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AHAJII3 TEXHOJIOTIA MEXAHIYHOI OBPOBKH JIETAJIEN
AJIUTUBHOT'O BUPOBHUIITBA B IHHKEHEPHUX CUCTEMAX

YV oanint pobomi nasedeno pesynomamu ananizy HAYKOBO-IiMepamypHux Oxcepei md iCHYIOUUX MexXHOI02il mexd-
HIYHOI 0OpOOKU Demalell, 8U20MOBIeHUX MemoOoM AOUMUBHO20 UPOOHUYMEBA, 30KPeMd MOOeT08AHHS NAABIEHUM 0Ca-
ooicennam (FDM). Hedocmammus sakicme noGepxHi ma HU3bKa MOYHICHb 2eOMEMPUYHUX POSMIPIG € OOHUMU 3 KIIOYOBUX
npobnem, wo oomedxncyroms 3acmocysanns 3D-0pyKosanux KOMNoHeHmie y 6UCOKOMeXHON02TUHUX 2any3ax, Tomy po3poo6-
Ka eghekmusHUxX Memooie noCmoopoOKU € aKmyaibHUM HANPAMOM OJis IHme2payii a0umueHo20 UPOOHUYMEA 8 THICEeHeD-
Hi cucmemu. Mexaniuna obpobka (ppezepyeants, mouints, WiQ)y8anHs) po3ensioaemscs K NepCneKmMugHUll nioxio os
supieHHs yiei npooiemu, OCKLIbKY 00368015€ 3HAYHO NIOBUWUMU MOYHICTb PO3MIPIS, AKICIb NO8EPXHI Md NOKPAUUMU
maxi (PYHKYIoHaIbHI Xapakmepucmuku, K 3HoOCOCMIUKICMy i 6momMHa MiyHicme. Bemanosaneno, wo npoyec mexaniunoi
0opobru FDM-6upobie mac cymmegi ocobnusocmi, nog si3ami 3 iXHbow wapysamoro cmpykKmypoo ma aHizomponicro
MmexaHiunux eracmusocmeil. Ha 6iominy 6io cyyinonux mamepianis, y 3D-Opykosanux oemansx Hauciaduum micyem
€ Midculaposi 3’ €OHaHHsL, Wo CMEOPIOE PUSUK POULAPYEAHHS (Oenaminayii) nio Oier pijcyuoeo iIHCMpPYMeHmy, ocoonu-
60 npu 06pobYI NEPNeHOUKVIAPHO 00 wapie. IHuwuMy 8aXCIUBUMU PAKMOPAMU € KOHYESHMPAYIs HANPYICEHb Y GV3IAX
KOHMAKMY Midic 60IOKHAMU Ma MENN0BULL 6RAUS, AKUL MOdICe 0ciadmosamu ao2e3itini 36 a3ku. IcHyroui arbmepnamugui
Memoou, AK-0m XiMiuHe 321A0AHCYBAHHS, XOUa U epeKmueHi 0711 NOKPAUeHHs NOBEPXHI, MONCYMb NPU3BOOUMU 00 3HAYHO-
20 (32-35 %) 3nuswcenns miynocmi oemanei. 32i0HO 3 NPOBEOEHUM AHANIZO0M, OJiA 3a6e3nedeHHs. NPO2HO308AHOT AKOCMI
00podKu ma 36epexcens Yinicnocmi upody 3anponoHo8ano nioxio, wo 6a3yeEMvCsa Ha MAMEMAMUYHOMY MOOEIOEAHH]
npoyecy n1e306020 pizanna. Mooenv epaxosye wiapysany Cmpykmypy Mamepiany, cuiu Midxculapogoi aoeesii, po3nooiin
HOPMANILHUX MA 3CYSHUX HANPYICEHb, d MAKOIC MEMNEPAMYPHY 3A1eACHICmb MiyHocmi 3 €Onans. Bubip onmumanvhux
napamempis 06pobku (nooaya, enubuHa pi3anHs, WeUOKICMb) MAe IPYHMYBAMUCS HA YMOGI, 3a AKOI HANPYIHCEHHs 3Di3y
Mamepiany He nepesuy8amumMyms MIYHICIb MIXCULAPOBUX 36 A3Ki6, W0 003801UMb YHUKHYMU 0edhekmie ma 3abesne-
yumu HAdItHICMb KiHYe8020 NPOOYKNLY.

Knrouosi cnosa: aoumusne eupobnuymeo, FDM, mexaniuna obpobxa, sikicms no6epxwi, ulOpCmKICmb, MIDCUAPOSA
aozesis, KOHYeHmMpayis Hanpy’CceHs, PO3ULAPYEaAHHA.
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ANALYSIS OF MECHANICAL PROCESSING TECHNOLOGIES
FOR ADDITIVE MANUFACTURING PARTS IN ENGINEERING SYSTEMS

This paper presents the results of an analysis of scientific and literary sources and existing technologies for the
mechanical processing of parts manufactured using additive manufacturing, in particular fused deposition modeling
(FDM). Insufficient surface quality and low geometric accuracy are among the key problems limiting the use of
3D-printed components in high-tech industries. Therefore, the development of effective post-processing methods is a
relevant direction for the integration of additive manufacturing into engineering systems. Mechanical processing (milling,
turning, grinding) is considered a promising approach to solving this problem, as it allows for a significant increase in
dimensional accuracy and surface quality, as well as improvements in functional characteristics such as wear resistance
and fatigue strength. It has been established that the process of mechanical processing of FDM products has significant
Sfeatures related to their layered structure and anisotropy of mechanical properties. Unlike solid materials, the weakest
point in 3D-printed parts is the interlayer connections, which creates a risk of delamination under the action of a cutting
tool, especially when machining perpendicular to the layers. Other important factors are stress concentration at the
contact points between fibers and thermal effects, which can weaken adhesive bonds. Existing alternative methods, such
as chemical smoothing, although effective for improving the surface, can lead to a significant (32-35 %) reduction in the
strength of parts. According to the analysis, an approach based on mathematical modeling of the blade cutting process
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is proposed to ensure the predicted quality of processing and preserve the integrity of the product. The model takes into
account the layered structure of the material, interlayer adhesion forces, the distribution of normal and shear stresses,
as well as the temperature dependence of the strength of the joints. The selection of optimal processing parameters (feed,
cutting depth, speed) should be based on the condition that the shear stress of the material does not exceed the strength
of the interlayer bonds, which will avoid defects and ensure the reliability of the final product.

Key words: additive manufacturing, FDM, machining, surface quality, roughness, interlayer adhesion, stress
concentration, delamination.

IocTanoBKa mpodaeMu

MexanigHa 00poOka BUPOOiB iH)KEHEPHOTO IMPU3HAYCHHS BUTOTOBICHHX METOIOM MOJCIIOBAHHS IUIABICHHM OCa-
mwxeHHsIM (FDM) (Puc. 1) € HeoOXiTHOO YaCTHHOIO aJUTHBHOTO BUPOOHHUIITBA [UIS 3a0€3TCUCHHS BCTAHOBICHUX TIOKAa3-
HUKIB SKOCTI TIOBEPXHi, TOYHOCTI TEOMETPUIHHUX Po3MipiB 3D-HaapykoBaHUX KOMMIOHEHTiB. FDM — 11¢ mIMpoKO BHUKO-
PHCTOBYBaHUI METO aJUTHBHOTO BUPOOHUIITBA; B HHOMY 00’ €KTH CTBOPIOIOTHCS IUISIXOM HAHECEHHS TePMOIIACTUIHHX
MarepialiB MOIMIapoOBO 3 EKCTPyAepa — PEe3yIbTaTOM IIHOTO MOXYTh OyTH IIapyBaTa CTPyKTypa BHpoOy. OZHUM 3 IUIA-
XiB OTpUMaHHSA BUPOOY HEOOXiMHOI SKOCTI IOBEPXOHb € BUKOPHUCTAHHS METOIIB MEXaHidHOI 00poOku (ppesepyBaHHS,
To4iHHSA, nUTIQyBaHHSA a00 cBepTyBaHH:). L{e cripusiyio 3MeHIIeHHs pO3pUBY MK aIUTHBHUM BHPOOHUIITBOM Ta TPaIH-
MIHHAMHU MeTOaMu BUTOTOBIeHHS [1], [2].

Puc. 1. lIpouec FDM apyxky

3HaYCHHS MEXaHIYHOTO 00pOOJICHHS B TeXHOJI0TisIXx FDM mosisiraroTh y X 3MaTHOCTI BUPIIIYBATH MPOOJICMH SIKOCTI Ta
PO3MipiB MOBEPXHI, SKi MOXKYTh 3aBaXKaTH BUKOPHUCTAHHIO aeTaneil 3D-apyky y pisHuX cdepax mpomuciaoBocti. [amysi
TaKi sIK aepoKOCMivHa (pHC. 2), aBTOMOOLTbHA Ta MEAWYHA 1HYCTpisl Bce Oinblie cnimparoTbesi Ha FDM-texHouorito uist
CTBOPCHHS BUCOKOC()EKTUBHIX KOMITOHCHTIB JIJIsl TOCSITHECHHST BUCOKHX CTaHAapTiB sikocTi [3] [4].

