexTy npenecii Ta HyTaii;

- 3MIHMBIIM Yac Ha JaJeKUi MaiOyTHIH, ICHY€ MOKJIMBICTD CIIOCTEPEKEHHS 32 THM, SIK 3MIHIOIOTBCS Cy3ip's
4yepes3 MepeMillieHHs 3ipOK Y KOCMIYHOMY MPOCTOPI (HAPHKIA/, MOMITHI y cy3ip’i biau3Hiokn);

- BUKODHUCTaHHS MpaBOi KHONKH MHIII Ha OyIOh-IKOMY OO'€KTi, iHINiIO€ BiIKpHUTTSA BikHa Jlerami, mus
oTpuMaHHS iH(popMaIil y BUTILAAL iHTepHET-pecypciB, 300pakeHsb 1 MpodeciitHuX OTIAmiB;

- OTPUMATH JICTallbHy KapTHHY 00’€KTy KOCMOCY INIpH OISl HeOa BHACHTIJOK 3aCTOCYBaHHS KOHTEKCTHOTO
MEHIO TIpH HAaTHCHEHHI NMPaBOi KHOIKM MUIII;

- MOXJIMBICTH KEpyBaHHS IIEPCOHATBHOIO OOCEpBATOPi€l0 B KOHTEKCTI MMpokoi minTpumku KStars mms
aCTPOHOMIYHOTO O0JIaTHAHHS,

- KStars mpencrapisie Ta metaiizye TOuHe 300paykeHHs HeOa 3 IUIaHETaMH, CYIyTHHKAMH IUIAHET-TIraHTIB,
COTHSIMHM MUJTBHOHIB 31pOK, TUCSAY1 00'€KTIB Aanekoro Heba BKIIOYAIOYH acTEPOiIu Ta KOMETH,

- mpoekt Astrolnfo micTuTh KopucHi iHbOpMaIiitHi MOCHIAHHS Ha 30BHIIIHI cTOpiHKH (puc. 1);

- NIPOTIOHY€E 30CEPEAUTUCH KOPUCTYBAa4eBl Ha I[IKaBUX aCTPOHOMIUHUX 00'€KTaxX, sIKi MOXHA CIOCTEepiratu 3
iCHyI04OT0 00JIaIHAaHHS Ta B YMOBaX Bi3yallbHOTO CIIOCTEPEXKEHHsI 32 HEOOM Y OyIb-SIKUH TIepio1 HOYi.

@ kstars File Time Pointing View Tools Data Observation Settings Help T 00% M BB MonB20AM O ig =

5] W e S BB+ R e =2 L8 &8 Q|8 E

Nebulas

Orion Nebula
(M a2

NOC 1931

NGC 1980

OV. 16.5 cagress A 7T OfF 44", -19° 32 12" Ofih Sdm 48, 3% W 40" (201731
L

Puc. 1. Inctpymenrt «llikaBi 06’exTn» nporpamu KStars. /lae 3Mory opraHizopyBaTu
HOCTYI 10 AeKiJIbKOX IHTepHeT-pecypciB AJIsl OTPUMAHHSA BiZoMocTeil, 300pakeHb i JaHUX

[Iporpama KStars micTuTh neBHI MOXKJIMBOCTI, SIKi BIICYTHI B iHIIMX O€3KOIITOBHHUX aHATIOTIYHHX
nporpamax:

- TIpencTaBisie 300pakeHHS Heba 3a JOIMOMOTOI0 OIMGPOBAHUX OTJIAMIB HeOa Ta 3 IHTEPHETY Y
[IJTOMY;

- MICTUTh MOXKJIMBICTB IOCTYITy 710 iHpOpMaLiiiHuX pecypciB uepe3 HeOecHi 00'ekTu 3 KStars;

- (hopMy€e BHCOKOSIKICHI 30pSIHI MAaImi 3 MOKJIMBOCTSIMH JIETKOTO iX HAJAIMTyBaHHS Ta JEKiIbKOMA
MIPEICTABICHHAMH 3 PI3HUMHU PIBHAMH MacIITaOyBaHHS AJs1 00paHOTo abo 0OpaHuX 00'€KTIB;
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- HaJla€ MOKJIIUBICTH 00pOOKHM 300pakeHb MPU BUKOPUCTaHHI BOyI0BaHOTO acTpodoTrorpadigHoro
nakety EKOS;

- 1a€ 3MOTY 311 CHIOBATH MPOrHO3yBaHHsI Ta peaji30ByBaTH OMLii crocTepeskeHHs 1 30epiranns DSS-
300pakeHHS B aBTOHOMHOMY pEXHMi 3 BHKOpUCTaHHAM (yHkuii IImaHyBanbHHKa CIIOCTEpEKCHb Ta
omnepauii "Bukonaru";

- MOJEJIOE MO3MLil0 cynmyTHHKIB lOmiTepa Ha MallOyTHIN Ta MUHYIUH 4ac Ta Oynye iX Tak, sIK 1e
MPEeJICTaBICHO y MPOoQeciiHINX aCTPOHOMIYHUX PO3PaXYHKOBUX TaOJHIISX;

- Ma€ MOXKJIMBICTh IMIIOPTYBATH KaTayiory 3 KStars 1o iHIIMX 10AaTKiB;

- 3a gonomoroio Actpo-Kanbkysstopa Hagae 10CTyI A0 AESKUX BHYTPILIHIX po3paxyHki KStars;

- i Yac 3amycky nporpamu KStars BoHa Moke aBTOMATHYHO CITOBIIIATH PO HOBI HATHOBI,

- HaJla€ MOXKJIMBICTh Bi0Opa3uTH HEOECHY cdepy Ha IIOCKOMY €KpaHi BUKOPHCTOBYIOUH JIFOOUH
METOA MPOEKIii KapTu 30psHOTO Heba.

Calculator —

Interactive Mode | Batch Mode

Equinoxes es for the year:

Monday, March 20, 2017 10:21:22 AM UTC
Summe :  Wednesday, June 21, 2017 4:22:27 AM UTC
Autumnal equinox: Friday, September 22, 2017 7:55:10 PM UTC
Winter s Thursday, December 21, 2017 4:23:51 PM UTC

Puc. 2. ActpoxkaiabkyasaTop KStars — mmpoxkuii Hadip iHCTpYMEeHTIB JJIsi NPOrHO3yBaHHS
3MiHHU NMO3ULIii IUIAHET 3 YaCOM, BUKOHAHHSI 004YHCJIeHb, TOIO

KStars migTpuMye 3HaYyHy KUIBKICTH acTPOHOMIYHHX 3ac0o0iB  CIIOCTEPEKEHHS KOCMOCY,
BukopuctanusaMm 6i6miorekn INDI. Ile 3mificHioeThes TakuMu 3acobamMu — Teneckomamu, I133,
¢doxycaropamu, QpiTbTpamMu, KyIolaMH, CIIEKTPOMETPAMH Ta AONOMDKHUMH HPUCTPOsIMH. Bukopuctanus
BracuHoi miarpuMku INDI y KStars oznavae, mo kopucTyBay Ma€ HMOBHHHM KOHTPOJb Haja iCHYIOUHMHU
IHCTpyMEHTaMH TakoX i Ha turatdopmi Linux. Ha momaTok g0 MATPHMKHM aCTPOHOMIYHHX HPHUCTPOIB,
KStars mictuth nomatox Ekos — moBauit incTpyMeHT st actpodororpadii. [Tpu fioro BukopucTanHi icHye
MOJKJIMBICTh BUPIBHIOBAHHS 1 MO3MLIIOBaHHs TeJeckomy, ¢okycyBaHHs 1133 1 oTpumMaHHs 3HIMKIB 3a
JIOTIOMOT'OF0 TIPOCTOTO 1HTYITHBHO 3po3yMinoro intepdeiicy. Incrpyment KStars FITS Viewer — npoctuii
nepernsnauy FITS-300paxens, 37aTHUI BUSBIISATH 30pi Ta 3aCTOCOBYBATH Pi3HI QUIBTPHU, JJIsi JJOTIOMOTH Yy
actpodoTorpadiuaux po3s’s3kax. OynkuioHanbHi fogatku KStars/INDI MoxyTs OyTH KOPUCHUMH SIK TSI
amaTtopiB, Tak 1 U1 NpodeciiHUX aCTPOHOMIB.

HactynHuMm BigoMuM TpOAyKTOM y BUBYeHi actponomii € Stellarium [6]. Stellarium — Binbhwuii
TUTaHeTapii UId KOMI'IoTepa 3 BIAKPUTAM BUXITHUM KOJOM, HPUIATHUM I poOOTH 1 HA MOOITEHUX
miatdopmax. Bin BigoOpaxkae peanictuude He00 B 3D Takum, kUM JroauHa 6a4uTh HOTO HEO30POEHUM
OKOM, y OiHOKJIb abo Teneckomn. [Iporpama MOBHICTIO JIOKalli3oBaHa YKpaiHChKOW. JlomaTok oOumciioe
nostockeHHss CoHIl 1 Micslis, TUTaHeT 1 3IpOK, a TAKOX Mallo€, K BUTJIAAaTHME HEOO IS CriocTepirada y
3aJIe)KHOCTI BiJl HOrO MiCIle3HaXO0/pKeHHs Ta Jacy. Stellarium mMoske 1eMOHCTpyBaTH Cy3ip'st i MOIEIOBATH
aCTPOHOMIYHI SBHIIA, TaKi K METEOPUTHI JOIIi, KOMETH, COHSIYHI 200 MiCsIUHI 3aTeMHEHHSI.
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daxtryno, Stellarium moskHa BHKOPHCTOBYBATH K OCBITHIM IHCTPYMEHT IPH BHBYEHHI HIYHOTO
HeOa (HaBiTh 1 YMOBHO «ICHHOTO»), K IOMOMDKHHI 3aci0 AJs acTpOHOMiB-aMaTOpiB, SIKi 0axaroTh
30IACHIOBATH CIIOCTEPEXEHHS a00 HAaBiTh BHMBE3TH NEPEMICTUTH CBOI TEJECKONM Uil 3pYyYHILIOrO
crocTepeskeHHst 00'eKTiB. 3aBISKH BHCOKIi AKOCTI rpadiku, Ky cteoproe Stellarium, ii BUKOpHCTOBYIOTH
y IeSKuX CIPaBXHIX MPOEKTOpax I IUIAHETapiiB Ta My3eHHHX IpoeKTopax 3 (YHKIE€I JOTIOBHEHOI
peanbHOCTI. [ pynu aMaTopiB-acTpOHOMiB BUKOPUCTOBYIOTH HOTO [UIsl CTBOPEHHS HEOECHUX KapT LISl OIIHCY
perioHiB Heba y cTaTTsIX It iH(pOpMaIiiiHUX OFOJIETEHIB 1 JKypHaTiB. ["0JIOBHI MOXJIMBOCTI HPOTPaMH:
CTaHJapTHUN KaTtajor MicTuth monan 600000 3ipok, 10AaTKOBI Katajoru 3 OuTblI HiXK 177 MijgbioHAMU
31poK, cTaHmapTHUH Katanor Mictuth nmoHax 80000 00'ekTiB rMMOOKOr0 KOCMOCY, AOJaTKOBHIA KaTaJor i3
OB HIXK MIJIBHOHOM 0O0'€KTIB INIMOOKOTO KOCMOCY, 30PsHI CKYIYEHHS Ta 300pakeHHs Cy3ip'iB, cy3ip's
noHaa 40 pi3HUX KyNbTYyp, KaleHaapi MmoHaj 35 pi3HUX KyIbTyp, 300pa)KeHHS TyMaHHOCTeH (TIOBHHMA
katanor Messier), pearictuanuiit Yymarpkuit [Lnsx (puc. 3), qyxe peatgictudana armocepa, 3aX01 COHIIS
1 CBITAHKH, IJIAHETH Ta IXHi CymyTHUKHU. DyHKII0OHAT IPOTrpaMu: NOTYKHE 301IbIIEHHS, KOHTPOJIb YaCOBUX
MPOMIXKIB, (popMyBaHHS MpOoeKIii mo Tumy "pub'sye OKo" A MPOCKTYBaHHS 300pakeHb Ha KYIIOJ
TUTaHeTapio, cepuuHa J3epKajbHa TPOEKIis Ui ITEBHUX BHUJIB KyIOINiB (HU3BKO OFOJKETHUX),
YIOpPaBIIiHHS TEJIECKOINOM, BiTOOpaXKeHHS KUIbKOX KOOPAMHATHHMX CITOK, MpeueciiiHi Koja, MepeXTiHHS
31pOK, METEOPH, XBOCTH KOMET, CUMYJISIIiS 3aTeMHEHb, CUMYJIALIISI HAJIHOBHX 1 HOBUX, MIiCIISl pO3TalllyBaHHS
ex3omnanet, 3D nei3zaxi Ta id.

Arcturus

. Dereb .
-

=Altair
.

Earth, Venezia, 8m FOV 116° 17.5 FPS 2014-05-22 02:44:43
Puc. 3. Stellarium. Burasia 3opsiHoro He6a 3 YyMalbKHM IJISIXOM Ta 3ipKaMu

Celestia — TpuBHMipHa acTpOHOMIYHA Mporpama 3 BUIBHUM JOCTynoM Juisi miatdopm Microsoft
Windows, Linux i Mac OS X. ITporpama, rpyHTytounch Ha katano3i HIPPARCOS, nae 3Mmory KkopucTyBayeBi
po3mIISIaTh O0'€KTH pO3MipaMH BiJl IITyYHWX CYINYTHHKIB IO TOBHUX TaJlaKTHK Yy TPhOX BUMIpax,
BUKOPHCTOBYIOUM TexHousorito OpenGL. KopucTyBad MoXe BUIBHO «HOJOpPOKyBaTu» BceecBiToM, Ha
BiAMiHY BiJ OiJIBIIOCTI 1HIIMX BipTyaJIbHUX IUIAHETapiiB.

HACA i €KA BuxopucroByroTs Celestia B ocBiTHIX mporpamax, a Takox K iHTepQec I mporpam
anamizy Tpaekropii. Celestia BimoOpaxkae Omuszbko 120 000 3ipok, OpPIEHTYOYHCh 3a KaTaJorom
HIPPARCOS. Bona BHKOpHUCTOBYE TOUHY CHCTEMY po3paxyHKy Tpaektopiii VSOP87, 3aBmsku domy
MO>KHA JIETKO MOOAa4YMTH MEBHI COHSAYHI Ta MICAYHI 3aTEMHEHHs, BifoOpakaTH OpOiTH IUIaHEeT Ta IXHiX
BEJIMKHX CYIYTHUKIB. 3a JIOMOMOIOI0 3BHYaliHMX KerepoBux ejeMeHTiB OpOiTH BioOpaXKaroThCs
KapJIMKOBI IUTAHETH, MaJll CyIyTHUKY IJIAHET, aCTEPOiAH, KOMETH, €K30IJIaHETH Ta KOCMIUHi arapaTH.
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[ spacebngine (1350000)

Puc 4. TlnaneTu consiunoi cucremu B mporpami Celestia

Celestia gae 3mory 3milicHIOBATH YMOBHI TIOJIBOTH BipTyaabHUM BCECBITOM 3a JOIIOMOTOIO TIPOCTUX
CJIEMEHTIB YNpaBIiHHA, 1 3aCTOCOBYIOUM Halip Tapayux KiaBim. PyxaTuce MOXIMBO y HIMPOKOMY
niamazoni mBuakocteit: Big 0,001 M/c 10 KiTbKOX MiNBHOHIB CBITIOBHX POKiB 3a ceKyHAy. KopucTyBaui
MOXYTbh PO3TJIIHYTH OyIb-SKHi 00'€KT i Oyab-IKUM KyToM. MOKHA IMPOCTO CIIOCTEPIraTH 3a iX pyxoM,
CTSXHUTH a00 CHHXPOHHO 3 HUMHU 00epTaTHCS.

VY Celestia mozmentoeTbest Oynb-IKHUi Yac y MUHYJIOMY, ChOTOJICHHI Ta MailOyTHHOMY, @K 10 ABOX
MUTBSP/IIB POKIB y pi3Hi 0ok Bij PiznBa XprucToBOro, mpoTe TOYHICTH OpOIT 30epiraeThbest y MPOMiKKY Bijl
KUTBKOX THCSY POKIB JI0 Hamux AHIB (puc. 5). Yac Takok MOXHa 3MIHUTH Ha 3BOPOTHi abo 30BCiM
3YIHUHUTH.

[Ipu pokycyBanHi Ha 00’ €KTi BitoOpakaeTbCs HOro OCHOBHA iH(OpMaLlisi PO PO3MipH, BiICTaHb Bij
HEHTPAFHOTO 00'€KTa CUCTEMH (SAKILIO € TaKi), TeMIepaTypa IMOBEpXHi, a TAKOX ICHyIoUYa BiJICTaHb Bij
KOpHCTyBada A0 Hboro. Ha mmaHerax i CymyTHHKax MOXYTb TaKOX BiJOOpakaTHCh Ha3BU BaKIHMBUX
00'exTiB oBepxHi. [Ipn 1bOMy BUKOHY€TBCS Bisyauizawis aTMoc(epH IUIaHET Ta iX CyNyTHHKIB, MOXKHA
CTIOCTEpIraTH 3a JUHAMIKOIO PyXy XMap, OauuTH TiHi PU 3aTEMHEHHSX, CIIOCTEPITaTH 3a 3aX0aMHU COHIIS
Ta CBITaHKaMH, MAaCIITaOHI CTPYKTYpH NIOBEPXOHB 00'€KTIB, IUTAHETAPHI KUIBL. Y Mporpami peanizoBaHo
CIIOCTEPEKEHHS 32 HIYHUM CBITJIOM MicT Ha 3eMi, JiHii cy3ip'iB Ta 1X Mexi.

Jyis Toro, mo0 y4HIB 3alliKaBUTH aCTPOHOMIEr0 (a00 B paMKaxX aCTPOHOMIYHUX T'YPTKIB abo0 depes
STEM 3anstTs), Ay’Ke KOPUCHUMH € PECYpCH, SIKi B IrpoBiii opMmi Tat0Th MOMKIIMBICTh 03HAWOMHTHUCH 3
IUTaHETaMH, Cy3ip MU Ta IHIIUMH IUBOBHXHUMH 00’ €KTaMH 30psiHOTrO Heba. OHi€r0 3 TOAIOHUX porpaM
e Orbiter [6].

Orbiter — Ge3komToBHMI peanmicTHuHUi (izuuHuil cumynsaTop s Windows, 1o mae 3Mory B
irpoBi#t hopmi mocrmimkyBatn 00’ ekt COHSYHOT CHCTEMH Ha OCHOBI JIECATKIB MOZENel peaTbHUX HOCIiB,
KopabimiB i craumiii: Bocrok/Bocxon, Mercury, Coro3, Gemini, Saturn/Apollo, Skylab, Cmeiic Ilart,
Enepris/bypan, Mup, Camor, MKC i3 3anydeHHsM 0e3i1iui BipTyalnbHUX KopaOJiB i crieHapiiB. [Iporpama
BUKOPUCTOBYE 3aKOHHM KIACHYHOI MEXaHiKW IS MOJCNIOBAaHHA PyXy KOCMIYHMX amnapariB Ta iHIIHX
00'eKTiB, AKi BXOIATH 10 ckiamy CoHsqHOI cucteMu. CUMYISATOP Aa€ 3MOTY BIITBOPUTH Ta CIIOCTEPIraTH
32 ICTOPUYHUMH KOCMIYHHUMHU MOJIbOTAMH, Ta HAJIa€ 3MOTY JIOCSTTH TUX AUITHOK COHSYHOT CUCTEMH, SIKi HE
OyJM HaBITh JOCIIKCHI Ha ChOTOJIHIIIIHIN Yac.

KopucryBau moxke 3miiicHIOBaTH TEpeNhOTH MK IUTaHETAMH Ta OpOITAThPHUMH CTaHIISIMA B
Comnstaniii cuctemi. Orbiter BUpi3HAETHCSI pETEIBHO ONPAILOBAHOK PEATiICTUYHOIO (hi3HKOI0 PyXy 00’ €KTIB
1 pO3IIMPEHUMHU MOXKIIUBOCTSIMHU HAJIAIITYBAHHS Ta HAIMCAHHS Pi3HUX J10AaTKiB (Moaudikaiiii). [Iporpama
3aCTOCOBYE Pi3HI BHAM (Pi3UUHMX MOJENi Ui MPEACTAaBICHHS PyXy IUIAHET, JUHAMIKM MepeMillleHHs
KopaOuiB Ta sBUI B aTMOcdepi.
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Puc. 5. Mopens 3emuri i CoHusl, 110 CTAJI0 YePBOHUM TiraHTOM 4epe3 5-7 MUIbSIPAIB POKiB.
Cepenosume Celestia

Cnocrepiray Moke BiuyTH cebe MailOyTHIM acTpOHABTOM 3AIMCHIOIOYI BipTyalbHI MEPEIbOTH 32
JIOTIOMOTOO ITi€1 TIporpaMH, Ta B irpoBii (opmi TociipKyBaTn TiaHeTH Hamoi CoHsgHOi crcTteMu (puc.

L,
CEEIA L L EHE RS

Puc. 6. Ipuxnaou inmepgheticy Orbiter

BucHOBKH. AHali3 iCHyFOYMX NPOTrpaMHHX 3aco0iB Ha miatdopmi WIindows B 00iacTi BUBYCHHS
ActpoHowmii ae mupokuii BUOip MPOAYKTIB AJIS 3aCTOCYBaHHS B HABUYAIBHOMY IPOLECi, IPUYOMY 3HaUYHA
KUTBKICTh Ha OE3KOITOBHIN OCHOBI. ICHY€e HOBOJII MHPOKKN BHOIP IPOTrpaM Pi3HOTO PiBHS BUKOPHUCTAHHS,
SK JJIs1 aMaTOPiB, TaK 1 JUISI THX XTO 3HAHOMUI 3 OCHOBaMH iCHYBaHHsI KOCMiYHHX 00’ €KTiB, MPUUOMY AESKi
MporpaMH MalOTh aHAJIOTI4HI Bepcii 1t MoOibHOT ocHOBI (Stellarium), mo € kopucHUM U1 IEBHOTO KIIacy
KopucTtyBadiB. O4eBHIHO, III0 BUKOPUCTAHHS TAKUX PECYPCIB B paMKax aCTPOHOMIYHUX T'ypTKiB a00 uepe3
STEM 3aHsTh CIPUSTUMYTH MOMYJISIPU3aILlii BUBYEHHS KYpCy «ACTPOHOMIT».
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P. M. ITactepHnak
JlhyyvKkuti HayioHAnbHUL MeXHIYHUL YHIgepcumem

KOCMOJIOTTYHI B’A31 PEJIATUBICTCHKHUX KOPITY CKYJISIPHOI TA XBHJIBOBOI
MEXAHIK

3anpononosano Mooenv penamugicmcbKoi KOPRYCKyIAPHOT MeXaHniku y 4-6umipHoMy e6K1i006omy npocmopi, Oe
adconomnua enudUnA WEUOKOCHI YCiX YaCMUHOK 00HAK08A MA HE3IMIHHA, A YaC CRIGCMABHUIL I3 MEMPUUHOIO MIPOIO 006X CUH
0inanok 4-mpaeckmopiii wacmunox. Onmumizoeano Hadip KOCMONO2IMHUX 6’°A3€ll MaA GUKOPUCIAHO 8IOMIHHE 8i0 KNACUUHO20
o3HaueHHA [Hepyiinoi cucmemu. Y penamusicmcovKiii xeunvogini mexaniyi cmany Ilnanka noe’sazano 3i wieudkicmio
poswupennsn Bceceimy.

Knrwwuogi cnoga: kocmono2iuni 6 ’s3i, inepyitina KOCMIYHA CUCEMA, HECHOCMEPEICYBAHT YACMUHKU.

R. Pasternak

COSMOLOGICAL CONNECTIONS OF RELATIVISTIC PARTICLE AND WAVE
MECHANICS

The model of relativistic corpuscular mechanics is proposed in 4-dimensional Euclidean space, where the absolute value
of the speed of all particles is the same and unchanged, and time is comparable to the metric measure of the lengths of plots of
4-trailers of particles. A set of cosmological knitters is optimized and different from the classic definition of the inertial system.
In a relativist wave mechanics, a steel bar is associated with the speed of expansion of the universe.

Key words: cosmological bonds, inertial cosmic frame of reference, unobservable particles.

IMocTranoBka 3aBaaHHsA. BHUKOpHCTOBYIOUM MeTOA aOAyKIii ONTHUMIi3yBaTH KiNbKICTh B’si3eit
(mpuHIMITiB) pensTuBicTchbkoi [1] Ta xBHIBROBOI MexaHIK [2] B eBKIimOBOMYy  4-TIpocTopi
IEHTPaTHbHOCUMETPUYHOTO BeecBiTy, B paMKax amapary MeXaHiKM BBECTH TPaKTyBaHHS XOy 4acy [3],
noB’si3aTH crany [lmanka [4] i3 BeNWYMHOIO IBHIKOCTI po3mupeHHs Beecity [5].

AHami3 ocTaHHIX JOCTiKeHb 1 myOmikamii. [loOymoBaHi Ha CyMmMiCHOMY BHKOHAHHI 3aKOHIB
30epeKeHHsT eHeprii Ta IMIYJbCY YaCTHMHOK amapaTH PEISITUBICTCHKOI KOPIYCKYJISIPHOI MEXaHIKH Yy
npocTopi-yaci [1] 41 XBUIBOBOI y MPOCTOPI KBATEPHIOHIB [2] BUKOPUCTOBYIOThH 4-TipocTopu. B ocHOBY
anapaty HBIOTOHOTOAIOHOI PENATUBICTCHKOI KOPITYCKYJSPHOI MEXaHIKM HE3MIHHOI Macu MOKJIaJIeHO

KjacuuHe audepeHiliaibHe O3HAYCHHS CHEpril E  vactunxu BimmoBigHo 10 ¢opmymu XK. [ToHcene

dE =(f.0)dt  ne F _ 3-pektop cwmm, U— 3-pektop mBmmkocti wactumku, a Ot — mpupicr
KOOPAWHATHOTO dacy (4eTBepToro BuMIipy) 1 3ampomoHoBaHuid A. AifHmraitnom Tta A. [lyankape

. o . R __ e _ 2\-1/2
pensTuBicTchKuil 3-iMmynse P=Mo?0 | ge 7 =@Q—=(0/¢)" )" _ Jlopenu-dakrop, M — maca crokor

YaCTUHKH, a C — MBUAKICTD NOLIMPEHHS CBIiTHa y BakyyMi [1]. 3 MeTOr0 cuMymALii METpUKH 4-BUMipHOTO
npocropy B (3+1)-BumipHomy mpocTopi-daci . MiHKOBCHKHiI 3anponoHyBaB (i3WYHO HEOOIPYHTOBaHE

nprennanas JlopeHi-pakropa / y GOpMyITi IS peISTUBICTCHKOrO IMITYIbCY P=Myy0 1o meumkocti
qactuaku P = Mo(70) , 3amicte P = (moy)o [1], uum nopymms npuHIMO A. Aifnmraitna E = c’m

eKBIBaJIGHTHOCTI il Macu M Ta eHeprii E. (InTepnpeTaliss HACTYIHUX HEPETBOPEHb (HiI3UYHUX 3MiHHHX
CYTTEBO BIUIMHYJIA Ha 00JIACTh 3aCTOCYBaHHS IThOTO amapary [6].) HaromicTe amapar pensTHBICTCHKOT
xBwiboBoi MexaHiku II. [lipaka [2] BUKOpPHCTOBYE iHTETpajibHE O3HAYEHHS EHEprii BiAMOBIAHO 0

4-BUMIpHOTO TaMiIbTOHIAHY YaCTHUHKU
1/2

E =cP =c(m’c? + p?) ,

ne P — Benmunna 4-iMITyIIBCY P gacTuHKH B 4-tipocTopi KBaTepHIOHIB. PealibHiCTh (Di3HUHOrO

iCHYBaHHS YETBEPTOr0 BUMIpY HiATBEPIHIN aCTPOHOMIUHI CIIOCTEPEKEHHS, 1110 BUSBUINA TEMHY XOJIOJHY

MaTepilo Ta TeMHy eHeprito [7], siki HecmocTepexyBaHi (TeMHi) y CymyTHiH 3 po3mmupeHHAM BcecBity
cuctemi BimIiky (CCB).

BucHoBkr, 3poOJieHi Ha OCHOBI MNpENM3IHHMX BUMIPIOBaHb  aHI30TPOII KOCMIYHOTO
MIKpOXBHJILOBOTO (GoHy [8] mornubunu po3yMiHHA Ta BUMAarajv 3MiH KIaCHYHOTO MOHSTTS iHEpLilHa
cuctema. Y JaHiii poOOTI 3aMporoOHOBAaHO anapaT MEXaHiKM 3MIHHOI MacH B €BKJIiZ0BOMY 4-mpoctopi [3]
JUTSE MOJICJTFOBAHHS TMTOBEAIHKHM BC1X YaCTHHOK (BKJIIOYHO 3 TEMHUMH) Y BeecBiTi.

© P. M. llacmepraxk



Mixceysiecokuii 30ipuux «HAYKOBI HOTATKHy. Jlyyvk, 2024, Ne77 99

Meroro poboTH € amanTamis amapaTHOI Ta IHTEPIPETAMIMHOI CKJIAJAOBHX PEISTHBICTCHKUX
KOPITyCKYJIIpHOT W XBHJIBOBOI MEXaHIK [0 BHUKOPHCTAaHHS 4-BUMIpPHOTO €BKJIIJOBOTO MPOCTOPY 3
ypaxyBaHHSIM HecrocTepexxyBanux (TeMHux) y CCB uacTHHOK.

1. KocMoJtoriuHi B’sA31 KOPpNycKyJIAPHOI MeXaHIKN

1.1. Ilepwa xocmonociuna 8’s3v. Bianosimao mo mpuHmumiB 1. ipaka E=cP MIPOTIOPITIAHOCTI
eHeprii YaCTUHKH BeJIMYHHI 11 4-iMmynbey [2], A. AWHIITaiHA €KBIBaJEHTHOCTI MACH YaCTHUHKH i1 eHeprii

2 . . . -
E=c"m [1] ta posmmpenoro Ha 4-npoctip npunuuny JI. Eiinepa P=mV [3] moxkna nobymyBaTu
MO/IEJIb, JIe BEMUMHA 4-IIBUAKOCTEH yCiX YacTUHOK y BeecBiTi He3MiHHa:

V =const=c (1)

VY mogeni [3] ¢yHmameHTanbHa cTaia € BiANOBINAE BENWYMHI IIBUAKOCTI PO3LUIMPEHHS (POHTY
4-BUMIpHOTO TIEHTPAITHPHOCHUMETPUIHOTO BcecBiTy, a YacTHHKA TEOMETPHUYHO € HECKIHUEHHUMU
BEKTODHMUMHU KpuBUMH. JloriuHO gJomycTWTH, IIO 4YeTBepTUH BuUMIp BcecBiTy 3amoBHIOIOTH
HECTIOCTEPEeXyBaHl YaCTUHKH [ 5], Hanpukia, Hepyxomoro B iHepuiiiniii CCB edipy I'.A. Jlopenua [1], un
xonoaHoi TeMHoi Matepii B ACDM-moneni Beecsity [5]. Sk Hacaigok (1), oTpuMyemo, 110:

. P . _ _R2 .

* CKalApH MAacH, €Heprii Ta BeIMuYMHA 4-iMIyJbcy JiHiliHO mop’s3ami E=CP =C'M nng ycix
YaCTUHOK;

* Ha BiIMiHY BiJ] KOOPAWHATHOTO Yacy t ccB [1] y Bcecgiri #oro 3MiHU CITIBCTaBHi 3 MPUPOCTaMU

AR noBskumm 4-TpaekTopii YaCTUHKH €BKIIiOBOTO 4-TipocTopy [3] (mepina KocMosoriyHa B’ S3b)
dR=cdt )
ne dt — svina ii napamMeTpy t (uacy) [3]. [Ipu moOynoBi anapaty pensiTHBICTCHKOI KOPIYCKYISPHOT
MEXaHIKH JOCTaTHLO OOMEXHUTHUCH JTuie yMoBoIo (1), mpunttunamu 1. Hipaka E=cP , JI. Efinepa P=mV

1 OJTHI€I0 3MIHHOIO — BEKTOPOM P 4-iMIyTECY YACTHHKH.

1.2. Cucmemu xoopounam y Bcecgimi. JIJis onuCy MOBEIIHKYA YaCTUHOK, BiJIMTOBIIHO IO CHMETPii
BEITMKOMACIITaOHOI CTPYKTypH IEHTPAIBHOCUMETPUYHOTO BceecBiTy [5], 3py4HO TOCIyroByBaTHCS
CHCTEMOIO TOJISIPHUX KOOPAMHAT, MOYATOK SKOi 3HAXOAMTHCS B LIEHTPI cuMmeTpii BeecBiTy, a HanpsMu

MOJIIPHUX OCEH KOXHOI 3 KOOPJUHATHUX CUCTEM S s6iratorses 3 HanpsMaMU pajialibHUX TMPOMEHIB, 1110
BHXOJWTHh 3 HOro IeHTpy cumeTpii. OcTanHi OyaemMo XapaKTepHu3yBaTH OIMHWUYHUMH HAIPSIMHUMHU

4-ekTopamu Ss, TOOTO BIIACHUMH HampsMaMd KOHKpPETHHX cucteM KoopauHat y Bceeciti (CKB).
OcTaHHI BpaxOBYIOTh yMOBY (1) HE3MIHHOCTI BEJIMYMHM IIBHIKOCTI po3imupeHHs GpoHty Bcecsity, a
o0acth Aii CKB 00MexyeThCsi KOCMIYHUMH KOMipKam# [S].

BpaxoBytoun ymoBy (1), coctepexxyBany U ra HecrnocTepexysany B CCB Uo cmanosi BEKTOPiB
4-msuakocti V y CKB S 3py4YHO 3alHCyBaTH 3 BUKOPUCTAHHAM MOJSPHOTO KyTa « YacTHHKH, J€
cosa =(5s. &) [3]:

v=csinar | o, =ccosags (3)

OTxe, BeMMYMHA HECIIOCTEPEKYBAHOI CKIIaI0BOI IIBUAKOCTI YaCTHHKH MOB’S3aHa 3 BEIMYHHOIO ii

CIIOCTEPEKYBAHOI CKJIAI0BOL:

v, =Ce0sa = cyl-sin‘a =cyl-vic? =cy* 4)

BinnoBigHo 10 MPUHIUITY CYNEPIO3ullii, 4-iMImynbe P=mV i0BinbHOT YacTHHKH Oyze BEKTOPHOIO
cymoro crnocrepexxyBanoi B CCB ckmamgoBoi P, = pf =mo7 i (5 P _ pemmauma PENATHBICTCHKOTO
3-IMITyJIbCY YaCTHHKH [1], v — BEIMYMHA CIIOCTEPEIKYBAHOI CKJIA0BOI 4-IIIBUAKOCTI V,a T — onunndnmii
4-BeKTOp, 10 OPTOTOHANBHUM JI0 BIACHOT'O BEKTOPa Ss CKB S [3]

(6s,7)=0 , (5)
Ta BJIACHOTO IMITYJIbCY Ps = Pogs = MuySs yactnukn B CKB S, ne Po — Benmumna BacHOTrO iMIyIIBCY:
PE =P, + P =mu,g, + Moz (6)

Tyt ¢ — onuHWYHMI 4-BeKTOP HaNpsMy nommMperHs dacTunku B CKB.

1.3. lpyea kocmonociuna 6’s136. B 0CHOBY KITAaCHYHOTO O3HAYCHHS 1HEPIIHHOI CHCTEMH TOKJIaIeHO
BIICYTHICTh TIPUIIBHANICHHS Tina BimIKy [1]. Ockinpku B amapati 4-BUMIpHOI MEXaHIKHM TUIOM BiIJIIKY
Buctynae Hepyxomuit y CKB BcecBir, sk 1ine, 03HaYeHHS 1HEPLUIHHOI CUCTEMH HEOOXiTHO JOO3HAUUTH.
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Bigmoriano mo miaxoay I'.A. JlopeHua icHyBaHHs HecrnocTepexyBanoro B8 CCB nepyxomoro edipy [1],
yMoBa iHepuiiiHocti koxHOi 3 CKB BuMarae He3MiHHOCTI BEKTOpa BIACHOTO IMITyJIbCY YaCTHHOK [3], 110
Hanexatb ganiii CKB:

P, = p,&s =const V' t 7
(mpyra xocMosoriuHa B’s13b). AHaJOTiUHE O3HAUYEHHsI iHepLiiHO1 cucTtemu BUKoprctoByBas [1. [ipak [2].)
[peuwmsiitHi BUMipIOBaHHSA aHI30TPOIII KOCMIYHOTO MIKPOXBHIBOBOTO (DOHY [8] MiATBEpIUIN BaJIiTHICTD
yMmoBH (7). Sxmio kiracuuHe O3HAYCHHS 1HEPINiitHOI cucTeMu aoiryckae nmeperBoperns [.A. Jlopenna ms
ycix yacTiHOK [1] (kpim TemHux), To B CKB, ne Bnacuuii HanpsMm ¢GikcoBaHUH pagialbHUMHU NPOMEHIMU

Bcecsity, neperBopenns I'.A. JlopeHua a1 9acTuHOK 3 Po 7 0 Hesacrocosi: niepexoautu Bix oxHiel CKB
710 1HIIOT MOXKYTh JIAIIE YACTHHKHA 3 Po = 0 (poToHm).

1.4. Bracna maca. Ilommpumo piBHsHHA pyxy P. lekapra [1] Ha eBkmigiB 4-mpocTip dP = Fdt
YBIBIIIH TIOHATTS 4-CHIH F . BiznosigHo 10 (7) cxiramoBa 4-cuiy B30BK BJIIACHOTO HAIPSMY 1HEPITIHHOT

cuctemu nopiBHoe Hymo, Tomy F =(0.T) a pobora cumn na mepemimenni 9E = (F,dR) = (f,0)dt
30iraetbes 3 kiacuyHow (Gopmynoro K. [Toncene [1] (y [3] mokaszano, mo dopmyna XK. IloHcene €
HACJiAKOM PiBHSHHA PyXy B MEXaHilll 3MiHHOI MacH).
3 ymoBH (7) Apyroi KOCMOJIOTIYHOI B’ 5131 BUIUTHBAE 3B’ 130K
P, =My, = M,C = const (8)

ne Mo — BpacHa (miHiManbHA) Maca 9acTHHKM (y JTMHAMIYHOMY BCECBiTi MOHATTS MAacH CIIOKOKO
BizicyTHE). BpaxoByrouu (8), neramizyemo npunimn Jlipaka
— —r2m — 2 ~\2 2 —\2
E=cP=c'm= \/(muo) +(mo)” = c\/(moc) + (mo) ' ©)

1o 30ira€Thes 3i CTapaHHO MEPEBIPEHUM BHPA30M IJIsl TaMUIbTOHIAaHY YacTHHKH [7], TOOTO cymicHHH 3
o3HaueHHsM (7) iHepmiiiHOi cucTemMH (Ta BCTymae B HpOTHpIUYs 3 ii KIaCHYHUM O3HAYCHHSM).
m,

[TincranoBkoto (4) y (8) oTpuMy€eMO SIBHY 3aJICKHICTD BIACHOT MacH YaCTUHKH o Bif 1i Macu m :
-1
m, =my - (10)
(ITonsiTTss BMacHOT Macu Ma€ BUKIIOYHE 3HAYCHHS NPH PO3MISALl BIACTUBOCTEH YAaCTHHOK Y
rpaBiTaniiHoMy mnoii [6].) Hes3Baxkatounm Ha BiACYTHICTH y ()OTOHA BIACHOI Macu, BiANOBITHO [0

raminbToniany Ta npuxummy I1. Tipaka, Goton mae eneprito = =CP ta macy M=C¢"'P

2. KocmoutorivHi B’si3i XBHJIbOBOI MeXaHIKH

2.1. IHpunyun M. I[Inanka. Ha BigMiHY BiJ BEKTOPHUX KPHBHUX KOPITYCKYJISIPHOI, Yy XBHJILOBIH
MexaHili [4] 9acTUHKH ONHUCYIOTh XBHJILOBHMH TakeTaMH. B 1i OCHOBY MOKIJIaIEHO PO3IIUPCHUNA Ha

4-npocrip npuHuun M. [lnanka nponopuiiiHOCTi eHeprii YaCTHHKY BETMYUHI 11 IUKITIYHOT YacTOTH Q [2]:
E=#Q. (11)
Tyr 7=CONSt _ crana 1. [lipaka [2]. TlomHokuBmH 38’5130k (11) Ha oxuHMUHMH 4-BexTop &

HanpsMy nomupeHHs yacTuHkd B CKB S 1a BpaxoBytoun npunuun I1. Hipaka E=cP [2], oTpuMyeMO
dhopmymy TS 3B’ 3Ky BEKTOpa 4-IMITyJIbCY YACTHHKH 3 4-BEKTOPOM ii MUKIIIYHOT 9acTOTH [4]:
P=nc'Q, (12)
AHAJIOTIYHO 10 PO3KIaLy BEKTOpa 4-iMmynbcy P Ha BiacHy P 1a CIIOCTEPEKyBaHy P cknanosi B
inepitiniit CKB S KOPITYyCKYJISIPHOT MEXaHIKH, BBEJIEMO TTOHSTTSI 4-BEKTOPIB Q, HECITOCTEPEKYBaHOT Ta 0
CIIOCTEPEKYBAHOI CKIAAOBHUX 4-BEKTOPA Q=08 =Quf + @7 , IpIIOMy QO =Qf +o° JL1st mopiBHSIHHS
3 KOPIYCKYJSIPHOIO MEXaHIKOI0, BJIACHHU IMITyNsC Oyze Ry =moCis =ncQ | 4 CIIOCTEPEXKYBAHUN
P=m0 =(n/C)& Qcinpku Maca M YACTHHKY 3aTEKHTH BIJ IIBHUJKOCTI v, OJHO3HAYHUM 3B’ SI30K MIXK

Macolo M Ta gactororo {2 MOXHa OTPHMATH JIHIIE JUIS BIACHOTO IMITylIbCY YACTHHKH (M BiACYTHE
MOHSITTS BEJIMYMHU CIIOCTEPEKYBAHOI CKJIaJIOBOI IIBUAKOCTI v ). Hampuknam, Iuis €lEeKTpOHA 4YacToTa

Q,=7,76-10" pan/c, sIKiii BiIOBia€e JOBKHHA HECIOCTEPEKYBAaHOT (KOMIITOHIBCHKOT) TOBXKUHU XBHUJII
— —-13 o . -16 o o .
Ao =3,86-10"" v (kmacuunmii pagiyc enexrpona 4,458-10 " Ma EKCIICPUMEHTAIBHO 3HAHACHUI PajiiycC
-16
npotona — 8:418-1077 y [7]).
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2.2. Kanoniuno-cnpsiiceni geauyuny ma 0OUHUYi ixnbo2o umiprogarnms. 3BaskKaroud, 10 B IHSPITIHHIT
cUcTeMi BJIAaCHUH IMITyJbC YaCTHHOK HE3MIHHUH, MPH PO3TIAAl 3a4a4 JUHAMIKM y XBWIJIbOBIM MexaHimi
00MEKYIOTHCSI BAKOPUCTaHHSM JIMIIIE CIIOCTEPEKYBAHOTO MIAMPOCTOPY Ta CIOCTEPEKYBAHOI CKIIAI0BOT @

gactorn {2, a B CCB 3aMicTb €MHOTO 3B’513Ky (12) BUKOPUCTOBYIOTH OKpeMi (hOpMYJTFOBAHHS ISl 4aCOBOT
Ta IPOCTOPOBOT 3MIHHUX
ET, =h. pd= h (13)

ne N=2zh=const _ crana IMnanka, v =27/® _ cnocrepesysanuii nepion konusanp, a + =CWv —
JIOBXHMHA XBHJI1 y CIIOCTEPEKYBaHOMY MiANpocTopi. Skimo BuOpaTt oJuHMLI BUMIpIOBaHHS 3MiHHHX TaK,

mo6 C=h=1 (6e3po3mipHi oxuHUII), 3B’ A3KH (13) OTpUMAIOTh BUTIIS ET, =1 15 P4 :1, JIe OUHUIIS
BUMIpIOBaHHS eHeprii o0epHEeHa A0 OAMHUII BHMIPIOBAHHS 4acy, a OAMHUISI BUMIPIOBAHHS iMITYJIBCY
oOepHEeHa 10 OJMHULI BUMipIoBaHHs JOBXUHU [2]. Taki 3MiHHI Ta iXHI OAMHULI BUMiPIOBAaHHS Y XBHJIBOBIN
MEXaHiIll Ha3WBaIOTh KAHOHIYHO-CIIPSHKEHUMHU [4].

OTxe, yci OOUHUIN BUMIPIOBAHHS XBHJIHLOBOT MEXaHIKA MOXKHA 3BECTH JO NTBOX TPYN KaHOHIIHO-
CHPSDKCHUX, A€ OJWHHII BUMIPIOBAHHS €HEPreTHYHHUX XapaKTEPUCTHK (€HEprii, iMITyNbCy) oOepHeHi 10
OJIMHMIIL BUMIPIOBaHHS MIPOCTOPOBUX (JIOBXKWHM, Yacy). (BukopHucTaHHS KaHOHIYHO-CIIPSHKEHUX BEJTHYHH
3YMOBHWJIO TIEPEXiJl amapary pelsiTHBICTCHKOI XBHJIBOBOI MEXaHIKM B 4-BUMIPHOTO E€BKIIJOBOTO JIO
rinepKOMIUIEKCHOTO 4-TpocTopy KBarepHioHiB B. 'amineToHa [2], 1€ BU3HAU€HO MOHSTTS OOEPHEHOTO
KBaTEpHIOHA.)

Hes3Bakatoun Ha NMPHHIUIIOBY BiJICYTHICTh Y XBWJIBOBIM MexaHili MOHATTS MacH, y SI Bennuuny
cranoi [InaHka 03HauylOTH 32 JOMOMOTOI0 TPHOX OAWMHHIL BUMIipIOBaHHS: JOBXHHH, yacy Ta macu [9].
3Bakaroud Ha KAHOHIUHY CIPSDKCHICTh Hap OJUHMIL BUMIPIOBAaHHs, Yy XBWJIbOBIM MeXaHILli MOXHa

BUKJIFOUUTH HAJJTUIIKOBE MOHATTA MacH. Toxi B cuctemi SI [9] oTprMaemo 3B’ 130K Mixk C Ta .

h=c™ (14)

2.3. Ilpunyun nesusnauenocmi B. [atisenbepea. Ha BiAMIHY BiJl KOPIIYCKYJISIPHOI MEXaHIKH, JI¢
YACTHHKH € HECKIHYCHHUMH BEKTOPHUMU KPUBUMH, ¥ XBHIIBOBI MEXaHII I[yT'yl XBUJIb MAIOTh CKIHUCHHY
JOBXKMHY, BHACITIIOK YOTO IXHI XBIJIbOBI (DYHKITIT HEMOKITUBO OITHUCATH OHIEI0 YACTOTOIO @, a JOBOJIUTHCS

BUKOPUCTOBYBATH CMYTY YacTOT (@)thro Jlist MOpiBHSHHS XBWJIBOBUX BIIACTUBOCTEH YaCTHHOK 3
KopIyckyJsipaumu, B. [NaiizeHOepr 3anporoHyBaB BUKOPHUCTOBYBATH CEepellHI 3HAYCHHS YaCTOTH (@) 1a
CepeHl 3HAYCHHSI eHeprii (E) xpumsooro MaKeTy YaCTUHKH, OOOB’SI3KOBO CYINPOBOKYIOUH 1X
cepeaHbokBagpaTnunnMu Bigxmienasmu A®@ i AE [4]. Orpumane Meromamu XBUIBOBOI MeXaHiku
CITiBBITHOIIIEHHS HEBU3HAYECHOCTEH CTBEPKYyeE [4], O MTO0OYTOK HEBU3HAYEHOCTEH €HEepTii AE gacrumku

Ha HEBU3HAYCHICTh TPHUBAJIOCTI Az IIyTy XBHJIb 33JI0BOJIBHSIE CITiBBiTHOIIICHHS:

AEA7>TD
2 (15)
3Baxkaroun Ha mpuHOUI Jlipaka, 3alyIneMo aHaJoTigHe CIiBBIIHOIICHHS IJIT HEBU3HAYEHOCTI Ap
BEITUYMHU IMITYJIbCY D ta nemmsmauenocti Ad KOOPJWHATH 0 qactumxu y 3-mpoctopi CCB:
AQAp = h
2. (16)

Hanpukman, mnpu  BHIOPOMIHIOBaHHI CBiTIa B ONTHYHOMY Jiama3oHi (3 €Hepriero

- _4.10-1° .

(E)=~25eB=4-10 JIx) npupojHa NOBXKHMHA 7 LYTy XBWIb 32 HOPM@JIbHUX YMOB (HEBU3HAYEHICTb
. . . At=7r~ 1078 . .

KOOpAWHATH) cKiIazae 0inst 3 M, a HEBU3HAYECHICTh Yacy BUIIPOMiHIOBaHHS ~ c [10]. BignosigHo

. . -7
10 (15), BiTHOCHA MpUpOIHA HeBU3HAUYEHICTH eHeprii ¢potona ckmagae AE/E ~107" | IlInaxom xommpecii
[10] myry XBWJIb BAAE€THCS OTPUMATH KO-, PEeMITO- Ta HABITh ATTOCEKYHIHI IMITYJIBCH (TPUBAITICTIO O1JIs

—17 . .
10 ¢), s sIKuX, BignosigHO A0 (15), AE/E>1,
3 iHmoro 00Ky, CTBOPIOIOYM CIIEIialibHI YMOBH IJISi YCYHEHHS BIUTUBIB ()OHOHHOI B3a€EMOIi Ta

eneprii Bigmaui (sBume P.JI. MeccOayepa pe30HAHCHOrO MOTTHHAHHS sAepHUX / -KBaHTiB [1]), BigHOCHY

HeBU3HAYEHICTh €HEprii YacTHHKM MoyHa 3meHmmTH 1o AE/E =107 [1].

3acobamu XBHIIBOBOT MEXaHIKHM TOKa3aHO, 110 3HaK piBHOCTI B (15) Ta (16) 3a10BONBHSAETHCS JIHIIIE
JUIST KOHKPETHOTO PO3MOALTY BiacHOI (yHKIT yacTHHKH (raycoBoi (yHKIT moxuOok [4]). OCKinbKu y
XBUJIBOBIH MeEXaHiIlll BU3HAYAJLHUMH € HE OKPEeMO €HEpTis Ta TPUBAIICTh MPOIECY, (YU IMITYJIBC Ta
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XBUJIBLOBHI BEKTOP), a IXHiH TOOYTOK, pO3KIIa y 301KHHMA PSIT OAHIET 31 CIPSHKEHUX BEJTUIHH (TIPOCTOPOBOT )
MPU3BOAUTH [0 TOSBH PO3ODKHOTO Py AJSl CHOPSHKEHOI BENWYMHHU (€HEPreTH4yHoi). Xoda HEMOXIINBO
nmoOyayBaTH XBHJIbOBY (DYHKIIFO Tak, MO0 BOHA OJHOYACHO BH3Haudana OOWIBI KaHOHIYHO-CIIPSHKEHI
BEJIMYMHH, B EKCIICPUMEHTAX 3 IIOTOKAMH YaCTUHOK 1X MOHA JIOCTATHHO TOYHO BU3HAUATH HE3AIICKHO.

TobOTo Ha3BaHe BHILE OOMEKEHHS MOXKHA OOIHTH MPOLEAYpOI ImepeHopMyBaHHsa [11]-—
MiCTaHOBKOIO €KCIIEPUMEHTAILHO 3HAIIEHOT0 3HAYCHHS CIIPSDKEHOT BETMUNHH.

2.4. BipryanabHi €TaJloOHM OJUHHIL BUMIproBaHHS B cucremi Sl. BiamomigHo 10 pekoMeHmarii
MiXHApOIHOTO KOMITETY Mip i Bar [9] aJis FoCTYBaHHS MPUIIAJiB BUMIPIOBaHHS Y4acy 3aMiCTh MaTepialbHUX
€TaJIOHIB JOBXMHM Ta Macu BUKOPHCTOBYIOTH iXHI BipTyasibHi 1M(]pOBi, A€ € JHUIIe OAHA OCHOBHA

OJIMHUIIA — CEKyHJa, SKii BIJIOBiJae 4YacToTa 9192631770 1y (TOYHO) HAATOHKOTO PO3MICIICHHS
OCHOBHOTO CTaHy aromy 1e3ito-133 [9], a pemra moxigHi. Tak, OJMHMIO BUMIPIOBaHHS JIOBXHHU

OB’ SI3YIOTh 3 OJMHMIICIO BUMIPIOBAaHHS Yacy BianosigHo 1o ymosu (1), ne €= 299792438 /¢ (TouHO), a
OJIMHUITIO BUMIPIOBaHHS MacH — BiAMOBiAHO A0 ctanoi [Lnanka [9]. KomiteT 3 maHUX /IS HAYKH 1 TEXHIKH

. — -34
PEKOMEHIyBaB BHKOPHCTOBYBATH 3HAdeHHs cranoi Ilmapka D =6.62606957+4.4)-10™" Jry.c [9], wio
OTPUMAaHE YCEPEIHCHHSIM BUMIPIB BiJMIOBIMHO 10 MEKUTPKOX METOJMK: BaTOBHX TEPE3iB, PO3CISIHHA
PEHTIeHIBCHKHUX ITPOMEHIB, cTaioi J[o3edcona, MarHiTHOTO pe30oHaHCY Ta ctanoi Dapanes.

