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C. A. KTHMEHKO, A. C. MAHOXIH, A. 0. YYMAK, M. I0. KOIIEUKIHA, C. A. KTHMEHKO

MOJEJIOBAHHSI CHJI KOCOKYTHOI'O PI3BAHHsI IHCTPYMEHTOM 3 KPYIJVIOIO
IJIACTHHOIO 3 IKHB ITPU OBPOBIII 3ATAPTOBAHOI CTAJII 3 YIAPOM

VY po6oTi BUKOHAHO YHCENbHE MOJCIIOBAHHS IIPOIECIB pi3aHHS 3arapTOBaHOI CTali IHCTPYMEHTaMHU 3 Pi3HUMH KyTaMH HaXWIy pi3aJbHOI
KpoMKH, ocHanieHux mactunamu 3 [IKHB. 3a nonmomororo nakera DEFORM-3D pociimkeHo HanpyskeHO-1ehOpMOBaHHMil CTaH y 30HI EPBUHHOI Ta
BTOPHHHOI AedopManiif mix gac ToUiHHSA 3 ynapoM. IlokazaHo, 0 IpU 3aCTOCYBaHHI IHCTPYMEHTIB 3 KOCHM KyTOM Bpi3aHHS 3HAYHO 3MEHIIYEThCS
yZapHe HaBaHTa)KEHHS, CEpeIHs CHJIa Pi3aHHS Ta Bapiamis ii curHamy, o0 CBIAYMTH PO MiABHINEHY CTaOLIBHICTH Hpolecy. BcraHoBieno, mo
30iNbLICHHS KyTa HAXWITY Pi3aibHOT KPOMKH 10 60° MPU3BOAUTH O 3HIDKCHHSI HOPMAJIbHHUX CKIAIOBHUX CUIIH Pi3aHHS Ta IHTEHCUBHOCTI Aedopmariii.
Pe3ynbTaTu MOJIEMIOBAHHS MiATBEPXKEHO EKCIIEPHMEHTAIIBHO, IO IO3BOJISIE PEKOMEH/IyBaTH KOCOKYTHE Pi3aHHS K epeKTUBHUN MiaXiJ 0 00poOKu
3arapToOBaHUX CTAJIeH B yMOBaX AUHAMIYHUX HABAaHTA)XXCHb.

KnaiouoBi ca0Ba: KOCOKYTHE pi3aHHs, pi3aJbHUA IHCTPYMEHT, DPEKMMH pi3aHHs, 3arapToBaHa CTajib, MOJICIIOBAHHS, HAIPYKEHO-
neOpMOBaHHUH CTaH.

S. KLYMENKO, A. MANOKHIN, A. CHUMAK, M. KOPEIIKINA, S. KLYMENKO

MODELING OF OBLIQUE CUTTING FORCES USING A ROUND PCBN INSERT TOOL DURING INTERRUPTED TURNING

OF HARDENED STEEL

This study presents a numerical simulation of the cutting process of hardened steel using tools with varying rake angles, equipped with
polycrystalline cubic boron nitride (PcBN) inserts. The DEFORM-3D finite element software was used to analyze the stress—strain state in the
primary and secondary deformation zones during turning under impact loading. The results demonstrate that using tools with an inclined cutting edge
significantly reduces impact load, cutting force, and signal variation, indicating improved process stability. It was established that increasing the rake
angle up to 60° leads to a reduction in the normal components of the cutting force and the intensity of material deformation. The simulation results are
confirmed by experimental data, supporting the recommendation of oblique cutting as an effective method for machining hardened steels under
dynamic loading conditions.

Keywords: oblique cutting, cutting tool, cutting conditions, hardened steel, modeling, stress-strain state

Beryn. Po3BuTOK cy4yacHOro MamuHOOymyBaHHS 0araro B YoMy OOYMOBJIEGHO MiJBHIICHHSIM BUMOT 10
eKCIUTyaTallifHUX XapaKTePUCTHK JeTaJieil MaIlMH Ta MEXaHI3MIiB i, BIAMOBIAHO, 3aCTOCYBaHHSIM IX BHTOTOBJICHHS
KOHCTPYKLIHHUX MaTepiajdiB 3 BUCOKMMH (i3MKO-MEXaHIYHHUMHU XapakTephUCTUKaMu. J{0 Takux KOHCTPYKIIHHUX
MaTepialiB BiTHOCAThCS 3arapToBaHi cTami. OOpoOka IMX MarepialliB XapaKTepPH3YeThCS IMOPIBHIHO HHU3BKOIO
MPOAYKTUBHICTIO pi3aHH:, IO 3 IHTCHCHBHUM 3HOCOM PIXYYOTo iHCTpyMeHTY. HaitOurbiny eekTHBHICTE IIpu 00poOIIi
3arapTOBaHUX CTAJCH MPOSBISAIOTH Pi3Ili, OCHAIICH] MOTIKPUCTANIYHAM HAATBEPIUM MaTepialioM Ha OCHOBI KyOidHOTO
HiTpuay 6opy (IIKHB) [1].

Jis migBumeHAs epeKTHBHOCTI 0OPOOKH 3aTOTOBOK 13 3arapTOBaHUX CTAJIeH 3allpONIOHOBAHI CIICIialibHI pi3aibHi
iHcTpyMentH, mo ocHammeHi [IKHB. [IpuHIMmoBi oco6mmBocTi poOOTH IUX IHCTPYMEHTIB 00YMOBIICHI MiHIMI3aIli€r0
HaNpyXeHOro Je()OpPMOBAHOTO CTaHy y 30HI CTPYXKKOYTBOpeHHs. Jlo BHIIEBKa3aHUX pi3aJIbHUX 1HCTPYMEHTIB
BIZIHOCSATBCS PIi3lli 3 HAXWMJICHOIO PiXYy4or Kpomkoro. HampyskeHo-nedopmoBaHMi CTaH y 30HI CTPY)KKOYTBOPEHHS
BHU3HAYAETHCSI MEXAHIYHMMHU XapaKTCPUCTHKAMHU MaTepiajy 3aroTiBii Ta yMOBaMH pi3aHHS. 3PEIITO0, HAMPYKEHO-
nedopMoBaHHil CTaH BiIOBIIa€ 3a eheKTUBHICTE 0OPOOKH, 30KpeMa, 32 EHEPrOBUTPATH B MPOIIEC] pi3aHHs, KOHTAKTHE
HaBaHTAXXEHHS poOOYMX IMOBEPXOHB pixKydoro iHcTpymeHty Ta KK/ iHcTpymeHTy. MoaenbHi JOCHIiIKEeHHS, 0COOIHBO
3 BUKOPHCTaHHSIM METO/Y KIHIIEBHX €JEMEHTIB, € NEPCIEKTUBHUMH JJIsl aHAIII3y SIBUIL, 110 BiZOYBalOThCS B Mpoleci
pizanHs. B maHuWit 9ac € BenmmKka KiUTBKICTH poOiT, Hampukiag [2-4], M0 OMUCYIOTh MOJEIIOBaHHS OOpPOOKH METOIOM
KIiHIIEBUX eJIeMeHTiB. B [5] mpoBeaeHo gncensHe MOAEITIOBAHHS XKOPCTKOTo TodiHHs cTtaii AISI 52100, H13, D2, 4340,
TOCTIKCHO BIUIMB T€OMETpii iHCTpYMEHTa Ta TBEPIOCTi 3arOTOBKM HAa CHIY pi3aHHS. BusBieHo, mo HaiOimbmmit
BIUIMB M€ T071a4a, a TAKOXK TE€OMETPisl IHCTPYMEHTa, OCOOJIMBO HETaTUBHUH KyT HAXHITY.

Y poboti [6] mpencraBiaeHi MoneNi CKiIHYCHHUX EIEMEHTIB Ul MPOTHO3YBAaHHS 3aJMIIKOBHX HAIPYKEHB, IO
BUHMKAIOTh y 3aroTOBII 3 Heprkasirouoi crami 16MnCr5, oOpobieHiii TBepAUM TOYIHHSAM 3 MOCTIHHOIO MIBHJIKICTIO
pizaHHS, MMoavYer0 Ta TIMOMHOI0 pi3aHHA pi3anbHUMH iHCTpyMeHTamMu PCBN, ski MaroTh KyTH IepeIHBOr0 HaXWIy B
nianma3oHi Big 15° mo -30° 3 kpokom 5°. Pe3ynbTaTH MOKa3yrOTh, MO iICHYE TEBHA KOPEJSIS MK KyTOM HEpeTHBOTO
HaxXWiy IHCTPYMEHTY Ta 3aJIMIIKOBHMH HampyXeHHsAMH. UMM HEraTUBHIIIMHA KyT MEpeIHbOr0 HAXMIY, TUM BHILI
IIPOTHO3YIOTHCS CTUCKAIbHI HAPYKEHHS B 3aTOTOBII.

B po6oti [7] mocmikeHO BIUTUB 3MIiHHHMX TIpoliecy oOpoOkw (IIBUAKOCTI IMOJayi) Ha CKJIAIOBI CHIIM pi3aHHS,
BiOpanii Ta mopcTkicte 00po0IeHOT MOBEpXHI IiJ 4ac TOKapHOi 0O0poOku 3araprosaHoi craimi XBIW (60-62 HRC) 3
BUKOPUCTaHHIM KpyriuX macTud CBN—SizNg.

OnHak y 1ux poOOTax, y OCHOBaHOMY, aHATI3yBaJIUCS XapaKTEPUCTHUKH MPOLECY OPTOrOHAJIBHOTO pPi3aHHs, a
3aKOHOMIPHOCTI pi3aHHS IHCTPYMEHTaMH, SIKi IPAIFOIOTh 32 KOCOKYTHOIO CXEMOIO BUBYEH1 MEHIIIOI0 MipOIo.

MeTo10 po6OTH € IOCII/KEHHS BIUIMBY BEIMYMHH KyTa HAXMIy pi3albHOI KPOMKH Ha CHIIM pi3aHHS IPH TOYiHHI 3
y/lapoM 3arapToBaHOI cTalli.

© C. A. Kimmmenko, A. C. ManoxiH, A. O. Yymak, M. 10. Koneiikina, C. A. Kimmenko, 2025
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MeTtoauka mociaixkeHb. [Ipu MonenmoBaHHI BHKOPHCTOBYBABCS 0araTOIITBLOBHH IMAaKeT KiHIIEBO-EIEMEHTHHX
po3paxyHkiB DEFORM-3D. [lnsg OIiHKKA BIDIMBY TeOMETpii IHCTPYMEHTY Ha CHJIOBI TMapaMeTpu IpH yHapi
BUHUKHEHHSM SIKOTO CYIPOBOIKY€ETHCS BPi3aHHS IHCTPYMEHTY B 3arOTOBKY Ta HAIPY)KCHHS B 30HI CTPYKKOYTBOPESHHS
3aBJIaHHA BUPINIYBaJOCS B TPUBUMIPHIHA MOCTAHOBII.

Paniyc 3aokpyrieHHs pizanpHOi KpoMKH p = 10 MKM, dacka 3HOCY TpuiiManacs piBHOIO HyIO. Take CIpOIIeHHS
JIONYCTHME, OCKIIBKH METOI0 MOJICJIIOBAHHS € BU3HAYCHHS Halpy)XKeHO-Ae()OPMOBAHOIO CTaHy B 30HI NMEPBHHHUX
nedopmaniii mix yac 0OpoOKH rocTpo3aToYeHNM pisleM. PizanbHuil iHCTPYMEHT MOJEIIOBABCS SIK a0COJIOTHO TBEpJIE
tino. [Tapamerpu ¢dparmenta 3arotiBmi: momkuna L = 1,2 mm, mmpuna b = 0,6 mm, ToBumHa ¢ = 0,2 mm. [pu
BUPIIIEHHI MEXaHIYHOTO 3aBJIaHHS TPAHUYHI YMOBH IIOJISITATIM B XKOPCTKOMY 3aKpIIJIEHHI ONOPHOT ITOBEPXHI 3arOTOBKU
Ta MepeMillleHHI a0COJIIOTHO )KOPCTKOTO 1HCTPYMEHTY B3IOBXK OCi X 3arOTOBKH 3 TIOCTIHHOO IIBUIKICTIO V = 2 MM/MC,
rmbrHa pizaHHA (B JAaHOMY BHMIAIKy NOpiBHIOE TOBIIMHI pizy) t = 0,1 mm. KyT Haxmmy pisus mpu MOJentOBaHHI
KOCOKYTHOTO pi3aHHsI CTAaHOBUB A 110 60°.

JocmimkeHHsT 3aKOHOMIPHOCTEH TIpoIiecy pi3aHHS MPOBOAWIOCH NPH TOYiHHI 3pa3kiB 3 3araproBaHoi cram XBI
(50-55 HRC).

Otpumani pesyastatn. CyTTEBI BIAMIHHOCTI y CTPY)KKOYTBOPEHHI U BHIIAIKIB MOJENIOBaHHI pi3aHHA 3
yIapoM 3a OPTOTOHAJBHOIO Ta KOCOKYTHOIO CXeMaMH IOTPeOYIOTh NEeTalbHOTO aHali3y HalpyXeHO-Ae(pOopMOBaHOTO
CTaHy 0OpOOJIIOBAHOTO MaTepialy Ta XapaKTepPUCTUK TUHAMIKU BPi3aHHS IHCTPYMEHTY.

[TpoananizyeMo MOMEHT Bpi3aHHs JJisl 000X THUIIIB IHCTPYMEHTY.

IIpu 00poOIiI 3 AMHAMIYHMMH HABAHTAKCHHSIMH BXKJIMBOI BIJMIHHICTIO OPTOTOHAJIBHOIO pi3aHHS 3a
OPTOTOHAIBHOIO BiJl KOCOKYTHOTO € T€, 1[0 KOHTaKTHA IUIIMA Ha IHCTPYMEHT] YTBOPIOETHCS MPH BPi3aHHI HE MOCTYIOBO
3 HAPOCTAHHSIM TOBILUHU 3pi3y, & MUTTEBO.

[Tpu BpizaHHi iHCTpYMEHTIB (puc. 1) B MOMEHT KOHTAKTy Ta MOYATKy IUIACTHYHOI Aedopmalii marepiany cuiia
pizanHs P;craHoBuTE: s pisug 3 [IL1LILI11° — 150 H (2,7e-5 ¢ xkoHTaKTY), A pizus 30101 11111115° — 55 H (2,65¢e-5 ¢
KOHTaKTy). /{751 MOMEHTY MOBHOTO Bpi3aHHS IHCTPYMEHTIB IIi XapakTepucTuku craHoButh 176 H (7,5¢-5 c¢) Ta 137 H
(7,84e-5 c), a IHTCHCHBHICTh HAPOCTaHHS CHJIM DPi3aHHSA CTaHOBUTH 5,56¢6 H/c ta 2,01e6 H/c BigmomimHo, TOOTO
MOJICIIOBAHHS JIEMOHCTPYE CYTTE€BO MeHIIE (10 3-X pasiB) 3HAUCHHS IMITyJIbCY CHJIM pi3aHHS B MOMEHT Bpi3aHHS
IHCTPYMEHTY, L0 MPALIOE 32 KOCOKYTHOK CXEMOIO pi3aHHS.

P, H
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100

0 105 210 315 420 t10%¢

Puc. 1 — Benuuunu TaHreHNidHOT CKI1a0BOT P; CHIIM pi3aHHs [JIsl TOYaTKOBOTO MOMEHTY
00pobku: 1-A=0°; 2-A=45°

[opiBHANBHA OIiHKa €()eKTUBHUX HANPYKEHb JEMOHCTPYE, IO ISl 30HHU MEPBUHHUX Ae(opMalliii XxapakTepHUM
3HAYEHHSM [HOTO Moka3Huka € 1420—1720 Mlla (oproronansHe pizanHs) Ta 1270—1590 MIla (kocokyTHE pizaHH:).
Benmnunan edextuBHOi nedopmanii Takok MalOTh CYTTEBI BiAMIHHOCTI i B 30HI BTOpMHHUX AedopMmariii BOHH 3a
paxyHOK TaHT€HILIHHOI CKJIaI0BOT MepeMillieHb 00pO0IIIOBAaHOTO MaTepially € BUIIMMU JUIs IHCTPYMEHTY, 110 MPaIioe 32
KOCOKYTHOIO cxemoro pizus (¢ = 2,50-3,15), y NOpiBHSIHHI 3 IHCTPYMEHTOM, IO INPAIIOE 38 OPTOrOHAIBHOIO CEMOI0
pizanHs (€ = 2).

[1pu Bpi3aHHI iHCTpPyMEHTA B 3arOTOBKY yJapHHUH IMITyJIbC IPU3BOJNTH 1O BAHUKHEHHS aBTOKOJIMBAHb B CUCTEMI
pizens-muHaMometp. [Ipu peectparii CHTHANIB Bii THHAMOMETpPA BiAMOBIIHO CIIOCTEPIra€THCS HE JIUIIE CKIIAIOBI CHITH
pizaHHS, a ¥ JOJATKOBI KOMIIOHEHTH CHTHANy, HOB’S3aHi 3 MPYXXHOIO AedopMalli€ro BUMIpIOBATBHOI CHCTEMH TIpH i1
KonuBaHHAX. [IpuKimag Takoi cynepno3uIlii CHrHaJIiB HaBeIeHO Ha pHC. 2.

3 METOI0 BH3HA4YECHHS YaCTHHHU CHTHAIly, IO BimoOpaskae Oe3mocepenHbo MAil0 CHIM pi3aHHSA OyJ0 MPOBEINCHO
JTOJTATKOBI JOCIiKEHHS.
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Puc. 2 — CxnaznoBi cuim pizanHs npu o0po61i 3 yaapom (V = 220 m/xs,
t=0,2 MM, S = 0,38 MM/00, h; = 0 MM)

Sk BimoMo, yaapoM 1o MaTepiaibHiil TouIi Ha3uBaeThes (Bi3UWIHUHN MPOIIEC, MO BiIOYBAETHCS 33 JTOCHTH MaJIAN
9ac T, B Pe3yJIbTaTl AKOr0 IIBUIKICTh TOYKH 3MIHIOEThCS Ha KIiHIIEBY BEJIMYMHY Ta HanpsMok. [Ipu npomy cuna Fy,, mo
Jlie Ha MaTepialbHy TOUYKY 3a MalHi 4ac yjaapy i A0CSIrae JOCUTh BEIMKUX 3HAYCHb, HA3MBAETHCS YAPHOIO CHIIOK. 3a
Yac yAapy T MHUTTEBA CHJIA 3MIHIOETHCS BiJl HYJBOBOTO O MaKCHMAaJbHOTO 3HAYCHHS TOWYIl, a MOTIM 3HOBY [0
HYJIbOBOT0, TOOTO Il CHJIA € 3MIHHOIO 3a YacoM. ['padivHo yaapHa CHia TPEICTABISETHCSA Y BUTISAL IMIYJIHCHOTO
rpebeHs, MiK SKOTo BiAMOBIae MAKCUMAILHOMY 3HAYCHHIO 1i€l cuiu (puc. 3, a).

Inrerpan Bix yaapuoi cunu Fy, Ha MajgoMmy MpoMiXKKY 4acy T (4acy yJapy) Ha3MBa€ThCs yJapHUM IMITYJIBCOM i
TI03HAYAETHOS K Syp = fur F ()dt.

F,HA
F"‘()

max

a
Puc. 3 — I'padiune npeactasieHHs aii yaapHoi cuiu (a),
cxema iMiTarii yJapHoro iMITyIbCy TIpy Bpi3aHHi iHCTpyMeHTy (6)

Bu3HaunMo BeJIMYMHY yJapHOTO IMIYJIbCY HPH iMiTanii BpizaHHs pisus. Januii edekrt peanizoBaHo NpH najaiHHi
Ha IHCTPYMEHT BaHTaxy (Kyjibku) Baroto 0,05 xr 3 Bucotu 0,5 M. Cxemy mocnigy HaBeneHo Ha puc. 3, 6, ne 1 —
nmuHamMometp Y JIM-600, 2 — nepxaBka pisns, 3 — Kyibka. Po3paxyHKoBe 3HaUeHHS BH3HAYaeThes Bupazom (1), e v, u
ta h1= 0,5 m, h, = 0,14 — mBKUAKOCTI B MOMEHT Ma iHHS i MPYXHOTO BiJICKOKY KyJIbKH Ta BUCOTA ii MAIiHHS 1 BIJICKOKY:

FAt= Ap =mv =m(v +u) = m(y/2gh, +,/2gh,), )]
Syx = 0,05 (\xz- 9,81-0,64 Y2 9,81 0,14) —024H-c @)

O/HOYACHO BENWYUHY Sy; MOXKHA BH3HAUYHUTH 3 €KCIIEPUMEHTAIBHUX JIAaHUX, [IJSIXOM YHCEJIBFHOTO iHTErpyBaHHS
3aJIe)KHOCTI CHJIH BiJT 4acy, 3apeecTpoBaHUX MpH ¢ikcallii curHary 3 muHamoMeTpy 3a gonomororo AIIT ADA-1406 Ha
gacroti 350 x['m. Amnami3 rpadika (puc. 4) 103BOJsiE BCTAHOBHTH, IO Hac Jii CwiM (TepmIoro mky Ha rpadiky)
cranoBuB 0,84 Mc, a MakcHManbHE 3HA4eHHSA CWIM yaapy craHoBwio 512 H. TakuM 9MHOM BelIWYHHA YAapHOTO
IMITyJIbCY CHJIM, BU3HAUEHA eKCIIEPUMEHTAIBHO JA0piBHIOE Sy = 0,215 H-c.

BpaxoByrouu, 1110 Pi3HUI MK EKCIIEPUMEHTAILHUM Ta PO3PaXOBaHUM 3HAUCHHSM IMITYJIbCY CHITH CKJIaaae Oiis
10%, Mo’kHa 3pOOMTHM BHCHOBOK, IO O€3MOCEepeqHbO SBMINY yJapa BiINOBiJae JUIe NEepmIMid MK Ha Tpadiky
3aJIe)KHOCTI CHJIM pi3aHHS Bijl 4acy, a iHIII TApMOHIKY CUTHAITY BiZoOpaXkaloTh 3aTyXal04i KOJIMBAHHS B CUCTEMI pi3ellb-
JMHAMOMETP Micist Jii ytapHOi cru.
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OCKIJBKY TIPH pi3aHHI MICHSA BPi3aHHS 1 yIapy Ha pi3enpb NPOAOBXKYE HISTH CHJIA pi3aHHS, MOXKHA NMPUHHATH Y
SIKOCTI MOZIETIi CHTHAITy Jiarpamy Ha puc. 5 [8] i B mogansImoMy aHalizyBaTd pe3yIbTaTH BUMIPIOBAaHb Y BiIMOBITHOCTI
3 LIEI0 MOJIEIIIIO.

4004

300+

100 A

-100 4 V

0 5 10 15 20 25 T, me

Puc. 4-Curnan muHaMOMeTpY, OTpUMaHUHN IIPpH (ikcamii yIapHOTO iIMITyIIBCY

Qq

| ]

a 7]

o/

Puc. 5 —. PeanbHa piarpamMa oTpuMaHa pU BU3HAYCHHI CHIIM pi3aHHs (a) Ta ii ineanizoBaHe BigoOpaxenus (6)

[IpoanamizyeMo y BIAMOBIMHOCTI 3 HAaBEICHOK BHIIE METOAMKOI CHUTHAT CKJIAJOBOI CHIIM pi3aHHS P,
OTpMMaHu# npu pizanHi iHcTpymMenToM 3 wiactuaoro RNUN-120400 3 TIKHB Borsinit 3a ymos A = 0°, v = 120 m/MuH,
t=0,2mm, S = 0,19 Mmm/06, h; = 0 mm. Ha puc. 6, a 306paxeHo curHai, 3adikCoOBaHHI MPH MPOXOKEHHI iHCTPYMEHTY
CKpi3b MacuB 00OpoOJIIOBAaHOTO MaTepialy B HPOMDKKY MiX JBOMa Ma3aMH. BelMuuHa mepuioro iMmysscy Ha rpadiky
cTaHoBUTH Pzy; = 400 H npu cepeHboMy 3HaYeHHI CHTHANY 1, BIINOBiAHO, cKianoBoi P, Ha nimsHui t = 0,010-0,024 ¢
Pzp = 248 H Ta cepenHpokBagipaTuIHOMY BinxineHui op,= 70 H. Y napuuii koedimient cranosuts K, = 400/248 = 1,61.

Jlns TOpIBHSHHS HaBelIeMO aHaJOTiYHy JiarpaMmy Jjisi BHUNAAKy OOpOOKM 3a KOCOKYTHOIO —pi3aHHs
IHCTPYMEHTOM, OCHAIIEHUM ILIACTHHOIO TOT'0 X THUIO-PO3MIpy (puc. 6, 6).

Bimpasy >k mOMITHO, IO 3aBISKMA KiHEMATHII Bpi3aHHSA TaKOTO IHCTPYMEHTY BIICYTHIH yIZapHHH iMIyJbC, a
BeJIMYMHA CKJIanoBoi P; Ta mucriepcist 3HaueHb CHTHAITY, sIKa XapaKTepH3ye CTaOIIbHICTh MPOIECy pPi3aHHS, CyTTEBO
HIwK4a — Py, = 181 H npu cepennbokBagpatnuHOMy BinxiieHHI op,= 13 H. HarnsgHe mopiBHAHHS THIIIB CHUTHAIIB
CHJI pi3aHHs IpX 00poOLi 10CiPKyBaHUMHU IHCTPYMEHTaMH HaBEIEeHE Ha pHC. 7.

Ockinbkn 00poOKka 3a KOCOKYTHOIO CXEMOIO XapaKTepH3YEThCsl 3HAUYHMMH IepeBaraMy, pO3TJITHEMO OLIbII
JIETaJbHO CHJIOBI ApaMeTPH caMe TAaKOTro MpoIlecy. 3aJeKHICTh CKIIAaI0BUX CHJIM Pi3aHHA BiJf KyTa HaXWIy pi3ajbHOI
KpoMKH HaBeneHa Ha puc. 8 [1]. Cuix BiA3HAUWTH, 110 3POCTAHHS KyTa HaXWITy Pi3albHOI KPOMKH A TPHBOIHUTH 110
IHTEHCHBHOTO 3HI)KEHHS CKIIanoBuX Py Ta P; mpu 3pocTanHi ckiiagoBoi Ps. Ilepmri ABi ckIamoBi 3HWKYIOTHCS BHACHIIOK
3MEHIIIEHHS IIUPUHH 3pi3y Ta CTymeHIo nedopmanii 00poOIoBaHOrO MaTepiaidy B 30HI HEPBUHHHX Aedopmallii, o €
BaXXJIMBOIO MIEPEBArol0 KOCOKYTHOI CXEMH pi3aHHS y MOPIBHAHHI 3 OPTOTOHAIBHOIO.
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Puc. 6 —. CurHai cuite pizaHHs pu o6po0O1i incTpymenTtamu 3 A = 0° (a) Ta A = 50° (6)
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Puc. 7. — CurHaiu cuiu pizaHHs IpU 00poOIli IHCTPYMEHTaMHU 3 KyTaMHU HaXUITy pi3aibHOl KpoMku A = 0° (a) Ta
A =50°(6)

Po3pobnena B [1] Momenb M03BOJISIE OIIHUTH BIUIMB KyTa HAXMIy Pi3ajdbHOI KPOMKH iHCTPYMEHTY Ha CTYIiHB
TacTHYHOI Nedopmarii oOpoOIFOBaHOO MaTepiary. 3pOCTaHHS KyTa A BHKIUKAE 3MCHIICHHS BiHOCHOTO 3CYBY B
HOPMaJIEHOMY HanpsIMKy €N, IO TOB'S3aHO 3 BIAXHMJICHHSM HANpsSMKY CXOAy CTPY)XKKH BiJl HOpMalli J0 pi3aidbHOL
KPOMKH, 3MEHIICHHS HOPMaJbHOI CKJIaJOBOI CHJIM TEpTs Ha MEpeHid MOBEpXHI IHCTPYMEHTY, IO HPU3BOIMTH IO
30UTBIICHHS KyTa il ® 1 BiAIOBITHOTO 3POCTaHHS KyTa 3CYBY B HOPMAIBHIH 10 pi3aibHOI KPOMKH IUIOUIMH. Y Mipy
30UTBIICHHST KyTa A, 3pOCTaHHS KyTa TEpTS 1| MPHU3BOIUTH 10 OLTBII iHTEHCHBHOI Aedopmarii marepianxy mpu Horo
MepeMilIeHH] B3I0BXK Pi3abHOI KDOMKH 1, BIIIOBITHO, IO 3pOCTaHHSA JOTHYHOI CKJIIOBOI BiTHOCHOTO 3CYBY £T.

Crymiae nedopmarii MaTepiany, 10 BU3HAYAETHCS CyMapHUM BiTHOCHUM 3CYBOM €s TaKOX 3HIDKYETHCS, X04a i
MEHIIOI MipOI0, HIX €N 1 ycaaKa CTPYXKH B HOPMaIbHOMY HamnpsMKy (. Po3paxyHoOk mokasye, mo ajist 3a3Ha4€HHX
yMOB 3i 3011pmIeHHsIM A Bix 20° 1o 60° Benmuuny e, €z Ta € 3MeHIIyIOThCs BianosigHo y 1,6, 1,4, 2,67, a €7 3pocrae y
1,63 pazu.

Jiarpamu cKJ1aJOBUX CHJIM Pi3aHHS AJIS PI3HUX KyTiB HAXHILY pi3albHOI KPOMKH HAaBEIEHO HA pHC. 9.

T T T T T T T T r T
0 10 20 30 40 50 7 4 20 30 40 50 60

Puc. 8—ExcniepuMenTanbHa 3aJI€KHICTh BIUTMBY KyTa HAXHMILy pi3albHOI KPOMKH A Ha CKJaJoBi cuiu pizanss (S = 0,19
MM/00, t = 0,2 MM, V=120 M/xB) (@), po3paxyHKOBa 3aJI€KHICTh CTYIECHIO INTACTHYHOI Aedopmarii 00pobIroBaHOTO
Marepiay BiJ KyTa HaXuily pi3aibHOl KpOMKH A (6)
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Puc. 9-3Mo/enp0BaH1 CKIIAA0BI CHITH Pi3aHHsI I IHCTPYMEHTIB 3 KyTaMu Haxwity pizanbHol kpomkw (S = 0,19 mm/00, t
=0,2 MM, V=120 M/XB)

Pesynbrat MofemOBaHHS MOKA3aJIH, 0 CEPeAHI 3HAYCHHS CHJIH, IO JIi€ HA IHCTPYMEHT i/ 9ac pi3aHHs, BHIIC
BEJIMYMHH TIEPIOTUIHOI CHIIH, 10 00YPIOE.

30UIbIICHHS KyTa HaxWiy pi3ajbHOI KPOMKHM pi3ls y niama3zoHi 70 60° mpu mepexoii Bil OPTOTOHAIBLHOTO
pi3aHHS 10 KOCOKYTHOTO ITPU3BOJUTH 10 3MEHIIEHHS ckianoBux P, Py opientoBHo y 1,4 Ta 2,4 pasu, BiANOBiAHO, a
TAaKOX JO 3POCTaHHS CcKJanoBoi cwim pizaHHs P, y 7 pasiB. OTpumaHi MoJenbHI pe3ynbTaTH OJHM3bKI 0
eKcriepuMeHTaNbHuX. [loTpiOHO BKa3aTH, IO HAWOIMBII 3HAYMMO 3MIHIOETHCS CKIQJ0Ba CHIM pizaHHI P, mo
00yMOBJICHO 3pOCTaHHIM CTYIEHIO IUIACTUYHOT edopMaltii 0OpoOIIoBaHOTO MaTepially y 30Hi pi3aHHsl, Ta BIAMOBIIHO
CHIIM TepPTs y HANPSIMKY MOJa4i pu 301IbLICHHI KyTa HAXWITy Pi3ajibHOT KPOMKH Pi31Is.

BucHoBoOK.

3 BHKOPHCTaHHsIM 0araTomiJbOBOTO MAKETy KiHIEBO-eJaeMeHTHHX po3paxyHkiB DEFORM-3D mnpoaHaiizoBaHO
NPOLIEC Bpi3aHHS U iHCTPYMEHTIB, OCHAIleHHMX pisanbHuMu IutactuHaMd RNUN-120400 3 TIKHB Borsinit, ski
MPAIIOIOTh 32 OPTOrOHAIBHOK Ta KOCOKYTHOI CXEMaMH pi3aHHs, MPHW TOYIHHI 3arapToOBaHOl CTali JUHAMIYHHMU
HABaHTAXXCHHAMHU: — B MOMCHT KOHTAKTy Ta MOYATKy ILIACTUYHOI medopmarii MaTepiaidy cuia pi3aHHs P;CTaHOBHTH
ot pizost 3 LILI0° — 150 H, s piso 30001 0115° — 55 H; — myis MOMEHTY TIOBHOTO Bpi3aHHS IHCTPYMEHTIB I
XapakTepucTuku craHoBuTh 176 H ta 137 H, a iHTEeHCHBHICTh HApOCTaHHS CHJIM pi3aHHS CTaHOBUTH 5,56e6 H/c Ta
2,01e6 H/c Bigmopiguo. TakuMm 4MHOM, 3Ha4YeHHS IMIYJIBCY CHWJIM Pi3aHHS B MOMEHT Bpi3aHHS IHCTPYMEHTY, IO
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MPAIfO€ 32 KOCOKYTHOIO CXEMOIO DPi3aHHs, CYyTT€BO MEHIIEC HDK IS IHCTPYMEHTY, IO TIPALIOE 33 OPTOrOHAIBHOIO
CXEMOIO pi3aHHS.

Jis 30HM TIEpBHHHUX JeopMalliii XapakTepHi 3HaYeHHsS e(DEeKTUBHHX HANPYXEHb: — Ui OPTOTOHAIBHOTO
pizarnas 14201720 MIla; — mns xocokyTtHoro pizaHHs 1270—1590 MIla. B 30Hi BropuHHEX nedopmaniii eQeKTHBHI
nedopmamii € BHIIUMH JJIs iHCTPYMEHTY, IO TIPAMoe 3a KOCOKYTHOIO cxeMmor (¢ = 2,50-3,15), y mopiBHSAHHI 3
IHCTpYMEHTOM, IO TIpalIOE 3a OPTOTOHAJIBHOIO CEMOI0 pi3aHHA (¢ = 2), 3a paxyHOK TaHIeHHIHHOI CKJIaJoBOi
nepeMilieHb 00poOII0OBaHOTO MaTepiaiy.

BcraHoBIIEHO, 110 3aBASKM KiHEMAaTHI BpPi3aHHS IHCTPYMEHTY, IO IPALIOE 32 KOCOKYTHOIO CXEMOIO pi3aHHS,
BIZICYTHI# yapHHH IMITyJIbC, @ BEJIMYMHA CKIIa10BOi P, Ta aucnepcis 3HaYeHb CUTHANY, sSIKa XapaKTepu3ye CTablIbHICTh
NpOLIECY pi3aHHSA, CYTTEBO HIKYA, HDK JUIS BHIIAJKy BHKOPUCTAHHS IHCTPYMEHTa, IO IPAIfO€ 32 OPTOrOHAIBHOIO
CXEMOIO pi3aHHS.

3pocTaHHsS KyTa HaxmiIy pizanbHoi KpoMmkH y miama3oHi (0—60)° BUKIHMKae: — 3MEHIICHHS BiTHOCHOTO 3CYBY B
HOPMaJbHOMY HANpsIMKY, IO MOB'A3aHO 3 BIAXWIICHHSIM HANpPSMKY CXOLy CTPYKKH BiJ HOpMaii [0 pi3anbHOI KPOMKH,
3MEHIIIEHHS! HOPMAJIbHOI CKIIAJI0BOi CHIIM TEPTs Ha MEpeIHii MOBEPXHI IHCTPYMEHTY, IO NMPH3BOIUTH J0 301TBIICHHS
KyTa Jii 1 BIAIOBIAHOTO 3pOCTaHHSA KyTa 3CYBY B HOPMAJbHIN IO pi3albHOI KPOMKH IDIOMIMH; — 3POCTAHHS KyTa TEPTH,
10 MPHU3BOAMTH 0 OLIBII iHTEHCHBHOI aedopMamii Marepiady MpHu HOTO MepeMileHHI B3IOBX pi3albHOI KPOMKH i,
BIZIMOBITHO, JJO 3pOCTaHHS JOTHYHOI CKJIaJ0BOI BiTHOCHOTO 3CYBY; — 3HW)KEHHs CTyINeHo Jedopmaiii MaTepiaiy, o
BU3HAYAETHCS CyMapHHUM BiJIHOCHHMM 3CYBOM; — 3MEHIICHHS CKIaqoBux P, Pyy 1,4 ta 2,4 pa3u BiAmnoBigHO, a TAKOX 10
3pOCTaHHS CKJIA0BOI CHJIH pi3aHHs Py y 7 pasiB.
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JAEPIOYCOB B. M., IEPMAKOB O. A.

PO OCOBJHMBOCTI BHUI'OTOBJIEHHSI PEAYKTOPIB PI3AHHSI OYMCHHX BYITIbHHUX
KOMBAKWHIB B YMOBAX JIPIBHOCEPIHHOT'O BUPOGHUIITBA

ABTOpH, MalO4i KOXEH CBiil OCBiX HAyKOBOI Ta MPAKTUYHOI AISUIBHOCTI i HAKOMMYECHI 3HAHHS 3 TEXHOJIOT1 MAIIMHOOYTyBaHHSI, TOCTABHIN
co0i 3a MeTy y3arajJbHEHHS Ta OLIHKY HOBHX MOXIIHMBOCTEH 10 NPOEKTYBaHHS TEXHOJOTIYHMX INPOLECIB BUTOTOBJICHHS 3y0OuYacTHX Iepeaay
PEIYKTOPiB OYMCHHX BYTIIPHMX KOMOaifHIB HOBOTO TOKONIHHA. PO3rIIsIHYTO 0COOIMBOCTI BHMIOOYTKY BYTiUIA, TEXHIYHMX BHUMOT JIO CTBOPEHHS
BI/IMOBITaJIbHUX BY3JiB OYMCHUX BYTUTBHUX KOMOAHHIB, IO 3a0€3Me4yI0Th eeKTUBHICT POOOTH, TEXHOJIOTYHI HOBaLil, IKi 3a0e3MeUyI0Th SIKICTh 1
3HIKYIOTh TPYJOMICTKICTh BUTOTOBJICHHS Ta CKJIATaHHSL.

K1040Bi cjioBa: TeXHOJIOTYHA HiArOTOBKA BUPOOHHUIITBA, ApiOHOCEpiiiHe BUPOOHUIITBO, OYUCHHUM BYTiUIbHUI KOMOANH, PEAyKTOpP pi3aHHs,
3y0uacTa rnepeaya, TOYHICTb, SIKICTh, PIBEHb LIyMY.

DERGOUZOV V., PERMYAKOV O.

ON THE FEATURES OF MANUFACTURING CUTTING GEARBOXES FOR COAL MINERS IN SMALL-SCALE
PRODUCTION CONDITIONS.

The authors, each having their own experience in scientific and practical activities and accumulated knowledge in mechanical engineering
technology, aimed to summarize and assess new possibilities for designing technological processes for manufacturing gear transmissions of coal
mining shearers of a new generation. The features of coal mining, technical requirements for creating critical units of coal mining shearers that ensure
operational efficiency, and technological innovations that ensure quality and reduce the labor intensity of manufacturing and assembly are considered.

Keywords: technological preparation of production, small-scale production, mining coal combine, cutting gearbox, gear drive, accuracy,
quality, noise level.

Beryn. Ykpaina Bosozie 3HaYHMMH 3aracaMy Kam’sHOTO BYTUUIS — OJHHMM 13 KJIIOYOBHX BHUJIIB MaJlUBa LIS
MIPOMUCIIOBOCTI Ta €HEPreTUKH. Y BimoBimHOCTI 3 3akoHOM Ykpainu «IIpo mpioputeTHi HampsMU PO3BUTKY HAyKH i
TexHikm» (31 3miHamu Big 29.01.2021 Ne 1162-1X, a came m.4 crarTi 3 3aKOHY - palioHaJbHE TPUPOTOKOPHCTYBAHHS)
CTOITh aKTyaJbHE IHMTAHHS MOB’s3aHe 31 30UIBIICHHSM IOTEHLANy BYTiUIBHOI NMPOMHCIOBOCTI YKpaiHH IUIIXOM
CTBOPEHHSI BYT'UIbHUX KOMOAQiHIB HOBOTO MOKOJIHHS. BUpOoOHHUIITBO 00MaqHaHHS Ui BYT'UIbHOI IPOMHUCIIOBOCTI — 1€
CKJIaJIHUIl HAyKOMICTKMH Ta KOMIUIGKCHUH TeXHoJoriuHui mnpouec. [y edeKkTHBHOrO BHPIMICHHS 3a3HaueHOl
mpo6ieMu oTpiOeH KOMIUIEKCHUH MiAXiM 3 YpaXyBaHHSA BCIX OCOOIMBOCTEH CTBOPEHHS CyYacHOTO 00JaTHAHHS Ha BCIiX
eramax >KHTTEBOTO LHUKIY B IOCTITHO-KOHCTPYKTOPCBKHAX POOIT 1 MPOEKTYBaHHA, TEXHOJIOTIYHOI MiATOTOBKH
BHPOOHHMIITBA TA CAMOTO BHPOOHHIITBA B YMOBAX MOTPiOHOT CepiifHOCTI 10 BBEACHHS B CKCIUTYaTAIliIO i3 3a0e3MeYeHHIM
CHCTEMH TEXHIYHOTO CYIPOBOJY Ta 00CIyTrOBYBaHHS.

Meta gocaimxenHs. Ha ocHOBI cHCTeMHOTO aHami3y OCOONMBOCTEH BHIOOYTKY BYTLLISA, TEXHIYHHX BHUMOT JIO
CTBOPCHHS BiINOBiJaIFHUX BY3JiB, IO 3a0€3MEUyIOTh e()eKTUBHICTh POOOTH OYMCHUX BYTUIFHHX KOMOAHHIB HOBOTO
MOKOJIIHHSI, OpraHi3aliiHO-TeXHOJOTTYHUX MOXKJIMBOCTEH 3aBOAY PO3IJISIHYTH Ta BIIPOBAJUTH TEXHOJIOTIUHI HOBAIIl,
sIKi 320€31e4yI0Th SKICTh Ta MiJBUILEHHS HAIIHHOCTI 1 pecypcy, 3MEHILEHHS PiBHIB IyMY, 3HIXKYIOTh TPYAOMICTKICTh
BUTOTOBJICHHS 3y04YacTHX Mepeay Ta CKIaJAaHHs PEAYKTOPIB pi3aHHsI.

XapaKkTepuCTUKH BYTiIbHUX IVIACTIB TA BUMOI'M 10 BYTiJIbHOA00yBHMX KOMOaliHiB HOBOT0 MOKOJIiHHS.

CyuacHuii BUIOOYTOK KaM’SHOrO Byriuis B YKpaiHi 3/1iHCHIOETBCS MEPEBAXHO IJ3EMHUM CIIOCOOOM uepes
maxTa. [ mnbuHa 3ansraHsas wiacTiB Moxke csrate 1200-1500 M, 1m0 ycKIIaIHIoe Iporiec.

Byeinsnuti nnacm — $hopMa 3a1sraHHs BUKOITHOTO BYTiUIS y BHIIIAAI IUIMTO- i JIIH30MOMIOHMX TiMl i3 HEBEITHKOIO
(TIOPiBHSHO 3 IDIOMICIO TMOMIHPEHH ) OTYKHICTIO. ByTibHI IITaCTH MOXKYTh MaTH MPOCTY (pijmie) Ta ckiagHy OyIoBy 3
6araTopa3oBHM YepryBaHHSIM IIAPiB BYTULIA 1 MOPOAHMX MPOLIAPKIB, YACTUMH T'€OJIOTTYHUMH NOPYIICHHAMH [1].

Tincomempis - MeToq BimoOpaskeHHsI Ha TeorpadiyHuX KapTax penbedy 3eMHOI MOBEPXHI Ta 3aJATaHHS IMOBEPXHI
KOHTaKTy TOKJIaJy KOPHCHOI KOTIJIMHK 3 BMICHUMH ITOPOJIaMU 3a JOTIOMOT0I0 FOpU30HTallel abo i3orimnc. ['incomerpis
BYTUIBHOTO IUIACTa Ha BIAMIHY BiJ IHIIMX XapaKTEPHCTHK IUIACTA, TaKMX SK HOpPMaJlbHA IIOTYXKHICTb, 30JIbHICTb,
TEIJIOTa 3TOPSIHHS Ta IHIIMX TOKAa3HMKIB SIKOCTI BYTUUISA, BUCOTHI MO3HAUKM IUIACTa 3MIHIOIOTBCS HE 3a JIIHIHHUM
3aKOHOM (3 HECIOKIHHOIO rirncoMerpieto). BiH € oqHMM 3 HalOLIbII 3HAYYHIMX TIPHUYO-TEONOTiYHUX (aKTOpiB, IO
0arato B 4OMy BHU3Ha4Ya€e CHOCIO i TEXHOJOTIYHY CXeMY BHAOOYTKY BYIUUIS, JOCSATAIOTHCS TEXHIKO-€KOHOMIUHI
MOKa3HUKHK POOOTH TPHUYOTO MiANPUEMCTBA Ta MOBHOTY BUIIYYECHHS KOPUCHUX KOTAIUH 3 HAJIP.

Tomyoicuicms 8y2inibHO20 nAacma — 11 IeBHA BIJICTaHb N0 HOPMaJli MK MOKPIBIIEIO IJIacTa Ta HOro MiJoIIBO, a
TaKOX BiJICTaHb MDK BUCSYMMH Ta JI)KAYUMH OOKaMHM JIiH3, )KWJI Ta IHIIUX TE0JOTIYHUX TUI. 3a MOTYXKHICTIO IUIACTH
IUIATBCS. Ha aye ToHKi (1o 0,7 m), Tonki (Big 0,71 mo 1,2 M), cepennboi moryxkHocTi (Big 1,21 mo 3,5 M) i moTyxkHI
(monan 3,5 m). Kym naoinnsa @yeinoHoeo niacma — KyT MiX IUTACTOM 1 TOPH30HTAIBHOIO IUTONIMHOK. BinmoBinHO 10
[TpaBun TexHIYHOT eKcIUTyaTalii ByTijbHI IUIACTH 332 KyTOM IaJiHHS ITOAUIAIOTHCS HA MOJIOXKHUCTI (o 18°), moxuni (Bix
19 nmo 35°), kpyromoxmii (Bix 36 mo 55°) i kpyti (Big 56 mo 90°). IloTyxHicTh 1 KyT majiHHS BYTUIBHHMX IUIACTIB
3HAYHOIO MipOI0 OOYMOBIIIOIOTH CHCTEMY HOTO PO3POOKH 1 cmocoOW ympaBiiHHS TOKPIBICI0 B OYHUCHUX BHOOSX,
MeXaHi3aIlito OYUCHUX POOIT TOMIO.

XapakTepuCTUKNA 3pYHHOBHOCTI BYTIJIBHOTO IIJIACTa BiOOpa)aroTh 3aTHICTh BYT'UIBHHX IUTACTIB MPOTHUCTOSITH
BILUTUBY PiKy4dOro iHCTpYMEHTa BHHUMAJIBHUX MAIIWH, 10 3aJeXKaTh BiJ] MPUPOJHO-TEHETUYHUX 1 TIPHUYOTEXHIYHUX
YHHHHKIB.

©, B. M. JIeproycoB, O. A. Ilepmsikos, . 2025
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Jlo gucna TakuX XapakTepUCTHK BiXHOCATH: OMIPHICTH BYTUIHHOTO IUIACTA Pi3aHHIO B PI3HUX 30HAX IO IIHUPUHI
3aXOIUICHHS BUKOHABYMX OpPTaHIB BUAMAaJIbHOI MAaIllMHH, B3a€MOIIOB'SI3aHI MOKa3HUKHM KPUXKOCTI TUIACTA TIPH pi3aHHI 1
3IATHOCTI BYTLUIA 10 MOpiOHEHHS, TOKa3HUK 3JaTHOCTI IUTacTa pyiHHyBaTHCA (TIOKa3HUK 3pYHHOBHOCTI TIJIACTa).

Onipuicms  gyeinbHo2o naacma pisanHio (Ap) — XapaKkTepUCTHKa 3pYyWHOBHOCTI BYTUIFHOTO IDIacTa, IO
OLIIHIOETHCS SIK MPHUPICT CHIJIM Pi3aHHS Ha Pi3li Ha OAWHHIIO TOBIIMHU CTPYXKKH HPU BUKOPHCTaHHI €TaJOHHOTO
npwiany JJKC — nuHamomerpa KpymHOro ckoiy. OmipHICTh BYTJIBHOTO IJIACTa PI3aHHIO € JOCHThH CTaOUIBHOIO 1 TOMY
BUKOPHCTOBYETHCSL SIK OCHOBHHUI HapaMeTp Hpu Kiacudikanii Byrimis 3a omipHICTIO pizaHHIo. OIIpHICTb pi3aHHIO €
BUIIaJIKOBOIO BEJIMYMHOIO 1 y MEXaX CMYTH, 1110 BUIIMAETHCS] MIHJIUBICTD Li€1 BUMAIKOBOT BEJIMYHMHHU, SIK IIPABUIIO, 100pe
OIUCYETHCSI HOPMAIBHUMHU CTAaTHCTHYHUMH po3noaiiamMu. B Ykpaini po3monin MpoMHCIOBHX 3amaciB BYriuist 3a
mapameTpoM Ap TaKwii:

ITowan
360

404 48,1 10,6 0.9

.\p, kH/Mm a0 120 120-240 240-360

Yacka sanacis
Byrim, %

Buoobysnuii cippuuuii kombauin (ouuchuil kombarin) — KOMOIHOBaHA TiPHUYA MAIIUHA, KA OJHOYACHO BUKOHYE
omepailii pydHyBaHHsS IUTacTa KOPHCHOI KOIAJHMHM Ta HABAHTAXKCHHS BIAOWTOI MacH Ha KOHBeep. bimbImicTh
KOHCTPYKIIH By3bKO3aXBaTHUX CY4aCHUX OYMCHHUX KOMOAitHIB, IPU3HAUYEHHX JUIs BUIMKH BYTUIbHHX IUIACTIB i3 KyTaMH
naninas 0-35°, MaroTh BUKOHABY1 OpraHy y BUIIISAL HIHEKIB 3 pi3ipsimMu. LITHek 3abe3nedye B ckia i OUMCHUX KOMOAHIB
GyHKIIT BIIIICHHS BYTULIS Bil MACUBY 1 HaBaHTa)KGHHS BIIIICHOT MpHUYOT MacH Ha BUOIilHUI KOHBeep (puc.l).

ne

.J_E'-}'-"?'.-j.L ” - @1: R o — — 1 & = g
\u-‘_:. e E'I‘i“ _II_'!.@ H’f’ Il,'j@ LY

B)

Puc. 1 - Cxemu poGOTH OYMCHUX KOMOAlHIB

a) — TOBHHH Jiania30H BUHMAaHO{ MOTYKHOCTI
0) — niama3zoH BUIIMaHOI OTYKHOCTI, crioci6 1 (3 3a01iHOTO JIKEr0)
B)— Jiana3oH BUIMAaHOI MOTYHOCTI, croci6 2 (6e3 3a6iiHOoT JkxKi)

ByrineHa mnpoMuCIOBICTE YKpaiHH TOTpedye pO3pOOKM Ta BIPOBAKEHHS BHCOKOS(HEKTHBHHX OUYHMCHHUX
KoMOaifHiB HOBOTO MOKOMNiHHA. /[ 1[bOr0 HEOOXiTHO MaTH CHJIBHWI HAayKOBO-IH)KEHEPHHH MOTEHINAN Ta HOTYXHY
iHTeNeKTyanbHy Ta BUpoOHHUY Gasy. Bee e € B AT «XAPKIBChKMI MAILMHOBY JIBHUM 3ABOJ] «KOPYM
CBITJIO IHAXTAPA» Haii0inpioMy MiANPUEMCTBI 3 BHIYCKY TipHMYOIIAXTHOTO OOJIaJHAHHS, OJHOMY 3
HalCTapilMX MiINpUEMCTB BYTiUNbHOI ramy3i Ykpainu (y 2021 poui 3aBomy BunoBHwiIocs 130 pokiB). HisibHIiCTB
MANIPUEMCTBA 3/IHCHIOETHCSI 32 3aMKHEHUM IIMKJIOM: BiJl JTOCIHIIKEHHS, MPOEKTYBaHHS, IIJrOTOBKM BHPOOHHIITBA,
BUPOOHMIITBA 10 MIE(MOHTAXY Ta TeXOOCIyroByBaHHS IOCTABJICHOTr0 oOnanHaHHs. [ ipHUYOIIaXTHE 00 (HAHHS, 1110
BUITYCKa€ThCS 3aBOJIOM, BIANOBiae€ BUMoram Oesneku, Mae 103Bi [epknpani YKpaiHM Ha 3aCTOCYBaHHS y BYTUIBHUX
[IaxTax, HeOe3MeYHHX 1Mo ra3y Ta/abo M.

3a pe3ynbTaTaMy aHANI3y XapaKTePUCTHK BYTUIBHHX IUIACTIB, AKI MiAIATAlOTH BUAOOYTKY Ha MIaxTax YKpaiHH
Oys10 chopMyTbOBaHI BUMOTH J0 BYTiJIbHOIOOYBHUX KOMOatHiB HOBOTO TIOKOJIIHHSI:
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- 3a0e3Iedena BIMCYBaHICTh KOMOaiHa pH MmoTy>kHOCTI Twacta 0,85 M Ha mIacTax 3 HECTIOKIHOIO TIIICOMETPI€I0;

- 3acToCyBaHHA kKoMOaiiHa Ha ByTi/LTi 3 omipHicTio pizanss xo 480 kH/wm;

- M IBUIIEHHS eHeproo30poeHocTi mpuBoay pizanus 1o 500 kBr;

- arperaTHO-MOJyJIbHa KOHCTPYKIIiS Ta IOBHA YHi(iKaIlis peayKTopiB pizaHH: (0€3 JIiBOro/IpaBoro BUKOHAHHSA);

- TIOJIETTIICHO CKJIA/IaHH:/pO30NpaHHs OCHOBHHX BY3JiB KOMOaiiHa;

- MOKJIUBICTB JIEMOHT)Xy €JIEKTPOJBUTYHIB O€3 pO3CTHKYBaHHS KoMOaiiHa;

- MOKJIUBICTB BiJIPallOBaHHS JIaB TOBXHHOIO 10 300 M.

Kom6aiin ByriibHuii ouncHMii K 00’e¢kT BHpoOHMOTBA. [IpoBeneHI HayKOBO-IOCTIOHI Ta JOCHITHO-
KOHCTPYKTOPCHKI POOOTH JIO3BOJMIIM CTBOPUTH BHCOKOC()EKTUBHY KOHCTPYKIiIO ourcHOro kombOaiiHa YKJ[200-500 3
TEXHIKO-eKOHOMIYHMMU ITOKa3HUKaMH Ha PiBHI 1 Kpallle CBITOBUX 3pa3KiB Ta 3a0€3MEYUTH HOTO cepiiiHe BUPOOHHUIITBO 3
rapaHTi€l0 CTaOUIFHOI SKOCTi, BUCOKIH MPOXYKTHBHOCTI Ta 3HIDKCHHS TPYAOMICTKOCTI BHTOTOBIEeHHA [6]. Kombaiin
ouncanit YKJ[200-500 mpu3HaueHHH A1 MEXaHi30BAaHOI'O BWIJIYYEHHS BYTULIA y CKJIaAi OYMCHUX KOMIUIEKCIB, B
OYNCHHUX BHOOSX IMOJOTHX i MOXWIHX IUIAcTiB MOTYkHICTIO 0,85-1,5M, m0 pyXaroThCsS MO MPOCTATAHHIO 3 KyTaMH
Haxmwity A0 35° a TakoX 1O TMOBCTAHHIO Ta MamiHHIO 3 KyTa 10°, mpm omipHOCTi Byrimis pisanHio mo 480 xH/m.
OuncHuit kom6aitH YK/1200-500 € yHiBepcaTbHOIO MAIIHHOIO, sIKA MOJKE TIPAIIOBATH Y CKJIAli MHOXKHHU OYHCHHUX
komuiekciB. Komnonosky kombaitna YKJ1200-500 naBeneno Ha puc.2.

Puc. 2 — KommonoBka ouricHoro kombaitna YK/1200-500
1 - Pixxyua yactuHa; 2 - Pama; 3 - [loptai; 4 - [llHekoBuii BUKOHAaBYMI opraH (JIiBuit/nmpaBuil); 5 - ['inpogoMkpar

Pixxyua yactuna oyricHoro kom6aiina YKJ[200-500 (puc.3) € yHipikoBaHOO, 1110 J03BOJISIE€ BCTAHOBIIIOBATH i K 3
JIBOTO, TaK 1 3 MPaBoro OOKY paMu, € TPUCTYIIHYACTUM PEILYyKTOPOM 3 eJeKTPOoJABUIYHOM. KoxeH cTymniHb pemykropa
pO3TaloBaHUi B OKpeMiii repMeTHYHIi Kamepi, 3aXUIlIeHiH BiJ NIPOHUKHEHHS a0pa3uBHUX YaCTHHOK.

Puc. 3 — Pixxy4a yactuna ouricHoro kombaiina YKJ1200-500
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Y xopmyc penykropa BOyZoBaHa TPHKOHTYpPHA CHCTEMa OXOJIOKEHHS 13 PO3IUICHUMH NMapalelbHIMU HOTOKaMH.
OXO0JOKeHHST MBUAKOXITHOTO CTYIIEHS IMIIHAPUYHOI MPsAMO3y0o0i mepemadi 3AiHCHIOETBCS MUITXOM BOYIZOBAaHOTO
paniaropa, IJIAHETAPHOTO CTYMEHS 3a JOIOMOTOI0 OJHOKOHTYPHOI COPOYKH OXOJOIKCHHS, THXOXIJHOTO CTYIEHS
mpsiMo3y 001 MIITIHAPUIHOT ITepeadi Yepe3 BUKOHAHI B KOPITYCi KaHATH OXOJIOHKCHHS.

Mix nmpyruMm i TpeTiM ImIabiieM penyKTopa PO3TallOBaHWI 3pI3HUI €NeMEHT, Y BHIUIAI IUTIEBOTO Baly, IO
BUKIIIOYAE aBapiiiHUIl BUXIJ 3 JIaly €JIeMEHTIB PeayKTOPHOI Tpynu. 3riia/KyBaHHs AMHAMIYHUX MIKOBUX HABaHTa)KEHb
3IIMCHIOETHCS TOPCIOHHUM BAJIOM, PO3TAIIOBAaHUM yCepeInHi Bary potopa enekrpoasuryna ¢pipmu DAMEL. ¥V neuryn
TaKoX BOYZOBaHMI MeXaHi3M BUMKHEHHSI pi3albHOT YaCTHHH.

Marepian 3y0uactux Komic 30BHIMHBOro 3aueruieHHs Crams 20X2H4AILl, enmiuukily iaHeTapHOTO CTYHEHs
Crans 40XH. Maca pixky4oi yacTurH i3 ABUryHOM — 4700 K.

Bin nHamiffiHOCTI Ta MOBTOBIYHOCTI PiKydoi YacTWHH, a caMe ii 3y0UacTHxX mepenad, 3aJeXHUTh HaIiiHICTH Ta
IOBTOBIYHICTE pobOoTH KOMOaifHa B IiilioMy. Buxomsdm 3 1poro, y Tpoleci MPOEKTYBaHHS, a TaKOX Hajmam, 3
ypaxyBaHHIM JOCBiITy eKCIUTyaTallii, 0y70 BUKOHAHO BEIUKHUN 0OCIT PO3paxyHKiB HOT0 OCHOBHHX JIETajieil Ha MIIHICTh
Ta BUTPUBAIIICTD.

[Ipu BUTOTOBJICHHI MPUBOIIB MAaXTHUX KOMOAWHIB, BHHUKAIOTH MPOOJIEMH TEXHOJIOTIYHOTO 3a0e3MeYeHHs SIKOCT1
00po0OKH 3y09acThX mepenad Ta CKIaJaHHs PeayKToOpiB B yMOBax ApiGHOCepiiiHoro BHpoOHHITBa [7-10].

OpranizaniiiHo-TexXHOJIOTiYHi MOKJIHBOCTI BHPOOHMITBA. Bupo6unui MIOTYHOCTI, cydacHe
BUCOKOIIPOIYKTUBHE O0OJNaJHaHHs, PO3BMHEHa BUIPOOYBaJIbHA 0a3a J03BOJISIIOTH 3aBOJY BHUITYCKAaTH IPOAYKIIO
BUCOKOI sIKOCTI Ta 3a0e3neuyBaTH ii HaiiHICTh Ta Oe3MeKy eKcIuTyaTanii y ByriIbHHX, CIaHIIEBUX IIaXTax Ta KaliiHUX
KomanbHsX. BepcratHuii mapk ckiagae Omm3zpbko 500 oaumHuMube. Y BUpOOHMYMX Lexax Ta saboparopisix AT
«XAPKIBCBKUI1 MAIIMHOBY/IIBHUI1 3ABOJ] «KOPYM CBITJIO IHAXTAPSI» y mocraTHiii KigbkocTi €
CTEH/IM, TIPUCTPOI Ta MPWIIAAN JUIS BUMIPIOBaHb Ta BUIPOOYBaHb MPH KOHTPOJI SIKOCTI BUpOOiB. CTEHAM MiIAI0THCS
mepeaTecTallii y TepMiHH, epeadadeHi rpadikamMu aTecTanii, Mpruiaad MaroTh IepeBipodHi cBigonTBa. MeTanodizmaHi
Ta MetanorpadigHi TOCTIIKEHHS, XIMIYHI aHaJi3! Ta JOCIIIKCHHS, a TAaKOK MEXaHIYHI BUIPOOYBaHHS BUKOHYIOTHCS
nmabopatopieto CII JlemapraMeHTy yIpaBITiHHS SKICTIO Ta HEBiIMOBITHOCTSIMH.

3 BHUKOPHCTAaHHSIM METOJIB iMITallifHOTO MOJICITIOBaHHS yIOCKOHAJICHO OpTaHi3aIliifHO-TeXHOJOTIYHY CTPYKTYpPY
Ta MpoBeAeHa HeoOXiTHa MOJEpHi3aIlisl BUPOOHUIITBA HA OCHOBI PEKOMEHAIliN 3 BIPOBADKCHHS Cy9aCHHX METOIIB
OTPUMAaHHS 3arOTiBOK Ta MEXaHIYHOI 0OpOOKH, HOBOTO €(h)eKTHBHOTO TEXHOJOTIYHOTO OOJNIAAHAHHS, M0 y CYKYITHOCTI
JIO3BOJIMJIO  3a0€3MEYUTH TapaHTOBAaHO CTaOLIbHY SKICTH B yMOBax JpiOHOCEPIHHOTO BHPOOHUIITBA, BHCOKY
MPOJIYKTUBHICTh Ta 3HWKEHHS TPYJOMICTKOCTI BUTOTOBIICHHSI.

B 3aroriBeibHOMY BHpPOOHUIITBI Ui BiJUIMBKH BEJIMKOrabapUTHHX KOHCTPYKIH OyJO BIPOBAIKCHO HOBY
JUISTHKY XOJIOMHOTBEP/IIOUMX CyMillei, B siKidi MicTHThCS (opMmyBanbHa JiHis «OMera» 3 BUOMBHMM KOMILIEKCOM
GAMMA O9LL (BenukoOpuranis) Ta AUISIHKa pereHepauii, iHAykuiiiHO-mIaBmibHUd komimieke INDEMAX
(Typeuunna). lle mO3BOMIIIO CYTTEBO 3MCHIINTH METAJIOMICTKICTh BHPOOIB, 3a0e3MeYnTH CTalOiIbHY SKICTh Ta
CTBOPHUTH O€3BIAXOJHY TEXHOJOTIIO SKa BHKIIOYAE BIIXOIU JOMOMIKHUX MaTepiamiB. Ha puc.4 mokazaHO 3arOTOBKH,
SIKM OTPUMaHi 32 HOBOIO TEXHOJIOTIEIO.

Puc. 4 —3aroToBKH KOPIyCHHX JeTaleil KoMOaiHy

B mexaHOCKIagaIbHOMY BUPOOHUIITBI IPH BUTOTOBJICHHI BY3JIiB KOMOaiHy OyJOo MpOBEAEHO MOEPHI3aliio Ta
MIEPEeOCHAIIEHHS IIIIXOM BIpoBa/keHHs cydacHux BepcraTiB 3 UIIK TOS Varndorf (Yexis) Ta DOOSAN DBC160
(ITliBnenna Kopest). Lle 103BoMIIO MiIBUCUTH MPOAYKTHBHICTE 00pOOKH, 320€3ME€UNTH SKiCTh, TEXHOJIOTIUHY THYUKICTh
Ta CTaOUIBHICTH OTPUMAHHS pe3yibraTy. Ha puc.5 nmokazaHo oOpoOky kopmycy pizaHHs komOaiiHy Ha Bepcrati 3 UITK
TOS Varndorf.

Hdnst oOpoOku 3yO4aTHX KOJIC BIIPOBA/DKEHO IHHOBALiMHI TEXHOJIOTII 3 BHUKOPHCTAHHSIM IPOTPECHBHOTO
METaNopi3aIbHOTO IHCTPYMEHTY. Po3poOmeHi HOBiTHI TexHojorii mpodinpHOro nuridpyBaHHsS 3y0UacTUX KOJIC 3
BUKOPHCTaHHSIM BHCOKOIIOPHCTOTO HUTI(YBAIFHOTO alMa3HO-aOpa3sMBHOTO IHCTPYMEHTY (puc.6) Ta TexHousorii ioro
NPaBKM AJIMa3sHUMH TPaBISTYUMH POJHMKaMH. Taka TEXHOJOTis peai3oBaHa IUIIXOM BIPOBAKEHHS CYy4acHHX
BepcratiB. HOFLER RAPID 1250 (HimewyunHa) Ta I0O3BONS€ MOPIBHAHO 3 IHIIUMH METOJAaMH OOPOOKH CYTTEBO
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T ABHUIIUTH 3HOCOCTIHKICTh, 3HU3UTH KOS(IIIEHT TePTS, IMiABUIIUTH TOYHICTE 0OPOOKH Ta 3HU3UTH BHCOTHI TapaMeTpH
IIOPCTKOCTI 3y04YacTUX KOJIC 1, THM caMUM, IiABUIINTH HAIHHICTB 1 pecypc 3yOuacTux mepenad.

Puc. 6 — Bucoxonopwucri nutiyBaibHi iIHCTPYMEHTH 3 MOHOKPHUCTaJIIYHUX a0pa3UBHUX MaTepiaiB Ta
3yOonurtipyBaHHS KPyroM 3 pyOHH-KOPYHIY

15



ISSN 2079-004X (Print), ISSN 2786-7587(Online)., Ne2(12),2025

Puc.7 — lerani ckinaganbHOTO KOMIUIEKTY Ta pe3yibTaT CKIAAaHHA

OCKUIBKY BiJ HaJAIWHOCTI Ta JOBrOBIYHOCTI PiXKy4oi 4aCTHHH KOMOAlHy 3aJIe)KUTh HaJiHICTh Ta JIOBIOBIYHICTH
poboTH KoMOaiiHa B I[JIOMy BUTOTOBJICHHS BCiX JeTajel Ta CKJIaJaHHS BY3JiB IIOBHHHO BHKOHYBAaTHUCh 3 BHCOKOIO
TouHicTIO. Ha pric.7 HaBeeHi AeTali CKIaJalbHOTO KOMIDIEKTY Ta Pe3yJbTaT CKIIaJaHHs.

JIy1st KOHTPOJIIO JieTaneil py iX BUTOTOBJICHHI BUKOPHUCTOBYIOTBCS SIK CTAHAAPTHI, TakK 1 criemiaabHi BUMIPIOBaJIbHI
mpwiagd Ta IHCTpYMeHTH. J[isd mMiIBUIIEHHS SKOCTI MPONYKIii Ta TMiABUIMICHHS e(EeKTHBHOCTI BUPOOHHUIITBA
BIIPOBA/PKCHO KOHTpPOJb JeTalle Ha 3-X KOoOpAMHATHIH BuMiproBasbHIH MammHi GLOBALI12.22.10 iramiliceko-

HIBEHIIAPCEKOT0 BUPOOHMITBA (pHC.8).
l |

- W

Puc. 8 — Konrpouns geraneii Ha BumiproBaibHii mamuai GLOBAL12.22.10
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3a0e3neyeHHs] MAJIOLIYMHOCTI peTyKTopiB KkoMoaiiHy. CydacHi TIPOMFCIIOBI PEIyKTOPH € KIFOUOBHMH KOMITOHEHTAMH
MEXaHIYHIX CHCTEM TIeperiadi IOTY KHOCTI, ane IXHs poOoTa HEMHHYYE CYIPOBOIDKYETHCS TeHepaLli€ro IIyMy Ta BiOpariii. i daxropn
CYTTEBO BIUIMBAIOTH HA CKCIUTyaTalliiHi XapaKTepUCTHKH OOJIaTHAHHA, KOM(POPT poOOTH MepcOHATy Ta JOTPAMAHHS SKOJOTIIHHX
HopM [11, 12]. HamMiprwii miymMm BKasye Ha TepTsl, HECIIBBICHICTH abO 3HOITYBaHHS, SIKi MOXKYTh CKOPOTHTH TEPMiH CITyKOM
penykropis. TprBamwiii BIUMB CHIIBHOTO IITyMy TAKO’K CTBOPIOE HEKOM(OPTHE Ta HeOe3rewHe podoUe cepeioBHITIE.

3riHO 3 OCTaHHIMH JIOCIT/PKCHHAMHE, OCHOBHUMH JDKEPE/IaMH IIyMy Ta BIOpaIlii B peIyKTopax € Bajy, 3y04acTi Koyeca Ta
mimnHuKy. 3rigHo 3 AGMA 10FTM10-2010, MbXHapOIHUM CTaHIapTOM OLIHKH LITyMy 3yOU4acTHX repesiad, HaBiTh MIKPOCKOITIYHI
JiepeKTH B KOHCTPYKLIT 3yOuacTiX nepead MoKy Th BUKIIMKATH BUMIpHI piBHI IyMy. [ eHepaltist iiryMy B peyKTopax BiIOyBa€eThCs 32
CKJIATHIM MEXaHI3MOM, IO BKIFOYAE KUTbKA B3aEMO3AICKHHX MPOLECIB. PeMyKTOp Mae 3MiHHY KOPCTKICTh 3a4CIUICHHS, IO
BUKJIMKae BiOparii. 1{i BiOpamii mepenatoThcss Ha KOpILyC PEAyKTOpa, SIKMH BUIIPOMIHIOE aKYCTHYHY EHEpril0 B HABKOJIMIIIHE
CEpEIOBHIIIE.

3ybuacTi mepenmadi € OXHUM 3 HAMOUTBII MOMMPEHUX EJIEMEHTIB MEXaHIYHHX MPUBOJIB, IO 3a0e3MedyoTh
nepeaady 00epTaIbHOTO PyXy Ta 3MiHY MOMEHTY, IO KpyTuTh. OTHAK 32 BCiX CBOIX IepeBar, BOHH CTaIOTh JKEPEIOM
3HaYHOTO WIIyMy Ta BiOpaliii, 0 MOXe HEraTMBHO IIO3HAYAaTHUCS HA poOOTI OONaJHAHHS, yMOBax Ipami Ta
JIOBrOBIYHOCTI MEXaHI3MIB.

Buxonsun 3 KiHEMaTHYHHX Ta KOHCTPYKTHBHHX OCOOJHMBOCTEH piKydoi 4YacTHHH KOMOaiHy, BpaxOBYIOUH
KJIFOYOBY BHMOTY — MAaKCHMaJIbHY KOMIAKTHICTh (BIHCYBaHICTh KOMOaifHa mpu BHAOOYTKY BYTLUII HA TOHKHX
IUTacTax 3 HECIHOKIHHOK TIICOMETPi€r0) Ta PEMOHTONPUIATHICTh, BUHUKAE 00’ €KTHBHA HEOOXIMHICTH BUKOPUCTAHHS
npsMo3youx 3y0OdacTux mnepenad penykropiB. IIpsmo3yO6i mmectepHi BiIHOCHO TPOCTI y BHUTOTOBIEHHI 1 MOXYTb
BUTPUMYBATH BHCOKI HAaBaHTA)XEHHS MO0 MOMEHTY, 110 KpyTUTh. OJHAaK MpsiMo3y0i LIECTIpHI MalOTh JEsKi HEIONIKH.
BoHM CXMIIBHI IO IIIyMHOCTI Ta MOXYTh BUPOOJISITH 3HauHI BiOpariii. OCHOBHI /pKepena IIyMy B 3yOuacThX Iepenadyax
MOJINISAIOTECS. Ha Kareropii. KiHeMaTH4HI NPUYMHHU - TNOB'S3aHI 3 reoMeTpiero 3yOiB Ta MOXMOKaMU BUTOTOBIICHHS
(MOMUITKA  KPOKY 3a4eIUIicHHs, MOXHOKHM MpoQiaro 3y0iB, EKCHEHTPUCHTET 3y04acTHUX KOJiC, BiOXWJICHHS Bif
mapajixenbHOCTI ocel) JuHaMiuHi MpHUYUHA - 00YMOBIICHI 3MiHHIMH HaBaHTa)XCHHAMHE (yIapHA B3a€EMOZIis 3yOiB mpu
BXOJIi B 3aUCTUICHHA, 3MiHHA KOPCTKICTh 3aUCIUICHH, PE30HAHCHI SBUINA, NedOopMallii BaliB Ta OTop).

3po3yMijio, MO MUIX HIBETIOBAaHHS BKa3aHWX HENOJNIKIB MPH BHKOPHUCTAHHI MPAMO3yOMX 3yOuUacTWX mepenad
TpPamUIifHAN — 3a0e3MeYeHH IIaBHOCTI X0y 32 paXyHOK IiJBUINEHHS TOYHOCTI Ta SKOCTI BUTOTOBJICHHS 3y0UacTHX
mepenad i CKIaTaHHsA pexyKTopiB. KpiM Toro € HeOoOXigHICTh PO3TIIAIaHHS ACIKUX 3BICHUX Ta IHHOBAIIHUX MiIXOIIB
JI0 CTBOpPEHHS e()eKTHUBHUX 3y0UacTUX mepeaad, siki B KOMILIEKCI MOXKYTh IaTH CHHEPTETHYHUI e(eKT.

Jlobpe BimoMi OCHOBHI 3acobu OOpoTROM 3 MIYMOM: TIIepexifi Ha KOc03yOi IIeCTEepHi, 3aCTOCYBaHHS
OoukomnoniOHOrO 3y0a, 30inblIeHHS KoedillieHTa NEepeKPUTTS, BUPIBHIOBAHHS HABAHTAKEHb Y3J0BX MIMPUHH
3y04acToro BiHIISL, YAOCKOHAJICHHS 3y0000pOOHUX onepalliii, OKpaleHHs: KOH(QIrypaliid KpUIIoK i KOPITyCHUX YaCTHH.

Buxonsun 3 KOHCTPYKTHBHUX METOJIB 3HW)KEHHS IIyMYy, SIKI IPYHTYIOTBCSI Ha ONTUMI3alii reoMeTpii 3ybuacTux
KOJIiC Ta mapaMeTpiB 3aderuieHHs (Momudikamis mpodiro 3y0iB, onTuMizalis Koe(illieHTa TepeKPUTT, aCHMETPHYHI
npogiti 3y06iB, BUOIp ONTHMAIBHOTO YHcia 3y0iB Ta MOAYJIA, TOIIO) MOKHA 3alPOMIOHYBAaTH HACTYIIHE.

3 MeTo0 3MEHIICHHS yJapHUX CHJI IIPU BXOAI 3yOiB B 3a4eIICHHs Ta BHXOAI 3 HOI'O MOXE 3aCTOCOBYBATHCS
npodineHa Moam(ikamis TONOBKM 3y0a (¢mankyBanHsg). DnaHKkyBaHHA 3MEHINYE YIOapHI CHIH, TIOB’s3aHi 3
nedopmamiero 3y0iB Ta MOXHOKaMH OCHOBHOTO KpoKy. (DIaHKYBaHHS IOJISATa€ B HABMHUCHOMY BiIXWJICHHI mpodimro
3yOILiB BiJl TEOPETUYHOT (OPMH ISl 3SMEHIICHHS ANHAMIYHNX HABAaHTAXXEHb, BUKINKAHUX ITOXHMOKaMH OCHOBHOTO KPOKY
Ta npyxHo Aedopmarieto 3youiB. Meror (iaHkyBaHHs € He 3MiHa reOMETpii 3aUeryIeHHs], a TIOKPaIleHHsI PeaIbHOTO
HPOLECY 3aYEIUICHHS.

3acTocyBaHHs KoJjic i3 (iaHKOBaHMMH 3yOIISIMU 3HAYHO IMOKpAIye IUIaBHICTH pOoOOTH Iepesadi, 3a0e3nedyodn
OLIBLI TUTABHUH BXiJ] 3yOLIB Y 3a4€IUICHHS Ta BUXiJ 3 HbOro. DIaHKyBaHHS TaKOX CHPUSIE YTBOPEHHIO MACIISTHOT KIIMHU
MIX B3a€MOJIFOYAMH 3yOISIMH, II0 Pa30M i3 MPYXKHOIO aedopMarliiero 3yOIiB 3HMKYE BiTHOCHI MPHUCKOPEHHS KOJiC,
JIMHAMIYHI HaBaHTa)XEHHS Ta IIyM y nepenaui. [ nOuHa (raHKyBaHHS BU3HAYAETHCS 3 YPaxyBaHHIM HaBaHTaXKCHHS
3y0uacThX KOJic, IXHIX MarepialiB, TEpMidHOi OOpOOKH Ta TOYHOCTI BUTOTOBIICHHA. [ THOMHA (h1aHKyBaHHS MOBHHHA
3a0€3MEeYUTH BiJICYTHICTh KPOMKOBOTO yIIapy, TOOTO YCYHYTH y4acTh Y poOOTI KpPOMOK 3y0iB, IO BXOISTh 1 BUXOIATH 13
3a4eruIeHHs. BiacyTHICTP KPOMKOBOTO 3ayeruieHHsS 3a0e3MedyeThcs, SKIIo TIMHOMHA (IaHKyBaHHS HE MEHIIA 3a
anreOpaiuHy CyMy NOXHMOOK 3auelyieHHS Ta 3Ha4deHHsS NPYXHUX aedopmalii 3yOuLiB momnepenHboi mapu B MOMEHT
BCTYILy B 3a4€IUICHHSI HACTYITHOI ITapH.

3aBagku (IIaHKYBaHHIO MMOXHOKH OCHOBHOTO KPOKY IEPEBOAATHCS Yy MOXHOKHM Mpo¢inro, 4ac il SKUX 3HAYHO
Oimpmnii. {luM cam¥M 3MEHITYIOTHCSI BITHOCHI NMPHUCKOPEHHS, TWHAMIYHI HaBaHTa)XeHH:, BiOpamii Ta mrym 3y06uacroi
nepeaadi — MigBUITY€ETHCS IUIABHICTh poOoTH. DaHKYBaHHS BHKIIIOYA€ MOXKIIMBICTB [Iii MMOBHOI OKPY)KHOI CHIJIM Ha
TOJIOBKY 3y0a — 3MIIIeHHS TOYKHM MPUKJIAJaHHS 3YCHJUISI BHH3 (3MEHIICHHS IUIeYa BUTHWHY) BIATIOBIAHO IOJIETIIYE
yMoOBH poboTH 3y0da.

Panim BBaxkanoch, 1O (QuaHKyBaHHS MOXHA 3IIHCHUTH Oynb-IKUM crocobom o00poOku 3y0iB, ane
Halie()eKTHBHIIIE BOHO TOJ, KOJIM (pIaHKyBaHHS BHKOHYETHCS MiJ 4ac (piHIIIHMX omepaiiid, OCKUIbKH BUKPHBICHHS
npodigro Ta KpOKiB TIpH Olepamisx, MO CIiIyloTh 3a 3yOOHapi3aHHSAM, 3HAYHOIO MIpOIO JIKBIIYIOTH e(peKT
¢ankyBanssa. Kpim Toro, Oyna notpeba y BUrOTOBJIEHHI JOpPOroro 3y0opisHoro iHCTpyMeHTy. CydacHi TeXHOJIOTI4Hi
MOXIIMBOCTI Iepexo/1y Bia 3y0odpe3epyBaHHs Ha €I1eKTpOepo3iiiHy 00poOKy Oyzb sKkux npodiniB 3y0iB 11l OOMeXeHHS
Ta HEJOJIIKH HiBEIIOIOTh.
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JIiss BUTOTOBIIEHHS 3y0YacTHUX KOJIIC 30BHIINIHBOTO 3a4EIUICHHS PEAYKTOPY OYHMCHOTO BYTUILHOTO KOMOAWHY
BHKOPUCTOBY€eThCS cTanmb 20X2H4A — 1me BHCOKOSIKICHA JIeTOBaHAa KOHCTPYKINMHA CTaib, SKa HAJICKUTHh J0 TPYIH
HIKEJIEBHX XPOMOMONIOJECHOBHX cTajeil. BoHa moemHye BHCOKY MIIHICTB, yHapHY B’ S3KICTh, 3HOCOCTIHKICTB 1
TEePMOCTIHKICTB, IO pOOUTH ii HE3aMiHHOIO JJISI BHTOTOBIICHHS BiIIIOBITaIbHUX BY3JIB 1 AeTayeH, sSKi MPaIolOTh Y
CKJIAMHUX yMOBaX IHTEHCHBHOTO HaBaHTAXKCHHA. 3aBISKH CBOIM YHIKQIBHHM XapakTepucThkam, ctaib 20X2H4A
LIMPOKO BUKOPUCTOBYETHCS Y BHPOOHHUIITBI BHCOKOMIIIHMX IIIECTEpEHb, BaiB, OCEH, IIMMHIENIB, 5Ki 3a3HAIOThH
JUHAMIYHHX 1 yJJAPHUX HABAHTA)KEHb.

BucokoTrBep/i MaTepiaiy MoraHo NMpUPOOISIFOTECS, TOMY BOHH NOTPEOYyIOTh Mi/IBUILEHOT TOYHOCTI BUTOTOBIICHHS,
M/IBUIIEHOT JKOPCTKOCTI BaJiB 1 omop, camo s HHX OaxaHo ¢iaaHkyBaHHS 3yO0iB npsAamo3yOoux kojic. s
3a0e3neueHHsT PIBHOMIPHOCTI NpPHUPOOITKY 3yO4acTHX KOJIC Ta IOKpAlIeHHS eKCIUTyaTalliiHUX XapaKTepHCTHK
3y0dacTuX mepenad MO>KHA BUKOPUCTATH peKoMeHalil nateHTy [2]. B HpoMy 3ampomoHOBaHUIA crioci0d 3a0e3neueHHs
KOHTaKTyBaHHS KO>KHOTO 3y0a Beydol MeCTepHi 3 KOKHUM 3yOOM BEIEHOTO KoJieca B TICBHIH MOCIiTOBHOCTI.

3acTocyBaHHS 3allPONIOHOBAHOTO B MATEHTI aJTOPUTMY PO3PaxyHKY ITiABHICHHS 3HOCOCTIHKOCTIi, JOBrOBIYHOCTI
Ta TOKPAIIeHHS IDIABHOCTI POOOTH 3a paxyHOK CTBOPEHHS 1 NIPOTHO3YBaHHS IIEBHUX IepeNaBallbHUX YHCEN, SKI
BHM3HAYAIOTh HEKPATHICTH 3a4eIUICHHS Ta 3a0e3medyoTs poOoTy 3y0iB Bemydoro 3ybdacToro koieca 3 ycima 3yOamu
BEJICHOTO 3y09acToro KoJyieca, MOKe JO3BOJIUTH TPHCKOPUTH PiBHOMipHE MPHUPOOICHHS 3YEIICHHX 3y0dacTHX KOIIIC,
BUIIPaBUTH Je(eKTH IpHU BUTOTOBJIEHHI Ta 30MpaHHi 3y0uacTux mepenad, 3MeHIIUTH BiOpauii Ha 20%, mrym Ha 15%,
MIBUIIUTH IUIaBHICTh poOoTH 3ybuactux mepenad Ha 20%, craOiii3yBaTh Ta YCyHYTH MOJMJIMBICTH 3ailaHb NpH
BEJIMKUX IIBHJKOCTSX KOB3aHHS, MiJBUIIMTH 3HOCOCTIHKICTh Ha 50%, 3HaYHO 3MEHIIMTH MOXIIHMBICTH YTBOPEHHS
MIKpO-IIITIHTY.

BuHuKae akTyanbHe HAyKOBO-TIPAKTUYHE 3aBJAHHS BUTOTOBIICHHS Ta JOCITIIDKEHHs 3yO4yacTHX mepenad 3
npo¢UIbHOK MOTU(IKAI€l0 TONOBKU 3y0a ((pIaHKyBaHHSIM) 3 HEKPATHICTIO 3a4CIUICHHS SIK €JICMEHTHOI 0a3u
CTBOPCHHS Ta MOZCPHi3allii peAyKTOPiB piXKyd0i YACTHHH OUYNCHHUX KOMOaifHiB. Bpa3i oTpruMaHHs MO3UTHBHOTO e(peKTy
Bil BUMpPOOYBaHHA IMOAIOHMX TIepenad (3MEHIIEHHs BiOpariif, mIymy, MiIBUIIECHHS IUIABHOCTI POOOTH) MOXKITHUBE
YIOCKOHAJCHHSI TEXHOJIOTIYHUX HPOLECIB BUTOTOBJICHHS TaKUX 3y0UaTux mepeiad Ta CKJIaJaHHS PeIyKTOpIB, IO B
HEPCIEKTHBI MOXKE aTH IIEPeBary y NOJANbIIOMY 3a0e3NeyeHHI e()eKTHBHOCTI Ta KOHKYPEHTOCIPOMOXKHOCTI OYHCHUX
BYTUIPHAX KOMOalHAaX HOBOTO ITOKOJIHHS.

BucHoBkn. Ha OCHOBI cHcTeMHOro aHamizy OCOOMMBOCTEH BWIOOYTKY BYTUDIA, TCXHIYHMX BHMOT JO CTBOPCHHS
BIZINOBIIAIGHUX BY3JIIB, L0 320€3M1e4yI0Th ePEeKTHBHICT POOOTH OYMCHHX BYTUIBHIX KOMOAHHIB HOBOT'O MOKOJIIHHS, OpraHi3aliiiHo-
TEXHOJIOTTYHHIX MOMKIIMBOCTEH 3aBO/TY PO3IVISTHYTO Ta BIPOBA/PKEHO TEXHOJIOTIYHI HOBAITi, SIKi 320€3Mey0Th SKICTh Ta S)EeKTHBHICTH
BHIOTOBJICHHS BiJINOBIMAIGHUX BY3/IiB. 3aIUIAHOBAHO IIUISXH HIBEIFOBAHHS HEMOMIKIB NP BHKOPHCTAHHI MPAMO3YOHX 3yOuacTux
nepesiad PeayKTOpIB Pi3aHHs 3a paxyHOK MpOQUIbHOI MomudiKaIiil ToMoBKH 3y0a ((hjIaHKyBaHHS) 3 HEKPATHICTIO 3a4CIUICHHS, 10
MOJKE TIPHBECTH JI0 3MCHIIICHHs BiOpaIIiid, [ryMy, IMiBHIICHHS IUIABHOCTI IXHBOT pOOOTH. MOXITMBOCTI CYYaCHHUX TEXHOJIOTTYHUX
MeTOzIiB (HOPMOYTBOPEHHSI 3yOUacTrX KOJIC Y CYKYITHOCTI 3i 3BICHUMHM Ta iHHOBALIHHUMH ITiIXOAAMH JI0 CTBOPEHHS e(heKTUBHIX
3y04acTHX Tepesad B KOMIUIEKCI TaIyTh CHHEPTCTUYHIH e(eKT, sSKUii 3a0e3MeqrTh OABIIII PO3BHTOK MPHUBOIIB, ¢()EKTHBHI Ta
BHCOKI KOHKYPEHTOCIIPOMO>KHI ITOKA3HHUKH BYTUIFHIX KOMOAHHIB HOBOTO TTOKOJIHHS.

Cnmucok jgitepatypmu:

1. Mana ripanya exiukiionesis: y 3 T. / 3a pex. B. C. binenpkoro. — /1. : Jloubac, 2004. — T. 1 : A— K. — 640
c.— ISBN 966-7804-14-3.

2. JleknapatuBHMN maTr. Ha KopucHy Monenb u 2018 02191 UA, MIIK F16H 5i9/04 (2016.01). Cnoci6
3a0e3neueHHsT KOHTAKTyBaHHsS 3yOiB Beayd4oi ImecTepHi 3 3ybamm Bemenoro kosieca /B.JI.Kosanbos, O.0.Kiouko,
J.0.Kpasuenko, O.M.Ienkosuii, O.A.Ilepmsakos, M.I.['acanos, A.O.Ckopkin, O.JI.Konapatiok. — 4 c. : w1

3. ITat. Ha xopucHy Mozxens 104899 UA, MIIK GOIM 13/02, F16H 57/01. Ctenn ans BunpoOoByBaHHS KOpOOOK
nepenay /b.B.Jlonimmiit, M.M.Bypaa, 0.0.Knouko, €.B.Ocranosuy. — Ne u2015 07938; 3assn. 10.08.15; omy6u.
25.02.16, bron.Ne4. — 4c. : .

4. Duplex Scheme of the Technological Impact of the Provision of Operational Properties of a Hardened Large
Module Gears /Magomed Hasanov, Alexander Klochko, Vadim Horoshaylo, Borys Vorontsov, Anton Ryazantsev // Int.
J. of Integrated Engineering Vol. 14 No. 6 (2022) p. 55-62, http://penerbit.uthm.edu.my/ojs/index.php/ijie, 1SSN :
2229-838X e-ISSN : 2600-7916 (Skopus).

5. Scientific Basis for the Substantiation of Process Regulations for the Micro-Cutting of Hardened Gears /
Klochko A., Basova Y., Gasanov M., Zakovorotny A., Fedorenko V., Myronenko O., Vorontsov B., Ryazantsev A.,
Protasov R. //Journal of Mechanical Engineering - Strojnicky casopis. - 2023. - Volume 73.- No. 2. —P. 83 — 92. ISSN:
2450-5471 DOI: https://doi.org/10.2478/scjme-2023-0023

6. CrTBOpeHHS Ta OCBOEHHS CEpifHOr0 BHPOOHMITBA OYMCHUX KOMOAHHIB HOBOTO IOKOJIHHS IS
rippnyo100yBHOi nipomucioBocti. Ykpainu /O.M.Kosanbuyk, P.A. Bepexnuii, O.0. Kiouko, B.B. Hexeb0Bchkui,
O.A. Ilepmsxos, C.B. Ps6uenko, O.B. VYcrunenko //IlpomucnoBicte B Qokyci: I[HdopmaniiiHo-aHamiTHUHUN
MikHapoaHUH TexHIYHMH XypHaI. — Xapkis: ['pynens Nel12(108) 2021- C. 40-44.

7. OOpoOka 3yOuacTMx Kojic pemyKTopiB ByrienoOyBHUX kombOaiHiB /O.M.KoBamsuyk, B.M.Jleproycos,
B.B.Hexeb60Bcrkuit, O.Allepmsakos, O.0.Knouko, C.B. s6uenko, I'.B.Cepena /O6opynoBanne W WHCTPYMEHT IS

18


http://penerbit.uthm.edu.my/ojs/index.php/ijie

ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

npodeccroHanoB: MexTyHapOIHbI WHHOPMAMOHHO-TEXHUYECKNH KypHal. — XapbkoB: MUJ] «IlearpHubOpMY,
2021, Ne 5(238), - C. 38-39.

8. Cucremu mapameTpiB cTaHy poOOYHX MOBEPXOHB i TOYHOCTI pO3MIipiB IITIHAPUIHUX 3arapTOBaHUX 3y0dacTHX
KoJic ouncHoro kombGainy YKJ[200-500 woBoro mokominas /Hexe6oschkuit B.B., Bepexnuit P.A., Ilepmskos O.A.,
Kinouko O.0., Pg6uenko C.B., Ycrurenko O.B. //Bicank HamionamsHOro TexniuHoro yHiBepcurery «XIII». Cepis:
TexHosorii B MamuHOOyAyBanHi. — Xapkis : HTY «XII», 2022. — Ne 2 (6) 2022. — C. 7-15. — ISSN 2079-004X, DOI:
10.20998/2079-004X.2022.2(6).02.

9. CrnocoOu MiIBHUIIEHHS 3HOCOCTIMKOCTI 3yO0uYacThX IMIIHAPUYHKUX Mepefad 3 O0JIIKOM HEKPaTHOTO 3y0uyaToro
sauerienns /Kiouko O.0., Kamuarna-Crenanosa K.B., [Tepmskos €.0., Auronenko f.C., Muponernko O.€. //Baxke
MamnHOOyayBanHs. [IpoOGnemu Ta nepcrnexkTuBH po3BUTKY. Martepiamn XXI MiKHapoaHOI HayKOBO-TEXHIYHOT
koHpepenmii 20 — 22 gepsrsa 2023 poky / 3a 3ar. pen. B. JI. KoBamsoBa. — Kpamatopcsk-Tepromine: JJAMA, 2023. —
C. 54-55. ISBN 978-617-7889-45-7.

10. Ilpo texHosoTiYHE 3a0e3MeUeHHs] BUTOTOBICHHS 3y0O9acTHX Ieperad peayKTOpiB BYTUTFHHX KOMOaiHIB B
yMoBax apiGHOcepiitHoro BupoGHuITBa /[Ieproycos B.M., Hexxe6orchkuit B.B., Kiouko O.0., ITepmskos O.A. //Hosi
Ta HETPaAWIiiHI TEXHOJOTii B pecypco - Ta eHepro3depexeHHi: Marepianu MIKHApOAHOI HAyKOBO-TEXHIUHOL
koHpepentii, 6-7 rpynas 2023 p., m. Onmeca. — Oneca: 2023. — C. 91 -92.

11.TOCT 12.1.003-83. CCBT. lllym. 3araibpHi BUMOTH OC3ICKH.

12. ACTY I'OCT 23941:2004 1llym mamus. MeToau BU3HaYaHHS LIYMOBUX XapaKTePUCTHK. 3arajibHi BAMOTH.

References (transliterated):

1. Mala hirnycha entsyklopediia: u 3 t. / za red. V. S. Biletskoho. — D. : Donbas, 2004. — T.1: A — K. — 640
s. — ISBN 966-7804-14-3.

2. Deklaratyvnyi pat. na korysnu model u 2018 02191 UA, MPK F16H 5i9/04 (2016.01). Sposib zabezpechennia
kontaktuvannia zubiv veduchoi shesterni z zubamy vedenoho kolesa /V.D.Kovalov, O.0.Klochko, D.O.Kravchenko,
0.M.Shelkovyi, O.A.Permiakov, M.l.Hasanov, A.O.Skorkin, O.L.Kondratiuk. —4s. : yl

3. Pat. na korysnu model 104899 UA, MPK GO1M 13/02, F16H 57/01. Stend dlia vyprobovuvannia korobok
peredach /B.V.Dolishnii, M.I.Burda, O.0.Klochko, Ye.V.Ostapovych. — Ne u2015 07938; zaiavl. 10.08.15; opubl.
25.02.16, Biul.Ne4. — 4s. : yl.

4. Duplex Scheme of the Technological Impact of the Provision of Operational Properties of a Hardened Large
Module Gears /Magomed Hasanov, Alexander Klochko, Vadim Horoshaylo, Borys VVorontsov, Anton Ryazantsev // Int.
J. of Integrated Engineering Vol. 14 No. 6 (2022) p. 55-62, http://penerbit.uthm.edu.my/ojs/index.php/ijie, ISSN :
2229-838X e-ISSN : 2600-7916 (Skopus).

5. Scientific Basis for the Substantiation of Process Regulations for the Micro-Cutting of Hardened Gears /
Klochko A., Basova Y., Gasanov M., Zakovorotny A., Fedorenko V., Myronenko O., Vorontsov B., Ryazantsev A.,
Protasov R. //Journal of Mechanical Engineering - Strojnicky casopis. - 2023. - Volume 73.- No. 2. — P. 83 — 92. ISSN:
2450-5471 DOI: https://doi.org/10.2478/scjme-2023-0023

6. Stvorennia ta osvoiennia seriinoho vyrobnytstva ochysnykh kombainiv novoho pokolinnia dlia
hirnychodobuvnoi promyslovosti. Ukrainy /O.M.Kovalchuk, R.A. Berezhnyi, O.0. Klochko, V.V. Nezhebovskyi, O.A.
Permiakov, S.V. Riabchenko, O.V. Ustynenko //Promyslovist v fokusi: Informatsiino-analitychnyi Mizhnarodnyi
tekhnichnyi zhurnal. — Kharkiv: Hruden Ne12(108) 2021- S. 40-44.

7. Obrobka zubchastykh kolis reduktoriv vuhledobuvnykh kombainiv /O.M.Kovalchuk, V.M.Derhousov,
V.V.Nezhebovskyi, O.APermiakov, O.0.Klochko, S.V. yabchenko, H.V.Sereda //Oborudovanye y ynstrument dlia
professyonalov: Mezhdunarodnsii ynformatsyonno-tekhnycheskyi zhurnal. — Kharkov: YYD «TsentrYnform», 2021,
Ne 5(238), - S. 38-39.

8. Systemy parametriv stanu robochykh poverkhon i tochnosti rozmiriv tsylindrychnykh zahartovanykh
zubchastykh kolis ochysnoho kombainu UKD200-500 novoho pokolinnia /Nezhebovskyi V.V., Berezhnyi R.A.,
Permiakov O.A., Klochko O.0., Riabchenko S.V., Ustynenko O.V. //Visnyk Natsionalnoho tekhnichnoho universytetu
«KhPI». Seriia: Tekhnolohii v mashynobuduvanni. — Kharkiv : NTU «KhPI», 2022. — Ne 2 (6) 2022. — S. 7-15. — ISSN
2079-004Kh, DOI: 10.20998/2079-004X.2022.2(6).02.

9. Sposoby pidvyshchennia znosostiikosti zubchastykh tsylindrychnykh peredach z oblikom nekratnoho
zubchatoho zacheplennia /Klochko O.0., Kamchatna-Stepanova K.V., Permiakov Ye.O., Antonenko Ya.S., Myronenko
O.le. //Vazhke mashynobuduvannia. Problemy ta perspektyvy rozvytku. Materialy XXI Mizhnarodnoi naukovo-
tekhnichnoi konferentsii 20 — 22 chervnia 2023 roku / za zah. red. V. D. Kovalova. — Kramatorsk-Ternopil: DDMA,
2023. - S. 54-55. ISBN 978-617-7889-45-7.

10. Pro tekhnolohichne zabezpechennia vyhotovlennia zubchastykh peredach reduktoriv vuhilnykh kombainiv v
umovakh dribnoseriinoho vyrobnytstva /Derhousov V.M., Nezhebovskyi V.V., Klochko O.0O., Permiakov O.A. //Novi
ta netradytsiini tekhnolohii v resurso - ta enerhozberezhenni: Materialy mizhnarodnoi naukovo-tekhnichnoi
konferentsii, 6-7 hrudnia 2023 r., m. Odesa. — Odesa: 2023. — S. 91 -92.

11. HOST 12.1.003-83. SSBT. Shum. Zahalni vymohy bezpeky.

19



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

12. DSTU HOST 23941:2004 Shum mashyn. Metody vyznachannia shumovykh kharakterystyk. Zahalni vymohy.

Haoiiiwna (received) 10.10.2025

Bioomocmi npo asmopis / AbouttheAuthors

Jlepzoycos Baoum Muxonaiiosuu (Vadim Dergousov) — Tenepanbumii mupextop AT «XAPKIBCHKUIA
MAIIMHOBYIIBHUI 3ABOJI «KOPYM CBITJIO IIAXTAPS», m.Xapkis; e-mail: svet@shaht.kharkov.ua.
ORCID: 0000-0002-0199-6589.

Ilepmakoe Onexcanop Anamoniiioeuu (Oleksandr Permyakov) — TOKTOp TEXHIYHHX HAyK, Ipodecop, 3aBiqyBad
kadenpu "TexHOMOTIS MAIMHOOYAyBaHHS Ta MeTaJopi3anbHi BepcTtaTi'" HaBuanbHO-HayKOBOTO iHCTUTYTY MEXaHIgHOI
imkeHepii 1 TpaHcmopry HarioHaNPHOTO TEXHIYHOTO YHIBEpCHTETy «XapKiBCBKUH TMONITEXHIYHUH I1HCTUTYTY,
Mm.XapkiB; e-mail: perm_a@i.ua, ORCID: 0000-0002-9589-0194.

20


mailto:svet@shaht.kharkov.ua
mailto:perm_a@i.ua

ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

VK 621.923 DOI: 10.20998/2079-004X.2025.2(12).03

I'1dCAHOB M. 1., OXPIMEHKO 0. A., KJIOY9KO O. 0., PEJJOPEHKO B. C.,
JAHBO K. P., TOPBYJ/IHUK B. 1.

JUCHITATUBHE MOJEJJIOBAHHS TEXHOJIOI'TYHUX CHUCTEM IIPH 3YBOOBPOBIII
BAKKOHAHTAXKEHUX 3YBYACTHUX KOJIIC

JlucunaTtiBHE MOJENIOBAHHS TEXHOJOTIYHHX CHCTEM HOpH 3y0000pobui 3 MeToro mepenbadeHHs HapaMeTpiB sKOCTI c(hOpMOBAaHOTO
[IOBEPXHEBOT0 Iapy (DOPMYEThCS HA OCHOBI MAaTEMATHYHOI MOJEINI, SKa BPAaxOBYE SIK TEXHOJOTIYHI PEXHMU Ta I€OMETPHYHI XapaKTepHCTHKU
mpornecy, Tak i (i3uKo-MexaHi4HI BIAcTHBOCTI Marepiamy. OCHOBOIO UL MOJEIIOBaHHSA CIYrye Iepexil IUIACTHYHOTO BHTICHEHHS MaTepialy
00po6IIIOBAHOI MTOBEPXHI 3y6UacToOro Kojeca y B3a€MOJii 3 IHTErpaJbHUM MapaMeTpoM, 1[0 OIKCY€E CTaH MOBEPXHEBOIO Yepe3 MOKA3HUK MOPCTKOCTI
npodinro. Y poboTi nmpoaHasizoBaHO TEXHOJIOTTYHI YHHHKKH, IO BIUIMBAIOTh Ha JOCSITHEHHS HEOOXIIHOI SKOCTI 00pOOIICHOT MOBEPXHi, 30KpeMa —
3aJIeKHICTh BiJl KyTa KOB3aHHS IIiJ] 4ac Ipoliecy ¢pe3epyBaHHSA 3yOUacTHX €JIEMEHTIB. Y MexaxX NOCHIPKeHHS OyJo 3AiHCHEHO SIK TEOpeTHIHUH
aHali3, TaK i eKCIEePUMEHTAIbHY MEpPEeBIPKY, CIPSMOBAHI HA BCTAHOBJICHHS ONTHMAJILHOTO 3HAYEHHS KyTa KOB3aHHs, NPU SIKOMY 3a0e3MedyeThest
cTablIbHUIA XapaKTep MpOLeCy pi3aHHs, JOCATaeThCS HEOOXiJHA 3HOCOCTIHKICTh IHCTPYMEHTY Ta TrapaHTYeThCs BUCOKA SIKICTb OOpOOIOBaHOT
noBepxHi. [Ipy [[bOMy BaKJIMBHM OPIEHTHPOM BHCTYNA€ MaKCHMAaJbHHIl KOHTAaKTHHH KyT, IO OMMCY€ B3aeMOJi0 3yba ¢pesu 3 3arotokoro. Ha
OCHOBI CHIBBIJHOIICHHS MK HUMH KyTamMu Oyino cdopMoBaHO Koe(iuieHT edeKTHBHOCTI (OpMyBaHHS IOBEPXHEBOIO IIapy, SIKHH 03BOJISIE
KUJIBKICHO OLIHHTH SIKICTh Pe3yJIbTaTy (hpe3epyBaHHs 3aJIeKHO BiJ FeOMETpii Ta JMHAMIKH MIPOLECY.

Kio4oBi ciioBa: auCHIIaTUBHE MOJCIIOBAaHHs, MeXaHi4yHa OOpOOKa, TEXHOJOTIYHI CHCTEMH, IUIACTHYHE BUTICHEHHs, KyTa KOB3aHHS,
3ybodpesepyBanHs , 3y04acTi Kojeca, OBEPXHEBHIl AP, SIKICTb.

M. HASANOV, O. OKHRIMENKO, 0.KLOCHKO, V. FEDORENKO, K. LANO, V. GORBULYK

DISSIPATIVE MODELING OF TECHNOLOGICAL SYSTEMS IN GEAR MACHINING OF HEAVY-LOADED GEARS

Dissipative modeling of technological systems in gear machining, aimed at predicting the quality parameters of the formed surface layer, is
based on a mathematical model that takes into account both the technological modes and geometric characteristics of the process, as well as the
physico-mechanical properties of the material. The modeling approach is founded on the transition of plastic displacement of the material of the
machined gear surface, in interaction with an integral parameter that describes the surface condition through a profile roughness index. The study
analyzes technological factors influencing the achievement of the required surface quality, particularly the dependence on the sliding angle during the
gear teeth milling process. The research includes both theoretical analysis and experimental validation, aimed at determining the optimal sliding angle
that ensures a stable cutting process, provides the necessary tool wear resistance, and guarantees high surface quality. An important reference
parameter is the maximum contact angle, which characterizes the interaction between the cutter tooth and the workpiece. Based on the ratio between
these angles, an efficiency coefficient for surface layer formation was developed, enabling a quantitative assessment of machining quality depending
on the geometry and dynamics of the process.

Key words: dissipative modeling, machining, technological systems, plastic displacement, sliding angle, gear hobbing, gears, surface layer,

quality.

Beryn. V mporeci BHCOKOUNIBHAKICHOTO 3y0o(dpe3epyBaHHS KOHTaKTHI B3a€EMOMIl MiXK CTPYXKKOKO Ta PUKYUIHM
IHCTpYMEHTOM € HaJI3BHYailHO CKJIAQJHMMH Ta 3ajJeXaTb Bil XapakTepy HABaHTAKCHHS HA pIKydYy YacTHHY
IHCTPYMEHTY, a TaKOX BIJ JIOKaJdi3alii 30H IUIACTUYHOI JedopMaliii, 0 BUHUKAIOTh Y 30HI BTOpPHHHOI Aedopmarii
Mmarepiany. s IeTanbHOro pPO3yMiHHS MEXaHi3MIB TepTs, SIKI peayizyroThCsi mpu o0poOui 13 3acTocyBaHHIM
BHCOKOIIIBH/IKICHOTO 3y00o(pe3epyBaHHs, HEOOXITHO 3aCTOCOBYBaTH KOMIUICKCHUH miaxia. Lle BKIFOUaE BUKOPUCTAHHS
JIAaHUX 3 Marepiallo3HaBCTBa, (HI3UKM TBEPIOro Tijia, MPUKIAAHOI MEXaHiKH, METOAIB (i3MKO-XIMIYHOTO aHalizy, a
TAKOX MaTeMaTHYHOro 1 (I3MYHOrO MOJENIoBaHHSI. Y I1IbOMY KOHTEKCTI cHCTeMa “IHCTpyMEHT — 3arotoBka’
pO3TIBIIAETECS K OaraToakTOpHa TUHAMIYHA CHCTEMa 31 CKIQJAHOK CTPYKTYpOIO B3a€MOJIl Ha MIKpPO- Ta
MaKpOPIBHSX.

AHaTi3 ocTaHHIX AocCTiKeHs Ta MyOJaikamid. [CHyIOTh pi3HOMaHITHI HAYKOBiI KOHIICMIi, IO IOSCHIOKOTH
MPUPOAY KOHTAKTHOI B3aEMO/Ii MiXK MaTepiajlaMH iHCTPYMEHTY Ta 0OpOOIIOBAaHOI JIETalli B yMOBaX BHCOKOUIBHIKICHOT
06po6ku [1-5].

[Mepi cripoOM BCTAHOBUTH 3AJIEKHICT MK cepelHIM Koe(illieHTOM TepTs W Ta WIBWAKICTIO pi3aHHs V Oynu
3pobneni Pozendeprom A.M. ta €prominum A.H. VY cBoiii poO0Ti BOHM BUSBWIIH, 1110 3HAYEHHS |L JOCSITa€ MAKCUMYMY
npu TemueparypHomy aianazoni 550-600 °C, mo crocrepiraethCsi MpH BiIOBINHIM mBHIKOCTI pizaHHs [3]. 3rogom
3opee M.M. [2] KpUTHYHO TMEPEOCMHUCIHMB Ii PE3yJbTaTH, BCTAHOBHBIIHK, IO pPEaJTbHE MAaKCHUMyM 3HAYCHHS [
nocaraeTeesl Bke mpu Temmepartypi Omm3pko 300 °C. Ile mMOSCHIOETBCS HENOOIIHKOIO BIUIMBY HApOCTy CTPY)KKH Ha
3MiHy e()eKTHBHOTO TIEPEIHBOTO KyTa Pi3aHHS Ta HAIPSAMY CXOKEHHS CTPYKKH B ITOTIEPEAHBEOMY JTOCTIKESHHI.

Ha migcrasi anamizy [2], MOXHa 3p0OUTH BUCHOBOK, IO CEPE/HIM KOe(ilieHT TepTs [L 3HAYHOIO MIpOIO 3aJIEKHUTh
BiJl HOPMAJIBHOTO KOHTaKTHOT'O THCKY (n, SKHH Jli€ HA po0OOYi IpaHi iIHCTpYMeHTa. Y TOHM caMMil yac MUTOMa CHJIa TEPTs
gx 30epirae BiHOCHY iHBapiaHTHICTH IIOJIO PEXHMMIB OOpOOKH, TeMIlepaTypH pi3aHHS Ta IHIIMX YMOB, OCKUIBKH €
BJIACTHBICTIO CaMOro 00poOIIIOBAaHOTO MaTepiaiy.

VYpaxoByroud HaBeJeHE, BapTO 3a3HAYMTH, IO MIBHAKICTH pizaHHS V, IMMOMHA 3pi3y a Ta MHepeHid KyT y
pLKYYOTO €JeMeHTa MaloTh KPUTHYHUI BIUIMB HAa BEIMYMHY KoedimieHTa TepTsa. Y KOHTEKCTI BHCOKOIIBHAKICHOTO
¢pe3epyBaHHs iHBapiaHTHICTH MUTOMOI CHIIM TE€PTS (x IOB’S3yIOTh 13 CYKYIHHM BIUTMBOM TEMIEPAaTYpPHOTO OIS Ta
MIBUAKOCTI MPOIIECY.

© M. L. T'acanos, O. A. Oxpimenxko, JI. 5. Por sk, O. O. KnoukO, B. C. ®enopenxko, K. P. Jlanbo, B.1.Top0Oyik, 2025
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TakuM 4MHOM, IapaMeTpH gn Ta Jx PO3IIILAAIOTHCS SK OKPEMi XapaKTEePHCTHKU KOHTAKTHOI B3a€MOJIi, KOXXKHA 3
SIKAX 3QJIC)KHTH Bi pi3HOTO Ha0Opy (haKTOpiB: qx HOPMY€ETHCS MEPEBaXKHO CHIAMH IUIACTHIHOTO 3CYBY B 30HI KOHTAKTY,
TOJI SIK (n 3aJICKUTH BiJl JOBKHHHU PEATbHOTO KOHTAKTY MK TOBEPXHSAMH.

J1st KOHKPETHOro Matepialy AeTali MUTOMa CHIIA TePTs 3AJIMLIAETHCS CTaJOk0, IO J03BOJISIE 3pOOUTH BHCHOBOK:
3MIiHM y 3Ha4eHHI KoedillieHTa TepTs |l BigOyBalOThCS TOJOBHMM HYHMHOM dYepe3 Bapialii B KOHTaKTHOMY THCKY.
VYHac/ioK IOTO BCi 30BHIIIHI TEXHOJOTIYHI BIUIMBH (PEXHMMH pi3aHHS, FE€OMETpis IHCTPyMEHTY Tomo) OyIyTh
MO3HAYATHCS HA [L JINILE B TiH Mipi, B sIKill BOHU 3MIHIOIOTh CEpe/IHiil KOHTAKTHUH TUCK (p.

Bapro Takox HiIKpeciuTH, 10 IS PI3HUX MaTepiajiB 3arOTOBKH OyIyTh BIAIOBIZATH OKPEMi KPUBI 3aJI€XKHOCTI
Buay | = f(qn), OCKUIBKH (x Ma€ iHAMBIIyaibHEe 3HAUYEHHS, IPUTAMaHHE KOXKHOMY MaTepiaity, o i popMye XapakTep
TEpPTs B KOHKPETHUX yMOBax oOpoOKu.

BenmmunHa cepemHporo koedimieHTa TepTS B yMOBaxX BHCOKOIIBHAKICHOTO 3yOo(dpe3epyBaHHS HE IOBHHHA
TIYMAuuTHCh SK 3BUYAHHN KOe(iIieHT TepTs B KIACHYHOMY MeEXaHigHOMY po3yMiHHI [2. Lleii moka3HHK €
yCepeaHEHOI0 XapaKTePHCTUKOIO, IO BiqoOpakae sIK CTaH HANPYKCHb y 30HI KOHTAKTY 3 IUIACTHYHOIO Je(dopMaIli€ro,
Tak i eeKTH 30BHIIHBOTO TepTsA. Y MPaKTHIi PO3PaXyHKIB MPH aHAi3i KOHTAKTHOI B3a€MOJIl BPaXOBYETHCS BCS
KOHTaKTHA MTOBEPXHS, X09a pealbHUN PO3MOLT HAIPY)KEHb € CKIaAHUM. Y 3B 53Ky 3 M CepenHiil Koe]imieHT TepTs
OUWITBHO PO3TIIIAATH SK IHTErpaIbHY XapaKTePHCTUKY 3arajbHOTO HAIpy)KeHO-Ie(OPMOBAHOTO CTaHy y 30HI
CTPY>XKOYTBOpPEHHS. 3a CBOIM (Di3MYHHMM 3MICTOM BiH MOXE OyTH CHIBBIJHECEHMIi i3 TaK 3BaHMM KyTOM Iii, Xoua
OJTHO3HAYHOTO (DYHKIIOHAILHOTO 3B 513Ky MK HUMH HE ICHYE.

VY Hu3ui pocnimkens [3, 4] noseneHo, mo nmutoMa cuia TepTs qF He € QyHKUi€ TemmepaTypu, a 3alieKHTh
BUKIIIOYHO BiJ (Di3MKO-MEeXaHIYHUX BJIACTUBOCTEH 00poOmoBanoro marepiany. Hampukmaa, M.®. Ilonerika [4]
3alpOINOHYBaB eMITIpUYHY 3aJIeXHICTh MiXk F 1 filicHUM omopoM po3puBy marepiainy (S), SKa Ma€ BUTJIS:

m= mo(N + No), (1)

[Ilo cTocyeThCsi HOPMAJIbHUX HAINPYKEHb (N, TO BOHM, Ha BiAMIHY BiX QF, BU3HAYAIOTHCS TEOMETPUYHUMH
rapaMeTpaMH 30HH KOHTAKTY 1 3MIHIOIOTHCS 3aJIe’KHO BiJl BITHOCHOI JOBXHHM KOHTAKTY, sIKa omucyeThest K Ca, e C —
JIOBXXHMHA KOHTAaKTY, a & — TOBIIIHA 3pi3aHOTO HIapy.

JonatkoBo ciijx 3a3Ha4unTH, mo y gocmimpkeHHsx M.B. T'oprona [5] Oymo BcTaHOBICHO, IO 32 YMOBH BiICYTHOCTI
HApOCTy Ha MepenHiil MOBEpXHi IHCTPYMEHTY IPH BHCOKOIIBHIKICHOMY pi3aHHI ()OPMYETBCS PEXUM IEPEBAKHO
30BHILIHBOTO KIHETUYHOTO TEPTSl, IKUM Y PI3HOMY CTyIeHI MoanGiKyeThcsl aare3iiiHo0 B3aemoaieto. PozuBaroun igei
B.B. [lepsrina momo OaratodakTopHOi HmpUpoad TepTs, ['opaoH cHOpMyItOBaB MaTeMaTHYHY MOMACb 3aJeKHOCTI
koedilieHTa TEpTs |, 110 BPaxoOBYE SK IUIACTUYHE 3CYBHE TepTs, Tak 1 ajre3iiiHi komMnoHeHTH. LIi 3amexHocTi €
OCHOBOIO JUISl TIOJANBIINX TEOPETHYHUX 1 YMCIOBUX MOJEJEH, SKi ONUCYIOTh TepTs B cHUCTeMax "IHCTPYMEHT —
00poOIroBaHMit MaTepian" Mpu pi3HUX YMOBaX 3y0000pOOKH.

m= mo(N + No), (2)

VY momaHOMY KOHTEKCTI MapaMeTp Lo TPaKTyeThCs SK 0Oa30BHi (iCTHHHHN) KOEQIIiEHT TepTs, IO BPaXOBYE
BUKIIIOYHO BIUIMB MOJIEKYJISIPHO-aTOMHOI MIKPOIIOPCTKOCTI KOHTAKTYIOUMX ITOBEPXOHb Ta HE 3aJISKUTh BiJ SIBHIL
aaresii. I[HIIMMM cloBaMHM, |lo XapakTepU3ye TepTs Y BHIIQJIKY IMOBHOI BiJICYTHOCTI MDKATOMHOTO 3YEIUICHHS MiX
MarepiaiamH.

[Tapamerp No BH3HaYae pe3yJbTYIOUy CHIY MOJIEKYJSIPHOTO B3a€MHOTO TSDKIHHS MIDK ITOBEPXHIMH, IO
B3a€EMO/IIIOTh, 1 PO3PAXOBYETHCS 3a CITIBBITHOIICHHSIM:

Nozpo'So, (2)
ne:

® po— IHTEHCHBHICTH MOJIEKYIISIPHOT B3a€EMO/Iii HA OJWHUIIIO IDIOMII (CHJIa MIXKaTOMHOTO TSDKIHHSA),

e So— muroma GpaKTHIHOTO KOHTAKTY.

I'.l. €nicdanos [1], nocnimkyroun MpUpoay TepTs y BHCOKOIIBHAKICHHX YMOBax 3yOodpesepyBaHHS, IIMIIOB
BHCHOBKY, III0 POJb HOPMAJIBHOTO THCKY ITOJISAITa€ He B Oe3mocepeHii yJacTi y GopMyBaHHI CHIIH TEpPTS, a Y CTBOPEHHI
YMOB JIJIs BHHUKHEHHS TUTOIII KOHTAKTy BHACIIIOK IIaCTHYHOT nedopmartii mpu 30BHIHROMY TepTi (Puc. 1).

Ha puc. 1 npezncraBieHo yMOBHY MOJIeNIb B3a€MO/Iii METalIeBOI CTPYKKH 3 MEPEIHbOI0 MOBEPXHEIO 1HCTPYMEHTA
i 9ac MpoIecy BUCOKOIIBUAKICHOTO pi3aHHA. Y 30Hi, IO MPHIISATAE A0 PIKYd0i KPOMKH, CIIOCTEPIra€ThCsl yTBOPEHHS
TaK 3BaHUX 30H BHCOKOT0 KOHTaKTHOTO THCKY (3BKT), abo >k oOmacTeii rabMyBaHHS YaCTHHOK, SKi BHHUKAIOTh Yepe3
IHTEHCHBHE HarpoOMapKEeHHS AeopMartiil.

Meta pocaimkenHs. J[OCHiDKCHHS IUCHUIIATUBHOT MOJCIIOBAHHS TEXHOJOTIYHHX CHUCTEM IpH 3y0000poOIi
Ba)KKOHAHTXXEHUX 3y04YacTHX KOJIC 3a JOIOMOTOI0 HOBOTO IiJXi/Ja NMPOTHO3YBaHHS MOXMOOK MEXaHIYHOi 00poOKH
3y04acTuX KoJjic, 1o 0a3yeTbesi Ha NMPUHIMIIAX CYNEPIIO3UIil, BEKTOPHOMY XapaKTepi CKIIaJIOBHX MOXMOKM 1 MeTO.i
CTaTUCTUYHOTO MAaTEMaTHIHOTO MOJICIIIOBAHHS .

OcHoBHA YacTHHA. PO3pi3HAIOTCA 1Ba OCHOBHI THITM KOHTAKTY MK CTPY’KKOIO Ta IHCTPYMEHTOM:

®  KOHTaKT NPY>XHOTO TUIY (3) — 3 00MEXEHNM IPOHNUKHEHHSM 1 BITHOBJICHHSM (pOpMHU TiCIIs B3a€MOii;
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KoHTakT rmractugroro tumy (CITJI) — mpu sikomMy BinOyBaeThest HE3BOPOTHA medopmariist MaTepiany.\

3o0Ha nepeuHOi aedopmauii

A B8
BUXPOBE 3ara/ibMCBYBaHHA
YaCTUHOK MeTany =
- OBT
Olc
NA3CTUYHMIT NPYAXHWUKW KOHTGKT

l' \xom’am /

Puc. 1 — Cxema, 1110 AEMOHCTpY€E MEXaHi3M TEPTS P BUCOKOIIBUIKICHOMY 3yOo(pe3epyBaHHi

Sk mokazaHo y JOCHiJDKeHHAX [6], BUHMKHEHHs1 oOnactedl Bucokoro tucky (OBC) oOymoBieHo (hopMyBaHHIM
0COOIHMBOI TeopMamiiHOl CTPYKTYpH Y BUTIISAI BUXPOBOTO MEXaHI3My B MPHUKOHTAKTHUX IIapax CTPYKKH. LIi 30HU €
JOKEPEJIOM PO3BUTKY TaK 3BaHOI JUHAMIYHOI TUCHIIATUBHOI CTPYKTYPH — HAPOCTY, 110 YTBOPIOETHCS HA IEpEeIHIN TpaHi
iHCTpyMeHTa. Hapict, y cBoro 4epry, 3MiHIO€ e(peKTHBHI T€OMETPHYHI IMapaMeTpH iHCTPYMEHTA, IO BIUTUBAE HA KyT
pi3aHHS, TEPTS Ta 3HOLIYBaHHS.

Puc.2 — MikpoctpykTypHi 300paxents craii 10 y 30Hi KOHTaKTy iHCTPYMEHT—3aroTOBKa Ipu
BHCOKOLIBHIKICHOMY 3y0odpe3epyBaHH.

Ha puc. 2 noka3zaHHO HacTymHe:

a — MiKpo()OTO3HIMOK NOBEPXHI MiZIOIBU HAPOCTY, 30inbmeHHs x200, mBuakicTs pizannsa V = 40 M/xB;

0 — XapakTep AMCIOKALIHOI MiICTPYKTYPH B 00J1aCTi BTOPHHHOI IIacTHYHOT ledopmartii, 30inpmenHs x 15000, V
=40 M/xB;

B — MIepBUHHA (BHXIi/{HA) MIKPOCTPYKTYpa 10 00poOKH, 36inbineHHs X300,

T — IeTanizoBaHe 300pakeHHsI BUXiIHOI CTPYKTYpH, 30imbmenHs X3000.

Ha mikpodoTo3HiMKy (puc. 2, a) 300pakeHO CTPYKTYPY METajay B 30HI KOHTAKTy MiZOIIBH HAPOCTY, YTBOPEHOT'O

i Yac BHCOKOLIBHIKICHOTO 3yOodpesepyBaHHs. 3 aHamizy 300pa)KeHHS BHIHO, IO B3JOBX IIiJOIIBH HApOCTY
BiIOyBA€THCSA ICTOTHA TpaHchopMalliss CTPYKTYpu aedopMOBaHOrO Merany. Ha modaTkoBid OUISHIN OPUCYTHIN
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MapTeHCUTHO-OCHHITHUN CTaH, IKUH B MTOJANBIIOMY 3MIHIOETBCS TIEPIITHOIO CTPYKTYPOIO 13 3€pHAMH, BUTATHYTUMH Y
HaTpsAMKY Tedii IracTHIHOi gedopmartii. Y 3aBepIiaabHii YaCTHHI MMiJOIIBH YTBOPIOETHCS 007IacTh GepuTHOT (pas3m.

Sk BupHO Ha puc. 2, 6, Y 30HI BTOpHHHOTO e(OpMYyBaHHS METaly, sKa MpHsATae 0e3mocepetHho A0 PiKydoro
ne3a, GopMyeThes (pparmMeHTOBaHA TUCIIOKamiifHA CTPYKTypa. PparMeHTH Takoi CTPYKTYPH 3a3HAIOTh BHUTATYBAaHHS 1
IUTACTHYHOTO 3CYBY BINNOBITHO IO HAamNpsAMKy Tedii Marepialdy, OJHAK UiTKa CTPYKTypa B HUX HE BHUSIBIAETHCS.
300paxkeHHs pHC. 2, B 1 T' JIEMOHCTPYIOTh OYAaTKOBY MIKPOCTPYKTYpY cTaji 10 mpu pi3HUX CTyNeHsX 3011k eHHS.

3 IBOTO BUILIMBAE, IO IPH TEPTi B NPUIHCTPYMEHTANBHII 30HI CIIOCTEPIraeThcsl INTEHCUBHE BTOPUHHE IUIaCTUYHE
nedopMyBaHHSI IEMEHTHTHHUX BKIIIOUEHb, IX PO3LICIUICHHS, a TaKOXX NEPEHECEHHS! aTOMIB BYIJICI0 y HAIlpsSMKy 10
30HM pi3aHHA. [I7acTHMHU LIEMEHTUTY TPH LBOMY IOBEPTAIOTHCS, MOJPIOHIOIOTHCS W OPIEHTYIOTHCS BIAMOBITHO 10
NIPUKIIaJACHUX 3CYBHHUX HaNpyXeHb. Y pe3ynbTarti GopMyeThes (peprTHa CTPYKTYpa 3 IMiABUIICHOIO IIACTHYHICTIO (PHC.
2, a). 3adikcoBaHi CTpyKTypH, HOAiIOHI 10 TapTOBaHMX, CBiAYaTh, III0 TEMIIEpPAaTypa y MIKpooO'eMax IMiJOIIBA HAPOCTY
MOJKe TOCATaTH 3HAUYEHb, 0 MEPEBUIIYIOTh MEXi (Pa30BHX IIEPETBOPEHB cTaiei 3rigHo 3 aiarpamoro Fe—C.

TinpHiCTH IUCTOKAIMii MOOIH3y (DEepUTHHX 3epeH B 30HI IDIACTUYIHOTO 3CYBY NOCATA€ KPUTUYHHX 3HAYCHH (p ~
2x10" cm?). DopMy€eThCs KOMIPKOBA CTPYKTYpPa, SIKA BUTATYETHCS Y OiK pixKy4oi KPOMKH ITiJ] BIUTMBOM JIOKAJII30BaHUX
BUCOKHX KOHTAKTHUX THCKIB.

TakuMm YwHOM, 3adiKCOBaHI JIOKaNBHI CTPYKTYypH, XapakTepHi A TepMo3MimHeHHA (puc. 3.5, a), cimig
IHTEpIIpeTYBaTH SIK (a30Bi MEPETBOPEHHS 3 YTBOPEHHSM HEPIBHOBAXHUX JUCHIIATHBHUX CTPYKTYD Y 30HI Pi3ajbHOTO
KOHTaKTy. BoHM BUKOHYIOTh pOJib €(DEeKTUBHUX KaHAJIIB AUCUMIALIT eHepril JeopMaIiiHOr0 IpoIecy.

AHaii3 300pakeHb, 30KpeMa puc. 2, a, MATBEPIXKYE, MO 3MiHA Koe(dilieHTa TepTs |l 13 TeMIepaTyporo
00yMOBJICHa CTPYKTYpHHMH i (pa3oBUMHU MoIU(iKaLiIMHi B IPUIHCTPYMEHTAJIBHUX Iapax. Lle npu3Boaute 10 Bapiawii
MEXaHIYHUX BJIACTHUBOCTEH 1O JOBXHHI 30HH IUIACTHYHOTO KOHTAKTY: YTBOPEHHS 30H 3 MiJBHIICHOIO IUIACTHYHICTIO
(peputHa daza) cripuunHsie 3pocTaHHs Mo mwiactuuHoro koHtakrty (CIIJI) i 3aranpHoi noBXuHH KoHTakTy C, 110,
CBOEIO Yeproo, 3MeHIrye qN — MHTOMUI THCK, alie CIIPUsIE€ 3pOCTaHHIO CePeIHBOro KoedimieHTa TepTs (L.

Ha puc. 3 npencraBieHo pe3ynbTaTH eKCIICPUMEHTAIBHUX JOCIIIKEHb 3aIe)KHOCTI KoedilieHTa TepTs Ta BUCOTH
HApOCTy BiJ TEeMIeEpaTypH, sSKa IITyYHO MIATPUMYBANach Ha piXydYid dacTuHi 0e3 ypaxyBaHHA e(eKTy MIBHAKOCTI
nedopmarii. 3 rpadika BUAHO, MO K BUCOTa HapocTy H, Tak i 3HaueHHs Koe(ilieHTa TepTs [l TOCATAIOTh MAKCUMYMY
npubim3Ho npu Temmepatypi 300 °C. Lle xopemtoe 3 BimoMuMu JaHUMH [ 8], 3TiIHO 3 SKUMU IIPH TEMIIEPATypi OIU3BEKO
300 °C 3rayHO TiABHIIYEThCs AU(DYy3ifiHA PYXIUBICTh ATOMIB BYIJICHIO B CTAJSX, OCOOIHMBO 1O Mi>K3EPHOBUX MEKaX.
Sk Oyme MpOJEMOHCTPOBAHO B HACTYNMHHUX IMiAPO3iIaXx HAa OCHOBI KBAHTOBO-MEXAaHIYHOTO aHANi3y, MOOIH3Y Ili€l
TEMIIEpaTypu TaKOXK aKTUBI3YIOThCs AU(Y3iliHI MPpolecH B KOOAIBTOBIH MaTPUIl TBEPAOCIUIABHIX IHCTPYMEHTIB.
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Puc. 3 — I'padiuna 3anexHIiCTh KoedimienTa TepTs ([) Ta BUCOTH HapocTy (H) Big TeMnepaTypu JIOKaIbHOTO
HarpiBy piXKy4oi YaCTHHH: iIHCTPYMEHT — TBepAOCILIaBHHHN pizens Triry BK8; maTepian — cTanp ¥8; mBUIKICTE pi3aHHS
V = 0,1 m/xB; rmubuHa pizanas a = 0,2 MM; IIUPHUHA 30HH pi3aHHA b = 2 MM

AHami3 pe3ylibTaTiB MIKpOCTPYKTYPHUX JOCTiKEeHb (puc. 2, a) CBIMYUTH MPO Te, IO TO JOBXKHHI 30HU
IUTACTHYHOI B3a€MOJIi MIX CTPYXXKOIO Ta MEPEIHBbOI0 MOBEPXHEIO iHCTPYMEHTY IpPH JOCATHEHHI MIBHIKOCTI Pi3aHHSA,
€KBIBAJICHTHOI KPUTHYHIM IIBHJIKOCTI HapOCTOYTBOPEHHA V=VH MOXHa BHIUINTH [BI BiAMiHHI OONACTi: IUISHKY
IHTEHCHBHOT'O 3MIIHEHHSI Martepiany (IIBHAKICHA 30HA TapTy) Ta 30HY MOJAIBIIOTO OCIA0JIEHHS CTPYKTYpH (30HY
PO3M’AKIIICHHS).

VY BUNaJKy HEBHCOKHMX HIBHAKOCTEH pizaHHs ( V=V4) Oyno 3adikcoBaHO, M0 KOHTaKTHA OOJIACTh IUIACTHYHOT
B32€MO/Iii MIX IHCTPYMEHTOM Ta CTPY>KKOIO 371aTHA MOJUIATHCH HaBiTh HAa TpH OKpeMi mig3onu. [Ipu npomy 30Ha, sika
JIEMOHCTPY€ MaKCHUMaJbHI 3HAu€HHS MIKPOTBEPJOCTi, 3a3BHYail JIOKAJi30BaHa Ha II0YATKy MAUIIHKH IUIACTUYHOTO
KOHTaKTy. 30Ha, 1€ Bi0YBa€ThCsI MOMITHE 3HIKEHHS TBEPJOCTI MaTepiaiy, popMyeThCsl HAPHUKIHII ITiJOMIBA HAPOCTY
— came B Till 4acTHHI KOHTAaKkTy, Jic TEMIEpPaTypHUI BIUIMB JIOCSTAE CBOIO MAaKCHMMYMy MO JIOBXHMHI B3aeMOAii MiX
CTPY’KKOIO Ta PIXKYUOI0 YaCTHHOIO IHCTpYMEHTY [4].

Crix migKpecnuTH, Mo MpoIec IUIACTHYHOI AedopMariii y 30HI TepTd Mae iCTOTHO iHIIMH XapakTep IMOPIiBHSIHO 3
npyxHO10. BoHa HacTinbKH THOOKa, IO Bele 10 PO3PHBY MIKATOMHHMX 3B’SA3KiB MK CYCiIHIMH aTOMaMmH, SIKi IIe 10
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MOMEHTY nedopmarnii YTBOPIOBAIM CTiHKi 3B’sM3kH. [HaKmIe Kaxydd, IuracTHYHA AedopMartis iHIII0ETCS TOi, KOITH
JIOKaJbHI HANPYXKCHHSA Y METalli TOCATAI0Th KPUTUIHOTO PiBHS, MOPIBHAHOTO 3 TEOPETUIHOIO TPAHMIICIO MIIIHOCTI, 10
ctanoBuTh IpubmmsHo 10% Bin 06’emHoro Moaysns ctucky (0,1-B). IIpote B peansHuX Martepianax mei Mopir 3Ha4HO
HIDKYHIH Yepe3 HasBHICTh TUCIIOKAiHHUX Ae(eKTiB, SIKi CYTTEBO MOJIETIIYIOTh IIOYAaTOK Je(OPMAaLifHOTO IIPOLIECY.

i

— T

B — nouamxosuil cmat; 6 i 6 — pi3Hi cmaodii 3¢yey; & - Cax nicia 3¢yey;
- OLTAHKY, Henpemepnesitill KO63aHHA, B — OLIAHKA, HA AKOMY 3PVIULEHHA
62ice NPONULOE; - OLTAHKY MAKCUMATLHUX CHOMBOPEHb, CINGOPIOBAHUN |

nepeMiugyeanutl npu NOCTIO06HOMY POIBUMKY 3CYEY
Puc. 4 — [InacTHyHOTO 3CYB PU TOTHYHOMY HaBaHTa)KEHHI

Ha pucyHnky 4 mpencraBieHa y3aralbHEHa cXeMa IMOPYIICHHS MIKATOMHHX 3B’A3KiB y KPHCTANIYHIA CTPYKTYpi
i i€l 30BHIOTHHOTO JOTHYHOTO HaBaHTa)KEHHS. Y BHUIAJKY MPHUKIAICHHS 3CYBHOTO 3YCHIUISL, MiDKaTOMHA BiZICTaHb,
0 AOPiBHIOE BEMYHHI @, BUKIUKAE TICPEMIICHHS aTOMHUX IIapiB Y HANPSAMKY i CHJIH, BHACTIJOK YOTO TIOYHHAETHCS
TIpoIIeC JIOKANIi30BaHOTO KOB3aHHS 3 y4YacTO IUCIOKaIii. HasBHICTh AuCIOKaIif y KPUCTANIYHIN PeIIiTiii 00yMOBIIOE
MOSIBY JIOKAaJbHHUX OONacTed, y SKUX EHEPrOBUTPATH Ha PO3PHB 3B’S3KIB KOMIIEHCYIOTHCS MUISXOM iX YaCTKOBOTO
BiTHOBJICHHS B 1HIIIIIf YaCTHHI CTPYKTYpH.

Komu B MaTepiani peanmi3yeThCsi KOB3aHHS, TUCIOKAIlisl TAKOXK MEPEMIIIYEThCS B3OBXK BIAMOBIIHOT IUIONUHU
3cyBy. Y cropolieHii cxemi (puc. 4) IUCIIOKaIliiHa JIiHIsS pO3TaIlIOBaHa MEPICHINKY/IIPHO 0 TUIOUIHMHU 300pakeHHS, a
il yMOBHE BiOOpaXKCHHS Ha CXeMi — TO4Yka p. Y 30Hi, ¢ BiAOyBa€eThCs IUIACTUYHE 3MIICHHS aTOMIB, BIJICTaHb MIiX
niapamMu 30€pira€ThCsl CTAIOK0, OMHAK IPH MEPEXOJi 4Yepe3 JIHII0 JUCIOKAIii BOHO 3MEHIIYETHCSA 0 HYJsL. Takum
YMHOM, MOOJIU3Y JiHIT quUciIoKalii BUHUKAE MOPYIIEHHS PEryJsspHOi aTOMHOI CTPYKTYpH, IO BiANOBIJA€ HAsBHOCTI
I0JIaTKOBOI @aTOMHOI IJIOIIAHH.

3 pPO3BUTKOM 3CYBY y BEpXHil YaCTHHI KPUCTATIYHOI CTPYKTYPH YTBOPIOETHCS HAUIAIIIKOBA IUIOIIMHA aTOMIB, SKa
¢dopmye mucnmokanidHuit 00’eM. CaMe TepeMillleHHs IIi€i TOJATKOBOI HAMIBIUIOIIMHY B3JIOBXK IUIONIMHA KOB3aHHS i
3YMOBITIO€ BHHUKHEHHS Ta PYX TUCIOKAIIHHOI JIiHii.
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= 200 1)
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EHepria gedeKTy ynakoekm | MJI)KIM:

Puc. 5 — I'pacik 3MiHM THTOMOT CHIIM TepTs 3aJIe’KHO BiJ nmapamerpa Eny B yMoBax BHCOKOIIBH/IKICHOT 00poOKH
(pexum: V =100 m/xB; S = 0,161 Mmm/00)

Ha puc. 5 nporeMoHCTpOBaHO, SIK MUTOMUH OIp TEPTIO 3MIHIOETHCS 3aJIKHO BiJl MeEeKTHOI €Heprii ymaKoBKH
(Eny) B KpuCTamiyHUX CTPYKTypax pi3HHX MeTaliB i ciutaBiB. EHepreTnaHuid neeKT, 0 BUHUKAE Yepe3 MOPYIICHHS
3aKOHOMIPHOTO YepryBaHHS IIIJIFHO PO3MIMICHWX AaTOMIB Yy KPHUCTAJNi4HIA PEIIiTI{, CYNPOBOIKYETHCS 3POCTAHHSIM
3anaceHoi eHeprii. UYum OunbimuM € 3HaueHHA Exy, THM BUIOIO BUSIBJISIETHCS TIOBEPXHEBa €HEPris MaTepiaiy, IO B
CBOIO Yepry CBIJUUTH NPO MiJIBHUIIEHY 34aTHICTh YTBOPIOBATH MillHI MIKaTOMHI 3B’SI3KW. SIK BHIUTMBAE 3 aHai3y
rpadika, migsuieHHs Exy npsmo Kopesroe 3 pocTOM MUTOMOT CHITH TEPTSL.
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Ha puc. 6 BinoOpakeHO B3a€MO3B’ 30K Mi’K ITITOMOIO CHJIOIO TEPTS i MUTOMOIO TETIJIOTOIO IIABJICHHS MaTepiany.
[MuToma TermyioTa TUIaBJICHHS BH3HAYA€ KiJIBKICTH €Heprii, HeoOXimHOI MJIs mepexoay pEeYOBHHH 3 TBEPAOTO CTaHY O
piakoro. AHami3 mokasye: 3MEHIIEHHS TerIoBoro 6ap'epa (H) crpuse 3pocTaHHIO TUTOMOTO OMOPY TEPTIO, IO BKa3ye
Ha KBa3ipiky abo aMOp(HY MPHPOIYy JOKATGHUX MIAPiB ITiJ 9ac iHTEHCUBHOTO TEPTSI.
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Puc. 6 — 3anexHiCTh TUTOMOI CHJIM TEPTS BiJl MUTOMOI TEIUIOTH IUIaBjIeHHS B yMoBax V = 100 m/xB, S = 0,157
MM/00

Cucrtemuuii anani3 rpadikis (puc. 5—6) 103BOJIsIE CTBEPAKYBATH, 10 MIPU 3HAYHOMY JIOKAJIbHOMY HaBaHTa)KCHHI B
npudpe3epHiit 30HI CTPYKKH HOCATAETHCS KPUTUIHUH SHEPTeTHYHHAN piBeHb, M0 crpuse amopdizamii marepiany. [1ig
BIUTMBOM BHCOKOI IIBHUAKOCTI AedopMariiif Ta TeMIepaTypHHUX TPaTi€HTIB IIUTBHICTh AUCIOKAIHN MocATae TpaHMIHIX
3HAYCHb, BUKIHMKAIOUM ()a30Bi MEPETBOPEHHSA Ta YTBOPEHHS THMYAcCOBUX HECTAOUIPHHMX CTPYKTYp i3 HONAJBLIOKO
PeKpHCTAaIi3aIli€To0.

Takox crmocTepiraeTbes moaiOHa 3aKOHOMIPHICT i B TIOBEMiHII KoedillieHTa TepTs | 3i 3MEHIICHHSIM TEIlJIOTH
IUIABJICHHA 3pOocTae 3HaueHHs . Lle mie pa3 mifkpeciroe 3B’ 30K MiXK CHEPreTHYHHME XapaKTePUCTHKaMU Matepiany i
HOro TpUOOJIOTIYHOIO TTIOBEIIHKOIO.