Puc. 2. /Ipyk ocHaleHHS /11 2ePOKOCMiYHOr0 BUPOOHULITBA

MexaHiuHe 0OpOOJCHHS HE TIIBKH IMIJBHIIYIOTH ITOBEPXHEBY SIKiCTh BHUpPOOY, ajie ¥ MiJBHIIYIOTh (yHKIIOHAIBHI
XapaKTePUCTUKU, TaKi SK 3HOCOCTIMKICTh 1 BTOMHA MIIHICTB, MO0 poOuTh 00podmeri FDM nerani mpumaTHUME s
CKJIQJIHUX 3aCTOCYBaHb [5].
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Mexaniuna 06poOka HaJlae YHCICHHI ITepeBary, aje BOIHOYAC CTBOPIOE MPOOIEMH, 3 IKUMH BUPOOHUKH TIOBHHHI Bpa-
XOByBaTd. Taki mpoOieMu, Sk 3HOC iHCTPYMEHTY, CKIaHICTh MPOrpaMyBaHHsS Ta BUTPATH HA TEXHIUHE OOCITYTOBYyBaHHS,
MOXYTb YCKJIQTHUTH e(DEKTUBHICTh Ta PE3yNIBTaTUBHICTH omepaiit 00podku. Kpim Toro, Bubip MarepialiB CyTTEBO BILTUBAE
Ha SIKICTb MeXaHI9YHO1 00POOKH, 10 BUMArae Bijl BAPOOHUKIB BpaXyBaHHS UX (DaKTOPiB B TEXHOIOTIUYHHX Iporecax [6], [7].

DopMyTIOBAHHS METH J0C/i/IZKEHHS

MeToro TOCTIHKEHHS € aHai3 CyJaCHUX TEXHOJIOTiH 00poOKH /eTaseii BATOTOBICHUX aTUTHBHUX METOMIB 3 ypaxy-
BaHHSM IIITBHOCTI CTPYKTYPH Ta B3a€MOJIT MiXkK PI3HUMH IIapaMH.

AHaJi3 ocTaHHIX AocTizKeHb i myOmikaniii

FDM - onHa 3 HalTOMUPEHIIIIX TEXHOIOTiH aJUTHBHOTO BUPOOHHUIITBA, BU3HAHA 3aBISKH IIHPOKOMY BHOOpY Mare-
piamiB, TOYHOCTI APYKY, TOBTOPIOBAHOCTI Ta TOBrOBiYHOCTI. IIpormec BKIO9ae eKCTPy3if0 TEPMOIIIACTHIHUX TTOIIMEPIiB
Yyepes HarpiTe COIUIOo, /Ie MaTepial HAHOCUTHCS IIap 3a MapoM, CTBOPIOIOYH TPUBUMIpHUIT 00’ €KT. L1 TexHOMOTIS 3p0o0nia
PEBOJIOIIIO JO3BOJIIMBIIA BUPOOIATH eTalli, IKi MalOTh MEXaHigHi BIACTUBOCTI, MOMIOHI O THX, IO BUTOTOBISIOTHCS
TpaJWIiHHAMA METOZAMH, TAKAMH K JIUTTS IiJ THCKOM, 0COONMBO 3 Takux Matepiainis, sk ULTEM, Antero ta Nylon
12 CF [8] [9]. 3maTHiCTH BUTOTOBIATH BHCOKONPOAYKTHUBHI 1eTalti poOUTh il MpHAAaTHOIO A7 3aCTOCYBAHHS B ITMPOKOMY
Jiarma3oHi — BiJl KOMITOHEHTIB iHTEp €py JITaKiB 0 IPOMHUCIOBUX IPUCTOCYBAHb i IPUCTPOIB. YHIBEpCAIBHICTh MaTepia-
JIiB, 110 BUKOPHCTOBYIOTECSA B FDM, n03BOIsA€ BUpOOHMKAM AOCATaTH OakaHIMX MEXaHIYHHUX BIACTUBOCTEH 1 aJanTyBaTH
KOMITOHEHTH JI0 KOHKPEeTHUX noTped. Hampukian, KoMmiaHis, 1o BUPOOIsse MeIUdHe 00JIaJHAaHHS, MOXKE BHKOPUCTOBY-
Batr FDM 11 CTBOpEHHS iHAMBIAyalbHUX MPOTE3iB, ONTUMI30BaHUX Ui KoMdopTy marienta [10] [11].

FDM wMae xinbka nepesar, sKi CIpUAIOTh HOTO MOMYJSPHOCTI B CyYacHOMY BUPOOHHIITBI, a came.

Exonomivna edexkTHBHICTE: BUkoprcTaHHS BiTHOCHO HEAOPOTHX TEPMOIUIACTHYHIX HUTOK poduth FDM BapianTOM
JUTS CTBOPEHHS MPOTOTHUIIB 1 ApiOHOCEpiitHOrO BHPOOHHUITBA. Ll JOCTYITHICTD MOMUPIOETHCS IK HAa TOYATKOBI iIHBECTH-
1ii, Tak i Ha MaTepianpHi BUTparH [12].

Pi3HOMaHITHICTP MaTepiamiB: IMHUPOKAN ACOPTHMEHT TEPMOIUIACTIB, BKIIOYAIOYM aKPHIOHITPHUI-OyTali€H-CTHPOI
(ABS), monimonouny kucnoty (PLA), nomerunentepedranarriikons (PETG), a Takox mMarepiaiy iHKEHEPHOTO KIIacy,
TaKi sSIK HEIJIOH 1 mosikapOOHAT, PO3MIMPIOE MOXKINBOCTI 3acTocyBanHs FDM. Crientiani3oBaHi HUTKH, B TOMY YHCITi KOM-
MTO3UTH, ApMOBaHI ByTJICIICBIM BOJIOKHOM, 1€ O1IbIIe pO3IIUPIOIOTE MOKIUBOCTI TexHOmorii [13] [14].

[IBuake cTBoperHs nporotuniB: FDM no3Bossie 3niliCHIOBATH MIBH/KI Ta iIHAWBITya bHI KOHCTPYKIIi. [Ipomec momra-
POBOTO OCaKEHHS 3BOANUTH 10 MiHIMyMY ITOTpeOy B OTIOPHUX KOHCTPYKIIISAX, SMEHITYIOUH BiIXOIN MaTepiay i Cripomy-
09YM MeXaHigHy 00pooky [15] [16].

BuroToBneHi getanri MaloTh BHIUMI JIiHIT po3IMIapyBaHHA i MOTPEOYIOTh MEXaHI9HOI 0OPOOKH AT TOCSATHEHHS Oaka-
HOI SIKOCTI MOBepxHi. Taki MeTonu, K nuTipyBaHHS Ta HAHECECHHS TOKPHUTTS, MOXKYTh MOKPAIIATH 30BHIIIHI BUTIIAL, aie
MOXKYTh BIMAraTi 3Ha9HOTO JTOJaTKOBOTO Hacy Ta pecypcis [17] [18]. Kpim Toro, xo4a MIIHICTB AeTaneif, BATOTOBICHIX
Metonom FDM, moxke OyTr mpuaaTHOO Ut 0araThoX 3aCTOCYBaHb, BOHA MOXKE HE BIIOBIIATH XapaKTEPUCTHKAM KOM-
MIOHEHTIB, BUTOTOBJICHUX 3a JONOMOTOIO0 TPAAULIHHOTO JIUTTS Il THCKOM, Yepe3 MOPUCTICTh, IPUTaMaHHy MOIIapOBUM
cTpykrypam [19] [20].

MexanigHa 00poOKka iHKEHepHUX JeTajiei, BUTOToBIeHNX MeTonoM FDM, HeoOXinHa Mid MigBUIIEHHS 3arajibHOT
MIPOIXYKTUBHOCTI Ta SIKOCTI JleTanell, ki 9acTo MaroTh BHUAMMI JiHIi pO3IIapyBaHHs Ta IIOPCTKYBaTi MOBEPXHI Biapaszy
mics Apyky (puc. 3).

|/

Puc. 3. Bunnma mapyBaricTh noBepxHi IpyKOBaAaHOT0 BUPOOY
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MexaHigHe MoNipyBaHHS — 1€ ITHPOKO 3aCTOCOBYBAHUI METOl 00OpOOKH MOBEPXHi, AKHI BAKOPUCTOBYE aOpa3wBHi iHCTPY-
MEHTH, TaKi K MOTipyBalIbHi KPYTH, cTpiuku abo mucku. Llei Metoxn ehekTnBHO BHIassI€ MaTepian 3 moBepxHi 3D-npykoBaHOi
nerati. [Iporiec Moyke BUKOHYBATHCS BPYYIHY a00 3a JOTIOMOTOIO aBTOMATH30BaHOTO 00IaTHAHHS, a BUOip aOpa3suBHUX Mare-
piafiB i mapameTpiB MOMTIpyBaHHS Mae BUPIMIATbHE 3HAYCHHS JUIsI JOCSTHEHHS Oa’kaHoi sSIKOCTI moBepxHi [21].

