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AHOTAILILA

Cipenko M.K. Po3po0ka Ta BIOCKOHAJIEHHSI TEXHOJIOT1{ MOMIAPOBOTO CUHTE3Y
BUPOOIB 3 MOJIMEPHUX KOMIO3WMUIMHHUX MaTepiaiiB JJid aBlalllifHOI Ta pakKeTHO-
KOCMIYHOi TexHiku. Jluceprauiss Ha 3000yTTd CTyneHs JaokTopa ¢dutocodii,
cnemianbHicTh 134 ABiamiiiHa Ta pakeTHO-KOCMIYHA TeXHiKa. JIHINPOBCHKUI
HalloHanbHUH yHiBepcuteT iM. O. [onuapa, M. J{ninpo, 2025.

JluceprartiitHa po6oTa mpHUCBsiUeHa YA0CKOHAJICHHIO TEXHOJIOTIH MOIIapOBOTo
CUHTE3y BUPOOIB 3 MOJIMEPHUX KOMIIO3UIIIHHUX MaTepialliB 3 METOI MOKPAIICHHS
XapaKTePUCTUK MIIHOCTI JAeTtaneid Ta BUPoOIB. B poOOTI BUKOPHCTOBYBAIUCH
METOJM MOJICTIOBAHHS, aHalli3y MarepiajiB Ta BHUPOOIB METOJOM CKIHYEHHUX
€JIEMEHTIB Ta €KCIIEPUMEHTAJIbHI JTIOCIIIKEHHS 3pa3KiB.

TexHomorii BUPOOHHUIITBA B yCIX Taly3siX MamInHOOYyBaHHS TIEPEXOIATh 110
BC€ OLIBII 1 OLIBII MIMPOKOTO BUKOPUCTAHHS HOBITHIX Ta MEPEIOBUX TEXHOJIOT1H
JUIS. TIOKpaIieHHs e(QeKTUBHOCTI BHUPOOHUIITBA 1 SKOCTI BHpOOiB. ABialiifHa Ta
PaKeTHO-KOCMIYHA TTPOMUCIIOBICTh TAKOX MPOJOBKYE PO3BUTOK Ta BIPOBAIKEHHS
HOBHX TeXHOJIOT1i. OCHOBHA MeTa — MOKPAIlleHHsI eKCIUTyaTallliHUX XapaKTepUCTUK
BUPOOIB, a caMe — IMOKpAIIEHHS MacOBOi JIOCKOHAJIOCTI KOHCTPYKIIl JIITAIBHUX
anapariB. [le MOXIHBO 3aBASKH HE TUTBKA BUKOPUCTAHHSIM HOBHX KOHCTPYKIIH Ta
MaTepiaiiB, a ¥ 3aBASKM HOBITHIM TEXHOJIOTiSIM BUpOOHMIITBA. Hampwukian,
IMIUPOKUN CIIEKTP TEXHOJIOT1M aAWUTHUBHOTO BUPOOHHUIITBA JO3BOJSE MOKPAIIUTH
e(hEeKTUBHICTh BUPOOHUIITBA T PO3IITUPUTH HOMEHKJIATYPY BUPOOIB, 110 MOXKE OyTH
BUTOTOBJICHA HAa OJHOMY THIII 00JIaTHAHHS.

[TomapoBuii CHUHTE3 [103BOJIIE BUTOTOBJISATH JleTaldl Habarato CKJIaaHOl
reoMeTpii 3 MEHUIMMH KamiTaJbHUMH 3aTpaTaMd Ha OOJaJHaHHS Ta MPHUCTPOI.
Takox BiH JTO3BOJISE MPOCKTYBAaTH OUIBIN JOCKOHANI BY3JIW Ta JeTalli, 3 OLIBII
CKJIQJTHOIO T€OMETPI€r0, sIKi Oyi10 6 HabaraTo CKIa HilIe BATOTOBUTH TPAIUIIIHHUMH
MeTOAaMH BHUPOOHMLTBA. B naHoMy BUNAAKy 10 TpagulliiiHUX BITHOCSTBHCS THIIH
BUPOOHHUITBA Ta OOpOOKM neTajel, 10 MpaliolTh 3 BUAAJCHHSIM MaTepiaiy 3
MeBHOTO (hiKCOBAHOTO 00’ €My 3arotoBku. Ha BiiMiHy BiJl IIbOTO, MOIIAPOBHI CUHTE3

