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npouec FDM (Fused Deposition Modeling) - npo1iec nomapoBoro BUKJIagaHHs po3MiaBy ¢inaMeHTy. PazoM 3 Tum,
BIpOBafpKeHHs FDM-IpyKy 11711 BUDOOHUIITBA BifTIOBifaNbHUX iH)KEHEPHUX JleTajell TaJlbMy€eTbCS PSLIOM CyTTEBUX
HenoikiB. FDM-BUpo6y He € OBHICTIO KOMIIAKTHUMU Ta LIiIbHUMU. [TomapoBe BUKJIaJaHHS MaTepiany
IPU3BOJUTE 10 (POPMYBAHHS BUPAXKEHOI aHI30TPOIii MEXaHIYHMX BJIACTUBOCTEN: MiLIHICTb [eTaji B3OBXK HAIPSIMKY
BUKJIQJAHHS BOJIOKOH 3HAYHO IE€PEBUILYE ii MILHICTb Y HANIPSAMKY OCi Z. JKiCTb i MILHICTb 3'€JHAHHA OKPEMUX
HUTOK i IIapiB MixK cO6010 KpUTUYHO 3aj1eXaThb Bifj TeMIIepaTypHUX I10JIiB IIifi 4ac TeIJIOBOro KOHTAKTy Ta
rifpoguHaMiYHUX SIBULL €KCTPY3ii pO3IyIaBy. SIK HACIIiLOK, HAAPYKOBaHI [eTasli XapaKTepU3yIOThCS 3HAYHOIO
OXMOKOIO (POPMU, BiIXMJIEHHSIM FEOMETPUYHUX PO3MipiB, BUCOKOIO IIOPCTKICTIO IOBEPXHI Ta HASIBHICTIO Macu
BHYTPIIIHIX i moBepXHeBUX fedeKTiB (MOPOKHMHY, AesaMiHallis, TeMIlepaTypHe BUKPUBJIEHHS, ycanka). [1[o6
3a0€31e4YuTy NapaMeTPU SIKOCTi, aAUTOBaHI 3arOTOBKU 3a3BUYall Mifal0Th IOCTOOPOOJIEHHIO (MEXaHIYHOMY,
(disuko-xiMiuHOMY, TepMiuHOMY). [IpOTE MexaHiuHNMII BIIJIMB Pi3ajIbHOrO iHCTPYMEHTA Ha MIAPyBaTy Ta MOPO>XKHUCTY
CTPYKTYpYy 3D-IpyKOBaHOrO NJIACTUKY KapAWHAJIBHO BiJIpi3HSIETHCS Bi 0OPOOKY CYyLiJIbBHUX METaJIiB UM JIMTUX
noslimepiB. MexaHiuHe 0OpO06JIEHHSI MOJKe SIK JIIKBiZlyBaTH [IOBEPXHEBI AedeKTH, TaK i CIIPOBOKYBAaTU 3aPOJIKEHHS
HOBUX, BUKJIMKATH PO3BUTOK MIiKPOTPIlllMH Y IPUIIOBEPXHEBUX LIapax, 301/IbIIYIOYM TaK 3BAaHUN «JeCTPYKTUBHUI
IIap» Yepe3 CUJIOBI Ta TEIJIOBI HABAHTAXEHHS. TOMY KOMILJIEKCHE [OCIiIP)KEHHS BIUIMBY MEXaHIYHOTO
MOCTOOPOOIEHHS HAa TapaMeTPH SIKOCTi BUpo6iB 3 FDM, a TakoX po3po6Ka MPUHIIUITIB MiHiMi3allii Takoro
06pO6JIEHHS € HA[I3BUYANHO aKTyaJIbHOI HAyKOBO-TIPUKJIAJHOIO 337ja4y€l0. BUKOHAHO I'PYHTOBHMUIA OIJISI/, CY4aCHOTO
CTaHy aIUTUBHUX TEXHOJIOTIN. [IpoBeeHo nopiBHIbHMMI aHaii3 FDM 3 inmumMu Mmetogamu. ITokaszaHo, o
He3BaKalouu Ha JocTynHicTe FDM, nponec Hece B cO6i pu3UKKU yTBOPEHHS crielUpivHUX MaKpo- Ta
MiKkpoaedeKTiB, 5IKi CYTTEBO 3HUKYIOTh HECY4y 3IaTHICTb Ta JOBrOBIYHICTb JeTaseil. O6paHo HaNOibII BaXKJINBI
