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Kononenko C. M. TexHomoriune 3a0e3medYeHHS  BHUCOKOIIBUIKICHOTO
dbpe3epyBaHHsL JeTajgedl 3 HEPIBHOMIPHOIO MAaJIOI0 JKOPCTKICTIO MPHU KepyBaHHI
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Hucepraiisi Ha 3100yTTS HAYKOBOTO CTymeHs aokTopa ¢inocodii (PhD) 3a
cnemianpHicTIO G9 [lpukinanna mexanika. — HarioHanpHUN TEXHIYHUN yHIBEPCUTET
«XapKiBChbKUH MOJTITEXHIYHUHN IHCTUTYT», XapKiB, 2026.

HucepraiiitHa po0oTa MNpUCBSYEHA BUPIMICHHIO aKTYaJbHOTO HAyKOBO-
MPaKTUYHOTO  3aBJaHHS  MIJIBUIIEHHS TEOMETPUYHOI TOYHOCTI JeTaner 3
HEPIBHOMIPHOIO MaJIOI0 KOPCTKICTIO TiJ] 4ac BHCOKOIIBUIKICHOTO (pe3epyBaHHS
IUIIXOM 3MEHILIEHHS TMPYKHUX BIJXWJIEHb HA OCHOBI KEPYBAaHHS BEJIMYHUHOIO
npunycky. OcoOmuBy yBary MNOpPUAUIEHO JOCHIIKEHHIO  3aKOHOMIPHOCTEN
BUHUKHEHHSI CTaTUYHUX 1 JUHAMIYHHMX IMOXUOOK (HOPMOYTBOPEHHS, PO3POOICHHIO
MaTeMaTHUYHUX MOJEJIe BIIXWICHb JieTajell Mayloi >KOPCTKOCTI, aJlaliTUBHOTO
QITOPUTMY T1APOAMHAMIYHOI MIATPUMKH Ta 3ac00iB IU(PPOBOro TEXHOIOTIYHOIO
3a0e3MeUeHHsI MPOIECy 0OPOOKH.

06 ’exm docniodcennss — niporiec (HOPMyBaHHS TEOMETPUYHOI TOUHOCTI JieTanen
MaJioi )KOPCTKOCTI MPU BUCOKOLIBUAKICHOMY (pe3epyBaHHI.

IIpeomem Oocniosxcenns — 3aJI€KHICTh TEOMETPUYHOI TOYHOCTI AeTalield Majoi
YKOPCTKOCTI BIJ] MapaMeTpiB TEXHOJOTIYHOTO 3a0e3MeYeHHS BHCOKOIIBHUAKICHOTO
dbpesepyBaHHs Ta KEpyBaHHS BETUYHHOIO MPUITYCKY.

Memorw Oucepmayitinoi pobomu € TIABUIIEHHS TOYHOCTI (Ppe3epyBaHHS
neTanel 3 HEpIBHOMIPHOIO MAaJOl0 OPCTKICTIO MIJISXOM 3MEHILIECHHS MPYXHUX
BIIXWJIEHh HA OCHOBI KEpyBaHHS BEJIUYMHOIO TPHUIYCKY 13 3aCTOCYBaHHSIM
JOTIOM1’)KHOTO T1JIPOJIMHAMIYHOTO BILUIUBY B MPOIIeCi 0OPOOKH.

Y  6écmyni OOTpYHTOBAaHO aKTyaJbHICTh PO3POOKH HOBHX  METOJIB
MPOTHO3YBaHHS Ta MiHIMI3AIlT NPy XHUX Aehopmarliii, 10 BUHUKAIOTH IMiJ JIEI0 CHII
pi3aHHS TpU BUCOKOIIBUAKICHOMY (pe3epyBaHHI JAeTalied Majioi >KOPCTKOCTI.