nepeadayae J10AaBaHHS Marepialy y BUIISIAI MOPOIIKY, IPYTKa, CMOJM B poOOUy



0071acTh, HAPONIYIOUH JAETalb map 3a mapom. Lle He TUIbKK mokpaliye Koe@ilieHT
BUKOPHCTAHHS MaTepiany, a il T03BOJISIE BUTOTOBIIATH K OHY JIeTallb BUPOOH, SIKi
TPAAMIIITHO CKIIaIal0Thes 3 Oaratbox Aetaneil. MoKIuBICTh BUKOPUCTAHHS OJJHOTO
TUIY OONaIHAHHS I BUPOOHUIITBA IIMPOKOTO CIEKTPY JAETaleil TaKoXK T03BOJISE
mpine yHipikyBaTH eTany BUpOOHUITBA Ta TEXHOJIOT14HI MPOLIECH.

Xova 3apa3 B PO3BUTKY B cdepi MOMIApOBOTO CHUHTE3y IEPEBaAXKaIOTh
TEXHOJIOT'11, [0 BUKOPUCTOBYIOTh y SIKOCTI Marepiaixy MeTa, TEXHOJOT1i CUHTE3Y 3
NOJIIMEPIB  TaKOX TPOJOBXKYIOTh 3alMaTH 3HAYHUH CETMEHT BHPOOHHMIITBA.
[TonmiMepu MOMIapOBOTO CHHTE3Y JT03BOJISIIOTh CTBOPIOBATH JIETalli CKIaJAHO1 (hopMu
e(eKTHBHIIIEC, 0COOIMBO SKIO BUPOOU HE IMi/IIAI0OTHCS BEIMKUM HAaBaHTa)KCHHSIM,
a00 CTBOpPEHHs 1X 3 OUIBII TPAJUIIIMHUX MaTrepialiB 1 TPaAUIIHHUMHU METOIaMHU
Oyn0 6 OUIBLI AOPOTMM YW Mayio OUIBIII 3aTpaTH mpaill. Ajie Bce X, MOJIMEpHI
MOIIAPOBI TEXHOJIOTII TaKOXK BHMararTh IMokpamieHHs. OIWH 3 METOIiB —
BUKOPHUCTAHHS KOMIIO3UTHUX MarepiaiiB 3aMicTh unucToro nomimepy. Lle mo3Bosse
MiBUIIATA TUTOMY MIITHICTh Ta 1HIII MEXaHIYHI Ta EKCIUIyaTalliiiHI MmapaMeTpu
BHUPOOIB. | X0ua TEXHOJIOTI MOIIaPOBOTO CHHTE3Y BXKE JIOBOJII MTUPOKO MPEACTaBIEHI
Ha PUHKY Ta B POMUCJIOBOCTI, BOHU BCE 1€ MOXKYTh OyTH TOJITIIICHI.

VYV pamkax pgucepramiiiHoi poOOTH crmoyarky OyB MPOBEICHUN aHami3
ICHYIOUMX TEXHOJIOT1} TOIIaApOBOT0 CHHTE3Y JIeTalIeH 3 MOTIMEPHUX MaTepialliB Ta 3
MOJIIMEPHUX KOMIIO3UIIIMHUX MarepialliB, pO3NISIHYTI Ta MpoaHaIi30BaHI OCHOBHI
MaTepianm, sIKi BUKOPHCTOBYIOThCS. Okpema yBara Oyna mpuIUJICHa acleKTam
3aCTOCYBaHHSI IIUX TEXHOJOTIH Ta METOAIB B aBilalliiHIA Ta PaKETHO-KOCMIYHIN
TexHimi. B xozi ananizy Oyiau BCTAaHOBIIEHI OCHOBHI HEIOMIKY, HAJl YCYHEHHSIM SIKUX
HEOOX1THO TpaIfoBaTd. 3a OCHOBHI HEMONIKH OyJ0 MPUWHATO HEAOTPUMAaHHS
CYLIUTLHOCTI BOJIOKHa apMYBaHHs, HEMOXJIMBICTh TOYHOTO Ta BHOIPKOBOTO
KOHTPOJIFO TIOJIOKEHHST BOJIOKHA Yy MeEXax Imapy, a TaKoX HEeJIOCTaTHS
MIPOTHO30BAHICTh KIHIIEBUX XapaKTEPHUCTHK.