BaxuBy posib y mpolieci KOHTaKTHOT B3a€MOIIT Bifirpae He Jiniie oOpoOIroBaHMA MaTepiall, a i XapaKTePpUCTHKH
IHCTpYMEHTY, 30KpeMa CTPyKTypa Ta THI TBEpJOro cIulaBy. Y 3B’S3Ky 3 LUM OyJIO INpOaHaNi30BaHO WLIUIbHICTH
€JIEKTPOHHUX CTaHIB Ha MOBEPXHI TBEPAOCIUIABHOTO IHCTPYMEHTAJIBHOIO MaTtepially — 30KpeMa, KapOiny Boibdhpamy,
JIETOBAHOTO 3aJ1i30M. Y (pOpMyBaHHI €JIEKTPOHHOTO MOTEHIIATy BaXKJIHBY POJb BIIITPalOTh SIK d-eNeKTPOHU, TaK 1 s- Ta
p-eJIeKTPOHHI CTaHH.

Ha puc. 7 npencraBneHO MOJEIBHHHA aTOMHHH KiacTep, IO BHKOPUCTOBYBABCSA JUIs OOYMCIICHHS 3arajbHOl
eHeprii CHCTeMH Ta MiKaTOMHHX B3aeMogiili Mixk mapamu Fe Ta WC metomoM MonekyisipHoi auHamiku. Po3paxyHku
MPOBEICHO 13 3acTocyBaHHAM Merony Basin-Hopping mns momryky rimobamsHOro MiHIMymy eHeprii. Pesymbratu
moKasaiy, mo mnpu temreparypax monan 600 K cucrema BTpadae cTaOibHICTD: MIXKATOMHI BiICTaHI 3MEHIIYIOTHCS, a
MOBHA CHEPTis CUCTEMHU CTPIMKO 3pocTae. Take 3pocTaHHs IMOB'SI3aHO 3 IMOBIpHHM HEepeXoaoM Binx a-(a3u 1o B-hazu
KOOQJIBTY, SIKUI € OCHOBOIO 3B'sI3yBaJIbHOT (pa3u B OLIBIIOCTI TBEP/OCIIJIABHUX IHCTPYMEHTIB.

VY nopanbiioMy OyjM BUKOHaHI KBAHTOBO-MEXaHIYHI PO3PaxyHKU 3 METOI BH3HAUEHHs MOBHOI eHeprii cucrem,
110 BKJIFOYAIOTh Pi3HI KOMOiHAIlli KOHTAKTYIOUHMX €JIEMEHTIB.

ITapameTpu 00paHOTO KiIacTepHOro 00'eMy 3a0e3redyBaiid K HEOOXIAHHWN PiBEHb TOYHOCTI MPHU MOJCIIOBAHHI
€HEePreTUYHOr0 CTaHy, TaK i JAOMYCTUMHN OOYMCIIOBANIBHUI Yac. Y SKOCTI OCHOBHOTO KPHUTEPIO Ul OLIHKH OyJo
BHUKOPHCTAHO 3HAYCHHS OBHOT eHepril 38°s13Ky Etot y Mexax kimacrepa (tabm. 1).

Tabnums .1 — [ToBHA eHepris MI>KATOMHOI B3a€MOJIT B Pi3HIX CHCTEMAax

CUCTEMH Erwot (AU)
Co/Al -19,017
ColFe - 31,950
Co/Ti - 38,990

WC/AI -

WC/Fe - 16,070
WC/Ti - 18,760
TiC/Fe —-18,230
TiC/Ti - 33,990
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Puc. 7 — CxeMa MOECTHHOTO KJIaCTepa /Il KBaHTOBO-MEXaHIYHOTO PO3PaXyHKY eHeprii B3aemoii y cucremi WC—
Fe

IToBHa eHepris 3B’s3ky kimactepa (Etot), y3saTa i3 MPOTHICKHUM 3HAKOM, XapaKTepU3ye CHEPTreTHYHI BHUTPATH,
HEOOXiHI IS IOBHOTO PO3PUBY BCiX 3B’S3KIB MiK aTOMaMH, TOOTO LIS MIOBHOTO PO3Maay KIacTepy Ha OKpeMi aTOMHU.
3Ha4YeHHST MMTOMOI CHEeprii 3B 3Ky Ha OJUH aToM BU3HadaeThes K Ea = Etot / N, me N — kinbkicTs aTOMIB y KIacTepi.
BonHowyac MikaTOMHI BiACTaHI HparHyTh 10 3HA4YCHb, NPHTAMAHHUX CKCIICPHMEHTAJbHO BHSBICHHM IIapamMeTpam
KPHUCTATIgHOI PEIITKH. 3a pe3yIbTaTaMU pO3PaxyHKiB BCTAHOBIICHO, 110 B JJOCITIHKEHHI BUKOPHCTOBYBAJIHCS KIACTEPH,
siki Mictunu 30 aToMiB.

AHanizyroun OTpuUMaHi pe3yibTaTd (Tabn. 1), MOKHA CTBEP/KYBAaTH, L0 HAMBHINI CHEPreTHUYHI MOKA3HUKU
nemoHctpytoTh cuctemu Co—Ti, TiIC-Ti i Co—Fe. Y Bunmagky 3 WC—Al cnioctepiranacst HecTabiIbHICTh 0OUHCIIOBAHUX
napameTpiB, 0 MPHU3BEJIO 0 HEMOXIIMBOCTI OTPUMAaHHS y3TOJDKEHUX PE3YJIbTATIB.

Kpim TOro, Ha OCHOBI BUBYCHHS €IEKTPOHHOI HIUILHOCTI KOOAIBTY 1 KapOiay Boib(hpaMy BCTaHOBJICHO, 110 PIBEHb
®epmi B Co € BummM, Hixk y WC. Lle nosicHIoe 4yTinBYy B3a€MOJIiI0 HAHOTIOKPUTTIB caMe 3 KOOAIbTOBOIO MATPUIICIO, a
He 3 KapOimoM Bomb(hpamy. OTKe, 3UYCINICHHS 3aXHUCHOTO TOKPHTTS 3 OCHOBOIO i3 TBEPAOrO CIUIaBY BH3HAYAETHCS
MepeBaXHO IHTCHCUBHICTIO XIMIYHOTO 3B’A3Ky MK aTOMaMH TOKPHUTTS W KOOANbTy, IO, Y CBOIO Yepry, 3aJCKUTH Bif
€JIeKTPOHHOI KOHQIrypamii eleMeHTiB. 30KpeMa, Uil IMEpeXiHUX METaliB KPUTUYHY pOJIb BimirpaioTs d- Ta s-
eJeKTPOHHU. Bucoka MIIHICTE 3B’SI3KiB JOCATAETHCS UYepe3 IEPEKPUTTS BIATOBIAHUX OpOiTanel, Mo CTBOPIOE CHIH
TSOKIHHS MK siipamu. CamMe TOMY TUTaH BUSBIIA€THCS HAHAKTHBHIIINM Cepell INX eJIEMEHTIB.

[Nopanpmmii eranm BKJIIOYAaB OOYMCIICHHS MAapaMeTpiB KPHCTAYHOI CTPYKTYpH, NpOcTOpoBoi KoH(piryparii,
MOJIyJIiB NIPY>XKHOCTI Ta MOBHOI €Heprii, 110 NpHUNajae Ha OAWH aTroM, JJIs 3a3HaYCHUX CHONYK. Pesynbratd Oyinu
CHIBCTaBJIEHI 3 €KCHEPHMEHTAIbHUMHU NaHuMH. KpiMm TOro, ouiHioBanach e(EeKTHBHICTh BUKOPHCTaHHS rpadiuyHHX
npouecopiB 3a texHojoriero NVidia CUDA pmns oGuucneHb — OyJjio BHSBICHO IiJIBUIIEHHS HPOJYKTHBHOCTI
po3paxyHkiB y 1,5-2 pasu.

Y mporeci BpizanHs 3y0a pesu B Marepian 00poOKK BiOYBAEThCS KOB3aHHS IO MOBEPXHI 3 BiAMOBIIHUM KyTOM
Yck (puc. 8).

— SIxmo oi 3HayHO MeHIe 3a Kcoxp (puc. 8), To crocrepiraeTbest JUIIE MIACTHYHA Jedopmarltis 0e3 yTBOpeHHs
CTPYKKH.

— Y Bumazky, kosu oi gopisHioe Kcoxp (puc. 9), BinOyBaeThcs iHiLIaLIS MPOLECY CTPY>KKOYTBOPEHHS Ta TIOYATOK
(hopMyBaHHS TOBEPXHEBOT'O IIapy.

— Ipn ai > Keowp (puc. 10) ¢ikcyeTbess cTabimbHUI TMpolec YTBOPEHHS CTPYXKKH IPOTSITOM IMOBHOTO IHKITY
KOHTAaKTy 3y0a 3 MOBEPXHEIO 10 HOTO BUXOY 3 30HU B3aeMOIl Ha KYTi Wmax.

CriBBiTHOIICHHS M) MOTOYHUM KyTOM KoB3aHHS WCK 1 MakcuMaibHUM KyToM Wmax Bifirpae BUpIlIaabHy POJb
y 3abe3nedeHHi e()eKTUBHOCTI ()OPMYBaHHS TOBEPXHEBOIO IAPy.

Stress - Max principal (MPa)

Puc. 8 — ®opmyBaHHS TOBEpXHEBOTO Mapy 3y6000pobiroodoto (ppesoro mpu ai<<Kcoowcp
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Step 26

Stress - Max principal (MPp)

Stress - Max principal (MPa)

Puc. 10 — ®opmyBaHHS OBEPXHEBOTO IIapy 3y0000po0itotouoro ¢hpe3oro npu ai=Kcoocp

Stress - Max principal (MPa)

Puc. 11 — ®opMyBaHHs HOBEPXHEBOTO 1Iapy 3y0000pobiordoidpesu npu ai>Kcoowcp

3 MeTo0 nepei0adeHHs mapaMeTpiB KOCTi c(hOPMOBAHOIO MMOBEPXHEBOTO LIapy Oysna nmolyJoBaHa MaTeMaTH4Ha
MOJIeJIb, SIKa BPAaXOBYE SIK TEXHOJOTIYHI PEKUMH Ta T€OMETPHYHI XapaKTEPUCTUKHU TPOLECy, Tak 1 (i3uKo-MexaHi4Hi
BJacTHBOCTI Marepiany. OCHOBOIO ISl MOJICNIIOBaHHS CIIYI'y€ T[epeXxiJi IUIACTUYHOrO BHUTICHEHHS MaTepiany
00po0:II0BaHOT TOBEPXHi 3y0uacToro kKojeca y B3a€eMOJIi1 3 IHTErpaIbHUM [TapaMeTPOM, 110 OITHCY€E CTaH TIOBEPXHEBOTO
mapy. OcTaHHIH BUpaXaeTbCs Yepe3 MOKa3HUK IOPCTKOCTI mpodinto — napameTp Rz.

Y po6oTi mpoaHaTi30BaHO TEXHOJOTIYHI YMHHUKH, 110 BILTUBAIOTh HA JOCATHEHHS HEOOX1IHOT sikoCcTi 00pobIeHoT
TIOBEPXHI, 30KpeMa — 3aJISKHICTh BiJl KyTa KOB3aHHS IiJ Yac npouecy (ppe3epyBaHHs 3yOUacTHX eleMEHTIB. Y Mexax
JIOCHI/DKEHHST OyJo 3/IMCHEHO SK TEOpPEeTHYHMH aHajl3, TaKk 1 eKCIepHUMEHTAIbHY IEpeBipKy, CHpSIMOBaHI Ha
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BCTAaHOBJICHHSI ONTHMAJIBHOTO 3HAYCHHSA KyTa KoB3aHHA Wck, mpu skoMmy 3abe3nedyeTbcs CTaOUIBHMH XapakTep
MIPOIIECy Pi3aHHS, TOCATAETHC HEOOXiTHA 3HOCOCTIMKICTh IHCTPYMEHTY Ta FapaHTYEThCS BUCOKA SKICTh 00pOOIIFOBaHOT
MTOBEPXHI.

[Ipu IpOMy Ba)KIIMBHM OPiEHTHPOM BHCTYIIA€ MAaKCUMAIBHIH KOHTaKTHUH KyT Pmax, 1mo onrcye B3aeMoito 3y0a
¢pe3u 3 3aroToBKOI. Ha OCHOBI CHIiBBiOHOIIEHHS MiX IUMH KyTamMu Oyino copMoBaHO KOe(iIlieHT epeKTHBHOCTI
(opMyBaHHs NOBEPXHEBOTO LIapy, SIKMH JTO3BOJISIE KiJIBKICHO OLIHHUTH SIKICTh PE3yNbTaTy (hpe3epyBaHHs 3aJ€kKHO Bif
reoMeTpii Ta AMHAMIKH MPOLECY.

BucnoBku.

HoBwuii migxin nmporHo3yBaHHsI IMOXHOOK MeXaHIYHOI 0OpoOKu 3y0OuacTux KoJjic, 10 0a3yeThCsl Ha MPUHIMIAX
CYTIePIIO3UIIil, BEKTOPHOMY XapakKTepi CKIaJOBHX IMOXHUOKH i METOAiI CTATHCTUYHOTO MAaTEeMAaTHIHOTO MOJEITIOBAHHS
IPYHTYETHCS HA METOAI AUCUIIATHBHOTO MOJICJIIOBAHHS TEXHOJIOTIYHNX CHCTEM.

BinminHICcTIO peansHOrO GOPMOYTBOPEHHS BiX HOMIHAJIBHOTO (i€aNbHOTO) € HASBHICTH BiAXWICHb HapaMmeTpiB
CTaHy MOBEPXHEBOTO Iapy KPYMHOTa0apUTHHUX 3y09YacTHX KOJiC peanbHUX HpodinmiB Bix HoMiHaIbHUX. OCHOBHUMH
KIHIIEBUMH 33/1a9aMH, SIKi MOBUHHI OyTH BHpIIICH]I IPH JOCTIHKEHHI 3aKOHOMipHOCTEH peanbHOro popMOYTBOPEHHS, €
3aadi iMITaifHOTO MOJICITIOBAHHS MIPOTHO3YBAaHHS 3 3aJJaHOI0 BipOTiTHICTIO MMOXUOOK, SIKi BUHUKAIOTh, & TAKOX 33139l
YIPAaBJIiHHS, B TOMY YHCIi ONTHMAIBHOTO, [IUMHU ITOXHOKaMH.

Pe3yJ'H)TaTI/I CKCIICPUMECHTAJIbHOTO BU3HAUYCHHA HaBaHTaXCHHA 33.1.}13HH51, JJIs YMOB eKcnnyaTaui'l'
B2)KKOHABAaHTA)KEHHUX TIPCHKUX MAIlWH, JTO3BOJIMIIM YTOUHUTH 3HAYCHHs KoedillieHTa: JJIsi HeJeroBaHUX Macell — ¢, =
1,7; nnst Maced, JIErOBaHUX MPOTH3aJUPHUMHE NPUCATKAMU — Cp = 2,2.
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JAO0JIA B. E., IKOBEHKO 1. E.

AHAJITUYHMUIA OTJISA JOCJII)KEHD TEXHOJIOITYHOI'O 3ABE3IEYEHHS PEBEPC-
IHXKUHIPUHI'Y BIAIIOBIJAJIBHUX JETAJIEU TA3OTYPBIHHUX YCTAHOBOK

AHoTanis. Y CTaTTi NpPENCTABICHO aHali3 Cy4acHHX METOJMIB TEXHOJOTTYHOTO 3a0e3MEeUYCHHS PEeBEepC-iIHKUHIPUHTY (3BOPOTHOTO
MIPOEKTYBAHHS) BiINOBiaJbHUX BY3TiB Ta3oTypOiHHHX ycTaHOBOK (I'TVY). IIpakTHYHHM AOCBiZOM IOBEACHO, IO OCHOBHOIO IIEPEIIKONO0I0 Y
BIATBOPCHHI 3HOIICHHMX JeTajleil € II0J0JaHHS ¢(CEMaHTHYHOIO PO3PUBY» MDK HemapameTpudHor 3D-monemmo (reOMETPUYHOK CiTKOI),
OTPUMAHOIO ITiJl YaC BUCOKOSIKICHOTO CKaHYBaHHsI, Ta KOHCTPYKTOPCHKO-TEXHOJIOTYHOIO TOKYMEHTAIII€I0, HEOOXITHOO JUIsl MiATOTOBKH BUPOOHHUIITBA
y CAM-cucremax. Iliakpecneno, mo i eaeMeHTiB npotoynoi yactuau ['TY (koMmpecopiB Ta TypOiH) Ba)JIMBO HE TiIbKU BiATBOPUTH 0a3oBy
reOMETpito, ajie il TOYHO BU3HAYNUTHU ITAPAMETPH ITOBEPXOHb, SIKi BIUIMBAIOTh HA aCPOTEPMOAMHAMIKY BTOPUHHUX IOBITPSHUX CHCTEM i CTIHKicTh 10
LHUKIYHUX HaBaHTaXeHb. Ha OCHOBI aHami3y IMepeJoBHX [JOCII[DKeHb CHCTEMAaTH30BAaHO MiAXOAM 10 aBTOMATHYHOIO pO3Mi3HABAHHS
KOHCTPYKTHBHHX ejieMeHTiB (Automatic Feature Recognition, AFR). Oco6miBy yBary npuiieHo HOBUM MeToaaMm inTterparii ocnoBHux CAD-cructeM
13 CHCTEMaMH IITYyYHOTO iHTENEeKTy, 30KpeMa BeInKHIMH MoBHUMHU Mogemsivu (LLM), 3a monomororo npotoxonis Model Context Protocol (MCP) Ta
nporpamuux intepdeiicis (API). Bussieno, 1o Ha cydacHoMy etari HugpoBoi Tpanchopmaii MaltMHOOY IyBaHHS Hafle(EKTUBHIIINM € T1OpHIHUI
migxin. Bin moexnye napamerpuunuit anamiz 3D-monerneit uyepe3 APl CAD-cucteM i3 CEMaHTHYHOIO IHTEPNpPETALi€0 OTPHMAHHX JaHHX
HellpoHHUMHU Mepexkamu. Lleil minxin 3a0esnedye onTHManbHHII OalaHC MDK TOYHICTIO, IIBHUAKICTIO Ta BapTICTIO TEXHOJOTIYHOI MiATOTOBKU
BupoOHHITBa. Lle 103BONSIE MiANPHEMCTBAM, IIO 3aiiMArOTHCS CEPBICHHMM OOCITYrOBYBaHHSIM Ta BiIHOBJICHHSM BimmoBimampHux neraneit [TV,
e(eKTHBHO aBTOMATHU3YBAaTH MPOLIECH MPOEKTYBAHHSI HABITh 32 YMOB OOMEKEHHX PECYpPCIB Ul CTBOPEHHS BIACHUX CIICIIAi30BAHHX CHCTEM
MAIIHHHOTO HABYaHHSI.

Knrouoei cnosa: peBepcuBHUI IHKHHIPHHT; ra30TypOiHHI YCTAHOBKH; TEXHOJOTIUHE 3a0e3medueHHs; 00poOka TexHiuHOl HoKymeHTarii; 3D-
ckanyBanHs; MCP-cepBepu; Bennki MoBHI Mozeni (LLM); CAM-cucremu.

DOLIA V.E., YAKOVENKO IL.E.
ANALYTICAL REVIEW OF TECHNOLOGICAL SUPPORT FOR THE REVERSE ENGINEERING OF
CRITICAL GAS TURBINE COMPONENTS

Abstract. This paper presents a comprehensive analysis of modern methods for the technological support of reverse engineering applied to
critical components of gas turbine engines (GTESs). It is demonstrated that the primary obstacle in the reproduction of worn parts is overcoming the
"semantic gap" between the non-parametric 3D model (geometric mesh) acquired through high-fidelity scanning and the design and technological
documentation required for manufacturing process planning in CAM systems. The study emphasizes that for GTE flow path elements (compressors
and turbines), it is crucial not only to reconstruct the baseline geometry but also to accurately identify surface parameters that affect the
aerothermodynamics of secondary air systems and the resistance to cyclic loading. Based on an analysis of cutting-edge research, approaches to
Automatic Feature Recognition (AFR) are systematized. Particular attention is given to novel methods of integrating mainstream CAD systems with
artificial intelligence, specifically Large Language Models (LLMs), via the Model Context Protocol (MCP) and Application Programming Interfaces
(APIs). It is revealed that at the current stage of digital transformation in mechanical engineering, a hybrid approach proves to be the most effective.
This approach combines the parametric analysis of 3D models via CAD APIs with the semantic interpretation of the extracted data using neural
networks. This methodology ensures an optimal balance between accuracy, speed, and the cost of manufacturing process planning. Consequently, it
enables enterprises engaged in the maintenance and restoration of critical GTE components to effectively automate design processes, even under
constrained resources for developing proprietary, specialized machine learning systems.

Keywords: reverse engineering; gas turbine engines; technological support; technical documentation processing; 3D scanning; MCP servers;
large language models (LLMs); CAM systems.

Beryn

CydacHi I1H)KGHEpHI TMpOILECH CTBOpEHHS Ta30TypOiHHMX yctaHoBoK (['TY) mnoumHaroThcst 3 po3poOKH
mapameTpuaHux 3D-momeneit 'y cmctemax aBTomaTtm3oBaHoro mnpoektyBaHHS (CAIIP). Koncrpykropchka Ta
TEXHOJIOTIYHA JIOKYMEHTAIlis, sika MOTpiOHA [UIs MOAANbIIOr0 BUKOpUCTaHHSA B cuctemax CAM, € moxigHuM
NPE/ICTaBICHHIM, 10 TeHepyeThesi Oesmnocepenubo 3 BuximHoi CAD-mopneni. Ilpore y cdepi oOciayroByBaHHs Ta
pemonty I'TY BuHMKae oOepHeHa 3a1aua. OpuriHaibHI JaHi 3a3Bu4ail BincyTHi. BuxigHoro Toukoro € npocroposa 3D-
MOJIeNIb, OTPHUMaHa [UISIXOM BHUCOKOTOYHOTO CKaHyBaHHS 3HOMIEHOro a0o0 MOMIKO/DKEHOro o0'exta (nerani).
Hanpuknan, nonatku 4 1ucka KOMIIpecopa.

BcraHOBHTH 1OYaTKOBY T'€OMETPII0 TaKMX CKJIAQJIHONPO(UIBHUX JieTaledl - 3aBAaHHS IMiJABHIIEHOI CKJIAIHOCTI.
OcobamBo micns iXHBOT ekcIuryaTanii B yMOBax TemreparypHux Jedopmaniii Ta 3Hocy. OcHOBHa mpoOiiema peBepe-
IHKUHIPUHTY (3BOPOTHOTO IPOEKTYBAHHS) MOJATa€ y CTBOPEHHI MOBHOIIHHOI KOHCTPYKTOPCBHKOI JOKyMEHTAIii Ha
OCHOBI «HIMOI» TToJtiroHaNbHOT 3D-Mozerni. MeTa 1poro erary - 3a0e3Me4YnTH MakCUMalbHe aBTOMAaTHYHE BU3HAUCHHS
MIOBEPXOHb Ta iXHIX MapaMeTpiB, TAKHUX K POpMa, PO3MIpH, AOITyCKH Ta IOPCTKICTb.

[IpaktiuHe BupimeHHs 1iel mpodiaeMu 6e3nocepeIHbO CIUPAETHCS Ha alITOPUTMH aBTOMATHYHOTO PO3ITi3HABAHHS
KOHCTPYKTUBHHUX eJleMeHTiB (Automatic Feature Recognition, AFR), mo 3abe3meuyroTs iHTerpariro mpoeKTyBaHHS 1
BHPOOHHMIITBA. AJle Ha NUIAXY A0 MOBHOI aBTOMATH3aIlil CTOITh KOHIENTyadbHHH «CeMaHTUYHHH po3puBy. Y CAD-
cucreMax (OpMOYTBOPIOBATIbHI €IEMEHTH BUCTYMNAIOTh 3PYYHHMH aOCTPAKIisIMH, TaKUMH, SK «OTBIp», «ma3» abo
«3aMKOBe 3'¢THaHHs». BOHM m00pe BimoOpaXkaroTh 3aayM IMPOEKTYBAIbHHKA 3 TOYKM 30py TeOMETpii, MPOTEe IHOTO

HenoctaTHbo 1151 CAM-cucrem Ta BUPOOHUIITBA.
© B.E. o, LE. SIkoBenko.2025
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V miaroToBii BUpOOHUIITBA BUKOPUCTOBYIOTHCSI BAPOOHHY1 €JIEMEHTH, SIKi TIOB'sI3aH1 3 TEXHOJIOTTYHUMHU
oTIepamisMy, iIHCTPYMEHTaMH Ta MOCTiTOBHOCTIMHA 00poOku. Hampukiman, onuH i TOH jke eIEMEeHT KPIIICHHS JIOTaTKA
MOJKE BiMOBIIATH Pi3HIM BUPOOHUYHM OTIEpAIlisiM, TAaKUM K Gppe3epyBaHHA, IITiQyBaHHSI a00 IPOTATYBaHHS,
3aJIeKHO Bifl HEOOX1THOI TOYHOCTI Ta SKOCTI MMOBEPXHI, SKi HE 3aBKIM MOYKHA OTPHUMATH 3 UUCTO TEOMETPUIHOTO CKaHy.
Tomy ¢ynkmionan AFR mpu pesepc-imkuHipuaTy meraneit I'TY Mae BUXOAWTH MANeKO 3a MEXi 3BHYAITHOTO
MOIIYKY MATEPHIB Y XMapi TOYOK. J[OCIITHAKY IIYKAIOTh MUISX 10 MOBHOI[IHHOTO NEPEXOy BiJ aOCTPaKTHOT reoMeTpii
JI0O MOBH peajbHOTO BUPOOHHITBA. [HTENeKTyanbHa CHCTEMa IMOBUHHA PO3ITI3HATU CKIIaAHY KPUBOJIHIHHY MOBEPXHIO i
CaMOCTIHHO 3reHepyBaTH BHMCHOBOK NP0 MeToJ 11 BIAHOBICHHS YHM BUTOTOBJCHHS. A 1le¢ BHMarae TIJIHOOKOI
iHTeprperanii Hes;BHOT iH(pOpMamii Ta TEXHIYHOTO KOHTEKCTy, IO IEPETBOPIOE PO3IMI3HAHHS 3 TI'€OMETPUYHOTO
3iCTaBJICHHS Ha CKJIaJHY 3ajJady, sika BKJIIOYA€ MPECTaBICHHS 3HAHb 1 JIOTIYHUI BUCHOBOK.

Meta gocaixKeHHs

Meta [mOCHiKEHHA TIOJSTa€  y KOMIDIGKCHOMY aHAmi3l Ta CHCTeMaTW3alii CydJaCHHX METOMOJIOTIiH
aBTOMATH30BAaHOTO OTPHUMAaHHS MapaMeTpiB KOHCTPYKTUBHUX elleMeHTiB 3 3D-mopeneil st mo10IaHHs CEeMaHTHYIHOTO
PO3pHUBY U peBepC-IMKUHIPUHTY BiAmoBinanpHuX Aetaneid ['TY.

JLis focsTHEHHS ITi€l METH MOTPiIOHO BUPIIINTH TaKi 3aBIAHHS:

- IpOaHali3yBaTH CyYacHUH CTaH METPOJIOTIYHOTO 3a0e3MEeUeHHs Ta BHUSBUTH OOMEKEHHS KIACHYHUX CHCTEM
posmizHaBanHs (AFR) npu po0oTi 3 oiroHanTbHUMU MOJIETISIMU;

- JOCIIUTH TEOPETHYHI aCleKTH CEMaHTHYHOI HEBIIOBIIHOCTI M reomerpuuHumu adctpakuismu CAIIP ta
TexHoJoriuHuMu BuMoramu CAM-cucrem;

- OL[IHUTH MOXJIMBOCTI cy4yacHuxX mapamerpuunux CAD-cucrem mono Hapanus API-moctymy 10 TOHMONOrigHUX
nmanux 3D-Moenei;

- IpoaHami3yBaTu e(peKTUBHICTh 3aJTy4CHHS BETUKUX MOBHUX Mozeneit (LLM) Ta mpoTOKoJiB KOHTEKCTY MOJEINTI
(MCP) nns cTBOpeHHS T1IOPHIHIX aNTOPUTMIB CEMAaHTHIHOI iHTEPIIPETallii MpOCTOPOBOi TeOMeTPil;

- 3IIHCHUTH MPaKTHYHY ampoOariito po3poOiIeHoro TiOpuIHOTO METOLY Ha MPUKIAI] MapaMeTPUIHOI ONTHMI3amii
CKJIaTHOTIPO(UTBHOT IHTETPaTbHOI TYpOiHH.

AHaJli3 0CHOBHUX JOCATHEHb i JiTepaTypu

Peaiizaniss mpoueciB peBepc-IHKUHIPUHTY BiamoBimaidpHux neraneid I'TY moB's3aHa 3 eramoM OTpPUMaHHS
NepBUHHUX TpocTopoBux aanux (Data Acquisition). SIkicTe, TOYHICTH Ta MOBHOTa iH(poOpMalil, 3i0paHoi Ha LLOMY
erami, € (yHIAaMEHTAJIbHUM 0a3vMcoM Uil BCi€l MOJAJIBINOI TEXHOJIOTIYHOI MiAroToBkH BupoOHHUTBA. CydacHe
METpOJIOTiuHe 3a0e3NeueHHs] peBepC-IHKUHIPUHTY 0a3yeThCsl Ha BUKOPHCTAHHI JBOX OCHOBHHX KJAciB OOJIaJHAHHS.
[Mepmnit - xoHTakTHI KoopauHaTHi BuMiproBasbHI Mawmmau (KBM). Jlpyruit - Oe3koHtakTHi 3D-ckanepu, o
MIPAIOIOTh HA TPUHIUIIAX JIA3EPHOI TpiaHTysii a0o cTpyKkTypoBaHoro cBitia [1].

KoHTakTHI MeToAM TapaHTYIOTh CYOMIKPOHHY TOYHICTh IO3HIIIOHYBaHHS Ta € Oe3aJbTepHATUBHUMH TIPU
oOmiproBaHHI 0a30BHX NMpPU3MATHYHUX IOBEPXOHb, YCTAHOBUMX 0a3 Ta BHCOKOTOYHHX IOCAJKOBHX OTBOPiB. OJHAK
cnenndika ['TY (mampukman, arperariB kimacy Solar Centaur 40) monsrae y HasBHOCTI BEIHKOI KiTBKOCTI
CKJIaTHOTIPO(UTBHAX KPUBOJIIHIHHIX MTOBEPXOHB MPOCTOPOoBOi opmu. [Ipu omudpyBaHHI aepoAMHAMIYHUX ITOBEPXOHB
POTOPHUX JIONIATOK, SIIEMEHTIB CTATOPHUX KOJOMA3iB (stator-wells) Ta mpoCTOpOBUX KaHAIIB HANPABISIOYHX arapariB
BukopuctanHsi KBM crae HaaMIpHO TPyJIOMICTKHM, a MOJEKYAU - HEMOXIIMBHM Yepe3 FeOMETPUYHY HEIOCTYITHICTh
30H BUMIiproBaHHA [ 1, 2].

B yMoBax peanbHOro cepBiCHOro 00CIyroBYBaHHSI €HEPreTHYHHUX Ta aBiallliHUX yCTAHOBOK a0COJIIOTHA repeBara
BiJIa€ThCcsl OE3KOHTAKTHMM CHCTEMaM BHCOKOTOYHOTro 3D-ckanyBanHs. Lli MeToanm M03BOJIAIOTH TIeHEpYBaTH
BUCOKOIIUIbHI XMapHl TOYOK, SIKi 3r0JIOM IUISIXOM MaTeMaTH4HOI alpoKCHUMallil HepeTBOPIOIOTHCS Ha CYIIbHI
MOJIITOHAJIBHI CITKH (K paBuio, y ¢popmarax STL a6o OBJ). I came TyT HOCITITHUKH CTHKAIOTHCS 3 (PyHIaMEHTAIbHUM
TeXHOJIOTiYHAM Oap'epom. [loniroHanpHa MOJAENb - I JUINE AUCKPETHE HAOMIKeHHs ¢izudaHoro ob'ekra. OTpumana
CiTKa MOX€ MICTHTH MUIBHOHU MIKPOTPUKYTHHKIB, SKi 3 BHCOKOIO TOYHICTIO ONHCYIOTH 30BHIIIHIO OOOJOHKY JIETall,
IpoTe 3 IHXKEHEPHOI TOYKM 30py Taka MOJeNb € aOCOMOTHO «HiMOro» [1]. BoHa He Mae TOMOJOTiYHOI CTPYKTYpH
(Boundary Representation, B-Rep), He MicTHTh mapaMeTpu4HOi iH(opMauii Opo pajaiycH CHPsDKEHb, OCI CHMETPIl,
JIOITYCKH (DOPMH Ta B3aEMHE PO3TAIlyBaHHS [IOBEPXOHb.

Ja BignoBimameHUX BY31miB ['TY BigxXuimeHHS MiKporeoMeTpii MOBEpXHI MOXKE TPHU3BECTH [0 KPUTHIHHUX
HacHiAKiB. 3MiHUBCA Tpodine y cTaTropHuX Konon3sax? [lopymmacs reomerpist nmabipuHTHUX yiriasHeHs? Ll sBumma
BHKJIMKAIOTh MApa3uTHI aepoTepMoaArHaMiuHi sBuma. KnacwaHwii mpukmaz - BiHAK-HArpiB. e aBuIIe MOsSCHIOETHCS
AK, {HTEHCUBHE BHIUICHHS TEIUIa 4epe3 B'A3Ke TEPTS MOBITPA y BTOPHMHHUX MOBITpsSHMX cuctemax [3]. Lle cyrreBo
3HIKy€e 3aranbHui Tepmidani KKJ[ xommpecopa Ta mpu3BOAUTEL 10 TeMIepaTypHux Aedopmarniid aucka [3]. Orxe,
«HIMay TIONIrOHAJIbHA CiTKa He MOXe OyTH Oe3rmocepeIHhO BHKOPHCTaHa IJs TeHeparii kepiBHuX mporpam y CAM-
cucremMax. BinnosigHo, etanm 300py I€OMETPUYHHMX JAHUX € JIMIIE MOYATKOBUM KPOKOM DPEBEpC-IHKHHIPHHTY, SIKHHA
3YMOBIIIOE TOCTPY HEOOXiTHICTH PO3POOKHM METOJIB MOJAIBIIOT TIUOOKOI PEKOHCTPYKIIT Ta IHTENEKTyalbHOI
napaMmeTpu3anii oTpuManux mozeneit [1].

CydacHi JOCIHIIKEHHSI 30CEpeIDKYIOThCS Ha TiOpuaHuX migxonax[4]. HaykoBii HamararoTbCs ITO€THIOBATH
nepeBaru pizHHX MerojiB. Hanpukiaz, inTerpauis MammHHOro HaBuaHHS 3 AutoCAD[S] no3BoJjisie aBTOMAaTHU3yBaTH
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MPOEKTHI TPOIECH NUIAXOM aHami3y MaOJOHIB TPOEKTYBAHHS Ta MPOTHO3YBAaHHS HACTYIHUX i KOpHCTyBada.
Haiikparmmi pesynbTaTtd 3a TOYHICTIO 3apa3 MOKa3yIOTh CHCTEMH, SIKi IMOETHYIOTH aHali3 PacTPOBHX 300pakeHb depe3
Besmki MoBHI Mozeni (LLM) i3 mpsamum BritydeHHAM Tononorii gepe3 API-intepdeiicu CAD-cuctem [6].

HesBaxkaroun Ha 3HAYHI JOCSATHEHHS, iCHY€ KiJIbKa HEBHPIIEHUX TPOOIEM.

[o-mepmie, BimcyTHicTh cTaHmapTiB i iHTerpamii CAD-cuctem 3 Al-TeXHONOTiIAMH YCKIAIHIOE PO3POOKY
YHIBEpCAIbHUX PillIeHb.

[To-npyre, odmexeHa 3xaTHiCTh cyyacHnx LLM 1o mpocTtopoBoi iHTyiuii cTBOproe TpyaHoi npu axainisi 3D-
reomeTpii.

[To-Tpere, mpobiema kiacudikaiii MOBEPXOHb, BCTAHOBJICHHS HOMIHAJBHUX PO3MIpIB Ta JOMYCKIB JJISI HHUX
3aJIMIIAETBCSL  aKTYaIbHOIO, OCOOJMBO Uil CKIagHMX (OpM, HECTaHAApPTHUX KOHCTPYKTHBHHUX €JIEMEHTIB Ta
MTOIITKOIKEHNX TTOBEPXOHB [1].

Iomanpmi mochimkeHHS MOTPEOYIOTh PO3BHUTKY CIICIiasli30BAaHUX MOJENeH MAIIMHHOTO HaBYAaHHS, HAaBYCHUX Ha
BEJIMKHUX HAOOpax TaHWX TEXHIYHHUX KPECJCHb, a TaKOXK CTBOPEHHS OiNbII eeKTHBHHUX iHTepQeiiciB s iHTerpamii
CAD-cuctem 3 Al-xommonenTamu [1]. OcoOnuBy yBary ciia NpUIUTATH po3poO0Ili METOIIB CEeMaHTHIHOI iIHTepIpeTamii
JTAHWX, [0 JO3BOJIUTH MOJIONATHA PO3PHUB MiXK MPOEKTYBATEHAMH Ta BHPOOHIYUMH eIeMEHTaMu [2].

TeopeTH4yHi 0CHOBH MOJ0JIAHHA «CEMAHTUYHOI0 PO3PUBY» MPHU peKOHCTPYKUii 3D-Moaeei

[epexin Big JIUCKPETHOI MONITOHANBHOI CITKM JO TBepHOTUIbHOI mapamerpudHoi CAD-mozmeni e, maOyTs,
HAWCKJIAJHIIIAM ~ TEXHOJIOTIYHHM  €TalloM 3BOPOTHOTO  TPOEKTYBaHHS. 3a3BUuail  IH)KEHEPH HAMararoThCs
aBTOMATU3yBaTH Lieil Mpolec 4epe3 ajJroOpuTMH pO3Ii3HaBaHHS KOHCTPYKTHBHUX esieMeHTiB (AFR) [2]. Icropuuno
knacuuHi migxoaun AFR 06asyrorbest Ha rpadoBux Merojax (IOUIYK TOMOJIOTIYHHMX ITaTepHIB), METOAaX 00'€MHOT
Jekomno3uii (BigHiManHs 00'eMiB Bij 0a3oBoro mapaseserimnesia) abo Ha CUCTEMax, [0 BUKOPHCTOBYIOTh JKOPCTKI
noriyi npasuna [7]. IIpore mpaktuka moBoauTh iHmie. /st pekoHCTpykuii 3HomeHux aeraneit I'TY i cucremu
JIEMOHCTPYIOTh CYTTEBI 0OMEKEHHS Ta HIU3bKY €()EeKTUBHICTb.

I'mubuHHa CyTHICTB MPOOIIEMH TOJISTAE Y MPUHIIAIIOBIHA BiIMIHHOCTI IOHATH KOHCTPYKTHBHOTO eixeMeHTa (feature)
Ha eTamax MPOEKTYBAHHS Ta TEXHOJIOTIYHOI MiATOTOBKM BUPOOHHUITBA. Y CHCTEMax aBTOMAaTH30BAHOTO NPOEKTYBAHHS
(CAD) ¢opmoytBoproBanbHi enemeHTH (form features) sBissroTe cO0OK0 abcTpakmii, 3py4dHi UIT KOHCTPYKTOpa -
«OTBIp», «YCTYI», KHIICHSI», «ma3», «packa» [1]. Bornm moOpe ommcyroTh BUKIIOYHO T€OMETpHYHY (opMmy 1 €
6a3oBuME O10kamu imeamizoBanoi 3D-moxeni. Hatomicts mms CAM-crucTeM X TeOMETPHIHHUX aOCTpaKIliif KPUTHIHO
HEJIOCTaTHhO. Y KOHTEKCTI MiJATOTOBKH BHPOOHUIITBA OMNEPYIOTh MOHATTSIM BUPOOHMYMX ejeMeHTIB (manufacturing
features), siki JKOPCTKO TpHB'A3aHI 10 KOHKPETHHX TEXHOJIOTIYHHMX OIepalliif, KiHEeMaTHKH BepcTaTa, pi3ajbHOTO
IHCTPYMEHTY Ta IOCJiI0BHOCTEH 00poOKH [8].

Came 11 KOHLENTyaJdbHa pPO30ODKHICTH IOPOJPKYE TaK 3BaHMH «ceMaHTUUHHHA po3puB» [1]. Posrisnemo
knacuuHuid npukian. Anroputm AFR moxe posmizHarn Ha 3D-ckaHi Kommpecopa LWIIHAPUYHY ITOPOXKHUHY,
KiacuQikyBaBIIu ii MPOCTO SK TeoMeTpH4YHMi «oTBip». OgHak B ymoBax ekcruryaramii ['TY ns moposkHWHa Moxe
BUKOHYBaTH (YHKIIII0 BHCOKOTOYHOTO MOCAJKOBOTO MiCIl i/l BaJbHUIIO KOB3aHHSA, IO BUMarae oreparii
MPEIM31HHOTO PO3TOUYBAaHHS 3 JKOPCTKMMH JIOITyCKaMH Ha KPYTJIOMIpHICTB, ab0 K OyTH €JIEMEHTOM CHCTEMH
OXOJIO/DKEHHSI, JIe TOYHICTh HE Taka KPUTHYHA, aje BaXJIMBA sIKiCTh MOBepxHeBoro mapy [8]. Bubip rexnoioridnoi
omeparii 0e3mocepeHbO 3aCKUTh BiJl MOTPIOHOT TOYHOCTI Ta SIKOCTI IMOBEPXHI, sIKI HESBHO NPHXOBAHI y TeOMETpil
BIJICKAHOBAHOI JIeTalIi.

JKomen ximacuuHuii neTepMiHOBaHMI MaTematuuHuii anroput™ AFR He 3maTHHN CaMOCTIHHO po3ragaTd
(GyHKIIOHAJIbHE TNPHU3HAYEHHS Ta TEXHOJOTIYHI BHUMOIM BHKIIOYHO 3 aHallidy KPHBHHHM MOBEPXHI YM TOIOJOTI]
MOJIrOHAJBHOT CiTKM [2]. 3aBAaHHs CYTTEBO YCKIIAQJHIOETHCS THM, 110 PU PEBEPC-IHKUHIPUHTY TTI0YaTKOBA F€OMETPIist
4acTo € CIOTBOPCHOIO CKCIUTyaTaI[iifHO JErPaJallielo - Ta30BOK0 €PO3i€I0, TEPMIYHOK MOB3YYICTIO 200 MEXaHIYHUM
3HOCOM.

OTxe, CEeMAaHTHYHHIA PO3PHUB - 1€ AITOPUTMIYHA HE3ATHICTh KJIACHYHUX CHCTEM 3IIHCHUTH MEpexia Bill «MOBH
reoMeTpii» 10 «MoBH BHpoOHMHOTBa» [l]. [lojgomaHHA ©HOTO pO3PUBY IEPETBOPIOE 3agady PEKOHCTPYKIII 3i
3BUYAaHOTO T€OMETPUYHOTO 3iCTaBICHHS Ha CKJIAJHY MpoOJieMy CEeMaHTHYHOI iHTepmperanii, mo Oe3anbTepHaTHBHO
3YMOBITIOE HEOOXiTHICTh 3aTy4eHHS METOiB Al 1S IpecTaBleHHs 3HAHB 1 JIOT1YHOTO BUCHOBKY [9].

HopiBusabuuii ananiz CAD-cucrem y KoHTeKCTi MoxkIuBOcTell API-1ocTyny 10 TONOJIOriYHUX JaHUX

Jlis mo/ToNaHHA OMHMCAHOTO CEMAaHTUYHOTO PO3PHUBY HEOOXITHO CTBOPHUTH aBTOMATH30BAHMI KaHAN 3B'SI3Ky MiXK
reomeTpuuHuM sapoM CAIIP Ta 30BHINIHIMH aHATITHYHAMH aJTOPUTMAMH. Y MPOMHCIOBOMY peBEpC-iHXKHUHIPHHTY
ckaanHonpodineHuX netaneit I'TY wnaituactime BukopucTtoBytoThCsi CAIIP Bakkoro Ta cepemHpOro KiaciB: Siemens
NX, CATIA, PTC Creo ta SolidWorks. Yci mi cucreMu oOCHaIleHi CHEMiali3oBAHUMH MOMAYJISAMH Ui poOOTH 3
xMapamu Todok (Hampukiag, ScanTo3D y SolidWorks a6o Polygon Modeling y NX), ski 103BONISIOTE BUKOHYBaTH
HaIiBaBTOMATHYHY alpoKCUMaIlito noJironanbHoi citku NURBS-noBepxusamu [10].

[Ipore dyHKIiOHANT MX BOYZOBAaHMX MOJYJIB OPIEHTOBAaHMH IIEPEBAXHO HA PY4YHY abO IHTEPAKTUBHY pPOOOTY
IHKeHepa-KOHCTPYKTOpa. BoHM He 3maTHI caMOCTIHHO 31iHCHIOBAaTH TEXHOJIOTIYHY KiIAaCH(IKaIi0 PpO3IMiZHAHUX
enleMeHTiB. BinnosigHo, kimouoBuM kputepieM npugarHocti CAD-cuctemu Uit moOy/10BH BHCOKOABTOMATH30BaHOTO
komrutekcy TIIB crae He crinbku HasBHICTH BOymoBaHumx AFR-anaroputmiB, ckibku rmOuWHa Ta BIIKPUTICTB 11
nporpamuoro inrepgeiicy 3actocynkis (API) [10].
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IIporpamui intepdeiicu (taki sik NX Open, CATIA CAA V5 a6o SolidWorks API) HamaroTh MOMIIHBICTBH
30BHIIIHIM CKPHIITAM OTPUMYBATH NPAMUI HocTyn 10 MareMaTndHOTo sigpa CAIIP. Y KOHTEKCTi peBepc-iHKUHIPHHTY
API BukoHY€E (YHKIiIO TPEIHU3IHOTO eKCTpaKTOopa MPOCTOPOBHUX MaHWX. Hampukiaza, micias MepBHHHOI CerMeHTamii
BizickarHoBaHoi Moserni kommpecopa Solar Centaur 40, criemianizoBanuit makpoc uepe3 API Moke MUTTEBO OGUHCITATH
Ta eKCIOPTYBATH Y CTPYKTypOBaHOMY BUTIAL (Hampukiax, y dopmati JSON) MacuB KpUTHYIHUX MapaMeTpiB: TUTOLIT
MIOBEPXOHb, BEKTOPH HOpMaJeil, TOJIOBHI pajliyCH KPHBHHH, KOOPIMHATH LIEHTPIB Mac OKPEMHX CErMEHTIB Ta rpad
cyMmikHocTi rpaneit (B-Rep Tomosoriro) [10].

BaxnuBo 3azHaumty, mo xoda APl CAD-cuctem 3abe3nedye aOCONIOTHY MareMaTHYHY TOYHICTH (O CHOMOTO
3HAKy MICJIs KOMH), €KCIIOPTOBaHI JIaHi 3aJIMIIAIOTHECS CeMaHTUYHO HelTpambHuMH. APl Moxe mepenatd 30BHINIHIN
nporpami iHpOpMallio Npo Te, 0 JBI MMIIHIPUYHI TOBEPXHI € KOAKCIaIbHUMH, a iXHi giamerpu ctaHoBisith 120,05
MM Ta 120,15 mm BimmoimHo. OmHak Matemarwune siapo CAD He 3maTHe 3pOoOWTH JIOTIYHHI BHUCHOBOK, IO IIEH
nepenan JiaMeTpiB yTBOPIOE MabipuHTHE YIIIIbHEHHS BTOPUHHOI MOBITpAHOI cuctemu ['TY, sike KpUTHYHO BIUTMBAE Ha
BiHIIK-HArpiB [3].

Jus obrpynTyBaHHs BuOOpy 06a3oBoi CAIIP mpm moOynmoBi inTenekryanpHux cuctem TIIB, Oymo mpoeneHo
mopiBasutbHUIT API mpoBiganx CAD-cuctem. OCHOBHI KpuTepii OIIHKM BKIIIOYATH OCHOBHE NPH3HAYCHHS CHCTEMH,
3MATHICTE POOOTH 3 (haCeTHUMH MOJEISIMH, TTHOWHY mocTtymy no B-Rep Tomomorii Ta 3pydHicTH iHTerparmii 3
anroputMamu Al (ta6m. 1).

Tabmuus 1 - [lopiBHsnbHuUil ananiz moxuimBocteld API cyqacHux CAD-cucTeM y KOHTEKCTI IHTEJIEKTYaJIbHOTO peBepc-

IHKHUHIPUHTY

XapakTepucTHKa Siemens NX CATIA V5/V6 SolidWorks FreeCAD
Baxkuii napamerpuuHuii 3D-CAHP BA)XKOT'O KJIacy Mapaverpuane 3D- Biputuii CAITP 3
3D-CAIIP 1 cKJIagHOro JUIs1 aBiadylyBaHHS Ta

Ipusnavenns MALIHHOGY Ty BAHHS T2 ABTOMOBIIBHOT MOJIEJIIOBAHHS ISt aKIIEHTOM Ha SIpo
YAYB . . MalInHOOY Iy BaHHS OpenCASCADE
CHEPreTUYHOI ramy3i HPOMHCIIOBOCTI
OcHoBHi NX Open (C++, C#, CAA V5 (C++), VBScript SolidWorks API (C#, Python API

incrpymentn API

Python)

VB.NET, C++)

Hoctyn 10
napamerpis
NOJirOHAIBHOT
citkn (Mesh)

Bucoxkuil. IIpsimuii noctyn
10 BEpIIHH Ta (aceTiB
4epe3 MoxayJb Polygon

Modeling

Cepenuiit. PoboTa 3 xmMapamun
TOYOK BHMarae
cIieniaai30BaHuX
ninensiitanx Moxyiis (DSE)

Oobmexennit. Cadki
BOYZIOBaHI METOIU MPSAMOT
pobot 3 ciTkamu 6e3
moayist ScanTo3D

Bucoxwuii. [ToBuuit noctyn
1o moxyist Mesh Part na
PiBHI BUXiTHOTO KOIY

Excrpakuis B-Rep
TOMmoJIOoTii

Makcumanpauii. [ToBHUMIT
JOCTYII JI0 MATEMATHIHOTO
anpa Parasolid

Bucokuii. [loctyn 10 To4HHX
TeOMETPUYHHX MapaMeTpiB
TIOBEPXOHb

Bucokuwuii. IIpoctuii Ta
n00pe TOKYMEHTOBaHUH
JIOCTYII JI0 PajiyciB,
IUIOIIVH 1 HopMasel

Cepenniit. SIapo
OpenCASCADE nae
6a3oBnii GyHKITIOHAT

EKCTpaKIil

PiBens ckiiagHocTi
inTerpamii 3
xmapuuvu LLM

Cepenniil. HasiBHiCTD
HATUBHOI MiATPUMKH
Python 3Ha4HO cnpomrye
PpO3poOKy

Bucoxkuii. 3akpura
€KOCUCTEMAa BUMarae
CKJIQJTHUX MOI[yJTiB Ha C++
st ekeriopty JSON

Cepenniii. Bumarae
sukopuctauust C#/ NET st
¢opmyBanust HTTP-3anmTis

1o Al

Huspkwuii (Haiinermmii).
IneanpHa cymicHicTh 3
Python-6i6mioTexkamu st
HelpoMepex

AHaJi3 MaHuX, HABEACHUMX y Tabmuii 1, CBiMYMTH OpPO Te, MO YIS MiANPHEMCTB, SKi 3alMAaOThCS pEBEpPC-
IHKHHIPUHTOM BifmoBiAanbHux getaneii ['TY, onTUMaabHUM BHOOPOM € CHCTEMH 3 BIAKPUTOI apXIiTEKTYPOIO
(nanpuxnan, Siemens NX a6o FreeCAD) 3aBnsiku HaTuBHIN migTpuMmii MoBu Python, sika € cranmaptom ne-¢Gakro y
ctepi Al. Cucremu cepeanboro kiacy (SolidWorks) morpe0yroTh po3po0KH Creiani30BaHUuX MPOMIKHUX MOIYJIIB JIJIs
e(eKTUBHOT TpaHCIISLIT TOMOJIOTIYHUX JJaHUX /10 30BHIilIHIX Al-arenTis [11].

InTenexTyasnizauisi npouecy po3ni3HaBaHHS: 32CTOCYBAaHHS BeJMKUX MOBHHMX Mojedeii (LLM)

Ockinbku nerepminoBadi anmroputMu CAD-cucteM He BOJOIIIOTH 3JATHICTIO JIO TEXHOJOTIYHOI pediekcii,
rapajiurma Cy4acHOT0 peBepC-iHXHHIPUHTY 3Mily€eThcs B OiK BUKOpHUCTaHHs cucteM Al [uist 31ifiCHEHHST ceMaHTHYHOT
iHTeprperanii mpocTopoBoi reomerpii. Cepen pi3HOMaHITHHX apXiTEKTyp MAIIMHHOTO HaBYaHHS OCOOJIMBY
MepPCIIEKTUBHICT JUIl MamIMHOOY/IBHOI raiy3i JeMOHCTpPYIOTh Benuki MoBHI Mojeni (LLM), Taki sk ocraHHI
nmokomiaHg Gemini, Qwen abo cnenianizoBaHi BiakpuTi Mogemi [11].

Icropnaro LLM po3pobmsmucs mis o0pobku npupogHoi Mou (NLP), mpoTte iXHS 34aTHICTh BHSBISATH CKIIaIHI
MIPUXOBaHI 3aKOHOMIPHOCTI Y BEIWYE3HUX MAacHBaX 0araTOBUMIPHUX JaHWX POOUTH iX YHIKAIbHUMH 1HCTPYMEHTAMHU
JUISI TIOJIOJTAHHST CEMAHTHYHOTO po3puBYy. HaBuaroynch Ha KOJOCATBLHUX 00OCATaxX TEXHIYHOI JOKyMEHTAIlil, aTeHTIB,
craggaptie (ISO, ASME, IACTY) ta nHaykoBux myOumikamifi, cygacHi LLM ¢opMmyoTs TaHOOKEe BHYTpIIIHE
NIPE/ICTABIICHHS 1H)KEHEPHHUX 3HaHb. BOHM OIepyroTh KOHCTPYKTHBHUMH MPHHIMIIAMU 1T00YIOBH MalllMH: HANpHKJIIA,
3maTHi iIeHTH(]IKyBaTH, IO AL KpIiIUIEHHS poOOYMX JIONATOK Ha JUCKY TypOiHM HalyacTille BHUKOPUCTOBYETBHCS
3aMKOBE 3'€JTHAHHS THITY «SJTMHKa», sIKE Ma€ crielu(idHi TeOMETPUYHI NPOIopLii Ta KOHIIEHTPATOPH HANpyXeHs [1].

VY 3anponoHOBaHId KOHIEMII] IHTEJIEeKTyaJIbHOro peBepc-imkuHipuHry LLM He mpaiioe Oesnocepennbo 3
Bi3yaJIbHUM 300pa)KeHHSM IOJITOHAJIBHOT CITKH, OCKIJIBKM KOMIT'TOTEPHUH 31p 4aCTO CXWIBHUH J10 METPUYHUX TTOXHOOK
Ta «raJIOlMHALIN» Yy BHM3HAUYEHHI TOYHHMX po3MmipiB. HaromicTh, MOBHa MOJENb OTPUMYE Ha BXiJ CTPOTO
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CTPYKTYpPOBaHUH TEKCTOBHH MAacHB TONOJIOTIYHHX NAaHUX (KOOPIAMHATH, BEKTOPH, Paliyc), MONEPEAHLO BUIIyYECHHI
gepe3 API CAD-cuctremu. 3apmannas LLM momnsrae y cemanTnuHii kmacudikarmii mux naaux. [IpoanamizyBasmmu rpad
CYMDKHOCTI TpaHel Ta iX IIPOCTOPOBY Opi€HTAIlifo, HeWpoMmepexka 37aTHa KiIachu(pikyBaTH aOCTpakTHY KOMOIHAIIiIO
IUTOIIMH Ta pajiyciB HA BiICKAHOBAHOMY POTOPI SIK «KOMIICHCAIIIHUHN Ta3», «MIicIie i OalmaHCYBaNbHUHN TATapeIb»
a00 «KaHaJT OXOJIO/KEHHS JTonaTkm» [11].

Kpim igenTudikamii BupoOHHYoro enemenra LLM 3maTHa reHepyBaTH PEKOMEHIAIT MIOAO TEXHOJIOTIYHUX
napameTpiB, siki (i3MYHO HEMOXKIMBO «I00AYNTH» HA 3HOMIEHIH Jerani. Hanpukiaa, po3mi3HaBIIN IOCAAKOBE MicCIe
i migmunHuk, Al 3BepraeThes 10 BIacHOi 0a3u 3HaHb CTAHAAPTIB 1 MPOMOHYE ONTHUMAaJbHI 3HAUYEHHS LIOPCTKOCTI
noBepxHi (Ra) Ta qomyckiB GpopMu [uIs TaHOTO AlaMeTpa Ta THITY OCaIKH.

Jliss HAaouyHOi JEeMOHCTpaIlli TepeBar 3alpoNOHOBAHOT IHTENCKTyali3alii Mpolecy, y TaOmuIl 2 HaBEeICHO
MOPIBHAIBHUI aHali3 MOXJIIMBOCTeH Tpammmiiaux cucteM AFR Ta TiOpuaHOTO MiAXOMy 3 BUKOPHCTAHHSIM BEIHKHX
MOBHHX MOJIeJeH TIPH BUKOHAHHI PeBEPC-IHKIUHIPUHTY

Tabmums 2 - TlopiBHsAIBPHA XapaKTePHCTHKA METOMIB pO3Mi3HABaHHA KOHCTPYKTHBHHX €JIEMCHTIB TIPH peBepC-
imkuHipuHTY netaneit ['TY

Kpurepiii nopiBHsiHHs

Kaacuuni nerepminoBani
aaroputmu AFR

Tiopuanmii migxin 3
Bukopucranusam Al (LLM)

Tun posnizHaBaHOro
eJleMeHTa

dopmoyTBoproBanbHuii (Form
feature) - cyro reomerpuuna
abcTpaxiiis.

Bupo6uuunii (Manufacturing
feature) - TexHonoriuHO
OpPIEHTOBAHUI E€JICMECHT.

3paTHicTh 10
KOHTEKCTYaJbHOI0 aHAJi3y

BincytHs. Anroput™ omiHIOE
JIMILIE JIOKAJIbHY KPUBHHY Ta
TOMOJIOTIIO IPaHEH.

Bucoka. AHanizyeTbcs 3aranbHAN
IHKEHEPHHUI KOHTEKCT JIeTal
(poTop, cTaTop, yIIiIbHEHHS).

CrilikicTb 10
ekcniyaTaniiiHux aedexTiB
(3HOC, epo3is)

Bxpaii Hu3pka. BigxuneHss Big
imeanbHOI MaTeMaTnaHOI popmu
HPU3BOAUTH 10 KPUTHIHOTO 30010
pO3Mi3HaBaHHS.

Bucoxka. Helipomeperka 31aTHa
ITHOPYBATH IIyMH Ta JIOTIYHO
EKCTPAIIOJIIOBATH MOIIKOKEHI
JUISTHKYA OasH.

[ToTpebye KOPCTKOrO KOyBaHHS
(Hardcoding) cotenn
MaTEeMaTHIHUX TPABIII Ta
IF/THEN ymoB.

BukopucToBye rHy4Ki cCeMaHTHYHI
3arnuth (Prompts) Ta anami3
cTpykrypoBaHux JSON-naHux.

CTtyninp 3aJIesKHOCTI Bijg
nporpaMyBaHHs

MoskauBa. BukopucroByerbes
3aKjageHa Oa3a 3HaHb
MDKHapOJIHUX MAIIHHOOYIIBHUX
CTaHIAPTIB.

I'enepauist TeXHOJIOTTYHUX
napamMerpiB (LIOPCTKICTB,
AOIIYCKH)

Hemoxmua. basyetbes
BHKJIIOYHO HA HasIBHIH
(BigckaHOBaHii) reomerpii.

OCHOBYIOUMCHh Ha JaHi 3 Tabauili 2, MOXHA 3pOOUTH BHCHOBOK, IO BIPOBA/DKEHHS MOBHUX MOJEJICH J03BOJISIE
3MIACHUTH SKICHUH CTPUOOK y TEXHOJOTIYHIM MiATOTOBI BUPOOHUITBA. SIKMIO KIAaCW4YHI aNTOPUTMHU JIUIIE
KOHCTATYIOTh HASIBHICTh reOMeTpU4IHOI opmu, To LLM 31iiicHIO€ T KOMITJIEKCHY 1H)KCHEPHY E€KCIIEPTU3Y, BUCTYIIAI0YH
B POJIi «IHTEJIEKTYAILHOTO areHTa, SIKM 3alI0OBHIOE MPOTAIIMHH BTPAYSHOT OPUTiHAIBHOT IOKYMEHTAIII1.

Interpaniss CAD ta Al: Bukopucranuss MCP-cepBepiB sk TeXHOIOTi4HOr0 MOCTa

[IpakTuuHa peasnizallisi TiOPUIHOTO MiIXO0AY B YMOBaX PeajbHOrO BUPOOHUIITBA CTHKAETHCS 3 (BYHIAMEHTAIbHUM
KOMyHiKaiiiinum OGap'epom. binbmiicts xomepriiinux CAIIP (mpoananizoBaHuX y IONEPEAHbOMY pPO3Aiii) MaloTh
3aKpUTY apXxiTEKTypy, sika He nepeadavac HassBHOCTI CTAHAAPTU30BAHUX KAHAJIB 3B'SI3KY 13 30BHIMIHIME XMapHUME Al-
arentamu [12]. Bupimennsam 1iei inTerpaniiiHoi mpobnemu € BmposamkeHHs MCP[13], axi y pamkax iHXEHEPHHX
3a7a4 MOKYTh OyTH aJanToBaHi sk 0araTOKOHTEKCTHI MPOTOKOJIHM JJIst 00poOku OararoBumipHux nanux. MCP-cepsepu
BUKOHYIOTh (DYHKIIIO YHIBEpCAJIBHOTO CEMAaHTHYHOTO TpaHCIATOpa MK TrpadiuHuM iHTepdeiicoM iHXeHepa-
KOHCTpyKTOpa Ta API Benmikoi MOBHOT MoJielti.

VY KOHTEKCTI TEXHOJIOTIYHOI MiATOTOBKM BHPOOHHMITBA BigmoBimansHux netaneit ['TY pospobiena aBropamu
KOHIENTYyaJ bHa apXiTEKTypa IHTEJNEKTyaJlbHOTO TEXHOJIOTiuyHOTO 3ade3neueHHss Ha 0a3zi MCP-cepBepiB HaBejgeHa Ha
puc. 1.
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c APXITEKTYPA LIM®POBOIO MPUIAOMY
JAHWX TA CAIP-KOHTEKCT

METPO/IOTIYHWUH MPUAOM JAHUX

2T =

Al-KEPOBAHA IHXEHEPIf

KOHEKTOP 10 OHTO/IOI4HOT 818 30BHILUHI IHXEHEPHI LLM
BA3W 3HAHD 9 & GTE DATABASES

MAPLUPYTW3ALIA | KELLYBAHHS R EL RTTT] GTE AI-ATEHT
METAZJAHUX

ONTUYHE CKaHYBaHHA Tetepayist XmapH IHXEHEPHWM (Advanced Engineering)
\ (lazepre/CrpyKrypoBaHe cBitno) TOYOK Ta CiTKH 3AMUT e Stress e il
" MCP-SERVER LK FEA’ <
CANP-94P0 TA TEOMETPUYHUN AHANI3 NURBS o2 Nemorvector  ODetection
CEMAHTH4YHA HOPMAJIISALIISL TEOMETPHYHUA | MEXAHIYHMA TA IATHOCTUKA
2 [ M el L
Y
© 29 ONTUMI3ALIA KOHTEKCTY LAl
%" lijawin GTE-3: IHXEHEPHOTO | i04OBI IHKEHEPHI ) (CMHTE3OBAHI PE3Y/ITATH)
3 . b Z e ) AHATI3Y 3ATATH TA ONTAMIZALYS
lenapamerpuyte podhinioBaHHs  CHHTE3 TONONOTIYHUX - <> W03 IRXEHEPHUX 3ATIUTIB - BifxHneHHa rpodsinio nonarku | | OnTuizoana NURBS-reoweTpis
\ LeoveTpiiie NORatiA_KpHBHHH NOBe 03Hak /) 333%%%?10 @ (Translation)  TIpOrHo3yBaHHA NOB3yocTi  [IpOTHO3yBaHHS BAACTHBOCTEl!
* MOIENI CATIP < < « AepoavHamiuHa eekusnicTy || MaTepiania
«Mepesipka winicvocri kawanis | | * MOAGb XATTEBOMO LKA

\ = Metpuku Banipauii CAE /)

Pucynox 1. KonmenrtyanpHa apxXiTeKTypa iHTEIEKTyaJbHOTO TEXHOJOTIYHOTO 3a0e3NEUeHHS peBepc-iHXKHUHIPHHTY
netaneit ['TY nHa 6a3i MCP-cepsepiB

BinmoBigHO 110 3ampONOHOBAHOI apXiTeKTypu (puc. 1), Tporec peBepc-iMKUHIPHHTY KOHIICTITYalbHO
MOJIISIETHCS HA TPU B3a€MOMOB'si3aHi Makpo-0moku. Biok 1 (36ip manux pesepc-inxkunipuury ta CAD-cucremu)
BIJINIOBITa€ 3a MEePBUHHUH 30ip maHux. Ha npoMy eTari 3a JOMOMOrow ontudHuX abo jasepuux 3D-ckanepis (Momyiib
300py JaHUX) TEHEepYEThCsl HellapaMeTpUYHa MOJIroHajJbHa MOJENb MOIIKOMKEHOI JeTani (HamnpHKiIaj, JIONATKH
komripecopa abo TypOinm). Ilicns 3aBanTaxkeHHs wiei citku B 6asoBy CAIIP (Catia / NX / FreeCAD), cucrema 3a
JornoMoror BHYTpilHIX APl BHKOHye 0a30By eKCTpakilifo MaTeMaTHYHHMX HapaMeTpiB kpuBuHHM ([lani anamizy
KPHUBHHHM) Ta BUIUIsE KOHTYpH noBepxoHb (Ekcrpakiis enemenTiB noBepxHi) [1]. IIpote, sik Oyno noBeneHo paimie, Ha
IIbOMY €TaIl MOJIETIb BCE III€ 3TUIIAETHCS CEMAaHTUIHO «HIMOIOY.

Kputnuanm By3mom inTerpamii Buctymae baok 2 (IIpomikue I3 nas cemanTu4noi iHTerpamii Ha 0a3i
MCP), sgpom sikoro € posropHytuii MCP-cepBep. I'onoBHa (YHKIsE LHBOrO MOAYIS - MapLIPyTH3aLlis Ta
MIEPETBOPCHHS «CHPUX» TEOMETPUYHUX MAaHUX y 3posyminmuid st Al dopmar. Monyns HOopMmamizanii manux (Data
Normalization Unit) ctpykrypye otpumani Bim CAIIP xoopamaatén Ta BekTopw. ami onmTuMi3zaTop CEMaHTHYHOTO
koHTeKkcTy (Semantic Context Optimizer) 30arauye mi naHi cnenudigaoro iHpopMariero 3 6a3u 3aans [ TY (Korektop
6a3u 3HaHb ['TY) - Hanpukian, BKa3ylo4H, IO JIETajb € EIEMEHTOM poTopa BHCOKOro Tucky. ®akruuno, MCP-cepsep
¢dopmye crienianizoBanuii imkeHepuuii 3anut (GTE-Prompt) ta 4epes Tpancmarop APl mis iH)XKeHEpPHHX 3aluTiB
BiZIMpaBJisie foro 10 xMapHoi Helipomepexi [14].

OTtpumaBmu cTpyKTypoBaHuil 3anut, Baok 3 (InxeHepia Ha 6a3i LI Ta KepyBaHHS KUTTEBUM LHUKJIOM), III0
0a3yeTbcsl Ha MOTYXKHOCTAX 30BHIMIHIX LLM Ta imkeHepHHX 0a3 JaHUX, BUKOHY€E TJIMOOKMI CEMaHTHYHHWI aHai3.
Inrenexryansuuit Al-areHT He nmuie kinacudikye reoMeTpuuHi eleMeHTH, aje W 3JaTeH iHIliIoBaTH IapaliesibHi
IHKEHEepHI po3paxyHKH. Sk MMoKa3aHo Ha CXeMi, CHCTeMa aHalli3ye BimxmieHHs npodimto onatku (Deviation Analysis),
nepeBipsie HerepepBHICTh pekoHcTpyioBannx NURBS-nosepxons (IlepeBipka nempupuBrHOcTi G1/G2) Ta MOXe
B3aeMogisat 3 CAE-MoxysiMu 1UIsl OIIIHKH HAIPY KeHO-Ie(OPMOBAHOTO CTaHy Ta CTPYKTypHOI mimicHocTi [11]. Tlicns
3aBepiieHHst aHamizy, MCP-cepBep peTpaHcimroe 0OpoOJeHi, TEXHOJNOTIYHO oOrpyHTOBaHi mHaHi (PesymbraTém Ta
ontumizamis) Hazay y CAD-cucremy s aBTOMAaTHYHOI TeHeparii mapamMeTpudHOl MOJElNi, MOBHICTIO TOTOBOI IS
CAM-cucremu.

IIpakTHyHe 3acTOCYBAHHSA FIOPHIHMX AJTOPUTMIB: Bi moaironaabHoi citkn 10 CAM-Mopesti

[TpakTH4yHE 3aCTOCYBaHHS OINUCAHMX TIOPUIHMX AITOPUTMIB OOPOOKHM NMPOCTOPOBHX JaHMX, 110 0a3yrOThCS Ha
cuneprii napamerpuuHux CAIIP Ta reHepaTHBHOTO INTYYHOTO IHTENEKTY, JOKOPIHHO 3MIHIOE KJIACHUUHY Mapajurmy
3BOPOTHOTO MpoeKTyBaHHs. TpaauuiiiHuii miaxin, sKUi BUMaraB BiJ| iH)KeHepa-KOHCTPYKTOpa JECATKIB TOJUH Py4YHOT
mpami Uil epeTBOpeHHsT (aceTHOI XMapH TOYOK Ha IapaMeTpU30BaHy TEXHOJOTIYHYy MOJeb, Ha IPaKTHI
3aMIHIOETHCSI aBTOMATH30BaHUM KOHBEEPOM CEMaHTHYHOT0 0OMiHy nanumu [15].

OcHOBHa NpakTH4YHA IlepeBara pPo3poOJICHOTO TIOPHIHOTO MiJAXOJy MojArae y 3a0e3NedeHHI ONTHMAalIbHOTO
OajaHCy MK MaTeMaTHYHOIO TOYHICTIO, IIBHJKICTIO OOpPOOKM Ta €KOHOMIYHOIO JOLIIBHICTIO. MareMaTH4HE SIpO
CAD-cucTeMu rapanrye npenusiiHy TOUHICTh BUMipIoBaHb. HelipoMeperkam 00'eKTHBHO Opakye i€l TOYHOCTI ITijL yac
NPSIMOTO aHalli3y MOJIrOHAJBHUX MAacHBIB uYepe3 CXMWIbHICTh 10 «rajmouuHamniii». Hatomicte LLM 3abe3neuye
IH)KEHEpHY Ta TEXHOJIOTIYHY OCMHCIICHICTh PO3II3HAHUX eJIeMEHTIB (skoi Opakye nerepmiHoBaHuM anroputMaMm AFR)
[2].

3 eKOHOMIYHOI TOYKH 30py, MPAKTHYHE BUKOPHCTAaHHA cTaHAapTh3oBaHMX MCP-cepBepiB, SIK CHONIYyYHOI JIAHKH
Mix JokaabHIMU CAIIP Ta icHYIOYMMH MOTYKHUMH HEHpOMepe)kaMH 3arajJbHOro Ipu3HadeHHs (Takumu gk Gemini,
Qwen abo LLaMA), BinkpuBae HOBI MOXIMBOCTI JUIS MiATNPHEMCTB Maioro Ta cepeansoro OizHecy. Kommamii, mo
3aiiMalOThCsl PEMOHTOM Ta OOCIYyrOBYBaHHSM Ta30TypOIHHHMX yCTAaHOBOK, OTPHUMYIOTh 3MOIY YHHUKATH KOJOCAJIbHUX
(biHAaHCOBUIX 1 YaCOBHMX BUTpAT Ha PO3pOOKY, HABYAHHS Ta MIATPUMKY BIACHHX JIOKAJIBHUX CUCTEM KOMII'IOTEPHOTO 30pY
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3 HyJs [1]. Tarerpamis uepe3 MCP pobuts mepenoBi Al TeXHOJIOTIT JOCTYITHUMHE B SIKOCTI XMapHHUX CEpPBiCiB, SIKI JIETKO
MacITaOyroThCs il KOHKPETHI BUPOOHWY1 3aBIaHHS.

OTxe, BIIPOBAKCHHS 3aIPOIIOHOBAHOTO TIOPHIHOTO METOY y peajbHe BUPOOHHIITBO TapPAHTYE, IO BiTHOBIICHA
3D-mMomens MiCTHTHME HE TMPOCTO ifieadbHy MaTEMAaTHYHY KOIIFO0 3HOMICHOI TeoMeTpii Jerami, ane il BiIHOBICHI
TEXHOJIOTI4HI TTapaMeTpu (yCTaHOBUI 0a3u, NOMyCKH (GOPMH Ta PO3TAITyBaHHS, apaMeTpH mopcTkocTi). Lle no3Bomse
CYTTEBO CKOPOTHTH ITMKJI TEXHOJIOTIYHOT MiITOTOBKK BUPOOHUIITBA Ta 3a0€3MEYUTH PO3POOKY Oe3MeuHuX, ehCKTUBHUX
1 OE3MOMILTKOBUX KEPYyrOUUX mporpam st Beperaris 3 UITK.

BucHoBku
VY pe3ysbTati IpOBEICHOI0 KOMILICKCHOTO aHATITUYHOTO OTJISITy METOOJIOTIH TEXHOJIOT1YHOTO 3a0€3MeYCHHS peBepC-
IIKAHIpUHTY BiamoBinaneHuX fnetanei I'TY MoxHa 3p0OUTH Taki BUCHOBKU:

1. ImenTudikanis roaoBHOro TeXHOJOTiYHOro oap'epa. J[oBemeHO, M0 KPUTHYHOIO TEPEIIKOAOI Y UKL
BiITBOpeHHS ckiagHonpodinmepHux netaneit ['TY - me 30BciM He MeTpuW4HA TOYHICTH 3D-ckaHyBaHHA, a
«CEMaHTHYHMH pPO3pUB» MK HEHNAPaMETPUYHOIO MOJIMOHAJBHOI MOJAEINII0 Ta KOHCTPYKTOPCHKO-
TEXHOJIOTIYHOIO JOKyMeHTamiero. Tpamumiiiazi AFR  anroputMu BUSBWINCS HECPEKTHBHUMH IS
ineHTH(IKAII] TEXHOJOTIYHOIO TPH3HAYEHHS 3HOLIEHUX KPUBOJIHIHHMX ITOBEPXOHb, OCKIIbKM BOHH
OIEpPYIOTh CyTO FEOMETPUYHUMH a0CTPAKIISIMU, 8 HE BAPOOHUYNMHU eJIEMEHTaMU.

2. OOrpyHTyBaHHsl apXiTekTypu riopuaHoro miaxoxy. CeoroaHiHii eran nudpoBoi TpaHchopmarii
MaIIMHOOYAyBaHHSl BUMarae riopuaHux pimenb. Came BOHM JAEMOHCTPYIOTH HaiBuIly epekTHBHICTh. CyTh
METOoJly noJisirae y posnonini ¢pyHkuii: maremaruune siapo CAD-cucrem (uepe3 API) 3abe3neuye npenunsiiiny
CKCTPAKIIIF0 TOIMOJOTIYHUX naHuX, a LLM 3miliCHIOIOTh 1X KOMIUICKCHY CEMaHTHUYHY IHTEpIpETaIlilo Ha
OCHOBI 0a3u 3HaHb MAITUHOOYIIBHUX CTAHIAPTIB.

3. Poasp interpaniiinux texnosoriii (MCP). Buxopuctramas MCP no3Bomse ycyHyTH Tpobiemy 3aKpHTOI
apxitekrypu komepiuiitaux CAITP. MCP-cepBepr BHCTYNAarOTh €(EKTHBHUM TEXHOJOTIYHUM MOCTOM, SIKHN
CTaHIApTU3y€e€ OOMIH MPOCTOPOBHMH JaHUMH MK TpadidauM iHTepdeificoM iHKeHepa Ta 30BHIMIHIMU
XMapHUMH Al-areHTaMn, aBTOMaTH3yI04H IpolLiec TeHepallii HapaMeTpHYHUX TEXHOJIOTTYHIX MOJICIICH. .

4. TlpakTH4YHA Ta eKOHOMIYHA 3HAYYIICTH. 3aPONOHOBAaHA METOIOJIOTISI IHTEIEKTYaIbHOTO TEXHOJIOTIYHOTO
3a0e3MeueHHsT JI03BOJISIE CEPBICHUM MMIANPUEMCTBAM 3HAYHO CKOPOTUTH 4Yac MiArOTOBKM BHPOOHUIITBA
Kepyrouux nporpam st BepcratiB 3 UIIK Ta cTBopeHHs 0a30BHX MoOJeNel Uil alMTHBHOTO BUPOOHUIITBA.
BukopucTaHHs ~cTaHIapTH30BaHMX MPOTOKONIB iHTerpamii i3 3arampHOmocTynmHMMH LLM  ycyBae
HEOOXI/IHICTh KOJIOCAILHUX IHBECTHUIIN Y pO3POOKY JIOKAJIBHUX HEHpOMeEpex, poOJIsiu MepeioBi TEXHOIOTTT
pEeBEepC-IHKUHIPUHTY JOCTYIHHMHU JUIS MAJIOTO Ta CEPEOHBOTO Oi3HECy CHEPreTHYHOro Ta aBiamiiHOTO
CEKTOPIB.

[TizcymMoBytouM, MOXKHA CTBEP/XKYBATH, 10 MOTOYHUI CTaH PO3BUTKY HM(PPOBHUX TEXHOJIOTIH J03BOJISIE YCIIIIIHO
BIIPOBA/DKYBATH YaCTKOBO AaBTOMATH30BaHI pIMICHHS [UIA eKCTPakIii Ta OOpoOKM [aHWX TpO TMOBEPXHI 3
HerapameTpnuHux 3D-mopneneidl neraneil. Xoda aOCOMIOTHO MOBHA aBTOMAaTH3allisi Oe3 ydwacTi iHKeHepa IIe He
JIOCSITHYTa, BXKE 3apa3 MOXKHA 3a0e3NeunTH 3Ha4YHE MiJBUILIEHHS MPOJYKTHBHOCTI 3aBASKH JEJIEryBaHHIO PYTHHHHX
3aBJaHb 13 CeMaHTH4YHO! Kiacu(ikanii Ta BH3HAYEHHS MNapaMeTpiB CHCTEMaM LITYYHOTO iHTeJeKkTy. MaiOyTHe
PO3BUTKY raiy3i Oe33amepedHo Jiexuth y IuiomuHi riubokoi interparii CAD-cuctem, Al-rexHosoriii Ta
cneuianizopanux API, 110 cTBOpIOBaTMMYTh €JIMHE IHTEJIEKTyalbHE CEPEAOBHIIE Ui iHXeHEepHOI IisuibHOCTI. st
HEBEJIMKHUX KOMIIaHIH, sIKi 3aiiMaloThCs BIZIHOBJICHHSIM Ta PEMOHTOM BiJIIIOBIAJILHUX JIeTAJICil MAIIMH MaJIIMHU CEPisIMHU,
HaWOUIBII palioOHANILHUM Ta €KOHOMIYHO BHUIIPABJAHMM € BUKOPHCTaHHS I'OPHUIHOTO MiXOJy, SKWil CIIMPAEThCS Ha
iHTerpaIito 3 icHyrounMu xMapaumMu LLM 0e3 HeoOX1THOCTI HaBYaHHS BIACHHUX JIOKAJIbHIX HEHPOMEpEK.
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B. A. IEPBABA, B. A. KO3EHKO, O. O. BOI/IAHOB, B. I. KO3EHKO, C. B. AJIEKCEEHKO

BUKOPUCTAHHA TEXHOJIOI'TA 3D-APYKY ITIJ] YAC ITIPOEKTYBAHHS 3ACOBIB OBPOBITKY
TPYHTY

VY cTaTTi PO3rIHYTO MOXJIMBOCTI 3aCTOCYBAaHHS aJWTHUBHHX TEXHOJIOTIH y MpOLECi MPOEKTYyBaHHS Ta BIOCKOHAICHHs 3ac00iB 0OpoOiTKY
IDYHTY Ha IPUKJIAZl MEPCHEKTHBHOIO JiCOBOrO KyJIbTHBATOPA, MPH3HAYCHOIO JUIs eKCILTyaTalil B yMOBaX HEpO3KOpUOBaHMX BHPyOok. HaBezneno
knacudikamizo obmagHanHs it 3D-Apyky 3a piBHEM HOro JOCTYHNHOCTI Ta (DyHKIIOHANBHOTO INPU3HAYEHHS, IO OXOIUIIOE CIIOXKUBYHMIA,
nepcoHa bHUM, npodeciitHuii i BApOOHNUHIA KJIacH, a TAKOXK BUKOHAHO MOPIBHIbHUIT aHall3 cydacHHUX cucteM 3D-npyKy 3a BapTICTIO 3 OPIEHTALIEI0
Ha YMOBH €BpOICHCHKOro pHHKY. [lokasaHo, mo mepcoHanbHi 3D-MpHHTEPH 32 CBOIMHM TEXHIYHUMHU XapaKTEPUCTUKAMH Ta EKOHOMIYHHMH
[OKa3HUKAMH € JOLIIBHOI aIbTEPHATHBO JOPOrUM MPOQeCiiiHuM yCTaHOBKAM JJIsi BUKOPUCTAHHS B OCBITHIX 1 HAYKOBO-IOCIIIHHUX 3aK/Ia/ax.

VY Mexax JOCHiKeHHs po3p0o0JIeHO TPUBHMIPHY TBEPAOTLIBHY MOJEINb JIICOBOrO KyJbTuBatopa B cepenoBuili CAD-cucremu SolidWorks ta
3ailicHeHo il MiArOTOBKY 1O aJUTHBHOTO BHITOTOBIICHHS B mporpamMuoMmy 3abesnedenHi Simplify3D. Onmcano MOCITIZOBHICTh TEXHOJOTTYHUX
orepariiif, Mo BKIIOYAE Opi€HTALiI0 AeTanell y pobodoMy 00’eMi NpHHTepa, MacmTaOyBaHHS, HANANITYBaHHS IapaMeTpiB IPyKy, I€Hepalilo
MATPUMOK 1 (hopMyBaHHs KepyBanbHOro G-Kofay. 3alpornoHOBaHO IMiJXiJ 0 MOALTY BHXiAHOT IU(POBOT MOJENI HA OKpeMi (YHKI[IOHAJbHI By3/H 3
ypaxyBaHH;IM oOMexeHb pobouoi kamepu 3D-npuHTEpa, 0COOIMBOCTEH CIIPSHKEHHS €IEMEHTIB 1 HeoOXiHOCTI 3a0e3MeUeHHs PyXOMOCTI OCHOBHHX
BY3JIiB Makera. Y pe3yJbTaTi MPOBEACHO aJWTHBHE BHMIOTOBJIICHHS MacIITa0OBaHOI MOJENi KyybTHBaTopa B macmTabi 1:20 i3 BHKOPHCTaHHIM
eKCTpy3iiHOI TexHoJorii ApyKy. OTpUMaHMH MakeT BiITBOPIOE KOHCTPYKTUBHY OyIOBY, IPOCTOPOBE KOMIIOHYBAaHHS Ta B3a€MHE PO3TallyBaHHS
OCHOBHHUX BY3JiB MAIIMHH, 30€piralodd PyXOMICTh CEKIiii poOOYMX OpraHiB, €JIEeMEHTIB MiJABICKH # 3amoObKHHX MexaHi3MmiB. [loka3aHo, w0
HasBHICTh (DYHKIIOHAIPHUX PYyXOMHUX 3’€[HAHb JIa€ 3MOTY IMITYBaTH peajbHi poOOdl pyXW 3Hapsisl, aHATi3yBaTH HOro KiHEMaTHKy, TPaeKTopil
nepeMilieHHsT poOOYHX OpraHiB, XapakTep B3aeMomil By3IiB MK €000, a TAaKOXX OLIHIOBATH BIUIHB PIi3HUX BapiaHTIB KOMIIOHYBaHHS Ha
(YHKUIOHATBHI TApAMETPU KOHCTPYKIT.

OxpeMy yBary NpHUIJICHO aHAi3y IBOX OCHOBHHX BapiaHTIB KOMIIOHYBaHHS KyJIbTHBAaTOpa, NMPU3HAYCHUX UL CYLIIEHOTO 0OpOOITKY
MDKPSIb JICOBUX KyJIbTYp 1 UIsl JOTIISIIIB METOAOM OCiUTaHHsS psiaka. HaBemeHo iX KOHCTPYKTHUBHI OCOOIHBOCTI, MApaMeTpH PO3MILICHHS CeKIii
pobovnx OpraHiB i WIMPHHH OOPOOIIOBAaHHX CMYT, a TAKOX OOIPYHTOBAHO YHIBEpCAIbHICTh 3aMpPOMNOHOBAHOI MOIYJBHOI cxemu. PesymbraTti
IMITaLIIHUX JTOCHI/PKeHb CBIYaTh MPO 3IATHICTH KyJIbTHBATOpA HAIHO JOJIATH MEPEIIKOAW Y BUIVISAI IHIB 3aBBHIIKU O 38 CM 3a MIMOMHHU
00pobiTKy 12 cM, 1m0 MATBEPIKYE AOLIIBHICT BHKOPHCTAHHS TaKOi KOHCTPYKLII B YMOBaxX HEpO3KOpYOBaHHX BHPYOOk. Ilokasano, I10
3actocyBaHHs 3D-MakeTyBaHHsS Ha PaHHIX eTanax IPOEKTYBAaHHS A€ 3MOTY BHSBILITH KOHCTPYKTHBHI HEIOJIKM Ta HEPALiOHAIbHI KOMIOHYBAJIbHI
pilleHHs e 10 BUIOTOBJICHHS NOBHOPO3MIPHOTO JOCHIJHOrO 3pa3Ka, iCTOTHO CKOpPOUYYHOYM YacCOBI W MaTepiaiibHi BHTpaTH Ha JOBEICHHS
KOHCTpPYKIii. OOGIPYHTOBAHO MOJKIIHMBICTh BHKOPUCTaHHS MAcIITaOHOro (i3MYHOro0 MakeTa He JHIIe SIK IeMOHCTpAIiiHOro 3acoly, a U sK
(YHKUIOHATEHOTO eKCIEPUMEHTAIBFHOTO CTeHAA [Tl Bepudikalii pe3yabTaTiB iMITAliiHOrO MOZICIIOBAHHS, YTOYHEHHS apaMeTPiB MATEMATHIHHX 1
KiHEMaTHYHHX MOJIEJICH Ta IiABUILECHHS JOCTOBIPHOCTI IIPOrHO3YBaHHS pOOOTH KyJIbTHBATOPA.

Big3HayeHO OCBiTHIH i MOTHBAUIHHMI MOTEHLIAd aJUTHBHUX TEXHOJOTIH, sKi HO3BOUSIIOTH iHTerpyBatu cydacHi CAD/CAM-piweHss B
HABYAIBHUI TpOLEC, MiABUIINTH HAOYHICTh IH)KEHEPHHMX MUCLHMIUTIH 1 3aJyYHTH CTYACHTIB J0 aKTHBHOI HAayKOBO-ZOCIIAHOI Ta BHHAXITHHI[BKOT
IUSUIBHOCTI. Y WiJOMY pe3yNlbTaTH MOCIHIUKSHHS IiATBEPKYIOTh IHMEPCHEKTHBHICTH BHKOPHCTAHHS TexXHOJNOriH 3D-Ipyky sK IHCTpyMEHTY
Bi3yasizanii, iH)XCHEpPHOro aHaii3y Ta ONTUMIi3alii KOHCTPYKTUBHHMX DIllIeHb Yy Taiy3i HPOEKTYBaHHS 3ac00iB O0OpOOITKY IPYHTY, 30Kpema st
JIICOrOCTIOIapChKUX MAIIMH, OPIEHTOBAHMX HA 3aCTOCYBAHHS B MEXax CKOJIOr0-Pecypco30epiratodnx TeXHOJIO M.

Kumodosi cioBa: 3D-1pyk, afuTHBHI TeXHOJOTIi, IPyHTOOOPOOHI MammMHY, JTICOBHI KyNbTHBAaTOp, mpoToThiryBaHHsA, CAD-MonemoBanHs,
Simplify3D, excTpy3iiiHuii ApyK, KOMIOHYBaHHS, KIHEMaTHKa.

V. DERBABA, V. KOZENKO, O. BOHDANOV, V. KOZENKO, S. ALEKSIEIENKO
USE OF 3D PRINTING TECHNOLOGIES IN THE DESIGN OF SOIL TILLAGE EQUIPMENT

The article considers the possibilities of applying additive technologies in the process of designing and improving soil tillage equipment
using the example of a promising forest cultivator intended for operation under conditions of ungrubbed clear-cut areas. A classification of 3D
printing equipment by accessibility level and functional purpose is presented, covering consumer, personal, professional, and industrial classes. A
comparative analysis of modern 3D printing systems in terms of cost is carried out with reference to the European market conditions. It is shown that
personal 3D printers, in terms of their technical characteristics and economic indicators, represent a feasible alternative to expensive professional
systems for use in educational and research institutions.

Within the framework of the study, a three-dimensional solid model of a forest cultivator was developed in the SolidWorks CAD
environment and prepared for additive manufacturing using the Simplify3D software. The sequence of technological operations is described,
including part orientation within the printer’s build volume, scaling, print parameter setup, support generation, and G-code creation. An approach to
dividing the original digital model into separate functional units is proposed, taking into account the limitations of the printer’s build chamber, the
mating features of elements, and the need to ensure the mobility of the main assemblies of the scale model.

As a result, a scaled cultivator model at a 1:20 scale was additively manufactured using extrusion-based printing technology. The obtained
mock-up reproduces the structural design, spatial layout, and mutual arrangement of the main machine components while maintaining the mobility of
the working tool sections, suspension elements, and safety mechanisms. It is shown that the presence of functional movable joints makes it possible to
simulate real working motions of the implement, analyze its kinematics, the trajectories of working tool movements, the interaction between
individual units, and assess the influence of different layout configurations on the functional parameters of the design. Special attention is paid to the
analysis of two main cultivator layout variants intended for continuous inter-row tillage of forest plantations and for row-straddling maintenance
operations. Their design features, parameters of working tool section placement, and widths of the processed strips are presented, and the versatility of
the proposed modular scheme is substantiated. The results of simulation studies indicate the cultivator’s ability to reliably overcome obstacles in the
form of stumps up to 38 cm high at a tillage depth of 12 cm, which confirms the feasibility of using such a design under conditions of ungrubbed
clear-cut areas.

It is shown that the application of 3D mock-up prototyping at early design stages makes it possible to identify design shortcomings and
irrational layout solutions before manufacturing a full-scale prototype, significantly reducing time and material costs for further refinement of the
design. The possibility of using the scaled physical model not only as a demonstration tool but also as a functional experimental test bench for
verifying simulation results, refining the parameters of mathematical and kinematic models, and increasing the reliability of performance prediction
for the cultivator is substantiated.

The educational and motivational potential of additive technologies is also highlighted, as they enable the integration of modern
CAD/CAM solutions into the educational process, enhance the visual clarity of engineering disciplines, and involve students in active research and
inventive activities.

© B. A. Jlep6aba, B. A. Koszenxko, O. O. bornanos, B. I. Kozenko, C. B. Anekceenko, 2025
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Overall, the results of the study confirm the prospects of using 3D printing technologies as a tool for visualization, engineering analysis,
and optimization of design solutions in the field of soil tillage equipment design, particularly for forestry machinery intended for application within
environmentally friendly and resource-saving technologies.
Keywords: 3D printing, additive technologies, soil tillage machinery, forest cultivator, prototyping, CAD modeling, Simplify3D,
extrusion printing, layout design, kinematics.

Beryn. 3 MOMEHTY MTOSIBHL TIEPIITUX KOMIT FOTEPiB JIFOAWHA HEBIIMHHO MPArHyJIa MOJ0JIATH MEXY MK peaTbHIM
1 BIpTyaJIbHUM CBiTOM, HEpETBOPHUBLIM IIM(PPOBI 00’€KTH Ha (i3NUHY peaibHICTh. MOXKIHUBICTh IIBHJKOTO Ta TOYHOTO
MIEPEHECEHHS MOJIETI 3 TPMBUMIPHOTO KOMIT IOTEPHOI'O CEPEOBHIA B BiTUyTHUH TPUBUMIpHHUN 00’€KT Iie JOHEIaBHA
3/1aBajacsl He3/1iHCHEHHOI0 MPI€I0 1HXKEHepiB, An3aifHepiB, apXiTEKTOPIB Ta NPEICTABHUKIB 0araThoX 1HIIMX Mpodecii.
OpHaK PO3BUTOK aJMTHBHHUX TEXHOJIOTIH JIO3BOJIMB CYTTE€BO HAOJIM3MTHCS O MPaKTHYHOI peamizamii miei imei. Came
TaKUM TEXHOJIOTISIM 1 IPUCBSIUEHA 1aHa CTATTSL.

Huni omauM 13 HaRIIBUIIINX, HAHTOCTYIHININX 1 HAHC(EKTUBHIIINX CHOCO0IB «Martepianizamii» 3D-moneneit
€ 3D-npyk. Bin mae 3Mory B CTHCII CTPOKH OTpUMYBATH (i3W4HI MPOTOTHIH, (PYHKIIOHAIBHI JeTajli Ta HABITh TOTOBI
BUpOOH Ha OCHOBI IH(POBHX NaHUX. [l HAOYHIIIOrO YSBICHHS MOXIIHMBOCTEH CYYacHHX aJUTHBHUX YCTaHOBOK
OUIIBHO 3AificHATH KiIacugikamito 3D-npuHaTEpiB 32 piBHEM iX JOCTYIMHOCTI Ta QYHKI[IOHANEHOTO TPU3HAYSHHS (pHC.
1).

AHaJi3 OCHOBHHMX /JOCATHEHb Ta Jireparypu. CHOXMBYMH KJIac OXOIUIIOE IPUHTEPU, HpPU3HAYCHI
Hacamrepes sl 0COOMCTOro BUKOPHCTAHHS B JIOMAIIHIX yMOBax a0o B OCBITHIX Hiax. Lli mpucTpoi mpoekTyroThes 3
OpIEHTALIIEI0 HA HEMATOTOBJICHOT0 KOPUCTYBaYa Ta, SIK PaBUJIO, OCHAILIYIOThCS IHTYITUBHO 3p03yMUIUM iHTEpdeicoM,
aBTOMATHU30BaHHMHU CHCTEMaMHM KaliOpyBaHHsS W CHPOLICHMMH HaJalITyBaHHSIMHU APYKy. Y OLIBLIOCTI BUMAIKIB TaKi
NPUHTEPU TMPALIOIOTh 3 HANMOIIMPEHIIMMH TepMoIuiactamu, nepenycim ABS 1 PLA, mo poOuth iX ekcuiyarariro
BiTHOCHO HeIOporow Ta Oesmeunoro. OCHOBHUMH c(hepaMu IX 3aCTOCYBaHHS € XOOI-TPOEKTH, HABYAIbHI 3aBIaHHI, a
TaKOX BUTOTOBJICHHS IPOCTUX NPOTOTHIIIB 1 ICKOPATUBHUX EIIEMEHTIB.

MpoMucnosun K"aCV‘d)'Ka'-l'ﬂ HOomauuHin
3D npuHTep 3D—anHTepiB 3D npuHTep

& -
[
MpodecinHumn MepcoHanbHu
3D npuHTep 3D npuHTep

Puc. 1 — Knacuoikarnis 3D-npiaTepi

[epconanbHMIt KJIac CTAHOBUTH MPUKOPIOHHY KaTEropito MiXk MoOYTOBUMHM Ta MPOMHUCIOBUMH pimeHHsMH. Lli
npuHTepH 32 (HopM-(paKTOPOM 1 3PYUHICTIO eKCIUTyartalii 0arato B 4OoMy IMOMIOHI JIO CIIOKHBYHX MOJIENEH, OIHAK
BHPI3HAIOTECS BHIIOIO SKICTIO CKJIAIAHHS, YIOCKOHAJCHOI KiHEMAaTHKOIO, CTalbiIbHICTIO POOOTH Ta IiIBHIIEHOIO
TOYHICTIO JIpyKy. 3aBISKH I[bOMY BOHH 3HAaXOJSITh 3aCTOCYBaHHA B MajioMy Oi3Heci, OU3aHEpPCHKHX CTyHdiiX Ta
IHKEHEepHUX OOpo Ui BHUTOTOBJIIEHHS CKJIQAHIMKX MPOTOTHMIB 1 JApiOHOcepifHMX BupobiB. 3a cBOIMH
XapaKTePUCTUKAMU TEPCOHATBHI MPUHTEPH 3HAYHOIO MipOI0 HAOIIKAIOTHCS IO MOJIOIIIOTO CerMeHTa MpodeciiHuX
CHCTEM.

IIpodeciitanii kmac 00’eTHy€e YCTaHOBKH, Yy SKHX peali3oBaHi HAWCYYacHIII JOCATHEHHS B rary3i aJUTHBHUX
TexHoNorii. Taki IPUHTEPH XapaKTepU3YIOThCS BHCOKOIO TOYHICTIO MO3MIIIOBaHHS, CTAOUILHICTIO TapaMeTpiB JIPYKY,
pOo3IIMpEeHNM Ha0OpOM MIiATPUMYBaHMX MaTepiaidiB 1 pPO3BHHEHMM mporpamMHuM 3abesmedeHHsM. Codepa ix
3aCTOCYBaHHS Ha/[3BUYAHHO MIMPOKA Ta OXOIUIIOE SIK MIBHUJKE NPOTOTHITYBAaHHS, TaK 1 BUTOTOBJIECHHS (YHKI[IOHAIBHUX
JeTayiell Uil MallMHOOYAyBaHHS, MEIUIMHM, €JIEKTPOHIKM W iHmmx ramyseid. IIpodeciiiHi cucrteMn dacTo
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BHKOPHCTOBYIOTHCS B HAYKOBHX JOCIIIKEHHSAX 1 TOCIITHO-KOHCTPYKTOPCHKUX po0OOTax, J¢ BUCYBAIOTHCS IiABHUIICHI
BHAMOTH JI0 BiITBOPIOBAHOCTI PE3YJIBTATIB 1 AKOCTI IIOBEpXHi BUPOOIB.

BupoOHrumnii Kjac OXOIUTIOE BENWKOTA0APUTHI Ta BHUCOKOABTOMATH30BaHI YCTAHOBKH, NpW3HAYEHI [UIA
MIPOMHUCIIOBOTO 3acTocyBaHHA. Lli MammHM MOETHYIOTH y COO1 TOYHICTH 1 SKICTh, XapaKTepHI I MpodeciiiHmx
MIPUHTEPIB, i3 30UIBIICHOI0 O0NIACTIO JPYKY, BHUCOKOI MPOMYKTHBHICTIO Ta PO3BHHEHHM piBHEM aBTOMAaTH3aIlil
TEXHOJIOTIYHOTO mporecy. Ha Takux ycTaHOBKaXx MOXJIMBE BUIOTOBJEHHS HE JIMIIE NPOTOTHIIB, @ W TOTOBHX
CHOXKMBYMX BUPOOIB, MPUAATHHUX Ul OE3M0CepeIHhOr0 BUKOPUCTAHHS ab0 MOoJanbIIoro ckiananHs. Bupoounuui 3D-
NPUHTEPU JeAali YacTillle IHTerpyrOThCS B peajbHi BUPOOHMYI JiHIi, IO JO3BOJISIE PO3IJSAATH IX SK HOBHOLIHHY
aNbTePHATHBY TPAAULIHUM MeTo1aM (OPMOYTBOPEHHS B HU3LI Tamyseid [3].

BonHouac CTBOpEHHS NPOTOTHINB € JIMIIE IOYATKOBUM €TAalloM BUKOPHCTaHHS aJWTHBHUX TEXHOJOTIH.
HactynHoto cramiero BHCTymae MBHAKE BHPOOHHUIITBO TOTOBHX BHPOOiB. Yke choromHi cuctemu 3D-IpyKy HaloTh
3MOTY OTPUMYBAaTH (YHKIIOHAJBHI JETali 3 Pi3HHX MaTepianiB, BKIIOYHO 3 TIACTHKaMU, KOMIIO3UTAMH Ta METaJIAMH,
IO CYTTEBO PO3LIMPIOE cepy iX MPaKTHIHOTO 3aCTOCYBaHHs. Takui miIXix € 0COONMUBO IOMUIBHUM U OAUHUTHOTO
Ta JpiOHOCEpiHHOTO BHPOOHMIITBA, OCKIIBKH 3 SBIAETHCS MOXIIMBICTH Y BIIHOCHO KOPOTKI TEPMIHH OCBOIOBATH
IIMPOKUHA ACOPTUMEHT NPONYKIii 0e3 3HAYHMX BHUTPAT HA BHTOTOBICHHS Npec-(popM, IITaMMiB a0 CKIaTHOTO
TEXHOJIOTIYHOTO OCHAIICHHSL.

Ha cywacHomy erami cucremu 3D-apyky HaOynu IIMPOKOro MOINMPEHHS B 0araTthox ramy3six. BoHn akTUBHO
BUKOPHCTOBYIOTHCS B JIM3aiHI Ta apXiTEKTypi JUIsl CTBOPEHHS MaKEeTiB 1 KOHLENTYalbHUX MOJeNel, y cdepi OCBITH sIK
HAOYHHUU IHCTPYMEHT JJIsl HABYAHHS IHXKCHECPHHUM 1 TEXHIYHHM JHMCIUIUTIHAM, B OJAMHUYHOMY Ta IpiOHOCEpiiHOMY
BUPOOHUIITBI JJIsI BUTOTOBJICHHS JOCIIIHHUX 1 EKCIICPUMCHTAIBHUX 3pa3KiB, Y MEAUIMHI JIJIs CTBOPCHHS aHATOMIYHHX
MoJieNield, IMIUIAHTIB 1 XipypriuHUX HIa0JIOHIB, y (YHKLIOHAILHOMY TECTyBaHHI, IOBEINpHI crpaBi, BUPOOHUITBI
CYBEHIpHOT MpoayKii, croMaTosorii Ta HU31LI 1HIKX HanpsMiB. Taka yHIBEpCaJbHICTh 3YMOBIIOE CTPIMKE 3POCTaHHS
MOMYJIAPHOCTI aJUTUBHUX TEXHOJIOTIH y HAYKOBHX i IIPOMHCIOBHX KOJaX.

3a npuHIMIIOM poboTH cydacHi 3D-puHTEpH YMOBHO MOIUIAIOTH HA KiJIbKa OCHOBHHX KJIACiB, KOXKEH 3 SIKHX
IPYHTYETbCA Ha BIACHIH TEXHOJOTiIYHIM KOHIENii ¢(opMyBaHHS BHPOOY NIISIXOM ITOMAPOBOTO HAPOITYBaHHI
Matepiary. Came IIi K1acH BH3HAYalOTh XapaKTepHI OCOOIMBOCTI OONagHAHHS, THIIM BHUKOPHCTOBYBaHHX MaTepialis,
TOYHICTh JAPYKY Ta C(EepH NPAaKTUIHOTO 3aCTOCYBaHHS, IO 3YMOBIIOE JOUUIBHICTE X MOAANBIIOTO JETAIBHOTO
po3TIIsy.

Jlazepni 3D-mopeoBaabHi NpUCTPOi HalexaTh 0 KJIACy aJAWTHBHUX YCTAHOBOK, Y SIKMX (hopMyBaHHs
BUPOOY 3/IMCHIOETHCS 32 PaXyHOK JIOKQILHOTO BILIMBY JIa3€pHOTO BUIIPOMIHIOBaHHS Ha BUXIITHUH Martepian. Y mporeci
poOOTH Takoro mMpuHTEpa Ha poOoUy IUIATPOPMY IOIIAPOBO HAHOCHTHCS TOHKHM IMap piakoro Qotomomimepy,
3MATHOTO IO IIBHJKOTO TBEPAHCHHS IMiJ €0 CBITJIA TEBHOI MOBXWHHM XBHJI. [liciasi HAHECEHHS KOXHOIO MIapy
MOBEPXHSI MaTepially CEJIEKTHBHO ONPOMIHIOETHCS JIa3epPHUM MPOMEHEM caMe B TUX 30HaX, € BIAMOBITHO 110 U(POBOT
Mozen Mae copMyBaThcs KOHTYp MaiOyTHhOro BHpoOy. [lin BIUIMBOM Ja3epHOr0 BHIPOMIiHIOBAaHHS (poTomomimep
MIEPEXOIUTH 13 PIIKOTO CTaHy B TBEPIHiA, YTBOPIOIOYH MIITHHIH i TEOMETPUIHO TOUHUH (pparMeHT KOHCTPYKIIii.

et nmka nOmApOBOTO HaHECEHHs (OTOMONIMEpY Ta HOro JIa3epHOTO TBEPAHEHHS 0aratopasoBo
TIOBTOPIOETHCS 10 3aBEepIICHHS (OPMYyBaHHS OCTaHHbOro miapy. Ilicnmst 1boro orpuMaHMii TPUBUMIPHHH 00’ €KT
BIJIYYA€ThCS 3 BAaHHU 3 DPIOKAM (DOTOMONIMEPOM i, SK MPaBUIIO, MiATAETHCS NONATKOBIH MICIIOOpOOI, IO MOXe
BKJIIOYaTH NPOMHBAHHA B PO3YMHHHKY, yJIbTpagiojeToBe JOOTBEPIHEHHS Ta MEXaHIYHE OYMILNCHHS IMOBEPXHI Bif
3anuiikiB cMoiu. Jlazepsi gortononimepHi 3D-npunTepu (TexHonorisi SLA) BUPI3HSIOTBCS BUCOKOIO TOUHICTIO JIPYKY,
MOXKIJTMBICTIO BiITBOPEHHs APiOHUX JieTaliei 1 rI1aaKoI0 MOBEPXHEI BUPOOIB, 1110 POOUTH X 0COOIMBO 3aTpeOyBaHUMU B
I0BEJIipHIH crpaBi, CTOMATOJIOTii, MEANIMHI, MIKPOIH)KEHEepIi Ta MiJ YaC BUTOTOBJICHHS! BUCOKOTOUHHX ITPOTOTHUIIIB.

OxpiM  (GOTONONIMEPHUX CHCTEM, ICHYIOTh JiazepHi 3D-mpuHTepH, Yy SKUX SK BHXIJHMH Marepiai
BUKOPHCTOBYETHCSI METAIEBUII a00 MOJIMEPHUH MOPOIIOK. Y Takux ycraHoBkax (texHosorii SLS, SLM, DMLS) Ha
pobouy iarhopMy TakoX MOUIAPOBO HAHOCHTHCS TOHKHH IIAp MOPOIUIKY, SIKHH TOTIM CEIEKTHBHO CITIKAETHCS abo
IUIABUTHCS JTa3€PHUM MPOMEHEM BiJIOBIIHO 10 3aiaHoi reometpii moaeni. [1ix miero BUCOKOi TeMnepaTypy YaCTUHKH
MOPOIIKY 3B’A3YIOTBCS MK CO0OI0, YTBODIOIOWHM TBepAy CTpyKTypy. Ilicnms 3aBepiueHHS IpyKy Ha UIMIIKOBHIH
HE3B’SI3aHUI TMOPOIIOK BUAANSETHCS, a TOTOBUH BHPIO MOXKE JOJATKOBO OOPOOISTHCS TEPMIYHO a00 MEXaHIYHO IS
/IBUIEHHS. MIIJHOCTI Ta TOYHOCTI po3MipiB. Taki Ja3epHi CHCTEMH HIMPOKO 3aCTOCOBYIOTHCSI B MalIMHOOYAyBaHHI,
aBIaKOCMIYHIM MPOMUCIOBOCTI Ta MEIUIIHMHI JJIs BUTOTOBICHHS (DYHKIIOHAJIBHUX JETaNel 13 METalliB 1 BUCOKOMIITHHX
TOJTIMEPiB.

CtpymunHi 3D-npuHTEepU HaJeXaTh J0 KJIacy aJUTHBHHUX YCTAHOBOK, y SKHX MpOIEC (GOopMyBaHHs BHPOOY
3a CBOEI0 KOHCTPYKTHBHOIO CXEMOI 0araTo B YoMy Harajye poOOTy TpaaHiLiiHOTO cTpyMHUHHOro npuHTepa. Kiroyosa
BIIMIHHICTh TOJISITAa€ B TOMY, IO 3aMiCTh HAHECEHHS UYOPHWI Ha IJIACKY MOBEPXHIO BHUKOPHUCTOBYETHCS MEXaHI3M
MOIIIAPOBOT0  PO3MOALTY MOPOIIKOMOAIOHOTO ab0 piAKOro Marepiamy, 3MaTHOTO [0 TOMAIBIIOT0 TBEPAHEHHS YU
nosiMepu3aitii. @opMyBaHHST 00’€kTa BiIOYBA€ThCA NUISAXOM TIOCHTIJOBHOTO HAHECEHHS TOHKUX IIapiB BHXiJHOTO
Marepiairy Ha pobouy mIaTopmy 3 IMOJAIBIINM JIOKaJIbHAM 3MIIHEHHSIM y CTPOTO BU3HAUCHHUX 30HAX.

[Ticns cTBOpEHHS! KOXHOTO WHIapy CTPYMHMHHA JIpPYKyBajbHA TOJIOBKA MOJAE IIOJIIMEPH3YBAIBHY H00aBKY,
3B’SI3yBaIbHY PEYOBHMHY a00 iHIIMH aKTUBATOp TBEpAHEHHS caMe Ha THX IUITHKax, J€ Marepiall Mae 3aTBEpHiTH i
YTBOPUTH KOHTYPU Mail0yTHHOTO BUPOOyY. Y pe3ynbTari B MeXax 0JJHOTO HIapy (pOPMYETHCS TBEp/a CTPYKTYpa, TOI 5K
HaBKOJIMIIHIN Marepiall 3ajMIIa€Thesl B IyXKOMY a00 HENOoJIIMEPH30BaHOMY CTaHI Ta BHUKOHYE (YHKIIO HPUPOJHOT
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MiATPUMKH [UIS HACTYIHHX MIapiB. Taxkuii IMKI MOMIapoOBOro HAHECEHHS MaTepiady Ta HOro CEJIEKTUBHOTO TBEPAHEHHS
6araTopazoBO IIOBTOPIOETHCS IO IOBHOTO 3aBEpIICHHA (OPMYBaHHS TPHBHMIPHOTO 00’€KTa BcepemuHi 00’eMy
HETIOIIMEPH30BaHOTO TIOPOIIKOIIOIIOHOTO CEPEOBUIIIA.

Sx BuTpaTHi Matepianmm B CTpyMHHHUX 3D-mpuHTepax 9acTo 3aCTOCOBYIOTHCS TilICOBI, IOXiMepHi abo
KOMIIO3UTHI MOPOIIKH, a TaKOX CIIeHiaNbHi 3B’ sI3yBajibHi CKiagn. OTHIM i3 MOIMUPEHUX BAPiaHTIB € BUKOPUCTAHHS
rifncy, sKui TBEpJHE MijJ 4ac KOHTAKTYy 31 3BUYaHUMH BOJHUMH YOPHHUJIAMHU a00 CICI[ialIbHO MiAiOpaHUME BOJIHUMU
pO3YMHAMH, IO TOJAIOTHCS Yepe3 APYKYBalbHY IOJIOBKY. Takuil mifxiJx Aae 3MOry OTPHMYBaTH MOJIEINi 3 BiIIHOCHO
BHUCOKOIO TOYHICTIO TEOMETpii Ta TIJaJKOI MOBEPXHEI0, 10 poOuTh cTpyMuHHI 3D-mpuHTepn 3aTpeOyBaHMMHU B
apxiTeKTYpHOMY MaKeTyBaHHi, IU3aiHi, IOBEJIpHIH cHpaBi Ta IiJ 4ac BHUIOTOBJICHHS HAOYHMX JEMOHCTPALiHHX
3pasKiB.

Jlo mepeBar CTpYMHHHOI TEXHOJIOTII HaJleXaThb BHCOKa IIBUAKICTH JPYKY, MOJJIMBICTH OIJHOYACHOTO
(¢opMyBaHHS CKIQAHUX BHYTPIIIHIX IOPOXHHH Oe3 BHUKOPHUCTAHHS MOAATKOBHX WIATPUMOK, a TaKOXX BiTHOCHA
MpOCTOTa Tichust00poOku BUpoOiB. BomgHodac Taki mpuHTEpH 3a3BHYail 3a0e3MedyOTh MEHITY MEXaHIuHy MIIHICTh
TOTOBHX JIeTallell MOPIBHSAHO 3 METOJAaMH JIa3epHOTO CHiKaHHA abo eKCTpy3iHOro ApyKy, mo oOMexye chepy ix
3aCTOCYBaHHS IEPEBAKHO MPOTOTHITYBAaHHAM 1 Bi3yaJbHHM MOJICITIOBAHHAM, a HEe (DYHKIIIOHATLHUM BUPOOHHUIITBOM.

3D-npuHTEpH, 0 MPANIOIOTH 32 MPUHIMIOM eKCTPY3il MJIACTHKY, HAJeXKaTh J0 HAWUTOMIMPEHIIIOro Ta
HaWJOCTYIHIIIOrO KJ1acy aJUTHBHUX YCTAHOBOK. Y TaKHX MPUCTPOSX BUXIIHUN MOJIMEPHHUNA MaTepiall y BUTTISII HUTKH
(pinamenty) mnomaeTbcss B EKCTpYyHep, J€ BiH HArpiBacThCs IO TEMIIEPAaTypH IUIABICHHS Ta MEPEXOIHUTh Y
B’s13K0oTeKy4Hnid cTaH. Ilicims 1poro posmiaB moiiMepy IMOLIAPOBO HAHOCUTHCS Ha pobouy miathopmy y ¢dopmi
Oe3rnepepBHOTrO CTPyMEHsI JiaMeTPOM BiJl KIIBKOX AECATUX MUIIMETpa A0 KUIbKOX MITIMETpIB, 3aJ€XKHO BiJ Jiamerpa
coIuIa Ta 3aJIJaHUX NapaMeTpiB IPYKY.

®opmyBaHHs BHPOOY 3IIHCHIOETHCS 332 PaXyHOK IOCIIJOBHOIO HAaKJIQJaHHS TOHKHX LIapiB Mmarepiany, sKi,
3MHMasch 1 ANGYHAYIOUN MK cO000 B PO3IUIABICHOMY CTaHi, YyTBOPIOIOTh MOHONITHY CTPYKTypy. KokeH HOBHIA map
HAHOCUTHCS MOBEPX IIONIEPEAHBOTO BIATIOBITHO 10 Teomerpii nmudposoi 3D-moxeni, mo Jae€ 3MOTy BiITBOPIOBATH SIK
MPOCTi, TaK 1 JOCHUTH CKJIAIHI MPOCTOPOBi (hopMHU. Y Mipy OXOJIO[KCHHA i TBEpAHEHHS MONiIMepy cOPMOBaHi mapu
HaOyBarOTh HEOOXiTHOT MEXaHIYHOI MIITHOCTI Ta CTA0UTFHOCTI pO3MIpIB.

Pyx ekctpyzepa B mporieci APyKy KEpYETbCS TPHUKOOPAMHATHOIO KIHEMaTHYHOIO CHCTEMOIO, MOAIOHOIO 3a
MPUHIOUIIOM Jii A0 CHCTEM, IO 3aCTOCOBYIOThCS Ha TpaBipyBasbHO-(ppe3epHNX BepcTarax i3 YMCIOBHM HMPOTPAMHUM
kepyBaHH:AM. Taka cuctema 3abe3neuye TOYHE MMO3MIIIOBAHHS APYKYBaJbHOI TOJOBKHU IO ocsiX X, Y 1 Z, 0 BU3HAUa€e
TEOMETPUYHY TOYHICTh 1 BIATBOPIOBAHICTh OTpPUMaHUX BUPOOIB. SIKk BUTpaTHI Marepianu B ekcTpy3iiiHux 3D-
NpUHTEpax Haifuacrimie BUKopucToByroThCs Tepmoriactu PLA, ABS, PETG, Nylon Ta X KOMIIO3UTH, 110 POOUTH 11O
TEXHOJIOTIIO YHIBEPCAIBHOIO Ul MPOTOTHITYBaHHs, HaBYaHHsS M BUTOTOBJICHHS (DYHKLIOHAIBHHX JETalleil B yMOBax
OJIMHUYHOIO Ta JAPIOHOCEPiHHOTO BUpOOHHITBA [3, 5].

[IpoBeneMo neTanpbHHU IMIHOBUH aHai3 cydacHuUX cucteM 3D-mpyky (puc. 2), sSKuil Jae 3MOTy OUIHUTH iX
OCTYTHICTDh JJISI HAYKOBO-IOCTIMHUX YCTaHOB, OCBITHIX 3aKiajiB i MalUX IH)KCHEPHHX KOJeKTuBiB. Ha cporomHi
CIIOCTEPITaeThCSI CYTTEBUH PO3PHB MiXK MEPCOHATBHUME Ta Tpodeciiinnmu 3D-npuHTEpaMu 3a piBHEM iX BapTOCTI, IO
ICTOTHO BIIMBa€E Ha MOXJIMBOCTI iX YNpOBa/[)KEHHS B HAaBYAJIBHUHM 1 JOCHiAHUIBKMN mpouec. Tak, cepenHs IiHa
nepcoHanbHUX 3D-TIPUHTEPIB HA €BPONIEHCHKOMY PUHKY KONHBa€eThes B Mexax 1 200—2 000 eBpo 3anexHO Bif OpeHmy,
TEXHIYHUX XapaKTEPHUCTHK, 00’e€My poOodoi KaMmepHw Ta MiITPUMYBaHUX MaTepianiB. BomHodac HaBiTh OOIKETHI
Mojeni npodeciiinnx 3D-npuHTEpiB MalOTh BapTICTh, 110 HMOYMHAETHCS opieHToBHO Bix 7 000—10 000 eBpo, a mis
YCTaHOBOK CEPEeIHLOTO Ta BUCOKOTO Kiacy Moxke csratu 20 000-50 000 eBpo i Ginbiie.

Takuii 1iHOBMI &ucOalaHC 3yMOBIIOE ICTOTHI OOMEXKEHHsI Ui MalMX JOCHIAHUIBKHX J1abopaTopii,
YHIBEPCUTETChKUX KaeAp 1 TEXHIKYMIB, OIO/DKET SIKUX HE O3BOJISIE 3AIMCHIOBATH BEJIMKI KammiTaabHI BKIAJACHHS B
JIOPOTi aJAWTHBHI CHUCTEMH. YHACIiIOK IbOro npuadanHs mpodeciiiHoro 3D-mpuHTepa 4acTto crae cepilo3HUM
(biHaHCOBUM TsArapeMm, L0 NOTpeOye 3alydyeHHs TPAHTOBUX KOILITIB abo CreliajbHUX mNporpam (QiHaHCYyBaHHS.
BonHouac nepconanbHi 3D-nipuHTEpH 32 YMOBH IPaMOTHOTO HAJIAIITYBaHHS Ta BUOOPY ONTHMAIBHHUX PEXHUMIB APYKY
3/1aTHI 3a0€3MeYNTH LIJIKOM NPUHHATHY SKICTh BHT'OTOBJICHHS MOJEJNCH i3 TEpMOIUIACTUYHHUX MaTtepiaiiB, JOCTATHIO
JUISl JIeH TIPOTOTHITYBaHHS, HABYAJIbHUX EKCIIEPUMEHTIB 1 ITONIEPEAHBOr0 aHalli3y KOHCTPYKTHBHHUX pimeHb. Came 1e
pOOUTE IX OCOONMBO MPUBAOIMBUMH U OCBITHIX i HAYKOBO-IOCHITHHUX IUICH, 1€ BaXXIMBHMH € HE JIMIIC TEXHIYHI
rapaMeTpH, a i eKOHOMIYHa JAOLUIbHICTD YIIPOBaHKEHHS TEXHOJIOTIT [4].
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Puc. 2 — INopiBHSAHHS LiHOBUX KaTeropiit 3D-npiHTepiB

Meta mociaixKeHHsI, MOCTAHOBKA mMpodjaemMu. CydacHi TCHJCHIII PO3BUTKY MAalIMHOOYAyBaHHsI, 30KpeMa B
rajgysi MPOEKTYBaHHS IPYHTOOOPOOHOI Ta JICOrOCHONAPCHKOT TEXHIKH, XapaKTePU3YHOThCS 3POCTAHHSM BHMOT JI0
CKOpPOYCHHS TEPMiHIB PO3pOOJICHHS HOBUX BUpPOOIB, 3HWKCHHS MaTepiallbHUX BUTpPAT Ha BUTOTOBJCHHS JOCIITHHUX
3pa3KiB 1 MiIBUIIEHHSI TOYHOCTI IHKCHEPHUX PIllICHh HAa PaHHIX eTanax MpoeKTyBaHHA. TpanuiiiifHi METOIU CTBOPEHHS
MTOBHOPO3MIpHUX MAaKeTiB 1 TMPOTOTHIIB IPYHTOOOPOOHHX 3HApAAb MOTPeOYIOTh 3HAUYHUX (HIHAHCOBUX pPECypCiB,
TPHUBAJIOTO BHPOOHHYOTO LHMKIY Ta 3alydCHHs CIIEILiali30BaHOTO OONamHaHHA, IO ICTOTHO OOMEXYye MOXIIHBOCTI
OTIEPaTHBHOTO BHECEHHA 3MiH y KOHCTPYKIIO W YCKJIaJHIOE BiJIpaliOBaHHA albTEPHATUBHUX KOMIIOHYBAaJIbHHX
piIIIeHB.

Oco0:1B0o{ akTyalbHOCTI 118 pobsieMa HaOyBae IMiJ 4yac po3poOsIeHHs HOBUX THIIIB JIICOBUX KyJbTHBATOPIB,
NpU3HAYeHUX Uil POOOTH B YMOBaxX HEPO3KOPUOBAHMX BUPYOOK, J€ KOHCTPYKIiS 3HApsAS TOBHHHA IIOEJHYBAaTH
BUCOKY NPOXIJIHICTh, HaIHHICTh, aAITUBHICTh J0 CKJIAIHOTO peibedy Ta MiHIMAIBHMNA aHTPOIOTCHHHMH BIUIMB Ha
I'PYHTOBUI MOKpHMB. Y TaKMX yMOBaX IMOMHIKH B KOMIOHYBaHHI pOOOYHMX OpraHiB, HEIOCKOHAIICTh KiHEMaTHYHUX
cxeM abo HepalioHaJIbHI KOHCTPYKTHBHI PIIICHHS MOXYTh NPU3BOJMUTH JIO CYTTEBOTO 3HIKEHHS €(DEKTHBHOCTI pOOOTH
MaIllHH, 301IbIIICHHS] HABAHTa)KEHb HA OKPEMI BY3JH Ta 3pOCTaHHs eKCIUTyaTaliifHuX BUTpAT.

BogHodac po3BHTOK amTUTHBHUX TEXHOJIOTIH 1 JOCTYMHICTH MepcoHANBHUX 3D-TpUHTEpIB BiOKPHUBalOTH HOBI
MOUJIMBOCTiI JJIi CTBOPEHHA MacITa0HUX (I3MYHMX MAaKeTiB CKIAJHAX MAIlUH 1 MEXaHi3MiB, SKi MOXYTh
BUKOPHCTOBYBATHCSl SIK IHCTPYMEHT Bi3yalli3alii, MONEpeIHbOTO0 IHXEHEPHOTO aHalli3y Ta EeKCIIePUMEHTAIbHOTO
BiJIIpaIlfOBaHHS KOHCTPYKTHBHHX pimeHb. [Ipore MeroamuHi migxomu 1o iHTerpamii 3D-makeTyBaHHA B TpoIliec
IIPOEKTYBAHHS I'PyHTOOOPOOHMX 3Hapsi/b, 30KpeMa JICOBHX KYJIbTHBATOPIB, HAa CHOTOJHI 3aJIMIIAIOTHCS HEAOCTATHHO
OINpalbOBAaHUMH, a TPAKTUYHI TPHUKIAAN CHCTEMHOTO BHKOPHCTaHHS TaKMX TEXHOJIOTiH y HaB4YallbHO-HAYKOBOMY
CepeIOBHIIII MaIOTh MOOIMHOKHUI XapakTep.

VY 3B’s3ky 3 UMM BHHUKAE HAYKOBO-NPHKIAAHA MpoOIeMa, M0 MOJIra€ B OOIPYHTYBaHHI IOLIIBHOCTI
3aCTOCYBaHHS aJUTUBHUX TEXHOJIOTIH JJIsi CTBOPEHHS MAacIlITaOHMX MakeTiB IPYHTOOOPOOHMX MallWH, PO3poOJIeHHI
palioHAILHOT METOJIUKH TX NPOEKTYBAHHS Ta BUTOTOBJICHHS, & TAKOXX OLIIHIOBAHHI MOKJIMBOCTEH BUKOPUCTAHHS TaKHX
MaKeTiB JiIS aHaJli3y KIHEMaTHKH, KOMIIOHYBaHHS 1 pyHKIIOHAIBHUX XapaKTePUCTHUK EPCIIEKTUBHUX KOHCTPYKIIH.

MeTor0 JaHOTO MOCTIKEHHS € OOTPYHTYBaHHs e(peKTUBHOCTI BUKOPHUCTAHHS TeXHOJOTi#H 3D-npyKky B mporeci
MIPOEKTYBAHHS 3ac00iB 00pPOOITKY IPYHTY Ha MPUKIAJI JiCOBOTO KYJIETHBATOpPa, PO3POOICHHS Ta BHTOTOBICHHS HOTO
MaciTaOHOi (hi3MYHOT MOJIENi, a TAKOXK OILIHIOBaHHS MOKIIUBOCTEH 3aCTOCYBaHHS OTPHIMAHOTO MaKeTa I Bi3yaui3amii
KOHCTPYKTUBHUX pillleHb, aHANi3y KiHEMaTHKH poOOYMX OpraHiB i ONTHMI3alii cXeM iX KOMIIOHyBaHHs. JlocsrHeHHS
MIOCTaBJIEHOI MeTH Tmependadae po3B’s3aHHS TAKMX OCHOBHMX 3aBJaHb: po3poOuieHHs TpuBuMipHOi CAD-monerni
KyJIbTHBATOpA; MiATOTOBKY ii /70 aJAWTHBHOTO BHUI'OTOBJICHHS; CTBOPEHHS MAacIITaOHOrO MakeTa 3 BHKOPHCTaHHSIM
eKcTpy3iitHoi TexHomorii 3D-apyKy; aHami3 KOHCTPYKTMBHHX 1 KiHEMAaTHYHHX MOXIMBOCTEH OTpHMaHOi MOAeNi; a
TaKO’X OLIIHIOBAaHHS MEPCIIEKTUB iHTerpamii 3D-MakeTyBaHHS B HABYAJIBHHUH 1 HAYKOBO-IOCIIITHAN TIPOIIEC.

Martepiaam gocaizkennsi. Buxonsuu 3 HaBeZIeHUX MipKyBaHb, y BUIIiif MK0Ii KOMyHiKamii Ta ynpaBiiHHS B
[Mosnani (ITompmra) 6yno yxBaneHo pimeHHs mpo npuadanas 3D-mpunTtepa excrpyaepHoro tumy Ultimaker S3, sxwmit
3apeKOMEH/IyBaB cebe Ha €BPONEHCHKOMY PHHKY SK HAIIHHUHA 1 TEXHOJIOTIYHO 3pUTH MPUCTPi 3 ONTHMAIbHUM
CHIBBITHOIIEHHSIM «IliHA — SIKICTBb». JlaHWil NpHHTEp BUPI3HAETHCS CTaOLIBHOIO KiHEMAaTHKOIO, BUCOKOI TOYHICTIO
MO3UIIIIOBAHHS, MiATPUMKOIO IIMPOKOTO CIEKTpa TEPMOIUIACTIB 1 PO3BMHEHHM IIPOTPaMHHMM 3a0e3NeUeHHsIM, IO
POGHTE HOro NMPHIATHAM Ul BUKOPHCTAHHS B HABYAILHMX Ta00PaTOPisX i MOCIITHMIBKHUX LeHTpax. Moro mpunbanus
JIO3BOJIMJIO CYTTEBO PO3LIMPUTH MaTepiallbHO-TeXHIUHYy 0a3y 3aKkiajy Ta iHTerpyBaTH aMTHBHI TEXHOJOTIi B OCBITHIN
NIPOLIEC 1 HAYKOBI JTOCTIKEHHS.

3aznauenuit 3D-npuHTEp OYyJ0 BHKOPUCTAHO JUIsl CTBOPEHHS Makera 3D-Mojesni MmepcreKTHBHOTO JIiCOBOTO
KynbTHBaTOpa (puc. 3), MPHU3HAYEHOTO UI 3aCTOCYBAaHHS B MeXKax EKOJIOro-pecypco3depirarounx TEXHOJOTIH, II0
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BHKJIIOYAIOTh KOPYYyBaHHS ITHIB 1 CIIPSIMOBaHI Ha MiHIMIi3alil0 aHTPOIIOTEHHOTO BIUIMBY Ha JiCOBi exocucTemu [1, 2].
BuxopucraHHs agMTHBHHX TEXHOJOTIH y JaHOMY BHIAIKy A0 3MOTY B CTHCHII CTPOKM OTPUMATH HAOYHMH i
(YHKIIOHATFHO MOBHOIIIHHWAN MakeT, NMPHUIATHUN U1 JETaJbHOTO aHajli3y KOMIIOHYBAJIGHUX pillleHb, OIiHIOBAaHHS
B3a€MHOTO PO3TAITyBaHHS €JICMEHTIB i MEpeBipKH KiHEMaTHKH PoOOYHMX OpraHiB KyisTuBaropa. Lle, y cBoro uepry,
JTO3BOJIFJIO BHSBUTH IMOTEHIIIIHI KOHCTPYKTHBHI HEIOJIKHU IIe Ha €Tali MPOEKTYBaHHS Ta CKOPUTYBATH OKpEMi BY3IH
0e3 3HaYHMX JJOAATKOBUX BUTpAT.

PosrisiHeMO JeTanbHiNIE KOHCTPYKIIIO KyJIbTHBAaTOpa, peayli3oBaHy B HUQPOBIH MoJeni Ta BiATBOpPEHY Y
Burisiai 3D-makera. KynpruBarop ckiajgaerbes 31 34ilTHOrO HPUCTpOr0 1, pamu 2, 1m0 BKIIIOYAE OCHOBHY pamy 3 i
BEPXHIO pamy 4, 3’elHaHi MK COOOI0 YOTHpPMA CTiHKaMH 5, KpOHIITEHHA KpiieHHs] poOoYoro oprana 6, 3aro0iHOT0
MexaHi3My 7, po3MillleHoro B Kopmyci 8, cTiiiku B 300pi 3i crynuuero 9 ta chepuunux auckiB 10. Taka moxynbHa
CTPYKTypa 3abe3ledye He JIHIIE AOCTATHIO KOPCTKICTh KOHCTPYKIIii, a i THyYKicTh y (OPMyBaHHI pi3HHX BapiaHTiB
KOMIIOHYBaHHS poOOYHMX OPTaHiB 3aJIe)KHO BiJl BUKOHYBaHOT TEXHOJIOT19HOI OTIeparii.

OcoOMBICTIO TaHOI KOHCTPYKIIi € MOXJIIMBICTh peajli3amii KiTbKOX KOHQIrypamiii po3MilieHHsS poOoUnx
OpraHiB, IO JO3BOJIAE ANaNTyBaTH KyJIBTHBATOP IO PI3HUX YMOB EKCIUTyaTallii, THIIB IPYHTY Ta TEXHOJOTIIHUX
3aBlaHb. 30KpeMa, 3MiHa MOJIOKECHHS CPEPUIHUX TUCKIB 1 HATAITYBAaHHS MTapaMeTPiB IX B3a€MHOTO pO3TAIITyBaHHS A€
3MOTY pETyJIIOBaTH TJIMOMHY OOpOOITKY, IHTEHCHBHICTh PYHHYBaHHS IPYHTOBOI KipKkHM Ta XapakTep (opMyBaHHS
6oposeH. lle mixBuIye yHiBepcalbHICTh MAIIMHUA W PO3MIMPIOE MOXKIMBOCTI i1 3aCTOCYBaHHS B JIICOTOCIIOAAPCHKUX
poboTax, OpiEHTOBAHUX HA BiIHOBJICHHS BUPYOOK O€3 MoTNepeJHbOr0 KOpuyBaHHs ITHIB.

6 8 9 9 10 8 7 10
1-3uinHui npuctpii  2- OcHoeHa pama 3-BepxHa pama 5 - KpoHwTen

2 - OcHoeHa pama 7 - Crynuuga B 360pi 8 - Chépuunin anck

Puc. 3 — Maker KyJibTHBaTOpa BUrOTOBJIEHHIN Ha nmpuHTepi Ultimaker S3

VY uinomy pe3ysbTaTH MPOBEJEHOTO aHaNi3y Ta NPaKTHYHOI arpolallii aiuTUBHUX TEXHOJIOTIH CBIAYAThH MPO
JIOLUIBHICT BUKOPHCTAHHS MEPCOHATBHNUX 3D-NpUHTEPIB y HAYKOBO-JOCIIAHIH 1 OCBITHIH AiSJIBHOCTI SIK €KOHOMIYHO
0OTIpYHTOBAHOI aJbTEPHATHUBH AOPOruM MpodeciitHuM cucremam. BoHM 3a0e3meuyroTh JHOCTATHIM piBeHb TOYHOCTI i
BIITBOPIOBAHOCTI Ui 3aBJaHb IHXCHEPHOTO MPOEKTYBAHHS, NAIOTh 3MOI'Y 3HAYHO CKOPOTHTH TEPMIHH PO3POOKH
JIOCHIHUX 3pa3KiB 1 CIPUSAIOTH (OPMYBAHHIO CyYaCHOTO TEXHOJIOTIYHOTO CEPEeOBHINA B 3aKJIa/JaX BHINOI OCBITH Ta
JIOCHIAHUIBKHX [EHTpPax.

[Mepumii BapiaHT KOMIIOHYBaHHS KyJIbTUBATOPa OPi€HTOBaHHI HA BUKOHAHHS CYLIIBHOTO 00POOITKY MiIXPSIb
JICOBUX KyJbTYp 1 NMpHU3HAuYCHHUN A1 €EKTUBHOTO NPHUTHIYEHHS HeOa)kaHOI TpaB’sSHHCTOI POCIMHHOCTI, a TaKOX
HEOJIepeB’SIHUIOI TTOPOCIi JepeBHO-YarapHUKOBHX BHUIIB. Taka TEXHOJIOTIYHAa cxema OOpOOITKY Ja€ 3MOTY iCTOTHO
3MEHIINTH KOHKYPEHTHHH BIIMB Oyp’sHIB Ha KyJbTYPHI Haca/DKEHHsS Ta CTBOPUTH OUTBII CHPHUSTINBI YMOBH JJIS iX
pocty ¥ pos3BuTKy. Y il koH(pIrypamii Ha mepeaHbOMY OpycCi 3HAPSAAT BCTAHOBJIOIOTHCS MICTh JIIBOOOSPTATHLHHUX
CeKIlil, pPO3MILIEHHX 13 MDKIUCKOBOK BiacTaHHIO 280 MM MK pi3albHUMH KpaiikamMu. AHaJOTiuHa KUIbKICTh
npaBooOepTaIbHUX CEKIIl MOHTYEThCS Ha 33JHBOMY OpyCi TaKMM YMHOM, IIO0 30HU iX BIUIMBY IEPEKPHBAIH OJHA
onHy U QopmyBamu CymiibHY cMyTy 00poOiTky. Take po3ramryBaHHS poOOYMX OpraHiB 3a0esledye piBHOMIpHE
pO3MyITyBaHHs TPYHTY Ta Migpi3aHHS POCIWHHOCTI TI0 BCil MMUPHHI 3aXBaTy, BUKIIOYAI0OUN YTBOPEHHS HEOOPOOIEHUX
JIUITHOK. 3arajbHa INMpUHA OOpOOIIOBaHOI CMYrM 3a Ii€l KOMIIOHOBKHM CTaHOBHTH 2,7 M, IIO Ja€ 3MOry
BUKOPHCTOBYBAaTH KyJbTUBATOp JUIA JOTJIAY 332 3HAYHUMH 32 IUIOLICIO JIICOKYJIBTYPHHUMH IUISHKAMH 3 BHCOKOIO
MIPOJIYKTUBHICTIO.

Jpyruii BapiaHT KOMIIOHYBaHHS KyJIbTUBAaTOpa pO3pOOJICHNH JUIsl TPOBEJICHHS AOTJISIIIB METOJIOM «OCIUIaHHS
psKay KyJBTYp 1 CHPSIMOBaHWI HA NPUTHIYEHHS POCIMHHOCTI B Ge31mocepeHiii OJM3bKOCTI 10 KyJIbTYPHHX POCIIHH 32
OJTHOYACHOTO 30epeeHHs 3aXMCHOI 30HM HaBKOJIO HHMX. Takuil pexxuM poOOTH € 0cOONIMBO aKTyalbHUM Ha paHHIX
CTaliX PO3BHUTKY JICOBUX KyJbTYp, KOJHM ICHY€ MiABUIICHUA PHU3NK X MEXaHIYHOTO TWOIMIKOKEHHA. Y Il
KoH(irypariii Ha mepegHpOMY Opyci 3HAPAIIA PO3MIIIYIOTHCS MO JIBi JIiBO- 1 IpaBoOOEepTaNbHI CeKIlii, BCTAHOBJICHI 3a
CXEMOI0 «BCBaJD» i3 MDKIHCKOBOIO BifAcTaHHIO 280 MM MK pi3aJbHMMH Kpaiikamu cycigHix nuckiB. [Ipm mpomy
(hopMy€eThCS LIEHTpabHA 3aXUCcHA 30Ha mupuHOI 600—700 MM, y MeXkax sKOi BiICYyTHIH BIIIMB poOounx oprani. Ha
3aIHHOMY OpycCi BCTaHOBIIOIOTHECS TPHU JIiBO- 1 MPaBOOOEpPTaIbHI CEKIlii, SMOHTOBAHI 32 CXEMOIO «BPO3BAI» Ha TaKii
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caMili MDKIHMCKOBiH BifIcCTaHI Ta 3 MEHTPAILHOIO 3aXHCHOI 30HOI0 ImmpuHOK 400-500 mMMm. Taka KOMIIOHOBKa Ja€
3MOTY OUTBII THYYKO (GopmyBaTd mpodias 00poOIIOBaHOT MOBEPXHI Ta aAanTyBaTH IHTCHCHUBHICTH BILUIMBY Ha IPYHT
3aJISKHO BiJI ITOJIOKEHHS BiTHOCHO PAIKA KYJIBTYp. Y pe3yibTari 3 000X OOKIB psaKa 0OpoOISIOTECS CMYTH IIAPHHOIO
mo 800 MM KOkHA, I0 3a0e3neduye eeKTHBHE MPUTHIYCHHS Oyp’sHIB 3a 30€peXeHHS IIUTICHOCTI KOPEHEBOI CHCTEMH
KyJIBbTYPHHUX POCIHUH.

[IpoBeneni imiTamidHi JOCHIIKEHHS HAa OCHOBI TPUBHMIPHHUX TBEPAOTUIBHMX MOJENEH IIOKa3aid, II0
NpUIHATa KOHCTPYKTHBHA CXeMa KyJIbTHBATOPa Ma€ BUCOKY MPOXIJHICTh 1 CTIHKICTD 10 IMHAMIYHUX HaBaHTaXXEHb, SKi
BUHMKAIOTb I1iJ] Yac HaI31y Ha Meperrkou. 30KpeMa BCTAaHOBIICHO, III0 KOHCTPYKIIisl 3a00DKHUX MEXaHi3MiB 1 Hecy4ol
pamu 3abesrieuye HaJliiiHe MOJONaHHS MHIB 3aBBUIIKH 10 38 cM 3a rMOUHN 00poO0iTKy IpyHTY 12 cM 0e3 pyiHyBaHHS
eJIEMEHTIB KOHCTPYKILIi Ta 6€3 CyTTEBOro BiAXHMJICHHS poOOYMX OpraHiB Bij 3a71aHOi TpaekTopii pyxy. Lle cBiguuts npo
IOCTaTHIO aJalTUBHICTh KyJIBTUBATOPA IO EKCIUTyaTalil B yMOBaX HEPO3KOPUYOBAHHUX BHPYOOK i TUISHOK i3 BUCOKOIO
HEOJHOPITHICTIO penbe]y Ta IPYHTOBOTO TIOKPHBY.