IlapaMeTpH SIKOCTi: MilIHICTb Ha po3puB, KBajiTeT TouHocCTi (IT9-1T11), mopcTKicTh NoBepxHi (3a napameTpom Ra) Ta
reépMETUYHICTb. 3a3HAYEHO, 1[0 HYHI iHKeHepHa IIPAKTHKA MOKJIaA€ThCSI HA MEXaHIYHE IIOCTOOPOOJIEHHS 1S
BUJIyYEHHS OIIOPHUX i JOIIOMDKHUX CTPYKTYP Ta 3a6e3ledeHHs KBaJiTeTy TOYHOCTI OKpEMUX eJleMeHTiB. OfHaK
KJIACUYHI METOAUKY PO3PaxyHKy IIPUITyCKiB HA MeXaHiuHy 00pOOKy He npalotoTs 111 FDM-Bupo6iB yepes
HEOJHOPIJHICTb CTPYKTYPH aAIUTOBAHOrO BUPOOY. [I0CTOOPO6IEHHS TaKOK BUCTYIIAE SIK 3aCi6 BUAATEHHS
[IOBEPXHEBUX Ne(DEKTIB (XBUJIb, HAIUIUBIB), ajlé OJHOYACHO MOXKE IIOPOJKYBAaTH HOBi (BHYTPIIIHI TPIlIMHMU Bif, il
MIKpOKJIMHA iHCTPYMEHTY, TepMiuHi npurmnasnu). Ha 0CHOBiI BUKOHAHOT0O aHasi3y c)OpMyJIbOBAaHO OCHOBHY TillOTe3y
IOCTiIKeHb OO0 BILJIMBY IOCTOOPOOGJIEHHS HA IIapaMeTpPH SIKOCTi TOTOBOT0O BUPOOY. OGIPYHTOBAHO TEOPETUKO-
€KCIIepUMEHTasIbHYy 6a3y JocimkeHHs. DopMyBaHHS BUXiIHUX MOKA3HUKIB SIKOCTi IIOJAHO Y BUIJISIAI CKJIaHOI
11i71b0BOI PYHKLIi IepeTBOPEHHS [109aTKOBUX (IIPOTHO30BAHMX) FTEOMETPUYHUX | MEXaHIYHNX XapaKTePUCTHK Yepe3
PEXMMU IPYKY (WIBUIKICTh 06XOAY, TOBLIMHA LIapy, TEMIIEpPAaTypa €eKCTPYAEPa) Ta PEXXUMU OOPOOKH Pi3aHHSIM
(BUAKiCTB, rIMOMHA, TOJAYa) y BUXigHi. HaBegeHo MaTeMaTH4YHy MOJIe/Ib TEPMOMEXaHIUHOI [1I0BEIiHKY MaTepiaiy
B IIPOLEC] eKCTPY3ii Ta 0X004KeHHs. [ToKazaHo, 10 MJIOCKUI HANIPY>KEHUH CTaH y y IJI0IMHI BUKIagaHHa OXY
CYIIPOBOJKY€ETbCSI TEMIIEPATYPHUMU I'PAJli€HTAMU, SIKi IPU3BOLSATD 10 BUHMKHEHHS 3aJIMIIKOBUX HAIPY>KeHb. [l
€KCIIEPMMEHTAJIbHOI OLiIHKY BUKOPUCTAaHO METOJMKY BUNIPOOYBaHb Ha PO3TAT 3a cTanaaptoM ASTM D638-14.
3acTOCOBAaHO METOMKY KOHTPOJIIO LIOPCTKOCTI Ta XBUJISICTOCTI IOBEPXOHB 32 JOIIOMOTIOI0 Ipodinorpam, Ta
METOJMKY JOCJIiIPKEHHS Fa30IPOHUKHOCTI /TEPMETUYHOCTI ZieTanell 3 BAKOPUCTAHHIM BaKyyMHoOro nocra BYTI-5. Y
SIKOCTi OCHOBHOTO iHXX€HEpPHOTr'0 IEMOHCTpaTopa 6yJio 0OpaHO CTiIIbHUKOBUI 62K, 1110 MpaLjloe IIif BHYTPilIHIM
THCKOM. AHaJIi3 TaKoro BUpoOy 3BOJUTHCS [0 OLiHKU B3a€MOJii KiIbKOX KOMIIOHEHT: BHYTPIlIHbOI CTiHKH,
€KBiBaJIEHTHOTO CTiJIbHUKOBOTO 3aMIOBHIOBAYA Ta 30BHIMHbOI cTiHKY. DyaHenp 6aka 3MOJe/IbOBAHO SIK 3alleMJIEHY
KpYyIJly IJIACTUHY B MOJISIPHUX KOOPJIMHATAX, 10 [JO3BOJIMJIO aHAJIITUYHO BUBECTU PiBHSHHS [JIs Pajia/lbHUX i