LnidyBaHHs — 1e OAWH IOLIMPEHUI METOI MOCTOOPOOKH, KU BUKOPHUCTOBYETHCS IS 3TMIAJUKYBaHHS IIOPCTKHX
moBepxoHb Ha 3D-apykoBaHux neransax. Lleit meron mependadae BUKOPUCTAaHHS a0pa3uBHUX MaTepialiB, Uil yCYHEHHS
TiHIA po3mapyBaHHS Ta Ae(EKTiB MOBEPXHi. 3a3BUYall mporec NUTipyBaHHS MOYHHAETHCA 3 TPYOO3EPHHUCTOTO 1HCTPY-
MEHTY JUIsl yCYHEHHS BEJIUKUX JePEKTiB 1 MePeXOauTh A0 OLThIT NpiOHOT 3epHUCTOCTI (pHC. 4).

a)

Puc. 4. 3-D npyxoBanuii BUpio: a) 10 uutigpyBanHs; 0) micast MexaHiuyHOI 00poOku

XiMigHe 3r71aKyBaHHS 0COOMMBO KopucHe st netaneii FDM, BurotoBinenux 3 ABS-mnactuka. Leit mporec mepen-
0avae BIUTMB Ha HAAPYKOBaHY JETallb PO3UMHHMKA, HATIPHUKIIAI, aIlleTOHY, SKAH PO3YMHSE 30BHIMIHIN IIap MaTepiaiy, o
MIPU3BOAUTH 10 OLTBIN ITaaKoi moBepxHi (puc. 5) [22].

[ 4

L

Puc. 5. Pe3yabrar ximiunoro 3miaaxkyBanus 3-D 1pykoBaHOro BUpoOOy

HlopeTKicTh MOBEPXHI OJHUM 3 IApaMeTpiB, SIKUH BU3Hauae (yHKIIOHAJIBHI BIIACTUBOCTI TOTOBUX BUPOOIB. AHai3
LIOPCTKOCTI PO3IVISIIAETHCS Y ABOX HANPSIMKaX: y3J0BXK Iapy Ta NEPIEeHANKYISPHO 10 1apy.

VY310BXK 11apy MMOPCTKICTh 3yMOBJIEHA HEPIBHOMIPHICTIO TOBIIMHU HUTKHU €KCTpPY3il Ta 11 OCiiaHHAM Iij1 4yac 0XoJo-
JokeHHs1. OCHOBHI (hakTOpH, SIKI BIUIMBAIOTh Ha 1IeW THUI HIOPCTKOCTI:

TouyHa nrapy: 3MEHILICHHS! BUCOTH LIApy MOKPAILIY€E SKICTh MOBEPXHI, aje 30UIbIIYE TPUBAIICTD APYKY.

PiBHicTh HUTOK: HerouHOCTI B HaK/IaAaHHI HUTOK MPHU3BOIATD JIO MOSIBU MIKPOTPILIMH 1 TIPOMIKKIB MIXK CyCiJJHIMU
HUTKaMH.

Temneparypa ekctpysii: OnrTuManbHa Temreparypa 3a0esnedye Kpaile 3uYelUIeHHS MDK HUTKaMH Ta MiHIMI3ye
JICPECKTH.

HIBuakicTb IpyKy: Brcoka mBHIKICTh MOXKE CHPUYMHSTH XBUICHOAIOHI HEPIBHOCTI Yepe3 HeJI0CTaTHIO cTabinizario
Marepiany.

HlopeTKicTh HepIeHANKYIISIPHO JI0 LIapy € Pe3yJIbTaToOM CTYIIHYACTOI CTPYKTYPH ITOBEPXHI, siIKa BUHUKAE Yepe3 JHC-
KpeTHy Tprpoay hopmoyTBopeHHs. OCHOBHI IPHUYUHU:
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Bucora mapy: Ynm 6inpina BUcoTa miapy, THM HOMITHIIINH «e()eKT CXOAMHOK», 0COOIMBO HA TTOXMWINX ab0 KPHBO-
THITHAX TTOBEPXHAX.

Kyt maxminy moBepxHi: Ha moBepXHsAX, po3TamIoBaHHUX IiJ KyTOM 0 OCi APYKY, HIOPCTKICTh 3HAYHO BHIIA Yepe3
OUTBIIY BiICTaHD MK PIBHAMH IIApiB.

Anresig Mix mapamu: HemoctaTHst aare3is Moke CIPUYWHATH HEPIBHOCTI Ta OCHIIAHHS BEPXHIX IIapiB.

[TapaMeTpy MOPCTKOCTI MPHUBEICHI B TAOIHIII.

Tabmms 1
AHaJIi3 NOKA3HUKIB IOPCTKOCTI
Hanpsivox Bucora mapy, | ITokasHuk mopcrkocti, Ra | Ximiuna odpodka, Ra | Lllaidpysanns, Ra | Pizanus, Ra

MM MKM MKM MKM MKM
. 0,1 10-15 1-2 2-3,5 3-5
[IopcTKicTh MepHeHUKYISIPHO 02 2030 125 6 57

110 mapy

0,3 35-30 2-3 8-10 10-12
0,1 20-25 1-2,5 2-3,5 3-5
[opeTKiCTh y310BXK IIapy 0,2 40-50 2-3 4-6 5-7

0,3 60-10 3-5 8-10 10-12

OxpiM mapameTpiB IIOPCKOCTI HEOOXiTHO BPaXOBYBATH 3HAYHHI BIUTUB XiMiuHOT 0OpOOKM Ha MEXaHI9Hi BIACTHBOCTI,
IIPY TPUBAJIOMY BIUIMBI TTOHAJ 3 TOJMHU 3HIKEHHS MIIHOCTI ckianae 32—35 % BiJ MOYaTKOBUX 3HAUCHb.

Hus 3D-apykoBaHUX JETalieil 9acTo 3aCcTOCOBY€eThCs 00poOka 3 UIIK mist mocsirHeHHsT TOYHOT 00poOKH MTOBEPXHi Ta
JMOTPUMaHHS JIOMTYCKiB HA po3MipH. 3a3BUYail BUKOPHUCTOBYIOTHCS TaKi METOIH, K (hpe3epyBaHHS, TOYIHHA Ta OUTI(yY-
BanHs. Opesepysanns 3 UIIK € 0coGmmBO BUTiAHUM [UIsl CTBOPEHHS CKJIIHUX €JIEMEHTIB, TAKUX K OTBOPH Ta KHUILCHI,
TOMI SIK TOKApHI oIeparlii BIOCKOHATIOOTH I HAPHYHI KOMITOHEHTH [23].

I'OpumHi BUpoOHUYI mpoliecH MoeaHyIoTh 3D-npyk 3 00podkoro 3 UITY mist miIBUIIEHHS THYYKOCTI TU3aifHy Ta
epexTuBHOCTI BUpoOHHUITBA. Leit MeTon mounHaeTsest 3 3D-apyKy mosiMepHOro 6a30BOTO HIApY, 33 SIKUM CIIIIy€e MeXa-
HigHa 00poOka 3 UIIK mms noompamroBanHs fnetani. Takuil miaXia He JUIIE MPHCKOPIOE BUPOOHUIITBO, alie i TO3BOJISIE
CTBOPIOBATH CKJIAHI TEOMETPUYHI (POPMH, STKUX BAXKKO JOCSITTH JHIIE TPATUIIHHIMI METO/IaMH.

MexaHigHI BIaCTHBOCTI MaTepiairy, IO PO3Pi3a€ThCs, BiAIrPalOTh BAXKIHMBY POJNb Yy SKOCTI TPOIECY pi3aHHS.
Hanpuknan, ToBmuHa i nedopmaniiiHi XapakTepHCTHKH BIUIMBAIOTh HAa T€, K BOHHM PEaryroTh HA TEXHIKY pi3aHHS.
BukoprcTanHs MpaBUIBHOT BUCOTH PIXKY401 KPOMKH Ta MIATPUMAHHS ONTUMAIBHOI MIBUAKOCTI MAIIMHU MarOTh BHPI-
manpHe 3HAYCHHS JJIs MiHiIMi3alii yTBOPEHHS 3aipOK 1 3abe3medeHHs unucTotu pi3y [24]. Kpim toro, Taxi dakxropu, sk
opieHTaris Apyky 3D-3pa3kiB, MOXKYTh BIUTHBAaTH Ha IXHIO MEXaHIUHY MIJICHICTH, 1[0, B CBOO UEPTry, BIUTUBAE HA SKICTh
pizanHs [25].

TouHicTe Mae BUpiIANbHE 3HAYCHHS IS JETaleH, CIIPOSKTOBAHUX 3a TexHomorieto FDM, ockinbkn HaBiTh HE3Ha-
YHI BIAXWJICHHS MOKYTh MPU3BECTH /0 3HAYHHUX MEPEKOCiB, MO BIUIMBAIOTH HA MPOMYKTUBHICTH 1 (DYHKIIOHATHHICTH
KiHIIeBOTO TIPOmyKTy. [lepemoBi TexHomorii, Taki Ak Ja3epHe pizaHHs Ta 00poOka 3 UIIK, 3acTOCOBYIOTBCS LIS TOTO,
100 rapaHTyBaTH, BiIIOBITHICTE 33JaHUM PO3MipaM 3 BUCOKOIO TOUHICTIO [26]. DinimHa 00poOKa — BaYKIIMBHH eTall,
SIKMH CYTT€BO BIUIMBAE HA KIHIEBY SKICTh BUPI3aHUX JIeTajeh. 31aKyBaHHS KpaiB ApiOHO3EPHUCTUM HAX/IAYHUM Tarie-
POM JoTIomMarae yCyHYTH Oylb-sIKi MIOPCTKOCTI, SIKi MOXKYTh IPU3BECTH A0 MPOOIEM i 9ac CKIATaHHSA a00 MOHTaKYy.
PerynsapHa mepeBipka 3pi3iB TakoK HEOOXiTHA IUIS TOTO, MO0 3a0€3MEYUTH CBOEYACHE YCYHCHHS Oy/Ib-SIKIX HEPIBHOCTEH,
10 TiIBUIIIYE 3arayibHy SKiCTh BUTOTOBJICHUX JeTamei [27].