2.5. Hpuuunu posbisgcrnocmeri midxc h ma R . Tligcraumm TaGnnuHe 3HAYCHHS © y (14),
otpumaemo 7 =123799-10 fye.c. mo ma 17% Gigble B  TaGNMYHOTO  3HAYEHHS
h=1,054571817-10"* ox-c [9]. IlpuumHamMu po30DKHOCTEH MiXK EKCIIEPUMEHTAIBHO IOMIPSHUM

3HaucHHsIM /I Ta orpumanuM 7 3a Qopmynoro (14) MoxyTs OyTH BIUIMBH €HEPTii Bimmaui npu
BHUITPOMIiHIOBaHHS (POTOHIB, HETOYHOCTI BHMIipIOBaHHS (QyHIAMEHTaIhbHOI CTaioi C, BIUIMB (GopMHU
XBHJIBOBOTO MAKETY, TOIIO, PO3IIIA] OKPEMHUX 3 SIKUX MOJJAHO HIDKYE.

2.5.1. Ocobaueocmi é3acmodii uacmunox. Hexaii B3aeMOJIIIOTH JIBi YaCTMHKH 3 4-iMmynbcamu R Ta

P2 , pesynbraTom sikoi Moria 6 OyTh yacTuHKa 3 4-iMmysbeom Pz . BUKOpHCTOBYI0UM 3aK0HY 30€pEKEHHS

IMITYJIBCY Ta eHeprii (3Bakatoun Ha puHIHM J{ekapTta E=cP 1a ymoBy iHepiitnocTi CKB), 3anmumemo:
|51+|52:|53; R+R=PR P01+P02:P03, (17)
I3 (16) BumumBae, MmO CHiUTPHE BHUKOPHUCTAHHS 3aKOHIB 30CpeXKCHHS IMITYJIBCY Ta €HEprii B
EBKJIIIOBOMY TPOCTOpi sl TPUBITKOBOTO BY3Jia B3a€MOJii peami3yBaTH HEMOXKIHMBO. 3araibHa Teopis
BITHOCHOCTI [S5] myst y3ropKEeHHS 3aKOHIB 30€peKCHHsI B TPUBITKOBOMY BY3JIi B3a€MOJIIi BUKOPHUCTOBYE
KpHUBOJIHIAHUN mpoctip. HaromicTe B amapari peisSTHUBICTCHKOI MeXaHIKH 3MiHHOI Macu [3]
3allpONIOHOBAHO BUKOPHCTOBYBATH HEIUIAHAPHI BY3JIM B3a€MOJi1 YACTUHOK B €BKJIIZIOBOMY 4-IIPOCTOPI, 110
MICTSITh HE MEHILIE YOTUPHOX BITOK (JI0JaTKOBA BiTKa — akLenTop eneprii). Tak, nmpouec BUNPOMiHIOBaHHS
($hoTOHA MOYKHA MPEJICTABUTH CXEMOI0: 30y/PKeHa YacTUHKA —> He 30y KeHa yacThHKa + GOoTOH + GOHOH
(eneprito poHOHA, TOOTO KIHETHYHY CHEPTiIO BiJlIadi, HE 3aBKIU BPaXoBYIOTh [ 1]).
AHaJoriyHo, MpH MOTIMHAHHI (OTOHA HOTO eHepris iae He TUTBKU Ha 30yAKEeHHS aToMy, ajle i Ha
HaJaHHI HOMY J04aTKoBOI KiHeTHuHOI eHeprii [1]. Hanpukian, s edekry Jxo3edcoHa, 3 HaBSACHUX

BHINC UHCIOBHX 3HAaYeHb i N Ta 7 eHeprig (QoToHa CKJIaje JMIIe YacTHHY pPI3HHUI eHeprii
KYIIepiBCHKOI MMapu A0 Ta ICIIsI BUIIPOMIHIOBAHHS:
ha)zz(El—EZ)=c2p’ 1 o<l (18)

Bignosimao mo (17), crama [lipaka Oyme Ha Koe(iIieHT 12 OLTBIIIOI0, HIK TIOpaxoBaHa 0e3

BpaxyBaHHsI eHeprii Bingaui. [lopiBHIOIOUM YHCTIOBI 3HAYCHHS hiran, KoeQiIieHT ¢ cxiane €= 0,852 y
MpOoLIECi BUIPOMIHIOBaHHSA (DOTOHA MOXKE BiZOYTHCH pO3Maj KyMNepiBChbKOI Hmapu, a eHepris ii 3B 3Ky
BIUIMHE Ha €HEpPrilo BUIpOMiHeHOro (oToHa. He BukiIroueHWd TakoX BIUIMB HEBU3HAUCHOCTEH
B. l'aitzenOepra Ha pe3yasTaT BUMIpIOBaHHS eHEprii GoToHA.

2.5.2. Bnaue noxubku seumiproeannsi ¢ynoamenmanvhnoi cmanoi ¢. Y pe3ynbTaTi Nperu3iiHuX
BUMIpPIOBaHb aHI30TPOMii KOCMIYHOTO MiKpPOXBUJIBOBOTO (DOHY OyJIO BHUSIBIEHO TMEKYJSPHY IIBUAKICTDH

. — co . . o -3
HSAYHOI CUCTEMH, III0 CTAHOBUTEL UP +2) kM , SIKiHi BIZIITOBIA€ MOIAPHUN K : II.
Co oi cucre 0 CTaHo vp = (368%2) y\i/c [8], sxiit BimmOBiaE MO 122-107 py
Otxe, cucteMa BiamiKy, noB’si3aHa 3 COHSYHOIO CUCTEMOIO, HE BiamoBigae yMoBi (7) iHepUifHOCTI.
Bigmogigno 1o (3), hyHIaMeHTanpHa cTajla ¢ MOBHHHA OYTH OLIBIIO0 BiJl MOMIPSHOT Ha 3eMITi IBUIKOCTI

MOLIMpPEHHS CBIT/Ia Y BakyyMi, ToGTo 2,997926839-10° /¢ (BigHocHa moxubka ckianae € = 7,5-107°) y
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pe3yibTaTi BIUIMB ITOXMOKH BUMIPIOBAHHS BEIMYMHU PEILITHBICTCHKOI KocMonoriyaoi B’s3i (1) Ha

sHaueHHs /| He IEPEBUILYE 107,

BucnoBku. 3 HaBeICHOTO B TIEPIIOMY PO3ILITI PO3TIISIAY 3B’ SI3KiB Mi’K 3MiHHIMHE MEXaHIKH 3pO0JICHO
BHUCHOBOK, IO anapaT pesTHBICTChKOI MeXaHiKM 3MiHHOI Macu MO>KHa OyyBaTH JIMIIE HAa OCHOBI MepIIOi
KOCMOJIOTIYHOT B’s131 B €BKJIiJOBOMY 4-IPOCTOPi iHEPLiHOI KOCMIYHOI CHCTEMH BiAJIIKy Ta MPUHIMIIAX
I1. Hdipaka i JI. Eitnepa (moctymatu A. AWHIITaitHa TIPO CBITJIO BIAHOCATHCS JIUIIE IO CYITyTHHOI CHCTEMHU
BIJUTIKY 3 1HIIMM O3HA4YE€HHSIM 1HEPLiHHOT CHCTEMH BiATIKY).

Y npyromy po3ziii MoKa3aHo, II0 OCHOBA anapary XBHIILOBOI MEXaHIKH BiIPi3HAETHCS BiJi OCHOBU
amapary KOpIycKyJsipHOi jiwuiie npuHiunoM M. [Inanka (3amicte JI. Eitnepa). 3BepHeno yBary, mmio
pexoMeHioBaHa MiXXHApOTHUM KOMITETOM Mip 1 Bar BUMIpHICTh cranoi [InaHka MiCTUTH BiJICYTHE Yy
XBHJILOBIH MeXaHili HOHATTS MacH. [ yCyHeHHSI Hey3TOIKEHOCTEH BCTAHOBIIEHO 3B’ 130K cTasoi [Inanka
3 (pyHHaMeHTaIIBHOIO CTaJIOKO C.
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M. M. @®pinasiaa
apximexmop, @OII, m. 3anopigicocs, Yrpaina

3EJIEHI TEXHOJIOT'TI Y CYYACHOMY BYAIBHUIITBI:
AHAJII3 BITHOBJIIOBAHUX MATEPIAJIIB
TA EOEKTUBHOCTI EHEPTOE®EKTUBHUX CUCTEM

3eneni mexmnonozii 'y 0yoienuymei nHadyearomv 6ce OinbUI020 3HAYEHHA Y CYYACHOMY CGimi, CROHYKaouu 00
nepeocmucienna nioxodie 00 cmeopenua cnopyo. ILle oocnioxicenna 30cepediceno Ha ugueHHi Pi3HOMAHIMHUX ACneKMig
GUKOPUCMAHHA 3€eHUX MEXHON02il, 30Kpema — IXHb020 6nIUEY HA eHepzoeeKMUGHICb Ma eKoaA0iYHy CHmIlKicmb
Oyoisenvnux 06’ckmie. Busueno suxopucmanns ekono2iuno uucmux mamepiajie y 6y0ieHuymei, po3pooxy aivomepHamueHux
Oxcepen enepzii, 6nP08AICEHH eheKmuUsHUX MEMOoOie Ymunizayii 6i0xX00ie ma cmeopenns ONMUMAIbHUX CUCIEM ONAICHHA
ma oxonodycennsn. Pozenamymo wiupokuii cnekmp acnekmie GUKOPUCMAHHA 3€1eHUX MEXHO002il y Oydienuymei i
GUCGIMIIEHO eheKMUBHICH b MA MONCTUBOCT BUKOPUCIM AHHA eKONI02IYHO YUCMUX Mamepianie (0iopo3K1aoHux Komno3umie,
GIOHO06II06AHUX Oepes’AHUX Mamepianie ma IHWIUX HAMYPATLHUX pecypcie). 3ocepedrceno yeazy Ha po3GUMKY
anpbmepHaAmueHUX 0cepeil eHepzii (COHAUHA ma 6impoea enepzis, 2eomepmanvHi cucmemu ma inuwii iLHOGAYiHI MexHo102i1),
AKI 003601210Mb 3a0e3neuyeamu 0y0ieni YUCMOI0 ma eheKmugHoI0 enepeiero.

Pozenanymo pisnomanimni memoou ymunizayii 6i0xodie y 0yoieHuuymei, 30Kpema — nepepodKy cmimms,
GUKOPUCMAHHA 6MOPUHHUX Mamepianie ma po3pooKy cucmem 600004UwieHHA ma eenmunayii. Baxciueum acnekmom ¢
maKodc aHAi3 ONMUMANLHUX CUCHEM ORANEHHA MA 0XO0J100MCEHHA, GKAIOUAIOUU BUKOPUCHMAHHA BUNPOMIHIOSANbHUX
nO6EPXOHb, MENI0GUX HACOCIE MA eHepzoeheKkmusnux KoHcmpykyii. Bucnoexku 0ocniodcennn moxcyms ciyzysamu 0CHOBOIO
011 ROOAILULOZ0 PO3GUMKY CHIAI020 OYOIGHUYMEA MA CHPUAMU CHIEOPEHHIO €HEP2OEePHEKMUGHUX MA eKOJI02IUHO CIINKUX
CROpYO, W0 6iON0GIOAIOMb CYUACHUM BUMO2AM 00 dHcumia ma ingpacmpyxkmypu. Lsn cmamms modrce Gymu KopucHoro pisnum
3auiKaenenum cCmopoHam: max, oyoieenvni KOMnauii ma po3poOOHUKU 3MONHCYMb 3aydUmMu Oinbuie KuicHmie i 3MeHuumu
HezamueHUIl 6NUE HA HABKOIUUWIHE CEPeOosUUe, BUKOPUCHIOBYIOUN 3e/leHi MeXHO02ii; apXimeKkmopu ma oOusainepu
3MOMMCYymb cmeoproeamu 6invur cmiiiki ma epexmueni 6y0iei, 6i0N0BIOHI CYUACHUM eKONOIUYHUM CHAHOAPMAM; 2POMAOCHKI
Op2anizayii ma eKon02iuni aKMmugicmu MoOICyms 6UKOPUCIO8YBAMU Y10 IHhopmauilo Ona nPOCysanus cmaiozo 6ydienuymaead.

Knwuoei cnosa: 3enene 06yoienuymeo, eHnepeoegpekmugnicms cnopyo, 0Oyoieenvhi mamepianu, onmumizayis,
eHepeo3bepedcentss, ymunizayis 6i0xo0is, cmae OyOi6HUYMEO.

M. Fridlyand

GREEN TECHNOLOGIES IN MODERN CONSTRUCTION:
ANALYSIS OF RENEWABLE MATERIALS,
AND EFFICIENCY OF ENERGY-EFFICIENT SYSTEMS

Green technologies in construction are becoming increasingly important in the modern world, prompting a rethinking
of approaches to the creation of buildings. This research focuses on the study of various aspects of the use of green technologies,
in particular, their impact on energy efficiency and environmental sustainability of construction projects. The use of
environmentally friendly materials in construction, the development of alternative energy sources, the introduction of effective
waste management methods, and the creation of optimal heating and cooling systems are studied. A wide range of aspects of
the use of green technologies in construction is considered, and the efficiency and possibilities of using environmentally friendly
materials (biodegradable composites, renewable wood materials, and other natural resources) are highlighted. Attention is
focused on the development of alternative energy sources (solar and wind energy, geothermal systems and other innovative
technologies) that allow providing buildings with clean and efficient energy.

Various methods of waste management in construction are considered, including waste recycling, the use of secondary
materials, and the development of water treatment and ventilation systems. An important aspect is also the analysis of optimal
heating and cooling systems, including the use of radiant surfaces, heat pumps, and energy-efficient structures. The conclusions
of the study can serve as a basis for further development of sustainable construction and contribute to the creation of energy-
efficient and environmentally sustainable buildings that meet modern requirements for housing and infrastructure. This article
can be useful for various stakeholders: construction companies and developers will be able to attract more customers and reduce
their negative impact on the environment by using green technologies; architects and designers will be able to create more
sustainable and efficient buildings that meet modern environmental standards; NGOs and environmental activists can use this
information to promote sustainable construction.

Keywords: green construction, energy efficiency of buildings, building materials, optimization, energy saving, waste
management, sustainable construction.

IloctanoBka mpodiemu y 3aragpHoMy BHrIsaai. Cramuil pO3BUTOK € CTPUKHEBOIO
1HTErpOBaHOIO MPOOJIEMOI0 HAIIOrO Yacy, LI0 ACTEPMiHOBAaHE HOro akTyalbHICTIO. Tak, MolIoBHHA
HaceJICHHS CBITY )KUBE y Meraroiicax (30KpeMa, TaKux, 10 MBUIKO PO3BUBAIOTHC), SIKi, CBOEIO YEPTOIO,
CIIOXKUBAIOTH JIBl TPETHHU CTBOPIOBAHOI eHeprii i BupooisaTs 70% BUKWIIB TAPHUKOBUX BIIXOMAIB Y CBITI.
BignosigHo, OyaiBenbHa ramy3b HaOyBae OCOONMBOI 3HAYYLIOCTI, CTalOYM OJHMM 3 HaHOIMBIIMX
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3a0pyIHIOBAYiB HABKOJIHMIIIHBOTO CEPENOBHINA 3 OJHOYACHHUM CIIOXXHBAHHS BEIMYE3HOI KUIBKOCTI
pecypcis [11].

Ha croropasi, Typ60Ta Ipo eKOJIOTi0 — 11e HEOOX1IHICTh, AKY YCBIIOMIIIOIOTh Ha HAWBUIIOMY PiBHI
Jep’KaBHOI TOJIITUKY B OUTBIIIOCTI KpaiH cBiTy. TOMy Ha OJHOMY piBHI 3 «BUMYIICHUMID 1HHOBAIIISIMHU B
OyniBenbHIN cdepi, TOB’SI3aHUMH 3 PISHUMH OOMEXEHHIMHU (IO MPHUKIAIY, €HiIeMiOIoriYHIMH), AeAami
O1pIIOT MOMYIAPHOCTI HA0YBA€ «3eIeHe» OyiBHULTBO. «3eseHe» OyaiBHUUTBO (sustainable building) abo
criiika apxitektypa (sustainable architecture) — rtexwosorist 3BemeHHs Ta ekciutyaraiii Oy/iBenab 3
MiHIMalbHAM BIUTMBOM Ha HAaBKOJMIIHE CEpENOBHIIC 3aBISKH €()EKTUBHOMY 1 MPOJTYMaHOMY
BUKOPHCTAHHIO MaTepialiiB, €Heprii, IPOCTOPY Ta EKOCHCTeMH 3arajiom [14].

3enenHa apxiTeKTypa — METOJ] MiHiMi3allii HEraTHBHOTO BIUIMBY Ha HABKOJUIIHE CepeIOBHIIE. 3a
CBOEIO MPUPOJIOIO, 1€ IHTETPOBaHE SBHUINE, y SIKE BXOJIUTH, 3-TIOMIX iHIIOrO, ocobnuBa (imocodis, 1m0
KOPEJIOE 3 HUPKYJSIPHOIO eKOHOMIKOI0. Buinezasnauena ¢inocodist posrisgae npupoHe cepeaoBHUILE K
IDKEpEsIo HATXHEHHs Ul CTBOPEHHS €KOJIOTIYHO Oe3MeYHMX MPOCTOPiB. «3eneHi» OyAWHKU Ta CIOpyAd
BiJIPI3HSAIOTHCS OJHE BiJl OJIHOTO B Pi3HUX pErioHax i KpaiHaX, OCKUIBKH B TPOIECi iX MPOEKTYBaHHS,
moOy/IOBY TOIIO aKTyasi30BaHI KJIIMaTHYHI, KyJIbTYpHi, EKOHOMIYHI TOIIIO OCOOIMBOCTI PETiOHY.

[lpn mpoMy 3pO3yMiNo, IO OCHOBHMUMH HAayKOBHMMH Ta NPAKTHYHUMHU 3aBIAHHSAMH B cdepi
3€JICHOr0 OYIIBHUIITBA € PO3POOKa Ta BIPOBAPKCHHS TEXHOJIOTIH, SKi J03BOJISITh 3MEHIIIUTH BIIXOIU Ta
CTHOKMBaHHSI PECYpCiB, MiJBHIINTH €HEProeeKTUBHICTh Oy/iBeNlb, a TAKOX MIHIMI3yBaTd iX BIUIMB Ha
npuponHe cepenoumie. JOMiTbHO 3MIACHIOBATH TOCTIMHHMIA MOHITOPHHT 1 BJIOCKOHAJICHHS IPOIIECIB
OyIIBHHUIITBA Ta €KCIUTyartalrii OyaiBellb 3 METOI MiHiMi3allii BUKUIIB Ta MOKPAIICHHS EKOJOTIYHHX
XapaKTEPUCTUK 00’ €KTIB.

Binrak, o3Hakamu, 3a SIKUMH OyAb-KHi OYAHHOK a00 criopyaa (KUTIOBHH OYAMHOK, 0dic, IKOIa,
CKJIaJT TOIIO0) MOXe OyTH TO3HIIIOHOBAHE SIK «3€JICHe €: a) 3BEJICHHsI 10 MIHIMyMy €HepTOCIIOKIUBaHHS Ha
BCIX eTamax >KATTEBOTO LUKIY OyAMHKY, e(eKTHBHE BHUKOPHUCTAHHS BOJHHX Ta IHIIUX PECYPCiB;
0) iHTerpailisi BiJHOBIIOBAaHUX 1 HU3bKOBYTJICIIEBUX TEXHOJOTI; B) 3BEJCHHS O MiHIMyMY BiAXOZiB —
BUKOPHCTAHHS MEHINOI KiTbKOCTI MIITHIMIMX MaTepiajiB, BHPOOHUIITBA MEHIIO! KiTHKOCTI BIAXOMIB i
MaKCHUMi3alis OBTOPHOTO BUKOPUCTAHHS — BpPaxyBaHHs CTaJlil 3aKiHUCHHS TEPMiHY CIIy>KOM CHOpYAd
LUISIXOM TPOEKTYBaHHS BapiaHTIB yTHIi3allii, IepepoOKH # MOBTOPHOTO BUKOPUCTAHHS BIAXOIIB MiCIIs
3HOCY (3rajjaiiMo BHINE3a3HAYeHY MUPKYISIPHY €KOHOMIKY); B) CTBOPEHHS KOM(GOPTHOTO MOBCAKIEHHOTO
CEepeIOBHIIA 32 paXyHOK 3a0e3MeYeHHs B IPUMIIIIEHHI BUCOKOI SIKOCTI TIOBITPSI, HEOOX1THOT TeMIteparypH,
MPaBUIBHOI aKyCTHUKHU 1 HaJIe)KHOI 3BYKOi30JIsI1Iii, TIPUPOTHOTO OCBITIICHHS; T') 3HW)KCHHS HaBaHTAXXKCHHS
0COOMCTOTrO TPAHCIIOPTY Ha HABKOJMIIHE CEPEIOBHIIE 3a pPaxyHOK TPAHCIIOPTHOI 1H(PACTPYKTYpH;
) 30epekeHHsT nmaHmmadTy, 3a0e3nmedeHHs 3aXWCTy W MOKpPAamleHHS MPHPOTHOTO Pi3HOMAHITTS;
1) IPOEKTYBAaHHS THYYHUX i JMHAMIYHUX IIPOCTOPIB, SIKE JO3BOJISE MepeA0auNTH 3MIHN Y IX BUKOPUCTaHH1
3 TUIMHOM 4acy, 3a0e3MeueHHs CTIMKOCTI 0 TaKUX MOJIii, 3eMIIETPYCiB, MOXKEXK TOIIO; €) BHKOPUCTAHHS
iHopMmanifHO-KOMYHIKaIliHHIX TexHoori [12; 13].

AKTyanbHICTh BUBYCHHS 3€lICHHX TEXHOJOTIH y cydacHOMY OyIiBHUITBI (30KpeMa, aHalizy
BiTHOBJIIOBAHUX MaTepiasliB Ta €(QEeKTHBHOCTI €HEeproe(eKTUBHUX CHCTEM) IPOAYKOBaHA HHU3KOIO iX
mepeBar, SKi akTyalli3oBaHi Of[pa3y y TPhOX IDIONIMHAX: €KOJIOTiuHil, eKOHOMIYHil Ta comiampHil. Tak,
«3eneHi» Oymisii, aki oTpumanu ceptudikat Green Star B ABcTpatii, mpoIyKyroTh Ha 62% MeHIIIe BUKUIIB
MApHUKOBHX Ta3iB, HK 1HII aBCTpaiifickki criopyau; npuMiiieHHs, ceprudikosani IGBC, no3Bonsiors
exonomuTH Ha 40-50% eneprii Ta 20—30% Boau (TOPIBHAHO 31 3BHYaHUMU OyAiBIsAME B [HAIT); OyIuHKH
3 BUMIe3a3HaueHnM ceptudikarom Green Star y IliBmenHid A¢purl MoOpiTHO EKOHOMIISATE B CEPEITHBOMY
30-40% emneprii Ta 20—-30% Boau; HatomicTh, ceprudikoBani LEED B Cnomydenux Lltatax Amepuku
(mami — CIIA) Tta iHmmx KpaiHaX, CIOKUBarOTh Ha 25% wMeHiue eneprii ¥ Ha 11% MeHIIe BoAM, HIX
«y3Bu4aeHi» [14]. OkpiM TOTO, «3€lIcHe» OYAIBHUIITBO MPOAYKY€E (HhOPMYBaHHS W PO3IIMPEHHS PUHKIB
eKOJIOTIYHO YMCTUX MPOAYKTIB Ta MOCIYT, CKOPOUCHHS EKCIUTyaTallifHUX BUTPAT, MOKPAIICHHS CTaHY
CKOCHCTEM, IMiJIBUIICHHS KOM(POPTY Ta 340POB’S JFOJICH, MOIMIISHHS 3araibHOl skocTi kutTs [10].

AHami3 ocTaHHiX gocaimkeHb i myoOaikaumiii. [IpoGmema 3emeHUX TEXHOJOTIH y CyJacHOMY
OyMIBHUITBI Ma€ CKIQJHY TMPHPOJY: BOHA IHTETPOBAaHA, MDKIPEJIMETHA TOMNIO, MO, CBOEI YEProlo,
Mpoaykye norpely y aHami3di ictopiorpadii momo nuraHe eHepro3abe3leyeHHs Ta CTAJIOro PO3BUTKY
EeKOHOMIKH. Tak, pemnpe3eHTaTHBHUM BBaxaemo mpamio 3. Atamanuyk, FO. Heromwok [1], y skiit
BUOKPEMJICHO CTPMKHEBI MPIOPUTETH PO3BUTKY «3€JICHOD» EKOHOMIKH, JOCHIHKEHO CaMOOYTHICTh
IHBECTHUIIIITHOTO 3a0e3MeueHHs ILOTO CEKTOpa, a TaKOXK TOJAaHO CBITOBI HaJ0aHHS iHTETparlii 3eIeHuX
TEXHOJIOTil. ABTOPH OOIPYHTOBYIOTH 1HBECTHLIHHY IWHAMIKY CEKTOpa, a TAKOX JOKaTi3ylOTh OCHOBHI
MPIOPUTETH HOro PO3BUTKY Ha 3acajax CTajJoro BHPOOHHUITBA (PEeCypco- Ta EHEeProeheKTUBHOTO,
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€KOJIOTIIHOTO0 TOIIO). JIOCTITHUKH BUCBITIIOIOTH IPOMIOHOBAHY HUMH MOJIEIh TIEPEX0Ty HAIIOoi AepiKaBH
70 «3€JIeHO01» €KOHOMIKH, TOBOASYH ii )KUTTE3JATHICTD Y CyYacHUX peaisx.

Crnenudika npoOieMaTHKH «3eJICHOro» OyIiBHULTBA (PO3KPHUTTS MOTr0 CTPMXKHEBUX NMPHHLMIIIB,
HaIpsMIB aKTyalizarlii Tomo) npeacTtarieHa y mpari JI. borincekoi [2]. V aHamizoBaHOMY AOCIiIKEHHI
MMOJAAHO TICPCIICKTHBH BIPOBAHKCHHSI 1HHOBAIIIMHOTO OyMIBHUIITBA B HAIIiil KpaiHi 3 KOPEJAIi€lo
OCTaHHBOTO 3 IPArHEHHSAM 0 €KOJIOTi3MY YMOB IPOKMBAHHS MOJIOAUX YKpaiHuiB. OKpecieHo iHHOBaLiiHi
apxiTeKTypH1 pillleHHs] y [bOMY HampsMi, sIKi TOPIBHSHO 3 TEXHOJOTI€0 THIIOBOTO OYIiBHUIITBA,
EKCTPAINoJIbOBAaHO Ha IMAXOAM 3a0e3leUeHHs EKOJIOTIYHOi cTidkocTi. BueHa BUSsBIISIE pelIeBaHTHI
XapaKTePUCTUKH «3€JIEHOr0» OyAiBHULTBA, SIKi, Ha 11 IyMKY, € IEPCIIEKTUBHUMH 1 BTUTIOBAHUMH y HaILil
KpaiHi, a TAKOX TMOJIA€ MOXKITUBI CUCTEMH «3€JICHOI cepThikaii.

[MuTaHHIO Cy4acHOTO CTaHy Ta TOJIOBHHUX JICTEPMIHAHTIB MPOIECY IHTETPYBaHHS 3EICHHX
TEXHOJIOTI y MisTpHICTE MiANpHeMCTB OyIiBesNbHOI ramy3i mnpucBsueHo mnpamio B. Bpenixin,
B. BepOuupka [3]. YV Hili aBTOpHM aHami3yloTh cTaniapTu OyaiBauuTBa kpain BPIK # mocmimxkyrors
MDKHApOJHUN JIOCBiJT €KOJIONIYHOTO MEHEDKMEHTY Y BHINE3a3HadyeHid ramy3i. BueHi momaroTh
napamMeTpH3alio OyIiBelbHIX EKOTEXHOJOTiH, crenndiky 1X cTaHAapTyBaHHS TOMIO, SIKI KOPEIIOITh 3
eHeproedekTuBHICTIO. HaToMicTh KOpeNroIIifo Oy [iBHUYOTO CEKTOpa 3 EKOCUCTEMOIO IUTAHETH BiJACTEKEHO
y npami I'. Mazyp, O. Ipsuenko, JI. [pstueHko [7], y SKiii aBTOpH JOCTKYIOTh TapaMeTpU3alliio BILTUBY
Ha HABKOJIMIITHE CEPEIOBHIIE 1100 BUPOOHMIITBA, MEPEPOOKH OyMiBEILHUX MaTepiaiiB, eKCIUTyaTallii
OyaiBesb TOIIO.

T'oJIOBHI MEepCIEeKTHBU aKTyami3amii BOJHEBUX TEXHOJIOTIH 3 ypaxyBaHHSIM iX CHEPreTHYHOrO
noteHuiany nogaHo y npaii HO. Taieer ta iH. [4], 1€ npeACTaBICHO CTPHIKHERI TEXHOJIOTIT BUPOOHMIITBA
BOJIHIO ¥ OKPECIICHO MapaMeTpH3aIlii0 I[hOro mporecy. 30KpeMa, BUCHUMH 3/IHCHEHO aHali3 BapTOCTI
BHUIIIE3a3HAYCHOTO0 BHUPOOHHWIITBA MPH PI3HUX BapiaHTax HOro OTpHMaHHS W MPOBENCHO MOPIBHSIHHS
PO3MOAITICHOTO 1 y3aralbHEHOTO BUPOOHHYMX IIISAXiB, BUCBITICHO MPUHIUIK poOoTH nyxHOro, PEM i
SOE enekTpomizy.

JlokainizoBaHO CTPWKHEBI XapaKTePUCTUKH <«3elieHOro» OymiBHMIITBA y mpairi M. JlaHWmoK,
M. ImutpuminH [5], y sIKiif aBTOpH PO3KPHBAIOTH OCOOJIHMBOCTI Takoro OyIiBHHIITBA y TMOPIBHSHHI 31
3BUUYAlHUM (TpajuiiitHuM). BueHi BHOKPEMITIOIOTH MICIIE «3€JCHOr0» OYIIBHUIITBA B CKOHOMIYHIM
moJticucTeMi (30Kpema, MUPKYJISPHIA €KOHOMIIlI), 30CEpPEeKYIOThCS Ha HOTO MEpCIIeKTHBaX, CHCTEMax
«enenoi ceprudikaniin» (LEED, BREEAM). CBoero deproro, y Mexax BHINE3a3HAYEHHX CTaHAAPTIB
JIOCHITHUKaMH OMUCAaHO MapaMeTpH3allilo: Micle i 3a0y10oBH, eeKTUBHICTD CIIOKMBAHHS TPUPOTHUX
pecypciB (Boau, eHeprii), SKiCTh cepeI0BHILA, iIHHOBATUBHICTH TOLIO.

HaTtomicTh eKkOHOMIYHI HACHIIKKA KOPEISAIil 3 COMIOKYIbTYpHUMHU Tpanchopmamismu [lompmi B
KOHTEKCTI akTyaJIbHOI cuTyallii B Ykpaini po3risiayTo y npari K. Yixornki ta in. [8]. Tunosorito «3eaeHnx
KOHCTPYKIIif», aHami3 icTopii 1X PO3BHTKY Ta HAWOIMKYOI TeHE3U MIOJI0 BIACTOBOCTEH CTIYHHMX BOJ B
KOHTEKCTI eKoyoTiuyHOi Oesrmekm wmict pempesertoBaHo y mpami T. Tkawenko, O. Tkauenko [9]. Y
aHaI30BaHOMY JIOCHI/DKEHHI aBTOPH pPO3TILINAIOTH ITapaMeTPU3allii0o CBITOBHX CTaHAAPTIB TaKHX
KOHCTPYKLiH B KOHTEKCTi iHTETpyBaHHS OCTAHHIX B YKpaiHCHKHI PHHOK Ta MEPCIEKTUBHHUX HAMpPSMIiB
PO3BUTKY 1 HU3KH BUKIIMKIB HA HAIIOMY MiATPYHTI.

Orxe, aHami3 icropiorpadii 3 mocCHiHKyBaHOI NMPOOIEMATHKHN CTAaTTi 3acBiAYMB caMOOYTHICTh
BUKOPHUCTAHHS 3€JIEHUX TEXHOJIOTIH 10JJ0 Cy4acHOr0 OyIiBHUITBA B KOHTEKCTI HUPKYISPHOI EKOHOMIKH.
BopHouac HuU3Ka NHTaHb JIMLIAETHCS HEBHUPIMIEHOK (JIOKJIAAHIIIE BOHW PO3MIIAHYTI HIDKYE), IO
MIPOYKOBAHO 1HHOBAIIMHICTIO, HECTAHJAPTHHUM IIIXOJOM Ta IIiABUINCHUM CTYIEHEM aKTyaji3amii
TBOPYOTO CKJIQJAHUKA Yy Iporeci poOoTu. BuiezasHaueHe, NPUPOJHO, € BU3HAYAIBHUM MO0
CIIPSIMOBAHOCTI IIi€i CTaTTi B KOHTEKCTI y3araJlbHEHHS IiJXOMiB JO aHATi30BaHOI MPOOJIEMAaTHKU B
KOHTEKCTI BUOYJOBYBaHHS 11 aHATI3y ¥ METOIOJIOTII.

Bunisiennsi HeBHpilleHUX paHillle YaCTHH 3arajbHOI MPo0JieMH, KOTPUM NPUCBAYYETHCS
03Ha4YeHa cTATTs. TakuM YMHOM, BUILE3a3HaUeH] IOCTAHOBKA aHaJII30BaHOI IPOOJIEMATHKH Y 3aTaJbHOMY
BHTJISIII Ta aHATI3 OCTAHHIX OCIIHKEHb 1 Ty OJTiKaIliil 3aCBITYIIIA TaKi HEBUPIIICHI aCTIEKTH IIOI0 aHATI3Y
BiTHOBJTIOBAJILHUX MaTepiajliB Ta €()eKTHBHOCTI €HEProe(HEKTUBHUX CHCTEM ITI0JI0:

a) cmandapmuzayii ma cepmughikayii IOHOBII0BANLHUX MamMepianie: MOBUTKLCS PO Te, IO Oarato
BUIII€3a3HAYECHUX MaTepianiB He MalOTh YiTKOI MapaMeTpu3alii (craHzapTyBaHHs, cepTH(]iKyBaHHS TOILO),
HACJIIIKOM YOr0 CTa€ IMOTCHIIiHA MOXKJIUBICTh IUIyTAHHHM y BHOOpPI Ta akTyajisalii OCTaHHIX Yy
OyIiBHUIITBI;

0) orcummego2o yukny ma 6nauey Ha OO6KILIA: KOHCTATYEMO HAsBHICTB JIAKYH Y JTOCIIIKCHHSX
YKHUTTEBOTO IMKITY BIIHOBIIOBAHUX MaTepialiB (30KpeMa, ix eHepreTHIHol e)eKTUBHOCTI, iIHTeHcHpiKarii
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BHKHUIB TiJ 9ac BUPOOHHWIITBA, TPAHCIOPTYBAHHS Ta BHKOPUCTAHHS, a TAKOX aKkTyalizalmili y Mexkax
KOHIIETILiT HUPKYIAPHOT EKOHOMIKH);

B) MEXHON02Ii 015l 3MEHWIEHHSI eHep2o- MA CNOACUBAHHS NPUPOOHUX pecypcis: HEe3BaXKarouu Ha
HAasBHICTh HU3KHU DPI3HUX CHEProeeKTUBHUX CHUCTEM IS OymiBEeNb, BIA3HAYUMO MOTPEOY y PO3BHTKY
HOBHMX TEXHOJIOTIH, Kl Oynu O MPOMyKTUBHUMH IIOAO BUINE3a3HAYEHOI MapaMeTpu3allii Ta ITiJBUIICHHS
CTIMKOCTI J|0 30BHIIIIHIX BILIHBIB;

') eKOHOMIYHOI 6u200u. NOC1 1€ MUTAHHA € CYNEPEeWIMBHUM, OCKUIBKM CydacHI €KOHOMIdYHI
JOCHI/DKEHHsT (B TOMY 4YHCIi, B MeXaxX 3raJlaHoi IUPKYISPHOI EKOHOMIKHM) MaroTh HEOJHO3HAuHI
pe3yIbTaTH, caMe TOMY HarajlbHOK € po3po0Ka HOBUX Oi3HEC-MOJIENEH, SIKi, CBOEIO YEPTOr0, 3pO0JIATh IIeiH
BUJI TEXHOJIOT1# MPUBAOIMBIIIUM JUIsl iHBECTOPIB Ta 3a0yI0OBHHUKIB;

I) adanmy6amHs 00 Pi3HUX KIIMAMUYHUX YMO08: NETCPMIHOBaHE OTPEOO0 y TpaHChOopMaIliHHIX
3MiHaX LI0A0 MEBHUX KIIMAaTUYHUX YMOB, OCKIIbKH €()EeKTUBHICTH (PYHKLIOHYBAHHS 3€JIEHUX TEXHOJIOTiH
KOPEITIO€ 3 pEeriOHATBHUMHU 0COOTHUBOCTSAMHU;

1) cucmemuoi inmeepayii 3e1eHux MmexHoao2il: UIeThCs MPO HarajbHICTh MapajellisMy reHe3n
BiTHOBJTIOBAJILHUX MaTepiajliB Ta eHeproe()eKTUBHUX CHCTEM, ONTHMAJIbHA aKTyalli3allis SKUX BUMAarae
iHTeTpamii i CHHeprii Mk HUMU;

€) MacuimaOysants egeKmueHoCmi. MOBUTHCS TPO T, IO Ti YW Ti TEXHOJOTIT MOXYTh OYTH
MPOJAYKTHBHUMH JIOKAJILHO a0o0 3aranoM (Ha piBHI KOHKpETHOI OyaiBIi, paiioHy, Oepera (10 MpUKIaLy,
TIpaBHU 4M JIiBUH ), MiCTa TOIIIO);

€) edhekmusrHocmi ynpasniHHi NPUPOOHUMU pecypcamu (eHepeielo ma 80001): TaK, PO3BUTOK
TEXHOJIOTIH TSI MOHITOPUHTY, YIIPaBJIiHHS OCTAHHIMHU y OYJIBIISIX KOPEIIOE 3 IX eHeproe)eKTUBHICTIO Ta
3HIDKEHHSIM BHTpAT.

OTxe, BUIIE3a3HAUYCHI HEBHUPIIIEHI aCIIEKTH aHAJII30BaHOI ITPOOIIEMATHKH PEIPE3CHTATUBHI MO0
PO3IIMPEHHS PO3YMIHHS Ta BIOCKOHAJCHHS 3aXOJiB aKTyaji3allil 3eJeHMX TEXHOJIOTIH y CydacHe
OyMiBHUITBO, a TaKOX CaMOOYTHOCTI BHUKOPHCTaHHS BiJHOBIIOBAIRHUX MaTepianiB Ta e(QeKTHBHOCTI
eHeproe(eKTUBHUX CHUCTEM Y IX MeXKax.

@opmyJ0OBaHHS WiJieid crarTi (MOCTAHOBKA 3aBAaHHsA). Memow CTaTTi € PO3DIIS[
caMOOyTHOCTI BUKOPUCTaHHS 3€JICHUX TEXHOJIOTiH y cydyacHOMY OyAiBHUUTBI. [Ipeomemom — cnenudika
BHIE3a3HAYEHOI pOOOTHM MO0  aHaji3y BiJHOBIIOBAJBHUX  MaTepiadiB Ta  e(eKTUBHOCTI
eHeproe()eKTUBHUX CUCTEM (30KpeMa, aHaJli3y Cy4acHOTO CTaHy eHepro3abes3rnedeHHs] eKOHOMIKH KpaiHu
Ta BU3HAYEHHS LUISAXiB HOTrO MOKpaIlleHHs 3 YpaXyBaHHSAM IIPHHIHITIB CTAJIOTr0 PO3BUTKY). CBOEIO 4eprolo,
BHIIE3a3HAYCHI METa 1 IpeIMET TOCIiIKEHHS TO3BOIMIHN C(HOPMYITIOBATH HOTO 3A680aHHA.

1. BucBiTmt TeopeTW4Hi 3700yTKM BHUKOPHUCTAaHHS 3€JEHHX TEXHOJOTIH y CcydJacHOMY
OymiBHULTBI 1 eKCTpamooBaTH iX crienudiky Ha poOOTY 3 BiIHOBIIOBAILHUMH MaTepialaMy Ta TUHAMIKY
aKTyanizauii eHeproe)eKTUBHUX CUCTEM Y IX MexkKax.

2. [IpoananizyBatu icropiorpadiro aHaNi30BaHOI MPOOJIEMATHKH IMIOJ0 BUKOPUCTAHHS TaKUX
CHCTEM B KOHTEKCTI CTAJIOTO PO3BUTKY Ta MEPCHEKTHB (YHKIIOHYBAHHS B €HEPIETUYHOMY KOMILIEKCI.

3. IlpeacraButy reHes3y CBITOBOTO JOCBiAY LIOAO BIPOBAIKEHHS CHEProe()eKTUBHUX 3aXOMIB Ta
PO3BUTKY BiTHOBITIOBAJIEHUX JKEPEI €Heprii.

Bukiax OCHOBHOro Martepiajgy JOCTiI:KeHHA 3 MOBHHUM OOIPYHTYBAHHSIM OTPHMAaHMX
HAYKOBHX Ppe3yJbTaTiB. EnepzozbepedicenHs — CTPHKHEBUH NPUHLUI «3€JICHOTO» OyIiBHHIITBA,
OCKUIBKM HOTO Hapi>KHUM KaMEHEM € POo3po0Ka TEXHOJOTiH, IO AAl0Th 3MOTY MaKCUMAaJbHO 3HH3UTH
BTpaTH €Hepril B Mpo1eci BAKOPUCTAHHS OyIiBeb, OCHOBHIMH METOJAMH OCTaHHBOTO €: ) 3a0e3neueHHs
epexmueHoi men0i30/4yil: BUKOPUCTAHHS CyYaCHUX TEXHOJIOTIYHMX PIllleHb, 130JIAIIHHUX MaTepiais,
SIK1 Kpalle YTpUMYIOTh TEIJI0 BCEpeArHI OYIiBIIL; O) 3HudICeHHs: gmpam menia y 6eHMUIAYitnitl cucmemi
IUIIXOM BCTAaHOBJICHHS pEKyIepaTtopiB (TMpwiadiB, sSKi 3a0e3MedyloTh TEIUIOOOMIH MK BXITHHMH Ta
BHXITHAMH ITOTOKAMH TOBITPSI, BAKOPHUCTOBYIOTELCS JUTS IMATPUMAHHS B IPUMIMIEHH] TEIUIOTO Ta YUCTOTO
TIOBITPSA); B) 3a0€3NEUECHHS 2epPMEMUYHOCME O8ePHUX | GIKOHHUX NpOpi3ie. €KOOYIMHOK TOBUHEH MAaTH
SIKICHI CKJIOTIAKeTH Ta JBEpPi, SKi 3a0e3MeuyioTh 3aXHCT Bill BTpaAT TEIUIA; T) CKOPOUEHHS SUMPAm
eneKkmpoeHepaii 3a80aKU BUKOPUCMAHHIO HOBIMHIX eKOHOMHUX Npunadig: cydacHa MOOyTOBa TEXHiKa
BUPOOJISETHCS HA OCHOBI €Hepro30epiraroumx TEXHOJOTiH (0 TpHUKIagy, CKOPOYCHHS CIIOKHUBAHHS
€JIEKTPOCHEPTrii B eKOOYAMHKY MOKe OyTH AOCSITHYTO 3aBASKH BUKOPHCTAHHIO €HEPro30epiralounx Jamil,
SIK1 CIIOXKHBAIOTh TPUOJIM3HO B 5 pa3iB MEHIIE eHeprii, HiXK 3BUYaiiHa jJaMIia po3)KaproBaHH:M), 32 paXyHOK
BUKOPHCTAHHS SIKUX CyYacHUI OyTMHOK €KOHOMUTh Maii)ke UBEPTh CIIO’KUBAHOI eneKTpuku [15].

[IpukMeTHO, 10 3eJIeHi TEXHONIOTii B Oy IiIBHUIITBI CTAIOTh HE JIUIIE MOJIO0, a i HEOOXIHICTIO B
eroXy, KOJIM eHeproe()eKTUBHICTh Ta CTAJHH PO3BUTOK HA0YBaIOTh MPIOPUTETHOCTI. BOHU cripsiMOBaHi Ha
MIHIMI3aIlil0 HEraTUBHOTO BILIMBY OYAIBHHIITBA HA HABKOJMIIHE CEPEIOBHUILNE Ta 3a0e3MCUYCHHS
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OTITHMAJIGHOT'O BUKOPHUCTAHHS pecypciB. OTHIM 3 KITFOUOBUX CKIIATHUKIB TAKAX TEXHOJIOTIH € aKTyari3alis
BIJHOBJIIOBAHUX MatepianiB (JepeBa, CKJIa, METaliB TOIIO), IO 3MEHIIYE CIIOKUBAHHS HPUPOIHUX
pecypciB Tta Bukuau CO2. Came TOMy NpPUPOAHO, IO EHEProeeKTHBHICTH HabyBae Bce OLTBILION
3HAYYIIOCTI y aKTyaji3amii 3eJICHIX TEXHOJIOTIH y Oy IiBHHUIITBI.

30KkpeMa, BUKOPUCTAHHS 1301b0BaHUX KOHCTPYKIIiH, cHeproe(eKTUBHUX BIKOH 1 JIBEpei, CHCTEM
OTIANIOBAHHS 1 KOHAMIIIOHYBaHHS 3HIKYE CIIOKMBAHHS €Heprii Ta 3arajbHi BUTpaTH. OKpiM TOro, Taki
TEXHOJIOTI] CHPHUAIOTH CTBOPEHHIO KOM(OPTHOTO CEpPEeAOBHUINA IS JKUTTA 1 pPOOOTH, OJHOYACHO
3a0IaKyf0un  eHeprito Ta pecypeu [13]. CBoero deproro, 3ejeHi TEXHOJOTIT BKIIOYAIOTh TAKOXK
BUKOPHUCTAHHS BITHOBIIOBAHUX JKEPeN eHeprii (COHAYHMX MaHeJel, BITPSKIB Ta Fe0TEePMaIbHUX CUCTEM).
Buiieszasnaduene 3MeHIIye 3aJIeKHICTh Bil TPAAULIMHNX JxKepel eneprii (Byriuist Ta HadTH) 1, BiAMIOBIIHO,
MiHIMi3y€e BUKUIM IIKIIJTMBAX pe4OBHH B aTMochepy (nuB. Tada. 1).

Taon. 1.
BukopucTaHHSA 3e1eHUX TEXHOJIOTiH B OyIiBHHITBI
3eseHa TeXHOJIOTis Omnuc IlepeBaru Hepogikn

Eunepeoeghexmueni Buxopucranns 3MEHIICHHS MosxBe 301TbIICHHS
Mmamepianu ma | MaTepialiB 3 HU3bKOIO CITO’KMBAHHS €HEPTii MMOYAaTKOBUX BUTpAT HA
KOHCMpPYKYii TEIUIONPOBIHICTIO, Ha OIAJIeHHA Ta OymiBHULTBO.

BIKOH 3 BUCOKHM KOHJIUITIOHYBaHHS,

KoeQILi€EHTOM €KOHOMIsI KOIIITIB,

eHeproe()eKTUBHOCTI Ta | 3HMIYKCHHS BUKHUIIB

MTPOIyMaHUX NapHUKOBUX Ta3iB.

KOHCTPYKITIH [yist
MiHiMi3aii BTpaT Tera.

Bionosnwosani
Ooicepena enepeii

Buxopucranns
COHSIYHUX TaHEJIeH,
BITpOBUX TYypOiH,
reoTepMajIbHIX CHCTEM
Ta IHIIMX JOKEPET YUCTOT
CHepril 15 )KUBJICHHS
OymiBIIL.

3MEHIIICHHS
3aJI€KHOCTI Bif
BHKOITHOT'O ITaJINBA,
€KOHOMII KOIIITIB,
3HUKECHHS BUKU/IIB
MapHUKOBUX Ta3iB.

MoskuBe 301IbIIEHHS
MOYATKOBUX BUTPAT Ha
OyTiBHUIITBO,
3aJIC)KHICTD BIJI
MOTOJTHUX YMOB.

Cucmemu  36upamnns
ma BUKOPUCMAHHS
0008601 600U

30ip MOIIOBOT BOIM JIS
BUKOPHCTAHHS B
crcTeMax TOJINBY,
TyaJeTax Ta 1HIIHX
IJIAX.

3MEHIIIECHHS
CIIOXKUBaHHS  TPICHOT
BOJIH, €KOHOMIsl
KOIIITIB.

MoskuBe 301IbIIEHHS
MOYATKOBUX BUTPAT Ha
OyiBHUIITBO,
HEOOX1IHICTh
JIOJTATKOBOTO MTPOCTOPY
JUIs 30epiraHHs BOJH.

3eneni oaxu

[ToxpuTTs maxiB
IPYHTOM, POCIMHAMH Ta

3MEHIIEHHS TEIUIOBOTO
HaBaHTAXECHHSI Ha

MoskirBe 301TbIIEHHS
MOYATKOBUX BUTPAT Ha

OCBITJIEHHSM IS
3MEHIIEHHS CIIOKUBAHHSI

IHIIIUMH 3€JICHUMH OyIiBiIO, TMOTIMHAHHS | OYyJiBHUIITBO,
eJIEeMEHTaMU JJIs JIOIIOBOL BOJM, | HEOOXITHICTh
YTEIUICHHS], IOTJIMHAHHS | TTOKPAIIEHHsT  SKOCTi | JIOJIATKOBOTO
BOJIM Ta TIOKPAIICHHS TIOBITPSL. 00CITyroByBaHHSI.
SIKOCTI TIOBITPSI.
Enepzoegpexmusni Buxopucranas 3MEHIICHHS MosxuBe 301TBIICHHS
cucmemu  OC8imMaeHHs | CBITIOIOIHUX JIAMIIL, CMIOKUBAaHHS  €HEPTii, | IOYaTKOBUX BUTPAT HA
ma enekmponpunadie | eHeproe(eKTHBHUX €KOHOMis KOIIITiB. pHUI0aHHS
TIPUITAJIIB Ta CHCTEM eHeproe(heKTUBHUX
YIIPaBITIHHS TIPIITAIIB.

SHeprii.
Cmapm-cucmemu Buxopucranas 3MEHIICHHS MosxuBe 301TBIICHHS
ynpaeninHs 6y0ignero | NaT4NKiB, KOHTPOJIEPiB CIIOKUBAaHHS  €HEPTii, | TOYaTKOBUX BUTPAT Ha
Ta MPOTPaMHOTO S€KOHOMIS KOINTiB, | OyMiBHHUIITBO,
3a0e3neyeHHs IS CKJIJIHICTh
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ABTOMAaTHYHOTO MOKpAIICHHS HaJaITyBaHHS Ta

yIpaBIiHHS KOMQOpTYy. 00CITyrOByBaHHSI.

OCBITJICHHSIM,

OTIaJICHHSIM,

KOHIHIIIOHYBaHHSAM Ta

IHITMMH CUCTEMaMU

OymiBIIi.
Buxopucmanns 3acTocyBaHHS 3MEHIICHHS MosxuBe 301TBIICHHS
nepepoonenux ma | OyIiBEeIbHHUX MaTepialliB, | BUKOPUCTAHHS MOYATKOBUX BUTPAT Ha
€KONIO2IYHO ~ YUCMUX | BATOTOBIICHHX 3 MPUPOJTHUX PECypCiB, | OYAIBHUIITBO,
Mmamepianie repepoOICHUX BIMXOIB | 3HIKCHHS obMexxeHnid BHOIp

a00 3 eKOJIOTIYHO YNCTUX | 3a0pyaHEHHS MaTepiais.

ToKeped. HABKOJIMIITHHOT'O

CepeIOBHIIA.

Cmeopenns 3abe3neucHAsS ITokpareHHs SKOCTi MosxBe 301TBIICHHS
CHPUATHAUBO20 MPUPOAHOT BEHTHJISALIT, TIOBITPS, CTBOPCHHS MOYATKOBUX BUTPAT Ha
MIKpOKIMamy BUKOPUCTAHHS KOM(OPTHOTO OYIiBHUIITBO,

BITPO3aXUCHUX Ta MIKPOKJIIMATY, 3JICKHICTD BiJT

COHIIC3aXHCHHUX E€KOHOMIsT EHeprii. IPUPOIHUX (HAKTOPIB.