[lokazaHO 3HAYECHHS TaKUX JCTaled i1 EHEePreTUYHOro, aBlalliiiHOTO Ta
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aepPOKOCMIYHOTO MalMHOOyayBaHHsA. OKpemy yBary NOpPHAUIEHO BCTAHOBJIEHHIO
3aKOHOMIPHOCTEH BIUIMBY METOJIB (pe3epyBaHHS Ha MapamMeTpu T'€OMETPUYHOI
TOYHOCTI Ta AKOCTI MOBEPXHEBOTO IIapy AeTalel ckiaaHoro mpodimo. HaBegeno
3B’SI30K pOOOTH 3 HAyKOBUMH IIpOrpaMamH, HAyKOBO-IOCTIAHHUMH pPOOOTaMHU.
BusnaueHo mery, 00’€KT, TpeAMET Ta 3a1adi JOCHIPKCHHS, HABEIECHO HAYKOBY
HOBU3HY 1 TIPaKTUYHE 3HAYCHHS OJICP)KAHUX pPE3yIbTaTiB, OMHCAHO METOIH
nociipkeHHs. HaBeneHo ocoOMCTHIT BHECOK 3/100yBaya, BIJOMOCTI MpO ampoOarrito
MaTepianiB AucepTalii Ta MOKa3HUKH IMyOTiKaIliid, CTPYKTYpy Ta 00csT poOOTH.

Y nepwomy po3aulli BUKOHAHO aHali3 CY4YyaCHOTO CTaHy TEXHOJOTIH
BUTOTOBJICHHSA JI€TaJlei 3 HEPIBHOMIPHOIO MaJIOI0 KOPCTKICTIO. Po3risHyTo
0COOJMBOCTI 0OpOOKM JOMAaTOK TypOiH, IMIENEPiB, KPUILYATOK Ta IHIIMX JeTaleH,
JUTSL IKUX XapaKTEpHI 3HA4HI MPYKHI AedopMaliii i aiero cui pizanss. [IposegeHo
KIacudikaiio JaeTajied Malioi KOPCTKOCTI Ta TEXHOJOTiYHUX jAedopmalii 3a
PETYJIAPHICTIO MPOsIBY. BU3HAU€HO KOHCTPYKTHUBHI OOMEKEHHS 1 KPUTHUYHI HAITPSIMKHU
BIIXWJICHb, [0 BHUHUKAIOTh TMPU BUTOTOBIICEHHI JIOMATOK  TypOOMAIIHH.
[IpoananizoBaHO I1CHYIOYl MIAXOAM 1O MIJBUILEHHS TOYHOCTI OOpOOKH, 30KpemMa
3aCTOCYBaHHS CIEIlaJbHUX TPUCTOCYBaHb, HHUPPOBUX 3aCO0IB  MIATOTOBKU
BUPOOHUIITBA Ta METOMIB KOMIICHCAIli MMOXMOOK. BcTaHOBIEHO OOMEXKEHHS
ICHyIOUMX pIillIeHb 1 OOIPYHTOBAHO JOILUIBHICTh BUKOPHUCTAHHS JOMOMIKHOT
TAPOAMHAMIYHOI MIATPUMKH SIK 3aC00y 3MEHIIEHHS MPYKHUX BIAXWUJICHBb JeTajen
MaJioi JKOPCTKOCTI.

Y opyeomy posain po3po0eHO MaTEMAaTHYHI MOJIEI TEXHOJOTIUHHUX MPOIECiB
BHUCOKOIIBUKICHOTO (ppe3epyBaHHs JeTaneil 3 HEpIBHOMIPHOIO MaJOl JKOPCTKICTIO.
YI0CKOHAJICHO aHATITUYHY MOJENb CTaTUYHOTO BIAXWUJICHHS ACTalli, SKa BPAXOBYE
NPUKIIAJIaHAS CHJIM Pi3aHHS B JIOBUIBHIM TOYIl BUIBHOI YaCTHHU €JIEMEHTa Majoi
KOPCTKOCTI. Po3po0ieHo maTeMaTHdHy MOJEb BH3HAYEHHSI CKJIAJOBUX CHJIH
pi3aHHs npu O61YHOMY (pe3epyBaHHI 3 BUKOPUCTAHHSM KJIACHYHOI KPYroBOi MOJENi
TPa€eKTOpii pyXy pIXKydoi KPOMKH. 3alporOHOBAHO MOJEIb  aJIallTUBHOI
TiIPOAMHAMIYHOI MIATPUMKM Ha OCHOBI KEpPOBAHOTO OOTIKaHHS IOBEPXOHb Ta

pPO3pOO0JICHO ITEPaTUBHUIN AJITOPUTM KEPYBaHHS IHTCHCUBHICTIO MIATPUMKHU 3aJIEKHO
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Bl TIOJOKEHHS 1HCTPYMEHTAa 1 BEJWYMHU BIAXWJEHHS JeTaji. Po3riasHyTo
TEOPETUYHI OCHOBH TapMOHIYHOTO BIATYKY TIPYXHOi CHUCTEMH JeTall Majoi
XKOPCTKOCTI Ta BIUIMBY TiIPOJUWHAMIYHOI MIATPUMKKA Ha 11  JUHAMIYHI
XapaKTEPUCTUKHU.