MexaHiuHa 00poOKa Mae KiJlbKa 3HaYHMX IIepeBar NMpH 3acTOCYBaHHI A0 IH)KCHEPHUX JETajel, BUTOTOBICHHX
METO/IOM MOEITIOBaHHS IUIaBICHUM ocamkeHHsM (FDM), migBumytoun iX IpOXyKTUBHICTD 1 TPUAATHICTE IS PI3HUX
3aCTOCYBAaHb.

OpHi€I0 3 OCHOBHHX TIepeBar MeXaHiYHOT 00pPOOKH € MiIBUIICHHS TOYHOCTI po3mipiB metaneit FDM. Ilix gac mpouecy
FDM-npyxky Taki ¢akTopu, K ycagka MaTepialy Ta JiaMeTp COIlIa, MOXKYTh MPHU3BECTH 10 PO30IKHOCTEH y po3Mipax.
MexaHigHI METOIM TTOAAJBIIOI 00pOOKH, TaKi K (ppe3epyBaHHsA 200 MexaHigHA 00POOKA, MOKYTh YTOUHHTH IIi PO3MIpH,
TapaHTyIOUH, IO JIETali TOYHO MPUJISATAIOTH IO IHIIMX KOMIIOHEHTIB i BiIIIOBITal0Th CYBOPUM BHMOTaM JIOITYCKY [28].

MexaniuHa 00poOKka Tako)K MOJKE OIITUMIi3yBaTH MEXaHI9HI BIACTHBOCTI KOMITOHEHTIB FDM. 3acTocoByI0UH Taki METO/IH,
SK IUTipYBaHHS Ta XiMiUHE 30Ta[PKyBaHHS, KOPHCTYBa4i MOKYTH ITJIBHIUTH TBEPAICTh, 3HOCOCTIMKICTh Ta BTOMHY MIIl-
HicTh. Taka onTuMi3anist 0cOOIMBO KOPHCHA JUTS JIeTaJIeH, IPU3HAYCHHX TSI BACOKOIPOLYKTHBHOTO 3aCTOCYBaHHS B TAKHX
raly3sx, sk aepOKOCMIYHA Ta aBTOMOO1JIbHA IIPOMHUCIIOBICTb, JIe MEXaHIYHA LILTICHICTh Ma€ MePIIOpsAHe 3HAYCHHS [29].

IaTerparis mMexanigHoi 00poOKM B poboumii mpomec FDM monermye mBUAKY iHIWBiTyaizallii0o KOHCTPYKIIIH.
3’SBJIAETHCS] MOXKIIMBICTD 3MIHIOBATH Ta BJIOCKOHAIIOBATHU JIETAII MiCIIS JIPYKY, IO TO3BOJISIE TM IIBU/IKO aJaNTyBaTHCS 10
MIHJIMBHX BUMOT a00 MiBUIIUTH €()EKTUBHICTH MMPOEKTYBaHHA. Taka aJlanTUBHICTh Ma€ BRKJIMBE 3HAYCHHS B Tay3sX,
JIe TIPIOPUTETOM € IIBUIKE CTBOPCHHS MPOTOTHUIIIB 1 po3poOka mpoaykTis [30].
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MexanigHa 00poOKa MOKe CIIPHATH 3MEHIICHHIO BIIXOMAIB MarepiaiiB, MoB’s3aHuX 3 netamsiMu FDM. Hanpukian,
METO/IH, SIKi JO3BOJIIOTh BUAASTH HAJIHIIKK MaTepiaiay 3 OTIOPHUX KOHCTPYKIIIH, MOKYTh MIPU3BECTH 0 OUTBII ehek-
THBHOTO BUKOPHUCTaHHS MarepiainiB. KpiM Toro, TOUHICTB, Ky 3a0e3nedye MexaHigHa 0OpoOKa, 3BOAUTH IO MIHIMyMY
HEOOXiTHICTh TIOBTOPHOTO JIPYKY Yepe3 MOMUIIKH B pO3Mipax, IO e OiTbIIe eKOHOMUTH PECYPCH.

[le omHier0 BaKIIMBOIO MPOOIEMOI0 € 0OMEKEHHSI, TIOB’sI3aHi 31 clieliani3oBaHIMU MaTepianamu. Hampukiam, xoda
Taki Matepianu, sk ABS, mMponoHyrOTh MiABHINEHY MOBIOBIUHICTh 1 MEXaHIYHY MIIHICTh, IXHI BHPOOHWUI MpPOIECH
€ SHePTOEMHHUMH 1 3aJIekKaTh Bill pecypciB Ha HaTOBI ocHOBI. L5 3amekHiCTh 301bITye iXHIN BIUIMB HA HABKOJIHUIITHE
CepEeIOBHINE 1 YCKIAIHIOE OIOKETHI MipKyBaHHS, IO pobuTs ABS OiibIn mpuaaTHIM IS IPOEKTIB, Jie OTO MIIHICTh
BHITPABIOBY€ €KOJIOTiUHI Ta (piHaHCOBI KommpomicH [31].

Ha mpotuBary mipomy, PLA € GiTbII €KONOTIYHOIO abTepPHATHBOIO, ajJe MOXKEe HE MaTH TAaKOTO X PiBHSA MEXaHIYHOT
MIITHOCTI, IKUi HeOOXiTHHIA /I IEBHHUX 3aCTOCYBaHb, IO MIAKPECTIOE HEOOXiAHICTh PETENFHOTO BUOOPY MaTepiary Ha
OCHOBI BUMOT TIpoeKTy [32].

OpHi€0 3 BOXIUBUX MpoOieM, MOB’s3aHuX 3 00poOkoto FDM, € ckinamHiCTh mporpaMyBaHHSA, HEOOXiTHOTO I
00po6xu 3 YIIK. ITomuiaku B mporpamMyBaHHI MOXKYTh MPU3BECTH A0 IOPOTUX MOMIIIOK, MAPHHUX BUTpPAT MaTepiailiB
1 3aTPUMOK y BUPOOHHUIITBI, IO JOJIA€ IIIe OJMH PiBEHb CKIATHOCTI 10 MPOIIECY.

3HOC IHCTPYMEHTY € CepHo3HOI0 podieMoro mpu 06podi neraneit FDM. Taxi pakTopw, sk HEBiAMOBIIHA MIBUIKICTH
o1avi, TBEPAICTh MaTepiary Ta HEAOCTaTHE OXOJIOMKECHHS, MOKYTh IIPU3BECTH JI0 HAIMIPHOTO 3HOCY iHCTPYMEHTY, 10
BIUIMBAa€ HAa TPUBAIICT HUKITY Ta SKICTh JeTalli. PerymsapHi mepeBipku Ta KOPUTYBaHHS MIBUIKOCTI To1a4qi HEOOXiTHI s
MiHIMIi3aIlii IUX MpooIeM.

Buk/ageHHs 0CHOBHOTO MaTepiay A0CTiaKeHHS

BpaxoByroun icHyIodi mpobiaeMn BUHUKAE HEOOXiTHICTh (OPMYBaHHS METOAWKHA MEXaHITYHOTO OOpOOHYHHS OOEKTIB
BHTOTOBIIEHIX METOIOM TIOIIAPOBOTO HATUIABICHHS, SIKi JI03BOJISATH 3a0€3II€UNTH SKICTh Ta IPOTHO30BaHICTh 00POOITIOBa-
HOI IOBEpXHi 31 30eperkeHHsIM MEXaHIYHUX BIACTUBOCTEH (Ha BiMiHY Bif XiMiuHOi 00p00KH). OCHOBOIO TaKO1 METOIHUKI
€ MaTeMaTH4Ha MOJIEITb, IO JO3BOJISE MIPOBECTH OMUC MPOIIECYy 3 YPaxyBaHHAM MapaMeTpiB (Iofadi, IITUOWHHU pi3aHHSA,
IIBUKOCTI OOepTaHHS IMUHENA). B 0CHOBY Takol Mozenni HeoOXiTHO MOKIACTH IIapyBaTHi MaTepiall, OKpeMHuil map
SIKOTO CKJIAJIAf0Th 3 OKPEMHUX BOJIOKOH (pHC. 6).

Puc. 7. Cxema B3aemoniii aesiiiHoro incrpymenty 3 FDM-Bupo6om
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[Iporec ne3BiifHOTO pi3aHHS BUPOOiB, BUTOTOBIEHNX MeTooM FDM, Mae cBOi 0COOMMBOCTI Uepe3 mapyBary CTpyK-
Typy MaTepiaiy, aHI30TPOIHICTh HOTO MEXaHIYHUX BIACTUBOCTEH Ta HASIBHICTh MIXKIIAPOBHUX 3’ €JHAHB, IKi MOXKYTh OyTH
cmabmumM micteM (puc. 7). s aaekBaTHOTO OMMUCY [IBOTO MPOIeCcy HEOOXiTHO BpaxoByBaTH MEXaHIuHI Ta TETUIOBI Xapak-
TEePHUCTUKHU MaTepiary, BIACTUBOCTI PIXKY4OT0 iHCTPYMEHTY Ta YMOBH pi3aHHS.

[Ipu pi3anHHi €30 B3a€EMOIi€ 3 MApyBaTHM MaTepiajioM, CTBOPIOIOYN TPH 30HU:

30Ha mpy>kHO1 Aedopmartii, e MaTepia miAIaeThCs HaPyKeHHAM 0€3 MOPYIICHHS 3B SI3KiB.