KOHCTPYKLIH,

03€JICHEHHS TTPUJIETIION

TEPUTOPIi.

Source: Cmgopero agmopom 00ciodicenHs

Ha cporomni, HU3Ka €KOJIOTIYHUX TPoOJIeM MicT Ha0yBa€ TIO0AThHUX MaciTabiB, MOTPeOyOUn
HETalHOro BperynaoBaHHA. HaToMmicTh OinbIIicTe 3ycmiib y OOpoTHOI 3 HUM SIBUILEM OOMEXYIOTHCS
MTO3IpHAM O3CJICHCHHSM TEPUTOPiH, MOIIMIICHHSM BEHTIIAMIMHNX CHCTEM Ta HEBEIUKHMH 3aXO0JIaMH
II0/10 3MEHIIEHHS POMHCIIOBOTO BIUTMBY Ha HaBKOJIMIIHE cepenoBHuie. [IpukMeTHO, 0 came MOHATTS
«MICBKE cepeioBHIIEe» Ha0yI0 0COOIMBOrO 3HAUYEHHS B CY4acHOMY CBITi 1 BU3HAauya€ IMMOOKY CYTHICTb
MICTa SIK MICISl, Ie KOHIICHTPY€EThCS BEJMKa KUIBKICTh JIOAEH, Ta K (QyHKIIOHAJIBHOTO YTBOPEHHS, LI0
BiJIirpa€ KIIFOYOBY POJIb Y PO3BUTKY CYCHUIBLCTBA.

OnHak, CTaH MiCBKOT'O CEPEJOBHUIIIA CTAB IPEIMETOM CEPHO3HOT0 XBUIIIOBAHHS YepPE3 3arOCTPEHHS
eKOJIOTIYHUX NPOOJIeM HANPHUKIHII MUHYJIOTO CTONITTS [1]. BupimeHHsm Bunie3asHaueHUX MpooieM Moxe
CTaTH peaizalis iJiel eKoJIOriYHOI apXiTeKTypH, sKa HaOyBa€e OMYJIIPHOCTI B MAaCOBiH CBiJIOMOCTI, POTE
Ma€ JOBOMI TMOOKe KopiHHS. Tak, came MIATPYHTS Ii€i KOHIEMIIi 3HaXOAUMO Ha MOYaTKy MHUHYJIOIO
CTONIITTS,, OAHAK B TOM yac Teopil MIOAO 3aMiHM TPAagULIHHUX IKEpEeN eHEeprii aJbTepHaTUBHHUMU HE
OTPHUMAJIM HAJISKHOI YBAarH Ta HE MIPUHECITU BIIYYTHAX PE3YNIbTaTIB.

[IpoTe, 3eneni TEXHOIIOTI, SIKi MAIOTh 332 METY 3a0€3MEUCHHS CTANIOr0 PO3BUTKY JOBKIILISA, CTAIIN
LIMPOKO BUKOPHCTOBYBATHUCS B OyIiBHULTBI 3 cepeuHu XX cTONITTA. BoHu cripsMoBaHi Ha MiHIMi3aLio
HETaTHUBHOTO BIUTUBY OyZAiBeJb HA HABKOJMILIHE CEPENOBHUILE, MOKPAILICHHS AKOCTI MOBITPs, ONTUMI3aLiI0
OCBITJICHHSI Ta BOJIOTOCTi, IO JO3BOJISIE 3MCHIIUTH CIOXXHBAHHSI €HEPropecypciB Ta BOAW IijJ dYac
eKcInTyaraiii. BumiezazHaueHo, o 3aCTOCYBaHHS 3€JIEHUX TEXHOJIOTiH OXOILTIOE EpepoOKy OyiBEIbHIX
MmarepiayiB, OYMINEHHS BOJM Ta TOBITPS, BHUKOPHCTaHHS aJbTEPHATUBHUX JDKEpeN eHeprili Ta
eHeproedekTUBHI TexHoJorii [9].

TakuM YuHOM, 3€JICHI TEXHOJIOT] B OyIiBHHIITBI € HE JIMIIIE MOJIOI0, & i HEOOXITHICTIO B KOHTEKCTI
CYJ4acHHMX €KOJIOTIYHMX BHKIJIHKIB: € MOB’S3aHO 3 X CTPHKHEBOIO POJUTIO MO0 3a0€3MEUCHHS CTaJIOro
PO3BHTKY MICBKOTO CEpEIOBHINA Ta TMOKpPAIICHHS SKOCTi KHUTTS MemKkaHmiB. CBOEO 4eproro,
BUKOPUCTAHHS OCTaHHIX Yy OYIIBHHLTBI Mae Oe3miy IepeBar, cepel SIKMX OCOOJIMBO BasKIIMBE
eHeprozoepexxeHHs. [[podbnemu, moB’s13aHi 31 CKOPOUESHHSIM €HEPTOCIIOKUBaHHS Y OYIiBHUIITBI, BXKE TaBHO
BHPINIYIOTBCS Y BCHOMY CBITi, 1 3 ycmixoMm. Tak, i€ cucreMa, IO 3a0X0Yy€ BHUKOPUCTAHHS 3€IEHUX
TEXHOJIOTIM y OYIIBHUIITBI IUIAXOM HAJaHHSA MBI MiJ] 4ac KpEAWTYBaHHS Ta omnojuaTkyBaHHs. Lle
MPOAYKYE 3alliKaBIeHICTh OYIIBENbHHUKIB B OTPUMaHHI BiAMOBIAHUX cepTU(IKATIB, CBOEIO UYEProlo,
apXiTEKTOPH MOCTIHHO BIOCKOHAIOIOTH «3eJIeHi» pimeHHs [6].

Tax, Ha CBITOBOMY PHHKY OOIr rpolieii BijJ Mpoaaxy eKOJIOTIYHO YUCTUX OyIiBENbHUX MaTepiaiiB
CTaHOBHTH OM3bKO 20 MUIbSIpAIB J0JIAPiB IIOPIYHO, i MPOTHO3YIOTh, IO ISl CyMa 3pOCTaTUME HEe MEHIIEe
HiK Ha 10%. Lle cBimuuth mpo Te, mo cdepa «3eneHoroy» OyniBHULITBA HaOMpae OOEpTiB, IO € AYKe
0OHAIINIMBAM TIOKa3HUKOM [UTSI TTOAAJBIIIOTO PO3BUTKY IBOTO HampsMy. ExomoridHa OymiBis — 1e
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pe3yibTaT MPOEKTYyBaHHS, SKEe 0a3yeThCs Ha TPHOX OCHOBHHUX acCIeKTaX: a) MiABHINCHHI €(QEKTHBHOCTI
BUKOPHUCTAHHS 0OMEXEHUX PecypciB (BOIH, TEIJIa, EJIEKTPUKH, 3¢MJIi), 0) 3HW)KEHHI HEraTUBHOTO BILIMBY
Ha 37I0pOB’s JIIOJCH, SIKi )KUBYTH 1 MPALIOIOTh y IUX OyIiBISAX, Ta B) MiHIMi3allii HETaATUBHOTO BIUIMBY Ha
HaABKOIIUINHE cepeponuiie [4].

Ha croropni, €KoJIOTi4HI IPUHITUIIN peajli3oBaHi y apXiTEKTYPHOMY MMPOEKTYBaHHI, 30KpeMa:

1. Buxopucmannsa exonoziuno uucmux 0y0igeibHUX mamepianié, AKi MiHIMI3yIOTb HETaTUBHHUN
BIUTMB HAa HAaBKOJWIIHE cepepoBuile. [1in uucTuMu OyniBeNbHUME MaTepiallaMi pO3yMIIOThCS Ti, SIKI
BUTOTOBJISIFOTHCS 3 BAKOPUCTAHHSM €KOJIOTIYHO O€3IIeYHUX CUPOBUHH Ta MPOIECIB, HE MICTSTh IIKiJTUBUX
XIMIYHHX CHONYK a00 TOKCHYHHX PEYOBHH, i MOXYTh OyTH mepepoOieHi, abo BUKOpPHCTaHI Micis
BUKOPUCTAaHHS 3 MiHIMaIbHUM BIUIMBOM Ha HaBKOJHIUHE CepemoBHILNE. Takui miaxig 10 BUOOPY
OyIiBeIBHUX MaTepialiB CHpuse 30epeKEHHIO0 HABKOIMIITHLOTO CEPEAOBHUIIA 1 CIPUSE CTBOPESHHIO OLIBII
3I0POBOT0 Ta EKOJOTiYHO OE3MEeYHOro CepeloBUINa JUIsi MELIKaHLiB Ta KOPHUCTYBayiB OyIiBIi.
BesnocepenHbo BTiMIOETHCA Yy aKkTyauli3alii anbTepHATUBHUX [HKEPETI €HEprii: TEIIOBUX HACOCIB, COHSYHUX
KOJICKTOPIB Ta eHEeproe()eKTUBHUX KOTJIB, IO JO3BOJISIOTh 3MEHIIMTH CIIOKUBAaHHSA TPaaUIiiHUX
eHepropecypcis [5].

2. Payionanvna ymunizayis 6i0xo0is, 10 CUPUSIE 3MEHIICHHIO HETATUBHOTO BIUIUBY Ha JTOBKIJUJIS.
YTuizaiisi BiAXOJIB IMOJIArae B iX mepepoOIlli Y BUKOPUCTAHHI 3 METOK 3MEHIICHHS KINBKOCTI, sKa
MOTPAIUISIE HA CMITTE3BANMINA 200 BUKHIAETHCS y TIPUPOTY. 3a3HAUYMMO, IO BHIIE3a3HAYCHE JIOTIOMAarae
3HU3UTH HETAaTHUBHUH BIUIMB CMITTE€3BAIMII HA HABKOJIMIIHE CEPEAOBHUILE, OCKIIBKA BOHH MOXKYTh
BUAUIATH WIKiAJMBI PEUYOBHHU Y TIPYHT 1 BOAY, a TaKOX INPOAYKYBAaTH BHKHJ Ta3iB, IIO CIPHAIOTH
napHukoBoMy edekry. Ilnsxu 3MeHIICHHS BIIXOMAIB BKJIIOYAIOTh B cebe mepepoOKy Ta BTOPHUHHE
BUKOPHCTaHHS MaTepialiB, MiBUIICHHS e(EeKTHBHOCTI aKTyali3amii pecypciB Ta YCyHEHHS HETIOTPiOHIX
ymakoBok [7].

3. 3abesneuenns komgopmuoi ma 300p06oi 01 MOOUHU CUCTNEMU ONANEHHS [ OXOLOO0NCEHHS, STKa
BUOY/ZIOBYETbCS 3  BHKOPHUCTaHHSM  BHUIPOMIHIOBAILHMX TIOBEPXOHb JJIsI  [epefadi  Terva.
BumnpoMiHIOBaIIbHI CHCTEME OTTAJICHHS Ta OXOJIOKEHHS BiPi3HSAIOTHCS BiJl TPAAUILIHHUX KOHBEKI[IHHIX
cUcTeM, SIKi HarpiBaroTh a00 OXOJIOMKYIOTh TMOBITps, MEpeJaroud TEIIO0 uYepe3 KOHBEKIIiHHI TOTOKH.
3aMicTh LHOTO BUIPOMIHIOBAIBHI CHCTEMH BHUKOPHCTOBYIOTH IOBEpPXHi, SIKi BHIIPOMIHIOIOTH TEIJIO
Oe3nocepeIHbO Ha 00’ €KTH Ta JIIOJIeH, a He Ha moBiTps [5].

4. 3acmocysanns «menaux» cmin, SKi 100pe yTeIuleHi, s 3a0e3rnedeHas eHeproe)eKTHBHOCTI.
VYTemieHi cTiHM AonomaraioTh 30epiraTé Temjio B NPUMIIIEHHI B XOJOAHY TOpY Ta 3aXHMIIAOTh BiJ
neperpiBy — B TeIUly, IO COpHUSiE€ 3HWKEHHIO BUTPAT Ha OMAllEHHS Ta KOHIuWLiroBaHHs. [lo-mepiue,
YTEIIeHHs CTiH J03BOJISIE MIATPUMYBATH CTIHKY TEMIIepaTypy B MPUMIIICHHI, [0 3MEHIIY€e MOTpedy B
omnayieHHi B XonoaHi Micsi. Le gocsraeTses msixomM 3amo0iranHs BTpaTH TeIlia Yepe3 CTiIHK Ta CTBOPEHHS
Oap’epy, KUl yTpUMY€E TEIUIO BeepeauHi Oyaieimi. [lo-gpyre, yTerieHi CTiHU J0MOMAararoTh 3MCHIIIUTH
MeperpiB  MPUMIIIEHHS BIITKY, OCKUIBKA BOHH MIiHIMI3yIOTh TPOHMKHEHHS TeIUIa 30BHIITHBOTO
cepenoBHIa B cepenuHy OymiBii. CBOEIO Yeproro, BUIE3a3HAUYECHE MO3BOJSE 3HU3UTH BUKOPHCTAHHS
KOHJIMIIOHEpiB Ta €Heprii IUIs OXOJO/PKEHHs, II0 MPOAYKYE ii EKOHOMII0 Ta 3HWKEHHS BHUKHIIB
MapHUKOBHX rasis [6].

5. Buympiwne 03000aenns Oydisenv HamypanvHumu mamepiaramu (TIAHOIO, IEPEBOM Ta
HATypaJbHUM JITHOJIEYMOM), SIKE MPOAYKYE 37I0POBE CEPENIOBHIIE 3 BOJOTICTIO HABKOJIHUIIHBOTO MOBITPS
6mu3bK0 50%. AxTyanizaiis HATypaJIbHUX MaTepialiB Al BHYTPILIHBOTO 0300JIC€HHS J03BOJISIE YHUKHY TH
KOHTAaKTYy 31 IIKiJJIMBUMH XIMI9HUMH PEUOBHHAMH, SIKI MOXKYTh MICTHTHCS Y CHHTETHYHHX MaTrepianax,
3MEHIIYIOYM PHU3UK ajeprii i iHIMX 3aXBOPIOBaHb, MOB’S3aHUX 3 HUMHU Yy MelkaHmiB. HatypanibHi
MaTepianu (TauHa, JepeBo TOLIO), MAIOTh 3[aTHICTh PEryI0BaTH BOJIOTICTh B MPUMIIIEHH], 3a0e3Meuyroun
KOM(OPTHI YMOBH UIS NPOYKUBAHHS, 110 OCOOJMBO BaXKIIMBO IS 3I0POB’S IMXalbHUX NUISIXIB Ta
3arajbHOr0 KOMQOpTy MemKkaHiiB. CBOE Yepror, HAaTypalbHHH JIHOJIEYM TaKOX BIJOMHUH CBOEIO
€KOJIOT14YHOI0 OE3MEeKOI0 Ta BHCOKOIO 3HOCOCTIHKICTIO, IO POOUTH HOro NpuBaOIMBHM BHOOPOM IS
MiJUIOrOBOr0 MOKPHUTTA. BiH BHPOOJISETHCSA 3 HATypaJbHHUX KOMIIOHEHTIB (JIbOH, IEPEBHHA Ta KaM’sHE
BYT1JUISA), 1 HE MICTUTh MIKIIJTMBUX XIMIYHMX PEYOBHH, sIKi HASBHI Y CHHTETUYHHUX BiIIIOBITHUKAX.

6. Cmeopennsi cucmemu RPURIUBHO-GUMANICHOI GeHmuiAYii 1 TOCTIMHOTO MOJAHHS YHCTOTO
noBiTpst 0€3 CTBOpEHHs eQeKTy npoTAry. BIpoBajKeHHA Takoi CHUCTEMH BEHTWIIALII J103BOJISIE
3a0e3MeYUTH MOCTiiHE OHOBJICHHSI MOBITPSl B MPUMIIIEHHI, IO € BXKJIMBUM JJIsi 30€pEKEHHsI 3I0pOB’sl
MEIIKAHIIB 1 MATPUMaHHS KOM(OPTHOTO MiKpokmiMaTy. lIpuIiuMBHO-BUTSIKHA BEHTHIALIS BUTATYE
BUKOPHUCTAHE TMOBITPs 3 MPHUMILICHHS Ta OJHOYACHO IMOJAE CBIXKE€ — 330BHi, YHUKHYBIIM TaKHUM YHHOM
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YTBOPEHHS By TTs IpoTsTy. Lle 103BoIIs€ M ATpUMYyBaTH ONITUMAIBbHI YMOBH JJIS ANXAHHS Ta 3a0e3medye
koMmdopTHE nepeOyBaHHs JitoAed B Oyaisii [2].

7. Payionanene naamyeamns i KomMnakmuwicmv — @opm, 1O COPUSAIOTH ONTUMAIBLHOMY
BHKOPHCTAHHIO CBITJIa Ta Terwia. PamioHanpHe IIaHyBaHHS BKIIIOYA€E B ceOe OOTPpYHTOBAHHUM PO3PaxXyHOK
PO3TalIyBaHHS MIPUMILICHB 1 BHYTPILIHIX IPOCTOPIB 3 ypaxyBaHHIM HOTPed KOPUCTYBayiB Ta QyHKIIHHUX
BuMor Oyzieni. BuinesasHauene n03BONsE€ MakCUMalbHO €(EKTUBHO BHKOPUCTOBYBAaTH HpOCTIp i
3a0e3MeYnT! 3PYYHICTh Ta (QYHKIIHHICT TpuMimeHb. OKpiM TOTO, pallioHalbHE IUTAHYBAaHHS CIIPHSE
ONTUMAJIbHOMY PO3IOJLITY CBIiTJIa Ta Terya ycepeauHi OyniBii, 3a0e3nedyroun KOMGOPTHI YMOBH JIJIs
NpOXKUBaHHA U poboTH [15].

KommakTHiCTh OpPM TaKoK BaXKJIMBa, OCKUJILKM BOHA JIO3BOJISIE MAKCUMAJIbHO BUKOPUCTOBYBATH
JOCTYIHUH TPOCTIp 3eMJll Ta pecypcu s OymiBHUIITBA. Tak, KOMIAKTHI OyAiBJIi MarOTh MEHIIY
MOBEPXHIO, Yepe3 IO 3MEHIIYEThCS BTparTa Temia 1 eHeprii, a TaKoK 3HWKYETHCS BIUIMB Ha JOBKIJIISL
ByniBHUIITBO €KOJNOTiYHO YHCTUX OyHiBENb, 0 0Aa3yEThCS HA IMX MPHUHLHIAX, MOXE KOIITYBaTH Ha 7—
10% Oinbiie, HiX TpamumiiiHe. [IpoTe OKyMHICTH OCTaHHBOTO HAcTae B cepenHboMy 3a 7—10 pokis,
OCKIJIbKY CIIOKWBAHHS €HEprii B TakuxX OyAiBisix Ha 90% MeHIne, Hix y OyIiBIsIX TPaIUIifHOTO THITY.

BucnoBku. OTke, 3aCTOCYBaHHS 3€JICHUX TEXHOJOTIH Yy Cy4acCHOMY OYAiBHHUIITBI MPOAYKTHBHE
MO0 3MEHIIEHHs HETaTWBHOIO BIUIMBY HA  HABKOJMIIHE CEpPENOBHIIC Ta  IOKPALICHHS
eHeproe()eKTUBHOCTI Oy/1iBesb. CBOEIO UEProro, akTyallizailisl TAKUX TEXHOJIOTH eTepMiHOBaHA 3HAYHUM
MTOTEHII1aJIOM B KOHTEKCTI MiHiMi3allii BUKHIIB IITKiUTMBUX PEUYOBHH, CTBOPEHHI KOM(POPTHOTO i 3TOPOBOTO
cepeloBUINA ISl TMPOXKHMBAHHSA Ta POOOTH, a TakoX 30epekeHHs NMPHUPOAHHX pecypciB. Okpim TOTO,
MPEICTaBICHE JOCIIKSHHS JI03BOJIMIIO BUCBITIIMTU PI3HOMAHITHI ACIICKTH «3€JICHOT0» Oy IIBHUIITBA: BiJl
BUKOPHCTaHHS €KOJIOTIYHO YMCTUX MaTepiaiiB 10 pallioOHATBHOTO YTHIII3aIii BiIXOIiB.

Oco0nuBYy yBary mpuAiIEHO iIHHOBAIIMHAM TIIX0/]aM Y BUKOPHUCTaHHI albTEPHATUBHUX JKEPET
SHeprii: TEeIUIOBUM HacocaM, COHSYHHMM KOJEKTOpaM, a TaKOXX BIPOBAPKECHHIO CHCTEM OIAaJeHHS Ta
OXOJIOJDKEHHSI HAa OCHOBI BHUIPOMIHIOBAILHUX TOBEpXOHb. OKpiM TOro, 3acBi4eHO TMepeBaru
BUKOPHCTaHHS «TEIUINX» CTiH Ta BHYTPIIIHBOTO 03100JIeHHS Oy/IiBeiIbh HATYpAIbHUMH MaTepiajJaMu AJIs
CTBOPEHHS KOM(OPTHOTO Ta 3[0POBOTO CEpEeNOBHINA AJIsi MEHIKAaHIIB. Buine3a3sHaueHe 3acBiI4miIO
KOPEJISIIII0 «3eJIEHOr0» OyIiBHUITBA 13 3a0€3MEUEeHHIM CTalIO0T0 PO3BUTKY CYCITLIBCTBA Ta 30€PEIKEHHAM
MIPUPOJTHOTO CEPEIOBUINA JIJISI MaOyTHIX IMTOKOIiHb.
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Hayionanvnuii nicomexuiunuil ynisepcumem Yxpainu

3ATAJIBHUAM OTJISA CITIOCOBIB ®PUKIIIHHOT O OBPOBJISTHHSA PI3AJIbHAX
IHCTPYMEHTIB PYBAJIBHUX MAIIUH

Cmammsa npezenmye Knacugixkayilo 0061a0HaHHA 014 NOOPIOHEHHA OepesuHu, 30Kpema pydanvHi MawuHu,
onucyiouu ixni ocoonueocmi pazom 3 nepesazamu ma nedonikamu. Ilocmasneno npodnemy ma eusHaueno memy Maiidymubo20
00CIOMCEHHA, AKE CIOCYEMBCA MPUSKOCMI PI3ATIbHUX IHCMPYMERmIE Y PYyOaIbHUX MAUUHAX.

Pozenanymo memoou pukyiitnoi o0poodKku, AKi rpyHRmMylomoecsa Ha mepmi nNO6EPXoHb, i 6UOKPEMIEHO CROCOOU
n06epxXHes020 3MIYHEHHA MEemanie, 6UHAUAIOYU HAUDOINbW ORMUMATLHUIL ceped HuX. Y Kinueeomy anaunizi npeocmaeneHo
GUCHOBKU NPOBEOCHO20 00CTIOIHCEHH .

Knwuoei cnoea: pybanvna mawiuna, mpuskicms, MexaHiuHe 3HOWYEAHHA, OPUKYIUHA 00pOOKA, HIidC, KOHMPHINHC,
nogepxmuese 3MiyHeHHsl, KOHCMPYKYIIHA CMAlb, MIKDOCMPYKIMYpPA CMAil.

M. Oliynyk, Yu. Ozymok

GENERAL OVERVIEW OF FRICTIONAL PROCESSING METHODS FOR CUTTING
TOOLS OF CHOPPING MACHINES

The article presents a classification of equipment for wood shredding, particularly chopping machines, describing
their features along with advantages and disadvantages. The problem is identified and the aim of future research related to the
durability of cutting tools in chopping machines is determined.

Methods of friction processing based on surface rubbing are considered, and ways of surface strengthening of metals
are distinguished, determining the most optimal among them. The conclusions of the conducted research are presented in the
final analysis.

Keywords: chopping machine, durability, mechanical wear, friction processing, blade, counterblade, surface
strengthening, structural steel, steel microstructure.

Problem statement. In the modern world, where humanity constantly seeks new ways to optimize
and facilitate work, the utilization of various resources becomes a key task. One of the most accessible and
widely used resources is wood. By focusing on improving the energy characteristics of wood, significant
benefits can be obtained, especially if energy is extracted from it after certain processing. To ensure a more
efficient use of wood, its small particles can be compacted into briquettes, which is a fairly economical
method. It is important to note that shredded wood, known as wood chips, is also used in the production of
various wood-based materials, such as particleboard, fiberboard, and others.

The main problem addressed in the study was to increase the durability of cutting blades and counter
blades of chopping machines to prevent their mechanical wear.

Task formulation. The aim is to identify an effective method for enhancing the durability of tools
to prevent mechanical wear of their materials.

Presentation of the main material. Chopping machines are used for the shredding of wood into
technological or energy chips as needed. Currently, there are three main types of such machines: disc, drum,
and screw [1]. Table 1 presents some technical characteristics of each of them.

Analyzing Table 1, we can determine the structural features and advantages of each of the presented
types of chopping machines. Disk-type machines are characterized by the lowest motor power, up to a
maximum of 105 kW, have the fewest number of blades (from 1 to 4 pieces), and relatively low productivity
(from 2 to 60 m3/h). Screw-type machines, due to the characteristics of the working element - the screw,
ensure the wood cutting process without impacts, which contributes to the increased service life of parts
[2], however, their productivity is significantly lower (from 5 to 40 m3/h). Drum-type machines have a
simple design and use blades of a simple shape, which facilitates their preparation for work. The use of
high-power motors in drum-type machines is compensated by their high productivity compared to other
types. A detailed classification of drum-type harvesting machines is presented in Figure 1.

Considering the provided classification, it is evident that the range of drum-type harvesting
machines is very diverse. In our case, we have chosen a stationary chopping machines with a cylindrical
drum for conducting research. In this machine, the blades are located inside the drum, and the feed of the
raw material is carried out by a feeding mechanism.

One of the major problems of chopping machines of all types today is the insufficient durability of
the tools [3]. The preparation of the blades and counterblades of chopping machines for operation involves
taking into account large dynamic loads [2] acting on the tools, as well as possible foreign inclusions
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directly in the wood. Therefore, low tool durability of carbon steel, even after hardening, is a significant
issue. Hence, we decided to analyze known methods of steel strengthening today and compare some of
them to determine the most effective. Considering previous research [15] on the strengthening of structural
steels, the simplest and most accessible method is friction processing.

Table 1.
Comparison of characteristics of disc, drum, and screw chopping machines

Machine Type

Disk Drum Augers

Indicators ‘ ].@
Al 1
: -1

. ek r oy
= s

Cutting Tool, pcs. 3...20 Spiral knife
Gravity, Gravity, Mechanical
Feed Type Mechanical Mechanical (self-feeding)
Maximum Log
Diameter, mm 100...300 80...450 160...270
Thickness of 20...80
4...80 5...80
the Cut Layer, mm . . Dependent on the
Adjustable Adjustable screw pitch
Power, kW 8...105 45...325 30...130
Productivity, m*h 2...60 5...100 5...40
‘ Chopping machines |
]
| pDiscs | [ pums | [ Augers |

. Cutting Partability
Electric | mechanism drive /

‘comlIJT:tzgilenginJ ‘ iz | ‘ Mobile ‘ ‘ Sl Tl |
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of the drum to the drum

Drum placement

According to the placement
of knives in the drum

Perpendicular to the Perpendicular to the
Externally Inside the body feeding direction feed direction
By the type of workpiece S
feeding mechanism /
ing- Hydrauli
Mechanical Gravity-fed Sligeaged pETee

Conveyar

Fig.1. Classification of chopping machines
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For better understanding, let's briefly discuss all methods related to frictional friction. According to
source [4], there are four main methods based on friction (Fig. 2).

‘ Applications of Friction-Based Techniques ‘

|
=

- Friction Stir Drilling H

Friction Welding Friction Surfacing

|
Friction Surfacing Deposition Using Consumable Tools
(Reviewed here)

Friction Stir Forming

Friction Stir Surface Modification

Fig. 2. Methods of strengthening based on friction

Friction welding is often used for joining parts made of different metals or with metals of different
chemical structures. For example, this method is applied in the production of spiral drills or end mills, where
the working part is made of high-speed steel and the shank is made of structural steel. Friction drilling is a
suitable method for many products, especially those made of thin-sheet metal. During this process, the
metal is not cut into chips but heated and deformed into a shell shape. This shell, often in the form of a
hollow cylinder, can be used as a base for threading. There is also a method of friction stirring, similar to
friction welding, where different metals are used. In the article "Rapid surface hardening and enhanced
tribological performance of 4140 steel by friction stir processing,” the author [5] indicates that friction
stirring is a kind of offshoot of friction welding, which can also be used to join metals in the solid state.
This process occurs due to significant plastic deformation with subsequent physical mixing of metals. It is
important to note that this method does not involve the non-detachable connection of two materials but
changes the microstructure of their surface layer. Moreover, this method is widely used to improve
plasticity, increase material fatigue resistance, or correct defects in its microstructure.

After conducting classical heat treatment, studies have been carried out on the latest, fourth method
- friction surfacing. Nowadays, a large volume of work is dedicated to the analysis, optimization, and
implementation of friction surfacing methods with various tools on various materials. It is essential to
understand that the analyzed friction surfacing method is divided into two separate sub-methods (see Figure
2): modified surfaces formed by friction mixing (frictional strengthening) and surfaces frictionally surfaced
using consumable materials. Let's consider these two methods separately in more detail.

Describing the friction surfacing method using consumable materials, it is important to mention
patent "GB572789A" [9] as the primary source. In this patent, the method is presented as an alternative to
welding: "In joining steel or hard alloys, iron, aluminum, brass, or other metals, the heat necessary is
produced by friction ..." [9, p. 1]. Recently [10], this method has been developed as a practical industrial
process. It has been applied to obtain various types of coatings distinguished by wear resistance and
resistance to aggressive environments.

Friction surfacing (see Fig. 3) is the process of applying metal from one surface to another by
friction, with both metals being in a solid state. During such processing, a thick layer of fine-grained
structure can be created in the coating. During this procedure, significant thermal energy is generated due
to frictional contact and shear of the rod material inside its structure.

There are successful examples of research on applying metal coatings to a substrate of steel and
aluminum, as well as applying high-speed steels to a substrate of ordinary carbon steel.

During the application of tool steel to a substrate of soft steel, the formation of a strong, uniform,
and efficient coating was observed, which differs from the process of applying aluminum. The latter process
occurred only under significant contact pressure between the surfaces. Regarding the application of coatings
on an aluminum substrate, aluminum melting under the influence of heat generated by friction was noticed.
This surfacing occurred at a spindle rotation speed of 3000 rpm and a constant pressure on the substrate
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surface of 21.8 MPa. This led to the formation of brittle intermetallic compounds at the interface of the

coatings with the substrate.
axial load

consumable rod

coating application

contact area strengthened surface

Fig. 3. Scheme of Frictional Strengthening with Consumable Tools

Further research [10], conducted using X-ray microscopy, confirmed the presence of discrete layers
in the coating structure, which inclined towards the substrate phase at a certain angle. Moreover, the
formation of cracks between these layers was observed, especially near the outer edge of the coating. The
authors [10] note that to obtain a higher quality surface, it is necessary to remove the upper layers of the
coating through mechanical processing. The aforementioned studies were conducted on a milling machine
with a vertical spindle. Before the experiment, the substrate was cleaned, degreased, and placed in a closed
box made of organic glass, with an opening for feeding the consumable rod [10].

Friction strengthening, also known as "high-speed strengthening,” has gained popularity in Eastern
Europe for increasing the surface strength of rollers [13].

The process of friction strengthening is relatively simple (see Fig. 4). It is carried out on a milling
machine with a vertically arranged spindle. A workpiece is placed on the table and fixed with clamps or
clamps on the working surface of the table. An indenter, which is a metal rod with a hardness of 62-63
HRC, is fixed on the spindle through a collet. Strengthening occurs at an indenter rotation speed of V¢ =
50-80 m/s, with a constant pressure on the workpiece of Fn = 40-60 kg, while the table of the machine
performs the feed movement.

FH

Indentor rotation |
speed n

Friction
strengthening zone

Fig. 4. Schematic diagram of friction strengthening

Yes, cementation and classical heat treatment processes are key for enhancing the tribological
properties of steels with different carbon contents. For steels with low carbon content, cementation, where
steel is artificially enriched with carbon, is often used. In the case of high carbon content, classical heat
treatment is applied to increase strength. This process involves heating the steel with open flame and rapidly
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guenching it in a specific medium, resulting in a finer structure and increased strength. Following this, a
normalization process is conducted, which includes reheating the material to relieve stress and eliminate
brittleness. This technological process is quite complex and requires significant energy resources due to its
multi-step approach.

Comparing classical thermal treatment of steel with frictional strengthening, it can be noted that
frictional strengthening usually takes place over a shorter period and involves fewer technological
operations. Classical thermal treatment requires a sequence of operations such as heating, cooling,
normalization, and others, which can be time-consuming and energy-intensive. In contrast, frictional
strengthening occurs by processing the material surface using friction from the tool, resulting in
strengthening without significant heating and cooling. Therefore, frictional strengthening can be a faster
and more efficient option for certain applications.

In their study, the authors [5] conducted an analysis of strengthening medium carbon steel AISI
4140 (Ukrainian equivalent - steel 40X®A) using frictional surface strengthening. They investigated the
impact of this process on the characteristics of mechanical wear during reciprocating sliding under dry and
liquid friction conditions. According to the results obtained, frictional strengthening provided a similar level
of hardness compared to classical thermal treatment, but a decrease in contact interaction of bodies, friction
processes, and wear was observed. It was noted that to carry out this process, the energy required for
processing was reduced by only 10%, without the need for subsequent steel normalization.

The study used flat test samples of AISI 4140 steel with a thickness of 6.5 mm, which were pre-
annealed before testing. Other test samples with the same parameters and material were hardened using the
traditional method followed by water quenching. The surface hardness of the material strengthened by
frictional processing was 7.8 GPa (62 HRC), whereas during classical thermal treatment (with water
guenching), the ultimate strength was 7.5 GPa (61 HRC).

Further microstructural analysis conducted by the authors [5] confirmed that both in classical
thermal treatment and frictional strengthening, a martensitic structure is formed. Despite the fact that the
signs of wear for surfaces processed by both frictional and conventional methods were approximately the
same, the wear of the surfaces processed by the frictional method decreased by almost half. These improved
tribological properties can be explained by the finer grain in the metal structure combined with the
formation of martensite. Thus, an intermediate conclusion can be drawn that frictional strengthening of
medium carbon steel is an effective, energy-saving, and environmentally friendly alternative to traditional
hardening methods.

The studies conducted by the authors [14] aimed to apply frictional strengthening to high carbon
steel AISI 1080 (Ukrainian equivalents - steel 75, steel 80, steel 85) to improve its surface properties. In
this research, a tool made of a refractory tungsten alloy was used, with a rotation frequency of n = 1000
rpm, compression force F = 5 kN, and feed rate v = 15 mm/s. Additionally, to prevent oxidation of the
processed layer, an argon shield was applied.

Similarly to the previous example of medium carbon steel strengthening, during frictional
strengthening of high carbon steel, transformation of the initial pearlite microstructure into martensite was
observed, resulting in increased surface hardness. This increase in hardness affected the friction and wear
efficiency of the material, evaluated through dry and liquid sliding. The tests were conducted on a
commercial pin-on-disc tribometer using a "ball-flat" contact configuration. The objects of the study were
flat samples of AISI 1080 steel with dimensions (LxWxH) - 25x25x10 mm, previously untreated [14].

During dry sliding friction, observations [14] showed that the friction coefficient decreased by
approximately 25%, and the wear rate compared to the analogous material hardened by conventional means
decreased by an order of magnitude. Regarding liquid friction (lubricated sliding), frictional strengthening
had a minor effect on friction, but the wear rate decreased by a factor of 4. The improvement in
characteristics during the contact interaction of materials is explained by the lower plasticity of the material
during sliding contact.

For our future research object, which is the cutting pair, the frictional strengthening method appears
to be the most suitable. This method demonstrates high effectiveness in increasing the metal's resistance to
wear, which is a critical aspect for the efficient operation of the cutting pair in a chopping machine.
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Conclusions:

1. Literature analysis regarding the classification of chopping machines, the toughness of their cutting
tools, and various frictional processing methods is crucial for understanding the fundamental principles and
potential applications of these methods. Identifying frictional processing methods used for surface
strengthening indicates the need to search for optimal methods to enhance the properties of cutting tools.

2. Animportant distinction between frictional strengthening and friction surfacing has been identified
- the absence of material adhesion of the tool to the substrate in frictional strengthening. This may be
considered a drawback, as adhesion can result in better bonding and more uniform deposition of material
onto the substrate in friction surfacing. Based on this, we can conclude the advantages and disadvantages
of each of these processes and determine which suits our specific situation better.

3. The possibility of using friction surfacing to improve wear resistance has been established. This
means that utilizing friction surfacing can increase the material's resistance to wear, which is a crucial factor
for many applications where materials undergo mechanical or thermal wear.

4. Frictional strengthening involves instantaneous heating of the workpiece metal through friction, as
well as similarly instantaneous cooling due to heat dissipation. This process allows for strengthening the
material by rapid heating and cooling, promoting the formation of stronger structures within the material
and improving its mechanical properties.

5. The choice of frictional strengthening method for strengthening the working surfaces of blades can
be justified by its ability to increase the strength, hardness, and wear resistance of the material. This method
allows for locally heating the blade surface through friction and rapidly cooling it, resulting in the formation
of a martensitic structure, which ensures enhanced strength. Additionally, frictional strengthening can
reduce abrasive wear and increase the blade's service life, making it an effective and durable tool for cutting
applications.
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Jlyybrutl HayioHabHULL MEeXHIYHUL YHIgepcumem

OTPUMAHHS TEKCTHJIBHOI'O BOJIOKHA 3 XBOI 3A JJOMOMOI'OIO MAIIIWHUA JIJIs
M’ATTA 3 I'TAPABJIYHUM ITIPUTUCKAHHAM

Jlosedeno doyinvnicms 3acmocysanns onepayii m’amms 013 iHmencuikayii ompumanns meKkcCmuibHo2o 60J10KHA 3
X601 coCHU 36UuAiiHOI ma PO3POOIeHO NPUNYUNOBY CXEMY MAWUHY Ol M AMMA 3 2i0PAGIIYHUM NPUMUCKAHHAM.
Knruoei cnosa: mexcmuibHe 80I0KHO, X805, M Ammsi, 2i0pAGIiuHe NPUMUCKAHHSL.

O. Herasymchuk, O. Tkachuk,V. Puts, A. Okhremov

OBTAINING TEXTILE FIBER FROM PINE NEEDLES USING CRUSHING MACHINE WITH
HYDRAULIC PRESSURE

The feasibility of using the crushing operation to intensify the process of obtaining textile fiber from ordinary pine
needles has been proven, and a principal scheme of a crushing machine with hydraulic pressure has been developed.
Keywords: textile fiber, needles, crushing, hydraulic pressure.

I[MocTanoBka mpodaeMu. Y CydacHOMY CBITi, JI¢ CTAIHI PO3BUTOK Ta €KOJIOTIYHA BiAMOBIJAEHICTh
CTaIOTh BCE O1IBIT BAKITMBUMH, IHHOBAITIHHI MIIXOIU A0 BUPOOHUIITBA MaTEPiaIiB 3 IPUPOIHUX PECYPCIB
HaOyBalOTh OCOOJIMBOTO 3HA4YeHHS. TEKCTHIIbHI BOJIOKHA, IO OTPHMAaHI 3 XBOi, IPEACTABIIOTH COOOIO
IbTEpHATHUBY TPAAULIHHUM HATYpaJbHUM TEKCTHIHHUM BOJIOKHaM. CHpOBHHA AJs1 BUPOOHHUIITBA TAKUX
BOJIOKOH € TIOOIYHMM HPOIYKTOM, IO OTPHUMYETHCS MiJ Yac MpOBEACHHS pyOOK pi3HMX BHIIB, Ta, Ha
CHOTOHI, YACTO YTHIII3Y€EThCS MUITXOM CIATIOBAHHS a00 3aJTUIIAETHCS HA MICISIX PYOOK, 3aXapaniyroun
JICOBI TUISTHKY Ta i ABUIYIOYH MTOKEKHY HEOE3IeKy.

HatypanbHi TeKCTHIBHI BOJIOKHA 3 XBOI MAIOTh 3HAYHUN €KOJIOTTYHUM T4 EKOHOMIYHUN MOTEHIIIa.
Konnenmis ix Bupoouunrsa «Forest Wool/Pine needle fiber» oTpumana mixkaapoaHy naropoay Green
Product Award, sikoro 3 2013 poKy BiZi3HA4arOThCS TATCKOIIISAIHI KOHICIIIIT, BIACYTHI HAa PUHKY IPOIYKTIB
Ta nocayr [1].

[IpoTte, Ha chOroAHi BiACYTHI €KOHOMIYHO Ta EKOJOTIYHO e()EeKTHUBHI TEXHOJOTii OTpUMaHHS
HATypaJIbHOTO TEKCTHJILHOTO BOJIOKHA 3 XBO1, SIKI MOXKYTh 3aCTOCOBYBATHCS B IPOMHUCIOBUX MaciiTadax,
a TOMy po3p0o0Ka TaKUX TEXHOJOT1H Ta 00MagHaHHs IUIs X peanizamii € MepCHeKTUBHOIO 3aauelo.

AHaJi3 ocTaHHIX JOCTiMKeHb i myOsaikamiil. XBos Ha CHOTO/HI ITMPOKO BHKOPHCTOBYETHCS B
PI3HUX Taly3sx: MeIuIMHI, KocMerosorii [2, 3], mms orpumanus Oiomammsa [4, 5, 6], memonosu Ta
HaHOIET0103H [7, 8] To1mo. BUpoGHHIITBO HATYpAIbHUX TEKCTUIBHIUX BOJOKOH («JTiCOBOI BOBHI») 3 XBOI
BizioMo nocuth AaBHO [8, 9]. V CIIIA 3anareHTOBaHa TEXHOJIOTiS BAPOOHUIITBA XBOWHOT'O BOJIOKHA, SIKA HE
OTPHMAaJIH IPOMHUCIIOBOTO 3acToCyBaHHs [9].

Jnst BimmijieHHS XBOi BiA TiJIOK KPOHHM 3aCTOCOBYIOTHCSA Pi3HI CHOCOOHM, IO IPYHTYIOThCS Ha
MEXaHIYHOMY, ITHEBMOMEXaHIYHOMY, EJIEKTPOTiApaBliYHOMY, BHCOKOYaCTOTHOMY, KpiOT€HHOMY
npunanmmi 1ii [10]. 3anponoHoBaHuii TakoK MTHEBMOTEPMIYHUI CIIOCIO OTPUMaHHS XBOI, 10 Mependavyae
BUKOPUCTAHHS MOOUILHOI YCTaHOBKM I i1 BIJJIIJICHHS, SIKA MICTUTh CYIIHJIBHY KaMepy, CUCTEMY
MHEBMOTpPAHCIOPTYBaHHs, 30ipHuK xBoi [10, 11].

s oTpuMaHHs HaTYpajJbHOTO TEKCTHJIFHOTO BOJIOKHA 3 XBOi MOXHA 3aCTOCOBYBAaTH O10JIOTiUHI,
MeXaHi4Hi, XiMiuHi crocodu Ta ix moemnanHs [12-16]. Biosoriudi cnocoOu BKIIOYAOTh BUKOPUCTAHHS
(bepMeHTIB Al pO3KIafaHHsS JIrHIHY Ta iHmMX pedoBuH [8]. MexaHidyHi crnocoOM BKIIOYAIOTh
BUKOPHUCTAHHS HPOIECiB M’ ATTs a0 mttoreHHs [12]. XiMiuHi criocoOu BKIIIOYAI0Th 00pOOKY pO3UnHAMHE
KUCJIOT a0 JIyTiB, J03BOJISIOTH PO3LICTTUTH KOMIIOHEHTH, 110 YTPUMYIOTh BosiokHa [13]. 3anpomnoHoBana
TEXHOJIOTISl BUAUICHHS TEKCTWJILHOT'O BOJIOKHA 3 XBOI HUISXOM ii TepMidyHOT 0OpOOKH 3a TeMrepaTypu
100°C tpuBaunictio 40 xB. B po3uuHi HaTpito rigpokcuay (NaOH) 3 konuenrpariero 70 r/x [13].

[Tomryk mepcneKTUBHHX HANPSMKIB i1HTEHCU(]IKALil OTPUMaHHS HATypallbHOTO TEKCTHIILHOTO
BOJIOKHA 3 XBOT TPHBAE 1 € aKTYaJIbHOIO 33/1a4€lO0.

IMocTanoBka 3aBaanb. Ha ocHOBI aHami3y HasBHUX TEXHOJIOTiH OTpHMaHHS XBOWHOTO BOJOKHA
OOTPYHTYBATH TOLUIBHICTH 3aCTOCYBAaHHS ONepaLlii M’ ATTS Ta PO3POOHTH PHHIUIIOBY CXEMY MAIIUHHU IS
M’SITTS 3 TiApaBIiYHUM IPUTUCKAHHSIM IS 320€3MeUeHHs CTaIoro 3yCHILIs IPUTUCKAHHS TIPH M’ SITTi.
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BukJiiajieHHsI 0OCHOBHOTO MaTepiajay. XBosi COCHU MICTHTh TPH IIapH: emigepMic, Me30(ij Ta IMyIKH
npoBiAHKX TKaHuH. Emigepmic 3axuiae TMCTOK BiJl 30BHIMIHIX BIUIMBIB. BiH MiCTUTB 30BHI KyTUKYIY, sIKa
BKpUTa BOCKOM. [IpOHMKHEHHS! aKTUBHHMX PO3YMHIB uUepe3 IIap emifepmicy mig dac oOpoOku XBOi A
OTpUMaHHS BOJIOKHA € Mpo0JeMaTUYHMM 1 TOTpeOye MONepeaHbOro HOro pyiHyBaHHs. B emigepmici €
cromu (TIPOIUXH), Yepe3 SKi 3MiHCHIOETHCS Ta3000MiH i3 30BHIITHIM cepenoBuineM. Came yepe3 CTOMH Ha
MEepUIMX eTanax XiMiuHoi OOpOOKM XBOi BiIOYBa€ThCS MPOHMKHEHHs aKTHBHUX PO3UMHIB. PylHYBaHHS
emiIepMiCy MEXaHIYHUM IDIIXOM MOXE 3HAYHO MPUIIBUIIUTH BWIIJICHHS BOJOKHA 3 XBOi, TaK SIK
30UIBIIATHLCS TIOBEPXHS KOHTAKTY aKTUBHOTO PO3YMHY 3 PEUOBHHAMH, 1110 CKPITUTIOIOTH BOJOKHA B XBOT, a
OTXe MPUILIBUAMINTHCS X BUAAJICHHS.

PyiinyBaHHS HIapy emnijiepMicy MEXaHiYHHM HUITXOM MOXKHA peai3yBaTH 3a JOTIOMOTOI0 M’ SITTs 200
worieHHs [12]. ThnromieHHsT XBOT peasi3yeThCsl HUIIIXOM i MPOMYCKaHHS MiXK TJIQJAKAMH BajlaMd ITi[|
BEITMKHUM THCKOM. BHACIiIOK IUTIOIEHHS 301IbITY€ETHCS TUIOIIA XBOi B TUIOIIHHI ii TIOJ[avi 1 3SMEHIITYIOTHCS
il po3mipH B epHeHAUKYIApHiN miomuHi. [llap emigepmicy Takoxk cTa€ TOHIIMM Ta TPiCKAE MapaelbHO
JI0 HaIpSMKY T0Jadi XBOi, a OTKE MOKPAIILY€EThCSI AOCTYIl aKTHBHOTO PO3YMHY 32 HACTYITHOI XiMiYHOT
00po0OKH.

M’aTTs peami3yeTbcsi LUIIXOM HPOMYyCKaHHS XBOi MK pudueHumu Banamu. [lpu upomy
BiJIOYBA€ThCS HE JIMIIIE TUTIOLICHHS XBOI, ajie i 11 sruHanns. [llap emimepmicy Tpickae sk mapaieibHO J0
HampsIMKy TOJadi XBOI, TaK 1 y IJIOUIMHI, IO MPOXOIUTh 4epe3 oci BayiB. Tak sK Mg 4ac M’ STTS
MEXaHIYHUI BIWB Ha MIap emijepMicy 1 Woro pyiHyBaHHS BiOyBaeThCs OiNbII aKTUBHO, TO HACTYITHI
JOCITIKEHHSI IPOBOIMITUCS HAMH 3 BAKOPUCTAHHSM IIPOIIECIB M’ SITTSL.

JUJist OL[IHKHU TEPCIIEKTUBHUX CMOCO0IB OTPUMaHHS TEKCTUIIBHOTO BOJIOKHA 3 XBOI, 3aCTOCOBYBAIIN
CIIOCOOM MEXaHIYHOTO, XIMIYHOT BIUIMBY Ta iX MOE€AHAHHASA. XiMIYHUH CIIOCIO peaTi30ByBaH 3a TEXHOJIOTIIO
[13]. Oriaky pe3yabTaTiB BIUTUBY Ta OTPUMAHOTO BOJIOKHA 3IHCHIOBAIM OPraHOACNTHYHO. J[Jist OIliHKK
MIKpOCTPYKTYpH XBOi Ta BOJIOKHA 3acTOCOBYBaM nudpoBuii Mikpockon Levenhuk (DXT 90), mo mae
MakcuManbHe 30utbeHHs 300 kpat. OOpoOKy oTpuMaHux (oTorpadiii MiKpOCTPYKTYPH XBOI Ta BOJIOKHA
peamizoByBanu y nporpami MicroCapture Plus. PesynbraTu mocnimkeHHs HaBeeHi B a0 1.

Tabn. 1.

Ouinka XBoi Ta BOJIOKHA, 110 00p00JieHe M’ SITTSIM, XiMiYHUM €IOCOO0M Ta iX MOETHAHHIM
Crioci6 300pakeHHsI XBOi Ta BOJIOKHA B MIKPOCKOIT OpraHojenTu4Ha OIliHKa
[Tap eTizepMicy

3pyHHOBaHUI.
CrocrepiraroTbCsi CBITIII
JTIOBT1 TIyYKH TIPOBITHUX
TKaHWH, 3 SKHX MOXKHa
OTpUMAaTH BOJIOKHO.
IIpocTip Mik BOJIOKHAMH
3aIMOBHEHUH PEUOBUHOIO,
0 Ma€ pi3HiI BIATIHKH
3eJIEHOTO KOJIbOPY.

M’arta

CrocrepirarotbCsi  IOBTI
MTy4YKH KOMILJIEKCHUX
BOJIOKOH, $SIKi CKpiIUieHi
MK CO0O0I0 3aJHIIKAMHU
CMOJI Ta 1HIIUX PEUYOBHH.
Komnip Bonokna temHHH,
II0 MOX€ BKa3yBaTH Ha
pecopOItito MUX PEYOBUH
y BOJOKHO IiJg dac
00po0OKwH.

XiMiuHa 00poOKa
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CrocrepirarotbCsi  IOBTI
ITyYKH KOMIUIEKCHHX
BOJIOKOH. [ToBepxns
BOJIOKOH HEPIBHOMIpHA,
Ha HIill HasSBHI BHCTYIIH,
YTBOPEHI  3aJMIIKAMH

, .
M SATTS L CMOJI T4 1HIIUX PEYOBUH.
1CHs XIMIYHOI Komip BosokHa TeMHUIA.
00poOKH

Croctepiratotbcst  J0BT1
ITyYKH KOMIUIEKCHHX
BOJIOKOH. IToBepxHst
BOJIOKOH HEPIBHOMIpHA,
JesIKi OUISHKH TIaaKi, Ha
IHITAX HAasBHI BHUCTYITH
€JIEMEHTaPHUX BOJIOKOH.
Komip BOJIOKHA
BapilOETHCS BiJ] CBITIOTO
JI0 TEMHOTO, IO MOXe
BKa3yBaTW Ha pi3HUI
BMICT y HOMY JOMIIIOK.

XimiuHa  0OpoOKa
MICIISL M’ SITTS

Ha ocHoBi aHanizy Tabmn. 1 MokHa 3pOOMTH BUCHOBOK, IIIO 3aCTOCYBaHHS M’ ATTS MEpel XiMidyHOIO
00p0o0KOI0 € eheKTUBHUM CIIOCOOOM IiBUIICHHS SKOCTI OTPMMAHOI'O BOJIOKHA.

Baki1uBOIO BUMOTOIO 110 Omepallii M’ATTsA XBOI € 3a0e3MeUeHHs CTajJoro 3yCHJUIs, SKe, 3 OIHiel
CTOPOHHU, TIOBHHHE OyTH JOCTAaTHIM Ul PYHHYBaHHS IIapy €IifepMicy, 3 iHIIOi — He TOIIKOPKYBaTH Ta
He pyHHYBaTH BOJIOKHA.

Jyis 3a0e3neyeHHs CTajIoro 3yCHUIUIsl IPUTUCKAHHS MK PUQICHHIMHU BaJlaMH ITPUCTPOFO JUIS M’ SITTS
JIOLIJIBHO 3aCTOCOBYBATH TiIPABIIiYHI CHCTEMH, SKi B JAHOMY BHUIMAJKy MAlOTh PsiJi BAXKJIMBUX MEpeBar y
MOPIBHIHHI 3 MEXaHIYHUMHU:

1. TigpaBmidHi CUCTEMH MOXKYTh HIATPUMYBATH IMOCTIHHE 3yCHIIS MPUTHUCKAHHS HE3aJICKHO Bifl
30BHIIIHIX yMOB (TOBHIIMHM XBOi). BOHM MeHII CXWIbHI A0 3MiH y 3yCHUN uepe3 BiOparii ado
TeMIIepaTypHi KOJIMBaHHs, 10 3a0e3mnedye Oibl cTabibHy poOoTY.