VY mactymHOMy po3zaini Oyino oOpaHo mMarepiaiu, Mo BUKOPUCTOBYBAIUCH IS
JOCHIKeHHS, OOIPYHTOBAaHO BHOIp OCHOBHOTO MOJIMEPHOIO MaTepiainy Ta

Marepiaiay apMyBaHHs. Y SKOCTI OCHOBHOTO MoJiiMepy OyB MPUHHATHI comoiimMep
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nometmwieHtepedranary (coPET), y skocTi apmyrouoro BOJOKHa — 0a3ajabTOBE
BOJIOKHO. OOIPYHTOBAaHO KpHUTEPii, MO SKUM PO3POOIIOETHCS HOBA CTPYKTypa
apMyBaHHsI Ta pO3pO0JIEHO CTPYKTYpy HOBOTO THITY apMyBaHHS JeTalleil B mporeci
FDM/FFF 3D-apyKy 3 METOIO OTpUMaHHS JIeTajlei 3 MOJIIMEPHOTO KOMIO3UI[IHHOTO
Matepiany. Po3pobiieHa cTpykTypa siBisie cOO0I0 MOIIApOBO MPOKJIAJEHE BOJOKHO
MDK MIapiB APYKOBAHOTO OCHOBHOTO TMOJIIMEPY, NMPUYOMY PO3PI3IB YW IHIIUX
NOpYIIEHb CYLUIIBHOCTI B MEXI1 1apy HeMae. Takox, 3aBIsSKH BICYTHOCTI pO3pi3iB
Opv NEpexoAl BOJIOKHA MDK Iapamu, 30epiraerbcsi 1 CyUIJIbHICTh BOJIOKHA MIX
mapamMu. Posrnsigaroun oJuHWYHE BOJIOKHO, WOTO CYIUIBHICTh HE MOPYIIYETHCS B
BcboMy 00’emi getani. KpiM 11boro, Oyau po3misiHyTI METOAW JOCHIKEHHS Ta
KOHTPOJTI0. B KOHTEKCTI MOMIIMBOCTI Ta OCOOIMBOCTEN BUKOPUCTAHHSA 10 BUPOOIB,
BUTOTOBJICHUX 3D-npykom, Oyna mpoaHalli3oBaHa HU3KAa BUJIB HEPYWHIBHOTO Ta
PYHHIBHOTO KOHTPOJIFO Ta BHUIPOOyBaHb. Takok OyB pO3MISHYTHH AacmlekT ix
BUKOPUCTAHHS MPU HAABHOCTI HEMEPEPBHOTO BOJIOKHA apMyBaHHS B OCHOBHOMY
nosimepi. Ak Tod Bum, 1o Oyae BUKOpUCTAaHUN B PoOOTI, OyI0 NpUAHATE
JOCITIKEHHS MIIIHOCTI IIJIIXOM BUITPOOYBaHb HA PO3TSIT.