3oHa TuracTHYHOI nedopmamii, y sAKii BigOyBaeThcs JOKaJdbHA nedopMaiis IONIMEPHOTO MaTepiamy mepen
pYyHHYBaHHSIM.

30Ha pyiHYBaHHS, JIe MaTepial BIIAUIAETHCSA y BUIVISAL CTPYKKHA a00 9aCTKOBO PO3MIAPOBYETHCS Yepe3 HEJOCTATHIO
MIDXIIAPOBY aIre3iro.

Kputnuamm ¢akTopom € HarpsiIMOK ykiaganHs mapis FDM-nerani BitHOCHO pyXy Je3a:

Pi3anHHS B3IOBX MIAPIB CIPHYUHSIE YTBOPEHHS JOBIO1 CTPYIKKH Ta PiIBHOMIPHHH 3pi3.

Pi3aHHS IepHeHIUKYISIPHO 10 IIapiB TPU3BOIUTH 0 PO3MIAPYBAHHA Yepe3 cadKy aaresiro MiK HUMH.

B mporteci pizaHHs 71€30 B3a€MOJII€ 3 MaTepiajJoM, CTBOPIOIOYH 30HY KOHTAKTY, IKa XapaKTePH3yEThCS:

— TOBIIMHOIO IapiB, cpopMoBaHuX mig gac 3D-apyKy;

— HamIpsMKOM YKJIAJaHHS IIapiB Ta IX OPIEHTAIIIE€I0 BiTHOCHO PiKy40i KPOMKH;

—  BEIMYHMHOIO 3a30py MIX IIapaMH, IO BIUIMBA€E HA 3UCIUICHHS M HUMH.

KyT Haxminy pixkydoi KpOMKH BiTHOCHO Opi€HTAIii mapiB BU3HAYAE€ MEXaHI3M pyHHYBaHHS MaTepiany: Ipu HEBEIU-
KOMY KyTi OMiHY€ 3pi3 IIapiB, a Mpu OUTBIIOMY — pO3IIapyBaHHS BUPOOy depe3 HeJOCTATHIO aATe3ii0 MK IIapaMy.

Mozens, MOBUHA BPaXxOBYBaTH:

— Amni3orponHy OyIoBy mapyBaTHX BHPOOIB Ta HEPIBHOMIPHHHA PO3ITOLT MEXaHIYHIX BIACTHBOCTEH,

— MexaHi3Mu pyiHYBaHHS SIK CAMOTO MaTepiairy, TaK i MUKIIAPOBHX 3B’ SI3KiB,

— BrmumB TepTs Ta HarpiBaHHA HA MIIHICTH aaresii.

AHI30TpOITiS Ta IIapoBa CTPYKTypa:

FDM-Bupo6u XapakTepu3yIOThCS aHI30TPOIIEr0, TOOTO IX MeXaHIUHI BITaCTUBOCTI 3aJeKaTh BiJ HANPSIMKY HaBaHTa-
JKCHHS, JIe KOXKCH IIap MOXKe MaTH Pi3Hy MIIHICTh, @ MIKIIAPOBI 3B’S3KH € KPUTHIHUMU JUISI 3aTalIbHOI MIITHOCT1 BUPOOYy.
Mopnens BpaxoBye IO aHI30TPOITiF0 Yepe3 BBEICHHSI IO KOHTAKTy MK IIapaMiu A, Ta BiIIIOBITHUX HATIPY>KCHb.

MexaHi3mMu pyiHHYBaHHS:

BxurrogaroTs MeXaHIYHIH pO3PUB MAaTPUIl Ta 3CYyBHE PYyHHYBaHHS Mi’K KOMIOHEHTAMH. Y 3aIpPOITOHOBAHIA MOJIETI 11e
BiTOOpaXeHO Yepe3 1Ba OCHOBHUX KOMIIOHEHTH: CHJIa, HEOOXiIHA /Ui 3pi3y MaTepiany Ta cuia, HeoOXigHa JJIs MMOI0-
JIaHHS MDXKIIapoBoi aaresii. PosmapyBaHHS BiOyBa€eThCs, KON 3CYBHE HAIIPYXXECHHsI MEPEBHIIYE KPUTHYHE 3HAYCHHS,
10 Y3TOKYETHCS 3 aHAII30M MEXaHi3MiB pyHHYBaHHS B 00pOOITi KOMITO3HTIB.

TennoBuii BIUIUB:

Buninenns Tema mij yac pi3aHHSA € e OTHAM BaXIUBUM (pakTopoM. HarpiBaHHA MOke BIUIMHYTH Ha aATe3iifHi Biac-
THUBOCTI, 3HIKYIOUN KOoe(DimieHT aare3ii i THM caMHM TOJIETIITYIOUN PO3IIapyBaHHs. BKIIIOUEHHS TeMITepaTypHOI 3aIex-
HOCTI JTO3BOJISIE MOJICITIOBATH LIeHl €PeKT 1 ONTHMI3yBaTH MapaMeTpH pi3aHHS I 3MEHIICHHS HeOakaHOTO pyHHYBaHHS
MIDXKIIaPOBUX 3B’ SA3KIB.

[Ipu pi3anHi mWapyBaTOro MaTepiary BUHUKAIOTh HANPY)KEHHS Y 30HI KOHTAKTy PiKy4oi KPOMKH 3 MarepiajioM, sKi
MOYKHA PO3IIUTUTH Ha!

* HOPMaJIbHI HaNPYXXECHHS (G), [0 BUHUKAIOTH TIPH MPOHUKHEHHI JIe3a B MaTepiad,

* 3CYyBHI Halpy>XEHHA (T), 10 BU3HAYAIOTH MPOIIEC BITOKPEMIICHHS MaTepiary Ta MOKIUBICT PyHHYBaHHS MiKIIIa-
POBHX 3’ €THAHB.

3arabHUHN PO3IOILT HAIPYKEHB Y MaTepiaii OMHUCY€ETHCS CITiBBITHOIICHHIMHU:

c, = s Gy = , O,= s
A, A A

Je A, — TIolna KOHTaKTy piKy4oi KPOMKH 3 MarepiajioM, a F, — cuia pi3aHHsL.
OxpiM OCHOBHOTO Marepiaily, 0COOJIMBY yBary CiiJi NPUAUIMTH MDKIIApOBId ajaresii, ska BU3HAYa€ MILHICTh 34e-
TUIEHHS MK 1mapamu. [J1st 1boro BBOJUTHCS CHJIa aaresii:

T.-T
F o=k -A-|1-Zei“bond |
adh adh s T T

crit min

ne kg, — KoeQiIieHT anresii, A, — IO KOHTAKTY MiX IIapaMH.
SIKmmo 3CyBHI HaIIpy>KEHHS MIXK [ITapaMy TTEPEBUIIYIOTh MEXKY anresii, BigOyBaeThcs po3IapyBaHHS BUPOOY:

T T
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TakuM 4MHOM, SIKIIO JIE30 i€ B HANPSAMKY, NMEPHEHAUKYIIPHOMY 10 IIapiB, MOXJIMBE PO3PHBAHHS MIKIIAPOBHX
3B’S3KiB III€ 10 MEXaHIYHOTO PYIHYBaHHSA CaMOTO MaTepiaiy.

[Iporec pizaHHS CYyIPOBOKYETHCA BUAUICHHSIM TETIa Yepe3 TePTs MK JIe30M Ta Marepiaiom. Lle Temno Moxe npu-
3BOJIMTH 0 3MIHM MEXaHIYHHUX BIACTHBOCTEH Marepiaixy Ta oclabiIeHHs aAre3iifHuX 3B s3KiB. TerioBwii BIUIMB MOKHA
OTIMCATH PIBHAHHSAM:

Q=W.-n.

Hde W, — pobota pi3zaHHs, 1| — KOS]IMi€HT MePETBOPEHHS MEXaHIYHOI €Heprii B TEIIO.
3aeKHICTh MDKIIAPOBOT aAre3ii BiJl TeMIepaTypy MOJKHA BUPA3UTH Y BUTJISII €KCIIOHEHITIHHOT 3a7I€)KHOCTI:
T-T,
— _ bond
ko (T) = kadhﬂ CeXp| ————— |»

char

ne T, — XapakTepucTHYHA TeMIIepaTypa po3najty aare3iiHux 3B’ A3KiB.

[Ipu nepeBuILIeHHI KPUTHYHOT TeMIIepaTypH 1., MOXIIMBE TUIABJICHHS a00 TepMiduHe pyHHYBaHHs aaresii, 110 3HAYHO
TIOJIETIIYE MPOLIEC PO3IIapyBaHHSI.

11106 owiHUTH €EeKTUBHICTh Pi3aHHS Ta MOXKJIMBICTH PO3LIAPYBAaHHS BUPOOY, HEOOX1ITHO BUKOHAHHS IBOX OCHOBHHX
YMOB:

1. MimnicTe Marepiany 6 + T < G,

G, — TPAaHIYHE HANPYXXEHHSI, TIPH SIKOMY PYHHY€ETBCS caM Matepiall.

2. MIIHICTh MIXKIIAPOBUX 3B SI3KIB T < Tyg,.

SIKI10 BUKOHYIOTHCS OOMIBI YMOBH, pi3aHHs BiI0yBa€eThCs O€3 po3IIapyBaHHs, B IHIIOMY BUITQKY — CIIOCTEPIraeThes
PO3pHB 3B’SI3KIB MIXK [IapaMu Ta IIOPYLIEHHsI CTPYKTYPU BHPOOY.