2. I'igpaBiiydi CUCTEMH MOXYTh CTBOPIOBATH 3HAYHO OLIBIII 3yCHUJUIS HOPIBHAHO 3 MEXaHIYHHUMH
MPUCTPOSMHU 3a MEHIIUX rabaputiB. Lle poOUTh iX eeKTUBHUMH JJIs BEIMKUX HAaBaHTa)XCHb Ta 00CATIB
pobotu.

3. 3ycumis TPUTHCKAHHS B TiAPaBIiYHMX CHCTEMaX MOXKHA JIETKO 1 TOYHO pEryJIOBaTH 3a
JIOTIOMOTOFO TiAPaBIIYHUX IPUCTPOIB.

4. T'igpaBiiyHi CUCTEMHM JIETKO IHTETPYIOTHCS 3 aBTOMATH30BAHMMH CHCTEMaMH YIPaBIIHHS, IO
JI03BOJISIE KEPYBAaTH HUMH JUCTAHLIMHO Ta MiABUIIYE 3arajibHy €eKTHBHICTh BUPOOHUYMX MPOLECIB.

[TpuHIUIIOBa cXeMa MAIIIUHM JIJIsl M’ SITTS. XBOI 3 TiIPaBIiYHAM MPUTHCKAHHIM HaBejeHa Ha puc. 1.
[lap xBoi momaeThest Mk pudieHnMy Bajamu 1 ta 2 B 30Hy M’ sTTs. Ban 1 oOepraerncs Bin Asuryna /[2
Yyepes MacoBy nepegady. 3a noTpeOr 3HN3UTH IBUAKICTH 00EPTaHHS MOKIIMBE 3aCTOCYBAHHS 101aTKOBOTO
penykTopa. Banm 2 BCTaHOBIIGHHMI B BaJbHHIMX IUIATQPOPMHU, IO MPUTHUCKAETHCS TiAPOIMIIHAPAMU
onHOCTOpPOHHBOI aii /[ Ta []2. Came 3a paxyHOK LUX TiAPOUMIIHIAIB CTBOPIOETHCS MOCTIHHE 3YCHILISA
MPUTHCKAHHS B 30HI M SATTS XBOI.
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Hamip y cucrtemi TigponpuBOAYy CTBOPIOETHCS HACOCHOIO CTAHITIEI0, OCHOBHUMHU CKJIQJOBHMH
YaCTHHAMU 5IKOi € MBUTYH /{1, Hacoc H, 3ano0ixuuii knanan K7/, manomeTp M, rifpaBniuauii 0ak b, 110
BUKOHAaHI B €IMHOMY Kopmyci. PianHa Bijg Hacoca mogaeThes MO HAMipHIHM JiHil, SKa pO3radyXyeThCs Ha
JIBI TUTKH 0 KOXKHOTO T1IPOIMIiHApA.

: RN — — — — — — — e
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Puc. 1. IpuHIUIOBA CXeMa MAIIMHM JJIsl M SITTA XBOI 3 IApaBIiYHMM NPATHCKAHHAM

Ha kokxHOMYy po3sramyXeHHiI BCTAHOBJEHMH 3BOpOTHiH kmamaHn K/ ta K2 BiamosigHO, w©IO
MPOMYCKAaIOTh PiIMHY JIUILE BiJ Hacoca A0 TiAPOLMIIHAPA 1 HE MPOIYCKAIOTh B 3BOPOTHOMY HAIpsMKY.
J1 miATpUMKH HEOOX1AHOIO TUCKY B TOPOKHUHAX Tiapourtinapis {1 Ta []2, 1m0 3a0e3neuyoTh HOTPiOHE
3yCHJUIL M SITTS, BUKOPHCTOBYIOTBCS peryiboBaHi kinanmanu Tucky K711 Tta KII2. Ilpm mnepeBuIneHHI
BCTaHOBJICHOT'O 3HAYCHHSI THCKY B MOPOKHUHAX TiApounmiHapiB [/ abo /{2 BianoBiAHUN HamipHUN KJlanaH
KII1 abo KII2 BinKpuBa€ThCs 1 HAIJIMIIKOBA PiiMHA 3JIMBAETHCS B TiapaBiaiuHuil 0ak b.

Marmuna 115t M’STTS XBOT MOKE MaTH pi3HE KOHCTPYKTUBHE BUKOHAHHSI. BiIpi3HATHCS TaKoXK MOXKe
crocid miATpUMaHHS CTaJIOro TUCKY B CUCTEMI TiIpONpPUBOLY, a OTXKe 1 Halip TipaBiIiuHUX anaparis.

BucHoBku. B cTarTi BUKOHaHO aHalli3 HassBHUX TEXHOJIOTiM OTPUMAaHHS TEKCTHIBHOI'O BOJIOKHA 3
XBOT COCHH 3BUYAMHOI 3 OTJIATY Ha SAKICTh OTPUMAHOTO BOJIOKHA. 3a pe3yibTaTaMHi BUKOHAHOTO aHAJI3Y i3
3aCTOCYBaHHAIM MIKPOCTPYKTYPHHX JOCIIIKEHb XBOI Ta BOJIOKHA JTOBEJCHO AOLIIBHICTH 3aCTOCYBaHHS
orepauii M’SITTS Ans iHTeHcH]iKamii OTpUMaHHS TEKCTUIBHOTO BOJIOKHA 3 XBO1 COCHM 3BHUaiiHOi. J[is
peanmizamii omepariii M’STTS PO3pPOOJICHO MPHHIHUIIOBY CXEMY MAIIWHH IS M’SITTA 3 TiApaBIiuHAM
MPUTUCKAHHAM, 110 3a0e3meuye crane 3yCUIIsl IPUTUCKaHHS MK puduieHnMy Banamu. OOrpyHTYBaHHS
napamMeTpiB MamMHA Uil M STTS Ta PeXUMiB i poOoTh moTpedye MOAaibIIMX TEOPETUYHUX Ta
EKCTIEPUMEHTAITLHUX JIOCIIJIKCHb.
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MEXAHIYHI BJIACTUBOCTI BIOKOMIIO3UTHUX MATEPIAJIIB HA OCHOBI
ENOKCUIIOJIMEPHOI MATPHUIII

Busnaueno mesxcy miynocmi npu cmucHenni enoKCUKOMROZUMHUX Mamepianie, AKi HANOGHEHI NOPOUIKOM OePeEHO20
oopowna abo xkpoxmanem. Busnaueno egpexmugnicmov 3acmocysanmns nopouwiKy 0epeeHoz0 060pouwiHa Ons opmyeanns
ENOKCUKOMRO3UMmi8, W0 3a0e3neuyc eunyi 3HaUeHHi Melci MIYUHOCMI nPpu CIMUCHEHHT NOPIGHANHO 3 MIYHICIMIO NPU CIMUCHEHHI
CNOKCUKOMRO3UMIG 3 6MICOM KpPOXMaiio. Y 6UNAOKY GUKOPUCMAHHA KPOXMAJIO 6i00y8acmuvca nidsuujennsa aozeiinoi
MiYyHOCMI enOKCUKOMRO3UMié NOPIGHAHO 3 HeHanoeHeHumu enoxkcunonimepamu. Ilidsuwenns aocesiinoi miynocmi
KOMNOHEHMI8 enOKCUKOMNO3UMHO20 Mamepiany 8i00yeacmuvca 3a ONMUMANBLHOZ0 6MICHY KPOXMANIO 6 eNOKCUNONiMepHiil
Mampuyi ma U3HAYAECMbCA A02E3IHHUM XAPAKMEPOM PYIHYBAHHS K1€H08020 3’ €OHAHHA eNOKCUKOMRO3UMHO20 Mamepiay
3 nogepxuero cyocmpamy.

Kniouogi cnosa: opeaniunuii HAnogHI08ay, ao02esis; MiyYHICMb, MEepoiCmb, HANPYIUCEHHsL, NOPUCIICIb, NOKPUMMSL,

cmpykmypa.
O. Klymovets, V. Kashytskyi

MECHANICAL PROPERTIES OF BIOCOMPOSITE MATERIALS BASED ON
EPOXYPOLYMER MATRIX

The compressive strength limit of epoxy composite materials filled with wood flour powder or starch was determined.
The effectiveness of the use of wood flour powder for the formation of epoxy composites was determined. The addition of wood
flour powder provides higher compressive strength values of epoxy composites compared to the compressive strength of epoxy
composites containing starch. In the case of using starch, the adhesive strength of epoxy composites increases compared to
unfilled epoxy polymers. An increase in the adhesive strength of the components of the epoxy composite material occurs with
the optimal content of starch in the epoxy polymer matrix. The optimal content of the filler is determined by the adhesive nature
of the destruction of the adhesive connection of the epoxy composite material with the surface of the substrate.

Key words: organic filler; adhesion; strength; hardness; tension; porosity; coating; structure.

Formulation of the problem. Classic polymer composite materials consist of a synthetic polymer
matrix and also contain dispersed, fibrous or sheet fillers. Fillers are divided according to their chemical
composition into mineral, metal, polymer. In some cases, fillers are of natural origin (linen, cotton, paper).
The optimal combination of mechanical properties of the polymer matrix and fillers made it possible to
obtain a wide range of polymer composite materials that are widely used in various industries. The
production of polymer composite products involves the use of technologies that have a harmful effect on
the environment. Polymer composite products require disposal at the final stage of operation. Disposal
consists in the processing of materials using recycling technologies or safe destruction with the formation
of environmentally safe components. In the case of falling into landfills, polymer composite materials can
be stored for a long time without destruction or can be destroyed with the release of harmful substances.
Therefore, the use of polymer composite materials based on components of synthetic origin should be
limited considering their dangerous impact on the environment, which requires a detailed analysis. This
contributes to the development of new and promising directions for the creation of materials with the partial
use of synthetic materials. At the same time, it is enough to replace fibrous synthetic fillers with natural
components, which are able to provide satisfactory mechanical characteristics of the biocomposite product.
This requires conducting theoretical and experimental studies to determine the nature of the interaction of
components, which ensures a controlled process of forming the structure of biocomposite materials. As a
result, biocomposite products with a complex of controlled mechanical and operational properties are
obtained. Therefore, biocomposite materials and products based on them have the prospect of replacing
classic polymer composite materials containing synthetic components with components of natural origin at
the expense of.

Analysis of recent research and publications. Classic polymer composite materials have a
synthetic polymer matrix and usually contain fibers of synthetic origin (carbon fibers, glass fibers, aramid
fibers). Such materials have many advantages compared to unfilled polymers, which include higher
mechanical characteristics and specific performance properties that each component does not have
separately. The basis of polymer composite materials is a polymer matrix, which connects the particles or
fibers of the filler and perceives and transmits the external load. As matrices, classic polymers based on
thermoplastics (polyolefins, polyurethanes, polyesters, polyetheramides, polyvinyl alcohol) [1] and
thermosets (epoxy, polyester, phenol-formaldehyde resins) are used. Thermosets have a highly cross-linked
structure of polymers, which is formed under the influence of heat, pressure or light irradiation. Therefore,
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this structure provides the thermosetting polymer with high mechanical characteristics (flexibility, strength
and elasticity) [2, 3].

Due to the use of synthetic components, polymer composite materials have high weather resistance,
resistance to chemicals and microorganisms. On the one hand, this increases the resource of their operation,
but there are problems with their disposal after partial or complete destruction of polymer composite
products. The main problem is the accumulation of such materials in the event that plastic products end up
in a landfill. This leads over time to an increase in the area of such landfills, since polymer composite
materials are stable and can remain in a landfill for hundreds or thousands of years [4]. At the same time,
their slow destruction leads to the formation of toxic substances that are quite harmful to the environment,
as well as human health.

This problem can be solved by replacing the synthetic filler with natural dispersed particles or fibers.
The authors [5] use carbamide-formaldehyde resin to manufacture helmets based on bamboo fibers. The
resistance of the biocomposite product to the influence of atmospheric factors, the strength in conditions of
high or low temperature and the resistance to the influence of water of this biocomposite material increases
as a result of the penetration of urea formaldehyde resin into the pores of bamboo fibers and the formation
of chemical bonds between the resin and the filler. In addition, the crystallinity of the modified bamboo
decreases from 36.72% to 34.09%, which improves the impact resistance of the biocomposite helmet.

The authors of [6, 7] developed polymer composite materials based on an epoxy matrix using fillers
of natural origin (starch, discrete fibers of flax and technical hemp). It was established that the optimal
starch content for massive epoxy composite products is 70 wt. parts. This provides an increase in the limit
of compressive strength and impact toughness, which is associated with a compact arrangement of filler
particles in the epoxy polymer binder and the formation of additional chemical bonds between functional
groups of macromolecules of epoxy resin and active groups on the surface of the particles. Introduction to
the composition of discrete flax fibers in the amount of 30 wt. of parts provides an increase in compressive
strength by 18% compared to the content of 20 wt. parts This is due to the formation of a homogeneous
structure due to the ability of the fibers to be evenly distributed in the epoxy polymer matrix compared to
the fibers of technical hemp, which are more rigid and form agglomerates with an oriented arrangement of
fibers.

However, the main drawback of such polymer composites is the lack of complete
biodegradability [8]. A simple solution to this problem is to replace classic synthetic polymers with
biodegradable ones [9]. The prospect of higher economic attractiveness in the future of completely
biological composites has appeared as a result of improving the properties of biologically based polymers.
At the same time, the active use of biological polymers based on raw materials from renewable sources is
not always advisable, especially in the short term. If biopolymer analogues are more expensive or their
properties are worse, then it is better to use a resin made from a mixture of synthetic and biochemical
substances. For example, the impact strength of petroleum-based epoxy resins can be significantly
improved by mixing with epoxidized vegetable oils [10].

The use of natural fillers as reinforcing elements is limited due to their tendency to absorb water.
This is due to the high content of cellulose, which has hydrophilic properties by nature. A decrease in
mechanical characteristics and a change in the size of biocomposites occurs as a result of intensive water
absorption. This leads to the appearance of microcracks in the biopolymer matrix and at the fiber-polymer
interface [11-13].

The high hydrophilicity of natural fibers determines their tendency to absorb moisture from the
environment. This can be a problem for many types of thermosetting resin systems because moisture acts
as an inhibitor to the hardener in the structuring process of the thermosetting polymers. Residual moisture
in the natural fiber can lead to the destruction of chemical bonds at the fiber-matrix interface, which leads
to the formation of a composite structure with lower mechanical characteristics. This requires the operation
of drying natural fillers [14] in the technological process of forming biocomposite products based on
thermoset polymer matrices of synthetic origin [15].

Setting tasks. Determination of the compressive strength limit and adhesive strength of epoxy resin
materials filled with finely dispersed powder of wood flour or starch.

Presentation of the main material. Epoxy composite samples were formed by pouring the
composition into molds of a certain size. Dosing of components was carried out by the weight method
according to the calculated content of the filler per 100 mass parts of the epoxy polymer binder. Mixing of
the components of the composition was carried out using a mechanical method with a low speed of rotation
of the blades in order to avoid heating the mixture. The compressive strength was determined according to
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the ASTM D695 method "Compression testing of rigid plastics" on samples with a height of 15 mm and a
diameter of 10 mm. The adhesive strength was determined by breaking the adhesive joint in the end part
of cylindrical rods with a conical projection for self-centering. Heat treatment was carried out in a stepwise
manner in order to reduce residual stresses in the epoxy composite material: 1 hour at a temperature of
70°C, 1 hour at a temperature of 100°C and 4 hours at a temperature of 140°C.

The compressive strength of epoxy polymer materials without filler is 74.7 MPa (Fig. 1). The
compressive strength is reduced by 40-42% when 5-15 parts by weight of starch are added compared to
unfilled epoxy polymer. This is due to the use of a filler that has a lower hardness compared to the hardness
of the epoxy polymer. Starch particles are deformed under the influence of compression load, which leads
to deformation and destruction of the epoxy polymer matrix. This is due to the growth of the specific load
on the epoxy polymer matrix in the zone of interphase interaction of the components. In case of introduction
of 20-60 parts by weight of filler, the strength limit of epoxy composites gradually decreases from 24.6
MPa to 14 MPa, which is 67-81% less compared to unfilled epoxy composites. The decrease in this
characteristic is explained by the increase in the starch content, which, with the same binder content, causes
a decrease in the wall thickness of the epoxy polymer matrix. This causes an increase in the specific load
on the areas of the epoxy polymer matrix, which leads to their destruction.

100 -

Gy, MPa

—{—Wood flour
-=:O-+- Starch

0 10 20 30 40 50 60 g, parts by wei

Fig. 1. The dependence of the compressive strength limit of biocomposites on the content of
wood flour and starch in the epoxy polymer matrix

Epoxy composite materials containing particles of wood flour similarly resist compressive loading
compared to epoxy composites filled with starch. The strength limit of epoxy composites decreases
uniformly in the range from 61.4 MPa to 54.8 MPa in the case of the introduction of 5-20 parts by weight
of wood flour particles compared to unfilled epoxy polymer. Such a decrease in characteristics by 18-26%
is due to the use of a filler whose hardness and compressive strength are lower compared to the mechanical
characteristics of epoxy polymers. The introduction of a filler in the amount of 30-60 parts by weight leads
to a further decrease by 31-81% of the compressive strength of epoxy composites compared to epoxy
polymer. A sharp decrease in this characteristic of epoxy composites containing wood flour particles is due
to the formation of a heterogeneous structure compared to epoxy composites filled with starch. The sizes
of starch particles are smaller, and their surface energy is lower compared to wood flour particles.
Therefore, starch particles are compactly located and evenly distributed in the epoxy polymer matrix.

Strength compressed limit by 27-30% in the filling range of 5-15 parts by weight and by 47-56% in
the filling range of 20-50 parts by weight epoxy composite materials filled with wood flour is higher. Higher
compressive strength values of epoxy composites containing wood flour particles are due to the larger size
of wood flour particles compared to starch particles. This provides a higher resistance of wood flour
particles to the action of static load, which determines the higher strength of the walls of the epoxy polymer
matrix. The difference in compressive strength decreases with increasing filler content, as the starch content
in the epoxy polymer parts by weight matrix increases. Such epoxy composites with a high content of starch
are not able to resist the compressive load, because the thin wall of the epoxy polymer matrix is rapidly
destroyed. The strength limit of epoxy composites filled with wood flour and starch is the same and is 14.3
MPa at a higher filler content (60 parts by weight). This is due to the excess content of the filler, which is
poorly wetted by the epoxy polymer binder. As a result, the amount of physical and chemical bonds formed
is insufficient, which leads to a decrease in the ability of epoxy composites to resist static loads.
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The adhesive strength of epoxy polymers without fillers is 24.3 MPa. A decrease in adhesive strength
by 12-14% occurs when 5-10 parts by weight of wood flour particles are added compared to unfilled epoxy
polymer (Fig. 2). This is due to the use of filler, which acts as a stress concentrator due to the irregular
shape of the particles. This leads to the appearance of cracks and their instantaneous propagation in the
zone of interphase interaction of the components. The adhesive strength of epoxy composites is sharply
reduced by 40-54% in the case of the introduction of wood flour particles in the amount of 20-50 parts by
weight compared to epoxy polymer. A further decrease in adhesive strength is associated with an increase
in the filler content in the epoxy polymer matrix. An increase in the concentration of filler particles leads
to an increase in the number of stress concentrators and an increase in the probability of crack initiation.
The adhesive strength decreases to the lowest value (4 MPa) at the critical content of the filler (60 parts by
weight), which indicates the impracticality of further research at a higher content of the filler.
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Fig. 2. The dependence of the adhesive strength of biocomposites on the content of wood flour
and starch in the epoxy polymer matrix

The introduction of starch in the amount of 5-15 parts by weight allows to increase the adhesive
strength of epoxy composites compared to epoxy polymer. The introduction of filler in the amount of 20-
50 parts by weight leads to a 28-30% increase in the adhesive strength of epoxy composites compared to
epoxy polymer, which is due to the compact arrangement of starch particles in the polymer matrix. Starch
particles have the correct rounded shape, which ensures the formation of a homogeneous structure. An
additional increase in the adhesive strength of the epoxy composite material occurs due to the formation of
physical and chemical bonds between the active groups of the components. The adhesive strength of epoxy
composites decreases by 24% with an increase in the starch content up to 60 parts by weight compared to
the maximum values of adhesive strength of epoxy composites with an optimal filler content in the range
of 20-50 parts by weight. A further increase in the starch content leads to the formation of a defective
structure, since the wetting of the particles is complicated due to an insufficient amount of epoxy polymer
binder.

The destruction of the adhesive seam, which is the investigated epoxy composite material, occurs as
a result of stretching under the influence of normal stresses. The end surface of the steel rod is completely
covered (Fig. 3, a) with an epoxy composite material containing starch particles in the amount of 30 parts
by weight.

The part of the epoxy composite coating (silver color) was found on the end surface (Fig. 3, b) of the
metal rod (brown color). The appearance of a brown color on the surface of the metal rod is due to the
presence of a copper coating, which was applied as a result of the electrolytic deposition of copper ions in
order to create contrast. The presence of an epoxy composite coating on one part of the metal rod and its
absence on the other surface indicates the destruction of the adhesive seam at the interface "epoxy
composite coating-metal surface of the rod". This indicates that the adhesion strength between the epoxy
composite coating and the metal surface of the rod is lower than the adhesion strength between the starch
particles and the epoxy polymer matrix. This is an additional fact that there is an increase in the adhesive
strength of epoxy composites with a starch content of 30 parts by weight.

After the destruction of an epoxy composite adhesive joint (silver color) with a starch content of 60
parts by weight under the influence of normal stresses, the presence of an epoxy composite coating on two
metal surfaces of the rods was revealed (Fig. 4).
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As a result of visual analysis, it can be argued that the epoxy composite coating (silver color)
occupies a larger surface area compared to the surface area of the metal rod (brown color). This indicates
the cohesive nature of the failure of the epoxy composite material, since the adhesion between the metal
surface of the rod and the epoxy composite material is higher than the adhesive strength between the starch
particles and the epoxy polymer matrix.

a) b)
Fig. 3. The appearance of the surfaces of the adhesive joint after the destruction of the layer
of epoxy composite material with a content of 30 parts by weight of starch

Therefore, the increased content of starch in the epoxy composite leads to a decrease in the adhesive
strength of the material due to a decrease in the number of physical and chemical bonds between the
components in the epoxy composite system and an increase in porosity.

a)
Fig. 4. The appearance of the surfaces of the adhesive joint after the destruction of the layer
of epoxy composite material with a content of 60 parts by weight of starch

Conclusions and prospects for further research. The compressive strength of epoxy composite
materials filled with wood flour particles is higher by 27-56% compared to epoxy composite materials
filled with starch. This is due to the higher cohesive strength of wood flour particles compared to starch
particles. In addition, wood flour particles have larger sizes, which determines their higher resistance to
deformation under the influence of static load. At the same time, the higher strength of wood flour particles
increases the resistance of the epoxy polymer matrix to deformation and destruction.

The introduction of starch powder in the optimal amount (20-50 parts by weight) into the
composition of the epoxy composite material provides a 28-30% increase in adhesive strength compared
to unfilled epoxy polymer. This is due to the formation of a homogeneous structure of the epoxy composite
material, in which the filler particles are able to be placed evenly due to the correct shape and low
coefficient of friction. Higher strength is provided by the formation of physical and chemical bonds between
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the active groups of the components of the epoxy composite material, which is determined by the nature of
the destruction of the adhesive joint. The destruction occurs at the interface between the metal surface of
the substrate and the epoxy composite material at the optimal starch content, which indicates a higher
adhesive strength between the starch particles and the epoxy polymer matrix.

In the future, it is planned to determine the mechanical characteristics and nature of structuring of
epoxy composite materials containing particles of different chemical and granulometric composition.
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MOJIEJTIOBAHHS BTOMHOI JOBI'OBIYHOCTI CTAJII QSTE340TM 3A
CTAJTIOAMILIITYAHOT'O HABAHTA’KEHHSA METOJAMU MAIIMHHOI'O HABYAHHSA

Y cmammi 3mooenvosano emomuy ooezogiunicme cmani QSTE340TM 3a cmanoamniimyonozo HagaHmayicenns
Memooamu MAWUHHO20 Haguanns 3 yuumenem. Mooentosannus 30ilcHEeHO MemMOOOM GUNAOKOBUX JliCi6, Oepee npuiltHAmmsA
piwens ma memooom onoprnux eekmopie. Ompumano 3anexicnocmi POZHO3Z06AHUX MA PEAIbHUX 008HCUH MPIUUHU O1A
yompubox Koegivicnmie acumempii yuxny nasanmarxcenna R=0,1;0,3;0,5;0,7. Ompumano 3anemncHocmi npocno306anux ma
EKCHEePUMEHMAIbHUX 006)ICUH MPIUUNU a 8I0 KinbKocmi yuxnie Hasanmasyxcennn N. Buseneno, wio naikpawi pesynomamu
nOKa3anu mMemoo 6UnAOKoeuUX nicie ma 0epeea nPUIHAMmMA piuieHs.

Knwuogi cnoea: mawunne nasyanus, 6MoMHa 008208i4HICMb, UNAOKOSI Jlicy, Oepesa NPUiHAMMSA piuieHb, Memoo
ONOPHUX BEKMOPIB.

O. P. Yasniy, M. P. Holubovskyi

MODELLING OF QSTE340TM STEEL LIFETIME UNDER CONSTANT AMPLITUDE
LOADING BY EMPLOYING MACHINE LEARNING METHODS

In the article, there was modelled the fatigue life of QSTE340TM steel under constant-amplitude loading using
supervised methods of machine learning. Modeling was carried out by the method of random forests, decision trees and the
method of support vectors. Dependencies of predicted and actual crack length were obtained for four stress ratio R=0.1; 0.3;
0.5; 0.7. There were built the dependences of the predicted and experimental crack length a on the number of load cycles N. It
was found that the best results were shown by random forests method and decision trees.

Keywords: machine learning, fatigue lifetime, random forest, decision trees, support vector machines.

ITocTanoBka mpo6JemMH. MeToau IMTYIHOTO I1HTEIEKTY IIHPOKO 3aCTOCOBYIOTH Yy OaraThox
rayry3sx HayKH i TEXHIKH, a TAKOXK Y MMOBCAKICHHOMY KUTTI. [1iTMHOXUHOIO MHOXHHH METOJIIB IITYYHOTO
1HTEJIeKTY € METOAM MAIIMHHOTO HaBYaHHS. [laHi METOAM 3aCTOCOBYIOTH Y raiy3i MEXaHiKH pPyHHYBaHH,
Jie Ha X OCHOBI OyAyIOTh BUCOKOTOYHI IPOTHOCTHUYHI MOJEITI.

AHani3 ocTaHHix aocjimxkenn i myOsikamiii. 3agadi MexaHiKM pyWHYBaHHS MOXKHA YCITIIITHO
PO3B’s3yBaTU BHILE3raJaHUMH METOJaMH. 30KpeMa, HUMH MOJAECIIOIOTH CTPUOKOMOAIOHY MOB3YUiCTh
amoMiHieBux cruiaBiB [1], ixmi miarpamm nedopmysanns [2] Ta BrOMHOrO pyitHyBanHs [3]. s
PO3B’sI3yBaHHS IIUX 33]1a9 KOPUCTYIOTBCSI METOJIAMH MAITUHHOTO HABYAHHS 3 YUUTEIICM.

[HocTranoBka 3aBaanusi. Mera naHoi poOOTH - 3MOAETIOBATH BTOMHY JOBIOBIYHICTH CTali
QSTE340TM 3a crajoaMIuliTyJHOIO HABAaHTAKEHHS 3 PI3HUMH Koe]ilieHTaMH acUMeTpii MKy
HaBaHTa)KEHHS METOJAaMH MallMHHOTO HABYaHHS 3 YYUTENIEM, CKOPUCTABIIMCh BIIKPUTHUM ITyOIIYHO
JOCTYITHUM HaOOpOM eKCIIepUMEHTaIbHUX JAHUX.

BukJiaieHHsl 0CHOBHOT0 MaTepiaJy.

3pa3ku BUTOTOBJCHO 3 IiacTMHU aBTOoMOOUIbHOI ctami QSTE340TM rtoBmuHOKO 2,5 MM.
MexaHiuHi BIaCTHBOCTI OTPHMAHO MUISXOM BHIPOOYBaHb Ha po3Tar. Moayns npyxHocti E = 194 T'Tla,
Meska TeKydocTi oy = 365 MIla, meska MirtHocTi 6B = 482 MIIa [4]. Kommnakthuii 3pa3ok Ha po3tsr (CT)
BUTOTOBJIEHO BimoBiaHo 10 ctanaapty ASTM E647 [5]. Ximiunuit cknan crani QSTE340TM naBeneHo
y Tabnuii 1.

Tabn. 1.
Ximiunnii ckaan craai QSTE340TM

C Si Mn P S Al Nb Ti

0,12% 0,50% 1,3% 0,03% 0,03% [ 0,015% | 0,09% 0,22%

HaGip nanux [6] MicTUTB 3a1€:KHOCTI TOBXKHHY TPIIIUHY & BiJl KUTBKOCTI IIMKJIiB HaBaHTaXeHHs N

TUTSL 9OTUPHOX aCHMETPIiN ITUKITy HaBaHTaKeHH:, a came, R = 0,1; 0,3; 0,51 0,7 3a cranoi amrmiitynu (CA).
Bubipku mis KOKHOI acHMeTpii MUKy HaBaHTAKCHHS PO3IUIMIM Ha JBI HEPiBHI YaCTHHU -
HaBYallbHY Ta TecToBy. TecToBi Bubipku mictuia 20% ekcriepuMeHTAIBHUX JaHUX JIJIS [ICBHOT aCHMETPii.
HaBuanpHi BuOipku HaTOMICTh cKiaganacs 3 pemtd 80% maHuX, OTPUMaHUX 32 HABAaHTAXKEHHS CTaJoOl
aMInIiTYIi. Mojieni TpeHyBalli Ha HaBYaIbHIN BHOIPIIl, TOMI SK TECTOBHX BHOIPOK BOHHU He Oaurun. Ha
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BXIiJ KO>KHOT MOJIE/Il IOJIaBaJIM JIB1 3MiHHI - KiIBKICTh [IMKIIB HaBaHTaKeHHS N Ta KoedillieHT acuMeTpii
MKy HaBaHTaXeHHA R. Ha BuUXoIi oTpuMyBanu JOBXHHY TPIIIMHMA &. MOJETIOBaHHS 3IIHCHIOBAIH
TPbOMa METOJIJaMU MAITMHHOTO HABYaHHS 3 YUUTEJIEM - BUIIQJAKOBUMU Jicamu [7], nepeBaMu NPUAHSATTS
pimrens [8] Ta MeTomom omopuux BekTopiB [9]. KoskeH i3 HaBeaeHNX BHIIIE METOMIB M03BOJISIE €(PEKTHBHO
po3B’s3yBaTH c(hopMyIHEOBaHy 3a1ady perpecii.

VY pe3ynbTaTri AOCHIIKEHHS OTPUMAHO 3aJIE)KHOCTI MPOTHO30BAaHMX Ta PeaIbHUX 3HAYCHb IS
JMOBKMHM TPIINIMHA @ 3a CTAJ0aMIUTITyJHOTO HABaHTAKEHHS [UIS YCIX YOTHPHOX JOCHIIKYBaHUX
KOeiIi€HTIB aCUMETpii IUKITy HaBaHTaKCHHSI.

Ha pucynky | mogaHo 3aleXHOCTI pealbHMX Ta NPOTHO30BAaHMX JOBXKHMHU TPILIMHU a 32
CTaJIOAMILUTITYAHOTO HaBaHTa)XKEHHs Ta KoedilieHTa acUMeTpii HuKIly HaBaHTaxeHHs R = 0,1, orpumani
METOIOM BHITQIKOBUX JIICIB (), IepeBaMy IPUHHATTS pilieHsb (0), Ta METOJJOM ONOPHUX BEKTOPIB (B).
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a) 6) B)
Puc. 1. 3ane:xxHocTi pealbHHUX Ta MPOTrHO30BAHUX NOBKMH TPIIMHM 3 32 CTAJOAMILIITYAHOT O
HABAHTa)KeHHs Ta KoedimieHTa acuMeTpii HUKIYy HaBaHTa)keHHs R = 0,1, oTpuMani MmeToa0oM
BUNAIKOBHX JIiCiB (), 1epeBaMH NPUHHATTS pimeHsb (0), Ta MeTOI0M ONMOPHUX BEKTOPIB (B)

Sk BUAHO 3 pUCYHKY 1, MPOTHO30BaHI 3HAYCHHS, OTPUMAaHI BUIIAIKOBUMH JIiICAMHU Ta JCPECBAMHU
MPUAHATTS PillIeHb TOCUTH OJM3bKI IO pealIbHIX EKCIIEPUMEHTAIbHUX AaHUX. TpoxXu Tipiie cede mokaszas
y IOMY BHIIQJAKY METOJ OTIOPHHUX BEKTOPIB, 110 IOMITHO 3 pHc. 1 B.

Ha pucynky 2 HaBemeHO 3ajeHOCTI peajbHHX Ta IPOTHO30BAHUX JOBKHH TPIIIUHH a 32
CTaJIOAMILIITYAHOTO HaBaHTa)KEHHs Ta KoedilieHTa acuMeTpii nukiay HaBaHTaxkeHHa R = 0,3, oxgeprkani
METOJIOM BHITaJIKOBHX JIiCiB (a), JepeBaMU MPUHHATTA pillieHs (0), Ta METOOM OMOPHUX BEKTOPIB (B).
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Puc. 2. 3ane:xxHocTi pealbHHUX Ta MPOTrHO30BAHUX NOBKMH TPIIMHM 3 32 CTAJTOAMILIITYAHOT O
HABAHTa)KeHHs Ta KoedimieHTa acuMeTpii HUKIY HaBaHTa)keHHs R = 0,3, oTpuMani MmeTog0oM
BUNAIKOBHX JIiCiB (a), 1epeBaMH NPUHHATTS pimeHsb (0), Ta MeTOI0M ONMOPHUX BEKTOPIB (B)

Sk 1 y momepeaHhOMY BHITAIKy, TOMITHO, IO HaWKpaml pe3yiabTaTH OTPUMAHO METOIOM
BUMA/IKOBUX JIICiB Ta AepeBaMU MPUNAHSITTS PillieHb, TOAI SIK METO/ ONMOPHHUX BEKTOPIB MOKAa3aB AEIIO ripiii
pe3yabTaTH.

© O. I1. Acniu, M. I1. I'onybo6cvkuti


https://www.zotero.org/google-docs/?JwweXC
https://www.zotero.org/google-docs/?cjpa0O
https://www.zotero.org/google-docs/?T3QJmc

Mioceysiecokuii 30ipuux «HAYKOBI HOTATKHy. Jlyyvk, 2024, Ne77

133

Ha pucynky 3 HaBemeHO 3ajeXHOCTI peaqbHHX Ta MPOTHO30BAHUX JOBXKHH TPIITUHH a 3a
CTaJIOAMILTITYAHOTO HaBaHTa)KEHHs Ta KoedillieHTa acuMeTpii MKy HaBaHTaxkeHHA R = 0,5, ogepkani
METOJIOM BHITJIKOBHX JIiCiB (a), JepeBaMU MPUHHATTA pilieHs (0), Ta METOOM OMOPHUX BEKTOPIB (B).
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Puc. 3. 3anexHocTi peajJbLHUX Ta MPOrHO30BAHMX JOBKHH TPIIUHY A 32 CTAJIOAMILIITYTHOT O
HABAHTa)KeHHA Ta KoedimieHTa acuMeTpii uukiay HaBaHTaxkeHHs: R = 0,5, orpumani MeTogom
BUIIAIKOBHX JIiCiB (a), JepeBaMH NPUHHATTS pilleHb (0), Ta METOA0M ONOPHUX BEKTOPIB (B)

v ObOMY BUIIAJIKY HaﬁKpa]lIi PE3YJIbTAaTH MOKa3aB MCTO/] BUITAIKOBUX J'IiCiB, MEHIII TOYHi - ACpeBa

NPURAHSTTS pillleHb, a Ha TPETHOMY MiCIli OIMHUBCSA METOJI OIIOPHHUX BEKTOPIB.

Ha pucynky 4 HaBemeHO 3aJeXHOCTI peaqbHHX Ta IMPOTHO30BAHUX JOBKWH TPIIUHU a 3a
CTaI0aMIUTITYJTHOTO HABaHTAXXEHHS Ta KoedilieHTa acuMeTpii HuKiIy HaBaHTaxeHHs R = 0,7, otpumani
METOAOM BHIIaIKOBHX JIICiB (), JepeBaMy IPUHHATTS pimeHs (0), Ta METOJOM OOPHUX BEKTOPIB (B)
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Puc. 4. 3ane:xxHocTi pealbHHX Ta MPOTrHO30BAHUX NOBKMH TPIIMHM 3 32 CTAJOAMILIITYAHOT O
HABAHTAKeHHA Ta KoedimieHTa acuMeTpii uukiIy HaBpaHTaxkeHHs: R = 0,7, orpumaHi MeTogoM
BUIIAIKOBHX JIiCiB (), JepeBaMH NPUHHATTSA pilleHb (0), Ta METOA0M ONOPHUX BEKTOPIB (B)

Sk i y momepeHixX BUMAAKax, HAUTIPIIKI pe3ysbTaT MOKa3aB METO OMOPHHUX BEKTOPIB, TOAL SIK
nepuie i Apyre Micus po3AUTHIN BUMIAAKOBI JIICH Ta IepeBa MPUHHATTS PillICHb.

Takox oTpuMaHO 3aJ€KHOCTI JOBXKHHH TPIIIMHK & BiJ KUTHKOCTI IUKIIIB HaBaHTaKEHHS N s
KOXXHOT'O 3 YOTHPHOX JAOCHIIKCHUX KOe(DIli€HTIB aCUMETpPil LUKy HaBaHTa)KCHHSI.

Ha puc. 5. HaBeneHo peanbHi Ta po3paxyHKOBI 3aJI€KHOCTI JOBXHHHU TPILIMHH & BiA KUTBKOCTI
LHUKJIiB HaBaHTaxeHHs N 11 koedilieHTa acUMETpil HUKIy HaBaHTakeHHS R = 0,1, orpumani MeToa0oM
BUTIAJIKOBUX JIICIB (), IepeBaMu PUHHSATTS pilieHb (0) Ta METOIOM OITOPHHUX BEKTOPI (B).

Sk BHOHO 3 pHC. 5, METOA BHUMAJKOBHX JICIB Ta AepeBa NPUHHATTS pilleHb AOCHTH I00pe
OIMCYIOTh 3aJIE)KHOCTI JIOBKUHH TPILIMHHU Bil KUTBKOCTI IIMKJIiB HABAHTaKEHHA. MEHIIl TOUHI pe3yJbTaTu
JOCSTHYTO METOZIOM OTIOPHUX BEKTOPIB.
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Puc. 5. 3ane:xxHocTi peajibHOI Ta IPOTHO30BAHOI JOBKUHYI TPILIMHM A Bil KITBKOCTI HUKJIIB
HaBaHTa:keHHs1 N 17151 koedinieHTa acuMeTpii HuKIy HaBaHTaxeHHs R = 0,1, orpumaHi MeTogoM
BUIIAIKOBHX JIiCiB (a), JepeBaMu NPUHHATTS pilleHsb (0) Ta METO0M ONIOPHUX BeKTOPi (B)

Ha puc. 6. HaBegeHO eKcHepUMEHTaIbHI Ta MPOTHO30BaHI 3aJIeKHOCTI TOBKUHM TPIIIMHYU & Bif
KUTBKOCTI IUKIIB HaBaHTaxeHHs N U1 koedilieHTa acuMeTpii LMKy HaBaHTaxkeHHs R = 0,3, onepxani
METOJOM BHITaIKOBHX JICIB (@), AepeBaMu MPUHHATTS PilIeHb (0) Ta METOIOM OTIOPHUX BEKTOPI (B).
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Puc. 6. 3anexHocTi peaJbHOI Ta MPOrHO30BAHOI TOBKUHU TPIIIUHU A Bil KiJIbKOCTi IUKJIiB
HaBaHTa:keHHs N 1151 KoedinienTa acumeTpii uukiay HaBantaxkenHs R = 0,3, orpumani MmeTogom
BUIIA/IKOBHX JIiCiB (a), JepeBaMu NPUHHATTS pilleHsb (0) Ta METO0M ONIOPHUX BeKTOPi (B)

Sk 1 B monepeiHFOMY BUIIAJIKy, METOJ BUITAJKOBHX JICIB Ta JepeBa MPUHHSITTS pillleHb JOCUTD
TOYHO OIMUCYIOTh 3aJICKHOCTI MOBXWHHU TPIIIMHM BiJ KUTBKOCTI ITWKIIIB HaBaHTAXEHHS. Tpoxu Tipmri
pe3yNIbTaTH MOKa3aB METO/ ONOPHUX BEKTOPIB.

Ha puc. 7. 300pakeH0 eKcriepuMeHTaNbHI Ta MPOrHO30BaHi 3aI€KHOCTI JOBXHHU TPILIMHU & Bif
KiTbKOCTI LMKIiB HaBaHTaxkeHHsI N a7 KoedilieHTa acuMeTpii UMKy HaBaHTaxeHHS R = 0,5, otpumani
METO/IOM BHITaJIKOBHX JIICiB (a), JepeBaMu MPUHHATTA pilieHb (0) Ta METOAOM OMOPHUX BEKTOPI (B).

Hns xoedinienTa acuMeTpii UKIY HaBaHTaxeHHA R = 0,5 mMeTon BHNaIKOBHX JiCiB Ta IepeBa
HOPUAHATTS PillIeHb JOCHUTH TOYHO OIMUCYIOThH 3aJIE)KHOCTI AOBXKHMHHU TPIIIMHHU & BiA KITBKOCTI LUKIIB
HaBantaxeHHs: N. Tpoxu ripii pe3ylibTaTu JOCSITHYTO METOJIOM OITOPHHUX BEKTOPIB.

Ha puc. 8 mogaHo 3ajiexHOCTI pealibHi Ta nepeadaydeHi JOBKUHU TPIIIUHN @ BiJf KUTBKOCTI IIUKJIIB
HaBaHTaxkeHHs N mns koedimieHTa acuMeTpii MKy HaBaHTakeHHS R = 0,7, oOuuciieHi MeTooM
BUTIAJIKOBUX JICiB (), IepeBaMu IPUHHSATTS pilieHb (0) Ta METOOM OITOPHUX BEKTOPI (B).

Sk y BCIX MOMNEpeHIX BUITAIKaX, METOJ BUITAIKOBUX JICIB Ta JAepeBa MPUUHATTS PIllIEHb JOCUTh
TOYHO ONHCYIOTh 3aJISKHOCTI JIOBXKHMHH TPIIIUHHU & BiJ| KUTBKOCTI UKIiB HaBaHTakeHHs N. Tpoxwu riprri
pe3yabTaTH MOKa3aB METOAOM OIIOPHUX BEKTOPIB.

VY tabnuii 2 moJjaHo OTpUMaHi cepeTHLOKBaJPATHYHY Ta CEPEIHIO a0CONIOTHY TTOXUOKH, a TAKOXK
cepeHe aOCOIOTHE BiIXMJICHHS Ta TOYHICTh, PO3PaXx0BaHi Pi3HUMH METOaMH MAIIMHHOTO HAaBYAHHS JUIs
YCiX YOTUPHOX JOCIIKYBaHUX KOe(Dilli€eHTIB acCHMeTpii IUKITy HABaHTaKECHHSI.
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Tabn. 2.
3Ha4YeHHsA MOXHUOOK MO/ETIOBAHHS
M MeTo/1 BUTIAJIKOBHX JIiCIB JlepeBa NpUHAHSTTS pillicHb MeTo/1 OIIOpHHX BEKTOPIB
er—
pyKa
R=0.1 |R=0.3 |R=0.5 |R=0.7 |R=0.1 [R=0.3 |R=0.5 [R=0.7 |R=0.1 |R=0.3 |R=0.5 |R=0.7
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Puc. 7. 3ane:xxHocTi peajibHOI Ta IPOTHO30BAHOI JOBKUHY TPILIMHM A Bil KITBKOCTI HUKJIIB
HaBaHTaxkeHHs1 N 17151 koedinieHTa acuMeTpii HUKIY HaBaHTaxeHHs R = 0,5, oTrpumaHi MeTogomM
BUNAIKOBHX JIiCiB (a), JepeBaMu NPUHHATTS pimeHsb (0) Ta METO0M ONIOPHUX BeKTOPi (B)

Sk BUAHO 3 TAOIUII 2, HAMBHIILY TOYHICTh JJIs YCIX KOe(DIIi€HTIB aCUMETPIl [IMKITy HABaHTAKCHHS,
KOTpa CTaHOBUTH BHILE 99,65 %, MOCATHYTO METOJOM BUITAJIKOBUX JICIB, HA IPYTrOMY MICIli BUSBUIIHCS
JepeBa MPUIHATTA pilleHb 3 TOYHICTIO HE MeHmon 99.5%, memio ripmii pe3yiabTaTd MOKa3aB METOJ

OTIOPHUX BEKTOPIB.

BucHoBok. MeTonamMu MalIMHHOTO HaBYaHHS 3MOAEILOBAHO BTOMHY JOBIOBIYHICTH CTalji
STE340TM 3a craqoaMIuliTyJHOIO HAaBaHTa)KCHHA METOAAMU MAIIMHHOTO HABYAaHHS 3 YYHTEJEM.
MojenoBaHHs 31 ICHEHO METOJIOM BUIIAJIKOBHX IICIB, JCPEB MPUHHATTS PIllICHbh Ta METOJOM OTIOPHUX
BEKTOpiB. OTpUMaHO 3aJE€KHOCTI MPOTHO30BAaHMX Ta PEATbHUX MAOBXKHUH TPILMHA UISI YOTPUBOX
koedinieHTiB acuMeTpii nukiy HaBaHTaxkeHHs: R=0,1;0,3;0,5;0,7.
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Puc. 8. 3ane:xxHocTi peajibHOI Ta NPOTHO30BAHOI JOBKUHYI TPILIMHM A Bil KITBKOCTI HUKJIIB

HaBaHTa:keHHs1 N 17151 koedinieHTa acuMeTpii HUKIy HaBaHTaxeHHs R = 0,7, orpuMaHi MeTog0oM

BHUIIAIKOBHX JIiCiB (a), lepeBaMu NPUHHATTS pilieHs (0) Ta METO0M ONIOPHUX BEKTOPIB (B)

OTpuMaHO 3aJIeKHOCTI MTPOTHO30BAHUX Ta CKCIIEPUMCHTAIBHHUX JOBXHH TPINTUHHU Bif KITHKOCTI

[MKJTIB HAaBaHTAKEHHS. BUABICHO, M0 HaWKpamlli pe3ylbTaTH IOKAa3ajld BWIIAIKOBI JICH Ta JepeBa
MPUHHATTS PillIeHb, JEIIO TipIlie MPOSBUB ce0e METOJ| ONMOPHUX BEKTOPIB. 30KpeMa, TOUHICTh METOIY
BUTIAJIKOBUX JICIB cKiIanae Bumie 99,6% uis ycix Koe(ilieHTiB aCUMeTpii KTy HABAHTaKEHHS. 3arajioMm,
METO/IM MAllIMHHOTO HABYaHHS CIIY’KaTh MOTYKHUM Ta 0araTtooOIIsIF0unM METOJIOM PO3B;SI3yBaHHS 3324
MEXaHiKH.
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B.C. Ma3sypok, B.I1. Kamuubkuii
Jhyyvkuti HayionanbHull MexHiYHUL YHigepcumem

ONTUMI3BALIA CKJIAILY TA TEXHOJIOI'TI ®OPMYBAHHSA BIOKOMIIO3UTHOI'O
MATEPIAJIY 3 BMICTOM HAITIOBHIOBAYIB POCJIMHHOI'O HOXO/I’KEHH S

Busnaueno mesxcy miynocmi diokomnozumnux mamepianie, AKi HANOGHEHI YACMUHKAMU 0epPEBHO20 DOpouwiHa ma
noopionenumu cmeonamMu 3epPHOGUX KYlAbmyp 6 KOMNIEKCHOMY CRiggionouwienni. Bcmanoeneno onmumanvnuili ckiad
HANOBHI0B8AUIE NPUPOOHO20 NOXOOHCEHHS, W40 003601UN0 OMPUMAMU DIOKOMNOZUMHI Mamepianu 3 6UCOKOI0 MIYHICHIO npU
cmuchnenni. Buznaueno egpexmuenicmo nposedenns nonepeonboi mepmiuHor 00pooKu Komno3uyii, w0 3a6e3neuye 6udaieHn
60102u 6 onmuUMAnbHil Kinbkocmi. DopmysanHus 0GiOKOMNO3UMHO20 Mamepiany 3 6UCOKOI) WAILHICMIO 00CAAECMbCA 6
pe3ynomami KOMRAKMHOZ0 PO3MAULYBAHHAM KOMHOHeHmié 6 Oiononimepuiit mampuuyi. /locniddceno eniue 000amKoeoi
mepmiunoi 00podKu Ha MiYHICMb NPU CMUCHEHHI, WO BU3HAUAE HCOPCMKICING 2IIOMUHO60T Mampuyi ma eaacmuynicms
noopioneHux cmeoden 3epHOGUX KYIAbmyp.

Knwwuoei cnosa: 6Giononimepui komnosumu, oepegrne O0OpoutHo; noopioHeni cmebaa,; mepmiuHa 00podKa; npecysaHHs,;
MiyHICMb, nopucmicmy, XIMIUHI 36 S3KU; a02e3is; CMpYKmypd.

V. Mazurok, V. Kashytskyi

OPTIMIZATION OF THE COMPOSITION AND FORMING TECHNOLOGY OF
BIOCOMPOSITE MATERIAL WITH A CONTENT OF FILLERS OF PLANT ORIGIN

The compressive strength limit of biocomposite materials filled with wood flour particles and chopped stalks of grain
crops in a complex ratio was determined. The optimal composition of fillers of natural origin has been established. This made
it possible to obtain biocomposite materials with high compressive strength. The effectiveness of the preliminary heat treatment
of the composition, which ensures the removal of moisture in the optimal amount, has been determined. The formation of a
biocomposite material with high density is achieved as a result of the compact arrangement of components in the biopolymer
matrix. The influence of additional heat treatment on compressive strength, which determines the stiffness of the glutinous
matrix and the elasticity of the chopped stalks of cereal crops, was investigated.

Key words: biopolymer composites; wood flour; chopped stalks; heat treatment; pressing; strength; porosity, chemical
bonds; adhesion; structure.

Formulation of the problem. The widespread use of a new class of polymer composite materials
containing natural components is due to the high environmental friendliness of such materials and the
developed raw material base. In the case of using natural binders and fillers, the harmful impact on the
ecosystem is reduced sharply compared to synthetic components of polymer composite materials. This is
due to the biocompatibility of the components, which do not impair environmental safety and do not pollute
the environment during the manufacturing process of the products. In addition, under the influence of
atmospheric factors, harmful substances are not formed during the destruction of biocomposite products.
The raw material base for obtaining finely dispersed powders or fibers for the production of biocomposite
products is replenished with a large amount of organic waste, which is generated as a result of the production
of products in the textile, food, furniture and agricultural industries. Natural materials differ little in
chemical composition, structure, and properties, so they do not require the development of a separate
technological process for the preparation of fillers for mixing with the polymer matrix. This makes the
process of waste processing easier and ensures the unification of the technological processes of preparing
components for the formation of biocomposite products. However, it is necessary to take into account the
morphological composition and physical and mechanical properties of natural fillers, which affects the
technology and development of the technological process of forming biocomposite products. The structure
of biocomposite materials is formed depending on the nature of the filler and the presence of active groups
on its surface, as well as the ability to interact with the polymer matrix. This determines the physical and
mechanical and operational properties of biocomposite products, the scope of which expands depending on
the functional purpose.

The most common fillers are finely dispersed fillers, which are obtained as a result of processing all
possible types of raw materials of plant origin. This makes it possible to make the technological process of
forming products easier, but it is difficult to ensure an increase in the resistance of biocomposites to the
influence of dynamic loads. This is achieved by using fibrous fillers, but at the same time, the technological
process of product formation is complicated. Solving the problem is possible in the case of using fillers in
the form of short fibers, which allows to simplify the technological process and obtain high values of
mechanical characteristics. The relevance of the work is determined by the need to determine the optimal
ratio between the content of fine particles and discrete fibers, which requires research into the processes of
structuring and interphase interaction of components of natural origin.
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Analysis of recent research and publications. In the forming process of biocomposite materials, a
scheme of combining components is used [1, 2]. The components are polymer synthetic matrix and fillers
of plant origin. This approach is beneficial for modern society to reduce dependence on synthetic materials
[3]. Biocomposite materials differ from polymer composite materials by the type of filler, which is mainly
plant fibers [4, 5]. Developments in the direction of creating biocomposite materials are primarily
determined by environmental needs. A feature of biocomposite materials is the presence of components of
natural origin. Under the influence of microorganisms and atmospheric factors, they disintegrate into
separate components, which are completely safe [6]. The use of eco-safe components reduces harmful
effects during the production of biocomposite products, which increases safety and occupational hygiene
[7]. In this case, enterprises do not need to install complex and expensive ventilation systems and treatment
facilities. In most cases, the use of natural fibers provides higher environmental friendliness compared to
synthetic fibers (glass fiber, aramid fiber, carbon fiber) due to the reduction of carbon dioxide emissions
and the consumption of less energy during production [8].