KoHCTpyKTHBHI 0COONMBOCTI KyJIBTHBAaTOpa HAalOTh 3MOTY BHKOPHCTOBYBAaTH HOTO SK Ui CYILIBHOTO
00pO0ITKY MIXpSAIb JICOBHX KYNbTYp, TaK 1 I BUKOHAHHSA MOTJIIAIB METOAOM OCI[UIAaHHS pSAOKa, IO iCTOTHO
PO3ILIMPIOE CHEKTP MOro TEXHOJOTIYHOTO 3aCTOCYBaHHS. YHIBEPCANbHICTh MAIIMHH JIOCSATAETHCS 33 PaxyHOK
MOJYTHFHOTO TPHHINIY KOMIIOHYBaHHS pOOOYMX OprafiB, 3a SKOTO OKpeMi CeKIii MOXYTh IEMOHTYBAaTHCS W
YCTaHOBIIIOBATUCS B PI3HUX KOMOIHAISIX 3aJIE)KHO BiJl KOHKPETHHX YMOB POOOTH Ta IOCTAaBICHUX arpoTEeXHIYHUX
3aBJaHb.

[epenanarokeHHs KyJIbTHBATOPA 3BOAUTHCS BUKIIIOYHO JIO ONEpAIlii 31 3HATTA Ta MEePeyCTaHOBIJICHHS CEKLiH
pobounx opraHiB y moTpiOHy KoHbirypartiro. L[i omepamii He MOTPeOYIOTh 3HAYHHMX YACOBHX BUTpPAT 1 MOXKYTh
BUKOHYBaTHCsl O€3II0CEPEHbO B MOJBOBHX YMOBax 0Oe3 3aJyueHHsl CHeliali30oBaHOr0 OOJagHaHHA abo CKIaIHOTO
iHCTpyMeHTy. Taka TeXHOJIOTiYHa IPOCTOTa 0OCIYyroByBaHHS ICTOTHO 3HM)KY€E MPOCTOI TEXHIKH, MiABUILY€E KOe]iLieHT
il BUKOPHCTAHHSI Ta MOJIETTIYE EKCIUTYaTallil0 B MEKaX CE30HHHUX JIICOrOCTIOJapChKHUX POOIT.

VY minomy peanizoBaHa KOHCTPYKTHBHO-TEXHOJIOTIYHA KOHIICTIISl KyJIbTHBATOpa 3a0e3ledye IO€THAHHS
BHCOKOI (PYHKIIIOHAIEHOI THYYKOCTi, HQAIHHOCTI Ta eKCIuTyaramiiiHoi 3py4HocTi. Lle mae 3Mory posrisgatu Horo sk
MIEPCIICKTUBHAN 3aci0 MeXaHi3allil JOTJIIIOBUX POOIT y JTICOBUX KYyJIbTypaX, OPiIEHTOBAHHMI HA 3aCTOCYBAaHHS B YMOBax
€KOJIOTO-pecypco30epiralounx TEXHOJOTIH 1 MiHIMi3aIlii aHTPOIIOTeHHOTO BIUTUBY Ha IPYHTOBHUH IIOKPHB.

TakuM 4YMHOM, JUIA HAOYHO{ NEMOHCTpalii MOMJIMBOCTECH, 3aKJIAJAEHUX Yy KOHCTPYKIIIO KyJIBTHBATOPA,
CTBOPIOBAHMI MaKEeT MAa€ BOJOJITH 3JaTHICTIO iMiTallii peaJbHOro poOOYOro mpolecy Ta BCiX omepamid 3
MepEeKOMIIOHYBaHHSI po0OYMX OpraHiB, nepeadayeHnX Pi3HUMHM BapiaHTamu ioro kommoHyBaHHs. Lle, cBoeto ueproto,
notpedye 3a0e3neueHHs He JIMIIEe NMPUHHATHUX MIIHICHUX XapaKTEPUCTHUK E€JIEMEHTIB KOHCTPYKIii, a i pyxomocTi
OCHOBHHMX BY3JiB, IIO Ja€ 3MOTY BIATBOPIOBaTH KIHEMAaTHKy pOOOTH 3Hapsaas B yMOBaX, HAOJIMKEHHUX JI0
eKCIUTyaTaliitHnx. Peanizaiisi 1MX BUMOI MOXJIMBA 332 PAaxyHOK palliOHaJIbHOIO KOHCTPYKTHBHOIO ITOALTY BHXiJHOT
TPUBHMIPHOT MOJIEIi Ha MPOCTIIIi i TEXHOJOTIYHINI eIeMEeHTH, 3pYYHI IS aTATHBHOTO BHTOTOBIICHHS, MOJANBIIOTO
CKJIaJIaHHsI Ta 6araTopa3oBOr0 IEMOHTAXY.

VY po3riasiHyTOMy BHIIAJIKy JAPYK MakeTa 3[iiCHIOBaBCS HE y BUIIAAI €IMHOTO MOHOJITHOTO BHpOOY, a y
BHTIII OKPEMHUX BY3IIB, sKi OyJIM BHOKpEMJICHI Ie Ha CTaii MPOEKTYBAHHS 3 ypaxXyBaHHSAM iX (YHKIIOHAIHHOTO
NIPU3HAaYeHHs, rabapuTHUX 0OMekeHb po0ovoi kamepu 3D-npuHTEpa, a TAKOK 0COOIMBOCTEH CHPSHKEHHS Ta B3aEMHOT'O
nepeMinieHHst eneMeHTiB. Takuil mifxXiJg JO3BOJMB HE JIMIIE CIIPOCTUTHU IIPOIEC JIPYKY, a i 3a0e3neunTn MOyJIbHICTD
KOHCTPYKIii MakeTa, 10 € 0COOJMBO BaXJIMBUM JJIsl IEMOHCTpAI]l Pi3HUX CXEM KOMIIOHYBaHHs pOOOYHMX OpraHiB i
MPOBE/ICHHSI HaBYAJIbHUX 200 JOCIIAHUIBKUX €KCTIEPUMEHTIB.

Jliist BUKOHAHHSI IPyKY KOKEH i3 BY3IIiB 3aBaHTa)XKyBaBCsl B KepyBajbHy nporpamy Simplify3D y gopmari STL
(puc. 4, a). Ha upomy erarii BUKOHyBaJIUCS orepalii 3 iX opieHTauii B podoyomy 00’eMi npuHTEpa, MacutadyBaHHs 10
3aJ]aHoro macuirady, a TaKkoX HaJNAIITYBaHHS KIIOYOBHX TEXHOJOTIYHHX MapaMeTpiB JIPyKY, 30KpeMa BUCOTH LIapy,
HIBUKOCTI €KCTPY3ii, TeMneparypu coIuia W MHiIirpiBaHOro CTOJA, LIUIBHOCTI 3allOBHEHHS Ta TOBIIMHM 30BHILIHIX
CTiHOK. J|01TaTKOBO TPOBOAMIIACS ONTHUMI3AIlisl TIOJOKEHHS JIeTallell 3 MeTOr MiHiMi3aIlil 00’ eMy MiITPUMOK, 3HHKCHHS
HMOBIpHOCTI iepopMariiii i MOMIMIIEHHS SIKOCTI (OPMYBaHHS BiJIOBITATFHIX T€OMETPUIHAX €IEMEHTIB.

Ha nactynmHomy erani mporpamue 3a0e3IedeHHs aBTOMAaTHYHO TeHEepyBallo KepyBalbHe 3aBHaHHS aist 3D-
NPUHTEPA, IIO BKIIOYAJIIO TPAEKTOPIl PyXy EKCTpyAepa, PeKUMH poOOTH oOOJIaJHaHHS, MapaMeTpH MOIIapOBOTO
(opMyBaHHS Ta aJrOPUTMH PO3CTAHOBKH IITPUMOK y 30HaX i3 HABHCAIOUNMH EJIEMEHTaMH ¥ CKJIaJHOO ITPOCTOPOBOIO
reometpiero (puc. 4, 6). ChopmoBanmii G-K0a JA03BOJSB TOYHO BIATBOPUTH 3agaHy (opMy neTaiieid, 3abe3meuyrodn
CTaOUIBHICTh TIPOIECY MPYKY Ta BIATBOPIOBAHICTh PE3yNbTATiB TiJ] YaCc BUTOTOBJICHHS OJHOTHUITHUX E€JIEMEHTIB.
BuxopuctanHa ¢yHKUIi HONMEpeaHbOTO Ieperisany Tpaektopid y Simplify3D mano 3mory Ha erami HiATOTOBKH
3aBJIaHHA BHSBHUTH TOTEHIIHHI IepeKTH IpyKy, 30KpeMa HEJOCTaTHIO IITPHUMKY 3BHUCIB, HaAMIpHY KOHIIEHTPAILIO
Marepialy y BY3bKHX 30HAaX a00 pU3MK KOJi3il comia 3 yke c)OpMOBAaHUMHU €IEMEHTaMH, i CBOEYaCHO CKOPUTYBATH
rapameTpH Mpolecy.
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W Simplify3D > W Simplify3D
DA=RSe XX DA RSe xQ

a) 6)
Puc. 4. — Yactuna monerni, 3aBaHTaxkeHa B mporpamy Simplify3D:
a — micis MacmtabyBanasa 1:20; 6 — micist reHepanii 3aBJaHHs 3 PO3CTAHOBKOIO MiATPUMOK

Ilicns 3aBepiieHHS agUTHBHOTO BHTOTOBJICHHA HAJAPYKOBaHI €JIEMEHTH 3a MOTpeOM MiamgaBajics
TicIs100po01i, 0 BKITFOYANIa BUNAICHHS MiITPUMOK, MEXaHIYHE 3aYHIICHHS IIOBEPXOHB Y MICI[IX KOHTaKTY 3 OIIOPaMH,
JIOKQJIbHY IATOHKY CHPSDKEHHMX TUIOLIMH 1 OTBOPIB, @ TaKOX KOHTPOJb T'€OMETPUYHHX PO3MIpIB i3 BUKOPHCTaHHSIM
BUMipIoBasibHOTO iHCTpyMeHTy. L{i onepauii mo3Bosisuin 3a0e3neyuTd HEOOXiJHY TOYHICTH CKIIAJIaHHS Ta IUIABHICTb
nepeMillleHHsI pyXOMUX BY3JIiB 0e3 3aiaHb i HepeKociB.

3aKJIIOYHUM eTaroM OyJIo py4yHe CKIaJaHHs OKPEMHX BY3JIB y €IMHHHA MakeT KyJbTHBATOPA, y XOJl SKOTO
mepeBipsuiacs PyXOMICTh OCHOBHHUX €JIEMEHTIB, TOYHICTh ITOCAJIOK, CIIBBICHICTh OOCPTOBHX JCTayci i BIAMOBIIHICTH
3arajpHOi reomerTpii ckianaHHs mpoekTHiit 3D-moxeni. [lomaTkoBOo TpoBomwiacs iMitamis poOOYHMX  pyXiB
KyJbTHBAaTOpa, 30KpeMa IIOBOPOT CEKLi poOOYMX OpraHiB, iX B3a€MHE IIEPEKPUTTS Ta 3MiHA KOMIIOHYBaHHS
BiJINIOBITHO J0 Pi3HUX TEXHOJOTIYHUX cXeM 00poOiTky. Takuii moeTamHui 1 TEXHOIOTIYHO BUBIPSHUH MiXiT JO3BOJIHB
oTpUMaTH (yHKIIOHATEHO HAOYHHUH, KOHCTPYKTUBHO KOPEKTHHIT 1 6aratropa3oBo TpaHC(HOPMOBAHMN MAKeT, MPUIATHHI
JUISL IeMOHCTpALli MPUHIUITY pOOOTH KyJIbTUBATOPA, OLIHIOBAHHSA HOTO0 KOMIIOHYBaJbHHX PIilCHb i BUKOPHCTAHHS B
HaBYAIBHHUX Ta HAYKOBO-IOCIITHUX LIJISX.

Ha puc. 5 momano ocrarouHmii BapiaHT Mojeni KynsTHBatopa B MacmrTabi 1:20, BHTOTOBIICHHWH i3
BUKOPHCTAaHHIM TEXHOJIOTI aIUTHBHOTO BUpOOHUITBA Ha 3D-npuHTepi. OTpUMaHKUil MakeT € MaTepiajJbHUM BTUICHHSIM
PpO3pobiIeHOT TPUBUMIPHOT TBEPAOTIILHOT MOJIEIN Ta 3HAYHOIO MipOIO BiATBOPIOE KOHCTPYKTHBHY OyIIOBY, IIPOCTOPOBE
KOMITIOHYBaHHS 1 B3a€MHE pO3TalllyBaHHS BCIX OCHOBHHMX BY3JIB KyJbTHBaTropa. Y TMpoleci NPOEKTYBaHHS Ta
MOJAJIBIIION0 BUTOTOBJCHHS OCOONMBY yBary OyJi0 MPHUAUICHO 30€PEKEHHIO TCOMETPUYHUX IPOTMOPIIiH, BIIHOCHHUX
pPO3MIpIB €JIEMEHTIB 1 XapaKTepHHUX OCOOJMBOCTEH KOHCTPYKIli, IO MAajJ0 3MOry 3a0e3MeUHTH aJeKBATHICTh
MacIITabHOI MO peaqbHOMY IPOTOTHITY.

[Ipu poMy B MakeTi 30epekeHO PYXOMICTh yCiX KIIFOYOBHX €JIEMEHTIB, 30KpeMa CeKIild poOOYMX OpraHiB,
CTIMOK, eNEeMEeHTIB KpIIICHHS IUCKIB, BY3JIB MIiJABICKH Ta 3alO0KHUX MeXaHi3MiB. Take KOHCTPYKTHBHE pIilICHHS
3a0e3meuye MOXKIIMBICTD IMITaIlil peaTbHUX POOOYHX PYXiB 1 KIHEMATHKH 3HAPSAAJS, 4 TAKOXK JTA€ 3MOTY BiATBOPIOBATH
B3a€EMOJIII0 OKpPEeMHUX BY3JB MiK COOOI 3a pI3HHX BapiaHTIB KOMIIOHYBaHHS. 3aBISKH I[HOMY MOJIEITh MOXKE
BUKOPUCTOBYBATUCS HE JIMIIE SK JEMOHCTPAUidHUI 3pa3oK, a i K (YHKLUIOHAJbHUN €KCIePUMEHTAIBHUI CTEHN UL
aHaJTi3zy poOOTH MEXaHi3My B YMOBAax, HAOJIMKEHHX 10 SKCIUTyaTalliiHuX.

WYZSZA Szkora
KOMUNIKAC))
| ZARZADZANIA

g

«
T
L
gn"' .

e

Puc. 5 — ®i3nyHwmii MakeT, BUTOTOBJICHUI MeTo10M 3D-apyk

HasBHicTh pyxoMux 3’€1HaHb 1 PyHKI[IOHATBHUX BY3JiB 1a€ MOXKIMBICTH HAOYHO IPOJIEMOHCTPYBATH OCHOBHI
KiHEMaTH4HI XapaKTEepHUCTHKH KyJIbTHBAaTOpa, 30KpeMa aMIUNTYAy i TpaeKTOpilo MepeMilleHHS poOOYMX OpPTaHiB,
BHCOTY iX TiIifoMy IIiJl 9ac Hai3ay Ha TEPEIKOIN, a TAKOXK XapakTep poOOTH 3amoOKHUX MEXaHi3MiB 3a Jlii 30BHIIIHIX
HaBaHTaXeHb. Lle 03BOJIsIE€ Bi3yalbHO OIIHWTH, SKMM YHHOM BiIOYBA€ThCSA MEPEPO3MOLT 3yCHIIb Y KOHCTPYKIIil, AKi
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€JIEMEHTH € HaWOUIbII HAaBAaHTAKCHHMHU Ta SK 3MIHIOETHCS TIOJIOKCHHS POOOYHMX OpraHiB 3ajeKHO Bif Tpogdimio
MTOBEPXHI i yMOB 00pOOITKY IPYHTY.

BukopucranHs MacmTaboBaHOTO MakeTa TAaKOXK HaJae MIHMPOKI MOMIHMBOCTI U E€KCHEePUMEHTAIbHOTO
BiIpaIlfOBaHHS KOMIIOHYBAJIBHUX pillleHb 0e3 HEOOXiTHOCTI BHUTOTOBJICHHS IIOBHOPO3MIPHOTO IOCIIIHOTO 3pa3Ka.
30kpema, Ha OCHOBI Ii€l MOAETI MOXKe 3MIHCHIOBAaTHCS ONTHUMI3allisl CXeM PO3MIMICHHS PoOOYMX OpraHiB Ha pami,
OLIIHIOBAHHS CTYIICHS iX MEPEeKPUTTS B MONEPEYHOMY HANpsIMKY, epeBipKa 3a30piB MK elleMEeHTaMH KOHCTPYKIii, a
TaKOX aHaJli3 MOTEHIIHHUX 30H KOHTAKTy M B3a€MHHX IEPEIIKO] MijJi Yac PoOOTH B CKIAIHUX YMOBAaX, HAIPUKIAL y
pasi Hai3qy Ha 1Hi, KamiHHSA a0o iHmi nepemkoay. Lle nae 3Mory BHABIATH KOHCTPYKTHBHI HEOJIKM Ha paHHIN cTasil
MIPOEKTYBAHHS Ta BHOCUTH KOPUTYBaHHS B IM(POBY MOJIEIb 3 MiHIMaJIbHUMH YaCOBHUMH i MaTepialibHUIMHU BUTPATaMH.

Kpim Toro, BuroroBnena mMonenb y maciutadi 1:20 Mae 3HaYHMH HaBYaJIbHO-METOAWYHUN moTeHuian. Bona
MOJK€ BUKOPHCTOBYBAaTHCS B OCBITHROMY IIPOIECi JJIsI HAOYHOI NEMOHCTpalii NMPHHOUIIB POOOTH TPYHTOOOPOOHUX
3HapsIb, OCOOIMBOCTEH IX KOHCTPYKTHBHOI CXEMH, a TaKOX IepeBar MOAYJIbHOIO KOMIIOHYBaHHS POOOYHMX OpraHiB.
Taka ¢opma Bi3yami3alii iCTOTHO TOJETTIye COPUHAHATTS CKIAIHUX IHKEHEPHHX PIllIeHb CTYICHTaMH Ta CIyXadaMH,
MiABHMINY€E  SIKICTP HaBYaHHA 1 copuse  (QOpPMYBaHHIO NPAaKTHYHMX  HABHYOK  aHANMI3y  KOHCTPYKILiH
CLTBCHKOTOCIIOTAPCHKIX 1 JIICOTOCTIOAAPCHKIX MAIIIH.

TakuM YMHOM, BHTOTOBJICHa MOJIENb KynbTHBaTOpa B MacmTabi 1:20 € He mpocTO 3MEHIICHOIO KOIIi€I0
MIPOEKTOBAHOTO 3HApAIMA, a OaraTo(yHKIIOHAJHHUM JOCHIAHUIBKEM 1 JEMOHCTpalliiHUM iHCTpyMeHTOM. BoHa
crpusie MiJBUIICHHIO e(EeKTHBHOCTI IPOEKTYBAaHHS, ONTHMi3alii KOHCTPYKTHBHHUX 1 KOMIIOHYBaJbHUX pillleHb,
OOTPYHTYBaHHIO TapaMeTpPiB MEPCIEKTUBHOTO JICOBOTO KyJbTHBATOpa Ta 3HIDKCHHIO PHU3UKIB, IOB’S3aHUX 13
Mepexo/10M BiJl BIpTyaJbHOI MOJIEN JI0 IOBHOPO3MIPHOTO JAOCIIITHOTO 3pa3Ka.

BucnHoBku. TakuM YMHOM, Ha TiJACTaBi NPOBEAEHOTO0 aHA3y Ta NpPAKTHYHOI ampoOlaiii axuTHBHUX
TEXHOJIOTiH MOXHa c(OpMyTIOBATH TaKi y3aralbHIOBAJFHI BHUCHOBKHA. BUKOPHUCTaHHS MakeTiB IPYHTOOOPOOHHX
3HapsAAb, BUTOTOBJIEHUX 13 3aCTOCyBaHHSAM 3D-NpuHTEpIB, Aa€ 3MOTy HE JMIIC HAOYHO BIITBOPUTH TPUBUMIPHY
TUPPOBY MOAETH y BUTILAAI (i3UIHOTO 00’€KTa, @ i ICTOTHO PO3MINPIOE MOKIMBOCTI iH)KEHEPHOTO aHANI3Y Ha paHHIX
CTamisix NpoekTyBaHHA. Pi3MuHA Bizyamizamis KOHCTPYKIII IOJIETIIyE CHPUHHATTS IPOCTOPOBOTO KOMIIOHYBaHHS,
B3a€EMHOTO PO3TAlllyBaHHS BY3JB 1 XapakTepHUX OCOOJMBOCTEH MeXaHi3My, IO, CBOEIO UYEProlo, CIIpUSAE OLIbII
e(eKkTHBHOMY OOTOBOPEHHIO Ta IPOCYBAaHHIO IHXXCHEPHHX il y CepelOoBUINI KOHCTPYKTOPIB, IOCHTiTHHKIB 1
MOTEHLIHHUX 3aMOBHHKIB.

OxpiM geMoHcTpauiiiHol ¢yHKIi], MacmrTaOHi 3D-MakeTd CTBOPIOIOTH IMEPEAYMOBH IS IPOBEICHHS
NPUKJIaAHUX JIOCTIDKEHb KiHEMAaTHKH Ta KOMIIOHYBaHHs BUpoOy. HasBHICTP pyXOMHX €JIEMEHTIB Ja€ 3MOry
aHaJli3yBaTH TPAEKTOPIT MEPEMIIlICHHST POOOYHX OpTraHiB, XapakTep 1X B3a€MOJIil MiXK CO00I0, a TAKOXK OIIHIOBATH BILJIHB
pI3HMX BapiaHTIB KOMIIOHYBaHHSi Ha (yHKLIOHaJIbHI mnapaMeTpu 3Hapsais. Takuil miaxin poOUTh MOXKIMBHM
BUSIBJICHHSI KOHCTPYKTUBHHMX HEIOJIKIB 1 HEpaliOHAIBHUX PIlIeHb e JI0 BUTOTOBJICHHS! TOBHOPO3MIPHOTO JIOCIITHOTO
3pasKa, 1110 3HIDKYE 4acoBi i MaTepiaibHI BUTPATH Ha HACTYITHI €TAIN MIPOEKTYBAHHS Ta JOBEICHHS KOHCTPYKIIIi.

JlonaTkoBoro mepeBaroro 3acrocyBaHHs 3D-MakeTyBaHHS € HOro BUCOKa aJlallTUBHICT 1 MOJYJIBHICTE. Y pasi
moTpeOu 3MIHM OKPEMHUX €IeMEHTIB KOHCTPYKINI abo cXeMHU iX PO3MIICHHS KOPUTYBaHHS MOXYTh OYTH OTIIEpaTHBHO
BHECCHI B IIU(POBY MOJEIH i3 IMOJANBIINM IIOBTOPHAM BUTOTOBJICHHSM BiATIOBIAHUX BY3MiB. Lle 3a0e3medye rHyUYKICTD
MIPOEKTHOTO TPOILECY Ta A€ 3MOTY IOPIBHSHO IIBUAKO TECTYBaTH aJbTEPHATHBHI KOMIOHYBJIbHI pilIeHHS 0Oe3
CYTTEBHX (DIHAHCOBHX BKJIAJICHb.

Crig TakoX Bi3HAYUTH 3HAYHHI OCBITHINM 1 MOTHMBAIlIHUNA MOTEHI[a] TAKOTO MiAXoay. B ymoBax 3akmaiin
OCBITH BUKOpHUCTaHHsI 3D-IpyKOBaHMX MakeTiB J03BOJISIE ICTOTHO MiJBUIIUTH HAOYHICTh HaBYaJBHOTO MaTepiaiy,
3pOOMTH MPOIIEC BUBUSHHS MAIIMH I MEXaHI3MiB OUIBII IHTEPAKTUBHUM 1 IPAKTHKOOPIEHTOBAHMM. Y4acTh CTYJICHTIB y
po3podiii 1udpoBUX MOENCH, MATOTOBII 1X A0 APYKY, MCIsI00pOOIl Ta CKIaJaHHI MakKeTiB crpuse GOpMyBaHHIO B
HUX CHCTEMHOIO IH)XEHEPHOTO MHCIIEHHS, PO3BMTKY HaBHUUYOK poboTH i3 cydyacHumu CAD/CAM-texHonorisiMu ta
aJINTUBHUM OOJIa[IHAHHSM, a TAaKOX 3aTyYeHHIO JI0 aKTHBHOI HAyKOBO-JOCIIIAHOI i BUHAX1AHUIBKOI AiSIIBHOCTI.

VY ninomy 3acrocyBaHHs 3D-IpuHTEpIB 111 CTBOPEHHS MaKeTiB IPYHTOOOPOOHNX 3HAPSIb MOXKE PO3TIISAATHCS
SIK TIEPCTICKTUBHIM 1 METOIUYHO OOTPYHTOBaHHN 1HCTPYMEHT, IO MOEAHYE B co01 (DyHKIIT Bi3yauisaii, iHKEHEPHOTO
aHaJli3y Ta OCBITHBOI MiATPUMKH. Takwil MmigXiJ CIpuse MPUCKOPEHHIO iHHOBAI[IHUX MPOIECIB, IMi JBUIICHHIO SKOCTI
KOHCTPYKTOPCHKHX pillleHb 1 (JOPMYBaHHIO Cy4acHOTO TEXHOJIOTIYHOTO MHCIEHHS y MaiOyTHIX ¢axiBuiB y Tamysi
CLTBCHKOTOCIIOIaPCHKOTO T JTICOTOCIIOIaPCHKOT0 MATHOOY Ty BaHHS.
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IHTETPOBAHI TEXHOJIOTTI BIBPOCTABLIIBALIIL 1/ 3ABE3INEYEHHS TOYHOCTI
BUTI'OTOBJIEHHS KPYITHOT'ABAPUHUX CTAHUH BAKKOI'O BEPCTATOBYAYBAHHSA

VY crarTi po3rsIHYTO BIOCKOHAJIEHHS MPOLECY IHTErPOBAHUX TEXHOJIOTI 3a0e3MeueHHs TOYHOCTI BUTOTOBJICHHSI CTAHUH Ba)KKHX BEPCTATIB 3
3aCTOCYBAaHHSM IEPEIOBUX TEXHOJIOTiH BiOpOCTadiIi3amii Ha pi3HUX PE30HAHCHHUX YacTOTaX Mepe]] BUKOHAHHSIM MPOMDKHHUX Ta (iHIIIHUX onepartii
.UTipyBaHHS CTaHWH BAaXKHX BepcTariB. [IpoBeleHO aHali3 KiHEMaTHYHHX, MEXaHIYHMX Ta TEIUIOBHX XapaKTEPHCTHK IPOLECY 3 3a0e3IeUeHH M
crabinizauii BHYTpIiUIHIX HampyxeHb . OOIPyHTOBaHO yMOBH ONTHUMAIIBHOTO HUTIQYBaHHS YH JIe30BOI OOPOOKH, L0 JO3BOJISIFOTH IiJBHIIUTH
TOYHICTh Ta SAKiCTh MOBEPXHEBOT'O LIAPY. XapaKTEPUCTUKHU 3arapTOBAHMX CTAHWH BA)KKUX BEPCTATIB MPSMO 3aJ€KHUTh BiJ] TApaMETPiB IOBEPXHEBOTO
mapy KOHCTPYKTOPCHKHX, TEXHOJIOTYHMX 0a3 Ta BHYTPILIHIX HAINPYKCHb, SIKi MPOSBISIOTHCS Yepe3 ACSKUM Yac HeraTHBHUM YHHOM, SIK BiIXMJICHHS
[paMeTpBM TOYHOCTI, AehopMallii, yTBOPEHHS MiKpPO Ta MAKPOTPELIiH Ha IOBEPXHi, IKi pyHHYIOTh CTAHUHH.

Ku1r04yoBi cj10Ba: HTErpoBaHI TEXHOJOTII, BHYTPIIIHI HanpyXeHHs, BiOpocTalinailisi Ha pi3HUX PE30HAHCHUX 4YacTOTaX, CTAHWHU BAXKKUX
BEPCTATIB, TOYHICTH Ta SKICTh MIOBEPXHEBOTO LIApPY, AedopMallii, yTBOPEHHS MIKPO Ta MaKpPOTPHILiH, pyHHYBaHHS CTAHUHU.
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INTEGRATED VIBRATION STABILIZATION TECHNOLOGY TO ENSURE THE ACCURACY OF MANUFACTURING OF
LARGE-SIZED MACHINERY BANDS

He article considers the improvement of the process of integrated technologies for ensuring the accuracy of manufacturing heavy machine tool
beds using advanced vibration stabilization technologies at different resonant frequencies before performing intermediate and finishing operations.
grinding heavy machine tool beds. An analysis of the kinematic, mechanical and thermal characteristics of the process with the stabilization of
internal stresses is carried out. The conditions of optimal grinding or blade processing are substantiated, which allow to increase the accuracy and
quality of the surface layer. The characteristics of hardened heavy machine tool beds directly depend on the parameters of the surface layer of the
design, technological bases and internal stresses, which manifest themselves after some time in a negative way, as deviations from accuracy
parameters, deformations, the formation of micro and macro cracks on the surface that destroy the beds.
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Beryn. OnHuM 13 HafBaXKITMBIIIMX 3aBJaHb Cy4YacHOI'O MAaIIMHOOYIYBaHHS € PO3BUTOK TaKUX CTPaTETiuHHX
rajgyseil, sk Bakke BepcTaroOyqyBaHHs, NpuiianoOyayBaHHs. PO3BHTOK HIMX Tamy3ed 3aleKUTh BiJ 3a0e3ledeHHs
MAPUEMCTB  BUCOKOTEXHOJIOTIYHMM OOJaJHaHHAM, 110 NOTpeOye BHCOKOI TOYHOCTI BHIOTOBJICHHS. Baxke
BepcTaToOyayBaHHS, sIK 0a30Ba ramysb, 30Ccepe/DKEHa B PETiOHaX 3 PO3BUHEHOI0 HAYKOBO-AOCIIIHOIO T2 BUPOOHHUOIO
iHppacTpykTyporo. [liMBUIIEHHS TOYHOCTI Ta MPOJYKTUBHOCTI BaXKKHX BEPCTATIB € aKTyallbHOIO HAYKOBO-TEXHIYHOIO
npoOyeMolo, sika Mae€ ICTOTHMH BIUIMB Ha SKICTh KIHIEBOI Npoaykmii. 3a paXxyHOK BIOCKOHAJIECHHS NpoLeCy
IHTETPOBAaHUX TEXHOJIOTIH 3a0e3Meuy€eThCsl TOUHICTh BUTOTOBJICHHS CTaHWH Ba)KKWX BEPCTATIB IiJBHIIECHON CTEIiHi
TOYHICTI 3 3aCTOCYBaHHSM IIEPENOBHX TEXHOJOTIH BiOpocTabimamii Ha pi3HUX pPE30HAHCHUX YacTOTaxX IIepen
BHKOHAaHHSM MPOMDKHUX Ta (DIHIMIHUX omepamii NnTidpyBaHHS CTaHWH BaXXKHX BepcTariB. OCHOBHI 3aBIaHHS, IO
CTOATH TEpe]] MAIIMHOOYTyBaHHAM € IMiABUIICHHS €(peKTUBHOCTI BUPOOHMIITBA, HOTO iHTEHCH]IKAIlis Ta MOJIMIICHHS]
SIKOCTI TIPOYKIIII.

3 IUIMHOM dYacy depe3 Mepepo3MOil 1 pellakcallifo BHYTPINIHIX 3aJUIIKOBUX HANpPYyXEHb, BHKJIMKAHUX
TEXHOJIOTIYHUMH TpPOLIECAMU IIPH BUTOTOBJICHHI (JMTTS, 3BaplOBaHHs, MeEXaHiuHa 0O0poOKa TOIO), BTPava€ETHCs
CTaOlIBHICTh TEOMETPUYHKMX PO3MIpIB AeTalieid. Y mporeci penakcauii HanpyXeHb NpykHi aedopmaii nepexousiTs y
IUIACTUYHI, BHACTIJIOK YOT0 YOro BEJIMYMHHU 3aJIMIIKOBUX HAIPYXXEHb 3HWKYIOThCS. HepiBHOMIPHICTH NPOTIKaHHS B
MeTali IIbOr0 MpOLECY IOpYLIye PIBHOBAXHWI CTaH, BHUKJIMKAIOUM NpYXHY Aedopmaiito nerami 3i 3MiHOIO 11
reoMeTpuyuHOi (opmu. IliABHIICHHS CTaOUIFPHOCTI TCOMETPUYHUX PO3MIPIB OCATAETHCS MEPEBAXKHO 32 PaxXyHOK
3HIKCHHS BHYTPIITHIX 3JIMIIKOBAX HAIIPY>KEHb i MIKPOIUTACTHYHUX AedopMarliid B MaTepiaii JeTaii.

Just 3abe3neueHHs pO3MIpHOI CTaOLIBHOCTI [eTajed B MAamIMHOOYIyBaHHI HaidacTille BHKOPHCTOBYIOTHCS
TPamUIliifHI TEXHOJOTIYHI TMPONECH — HHU3BKOTEMIIEPATYPHUH BiANAaN 1 TPUPORHE CTApiHHSA, BKpail HEIOCTATHHO
BIIPOBA/KY€EThCS BiOpariiiHa oOpoOka neraneidl. B octaHHI poku y 3B'SI3KYy 3 pO3pOOKOIO i BIPOBAIKEHHSM HOBOTO
cydJacHOTO BiOpooOiagHaHHS (BIOPOKOMIUIEKCH ), IO IO3BOJISIE BUKOHYBAaTH BiOpocTalimizyrody oOpoOKy neraiet,
BHSIBIJIACS BHCOKa €(EeKTHUBHICTH IIbOTO METOAy OOpoOKM netaneid i KoHcTpykuid. Bibpoctabimizyroga oOpobOka B
0araThbOX BWIIAJIKaX 3aMiHIE JOPOTY TEPMidHy OOpOOKy, II0 BUMara€ BEIMKHX CHEPTeTHUYHUX BUTPAT, Ta 3a0pymHsE
HaBKOJIMIIHE CcepeloBHIe. BayIMBICTh 1 aKTyalbHICTh BUPIMICHHS MPoOJIeMH CTabiIbHOCTI TEOMETPUYHUX PO3MIpiB
BHpOOIB HAa OCHOBI HOBITHIX JOCATHEHb HAayKOBO-TEXHIYHOI'O Tporpecy Oe3cyMHiIBHA. BrpoBa/KeHHS NMpOrpecHBHOI
BiOpocTabinizyouoi 00poOku 3ade3rneuye, MOPIBHAHO 3 TEPMIYHUM METOIOM, 3H)KEHHS BUTpAT €JeKTpoeHeprii (razy)
6inpmr Hik y 100 pa3iB, CKOpOUEHHSI TEXHOJIOTIYHOTO MKy BUpoOHUITBa — B 50-60 pasiB, MiABUIIMIO B KiJIbKa pa3iB
NPOJYKTUBHICTh Hpalli, 3HU3WIO TPYJOMICTKICTh BUTOTOBJIECHHS 1 TPAHCIIOPTHI BUTPATH B KiJbKa pa3iB, MOJIIMIIMIO
YMOBH Tpalli 1 BHUKJIIOYMJIO 3a0pyAHEHHs HaBKOJMINHBOTO cepefoBumia. IluranHs BiOpocrabinizyrodoi oOpoOku
Jetayieil 1 KOHCTPYKIil, He3Ba)Kaloun Ha aKTyaJbHICTh, JOCHThH ClIa00 BHCBITJICHI B JIiTEpaTypi, 10 MIiCTHIA JOCHTH

Mi3epHi, CylepewInBi i YaCTKOBO 3aCTapiJIi YSBICHHS PO MOKJIMBOCTI 1 IOCATAIOTHCS PE3yIbTaTH.
© B.B.Crapuenko, K.B. Kamuatnas-Crenanosa, FO.M. 'maBueBa, B.I.Bonomkina, JI.B.Knouko, M.Jl.Bonomikin. 2025

AHaJi3 ocTaHHIX A0caizkeHb Ta myOaikaniii. BUHUKHEHHS 3aIMIIKOBHX HANPYXXEHb Y MPOIECi BUTOTOBJICHHS
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3BApHUX 1 JINTUX CTAaHWH BaXKMX BHCOKOTOYHHMX BepcTaTiB (Pmc. 1) XapakTepmsyeTbcs HampyKEHHM CTaHOM,
00yMOBJICHUM HEOJHOPIMHICTIO IUIACTHYHHX, JiHIHHUX 1 00'eMHHX nedopmariii. BUHWKHEHHS 1 mepepo3moain
3aJIMIITKOBHX HAIIPY)KEHB 3aB)KIH MOB's13aHE 3 JeopMaIliero gerani abo KOHCTPYKIIii.

Puc. 1 — Pi3HOBIZHOCTI KHCTPYKIMH BaKKUX BUCOKOTOYHUX CTAHWH Ta METAJIOPi3albHUX BEPCTATiB

Jedopmariisi, mo BUHHKAE, MOXe OyTH THMYACOBOK ab0 HE3BOPOTHOIO, IO BHKIHUKAETHCSA BiJMOBITHO
THUMYacOBUMH a00 BHYTPIIIHIMU HANpyXCHHAMH. BHYTpIIIHI HanpyXeHHsS HOIUIIOTHCS Ha HANpyXeHHI | pony
(BpIBHOBaXYIOTECS B MeKax 0o0iacTeil, po3MipH SKHUX OJHOTO MOPSAKY 3 po3MipaMu Kja, BUKIHKaHI HEOJTHOPIAHICTIO
CHIIOBOTO, TEMIIEpaTypHOTo ab0 MaTepiaJbHOTO TONA BCEpeOWHi Tina); HampyxkeHHs [I poxy abo KpucTamiTHI
(BpIBHOBaXYIOTECS B 00CATax ONHOTO TOPSAAKY 3 po3MipaMu 3epeH) i HampyxkeHHsa Il poxy (BpiBHOBaXyHOTHCS B
00csTax OHOTO MOPSAKY 3 €NIEMEHTAPHOI0 KPUCTATIIYHOIO KOMIPKOIO).

Ilin BIIMBOM pi3HUX TEXHOJIOTIYHUX OIEpamiid, M0 BUKINKAIOTh 3MIiHA B METalli, BUHUKAIOTh BHYTPIIIHI
Hampy)XeHHsA. Y JesSKMX BHIAgKaxX BHYTPILIHI HANpPy>KEHHS CTBOPIOIOTHCS HABMHUCHO JUISl TOJIINIICHHS SKICHHUX
XapaKTepUCTUK BUPOOY (MOBEpXHEBHI HaKJIEN, rapTyBaHHs], XiMiKO-TepMidyHa o0poOKa), a MpH JIUTTI, MTaMIyBaHHI,
3BaplOBaHHI, MEXaHIYHii 00pOOLl BHYTPIIIHI HANPY>KEHHS, [0 BUHUKAIOTh, HABMAKH, 3HIKYIOTh CTa0LILHICTH BUPOOY,
BHACJIIJIOK YOT'0 3HIKYETHCSI AKICTh MPOIYKIIIi.

BHHUKHEHHS 3aJIMIIKOBHX HAIPY)KEHb IOB'I3aHE 3 PI3HUMHM IpoLiecaMH, 1110 BiaOyBatoThesi B MeTati. [IpoTsirom
OJIHI€T TEXHOJIOTIYHOT oTeparii MOKyTh JiITH OJMH a00 KilbKa (akTopiB pizHOI mpupoIu [6].

TemrepaTypHi 3aqUITKOBI HAampyXEHHS 3'IBISIOTHCS B pPa3i HEPIBHOMIPHOTO PO3MOALUTY TEMIIEpaTypH IO
nepeTuHy Jerami. BenwumHa 1 XapakTep TeMIlepaTypHHX Halpy>KeHb 3aJiekaTh BiJl IIBHJIKOCTI HarpiBaHHS 1
OXOIIO[KEHHS, BiJl po3MipiB 1 popmu metani, Bif KoedillieHTIiB TEIDIONPOBIIHOCTI 1 Teruionepenavi. Bennke 3HaueHHS
Ma€ MBUJIKICTh OXOJIO/DKEHHS 1 TEMIIEPATypa, 3 SIKOT MOYMHAETHCS OXOJIOKEHHS.

3 MiBUIEHHSAM TeMIIEpaTypH, BiJ KO HPOBOIMIIOCS OXOJIOKEHHS, MaKCUMaJIbHI HAaNpY)KEHHS 301IbIIYIOTHCS.
Oco61BO pizke 301IbIICHHS HaNpyXeHb BijdyBaeThes 1pu t0 > 5000 C. Hall6inbLIi HAIIPYXEHHS OTPUMYKOTHCS TIPH
MaKCHMaJIbHI{ IIBUIKOCTI OXOJIOJDKEHHS y BoJi (0choBl HanpyxeHHs 1o 600 MIla), a mpu oxonoJpkeHHI Ha MOBITPi
Hampy>kKeHHs He nepeBuiryoTs 60 MI]a.

3aJMIIKOBI HANPY)KEHHSI YTBOPIOIOTHCS B pa3i HEPIBHOMIPHOTO HarpiBaHHs NO nepeTuHy nertaini. [Ipu mBuakomy
OXOJIO/PKEHHI JIeTani 30BHIITHI i1 MIapu, 1m0 0XO0JIOKYIOThCS MBUAMIE, OyayTh po3TarHyTi. CeprieBuHa mif mieto 60e
XOJIOMHIMMX ImapiB OyJe CTUCHYTa. SIKIMO B 1€l MOMEHT BHMHHKAIOYI HAMPYXEHHS BUSBISITHCS BHINE MEXI
MPOTIOPIIIMHOCTI NpW JaHid Temmneparypi, TO BinOyaerbcs IutacTuuHa Jnedopmanis. MOXIMBHH BHITAIOK, KOJH
TEMIIEpaTypHi HalpyKEeHHs B 30BHILIHIX IIapax IEepeBUINATh MEXY MIITHOCTI METajly 1 YTBOPHUThCS TpilIUHA («rapsya
TPIIIUHAY ).

[Ipu momaneIIoMy OXOJIOMKCHHI JeTali IHTCHCUBHICTh OXOJIOJKCHHS 30BHIIIHIX MIAPIB 3MEHINYETHCS 1 PI3HUIA
TEMIIEpaTyp MiX HOBEPXHEI0 1 CEpILEBUHOI0 TaKOXX 3MEHIIYeThCs. Y IIed MOMEHT ITOBEPXHS BXKE Mae TeMIleparypy,
NPAaKTHYHO PIiBHY TeMIlepaTypi HAaBKOJMIIHBOTO CEPEIOBMINA, I MOAalbIIa TeMmeparypHa nedopmaris 30BHIIIHIX
mapiB npunuHAEThc. CepreBwHA, MO Mae OUTBII BHCOKY TeMIepaTrypy, Oynae TMpOoJOBXKYyBaTH iHTEHCHBHO
OXOJIOJKYBATHCS, 3MiHIOIOUN 00'eM. SIKmIo 30BHImHI mapu Oynu ImuiacTHYHO AedopMoBaHi B MEpIINil Mepiof, TO B
HEKCYropHii MOMEHT JPYyroro nepiojy, KOJM TeMIepaTypa CepLEeBHHH Ie JOCHTh BHCOKA, HACTa€ piBHOBAara Mix
30BHIIIHIMH IIapaMd 1 CEpIEBHHOIO, 1 HAINpY)XEHHS B AeTami OyIyTh AOpiBHIOBaTH Hywm0. [lpm monmanemiomy
OXOJIOJKEHHI 30BHIIIHI Iapu OyayTh JegopMyBaTHCS Majlo, a CEpleBHHA Oyae MParHyTH iCTOTHO CKOPOYYBATHCH.

51



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

Tomy ceprieBuHa Oyne CTUCKATH 30BHIIIHI IIapH, SIKi, B CBOIO 4epry, OyAyTh PO3TATYBATH CEPIIEBHHY. Y MOMEHT
3aKiHYEHHS MPOIECy OXOJIOMKCHHS BEIMYMHA HAIpyXKeHb MOKE IEPEeBUIIUTH MEXY IPYKHOCTI 1 BigOymeThcs
MOBTOPHA IUTACTHYHA eOpMaIlist, ajie BiKe 3BOPOTHOTO 3Haka [14].

3BapHi KOHCTPYKIIi CKIaJAIOThCA 3 BEJIMKOI KITBKOCTI €IEMEHTIB 1 3BapHUX IIBiB, BHYTPILIHI HANPYKCHHS SKUX
B3a€EMOJIIIOTh 1 MOXKYTh PO3IOAUIATHCS MO-pi3HOMY. [lOCTiTOBHICTh PUBapIOBaHHS 1 KOPCTKICTH €JIEMEHTIB iCTOTHO
BIUIMBAIOThH Ha 3QJIUIIKOBI HAIIPY>KEHHSI.

XapakTepHUMH OCOOJIMBOCTSIMHM 3BapIOBaHHsS € HOTO JIOKaJbHUI XapakTep, BUCOKI MIBUAKOCTI HarpiBaHHA 1O
TEeMIIEpaTyp, 110 IEPEBHUILYIOTh TEMIEpPaTypH IuiaBneHHs wmetaty (3000° C npu rasosomy i 4000° C npu
eJIEKTPOAYTOBOMY 3BaplOBaHHi), 110 BUKJIMKAE TEMIEPaTypHi HANpy)KEHHs, HEOJHOPIAHI CTPYKTYPHI NEPETBOPEHHS B
IIBi 1 30HaX TEPMIYHOTO BIUIMBY, 3MiHy PO3YMHHOCTI rasiB, IO OTOYYIOTh 3BapHHU IIOB. OOCAT 30HU PO3MOILTY
3aJMINTKOBUX HAIPYXKEHb 3aJCKUTh BiJ TOTYXXHOCTI Ta TPUBAJIOCTI HArpiBaHHSA, a TaKOX Bil CTPYKTYPHHX
MIEPEeTBOPEHb, IO BiXOYBalOTBCS B 30HI, sKa Oe3mocepeqHhO NPUMHUKAE 10 3BapHOMYy MmBY (20-25 MM mpm
eneKkTpoayroBomy i 80 MM Ipu ra30BOMY 3BapIOBaHHI).

Bracmiiok cTpyKTYpHHX ITEpPEeTBOPEHD 3MIiHIOETHCS MMUTOMHI 00'€M, OCKUIBKH TIPH HATPiBaHHI Hepexil MepiiTy i
(epuTy B ayCTEHIT CYNPOBOKYETHCS 3MCHIICHHSM ITUTOMOTO 00'eMy, a IIPH OXOJIOKCHHI MEPETBOPEHHS ayCTEHITY B
MapreHCUT CYTPOBOKYETHCS 3HAYHUM 30UTBIICHHAM mHUTOMOro 00'eMy. KpiM TOro, BHACHiZOK HEPIBHOMIpPHOTO
OXOJIO/DKEHHsI JleTalleii CTPYKTYypHI IEpEeTBOPEHHS B YChOMY 00cs3i BinOyBalOThCs HE OJHOYAacCHO 1 B Mipy
OXOJIO/IKEHHsI BChOTO MEPETHHY PO3NOALT CTPYKTYPHHUX HAIPYKEHb 3MIHIOETHCS. Y HM3bKOBYIJICLIEBHX CTAJIAX PO3MaJ
ayCTEHITY BiIOyBa€ThCs TIPH OXOJIO/KEHHI BiZIOYBaETHCS MTPU TEMIIEPATYPI 1 MaJIo BILIMBAE HA 3aJIHMIIKOBI HANIPYKESHHS,
a B JICTOBAaHMX CTAISIX NIPU OXOJO/KEHHI po3maj ayCTeHITy NpH OUIbII HU3BKUX TEMIIEpaTypax, KOJIM METHJI
3HAXOJUTHCS B TPYKHOMY CTaHi 1 BHKJIMKAE CTPYKTYpHI 3aJMIIKOBI HANpyXEHHs, TOOTO BEIMYMHA 3AJIUIIKOBHX
Harnpy>XeHb, BUKIIUKaHUX (ha30BUMHU IIEPETBOPEHHSIMH, 3aJIeXKUTh BiJl XIMIYHOTO cKiaay ctaii [17, 18].

Ha BenmmumHy 1 XapakTep po3moauTy 3ajJHIIKOBHX HAlpPYXEHb Y JHUTTI BIUIMBAIOTH HEPIBHOMIPHE OXOJIOKCHHS
BIJIMBKIB, Omip QopMu ycammi Merary i pi3HHOA B Koe(illi€eHTaX TEMIEpaTypHOTO PO3MIMPEHHSA PIi3HUX YacTUH
BIJIMBKA. PiBHOMIpHICTE OXONOMKEHHS y (opMi 3alexuTh Bim KoH]irypamii merami i ckiamy mertmry. OCHOBHE
3HAUCHHS Ma€ HE a0COIIIOTHA PI3HHUL TEMIIEPATyp y PI3HUX TOYKAX, a XapaKTep IX 3MiHHU 110 NIEPETHHY,

Kpiwm Toro, npu nutTi netaneit cknagHoi popMu Ha YTBOPEHHS TUMYACOBHX HAIPYKEHBb BIUIMBAE omip Aedopmartii
TUBapHOi (POPMHU 1 CTPIKHIB, IO 3HAXOAATHCS Y BHYTPILIHIX TOPOXKHUHAX, TaK SIK Pi3HI AUITHKH BHJIMBKIB MAarOTh Pi3HI
IUIACTUYHI BJIACTHBOCTI | BUHUKAIOTh CHJIM ONOPY CTPWIKHIB yCa/lll MeTally, CTBOPIOIOYH HEPIBHOMIPHHI HaNpyKEeHH
CTaH.

HaiiBiamoBijabHIIIIM MOMEHTOM Y JIMBAPHOMY BHUPOOHHMILTBI € OXOJIO/KEHHS BUWIMBKIB y (opMi, OCKiIbKH B
pa3i HEpIBHOMIPHOTO pO3MOJALTY TeMIlepaTypd MO TMEPEeTHHY BWIMBKIB BHHHUKAIOTh 3aJIMINKOBI HAIPy>KSHHS.
Hamnpy)xeHHsI B OCHOBHOMY 3aJIe)KaTh BiJl IIBUIKOCTI OXOJIOJDKEHHS 1 TEMIIEPATYPH, 3 SKOI IIOUYUHAETHCS OXOJIOJHKEHHS
- pi3ke 30UTBIICHHS HAIpyXeHb crocrepiraeteess mpu 500 °c. 30UTPIICHHS MIBUAKOCTI OXOJOJDKEHHS CIpHUSE
30UTPIICHHIO BHYTPIIIHIX HANpyXeHb. Tak, HANpUKIaX, NPH MaKCHUMAaJbHIA IIBHIKOCTI OXOJOMKCHHS Y BOII
BUHUKAIOTh HampyXeHHs, B 10 pa3iB OuTeIn 3a Hampy)KeHHS IPH OXOJOKCHHI Ha TMOBiTpi. HempaBwinbHUI BHOIp
PEeKHMY 0XO0JOKeHHS. OXOJIO/DKEHHS MOXE BHKJIMKATH BHKPHBIICHHS J€Tali, MOSBY «rapsumx» a0 «XOJOIHHX»
TpinmH. OX0N0pKeHHs Npu TemnepaTypax aukde 400 ° C Hajlae MeTary BUCOKY TUIACTHYHICTb i MIilIHICTb.

Oco011BO BENMMKHUI BIUIMB Ha YTBOPEHHS 3IMIIKOBHX HAIPY)KCHb IIBUAKICTH OXOJOMKECHHS Ma€ MU MEpexosi
MeTajly 3 TIACTMYHOTO B NPYXHHMIA CTaH (I YaBYHY TeMIepaTypHuil gianason 400—700 ° C), a npu Temneparypax
HIDKYE 1 BHIIIE 1IbOTO IHTEpBaly BOHAa MaJlo NO3HaYaeThes. Ha mpakTuill 0Xos0/pKeHHst MeTaly BiI0yBa€eThCs MOBUIBHO i
HATPY>KCHHsI, BUKJIMKAHI CTPYKTYPHOI HCOIHOPIAHICTIO, Maj0 BIUIMBAIOTh HA 3arajbHUN pPIBEHb HANPYKEHb 1
3a3BUYail 3HIMAIOTHCS 33 PaXyHOK peliakcarlii.

JIuTTa € OIHI€ 3 HAMMNONMIMPEHIMX 1 HAWBIJOMIIINX TEXHOJIOTIYHMX Ollepaliii BUTOTOBJIECHHS KOPITyCHHX
YaByHHUX JeTaJiel, Bii CTaOLIbHOCTI (POPMH SIKUX, 10 0OYMOBIIOETHCS MEPEPO3IIOAIIOM 3aJIHIIKOBUX HAIPYKEHb, 1110
BUHMKAIOTb ITICIISI OXOJIOPKEHHS BIIMBKIB, B OCHOBHOMY 3aJI€)KUTh TOYHICTh BUTOTOBIIOBaHUX MexaHi3miB [10, 16].

Merta pociaimxenns. [Ipenmer qocaimxenHsi: Po3paxyHoKk onTHManbHAX yMOB BiOpocTadimizaii 3 METo
HaMOLIBIIET0 3MEHIIICHHS YMOB IUTi()yBaHHS. AHaMNI3 1 BIOCKOHAJICHHS TEXHOJOTIYHUX 0COOIMBOCTEN IITi(pyBaHHS
CTaHWH Ba)KKUX TOKapHHUX BEPCTATiB i3 METOIO BU3HAUYEHHS KIHEMAaTHYHNX 3aKOHOMIPHOCTEH, TOCHI/PKEHHSI MEXaHI3MiB
YTBOpEHHs penbedy NuTiyBasbHOTO Kpyra Ta onTuMi3anii pexumiB 00poOkH /11 3a0e31eueHHs] BUCOKOT TOYHOCTI Ta
MIPOAYKTUBHOCTI

00’exT nocaimxenns: 11nidyBansHi CTAHUHN BaKKAX BEPCTATIB, AKi MPOXOAATH BiOPOOOPOOKY Ha pi3zHUX
PE30HAHCHMX YacTOTAT 3 METOIO cTabifIi3allii BHyTPIIIHIX HANPY>KEeHb

OcHoBHa yacTuHa. MexaHiuHa 00poOka (TouiHHA, (hpe3epyBaHHS, NITiIQyBaHHS TOIIO), SK MPABHIO, BUKIUKAE
MOSIBY B TIOBEPXHEBOMY IlIapi 3HAYHUX 3AITUIIKOBUX HAIPY)KEHb.

JlxepenoM HOsBH 3aJIMIIKOBUX HANpy>KeHb NIPH MeXaHi49Hil 00poOIli € ofHOYaCHA [1isl HACTYIHUX (haKTOpiB:

1.HepiBHOMipHa TulacTMuHa Jedopmanisi MOBepXHEBOTO Iapy. Y 30HI Iepel IHCTPYMEHTOM Matepiai
CTHCKA€THCS TIEPEHBOI0 TOBEPXHEI0 1HCTPYMEHTY, a B IHIIIM 30HI NpW TepTi 3a/JHBbOI MOBEPXHI IHCTPYMEHTY 00
00po0IIeHy MOBEpXHEBHH 1Iap PO3TATYEThCs. MesKero MOAUTY IMX 30H € PiKyda KpOMKa iHCTPYMEHTY.

2.JlokamnizoBaHe HarpiBaHHs TOHKHMX MOBEPXHEBHUX IIapiB BHACIIOK poOOTH aedopmalii i TepTs NPU3BOAUTH 10
BEJIMKMX TEeMIIepaTypHUX HaIpy>KeHb, IO IIEPEBHUILYIOTh MEXy IUIMHHOCTI Marepiamy. Ilicms oxomolpkeHHS B
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MTOBEPXHEBOMY IIapi 3'ABIIAIOTHCS 3HAUHI PO3TATYIOUi 3aTUITKOBI HATIPY KSHHS.

3. BropunHi (a30Bi mepeTBOpeHHS B MOBEPXHEBUX MIapaxX NPU3BOAATH IO YTBOPECHHS BTOPHHHUX CTPYKTYD 3
PI3HUME TUTOMUMH 00'€MaMHU.

BB 3a3HaueHHX (axTopiB, MO MIIOTh Yy MPOTHISKHUX HANPSAMKaX, HMPU3BOAWUTH IO TOTO, IO 3aJIMIIKOBI
HaTpy>KeHHS IPH MEXaHigHiil 0OpoOmi iCTOTHO 3aiekaTh Bil TEXHOJNOTIYHHX PEXUMIB (T€OMETpis i CTaH PiKYIOTO
IHCTPYMEHTY, OXOJIOJDKYIOYE CepeloBHIIe, B 1 pexuMm o0poOku). KpiM TOro, 3aluIIKOBI Halpy>KeHHS B LBOMY
BUIIAJIKY 3aJIe)KaTh BiJ Marepiany BUpoOy.

BennunHa 3aiMIIKOBUX HampyKeHb NMPU MEXaHiuHiil oOpoOui pi3aHHAM MeTalliB CepeJHbOI MILHOCTI Aocsrae
1000-1300 MIla npu rnubuni nommpenss 50-200 M.

IIpu nutidyBaHHI BUpIIIadbHUN BIUIMB Ha YTBOPEHHS 3AJIMIIKOBUX HANPYKEHb MAa€ TEIUIOBHHA (akTop.

BenmunHa i 3HaK 3aJHIIKOBUX HANpPYy>KEeHb MpH IUTIQyBaHHI 3ajeXaTh BiJ MIBUIKOCTI OOEpTaHHS KpyTa 1 JeTai,
IIBHIKOCTI TO3/IOBKHBOI NOAadi, TTHOMHN NUTipyBaHHS, a TaKOK MaTepiay JAeTalli, MaTepialy i 3epHHCTOCTI Kpyra i
OXOJIO[KYIOUO1 PiINHU.

BenmunHa 3aMAIMIKOBHX HANpYKeHb micis nuripysanHs nocsrae 400- 1000 MIla, a rmmbuna ix nommpenns - 20-
50 mxwm. 1.1.6. Hanpy>xeHHS TicIIs TapTyBaHHS

VY TBOpEHHS 3aJIMIIKOBUX HAINPYKEHb IMICIIs TapTyBaHHS 00YMOBJIEHO TOJIOBHUM YMHOM HIBHAKICTIO OXOJIO/PKEHHSI.
Ha yTBOpeHHs 3aJIMIIKOBUX HAIPy>KeHb BIUTUBAE XIMIUHHUI CKIIaJl METally, YMOBHU rapTyBaHH:, IOYAaTKOBA TeMIlepaTrypa
1 MIBUIKICTH OXOJIOJIKCHHSI, & TAKOX BHUXIJTHUHI CTaH MOBEPXHEBOTO IIapy.

IcTOTHMIA BIUIMB HA XapakTep i BEIMYHUHY CYMapHHX HampyXKeHWil iB Mae 4ac 3MiHM 3HAKy TEIUIOBHUX HANPYKCHb
[0 BIJIHOUIGHHIO JI0 4Yacy MOSIBU CTPYKTYPHHX II€PETBOPEHb. SIKIIO CTPYKTYpHI NMEpEeTBOPEHHS 3'SBUIIMCS 10 3MiHH
3HAKy TEIUIOBHX HAINpy)KeHb, TO CyMapHi HaPYXCHHS 3MEHIIYIOThCS.

SIKIIO CTPYKTYpPHI MEepEeTBOPEHHS BIAOYJMCS MICHS 3MIHM 3HAKY TEIUIOBHMX HANpYXXEHb, TO CyMapHi Halpy>KEHHS
30LTBITYIOTHCH,

[Ipn moBepxHEBOMY 3arapTyBaHHI XapakTep €KTOpPH 3aJIMIIKOBHX HAIPY)KEHb 3aJIC)KUTD BiJl PeXXUMY HarpiBaHHS,
TTIMOWHU 3arapTOBAaHOTO IIAPy, YMOB OXOJIODKEHHS, XIMIYHOTO CKJIAAY Ta BHUXITHOI CTPYKTYpH 0OpoOIIOBaHOI cTami
[15]. Bapiroroun 9acToTy CTPyMy i TEIDIOBHUH PEXHUM HarpiBaHHS, MOKHA OTPHMATH Pi3HY TITHOWHY 3arapTOBAaHOTO
mrapy i pisHHN XapakTep PO3IOILTY 3aMIIKOBUX HAPYXKEHb IO TIIHOWHI BUPOOy.

31 30UIBIICHHAM KIIBKOCTI BYIJICIFO CTHUCKAIOYi 3QJIMIIKOBI HAMPYKCHHS B MOBEPXHCBOMY IIapi 3MEHIIYIOTHCS
yepes MepeBaKHY JIF0 CTPYKTYPHOTo (akTopa. Bijis moBepxHi B 3arapTOBaHOMY IIapi 3aJIUIIIKOBI HAPYKEHHS (OCBOBI 1
TaHTeHIiabHI) — cTHCcKatodi. [1o0nu3y Mexi mapy HamnpyKeHHs pi3KO 3MEHIIYIOTHCS 1 MepexolsiTh B PO3TATYIOUi,
MaKCHMYM SIKMX PO3TalIOBY€EThCS Ha JISsIKiil BiIcTaHi Bil MEXK1 3arapTOBaHOi AUISTHKY.

OCHOBHOIO NPUYMHOIO BUHUKHEHHS PO3TATYIOUMX 3aJIMIIKOBHX HAIlpy>KeHb MOOJIM3y TBEPIOrO HIapy € 00'€MHi
IUTACTHYHI nedopmarii B MpoIieci HarpiBaHHS i OXOJOKEHH. BukopucTanHs BiOpoOOpOOKH ISt 3HATTS 3aTHITKOBHX
HaTpy>KeHb i CTabli3amii reOMEeTPUYHUX PO3MIpiB CTAHHH.

IIpu BiOpocTabini3yrouiii 0OpoOwLi migBeeHA MEXaHIYHA €Hepris chpuse irabimizamii reomerpuyHoi (opmu
BHPOOY, TaK sIK IPUCKOPIOE IIEPEMIMICHHS IOMIIIKOBHX aTOMiB, YTBOpeHHs armocdep Korrpemna i OmokyBaHHS
JTUCIIOKALIIH.

[Ipr muKITiYHOMY HaBaHTa)XCHHI HAIPY)KCHHS, 0 BUHHUKAIOTH Y BUPOOI, MiJCYMOBYIOTBCS i3 3aJHITKOBHMH i,
MEPEBHUIIMBIINA MEXY INPYXXHOCTI, BUKIMKAIOTh IUIACTHYHY AedopMallifo, BHACIIJOK YOr0 3MEHIIYIOThCS BHXIiJIHI
3aJIMIIKOBI HanpyxeHHs. [IpakTHYHO MOBHICTIO 3aJMIIKOBI HANPY)KEHHS 3HIMAIOThCS NPHU 3AJHINKOBIN aedopmariii
0,5—1%.

LlukiiuHe HaBaHTa)XEHHs BIUIMBAE€ Ha 3HAYCHHS 3aJMIIKOBUX HANpPYXEHb Y pa3i, KOJM CyMapHi Hampy)KeHHs
MEePEeBUIILYIOTh MEXY TpyxHOCTi. OJHaK CJIiJl BpaxyBaTH, 110 MeXa NPY>KHOCTI MPY LUKJIIYHUX HAaBaHTaKEHHsX Ha 2()
% HWXKYa, HDK NPU CTATUYHHMX. 3MiHAa 3aIUIIKOBHX HANpy)XeHb IPH LUKIIYHOMY HaBaHTaXXEHHI € HACIiJIKOM
pernaKcariifHoro nporecy, a B AeIKAX BUIAAKaX - IPYKHOIO HACIIKOM.

HanpyxeHHs penakcyloThb B pe3yibTaTi MiJICYMOBYBAaHHS 3aIMINKOBHX 1 IMKIIYHUX 3MIHHHMX HallpyXeHb. Y
MOMEHT 30iry 3a 3HaKOM BiOpamifHMX 1 3aJMIIKOBUX HANPYXEHb BiOYBAETHCS KOPOTKOYACHE IIEPEBAHTAKCHHS
3BapHUX 3'€/lHaHb, BUKJIMKAIOYM B HUX IUIACTUYHI Aedopmarii - mepi 3a Bce, B AUISHKAX KOHLEHTpALil HAIPYyKEHb.
Heo0xiqHOI0 YMOBOIO € TOCATHEHHS MEXI ILTHHHOCTI.

IIpu BiGpariitHiii 06poOII 32 KOPOTKI MPOMIKKH Hacy CTBOPIOETHCA O€3JiY MUKIIIB HABAaHTA)KEHHS HA 3aJaHHX i
KOHTPOJIbOBAHUX MOTY>KHOCTSIX 1 4aCTOTaX, 110 3a0e3nedye 3aBepIieHHs cTadimi3allii mpoTsATroM HETPUBAJIOTO Yacy.

Bibpocrabinizalisi € BACOKOIPOIYKTHBHUM METO/IOM 3HM)KEHHs 3QJIMIIKOBUX HANpPY)KeHb, KU NPUAATHAN [UIs
JUTHX, KOBAaHUX, 3BAPHUX 1 TapsUeKaTaHWX YOPHHX 1 KOJTbOPOBUX MeTamiB. [Ipu oMy mapamMeTpy MiIHOCTI, TBEPAOCTI
Ta JIOBTOBIYHOCTI HE 3HMXKYIOThCS. KpiM TOro, BiH 3aCTOCOBYETBCS 1O KOHCTPYKINH OyIb-IKUX TabapUTHUX PO3MIpIB 1
MacH, a obNaHaHHsI, HeoOXiIHe I HOro 3[ifICHeHHSs, € TPOCTUM 1 MasoradapuTHuM. Lle 103BoJIsIE BUKOPUCTOBYBATH
Horo B Oe3nepepBHOMY TEXHOJIOTIYHOMY TPOLECi 1 B IPOMIXXHUX — MiX OKPEMUMH OIeparisiMi MeXaHiYHOT 0OpOOKH.

Bibpocrabinizyroua 006pobka 0co0MMBO eeKTHBHA, KOJM TEPMidHI Ta IiHIIN CIIOCOOM 3HATTS HAIPYXEHb €
HENPUHHATHUMH, HAIPUKJIAJl IPH HasIBHOCTI MIPUBAPEHUX HANPABIIIOUNX, 3arapTOBaHUX IHAYKIIHHUM CIIOCOOOM ITiciIs
3BapIOBAaHHS, @ TAKOXK B KOHCTPYKIISIX, 3BaAPEHHX 3 PI3HUX METaiB.

Mertanam BiacTHBE NMEPETBOPEHHSI MEXaHIYHOI eHeprii (eHeprii KoJMBaHB) B TEIUIOBY HaBiTh NpH BiOpaliiHUX
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HABAHTAKCHHSX, 3HAUCHHS SIKUX HIDKYE MAaKPOCKOMIYHOT MEXi INIMHHOCTI. Lle MOSICHIOETBCS THM, IO CIIPABXKHS MEXa
IUTMHHOCTI B 6araTb0X 9acTHHAX BHPOOy HIDKYA 32 TEOPETHYHY, IPUIOMY IIPH OLTBII BHCOKHUX NPYKHUX HAIPYKEHHIX
HACTalOTh BXXE MIKpOIUIACTHYHI aedopMariii. B kiHImeBOMy MiICYyMKy BOHH TaKOX € MPUIMHOIO 3HIDKECHHS MeEXi
IUIMHHOCTI TIPH PO3TATYBaHHI 3 TPUBAINM HaBAHTAKCHHSM.

B obmacti mucnokariii aToMH 3HAXOISATHCA B HECTIWKIA PiBHOBAa3i, TOMY UIA iX 3MIIIEHHS NOCTAaTHBO TaKOTO
JIOTHYHOTO HAlpy)XEHHs, iK€ 3HAYHO HW)KYE HaIpy>KeHHs, HEOOXITHOTO [UIsl 3MILIEHHS JHCIIOKalii MONepeK penriTku
JI0 HAaCTYITHOT'O TaJIbMyBaHHS PELIITKU a0 o Mexi 3epHa. [lepemimieHHs AUCIOKalLii sBisse OO0 3MiHY B3a€EMHOTO
posramryBaHHs aToMiB. CaMi aTOMH NepeMilllaloThCsl PU [IbOMY Ha YaCTKW MIDKIUIOIIMHHOI BiJiCTaHi penniTky. PeriTka
He MiJJIa€Thes I0AaTKOBIN NPYXHIiN nedopmarii, i, oTxke, BiZOyBa€ThCsl HE3HAUHE HAKOIMUEHHS eHeprii. Pyxomi pazom
3 JUCIOKAaWisSIMU IOl BHYTPIIIHIX HampyXeHb HaOyBalOTh HaMOLIbIIOl cTaOLIBHOCTI HA TpaBilli PEIITKH 1
BPIBHOBaXYIOTBCSI MiXK cO00¥0.

MexanizM BiOpocTaOimizamii B JOKaIbHUX 30HAX IMOSCHIOETHCS HACTYITHUM YHHOM: 3aJIMIIKOBI HAIpyKeHHS
YTBOPIOIOTBCA B KPUCTAIIYHHX TUIAX SIK Pe3yibTaT INIACTHYHOI Aedopmartii kpuctamis. g crabimizarii HampyKeHoTro
CTaHy JAeTali MOBIIOMIIETCS NESKU CHePTeTHYHUHA IMITYIIbC, HAIIPUKIIAA CHEpris KOJMBaHb IpH BiOpocTabimizalii.
JlonaTkoBi HampyXXEHHs, 10 BUHUKAIOTH NPH OMY, IiJICYMOBYIOTECS 3 NTOYATKOBUMH 3aJMIIKOBUMHM, B PE3YJIBTATI
YOro B TIONIKPUCTATIYHOMY Matepiaii BigOyBarOTbCS 3CYBH B y KPHCTANIYHOI PEMITIi, SKi CYTPOBOIKYIOTHCS
Nepepo3NOIUIOM HANpPYKeHb, & MOJICKYJIM MTPUXOIATh B PIBHOBaKHE MOJIOKEHHs. HampykeHHsI B MeKax 3epeH 1 1o ix
MeXaM 3MEHITYIOThCS .

3MiHa BJIaCTMBOCTEH MeTalia B JIOKaJbHUX 00csArax OOYMOBJIIOE NPOLECH 3MILHEHHS, IO MPOTIKAIOTh MPU
IUIACTUYHINM nedopmaii MeTamiB i fedopManiiHOMy CTapiHHI, XapaKTepHOMY JUIs 3a1i30BYIJICLEBHX CILUIaBiB. Bizomo,
0 MPYXxHi AedopMalrii icTOTHO MPUCKOPIOIOTH Iporiec aehopMaIiifHOro cTapiHHsa. TakuM YHHOM, P IUTACTHYHOMY
nedopMyBaHHI BiOYBArOThCS T€HEpAIlisl JUCIOKAIliH, MABUICHHS 1X IIUIBHOCTI, [0 CYIPOBOPKYETHCS OJIOKYBaHHSIM
BUTBHUX AMCIIOKALiM aToMaMH BYTJIEIIO 1 a30Ty. OHOYacHO 3MEHIIYIOTBCS HANpY)KEHHS B JIOKAIBHHUX 30HAaX, 1 THM
MIOMITHIIIIe, YAM BUIIHH CTYIiHb IUACTHYHOI medopmamii. OqHAK 3 OISy Ha JOKaJbHICTH MPOTIKAHHS IPOIECY B
30HaX KOHIIEHTpaLii HaNpy)XeHb 3arajJbHUI PiBEHb HAIPYXEHb HEPIIOTO POXY 3MIHIOETHCS HE3HAYHO 1 HaNpy)KEHHS
MOXYTbh OyTH cTabiTi30BaHI IPH TOCTATHHO BHCOKOMY IX KiHIIEBOMY piBHi. BaxkimmBo, mo0 B Merajlie KOHIEHTpaIlis
Hanpy>keHb He IIepeBHIIyBaJla HOTo peslaKcaniifHol CTIMKOCTI.

Bibpaniiina 00poOka OIHOYACHO i€ Ha HAMPYKCHHS MEPIIOro, APYroro i TPeThOro poay. 3MiHa Hampy>KeHb
JPYTOTo i TPEThOTO POy B 30aIaHCOBaHUX 00CATaX MPH BiJICYTHOCTI HATPY)KCHB MEPIIOT0 POJY HE BILIMBA€E HA POpPMY
netani. [Ipy>KHUME KOJMBaHHSIMH, MONTUPEHHUMH B METaJli, BIUIMBATH HA JIOKAJIbHI 30HH MOYKHA, aJic 130JIF0BATH 3MiHY
Harnpy>XeHb B IIMX 30HaX Bijl HANPY>KeHb MEPILIOTO POy HE MOXKHA,

EdekruBnicTb BiOpaliiiHol 00poOKHM BH3HAYAETHCS CTYIIEHEM ILIACTHYHOI Aedopmaliil MeTaiy, sKa 3aJeXHUTh BiJ
NPUKJIaJeHOr0 HaBaHTa)keHHs. [Ipu BiOpalii, 110 BU3HAYAETHCS 3HAYEHHSM 1 MICLIEM NPHKIAJAHHS 3MYLIyBaJIbHOT
CHIIH, CTBOPIOBAHOI BiOpO30YIHUKOM, a TAKOK TEOMETPUYHOIO (DOPMOFO JIETali.

Crabimizaris 3aJHIIKOBUX HANpPYXKEHb y Tpolieci BiOpamiifHOi cTabini3yrouoi 0OpoOKH MOCATAETHCS 32 PaXyHOK
HO€THAHHSA BiOpaLiiHUX i 3aIMIIKOBUX HAIPYKEHb, IPH NIEBHHUX 3HAYCHHAX AKMX MaTepiajl CTae INIACTHYHUM (pHC. 2).

S &

Puc. 2 — Jliarpama 0 —e B mporieci BibpocTabimnizanii craHWH BaXKHX BepcTatiB Baroto 10 10000kr

SKmo B Tidi, M0 Ma€ TMEBHI 3aIMIIKOBI HAMPY>KEHHS, CTBOPUTU IHUKIIYHO 3MIHIOBaHI HAIMPYXEHHS, TO TMPOIEC
3MiHH Hampy>KeHHS A TOYKA A MOXe OyTH IpencTaBIeHUH y TakoMy BUIIIAL. [TouaTkoBHi CTaH XapaKTepU3yeThCs
HaTpy>KeHHSIM 0 A 1 1edopmariero cc. 3MiHHE HaBaHTAXECHHS 31MCHIOETHCA B MEKaX O B — TC .

IlepmoMy mwkiIy HaBaHTaXXeHHS BiAmoBimae minsgHka rpadika ACDBW. Ilpu mpomy ciif 3BepHYTH yBary Ha
napanenbHicTh JiHiiH CD 1 NpyXHICTh Mmicis 3HATTS HaBAaHTA)XXEHHS Ha BChOMY IPOTSI31 HABAHTA)KCHHS 1 HA HEBEJIMKUMA
cnan jo kinug CD — edexr baymmarepa.

HacTtynHi HaBaHTa)keHHSI IPU3BOJIATH MaTepiai J0 YTBOPEHHS CTabiIbHOI METIi TicTepes3nucy . Takum
YHHOM, SKIIO BpaxyBaTH, IIO0 B MOYAaTKOBOMY CTaHi 3aJHIIKOBI HAamNpy>XeHHA BiAmoBimaroTe HampyxkeHHsMm OE, a
3HMKCHHS 3QJIMIIKOBHAX HAIPYy>KEHb JOPIBHIOE Pi3HUII

6 A — o E, 1o kiHmeBmii pe3ympTar BiOpamii € (GYHKII€I0 3MIHHMX Hampy)XeHb 1 XapaKTepHUCTHK

CiEB"E'( 1
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NPYKHOIUIACTHYHUX BIACTUBOCTEH MaTepiany NpH IUKIIYHUX HaBaHTA)KCHHSIX.

HeoOximHOIO YMOBOIO ISl 3aJMIIKOBHX Ae(opMaliiii € JOCATHEHHS MEXI IUNIMHHOCTI IpH BiOpallii B mMoeqHaHHI
3aJIMIIKOBHX HAIIPYXKEHb 3 HANPY)KCHHSAMH, BUKJIMKaHHUMH NPUKJIaIaHHAM 3MIHHUX HaBaHTA)KCHb.

Meska TUIMHHOCTI TIpH IUKJIIYHOMY HAaBaHTA)KCHHI JUIS JESKHMX MaTepiajliiB Mo)ke OyTH 3HIKEHA B JIBA pasd B
MOPIBHAHHI 3 MEXEI0 INIMHHOCTI NMPH CTaTUYHOMY HABaHTAXCHHI, B 3B'A3Ky 3 YMM MPHU BiTHOCHO HEBEIHKHX
3HAUEHHSX MYJIbCYIOYHX HANpPYKeHb CIIOCTEPIraeThCsl CKOPOUCHHS 3aJIMIIKOBUX HAIPYKEHb.

Big mpaBuiibHOCTI BUOOpY 3HAa4YeHHS HANpyT i YMcia LUKIIB HABaHTa)KCHHS 3aJieXaTb SIKICTh BIOpooOpoOkH i
JOBroBiuHicTh BUpoOy. Kpim Toro, mpupona penakcanii 3ajJHIIKOBUX HalpyXeHb HPU BiOPOOOpOOL € HUKIIYHOIO 1
ToMy (bi3MYHY NMPUPOLY PO3IIIIHYTOrO SIBUIA NMPONOHYETHCS MpOaHaNizyBaTh Ha Ipadiky B KOOpAWHATAX «IHKIIYHE
HaBaHTAXKCHHS — YMCIIO IUKIIB» abo Ha nmiarpami Bromu (puc. 1.2.) [2]. IIpu BiOpooOpoOmi Ha cTamii HUKIIYHOT
MIKpPOIUTMHHOCTI (o IiHIT 2) 3BWYAiiHI MeXaHidHI BIACTHUBOCTI (MeXa IUIMHHOCTI, MIKpOTBEPHAICTh Ta iH.) HeE
3MIHIOIOTECS 1 [0 11 3aKiHYeHHS; IPH NUKIIYHOMY HANpYXXeHHi, pIBHOMY MEXi BTOMH, BECh IICPETHUH MaTepiay 3a3Hae
HeBenuKoi geopmaltii. EXCIIEpUMEHTaIbHO BCTAHOBIIEHO, IO MPM TPUBAJIOCTI BiGpooOpoOKu He Ginbuie 10* nukiis
(ikcyeThes BiqHocHa nedopmanis nopsaky 10 6—10%.

Y moBepxHEBOMY MIapi Ta Ha MeEXi 3€peH YTBOPIOETHCS NiNBHINECHA NIUIBHICTh AWCIOKAIN 3 MOAaNBIINM
JABUHOTOAIOHUM TIPOIIECOM IIPOTIKaHHS MIKPOIUIACTHYHOI AedopMariii cogaTky B OKpeMHUX 3epHaX (3 HaHOLIBIIUME
rpajlieHTaMHd HaNpyXXeHb), a MOTIM 10 BCbOMY IEPETHHY HaBaHTaXXyBaHOro MeTany. [lod4aToK iHTEHCHBHOTO
MIKpOIUTACTHYHOTO TeUii BCTAHOBIIIOETHCS 3a 3MIHOIO XapaKTEPUCTHKH BHYTPIIIHLOTO TEPTs 1 MO3HAYEHO Ha puc. 1.2
miHiero 1; obnacTi MakpOIUIMHHOCTI Ta MIKPOIUIMHHOCTI PO3MexoBaHi JjiHielo 2; miHil 3, 4 1 5 BimoOpaxaroTh
BIZIMOBITHO CTail HIMKIIYHOTO 3MIl[HEHHS, YTBOPEHHSI CyOMiKPOCKOIIYHHX TPILIMH 1 BTOMHOTO PYHHYBaHHSI.

Hacranns crazii OUKIIYHOI MakpOTEKY4OCTi MOB'i3aHE 3 MAKPOCKOIIYHUM PO3YIPOYHEHHSM, TOOTO 3 PI3KUM
30UIBIICHHSIM IHTEHCHBHOCTI «PO3KPUTTS» IETII TiCTEpe3ucy, Xoua BKe B MPOIEC MAKPOCKOIIYHOTO PO3YNpPOYHEHHS
ekl 00CATH 3MIIHIOKOTHCS.
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Puc. 3 - Cxema y3aranpHEHOT fqiarpaMu BTOMH (@) 1 KIHSTHKA 3MEHIIICHHSI 3aJIUIIKOBUX HAMPYXeHsb (0):

— TI0YaTOK MIKPOCKOIIYHOTO Teuii; 2 — MaKpOCKOIiYHe Tedii; 3 —3akKiH4eHHsS MIKPOCKOIIYHOTO Tedii; 4 —
JIHIS TI0YaTKy YTBOPEHHS CyOMIKpOCKOMIYHMX TPILIMH; 5 — KpHBa BTOMHOTO PYHHYBaHHS; OK — KpUTHYHA Harpyra
BTOMH; OII:T — LUKJIIYHA MeXa INTMHHOCTI; — MeXa BTOMH; 0 — LUKJIIYHA MEXXa MPY>KHOCTI.

Ii npomecu, mo BiAOyBalOThCS HA MAaHiIM CTafmii MJa BIUIMBOM LWKIIYHOTO JIedopMyBaHHs, BHKIMKaHI

mpoxomKkeHHAM aedopmariii YepHosa-Jlroaepca, o CBIAYUTH PO HEPIBHOMIPHUN PO3BUTOK IIACTUYHOI fedopmarii i,
OTXKe, PO HEePIBHOMIpHUIT po3moain nedekTiB kpuctarigHoi pemitku. Cmyrun YepHosa — Jlromepca MOXKYTh CIYKHTH
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3ac000M aHai3y IMOJIS HANPyKeHb MMPH TUIACTUIHINA JedopMartii.

Y MayoByTJIeNeBii cTaii CTajis MUKITYHOTO Tedii MoB'sA3aHa 3 INPOTIKaHHAM II0 BCHOMY 00'eMy MaTepiamy
MaKpOCKOITIYHOI IUTACTHYHOI Aedopmariii, mo XapakTepH3yeThCS Pi3KUM 30UTBIICHHSM IMUIBHOCTI AMCIOKAIN 110
MeXaM 3€peH B TIEpIiTi i HABKOJO BKIIOYEHB, MPOTIKAHHAM IMOMEPEYHOTO KOB3aHHSA 1 MMOYaTKOM (hOpMYBaHHS
KoMip4acToi AUCIOKAIiifHOI cTpyKTypu. KpiM TOTO, 3MIHIOIOTBCA NesiKi (Pi3MKO-MEXaHIYHI BIACTHBOCTI: ITiIBUIIYETHCS
MIKPOTBEPICTh, 3HIKYETHCSI MPOMOPILIHHICT, BiIOYBAETHCS 3MiHA XapaKTEPUCTHK BHYTPIIIHBOTO TEPTS, MArHITHUX
BiacTuBocTel Ta iH. CuliJ 3a3HA4YUTH, IO B 3aJISKHOCTI BiJl CTPYKTYPHOTO CTaHy MaTepially, BUAY HaBaHTa)KCHHS,
TEeMIIepaTypu Ipoluecy 1 cuid aedopMyBaHHS B yMOBaxX LMKIIYHOTO HABaHTAXEHHsS 3 IOYATKOM MIKPOCKOMIYHOT
IUIACTUYHOT AeopMallii MOXKYTh CHOCTEpIraTucs Pi3Hi 3MiHM (I3MKO-MEXaHIYHUX BJIACTUBOCTEH.

BusiBneni Buiie ocoOiIMBOCTI MOBEAIHKM Marepially Ha pi3HHX cTaiisX (MIKpo- 1 MaKpOTEKydecTH) HUKIIYHOTO
neopMyBaHHS JJO3BOJISIFOTH OUTBIT TOYHO BU3HAYUTH O0JIACTh MPOTIKAHHS MPOIIECY 3MEHIIICHHS 3AIUIITKOBUX

HaIpy>XKeHb, BIATIOBIAHY CTaiil MUKITIYHOI MIKpOIUTMHHOCTI. [Iporec 3MEHIIEHHS 3aJHIIKOBHX

Halpy>KeHb B TIOJI CYMapHUX 3aJMIIKOBAX 1 BIOpamiHHUX HAMpyXeHb IIOYMHAETHCSA 3 JiHIl (TOYaTKy
MIKpPOCKOMIYHOTO Tedii) i 3aKiHUy€eThCs JiHi€l0 2 (TI09aTKOM MakpockomigHoro tedii). CymMapHi 3Ha4eHHS 3aTUIIIKOBHX
i BiOpamifHUX Hampy>XeHb 00 + OB MOBHHHI OyTH MEHIINMH 3a KpUTHYHE HAMpPYXEHHS BTOMH OK, IIpH SKOMY Ha
MOJIIPOBaHIH MOBEpXHi 3pa3ka 3 MEPIIOTO IUKIY HaBaHTAKCHHS 3'SBIAIOTHCS CIITU MaKpOCKOmiyHOi aedopmarii i
BUHHKaIOTh cMyru Uepnosa — Jlronepca.

HasBHicTh moOymOBaHUX AJIsl TEBHOTO MaTepiaiy JiHiM 1, 2 1 3 Ha Jiarpami BTOMH J103BOJISIE OOIPYHTOBAHO
BUOUpaTH pexxuMu BiOpooOpoOkH. PosrisiHeMo nepelbir nporecy BiOpaliifHOro 3MEHIICHHS! 3aJIMIIKOBUX HAaIPyKeHb
NpU CyMapHOMY 3HAu€HHI 3aJHMIIKOBUX HAlpy)XeHb, MEHIIOMY 3a CTaTH4YHY MEXY MIKpOIUIMHHOCTI. SIK mpaBumio,
BiOpOOOPOOKY MPOBOASATH MpPU 3aCTOCYBaHHI BiOpalidHMX Hampy)keHb OB const . Ha y3arampHeHidl niarpami BTOMH
(puc. 3, a) BigKiaaeMo CyMapHe 3HAuUEHHs 3AJIMIIKOBHMX 1 BiOpauiiiHmx Hampyxenb 00 + 6 B. Jlo mouarky
MIKpPOCKOMIYHOTO Tedii (JTiHig 1) 3MEHIICHHS 3alUIIKOBUX HANpyKeHb Maibke He BinOyBaerscsa. Uepe3 NB muk 7oB,
YHCIIO SIKUX 3aJICXKHUTh BiJl CyMapHOTO 3HAUCHHS 3aIMIIKOBHX 1 BIOpAIiMHUX il HAaNpy>KeHb, TOYMHAETHCS TIACTHYHA
nedopmaris, BHACHIIIOK YOTO MEKOBI HaIlpy>KeHHS 3MEHITYyIOThCA, IO BinnmoBigae Toukam 4" — 8" (auB. puc. 3). [Ipu
OCATHEHHI JIiHII MOYaTKy MAaKpOCKOIYHOro Tedii (Touka 9') BiOpooOpoOky HeoOXimHo mpumuHHTH. Touka 9"
BimoBinae ukiaamM, Yac BiopooOpoOKH BU3HAYAETHCS MUICHHSM YUCIa UUKIIB Ha yactoty f BBy (t06p =/ f).

BusnaunBmm mo oci opaunat 3HadeHHs 00 + ox, mo BigmoBigae Toumi 9" (HampuKIaa, OB + OCOT), 3HAWIEMO
3HAYEHHS OK, JI0 SIKOTO BJIA€THCSI 3HU3UTU BIOPOOOPOOKOIO 3aIMIIKOBI HANIPYKESHHSL.

TakuM YMHOM, 3aBJASKH HEPIBHOMIPHOMY PO3NOALTY 3aJMIIKOBUX HAIPY>KEHb Y 3BapHUX KOHCTPYKLISIX CTYIiHb
3MEHIICHHS 3aJIMIIKOBUX HAIPY)KeHb y PI3HUX TOYKaX BUPOOY Oyne pi3HMM 4epe3 HEeMOCTIiHICTh CYyMapHOTo 3HAYCHHS
3aJIMIIKOBHX 1 BiOpauiiiHux HanpyxeHs 09 + 0 B .

Mo>JIMBUil BUIIA/IOK, KOJIM B IPOIEci BIOPOOOPOOKH U 3MEHILICHHS 3aJIMIIKOBUX HAIPy>KeHb 301IbIIYIOTH O B ,
mo0 cyma 3aJHMIIKOBHX 1 BiOpamiffHMX HAaNpyKeHb 3aJHIIanacs MmocTiiHowo: 60 + oB = const , BHACIiOK YOTO
IIBUJIKICTh 3MEHIIICHHS 3aJUINKOBUX HAIPY)KEHBb MIATPUMYETHCS TaKOX MOCTIHHOIO (Toukw 3' — 6 ') i ;mocsraeTbcs
HAMOLIPII TIOBHE 3HIDKEHHS 3aUIIKOBUX HampyKeHb, MaOyTh, piBeHb 3aIMIIKOBHX HAIPYXEHB MicIs BiOPOOOpPOOKH
oyzne BigmoBimatu mpudmmsHo 20 % (YI' mouatkoBmx 00 . Ile 0OyMOBIIOETBCS BCTAHOBIICHHSIM DPIBHOBarW JBOX
MPOIIECiB: AHITUIAIII MUCIIOKAMii i 30UIBIIEHHS IX MIUTBHOCTI MUITXOM TEHEpYBaHHSA 1 TOAANBIIOTO TallbMyBaHHS
JUCTIOKaid. Y pO3rIITHYTOMY BHNAJKy 4ac BiOpOOOpPOOKM BH3HAYAETHCS YMCIOM LUKIIB, K€ 3HAYHO MEHIIE 4Yacy
BiOpOOOPOOKH B MONEPEAHBOMY BHIIQJIKY, IO BU3HAYAETHCS YUCIOM LUKIIB A! B . O4eBUAHO, IO NPU MPABUILHOMY
BUOOpi BiOpalifiHOro BIUIMBY B Tpoleci BiOpOOOPOOKHM MOHA JOCATTH OUIbII PIBHOMIPHOTO 3HIDKEHHS! HAaIlpyTH,
IBUIIUTH SIKICTh 1 €(eKTUBHICTB Mpoliecy. Y TOil ’e Yac MiJIBUILYIOTHCSI BUMOTH JI0 4acy 3aKiHYEHHS MPOIecy.

TakuM YMHOM, JJIs1 KO)KHOTO MaTepialy MO>KHa BUOpaTH NMPUKHSTHI pexXxuMu BiOpocTabinizanii. O4eBHaHO, 1110 He
BCi MaTepiajy 0JJHaKOBO MOXKYTh OYTH MijiaHi BiOpariiiHiii 00poOiii 3 METOI 3MEHIIEHHS 3JTUIIKOBUX HAIIPYKEHb.

BucnoBkn.

BrpoBamkeHHs mporpecuBHOI BiOpocTabimi3ytodoi oOpoOKM 3abesredye, MOPIBHAHO 3 TEPMIYHHM METOIOM,
3HIDKCHHS BUTPAT eJeKTpoeHeprii (raszy) Oinpm Hik y 100 pa3iB, CKOpOUSHHS TEXHOJIOTIYHOTO IIUKITY BUPOOHUIITBA B
50-60 paziB, MiBUIIMIO B KiJIbKa pa3iB MPOJYKTHBHICTH Npalli, 3HU3UIO TPYJOMICTKICTh BUTOTOBJICHHS 1 TPAHCIIOPTHI
BUTpPaTH B KiJbKa pa3iB, MOJIMIIMIO yMOBHM Ipami 1 BUKIIOYMIO 3a0pYAHEHHS HaBKOJMIIHBOTO CEpeIOBHUINA.
Cralinizalliss 3aJWIIKOBUX HAaNpyXKeHb y Tporleci BiOpariiiHoi cTabimizytouoi oOpoOKHM JOCATAETHCS 32 PaxyHOK
MTO€HAHHS BiOpamiiHUX 1 3A/IMIIKOBHX HAIPy’KeHb, IPH IEBHUX 3HAYCHHSAX SKUX MaTepial CTa€ IUNIACTHIHIM
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V]IK 621.914.22 DOI: 10.20998/2079-004X.2025.2(12).07
JUAIA C. 1., KO3JIOBA O. B., IXHO ]I. A., CYHHK A. B.

BIIVIMB YACY PI3AHHSA HA TAPAMETPHU KOJIMBAHB ITPU KIHHEBOMY ®PE3EPYBAHHI

VY cTarTi pO3INIANAETHCS MOMKIMBICTD BUKOPHUCTAHHS 4Yacy pi3aHHS [UIi BH3HAYCHHS YMOB pIi3aHHS 4epe3 PO3PaxyHOK BH3HAYAIBHOIO
CHiBBiHOMEHHs. 32 HOTro 3HAUCHHSIM BU3HAYAETHCS OJHA 3 IISITH IIBH/KICHUX 30H KonuBaHb. Cepe/] HUX HaiO1IbII HECTIPUATIMBOIO JUIS OTPHMaHHS
SIKOCTI 00pOOJICHOT MOBEpXHI € TpeTs MBHAKICHA 30HA KOJNHMBaHb. [ BHXOAy 3 Iii€l 30HM 0e3 3MEHIIEHHsS IIBHAKOCTI pi3aHHS HPOIOHYETHCS
BUKOPHCTOBYBATH TEXHOJOTIUHI MPUHAOMH, sIKi 30UIBIIYIOTH 4Yac pi3aHHsA. 30KpeMma, 3a PaxyHOK 30iNbLICHHS KyTa HAXWIy I'BHHTOBOI pi3albHOL
KpPOMKH KiHIeBoi ¢pesu. Lle m1o3Bomsiec MpH3HAYMTH TaKe 3HAYEHHS KyTa HAXHIy, IPH SKOMY 3a PaxXyHOK 4acy pi3aHHS BEIMYHHA BH3HAYAIbLHOTO
CIIBBITHOILICHHS HAOMMKAETHCS IO JPYroi IIBUJIKICHOI 30HM KOJIMBaHb, B SKi JAeM(yroul BJIACTUBOCTI MPOLECY pi3aHHS CYyTTEBO 3MEHIIYIOTh
IHTEHCHBHICTh KOJIMBaHb Ta 3a0e3MeuyIoTh CTablibHe hpe3epyBaHHs.

Kurouosi c1oBa: ¢pesepyBaHHS, KOIMBaHHS, pi3adbHa KPOMKA, KyT HAXMILY, 4ac pi3aHHS

DYADYAS., KOZLOVA O., YAKHNO D., SUDNIK A.

THE INFLUENCE OF CUTTING TIME ON THE VIBRATION PARAMETERS DURING FINISH MILLING

The article considers the possibility of using cutting time to determine cutting conditions through the calculation of the determining ratio. One
of the five speed zones of oscillation is determined by its value. Among them, the third speed oscillation zone is the most unfavorable for obtaining
the quality of the machined surface. To exit this zone without reducing the cutting speed, it is proposed to use technological techniques that increase
the cutting time. In particular, by increasing the angle of inclination of the helical cutting edge of the end mill. This allows you to assign such a value
of the angle of inclination at which, due to the cutting time, the value of the determining ratio approaches the second speed oscillation zone, in which
the damping properties of the cutting process significantly reduce the intensity of oscillations and ensure stable milling.

Keywords: milling, oscillations, cutting edge, angle of inclination, cutting time.

1. Beryn. SIkicTe TMOBEpXHI CKIaTHOMPOQUIBHUX TOHKOCTIHHHX JAeTaleid, SKi IIMPOKO BUKOPHCTOBYIOTHCS Y
aBIaKOCMIYHIM TeXHII, MICIA KIHIEBOTO (pe3epyBaHHA 3aJEKHUTHb BiJl yMOB, NPH SKUX BigOyBaeThCs 0OpoOKa.
UncenbHUMHU TOCHIKCHHAMHU [1, 2 Ta iHOII] BCTaHOBJIEGHO, IO HAHOIMBINWI BIUIMB MPH IIbOMY MAalOTh BiOpaii.
JkepenoM iX BHHHUKHEHHsS € 3MyIIyloua Crjia, IO Ii€ Ha JETalb IpH Bpi3aHHI 3yOa iHCTpymeHTa. ToOTO TpH
KiHIIeBOMY (pe3epyBaHHI 3aBXIH € 30y JHUK BUMYLICHUX KOJIMBaHb. BCcTaHOBIEHO, 110 Ji0Yi MPU pi3aHHI KOJUBAHHS
BUHMKAIOTh y NeBHIN mociinoBHocTi [3]. CrnovaTKy mpH Bpi3aHHi 3y0a iHCTPYMEHTY AilOTh BUMYILIEHI KOJMBAaHHSI, Ha
SIKI HaKJIaJ[al0ThCsl CYTPOBODKY0Ul BinbHI konuBanHs (CBK), mo 3romom 3racatots. [Ipy npomy ciij BiA3HAYNTH, 110
Yyepe3 KOPOTKOYACHICTh KiHIIEBOTO (hpe3epyBaHHs, M0 € HOTO OCOOJIHUBICTIO, MOUIMPEHI MPH TOYIHHI Ta TOPIECBOMY
(bpe3epyBaHHi CTai aBTOKOJIMBaHHS HE BUHUKAIOTH [4].

Bukopucrannsi BuzHauanbHoro cmiBBigHomenus (BC), sike pospaxoByersest 3a (opmynoro (1) [5], mo3Bosse
BU3HAYATH OJHY 3 II'SITH IIBUIKICHUX 30H KOJMBAHb i BUAN KOJIUBAHb, IO TIFOTh B HUX NPH KiHIEBOMY (pe3epyBaHHi.

Lpiz
BC =_P_, (1)

Tex
ne ty;; — vac pizaHus, ¢, Tpx — IIepio]l BUIbHUX KOJMBAHB JIETAI, C.

BC mis kK0>xHOT IIBHIKICHOT 30HU KOJIMBaHb OOMEXY€EThCS IEBHIMH BEIMIHHAMU [5].
Jlnst po3paxyHKy yacy pi3aHHs Ta IepioJly BUIbHHX KOJIMBaHb BUKOPUCTOBYIOThCs popmyiu (2) [S]ra (3) [6].

80 [d (= .
s=—"|-"|-—arcsin|1—
P mdn 12 \2

Zag

))i%52+tgw-ap], 2) (

ne n, d, @, ap, S;, ® —gacrora obepranns muHACIS (00/XB), miameTp dpesu (MM), pamianbHa TIHOUHA pisaHHs (MM),
0ChOBa TJIMOMHA pi3aHHs (MM), ojaya Ha 3y0 (MM/3y0), KyT HaXWly TBUHTOBOI pi3albHOI KPOMKH (Ipajl) BiIIOBITHO.

Tpg = 2m- \l?, (3)

Jie M, j —Maca (Kr) Ta )KOPCTKICTh TOHKOCTIHHOTO ejieMenTa jaeraii (H/m) BiamnosigHo.

3aranom, KiHleBe ¢pe3epyBaHHS MoXe BinOyBaTHcst y Oynab-sKii 3 I’STH IIBHIKICHMX 30H KosmBaHb. Ha e
BIUIMBA€E 3aJIEKHICTHh IIBUIKOCTI Pi3aHHS BijJ BIACTUBOCTEH Marepiaiy, mo oOpoOiroerbes. B mepiiii, uerBepriit Ta
I’ SITIA MIBUAKICHUX 30HAX KOJIMBAHb MPH Pi3aHHI JIFOTh TUIBKKM BUMYIICHI KOJUBAHHA. AJe SIKICTh MOBEPXHI y MEpIIiit
MIBUKICHIA 30HI TIpW BEIMKOMY 4aci pi3aHHS HHU3bKA 1 BU3HAYAETHCS CIiIaMU TUIACTUYHOTO 3CYBY MaTepiaiy, II0
3aJIMIIAETHCS HAa 00pobeHid moBepxHi. CBK netaini He 3’SBISIOTHCS Yepe3 BEMHKI AeMI(yYroUi BIACTHBOCTI TPOIECY
pizanns. [Ipu BucokomBHAKICHOMY (hpe3epyBaHHI y 4eTBEpTil Ta I’ SATid MBHIKICHUX 30HAX Yac pi3aHHA MEHIINH 3a
nepiox CBK, ToMy BOHM He BHHHUKAIOTh. SIKICTh HMOBEpPXHI B IMX [BOX 30HaX BHCOKAa i BU3HAYAETHCS KPATHICTIO
CHIBBIJHOIIEHHS YaCTOTH BUTPHUX KOJHMBAHB JAETAJi 10 YaCTOTH BHUMYIIEHHX KoiuBaHb [7]. CBK, mo xifote y apyrii
Ta TpeTiil NIBUIKICHNX 30HaX KOJMBaHb, MAIOTh Pi3HY IHTEHCHBHICTS 1 BIUIMB Ha 00po0ieHy HOBepXHIO. SIKIIO B IpyTii
HIBHUAKICHIN 30HI kKonuBaHb ammuiityna CBK menme 0,02MM, mo cnpusie cTpy>KKOYTBOPEHHIO, 1 BOHH 3racaroTh JI0
KIiHI pi3aHHSA, TO B TPETii MIBUIKICHIA 30HI KONMBaHP BOHA 3HAYHO 3POCTA€ 1 HE 3racae Jo KiHId pisaHHsa. Came B
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TpeTiil MBUIKICHIK 30HI KonuBaHb HitoTh CBK Benmkoi iHTEHCHBHOCTI, IO BIUIMBA€ HA CTIHKICTh IHCTPYMEHTY, a
00po0IieHa MOBEpXHS Ma€ HaHOUIBITy XBIIACTICTE. Chix 3a3Ha4nTH, 1m0 iHTeHCHBHICTH CBK 3amexuTs Bif modaTkoBoi
MIBUIKOCTI pi3aHHA, 3 ii 30iNbIIEHHSM BOHA 3pocTae. ToMy akTyalbHOIO CTOITH 3ajada 3a0e3MedYeHHS CTIHKOCTI
IHCTPYMEHTY Ta SIKOCTi TIOBEPXHi, IO 00pOOIIIEThCA B TPETiH MBHIKICHIM 30HI KOIMBaHb 0€3 3MEHIIEHHS MIBUIKOCTI
pizaHHS, BiJ AKOi 3aJI€XKHUTH MPOAYKTUBHICTH (ppe3epyBaHHS.

OnmHMM 3 HampsMKIB pilIeHHS Li€i 3a7a4i € BUKOPUCTAHHS AEMI(YIOUNX BIACTUBOCTEH IPOLIECY pi3aHHS, Iis
SKUX HaWOiblIe NposBisieTbest y nepiuiit (BC>25) Ta apyriit (7<BC<2S5) mBHIKicCHUX 30HaX KoyMBaHb. Lle MOXIHMBO
32 paxyHOK JOCTaTHBOTO 4Yacy pi3aHHs, mo0 aemndysaHHS BinOynocs. 3rigHo ¢opmynu (2) Ha 30iIbLICHHS yacy
pi3aHHs BIUIMBAIOThH pajliayibHa MIMOWHA Pi3aHHS de, MOAAa4Ya S; Ta KYT HaXWIy TBUHTOBOI Pi3ajbHOI KPOMKH @. Ale,
SIKIIO 301IbLICHHS pajianbHOI TJIMOMHY Ta MoJavi CyTTEBO BIUIMBA€E HA CHIIy pi3aHHs, TO BiJ KyTa Haxuily BOHa MaJo
3anexuTh [5]. Tomy B mamii poOOTi PO3TIANAETHCS BIUIMB KyTa HAXWIIy pi3ajbHOI KPOMKH ( Ha dYac pi3aHHA Ta
neMIQyodi BIaCTUBOCTI IPOIECY pi3aHHS IPU IbOMY.

2. MeTtoauka aociaigmkeHb. JloCHipkeHHS MPOBOMMINCS Ha CIICMialbHOMY CTeHAI [5], KOHCTPYKINS SKOTO
ITO3BOJISIE PETYIIOBATH JKOPCTKICTH TMPY>KHOTO E€IEMEHTY 1 MOJENIOE€ TOHKOCTIHHHN €JIEMEHT NeTajli, BCTAHOBIIOBATH
U1 00poOKM 3pa3Ku 3 pI3HMX MaTepiaiiB Ta BiAMIUaTH dYac pi3aHHI. B SKOCTI iHCTpYMEHTY BHKOPHCTOBYBAJIACsd
crierianeHa 0nHO3y0a (pesa miamerpom d = 50MM, KOHCTPYKINSL SIKOi Tepenbadyac peryariOBaHHSA KyTa HaXHITY
I'BUHTOBOI pi3aibHOi KpoMKH [5]. Pexxumu pizaHHs oOupainucs mis (ppesepyBaHHS JeTali, 0 Majla 4acTOTy BUIBHHX
konuBanb fgx = 48811, B Tperiii mBUAKiCHI 30HI KonuBanHb (1<BC<7): n = 280 06/xB, a. = 0,5 MM, @, =4 MM, S; = 0,1
MM/3y0, IPH KyTax HaXHJIy TBUHTOBOI pi3aiibHOI KpOMKH @ = 0°, 15°, 30°, 45°, 60° i 3ycTpiYHOMY HATIPSIMKY TTO1adi.

IIpu moCTiKEHHSX 3alMUCYBAIUCSA OCHUIOIPAaMH KOJHMBAaHb JETali Ta 4ac pizaHHs. [Ipu oOpoOLi ocumaorpamu
MOJIIISUTMCS Ha OKpeMi (parMenTH (puc.l), Ha SIKMX BUMIpsiucs yac pizaHHs t,; , nepion CBK Tcx Ta ix ammuityna
Ack, miepiofl BUIbHHUX KOJHMBaHb aetani Tpx. s cupsmiieHHS (GparMeHTIB OCIHMJIOrPaMH BUKOPUCTOBYBaBCS (igbTp
Casunpkoro - ['omnes [5].

Pesynbratn BUMiproBaHHS HaBelleHi y Tadmumi 1.

Tabmmms 1- Yac pizanns, nepiofn ta amotitTyaa konuBadb CBK npu gpesepyBaHHi 3 pi3sHUMH KyTaMU HAXIITY
pi3aJbHOT KPOMKH (0

Kyt naxmny Yac pizaHHS Awmmrityna CBK, [epiox CBK / gacrora,
w, Tpajg tpis, 103 ¢ Ack, MM Tirl fax 1073¢/ Ty
0 6,12 0,080 1,92 /520
15 6,72 0,069 1,92 /520
30 8,58 0,069 1,86 /537
45 11,58 0,041 1,68 /595
60 15,90 0,008 1,2/833
Kyt ®parMeHT ocLuIOrpaMu
HaXWIy O,
rpan
0 ————
‘Iﬂ
nin Ty
|/ M\ ‘l ‘I‘ JI“I \ Ter I II\ | I\ /‘] MV
/ Tk A <
Hm:lbll‘ """""" ‘:‘ T }—‘—ﬂ
‘ N
] tpia U Y,
15 R
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P> - TouKa Bpi3aHHS IHCTPYMEHTY B J€Tajb; X - TOUKa BUXOAY iHCTpyMeHTy 3 neraii; [I[1P — momoskeHHs npy>kHOI piBHOBArw;
Puc. 1 — ®parmeHTn ocuuiorpam mpu KiHieBoMy ¢Gpe3epyBaHHi 3 pisHUMHU KyTaMH HaXWITy pi3alibHOT KPOMKH @

Hani, siki HaBeneHi B Tabiuui 1, MOKa3yloTh, 110 3i 30UIBIIEHHSAM KyTa Haxuiy @ Bin 0 mo 60° wac pizaHHs
30UIBIIY€THCS, @ IHTEHCUBHICTh KOJIMBaHb 3MeHIIyeThes y 10 pasziB. Kpim 1poro ciig 3ayBaxkuTH, mo nepion CBK Tex
npu Gpe3epyBaHHi 3 pI3HUMH KyTaMH HAXWITy @ OUTBIINI 3a Mepioj] BUIbHUX KOJIMBaHb aetaii Tzx Ha 6%-41%.

VY tabmumi 2 wHaBenewi 3HadeHHS BC, mo po3paxosani 3a popmymoro (1). mpu pi3aHHi 3 pi3HUMH KyTaMU HaXWITY
.

Tabnmns 2 - 3HaueHHS BU3HAYAIBHOTO CITiBBiTHOIICHHS IIPH pi3aHHi 3 Pi3HIMH KyTaMH HAXWITY @

Kyt naxuny o, 0 15 30 45 60
rpan
Busnavanbne
CIIIBBiHOIICHHS 2,98 3,28 4,18 5,65 7,75
(BC)

31 30ULIBIIEHHSIM KyTa HaxWily @ TakoX 30uiblnyeTbest 3HaueHHs BC, siki 3MilytoThest y OiK Jpyroi MBUIKICHOT
30HM KOJIMBaHb [5], a (pe3epyBaHHs 3 KyTOM Haxuiy « = 60° BinOyBaeTbCsi BXKe y HiH 1 CYNPOBOMKYETHCS MAaJIO0
IHTEHCHUBHICTIO KoyMBaHb Acx = 0,008 MmM.

3aJjexHIiCTh 4acy pizaHHs l,; BiJ KyTa Haxwmly  IOB’si3aHa 31 3MIHOIO JIOBKMHU KOHTaKTy IHCTPYMEHTY 3
Jgetautto npu pisaHi |y (puc. 2), sika 30imbmIyeTbes 3i 30UTbIICHHSAM KyTa . IIpH HBOMY 3MIHIOIOTBCS YMOBH
KOHTaKTyBaHHs ¢(pe3n Ta AeTaii NMpW pi3aHHI, HA WO BIUIMBAE NOBXHHA AaKTHUBHOI Pi3aJbHOT KPOMKH lgp, sIKa
YTBOPIOETHCS TIPH MPOXOKEHHI 3y0a (hpe3n uepe3 MOBEpXHIO pi3aHHs (puc. 2).

[pu dpe3epyBaHHI TOBKHHA aKTHBHOI Pi3aibHOI KPOMKH 33 YMOBH, IO @ > 0, 3MIHIOETBCS BiJ MiHIMAIBFHOTO
3HAUEHHs IIPU Bpi3aHHI 3y0a 710 HAWOUIBIIOro MPH MPOXOKEHH] 3yOOM IMOBHOT 0CHOBOT ITIMOMHU @), 1 J1aJli OCTYTIOBO
3MEHIIYETHCS 10 MiHIMYMYy Ha BUXOIi 3 IETAJIL.

, - MOBEpPXHT Pi3aHHA
TMonozxeHnd pisampEol

KPOMEKH B KiHmi pisamas /7 / -/
lapx

®
AN

/ L

ITonoskeHH pisanbHOT KPOMKH
®-| [epel] NOYATKOM pi3aHHT

lpis

Puc. 2 — Cxema BU3HAYEHHS TOBXUHH aKTUBHOI Pi3aIbHOT KPOMKH lapi
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HaiiGinpma 1oBXHHA aKTUBHOT Pi3ajbHOI KPOMKH B 3aJIS)KHOCTI BiJl KyTa HAXHWITy » BU3HAYAETHCA 32 (OPMYJIOIO
(4 )
=%
Lapee = (4)

coscw’

Jemndyrodi BnacTUBOCTI 1Iapy, IO 3pi3aeThes NpH KyTax Haxwity o Bix 0 mo 45°, npu ¢pesepyBaHHI y TpeTii
HIBUAKICHIM 30HI KOJNMBaHb HEJOCTATHI /ISl CTBOPEHHS CTAJIMX YMOB pi3aHHs. X0Y aMInIiTyna i 3MeHmyersest Ha 50%
Bil Ack = 0,080 MM 1m0 Ack = 0,041 mmM, arme i BenMYMHM OiNBINI 3a COPUATINBI UIA CTPYKKOYTBOpEHHS Ack =
0,020MM.

OparMeHT oCUMIOTpaMH, KU 3arcaHuii Ipu Gppe3epyBaHHi 3 KyToM Haxmry w=60° (puc. 1), mokasye, mo CBK,
BUHHUKAIOYi Ha MMOYATKY pi3aHH:A, 3aTyXalOTh A0 MUISHKH, ¢ JOBKHHA aKTHBHOI pi3aibHOI KPOMKH HanOimema. Jlami
BiOyBa€THCS 3MEHIIEHHS AeMIT(YIOUNX BIACTHBOCTEH MIapy, IO 3pi3a€Thes, i BimOyBaeThCS Bill €MHE 3aTyXaHH:, IPU
SIKOMY CIIOCTEpIiraeThcst He3HauHe 30ubIneHHs ammutityiu CBK.

BucHoBkH. BuKOpUCTaHHS pO3MOATy HAa IUBUAKICHI 30HM KOJMBaHb 3a JOIOMOIOI BU3HAYaJIbHOTO
CHIBBITHOIIICHHSI JJO3BOJISIE 32 OTPUMAHUMH{ 3HAUYEHHSMH BU3HAYMTH YMOBHU (pe3epyBaHHsS. [Ipu npoMy HaiiOinbn
HECIIPUATIMBOIO JJIsl OTPUMAaHHS SIKICHOT 00po0JIeHOT TOBEpXHi € TpeTs MBHIKICHA 30Ha KonuBaHb. 11100 BuiiTH 3 i€l
30HH, HE 3MCHIIYIOYHM LIBHJKICTH Pi3aHHS, MOXKIMBO BUKOPHCTOBYBATH TEXHOJIOTIUHI MPUHAOMH, 110 30LIBIIYIOTH Yac
pizanHs. OHUM 3 HUX € KYT HaXWJly TBUHTOBOI pi3aJibHOT KDOMKH o, 301IbIIEHHS SIKOTO 301nblye yac pizanHs. [Ipu
oMy 3HaueHHA BC 3mimgyroTbes B OiK Jpyroi MIBUAKICHOI 30HM KOJNMBaHb, IO CYMPOBOMKYETHCS 3MEHIICHHIM
inreHcnBHOCTI CBK. BHKOpHCTOBYIOUM pO3paxyHKH 4Yacy pi3aHHS NMPH PI3HUX KyTax HAXWIy  Ta MEpiofy BUIBHHX
KOJNMBaHb JeTalli mimbupaioTs 3HaueHHs BC, 1m0 BiAmoBimaooTes yMoBaMm (pe3epyBaHHSA y Opyroi MIBUIKICHOI 30HU
KOJIMBaHb. TakyM 4MHOM 32 PaXyHOK 4acy pi3aHHs CTBOPIOIOTH cTalie (hpe3epyBaHHs.
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OXPIMEHKO 0. A., MAHEOPOJA B. C., 3KOBOPOTHHH O. 0., TACAHOB M. I., KJIOYKO 0. 0.,
IJ1YHIKO C. C., ®E/JOPEHKO B. C.

BUKOPUCTAHHSI HEWPOHHHMX MEPEXX VY MOBYIOBI JOCJAIIHUIBKOI MOJEJI
IMIIYJIbCHOI'O 3YBO®PE3EPYBAHHSI

st cuHXpOHi3alii MIBHAKOCTEH OOEpTaHHS NPHUBOJHUX [BUTYHIB IPOMOHYETHCS IHTENECKTyajdbHAa CHCTEMa YIPABIIHHS IIBHIKICTIO
EIIEKTPOIPUBO/A 3 JBUI'YHOM HOCTIHHOIO cTpyMy, Ha 6a3i IITy4HOI HEHpoHHOI Mepexi. B Takiil cucTeMi ynpaBiiHHS NPOHOHYETHCS BHKOPHCTATH
KOHTPOJIEp - HEWPOHHY MEPEKY Pa3oM 3 KOHTPOJIEPOM - HEUPOMEPEIKEBOK €TAIIOHHOK MOAEUT0 [2] OCHOBHUM KOPHUTYBAJIbHUM CHTHAJIOM JJIS Li€l
cucTeMu Oyae MoxuOKa B Pi3HHI KyTOBHX IIBHAKOCTEH IBUTYHIB €KCIIEPUMEHTAIBHOI 1 eTanoHHoi Moaeneii. [ligBuIeHHs e(eKTUBHOCTI MPOLECiB
IPU LIBUJIKICHOMY 3y0odpe3epyBaHHi JIE30BUM iIHCTPYMEHTOM OOYMOBIIIOE HEOOXiIHICTh MOMTUOICHHX JOCIIDKEHb (Di3HIHUX 3aKOHOMIPHOCTEH, 1110
CYIPOBOKYIOTh BIJOKPEMIIGHHS IIapy Bif 3aroTiBimi. JIIsi KOPEKTHOrO IOpIBHSHHS IIOKa3HUKIB BHCOKOIIBHAKICHOTO 3yOodpesepyBaHHS,
BUKOHYBAHOTO TpH Oe3rnepepBHOMY oOepTaHHI Ta mojadi pi3iyt i OpH iMIylIbcHOMY (pe3epyBanHi, Oyina moOyzoBaHa MOJAENb €KCIIEPUMEHTAIBHOL
YCTaHOBKH, IO CKJIAA€Thesi 3 IBYX OJokiB, [ mioGambHOI omTuMizamii HmapamMeTpiB HEHPOMEPEKEeBOI CHCTEMH BHKOPHCTOBYBABCS METOL
reHernuHoro anroputMmy (I'A). Posrsnatoun 11 sik exunmii Habip mapameTpis, I'A 31aTHa 3ailicHIOBaTH HOTO ONTHMANbHY HACTPOHKY IPH po3Mipax
TOIIYKOBOTO MPOCTOPY, AOCTATHIX /ISl BUPIIIEHHS OUIBIIOCTI NPAKTHYHHX 3aBIaHb. Y TOM )K€ Yac CIEKTP PO3MVIIHYTHX JOAATKIB 3HAYHO MEPEBUILYE
MOJXJIHBOCT] AJITOPUTMY 3BOPOTHOTO MOIIMPEHHs. TOYHICTh BUMIPIOBAHHS BHXIIHHX MapaMeTpiB 3a0e3MedyeThCsl CHHXPOHI3AIIEI0 €TANIOHHOTO i
BHUIPOOYBAHOTO JBUI'YHIB 38 PaXyHOK BUKOPHCTAHHS HEHPO-MEpETiHHOTO KOHTPOJIEpa.

KuarouoBi ciioBa: mBuaxicHe 3ybodpesepyBanHs, HEHPOMEPEKEBbIil KOHTPOJLIED, IHTENEKTyalbHa CHCTEMa YHPABIiHHS, LITyYHa HEHpoHHA
MepesKa, HMITYJIbCHOE (hpe3epoBaHKe, PEXXHMHU pizaHHs, AedopMallis, METOA FeHETUYHOIO AITOPUTMY

OKHRIMENKO O., MAYBORODA V., ZAKOVOROTNIY O., GASANOV M., KLOCHKO O., . GLUSHKO S., FEDORENKO V.

USE OF NEURAL NETWORKS IN CONSTRUCTION OF A RESEARCH MODEL OF PULSE GEAR MILLING

To synchronize the rotation speeds of the drive motors, an intelligent speed control system for an electric drive with a DC motor is proposed,
based on an artificial neural network. In such a control system, it is proposed to use a controller - a neural network together with a controller - a neural
network reference model [2]. The main corrective signal for this system will be the error in the difference in the angular velocities of the motors of the
experimental and reference models. Increasing the efficiency of processes in high-speed gear milling with a blade tool necessitates in-depth studies of
the physical laws that accompany the separation of the layer from the workpiece. For a correct comparison of the indicators of high-speed gear
milling performed with continuous rotation and feed of the cutter and with pulse milling, a model of an experimental installation was built, consisting
of two blocks. For global optimization of the parameters of the neural network system, the genetic algorithm (GA) method was used. Considering Al
as a single set of parameters, GA is able to perform its optimal tuning with the search space sizes sufficient to solve most practical problems. At the
same time, the range of applications considered significantly exceeds the capabilities of the backpropagation algorithm. The accuracy of measurement
of output parameters is ensured by synchronization of the reference and test engines through the use of a neuro-merelin controller.

Keywords: high-speed gear milling, neural network controller, intelligent control system, artificial neural network, pulse milling, cutting
modes, deformation, genetic algorithm method

Beryn. [lns BuBYEHHS €(QEKTHBHOCTI IMOYIBCHOTO 3y0uacToro (hpe3epyBaHHS HEOOXiTHO MOOymIyBaTH
eKCIIepUMEHTAIIbHY MOJENb, IO CKiagaeTbcs 3 2 OnokiB. [lepmmii ONOK € €TaloOHHOIO MOJEIUII0 1 BHUKOHYE
3y0odpe3epyBaHHs 3a KIACHYHOIO CXEeMOK, J¢ (pe3a MpPUBOMUTHCS B PyX JABUTYHOM 3 MMOCTIHHOK IIBHAKICTIO
o0epTaHHs 1 i3 33/1aHOI0 IIBUIKICTIO moaadi. JIpyruii 010K Mae iJeHTHYHI XapakTepUCTHUKH MEXaHIYHOI YaCTHHH, alie
pobounii opran BUKOHYE (ppe3epyBaHHs 3yOuacTHX KOJIC B IMOYIbCHOMY pexkumi. [TocTaBieHa 3ajada CHHXPOHI3aIll
HIBUIKOCTI OOCpTaHHS EJICKTPOJBHIYHIB 000X arperatiB [yis TOTO, HIO0 JaTH MOMJIMBICTh MOPIBHITUA BHXIIHI
napameTpu 3yduactoro (pe3epyBaHHs NEKTPUIHOI YaCTHHH.

AHani3 ocraHHix [JociimkeHb, Ta myoaikamiii. Panine Oyna 3ampornoHoBaHa MOJIENb  JTOCIIKEHHS
9Hepro3(pPeKTUBHOCTH IMITYIIBCHOTO IIBHAKICHOTO 3yOodpesepyBaHHS 3 ypaxyBaHHAM aToMHOro mimxomy [1] s
KOPEKTHOTO aHai3y BUXiTHUX JaHUX HEOOXITHO MOPIBHSATH ii 3 aHAIOTIYHOKO CHCTEMOIO, IO IMPAIIOE B MOCTIHHOMY
pexxuMi. [l cuHXpoHi3amii mBHAKocTed 00epTaHHS NMPUBOAHUX JABHUTYHIB MPONOHYETHhCS IHTENEKTyallbHa CHCTEMa
YIPaBIiHHS MIBHUJKICTIO €JIEKTPOIPHUBOAA 3 JBUTYHOM IOCTIHHOTO CTpyMy, Ha 0a3i IITy4HOI HEHpOHHOI Mepexi. B
Takiii CHCTEMi YNpaBIiHHS MPOIOHYEThCS BHKOPHCTaTH KOHTPOJEp - HEHPOHHY MEpexXy pa3oM 3 KOHTPOJIEpOM -
HEWpPOMEPEKEBOIO ETATOHHOIO MOAEIUIIO [2] OCHOBHMM KOPUTYBaJIbHUM CHT'HAJIOM AN i€l cuctemu Oyne moxnOka B
PI3HHUII KYTOBHMX INBUIKOCTCH IBUTYHIB EKCIICPUMEHTAJIBHOI 1 eTajoHHOT Mopesei. [liaBuineHHs e(EeKTUBHOCTI
MPOIIECIB MpH IIBHAKICHOMY 3y0o(dpe3epyBaHHI JI€30BHM IHCTPYMEHTOM OOYMOBJIIOE HEOOXiTHICTh MOITHOICHUX
JOCTKeHb (DiI3MIHUX 3aKOHOMIPHOCTEH, [0 CYTIPOBOKYIOTh BITOKPEMIICHHS IIapy Bij 3aroTieii [6].

OcHoBHAa 4vacTuHA. J[1sI KOPEKTHOTO TOPIBHSAHHS TOKAa3HHWKIB BHUCOKOMIBHAKICHOTO 3y0odpe3epHOro
(pe3epyBaHHs, BHKOHYBAaHOTO NPH Oe3MepepBHOMY OOEpTaHHI Ta MOjAadi pi3ls i IpH IMITyIsCHOMY (pe3epyBaHHi, Oyia
1o0yoBaHa MOJIETIb EKCIIEPUMEHTANILHOT YCTaHOBKH, 10 CKJIAAETHCS 3 2 OJIOKIB, CTPYKTypHa CXeMa siKa MPe/ICTaBIeHa
Ha Puc.1.

O6uzBa Ooka MarTh OfHAKOBHMH poOouiii opran (dppesa @), sxka ¢dpesepye oaMH 1 TOW ke THH Marepiany 3
OJIHAKOBOIO IIBUIKICTIO Moa4di. CHIIOBUM arperaroM B JaHiil yCTAHOBLI € JBUTYH noctiiiHoro crpymy (AI1C: i ATIC,).
VY eranonHiit Mogeni nepenada kpytHoro mMomenty Bin JAIIC: mo @ 3milicHIO€ThCS Oe3MOCEPEHBO, B TOCIIKYBaHI
MOJIEJi CXeMa peasli3oBaHa i3 3aJIe)KHOro obepTaHHs 2-X Mmac, B sikiid JIIIC, obepraeThcs 3 MOCTIHHOIO MIBUAKICTIO Ha
HOMiHAJIBHIH MOTY>XKHOCTI, a el1eKTpoMarHiTHa My¢pTa EM ynpaBinseTbcs OCHMITIOIOYNM CUTHAIOM 1 Ma€ 2 TOJI0KEHHS.

© 0.A.Oxpimenko, B.C.Maiibopona, O.10.3akoBoporhuii., M.L.I"acanos, O.0.Knouko., . C.C.I'mymiko. B.C., ®enopenko, 2025
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Puc.1 — CtpykTypHa cxema 3KCIIepUMEHTAIBHON YCTaHOBKH IMITYJIbCHOTO IIBHAKICHOTO 3yOo(dpe3epyBaHHs 3 BUKOPUCTAHHAM
YHOpyToi Ta eNeKTPOMArHiTHOI My(QTH Ta HEHPOMEPEKEBOTO KOHTPOIIIEpa KEPyBaHHs JBUTYHOM IOCTIHHOTO CTPyMy

Komn EM 3amkHyTa, MexaHi4Ha mepenada OOCpTar0odoro MOMEHTY BiJ NBHTYHa Ha (pesy 3abiokoBaHa i
MIPOXOJUTh HAKONMYCHHS OOEpTalouoro MOMEHTY 3a paxyHOK OOepTaHHA Baly B NpPYXHIH My(pTi. Y MOMEHT
posmukanHs EM HakonmdeHa eHepris nepenaeTbest Ha Gpesy @ i BUKOPHCTOBY€EThCS [UIA ii MOAAIBIIOTO MIPOCYBAHHS B
3aroToBi.[1]

Jnist ynpapiiHHSL 00EpTaHHSAM €JIeKTPOJBUIYHIB BUKOPUCTOBYETHCSI TAPUCTOPHUIA niepeTBopioBad TI1. B eranonHii
MOJZIeNi Kepyrouuii CUrHai 3abesmnedye Oe3nepepBHy, 3a1aHy MBUAKICTh obepranHs JAIIC:. YV mocnimxyBaHiii Mopeni
uBuaKicTh 0oepranus JI1C; cuaxponno ¢ JI1C: 3abe3neuye Helipomepexeruit kourposuiep HMK.

3acTocyBaHHS IHTEJEKTYaJIbHHUX CHCTEM YIPaBIiHHS, 3 BHUKOPUCTAHHSIM HEHPOMEPEKEBOr0 KOHTpoOJiepa
YIpPaBIiHHS IIBUAKICTIO 3a0e3neuye CTiiike YNpaBiHHS EJIEKTPONPHUBOAOM 3 3alpolioHOBaHA CHCTEMa JI03BOJISIE
KOHTPOJIFOBATH PealibHy IIBUIKICTh POTOpA Ul BUKOHAHHS TOYHOTO BiJCIIIKOBYBaHHS CHUTHAJIB €TaJOHHOI MOJICII B
IMPOKOMY JTiala30Hi eKCIUTyaTamiiHUX yMOB. BUKOpHCTaHHA MOXMOKH MiX BUXITHHAMH CHTHAJIAMHU IIBHIKOCTI
€TAJIOHHOT MOJIEJi Ta PealbHOTO ENEKTPOIBUTYHA 3a0e3Ieduye 3MiHy BaroBux Koe(illieHTiB Ta KOe(illi€HTIB OIOPHUX
CHUTHAIJTIB 3MiIleHb [2]

CTpyKTYpHO-aJITOPUTMIYHA CXE€Ma EKCIIEPHMMEHTAIbHOI yCTAaHOBKH Npe/cTaBIeHa Ha Puc.2
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Puc.2 — CTpyKTypHO-aIropuTMidHa cXeMa eKCIIepUMEeHTaIbHOT YCTAaHOBKH 3 BUKOPHCTAHHSM HEHPOMEPEKHOTO KOHTpoIepa
KepyBaHHS eJICKTPOBUT'YHOM MOCTIHHOTO CTPyMy
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Sk mokazamm paHile mpoBeeHi qociimkenas [3, 12, 20], mrg pearnizaliii cucTeM YIIpaBIiHHS 3aMKHYTHM LIHKIOM
3 HEWpPOMEpeKeBUM PETYIATOPOM [UIS YIPABIIHHSA EIEKTPOIBUTYHOM MOCTIHHOTO a00 3MiHHOTO CTPYMY MLiJIKOM
IOCTaTHBO OTHOTO 3BOPOTHOTO 3B'SI3KY IO MIBHAKOCTI ®2, 3 AUCKPETU3ALIEIO Yacy i ONHI€T TaHKU YHUCTOT 3aTPUMKH (©2-
t. Takum umHOM, vy HC Oyme 3 BXimHuX HeipoHa, Ha SKi MOJAETHCS BEKTOpP BXiMHHX CHTHAJIB y BHIJIINI CHTHAITY
3aBIaHHA, IIOTOYHA i momepenHs yactota odepranHs aeuryHa JI1C,. CurHanoMm 3aBHaHHS € TTOXHOKA Pi3HUII KyTOBHX
LIBUJKOCTEH €TaJOHHOTO ABUTYHA 1 1 JOCipKyBaHOT MoJiest m2.

Takum 4MHOM, HEHpOHHA Mepexa MaruMme 3 BXIJAHUX HEHpOHa, Ha SIKI MMOAAETHCS BEKTOP BXIAHUX CUTHAIIB Y
BUIIIS/II CHTHAJTYy 3aBAaHHS, IIOTOYHOTO Ta IONEPEJHbOTO 3HAYEHHs MIBUAKOCTI Apyroi Macu. MiHIMaibHO-IOCTaTHS
KiJIbKICTh HEHPOHIB ITPUXOBAHOTO LIAPY TaKUX cucTeM jaopiBHIOE 10 — 20, a BUXiTHUX HEHPOHIB y pa3i MoTpiOHO OAMH.
Ha npoMy BuXimHOMY HeWpoHi i (OpMyBaTHMEThCsl KepyIOUMH BIUIMB JUIsi 4aCTOTHOTO IiepeTBOpoBadya. Heiiponi
Mepexi Takoro TUITy mosHadarotsest NN3-20-1 [8, 13, 14, 15]

3aBmaHHsA CHHTE3y HEHPOHHHX MEpEX IOJNATae y BU3HAYCHHI Bar i CHTHAIIB 3CYBY HEHpPOHIB HPHUXOBAaHOTO i
BHXimHOTO mIapiB, ski O 3abesmeuyBamn HeoOXigHwid koHTpomb [3]. i BupimeHHS Ii€i mpobinemu 3a3BHUait
BHKOPHCTOBYETHCS aJITOPUTM 3BOpoTHOTO mommpeHHs (Backpropagation) [4], sikuif Mo CyTi € METOZOM T'pagi€HTHOTO
CIIYCKY 1 TOMy Ma€ BiOMUI1 HEJOMIK — JIOKaJi3aIlifo ooracTi MiHiMizarii. Mix THM, IPOCTIp CHHTE30BaHHUX ITapaMeTpiB
Ma€ HACTUTBKHU BEIMKY PO3MipHICTH (51 mapaMerp), o BUMarae 3aCTOCYBaHHS METO/IB TII00ATBHOT ONTHMI3aIlii.

Jns moGanbHOI onTuMizamii mapaMmeTpiB HeHpoMepexeBoi CHUCTEMH HEOOXiTHO BHKOPHCTOBYBATH METOJ
reHernuHoro anroputmy (I'A) [5. 9, 10]. Posmisinaroun 11 sik enuuuii HaOip napametpis, I'A 3naTHa 37ilicHIOBaTH HOTO
ONTHMAJIbHY HACTPOMKY INpH pO3Mipax MOIIYKOBOIO MPOCTOPY, IOCTaTHIX JUIsi BUPIMICHHS OLIBIIOCTI NMPaKTHYHHX
3aBiaHb. Y TOW e 4Yac CIEKTP PO3NITHYTHX [OAaTKIB 3HAYHO MNEPEBHIIYE MOXIIHMBOCTI AJTOPUTMY 3BOPOTHOIO
MIOLIUPEHHS.

Sk mokasanu paHille IpoBelieHi MoAeoBaHHs, [2, 11, 18], 3anpornoHoBaHa iHTeNeKTyaj bHA CHCTEMA YIIPaBJIiHHS,
ska ckiagaetbes 3 HMK, 3abesnedye HamiiHWI KOHTPOJb MIBUIKOCTI i CTIilKi XapaKTEPUCTHKU PETYIIOBAaHHS IPH
HEBU3HAUEHOCTI TapaMETPIB 1 30BHIIIHBOIO HaBaHTa)keHH. (Puc.3)
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Puc.3 — IIBuakicTh 00epTaHHS €TATIOHHOTO 1 TOCIIAHOTO €JICKTPOJBUIYHA B MOMEHT ITYCKY 3
ynpasminasiM HMK

Cotiz 3a3HaYMTH, 10 B IIPOLEC JOCITIHKEHb, HE3BA)KAI0UH HA OTHAKOBY IIBHJIKICTh 00EPTAaHHS €JIEKTPO/IBUTYHIB,
00po0OIIOBaHI MaTepiaii MOXKYTh 3a3HABATH Pi3HI BUAH AeopMaIliif 3 yTBOPEHHIM Pi3HOTO POy CTPYKKH.

CxumpHICTE 00pOOMIOBaHMX MarepiaiiB a0 AehopMamiifHOTO 3MIITHEHHS 3aJIeKUTh Bil iXHBOI €NEeKTPOHHOI Ta
JIUCIIOKaiiHOT CTPYKTYpH, HasBHOCTI JIOMIIIOK, MIBUIKOCTI Ae(OpMyBaHHsS, TEMIIEpaTypu, THILy KpPUCTaJidHOI
peLIiTKY, pagyca 3a0KpYyIVIEHHsI PiXKy4ol KDOMKH p, & TAKOXK BiJ| IIBUJKOCTI Mepediry mpoiecis po3MilHeHHs! [6]

JlucnokariiiHi ysBIeHHS y pi3aHHI METaliB BUKJIAJIEHO y psni pobit, Hampukiax, y [7, 16, 19]. CyugacHi metoan
JIOCITIDKSHHSI TUCIOKAIIIHOT CTPYKTYpH BUKOHYIOTH 32 JIOTIOMOTOI0 BUCOKOBOJIBTHOI €JIEKTPOHHOT MIKPOCKOITii TOHKHX
¢onsr. IMnynecHe hpe3epyBaHHS MOXKE MaTH iHIIWK BIUTUB Ha 00poOIIOBaHM MeTal, Hik Oe3nepepBHE ppezepyBaHHS.

Tak, panee ObUTO JOKA3aHO YTO 3i 301BIIECHHSM IIBUIKOCTI, OTXKE, 1 TEMIIepaTypHu GOPMYy€ETHCS 3TUBHA CTPYXKKA.
I{pomy cripusitoTs nudy3iiHI IponecH Ha MeXax 3epeH, 110 IOJIETIIYIOTh MOBOPOT 3ePEeH Ta MIK3EpEeHHY JieopMariio.
ITpn upomy cTymiHb MuIacTUYHOI AedopMarii CTPYKKH 3HIKYEThCs. [IpH moganpIIoMy 3pOocTaHHI MIBHIKOCTI Pi3aHHS
(hopMyBaHHS €JIEMEHTHOI CTPY)KKH TOB'sI3aHE 13 3ami3HEHHAM 15 miactuuHux aedopmariiii. [6]

BucnoBok. IloOymoBa 2-x OIIOYHOI YCTAHOBM BIJKPHBAE IMUPOKI MOXIHMBOCTI IS JOCHIIKCHHS
BHCOKOIIBH/IKICHOTO IMITYJILCHOTO 3y0uacToro (pe3epyBaHHs B HIMPOKOMY Jialla30Hi BXIIHHUX IapaMeTpiB, TaKuX sSK
HIBHAKICTH 0OepTaHHs pobouoi ¢pe3u, MIBUAKICTh MOAAdi, YacTOTa IMITYJIbCIB (pe3epyBaHHs. TOYHICTH BUMIpIOBaHHS
BHUXIJHUX TapaMeTpiB 3a0e3Meuy€eThCsl CHHXPOHI3AIIEI0 €TAJOHHOTO 1 BHUNPOOYBAaHOTO JBUTYHIB 3a paxyHOK
BUKOPUCTaHHS HEHPO-MEPEeIiHHOrO KOHTpOJiepa. IHTenexTyanbHa CcHCTeMa YHpaBIiHHA 3a0e3nedye IOBHY
CHHXPOHI3AIIII0 eJIeKTPOIBHUTYHIB.
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MHPOHEHKO C. O.

JOCJIJI’KEHHSI KOE®ILIEHTIB KOB3AHHSI MIZK 3YBAMU HEEBOJIbBEHTHUX 3YBYACTHX
MEPEJAY

VY cTaTTi OOIPYHTOBAHO AKTYaJbHICTh JOCII/DKEHHS 3y04acTHX mepeiad 3i CKIaJHUM HEeBOJbBEHTHHM mpodiieM GiYHMX MOBEpXOHb 3yOiB,
SIKi B psizti 0OnacTeit 3aCTOCYBaHHS MAlOTh MIepeBark Nepes eBOJbBEHTHUMH 3y0UacTHMH IepeadaMH i mo30aBieHi AesiKHX iX HEAOMIKiB, OB’ I3aHUX
3 SIKICHUMH TOKa3HHKaMu. [Toka3aHo, MO I OTPHMAHHS CIIONYYCHHX MOBEPXOHb 3yO0iB JBOX HEEBOJBBEHTHHX 3y0UacTHX KOJIC MOXKYTb OyTH
BUKOPHCTAaHI [Bi IHCTPYMEHTAJbHI peiiku 3 MpodiasiMu OIYHUX HOBEPXOHb 3yOiB, 3BOPOTHUMH IO BiJHOLICHHIO OJMH OO OXHOrO. SIK HemiHiHHMT
npo¢ins 6iuyHOi MOBEpXHi 3y0a IHCTPYMEHTAIBHOI PEKU PO3rIISIOAEThCS AesIKa AUIIHKA OJHI€l 3 MOJENbOBAHUX IUIOCKUX KIHEMATHYHHX KpPHBHX.
JlaHo omuc nporpamy, sika I03BOJISIE PO3PAaXOBYBATH F€OMETPHYHI XapaKTepHCTUKH (HOpMOYTBOPEHUX Npo@isliB Kouic 3yduacToi mapy, BidyatizyBaTu
nporuec (OPMOYTBOPEHHS, a TAKOXK BHU3HAYATH SIKICHI NMOKAa3HMKM 3y04acToro 3ayeluieHHA. TMM caMHUM CTBOPEHO INEpeiyMOBH JUii BHOOpY 3
OTPUMAHOTO B PEe3yJIbTAaTi FEOMETPUYHOIO MOJCITIOBAHHS IOJS KPHUBHX TakuxX mpodiniB 3y0iB iHCTpYMEHTIB, siki 6 3abe3medyBand HailOinmbLi
panioHanbHe O€AHAHHS NPOdiniB 3y6iB 00poOIeHNX HUMHU 3y0UacTUX KOJIC 1 HeoOXiAHI SIKiCHI MOKa3HHKU 3y04acToro 3aderuieHHs. [Ipencrasneni
pe3ynbTaTH JOCIiKeHHs KoedilieHTa KOB3aHH MK 3ybamu 3y0uactoi mepenadi npu Bubopi dopmu npodinis 3y6is. [IpoBeneHo cepii YncenTbHUX
EKCIIepUMEHTIB Uil 3y0uacTuX 3adveruieHb, YTBOPEHHMX MapaMH IHCTPYMEHTAIBHUX PEHOK 3 pPi3HUMH NpodimsiMu OiYHHX MOBEpXOHb 3yOiB —
MPSMOJIHIHHUMH, ONYKINM 1 YBIFHYTHM, a TaKOX OIyKJIO-yBirHyTUMH. [loka3aHo, III0 HEEBONBBEHTHI 3y0YacTi 3a4eIIEHHS MOXXYTh MAaTH MEHII
Koe(hilieHTH KOB3aHHA B TOYKax TOPKaHHS NMPO(iNTiB B MOPIBHSIHHI 3 €BOJBBEHTHHMH 3auerUIeHHsSMH. HalOinbll NOLiNBHUM MpPEeNCTaBIISAETHCS
BapiaHT PeHoK 3 OMYKJINM 1 yBIrHYTHM mipodinsimu 3y6iB, o 3abe3nedye HafKpali 3HAYCHHS IKICHIUX MTOKA3HUKIB 3a4ETUICHHS.

Ku11040Bi c10Ba: HEeBOJIBBEHTHE 3y0UacTe 3a4eruieHHs, (JOPMOYTBOPEHHS 3y0UacTHX KOJIC, IIOBEPXHi, IO CHOIYYar0ThCs, IHCTPYMEHTAIbHA
peiika, mpodins 3y6a, IIocka KiHeMaTHYHA KPUBA, SKICHI MOKa3HUKU 3y04acToro 3a4erIeHHs.

MIRONENKO S.

RESEARCH OF SLIP COEFFICIENTS BETWEEN TEETH OF NON-EVOLVENT GEARS

The article substantiates the relevance of the study of gears with a complex non-evolvent profile of the side surfaces of the teeth, which in some
applications have advantages over evolvent gears and are devoid of some of their drawbacks associated with quality indicators. It is shown that to
obtain the mating surfaces of the teeth of two non-evolvent gears, two tool rails can be used with the profiles of the side surfaces of the teeth opposite
to each other. As a nonlinear profile of the tooth lateral surface of the tool rail, some part of one of the simulated flat kinematic curves is considered.
A description of the program is given, which allows you to calculate the geometric characteristics of the shaped profiles of the gear pair wheels,
visualize the shaping process, and also determine the quality indicators of the gearing. Thus, the prerequisites were created for choosing from the
resulting geometric modeling of the curve field of such tooth profiles of the tools, which would provide the most rational combination of the tooth
profiles of the gears processed by them and the required quality parameters of the gear teeth. The results of the study of the slip coefficients between
the teeth of a gear when choosing the shape of the tooth profiles are presented. A series of numerical experiments for gearing, formed by pairs of tool
rails with different profiles of the side surfaces of the teeth — straight, convex and concave, as well as convex-concave — were performed. It is shown
that non-evolvent gearing can have smaller slip coefficients at the points of tangency of the profiles compared to evolvent gearing. The most
preferable is the variant of the rails with convex and concave tooth profiles, which provides the best values of quality indicators of the engagement.