Y TpethoMy po3auii Oys0 pO3pOOSIEHO TEXHOJOTIYHE OOJamHAHHS s
BcraHoBiieHHS Ha FDM/FFF 3D-npuntep 3 kinemarukoro Delta. Ils xinemarnka
TakoXX OyJia oOpaHa BiJIIOBIIHO JI0 MpOBeeHOT0 aHai3y. O0naaHaHHS SBIISE COO0I0
BY3JIH, III0 BCTAHOBJIIOIOTHCA Ha Tutaropmy molOynoBu 3D-nipuHTEpy Ta BUKOHYIOTh
byHKIIT yTpUMaHHS, HAMpPaBJICHHS Ta KOHTPOJIO IOJOXKEHHS 1 HATATY BOJIOKHA.
OOGnagHaHHS TO3BOJISIE BUKOHYBAaTH OJIHOHAIPABICHE apMYyBaHHS IOJIMEpPY B
mporieci Ipyky. SIk 3aBmaHHs sl BUMPOOyBaHb, OyJI0 3aITAaHOBAHO MPOBEACHHS
aHami3y BIUIMBY YacTOTH TPOKIAJaHHS IIapy apMyl4doro BOJIOKHa Ha
XapaKTePUCTUKH MIIHOCTI MaTepianxy Ta aHaji3 BIUIMBY IIUIBHOCTI 3alTOBHEHHS HA
HuX. BiamoBigHo, 3a gomoMororo oOmajgHaHHSA OyJI0 BUTOTOBJICHO MapTii 3pa3KiB 3
MOJIIMEPHOTO KOMTIO3UIIIMHOTO Marepiany Ta Oynu MpoBeACHI BUMPOOYBAHHS
3paskiB. Ilo pesynpraram, Mmexa MIITHOCTI 3poOcCia, B BapiaHTI apMyBaHHS 3
Halkpamumu pesynbraramu, Ha 80%, monynb npyxkHocTi — Ha 101%. Takox Oyna

BCTAHOBJICHA 3aJIEKHICTh MIIHOCHUX BJIACTUBOCTEM 3pa3KiB Ta Marepiainy Bij



YaCTOTU MPOKJIAJaHHS BOJIOKHA, 1 116 € OCHOBHUM 1 HAMOUIbII BIUIMBOBUNA YUHHUK
BILJIMBY HA BJIACTUBOCTI.

YerBeptuil po3ain OyB NPUCBSIYEHMA MIATBEPIKEHHIO PE3yJbTariB
BUIIPOOYBaHb HA pealibHIN JeTall BIANOBIAHO 10 ii yMOB ekcruryararttii. s mporo
Oyna 3po0iieHa Mojnenb aerani ckiaagHoi ¢opmu 3acobamu CAD mporpamHOro
3a0e3neuenHs Solidworks. 3a nonomororo CAE Monyito 1i€i nmporpamu 10 Jerani
OyJ10 HaKJIaJIeHO MaTepiall 3 XapakKTepUCTHUKaMH, 0 Oylnu OTpUMaHl B pe3yabTari
excrepuMeHTy. Jlani mpoBOAMIOCH JOCTIIKEHHS JIeTali Ha BUSHAYCHHS CHIIH, TIPH
AKii BiaOynock 0 i1 pyiiHyBaHHs. Ilicas mporo Oyna BUTOTOBJIEHa MapTis AeTajiei
mis  BumpoOyBaHb. [lo pesymbraram BHNPOOYBaHb, CEpPEAHE  BiAXUICHHS
(aKTHYHOTO HaBAaHTAXKEHHS PYyWHYBaHHS BiJ PO3PaXyHKOBOTO CKJIAl0 HE Oiblie
12%. lle npuiiHATHHI pe3ynbTarT JUIsl 1HXEHEPHUX PO3PAaXyHKIB JAeTane 3
NOJIMEPHUX KOMIO3UIIIMHUX MaTepiaiB.