In addition, there are requirements for the economical use of materials based on non-renewable
sources of raw materials due to limited oil and mineral substances. Their number in the earth's crust is
constantly decreasing, as renewal takes place over thousands of years. Therefore, their use is not
commensurate with the duration of recovery. Components of biocomposite materials can be obtained from
food, wood processing, and agricultural waste [9]. On the one hand, waste materials are disposed of, and
on the other hand, these industries are the main suppliers of renewable raw materials. This approach ensures
the long-term existence of the raw material base, which is capable of recovery thanks to the cultivation of
agricultural crops or energy plants.

The main advantages of biocomposites include availability and functional properties (eco-
friendliness, high thermal insulation properties, good formability, low cost and the ability to restore the raw
material base) [10]. In many cases, biocomposite-based materials provide weight reduction, increased
stability of working parts of processing equipment, additional functional properties (damping and
absorption of dynamic loads), as well as the ability to recycle [11]. In addition to the significant advantages
of biocomposite products, there are a number of disadvantages that must be taken into account in order to
obtain a quality product. First, the mechanical and operational properties of biocomposite materials are
worse [12, 13] compared to polymer composite materials consisting of components of synthetic origin.
However, with the use of modifying substances and chemical treatments, the properties of biocomposite
materials can be significantly improved.

The intensive development of new polymers on a biological basis is associated with the high
biodegradability of the matrix, which contains organic macromolecules. These biopolymers can be recycled
in the process of technological transformations or synthesized using raw materials of biological resources
[14]. A large group of biopolymers is represented by polysaccharides (cellulose, chitosan, starch, alginate,
and pectin), consisting of tens or thousands of monosaccharides connected by glycosidic bonds. The group
of synthesized thermoplastics includes biopolymers such as polylactic acid (PLA), polyhydroxyalkanoate
(PHA), polyhydroxybutyrate (PHB), polybutylene adipate terephthalate (PBAT), polybutylene succinate
(PBS), polycaprolactone (PCL) and thermosetting polymers obtained from vegetable oils and carbohydrates
[15]. In some cases, mixtures containing both bio-derived and synthetic components are used. This ensures
an optimal balance between productivity and positive environmental impact. Among the wide range of
biopolymers, the most practical application is polylactic acid (PLA), which is obtained from corn starch
and polyfurfuryl alcohol resin. Currently, there are many more types of biopolymers under development,
including starch and vegetable oils. The work [16] determined the optimal pressing pressure of the
composition (12 MPa), consisting of starch binder and wood flour particles. The use of a technological
compression operation ensures the formation of a biocomposite material that has a high structure density
due to the interaction of components with the formation of physical and chemical bonds.

Setting tasks. The purpose of the work is to determine the compressive strength limit of
biocomposite materials based on gluten with a complex content of fillers (shredded cereal stalks and wood
flour powder).

Presentation of the main material. The composition for the formation of biocomposite samples is
a mixture of a glutinous binder and fillers of vegetable origin (chopped grains of cereal crops and wood
flour) in a total amount of 100% (Table 1). The prepared composition was placed in a mold and compressed
using a hydraulic press with a specific load of 120 MPa. Further, the mold with the composition was heated
for 90 minutes at a temperature of 140°C. If necessary, additional heat treatment was performed. Additional
heat treatment consisted in heating the biocomposite samples to a temperature of 50°C for 8 hours. The
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compressive strength limit was determined according to the ASTM D695 "Compression Testing of Rigid
Plastics” method on cylindrical samples with a height of 30 mm and a diameter of 30 mm.

Table 1.
The ratio of filler content of multi-filled biocomposite material
Ne sample The content of chopped grains of Wood flour content, %
cereal crops, %

1 0 100
2 20 80
3 40 60
4 60 40
5 80 20
6 100 0

The limit of compressive strength of biocomposite materials containing wood flour (100%), the

composition of which contains moisture, is 20.7 MPa (Fig. 1).
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Fig. 1. The influence of the content of chopped stalks of cereal crops on the compressive
strength of biocomposite materials depending on the degree of moisture loss in the composition
without additional heat treatment of the biocomposite

With an increase in the content of chopped stalks of cereal crops, the content of wood flour decreases
and, accordingly, is the difference between the maximum content of the filler in the mixture (100%) and
the content of chopped stalks of cereal crops. The compressive strength increases by 38% in the case of
using a mixture (40% chopped cereal stalks and 60% wood flour) compared to biocomposites without
chopped stalks, because a biocomposite material with an optimal ratio of components is formed. The
compressive strength limit decreases by 57-76% in the case of a further increase in the content of chopped
stalks to 100% compared to the optimal content and reaches a minimum value of 8 MPa. This is due to the
excessive content of chopped stalks in the biocomposite material, which form a heterogeneous structure
due to the chaotic arrangement of particles in the biopolymer matrix.

The compressive strength of biocomposite materials increases by 27% in the case of preliminary heat
treatment, which consists in removing moisture in the amount of 10% from the composition, compared to
biocomposites without preliminary treatment of the composition. Such materials contain 100% wood flour
and do not contain chopped cereal stalks. The increase in compressive strength is due to the formation of a
biocomposite material that contains less moisture. This ensures the structuring of the biocomposite material
with less porosity, as intensive moisture release occurs during heating of the composition in the mold.
Accordingly, the formed cavities act as structural defects, which reduce strength under compression. A
uniform decrease of 12-45% in compressive strength occurs with an increase in the content of chopped
stalks, which is associated with an increase in the degree of chaos in the arrangement of chopped stalks.

Biocomposite materials, the compositions of which lost 20% of moisture as a result of preliminary
heat treatment, have a significant increase in compressive strength by 82% compared to biocomposites
without preliminary heat treatment of the composition. This increase is due to the removal of moisture from
the composition, which contains 100% wood flour. It is much easier to remove moisture from the powder
filler compared to the particles of the stalks of grain crops, which ensures the formation of a homogeneous
structure. An increase in the strength limit under compression to the maximum values of 130.6 MPa and
136.9 MPa occurs in the case of the introduction of chopped stalks into the composition of biocomposites
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in the amount of 40-60%. This is explained by the presence of an optimal amount of moisture in the
composition, which ensures the elasticity of the stalk particles without destruction during pressing of the
composition. As a result, a dense structure is formed with a compact arrangement of wood flour particles
and chopped stalks in the biopolymer matrix.

A sharp increase in the strength limit of biocomposite materials to 141.7 MPa occurs as a result of
preliminary heat treatment of the composition, which ensures the removal of moisture in the amount of
30%. This provides an increase in compressive strength by 85% compared to biocomposite materials whose
compositions contain the maximum amount of moisture (without additional heat treatment). An increase in
the content of chopped stalks in the range of 20-60% in the biocomposite material leads to a 43-53%
decrease in their compressive strength. Removing moisture from the composition complicates the process
of compaction of the biocomposite material, as the stiffness of the stalks increases. Such stalks lose
elasticity, which leads to their destruction during pressing of the composition. The lowest value (49.6 MPa)
of the compressive strength limit of the biocomposite material is obtained with a content of chopped stalks
of 80%. The formation of a composition consisting of 100% chopped stalks leads to an increase in the
strength limit to 81.2 MPa. This is due to the formation of the structure of the biocomposite material, in
which the strength is increased due to the mechanical interlocking of the stem particles.

The next stage of research concerns the determination of the compressive strength of biocomposite
materials, which, after the main heat treatment of the composition in the mold, were additionally heated
(additional heat treatment) in order to remove residual moisture. The compressive strength limit of such
biocomposite materials, the compositions of which were not heated to remove moisture during preliminary
heat treatment, is in the range of 17.5-25.5 MPa (Fig. 2).
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Fig. 2. The influence of the content of chopped stalks of cereal crops on the compressive
strength of biocomposite materials depending on the degree of moisture loss in the composition and
additional heat treatment (50° C for 8 hours) of the biocomposite

The obtained compressive strength values are higher by 52-56% compared to the strength of
biocomposites that were not subjected to additional heat treatment. This is due to the removal of excess
moisture from the composition. Excess moisture reduces the stiffness of the glutinous matrix and fillers of
natural origin, which leads to a decrease in the resistance of the biocomposite material to the impact of
static load.

Removal of 20% of moisture from the composition provides an increase of 31-45% in the
compressive strength limit in the case of filling the system with chopped stalks in the amount of 60-100%
compared to biocomposites from which the moisture was not removed. The increase in compressive
strength is due to the higher content of chopped stalks, which are able to form a structure resistant to static
loads.

Removing moisture from the composition in the amount of 20% allows to increase (by 32-43%) the
compressive strength of biocomposites with a content of 40-80 parts by weight of filler compared to
biocomposites in which 10% of moisture has been removed from the composition. The compressive
strength limit increases significantly to 71 MPa for biocomposites with a content of 100% chopped stalks,
which is due to the formation of physicochemical bonds between the stem particles and the biopolymer
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matrix. Removal of 20% of moisture from the composition ensures high stiffness of the glutinous matrix
and strength of the stem particles.

The highest compressive strength (156 MPa) was obtained for biocomposites containing 100% wood
flour (0% chopped stalks) with 30% moisture removal. The removal of moisture ensures the formation of
a stable dense structure of the biocomposite material due to the lack of pressure of water molecules on the
formation of physical and chemical bonds between the components of the biocomposite material. The limit
of compressive strength of biocomposites containing a higher quantity of chopped stalks (60-80%) is
reduced to 95 MPa. This is due to the sensitivity of cereal stalks to moisture loss, which leads to loss of
elasticity and destruction under the influence of static load. Additional processing provides relaxation of
residual stresses in the biocomposite material. This leads to an increase in compressive strength compared
to biocomposites of a similar composition, for which no additional heat treatment was performed.

Conclusions and prospects for further research. Additional heat treatment provides relaxation of
residual stresses, since the formation of biocomposite materials takes place in a compressed state at a
temperature of 140° C. Biocomposite materials whose compositions have been heat treated to remove
moisture in the maximum permissible amount of 30% have high compressive strength values. Removing
moisture from the composition provides the highest compressive strength values of biocomposites
compared to biocomposite materials whose compositions have an increased moisture content. The presence
of additional moisture in the biocomposite material reduces the compressive strength limit, as the glutinous
matrix dissolves and the bonds between the system components are destroyed.

Fillers can increase the compressive strength of biocomposites. For example, the compressive
strength of biocomposites containing chopped stalks of grain crops in the optimal range of 40-60% is 130-
136 MPa. This is achieved as a result of the formation of a dense structure of biocomposite material with a
compact arrangement of filler particles in the glutinous matrix. The presence of a small amount of moisture
contributes to the approach of macromolecules of the biopolymer matrix to the surface of the filler, which
ensures the formation of additional physical and chemical bonds between active groups on the surface of
the filler of natural origin and the glutinous binder.

In the future, it is planned to investigate the impact toughness of biocomposite materials in order to
determine the effect of heat treatment on resistance to dynamic loads.
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Jhyvkuti HayionanbHUll MexXHIYHUL YHigepcumem

JOCHIIPKEHHA POBOTHU NONMEPEYHOI'O TPAHCIIOPTEPA IUCKOBO-
ITACOBOTI'O JIbOHOBPAJIBHOI'O AITAPATA

Y cmammi oano onuc noeoi koncmpykuii 0uck080-nacosozo 1b0HOOPAILHOZO anapama, AKA 00360 1UMb NIOGUUUMU
006206iuHOCII OpanbHuUX nAcie ma 3MeHUIEeHHA Mmamepianiomicmkocmi boH030upanbnoi mawunu. Ilpononyemocs
euKopucmamu cmpiukoeuil nonepeuHuil MpaHcnopmep 0N 3HUNCEHHA WYMY NPU POOOMI i 3MEHUENHA MPABMYEAHH
cmeben nvony. Ilposedenuii cunosuit po3paxyHok npouecy mpancnopmyeanHs cmepen AbOHYy CMPIUKOGUM NONEPEUHUM
Mpancnopmepom OUCK080-nACOB020 NbOHOOPAILHO20 anapama ma 00CHi0NCEHO GNIUG KIHEMAMUUHO20 Pedcumy pooomu
Opanvhozo anapama i XapaKkmepucmuk CcmedAOCMOI0 JbOHY HA HAGAHMANCEHHA pPOOOUOI GiMKU NONEpPeynozo
mpancnopmepa.

Knwuoei cnoea: cmebna 1vony, Oucko8o-nacosuii OpanvHuil anapam, nonepeunuli mpancnopmep, Opamus,
MpaAnCnoOpmy6aHHsl.

S.F. Yukhymchuk, S.M. Yukhymchuk, L.M. Datsyuk, T.L. Datsyuk

STUDY OF THE OPERATION OF THE TRANSVERSE TRANSPORTER CONVEYOR
OF A DISC-BELT FLAX-PULLING APPARATUS

The article describes a new design of a disk-belt flax puller, which will increase the durability of the tack belts and
reduce the material consumption of the flax harvester. It is proposed to use a belt transverse conveyor to reduce the noise
during operation and reduce the injury of flax stalks. The force calculation of the process of transporting flax stalks by a belt
transverse conveyor of a flax-pulling was carried out, and the effect of the kinematic mode of the pulling apparatus and the
characteristics of the flax stalk on the load of the working branch of the transverse conveyor was investigated.

Key words: flax stalks, disc-belt flax-pulling apparatus, transverse conveyor, pulling, transportation.

I[ocranoBka npodaemu. Hamu 3amarenToBanuii [ 1, 2] AMCKOBO-ITACOBHIA THOHOOPATLHUH amapar,
CXEMaTUYHO MMOKa3aHuH Ha pHc. 1, SKui MicTUTB: 30ipHY paMy (Ha PHCYHKY HE TIOKa3aHa); MOAUILHUKH 1,
OpanbHUI BY30J1, SIKHI BKITIOUa€e OpaibHI TUCKY 2, OpalibHI TacH 3, pOJIMKH 4, MANPYKUHESHI KPITUICHHS
5, HampsIMHI TIPYTKH 6, TIOTIEpEIHII TpaHcmopTep 7.

JIMCKOBO-TIACOBHIA JIbOHOOpATBHUI anapar Npalioe HaCTyITHUM YHHOM.

[IpuBox OpanbHUX MHCKIB, sSKi 00€pTAIOTHCS B OJHAKOBOMY HAIPSIMKY, 3[IIHCHIOETHCS 3 KapTepa
pamMu. 3 OTHOTO OOKY KOXEH OpaJbHHHA TUCK 2, OXOIUTFOETHCS OpanbHUM IMacoM 3, SKW HAIITHH Ha
ponuku 4. 3a paxyHOK HiINPY>KUHEHOTO KPIIJICHHS 5 BEpXHBOTO posinka 4 3abe3nedyeThesi MOCTiHHNN
HaTAT OpajbHOTO Maca 3, a 3HAYMUTH 1 TUCK B OpajbHOMY PiBUAKY.

[pu pyci MalmHY MO MOBEPXHI MOJISI MOMUTBHUKK | PO3AUISIOTH cTe0na JIbOHY Ha OKPEeMi CMYKKH
1 HaNPaBJISIOTH X B rUpJia OpanbHUX piBuakiB. [Janbine ctedna I50HY 3aTUCKAIOTHCS MiXK KOHTAKTYIOUHMMU
MOBEPXHAMH OpalbHUX JUCKIB 2 1 OpanbHUX NAaciB 3, BUTATYIOTHCS 3 TPYHTY 1 HEPEMIIYIOTHCS IO BUXOLY
3 OpaJbHUX pIBYAKiB, JIe 3aXOIUTIOIOTHCS MAIBISIMH IOMEPEYHOTO TpaHCHOpTepa 7 1 KOB3AKYH MO
MOBEPXHI HANpPSIMHUX MPYTKIB 6 MPEPEeMIlIyIOThCs A0 BUXOIY 3 JTUCKOBO-TIACOBOTO JILOHOOPAILHOTO
anapara. B mopanpmoMy B 3aJIeKHOCTI BiJ THIy JbOHO30MpaJIbHOI MalIMHU cTeOneBa cTpiuka abo
PO3CTENSEThCS Ha JIbOHHMIIE, 00 MOJAETHCS Ha HACTYIHI poO0Yi OpraHu JILbOHO30UPATbHOT MAITUHA IS
00vicyBaHHSI HACIHHEBUX KOPOOOUOK.

3anponoHOBaHUH AUCKOBO-TIACOBOTO OpaIbHOTMH anapaT Mae epeBaru Hajl iCHyI0UUMH aCOBUMHU
1 aCOBO-ANCKOBUMH JIbOHOOpAJIbHUMH anaparamu. Tak OpajbHHUNA By30J1 MiCTUTh MEHIIE JETajei, TOMY
JTBLOHOOpPANBHUI anapaT MEHII MaTepiaJloOMiCTKUI B TOPIBHSHHI 3 aHajJoraMu. 3a paxyHOK TOTO, IO
OpaJibHI Macu He MepearoTh TATOBUX 3YCHJIb, & BUKOHYIOTh TiJIbKH 3aTUCKAHHS 1 YTPUMYBaHHsS cTe0el
JTBOHY, a TaKOX IMiANPYKHHEHHS BEPXHIX pONUKIB 4, 3a0e3MedyeThCs ITiBHINEHHS JOBTOBIYHOCTI
OpajbHHX MAaCiB.

Jis TpaHCIOpTYBaHHsI cTe0eN JhOHY Bij OpalbHHX CEKIili BHKOPUCTOBYETHCS MOIECPEUHUIMA
TpaHCHOPTED.

AHaJoOrivHI TONepeYHi TPAHCIOPTEPH BUKOPHUCTOBYIOTHCS Y TPHUYIMHUX JHOHOOpaIKax Ta
JIbOHO30MpaTbHUX KoMOaliHax [3].

[lomepeunuii TpaHCHOpPTEp, SKW BCTAHOBIEHWH Ha IboHOKOMOaiHI JIK-4A, Mae Tpu psam
METAJIeBUX TMajbIliB, 3aKpIIJICHNX Ha BTYJIKOBO-POJMKOBHX JaHIlorax. lle moBom wmeramomicTka
KOHCTPYKIIisl, sIKa MPU poOOTI BUAAE MiABUIEHUH TyM. TakoX MOXIIUBE TPaBMYBaHHs CTeOe pH Jii Ha
HUX MeTaleBuX maibIlis [3].
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Puc. 1. luckoBo-niacoBmii T60HOOpaJbLHMI anapar: 1 - HOAITBHUKH, 2 - OpaJIbHI IUCKH, 3 -
OpaJbHi nacu, 4 - poJIMKH, S - MiANPyKMHEH] KPilJIeHHs, 6 - HANPSIMHI MPYTKH, 7 - IONepeYHN I
TPaHCIOPTeP; a — BUA 3BepXy, 0 — BUI 300Ky

Tomy B 3amporoHoBaHOMY OpandhbHOMY amapaTi BCTAHOBIIOEMO CTPIYKOBHHA TOTIEPEUHUI
Tpancnoptep. CTpiuka siBisie cO0010 MPOryMOBaHE MOJIOTHO O KPasiX SIKOTo 3aKpimyieHi TyMoBi nanbli. B
pe3yJbTaTi Yoro MaeMo JBi BITKM IAJbIIiB, SKi 3aXOIUIIOIOTh CcTeOjIa JbOHY, 10 BUXOIATh 3 OpaIbHOTO
piBYaKy OpajibHOI CEKIlii 0OJHOYACHO 3 JBOX CTOPIH IO BITHOIICHHIO 10 OpajibHOrO JUCKa 1 OpaibHOTO
naca.

Lle 3HM3UTH METAIOMICTKICTh JHOHO30MPANBEHOI MAlIMHHU, 3MEHIIUTH IIyM MpH PoOoTi i cTebna
JBOHY OY/IyTh MEHIIIE TPAaBMYBATHUCS MANBISIME TPaHCIIOPTEPA.

AHaJIi3 OCTaHHIX A0CTiAKeHb | myOmikamii.

JocnipkeHHSIMU  TIOTIEPEYHHUX TPAHCIIOPTEPiB JIbOHO30MPANbHUX MalIMH 3aiiMaBcs npod. .A.
Xatinic [4] Ta Horo yuni npod. O.0O. HamoOGina [5] i gou. LII. IonoBauyk [6]. Humu oOrpyHTOBaHI
KOHCTPYKTHBHI, KiHEMATW4HI Ta EHEPreTHYHI MapaMeTpH IMOMEPEeYHUX TPAaHCHOPTEpiB. [ pyHTOBHO
JOCIIDKEH] MPOIIECH 3aXBaTa PyXOMHMH MANbLSIMH cTe0el JbOHY, SIKi MMOCTYNAalOTh B MPOLECi BIIBHOTO
MaJIiHHS 3 CEKIIil OpallbHOTO anapary, TpaHCIIOPTYBaHHS cTeOel B KaHalll 1 B HACTYIHI poOOYi OpraHu Ta
3HIMaHHA cTeOen 13 manbiiB. JaHi MUX A0CTIIKEHb Oy BUKOPUCTaHI NPU IMPOCKTYBAaHHI CTPIYKOBOIO
MONEPEYHOT0 TPAHCIOpTepa.

IMocranoBka 3aBaaHb. [IpoBecTH CHITOBHI PO3PAaXyHOK MPOIIECY TPAHCIIOPTYBAHHS CTEOEI TLOHY
CTPIYKOBUM TOTIEPEYHUM TPAHCIIOPTEPOM JIUCKOBO-NIACOBOTO JILOHOOPAIBLHOTO arapara Ta JOCHiAUTH
BIUTMB KIHEMaTHYHOTO PEXHMY pPOOOTH OpalibHOTO amapara i XapaKTepHCTHK CTEOJIOCTOI JILbOHY Ha
HaBaHTAXXEHHs pPoOOYOI BITKHU MMOMEPEYHOT0 TPAHCIIOpTEpa.

BuknageHHst 0CHOBHOI0 MaTepiany.

CxeMa momnepedHoro TpaHcIopTepa moka3ana Ha puc. 1. Tpancnoprep HaOIKEHO 0 OpabHUX
muckiB 1 1 OpanpHEUX TaciB 2. MiCTUTh TpaHCTIOPTEP HECKIHEUHY CTPIUKY, SKa OXOILTIOE BEyYHil i BeAeHUI
mkiBu. CTpivka sSBJsi€ COOO0 MPOTyMOBAHE MOJIIOTHO M0 KPasiX SKOTO 3aKPiTICHI TyMOBI MMaJbIli, HAXUIEHI
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ITiJT TIEBHUM KyTOM. B pe3ynbrari 9oro MaeMo JBi BITKH TAJbIliB, SKi 3aXOILUTIOIOTH cTeOa JIbOHY, IO
BUXOJATH 3 OpaNbHOTO piBYaKy OpaibHOI CEKIIii OHOYACHO 3 IBOX CTOPiH MO BiAHOMIEHHIO 10 OpantbHOTO
nucka i OpanbHoro naca. Takox 3 IBOX CTOpiH OpalbHUX JUCKIB 1 OpalibHUX MAciB BCTAHOBIICHI HEPYXOMi
HampsMHI TPYTKH. MiX HIDKHBOIO BITKOIO CTPIYKOBOTO IOIEPEYHOr0 TPaHCHOPTEpa 1 HANPIMHUMHU
MpyTKaMu OpalbHUX CEKI[ YTBOPIOETHLCSA KaHall TpaHcropTepa. Ha cxemi mokasaHi TakoX HaNpSIMKH
PYXY BeILy4oro IIKiBa i CTPIYKHU 3 MajIbLsAMH.

[Ipu poGoti MamuHu cTebya, MO MOCTYNAloTh 3 OpaJbHUX pPiBYAKiB y KaHaJI TpaHCIOpTEpa,
MIXOILTIOOTHCS MANBISIMHI TPAaHCIIOpTEpPa Ta MEPEMIIYIOTHCS B3JIOBXK KaHATY; PU oMY (HOpMYEThCS
cTe0yioBa CTpiuka, sKa Aajdi BUBOAMWTHCS 13 KaHAlIy Ha HAcTyOHMH poOounii opran. HaiiOinmbime
HaBaHTAKCHHS i€ HA TAJIbI B 30HI OCTaHHBOI (BHYTPINIHLO1) OpaiapbHOI CEKIlii, a HaliMEeHIIIe — B 30HI1
nepioi (moapoBoi) cekiii. Ha cxemi (puc. 1) nepia (1mojiboBa) CEKIlis 3HaXOAUTHCSA B 30H1 011 TOYKHU A1,
HACTYITHA CEKIIis (pyTa) 3HaXOIUThCS MPABIIIe TOUKU A2, B 30Hi 01151 TOUKU A3 3HAXOIUTHCSI TPETS CEKITis,
B 30HI OUIA TOYKHU A4 3HAXOJUTHCS OCTAHHS 4YeTBepTa cekilis. Ha cxemi Bil TOYKM Ay 0 HACTYIMHOTO
piBUaKa JIAHITIOT TPAHCIOPTYE cTebja BHOpaHi IMEpIIor0 cekIliero (TMoanoBor0). Ha Buxomi i3 apyroro
piBUaKa 7o IUX CcTeOeIN Mia €qHYIOThCS cTeba 3 Ipyroi CeKIlil, MpU MbOMY YTBOPIOETHCS TBOXCEKITiHHA
CTpiuka; MpyM HAaONWKEHHI MajibLiB A0 TPETbOrO piBUaKa MONAIOTbCA IIe cTedsia W yTBOPIOETHCS
TPHOXCEKITiHA CTpiUKa; MPH HAOIMKEHHI TAIBIIB O OCTAHHROTO YETBEPTOTO piBUaKa (30Ha OIS TOUKH
As) YTBOPIOETHCSI YOTHPHOXCEKITIHHA CTPIUKa, TKa BUBOAUTHCS 13 KaHATY Ta MEPEIa€ThCs Ha HACTYITHHMA
poGouwnii opran. ITounHaroun 3 ToukH A4 cTEOIOBA CTPiUKa PyXa€eThes 10 BUXOY i3 TPAHCIIOPTEpA.

KoHy cexyHy KOKHHI OpaibHHIA piBYaK BUBOJUTD Y KaHAJ TPAHCIIOPTEpa YHCIIO 1, CTeOe:

=Biv,, )

e B IITUPHUHA 3aXBaTy OpaabHOI CEKIIil;
— TycToTa cTeba0cTor0 (Jncio creben Ha 1M? moss);
vM — IIBUJIKICTh PyXy MaIlIVHH.
HaiimeHnina KiTBKICTh CTEOECI Monagac B KaHa TPAHCIIOPTEpa B 30HI MEPIIOro OpaabHOTO piBYaKa.
Ha | M moBKuHM KaHajJy TpaHCIIOpTEpa B 30HI IEPIIOro piBYaka YKIAHa€ThCS YUCIIO i cTeden, Mo
JTOPIBHIOE:

i =2 =Bj 2

€ Vimp — MIBUJIKICTH CTPIYKHU TOMIEPEYHOTO TPAHCIIOPTEPa.

Taka KinpKicTh cTeOen Oyne Ha JUSTHIT KaHaTy BiJ mmepmioro (IoJkOBOTO) 10 ApyToro piBdaka. Ha
JUISHITL BiJl IPYTOTO JIO0 TPETHOTO piBYaKa YUCIO cTeden Ha 1 M qoBKuHU Oyne y 2 pa3u Oiiblie.

Ha nminsaui Big i-Toro piBdaka jo i+1 piBuaka uymcio creben Ha 1 M IOBXKUHH KaHATy Oy/e :

®)
Vmp

Y 3anponoHOBaHOMY arapari YMUCII0 OpalbHUX PiBYAKIB PiBHE YOTHPHOM, TOMY Ha IUISHIIN KaHATY

BiJl OCTAaHHBOTO BHYTPILITHBOTO PiBUaKa JJO BUXOY cTeOel i3 KaHaIy Ha HaCTYITHUH POOOYHi OpTraH YUCIIO

creben Ha 1M JAOBXXHWHU KaHAITy |;<4 Z[OplBHIOG

Y (4)
mp

Ha manpsmMHy kaHay TpaHCIOpTepa rmepenaeThest He Bes cuuia Baru G crebiia, a e ii ckiiagoBa

Gi, sixa nopiBHIOE Gsino,, A€ O — KyT Haxumily OpalpHOro amapara 10 ropusoHTy. Toxi cuia, sika
NEePENaecThCs 3 00Ky CTeOI0BOI CTPIuKM Ha 1 M TOBKHMHM HaNPSAMHUX TPAHCIOPTEPA, NOPIBHIOE Gi , sina,

. HaBenenwuii Bupa3s siBisie 00010 IHTEHCHBHICTD PO3IOALTY TUCKY CTEONIHMH Ha HAIIPAMHI 1O TXHIH TOBKUHI
(MTOTOHHMHM THCK) B3IOBX KaHady. SIKIIO HOro mo3HauuTH (., 1€ | — HOMEp OpajbHOro piB4Yaka, Ta
BpaxyBaBy, mo G=mg, e m — Maca crebna, a g — HpI/ICKOpeHH}I BUIBHOTO Ma/IiHHSA, 3HAXOIUMO:

q,, =1Bi.mg V" sina. (5)
mp
3HaveHHs i y piBHOCTI (5) mopiBHIOE | Ha MISHIN KaHATY MDK TEPIINM 1 IPYyTrUM piBYaKaMH; i
JOPIBHIOE 2 Ha JAUISHIN MK APYTUM 1 TPETIM piBUaKam, 3 Ha AUIAHII MK TPETiM 1 YETBEPTHM.
SIKII0 (), TOMHOKHTH Ha Koedimient tepts f creber mo HanmpsaMHAM, TO OTPUMAEMO IHTEHCHBHICTH
Qmi PO3TIOALTY CHJI TEPTS CTEOIMH TI0 HATIPSIMHUM:
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V,U

0, = fq, =ifBi.mg—sina,. (6)

mp
Po3paxyHOK HaBaHTa)KE€HHS HA MAJIBII, SIKi MPOCYBAIOTh CTCOIMHU B3/I0BXK KaHAJy, IPOBOIUTHCS
M0 CXeMi Ha pHC. 2, Ha sIKiil 300pakeHU BIUIMB NManbLiB Ha cTebna. CTpiuka | 3 manpLsgamu 2 mepemMiniae
crebna 3, 1m0 PO3TAlIOBYIOThCS B NPOCTOPI MK ABOMa psAaMy NaibliB, BhpaBo. Crtebma 3, sxi
NPUIMAIOTHCS 38 CHCTEMY MaTepialbHUX TOYOK, SKa Je(OPMYETHCS, THCHYTh Ha HampsIMHI 4 KaHaIy 3

CHJIOIO0 ZGi , III0 JTOpiBHIOE cyMi ckiagoBux G; cui Baru crebia: ZGi = q,,,.bn , TyT by — BimcTanp mix
naybLsIMH Ha cTpiui. HampsaMua Bigmosigae cunoro peakuii Nk, ska 1opiBHIOE ZG,» . [Tanpui pyxaroTb
cTe0JI0 BNIPaBo, NP bOMY 3 OOKY HaPSMHUX Ha CTEOJIO AIIOTh CHIIM TEPTS, CyMa SIKMX ITO3HaYeHa Z F
(Z F=q,b, = fq,b, ) . TTanbIi 1OarOTH I CHIJIM TEPTSI, PyXarouKCh Pa3oM i3 crebuamu. Tax sk cuim Z F
JiI0TH B3JOBXK HANPsIMHUX KaHaJy, TO Majblli IPH PIBHOMIPHOMY pYCi MOBHHHI JisiITH Ha cTe0JI0 13 CHIIOI0,

sIKa JOPIBHIOE ZF 1 IpoTHJICKHO il HampasieHa. Lliero cmmoto P, sika Moke OyTH po3KJIajeHa Ha JIBi

ckimanoBi N ta 7. Cuna N mie mepneHANKYIISAPHO JIiHIT Manell, a 1 i€ B3AOBXK JiHIT TaNbI, - e CHIa
TEPTsl, KA B 3aJICKHOCTI BiJl KyTa BiIXUJICHHS MBI MOXE JOCATHYTH MaKCUMyMy a0o0 Hi.

2 y
a 7 o 4
\ ey
. N A

Puc. 2. Cunu, mo AiloTh NPpH TPAHCHOPTYBaHHI cTedeJ1 B KaHAJII TpaHCcHopTepa:
1 — cTpiuka; 2 — najnenb; 3 — creda; 4 - HAPAMHA

Lo v, .
3 BHKJIQJICHOIO BUILE BUILIABAE, 110 ZGi = IanICmg “-sina; = N, , a cuna P, sxa nopiHioe
mp
z F = fN,, 6yze:
. . v, .
P =ifBb,i.mg—-sina. (7
mp

Tak sk kyT Mk cuiaamu P i N piBHUI KYTy @, BIIXHJICHHS MANbLs BiJl MEPIEHANKYIApa 10 JNiHil
KaHainy, T0 N = Pcosa, @ T = Psin o, . OCTaTO4HO OTpUMAEMO:

N:ifaniCmghsin o, Cosa,,; 8)
mp

T:ifaniCmg\yisin ozsino,.
mp

Cumu P, N'i T o popmymam (7) i (8) XapakTepu3yrOTh HaBaHTaXKEHHS HA OUH P TAJIBIIB CTPIUKK
TpaHCIopTepa NpHU BiACTaHI MK mambisaMu b, (puc. 2) mis BUnamky, KOJMM CTpidKa CKIATAeThes 3
He3YEIUIEHNX CTe0el, [0 € YaCTKOBUM BHIIAAKOM. Y OUIBIIOCTI BHIIAAKIB cTeOsa 3YeIUIeHl, BHACIIIOK
40ro psj manbili 2 (puc. 2) Oyze mepeMillyBaTy He JInie crebia, 1o 3HaX0AAThCs Ha BifcTaHi b, ame i
cTebna siKi po3TalioBaHi JiBime (1103a/y) naibliB 2 (Ha CXeMi BOHU HeE MOoKa3aHi). TakuM YuHOM, TalbIl
TpaHCIOPTEpa Ha 34YEIUICHUX CTe0Iax MPaIlOI0Th OJJHOYACHO, TOTIOMAraloydu OJJUH OJTHOMY.

3MiHa CHJI TEpPTS MPHU MEePexojii cTeder i3 30HW OIHOTO OpaIbHOTO piBYaKa y 30HY HACTYITHOTO
OpaJIbHOTO piBYaKa BU3HAYAETHCS BBEICHHSIM ITOHSTTSI CyMHU CHJI TEPTS, IO MPUITAJAI0Th Ha BIJICTAHb MiXK
piBuakamu. [lfo cunmy mosHavyarTh P, J¢ i Bkasye HOMep piBYaka 3 SKOrO CTeOjia BUXOASTH Ha
TPAHCIIOPTEP 1 PyXaroThes 10 HACTYMHOTO piBuaka. [Ipu i=1 cuma P, sBise cobor0 cyMmy cui TepTs, sKi
JIIOTH Ha IUISHIN BiJ] epiioro (IoJibOBOro) piByaka J0 APYroro; mpu i=2 cuia Py siBjisie CO000 CyMy CHIT
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TEPTs Bi APYroro piBdyaka /10 TPEThOro; mpu (=3 cuia Pi3 ABjse co00010 CyMy CHJI TE€PTS Bill TPETHOTO
piBuaka no yerBeproro. Takum umHOM, P, ABISE€ coOOO CyMy CHI TepTs, sSKa MpUIaAae Ha i-y
MiXXpiBYaKOBY BiZICTaHb. P, JOpiBHIOE:

P =q,B=ifB4mg—sina,. 9)

mp

Gopmyny (9) MOKHA BUKOPHUCTATH )11 BU3HAYEHHS 3aKOHOMIPHOCTI 3MIHA CYMapHOTO 3YCHILIA
Pyvi, HEOOXITHOTO AU TIEpEeMIIeHHsS cTeOel M0 KaHaly TpaHCIopTepa B Pi3HHUX 30HAX, MOYMHAIOYH 13
30HH BiJI IEPILIOTO piBUaKa O APYroro, MOTiM BiJl APYroro 40 TPETHOTO, Jalli BiJf TPETHOTO A0 YETBEPTOTO.
VY 30Hi Bif mepmioro piB4aka mo aApyroro Pg.,i mopiBHIOe P,; 3rigHo (9) mpum i=1. Y 30Hi Bix apyroro
piByaka 10 TpeThoro P2 TOPIBHIOE:

2 v , v, .
P..=>.P,= jBiCmgV—”(B +2B)sina, =3/B%i.mg V-" sina, . (10)
i=1 mp mp
VY 30Hi Bii TPETHOTO piBUaKa 0 YETBEPTOTO P yy3 TOPIBHIOE:
& v : v, .
P.s=>.P,= ﬂ?icmgvi(B +2B+3B)sina, =6 /B% mg vM sina,. (11)
i=1 mp mp

3natoun Pey,3 1 MIBHAKICTH TPAHCHOPTYBaHHS CTEOEN Vip, 3HAXOOUMO MOTYXKHICTH N,p, fKa
HeOOXiIHa I TPaHCTIOPTYBAaHHS CTeOEI:

N,, =P..sV,, =6 fB%.mgv, sina,. (12)

cym3
3a cyMapHUM 3yCHIIISIM Py U TIEpEMIILICHHS CTeOeN B Pi3HMX 30HAX 1 IIIsXaX pyXy MalibLiB
BH3HAETHCS POOOTY, SIKA BUTPAYAETHCS Ha IMOAOJAHHS CHJI TEPTS IPH IEPEMIlIeHHI cTeOen 1Mo KaHamy
Tpancnoprepa. Lls poboTa A, MOpiBHIOE Pyi S, € S — HMUIAX TepeMilIeHHs. SIKIIo NUIAX S paxyBaTH Bij
MEepUIOro OpaIbHOTO PiBYAKa, TO I YOTUPHOXCEKIIHOTo OpaabHOTO anapary poboTa Ha IOI0JIaHHS CUIT
TEPTs B 30HI1 Bij| EPILIOro piBYaKa 10 Apyroro oyue:

Aml = Pcy/wls : (13)
VY 30Hi Big APYTroro 10 TpeThOTO piBYaKa:
AmZ = PcyMZ (S - B) ' (14)
Y 30Hi BiJl TPETHOTO piBYaKa JO YETBEPTOTO piBUaKa TOOTO 0 MICIl BHXOAY CTEOJIOBOI CTPIUKH 3
TpaHcHopTepa:
Am3 = Pcy.wS(s_ZB)' (15)

B sxocTi osicaensst 1o hopmyit (13) — (15) HeoOXigHo BKazaTH, 0 B 3aIeKHOCTI (13) S 3MIHIOETBCS BiT
0 o B, y Bupasi (14) s smintoetscst Big B no 2B, y 3anexHocTi (15) S 3miHroerses Bix 2B no 3B.
3 BpaxyBaHHSIM NIPHUBEJICHUX NaHUX MOXHA CKJIACTU PIBHOCTI JIJIs BU3HAUCHHS 3arajbHOI po0OTH,
IO 3aTPavdacTbCsl Asq; HAa PI3HUX UISHKaX TPaHCTIOPTYBaHHS cTebenm 1 A, Ha BeCh NUIAX iX
TPaHCTIOPTYBAaHHS. 3araibHa poOOTa, IO 3aTPAvaEThCS HA TPAHCTIOPTYBAHHS CTE0EN A5y, 3HAXOAUTHCS K
cyma poOiT Am1, Amo, Am3, IO BU3HAYAIOTKCS 3a popmynamu tuy (13), (14) 1 (15):
Ag Aml + Amz + Am3 ' (16)
3 BukiazeHoro purumBae, mo dopmynu (13) — (16) HO3BOJAIOTH BHU3HAYUTH POOOTY, IO
3aTpadaeTbCsl Ha TPAHCIOPTYBaHHS cTebed Ha TMOYaTKOBOMY eTami poOOTH MAaIluHH, KOJH
BiOyBa€ThCs 3allOBHEHHS TpaHcHopTepa crebiaamMu. B MomeHT, konu crebia moyaad BUXOAWUTH i3
TpaHCIIOpTepa 3arajyibHa poboTa A, MOCATAE HAWOIIBINOI BEIMYWHH, ITCISI YOTO BOHA BXKE HE
MIHSIETBCSI, SIKIIO TTapaMeTPH CTEOIOBOI CTPIUKU HE MIHSIOTHCS. B TaHOMY BHITaIKy IJIs1 BU3HAUCHHS
ui€el HaiOimbIIol poOOTH MO MpHUBEACHUM (HOpMYJIaM B OCTaHHIX CEKIISX LUIAX S MpUHAMae 3HAYCHHS
3B.

az

Crin BiZMITHTH, IO HaBemeH1 BUIe 3anexHocTi (13) — (16) BipHI mpy yMOBI, 10 PyXOMi CTEOTHHM
CIHMPAIOThCS JIMIE HA HIDKHI HampsiMHI KaHaiy. Lle MOXJMBO, SKIIO cTeOioBa CTpivuka B KaHall He
yiliibHeHa (MyxKa). SKIo K y KaHall KOXKHY CEKyHAYy MOCTymae 6arato cTeOuH, TO 4epe3 HasBHICTb
YIIUIbHEHHS (CTHCK) cTeOen 1 M Ai€l0 CUJI MPYXKHOCTI cTebiioBa cTpiuka Oyje pO3MUpaTH KaHal, Y
3B’SI3KY 3 UMM IIiJ] 4ac pyxy CTEOJIHH TepTs OyJe MaTu Micle He JIMIIE N0 HIKHIM HalpsIMHUM KaHaly, a
f 10 TIOJIOTHI CTPIYKOBOTO TPAHCIIOPTEPA, SIKE € BEPXHBOK HANPSMHOO JJIst cTeden. Y HbOMY BUIAIKY
4yepe3 BHUCOKY HIUIBHICTH cTeOi0BOi Macu cwia P (puc. 2) pi3Ko 3pocTae i MOMKIHMBE 3a0WBaHHS
TpaHCHopTepa.
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3a HaBeneHUMH (GOPMyIaMH TIPOBEACHI PO3PAaXYHKH IJIsi KOHKPETHHX BHUIAQAKIB 3 METOIO
BU3HAYEHHS BETUYUH Qniy Omis Pmi, Peywi, Ami Ha PI3HUX TUITHKaX KaHAJIy TPAHCIIOPTEPA MPH HACTYITHUX
BuxigHux nanux: B=0,38 m; f=0,5; g=9,81 m/c?; i.=1000 i 2000 wmrt./M?; V, =1 1 2 M/c; V.y=1,8 M/c; 0a5=60";
m=0,001xr. Po3paxyHku mpoBeIeHi 32 KOMIT I0TEpHOIO porpamoro Maple.

3a pesynapraTaMH po3paxyHKiB moOymoBani rpadiuni 3amexuocTi: Oni=f(S); 0ni=f(S); Pni=f(s);
P, =1(S); Ani=1(S), sxi mpeacranneni Ha pucynkax 3,4, 5,61 7.
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Puc. 3. liarpama iHTEeHCHBHOCTI po3moaiay
THCKY cTe0es1 HAa HANPSAMHI:
a —i=1000 wr./m%; v,=1 m/c;
6 — i=1000 wr./™M°; V,=2 M/c;
B — i.=2000 wt./M?; V,=1 m/c;
r —i,=2000 wr./m?; v,=2 m/¢c

Puc. 4. liarpama iHTeHCUBHOCTIi PO3MOIITY CHJI
TepTsl cTedesI 0 HANIPSIMHHUM
a—i=1000 wr./m?; v,=1 m/c;

6 —i=1000 T./™M?; V,=2 M/c;

B —i=2000 wrt./M%; V,=1 m/c;

r —i:=2000 mrr./m?; Vv, =2 m/¢
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Puc. 6. Jliarpama cymapHux cuJ Tepts: a — i=1000 mr./m?; v,=1 m/c; 6 — i;=1000 mr./m%;
V,=2 m/c; B — i.=2000 mrt./mM?; V,=1 m/c; T — i.=2000 mt./M?; V,,=2 Mm/c
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Puc. 7. Jliarpamu po6iT, AKi BUTPa4aioThCcsi HA nepeMimenns creben: a — i.=1000 mr./m?;
v,=1 m/c; 6 — i.=1000 wr./m?; V,,=2 m/c; B — i.=2000 wt./m?; v,=1 m/c; r — i.=2000 mt./m?;
V=2 m/¢c

Amnauti3 rpadikiB okasye, 10 iHTCHCUBHICTh PO3MOALITY TUCKY CTe0el Ha HAalPSMHI, IHTEHCHBHICTb
PO3MOAITY CHJI TEPTSI CTeOEN [0 HANPSIMHUM, CHITH TEPTS 1 po00Ta 3pOCTaroTh 3i 301IbIICHHSAM IIBUIKOCTI
MAIlTUHA 1 TYCTOTH CTEOJIOCTOI0, TOOTO 3 POCTOM HHMcia cTeben, SKi MOCTYMalTh y TpaHcmoprep. I3
rpagikiB Clifye TakoX, II0 TUCK cTe0ed Ha HampsMHI, CHIIM TEepTA Ta poOOTa, IO BUTPAYAETHCS HA
nepeMilieHHs cTe0esl B MOMepPeyHOMY TpaHCIOpPTEpi, MAlOTh HAHMEHINI 3HAYEHHsS y 30HI MOJIbOBOT
OpasbHOI CEKIIiT 1 3pOCTaI0Th y HAIPSIMKY BUXOY 13 TPaHCIIOPTEPA.

BucnoBku. Ilin yac HaAXOMKEHHS Ta PyXy B KaHAII TpaHCIOpTEpa cTeOlia B3aEMOIIIOTH 3 HOro
NaNbISIMA ¥ HANpSIMHUMU. [[poBeIEHUMU pO3paxyHKaMH BCTAHOBJICHO, IO THUCK CTeOEn Ha HaIpSIMHI,
cuia TepTs Ta po0oTa, IO BUTPAYAETHCS Ha 1X TIEPEMIIICHHS, MAIOTh HAMMEHIII 3HAYCHHS B 30H1 ITOIHOBOL
OpasbHOT CEKINii Ta 3pOCTalOTh Y HAIPAMI iX BUXOIY 3 TpaHCHOpTepa. [HTCHCUBHICTE PO3MOMITY THCKY
cTebel Ha HAaNpsMHI, IHTCHCUBHICTh PO3MOLTY CHII TEPTsI CTEOIMH MO HANPSIMHUX, CUIIK TepTA i poOoTta
3pOCTAIOTH 13 301IBIIICHHSM IBUAKOCTI MAITMHHU T4 31 301JIBIIIEHHSIM I'YCTOTH CTE0JIOCTOI0, TOOTO 3 POCTOM
gucia cTebel, sIKi HaIXOomATh Y TPaHCIOpTEp. 3a YMOBH 30UIBIIECHHS IIBHAKOCTI MAIIMHHU Ta TYCTOTH
cTeOI0CTOI po0OTa, IO BUTPAYAETHCS HA MEPEMIIICHHS CTEOEN M0 BChOMY KaHAIy IONEPEYHOTO
TpaHcIopTepa, 3pocTac Ta cranoButh 0,85 JIx npu V,~=1,0 m/c, i,=1000 mr./m? i 3,04 Ix mpu v,=2,0 m/c,
i.=2000 mrr./m?,
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B.O. lernncbkuii
Jhyybkuti HayionanbHUll MeXHIYHUL YHigepcumem

MOJMPIKALIA I'TIOTHHOBUX BIOKOMITIO3UTHUX MATEPIAJIIB
I''IAPO®OBHUMUA JTOBABKAMMA

IIpogedeno odocnioxncenns enaugy 2iopoghooHux 0006a60K Ha medcy MIYHOCMI NPU CMUCHEHHI OIOKOMNO3UMHUX
Mmamepianie, AKi MaOmMs 2IIOMUHOGY MAMPUYIO MA HANOEHEH] YACMUHKAMU 0epesHo20 Gopowna. Beedenns 2iopoghoonux
000a60oK (onigha OKconb, COHAWHUKOBA 0J1is)) 00YMOBIEHO BUCOKOIO 2iOpOQinbHiCMI0 HANOGHIOBAUI8 POCIUHHOZO
noxoodicenns. B pezynomami eésedenna onigpu Okconv 6 onmumanvnii Kinokocmi 3agikcoeano niosuwienns miynocmi npu
cmucnenni na 12-15 % nopienano 3 nemoougixosanumu oiokomnozumuumu mamepianamu. Buznaueno xapaxmep
DPyiinyeanna moougpikosanux onigporo Okconv 6ioKOMno3umnux mamepianie nio 6naUEOM CHMUCKAIOYO20 HAGAHMANCEHHA.
Ilposeoeno nopienanvhy OUiHKy MiyHoCmi 6iOKOMROZUMHUX MAMEPIanie 3 pisHUM eMicmom 2iopoghoonux 006aeox.

Knwuogi cnosa: Giononimepni KoMnosumu,; Hano0B8HI08aY,; NPECy8aHHs; MIYHICINb, HANPYHCEHHA,; XIMIUHI 368 A3KU,; a02e3is;
CMpPYKmypa; HOpucmicmy, MexaniuHi Xapakmepucmuxu.

V. Shehynskyi

MODIFICATION OF GLUTIN BASED BIOCOMPOSITE MATERIALS WITH
HYDROPHOBIC ADDITIVES

The influence of hydrophobic additives on the compressive strength of biocomposite materials based on a glutinous
matrix and are filled with wood flour particles, was studied. The use of hydrophobic additives (drying oil Oksol, sunflower oil)
is due to the high hydrophilicity of fillers of plant origin. As a result of the use of drying oil Oksol in the optimal amount, an
increase in compressive strength by 12-15% was recorded compared to unmodified biocomposite materials. The nature of
destruction of biocomposite materials modified with drying oil Oksol under the influence of compressive load was determined.
A comparative assessment of the strength of biocomposite materials with different contents of hydrophobic additives was carried
out.

Key words: biopolymer composites; filler; pressing; strength; tension; chemical bonds; adhesion; structure; porosity;
mechanical characteristics.

Formulation of the problem. Biocomposite materials have many advantages compared to polymer
composite materials containing synthetic components. This concerns environmental friendliness,
reproducibility of raw materials, low density and low manufacturing cost. Taking into account the
advantages of biocomposite materials, it is possible to note the high degree of efficiency and perspective
of using such materials in various branches of industry for the manufacture of furniture elements, sports
equipment, interior parts of vehicle interiors, household products, containers and device housings.
Biocomposite materials are safe at different stages of the production process and are not harmful to the
environment after destruction of the product. A high ability to recover raw materials ensures production
stability and economic development. Components for the formation of biocomposites can be materials
obtained by processing waste from the woodworking, agricultural, and food industries. Components of
natural origin provide high mechanical characteristics of biocomposite materials, but due to their high
hydrophilicity, they are able to intensively absorb moisture. The decrease in mechanical characteristics
occurs due to the destruction of the physical and chemical bonds between the structural elements of the
components of the biocomposite material. Otherwise, favorable conditions are created for the development
of microorganisms (bacteria, fungi), which lead to biodegradation with the formation of new substances.
There is a problem of providing effective hydrophobic protection or increasing moisture resistance of
biocomposite materials that contain vegetable fillers. In this case, biocomposite materials require the use
of modifying additives, which are characterized by high hydrophobicity. At the same time, it is necessary
to determine the ability of fillers to provide high adhesive strength to the polymer matrix and to form
biocomposite products with high mechanical characteristics after the introduction of modifying substances.

Analysis of recent research and publications. Composite materials, which are obtained from
natural sources, have attracted considerable interest in recent years due to the desire to increase the
environmental friendliness of production. This situation is beneficial for global communities to reduce
dependence on synthetic materials [1]. It is possible to use a wide range of materials of natural origin as
fillers of biocomposites. Fillers can significantly improve the mechanical characteristics of biocomposite
materials [2, 3].

The high rate of degradation of natural components ensures intensive destruction of biocomposite
products after the end of their operation. Such products are in landfills or are under the influence of
atmospheric factors in the natural environment. However, this process is not permissible if the biocomposite
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product is being operated, stored or transported. Determining the ability of a material to biodegrade is
considered taking into account many factors (chemical composition of the material, humidity, temperature
change), which requires the presence of special recommendations that determine the influence of such
parameters. In the process of developing biocomposite materials using natural fibers, moisture absorption
is a critically important factor that can significantly affect the mechanical properties of the biocomposite.
The importance of the factor increases if the matrix is a bio-based polymer, as these materials absorb more
moisture than their synthetic-based counterparts. It has been proven that biocomposites are not suitable for
use in water, so this point must be taken into account during the operation of the products [4].