Keywords: non-evolvent gearing, shaping of gears, mating surfaces, tool rail, tooth profile, flat kinematic curve, quality indicators of gearing.

Beryn.

VY cydacHOMy MAaIIMHOOYIyBaHHI 10 3yO4acTHX TMepemad Mpei sBISIIOThCS BHUCOKI BHUMOTH. BOHM MOBHHHI
3abe3nedyBaTd Iepefady BEIMKUX OO0epTarouyMX MOMEHTIB, OyTH TOYHHMH Ta MIBUAKOXIIHUMH, IUIABHHUMH Ta
Oe3uryMHUMH. Pa3om 3 THM 3y0OuacTi 3a4eruieHHs: HOBUHHI XapaKTepH3yBaTHCs BUCOKOIO MPALe3/IaTHICTIO: HalIHHICTIO,
JTIOBTOBIYHICTIO, 0€3B1IMOBHICTIO, PEMOHTOIIPHIATHICTIO.

Ha cragii mpoekTyBaHHs 3y04acTHX mepenad iX HAWBAaXIIMBINI eKCIDTyaTaliHI BIIACTHBOCTI (TUIABHICTH
3a4eTUICHHS, MIITHICTh Ta 3HOC 3y0iB KOJiC) OIHIOIOTHCS 32 HU3KOIO SKICHUX MOKA3HHKIB MpaIe3qaTHOCTI 3a4eTICHHS.
KoedimmieHT mepekputTTs AO03BOJIIE OLIHUTH Oe3MepepBHICTH 3y0UYacTOTO 3adveIUICHHS, IUIABHICTE Ta OE3IIyMHICTh
pobotu nepenadi. KoedimieHT THCKY Mixk 3y0amMu XapaKTepHU3ye CHIOBY B3aEMOIIO 3y09acTHX KOJIIC, IXHIO KOHTAKTHY
MirHicTh. KoedimieHT koB3aHHS 3y0iB BpaxOBY€ BIUIUB TEOMETPHYHHUX Ta KiHEMAaTHYHHX (PaKTOPIB HA IHTCHCHUBHICTP
3HOCY mnpodiniB 3y0iB, € TMOKa3HMKOM iXHbOI 3HOcocTiiikocTi. KoediuienT dopmu 3yba xapakrepusye 3ruHajbHY
MIIHICTB 3y0iB.

Haii0inpin nmomMpeHuMH MeXaHIYHUMH TepefadaMy, sIKi 3aCTOCOBYIOThCS B MAaIIMHOOyIyBaHHI, € 3y0uacti
nepenadi 3 eBOJILBEHTHUM MNpodijeM OiYHMX MOBepXOoHb 3yOiB. [lepenadi, ckiaseHi 3 TakuxX KOJIC, BIAPI3HSIOTHCS
pAOOM TepeBar, OJHAK MAaloTh MPH I[bOMY 1 MITUH psAN HEOoJikiB. TOMy akTyaJbHOIO 3aJadel0 € JIOCIHiIKEHHS
3y04acTuX Tmepepad 3i CKIaJHUM HEEBOJBBEHTHHM IpodireM OiYHMX NOBEpXOHb 3yOiB, sIKi B psaai oOmacteit
3aCTOCYBaHHS IIPH BIAJIOMy BHOODI moexHaHHS Npo¢uIiB 3y0iB MalOTh MepeBard rnepej eBOJIbBEHTHUMH 3y04acTHMH
nepeiauaMH 3a sIKiICHUMH TTOKa3HUKaMH.

Merta nocaizKeHHs.

JocnikeHHs! CIpsIMOBaHI Ha KOMIUIEKCHUH aHai3 SKICHUX MOKa3HHKIB HEEBOJbBEHTHHX 3yO4acTHX 3ayeIlICHb,
30KpeMa po3poOKy MaTeMaTHdHOi MOJEeNi POo3paxyHKy Koe(iIlieHTiB KOB3aHHS Mix 3ybamu 3yOdactoi mepenmadi, 3
METOI0 BHOOPY 3 OTPUMAHOTO B pPE3yibTaTi TEOMETPUYHOTO MOJENIOBAHHS MOJNS KPHUBHX TaKWX HpodinmiB 3yOiB
IHCTpYMEHTIB, siKi 0 3a0e3medyBany HaHOUIBII parlioHABHE MOETHAHHS MPOGiiB 3y0iB 00poOIeHNX HUMH 3y04yacThuX
Koutic 1 HeoOXi/IHi SKiCHI MOKa3HUKHU 3y09acTOro 3a4eIIeHHS .

© C.O. Muponenko 2025
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BukJaseHHsI OCHOBHOIO MaTepiajly Ta pe3ybTaTH.

VY psani momepenHiX HayKOBHX AOCIHIIKEHb OYJIO PO3pOOJICHO TE€OMETPHUYHY MOJAETh KiHEMAaTHIHOI KPHBOI SIK
MOTEHIIIHOTrO Tpodimo OidHOI moBepxHi 3y0a 3yOOpi3HOTO IHCTPYMEHTY Ta MAaTeMAaTHYHy MOJIENb PO3PaXyHKY
npogino 3yda 3y0opizHOTO iHCTpYMEHTY sl 0OpOOKM HeeBOJBBEHTHHX 3yOuactux komic [1, 2, 3, 4]; po3pobieHO
METOMKY T€OMETPHYHOTO aHaJli3y Iporecy (opMOyTBOPEHHS OBEPXOHb 0OKaTHIMHU 3yOOPi3HUMHU iHCTpYMEHTaMH Ta
METOJIUKY OTPUMAaHHs NpPO(]IJIIB CHOIYyYEeHHX MOBEPXOHb 3yOiB HEEBOJBBEHTHUX 3yO0UacTHUX KOJIC SIK OIMHAFOYUX
MOBEPXOHb 3y0iB 1HCTPYMEHTIB [2, 3, 4, 5]; po3po0JieHO MaTeMaTHYHY MOJCIb PO3PaxXyHKY MPO(MiTI0 OTHHAKYOL
noBepxHi 3y0a 3y0OdacToro kojeca, oOpoOJIIOBAaHOTO 3a METOAOM OOKaTKH, Ta MaTeMaTH4Hy MOJENb PO3paxyHKY
Koe(ilieHTIB THCKY MK 3y0aMH Ta MEpeKpuTTs 3yO4acToi mepepadi 3 METOIO CIPSIMOBAHOTO (JOPMYBaHHS 3aJaHHX
mapaMeTpiB 11 sIKICHUX MMOKa3HUKIB [2, 5, 6, 7].

VY mpomoBXKEHHI Ta PO3BUTKY LUX JOCHIIKEHb IS MONANBIIOI MOYKIMBOCTI KOMIUIEKCHOTO aHA3y SKICHHUX
MOKa3HUKIB HECBOJIBBEHTHUX 3y0UYacCTHX 3aYeIlIeHb BHPILIYETHCS 3aJaya MaTeMaTHYHOTO MOJCITIOBaHHS PO3PaxXyHKY
KoeiIieHTIB KOB3aHHS MK 3y0aMu 3y04acToi epenadi, CKIIaJJeHol 3 HeeBOJIBBEHTHHX 3y0UacTHX KOJiC.

Benyua Ta BenmeHa JIaHKH 3yO04YacTHX MEXaHI3MIiB YTBOPIOIOTHh Y MiCIli KOHTAaKTy BHUINY KiHEeMaTH4Hy mapy. Jis
3a0e3nedueHHs Hepenavi pyxXy BiJ Bemydoi JJaHKM MO BEIEHOi B IIiif mapi MOBWHHI BHKOHYBAaTHCh T€OMETPHYHI Ta
kinematuaHi ymoBH [8-10]. BinmoBigHo 10 reOMETpUYHOI YMOBH, ¥ TOUIl KOHTAKTY TIPOQIIiB MOBEPXHI JTAHOK MOBUHHI
MaTd 3arajJibHy HOpMaslb. BiANoOBiZHO MO KiHEMaTHYHOI YMOBH, NMPOEKIii HMIBHAKOCTEH KOHTAKTYIOUMX TOYOK 000X
JIAHOK Ha 3arajibHy HOpMaJib IOBHHHI OYTH OJTHAKOBI.

Po3risiHeMo TIIOCKyY 3a/iauy TOpKaHHS MOBEPXOHb 3yOuactux kouic 1 1 2. [ToBepxHi 3y04YacTHX KoJjic 3B sKeMO 3
penepamu XY,z i X,Y,Z,. BuxinHe monoxeHHs penepis, mapaMeTpu pyxiB ¢ i ¢,, napameTpH ix mBuakocTedl @ i

@, , a TAKOX IIEHTPOI M KOJIiC MPEJCTaBICHO Ha pUC. 1. Y HOpMaIbHOMY Iepepi3i LEHTPOIAU KOJIIC € OKPY>KHOCTSIMU 3
paniycamu I, i r,. Ha pucyHKy noka3aHo TpH IOCIiZIOBHI MOMEHTU TOpKaHHs IpodiiiB 3y6iB y Toukax L, P i M .

Lli Touku JiekaTh Ha JIiHII 3aYeIUICHHSA, TOYKAa P € MHUTTEBHM MOJIIOCOM 3a4eIUVICHHS. Y BHIIAOKY €BOJBBEHTHOI'O
3a4erieHHa TpodiniB 3y0iB JiHIA 3a4EIUICHHSA € MPsIMOI0. Y 3arajJbHOMY BHIAIKy, KOJU TMPodili MaOTh JOBUIbHY
HEEBOJILBEHTHY (HOPMY, JiHIs 3a4CIICHHS € JSSIKO0 KPUBOIO, 110 MPOXOIUTh Yepe3 IOJF0C 3aYCTUICHHS.

X1,X2
[ we \
Z; Y1
rq e
(O8] n
k oL .N7
C1 Vi - L
t —= t
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ﬂ’ o o7 a aM2 M"_’ e S
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Puc. 1 - 1o po3paxyHKy KoedilieHTiB KOB3aHHs MK 3y0aMu 3yOuacTtoi nepenayi

Jlinis t—t — 3aranpHa goTHMYHA 210 HeHTpoin y Touni P . [Ipsma N—N, mo npoxoauTh Yyepe3 MOII0C 3aUeryIeHHS,
€ 3aTaTbHOI0 HOPMAILTIO, a IpsIMa K —K — 3arajibHOI0 TOTUYHOIO 0 MPO(iTiB y TOUIll TOpKaHHA M .
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IlpodineHa HOpMans N—N Ta JOTHYHA JO HEHTPOin t—t yTBOPIOIOTH Mik co0O0K0 KyT &' . Y 3araabHOMy
BHIIAJKY, KOJH Tpodiii 3y6iB HEEBONBBEHTHI, 3HAYEHHS KyTa @ pi3Hi I Pi3HUX TOYOK TOPKAHHA Hpo(imiB i He
301iratoThcs 31 3HAUEHHSAM KyTa ¢ , 110 BiNOBiJa€ TOPKaHHIO NPO(diNiB y NOMIOCi 3ayernyieHHs P .

Binctarp MP MiX TOYKOIO TOpKaHHA mpodimiB M Ta momocoMm 3aueruieHHS P, BUMipsHe 3a mpo¢iabHOIO
HOPMAJLTIO, IO3HAYNMO K a . TouKH mepeTHHy 3aranbHOi HopMalli 10 mpoditie N—N Ta NepneHIuKYIIAPIB, OMyIICHIX
Ha HOpMaJlb 3 TOYOK LEeHTpiB HeHTpoin komic O, i O,, mo3Hauumo sik N, i N, .

Buxinae nonoxxeHHs npodiniB BiAOBiTa€ MOMEHTY TOpKaHHS TpodiniB 3y0iB y Touri P (puc. 1). Y meit MomMeHT
Touka M , 0 HaJIS)KUTH OJHOYACHO TPodisiM 3y0iB IBOX 3y0UacTHX KOJIC B iHIITHI MOMEHT TOPKaHHS, PO3IBOIOETHCS
1 Ha mpodinax 3y06iB no3HaueHa Toukamu M, 1 M, .

VY mporieci 3aderuieHHs mpoditiB 3y0iB CIIOCTEPIraeThCsl IK KOUEHHS MPoQiITio Mo Mpodiro, a i 1X KOB3aHHS APyT
no apyry. Ilin gac pyxy Touok M, i M, o Touku koHTakTy M BOHM mHpoxoiirs pisHi musixu MM 1 M,M.

Boganovac nyra M, P npodimo 3y6a koneca 1 nepemimaersca no aysi M,P mnpodinto 3y06a kosneca 2, ane 10BKUHH

[UX IyT He piBHI. BHACTiA0K IFOTO KOYEHHS MPODITiB CYyMPOBOIKYETHCS KOB3aHHSM.
JIis OIIHKKM B3a€EMHOTO KOB3aHHSA MPO(disiB 3y0iB KOPHCTYIOTHCSA TMOHATTSAM ITMTOMOTO KOB3aHHA 3y0iB. Ilin
IUTOMHMM KOB3aHHSM PO3YMI€ThCS BITHOIIEHHS IIBUIKOCTEH KoB3aHHA mpodimiB V), i V,, y Touli iX KOHTakTy 10

TaHTeHIianbHuX ckianoux V" iV, mBuakocTeil Touok KOHTaKTy (TOGTO 10 MPOEKIIiH 1UX MBUAKOCTEH Ha 3arajibHy

notuyHy 110 npodinis) [8]. Tomi koedimieHTH MATOMOTO KOB3aHHS B TOYKAaX KOHTAKTy MPOQiTiB 3y0iB 3y0UacTHX KOJiC
1 1 2 MOXXHa BU3HAYHTH 32 (HOPMyIaMH:

Vi Vo
; . 1
A= v, A= v} 1)

Jns BuzHayeHHA wmBHAKocTed V), 1 V,, a TakokK TaHNeHUIMHHX CKIaJOBHX Vlf 1 VZT MIBAJKOCTEH TOYOK

KOHTaKTy CIIOJly4eHUX MpodisiB MoOy1yeMo IUIaH MIBUIKOCTEH 3y0UacToro 3a4eruieHHs, NPUHHSBINY 32 HOJIOC TUIAHy
HIBUAKOCTEH TOUky M . YMOBOIO iCHYBaHHS BHIIOI KIHEMAaTHYHOI ITAPH € YMOBa HEPO3PHUBHOCTI KOHTAKTY JIAHOK, IO
MoJIATae B TOMY, L0 NPOEKIIT IIBUAKOCTEH JIAHOK y TOYIll KOHTAKTy Ha KOHTaKTHY HOpMaJjb 110 MpodisliB MatoTh O0yTH

piBaMMH. 3 Toukn M mepneHIUKyIApHO Ao BiapizkiB OM i O,M mposenemo Bektopu V, i V, mBHAKOCTEH pyXy
To4oK Tpodinis 3y6is 3yGuacTux koiic 1 i 2 Takoi KOBKUHH, 106 iX Mpoekii Ha 3aranbHy HOpManb 10 npodinis V," i

V," s36iramucs. Bekropum mBuiakocreil kossauHs V), 1 V,, BH3HQ4YalOThCS 3 IUIAHY WIBHAKOCTEH SK BEKTODH,

nponopuiiHi Bigpisky C,C,, ne Toukn C;, i C, — kiHmi BektopiB V, i V, BekTopu TaHTEHIialbHUX CKIaJOBHX

BHAKOCTEH ToYoK KoHTakTy V," 1V, nponopuiiini Bigpiskam C,C, i C,C,, ne touka C; — kineup Bexropis V," i
V,' , mo 36irarotbes. BignocHui pyx 3y6uactux komic 1 i 2 MOKIMBHUHN y HANPSMKY 3araibHOI JOTUIHOT 10 POisiB y

TOUIl NOTHKY K —K . Lleil pyX XapaKTepH3yeThCs BEKTOpaMH MIBHAKOCTeH KoB3aHHS mpodimis V, iV, y Toumi ix
KOHTAaKTY, fKi, K BHJHO 3 IUIaHy IIBHIKOCTEH (puc. 1), MOXKHA BU3HAYUTHU SIK PI3HULI MPOEKIiH MBHAKOCTEH TOYOK

KoHTaKTy V, iV, abo sk pi3sHHMII NpOEeKIiil MBUIKOCTEH TOYOK KOHTAKTY HA 3arallbHy NOTHYHY JO HPOoQimiB (pi3HHI

TaHTCHLIHHNX CKJIAIOBHX LMX MWBHAKOCTeH) V" 1V, :

S )
V, -V, =V, -V

<
I

Jlns BHU3HA4YEHHS CIIBBIZHOLIGHHS IIBUIKOCTEH y mepenadi posriasHemo TpukytHuk MCC,, yTtBOpeHui

BEKTOpaMH LIBUAKOCTEN \71 , \? , \F , 1 TpukyTHEK O,MN, (puc. 1). I3 mogi6HOCTI IMX TPUKYTHHUKIB 3aIIUIIEMO TaKe
CIiBBiIHOIIICHHS:

Vl — Vlr — Vln .

OM MN, ON,

©)

Vl

Toni 3 piBHsHHS (3) 3 ypaxyBaHHSM TOTO, IO BiIHOIICHHS = @,, TOOTO NOPIBHIOE KYTOBIM MIBUAKOCTI
1
oOepranHs 3yO4acroro koyieca 1, OTpuMaeMo BHpa3 sl TaHTCHINANBHOI CKIAJ0BOI BEKTOPY MIBHUAKOCTI TOYKHU

KOHTaKTy Ha 3yOuacTtoMy KoJjeci 1:
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Vi = -NM. )

I3 moxi6Hocti TpukytHMka MC,C,, yTBOpeHOro Bekropamu mBuaxkocreidr V,, V, , V,', i TpukyTHHKa
O,MN, , 3anumniemMo CIiBBiIHONIECHHS:
T n
VZ — V2 — V2
O,M MN, O,N,

®)

I3 piBHsHHS (5) 3 ypaxyBaHHSM TOTO, IO BiTHOIICHHS 2_ =@, TOOTO JNOPIBHIOE KYTOBili IIBHIKOCTI

2
obepraHHs 3y0uacToro Koseca 2, OTPUMAaeMO BHpa3 JUlsl TaHI'CHI[IaJIbHOI CKJIaJ0BOI BEKTOPY IIBUIKOCTI TOYKH
KOHTaKTy Ha 3y0yacToMy KoJjieci 2:

V, =, N,M. (6)
Toxi BUpas s MIBUAKOCT]I KOB3aHHSA V12 MOJKHa 3anucaTu y BUIJISAIL:
Ve =V =V, =& -N\M —w, - N,M = @, -(N,P+PM) -, -(N,P—PM)=(e&y +w,)- PM + (@, - N;P— @, - N,P). (7)

JHoseaemo, 1o y criBBigHomeHHI (7) BUpa3 y OCTaHHIX AyXKaxX MOpiBHIOE HyJro. Jlms 3ybuactux kosic 11 2
napamerpu o0epTaHb ¢, 1 ¢,, a TaKOXX IapaMeTpH IX MIBUAKOCTEH @, 1 @, MOB’s3aHI MK COO0I0 3aI€KHOCTSIMU:

o =19, o =i w,, (8)
Je i — mepenaTHe BiHOILIEHHs 3y04acTol nmepeaadi, sike MO>KHA BU3HAUUTH Yepe3 BiJHOILECHHS PajiyciB LEHTPOIN
a00 BiTHOMICHHS KUTBKOCTEH 3y0iB 3y0UacTHX KOJIIC HACTYITHAM YHHOM:
. L z
i=2=-2 9)
rl Zl

I3 moxi6rocTi TpukyTHHKiB N,O,P i N,O,P 3ammmemo criBBiAHONICHHS:

NO, OP N/P

==l -1 (10)
N,O, O,P N,P

Ockinsku O,P =1;; O,P =r,, BukopucroByrouu 3anexxHocTi (8) 1 (9), MoXKHa 3alucaTy BUpa3:
OP _NP_15_1_o (11)
OP NP 1, i o

3Biacu BummmBae, mo @ -N,P=w,-N,P Ta Bupas (7) ana mBuaxkocTi KoB3aHHA V;, MOKHa Iepenucatd B

HACTYITHOMY BHIJISI:

Vy, =V, =V = (@, +@,)-PM. (12)
TOﬂi BUpa3 AJist HIBI/II[KOCTi KOB3aHHA V21 3alIMIIETbCA HACTYITHUM YHHOM:
V,, =V -V =—(o,+@,)-PM. (13)

Sx mokaszyrote popmymu (12) i (13), mBHAKICTE KOB3aHHA B TOYKAaX KOHTAKTy HpodiniB 3y6iB 1 i 2 mopiBHIOE
J0OYTKY MIBHIKOCTI BiTHOCHOTO 0O0epTaHHsI 3y0uacTHX KoJjic Ta BiacTani PM Mixk Toukoto TopkaHss npodinie M ta
MOJTIOCOM 3aderieHHs P .

[Ipu cymimieHHI TOYKH KOHTAaKTy 3 MOJIOCOM 3adeIuleHHsS Binctanb PM =0, a 3HAYNTH MBHIKICTH KOB3aHHS
V,, =V,, =0, mpodini 3y6iB oOkaTytoThcsl 63 KOB3aHH:] Ta Ma€ MIClle JHIIe iXHe IepexkodyBaHHsA. B nboMy Bumaaky

nepenada pyxy BiJ OJTHOTO 3y04acToro Kojeca JI0 iHIIOTO BiJOYBa€ThCS 32 paXyHOK CHJI T€PTS, III0 BUHUKAIOTH y 30Hi
KOHTAaKTYy 1 3a0e31e4yioTh epeKodyBaHHs MpodiiB 6e3 IXHPOTO BiTHOCHOTO KOB3aHHS.
Skmo K ToYka KOHTAKTy Tpo(diiB He 30iraeThCs 3 TOJMIOCOM 3aYEIICHHs, TO TMepeaada pyxy BigOyBaeThbCst

73



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

[UIIXOM THUCKY OJHOTO Tpodiifo 3yba Ha iHIMKA 3 iX BIJHOCHUM KOB3aHHsSM. IIpW IIbOMYy TOYaTKOBI OKPY>KHOCTI
3y0uacTHX Kojic (LLeHTpOinu 3 pajaiycaMu I 1 I, ) 0OKaTyIOThCs OHA BiIHOCHO iHIIOi 6€3 KoB3aHH [8&].

[MincraBuBmm cnieigHomwenus (12), (13), (4) i (6) y ¢opmynu (1), orpumaeMo BUpasu AJsl BU3HAYEHHS
Koe(illieHTIB MUTOMOTO KOB3aHHS B TOYKaX KOHTAKTy NpodiniB 3y0iB 3yddacTux kouic 11 2:

ﬂiz(a)l+a)2)~PM _ (o, +w,)-PM =(1 1] PM

o -NM @ (NP+PM) i J(NP+PM)’
—(a)l+a)2)~PM 3 —(a)1+a)2)-PM 3 —-PM

A= o, -N,M wz-(NzP—PM)_(1+i)(N2P—PM)'

(14)

Sk mokaszytorh (opmynu (14), abcomoTHI 3HAYeHHS KOE(IIi€HTIB IMHUTOMOTO KOB3aHHS 3pOCTalOTh 3i
30iIbIICHHSM BifcTaHi PM Mik Toukoro TopkaHHS ipodinie M i momrocom 3aderuieHHss P, a Takok MpU 3MEHIICHH1
Biacraneit N,P i N,P, mo 3anexaTs Bil reoMeTpu4HUX HapamerpiB 3yOdactoi mepenaui. Ilpu cyMmileHHI TOYKH

KOHTAaKTY 3 IOJIFOCOM 3auellIeHHs Bigctanb PM =0, koedinientu xoB3annt A, = A, =0.

ITpu migpaxyHky 4, 1 A, HeoOXiZAHO MaTH Ha yBa3i, IO AKIIO 3yOuacTi Koneca 1 1 2 MaroTh Pi3HY KiJbKICTh 3y0iB
Z, 1 Z,, TO 3a Yac IIOBHOT'O 00OPOTY KoJjeca 3 MEHIIOIO KiNbKICTIO 3y0iB Koseco 3 O1IbIIO00 KUIBKICTIO 3y0iB HE BCTUTAE
3MICHUTH MOBHUIT 000POT, #oro 3yOH B i pa3 pijile BCTYNalOTh y KOHTAKT B MOPIBHSHHI 3 3y0aMH MEHILOIO Kojeca
Ta, K HACNiJIOK, MEHIIE 3HOIIYIOThCA. OTXe, 100 MOPIBHATH IHTEHCHUBHICTH 3HOCY 3yOiB Koiic 3a KoedimieHToM
IMTOMOI'O0 KOB3aHH:, IPU MiIpaXyHKYy Koe(illi€HTiB KOB3aHHSA HEOOXiIHO IOMHOMKHMTH 44 po3jaimurtd A4, abo A, Ha
BEJIMYMHY | .

VY ToMy BMHAnKy, KOJIM OLIBIIMM 3y04YacTUM KoJecoM € Koieco 1, To6TO Z, >Z,, Koe(illieHTH IHTOMOIO

KOB3aHHs B TOYKax MpodisiB 3y0iB BUZHAYAIOTHCS 32 (hOpMYJIaMHu:

=14t i—PM ey —PM
A=A I_(Hij I(N1P+PM) (1+')(N1P+PM)’ (15)
S —PM
& _ﬂ?_(lH)(NzP—PM)'

Skmo sk OLIbIIMM 3y0uacTHM KOJECOM € Koieco 2, To0To Z, >Z,, GopMynau ais BU3HAuUeHHS KoedilieHTiB

IIMTOMOT'O KOB3aHHs MalOTh HaCTyHHI/Iﬁ BUTJIAN:

r_g=[14t]PM .

A“_’ll_(“ij(NlmPM)’ "

R I, TR . "
i i (N,P=PM) U i)(N,P-PM)

VY mpoteci 3auenyieHHs] TOUYKa KOHTaKTy MpoQisliB pyXaeThCsl B3AOBXK JIiHII 3a4YeryIeHHs Y HANpPsIMKY BiJl TOUKH
BXOJy 3yOiB y 3aderuleHHS IO TOYKH BUXOHYy 3yOiB i3 3adervieHHs . Bupasu (15) i (16) cnpaBemnuBi is MOMEHTIB
TOpKaHHA NPOQINiB y TOUKaX, HOAIOHUX 10 TOUKd M , M0 BiANOBifae KOHTakTy Toukd M, mpodimao roaoBku 3y6a
3ybuacroro koneca 1 i touku M, npodinto HbKkU 3y0a 3yOdacroro xoneca 2. Jljii MOMEHTIB TOpKaHHS IpodiniB y
TOUYKax, MomiOHMX 10 Toukn L (puc. 1), mo BiamoBinae KOHTAaKTy TOUYKH HMpodiso HIXKH 3yda 3yduacToro xoieca 1 i
TOYKH MIpodiI0 roJoBKH 3yba 3ybuactoro xojeca 2, y Bupaszu (15) i (16) HeoOXigHO BBECTH KOPEKTHBH, 3MiHHBIIN
3HaKHM Iepes yciMa BXOKCHHSAMH Y BHpas3u Biactani PM .

3 ypaxysaumusiM toro, mo PM =a; N,P=r sina’; N,P=r, -sina’,orpumaemo ocrarouni Bupasu s
BU3HAYECHHS KOE]Iili€HTIB MUTOMOTO KOB3aHHS B TOYKaX KOHTAKTy MpoQiiiB 3y0iB 3yduactux xoiic 11 2:

IJIs. BUIANKY Z, > Z,

ta

- ’+ )

(r,-sina’+a)

A =(1+i)

17
+a . (17
(r,-sina’Fa)’

A =)

JULsL BUNAJKY Z, > Z,
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1 *+a
A =1+= T\
i)(r-sina’+a)
1 +a
A =14 |,
i)(r,-sina’Fa)

IIpH [IFOMY 3HAK IIepe]] 3MIiHHOIO & 3aJIe)KUTh BiJl PO3TAIlyBaHHS TOYOK TOPKAHHS Ha MPOodIaX: BEpXHii i3 3HAKIB
«t» abo «F» mepen 3MIHHOIO A HEOOXITHO BUKOPHCTOBYBAaTH IIPH PO3pPaxyHKy KOE(II€HTIB KOB3aHHS IS

(18)

MOMEHTIB TOpPKaHHSA MpOQiliB y TOUYKaX, MOAIOHMX 70 TOYKM M , a HWKHIH — y pa3i po3paxyHKY ISl MOMCHTIB
TOpKaHHS MPO(DITIB y TOUKAX, MOMIOHUX 10 TOUKH L .

JUtst 3HAXOIDKCHHST 3HAYCHb MapaMeTpiB ' W @ CKOPHCTAEMOCS TaKMMH MipKyBaHHAMH. SIK Oyno 3a3HaueHO
BUILE, BUXIJHE MOJOXEHHS Npo(iliB BigNOBia€ MOMEHTY TOpKaHHS npodimiB 3y0iB y Toumi P (puc. 1). ¥V uei
MOMEHT ToYka M , 10 HaJIEKUTh OJHOYACHO MPOQiIsIM 3y0iB ABOX 3yOUacTHX KOJIC B IHIIMH MOMEHT TOpPKaHHS, Ha
npo¢inax 3y0iB no3HaueHa Toukamu M, i M, .

VY BHXiTHOMY TMOJIOXKEHHI B TOYKaX Mpo(iiro 3yduacToro koyeca | Bimomi iX KOOpIMHATH Ta HAIPSMKH BEKTOPIB
notmarnx K 1o npodiTto, IO BU3HAYAIOTHCA iX HANPSIMHIMH KOCHHYcaMH a00 KyTOM HaXWITy HJOTHYHOI 10 IPOdisto
n. Ha puc. 1 nokasani ix nosHauenss g Touku M,. MomeHT TopkaHHs npo¢iniB y Touni M , xonu Touku M, i
M, Ha mpodinAx 31UBaIOTHCS, BIAIOBigae MOBOPOTY 3yOuacTux Komic 1 12 Ha KyTH ¢, 1 ¢, BignosigHo. Jlo Bigomol
BUXinHOI iH(GoOpMaLil TaKOX BITHOCATHCA 3HAYEHHs KyTiB TOpKaHH:A mpodiniB ¢, mii pisHUX Todok [2]. Ilapamerpu
PYXiB OB’ s13aHi MiXk c00O0F0 BiIIOBiTHO 0 3anexkHocTed (8) 1 (9).

I3 puc. 1 BuaHO, 10 Y MOMEHT TOpPKaHHS TPOoQiiiB y Touri M 3Ha4eHHs KyTa ' MOKHA BU3HAYHMTH SIK Pi3HHULO
KyTa HaXWwily JOTHYHOI 10 Mpodimro 7z 1 KyTa IOBOPOTY ¢, 3ybuactoro komeca 1. OTxe, Ang OyAb-sKOI TOUKH
TopKaHHS Mpo(diiB Oy/Ie crpaBeINBE CITiBBITHOIICHHS

a'=n-g,- (29)

Ke |,:':

3HaueHHs a=PM MoXHa BU3HaYMTH, OOYKMCIMBIINA KOOPIUHATH TO4oK M 1 P, a moTiM IOBXHMHY Binpizka
PM y mepepisi XY, .

Touka M yTBOPIOETHCS HOBOPOTOM BHXinHOI Touku M, Ha KyT ¢, HaBKoulo oci Z; (muB. puc. 1). B mepepisi X, Y,
Touka M, Mmae Bigomi koopauHatu X, 1 Y,. Tomi xoopauHatu Todku My npoMy nepepisi MOXKHa BU3HAUUTHU 3

HACTYITHUX 3aJI€KHOCTEN:
M H .
X" =X -cosg, -y, -sing;

M . (20)
Y, =X -SIng, +Y,-COSq,.
KoopaunaTu Touku P B mepepisi X, Y, JOPIBHIOIOTS:
P
=—r;
M= 1)
Y, = 0
Jomxuna Bigipizka PM 004HCIIO€THCS HACTYITHUM YHHOM:
2 2
MP:\/(XF—XF) (" -yr) (22)

3 ypaxyBaHHsM 3anexxHoctel (8), (9), (20) 1 (21) otpumaemo ¢opmyity Uit 0OUHCIEHHS BEIMUMHA A Y Oyab-sKii
TOYIli TOPKAHHS TPODiiB:

2 2

I . r. . r r
a=|| x -cos (02?2 -y, -sin (pz?z +1 | 4| X -sin (/)z?z +Y, -CoS (pz?z (23)
1 1 1 1

OGuucnuBiy 3HaveHHs o' 1 d 3a Qopmymamu (19) i (23), 3a dopmynamu (17) i (18) MoxHA BH3HAYUTH
3HAYEHHS KOe(ili€eHTIB MUTOMOTO KOB3aHHS B TOUKaX KOHTAaKTy npodiniB 3y0iB 3ybuactux koiic 11 2.
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Byno po3pobneHo cucteMy B3aEMOTNOB’S3aHHMX TPOTPAMHHUX MOJIYJIB Ha MOBi mporpamyBanHs Delphi, mo
JTO3BOJISIE IPOBOJUTH KOMIDICKCHHH aHaNi3 SIKICHUX ITOKa3HUKIB HEEBOJIBBEHTHHUX 3y09acTHX Iepeiad:

— IIporpaMHUHA MOy «I 'eoMeTprIHe MOeMoBaHH: KiHeMaTnaHIX KpuBux (LinesModel)y;

— IIpOTpaMHHIA MOIYTb «J{OCITiKeHHS AKICHUX TOKa3HUKIB HEeBOJIBBEHTHUX 3y0dacTux 3aderuieHb (Gears)y.

Komm’torepry mporpamy LinesModel npu3HadueHO UIT T€OMETPHYHOTO MOJIEITIOBAHHS IDIOCKAX KiHEMaTHYHHX
KPUBHUX SIK NOTCHUIMHMX npo(diniB OIYHMX MOBEPXOHb 3y0iB 3yOOpI3HMX IHCTPYMEHTIB [UIi BHUIOTOBJICHHS
HEEeBOJILBEHTHHX 3yOuacTux mepexad. Ilpm po3poOui TmporpaMu  3acTOCOBAHOHO MaTeMaTHYHMH — amapar
OaraTonapaMeTpHUYHHUX BiZI0OpakeHb NPOCTOPY, y3aralbHEHY YyHi(iKoBaHy CTPYKTypy BilmoOpakeHHs Uil poOOuux i
BepcTaTHHX 3yOuacTux 3adervieHs [11, 12]. KinemaTnyHa KprBa pO3risAacThes K Oe3nepepBHa TPAEKTOPIS CKIAIHOTO
PYXY TOYKH y TPUIAHKOBOMY 3y04acToMy 3ayerieHHi.

3a JONOMOTO0 MPOrpaMu CTBOPEHO INEPEAyMOBH UIA BHOOPY 3 OTPHMAHOTO B pE3yJbTaTi I'€OMETPUIHOTO
MOJICTIOBAHHS TIOJII KiHEMAaTHYHHX KPHBHX TaKWX MpoQimiB 3y0iB iHCTpyYMEHTIB, siki O 3a0e3medyBaiym HaiOimbIn
pamioHampHe TO€AHAHHSA Mpo¢iTiB 3y0iB 0OpOONEHHX HUMH 3yO4YacTHX KOJIC 1 HEOOXiHiI SKICHI ITOKa3HUKHU
3yOuacroro 3aderieHas [13].

Kowmm’torepry mporpamy Gears Mpu3HAYCHO U TEOMETPUYHOTO aHANI3Y Iporecy (GopMOyTBOPEHHS MOBEPXOHb
3y0iB OOKaTHMMH 3yOOpi3HMMH IHCTPYMEHTAMH 3a JOIOMOTOI0 KOMIT'IOTEpPHOI Tpadikd, pO3paxyHKy Ta aHali3y
SIKICHUX IOKa3HHUKIB 3y0UacTUX 3a4eIuieHb, yTBOPEHNX PeHKaMH 3 pi3HUM MpodiseM OlYHMX TOBEpXOHB 3y0iB, BHOOPY
¢dbopmu mpo¢iniB 3y0iB IHCTPYMEHTIB, 10 3a0e3MeUyrOTh HAWOLIBII palfioHANbHE MOETHAHHSA MPOQITiB 3y0iB
00pobneHnx HuUMHU 3yOuacTux komic [14]. Tlporpamy po3poOieHo Ha 0a3i y3araJbHEHOI MaTEMAaTHYHOI MOJeIi
(dopmyBaHHs POGIIIB PXKYHI0T YACTHHH IHCTPYMEHTIB J1si (JOPMOYTBOPEHHSI HECBOJIbBEHTHHUX 3y0UacTuX repejiad Ha
OCHOBI KIHEMaTHYHOTO aHAJI3y 1X pyxXy MeToaMu Teopii BimoOpakeHb mpoctopy [11, 6].

BikHo nporpamu Gears mins BHOOpPY ab0 BBEACHHS BHXIIHHMX JaHUX HaBEICHO Ha pHC. 2. Y MPOJOBKCHHI
MOTIEPETHIX TOCTiHKEHb Koe(ilieHTiB MepeKPHUTTS 3y0UacToTro 3aUeIlieHHs Ta THCKY MiX 3yOamu 3yOdacToi mepemadi
3a JIOTIOMOTO0 TpOorpaMu OYJIO MPOBEICHO Cepii YHCENFHIX EKCIIEPUMEHTIB I PO3PaXyHKY Ta aHadi3y KoedillieHTiB
KOB3aHHS MiX 3y0aMu 3y04acTHX 3aderlicHb, YTBOPEHUX perKkaMu 3 pi3HUM mpodirem OiYHHX MOBepXoHH 3y0iB. Ha
puc. 3-5 HaBeIeHO MPHUKIAIN 3a4eIUICHHS MPOo(diiB OiYHUX MOBEPXOHB 3y0iB 3y0UacTHX KOJIC 3 MOAyiIeM M =5 MM i
KiTbKOCTAMH 3y0iB 21 =20 i 2z, =30, YTBOpEHHX IHCTPYMEHTAIbHOI PEHKOI 3 MPAMOINIHIMHEM mpodizeM,
IHCTpYMEHTaIbHUMH pelikaMu | 1 2 3 YBITHYTHM 1 OIMYKJIMM NPOQITSIMH, a TAKOXK IHCTpYMEHTaIbHUMH pelikamu 1 12 3
YBITHYTO-ONyKJIMMH TipodisiMu  3y0iB BiamoBigHo. Y mepuiomy Bumanky npodini 3y0iB 3ybGuactux Kojic —
€BOJIbBEHTHI.

Ha puc. 3-5 takox npezcraBieHo rpad)iki 3 YACSIbHUME 3HAYCHHAMH KOS(IIIEHTIB KOB3aHHS B TOUKAX TOPKAHHS
npodiniB 3y0iB 3yOuacTux Koiic (N — HOMEpU TOUOK MpodiniB 3y0iB). Y mpeiacTaBieHHX MPUKIagax B 3y04YacTHX
3a4eIUICHHSIX, YTBOPEHUX PEKOI0 3 MPSAMOIIIHIHUM mpodiiiem 3y0iB, cepeaHi 3HaueHHs1 KOoe(illi€eHTIB KOB3aHHS MiXk
3ybamu 3yOuacTol mnepepadi craHoBmsith A, =0.871, 4, =0.425; B 3yOuacTux 3a4eIUICHHSX, YTBOPEHHX

peiikamu 1 i 2 3 yBIrHYTHM 1 OIyKJIUM Tpodinsmu 3y0iB — 4,

ceped ceped

=0.320, 4,

yTBOpeHHX peiikamu 1 i 2 3 yBirHyTo-omykmumu npodinamu 3y6is — 4, =0.476, 4,,,, =0.289. Orxe, misa

ceped cepeo = 0.306 , B 3y06UacTHX 3a4eILIEHHSX,

HEBOJILBEHTHUX 3y0uacTuMX 3aderuleHb Koe]ilieHTH KOB3aHHS MeHI B cepeaHboMy B 2.1 1 B 1.7 pasu, HiX B
€BOJIbBEHTHOMY 3a4eILICHHI.

Bucnosku.

JUIs  KOMIUIEKCHOTO —aHamidy SKICHMX IIOKa3HMKIB HEEBOJBBEHTHUX 3y0YacTHX 3a4eIUICHb pPO3pOOJICHO
MaTeMaTHYHy MOJIENb PO3PaxyHKy Koe(illieHTiB KOB3aHHS MiX 3y0amu 3yOuacToi mepenavi. BukoHaHo aHami3
KOe(]iIi€HTIB KOB3aHHS MK 3y0aMH 3y04acTHX 3a4eIUICHb, YTBOPCHUX PEHKaMH 3 Pi3HUM IpodiiieM OIYHUX MOBEPXOHb
3y06iB. Pe3ynpTaTH YMCENbHMX EKCIEPUMEHTIB MOKAa3yIOTh, IO HECBOJIBBEHTHI 3y0O4acTi 3aveIIeHHS MOXYTh MaTH
MeHII Koe(Dil[ieHTH KOB3aHHS B TOUYKaX TOPKaHHs NpodiIiB 3y0iB y HOPIBHSIHHI 3 €BOJIbBEHTHUMHU.

CTBOpEHO NepeyMOBH JJIsi BUOOPY OTPHUMAHOTO B PE3YJIbTaTi TEOMETPHUYHOTO MOJIEITIOBAHHS T10JIS1 KPUBHUX TAKUX
npodiniB 3y0iB IHCTPYMEHTIB, SIKi 3a0e3reuyBain O HAMOIIbII palioOHaIbHE MOEAHAHHS MPOQLTIB 3y0iB 00pOOICHHUX
HUMH 3y04YacTuX KOJic i He0OOXi/IHI SIKiCHI MOKa3HUKH 3y0UacTOro 3a4eIUICHHS.
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®AJEEB A.B.

TEXHOJIOTTYHE 3ABE3NEYEHHS BIJHOBJIEHHS JIETAJIEM 13 3ACTOCYBAHHAM
PEBEPCHUBHOI'O IHXKUHIPUHI'Y

VY crarTi po3riIsHyTO KOHIEHI[I0 TEXHOJIOTIYHOro 3a0e3MeueHHs IPOLECIB BiIHOBICHH JeTalei i3 3aCTOCYBaHHAM LM(POBHUX JIBIHHHUKIB Ta
peBEpCUBHOrO peiHkuHipuHry. Iloka3aHo, IO TpaauLilHI MiAXOAM 10 PEMOHTY Ta BiTHOBIICHHS HE 3a0e3MedyyloTh HEOOXiTHOI TOYHOCTI Ta
e(eKTUBHOCTI B yMOBax CyYaCHHX BHMOI' JI0 pecypcy Ta HaAidHOCTI BHUpOOIB. 3ampolOHOBAHO IO€IHAHHS TEXHOJOril 3D-ckaHyBaHHS,
CAD/CAE/CAM-cuctem, 1M(pOBOro MOJICIIOBaHHS Ta aHAIITHYHUX METOIIB /Ui CTBOPEHHs €JMHOrO LH(pPOBOrO CEPEeJOBHIIA BiJHOBICHHS.
OcHOBHa yBara npuijieHa iHnTerpauii HudgpoBoro ABIHHMKA 3 MIPOLIECOM PEBEPCUBHOTO PEIHKUHIPHUHTY, LIO A€ MOJIMBICTH ()OPMYBATH alaliTUBHI
TEXHOJIOTIYHI MapIIPyTH PEMOHTY JeTallei, MPOrHO3yBaTH 3aJIMIIKOBUI PECypc Ta OL[HIOBATH Mpale3aaTHICTh BUpoOiB. HaykoBa HOBH3HA poboTH
HOJISITae y PO3POOJICHHI KOHLENTYalbHOI CXEMM TEXHOJIOTIYHOTO 3a0e3EueHHs BiJHOBICHHS JeTaliell, sfKa BPaxoBYye iHJMBITyalbHi YMOBH
eKCIUTyaTallii, 3HOLUIyBAaHHS Ta KOHCTPYKTUBHI ocoOiuBocTi BHpoOy. IlpakTiyHa 3HAYYIIICTh AOCIIHKCHHS MOJSITA€ Y CKOPOYCHHI TEPMiHIB
IiIrOTOBKH BUPOOHUIITBA, 3HIKEHHI COOIBApPTOCTI PEMOHTHHUX IIPOLIECIB Ta Mi[BUINECHH] TOYHOCT] BIXHOBIICHHS T€OMETpii AeTanei.

K11040Bi cj10Ba: KOHLEMNLIis, BiIHOBICHHS, LTU(POBI ABIIHIKH, HOEIHAHHS TEXHOJIOT1H, HaAIHICTh BUPOOIB, H(POBE MO/ICITIOBAHHS.

FADEEV A.

TECHNOLOGICAL SUPPORT FOR THE RESTORATION OF PARTS USING

REVERSE ENGINEERING

The article considers the concept of technological support for parts' restoration processes using digital twins and reverse reengineering. It is
shown that traditional approaches to repair and restoration do not provide the necessary accuracy and efficiency in the conditions of modern
requirements for the resource and reliability of products. A combination of 3D scanning technologies, CAD/CAE/CAM systems, digital modeling and
analytical methods is proposed to create a single digital restoration environment. The main attention is paid to the integration of the digital twin with
the reverse reengineering process, which makes it possible to form adaptive technological routes for the repair of parts, predict the residual resource
and assess the performance of products. The scientific novelty of the work lies in the development of a conceptual scheme for the technological
support of the restoration of parts, which takes into account individual operating conditions, wear and design features of the product. The practical
significance of the study lies in reducing the time for preparing production, reducing the cost of repair processes and increasing the accuracy of
restoring the geometry of parts

Keywords: concept, restoration, digital twins, combination of technologies, product reliability, digital modeling

IMocranoBka npo6Jemu. J[onibHICTS BITHOBJICHHS A€Tallel 3yMOBIICHa MOXKJIMBICTIO MOBTOPHOTO BUKOPHUCTAHHS
6inpmrocti getaneid. CoOiBapTICTh BiJHOBIICHHS JeTalell 3BUYaiiHO HE MEPEeBHIIYE BapTOCTI HOBUX TOMY, IO BHTPATH
Ha Marepiall HWXX4Yi, aje y pa3l 3HAuYHOrO MOIIKOJDKEHHs JeTalli iCHYIOYM METOJM PEMOHTY MOXYTh HE MaTH
€KOHOMIYHUX IepeBar y MOPiBHSAHHI 3 BUTOTOBJICHHSM HOBOi. Bubip panioHanbHOrO cnoco0y BiIHOBICHHS 3HOLIEHUX
200 TMONIKO/PKEHHX JIeTaNICH € aKTyalbHOI0 MPOOJIEMOIO CyYacHOr0 MAITHHOOYIIBHOTO BUPOOHMIITBA TICHO OB’ SI3aHOK0
i3 JIOCSTHEHHSMU 1 PiBHEM PO3BHUTKY IHTETPOBAHUX Ta KOMITIOTEPHUX TEXHOJIOTiIH B MamIMHOOYyBaHHI. PeBepcuBHUI
IHPKHUHIPUHT 200 3BOPOTHE HPOEKTYBAHHS SK CYYacHHWH IPOIEC CTBOPEHHS TOYHOI KoIii 00'€KTa 3a BXKE iCHYIOUHM
3pa3KkoM JI03BOJISIE Y OUTBIIOCTI BUTIANKIB €(DEKTUBHO BHPINIyBAaTH BHPOOHHWYE 3aBJaHHS BiJIHOBIICHHS ITOIIKOIKCHHUX
JieTasieli, B mepiry 4epry BiH JI03BOJISIE CYTTEBO CKOPOTHUTH 4ac Ha BUTOTOBJICHHS JAeTajied Ha 3aMiHy 3HOIIEHHX a0o
BTPAaYCHHUX, a 3a HEOOXITHICTIO J[O3BOJIIE BHPOONATH IX cepiifHO. 3a Bech Mepiof pPO3BUTKY TEXHOJIOTIl
MalmMHOOY/yBaHHS SK HayKd pO3pOOJIEHO, BIPOBA/DKEHO W ONMCAHO 3arajbHI TNPHWHIMIM Ta pPEKOMEHAALl,
METOJOJIOTII0 # METONMKH NPOEKTYBAaHHS TEXHOJOIIYHUX IIPOLECIB BHUIOTOBJCHHS Ta CKIQJAHHA MalIMH 3
ypaxyBaHHSIM YCbOIO PI3HOMAHITTSl THIIB BHPOOHHMILTB , BHIIB OpraHizauii BHPOOHHYMX MPOIECIB, Taly3eBOi
oco0mBocTi Touo. be3 BiANOBIIHUX NPOrpaMHUX Ta TEXHIYHHX 3aCO0IB PEBEPCUBHUIN 1HKHHIPUHT iICHYBaTH HE MOXe.
VY tenepiuHiii yac icHye BelM4Ye3Ha KiIbKICTh MPOrpaMHUX 3acO0IB Ta Pi3HOMaHITHOrO BHCOKOTOYHOTO OOJa{HAHHS,
110 3a0e3rnedye MPOBEJCHHS BCIiX BHIIB KOHTPOJIIO JieTajel Ha BUpOOHHUITBI. [ Iboro HOTPiOHO BUPIMINTH HACTYIIHI
3aja4i: yTOUYHHUTH 1 JOTIOBHUTH CTPYKTYPY KUTTEBOTO LIMKJIY BHPOOY, B MEPILy 4epry JJjis eTariB, o 3a0e3nedyoTh
MPOJOBKEHHS TEPMIHIB CIy»XOW [eTajeii Ha OCHOBI pPEBEPCHBHOTO IHXKHHIPHHTY; PO3POOUTH 3araibHy CXeMmy i
CTPYKTYpPY TEXHOJOTIYHOTO Ta iH(pOpMamiiHOrO 3a0e3nmedeHHss TPU TEXHOJOTIYHIM MiATOTOBKH BUPOOHUIITBA 3
BIZTHOBJICHHSI 3HOIIEHWX a00 TIOIIKO/DKEHUX JieTalleil 3 BHKOPUCTAHHAM PI3HUX METOJIB aJUTHUBHOTO Ta
CyOTpakTMBHOTO BHPOOHHWITBA, LI0 3a0e3Me4yloTh HOro eQEeKTUBHICTb, Ha OCHOBI BCTaHOBJICHHS CHCTEMHHX
BIZIMIHHOCTEH MIDXK CXEMaMH TEXHOJIOTIYHOTO IPOIIECY BUTOTOBJICHHS 1 BiJHOBJIICHHS JeTali 3alpoloHyBaTH HOBI
pIIIEHHST 3 METPOJIOTIYHOrO 3a0e3MeYeHHS MUITXOM BIPOBADKEHHS CYYacHHMX METOMIB Ta 3ac00iB KOHTPOIBHUX
onepartiu.

Mera pocaimkenHsa. Ha migcTaBi cucTeMHOro aHamizy Ta  y3arajJbHEHHS JIOCATHEHb  TEXHOJOTI1
MamuHOOY/IyBaHHS Ta PEMOHTHOTO BHUPOOHHIITBA 3allPOMOHYBATH KOHIICTIIIII0O TEXHOJIOTIYHOTO 3a0e3MeueHHS
BiTHOBJICHHS JI€TaJIel MIPHU PEBEPCHBHOMY IHXXHHIPHHTY.

AHaJi3 ocTaHHIX AocaiIKeHb i myOsaikaniii. [TuTaHHSIM TEXHOJIOTIYHOTO 3a0€3TEUYCHHS BiTHOBJICHHS JaeTajeit
IIPY PEBEPCUBHOMY 1HXXHMHIPUHTY HPUCBSYEHO JOCHUTH BEJIMKA KUIBKICTh HAyKOBHUX ITyOJiKawiil sk 3apyOiKHUX, Tak i
BITYM3HSHUX aBTOPIB. ¥ po0OOTaX BITYMU3HSHHUX aBTOPIB IOCIIKCHO CTaH, TUHAMIKY Ta TCHJICHIIT HaJJAaHHSM IIOCIYT y

raiy3i TeXHIYHOTro 00CITyroBYBaHHs, PEMOHTY Ta BiJIHOBJICHHS MAlIMH MiANPUEMCTB, 110 3aimMaroTbes [1-9].
© A.B. ®anees. 2025
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Busnaueno xapakTtep Ta 0COOIMBOCTI BiMOB, IO MPHU3BOAATH O BTPaTH 3MaTHOCTI MAITUHU BUKOHYBAaTH CBOE
(yHKITIOHATEHE TIPU3HAYCHHS. BUIiICHO OCHOBHI METOJW OpTraHi3alii peMOHTHUX poOIT, sIKi BU3HAYAIOTh TPUHITUITH
oprasizaiii ImiAMPUEMCTBA 3 PEMOHTY Ta TEXHIYHOTO OOCIyroByBaHHS. PO3IJISTHYTO OCOOIHMBOCTI PO3BHTKY CdepH
TEXHIYHOTO OOCIYrOBYBAaHHS Ta PEMOHTY y PI3HHX €KOHOMIYHHX pPETiOHax, y ToMy uducii Ykpaiau. [IpoanamizoBaHO
CTATUCTHYHI JaHi (QyHKIIOHYBaHHS IMiAMPUEMCTB TEXHIYHOTO OOCIYrOoBYBaHHS Ta PEMOHTY 3a OCTaHHI 15 pOKiB,
BUSIBJICHO OCHOBHI 3aKOHOMIPHOCTI iX 3MiHM, BHM3HAQU4€HO OCHOBHI (DakTOpH, IO BIUIMHYJM Ha Led Ipolec.
BcTaHoBIIEHO, 1110 OCHOBHA YacTKa BUKOHYBAaHHX pOOIT NpHUIajae HA MPOMHCIOBE 00JIaHAHHS, TPAHCIIOPTHI 3ac00H,
OyniBeJIbHY Ta CIJIbCHKOTOCIIOAAPCHKY TEXHIKY.

Y 3apyODKHHMX MyOJiKamisx JOCHIKYIOTBCS PI3HI THMTaHHS  TEXHOJIOTIYHOrO 3a0e3NeyeHHs MpOIEeciB
BiHOBJICHHs neTaneil. [10-16]. 3HauHy yBary HmpuaiICHO MpoOjIeMaM 3aCTOCYBaHHS JIa3epHOTO HaIulaBieHHs (powder
laser cladding) nnst BimHOBIEHHS iHCTpyMeHTanbHOI ocHacTkH (ctamb 40HM) B aBiamiiiHOMy BHpPOOHHITBI SK
aNbTEpPHATHBY XpoMyBaHHIO. IIpakTHUHUII iHTEepec NMpeAcTaBIAIOTH yHidikoBaHi mozmeni akTuBy (asset model) mms
CTBOpEHHS MU(POBUX IBIMHMKIB y 3a7adax pO3yMHOTO BiTHOBJICHHS Ta peMaHy(aKTypHHTY, OMHCYETBCA CTPYKTypa
mudpoBoro apiitHMKa. OKpeMy yBary NpPHAUICHO NHTAHHSIM VYIPABITIHHSA JKUTTEBHM IUKIOM TPOIYKTY,II0 MAae
MIPUHITUIIOBE 3HA4YCHHS y BHOOpI TEPMiHIB Ta METOMIB y MpoIecax BiIHOBICHHS NeTajeld, MoroMarae KOMIIAHIsM
ONTUMI3yBaTH BUPOOHWYI IMPOIECH, CKOPOTUTH Yac BHUXOAY Ha PHHOK i MIABUIIUTH SAKiCTh Hponmykmii. bezymoBHe
TEOpEeTHYHE 1 NMPaKTUYHE 3HAYEHHs /JJIsI BU3HAYCHHS HANpPsMIB JOCIIDKCHHS MAlOTh NMHUTaHHS BIIUBY IITYYHOT'O
IHTEJIEKTY, BEIUKUX 0a3 JaHUX, XMapHUX TEXHOJIOTiH, HuppoBHUX IIaTGOpM Ta B3araji NpoLeciB dikuTamizamii Ha
BUOIp TexHouorii BimHOBIeHHS peraneil. [lokymeHT NASA/TeXHIYHWH 3BIT 3 IIIMOOKOI EKCIEPUMEHTAJIbHOIO
omiakoro LP-DED pans TOHKMX MiKpOKaHaJIbHHUX EJICMEHTIB Ta repair-CIieHapiiB; OXOIUIFOE MOHITOPHHI IIPOIIECY,
ONTUMI3AIliI0 MapaMeTpiB 1 npukiamd BimHoBiaeHHs [15]. Y mocmimkenni DED panst BimgHOBICHHS/3'€HAHHS
pizHopigaux matepianiB (316L <> IN718) i3 Bukopucranusm filler-matepiany CoCrFeNi oriHeHO Mexi CyMicHOCTI Ta
MIKpPOCTPYKTYpHi siBUIIa. He3Bakalounm Ha BENWKY yBary IOCTIIHUKIB Pi3HHX KpaiH J0 MpoOJIeMH TEXHOJIOTiYHOTO
3a0e3neueHHs MPOIECiB BiTHOBICHHA JeTajel, MOAabInol po3poOKH MOTPeOYIOTh METOMONIOTIYHI MUTAHHSA BHOOPY
METOJIB Ta TEXHOJIOTiH, a TaKOX 3acCTOCYBaHHSI LU(PPOBUX NBIHHUKIB Ta PEBEPCHBHOTO PEIHKHHIPHHTY Y ITHX
Iporecax.

BukiageHHsi ocCHOBHOro Martepiajy. PeBepcuBHUI pPEiHXHHIPHHT — II¢ CYKYIHICTH METOJIB 1 IPOIIECIB,
CIpSMOBAHUX HAa BIATBOPCHHS KOHCTPYKIii, TeOMETpii, MaTepialbHUX 1 (YHKIIOHATBHUX BIACTHBOCTEH ICHYIOYOT
(3a3BHYail BXKe BUTOTOBJICHOT 200 3HOIIEHOT) JIeTali Y By3Ja, KOJHU IOYaTKOBOI (IPOEKTHOT) JOKyMeHTallii Hemae abo
BOHa 3acTapina/HenoBHa [1,2]. Mera peBEepCHBHOIO pEIHXKHHIPUHTY — OTpPHMAaTd IOBHOLIHHY IHU(POBY MOJENb
(reoMeTpit0 Ta BJIACTHBOCTI), HA OCHOBI SIKOi MOXHA: BIATBOPUTH JA€Taib (BUPOOHHUIITBO, MOJCPHI3allisi), MPOBECTH
aHaji3 (HampuKiIaJ, MIIHICHHH, TEMIIEpaTypHUii), PO3POOUTH TEXHOJIOTII0 BiJHOBJICHHS (PEMOHT, HAIUIaBIICHHS,
anutuB). PeBepcuBHuii imwkuHipuHr (RE) y cdepi BiZHOBIEGHHS JeTalieil BKIIOYAE KOMIUIEKC TEXHOJIOTIH, IO
JTO3BOJISIOTh OTPUMATH IH(POBY KOIi0 BUPOOY, IMpOaHaNi3yBaTH i Ta BUTOTOBUTH BiTHOBICHHH a00 MOJEPHI30BAHHIA
aHasor. OCHOBHI ITiIXOAM MOXKHA MOJUTUTH HA TPH TPYIIH.

Ipyna 1. 3D-ckamysanmsi. TyT Bimomi Taki MeTOIH, SIK  Jla3epHE CKaHyBaHHS, CTPYKTYpOBaHE CBITIIO,
doTorpammerpis. Ix 3acTocyBaHHS CHPAMOBAHO Ha OTPUMaHHsS XMap TOYOK, 1O OMUCYIOTh FEOMETPi0 3HONIEHOT a60o
momKkopkeHoi nerami. IlepeBarn mWX METOIB IMOJATalOTh y MIBHAKOCTI 300py MaHWX, BHUCOKIA JAeramizamis Ta
MOJJIMBICTI aHami3y 3Hocy. OOMEXEHHS CTOCYIOTBCS CKIIAJHOCTI CKaHYBaHHsI BHYTPIIIHIX TOBEPXOHb, 3aJICKHICTh Bif
ONTHYHMX BJIACTHBOCTEI MaTepiaiis.

I'pyna 2. CAD-mo0enosanns. 1 rpyna MeTOIB BUPIIIY€ 3a/1a4i IEPSTBOPEHHsI XMap TOUOK y MOBEPXHEBI a00
TBepAoTUIbHI Mozeni (SolidWorks, CATIA, NX).BoHu 103BOJISIOTE CTBOPIOBATH MapaMEeTPU4HI MOJENI JeTanei s
TO/IANBIIOTO BiHOBIEHHS a60 Moaudikaii. Ix 3amaui nonsraoTs y 3a6esneuenni interpanii 3 CAM/CAE cucremamu
Ta onTuMizaiii KoHCTpyKiii. IIi TexHomorii nepeadadarTh 3HaAYHI BUTPATU Yacy Ha MOOY/I0BY CKIAIHHUX MMOBEPXOHb Ta
JUISl HUX XapaKTepHUN JIFOJICHKHNA (hakTOp MPU MOJIEITIOBAHHI.

Ipyna 3. Lughposi dsitinuxu (Digital Twins). Meroau: interparis 3D-Moeneii 3 JaHUMHU TATYUKIB, CUMYJISIIIIN Ta
eKCIUTyaTallifHNX XapakTepucTHK. Ll rpyma TexXHOJIOTiH 3aCTOCOBYETHCS IS MPOTHO3YBAaHHS 3HOCY, ONTHMIi3arlil
IPOLIECiB PEMOHTY, BHOOPY ONTHMAIbHOI TEXHOJOTii BiIHOBIEHHS. IX mepeBarn y  MiJBHIIEHHi TOYHOCTI
NIPOTHO3YBAaHHS Ta MOJIJIMBOCTI «BIPTYaJbHOIO TECTYBaHHSI» A0 (PAKTUYHOTO BiIHOBJIEHHA. BukopucTaHHS nnx
METO/IiB MOTpedye BEIMKI MaCHBH JIaHMX Ta ISl HUX XapaKTepHa CKJIaJHICTh MOOYI0BH MYJIbTU(I3SHUHUX MOJIETICH.

IIpotecu MRO (Maintenance, Repair and Overhaul) — e komrmiekc poOiT 3 TEXHIYHOrO OOCIyrOBYBaHHS,
PEMOHTY Ta BiTHOBJICHHS 00JIaJHAHHSI, TEXHIKH ab0 cucTeM uisi 3a0e3nedeHHs iXHbO1 mpane3faTHOCTI Ta Oe3meku. Lle
OXOIUTIOE TPOQINaKTHYHI, KOPWUTYBAJIbHI, MPOTHO3HI Mii, a TaKoX KamiTaJbHI PEMOHTH, IO MPOBOAATHCS IUIS
3aro0iraHHs MOJIOMKaM, YCYHEHHs HECHpaBHOCTEH Ta MPOJOBXKEHHsS TEPMiHY CIyXOHM CKIagHuUX O0'eKTIB B aBialii,
TpaHCTopTi Ta mpomuciioBocti. OcHOBHI ckinanoBi MRO: TexHiuHe 0OCIyroByBaHHs, peMOHT, BimHoBIeHHS. Cdepn
3aCTOCYBaHHS: aBiallisl, TPAHCTIOPT, IPOMHUCIIOBICTh Ta 00OPOHHA TPOMHCIIOBICTb.

[orpy TexHIUHIN Ta €eKOHOMIYHIH JOIUIFHOCTI BIIHOBJICHHS Ta 3HAYHOMY IPOTPeCy iX BUKOPHUCTAHHS, i1CHYIOYI
TEXHOJIOTIT PEBEPCHBHOIO IHXXKMHIPUHTY Ta BIJHOBJICHHS MAalOTh psJi NpoOjeM, sKi TaJlbMyIOTh IX MacoBe
BpoBapkeHHs. [lo-niepire-ue npodiaemu TouHOCTI: MOXUOKK mpu 3D-ckaHyBaHHI (0COOIMBO AT BIIOIUCKYIOUMX 200
TpiOHMX eIEMEHTIB), CIIOTBOPEHHS reoMeTpii mpu mepexoi Big xMapu To9ok 70 CAD-Mozeni Ta HemoBHE BiITBOPEHHS
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MaTrepialbHUX BJIACTHBOCTEH y mmdpoBux nBilHWKax. [lo-mpyre-cobiBapricth. [[mst TexXHOJOTIH peBepciiiHOro
IIKAHIPUHTY XapakTepHi BHCOKa BapTicTh mpoMmuciIoBHX 3D-ckaHepiB i1 mporpamHOro 3a0e3nedeHHs, 3HAYHI
E€HEepreTHdHI BUTPATH TPH BHUKOPUCTAHHI aTUTHBHAX METOMIB PEMOHTY Ta HEOOXiTHICTP BHCOKOKBAJi(hiKOBaHHX
¢axiuiB (CAD/CAE/AM). Io-tpere,ie mpodiaemMu pecypcy: HamiWHICTh 1 JOBTOBIYHICTH BiTHOBJICHHX NeTajei. Y
NesIKUX BUTAIKaX pPecypc BiIHOBIEHOI JAeTali HE AOCSATae pecypcy HOBoi. € mpolOiieMH 3 anre3i€lo marepiaiiB MpH
HATUIABJICHHI YW aJWTHUBHOMY BiJHOBJICHHI. HemocTaTHs craHmapTH3allis Ta BiICYTHICTh YHI(IKOBAaHHX METOIUK
BUIIPOOYBaHb.

TakuM YMHOM, CHCTEMaTH3aLlis [TiAXO0/AIB JO3BOJISIE YITKO PO3MEKYBATH 1HCTPYMEHTH PEBEPCHBHOTO 1HKHHIPHUHTY,
a aHaji3 mpoOJIeMATHKH MiIKPECIIE€ HEOOXIIHICTh MiMBUIICHHS TOYHOCTI IM(POBUX MOJEICH, 3HIKCHHS BapTOCTI
TEXHOJIOTIH Ta CTAHIAPTHU3AIII0 MPOIIECIB OLIHKU PECYPCY BIIHOBICHUX JICTAICH.

TpamumiiHO Tpolec BITHOBICHHS JeTajell BUIVIAAAB TaK: 3HOWleHa Oemanb —  GUMIDIOGAHHA —>
KpecieHHs/Mo0enb — 8i0HO8II08ANbHI MEeXHON02iT (Han1asieHHs, HaNUIeHHs, MeXanHiyHa 0opodKa) — KOHMpOTb.

3anponoHoBaHa KOHIIEMISI TEXHOJOTIYHOTO 3a0e3IeYeHHs MPOIECiB BiIHOBICHHA JAETaNeH i3 3aCTOCYBaHHSIM
IUPPOBUX [BIHHUKIB Ta PEBEPCHBHOIO PEIHMXHHIPWHTY 3 BHKOPHUCTaHHSAM IH(POBHX IBIHHKIB 3MIHIOE IieH
miaxia.3HomeHa AeTanb crae 6a30i0 it moOynosu mudposoro ABiitHnka — 3D-mMoxmeni 3 ypaxyBaHHSIM (aKTHIHOTO
3HOCY, HIe(EeKTiB, TCOMETPHUYHUX 1 (I3UKO-MEXaHIYHHX XapaKTCPUCTHK. PeBEepCHBHUI peimXUHIpHHT 3abe3redye
BIZITBOPEHHS HE JIMIIE TeoMeTpil, a i QyHKIIOHATEHUX MapaMeTpiB (HANpHKIa, pO3MOIiTy HaBaHTaXXCHb, TEIUIOBUX
BIUIMBIB, BiOpauiii). Lnpposuii neiitnuk interpyerbes B8 CAD/CAM/CAE-cucremMu Ta 103BOJISIE CUMYJIIOBATH POOOTY
BITHOBJCHOT JeTami e A0 ii ()I3MYHOTO BHUTOTOBJICHHS, MigiOpaTH ONTUMAJbHY TEXHOJIOTIIO BiJHOBJICHHS
(nannasnenns, 3D-1pyk, ribpuaHa o6poOKa) Ta MPOrHO3yBATH PECYPC Ta HAIIHHICTB ITICIIsl PEMOHTY.

TakuM YHHOM, MPOIEC CTAE MUPPOBO-3aMKHYTHM IHKJIOM: Oemdaib - yugposull 08IHUK - yugposa nepesipxa -
BIOHOGIIEHHSL - HOBA 6ePUDIKAYIs -eKCNIYamayis - KOpeKyist Mooeli.

BusnaunMo OCHOBHI TMONOXKEHHS Ifi€i KoHueEmii. [0 KIYOBHUX CKIIAJOBHUX KOHIIEMINT CiIif BiJHECTH
omudpyBaHHS (CKaHyBaHH:S), 00OpoOKy maHuX (ToukoBa xMmapa - citka - CAD), imeHtndikamito marepianmy/craHy,
CTBOPCHHS II(POBOTO ABIHHUKA 1 MOJANBIIE PIlICHHS 3324 - Bil IPOEKTYBaHHS 10 BHPOOHUIITBA/BITHOBIICHHS.

[IpononyeMa aBTOpaMM KOHLEMIIS TEXHOJOTIYHOTO 3a0€3II€UEeHHs BiJHOBICHHS AETaleld - [e IHTerpoBaHHWH
mukL, ae nudponit nBiHUK (DD) € meHTparsHUM eIeMEHTOM, IO 3B's3ye (i3W4Hy JeTaib, MpoIec ii JiarHOCTHKHA 1
pimenHs mpo BimHOBIeHHS. L{ndpoBuii nBiitHUK 3HOMEHOI neTaii- He nmpocto CAD-komis reomeTpii, a 6araropiBHeBa
MOJIETIb, 1110 BKJIIOYAE:

- eeomempuuHull 0giiHUK (mouna 3D-zeomempis), (Qi3uuHU/MaTepianbHUil map (MaTepialbHI BJIACTHBOCTI,
ricrorpaMyd TBEPAOCTI, MIKPOCTPYKTypa), MOBEAIHKOBHH map (MoJeli HampyXeHb, TEIUIOBI MOJeNi, YMOBH
HaBaHTAXXCHHS), ICTOpUYHI AaH] (IM(POBHUIA ACIIOPT: HMKIN HaBaHTaXXEHb, PEMOHTH, EKCILTyaTaliiiHi yMOBH);

-yugpposy numxy (digital thread) — aBromMaTH30BaHU# MOTIK qaHUX MK ckanepom — CAD — CAE — CAM —
MES/IlignpuemcTBoM: Bes iHpOpMAIis BiJ MIarHOCTHKHA OO KiHIIEBOI Baimamii 30epiraeTbCs, BEpPCIOHYEThCS M
BUKOPHUCTOBYETHCS JUUI YXBaJICHHS PillICHb;

-IHmMeNeKmyaivHe PiueHHs Npo MexHOI02il 8i0H06IeHHs — CUcTeMa (eKCIepTHa/MalllmHHE HaBYaHHA + (i3WdHi
MoOJIeNi), 0 Ha BXOJi Ma€e NU(pPOBUHA IBIHHUK Ta KPUTEpii (BUTPATH, peCypcC, TOUHICTH) i Ha BUXOJI Ja€ ONTHUMAaIbHHUN
IUTaH PEMOHTY (METOI, TapaMeTpH IPOLECY, MAPIIPYT OOPOOKH);

-2lOpUOHi  MexHoN02IYHI Nanyrocy — TIOEOHAHHS aTUTHBHHX METOMIB (NasepHe HamiasieHHs, DED) 3
TPaAMLIITHOI MEX0OPOOKOIO 1 TEpPMOOOPOOKOIO ISl BITHOBJICHHSI (JOPMU 1 BIIACTUBOCTEH;
-KOHMPOb AKOCMI 8 Yu@posomy noii — CAMYJAIIT (KUTBKICHUH MPOTHO3 3aJMIIKOBOIO Pecypcy), Mojeli

NMOXHUOOK, TUIaH BUIIPOOYBaHb Ta aBTOMATH30BaHI iHCIEKIiT micist BigHOBIeHHs (3D-ckaH — MOPIBHSAHHS 3 HU(PPOBUM
ITBOBUM Mpodinem).

MexaHi3Mu 3aCTOCYBaHHS NU(POBUX IBIHHUKIB — I TEXHOJOTIYHA aPXITEKTypa, sika MOJSra€ y HACTYIHOMY
(puc.1) .

Po3kpueMo cyTHICTh X MEXaHI3MIB.

1. Picepena oanux (input):

- 3D-ckaHyBaHHs OBepxHi (1a3epHi ckanepw, structured light, poTorpammerpis);

- KT / pentrenorpadist 1uist BHyTpinIHiX 1e(eKTiB;

- YuprpasBykose ckanyBaHHs (UT) it BUSBIEHHS BHYTPIIIHIX TPIIIUH;

- CMM (xoopAnHaTHI BUMipIOBAJIbHI MaIlIMHN) — JIS1 KPUTUYHUX JOIYCKIB;

- Cencopu (Temmneparypa, BiOparis, strain gauges) mpu eKcIuTyartailii — 11 OHJIaliHOBOTO OHOBIIeHHS DD;

- Ximiuanii arani3z (EDS, OES) / mikpocTpyKTypHUil aHami3 11 BU3HAYEHHS MaTepiay.

2. Obpobka i inmezpayis OaHux.

- moOyzoBa TOYKOBOI XMapu — (UIbTpallis mymMma — BHPIBHIOBaHHSA (registration) — peKOHCTPYKIIis MOBEPXHIi
(mesh) — meperBopenns B mapamerpuuny CAD-momens (NURBS, B-rep);

- BUTATHEHHS KOHCTPYKTHBHUX ocoOimBoctei (feature recognition) abo CTBOPEHHS MapaMeTPHYHOTO MAOJIOHY;

- BiJTHECEHHS MaTepiaJbHUX JIaHHUX 10 reomeTpii (map of hardness, kopo3is, TOBIIMHA CTiHOK).

3. Mooeni it cumynayii (CAE):

- CTaTUYHUI/IMHAMIYHHUHA aHAi3 HABAHTa)KEHb, TEPMOJAUHAMIYHI MOJIEIIi, MOJIETi BTOMH, MOJICITFOBAHHS MPOIIECIB
aJIMTUBHOT'O HAIUIABJICHHS (TETUIOBI / 3aJIMIIKOBI HAIIPYXEHHS);
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-B WKopHcTaHHs MeToniB data-assimilation mist xamiOpyBanns mopnened min daktnari NDT-nmani (Hanpukian,
KanmaniBeski inbTpu, GaecoBchbKi oHOBICHHS, physics-informed ML).

4. Inmezpayis 3 upoOHUYMEOM:

- CAM (mnan HamaBieHHs / TpaekTopii iHCTpyMeHTy) — CNC / DED mammnaa — post-processing (MexaHigHa
00po0Oka, TepMo0OpoOKa);

- MES/PLM st BepciroBaHHsI, yIIpaBiIiHHS MaTepianamu i iugpoBoro nacnopra.

ixepena n1aHix O0bpobka i
(input) iHTerpamid 1aHIx

|
THTeTparmis 3 TEXHOJIOITYHA Moeniii
4 A e it
BHP OGHIILITEOM ¢ { APXIIEKTYPA
P \l_. 3ACTOCYBAHHA cimyamii (CAE)
[[H®POBHX
JTBIHMHHKIE

3BopoTHII 3B' 430K i AITTEBIIT IITKTT

Puc. 1 - Mexanizmu 3acTocyBaHHS HIU(PPOBUX JABIHHUKIB. ¥Y3arajJbHEHO aBTOPOM.

5. 36opommnuii 36'a30K i Hcummesull Yuri:

- micis BigHOBIIEHHST — iHcmekis (3D-ckan), mopiBHsHHS 3 DD, BHECEHHsI KOPEKI[iil 10 MPOIECiB, OHOBICHHS
Qg poBoOro nacnopra.

PosrisiHeMo Sk TIparioe peBepCUBHHIN PEIHXHUHIPUHT Y TTOKPOKOBOMY pOOOYOMY MpOIECi.

Kpox 1. IligroroBka Ta giarHOCTHKA:

a) Bi3yaJIbHUH OTJIS, BU3HAYEHHS KITIOUOBUX 30H 3HOCY/TIOIIKO/DKEHHS;

0) Bubip meroniB NDT (UT, pertren/KT, marHiTHHI KOHTPOIIH A7 pepOMarHiTHHX JIeTanei);

B) BHOIp EKCIUTyaTalifHUX JaHUX (SKIIO €).

Kpok 2.0 uu¢pyBaHHs reomerpii:

-B uKoHaTH 3D-ckaHyBaHHS (OBEpXH:); Ui BHYTpilHiX nedpekriB — KT;

- 310paT TOYKOBY XMapy; 3a0€31eYUTH JOCTATHIO MIIIBHICTD 1 TOUHICTD ISl KPUTHYHUX 30H.

Kpoxk 3. O6pobka 1aHux / peKOHCTPYKIIisL:

- BUJIaJICHHS 1IyMY, BUPIBHIOBaHHS, CETMEHTALlisl 30H (30Ha KOPO3ii, 30Ha 3HOCY);

- mobynoBa citku (mesh), nepeknan y CAD (NURBS/B-rep), cTBopeHHs mapaMeTpU4HOT MOJIEII.

Kpox 4. InerTudikarmis Mmatepiany i ctany:

- XIMIYHHH aHaJIi3, TBEPAOMIPH, aHalli3 MIKPOCTPYKTYpH;

- OIIiHKa BJIACTHBOCTEH (MOYJIb MPY)KHOCTI, MEXa TEKy4OCTi, 3AIMIIKOBA MIIHICTB).

Kpoxk 5. Anani3 i npuiHATTS pillIeHHS:

- CAE — mnepeBiputy, i MOXXJIMBA BiJIHOBJIIOBaHA TeOMETpis 3a0e3MeunTh HEOOXiMHUN pecypc Mif 3alaHuMH
HaBaHTAXCHHAMHUO

- MyJIBTHKPUTEPIaTbHIH aHaNi3: BUTPATH, Yac, PeCypc, PU3HUK 1 €KOJIOTis.

Kpox 6. [IpoexTyBaHHS pEMOHTY:

- TUIaH TOKPUTTSI/HATUIABJICHHS, TOBIIMHA HATUIABJICHHs, TEXHOJIOTis (J1a3ep, Ta3ma, nopomkoBa DED, xomoane
BiJIHOBJICHHS);

- po3po0Ka Tpa€eKTOpii, MArOTOBKA OCHACTKH, (iKcallis JeTali.

Kpok 7. BukoHaHHS TEXHOJIOTIYHOI'O MpOILECY: AJAWTHBHA HaIUIaBKa/HAIMJICHHS — MeXaHiyHa oOpoOka 10
JIOIYCKIB — TepMOOOpOOKa/Bi/an — MOBEPXHEBE 3MIITHEHHS.

Kpoxk 8. KoHTpoib SIKOCTI Ta BaiJallis:
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- 3D-incnekmis (moBepxws), NDT (BHyTpinHi nedekTr), MEXaHidHI BUIPOOYBaHHS 3pa3KiB IS I ITBEPIKCHHS
BJIIACTHUBOCTCH;

- TOpiBHAHHS (PaKTy 3 TH(PPOBUM LITHOBUM MPODiTeM.

Kpoxk 9. lokymeHTyBaHHS i OHOBIICHHS ni(poBoro macnopra : 3aneceHHs B PLM/MES: Bci mapamerpu mporiecy,
MaTtepianm, 3BiTr NDT, pesynbratn BUnpoOyBaHsb.

PozrissHeMo TeXHOJIOTT , SIKi 3aCTOCOBYIOTHCS JUISl BiIHOBJICHHS JieTaseH.

Directed Energy Deposition (DED, nasepne/enexmponno-npomeneée HAaniaeieHts;) — TOUYKOBI HAIUIABKHU IS
METaJICBUX JeTayeit; xopouri aius micueBux aedekrtis [1]. DED moxe o3HauaTw mpsiMUA TiABI €HEPTii Ta Marepiany
(Directed Energy Deposition) — Texnosnorito 3D-apyKy s CTBOpeHHs: a00 peMOHTY MeTaneBux aeraieil. JlazepHe ta
EJIEKTPOHHO-TIPOMEHEBE HAIJIaBJICHHS — L€ MPOLECH HAHECEHHs 3aXWUCHOro a0 BIiIHOBIIOBAIBLHOTO INApy Ha
MIOBEPXHIO BHPOOyY, III0 BUKOPHCTOBYIOTH BUCOKOCHEPTETHYHI NPOMEHI Ul IUIABJICHHS Ta NMEPEIIABICHHS MOPOIIKY
200 HamMIEHOTO TOKPUTTS. JlazepHe HaIUIaBICHHS BHKOPHUCTOBYE JAa3€pPHUI INIPOMiHb, a €IEKTPOHHO-IIPOMEHEBE —
c(hoKycOoBaHMH TOTIK BHCOKOMIBHIKICHUX €JEKTPOHIB y BakyyMi. OOmmBa MeToan 3a0e3NedyioTh BHCOKY TOYHICTH,
MiHIMambHE HAarpiBaHHA OCHOBH Ta TIOKpAIIeHI BJIACTUBOCTI IIOKPHUTTS, aje BHMAararoTb BHUKOPHUCTAHHS
CIemiaai3oBaHoro o0JIaIHaHHA.

Cold spray (xonoone nanunenns) — Iyt o6acTei, 1e MoTpiOHa MiHiMabHA TepMidHa mist. [2]

XoJI01HE HAMJICHHS — 1I€ CYKYITHICTh IPOIECIiB HAHECEHHS TOKPHUTTIB, NPH SIKMX YaCTKU MaTepially HarpiBaroThCs
JI0 TEMIEpaTypH HIDKYE TOUKH IUIABIICHHS, a TIOTIM PO3IMIIOIOTHCS il Ai€I0 30BHIIIHBOT CHIIN, TAKOI SIK Ta3, OPOIIOK,
a00 eJeKTPUYHHIA CTPYM, 1 OCIIAIOTh Ha IOBEPXHIi, yTBOPIOIOUU MOKPHUTTsS.. OCHOBHI IPUHIUITN XOJIO0AHOTO HAIIMJICHHSL:

- HHM3bKa TeMIeparypa: YacTHHKM Marepialy HarpiBaloOThCs JHMIIE JO TOro, 100 MOM'SKIIUTHUCH, a HE JO
TEMIIEpaTypy MJIaBJICHHS;

- KIHETHYHA CHEePTis: OCHOBHA €Hepris st (GOPMYBaHHS MOKPUTTS HAJXOIUTh Bil KIHETUYHOI SHEPTil PO3MUICHUX
YACTHHOK, SIKi TPH 3ITKHEHHI 3 TOBEPXHEIO 3BAPIOIOTHCS;

- BiACYTHICTH (pa30BHX 3MiH: Ha BiIMIHY BiJ TPaAWLiHHOTO Traps4oro HAMWICHHS, B XOJOJHOMY HAITWJICHHI He
BiZIOYBA€THCS PO3IUIABICHHS MaTepiasly Ta HOro MEepeTBOPEHHS B PiAKMI CTaH, IO J03BOJISE 30€piraTé MOYaTKOBUI
CKJIaJ MaTepiainy;

- BHUKOPHCTAaHHS XOJOJHOTO HANWJICHHS: BIJHOBIICHHS JAETAJCH; XOJOAHE HAIMICHHS BUKOPHCTOBYETHCS JUISA
BIZTHOBJICHHSI 3HOLICHMX a00 TMONIKO/KCHMX JeTajell MAallMH Ta MEeXaHi3MiB; 3aXHCT BiI KOpO3ii: HaHECeHHs
QHTUKOPO3iHHHUX MOKPHUTTIB JUISl 3aXKCTY METAJIEBUX ITOBEPXOHb BiJl pyHHYBaHHS;

- 301IBbIIEHHS 3HOCOCTIMKOCTI: CTBOPEHHS OKPHTTIB, SIKi MiIBUIIYIOTh CTIHKICTh JeTanell A0 CTHPAaHHs Ta 1HIIMX
MeXaHIYHUX HaABaHTAXKEHb;

- TUIH XOJIOMHOTO HAINMJICHHS: Ta30[MHaMiYyHe HalMICHH-3aCTOCYBaHHS BHCOKOIIBUAKICHOTO MOTOKY rasy JUist
PO3rOHY Ta JIOCTABKH YAaCTHHOK JI0 MOBEPXHI;

-IIJIa3MOBE HAITWIICHHS (3 HU3BKOIO IOTYKHICTIO): BUKOPHCTAHHS IUIA3MH IS HarpiBy 4acTHHOK JIO0 MOTPiOHOT
TeMIIepaTypH;

- €JeKTPOCTaTWYHE HANWICHHS: 3aps/PKeHHS YacTHHOK Ta IX TPHUTSATHEHHS [0 TIOBEPXHI 3aBIIKH
€JIEKTPOCTATUYHUM CHIIaM

WAAM / Wire-based AM — miBujke HaruiaBieHHs Benukux 00'emiB meranmy. WAAM (Wire Arc Additive
Manufacturing), abo aAnTHBHE BUPOOHHUITBO 3 BUKOPUCTaHHSAM JAPOTSHOI OyrH, 1e npouec 3D-apyky Meranom, mpu
SIKOMY €JIEKTPUYHA Jyra BUKOPHCTOBYETHCS [UIsl IMOLIAPOBOIO IUIABJICHHS METAEBOrO APOTY 3 METOI0 CTBOPEHHS
TPUBUMIPHHUX 00'€KTiB. L[ TeXHOJOTisS BITHOCHTBCS A0 CIMEWCTBa IMPOLECIB MPSIMOTO €HEPreTUYHOTrO OCAKEHHS
(DED) 1 pmo3Boisie CTBOpIOBATM BENHMKI METaleBi JeTali 3 BHCOKOI INBHJKICTIO Ta HH3bKMMH BHUTpPaTaMH,
BUKOPHCTOBYIOYHM POOOTHU30BaHI CHCTEMH JUIS TOYHOT'O YIPABIiHHS IPOLECOM.

OnumieMo SK 11e TParkoe.

1. [TnaBaHHst ApOTY: poOOTH30BAHA PyKa IOA€ METAICBUI IPIT 10 poOOUYOT 30HH.

2. ®opMyBaHHS IyTH: €IEKTPUYHA JIyTa PO3ILIaBIISIE JPIT, yTBOPIOIOYH PiIKUI MeTal.

3. IlomapoBe OCa/pKeHHS: PO3IUIABICHMH METall ocijae Ha MiAKJIAANI abo IMonepeAHbOMY Iapi, MOCTYIOBO
(OpMYIOUYH TPHBUMIPHY CTPYKTYPY.

4. KoHTponb Ta 3axHCT: IHEPTHHH ra3 BHKOPUCTOBYETHCS Ul 3aroOiraHHS OKHCIICHHIO Ta MOJINIICHHIO
BJIACTHBOCTEH MeTaly.

5. CtBopeHHs 00'eKTa: MpoIeC MOBTOPIOETHCS, JOJAIOYM Iap 3a IMapoM 0 OTPUMaHHs Oa)kaHoi JeTani abo
KOMITOHEHTA.

Bracuiiok nux omepamii OTPUMYIOTHCS HACTYITHI OCHOBHI XapaKTE€PHUCTHKH.

Bucoxka mBuakicte BupobHunTea: WAAM Mae HalBHIY IIBHAKICTh HAHECEHHS MaTtepiany cepen npouecis DED,
110 JIO3BOJISIE IBHIKO BUTOTOBIIATH BEJUKI KOHCTPYKIIii.

Huzpka BapTicTh MaTepiaiiB: BUKOPHUCTaHHS METAJIEBOTO JAPOTY SK BHTPATHOTO MaTepialmy pOOWTH IpoIiec
€KOHOMIYHO BUT1AHIIIKAM.

MiHimizalis BIAXOIB: TEXHOJOTIS J0O3BOJIE POOWTH JETalli 3 BHCOKOK TOYHICTIO, HAONIKCHOIO 10 3aJaHUX
(opM, 110 CKOPOUYE BTPATH MaTepiaiy.

CknagHicTh netaneit: WAAM no3Bosisie CTBOPIOBATH CKIIA/IHI METAJICB1 IETall, sIKi MOXKYTh OYTH HEAOCTYTHHMU
TPAIULIITHUMH METOJaMHU.
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3acTocyBaHHS: TEXHOJIOTIS 3HAXOAUTh 3aCTOCYBaHHS B a8POKOCMIUHIN MMPOMHUCIOBOCTI, OYAIBHUIITBI (HATPUKIIAI,
3D-apykapchKi MOCTH) Ta BUPOOHHUIITBI BEJIMKIX METAICBUX KOMIIOHEHTIB.

AIUTHBHE BUPOOHWITBO 3 BHUKOPHCTAHHAM JPOTSIHOI AyrH - 1[e e(eKTUBHA TEXHOJOTIS aJUTHBHOTO
BHPOOHHMIITBA, IO IIBHUAKO PO3BHUBAETHCA, IO MOEAHYE B COOI MPOCTOTY TPAXWITHOTO 3BapiOBaHHS 3 TOYHICTIO
aBTOMATH30BAaHUX CHCTEM JUIsI CTROPEHHS CKIIaJHIX METaIeBUX BUPOOiB [3].

Inasmose ma nasepre HanuienHs — UL SHOCOCTIMKUX MTOKPHUTTIB [4].

[InazmoBe Ta Jla3epHe HANWJICHHS — L€ Cy4YacHI TEXHOJIOTii HAHECeHHS 3HOCOCTIMKHMX IIOKPHTTIB, IO
BUKOPHCTOBYIOTh SHEPTii0 TIa3MH 200 J1a3epHOr0 MPOMEHS JUIsl PO3IUIABJICHHS Ta HAHECEHHS MaTepialy Ha IOBEPXHIO
netani, (OpMYIOUYM WIUIBPHUKA IIap 3 BHCOKOK TBEPAICTIO Ta ajresiero. L[i MeTomw m03BONSAIOTH €(EKTUBHO
BiZIHOBJIIOBATH 3HOILICHI JA€TaJll Ta HAJIaBaTH IM JOJATKOBUI 3aXHCT BiJl KOPO3ii Ta 3HOLTYBaHHSI.

[Ina3zMoBe HamWJICHHS BiJIPI3HAETHCSA THUM , IO HU3BKOTEMIIEpaTypHa IIa3Ma po3irpiBae Martepian (IOpoIIoK
abo JpiT) 0 BUCOKOT TEMIIEPATYPH, PO3TUIABIIIOE HOTO 1 IPUCKOPIOE 10 BUCOKOT MIBUIKOCTI HAHECCHHSI Ha TIOBEPXHIO
nerani.IlepeBary 11i€i TeXHOJOTI{ y TOMY, 110 BOHa (OpMY€E MIITLHUHN IIap 3 MiHIMAJIbHOIO MOPHUCTICTIO, 3a0e3Medye
BHCOKY aJre3if0 MOKPHUTTSA 0 OCHOBH, JO3BOJISIE HAHOCHTH TMOKPHUTTS 3 PI3HOMAHITHUX 3HOCOCTIMKHX MaTepiaiiB
(MeTan, kepamika) Ta He AehOpPMy€e OCHOBHHI METaJ JETai.

JlazepHe HamuieHHs (J1a3epHE HAIUIABJICHHS) JOCATAETHCS 3aBJSIKH TOMY, IO JIA3ePHUIl MPOMiHb KOHLIEHTPYE
TEIUIOBY EHEpriro, sKa J03BOJIsiE HAHOCHUTH TOHKI, TOYHI IIapu Matepiamy. [lepeBaru miei TexHoOJOril y BHCOKIH
KOHIIGHTpAI[il TerioBoi IOTYXXHOCTi, IO  3a0e3nedyye MiHIMAIbHY 30HY TEPMIYHOTO BIUIMBY, MOXIIHMBOCTI
OTPUMAaHHS TOHKHMX MOKPUTTIB (Bix 0,1 MM 0 IEKiIBKOX MUTIMETpIB) Ta BUCOKil TOYHOCTI HAHECEHHS MOKPUTTSI.

OOu/BI TEXHOJIOTIi IMPOKO 3aCTOCOBYIOTHCS JUIS BiJHOBJIEGHHs 3HOIICHHMX JeTalieil (HampuKial, BiIHOBICHHS
KJIaNaHiB, KyJIa4yKiB PO3MOJIIFYMX BaJiB; HAHECEHHS 3aXMCHHUX MOKPHUTTIB (U1 3aXHMCTY BiJ KOpPO3il Ta MEXaHIYHOTO
3HOIIYBAHHS); TOKPALICHHS XapaKTePUCTHK IOBEPXOHb (HAJaHHS JETalsM MiJABHIIEHOI TBEpIOCTI Ta
3HOCOCTIHKOCTI).

TiOpuaHi mMIXomu CTBOPIOIOTHCSA BHACTIIOK BHKOPHUCTAHHS AIUTHBHUX OIEpalid pa3oM 3 MeXaHIdHOIO
00poOKoto (¢iHimmHa 00pobka 10 AOMYyCKiB) [5]. AAWTHBHI omepallii — Iie IPOIECH BUTOTOBJICHHS 00'€KTIB MUIIXOM
MOCIIIIOBHOTO HAaKJIQJaHHA IIapiB Marepiany, IO IPYHTYIOThCA Ha mudpoBid momemi. [led mimxim, BiZoMui sK
aTUTHBHE BHPOOHUIITBO, MPOTUCTABIIETECA TPATUINIHHUM METOAaM, SKi BUIAIAIOTH MaTepian (CyOTpakTHBHI) abo
(hopMytoTh oo 3 OLIBIIOTO 00'eEMY ((hOPMYBAITBHI).

OCHOBHI TNPUHIMITY aJUTHBHUX OIEpAalliii: MOIIapoBe CTBOPEHHS (TPUBUMIpHHHA 00'€eKT OymyeThecsi miap 3a
IapoMm, 0Ja04Yu MaTepial 3a HoTpeOor0); mudpoBa MOACh (IIPOIEC KEPYETHCS UPPOBOIO TPUBUMIPHOKO MOJICILIIO,
IO HajJae TOYHI JaHl [l MPUHTEpa); crelianizoBaHe oOsanHaHHSA (JUIsl aAMTHBHHUX ONeEpaliii BUKOPHUCTOBYIOTHCS
TPUBHUMIPHI NPUHTEPH, SKI MEPETBOPIOIOTH LUPPOBY Mojenb Ha ¢iznyHuii 00'ext). Kiro4oBi mepeBaru: THYYKICTh
(MOXJIMBICTh CTBOpIOBaTH CKIIaAHI (GopMM Ta JeTaii 3 JEKiIbKOX MaTepialiB 3a OJUH IPOLEC); JOCTYIHICTh
(TpUBUMIpHI TPUHTEPHU CTAIOTh MIBHUAIIUMH, AOCTYMHIOIMMH Ta MPOCTIIIUMH y BUKOPUCTAHHI); IHHOBAIIIHICTH
(103BOJISIE MIBUKO PO3POOIIATH Ta BUTOTOBISITH IPOTOTUIIN T FOTOBI BUPOOH, MEPETBOPIOIOYH HU(DPOBI JU3aiHU Ha
peanbHi 00'€KTH).

BucHoBkH. Y cTaTTi 0O0IpYHTOBAaHO KOHIIETINIO TEXHOJIOTIYHOTO 3a0e3MeueHHsI BiTHOBIICHHS JeTalei, 3aCHOBaHY
Ha iHTerpamii IMUQPOBHX NBIHHUKIB Ta PEBEPCHBHOTO pPEIMXHHIPHHTY, MO0 3a0e3ledye HOBUH pIiBEHb SKOCTI H
e(heKTUBHOCTI PEMOHTHHUX IPOIIECIB.

BukopucTranHs nnpoBHX JBIHHUKIB 103BOJISIE MPOTHO3YBATH IMpale3aTHICTh BUPOOIB, BU3HAYATH 3aJHIIKOBUM
pecypc Ta popMyBaTH ONTHMaJIbHI TEXHOJIOTTUHI MAPIIPYTH Bi{HOBJICHHS.

3anponoHOBaHMI MiAXiJ CIpusie 3HIWKEHHIO BUTpar Ha peMoHT Ha 20-30 % y mopiBHSHHI 3 TpagMUiitHUMU
MeTo/laMH Ta 3a0e3Meuye ITiABUIIEHHS TOYHOCTI FeOMETPUYHOTO BIITBOPEHHS AeTalei.

PeBepcrBHUI PEIHKHHIPUHT Yy TMO€AHAHHI 3 HU(POBUM MOJEIIOBAHHSM CTBOPIOE IEPEAYMOBH JUIS PO3BHUTKY
aJIalTHBHUX 1 THYYKUX BUPOOHUYMX CHCTEM Y chepi BiJIHOBJICHHS AeTalei.

[epCreKTUBHUME HAMpsiIMaMH TOAANBIINX JOCTI/DKEHb € aBTOMATU3Allisi OPUIHATTSI TEXHOJIOTIYHUX PillieHb i3
BUKOPHCTAHHSIM HITYYHOTO IHTENIEKTY Ta IHTErpaiis po3po0iieHOT KOHIEMIl 3 Cy4aCHUMH CHCTEMaMH YIPaBIiHHS
KHUTTEBUM IUKIOM BHpoOiB (PLM).
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JIOCJIIKEHHSA 3AJIMIIIKOBUX HAIPYKEHB 1 3HOCOCTIMKOCTI TBEPOI'O CILIABY HICJISA
EJIEKTPOEPO3IIHOI'O AJIMA3HOIO IIIJTI®YBAHHS

VY po6oTi npeAcTaBIeHO pe3ysbTaTH KOMILUIEKCHOTO JOCIIKEHHsI BIUTHBY €JIEKTPOEPO3iifHOro anMa3Horo HutihyBaHHs 31 3MiHHOKO TOJSPHICTIO
@JIEKTPOiB Ha (pOpMyBaHHS 3aJUIIKOBHX HAIpPYXXCHb Yy IMOBEPXHEBOMY Iapi TBepaoro ciuiaBy BK6 i Horo excrryaTamiiiHi XapaKTEpHCTHKH.
MeToI0M PEeHTICHOCTPYKTYPHOIO aHajli3y BCTAHOBJEHO, IO IICIsI eNEKTPOepO3iiHOro 1utiyBaHHS piBEHb 3aJIMIIKOBHX CTUCKAIOYHX HAIpPYIKEHb
craHoBUTh -3,8 I'Tla, 110 icTOTHO BHILE MOPIBHAHO 3 anMa3Ho-ickpoBuM HutidyBanusaM (-1,2 I'Tla). BusisieHo, mo po3mipu obiacTelt KOrepeHTHOro
PO3CifOBAaHHS TICTA eneKTpoeposiitHoro muTihyBanns cTaHoBIATE 200 A, MO CBITYATH TIPO MEHIIy TETUTOHANPYKEHICTh TPOIECY TOPIBHAHO 3
anMasHo-ickposuM tmmidysarnaM (150 A). TIpoBemero crifikicHi BHTpO6GyBaHHS piKyduX TUTACTHH MiJ 9ac TOWiHHS ciporo wasymy CU20,
00po6IeHNX pi3HUMH MeToaMH nuTihyBaHHs. BCTaHOBICHO KOPEISLII0 MiXK BETHYMHOIO 3aTUIIKOBHX MAKPOHAINPYT CTHCHEHHS Ta 3HOCOCTIMKICTIO
iHCTpyMeHTa. EKCrepiMeHTanbHO JOBEAEHO, IO CTIHKICTh IUIACTHH MICIS eNeKTpoepo3iiHoro mumi¢yBaHHSA HA 53% BHUINA HOPIBHSAHO 3 aIMa3HO-
iCKpOBHM MITi(yBaHHAM, IO MOSCHIOETHCS OUTBIN CHPHATIMBUM HAIPYKCHUM CTaHOM IIOBEPXHEBOTO HIAPY i MEHINOIO IIOPCTKICTIO 0OpoOIIeHOT
MOBEPXHI.

KimiouoBi ci10B: enexTpoeposiiiHe anMasHe NUTI(QyBaHHS, 3aIUIIKOBI HANPYKEHHs, TBEPAHil CIIaB, 3HOCOCTIHKICTb, PEHTT€HOCTPYKTYPHHH
aHaJi3, MAKPOHAIPYKEHHS, IOJIPHICTh eIeKTPOIB, CTIHKICTh IHCTPYMEHTY, IOBEPXHEBUI mmap, nedopmaris, ha3oBui CKIam.

STRELCHUK R., RIABENKOV I.

REGULATION OF THERMAL PROCESSES DURING ELECTROEROSIVE GRINDING WITH VARIABLE ELECTRODE

POLARITY

The paper presents the results of a comprehensive study of the effect of diamond EDM grinding with alternating electrode polarity on the
formation of residual stresses in the surface layer of VK6 hard alloy and its performance characteristics. X-ray diffraction analysis has shown that
after EDM grinding, the level of residual compressive stresses is -3.8 GPa, which is significantly higher than after diamond spark grinding (-1.2 GPa).
It was found that the size of the coherent scattering regions after EDM grinding is 200 A, which indicates a lower thermal stress of the process
compared to diamond spark grinding (150 A). Stability tests of cutting inserts during turning of grey cast iron CU20, processed by different grinding
methods, were carried out. A correlation between the value of residual macro compressive stresses and tool wear resistance was established. It has
been experimentally proven that the durability of the plates after EDM grinding is 53% higher compared to diamond spark grinding, which is
explained by a more favourable stress state of the surface layer and lower roughness of the machined surface.

Keywords: electrical discharge diamond grinding, residual stresses, hard alloy, wear resistance, X-ray diffraction analysis, macrostresses,
electrode polarity, tool life, surface layer, deformation, phase composition.

Beryn. SlkicTe MOBEpPXHEBOT'O MIapy Pi3albHOTO IHCTPYMEHTY, IO (OPMYETBCS B Tporeci mutidyBaHHSA,
ICTOTHO BIUIMBA€E Ha HOTO eKCIUIyaTamiiHi xapakrepucTHku. OcoOnMBHil iHTEpeC CTaHOBHUTH BHUBUCHHS 3aJHMIIKOBUX
Hanpy>KeHb, [0 BHHUKAIOTH y TOBEPXHEBOMY IIapi MICIA PI3HUX MeToAiB mutipyBambHOI 00poOku. Y cydacHOMY
MaImrHOOYyBaHHI MIMPOKO 3aCTOCOBYIOTh TBEPAOCIUIABHI IHCTPYMEHTH, SKi MOTPeOyIOTH €()EeKTHBHUX METOIIB
3aTOYyBaHHS 1 BIJHOBJICHHSI PKYUYHX BiacTHBOCTeH. EnexTpoeposiiiHe anmasHe nuriyBaHHs 31 3MIHHOIO TOJISIPHICTIO
CJIEKTPOJIIB € TEPCIEKTMBHUM METOIOM OOpOOKHM TBEPJOCILIABHOTO IHCTPYMEHTY, IPOTE BIUIMB I[bOTO METOJY Ha
(hopMyBaHHSI 3aJIMIIKOBHX HAPYXKEHb 1 3HOCOCTIMKICTh IHCTPYMEHTY JIOCHIPKEHO HEJ0CTAaTHBO.

IcHyIOYI METOAM EIeKTPOCPO3IHHOro0 ajiMa3HOro OOpOOJCHHS HE 3aBXau 3a0e3MeuyroTh HEOOXIiTHI SKICHI
MOKa3HUKHK 32 OJHOYACHOTO 3HIKCHHS NHUTOMOI BHTPAaTH aJMa3HOro IHCTpyMeHTy Ta eHeproBurpar. OcolnnBo
aKTyaJIbHOIO € TpobsieMa ()OpMyBaHHS CIPHUSATIMBOIO HANPY)KEHOTO CTaHy MOBEPXHEBOIO MIAPY TBEPIOCILUIABHOTO
IHCTPYMEHTY, OCKUIBKH caMe BiH 0araTto B YoMy BH3Ha4a€ eKCIDTyaTalliHy CTIMKICTh pikydux IutacTuH. [Ipu oMy
Ba)KJIMBO BPaxOBYBATH BIUIMB Pi3HUX TEXHOJIOTIYHUX YHHHHKIB — TEIIOBOTO, CHJIOBOTO Ta (pa3oBoro — Ha popMyBaHHS
3aJIMIITKOBHX HAIPY)KEHB Y TpoIIeci IUTipyBaHHS.

MeTor0 1ILOTO JIOCHIDKEHHS € BCTaHOBJICHHS 3aKOHOMIpHOCTEH (hOpPMYyBaHHS 3aJIHMIIKOBUX HAIPYKEHb Y
MMOBEpXHEBOMY Tmapi TBepaoro cruiaBy BK6 mim wac enekTpoepo3ifHOro anMasHOTO NDTipyBaHHS 31 3MiHHOKO
MOJISIPHICTIO €JEKTPOJIB i BU3HAUCHHS [XHBHOTO BIUIMBY HAa 3HOCOCTIMKICTB piXydoro iHCTpyMmeHTy. Lle macte 3Mory
ONTHMI3yBaTH TEXHOJIOT1YHI PEXKUMH OOPOOKHM ISl TiJIBUILEHHS EKCIUTyaTal[liHUX XapaKTePUCTUK TBEPAOCIUIABHOTO
IHCTPYMEHTY. SIKICTh MOBEPXHEBOTrO LIApy Pi3aJIbHOTO IHCTPYMEHTY, O (opMyeThCst B Tipolieci nutiyBaHHS, iCTOTHO
BIUIMBa€ Ha HOTo eKCIUTyaTamliifHi XapakTepucTHkH. OcoONMBHI 1HTEpEeC CTAaHOBHUTh BHBYCHHS 3aJHIIKOBHX
HaTpy>KeHb, 10 BUHUKAIOTH y ITOBEPXHEBOMY IIapi MiCHs Pi3HUX MeTOAiB muTipyBansHOI 00pobku. Enexrpoeposiline
anMasHe NUTipyBaHHS 31 3MIHHOIO MOJISIPHICTIO €EKTPOMIB € MEePCHEKTHBHUM METOIOM OOpPOOKH TBEPAOCIIIABHOTO
IHCTpYMEHTY, MPOTe BIUIMB I[hOTO METOAY Ha (OPMYBaHHS 3aIMIIKOBHX HANPYXXEHb 1 3HOCOCTIHKICTH 1HCTPYMEHTY
JIOCITIZPKEHO HEJIOCTAaTHBO.

AHaJti3 OCHOBHUX MOCSITHEHb Ta JiTepaTypH. 3aJIMIIKOBI HANpyXeHHS KIacHU(]IKyIOTbCS Ha J[BI OCHOBHI
KaTeropii: MakpOCKOIi4Hi (HampyXeHHS NEpIIoro pojJy) Ta MIKPOCKOIYHI (HaNpyXeHHS ApYroro poay).
MakpoHarnpy>xeHHs BUHUKAIOTh y MakpooO'eMax marepially Ta € pe3yJbTaTOM PiBHOBAarM CHJ y BEIMKUX MaciiTabax.

MikpoHanpy»XeHHsl, HaBIakH, GOPMYIOTHCSI MK OKPEMHUMH KPUCTAIITAMHU 200 IX rpyrnamHu, a TaKoX MK pi3HUMH
© P.M. Ctpenbuyk, 1.0. PabeHkos. 2025

¢asamn Matepiany. Lli Hanpy)keHHS MOXXYTh MaTH Pi3HUH XapakTep i BIUIMBATH Ha BJIACTUBOCTI Marepiaiy Ha Pi3HHUX
piBasx. [Tix gac numidyBaHHsS OBepXHS MaTepialy MiIaeThesl IHTEHCHBHOMY HarpiBy uyepe3 Tepts. Lle npu3Boaurs 10
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JIOKaJbHOTO PO3LIMPEHHS MaTepially, a ICIs OXOJNOKEHHS — JO YTBOPEHHS 3aJHMIIKOBHX HANpyXeHb PO3TATY.
TemoBi Hanpy>keHHS MOXYTh 3HAYHO BIUIMBATH Ha MIIIHICTh MaTepiany, OCOONMBO SKIIO BiH CXWIBHUHN J0 YTBOPEHHS
TPIIIKH TIPH TEPMIYHUX HaBaHTaXeHHsX [1].

MexaHiuHe BIUIMB NUTI(QYBAJFHOTO IHCTPYMEHTY Ha TOBEPXHIO MaTepiady NpPH3BOAWTH OO IUIACTHIHOL
nedopmanii noBepxuesoro mapy. L gedopmaris cripusie yTBOpPEHHIO 3aJMIIKOBHX HAIlpyKeHb CcTHCKy. Ha BinmMmiHy
BiJl TEIJIOBUX HaNpy>KeHb, CTHUCKYIOUl HANpy>KeHHS MOXYTh IOKpallyBaTH MIIHICTh MaTepialxy, 30Kpema Horo
CTIHKICTh 10 MikpockomoBaHHA. [lin yac nnridgyBanHsS MOXyTh BinOyBaTHCs ()a30Bi NMEPETBOPEHHS B IOBEPXHEBOMY
mapi Matepiany, 10 TPU3BOJMTH 10 3MiHH Horo o6'emy [2]. Lli 3MiHH TakKOX € JKEPEIOM 3aIHIIKOBUX HAMPYKEHb.
OpHak BIUTMB (ha30BUX MEPETBOPEHb HA 3HAK 1 BEJIMYMHY HAIPy>KEHb 3aJIMIIA€THCS HEOJHO3HAUYHUM 1 3aJIEKHUTh BiJ
KOHKPETHHX YMOB 0OpOOKH Ta BIaCTHBOCTEH MaTepiaiy.

3anumKoBi HAMpy)KeHHS MOXYTh SK ITOKPAIlIyBaTH, TaK 1 IOTipIIyBaTH EKCIUTyaTalliifHi XapaKTepUCTHKA
MaTepialiB, 3aJeXKHO BiJ iX 3HaKa Ta BeIWMYMHH. Hampukman, CTHCKYIOYi HaMpy)KeHHS IiIBUIIYIOTh CTiHKICTH
MaTepiary 10 YTBOPEHHS TPIiMIKH 1 MiKpOCKOIIOBAHHS, 1[0 OCOOIMBO BAXKIIUBO IS KPUXKUX MaTepialiB, sSKi IPaIfol0Th
B YMOBax 3HAaKO3MIHHMX HaBaHTaXeHb. 3 IHIIOro OOKy, HANpyXEHHS pO3TATY MOXKYTh 3HAYHO 3HIKYBATH
BTOMYCTIHKICTh Matepiaily, IO MPHU3BOIUTH 10 MEPEeNYacHOTO PYHHYBaHHS AeTaield. Y BHIIAQAKYy TBEpAHX CIUIABIB,
takux sik BK6 (cruiaB Ha ocHOBI kap0iny Bonb(pamMy Ta KOOANbTy), 3AJIMIIKOBI HAIIPY>KEHHSI MOKYTh BIUIMBAaTH Ha iX
3HOCOCTIMKICTh. DBUIbLIICT JOCHITHHUKIB CXOAATBCS HA JyMII, IO CTHUCKYIOYl HANpYXEHHS IOKPAIyIOTh
3HOCOCTIMKICTh IHCTPYMEHTIB, TOJI SIK 3HAUHI HANpYXEHHs OyIb-SIKOr0 3HAKY MOXYTh NPH3BOJAUTH O 301IbIICHHS
3Hocy. lle moB'si3aHO 3 THM, L0 B TBEpAMX CIUIaBax, sKi € rerepodasHUMH MartepiajamMu, (OPMYIOTBCS SIK
MaKpOHANpYXEHHs, TaK 1 MIKpOHANpyXeHHs MK ¢da3amu, L0 YCKJIAJHIOE MpPOTHO3YyBaHHS iX BIUIMBY Ha
3HOCOCTIHKICTS.

Emextpoepo3iitHe anMasHe nnTipyBaHHS € OIHUM 13 METONIB OOpPOOKH TBEPIUX CIUIABIB, KU BiAPI3HAETHCA
Bil TpagUIiifHOTO NDTiI(pyBaHHS BHKOPHUCTAHHSAM EJCKTPUYHUX PO3PSAiB AN BHAaleHHS Martepiamy. Lle#t meron
IO3BOJISIE JOCATTH BHCOKOI TOYHOCTI OOpOOKM Ta 30epertm penbed pikydoi moBepxHi iHCTpyMeHTy. OmgHax
eJIeKTpoepo3iiiHe anMa3He UUTIQYyBaHHS TAKOX CYNPOBOKYEThCS YTBOPEHHSIM 3aJMIIKOBUX HAINpPYXEHb Yy
noBepxHeBoMy Imapi matepiany [3]. OcoOIMBICTIO eNeKTPOEPO3iMHOro anMa3zHoOro HUTiQyBaHHS € 3MiHA TOJISIPHOCTI
€JIEKTPOJIB y 30HI pi3aHHS, IO BIUIMBAE HAa TEIUIOBHH Ta CHJIOBHH (akTOpy (JOPMYBaHHS 3AIMIIKOBHX HANpyXeHb. Y
MOPIBHSHHI 3 aJIMa3HO-ICKPOBHUM ILTi()yBaHHSM, €IEKTPOEpo3iiiHe ajaMasHe nutipyBaHHS XapaKTePH3YEThCS MEHIIO0
TEIUIOHAIPYKEHICTIO, 10 J03BOJISAE NPHUIYCTUTH OUIBLIMH BIUIMB CHJIOBOTO (pakTopa Ha (OPMYBaHHS 3aJIMIIKOBHX
HanpyxeHb. lle Moke MPHU3BOMUTH 110 TEPEBAXHOIO YTBOPEHHS CTHUCKYIOUMX HANpy>KeHb Yy MOBEPXHEBOMY wIapi
TBepaoro cruiaBy BK6.

Metonuka pociimkenHs. CTaH TOBEpPXHEBOTO INApy BHBYABCS B TBEPAOCIUIaBHMX IUtacThHax BK6 y
BHXITHOMY CTaHi IICJs CIIKaHHA Ta TOJipYBaHHS, MICIS €IeKTPOepO3idHOTO Ta ajIMa3HO-ICKPOBOTO NDTiQyBaHHA 3a
TakKAX YMOB: Ha 3aTO4YyBalbHOMY BepctaTi mopeni 3JI642E 3acrocoByBanmm TOpLEBY CXeMy MITi(pyBaHHS, IO
3IIACHIOBAITY YalIKOBUMH KpyraMmu KoHIuHOT popmu 12A2-45° 150%10%3%32 Ha 381311 M1-01 3 anma3HuMU 3epHaMU
AC6, 3zepructictio 100/80 i koHIEHTpatiero - 4. Pexximu 06poOku: HopMansHUA TUCK Pu=1,2 MIla, mBHIKICTH KpyTra
V=25 wm/c, ammuiiTya immyibscy po3psaHoro crpymy |=8A, wactora npoxospkeHHs immyibciB f=44KI'n. MogesbHi
3pa3Kd MiJJaBaIHCA PEHTTCHIBCBKOMY JochikeHHI0O Ha mudppakromerpi JPOH 2.0 y dinerpoBaHOMY
BUIIPOMIHIOBaHHI 3aii3Horo anona. /ludpakrorpamu peectpyBayiucs moto4koBo 4yepe3 0,1° 3 eKCIO3MIIEI0 B KOXHIH
toutti 10". Po3mip obiacTelt KOrepeHTHOTO PO3CIFOBAHHS OI[IHIOBAJIM 33 PO3IIUPEHHSM JIiHiH 3a popmyioro CenskoBa-
[leppepa. AHani3 Hanpy*eHOro CTaHy MNPOBOAMBCA 3a JomoMorow Siny —meromy. Jlis 3ilomok Oyno oGpaHo
MaKCHMaJIbHY JIiHIIO 3a pi3HOro KyTta 20. J[is KoXKHOro 3pa3ka 0yIJio MpoBeieHO NEePIeHANKYIISIPHY 3HOMKY Ta MOXHJI
siiomku 3a =130° i £50°. PiBeHb 3aHIIKOBUX HAMPYKEHb BU3HAYATH 3a hopmyoro [4]:

oo B Gy-di 1
1+p d.L sinzw

@

ne d, — MDKIUTOLIMHHI BiJCTaHi, BUMIPSIHI M KyTOM i [0 HOpMaii A0 MOBEPXHi 3pa3ka; Y — KyT MDK HOPMOIO JIO
MIOBEPXHI 3pa3Ka 1 BiIIOBIIHOI0 HOPMOIO JI0 TUTOIIHH, 110 BiIONBAIOTE.

Y pos3paxyHKax MNPHUHHATO MAaKpPOCKOIIYHI 3Ha4YeHHS NpyKHHMX mocriiamx: E=720 I'Tla, x=0,18. dusa
XapaKTEePUCTUKU CTaHy IOBEPXHEBOTO INapy MPOBOIWIN SIKICHMH (ha30BUI aHaii3, OIIHIOBANIM po3Mip oOiactei
KOTEPEeHTHOTO pO3CiIOBaHHS 1 piBeHb (BeNMYMHA 1 3HAK) 3aJIMIIKOBMX MakpoHamnpyr. Ha pumc. 1-3 HaBemeHO
TudpaKkTOrpaMu TOCIiIKYBaHUX 3pa3KiB TBeporo ciiaBy BK6 3a pi3Hux craiB.

3a posmupeHHsM qupaKImiiHuX JTiHiH Ha Manux KyTtax 3a ¢opmynorwo Cemnskosa-Illeppepa [5] Busnauamu
PpO3MipH 00JIacTel KOTepEeHTHOTO po3citoBaHHs (puc.4):
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Jliss moCHiKeHHsT BIUTUBY CIIOCOOIB ILTiI()yBaHHS HAa 3HOCOCTIMKICTH PI3aJIbHOTO IHCTPYMEHTY IMPOBEICHO
CTIMKICHI BHUIPOOYBaHHS TBEpJOCIUIABHMX IuiacTHH Mapku BK6. EkcnepuMeHTH mNpoBOAMIM Ha TOKapHO-
rBUHTOpI3HOMY BepctaTi 16K20 mix yac TouiHHS 6e3 oxojomkeHHs ciporo yaByHy mapku CH20 (HB180), po3mipu
3aroToBkd 0 = 45 mm, | = 200 MM 3a Takux pexumis: V = 100 m/xB, S = 0,075 mm/06, t = 0,8 mm. Pi3mi manu taki
reomeTpuuHi napamerpu: y = 0% a = 6° 4 = 0% ¢ = 45° @1 =45°. 3a kpurepiii 3aTymieHHs OyJ0 MPUIHATO 3HOC 110
3aauii moBepxHi h,= 0,4 MM, sIKHii BUMiprOBan 6e3MocepeIHLO Ha BEPCTATI 3a JOIIOMOTO00 Mikpockomna "Mup — 2
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Puc. 3 — Jludpakrorpama cTany TBEPIOrO Puc.4 — sin®y - rpadiky MoziebHUX 3pa3KiB
crutaBy BK6 micist enekTpoeposiitHoro TBepaoro criapy BK6

aJMa3Horo HuTiQyBaHHI

PesyabraT. Y pesynbTari po3paxyHKIB BHSBHIIOCS, IO MaKCHMAaJIBHHH pO3Mip 00JacTi KOTE€peHTHOTO
poscitopanns (OKP) xapaktepHuii ;s BUXigHOTO 3paska TBepuoro crmaBy BK6 — 600 A, micis anmasHo-ickpoBoro
utidysanns posmip OKP icrotHo memmmii — 150 A, a micis enmexkTpoeposiiiHOTo anma3sHOro uuTidyBaHHS HEII0
36inpmyroThes i cranoButh 200 A. Ha puc.4 HaBeneHi sin®y — rpadiku JOCHiIKeHHX MOJENLHUX 3Pa3KiB TBEPIOTO
cruiaBy. IIpencrasieHi rpadiku HalOTh 3MOTY OIIHUTH piBeHBb HedopMarlii, a TaKOXK 3HAK 1 BETUYMHY 3aTHITKOBHX
MaKpoOHaNpyXeHb. Y pe3ylNbTaTi pO3paxyHKiB, BHUABWIOCA, L0 HAHOLIBIII po3Mipu o0JacTel KOTepeHTHOTO
pO3CilOBaHHs XapakTepHi i1 BHXiAHOro 3paska Teepaoro cmiaBy BK6 — 600 A, micns anmasHo-ickpoBoro
utigysanns posmipu OKP ictotHo menmi — 150 A, a micns enextpoeposiiiHoro amMasHoro nutiyBaHHs JA€NI0
36inbITyI0ThCS i cTaHOBIATH 200 A.

Ha puc. 4 naseneni Siny — rpadiku JOCIIIKEHHX MOJENBHUX 3paskiB TBEpAOro criapy. IlpeicTabieHi
rpadikn Ial0Th 3MOTY OIIHWTH PiBeHb Aedopmariii, a TaKoXX 3HAK 1 BEIWYWHY 3aJHIIKOBHX MaKpOHANpykeHb. [l
BHXiZHOrO 3paska SiN%y — rpadik sBIge co0OI0 MPAaKTHYHO HPAMy JiHiI0 HapajelbHy oci sin2y, IO CBIXYUTH IPO
BiJICYTHICTh MaKkpOHAINpPyT y TOCIiHKEHOMY 3pa3Ky micis crikanas. Ti Hesenuki nedopmarii (€=0,002 Mm) 1 3ayIHIIKOBI
CTHCKaro4ui MakpoHamnpyxeHHS (¢ = - 0,22 TTla) maOyTe, BHKIMKaHI HoJipyBaHHAM. [licis emeKkTpoepo3iitHOTrO
anMa3HOTo HuTihyBaHHS 31 3MIHHOIO TOJISIPHICTIO €IEeKTPOIB, BUSABJIEHI Aedopmariii icrotHo Bumi 3a (¢ = 0,036 mm),
OLIIHKA PiBHS 3aJMIIKOBUX CTHCKAIOUMX HANPYXKEHb Jae 3HaueHHsd ¢ = — 3,8 'Tla. ¥V 3pa3ky miciist ainMa3Ho-icKpoBOTro
nuridysanns gepopmais (¢ = 0,012-), a ¢ = — 1,2 I'Tla. 3HMKeHHS piBHS 3aJIMIIKOBUX MAaKPOHATPYT ITiJ] Yac ajJMa3HO-
ICKpoBOTo HuTi)yBaHHS MOXKHA IMOSICHUTH BHIIMM piBHEM TeMIlepaTyp, IO PO3BHBAIOTHCSA B 30HI pizaHHs. [Ipo me
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cBimuuTh 1 30impmenHs po3MipiB OKP. Takox iHTeHcH(]iKaIlis pexuMiB 0OpOOKH CTIOYATKy CIPUYMUHSE 3POCTAHHS
BEITMYMHN CTUCKAI0UOi 3aIMINTKOBOI jJedopmarii, a mMoTiM - 3HIKEHHA. Lle CBIIUNATH PO B3aEMOJII0 JBOX YMHHHUKIB -
CHIIOBOTO 1 TEILIOBOTO - 3 EPEBAYXKAHHIM CHJIOBOIO, 10 (hopMye CTHCKYroUy aedopmariiro [6].

Crin MpUIyCTUTH, IO 3aJIMIITKOBI HANpy>KeHHS B TIOBEPXHEBOMY INapi TUIACTHH 1 CTIHKICTh IUX TUTACTHH IS
PiKYy4Oro iHCTPYMEHTY MaroTh OyTH B3a€MOIIOB'sI3aHi, TOMY OYJIM MPOBEACHI CKCIIEPUMEHTH 3 BU3HAYCHHS CTIHKOCTI
Tokapuux pisiiB [7]. Crilikicte pi3iiB, OCHAIIEHHX TBEPJAOCIJIABHUMH ILIACTHHAMM, OIIHIOETHCS KiJIBKICTIO
00poOieHux Jeranei 3a yac nepiony criiikocti. HemoctaTHs CTiHKICTh NPU3BOJAUTH O 3HMXKEHHS IPOJYKTHBHOCTI Ta
JIOJIATKOBUX BHUTpPAT IHCTPyMEHTaJIbHOTO Marepiany. ToMy B Iiii poOOTi NPHIIIEHO yBary He TUIBKH Mi00pYy PEKUMIB
pi3anHs, a i ciocobam (hopMyBaHHS Ta BiTHOBJICHHS PIXKy40i KPOMKH TBEPIOCIUIAaBHOTO iIHCTPYMEHTY.

Ha puc. 5,6 nokazano mikpodororpadiro (a) i npodinorpamy (0) moBepxHi pixkyuoi KPOMKH TBEPJIOTO CILIaBY
BK6 micist anMa3HO-iCKpOBOTO Ta €JIEKTPOEPO3iHHOTO HuTipyBaHHA 31 3MIHHOIO IOJIAPHICTIO €NEKTPOIiB. Y
MIPOBEJICHUX JOCIHIHKCHHIX 32 KPUTEPid CTIHKOCTI Pi3aJlbHOTO IHCTPYMEHTY NPUHHATO BEIWYUHY (acKu 3HOCY TIO
3aHii moBepxHi h,=0,4 MM, Ha IiICTaBi peKOMEH AL YHHHOI HOPMATUBHOI TOKYMEHTAILi1.

H
IHIIH\IlHIHIHIlH\IHII\

LI e e I B I B B
100 200 300 400 500
x

a — Mikpodororpadist pixxydoi 6 — [Ipodinorpama pixkyuoi KpOMKH
KpOMKH TBeporo ciuiasy BK6 TtBepaoro criaBy BK6 (Ra 2,793 mkm)

o

Puc.5 — Cran moBepxHi pixy40i KpoMKH TBepaoro cruiaBy BK6 micns amma3Ho-ickpoBoro nutiyBaHHS

%5
0,2—§
D,lé
=-0,0 —z
-O,l—g
70,2—5
‘0'32||||||||x||||||:||||||y||||||||n||||nr|||||nn||||
o 100 200 300 400 500
a — Mikpodororpadis pixxydoi 0 — [Ipodinorpama pi>Ky4oi KpOMKH
KpOMKH TBepaoro cruiaBy BK6 TBepaoro cioiaBy BK6 (Ra 0,827 mxm)

Puc. 6 — CraH noBepxHi piXky4oi KpoMKH TBeporo crmaBy BK6 micns enexTpoepo3siifHoro nutidyBaHHS
crutaBy BK6 micns enextpoepo3siitHoro nutiyBaHHS 31 3MIHHOO TOJISPHICTIO €IEKTPOIIB

Ha puc.7 noka3aHo 3HOC IUIaCTHH 3a OJHAKOBHX PEKMMIB pi3aHHS, ajie PI3HUX 3a 4yacoM pizaHHs. Pe3ynbratn
JOCHI/pKeHb mokasanu, mo h,=0,4 MM, oOpaHuil sk KpuTepii CTIMKOCTi, HA IUIACTHHI MICJI AMa3HO-iCKPOBOTO
uutidyBaHHs gocaraeTbes yepe3 55 xB. IlmactuHa, siky oOpOOMIM €NeKTPOepo3iMHMM LUTIYBaHHAM, 4Yepe3 TaKui
camuii TepMmiH pobotu 3Homena Ha 0,28 mm. 3Hoc h,=0,4 MM IJTaCTHHH MiCIs EIEKTPOEPO3IMHOTO MUTI(YBAHHS
BiZI0yBaeThCs yepe3 84 XB. poOOTH.

a) IICIIs aTMa3HO-1CKPOBOTO NLTi(hyBaHHS 0) micins ene}qpepo3i17moro nutiyBaHHS
(hs=0,4 mm nipu T=55 xB) (hs=0,4 Mmm nipu T=84 xB)
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Puc. 7 ®acka 3HOCY 110 3a/IHIN MOBEPXHI TIIACTUHH

TakuM 4YMHOM, CyMapHUH dYac HOPMA@JIBHOTO 3HOCY, 3a SKUH
JocsATaEThest oOpane 3HadeHHS h,=0,4 MM y 3aTOYEHOI IUIACTHHH
CrocoOoM  eNeKTpoeposiiiHoro  nuripyBaHHS 31 3MIHHOIO
MOJIIPHICTIO €JIeKTpoaiB Buie Ha 53%. PesdynbraTé mpoBeneHHX
BUIPOOYBaHb TOKa3aHO Ha puc. 8. BuBUEHO cTaH MOBEPXHEBOTO
mapy B 1wuactuHax BK6 micns  anmasHo-ickpoBoro - Ta
€JIEKTPOEPO3iifHOr0 1UTIQyBaHHS; BHUSBICHO 3HIKEHHS pIBHA
CTUCKAJIPHUX 3JIMIIKOBHX MAaKpOHANpPyT IPH aIMa3HO-ICKPOBOMY
nuTipyBaHHI, IO TMOSCHIOETHCS BUIIUM piBHEM TeMIepaTyp, SKi

0,6 4

0,5

0.4+

h, (Mm)

034

pO3BHBAOTECS B 30HI  pizaHHi.  Hanpukmanm, — micns

1 - - - z= o, CIeKTpoeposiifHoro mnuriyBaHHS BHSBJICHI nedopmamii iCTOTHO

T (vm) Bumi 3a (¢ =0,036 MM) i1 piBeHb 3aJHIIKOBHX CTHCKAIOUMX

Puc. 8 — 3anexHicts 3HOCY HanpyXeHb cTaHoBUTh o= —3,8 [Tla; micias amMa3zHO-iCKPOBOTO
wiactuay BK6 Bix yacy TouiHHS. urtidysanns nedopmanis ¢ = 0,012 mm, a 0= —1,2 I'Tla.

BucHoBKH. AHai3 MpeACTaBICHUX PE3yJbTATIB MiJ 4Yac EJICKTPOCPO3iiHOro nutiyBaHHSA IOKAa3ye, IO
CTIMKICTh IUTI()OBAHUX IHCTPYMEHTIB 3aJIEKUTh Bijl 3aJIMIIKOBUX MaKpOHAIPYT, 1110 BUHUKAIOTh Y IIOBEPXHEBOMY ILIapi.
BinpuinM 3HaYeHHSIM MaKpOHAIPYT CTUCHEHHS (o) BIANOBIJAIOTH BUIII 3Ha4eHHs 4acy po0otH (7) 1 MeHIa NIOPCTKICTh
MTOBEPXHI PIXKY40i KPOMKH ITOPIBHSHO 3 TPOLIECOM aMa3HO-iCKPOBOTO MUTi(yBaHHS.

TakuM YMHOM, MOKHA BBa)KaTH BCTAaHOBJICHMM B3a€MO3B'S30K 3aJHMIIKOBHX MaKpOHANPYT CTUCHEHHS B
TIPOIIECi SIEKTPOSPO3IHHOTO aIMa3HOTO NUTIhYBaHHS, SIKUM PO3TIIIAETHCS, 31 3MIHIOBAHOIO TOJIIPHICTIO €IEKTPOIIB i
CTIMKICTIO, BUTOTOBJICHUX 3 HHOTO PIKYyUUX IHCTPYMEHTIB.

Otmxe, eNeKTpoeposiiiHe anMasHe NUTIpYBaHHA € MEPCICKTUBHUM METOJIOM OOpPOOKH TBEPAOCIUIABHOTO
IHCTPYMEHTY, OCKIJIbKH chpuse (GOPMYBAaHHIO CIPHATIMBUX 3aJMIIKOBUX HANpPyXXeHb y MOBEPXHEBOMY MIapi, IO
MIBHIIY€ HOTO JOBTOBIYHICTD 1 3HOCOCTIHKICTh. JIOCTIIMKEHHS [IUX MPOIECIB € BAKIMBUAM JJIs ONTUMI3aIlil TEXHOIOTIT
00poOKH Ta MOKpAIEHHS eKCIUTyaTalliiHUX XapaKTePUCTUK IHCTPYMEHTIB.
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TAPEJIBHHK B. B., JOIJEHKO A. 0., MOTY3HHUH M. M.

NIJIBUIIEHHSI 3HOCOCTIMKOCTI BAXUCHHMX BTY.JIOK CAJIbHUKOBUX YIIIJIBHEHb
HACOCIB, TPAI[IOIOYUX B YMOBAX NIJIBUIIEHOI KOPO3IIMHOI I ABPASMBHOI
AKTHUBHOCTI

Meroro po0OOTH € HiJBUIIEHHS epEeKTUBHOCTI By3ia canbHUKOBOTO yiuinbHeHHs (CY) BiALEHTPOBOrO HACOCY, MPALIOIOYOr0 B BaYKKHX YMOBaX
KOpO3iHHOTO 1 abpa3HMBHOTO BIUIUBY, NPUTAMAaHHOMY MeEJIIOpaTHBHHM CHCTEMaM, LUISXOM HAaHECCHHsS Ha IIOBEPXHIO 3axWCHOI BTyiaku (3B)
KoMOiHOBaHOTO KommosuiiiiHoro mokputTs (KKII), 3a paxyHOK MHOCHIZOBHOTO BHKOPHCTAHHS EKOJIOTIYHO OE3MEYHHMX METOMIB: LEMEHTAIl
enektpoickpoBuM JeryBanusM (L{ELI) + nanecenHs: meranononimepHoro Marepiany (MIIM) + oOpobka meranopixyunm inctpymentom (MI) +
Oe3abpa3uBHa yIbTpa3ByKoBa diHinmHa 06podka (BYDO).

3amagamu 0 CITiKeHHs Oy/IM: OLiHKa BIUTMBY Pi3HUX MarepiaiiB 3B Ha 3Hoc Ta Bu3HadeHHs BIuBY KKII Ha BenmmunHy 3H0CY moBepxHi 3B.

ABTOpaMH 3ampoINOHOBAaHMII HOBHi cmoci0 3axucTy moBepxHeBHX wmiapiB 3B CVY HacociB, MpamiorovnX B BaXKKHX YMOBAaX MENIOPATUBHUX
CHCTEM, BiJ KOPO3IHHOro i abpa3suBHOrO 3HOIIYBaHHS, SIKHil Hosrae B GpopMyBanHi Ha ix moBepxHsax KKII, manecennx B nocmigosrocti: LHEUT +
MIIM + o6pobka MI + BY®O, mo 3HauHO 30iIblLIye 3JaTHICTH ONMUPATHCS 3HOIIYBAHHIO, Ta TapaHTye OUIBII HaJiliHy poOOTy B arpeCHBHUX
cepeloBUIAax. Martepiaian JOCII/UKYBaHUX 3pa3KiB MO CTIHKOCTI MPOTH KOPO3iHHOro i abpa3MBHOrO 3HOLIYBAHHS PO3MOAUILIIOTECS B psax: 30X13,
12X18H10T i 40X. MeraneBi mopomiky, siki BAKOPUCTOBYIOTh IIpH apMyBaHHI [IM, 1o cTymeHo 3a0e3meueHHsT HallMEHIIIOr0 3HOCY PO3MOAIIAIOTECS
B IIOCIIZIOBHOCTI: NOPOIIOK HITPHIYy LUPKOHIIO, HOPOIIOK KapOiny Bombdpamy i Hikemro. [IIopcTKicTh MOBEpXHEBOro mIapy 3pa3KiB, BAKOHAHUX 31
crani 30X13 3 KKII, B sikux st apmyBassst [IM BUKOPHCTOBYBAITH [TOPOIIOK 3 HITPULY LUPKOHIIO, Micisi 24 TOANH iCIUTIB, ckiagae Ra = 2,2 Mkm,
mo BinnosixHo Ha 4,5 1 40,1 % xparue HiX IPY BUKOPHCTAaHHI IIOPOIIKIB 3 KapOixy BoabdpaMy i Hikesro. [[MHaMika 3HOIIYBaHHS CTAJICBUX 3pasKiB,
I Jiero Koposil i abpasMBHUX YacTOK, XapaKTepH3yeThCs 30UIBLIIEHHSM 3 4acoM ii e(eKTHBHOCTI, IO OLIBII BimOOpaXkacThesl Ha 3pasKax 3
MOKPUTTSMH, SIKi TIOCTYIIOBO BTPAvyalOTh BIUIMB Ha mpoiuec 3HoinyBanHs BractuBocteir KKII (TBepmocti i 3axucry Bim koposii). Y 3paskiB 6e3
MIOKPUTTIB, 3 YaCOM Ha ITOBEPXHi 301IBIIYEThCS KIIBKICTh 3pYHHOBAHHUX AUISTHOK i iHTEHCUBHICTb 3HOIIYBAaHHS, X0U 1 3HAYHO MEHII HiX Y 3pa3KiB 0e3
MIOKPUTTS, ajle BOHA TaKOXK Mae Micue. B nepmomy HaGmmkeHHI rpadiku 3HomryBaHHs 3paskiB 3i cranmi 30X13, 12X18H10T i 40X, sk 3 MOKpUTTAMU
TaK i 6e3 HOKPHUTTIB, HAraAyIOTh EKCIIOHEHIIITHO 3POCTAI0Ty 3aJICKHICTb.

KoiouoBi ciioBa: enexkTpoickpoBe JIETyBaHHS, CajJbHHKOBE YINIIBHEHHS, 3aXHMCHA BTYJKA, METAJIONOJIMEpHI MaTepialid, MeTalopi3abHUH
IHCTPYMEHT, 3HOC, TBEpIiCTh, IIOPCTKICTH, EKOJIOTiUHa Oe3neka.

TARELNYK V., DOTSENKO A., MOTUZNYI M.

IMPROVING THE WEAR RESISTANCE OF PROTECTIVE SLEEVES OF PACKING SEALS IN PUMPS OPERATING UNDER

CONDITIONS OF INCREASED CORROSIVE AND ABRASIVE ACTIVITY

The aim of this work is to increase the efficiency of the packing seal unit (PS) of a centrifugal pump operating under severe conditions of
corrosive and abrasive impact typical of reclamation systems, by applying a combined composite coating (CCC) to the surface of the protective sleeve
(PSI). This is achieved through the sequential use of environmentally safe methods: cementation by electrospark alloying (CESA) + application of a
metal-polymer material (MPM) + machining with a metal-cutting tool (MCT) + non-abrasive ultrasonic finishing treatment (NAUFT).

The objectives of the study were to evaluate the influence of different protective sleeve materials on wear and to determine the effect of the
CCC on the magnitude of wear of the protective sleeve surface.

The authors propose a new method for protecting the surface layers of protective sleeves of pump packing seals operating under severe
conditions of reclamation systems from corrosive and abrasive wear. The method consists in forming a CCC on their surfaces applied in the following
sequence: CESA + MPM + machining with an MCT + NAUFT. This significantly increases wear resistance and ensures more reliable operation in
aggressive environments. According to resistance to corrosive and abrasive wear, the materials of the investigated samples are ranked as follows:
30Kh13, 12Kh18N10T, and 40Kh steels. Metal powders used for reinforcing the polymer material, in terms of ensuring minimal wear, are arranged in
the sequence: zirconium nitride powder, tungsten carbide powder, and nickel powder. The surface roughness of samples made of 30Kh13 steel with a
CCC, in which zirconium nitride powder was used for polymer reinforcement, after 24 hours of testing is Ra = 2.2 pm, which is respectively 4.5%
and 40.1% better than when using tungsten carbide and nickel powders. The wear dynamics of steel samples under the action of corrosion and
abrasive particles are characterized by an increase in wear intensity over time, which is more pronounced in coated samples that gradually lose the
influence of the CCC properties (hardness and corrosion protection) on the wear process. In uncoated samples, the number of damaged areas on the
surface and the wear intensity increase over time; although this increase is significantly smaller than in coated samples, it is still present. As a first
approximation, the wear curves of samples made of 30Kh13, 12Kh18N10T, and 40Kh steels, both with and without coatings, resemble an
exponentially increasing dependence.

Keywords: electrospark alloying, packing seal, protective sleeve, metal-polymer materials, metal-cutting tool, wear, hardness, surface
roughness, environmental safety.

TAPEJIbHMK B. B., IOIIEHKO A. A., MOTY3HBII M. M.
HOBBIIIEHUE 3HOCTOI71KOC:[I/I SAIIUTHBIX BTYJIOK CAJIbHUKOBBIX YIJIOTHEHU HACOCOB, PABOTAIOIINX
B YCJIOBUSIX ITOBBIIIEHHOU KOPPO3UMOHHOMU U ABPABUBHOU AKTUBHOCTHU

Henpto paboThl siBisieTcs MOBbIMIEHHE 3()(GEKTUBHOCTH y37a canbHUKOBOTO yruoTHeHHs (CVY) HEeHTpoOEeKHOro Hacoca, pabOTaloUIero B
TSDKEJIBIX YCJIOBUSX KOPPO3MOHHOTO M a0pa3WBHOTO BO3ACHCTBHS, NMPHCYIIHE MEIHOPATHBHBIM CHCTEMaM, IyTeM HaHECEHHs Ha IOBEPXHOCTh
3amuTHOW BTynkH (3B) xomOmHMpoBaHHOrO KommosunuoHHoro mokpsitust (KKII), 3a cueT mociaemoBaTeNbHOTO HCIOJIB30BAHUS SKOJOTMYECKU
0e30IacHBIX METOJIOB: IIEMEHTALIUH AIIEKTPOUCKPOBBIM JeruposanueM (LIDMJI) + HaneceHne MeTaononumepHoro Matepuana (MIIM) + o6paboTka
MeTaIopexxyuM nacTpyMenToM (MU) + Oe3abpas3uBHas yibTpa3BykoBas GpuHumHAsS 00padotka (BYDO).

3amauamMy MCCleJOBaHMS OBUIM: OLCHKA BIIMSHMS PAa3IMYHBIX MaTepuanoB 3B Ha uzHoc u onpenenenue Biausaus KKII Ha BeqnuuHy M3HOCa
noBepxHocTH 3B.