[IpoBenene mocCHiKEHHS B paMKax JUCEpTaIiiHOT poOOTH SIK pe3yibTar
OTpUMAJIO HOBUM METOJ apMyBaHHS BOJIOKHOM MOJIMEPHUX BUPOOIB, CTBOPIOIOUH
PI3HOBHUJ] MOJIIMEPHOTO KOMITO3HIlIHHOTO Marepiany. Po3polbiieHa cxema Ta MeTon
apMyBaHHs, a TAaKOXK CITOCIO PO3paxyHKy KIHIIEBUX IMapaMeTpiB AeTajei 1 BupoOiB
Oynu BepudikoBaHI B MpoIeci AOCHIKeHHS. BoHM MaroTh JiliCHE TpaKTU4YHE
3HAYEHHS 1 MOXKYTh OyTH BIPOBAJKCHI JIJI1 BUTOTOBJICHHS JeTajed I paKeTHO-
KOCMIYHO1 Ta aBlaIlifHOT TEXHIKHM 3 METOI IOKpaIleHHS MacoBOi JIOCKOHAJIOCTI
KOHCTPYKIIii 32 paXyHOK TOKPAIIEHUX MTUTOMHUX BIACTUBOCTEH MIITHOCTI.

KirouoBi ciioBa: aBiamiifHa Ta paKeTHO-KOCMIYHA TEXHIKA, aJWTHBHI
TEXHOJIOT11, MomapoBuii cuHTe3, 3D-IpyK, MmodiMepHI KOMIO3UIIIMHI MaTepialy,

apMyBaHHS BOJIOKHOM, METOJl CKIHUEHUX €JIEMEHTIB.

ABSTRACT
Sirenko M.K. Development and improvement of the technology of layer-by-
layer synthesis of products from polymer composite materials for aviation and rocket

and space technology. Dissertation for the degree of Doctor of Philosophy, specialty
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134 Aviation and Rocket and Space Technology. Dnipro National University named
after O. Honchar, Dnipro, 2025.

The dissertation is devoted to the improvement of the technology of layer-by-
layer synthesis of products from polymer composite materials in order to improve
the strength characteristics of parts and products. The work used methods of
modeling, analysis of materials and products by the finite element method and
experimental studies of samples.

Production technologies in all branches of mechanical engineering are moving
towards more and more widespread use of the latest and advanced technologies to
improve production efficiency and product quality. The aviation and rocket and
space industry also continues to develop and introduce new technologies. The main
goal is to improve the performance of products, one of the main ones is to improve
the mass perfection of aircraft designs. This is possible not only through the use of
new designs and materials, but also through the latest production technologies. For
example, a wide range of additive manufacturing technologies allows you to
improve production efficiency and expand the range of products that can be
manufactured on one type of equipment.

Layer-by-layer synthesis allows you to manufacture parts of much more
complex geometry with less capital expenditure on equipment and fixtures. It also
allows you to design more advanced assemblies and parts with more complex
geometry, which would be much more difficult to manufacture using traditional
production methods. In this case, traditional types of production and processing of
parts that work with the removal of material from a certain fixed volume of the
workpiece. In contrast, layer-by-layer synthesis involves adding material in the form
of powder, rod, resin, etc. to the working area, building up the part layer by layer.
This not only improves material utilization, but also allows products that are
traditionally composed of many parts to be manufactured as a single body. The
ability to use one type of equipment to produce a wide range of parts also allows for

greater standardization of production steps and processes.



Although currently the development in the field of layer-by-layer synthesis is
dominated by technologies that use metal as a material, polymer synthesis
technologies also continue to occupy a significant segment of production. Polymers
of layer-by-layer synthesis allow you to create parts of complex shape more
efficiently, especially if the products are not subjected to high loads, or their creation
from more traditional materials and traditional methods would be more expensive
or require a little more labor. However, polymer layer-by-layer technologies also
require improvement. One of the methods is the use of composite materials instead
of pure polymer. This allows you to increase the specific strength and other
mechanical and operational parameters of products. And although layer-by-layer
synthesis technologies are already quite widely represented on the market and in
industry, they can still be improved.