Jle3BiiiHe pi3aHHS MOXKE BHMKJIHMKATH SIK MEXaHIYHE PYHHYBaHHS, Tak I MDKIIApOBE pO3LIAPYBaHHS 4epe3 CadKy
aJresiro.

Heo0xigHO BpaxoByBaTH PO3MOJILT CHJI TA TXHIO B3aEMO/IIIO 3 HAIIPSIMKOM JIPYKY.

BB Temneparypu Moxe CyTTEBO 3MIHIOBATH MEXaHI3M pi3aHHS yepe3 3MiHy aJIre3iiHUX BIaCTHBOCTEH Marepiay.

[Mix yac mMexaHiyHOT O0OpPOOKM aJMTHBHO BUTOTOBJICHMX AETAJICH, 3HAYHYy yBary CiiJl NMPHIUIATH aHAaJi3y pO3IO-
JIUTy Hanpy>XeHb y 30HI KOHTAaKTy MK IIapaMu a0o BOJIOKHaMH. Y IUX By3JlaX KOHTAaKTy BiJJOyBa€ThCs KOHIIEHTpALis
HaIpy>kKeHb.

[lapoBara cTpykTypa BUpOOy IPU3BOAUTH /10 HEOJHOPIAHOTO PO3MOALTY Marepiairy, 0 CIIPUYNHIOE JIOKaJIbHI HepiB-
HOCTI B TOBILMHI IIapy, HAsBHICTh MiKposieeKTiB abo mycToT. Taki HeOJHOPIAHOCTI CTBOPIOIOTH YMOBH JIJISI JIOKAJILHOTO
ITiIBUIICHHS HAIIPYXXEHb.

3B’30K MK Imapamu (200 BOJIOKHaMH) HEJOCTaTHbO MIIHUH, ITPU IisIX 30BHIIIHIX HaBaHTaKEHb HAINPY>KCHHS KOH-
LEHTPYIOTHCS B MICLISIX KOHTAKTY, /Ie BUHUKA€E NIEPEBAHTAXKEHHSI 1 TOUMHAETHCS PO3LIApyBaHHs Marepiaiy.

[Tix yac MexaHi9HOT OOPOOKH IIFOTH JOJATKOBI 3CYBHI Ta HOPMAJbHI CHJIH, 1[0 MOXKYTh IPU3BOJIUTH JI0 YTBOPEHHS
JIOKAJIbHUX 30H 3 BACOKMMH 3HAYCHHSIMH HANpy>keHb. L{i 30HM MOXXYTh CTaTH IOYaTKOBUMHM TOUYKAMH JUIA iHIIianii Mikpo-
TPILMH 200 JIOKAIBHUX PYHHYBaHb.

Puc. 8. Konnenrpaiiiss Hanpy:keHb B By3J1aX KOHTAKTY MikK mapamMu (BOJIOKHAMM)
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3 ypaxyBaHHSAM IWX (DaKTOPiB MOXKIIMBO ONTHMI3yBaTd MapaMeTpH pi3aHHS Ui 3a0e3MedYeHHS SKICHOI 00poOKH
FDM-KOMITOHEHTIB.

BucnoBku

OCKiTbKE BUPOOHUKH TIParHyTh MacIITaOyBaTH CBOI omeparlii, aaanTHBHICT CHCTEM Pi3aHHS CTa€ Bce OLIBII BaX-
nmuBoro. OOnmajHaHHS, SIKE BiANOBIAa€ CHOTONHIMIHIM MOTpedaM, TaKOXK MOBHHHO OYTH 3JaTHUM IPHUCTOCOBYBATHCS
0 MaOyTHIX THITIB MarepiaiiB i BUpoOHIMIUX moTped. OImiHKa 3aranbHOI BapTOCTI BOJOMIHHS, BKIIOYAIOYHN TEXHITHE
00CITyTOBYBaHHS 1 MacIITAaOOBaHICTh, Ma€ Ba)KIMBE 3HAYCHHS JJIS BUPOOHMUKIB, SIKi IPAarHyTh Y3TOAWTH CBOi iHBECTHIIIT
3 ZIOBI'OCTPOKOBHMH CTPATETisIMU 3POCTAHHS.

CyudacHi TeXHOJIOTi] aANTUBHOTO BUPOOHUIITBA, 30KpeMa MeToau 3D-IpyKy, akTHBHO 3aCTOCOBYIOTHCS B aBialliffHiH,
ABTOMOOITBHIN Ta IHIMIMX BUCOKOTEXHOJOTIYHUX Taly3ax. OcoOIMBOCTI mapoBoi OyI0BH BUTOTOBICHUX BHPOOIB CTBO-
PIOIOTH IOAATKOBI BUKIIMKH ITiJ] 9ac X MeXaHI9HOI 00p0oOKH, a/pke JTOKaJIhbHa KOHIICHTPALlis HalPy>KeHb Y 30HaX KOHTAKTY
MiX IapamMu ad0 BOJIOKHAMH MOJKE TIPH3BOANTH 10 Me(PEKTiB, MIKPOTPIIIUH Ta 3HIKEHHS €KCIUTyaTaIliifHOT HaIiifHOCTI.
e poOuTh DOCTIHKEHHS pO3MOALTY HAIPYKEeHb Ta MEXaHI3MiB pyHHYBaHHS B TaKUX BUPOOAX HAA3BUYAHHO BaKITMBUMU
SIK 3 TOYKH 30pY ONTHMIi3allii mporeciB 00poOKH, Tak i 11 3a0e3meueH s SKOCT] KiHmeBoi mpoaykmii. BpaxyBanus cydac-
HUX T IXO/iB, 30KpeMa YHCETHHOTO MOICTIOBAHHS METOAOM KiHIIEBUX €JIEMEHTIB Ta aHai3y MDKIIAPOBOi afaresii, 103B0-
JIs€ TTHOIIIe 3pO3yMITH BIUIHB TEXHOJIOTIYHUX TapaMeTPiB Ha MEXaHIYHY ITOBEIIHKY BUPOOIB, IO € KPUTHIHO BaXKIHBHM
JUTSA IH)KEHEPHUX CHCTEM.

HinstMu cripsIMOBaHMMH HA TiABHINEHHS €(EKTUBHOCTI Ta SIKOCTI BUPOOHUYNX IPOIECiB, 3a0e3MeUeHHs HaJiifHOCTI
IKEHEPHUX CHCTEM 1 PO3IIMPEHHS 3aCTOCYBAHHS aIUTHBHOTO BUPOOHUIITBA B IPOMHCIOBOCTI:

— Po3pobutu Ta BIpoBaguTH HOBI METOAWKY MEXaHI9YHOT 00POOKH, sIKi MIHIMI3YIOTh JIOKaJIhbHE HAKOIMYCHHS HATIPY-
KEHb y BUP00ax 3 aJUTUBHOIO CTPYKTYpPOIO.

— BuzHaunTH onITMMAaINBHI TApaMETPH Pi3aHHA A1 30epeKeHHA MKIIIApOBOI aaresii.

— PosumpuTu 3acTOCYyBaHHS METO/IB /1711 OUTBII TOYHOTO MTPOTHO3YBAHHS PO3IIOLUTY HAMPYKEHB Y PI3HUX PeKAMAax
00pOOKH.

— Pospobutn mynerrdizugHi MOZEi, 0 BPAaXOBYIOTH B3a€EMOJIII0 MEXaHIYHHUX, TEPMIYHHX Ta XIMIYHHUX MPOIECIB
i yac 0OpOOKHM aJUTHBHOTO BUTOTOBJICHUX BUPOOIB.

— IlpoBecTu cepito eKCIEPIMEHTATBHUX JOCTIHKEHB ISl BU3HAYEHHS KPUTHYHIX ITapaMeTpiB MKIIapoBoi aaresii
Ta JIOKAJbHUX HAIPYKEHb.

CnucoKk BUKOPHCTAHOI JiTepaTypu

1. Guo, C, Liu, X., & Liu, G. (2021). Surface finishing of fdm-fabricated amorphous polyetheretherketone and its
carbon-fiber-reinforced composite by dry milling. Polymers, 13(13), 2175. https://doi.org/10.3390/polym13132175

2. Bekas, D. G., Hou, Y., Liu, Y., & Panesar, A. J. C. P. B. E. (2019). 3D printing to enable multifunctionality in
polymer-based composites: A review. Composites Part B: Engineering, 179, 107540.

3. Chen, T.C.T.,, & Lin, Y. C. (2019). A three-dimensional-printing-based agile and ubiquitous additive manufacturing
system. Robotics and Computer-Integrated Manufacturing, 55, 88-95., https://doi.org/10.1016/j.rcim.2018.07.008

4. Mohanavel, V., Ali, K. A., Ranganathan, K., Jeffrey, J. A., Ravikumar, M. M., & Rajkumar, S. J. M. T. P. (2021). The
roles and applications of additive manufacturing in the aerospace and automobile sector. Materials Today: Proceedings,
47, 405-4009. https://doi.org/10.1016/j.matpr.2021.04.596

5. Open B. M., Koznosceka T. ®@., Canenxo O. @., Menpsuauayk I1. I1. ITocToo6pobnenHs BUpoOiB iHKEHEPHOTO PH-
3HAYEHH:, OTPUMAHUX METONAMH aJUTHBHOTO TOIMIAPOBOTO MOAETIHTY. Texwniuna inowcenepia. 2025 Nel(95). C. 76-93.
https://doi.org/10.26642/ten-2025-1(95)-76-93

6. Guo, C,, Liu, X., & Liu, G. (2021). Surface finishing of fdm-fabricated amorphous polyetheretherketone and its
carbon-fiber-reinforced composite by dry milling. Polymers, 13, 2175. https://doi.org/10.3390/polym13132175

7. Bruni, C., Gianangeli, C., Mancia, T., Greco, L., & Pieralisi, M. (2020, April). Improving dimensional and surface
quality of additive manufactured parts. In Journal of Physics: Conference Series (Vol. 1507, No. 4, p. 042003). IOP
Publishing. DOI 10.1088/1742-6596/1507/4/042003

8. Salenko, A. F., Derevianko, I. I., Samusenko, A. A., Avramov, K. V., Lithot, A. V., & Rogulin, V. V. (2021).
Creation of sealed strong structures of rocket and space equipment FDM printing methods by ULTEM™ 9085 PEI
plastic. Mechanics and Advanced Technologies. No. 3. 282-293.