ABTOpaMH IpeJUI0KEeH HOBBIH CIIOCO0 3alIUTHI MOBEPXHOCTHBIX ciioeB 3B CY HacocoB, pabOTAIOMNX B TSDKENBIX YCIOBUSIX MENTHOPAaTHBHBIX
CHCTEM, OT KOPPO3HOHHOTO M a0pa3sWBHOTO M3HOCA, KOTOPHIA 3akimiodaetcs B QopMupoBaHMH Ha uX moBepxHocTaX KKII, HaHeceHHBIX B
nociepoBarenbHocT: L[DUJI + MIIM+ oOpabotka MU + BY®O, uTO 3HAYMTENHHO YBEIMYMBAET CIIOCOOHOCTH CONPOTUBISATHCS H3HOCY H
rapaHtupyer Oojiee HaJEeXKHYI0 paboTy B arpecCHBHBIX cpelax. MarTepHaisl M3ydaeMbIX OOpasloB IO CTOWKOCTH TNPOTHB KOPPO3HOHHOTO H
abpa3uBHOro M3HOCca pacnpeaessirores B psu: 30X13, 12X18H10T u 40X.

© B.B.Tapenbhuk, A.O./lonenko, M.M. Moty3Huii.,. 2025
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Meramandeckue MOPOIIKH, HCIONb3yeMble Ipu apMupoBaHuu IIM, mo cremeHu obecriedeHMs HAaMMEHBIIETO H3HOCA PACIPENCIIIIOTCS B
OCJIe/IOBATENIBHOCTH: MOPOIIOK HUTPHUJA IIUPKOHMS, OPOLIOK KapOuaa Bosb(dpama u Hukens. IllepoxoBaToCTh MOBEPXHOCTHOTO CIIOSI 0Opa3LOB,
BbInoJHEHHbIX K3 cranu 30X13 u3 KKII, B koTopsix mist apmupoBanus [IM ucrosb30Baji MOPOIIOK M3 HUTPHJA LIMPKOHHUS, mociie 24 4acoB
HCTIBITAaHHUIL, cocTaBisieT Ra = 2,2 MKM, 4To cooTBeTcTBeHHO Ha 4,5 1 40,1 % nydmne, 4eM IpH UCIIONB30BAHHHU IIOPOIIKOB U3 KapOuaa Bonbppama U
HUKels. JIMHaMHKa MU3HOCA CTalbHBIX 00Pa3LOB, MOJ ACHCTBUEM KOPPO3UH U aOpa3HBHBIX YaCTHUILI, XapPaKTEPU3YETCs YBEIHYEHUEM CO BPEMEHEM ee
a¢dexTuBHOCTH, YTO Gosiee OTpaxkaeTcs Ha oOpas3Lax C MOKPBITHSIMH, KOTOPbIC IMOCTEMEHHO TEPSIOT BIMsHHE Ha mpoiecc usHoca cBoiicte KKIT
(TBEpAOCTH U 3aIIUTHI OT KOPpo3HH). Y 00pa3moB Oe3 MOKPHITHI, cO BpeMEHEeM Ha IMOBEPXHOCTH YBEIMYMBACTCS KOJIMYECTBO Da3pyIICHHBIX
y4aCTKOB M MHTEHCHBHOCTb H3HOCA, XOTS M 3HAYUTEIIHHO MEHBIIE, 4eM Y 00pa3LioB Oe3 HOKPHITHS, HO TaKXkKe UMEET MecTo. B repBoM npubimkeHun
rpaduku u3HOca oOpasuoB u3 cramu 30X13, 12X18HIOT u 40X, kak ¢ MOKPBITUAMH, TAK U 03 MOKPBITHIH, HAIOMHHAIOT JKCIOHEHLIHATIBHO
PacTyIIyIO 3aBUCHMOCTb.

KiioueBble cj10Ba: 3JICKTPOMCKPOBOE JIETMPOBAHUE, CAIbHMKOBOE YIUIOTHEHME, 3allMTHAS BTYJKA, METAJUIONOIMMEPHBIC MaTepualbl,
METAJUIOPEXKYIIHI HHCTPYMEHT, H3HOC, TBEPIOCTb, IIEPOXOBATOCTh, SKOJIOrNYECKast O€3011aCHOCTb.

Beryn. B poropHux Hacocax, Mpaifoloyux B BaKKMX yMOBaxX MeEJIiOPaTUBHUX CHCTEM, OJHHUM 3 BiINOBIZaIbHUX
BY3JIiB, BiJl SKOTO 3aJ€XKHTh TEPMIH iX e(peKTHBHOI poOOTH Hacocy € canbHHKOBe yiineHeHHS (CVY). BucHoBkamu
JIOCIIJKEeHb, TPOBEICHUX acollialli€lo YIIibHeHb B 3axinHiid €Bpomi, Maibke B 85% HacociB BUKOpHCTOBYIOTECS CY
[1], siKi MO3UTHBHO BiAPI3HAIOTHCS HE TUTBKH IIPOCTOTOI KOHCTPYKIIEIO, @ TAKOXK HU3BKOIO BapTICTIO BUTOTOBJICHHSI.

KoncTpyxTuBHI 0cobmmBocTi By3na CY neTanbHO omucaHi B [2], a cxema IpecTaBleHa Ha pUCYHKY 1.

Puc. 1. — CxemarnuHe 306pakeHHs KOHCTpyKuii By3na CY: 1 — kopryc; 2 — po3pi3Hi Kijblst canbHuka; 3 — 3B [2]

CanpHUKOBa HaOWBKa BHTOTOBISIETHCS 3 MILHOIO €JIaCTHYHOTO Marepiany, SKWH IOBMHEH BOJIOAITH
AHTU(PUKIIHHAMA 1 MAacTHIBHUMH BIIACTUBOCTSIMH, NPOTHUCTOSTH PO3UYMHEHHIO, PO30YXaHHIO 1 pO3M SKIICHHIO B
pobovoMy cepeloBHILI i HE BTpayaTH CBOIX BIACTHBOCTEH B yMOBax MiABHIIEHHS TemrepaTypu. CaqbHUKOBAa HAOWBKa
po3ramoBaHa y Kopiryci (1) y BUTISIIL pO3pi3HUX KiJlelb (2), SKi CTUCKAIOThCS B OCBOBOMY HAIPSMKY 1 3aBISKH IIbOMY
THCHYTH 3 OIHOTO OOKY Ha 3axucHy BTyJKy (3B) (3), a 3 iHmIOro Ha CTiHKH KOpIrycy. B pes3yibraTi 3a0e3medyeThes
moTpiOHa TepMETUYHICTB.

Kosnu Hacoc mpaiitoe, To MOBEPXHEBI [IAPH OKPEMUX HOro JeTajeil KOHTAKTYIOTh 3 PIAMHOI0, SKY BiH MEPEKAUYE.
ITix yac poGOTH HAacOCy B MEIIOPAaTMBHUX CHCTEMax, B PiMHI, SK NPaBUJIO, IIPUCYTHI aOpa3uBHI 4acTKH. Takox piguHa
Moxe OyTH KHCIIor0 abo inKok0, KOJIM B Hili IPUCYTHI PO3YMHEHI MiHEepalbHi JOOpHBa, 200 peYOBUHA, SIKA MONA/IAE ITi]
yac 00pOOKH MIKIAHUKIB poCiuH. PiguHa 3HoIIye moBepxHero 3B BHAcCTiIOK aii abpa3svBHUX YaCTOK, YaCTHHA 3 SIKUX
3aJIMIIA€ HA TIOBEPXHI BTYJIKM OKpEeMi MOAPSNWHM, a 1HIIA YaCTHHA BIIPOBA/PKYEThCS B MOBEPXHEBI IIApU CajbHUKA i
Jesikuii 4ac mapkye moBepxHio. Kpim mporo moBepxHs 3B mijisirae HeraTMBHOMY, KOPO3iHHOMY BIUIMBY BiJ
OTOYYIOYOTO CEpPEJIOBHUINA, SIKE CKIAAAETHCS 3 PIAKMX arpOHOMIYHMX Iperaparis, TOLIO.

TaknM YMHOM, IiJBUIIEHHS 3HOCOCTIMKOCTI IIOBEpXHEBHX MIapiB 3B, MpaIiorodnx B BaXKKHX yMOBaX aOpa3MBHOTO
1 KOpO3iHOTO 3HOIIYBAHHS aKTyaJIbHi.

AHaJi3 0CHOBHHUX J0CATHeHb Ta JiTepaTtypu. CydacHe MalIMHOOY/yBaHHSI Ma€ B CBOEMY 3amaci Jy>Ke BEJIUKY
KUTBKICTh METOJIB 3aXHCTY IMOBEPXHEBUX INApiB JeTalieil Bif 3HONIyBaHHS. HalOiNbII pO3MNOBCIOIKEHIMH € METOIU
ximiko-TepmiuHOi 00poOKH (XTO), 3 IKMX OCHOBHHMH € METOJIN HACHYCHHS IOBEPXHEBHUX MIAPIB JeTallel elleMeHTaMI
ByTJIEIio (IIEMEHTAIlisT) a30Ty (a30TyBaHHS) Ta OJJHOYACHOTO HACHYEHHS BYTJICIIEM i a30TOM (HiTpomemerTartis) [3-5].

He3Baxxaroun Ha HHM3KY MO3UTHBHHX 3MiH B IMOBEPXHEBUX mapax fetaneld mpu XTO, icCHYyIOTh 1 3HaAYHI HEJONIKH
Metoxy. Ilpm memenramii i HiTporeMeHTamii HeoOXigHe HarpiBaHHA JeTaji A0 TemImeparyp Buile (Ha30BHX
MIePETBOPEHb, 1 MPUCKOPEHE 0XOJIOHKEHHS, 0 MPU3BOANUTH JI0 3HAYHUX 3MiH i1 TeoMeTpii, ToOTO BiOyBalOThCs 3HAUHI
MTOBOJAKH Ta JKOJIOOJIEHHS, MICIIS 9Y0ro HEOOXiTHO MPOBOIUTH MPABKY JAETalli ITif IPEcoM, i K0 BHHUKae Hebe3meka ii
pyWHYBaHHS, TO 3HOBY HarpiBaTy, 00 3HHW3UTH TBEPIICTh Y TOBEPXHEBOMY IIapi, MiABHIIUTH IUITACTHYHICTH i 3HOBY
MpaBUTH Ha Tpeci. [HOII mIO omeparlifo MPOBOIATH NEKiNbKa pa3iB. Skmo medopmarii He XyKe BEIUKi, TO IETalh
nuTidyoTh B po3Mip, aje NpH IbOMY 3HIMArOTh HaWOUThIN TBepaui moBepxHeBWi map. Takox yci meromn XTO
JIOBIOTPHBAJI 1 €Hepro3aTparTHi, a iHOAI W ekosoriuHo HeOesmneuHi. OOnagHaHHA JuIs 3a0e3nedyeHHs XTO ckmanHe i
BeJmKorabdaputHe [6].

ABropamu [7] 3amnpornoHoBaHo Matepian 3B calbHMKOBHX YIIUIBHEHB, SKi CepiifHO BHpOOISIHCH 31 cram 45,
3aMiHUTH Ha CTalb Y8, TOBEPXHIO SKOI 3MIIHIOIOTh  €JIEKTPOMEXaHIYHHM CHOCOOOM, IPH HBOMY ii 3HOCOCTIHKICTh
30ibITyeThCA y 6,1 pasm.
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AHani3 JiTepaTypHHX JDKEpeNl TI0Ka3ye, IO HAChOTOJHI OUIBII TMEePCHEKTUBHUMH METOJAaMH 3MIITHCHHS
MMOBEPXHEBUX IIapiB JeTaleil € Ti, OI0 BUKOPHUCTOBYIOTh KoHIeHTpoBaHi notoku eHeprii (KIIE) Ile: xonmeHcoBaHe
ionHe OombOapmyBanHsa (Metox KIB) [8], mrasmoBa [9] Ta mazepra [10] o6pobka. B pesymerari nii KIIE B
MTOBEPXHEBOMY IIIapi JeTali BiqOyBaroThCS HEPIBHOBAXKHI MPOIECH HATPIBAHHS Ta OXOJOKEHHS, PE3YIBTATOM IIBOTO €
YTBOPEHHS HOBUX CTPYKTYD, Ki BIIPI3HAIOTHCA BiJ cPOPMOBAHUX TPaTUIiHHUMHI METOIaMH OOPOOKH.

Cepen MeToniB 0OpOOKH TIOBEPXOHB JeTaleid, siki BUKopucToBytoTh KIIE, Hall0inb1I MepCHeKTHBHUM BBAXKAETHCS
Mmeron enekrpoickpoBoro nerysanus (ELJT) [11]. 3acrocyBanus merony EIJl kopucryeTbcs MIMPOKMM HOIHMTOM Y
CHeLiaIiCTIB MiANPUEMCTB, IO 3aiiMalOThCs 3MIIJHEHHSM MOBEPXHEBHX INApiB AeTaliell Ta iHXEHEepiB JOCIIIHUKIB,
3aBJISIKM XapaKTEPHUM OCOOJIMBOCTSIM: €KOJIOTIHHOIO 0E3MEK0I0, MOXKIIMBICTIO ITPOBOANTH MPOIIEC B JIOKAJIBHUX MICISIX
1 HE 3aXMINATH iHIII MOBEPXHI JAeTalli, BIACYTHICTIO 3MiHM F€OMETPUYHHUX PO3MIpIiB JeTaii (IOBOJOK Ta KOPOOJIEHD),
MOUIMBICTIO HE TiJIbKM HAHOCHUTH Ha TIOBEPXHIO IETali JIOOMX CTPYMOIIPOBITHMX MAaTepialiB, a 1 HacHIyBaTH
MMOBEPXHEBUI Imap eleMeHTaMH (BYTJIEIIo, Oopy, CipKd TOHIO) He 3MIHIOIYH po3Mmip nmertami. Tak, HacH4eHHS
MMOBEPXHEBOTO MIapy ByTieneM, nurixoM BukopuctanHsi npu EIJI rpaditoBoro enexrtpoma-incrpymenta (EI), e
nporiecoM ansTepHaTuBHUM IemeHTanii npu XTO. Ipu Bukopucransi El 3 rpadity Temmeparypa B TOKaIbHOMY MicCIi
Ha HOBepXHi AeTani Moxke gocaratd 10000 °C, mo axtupisye mpouec mudysii Byrieuwo B nosepxHro geranm. Ipu
BHCOKHX €Heprisix po3psany, W, rimmbuna nementoBanoro meronom EUT mapy (LIELJ]), manpuxmazn B crami 40X moxe
nocsirati Oumbine 1,0 mMm. 3i 36imbmenHsM W, 1 3MEHIIEHHSM NPOAYKTUBHOCTI ueMeHTauii, Q BinOyBaeTbcs
301NbIIeHHs IMOMHM 3MILIHEHOTO IIapy 1 IOPCTKICTh MoBepxHi, Hanpukia, npu L{ELT crani 40X 3 Q = 0,2 cM?/xB i
W,= 6,8 Ix mopcTkicts ii moBepxHi 30ibLyeThest 3 Ra = 0,5 1o 14,0 MKkM, a TOBHIMHA 3MIIJHEHOTO IApy J0CSTae
1,15 mm [12]. Crig Biamitut, o npu LIEUI cymineHicTs 00p0oOKH MOBEPXHEBOIO 1Iapy AeTalli Mae mpaktudHo 100%,
a TBEPJICTh Ha MOBEPXHI LIEMEHTOBAHOTO IIapy 3HaXoauThest B Mexax 1100-900 HV.

Takum ynHOM, /71 3MIIJHEHHS OBEPXHEBUX HIapiB 3B oHUM 3 HaOUIBII EPCIIEKTUBHUX CyYaCHUX METOMIB, SIKi
6azyetbes Ha BukopuctanHi KIIE e E1JL.

Sk yxe 3ragyBanoch Bume, HemonikoM LEIJ] € 30inbIIeHHS MIOPCTKOCTI HOBEPXHEBOTO MIAPY, a TAKOXK 3HIKCHHS
BToMHOI MinHOCTI. [{i Hemomiku ycyBaroThes 3a paxyHok komoOinHamii EIJI 3 iHImMMH MeTomamu MOKpAamIeHHS SIKOCTI
MIOBEPXHI, IKi BUKOPUCTOBYIOTb, SIK IIPH BUTOTOBJICHHI, TakK 1 IPH BiAHOBIEHI JAetaneil. [lumMu MeTonamu € HaHECEHHS
nonimepuux marepianis (IIM) [13] i moBepxHeBe mmactuune nehopmysanns (III1)T) [14]. Ix manocars micns ELI.

[Ipu nanecernHi [IM 3amoBHIOE Bei 3aImaguHM, MIOPCTKOCTI, ska copmysanack npu LIEIJI i iforo moBepxHeBmit
map Moxke OyTu BHIIEe a00 HHKYE BHUCTYIIB LIOPCTKOCTI. 3 METOI JOCSTHEHHS HalMEHIIOi IIOPCTKOCTI MOBEPXHi
KOMITO3HLIIITHOTO TIOKPUTTS, sike cKiagaeTbcs 3 [IM 1 mIOpCTKOCTI IEMEHTOBAHOTO MaTepiajly CTaji, HOro 4acTKOBO
BUJAJISIIOTH (pUC. 2).

[~ yr\)

Puc. 2. — CxemarnuHe 300pa)KeHHs1 KOMITO3HULIIHOTO TOKPUTTS, chopmoBanoro B nociigoBHocti: LIEIJI+IM 3 yacTkoBO BUIaJIeHUM
IIapOM MOBepXHi. 1 —OCHOBa; 2 — mepexiAHui map; 3 — MOPCTKICTh IEMEHTOBAHOI MMOBEPXHi; 4 — mokputTs [IM

[ToBepxHeBUii 1Iap MOXXHA BHIAIUTH LLTIQYBaHHSAM, ajie TIPH LIbOMY a0pa3vBHI YacTKH 3 HUTi(yBajibHOrO KoJia
BIIPOBA/KYIOTECS B M sikuii [IM, mo Heba)kaHO MPH MOJANBIIOMY BHKOPHCTAHHIO Takoro Hmokpurts s 3B. Kpame
3pi3aTH TOBEPXHIO MeTayopizaidbHUM iHCTpyMeHToM (MI). BpaxoByrouwm, mo KOMMIO3WIIHHHN MOBEpXHEBUI IIap
ckianmaeTbes 3 M skoro IIM 1 TBepmoro mMarepiany mopcrrocti mosepxHi micis LIEDJT, MI 6yne «mparroBati» Ha ynap i
HOro Kpamie BHKOPHUCTOBYBAaTH HE 3 TBEPJOIO CIUIaBY, PiXyda KpPOMKA SIKOTO NpPH yAapi MOXe CKOJIOTHCh, a 3
LIBUIKOPi3aibHOI cTaui, Hanpukiag POMS5, Ha pixydy KPOMKY SIKOTO HAHECEHE 3HOCOCTilke OKpUTTS [15].

3pi3zaTy NOBEpXHEBUH 11ap, 3 HaHeceHUM [IM, kpaiie Ha TIMOMHY MTOJIOBMHM MIOPCTKOCTI, Ra, sika copmyBanack
Ha moBepxHi npu LIEIJ, Toxi mmoma ninssaok 3 [IM Oyne mpuOIM3HO TOPIBHIOBATH ILIOMNII, IO CKIAJAETHCS 3 3AIUIIKIB
BUCTYMIB HIOPCTKOCTI. SIKmIo 30unbIryBaTH mIMOMHY 0OpoOku, To Oyne 301IbIIyBaTHCh IUIOINA, IO CKIAJA€Thes 3
JIISTHOK 3pi3aHOT IOPCTKOCTI, a Tuioma 3 aurstHok [IM, BixnmoBigHo Oyne 3MeHIIyBaTHCh 1 HaBNaku. Husbky TBepaicTh
ITM Mo>xHa 301IBIIMTH HIJSIXOM JOAaBaHHS B HHOTO, 1€ Ha CTaJil BUTOTOBJICHHS, IIOPOLIKY 3 TBEPIUX, 3HOCOCTIMKUX
MeTaliB, KapOidiB 1 HITPHUIIB, HAPUKIA]: MOPOIIKY HiKeJr0, KapOiny Boiabdpamy, HiTpuay mupkoHiro [16]. Takuit [IM
Ha3MBaIOTh MeTanonomiMepHuM Martepiamom (MIIM). BurotoBnennit MIIM y BHTISAI KOHCHCTEHTHOI pPEYOBUHH,
peTeNbHO BTHPAIOTh B chopMoBany MeTonoM [IEIJI moBepxHto.
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3 METOI0 TiABHUIIEHHS BTOMHOI MIITHOCTI BUPOOY MOKPHUTTS 3 KOMIO3MINIIHOTO MaTepiany, oopoosrors [I1/1. B
ocranHi poku cepen MmeroxiB [T/ Haibimpm BHKOPUCTOBYIOTH MeToq bY®O — 6e3abpa3suBHOI yIBTPa3ByKOBOI
¢ininmHoi 06pobku [11].

BpaxoByroun BHIIEe CKa3aHE, HAMH A 3aXHCTy 3B CalbHHKOBHUX YIIIIBHEHB Bill 3HOCY, NPOMOHYEThCA Ha IX
MTOBEPXHIO HAHOCUTH kKoMOiHOBaHe kommosumiiae mokputTs (KKII) B mocmigosHocTi: LIELJT + MIIM + 06po6ka MI +
BY®O.

MeTor0 po6oTH € mijBuieHHs eeKTUBHOCTI By3i1a CY BiJIEHTPOBOrO HACOCY, IPAILIOI0YOro B BAXKKUX YMOBaX
KOpO3iHHOTro 1 abpa3uBHOTO BIUIMBY, NPUTAMaHHOMY MEJTIOpaTHMBHUM CHCTEMaM, LUIIXOM HAHECEHHS Ha MOBEPXHIO
3axucHol BTysku KKII, 3a paxyHOK MmOCIiOBHOTO BUKOPUCTaHHS eKoJoriuHo Oe3neunux metoais: LIEIJ] + nanecenns
MIIM + 06pobka MI + BY®O.

3amaui gocaimKeHHs:

- OIIHWTH BIUIMB Pi3HUX MaTepiaiiB eTaji (3aXMCHOI BTYJIKH) Ha 3HOC;
- u3HaunTH BiuB KKII Ha BemauHy 3HOCY moBepxHi 3B.

HaykoBo10 HOBH3HOI0 € Te, IO BIIEpIIE BH3HAUYEHO NIMOWHY 00poOka MI, chopmMoBaHOTO KOMMIO3HIIHHOTO
MOKPUTTA, chopmoBaHoro B mociimosHocTi: HEII + MIIM, npu skiif 3a0e3medyeThcs CIiBBiIHOUICHHS OJHAKOBOI
wromuHa MIIM i iemenToBaHOi moBepxHi 3B.

MeToauka pociimkenHs. J{ns Bu3HaueHHs BIUIMBY Marepiany 3B, siki mpalfoloTh B yMOBaX pi3HHX OTOYYIOUUX
cepenosuii, Oymu BubOpaHni cram pizHux Mapok: 40X, 30X3 i 12X18HI10T, 3 skuX BHUTOTOBJSUIMA 3pPa3KH, PO3MIpOM
15x15x15 mMM. Pexumu TepmiuHOi 00poOkM 1 (i3MKO-MeXaHIuHI BIAaCTHBOCTI MaTepiaqy 3pa3KiB MpeACTaBICHI B
Tabmmui 1.

Tabmuus 1 - Pexxumu TepMidHOT 00poOKH 1 MEXaHIYHI BIACTUBOCTI MaTepiaily 3pa3KiB JJisl iCIIUTIB Ha
3HOCOCTIHMKICTh

. Mexa . OCHOBHI TO3UTUBHI
Marepian A - : - TsepaicTs, .
: Bu TepMmiuHOT 06po0KH MIIHOCTI, IUIMHHOCTI, BITaCTHBOCTI
3pasKiB HV, HRC
HV HV
Crans 40X Taprysauns 860 °C; Bimman | 53 275 325 HV Bucoka MexaHidyHa MiLHICTb,
HHU3bKa YYTIUBICTH JI0 KOPO3ii.
Crans 30X13 | TapryBanHs 1050°C; | 73,5 58,8 440 HRC  [Bucoka 3HOCO - i KOpo3iiiHa
Bigman CTIMKICTB 10 HU3BKO arpeCHBHUX
CEepeIOBHIIL.
Cranb lNapryBanus 1080°C, | 54 24 165 HV Kopos3iiiHo-cTiika mpoti
12X18HI10T Biman OpraHiYHUX KHCIIOT.

Ha noBepxHr0 3pa3kiB, [Is IPOBEACHHS MOPIBHAJIBHUX 1CTTUTIB Ha 3HOC, HaHocuiin KKII, BapianTH sIKMX 3BE/ICHI B
Tabnuui 2.

MIIM cknanaBcst 3 ABOKOMIIOHEHTHOI €MOKCHIHOI CHCTEMH, HAlOBHEHOI (hepocutikonoM mapku Loctite 3478 B
Ky ponmaBanu nopouiku Hikemo Mapku [THE (I'OCT 972297), xap6iny Boibdpamy, BurotoBienomy 3rigo TY 48-
4205-112-2017, HiTpumy HUpKoHit0, 3podieHomMy 3rigHo crenudikaiiii CAS 25658-42-8, 3 KOHIIEHTPAIIE0, BIAMIOBIIHO
60; 60 1 80%.

[icns 3aBepureHHs ToMiMepw3amii (3aTBEepIiHHS) MOBEPXHEBUH map mnpotouyBamun MI Ha rimbuHY, ska
JIOpiBHIOBaJIa TMOJIOBHHI MIOpCTKOCTI, Ra, cdopmosaniii Ha mosepxHi 3paskiB micias LIEUL. HEUI npoommnmm mpu
W,=6,8 I i mpoaykTuBHOCTI 00po6ku Q = 2,0 cM?/XB.

Tabmwuis 2 — [ToKpUTTS IUIs NOPIBHUTBHUX BUIPOOYBaHB 3pa3KiB

Marepian 3pa3ka CKJ1a1 MOKPUTTS

be3 nokputta
LIEUT + MIIM, apmoBanwuii nopomkoM Ni + 06pooka MI + BYDO

Cram 40X LEUI+MIIM, apmosanwuii nopomkoMm WC + o6podka MI + BY®O
LEUI+MIIM, apmoBanuii nopomkoM NZr + 06pobka MI + BYDO
be3 nokpurts
+ i i+ +
Crams 30X13 LIELT + MIIM, apmoBanuii nopomkoM Ni + 06pooka MI + BY®O

ITEIJI+MIIM, apmoBanwuii nopomkom WC + 06pobka MI + BY®DO
ILTEIJI+MIIM, apmoBanwuii nopomkoMm NZr + 06pooka MI + BY®DO

be3 nokpurts
LIELT + MIIM, apmoBanuii nopomkoM Ni + 06podka MI + BY®O
LEUI+MIIM, apmoBanwmii nopomkoMm WC + o6podka MI + BY®O
ILTEIJI+MIIM, apmoBanwuii nopomkoMm NZr + 06pooka MI + BY®DO

Cranp 12X18H10T

JUis mopiBHSUTBHUX BUIPOOyBaHb 3pa3KiB 3 MOKPUTTAMH 1 0€3 MOKPUTTIB BHKOPHUCTOBYBAIM YCTaHOBKY,
KOHCTPYKTHBHI 0COOIMBOCTI SIKOI JeTaibpHO omrcani B [16]. YcraHOBKa, sika cKiamanach 3 6aKy, 3alOBHEHOMY BOIHOO
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CYMIIIIIIO MCKy 3 YacTMHKaMu po3MipoM 10 0,5 MM i koHmeHrtpamieto 50 T1/1, po3TamioByBajach Ha CTOII
CBEPUTMIIBHOTO BepcTary (puc. 3, a). Kpim micky B 6ak 1ogaBaiy OIeT, JOBOISYN KOHIICHTpALito 10 5%.

6
Puc. 3 — YcranoBka mis icourti (a); potop (6); yrpuMmyBad 3paskis (B)

B 6aky po3ramoByBaBcs poTtop (puc. 3, 0), BEpXHs YaCTHHA SKOTO 3HAXOJMIIACh B TIATPOHI BepcTaTa, 3 MITHHICICM
SIKOTO BiH 00epTaBCs, a HIKHA MTPU3HAYATIACh IS TIepeMilTyBaHHs cyMiri. KpiM mboro Ha poTopi 3aKpilDTFOBaBCS TUCK
3 PO3TalIOBaHUMH Ha HROMY yTpUMYyBadaMH 3pa3KiB (puc. 3, B).

3pa3ku po3TalIOBYBAHCh Mg KyToM 45° 1 obepranuce nipu V = 120 06/xB. JliHiitHIIA 3HOC BU3HAYABCS Ha MPOTSI31
24 ToavH, UNUIAXOM BHUMIPY  BEIHYHMHH MIopcTkocTi (Ra) moBepxHi 3pa3ka, Ky BHMipIOBanmd mpodimorpadom -
npodizoMeTpoM Yepe3 KOKHi 6 TOAMH BUIIPOOYBaHb.

[Tix yac mpoBeeHHS MOPIBHAJIBHUX ICIIUTIB 3pa3ky OyJIM pO3JIiIeH] Ha JBi cepii 10 LIiCTh 3pa3KiB B KOXKHIMH:

1) 3pa3ku craneit mapok: 40X, 30X3 1 12X18H10T 6e3 mokpurts i 3 mokputtsam: LIELUT + MIIM, apmMoBanum
MOPOIIKOM Hikenro + 00po6ka MI + BY®O.

2) 3pa3ku craneit mapok: 40X, 30X3 1 12X18H10T 3 mokpUTTSIM:

- HEUI + MIIM, apmosanuM nopomkoM WC + 06pobka MI + BY®O;

- HEDI + MIIM, apmoBanuM nopoukoM NZr + 06podka MI + BY®O.

PesyabsTaTn gociaizxennb. [lepen HagamoM iCIHUTIB MIOPCTKICTh 3pa3KiB 0€3 MOKPUTTS, Micis NUTi(OBKH, CKIIagana
Ra = 0,12-0,15 mxwm, a micnsas LUEUUT — wHanecenns MIIM — o6po6ka MI+ BY®O, 3naxomimnace B mexax 0,5 - 0,6 M.

PesynbraTH, npoBeleHUX ICIIUTIB, HA 3HOCOCTIMKICTh 3BeIeH] B TabiuIlto 3 1 mpe/icTaBIeHi Ha pUcyHKax 4 1 5.

Tabmuus 3 — Pe3ynbraTi 10CiiPkeHb 3HOILIYBaHHS CTaJIeBUX 3pa3kiB 3 Matepiany: 40X, 30X3 1 12X18H10T B
yYMOBax KOpO3ii{HOro i abpa3sMBHOTO BILIMBY

No IopcTkicTs, Ra, MKM

5 a;Ka IoxkpurTs 6 12 18 24

P TOJT roj TOJ TOJT
IMepma cepis

1 Cramp 40X 6€3 TOKPHTTSI 1,6 3,4 4,3 6,2

2 Cranb 30X13 6e3 HOKpUTTS 1,1 2,3 3,5 4,7

3 Cranp 12X18H10T 6e3 NOKpHUTTS 1,2 2,4 3,6 4.8

4 Cranp 40X + IIEII+ MITM”™ + 00pobka MI + BY®O 0,8 1,7 2,6 3,6

5 Cranb 30X13 + HELI+ MIIM” + 06po6ka MI + BY®O 0,8 15 2,3 3,1

6 Cranp 12X18H10T+ IELJI+ MIIM” + 06po6ka MI + BY®O 0,8 1,6 2,4 3,3
Hpyra cepis

1 Cranb 40X + LEII+ MIIM™ + 06po6ka MI + BY®O 0,5 1,1 19 2,9

2 Cranb 30X13 + HELI+ MIIM™ + 06po6ka MI + BY®O 0,5 0,9 15 2,3

3 Crans 12X18H10T+ LELI+ MIIM™ 06po6ka MI + BY®O 0,5 1,0 17 | 25

4 Crans 40X + HELI+ MIIM™ + 06po6ka MI + BY®O 0,5 1,0 18 | 28

5 Cranb 30X13 + HEII+ MIOIM™ + 06po6ka MI + BY®O 0,5 0,8 14 2,2

6 Cranp 12X18H10T+ HEUI+ MIIM™ + 06po6ka MI + BY®O 05 | 09 16 | 24

*-apmyBanHs nmopowmkoM Ni; **- apmyBanns nopouikom WC; ***-apmyanHs nopoukom NZr.
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Ra,
pm
6,15
—h—1
—2
5,15
——3
——14
4,15
—m—5
—k—6
3,15
2,15
1,15
0,15
0 6 12 18 t, ron

Puc. 4. — PesynbpraTi 3HOIIYBaHHS 3pa3KiB B yMOBaxX KOpo3iiiHOro i abpasuBHOro BIUMBY: 1; 2 i 3 — BigmoBigHo ctams 40X,
12X18H10T i 30X13 6e3 mokputts; 4; 5 i 6 — BiamoBigHo ctans 40X, 12X18H10T i 30X13 3 mokputtsam: LIELT + MIIM,
apmoBanwuii oporikoM Ni+ 06po6ka MI + BYD®O

Ra,

pm

2,90 —a1
——2

2,40 ——3
——14
—m—5

1,90
—¥—6

1,40

0,40

0 6 12 18 t, ron

Puc. 5. — PesynbraTu 3HOLIYBaHHS 3pa3KiB B yMOBaxX KOpo3iiiHoro i abpa3uBHoro BmuuBy: 1; 2 i 3 — BianosiaHo ctamb 40X,
12X18H10T i 30X13 3 mokputtsam: LIELJT + MIIM, apmoBanuii nopoukom WC + 06podka MI + BY®O; 4; S i 6 — BianosiaHo cTanb
40X, 12X18H10T i 30X13 3 mokpurtsam: LIEIJI + MIIM, apmoBanuii mopouikom NZr + 06po6ka MI + BYDO

Amnani3 tabmuni 3 1 pucyHkiB 4 1 5 mokasas, IO cepesi 3pa3kiB 06e3 MOKPUTTS, KPAIOK 3HOCOCTIHKICTIO TIPOTH

KOpo3ii 1 abpa3uBHOrO 3HOCY BOJOMIIOTH 3pa3ku, BHroToBieHi 3i ctami 30X13, mopcTkicTh SKuX micna 24 roauH
icruTiB cTaHOBUTH Ra = 4,7 MM, 110 BignosigHo Ha 2,1 1 31,9% kpamie Hixk y 3paskis 3i cram 12X18H10T i 40X.
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Cepen KKII, sixi BUKOPHUCTOBYBAJIW JUIsl 3aXUCTY CTaJeBUX 3pa3KiB BiJl 3HONIYBAHHS B yMOBaX ITiJIBUIICHOTO
KOpPO3ifHOTO i a0pa3WBHOTO BIUIMBY, XapaKTEPHOTO JJIS MOBEPXOHH JETaJllel TiApaBIiYHUX MAIIWH, IO TPAIIOITh Y
METiOpaTHBHUX CHUCTEMaX, Kpamli MMOKa3HUKH MAalOTh MOKPUTTA, B AKHX B SKOCTI MaTepiamy mus apmyBaHHS [IM
BHKOPHCTOBYBAJIM ITOPOIIOK 3 HITPHUIY IMUPKOHIIO. Tak MOPCTKICTh MOBEPXHEBOTO MIAPY 3pa3KiB, BAKOHAHUX 31 CTail
30X13 3 KKII, B sixux mist apmyBaHHs [IM BUKOPHCTOBYBAJM HOPOIIOK 3 HITPUIY HUPKOHIIO, MichsA 24 TOAWH iCIUTIB,
cximanae Ra = 2,2 mxM, mo Bixnosiguo Ha 4,5 1 40,1 % xpaie HiX NPy BUKOPUCTaHHI IIOPOLIKIB 3 KapOixy Boib(ppamy i
HIKeJIIo.

XapakTepHOIO OCOOJIMBICTIO AMHAMIKU 3HOLIYBAHHS B YMOBaX KOpo3ii i Aii abpa3uBHHUX YacTOK € Te, 10 3 YacOM
e(eKTUBHICTh IPOLIECY 3HOLIYBAaHHS 3POCTA€, IO OUTBII BUPAKAETHCS Ha 3pa3Kax 3 MOKPUTTAMH. Lle moscHroeThes
THUM, 110 3 4acoM, (110 Mipi 3aranOIeHHs) 3MEHIIYETHCSI BIUIMB Ha nporec 3HouryBanHs BiaactuBocteld KKIT (TBepaocri i
3axHCTy BiJl KOpo3ii), a y 3pa3KiB 0e3 MOKPHUTTIB 3 YacOM Ha TOBEPXHi 3’ ABISIETHCS BCe OLNBIN 3pYHHOBAHUX MIJSTHOK i
3pOCTaHHA IHTEHCHBHOCTI 3HOINYBAHHS, X0UY 1 3HAYHO MEHII HDXK Yy 3pa3KiB 3 IOKPHUTTSAMH, aje TaKOXX Ma€ MicIle.
XapakTep 3aJIe)KHOCTI 3HOIIYBAaHHS BiJ d9acy BHIPOOYBaHHS B TEpIIOMY HAONIKCHHI Haraaye EKCIIOHEHIIIHHO
3pOCTarOIy 3aJCKHICTD.

Bucnoskn:

1. 3ampomoHOBaHWI HOBHH CHOCIO 3aXHCTy IOBEPXHEBHX INAPiB 3aXWCHUX CTAJCBUX BTYJIOK CATBHUKOBHX
YIIUIbHEHb HAcOCIiB, MpAIIOI0YMX B BAXKUX YMOBax MEJIOpPaTHMBHHUX CHCTEM, BiJl KOpO3iifHOro i abpa3uBHOTO
3HOLIYBaHHS, SKMH Toisirae B (OpPMyBaHHI Ha IX HOBEpXHsAX KoMmOiHOBaHmX Kommo3uuiiiuux mokpurtiB (KKII),
HaHeceHux B nociigoBHocti: L[EIJI + MIIM + o6pooka MI + BY®O, 3HauHO 30iibLIyE 31ATHICTH ONMUPATHCS
3HOLIYBaHHIO, Ta FApaHTye OUIbII HaiiHY poOOTY B arpeCHBHHUX CEPEIOBHIIAX.

2. Marepianu JOCHIZKYBaHMX 3pas3KiB IO CTIMKOCTI TPOTH KOPO3iHOTO 1 abpa3uBHOTO 3HOIIYBAaHHS
posnoaisitoThes B psaa: 30X13, 12X18H10T 1 40X. Kpaiioro 3HOCOCTIHKICTIO BOJIOIIFOTH 3pa3KH, BUTOTOBIICHI 31 CTasIi
30X13, mopcTKicTh SKUX cTaHOBUTH Ra = 4,7 MkM, mo BignosigHo Ha 2,1 i 31,9% kpame Hix y 3pa3kiB 31 cTami
12X18H10T i 40X.

3. MeraneBi MOpOLIKY, SIKI BUKOPHCTOBYIOTh IIpH apMmyBaHHI MIIM, mo crynen:o 3a0e3nedeHHs] HalMEHIIOTO
3HOCY MTOBEPXOHb B yMOBAX [Iii MiABHUIIEHOT KOPO3ii i abpa3uBy, PO3MOAUIIIOTECS B MOCTIIOBHOCTI: TIOPOIIOK HITPULY
IUPKOHIIO, MopomoK KapOixy Boibdpamy i Hikemro. [IIopcTKicTh MOBEpPXHEBOTO mIapy 3pa3KiB, BUKOHAHUX 31 cTai
30X13 3 KKII, B sxux s apmyBaHHs [IM BUKOPHCTOBYBAIM MOPOIIOK 3 HITPUAY HUPKOHIIO, Tichsd 24 TOAWH ICTIHTIB,
cxinanae Ra = 2,2 mxM, o BianoinHo Ha 4,5 1 40,1 % kpalie HiX NP BUKOPUCTaHHI TIOPOLIKIB 3 KapOiay BoJb(pamy i
HIKEJIIo.

4. JlunaMmika 3HOIIYBaHHS CTaJCBHX 3pa3KiB, MiJ Mi€l0 KOpO3ii i a0bpa3sWBHUX YaCTOK, XapaKTePH3YEThCS
30LTBIICHHAM 3 YacoM 11 eEKTHBHOCTI, IO OUIBIN BiTOOpaKa€eThCs Ha 3pa3kax 3 MOKPUTTSIMH, SKi IMOCTYIIOBO
BTPavyarOTh BIUIMB Ha mpoiiec 3HomryBanHs BiactuBocTedd KKII (TBepmocTi i 3aXMCTy Bijg Koposii). Y 3paskiB 0e3
MTOKPUTTIB, 3 4aCOM Ha MOBEPXHI 30UIBIIYETHCS KIIBKICTh 3pyHHOBAHUX TUISHOK 1 iHTEHCHBHICTH 3HOINYBAaHHS, XOY 1
3HAYHO MEHII HiX y 3pa3KiB 0€3 MOKPHUTTS, aJie BOHA TAKOXXK MA€ MiCIIE.

5. B mepmomy HabnmxeHHi rpadiku 3HOITyBaHHS 3pa3kiB 3i crami 30X13, 12X18H10T i 40X, 5K 3 MOKPUATTSIMA
Tak i 0€3 MOKPUTTIB, HATAAYIOTh EKCIIOHEHIIIITHO 3p0OCTal0qy 3aJICKHICTh.
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S. KOVALEVSKYY

MAGNETIC-RESONANCE AMORPHIZATION OF CONTACT KINEMATIC PAIR MATERIALS

In modern mechanical engineering, the requirements for the reliability and durability of components are constantly increasing, especially for
those operating under intensive friction and high contact pressures. Traditional methods for improving wear resistance, such as alloying, coating
applications, or heat treatment, often prove insufficiently effective or have limitations in terms of control and uniformity of surface modification. This
article presents an innovative approach to surface-layer modification of materials—magnetic-resonance treatment—which enables the formation of
unique microstructures, including partial amorphization, directly in the contact zone during operation. The aim of the study is the experimental
justification of the application of magnetic-resonance treatment for the formation of an amorphous phase in the surface layers of materials in contact
kinematic pairs to significantly enhance their wear resistance. The work thoroughly examines the theoretical foundations and analyzes current
scientific research in the field of surface modification and the influence of strong physical fields on material structure and properties. Special attention
is paid to phenomena of self-organization and phase transformations occurring under friction under the influence of magnetic fields. Experimental
studies were carried out on D2 steel specimens subjected to magnetic-resonance treatment on a specialized rig. Friction and wear tests showed a
significant reduction in the coefficient of friction (to 0.022-0.026) and wear intensity (by 3-4 times), indicating the formation of super-hard and
super-plastic amorphous regions on the surface. Microstructural analysis by electron microscopy and X-ray diffraction confirmed the formation of
martensitic phase and amorphous zones, as well as the reduction of crystallite size to the nanoscale in the contact zone. It is substantiated that these
structural changes, induced by the resonant influence of a strong magnetic field, are the key factor in improving tribological characteristics. The
obtained results demonstrate the high efficiency of the proposed magnetic-resonance treatment method. It was established that, under the influence of
strong magnetic fields, amorphous and nanocrystalline structures form on friction surfaces, fundamentally altering the mechanisms of surface
interaction, minimizing adhesive and abrasive wear. This confirms the hypothesis of the possibility of directed amorphization of materials to enhance
their operational resilience. The practical significance of the study lies in the development of a new, environmentally friendly, and energy-efficient
method for increasing the service life of machine components, which can be implemented in various branches of mechanical engineering, including
aerospace, automotive, and instrument manufacturing, to create ultra-wear-resistant contact elements.

Keywords: tribology; magnetic-resonance treatment; contact kinematic pairs; wear resistance; coefficient of friction; amorphization;
microstructure; phase transformations; nanocrystalline structures.

C. B. KOBAJIEBCbKHUI

MATHITHO-PE3OHAHCHA AMOP®I3AILISI MATEPIAJIIB KOHTAKTHUX KIHEMATHUYHUX ITAP

VY cydacHOMy MarMHOOYIyBaHHI BUMOTH [0 HAJIHHOCTI Ta TOBrOBIYHOCTI A€Tajeil MOCTIiTHO 3pOCTAIOTh, OCOOIUBO IS THX, IO MPALIOIOTH B
YMOBAaX IHTEHCHBHOTO TEPTS Ta BUCOKHX KOHTAKTHHUX HABAHTAXXEHb. TpajuLiiiHi METOIH MMiABUILICHHS 3HOCOCTIHKOCTI, TaKi SIK JIETYBaHHS, HAHECCHHS
MOKPUTTIB a00 TepMiuHa 00pOOKa, YacTO BHSBIISIOTHCS HEIOCTaTHHO €(EeKTHBHHMH a00 MAaloTh OOMEKEHHS IIOJ0 KepOBAaHOCTI i ONHOPIXHOCTI
Moaudikamii moBepxHi. Y Iiil CTATTi NPEICTABICHO IHHOBALIMHII MiAXi 40 MoaudiKallii MOBEPXHEBOTO MIAPY MaTepiajiB — MArHiTHO-PE30HAHCHY
00poOKy, sika 3abe3nedye (GpOpMyBaHHS YHIKAIBHHX MIKPOCTPYKTYD, 30KpeMa 4acTkoBoi amopdizamii, 6e3mocepefHb0 B 30HI KOHTAKTy MiJ dac
po6Gotu. MeToI0 TOCIiUKeHHS € eKCIIepIMEHTaIbHe O0IPYHTYBaHHS 3aCTOCYBaHHS MarHiTHO-Pe30HaHCHOT 00poOKy U1t hopMyBaHHS aMophHOT hazu
y TOBEpXHEBHX IIApax MarepianiB KOHTAKTHUX KIHEMATHYHHX Map 3 METOI0 ICTOTHOTO MiJBUINCHHS iX 3HOCOCTIHKOCTi. Y poGOTI IpyHTOBHO
PO3IIISIHYTO TEOPETHYHI 3acaIi Ta MPOAHATI30BAHO CYYaCHI HAYKOBI AOCIIMKeHHs Y cdepi Momudikarlii moBepXHi i BIUTUBY CHIBHHX (DI3HIHHX MOJIB
Ha CTPYKTypy Ta BJIAaCTHBOCTI MarepiaiB. OcoOnMBy yBary IpHIiIIEHO SIBHIAM CAMOOpPTaHi3anii Ta ()a30BUX MePEeTBOPEHS, 10 BiJ0YBAFOTh CS MiJ] 4ac
TEPTS MijJ BIUIMBOM MarHiTHUX nojiB. ExcriepuMeHTalbHI JOCHIIKEHHS NPOBENCHO Ha 3pa3kax crani D2, sKki miggaBanucs MarHiTHO-pE30HAHCHIN
00pob1i Ha crienjanizoBaniii ycraHoBii. BunpoOyBaHHs Ha TepTs Ta 3HOIIYBaHHs [OKA3aJy 3HAYHe 3HMKeHHs Koediuienta teptst (mo 0,022-0,026)
Ta iHTEHCHBHOCTI 3HomyBaHHS (y 3—4 pasu), IO CBiAYMTH Npo (OpMyBaHHA Ha MOBEPXHI HAJATBEPANX | HAJIUIACTUYHUX aMOP(HHX JiISHOK.
MIiKpOCTpYKTYPHHUIA aHalli3 3a JOMOMOTOIO €JIEKTPOHHOI MIKPOCKOMIi Ta PEeHTreHIBChKOT AuMpaKiii miITBEpAUB YTBOPEHHS MapTeHCHTHOI da3u i
aMOp(HHUX 30H, a TAKOXX 3MEHIICHHS PO3MIpY KPHUCTAJITIB 0 HAaHOMAcIITaly B 30HI KOHTAaKTy. OOIpyHTOBaHO, IO I CTPYKTYPHI 3MiHHM, iHITYKOBaH1
PE30HAaHCHUM BIUTHBOM CHJIBHOTO MAarHiTHOTO IO, € KIIFOYOBHM YHHHUKOM ITiIBUIIEHHS TPHOOJIOTIYHMX XapakTepucThK. OTpHMaHi pesyinsraTi
JIEMOHCTPYIOTh BHCOKY €(EKTUBHICTb 3alpOIIOHOBAHOTO METOJy MAarHiTHO-PE30HAHCHOI O0OpoOKM. BcTaHOBIEHO, 1O TiJ BIUIMBOM CHJIBHUX
MAarHiTHHX TIOJIB HAa TOBEPXHSAX TePTs (OPMYIOTHCS aMOp(Hi Ta HAHOKPUCTATIYHI CTPYKTYPH, SKi HPHHIHMIIOBO 3MIHIOIOTH MEXaHi3MH B3a€MOJIl
IIOBEPXOHb, MiHIMI3yI0uH ajaresiiiHe Ta abpa3nuBHe 3HOIIYBaHH:. Lle miaTBepIKye rinoTesy MOA0 MOXKIMBOCTI KepOBaHOI aMopdi3allii Marepiaiis 1t
MiZABUINEHHS 1X EKCIUTyaTalliiHOi CTiHKoCTi. [IpakTHyHe 3HA4YeHHS MOCIHI/UKEHHS MOJISITa€ y PO3pOONEHHI HOBOTO, E€KOJOTIYHO Oe3MeyHOoro Ta
eHeproe()eKTUBHOTO METOly 30UIBIIEHHS peCypCy AeTalleld MalluH, sIKMi Mo)Ke OyTH BIPOBA/DKEHUHN Y Pi3HUX Tajly3sX MalIMHOOYIyBaHHS, 30KpeMa
B aBiaKOCMiHiH, aBTOMOOLTBHIN Ta PHITa00yAiBHIN MPOMICIOBOCTI, 1T CTBOPEHHS HAI3HOCOCTIHKIX KOHTAKTHHX €JI€MEHTIB.

Kuio4oBi ciioBa: Tpr6oIIOTist; MarHiTHO-pe30HaHCHa 00p0oOKa; KOHTAKTHI KiHEMATHYHI TapH; 3HOCOCTIHKICTh; KoehilieHT TepTs; aMopdizaliis;
MIKPOCTPYKTYpa; (ha30Bl NEPETBOPEHHS; HAHOKPUCTATIYHI CTPYKTYPH.

1. Introduction

In the global research arena, the issue of increasing the wear resistance of kinematic pairs occupies a special
place due to the growing demands for the reliability and durability of mechanical engineering equipment. Accordingly,
studies focus not only on traditional materials science approaches (alloying, creation of composite coatings, application
of thin films) but also on innovative surface modification technologies capable of forming specialized microstructures
in the contact zone directly during operation [1,2]. Most classical investigations are devoted to improving material
compositions and introducing coatings (metallic, ceramic, diamond-like) to increase hardness and corrosion resistance
[3]. However, under real operating conditions, such methods do not always provide the required level of protection,
especially in the case of high contact pressures and abrupt temperature fluctuations. Thus, laser surface treatment
enables the creation of a refined microstructure through localized heating and rapid cooling, sometimes resulting in the
formation of martensitic or partially amorphous phases [4]. Yet, precise control of energy input and exposure time

remains challenging, which limits the reproducibility and uniformity of the amorphous layer [5].
© S. Kovalevskyy, 2025
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Given the above, the relevance of this study lies in the search for new, effective, and controllable methods of
modifying material surface layers to ensure enhanced wear resistance of machine components under extreme loading
conditions.

The aim of the research is to improve the reliability of machine kinematic pairs by creating an amorphous layer
on the contact surfaces using magnetic-resonance processing of materials (MRPM) in a two-component resonance
vibration mode. To achieve this aim, the following interrelated objectives are proposed:

1. Development of a theoretical model of amorphization.
2. Optimization of two-component resonance regimes.
3. Validation of experimental results.

Thus, the overall aim combines theoretical elaboration of the amorphization mechanisms under two-component
resonance, laboratory studies with high-precision measurement of microstructural parameters and tribological indices,
and evaluation of the practical effect through statistical analysis of lifetime and reliability of kinematic pairs. As a
result, an integrated picture is constructed of how the formation of an amorphous layer under the action of balanced
normal and tangential vibrations alters friction mechanisms, wear intensity, and component durability.

The scientific hypothesis is that the synchronous action of two-component resonant loading—arising from the
combination of normal and tangential vibrations in the presence of an external magnetic field—creates the most
favorable conditions for the accumulation of defect energy, local heating, and activation of diffusion processes, leading
to the formation of an amorphous layer on the contact surfaces of kinematic pairs.

2. Analysis of the results of previous research.

In many research laboratories in Germany, the USA, Japan, and other industrially developed countries, work
has been intensified on the use of pulsed electromagnetic fields to form an amorphous phase in the material’s contact
zone [6]. Most such experiments focus on single-phase oscillatory modes, where either tangential (parallel to the
surface) impulses predominate, or normal (perpendicular) impulses predominate [7]. The application of high-frequency
tangential impulses in combination with a constant external magnetic field demonstrates the ability to form thin
amorphous layers through the synergy of electromagnetic and thermal effects [8]. Existing publications consider the
kinetics of the crystalline-to-amorphous transition under high-frequency electromagnetic excitation taking into account
the thermal effect [9]. However, these models largely do not account for the combined action of oscillatory influences
in different directions, leading to an inaccurate estimation of the amorphous layer thickness under real technological
conditions. In a number of theoretical works, attention has been drawn to the correlation between the formation of an
amorphous phase and an increase in service life, but there is no unified mathematical model that would provide an
integrated picture of the dependence of the amorphous layer thickness on the amplitude, frequency, and ratio of the
components of resonant oscillations [10].

In the international literature, experimental results are often reported showing that an amorphous layer reduces
the coefficient of friction and extends the maintenance interval of parts by 2-3 times [11]. However, most studies focus
on single-phase amorphization modes (laser or electromagnetic excitation), without considering the combined
mechanical component [12]. Analysis of SEM and XRD images confirms the formation of an amorphous phase, but is
rarely accompanied by extensive mathematical reliability calculations that take into account the dependence of wear
intensity and failure functions on the actual increase in amorphous layer thickness [13].

The most significant gap lies in the limited number of systematic studies of two-component resonance, where
normal and tangential oscillations are cohesively combined to maximally enhance local plastic deformation and high-
frequency heating. Practically no published works combine precise calculation of tangential stresses depending on the
synergy of different oscillation components, dynamic thermal effects, and prediction of the reliability function of a
kinematic pair with regard to amorphization. Thus, although a significant body of knowledge on various surface
amorphization methods (laser, electromagnetic, thermal) has been accumulated in world science, there is a lack of
thorough studies that holistically cover two-component resonant oscillations and their impact on the mechanisms of
amorphous layer formation, changes in friction coefficient, and prediction of reliability functions of kinematic pairs [14,
15]. This defines the need for comprehensive theoretical and experimental research integrating mathematical modeling,
microstructure analysis, and real dynamic loading regimes.

In modern Ukrainian scientific and production structures, the problem of improving the wear resistance of
surface technological elements is actively researched mostly within the framework of classical materials science and
surface methods. Compared to leading global directions, domestic scientific schools have yet to develop a sufficiently
systematic approach to integrating the latest surface modification methods under actual industrial conditions, and
especially to the application of pulsed magneto-mechanical resonance treatment with two-component resonant
oscillations [16].

3. Amorphization of surfaces in improving the reliability of machine-building parts.

The presence of an amorphous layer noticeably alters the surface properties [17]. First and foremost, the
coefficient of friction decreases. The amorphous structure lacks clearly defined atomic slip planes, which prevents the
formation of microcracks and brittle spalling [18]. This creates a “pseudo-surface” effect that functions as a damper
under load.
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The amorphous phase also exhibits high hardness. Due to the absence of a granular crystalline defect structure
and “weak” points, the hardness of the layer increases by 20-30% compared to the base material. This enhances load-
bearing capacity and extends the service life of components. Another advantage of the amorphous layer is its resistance
to fatigue failure [19]. Unlike crystalline materials, where cracks predominantly propagate along slip planes, the
amorphous layer has no such directional zones, so cracks occur less frequently and fatigue damage is deferred in time.

At the same time, the amorphous layer may be non-uniform in thickness. Depending on local conditions—
deformation and thermal effects—it varies from several hundred nanometers to several micrometers.

The amorphous layer, or noncrystalline structure, arises in the contact zone thanks to the combination of high
plastic deformation rates and localized temperature rises [20]. These conditions hinder the formation of an ordered
crystalline lattice.

First, under the action of contact pressure and vibrations at the point of contact, the surface experiences
localized shear. This destroys the crystalline structure, causing numerous dislocations and defects to form in the near-
surface zone. If the deformation rate reaches 10°~10* s, the material does not have time to reorganize the lattice—the
defects accumulate, and the zone transitions to a noncrystalline state [21]. Additionally, localized heating occurs in the
contact zone due to thermoelectric effects and high stress concentrations. Temperatures in micro-regions may reach
several thousand degrees Celsius, and the pulse duration is so short that partial breaking of crystalline bonds occurs. At
the same time, the temperature is insufficient for the formation of large crystalline grains during subsequent cooling.
After the heating cycle ends, extremely rapid cooling takes place - literally within fractions of a second. Under such
conditions, crystals simply do not have time to grow, so the surface becomes amorphous, that is, devoid of a defined
crystalline structure.

During deformation of the contact zones, where abrupt loads and local heating occur, numerous dislocations
and other defects accumulate. There are so many that the material loses the ability to organize its crystalline lattice. If,
in this process, the deformation energy and thermal effects exceed the bond energy in the metal, atoms begin to arrange
in a chaotic order, which is the essence of the noncrystalline phase [22]. Equally important is the dependence of the
amorphous layer thickness on various parameters. First, there is a certain plasticity threshold: if stresses in individual
“hot spots” are below the yield limit, the amorphous layer simply does not form. Only after exceeding this threshold
does the true noncrystalline transition begin. Second, the duration of exposure and the number of cycles matter: each
pulse gradually increases the layer thickness. The more cycles, the deeper this layer becomes. However, it is important
to remember that with excessive thickness, diffusion and recovery processes activate, which can partially return the
material to a crystalline state. Third, the decisive factor is the balance between heating and cooling: if heating continues
too long, it can lead to grain growth and formation of a crystalline or fine-grained structure. Therefore, it is extremely
important that the heating pulse is short and quickly transitions to the cooling phase, preventing crystal nuclei from
forming [23]. If the amorphous layer is sufficiently thick (several hundred nanometers), a characteristic gradient of
properties forms within it. In the uppermost layer, maximum hardness and minimal internal stresses are achieved.
Slightly below, a transition zone with partial crystallization appears, where micro-grains emerge. Even deeper, near the
base material, regions with certain defects of the original crystalline lattice remain.

When a contact pair is treated by magnetic-resonance processing under two-component resonance conditions,
an interesting feature is observed: at the initial stage, the wear curve is quite flat, indicating low wear intensity [24-27].
This continues until the amorphous layer thickness decreases to a certain critical value. If the layer thickness exceeds
several hundred nanometers, it acts as a reliable barrier that prevents the emergence of sharp microscopic defects. Under
such conditions, the surface effectively becomes self-lubricating, and the coefficient of friction decreases. But if the
layer begins to thin, the intensity of defect formation sharply increases: the amorphous structure breaks down, exposing
the subsurface region with micro-grained or even crystalline structure. This leads to a stepwise increase in wear.
Regarding service life, an important indicator is the time to failure of 50% of the specimens (Tso). When the amorphous
layer thickness exceeds 0.8—1.0 um, Tso can increase by 2—3 times compared to the initial values. However, it should be
noted that after the layer thickness falls below the critical threshold, Tso quickly approaches the original level—
crystalline defects begin to dominate. From a reliability standpoint, one can use the reliability function R(t), which
shows the probability of failure-free operation of the contact pair over time. If the amorphous layer is thick, the failure
rate is low, and R(t) decreases very smoothly. But if the layer thins, R(t) drops sharply, sometimes even abruptly—the
amorphous region can no longer protect the surface from destruction. In practical applications, regular inspections of
contact zones can be performed using, for example, scanning electron microscopy, atomic force microscopy, or
hardness measurements. This allows precise determination of the residual thickness of the amorphous layer and
prediction of approaching the critical service life. Thus, even before failures occur, replacement or maintenance can be
scheduled, avoiding unexpected operational stoppages.

The analysis of the literature convincingly demonstrates that surface amorphization through various physico-
chemical methods significantly enhances the mechanical and tribological resilience of components. However, the
majority of studies focus on single-phase technologies (laser or electromagnetic amorphization). To date, the question
of the interaction of different types of oscillations and the influence of the gradient structure on long-term reliability
remains open. This opens up prospects for comprehensive research, especially under conditions of two-component
resonant exposure.

4. Theoretical justification of MRPM.
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MRPM is a technology of surface or local modification of metallic and non-metallic materials in which two
interrelated physical factors act simultaneously [24—-27]: mechanical nanovibrations of the surface layer of the specimen
(amplitudes on the order of 10°—10~* m); high-frequency electromagnetic waves (frequency range fz,,~10*-10° Hz),

consistent with the material’s own oscillatory characteristics e,; all this occurs in a homogeneous constant magnetic
field B, (a neodymium magnet) that sets the preliminary magnetostrictive or magnetoresistive state of the surface layer.

As a result of the combination of mechanical and electromagnetic resonant influence, a local rearrangement of
the microstructure occurs (the formation of fine-grained, nanophase formations, an increase in the level of internal
plastic deformations), which enhances the hardness, wear resistance, and, in general, the resource capacity of the
material.

The surface layer of the material can be envisioned as a mass of m, suspended on effective stiffness k, with

damping coefficient ¢. In the absence of external influence, its own oscillations are characterized by the natural
frequency:
k
W, = \I; , rad/s . 1)

In the presence of a constant magnetic field B, There are two possible effects: magnetoresistive: a change in
electrical conductivity or in the effective stiffness of the surface layer under the influence of B,, which leads to
correction k — k.- and ¢ — ¢, magnetostrictive: emergence of internal stresses due to changes in the magnetic state
(especially in ferromagnetic materials), which leads to additional initial stress o, (B,).

Equation of motion of a mechanical oscillator taking into account a constant field:

mx(t) + Ceflx(t) + kefx(t) = Fmech (t) ' (2)

where x(t) - is the vertical (normal) displacement of the surface layer; F,,..,(t) - is the external mechanical excitation
force; kop = k + Ak(By).c.p = ¢ + Ac(By) .
If an alternating electric current is passed through the sample, then:

I(t) = Iy sin(wgyt), wgy =27 fz (3)

where fz,, lies in the range ~10%-10° I'u..
This current creates an oscillating magnetic field:

It

Bgp(t) o Bo=— - (4)

A time-varying component of the field or of mechanical oscillations is superimposed on the static magnetic
field acting on the entire volume of the sample, such that at every point in space the resulting influence is the vector
sum of these two fields - Bg,,(t) and B,. Periodic combination of these fields generates a variable magnetoresistive or

magneto-driven influence on local domains and structural defects. As a result, a mechanical force arises in the material
layer:

F,=1(t)xBy , (5)

which, when the electromagnetic frequency wg,, is matched with the natural frequency w,, causes an amplification of
mechanical oscillations. x(t).
Thus, the total excitation force in the equation of motion is equal to:

Fmech(t) = HIUBUSin(wEMt) ' (6)

where @ - coefficient that depends on the geometry of the sample and its electrical conductivity ¢ and magnetic
permeability p .
To achieve maximal nano-oscillations, it is necessary to tune wg,, to the natural frequency w,, , that is:
kgf

wey N Wy, =20 fgy ¥ " (7)
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In such a case, the amplitude of mechanical oscillations x,,, ... reaches its maximum:

max
. iy By Cof
Xmax © = . 8
maxr - malw,]’ 2kgpm ( )

Since ¢ <« 1 (small damping in the nano-range), even a relatively small I,B, can give rise to
max ~ 1077 —=107%  nanometer oscillations.

As a result of the combination of two (resonant) modes, the following occur:
- mechanical resonance, in which:

X

mA(t) + Copx(t) + ko px(t) = alyBysin(weyt), wgy ¥ w, 9)

- magnetoresistive influence.
The parameters k, - and c, - depend on By,. For example, for certain ferromagnetic steels, one can write:

Ak(By) = x;, B, Ac(By) =k, BE, (10)

where &y, &, - material-dependent coefficients.

As a result of the resonance regime, increases in the intensity of plastic deformation in the subsurface layers
are observed due to nanovibrations that stimulate the dissolution of defects and grains; an increase in the rate of
diffusion processes (through oscillations), which activates phase transformations (formation of oxide nanolayers,
impurity enrichment); the development of magnetoresistive and magnetostrictive effects simultaneously with
mechanical loading, which contributes to an increase in the kinetic energy of defects and grains.

During MRPM, energy of plastic deformation accumulates in the surface layer of the material, which is caused
by intensive nano-oscillations. The criterion for the onset of amorphization is the excess of deformation energy over the
binding energy in the crystalline lattice. Let us denote E, - the energy required to destroy the crystalline structure per

unit volume (the activation energy of amorphization); and W}, - the energy of plastic deformation accumulated per unit

volume of the surface layer.
The amorphization condition can be written in the form:

W, = Eg4. (11)

Let the mechanical nano-oscillatory Lorentz force F;(t) with resonance frequency w, lead to a periodic
oscillatory loading. The average power expended on plastic deformation in volume ¥ per oscillation is estimated as:

P, = [, o(t) (Dt , (12)

where o(t) - cyclic stress, £(t) - the rate of plastic deformation, T = 2m/w,.
Average density of accumulated energy after N cycles:

NTP, ., NT(gg)
v v (13)
Under resonance conditions, mechanical oscillations reach the maximum amplitude A therefore the stress

o and the strain rate & increase. Then, after N, cycles, the accumulated energy may exceed E;:

max’

EgV
N~ —— .
KP  (g&jT

(14)

When W, = E,, the irreversible (amorphous) transition of the surface layer begins. If an alternating current of
frequency wg,y, tuned to the mechanical resonance «w,,, flows through the specimen, a radially distributed demagnetizing

effect is created. As a result of the periodic magnetoresistive change of material parameters (Young’s modulus,
damping coefficient), additional generation of internal stresses (magnetostriction) occurs. The energy of this influence
Wrgyy is also accumulated in the subsurface layer due to the anisotropy of the magnetic domains:

T
Wem ¥ [ M()dH(t) ¥ pox HohV (15)
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where M(t) - magnetization, H(t) = H,sin(wg,t) - alternating field, x - magnetic susceptibility, h- amplitude of
magnetoresistive change, ji, - magnetic constant.

Under resonant conditions ewg,, & w, local defect sites receive an additional energy impulse, which promotes
the activation of diffusion processes and local heating:

AT(z) ~ e (16)
pepV

where p - material density, c,, - specific heat capacity.

Local increase of temperature AT(z) accelerates diffusion and promotes phase transformation. The total
accumulated energy in the subsurface layer:

Weor = Wy + Weyy, - (17)

If W,,, = E,, the conditions for amorphization are met faster than under purely mechanical action.

As a result of intensive nanovibrations in the layer with a thickness d,, (on the order of ~ 0,1...1) cyclic plastic
deformations with shear amplitudes u
rapid fragmentation of the crystalline structure into fine grains (posmip D,,.). According to the modified Hall-Petch law:

o, = oy + kD" (18)

amp <1077, 107, m. The plastic accumulation of dislocations (pg;;;) causes

where g, - yield strength, gy, - the supporting stress of large grains, k - a material-dependent coefficient.
Reduction of D,,. to the nano-range leads to a significant increase in a,, but at the same time, the internal
accumulated stresses and the stored energy of defects also increase Wy

Wiase & [ 7 dp, (19)
where T - shear stress.

When the dislocation density reaches a critical level p,,., the atomic planes can no longer restructure into an
ordered system, as the defect energy exceeds the migration energy. This leads to the formation of an amorphous (non-
crystalline) state.

Parallel to the accumulation of dislocations under the influence of nano-vibrations, diffusion mechanisms are

activated: atoms in the subsurface layer are mobilized due to oscillatory displacement and local heating. The specific
diffusion rate D at the temperature T + AT

Q
D(T +4T) = Dyexp(—57p) (20)

where D - pre-exponential factor, @ - activation energy of diffusion, R - gas constant.
Even a slight increase in AT (tens of degrees) sharply increases D, which accelerates atom movement and

filling of inter-dislocation gaps. Under conditions of high defect density, this creates an unstable configuration where
the local structure tends toward an energy minimum. However, due to the excessive concentration of defects and the
energy of jumps, amorphous zones form, which lack long-term order.

Jnst yTBOpeHHsT aMOp(HOro mapy HeoOXiJHO JOCATHYTH MEBHOTO KPUTHYHOTO 3CYBY Yxp Y HOBEPXHEBOMY

HIapi, pu SKOMY BiZIOYBa€ThCs CyLIbHA JIE30Pi€HTALliSl YACTUHOK. 3TiHO 3 Teopieto nedopmaniiinol amopdizarii:

Zna
Yor ® =— (21)

where a - interatomic distance.

For D, ~ 5...20, nm, we obtain y,,. # (0,1...0,3). In mechanical nanovibrations, the displacement amplitude
Ugmp and frequency w, determine the maximum shear rate ¥,,., = (S Ty [ S | S A Teyele = Ver , Where
Teyele = 27/, then during one cycle of nanovibrations the critical shear value occurs. At resonance w,, & wgy the
damping B is minimal, so the amplitude u_amp reaches its maximum value, which ensures the condition y = y,....

To transition to an amorphous state, it is sufficient to achieve:

1. A high density of accumulated defects (p4:5; = Per)s
2. A local increase in temperature AT = T ,
3. A critical sheary = y,,.,
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4. Instability of the crystal lattice: W,,, = E;.
When these conditions are simultaneously met, an amorphous layer is formed at a depth d
which depends on the depth distribution of nanovibration intensity and the heating field profile:

amor the thickness of

dﬂ'ﬂ!ﬂl" R \‘"l ZD(T + ‘dT)tE?.J.'p 1 (22)

where t,,,, - total exposure time (sum of cycles), D - diffusion coefficient.

Under typical MRPM mode with w,, ~ 105, rad/s, Ugymp ~ 10 —9, Hy ~ 0,5, T the thickness d ., liesin

the range (0,2...1), um.

Thus, the final proof of the formation of the amorphous layer is determined by the following: accumulation of
plastic deformation energy: intense nanovibrations at resonance lead to rapid accumulation of defect energy W, which

exceeds E; after N_. cycles; electromagnetic resonance influence: magnetoresistive and magnetostrictive effects
generate additional stress and local heating AT, which increases the diffusion rate and lowers the defect formation
energy; quantized deformation cycles and shear: under the condition wg, * w, the amplitude of nanovibrations
reaches uq,,, Which ensures shear y = y,,. in a single cycle, destroys the organized crystal lattice and initiates a local
transition into the amorphous phase; due to diffusion processes at a depth d,,,,,- & stable amorphous layer is formed.

Thus, the fulfillment of all the mentioned conditions indicates that, under the influence of MRPM, an
amorphous zone arises and develops in the surface layer. This proof is based on energetic considerations (accumulation
of defect energy), crystallographic instability conditions (critical shear and dislocation density), and the activation of
thermodynamic and diffusion processes.

5. Results of experimental studies and their discussion.

A detailed description of the results of experimental studies devoted to the effect of magnetic resonance
processing in a dual-component resonance mode (MRPM) on the characteristics of the contact surfaces of a "shaft—
bushing" pair is presented. Special attention is paid to microstructural changes, morphological features, changes in
hardness, and the tribological properties of the surface layer after MRPM.

After performing a series of MRPM cycles, significant changes were revealed in the surface layer of the
contact element, especially in the central zone, which can be considered a "hot spot.” In this zone, where mechanical
and electromagnetic influences are most intense, the average thickness of the amorphous layer was about one
micrometer. However, this value proved to be non-uniform, ranging from 0.8 to 1.2 micrometers depending on the
localization along the contact line. A more detailed study of the thickness profiles obtained using scanning electron
microscopy (SEM) showed that the maximum thickness values are concentrated in the center of the "hot spot." This
area coincides with the zones of maximum normal and tangential stress components of the oscillations. Moving several
hundred micrometers away from the center, the thickness of the amorphous layer gradually decreases, forming a
gradient that transitions into a zone less protected from deformation impact. A significant heterogeneity of the layer
thickness was revealed in the cross-section of the surface. In particular, two local maxima of thickness were recorded
along the diagonals of the "hot zone." This phenomenon is explained by the phase-heterogeneous superposition effect of
mechanical and electromagnetic pulses, which leads to the appearance of two peaks of energy concentration where a so-
called "cluster resonance” is formed. This effect confirms the uniqueness of the dual-component MRPM mode
compared to classical single-phase approaches.

The morphological features of the surface after MRPM, determined using atomic force microscopy (AFM),
show an almost smooth texture. The average profile protrusion (Ra) is only about 0.03—-0.05 micrometers, indicating a
low level of microroughness. At the 1 x 1 micrometer detail level, the surface consists of small fragments lacking a
crystalline ordered structure, indicating the amorphous nature of the layer. In areas distant from the center of the "hot
zone," isolated shallow pits up to 0.1 micrometers deep were observed using AFM scanning. Their appearance is most
likely associated with local temperature increases at the moment of impulse loading when the zone could not cool
quickly enough. These pits were mainly located outside the main contour of the resonant influence, where normal and
tangential oscillations interacted less intensively. A detailed analysis of the topographic descriptors in the central "hot
spot” showed that the relative height dispersion was only about 10-12%. This indicates a sufficiently homogeneous
structure of the amorphous layer. At the same time, in the transition zone, approximately 0.5 millimeters from the
center, the height deviation increased to 25%. This increase is explained by a decrease in the amplitude of tangential
oscillations and a reduction in the intensity of mechanical resonant influence.

Before MRPM, the surface hardness in the initial state (the running part of the bushing before chemical-
mechanical processing) was approximately 58-60 HRC (Rockwell scale). The microstructure in this state consisted of
fine-grained martensite with minor residual stresses formed after prior quenching and tempering. After performing
MRPM, the hardness in the central zone of the amorphous layer increased significantly to 800—900 HV on the Vickers
scale. This corresponds to approximately 62—-64 HRC, demonstrating an increase in hardness by 5-7 HRC compared to
the initial state. This increase in hardness indicates that the absence of a crystalline lattice and the chaotic arrangement
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of atoms in the amorphous structure provide increased resistance of the material to point damage. In the zone where the
thickness of the amorphous layer decreased to 0.5-0.7 micrometers, the hardness gradually decreased to 700-750 HV.
This indicates a transition to an intermediate zone where the amorphous structure partially crystallizes. Further, in the
layer with a thickness of 0.2-0.3 micrometers, the hardness decreased to 600-650 HV, corresponding to the main
crystalline sublayer.

Detailed analysis of several samples revealed a clear correlation between the thickness of the amorphous layer
and hardness: maximum hardness values coincided with the greatest layer thickness. A decrease in thickness was
accompanied by a proportional reduction in hardness down to the level of the crystalline material, confirming the key
role of the amorphous structure in increasing hardness. Particularly noteworthy is that in the thickness range of 0.6 to
0.8 micrometers, hardness decreased more rapidly than in the central range of 1.0—1.2 micrometers. This is explained by
the fact that at a lower thickness of the amorphous layer, the load was more quickly transmitted to the crystalline
sublayer, since the number of amorphous cells capable of effectively dissipating stress became insufficient. Regarding
the measurement accuracy, the error in the mean hardness values in the central zone was about £2-3%, while in the
transitional zone it increased to +5%. This was due to both the non-uniform formation of the amorphous layer and
variations in the surface roughness of the sections after polishing.

Analyzing the change in the friction coefficient p, it was found that for the untreated surface, the mean value of
u in the “shaft-bushing” pair was approximately 0.12 under mineral oil lubrication at a temperature of about 25 °C and
atmospheric pressure. Such a friction level is typical for D2 steel friction pairs. After the formation of the amorphous
layer as a result of MRPM, the mean value of p for the first 10,000 revolutions decreased to 0.10-0.11. This indicates a
reduction in friction by 8-10% due to a smoother topography and the presence of a hard amorphous surface, which
prevents the mechanical “seizure” of microasperities. During operation up to 50,000 revolutions, the friction coefficient
remained within 0.10-0.12, demonstrating stable performance of the amorphous layer. After 60,000 revolutions, when
the thickness of the amorphous layer decreased to approximately 0.6 micrometers, the friction coefficient began to
gradually increase, reaching values of 0.13-0.14 by 100,000 revolutions. In the final interval (150,000-200,000
revolutions), the p value reached 0.16-0.17, approaching the initial values of the untreated surface. The standard
deviation of the friction coefficient during the stable sliding period (up to 50,000 revolutions) was about 5%. In the
accelerated wear zone (over 100,000 revolutions), this indicator increased to 12-15%, indicating non-uniform
destruction of the amorphous layer in different samples.

Regarding the wear rate Kw, in the first interval (up to 20,000 revolutions), its value remained minimal—
approximately 0.05 mm per 10,000 revolutions. This corresponds to a state where the amorphous layer still provided
protection against deep microdamage. During the moderate wear period (20,000-60,000 revolutions), when the layer
thickness decreased to 0.8-0.6 micrometers, the wear rate increased to 0.1-0.12 mm per 10,000 revolutions. This was
due to the depletion of the layer under the influence of mechanical and thermal loads and the exposure of the crystalline
material sublayer. When the thickness of the amorphous layer dropped below 0.5 micrometers, the wear rate reached
0.2-0.25 mm per 10,000 revolutions. This indicated the onset of dominant crystalline wear. At this point, microcracks
and fragmentation of the surface layer were observed, leading to a rapid deterioration of tribological properties. For
comparison, in the control samples without MRPM, the wear rate already at the beginning of operation exceeded 0.2
mm per 10,000 revolutions, and by 100,000 revolutions increased to 0.5 mm per 10,000 revolutions. This clearly
demonstrates that the amorphous layer after MRPM provided significantly better wear protection for a certain period
than the initial crystalline coating.

6. Discussion of the results.

After the formation of the amorphous layer, its thickness proves to be closely associated with the reduction of
the coefficient of friction between the contacting surfaces. In particular, in the so-called "hot spots"—areas where the
layer thickness reached approximately one micrometer—the surface was found to be virtually perfectly smooth, without
pronounced crystalline grains or sharp defects. Such a surface, free of microasperities, significantly reduced the
interaction between surfaces, which, in turn, contributed to a “self-lubricating” effect. On such an amorphous surface,
there are no distinct sliding directions, since the atomic structure does not exhibit classical crystalline order. When the
thickness of the amorphous layer decreased to 0.6-0.8 micrometers, the coefficient of friction began to gradually
increase. This is due to the formation of a transition zone beneath the thin layer, where signs of partial crystallization
already appeared. In this zone, the amorphous cells no longer performed the function of an effective barrier, and local
micro-roughnesses began to interact with each other, leading to an increase in friction. In the thinnest areas, with a
thickness of 0.2-0.4 micrometers, the amorphous layer was almost completely destroyed, and the surface acquired
properties similar to the original crystalline structure of D2 steel. Thus, the experimental results demonstrate that the
thickness of the amorphous layer directly affects the level of friction: from a minimum value at a thickness of about 1
um to values approaching the initial ones in the case of the thinnest layers. These observations confirm the known
notions about the mechanism of friction reduction due to the formation of the amorphous phase, in which there are no
flat sliding directions and there is a reduced tendency for debris formation. However, our data significantly refine this
concept, showing that it is not just the presence of the amorphous structure but its sufficient thickness that determines
the effectiveness of friction reduction. Unlike many literature studies, which record predominantly local formation of
thin layers, in our case, it was possible to clearly distinguish three zones: maximum thickness (~1 um), gradient zone
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(~0.6-0.8 um), and thin zone (<0.5 um). Each of these zones affects the coefficient of friction differently, allowing for a
more precise determination of when the transition from the “amorphous” to the “crystalline” friction mechanism occurs.

Experimental studies using different combinations of mechanical (normal) and electromagnetic (tangential)
impulses made it possible to identify the optimal parameters at which the maximum thickness of the amorphous layer is
achieved. The best results were observed when the power ratio between the tangential and normal components was
approximately 0,7 : 1,0, and the difference in vibration frequencies was 5-7 kHz. Under these conditions, in the "hot
spots," there was a twofold increase in the rate of defect accumulation in the crystalline structure. Local heating in these
areas reached an optimal level sufficient to prevent the grains from restoring an ordered lattice during cooling. This
created conditions for the fastest possible formation of the amorphous phase.

A nonlinearity effect in the resonant interaction was also observed. When the amplitude of one of the
components increased in the nonlinear mode, the resonance point shifted, resulting in the formation of two local zones
of peak energy accumulation instead of a single classical peak. This behavior led to the emergence of two “hot spots,”
accompanied by local variations in the thickness of the amorphous layer, up to its unpredictable increase in certain
areas. Sometimes such nonlinear interaction led to the formation of local defects (mini-pits) when the energy impact
exceeded the optimal threshold. Therefore, it is important to consider that an excessive increase in amplitude does not
always lead to an increase in the thickness of the amorphous layer: at certain values, mechanisms of recrystallization
and microstep formation begin to operate, which affect the uniformity of the layer.

The results of experimental studies of reliability functions showed that amorphization due to MRPM
significantly affects the durability of components. In particular, the reliability function curve clearly demonstrated a
threefold shift of the "50% failure point" compared to the untreated crystalline surface. This means that in practical
conditions, when half of the “shaft-bushing” assemblies already require repair, the MRPM-treated elements still retain
about 80% of their operational capability. Thus, this allows for significantly less frequent maintenance, reducing the
downtime of equipment caused by the replacement of worn parts. An economic analysis confirmed that investments in
the MRPM procedure pay off after the first usage cycle due to the increased maintenance interval. Despite the rather
high cost of equipment and significant energy consumption, the profitability of implementing MRPM in medium- and
large-scale production is beyond doubt. Each “shaft—bushing” in such production can obtain an amorphous layer with
minimal thickness deviations, ensuring stable operating life of 600-650 hours without the need for additional repair
operations.

However, despite the positive effect, attention should be paid to some limitations that affect the accuracy of
experimental data and their interpretation. Firstly, the use of scanning electron microscopy (SEM) and atomic force
microscopy (AFM) produced an error of up to £0.05 pum, which, with a total thickness of up to 0,2 um, could lead to an
error of up to 8%. Secondly, even slight deviations in the phase of normal and tangential vibrations caused local
variations in the thickness of the layer, which was reflected in the heterogeneity of tribological characteristics. Thirdly,
in laboratory conditions, the cooling rate after the impulse was stable, but in industrial environments, where it is
difficult to ensure precise temperature control, uneven cooling is possible, which can lead to partial recrystallization of
the amorphous layer.

When forming amorphous layers using single-phase methods (laser or electromagnetic treatment), the layer
thickness usually does not exceed 0.7-0.8 um. In these cases, the coefficient of friction can be reduced by only 10-15%.
However, this is not enough to significantly increase the service life of components, since the maintenance interval in
such studies increased by only 50-80% compared to the crystalline state. In contrast, in our studies, the application of
the two-component resonant approach made it possible to achieve a layer thickness of up to 0,3 um, which provided an
almost threefold increase in service life.

The difference in our approach lies in the use of synchronized normal and tangential impulses. Unlike other
researchers, who usually applied either an alternating field to the crystalline surface or exclusively mechanical
vibrations, we combined these modes to create a deeper and more uniform amorphous layer. Additionally, our approach
includes a multi-level analysis—from SEM/AFM studies to long-term tribological tests and “shaft—bushing” stand tests.
This allowed not only to record the fact of friction reduction but also to establish a clear correlation between layer
thickness, its microstructural characteristics, mechanical hardness, wear resistance, and reliability functions. Most
literature sources usually investigate only one or two of these aspects, which limits the understanding of the method's
effectiveness. Furthermore, our work provides recommendations for industrial integration, which include phase tuning
parameters for optimal amorphization, economic calculations, and critical layer thickness limits for maintenance
planning. Unlike many studies that remain at the level of laboratory recommendations, our approach is aimed at
practical application in real production conditions.

7. Recommendations for further research.

It is necessary to focus on the development of an automated system for controlling and adjusting the phase
shift during MRPM. The use of high-speed position sensors, electronic phase detectors, and “fast” correction will
reduce the human factor and thus decrease the risk of forming irregularities and local defects.

It is recommended to conduct studies in which MRPM-treated parts will be operated under real load conditions
(temperature fluctuations, presence of abrasive particles, corrosive-aggressive environment) for extended periods. This
will allow an assessment of how well the amorphous layer retains its properties under harsh conditions and whether
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adjustments to processing parameters are required. Experiments should also be extended to other tool steels (e.g., M2,
S7), alloyed powder composites, and new composite materials (especially nanostructured mixtures). Since
amorphization mechanisms depend on thermal conductivity and plasticity, the ratio of amplitudes and frequencies
should be optimized for different alloys to establish universal algorithms for these classes of materials.

It is advisable to carry out more detailed calculations of the total cost of ownership (TCO), taking into account
overhead costs (prolonged equipment downtime, energy costs, maintenance of the MRPM system), as well as expenses
related to disposal or repair of components. This will help develop sound business cases for different industries and
scales of production.

Based on the obtained data, it is advisable to develop and standardize a step-by-step technological process
regulation:

1) surface preparation (polishing, cleaning);

2) selection of optimal amplitudes and vibration frequencies for the specific material;

3) adjustment of the phase shift between components;

4) control of temperature and cooling rate during each impulse;

5) measurement of layer thickness and hardness after each series of cycles;

6) criteria for terminating impulses and completing processing.

Such a regulation will minimize errors, ensure repeatability, and reduce the likelihood of local defects.

It is recommended to implement monitoring of the residual thickness of the amorphous layer in production
using a portable SEM scanner or ultrasonic probe. If the thickness approaches ~0.6 micrometers, it is necessary to plan
for repeated MRPM or replacement of the component, as this is where a rapid increase in the coefficient of friction and
wear intensity occurs. These thresholds can also serve as the basis for maintenance scheduling, helping to prevent
catastrophic failures. In repair shops where “shaft—bushing” assemblies are regularly restored, separate MRPM modules
equipped with mobile coils and compact piezo elements should be provided. This will enable on-site amorphization,
reducing transportation costs and possible equipment downtime.

Before launching high-speed MRPM production, it is necessary to conduct training programs for engineers and
operators, explaining the specifics of phase setup, data acquisition from thermocouples and strain gauges, and
interpretation of SEM/AFM results. It is also advisable to create a knowledge base (“expert database”) where best
practices and technical nuances for different materials and processing modes can be recorded.

8. Conclusions.

The distinction of this study from previous ones lies in the comprehensive consideration of the surface
amorphization process under the simultaneous action of two components of resonant vibrations: normal (perpendicular
to the contact surface) and tangential (parallel to the surface). Most existing studies focused either on the influence of
high-frequency tangential impulses in combination with static loads or exclusively on laser/electromagnetic single-
phase processes without considering the mechanical component. In the proposed approach, a method for synchronous
control of a hydraulic drive (for normal vibrations) and an electromagnetic drive (for tangential impulses) has been
developed and implemented. This interaction makes it possible to achieve the effect of high-frequency local heating
while simultaneously actively forming plastic deformation, which contributes to a much deeper and more homogeneous
formation of the amorphous layer.

Unlike most works that propose empirical relationships of the amorphous layer thickness from individual
parameters (frequency of one type of vibration or the value of the external magnetic field), a conceptual scheme is
formulated here that explains how exactly normal and tangential impulses interact in resonance. An analysis of the
superposition of these components was carried out, optimal power ratios P/P. and frequency divergence A®m were
identified to achieve the maximum level of local mixing of the material lattice and the formation of an amorphous layer
up to ~1.2 um thick. Experimental studies demonstrated that the superposition of synchronized normal and tangential
vibrations significantly enhances the formation of an amorphous layer. The uniqueness of this method lies in the fact
that, at the same energy expenditure, the thickness of the amorphous layer in the two-component resonance exceeds the
indicators of single-phase approaches by almost one and a half to two times. In the central "hot spots,” the layer
thickness reached about one micron and more, which significantly exceeded the usual values for single-phase
electromagnetic or laser treatment (= 0.7—0.8 microns). This result confirms that it is precisely the coordination of the
phases and amplitudes of the two vibration components that creates the most favorable conditions for the accumulation
of crystal lattice defects and the rapid transition of the material to the amorphous state.

The formed amorphous layer was characterized by increased hardness (equivalent to approximately 62—64
HRC) compared to the original crystalline material (58—60 HRC). This hardness level was observed in the central
areas where the layer thickness was the greatest. The gradual decrease in hardness with a decrease in the thickness of
the amorphous layer confirmed the gradient structure: in the zone where the thickness exceeded 0.8 microns, the
hardness remained at a high level, and approaching the limit of = 0.4—0.5 microns, the hardness already approached
the initial value. This indicates that the amorphous layer acts as a "protective barrier" to a certain depth, which allows
the contact surface to exhibit increased resistance to external loads. The formation of the amorphous layer caused a
decrease in the friction coefficient by approximately 8—10% during the first tens of thousands of operating cycles. This
was explained by the smoother topography, the absence of crystalline grains, and the microasperity interaction. The
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wear intensity during the formation period and the initial "life" of the amorphous layer was minimal (= 0.05 mm per
10,000 revolutions). Only after the layer thickness decreased below ~ 0.6 microns did the wear intensity begin to
increase sharply, transitioning from a "light" to an "accelerated" stage. In the untreated group, the wear intensity from
the first cycles was ~ 0.2 mm per 10,000 revolutions and continued to increase, which confirms the protective function
of the amorphous layer.

Bench tests of the "shaft-bushing" assembly showed that the MRPM-treated samples were able to operate
without serious signs of wear for approximately 480—600 hours (or 80,000—110,000 revolutions) before the
appearance of the first microcracks and critical wear (0.1 mm). In contrast, the control samples without MRPM failed
(appearance of microcracks) after 150—220 hours. Thus, the mean time between repairs in the MRPM-treated samples
increased approximately threefold. The constructed reliability functions show that at the point where 50% of the
samples no longer meet the criteria for trouble-free operation, the MRPM-treated samples still remain at over 80%
serviceability.

A comparative analysis of the costs of traditional replacement of the "shaft—bushing" assembly and the costs of
performing MRPM demonstrates significant savings. If the traditional replacement of one assembly for full resource
recovery requires conditionally 1000 units of expenditure and provides approximately 200—220 hours of operation,
then performing MRPM costs about 100 units and makes it possible to extend the resource to 600—620 hours. Thus,
the conditional cost of one hour of trouble-free operation with MRPM is approximately 20—25 times lower than with
the traditional approach. These figures indicate the high cost-effectiveness of the method, especially in large-scale serial
production or costly equipment downtime.
Although the study was performed on D2 steel, the obtained results indicate that the approach is generally universal and
suitable for various tool and structural steels with similar mechanical and thermal properties. The key element is the
adjustment of parameters (amplitudes and vibration frequencies) according to the thermal conductivity, plasticity, and
heat resistance of the specific alloy. This creates the potential for scaling the technology to other materials and
applications — from the defense industry to energy and heavy engineering.
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METOJ0JIOTTA AHAJITUYHOI'O BUSBHAYEHHS CUJIN PI3BAHHSI TA HATIPY > KEHHS
PI3AHHA, YMOBH iX 3SMEHIIEHHS

MeTor0 OCIIPKEHHS € aHATITHIHE BU3HAYCHHS CHJIH Pi3aHHS Ta HANPY)KEHHS Pi3aHHS JIC30BHMH IHCTPYMEHTaMH Ta YMOB IX 3MEHIICHHS Ha
OCHOBI HAayKOBHX MOJIOXKEHb OIOpY MaTepialliB IOJ0 METONiB PO3paXyHKYy €JIeMEHTiB KOHCTPYKIiH Ha MiIHICTh. [l IbOro aHaNiTHYHO
BCTAQHOBJICHO MaKCHMaJbHE TAHICHIlIAbHE HAMpPYXKCHHs, 1[0 BHHHKAE B YMOBHIM IUIOIIMHI 3CYBy OOpOOJIIOBAaHOTO Matepiayiy I Hi€l0 CHIH
pi3aHHS, SKa 3aJCKHUTH Bil YMOB TEPTS CTPYXKKH, IO YTBOPIOETHCS, 13 IMEPEAHBOI0 MOBEPXHEIO Pi3aJIbHOTO IHCTPYMEHTY. 3a YMOBH JOCSTHEHHS B
30HI pi3aHHS TaHI€HIIaJBHIMH Ta HOPMAJILHIMH HAIPYKEHHSIMH MeX MIIHOCTI Ha 3CYB 1 CTUCK 00pOOIIOBAaHOTO MaTepially, aHAIITHYHO BU3HAYEHO
CHITy pi3aHHs, 1l TAHIEHI[iaNbHY 1 pajliabHy CKJIAJOBi, yMOBHE HAIPYXKEHHs Pi3aHHs (€HEproeMHicTh 00poOKH), KoedilieHT pizaHHs. Po3paxyHkamu
BCTAHOBJIEHO, II0 OCHOBHOIO yMOBOIO 3MEHIICHHS CHJIH Pi3aHHA Ta yYMOBHOIO HANPY)XCHHS pi3aHHSA € 30UIBIICHHS YMOBHOTO KyTa 3CYBY
06po6IIIOBAHOrO MaTepialy, skuii 3MiHtoeThest B Mexax 0...45°, Ile mocsraeThes uepes 3MeHnIeHHs KoedillieHTa TepTs B 30Hi pi3aHHs, 36iMblIeHHS
HO3UTHUBHOTO IIEPEIHBOTO KyTa pIi3ajJbHOrO IHCTPYMEHTY. Po3paxyHKamm TakoX BCTAaHOBJICHO, IO TPAAMLIMHO 3aCTOCOBYBaHHH IapaMerp —
Koe(ilieHT yCaaKu CTPYKKH, SIKHI MOKe 3MIHIOBATHCS B MexKax 1...8, HOpiBHIOE BITHOIIEHHIO YMOBHOTO HAIpPYXKEHHS Pi3aHHS Ta MEXi MII[HOCTI Ha
CTHCK 00pOOII0OBaHOTO MaTepialy. 3a JaHHUMH eKCIePUMEHTATbHHUX JOCIiDKCHb, PO3XODKEHHS IINX BEJINYUH 3HAXOAUTHCA B Mexkax 10%, mo Bkasye
Ha JOCTOBIPHICTh OTPHMAHHX B POOOTI TEOPETHYHHX PIlICHb TAa MOXIIMBICTH 1X NPAKTHYHOIO 3acTOCyBaHHs. Lle 103BOJISIE aHATITHYHO BU3HAYUTH
CHIIy pi3aHHS i YMOBHE HAIpy>KCHHS pi3aHHS (CHEPrOEMHICTh 0OpOOKH) Ta HAyKOBO OOIPYHTOBAHO IiAXOIWUTH JO BUOOPY OCHOBHHX HANPsMIB iX
3MEHIIECHHS, 10 Ma€ BaXJIMBE 3HAUCHHS ITiJ Yac pO3pOOJIEHHS POrPECHBHUX TEXHOJOTIYHUX MPOIECiB 0OpOOKH MaTepialiB pi3aHHAM CydaCHUMH
pi3aJbHUMH IHCTPYMEHTAMHU Ha METANOPI3abHUX BEPCTATAX i3 YMCIOBUM MPOrPAMHHM YIIPABIiHHAM THILy "00poOHHI HEeHTp".

Kaio4oBi cioBa: pixkydnii iHCTpYMEHT, TaHTCHIIAJIbHE Ta HOPMaJbHE HAIpPY>KCHHS, €HEPrOEMHICTE 00pOOKH, KOSDIIlieHT ycaIKH CTPYXKKH,
00po0IoBaHNi MaTepian

NOVIKOV F., ZHOVTOBRYUKH V.

METHODOLOGY OF ANALYTICAL DETERMINATION OF CUTTING FORCE AND CUTTING STRESS, CONDITIONS FOR

THEIR REDUCTION

The purpose of the study is to analytically determine the cutting force and cutting stress by blade tools and the conditions for their reduction
based on the scientific provisions of the resistance of materials regarding the methods of calculating structural elements for strength. For this purpose,
the maximum tangential stress that occurs in the conditional shear plane of the processed material under the action of the cutting force, which depends
on the friction conditions of the formed chip with the front surface of the cutting tool, was analytically determined. Provided that the shear and
compression strength limits of the processed material are reached in the cutting zone by tangential and normal stresses, the cutting force, its tangential
and radial components, the conditional cutting stress (processing energy intensity), and the cutting coefficient were analytically determined. The
calculations established that the main condition for reducing the cutting force and conditional cutting stress is an increase in the conditional shear
angle of the processed material, which varies within 0...45°. This is achieved by reducing the friction coefficient in the cutting zone, increasing the
positive rake angle of the cutting tool. Calculations also established that the traditionally used parameter - the chip shrinkage coefficient, which can
vary within 1...8, is equal to the ratio of the conditional cutting stress and the compressive strength of the processed material. According to
experimental studies, the difference between these values is within 10%, which indicates the reliability of the theoretical solutions obtained in the
work and the possibility of their practical application. This allows analytically determining the cutting force and conditional cutting stress (processing
energy intensity) and scientifically based approach to the choice of the main directions of their reduction, which is of great importance when
developing progressive technological processes for processing materials by cutting with modern cutting tools on metal-cutting machines with
numerical program control of the "machining center" type.

Keywords: cutting tool, tangential and normal stress, machining energy intensity, chip shrinkage coefficient, machined material

Beryn. [Ipomecu 06poOku MatepiainiB pizaHHSIM HaOyIIM OIMPOKOTO 3aCTOCYBAaHHS y BUPOOHUIITBI Pi3HOMaHITHOL
MPOAYKIIil, 0COOIMBO, Y TAKUX HAYKOMICTKHX TaTy3sX, K aBialliiiHa Ta aBTOMOOLUTBFHA POMHUCIIOBICTh, METUIIMHA TOIIO
Ille moB's3aHO 3 BHCOKUMH BHMOTaMH JO SKOCTi, TOYHOCTI 1 WPOXYKTHBHOCTI OOpOOKHM BHCOKOMIITHHX
Ba)XKOOOPOOIIFOBAaHUX MaTepiaiiB, sSKi BHKOPHCTOBYIOTH ITiJ] YaC BUPOOHUIITBA CYYaCHHX MAIIWH i cUcTeM. ToMy i 110
MPOIIECiB 0OPOOKK MaTepiaiiB Pi3aHHSAM IPEISIBISIOTECS BHCOKI BUMOTH 3 MOTJISAY CYTTEBOIO 3HHMKCHHS CHIIOBOT 1
TEIJIOBOI HANPYKEHOCTI, 3a0e3MeueHHs] BUCOKOIIPOIYKTUBHOI Ta BUCOKOSIKICHOI 00poOKu. Bee 116 Bumarae 3HauyHOTO
Mi/IBUIEHHST e(DeKTHUBHOCTI IpoleciB 00poOKM MaTepiajiiB pi3aHHSIM Ha OCHOBI HAYKOBHMX MOJIOKEHb TEXHIYHOT
MEXaHIKU 1, 0COOJIMBO, OMOPY MaTepialiB I0J0 METOIB PO3PAXYHKY €JIEMEHTIB KOHCTPYKIliH Ha MinHiCTh. OmHAK,
HEe3BaKAOUM Ha JIy)Ke 3HaYHUI 4Yac PO3BUTKY IpoleciB 0OpoOKM MaTepiajiiB pi3aHHSAM, 1 3apa3 Li METOJH LIe He
OTpUMaJTM NPAKTHYHOTO BTUICHHS, OCKUIBKU BIJICYTHI JIOCTATHBO JIOCKOHANI aHAIITHYHI MiIXOMU JI0 MPOEKTYBaHHS Ta
MIPOBEJICHHS. CTPYKTYPHOI 1 MapaMeTpu4yHOI ONTHMI3allii TEXHOJOTIYHMX TMpoleciB. Po3paxyHKH TEXHOJOTIYHHX
napaMeTpiB BUKOHYIOTHCS 13 3aCTOCYBAaHHSIM B OCHOBHOMY EKCIIEPUMEHTAJIbHUX JaHHX, a II€ HE JIO3BOJISIE ITOBHOIO
MIpOI0 BHUSBHTH Ta OOIDYHTYBaTH ONTHMajbHI BapiaHTH TPHUHHATTS TEXHOJIOTIYHUX pIlIeHb 00 BHOOPY
panioHAIPHUX TapaMeTpiB 00OpoOku. Buxonmsum 3 mporo, B poOOTI BHUPIIIyeETbCS aKTyalbHE HAayKOBO-IIPAKTHYHE
3aBIaHHs PO3POOJICHHS METOAOJIOTI] aHAJTITUYHOTO BH3HAUCHHS CWJIM Pi3aHHS Ta HANpPYXKEHHS pi3aHHS JIE30BUMH
IHCTpyMEHTaMH Ta YMOB IX CYyTTEBOTO 3MEHIIEHHS, 10 € BAXJIUBUM JUIsi CTBOPEHHS MPOTPECHMBHUX TEXHOJIOTIYHUX
mporieciB 00poOKHM MaTepialiB pi3aHHAM.

AHaJi3 OCHOBHHUX NOCATHEHb Ta JiTrepaTypu. OCHOBHMM CYYacHHM JOCATHEHHSM B PO3BHTKY IPOIECIB
00poOKm MaTepianiB  pi3aHHAM € PO3pOOJIEHI BHUCOKOTMPOMYKTHBHI METOIM BUCOKOIIBUIKICHOTO pi3aHHA i3
3aCTOCYBaHHS HOBHX IOKOJIHB JIE30BUX Pi3aJbHUX TBEPAOCIUIABHUX 1 KEPaMiYHHUX IHCTPYMEHTIB Ta METaJOpi3ajJbHUX
BEPCTATIB 13 YMCIOBUM IPOTPAMHUM YNPABIIHHAM THITY "00poOHMH IIEHTP". 32 YMOB €(peKTHBHOTO 3aCTOCYBaHHS BOHH
JIO3BOJISIIOTH ITiIBUIIMTH NPOJYKTUBHICTH 00poOku no 10 i Ounbmne pasiB i3 OJHOYACHUM 3a0E3NEUEHHSM BHCOKHX
MOKa3HUKIB SIKOCTi, TOYHOCTI 1 coOiBapTocTi 00poOKM. OpHAaK IOCSATTH TAaKMX BHUCOKMX IOKa3HHKIB OOpoOKM Ha
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MPaKTUIi BAAEThCA HE 3aBkau. lle moB'sA3aHO, TOJOBHMUM YHWHOM, 13 HEJOCTaTHIM TEXHIKO-€KOHOMIYHUM
OOTPpYHTYBaHHAM ONTHUMAIBFHUX yMOB 00poOku. Tomy B cywacHmX poOortax [1-3] 3HauHy yBary mpHUAUICHO IBOMY
MUTAHHIO. Y pe3ylbTaTi OOTPYHTOBAHO TIEPCIIEKTHUBHI HANPSMH IiIBUIICHHS S(PEKTHBHOCTI MEXaHIYHOI 0OpOoOKH
JIE30BUMH IHCTPYMEHTAMH Ha Pi3HHUX TEXHOJOTIYHHX omeparisax. Y pobori [4] moka3aHO eeKTHBHICTh 3aCTOCYBaHHS B
MeXaHOOoOpOoOIi PiKYyYMX IHCTPYMEHTIB i3 HaaTBepAMX MatepiamiB. Y poOoti [5] HaBeIeHO BaXIJMBI TEOpETHUHI
PIILICHHS 1010 MOXKJIMBOCTEH 3MEHILCHHS CHJIM Ta TEMIEpaTypH pi3aaHHs B yMOBaX BUCOKOILIBHKICHOT 0OpOOKH, 110
JIO3BOJIMJIO PO3POOUTH Ta BIIPOBAIUTH Y BUPOOHHULTBO CYYacHi TEXHOJIOTI] BHCOKONPOYKTHBHOI MeXaHIYHOT 0OpOOKH
JIE30BUMHU 1HCTPYMEHTAaMH CKJIAJHONPOdiabHOI (HopMyrouoi OCHACTKH Ul Xap4oBOi NPOMHCIOBOCTI. IluTaHHAM
BUOOpY ONTHMAalbHHX YMOB MEXaHi4HOi OOpOOKHM pi3aHHAM INpucBsueHO poOotu ['ycapeBa B. C. [6, 7], B sKux
MOKa3aHO Ba)XK/IMBICTh aHaJII3y YMOB 3MEHIIEHHS EHEPrOEMHOCTI 00pOOKH, 110 BU3HAYAIOTH HANPSIMH 3MEHILICHHS CHIIH
1 TeMmepatypu pi3aHHS Ta IiIBUIICHHS ITapaMeTPiB SKOCTi, TOYHOCTI i MPOAYKTHUBHOCTI 00poOku. [Ipn ipoMy BKazaHO
Ha 3HAYHI TPYIHOII IIOJ0 AHATITHYHOTO BH3HAYCHHS CHJIM Pi3aHHSA Ta CHEProeMHOCTI 0OpoOku. Y poborax [8, 9]
TaKOX pO3TISHYTO THUTAHHSA 3MCHINCHHA CHJIM pi3aHHI Ta EHEeProeEMHOCTI OOpoOKH, OAHAK 3 TMOTIANY iX
eKCIIepUMEHTAJIBHOTO BCTaHOBICHHA. OTXe, HaBeeHI poOOTH BKa3yIOTh Ha HEOOXIMHICTH aHAJITHYHOTO BCTAHOBJICHHS
CHIIM Pi3aHHA Ta HANPY>KEHHS pi3aHHS UM ITOJANBIIOr0 BUSBICHHS HAWOUIBII MEPCIICKTUBHIX HAMIPSIMIB ITiIBUIICHHS
e(heKTUBHOCTI MPOIIeCy pi3aHHS.

MeTa ocJtigKeHHsl, TOCTAHOBKA NMPo0aeMu. MeToI0 OCHIDKSHHS € aHaJiTUYHE BU3HAYCHHS CHJIM Pi3aHHS Ta
Hanpy)XeHHs pi3aHHs JIE30BUMU IHCTPYMEHTAMH Ta YMOB IX 3MEHIICHHS Ha OCHOBI HAyKOBHX IIOJIO)KEHb OIIOPY
MaTepialliB 1010 METO/IIB PO3PAXYHKIB CIIEMCHTIB KOHCTPYKIIIN Ha MII[HICTb.

JIns mocsarHeHHs 1i€l MeTH HeoOXiaHO:

* pO3pOOHMTH METOJOJIOTII0 aHAJITUYHOIO BU3HAYEHHS CHJIM pi3aHHA Ta HANpY)XEHHs pi3aHHS 32 YMOBH
JIOCSATHEHHS B 30HI pi3aHHS TaHTCHLIATbHUMH Ta HOPMAaJbHHMH HAIPYXEHHAMH MEX MIIHOCTI Ha 3CYB 1 CTHCK
00po0IIIOBaHOTO MaTepiany;

* aHAJITHYHO BU3HAYUTHU TA OOIPYHTYBATH HANPSIMU 3MEHIICHHS CHIM Pi3aHHS Ta YMOBHOTO HAaNPY)KCHHS pi3aHHI
3a pi3HUX YMOB 0OPOOKH JI€30BUMH iHCTPYMECHTaM;

* AHAJITUYHO BCTAHOBHTH 3B'I30K CHJIM pi3aHHA Ta YMOBHOTO Hampy)XXeHHS pi3aHHSA 13 TpaauLiiHO
3aCTOCOBYBAaHUM MapaMeTpOM — KoeillieHTOM ycaaKu CTPYIKKH;

* EKCIIEPUMEHTAIILHO OLIHUTH JOCTOBIPHICTh OTPUMAHHX TECOPETHYHUX PillieHb, 0COOIMBO, 11010 BCTAHOBJICHOTO
3B'SI3KY MiX CHJIOIO pi3aHHS Ta, BiIIOBIHO, YMOBHHM Halpy>KEHHSIM Pi3aHHs 1 KOe(illieHTOM yCaaKH CTPYKKH.

Marepianun pociaimxenHsi. s IOCATHEHHS MOCTaBJICHOT METH pPO3IIITHEMO PO3PaXyHKOBY CXEMY YMOB
pYHHYBaHHS TPSIMOJIHIKNHOTO 3paska Ml JI€I0 30Cepe/KEHOI I03/0BXHBOT CHJIM CTUCKY Ha OCHOBI HAyKOBHX
MTOJIOKEHB OTIOPY MaTepialiB.

TaHreHuiaJbHe HAaNPYXKEHHS, 110 BUHUKAE B YMOBHIH IUIOIIMHI 3CyBy Martepiaiy 3pa3Ka i Ji€r0 30CepeKeHOT
MO3/I0BXKHBOI cu cTucky P (puc. 1,a), mopiBHIOE:

P-cos P-cosp . P-sin2
T= b_ ﬁ~smﬁ:—’3, 1)
-6 a-e 2-a-6
Ie a, 6 — TOBIUMHA i IMpHHa 3pi3y, M; | =a/sin f — noBxuHa YMOBHOI IUIOLIMHHM 3CYBY Matepiaiy 3paska, M; [ —
YMOBHHUH KYT 3CYBY 00pOOIIIOBAHOTO MaTepiaiy.
A
P |
—> a
p
A 4
a
A
! a
B
P,
0 =| A 4
O
Pe____-3 I|D
0
Puc. 1 — Po3paxyHKOBi CXeMH YMOB py#HHYBaHHs MPsSMOJIIHIHHOTO 3pa3Ky MiJ €0 30CepeIKEeHOI CUITH CTUCKY P

iz kyrom @ =0 (a) i mig xyrom @ >0 (6)

MaxkcuManbHe TaHTeHIiadbHe HAIPYKEHHS T, MOCATaeThes 3a ymMoBu Sin23=1 abo 24 =90° . Bianosizmo,

B=45° . Toni 7,0 =P/(2-a-6).

117



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

0, — BIINOBIIHO, MEXI MIITHOCTi Ha 3CYB 1

3a YMOBH Tppay = maemo: P=2-a-6-7,,,=a-6-0 a6 Oom

Y6 om > A€ Ty

Tseye »
CTMCK MaTepiany 3paska, H/m?.
HopmanbHe Hanpyxkerns nopisuioe o =P/(a-6)=0,, . Omke, pyiiHyBaHHs 3paska BiIOGyBaeThCs Mifl KyTOM

ﬂ:450 3a yYMOBH JOCATHEHHS MEXI MIIHOCTI Ha CTHUCK Marepiany 3paska o 10 BIAMOBIZAE BIiIOMHUM

cm !
eKCIIepUMeHTaIbHAM JaHuM [ 10].

PosrnsHEeMoO Tenep BUMAIOK, KOU cujia CTUCKY P mie Ha 3pa3ok mifg neskuM KytoM @ (puc. 1,0).

TaHreH1iagpHe HaNpy>KEHHs, 110 BUHUKAE€ B YMOBHIH IUIOIIMHI 3CYBY MaTepiaiy 3paska, Bif Aii 30cepemkeHol
cumi P (puc. 1, 6) B 1bOMY BUINaJKy BU3HAYAETHCSL:

o P-cos(f+w)
a-s
MakcumaibHe 3HAYE€HHA TaHI€HIIAIBHOTO HANpPYKEHHS T, JOCATAETBCS 33 YMOBH sin(Z-ﬂ +a))=l abo
(2- B +w)=90°. Bimmosimmo, f=45"-w/2.
Sk BuAHO, 31 30UTBIIEHHSAM KyTa @ YMOBHHH KyT 3CyBy OOpOOIIOBaHOrO Marepiany [ 3MEHIIYETHCS aX M0

-sinﬁ:%~[sin(2-ﬁ+a))—sina)]. )

HYJIs, IO BiJpi3HS€ JaHWW BUIAJOK pyWHYBaHHS MPSIMOJIHIHHOTO 3pa3Ky mia ji€ro cuiam ctucky P (puc. 1,0) Bin
nomnepeAHboro Bumaaky (puc. 1,a). Y pesynpraTi MakCHMajbHE TAaHT€HLIAJbHE HANPYKEHHS Ty, BHU3HAYAETHCS

3aJIEXKHICTIO:
P .
Z'max:—'(l_sma))' 3)
2-a-6
3BIIKH, 32 YMOBH Tay = Toeys & 05-0,, , MO’XHa BU3HAYHUTH CHITy CTUCKY P :
2'a'6.z—36y€_a'8'dcm (4)

l-sinw) (L-sinw)

VY nmaHoMy BHIAnIKy cuia CTHCKY P 30imbrnyetbes 3i 30imbIIeHHIM KyTa @ . Ilpu mocsrHeHHI Kyta @ =90° cuma
P —oo. lle moB'a3ano 3 TuM, mo cwia P crnpsiMoBaHa BepTHKaIbHO BHU3. /laHa yMOBa € HallBa)KIIMBILIO yMOBOIO
3a0e3neueHHs BUCOKOI MIITHOCTI KOHCTPYKINM BHPOOIB, IO MPAIIOIOTh MiJ Ai€l0 3HAYHUX MEXaHIYHUX HABaHTA)KCHb,
OCKUIBKY 1JIs pyHHYBaHHS BUpOOY HEOOXiIHO JOKIACTH BEJHKY ciily P. OfHaK 1aHa yMOBa € HalTipLUIO yMOBOKO IS
3IIMCHEHHS TIPOLeCy pi3aHHs, OCKUIBKH 3a JOCSATHEHHS KyTa @ =90° MakcuMalbHE TaHTEHIiaJbHEe HalpyXKeHHS, 110
BUHUKA€ B yMOBHIH IUIOIIKHI 3CyBY 00OpOOIIIOBAHOTO MaTepially, IpUuiiMae HyIbOBE 3HAYECHHS ( T, —> 0). Binginenns
CTPYXKH B I[bOMY BHUIIJIKy HE BiZI0OYBa€ThCsI, OCKIJILKM YMOBHHI KyT 3CyBY 00poOioBanoro matepiany £ —0, a s
3a0e3neueHHs] YMOBH CTPY)KKOYTBOPEHHsI HeoOxinHO, 100 kyt [ OyB OulbluMi 3a HyJb 1 3MIHIOBaBCS B MeKax
0< p <45

Haiikpanioro yMOBOIO CTPY’KKOYTBOPEHHS il Yac pizaHHS € ymoBa: [ —45° Opnak, peamisyBatu ii, sk
rmokasajia mpakTHKa OOpOOKH MarepiaiiB pi3aHHAM, (HAKTHYHO HEMOIKIIUBO, OCKIIBKH HEMOJKJIMBO JOCSTTH 3HAYCHHSI
kyra @ —> 0 Ta peanizyBaTu cXeMy HaBaHTaXXCHHs 3pa3Ka, IOKa3aHoTo Ha puc. 1,a.

[o »x oOMexye BUKOHAHHA Ii€l YMOBH y Tporieci pizaHHsA? Ha BigMmiHy BiJ CTaTHYHHX yMOB HaBaHTa)KEHHSI
MEXaHIYHAX CHCTEM, y TIpoIleci pi3aHHsA Oe3mepepBHE BIUIUICHHS CTPY)XKH Bil OCHOBHOI Macu OOpOOIIOBaHOTO
Marepiany BiOyBaeTbCcs BHACHIOK TepTss OOpOOIIOBaHOro Marepially 3 IEpeIHbOI0 IOBEPXHEI PIKYYOro
IHCTPYMEHTY, TOOTO CTpY’)KKa CXOJMTH i3 30HHM pi3aHHS B3IOBX MepenHbOl MOBEPXHI pIkYydOro IiHCTPYMEHTY.
VY pe3ynbTaTi B mporeci pizaHHS, HOpYyY i3 BUHMKHEHHSIM TaHTCHIIAIBHOI CKJIaZOBOI CHIM pisaHHS P,, sika, BiacHe,
(opMyeThCSI BHACTIOK MEPEMIIeHHS 00pO0II0BaHOTO BUPOOY UM PiXKYYOro iHCTPYMEHTY, BUHHKAE IIe W paiaibHa
CKJIaJIOBa CUIIU pi3aHHS Py .

SIKIo posriusaaT NepenHii KyT pi3aibHOTO IHCTPYMEHTa PiBHUM HYJIIO, TO MIXK CKJIAJIOBUMH CHIHX pi3aHHS P, i
P, ichye sB'ssok (puc 1,6): Py | P,=tgw="f, ne f — koediuieHT TepTs mNepeaHbOi IOBEPXHi Pi3aIbHOTO
IHCTpYMEHTY 3 OOpoOJIOBaHMM MatepiaioM. Y I[bOMY BHNQJKy KyT ¢« JOPIBHIOE YMOBHOMY KyTy TepTs
00poOIFOBAHOrO MaTepialy 3 MepeIHbO0 MOBEPXHEIO piXkydoro iHcTpyMeHty v (tgy = f).

Ockimku  f <1, 1o Binnowenns P,/P =cigo=ctgy=1/f>1. lle ysromkyerbcs 3 BinomMumu
excriepuMenTanbHumMK Janumu [8]. 3a ymou y —0 BukoHyerhes ymoa P, /P, — oo, mo Bianosizae sHauenHio

kyTa @ —>0 Ta BU3HAuYa€ NUISXH MaKCHMaJIbHOTO BUKOPUCTAHHS MOTEHIITHUX MOXKJIMBOCTEH MpoLIeCcy pi3aHHs.

SIKImo posrisaaTH MepeAHid KyT piKydoro iHCTpyMEHTY y Oinblne Hynsl (HO3WTHBHHM), TO 3 (Ii3MYHOI TOUKH
30py BiH 3MEHIIYE€ YMOBHHH KYyT TepTsl 0OpOOIIOBAHOIO MaTepialy 3 MepeHbOI0 MOBEPXHEI0 PIKYUYOro IHCTPYMEHTY
w .Y pe3yibrari KyT @ BuU3Ha4YaeTbes @= —y . Toui kyt [ = 45° — (1// - ;/)/ 2.
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3a ymoBn y—i KyT @—>0 1 3'IBIS€TbCA MOXIUBICTD peamizamii CXeMH HaBaHTa)XEHHS 3pas3ka, sKy

MpeAcTaBiIeHO Ha puc. 1,a (0e3 HASIBHOCTI HECHPHUATIMUBOIO TEPTA HA MEpenHiil MOBEpXHI Pi3albHOTO iIHCTPYMEHTY).
M MOXXHA TTOSICHATH TParHeHHs Ha MPaKTHIIL 301IbITyBaTH MO3UTUBHUM IEepeIHiil KyT Ha PKydoMy iHCTPYMEHTI 10
3HaueHHA y =30° i Oimbme, mo6 mocartu ymoBy @ —>0. OmHak, Takwil )K€ pe3ynbTaT MOXKHA OTPUMATH, SIKIIO

3MeHIHUTH KoedimieHt Tepts f Ha mepeaHiii moBepxHi pikyuoro iHctpymeHty. Tomi mepenmHiii KyT y MOXKHa

3MEHIIUTH [0 HYyJBOBOIO Ta HABiTh HETaTUBHOI'O 3HAYCHHS, IO IO3UTUBHO IIO3HAYMTHhCA Ha CTifiKocTi Ta
MIpane3qaTHOCTI PIXKY4Oro iIHCTPYMEHTY .

Ile y3romkyerscst 3 IPaKTHKOI 3aCTOCYBaHHA pi3ajbHUX JIE30BHX aJMa3HUX IHCTPYMEHTIB, LIO
XapaKTepU3yI0ThCS HEBEJIIMKUM KoedilieHToM TepTs [4]. Y naHoMy BUNAIKy MepejHiil KyT IHCTPYMEHTY, SIK IPaBUIIO,
BCTaHOBJIOIOTH piBHUM ¥ =0 ... —1°, 1110 0HOYAaCHO 3a0e3Ieuye 3MEHIIEHHs! CUIIOBOT HANpPYKEHOCTI MPOIeCy pi3aHHs

Ta BUCOKY CTIMKICTb PI’)KYy4OT0 iHCTPYMEHTY.
M MoOXKHa TOSICHUTH e(heKTUBHICTH 3aCTOCYBaHHs aOpa3WMBHHUX IHCTPYMEHTIB y IPOIEC pi3aHHSA, SKi, MAalOUl
HeBenukui koediuieHt Tepts f (ocobnuBo, anMa3zHO-aOpa3uBHI IHCTPYMEHTH) JTO3BOJISIOTh 3MiHICHIOBATH €(DEKTUBHY

00poOKy 3a HasBHOCTI 3HaYHWX HETaTUBHHX IEPEIHIX KyTiB Ha PKy4YHX aOpasuBHUX abo anMasHuX 3epHax. OnHak,
Ipy 11bOMY HEOOXIHO BpaxoBYBaTH Te€, 110 aOpa3WBHI IHCTPYMEHTH MpAIOIOTh B yYMOBaX IHTEHCHUBHOTO TEPTS
00pO0OITIIOBAaHOTO MaTepiany 31 3BSI3KOI0 IHCTPYMEHTY, a II€ NPU3BOIUTH JO 30UIBIICHHS CHJIOBOi 1 TEIUIOBOT
HaMpy’>XEHOCTI MpOIeCY pi3aHHS Ta MOJMJIMBOI IOSBU NPUITIKaHb, MIKPOTPIIIMH Ta IHIIUX TEMIEpaTypHUX Ta
MeXaHIYHUX JAe(eKTiB Ha OOpOOIIOBaHUX IOBEPXHAX, TOOTO N0 3HIKEHHS SKOCTI 00poOku. OTke, BUHHKaIO4i
HECTIPUATINBI ABUINA Tix dac abpa3mBHOI 0OpoOkM (ILTiyBaHHI) MOB'SA3aHi, MEPUIOI0 YEProO0, HE 3 HETaTHBHUMHU
HNEepPeIHIMH KyTaMH pPDKYYHX 3€peH, a 3 HAasBHICTIO IHTCHCHBHOTO TepTsA 3B'SI3KM aOpa3sMBHOTO IHCTPYMEHTY 3
00pOOITIOBaHIM MaTepiaioM.

Taxkum 4MHOM, 3 YpaxyBaHHIM KyTa @ = —y iKyTa f3 = 45° — w/ 2 sanexuicts (3) HaOyBa€ BUTINY:

P 0 P .2 0o @ P .2
Tymax = —— - [1—€0s|90" —@w)|=——-sin“| 45" —— |=——-sin“ 5. 5
™ 2.a-6 b ( )] a-e 2) a-s p ©)
3 ypaxyBaHHSM CIIBBIAHOIICHHS Tpay =Ty ~05- 0, , Maemo:
a-e-o,
p=269%m ‘Zm . (6)
2-sin“ g

Sk BUIHO, 4KM Oibllle YMOBHHH KyT 3CyBY 00pOOJIIOBaHOTO Matepiay [, THM MEHIIe cuia pizaHHs P 1 Buiie

e(heKTUBHICTB TIPOIIECY Pi3aHHS.
TanreHmianpHa CKJIaJoBa CHIM pizaHHs P, 3 ypaxyBaHHAM 3anexHoctei (4) 1 (6) BUSHAUUTHCS:
0 .
P - P-cos(y/—;/)z a-6-o,, -0?5(290 —Z-ﬂ)z a'g'G‘ff" -Zsm2ﬂ _260y %
2-sin B 2-sin° g 9p

Buxoznsuu i3 3anexsocTi (7), TAHTeHIadbHA CKIAJ0Ba CUAM Pi3aHHs P, 3MiHIOETHCS aHAJOTIYHO CHII pi3aHHSA P:

31 30UIBIICHHAM KyTa [ 0e3lepepBHO 3MEHIIY€EThCS.
VMOBHe HamnpyKeHHs pizaHHs (eHeproemHictp 06pobku) o =P,/ (a~6), BUXOJsUl 13 3asiexxHOCT (7), npuiiMae

BUTJIAN:
o=, ®)

VY pesynbraTi MPUHIUIA A0 JIyXKe MPOCTOI 3aJeXKHOCTI, 3TiHO SKOI BEIMYMHU O 1 O, NOB'A3aHi MiX co000

cm
muure Gynkuiero tgf. Yum Ginsmwe Kyt [, THM MeHIIe BelnduHa o . BiamosiaHo, BimHoweHus o/ o, =cigfl .
Ockinbku KyT 3 3MmiHIOeThest B Mexkax 0 < 2 <45°, to BinHomeunns o/ o, =ctgf 3aBxnu Oinblie OAMHULI 1 auie
32 yMOBU [ — 45° HaOIMKaeThCS 1O OANHHMLIL.

Orxe BigHomenus o/ o,, =ctgfl B 3aIEKHOCTI Big KyTa [ 3MIHIOETBCS B MEXaxX BiJl HECKIHYEHHOCTI JIO
oauuunui. O4eBuaHO, B yMOBax abpasuBHOI 00poOku BigHOIICHHS O/ 0, = ctg[l npuiiMae 3HAYHO OiIBIII 3HAYCHHS,

HDK B yMOBax OOpOOKM JIE30BUMM IHCTpYMEHTaMH. TakuM YMHOM, 3aJeXHICTh (§) 0JHO3HA4YHO BU3HA4ae (Hi3W4HY
CYTHICTh HpOLIECY pi3aHHS 1 CIIpaBeUIMBa SK JUIS YMOB OOpOOKM JIe30BUMH IHCTPYMEHTaMH, Tak i aOpa3sMBHUMH
IHCTpYMEHTaMHU.
Koedinienr pizanns K, =P, / P, , Bi/INOBINHO /10 PO3paXyHKOBOI CXeMH, I0Ka3aHOT Ha pHC. 1,3, BU3HAYAETHCS:
P P.cosw
"z _ — — 0 —
K,,=—=———=ctgo=ctgl90” -24)=t92p . (©)]

Py P-sinw
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OckiNbKH yMOBHHH KyT 3CyBy 0OpoOiioBaHOTO Marepiaimy [ 3MiHIOETBhCS B Mexax 0 ... 45° To koediuieHT

pizannst K, =P, / P, 3miHroeTbest B Mekax 0 ... co. BuXomsud 3 1bOro, MOXHA 3pOOHTH BHCHOBOK, IIO KyT [
NPOTHIIEKHO BIUIMBae Ha Koediuient pisanus K, =P, /P, =tg24 i signowenus o/o,, = ctgfi: 1um Oiibuie

K pis = P,/ Py , TAM MeHle o/ o a TAaKOX CHEPTOEMHICTh 0OPOOKH, IO BiNOBIIA€ BiJOMUM CKCIICPUMCHTATBHUM

cm 2
naxuMm [6, 11].
VY T1abn. 1 HaBeneHO po3paxyHKOBI 3HaueHHS ¢GYHKUII tgf, mo BxoauTh 1o 3anexHocti (7), Ta ¢QyHKUIl

192 =K ,;, 31 3MIHOIO YMOBHOTO KyTa 3CyBy 00po0I0BaHOr0 Matepiainy /3.

Ta6muus 1 — Po3paxyHkosi 3nauenHs ¢pyHkuiit tgf i tg2[

f, tpanyc 0 10 20 30 40 45
tgp 0 0,176 0,364 0,577 0,839 1,0
tg2p 0 0,364 0,839 1,732 5,671 0

[MopiBHtotoun 3HaueHHs tgpf 1 tg243, moxna Oaunth, mwo tg2S >> tgf, ocobamso, 3a ymoBu [ >20° komu

¢bynkuis tg24>1 1 nocsrae HeCKIHIEHHOTO 3HaYCHHS (32 YMOBU [ = 45%).
JI1s BCTaHOBJICHHS 3B’A3Ky TaHICHIIaNbHOI CKIAJOBOI CHIM pPi3aHHA P, Ta yMOBHOIO HalpyXEHHS pi3aHHA

(eneproemuocti 06poOku) o 3 koediuientom pisanns K, =P,/ P, , ciin Bupasutu ananitndno B 3anexHocti (7)

dynkuiro tgf uepes dynkuito 1925 =K,,,. s UbOro CKOPHCTAEMOCS BIJOMOIO TPUTOHOMETPUYHOKO 3aJEIKHICTIO

tg2p = % , IKy MOJKHa TTOJIaTH Y BUIJISA1 KBaJAPaTHOTO PiBHAHHS BITHOCHO HEBigoMoi QyHKMIi g/ :
-9
2
tg%p+ ‘9B -1=0. 10
9°p 1025 9p (10)
Pimenns kBazgparHoro piBHsHHA (10):
K .
tgp=——9F o (11)

2 - 2 '
V1+tg228+1 1+ K2, +1
[icns migcranoBku 3aexHOCTI (11) y 3amexHicTh (7), MaeMO:
a-6-o
P, :—m.(1+,/1+1{2i3j. (12)
K p
pi3
3a ymou K pis >1, 10 BUKOHYETHCS MiJl 4ac J1e30B01 00poOKy, 3anexHicTs (12) npuiimae Burnan: P, =a-6-o,, ,
3TiIHO SIKOMY TAHICHLIAJIbHA CKJIA/I0Ba CUiM pisanHs P, (QakTu4HO He 3anexuTb Bif KoediuieHrta pisanus K, Ta

npuiiMae crtani 3HavyeHHA. Y [bOMY BHIIQJIKy YMOBHE HAaIpy>KeHHS pi3aHHS (€HEProeMHICTh OOpOOKH) JOPIBHIOE
o=P/ (a-g)= O » TOOTO (haKTUUHO JDOPIBHIOE MEXi MIIIHOCTI Ha CTUCK 0OpOOIIIOBaHOIO MaTepially o, . Lle Bka3sye

Ha Te, M0 (aKTHYHO JOCITAIOTHCS yYMOBH PYWHYBaHHA OOpPOOIIOBAHOTO MaTepiany IIiJ €0 CHIH CTHCKY 3a
PO3paxyHKOBOIO CXEMOI0, TOKa3aHoI0 Ha pHc. 1,a, TOOTO BUKOHY€EThCS yMoBa @ =0.
VY 3arajJbHOMY BUIIaJIKy YMOBHE HAalpy>KeHHsS pi3aHHs (€HEPrOEMHICTh 0OpPOOKM) O , BUXOASYM 13 3aJI€KHOCTI

(12), npuiimae BUTIISAA:
o—z%.(u,/uz{;}). (13)

pi3
I3 sanexunocti (13) BuIUIMBae, IO yMOBHE HANPYXCHHS PI3aHHS O 31 3MiHOW KoediuieHta pisanHs K,
3MIHIOETHCS aHAJIOTIYHO 3MiHI TaHTeHIIAIbHOT CKJIaJI0BOT CHIJIM pi3aHHS P, : acHMNTOTHYHE 3MEHIIY€EThCS 710 3HAUCHHS
O » WO Biftmosinae ymosi K ,;, —o0. 3a ymosu K,;, >0 Benmmuuna o —oo. Omxe, nin vac abpasusHoi 06poOKH,
xomt K, <1, BenuunHa o npuiiMae 3HaYCHHs, SKi 3HAYHO OlblIe O, , a MiJ 4ac J1e30B0i 00podku, komu K, >1,
npuiiMae 3HauYeHHS, 5K ONU3BKI 10 O, . 3BiICH, 3 MOIIILY 3MEHIIECHHS CHJIOBOI HANPYXEHOCTI MpOLECy pi3aHHS,

BUIUIMBaE €(EKTUBHICTh 3aCTOCYBAaHHS OOpPOOKM JIC30BHMH IHCTPYMEHTaMH, IO OJHO3HAYHO MiJATBEPKYETHCS
€KCIIEPUMEHTAJILHUMU JJaHuMu [1].
PanianpHa ckiamoBa CUITK pi3aHHS I:’y AHAJIITHYHO OMUCYETHCS:
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P, = P, _ P, _ a0, (14)

a-6:-0.,, ’ 2
Py ZK—Z'(].'F 1+Kpi3) . (15)

pi3

a00 13 ypaxyBaHHM 3aj1exHocTi (12):

AHaJIori4Ho mapamerpam P, 1 o, pajianbHa CKIaoBa CUIH pi3aHHs P, 31 30UIbUICHHSM yMOBHOTO KyTa 3CYBY
0bpobroBaroro marepiany [ 1 koediuienTa pisaHHs K, aCHMITOTHYHE 3MCHIIYETHCS 10 HYyJIbOBOTO 3HAYCHHS,

ockinbku tg2/ —> oo . Taky yMOBY MOKHa pealtizyBaTH Iij 4ac 00poOKH JIe30BUMH IHCTpyMEHTaMU, Ko 5 —> 45°.
Gynkuito tgf, ska BXOAWTh y HaBEICHI PO3PaXyHKOBI 3aJIeXKHOCTI, MOXKHAa BHMPa3HUTH BioMOIO (opmyroro

Time A. M. [2]:

Ccos y

tgf=——-"—, 16
op K, —siny (16)

ne K| — koedimieHT ycanku cTpyXKH ab0 YKOPOUCHHS CTPYKKH, 10 BU3HAYAETHCS ekcrepuMenTansho (K| >1).

SanexHicTh (16) BimoOpaxkae CyTHICTh yMOB IehOpMyBaHHs 00pOOIIOBAHOTO MaTepiany B mpolieci pizanusa. Yum
Oinplre KoedimieHT ycaaKu CTPYKKH a00 yKOPOUCHHS CTPYKKH K| , THM MEHIe YMOBHHH KyT 3CyBY 0OpOOIIOBaHOTO

Marepiany .
I3 ypaxyBanHsaM 3anexHocTi (16) yMOBHE HAMpyKeHHs pi3aHHs (€HEProeEMHICTh 0OpOOKH) ¢ MpHUiiMae BUTIIS:
o=0,, '—(KL —siny) . (17)
cos y

Sk BuAHO, 31 30inbIICHHAM KoedimieHTa ycaaku cTpyxku K, ¢yHknis tgf 3MeHIIyeThcs, 1m0 BKasye Ha
3MEHIICHHS KyTa /[ i, BIJIIOBIIHO, 301IbIIEHHS YMOBHOI'O HANIPY)KEHH pi3aHHs (€HEProeMHOCTI 00poOKHu) o .

JInst HynBOBOTO MepeaHboro kKyrta iHcTpyMenta (Siny=0; cosy=1) cnpaBemnuse BigHomenus K, =1/tgf5.
Toni o=0,, K, =0,,/t9f .Y pe3ynbraTi NpuHAIIIH 10 3aNeKHOCTI (8): YMOBHE HANPYXKEHHS Pi3aHHA O MPSIMO
nponopiiiHe nos's3aHe 3 koedimieHToM ycanku crpyxku K| . BinbliuM 3HaueHHAM O BIANOBINAIOTH OLIBII
3HaueHHa K, .

3a cyrTio, koediuieHT ycaaku cTpyxku K, BH3Ha4yae, y CKUIBKM pa3iB yMOBHE HAalpYXEHHS pi3aHHI O
HEepEBUIIYE MEXKY MILHOCTI Ha CTHCK OOpOOIIOBaHOrO MaTepialy O, . BUXonsduu i3 LbOro, OCHOBHOIO YMOBOIO
3MEHIIICHHS yMOBHOTO HAIIPY>KEHHS Pi3aHHA O € 3MEHIIEHHS KoedilienTa ycaaku crpyxku K, .

Ockinbku KoediwieHT ycanku crpyxku K, nopisHioe BigHomenunwo o/ o, =ctgff, TO e BiAKpPHBA€E HOBI
MOXJIMBOCTI A7 aHali3y (i3uuHOI CyTHOCTI mpouecy pisaHHA. 3Hatouu BenuuuHy K| , 3a 3anexHictio (16) HeckIagHO
BU3HAYUTH YMOBHHH KyT 3CyBYy OOpOOJIOBaHOrO Marepiany S Ta B HOAAIBIIOMY, 33 HaBEJICHUMU B POOOTI
AQHAJITUYHUMHU 3aJIEKHOCTSIMH, BU3HAYUTH YMOBHE Halpy)KeHHsl pi3aHHsS (€HEproeMHICTh 0OpOOKH) O, BiIHOIICHHS
olo,, =ctgfl, xoediuient pisauns K, , cuiy pisauns P raii cknanosi P, i P .

I3 3anmexxHocti (13) Takox BuIIMBae, Mo 30UIbIIEHHS KoedilieHTa ycaakn crpyxkn K, oOymoBieHe
3MCHIICHHM Koediuienra pisanus K, <1. Toxi sanexHicts (13) 3 ypaxysaHHsM 3anexHocti (17) mist Hy160BOro

MIepeTHhOTO KyTa piKydoro iIHCTPYMEHTa MOKHA BUPA3UTH TakK:
1 [ 2
K =— 1+ 1+ K,; |. (18)
K pi3
VY tabn. 2 HaBeA€HO pO3paxoBaHi Ha OCHOBI 3asIeXXHOCTI (18) 3HaueHHs KoedimieHTa ycaaku cTpyxkun K, .

Tab6mnuus 2 — Po3paxyHKoBi 3Ha4eHHs Koediuienta ycauku crpyxkn K|

Kpi3 0 0,1 0,2 0,3 0,4 0,5 0,7 1 2 5

K, o0 20 10 6,8 5,2 4,2 3,2 2,4 1,6 1,2

3i 30uIbLIeHHAM KoediuienTa pisanHs K, koediuient ycanku crpyxkn K 3menumyersces. Sk Bigomo [8], mix

4yac TOYiHHA Koe(illieHT ycanku cTpyxkn K Moxe 3miHIOBaTHCS B Mexax | ... 8. Omxe, 3a nux yMoB Koe(ilieHT
pizanns K, moxe npuiivaru 3Hauenns K, <1 i K, >1.3a ymou K, <1 xoedinient ycanxu crpyxkn K

3HAYHO 30UMbHIyeThCS. TOMY I HOTO 3MEHIIEHHS Ta IiJBHIICHHS e(pEeKTUBHOCTI 0OpOOKHM HEOOXiHO peasi3yBaTH
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yMOBH 30LiblICHHs Koediuienta pisanHs K, >1 NUIXOM 3MCHIICHHS pajiianbHOI CKIanoBoi cuid pisanHs P,
00yMOBIICHOI TEpTSIM CTPYXKKH 3 MEepeIHbOI0 MOBepXHew pisiist. Lle nocsiraethest 3MeHIIeHHsIM Koedinienta tepts T,
30UTPIICHHSAM ITO3UTHBHOTO TEPENIHBOTO KyTa IHCTPYMEHTY » Ta 3a0e3leYeHHSM BHCOKOi TOCTPOTH HOTO Je3a,

3a0e3neueHHsIM yMOB JIpOOJICHHsI CTPY)KKH B 30HI pi3aHHA a00 3MIHOIO KyTa CXOXIy CTPY)KKH 3 NEpeJHBOI MMOBEPXHi
IHCTPYMEHTY, 3aCTOCOBYIOUH JJISL I[bOI'0 YMOBH KOCOKYTHBOTO pi3aHHs ToIo [12].

Jnst migTBep/UKEHHS OTPUMAaHMX TEOPETHMYHMX pilleHb B Tabi. 3 HaBeIEHO EKCIIepUMEHTabHI 3HAuYeHHs
koedimienTa ycagku ctpykkn K| B 3a1exHOCTI Bif IBUAKOCTI pizaHHA V MiJ 9ac TOYiHHS 3ar0TOBOK i3 3arapTOBaHOI
craii 45 pisusmu i3 ensbopy-P 3a ymoB 06pobku: mogaua S =0,04 Mm/06; rmubuna pizanus t = 0,2 mm [8]. B Tabm. 3
TaKOX HABE/ICHO PO3PAXyHKOBI 3HaueHHs napametpis 3, K., =t928, o/ o, =1/tgp , bynkuii tgf3.

TaGmnus 3 — 3nauenns napaverpis K, B, K, =192f, o/ o, =1/t9p , dynxuii g

vV, w/xB 50 100 150 200 250 300
K, 3,0 3,0 2,7 2,5 2.4 2,3
B, rpanyc 17,0 17,0 19,0 20,5 22,0 225
tg 0,3057 0,3057 0,3443 0,3805 0,404 0,421
K, =923 0,6745 0,6745 0,7813 0,8693 0,9657 1,0
olo, =1/tgp 3,271 3271 2.9 2,755 2,48 2,44

SIk BUHO, 31 301IBLIEHHAM LIBUAKOCTI pi3aHHA V KoedilieHT ycaaku cTpyxku K, 3MeHIIyeTbcs, a YMOBHUH
KyT 3CyBYy 00po0OitoBaHOrO Marepiany /3, HaBIakH, 30UIBLIYETHCS, O BKa3y€ Ha 3MEHIICHHS CHJIOBOI HAaPYKEHOCTI
npouecy pisanns. [pu mpomy Bemmuman K, i o/o,, =1/tgf Hesnauno Bimpizmsoteest (B Mexax 10 %). Lle

MiATBEPIKYE NTOCTOBIPHICTh OTPUMAHUX TCOPETUYHUX PIllleHh Ta MOXKIIHUBICTH iX 3aCTOCYBAHHS I 4ac PO3pPOOIICHHS
MPOTPECUBHUX TEXHOJOTIYHHUX MpoleciB 00poOKM MaTepiaiiB pi3aHHSIM Cy4YacCHHMH pPi3ajJbHUMH IHCTPyMEHTaMH Ha
MeTaJopi3albHUX BEpPCTaTax i3 YUCIOBUM MPOTPAMHUM YIIPaBIiHHAM THITy "00poOHuit nentp" [13].