Y  mpemvomy poO3IidAl HABEACHO METOMWKY JOCHIDKEHHS TEXHIYHUX
MOKAa3HUKIB BHUCOKOIIBHJIKICHOTO (pe3epyBaHHs JAeTajeil Mayioi »KOpPCTKOCTI 13
3acTtocyBaHHAM cyyacHux CAE-cucrtem. 3a gonomororo MCE ta SPH-MoentoBanHA
JOCTIKEHO (PI3UKO-MEXaHIYHI MPoLeCH B 30HI pi3aHHS, BU3HAYCHO CHIIM Pi3aHHS,
HaIpy>KeHO-1ePOPMOBaHUNA CTaH Ta TeMmmeparypHi moiyd. JoCHiKeHO BIUIKB
CTpaterii MEepeKpUTTs MNPOXOJIB Ha TOYHICTb (OPMOYTBOPEHHS Ta MapameTpu
IIOPCTKOCTI TOBEpXHI. BCTaHOBIEHO, MIO 3aCTOCYBaHHS MOBHOTO MEPEKPUTTS
MIPOXO/IiB 3a0e3Meuye 3HMKEHHS! MAaKCUMAJIBHOTO CTaTUYHOTO BIAXWJICHHS JETall Ta
COpHsiE€ 3IUIAJKyBaHHIO MDKIIPOXIJHUX HEPIBHOCTEH. BHKOHAHO MOAENIOBaHHS
MpoIeCy TIAPOJMHAMIYHOI MIATPUMKHU MOBEPXOHb JAETajeil Majioi >KOPCTKOCTI Ta
BU3HAYECHO 3aKOHOMIPHOCTI 3MIHU BIJIXWJICHb 3aJ€KHO BiJ IMapaMeTpiB MOTOKY.
[IpoBeneHO MOJaIbHUM aHa3 1 aHall3 TAPMOHIYHOTO BIATYKY MPY>KHOI CHCTEMHU
JeTanal Majoi JKOPCTKOCTI, BHU3HAYEHO BIUIMB TapaMmeTpiB TIAPOAMHAMIYHOI
MiATPUMKH HA aMIUTITYy I BUMYIICHUX KOJUBAaHb Ta PE30HAHCHI XapaKTEPUCTHKHU.

Y uemeepmomy po3aiAl PO3TIASHYTO MHTAHHS MPOTrPamMHOi MIATPUMKHU
MPOIIECIB  BUCOKOMIBUIKICHOTO  ¢pe3epyBaHHS JeTajel Majoi >KOPCTKOCTI.
Buznaueno nigxoau a0 iHGOpMaIIITHOTO TEXHOJOTTYHOTO 3a0€3MEUEeHHS MiATOTOBKU
BUPOOHMIITBA Ta PO3POOJICHO TPOTPAMHHI IHCTPYMEHT IJisi BHOOpY IMapaMeTpiB
bpesepyBanHs. PeanizoBaHa apxiTekTypa MpOrpaMHOTO 3a0e3MedYeHHs] MOETHYE
aHAJITUYHI MOJEJNI MPOTHO3YBAHHS BIAXUIIEHD 13 MOKIUBOCTIMU CAE-cuctem.