The absorption of moisture in biocomposites is caused by the natural hydrophilicity of plant
fibers [5]. Moisture absorption in biocomposites is due to the natural hydrophilicity of plant fibers. The
volume and content of fibers and the ambient temperature significantly affect water absorption. At the same
time, there is an increase in the effect in biocomposites with a higher fiber content and environmental
temperature [6].

The use of hydrophobic additives makes it possible to increase the water resistance of biocomposite
products, but in most cases, there is a decrease in mechanical characteristics. A modifying additive
(paraffin) improves manufacturability during compression of the composition, which contains finely
dispersed particles of wood flour. As a result of the use of paraffin, the density of the biocomposite material
increases, which improves the material's resistance to static loads [7].

In the case of introducing citric acid and glutaraldehyde into the polyvinyl alcohol, which contains
banana pseudostem fibers, water resistance is increased due to the presence of hydroxyl groups.
Biocomposite material with pseudostem fibers treated with alkali, banana has a maximum tensile strength
of 34.2 MPa and water absorption of only 60% [8].

Chemical treatment changes not only the surface layer of the fibers, which affects the nature of the
interaction between the fiber and the matrix, but also changes the structure and density of elementary
fibers [9]. The addition of Posidonia oceanica leaves (POL) improved the mechanical properties of PLA-
based polymer matrices and accelerated their decomposition [10]. The paper [11] investigated the
properties of Sugar Palm Fiber (SPF), which are used for the development of fishing boats. These fibers
have sufficient resistance to water permeability and high mechanical strength. Although lignocellulosic
fibers (SPF) have advantages over other natural fibers, they have a tendency to absorb water over time [12].
This reduces their wettability by the hydrophobic polymer resin, which leads to the absence of interfacial
bonding between the fiber and the matrix. This condition limits the adhesive strength of biocomposites and
leads to a decrease in mechanical properties [13]. In this case, the authors of the paper recommend pre-
treatment of SPF using physical or chemical methods [14, 15]. The processed lignocellulosic fiber has a
rougher surface, which helps to increase the number of activation zones for the formation of a chemical
bond with the matrix. The creation of a strong adhesive bond at the fiber-matrix interface ensures high
cohesive strength of the biocomposite and ensures the use of lignocellulosic fiber for the manufacture of
household products, car structures, and also in the aerospace industry. The main benefit of SPF is the
durability of the fiber due to less exposure to heat and moisture compared to coir or other natural fibers.
SPF is resistant to the influence of salt water, so the fiber can be used for the operation of biocomposite
products in a seawater environment.

Setting tasks. The purpose of the work is to determine the cohesive strength of glutinous
biocomposite materials, which are filled with finely dispersed wood flour and modified with hydrophobic
additives (dry oil Oksol, sunflower oil).

Presentation of the main material. The homogeneity of the composition is ensured by mixing the
components with a rotation frequency of the working body of 300 Hz. Pressing of the composition is carried
out in a press mold using a hydraulic press with a speed of movement of the lower traverse of 25 mm/s.
Heat treatment consisted in heating the mold with the composition to a temperature of 150°C for 90
minutes, followed by cooling and removal of the biocomposite sample. Compressive strength was
determined according to the ASTM D695 "Compression Testing of Rigid Plastics" method.

The compressive strength limit of biocomposite materials with an optimal content of wood flour,
which do not contain additives, is 46.2 MPa (Fig. 1). The use of a modifying additive in the amount of 2-4
parts by weight leads to an increase in the compressive strength limit by 5%, which is associated with the
arrangement of filler particles due to the introduction of the additive. The modifying additive performs a
lubricating function, which reduces the coefficient of friction and reduces the resistance to the movement
of wood flour particles during the pressing operation. Therefore, an ordered homogeneous structure is
formed. A further increase in the drying oil content leads to a decrease in compressive strength to 28.7
MPa, which is 37-42% less compared to the strength values of biocomposites without the content of
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modifying substances. This is due to the increased content of the modifying additive, which performs the
function of a plasticizer. Molecules of drying oil dissolve in the glutinous matrix, which leads to a decrease
in the number of physical bonds between macromolecules of amino acids of the biopolymer matrix.

Conducting preliminary heat treatment of the composition, which ensured moisture loss in the
amount of 10% by mass, leads to a sharp increase in the compressive strength limit of biocomposite
materials to 100.3 MPa. This treatment made it possible to increase the mechanical characteristics of
biocomposites by 50-55%, since the removal of excess water ensures the formation of additional physical
bonds between the glutinous matrix and the filler.

The introduction of 2-4 parts by weight of drying oil per 100 parts by weight of the binder leads to a
12-15% increase in the compressive strength of biocomposites compared to the strength of the
biocomposite material without a modifying additive. The use of a hydrophobic additive ensures a reduction
in the porosity of the biocomposite material, since the drying oil additionally performs the function of a
lubricating additive. In the case of formation of biocomposites with a smaller amount of moisture, amino
acid macromolecules approach, as water molecules dissolve the biopolymer matrix. Water is an inhibitor
of the structuring process of biopolymer material.

Strength limit of biocomposites containing up to 10 part by weight of the modifying additive
decreases by 35-38% compared to the strength of biocomposites, which have an optimal drying oil content
in the amount of 2-4 parts by weight. This is explained by the excess content of drying oil, the concentration
of which increases when water is removed from the composition during preliminary heat treatment.
Molecules of drying oil prevent the formation of physical bonds between the hydroxyl groups on the surface
of the organic filler and the active groups of the glutinous binder.
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Fig. 1. The dependence of the compressive strength of biocomposites on the content of drying
oil Oksol in the composition and the degree of moisture loss of the composition

Destruction of biocomposite samples, the compositions of which contain moisture and 2 parts by
weight drying oil Oksol, occurs through the formation of a crack, which is located at an angle of 45 ° to the
direction of action of the destructive load (Fig. 2, a). This indicates the resistance of the biocomposite
material to mechanical stress, as the material perceives elastic deformation and breaks brittlely without
plastic deformation. In the case of compression of biocomposite samples with the content of 10 parts by
weight drying oil Oksol there is a displacement of material layers with the formation of delaminations (Fig.
2, b). This is due to the presence of a modifying additive that forms individual inclusions. They are a stress
concentrator, as a heterogeneous structure is formed due to the low solubility of oil in the biopolymer matrix
in the presence of moisture.

The destruction of biocomposite samples, the compositions of which have a 10% smaller amount of
moisture, occurs similarly to the nature of the destruction of biocomposite samples, the compositions of
which did not lose moisture (Fig. 3). Crack propagation in a biocomposite sample containing 2 parts by
weight of drying oil Oksol occurs at an angle of 45° to the direction of the load (Fig. 3, a).

This indicates the absence of plastic deformation, which is associated with the formation of a dense
structure without defects and concentrators.
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Under the influence of a static compressive load, biocomposite samples with a content of a modifying
additive of 10 parts by weight destroy with the formation of a crack, which is also located at an angle of
45° (Fig. 3, b).

Fig. 2. The general appearance of biocomposite samples (without removing moisture from the
composition) after destruction with content of drying oil Oksol: a — 2 parts by weight.; b — 10 parts
by weight

This indicates the ability of the biocomposite material to resist plastic deformation, since after heat
treatment, the molecules of oils in the glutinous matrix dissolve in the absence of moisture. In
biocomposites, a homogeneous structure is formed, but the strength decreases due to an insufficient number
of physical and chemical bonds.

Fig. 3. The general appearance of biocomposite samples (with removal of 10% of moisture
from the composition) after destruction with content of drying oil Oksol : a — 2 parts by weight.;
b - 10 parts by weight

An increase in the strength limit under compression from 47.8 MPa to 49.4 MPa (Fig. 4) occurs in
the case of the introduction of sunflower oil in the amount of 2 parts by weight. This is due to the small
content of the lubricant additive, which has a dominant effect on the process of compacting the composition.
The compressive strength limit decreases by 22-26% with an increase in the content of the additive to 4-10
parts by weight, which is due to the plasticizing effect of the modifying additive.

Preliminary treatment of the composition ensures removal of 10%. moisture This leads to a 33-35%
decrease in the strength limit of biocomposites that contain sunflower oil in the amount of 2 parts by weight,
compared to biocomposites without a modifying additive. The introduction of a larger amount of sunflower
oil (4-10 parts by weight) leads to a further decrease of this characteristic by 13-15%, which is due to the
increased content of the modifying additive.

The value of the strength limit of biocomposites, the compositions of which have a lower amount of
moisture by 10%, is 58-67 MPa. The strength of biocomposites, the composition of which was not thermally
treated to remove moisture, is 38-49 MPa. This indicates the ability of the biocomposite material to form a
denser structure in the case of moisture removal from the composition, since during the main heat treatment
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at a temperature of 150° C, water molecules are removed. This leads to the appearance of delaminations
and cavities, which are stress concentrators and reduce the cohesive strength of the biocomposite material.
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Fig. 4. The dependence of the compressive strength of biocomposites on the content of
sunflower oil in the composition and the degree of moisture loss of the composition

Among biocomposites with a similar content of modifying additives, an increase in the compressive
strength values of biocomposites whose compositions were thermally treated to remove moisture (10%)
was found, from the range of values of 38-49 MPa to the range of values of 73-118 MPa. This is due to the
ability of the oil to transition into a solid phase due to the removal of the volatile solvent during heat
treatment, which causes the oil molecules to approach with the formation of bonds. Molecules of sunflower
oil remain in the structure of the biocomposite material, since the modifying additive is not removed during
heat treatment at a temperature of 150°C. The concentration of sunflower oil after heat treatment remains
in the original state, which prevents the formation of the maximum number of physicochemical bonds
between the active groups of macromolecules of the biopolymer binder and organic filler.

Conclusions and prospects for further research. Removing 10% of moisture from the composition
during heat treatment provides a 50-55% increase in the compressive strength of biocomposite materials
compared to biocomposites that contain excess moisture. This is due to the formation of the structure of
the biopolymer matrix with higher cohesive strength in the case of the formation of the maximum number
of physical bonds between glutin macromolecules.

Introduction of drying oil Oksol in the amount of 2-4 parts by weight to the composition leads to an
increase in the strength limit of biocomposite materials by 12-15% compared to the unmodified material.
Molecules of drying oil perform the function of a lubricating additive at the stage of pressing the
composition so reduce the coefficient of friction between wood flour particles and ensures the formation
of a dense structure of the biocomposite material due to the compact arrangement of particles in the
glutinous matrix.

The destruction of biocomposite samples with a reduced amount of moisture in the composition and
an optimal drying oil content (2-4 parts by weight) occurs as a result of the formation and propagation of
a crack at an angle of 45° to the line of action of the compressive load. This type of destruction is explained
by the absence of plastic deformation, since the formation of a rigid frame of the biopolymer matrix occurs
due to the removal of the solvent from the drying oil during the heating of the composition in the mold.
This additionally increases the cohesive strength of the glutinous matrix due to the formation of physical
bonds between the components of the biocomposite material.

In the future, it is planned to determine the influence of the amount of compression force and the
temperature of heating the composition on the mechanical characteristics of biocomposite materials that
contain hydrophobic additives.
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Hayionanvnuti mexuiunuil ynisepcumem Yxpainu « Kuiscokuil nonimexuiunui incmumym iMeHi
leopa Cixopcokoeoy

CYYACHUM CTAH BUHAXIJTHUIITBA, BAPOGHUIITBA, AHAJII3 PAHIIIIE
BUKOHAHUX JOCJI/UKEHD I IIEPCIIEKTUBH CTBOPEHHSA MOTOP-IUIIMHAEJIIB

Cmamma npuceauena ananizy cy4acHozo0 Cmamny 6UHAX00HUYmMea ma eupoonuymea momop-uinunoenie (M-111) ona
MemanooopooHux eéepcmamis. 30ilicHeno nameHmHuo-iHopmayiinuil ananiz, 6ua61eHo npogionux eupoonuxie y Himeuuuni
ma Kumai. 3aznaueno piznomanimuicmo M-11I ma ix 3acmocysanna 'y éepcmamodyoysanni. Takoxc pozenanuymo 6a3zy oanux
npogionux po3pooénuxie ma eupoonukie M-I ons memanooopoonux eepcmamis.

Kniouogi cnosa: sunaxionuymeo, Momop-wnunoeni, 6upooHuUYmeo, nameHmuo-ingpopmayitini 0ocaiodicenns, gepcmamu,
Memanoobpooxa.

Y. Kuznetsov, A. Hutnyk

THE CURRENT STATE OF INVENTION, PRODUCTION, ANALYSIS OF PREVIOUS
RESEARCH AND PROSPECTS FOR CREATING MOTOR SPINDLES

The article investigates the contemporary state of invention and production of motor spindles (M-S) for metalworking
machines. It conducts a patent-information analysis, identifying leading manufacturers in Germany and China. The diverse
applications of M-S in machine tool construction are outlined. Additionally, it explores a database of prominent developers and
manufacturers of M-S for metalworking machines.

Keywords: invention, motor spindles, production, patent-information research, machine tools, metalworking.

1. Results of patent information research

One of the main machine components that provides forming movements in the cutting process on
turning, drilling, milling, aggregate, grinding and other machines with rotary movement of a part or tool
has always been a spindle unit (SU) as a drive for the main movement. Over time, during the evolution of
the spindle unit, the kinematic chain from the energy source to the output link (part or tool) was shortened
and turned into a single unit that combines the energy source, energy converters, transmission and
amplification circuits and the actuator - a spindle with a clamping device for a part or tool in one whole.
These are electric spindles, which have recently been called motor spindles (MS). The M-S is seen as one
of the main elements representing the machine tool and is becoming a key object on the way to the transition
to smart manufacturing.

Patent information research made it possible to identify trends and directions of technical
improvements, to develop models of macro- and micro-evolution of M-S structures, and to determine a
control sample of objects (evolutionary events).

Patent searches for inventions (utility models) were conducted for different countries of the world
on the Internet (http://gb.espacenet.com), for Russia (http:/fips.ru), for Ukraine in the "Databases and
Information and Reference Systems" (www.ui pv.bases2.html) in the section "Specialized Database
"Inventions (Utility Models) in Ukraine™.

Using various keywords, 2195 patents and copyright certificates for inventions and utility models
were reviewed, of which 1250 patents were selected for further analysis after a thorough study of the
translated content and illustrations in the titles of protection, i.e. the sample size was Np = 1250). The
chronological depth of the search is 64 years (Te = 64).

The search for patent information was carried out under the IPC headings: HO2K41/00; H02K1/06;
HO02K5/173; B23B17/00; B23B19/00; B23B19/02; B23B47/00; B23B47/06; B23Q1/70; B23Q3/00;
B23Q5/00; B23Q5/10; B24B41/04; B24B47/12; F16C32/00.

The number of objects (control sample) is 104 objects (the power of the control sample of evolutionary
events Npx = 103). The geography of patent holders' countries within the control sample is presented in
Table 1 and Fig. 1.

According to the search results, it can be stated that patents on M-S were found in 9 countries. But
most of all in China, the USSR, Ukraine and Russia, which allowed us to limit further search for the
countries of origin (probably developers and researchers, which can only be assessed by publications due
to commercial secrecy).

It should be noted that China became interested in and began to engage in M-S much later than
other countries, with a high intensity of development, acquisition of rights to them and their
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commercialization with the advantage of technology transfer to other countries of the Euro-Asian and
American continents. This is evidenced by the revised catalogs of different countries.

Table 1.
Distribution of the number of patents by patent holder countries included in the control
sample
UA SU RU|CN US |DE|IP FR|SK
20 | Nee I8 11 |36 8 | 6 [ 2 | 2| 1

DE P FR SK
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Figure 1. Share of patent-holding countries within the control sample

2. Motor-spindle manufacturers [3-6, 8-10]

Therefore, based on the results of the patent search, review of publications and a number of catalogs
of M-S manufacturers, the main attention was focused on 2 countries: Germany and China.

It has been established that there are more than 300 manufacturing companies in Germany (+GF+,
BIAX, HSD, ZIMMER, BENZ, FISHER, GMN, SIEMENS, HSTec, Setco, BIGKAIZER, SRUTER, BZT,
ISEL, HITECO, WOLONG, KURODA, NAKANISNI, TDM, ... ), which produce up to 400 types of M-S
for various machine tools (milling, turning, grinding, multipurpose, woodworking and special-purpose),
but there is not much information about the designers and researchers.

At the same time, Chinese government agencies, scientists and industrialists pay great attention to
the design, research and production of M-S, with the involvement of specialists from other countries,
including Europe and the United States.

According to the partially completed search for countries and companies producing M-S, they are
currently produced in the following countries: Japan (JP), Germany (DE), France (FR), China (CN), Italy (IT),
Russia (RU). The most famous manufacturers in these countries are: DMU, ELTE, Franz Kessler, Weiss,
Diebold, Antecs, Cytec, Henninger, IMT, NSK, FANUC, KITAGAWA, HOWA, SUDA, SIEMENS,
SAUTER, GRUNDFOS, DUPLOMATIC, SMW AUTOBLOC and others.

Below are examples of electromechanical systems (EM systems) of the M-S type, which are most
widely used in production (Fig. 2-8). These EMSs are non-self-propelled, i.e., they provide only rotational
motion n, and additional non-axial feed drives are used for translational motion of the spindle.

M-Ss belong to a special class of complex dynamic systems of natural and natural-anthropogenic
origin that can realize both translational and rotational motion and represent a variety of evolving species.
Such systems are used in metalworking complexes, turning, milling, drilling, grinding, multipurpose and
other machine tools.

The idea to reduce the number of gearing mechanisms of the gearbox was embodied in the creation
of M-S, which combined a drive motor and the spindle itself. The first M-S began to appear in the 70s of
the twentieth century as motor-spindle assemblies for wrenching machines. With the further development
of technology in the machine tool industry, motor-spindles began to appear that could realize the feed
movement with the help of gears and couplings, using pneumatic systems, using hydraulic systems, using
screw gears, etc.

The spindle unit manufactured by IBAG (Fig. 3, a) are adapted to all toolholders known on the
world market. The integrated clamping systems HSK according to DIN 69893, BT, BBT, IBAGSKI,
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SKCAPTOCoromant are selected by customers depending on the size of the spindle and the maximum
rotational speed required.

The IBAGSKI system is preferred for small and medium-sized spindles, while the HSK is
recommended for spindles with a diameter exceeding 120 mm.

e WA
o5
=

e

Fig. 2. Motor spindles of the company: a - DMU and DekelMah, b - Artikelnummer, ¢ - HFK
with water cooling

a) b) c)
Fig. 3. Motor spindles: a - IBAG medium-sized for drilling, milling and high-speed
machining;
b - small-sized for engraving with high precision; c - powerful large-sized for manufacturing molds
and dies in the automotive industry
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a) b)
Fig. 4. Motor spindles with magnetic (a) and hydrostatic (b) bearings

High-speed liquid-cooled M-S ELTE (Fig. 5, a) of the AF series are designed to be used as the
main motion drive for milling and engraving machines and mold making machines.

The AF CU is the newest series of liquid-cooled M-S ELTEs (Fig. 5, b). It was developed on the
basis of the AF series and is characterized by the presence of a quick-change chuck for clamping the tool.

ELTE PE series M-S (Fig. 5, c) are designed specifically for use in cutting machines and are
designed for operation with increased axial and radial impact loads.

J

e

C) R
Fig. 5. ELTE high-speed spindles of the AF (a), AF CU (b) and PE (c) series

TMA is a series of high-speed M-S ELTE with automatic tool change (Fig. 6, a). The spindles are
equipped with a forced ventilation system. Bearings and motor windings are cooled by compressed air and
a built-in independent fan.

Thus, the results of the patent information search indicate that the class of EM systems of
the "motor-spindle™ type is a powerful class of EM transducers that is developing. Therefore,
research and innovative developments in this area are currently relevant and promising.
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Fig. 6. Motor spindles of TMA (a) and TMPE (b) series by ELTE

M-S ELTE of the TMPE series (Fig. 6, b) are equipped with a collet clamp and are designed to
work with a tool loaded in both axial and radial directions.

According to the principle of operation, M-S are of alternating (synchronous and asynchronous
types) and direct current. The most widely used are asynchronous and synchronous motors. The type of
motor is primarily chosen depending on the required diameter and length of the gearbox, operating mode,
power and number of revolutions. The type of cooling, the type and number of bearings, the tool clamping
system, and the winding connection scheme are also taken into account. Built-in asynchronous motors are
usually three-phase and are driven by special electric drives - HF (high frequency) frequency converters.

M-S are mass-produced with diameters ranging from 16 mm to 360 mm. The number of revolutions
varies from 8000 rpm to 80000 rpm. The power for asynchronous M-S ranges from 1.2 to 100 kW, and for
synchronous M-S from 4.2 to 82 kW.

In M-S, the size and power of the motors that drive the rotary motion are strictly limited by the
dimensions of the spindle. Bearing dimensions are also a critical factor in spindle design.

The geometrical parameters of the motor rotor determine the selection of bearing sizes, which in
turn determine the load capacity, stiffness and maximum spindle speed, so the motor characteristics must
be matched to the bearing capabilities.

As well as spindle motors in various designs, Siemens offers complete motor spindles. The modular
range of motor spindles covers milling, drilling, turning and grinding applications. Siemens' expertise in
M-S is concentrated in the subsidiary Weiss Spindeltechnologie GmbH.

The company produces M-S for milling, turning and grinding. In addition, Weiss
Spindeltechnologie GmbH also designs and manufactures customized solutions. They can be designed with
an available power range of up to 130 kW and up to 1250 Nm without a gearbox or up to 3280 Nm with an
integrated gearbox. M-S are available with synchronous and asynchronous motor technologies.

Figure 7 shows the variants of SIEMENS motor spindles.

The Chinese company Changzhou LINNAN Special Motor Factory was founded in 2013 and is a
technological and professional manufacturer of spindles for air-cooled CNC machines, engraving spindles,
water-cooled and air-cooled M-S spindles, spindles with automatic tool changers, etc.

Fig. 8 shows the M-S mod. GDZ70X65-700W with air cooling, rated power 700 W, maximum
rotation speed 18000 rpm.

Fig. 9 shows the milling M-S mod. GDZ85-2.2KW with a power of 2.2 kW and a maximum
rotational speed of 24000 rpm. The milling machine is directly cooled by air, which makes it possible to
operate safely and reliably in the event of dust and coolant splashes. This type of M-C is usually
maintenance-free, as the AC motor does not have a commutator in its design.
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I

d) compact grinding spindle motor
Fig. 7. SIEMENS motor spindles: a) SP series - mod. 2SP120 and mod. 2SP125); b) F series -
mod. F150A); c) D series - mod. D175/375), d) S series - mod. SM120)

Fig. 9. Milling spindle motor mod. GDZ85-2.2KW

Fig. 10 shows the M-S milling machine mod. GDZ120X103-6KW with a power of 6 kW with a
clamping collet, a maximum rotational speed of 18000 rpm and a low noise level.

© Kysneyoe FO.M., I'vmuux A.3



162
Mioceysiecokuii 30ipuux « HAYKOBI HOTATKHy. Jlyyvk, 2024, Ne77

Fig. 10. Milling spindle motor GDZ120X103-6KW

3. Database of leading developers, researchers and manufacturers of motor spindles for
metalworking machines [2]

The database was created based on the results of an information search and analysis of open access
information resources (promotional products; catalogs; prospectuses of international specialized
exhibitions; information digests, etc. The database contains organized information on leading European
research institutions, companies and manufacturers of modern motor spindles (Germany, Switzerland,
Italy, as well as developers and manufacturers in Japan, China and Taiwan) whose products are intended
for CNC machines, metalworking centers and special-purpose machines. The database contains brief
information on the name and country of the developer (manufacturer), the main areas of research and
development and types of market products, contact addresses of their head offices and consulting centers,
as well as up-to-date information on the presence of representative offices in Ukraine.

The leading firms and companies involved in the development, research and production of motor
spindles include:1. FISCHER Spindle Group AG. 2. Siemens Electric motors, Spindel- und
Lagerungstechnik Fraureuth GmbH, Neudecker & Jolitz (Himmel), BZT Maschinenbau GmbH, CNC-
STEP GmbH & Co. KG, CTR Norte GmbH & Co0.KG, Fiege, Weiss Gmb (Germany). 3. Teknomotor,
HSD SpA (ltaly). 4. BIG KAISER, TDM SA, GF Machining Solutions - Step-Tec, IBAG Switzerland AG,
FISCHER AG - Prézisionsspindeln, TDM SA (Switzerland), MicroLab, Precision Technology Co., Ltd.
Spintech Precision Machinery, Akira-Seiki Co., Ltd (Taiwan), Changlong Motor Co., Ltd. (China).
FANUC (Japan).

4. Prospects for the development of motor spindles [1,11]

M-S systems are complex combined electromechanical structures that include mechanical and
electromagnetic parts. The mechanical part includes the spindle itself, and the electromagnetic part includes
the windings that are the source of the electromagnetic field.

The combined EM system is a spatial composition of at least two elementary structures, each of
which performs its own function in the system (Fig. 11). Therefore, in such a combined system, the spatial
shape and number of moving and stationary parts, air gaps, power and control systems is determined by a
specific target function, the corresponding spatial geometry and the number of combined elementary EM
structures.

Fig. 11. Motor-spindle in section: 1 - spindle; 2 - support cylinder; 3 - housing of the
mechanical part M-S; 4 - lubrication compartment; 5 - spindle running gear; 6 - spindle nut; 7 -
centering guide; 8 - casing; 9 - bearing; 10 - motor stator; 11 - motor housing
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The main attention was paid to the self-propelled M-S, in which the main motion and feed drives
with a helical gear are combined (Fig. 12).

o
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== 8 Fig. 12. Self-acting M-S according to the
! = | " patent of Ukraine No. 65488 on the basis of M-
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The design of self-propelled M-S can be different, which affects the construction of calculation
schemes taking into account the range of guides, their location, including on machines with parallel
structure mechanisms (PSM). Stiffness, accuracy, and dynamic characteristics depend on the design. For
example, when changing the scheme of electric current supply to the stator and rotor windings, M-S can be
used both with a fixed body (Fig. 13, a) in the traditional design, when an actuator, such as a cylindrical
cutter in a clamping chuck, is located on the rotor axis, and with a movable body with a fixed rotor (Fig.
13, b), when an actuator, such as a grinding wheel or a disk cutter, is located on the body.

2

a) b)
Fig. 13. M-S with moving rotor (a) and stator (b) using the genetic inversion operator: 1 -
fixed base; 2 - rotor; 3 - stator; 4 - rotating spindle; 4 - non-rotating spindle-shaft; 5 - fixed M-S
body; 5' - moving M-S body; 6 - clamping chuck; 7 - cylindrical cutter; 8 - grinding wheel.

One of the schemes of a self-acting M-S with a helical gear is shown in Fig. 14.

When voltage is applied to the stator winding 4, a magnetic field is generated that interacts with
the two-layer active surface of the rotor 6 and thus causes the spindle 7 to rotate at the required speed n. To
ensure the feed of the spindle, voltage is applied to the electric motor 1, the revolutions of which are
converted by the CNC system through the screw pair 2, 3 into the translational movement of the pinola 5,
providing the required feed S. Options for the technical implementation of the synthesized chromosome Ss3
will be discussed in Section 2.4.
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Fig. 14. Principal kinematic diagram of a self-acting M-S flange type

The following 4 design schemes were selected for use in different machines (Fig. 15):
a) with a base for guides along the length of the M-S body;
b) with an increased base in length due to additional extension of the guides;
c¢) with guides in the form of fixed rods arranged in parallel in the plane of the M-S axis;
d) option "b" with its location on the movable platform of the machine with PSM.

B)
Fig. 15. Constructive diagrams of variants of self-propelled M-S with a helical gear for
further theoretical studies

In embodiment 1 (Fig. 15, a), the body M-S 2 of the traditional design is rigidly connected to the
cup 4, in which the nut of the screw pair 5 (sliding or rolling) is located, the screw of which receives
revolutions from the stepping or tracking electric motor M according to the program from the machine's
CNC system. This, in addition to the revolutions n of the main motion tool, provides coordinate movement
with the feed S of the M-S 2, as pinions in the guides 3.

To increase the stiffness of the spindle assembly in variant 2 (Fig. 15, b) by reducing the skew
angles, the pinion is extended by a glass 6, which is made of the same diameter as the body M-S 2.

It is possible to perform the guides in the form of fixed parallel rods 7 (Fig. 15, c) with sliders 8 at
a distance L. In this case, it is not necessary to perform the glass 6 according to the scheme in Fig. 6, b, but
it is possible to use the glass 4 according to the scheme in Fig. 6, a.

Option 4 provides for the location of the spindle assembly on a movable platform 13 (Fig. 15, d) of
a machine with a parallel structure mechanism (PSM) and rods 10, which are connected to the platform by
means of hinge joints 11, and hinges 12 to the fixed part of the machine. It is possible to make rods of
variable length or constant length, where the upper joints of the connection are located on gradually moving
slider supports, the movement of which is set by the CNC system. The location of the self-propelled M-S
on a movable platform allows machining surfaces or holes at an angle using the feed S of the self-propelled
M-S, rather than the movements of the entire platform with a larger mass (Fig. 16).

Conclusions and recommendations

1. The results of the patent information research made it possible to carry out a thematic patent
search for inventions (utility models) related to M-S for machine tools for various purposes, to find
competitors and possible partners in the creation of new designs and to determine the role of Ukrainian
scientists in this area with high probability.

2. It has become obvious, as a global trend in high-speed machining, the transition from multi-
link drives of the main rotational motion to a single-link drive, where the spindle assembly of the machine
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is made in the form of a M-S, the stator of which is the body of the spindle assembly (spindle headstock),
and the rotor is a spindle with an end for fixing a tool or part.

fife)
6)

Fig. 16. An example of using a self-powered M-S on a machine with an PSM and rods of
constant length: a - vertical position; b - angular position

3. Currently, M-S are manufactured for various machine tools (milling, turning, grinding,
multi-purpose, woodworking and special-purpose), but the vast majority are for milling machines with
supports in the form of liquid-cooled ball bearings and collet clamps.

4. Self-acting M-Ss that perform rotational (main drive function) and translational (feed drive
function) forming movements are still not manufactured. It was possible to combine these movements in
the design of the M-S due to the universal genetic crossing operator, which made it possible to move to
hybrid systems that became the object of this research.

5. The pioneers in the creation of self-powered (hybrid) M-S were scientists of the
departments of machine design of the Institute of Mechanical Engineering and Electromechanics of the
FEA of Igor Sikorsky Kyiv Polytechnic Institute, as an example of an interdisciplinary approach to solving
current problems.The next step in the improvement and monitoring to improve the technical and economic
performance of CNC machines and expand their functionality in remote control is the creation of intelligent
M-S.
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Kpemenuyyvruii Hayionanvruti yuisepcumem imeni Muxatina Ocmpozpadcokoeo

IHTEI'PAJIBHA OIIHKA PU3HUKIB ITIJT YAC OBPOBJIEHHSI
BUCOKOTEXHOJIOI'TYHUX KOMITIO3UHIMHUX MATEPIAJIIB

Y cmammi eusnaueno, wio € 3naune nepesunjenns 2icicHiuHuUX pecnamenmie XiMiuHux peuosun y nogimpi pooouoi 30nu
nio uac ceeponysanus KapooOHOEMICHUX KOMNO3UMIE Y NOJIONCEHHI CIOAYYU MA CUOAYU, @ MAKOIHC N0 YAC nepeMiuieHHsA ma
3aKpinnennsn 06poont06anol 3a2o0moeKu. Ycmanoeneno, uio NOKA3HUKU WyM08020 HAGAHMANCEHHA NEPECUULYIOMb ZPARUYHO
oonycmumi 3HAYEHHA Ni0 4aAC GUKOHAHHA GIONOBIOH020 UPOOHUYO20 3A60ANHS, 34 GUHAMKOM Onepayii nepemiujenna ma
3aKpInIeHHA 3A20MO6KU, W0 0e3n0CepPeoHb0 NOo6’A3aHO0 3i KEA3IKPUXKOI0 CHMPYKMYpPON) MAK020 MURYy KOMROZUUIUHUX
mamepianie. Boonouac, 3agixcosano nepesuuienna piena eiopauii 6i0 podoomu ceeponyeanvhozo eepcmama, a MaKoHc
6i0nogioHicmb i1 HOPMAMUBHUM 3HAYEHHAM NIO 4aAcC nepemiujeHHA ma 3aKpinjieHHsa 3a2omoeku. Bukopucmanua weuoxoi
ouinku écvo20 mina (REBA) nokazano, ujo nionamms, 6Cmano61eHHA MA NEPEHECEHHS 320N 060K, 4 MAKOIHC 6UKOHAHHA
OMEOPIG y 6EPXHLOMY CHIOAUOMY MA CUOAYOMY NONOMNCEHHI € 3A60AHHAM i3 Oydce GUCOKUM DiGHeM PU3UKY, AKe nompeodye
mepminosux Oill 3 Memolo ynepeoiHceHHsa HACMAHHA MPAGMAMUYHUX NOOIH. Y pe3ynvmami 00C1i0NHCEHHA 3ANPONOHOBAHO
suxopucmosysamu nosuu nioxio (Integrated risk assessment, IRA) 3 memoro ompumanns inmezpanvnoi oyinku pusukie nio
yac o00poOIeHHA GUCOKOMEXHONOIYHUX KOMROZUUIHHUX Mamepianie, AKUI ypaxoeye KOMCHUIL OKpemuii ¢haxmop y
KOMNJIeKCHIll 63A€MO0i.

Knwuoei cnosa: inmespanvha oyinka, 8UCOKOMEXHOAO2TUHI KOMNOUYILUHI Mamepiany, nuiose 3a0pyOHeHHs, uymose
HABAHMAdNCEHHS, 8I0payis, epeoHOMIYHI YUHHUKU.

INTEGRATED RISK ASSESSMENT DURING THE MACHINING OF HIGH-TECH
COMPOSITE MATERIALS

The article determines that there is a significant excess of hygienic regulations of chemicals in the air of the working
area during drilling of carbon-containing composites in the standing and sitting positions, as well as during moving and fixing
the workpiece. It has been established that the noise load indicators exceed the maximum permissible values during the
performance of the corresponding production task, except for the operation of moving and fixing the workpiece, which is directly
related to the quasi-brittle structure of this type of composite materials. At the same time, an excess of the vibration level from
the operation of the drilling machine was recorded, as well as its compliance with the regulatory values during the movement
and fixation of the workpiece. The use of rapid entire body assessment (REBA) showed that lifting, setting and carrying
workpieces, as well as drilling holes in the upper standing and sitting positions, is a very high-risk task that requires urgent
action to prevent the onset of traumatic events. As a result of the study, it is proposed to use a new approach (Integrated risk
assessment, IRA) to obtain an integrated risk assessment during the processing of high-tech composite materials, which takes
into account each individual factor in complex interactions.

Keywords: integrated assessment, high-tech composite materials, dust pollution, noise load, vibration, ergonomic
factors.

IHocTanoBka npodiaemu.

OriHKa BIUIMBY IIKIIJIMBUX BHPOOHHYMX (HAKTOPIB Mmia Yac OOpOOJIeHHS KapOOHOBMICHHUX
KOMITO3UTIB € BaXXJIMBOIO CKJIQJAOBOIO Y MPOLECI CTBOPEHHS OE€3MEYHUX yMOB Mpalli i OXOPOHHU 3/10pOB’s
npauiBHUKIB. OCHOBHI IIKi[uMBiI (DakTOpH, sIKI BHHHMKAIOTH MiJ 4ac POOOTH CBEpAIYyBAJIbHUKA i3
3a3HaYCHUM THUIIOM KOMITO3HUITIHHAX MaTepiaiB, 3rpyITyeEMO BIATIOBITHO 10 JHKEPEIIa IXHBOTO TIOXOIKEHHS:

1. ®i3nyHi pakTopH:

— 3aMWICHICTh poOouoi 30HM: mif yac 0OpoOIeHHS KapOOHOBMICHHX KOMIIO3HTIB YTBOPIOETHCS
NpiOHOMCTICPCHUHN TIHJI, SKHH MOXE MPOHWKATH Yy JIETeHi, BUKIMKAIOUHM PECIipaToOpHi 3aXBOPIOBAHHS U
THII TIPOOJIEMH 31 3I0POB’SIM.

— myM: poOoTa CBEpATYBAIBLHOTO 00aHaHHS Uil 0OpOOIeHHS KOMIO3UIIHUX MaTepiaiiB 4acTo
CYNPOBOKY€ETHCSI BACOKMM PiBHEM IIyMY, [0 MOKE€ IPU3BOIUTH 10 3HMXKEHHS CIyXY ¥ 1HIIMX IpodieM
31 310pOB’SIM;

— BiOpauis: BIUIMB BiOpauiil Bifg CBEpUTyBaJbHOTO OOJaIHAHHS MOXKE CHPUYMHSATH 3aXBOPIOBAHHS
OIMOPHO-PYXOBOT CUCTEMHU Ta HETaTHMBHO BIUIMBATH HA KPOBOOOIT B OpraHi3mi JIOAWHH.

2. Epronomiuni ¢aktopu: OaraTtopa3oBi HAXWJIH, WJIHATTS BaXKKHX CJIEMEHTIB 3aroTOBOK,
NEepecyBaHHsl Ta TATHEHHS BaHTaXiB, a TakoXX po0OTa y HE3PYYHHUX IOJIOKEHHSX Tilla € 3BUYaiHOIO
MPAKTHUKOK OCOOJIMBO B YMOBaX BHKOHAHHS KOHCTPYKIIHHUX OTBOPIB i (hiHIIIHOI O0OpoOKHM neraneit
PI3HOMaHITHOTO TIPU3HAYCHHSI.

JoaaTkoBO A0 3a3HAYEHOro, MOPIBHSHO 13 MpaliBHUKAM{ IHIIUX Taly3ed MpPOMHUCIOBOCTI,
CBEpAJIyBaJbHUKU MiJIAI0THCSI BUILOMY PIBHIO PHU3MKY 4Yepe3 HU3KY IHIIMX (DaKTOpiB PH3HKY, a caMe:
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TICHXOJIOTIYHAM CTpecaM YHACIiOK BHUCOKOI KOHIIEHTpaIlii yBaru, JOBroi po0OY0i 3MiHH, TPHBAJIOTO
nepeOyBaHHS Y TIOJOXCHHI CTOSYM, CHISYM YA HAXWISAIOUUCH, 130JISIii Ta HEOOXiTHOCTI 3a0e3rmeueHHS
MiABUIICHOTO PiBHA TOYHOCTI BUKOHAHHS OTBOPIB JAJI MpeLeH31HHOCTI 30ipku Ha poO0odoMy MicLii.

Omxe, HEOOXimHO O€3MOCepeHhO BPAXOBYBATH TOKA3HWKH 3aIlMIICHOCTI, ITyMmy, BiOparmii #
EproHOMIYHUX PHU3HUKIB Ul BU3HAUYEHHS 3arajlbHOrO MOKa3HMKA HABAaHTAKCHHS HAa MpalliBHHUKA IIiJ 4ac
3IIACHEHHS HUM TPYAOBOI AiSTIBHOCTI.

AHAaJIi3 OCTaAHHIX OCTiTKeHb | mMyOaikamiii.

Icuye nmekinbka kiacudikaiii METOIUK OIIHIOBAHHS PU3MKIB, HAIPHUKIIAJ, TEXHIKH OLIIHIOBaHHS
MONINSIOTECS HA KiNbKIiCHI, sKicHI Ta komOiHoBaHi [1-3]. Ilpu BIOCKOHaNEHHI METOAMK HAHOUTBII
MEPCIEKTHBHAM HANPSIMKOM € 30CEpe/DKEHHS HacamIiepe]] Ha KiJIbKICHHX METOJMKax, M0 HalKparile
3apekoMeHayBain cebe Ha npaktuii [4]. [Ipore, HeoOXimHO BpaxoByBaTH TOH (akT, IMO iCHYHOYI
METOAMYHI MiAXOOU IO OLIHKH MpOoQeciiHUX PHU3HUKIB HE MOXYTb BBAXKATHCS YHIBEPCAIBHUMH IS
MiANPUEMCTB Pi3HUX rally3ei, a pe3yJbTaTUBHICTh IXHHOTO BUKOPHCTAHHS 3HAYHOIO MipOIO 3aJISKUTh Bil
KOHKPETHHX BUPOOHUYHUX YMOB.

IMocTaHoBKa 3aBIaHb.

MerToro IOCHiDKEHHS € OLiHKa BIUIMBY MIKIIJIMBHUX BUPOOHMYMX (PaKTOPIB Mif dac oOpoOIeHHs
KapOOHOBMICHHUX KOMITO3UTIB i3 METOIO OTPUMAaHHS HOT0 IHTETPOBAHOTO MTOKA3HUKA.

JIJis NOCATHEHHS 3a3HaY€HOT METH HeOOX1THO BUPIIIMTH TaKi 3aadi:

— IOCTIKCHHSI MWJIOBOTO 3a0pyIHEHHS po0OY0i 30HM MiAg 4ac oOpoOJeHHsS KapOOHOBMICHHX
KOMIIO3HUTIB;

— eKCIIepUMEHTalbHE BU3HAYEHHS IIYMOBOTO HABAaHTAXXCHHS W YCTAHOBIICHHS PiBHS BiOpariii Bif
pOOOTH CBEPTYBATLHOTO 00JIaTHAHHS;

— JIOCHIJDKEHHS ePrOHOMIYHUX PU3HKIB pOOOTH CBEp/UTYBAIBHUKA Yy 3aJ€KHOCTI BiJl Pi3HUX
TOJIOXKEHb TiJIa il YaC BUKOHAHHS BiMOBIAHOTO BUPOOHUYOIO 3aBJIaHHS.

BuknaneHHst 0CHOBHOI0 MaTepiany.

Ha mouaTky HE0OXiqHO 3MIHCHUTH OI[iHFOBAaHHS BIUIMBY ()aKTOPiB HABKOJUIIHEOTO CEPEIOBHUIIA Ha
pobGouomy micii (mum, miyM, BiOpailis), sika HPOBOJWIIACSA 3a aTECTAlliiHUMM KapTaMd YMOB Mpari
CBep/ITyBaJbHUKA. BH3HAaYeHHS MOKA3HUKIB i3 TPhOX 3a3HaUCHHUX (DAKTOPIB MPOBOIUIIOCE Y 3B’ SI3KY 3 THM,
10 BOHHM HaiOLNbIIe BIUIMBAIOTh Ha (Di3MUYHMN CTAH CBEPUTyBAIbHHMKA Ta MPU3BOJAATH 10 MONIMPEHUX
npodeciiHuX 3axBopioBaHk. [licns BcTaHOBICHHS (DaKTUYHHX JaHUX (DaKTOPiB 30BHINTHHOTO CEPEOBUIIA
(mmny, mymy, BiOparii) iXHI MOKAa3HWKHM TIOPIBHIOBAJIHM i3 TPAHUYHO JOIMYCTUMHMH 3HAYCHHSMH, SKi
3a)ikcoBaHi y BIAMOBIAHUX HOPMAaTUBHUX JOKyMeHTax. HalOinpie BiAXWICHHS BiJ HOPMHU BUSIBICHO i
YpaxoBaHO TP OIliHII BIUIMBY Ha BEIMYUHY iHAEKCY HABaHTAXCHHS ITiJl YaC BUKOHAHHS BiJIITOBIAHOTO
BUPOOHWYOTO 3aBnaHHs [5—7]. Pe3ynbTaru BU3HAUCHHS BIUIMBY (DAKTOPIB HABKOJIHUIIHBOTO CEpPEIOBHIIA
CBepUTyBajJbHHUKA HaBeeHI y Taou. 1.

3a pe3ynmbTaraMH BUMIPIOBAHHS TOKAa3HWKIB BIUIMBY HABKOJMIIHBOTO CEpPENOBHINA HA
CBEpPUTyBaJIbHUKA MOXHA 3pOOUTH TaKi BUCHOBKHU:

— CIIOCTEPIraeThCsl 3HAYHE TEPEBHUILECHHS TICiEHIYHUX PErIaMeHTiB XiMiYHMX PEYOBHH Yy MOBITpi
po0o401 30HM TIpY CBEP/ITyBaHHI KapOOHOBMICHHX KOMIIO3HTIB y TOJOKEHHI CTOSYH Ta CHISYH, a TAKOXK
ITiJ] 9ac TepeMIIIeHHs Ta 3aKpilJIeHHsS 00pOOIIOBaHO1 3aTOTOBKH;

— MOKa3HUKH LIYMOBOTO HaBaHTaXEHHS CyTTeBo mnepeBuinyioTh [JIK mig wac BUKOHaHHS
BIJIMOBIZTHOTO BUPOOHUYOTO 3aBNIaHHS, 32 BHHATKOM HAXWISHHS, IO OE3MOCEPEeIHBO IOB’SI3aHO 3i
KBa31iKPUXKOIO CTPYKTYPOIO TaKOTO THITY KOMITO3UI[IHHIX MaTepiaiB;

— CIIOCTEPIraeThCs 3HaUHE MepeBUILICHHS PiBHS BiOparii Big poOOTH CBEpATYBaIbHOIO BepcTaTa, a
TaKOX BIJIMOBIAHICTh HOPMATUBHUM 3HAYCHHSM ITiJ] YaC MEPEMIIEHHS Ta 3aKPITUICHHS 3arOTOBKHU.

Jnis KiTbKICHOI OIIHKM BIDIMBY KOXKHOTO 13 3a3HaueHUX BHPOOHWYMX (DaKTOpiB, sIKi HAsSBHI Ha
pobodomy MicIli cBepaITyBalbHUKA, HAa PiBeHb MPOGECIHHOTO PH3WKY 3allpOMOHOBAHO BHUKOPHCTAHHS
BJIACHOI METOAUKH OaIbHOI OI[IHKY IIKIIIUBUX YUHHUKIB, KRin .

R

kRin.mq — R(?M,Wlp.m'-l * ’ (1)
YIERT
1€ Reuwvip.ww — BAMIpSIHE 3HAYSHHSI IIKIJUTMBOTO YNHHUKA;

Rr3.us — TPAHHYHO JOMTyCTUME 3HAYCHHS 1K1 TMBOT'O YHHHHUKA.

*y  eunaodky AKWO RNiCAA  PO3PAXYHKY IHMESpoSamuti HOKAHUK  WKIOIUBO2O YUHHUKA
MeHULe/00PIBHIOE 0OUHUYL, MOOI U020 3HAYEHHS 051 NOOAIbUIUX PO3PAXYHKIE YXGAMIOEMO 304 OOUHUYIO
(mabn. 1).

Tabn. 1

© 0. 0. Yenuesa, €. €. Jlawxo, C. B. Cykau, /I. B. Pe3nix



168
Mincsy3ziecokuii 30iprux « HAYKOBI HOTATKHy. Jhyyek, 2024, Ne77

IToxa3HUKH BIUIMBY CepelOBHUILIA HA iHIEKC HABAHTAKEHHS CBePAIYBAILHUKA Y 3271€KHOCTI
Bi/l Pi3HMX I0J10KEHBb TijIa y BUIVISIAI BiAOBITHUX PO3PAaXyHKOBHX Koe(ilieHTIB

Ne T, mr/m® ym, 1B Bi6panis, JIb
" | ®akrnunni | TO3* | Krinw DaKTUYHUN I'J13* KRin.uy Qaktrunnii | TA3* | Krinsiop.

19 103 122
23 101 122

1** 21 5,45 105 1,28 115 1,31
23 102 116
23 102 113
19 100 110
20 99 112

2%* 20 2-4 51 95 80 1.2 115 90 1,26
22 97 117
21 90 111
8 71 60
6 75 65

3% 9 18 79 1 55 1
7 76 57
6 78 60

*[][3 — epanuyno donycmume 3HaA4eHHs HaKmopy
**nonoscennn mina npayisnuxa: cmosuu (1); cudsuu (2); nepemiwgenHs ma 3aKpinieHHs
06pobrosanoi 3azomoexu (3)

PobiTHHKE MexaHOOOPOOHMX IEXiB BUCOKOTEXHOJOTIYHUX KOMIIO3HIIMHUX MaTepialliB Ha OCHOBI
BYTJICTICBHX BOJIOKOH 3HAYHOIO MipO¥O MiAAI0THECS €PrOHOMIYHIM TPpaBMaM 1 OB’ I3aHUM 3 HIMH PU3HKAM.

Posnagu omnopHO-pyxoBOro amapaTy MNpU3BOAATH A0 3HAYHMX ONEpaulifiHUX BUTpAT ULl
poOOTOaBLIB dYepe3 MOXKJIMBE BHHMKHEHHS Opaky B JOpOTOBapTiCHiM 3aroToBLi 3 KapOOHOBOTO
BOJIOKHHCTOT'O KOMIIO3UTY, ajie 3 €proHOMI4HOi TOUKM 30py OyJIO MPOBENEHO HEIOCTATHBO IOCIiIKEHb
PH3UKIB 1 OB’ 3aHUX 3 HUMHU METOJIiB 1IeHTH(DIKAIlii, OI[IHKH Ta PO3POOKHU NMPEBEHTHUBHUX 3aXOJIIB.

OcCKiNbKH TPaBMH OIIOPHO-PYXOBOT'0O aapary po3BHBAIOTHCS MPOTATOM TPUBAJIOTO MEPioAy yacy Ta
MalOTh HAKOTIMYYBaJbHUN €(EeKT, BA)KKO BU3HAYNUTH, K YaCTO BOHU BHHHUKAIOTH 1 KOJU came BigOynocs
HaJMipHE HABaHTAXKCHHS.

OnHe 3 HalCKJIaqHIIIUX 3aBlaHb JJIsl CBEPUTyBaJbHUKA — po0OTa 3 pyYHHM 1HCTpyMeHTOM. Uepes
HE3py4HE MOJIOKEHHS Tija MiJ 4ac poOOTH 3 HUMH, KUIBKICTh MaHIMYJISIUIN 3 HUMHU Ta LIBUIKICTH POOOTH,
BiJTHOCHO ITiIBUIIYIOTHCS PH3UKH PO3BUTKY 3aXBOPIOBaHb OMTOPHO-pyx0oBoro anapaty (30PA). OcHoBHIUMHU
¢izionorivHuME (haKTOpPaMu, sIKi BIUIMBAIOTh HA TaKe 3aBJIaHHS, € BUCOKA IIOBTOPIOBAHICTh, BAKOPHCTAHHS
3HAYHOI M'I30BO1 CHJIM, TPUBAJINI pOOOUMIA ACHB 1 JJOKAIbHA M S30Ba BTOMA.

Pi3Hi Tvnu Ta po3mipu KapOOHOBMICHUX 3arOTOBOK 1 KOMIUIEKTYIOUMX MAlOTh Pi3HY Bary, A0 TOTO X
SK TIPaBWJIO 1€ €JIeMEHTH 3 MOYATKOBOK BUKJIAJKOI0 BOJIOKHA Ha (OPMHU 31 CKIaTHUM TeOMETPUYHUM
penbedom, o JoJae CKIAIHOCTI y ITepeMilleHHi, 3aKpirieHHi, 00pOOIIeHHI I1i€] 3ar0TOBKH.

UYepes moB’si3aHi 3 UUM PU3MKH, BCTAHOBJIEHHS Ta 3aKPiIUICHHA 3arOTOBKM MAa€ BUKOHYBATHUCS
BiJITIOBIZTHO /10 pOOOYMX TPOLIEAYP i3 BUKOPUCTAHHSIM JIBOX-TPhOX MpaliBHUKIB. [IpoTe, yepe3 BupoOHUUi
00CTaBHMHM, HECTauy MEPCOHANTY H €KOHOMiYHY HEOOIPYHTOBAHICTh HASBHOCTI JOJATKOBOTO pOOITHHKA,
4acTo CIIOCTEPITaeThCs, MO 3aKPIMJICHHAS, TIepEeMIIIeHHsT i1 00pOOIeHHs eJIeMEHTIB KOHCTPYKIIil BUKOHYE
TUIBKHA OQHA 0co0a.

[lin yac poOOTH 3 BEIUKMMHU 3arOTOBKAMH CKJIaJIHOI T'€OMETPUYHOI (POPMH YacTO JTOBOAMTHCS
HaXWJIATHUCS, 3TUHATHCS Ta CKPYYyBaTy CIIHHY.

[opy1ieHHs OIIOPHO-PYXOBOTO arapary yepe3 He3py4Hi MO3U MOXKYTb BpaXaTh M’ 3H, CyrJIoOu Ta
CYXOXXWJIISL y BCIX YaCTHHAX Tijla, OCKUIBKM KICTKH Tijla CIYTYIOTh OMOPOI0 IS PyXy JIOAWHHU Ta
3’€THYIOTBCS MK c000i0 cyrimobamm. KpiM Toro, M’si3u JIOAWMHHU 3’€IHAHI 3 KICTKAMH 3a JOIIOMOTOIO
CYXOXKHJIb.