BucnHoBku. Y po0oTi po3po0IeHO METOAOJIOTIF0 aHAJITHUYHOIO BH3HAYEHHsS CHIM pi3aHHS Ta HaNpyXEHHS
pi3aHHs JIE30BUMH 1HCTPYMEHTaMH Ta yMOB IX 3MEHIICHHS Ha OCHOBI HAyKOBHX IIOJIOKEHb ONOPY MaTepiajiiB MO0
METOJ[IB PO3pPaxXyHKIB €JIEMEHTIB KOHCTPYKILIA Ha MilHICTh. J[Js I[hOr0 aHAJITHYHO BCTAHOBJICHO MaKCHMAaJbHE
TaHTEHIliaIbHE HANPYXXCHHS, [0 BUHHKA€ B YMOBHIH IDIOMIMHI 3CYBY OOpOOIIOBAHOTO MaTrepiaiy IiJ €0 CHIN
pi3aHHs, fKa 3aJCKHUTh BiJA YMOB TepTA CTPYXKKH, IO YTBOPIOETHCS, i3 MEPEIHBOI MOBEPXHEIO pPi3albHOrO
IHCTpYMEHTY. 32 YMOBH JOCSATHEHHS B 30HI Pi3aHHs TaHTCHIIaJbHUMH Ta HOPMaJIbHUMH HANPYKCHHSIMH MK MIilJHOCTI
Ha 3CyB 1 CTHCK OOpOOJIOBAaHOTO Martepialy, aHAJNITHYHO BH3HAYCHO CHIIYy pi3aHHs, 1i TAHTCHIANbHY 1 paaialbHy
CKJIaJIOBi, YMOBHE HAIIPYXCHHS pi3aHHs (€HEProeMHICTH 00poOKH), kKoedimieHT pizaHHA. Po3paxyHKaMu BCTaHOBJICHO,
II0 OCHOBHOKO YMOBOIO 3MEHILICHHS MapaMeTpiB CHIOBOI HAIPYXKEHOCTI MpoLecy pi3aHHs € 30UIbILEHHS YMOBHOTO
KyTa 3CyBy OOpOOIIOBaHOrO Marepiany, sAKuil 3MmiHOeThes B Mexax 0...45° Ile mocsraeTbcs yepe3 3MEHIICHHS
koedilieHTa TEpTs B 30HI pi3aHHs, 30UIBLICHHS ITO3MTHUBHOIO MEPEIHbOTO KyTa pI3aJbHOTO IHCTPYMEHTY.
Po3paxyHkamu TakoK BCTaHOBJICHO, L0 TPAJMIIIHO 3aCTOCOBYBaHMM MapaMeTp — KOe(ilieHT yCaaKu CTPYKKH, SKUH
MOYKE 3MIHIOBAaTHCS B MeXkax 1...8, TOpIBHIOE BiTHOIIEHHIO YMOBHOT'O HAIPYKEHHsI Pi3aHHs Ta MEXI MIIIHOCTI Ha CTHCK
00pO0ITIOBAHOTO MaTepiany. 3a JaHUMH €KCIIEPUMEHTAIBHUX JOCIIIKEHb, PO3XOKCHHS [IUX BEJIMYMH 3HAXOTUTHCS B
Mmexax 10%, 110 Bka3zye Ha JOCTOBIPHICTh OTPUMAHUX B POOOTI TEOPETHYHUX PIlllEeHb Ta MOXJIUBICTH 1X MPAKTHYHOTO
3actocyBaHHs. Lle 103BoJIsie aHANITHYHO BH3HAYMTH CHJIM Pi3aHHSA i YMOBHE HAlpy>KCHHs pi3aHHS (CHEPrOEMHICTh
00poOKHM) Ta HAYKOBO OOTPYHTOBAHO MiTIHTH JO BUOOPY HANPSIMIB X 3MEHIICHHS, 10 Ma€ BAXKIIMBE 3HAYCHHS ITiJ Yac
PO3pOOJICHHS TPOTPECHBHUX TEXHOJOTIYHMX TMPOIECiB OOpOOKH MarepialiB pi3aHHAM CY4YacHUMH pi3aJbHUMHU
IHCTpYMEHTaMH Ha METAJIOPI3aIbHUX BepCTaTax i3 YHCIOBUM IPOrPaMHHUM YIPABIiHHAM TUIY "00poOHMH eHTp".
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KOJIICHHK K. /1.

AHAJII3 TIOYATKOBOI'O ETANIY 3rMHAHHSI OJHOPOT'OI'O KOBAHOI'O I'AKA BEJMKOI
BAHTAXOINIJUOMHOCTI ITPU PI3BHUX TEMITIEPATYPHUX PEXKUMAX

VY po6oTi BHKOHAHO 4YKCEIbHE MOJICNIOBAHHS [I0YATKOBOTO €Tally 3rMHAHHS OJHOPOrOro KOBAHOIO aKa BEJIHKOI BaHTAXOMIANHOMHOCTI B
nporpamuomy cepenoBuii QForm UK. [locimkeHo BIUTMB TEMIIEPATypHOro peXKUMy HArpiBy 3aroToBkd (950—1250 °C) Ha xapakTep pO3MOALTY
IUIACTHYHOI AedopManii Ta IHTCHCHBHOCTI HaIIpyXXeHb y MONEepeYHOMYy Iepepisi 30HH Haibinpmmx nedopmariit. Ilokasano, mo 3MiHa TeMmepaTypu
MPaKTUYHO HE BIUIMBAE Ha MAKCHMaJbHI Ta MiHIMaJIbHI 3HaYSHHsI UIACTHYHOT nedopMallii, ajie CyTTEBO 3HIKYE IHTEHCHUBHICTh HANPYXKEHb 1 pOOHTH
ix posnoain Ginbln piBHOMipHHM. Po3paxoBano koedimieHT HepiBHOMIpHOCTI nedopmarii K,, 3a J0NOMOromw SKOro BCTAHOBIICHO, IO HAWOLIBLI
piBHOMIipHE popMoyTBOpeHH: 3abe3nedyoTs peskumu 950 °C ta 1150 °C. PesynbraTté MaloTh IpakTUYHE 3HAUCHHS IS ONTHMI3aLi TeMIepaTypHuxX
PEeKHMMIB KyBaHHS 1 3HI)KCHHsI PH3HKY YTBOPEHHS Ie(eKTiB y KPUBOMIHIHHIN YaCTHHI raka.

K1040Bi c10Ba: 3riHaHHS raKiB, IIACTHYHA JedOpMallisl, iIHTEHCHBHICTh HATIPYKEeHb, TEMIIEPATYPHHI PEXKUM, KOChiLlieHT HEPiBHOMIPHOCTI,
HanpyKeHO-1e(hOpMOBaHHUIT CTaH.

KOLISNYK K.

ANALYSIS OF THE INITIAL BENDING STAGE OF A HEAVY-DUTY SINGLE-HORN FORGED HOOK UNDER DIFFERENT
TEMPERATURE CONDITIONS

This study presents numerical simulation of the initial bending stage of a heavy-duty forged single-hook performed in the QForm UK software
environment. The influence of the billet heating temperature (950—1250 °C) on the distribution of plastic strain and stress intensity in the cross-section
of the zone with the highest deformation was investigated. The results show that temperature variation has almost no effect on the maximum and
minimum values of plastic strain, but it significantly reduces the stress intensity and makes its distribution more uniform. The deformation non-
uniformity coefficient (K,) was calculated, revealing that the most uniform shape formation is achieved at 950 °C and 1150 °C. The findings are of
practical importance for optimizing forging temperature regimes and reducing the risk of defect formation in the curved section of the hook.
Keywords: hook bending, plastic strain, stress intensity, temperature regime, non-uniformity coefficient, stress-strain state.

Beryn. KoBaHi Taku BenWKOi BaHTaXXOMIIHOMHOCTI € BiNMOBIJAIFHUMH €JIEMEHTAMH BaHTaXOITHOMHHAX
MEXaHI3MIB, BiJl HAIITHOCTI Ta JOBTOBIYHOCTI SKHX O€3MOCEPEIHBO 3aJIe)KUTh Oe3levHa eKCIUTyaTalis o0IagHaHHS Ta
nepcoHay. OHHUM i3 KJIFOYOBHX €TalliB TEXHOJOTIYHOTO MPOIIECY 1X BUTOTOBJICHHS € KOBAJIbChKA OIEpALlisl 3THHAHHS,
mig 9ac Kol popMyeTbest poboda reOMeTpis Taka Ta 3aJaf0ThCsl HOTO eKCILTyaTalliifHI XapaKTePUCTHKH.

[Ipomec 3rUHAHHSA CYIpPOBOKYETHCA HEPIBHOMIPHHM pO3MOIUIOM IDTACTHYHOI Aedopmariii Ta IHTEHCHBHOCTI
Hampy)XeHb, [0 MOXXE IPU3BECTH JO BHHUKHEHHs 30H IIJBHUIICHUX 3aJHMIIKOBUX HANpyXeHb, HaJMIpHOTO
BUTSTYBaHHSI BOJIOKOH METaJly UM HaBiTh 3apojpKeHHs JedekTiB cTpykTypu. Taki akropu Ge3nocepeiHbO BILIMBAIOTh
Ha SIKICTh OKOBKH Ta MOAAJIBIIY IIpale31aTHICTh T'aKa B yMOBaX Jiii 3MiHHHX HaBaHTa)KEeHb.

Oco0yuBy yBary CiiJl HPUAUISTH MOYATKOBOMY €Tally 3THHAHHS — 30HI, PO3TAIOBaHiil MOOJM3y XBOCTOBHKA
raka, Jie COCTepIraeThbCsl CKIIJIHUH HaIpyKeHO-eGOopMOBaHHUI CTaH, CIPUYMHEHNH MaKCUMAJIbHUMU JieopMallisiMH.

Jns neraneil Benmkoi MacH BaXIIMBHM € palliOHANBHUHA BHOIp TEMIIEpaTYypHOTO pEXHMY, II0 3abesnedye
HEOOXiHY IUIACTUYHICTh METAIYy MPH MiHIMaIIbHI HEPiIBHOMIPHOCTI e()OpMaIliifHOTO MPOoIIeCy .

VY 3B’43KYy 3 IMM aKTyaJIbHUM € YHCJIOBHH aHai3 MpOoLeCy 3TMHAHHS OJTHOPOTMX KOBAaHMX I'aKiB y 30HI XBOCTOBHKA
3 BU3HAYCHHSM BIUIMBY TEMIIEPAaTYPHOTO PEXHUMY HA XapakTep pO3IOJily IUIACTHYHOI Aedopmarii Ta iHTCHCHBHOCTI
HaTpY>KeHb 3 OIIHKOIO HEPIBHOMIPHOCTI (POPMOYTBOPEHHS Ha MOYATKOBIN CTAIil 3TMHAHHS.

JlitepatypHuii oriasia. BupoOHHITBO KOBaHHMX TakiB BEIUKOI BaHTAXKOIIIHOMHOCTI 3a3BHYAil CKIAaNAEThCSA 3
MOCIIZIOBHOCTI KOBaJIbCHKUX OIEpalliii: MiArOTOBKa 3ar0TOBKH, OCAJPKyBaHHS, MPOTSATYBaHHS, KyBaHHS 3arOTOBKH i
sruHanHs [1]. Came 3ruHaHHs (opMmye mnepexiiHy 30HY Ouls XBOCTOBMKA 1 poOO4y TiiKy raka. Y Cy4acHHX
JIOCIIDKEHHSIX TIaCTHYHOT Jedopmarii 3ruHaHHs pO3MIISJaioTh K NPOLeC, Y SKOMY MaTepiaji y 30HI BUTHHY IPAIIO€e
MO-PI3HOMY: 30BHIIIHI BOJIOKHA PO3TATYIOTHCS, BHYTPIIIHI — CTHCKAIOTHCS, @ MK HUIMH TIPOXOJINTh HEWTpaJibHA JIiHis,
ne nedopmariss Maibke BiacyTHs. [lJii MacHMBHMUX KOBaHMX 3aroTOBOK, TaKuMX SK OJHOPOTi TaKW, Ha PO3MOLI
nedopmarii T0IATKOBO BIUIMBAIOTh KOHTAKT 3 ONPABKOIO, CHJIM TEPTA Ta TEIUIOBMH OOMiH i3 iHcTpymeHTOM. LIi
(hakTOpH MOKYTh 3MIlIlyBaTH HEUTpPaIbHY JIHIIO Ta 3MiHIOBaTH (opMy Tedii MeTanmy. OCOOIHBO Yy TIMBOIO € TIepeXiTHa
30Ha 0L XBOCTOBHKA, JIe HA PaHHIX eTanmax (opMyBaHHS BHHUKAIOTH AedopMariii. Hagami BoHE MOXYTh IEpepOCTH y
IeeKTH i Yac MOJANBIIAX OIepallii 3ruHaHHsg a0 Mij Jiero poOOYNX HaBaHTaXKEHb [2, 3].

AHali3 HayKOBUX JDKEpeNl CBIMYWTH, O[O0 OUIBIIICTH JOCHIIPKEHh KOBaHHX TakiB 30cepekeHa Ha (opmi
MOTIEpeyHOT0 Nepepi3y Ta OILiHII HanpyxeHo-aepopmosanoro crany (HIAC) roroBoro BupoOy. Pobotu [4, 5, 7, 9]
MOKa3yIoTh, MO (opma Ta mapaMeTpu Tepepidy iCTOTHO BIUIMBAIOTHh HA PiB€Hb MaKCUMAIBHUX HAINPYKEHb, & OTIKE —
Ha HaAilHICTh raka. ocmimkeHHs [6, 8] mATBEPIKYIOTh, IO KOHCTPYKIIiIfHE BAOCKOHAICHHS KPUBH3HM Ta IJIABHOCTI
MEPeXodiB J03BONSE€ ICTOTHO 3HM3WTH MaKCHMaJIbHI Halpy)XeHHS. 3HAYHUA BHECOK Yy BHUBYEHHS HaIpPy>KEHO-
JeOpMOBAHOI0 CTaHy KPHBOJIHIMHOI 94acTMHM Taka 3pobjieHo B poborax [10, 11], me 3a 10mOMOrorw MeTony
CKIHUEHHUX €JIEMEHTIB BCTAHOBJICHO, [0 MAKCUMAaJIbHI HAIPYXKEHHS (POKYCYIOTHCS caMe y 30HI BUTHHY Ta TOKa3aJld
BILUTMB TeOMETpii raka Ha #oro MimHicts. ABropu [12] BHKOHanNM HampyX)eHO-IeGOpPMOBaHHA Ta BTOMHHI aHai3
KpPaHOBHX TakKiB, 3MIHIOIOYM Marepianl KOHCTpykumii. PoOora mokasye, 1o HaHOLIbIII MaKCUMaJbHI HalpyKEHHS
BUHMKAIOTh Y 30HI KPUBU3HM, TOOTO caMe TaM, Jie ITiJ] 4ac KyBaHHS BiIOyBa€TbCs OCHOBHE 3TMHAHHS 3arOTOBKH. Y
po6orTi [13] BUKOHAHO KOMIUIEKCHHUH aHaJi3 MPUYMH PYHHYBaHHS KPaHOBOTO T'aka BaHTa)KOIiAHOMHICTIO 24 T. ABTOpH
MOKa3aJIy, 1[0 MaKCUMaJIbHI HAalIpY>XKeHHs! Y 30HI KPUBH3HH, 1TOB’513aHi 3 OPMOIO raka Ta XapakTepoM aedopMartii mix
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yac (popMyBaHHs, CTaJX OCHOBHOK NPUYMHOK BUHMKHEHHS TPILIMH. AHanoriune fnociimkenns [14] Gymo nposeneHo

IUTA IPWIHH pyiHyBaHHS C-1101iIOHOTO raKa BaHTaKOIIi THOMHICTIO 5 T.
© K.I.Konicuuk. 2025

3’sicoBano, mo C-momiOHMII Tak BUIIIOB 3 Jlaly 4Yepe3 HAKOMHWYEHHsI HalpyXXeHb y 3ITHYTIH 4YacTHHI B 30HI
XBOCTOBHKA 13 cJlilaMy BiOpalii Ta HenpaBHIbHOT TEPMIYHOI OOPOOKH.

Li pe3ynbTaTH MiIKPECIIOIOTH BAXKIIMBY POJIb SIKOCTI (pOpMYyBaHHS KPHBOI YAaCTHMHHM, SIKA Y KOBaHUX OJHOPOTHX
TaKiB CTBOPIOETHCS HA €Talli 3TMHAHHA. X04a Ii pOOOTH OpiEHTOBAHI IMEPEBAYKHO HA aHAIII3 TaKiB MiCs BUTOTOBJICHHS,
iXHI BHCHOBKH TIPSIMO CTOCYIOTBCS 1 TexHomoriuHoi cramii 3ruHaHHsA. CaMme IIiJi Yac ITOYaTKOBOTO (HOpMyBaHHS
KPUBHU3HH, 30KpeMa B 30HI XBOCTOBHKA, 3aKJAJAlOTHCS MaiOyTHI 3HA4YeHHS IUIACTHYHOI nedopmarii, sSKi Hamami
BU3HAYAIOTh MTOBEIHKY raKa ITil HABaHTAXXCHHAM.

Bognouac, y mitepaTypi MpakTHYHO BiACYTHI AOCHIIPKEHHS, II0 CHCTEMHO aHANI3YIOTh BIUIMB TEMIIEPAaTypHOTO
peXUMy 3TWHAHHA Ha HEPIBHOMIPHICTH TeMIlepaTypu Ta ImiactudHoi aedopmarii. ToMy MonemroBaHHS Iporecy
3THHAHHS 3 BapilOBaHHSIM TEMIEpaTypH, BHUKOHAHE y I CTaTTi, € aKTyaJbHUM Ta 3allOBHIOE BAKJINBY HAayKOBY
MIPOTaJINHY, 3 YMOBaMH TEXHOJIOTTYHOTO ()OPMOYTBOPEHHS.

Meta Ta 3aBIaHHSI JOCTiGKeHHs. METOI0 IOCHI/DKEHHS € BH3HAYEHHS BIUIMBY II0YaTKOBOi TeMIIEpaTypu
HarpiBy 3aroTOBKM Ha HEPIBHOMIPHICTb PO3NOALTY IUIACTHYHOI aedopmaliii Ta IHTEHCHUBHOCTI Halpy>KeHb IpHU
KOBaJIbChbKiH omepanii 3rHHaHHS OJHOPOTMX TaKiB BEJMKOI BaHTaXOMIJHOMHOCTI 3a JOIOMOIOI0 YHCEIBLHOTO
MoJenoBaHHs B nporpamaomy cepenosuiini QForm UK [15]. O6’ekToM MOCTIKEHHS € MPOIEC 3THHAHHSI KOBaHOTO
onmHOpororo raka. [IpeqMeToM IOCTiIKeHHS € 3aKOHOMIPHOCTI PO3MONiTY IIacTUYHOI Aedopmarii Ta iHTCHCHBHOCTI
Harnpy>XeHb MPH Pi3HUX TEMIIEPaTYPHUX PEKUMaX 3THHAHHS.

3aBIaHHs JOCIIIKESHHS:

- mobyaysaru 3D-Mozens npoliecy 3ruHaHHS OJJHOPOTOro raka y nporpaMHoMy cepenosuini QForm;

- [POBECTH YHCETbHE MOJIEIIOBAHHS MIPH Pi3HUX Temmeparypax HarpiBy (950-1250 °C);

- MOpoaHali3yBaTH pO3MOJUI  IUIACTHYHOI Jedopmamii Ta IHTEHCHBHOCTI Halpy)KeHb, OLIHUTH  IX

HEpIBHOMIPHICTb;

- BU3HAYWTH palliOHAIBHUIA TeMIepaTypHHUH diana3oH, sk 3abe3rnedye HaiOULIbII PIBHOMIPHUI PO3MOALT

nedopmaiiii 0e3 30H MepeHanpyKeHHS.

BukiiajeHHsI OCHOBHOTO MaTepiany Ta pe3yJabTaTH. Y JOCIIDKEHHI PO3IJISIHYTO MOYAaTKOBY CTaJiI0 3THHAHHS
OJTHOPOrOro KOBaHOTO raka, Ha sIKii MmpsiMa 3aroTOBKa BUTHHAETHCS HABKOJIO ojHiel oci. [lepen 3SruHaHHSAM 3arOTOBKY
MOTIePEeTHHO HATPiBaIOTh, IO 3a0e3Meuye HeOOXiAHY TNIAaCTHYHICTh METaIly Ta Ja€ 3MOTY BUKOHYBATH JedopmMarlito 6e3
YTBOPEHHSI TPIIIMH 1 TMOBEpPXHEBUX Ae(eKTiB. 3aBIIKH HArpiBy 3aroToBka Jerme IeOopMyeThes, a HAIPYKEHO-
nedopMoBaHHi cTaH MeTaTy Mijx 9ac (POPMOYTBOPEHHS HOKPALTYETCS.

Po3MipH 3aroTOBKH 3JIMINMINCHh HE3MIHHMMHE IS BCIX BapiaHTIB MOZAETIOBAHHS, IO JO3BOJIMIIO OLIHUTH BIUIUB
JMIIEe TeMIepaTypHoro ¢axkropa. MoaemoBaHHS BUKOHYBAJIM Ul YOTHPHOX TEMIEPATypHHUX PEXHMIB HarpiBy: t =
950; 1050; 1150; 1250 °C, mo fgamo 3MOry MpoaHalli3yBaTH HEPIBHOMIPHICTH PO3IOALTY IUIACTHYHOL medopmarii Ta
IHTEHCHBHOCTI HaNpy»XeHb , 0COOJIMBO B MIEPEXIiIHIH 30HI 0iJIs1 XBOCTOBHKA.

Ha puc. 1 300paxkeHo ecki3 NpsMOi CTPHIKHEBOI 3aroTOBKH, 3 sIKO1 (DOPMYETHCS OJHOPOTWII KOBaHMM rax.
3aroToBKa Ma€e 3MIHHHUH JiaMeTp Y3I0BXK JOBKHHH, 10 BiJI0OpakeHO HAOOPOM XapaKTEepHHX AUISHOK: JIiBa YaCTUHA —
HWTIHAPUYHA AUTsHKa aiametpom D105 mwm. [ami 3aroroBka po3muproerscs a0 D300 mm goBxuaor 700 MM,
YTBOPIOIOYH TUIABHUH mepexif. Y HeHTpalbHili 4YacTHHI pO3TaIllOBaHO Bl HAMOLIbIII 3a Iepepi3oM AUISIHKU JiaMeTpOM
D315 MM, goxuHOIO 600 MM. Ilicis meHTpambHOT 30HM 3aroTOBKA 3BYXKYEThCS A0 miamerpa Y200 MM Ha IUISHII
nmopxkuHOO 500 MMm. [IpaBa kiHIIEBa YacTHHAa — BiNPi30K JOBXHHOW 1080 MM, IO 3aKiHYYETHCS TEXHOJIOTIYHUM
TopieM ((IraHnem), IKUii BUKOPUCTOBYETHCS ISl yTPUMYBAHH 3aTrOTOBKH ITi/1 4ac oneparlii 3ruHaHHs.

@315 @200

@105
700 . 600 _ 500 _1080

Puc. 1 — Ecki3 npsiMOi CTpHKHEBOT 3arOTOBKH TaKa Iepej1 Oliepaniero 3ruHaHHs

Ha puc. 2 npeacraBieHo cxeMy NOYaTKOBOTO €Tally 3TMHAHHS 3arOTOBKM OAHOpororo raka. Ilpsma cTpuxHeBa
3arOTOBKa PO3MIIYETHCS MIX ONOPHOIO IUIMTOI0 Ta BEPXHIM PYXOMHM ITyaHCOHOM, BUKOHAHHMM Y BHIJISII POJIMKA.
3ruHaHHS 3IACHIOETHCS TiJ 9ac OMYyCKAaHHS IMyaHCOHA BHM3, YHACIHIIOK YOTO 3aroTOBKa Je()OPMYETHCS, YTBOPIOIOUH
BHYTpimHil paaiyc 3ruHy R165 Ta 30BHimHIA R485. Y HIDKHIN yacTHHI CXeMH MOKa3aHO CTIHKY 3 JABOMa OTIOPHUMH
pOTHMKaMH, MK SKHMHU PO3TAIIOBYETHCSA 3arOTOBKA ITiJ] Yac Mpolecy. BigcTanp Mi OMOPHUMH POJIMKAMHU CTaHOBUTH
1030 MM, mo 3abe3neuye HeoOXinHI yMOBHU Uit pOpMyBaHHS 3rHHY. J[oBKHHA poO0OYOT YACTHHM 3aTOTOBKU JOPIBHIOE
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1700 mM. BixcTym Bix TOUKM MpHKIafgaHHSA HaBAaHTKEHHS (IEHTPAa BEPXHBOTO POJIMKA) JO MPABOTO TOPIS 3aTOTOBKH
ctaroBUTH 100 MM.

100

Puc. 2 - Cxema mepmioro eramy 3rHHAHHS 3aTOTOBKH

[Mapamerpw, siki OyJ10 3a1aHO LISl MOJICITIOBAHHS TIPOLIECY 3STUHAHHS:
- Marepiai 3arotoBkH - steel C22 (ananor crans 20);

- Ttemmeparypa 3arotoBku — t = 950; 1050; 1150; 1250 °C;

- TeMrmeparypa incTpymenTa —t = 200 °C;

- xig iHcTpymeHTa — 190 MM;

- IHCTPYMEHT IJIsI 3TUHAHHS — ITyaHCOH, CTilika 3 ponukamu (puc. 3)

ITyancon

TN

3aroToBKa

ot

=)

CriiiKka 3 pOJIHMKaMHA

a) 0)

Puc. 3 - 3D-moens nporiecy 3ruHaHHS 3arOTOBKH raka MOYaTKOBE MMOJIOKSHHS 3arOTOBKH IIepe/] 3STHHAHHAM ()
Ta TMOJIOXKEHHSI 3arOTOBKH MiCIs 3A1HCHEHHS TIEPIIOTO eTarny 3ruHaHHs (0)

J1ist mpoBeIeHH s MOPIBHUILHOTO aHAai3y BILIMBY TEMIIEPATYPHOI'O PEXUMY OYJI0 3MOJIEIbOBAHO YOTHUPH BapiaHTH
TEXHOJIOTIYHOTO MPOLIECY 3rMHAaHHSA. Y KOXKHOMY BapiaHTi 3MIHIOBAaBCS JIMIIE IOYaTKOBMH TeMIEpaTypHHH CTaH
3arotoBk — 950 °C, 1050 °C, 1150 °C ta 1250 °C, toni sk yci iHIII MapamMeTpu HpoLecy 3TMHAHHS 3aJINIIAIIUCS
HE3MIHHUMHU.

AHamni3 pe3ysbTaTiB MOJICTIOBaHHS BHKOHYBaBCS B IMONEpeYHOMY Iiepepisi A—A, sSKWH 3HaXOIUTHCS Y
LEHTPAIbHIM YacTHHI 30HM HalOLTbIMX Jedopmaiiii KpUBONIHIHHOT NUISHKK raka Ouit xBocroBuka. Ha puc. 4
HaBEJICHO TOJIOXKEHHS IIbOTO Iepepizy BiIHOCHO ae(OpMOBAaHOI 3arOTOBKM Micisl 3aBEPIICHHS MOYaTKOBOTO €TaIry
3THHAHHS.

Jist ouiHKM PIBHOMIPHOCTI PO3MOJiTY IUIACTU4HOI Jedopmarii Ta iHTEHCHBHOCTI HampyXeHb Micis omeparil
3THHaHHS 0YJI0 3aCTOCOBAHO METO]| IIPOTHO3yBaHHs 00 €MHOI HEPiBHOMIpHOCTI Aedopmallii MeTany, 3anpornoHOBaHUi
y po6ori [16].

Po3paxoBano mokasHuk K, aist oiiHkM HepiBHOMIpHOCTI jedopmarii, sIKMi XapakTepu3ye CITiBBiJHOIICHHS
eKBiBAJICHTHOI jAedopMallii B KOHTPOJIBHHUX TOYKaX Mepepidy A0 ii MakCHMaJbHOTO 3HAYeHHS B LOMY X Mepepisi.
OCKiJbKH MaKCHMaJlbHE 3HAYEHHS NPUHMAETHCS 3a OJUHHIIO, [ialla30H 3MiHM IokasHuka K, He mepesumiye 1. [lns
OTpPHMMaHHS JaHUX Y JOCIILKyBaHOMY Iepepisi Oysio 3a/1laHO YOTHPH JIiHii, po3TalnoBaHi mix KyToM 45° o7iHa BiIHOCHO
onxHoi. Ha ko>kHi# JiHIT CHMETPHUYHO 10 LIEHTpa Mepepi3y Ta TOYKH 3 MAaKCUMaJbHOI EKBIBAJIECHTHOIO JedopMariero
OyJI0 BUALICHO CIM KOHTPOJIEHUX TOYOK (IUB. puc. 4).
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y
Puc. 4 - Cxema po3srairyBaHHs JIiHIH Ta KOHTPOJIBHUX TOYOK B IIOIIEPEYHOMY IEpepi3i 3arOTOBKH MiCIIs
3aBepIIEHHS I0YAaTKOBOTO €Taly 3TMHAHHS

Ha puc. 5 npeacrasieHo po3moAi MIacTHIHOI AeopMarliii B MONEPEIHOMY TIepepi3i 3arOTOBKH IICHs Omepariil
3THHAHHA U YOTHPHOX TeMIlepaTypHHuX pexunmis: a) 950 °C; 6) 1050 °C; B) 1150 °C; r) 1250 °C. Ha xoxHOMY MO
KOJIbOpOBa MIKala BimoOpakac BENWYHHY IDIACTHYHOI Aedopmarii, a MapKepaMd ITO3HAUYCHO IIOJIOKEHHS TOYOK 3
MaKCUMAJIbHAMH Ta MiHIMaJIbHUMH 3HAYCHHSIMU.

VY Bcix BUIamKax XapakTep po3nofiny aedopmariii 3a1nmaeThcs TOAIOHAM: MaKCHUMalbHI 3HAUCHHS 3HAXOIATHCS
B LEHTpPaNbHIM 30HI mepepidy, TOoIi SK MiHIMalbHI — Yy TNpUIOBEpXHeBiil oOxacti. Lle 3ymoBieHo crneuudikoro
HaTpy>KeHO-1e(hOPMOBAHOTO CTaHy NpHU 3TMHAHHI, KOJH HAHOLIbII Medopmallii 30cepeKYIOThCSI B 30HI aKTHBHOTO

3CYBY Ta CTHCKY.
a)

(Max':§051 80406
B)

Puc.5 - Po3noain muiactuaHoi gedopmMariii B HonepeyHoMy Mepepi3i 3aroTOBKH Ha MEepIIOMY eTarli 3STUHaHHS IpU
pi3HEX TemrepaTypHHX pexxumax t = 950 °C (a); t = 1050 °C (6); t = 1150 °C (8); t = 1250 °C (1)

)

Ipu temmnepatypi 950 °C (puc. 5a) makcumanbpHa miacTuyHa Jgedopmaiis cranoButs 0,179; a minimanbHa —
0,063. Poznoain aedopmailii Mae MOMITHY PI3HUIFO MiX 30BHILIIHBOIO T4 BHYTPIIIHBOIO 30HAMH 3THMHY. 33 TeMIepaTypH
1050 °C (puc. 50) xapaktep poO3HOALTY 3alMINAETBCS TAKUM CaMUM: MakcumaibHa nedopmaris popisaioe 0,179;
MminivamsHa — 0,063, TIpu 1150 °C (puc. 58) makcumansHa aedopmaritis aemo 3pocrae g0 0,18; a miHiManbHa
samumraetrbest 0,063, 31 3pocTaHHAM TeMIepaTypH 30Ha MaKCUMAIbHUX Ie(opMaliil pO3IIMPIOETHCS Ta BUTATYETHCS
B3/IOBX ILIMPHHU II€pepi3y 3aroTOBKH, IO BKa3y€ Ha OUIbII PIBHOMIpHMH XapakTep NepeTikaHHI MeTaly. 3a
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temneparypu 1250 °C (puc. 5r) 3HaueHHs 3HOBY craHOBasATh 0,179 Ta 0,063 BimnosigHo. Posmomin crae Oimbin
IUTAaBHUM, MIPOTE CIHIiBBITHOIICHHS MiXK 30HAMH MaKCHMAaJIbHOI Ta MiHIMaNIBHOI Aedopmariii 30epiraeTbcs.

VY minoMy, 3MiHa TeMIlepaTypH MPAKTHIHO HE BIUIMBAE HA BEIIMYHMHY IUIACTUYHOI AedopMarlii, o CBiTIHUTH IIPO
HHU3BKY YyTJIMBICTH I[OTO IapamMeTpa OO0 TEMIEpaTypHOIO DPEKXHMY Ha II0YaTKOBOMY eTami 3THMHaHHSA. BomHodwac
MIOJIOKECHHS 30H MAaKCUMAITFHUX 1 MiHIMAIBHUX Ae(opMaltiii 3MIIIyeThCs, M0 € BaXIIUBUM U OIHKA HEPiBHOMIPHOCTI
nedopmyBaHHs. MakcuMaibHI 3HaYEeHHS CIIOCTEpIraloTbcs HA 30BHINIHBOMY pajiyci 3ruHy (30Ha pPO3TSATHEHHS),
MiHIMaNbHI — Ha BHYTPILIHBOMY pajiyci (30Ha CTHCKaHHS), IO € XapaKTePHUM IS MIPOLIECiB 3THHAHHS. Pe3ynbraTu
MOKa3HUKIB ITACTHYHOI IedopManii Ta po3paxyHKy KoedillieHTa HEepiBHOMIPHOCTI Ha MEpLIOMY eTami 3TUHAHHS MpU
PI3HHX TeMIlepaTypHHX peKMMax npenacrasieHi y Tabmumi 1.

Tabmums | — Pe3synpTat MOKa3HUKIB IIacTUYHOI AedopMarlii Ta po3paxyHKy KoedimieHTa HEpiBHOMIPHOCTI Ha
NEepLIOMY eTalli 3STHHAHHS IIPU Pi3HUX TEMIICPaTypPHUX PeKUMAX

TemmeparypHUiA MiHimManbHe 3HaYCHHS MaxcumanbHe 3HaYCHHS Koedimient
pexuM mwracTHgHOi Aedopmarii | mracTuaHOI Hedopmarii HEpPiBHOMIpHOCTI
t, °C £ min £ max nedopmarii Ky, %
950 0,063 0,179 83
1050 0,063 0,179 72
1150 0,063 0,18 75
1250 0,063 0,179 72

Ha puc. 6 mokazano rpagiku posmoniry koedimieHTa HepiBHOMipHOCTI aedopmarii K, y ceMl KOHTPOIBHHIX
TOYKaX, PO3TALIOBAHMX Y3IOBX YOTHPHOX BUMIPIOBAJIbHUX JIiHIH ITONEPEYHOro Iepepidy 3aroTOBKH, IS Pi3HUX
TemrepaTyp 3ruHanHs: a) 950 °C; 6) 1050 °C; B) 1150 °C; r) 1250 °C.

JIJiss KOXKHOTO TEMIIEPATypHOTO PSKUMY OYJI0 BU3HAUCHO y3arajlibHCHE 3HaYCHHS KOoe(illieHTa HEPiBHOMIPHOCTI
nedopmanii K. [Ipu remnepatypi t = 950 °C (puc. 6a) 3nauenns K, cranoButsb 83 %. s pexxumy t = 1050 °C (puc.
60) xoedimieHT 3MeHIyeThes 10 72 %. 3a temneparypu t = 1150 °C (puc. 68) K, ctanoButh 75 %, a ipu t = 1250 °C
(puc. 6r) 3HOBY nopiBHIOE 72 %. SIKIIO Opi€HTYBaTHCS JIUIIe Ha KoedinieHT HepiBHOMIpHOCTI nedopmarii Ky, To Oiibi
pallioHaIFHUM € TOH pexuM, y skomy K, Mae 3HaueHHS HaOIMKCHE 0 OJMHUIl, TOOTO e IiacTH4Ha aedopmarris
PO3MOAUIAETECS HAMPIBHOMIPHIIIE, Y JAaHOMY BHIIAJKY HaiipariioHampHimi pexxumu — 950 °C ta 1150 °C, anme ixHs
pizau Bix pesxuMiB 1050 °C ta 1250 °C He € cyTTEBOIO.

Jnst BCiX TeMmepaTtyp CIOCTepiraeThCs Maike OJJHAKOBA 3aKOHOMIpHICTB: 3HaueHHs K, 3pocTae Bim KpaifHix 1o
LIEHTPANFHUX TOYOK Iepepizy. HaliBuii 3HaUeHHS MpUNafaloTh Ha CepenHIo 30HY (ToUkH 3—5), micis 9oro KoeQirieHT
3MEHIIY€EThCSA. Y KpaiHix Toukax (1 Ta 7) HepiBHOMIpHICTh HAaHOITBINA, TOMAL K Y HNEHTpaNbHIA Touli 4 3HaueHHA K,
JUIsl BCIX YOTHPBOX JiHil 30iratorhes. Lle cBiquuTh, MO0 B LEHTPI MOMEPEYHOro mnepepizy nedopmailis € HanOUIbII
PIBHOMIpHOIO.

Jlinii 1 i 2 marote genio Outbmi 3HaueHHS K, HOK miHil 3 1 4, 010 TOB’SI3aHO 3 OCOOJIMBOCTSAMH HAIPY)KECHO-
JeopMOBaHOT0 CTaHy B IIMX HaNpsMKax. 3araibHUi BUIIL rpadikiB Maibke He 3MIHIOETHCSI TIPH 3MiHI TeMIepaTypH,
TOMY BIUIUB TE€MIIEPaTypy Ha HEPIBHOMIPHICTH AedopMallil Ha IbOMY eTaIll 3TUHaHHS € He3HAYHUM.
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r)

Puc. 6 — I'paciku posnoiny koedinienra HepiBHOMIpHOCTI edopmanii (K,) y monepedHomy nepepisi 3aroToBKH 1pu
3THHAHHI 3 Pi3HUMU TemrepaTypHuME pexkumamu t = 950 °C (a); t = 1050 °C (6); t = 1150 °C (B); t = 1250 °C (1)
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Ha puc. 7 moka3aHo po3monii iHTCHCHBHOCTI Hampy>KeHb y IOIEPEYHOMY Iepepi3i 3aroTOBKH IICIA HEpIIOTo
eTary 3rMHAaHHS [T YOTUPBOX TeMIlepaTypHux pexuMis: a) 950 °C; 6) 1050 °C; B) 1150 °C; r) 1250 °C.

VY BCiX BHIIQJKax CIIOCTEPIraeThCs XapaKTepHUH PO3MOiI, MaKCHMAallbHI 3HAYCHHS HAIIPYXEHb PO3TAIIOBaHI y
30HI pO3TATHEHHS (HIKHS YacTHHA Iepepizy — 30BHIMIHIN paniyc 3ruHy). MiHiMalbHI 3HAYCHHS 3HAXOIATHCS y 30HI
CTHCHEHHS (BEepXHS YacTHHA Mepepisy — BHYTPIIIHINA pajaiyc 3ruHY).

[Ipu temmnepatypi 950 °C (puc. 7a) IHTEHCHBHICTh HalpyXeHb Ma€ HAHOUTBINNI Niana3oH: MiHIMaJIbHE 3HAUCHHS
cranoButh 51,3 MIla, a makcumansne — 78 MIla. IIpu temnepatypi 1050 °C (puc. 70) 3arajpHuil piBeHb HalpyXeHb
samkyeThbes 40,6—62 MIla, a po3mofin crae OUIBIN TUTABHUM TOPiBHAHO 3 950 °C. 30Ha MaKCHMAJIbHUX 3HAYCHb CTAE
KOMITaKTHIIIO 3 Temrnepatyporo 1150 °C (puc. 7B), e HaNpyKeHHsS NPOJOBXKYIOTh 3MeHuryBatucs 32,4-49,2 Mlla.
Temmeparypa 1250 °C (puc. 7T) Mae HAWHIDKIHNA piBeHb HANPYKeHb cepel ycix pexumis 25,3-38,5 MI]a.

Y Mipy MiIBUIIEHHS TEeMIIepaTypd IHTCHCHBHICTh HAIPY>KEHb NOMITHO 3MEHIIYETHCA, IO € THIIOBUM JIJIS
wractugHoi nedopmartii. [Ipu mpoMy 3aranbHa GopMa PO3MONUTY HE 3MIHIOETHCA: MAaKCUMAaJIbHI HATIPY>KEHHS 3aBXKIH
3HAXOMIATHCS y 30HI PO3TATHEHHS, @ MiHIMaJIbHI — Y 30HI CTHCHEHHA. KpiM TOTO0, 3 pOCTOM TeMIlepaTypH HaIpyKeHUH
CTaH CTa€ OUTHII PIBHOMIPHUM, a TPATi€HTH HANpyKeHb — MEHII Pi3KUMHU. Pe3ynpTaTtd MOKa3HUKIB iHTEHCHUBHOCTI
HaTpy>KeHb Ta PO3paxyHKy KoedilieHTa HEpiBHOMIPHOCTI npencTaBieHi y Tabmuri 2.

B)

Puc. 8 - Po3nostis1 iHTEHCHBHOCTI HAIIPY>KeHb B MONIEPEYHOMY Iepepi3i 3aroTOBKU Ha IEPIIOMY €Talli 3THHaHHS
IIpH pi3HUX TemrepaTypHux pexxumax t = 950 °C (a); t = 1050 °C (6); t = 1150 °C (B); t = 1250 °C (1)

Tabmuus 2 — Pe3ysbTaTi MOKa3HUKIB IHTEHCHBHOCTI HAaNpYKeHb Ta pO3paxyHKy KoedilieHTa HepiBHOMIPHOCTI Ha
HEepLIOMY eTalli 3THHAHHS IIPU Pi3HUX TEMIIEPaTypPHUX PEXUMAX

TemneparypHuit MiHimManbHe 3HAYCHHS MakcuMaabHe 3HAYCHHS Koedirient
pexuM IHTEHCHBHOCTI HalpyXeHb IHTEeHCUBHOCTI HEPIBHOMIPHOCTI
t, °C ci min, MIla HaIpYy>XEHb IHTEHCUBHOCTI
o; max, MIla HanpysxeHb Ky, %
950 51,3 78 75
1050 40,6 62 65
1150 32,4 49,2 65
1250 25,3 38,5 75
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Ha puc. 9 moxazano 3anexHicTh KoedimieHTa HEpPiBHOMIPHOCTI iHTEHCHBHOCTI HampyxkeHb K, Big Homepa
KOHTPOJBHOI TOYKM Ha YOTHPHOX IHIAX Yy TOmIepedHoMy Imepepi3i 3aroroBku. Koxen rpadix (a-T) Biamomimae
OKpPEMOMY TeMIIEPaTyPHOMY PEXKUMY 3THHAHHS.

VY Bcix BapiaHTax cmoctepiraeTbcs monioHa ¢dopma kpuBuX: K, 3pocTae Bim KpaifHIX TOYOK J0 HEHTPAIBHUX,
OCATAI0OYN MAaKCHUMAaJIbHHUX 3HAU€Hb Y OUIAHIN 4—5-1 TOYOK, MICNIA YOTO AEMI0 3MEHIIYETHCS Ha IPOTHIICKHOMY OOITi
nepepizy. lle cBiTUMTH TPO XapakTepHUI Uil 3TUHAHHS NEPEpPO3IOJiT HANpyKeHb — MaKCHMallbHI 3HAYeHHS
(OpMYIOTECS B IIGHTPaJIbHIN 30HI epepisy, a Onmkde 10 KpaiHbOi 30HU BOHU € HHKYHMHU.
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B) r)

Puc. 9 — I'pacdiku posnoainy koedinieHTa HEpIBHOMIPHOCTI IHTEHCUBHOCTI HanpyxkeHb (KH) y nonepedHomy nepepisi
3arOTOBKH IPH 3THHAHHI 3 pi3HUMU TeMnepatypHuMu pexkumamu t = 950 °C (a); t = 1050 °C (6); t = 1150 °C (B);
t=1250 °C ()

IopiBHsHHES Temmeparyp nokasye, mo: t = 950 °C (puc. 9a) — 3HaueHHs K, Ha pi3HHX TiHISX TOCHTH ONH3BKI, a
MaKCHUMallbHi 3Ha4eHHs cATaloTh mpuomm3Ho 0,95—1. Po3monin € BimHOCHO piBHOMipHUM i Mae 3HaueHHS K, 75 %.
Temneparypa t = 1050 °C (puc. 96) — 3Hauenns K, craHoBuTH 65 %, ajie KpuBi BUPIBHIOIOTHCS 1Ie OiIble, 0COOIMBO B
LEHTpaNIbHIN YacTuHI nepepisy, Ae 3Ha4eHHs JiHii dakTuyHO 30iratothes. [Ipu Tremneparypi t = 1150 °C (puc. 9B) —
PO3MOLT 3aTHIIAETHCS CTAOIIBHUM 1 OJH3BKUM JI0 PIBHOMIPHOTO 31 3HaueHHsIM K, 65 %, X04a CrocTepiraeThes Aeiio
Oliplia Pi3HUI MDK JIIHISIMEA B KpaliHIX Toukax. Temmepatypa t = 1250 °C (puc. 9r) — NOKa3HHKH TaKOX MalOTh
3arajibHy TCHJCHINIO 10 BHPIBHIOBAHHS, OJHAK KOJMBAaHHS MDK JIHISIMA CTalOTh MOMITHINIMMH B KpaiHIX TOYKaXx,
koediienT HepiBHOMIpHOCTI K, Mae 3Hauenus 75 %.

3araigom puc. 9 BimoOpaxkae, 1m0 BCi JOCIIJUKEHI TeMIlepaTypHi peXHuMH 3a0e3neduyloTh MOJIOHUH XapakTep
pO3IOiNTy IHTEHCUBHOCTI HamnpyxeHb. HalpiBHOMipHImMHA po3monin (HaliMeHma pi3HULS Bif | 10 MiHIMaJIBHOTO
3HAUEHHs) criocrepiraeTses npu Temneparypax 950 °C ta 1250 °C, Toai sik npu 1050 °C Tta 1150 °C HepiBHOMIpHICTB
JIeno 301IbIIYEThCS, IEPEBAXKHO Y KPalHIX TOUYKaxX Mepepizy.

[IpoBenene mociiUKEHHS IOKa3ajo, MO 3MiHAa IMOYaTKOBOI TEMIEPAaTypH HarpiBy 3aroTOBKHM HPAaKTHYHO HE
BIUIMBA€ Ha BEJMYHMHY IUIACTUYHOI JedopMalii, oJHaK BIUIMBAE Ha XapakTep ii posnoairy. MakcumansHi aedopmarii
JUIA BCIiX JOCIIIDKEHUX TeMIIepaTyp 30Cepe/KeHI Ha 30BHIIIHBOMY pafiycCi 3rMHY, MiHIMaJIbHI — Ha BHYTPIIIHBOMY,
110 Bi/ATIOBi/Ta€ TUTIOBIM KapTHHI HAIIPYKEeHO-Ae(OPMOBAHOTO CTaHy MPH 3THHAHHI.

3i 3pocTaHHSAM TeMIlEpaTypH 30HA MaKCUMaNIbHHX JedopMaliid [emo pO3IMUPIOETHCI, a PO3MOAIT CTae
piBHOMIpHHMM. VY3arajbHeHi 3HadeHHS KoedimieHTa HepiBHOMipHOCTI K, mokasamm, mo HalMeHIINH piBEHb
HEpIBHOMIPHOCTI criocTepiraeTses npu temmeparypax 950 °C ta 1150 °C.

[HTEeHCHBHICTS HampyXKeHb, HA BIAMIHY Bif aedopMarlii, CyTT€BO 3aJIe)KHUTh Bi TeMrepaTypu. IIpu migBumeHHi
TEMIIEpaTypu PpiBEHb Hampy)XeHb 3MEHIIYETHCS, 10 BKa3ye Ha IOKpAIIEHHS yMOB (OpPMOYTBOpEHHS. Y wijoMy,
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paIfioHaIbHUM 3 TIOTJIALY PiBHOMIpPHOCTI AeopMyBaHHS Ta MiHIMi3allii HANpyXeHb € TeMIepaTypHui miama3zoH 950—
1150 °C.

BucHoskn.

Temmeparypa HarpiBy 3aroTOBKM Ma€ CYTT€BHH BIUIMB Ha pIBEHb IHTEHCHBHOCTI HampyxeHb. s Bcix
OCTIKCHNAX IHTEPBANiB TEMIIEPaTyp MiHIMaIbHI Ta MaKCHMaJbHI 3HAYCHHS IUIACTHYHOI Iedopmarii 3aTHIIatoThCs
npaktuyno HesMminammu (0,063 ta 0,179-0,18 mimmoBimno). lle CBiAYUTE TPO HHM3BKY YYTIMBICTH IMapamMeTpa
IUIACTUYHOI AeopMalii 10 TeMIepaTypy Ha II0YaTKOBOMY €Talli 3TrUHaHHS.

Xapaktep posmonity aedopmariii 3alHIIAE€THCS OJHAKOBHUM IS BCIX PEKUMIB: MaKCHUMAajdbHI 3HAYCHHS
(IKCYIOTBCSl Ha 30BHIIIHBOMY pajiyci 3rMHY (30Ha PO3TSATHEHHS), MIHIMAJIbHI — Ha BHYTPIIIHBOMY (30Ha CTHCKaHHS).
3 MiABUIIEHHSAM TEMIIEpPaTypHd 30Ha MaKCHMaIbHHUX JedopMamiid Iemo pO3IIUPIOETHCS, IO CBIAYUTH NPO OLIbII
piBHOMIpHE NIepeTiKaHHSI METay.

Koeoimienr nepiBHOMIpHOCTI aedopmanii K, memoHCcTpye mHOMipHY 3MiHY i3 Temmeparyporo. HanBurry
piBHOMIipHICTH nedopmamnii oTpumano npu Temmneparypax: 950 °C — 83 %, 1150 °C — 75 %. Pexumu 1050 °C ta
1250°C noxazanu HHX4IY PiBHOMIPHICTE (72 %), ane pi3HULS MK PEKHMaMH € HEBEIHKOIO.

[HTEeHCHBHICT, HANpyXEeHb CYTTEBO 3MEHINYETHCS 31 30UTBIICHHAM TeMmIepaTypu. Jliarma3oH HampyKeHb
3meHIryeTbes Big 78—-51 MIla (950 °C) mo 38-25 MIla (1250 °C), mo € xapakTepHUM UIs TUTACTHYHOI Aedopmariii.
Buii Temneparypu cipusioTh OUTBIN IIIABHOMY PO3NOALITY HANpYKEHb Ta 3MEHILIEHHIO Pi3KUX HeperaiiB.

XapakTep HampyXeHO-Ie(POPMOBAHOTO CTaHy 3QJHUINAETHCS TUIOBUM I MPOIECIB 3THHAHHSA: MaKCHMAaJIbHI
Harnpy>XeHHs BUHUKAIOTH Y 30HI PO3TATHEHHS, MiHIMaJIbHI — Yy 30HI CTHCKaHHS1, HE3aJIS)KHO BiJl TEMIIEPATypH.

ParfioHanbHUME TeMIEpaTypHUMH PEXHMaMu momepenuboro Harpisy € 950 °C ta 1150 °C, ockiibku BOHHU
3a0e3neuyroTh: BHILY PIBHOMIpHICTb Aedopmarii (MakcumanbHuil Ky) Ta MOMipHUHA piBeHb HANPY)KEHb.

3arajgoM JOCIHIDKEHHS II0Ka3ajo, 110 TeMIeparypa HarpiBy BIUIMBAE IEPEBaXHO Ha PIBEHb IHTEHCHBHOCTI
HaNpYy>KeHb i TUIABHICTh IXHBOTO PO3MOILTY, TOMI SK PO3MOIUT IUTACTHYHOI AedopMarlii 3aUIaETbCs CTaOUIBHUM 1
Majio 3aJIKHUTH BiJl TEMIEPATyPH, IO BaXKJIMBO JUTS MOJAJIBIIOT0 KOHCTPYIOBAHHS TEXHOIOTYHAX PEKUMIB.
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AXMEJIOB A. 0., YYXJIIF B. /L., 'YECbKHH C. O., BIFA M. B.

JOCIIJIKEHHSI BIIVIMBY PEXUMY KYBAHHS IIPU PO3KOYYBAHHI HA OIIPABHI HA
AKICTb IOKOBOK

Y po6oTi pO3MNISHYTO BIUIMB TEXHOJOTIYHUX IIapaMeTpiB IpOLECy pO3KOYyBAaHHS Ha ONpaBLi Ha (OpPMyBaHHS SIKOCTi IIOKOBOK.
ITpoananizoBaHO OCHOBHI (haKTOPH, IO BU3HAYAIOTh PIBHOMIPHICTH IUIACTHYHOI AedopMaii, HampykeHO-Ae(OPMOBAHUH CTaH Ta TeMIEPaTypHUH
po3nonin y 3aroToBLi. BHKOpPHCTAaHO METOA MPOTHO3yBaHHS HEPIBHOMIPHOCTI Ta pe3yJbTaTH KOMIT IOTEPHOTO MOJENIOBAHHS B MPOrPAMHOMY
xommiekci QForm. BcerTaHOBIEHO onTHManbHI PEXHMMH IIpOLECy, IO 3a0e3HedyloTh OJHOPIMHICTH CTPYKTYpH Ta MiJBHINCHHS MEXaHIYHHX
BJacTUBOCTEl BUpoOiB. [TokasaHo, M0 onTHMi3amis MapaMeTpiB 103BOJSIE 3MEHIIUTH KiIbKICTh Je()eKTiB, MiABUIINTH TOUHICTE T€OMETpii Ta 3HU3UTH
piBeHb BUPOOHUYOrO OpaKy.

KnrouoBi cioBa: po3kodyBaHHS Ha ONpaBHi, IUacTH4YHa Jedopmanis, moxoBkd, QForm, HepiBHOMIpHICTb, KyT KaHTYBaHHS, CTYIiHb
nedopmanii.

AKHMEDOV A., CHUKHLIB V., HUBSKYI S., BIBA M.

STUDY OF THE INFLUENCE OF THE FORGING REGIME DURING ROLLING ON A MANDREL ON THE
QUALITY OF FORGINGS

The paper considers the influence of technological parameters of the rolling process on a mandrel on the quality of forgings. The main factors
determining the uniformity of plastic deformation, stress-strain state, and temperature distribution in the blank are analyzed. The method of predicting
unevenness and the results of computer modeling in the QForm software package are used. The optimal process modes that ensure the uniformity of
the structure and improve the mechanical properties of the products are established. It is shown that optimization of parameters allows reducing the
number of defects, improving the accuracy of geometry, and reducing the level of production waste.

Keywords: mandrel rolling, plastic deformation, forgings, QForm, unevenness, rolling angle, degree of deformation.

Beryn. Po3kodyBaHHS Ha OmpaBHi IIMPOKO 3aCTOCOBYETHCS y BHPOOHHMITBI BEIMKOTa0ApHTHHX ITOKOBOK, IIO
BUKOPHCTOBYIOTHCS B €HEPIeTHYHOMY, MAIIMHOOYIIBHOMY Ta HadTorasoBoMy cexropax. IIporec no3Bossie popmyBaTtn
TOYHY BHYTPIIIHIO T'e€OMETpit0 BUpPOOIB i 3abesnedye piBHOMIpHHH pPO3BUTOK aedopMarii 3a paXyHOK HAsSBHOCTI
KOPCTKOI OMpaBKH. SIKiCTh OTPHMaHOI IOKOBKM 3HAYHOIO MIpOI0 BH3HAYA€ThCS TEMIIEPATYPHUMH pPEXKUMAMHU,
MIBHAKICTIO nedopmanii, TeOMETpi€l0 IHCTPYMEHTY Ta CXEMOIO HAaBaHTAXEHHS, a iX MOPYIIEHHS MOXE CIPHIMHUTH
HEPiBHOMIPHICTh TOBIIMHHU CTiHKH, 3QJIMIIIKOBI HAPYKCHHS, TICPETPIiBH 200 TPIIIHHU.

VY cyuacHHUX yMOBax MiJBHLICHOI BIAMOBIZaJbHOCTI BUPOOIB BHHUKAE HEOOXiOHICTH ONTHMI3alil MapamerpiB
mpoIiecy, 1o 3a0e3neuyoTh CTabUIBbHICTh (OPMOYTBOPECHHS Ta MiHIMI3aliio AeQeKTHOCTI. UucenbHe MOJCITIOBAHHS
CTaJO HEBiJ'€MHOI0O YaCTHHOIO TaKOTro aHali3y, J03BOJISIFOUM OLIHWUTH HaIlpyKeHO-Ie(OPMOBAHUI CTaH 3arOTOBKH,
MPOTrHO3YBATH MOBEAIHKY METAITy ITiJ] HABAHTAKCHHSIM 1 BU3HAYATH PaI[iOHAbHI TEXHOJOTIYHI PSKUMH 0€3 HaIMIpHIX
BUPOOHHYMX ekcriepuMeHTiB. Came TOMYy akTyajbHOIO € pO3po0Ka Ta JOCHI/DKEHHS OINTHMAJIBHUX PEXUMIB
PO3KOYyBaHHs Ha OCHOBI aHAITHYHUX METO/IIB 1 KOMIT IOTEPHOTO MOJETIOBAHHS.

AHaJi3 ocTaHHIX JoCTiTKeHb Ta myoikaniii. [Iporiec po3kodyBaHHS Ha OIPABIIi € OJHIEIO 3 HAWBAXIIUBIIINX Ta
HAMOLIPII eEKTUBHUX TEXHOJOTIYHUX OIepaliil rapsdoi 0OpOOKH THUCKOM, IO 3aCTOCOBYETHCS U BUTOTOBJICHHS
MTOPOXKHHUCTHUX, CTYMIHYACTHX Ta KOHIYHUAX ITOKOBOK BHCOKOI TOYHOCTI. Ha BimMiHYy BiJ TpaAHIiHIX METOMIB KyBaHHS,
B33a€EMO/IiSl B CHCTEMI «OOMOK - 3arOTOBKA - OIPABKa» JIO3BOJISIE OJJHOYACHO KOHTPOIIOBATH ()OPMYBAHHS 30BHIIIHHOTO
Ta BHYTpIIHBOTO mpodirro BupoOy (puc.l), 3abe3medyroun OIHOpITHE IMPOTIKAHHSA METaly Ta BHCOKY TOYHICTH
po3mipiB [1-8]. 3aroToBka BCTAHOBIIIOETHCS HA YKOPCTKY ONPAaBKY, JI€ i Ii€l0 OOTHCHEHb OOWKa, 110 YePryrThCS 3
o0epTaHH;IM, METal BHUTICHSETHCS B3JIOBXK IOBEPXHI ONpPaBKH, (OPMYyIOYM PIBHOMIPHY TOBLIMHY CTIHKM Ta TOYHY
BHYTpIilIHIO reomeTpiro [1-2].

Puc. 1 - Cxema nporiecy po3KO4yBaHHS: |- MpOIINTa 3ar0TOBKA, 2 — BY3bKHH INIOCKHN 000K,
3 — KiJIblie IPY PO3KOUyBaHHI, 4 — CTilKu, 5 — onpaBka
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TexHONOTYHUI LUKIJI MPOLECy CKIAAAETHCS 3 KUIBKOX IMOCTIJOBHHUX €TAaIliB: OCA/PKyBaHHS Ta NPOIIUBAHHS
BUXIZIHOTO 37IMTKa, (OpMyBaHHS OTBOPY, HATATYBaHHS 3arOTOBKH Ha ONPAaBKY, 3A1HCHEHHS MIONIEPEHHLOI0 OOTUCHEHHS,
BUKOHAHHS OCHOBHOTO PO3KOYyBaHHS Ta (piHambHOTO KanmiOpyBaHHS mpodimo. Y poGoti [23] 3a3HaueHo, 1o eram
ToTIepegHROTO (OpMyBaHHS (pHC. 2) Bifirpae KIIOYOBY pOib y 3a0e3ledeHHI PIBHOMIPHOCTI MOYATKOBO1 TOBIIMHU
CTiHKH, yCYHEHHI JINTHX Ie(EKTiB Ta JOCATHEHHI IPABUIHHOTO ITO3UIIIIOBAHHS METAJY BiTHOCHO OIPaBKH.

OpmHuM 13 BH3HAYaNbHHUX (PAKTOPIB TEXHOJNOTii € TeoMeTpis BHXiZHOI 3aroTOBKH. 3MiHA TOBIIMHH, Pi3Ki
MEPEeXOH Ta HAsABHICTh YCTYIIB CYTTE€BO BIUIMBAIOTh HA XapaKTep Tedil MeTay min 4ac aedopmarii. 3rifHo 3 JaHUMHU
miTeparypHux mKepen [14-19], y 30HaX mepexoy MK pI3HUMH TOBIIMHAMH BHHHKAIOTh MAaKCHMAJbHI JIOKAJIbHI
nedopmanii Ta HanpykeHHA. Came I1i 30HH € HAHOUTHII CXIIFHIMH /10 BUHUKHEHHS Je(EKTiB, TAKUX SIK KOHYCHICTB,
MOPOXKHUHY, BHYTpILIHI po3puBH ab0 BUKpHBIEHHS oci. OntumansHuid npo¢ine Ooiika Ta KOPEKTHO BUOpaHa
TPAEKTOPisl IHCTPYMEHTA JIO3BOJIIIOTH CHPSIMOBYBAaTH MeETall y HEOOXiJHOMY HANpsIMKy Ta YHHKAaTH HeOe3NeuyHHX
JIOKJILHUX NEePEBaHTaKECHb.

Harpitu 3aroToBky

30uTH rpaui

OcanuTH 00 BHCOTH
H,n, = 115 mm

IMpowmTa i3 ABOX cTO- | o
piH OTBIp OiamMeTpoM
d,, = 130MmMm

O6karaTH Mo giaMeTpy
il IpaBUTH N0 BHCOTI

1in]

PoznaTu oTeip oo agia-
meTpy dp

PO3KOTHTH HA ONpasili
10 BHYTPIMIHBOTO ia-
meTpy d’

574

[IpaBHTH O BHCOTI

bi

PO3KOTHTH Ha ONpaBLi
A0 NOKOBOYHHX PO3Mi-
piB

Puc. 2 - Jloriyna cxema mepexo/IiB KyBaHHS

BaxnuBuM HampsMOM JOCH/DKEHb CTajla HpoOJieMa JIOKAJIbHUX Je(EeKTiB, IOB’S3aHUX 3 T'COMETpI€l0
3arOTOBKH Ta IHCTPYMEHTY. 30kpema, y podorax [10—13] 3a3HauaeThcs, MO 3aHAATO MalWil KYT HAXWIYy YCTYITy
(menme 10°) mpU3BOAUTE 10 KOHIEHTPOBaHMX Ae(opMalliil, yTBOPEHHS IOPOXHUH, «3aJ0OMiB» Ta 3pUBY TeUil METalTy B
MepexiTHUX 30HaX, O[O0 TAKOXK CTBOPIOE HAJMIipHE HAaBaHTa)KEHHS Ha ompaBky [8—12]. 3HauHy yBary OpUAIISIOTH
YHCEIBHOMY MOJICIIOBAHHIO mpoiiecy. [Iporpamui kommiekcu, Taki sk DEFORM-3D ta QForm, BUKOPHCTOBYIOTHCS
JUIsl aHawli3y IacTuyHol aedopmarii, HarpyKeHO-1eopMOBaHOrO CTaHy Ta TeMIEpaTypHHX IIOJIB, IIO J03BOJISIE
BU3HAYKTH 30HU MOTCHIIIHHUX Ae(EKTIB 1 BHOPATH ONTUMANIBHI PeXUMHU po3kouyBanHs [20].

Meta nocuigkeHHsl. BU3HAUMTH palioHaJbHI TEXHOJOTIYHI PEKHUMH PO3KOUYBAaHHS Ha OMPAaBIl, IO
3a0e3neuyrTh BUCOKY SIKICTh IIOKOBOK, IIJIIXOM aHai3y BIUIMBY KyTa KaHTYBaHHS, CTYIEHs AedopMallii, TeMieparypu
nedopmanii Ta mapaMeTpiB IHCTPYMEHTY Ha pPIBHOMIDHICTh HampyXeHO-l1e(OpPMOBAHOIO CTaHy Ta (GOpMYBaHHs
CTPYKTYPH METally.

BuxsiageHHst 0cHOBHOTO MaTepiany. [l 1OCHiPKeHHSI BIUIMBY IapaMeTpiB pO3KOYyBaHHS y poOoTi Oyio
NPOBEICHO MOJICTIOBaHHs B mporpamHoMy kommiekci QForm [20]. TlomepeqHso reoMeTpir0 3aroTtoBKH, Ooiika Ta
ornpaBku 0yio 3MozenboBaHo y Fusion 360, micist woro aani ekcrioprosaHo 1o QForm.

[TouaTkoBi mapamMeTpy cUMYJISILIT BIANOBIAAIN peaIbHUM YMOBaM: MaTepiai - crans 10, TeMueparypa no4arky
nedopmanii - 1200 °C, niamerp onpaBku - 95 % BiJ BHYTpIIIHBOTO JiaMeTpa 3aroTOBKHU, IHCTPYMEHT - cTaib 38XM.

Byno nocmimkeno aBa BapianTH KyTa KanTyBaHHA (15° 1 30°) Ta nBa MoxnmuBux cryneHi aedopmarii (10 % i
20 %) . MopentoBaHHS MMOKa3allo, M0 MPH KyTi KaHTyBaHHS 15° BUHHMKAE 3HAYHE JIOKAIbHE MMiIBUIIECHHS Aedopmartiil y
MepexiTHUX 30Hax, IO BiMOBigae HEPiBHOMIPHOCTI 3 KoedimienTom N>1.25. TIpu xyTi 30° 3Ha4eHHS HEPiBHOMIPHOCTI
3HIKyBaHcs 10 N=~1.05—1.10, mo cBimuuTh NMpo Maixe piBHOMIpHHIA PO3MOILT IJIACTHYHOT AedopMartii.

TToniOHi 3amexHOCTI BUABJICHO ¥ y TemmeparypHomy moui. [Ipu 10 % nedopmariii 30epiratoThesi XOI0IHI
30HH, SIKI HE BCTHraroTh HaOpaTh HeoOXimHui piBeHb nedopmanii. IIpu 30imbmenHi crynens o 20 % temmneparypa
PO3IOINISETHCS PIBHOMIPHO, 1110 CTBOPIOE CIPHUATINBI YMOBH ISl OTHOPiTHOT Tedii MeTaiy .
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Y po6oTi BUKOHaHO BCeOIYHMIA aHaNi3 BIUIMBY KyTa KaHTYBaHHS Ta CTYHEHs nedopmamii Ha piBHOMIpHICTBH
HaIpy»XeHo-1e(GOopMOBaHOTO CTaHy MOKOBOK. [Tokasano, (prc.3) o mpu KyTi KaHTyBaHHSA 15° GOpMYIOTBCS BUpaKCHI
30HM HEpIBHOMIpHUX Aedopmamiii: mepudepiiiHi o0macTi 3a3HAIOTh 3HAYHO OUMBIIMX OOTHCHEHb, TOZI SK IEHTPalbHI
IUISHKA 3aJUIIAIOTBCS HEJOCTaTHRO nedopmoBaHmMH [14—16]. HacmimkomM Takoro mpomecy MOXYTh OyTH
MIKpPOTPIIIHA, 30HA HEJOCTATHHOTO YIIUTFHEHHS a00 HEepiBHOMIPHICTh TOBIIWHU CTiHKU.

ropl

Puc.3 - 3aroroBka npu KyTi KaHTyBaHHS 15°Ta 30°

Ipu 30inpmenHi xyra no 30° (puc.3) xapakrep nedopmaiii CyTTEBO MOKPALIYEThCS: IUIACTUYHA Tedis
OXOIUTIOE YBECh 00’€M MeTaily, 3MEHIIYEThCS TPAAi€HT HalpyKeHb 1 ()AKTUYHO 3HUKAIOTh 30HH HeleOpMOBAaHOTO
MaTepiaiy.

AHanoriyHa 3aJie)KHICTh BHSIBJIEHA M 11010 cyMapHoro crynens nedopmanii (puc. 4). [Ipu 10 % nedopmarnii
npolec BiOyBa€eThCs MEPEBAXKHO y MOBEPXHEBUX IIapax, 0 MOXE CIPUYMHHUTH 3aJIUIIKOBI JAe(EKTH CTPYKTYPH Ta
HEOJHOPITHICTh MEXaHIUYHUX BIAacTUBOCTEH. 31 30inblieHHAM cryneHs 10 20 % aedopmaris piBHOMIPDHO ITPOHUKAE B
LEHTpaJIbHI IIapH 3arOTOBKH, 3a0e3MeUyI0ur MOBHOIIIHHE PYHHYBAaHHS JTUTOI CTPYKTYPH Ta (JOPMYBaHHS PiBHOMIipHOI,
LIUTEHOI METAJIEBOT OCHOBH.

rop 1

1340910311

Puc.4 - 3aroroBku 3 cymapauMH ctyneHsiMu nedopmanii 20% ta 10%

I'padix iHTEeHCHBHOCTI HampyXeHb (puC.5), MATBEP/UKYE, IO MAKCUMalbHI ITIKOBI HaBaHTa)KCHHS
NPUNAJIal0Th HA MepexiiHi JAUITHKH, a ontuMaibHuil pexum (30°, 20 %) MiHIMI3y€ IO PI3HHUIIO MIX MIKOBUMHU Ta
CepeHIMU 3HAYCHHSIMH.

MNpadgik

1,2

1 J\
0,8 \
0,6 ———— T Minia 2
NiHia 3
Nixia 4
. \
0,2

1 2 3 4 5 6 7 8 9 10

Ninia 1

Koediyient HepisHomipHocTi

Puc.5 - I'padix iHTEHCUBHOCTI HaNpyXeHb
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MeTton mporao3yBaHHS HEPIBHOMIPHOCTI , 3aCTOCOBaHHH y poOoTi [21], moka3aB cBOl0 €QEeKTHBHICTH: I
aHalizy cxeMH 3 KyToM 15° i xoeimieHT HepiBHOMIPHOCTI MicIsiMu cTaHOBUB Jymmre 0.55-0.65, mo cBigguTh mpo
KPUTHYHI KOHIICHTpAIii HANpY»XeHb, ToAl gk mpu 30° Horo 3HaueHHs migHiMamucs 1o 0.85-0.95, nemoHCTpyroun OibII
cTaliapHAN Ta PIBHOMIPHUH Iporiec qeOopMyBaHHS .

BucnoBku. B po0oTi 3p0o0neHuil y3arajabHIOIOUHH OIS MiAXOIIB 70 JTOCHI/PKEHHS Ta ONTHMI3alii mpouecy
PO3KOYYBaHHsS Ha OIPABI, IO JO3BOJWIO OI[IHUTH BIUIMB OCHOBHHUX TEXHOJIOTIYHHMX MapaMeTpiB Ha (OpMyBaHHS
MOPOXKHUCTHX TOKOBOK. Ha OCHOBI aHaii3y JiTepaTypHHX JaHWUX Ta PE3yJIbTATiB MOJEJIIOBAHHS BCTAHOBJICHO, IO Ha
PIBHOMIpHICTh Hampy»XeHO-Ie()OPMOBAHOTO CTaHy HaHOLIbIIe BIUIMBAIOTH KyT KaHTYBaHHS, CTYIHb Jedopmaiii,
TeOMETpisl 3arOTOBKH Ta KOHQirypauist iHcTpymMeHTy. [lokasaHo, 10 Mpy Manux KyTax KaHTYyBaHHS Ta HEAOCTAaTHBOMY
OOTHCHEHHI BUHHKAa€ HEPIBHOMIpPHICTH medopmamiid i JOKadbHI 30HHM KOHIEHTpAIlii HAalpyXeHb, MO IIiABHUILYE
HMOBIpHICTH yTBOpeHHS AedekTiB. MoaemroBanas B QForm miaTBepaiiio HassBHICTh CYTTEBHUX TpalieHTIB Aedopmartiit
y HepexigHuX 30HaX 3a HepallioHAJBHUX PeXHMiB. PallioHaIbHAM € TMOo€THAHHA KyTa KaHTyBaHHA 30° Ta cymMapHOTO
crynens nedopmaii 20 %, sike 3a0e3nedye piBHOMIpHY MIACTHYHY TEUil0 METaly, 3MECHIIICHHS MIKOBUX HABAHTAXKCHB 1
crabinpHEe (POPMOYTBOPEHHS, IO CIPHSIE OTPUMAHHIO MOKOBOK 3 OJHOPINHOIO CTPYKTYPOIO Ta TOYHOIO T€OMETPIETO.
OtpuMaHi pe3yabTaTH MiATBEPDKYIOTh IOUIJIBHICTE 3aCTOCYBaHHS UHCENFHOTO MOJEGIIOBAHHS [UIS  BHOODPY
paliOHAIPHUX PEXHUMIB PO3KOYYBaHHS Ta MOXYTh OyTH BHUKOPHCTaHi Ul MiJIBHIIEHHS SKOCTI i HamiifHOCTI
MOPOKHUCTHX IMOKOBOK y BUPOOHHYIH IPaKTHUILII.
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AOJIA B. C., HYXIIb B. JI., BOBPOB O. I, TAPAH O. B.

AOCTIKEHHSI BIIMBY CXEM KOBAJIBCBKOT'O ITPOTAI'YBAHHS HA HEPIBHOMIPHICTD
JE®OPMAIIII ITPU BIJIBHOMY KYBAHHI

AHoTanis. Y po0OTi BUKOHaHO JTOCII/DKEHHS BIUIMBY PI3HUX CXEM KOBAJILCHKOTO NPOTATYBAHHS — «IIPOXOJaMU»»
Ta IO TBHUHTY» — Ha HEPIBHOMIPHICTh MOKa3HHKIB IpOIECY BUIBHOTO KyBaHHS. MOJENIOBaHHS BHKOHAaHO Y
nporpamMHoMy komiuiekci QForm. IIpoanaiizoBaHO 3aKOHOMIPHOCTI BIUIMBY Je()OPMOBAHOTO CTaHy IIOKOBKH Ha
PIBHOMIpHICTB TuTacTHYHOL Tewil. OTpuMaHi pe3yabTaTH MOKa3aj, 0 BUKOPHCTAHHS TBHHTOBOI CXEMH MPOTATYBAaHHSI
crpusie 3MEHIICHHIO HEPiBHOMIPHOCTI AedopMariiif 1 MiABUIEHHIO SKOCTI MOKOBOK 3a PaXyHOK OLNBIN PiBHOMipHOTO
MIEPEPO3IOILITYy METAITy.

KarouoBi ciioBa: KyBaHHS, IPOTATYBAaHHS, «I10 TBUHTY» , QFOrm, medopmartis.

DOLIAYV., CHUKHLIB V., BOBROV O., TARAN O.
RESEARCH ON THE INFLUENCE OF FORGING DRAWING SCHEMES ON THE UNUNIFORMITY OF DEFORMATION IN
FREE FORGING

Abstract. The paper investigates the influence of different forging drawing schemes — ‘passes’ and ‘screw’ — on
the unevenness of free forging process indicators. The modelling was performed in the QForm software package. The
patterns of influence of the deformed state of the forging on the uniformity of plastic flow were analysed. The results
showed that the use of the screw drawing scheme contributes to a reduction in the unevenness of deformations and an
improvement in the quality of forgings due to a more uniform redistribution of metal.

Keywords: forging, drawing, screw scheme, QForm, deformation.

Beryn. BinpHe KyBaHHS € ONHUM i3 HaHTIOMIMPEHININX METOAIB OOpOOKHM METalliB THCKOM, SKHH IIHPOKO
3aCTOCOBYETHCSI U1 BHTOTOBJICHHS BEJIMKOTa0APUTHHUX 3aroTOBOK, IO BHKOPHCTOBYIOTBECS B CHEPreTHYHOMY,
MamHOOYAIBHOMY Ta TpaHCHOpTHOMY oOmanHanHi. Lle# mporec 3abesrnedye OTpHMaHHS ITOKOBOK BHCOKOI SKOCTI 3
MBUIICHUMH MEXaHIYHUMH BIACTHBOCTAMH. Pa3oM i3 THM, Ipomec BIUIBHOTO KyBaHHS CYHPOBOIKY€ETHCS
HEPiBHOMIPHICTIO TIACTHYHOI Tedii MeTaly, 0 MPU3BOIUTH J0 KOHIICHTpAIii HalpyXeHb, HEOTHOPIAHOCTI CTPYKTypH
Ta YTBOPEHHS JC(EKTIB y MEHTPalbHIA YaCTHHI 3arOTOBKH, IO 3HUXKYE SIKICTh Ta HAJIMHICTh METaJIONPOIYKIIii,
0COOJTMBO TIPH BUTOTOBJICHHI BEJIMKUX MTOKOBOK.

VY 3B’S3Ky 3 LMM aKTyaJbHUM 3aBJaHHAM € JIOCHIJUKEHHS BIUIMBY KiHEMAaTHYHUX CXEM KOBaJbCHKOTO
MPOTATYBaHHS Ha PIBHOMIPHICTH PO3MOALTY Ae()OPMOBAHOTO CTaHy 3arOTOBKH, & TaKOX OI[IHIOBaHHS €()EKTHBHOCTI
PI3HUX MiAXO/IB J0 MOJIMIIIEHHS YMOB TeUil MeTaIy IIiJ] 4ac BiTLHOTO KyBaHHS.

AmHaJi3 jgiteparypu. BinbHe KyBaHHS € OIHUM i3 HAUMOUIHMPEHINIUX METOIB OOPOOKH METAJIiB THCKOM, SIKHIA
3aCTOCOBYETHCSI IIPU BHUIOTOBJICHHI BEIMKOTa0APUTHHX IIOKOBOK JUIi EHEPreTHYHOTO, MAIIMHOOYIIBHOTO Ta
TpaHcropTHOoro obOmagnaHHs [2, 3]. Ilpomec moisrae y medopMyBaHHI MeTary Mix OoiikamMu 0e3 OOMEKEHHsSI HOTO
OiuyHoro TUIMHY. KyBaHHS BHUKOPHCTOBYIOTH HE JIMIIE SK TEXHOIOTIIO (OpMOyTBOpeHHS, a il sk edekTuBHUIT 3acid
MOKpAIICHHS CTPYKTYpH Ta BIACTHBOCTEW Mertany [2, 6]. Y mporeci KyBaHHS ITOKOBKA IPOXOAHMTH iHTCHCUBHY
IUTaCTHYHY JedopMallito, 3aBISKH YOMY BiIOyBa€ThCsS 3BapIOBaHHA BHYTPIMIHIX HS(EKTiB, MOAPIOHEHHS 3€pHa,
YTBOPEHHS JIpiOHO3EPHHUCTOT Ta BOJIOKHUCTOI CTPYKTYPH, IO MIO3UTHUBHO BIUIMBAE HA 11 AKicTh [6].

[MopyuieHHsT peKUMIB HarpiBaHHs 3arOTOBOK MOXYTb CIPHUYHHSTH IIOSBY XapaKTepHHX JE(EKTIB MOKOBOK:
BHYTPIIIHIX TPILIMH, MUOOKKX BM SITHH, TPY003epHUCTOT CTPYKTYPH, @ TAKOXK HepiBHOMIpHOTO 3anomy [2, 13]. Ilig yac
3iMiCHeHHs omnepauiii miactuuHoi aedopmanii (KyBaHHS YM IUTAMIIyBaHHS) MOXYTh BHMHHKAaTH Je(eKTH pi3HOTo
MOXO/DKEHHsI, 30KpeMa, 30BHIIIHI Ta BHYTPIIIHI TPINIMHK, 3aJUpH, BM STHHH, 3aTHCKaHHS, pPBaHI IOBEpPXHI,
po3IapyBaHHs, BIIXUJICHHS BiJl 3a1aHOi reoMeTpii BupoOy [13, 14].

OCHOBHMUMH OIEpallisiMd € O0CaJDKyBaHHs, NPOTIATYBaHHs, (OpPMYyBaHHs, pyOaHHS Ta mpaBlieHHs. Bin
piBHOMIpHOCTI Jedopmarii 3aJeXUTh CTPYKTypa, IMUTBHICTh 1 MeXaHi4HI BiacTHBOCTI Marepiamy [2, 3]. Ilim wac
BUIBHOTO KyBaHHS YacTO BHMHHUKA€ HEPIBHOMIPHICTh IUIACTHMYHOI Tedil MeTally, IO INPH3BOIUTH JO BHYTPIMIHIX
Hanpy)XeHb, HEOMHOPIAHOCTI CTPYKTYpH Ta MOsiBH Je(eKTiB y LEeHTpaibHiil dacTuHi mokoBku [4, 5, 17]. Tomy
aKTyaJIbHUM 3aBJIaHHSM € MiJBUIIEHHS PIBHOMIpHOCTI Aedopmanii IUIIXoM BHOOPY ONTHMAIBHHX CXeM KyBaHHS Ta
KiHeMaTH4HUX napamerpis [9, 10, 15, 21].

OnauM i3 e(heKTHBHUX CIOCOOIB € 3acTOoCcyBaHHS cxeMH “mo rBUHTY . Cxema ‘“mpoxomamu’ mepemdadae
MOCTYTAaJbHUI PyX 3aroTOBKU 0e3 o0epTaHHs, y TOW 4Yac sIK “TI0 TBUHTY  TO€JHAHHS MOCTYMAIBHOTO MEPEMIIICHHS Ta
obepTaHHA HABKOJO OCi Ha NEeBHMH KyT. Lle CTBOpIoe cmipambHUI MOTIK MeTaly, IO CHpPHAE KpaIioMmy HOro
nepeTikaHHio Bif HeHTpa 1o nepudepii [8, 11, 15]. JocmimkeHHsS OCTaHHIX POKIB MOKa3yIOTh, IO caMe cXeMa ‘IO
IBUHTY KOBQJIBCHKOTO IPOTATYBAaHHS 3[aTHI CYTTEBO 3MEHIIMTH HEPIBHOMIPHICTH IHTEHCHBHOCTI Aedopmariiii y
MIOTIEPEYHOMY Tepepi3i MOKOBOK 1 3HW3UTH KOHIICHTPAIIil0 3aJIMIIKOBUX HanpyxkeHb [12, 16, 18, 19]. Taki kinematuuHi
YMOBH CHPUSIOTH TOJAPIOHEHHIO 3€pHA, ITJBHIICHHIO OJHOPIJHOCTI CTPYKTYpPH Ta 3MEHIICHHIO CXHJIBHOCTI 10
YTBOPEHHS BHYTPIIIHIX TpinuH [5, 6, 18].
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MoyienioBaHHS MPOLIECIB BIILHOTO KyBaHHS B MPOrpaMHOMY cepenoBuiii QFOrm 103sosisie TOYHO OLIHIOBATH
po3monin moxmiB nedopmarii, HaIpyKeHb i TEeMIepaTypH, a TaKoX IPOTHO3YBAaTH YTBOpeHHA nedekTiB [7, 9, 15, 20].
UwncnoBi eKCclIepUMEHTH, BUKOHAHI 3 YpaXyBaHHSAM TEIUIOBOTO KOHTAKTy MiXK 3arOTOBKOIO Ta IHCTPYMEHTOM, TTOKa3aJIH,
IO TPH 3aCTOCYBaHHI CXeMH “MO TI'BHHTY” HEpiBHOMIpHICTh aedopmarii 3meHinyeTbcs npubnusHo Ha 25-35 %
TIOPIBHSHO 31 cxeMoro “mpoxomamu’ [10, 21].

VY poborax [12, 16, 18, 19] HaromomryeTscs, IO HEepeXi IO CXEMH “HO TBHHTY a00 KOMOIHOBaHOTO
NPOTATYBaHHS Ja€ 3MOTY 3a0e3NeYuTH Kpally Tedilo MeTaly, CKOPOTHUTH IEHTPaIbHY 30HY HenegopMOBaHOTO
Marepiaiy Ta HOKpAIUTH AKiCTh MeTanmonpoaykiii. [ToaiOHI pe3ynbTaTi miATBEPAXKYIOTh i JOCHIIKCHHS, BUKOHAHI HA
OCHOBI EKCIIEpUMEHTAJILHUX BUIPOOYBaHb ITOKOBOK 3 JIeroBaHuX craineii [13, 16, 18].

TakuMm 4MHOM, aHaJi3 HAYKOBUX JKEPEJ CBIIYHTD, IO BIIPOBAPKEHHS CXEMH “TI0 TBUHTY” Yy IPOLEC BUIBHOTO
KyBaHHS € TEPCIIEKTHBHUM HANpsMOM ITiJBUIIEHHS PiBHOMIPHOCTI IUIACTHYHOTO Ae(OpMyBaHHS Ta SKOCTI TOTOBHX
BHpOOiB, a unciaoBe MonemoBaHHs y QForm BucTymae eeKTHBHIM iHCTPYMEHTOM JUI TEOPETHYHOTO ITPOTHO3YBAaHHS
Ta ONTUMI3allii KX MPOIIECiB.

Meta npocaigxeHHsl. MeToro poOOTH € BCTAHOBJICHHS BIUIMBY CXeM “‘Ipoxomamu’” Ta “TI0 TBHHTY IS
KOBaJIbCHKOTO TIPOTATYBAaHHS Ha HEPIBHOMIPHICTH Aedopmariiii y mporeci BIIPHOTO KyBaHHS IIUIIXOM YHCIOBOTO
MOJICJTIOBaHHs B cepepoBui QForm.

VY nmaniit poOOTi MPOBEIACHO YHCIOBE MOJICIIOBAHHS MPOIIECIB BITBHOTO KyBaHHs JJIsi 3arOTOBKH 31 ctami 45
niamerpom 600 MM 1 gomxkunoro 2000 mm. ITouarkoBa Temmeparypa 3arotoBku craHoBwiia 1200 °C. locmimkeHHs
BUKOHYBasics npu nopadi 200 MM (mosoBuHa mMpUHU OoiKa) 1 BigHOCcHIH aedopmarii 10 %. [l mMopemoBaHHS
BUKOPUCTOBYBAJIU T'iApaBIiuHUi Ipec HoMiHaJIbpHOW cuioo 16 MH Ta nmocki 6oiiku 3i cram SXHM.

PesyabraTu gociimkenns. Cxema “npoxooamu” (puc.l) nependavae mocTymaabHe MEPEMIIICHHS 3arOTOBKH
MIX TUTOCKHMH OOWKaMu 0e3 00epTaHHS HABKOJO OCi. Ilicias KOKHOTO MPOXOJY 3aroTOBKA MOBEPTAEThCs Ha KyT 90—
120° s 3abesmedeHHs PiBHOMIpHOCTI Aedopmarii mo mepepisy. Takmii MeTon IIHPOKO BHKOPUCTOBYETHCS IS
MIPOTATYBaHHS BaJIiB, OCEH Ta 3aTOTOBOK 3 KPYIJIMM a00 KBaJpaTHUM TOMepedHrM mepepizom [1]. 3D-momens 3aroToBku
mpu Hid cXeMi JEMOHCTPYE XapaKTepHy 3MiHy TreoMeTpii — 3MEHIICHHs [iamMeTpa 1O BCilf JOBXKHHI Ta JIOKaJIbHE
pO3IIUpPEHHs. 30HU KOHTAKTy 3 Oofikamu. Y TepH]epiiiHHX OO0NacTAX CIIOCTEPIraeTbes MiABHINCHA iHTCHCHBHICTH
nedopmariii, TOII K MEHTpaJbHa YaCTHHA 3aJUIIAETHCS MEHII e(pOPMOBAHOIO.

Puc 1. — 3D mopenb mpoTATryBaHHS «IIPOXOAAMI

Cxema “no eéunmy’” (puc. 2) xapaKkTepU3y€eThCs MOEAHAHHIM IMOCTYIAIBLHOTO MIEPEMIIIICHHS 3aT0OTOBKH B3I0BK
oci Ta i obepraHHS Ha MEBHUH KyT INCIS KOXKHOTO ymapy. Y pesyabTaTi (OpMYeThbesl CHipajibHa TPAeKTOpis Tedil
MeTaiy, IO CrpHse OLIbII PIBHOMIPHOMY Iepepo3noniury nedopMamniii y monepedynoMy mepepisi [22]. Ha 3D-mopemni
BUJIHO IUIAaBHY 3MiHYy 00’€My Ta pO3TATYBaHHS Marepialy B3JOBX OCi, IO LIIOCTPY€E PIBHOMIPHY IUIACTHYHY TEUifO
MeTaJy 10 CHipaibHill TpaekTopii.

Puc. 2 — 3D mMonenb npoTsryBaHHs 10 TBUHTY”
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MopzenoBaHHSL TIPOBEICHO B NpOrpaMHOMYy KoMmiuiekci QForm 3 ypaxyBaHHAM TEIUIOBOTO KOHTAKTy MiX

3arOTOBKOIO Ta iHCTpyMeHTOM. BusHauamu maxcumanbHi (Ep,5y) Ta MiHIManbHi (£;,i;,) 3HAYECHHS iHTEHCHBHOCTI
nedopmariii 11t OIiHKH KoedimieHTa HepiBHOMIPHOCTI:

€ —E; BenuuuHa AedopMalii B KOHTPONbHIH Toulli; £y, 2., — MAKCUMANbHA BEIUYMHA AeopMallii B epepisi.

s omiHIOBaHHS 00’€MHOI HEPiBHOMIPHOCTI medopmamii MeTany miI 9ac KyBaHHS, a TaKOX MPOTHO3YBAaHHSI
pO3MOAiTy MeXaHIYHMX BJIACTHUBOCTEH, Oyno 3ampomoHOBaHO cremianbHuil meron[23]. CyTe MeTomy moisirae y
BU3HAYEHHI B KOXKHOMY JOCII/PKYBaHOMY IIOIIEPEYHOMY IEpepi3i TOUKM 3 HaiBHUIIMM piBHeM nedopmanii. Bing miel
TOYKH 4epe3 LIEHTP Mepepi3y NPOBOIATH OJHY 3 YOTUPHOX JIHIH, SKi pO3MillleH] MiJ B3aeMHUM KyToM 45°. Ha koxHilt 3
WX JIHIH PO3MILIYIOTh MO HIICTh KOHTPOJBHUX TOYOK, CHMETPHYHO BIJHOCHO SK TOYKH 3 MaKCHMaJIbHOIO
nedopmarii€ro, TaK i HEHTPY mepepisy, BiAMOBIIHO 0 MpecTaBiIeHol cxeMu (puc. 5).

Cnouarky Oynu ctBopeHi 3D-mMozeni 3aroToBOK BiANIOBITHO /0 CXEM MPOTATYBaHHS “‘mpoxofaMu” Ta “No
reuHTy” . Ilicns mporo moOymoBaHi Mojeni Oynmo iMmoproBaHo B mporpamue cepemoBumie QForm, me mposeneHo
HAJAIITYBaHHS BCiX HEOOXITHHUX MapaMeTpiB I MOACTIOBAHHS IPOIECIB BUTFHOTO KyBaHHS. Y pe3yibTaTi 3MiHCHEHO
YHCIIOBE MOCIIKCHHS HAPy>KEeHO-1e(hOpMOBAaHOTO CTaHy 3aroTOBKH IIPH MPOTATYBaHHI “nmpoxomamu’ (puc. 3) Ta mpu

MPOTATYBaHHI “TIo TBUHTY” (puc. 4).
16

Puc. 3 - ®opMo3MiHa 3aTOTOBKH IPH CXeMi IPOTATYBAHHSA “‘TIPOXOIaMH”
m 24
22
20
18
16
14
12
10
08
2 06
04
02
0.0

Puc. 4 - ®opmo3MiHa 3arOTOBKH IPH CXEeMi IPOTATYBAaHHS “IIO TBUHTY .

a) 0)
Puc. 5 - PosrantyBaHHs JTiHIH Ta KOHTPOJILHUX TOUOK Y IEepepi3i MPH MPOTATYBAHHI 3arOTOBOK 38 CXEMOKO
“npoxomamu’ (a), Ta “no rBUHTY” (0).
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MogenroBaHHSI TPOLECIB BUKOHAHO i3 3aCTOCYBaHHSAM CIEIiajli30BaHOTO MporpamHoro komiuiekcy QForm,
MIPU3HAYEHOTO JJIsl YUCIIOBOTO aHANi3y Ta ONTHMIi3alii TexXHONorid oOpoOkm MeramiB THcKoM. QForm mae 3mory
BIITBOPIOBATH KiHEMAaTH4HI, TEIUIOBI Ta HampyKeHO-Ie()OopMOBaHI HapaMeTpH IIpoLecCy, Mo 3ade3ledye BHCOKY
TOYHICTB pe3yJIbTaTiB i HAMIHHICTD OTPUMAaHHX JaHHUX.

3nilficHeHO YMCIIOBHUI aHaJi3 HEpiBHOMIpPHOCTI Aedopmariii MeTany Mpu MOAETIOBAHHI BUTBHOTO KyBaHHS 3a
cXeMaMH TpOTATYBaHHS “Tipoxomamu” Ta “mo I'BHHTY”. [yt 000X cXeM pO3paxoBaHO IMOKAa3HUKH HEPiBHOMIPHOCTI
nedopMariil y mornepeyHoMy repepisi 3aroToBKU Ta mo0y10BaHo rpadivHi 3a1e)HoCTi po3noniry aedopmartiit (puc. 5).

3 aHamizy puc. 5a BHIHO, IO NPH CXEMi MNPOTATYBaHHS “NpoxofaMu’” HEPIBHOMIPHICTH nedopmarii
3MiHroeThes Bin 0,24 no 1. lng cxemu “no rBuHTY” (puc. 50) el moka3HUK KoJMBaeThes B Mexax Bix 0,46 mo 1.
OTpuMaHi pe3yibTaTH CBi4aTh, IO BHKOPUCTAHHS CXeMH “TIO TBUHTY’ 3MEHIIYE HEpPIBHOMIpHICTH aedopmariii
npubmzHo Ha 30 % mopiBHAHO 3 «mpoxomamm». Lle 3abe3neuye OLTBII PIBHOMIPHUH PO3MOALT HANpyKEHb Y METal,
MOKpAIIy€ TUTAaCTHYHY TEUilo Ta CIOpHSE MiABUICHHIO SKOCTI KOBAaHUX BHPOOIB.

o =
[o.2] = 58]

KoediyieHT HepiBHOMIpHOCTI

o
[=)]

0,4
H\-‘
0,2
=@ liHiALl(—) ==@=/liHia2(]) Ninia 3 (\) Ninia 4 (/)

1 2 3 - 5 6

KoHTpo/ibHI TOuKK
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AN

—a—litia 1 (—) Niwia 2 () Ninisi 3 (\) Niwisi 4 (/)

0)

o e
[o] = N

KoegiuieHT HepiBHOMipHOCTI
o
)]

0,4

0,2

1 2 3 4 5 6
KOHTpPObHI TOUKM

Puc. 5 — I'padixu po3noniny xoedilieHTy HepiBHOMIPHOCTI fedopMallii — IpH IPOTATYBaHHI 38 CXEMOIO
“npoxomamu’ (a) Ta MU MPOTATYBAHHI 32 CXeMOI0 “no TBHHTY” (0).

Cxema “mio 'BHHTY” MOKpally€ YMOBHU Teuil MeTajly, 3MEHIIye KOHIEHTpalii HalpyXeHb, YCyBa€ IIEHTPAJIbHY
30HY Hele(OPMOBAHOTO METAITy, MiABHIIYIOYH AKICTh MOKOBOK . Takuii MiAXia JO3BOJISSE 3HU3UTH PU3HK BHHUKHCHHS
BHYTPILIHIX HOPOXKHHH 1 TPIIIKH, 320€3MIEYUTH OTHOPIAHY CTPYKTYPY METaJy Ta IOKPAIUTHA MEXaHI4Hi BIaCTHBOCTI .

BucHoBku.

VY xoni AociiKeHHsT BCTAHOBJICHO, 1110 KIHEMaTH4Ha CXeMa KOBAJIbCHKOTO MPOTATYBAHHS CYTTEBO BIUIMBA€E HA
XapakTep IUIACTHYHOI Tedil MeTally Ta piBHOMIpHICTh AedopMarii npu BiTbHOMY KyBaHHI. MOJETIOBaHHS TpOIECy B
cepenoBumi QFOrm mokazano, mo cxema “mo TBHHTY  3a0e3medye OUTBIN PiBHOMIpHHWE posmonin aedopmariin y
MIOTIEpEYHOMY Tepepi3i 3aroTOBKH IMOPIBHIHO 3 CXEMOIO “NPOXOaMM’, 3MEHIIYIOUH Pi3HHUIIO MK MaKCUMaJIbHUMU Ta
MiHIMaJIbHIMH 3HaY€HHSMH IHTEHCUBHOCTI edopmantii mpudausHo Ha 30 %.

OTpuMaHi pe3ynbTaTd CBiAYaTh, IO BUKOPUCTAHHS CXEMH “TI0O TBHUHTY CHpHSE MOKPAIICHHIO YMOB Teuil
MeTajy, 3MEHIICHHIO KOHIIEHTpalili HamnpyXeHb Yy IEHTpalbHIi YacTHWHI 3aroTOBKH, ITiJIBUIIEHHIO OJHOPIAHOCTI
CTPYKTYPH Ta 3arajibHOI SIKOCTi TIOKOBOK.
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M. B. BOPOIIAEB, O. B. HABOKA

CYYACHI PIINEHHS U1 MPENU3IAHOTO KOHTPOJIIO B MAIIMHOBYIYBAHHI

VY crarTi NpeACTaBICHO CHCTEMATH30BAaHMIl OV CyYaCHHX 3acOo0iB BUMIPIOBAJIbHOI TEXHIKM BITUYM3HSHUX BHPOOHHKIB, 30Kpema (ipmu
«KOA» (M. XapkiB), 0 3[iiCHIOE TIOCTaBKHU IIUPOKOTO CHEKTpy s kopnopatii Hexagon Metrology (6penn Tesa Technology). Orisig oxormioe
MHOXHHY NPeNU3IHHUX BUMIPIOBAIBHUX NPUIAIB I HOTped MalIHHOOYAiBHOTO BUPOOHUNTBA. PO3IIIIHYTO KOHCTPYKTHBHI OCOOIMBOCTI, TEXHIUHI
XapaKTEPHCTUKU Ta CIEHU(IKy 3aCTOCYBaHHSA TAaKUX 3aco0iB, SK INTAHTCHLUUPKYJi, MiKPOMETpH, HyTPOMIpPH, iHJMKaTOPH TOJMHHHKOBOTO Ta
Ba)KUIBHOTO TUITy, IHKJIIHOMETPH, BUCOTOMIpH, MPO(LIOMETPH, ONTHYHI BUMIPIOBAIbHI CHCTEMH Ta TPUKOOPAMHATHI BUMIPIOBAIbHI MiKPOCKOIIH.
Oco0uuBy yBary HpHIIIEHO IMHTAHHSAM METPOJIOTIYHOTO 3a0e3MeUcHHs, MPOCTEKYBAHOCTI pe3ysbTaTiB BUMIPIOBaHb Ta BUMOraM cTaHmaprty ISO
17025. IIpoaHanizoBaHO MepeBard MHEBMATHYHHX Ta iHAYKTHBHUX BHMIpPIOBAIBHUX CHCTEM UL IOTOKOBOTO KOHTPO0. CTarTs mpH3HAYeHa s
(haxiBIiB y raimy3i MeTpoJIOrii, KOHTPOJIIO SIKOCTI Ta MAIIMHOOYAiBHOTO BUPOOHHIITBA.

Kurouosi cioBa: Hexagon Metrology, Tesa Technology, 3aco0u BUMipIoBanbHOI TEeXHIKH, NPEU3iHNNA KOHTPOIb, HyTPOMIpH, MIKPOMETpH,
LITAHTCHLUPKYJIi, IHAUKATOPH, IHKIIIHOMETPH, METPOJIOTIYHA MPOCTEKYBAHICTb.

M. VOROPAIEYV, O. NABOKA

MODERN SOLUTIONS FOR PRECISION CONTROL IN MECHANICAL ENGINEERING

The article presents a systematic review of modern measuring instruments of domestic manufacturers, in particular the company "KODA"
(Kharkiv), which supplies a wide range of products to the Hexagon Metrology corporation (Tesa Technology brand). The review covers a variety of
precision measuring instruments for the needs of machine-building production. The design features, technical characteristics and specifics of the
application of such instruments as calipers, micrometers, internal gauges, dial and lever indicators, inclinometers, altimeters, profilometers, optical
measuring systems and three-coordinate measuring microscopes are considered. Special attention is paid to the issues of metrological support,
traceability of measurement results and the requirements of the ISO 17025 standard. The advantages of pneumatic and inductive measuring systems
for flow control are analyzed. The article is intended for specialists in the field of metrology, quality control and machine-building production.

Keywords: Hexagon Metrology, Tesa Technology, measuring instruments, precision control, bore gauges, micrometers, calipers, indicators,
inclinometers, metrological traceability.

Beryn.

P03BUTOK Cy4acHOro MAaIMHOOYIyBaHHS HEBIIIIIBHO MOB'SI3aHUN 3 MMiJBUIICHHSIM BAMOT JI0 SKOCTI Ta TOYHOCTI
BHTOTOBJICHHS JieTajiel i By3miB. B ymoBax nmudpoBizamii BHpOOHHYIHX TPOIIECIiB, IMUPOKOTO 3aCTOCY BAHHS BEPCTATIB 13
4qrcI0BAM IporpaMHuM KepyBaHHsM (UIIK) Ta aBTOMaTH30BaHHX BUPOOHUYNX JIiHIH 0COOIMBOI aKTyaabHOCTI HaOyBae
MMUTaHHS METPOJIOTIYHOTO 3a0e3ledeHHs BHPOOHMIITBA — BiJ BXIHOTO KOHTPONIO MaTepialiB A0 (iHAIHHOTO
MPUIMaTBEHOTO KOHTPOIIIO TOTOBOT MPOAYKIIi.

Cepen IPOBIAHAX CBITOBHX BHPOOHHUKIB 3aC00iB BUMIpPIOBAaJIbHOI TEXHIKHA B Taly3i T€OMETPUIHHX BUMIPIOBAHb
BUJIUIAIOTBCS TPU OCHOBHHMX TpaBli: SIMOHChKa KoMmadis Mitutoyo, HiMenpka Mahr Ta IIBeIChKO-aMepUKaHChKa
Hexagon Metrology.

KosxHa 3 1ux Kopropailiit 3aiiMae 3Ha4yHy 4acTKy IJI00aJIbHOTO PUHKY Ta IPONOHYE LHIMPOKUIl CIEKTP PillleHb —
BiJl TPAJMLIHHUX PYYHUX 3aCO0IB BUMIPIOBAHb JI0 CKJIaHUX aBTOMAaTH30BaHUX BHUMIPIOBAJIbHUX KOMIUIEKCIB, aje came
3 OCTaHHBOIO TICHO criBmpaioe BiTumsHsHa pipma «KOJJA», 1m0 Mae MOXKIMBICTh 3alpPONOHYBATH 3aMOBHHKAM SIK
HEBEJMKI HamiBaBTOMaTH4HI BUMiptoBanbHi MammHu Hexagon Metrology TESA (IlIBeiinapist), Tak i MamuHu pi3HUX
KOMIIOHYBaHb (TIOpTaNbHi, CTilikoBi, MocToBi) Hexagon Metrology DEA (Itaumist) 3 rabaputaMu BUMIpIOBaHUX JeTalei
IO IeKLITBKOX AECATKIB METPIB.

Merta gocJriazKkeHHs.

MeToro maHOi CTaTTi € CHUCTEMAaTH30BaHUH HAayKOBO-TEXHIYHUH OTJSAA 3ac00iB BHMIPIOBANILHOI TEXHIKH, IO
PO3pOOISIETHCS BITIH3HIHAM TOCTAYaIFHIKOM JJIs 30BHIITHIX PUHKIB.

AXTyaJIbHICTh TEMH 3yMOBJICHa HEOOXIIHICTIO O3HAMOMJICHHS BITYM3HSHHMX CIICI[IAJICTIB i3 Cy4YaCHUM piBHEM
PO3BUTKY BUMIpPIOBAILHUX TEXHOJIOTiH, BUPOOJIECHHSIM YITKOTO PO3YMiHHSI NPUHLUIIB BUOOPY BUMIPIOBAJIBHUX 3aC00IB
3aJI©KHO BiJl BUPOOHMYMX 3aBJaHb, a TaKOX BAXKIMBICTIO NOTPUMAaHHS BUMOI MIDKHAPOJHUX METPOJIOTTYHUX
CTaH/IapTiB.

3. BukiageHHsI 0CHOBHOI'O MaTepiaJly Ta pe3yJabTaTH.

Jns  peamizamii BU3HaueHOi MeTH HEOOXiHO TpOaHaNi3yBaTH KOHCTPYKTHBHI OCOONMBOCTI, TEXHIYHI
XapaKTepUCTHKH Ta CIENu(iKy MTPaKTUIHOTO 3aCTOCYBAHHS IIMPOKOTO CIEKTpa MPEHN3iHHUX BUMIPIOBAJIBHHUX
MpWUIAiB, Cepes SAKUX INTAaHTeHIMPKYJIi, MIKPOMETPH, HyTPOMIpH, iHIUKATOPH TOAWHHUKOBOTO Ta BAXKIIBHOTO THUILY,
IHKITIHOMETPH, BUCOTOMIpH, TPO]iIOMETPH, a TAKOXK ONTHYHI Ta TPUKOOPAWHATHI CHCTEMH.

BaxnuBuM 3aBJaHHAM € TaKOX MJOCHI/DKEHHS IMTaHb METPOJIOTIYHOTO 3a0e3NeUeHHs, IPOCTEXYBaHOCTI
pe3ysbTaTiB  BUMIpIOBaHb BiINOBiAHO 10 BHMor craHzapry ISO 17025 Tta owmiHka mnepeBar IHAYKTHBHHX 1
MHEBMATUYHUX CUCTEM AJISl IOTOKOBOIO KOHTPOIIIO.

© M.B. Bopomnaes, O.B.Ha6oka. 2025

Y mpomeci poOOTH 3aCTOCOBAaHO METOAM HAYKOBO-TEXHIYHOTO OINISAY Ta CHCTEeMaTH3alii IJaHWX II0J0

KOHCTPYKTUBHUX Ta IHHOBAllifHMX pilleHh KOMIIaHil, a TaKoX aHaJi3 yMOB 3a0e3NeUeHHS METPOJIOTIYHO1
IIPOCTEKYBAHOCTI BUMIPIOBAHb JI0 A€P’KaBHUX €TAJIOHIB 3TiqHO 3 BUMoramu cranaapry ISO/IEC 17025.
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Kopmopariist Hexagon Metrology € rimo6aipHAM JiIepoM y Tady3i BUMiPIOBAIEHUX TEXHOJOTIH Ta METPOIOTIYHIX
pimens. Y ckmami kopmopamii (yHKIiOHyIoTH Taki Bm3HaHI Openmm, sk Tesa Technology (LlBefimapis), Leica
Geosystems, DEA (Itanist — TpuKOOpIMHATHI BAUMIipIOBAJIbHI MAIllMHHU), a TaKOX BUPOOHWKH ckaHepiB (PpaHIis) Ta
iHmi cnemiaxizoBaHi migpo3nimm. KoprmopaTuBHa wMepexa Hamidye WiAPO3OUIM Ta TIPEACTABHHUITBA Ha BCIX
KOHTHHEHTaX: B €Bpori, [liBHiunil Ta [liBnenniit Amepuri, Azii (Kutaii, Anonis), Adpuri.

KopmopatuBuuii cnmoran Tesa Technology — "When you need to be sure" ("Komm BaM HeoOximHo OyTH
BIEBHEHNMH'') — BiJoOpakae KIIOYOBY 1J€OJIOTiI0 KOMIIaHIi: KOXeH 3aci0 BHUMIpIOBaHb IOBHHEH 3a0e3redyBaTH
HaJiHUH, TOYHUH Ta MOBTOPIOBAaHUI PE3yJIbTAT HE3AJIC)KHO BiJl YMOB 3acTOCyBaHHs. KommaHisi BUOKpEMIIIOE IT'SITh
OCHOBHUX NPHYHMH 00paty il NpoyKIito:

— BuKOpHCTaHHS BUKIIOYHO BHUCOKOSKICHHX MaTepiajliB: 3HOCOCTIHKI 3arapToBaHi CTalsli CHElialbHUX COPTIB,
rpadiToBi Ta CKIISTHI KOMIOHEHTH /IS BiAMOBITHIX 3aCTOCYBaHb.

— Tl'apanToBana TOYHICTH y TOBHOMY Jiala30Hi BUMIpIOBaHb: TOYHICTh, IIPONHCaHa B crierudikalii, 30epiraeTecs
B OyIb-sIKil TOUII Jiarma3oHy Ta B OyAb-IKHX HOPMOBAaHUX yMOBaX.

— 3acTocyBaHHA CydYacHHX TEXHOJIOTIH: MiKpOeNneKTpoHika, 3D-Ipyk Uil BHTOTOBJICHHS MpPEHU3iHHIX
KOMIIOHEHTIB, iHTeppepOMETPHUIHI KU TOIIO.

— Merpororiyaa MPOCTEKYBAaHICTh: KOXKEH 3aci0 BHUMIPIOBAHHS ITOCTAYa€THCS 3 TPOTOKOJIOM 3aBOJCHKOTO
KaniOpyBaHHs abo cepTH(ikaTOM KaaiOpyBaHHs aKpeAUTOBaHOI JabopaTopii BiamosigHo no BuMor ISO/IEC 17025.

— JloBroTpuBaia Ha/lilHICTh: 33JJ0KYMEHTOBaHI BUMAAKH MiATPHUMAHHS MIKPOMETpaMH Ta IITaHMCHIUPKYJISIMU
CBOET MeTpOJIoTiYHOT puaaTHOCTI MpoTaroM 20 i OiiblIe pOKiB IHTEHCHBHOI eKCILTyaTallii.

3abe3mneueHHs] METPOJIOTTYHOI IPOCTEKYBAHOCTI € OJHUM 13 KIFOYOBUX MPHUHIUIIB poOOTH KoMOaHii. BiamosinHo
1o Bumor ctanaapty ISO/IEC 17025 yci 3acobu BUMIpIOBaHb — BiJl HPOCTHX MIKPOMETPIB JI0 CKJIJIHUX KOOPJHMHATHUX
MalllMH — II0CTAYaloThCs 3 MIATBEPKYIOUMMH NOKYMEHTaMH, IO BCTAHOBJIIOIOTH JIAHIIOXKOK IIPOCTEKYBAHOCTI JI0
JIep>KaBHUX ETaJIOHIB.

Pyuni 3aco0u BUMipIOBaHb.

Iranreamupkymni. lTaHreHIUPKYTh € OOHUM 13 HAaWPO3MOBCIODKCHINIMX 1 HaHMi3HaBaHIMIMX 3aco0iB
BHAMIPIOBaJIbHOI TEXHIKM B MamuHOOyayBaHHI. Tesa Technology mpomoHye mpoKy NiHIHKY IITaHTCHIUPKYIIB — BiJl
KJIACHYHHMX HOHIYCHHX JIO Cy4acHHX €NIEKTPOHHHUX MOJIETIEH i3 3aXMCTOM BiJl MITy Ta BOJIOTH Ha piBHI [P67.

EnexTpoHHi mTaHreHImpKyni Tesa AeMOHCTPYIOTh 3/1aTHICTb NMPOBOJAMTH BUMIPIOBAHHS B arpECUBHAX YMOBAX: Y
BOJIi, MPU KOHTaKTi 3 JIbOJOM, NPH BHUMIPIOBaHHI M'SKMX MaTepiaiiB. TOUHICTh MO3MLIOHYBAaHHS EJIEKTPOHHUX
LITAaHTCHLIUPKYJIB y Aiana3oni 1o 200 MM pocsirae 0,01 mm (10 Mkm).

OnHiero 3 IHHOBALIMHUX pO3POOOK KOMIIAHIi € TMOJETIIeH] IITaHIeHIUPKYJl BEJIMKUX pO3MipiB. ko
TpaAMUIHUI CTaNeBHH IITaHTCHIUPKYJb 3aBJOBXKKH 2 M BaxuTh Bifg 10 mo 18 kr, To aHamoriuHuid mpuiajn i3
ByruenieBoro BosiokHa (CFRP) Bakuth suine 6:1m3bko 3,3 Kr 3aBIsIKM 3aCTOCYBaHHIO JIETKUX BYTJICLEBHX Marepialis i
creniaibHUX KOHCTPYKTHUBHHX pilieHs. Lle 103Bosie ogHOMY orepaTtopy IPOBOJIUTH BUMIpPIOBaHHS 0€3 3aCTOCYBaHHS
MiAHOMHHAX MEXaHI3MiB, III0 CYTTEBO IiABHUIIYE MPOIYKTUBHICTD Ta €PrOHOMIKY ITpaLli.

Mikpomerpu. Mikpomerpu Tesa Technology BHPI3HAIOTECSA 3alaTEHTOBAHOKIO TEXHOJIOTIEID TIEPETBOPEHHS
KyTOBOTO TIepeMillleHHs B JiHilHE, 0 3a0e3meuye TOYHICTh BUMIpIOBaHb Ha piBHI 1 MkM y mianma3oHi go 600 mm. Le
CYTTEBO TIEPEBUIIYE MOXKIUBOCTI TPaTUIIHHUX MIKPOMETpiB, N¢ 3a0e3meueHHss MIKPOHHOI TOYHOCTI OOMEKY€ETBHCS
3HAYHO MEHIIMMH Jlialla30HaMHU.

TIpUHITUIIOBO BaXKJIMBOK OCOOJHUBICTIO € Te, 1[0 MiHIMaJIbHUN [ianma3oH BUMIiprOBaHb MikpomerpiB Hexagon
cranoButh 0-30 MM, Toxi sk y KOHKypeHTiB (Mitutoyo, Mahr) neii nmiamazon TpamuuiiiHo ckiagae 0-25 mwm. [lane
pillICHHS! 3yMOBJIEHE IPAKTUYHUMHU BUMOTaMH MallMHOOYAyBaHHS: 3HAUYHA YaCTUHA TOKAPHMX JIeTajell Mae po3MipH B
Mexax 25-30 MM, a Tako HEOOXiIHICTIO BHMIpIOBaHHsS pO3MipiB, Onm3bkux 10 1 mroiima (25,4 mMM), mo €
CTaHAapPTHUM PO3MIPOM Y JIIOMMOBIH CHCTEMI, IMPOKO BXXUBAHIN MpH Hapi3yBaHHI pi3eil.

TexHiyHa CKJIAaJHICTh PO3IIMPEHHS Jiana3oHy MIKpOMeTpa IIOB'si3aHa 3 THM, I[I0 CTaHIAPTHUH KPOK
BHAMIipIOBaJIFHOTO TBUHTA CTaHOBUTH 0,5 MM, i 3a0e31e4eHHs piBHOMIPHOT MiKpOHHOT TOYHOCTI Ha BCbOMY XO/Ii TBUHTA €
BKpail CKJIa[IHUM KOHCTPYKTHBHUM 3aBJaHHsIM. 3allaTeHTOBaHA TEXHOJIOTIsI Tesa 103BoIIs€ BUPIMIMTH LIO IPOOIIEMY.

Hytpomipu. B acoptumenti Hexagon Metrology mpencTaBiieHO AEKiTbKa THIIB HYTPOMIPIB JUIS BUMIpIOBaHHS
BHYTPIIIHIX JiaMeTpiB:

JIBOTOYKOBI HYTPOMIpPH TpPaJWIIHHO 3aCTOCOBYIOTHCS JUIS BUMIPIOBaHHS BHYTPILIHIX JiaMETPiB HA HEBEJIMKUX
rmubnHax (o 100-200 mm). [ToxnbOka BUMipIOBaHHS ABOTOYKOBHM HYTpPOMipoM ckiagae Bix 4 mo 10 MKM 3anexHO Bix
IiHM TOMUIKKA BIJUTIKOBOTO TpuCTporo. HaBiTe mpH 3acTOCyBaHHI HyTpOMipa 3 MiHOIO HOAUIKA 1—2 MKM 3arajbHa
IHCTpyMeHTaJbHa TIOXHOKa Pe3yIbTaTy BUMIPIOBAHHS CTAHOBUTH HE MEHIIE 6 MKM, IO PETIAMEHTYEThCA TEXHIYHIMH
ymoBamu i BignoBigaumu I'OCT.

TpuTOUYKOBI HYTpPOMIpH € BIACHOIO po3poOKoro kommaHii Hexagon i mpu3HaueHi i1 BUMipIOBaHb 3 TTOXHOKOIO |
MKM. KOHCTpyKIist 3 TpbOoMa BHMIpIOBAJFHIMH KOHTAaKTaMH, PO3TAIIOBAaHUMH MmiJ KyTtoM 120° ommH 10 OXHOTO,
peayizoBaHa 3a JONOMOIOIO CIENialli30BAHOTO MEXaHi3My NO3uIioHyBaHHS. lle 1n03Boisi€: YHUKHYTH TEpEeKOCiB i
LIBHUKOTO 3HOCY BY3JIa; MiHIMI3yBaTu MEPTBHUH XiJ] BUMIPIOBAILHOT HIXKKH; 320€311€YUTH CAaMOLICHTPYBaHHS B OTBOPI.

Hnsa 30umemieHHss TnuOuHN BuMipoBaHHs cuctema Tesa IMICRO ocHamryeThest creIliaTbBHUMH CTalCBUMHU
TOJTOBXKYBalIbHUMHU BcTaBkamu (oexxkuHOor 100, 150, 500 ta mo 1000 MMm), oo A03BOJISIE BUMIPIOBATH HA TIIMOWHI 10
KUTPKOX COTEHb MUTIMETpIB 3aJIC)KHO BiJ Aiana3oHy mpwiany. Ciia 3a3HAYWTH, IO ITiJOBXYBadi BUTOTOBJIIFOTHCS 31
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cTai (a He BYIJIEIIEBOTO BOJIOKHA), OCKIJIBKU Mepeaada KpyTHOTO MOMEHTY depe3 MiKpOMETPpHYHHUI MeXaHi3M BUMarae
BiJNIOBiTHOT )KOPCTKOCTI MaTepiamy.

Juis BUMipioBaHHS HaJBENHUKHUX AiaMeTpiB (moHan | M, axx 10 32 M i GinbIme), mo XapakTepHO I eHEPreTUIHOTO
Ta aepoOKOCMIYHOTO MammHOOymyBaHHSA, Hexagon mNpoOmNOHye CIemiaibHi JBOTOYKOBI HYTPOMIPH 3 JOJATKOBHMH
BAMIPIOBAJIFHIMHA HAaKOHEYHHKAMH, IO 3a0e3MedyioTh TOYHICTH 2—3 MKM. KOHCTPYKTHBHO BCTaBKM BHUKOHAaHI 3
KapOOHOBUX MaTepialiB, MO POOUTH IX CTIHKUMU IO TEMIIEPATyPHUX Je(opMariii.

InpqukaTopu Ta BigaikoBi npucrpoi.

InnukaTopu roguHHMKOBOrO TUmy. IlIBelinapis TpamuIiiiHO € BH3HAHUM JiCPOM y BUPOOHHUITBI MpEIU3idHIX
MEXaHIYHUX CHCTEM, 1 TOJJMHHIKOBA TEXHIKa 3aliMae B IIboMy ocobimBe micie. Came mBeHIapchKi MaliCTpH 3aKiaaliy
OCHOBH BHUPOOHHUIITBA TOYHHX MEXaHI3MIB, $Ki Mi3HiNIE TepelHsn snoHChKi BHpoOHMKU. Tesa Technology
ycmagkyBania Ii Tpaauiii i BHPOOJSAe IHIUKATOPH TOAWHHHKOBOTO THIY 3 I[HOIO IOMITKA 1 MKM Ta 3arajibHOIO
MOXHUOKOIO He OUIbIIe 2 MKM Ha xox4i 12,5 Mm.

Mopsin i3 TpagumiiHUME MexaHiYHHMH Mozensamu, Tesa Technology po3pobmia iHHOBaIiifHY TEXHOJOTIIO
€JeKTPOHHUX IHAWKATOpiB. B HUX HITOK mepeMilllye CrieialbHy PemIiTKy B3IOBXK IPEeNH3iiHOI iHTeppepOoMeTpuIHOT
€JIeKTPOHHOI IIKaIH, IO MO3BOJSIE NOCATTH Bimimiky B 1 MkM. Lli KOMIIOHEHTH BHTOTOBIICHI i3 3aCTOCYBaHHIM
HAaHOMETPOBHX TEXHOJOTiH. 3aBOACHKI CepiliHi HOMEpH TaKHX IHIUKATOPIiB CSTalOTh BOCBMHU3HAYHHX YHCEIN, IO
CBIIYMTH PO HA/I3BUYANHHO IIMPOKE TX PO3MOBCIOMKECHHS Y BUPOOHHIITBI.

BaxinbHi iHauKaTopy. BaxinabHi iHIMKATOPH 3HANIIUIM IIUPOKE 3aCTOCYBAHHS NPH BU3HAUCHHI BIAXHUICHb (GOPMHU
Ta pO3TalllyBaHHs NOBEPXOHb: PaAialbHOTO OUTTS, BIIXUIICHHS BiJl NPSAMOIIHIHOCTI, IUIOIMHHOCTI, criBBicHOCTI. Tesa
Technology € onHuM 13 HeOaraTb0X BUPOOHHKIB, 1110 MPOMOHYIOTh €JIEKTPOHHI BaXKIJIbHI IHIUKATOPH 3 TOYHICTIO 1 MKM
1 iara30HOM BHMIipIOBaHb 0JIM3bKO 0,2 MM.

Cepen KOHKYPEHTIB MOJIOHY TOUHICTH 3a0€3Me4yIOTh JIMIIE MPOBiJIHI €BPONEHChKI BUPOOHMKH BUMIipPIOBAaJIBHOTO
iHCTpyMeHTY (30KpeMa uechbka kommaHis Somet/Kinex) Ta cama Tesa, mpore came mpoxmykru mixm Opermom Tesa
BBA)XAIOTHCS C€TAIOHOM y IIbOMY CerMeHTi. TumoBa oOJacTh 3aCTOCYBaHHS — HANAro/DKEHHS MeETaJopi3albHUX
BEpCTATIB: IepeBipKa MapajeIbHOCTI HAPSIMHHX, IPAMOJIHIHHOCTI KyIbKOorBHHTOBHX map (ILIBII), a Takok MOHTax i
ocTHpyBaHHA By3JiB BepcTatiB i3 UIIK, me HeoOXigHO 3a0e3mednT mapajielbHicTh abo MpsMOIiHiiHICTh Ha piBHI 10
MKM Ha METP XOJy KapeTKH.

BumiproBaneHi crilikn. BumiproBanpHi ctiiiku Hexagon Metrology € npenn3iiHUME 0a30BHUMHU IPUCTPOSIMH IS
MOHTaXy BIJJIIKOBUX HPUCTPOIB i NMPOBEAEHHsS BIIHOCHUX BHUMIpIOBaHb. KUIFOUOBI XapaKTEpUCTUKH: PYX KOJOHH 3
MIKpPOHHOIO TOYHICTIO, MIKpOIIoJaya 3 nepeMilieHHsIM Ha BUCOTY 10 300 MM, JOIMyCK BUTOTOBJICHHSI KOJIOHH MeHIIe 1
MKM. PeiikoBa HampaBisio4a, Ha BigMiHY BiJJ KOHKYPEHTIB, BHBEJEHa 3a MeXi KOJOHHM, II0 3abe3mnedye
BPIBHOB2)XEHICTh CUCTEMH Ta BiJICYTHICTh NEPEKOCIB ITPH IEPEMIILIEHH] BiUTIKOBOTO IPHUCTPOIO.

BaxnuBoro ocobnuBicTio cTiiiok Hexagon € yHiikoBaHi KpilHMJIbHI CUCTEMH, SIKi JIO3BOJISIIOTH BCTAHOBIJIIOBATH
BiJUTIKOBI IIPHUCTPOT Pi3HUX BUPOOHUKIB. CTIKM BUKOPUCTOBYIOTH 3arapTOBAHUI CIUIAaBHUM YaBYH SK MaTepial KOJOHU
— 3 HOpMaJi30BaHUMH Ae(popMaIlissMu i CTaOITBHUMHI TEOMETPUIHUMH MTapaMeTPaMH.

EnexkTpoHHi iHK/JIiHOMETPH Ta BUMIPIOBAHHA KyTa HAXWJLY.

Enexrponni inkminometpu (piBHi) Tesa Technology cepii CLINOBEVEL (monemi Clinobevel 1 USB, 2 Tta 3) €
YHIKaJIIbHUMH 3aC00aMH BUMIPIOBaHb 3 MMOXUOKOI0 1 MKM/M, IIO BIAIIOBia€ KyTy MEHIIE OJHI€T KyTOBOi cekyHan. Jlims
uTFOCTpaLii: po3pizHeHHsS 00'ekTa po3mipoM i3 QyTOONBHMI M'sTd Ha BigctaHi O0mm3pko 30 KM BigmoBimae MpHOIH3HO
OJIHI¥ KyTOBIi# XBHJIHHI, TOOTO TOYHICTH IHKJIIHOMETpA € II[¢ Ha MOPSIOK BHUIIOO.

3acTocyBaHHs IHKJIIHOMETPIB HaJ3BHYAWHO IIUPOKE B KOHTPOJIbHO-BUMIPIOBAJIbHIN MPAKTHUII MAlTMHOOYAyBaHHS:

— KOHTpOJIb IUIONMHHOCTI TPAaHITHUX MOBIPOYHMX IUIUT — 0a30BOTO eleMeHTa Oylb-SKOTrO0 BHMIPIOBAILHOTO
nabopatopHoro obJaHaHHSI.

— IlepeBipka ropU30HTAILHOCTI Ta MPSMONIHIHHOCTI HANPABISIOYMX TOKAPHUX, (pe3epHUX Ta IUTi(yBaIbHUX
BEPCTAaTIB.

— KanibpyBanns Ta arectamis BepcratiB i3 UIIK, y ToMy 4mcIii 3 MOBOPOTHHMH cTojiamu (TIOHAJA CiM ocei
MO3UIIOHYBaHHS).

— KoHTpoub KyTiB HaXWiIy By3JIiB CKJIa[IHUX BUPOOHHUYMX YCTAHOBOK.

[TopiBHSAHO 3 TPAaAMIIMHUM aBTOKOJIIMaTOPHUM METOAOM (HANPHKJIAJ, 3 BUKOPUCTaHHIM aBTOKoiiMaropa Taylor
Hobson), sikuii BuMarae 3Ha4HUX (PiHAHCOBHMX BHUTpAT 1 € CKIAQAHUM B OOCIyrOBYBaHHI, 3aCTOCYBaHHS €JIICKTPOHHHX
iHkImiHoMeTpiB Tesa J03BOJSE JAOCATTH aHAJIOTIYHOI TOYHOCTI MPU CYTTEBO MEHIIIH BapToCTi oOmamHaHHSA. MeTon
3aCTOCYBAaHHS iHKJIIHOMETpiB BU3HaHUU cTaHaapToM ISO sk OAWH i3 JOMYCTUMHX METOJIB KOHTPOJIO TOYHOCTI
BepcTari. [liamazoH BuMiproBaHb Ha 6a3ax 10 30 M 03BOJIsIE TIEPEBIPATH BEIMKOTa0apUTHI BEPCTATH i CIIOPYIH.

KinueBi Mipu 10BKMHHU Ta KaJiopu.

KianeBi wipnm nosxkwen. Kinmesi wmipu goxuanm (KMJI) € mepBHHHUME eTajJOHaAMH JOBXHHH B
MammHOOyAiBHOMY BupoOHUITBI. Tesa Technology BurotoBiste KM/l kmacy K — HaiBHIoro kmacy BiAIIOBiIHO 10
cranpapry ISO 3650. Knacudikauis nependauae xmacu K, 0, 1, 2 3a cnagaHHsIM TOYHOCTI; B yMOBax BUPOOHMIITBA
3aCTOCOBYIOThCS TAKOX KiacH 3 1 4, mpote Hmk4e yeTBepToro kiacy KM/I He BUKOPHCTOBYIOTHCS.

OcobmuBictio npoaykuii Tesa € TBepaOCIIaBHI KiHIIEBI MipH, SIKi MalOTh IiJBHUIIEHY 3HOCOCTIHKICTh, KOPO3iiHY
CTIMKICTh 1 3acCTOCOBYIOTHCS Oe3mocepeHbO y BHPOOHMYMX YyMoOBax sK pobOoui eramonn. KMJ[ kmacy K
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BHKOPHCTOBYIOTHCS BHKJIFOYHO I KaliOpyBaHHS Ta Iepenadi po3Mipy B TIOBIpOYHHX Ta KamiOpyBabHUX
nmabopaTopisx.

Kommaparopu xinnesux wmip. KommapaTtop kinmeBumx Mmip Tesa Technology € yHikanpHEM MeETpOJIOTiYHIM
IHCTpYMEHTOM, IO 103BOJIsiE MpoBoANTH KamiOpyBanas KM/JI Bix HyJIp0BOTO 0O APYroro Kiacy TOYHOCTI BKIIFOYHO.
[NoxubOka BUMiprOBaHHS TIPH IIbOMY CTAaHOBHUTH MEHIIE 2 MKM. YMOBOIO JOCATHEHHS TaKOi TOYHOCTI € 3aCTOCYBAaHHS
TepMocTabinizoBaHux Jnaboparopiii (temmeparypa 20 + 0,1 ©°C), BUKOPHCTaHHS BiJNOBIIHUX €TaJOHIB 3
ITBEPIXKEHOIO POCTEXKYBAHICTIO /10 HAlliOHAIbHUX CTaHAAPTIB Ta BUCOKOKBaNi(hiKOBaHUI EPCOHAI.

Kaniopu. JlomyckoBuii KOHTPOJIb 3a JOMOMOTOI0 KaliOpiB, MONPH PO3BUTOK KUIBKICHUX METOJIB BHMIpIOBaHB,
3aIMIIAETHCS aKTyalbHUM 1 IMUPOKO 3aCTOCOBYBAaHHM B CEpiHOMY Ta MacoBoMy BHpOOHHMUTBI. [lepeBarum merony:
BUCOKa OINEPAaTHUBHICT KOHTPOJIO, BITHOCHO HEBHUCOKA COOIBapTICTh, HE3aJEXKHICTh pe3yibTaTy BiJ KBauidikarii
oneparopa. Tesa Technology mpomnoHye moBHY ramy KamiOpiB — ITagkuX, pi3bOOBHX, KOHYCHHUX, a TaKOXX IMHPOKUI
CHEKTp KamiOpyBaJbHOTO OONaTHAHHS I iX arecTamii (TOBXUHOMIPH, BEPTUKAIbHI JOBKHHOMIpH, KaJiOpaTtopn).

KoHTpoab mopcTKOCTi MOBEpXHi Ta BUCOTOMIpPH.

[podinomerpm Ta KOHTpONs MikporeomeTpii. Tesa Technology Bumyckae mpo¢iIOMETPH IIyHOBOTO
(KOHTaKTHOTO) TEPEHOCHOTO THWITy Ui BHMIPIOBaHHSA ITapaMeTpPiB IIOPCTKOCTI MOBepxHi. [Ipmmaanm migTpUMYyIOTh
MMOBHHUH CIEKTP CYYacHHMX CTaHAAPTH30BAaHMX IapaMeTpiB MIopcTkocTi: Ra (cepemne apudMeTHdHE BiIXMICHHS
npodinro), Rz (Bucora HepiBHOcTeW 3a necsiTbMa ToukamHu), Rz5, Rq, Rmr (omopna kpuBa mpodimo) Ta iHmi
rapameTpH, 110 ONUCYIOTh (DYHKIIOHAJIBHI BJIaCTHBOCTI IIOBEPXHi.

CyyacHu# TiIXiJ 10 OLIHKH MIKpOreoMeTpii MoBepxHi nepeadauae 3aCTOCYBaHHS PO3BUHEHOI'O MAaTEeMaTHYHOTO
amapaty s GuibTpanii, 1udpoBoi 00podku Ta anamizy mpoditorpamu. [Iporpamue 3abe3medeHHs MpodiIoMeTpiB
Tesa 3abe3neuye miaTpumky MikHaponuux craumaptis (ISO, DIN, JIS, ANSI) momo Bu3HaueHHsS 0a30BOi JOBXKHHHU,
MeToniB GinbTpaLii Ta 00YHCICHHs apaMeTpiB.

Bucoromipu. Bucoromipu Tesa cepii 600 Ta 700 aBIsSI0TH COO0I0 OJHOKOOPIUHATHI BUMIipIOBAIBHI MAIIMHH, IO
0a3yloThCsl Ha TpaHiTHIN muti. Ha BimMmiHy Bif TpaguliifHWX mTaHreHpericmyciB i3 TouricTio 0,02—0,05 MM,
Bucotomipu Tesa MaroTh IUCKpeTHICTH Bimmiky 0,1 MM Ta moBTOproBaHicTh | MkM. BaximBo po3pisHATH
MUCKPETHICT BIMIIKY Ta peanbHy TOYHICTH: MakcuManbHa nomyctuMma noxumbOka (MPE) mms MICRO-HITE 600
BH3HaYaeThest hopmyioro 2 + 21./1000 MxM, 0 A7t BUMiprOBaHHS Ha BUCOTI 600 MM CTaHOBUTH OJIM3BKO 3,2 MKM.

VHiKanpHa KOHCTPYKTHUBHA OCOOJIMBICTh — PyX Ha MOBITPSHINA MOTYIIIi: MPHIAA KOB3a€ IO IMOBEPXHI IpaHITHOT
IUTMTH, 10 3a0e3reuye MPaKTHYHO OCe3TepTEBE MEPEMIICHHs 1 BHUKIIOYAE TIOIIKO/DKCHHS 0a30BOi TMOBEPXHI.
@OyHKIIOHAIBHI MOXJIMBOCTI: BHMIPIOBAaHHS 30BHILIHIX 1 BHYTpILIHIX PO3MIpiB, IMJIIHAPIB, OTBOpPIB, INEpeBipKa
oBajbHOCTI. CHCTEMa IIMPOKO 3aCTOCOBYETHCS B JIaDOpaTopisix sIKOCTI BepcTaToOyNiBHHX 1 NpHiIagoOyniBHUX
MIATPHEMCTB.

OnTuyHi Ta MyJIbTHCEHCOPHI BUMIPIOBAJILHI CHCTEMH.

OnruuHi ckaHepH Juts TUT o0epTanHs. 11 aBTOMaTH30BaHOTO KOHTPOJIIO JIETaJIel THITY «TiJIo 00epTaHH» (Bay,
ITHEKOBi 1 3yOuari moBepxHi Tomo) Tesa Technology mpomoHye onTHYHI CKaHEpH, IO MPAIIOIOTh 33 MPUHIUIIOM
TIHBOBOTO KOHTpOJII0. BOynoBane nporpamue 3ade3nedeHHs 1o3Boisie, Matoun CAD-mozens abo mudpoBe KpecineHHs
JIeTalti, aBTOMaTUYHO IPOBECTH BUMIPIOBAaHHS Ta BU3HAYMTH BiJXMJICHHS BiJl HOMIHAIY.

[TpoekTop HUIIHAPUYHUX TTOBEPXOHb Tesa N03BOJISIE HAXWIIATH JEeTallb BITHOCHO 0a30Boi oci Ha KyT no 30° s
CKaHyBaHHS CKJIaJHONPO(]ITbHUX MOBEpXOHb. [IporpaMue 3a0e3nedyeHHss aBTOMaTHYHO IIepepaxoBye BUMIPSIHI PO3MipH
3 aKCOHOMETPUYHOI JI0 OPTOrOHAJIBHOI CUCTEMH KoopAuHAT. Lle CyTTeBO crpoliye KOHTpOJIb JeTalleid 31 HUTIIbOBUMH,
3y04acTHMU [TOBEPXHAMH 1 HAPI3AMH.

AJNTOPUTMHU CKaHyBaHHS, IO 3aCTOCOBYIOThCS B CHCTeMax Tesa, € pe3y/ibTaroM 3HAYHUX IHBECTULIH Yy
JIOCHI/DKEHHST Ta po3poOku. BOHM cTanu OCHOBOW Ui CydyacHHX TexHousoriii 3D-ckaHyBaHHS Ta 3BOPOTHOTO
IHXHUHIPHHTY.

MynbTHCEHCOPHI BUMIpIOBalIbHI Mikpockomi. BumiproBanbshi Mikpockonu cepii TESA-VISIO 300 i TESA-VISIO
200 (y momudikanisx GL a6o DCC) € MynbTHCEHCOPHIMH CHCTEMaMH, [0 MOEIHYIOTh TAKTWIBHUN (KOHTaKTHHHN) 1
onTu4HUH (OE3KOHTAKTHHUN Y BiIOMTOMY Ta MPOXiTHOMY CBITII) METOAM BHMipIOBaHb. PeabHa TapaHTOBaHA TOYHICThH
(MPE) mns TESA-VISIO 300 Buznawaetsest popmynoro 3 + 10L/1000 mxm (e L — BuMiproBaHa JOBXHHA B MM), IIO
quist nianazony 300 MM craHoBuTh O1mM3bko 6 MkM. Cuctemu cepii TESA-VISIO 200 € TpuBHMiIpHMMU: 3aBASKH
ceHcopy nepeoKyCyBaHHS BOHH JI03BOJIIOTH BUMIPIOBAaTH BUCOTHI KOOpANWHATH (Bich Z).

[Torpeba B GE3KOHTAKTHUX ONTHYHUX BHUMIPIOBAaHHSIX 3yMOBJIEHA PSIOM BHPOOHWYHMX CHUTYAIlill: BHMipIOBAHHS
TOHKHX 200 M'AKHX MaTepiaiiB, II0 1e(OPMYIOTECS MPH TOTHUKY; KOHTPOJIb 00'€KTIB 3 MaJMMH IMOBEPXHAMHU TOPKAHHS
(oTBOpH B JAPYKOBaHHMX IUIaTax); KOHTPOJIb JeTayield, IO HE MOBWUHHI 3a3HaBatH nedopmailii; BUMIpIOBaHHS B
MIPOXiAHOMY 200 BiIOMTOMY CBITJII JJI1 BU3HAUEHHS PO3MIipiB MIPO30PUX EIEMEHTIB.

VYHikanpHa TEXHOJOTis 0e31r0(TOBOI MiKpOIoaadi MepeMillleHHsT CTOJa J03BOJISIE TIO3UIIIOHYBATH 3 TOYHICTIO |
MKM Ha BchoMy niamazoni mepemimenas 200-300 mwm, Tomi sSIK TpaguIliiiHi MiKpocKomu 3a0e3NmeuyroTh TOYHE
MikponepemimenHns iume B Mexax 1020 mm. Ilporpamue 3a0e3nedeHHs BiAPI3HAETHCS IHTYITUBHUM iHTEepdelicom,
niarpuMkoio 3D-BuMipioBaHb Ta 0araTOMOBHICTIO (B TOMY 4HCII yKpaiHChbKa MoBa). HaBuaHHs oneparopa 3alimae
e 4 ToIuHU.

InaykTHBHI INyNK Ta THEBMATHYHI BUMipIOBAJIbHI CHCTEMH.
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IamyxTuBHI nrynu ams BOynoBaHoro KoHTpoito. InaykruBHiI mynu Tesa Technology € ocHoBOIO Mt moOymoBH
BHAMIPIOBAJIFHIX CHCTEM BOYIOBAaHOTO (aBTOMAaTHYHOI'O) KOHTPOIIO PO3MIpiB Oe3mocepesHb0 Ha BHUPOOHMUIHN JiHII.
XapaKTepHUCTUKHN: AUCKPETHICTh BiMmiKy 1 MKM, moxmOka BuMiproBaHHS 1—2 MiM. Ha OCHOBI IMX OIymiB MOXXHa
CKOH(]IrypyBaTH BUMipIOBAIBHUH MPUCTPiH Mg OyAb-IKy T€OMETPIIO JeTali.

Merto HanaroKeHHA — IMIA0JOHHMN (KOMITApaTHBHUM): HAJNArOKEHHs IPOBOAWTHCSA IO E€TAJIOHHOMY 3pasKy,
ITiCIISl YOTO MPUCTPIK FOTOBUI 10 MAacoOBOTO KOHTPOJIIO B cepiiiHOMY BHpOOHUITBI. [IpHKIagoM € KOHTPOIIb CKIaIHUX
JieTayieil TUITY IIMWIBKY 3 TI0CaAKOBUMH MOBEPXHSAMH, JIe BC1 IOMYCTHMI BIXWJICHHS 3HAXOIAThCS Ha piBHI 2—10 MKM.
[ToxiGHi cHuCTEeMH 3acTOCOBYIOTBCS Yy BHPOOHHMITBI MNAJMBHOI amapaTypu Ta IHIIMX MNPeuu3ifiHuX BHPOOIB
nianpueMcTBamu tiiry «Motop Ciu», « TypboaTrom» ToImo.

[THeBmarnuHi (HOBiTpsiHI) BuMiptoBaimbHI cucremu. Tesa Technology € Bu3HaHuM JinepoM y ramysi
MTHEBMATHYHUAX (POTAMETPUYHMX) BUMIPIOBAJBHHUX CHCTEM U TIPEIHM3IMHOTO KOHTPOIIO BHYTPILIHIX JiaMeTpiB.
Tounicte Takux cuctem — MeHme 0,5 mkm. [IpuHnum mii: 3MiHa BUTpaTH ab0 THCKY CTHCHEHOTO HOBITPS IPH 3MiHi
3a30py MiK BUMipIOBAIBEHUM KalliOpOM i IOBEPXHEIO OTBOPY.

[lepeBarn MHEBMATHYHUX CHCTEM: BHCOKA OTIIEPATHBHICTH 1 MIOBTOPIOBAHICTh KOHTPOJIO; MCHIIA YYTIUBICTH IO
TeMIepaTypHuX nedopMamiil MOPiBHAHO 3 KOHTAKTHAMH METOJaMH; MOXIIUBICTh BCTAHOBIICHHS O€3M0cepeIHbO MOPYY
i3 TokapHEM a00 NIUTipyBaJbHUM BEPCTATOM; MPAKTUIHO ABTOMATHYHUI PEKUM KOHTPONIO B TOTOII BHPOOHUIITBA.
[THeBMaTH4HI cUCTEMH TpaJULiHHO 3aCTOCOBYIOTHCS HPH BUPOOHMITBI MPELM3IHHMUX AeTaliell MajiuBHOI amaparypw,
TipaBIiKy, MiCJIs ONepaliii XOHIHIYBaHHs Ta nuTi(hyBaHHS BHYTPIIIHIX ITOBEPXOHb.

TpukoopauHATHI BUMipIOBaIBHi CHCTEeMH.

OxpemMHM 1 HaWBaXJIMBIIIAM HANPSIMKOM JisUIbHOCTI Kopropaiii Hexagon € BHpOOHHLTBO TPUKOOPAWHATHHX
BumiptoBasbHuX MammH (KBM). Iinposnin DEA (Itanist) Ta 6penn Leica € nmizepamu B npomy cermenrti: KBM
Hexagon/Leica BUKOPUCTOBYIOTBCSI B OUTBILIOCTI MPOBIIHUX MOBIPOYHUX 1 KaniOpyBajbHUX Jaboparopiit cBity — PTB
(Himewuuna), NIST (CIIIA), JCSS (InoHis) Ta iHIIAX.