VY sucHoéxkax HaBeIEHO OCHOBHI pe3yJbTaTH AMCEPTAliiiHOi poOOTH 11100
MIJBUIICHHS  TOYHOCTI  BUCOKOIIBUJKICHOTO  (ppe3epyBaHHsS  jeTalied 3
HEPIBHOMIPHOIO MAaJIOI0 JKOPCTKICTIO 32 PaxyHOK 3aCTOCYBaHHS JIONOMDKHOI
rigpoauHamMiyHoi  miATpUMKU. HaBegeHo pe3ynbTaTd 3MEHINEHHS TMPYXHUX

Bi)IXI/IJ'IeHB Ta aMHJ'IiTy,JI BUMYIICHUX KOJIMBAaHb 3a 34CTOCYBAaHHA KEPOBAHOI'O
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riIpOAMHAMIYHOTO OOTIKaHHS MOBEpXOHb. HaBeneHO pe3ynbTaTH 3acTOCYBaHHS
cTparerii ppe3epyBaHHA 3 MEPEKPUTTAM MPOXOIIB IS JIeTajel Maoi KOPCTKOCTI.
3a pezyniomamamu 00CAIOHCEHHSI OMPUMAHO MAKE HAYKOBL Pe3YIbmMaAmu:

— @nepuie 3alpONOHOBAHO METOJ TIAPOJUHAMIYHOI MIATPUMKH  JeTajei
Majoi JKOPCTKOCTI Ha OCHOBI KEpOBaHOrO OOTIKaHHS  TOBEPXOHb, IO
3a0e3neyye MiHIMI3AIi0 MPYXXKHUX JAedopmaiiii y mpoieci BHUCOKOUIBUAKICHOTO
bpe3epyBaHHS;

— @nepuie  BCTAaHOBIICHO 3aKOHOMIPHOCTI 3MIHHM 30H MIHIMaJIbHUX Ta
MaKCUMaJbHUX aMIUIITyl BHMYIIEHUX KOJIUBaHb JeTalled Majoi KOPCTKOCTI
3aJIKHO BIJ YacTOTH OOEpTaHHs, KUIBKOCTI 3y0iB ¢pe3n Ta mapaMeTpiB
rigpoauHamiyHoi miaTpuMmku. [lokazaHo, 10 KepyBaHHS IIMMHU [apaMeTpamu
3a0e3neyye 3HIKEHHS aMIUITYyJ Ta 3MIMEHHS pPE30HAHCHUX 4YacToT Yy
BHCOKOYAaCTOTHY 00JIacTh;

— @nepuie Uil IeTaneil Maoi JKOPCTKOCTI BCTAHOBJIEHO 3aKOHOMIPHICTh BIUIMBY
CTYTICHSI TIEPEKPUTTS IPOXO/IIB HA BEIMYMHY CTAaTUYHOTO BIAXUJICHHS Ta MapaMeTpu
MIKpOT'€OMETpIi MOBEPXHI;

— YOOCKOHANeHO aHANTUYHY MOJENIb CTaTUYHOTO BIAXWUJIIEHHS JeTaled 3
HEPIBHOMIPHOIO MAaJIOI JKOPCTKICTIO HUISIXOM BpaxXyBaHHA NPUKJIAJAHHS CUJU B
JIOBUIBHIN TOYIlI BUILHOT YaCTHUHMU,

— YOOCKOHANIeHo 1TEepaTUBHUN aNaNTUBHUI aJrOPUTM OOpOOJICHHS JeTajei
MaJioi >KOPCTKOCTI MUIAXOM 1HTerpamii Mojedl TiIpoAUHAMIYHOI MIATPUMKH, IO
3MEHIIIY€ Ta BUPIBHIOE TOXUOKH 32 PI3HUX MOJIOKEHb IHCTPYMEHTY.

IIpakmuune 3HaueHHs OMPUMAHUX Pe3VTbMamie noA2A€ 8 HACMYNHOMY:

— METOJ| AOMOMIDXHOI T1APOAMHAMIYHOI MIATPUMKHU JeTajied MaJioi KOPCTKOCTI
Moske OyTH peani3oBaHHil Ha 06a31 ICHyIO4YOro obsiagHaHHs 0e3 3aayyeHHs CKIAAHOTO
CHEIIaJIbHOTO OCHAILEHHS Ta 3a0e3leuye MOXIMBICTh IIBUAKOI MOJAEpHI3alli
BUPOOHUIITBA;