Uepes cnernudiky 3aBaaHHs, i 9ac poOOTH 3 PYyIHHM CBEPITYBAILHUM OOJIATHAHHAM 3aTisTHHMA
LIUEA psig M’ s13iB 1 cyriio0iB. HukHs qiissHKa CIIMHHU, YePEBHUIN Mpec, TPHIIEIIC, ASIbTONOAIOHNN M 53 1
raMeilyC € OCHOBHUMH M’ Si3aMH, II0 BHUKOPHCTOBYIOTbCA MiJi 4Yac poOOTH 31 CBEpIyBaJbHUM
obnajHaHHSAM, a XpeOlleBi, KOJIHHI, 3aIl’ ICTKOBi, TA30CTETHOBi, IJICYOBI Ta (aceTKOBI CYIiioOu €
OCHOBHUMH Cyrji00am#, sIKi 3aisHi miJa 4ac Takoi omepariii. Uepe3 He3pydHE MOJOKEHHS Tijia I Jac
0araTopa3oBHX MaHIMyJISLiH MOXKYTh CTUCKATHCS HEPBH Ta MOAPA3HIOBATUCS CYXOXKHJIUISA.
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Crparerii nmpodimaktuku 30PA gacTo 30cepeKyroThesl HA OCHOBHUX (haKTOpax PU3HKY, TAKUX K
cHiia, 1mo3a Ta MOBTOPEHHS Aiil. s Toro, mo0 BUKOHATH OLIHKY PU3UKY Ta BU3HAUYUTH OCHOBHI (akTopu
PU3HUKY, SIKi BiIIrparoTh pojib NpH poOOTI 31 CBepUIyBaIbHHM OOJagHaHHSAM, OyJIO MPOBEACHO
mocTypanpHUi aHami3. Jjug mporo Oyno MPOBEACHO CIIOCTEPEKCHHA 3a omepamiclo «BukoHaHHS
KOHCTPYKLIHHHUX OTBOPiB 3arOTOBKH KpWJIa» i 00paHO HAOLIbII HE3py4YHI NOJIOKEHH Tijla. 3HIMOK s
aHaJi3y nocTaBu OyB 3pOOJICHHI 111 YaC BUKOHAHHS OTBOPIB Y BepxHil (puc. 1) i HuxkHil (puc. 2) 4acTHHI
3arOTOBKH, & TAaKOXK MEpeMIIeHHs], MiHoMy Ta 3aKpirmieHHs 3arotoBkH (puc. 3). Lli mo3u 3ycTpivaroThes
Haifuacrtime i mependavyaroTh OUTBINI 3yCHIUISI Ta M S30BY AaKTHBHICTh, IO CIPUYHMHSE OUTBIIHAN
JcKOM(OPT AJIs MPauiBHUKIB. Y IIbOMY 3aBJaHHI 3alisHi BC1 YaCTHHU TiJia, BKIIOYAIOYH PYKH, HabIli,
TUieYi, CIHHY, IIUIO, HOTH Ta 3aIl’siCTs, SKIi MOXYTh IOCTPAXJATH BiJl MOPYLICHb OMOPHO-PYXOBOTO
amapary.

Puc. 1. Ilosio:keHHsI Tijia mMpaniBHUKA Mil YaC BUKOHAHHS OTBOPiB PyYHUM iHCTPYMEHTOM y
MOJIOKEHHI CTOSTYH

Puc. 2. Tloyio:keHHsA Tijla NpaliBHUKA Ii/l 4Yac BUKOHAHHS OTBOPIiB Py4YHUM iHCTPYMEHTOM Y
NOJIOKEHHI CHUASTYH

Puc. 3. [lonokeHHs Tijia mMpaniBHUKA i Yac mepeMillleHHsI Ta 3aKpilJIeHHs1 00p00JII0BaHOl
3aroTOBKHU

Metomu aHajizy MOCTaBH Ta TO3U € CKPUHIHTOBUMH 1HCTPYMEHTaMH, SKi JAlOTh MOXIJIHBICTB
OIIIHUTH PW3UK HACTAaHHS TpPaBMATUYHHUX TIONIA, BUSBHTH OCHOBHI #oro ¢akrtopw Ta BHU3HAYNUTH
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MIPIOPUTETHICTh KOPUTYBAIHAX 3aXOMAiB. X09a JJII BHOOPY BiAIOBIAHOTO METOMY aHAI3y TTOCTaBH OYIIH
BpaxoBaHi 3BMYaiHI MapaMeTpH, Taki sIK yac JUIs CIIOCTEPEKEHHS U aHamizy, HEOOXiHI JeTali, 4acToTa
BUKOHAHHS 3aBJaHHsI, TIOB’sI3aHi 3 IMM BUTPATH, MOJI1 Ta THII 3aHSTh, ajie [UI1 AMHAMIYHUX 3aBAaHb, KON
BC1 YaCTHHHU TiJIa pyXarOThCs, PeKOMEHIYEThCs BuOUpaTu Mixk Cuctemoro anamizy poootu Ovaco (OWAS)
a0o [Iuakoro ominkoro Beboro tina (REBA). Bpaxosyrouu toit dhakr, mo meroarka REBA uytiauBa 10
OLIIHKU PU3UKY caMe Ui ONIOPHO-PYXOBOTO amapary IijJi yac BUKOHAHHS Pi3HOMAaHITHUX 3aBIaHb, € OUTBII
Ha/IIHOIO, a ii pe3ynbTaTH MOXYTh OyTH IepeBipeHi, 0yno oOpaHo came If0 METOJIUKY. SIK MoKa3aHo Ha
poGouomy apkyii orfiiku REBA, ripu O1iHIl YaCTHH Tija, 3aiTHUX Y MiIHOMI Ta IepeMillleHH] 3ar0TOBKH,
Ta 3 ypaxXyBaHHSM JAESKUX IMapaMeTpiB, TAKHUX SIK Bara BaHTaXy, CIIOCOOM 3aXOIUICHHs BaHTaXy, 3arajibHa
ominka REBA nocsarma 11 GamiB Ha OCHOBI TaONmuWI piBHIB fiif, Taka OI[iHKAa BHU3HAYa€ O3y SK JIyKe
BHUCOKHH piBEHb PU3UKY, VIS SIKOTO HEOOXimHI HeraiHi [ii. YeK-TUCTH OLIHKM SPrOHOMIYHUX PHU3HUKIB
npeacTaBiIeHi Ha pucyHKax 4-6.

[Tig yac migHATTS Ta MepeMimeHHs KapOOHOBUX 3arOTOBOK 3a/lisiHI BC1 YaCTHHH Tijla, TaKi K PYKH,
MaJIbIl, TJIeYi, CIIMHA, WS, HOTH Ta 3aIl’iCTs, SIKi MOXKYTh IIPHU3BECTH JIO TMOPYIIEHHS POOOTH OMOPHO-
pyxoBoro amapary. [1in yac poOOTH 3 pyYyHHM CBEpITYBaIbHUM OOJaHAHHSIM CIOCTEPITaICs BUITAIKU
3aCTOCYBaHHS HAQJMIPHOI CHJIM, HaxXWIiB, 3THHAHHSA TaJii Ta CKpy4dyBaHHS CIUHU. barato TpaBwm,
MOB’I3aHUX 3 PYYHUM MEPEMIIIEHHSM ITiJI YaC BHKOHAHHS TAKUX 3aBJJaHb, € KyMYJISTHBHUMHU T4 BUHUKAIOTh
y pe3yibTaTi 0araTopa3oBoro BAKOHAHHS OJTHHX 1 THX K€ JIifl 3 MOTaHOI0 MOCTaBOIO Ta HE3PYYHOIO TI03010.
Pyx i npruckopeHHs MBUAKOCTI poOOTH, OCOOIMBO TIij] Yac 3TMHAHHS Ta CKPYYYBaHHS, MOXYTh 301IBIITUTH
KIIBKICTh CHIIM, SIKa TPHUKIATAEThCA M0 Til. BukopucranHs mBuakoi oriHku Bcboro Tina (REBA)
MoKa3ao, IO MiAHATTS, BCTAHOBICHHS Ta IEPEHECEHHS 3aroTOBOK, a TaKOX BHKOHAHHS OTBOPIB Y
BEPXHBOMY CTOSUOMY Ta CHISYOMY ITOJIOKEHHI € 3aBJaHHSAM i3 Jy)Ke BHCOKHM DIBHEM PH3HKY, SKE
noTpedye TepMIHOBHX [iif 3 METOIO YIEePEKEHHSI HACTAaHHS TPABMaTUYHUX TTOJIIH.

3Bakaroun Ha crnenudiky MexaHoOOpOOHOI Tamy3i i3 3acCTOCYBaHHSM PYYHOTO IHCTPYMEHTY,
BUDIIICHHST TMUTaHb EPrOHOMIKM Ta JIOACBKOTO (aKTopy B OpraHizamii Mae XapakTeph3yBaTHCS
MDKIUCIUIUTIHADHUM TiaxomoM. PoOoTa 3 TEXHONOTisIMH, JFOICPKAMHU (PaKTOpaMH i Oprasizaljiero y
pamkax 1o0pe CTpyKTYpPOBaHOTO MiJXO1y 0 BUPILICHHSI €proHOMIYHUX HUTaHb Oy/e O11b1I e(h)eKTHBHOIO.
3 TOYKM 30py YOpaBIiHHS pPH3MKAMH, IMPIOPUTETOM Mae€ OyTH YCYHEHHS BHIAIKIB TpaBMAaTU3MY
MIPAaIiBHAUKIB 1 aKIIEHTYBaHHS yBard Ha KOHIIEMIIT HAYKH €PrOHOMIKH.

I'o10BHUM KPOKOM 3MEHINIEHHS PU3HKIB € PO3IIOALT 000B’I3KIB 1 BUUICHHS TOCTaTHIX PECypCiB s
BITPOBA/IXKEHHSI €PrOHOMIYHHUX MPOrpaM, CIPSMOBaHUX HA BUPILIEHHS MPOOJIEM €proHOMIKH Ta JIFOJICBKOTO
(akTOpy miJ yac OUiHKK PU3UKIB, IPOEKTYBaHHI MaliOyTHIX 00POOHMX CBEpATYBaIbHUX ONEpaliil mig yac
BHTOTOBJICHHS KOHCTPYKIIIHHMX OTBOpPIB y €JNEMEHTaX CKIAOHOI TeoOMEeTpHUYHOi ¢opmu. 3MmiHa
opraHi3aliifHOi KynbTypH Ma€ BUpIlIaibHE 3HAYCHHS, & 3a0XOYEHHS MPAliBHUKIB MOBIAOMIATH TIPO
poO3NaAn OMOPHO-PYXOBOI'O amapatry Ta, 30KpeMa, Npo TPaBMH CIUMHH € (yHIaMEHTAIbHUM s
MTOKPAIIEHHS CUTYAIlii.

HamonernuBo pekoMeHIyeThCS 3ampoBaIUTH IUKJI POOOTH/BIAMIOYMHKY, 10O 3MEHIIUTH pPiBEHb
PHU3HKY, a TAKOX MONEepPeIHI MEANYHI MEPEBIPKU CTaHy 310pOB’s, 100 MepeKOHATHCSA, IO JIOIU (i3UIHO
NPUIATHI JUTS BUKOHAHHS TAKOTO THITY CKJIQJHUX 3aBJIaHb.

OTxe, 3 METOI OTPUMAHHA IHTETPaNbHOI OIIHKKA PHU3HMKIB IMa dYac oOpoOIeHHS
BHUCOKOTEXHOJIOTIYHUX KOMIMO3UIIMHUX MaTepialiB MPONOHYEMO BHKOPHCTOBYBaTH HOBUH MiAXin
(Integrated risk assessment, IRA), sikuii ypaxoBye KOXHUI OKpeMHH (PaKTOp i KUIBKICHO TIOB’s3aHHU 13
BIJTHOIIICHHSIM OTPUMAHOTO MOKa3HWKA BIUIMBY Y YMCEIBHUKY Ta BiJIIOBIIHOTO I'PAaHWYHO JOIYCTHMOTO
3HAYEHHS Y 3HAMEHHHUKY (3a hopmyoro 1).

BukopucToBytoun ekcriepuMeHTalIbHI yCepeaHEH] JaHi, MOKEMO CKOPUCTATHUCS TaKoo (GopMyIioro
JUTSL HOTO 00YMCTICHHS i yHeceMO OTpHUMaHi pe3yJIbTaTh A0 TaOiuib 2—4:

Rira = Rypo XK xk kRin.ei6p ) 2

epeo Rin.nun

1€ Krinnur, Krinwy, Krinsisp. — OQTBHI TTOKa3HUKH 3aMUICHOCTI, IIYMOBOTO HABAHTAXXCHHS Ta BiOparlil
(32 dpopmyinoro 1); Repo — €proHOMIUHMIA MOKA3HUK, SKHH OYJIO PO3paxOBaHO BiJIOBIHO YEK-JIUCTY 3a
meroukor REBA (puc. 4-6).

VY pe3ynbTari JOCHIIHPKCHHS BCTAHOBIICHO MOKAa3HWK HABAaHTAXKEHHS, SKWUH XapaKTepU3ye MPaIfo
CBEpUTyBaJIbHUKA IIJI Yac BUKOHAHHS BIAMOBIIHOTO POOOYOTO 3aBHaHHS W YCTAaHOBICHO HOTO
BIIOBIAHICTE TaKiil KA OIIHKA pU3UKIB (pHc. 4-6).

J1s 3HMKEHHSI BILTUBY ITUX (DAKTOPiB PEKOMEHIY€EThCS BIPOBAKYBATH TaKi 3aXOIH:

— BUKOPHCTAHHS CHCTEM BEHTWJISIMIT Ta QiabTparii s BUJaieHHs KapOOHOBMICHOTO TIHITY;

Rin.wym X
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Puc. 6. Ouinka crynensi pusuky 3a cucreMorw REBA 17151 onepauii nepemimneHHsI 3aroToBKu

—3aCTOCYBaHHA 3acO0iB 1HIWBIAYaJbHOTO 3aXHCTy, TAKMX AK PECIIpaTOpH, 3aXWUCHI OKYISPH,
PYKaBUYKH Ta CIEIiaJbHUN OMST;
— 3a0e3MedeHHsI HaJIS)KHOTO TEXHIYHOTO 00CIIyroBYBaHHS 00J1afHAHHSA 7Sl 3SMEHILIECHHS PiBHS IIyMY

Ta BiOpalii;

— Oprasizauis peryJspHHX MEIWYHHMX OIJISAIB Ui NpaliBHUKIB, SKI 3alMarOTbCs OOpOOKOIO
KapOOHOBMICHUX KOMITO3UTIB;

— HaBYaHHS MPAI[iBHUKIB 11010 0€3EYHUX METOAIB pOOOTH 3 BUCOKOTEXHOJIOTTYHUMH MaTepialaMu
i 00JIaIHAHHSM, SIKE BUKOPUCTOBYETBCS JIJISl IXHHOTO OOPOOIICHHSI.

Tabn. 2
Ouinka iHgeKcy HaBaHTaKEeHHsI CBEPAJTYBAJILHUKA Y MOJI0KEHH] CTOSIYH
CKJIai0Bi PUBHKY Ikinmuei pakTopu Ta
M’S130BC HABAHTAXCHHS
MpariBHUKA
E
. [To3na- O
Hebesme- Hebe3neuna noxist Hacriz- YCHHA HIHH
Ka K{
Brnus [IpodzaxBoproBaHHs Busnauennss  GanbHOTO
KT (3axBOpPIOBaHb Btpara MTOKa3HUKa MHJI0BOTO | KRin 5,45
BHUX JIUXaTbHOI CUCTEMH, | TIparle- 3a0pyIHEHHS
YUHHUKIB | TJyXyBaTiCTh 1 3/1aTHO- Busnauennss  OanbpHOTO
Ta rIIyxoTa, Bibpariiina | cTi NOKa3HMKAa  IIyMOBOTO | KRinuy 1,28
nepeBaH- XBOpOOa, HaBaHTa)KEHHS
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TaKeHHS MOPYIICHHS BusHaueHHss  GaimbHOTO K 131
, . . . | KRin.sicp.
M’s13iB OIIOPHO-PYXOBOTO NIOKa3HHKA piBHS BiOparlii n-e1op ’
arapary) BusHaueHHs OKa3HUKA R 1
€prOHOMIYHUX PH3HKIB epro
InrerpanbHa ouinka pusukis (IRA) Rira 100,5
Tabn. 3
Ouinka iHgeKcy HABaHTAKeHHSl CBePIYBAJIBHUKA Y NMOJ0KeHHI CHASTYH
CKJ1aJi0Bi pU3UKY HIximmBi dpakTopu Ta
M’SI30B€ HABAHTAXKECHHS
MpariBHUKA
[To3znaue Ok
Hebesneka | HebGesneuna mogist | Hacmimkn HHA
Busnauennss  OaipHOTO
B [Tpod3axBOPIOBAHHS HIOKa3HHUKA MHIIOBOTO | KRin.mu 51
S —— (3axBOpIOBaHb 3a0py/HeHHA
o JAXATbHOI CHCTEMH, Broara BusHaueHHss  OaimbHOTO
o IJTyXYBaTICTh i - Eue MOKa3HMKA  IIYMOBOTO | KRin.uyx 1,2
rnepeBad IIyxota, Bibpaniina 3II[)aTHOCTi ST
Ta)I:IJCCHHSI XBOpOOa, BuznaueHHs ~ GaibHOTO Kein sy 196
. . see . . )
st OPYLICHHS OIOPHO- TIOKa3HHMKA piBHA BiOpanii
PYXOBOTO amapary) Bu3HayeHHS TIOKa3HUKA R 9
€pPrOHOMIYHUX PU3HUKIB ere
IarerpansHa orinka pusnkis (IRA) Rira 69,4
Tabn. 4

Ouninka iHgeKkcy HaBaHTAKeHHsI CBepPUIyBAJIbHUKA I/l Yac MepeMillleHHsI Ta 3aKpillvIeHHs!
00po0.TI0BaHOI 3aTOTOBKHU

CKI1azioBi pu3uKy

Ikinnuei pakTopu Ta
M’SI30BE HABAHTAXKCHHS

TpaIliBHAKA
o |
Het Hacx BTy IMo3Ha- Ouinkn
ebesre- . aciiz- £
HebGesneuna noxisa A Fe YCHHA
Ka K1
-t
Tpod3axsopio- BusHayenns  GaabHOIO
Bime BAHHS MOKa3HHKa MHITOBOTO | KRin nus 1,8
LIKiAH- (3axBOpIOBaHb 3a0py/HeHH
BHX IMXanbHOI cucTeMH, | Brpara Busnauenns  GambHOro
YUHHUKIB | TIIyXyBaTiCTh i npare- MOKA3HWKA  IIyMOBOTO | KRinuyx 1
Ta ruyxora, Bibpaniiina | smatno- | HABaHTAKCHHA
nepeBaH- XBOpOOa, cTi BH3HaquH’I' 63{“"01"9 KRin.eis 1
TAKCHHS MOpyIIEHHS NIOKAa3HUKA piBHs BiOpaii o
M’s3iB OIIOPHO-PYXOBOTO BH3HaYeHHS TIOKa3HUKA R 11
amapary) €prOHOMIYHHX PHU3HKIB epre
InrerpanbHa ouinka pusukis (IRA) Rira 19,8
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Tabn. 5
Ouinka iHTerpajabHOro pu3nky Rira
bamu PiBeHb pusuky
1 He3naunwmit

2-3 Husbkuit

4-7 Cepenniii

8-10 Bucoxkuit

11+ Jly>xe BUCOKHUH

Bucnosku.

VY pe3ynbTaTi BAKOHAHOTO KOMITJIEKCHOTO JOCTiIKEHHS MOKHA 3pOOUTH BUCHOBOK I110:

1. HasiBHE 3HAYHE MEPEBHLICHHS TiTi€HIYHUX pErjaMeHTiB XIMIYHMX PEUOBHMH y MOBITPi poOovoi
30HU IIiJl YaC CBEP/TyBaHHS KapOOHOBMICHUX KOMIIO3UTIB y TIOJIOKEHHI CTOSIYM Ta CHJSTYH, a TAKOXK i
gac TEePEeMIIIEeHHS Ta 3aKpilICHHsT 00p00II0BaHOI 3arOTOBKH;

2. IOKa3HUKW LIYMOBOTO HaBaHTaKEHHs mepeBuIIytoTs [ /I3 mim yac BMKOHAHHS BiAMOBIAHOTO
BUPOOHMYOr0 3aBIAaHHA, 3a BHUHITKOM oOlepalii nepeMilleHHs Ta 3aKpilyIeHHS 3aroTOBKH, IO
Oe3rmocepeTHhO TIOB’SI3aHO 31 KBa3IKPUXKOI CTPYKTYPOKO TAKOTO THITY KOMIIO3UIIIHHUX MaTepiais;

3. HassBHE TIEpEBUILECHHS piBHA BiOpamii Bijg poOOTH CBEpIIYBAILHOIO BeEpCTaTra, a TaKOoX
BiJIMTOBITHICT, HOPMATHBHUM 3HAYCHHSM IIiJ] Yac MEePEeMIllleHHS Ta 3aKPITUICHHS 3aTOTOBKH;

4. BUKOPUCTAHHSA METOJMKH IBHUAKOI omiHku Bchoro Tina (REBA) mokazamo, 1o MigHSTTS,
BCTAHOBJICHHSI Ta IMEPEHECEHHS 3arOTOBOK, & TaKO)XX BUKOHAHHS OTBOPIB Y BEPXHHOMY CTOSYOMY Ta
CHITYOMY TOJIOKCHH] € 3aBAaHHIM 13 Ay)KE€ BUCOKHM PIBHEM PH3HKY, sIKE MOTpeOye TEpMiHOBHX Hi 3
METOIO YIepeIKeHHSI HACTaHHS TPaBMAaTUYHUX HOMIMH;

5. 3ampornoHoBaHo BHUKOpHcTOBYBaTH HoBuil minxin (Integrated risk assessment, IRA) 3 metoro
OTPUMaHHS 1HTETpajbHOI OLIHKU PU3UKIB MiJ 4ac 0OpOOIEHHS BHCOKOTEXHOJOTIYHHX KOMITO3UIIMHUX
MaTepiajiB, SKHA ypaXxoOBYye€ KOMIUIEKCHUH BIUTUB KOXXHOTO OKpeMoro (akrtopy, a came: IHIOBOTO
3a0pyTHeHHs1, ITYMOBOTO HABAHTAXXCHHS, BiOpallii i eproHOMIYHUX PH3HKIB.
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YJIK 004.8 DOI 10.36910/775.24153966.2024.77.27
JL. 10. ®eqik, 1O. JI. I'ynbko
Jhyvkuti HayionanbHUll MexXHIYHUL YHigepcumem

AHAJII3 HAWUBUIBII MMOIMWPEHUX TPOMUCJIOBUX POBOTIB CBITOBAX
JILAEPIB EPSON, YAMAXA I PANASONIC

Y cmammi euxnaoeni ocoébnusocmi 3acmocyeanns npomuciosux pooomie AK poOOYUX MAWIUH KOHHIPOJILHO-
YRPABAAIOUUX IHPOpMaUiiiHUX cucmem, Wo 3a0e3neuyioms A6MOMamu3ayilo mexHoa02iMHUX npoyecie i onepauiil, 36 ’a3y10nb
ix y cucmemu 6upoOHUUUX KOMNIEKCi6, NPAUIOIOMs AGMOMAMUYHO 3 ZHYUKOI) MEXHO102i€10. A maKoxyc wiopiuni ceimoei
memnu URYCKY RPOMUCTIOGUX POOOMIE, NPOBeOeHUIl AHANI3 ICHYIOUUX MOOeNell YUX A6MOMAMUYHUX RPUCMPOIE C8IMOBUX
nidepie EPSON, YAMAXA i PANASONIC. 3okpema, npomucnosi pooomu EPSON ompumanu wupoke 3acmocysanus
pooomie-maninynamopie i SCARA-podomie uepe3 3abe3neuenns epeKmusHoz0 3aCMOCY8AHHA GUPOOHUUUX HPUMILYEHD,
GUKOHAHHA PYXi6 He NO NPAMIiL, a 8 00XI0 nepeuikoo ado 8 0OMeHceHOMy RPOCMOpi 3 KOPUCHUM Hasanmadicennam 00 20 k2
0/ MEXAHIYHO20 YU eNNeKMPUYHO20 30UPAHHA, 6UOOPY I po3miujeHHs, KomnaeKmayii i 003ysanns neeeaukoi eéazu. Ha siominy
610 npomucnosux pooomie EPSON pobomu YAMAHA 3a0arome mou y npooasxicax pooomie SCARA sanmasconioiiomuicmio
00 50 k2, aKi 3a0e3neuyromov nepemiujennsn i 30Upant 6eTUKUX KOMNOHEHMI8, YHIBePCANbHOCMI, 6I0CYMHOCMI NPAKMUYHO
ecix eidpauiii, w0 GUHUKaOmMb y pe3yabmami ynogiibHeHHA momenmy pyxy pyku. Lllupoxe 3acmocysanna ompumanu
opuzinanwvhi 3eapiosanvui pooomu PANASONIC ona 0y208020 ma 6i00aneno2o 1a3epHo20 36aplo6anHs i yHigepcanbHi
Mauinyaamopu, o ORMUMAaiIbHO 0ONO0GHIOIONb 36API0GANLHI POOOMU Ub020 BUPOOHUKA.

Kniouogi cnosa: npomucnosuii po6om, maninynsmop, aioep, EPSON, YAMAXA, PANASONIC.
L. Fedik, Y. Hunko

ANALYSIS OF THE MOST COMMON INDUSTRIAL WORKS OF WORLD LEADERS
EPSON, YAMAXA AND PANASONIC

The article outlines the features of the use of industrial robots as working machines of control and management
information systems that provide automation of technological processes and operations, connecting them into systems of
production complexes that work automatically with flexible technology. As well as the annual global rate of production of
industrial robots, an analysis of the existing models of these automatic devices from the world leaders EPSON, YAMAXA and
PANASONIC was carried out. In particular, EPSON industrial work has seen widespread use of robotic manipulators and
SCARA work by ensuring the efficient use of industrial premises, performing movements not in a straight line, but around
obstacles or in confined spaces with a payload of up to 20 kg for mechanical or electrical cleaning, selection and placement,
configuration and dosage of light weight.

In contrast to EPSON industrial robots, YAMAHA's work sets the tone for sales of SCARA robots with a lifting capacity
of up to 50 kg, which provide the movement and collection of large components, versatility, and the absence of almost all
vibrations that arise as a result of slowing down the moment of arm movement. Original PANASONIC welding works for arc
and remote laser welding and universal manipulators that optimally complement the welding works of this manufacturer are
widely used.

Key words: industrial robot, manipulator, leader, EPSON, YAMAXA, PANASONIC.

IMocTtanoBka mpodsaemu. [IpoMHCIOBICTD, SIK CEKTOP EKOHOMIUYHOT'O 3pOCTaHHS JEPIKABH, € TaITy3310
HaI[lOHAJbHOI EKOHOMIKHM 1 TMiABUINEHHS 11 €(pEeKTUBHOCTI BHU3HAYAETHCSA NPHUCKOPEHHSM HAyKOBO-
TEXHIYHOTO MPOTrPecy Ta BIPOBAKEHHIM aBTOMATH3AIII].

[lepexin mo aBTOoMartm3amii BUPOOHHWITBA 3MIMCHIOETHCS 3aBISKH BHKOPHUCTAHHIO MPOMHUCIOBUX
poOOTiB, sIKi € pOOOYNMHU MAIIMHAMHU KOHTPOJIEHO-YIPABIIAIOYHNX 1H(OOPMAIIHHUX CHCTEM, 3a0€3MeUyIOTh
aBTOMATH3aIlII0 TEXHOJIOTIYHUX TIPOIIECIB 1 OTepartii, 38’ A3yI0Th iX Y CHCTEMH BUPOOHHYNX KOMILIEKCIB,
MPALIOIOTh aBTOMATHYHO 3 THYYKOIO TEXHOJIOTIENO.

3acrocyBaHHS POOOTIB 3a0e3neuye 3HWKEHHS BHUTPAT Ha BHPOOHWYMI MPOLEC, IIiJBUIICHHS
MPOAYKTUBHOCTI TMparli Ta SKOCTi MPOAYKIIii.

AHaJIi3 ocTaHHIX JocaiIzKeHb i myoJikamiii. 3a nanumu MixHapoaHoi deaepaliii poOOTOTEXHIKU
(International Federation of Robotics, IFR), y 2022 poui B cBiTi gisuio Oinbmie 3,9 MIH TPOMHCIOBHX
pobortis. Ilpu npoMy, iX MiIBHICTE (KUIBKICTH POOOTIB y po3paxyHKy Ha KoxkHi 10 Thc. mpamioounx) y
BCHOMY CBITI JTocsTiia cepeaHnoi BimMiTku 151 oguHMIO, 32 OCTaHHI MIICTh POKIB TOKA3HUK 3pic OUIbIIE
HiK y 1Ba pa3u. OuikyeTbesi, mo a0 2028 poky IOpivHi TEeMITHM 3pOCTaHHA JOXOXIB Bifl pi3HMX pOOOTIiB
CTaHOBUTUMYTH Bix 15 no 20% [1-3].

BupimenHs HeBUpilIeHUX paHime YyacTHH. JochiKeHHS BUITyCKAalOUUX MPOMHUCIOBUX POOOTIB
EPSON, YAMAXA i PANASONIC.

®opmyJIIOBaHHS Wijell cTaTTi aHAJI3 ICHYIOUMX MOZEJIeH IPOMHUCIOBUX POOOTIB CBITOBUX JiAEPiB
y Burycky nux npuctpoiB kommnanii EPSON, YAMAXA i PANASONIC s npoeKTyBaHHSI CHCTEM
aBTOMAaTHU3alli].
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BukaanenHss ocHoBHoro matepiaay. Kommnaniss EPSON npononye mupokuii BUOIp yHIKaIbHUX
BUCOKOIIBUJKICHHX, BHCOKOTOYHHMX HPOMHUCIOBUX pPOOOTIB. PymniHUM KpuTepieM TIpH LbOMY €
rapaHTOBaHAa HAJiiHICTh KOMIIOHEHTIB, SIKi TO3BOJISIFOTh aBTOMAaTHU3yBaTH BUPOOHHLITBO.

Po6otu EPSON npusHadeHi ajis HABaHTaKCHHS 1 PO3BaHTAXKECHHS JeTajieH (BKIalaHHsI BaHTaXIB Ha
MIITOHN), BCTAHOBIICHHS, IICPEMIIIEHHS, OOpOoOKM aeTanmedl (MHUIISHHS, TOAPIOHEHHS, CBEPTIHHSA,
LTI pyBaHHs), 30MpaHHs. IX ocobmmBicTIO € cencopHi TexHonorii QMEMS (Quartz MEMS) i3 cnieniansHum
ripo-CeHCOpaMH, 110 JIO3BOJISIIOTH CYTTEBO 3HU3UTH 3aJTMIIKOBI BiOpaIlii, MPUCKOPUTH MPOYKTUBHICTD, HE
BTPavyaroud TOYHOCTI CIIIyBaHHS TPAEKTOPIi pyXy MaHIMYJISITOPA, a TAKOK 3aCTOCOBYIOUI IIPUCTOCYBAHHS
cepii Spider, siki BiZKpHBaIOTh IIUPOKI MOXIIMBOCTI IIMM aBTOMAaTHUYHUM HpUCTOCYBaHHAM. KpiM mporo
npUTaMaHHa YHiKaJbHa KOHCTPYKIIs, 10 3a0e31euye KOMIAaKTHICTh 1 HaJA3BUYaHO BUCOKY IIBHUAKICTS.

BHacaiok 1MX BHUHATKOBOCTEH BIANOCS BUIIYCTUTH MEpIIl 1 €IWHI POOOTOTEXHIYHI CHUCTEMHU
SCARA 3 a0comoTHO UWIIHAPUYHOIO CHCTEMOIO O0XBaTy, AO3BOJIIIOYI TNpAliOBaTH B OyIOb-IKHX
MOJIOKEHHAX y poO0Uiil 30H1 Ta CKOPOUYBaTH TPUBAIIICTH LIUKIIB.

Komnanito EPSON croromni BBaxkaroTh JijepoMm i3 BupoOHuiitea SCARA-pobotie (Selective
Compliance Articulated Robot Arm), T0 6 To poOOTHU3UPOBAHOT «PYKH», OCHOBOKO SIKOI € BaXKiJibHa
cucrema, 3a0esnedyroya NEPeMilleHHs KiHLEBOI JAaHKH B IUIOLIMHI 32 PaXyHOK OOEpPTOBOrO HPUBOIY
BaX1JIiB MeXaHi3My. [HakIIIe KaKyuH - Iie cucTeMa ocei, 00epTaHHS SIKUX JIO3BOJISIE IEPEMIIILYBATH «KUCTHY
poboTa B3JOBXK MOTPIOHOT TPaeKTOPii, MOMEPEeTHHO 3alpPOrpaMoOBaHOl iH)XXKEHEpOM. Y pe3ynbTaTi
IIECTHOCHhOBA CKIIAIHA «p000-pyKa» Mae Oinbll epeKTHBHE 3aCTOCYBaHHS BUPOOHHYUX MTPUMIIIEHb, CaMe
y BUMNAAKaX, KOJU MOTPIOHO BUKOHYBAaTH PyX HE IO MpsMil, a B 00XiJ mepemkoa abo B 0OMeKeHOMY
MPOCTOPI.

Huni EPSON Bumyckae 6inbme 300 mogeneit SCARA-poOOTIB pi3HUX po3MipiB i3 0XBaToM Bix 175
10 1000 MM, KOpUCHHUM HaBaHTaXeHH:M 10 20 KT, 1 3 MOXKJIMBICTIO BOYJOBaHOTO MpoMuBaHHs. Cepes IKux
HaJIe)KHE MICTIe 3aiHSIIN MOJEII JIJIS YAIIEHHS KIMHAT 1 MPU3HAYCH] JJTIT BUKOHAHHS CTEPIIIBHUX Iiil.

Jlo mpuKiamy, IIeCTHOCHOBHHM poOOT KOMIIAHIT MpaIloe Ha 3aBOJAI 3 BHPOOHHUIITBA/30MpPaHHS
KOHTEHHepiB 13 YopHmIaMu uist opicaux npunTepiB Epson WorkForce Pro RIPS [4-5].

Cnia 3a3HAaYuTH, 10 BHCOKOMIBUAKICHI miecTHOChoBI podotu EPSON ProSix MaioTh BHCOKY
TOYHICTh TEPEMIITICHHS, 3a CTaHAAPTHOI TPUBAJIOCTI MUKy He Bumie 0,37 CeKyHIW 3 MOBTOPIOBAHICTIO
+0,02 MM, 10 rapaHTye iX BUCOKY MPOMYCKHY CHPOMOXHICTD i peHTabenbHicTh, a pobotn EPSON LS3
SCARA - iHTeneKTyanbHy TEXHOJIOTiI0 KEPYBaHHS PYXOM, SIKa T03BOJISIE IBUAKO BUKOHYBATH OIepalii Ha
BHCOKIli IBHAKOCTI, piBHI BiOpamii, a BIAMOBIZHO BHUCOKIA MPOMYKTUBHICTH 1 MalOTh
KOHKYPEHTOCHPOMOXHY I[iHy. 3aBISKH LM BHHSATKOBOCTSIM IIPOMHCIIOBI POOOTH 3aCTOCOBYIOTH IS
MEXaHIYHOT'O M eJIEKTPUYHOTO 30MpaHHs, BHOOPY 1 pO3MILIICHHS, KOMIUIEKTAMii 1 103yBaHHS.

V rtoii ke yac EPSON LS3 SCARA 3 yotupma pykamu 400 MM i3 BUCOKUMH ITUKIAMH, MAKCUMYIOTh
MPOAYKTHBHICTh 3aBASKH MIBHAKOCTI 6000 MM/C 13 TOUYHMM MEPEMIIIICHHAM JeTalicH, sIKi CKOH(IrypoBaHi
3rigao ISO 4, mo crpuse YUCTOTI Ta BUCOKIH SKOCTI MPOIYKIIi.

Mapxka pobora EPSON RC90 3acnyroBye Ha yBary 4depe3 HasBHICTb MOTYKHOTO, EKOHOMIYHOTO 1
MIPOCTOrO JApaiiBepa, BUCOKOTO 1 EKOHOMIYHOTO KEpYBaHHS PyXOM, IIPOCTOro HacTporoBaHHs uepe3 USB,
OB BUCOKOTO NPOo(isisl pyXy i KepyBaHHS TPAEKTOPIEI0, HAIBHOCTI cepBocucteMu PowerDrive, mo Hagae
MOKpAIlleHe CePBOKEPYBAaHHS IS MPUCKOPEHHS PO3rOHY/TOPMO3iHHSI 3 MTyCKOM/3YMTUHKOIO, IBUAKI IUKIH
1 9ac BUKOHAHHSA TIPOTPAMH, a TAKOXXK BEIMKY THYYKICTH ITiJl YaC BHKOHAHHS B SIKOCTI aBTOHOMHOTO
Begomoro npuctporo uu 3 [1K, 1m0 moxe 3acrocoByBatucs a0 cepiii EPSON G/RS SCARAS, monynis EZ,
mectuocsoBoro C3/PS/S.

Cepis po6oTiB G3 KOPHUCTYETHCS TOMYJISIPHICTIO B CIIOKUBAYiB dYepe3 ONTHMAbHI IIUKIIH,
MIBUIKICTH, TOUYHICTB. L5 cepist sABisi€ COO0I0 KOMIAKTHY, MIBUAKY 1 HOTY)KHY KOHCTPYKIIIIO 3 TIPSIMUM a00
3aKpYTICHUM BaXKijieM JOBXHHOIO Bifl 250 mo 350 MM, i3 MaJleHbKUMHU PYYKaMH, IO MOXE 00poOIsITH
BaHTaX1 Baror 10 3 KI.

Ha Bigminy Bij momnepeaHsoro npuctporo mMapku poootiB G3 SCARA Robots 250 MM BBaXKaroTh
ieanbHUMH, T Yac BUOOPY MPHUCTPOIO BHCOKOI MPOAYKTHBHOCTI 1 HU3BKOI BapToCTi. binbiie Toro BiH
3a0e3meuye BEJUKY eEKTUBHICTh BiIOMTKIB 1 YHIKalIbHY BUTHYTY KOHCTPYKLIIO PYKOSITKH, 32 Yac UKy
0,41 cexynau. Y BignosigHocti 10 ISO Clean i ESD s HamiBOPOBIAHHUKIB 1 CTaTHKO-YYTIIMBHX
JIOTIOBHEHB JOCATAETHCSA MaKCHUMalibHa MIBUAKICTh Maibke 4400 MM/cek, 1110 3a0e3nedye MBUAKE 1 TOUHE
nepemimeHHs aeraneid. Po6oT obnamgHaHui MOTY)XKHUM, MPOCTUM 1 BHCOKOIIPOAYKTUBHUM KOHTPOJIEPOM
RC700A, sikuii BBaXKarOTh IPOIPECUBHUM Y cepi kepyBaHHs podoTamu Ha 0a3i [1K.

Pobotu SCARA T6 All-in-One i Synthis T3 i T BHKOPHUCTOBYIOTH I 300py i PO3MIIIEHHS,
30upaHHs, 00poOKM AeTayell 1 makyBaHHS SIK y aBTOMOOUIBHIM, MalIMHOOY/AiBHIN Tany3i, Tak i B iHIINX
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TaTy3sIX 4epe3 aBTOMAaTH3AII 0 IPOMHUCIIOBHX IUIOMIAI0K O€3 BTpATH Yacy Ha JOPOTi KOMIUICKCHI PillleHHS.
PobGotn miei mapku o6nagHaHi BOYZOBaHMM BHCOKONPOAYKTHBHUM KoHTpoiepoM RC700A, HOBOIO
TEXHOJIOTIYHOI0 (PYHKIII€I0 3HWKEHHS BUMOT JI0 TIPOCTOPY 1 CIIPOIICHE HANAIITYBaHHS.

Bracnigox BkazaHux ocoOiuBocteli podotm EPSON 3acTocoByloTh Uii  aBTOMAaTH3allii
nmaboparopuux nporueciB. Cepen skux cepii momeneit C3 i3 mrictema ocsimu, G 1 RS. PoboTtu nux cepiit
3aCTOCOBYIOTh JJisl TAaKyBaHHA TMIMETOK, 3aKyHOpIOBaHHS MpoOipok, o0poOku mpodipok mim dyac
JiarHOCTYBaHHS, aHaNI31B KPOBI, TOUHOTO po3moaury pimuuau s aHamizy JJHK, tectyBanHs JiKapchKux
TIpenapariB, KOHTPOJIIO TIPo0ipok. 30kpeMa, 11t 00pooKku KapT kpoBi poboT EL653S SCARA, no3yBanHs
piaunu B yamku Iletpi - E2L653S SCARA, Ta aBToMatu3oBadi Jabopatopii RS3 SCARA, C3-A601SR,
C3iGl.

Kpim 1iux mogmeneii podoris kommnanii EPSON kopuctyeThes nonyssipHicTio pooot Flexion N2 i3
IIICThMA OCSIMH Ta CKJIQJIHUM KPOHIITCHHOM, SIKUH Ma€ BHCOKI BUMOTH JI0 €()eKTUBHOTO MEPEMIIIEHHS 1
TOYHOTO PO3MIlIEHHS Al cyMicHOI po0OoTh 3 moAapMu. BiH mockoHamuii mix 4ac 3acTOCYBaHHS Y
BHPOOHMIITBI, Jic € MOTpeda y HEBETUKHUX poOOoTax Ha poOoUnx MicIsix. Take sk 3acToCyBaHHS Mae poOOT
EPSON WorkSense W-01 («bepri»), SKHii € TepimM ABOPYKHM poOOTOM Ha Kojecax it
IpiOHOCEPITHOTO BUPOOHUIITBA i aBTOMATH3AIlil CKIaIHUX 3aBAaHb Y HEBEIMKUX MPUMIMeHHIX. DYyHKIIiT
po6oris EPSON WorkSense W-01 mogani B Tabmumi 1 [5].

Tabn. 1.
dynknii podotiB EPSON WorkSense W-01
DyHKITIS Oco0nuBICTH
3ip HasBHICTh YOTHPBHOX «TOJIOBHHX» KaMep, a TAKOXK JIBOX KaMep, BCTAHOBJICHHUX Y PYKH.

Ile 3a0e3neuye MOXIIHMBICTh 3 TOYHICTIO BU3HAYUTH TOJOXKEHHS 00 €KTIB, 3 SKHUMH
MPaLIoe, B TOMY YUCII i/ 4ac 3MiHM iX TOJI0KEHHS

Cencopuka Pyku pobGoTa MarTh y HasBHOCTI BHCOKOYYTJIHMBI 1 BHCOKOTOYHI JaTYWKH Epson.
PoGot-bepti 3maTeH BHKOHYBaTH AejiKaTHE 30UpaHHs, TPaHCHOPTYBaHHS 1 iHIII
3aBJaHHs, SIKi OTPEOYIOTh KOHTPOIIIO 3yCHIUIA 00 YHUKHYTH ITOIIKOKEHHS OOEKTIB.
VYHiBepcanbHI PYKH, MOXYTh 3aXOIUIFOBATH, 3aTHCKAaTH 00 €KTH pi3HHUX (OopM i
pO3MipiB, BXOIATh y KOMIUIGKT IIOCTaBKH. BOHH MOXYTh MaHIIyJIOBATH
1HCTpYMEHTaMH 1 IPUCTOCYBAaHHAMH, PO3POOJICHUMU IS JTEOACH

Jlorika Moske TOYHO BH3HAYHUTH IIOJIOKCHHS 1 Opi€eHTarito 00’€KTiB B TPUBUMIPHOMY
MIPOCTOPi, TOMY HaBiTh SKIO POOOT IMEpEMIIEHUH, BiH MOXKE Biipasy modatu podoTy
0e3 motpebu 3MiHM mporpamyBanHs. To 0 To bepTi Moxe rHY4YKO amanTyBaTHCS A0
pantoBux 3MiH BUpOOHHUITBA. POOOT caMOCTIHO BH3HA4Ya€ TPAEKTOPIIO PyXy CBOIX
CEMH OCBOBHX PyK

Bukonanns | /IBa ceMHOCHOBHX MaHINyJsTOpa poOOTa PyXaloThCs SK JIOACHKI pyku. Ilonsiitai
3aBJaHb BaXKENl MEpPEeMILYIOThCS HE3aJeKHO OAWH BiJl OJHOTO, IO JO3BOJSIE POOOTY
BUKOHYBATH 3aBJIaHHS, SIKi OTHOPYKHH poOOT HE MOKEe BUKOHATH

Cepen poOOTiB, sIKi BHITyCKa€ SITIOHCHKa TpaHCHamioHanbHa KommaHii YAMAHA poGotu tuiry
SCARA (Selective Compliance Assembly Robot Arm), sKi 103BOJISIOTH Ay’Ke IIBUIKO, TOBTOPIOBAHO 1
TOYHO pyXaTUCs B TOPM3OHTANBHIM IUIOIMHI. [X KOHCTPYKIlis 3aCHOBAaHA HA JIBOKOMIIOHEHTHOMY ILIEYi,
PyX SKOro 3a0e3leuyeThCsi MOBOPOTHHMH IIApHIpAMHM 3 BEPTHKAJIBHOIO BICCHO OOEpPTaHHsS, 1 TOJIOBLI,
OCHAIIICHIM NpPU3MaTHYHUM IIapHIpOM, IO 3abe3medye BepTUKaIbHE TepeMimeHHsa. Bcworo 4 oci
o0OepTaHHSI.

Kommaniss YAMAHA 3aiimMae CBiTOBE JIiZIEpCTBO y BHITYCKY IPOMHUCIIOBHX POOOTIB 3 JAOBXKHHOIO
pyku Big 120 mo 600 MM i miamazonom Bix 240 mo 1200 mm. Cepen sikmx SCARA Orbit, sxi 3aBasku
LEHTPaJbHIi yCTAaHOBLI OCi 00EpPTaHHS OCTaHHBOI'O CETMEHTa PYKH OTPUMYIOTH JOCTYI 10 OyIb-sIKOi
TOYKU pobodoro mosist. LI TexHomoris poOuTh X HaA3BHYAHO €(PEKTUBHUMHU 3 TOUKH 30pY HEOOXiAHOTO
BHPOOHHYOTO TPOCTOPY. 3alleKHO BiJ Mozmeni Ta JoBXKHHH pyku pobotu SCARA BHITyCKaroTh
BaHTKOIIAHOMHICTIO 10 50 KT, IO TO3BOJISIE TIEPEMINITYBATH 1 30MpaTH BEITUKI KOMITOHEHTH.

Opnak HaliBaxuMBimOKw ocoOmuBicTio podoriB YAMAHA SCARA € ix yniBepcanbHicTh. Lle
O3Ha4ae, M0 BOHH € PyXOMOIO OCHOBOIO, Ha SIKIH KOPHUCTYBad PO3MIIIYy€E MOTPiOHI HOMY iHCTPYMEHTH.
Po6otn SCARA 1IHpOKO 3aCTOCOBYIOTHCS IS TOYHOTO CBEPIIIHHS Ta 3arBUHYYBaHHSI.
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HatinpocTimuMm i epeKTHBHUM PILICHHSIM BUKOPUCTaHHA Yy BHpoOHHIITBI poboriB YAMAHA €
rpeiidepn. BoHN KepylOThCSl TUMHU X KOHTpoOJiepaMH, 1o i poOoTH, i moBHICTIO 3 HUMHU cyMicHi. o
JI03BOJIIE Y CBOIO 4Yepry Iy)Ke JIETKE BCTAHOBJICHHS, €KCIUTyaTallilo Ta MOXIHUBICTb poOOTH BCiel
BHpPOOHMUOI JiHIT 32 oxHiero mporpamoro. [lo3a TMM MBHIKE CKJIaJaHHS Hamae MaiXe HECKIHUCHHUH
Jiara3oH MOKJIMBOCTEH, 3aBIIIKM BUKOPUCTAHHIO aganTepiB I poOOTIB, YHIBEPCATbHAX TPUMAUiB, SKI
JI03BOJISIIOTH MOHTYBATH 1 IBUIKO 3MIHIOBATH IHCTPYMEHTHU Ha BUOip KopuctyBaua. CBO€piAHICTb pOOOTIB-
rpeiidepiB € MOKIMBICTh MPAIIOBATH CAMOCTIHO UM B Ipymax y ckiaai BupooHudoi ninii. Kpim mporo
BIJILHO MOETHYBATH Ii IPUCTPOT Y BUPOOHMUI CHCTEMH J03BOJISIE KEPYBaHHs OJIHUMH KOHTPOJIEpaMHU Ta
nporpamMHuM 3abe3nedeHHsM ycix podotie YAMAHA. [Iporpamue 3abe3neueHHs poOoTiB cxoke Ha Excel
1 BUPI3HIETHCS MPOCTOTOIO Ta IHTYITMBHOIO 3PO3YMIJICTIO 1 [l KOO OCBOEHHS 3a3BHYail MOTPIOHO He
oinbie ogHoro jaus. Ockinbku Bei po6otd YAMAHA MoBHICTIO CyMICHI OJIMH 13 OJJHUM, TO II¢ JI03BOJISIE
iM BUKOHYBaTH OiIbII CKJIAHI 3aBAaHH:, OyAyBaTH HOBI JIiHIT Ta MOACPHI3yBaTH iCHYIOUI.

BpaxoBytoun ocobnmBocTi kKoHcTpykuii pobotn YAMAHA 3a3Buuaii BUKOPHUCTOBYIOTBHCS TSt
MOHTaXYy LIUIMX MpUCTpoiB. Halyacrime ais nporo podot SCARA ocHallieHi rOJI0BKaMH, IO ITiTHIMAOTh
BaHTaX 32 JIOMOMOTOI0 BaKyyMy 4YM 3aXBaTy, a TAKOX T'OJIOBKAMH 13 3aKJICTYBAaHHSAMHU UM 3aTSATYBAHHIM
rBuHTIB. CIiJ] 3a3HAYMTH, IO 00’ €KTH, SIKi TOTPIOHO MEPEMIIIyBaTH Ta CKIAIaTH, — e SIK JyKe JIeTKi TaK i
BaXKi.

VY poborie YAMAHA SCARA ycyHeHi mpakTH4HO BCi BiOparii, 10 BHHHUKAIOTh Y Pe3yJIbTaTi
YIOBUIBHEHHS MOMEHTY PYXy PYKH, Yepe3 BUHATKOBICTb KOHCTPYKIIi, aJyke BOHH HE BUKOPHUCTOBYIOTH
npuBoaHi macu. Lle m03BoNsiE TAaKOXK AOCITTH HANKOPOTILOrO PEajlbHOro 4acy LMKy Ta HaHBHIIOL
MOBTOPIOBAHOCTI. Y 3B’s3KY 3 UM IIUPOKE 3acTocyBaHHsa podoT SCARA oTpumany miz yac BUpOOHUIITBA
EJIEKTPOHIKH.

V wi#i ramysi pobotu Trry Y AMAHA SCARA BUKOPHCTOBYBANHCS SIK €IEMEHT MasTEHO-A03YIOUHIX
pobotie REECO. Ilepmii BUMyckHM SKUX 3aJ0BOJIBHSIOTH MOTPEOM MPOMHUCIOBOCTI B aBTOMATH3aIlil
MPOLIECY NPeLU3iiHOI MaliKu pi3b00BUX JCTAJCH, @ TAKOXK B YCIX CUTYAIlISX, 32 IKUX BUKOPUCTAHHS MalKK
XBUWJICIO 9 py4He nassHasa HeeextupHe. [Ipu iboMy rooBka podota SCARA ocHamieHa NasiIbHAM KaJIOM
1 aBTOIOIaBaYeM CIIOJyYHOT'O MaTepiany, a poooT Reeco obaaHanuii 103yBaJIbHOIO TOJIOBKOIO, SIKa MOXKE
MPaIIOBaTH 3 Pi3HUMH THNAMH KianaHiB. Lle 7103Boisie TOYHO HAHOCUTH MPAKTHYHO OYAb-KY PEYOBHUHY
rejieBOi KOHCHCTEHLi, 3MEHIIy€e BUTPATH, YCYBalOUM JIIOACHKI IMOMMJIKH, IO 3a3BHYail MOXyTb OyTH
pe3yIbTaTOM HaHECEHHS 3aHAATO BEJIMKOI KiJIbKOCTI (BUTIK, OpY, BAPTICTh CaM0Oi peYOBUHH) YA HEBEITUKOT
03U PEYOBWMHM (3HUILEHHS, HEOOXiJHI BHUNpABICHHS, TOTIPIIEHHS eCTeTUKH). PoboT Moxke
ABTOMATH3yBaTH 3aCTOCYBAHHS TaKMX PEUYOBUH, SIK HANIPUKJIIA/: CUIIIKOHH, KJIei, MacTuia, papOou B MICIIX,
Jie HeoOXiTHa IpaBUIIbHA 1032 Ta TOYHUH po3noii. [loTeHmiiiHe BHKOPHCTAaHHS TAKOTO MPHUCTPOIO BUHIILIO
3a paMKH 3aCTOCYBaHHS B €JICKTPOHHIM MPOMHUCIOBOCTI i HA0YJIO MOMIMPEHHS B XapUuoOBiii Ta KOHAUTEPCHKIH
JUTSI HAHECCHHS OPHAMEHTIB 1 HAIUCIB 13 ACTH, Ta3ypi Yu IIOKOJIATY.