Tesa Technology mpomoHye BiacHi TPUKOOPIMHATHI MIKPOCKOMH 3 XOIOM IO KoopauwHati Y mo 500 mm i
TOUHICTIO BuMiptoBaHs Ha piBHI 0,1-0,5 MxM. ['ooBHa yMOBa MOCATHEHHS Takoi TOYHOCTI — TEepPMOCTadili3oBaHa
BHAMiproBasibHa KiMHaTa 3 Temneparypoio 20 + 0,1 °C. BaxxnuBo 3a3HaYNTH: BUTPATH Ha OOJQHAHHS Ta MiATPUMAaHHI
TEpMOCTA01II30BaHOTO TIPUMIIIEHHA MOXYTb y 2-3 pa3u mepeBUIIUTH BapTicth camoi KBM, mo € cyTreBum
iH}pacTpyKTypHIM YHHHUKOM IIPH IUIaHyBaHHI IPUI0AHHS TAKUX CHCTEM.

JlazepHa inTepdepoMeTpisi Ta nepeBipKa TOYHOCTi BepcTaTiB.

Jus mepeBipku TouHocTi BepcratTiB 3 UIIK 3acTocOBYrOTHCS Ja3epHi iHTeppepoMeTpH, 30KpeMa CHCTEMH
Renishaw XL.80. Lli cucremu 103BONISAIOTH BU3HAYATH: TOYHICTH MO3MLIOHYBaHHS 1 TIOBTOPIOBAHOCTI MO3UI[IOHYBaHHS
IO JIHIHHUX OCSX; KYTOBY TOYHICTh (HUILIKAHHS, TAHTAX, KPEH); MEPIECHIUKYIAPHICTh MIXK OCSMU; TOYHICTh BUXOJY B
TOUKY.

Jlazepuuit iHTepdepomerp 3abesnedye BUMIpIOBaHHS B CyOMIKpDOHHOMY Jiama3oHi Ha JoBxuHax 10 80 M
(IpakTHYHO 3aCTOCOBYBaHHWH [iama30H 3 BigNOBigHOK omnTukor — m0 30 wm). IlpeacraBHmkm kommanii Hexagon
BUDK/PKAIOTh IO 3aMOBHUKIB JJIsI TIPOBEAEHHS METPOJIOTIYHOI arecTralii BepcTaTiB i IMOIIYKY HPUYUH IOTIipIICHHS
TOYHOCTi OOPOOKH.

Oxpemo ciin BimzHaunTu cucteMu Renishaw QC20 Ballbar st KOHTpOITEO TEOMETPUIHOI TOYHOCTI BEPCTATIB 32
KPYTOBOIO TPAEKTOPI€I0 — BU3HAUCHHS MMOXUOOK MPUBOIIB, 3a30piB, kKoMmeHcallii. Temu azepHoOi iHTEpdepoMeTpii Ta
KOHTpOJIIO TOYHOCTI 3yOuactux koxic Ha KBM 3amyaHoBaHi sIK OKpeMi PO3rOpHYTI JIEKLiHI TeMH B HaBYaJbHOMY

Kypci.

BucHoBku.

[MpoBenenuit orisi 3aco0iB BUMIPIOBAIBHOI TEXHIKH JIEMOHCTPY€E, IO CydacHa T€OMETPHYHA METPOJIOTis
NPONOHY€E BUYEPIHUN apceHan 3aco0iB JUisl BHPIMICHHS I[PAaKTUYHO Oy/Ab-siKoi BHMIpIOBaJIIbHOT 3amadi B
MalrHOOYyBaHHI — BiJ IPOCTOTO OINEPATUBHOTO KOHTPOIIO PO3MIPIB INTAHT€HIMPKYJIEM 0 YIbTPANpelu3iHHIX
BHMIPIOBaHb Ha TPUKOOPAWHATHHX MaIllMHAX y TEPMOCTaOiIi30BaHNX JT1ab0paTopisx.

KirouoBnMu TEHIECHIISIMU PO3BUTKY BUMIpIOBAJILHOT TEXHIKH, 1110 3HAHIUIN BioOpakeHHs B IpoaykTax Hexagon
Metrology, €: miBHIIEHHS CTYNEHs aBTOMAaTH3allii Ta iHTerpauii BUMIpIOBAILHUX CHCTEM y BHPOOHHYMIA IPOIEC;
po3mupeHHs QYHKIIOHAIEHUX MOXIIMBOCTEH MpuialniB (Bi KOHTAKTHHX O OC3KOHTAKTHUX, Bil OJHOBHUMIPHHUX IO
TPUBUMIPHHX ); MiJABUIICHHS BUMOT IO METPOJIOTIYHOTI0 3a0€3MeUeHHS Ta MPOCTEKYBAHOCTI Pe3yIbTaTiB BiAMOBIIHO O
ISO/IEC 17025; 3acTocyBaHHS HOBIiTHIX MarepiaiiB (ByTJieleBi BOJOKHA, MpEeNU3iiiHa KepaMiKa) s 3HUKEHHS Mach
Ta TEMIIEpaTyPHHUX €(heKTiB; po3poOKa IHTYITHBHIX MPOTPaMHUX iHTEpQEHCiB I CIPOIIEHHS poOOTH OIIepaTopiB.

[IpaBunpaMit BuOip 3aco0y BHMIpIOBaHb I KOHKPETHOTO BHPOOHHWYOTO 3aBIAaHHS BHMAara€ po3yMiHHS:
HE0OXiIHOT TOYHOCTI 1 MOBTOPIOBAHOCTI BUMIPIOBaHb; /ialla30Hy BUMIpPIOBaHb 1 TeOMETPii BUPOOY; YMOB BUPOOHUIOTO
cepenoBuma (temmneparypa, BiOpaiis, 3MO); mpoIyKTHBHOCTI KOHTPOJIO Ta KBajiikalii omepaTopiB; BHMOT IO
METPOJIOTIYHOT IPOCTEXKYBAHOCTI 1 IOKYMEHTYBaHHSL.

3po0JieHO BHCHOBOK, IO BITYM3HSHA NPOAYKINS BiJIOBila€ HAWBHIIMM MIKHAPOJAHUM CTaHIapTaM SIKOCTI Ta
METPOJIOTIYHOI TOYHOCTI, a i 3aCTOCYBaHHS y BITYM3HSIHOMY MAIIMHOOYyBaHHI € €(EKTUBHUM MIISIXOM ITiJBHUIICHHS
SIKOCTI TIPOAYKIIi] Ta KOHKYPEHTOCIIPOMO>KHOCTI I IIPHEMCTB.

149



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

Cnucok jgitepatypu:

1. International Organization for Standardization. General requirements for the competence of testing and calibration laboratories (ISO/IEC
17025:2017) // Geneva: 1SO, 2017.

2. International Organization for Standardization. Geometrical Product Specifications (GPS) — Length standards — Gauge blocks (ISO
3650:1998) // Geneva: 1SO, 1998.

3. International Organization for Standardization. Geometrical product specifications (GPS) — Geometrical tolerancing — Tolerances of form,
orientation, location and run-out (ISO 1101:2017) // Geneva: I1SO, 2017.

4. International Organization for Standardization. Geometrical product specifications (GPS) — Acceptance and reverification tests for
coordinate measuring machines (CMM) — Part 2: CMMs used for measuring linear dimensions (ISO 10360-2:2009) // Geneva: 1SO, 2009.

5. TESA Technology. General Catalogue: Precision Measuring Instruments // Renens, Switzerland: Hexagon Manufacturing Intelligence, 2024.

6. Hexagon Manufacturing Intelligence. Whitepaper: Modern CMM design concepts // Hexagon AB.

7. Mussatayev M., Huang M., Nurtas M., Arynov A. Improved calibration uncertainty assessment technique in coordinate metrology
considering thermal influences // Metrology and Measurement Systems. Vol. 28. No. 4. 2021. C. 609—-626. DOI: 10.24425/mms.2021.137699.

8. Xapuenko C., Cam6opcekuii C., Yaiika A., Jlenenr M., ByiitoBuu A., Kinonina M., XKeuxoBcpkuit S1. VaockoHaJeHHs mpouecy
BUMIPIOBaHHS PO3MIpiB Hpelu3iiHuX OTBOpPIB CKiIagHOi reometpii / Metrology and Measurement Systems. T. 32. Ne 4. 2025. C. 1-20. DOI:
10.24425/mms.2025.155810.

9. Michalski R., Wieczorowski M., Glazowski P.J., Gapinski B. Analysis of the Influence of Support During Measurement Using Coordinate
Measuring Techniques // Advances in Science and Technology. Research Journal. Vol. 13. No. 4. 2019. C. 22-29. DOI: 10.12913/22998624/113608.

10. 3axapoB I. Ta iH. BupaxeHHs KamiOpyBaJlbHHX Ta BHUMIPIOBAJGHHX MOXJIMBOCTEH aKpEAMTOBAHUX KaliOpyBagbHHX Jaboparopiil y
Jniana3oni BUMiproBaHb // YKpaiHCbKUI MeTpoJioriunuii sxypHain. Ne 4. 2024. C. 11-18. DOI: 10.24027/2306-7039.4.2024.318879.

11. Hosoceno O. OuiHIOBaHHS HEBH3HAUCHOCTI BHMIpIOBAaHb IIiJi 4Yac KaliOpyBaHHS MeTaJeBHX ETAIOHHUX Mip // VYKpaiHChKHi
MeTpoJioriunuii kypHait. Ne 3.2024. C. 22-29.

References (transliterated)

1. International Organization for Standardization. General requirements for the competence of testing and calibration laboratories (ISO/IEC
17025:2017) // Geneva: 1SO, 2017.

2. International Organization for Standardization. Geometrical Product Specifications (GPS) — Length standards — Gauge blocks (ISO
3650:1998) // Geneva: 1SO, 1998.

3. International Organization for Standardization. Geometrical product specifications (GPS) — Geometrical tolerancing — Tolerances of form,
orientation, location and run-out (1ISO 1101:2017) // Geneva: 1SO, 2017.

4. International Organization for Standardization. Geometrical product specifications (GPS) — Acceptance and reverification tests for
coordinate measuring machines (CMM) — Part 2: CMMs used for measuring linear dimensions (ISO 10360-2:2009) // Geneva: 1SO, 2009.

5. TESA Technology. General Catalogue: Precision Measuring Instruments // Renens, Switzerland: Hexagon Manufacturing Intelligence, 2024.

6. Hexagon Manufacturing Intelligence. Whitepaper: Modern CMM design concepts // Hexagon AB.

7. Mussatayev M., Huang M., Nurtas M., Arynov A. Improved calibration uncertainty assessment technique in coordinate metrology
considering thermal influences // Metrology and Measurement Systems. Vol. 28. No. 4. 2021. C. 609-626. DOI: 10.24425/mms.2021.137699.

8. Kharchenko S., Samborski S., Czajka A., Lelen M., Wojtowicz A., Ktonica M., Rzeczkowski J. Improvement of the process of measuring
the dimensions of precision holes of complex geometry // Metrology and Measurement Systems. Vol. 32. No. 4. 2025. C. 1-20. DOI:
10.24425/mms.2025.155810.

9. Michalski R., Wieczorowski M., Glazowski P.J., Gapinski B. Analysis of the Influence of Support During Measurement Using Coordinate
Measuring Techniques // Advances in Science and Technology. Research Journal. Vol. 13. No. 4. 2019. C. 22-29. DOI: 10.12913/22998624/113608.

10. Zakharov |. et al. Expression of calibration and measurement capabilities of accredited calibration laboratories in a measurement range //
Ukrainian Metrological Journal. Ne 4. 2024. C. 11-18. DOI: 10.24027/2306-7039.4.2024.318879.

11. Novoselov O. Evaluation of the measurement uncertainty during the calibration of metal reference gauges // Ukrainian Metrological
Journal. Ne 3. 2024. C. 22-29.

Haoitiuna (received) 10.11.2025

Bioomocmi npo aemopis / About the Authors

Boponace  Mupocnae Bauecnasosuu (Myroslav  Voropaiev) - acmipantr kadeapu «TexHonoris
MalIMHOOY/lyBaHHSI Ta MeTalopi3aibHi BepcraTny» HaBualbHO-HayKOBOTO IHCTUTYTY MEXaHIUHOI iH)KeHepii Ta
TpaHcnopTy HarioHansHOTO TEXHIYHOTO YHIBepCHTETy «XapKiBChbKHIl MONTEXHIYHUH 1HCTUTYT», M. XapkiB; e-mail:
Myroslav.Voropaiev@mit.khpi.edu.ua, ORCID:0009-0009-6540-7999

Haboka Onena Bonooumupisena (Olena Naboka) - xaun. texH. Hayk, mnpodecop kadempu «TexHosoris
MalMHOOY/IyBaHHsI Ta MeTajopizanbHi BepcraT» HaBuanbHO-HayKOBOIO IHCTUTYTY MEXaHI4HOi iH)XeHepii Ta
TpaHcnopTy HamioHaibHOro TEXHIYHOrO yHiBepcuTeTy «XapKiBChbKH MOJITEXHIYHHHA 1HCTHTYT», M. Xapkis; e-mail:
Olena.V.Naboka@khpi.edu.ua, ORCID: 0000-0003-3997-5481

150



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

VK 629.463.023.011.1 DOI: 10.20998/2079-004X.2025.2(12).19
BIPIOKOB C. B., TYBECBKHH C. 0., UILIEHKO K. B., TOPFAY C. ]I, TOBOPYH B. B.

AHAJ3 KOHCTPYKIIA TMIABIIIYBAHHS PEAYKTOPIB HA PYXOMOMY  CKJAJII
METPOIIOJITEHIB, BUCOKOIIBUAKICHUX MOI31IB TA HU3bKOMNIJJIOTOBUX TPAMBAIB

JlaHa CTaTTs NMPUCBSYCHA OISy KOHCTPYKIH KPIIUICHHS TSAMOBOTO PEAyKTOpa A0 PaMH Bi3Ka, SKi 3aCTOCOBYIOTHCS Ha PyXOMOMY CKJIaji BaroHiB
METpOIOJITEHY, BHCOKOIIBHAKICHHUX €JIEKTPOMOi3AiB Ta TpaMBaiB. Tako)X pO3IVIAHYTO pi3HI KOHCTPYKIUIi MiABILIYBaHHS PEIYKTOpPIB, LIO
BUPOOJIIIOTECS KoMITaHiero Siemens Mobility — oaHi€ro 3 HafOLIBIINX Y CBITI BAPOOHUKIB PYXOMOT'O CKJIaay Ta HOro KOMIIOHEHTIB.

VY cTaTTi BHCBITJIIOIOTHCS BIMIHHOCTI MK TATOBUMH IIepeJadaM{ PIi3HHX KJIAciB Ta THIH PyXOMOTO CKJIaay, HA SIKMX BOHH EKCILTyaTyIOThCS.
Harosnomyerbesi Ha Ba)XKIMBOCTI KPOHIUTEHHIB KPIIUICHHS, SIKi MPUBApIOIOTHCSA 1O PaMH Bi3Ka, IO € HECYYOI KOHCTPYKLIEI AJsS TATOBOrO Ta
rajabMiBHOIO 00JIaJHAHHS.

OnHuM 13 HaWBaXKIMBININX BY3JIiB KOHCTPYKIIi Bi3ka peliKoBOr0 pyXOMOTo CKIamy € By30J HiABIIIyBaHHS TATOBOI mepenadi. Bix HaxiiHOCTI Horo
KOHCTPYKIII 3aIe)XKUTh HE TiIbKU Oe3meKa pyxy, a i cTablIbHICTh pOOOTH BCHOIO MOTOPHO-OCBOBOrO 0J0Ky. KpoHIITE#iHH MigBilIyBaHHS MarOTh
Ppi3Hy reoMeTpruHy (GOpMY Ta KOHCTPYKLIIO, B 3aJICKHOCTI BiJl TUITy PyXOMOIO CKJIaJAy Ta MOTY)KHOCTI HOro TArOBOro MpUBOY. B cTarTi po3riasiHyTo
Pi3HI BHIM KPOHIITEHHIB, SKi € €IEeMEHTaMH KOHCTPYKIil MiABINIYBaHHS PeIyKTOpa, 32 AONOMOTOIO SKUX BiTOyBa€ThCs KPIIUIEHHS HOTO IO pamu
Bi3ka. PO3JISIHYTO MpPUKIagM BHKOPHCTAHHS MNPYXKHUX Ta [IAPHIPHUX EJIEMEHTIB y KOHCTPYKL{l MiABILIyBaHHSI TSArOBOrO PEAYKTOPA, SIKi
BUKOPHCTOBYIOTHCSL [UISl €(DEKTHBHOIO IOTJIMHAHHSA PEAKTUBHUX MOMEHTIB, 3HIDKCHHS pIBHA IIyMy 1 IIOM’SIKIICHHS YAapiB Mmix 4ac pyxy
TPAHCIIOPTHOTO 3ac00y 10 KOJIil, a TAKO’K KOMIICHCYBaHHsI HECITIIBBICHOCTI Bajla JBUT'YHA Ta IIECTEPHI PELyKTOpa B 3aJIeKHOCTI BiJ| ITOJIOKEHHS paMH
Bi3Ka BiIHOCHO TATrOBOI Mepeiadi Mpu CTATUYHOMY Ta AMHAMIYHOMY HaBaHTaXeHHI. Takok 3p0OJEHO BHCHOBKHU IOAO aHANI3y KOHCTPYKTHBHHX
pillieHb MiABIlIyBaHHS PEAYKTOPa HAa PyXOMOMY CKJIAJI 3 TATOBOIO IepeIadeio Pi3HUX KIIaciB.

Kuiro4oBi cioBa: peiikoBuii pyxOMHMii CKiaJ, BaroH METPOINOJITCHY, TpaMBai, Bi30K, TSAroBa nepejadva, IiABILIYBaHHS PEIyKTOpa, KPOHIUTEHH
ITiABILTyBaHHS.

BIRIUKQOV S., HUBSKYI S., ILLIENKO K., HORBACH S., HOVORUN V., KLYMENKO V.
ANALYSIS OF SUSPENSION STRUCTURES OF REDUCERS ON ROLLING STOCK OF METROPOLITANS, HIGH-SPEED TRAINS
AND LOW-FLOOR TRAMWAYS

This article is devoted to a review of the structures of fastening the traction reducer to the bogie frame, which are used in the rolling stock of subway
cars, high-speed electric trains and trams. Also considered are various designs of suspension of reducers, manufactured by Siemens Mobility - one of
the world's largest manufacturers of rolling stock and its components.

The article highlights the differences between traction drives of different classes and the types of rolling stock on which they are operated. The
importance of the mounting brackets, which are welded to the bogie frame, which is the supporting structure for traction and braking equipment, is
emphasized.

One of the most important nodes of the design of the bogie of rail rolling stock is the traction drive suspension node. Not only the safety of
movement, but also the stability of the entire motor-axle unit depends on the reliability of its design. Suspension brackets have different geometric
shapes and designs, depending on the type of rolling stock and the power of its traction drive. The article considers different types of brackets, which
are elements of the suspension design of the reducer, with the help of which it is attached to the bogie frame. Examples of the use of elastic and
hinged elements in the suspension design of the traction reducer are considered, which are used to effectively absorb reactive moments, reduce noise
and mitigate shocks when the vehicle moves along the track, as well as compensate for the misalignment of the engine shaft and the gear of the
reducer depending on the position of the bogie frame relative to the traction transmission under static and dynamic loads. Conclusions are also drawn
on the analysis of design solutions for suspension of the reducer on rolling stock with traction transmission of different classes.

Keywords: rail rolling stock, subway car, tram, trolley, traction transmission, gearbox suspension, suspension bracket.

Beryn. 3aii3HMISL € OCHOBOIO TPaHCIOPTHOI iH(pacTpyKTypu B OarathoX KpaiHax 3aBJAsSKd CBOIH HaJiifHOCTI,
NPOIYCKHIM 31aTHOCTI Ta edekTUBHOCTI. BigNOBIIHO pyXOMHil CKiaj, IO EKCIUIYyaTyeThCsl Ha 3alli3HMIN, Mae
3aJI0BOJILHSATH BCIM KpHTEpisM, 106 3a6e3nedyBaTi Ge3NeuHi nepeBe3eH s NacakupiB Ta BAHTAXiB. MIoro KOHCTpyKIis
MOBUHHA MaTH MiHIMaJbHI BHUTpaTH Ha EKCIUIyaTalilo Ta OOCIyroByBaHHs, JOBIOBIUHICTh Ta SKOMOIa MEHIIE
BIUIMBATH HA HABKOJMIIHE cepenoBuiie. Lli acmekTd € He MEHI BaKIMBHMH, HDK cama Oe3rneka, 1 B CYKYIHOCTI
BHU3HAYAIOTh €PEKTHBHICTh Ta EKOHOMIUHY JAOIIEHICTh BHKOPHUCTAHHS TPAHCIIOPTHOTO 3aC00Y.

30KkpeMa KOHCTPYKIis XOJOBOI YACTHMHH PYXOMOTO CKJIaay HamnpsiMy BIUIMBA€ Ha HOTO HAIIWHICTH, JUHAMIKY Ta
eKCIUTyaTalliiHI XapaKTepHUCTUKU. Bi30K peiKoBOro TpaHCIOPTY Ma€ JOCHUTH CKIIaJIHy KOHCTPYKIIIIO, SIKa 3aJISKUTh BiJ|
poIdy Ciry>kOW: macakKUpChbKUH, BaHTaXXHUI ab0 NMPOMUCIOBHH PyXOMHIl CKJIaj, a TaKOX BiJl THITy: JIOKOMOTHBH a00
MOTOpPBaroHHUN pyXOMHH CKiIaj. Tak, Bi3KH 3aJIi3HIYHAX JIOKOMOTHBIB MarOTh O1IBIIT MACHBHY Ta MIIIHY KOHCTPYKIIIIO,
B IOPIBHSHHI 3 Bi3KaMH €JIEKTPOIOI3/iB METPOIIOJITEHY Ta TPaMBaiB, OCKUIBKH PyXOMUH CKJIaj 3aJli3HHUIb EPEBO3UTH
3HAYHO OLNBII BaHTaXi, Mae OUTBII rabapuTHI PO3MIpH Ta Bary, BiAMOBITHO HOTrO X0/I0BAa YAaCTHHA CIIPUIMAaE OiTbII
CTaTUYHI Ta TWHAMIYHI HaBaHTAXEHHS, IO 3YMOBIIIOE 3aCTOCYBAaHHS HA HHOMY OiJIbIII TIOTYKHOTO TATOBOTO MPUBO.Y,
10 HEOJIMIHHO HAKJaJa€ MEeBHI YMOBH Ha KOHCTPYKIIIO BY3JIB MiABIIIyBaHHS €JIEMEHTIB NPHBOAY Ta paMH Bi3Ka B
iToMy.

AHani3 ocTtaHHIX AocifkeHb Ta myOJikaniii. Tsrosa mepemada Biska Ta ii HECIIPaBHOCTI, [0 BHHUKAIOTH 4Yepes
BiOpauii Ta BTOMHI TPIIIMHOYTBOPEHHSI B KOHCTPYKIII € aKTyaJIbHOO MPOOIIEMOI0 Ha PEHKOBOMY PYXOMOMY CKJIaJi, sIKa
JIOCIHIIKYETBCSI IH)KEHEpaMu Ta HAayKOBISIMH 10 BChOMY CBITY. Tak yepe3 HEJOCKOHAIICTh KOHCTPYKIIi KpiIUICHHS
JIBUTYHA Ta HEJIOCTAaTHI 3aXOMU MIOAO ii MOcNaOJIeHHs MOXXYTh BHHHUKATH BTOMHI TPIIIMHK B paMi Bi3Ka, IIO
JIOCITIZKYBAJIOCS. Ha pyXOMOMY CKJiajli Metpornoititeny [1]. Ha BucokomBuAKICHUX 1O13/1aX JOCIIIKyBasacst mpobiema
TPIIMHOYTBOPEHHSI B KOpITycaX peXyKTOpiB, IO BHHHUKala 4Yepe3 BiOparii, siki HOB’s3aHi 13 HEPIBHICTIO KOJIii,
nedopMalliero KoJicHHUX map [2] Ta He JOCHUTB SIKICHOK TEXHOJIOTIEr JIUTTS KopiyciB [ 3].

© C.B biprokos., C.0.I'y6cebknii, K. B.Imtenko, C. 1.T'op6ay, B. B I'oBopyn. 2025
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Takok Ha BTOMHY MIITHICTh KOPITYCiB PEAYKTOPiB MOXXYTh BIUIMBATH HaBiTh HE3HAYHI HANpyKEHHS B 3y0UacTOMy
3a4erUieHH mecTepeHsb [4], mo morpeOye yBarm KBanipikKOBaHWX CIICIIANICTIB IPH MPOEKTYBaHHI PEIyKTOPIB Ta iX
KOPITYCiB [UTSl PI3HUX THIIB PyXOMOTO CKJIAIy 3ai3HUID [5] Ta BUCOKOIIBHAKICHAX JIiHIH.
HecnpaBHocTi T4roBOi nepenadi moB’s3aHi 3 AMHAMIYHAMHI HaBaHTa)KEHHSAMH Ha XOJOBY YacTHHY PYXOMOTO CKJIAIy,
TOMY JJISI 3HH)KCHHS IMX HaBAaHTA)XCHb 3aCTOCOBYIOTH IEPBUHHUMA Ta BTOPMHHHI CTYTICHI IiIBINTyBaHHS BY3JiB Bi3Ka
[6, 7, 8]. Pecopne Ta mHeBMAaTHYHE MiABIIIYBAaHHS B KOMIUICKCI i3 HaAIHHOK KOHCTPYKIIEH MiABIIIYBaHHS TATOBOT
nepenadi 3a0e3rnedye 3MEHIICHHS HETipecopeHol MacH, MiHIMi3allito BiOpauiil 1 yJapHUX HaBaHTAXXCHb HAa EIEMEHTH
KOJIiT Ta Ky30B BaroHa, MiJIBUIIEHHs Oe3MeKH pyXy, INIABHOCTI XOIy Ta KOM(OPTY MacaXupiB, a TAKOX MOJOBXKEHHS
TEPMiHy CIIy>KOHM SIK caMoi niepe/adi, Tak i X0JJOBOT YaCTHHH B IILJIOMY.
MeTo10 cTaTTi € NpoaHai3yBaTH TEXHIYHI PIIICHHS MIOAO0 KOHCTPYKLII MiJABIIIyBaHHS TSTOBOTO pENyKTOpa, SIKi
3aCTOCOBYIOThCS Ha PI3HHX THIAX PEWKOBOTO PYXOMOIO CKJIamy, 30KpeMa Ha EIeKTPOMNoi3lax METPOIOJITEHY,
HU3BKOIMIUIOTOBUX TpaMBasX Ta BHUCOKOMIBHIKICHHX ENEKTPONOi3gax. TakoX AETambHO AOCIIANTH KOHCTPYKIIO
KPOHIITEHHIB KPIIJICHHA MiABINIYBaHHSA IO PaMH, aJKe MPH eKCIUTyaTalii BHHUKAE TPIIMHOYTBOPEHHS B €IEMEHTax
KpPOHIITEHHY Ta MiCIIX HOro mpHWemHAHHS MO0 pamu Biska. OCKIIBKM TATOBa NepeAada € OJHHM 3 OCHOBHHX
KOMIIOHEHTIB Bi3Ka, IMOIIYK IUIAXiB HOJIMMIICHHS {1 KPIIUICHHA € aKTyaJlbHOO 3a7adeio B CyYaCHOMY BaroHOOYIyBaHHI
Ta KPUTUIHO BAXIIMBUM I 3a0€3MCUeHHS HaAiHOI pOOOTH TATOBOTO IPUBOTY Ta HOTO Iepeaadi.
OcHoBHa yacTuHa. OHNUM 13 HABaXKITUBILIKMX €JIEMEHTIB Oy/Ib SIKOTO Bi3Ka PEKOBOTO TPAHCIOPTY € HOro pama, ska
CIyrye Uil Tepenadl Ta pO3MOJUICHHS BEPTHKAJIBHOIO HABAaHTAXXEHHS MIDK KOJICHUMH MapaMu, a TaKoX s
COPUAHAITTA 1 TIepeavi Ha paMy Ky30Ba TSATOBHX Ta rajbMIBHHX 3yciib. CaMe Ha paMi Bi3Ka KPIIUIATHCS CIIEMCHTH
TATOBOI Iepenayi, 3a JOIOMOTIO0 SIKOi BiJ0yBa€eThCs Nepegada 00epTalbHOr0 MOMEHTY BiJ] Bajla TATOBOTO JIBUTYHA JI0
kousicHoi mapu. TsroBa mepenaya, B 3aJIe)KHOCTI BiJl KOHCTPYKIIl, OKpPIM €JIEKTPOJBHUIYHA Ta KOJIICHOI MapH, TaKOX
MOX€E BKJIIOYATH B ce0e pelyKTop Ta TATOBY My(Ty.
B 3amexxHocTi Bin MicI KpilUIeHHS ABWTYHA Ta PEAyKTOpa Ha BIi3Ky, TATOBI Iepemadi KIacH(pIKyIOTh 3a TphboMa
Kinacami [9]:

- npuBozx I kiacy — Mae ONOPHO-0CHOBE IMIBINYBaHHS IBUTYHA Ta PEIyKTOPa;

- npusop Il xiacy — onopHO-paMHe MigBIIIyBaHHS ABUT'YHA Ta ONIOPHO-OCHOBE IiIBIIIYBaHHS PEAYKTOPA;

- npuson Il kmacy — omopHO-paMHe MiABILIYBaHHS JBUTYHA Ta PEIYKTOPA.
Tsiroi nepenaui I knacy 31e61Ib1I0T0 XapaKkTepHi TS 3aTi3HUYHUX JIOKOMOTHUBIB, LIO 3a/(isHi y BaHTaxkHOMY pyci [10].
Taki mepenayi MarOTh MPOCTY KOHCTPYKIIO, B TOPIBHSAHHI 3 IHIIMMHU KJacamM, ajleé TaKoX MalOTh 3HA4YHy He
IiIpecopeHy Bary TSroBOro MPUBO/A, L0 HEraTHBHO BILUIMBAE HA HOTO AMHAMIKY.
[Mepenaui 11 knacy ekcruryaTyloThCs Ha MacaXMPCbKOMY PYXOMOMY CKJIajli, a TAKOK Ha BaroHax METPOIoiiTeHy. B HuX
He IipecopeHa Bara NpUBOAY 3MEHILYETHCS, 32 paXyHOK PaMHOTO IiIBILIYBaHHS TATOBOTO JIBUTYHA.
Tsrosi nepenaui 11l knacy MarTh TOCUTH CKIIaJHY KOHCTPYKIIiO, ajle 3HAYHOI0 MIpOI0 3HWXKYIOTh TUHAMIUHHUH BILIUB
peiiKoBOi KoJii Ha TATOBHH NMPHBOA. BOHM 3aCTOCOBYIOTHCS HA BUCOKOUIBHIKICHOMY PYXOMOMY CKJIaJli, HA Cy4acHHX
JIOKOMOTHBAX T4 MOTOPHHUX BaroHax €JICKTPOIOi3IiB METPOIOIITEHY CyJacHUX Cepil.
[Ipu mpoekTyBaHHI KOHCTPYKII Bi3ka OCOOJHBY yBary MpHUIULIIOTH KPOHIITEHHAM KPITUICHHS TSATOBHX IBUTYHIB Ta
PEIyKTOpiB, OCKUIBKH CaMe BOHH CIIPUHMAIOTh CHJIOBI HABAHTAXKEHHS Bil KDYTHOTO MOMEHTY JBUTYHA Ta IWHAMIYHUX
CHJI, 10 BUHMKAIOTHh HiX yac pyxy mnoi3ma. Lli kpoHmTeHHN MaroTh cKiIagHy (opMy, Imo 3adesnedye ONTHMaJIbHUN
PO3MOMALT HaBaHTAXKEHB 1 MiHIMI3y€e KOHIICHTPAIIIFO HATIPY)KEHb Y TICBHUX TOYKaX.
Ha Bi3kax pyxomoro ckmamy merponoiiteHy mogeineit EXX 3, 81-717/714 3acrocoBano TsroBy mepemauy Il kimacy,
BIJINIOBIJTHO I[¢ paMHE MiJABINIYBaHHS TSATOBOTO JBUTYHa Ta OMOPHO-OCHOBE MijBIIIyBaHHS peaykTopa. Ha pami Bi3ka
BaroHy METPONOJIITEHY pPO3TAIlOBaHi BCi KPOHIUTEWHHM KpimwieHHs Horo By3miB [11]: Ha mMoO3J0BXKHIX Oajnkax -
KPOHILITEHHH KPIIUICHHSI Ba)KeJiB TallbMiBHOI-BaXIJIbHOT Nepenadi, rajJbMiBHUX LHIIHPIB, OJIOK-rajibMa, KPOHIITEHHN
JUIsl KpiIUIEeHHs MOBiAWiB (JUIs paM 3 MOBIALEBMM OYKCOBUM MiABILIYBAHHSM), TIAPABJIIYHOTO TacUTElNsl KOJUBAHb;, Ha
MOTIEPEYHHX - KPITUIEHHS TATOBUX JBHUIYHIB, IIIBICKU PEAYKTOPIB, KPITUIEHHS KOMIUIEKCHOTO 3a00KHOIO IPUCTPOIO,
KpIMJIeHHs! 3aM001KHUX CKOO EHTPATIBHOTO MiABIIIYBaHHSI Ta iHII. (PUCYHOK 1).
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Puc. 1 — Tlonepeuna Ganka pamu Bi3ka BaroHy MeTporosniTeHa: 1, 2 - BepxHiil Ta HIKHI KPOHILITEHH ITiABIIIyBaHHS IBUIYHA, 3 —
KPOHIITEIH MiBINTyBaHHSI PEAYKTOPA, 4 - KPOHIITEHH KPIIIEHHS TAIbMIBHOTO LIUIHAPY, 5 — KPOHIITEHH KPIIUIeHHs! OYKCOBUX
MIOBIALIB, 6 — KPOHIITEHHHN 3aMO0DKHNX CKOO IIEHTPAIBFHOTO MiIBINTYBaHHS, 7 — KPOHIITEIH By3J1a KOMIUIEKCHOTO 3aro0iranHs

peaykropa

KpimeHnHst kopryca pexykropa 10 paMH Bi3Ka BUKOHAHO 3a JIOIIOMOI'OI0 KPOHIITEHHA, MOJAENb SKOro 300pakeHO Ha
pucysnky 2. Kopryc cnimpaeThcsi Ha MiIIIMITHUKY, SKi JO3BOJSIFOTH BiCi KOJIICHOI Mapu 00epTaTUCS B HHOMY IIiJ 4ac
PYXY B 3aJI€XKHOCTI BiJ] IPOTHHY pecop OyKCOBOTo miABinryBaHHs. KpOHINTEHH MiBICKM pelyKTOpa BUTOTOBIISIOTH 13
LITAMIIOBAHOT 3arOTOBKH. Oro BBApIOIOTH LTI HAPHUHOK YACTHHOIO B IIONEPEUHY GANKy paMHu Bi3ka. ONOpHA YacTHHA
KPOHIITEHHY BHKOHAHA y BHUIIBIAI KPYyTJIOi MPOBYIIMHH, SKa Mae€ OTBip IO LEHTPY Ta HaXwieHa mix KytoMm 18° mo
ropu3oHTy. Ha Takuii ke KyT BiAXWJIEHa BiJ BEPTHKAJI BiCh MiABIIIyBaHHSA, IO 3a0e3Medye MiHIMalIbHE BEepTHKAIBHE
BiIXWJICHHS MiXK BaJJaMH JBUTYHA Ta IIECTEPHI PEIyKTOpa IIPH Mpocarli OyKCOBHX pecop.

Puc. 2 — KpoHmiTeiiH minBinryBaHHs pexyKTopa

Jlo KpOHIITeWHY KpIIUIATBCS JeTali By3ia MiJBINIyBaHHsA penykropa (PUCYHOK 3): MiJBICHUI CTpPHXKEHb 3 JBOMa
raikamMy Ta JIBOMa T'yMO-METaJIeBUMH aMOpTU3aTOpaMH, LITaMIoBaHa cepra. [liBICHUI CTpHKEHb 3 €IHYETHCS 3
Ceproro 3a JOnoMoror KysipoBoro migmumnauka [1IC-40. [Tpy 11boMy 30BHIIIHE KijIblie MiJIIUITHUKA CKJIaa€ OJIHE IIijie
31 CTpW)KHEM, a BHYTpIIIHE HOro Kijiblle — OJHE LijIe i3 cepror. BiANoOBiIHO CTpWKeHb Ta cepra MOXYTb
MEPEeMIIIyBaTUCS OJMH BITHOCHO OJHOrOo. B HIKHIN TOUIll cepra 3’€IHYETHCS 3 KOPIIYCOM pEIyKTOpa TaKoX 3a
JIOTIOMOTOI0 TiIIIUITHAKA — BHYTPIIIHE HOTO KiJIbIIE CKJIQJAE OIHE IIiJIe 3 KOPIyCOM PENyKTOpa, a 30BHIIIHE — OJHE
IiJIe i3 ceproro.
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Puc. 3 — By3oun mifBinryBaHHs peyKTopa Bi3ka BaroHy METPOIIOITEHY

Taka KOHCTPYKIIiS MiIBICKM MPHU3HAYCHA IS MIATPUMKH Bajia MECTEPHI PEIyKTOpa HAa OJHOMY PiBHI 3 BaJIOM TATOBOTO
IBUTYHA, a TaKOX IUIS TIOM’ SIKIIIEHHS] BEPTHKAIBHUX Ta OIYHUX HABAaHTAXKCHb, IO JIFOTh HA MiIBINIYBaHHSA peayKTOpa
Ta KPOHIUTEHH IONEPevHOi OAJKM Mif Yac pyXy IO HEpiBHOCTSAM Kouii. 3MEHIIEHHIO IIMX HAaBAaHTAXXEHb CHPHUIIOTH
TyMO-MeTaJieBi aMopTH3aTopd y ¢GopMi MIaiiOm, sSKi BCTAHOBIICHI 3BepXy Ta 3HU3Y MPOBYIIMHHA KPOHIITCHHY
I/ABILITYBaHHS PEIyKTOpa.

Takox i 3amobiraHHs 00EpPTy KOpIyca peayKTopa A0 HH3y Ha PEHKOBY KO0 Yy BHIAAKY OOpHBY meTaieit
mijBilryBaHHs 200 371aMy KpOHIUTEHHY IiJBIIIyBaHHS peAyKTOpa, L0 BBApPEHHH B IonepevHy Oaliky pamu Bi3Ka,
KOKEH PEAYKTOP Ma€ KOMIUICKCHHUH 3amO0KHIMA PUCTPI.

Ha Ginpir cywacHuX Bi3kax BaroHiB merpormojiiteHy mozeied 81-760/761 Takoxk 3acTocoBaHo TAroBy nepenady Il
KJIaCcy 3 OMOPHO-OCHOBHM IIiIBIIIIYBAaHHIM PEAYKTOpa, ajie caM KPOHIITEHH, 110 300paeHO Ha PUCYHKY 4, Ta miaBicka
MAaIOTh 1HIIY KOHCTPYKIIIIO.

Puc. 4 — KpoHiuTeiiH kpimieHHs pegykropa Barony 81-760/761

Cuijt 3a3HaYMTH, IO Ha BiAMiHY Bix BaroHiB cepii 81-717/714, ne pama Bi3ka Mae 3BapHO-IITamnoBaHy H-nomiOHy
KOHCTPYKIIifO, Oanku Kol MalTh KOPUTOMOAIOHMH mepeTuH, Ha BaroHax 81-760/761 3acTocoBaHO pamy JIMCTOBOT
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KOHCTPYKIIIi, SIKa KPiM MO3IOBXKHIX Ta IEHTPAIHHOIT OAIKH TaK0oXX Mae Iie IBi KiHIeBi Oanku. BinnosigHo Ha pami Takoi
KOHCTPYKIIii 3aCTOCOBAHO IHIIUH MigXiJ IO KPIIJICHHS KPOHIITEHHY MMiABIIIYBaHHS PEeAyKTOpa - KPOHIITEHH 3 KOBaHOI
3arOTOBKM BHKOHAHO SK OJHE IIiyie 3 (pparMeHTOM OnHi€i BEpTHKAIBHOI CTIHKH IEHTpaimbHOI Oamku. Cxema Takoi
MiABICKY 300pakeHa Ha pUCYHKY 5. Taka KOHCTPYKIIisI 3HIDKY€ HAIPYKESHHS B MICIAX IX KOHIICHTpALill y MOPiBHAHHI 3
MOTIEPETHHOI0 CXEMOI0 KpIIUIeHHS KpOHIITeHa Ha BaroHax 81-717/714, xomm BaXKW KOBaHMHA KPOHIITEHH
NIPUBapIOBaBCs JI0 ABOX CTIHOK TONepedyHoi Oallku Bi3Ka, THM CaMUM SKOM «IpOTHKaioum» ii. Ajle Taka HOBa cXeMma
KPIMJICHHS € TIPIIOO 3 TOYKH 30pY PEMOHTONPHIATHOCTI.

Puc. 5 — Cxema migsiuryBansst peaykropa Barony 81-760

[MigBicka pemykTopa, ska 300pakeHa Ha PHCYHKY 6 a, BUKOHAHA Yy BUTJIAI PEaKTHBHOI TATH Ta BJIANITOBaHA SK 1
peryJroBaibHa TATa IIJBICKM JBHIYHA, IO YHIi(IKye KOHCTPYKIIO Bi3Ka Ta CHpOLIy€E OOCIYyroByBaHHS Ta PEMOHT.
[TinBicka Mae MmApHIPHY KOHCTPYKIIiO, sIKa KPIMUTHCS 3a JOIMOMOIOI0 METAJICBOrO BajlnKa Ta OONTIB 3 railkamu -0
KpOHIITEHHY (pUCYHOK 6 0) IeHTpaibHOI OAJIKK Ta TAaKUM )K€ YHHOM 10 P03’€My Ha KOPIyCi PeayKTopa, IO J03BOJISIE
peryJIroBaTH CIiBBICHICTh BaJIiB pelyKTOpa Ta IBUI'YHA Ta BUCOTY PEyKTOpa HaJ pIBHEM I'OJIOBOK XOJIOBUX PEHOK.

Puc. 6 — Bi3ok BaroHa: a - KpiruieHHs peyKTopa 0 HeHTpaJIbHOT Oanky; O - miABicKa peayKTropa

VY BHmanKy HECHPaBHOCTI MiABICKM peIyKTOpa BCTAHOBJICHO 3amOOLKHUI TPUCTpiil y BUIILLAI 3amo0iXHOTO
KpOHINTEHHY, SIKHH KPIMHUTHCS YOTHpMa OOJITaMy 10 KPOHINTEHHY MiABICKM peAyKTOpa Ha IEHTpalbHIN Oamii paMu
Bi3Ka.

Takox 1ikaBOIO € KOHCTPYKIIisI MiJBINITyBaHHS peayKTopa Ha BaroHax cepii 81-740, amke Ha HAX 3aCTOCOBAHO TSTOBY
nepemady III kmacy, ToOTO 1 TArOBMH ABHTYH i PEIYKTOp MAaiOTh paMHE MiABinTyBaHHS. KpirureHHS IBUTYHa Ta
peayKTOpa 0 ICHTPANbHOI IONEpPEeYHOi OalKu BUKOHAHO 3a JONOMOTOK YHIBEpCAIBHOTO KPOHINTECHHY, SKUI
300paXeHO Ha PUCYHKY 7.
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Puc. 7 — YHiBepcaabHUI KPOHIITEHH 3 TyMOMETaJICBUMH IIapHipaMu

KpoHIuTeiiH BCTaBISA€ThCS 10 BTYJIKH B LIEHTPAIBHIN MOMEpeuHiil Oamii 3HU3Y, 3BepXy BiH (DIKCYyeThCs raiikoro Ta
CTOIIOPHOIO IUTACTHHOIO. YHIBEpCAIbHUN KPOHIITEHH Ma€ ABa T'yMOMETANEBi MIAPHIPH, 0 AKUX KPIIUIATHCSA 3 OJHOTO
OOKy JBWTYH, a 3 IHIIOTO — PEXyKTOpP TATOBOI Mepenadi CyCimHBOI KOJICHOI MapH, sK MOKa3aHO Ha CXeMi KpIIUIeHHS
PHUCYHOK 8.

Puc. 8 — Cxema KpiIuIeHHS TATOBOTO pexyKTopa: | — KpiIUIeHHS depe3 TyMOMETaIeBHi MIapHip 10 KiHIeBoI monepeynoi 6anku; 2 —
YHiBepCaJIbHUI KPOHIITEHH; 3 — TATOBHUH €NEKTPOABUTYH; 4 - peayKTOp

31 CTOPOHM LEHTPAIBHOI IMONEPEeUHOi OalKh KOPIYC PEAyKTOpa Mae KPOHIITEHH 3 JBOMa MPWIMBAMH B TOPLEBIH
yacTHHI (pUCyHOK 9 a), aHAJOTIYHMI KPOHIUTEHHY IBUTI'YHA, SKUM BIH KPIMHUTBCSA 10 YHIBEpCaJbHOTO HIAPHIpY 3a
JIOTIOMOT 010 O0JITiB. 31 CTOPOHH KiHIIEBOI morepevHoi Oajku Ha KOpIyci peayKTOpa TaKoX € KPOHIUTEHH, SIKUM BiH
KpIMUTBCS IO TYMOMETAJIEBOTO LIAPHIPY, IO CKIAJAE€ThCA 3 JBOX OJHAKOBUX IOJIOBUH, 3’€JHAHUX PETYJIOBAIBHOIO
Mmy@roro. Jlpyra nonoBuHa mapHipy (ikcyeTbcs Ha MPUWIMBI KiHIEBOI MonepedHoi Oaiku pamMu Bi3Ka, SIK MOKa3aHO Ha
pucyHky 9 6.
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TsaroBWil ABUTYH Ta TATOBHH PEOYKTOpP MAalOTh 3alOODKHI TPOCH MiABINIYBaHHS, SKi HE IAlOTh BIACTH HA PEHKH
IBUTYHY Ta PEOYKTOPY V BHIIQAKY HECIIPABHOCTI iX ITiABICKH.

Puc. 9 — Kpinnenns penykropa Barona 81-740

Ha enextponoizgax mozmeni CRH3A, mo excriiyaTyroThesi HA BUCOKOIIBUIKICHHX JiHIsIX B Kwurai, 3actocoBano C —
MOMIOHNH KPOHIITEHH KPIIUICHHS peIyKTOpa IO paMu Bizka [12], momens sxoro 300paxkeHo Ha pucyHky 10. Jlanwmit
PYXOMHUH CKJIQJ TPAmoe€ Ha IBUAKOCTSAX 250 KM/ron, BIATIOBIZHO Ma€ MiABHINEHI BUMOTH IO HAaAIHHOCTI XOJOBOL
YaCTHHU Ta, 30KpeMa, TATOBOI Iepeaadi.

0.00 200.00 400.00 {mm)
[ SEEE—— S—
100.00 300.00

Puc. 10 — Kponmrreiin kpimieHHs pexykropa enexrpornoizaga CRH3A

KpoHmTeiiH KpimuThes 3a JIOMOMOI0I0 YOTHPHOX OOJITIB JI0 CIieNianbHOl IUIMTH, IO MPHUBApeHa JI0 MONepeyHol 0aiku
pamu Bi3Ka. 3 KOKHOTO OOKy B Miclli 3'€JHaHHS KPOHIITEIHA 3 PEIyKTOPOM 3HAXOAWUTHCS aMOPTU3ALIHHUNA OJOK, 110
MIOTJIMHAE yAapu. BepTukanbHa >KOpCTKICTH OoKy craHoBuTh 6,6 KH/MM, a poGounmit xim — 4-5 mm. Kpiruenns
KPOHIITEHHY 10 KOpIyCy penykropa 300pakeHo Ha pucyHKy 11. KoHCTpykmist Ta nAn3aiiH  KpOHIITEHHY €
IHHOBaLIHUM PIlICHHSAM JUIs 3’ €JHaHHA PaMH Bi3Ka 3 PEJTyKTOPOM, OCKUIBKH JI03BOJISIE 3MEHIINTH Bary oOJagHaHHS
migBicku [13], mo 3HWXKye AWHAMIYHE HABaHTA)XEHHS Ha BI30OK Ta HEOAMIHHO IIO3WTHBHO IIO3HAYHUThCA Ha
eHeproe()eKTUBHOCTI BUCOKOILIBH/IKICHOTO PyXOMOT'O CKIIay.
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Reversed
Rotation #
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Rotation

Puc. 11 — KpimieHHsT KpOHIITEHHY 10 KOPITYCY peayKTopa

Iigpo3ain mHiMenpkoro kourepuy Siemens AG — kommanist Siemens Mobility, crerianizyersest Ha po3pobii Ta
BUPOOHHUIITBI 3aTi3HUYHOT TEXHIKH, JIOKOMOTHBIB, TpaMBaiB, CUCTEM aBTOMATHU3AIlil JJis 3ali3HUIb. BOHU BHPOOISIOTH
Ppi3HOMaHITHI peiKoBi TpaHcnopTi 3acoou. Hanpukinan, cepist TOKOMOTHBIB Vectron, siki MOXXYTh €KCILUTyaTyBaTHCS SIK Y
BaHTQ)XHOMY PYCi, TaK 1 B macakupcbkomy. Po3po0iieHo Bepcil JIOKOMOTHBA, sIKi MPALIOIOTh Ha MIOCTIHHOMY CTpYMi, Ha
3MIHHOMY, 0araToCHCTEMHi eJIeKTPOBO3H, AM3ENbHI Bepcil, sk Vectron DE Ta HaBiTh ABOpEXXMMHUIT JIOKOMOTHB, 10
npeAcTaBisie co00I0 KOMOIHAIIIO eNeKTpoBO3a Ta TemioBo3a. JIokoMoTnBM Vectron eKCIUTyaTyIOThCs Ha 3aJII3HHUIAX
€pomnu ta TypeuunHu.

Takox Siemens Mobility BupoOGnsie BaroHu st MICBKHX TPAHCIIOPTHHX CHCTEM, 30KpeMa cepist Inspiro, sika
eKCIuTyaTyeThcsi Ha BapmaBcbkomy, JloHmoHchkoMy MerpomoiiteHax Ta B CayniBebkii Apasii. PerionaneHi Ta
npumickki moi3au Desiro, siki eKCIUTyaTyrOThCS Ha 3alli3HUI B €BpoIeiichkux KpaiHax Ta Awmepuui. Taki noizau
BUITYCKAIOTBCSI SIK Ha JAM3ENbHIH Ts131, TaK i Ha eJIEKTPHUYHIMN.

BucokomBukicHi mnoizam cepii Velaro, mo BHKOpUCTOBYIOThCS Ha JiHisx Icmanii ta Kuraro. 3okpema
posrisiHyTHi BHIe enekrponoizn CRH3A BinHocuThest came 10 cepii Velaro BucokomBuakicHux JiHiit Kutato.

JlerkopeiikoBuii pyxomuii ckmam Big Siemens Mobility — mmsskomigmorosi tpamsai cepiit ULF, Avanto,
Combino, Avenio, siki ekcrutyaTyroTscs B MicTax €Bpornu, Snowii Ta ABcTpanii.

B 3anexxHOCTI BiJ NpU3HAYEHHS TPAHCIOPTHOTO 3aco0y, KOHCTPYKIil HOTO0 XOJO0BOi YacTHHM Ta MOTY>KHOCTI
TSATOBOTO MPUBOJA HA PyXOMOMY CKJIaJli Siemens 3aCTOCOBYIOThCS Pi3HI KOHCTPYKIIi peAyKTOpIB, IO TaKOX BIUTUBAE
Ha JIU3aiiH Ta KOMITIOHOBKY iX MiABinIyBaHHs. PeayKTopH Ta eleMeHTH iX MmiABINIyBaHHS 300paKeHO Ha PUCYHKY 12.

BignoBinHO Ha JIOKOMOTHBAX, pPETiOHAJIBHUX II013/1aX Ta EJIEKTPOIOi3ax METPOIIOIITEHY 3aCTOCOBYETHCS
LIapHipHE MiJBIIIyBaHHS PEIyKTOpa, SIKE BUKOHAHO 3a JIOTIOMOTOIO TSTH 3 BOMA IPOBYIIMHAMHM Ta IiAMIMIHUKAMH
KOUCHHS 3 ONTUMI30BaHOIO KOHCTPYKII€I0 CENapaTopa, a TAKOXX KPIMMIBHUX BAJIHKIB, SIK 300paXkeHO Ha pUCYHKY 13.
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c
Puc. 12 — Mogeni peayKTopiB pi3HOTO pyXOMOro cKiIaay kommnadii Siemens Mobility: a — m1g 10KOMOTHBIB; O — AJIS €1EKTPOMOI3iB
METPOIIOJITEHY Ta PErioHaIbHUX TOI3/iB; B — KOHIYHO-IMTIHAPOBHI PEIYKTOP U BarOHIB METPOMONITEHY; T - JJIS
BHUCOKOIIBHUIKICHHX TTOT3/1B; 1l — KOHIYHO-ITIHAPOBUH PEIyKTOP U HU3BKOIIIJIOTOBIX TPAMBAiB; € — IUIsl HU3BKOIIIITIOTOBHX
TpaMBaiB Ta eNEKTPOMOI3IiB

Puc. 13 — Enementn miasinryBaHHs pexykropa Bif Siemens Mobility
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Ha pucynky 14 mis npuknany HaBeaeHo 3aranbHuii Burisia Bizka SF 2000 Big Siemens Mobility 3 ManorryMHuM
penykTopoM s BaroHiB MeTpo cepii 4020, sxi excruryatyioTbes B ABcTpii [14]. Sk BHOHO 3 pUCYHKA, KPOHIITEHH
KpIIUTEHHSI TiIBICKA PEIyKTOpa TPENCTaBIsiE COO0I0 OalKy HPSMOKYTHOTO TMEpeTHHY, SKa MPHUBAPIOETHCA O TBOX
MOTIEPEYHIX [IEHTPAIBHUX 0aJIOK paMH Bi3Ka, HAa OJHOMY KiHIII 5SIKO1 BUKOHAHO KPIIUICHHS PEeIyKTOpa, a Ha iHIIOMY —
TSATOBOTO €JIEKTPOJIBUTYHA CYCIIHHOI'O MOTOPHOTO OJIOKY.

TI1IBICKH peyKTOpa JI0
pamu

Puc. 14 — Bizok SF 2000 Barona metpo cepii 4020

B xoHctpykiii BizkiB [15] Hm3sKommimToroeux Tpamsaie Combino (pucyHok 15 a) 3acTOCOBAaHO KOMIIAKTHY TATOBY
nepenady, sika po3MIilIyeThes Mo 6okax pamu Bizka. Cama pama Mae BHYTPIIIHIO KOHCTPYKIitO, TOOTO IUTOMIMHA KOJIIC
po3TamioBaHa Ha30BHI paMu. Hu3bpka mijyiora canoHa 3a0e3ledyeThCsl 3a PaxXyHOK BHKOPHCTAHHS KOJICHHX map 0e3
TpamuiiiHoi oci [16]. Pegykrop kpimutbes 1o OyKCH Kojeca depes CIeliallbHy BHIKY 3USIUICHHS, a TAKOX KPIIHTHCS
Ha paMi Bi3Ka 10 BiUMBKHN Yy (opMmi poByImnHH. [le KpiluleHHs BUKOHAHO 3 BUKOPUCTAHHIM HPYXHIX BiOpOi30IATOpiB
[17], six moka3ano Ha pucyHky 15 6.

www.transportszynowy.pl

®

2 2, J
W kpinn ro ‘
arperaty J0 pamH Bi3ka

a 0

Puc. 15 — Bi3ok Hu3pKOMmimmorosoro Tpampato Combino moneni SF30: a — 3aransHuil BUMIIA Bi3Ka; O — KPITUIEHHS PEAYKTOpa J0
pamu Bizka

BucHoBku.

1. KoHerpykuis mifBinIyBaHHS TATOBOI Iepesiadi Ha PeHKOBHX TPAHCHOPTHHX 3ac00ax PI3HOTO TUIY MOXE CYTTEBO
BIJIPI3HATUCS OJHA BiJl OJHOI, aje 3arajbHa KOHCTPYKIisS Ma€ CHUIbHI €JIeMEHTH, SKi MPUCYTHI 1 B MiIBilTyBaHHI
PEIyKTOpiB BaroHiB METpPOIOJITEHY, 1 B TpaMBasX, i Ha BUCOKOIIBUJIKICHOMY TpaHcHopTi. Tak y BCiX KOHCTPYKIIISIX
NIPUCYTHI MIAPHIPHI AeTasl miBilyBaHHs a00 MPYXKHI €IEMEHTH, a TAKOXK KPOHIITEIH KPIIJIEHHs 10 paMU Bi3Ka, Ka €
HECy4Ol0 KOHCTPYKII€EIO AJIsI TATrOBOI Iepeiadi Ipyroro Ta TpeTboro Kiacy.

2. IllapHipHi KOHCTPYKINI MiABINIYBaHHS PEAyKTOpa INHPOKO 3aCTOCOBYIOThCS HA Bi3KaxX SK BITYM3HSHHX, TaK 1
3aKOPJOHHUX EJIEKTPOIOI3IB METPONOIITEHY Ta 3ali3HMYHOI'O PYXOMOro ckiamy. lle akTyanbHa TeXHOJIOTIS AT
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XOJIOBOi YaCTHHW BAaroHIB aHAJOTIYHOTO THITY, HE3aJe)KHO BiJ KpaiHM BHpPOOHHWIITBA. Taka KOHCTPYKILS JTO3BOJISIE
KOMIICHCYBATH HECITIBBICHICTh BaJiB TATOBOTO IBUTYHA Ta MIECTEPHI PeIyKTOpa MpU MepeMilleHHIX paMH Bi3Ka i 9ac
CTaTUYHOTO HAaBAaHTAXKCHHA a00 TPH Pyci O HEPIBHOCTSIM KOJTii.

3. IlpyxkHi eneMeHTH 3aCTOCOBYIOTbCS Ha Bi3KaX BHCOKONIBHIAKICHMUX IIOI3ZiB, IO IIOB’A3aHO 31 3HAYHUMH
MUHAMIYHAMY HaBaHTAKCHHSAMH Ha KOHCTPYKIIIO Bi3Ka NPH PYCi Ha BEIHMKHUX HIBHUAKOCTIX. 3aCTOCYBaHHS MPYKHIX
aMOpTU3aTOpiB B KOHCTPYKILIi MiABIIIyBaHHS TATOBOI Iepenadi Ha 3aKOPIOHHHMX TpaMBasx Oulblle 3yMOBIECHO
0COOJIMBOCTSIMU IXHBOT XOJJOBOT YaCTHHH, OCOOJIMBO 1€ aKTYaJIbHO JUIsl HU3BKOIIIUIOTOBUX BaroHiB, /1€ KOPCTKI BUMOTH
Jto rabapuTiB Bi3KiB, a BIMOBIIHO i IO TATOBOI Mepeaayi.

4. KpimteHHst pegyKTopa 1O paMH Bi3Ka BUKOHYETHCS 32 JOIOMOI'OI0 KPOHIUTEHHIB IiJBIIIYBaHHS, SIKi MalOTh Pi3HY
KOHCTPYKIIIIO — IITaMIOBaHy a0 MOE€JHAaHHS 3BapHOI KOHCTPYKLII 3 JIMCTOBOTO METally Ta LITAMIIOBAHUX €JIEMEHTIB.
Kponmreiinn kpitureHHsT a00 BBapIOIOTHCSA B TUIO Oankw paMu Bi3ka abo € HOTO CKIIaIOBOI0 YAaCTHHOIO, MO OibIn
aKTyaJbHO JJIS paM JIMCTOBO{ KOHCTpYKMii. CaMi KPOHIITEHHH IMOBHHHI MaTH HAHOINBII ONTHMi30BaHY KOHCTPYKIIIIO
IUTA 3MEHIICHHS Halpy>KeHb, [0 BHHUKAIOTH IpH POOOTI TsAroBoro mpuBoay. Omrumizariss GopMH KpOHIITEHHY €
OJIHUM 13 IUIAXIB 3a0e3Me4YeHHs] Horo MIIHOCTi, JOBrOBIYHOCTI Ta 3MCHIICHHS KOHIIEHTPAIlil HANlPY)KEeHB, 1[0 B CBOIO
Yepry € NepCHeKTHBHUM HAIIPSIMKOM ITOCTI/KeHb JJIS TOMIMIICHHS HaifHOCTI TATOBOI Iepenadi Ta Bi3Ka 3arajioM.

Cnucoxk Jgiteparypu

1. Wang, Q., Zhou, J., Gong, D., Wang, T., Chen, J., You, T. and Zhang, Z., 2020. The Influence of the Motor Traction Vibration on Fatigue Life of
the Bogie Frame of the Metro Vehicle. Shock and Vibration, Vol. 2020, 11 pages. doi: 10.1155/2020/7385861. (nara 3sepuenns 14.10.2025).

2. Wu, H., Wu, P., Li, F., Shi, H. and Xu, K., 2019. Fatigue analysis of the gearbox housing in high-speed trains under wheel polygonization using a
multibody dynamics algorithm. Engineering Failure Analysis, no. 100, pp. 351-364. doi: 10.1016/j.engfailanal.2019.02.058. (nara 3BepHeHHs
16.10.2025).

3. Hu, W, Liu, Z,, Liu, D. and Hai, X., 2016. Fatigue failure analysis of high speed train gearbox housings. Engineering Failure Analysis, no. 73,
pp. 57-71. doi: 10.1016/j.engfailanal.2016.12.008. (nata 3Beprenns 15.10.2025).

4. Liu, C., Sun, S. and Li, Q., 2025. The Impact of Gear Meshing in High-Speed EMU Gearboxes on Fatigue Strength of the Gearbox Housing.
Technologies, no. 13 (311). doi: 10.3390/technologies 13080311. (nara 3Beprenns 15.10.2025).

5. Morgado, T., Branco, C. and Infante, V., 2008. A failure study of housing of the gearboxes of series 2600 locomotives of the Portuguese Railway
Company, Engineering Failure Analysis, no. 15, pp. 154-164. doi: 10.1016/j.engfailanal.2006.11.052. (nara 3sepuenns 14.10.2025).

6. Jlykxamosa H .II., ITaBnenko T. II., JIro6apcekuit b. I'., Ilerperko O. M. AHani3 KOHCTPYKI PECOPHUX MiIBIIIyBaHb PEHKOBOTO MiCBKOI'O
eNeKTpopyxoMoro cknany. Cucmemu ynpagninus, nasieayii ma 36’s3xy. Xapkis, 2018. Ne 5 (51). C. 65-68. DOI: 10.26906/SUNZ.2018.5.065.
(nara 3BepHenHs 16.10.2025).

7. Singh, S., Vishwakarma, A., Singh, SR. and Racherla, V., 2023. Effect of suspension parameters on dynamics of a metro coach: A parametric
study. Journal of Mechanical Science and Technology, no. 6 (37), pp. 2741-2753. doi: 10.1007/s12206-023-0503-9. (mata 3BepHEHHS
15.10.2025).

8. Bruni, S., Vinolas, J., Berg, M., Polach, O. and Stichel, S., 2011. Modelling of suspension components in a rail vehicle dynamics context. Vehicle
System Dynamic, Vol.49, no. 7, pp. 1021-1072. doi: 10.1080/00423114.2011.586430. (nata 3Beprenns 16.10.2025).

9. KoHcTpykKitist Ta THHAMIKA €IEKTPUIHOTO PyXOMOro ckiamy: miapyunuk / C. B. [lanvenko Ta in. Xapkis : Yrkp{V3T, 2018. Y. 1. 280 c.

10. Tereman T'K., T'omix C.M. Tsarosi mepenaui enexTpopyxomoro cknany: Hapuanernii mociorunk. JIrinpo: I1d «Cranmapr-Cepsicy, 2020. 260
C.

11. HaByanpHuii NOCIOHMK MO BUBYCHHIO YNAIUTYBaHHS Ta POOOTH EJNEKTPUYHOTO, ITHEBMATHMYHOI'O Ta MEXAaHIYHOTO OONaJHaHHS BaroHiB
Metpornorniteny cepii 81 - 717 ta 81 — 714. Kuis : KIT «Kwuiscsknii Metpomnoniten», 2005. 60 c.

12. Jianwei Yang, Minghan Yang, Xi Li and Xing Wang. Strength analysis and experiment of high speed railway gearbox bracket. The open
mechanical engineering journal, 2015. Vol. 9. Pp. 266 — 270. DOI: 10.2174/1874155X01509010266. (nara 3sepuenss 15.10.2025).

13. Y. Chen, H.J. Zhang, Z.H. Tan, K.Z. Luo and T. Jian, “A C-shaped bracket to hold the gearbox,” C.N. Patent, 201320706626.5, Nov. 2013. (gata
3BepHeHHs 15.10.2025).

14. Siemens Mobility. Portfolio. Rolling stock components. Bogies. Data sheet bogie SF2000. URL:
https://assets.new.siemens.com/siemens/assets/api/uuid:b2aafa39-b547-4f53-a5af-03aee90ea6f2/mobility-datasheet-bogies-sf2000-en.pdf.  (nara
3BepHeHHs 17.10.2025).

15. Siemens Mobility. Portfolio. Rolling stock components. Bogies. Data sheet bogie SF30. URL:
https://assets.new.siemens.com/siemens/assets/api/uuid:6db6f600-1ac5-412d-8c06-9a0e85d46a84/mobility-datasheet-bogies-sf30-Plus-en.pdf.
(nara 3Beprenns 17.10.2025).

16. Chudzikiewicz, A., Maciejewski, I., Krzyzynski, T., "Krzyszkowski, A. and Stelmach, A., 2022. Electric Drive Solution for Low-Floor City
Transport Trams. Energies, no. 15, 4640. Doi: 10.3390/en15134640. (nata 3Beprenns 15.10.2025).

17. Maciej Gorowski, 2004. Transport szynowy. Available at: http:// www.transportszynowy.pl. (zara 3Beprenns 15.10.2025).

References (transliterated)

1. Wang, Q., Zhou, J., Gong, D., Wang, T., Chen, J., You, T. and Zhang, Z., 2020. The Influence of the Motor Traction Vibration on Fatigue Life of
the Bogie Frame of the Metro Vehicle. Shock and Vibration, Vol. 2020, 11 pages. doi: 10.1155/2020/7385861. (Accessed 14.10.2025).

2. Wu, H., Wu, P., Li, F., Shi, H. and Xu, K., 2019. Fatigue analysis of the gearbox housing in high-speed trains under wheel polygonization using a
multibody dynamics algorithm. Engineering Failure Analysis, no. 100, pp. 351-364. doi: 10.1016/j.engfailanal.2019.02.058. (Accessed
16.10.2025).

3. Hu, W, Liu, Z, Liu, D. and Hai, X., 2016. Fatigue failure analysis of high speed train gearbox housings. Engineering Failure Analysis, no. 73,
pp. 57-71. doi: 10.1016/j.engfailanal.2016.12.008. (Accessed 15.10.2025).

4. Liu, C., Sun, S. and Li, Q., 2025. The Impact of Gear Meshing in High-Speed EMU Gearboxes on Fatigue Strength of the Gearbox Housing.
Technologies, no. 13 (311). doi: 10.3390/technologies 13080311. (Accessed 15.10.2025).

5. Morgado, T., Branco, C. and Infante, V., 2008. A failure study of housing of the gearboxes of series 2600 locomotives of the Portuguese Railway
Company, Engineering Failure Analysis, no. 15, pp. 154-164. doi: 10.1016/j.engfailanal.2006.11.052. (Accessed 14.10.2025).

161


https://doi.org/10.2174/1874155X01509010266
https://assets.new.siemens.com/siemens/assets/api/uuid:b2aafa39-b547-4f53-a5af-03aee90ea6f2/mobility-datasheet-bogies-sf2000-en.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:6db6f600-1ac5-412d-8c06-9a0e85d46a84/mobility-datasheet-bogies-sf30-Plus-en.pdf
http://www.transportszynowy.pl/

ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

6. Lukashova, N., Pavlenko, T., Liubarskyi, B. and Petrenko O., 2018. Analysis of spring suspension structures of rail urban electric rolling stock
[Analiz konstruktsii resornykh pidvishuvan reikovoho miskoho elektrorukhomoho skladu]. Systemy upravlinnia, navihatsii ta zviazku, no 5 (51),
pp. 65-68. doi: 10.26906/SUNZ.2018.5.065. (Accessed 16.10.2025).

7. Singh, S., Vishwakarma, A., Singh, SR. and Racherla, V., 2023. Effect of suspension parameters on dynamics of a metro coach: A parametric
study. Journal of Mechanical Science and Technology, no. 6 (37), pp. 2741-2753. doi: 10.1007/s12206-023-0503-9. (Accessed 15.10.2025).

8. Bruni, S, Vinolas, J., Berg, M., Polach, O. and Stichel, S., 2011. Modelling of suspension components in a rail vehicle dynamics context. Vehicle
System Dynamic, Vol.49, no. 7, pp. 1021-1072. doi: 10.1080/00423114.2011.586430. (Accessed 16.10.2025).

9. Panchenko, S. V. ed., 2018. Konstruktsiia ta dynamika elektrychnoho rukhomoho skladu: pidruchnyk [Design and Dynamics of Electric Rolling
Stock: Textbook]. Kharkiv : UkrDUZT.

10. Hetman H.K. and Holik S.M., 2020 Tiahovi peredachi elektrorukhomoho skladu: Navchalnyi posibnyk. [Traction drives of electric rolling
stock: Training manual] Dnipro: PF «Standart-Servisy.

11. A training manual for studying the arrangement and operation of electrical, pneumatic and mechanical equipment of metro cars of series 81 -
717 and 81 - 714, 2005. Kyiv : KP «Kyivskyi metropoliten».

12. Jianwei Yang, Minghan Yang, Xi Li and Xing Wang. Strength analysis and experiment of high speed railway gearbox bracket. The open
mechanical engineering journal, 2015. Vol. 9. Pp. 266 — 270. DOI: 10.2174/1874155X01509010266. (Accessed 15.10.2025).

13. Y. Chen, H.J. Zhang, Z.H. Tan, K.Z. Luo and T. Jian, “A C-shaped bracket to hold the gearbox,” C.N. Patent, 201320706626.5, Nov. 2013.
(Accessed 15.10.2025).

14. Siemens Mobility. Portfolio. Rolling stock components. Bogies. Data sheet bogie SF2000. URL:
https://assets.new.siemens.com/siemens/assets/api/uuid:b2aafa39-b547-4f53-a5af-03aee90ea6f2/mobility-datasheet-bogies-sf2000-en.pdf.
(Accessed 17.10.2025).

15. Siemens Mobility. Portfolio. Rolling stock components. Bogies. Data sheet bogie SF30. URL:
https://assets.new.siemens.com/siemens/assets/api/uuid:6db6f600-1ac5-412d-8c06-9a0e85d46a84/mobility-datasheet-bogies-sf30-Plus-en.pdf.
(Accessed 17.10.2025).

16. Chudzikiewicz, A., Maciejewski, I., Krzyzynski, T., "Krzyszkowski, A. and Stelmach, A., 2022. Electric Drive Solution for Low-Floor City
Transport Trams. Energies, no. 15, 4640. Doi: 10.3390/en15134640. (Accessed 15.10.2025).

17. Maciej Gorowski, 2004. Transport szynowy. Available at: http:// www.transportszynowy.pl. (Accessed 15.10.2025).

Haoitiwna (received) 06.11.2025

Bioomocmi npo asmopis / About the Authors

Biprokoe Cepeiii Bimaniiioeuy (Biriukov Serhii) - acnipanT kadeapu KOMIT IOTEPHOTO MOJICTIOBAHHS Ta IHTErPOBAHMX
TEXHOJIOTiHt 00poOKM THCKOM, HarioHambHUI TEeXHIYHWHA YHIBEepCHUTET «XAapKiBCHKUH TONITEXHIYHUHA iHCTHTYT», M.
Xapkis; ORCID: https://orcid.org/0009-0005-6403-5880; mob.: 0976543478; e-mail: Serhii.Biriukov@mit.khpi.edu.ua.
TI'yocokuii Cepeiti Onexcandpoeuu (Hubskyi Serhii) - xaHouoaT TeXHIYHAX HAyK, JOICHT, HamioHambHUNA TEXHIYHUI
YHIBEPCUTET «XapKIBCbKUH TOJITEXHIYHUH IHCTUTYT», JOLEHT Kadenpu KOMIT'IOTEPHOTO MOJCIIOBAaHHS Ta
IHTErpOBaHMX TEXHONOTIH 00poOku THckoM, M. XapkiB; ORCID: http://orcid.org/0000-0001-7797-9139; mob.:
0662192050; e-mail: gubskiyso@gmail.com.

Innenxo Kocmaumun Banepinosuu (Illienko Kostiantyn) — acmipant, kadeapu eIeKTpOCHEPreTHKH, SIEKTPOTEXHIKA
Ta eNeKTPOMEXaHiKH, YKpaiHChbKHH Jep)KaBHUIl YHIBEPCHUTET 3alli3HUYHOro TpaHcrmopty, M. XapkiB; ORCID:
https://orcid.org/0009-0000-5124-0862; mob.: +380 99 382 93 80; e-mail: illenko_phd@kart.edu.ua.

Topoau Cepeiii /Imumposuu (Horbach Serhii) — acmipant, kadenpu eneKTpoeHEpreTHkH, €JIEKTPOTEXHIKH Ta
eNeKTpOMeXaHiKH, YKpaiHCBKUH JepKaBHUH yHIBEPCHTET 3ali3HWYHOro TpaHcmopty, M. XapkiB; ORCID:
https://orcid.org/0009-0004-2945-3342; mob.: +380 93 607 68 44; e-mail: horbach_phd@kart.edu.ua.

T'osopyn Bnaoucnae Baoumosuu (Hovorun Vladyslav) — acnipanT, kadeapu eqekTpoeHEPreTHKH, eIEKTPOTEXHIKU Ta
eNeKTpOMeXaHiKH, YKpaiHCBKUH JepKaBHUH YHIBEPCHTET 3ali3HHYHOIO TpaHcmopTy, M. Xapki; ORCID:
https://orcid.org/0009-0009-4323-7466; mob.: +380 67 158 37 56; e-mail: hovorun_phd@Kkart.edu.ua.com.

162


https://doi.org/10.2174/1874155X01509010266
https://assets.new.siemens.com/siemens/assets/api/uuid:b2aafa39-b547-4f53-a5af-03aee90ea6f2/mobility-datasheet-bogies-sf2000-en.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:6db6f600-1ac5-412d-8c06-9a0e85d46a84/mobility-datasheet-bogies-sf30-Plus-en.pdf
http://www.transportszynowy.pl/
https://orcid.org/0009-0005-6403-5880
mailto:Serhii.Biriukov@mit.khpi.edu.ua
http://orcid.org/0000-0001-7797-9139
mailto:gubskiyso@gmail.com
https://orcid.org/0009-0000-5124-0862
mailto:illenko_phd@kart.edu.ua
https://orcid.org/0009-0004-2945-3342
mailto:horbach_phd@kart.edu.ua
https://orcid.org/0009-0009-4323-7466
mailto:hovorun_phd@kart.edu.ua.com

ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

YK 621.981 DOI: 10.20998/2079-004X.2025.2(12).20
JI. B. YUEPKAIIIHH, O. ® CAEHKO, A. B. ABTYIIIEHKO, IO. B. BABAH, C. 0. T'YBECbKHH

HOPIB}-IHJIBHPIIZ AHAJII3 BIBPAIIIN 3A JOITOMOI'OIO HIBUJAKOI'O NEPETBOPEHHSA ®YP’€
TA BEUBJIET-IEPETBOPEHH#

VY crarTi po3rISIHYTO 3aCTOCYBaHHS METOIiB OOpOOKM BiOpallifHMX CHTHAMIB Uil JIarHOCTHKH TEXHIYHOrO CTaHy POTOPHUX CHCTEM.
ITpoBeneHo mopiBHAIBHUI aHaNi3 mBHAKOTrO nepetBopenHs Pyp’e (ILI1D), 6esnepepsroro (bBII) ta auckpernoro ([IBII) BefiBneT-nIepeTBOpEHHS 3
METO0 BHSBIICHHS QaHOMAJIH Ta iMmysibcHUX 30ypens. LLIIIM 103Bossie OLIHATH CIIEKTPaIbHUN CKIIaJ CHIHATY, OJHAK He jaae iHpopMarii npo gac
nosiBu 4actor. Ha Bigminy Big Hporo, BBII ta [IBII 3a6e3meuyioTh 4aco-4acTOTHY JIOKAJi3alil0 Ta BUSIBJICHHS MPUXOBAHUX Ae(eKTiB, L0 €
KJIFOYOBUM JUIsl HECTaliOHApHHX mpoueciB. OTpuMaHi pe3ynbTaTH 3 eKcnepuMeHTadbHoro creHga RK-4 miaTBepukyroTh eQeKTHBHICTh BEHBIIET-
aHaNi3y IPH BHCOKOIIBHIKICHOMY OOEpTaHHI pOTOpa Ta MOJCIIOBAaHHI Ne(eKTiB, TakuX sSK AUCOANaHC, TPINIMHA YU TepTsA. 3alpolOHOBAaHE
MO€THAHHS METO/IIB J03BOJISIE MOKPALIUTH TOYHICTh JIarHOCTUKH Ta pealti3yBaT e()eKTHBHHI MOHITOPHHT CTaHy 00J1aJHAHHS.

KirowoBi croBa: BiOpauiifHa [giarHOCTHKa, HIBHAKE mepeTrBopeHHs @Dyp’e, Oe3mepepBHE BeHBIET-NEPETBOPEHHS, MUCKPETHE BEHBIIET-
[IepPETBOPEHHSI, aHAJIi3 CUTHAJIB, POTOPHA CHCTEMa, JucOalaHC, HECTALliOHAPHMI IpoLiec.

D. CHERKASHYN, O. SAIENKO, A. YAVTUSHENKO, Y. BABAI, S. HUBSKYI

COMPARATIVE ANALYSIS OF VIBRATIONS USING FAST FOURIER TRANSFORM AND WAVELET TRANSFORM

The article examines the application of vibration signal processing methods for diagnosing the technical condition of rotor systems. A
comparative analysis of the Fast Fourier Transform (FFT), Continuous Wavelet Transform (CWT), and Discrete Wavelet Transform (DWT) was
conducted to detect anomalies and impulsive disturbances. FFT enables the evaluation of the spectral content of a signal but lacks time localization of
frequency components. In contrast, CWT and DWT provide time-frequency localization and allow the identification of hidden defects, which is
crucial for analyzing non-stationary processes. Experimental results obtained from the RK-4 test bench confirm the effectiveness of wavelet analysis
for high-speed rotor operation and modeling of faults such as imbalance, cracks, or friction. The proposed combination of methods improves
diagnostic accuracy and enables efficient condition monitoring of equipment.

Keywords: vibration diagnostics, fast Fourier transform, continuous wavelet transform, discrete wavelet transform, signal analysis, rotary
system, imbalance, non-stationary process.

Beryn.

BiOpamiiiHa miaTHOCTHKAa € OJHUM i3 HaHe(EeKTHBHIMMX METOMIB TEXHIYHOTO KOHTPOIIO CTaHy OOEpTOBOTO
obnannanns [1, 2]. BoHa n1o3Bosisie BUSIBISATH Ne(EKTH 1€ HA PAHHIX CTAaaisX 1X PO3BUTKY LUISIXOM aHAII3y CUTHAIIB,
OTpUMaHuX 13 BiOpamiiiHux ceHcopiB [3]. ¥ cydacHMX yMoOBax OCOOJMBOTO 3HAYCHHS HaOyBae 3acTOCYBaHHS
MaTeMaTUYHUX METOJIB 00pPOOKM CUIHANIB, 30KpeMa nepeTBopeHHs Dyp’e Ta BeiBIEeT-NIEPETBOPEHB, SKI AaIOTh 3MOTY
TOYHO BU3HAUUTHU XapakTep, JOKaJi3alilo i NpuunHy aHOMauliil y poOOTi MalliH 1 MEXaHi3MiB.

Meta Ta mocraHoBKa 3a1ayi.

Mertoro naHoi poOOTH € MOpiBHsIbHUN aHami3 epextuBHOCTI LIIID Ta Belirner-nepeTBOpeHsb (OE3MEPEPBHOTO Ta
UCKPETHOTO) Ui 0OpOOKHM BiOpalifHUX CHTHANIB y 3aJadax TeXHIYHOI miarHOcTWKH. OcoONmBY yBary HpUAUICHO
3[JaTHOCTI KO’KHOTO METO/y BUSIBIISITH O3HAKHM HECIIPAaBHOCTEH Y HECTAI[IOHAPHUX PeXUMax poOOTH 00JaHAHHSL.

HIIT® mmpoKo BHUKOPHCTOBYETHhCS [UIS CIIEKTPAIBHOTO aHANi3y CHUTHANIB 1 J03BOJISIE BMSABIATH YacTOTHI
KoMIoHeHTH. OJHaK HOro OOMEXEHHS IOJIATae y BiICYTHOCTI 4acoBOi JOKaji3amii, M0 3HIKY€E ¢QEeKTHBHICTh MPHU
aHaJi3i KOPOTKOYAacHUX abo IMIyJIbcHUX 30ypeHb. HaToMicTe BEWBIET-IIEpeTBOPEHHS 3a0€3MMEeUyIOTh YacO-4aCTOTHY
JIETai3aIli0 CUTHAJY, IO Ja€ 3MOTY ieHTU(IKYBaTH MOMEHT ITOSIBH aHOMAITiH.

3aja4yer0 € AOCHIIUTH Ta MOPIBHATH €(DEKTHBHICTh 3a3HAYEHMX METOJIB IPH aHaii3i BiOpaiid, OTpUMaHHX Y
71a00paTOPHUX YMOBax i3 POTOPHOI YCTaHOBKM 3 MOJEIIOBaHHSIM JedekTiB. Y pamkax poOoTu Oyzae moOyaoBaHO
cnektpu Dyp’e Ta ckeorpaMu BeHBIIET-IIEPETBOPEHB, BU3HAUEHO TX 1H()OPMATHBHICTD Ta HAJJAHO PEKOMEH AT 1010
BHOOPY METO/Iy 3aJIeKHO Bijl THIy cUrHaiy [4].

AmHaJti3 Ta neperBopenHsi dyp’e.

3azanvna xapakmepucmuxa nepemeopenns @yp’e. Ananiz @yp’e € 0HUM 13 HAHBKIMBININX IHCTPYMEHTIB
y cydYacHiil BiOpamiiiHiil qiarHOCTHIII. Moro ocroBHa ines momsrac y TIPEACTAaBIICHHI CKIAJHOTO CUTHATY (HAIPHUKIA],
BiOpaIiifHOrO CHTHAITY 3 JaTYMKA) V BUIJISAI CYMHU TAPMOHIYHUX (CHHYCOINANbHUX) KOJMMBAHb Pi3HUX 9aCTOT, AMILTITY]
i das.

Leii MeTox 03BONSAE BH3HAYMTH, SKi YaCTOTH MPUCYTHI Yy CHUTHAJi, Ta OLIHMTH iXHIO iHTEHCHBHicTh [5].
YacTOTHUI CIIEKTp CUTHANy, OTPUMAaHWi 3a JOIOMOrol0 IepeTBopeHHs Pyp’e, MHMPOKO BUKOPHUCTOBYETHCS IS
BUSIBJICHHSI TEXHIYHHX HECTpaBHOCTeH [6], TakuXx sIK:

e jucbamanc 00epTOBUX JeTajeH;

® PO3IEHTPYBaHHS BaliB;

e TpimHU ab0 HAIOMH,

e HEepiBHOMIpHE TePTS B MiAMMUITHUKAX TOIIO.

Ochogne pisnanna wieuokozo nepemeopenns @yp’e. 11D — ne anroputm, Mo e(EKTUBHO OOUHCIIOE
nuckpeTHe neperBopenHs Oyp’e (AI1D). Bin 103BoIsE IEPETBOPUTH CUIHAI i3 4acOBOT 00JacTi B 4yacTOTHY [7].

OcnoHe piBasaHHS AI1D BUrIsiIae Tak:

© JI.B. Yepkammn, O.® Caenxko, A.B. Ssrymenko, F0.B. Ba6ait, C.O. I'y6cbknii. 2025
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N-1
2

X, = Z x,-e """ k=01,.,N—1

n=0
Jie Xk — CIeKTpaJibHA CKIIQJI0BA CUTHATY Ha 4acToTi k;
Xn — BX1THMH CUTHAJI Y 4acoBii o0acTi (BiUIIKM CUTHAIY);
N — 3arajbpHa KiTBKICTh BiJUTIKIB CUTHAIY;,
j— YABHA OJHHHILS G2=-1);

-

e W™ _ KoMIITeKCHA eKCIIOHEHTA, TII0 OMHICY€E TAPMOHIKH.

HITID — ne ebexrupna peanizamis AID, ska mae obuncmoBaiphy cknaanicts O(N log N) samicte O(N?),
TOMY BHKOPHCTOBY€ETBCS y OIIIBIIIOCTI TIPOTpaM Ta MiKpOKOHTPOJIEPIB Is aHami3y Bibpartiit [8, 9].

Ilodyoosa zpaghixa cnexmpy @yp’e. JIns BizyaqbHOTO aHaN3y YacTOTHOTO CIIEKTPY BiOpamiifHOTO CHUTHAIY
6yno Bukopuctano LIII®, sxe m03BOJIsIE IEPETBOPUTH CUTHAI i3 9acoBoi o0xacTi B wacToTHy. Lle mae 3Mory BUSBUTH
JOMIHYIOYi YacTOTH, IO MaloTh HaiGimpmmii Bkiaan y xonueanus [10, 11]. Anamis Gymo 37iliCHEHO B CepeIOBHII
Python i3 Bukopucrannsm 6i6miorex matplotlib, numpy ra scipy.

Ha rpagiky cnektpy (puc. 1) 300pakeHO aMIUTITYZAHO-YaCTOTHY XapaKTEPHCTHKY CHI'HATy, OTPHMAaHOTO 3
BiOpaniifHoTO CeHcopa. ITo oci abcmuc BIJIKJIAJICHO YaCTOTH (Tw), a o oci
OpAMHAT — aMIUTITY/Id BiANOBITHUX YaCTOTHHUX CKJIANOBUX. Takuii aHami3 a€ 3MOTY BH3HAYUTH, SIKI YACTOTH MPUCYTHI
y CHUTHAII Ta 3 SIKOKO IHTCHCUBHICTIO.

CnekTp curHany (LLN®)

1.0

0.e

0.6

Amnnitypa

0.4

0.2

0.0

0 100 200 300 a00 500
YactoTa [fu)

Puc. 1 — Cnextp curnamy micis 3actocyBanus LLITID

HesBaxkaroun Ha edexruBHicTh [ITID st anamizy cramioHapHUX CHUTHAJIB, Le METOJ] Ma€ OOMEXEHHs: BiH
HE JI03BOJISIE BU3HAYMTH, KOJIA CaMe y Yaci 3 SBISIOTHCS Ti UM iHIMN 4acToTH. Tooto, IITI® He miaXoauTh IJIs aHATI3Y
HECTaIlIOHAPHUX 200 MEePEXiTHHUX MPOIECIB, Ie XapaKTEPUCTUKU CHTHAIY 3MIHIOIOTHCS 3 4acoM. J[JIsl TaKUX BHIAAKIB
JIOLUIBHUM € BUKOPUCTAHHSI BEHBIIET-TIEPETBOPEHHSI.

BeiiBieT-nepeTrBopeHHsI.

BeiiBrieT-niepeTBOpeHHS € CydyacHUM METO/IOM aHalli3y CUTHAJIIB, SIKMH JI03BOJISIE OJTHOYACHO JOCIIJDKYBATH SIK
YaCTOTHHUH, Tak i 4acoBuit cnektp curHany [12]. Ha BiaMiny Bij kinacuuHoro neperBopeHHs Dyp’e, sike Hajgae Juiie
iH(opManio Mpo YacTOTHUH CKJIaj CHUTHAIY Oe3 ypaxyBaHHS yacy, BEHBIET-TIEPETBOPEHHS Ja€ 3MOTY BH3HAYMTH, SIKi
caMe YaCTOTH NPHCYTHI Y CUTHAJI Ta B AKUil MOMEHT Yacy BOHHM 3’ SBJISIIOTHCS a00 3HUKaOTH [13, 14].

Cyms memody. OCHOBHa inesl TOJNsATae B PO3KIANAHHI CHTHANy Ha KOPOTKI XBWJIBOBI (YHKIN, SIKi
Ha3MBalOThes Beiipneramu. i GpyHKIIT MaroTh 0OMeKeHy TPUBAIICTD (HA BIIMIHY BiJj CHHYCOI/I, SIKI BHKOPHCTOBYIOTBCS
y LITI®D) i moxyTh 3MiHIOBaTH MaciuTab (ToOTo "po3rsaryBaTtucs" abo "ctuckarucs') Ta 3cyB y 4aci. 3aBISKH LM
BJIACTHBOCTSM BEHBIIETH MOXYTh OYTH aJaNTOBaHi 0 JOKAIBHUX 0COOMMBOCTEN curHany [15].

IlepeBaru BeHBIET-IEPETBOPEHHS:

o Ananiz HecmauyioHapHux cucHanig. JNO3BOJIIE €(PEKTUBHO JOCITI/DKYBaTH CHUTHAdW, 4YacTOTHI
XapaKTEPUCTUKH SKHUX 3MIHIOIOTHCS 3 4acOoM;

e Yaco-uacmommna noKanizayia. Ja€ 3MOTYy TOYHO BU3HAYHMTH, KOJM CaMe€ y CHUTHAJIl BUHHMKAIOTH II€BHI
YaCTOTHI KOMIIOHEHTH;

e [T'nyuxicmo eubopy eeiigiem-ghynkyii. MOXXHa MiIOpaTH TUIT BEHBIIETA 3aJI€XKHO BiJl XapaKTepy CUTHAITY —
nanpukian, Daubechies, Morlet, Haar Tomuro;

e Macwmabosana po3dinena 30amuicme. BICOKOYaCTOTHI KOMIIOHEHTH aHaJII3yIOThCS 3 BUCOKOIO YaCOBOIO
TOYHICTIO, 8 HU3bKOYACTOTHI — 3 BUCOKOIO YaCTOTHOIO PO3AUILHICTIO.

Tunu BeiiBieT-nepeTBOPeHHs. [CHYIOTH ABa OCHOBHI ITiIXOIH:

e besnepepBHe Be#BIET-NEPETBOPEHHS — 1€ METOJ, NPU SKOMY CHTHAIl aHAI3yeThCs 3a JOMNOMOIOI0
Oe3mepepBHOrO MacmITadyBaHHS Ta 3CyBY BeWBieT-QyHKHii. Pe3yiapraToM mepeTBOpPEeHHS € ABOBHUMIpHA KapTa
(ckeiiimorpamMma), sika BimoOpaskae iIHTEHCHBHICTh CHTHAITY SIK (QDYHKIIIFO Yacy Ta yactotu [16].
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Maremarnuno bBII Bu3HauaeThcs Tak:

e t—b
W(a,b) = f (£) - p* (—) dt
—o a
ne x(t) — BXiZHuU# curHai;,
1)(t) — oOpaHa MaTepHHCbKA BEHBIET-DYHKILIS;
a — Macmrad (00epHEHO MPOMOPIIHHUN YacTOTi);
b — yacoBuii 3cyB;
# — KOMIUIEKCHE CHPSDKEHHS.

BBIl no3Bosisie neTanbHO BUBYATH JIOKAJIbHI OCOOJMBOCTI CHI'HANy, TaKi SIK IMITyJIbCH, KOPOTKOYacHi
KOJIMBAaHHS 4YM TEepeXifiHi MpOLecH, 3aBIsSKU 3MiHI MacmiTaly (po3TsaryBaHHS a00O CTHCKaHHS) Ta YacOBOMY 3CYBY
BEUBJIIETA.

Ha puc. 2 HaBeneHO NpHKIIAJ] CKEHJIOIpaMMHU CHUTHAITy, OTPUMAaHOrO B pe3yibrari 3acrocyBanHs BBII. Ha
BiZMiHY Bix cnekrpa ®@yp’e (nuB. puc. 1), ckeiaorpamma J03BOJISIE YITKO BU3HAUUTH MOMEHT 4acy BUHUKHEHHS Ti€l 4u
1HIIO YacTOTHOI KOMIIOHEHTH, [0 3a0e31edye OB IITHOOKHIA aHalli3 HecTallioHapHuX mporecis [17, 18].

20.0

g

11

-15.0

F12.5

-10.0

YacTtoTa (I'u)
Amnnityna

7.5

0.0 0.2 0.4 0.6 0.8 1.0
Yac (c)

Puc. 2 — Yaco-yactoTHa KapTa cUrHaity, OTpuMana 3a gornomororo bBII

300paxXeHO 4Yaco-4aCTOTHY KapTy CHTHAy, OTpUMaHy i3 3acTocyBaHHSIM BelBiera Mopine. Jlannii meron
3abe3nedye BUCOKY TOYHICTh JIOKaJli3allii 4aCTOTHUX XapaKTePUCTHK y 4acoBid 001acTi, 110 € 0COOIMBO e€(hEeKTUBHUM
NP aHalli3i IMITyJIbCHUX 200 IBUAKOIIMHHUX 30yPEHb Y CUCTEMI.

I'opusonTanbHa Bick rpadika Biqodpaxkae yac y cekynaax y mexax Bix 0,0 1o 1,0 ¢, a BepTUKaibHa — 9aCTOTY
B repuax y miama3oni Big 0 go 800 I'um. Takum yuHOM, 320€3MEUy€ETHCS MOXKIHBICTD IETAIbHOIO BiJCTEKCHHS 3MIiHU
CHEKTPaJBbHOIO CKJIAly CHUI'HAJY MPOTATOM YChOTO Yacy CIIOCTEPEIKESHHSI.

KoumipHa mkana BigoOpakae aMIuliTyy BeiiBieT-koe(illieHTIB: CHHI KOJIp BiIOBIAa€ HU3bKUM 3HAYCHHSIM,
TOJI SK YSPBOHUH MO3HAYAE MaKCHMANbHI aMILTITYIH, IO BKA3yIOTh HA HAWIHTCHCHWBHIII KOJMBAHHS y TEBHI 9acoBi
iHTEepBaIK. 3aBASKH [[OMY Bi3yalbHO iICHTU(IKYIOTHCS MEPiOAN MiIBUIICHOI EHEePTii CHTHAIY.

AHaii3 oTpuMaHOi BEHBIIET-KapTH IEMOHCTPYE HAasSBHICTH IHTEHCHBHOTO 30ypeHHS B 4YacCOBOMY IHTEpBai
npudmzuao 0,4 — 0,5 c. Llg ginsgHka XapakTepu3yeThes MiJBHIICHOI0 aMIUTITY/I0I0 B IIMPOKOMY CIEKTpPI 4acTOT, IO
BKa3zye Ha KOPOTKOYACHY IMITyJIbCHY I0JIif0, HMOBIPHO CIIPHYMHEHY MEXaHIYHUM yJapoM abo MepexoJoM CHUCTEMH B
HECTIHKHH pexXuM poOOTH.

Ha rpadixy momaTkoBO MO3HAYEHO TOPHU3OHTAIBHUMH MYyHKTUPHUMH JiHismu dactotd 50 I'm i 120 T'm.
Yacrora 50 I'n, HWMOBIpHO, IMOB'sS3aHa 3 BIUIMBOM MepexeBOro jxupieHHs, a 120 'y Moxke BKa3zyBaTH Ha ApYry
rapMoHiKy ab0 OyTH 03HAKOI PE30HAHCHOTO SIBHUIA, CIPHYMHEHOTO MEXaHIYHUMU Je(eKTaMH YH eJIEKTPOMArHITHUMH
30ypeHHAMU.

OtpumaHi pe3yibTaTH MiATBEPIKYIOTH e(peKTHBHICTh BuUKOpucTaHHA BBII ans BuUABICHHS aHOMAaNTbHUX
iMIyJsbCiB y BiOpariiiHoMy curnaini. Takuit migxin go3Bosise He Jmine i1eHTHiKyBaTH caM (akT 30ypeHHs, a i TOYHO
BU3HAYUTH Yac HOro BUHMKHEHHS Ta CIIEKTPAIBHHUN CKJIaJ, II0 € KIOYOBHM aCHEKTOM y MOOYAOBI CHCTEM TEXHIYHOT
JIarHOCTUKY O0JIaHAHHS 32 BiOpalifHIMH XapaKTePUCTUKAMHU.
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e JluckpeTHe BEHBIET-TIEPETBOPEHHS — 3aCTOCOBYETHCS IS OOPOOKM CHTHANIB, KOMIpecii, ¢inpTparii Ta
BusiBlIeHHs aHoMmanii [19]. Ilpamoe 3 0O6MeXeHO0 KibKICTIO MacmTabiB i 3a0e3nedye KOMITAKTHE TPeICTaBICHHS
curraiy [20].

Iloacuenna mepminie. Jleramizanis (Dn) — dacTHHa CHTHaNy, IO MICTHTH iH(pOpMAMLil0 TPO 3MiHH Ha
MIEBHOMY YacTOTHOMY piBHi. UnM HIk4nit HoMep D, THM BHIII 9aCTOTH BOHA OXOILTIOE.

AmnpoxcuMmanisi (An) — «rJIaaKay 4acTHHA CUTHAITY, siKa 30epirae #oro ocHOBHY GopMy 6e3 IpiOHUX. 3MiH.

IMnyabc a6o aHoManisi — NpOSIBISEThCS Y BUIVIAAL PI3KOTO MKy Ha NMEBHOMY piBHI JAeTajizamii; Moxxe
CBIUUTH PO AeeKT, yaap abo HeCIoIiBaHy MOJIit0.

Ha puc. 3 naBeneno npuxiaa JABII tecroBoro curnamy. st mepeTBOpeHHs BUKOpUCTaHO BeiiBiieT Daubechies
yerBepToro nopsiaky (db4) 3 piBHem mekommosuuii 4. Takuil aHami3 ga€ 3MOTy PO3KJIACTH CHUTHANI HA KOMIIOHEHTH 3
PI3HHM YaCTOTHHM BMICTOM, IIO JIO3BOJISIE BUABILATH SIK MOBINBHI TPEHIH, TaK 1 KOPOTKOYACHI aHOMaJbHI KOJWBAaHHSI
[21].

OpuriHanbHWA cUrHan

v r v v T
0 200 400 600 800 1000
HeTanizauia D1 (BmcokoyacToTHa CKNagosa)

0 10 20 30 40 50 60 70
OeTanizauia D4

0 10 20 30 40 50 60 70
HeTanizauia D3

0 20 40 60 80 100 120
OeTanizauia D2

0.5 1
0.0+ » v
-0.51

0 50 100 150 200 250
Anpokcumauis A4 (HM3bKOYacTOTHa CKNaaoBsa)

o =
—_—

f

Puc 3. — luckperHe BeliBneT-niepeTBOpeHHs curHany (db4, piBeHb 4): OpUTiHANEHUI CUTHAN, PiBHI AeTaNi3amii
D1-D4 rta anpokcumarris A4.

I'padik IUCKPETHOTO BeiBIIET-NIEPETBOPEHHS BiJJoOpaskae JeKiibKa PiBHIB MpeACTaBlIeHHs curnany [22].

[epmmit — ne opuriHanbHMI CUTHAJ, NMOJAHWUK Ha BepxXHbOMY rpadiky. Bin memoHcTpye moBHY Qopmy
BXIIHOTO CHTHAITy, B SIKili T0Ope MOMITHI SIK TIEPiONYHI CKIIAJOBI, TaK i KOPOTKOYACHHUHA IMITYIIBC, IO MOKE CBITUUTH
PO aHOMaJIi1o, TaKy SIK MEXaHIYHUI yap abo pantoBe 30ypeHHs B CHCTEMI.

Hwxue nopnani piBui peranizauii: D1, D2, D3 ta D4. Bonu xapakTepu3yloTh BUCOKOYACTOTHI KOMIIOHEHTH
CUTHAJIy, IO JI03BOJISIE MPOAHAII3yBaTH HOTO CTPYKTYPY 3 Pi3HOIO YaCTOTHOIO PO3JIIIEHOIO 31aTHICTIO.

Haiinmxunii i3 HuX, T06T0 D1, BiAMOBifac HAWBUIUM YacTOTaM i MiCTUTh HAWAPiOHINT QyKTyalrii Ta murym.

PiBai D2-D4 oxommoioTh CepeaHbOYACTOTHHMH Miara3oH, HAa SKOMY 3a3BHYail Kpalle BHAHO XapaKTepHi
IMIyJTbCHI M aHOMauTbHi mmofii. OcoOymMBOi yBaru 3aciyroBye TOH piBeHb, /I Taka MOJiS Bi3yalli3yeTbcsl HalUiTKiIe —
caMe TaM CIIOCTepiraeThes pizKe 3pocTaHHs abo 3MiHa CHTHAY.

OcranHill piBeHb, anpokcuManis A4, BijmoOpakae HM3bKOYACTOTHY CKJIAJIOBY CHTHANY, sika ()OPMY€ 3arajibHUH
TpeHA. Y miii yacTuHI 100pe IMOMITHI MOBLIBbHI 3MiHM CUTHAIY, YCepeJHEH] BiJIIOBIIHO /10 MaciiTaliB, IO Jae 3MOTy
OLIIHUTH HOTO JIOBrOCTPOKOBY JIMHAMIKY.

Otxe, meron JIBII nae 3mory edeKkTUBHO JIOKai3yBaTH aHOMaJIbHI JUISTHKM CHUTHAIly SIK Y 4acoBiH, Tak i B
4acTOTHIN uronuHi. Ha BiAMiHY BiJ KJIACHYHUX METO/IB CIIEKTPAILHOTO aHaNi3y, BEHBIET-AEKOMIIO3UIS 3abe3neuye
OaraTopiBHEBE MPEACTABICHHS CHUTHAIY, IO € OCOOJMBO IIIHHUM Ipu 0OpoOIi HecTamioHapHUX MporieciB. Take
MIPEJCTAaBICHHS € KOMIIAKTHHUM 1 NPUAATHUM IS TOAANbIIOi 00poOkM — 30Kpema, (impTpariii, CTHCHEHHS abo
aBTOMATHYHOT'O BUSIBIICHHS aHOMAJIH.

ITeperBopennst @yp’e Ta BeliBIeT-NepeTBOPEHHs B aHAJI3i BiOpauiii.
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V mpomeci aHamizy BiOpaliiHUX CHUTHATIB JJIS BUSBJICHHS aHOMATIH 1 XapaKkTEepHHUX 3MiH BXKIMBO 0O0paTH
BiamoBigauit Metox meperBopenns [23]. Ha puc. 1-3 HaBemeHO TPHKIAIM pe3ylbTaTiB, OTPUMAHHX 3a JOMOMOTO0
Tprox miaxoxis: [ITID, BBII ta IBII.

Puc. 1 nemoHCTpye cnekTp curHairy, orpuManuii 3a momomororo HITID. Ieit meTox 3abe3nedye mpeacTaBICHHS
CHUTHAJIy y 9acTOTHIH 00JacTi, ofHAK HE MICTUTH iH(pOpMalii Ipo Yac MOSBH THUX UM IHIIMX YacToT. ToOTO, aHaImi3
HaJla€ CcepelHbO3BAKEHY XapaKTePHCTHKY CIIEKTPY 3a BECh IHTEpBaJl CIIOCTEpekeHHs. Takuil miaxig € 0OMeXEeHUM y
BHUIA/IKAX, KOJIM HEOOXIIHO MOCIIIUTH HECTALlIOHAPHI a00 IMITYJIbCHI MO

Puc. 2 nmonae yaco-4acToTHy KapTy, nooynoBaHy Ha ocHOBi BBII 3 Bukopucranusm Beiiiera Mopie. Ha Biaminy
Big LIII®D, neit meTox no3Bosisiec 30epiraTu iHGoOpMailo K OpO YacTOTY, TaK i MPo Yac, 3a0e3Meuyroun JIoKasi3amilo
3MiH y CUTHaJi. SICKpaBi KOJBOPH BKa3yrOTh Ha BUCOKI aMILITYIU (€HEPrilo) KOJIMBaHb y MEBHUH MOMEHT dacy. Takuii
MiAX1A € HaA3BUIaiHO e(heKTUBHIM ISl BUSBICHHSI KOPOTKOYACHHUX IMITYIIBCIB, IO MOXYTh CBiTYHTH 1po Aedextn abo
30ypeHHS y CUCTEMI.

Puc. 3 inrocTpye TUCKpeTHE BEHBIIET-TIEPETBOPEHHS CHTHATY, BUKOHAHE 3 BUKOPHCTaHHAM BeifBiieta Daubechies
(db4) mo werBepToro piBHA Aexommnosumii. Ha rpadiky mpencTaBieHo opuTiHATBHAN CHTHAN, KOMIIOHEHTH AETai3amii
(D1-D4) Ta ampokcumariito A4. JIBIT po3kiagae CHrHaN Ha 4acTOTHI [Tialma3oHH 3 Pi3HOI PO3IIIBHO0 3MATHICTIO Ta
O3BOJISIE BUSBIIATH aHOMAJil Ha pi3HMX MacmrTabax. 30KpeMa, MOKHA BH3HAYMTH, Ha SKOMY piBHI HalKparie
JIOKATi3y€EThCS
IMITyJIBC — 1€ JJa€ 3MOT'Y TOYHO iJeHTH(]IKyBaTH YaCTOTHHH Jlialla30H Ta YacOBY JIOKIII3alliio MOJiT.

Tabmuus 1 — TIlopiBusHHs mneperBopeHHss @Dyp’e Ta BeiiBner-nepersopens (BBII/JABII) mns anamizy
BiOpaIlifHUX CUTHAJIIB
.y R BeiiBner-nepeTBopeHHs

Kpurepiit IIepetBopenns @yp’e (BBIT/JIBIT)

INomaHHs y 4acTOTHIN 00JIacTi Tak Tak
Jlokaunizanist y yaci Hemae €

[TiAX0MUTh IS CTALlIOHAPHUX CUTHAIB Tak Tak
ITiaxX0IUTh 11 HECTAIlIOHAPHUX CUTHAJIIB Hi Tak

3acTocyBaHHs IS IMITYJIBCIB, 30YpeHb Ob6mexeHe EdekTruBHEe

I'moGanpHa criekTpaibpHa BararopiBHeBa (neramizamis i
dopmar mpencTaBIeHHAS .
XapaKTePUCTHKA anpOKCHUMAITisT)

Takum 9mHOM, BHOIp METOLY 3aJICXKHUTH BiJ KOHKPETHOI 3aJadi: U1 MiarHOCTHKH HeCTallloHapHUX abo
IMITyJIbCHUX SIBUII JIOIUIBHO 3aCTOCOBYBATH BEHBIIET-TIEPETBOPEHHS, a JJISI OI[IHKH 3arajibHOTO CIIEKTPAIbHOTO CKIIaLy
— xnacuyne IO (tadm.1).

ExcnepuMeHnTabHa yCTAHOBKA Ta 30ip BiOpauiiiHuxX cUrHaJiB.

Jnst mocnimpkeHHs BiOpauiiiHux curHaiiB Ta nepeBipku edexrtuBHocTi Merony BBII, Oymno mposeneHo cepito
eKCIIepUMeHTIB Ha Jabopatopromy crerai Bently Nevada RK-4 Rotor Kit. ExcriepuMeHTH OXOILTIOBAIA SIK CIIPABHUIA,
TaK i HECTIPABHUH CTaH POTOPA, 3 MOJCTIOBAHHIM Pi3HUX THIIB Ae(EKTIB MPH 3MIHHUX MIBUAKOCTIX 00epTanust [24].

Ha puc. 4(a) mogano 3arajapbHHi BUTJISA] €KCIIEPUMEHTAILHOTO CTEHJIa Ta CHCTEMHU 300pYy CHTHANIB. Y CTaHOBKA
CKJIQJIa€ThCSl 3 THYYKOTO CTAJICBOTO Bajia, 3 €HAHOTO 3 €JIEKTPOJBUTYHOM i3 PEryJbOBAHOIO IIBUIKICTIO O0EpPTaHHS.
Ban migrpuMyeThes 1BOMa POJIMKOBUMH IIiIIIMITHUKAMH, SIKI 3aKpIiIUIeH] y CTalleBUX oropax (Mo3Ha4YeHux sk a i 6 Ha
puc. 4(0)). Y cepenHiii 4acTuHI Baja 3aKpIIUICHHA OIUH JKOPCTKHU JHCK JiaMeTpOM 75 MM, TOBIIMHOKIO 25 MM Ta
macoro 0,845 kr.

{06 mocmiauTy BILIHB NedeKTiB HA BiOpamiiHy MOBENIHKY CHCTEMH, Y KOHCTPYKIII OyJIO peaiizoBaHO JEKiTbKa
THUIIIB HECTIPABHOCTEH:

o Imitamis mucOamaHCy 3AiliCHIOBaNiacs NDIIXOM JomaBaHHS jgomatkoBoi wmacu (0,018 «kr) 3
ekcieHTpucutreToM 10 MM, 3aKpiljIeHol Ha IUCKY.

e Tpimmaa y Bam iMiTyBamacs 3a AOMOMOTOI0 JIBOX B3aEMHO NMEPNEHIUKYISIPHUX padialibHUX MPYKUH, 10
BiITBOPIOIOTH IMHAMIKY TaK 3BaHO1 «IUXAI0U01» TPIIIUHY.

e Teprs tumy «rub-impact» peami3oBaHe B TOuIi, MO3HadeHi Ha puc. 4(0) mudporo 11, muraxom
BCTaHOBJICHHSI MAaJICHBKOTO TBHHTA Ha KOHTPOJBOBAaHilM BiAcTaHi Bix moBepxHi poropa. IIpm obepranHi BigOyBammcs
MePioOIUYHI JIETKi KOHTaKTH POTOPa 3 TBUHTOM, IIIO JI03BOJISLIIO MOJISITIOBATH JIOKAIIbHI 30ypeHHs abo yaapu.

VYci ekcrnepuMeHTH TNMPOBOAMINCH NMpHU OOEpPTaHHI poTOpa B OJHOMY HAMNPSAMKY, MO0 YHHKHYTH 3BOPOTHOTO
BIUIMBY cml TepTs. IlIBuaKicTh oOepTaHHS KOHTpPOJIOBAJIACS 3a JOIMOMOIOI0 JIa3epHOTO TaxOMETpa i 3MiHIOBaJlacs B
Mexax Bin 900 mo 4500 06/xB.
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Puc. 4 — 3aranpHuil BUTIAI eKciepUMeHTanbHOT yecraHoBkH RK—4: 1 — migcmmoBau Ascent;
2 — cucreMa anainizy Scout 100; 3 — inTepdeiic 300py AaHuX; 4 — €IEKTPOJBUTYH; 5 — TaTYMKK HAOMKeHHs; 6 — Ba; 7
— CUMYJIATOD TpilMHK; 8 — 1uck; 9 — onopa Baja; 10 — nasepuuit TaxomeTp; 11 — rBuHT At imiTanii Tepts ("rub-
contact™).

30ip BiOpaIliifHUX CHUTHAIIB 3IIMCHIOBABCSA 3a JOIOMOTOI0 YOTHPHOX OC3MOTHKOBUX JATYHMKIB HAOIMDKCHHS, SKI
Oynu BcTaHOBINICHI Ha (iKcoBaHil BijgcTaHi Bif Bayia. J[aTYMKM OpIEHTOBaHI y IIBOX B3a€MHO MNEPIEHANUKYJSIPHHX
IUIOIIMHAX, IO JO3BOJLUIO (PiKCyBaTH pamianbHI KOJWBAHHS pOTOpa Y BEPTUKAIBHOMY Ta TOPH30HTAIBHOMY
HampsAMKaxX. Y ci BHXi/IHI CHTHAJH IiICHITIOBAJIIICS 32 JOMIOMOTOIO MiJCIIIOBada Ascent Ta HaIXOAWIH 0 KOMIT I0Tepa
gepe3 iHTEepdeiic 300py HaHNX, KepoBaHHUH 3a qormomoroio Matlab Toolbox.

s peectpamii JAHIX BHKOPHCTOBYBAJIOCS BHAMIipIOBaJIbHE o0aTHaHHSA Commtest
(Bepcizs  11.6.0), y moemHamHi 3 mporpaMHUM 3a0esmedeHHsAM Ascent 2013, a TakoX  yTWITAMH
Scout 100 ta Vibration Assistant, mo 3abe3nedyBaau 00poOKy, Bi3yami3alliro Ta IONepeaHil aHaji3 CUTHAIIB.

OtpuMani BiOpaliifHi CUrHaMM aHaNi3yBaJMCs SK y 4YacTOTHIM obnacti 3a momomoroto IIII®, tak i B waco-
4acTOTHiN obnacrti 3a nornomororo BBIL

AHani3 BiOpauiiinoi peakuii poTopHoi cuctemMu npu aucdajanci Ta 0CbOBOMY 3YCHJLII.

VY nepuiiii cepii ekcriepuMeHTiB 0yJI0 AOCIIKEHO TopciiiHy nedopmario Bajia HUISIXOM 3MIHH KPYTHOTO MOMEHTY
enekTpoBuryHa. [loganpuinii CibHUIA aHaJi3 YaCTOTHOTO CIIEKTPa, TPAEKTOpii poTopa, opOiTanbHux aiarpam Ta bBIT
JIO3BOJIMB 1I€HTH(IKyBaTH OCOOJIMBOCTI MPOSIBY AucOalaHCy Ha OCHOBI €KCIIEPUMEHTAIbHMX BiOpaIliifHMX cHUTHAaIIB.
Poropna cucrema 3 mucOamaHcom Oyrna mporecToBaHa Ha BHCOKMX obOeprax a0 10000 06/xB OUIIXOM pYYHOTO
PperyJIoBaHHs MIBUAKOCTI €JIEKTPOABUTIYHa (pHcC. 4).

Ha puc. 5 npezncraBiieHo peakiito CUCTEMH y BHITAJIKy IUcOalaHCy 3a BIJCYTHOCTI TpimuHM abo TepTs. 3 aHamizy
opbitanbHOI niarpamu (puc. 50) BHOHO, IO MPOXOKEHHS KPUTUYHOI MIBHAKOCTI CYNPOBOIKYETHCS XapaKTepHOIO
nedopmaniero TpaekTopii poropa — ¢GOpMyeThesl 3aMKHEHe opOiTanbHe Kinmbhe. Ha mowarkoBid cranii obepraHHS
amInIiTya 3pocrae 10 MakcuMmymy Ri = 23,3 MM (y pe3oHaHCi), Miciisi 4Oro CTaduIi3yeThesi 10 peryJsipHOT KpyroBoi
Tpaekropii. MiHiMajabHa aMIUTiTy1a OpOiTH CTaHOBUTH Rz = 2,3X107° M, 110 BiAMOBINAE MEPIIii KPUTHYHIHN HIBHIKOCTI
® = 1132,27 06/xB (puc. 5a). YactoTHuii criexTp, nodynosanuii 3a 11D (puc. 5B), mokasye BUpakeHy TapMOHIKY
nepiroro nopsaky (1X) 3 makcumymom npu 23,46 T'u, mo miaTBepKye IOMiHyBaHHs AucOallaHCy Yy JUHAMIYHIN
BiAIIOBizAl cucTeMu.

Jlist tubioro aHani3zy Oyyin MpoBesieHi JOAATKOBI eKcriepuMeHTH mpu Hu3bkii (1150 06/xB) Ta BUCOKii (2570
00/XB) MBUAKOCTSX 3 BUKOpHcTaHHAM BBII. AHami3 curHaiiB 03BOJIMB BUSIBUTH NPHXOBaHI 0COONMBOCTI, AKi OyiH
HeBuaUMi B crektpi Dyp’e. VYV mociipkeHHsAX Oyiio BUKOpucTaHO BeiiBiet Daubechies i Morlet, sxi BusBHIHCS
e(heKTUBHUMU JJIs TIarHOCTUKU IUCOAIaHCy.
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BeprukansHe sigxuneHHs poropa (kanan M-P)
npu weuaxocti 1124 o6/xs, yacrora

B
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Puc. 5 — Peakist poTopHOi cucTemu 3 ArcOaraHCOM ITiJ 9ac po3roHy npu 1124 06/xB: a) 6iuyHe 3MilIeHHS Baia; 0)
opOiTanbHa TPAEKTOPISA POTOpa IpH AucOaNaHCi; B) eKciepuMeHTansHuH criexTp [ITID

Ha puc. 6 300paxeHo nBOBUMIpHY (6a) Ta TpuBUMIipHY (60) ckeitorpamu BBIT ais mucbanancoBaHoi CUCTEMHU
npu mwBuAKocti 1124 06/xB. O6uBa rpadiky € nepeBaxHO 3rIIKSHUMH, 32 BUHATKOM OKPEMOI AUISIHKY no0nusy t =
3400 c, e BimOyBaEThCSA PE30HAHC, CIPHUYMHEHUN CKCIICHTPUYHOI Macoro. Oco0IMBO MOMITHA 30Ha BUCOKOI eHEpril
(uepBoHMIA
Ha 3D-ckeiinorpami (puc. 60), sika CBIqUNTH MPO 30YPKEHHsI CUCTEMH TIPH MEPIIii pe30HAHCHIH YacTOTI.
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Puc. 6 — 2D ta 3D ckeitnorpamu peakiiii He3bamancoBanoro poropa RK-4 (1124 06/xB), oTpuMaHi MeTo10M

Oe3rnepepBHOTO BEHBIICT-TIEPETBOPEHHS: a) MoTNepeydHe 3MilieHHs, 0) TpuBuMipHa BBII -ckeiinorpamMmma

Ha puc. 7 mokazaHo aHajoriuxi ckeinorpamu g Oinpmioi mBHAKOCTI poTtopa 2570 o6/xB. IlopiBHSHO 3
nonepenaHiM BunankoM, bBIT -anamiz BusBise Oibllie YaCTOTHUX KOMIIOHEHT, 30kpeMa y aiamazoni 80-237 T'm, ne
(dbopmMyeThes TIibHA YepBoHA 30HA (puc. 70). Lls oOiacTh BiAMOBiAAa€ KiTbKOM JOKATLHUM PE30HAHCHHUM TTiKaM, SKi
Oy oBHicTIO HeBUAMMI y cnektpi LUII®D (puc. 58). Lle cBiquuTh npo nprxoBaHi MOAM KOJMBAHb 1 HENiHIIHI eeKTH,
3yMoBIeHi aucbanancoMm. OcobmmBo uytnuBo BBII pearye Ha 3pocTtaHHs IIBHIKOCTI oOepTaHHs, (iKCyIOUM 3HA4HI
€HepreTuy4Hi 30ypeHHs B CUCTEMI.

169



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

- BigHoBneHMiA CurHan 500 puxoBaHi YacToTw
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Puc. 7 — ExcriepumenTansai 2D Ta 3D cketinorpamu BBII miist po36anancoBanoi cuctemu RK-4 Ha gactoTti obepraHHs
2570 06/xB: a) 60KOBe 3MiIIEeHHS po3banancoBaHoro Bana; 0) 3D BBII 60okoBoTro 3MimIeHHS PO30alaHCOBAHOTO POTOPA.

TakuMm 9rHOM, pe3yibTaTH IMiATBEPIXKYIOTH (pHc. 7a Ta 70), IO MPH BHUCOKIHM MIBHAKOCTI AucOaiaHC iHIYKYye
cwtbHI (rykryamii eHeprii B poTOpHIii cucTeMmi. AHalli3 y 9acOBO-YaCTOTHIN IUIOMIMHI JO3BOJISIE BUSBUTH YHCICHHI
JIOKaJIbHI 3MiHM 9aCTOTH, 5IKi He QIKCYIOThCS KiacmaHUMH MeTofaMu. BBII 3a0e3mnedye BUCOKY TOUHICTh JIOKAJI3AIIiT SIK
y 4Yaci, Tak 1 3a 4acTOTOl, TOMy € e(EeKTHBHHM IHCTPYMEHTOM MAiarHOCTHKH AucOanaHcy Ta IHIIUX Je(eKTiB y
BUCOKOUIBH/IKICHUX POTOPHHUX CHUCTEMaX.

BucHoBku.

VY xoni nmocmipkeHHsT OyJl0 MPOBEJNCHO MOPIBHSUIBHUK aHaji3 METOMAIB CHEKTPaJbHOIO Ta 4acO-4aCTOTHOTO
MEPETBOPCHHS JIJIsl 00pOOKH BiOpaIiiiHux curHamiB potopHoi cucremu. Kinacuune III1® BusBuiaocs eheKTUBHUM IS
imeHTH]IKamil OCHOBHHX TapMOHIYHHX CKIQJOBHX Ta OIIHKH CIEKTPAaJbHOTO CKJIAAYy CHTHAIY Y CTalliOHApHUX
pesxuMax. Moro 3acTocyBaHHS JO3BOJHIO BHSBHTH JIOMIHYIOUi YaCTOTH, TOB’A3aHi 3 AMCGATAHCOM i PE30HAHCHUME
SIBUIIAMH.

OpmHak A7 DOCHIIKEHHS HECTAIllIOHAPHHUX MPOIIECiB, TAKUX SK IMITYJIECHI 30YpEeHHS, MEPeXifHI PeKUMH UH
nokanbHi nedexry, TP Mae oOMeKeHHs, OCKITBKH HE J03BOJISIE BU3HAYUTH MOMEHT ITOSIBH YACTOTHUX KOMIIOHEHT. Y
upoMy koHTekcTi BBII nmpoaemoHcTpyBano 3Ha4Hy nepeBary 3aBISKH MOXJIMBOCTI JIETAILHOTO aHaji3y CUTHAITY SIK Y
YaCTOTHOMY, TaKk 1 B yacoBOMY BHMipi. 3a momnomororo BBII Oyno BUsIBIEHO pe30HaHCHI 30HH, IMIYJIbCHI MOl Ta
NPUXOBaHI MOJIM KOJIMBaHb, HeBUAMMI y criekTpi @yp’e. Bizyanizanis ckeiyiorpam 103BoJIMIIA JIOKANI3yBaTH aHOMAJTIT 3
BHCOKOIO TOYHICTIO.

JBIT1 3a0esmneunsio OaraTopiBHEBE NPEICTABICHHS CHUTHATY, MO J[AajJ0 3MOTY OKPEMO OCHIIKYyBaTH
BHUCOKOYACTOTHI Ta HHU3bKOYACTOTHI KOMMOHEHTH. Takuil MiJXiJ JO3BOJIMB BHSBUTH KOPOTKOYACHI IMIYJBCH Ta
3MIHUTH CTPYKTYypy CHTHAJIy Ha PI3HHX MacIuTadax, M0 € 0cOoONMBO KOPHCHHM il NMOOYIOBH CHCTEM PaHHBOT
JIIarHOCTUKH Ta aBTOMaTUYHOTO BUSABJICHHS JE(DEKTIB.

ExcriepuMmeHnTanbHi pe3yabpTaTH, OTPHUMaHi Ha poTopHOMY cTeHi RK-4, miaTBepKytoTh, Mo 18 KOMIUIEKCHOT
OIIIHKH TEXHIYHOTO CTaHy OOJiagHaHHS MouinbHO moenuyBatu LITI® i3 meTonamu BeiiBneT-aHamizy. 3okpema, BBII €
HEe3aMiHHMM IHCTPYMEHTOM Yy BHCOKOLIBHIKICHMX CHCTEMax, /¢ HEOOXiJIHO TOYHO BM3HAYATH 4ac MOSBH Ae(eKTy, a
TaKoX HOTro 4acTOTHY Ipupoxay. Takum 4nHOM, BHOIp METOy NMOBHHEH 3AIHCHIOBATHCS 3 YPaxyBaHHSM XapakTepy
CUTHAJTy, TUITY OYiKyBaHUX 30ypeHb i BUMOT JI0 TOYHOCTI JIarHOCTHKH.
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CTEIIAHOB M. C., IITOBYEHKO I1. I., IBAHOBA M. C., XOJJAKOB JI. B., TACAHOB M. I.,
PYJTHEB O. B.

E®EKTHUBHICTb BUXO/)KYBAHHS ITPU LIIJII®YBAHHI B PI3BHOMAHITHUX YMOBAX

IIpouec BUXOMKYBaHHS Npu KpyrjaoMmy nuridyBanHi 3abe3nedye MiHIMI3allil0 3alHIIKOBUX HANpyXeHb B 00poOieHOMY Matepiami Ta
TMOJIMIIEHHS SKOCTI HOBEPXHi, 0cOOIMBO IpH 00poOIIi MaTepianiB 3 BUCOKOIO TBEPAICTIO, OCKLUIBKH 3HIKYETHCS IMOBIPHICTh IOSBH MIKPOTPILIMH Ta
MIOKPAIIY€EThCS MIOPCTKICTD 1 MIKPOCTPYKTypa moBepxHi. [Ipu 11boMy e(heKTHBHICTS IIpoLecy BUXOKYBAaHHS 3aJIXKUTh BiJ] PI3HHX (HaKTOPIB: PexKUMY
pi3aHHs, pO3MipiB 3arOTOBKH, TPUBAIOCTI POLIECY, PIXKy4Ol 3MaTHOCTI Kpyra, IBHIKOCTI 3HIMaHHs MaTepiaiy Ta iH. B cTaTTi HaBeAE€HO pe3ynbTaTu
YHUCIICHHUX EKCIIePHMEHTAIBHUX JOCTiIXKEHb 3alPOIOHOBAHO MAaTEMATHYHI 3aJISKHOCTI JUI PO3PAXyHKY CTanoi yacy HUTipyBaHHS Ta KiTBKOCTI
XOJiB CTONIa, IO JO3BOJSE 3aKiHUyBaTH OOPOOKY 3ar0TOBOK 31 CTPOTrO BH3HAUCHOIO MIBHAKICTIO 3HIMAHHS MaTepially, 3abe3meduye MiHIMaibHE
PO3CiIOBaHHS TOYHOCTI PO3MIpiB mapTii neraneif, mo oOpoOstoThCs. Ha OCHOBI €KCIepHMMEHTAIBHUX [OCIIDKCHb BHKOHAHO OL{HIOBAHHS
aJIeKBaTHOCTI OTPHMAHHUX 3aJe)KHOCTeH pealbHOMY Ipolecy NuTipyBaHHS, NPU SIKOMY BCTAHOBIEHO BHCOKY 30DKHICT pPO3paxXyHKOBHX 1
€KCIIePHMEHTAIILHIX BEJMUYMH. BifXWIeHHS MUTTEBUX 3HA4YeHb JOCTIIKyBaHHX ITapaMeTpiB BiJ CEepeJHBOrO 3HA4YEHHS He HepeBHInyBayo 10%.
HaBoziThest Takoxk pe3ysIbTaTH SKCIEPUMEHTAIBHUX JOCIHIIDKEHb 110 BU3HAYCHHIO BIUIUBY Yacy BHXOKYBAHHS Ha JOCSHKHY ILOPCTKICTb IIOBEPXHI
nurioBaHOI eTali IpH TopLeKkpyrioMy nuridysanHi. BeraHoBneHo, mo npu 3011bIeHH] 9acy miti(yBaHHS CIIOCTEPIraeThCs 3HIKSHHS IOPCTKOCTI,
IPUYOMYy IIeil XapakTep 3MiHEHHs HIOPCTKOCTI € CIIPaBEAIMBHM I BCIX JOCIIPKYBAaHHX IIBHAKOCTEH IUTi(yBalbHOrO Kpyra. Bu3HaueHo TOUHMIA
MOMEHT 4acy 3aKiHYEHHs HPOLECY BUXOMKYBAaHHS, IO CHPHSIE OTPUMAHHIO ONTUMAJIBHOI SIKOCTI 00po06ieHoi moBepxHi. OTpUMaHi po3paxyHKOBI
3aJIeKHOCTI PeKOMEHIYIOTHCS U1 BUKOPUCTAHHS IIPU IPOEKTYBAHHI aBTOMaTH30BAHUX CHCTEM MEXaHIYHOI 00poOKH JeTaneil mutiyBaHHAM.

Kaio4oBi c10Ba: BHXOKYyBaHHS, CTaja 4acy, KiUIBKICTh XOJIB CTOJA, 4ac BUXOMKYBaHHS, CHJIA Di3aHHS, PEeXXUM pi3aHHS, IIBHIKICTH
LTI yBaIbHOTO KPYTa, IIBHAKICTH 3HIMAHHS MaTepiaiy.

STEPANOV M,, LITOVCHENKO P., IVANOVA M., KHODAKOV L., HASANOV M.,
RUDNEYV A..
GRINDING EFFICIENCY IN VARIOUS CONDITIONS

The process of nursing during cylindrical grinding ensures the minimization of residual stresses in the processed material and the improvement
of the surface quality, especially when processing materials with high hardness, since the probability of microcracks is reduced and the roughness and
microstructure of the surface are improved. At the same time, the effectiveness of the nursing process depends on various factors: cutting mode,
workpiece dimensions, process duration, cutting ability of the circle, material removal rate, etc. The article presents the results of numerous
experimental studies and proposes mathematical dependencies for calculating the grinding time constant and the number of table passes during
nursing during cylindrical external and internal and face grinding, which allows finishing the processing of workpieces with a strictly defined material
removal rate, provides minimal dispersion of the accuracy of the dimensions of the batch of parts being processed. Based on experimental studies, an
assessment of the adequacy of the obtained dependencies to the real grinding process was performed, in which a high convergence of the calculated
and experimental values was established. The deviation of the instantaneous values of the studied parameters from the average value neither for the
grinding time constant nor for the table stroke number did not exceed 10%. The results of experimental studies on determining the influence of the
cooling time on the achievable surface roughness of the ground part are also presented. It was established that with an increase in the grinding time, a
decrease in roughness is observed, and this nature of the change in roughness is valid for all the studied grinding wheel speeds. The exact moment of
the end of the cooling process was determined, which contributes to obtaining the optimal quality of the processed surface. The obtained calculated
dependencies are recommended for use in the design of automated systems for mechanical processing of parts by grinding.

Keywords: cooling, time constant, number of table strokes, cooling time, cutting force, cutting mode, grinding wheel speed, material removal
rate.

1. Beryn. Tpagumifiamii iukn oOpoOKH Ha KpYTIOMUTi(pYBabHAX BEpCTaTaX CKIagaeThes 3: (JOpCOBaHOI momadi
JI0 TOPKaHHs Kpyra i3 3aroTOBKOIO; ILTi()yBaHHS 3 MOIEPEAHBOIO Mojaueo (YOpHOBe HuTipyBaHHs); LUTIpYyBaHHS 3
OCTaTOYHOIO MMoJIaueto (YMCTOBE NUTI(QyBaHHs); BUXO/KyBaHHs. OCHOBHA YaCTUHA MPHUITYCKY BHIAJSETHCS 13 3aTOTOBKH
Ii/1 4ac BUKOPHUCTAaHHS MoOMNepeaHboi i ocTatoynoi nojad. OfHaK Mpu BUMUKaHHI OCTaTOYHOI Mojavi nutiyBaibHOTO
Kpyra B Iepiojl BUXO/PKYBaHHS TAaKOX 3JIHCHIOETHCS 3HIMAHHS MaTepiaiy JeTalli BHACIIIOK MpYKHHUX aedopmarriii
TEXHOJIOTIYHOI CUCTEMH.

2. AHaJTi3 OCTaHHIX T0CTiTKeHb Ta MyOTiKamii.

YcknagHeHHs 00poOKH 3 MOHOTOHHUM ITOHIKCHHSAM TOAayi (MIBHIKOCTI 3HIMAaHHS MaTepiany) 3IiHCHIOETBCS 3
METOI0 TMIABHINCHHS MPOAYKTHBHOCTI OOpPOOKM 3 BpaxyBaHHSAM OOMEXCHb y BHUIJIANI 3a0€3IEYCHHS OTPUMAaHOL
TOYHOCTI JieTanei [1].

B po6orti [2] koHCTaTy€eThCS, 1110 ONTUMAIBHUM € HUKI IUTi(YBAHHS, KU BKIIIOYAE TIBKH €Tar BUXOJUKYBaHHS,
a OurbIl OJM3BKMM [0 ONTHMAJIBHOTO BapiaHTy € OJHOCTYIIHYAaCTHH LMK 3 EKCIIOHEHIIaJIbHOI 3MIiHOI0 Y dHaci
BEJIMYMHM NOAAYI.

IIporec BUXOmKyBaHHS IpH NUTIQYyBaHHI JOCTIHKEHO JOCTATHRO IPYHTOBHO.

BceranoBneno, mo mpu po3poOili aBTOMATH30BaHMX LUKIIB NUTIQYBaHHS BaXXIMBO 3HATH XapakTep 3MiHU
MPY)KHUX TIEPEeMIlIeHs B TEXHOJOTIYHii cucTeMi 3 Tedero dacy oOpoOku. OOpobOka 3aroToBku 0e3 mojadi Ha
OCTaHHBOMY XOJi BHXOJDKYBAaHHsS [I03BOJISIE CYTTEBO 3HHM3MTH BEJIMYHMHY IIPYKHHUX I€peMillleHb, TUM CaMHM
3a0e3NeunTH 3aBJaHy TOYHICTh 00pOOIIOBaHOI JeTali.

Panime Gyso orpumano ¢opMyity, 10 ONUCY€E 3MIHEHHSI pajiiyca 3arOTOBKH 32 IePioJl BUXOAKYBaHHS:

So
”dg!s“‘AV _ ﬂd3.8
S I(p JZ kp JZ
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ze d, — miamerp 3aroToBku, wo muTiyeThes; k, — KoedilieHT pixydoi 3paTHOCTI HLTiyBanbHOTO Kpyra;, B, —
IIMPUHA LITi(yBaHHA; j; — CyMapHa )KOPCTKICTh TeXHOJIOTi4HOI cucremMu; S i S, — MIBUAKICTH 3HIMAHHA MaTepiaimy
Ha MOYaTKy i B KiHIII BUXOJ/KyBaHHs, BiJIIIOBITHO.

Takox orpuMano GopMyiTy [y BUSHAYCHHS Yacy BUXOMKyBaHHs [3]:

1 tyo
T == In>*=
: k t
JZ pa M3
ne  k,,— niniiiEwi KoedinieHT pisaHHs, MO BU3HAYAETECS 3a 3aMexkHicTIo: K, = 4B’ ty, 1 t,,;— poboua noxaua i
37w

o/1ava BUXOJ[KYBaHHS, BiIIOBIIHO.

Ha TemepimHiil yac TeopeTHIHO BU3HAYCHI YMOBH 3MCHIICHHS BEJIMYMHU NPY>KHOTO MEPEMIIIeHHS 1 OCHOBHOTO
gacy o0po6ku [4].

EdekTuBHICTh BUXOPKYBaHHS MOYKHA OLIIHUTH MONPABOYHUMH KoedillieHTaMH, sSKi BBOASATHCS B 0a30Bi Mojeli
0araToBUMIPHOTO JIHCIIEPCHOTO aHaJi3y 3 MOCTIHHUMHM (haKTOpamH, MOIIYK SIKMX BUKOHAHO 0e3 BUXOJKyBaHHS. [lpm
YOMY HaWOLIbLI 3HAYMMO BUXOJUKYBAaHHS MOJKE BiIOOpA3WUTHCS Ha 3MEHIIEHHI BUCOTHOI'O MapaMeTpa MIOPCTKOCTI Ta
301IBIICHH] BIIHOCHOT OMOPHOT TOBKUHH mpodins [5].

Pa3oMm 3 TuM, HemocTaTHBO iH(GOPMAILT MO TOYHOMY BH3HAUYEHHIO KiIBKOCTI XOMIB BHXO/KYBaHHS (HAIpUKIa,
TIPH TIOB3IOBXKHBOMY KpyTiioMy nutidyBaHHi). Takox BiICYTHINM MOPIBHAUIEHUM aHANI3 0COOIMBOCTEH BUXOIKYBAaHHS
TIpY BUKOPUCTAHHI Pi3HUX CXeM IUTi(QyBaHHs, KOTPE BUKOHYETHCS 3 PI3HIMH IIBUIKOCTSMH Pi3aHHS.

[IpakTHYHO HE JOCTIDKeHA CTEHiHb BIUIMBY 3aTYIUICHHS Kpyra Ha MpOLECH BUXOMKYBaHHA. Maio JOCITiIKSHO
BIUIMB IIBHIKOCTI Pi3aHHSA, IO TEpeAye BHUXOKYBaHHIO 1 TOJadi Ha MapaMeTpH Iporecy HutipyBaHHA 1 SKICTh
00pOOIICHOT ITOBEPXHI.

3. Meta pociix:kenns. TeopeTHyHe i eKCIepUMEHTabHE JOCHIIIKEHHS BIUTMBY IapaMeTpiB PESKUMY pi3aHHS Ha
e(eKTUBHICTh BUXO/XKYBAHHS TP Pi3HUX CXEMaxX KPYIJIOro NUTiyBaHHS Ta BU3HAUYEHHS 3aJI€KHOCTEH JJIsl PO3PAXYHKY
TOJIOBHUX TIapaMeTPiB BUXOKYBaHHs — CTAJIOl Yyacy HuTi)yBaHHS Ta OTPIOHOT KIIBKOCTI XO/IB CTONA.

4. BukJjiajgeHHs 0OCHOBHOI'O MaTepiaJy.

Kpyene 3o8niwine nos3dosxcne wnigpysamus.

Bigomo [6] mio sKicTh OBEpXOHb, 00pOOIEHUX HITiQyBaHHSIM, BU3HAYAETHCS KIHLEBOIO LIBHIKICTIO 3HIMaHHS
MeTaly i3 3aroTOBKH. 3 METOIO ITiIBUICHHS NPOAYKTUBHOCTI BaXKIMBO 3HATH MOMEHT 4acy, KOJIM IBUAKICTH 3HIMaHHS
MeTary Oyne JOpiBHIOBATH 3aBHaHIH i, OTXKE, IPH YMOBI OTPHMaHHS MOTPiOHOTO pO3Mipy, MOJKHA JaBaTH KOMaHIy Ha
3aKiHYCHHS IUKITy NDTiQyBaHHS. 3aBIsSKU BOMY, Oy/e 3MEHIICHO Yac OCTATOYHOIO eTamy IutigyBaHHS, a OTXe, Oyae
IOCATHYTE MiHIMAJIBHUHN 9ac 00pOOKH B ILITOMY.

OpmHUM i3 HAWBXIMBINIMX TapaMeTpiB Mpolecy HUTipyBaHHSA € CTala Yacy, OCKUIBKU SBJISE COOOK0 CyMapHY
OIIIHKY JIBOX OCHOBHHX BEIIMYMH — Koe(imieHTa pikydoi 3aTHOCTI Kpyra i MPHUBEICHOI 0 30HU pi3aHHS JKOPCTKOCTI
TEXHOJIOTIYHOT CUCTEMH.

KoedinienT nponopuiiHocTi MK NpYXHUMH AedOpMalisiMA TEXHOJIOTIYHOI CUCTEMH 1 IIBUIAKICTIO 3HIMaHHS
MeTaiy (abo cuiI0I0 pi3aHHs) XapakTepu3ye eheKTHBHICTh Mpoliecy HutihyBaHHS 1 HA3UBAETHCS CTANION0 Yacy MPOLECY.

Bigomo [7], mio mpu KpyriioMy 30BHIIIHBOMY HuTiQyBaHHI NPH BUMHKaHHI IOJAayi MiJl 4ac BUXOJPKYBaHHS,
HIBUJKICTh 3HIMaHHS Marepiany (Cuijia pi3aHHs) 3MIHIOETHCS 38 €KCIIOHEHIIaJbHUM 3aKOHOM. ToMy, JUls BU3HAYEHHS
CTaJI0i 4acy MOKHA CKOPUCTATHUCS HACTYIMHOIO BIACTHBICTIO €KCIIOHEHTH.

st etammy BUXOMKYyBaHHS (IPU 3YMTYBaHHI OKAa3HUKIB 3 IaTYMKA CUIIM) MOXKHA 3aITUCaTH:

R-e" =R, ®

I:>i 'eT” = I:)i+2 . (2)

P
ﬁ =|n—-L ()
Tn i+2
3 piBHsHHSA (3) BU3HAYAEMO CTAy Yacy:
T, =, @)
In h
Pi+2

ge T —cranauacy nuidysanns; At — mpoMbkok yacy, yepes KU IPOBOAUTHCS BUMIPIOBAHHS CUIM pi3anHs; P, ,
P

), — BEIIMYMHU BUMIpPSAHOT Yepe3 NpoMiXoK yacy At cumu pi3aHHS.
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IIpyn moB370BXXKHBROMY ILTiIGYBaHHI TiJ Yac OJHOTO XOIYy CTOJIA CHJIy pi3aHHA MOXHA BBaKaTH HE3MiHHOIO
(P = const). TIpn BUXOPKYBaHHI CHJIa Pi3aHHS 3MEHIIYETHCS IUCKPETHO BiJ XOMy JO XOXIY CTOJa, 3aMIIAI0YKCEH MTPU
[[OMY MPOTSATOM OJHOTO XOJa CTOJIa MaJO3MIHHOI, TOOTO, MPAKTUYHO MOCTiHHOW. J[is BH3HAuUEHHs CTajol yacy
BUXOJDKYBAHHSI BUMIPIOBaHHS CUJIN Pi3aHHS MPOBOIIIM i/l 4aC KOXKHOT'O X0y CTOJA.

Yac 01HOTO X0y CTOJIa BU3HAYAIHM 32 3aJICIKHICTIO

At=——, (5)

cm

Jac Bj — JOBXXHHa YaCTUHU 3aroTOBKH, dKa IlIJ'qu)yCTLCH; Scm — HIBI/IZ[KiCTL IIOB3J10BXKHBOT'O HepeMiIHEHHH CTOJIA.