— peamizarmisi TIAPOAMHAMIYHOI MIATPUMKH Y TPOIEC] BUCOKOIIBUIKICHOTO

dbpe3epyBaHHs 3a0e3neuye J0JaTKOBE AeMIIpyBaHHS MPYKHOI CUCTEMH JIeTalll, IO
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CIpHsie 3MEHIICHHIO aMIUTITYIM KOoiauBaHb Ha 23,1% B AochipKyBaHMX yMOBax Ta
PO3LIMPEHHIO Ailana3oHy poOOYNX YacToT;

— 3aCTOCYBaHHSI CTpaTerii TMOBHOTO TMEPEKPUTTA TMPOXOAIB, TMOPIBHSIHO 3
YaCTKOBUM, K 3aCO0Yy 3HMKEHHS CTaTHMYHOI CKJIaIOBOI MOXUOKH (OPMOYTBOPEHHS,
3a0e3nevyye 3HIKEHHS CTaTUYHOTO BIIXHWICHHS JeTalll Omq. Ha 11,76% Ta crpuse
e(peKTUBHOMY 3TJI1a/KyBaHHIO MIKIIPOX1JHUX HEPIBHOCTEH;

— 3HIDKEHHS HamnpyXeHo-1e()OopMOBAaHOTO CTaHy B 30HI pi3aHHS, a TaKOX
JIOKAJIbHUX TEMIIEpaTyp CTBOPIOE MEPEAYMOBH IS MiJIBULIEHHS CTIMKOCTI PIXKY4OTro
IHCTPYMEHTA Ta PECYpPCy TEXHOJIOTTYHOTO 00JIaTHAHHS;

— po3poliieHa METOJIMKAa BHU3HAUECHHS BIAXWIEHb J€Taleld 3 HEPIBHOMIPHOIO
MaJIOI0 YKOPCTKICTIO MOK€ OyTH BHKOPHUCTAaHA Y HAYKOBO-JOCIHIJIHUX 1 BUPOOHUUYUX
MPO31JIaX MiANPUEMCTB TIPH MMIJATOTOBII TEXHOJOTTYHUX TPOIIECIB BUTOTOBIICHHS
JIOMATOK TypOiH, IMIIENEpiB, KPUIBYATOK Ta IHILIUX JETaJeH Majoi )KOPCTKOCTI;

— PO3pO0JEHO MPOTPpaMHUIN 1IHCTPYMEHT Ha OCHOBI 3alIPOINIOHOBAHUX MOJENEH 1
METO/IIB, KU 3a0e3leuye BU3HAUCHHS pallloHATBHUX MapaMeTpiB Ppe3epyBaHHs Ta
NPOTHO3YBaHHS BIAXWJIEHb JeTanel 1 Moke OyTH I1HTErpOBaHUM Yy CHUCTEMU
TEXHOJIOTIYHOI MiAITOTOBKX BUPOOHUIITBA.

3a pe3yiabTaTaMy JOCIHIJKEHHS MIJATBEPHKEHO TEOPETHUYHY Ta MNPaKTUUYHY
I[IHHICTh PO3POOJEHUX MOJENIeH, METO/IIB 1 3aCO0IB TEXHOJIOTTYHOTO 3a0e3MeUYeHHS
BHUCOKOIIBUIKICHOTO  dpe3epyBaHHsl Jerajeil Manoi kopctkocti. OTpumani
pe3yJbTaTh MIATBEPAWIN €()EKTUBHICTh 3aCTOCYBaHHS METOJY TiIPOJAUHAMIYHO1
MIATPUMKA IS 3MEHIICHHS TPYXKHUX BIIXWJICHb 1 MIJBUINEHHS T€OMETPUYHOI
TOYHOCTI 0OpOOKM 0e3 HEOOXIMHOCTI CYTTEBOI MOJIepHi3aiii oOJIaaHAHHS.
Po3poOneni Mopeni, ajaropuTMd Ta MPOrPaMHUM 1HCTPYMEHT MOXYTh OyTu
BUKOPHUCTAHI MMiJl 4aC TEXHOJOTIYHOI MIATOTOBKM EHEPreTHUYHOTO, aBIallifHOTO Ta
aepoOKOCMIUYHOTO BUpOoOHUITBA. Hanano pexomenpaiii monao BHOOpY MapaMeTpiB
BHCOKOIIBUIKICHOTO (Ppe3epyBaHHs Ta peadizaiii aganTUBHOI TiAPOJWHAMIYHOL
MIATPUMKN 3aJIKHO BIJ] XapaKTEPUCTUK JIeTalli Ta YMOB 00poOku. PesymbraTtu
HiATBEP/UKYIOTh JTOCSITHEHHST METH JOCTIIKeHHS Ta MOXJIMBICTh MPAKTUYHOTO