As part of the dissertation work, an analysis of existing technologies for layer-
by-layer synthesis of parts from polymeric materials and polymeric composite
materials was first conducted, the main materials used were considered and
analyzed. Special attention was paid to aspects of the application of these
technologies and methods in aviation and rocket and space technology. During the
analysis, the main shortcomings were identified, the elimination of which requires
work. The main shortcomings were considered to be non-compliance with the
continuity of the reinforcing fiber, the impossibility of precise and selective control
of the position of the fiber within the layer, as well as insufficient predictability of
the final characteristics. In the next section, the materials used for the study were
selected, the choice of the main polymeric material and the reinforcing material was
justified. A copolymer of polyethylene terephthalate (coPET) was taken as the main
polymer, and basalt fiber as the reinforcing fiber. The criteria for developing a new
reinforcement structure are substantiated and a structure of a new type of
reinforcement of parts in the FDM/FFF 3D printing process is developed in order to
obtain parts from a polymer composite material. The developed structure is a layer-
by-layer fiber laid between the layers of the printed base polymer, and there are no

cuts or other disruptions of continuity at the layer boundary. Also, due to the absence



of cuts at the transition of the fiber between layers, the continuity of the fiber
between layers is also preserved. Considering a single fiber, its continuity is not
disturbed throughout the entire volume of the part. In addition, research and control
methods were considered. In the context of the possibilities and features of using
products manufactured by 3D printing, a number of types of non-destructive and
destructive testing and testing were analyzed. The aspect of their use in the presence
of continuous reinforcing fibers in the main polymer was also considered. The type
that will be used in the work was taken as the study of strength by tensile testing.

In the third section, a technological device was developed for installation on
an FDM/FFF 3D printer with Delta kinematics. This kinematics was also selected in
accordance with the analysis. The device is a set of nodes that are installed on the
3D printer construction platform and perform the functions of holding, directing and
controlling the position and tension of the fiber. The device allows for unidirectional
reinforcement of the polymer during the printing process. As a task for the tests, it
was planned to analyze the influence of the frequency of laying the reinforcing fiber
layer on the strength characteristics of the material and analyze the influence of the
filling density on them. Accordingly, using the device, batches of samples from a
polymer composite material were manufactured and the samples were tested.
According to the results, the tensile strength increased, in the reinforcement variant
with the best results, by 80%, the modulus of elasticity - by 101%. The dependence
of the strength properties of the samples and the material on the frequency of laying
the fiber was also established, and this is the main and most influential factor
affecting the properties.

The fourth section was devoted to confirming the test results on a real part
according to its operating conditions. For this purpose, a model of a complex-shaped
part was created using the Solidworks CAD software. Using the CAE module of this
program, a material with the characteristics obtained as a result of the experiment
was applied to the part. Then, the part was studied to determine the force at which
its failure would occur. After that, a batch of parts was manufactured for testing.

According to the test results, the average deviation of the actual failure load from
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the calculated one was no more than 12%. This is an acceptable result for
engineering calculations of polymer composite materials.

The research conducted within the framework of the dissertation work
resulted in a new method of fiber reinforcement of polymer products, creating a type
of polymer composite material. The developed scheme and method of
reinforcement, as well as the method of calculating the final parameters of parts and
products were verified in the research process. They have real practical significance
and can be implemented for the manufacture of parts for rocket and space and
aviation technology in order to improve the mass perfection of the design due to
improved specific strength properties.

Keywords: aviation and rocket and space technology, additive technologies,
layer-by-layer synthesis, 3D printing, polymer composite materials, fiber

reinforcement, finite element method.
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BCTYII

AKTYaJIbHICTh TEMH

[IpoGnema miABMIIEHHS EKCIUIyaTallMHUX XapaKTEepUCTUK JAeTalleld Ta
BHUpPOOIB, 10 OTPUMAaHI METOAaMH MOUIAPOBOI'O CUHTE3Y, 3AIHUILAETHCS AKTyalIbHOIO
1 mo et nedb. OcoOaUBO 1€ OB’ A3aHO 31 301TBIIIEHHSIM BUKOPUCTAHHS aITUTUBHOTO
BUPOOHUIITBA BUPOOIB MPSIMOTro BKHUTKY B cepi aBlalifHOT Ta paKETHO-KOCMIYHOT
TexHiku. lle moB’s3aHO 3 mOTpeOamMu MIJBHUIICHHS MUTOMUX MEXaHIYHUX
BJIIACTUBOCTEH MJII TIOKpPAIICHHS MAacOBOi JTOCKOHAJOCTI TEXHIKM Ta 3MEHIICHHS
CyXO1 Baru KOHCTPYKIIIi.