Cepen BunsTKOBOCTe poOoTiB YAMAHA € MOXIMBICTH JONOBHEHHS cHCTeMaMu 30py. Lls
TEXHOJIOTISI JJO3BOJISIE Ie IIMpIIe BUKOPUCTOBYBATH POoOOTH Ui Takux omepauiid, sk Pick&Place, sxi
HaW4acTIIlle BUKOHYIOTHCS 3a JIOIIOMOTOI0 3aXBATHHX TOJOBOK a0o0, SIK B €JICKTPOHHIA IMPOMHUCIOBOCTI,
BaKyyMHHX TrojioBok. CucTtema 30py 37aTHa caMa pO3IMi3HaBaTH 3amporpamoBaHy ¢GopMmy (Hampukiaz,
KOMIIOHEHT), [0 3HaYyHO MPHUCKOPIOE Mpolec KamiOpyBaHHA Ta 3MEHIIYE YYacTh CHiBpOOITHHKIB,
HiATPUMY€ETHCS TUMH CaMHMH KOHTPOJEPAaMH Ta MPOTPaMHUM 3a0€3NEeUeHHSAM, 10 i iHII CHCTeMH Ta
pobotn YAMAHA. Ile 3i cBoro 0oKy JI03BOJISIE JIETKO Ta HIBHJKO BCTAHOBIIOBATH 1 €KCIUTyaTyBaTH
cucTeMu 0e3 JJ01aTKOBOrO HaBYaHHs [6-7].

Ha cporonHi 3BaproBalibHI pOOOTH HAsIBHI y KOXKHOTO BEJIMKOT'O BUPOOHHUKA IIPOMHUCIIOBHX POOOTIB.
IIpore, PANASONIC € oani€ro 3 HaHOUIBIIKMX AMOHCHKUX MAIIMHOOYIIBHUX KOPIIOpAIiii 3 BUPOOHHUIITBA
OpHTiHAIBHUX 3BapIOBANBHUX POOOTIB 1 YHIBEpCAIbHIX MaHiIyJIATOPIB.

Po6otn mns ayrosoro 3paproBanus GlII TAWERS i Active GlIII TAWERS 3 BOynoBanum
IHBEPTOPHUM IMITYJIbCHUM JIXKEPEIOM KUBJICHHS Ha 350 A, migxoauts ajs 3BaptoBanns MAG, MIG 1 TIG.
OnrtumaneHi 3BaploBajibHI MPOLIECH JOCATAIOTHCS 32 PAaXyHOK 3aCTOCYBaHHS BOYIOBAaHOTO B KOHTPOJIED
poboTa iHBEpTOPHOTO JKepesia KHUBJICHHS, 110 3a0e3reuye MOBHY CHHEPTiI0 B MEKaX 3arajibHOi CUCTEMHU
kepyBaHHsa. Cepesl 0COOIMBOCTEH MOJIEPHI30BaHOI CHCTEMH IYIOBOI'O 3BapIOBaHHS € PI3HOMAaHITHICTH
aKTHUBHHUX CUTHaNiB. Ha BiZiMiHYy BiJi BKa3aHHX POOOTIB BHCOKOIIOTY)KHA CUCTEMa J[yTOBOTO 3BapIOBAHHS
TAWERS GIII mae BOynoBaHe iHBepTOpHE iMITysbcHE [kepenio xusieHHs S00 A, nepBUHHE iHBEPTOPHE
Tokepenio sxuBieHHs 100 k' i3 BTOpHHHUM KepYBaHHSIM KOMYTALII€lo0.

Kpim poGotie st myroBoro 3paptoBanHs PANASONIC Bumyckae po6otiB LAPRISS s
BiJIQJICHOTO JIa3epHOr0 3BapioBaHHSI. BOHM CKIamaloTbes 3 JIa3epHOi TPEHaHipyldoi TI'OJIOBKH,
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BCTaHOBJIEHOT Ha poOoT Panasonic 3 Oe3moBHMM iHTepdelcoM MiXK KOMIIOHEHTAMHU TIPOIECy Ta
aBTOMaTHU3all].

Po6otu maninynsitopu PANASONIC xapakrepusyrotbesi Bantaxonigiomuicts Big 80 mo 220 «r,
JOCSDKHICTB 710 2,66 M 1 ONITUMAJIBHO JOITOBHIOIOTh 3BAPIOBAIbHI POOOTH I[LOT0 BUPOOHHUKA, SKIIO ITOTPiOHE
nepeMillleHHs 3ar0TOBKH MiXK 3BapIOBaJIbHUMH MO3HULIISIMU.

Tax po6ot GIII ocHamenuii BOy10oBaHUM KOHTPOJIEPOM iHBEPTOPHOTO JKepena KUBJIeHHs. JlaHuii
MPUCTPIH MpaItoe BUKIIOYHO 3 JUKepellaMH )KHUBJIeHHs1 Panasonic abo 3BaproBanbHUMHE Jpkepernamu Miller.
Le#t poboT Mae crangapTHI (YHKIIT MPOrpaMHOTo 3a0e3IeUeHHs, 110 BKJIFOYalOTh B ce0€ MeperuieTeHHs,
PO3MILIEHHS, BiTOOpaXeHHS BYIJIA, MIEPEKPUTTS Ta MOBTOPHY CHpOOy 3aIlyCcKy AYTrd. A TakoX Yy HbOMY
3aCTOCOBaHA TEXHOJIOTIS CepBOKEpYBaHHs Panasonic, ynpaBiiHHS JIa3epPHOI0 TPEMaHipyHOUYOO TOJIOBKOIO
JUISL CTBOPEHHS JCKUTBKOX 3BapIOBAJIbHUX MATIOHKIB 1 QYHKIIH MpoMeHs, 0 pOOUTH Jla3epHy T'OJIOBKY
Ha/I3BUYAHO KOMIIAKTHOIO 1 JIETKOIO.

Oco6muBictio nHactynHoro pobora PANASONIC HS-220GIII € wMakcumanbHe KOpPHUCHE
HaBaHTaxeHHs 220 Kr, MakCHMajlbHa MIBUAKICTB oci 120 °/c, oOepTaroue i 3ruHAHHS 3aIsCTs, BEIHMYUHA
3amsicTst 145, 3kpydyBanHs octanHboro 220, 1 Mmaca 955 kr [8].

BucHoBku. PoGoTH 3MIiHIOIOTH CTPYKTYpy POOOTH MPOMHCIOBOTO BHPOOHWITBA, MiJABUIIYIOTH
MIPOIYKTHUBHICTH TIPaIli, IKICTh MPOAYKIIl Ta TOYHICTH ii BUTOTOBJICHHs. HaiO1bI 9acTo 11i aBTOMATHYHI
TIPUCTPOI 3aMIiHIOIOTh JIFOACH ITiJT 9ac BUKOHAHHS HEOE3NMEeYHMX 1 MOHOTOHHHUX OIIEpAaIliii: 3BaprOBaHHS,
(dapOyBaHHs, MasHHA, NaKyBaHHs, pi3aHHA, 30MpaHHA, NEpEeMIllEHHS, KOMIIOHYBaHHS MaTepialiB i
orepariii 3 00poOKH 30BHIIIHBOTO BUIIIALY HPOTYKIIii.

[NopiBHAIBHUI aHali3 BHPOOHUKIB mpomucioBux poborie EPSON, YAMAXA i PANASONIC
MiATBEPIUKYE cTajle 301IbIIeHHs 00’ eMy X MPpoAaxiB 3aBIsSKU YHIBEpCAILHOCTI, IPOCTOTI eKCITyaTalii Ta
36ibIIeHH] QYHKIIOHATEHOCTI. X BUOIp 31iliCHIOETHCS 3rifHO XapaKTepy BHKOHYIOUMX ONEpallii, BULy
BHPOOHHIITBA, BAHTAXKOII JHOMHOCTI 1 1HIITMX TEXHIYHUX XapaKTEPUCTHK.

Haii6inpin 3atpeOyBaHMM THUIIOM IpoMHCIOBHX poOoTie y EPSON e poGoru-manimynsropu Ta
SCARA-po6otu (Selective Compliance Articulated Robot Arm), To 6 To poGOTH3MPOBAHOI «PYKWY.
3aBasiKu 3a0€3MEYCHHI0 €PEKTUBHOIO 3aCTOCYBaHHS BHPOOHHWYMX MPHUMIIIEHb, CaMe y BHIAAKaX, KOJIH
MOTPiIOHO BHKOHYBATH PyX HE IO IpsMiid, a B 00Xix mepemkoa ado B oOMexeHoMy mpoctopi. EPSON
Bunyckae Oinpme 300 Mopenel mux poOOTiB 13 KOPUCHUM HaBaHTAXKEHHSAM A0 20 KT IJ MEXaHIYHOTO Y1
CJIEKTPUYHOT0 30MpaHHs, BHOOPY 1 pO3MIILIEHHS, KOMIUIEKTALI{ 1 JO3yBaHHS HEBEIMKOI BarH.

Ha Bigminy Bix momepennsoro BupoOHmka podotn YAMAHA SCARA (Selective Compliance
Assembly Robot Arm) n03BoJsIFOTE MIBHIKO, HTOBTOPIOBAHO 1 TOYHO PYXaTHCs B TOPU3OHTAIBHIN IUTOLIHHI.
3anexHo BiJ MOAENi Ta AOBXUHH pyKH podoTn SCARA BUITyCKarOTh BaHTaKOMIAHOMHICTIO 10 50 KT, 110
JIO3BOJISIE TIEPEMINTYBAaTH 1 30MpaTH BeluKi KoMImoHeHTH. /o ocHoBHHX mepeBar po6otie YAMAHA
SCARA ciia BigHeCcTH IX YHIBEPCAJIbHICTh 1 BIACYTHICTh MPAKTHUYHO BCIX BiOpalliif, 110 BUHHUKAIOTh y
pe3ybTaTi YHOBIIBHEHHSI MOMEHTY PYXY PYKH.

CBiTOBe JiJIEPCTBO MPOMHUCIIOBHX POOOTIB SAMOHCHKOT MamrHOOy1iBHOI Koprniopaitii PANASONIC
3a0e3MeuyeThCsl OPUTHATBHUME 3BapIOBAILHUMHU poOoTaMH 1 yHiBepcallbHUMHU MaHimyssitopamu. Cepej
SIKMX POOOTH Uil TyrOBOr'O Ta BiJAaJI€HOrO JIa3epHOI0 3BApPIOBaHHS, a TAKOX poOOTH MaHIMMyIsATOPH, 110
ONITUMAJILHO JIOTIOBHIOIOTH 3BapIOBaJIbHI POOOTH LILOT'O BUPOOHHUKA.

IMecnekTHBY MOAAJBIIMX JOCTiAKeHb. [[pOCKTYBaHHS CHCTEM aBTOMATH3aIlii i3 3aCTOCYBaHHIM
po6oriB EPSON, YAMAXA i PANASONIC.
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C.JI. Kyuuk, O.A. MikyJiu
JIyyvkul HayionarbHull mexHiuHull yHigepcumem, Kapeopa npuKkiaoHoi Mamemamuxyu ma MexauiKu

EKCIIEPUMEHTAJIBHE JOCIIKEHHSA 3MIHU E@EKTUBHUX
XAPAKTEPUCTUK JJIAA EJIEMEHTIB 3D-/IPYKY

B pobomi npeocmasneno pezynomamu eKcnepumeHmanbHux O00CHIONCEHb 3MIHU epeKmUBHUX XapaKmepucmukK y
enemenmax 3D OpyKy 3a nasenocmi zeomempuunoi HeoOHOpionocmi ma ix apmysauua. /JocniornceHHn nRPo6edeHi y 6UNAOKY
CMUCKY8AIbHUX 6UNDPOOYBAHb 630082ic ma énonepex opichmayii 6010KoH. /I nposedenns 00CioNHceHb UKOPUCHIOGYBAIUCA
mecmosi 3paskie, euzomoenenux Ha 3D npunmepi 3 euxopucmannam PETG nnacmuxy. Bcmanoeneno, uwio 0isn
CMUCKY8AIbHO20 HABAHMANCEHHA Y HANPAMKY, NEPNEHOUKYIAPHOMY ODYKY 3DAa3Kié, 0036014€ 30inbuiumu npysHcHi
xapaxmepucmuku na 12%. Ha ocnogi ekcnepumenmanbnux 00cioicens 6UGHEHO eheKmugHicmb 6UKOPUCIAHHI APMYIOUUX
enleMenmie OnmuMi3ayile MexaniyHuxX ma MIYHICMHUX Xapakmepucmuk Oemaneil. 3anponoHoeéanuil y pooomi nioxio
003601€ onmuMizyeamu eKcniyamayiiini xapakmepucmuxu oemadneil, uzomognenux 3D opykom.

Knrwuoei cnosa: @inamenm, FDM-mexnonoeis, epekmusni xapaxmepucmuxu

S.L. Kutsyk, O.A. Mikulich

EXPERIMENTAL INVESTIGATION OF EFFECTIVE CHARACTERISTICS CHANGING
FOR 3D PRINTING ELEMENTS

The paper presents the results of experimental research on the change of effective characteristics in 3D printing elements
in the presence of geometric heterogeneity and their reinforcement. The study was carried out in the case of compression tests
along and across the orientation of the fibers. Test samples made on a 3D printer using PETG plastic were used for the research.
It was established that the action of the compressive load in the direction perpendicular to the printing of the samples increases
the elastic characteristics by 12%. Based on experimental studies, the effectiveness of the use of reinforcing elements and the
optimization of the mechanical and strength characteristics of the parts were studied. The approach proposed in the work allows
the optimize the operational characteristics of parts manufactured by 3D printing.

Keywords: Filament, FDM technology, effective characteristics

ITocranoBka npo6.eM. BukopuctanHs aIuTHBHOTO BUPOOHUIITBA, IO € TEXHOJIOTIEIO MOIIAPOBOTO
ABTOMATHU30BAaHHOTO CTBOPEHHS TPHUBHUMIPHUX OO’€KTIB, ICTOTHO 3pOCIO Yy Cy4JacHId iEKeHepii.
3acTocyBaHHS TAKHX TEXHOJIOT1H CHOTOHI JO3BOJISIE 3HAYHO PO3IMIMPHUTH Ta MPOJOBKUTH EKCILTyaTalliiHi
TepMiHH 0aratbOX MaIllMH, OCKIJBKH A€ MOJKJIMBICTh IIBHAKOI 3aMiHM JeTajeil 0e3 3HAYHHX
TEXHOJIOTIYHUX TPYAHOIMIiB. B Ham gac 3D npyk cTae Bce OB MOMTUPEHUM Ta YHIBEPCATEHUM METOI0M
BUPOOHWITBA SKUH 3yCTPIUA€ThCS SK B JOMAIIHIX YMOBaxX, Tak i Ha BHPOOHMUTBI Ta HaB4aHHI. Lls
TEXHOJIOTISl XapaKTepU3YETbCs €(EKTUBHICTIO NMPH BUTOTOBJICHHI CKIAIHMAX JAeTalell 3a KOPOTKHM
MIPOMIXKOK 4Yacy 0e3 3Ha4YHUX (PIHAHCOBUX 3aTPaT, IO JO3BOJISIE OTPUMATH PI3HOMAHITHI €IIEMEHTH: Bij
HEBEJIMKUX JeTalleil, TaKUX sIK LecTepHi, ApiOHI 3aIm4acTHHU, A0 OyIiBHUITBA OyIMHKIB.

[Ipote, BukopucTanus TexHomoriii 3D npyKy mae nuie MOXIJIMBICTh OTPUMATH J€Talli, aHAJIOT1uHi 3a
($hopMOIO Ta PO3MIpOM, ajie, HE 3aBXIM, aHAJIOTIYHI 3a MIIHICTHUMH XapakTepucTukamu. Kpim Toro,
TEXHOJIOTIS APYKY ICTOTHO BIUIMBAE Ha CKCIUIyaTalllifHI XapaKTePUCTHKH BiANOBIAHUX aeranend. Ciif
BIIMITHTH, II0 HE Y BCiX BUNAAKaX MOXKJIMBE HATypHEe BUNIPOOYBaHHS IeTalield, orpuManux 3D apykom.

ToMy, MeTOI0 JOCJIKEHHSI € eKCIIEpUMEHTANbHE JOCIIPKSHHS 3MiHU €()EeKTUBHUX XapaKTEPUCTHK
Matepiaiis, orpumanux 3D npykom, 3a pi3HUX PeKMMIB HaBAHTAKyBaHHSI.

Orasa Jirepatypuux Jxepeia. B po6orax [1-4] Oyno npoaHanizoBaHO pe3yibTaTH BUIPOOYBaHb Ha
pO3TAr, 3TMH Ta CTHUCK 3pa3KiB 3 Pi3HOI0 OpIEHTAIEI0 MPYKY, IIBHIKOCTI, IMIBHOCTI 3allOBHEHHS,
TOBIIUHOIO Ta OYJI0 BCTAHOBIIEHO, 110 HAHOLIBITY MII[HICTH MAalOTh 3pa3KH 3i CTUTLHUKOBOK) CTPYKTYPOIO.
Kpim Toro, ekcrepuMeHTaIbHO i ITBEPHKEHO, 110 MIBUIKICTH IPYKY Ma€ 3HAYHUHN BIUTUB Ha SKICTh 3pa3Ka,
IpY TOMY IO TaKi XapaKTEPUCTHKH, SIK: MIKPOTBEPHIiCTb, MOAyIb KOHra mano 3ajexarb Bifl IIBHIKOCTI
ApPYKY.

B [5], [6] npeacTaBiieHi pe3yabTaTh JOCHTIKCHb MEXaHIYHUX BJIACTUBOCTEH 3pa3KiB, SKi BUTOTOBJICHI 3
PETG mnactuky 0e3 BKIIIOUCHD 1 3 apMyBaHHAM. B 1aHux poOoTax mpoaHai30BaHO BILIMB apMyBaHHS Ha
MEXaHi9Hi BIIACTUBOCTI INIACTUKY HOTO MO3UTHBHUI Ta HETATUBHUI BIUIMB HAa MEXaHIUHI XapaKTEPUCTUKH
JIeTalli, a TAKOXK MOTCHINIMHY MOKJIMBICTh BUKOPUCTAHHS 3D TEXHOJIOTIT JJIs MOKPAIeHHS BJIACTUBOCTEH
MAaTpHuIli 1 11 3B’513Ky 3 BOJIOKHAMH apMyBaHHSI.

B po6ori [7], [8] Oyn0 nmpoaHatizoBaHO BIUIMB TakMX (DAKTOPIB, SIK [OJaBaHHS apMYIOYHX BOJOKOH,
cxeMa 3allOBHEHHS Ta IIBUKICTh BUIIPOOOBYBAHHS Ha PO3TST Ta CTUCK. B pe3ynbrati Oyii0 BCTaHOBIIECHO,
10 MEXaHi4HI BIACTHBOCTI KOMITO3UTY 30UIBIIYIOTh MIlHICTh 3pa3kiB 10 30%, y BUNIAJIKy KOJIM HAMpPIM
apMYyIOYHX BOJIOKOH 30ira€Tbcs 3 HANpsAMOM JIPYKY. Takox Ay BHOOPY ONTHMAaIbHOTO (pilaMeHTy AJis
JIpyKy Matpumi, Oylo MpoaHali30BaHO pPi3HI BWAM IUIACTHKY SIKI MOTJIM OyTH 3acTOCOBaHi JUIs
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BUIIPOOYBaHb, 1XHI MEXaHIYHI XapakTepUCTHKU. ToMy Ha ocCHOBI [9], Oyja0 3p0o0JIEHO BHCHOBOK, IO
HalKpalyuM N0 MeXaHIYHUM XapaKTepucTHKaM Ta mpocToTi Apyky Oynme PETG mnactuk. e ogaum
BaXJTUBUM (HaKTOPOM IpH BUOOpI MapaMeTpiB APYKY OyJM Taki, K TeMIlepaTypa HarpiBy (imameHTy Ta
ctoja. Ha ocHoBi [10], Hamu Oys10 BHOpaHO BCTAHOBHUTH ONITUMAJIBHY TEMIIEpaTypy HarpiBy coruia — 240 °C
Ta crona — 80 °C.

OnHuM 3 acmekTiB, SKOMYy HaMH Oylo MpuIiieHa BeJMKa yBara, 1e BUOIp ONTUMAIbHOTO HAIPSMY
BOJIOKOH TpH BUMNPOOYBaHHI JOCHIZHUX 3pa3kiB Ha cTucK. Ha ocHoBi mocmimxenns [11], Oymo
MPOaHajIi30BaHO YMCeNbHE MOAEIIOBAHHS Ta MOBEIIHKY INIACTHUKY B 3aJIE)KHOCTI BiJl OCi cTHCKaHHS. Takox
OyB IpOBelIeHHI aHaJli3 BILIMBY PO3Mipy, TOOTO BHOOPY ONTUMAIBLHOTO PO3MIpy AOCIHiAKYBaHUX 3pa3KiB
Ha HOro MexaHiuHi XapakTepucTHKH. B poGoti [12] Oyno BcTaHOBIIEHO, L0 MEXaHiYHI BIACTHBOCTI
JPyKOBaHMX TONIMEPiB 3aJie:KaTh BiJ po3Mipy, ajie He 3aeXarTh BiJ THUIy MaTepiany i HalOiIbIINi BIUIUB
«e(eKxT po3Mipy» Ma€ Ha 3TMH Ta PO3TAT, a JIMIIE MOTIM Ha CTHCK Ta MOIYJb MpykHOCTi. OJHAK YiTKOT
3arajJbHOI TEeHACHLII B IOMY BiJJHOIIEHHI aBTOpaMu He OYJIO BCTAHOBJICHO.

B po6oTi [13] Ha OCHOBI aHATITHYHO-YUCIOBUX MIAXO/IB TOCIIKCHO BIUIHB ¢(hEKTHBHUX MEXaHIYHUX
XapaKTepUCTUK Ha KOHLEHTPALil0 HANpyKeHb Y IUIACTMHAX 3 IOABIMHO NEPIOAMYHOI CHCTEMOIO
MIIKPIIIECHUX OTBOPiB. Ha OCHOBI JaHMX YHCIIOBOTO EKCIIEPUMEHTY MOXKHA 3pOOWTH BHUCHOBOK, IIIO
BUKOPUCTAHHS y Nep(OpoBaHUX IUIACTUHKAX 3aMKHYTHX IIAKPIIUIIOBAIbHUX HAKIAaJOK HAa OTBOpPAxX Jae€
MOXUIMBICTh 3HAYHO 3HU3WTH KOHIICHTPAIIO HANpyXeHh HAa HUX Ta 30UIBIIATH €(PEKTHBHI MEXaHidHI
XapPaKTEPUCTUKHU TaKO1 KOMITO3HITI1.

Metoauka aocjigxkenHs. /s mpoBeneHHs AoCiipKeHHs, BUKopuctoByBaBcsi PETG muractuk Bix
«Monofilament». Ileii Bua QimamMeHTy XapaKTEpPU3y€ThCS XOPOIIMM IMOEIHAHHSIM (i3HKO-MEXaHIYHUX
xapaktepuctuk 1 mpoctot 3D apyky. Lle pobuts #oro 3pyunnm matepiaiaom anst 3D mpyky 06'ekTiB 3a
texuonorieio FDM, siki MOXKyTb ITi1aBaTHCS HOCTiHHOMY 260 TMHAMIYHOMY HaBaHTaXeHHIO. Mloro MoxHa
BHUKOPHCTOBYBATH Ui BUTOTOBJICHHS JeTanell MmammH, netanelt 3D-mpuHTepa, 3aXHMCHUX KOPIYCiB,
JeTasnei At aBToMOO1LTiB Ta 6araTo iHIIOro.

Mexaniuni xapakrepuctuku (inamenty [14]: ryctuma — 1,25 r/cm®, Temmeparypa ekcruryaramii —
0...+70 °C, minnicTts Ha po3Tsr — 50 Mlla, BitHOCHE BUAOBKEHHS IIPH pOo3pHBi — 24%, MOIYITh IPYKHOCTI
pu po3tary — 1920 MIla, Mmoayns npyxHOCTI ipu 3ruHi — 1980 Mlla, mimHicTs Tipu 3ruHi — 76 Mlla,
TBepaicTh 3a PokBemtom — 104, Bogonornuaanusa — 3% (3a 24 rox. mpu 23 °C).

Hpyx 3pas3kiB npoBoauBcs Ha 3D-mpuntepi «KLEMA 180» 3 HacTymHMMH HapaMeTpaMu APYKY:
mBUAKICTh ApYyKy — 50 Mwm/c; miinbHicTh 3anoBHeHHs — 90%; Bucota mapy — 0,2 M. JIst AOCITIKEHHS
3MIHH MEXaHIYHHX Ta MIIHICHUX XapaKTEPHUCTHUK JPYKOBAHUX BUPOOIB OyJI0 BHTOTOBJIEHO TPHU TPYIH
TOCITIKYBaHHUX 3pa3KiB, SIKi CTHCKAIHCS B3IOBXK Ta MTOTIEPEK BOJOKOH.

[lepmra rpyna 3paskis Majna BUriag Kyoa 3i croponamu 20x20x20 mm. Ha puc. 1 npeacraBieHo qocmigHi
3pa3Kku, MI0 CTHCKAJIMCS B3IOBXK Ta BIIONEPEK BOJOKOH (HampsM JeOpMyBaHHS MOKa3aHO CTPLIKAMH).
BunpoOyBaHHS Ha CTUCK MPOBOAMIIOCS Ha fociiaHii Mamai MU-40KY 3 rpannuHnM HaBaHTaKeHHAM 40
KH mpu mBuaKoCTI 2 MM/XB HaBaHTaXEHHSM, 1110 Bi/AMOBiJIa€ BUMAAKY CTATUYHOTO HaBaHTa)KyBaHHsS. Ha
OCHOBi JiarpaM CTHCKY 3pa3KiB, NpEACTaBIeHUX Ha puc. 1, Oymo BuUBYEHO e(EKTHUBHI MEXaHiuHi
XapakTepUCTUKU MaTepiany, orpuMadoro npu 3D apy1i, B 3a7eKHOCTI BiJl HAPAMKY Je(QOpMyBaHHS.

J1n1st BUBUCHHS BUWJIMBY KOHIIEHTPATOPiB HANPY>KEHb Ha 3MiHY €()eKTUBHHUX XapaKTepUCTUK MaTepiaiis,
orpumanux 3D apykom, Oyno mocimimxkeno apyry (puc. 1 6, 2) ta Tpetio (puc. 1 0, e) rpymny IOCTiTHAX
3pa3KiB, BATOTOBJICHHUX Y BUIJISI MPSIMOKYTHOTO TIapajieNienine/a, o nociaadieHlii CHCTEMOI0 YOTUPbOX
TYHEJNBHUX TIOPOKHUH KPYTOBOTO Tepepisy, SKi APYKYBaIHCs Pi3HUM THIIOM 3 HAasBHICTIO 1 BiICYTHICTIO
IiJICUJICHb OTBOPIB.

Jnsi BUBUEHHS BIUIMBY KOHLEHTPATOPIB HAMpyKeHb Ta PEXHUMIB eKcIUTyaTamii Ha e(eKTHUBHI
XapaKTepUCTUKU Ta MEXaHIYHYy MOBEIIHKY BIiAMOBIIHUX €JIEMEHTIB OYyJIO MPOBEACHO €KCIEePHUMEHTAJbHI
JIOCITI/DKEHHS Ha CTHCK BiJMOBIAHUX JOCHITHUX 3pa3KiB, 1110 BUTOTORIIEHI nutsxom 3D apyky (puc. 1 6, 0)
3 BUIBHUMH OTBOpaMH Ta y BHIIAAKY HasSBHOCTI migcuiieHb (puc. 1 e, e), Ta 3a3HAIOTh HABAHTAXCHHS Y
HamNpsIMKY, L0 BiJTMOBIJa€ HANPSIMKY APYKY (puc. 1 6, 2) Ta nepneHAnKyIsIpHAi 10 HbOTO (pHc. 1 0, e). lns
MiCUICHHS OTBOPIB JOCTIJHHUX 3pa3KiB JPYyroi Ta TPEThOI IPYITU BUKOPHUCTOBYBAJIacs alfOMiHi€eBa TpyOKa
(puc. 2) niametrpom 10 MM Ta ToBIMHOIO cTiHKK | MM. TpyOka po3MilyBaiacs 1mo BCiii JOBKUHI OTBOPY.
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b1 €
Puc. 1. Pi3Hi rpynu nocaiguux 3paskiB

[ BUBYEHHs BIUIMBY KOHIEHTPATOPIB HAINPY)KEHb Ta PEXHUMIB eKcIUTyaTamii Ha e(eKTHBHI
XapaKTepUCTUKU Ta MEXaHIYHYy MOBEAIHKY BiAMOBIIHUX €JIEMEHTIB OYyJI0 MPOBEACHO EKCHEPUMEHTAIbHI
JIOCJTI/DKCHHS Ha CTUCK BiJIMTOBITHUX JOCIIIHUX 3pa3KiB, 110 BUTOTOBJIEHI muisixoM 3D apyky (puc. 1 6, 0)
3 BIIBHUMH OTBOPAMH Ta Yy BUIAAKY HAsBHOCTI mifcuieHsb (puc. 1 e, e), Ta 3a3HalOTh HABAaHTAKCHHS Y
HAIPSIMKY, [0 BiAMOBiIae HAPSAMKY ApYyKY (puc. 1 6, 2) Ta mepneHAnuKyIspHuii 10 HBOTO (pHuC. 1 0, €). s
MiJICHJIEHHS OTBOPIB JOCIITHHUX 3pa3KiB JPYyroi Ta TPETHOI IPYITU BUKOPHUCTOBYBAJACs AOMiHI€EBa TpyOKa
(puc. 2) miametpom 10 MM Ta TOBIIMHOO cTiHKK 1 MM. TpyOKka po3MililyBajacs 1Mo BCiii JOBKHHI OTBODY.

EdexTuBHI XapaKkTepuCTHKU MaTepiany: Mexa TeKydocTi, Meka MponopuidHocTi, moxyns HOHra
po3paxoByBaics 3a popmynamu [15], [16], [17]:
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ne P, — HaBaHTa)xeHHS, sIKe BiINOBiga€e MEXi TEKy4OCTi;
PH

—  HaBaHT@XEHHS, AK€  BIAMOBIZaE  MEXI
MPOTOPIIHHOCTI;

0— [uioma TONepeyHoro TIepepidy 3paska  Jio
BUNPOOYBaHHSI.
Ha ocHOBI mpoBemeHuX JOCHIIKEHb 3 Jiarpam
HaBaHTaXXEHb 3paskiB (puc. 3, 4) MH BU3HAYWIU MOJIYJb
IOnra s 3paska kUi CTUCKABCS B30BXK BOJIOKOH £ = 398

MIla ta momepek BonokoH E = 517 Mlla, Mexxa TEeKy4OCTi Puc. 2. AmominieBa TpyOka
npu upoMy craHosuna o, =29Mlla ta o, =42Mlla JUIsE ApMYBaHHs 3pa3KiB
BIJIIIOBiAHO.

BpaxoBytoun, mo BigHOmeHHs Moxyis FOHra B3moBX Ta momepek BOJOKOH piBHe 0,769 moxHa
CTBEPIKYBATH, 1[0 MaTepiayl MPOSBISE ICTOTHY aHI30TPOINI0 MEXaHIYHHX BIIACTUBOCTEH 3aJIC)KHO Bif
HampsiMy CTHUCKaHHSA. TOMy akTyalbHHM € BHBUCHHS BIUIMBY HANpsSMy NPUKIAJaHHS 30BHIIIHBOTO
HABaHTA)XKCHHS Ha SKCIUTyaTalliiiHi BIACTUBOCTI JIeTaCH.
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Puc. 3. liarpama naBaHTa;KeHb 3pa3zka
nepiIoi rpyny, AKMii CTUCKABCS B310BK
BOJIOKOH

Puc. 4. liarpama naBanrasxeHb 3paska
nepiuoi rpynu, SKuii CTHCKABCS NMoNepex
BOJIOKOH

Pkl P okll, T
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65 / Jimsma _ | * Jlizamxa o
[ HPOHOPHIKHOCTL l'lpCll'lOI)HlHHOCTl
25 = 75 0 125 15 175 R a R e
Alvim Al MM
Puc. 5. JTliarpama HaBaHTaXeHb 3pa3Ka
l]pyr()']' I'PyIN 3 CHCTEMOIO BLILHUX 0TBOpiB, Puc. 6. I[iarpaMa HaBaHTaK€Hb 3pa3ka Ilpyl“O'l'
SIKHUIl CTHCKABCS B310BK BOJIOKOH TPyIH 3 CUCTEMOIO NIAKPiNJIeHnx 0TBOPIB,

SIKMH CTHCKABCH B30BK BOJIOKOH

Ha puc. 6, 7, 8, 9 300paeHi qiarpaMy HaBaHTaXKEHb 3pa3KiB APYTroi Ta TPEThOT IPYITH, KOTPi CTUCKAITUCS
HOTEPEK Ta B3JIOBK BOJIOKOH.
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Puc. 7. liarpamMa HaBaHTa’keHb 3pa3Ka TpeTboi  Puc. 8. Jliarpama HaBaHTa:KeHb 3pa3Ka TPeThOol
rPynH 3 CUCTEMOIO BiIbHUX OTBOPIB, SIKUIA rpynu 3 CHCTEMOIO MiAKPiNJeHUX 0TBOPIB,
CTHCKAaBCS NOINePeK BOJIOKOH SIKMI CTHCKaBCS MONepeK BOJIOKOH

Ha puc. 3-8 300paxkeni amiarpamM CTHCKaHHsS JOCIHiIKyBaHUX 3pa3kiB: puc. 3, 4 — miarpamu
HaBaHTa)KCHB IIEPIIIOi TPYITH 3pa3KiB, pucC. 5, 6 — miarpaMu HaBaHTaXEHb APYTOi TPYIH 3pa3KiB, puc. 7,8 —
JiarpaMu HaBaHTaXCHb TPETHOT IPYIH 3pa3KiB.

3 oTpUMaHHX JiarpaM HaBaHTa)KEHb, HAMHU OYJIO pO3paxoBaHO e(EeKTHBHI MILHICTHI XapaKTEPUCTHKH
MarepianiB: MeXy MPOMOPIIIHHOCTI Ta MEXKY TEKYJOCTI I BCIX TpyH 3pa3kiB. st meproi rpymu 3paskis,
SIKI CTUCKAJTUCS B3JIOBK BOJIOKOH I1i 3HAYEHHS CTaHOBWIN — 25 Ta 29 MIla, Ta monepek BoJIoKOH — 35 Ta 42
Mlla BignmosigHo. st Apyroi rpynu 3 BUIBHUMH OTBOPaMH B3J0BX BOJIOKOH — 33, 36 MIla, nuist TpeTroi
Ipynd 3 BIIbHMMH OTBOPaMH IONEpPEeK BOJIOKOH — 35 Ta 42 MIla. Jlns apyroi rpynu 3paskiB 3
migKpituieHuMe otBopamu — 37,5 1 46 MIla BiAmoBiHO, Ta TPETHOI Ipynu 3 MiIKpimieHHsM — 43 Ta 53
MlITa.

PesyabTaTu AochainkeHb. Pe3ynprat eKCHepUMEHTAIbHUX BHIIPOOOBYBAaHb MOKA3yIOTh, IO MEXa
MPOTOPLIHHOCTI 3pa3KiB TPETHOI IPYIH, SKi CTUCKAIUCS TTOTIEPEK BOJIOKOH 3 BUTLHUMH OTBOPaMH MarOTh
Kpallli MeXaHiuHi XapaKTEePUCTUKHU HIX Ti, [0 CTUCKAIKCS B3I0BXK BOJIOKOH (3pa3Ku Apyroi rpymnu) Ha 6%
i Ha 15% BignoBigHO A7 MiAKpituIeHHX O0TBOpiB momepek BojokoH (III rpyma 3pa3skiB), a HX B3IOBX
BosiokoH (Il rpyma 3paskiB). Mexa TEKydoCTi JUIsl 3pa3KiB 3 BUIBHUMH OTBOpaMu momepek BosiokoH (111
rpymu) Ha 17% Oinpima HiX Uit 3pa3kiB B3MoBK BosiokoH (Il rpymna) i BIINOBIAHO 3 MiAKPIIUICHUMH
otBopamu Ha 15% 3pasku nonepek BonokoH (11 rpyma) mposBunm kparli MexaHiuHi XapaKTEepPUCTHKH.

VY Xopi NMpoBeIeHHS eKCTIEPUMEHTY (JIOCHIDKEHHS 3pa3KiB APYyroi rpynu 3 BUILHUMH 1 MiKPIiJIEHUMH
OTBOpaMH) BCTAHOBJICHO, 1[0 Y BUTIAJIKY KOJIU JIisl CTUCKYBAJILHOT'O HABAHTAXKCHHS CITIBIA/Ia€ 3 HATIPSMKOM
IpYKy 3pa3Ka Mexa mporopuiiHocti Ha 12% € MeHIIow, HiX UId 3pa3KiB, IO MiJAI0TbCS CTHCKY Y
HaNpsMKY, HEePHeHIUKYIIPHOMY HanpsMKy Apyky 3paskiB (III rpyma). Kpim Toro, mexa Teky4ocTi €
Oinpimoro Ha 14% y BUMaAKy KOJH HAIpsM JIPYKY 3pa3Ka € NepHeHIuKyIsapHuM, (s 3paskis I rpymn)
HanpsAMy Jii CTUCKaI040ro HaBaHTAXECHHS.

Ha puc. 9-11 naBeneHo BUIIISI Ae(eKTiB, IO YTBOPUINCS Y 3pa3Kax MiJ 4ac BUIIPOOyBaHb.

ExcriepuMeHTaIbHI  JOCHIKEHHS TOKa3ajiy, M0 IiJ 4Yac pyHHyBaHHSA 3a Jii CTHCKYBaJbHOTO
HaBaHTa)KEHHS HE y BCiX BUMaIkax (puc. 6) Ha TrpaHHIl OTBOPIB YTBOPHUTHCS TpimuHH (puc. 5, 7, 8) B
HACJIIJTOK KOHIIEHTpaIii HanpykeHsb. [IpoTe, citif BIAMITHATH, 10 B y BHIMAKY ITiICHIICHHS OTBOPY (pHC. 6)
3a [ii HAaBaHTaKEHHS B3J0BXK BOJIOKOH ITiCIsi BUIIPOOYBaHHS 3pa3Ka TPINIMHW HA TPAaHUIIl OTBOPIB HE
crocTepiranucsi, MO MOXE CBIAYMTH NPO Te, 10 apMyBaHHS TMO3UTHBHO BHWIUIMBAE HA MEXaHidHI
BJIACTUBOCTI 3pa3Ka, L0 HiATBEPIKY€ETHCS OTPUMAHUMHU PE3yJIbTaTaMH.

VY BUMaAKY KOJU 3pa30K CTUCKABCS B3JI0OBXK BOJIOKOH 3 CHCTEMOIO BITHHIX OTBOPIB (pHC. 5), TO Ha 3pa3Ky
B mpoueci aedopmauii yrBopunucs Tpimuad (puc. 9). Takox TpIIMHM CHOCTEPIranvcs y BHUMNAAKY
CTHCKaHHS 3pa3Ka MonepeK BOJOKOH (pHc. 7) 3 cucTeMOIo BilbHUX 0TBOpiB (puc. 10). ITicas mpoBeaeHoro
BUNPOOYBaHHSI BCTAHOBJICHO, IO TPILIMHM YTBOPIOBAJIUCH 1 POCIM HE JIMILIE MapajelbHO A0 HAIpsSMY
BOJIOKOH, a W TEpHeHAMKYJISIPHO, PO3PHBAIOYM BOJIOKHA, & TAKOX BIIOMEPEK BOJIOKOH IJISl BHUIMAAKY
nedpopMyBaHHS 3pa3ka 3 CHCTEMOIO MiIKPIiIIeHUX 0TBOPiB (puc. 8). Bussnenuit tun pyiinysanus (puc. 11)
MIT BUHHKHYTH 9€pe3 HaIlpsiM PO3MIIIEHHS BOJIOKOH.

[lin wac exkcnepuMeHTaTbHHX IOCTI/HKEHb BHUSABICHO, IO TMichs aedopMyBaHHS 3pa3ka MOXKHA
MOMITHTH, IO BepXHS mpaBa TpyOka, nedopmyBanack nume Ha 30%, OO0 BUKIMKAJIO J0JATKOBE
Hamnpy>XeHHS Ha OTBIp SKHH pO3MIMIyBaBcA Mif HEIO. Y I[bOMY BHUIIAJIKY BHIHO, IO AedopMarlis TpyOkH
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3HAYHO OUTBINA HiK B OTBOpaXx 31iBa, B CyMi Il Ba (GaKTOPH i CIIPUIMHIUIA YTBOPEHHS KOHIICHTpaTopa
HaTPYXCHb — TPIIIIMHU B JAHOMY 3pPa3Ky.

ITizcyMOByIOUHM BHIIIECKAa3aHE MOXKHA 3POOUTH 3arajibHUH BHUCHOBOK, IO 3Pa3Kd KOTPi CTHUCKAITUCS
MOTIePEK BOJIOKOH MAaIOTh KPallli MEXaHIYHI XapaKTEPUCTUKHU BiJl 3pa3KiB B3IOBXK BOJIOKOH.

E—

Puc. 9. BusiBjiena TpimmuHa Puc. 10. BusiBjiena Puc. 11. B“"Bﬂelff‘ TpimmHa
3pa3Ka JApyroi rpynu 3 TpilMHA 3pa3sKa TPeThoi 3paska TPeTLOl IPynu 3
CHCTEMOI0 BiJIbHUX oTBOpiB ~ TPYIH 3 CHCTEMOIO BilIbHUX CHCTEMOIO MIIKPILIEHNX
OTBOpiB OTBOPIB

BucnoBku. OtpuMmani y poOOTi pe3yibTaTH €KCIEPUMEHTAIBHUX IOCTIDKEHb BIUIMBY Opi€HTALii
BOJIOKOH Ta HasIBHOCTI apMyBaHHs I03BOJIAIOTH Mi1i0paTH ONTUMAJIbHI PEXKUMH SKCILTyaTallil J1J1s AeTajei,
BurorosieHux npu 3D npyky. IlpoBenmeHi AOCHTIKEHHS NO3BOJMIM IOCTIIUTH 3MiHY €(QEKTUBHUX
XapakTepuCTUK MaTepianiB, orpuManux 3D npykom, 3a pi3HUX HampsMKIB [ii CTHUCKYBaJIbHOTO
HaBaHTaXEHHsA. EKkcrepyMeHTalbHI MOCTIKCHHS I'€OMETPUYHO-HEOJHOPIMIHUX TiI, M0 IMocaalseHi
CHUCTEMOIO TYHEJIbHUX IIOPOXKHUH KPYrOBOI'O IEpepidy 3 BUIBHMMH Ta MiIKPIIUICHUMH OTBOPaMH,
JI03BOJIMJIO BCTAHOBUTH €(DEKTHBHICTh BUKOPUCTAHHS apMYIOUMX CJIEMEHTIB Ha ONTHMI3aIil0 MEXaHIYHUX
Ta MIIHICTHUX XapaKTEPHCTUK JIeTajIeH.
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IPABHJIA O®OPMJIEHHS TA IIOJJAHHSI CTATEA

CratrTts HaACUIAEThCS 0 pelaKIlii 30ipHHUKa y MarepoBOMY BapiaHTI 3 MiAMMUCAMH aBTOPIB
Ha azapecy: 43018, m. Jlyupk, Byn. JIsBiBchka 75, Jlyupkuit HTY; B elekTpoHHOMY BUTIISAIL Y
dopmari MS WORD- Ha enektpoHHy anpecy: naukovi_notatki@lutsk-ntu.com.ua. O6unsa
BapiaHTH NMOBUHHI OYTH 11CHTUYHHMH.

HaykoBa crarrss 000B’SI3KOBO TNOBMHHA MATH HACTYNHI HeOOXiaHI eJjleMeHTH:
MIOCTAHOBKA MPOOJIEMH Yy 3araJlbHOMY BHUTJISAAI Ta i1 3B'A30K 13 BAKJIMBHUMM HAyKOBUMH YH
MPaKTUYHUMHM 3aBJIaHHSIMH; aHATI3 OCTAHHIX JOCIHIKEHB 1 MyOJiKallii, B SKUX 3all09aTKOBAHO
PO3B'sI3aHHS JaHOT TPOOJIEMH 1 Ha SIKi CIUPAETHCS aBTOP, BUALJICHHS HEBUPIIIEHUX paHillle YaCTUH
3arajbHOl MPOOJIEMH, KOTPUM MPUCBSIYIYETHCA O3HAUYEHA CTATTS; (POPMYIIFOBaHHS IUJIEH CTaTTi;
BUKJIa]] OCHOBHOTO MaTepially JOCITIKEHHS 3 TIOBHHM OOIPYHTYBAaHHSIM OTPHUMAaHHMX HayKOBHX
pe3yibTaTiB; BUCHOBKHU 3 JAHOTO JOCTIHKEHHS 1 IEPCIIEKTUBH MOAAIBIINX JTOCTIKEHD Y TaHOMY
HaMpPsIMKY.

1. CrarrTio MOKHA OJaBaTH YKPaiHCbKOK 200 aHIJilcbKOI MOBOK. CTaTTs NOBUHHA
Oytu HabpaHa y TeKCTOBOMY penaktopi He Huxde MS WORD 97/03 1 nHagpykoBaHa TiJIbKH
Ha JIa3epHOMY a0o0 cTpyHHOMY NpHHTEpi Ha Oumx nucrax gopmaty A4 (297x210 mm).
Hywmepariito cropiHok He BUKoHyBaTu. OOCST cTaTTi BiJ 4-9 CTOPIHOK.

2. TlapameTpu CTOpIHKH: BEpXHE, HIDKHE Ta JIiBe 1oje — 2 cM, Ipase nojie 2,5 cMm. Bix kpato
110 KOJIOHTUTYJIa BEpXHBOTO — 1,25 cM, HIxkHBOTO — 1,25 CM.

3. IHanka crarti: inaekc YK, iHinianu ta npi3BHIa aBTOPIB PO3MILYETHCSI Ha OUH a03all
Hwk4e mpudTom 11 nt, HazBa opranizaiii — HAOUPAIOTHCS 3 HOBOTO psizka mpudTom Time
New Roman Cyr po3mipom 11 0T 3 OZMHaApHUM MDKPSAKOBUM i1HTEPBAIOM 1
BHUPIBHIOIOTHCS 1O IeHTpYy. Has3Ba cTarTi po3MmilnyeThcss Ha OMWH ad3al] HUXKYE Ha3BU
opranizauii, HaOupaetbca mpugprom Time New Roman Cyr posmipom 11 nr 3
HaIBXUPHUM BUAUICHHIM 1 BUPIBHIOETHCS TI0 LIEHTPY.

4. AHotauii yKpaiHCHKOIO Ta aHIIIIMCHKOI0O MOBaMU HaOWpPaloThCsA 3 ab3alHOTO BIJICTYIY
mpudTom Time New Roman Cyr po3mipom 9, kypcus, HamniBxupauii 300-500 npykoBaHux
3HAaKIB 3 OIMHAPHUM MDKPSIKOBUM IHTEPBAJIOM 1 BUPIBHIOIOTHCS 110 HIMPHHI; aHTITIHCHKOIO
MoBamu po3iupena anoraiist 700-1000 npykoBaHHUX 3HAKIB.

5. Hwmxue aHoTaniit 000B’A3K0BO BKa3ylOThCs KJIIOYOBi ciioBa mpudToM Time New Roman
Cyr, KypcuB, HamBXUPHUH 9 TIT.

6. OCHOBHHUH TEKCT po3MiIlyeThCs Ha 1 cM HWXKYE aHOTalii, HaOupaeThcs 3 ab3aIHOTO
Bimctyny 1 cm mpuprtom Time New Roman Cyr posmipom 11 nT 3 oauHapHHM
MDKPSIKOBUM 1HTEPBAJIOM 1 BUPIBHIOETHCS MO HIMPHHI.

7. Jlnas wHabupanHs ¢opMmyn 3acTtocoByBatH  pemaktop dopmyn MS  WORD
(BukopucroByBatu mmipudtu: Symbol, Time New Roman Cyr; po3mipu mpudTis:
3BUYaiiHUHN 12 NT, KpYMHUM 1HIEKC 7 OT, ApiOHMM 1HAEKC 5 NT, KPYNMHUA cuMBOJ 18 T,
npioHMit cuMBoa 12 mT). @opMyna BUPIBHIOETHCSA MO IEHTPY 1 HE NMOBHHHA 3aliMaTH
OinpIIe 5/6 MUPUHU pAIKA.

8. Skmo B cTarTi MPUCYTHI UIOCTpallii, HEOOXITHO PO3TAIIOBYBAaTH iX MO TEKCTY,
BupiBHIOIOUHM minnucu (Puc. 1. Cxema ...) o mupuHi 3 ab3anHoro Biactyny 1 cMm. [Apyruit
eK3eMIUISIp LIrocTpallii HeoOXiTHO MOJJaTH Ha OKpEeMOMY JIKCTI. ImocTpartiii moBuHHI OyTH
YITKUMHU Ta KOHTPACTHUMHU.

9. Tabmuril po3TamoByBaTH MO TEKCTY, MPUUOMY iX IIUPHHA MOBUHHA OyTH Ha 1 cM MeHIIa
mupuHy psaaka. Hang tabaunero mocraButy ii nopsaxosuit Homep (7a6a. 1) BUpIBHIOIOUN
10 TIPaBOMY Kpato, IiJ1 SKUM PO3MICTUTH Ha3BY TAOJIHIII BUPIBHIOIOUH 110 IIEHTPY.
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10. JlitepaTtypa MOJA€ThCs 3araJbHUM CIIMCKOM B KIHIII PYKOIMCY 3TiTHO 3 BHMOTaMU
JIepKABHOTO CTaHIApPTy Yepe3 1 ¢M BiJ] OCTAaHHBOTO PSAKA.

11. O60B’A3K0BO MMOJATH CTATTIO. HA Jla3epHOMY NHCKY. CTaTTi MOXHA TaKOX MEPECHIIATH
eNIEKTPOHHOIO TIOIITOO 32 Takor azapecoro: naukovi_notatki@lutsk-ntu.com.ua

12. JIo craTTi 000B'SI3KOBO J0/Ia€THCS PeleH3ifl 60 TPOBIIHOTO BYECHOTO 3a HAYKOBUM
CHpSIMYBaHHSIM CTATTi Ta aBTOPCHKA JIOBiIKA Y MHCEMOBOMY Ta €JIEKTPOHHOMY BUTJISI1
3a BKa3aHOI (HOpPMOIO:

MpizBuie, Im’x, [lo-0aTbKOBI

Micue podoTH, mocaga, HAyKOBHM CTYNiHb, BU€HE 3BAHHS
Hayxkosi inTepecn, ORCID

Ha3zga craTTi Ta 0oco0ucTi mianmucu ycix aBTopis

Anpeca 1J1s1 TMCTyBaHHS, TejedoH, e-mail, KOHTAKTHY 0c00y

14. B xinmi crarti 060B’s13k0B0 BKaszytoThes 1B, mocany, HaykoBuUil CTyIiHb, BUCHE 3BaHHS
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3PA30OK O®OPMJIEHHSA CTATTI

YJK: 620.179.16
LI Isanos’, ILIL Ierpos?
Jlhyybruil HayionanbHUll MexXHIYHU YHigepcumem
Teproninbcokuii Hayionanbhuli mexuiynuii yuisepcumem®

1

HABJHW/XEHE BU3HAYEHHS OCI KOHOIA, TPEICTABJIEHOT' O JIMCKPETHAM
KAPKACOM TBIPHUX

Po3pobneno anzopumm HAOAUIHCEHO20 BUHAUEHHA OCI KOHOI0A, NPEOCMABIEH020 OUCKPDEMHUM KApPKACOM

CRIIbHUX MEIPHUX.
Kniouogi cnoesa: sicv xonoioa, ouckpemnuii Kapkac, meipa.

1. lvanov, 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 npodaemu. Ha koHOIz1, peacTaBIeHOMY AUCKPETHUM KapKacoM. . ...

AHaJi3 oCTaHHIX J0CTiMKeHb i myOmikamiid. Hackinpku BijioMo aBTOpY 3......

IocTanoBKa 3aBAaHb. B poOOTI TOCTABIIEHO METY — PO3POOUTH AITOPUTM. ...

BuxianeHHs ocHOBHOro MaTepiany. [ HaOmmKeHOTO BU3HAYEHHS 0Ci BUKOPHUCTOBYBaIacs Taka
BJIACTUBICTH KOHOI/IB: yCi TBipHI MOBEPXHi IEPETUHAIOTS ii Bich [1].

topmyrna (1)
Pucynox

Puc. 1. Ha3Ba pucynka

Tabn. 1.
Ha3Ba Ta0auni

BucnoBku. B ctaTTi po3pobiaeHo adroputM HaOIMKEHOTO. ...

Cnucok BUKOPUCTAHHUX KepeJa:

1116, mocajxa, HAVKOBHH CTVIiHDL, BU€HE 3BAHHS PElleH3EeHTIiB CTATTI.
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