3aCTOCYBaHHS JUIsl IIBUIIICHHS] TOYHOCT] BUTOTOBJICHHS JI€TalIel Majoi )KOPCTKOCTI.
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ABSTRACT

Kononenko S. M. Technological Assurance of High-Speed Milling of Thin-
Walled Parts with Nonuniform Rigidity under Allowance Control. — Qualification
scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy (PhD) in Specialty
G9 Applied Mechanics. — National Technical University “Kharkiv Polytechnic
Institute”, Kharkiv, 2026.

The dissertation is devoted to solving the relevant scientific and practical
problem of improving the geometric accuracy of parts with nonuniform rigidity
during high-speed milling by reducing elastic deflections through allowance control
and the application of auxiliary hydrodynamic surface support.

Attention 1s paid to investigating the mechanisms responsible for the
occurrence of static and dynamic form-generation errors, developing mathematical
models of deflections in low-rigidity parts, creating an adaptive hydrodynamic
support algorithm, and designing digital technological support tools for the
machining process.

The object of research is the process of forming the geometric accuracy of low-
rigidity parts during high-speed milling.

The subject of research is the dependence of the geometric accuracy of low-
rigidity parts on the technological support parameters of high-speed milling and
allowance control.

The aim of the dissertation is to improve the accuracy of milling thin-walled
parts with nonuniform rigidity by reducing elastic deflections through allowance
control and the application of auxiliary hydrodynamic influence during machining.

The introduction substantiates the relevance of developing new methods for
predicting and minimizing elastic deformations caused by cutting forces during high-
speed milling of thin-walled parts. The significance of such components for power
engineering, aviation, and aerospace industries is demonstrated. Particular attention is

devoted to identifying the influence of milling methods on geometric accuracy and
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surface-layer quality parameters of complex-profile parts. The relationship between
the dissertation and ongoing scientific programs and research projects is presented.
The aim, object, subject, and objectives of the study are formulated, while the
scientific novelty, practical significance, and research methods are described. The
author’s personal contribution, information on the approbation of the dissertation
results, publication activity, and the structure and scope of the dissertation are also
presented.

Chapter 1 provides an analysis of the current state of manufacturing
technologies for thin-walled parts with nonuniform rigidity. The machining features
of turbine blades, impellers, fans, and other components prone to significant elastic
deformations under cutting forces are examined. A classification of thin-walled parts
and technological deformations according to the regularity of their occurrence is
proposed. Design constraints and critical deviation directions arising during the
manufacture of turbomachinery blades are identified. Existing approaches to
improving machining accuracy, including special fixtures, digital manufacturing
preparation tools, and error compensation methods, are analyzed. The limitations of
existing solutions are established, and the feasibility of applying auxiliary
hydrodynamic support as a means of reducing elastic deflections in thin-walled parts
1s substantiated.

Chapter 2 develops mathematical models of high-speed milling processes for
parts with nonuniform rigidity. An analytical model of static part deflection is further
developed by considering the application of cutting force at an arbitrary point of the
free section of a thin-walled element. A mathematical model for determining cutting-
force components during side milling based on the classical circular trajectory model
of the cutting edge is developed. A model of adaptive hydrodynamic support based
on controlled surface flow is proposed, and an iterative algorithm for regulating
support intensity depending on tool position and part deflection magnitude is
developed. The theoretical foundations of the harmonic response of the elastic system
of a thin-walled part and the influence of hydrodynamic support on its dynamic

characteristics are considered.
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Chapter 3 presents a methodology for investigating the technical

characteristics of high-speed milling of thin-walled parts with nonuniform rigidity
using modern CAE systems. Finite Element Method (FEM) and Smoothed Particle
Hydrodynamics (SPH) simulations are employed to study physical and mechanical
processes in the cutting zone, determine cutting forces, evaluate stress—strain states,
and analyze temperature fields. The influence of tool-path overlap strategy on form-
generation accuracy and surface roughness parameters is investigated. It is
established that a full-overlap strategy reduces maximum static deflection and
contributes to smoothing inter-pass irregularities. Hydrodynamic surface-flow
simulations are performed to determine the patterns of deflection variation depending
on flow parameters. Modal and harmonic response analyses of the elastic system of
thin-walled parts are conducted, and the influence of hydrodynamic support
parameters on forced-vibration amplitudes and resonance characteristics is
determined.