30KkpeMa, OJIMH 13 METOAIB MIABUIICHHS XapaKTePUCTUK MOJIMEPHUX BUPOOIB
— BUKOPHUCTAHHS MOJIMEPHUX KOMIO3MIIMHUX MaTepialiB 3aMiCTh 3BHUYAMHHUX
OJTHOKOMIIOHEHTHHUX TOJiMEpiB. 3a paxXyHOK HAasSBHOCTI HANOBHIOBaua 3 OLIBII
BUCOKMMH TlapaMeTpaMH  MIITHOCTI, TIOJIMEPHI MaTepiaid MawTh BHIII
XapaKTePUCTUKU B TIOPIBHAHHI 3 0a30BUM IoiiMepoM. TakuM YWHOM, HaBITH 0e€3
3MIHM JI0 KOHCTPYKIIii BHpPOOIB TOKPANIyEThCS MIIHICTh Ta/ab0 KOPCTKICTh
JeTajge, 10 MiABUILYE iX JOMYCTHMMi HaBaHTaXKEeHHSA. HaWOimpmuid mpupict
eKCIUTyaTalllfHUX XapaKTePUCTHK Ta KOeDIIEHTY MacoOBOi JOCKOHAIOCTI BUPOOIB
MOK€ OYTH IOCATHYTUN TOE€HAHHAM BUKOPUCTAHHS MOJIMEPHUX KOMITO3HUIIHHUX
MaTepiaiB 3 BUTOTOBJIEHHSM JIeTalled METOJaMHu IOIIapOBOTO  CHHTE3Y.
[TomapoBuit CHHTE3 JA03BOJISIE BUTOTOBIISITA BUPOOU OUIBIN CKIATHOI TeOMeTpii Ta
dbopmM, OTpUMaHUX B Pe3yJbTaTi ONTHUMI3aIlli TOMOJOTii. Y OUIBIIOCTI BHITAJKIB
BUPOOHUIITBO TaKWX TOMOJIOT1YHO-ONTUMI30BAaHUX BHUPOOIB  TpaauLitHUMU
crocobamMu BUPOOHUIITBA Habarato CkJiajHimie abo B3arajai HEMOXJIMBE, Yepes
MoTpeOM BUKOPUCTAHHS TEXHOJOTIYHUX WPHUCTPOIB CKIAAHOI KOHCTPYKINI Ta
HEOOXITHICTE 00poOKM (opM CcKIaIHOI MPOCTOpPOBOi KoHIryparii. Meroau
MOIIIAPOBOTO CUHTE3Y TIO3BOJISIOTH CYTTEBO 3MEHIIUTH OTPEOyY Y 00pOOITi CKITaIHOT
reomeTpii, 00 BUPIO BUTOTOBIISIETHCA METOJJaMHU CUHTE3Y B’KE B TOTOBOMY BUTJISAII 3

Ha0araTo MEHIIMM 00’eMOM ormepaiiil noaanbiioi oOpoOku. Takoxk, OCKUIbKU
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METOAM TOLIAPOBOIO CHHTE3Yy € aJAUTUBHUM BHUPOOHUILITBOM, KOE(ILIEHT
BUKOPHUCTaHHS MaTepiany y TaKOMY BUPOOHHUIITBI HA0arato BUIIMIA.

TakuM 4YWHOM, BIOCKOHAJEHHS TEXHOJIOTIN TMOIIAPOBOTO CHHTE3Y 3
MOJIIMEPHUX KOMIO3UIIHHUX MaTepiaiiB 3aJUIIAETbCA AaKTYaIbHUM 3aBJaHHSAM IS
MIJBULIEHHS €KCIUTyaTalliHUX XapaKTepUCTUK BUPOOIB Ta MOKPAILIEHHS MacoBOI

JTIOCKOHAJIOCTI.