TaHI‘eHL{iaJIbHI/IX 3ruHaJIbHUX MOMEHTIB.

2. Kostenko A.O. Ensuring quality parameters of engineering products obtained by FDM with minimal post-
processing. — Qualifying paper as a manuscript. Dissertation for the degree of Doctor of Philosophy in the field of
knowledge 13 Mechanical Engineering 131 Applied Mechanics. National Technical University of Ukraine "Igor
Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2026. In recent years, additive technologies have fundamentally changed
the paradigm of engineering design and drafting, transforming these processes into systems for the continuous
synthesis of finished three-dimensional physical objects. Among a wide range of technologies, fused deposition



modeling of polymer filaments takes a leading place due to its economic accessibility, simplicity of equipment
operation, and a wide nomenclature of used materials. At the same time, the implementation of FDM printing for
the production of critical engineering parts is hindered by a number of significant drawbacks. FDM products are
not entirely compact and dense. Layer-by-layer deposition of the material leads to the formation of a pronounced
spatial anisotropy of mechanical properties: the strength of the part along the direction of fiber deposition
significantly exceeds its strength in the direction of the Z-axis. The quality and strength of the connection of
individual threads and layers to each other critically depend on the temperature fields during thermal contact and
the hydrodynamic phenomena of melt extrusion. As a result, printed parts are characterized by significant shape
errors, deviation of geometric dimensions, high surface roughness, and the presence of numerous internal and
surface defects (cavities, delamination, thermal warping, shrinkage). To ensure quality parameters (strength,
accurate dimensions according to IT9-IT11 tolerance grades, surface roughness Ra 1.2...2.5 pm, and leak tightness),
additively manufactured blanks must necessarily be subjected to post-processing (mechanical, physicochemical,
thermal). However, the mechanical impact of a cutting tool on the layered and hollow structure of 3D-printed
plastic differs radically from the machining of solid metals or cast polymers. Mechanical machining can either
eliminate surface defects or provoke the nucleation of new microcracks, increasing the so-called "destructive
layer" due to force and thermal loads. Therefore, a systematic study of the impact of mechanical post-processing
on the functional properties of FDM products, as well as the development of principles for minimizing such
processing by optimizing the initial printing, is a highly relevant scientific and applied task. A thorough review of
the current state of additive technologies has been performed. A comparative analysis of FDM with other methods
has been conducted. It is shown that despite the accessibility of FDM, the process carries risks of the formation of
specific macro- and microdefects that significantly reduce the load-bearing capacity and durability of the parts.
Special attention is paid to the general classification of 3D printing defects: ¢ by size: centimeter, millimeter,
micrometer, nanometer, and angstrom (destruction of polymer chains); * by spatial topology: 0D (point, e.g.,
internal pores), 1D (linear — thread-like formations), 2D (planar — delamination, separation), 3D (volumetric —
thermal warping, shrinkage, under-extrusion), and 4D (defects that evolve and grow over time under the influence
of cyclic loads); * by the nature of occurrence: deformational (due to thermomechanical stresses and shrinkage
differences) and those caused by material flow disturbances (over-extrusion, under-extrusion). It is noted that
currently, engineering practice relies on mechanical post-processing to remove support structures and ensure
precision tolerance grades. However, classic methods for calculating machining allowances do not work for FDM
products due to their heterogeneity. Post-processing acts as a means of removing surface defects (waves, build-
ups), but at the same time can generate new ones (internal cracks from the action of the tool's micro-wedge,
thermal burns). The theoretical and experimental basis of the study is substantiated. The life cycle of an FDM
product is considered as a multi-stage process: 3D modeling - slicing - extrusion/printing - post-processing.
Accordingly, the formation of the output quality indicators is presented in the form of a complex objective function
of transforming the specified geometric and mechanical parameters through printing modes (traverse speed, layer
thickness, extruder temperature) and cutting modes (speed, depth, feed). A mathematical model of the material's
thermomechanical behavior during extrusion and cooling is presented. Differential equations of heat conduction
and quasi-static equilibrium are used. It is shown that the plane stress state in the OXY deposition plane is
accompanied by temperature gradients that lead to residual stresses.
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OxopoHHi gokymeHTH Ha OIIIB:

HaykoBi BigkpuTTs
1) BcTaHOBJIEHO, IO ME€XaHiYHe 06pO6IEHHS, HAalIPABJIEHE HA 3HSITTS IOBEPXHEBOTO APy OTPUMAaHUX METOLOM
FDM-3aroToBokK, 37jaTHE MOJIMIIIUTY MEXaHiuHi BJJACTUBOCTi TOTOBOrO BUPOOY 32 PaxyHOK 3MEHIIEHHS
KiJIbKOCTi I0BEPXHEBUX Je(EKTIB Ta MiCllb YTBOPEHHS KOHLEHTPATOPIB HANIPy>KEHb, CIIPOMOXKHUX
CIIPOBOKYBaTU PyMHYBaHHS Mif, €10 eKCIyaTalilHUX HaBaHTaXXEHb; 2) ITOKa3aHo, 10 Mofudikaris
[IOBEPXHEBOTO IIapy II0B’sI3aHa 3 [IPoLecaMy CTPY>KKOYTBOPEHHSI Bif, [Iii pi3aJIbHOTO KJIMHY B yMOBaX
BAHMKAIOYOT0 JUHAMIYHOIO TEIJIOBOr'O BIUIMBY; B PE3YJIbTATi BiIOKPEMIIEHHS [IOBEPXHEBOTO 1IAPy
BiZIOYBa€TLCSI 3HVKEHHS MIOPCTKOCTI IOBEPXHI, NOJIMNIIYEThCSI TOYHICTb B3AEMHOTO PO3TalllyBaHHS IOBEPXOHb
Ta BUKOHYBAaHUX PO3MipiB, 3HIXKYIOTbCS 3QJIMIIKOBI HAMIPY>KEeHHSI; 3) HabyJ1a MOAAJIbIIOTO PO3BUTKY TEOPis
KBa3iKpUXKOTro pylHHyBaHHS BUPOO6iB, oTpuManux FDM, 110 sB/II0Th COO0I0 HElllibHi 1apyBaTO-IIOPOXKHUCTI
CTPYKTypH. JIJ1s1 HeapMOBaHUX IJIaCTUKIB TUIly PLA, ABS KpuTepiem NIpOrHO3yBaHHS BJIACTHMBOCTE [1OCTaE

KIH, sixni1 BU3HA4a€ThCS HE TiJIbKY YMOBAaMHU BilTBOPEHHS BUPOOY, a I HACTYIIHUM MOTr0 IIOCTOOPOOIEHHSIM
BrnpoBaaKeHHS pe3yJIbTaTiB AHCEPTalii: BuposamkeHo

3B's130K 3 HAYKOBUMH T€MaMH:

VI. BizomocTi Npo HayKOBOr0 KepiBHHKA /KEPiBHUKIB (KOHCYJIbTaHTA)

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Canenko Onekcanap ®enoposBud

2. Oleksandr Salenko

KBasigikamnis: 1. 1. n., npodecop, 05.03.07
ImenTudikarop ORCID ID: 0000-0002-5685-6225
JoparkoBa iHdpopmamnist:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0C00H: HanioHanbHuii TexHiuHmil yHiBepcuTeT Ykpainu "KuiBchKuit

NOJIiTeXHIYHMI iHCTUTYT iMeHi Irops Cikopcekoro”

Kop, 3a €IPTIOY: 02070921

Micue3HaxoO KeHHS: npocnekT Bepecreiicbkuii, Kuis, 03056, Ykpaina
dopma ByracHoCTI:

Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

VII. BizomocTi npo odiniliHuX OIIOHEHTIB Ta PEleH3E€HTIiB
OdiuiiiHi OIOHEHTH
BiacHe IIpi3Buie Im'sa I1o-6aTbKOBI:

1. IlepmakoB OsiekcaHzp AHATOJINOBAY

2. Oleksandr A. Permyakov

KBasigikanis: 1. 1. u., npodecop, 05.02.08



InenTudikarop ORCID ID: 0000-0002-9589-0194
JoparkoBa iHdpopmamnist:

IloBHe HaliMeHYBaHHSI IOPUAHUYHOI 0COOHM: HaujoHanbHuil TEXHIYHMIA yHiBEpCUTET "XapKiBChKUIA

MOJIITEXHIYHUN IHCTUTYT"

Kopg, 3a €IPIIOY: 02071180

Micue3Haxoa>KeHHS: Bys. Kupnuyosa, Xapkis, XapKiBchkuii p-H., 61002, Vkpaina
dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH i HayKy YKpaiHu

Inentudikarop ROR:

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. ImutpieB Imutpo OJiekciitoBuy

2. Dmytro Dmytriev

KBasigikamis: 1. 1. n., npodecop, 05.03.01

InenTudikarop ORCID ID: 0000-0001-8200-351X

JoparkoBa iHdpopmamnist:

IloBHE HaliIMeHYBaHHS IOPUAHUYHOL 0COOH: XepCOHCHKMI HALJIOHAIbHUIA TEXHIYHMI YHIBEPCUTET
Kopg 3a €IPIIOY: 05480298

Micue3HaxoO KeHHS: Bepucnapchke moce, XepcoH, 73008, Ykpaina

dopma BracHOCTI: JlepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

PeuenseHTu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Tumowmenko OnexkcaHup BikTopoBuu

2. Oleksandr V. Tymoshenko

KBasigikanis: k.r.u., nor,, 05.02.09
InenTudgikarop ORCID ID: 0000-0003-0226-3755
JoparkoBa iHdpopmamuist:

IloBHE HaliIMEeHYBaHHS IOPUAMYHOI 0COOHM: HauioHnanbHuii TexHiuHMiA yHiBepcuTeT YKpainu "Kuischkuit

NOJIiTeXHiYHMM iHCTUTYT iMeHi Irops Cikopcekoro”

Kopg 3a €IPIIOY: 02070921

Micue3Haxoa KeHHS: npocnekT Bepecreiichkuii, Kuis, 03056, Ykpaina
dopma By1acHOCTI:

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBIiTH i HAayKu YKpaiHu



InenTudikarop ROR: He zacrocosyerscs

BiacHe IIpi3Bue Im'sa I1o-6aTbKOBI:
1. Boponuos bopuc CepriftoBuy

2. Borys S. Vorontsov

KBasigikanis: 1. 1. u., npodecop, 05.03.01

InenTudikarop ORCID ID: 0000-0003-1174-0971

JopaTrkoBa inpopmanis:

IloBHe HaliIMeHYBaHHS IOPUAHYHOL 0C00H: HanjioHanbHuii TexHiuHuil yHiBepeuteT Ykpainu "KuiBchKuit

MOJIITEXHIYHMM iIHCTUTYT imMeHi Irops Cikopcpkoro”

Kopg 3a €IPIIOY: 02070921

MicueSHaxo,vieHHﬂ: npocnekT bepecreiicekuii, Kuis, 03056, Ykpaina

dopma ByracHOCTI:

Cdepa ynpaBitiHHS: MiHictrepcTBo OCBiTH i HayKu YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

VIII. 3ak1104Hi BiZOMOCTI
Baache IlpizBuiie Im's ITo-6aTbKOBI
TOJIOBH pagu

BiiacHe IIpizBuie Im'sa Ilo-6aTbKOBI
TOJIOBYIOYOTO Ha 3acCiiaHHi
BignoBigasibHUI 3a HiATOTOBKY

00JIiIKOBHX JOKYMEHTIB

PeectpaTtop

KepiBuuk Bigzainy YKpIHTEI mo €
BiZIIIOBiZaJIbHUM 32 peecTpallilo HayKOBOi

OisIJIBHOCTI

Cokosbebkuit Osnekcanap JleoHinoBuy

Cokonbebkuil Onekcanap JIeoHiToBuY

Kocrenko Anton OJiekcanapoBuy

IOpuenko TersHa AHaTosiiBHA

Opuenko TersHa AHaTosIiBHA