9. Salenko, O., Zagirnyak, M., Orel, V., Shlyk, S., & Kulynych, V. (2022, October). FDM products strength increasing
using the algorithmic means of 3-D printers working. In 2022 IEEE 4th International Conference on Modern Electrical
and Energy System (MEES) (pp. 01-05). IEEE. doi:10.1109/MEES58014.2022.10005667

10. Borthakur, P. P. (2025). The Role and Future Directions of 3D Printing in Custom Prosthetic Design. Engineering
Proceedings, 81(1), 10. https://doi.org/10.3390/engproc2024081010

11. Gérski, F., Wichniarek, R., Kuczko, W., & Zukowska, M. (2021). Study on properties of automatically designed
3d-printed customized prosthetic sockets. Materials, 14(18), 5240. https://doi.org/10.3390/ma14185240

209



BICHHK XHTY M 3(94), 4. 1, 2025 p. IH’KEHEPHI HAYKH

12. Darwish, L. R., El-Wakad, M. T., & Farag, M. M. (2021). Towards sustainable industry 4.0: A green real-time IloT
multitask scheduling architecture for distributed 3D printing services. Journal of Manufacturing Systems, 61, 196-209.,
https://doi.org/10.1016/j.jmsy.2021.09.004

13. Gomez-Ortega, A., Piedra, S., Mondragén-Rodriguez, G. C., & Camacho, N. (2024). Dependence of the mechanical
properties of nylon-carbon fiber composite on the FDM printing parameters. Composites Part A: Applied Science and
Manufacturing, 186, 108419. https://doi.org/10.1016/j.compositesa.2024.108419

14. Patel, K. S., Shah, D. B., Joshi, S. J., Aldawood, F. K., & Kchaou, M. (2024). Effect of process parameters on the
mechanical performance of FDM printed carbon fiber reinforced PETG. Journal of Materials Research and Technology,
30, 8006-8018. https://doi.org/10.1016/j.jmrt.2024.05.184

15. Fazzini, G., Paolini, P., Paolucci, R., Chiulli, D., Barile, G., Leoni, A.,... & Ferri, G. (2019, June). Print on air:
Fdm 3d printing without supports. In 2019 II Workshop on Metrology for Industry 4.0 and IoT (Metrolnd4. 0&IoT)
(pp. 350-354). IEEE. doi: 10.1109/METROI4.2019.8792846

16. Wall, L. W., Schneider, O., & Vogel, D. (2023, October). Substiports: User-Inserted Ad Hoc Objects as Reusable
Structural Support for Unmodified FDM 3D Printers. In Proceedings of the 36th Annual ACM Symposium on User
Interface Software and Technology (pp. 1-20). https://doi.org/10.1145/3586183.3606718

17.Gao, T., Li, C., Yang, M., Zhang, Y., Jia, D., Ding, W.,... & Wang, J. (2021). Mechanics analysis and predictive
force models for the single-diamond grain grinding of carbon fiber reinforced polymers using CNT nano-lubricant.
Journal of Materials Processing Technology, 290, 116976. https://doi.org/10.1016/j.jmatprotec.2020.116976

18. Aman, B. (2020). Generative design for performance enhancement, weight reduction, and its industrial implications.
arXiv preprint arXiv:2007.14138., https://doi.org/10.1016/j.coche.2020.04.001

19. Hashmi, A. W., Mali, H. S., Meena, A., Ahmad, S., & Tian, Y. (2023). A novel eco-friendly abrasive media based
abrasive flow machining of 3D printed PLA parts using IGWO and ANN. Rapid Prototyping Journal, 29(10), 2019-2038.
https://doi.org/10.1007/s11223-021-00281-3

20. Kechagias, J., & Zaoutsos, S. (2024). Effects of 3D-printing processing parameters on FFF parts’ porosity: Outlook
and trends. Materials and Manufacturing Processes, 39(6), 804—814

21.Hashmi, A. W., Mali, H. S., Meena, A., Ahmad, S., & Tian, Y. (2023). A novel eco-friendly abrasive media based
abrasive flow machining of 3D printed PLA parts using IGWO and ANN. Rapid Prototyping Journal, 29(10), 2019-2038.
https://doi.org/10.1108/RPJ-04-2023-0136

22.Karimi, N., Bozorgnia Tabary, S. A. A., & Fayazfar, H. (2024). In-depth investigation and industry plan for
enhancing surface finishing of 3D printed polymer composite components: A critical review. Journal of Applied Polymer
Science, 141(24), e55494.. https://doi.org/10.1002/app.55494

23. Komicapos O. O., Ilyxamsceka I. B., lans C. 1. [loct-06pobka nmetaneit ¢ppesepyBanHsm Ha Bepctari 3 UIIK
micis 3D npyKy MeTonoM HaraBineHHs. Hosi mamepianu i mexnonoeii 6 memanypeii ma mawurooyoysanni. 2024. Ne 1.
C. 31-40.

24. Dilberoglu, U. M., Yaman, U., & Dolen, M. (2024). A comprehensive guide to milling techniques for smoothing
the surfaces of 3D-printed thermoplastic parts. Rapid Prototyping Journal, 30(8), 1648—1662. https://doi.org/10.1108/
RPJ-08-2023-0277

25. Nabavi-Kivi, A., Ayatollahi, M. R., Schmauder, S., & Khosravani, M. R. (2023). Fracture analysis of a 3D-printed
ABS specimen: effects of raster angle and layer orientation. Physical Mesomechanics, 26(1), 19-32. https://doi.org/
10.1134/S1029959923010034

26. Wang, L., Han, J., Tang, Z., Zhang, Y., Wang, D., & Li, X. (2025). Geometric Accuracy Design of High
Performance CNC Machine Tools: Modeling, Analysis, and Optimization. Chinese Journal of Mechanical Engineering,
38(1), 87.https://doi.org/10.1186/s10033-025-01258-y

27.Psarommatis, F., & Azamfirei, V. (2023). Customized quality inspection cycles for achieving sustainable
manufacturing in the era of Zero Defect Manufacturing. Procedia CIRP, 120, 141-146., https://doi.org/10.1016/
j-procir.2023.08.026

28. Psarommatis, F., & Azamfirei, V. (2024). Zero Defect Manufacturing: A complete guide for advanced and sustainable
quality management. Journal of Manufacturing Systems, 77, 764—779. https://doi.org/10.1080/00207543.2021.1987551

29. Carta, M., Loi, G., El Mehtedi, M., Buonadonna, P., & Aymerich, F. (2025). Improving Surface Roughness of
FDM-Printed Parts Through CNC Machining: A Brief Review. Journal of Composites Science, 9(6), 296. https://doi.org/
10.3390/jcs9060296

30. Kantaros, A., Ganetsos, T., Petrescu, F. I. T., Ungureanu, L. M., & Munteanu, L. S. (2024). Post-production finishing
processes utilized in 3D printing technologies. Processes, 12(3), 595.. https://doi.org/10.3390/pr12030595

31. Arunprasand, T. R., & Nallasamy, P. (2024). Advancements in optimizing mechanical performance of 3D printed
polymer matrix composites via microstructural refinement and processing enhancements: A comprehensive review.
Mechanics of Advanced Materials and Structures, 1-19. https://doi.org/10.1080/15376494.2024.2426776

210



BICHHK XHTY M 3(94), 4. 1, 2025 p. IH’KEHEPHI HAYKH

32.0rel, V. M., Kashuba, S., Yatsina, M. M., & Mazur, V. H. (2024). To the Question of Design and Manufacturing
of Special Equipment for Mechanism of Pneumatic Power Receiving Mechanism. In Applications of Synthetic High
Dimensional Data (pp. 222-237). IGI Global Scientific Publishing.

References

1. Guo, C, Liu, X., & Liu, G. (2021). Surface finishing of fdm-fabricated amorphous polyetheretherketone and its
carbon-fiber-reinforced composite by dry milling. Polymers, 13(13), 2175. https://doi.org/10.3390/polym13132175

2. Bekas, D. G., Hou, Y., Liu, Y., & Panesar, A. J. C. P. B. E. (2019). 3D printing to enable multifunctionality in
polymer-based composites: A review. Composites Part B: Engineering, 179, 107540.