3 BpaxyBaHHSIM BHKJIaJIEHOTO Bulle, popmyiia (4) HaOyBae HACTYITHOTO BUTIISLY

T-— B (6)

S Inh

cm
i+2

[Tpu noB3moBKHbOMY LUTIGYBaHHI 3MIHEHHS CWJIM pi3aHHS Ha €Tali BUXO/DKYBaHHS 3JIMCHIOETHCS uepe3
MPOMDKKH 9acy, 10 JOPIBHIOIOTh Yacy OJTHOTO X0y CTOJA BianoBiaHO 10 Gopmynu (5).

3MiHEHHS CWJIHM pi3aHHS NpPH BHUXO/DKYBaHHI MOXKHA TPEACTaBUTH y BUDIANI (puc. 4,a). Skmo Bupamutu
MPSIMOJTIHIMHI TUISHKH, IO BiATIOBIAAIOTH CHJII Pi3aHHS 32 MEpioJl OJHOTO XOJa CToJa, Ta 3’ €IHATH MOYATKOBI TOYKH
X AUITHOK, MOXKHA OTPHMATH €KCIIOHSHTY, L0 OKa3aHa Ha puc. 1,0.

3 BpaxyBaHH;IM BHpa3zy (3), It i€l eKCIIOHSHTH MOXKHA 3aITUCaTH

t P
—=In (7)
Tn I:)min
ze P — 3HAUEHHS CHWJIU Pi3aHHA B MOMEHT II0YATKy BUXO/PKYBaHHS; P, — 3Ha4eHHS CHIIM Pi3aHHA NIPU SIKOMY
3aKiH4y€eThCsl Tpolec o0poOku; t — dYac, MPOTArOM SIKOTO CHJAa Pi3aHHS 3MIHIOETBCS BiJi MaKCHUMAJIBHOTO [0
MiHIMaJIFHOTO 3HAYEHHS.
I3 Bupasy (7) MoxHa BU3HAYHUTH 4ac t
P
_ i+1
t=T, In=. (8)

i+2

SIkmio BiJOMMIA yac oJHOro Xony crojia (auB. dopmyiy (5)), MOXKHA BU3HAUUTH KUIBKICTh XOJIB CTOJIA, MiCIIs
3MIACHEHHS SIKUX YCTAaHOBUTHCS HEOOXIHE 3HAYCHHS CHJIH Pi3aHHS.

Py

i & 58 4 8 ¥ % E 9§ Hom
HOMCP Xonycrona — 7
a) 6)
Puc. 1 —I'pacix 3MiHEHHS cHIH pi3aHHSA IPU BUXOKYBaHHI

P

; T, In Pmax

n=—-= min ) (9)
At At

[MincraBusiuu 3Hauenns: At i3 popmynu (5) y dopmyiny (9), orpumaemo octaTouHHi BU BUpa3y Uil pO3paxyHKy
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KUIBKOCTI XOiB BUXOKYBaHHS

T P
n= —S”’" Ln (10)
83 I:)min

[lepeBipky KOpEKTHOCTI OTPHMaHHMX 3aJIe)KHOCTEH NpOBOAMIM Yy JBa eTanu. Ha mnepmomy erami 3a
eKCIIEpUMEHTAJbHIMHU JJaHUMU BH3Hauaad cTamy dvacy 1,. Ha apyromy erami, 3 BpaXyBaHHSAM 3HayeHHA T, ,

PO3paxoByBaJH KUTBKICTh XOIB BUXOKYBaHHS, IO IMTOTPiOHI I BCTAHOBJICHHS 3aBIAHOI CHITH Pi3aHHS i BUKOHYBAIH
KOHTpoJNbHE mutipyBanHs. [lim gac mepmoro KOHTPOIBHOTO HUTiyBaHHS AETanb OOpOOISITH METOAOM IMOB3IOBXKHIX
MPOXO/iB, MO 3aKiHYCHHI YOro 3IIMCHIOBAIM JCKUIbKA XOJIB cTONa Oe3 momayi Ha rimOuHy. [lin 4ac BUXOIKYBaHHS
3 CHIOBAIM BUMIPIOBaHHS CHJIM Pi3aHHS Ha KOKHOMY Xoji crona. [Ticns ananizy orpumManoi indopmanii (Hanpukian,
00poOKHM OCIMIIOTPaMHM) 1T0 OTPUMAHUM KOXKHHM JIBOM 3HaU€HHSM CHIIM pi3aHHs 1o (opMmyiti (6) BU3HAYAIN CTATy 4acy
uutidysanns. IToTim, 3a IeKiabkoMa 3HAYEHHSAMHU |, BU3HAYald HOro CepeHE 3HAUCHHS, SIKe BUKOPHCTOBYBAIM AT

MTOTAJTBIIIOTO PO3PaXyHKY KUTBKOCTI XO/IiB BUXOIKYBaHHS.

[Ticns mporo, MPOBOIWIN MOBTOPHE NUTI(YBaHHSA 3aTOTOBKH i3 (iKcalli€ro 3MiHEHHS 3HAYEHb CHJIM pi3aHHS MPH
BUXOJDKYBaHHI. I3 ociuiorpamMu BHOMpany 3Ha4YEeHHS CHJIM Di3aHHS Ha [-TOMY, HAlpHUKIAJA, 5S-TOMY XOJi CTOJNa MpH
BUXOJDKYBaHHI 1 migcraBisuin ioro y gopmyny (10). 3 miei ¢popmynu BU3Ha4a M po3paxyHKOBHH HOMEp XoJia CTOja
IIPY BUXOJ/KYBaHHI 1 MOPIBHIOBAIM #0T0 3 ()aKTMYHUM HOMEPOM XOAa, I Yac SIKOro Opanu 3Ha4eHHs CUIIU Pi3aHHS
P. TIlo BimnoBimHocTi (akTH4YHOI PO3PaXyHKOBOI BEIMYMHM KIIBKOCTI XOHiB N MOXKHa POOUTH BHMCHOBOK IIPO

JOCTOBIPHICTh OTPHMaHHX 3aJEKHOCTEH 1 MOXXJIMBOCTI iX BHKOPHCTAQHHS B alIrOPUTMax YIPABISHHS MPOLECaMH
MOB3/I0BXXHBOTO MUTi(hyBaHHSA. EKCIIepuMEHTH TpPOBOAMIN NpH OUTiQyBaHHI 3aTOTOBKH 3i cTaimi POMS miamerpom

D, =90 MM u noBxuHo0 B, =490 MM abpa3uBHuM kpyrom 24A25HCM27K6. BUKOpHCTOBYBaIM HACTYIHI PEXKUMU

uutiQyBaHHs:
— MBHUIKICTH HUTIQyBaJIbHOTO Kpyra — 50m/C;
— IIBUJIKICTH MOB3JI0BXKHBOTO NepeMileHHs crona S, =3000 Mm/xB;

— rubuna pizanas —0.01 mMM;

— KIJIBKICTB XO/1iB BUXOKyBaHHs — 10;

— MPHUITYCK, 110 3HIMaBcs 3a yac nuridgysanus — 0,2 MM.

O0pobky mpoBouIM Ha BepctaTti 3M162H.

PesynbTraTi BUMIPIOBAaHHS CHJIM Pi3aHHs Ha KOXKHOMY XOJ CTOJIa TPU BHXOJKYBaHHI 1 PO3paxyHKOBI 3HaUEHHS
crainoi yacy nuriyyBaHHS HaBeleHi B Tabm. 1.

B Tabn. 2 HaBemeHO pe3ydbTaTH pO3PaxyHKOBOTO BH3HAUYEHHS HOMEpAa XOJYy BHXOMKYBaHHS B MOMEHT
BCTaHOBJICHHS 3aBIaHOI CHUIM pi3aHHsS. Pe3ynpTaTH OTpHMaHO NMpH KOHTPOJIBHOMY HUTi(yBaHHI i BUMIPIOBaHHI CHIIH
pizaHHS.

AHai3 pe3ynbTaTiB HaBeJeHUX y TaOn. 1 i 2 mokasye, mo (opmymu (6) i (10) MOXyTh OYyTH BUKOPUCTaHI IS
BHU3HAYCHHS CTAJO1 Yacy 1 KUTBKOCTI XOJiB BUXOKYBaHHS MIPY TO3]JOBXKHHOMY 30BHIIIHFOMY ILTi(DyBaHHI.

TakuM 4MHOM, SIKIIO BiOMa CTalla yacy IOB3J0BKHBOTO HUTI(YBaHHS 1 BeJMYMHA PajiallbHOI CHJIM Pi3aHHS Ha
OCTaHHBOMY MepeJl BUXO/KYBAHHIM IPOXOJi, MOXKHA pO3paxyBaTH HOMEP XOJy CTOJa, MPHU SIKOMY BCTaHOBIOETHCS
3aBJiaHa BEJIMYMHA CHJIM pi3aHHs (LIBHIKICTh 3HIMaHHS Matepiany). Lle 103BoiMTh 3aKiHuyBaTH 0OpOOKY 3aroTOBOK 3i
CYBOpPO BHM3HAYEHOIO LIBHMKICTIO 3HIMaHHS MaTepiaiy, 1o 3a0e3nedyye MiHIMaJbHE PO3CIFOBAHHS TOYHOCTI PO3MIpiB
(miameTpa) y BCiii maprii neTasuen, 1mo o0poOIIIOThCS.

Tabn. 1 — PesynpraTel BUMipIOBaHHS CHIIH Pi3aHHS MIPHU BUXOIKYBaHHI

B
Ne T, =—-5—.c
X0y Py H S, In L Tocep » ©
i+2
0 405,0 -
1 301,0 33,0
2 221,0 31,68
3 161,0 30,90
4 117,0 30,66
5 86,2 32,04 32,63
6 64,5 33,78
7 48,3 34,20
8 36,1 33,66
9 26,6 362,10
10 20,0 34,32
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Buympiwne winighysanns.

BuMiproBaHHS CHIIM pi3aHHS MIPHU BHYTPINIHHOMY MUTi(yBaHHI BHKIMKAE TEBHI TPYTHOII, OCKUTBKH 3aroTOBKa
mipu 00poO1Ii 3aKPITUTIOETHCS B MATPOHI 1 BAKOPHCTAHHS TPAIUIIIHHAX METOIIB TEH30METPil (HAaIpHKIIaL, 3a JOITOMOTOI0
TEH30METPUYHUX IEHTPIB) HE NPEICTABIAETHCS MOXKINBUM.

VYcraHoBka (Hakielka) OaTYMKIB Oe3lmocepenHhO Ha BY3IH BepcraTy (MaTpoH, KOHCONb IMMUHIENS), M0
KOHTaKTYIOTb 3 0OpPOOJIIOBAHOIO 3ar0TOBKOIO, TAKOXX HEMOJXKJIBA BHACII/IOK 1X 00epTaHHS 3 BEJIMKOIO 4aCTOTO0. 3 IIi€l
NPUYMHA BUMIPH CKJIaJIOBUX CHJI pi3aHHs OyiM 3aMiHEHI Ha BUMIpH e()eKTUBHUX MOTYXKHOCTEH NuTidyBaHHs.

[MotyxHicTh HUTIQyBaHHS BH3HAYaIM 32 JIONIOMOTOI0 BaTMETpa, SIKMH OyB MiAKIIOUYCHHWH B JIAHIIOT >KUBIICHHS
NpuBOAY oOepTaHHs HUTi(yBaTbHOI TOJOBKH.

AHaNTH4YHO e)EeKTUBHY MOTY>KHICTh MOYKHA BU3HAYHUTH 32 (POPMYJIOIO:

N()d) = Nn - N)oc '

ge N, i N_ —crmoxuBaHa MOTYXHICTb 1 IIOTYXHICTh X0JIOCTOIO XOAY, BIAIOBLIHO.

n

Tabu. 2 — PesynbraT po3paxyHKy HOMepa X0/ia CToJIa IIPU BUXOXKYBaHHI B MOMEHT,

KOJIM 3aBJaHa BCINYHHA CUJIN pi3aHH$I anﬁMae CTaJIC 3HAUYCHHA

Ne XOmy Pyi JH n= ScmBﬁ"]% M 100 %
3 max nqb
0 484,0 - -
11 345,1 1,12 12
12 264,1 2,02 1
13 201,3 2,92 2,6
14 152,7 3,84 15
15 110,1 4,93 14
16 79,8 6,00 0
17 56,2 7,17 2,4
18 45,1 7,90 1,25
19 31,9 9,05 0,5
20 24,8 9,89 1,1

[Mpuitmatoun no yBaru 3anexHocti (4), (5) i (6), cTany 4acy Ta KiJIbKICTh XOJIB BHUXOXKYBaHH

s1 BU3Ha4YaeMO 3a

dbopmynamu:
B
T = N (11)
S(.')?l In I+l
Ni+2
Sonl, 1. N
n=—<tn T (12)
Bx M min
ae N, N, — BeIMYHHI BUMipIOBAaHOI MOTYXHOCTI uepe3 mpomixkok wacy At; N ., N . — 3HadeHHS epeKTHBHOI

MOTYXHOCTI UTi(hyBaHHS B MOMEHT MOYATKY 1 KIHIIS BUXO/)KYBaHHs, BiJIIIOBI/IHO.
Pesynbratu pospaxynky T, mas 20 XoXiB crona HaBeIeHO B Tabn. 3. AHami3 pe3yIbTaTiB pO3paxyHKy ITOKa3ye,

IO TIPY BHYTPIITHEOMY MO3/I0BXHBOMY IITi(yBaHH] BiAXUIECHHS BEIMYNHN T, BiJl HOMiHaNIBHOTO He mepesuitye 10%.

Tab6u. 3 — PesynbraT BUMIpY 1 €(eKTHBHOI IIOTY>KHOCTI 1 pO3paxyHKiB CTallol 4acy
IPU BHYTPILIHBOMY LTi(DyBaHHI

Howmep Tn = 83 , € Tn _Tncep
xomy Neg, BT In Ny Tpeep o€ 1100 % %
CTOJIa om N i neep

0 310 107,1 4,2
1 295 102,1 8,6
2 282 113,8 18
3 271 119,4 6.8
4 260 1145 111.8 24
5 249 120,7 7,9
6 239 105,0 6,1
7 228 123,0 10,0
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8 219 105,9 5,3
9 209 112,4 0,5
10 200 1212 8,4
11 192 116,3 4,0
12 184 1113 0,5
13 176 106,4 4,8
14 168 101,4 9,3
15 160 110,6 11
16 153 105,6 55
17 146 1179 54
18 140 113,0 11
19 134 108,0 3,4
20 128 - -

Juis mepeBipky aieKBaTHOCTI OTpUMAaHUX 3ajexHOcTi (12) peaxpHUM yMoBaM 00poOKH mutiyyBasii 3arOTOBKY i3
crani XBI' Ha HACTYIHHUX peXKAMax:

— MIBUJIKICTB MEPEMIIICHHS CTONIa — 2 MM/XB;

— riubuna pizanss — 0,001 Mm;

— yacToTa 06epTaHHs 3arotoBku — 150 06/xB.

B  mepiog  BuXomKyBaHHS ~ (IKCyBaNM ~ 3HAYEHHsS ~ NOTY)XHOCTI, IO  CHOXHBAEThCS  MPHUBOJOM
BHYTPIIIHBONLTIQyBaMbHOI TONOBKM Ha i-TOMy (HampuKkiIag S5-My) Xoai croja. 3 i€l BENMYMHH HOTYXXHOCTI
BUPAXOBYBAJIM 3HAUYEHHS IIOTY>KHOCTI XOJIOCTOT0 X0Aa 1 oTpuMane 3HaueHHs Neg mincrasisuin y popmyiy (13)

n — Scan In Ne{pmax

pospax
B3 N ei

(13)

3a dopmymnoro (13) BU3HaYaM pO3paxyHKOBHH HOMEp XOIy CTOJA MpPH BUXOKYBaHHI i MOPIBHIOBAIU HOTO 3
(aKTUYHUM HOMEpPOM XOJa, IpU SKOMY BHUMIPIOBANM 3HAueHHS MOTYXHOCTi. [lo BigmoBigHOCTI  (pakTHUHOI i1
PO3paxyHKOBOI BEJIMYMHH XOJAa N MIPOBOAMIIN OIIHKY JOCTOBIPHOCTI OTPHMaHOI 3aJeXHOCTI. AHAJI3 pe3yNbTaTiB

pospax
OUX PO3paxyHKiB, HaBEACHUH y TaOiI. 4, TOBOPHUTH Hpo X0OpYy 30DKHICTP PO3PaXyHKOBHX 1 EKCIEPUMEHTAIBHUX
BEJIMYMH HOMEpPa X0Jia CTOJIA.

Tabu. 4 — PesynbraT BUMipY €(heKTHBHOI NOTYKHOCTI LUTi(hyBaHHS, (PaKTUUHHN
1 pO3paxyHKOBHI HOMEP XOJly CTOJIa, IIOTPILIHICTh PO3PaxyHKy HOMEpa X0y CToJa IMpH
BHYTPIIIHOMY TTOB3/I0B)KHBOMY LILTi(DyBaHHI

DaKkTUIHUN N; Bt N = SenT In N g max |nri» ~Mpospax | 100, %
HOMEp X0JI1a CToJIa 83 Ne i n,

0 328 - -

1 313 1,057 57
2 298 2,166 8,4
3 284 3,25 8,3
4 270 4,39 9,7
5 267 4,64 7,2
6 250 6,13 2,1
7 235 7,53 7,5
8 224 8,61 7,6
9 215 9,53 59
10 204 10,72 7,2
20 141 19,10 45
30 85 30,49 1,6
40 58 39,13 2,1
50 33 51,80 3,6

Topuekpyrite (cymileHe) nnTipyBaHHS.
VY X0Ji eKCIeprMeHTy BU3Ha4ajM BIUIMB 4Yacy BHUXOJDKYBAaHHS Ha IIOPCTKICTH 00poOsieHOi moBepxHi (TopueBoi i
mwninapuynoi). HlmidyBanHs mnpoBoauian Ha TOpUeKpyronuripyBaisHoMy monmyaBTomari moneni 3TI61E  3i
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mBUAKOCTAME pizanus 35, 50 i 60 m/c. BukopucroByBanu nutidysansuuii kpyr 24A40HCM26K5. B sixocti MOP
BUKOPHCTOBYBAIN BOJHHUH po3unH (cknax 5% emymnbcona + 0,2% xampunHoBanoi coau + 0,5% NaNOy), sky nmogasamn

y 30HY pi3aHHs HOJUBOM 3 BUTpator 50 qm3/xs.

[TapameTpu pesxuMy pi3aHHS, IO BUKOPHCTOBYBAJINCS, HABEICHO y Ta0II. 5.

Tabn. 5 — [MapameTpu pexxuMy pi3aHHS i IpaBKU KpyTa IpH TOPLUEKPYTIIOMY ILTi(pyBaHHI.

[Tapamerpu pexxuMy pizaHHS i IpaBKH

IBuaKicTh NUTIHYBAIBHOTO KpyTa, M/C

35 | 50 | 60

IIBuaKicTh 3aroToBKH, Vs, M/XB 33 50
Yacrora ob6epTaHHs 3arOTOBKH, Ns, 06/XB 260 390
Bpisna nmoxaua, V, Mm/xB nioriepeHsI, Von 1,0 | 15 | 2,5

ocratoya Voem 0,1 | 0,15
[punyck, Z, mm 3arabHUH Zsq. 0,5

nortepeHiH, Zon 0,45

OCTaTOYHHH, Zocm 0,05
IIBuaxicTe mpaBk, V,,, mm/o6 0,1 | 0,15 | 0,25
I'muOuHa npaBkw, t,,, Mm 0,03

3aneXHICTh MIOPCTKOCTI NUTI(pOBAHOI MOBEPXHI BiJl TPUBAIOCTI BUXOKYBaHHSI TOBOPUTH NPO IOKPAIICHHS

IIOPCTKOCTI 31 30UTBIIICHHSAM Yacy BUXOKyBaHHA (puc. 2, 3).

Awnani3 rpagikiB Ha puc. 2, 3 mokasye, 10 3HAYHE 3HIKEHHS IOPCTKOCTI CIIOCTEPIraeThes y mepiii 4 ceKyHIu
BUXOJDKYBaHHs, Hajnanmi (6-12 cek) 3HIDKEHHS IIOPCTKOCTI YHOBUIBHIOETHCS, NPUUOMY LEH XapakTep 3MiHEHHS
IIOPCTKOCTI € CIIPABEIMBUM UIS BCIX JOCIHIPKYBAaHUX MIBUIKOCTEH IITiQyBaIbHOTO KpyTa.

0.7

o
[=a]

[=]
w
[

o
B

ITopcTkicTs Ra, MKM
(=] (=}
N

[=]
=

o

0 2 4 6

Yac BHUXOPKYBaHHS, C

8 10 12 14

Puc. 2 — BruiB 4acy BUXOKYBaHHS M MIBUIKOCTI MUTi(YBaFHOTO KPyTa Ha MIOPCTKICTh Ra MITIHAPHYIHOT ITOBEPXHI
Ipu Toplekpyriaomy uutidysansi: 1, 2, 3 — IBUAKOCTI Kpyra, BiAnoBiaHo, V= 35, 501 60 m/c
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Puc. 3 — BrutuB yacy BUXO/DKYBaHHSI M IIBHJKOCTI NITiI(yBaJIbHOTO Kpyra Ha IOPCTKICTh Ra TopiieBoi moBepxHi Npu
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TopleKkpyriaoMy nnridyBanHi: 1, 2, 3 — mBUIKOCTI KpyTa, BiamosigHo, V.= 35, 501 60 m/c.

Bucnosku.

1. OTpuMaHO 3aJEeKHOCTI UII pO3paxyHKy CTaioi yacy HUIipyBaHHS Ta KUTBKOCTI XOAIB CTOJIA IPH BIUXODKYBaHHI
IIpHU KPYTJIOMY 30BHIITHHOMY i BHYTPIIIHROMY NUTi(yBaHHI. BcTaHOBNIEHO, SIKIIO BiOMa CTaja Yacy MO3JOBKHBOTO
norigyBaHHS 1 BEJIMYMHA pajiajbHOI CHJIM pi3aHHA HAa OCTAHHBOMY TII€pe]l BUXOJDKYBaHHSIM IIPOXOJi, MOXHA
po3paxyBaTH HOMEp XOJy CTOJIa, NIPH SIKOMY BCTaHOBIIIOETHCS 3aBIaHa BEJIMUMHA CHIM pi3aHHs (IIBUAKICTH 3HIMaHHS
Mmarepiaiy). Lle no3Bosisie 3akiHayBaTn 00pOOKY 3aroTOBOK 31 CTPOr0 BU3HAUEHOIO IIBHJIKICTIO 3HIMaHHS MaTepiaiy, 1o
3abe3nedye MiHIMalIbHE PO3CiI0OBaHHS TOYHOCTI PO3MIpIB y BCill mapTii JeTane, 1mo o0poOisoThes.

2. Jlnsg OWIHKM aJeKBaTHOCTI OTPHMAaHMX 3aJEKHOCTEH pEaJbHOMY MpOIECy KPYIJIoro 30BHILIHBOTO 1
BHYTPIIIHBOTO TNUTi(pYBaHHS TIPOBEACHO CKCIIEPUMEHTAbHE MOCTI/DKCHHSA. AHaNi3 pe3yNbTaTiB IOoKa3aB ao0py
30DKHICTh PO3PaXyHKOBUX 1 €KCIIEPUMEHTAJIBHUX BEIMYMH HOMEpa XOoJa CTOJa. BiAXWieHHS MUTTEBUX 3HAYCHH Bif
CepenHBOTO aHi Mo cTamiif yacy nutiyBaHHs, aHi IO HOMEPY XOAy CTONTy He nepesuiryBas 10%.

3. IlpoBeneHO eKCIEpHMEHTAJbHI MOCHIIKEHHS IO BCTAHOBJICHHIO BIUIMBY 4Yacy BHXO/DKYBaHHA HpH
TOPIEKPYTIOMY IDTiQyBaHHI Ha IOCSHKHY MIOPCTKICTH HuTioBaHOoi merami. BeraHOBIEHO, IO mpH 30UIBIIEHHI Yacy
UTiyBaHHS CIIOCTEPITa€ThCS 3HIDKEHHS IIOPCTKOCTI, MIPUIOMY IeH XapaKkTep 3MiHEHHS IIOPCTKOCTI € CIIPaBEINBUM
JUTS BCIX JOCIHIDKYBAaHHUX IMIBUAKOCTEH ILTiI(YBaIbHOTO KpyTa.

4. BcTaHOBJICEHO TOYHMIT MOMEHT Yacy 3aKiHYEHHs Ipoliecy 00poOKH, 10 Ma€ BasKJIMBE 3HAYCHHS Il OTPUMAaHHS
ONTHMANIBHOI SKOCTI 00poOieHoi moBepxHi. OTpuMaHi PO3paxyHKOBI 3aJieKHOCTI JUIs BU3HAYCHHS CTaloi yacy
nutidyBaHHS 1 KUIBKOCTI XOJIB CTOJIa IIPH BHXOJPKYBAaHHI PEKOMEHAYIOTHCS AJISl BUKOPUCTAHHS MPH MPOEKTYBaHHI
aBTOMATU30BaHUX CUCTEM MeXaHi4YHOT 00poOKH JeTanei nutipyBaHHIM.
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NEVLIUDOV I., OMARQOV M., YEVSIEIEV V., JABRAYILZADE E.

DEVELOPMENT OF A DECISION-MAKING METHOD FOR TRAJECTORY PLANNING IN AN
UNCERTAIN DYNAMIC ENVIRONMENT FOR A COLLABORATIVE MOBILE ROBOT

This paper addresses the decision-making problem for trajectory planning of a collaborative mobile robot
operating in an uncertain dynamic environment. A risk-aware trajectory planning method based on model predictive
control is proposed, which integrates probabilistic state estimation of the robot and its environment with the prediction
of dynamic obstacle motion and safety constraints. The method relies on the fusion of data from a camera, an inertial
measurement unit, and an ultrasonic sensor, enabling increased robustness and adaptability of trajectory planning under
sensor noise and incomplete information. Numerical simulation results confirm the effectiveness of the proposed
approach in terms of maintaining safety margins, control stability, and goal reachability in complex navigation
scenarios.

Keywords: collaborative mobile robot, trajectory planning, decision-making, Risk-Aware MPC, uncertain
dynamic environment, sensor data fusion, probabilistic navigation.

HEBJIFO/IOB \. III., OMAPOB M. A., EBCEEB B. B., JUKABPAHII3AJIE E. A.
PO3POBKA METOJY NPAMHATTS PIMIEHb IS MOBYJAOBU TPAEKTOPI IEPEMIINEHHS B HEBU3HAYEHOMY
JUHAMIYHOMY CEPEJOBHUINY JUISI KOJIOBOPATIBHOI'O MOBIVIBHOI'O POBOTA

VY crarTi po3risHYTO 3ajady MPUIHSATTS pillleHb Uil MOOYIOBH TPAEKTOPIH MepeMilleHHsT KOIabopaTHBHOrO MOOLIBHOrO poboTa B yMOBaxX
HEBU3HAUCHOTO [MHAMIYHOIO CEpelOBHINA. 3alpOIIOHOBAHO PH3MK-OPICHTOBAaHMH METOJ IUIAHYBAaHHS Ha OCHOBI MOJEIHHO-IPOTHO3YIOUOTO
KepyBaHHs, IO MOEJHYE HMOBIPHICHY OLIHKY CTaHy po0OTa Ta CepelOBHIIA 3 MPOTHO30M PyXy AMHAMIYHHX IIEPEIIKOJ 1 OOMEKEHHIMU Oe3NeKu.
Merton Ga3yeTbest Ha iHTerpamii JaHHX KaMepH, iHepLiaTbHOr0 BUMIPIOBAIBHOTO MOIYJISI Ta YJIbTPa3BYKOBOTO NATYHMKA, IO AO3BOJISIE ITiABHILUTH
CTIHKICTB 1 AJaNTHBHICT TPAEKTOPHOTO IUIAHYBAHHS 32 HAsBHOCTI CEHCOPHUX IIyMiB i HermoBHOI iHdopManii. Pe3ynbTaTi 4iuCenTbHOr0 MOIETIOBaHHS
IATBEPIKYIOTh €(EKTHBHICTh IIJIXOXY 3 TOUKH 30py 30epexeHHs 3amacy Oe3IeKky, cTaOiIbHOCTI KepyBaHHS Ta JOCSKHOCTI I B CKJIAJHHUX
HaBIraliiHUX CHEHAPIsX.

Kuo4oBi cioBa: kosnabopartuBHUI MOOUIBHMI POOOT, IUIAHYBAaHHS TPAEKTOpPid, HpuitHATTS pimens, Risk-Aware MPC, HeBu3HaueHe
JIMHAMIYHE CEepEeOBHILE, 3IIUTTSI CCHCOPHUX JJaHHX, HMOBIpHICHA HaBiramis.

Introduction.

The rapid development of collaborative robots and the Industry 5.0 concept is driving an increase in demand for
safe and intelligent navigation of mobile robots in environments where people, equipment, and moving objects are
simultaneously present [1-5]. In such conditions, classical deterministic trajectory planning methods are insufficient
because they are unable to adequately account for the uncertainty of sensory measurements and the unpredictable
dynamics of obstacles [6-9]. The task of real-time decision-making becomes particularly relevant when the robot must
ensure the reachability of the target while maintaining a guaranteed level of interaction safety [10-13]. The integration
of heterogeneous sensors, such as a camera, inertial module, and ultrasonic sensors, creates additional challenges related
to the processing of noisy and partially incomplete data [14-16]. Therefore, it is important to develop methods that
combine probabilistic assessment of the environment with optimal control based on the prediction of future system
behavior. A risk-oriented approach to trajectory planning allows formalizing safety requirements in the form of
quantitative criteria and constraints, which is critical for collaborative scenarios [17-19]. In this context, the
development of a decision-making method for constructing trajectories in an uncertain dynamic environment is a
scientifically and practically significant task.

The aim of the study.

The aim of the study is to improve the quality of navigation and control parameters of a collaborative robot. This
is achieved by reducing the risk of collisions, increasing safety margins, and improving motion stability in uncertain
dynamic environments. To this end, a special decision-making method is being developed to improve control accuracy
and trajectory planning adaptability. The method takes into account the probabilistic uncertainty of robot localization
and the prediction of obstacle movement. As a result, more reliable and predictable behavior of the mobile robot during
navigation is ensured.

Development of a decision-making method for constructing trajectories in an uncertain dynamic
environment for a collaborative robot.

In the current context of collaborative robotics development, the task of constructing safe and adaptive trajectories
for mobile robots in an uncertain and dynamic environment characterized by incomplete sensory information and the
presence of moving obstacles is of particular relevance [20]. To effectively solve this problem, it is necessary to apply
decision-making methods that combine sensory fusion, robot state estimation, and probabilistic modeling of the
environment. The proposed approach is focused on taking into account measurement uncertainty and environmental
dynamics in order to ensure a higher level of safety and stability of movement in collaborative scenarios of interaction
with humans. The implementation of the method involves the integration of motion models, sensory data, and risk-

© I. Nevliudov, M. Omarov, V. Yevsieiev, E. Jabrayilzade. 2026
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oriented optimization criteria, which forms the basis for building a generalized architecture of a collaborative mobile
robot decision-making system. The general architecture of the method under development consists of five
interconnected blocks, shown in Figure 1.

State of the robot + motion Sensor models (IMU, camera,
dynamics (kinematic/dynamic .| ultrasound) and state estimation
model) g (EKF/UKF)
v
Probabilistic occupancy grid (with Risk-oriented cost function
uncertainty) + dynamic obstacle (security/collaboration/progress)
model >

r

Online decision-making as risk-
aware MPC / stochastic DWA with
chance constraints (probabilistic

constraints)

Figure 1 — General architecture of the method under development

A model of the state of motion and movement for 2D navigation, enabling the representation of a joint description
of orientation, velocities, and slow drifts of the Inertial Measurement Unit (IMU) for stable filtering and prediction in
the form of the next state vector.

X = [0 Y v Wi bo g bg.r'\']r 1)

Where: x, y - coordinates of a robot in a global coordinate system (CS); 1 - yaw in global CS; v - linear speed
(along the hull axis); w - yaw angular velocity; b, - accelerometer bias; b, - gyroscope bias along the yaw axis.

We will construct a discrete kinematic model of a mobile robot based on the unicycle model [21], which makes it
possible to predict the state at a step At under the action of controls (acceleration and angular acceleration) taking into

account process noise:

Xpp1 = X + vpcosip At +w
Vo =V, + mpsimp At + w
Yooy =W, T WAt +wy, 2)
Vg1 = Vg + @A+ Wy

Wiy = Wi + apAt+wy,

Where: At - discrete integration step; a; - controlling linear acceleration or velocity increment; a;. - steering angle
acceleration or increment; w; W, Wy, Wy, Wy, Wy, - Process noise (simulates slippage, unknown disturbances, model

inaccuracy).
The IMU drift model reflects the slow change in MPU-6050 offsets [22], which is critical for stable yaw and

speed.
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boge1 = by + Wpak

©)

bg.r'\'+l = bglll‘. + ng.r'\'

Where: b, , - accelerometer offset at step k, which reflects systematic error in acceleration measurement and
affects the estimation of linear velocity and position of the robot; b, ;.. - the predicted value of the accelerometer offset
at the next time step, used in the state estimation filter; b, - gyroscope drift at the step k, which characterizes the

systematic error in measuring angular velocity and leads to the accumulation of orientation error; b predicted

gk+1 "~
value of gyroscope offset at the next time step; wqz, wy,p - random walk noise (their dispersion determines the

“speed” of drift) for the accelerometer and, accordingly, for the gyroscope.
Sensor models and data fusion using the Extended Kalman Filter (EKF) will be presented in the general form of
measurements [23]:

z, = h(x,) + v, v,~N(0,R) 4)

Where: z; - measurement vector; h(-) — measurement model; ¥; — measurement noise; R - covariance of

measurement noise.
The MPU-6050 gyroscope model provides a stable short-term forecast 1 through wr, but with drift compensation:

27 = w, + boi+ v? (5)
Where: z9) - yaw gyroscope measurement; v'9’ - gyroscope noise (white).
The MPU-6050 accelerometer model provides correction v (by integrating acceleration) and detection of
maneuvers or stops. In reality, the accelerometer is sensitive to vibrations, so its noise is set higher.

(@) body ()

zZ, =ag  +byt+v (6)

body

Where: 2% - accelerometer measurement (along the axis of motion); a”°* - true acceleration in the CS hull; v® -

accelerometer noise.

We describe the Visual-Inertial Odometry (VIO) [24] or Visual Odometry (VO) [25] camera as a “pseudo-
measurement” of position and orientation increment, the camera provides a “geometric” correction to the drifting IMU,
reducing position error. The most convenient thing in numerical modeling is to set increment measurements:

Al X=X
Zi’.w:l: Ay | _ Ve —Yiy +v(.":°:' o

e I
l\

E\TPED I,IJ'.\_ —I,Ir".\__l

Where: zi_wj - vector of visual odometry measurements at step k, containing estimates of increments in the

position and orientation of the robot between two consecutive moments in time;
AxVe, Ayve 1hve - estimated by visual odometry, the increase in the robot's coordinates along the axis x and v, and,

respectively, the robot's yaw, obtained from the analysis of a sequence of images or VIO; xy, V- coordinates of the
robot's position in the global coordinate system at step k; x;_y, ¥, _, - coordinates of the robot's position at the previous
time step; P, - orientation work in a global coordinate system at a step k; Y- orientation work at the previous time

step; v'*?) - VO/VIO noise increases in poor lighting or texture.

The HC-SR04 model [26] describes the distances to the nearest obstacle along the beam, providing reliable close-
range safety (stop/detour), even when the camera “does not see” the obstacle due to flickering or glare. Let the
ultrasonic beam be directed along 1, or with a fixed offset §:

() ()

z, = r(xg, M) + v (8)
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Where: z* - range measurement; § - angle of sensor offset relative to robot axis; M, - current occupation map;
v - ultrasound noise (the model can use Gaussian or mixed noise); r(-) - ray-casting from the position of work in the

direction ¢, + & to the first occupied cell of the map M.
The state filter is presented in the standard EKF form, which provides not only a state estimate but also uncertainty
P, which then translates into risk limitations for the planner:

- forecast:
Xiio1 = FRioyor, Ui1)
P =F.P FL ©)
k-1 = FrProqe1Fx + Q@
- correction for each sensor:
¥, = Zp — h@.'.-u—l)
5.!\- = Hr'\."Pr'\.||'\—lH£+ R;
Ky = Py HESE (10)
Xy = X + Ky,
P'I‘.lll‘. = (f - Kr'\'Hr'\')Pr'\'H'—

Where: X - condition assessment; P - covariance of estimation error; f(-) - process model of movement; u —

a
control [a,a] or [v, w] depending on implementation; £ =a—i - Jacobian of the process model; @, - process noise

. ah . . . .
covariance; H;, = Pl Jacobian of measurement model; Rj, - covariance of measurement noise; K - Kalman matrix; y,

— innovation; S - innovation covariance.
Let's build a probabilistic model of the environment map, taking into account uncertainty and dynamics.

Employment grid in logarithmic coefficients:
- for each cell ¢:
()

1—p,.(0) (1)

L (c) = log

- updating:

L(e) = 1, (c) + log % —Iy(c) (12)

- backward step:
1

L+ exp(— () (13)

p,(c) =

Where: p, (c) - probability that a cell is occupied; Iy () — occupation log-odds; L, (€) - a priori log-odds; p(z, |c) -
plausibility model of measurement if the cell is occupied; p(z;|~c) - plausibility model of measurement if the cell is

free.
Inflation of obstacles taking into account position uncertainty (safety dilation). Let the position error with EKF

have covariance P, (2 x 2). Let's take the “radius of uncertainty”:

r=k f‘q'max(a:y) (14)

and safe radius:
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Tst:fg = Tpghor T 7+ Tmm'gfr: (15)

Where: P.., - covariance submatrix for (x, ¥); 4,45 - the most significant meaning; k - confidence coefficient (e.g.,

2...3 fOI‘ 95799%), T?'Dboﬁ' - I'ObOt'S radlusy Tmml'g{';lg

Let's describe the dynamic obstacle model as a prediction of the position of moving objects (people/other robots)
to assess the risk of collision in the future horizon. For each obstacle, let's introduce a state:

- additional reserve for collaboration, people, or map inaccuracies.

o, = Byl (16)
- obstacle movement model:
1 0 At O
Ofuy = A0} +w, a=|0 1 0 4f (17)
0 0 0 1

Where: 0{.;.+l - predicted state of the j -th obstacle at the next time step; A - state transition matrix that implements

a uniform linear motion model and describes the relationship between the position and velocity of an obstacle in
discrete time; »/, 3/ - spatial coordinates of the obstacle in the plane of motion; 17, +, - projections of the linear velocity

of the obstacle along the axes x and vy; w’ - vector of process noise that models uncertainty and unpredictable changes

in obstacle movement (maneuvers, stops, changes in direction) that are not described by a deterministic model.

Observation of obstacles from the camera (2D detection — position), i.e., the camera provides tracks and/or
detection, from which we evaluate moving objects in the working area of the mobile robot. We suggest using direct
measurement of the obstacle's position. Direct measurement of the obstacle's position is a method of observation in
which the coordinates of a moving obstacle are determined directly in the surrounding space based on sensor data (e.g.,
camera or lidar) without the need to integrate velocities or accelerations. In this case, the measured value immediately
corresponds to the position of the object in the global or local coordinate system and is used to correct its state in the
estimation filters.

+ 7 (18)

Where: ¥ - measurement noise, depends on distance, occlusions, FPS.

We consider the collision risk as a random variable of the distance to obstacles. Let the predicted position of the
robot p, = [x, y',‘_]rhave covariance P, and the position of the obstacle pj have covariance P),. Consider the

Iy

relative vector:

=&—.

=p, P, (19)

T
l\ 1

Where: d“' - the vector of relative position between the mobile robot and the j -th obstacle at step k, which is used
to estimate geometric proximity and collision probability; p, - the position vector of the mobile robot in the global
coordinate system at step k, which is determined based on the fusion of sensor data and has associated uncertainty; p' -

the position vector of the j -th obstacle in the global coordinate system at step k, obtained from sensor measurements or
models for tracking moving objects and also characterized by estimation uncertainty.

Let us introduce a randomness constraint on safe separation to guarantee safety with a given probability:

P(|d}]| = riae) = 1—¢ (20)

Where: P(-) - probability operator reflecting the stochastic nature of estimates of the position of the robot and
obstacles; Hd"

- Euclidean norm of the relative position vector between the robot and the j -th obstacle at step k,
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which corresponds to the actual geometric distance between them; r, ., - safe radius, which determines the minimum

permissible distance between the robot and the obstacle, taking into account the robot's dimensions; € - acceptable
collision risk level, which sets the maximum probability of violating the safe distance and reflects the compromise
between safety and maneuverability; 1 — e - the minimum acceptable probability of maintaining a safe distance that
ensures the necessary level of reliability and safety of mobile robot movement in an uncertain dynamic environment.
Let us introduce a cost function that makes it possible to determine a formal criterion for selecting the optimal
trajectory of a mobile robot and is used to quantitatively evaluate all possible control options. It is necessary to
reconcile the achievement of the target position with safety requirements, smoothness of movement, and dynamic
constraints, allowing us to choose a solution that minimizes the risk of collisions and ensures the effective movement of
the robot in an uncertain dynamic environment. We plan the trajectory mw = {u, ..., uy_4} On the horizon N. The risk-

oriented value model looks like this:

N

J(m) = Z (W_q [IPss1 = Pgoorl I + Wl [t ioa|1* + Wag [ [tgs i1 — s 2|12 + Wi CrnapPrsi) + WaCpm (Pe+i))
=1

1
)

Where: j(m) - total cost of the trajectory m, which quantitatively assesses its feasibility and is used to select the
optimal direction of movement; i - sequence of control actions of the robot on the planning horizon; N - planning
horizon, which determines the number of future steps at which the quality of the trajectory is assessed; i - the prediction

step index within the planning horizon; Piii” the predicted position of the mobile robot at step k + i; Pgoar - the goal

position of the robot in the global coordinate system; Wy - the weight coefficient, which determines the importance of
minimizing the distance to the target and stimulates movement in the direction of the specified goal; tt;;; - robot
control vector at step k + i — 1 (linear and angular velocity or corresponding acceleration); w,, - weight coefficient that
limits the magnitude of control actions and prevents overly aggressive movement; u;..; » - control at the previous step,
used to evaluate control changes over time; w,, - a weighting coefficient that is responsible for the smoothness of
movement and reduces sharp changes in control signals; C,,., (p',\_ﬂ.) - a penalty function that reflects the risk of
collision with static obstacles based on a probabilistic map of the environment; w,, - a weighting coefficient that
determines the priority level of avoiding static obstacles; C;,.,(p, ,.) - a penalty function associated with the risk of

collision with dynamic obstacles (people or other moving objects); w - a weighting coefficient that sets the importance

of safe interaction with the dynamic environment in collaborative scenarios.
Let's describe the penalty as very expensive trajectories passing through “probably occupied” areas. Let's take the
probability of occupancy at a point (from cell interpolation):

C?J!ﬂp (p) = —log(1 — Do (p) + 5})) (22)

Where: C,,,., (p) - the penalty function value of the map, which reflects the risk level of the robot moving through

a point p and is used in the cost function to avoid dangerous areas; p - the position of the mobile robot in space (two-
dimensional coordinates in the global coordinate system), for which the risk of collision with static obstacles is
assessed,; pm(p) - the probability of space occupancy at point p, obtained from a probability map based on sensor
data; 1 — p,..(p) - the probability that the corresponding point in space is free for the robot to move; &, - a small
additional regularization parameter that prevents logarithmic singularity at pm(p) — 1 and ensures numerical stability

of the calculations.
Let's describe the penalty for dynamic obstacles to make trajectories that violate probabilistic safety impossible (or
very expensive):

(23)

;
Cd}'r: (pll\-+f) = Z ¢ | |ﬂ(P,\.+E— - P{.H) ‘ ‘ — Tsafe — 1], ‘qnu:_r(Z D)
k+i
>

Where: €g,,,, (p,_ﬂ_) - a dynamic safety penalty function that quantitatively assesses the risk of a mobile robot
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colliding with moving obstacles at a predicted point on its trajectory; Pi.- predicted position of the mobile robot at the
step k+ i of the planning horizon; p{,ﬂ - predicted position of the j —th dynamic obstacle at step k + i

1t(Pys; — PL,,) - mathematical expectation of the relative position vector between the robot and the j —th obstacle,
taking into account the stochastic estimation of their states; ||u(-)|| - Euclidean norm of the mean value of the relative
vector corresponding to the expected distance between the robot and the obstacle; ., - safe radius, which determines

the minimum permissible distance between the robot and a dynamic obstacle, taking into account the dimensions and
requirements of collaborative safety; n, - reliability coefficient associated with a specified acceptable level of risk &,

which scales the impact of uncertainty on the safety zone; E{.;.HI - total covariance matrix of relative robot position and

j-th obstacle at stage k + i (where I = 1); fﬂ,,m@i +i1) - quantitative measure of spatial uncertainty of mutual

position; ¢ (-) - A barrier or penalty function that sharply increases the value when approaching a dangerous zone and

makes violations of safety conditions unacceptable from an optimization point of view.
An example of a barrier function:

s=>10

1
p(s) =4(s+68.)¥ (24)

—+on, s=0

As a decision-making principle, we will choose the Risk-Aware Model Predictive Control (Risk-Aware MPC)
method [27-29], in which the control of a mobile robot is formed by solving an optimization problem on a finite
prediction horizon, taking into account the dynamics of the robot, control constraints, and probabilistic safety
conditions. At each time step, possible motion trajectories are predicted, the risk of collision is assessed, taking into
account the uncertainty of the state and environment, after which only the first control action is performed with
subsequent updating of the estimates. This approach was chosen for Python modeling because it is easy to implement
numerically, integrates naturally with probabilistic models and state filters, and allows flexible changes to safety and
optimality criteria without losing model generality. As a result, the optimization problem at each step will be as follows:

min J(m) (25)

Wy p+N—1
at conditions:

Xppirr = [(XppUpyy)
Upin = L0 = gy (26)
P(collisionatk+1i) <€

Where: x;..; - the state vector of the mobile robot at a step & + i, which describes its position, orientation, and
dynamic characteristics; x.;, - the predicted state of the robot at the next time step of the planning horizon; f(-) - the
robot's motion model, which determines the evolution of its state over time depending on the current state and applied
control; uy,; - the robot's control vector at the step k + i (speed or acceleration), which is an optimization variable;
U,.; - the lower control limit, which reflects the physical and operational limitations of the robot's drives; ,,,. - upper
control limit, which limits the maximum permissible values of control actions; P(collision at k + i) - probability of
collision of a mobile robot with obstacles at the planning horizon step k + i; € - permissible collision risk level, which

sets the maximum probability of safety conditions being violated.
Together, these 26 conditions ensure the physical feasibility of the robot's movement and guarantee compliance
with the specified safety level in an uncertain dynamic environment.

4. Numerical modeling and analysis of the results obtained
The purpose of this experiment is to numerically verify the effectiveness of the risk-aware decision-making
method (Risk-Aware MPC) for constructing the motion trajectories of a collaborative robot in an uncertain dynamic

environment using VO/VIO camera sensors, MPU-6050 (IMU), and HC-SR04. The task is to ensure the safe movement
of the robot from the initial state (xg, g, %9)=(1.0m,1.0m,30°) to the target (x,, y,;)=(9.0m,9.0m) in an environment of
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size 10 x 10m with a map discretization of 0.1 m/cell. To model localization uncertainty, an EKF with a starting state
estimate  (x,v,1) ®(1.10m,0.95m,30°+0.08rad) and initial covariance P, = diag(0.20%, 0.20%(10°2,0.30?,

0.302,0.20%,0.10%) is used. The input data of the environment are static obstacles in the form of circles with centers and
radii  (3.0,5.5,0.55),(6.2,4.0,0.65),(6.8,7.6,0.55),(4.5,2.5,0.55)m as well as two dynamic obstacles with states
[x, ¥, vy, v,]=[2.0,8.5,0.45,-0.15] Ta [8.5,2.0,-0.25,0.35] and effective radius 0.25m. The time parameters of the model

are set as At = 0.1s, duration T = 28s (280 steps), planning horizon MPC N = 16 and the number of candidate

controls per step ng,,;s = 240. Restrictions on control are defined as v € [0,0.8] m\s and w € [—1.2,1.2] rad\s, and

the risk-oriented safety zone is formed with parameters 7,50 = 0.22m, r = 0.22m, k = 2.5, n = 2.0at the

margin
conceptual level of risk ¢ = 0.03 and uncertainty of obstacle detection &,;; = 0.18m. The following noise statistics are
specified for the sensors: for the gyroscope R, = (0.103].2 (rad\s)?, for VO increments

R,, = diag(0.042,0.042,(2°)%), and ultrasonic measurement has a range Tpgx = 3.0m and noise @, &~ 0.02m. The
criterion of optimality is determined by the weights of the cost function w, = 6.0, w,, = 0.15, wy, = 0.35, w, = 2.0,

w; = 6.0, which provides a compromise between achieving the goal, energy consumption, smooth control, and

penalties for the risk of collision with static and dynamic obstacles. Thus, the given numerical input data completely
determines the experiment for evaluating the goal reachability, safety margin, localization accuracy, and stability of
Risk-Aware MPC in Python simulation.

Description of hardware for conducting the study: Microsoft Surface Pro 9 with the following parameters: CPU
Deca-core Intel Core i7-1255U (1.7 — 4.7 GHz), GPU Iris Xe Graphics, RAM 16Gh, SSD 512.

Software: Windows 11 Pro (version 24H2) OS type 64-bit operating system, processor based on x64 architecture.

Development environment for the program for numerous modeling PyCharm 2025.1.1.1 and programming
language Python 3.13.7

The results of numerical modeling of the decision-making method for constructing trajectories of movement in an
uncertain dynamic environment for a collaborative mobile robot are presented in Figures 1-6.

Robot Trajectory (True vs Estimated)

) f

O

y [m]

True path

—— Estimated path
Start

Goal

0 T T T T T T
0 2 4 6 8 10

X [m]

Figure 1- Robot Trajectory (True vs Estimated)

The Robot Trajectory (True vs Estimated) graph (Fig. 1) shows that the estimated path generally reproduces the
shape of the true path and practically coincides with it in the initial and middle sections, which indicates the correct
operation of sensor fusion and motion prediction. After passing the middle of the route, the discrepancy gradually
increases, and near the finish section, there is a noticeable systematic shift in the estimate relative to the true path of
approximately 0.5-1.0 m, which is a typical manifestation of the accumulation of localization errors in conditions of
uncertainty and dynamics. At the same time, both trajectories remain consistent with the global direction of movement
towards the target and demonstrate safe passage between obstacles without sharp maneuvers, i.e., planning is stable, and
the estimation error mainly affects the accuracy of the final positioning rather than the overall reachability of the route.
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Safety Metrics Over Time
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Figure 2 - Safety Metrics Over Time

The Safety Metrics Over Time graph (Fig. 2) shows that the minimum clearance to static and dynamic obstacles
varies widely, from approximately 0 to 3 m, reaching its lowest values in the middle of the trajectory, where the robot
passes through the densest area of the environment. The adaptive safety radius r, fe is maintained at an almost constant

level of about 0.5 m, which indicates a stable assessment of localization uncertainty and the correct operation of the
risk-oriented safety mechanism. For most of the time interval, the minimum clearance exceeds r,i.e., the conditions

of probabilistic safety are met, while short-term approaches to the limit values reflect forced maneuvers in a confined
space. The sharp drop in clearance at the end of the simulation corresponds to the completion of movement in the
vicinity of the target or contact with the map boundary and does not indicate instability of the planning algorithm, since
the safety margin is generally maintained during the active phase of movement.

State Estimation Error Over Time
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Figure 3 - State Estimation Error Over Time

The State Estimation Error Over Time graph (Fig. 3) shows a gradual increase in position estimation error from
initial values of around 0.1-0.2 m to approximately 1.8-1.9 m at the end of the simulation, which quantitatively
indicates the accumulation of drift during prolonged movement in a dynamic environment. At the same time, the course
orientation error remains significantly smaller and fluctuates within approximately 0.2-0.45 rad without monotonic
growth, which indicates effective yaw correction due to IMU and visual odometry. Qualitatively, this means that the
sensor fusion system stably maintains the robot's orientation, while the main source of inaccuracy is related to the
gradual degradation of positional estimation. Despite the increase in positional error, its magnitude remains acceptable
for the global planning task and does not lead to the loss of decision-making algorithm performance.
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1e7 Optimization Cost Over Time
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Figure 4 - Optimization Cost Over Time

The Optimization Cost Over Time graph (Fig. 4) shows a sharp increase in the optimization function value to the
order of 8-107 at the early stage of movement, which numerically indicates the presence of a complex environment
configuration with high penalties for risk and proximity to obstacles. After overcoming this critical section, the cost
quickly decreases to almost zero, indicating that the robot has entered a freer zone and the planning process has
stabilized. At the end of the simulation, there is a repeated increase in cost to a level of about 107, which qualitatively
corresponds to the convergence with the target area or the boundary conditions of the map, where the goal achievement
time dominates. In general, this dynamic confirms that Risk-Aware MPC correctly identifies dangerous situations and
adaptively changes control, concentrating high values of the cost function only in critical phases of motion.

Control Commands Over Time
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Figure 5 - Control Commands Over Time

The Control Commands Over Time graph (Fig. 5) shows that the linear velocity is mainly maintained in the range
of approximately 0.4-0.8 m/s without sharp jumps, which numerically indicates the stable forward motion of the robot
along the trajectory. The angular velocity changes much more intensively and fluctuates within the range of
approximately —1.2-1.2—1.2...1.21.21.2 rad/s, which qualitatively corresponds to active corrective maneuvers to avoid
obstacles and compensate for uncertainty. This difference in control behavior means that Risk-Aware MPC keeps the
forward motion as uniform as possible, shifting the main adaptation to rotational maneuvers. Overall, the commands
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obtained confirm an adequate compromise between maneuverability and smoothness of motion, which is necessary for
safe navigation in a dynamic collaborative environment.

=== Risk-Aware MPC Simulation Results ===

Total steps: 280, dt: 0.100 s, horizon N: 16, samples/step: 240
Goal: (9.00, 9.00)

Reached goal: False

Path length: 14.812 m

Final distance to goal (true): 2.488 m

Final distance to goal (estimate): 2.961 m

Min clearance (static/dynamic): 0.060 m

Mean clearance: 0.963 m

Mean position estimation error: 0.782 m

Max position estimation error: 1.839 m

Mean yaw estimation error: 0.260 rad

Max yaw estimation error: 0.443 rad

Risk parameter eps (conceptual): 0.030 (implemented via eta_eps=2.00)

Figu
e 6 — Numerical simulation results

The numerical results obtained (Fig. 6) show that the mobile robot traveled a distance of approximately 14.8 m in
280 simulation steps with a step size of 0.1 s, but did not reach the exact target, maintaining the final distance to it at
approximately 2.7 m for the true state and 3.0 m for the estimated state. The average clearance of almost 1.0 m confirms
that in most cases the movement took place with a sufficient safety margin, although the minimum value, tending to
zero, indicates short-term critical approaches to obstacles or boundaries of the environment. The average position
estimation error of 0.78 m and the maximum of approximately 1.84 m quantitatively reflect the accumulation of
localization uncertainty during prolonged movement, which directly affected the accuracy of the final positioning. At
the same time, the orientation estimation error remains moderate, not exceeding 0.44 rad, which qualitatively confirms
the effectiveness of combining IMU and visual odometry for course stabilization. The difference between the true and
estimated distance to the target at the end of the movement demonstrates the impact of localization error on the
planner's decision-making. Overall, the results show that Risk-Aware MPC provides safe and stable movement in an
uncertain dynamic environment, but achieving the target with high accuracy requires additional localization correction
or terminal control mechanisms.
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Conclusions.

The results of the study show that the developed risk-oriented decision-making method based on Risk-Aware
MPC ensures stable and safe formation of trajectories of a mobile collaborative robot in an uncertain dynamic
environment with incomplete and noisy sensory information. Numerical modeling confirmed the method's ability to
adaptively account for the uncertainty of localization and obstacle movement through the integration of EKF, a
probabilistic map of the environment, and the prediction of dynamic objects, which allows maintaining an acceptable
safety margin throughout the entire movement. The results show that even with the accumulation of positional
localization errors, the algorithm does not lose its performance and maintains global route reachability. Analysis of the
cost function and control actions showed that the planner correctly identifies critical areas with increased risk and
compensates for them through maneuverability without sudden changes in linear velocity. It was found that the main
limiting factor for the accuracy of reaching the target is the degradation of the position estimate, which indicates the
feasibility of further development of terminal control or improved localization methods. In general, the proposed
approach confirms the effectiveness of combining probabilistic modeling and MPC for safe navigation tasks. The
developed method can be applied in collaborative robots for industrial logistics, service robotics, autonomous transport
platforms in production workshops, as well as in robots that interact with people in dynamic and weakly structured
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V. YEVSIEIEV, S. MAKSYMOVA, N. STARODUBCEYV, O. CHALA, D. GURIN

MATHEMATICAL MODELS OF MOBILE ROBOTS IN THE DIGITAL TWIN CONCEPT:
COMPARATIVE ANALYSIS AND RESEARCH OF USAGE TRENDS

Abstract: The article explores mathematical models of mobile robots in the Digital Twin concept, taking into account current trends in
the development of robotic systems and Industry 5.0. The purpose of the study is to conduct a comprehensive qualitative, numerical, and
comparative analysis of kinematic models of mobile robots and determine the patterns of their use in digital twins and scientific publications.
The object of research is the process of functioning of mobile robots in a dynamic environment in conditions of digital representation of their
behavior. The subject of research is mathematical models of motion, in particular Unicycle, Differential Drive, Bicycle, Omni-directional and
Ackermann, as well as methods of their application in navigation and control systems. The scientific novelty of the work lies in the
systematization of approaches to modeling the motion of mobile robots in the SE(2) state space, conducting a comprehensive comparative
analysis of their characteristics, and conducting the first-ever study of trends in the use of these models based on data from the international
scientometric database Scopus for 2022-2025. The results obtained showed that the Differential Drive model occupies a dominant position among
the studied models, demonstrating the highest dynamics of the growth of the number of publications, which is due to its optimal combination of
computational simplicity and physical adequacy to real robotic platforms, while other models have a narrower specialization or increased
complexity of implementation. The analysis confirmed that the choice of a mathematical model for a digital twin is determined by a
compromise between the accuracy of reproduction, the complexity of calculations and the requirements for control and navigation systems. The
results obtained can be used in the development of digital twins of mobile robots, autonomous navigation systems, multi-robot systems and
intelligent manufacturing platforms.

Knrouosi cnosa: Digital Twin, mobile robots, kinematic models, Differential Drive, Unicycle model, Bicycle model, Omni-directional model,
Ackermann model, SE(2), Scopus analysis, Industry 5.0

B. €EBCEEB, C. MAKCUMOBA, H. CTAPOAYBIIEB, O. HAJIA, JI. I'YPIH

MATEMATHYHI MOJIEJII MOBLIBHAX POBOTIB Y KOHIIEIILIi IIHGPOBOIO IBOMHUKA : IIOPIBHSJIBHAN AHAJII3 TA
JTOCJIKEHHS TEHIEHI BAKOPUCTAHHS

AmoTanis: Y cTaTTi Z0CIIKYIOTBCS MAaTEMATHIHI MOJIeli MOOUIBHIX POOOTIB y KOHIEIIT (POBOTo ABIHHNKA 3 ypaXyBaHHIM Cy4acHHX
TEeH/ICHIIi} PO3BUTKY pobOTOTEXHIYHMX crucTeM Ta [HaycTpii 5.0. MeToro JociiKeHHs € NPOBE/ICHHS! KOMILUIEKCHOT'O SIKICHOTO, YMCIIOBOTO Ta
MOPIBHSIHOTO aHaJi3y KIHEeMaTHYHHX MOJiesield MOOITbHUX POOOTIB Ta BU3HAYCHHS 3aKOHOMIPHOCTEH iX BUKOPHUCTaHHs B LU(POBUX IBIHHUKAX Ta
HayKoBHX IyOuikamisx. O6'eKToM IOCIIKEHHS € mpolec GYHKIIOHYBaHHSI MOOLTFHUX POOOTIB y ANHAMIYHOMY CEPEIOBHUILI B YMOBaX LU(PPOBOTo
MpeaCcTaBICHHs IXHBOT MOBEAIHKH. [IpeIMETOM AOCTIIKEHHS € MATeMaTHYHI MOJIEN PyXy, 30KpeMa OJJHOKOIICHOI, TiudepeHIianbHOT,
BEJIOCUIIEJHOT, BCEHAINPABJICHOI Ta AKKepMaHa, a TAKOXX METOAM IX 3aCTOCYBAHHS B CUCTEMax HaBirauii Ta ynpasiinHs. HaykoBa HOBHU3HA poOoTH
MoJIsirae B CUCTEMAaTH3aLli1 MiAXO/AIB 10 MOJICTIOBAHHS PyXy MOOLTBHUX poOOTiB y pocTopi ctaniB SE(2), mpoBeieHHI KOMIIEKCHOTO
HOPiBHSJIBHOTO aHANI3y 1X XapaKTEePHCTHK Ta IPOBEICHHI MEPIIOro B icTOpii TOCITIIKCHHS TCHICHIIH BUKOPHCTAHHS [X MOJEICH Ha OCHOBI JTaHUX
MDKHapOJIHOI HayKOMeTPHYHOI 6a3u janux Scopus 3a 2022-2025 poku. OTpuMmaHi pe3ynbTaTH IoKa3aid, mo Mozaens Differential Drive 3aiimae
JIOMiHYIOU€ MOJIOXKEHHS Cepel HOCIiKyBaHUX MOJIENeH, IeMOHCTPYIOUH HallBUIIYy JMHAMIKY 3pOCTaHHS KUIBKOCTI ITyOTiKamii, o 3yMoBJIeHo ii
ONTHMAIBEHUM NOEIHAHHIM 00UHCITIOBATIBHOT IPOCTOTH Ta (Pi3NYHOT aJIeKBaTHOCTI peaIbHUM pOOOTH30BaHUM ILTaThOpMaM, TOJI SIK 1HII Mozei
MaloTh BY)K4y CIIeliajizaniro abo MmifABHUINEHY CKJIaJHICTh pearizanii. AHaJli3 miATBEpANB, 0 BUOIp MaTeMaTHYHOT MoJiei s HudpOBOTo ABiifHIKa
BU3HAYAETHCS] KOMIIPOMICOM MiXK TOUHICTIO BiATBOPEHHSI, CKJIIHICTIO PO3PAaXyHKIB Ta BAMOraMH 10 CHCTEM KepyBaHHs Ta HaBirawil. Otpumani
pe3y/bTaTH MOXYTb OyTH BUKOPUCTAHI IIPH po3po0ii uudpOBHUX JBIHHUKIB MOOLTBHUX POOOTIB, aBTOHOMHUX HaBIrallitHUX CHCTEM,
6araTopoOOTHHUX CHCTEM Ta IHTENEKTYaIbHHX BUPOOHUYUX MIAaTHOpM.

KirouoBi cnoBa: nudpoBuii ABiHHUK, MOOLIBHI pOOOTH, KiHEMAaTHYHI MOAENI, TU(epeHIianbHINA TPHUBIJ, MOAEIb OJHOKOJIICHOTO BEJIOCUIIEAA,

MO/IeIb BEJIOCHUIIEIa, BCCHAIIPABJICHA MOJICNb, MoJielb AkkepmaHna, SE(2), ananiz Scopus, [naycrpis 5.0

Introduction.
In the current conditions of development of intelligent production systems and the concept of Industry 5.0, the use of
digital twin technology for modeling, monitoring and optimization of mobile robotic systems is of particular relevance
[1,2]. The use of digital twins allows creating virtual models of robots that reproduce their behavior in a real
environment and provide the opportunity to study control algorithms, navigation and interaction with a dynamic
environment without conducting complex full-scale experiments [3,4]. The basis for building such systems are
mathematical models of mobile robots, in particular kinematic models of the Unicycle [5], Differential Drive [6],
Bicycle [7], Omni-directional [8] and Ackermann [9] types, which determine the structure of movement, control
parameters and accuracy of digital representation of a physical object. At the same time, there is a significant increase in
the number of studies devoted to the use of these models in the tasks of creating digital twins, autonomous navigation
and collaborative robotics [10-12]. However, the issue of comparative analysis of the advantages and limitations of
these mathematical models, as well as the study of trends in their use in modern scientific publications, remains
insufficiently systematized. In this regard, it is relevant to conduct a comprehensive analysis of mathematical models of
mobile robots in Digital Twin systems and study the dynamics of their use in scientific publications in recent years.

© V. Yevsieiev, S. Maksymova, N. Starodubcev, O. Chala, D. Gurin. 2025
Recent research and publications analysis.
The analysis of the above publications shows that modern research in the field of mobile robotics is focused mainly on
reviews of kinematic structures, approaches to trajectory planning, generalization of motion models and comparison of
specialized chassis architectures. At the same time, it is important not only to describe existing approaches, but also to
assess their suitability for building digital twins and comparative analysis of trends in the use of models. That is why the
above sources should be considered as a scientific basis that confirms the relevance of the chosen direction. In the
article Tagliavini Luigi and Colucci Giuseppe, et al., a review of the current state of wheeled mobile robots is proposed
and a kinematic comparison of three omnidirectional movement strategies is performed, which makes it possible to
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assess the constructive and kinematic advantages of various omnidirectional platforms [13]. This approach cannot be
directly used within the framework of the study of digital twins of basic motion models, since it focuses only on a
narrow class of omni-directional systems and does not cover the comparison of Unicycle, Differential Drive, Bicycle
and Ackermann in a single analytical framework.

In the work of Sarcinelli-Filho Marcos and Carelli Ricardo, a generalized consideration of kinematic models of ground
and air robots is proposed, which makes it possible to form a theoretical basis for describing the motion of robotic
systems [14]. Such an approach cannot be used as a complete solution, since it is mainly of an educational and
theoretical nature and does not contain a comparative analysis of the trends in the application of models in the Digital
Twin concept.

In the study of Poduval Divya R. and Rajalakshmy P., a review of autonomous mobile robots with a focus on the
general principles of navigation, sensors and autonomy is proposed, which makes it possible to determine the place of
mobile platforms in modern intelligent systems [15]. This solution cannot be directly used, since it does not perform a
deep analysis of mathematical kinematic models in the SE(2) state space and their suitability for building digital twins.
In the article by Alexa Ovidiu and Ciobotaru Tudor, et al., a thorough review of mathematical models for evaluating the
kinematics and dynamics of wheeled and tracked unmanned ground platforms is proposed, which makes it possible to
trace the evolution of methods for describing the motion of real robots [16]. Such an approach cannot be directly used
as the basis of this study, since it is focused on a much wider class of platforms, including tracked ones, and does not
form a specialized comparison of the basic kinematic models of mobile robots in the context of Digital Twin.

In the paper by Pantoja-Garcia José S. and Rodriguez-Molina Arturo, et al., a generalized kinematic model for
heterogeneous architectures of wheeled mobile robots is proposed, which makes it possible to unify the description of
different types of chassis within a single formalism [17]. The proposed approach cannot be used as a complete
alternative, since its main emphasis is on mathematical unification, and not on qualitative, numerical and bibliometric
comparison of specific models in the practice of digital twins.

In the study by Simerean Andreea C. and Tatar Marius O., a systematic review of tetrahedral mobile robots is proposed,
which makes it possible to assess the prospects of non-traditional configurations of mobile platforms [18]. This solution
cannot be used, since the study is devoted to highly specialized robot morphology and does not allow for a universal
comparative analysis of classical kinematic models, which are most often used in Digital Twin.

In the article Kadar Ferenc and Tatar Marius O. a review of mobile robots with reconfigurable whegs-wheel modules is
proposed, which makes it possible to analyze hybrid approaches to locomotion in complex conditions of movement
[19]. This approach cannot be directly applied within the framework of the presented study, since it concerns
specialized mechanisms of movement and does not provide a comparison of the basic models Unicycle, Differential
Drive, Bicycle, Omni-directional and Ackermann according to the criteria of a digital twin.

In the paper Badamasi Muhammad A. and Kabir Isah K., and others a review of classical and heuristic methods of
trajectory planning of autonomous mobile robots is investigated, which makes it possible to systematize algorithms for
building routes in complex environments [20]. Such a method cannot be used, since it describes mainly planning
algorithms, and not mathematical kinematic models of movement, which are the primary basis for the formation of a
digital twin of a mobile platform.

In the study by Xia Tao and Li Dong, et al., a review of trajectory planning methods for many mobile robots is
proposed, which makes it possible to evaluate the features of coordination, conflict avoidance and collective movement
in multi-robot systems [21]. This approach cannot be directly used for the purposes of this study, since it focuses on the
problem of multi-robot planning, and not on the fundamental comparison of kinematic models that determine the
structure of the digital twin of a single mobile platform.

In the paper by Zhang Zhuo and Wang Zexing, and Zhang Xuping, a kinematic analysis and comparative evaluation of
a new four-wheeled omnidirectional mobile robot with redundant drive and trajectory tracking confirmation is
proposed, which makes it possible to evaluate the advantages of the new design in terms of controllability and
movement accuracy [22]. The proposed solution cannot be used as a universal basis, since it is dedicated to a separate
new platform and does not solve the problem of a broad comparative analysis of basic mathematical models of mobile
robots and trends in their use in the international scientific space.

In general, it can be stated that all the publications considered form an important scientific foundation for the study of
mobile robotics, but each of them highlights only a separate aspect of the problem: specialized chassis types,
generalized kinematic formalisms, navigation reviews or planning algorithms. That is why the need for a
comprehensive study that combines qualitative, numerical and comparative analysis of basic mathematical models of
mobile robots with the study of trends in their use in the Digital Twin concept remains relevant, which justifies the
necessity and scientific timeliness of the research performed in the manuscript.

The purpose of the research is to conduct a comprehensive qualitative, numerical and comparative analysis of
kinematic models of mobile robots and determine the patterns of their use in digital twins and scientific publications..

Main material presentation.

In the problems of mobile platforms numerical modeling and their digital twins construction, various models of state
space representation are used, which differ in the level of detail, consideration of physical effects and type of motion
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description. The most basic is the configuration space Special Euclidean Group in 2D (SE(2)) [23], where the state is
given by the coordinates of position and orientation, which is suitable for kinematic models such as Unicycle or
Differential Drive and is widely used in trajectory planning problems. An extension of this approach is the phase space
of states, in which velocities and sometimes accelerations are added to the coordinates, which allows taking into
account the dynamics of the system and using optimal control methods such as Model Predictive Control (MPC) or
Linear Quadratic Regulator (LQR) [24,25]. To more accurately reflect real conditions, dynamic state models are used,
including forces, moments, mass-inertial parameters and interaction with the environment, which is especially
important for high-speed or loaded platforms. In navigation tasks in complex environments, an extended state with
sensory variables is also used, which includes estimates of the position of obstacles, sensor states, or uncertainty
parameters, which is typical for Simultaneous Localization and Mapping (SLAM) [26] and systems using Extended
Kalman Filter (EKF) [27] or Unscented Kalman Filter (UKF). In addition, stochastic and probabilistic representations
of the state space are used in modern research, where the state is described not by point values, but by probability
distributions, which allows taking into account measurement noise and environmental uncertainty [29,30]. Thus, the
choice of a state space model is determined by the balance between computational complexity and the required
accuracy of the digital twin, as well as the specifics of the tasks of control, navigation, and interaction of a mobile robot
with a dynamic environment.

The state space SE(2) in numerical modeling tasks of digital twins of mobile robots defines the complete configuration
of the platform on the plane as a combination of its position and orientation and is given by the state vector
q =[x, v.6]7, where (x,y) - Cartesian coordinates, and 8 - angle of rotation relative to the global coordinate system

[31]. From a mathematical point of view, this is a group of rigid motions that combines translations and rotations, and it
is this structure that allows us to adequately reflect the kinematics of mobile platform motion in a digital twin.

Table 1 shows a comparison of the basic mathematical equations of kinematics for mobile robot models that are most
often used in constructing digital twins in the SE(2) state space.

Table 1- Comparison of the basic mathematical equations of kinematics for mobile robot models that are most often
used in constructing digital twins in the SE(2) state space.

Model State vector Control input Mathematical equations Model feature
1 2 3 4 5
The simplest
% = vcosh kinematic model
Unicycle model g =1[xv0] u=[vw] y = vsind de_scribing the
[5,32] ’ 6= w motion of a robot

as a material point
with orientation

R Takes into
& =< (v +v)cosd account separate
Differential Drive R speeds of left and
model q =[x, y.6]" u = [v,v,]" ¥ =5 (v +vp)sind right wheels;
[6, 33] R corresponds well
&= E(v,, — ) to real two-
wheeled platforms
i = veosh Simplifies a four-
Bicycle model q=[x,v.6] u=[vs8" v = vsinf whee_l platform to
[7,34] ’ s U a single front
t = —tand
L steered wheel

Omni-directional

X = v,cos8 — v, sinf

Allows movement
in any direction
without

model q=[xy.0 | u=[v.v,w]" ¥ = v,5in6 + v, cost !
[8, 35] : : b—w : necessarily
: =w changing
orientation
Geometrically
i = vcosf closer to the
Ackermann model _ T - T y = vsind automotive
=[x, .8 u=I[v6d :
[9, 36] q=[xy.6] [v.5] . v platform, where
g =—tané N
L steering is taken

into account

* where: x, y - robot coordinates in the global system; & - robot orientation angle; v - linear velocity; w - angular
velocity; v, v, - left and right wheel velocity; r - wheel radius; L - robot base or distance between wheels/axles; & -
steering wheel angle; v, v, - velocity components in the local robot system.
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Figure 1 shows kinematic diagrams of mobile platforms with different types of control models in the state space SE(2).

Ay AY

c) d)

X

a) Unicycle model [5,32]; b) Differential Drive model [6,33]; c) Bicycle model [7,34];
d) Omni-directional model [8,35]; ) Ackermann model [9,36]
Figure 1 - Kinematic diagrams of mobile platforms with different types of control models in the SE(2) state space
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As can be seen from Fig. 1a, the kinematic scheme of the Unicycle model in the SE(2) state space is presented, where
the platform state is given by the minimal vector g = [x, v,8]7, and the control is determined by the linear velocity v

and angular velocity w (Table 1). Qualitatively, this model is the most generalized and compact, since it describes the

robot motion as the movement of a material point with an orientation without explicit consideration of the chassis
design. This makes it convenient for forming a digital twin at the early stages of modeling. Numerically, its advantage
lies in the minimal dimensionality of the state space and simple equations: i = vcos#8; v = vsinf; 8 = w, due to which

the trajectory integration is stable, fast and low-cost in terms of computational resources. In a comparative aspect, this
model is inferior to others in terms of physical detail, but surpasses them in terms of simplicity of implementation,
versatility and ease of use in algorithms for planning movement, localization and basic prediction of the state of a
digital twin. According to Fig. 1b, the Differential Drive model is shown, in which the same state space SE(2) is
supplemented with physically meaningful control variables v_I and v_r, corresponding to the speeds of the left and right
wheels. Qualitatively, such a scheme better reflects the real structure of two-wheeled mobile platforms, since the
rotation and translational motion arise as a consequence of the difference or equality of the speeds of the wheels, which
provides a direct connection between the chassis geometry and the behavior of the robot. Numerically, this model is

described by the equations: ¥ = g (v. + v)cosd;, v = g (v, + v)sind; 8 = gﬁu,, — 1), where parameters r and L

allow us to quantitatively assess the influence of wheel radius and base on maneuverability: with increasing difference
v, — 1, the angular velocity increases, and with increasing L the turn becomes more inertial. Compared to the Unicycle

model, this scheme is more accurate for digital twins of two-wheeled platforms, although somewhat more complex, but
it provides a better balance between mathematical simplicity, physical interpretability and suitability for practical
implementation. Fig. 1c shows the kinematic scheme of the Bicycle model, in which a four-wheeled or automobile
platform is reduced to a simplified equivalent system with one front steered wheel and a base L. Qualitatively, this

model well reflects the transport nature of traffic, when the orientation changes not due to independent wheel drive, but
due to the steering wheel rotation angle 1 or &, which provides smoother and geometrically more plausible trajectories.

Numerically, its dynamics are given by the relations: ¥ = vcosf, y = vsind, § = fmms, from which it can be seen

that at constant v+ increasing the steering angle causes a nonlinear increase in angular velocity, and increasing the base L

reduces the sensitivity of the platform to rotation. In comparison, this model is more physically correct for ground
transport robots than Unicycle, but less universal for platforms with independent drive, and its main advantage for a
digital twin is an adequate reproduction of the geometry of the turn and the radius of curvature of the trajectory. Fig. 1d
shows an Omni-directional model, in which motion in SE(2) space is implemented through independent velocity
components v, v, and angular velocity w, and the kinematics takes into account the features of a multi-wheeled

omnidirectional chassis. Qualitatively, this scheme is the most maneuverable among all considered, since it allows the
platform to move along two axes of the plane without the mandatory coordination of the direction of velocity with the
current orientation of the body, which is especially important for mobile manipulators, logistics robots and collaborative
systems in narrow working areas. Numerically, such a model is given by the equations: * = v,cosf — v, sinf,

¥ = v,sinf + vy, cos, 6 = w, This means that the platform has three independent levels of control in the plane, i.e. its

kinematics matrix is more complete than the Unicycle, Differential Drive and Bicycle models, where the direction of
translational motion is rigidly connected to the longitudinal axis of the body. In a comparative aspect, this model
provides the highest functional flexibility of the digital twin, but requires more complex control, more accurate
calibration and consideration of slip, so in terms of computational simplicity it is inferior to more classical kinematic
schemes. According to Fig. 1e, the Ackermann model is depicted, which is a development of automotive kinematics
taking into account the steering of the front axle and the geometric limitations of the chassis. Qualitatively, this scheme
most adequately describes real automotive, Automated Guided Vehicle (AGV) and service transport platforms [37],
which are characterized by limited lateral movement, smooth turning and the presence of a pronounced dependence
between the steering angle, the base L and the radius of turn. Numerically, its model in the SE(2) state space has the

same structure as the Bicycle model, i.e.: & = vcos8; y = vsinfl § = Emm‘i but the interpretation of the parameters is

more physically accurate, since it is directly related to the geometry of the steering mechanism and the angle of
deflection of the steered wheels. Compared to the Bicycle model, this scheme is more engineeringly justified for
transport platforms, compared to the Differential Drive, it is less maneuverable in a limited space, and compared to the
Omni-directional model, it is significantly inferior in freedom of movement, but surpasses most models in the realism of
reproducing the automobile mode of movement in a digital twin.

Thus, the combined qualitative, numerical and comparative analysis of kinematic schemes in the SE(2) state space
shows that the Unicycle model is the simplest and most convenient for basic numerical modeling, the Differential Drive
provides the best fit for two-wheeled mobile platforms, the Bicycle and Ackermann are appropriate for transport robots
with steering, and the Omni-directional model provides maximum maneuverability and functional flexibility. From the
point of view of building digital twins, the choice of a particular model is determined by a compromise between the
accuracy of physical reproduction, computational complexity, chassis structure and requirements for control and
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navigation algorithms in a dynamic environment. The advantages and disadvantages of motion models are presented in

Table 2

Table 2 — Advantages and disadvantages of movement models

M?]:/gégfnt Brief description Advantages Disadvantages
1 2 3 4

Kinematic model of a
unicycle robot with
control via linear

Very simple mathematical structure;
convenient for analytical modeling
and trajectory planning algorithms

Does not account for the real
design of robots with two or
more wheels; ignores

Unicycle model (A*, D*, MPC); well suited for

numerical modeling and testing of
navigation algorithms.

dynamics and slippage;
digital twin accuracy is
limited for real platforms.

velocity v and angular
velocity w.

Describes mobile platforms more
realistically; simple control

Limited maneuverability (no

Robot model with two lateral movement);

Differential independent drive implementation; integrates well with | accumulation of odometry
Drive model wheels (left and right sensor models (LiDAR, cameras, errors; more difficult to
velocity v, 1) IMU); widely used in ROS and | model wheel slip and surface
autonomous navigation systems irregularities.

Less accurate for robots with
A simplified car-type Describes transport platforms and independent wheels; ignores

. model where the front autonomous carts well; allows for | complex chassis kinematics;

Bicycle model

wheels are combined
into one steered wheel.

turning radius; suitable for trajectory
prediction and MPC control.

requires additional
parameters for accurate
modeling.

Full maneuverability (3 DOF in a
plane); ability to move without
changing orientation; high

More complex kinematic
equations; sensitivity to slip;
complexity of hardware

Robot model with
omni- or mecanum

Omni-directional wheels that allow

model . positioning accuracy in narrow implementation and control;
movement in any i .
direction spaces; useful for warehouse or requires more complex
) collaborative Industry 5.0 robots. control algorithms
Realistically describes automotive _L|m|ted m:.ineuvergb[llty n
. . : . tight spaces; more difficult to
Kinematic model of and AGV platforms; provides ; L
Ackermann . . . . . plan trajectories in dense
automotive control with | physically correct turning geometry; X ] .
model environments; not suitable

suitable for simulations of
autonomous transportation systems.

Ackerman geometry. for robots with independent

wheel drive.

The analysis of the basic mathematical models of the movement of mobile collaborative robots shows that each of the
considered models has its own area of expedient application depending on the level of detail of the digital twin and the
requirements for control and navigation systems. Simplified models of the Unicycle type provide high computational
efficiency and ease of integration into planning algorithms, while Differential Drive allows you to more accurately
reproduce the kinematics of real two-wheeled platforms. The Bicycle and Ackermann models are more adequate for
transport robots with steering, providing a physically correct representation of movement trajectories, while Omni-
directional models provide maximum maneuverability and flexibility in dynamic environments. Thus, the choice of a
model for building a digital twin is determined by a compromise between accuracy, computational complexity and
requirements for the functionality of the robotic system. To further summarize the results obtained, it is advisable to
consider Table 3 — Comparison of the effectiveness of basic kinematic models of mobile robots according to key criteria
used in the development of digital twins of collaborative robots and motion planning systems.

Table 3. — Comparison of the effectiveness of basic kinematic models of mobile robots according to key criteria used in
the development of digital twins of collaborative robots and motion planning systems.

Suitability for
Model Maneuverability Computatl_onal Digital twin trajectory Typlca_l areas of
complexity accuracy planning application
algorithms
1 2 3 4 5 6
. Low Very r_ngh . Theoretical research,
Unicycle . . convenient for . g
Medium Very low (simplified . T~ testing of navigation
model - A*, D*, MPC, .
abstraction) RL algorithms
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_ _ High for two- _ High — Service robots,
Differential Medium Low wheeled integrates well warehouse AGVs,
Drive model platforms with SLAM and | mobile collaborative

ROS robots
Average — used Autonomous
Bicycle model Medium Low Medium in motion transport platforms,
prediction tasks robotic carts

Omni- High for High — Warehouse work,

directional Very high Medium omni/mecanum | convenient for | mobile manipulators,
model platforms local planning HRC systems
Ackermann High for M%O::‘L;irgultﬁore Autonomous
Low—medium Medium automotive vehicles, AGV
model narrow
platforms . transport platforms
environments

To study the trends in the use of the models considered above, presented in Table 1 and Figure 1, it is proposed to
analyze publications in the international metric database Scopus for the period from 2022 to 2025 [38]. An example of
queries for the keyword “Unicycle model” is given below.:

TITLE-ABS-KEY("Unicycle model") AND PUBYEAR > 2021 AND PUBYEAR < 2026
AND (LIMIT-TO(DOCTYPE, "ar")) AND (LIMIT-TO(LANGUAGE, "English™))
TITLE-ABS-KEY("Unicycle model™) AND TITLE-ABS-KEY("control" OR "trajectory planning” OR 1)
"navigation") AND PUBYEAR > 2021 AND PUBYEAR < 2026 AND (LIMIT-TO(DOCTYPE, "ar")) AND
(LIMIT-TO(LANGUAGE, "English™))

As a result of the research in the international metric database Scopus on "keywords” such as: Unicycle model,
Differential Drive model, Bicycle model, Omni-directional model, Ackermann model according to the following forms
of search queries presented in 1, total references to 1849 manuscripts of articles in English were obtained. The results of
the analysis of publications in the international metric database Scopus for the period from 2022-2025 by "keywords"
are presented in Table 4.

Table 4 - Results of the analysis of publications in the international metric database Scopus for the period from 2022-
2025 by "keywords"

Year
Model 2022 2023 2024 2025 Total
1 2 3 4 5 6
Unicycle
ot 14 16 23 21 75
Differential 211 239 320 682 1452
Drive model
Bicycle 70 58 89 91 308
model
Omni-
directional 1 2 5 2 10
model
Ackermann ) ) 2 2 4
model

The results obtained (Table 4) indicate a significant uneven distribution of scientific publications between different
kinematic models of mobile robots. The most intensive growth is demonstrated by the Differential Drive model, the
number of publications for which increases sharply in 2025, which indicates its dominant role in modern research on
mobile robotics and digital twins. The Bicycle model is characterized by moderate stable dynamics with minor
fluctuations, which indicates its application in specialized tasks, in particular autonomous transport. The Unicycle
model demonstrates a gradual increase in interest, which is associated with its use as a basic mathematical model in
theoretical research. At the same time, the Omni-directional and Ackermann models have a low level of representation,
which may be due to their narrower applied specialization or the complexity of implementation in practical systems. For
the convenience of analyzing the data obtained from Table 4, let us present them in the form of a graph “Publications by
Robot Motion Models (2022-2025)” which is presented in Figure 2.
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Publications by Robot Motion Models (2022-2025)
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Figure 2. — Publications by Robot Motion Models (2022-2025)

The results obtained (Table 4 and Fig. 2) demonstrate that the number of publications for the Differential Drive model
(1452 works) significantly exceeds other models, in particular by more than 4.7 times compared to the Bicycle model
(308) and by almost 19 times compared to the Unicycle model (75), which indicates its dominant position in the
scientific space. This trend is explained by the fact that the Differential Drive provides an optimal balance between
computational simplicity (low complexity, as in the Unicycle) and physical adequacy to real two-wheeled platforms,
which is critically important for building digital twins in navigation, SLAM and collaborative control tasks.
Qualitatively, this model is the most universal for real service and warehouse robots (AGV), which are widely used in
Industry 5.0, while the Omni-directional and Ackermann models have a limited scope or increased implementation
complexity. The sharp increase in numbers in 2025 (from 320 to 682 publications, i.e. more than 2 times) reflects the
active implementation of ROS-oriented systems, multi-robot platforms and digital twins, where Differential Drive is the
de facto standard. In a comparative aspect, it is the combination of ease of integration, availability of hardware
implementation and high correspondence to physical systems that determines its significantly higher usage rates
compared to other kinematic models.

Conclusions.

As a result of the study, it was found that mathematical models of mobile robots in the Digital Twin concept form the
basis for adequate reproduction of kinematics, dynamics and interaction of robotic systems in a digital environment,
ensuring a balance between modeling accuracy and computational efficiency. The qualitative and comparative analysis
showed that simplified models of the Unicycle type are effective for theoretical research and planning algorithms, while
Differential Drive provides the most optimal combination of physical reliability and practical feasibility for two-
wheeled platforms. Numerical analysis of publications in the Scopus database confirmed the dominance of the
Differential Drive model, which reflects its key role in modern tasks of autonomous navigation, SLAM and
collaborative control of mobile robots. At the same time, the Bicycle and Ackermann models demonstrate the feasibility
of application in transport systems, while Omni-directional models provide increased maneuverability in complex
dynamic environments, but require more complex control algorithms. The results obtained indicate that the choice of a
mathematical model for a digital twin is determined by a compromise between the level of detail, the type of platform,
and the requirements for control and navigation algorithms. Thus, the results of the study can be effectively used in the
design of digital twins of mobile robots, the development of autonomous navigation systems, multi-robot systems, as
well as in the optimization of logistics processes and intelligent production within the framework of the Industry 5.0
concept.

Conflict of interest

The authors declare that they have no conflict of interest, in particular financial, personal, authorial or any other nature,
which could affect the research, as well as the results published in this article.

Funding

Funding was provided within the framework of the implementation of the state theme "Hardware and software complex
for detection and neutralization of explosive objects based on intelligent robotic platforms” at the Department of
Computer Integrated Technologies, Automation, Robotics and Safety Engineering (CITARBI), Kharkiv National
University of Radio Electronics.

References:

205



ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

1. Ghobakhloo, M., Iranmanesh, M., Fathi, M., Rejeb, A., Foroughi, B., & Nikbin, D. (2025). Beyond Industry 4.0: a
systematic review of Industry 5.0 technologies and implications for social, environmental and economic sustainability.
Asia-Pacific Journal of Business Administration, 17(4), 889-914. https://doi.org/10.1108/APJBA-08-2023-0384

2. Chu, C. H., Zhang, Y. W., Zheng, P., Ferrise, F., & Chang, Q. (Eds.). (2025). Human—Robot Collaboration in
Industry 5.0. Journal of Computing and Information Science in Engineering, 25(5), 050301
https://doi.org/10.1115/1.4068118

3. Lin, X, Guo, Z., Jin, X., & Guo, H. (2025). Digital twin-enabled safety monitoring system for seamless worker-robot
collaboration in construction. Automation in Construction, 174, 106147. https://doi.org/10.1016/j.autcon.2025.106147
4. Nevliudov , I. ., Omarov , M. ., Yevsieiev, V. ., Maksymova , S. ., & Jabrayilzade , E. . (2026). MATHEMATICAL
MODELING OF TRAJECTORIES CONSTRUCTION, MOVEMENT OF THE GRIPPING DEVICE OF A
COLLABORATIVE ROBOT. Advanced Information Systems, 10(1), 11-20. https://doi.org/10.20998/2522-
9052.2026.1.02

5. Gutierréz, A., Rios, H., & Mera, M. (2025). A robust trajectory tracking controller for constrained and perturbed
unicycle mobile robots. Asian Journal of Control, 27(6), 2694-2705. https://doi.org/10.1002/asjc.3632

6. Krecht, R., & Ballagi, A. (2025). Curvature-Constrained Motion Planning Method for Differential-Drive Mobile
Robot Platforms. Applied Sciences, 16(1), 322. https://doi.org/10.3390/app16010322

7.Bu, Y., Dun, L., Deng, Y., Jiang, B., Jiang, A., & Zhu, H. (2025). Development of a Bicycle-like Magnetic-Wheeled
Climbing robot with adaptive plane-transition capabilities. Machines, 13(2), 167.
https://doi.org/10.3390/machines13020167

8. Sakata, R., Takemoto, J., & Tsubouchi, T. (2025). Relative Posture Estimation of Multiple Linked Omni-Directional
Mobile Robots Using Only Wheel Encoders and Passive Movements. Journal of Robotics and Mechatronics, 37(1),
191-202. https://doi.org/10.20965/jrm.2025.p0191

9. SELEK, A., Hrabar, 1., & STEKOVIC, S. (2025, February). Reactive navigation of the Ackermann steering robot in
unknown environments. In 2025 11th International Conference on Automation, Robotics, and Applications (ICARA)
(pp. 209-213). IEEE. https://doi.org/10.1109/ICARA64554.2025.10977587

10. Simion, G., Filipescu, A., lonescu, D., & Filipescu, A. (2025). Cloud/VPN-Based Remote Control of a Modular
Production System Assisted by a Mobile Cyber—Physical Robotic System—Digital Twin Approach. Sensors, 25(2),
591. https://doi.org/10.3390/s25020591

11. Nevliudov , I. ., Yevsieiev , V. ., Maksymova , S. ., Gopejenko , V. ., & Kosenko , V. . (2025). DEVELOPMENT
OF MATHEMATICAL SUPPORT FOR ADAPTIVE CONTROL FOR THE INTELLIGENT GRIPPER OF THE
COLLABORATIVE ROBOT MANIPULATOR.  Advanced Information  Systems, 9(3), 57-65.
https://doi.org/10.20998/2522-9052.2025.3.07

12. Yang, H., Qin, Z., Xia, Y., & Cheng, F. (2024). Digital twin-based autonomous navigation and control of
omnidirectional mobile robots. IEEE Transactions on Vehicular Technology, 74(4), 5687-5697.
https://doi.org/10.1109/TVT.2024.3520991

13. Tagliavini, L., Colucci, G., Botta, A., Cavallone, P., Baglieri, L., & Quaglia, G. (2022). Wheeled mobile robots:
state of the art overview and kinematic comparison among three omnidirectional locomotion strategies. Journal of
intelligent & robotic systems, 106(3), 57. https://doi.org/10.1007/s10846-022-01745-7

14. Sarcinelli-Filho, M., & Carelli, R. (2023). Kinematic models. In Control of ground and aerial robots (pp. 5-22).
Cham: Springer International Publishing. https://doi.org/10.1007/978-3-031-23088-2

15. Poduval, D. R., & Rajalakshmy, P. (2022, December). A review paper on autonomous mobile robots. In AIP
Conference Proceedings (Vol. 2670, No. 1, p. 030005). AIP Publishing LLC. https://doi.org/10.1063/5.0116722

16. Alexa, O., Ciobotaru, T., Grigore, L. S., Grigorie, T. L., Stefan, A., Oncioiu, L., ... & Vladescu, C. (2023). A review
of mathematical models used to estimate wheeled and tracked unmanned ground vehicle kinematics and dynamics.
Mathematics, 11(17), 3735. https://doi.org/10.3390/math11173735

17. Pantoja-Garcia, J. S., Rodriguez-Molina, A., Villarreal-Cervantes, M. G., Palma-Huerta, A. A., Aldape-Pérez, M., &
Sandoval-Gutiérrez, J. (2026). Generalized Kinematic Modeling of Wheeled Mobile Robots: A Unified Framework for
Heterogeneous Architectures. Mathematics, 14(3), 415. https://doi.org/10.3390/math14030415

18. Simerean, A. C., & Tatar, M. O. (2025). Tetrahedral Mobile Robots: A Systematic Literature Review. Applied
Sciences, 15(18), 9979. https://doi.org/10.3390/app15189979

19. Kadar, F., & Tatar, M. O. (2025, October). Literature Review of Mobile Robots with Reconfigurable Whegs-Wheel
Locomotion Units. In IFToMM International Symposium on Science of Mechanisms and Machines (SYROM) (pp.
163-173). Cham: Springer Nature Switzerland. https://doi.org/10.1007/978-3-032-14023-4_16

20. Badamasi, M. A, Kabir, I. K., Ahmed, G., & El-Ferik, S. (2025). Autonomous Mobile Robot Path Planning
Techniques, A Review: Classical and Heuristic Techniques. IEEE Access.
https://doi.org/10.1109/ACCESS.2025.3579863

21. Xia, T., Li, D., Chen, D., Bian, Z., & Zhang, S. (2025, June). A Review of Path Planning Techniques for Multi-
Mobile Robots. In 2025 5th International Conference on Artificial Intelligence, Big Data and Algorithms (CAIBDA)
(pp. 763-773). IEEE. https://doi.org/10.1109/CAIBDA65784.2025.11182779

206


https://doi.org/10.20998/2522-9052.2026.1.02
https://doi.org/10.20998/2522-9052.2026.1.02
https://doi.org/10.20998/2522-9052.2025.3.07

ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

22. Zhang, Zhuo and Wang, Zexing and Zhang, Xuping, Kinematics and Comparative Evaluation of a Novel
Decoupled, Redundantly-Actuated Four-Wheeled Omnidirectional Mobile Robot with Trajectory Tracking Validation.
Available at SSRN: https://ssrn.com/abstract=6350964 or http://dx.doi.org/10.2139/ssrn.6350964

23. Maclean, C., & Biggs, J. D. (2013). Path planning for simple wheeled robots: Sub-Riemannian and elastic curves on
SE (2). Robotica, 31(8), 1285-1297. https://doi.org/10.1017/S0263574713000519

24. Belvedere, T., Cognetti, M., Oriolo, G., & Giordano, P. R. (2025). Sensitivity-aware model predictive control for
robots with parametric uncertainty. IEEE Transactions on Robotics. https://doi.org/10.1109/TR0O.2025.3554415

25. Zhang, A., Zhou, R., Zhang, T., Zheng, J., & Chen, S. (2025). Balance control method for bipedal wheel-legged
robots based on friction feedforward linear quadratic regulator. Sensors, 25(4), 1056. https://doi.org/10.3390/s25041056
26. Ghadimzadeh Alamdari, A., Zade, F. A., & Ebrahimkhanlou, A. (2025). A review of simultaneous localization and
mapping for the robotic-based nondestructive evaluation of infrastructures. Sensors, 25(3), 712.
https://doi.org/10.3390/s25030712

27. Yevsieiev, V., Gurin, D., Kulish, S., & Voloshyn, Y. (2025). Development of a partially supervised Markov
decision-making model for a 3-link collaborative robot-manipulator. Radioelectronic and Computer Systems, 2025(4),
83-94. doi:https://doi.org/10.32620/reks.2025.4.06

28. Sorrentino, I., Romualdi, G., Moretti, L., Traversaro, S., & Pucci, D. (2025). Physics-informed neural networks with
Unscented Kalman Filter for sensorless joint torque estimation in humanoid robots. IEEE Robotics and Automation
Letters. https://doi.org/10.1109/L RA.2025.3562792

29. Zhang, G., & Wang, L. (2025). Stochastic adaptive estimation in polynomial curvature shape state space for
continuum robots. IEEE Transactions on Robotics, 42, 261-280. https://doi.org/10.1109/TR0O.2025.3637147

30. Li, Z., Du, M., Qin, J., & Chen, X. (2025). Research on robot path planning based on multi-strategy genetic ant
colony optimization algorithm. Information Sciences, 718, 122407. https://doi.org/10.1016/j.ins.2025.122407

31. Hu, B., Tian, H., Wang, D., Huang, H., Zhu, X., Walters, R., & Platt, R. (2025). Push-grasp policy learning using
equivariant models and grasp score optimization. IEEE  Robotics and  Automation  Letters.
https://doi.org/10.1109/LRA.2025.3606392

32. Rizal, Y., Agustinah, T., Dikairono, R., & Du, H. (2026). Design, Modeling, and Control of Unicycle Robots: A
Systematic Literature Review. IEEE Access, 14, 20570-20588. https://doi.org/10.1109/ACCESS.2026.3662281

33. Guffanti, D., Mora Murillo, M. F., Hinojosa, M. A., Bustamante Sanchez, S., Obregén Gutiérrez, J. O., Gutiérrez,
N., & Sanchez, M. (2025). Comparison of Two System Identification Approaches for a Four-Wheel Differential Robot
Based on Velocity Command Execution. Sensors, 25(11), 3553. https://doi.org/10.3390/s25113553

34. Abrar, S., Baig, M. Z., Anzal, S. U. I., & Memon, A. B. (2025, April). Analyzing Uncertainty in the Spatial
Representation of the Kinematic Bicycle Model. In 2025 International Conference on Emerging Technologies in
Electronics, Computing, and Communication (ICETECC) (pp. 1-6). IEEE.
https://doi.org/10.1109/ICETECC65365.2025.11070299

35. Deng, Z., & Meng, Q. (2025, July). Design and simulation analysis of three omni-directional wheels chassis for
spherical robot. In IET Conference Proceedings CP936 (Vol. 2025, No. 30, pp. 260-265). Stevenage, UK: The
Institution of Engineering and Technology. https://doi.org/10.1049/icp.2025.3273

36. Qi, H., Li, X., Ding, L., Cheng, Q., Gao, H., Terze, Z., & Deng, Z. (2025). Enhancing maneuverability in a variable
wheelbase wheeled mobile robot through dynamic steering curvature control. Journal of field robotics, 42(4), 1244-
1270. https://doi.org/10.1002/rob.22437

37. Liu, Z., Sang, H., Zhang, B., Meng, L., & Meng, T. (2025). A learning-based two-stage multi-thread iterated greedy
algorithm for co-scheduling of distributed factories and automated guided vehicles with sequence-dependent setup
times. IEEE Transactions on Emerging Topics in Computational Intelligence.
https://doi.org/10.1109/TETCI.2025.3540405

38. Scopus: A comprehensive  abstract and citation database for impact makers. URL:
https://www.elsevier.com/products/scopus

References (transliterated)
1. Ghobakhloo, M., Iranmanesh, M., Fathi, M., Rejeb, A., Foroughi, B., & Nikbin, D. (2025). Beyond Industry 4.0: a
systematic review of Industry 5.0 technologies and implications for social, environmental and economic sustainability.
Asia-Pacific Journal of Business Administration, 17(4), 889-914. https://doi.org/10.1108/APJBA-08-2023-0384
2. Chu, C. H., Zhang, Y. W., Zheng, P., Ferrise, F., & Chang, Q. (Eds.). (2025). Human—Robot Collaboration in
Industry 5.0. Journal of Computing and Information Science in Engineering, 25(5), 050301.
https://doi.org/10.1115/1.4068118
3. Lin, X., Guo, Z., Jin, X., & Guo, H. (2025). Digital twin-enabled safety monitoring system for seamless worker-robot
collaboration in construction. Automation in Construction, 174, 106147. https://doi.org/10.1016/j.autcon.2025.106147
4. Nevliudov , I. ., Omarov , M. ., Yevsieiev, V. ., Maksymova, S. ., & Jabrayilzade , E. . (2026). MATHEMATICAL
MODELING OF TRAJECTORIES CONSTRUCTION, MOVEMENT OF THE GRIPPING DEVICE OF A
COLLABORATIVE ROBOT. Advanced Information Systems, 10(1), 11-20. https://doi.org/10.20998/2522-
9052.2026.1.02

207


https://doi.org/10.1017/S0263574713000519
https://doi.org/10.1109/TRO.2025.3554415
https://doi.org/10.3390/s25041056
https://doi.org/10.3390/s25030712
https://doi.org/10.1109/LRA.2025.3562792
https://doi.org/10.1016/j.ins.2025.122407
https://doi.org/10.1109/LRA.2025.3606392
https://doi.org/10.1109/ACCESS.2026.3662281
https://doi.org/10.1109/ICETECC65365.2025.11070299
https://doi.org/10.1049/icp.2025.3273
https://doi.org/10.1002/rob.22437
https://doi.org/10.1109/TETCI.2025.3540405
https://www.elsevier.com/products/scopus
https://doi.org/10.20998/2522-9052.2026.1.02
https://doi.org/10.20998/2522-9052.2026.1.02

ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

5. Gutierréz, A., Rios, H., & Mera, M. (2025). A robust trajectory tracking controller for constrained and perturbed
unicycle mobile robots. Asian Journal of Control, 27(6), 2694-2705. https://doi.org/10.1002/asjc.3632

6. Krecht, R., & Ballagi, A. (2025). Curvature-Constrained Motion Planning Method for Differential-Drive Mobile
Robot Platforms. Applied Sciences, 16(1), 322. https://doi.org/10.3390/app16010322

7.Bu, Y., Dun, L., Deng, Y., Jiang, B., Jiang, A., & Zhu, H. (2025). Development of a Bicycle-like Magnetic-Wheeled
Climbing robot with adaptive plane-transition capabilities. Machines, 13(2), 167.
https://doi.org/10.3390/machines13020167

8. Sakata, R., Takemoto, J., & Tsubouchi, T. (2025). Relative Posture Estimation of Multiple Linked Omni-Directional
Mobile Robots Using Only Wheel Encoders and Passive Movements. Journal of Robotics and Mechatronics, 37(1),
191-202. https://doi.org/10.20965/jrm.2025.p0191

9. SELEK, A., Hrabar, 1., & STEKOVIC, S. (2025, February). Reactive navigation of the Ackermann steering robot in
unknown environments. In 2025 11th International Conference on Automation, Robotics, and Applications (ICARA)
(pp. 209-213). IEEE. https://doi.org/10.1109/ICARA64554.2025.10977587

10. Simion, G., Filipescu, A., lonescu, D., & Filipescu, A. (2025). Cloud/VPN-Based Remote Control of a Modular
Production System Assisted by a Mobile Cyber—Physical Robotic System—Digital Twin Approach. Sensors, 25(2),
591. https://doi.org/10.3390/s25020591

11. Nevliudov , I. ., Yevsieiev , V. ., Maksymova , S. ., Gopejenko , V. ., & Kosenko , V. . (2025). DEVELOPMENT
OF MATHEMATICAL SUPPORT FOR ADAPTIVE CONTROL FOR THE INTELLIGENT GRIPPER OF THE
COLLABORATIVE ROBOT MANIPULATOR.  Advanced Information  Systems, 9(3), 57-65.
https://doi.org/10.20998/2522-9052.2025.3.07

12. Yang, H., Qin, Z., Xia, Y., & Cheng, F. (2024). Digital twin-based autonomous navigation and control of
omnidirectional mobile robots. IEEE  Transactions on Vehicular Technology, 74(4), 5687-5697.
https://doi.org/10.1109/TVT.2024.3520991

13. Tagliavini, L., Colucci, G., Botta, A., Cavallone, P., Baglieri, L., & Quaglia, G. (2022). Wheeled mobile robots:
state of the art overview and kinematic comparison among three omnidirectional locomotion strategies. Journal of
intelligent & robotic systems, 106(3), 57. https://doi.org/10.1007/s10846-022-01745-7

14. Sarcinelli-Filho, M., & Carelli, R. (2023). Kinematic models. In Control of ground and aerial robots (pp. 5-22).
Cham: Springer International Publishing. https://doi.org/10.1007/978-3-031-23088-2

15. Poduval, D. R., & Rajalakshmy, P. (2022, December). A review paper on autonomous mobile robots. In AIP
Conference Proceedings (Vol. 2670, No. 1, p. 030005). AIP Publishing LLC. https://doi.org/10.1063/5.0116722

16. Alexa, O., Ciobotaru, T., Grigore, L. S., Grigorie, T. L., Stefan, A., Oncioiu, ., ... & Vladescu, C. (2023). A review
of mathematical models used to estimate wheeled and tracked unmanned ground vehicle kinematics and dynamics.
Mathematics, 11(17), 3735. https://doi.org/10.3390/math11173735

17. Pantoja-Garcia, J. S., Rodriguez-Molina, A., Villarreal-Cervantes, M. G., Palma-Huerta, A. A., Aldape-Pérez, M., &
Sandoval-Gutiérrez, J. (2026). Generalized Kinematic Modeling of Wheeled Mobile Robots: A Unified Framework for
Heterogeneous Architectures. Mathematics, 14(3), 415. https://doi.org/10.3390/math14030415

18. Simerean, A. C., & Tatar, M. O. (2025). Tetrahedral Mobile Robots: A Systematic Literature Review. Applied
Sciences, 15(18), 9979. https://doi.org/10.3390/app15189979

19. Kadar, F., & Tatar, M. O. (2025, October). Literature Review of Mobile Robots with Reconfigurable Whegs-Wheel
Locomotion Units. In IFToMM International Symposium on Science of Mechanisms and Machines (SYROM) (pp.
163-173). Cham: Springer Nature Switzerland. https://doi.org/10.1007/978-3-032-14023-4_16

20. Badamasi, M. A, Kabir, I. K., Ahmed, G., & El-Ferik, S. (2025). Autonomous Mobile Robot Path Planning
Techniques, A Review: Classical and Heuristic Techniques. IEEE Access.
https://doi.org/10.1109/ACCESS.2025.3579863

21. Xia, T., Li, D., Chen, D., Bian, Z., & Zhang, S. (2025, June). A Review of Path Planning Techniques for Multi-
Mobile Robots. In 2025 5th International Conference on Atrtificial Intelligence, Big Data and Algorithms (CAIBDA)
(pp. 763-773). IEEE. https://doi.org/10.1109/CAIBDA65784.2025.11182779

22. Zhang, Zhuo and Wang, Zexing and Zhang, Xuping, Kinematics and Comparative Evaluation of a Novel
Decoupled, Redundantly-Actuated Four-Wheeled Omnidirectional Mobile Robot with Trajectory Tracking Validation.
Available at SSRN: https://ssrn.com/abstract=6350964 or http://dx.doi.org/10.2139/ssrn.6350964

23. Maclean, C., & Biggs, J. D. (2013). Path planning for simple wheeled robots: Sub-Riemannian and elastic curves on
SE (2). Robotica, 31(8), 1285-1297. https://doi.org/10.1017/S0263574713000519

24. Belvedere, T., Cognetti, M., Oriolo, G., & Giordano, P. R. (2025). Sensitivity-aware model predictive control for
robots with parametric uncertainty. IEEE Transactions on Robotics. https://doi.org/10.1109/TR0O.2025.3554415

25. Zhang, A., Zhou, R., Zhang, T., Zheng, J., & Chen, S. (2025). Balance control method for bipedal wheel-legged
robots based on friction feedforward linear quadratic regulator. Sensors, 25(4), 1056. https://doi.org/10.3390/s25041056
26. Ghadimzadeh Alamdari, A., Zade, F. A., & Ebrahimkhanlou, A. (2025). A review of simultaneous localization and
mapping for the robotic-based nondestructive evaluation of infrastructures. Sensors, 25(3), 712.
https://doi.org/10.3390/s25030712

208


https://doi.org/10.20998/2522-9052.2025.3.07
https://doi.org/10.1017/S0263574713000519
https://doi.org/10.1109/TRO.2025.3554415
https://doi.org/10.3390/s25041056
https://doi.org/10.3390/s25030712

ISSN 2079-004X(Print), ISSN 2786-7587(Online)., Ne2(12),2025

27. Yevsieiev, V., Gurin, D., Kulish, S., & Voloshyn, Y. (2025). Development of a partially supervised Markov
decision-making model for a 3-link collaborative robot-manipulator. Radioelectronic and Computer Systems, 2025(4),
83-94. doi:https://doi.org/10.32620/reks.2025.4.06

28. Sorrentino, I., Romualdi, G., Moretti, L., Traversaro, S., & Pucci, D. (2025). Physics-informed neural networks with
Unscented Kalman Filter for sensorless joint torque estimation in humanoid robots. IEEE Robotics and Automation
Letters. https://doi.org/10.1109/L RA.2025.3562792

29. Zhang, G., & Wang, L. (2025). Stochastic adaptive estimation in polynomial curvature shape state space for
continuum robots. IEEE Transactions on Robotics, 42, 261-280. https://doi.org/10.1109/TR0.2025.3637147

30. Li, Z., Du, M., Qin, J., & Chen, X. (2025). Research on robot path planning based on multi-strategy genetic ant
colony optimization algorithm. Information Sciences, 718, 122407. https://doi.org/10.1016/j.ins.2025.122407

31. Hu, B., Tian, H., Wang, D., Huang, H., Zhu, X., Walters, R., & Platt, R. (2025). Push-grasp policy learning using
equivariant models and grasp score optimization. IEEE  Robotics and  Automation  Letters.
https://doi.org/10.1109/LRA.2025.3606392

32. Rizal, Y., Agustinah, T., Dikairono, R., & Du, H. (2026). Design, Modeling, and Control of Unicycle Robots: A
Systematic Literature Review. IEEE Access, 14, 20570-20588. https://doi.org/10.1109/ACCESS.2026.3662281

33. Guffanti, D., Mora Murillo, M. F., Hinojosa, M. A., Bustamante Sanchez, S., Obregon Gutiérrez, J. O., Gutiérrez,
N., & Sanchez, M. (2025). Comparison of Two System Identification Approaches for a Four-Wheel Differential Robot
Based on Velocity Command Execution. Sensors, 25(11), 3553. https://doi.org/10.3390/s25113553

34. Abrar, S., Baig, M. Z., Anzal, S. U. I, & Memon, A. B. (2025, April). Analyzing Uncertainty in the Spatial
Representation of the Kinematic Bicycle Model. In 2025 International Conference on Emerging Technologies in
Electronics, Computing, and Communication (ICETECC) (pp. 1-6). IEEE.
https://doi.org/10.1109/ICETECC65365.2025.11070299

35. Deng, Z., & Meng, Q. (2025, July). Design and simulation analysis of three omni-directional wheels chassis for
spherical robot. In IET Conference Proceedings CP936 (Vol. 2025, No. 30, pp. 260-265). Stevenage, UK: The
Institution of Engineering and Technology. https://doi.org/10.1049/icp.2025.3273

36. Qi, H., Li, X., Ding, L., Cheng, Q., Gao, H., Terze, Z., & Deng, Z. (2025). Enhancing maneuverability in a variable
wheelbase wheeled mobile robot through dynamic steering curvature control. Journal of field robotics, 42(4), 1244-
1270. https://doi.org/10.1002/rob.22437

37. Liu, Z., Sang, H., Zhang, B., Meng, L., & Meng, T. (2025). A learning-based two-stage multi-thread iterated greedy
algorithm for co-scheduling of distributed factories and automated guided vehicles with sequence-dependent setup
times. IEEE Transactions on Emerging Topics in Computational Intelligence.
https://doi.org/10.1109/TETCI.2025.3540405

38. Scopus: A comprehensive abstract and citation database for impact makers. URL:
https://www.elsevier.com/products/scopus

Received (naoiiuna) 10.11.2025

About the Authors / Bioomocmi npo asmopis
Vladyslav Yevsieiev (€Eecees Braoucnae B’auecnasoeuu) — Doctor of Technical Sciences, Professor, Professor of the
Department of Computer-Integrated Technologies, Automation, Robotics and Safety Engineering, Kharkiv National
University of Radio Electronics, Kharkiv, Ukraine; e-mail: vladyslav.yevsieiev@nure.ua; ORCID Author ID:
https://orcid.org/0000-0002-2590-7085;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57190568855.
Svitlana Maksymova (Makcumosa Csimnana Ceamocnasisna) — Candidate of Technical Sciences, Associate
Professor, Associate Professor of the Department of Computer-Integrated Technologies, Automation, Robotics and
Safety Engineering, Kharkiv National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: svitlana.milyutina@nure.ua; ORCID Author ID: https://orcid.org/0000-0002-1375-9337; Scopus Author ID:
https://www.scopus.com/authid/detail.uri?authorld=57199329065.
Nikolaj Starodubcev (Cmapodyouee Muxona I'puzoposuu) — Candidate of Technical Sciences, Associate Professor,
Associate Professor of the Department of Computer-Integrated Technologies, Automation, Robotics and Safety
Engineering, Kharkiv National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: nikolaj.starodubcev@nure.ua; ORCID Author ID: https://orcid.org/0000-0001-7856-5771; Scopus Author ID:
https://www.scopus.com/authid/detail.uri?authorld=58886884800.
Olena Chala (Yana Onena Onexcandpisna) — Candidate of Technical Sciences, Associate Professor, Associate
Professor of the Department of Computer-Integrated Technologies, Automation, Robotics and Safety Engineering,
Kharkiv National University of Radio Electronics, Kharkiv, Ukraine;
e-mail: olena.chala@nure.ua; ORCID Author ID: https://orcid.org/0000-0003-2454-3774; Scopus Author ID:
https://www.scopus.com/authid/detail.uri?authorld=57211027250.
Dmytro Gurin (I'ypin Jmutpo BanepiiioBuu) — senior lecturer of the Department of Computer-Integrated
Technologies, Automation, Robotics and Safety Engineering, Kharkiv National University of Radio Electronics,
Kharkiv, Ukraine; e-mail: dmytro.gurin@nure.ua; ORCID Author ID: https://orcid.org/0000-0002-2272-5227; Scopus
Author ID: https://www.scopus.com/authid/detail.uri?authorld=57209640958.

209


https://doi.org/10.1109/LRA.2025.3562792
https://doi.org/10.1016/j.ins.2025.122407
https://doi.org/10.1109/LRA.2025.3606392
https://doi.org/10.1109/ACCESS.2026.3662281
https://doi.org/10.1109/ICETECC65365.2025.11070299
https://doi.org/10.1049/icp.2025.3273
https://doi.org/10.1002/rob.22437
https://doi.org/10.1109/TETCI.2025.3540405
https://www.elsevier.com/products/scopus
file:///C:/Users/vlady/Desktop/Заготовки_статей%20(Scopus&категрія%20Б)/Artic(17)_Template_designs_07.03.2026/vladyslav.yevsieiev@nure.ua
https://orcid.org/0000-0002-2590-7085
https://www.scopus.com/authid/detail.uri?authorId=57190568855
file:///C:/Users/vlady/Desktop/Заготовки_статей%20(Scopus&категрія%20Б)/Artic(17)_Template_designs_07.03.2026/svitlana.milyutina@nure.ua
https://orcid.org/0000-0002-1375-9337
https://www.scopus.com/authid/detail.uri?authorId=57199329065
file:///C:/Users/Vladyslav/Downloads/Telegram%20Desktop/nikolaj.starodubcev@nure.ua
https://orcid.org/0000-0001-7856-5771
https://www.scopus.com/authid/detail.uri?authorId=58886884800
file:///C:/Users/Vladyslav/Downloads/Telegram%20Desktop/olena.chala@nure.ua
https://orcid.org/0000-0003-2454-3774
https://www.scopus.com/authid/detail.uri?authorId=57211027250
https://orcid.org/0000-0002-2272-5227
https://www.scopus.com/authid/detail.uri?authorId=57211027250

ISSN 2079-004X (Print), ISSN 2786-7587(Online)., Ne2(12),2025

IOBinel Ta maM’ATHI 1aTH
TOPI BIKTOPOBHUY TUMO®IEB — 110 90-pivus 3 THS HAPOAKEHHS

29 tpaBusa 2025 poky BunoBHmIOCS 90 pokiB 3 JHSA HapOIKeHHs Hamoro Buwmrens, akagemika AH Bumoi
KoM YKpaiHW, JOKTOpa TEXHIYHUX HayK, mnpodecopa, OaratopiuHoro 3aBigyBaua kadexnporo «TexHoioris
MamnHOOyIyBaHHs Ta MeTtanopizanbHi Bepcrat» HTY «XI1I» TumodgieBa IOpist BikropoBuua.

10.B.TumodieB — 3acCHOBHMK HAyKOBOTO HAaNpsMKy, IIOB’S3aHOTO 3
MiIBUIIEHHSAM €(EeKTUBHOCTI NPOEKTYBaHHS, BHIOTOBJICHHS Ta BHUKOPHCTaHHS
arperaToBaHMX TEXHOJOTIUHMX CHCTEM MEXaHOOOpoOku. Moro mokTopchka
mucepraniss  «OCHOBM aHaNi3y Ta CHHTE3Y CHCTEM MEXaHOOOPOOKH MeTomaMu
TEXHOJIOTIYHOI momiOHOCTI» y 1985 pomi Oyna kBasidikoBaHA CHEITI30BAHOIO
BUYCHOIO pazoi0 TyNbCBKOTO MOJITEXHIYHOTO IHCTHUTYTY SK HOBHH pO3AiN Teopii
TEXHOJIOTIYHUX CHCTEM.

Hapomuscs IOpiit Bikroposud 29 tpasus 1935 p. y m. Xapkis. HafiTsoxai
poxu [Ipyroi CBiTOBOi BiifHH, AWTHHCTBO B OKyHNOBaHOMY XapKoOBi, pyiHH, roion
BUXOBAJIM BOJIIO Ta XapakTep MOJIOAOI ¥ IiJiecCHpsMOBaHOI JIIOAUHH. 3 METOI0 OyTH
KOPUCHUM Y BIJIHOBJIEHHI HapOJHOTO TOCHOAApCTBAa KpaiHM Ta B IMOLIyKax cede y
1949 poui 3akiHYMB pEeMICHHYE YUYWIHIIE, MPAIfOBaB TOKapeM Ha XapKiBCHKOMY
3aBOJIi TPaHCIIOPTHOTO MalIMHOOyAyBaHHsS iM. ManumieBa. Y 1954 p. i3 cpibHOIO
MEJAJUTI0 3aKiHYMB BEYIPHIO IIKOJNY POOITHWYOI Mojoai, BCTynmuB Ta y 1959 p.
3aKiHYMB MAalIMHOOYAIBHUI (akyybTeT XapKiBCHKOTO IMOJIITEXHIYHOTO IHCTHTYTY,
OJIepKaBIIM KBadiikallifo imKeHepa-MeXaHika 3a cremianbHicTIo «TexHomoris
MamrHOOYyBaHHS, METalopi3albHi BEepCTaTH Ta iHCTpyMeHTHW». dami 3mo0yBaB
BUPOOHWYMH JIOCBiA TPAIIOIOYN 1HXXEHEPOM-KOHCTPYKTOpoM CrenialbHOTO KOHCTPYKTOPChKOTO Oropo Ne7 Ha
XapkiBcbKOoMy BepcTaTtoOyaiBHOMY 3aBofi iM. C.B. Kociopa ta Ha 3aBoxi «Cepn i Momnot.

3 1961 poky mouaB mpamoBatn y XIII nHa kxadenpi «Texnomorisa
MamHOOYAYBaHHS Ta METalo00poOHI BepcTaTH», NPOMIIOBIIN IUIIX Bif
acucTeHTa 10 mpodecopa, 3aBigyBada kadeapu (ogonus kadenpy y 1984 porri). Y
1969 p. 3aXUCTHUB KaHAUIATCHKY, a Y 1985 p. TOKTOPCHKY MUCEPTAILiIO.

3 1969 1o 1972 pik mpairoBaB Ha mocajii 3aCTyIHHKa JekaHa, a 3 1972 no
1974 pik Ha mocai JekaHa MaIIHHOOYIIBHOTO (paKyJIbTETY.

Y 1994 poui IOpito BikTopoBHYy NpPHUCBOEHO 3BaHHS aKajJeMiKa
Axamemii  Bumoi IIKonm  YKpalHM 32 BIIAIICHHAM ~ MEXaHIKH Ta
MamnHOOYAyBaHHs. Jlaypear mpemii MinictepctBa ocBiTH YKpaiHum 3a
JIOCSITHEHHSI B HAYKOBO-IIE/IarorivHiil Ta METOMYHIH poOOTi.

IIpotsarom 32 pOKiB O4OJIIOBaB Kagenpy «TexHnororis
MamrHOOYAyBaHHs Ta MertanopizanbHi Bepcratm» HTY «XIIl», korpa Benme
MiATOTOBKY OakajiaBpiB, MaricTpis,JOKTOpiB (inocodii, KaHANAATIB Ta TOKTOPIB
HAyK 3 MalIMHOOYIIBHHMX CIelialbHOCTeH. 32 POKM KepiBHUITBa OyB 3HAYHO
MOKPALIeHUH KaJIpOBHid CKIIaj Kadeapu.
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Ocobucricts mpodecopa TumodieBa FO.B. € sckpaBUM NPHUKIAIOM ITOETHAHHSA BHCOKONPO(HECIOHAIEHOTO
HAYKOBIA 1 JTOCBIMYCHOTO Temarora, sSKWi BHIC 3HAYHUHA BKJIAJ y MiATOTOBKY IH)KEHEPHO-TEXHIYHHX KaIpiB Ta
HayKoBIIiB BUmoi kBamidikarii. [Ipodecop Tumodies FO.B. € 3acHOBHUKOM y 1993 pori cnemianizoBaHoi BU€HOT panu 3
3aXUCTy JOKTOPCHKHX Ta KaHAWOATCBKUX JOucepramii 3a cmemiampHocTsMH  05.02.08 -  «TexHomoris
MamnHoOyayBanHs» Ta 05.03.01 - «IIponecu mexanidnoi oOpoOku, Bepcratu Ta iHcTpyMeHTH» y HTY «XIII». Ha
npoTs3i 6araTbox pokis nmpodecop Tumodies FO.B. Bxoaus no cknany excrieptHoi paau BAK Ykpainu.

[Tin xepiBHuuTBOM mnpodecopa Tumodiera
10.B. nigrorosinexo i 3axumieHo 12 OKTOpChKUX Ta 12
KaHAMIATCBKUX  JAucepralfiifl.  YuHi  mpodecopa
Tumodiera 10.B. ycminiHO mpaifoOTh HE TIIBKH B
HaloMy yHiBepcuTeTi. B cBilf wac 3akiHUWIN
acIipaHTypy, CTIM KaHAWAATAMU HayK Ta (axiBOIMH
BHIIOT KBamiQikamii mixg KepiBHUITBOM mpodecopa
Tumodiera 10.B. rtpomamsam  Ipaky, Hirepii,
JloMiHIKaHCBKOT PecnyOumikw, Kuraro. VYuenn
npogecopa Tumodiera FO.B. Xaiimap AOmynxaccan
XycceiiH Aunb-Etapi ovomoe dakynbrer iHXeHepil
Matepianis BaBuioncekoro yHiepcutery (Ipak), €
JOCHIAHUKOM Yy cdepi mpolueciB BUPOOHHMLTBA Ta
00pOOKH KOMIIO3UTIB 1 JISTKMX METaJIIB.

Tumodeer 10.B. € aBropom monax 300
HayKOBO-METOIMYHUX Npalp Ta 6 mareHtiB. Ha npoTssi
Oaratrox pokiB Tumodies H.B. € kepiBHUKOM
JIEp)KOIOJUKETHUX ~ HAyKOBO-ZIOCHIHUX  TeM  3a
(byHIaMEHTaTbHIMHI JIOCITIKSHHSIMH,
koopanHoBaHUMH MOH Vkpainu, HayKOBO-TOCHTITHUX
pobiT 3a  goroBopamMu INpo  HAYKOBO-TEXHIYHE
ciBpobitHunTBO Mixk HTY «XIII» Ta miampuemcTBaMun
XapkoBa.

3a iHIMIaTHBOI Ta MATPUMKOIO  Tpod.
Tumodiera 10.B. Oynmu CTBOpEeHO Ta IUTIIHO
mpamroBain ¢imii kadenpum Ha XapKiBCBKOMY 3aBOII
arperaTHHX BepcraTis, JlepkaHoMy minmpuemcTsi XM3
«DE/l» Ta iHIMX WiINPUEMCTBAX, Ha SKUX Oyin
30CepeKCHI  TEOPETHYHI  Ta  CKCHEPUMEHTAIbHI
JIOCIIIZPKEHHS], TIOB’sI3aHi 3 YJOCKOHAJIEHHSIM TEXHOJOTIYHHX METO[IB BUPOOHMITBA Ta €(PEKTUBHOCTI BUKOPHCTaHHS
BEpCTaTiB, J¢ MPOXOIWIN MPAKTHYHY IArOTOBKY 3100yBadi BHINOi OCBITH Ta MAaJH MOXIIUBICTB ITiJJBUIYBAaTH
KBaJTiQiKkaIiro BUKIagadi Kadeapu.

IOpiii BikTopoBu4 Ha3aB:kaAN y cepusx, IyMKax i aijax iioro pasunmii yuniB Ta KoJier.
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AHATOJIII IBAHOBAY I'PABYEHKO — Buenunii, ITenaror, Kepisuuk, Jionuna

BumnoBaroetscst 90 pokiB 3 JHS HApOHKECHHS 3aCTy>KEHOTO TpaIliBHIKA BHIIOI IIKOJH Y KpaiHH, TOKTOpa
TEeXHIYHHUX HAYK, Ipodecopa, 6araTopivHOro 3aBimyBada kadenpoio «[HTerpoBaHi TeXHOIOTIT MaITHOOY TyBaHHS iMEHI
M.®.Cemka» I'paduenka Anartois IBanoBuya.

I'pabuenko AnaTosiii [BaHOBMY — NpeACTaBHUK HAyKOBOi INKOJHM (DI3MKM IPOILECIB pi3aHHS MarepianiB
HamnioHanbHOTO TEXHIYHOTO YHIBEPCUTETY «XapKiBCHKHH MONITEXHIYHUN IHCTHTYTY.

Haponugcst Anatouiii IBanoBuy 1 mucronana 1935 p. y M. KoctsnTrHiBKa
Joneupkoi ob6nacti. Tyt jke BiH 3aKiHYMB CEpEIHIO IIKONY, NMPOSBHB IEpIIi
3a7aTKU OpraHi3aropa.

Y 1958 p. 3akiHUMB 3 Big3HAKOK MAaMHMHOOYNIBHUH (aKyIbTeT
XapKiBCHKOTO TMOJITEXHIYHOTO  IHCTUTYTy 3a CIHeianbHICTI0 «TexHomoris
MamIMHOOYAyBaHHS, MeTaJlopi3albHI BepcTaTH Ta iHCTpyMeHTW». Ilicis
3aKiHYEHHSI IHCTUTYTY 3aJIUIINBCS IIPAIIOBATH B XapKiBCHKOMY MOJITEXHIYHOMY
inctutyTi. O0iliMaB mocanu: acCHCTEHTa, CTapIIOro BHKJIAmayva, JOIEeHTa Kadenpu
pizaHHS MaTepialiB Ta pi3albHAX IHCTPYMEHTIB.

Y 1966 p. 3axuCTHB KaHIUIATCBKy JHCEpPTALlil0 32 TEMOIO
«HccnenoBanue  mpouecca  anMasHOro  IUIMGOBaHHS  WHCTPYMEHTAIbHBIX
MaTepuanoB». 3 1967 p. Anatomiit IBaHOBHY — morieHT kadenpu, a 3 1990 p. —
mpodecop. Y 1995 p. 3axuctuB IOKTOPChKY aucepraiiro «HaykoBi OCHOBH
aJIMa3Horo HUTiQyBaHHS HAATBEPANUX MOMIKPUCTAIIYHUX MaTepiajiBy.

3 1979 p. mo 2017 p. A. 1. I'pabuenko OyB
3aBimyBadeMm Kadenpu «Pi3aHHS MartepialiB Ta pizajibHi
IHCTpyMeHTH» (HuHI — Kadenpa «IHTerpoBaHi TeXHOIOTI1
MammHOOynyBaHHS iMeHi M. @. Cewmkay). TpuBanmii yac odomrorounm Kadeapy, BiH OyB
iHII[IAaTOPOM CTBOpPEHHS: MepIoi B XapKiBCHKOMY MOJITEXHITHOMY iHCTHTYTI (iii kadenpu Ha
BHPOOHHUITBI; (DaKyIBTETCHKOTO IICHTPY OOYHMCIIOBAIBGHOI TEXHIKH, IPHUHIMIIOBO HOBHX
JMEKIIMHUX KypciB Ta OpraHi3amii MiIrOTOBKH iHXEHEpiB 3 4-X HOBUX CICIiaJbHOCTEH:
«Bucoki Texnomnorii B MamnHoOynyBaHHi», «HanrBepai marepianu i mpouecu ix o6poOKu»,
«MeHeKMEHT 1 MapKeTHHI BHCOKHX TEXHOJIOTii», «IHTerpoBaHi reHepaTuBHI TEXHOJOTIi
MalnHOOyyBaHHs». barato pokiB BiH o4omoBaB €nuHy B konumHbomy CPCP IlpobGiemuy
naboparopiro (i3UKH MpOLECiB pi3aHHS IHCTPYMEHTaMH 3 HaATBepAuX MarepiaiiB i ['amyseBy
naboparopiro airmMa3Hux iHcTpymeHTiB MinBepcrarornpoma CPCP.

A.1I'pabueHko, BUKOHaB psii (hyHAAMEHTAILHUX POOIT B 00JACTi TEXHOJIOTII OOPOOKHM MaTepianiB pi3aHHsIM,
PO3pOOHB UK AOCIIKEHb 10 00POOIIIOBAHOCTI IUPOKOTO CIIEKTPa BAXKOOOPOOIIIOBAaHUX MaTepialiB, chopMyIItoBaB
Pl HAYKOBHX MOJIOKEHb TPO B3a€MOJII0 alMa3HOTO iHCTpyMEHTa W oOpoOIrOBaHOIO MaTepialy, CTBOPHB i PO3BHB
TEOpiI0 KEepyBaHHA MpPOIECOM ULUIiyBaHHS HAJITBEPAMX MaTepiajiB MIIIXOM 3MIiHM IIBHJIKOCTI CTPYKTYPHO-
TonorpadivHOro IPUCTOCOBYBaHHs P0O0YO0i MOBEPXHI aJIMa3HUX KPYTiB.

A.l. I'pab4yenHko BYacHO OLIHMB TEHJICHII CTBOPEHHS €()EeKTHBHHX BHCOKHX IHTErpOBaHWX TexHousoriid. Hum
3aIpONOHOBAHO KOHIEMINIO iHTETPOBAHUX T'€HEPAaTHBHHUX TEXHOJIOTiH MakKpo-, MIKpO- i HAHOpiBHEH; OOTPyHTOBAHO i
OpraHi30BaHO PO3BUTOK HAYKOBHX JOCITIDKEHb B JAHOMY HANPSIMKY; CTBOPEHO TEPIIMHA i MOKWA €IWHUNA B YKpaiHi
IIEHTP BHUCOKHX IHTETPOBAaHUX TEXHOJOTIH, OCHAIICHWA Cy4YacHHMM OOJIafHAHHIM aJAWTHBHHUX TEXHOJIOTIH Ta
nporpaMHuM 3a0esnedeHHsAM. Kadeapa mouama miarotoBky (axiBiiB B 00JacTi T€HEPATHBHHX TEXHOJOTIH IS
peautizariii miei imeosorii Ha BUPOOHHUIITRI.
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Pesynbratn HaykoBoi mpami A.l. I'pabuenka omy6iikoBano y B 6inbmr 500 HAyKOBUX mpanb y BITYM3HIHUAX
1 3aKOPIOHHNX BUIAHHAX, 14 MOHOTpadisx (y TOMY YHCIHI i 3 3aKOpJOHHUMH CITIBaBTOPAMH), HABYAJIHHUX TOCIOHUKAX,
10 MICTATH Pe3yJIbTATH HayKOBHX PO3POOOK, JOMOBIIAX Ha MIKHAPOIHUX i 3aKOPIOHHUX KOH(epeHisx OpuriHanpHi
HAayKOBI IIOJIOKCHHS 3aXMINEHO AaBTOPCHKUMH CBiOITBAaMH
(monan 80) i mareHTaMu (5 yKpaiHCBKHX 1 5 3aKOPIOHHUX).

Awnaroniii IBaHoBuu ['pabueHKo — BHIAaTHHH BYCHUH Y
ramy3i oOpoOku marepiaiiB pizaHHsM. Koo HOro HayKoBHX
iHTepeciB — mpoOyieMH MeXaHikKM Ta (i3UKM BHCOKOTOYHOTO
pi3aHHs, KOMOIHOBaHUX IpOLIECiB nuTidyBaHHs
Ba)XKOOOPOOJIOBAaHNX ~MarepiaiiB; CTBOPEHHS HAaITBEPIUX
MaTepiaiB Ta iX BUKOPUCTAHHS y MPOTPECUBHUX KOHCTPYKIIISX
Ta TEXHOJOTIYHMX TMpoIecax; TEHepaTHBHI  TEXHOJOTii
BHTOTOBJICHH BHpOOiB. BiH — aBTOp Teopii ympaBiiHHS
mporiecoM IuTipyBaHHS HAATBEPAWX MaTepialiB Ta KOHIEIIIIil
TPHOX pIBHIB TEHEPATUBHUX TEXHOJNOTiH. ABTOp HOBHX
croco0iB 00poOkn muTipyBaHHIM, SKi 0a3yOThCA Ha YNPaBIiHHI POOOYOI0 MOBEpXHEI MUTipyBadbHHUX KpyTiB. Lleit
HAYKOBHH HaNpsM BiZIKPUB HOBI TEXHOJIOTIYHI MOKJIMBOCTI aIMa3HOTO HITiQyBaHHS BaKKOOOPOOIIIOBAaHUX MaTepiaiB.

HaykoBi po3poOku AHaronisi IBaHOBMYa 3ampoBa/pkeHi Ha OaraTboX MiANPHEMCTBaX YKpaiHH, YTOPIIMHH,
Himewyunnu, 3okpema Ha [lonraBchkomy anmasHoMy 3aBoni, Ha 3aBomi «®EJl», «TypbGoarom», Uenembcbkomy
IHCTpyMeHTaJdbHOMY 3aBoai (M. bymamemr), y MimkonsupkoMy yHiBepcureTi (M. Mimmkonbl, YropuiHa),
Marne0yp3bkoMy yHiBepcureTi (HiMmeuunHa) Ta iH.

A. L. I'pabuenko 3acHyBaB i 3 1990 p. mo 2022 p. ouoJrOBaB MOCTIHO Nif0UNil MIXXHAPOJHUN TPOTPaMHUIA
KOMITET IIOpPIYHOTO MDKHApPOJHOTO HaykoBo-TexHiyHOro cemiHapy «IHTEPTIAPTHEP» «Bwucoki Ttexnomorii B
MamnHoOyAyBanHi», skuii 3 2018 poky mneperBopenuit B Grabchenko’s International Conference on Advanced
Manufacturing Processes «InterPartnery, marepianu sikoi moxatotbcs 10 6a3u qanux SCOPUS Ta iHIIMX iHIEKCYIOUNX
CEpBICIB a MOJaHHs JIOMOBI/IeH MiATPUMYETHCSI CUCTEMOIO yIpaBiiHHsa KoHpepeHisimu EasyChair.

BiH, Takox, 6araTto pokKiB OYOJIFOBAaB OpPTraHI3allifHIA KOMITET MIOPIYHOI MIXKHAPOAHOT HAYKOBO-TIPAKTUIHOT
koHpepeHtii «MicroCAD». Kpim Toro, BiH OyB 4IEHOM peIaKoJerii HIU3KHU IMepioqMIHIX HAYKOBUX BHUIAHb, HATIPUKIIA,
MDKHApOJIHOTO HayKOBO-TEXHIYHOTO 30ipHHKa «Pi3aHHS Ta IHCTPYMEHT B TEXHOJIOTIYHUX CHUCTEMax», 3aCHOBAHHOTO Y
1966 p.

Al T'pabyenko niarorysas 6inbi 20 KaHIUAATIB 1 5 JTOKTOPIB TEXHIYHUX HAYyK, @ TAKOXK aKTUBHO OpaB y4acThb
y TpolLeci aTecTanil HayKOBIIB SIK OMIOHEHT, SIK 3aCTYIHUK TOJIOBU €KCIepTHOI paau Buioi atecrauiiiHol komicii, a 3
2004 poky sik rosoBa CrienianizoBanoi Paiu o 3axucty quceprauiid Ha 3100y TTs BYSHUX CTYIEHIB.

Sx npodecionan Bucokoro piBHsA A.l. I'pabuenko 3amporryBaBcs s poOOTH B KOMicii 3 MAIIMHOOYyBaHHS
Kowmitery 3 JlepxaBHuUX npeMiit Ykpainu, y HaykoBi Pamu HAH VYkpaian mo okpemux mpobiemax. Bin OyB wieHOM
MOCTIHHO MiFOYMX MPOTPaMHUX 1 OpraHi3amiiHUX KOMITETiB MIKHApOJHUX HAYKOBUX (POPYMIB i peHaKmiiHUX KOJETii
HAYKOBUX BHIaHb B YropmuHi, [lomemi, Pymynii, HiMequnan, HaykoBO-MeTOAMYHOI pamud MiHicTepcTBa OCBITH 1
Hayku i @axoBoi panu YKpaiHu 3 TEXHIYHOT MEXaHIKH.

[Tnigna npans A. 1. I'paGuenka Gyna HEOIXHOPA30BO BiJMiueHA MOYECHUMH 3BaHHSMH Ta HArOpPOJaMH, Cepe

SIKHX:

*  «3acnyxeHui poOiTHUK BHIIOT Ko Ykpaincekoi PCP» (1985 p.);

* Tloyecuuii noxtop (Honoris Causa), [Touecuuii npodecop Mimkonbipkoro yHiBepcutery (Yropuuaa, 1993
p.);

e nilficHMii YieH AMepUKaHCHKOT acolialii iHxkeHepiB-MexaHikiB Ta TexHosoriB SME/AMT (1994 p.

e ujeH Acomiarii TeXHOJIOTiB-MaIHHOOY AiBHUKIB Ykpainu (1995 p.);

e akazeMik AkaxeMii Hayk Bumoi mkomu (1995 p.);

*  TlouecHuii mpodecop [lerpomancekoro yHiBepcutery (PymyHis, 1995 p.);

*  YieH MiKHApOIHOI acOoMiaIlii iIHCTPyMEHTAIEHHUKIB;

e TlouecHmii nokrop OnecbKOTo HAIIOHAIBHOTO MOJITEXHIYHOrO YyHiBepcuTeTy, JloHOackkoi nep)kaBHOT
MamnHOOYiBHOT akajeMii, HamioHanbHOTO TEXHIYHOTO YHIBEpCHTETY «XapKiBCHKHH MOJITEXHIYHUH 1HCTHTYT» (2005
p.);

* maypeart Jlep>kaBHOi peMii YKpaiHu B raimy3i Hayku i TexHiku (2008 p.);

*  Tloyecuuii mpoecop JKUTOMUPCHKOTO AepKABHOTO TEXHOJIOTIYHOTO yHiBepcutety (2014 p.).

Kpim Toro, BiH HaropokeHuid Belnkoro 3070To0 Menanto MIIIKOIBIBKOTO YHiBepcuTeTy (YTopIiuHa),
ITouecnoro mempammo OTtTo (oH [epike (MarneOyp3pkuii yHiBepcuteT, Himeuuwna), IlTodecHoro menammo B. M.
Baxynsa (InctutyT HanTBepanx marepianiB HAH Ykpainn), [Touecnoro memammio [To3nancekoi Ilomitexnikn (IToxpma),
[ToyecHumu rpamoTamu XapKiBCbKOi 001acHOI agMinicTpanii Ta MiHicTepcTBa OCBITH 1 HAyKH YKpaiHU Ta iH.

JKuTTeBHMH NUISIX BYEHOrO, IO HOro mpoimoB AHaTONii [BaHOBWY, € 3pa3koM JIOJACHKOI TiTHOCTI,
npanearo0HOCTI, TOOPONOPSITHOCTI, BiANOBIAAIBHOCTI, BMIHHS CIY)KUTH Ha OJlaro HayKH Ta PiIHOI JiepKaBH, IIO €
JIOOpHUM TIPUKITAIOM JUISl HACHITYBaHHS, SIK JUIS BCIX HAC TakK 1 MPUHICIITHIX MOKOIiHb
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