Chapter 4 addresses issues related to digital support of high-speed milling
processes for thin-walled parts. Modern approaches to the digitalization of
manufacturing process planning are analyzed, and a software tool for selecting
milling parameters is developed. The implemented software architecture combines
analytical deflection-prediction models with the capabilities of CAE systems.

The conclusions summarize the main results of the dissertation aimed at
improving the accuracy of high-speed milling of thin-walled parts with nonuniform
rigidity through allowance control and auxiliary hydrodynamic support. The
possibility of reducing elastic deflections and forced-vibration amplitudes through
controlled hydrodynamic surface flow is demonstrated. Recommendations for
selecting technological process parameters are substantiated.

The following scientific results were obtained.:

— for the first time, a method of hydrodynamic support for thin-walled parts
based on controlled fluid flow around their surfaces has been proposed, providing

minimization of elastic deformations during high-speed milling;
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— for the first time, the regularities governing the variation of zones with
minimum and maximum amplitudes of forced vibrations in thin-walled parts have
been established as functions of spindle rotational speed, cutter tooth number, and
hydrodynamic support parameters. It has been shown that controlling these
parameters reduces vibration amplitudes and shifts resonance frequencies toward the
high-frequency range;

— for the first time for thin-walled parts, the relationship between the degree of
toolpath overlap and the magnitude of static deflection as well as the surface
microgeometry parameters has been established;

— the analytical model of static deflection of parts with non-uniform low
rigidity has been improved by accounting for the application of force at an arbitrary
point of the free section;

— the iterative adaptive machining algorithm for thin-walled parts has been
improved through the integration of a hydrodynamic support model, which reduces
and equalizes machining errors for different tool positions.

The practical significance of the obtained results is as follows:

— the proposed auxiliary hydrodynamic support method can be implemented
using existing equipment without the need for sophisticated dedicated tooling and
enables rapid modernization of production facilities;

— the implementation of hydrodynamic support during high-speed milling
provides additional damping of the elastic system, reducing vibration amplitudes by
23.1% under the investigated conditions and extending the operating frequency
range;

—the application of a full-overlap milling strategy, compared with partial
overlap, as a means of reducing the static component of form-generation error
decreases the maximum static deflection 0,4 by 11.76% and effectively smooths
inter-pass irregularities;

— reducing the stress-strain state and local temperatures in the cutting zone

increases tool life and extends the service life of technological equipment;
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— the developed methodology for determining deviations of thin-walled parts
with nonuniform rigidity can be used by research and industrial organizations in the
preparation of technological processes for manufacturing turbine blades, impellers,
fans, and other low-rigidity components;

—a software tool based on the proposed models and methods has been
developed to determine rational milling parameters and predict part deviations, and it
can be integrated into manufacturing process planning systems.

The research results confirm the theoretical and practical value of the
developed models, methods, and technological support tools for high-speed milling
of parts with nonuniform rigidity. The obtained results demonstrate the effectiveness
of auxiliary hydrodynamic support as a means of reducing elastic deflections and
improving geometric accuracy without requiring substantial modernization of
existing manufacturing equipment. The developed mathematical models, algorithms,
and software tools can be applied in the technological preparation of manufacturing
processes for power engineering, aviation, and aerospace components.
Recommendations for selecting high-speed milling parameters and implementing
adaptive hydrodynamic support depending on part characteristics and machining
conditions are provided. The achieved results confirm the attainment of the research
objective and demonstrate the possibility of practical application for improving the
manufacturing accuracy of thin-walled parts under modern industrial conditions.

Keywords: thin-walled parts, technological preparation, mechanical processing,
high-speed machining, cutting methods, modeling, 3D model, cutting conditions,
cutting forces, dynamic process, natural oscillations, machining error, surface

roughness, quality parameters, accuracy.
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