3. Chen, T.C.T.,, & Lin, Y. C. (2019). A three-dimensional-printing-based agile and ubiquitous additive manufacturing
system. Robotics and Computer-Integrated Manufacturing, 55, 88-95., https://doi.org/10.1016/j.rcim.2018.07.008

4. Mohanavel, V., Ali, K. A., Ranganathan, K., Jeffrey, J. A., Ravikumar, M. M., & Rajkumar, S. J. M. T. P. (2021). The
roles and applications of additive manufacturing in the aerospace and automobile sector. Materials Today: Proceedings,
47, 405-4009. https://doi.org/10.1016/j.matpr.2021.04.596

5. Orel V. M., Kozlovska T. F., Salenko O. F., Melnychuk P. P. (2025) Postoobroblennya virobiv inzhenernogo
priznachennya, otrimanikh metodami aditivnogo posharovogo modelingu. [Post-processing of engineering products
obtained by additive layer modelling] Technical Engineering, vol. 1(95), pp. 76-93. https://doi.org/10.26642/
ten-2025-1(95)-76-93

6. Guo, C,, Liu, X., & Liu, G. (2021). Surface finishing of fdm-fabricated amorphous polyetheretherketone and its
carbon-fiber-reinforced composite by dry milling. Polymers, 13, 2175. https://doi.org/10.3390/polym13132175

7. Bruni, C., Gianangeli, C., Mancia, T., Greco, L., & Pieralisi, M. (2020, April). Improving dimensional and surface
quality of additive manufactured parts. In Journal of Physics: Conference Series (Vol. 1507, No. 4, p. 042003). IOP
Publishing. DOI 10.1088/1742-6596/1507/4/042003

8. Salenko, A. F., Derevianko, I. I., Samusenko, A. A., Avramov, K. V., Lithot, A. V., & Rogulin, V. V. (2021).
Creation of sealed strong structures of rocket and space equipment FDM printing methods by ULTEM™ 9085 PEI
plastic. Mechanics and Advanced Technologies. No. 3. 282-293.

9. Salenko, O., Zagirnyak, M., Orel, V., Shlyk, S., & Kulynych, V. (2022, October). FDM products strength increasing
using the algorithmic means of 3-D printers working. In 2022 IEEE 4th International Conference on Modern Electrical
and Energy System (MEES) (pp. 01-05). IEEE. doi:10.1109/MEES58014.2022.10005667

10. Borthakur, P. P. (2025). The Role and Future Directions of 3D Printing in Custom Prosthetic Design. Engineering
Proceedings, 81(1), 10. https://doi.org/10.3390/engproc2024081010

11. Gérski, F., Wichniarek, R., Kuczko, W., & Zukowska, M. (2021). Study on properties of automatically designed
3d-printed customized prosthetic sockets. Materials, 14(18), 5240. https://doi.org/10.3390/ma14185240

12. Darwish, L. R., El-Wakad, M. T., & Farag, M. M. (2021). Towards sustainable industry 4.0: A green real-time IIoT
multitask scheduling architecture for distributed 3D printing services. Journal of Manufacturing Systems, 61, 196-209.,
https://doi.org/10.1016/j.jmsy.2021.09.004

13. Gomez-Ortega, A., Piedra, S., Mondragén-Rodriguez, G. C., & Camacho, N. (2024). Dependence of the mechanical
properties of nylon-carbon fiber composite on the FDM printing parameters. Composites Part A: Applied Science and
Manufacturing, 186, 108419. https://doi.org/10.1016/j.compositesa.2024.108419

14. Patel, K. S., Shah, D. B., Joshi, S. J., Aldawood, F. K., & Kchaou, M. (2024). Effect of process parameters on the
mechanical performance of FDM printed carbon fiber reinforced PETG. Journal of Materials Research and Technology,
30, 8006-8018. https://doi.org/10.1016/j.jmrt.2024.05.184

15. Fazzini, G., Paolini, P., Paolucci, R., Chiulli, D., Barile, G., Leoni, A.,... & Ferri, G. (2019, June). Print on air:
Fdm 3d printing without supports. In 2019 II Workshop on Metrology for Industry 4.0 and IoT (Metrolnd4. 0&IoT)
(pp. 350-354). IEEE. doi: 10.1109/METROI4.2019.8792846

16. Wall, L. W., Schneider, O., & Vogel, D. (2023, October). Substiports: User-Inserted Ad Hoc Objects as Reusable
Structural Support for Unmodified FDM 3D Printers. In Proceedings of the 36th Annual ACM Symposium on User
Interface Software and Technology (pp. 1-20). https://doi.org/10.1145/3586183.3606718

17.Gao, T., Li, C., Yang, M., Zhang, Y., Jia, D., Ding, W.,... & Wang, J. (2021). Mechanics analysis and predictive
force models for the single-diamond grain grinding of carbon fiber reinforced polymers using CNT nano-lubricant.
Journal of Materials Processing Technology, 290, 116976. https://doi.org/10.1016/j.jmatprotec.2020.116976

18. Aman, B. (2020). Generative design for performance enhancement, weight reduction, and its industrial implications.
arXiv preprint arXiv:2007.14138., https://doi.org/10.1016/j.coche.2020.04.001

19. Hashmi, A. W., Mali, H. S., Meena, A., Ahmad, S., & Tian, Y. (2023). A novel eco-friendly abrasive media based
abrasive flow machining of 3D printed PLA parts using IGWO and ANN. Rapid Prototyping Journal, 29(10), 2019-2038.
https://doi.org/10.1007/s11223-021-00281-3

211



BICHHK XHTY M 3(94), 4. 1, 2025 p. IH’KEHEPHI HAYKH

20. Kechagias, J., & Zaoutsos, S. (2024). Effects of 3D-printing processing parameters on FFF parts’ porosity: Outlook
and trends. Materials and Manufacturing Processes, 39(6), 804—814.

21.Hashmi, A. W., Mali, H. S., Meena, A., Ahmad, S., & Tian, Y. (2023). A novel eco-friendly abrasive media based
abrasive flow machining of 3D printed PLA parts using IGWO and ANN. Rapid Prototyping Journal, 29(10), 2019-2038.
https://doi.org/10.1108/RPJ-04-2023-0136

22.Karimi, N., Bozorgnia Tabary, S. A. A., & Fayazfar, H. (2024). In-depth investigation and industry plan for
enhancing surface finishing of 3D printed polymer composite components: A critical review. Journal of Applied Polymer
Science, 141(24), e55494.. https://doi.org/10.1002/app.55494

23. Komisarov O. O., Pukhalskaya G. V., Dyadya S. I. (2024) Post-obrobka detalei frezeruvannyam na verstati z ChPK
pislya 3D druku metodom naplavlennya. [Post-processing of details by milling on a CNC machine after 3D printing by
the solution method] New materials and technologies in metallurgy and mechanical engineering. vol 1. pp. 31-40.

24. Dilberoglu, U. M., Yaman, U., & Dolen, M. (2024). A comprehensive guide to milling techniques for smoothing
the surfaces of 3D-printed thermoplastic parts. Rapid Prototyping Journal, 30(8), 1648-1662. https://doi.org/10.1108/
RPJ-08-2023-0277

25. Nabavi-Kivi, A., Ayatollahi, M. R., Schmauder, S., & Khosravani, M. R. (2023). Fracture analysis of a 3D-printed
ABS specimen: effects of raster angle and layer orientation. Physical Mesomechanics, 26(1), 19-32. https://doi.org/
10.1134/S1029959923010034

26. Wang, L., Han, J., Tang, Z., Zhang, Y., Wang, D., & Li, X. (2025). Geometric Accuracy Design of High
Performance CNC Machine Tools: Modeling, Analysis, and Optimization. Chinese Journal of Mechanical Engineering,
38(1), 87.https://doi.org/10.1186/s10033-025-01258-y

27.Psarommatis, F., & Azamfirei, V. (2023). Customized quality inspection cycles for achieving sustainable
manufacturing in the era of Zero Defect Manufacturing. Procedia CIRP, 120, 141-146., https://doi.org/10.1016/
j-procir.2023.08.026

28.Psarommatis, F., & Azamfirei, V. (2024). Zero Defect Manufacturing: A complete guide for
advanced and sustainable quality management. Journal of Manufacturing Systems, 77, 764—779. https://doi.org/10.1080
/00207543.2021.1987551

29. Carta, M., Loi, G., El Mehtedi, M., Buonadonna, P., & Aymerich, F. (2025). Improving Surface Roughness of
FDM-Printed Parts Through CNC Machining: A Brief Review. Journal of Composites Science, 9(6), 296. https://doi.org/
10.3390/jcs9060296

30. Kantaros, A., Ganetsos, T., Petrescu, F. I. T., Ungureanu, L. M., & Munteanu, L. S. (2024). Post-production finishing
processes utilized in 3D printing technologies. Processes, 12(3), 595. https://doi.org/10.3390/pr12030595

31. Arunprasand, T. R., & Nallasamy, P. (2024). Advancements in optimizing mechanical performance of 3D printed
polymer matrix composites via microstructural refinement and processing enhancements: A comprehensive review.
Mechanics of Advanced Materials and Structures, 1-19. https://doi.org/10.1080/15376494.2024.2426776

32.0Orel, V. M., Kashuba, S., Yatsina, M. M., & Mazur, V. H. (2024). To the Question of Design and Manufacturing
of Special Equipment for Mechanism of Pneumatic Power Receiving Mechanism. In Applications of Synthetic High
Dimensional Data (pp. 222-237). IGI Global Scientific Publishing.

Jama nepwioco Haoxooicenns pykonucy 0o guoanus: 18.09.2025

Jlama npuiinamozo 00 OpyKy pykonucy nicisa peyenzysanna: 15.10.2025
Jama nybnixayii: 28.11.2025

212