3B’A30K po0OTH 3 HAYKOBUMH IPOrpPaMaMH, IJIAHAMH, TEMAMHU

Hucepraniitna po6oTta BHUKOHaHA B JIHINPOBCHKOMY HalllOHAJIHLHOMY
yHiBepcuTeTi iMmeH1 Onecst 'oHuapa B pamkax aepx01opkeTHoi TeMu « CTBOpEHHS 1
yIOCKOHAJICHHS! TEXHOJOTIA 1 MarepiaiiB Il pakeTHUX 3aco0iB ypakeHHS Ha
OCHOBI 1HHOBAI[IHHUX KOHCTPYKTOPCHKO-TEXHOJOTIYHUX pillleHb», Ne nepxaBHO1

peectparii 0123U101855.

Merta i 3aBIaHHA AOCTIIKEeHHA

Merta nmoCHiKEHHS — TIABUINCHHS MEXaHIYHUX Ta eKCIUTyaTalliiHuX
BJIACTUBOCTEH BUPOOIB 3 MOJTIMEPHUX KOMITO3UIIIHHUX MaTepialliB HA OCHOBI HOBUX
KOHCTPYKTUBHUX 1 TEXHOJIOTTYHUX PIllIEHb 3 BUKOPUCTAHHSAM METOIiB 3D-ApyKy.

JIns DOCSTHEHHS METH JIOCTIKEHHS BCTaHOBJICHI Ta PO3B’s3aHi HACTYIHI
3aB/IaHHS:

- IIPOAHANI30BaHI Ta BHU3HAYCHI OCHOBHI JOCSATHEHHS Ta HEIOJIKH
ICHYIOUMX TEXHOJIOT1M TMOIIapOBOTO CHHTE3Y TMOJMIMEPHHX KOMITO3HUIIIHIX
MaTepiais;

- JOCIIDKCHUH BIUIMB TEXHOJIOTIYHHUX TapaMeTpiB Ha €KCILTyaTalliiHi
BJIACTUBOCTI BUPOOIB 3 MONMIMEPHHX KOMIIO3HMIIIMHUX MaTrepiamiB, MO OTpUMaHi
METO/IaMH TIOIIIAPOBOTO CUHTE3Y;

- 0oOrpyHTOBaHO BUOIp MaTepiaiiB MATPUIll Ta APMYIOUUX €JIEMEHTIB;

- PO3p00JIEHO KOHCTPYKIIIIO 1 BATOTOBJICHO TEXHOJIOT1YHE OCHAIIICHHS;
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- JOCIIKEHO BILTUB napameTpiB 3D-apyKy Ha CTpYKTYpy 1 BIACTUBOCTI
OTPUMAHOTO MaTepiany;

- pO3pO0JIEHO palllOHATBHI CXEMH 1 PEKUMH OTPUMAHHS BHUPOOIB 3
MOJIIMEPHUX KOMIO3UUIHHUX MaTepialliB 3 BUKOPUCTAaHHAM MeToay 3D-apyky;

- IPOBEJIEHO MOJENIOBAaHHSA KOMIO3ULIMHOrO MaTtepially 1 BUpoOOy 3
ypaxyBaHHSIM peaIbHUX YMOB €KCILTyaTallii.

O6’eKT JOCHIKEHHS — TIOIIAPOBUI CHHTE3 BHPOOIB 3 MOJIMEPHUX
KOMITO3UIIIMHUX MaTepialiB.

[Ipenmer MAOCHIIKEHHS — CXEMH, METOJIM Ta TNapaMmMeTpud TEXHOJIOTii

BUT'OTOBJICHHA HOHiMCpHI/IX KOMHOBHHiﬁHHX MaTepiaHiB ImourapoBUM CHHTC30M.

MeTtoau HocaiTKeHHs

[Tpu mpoBeeH1 JOCIIIKEHHS! BUKOPUCTaH1 METOH TOCIIIKEHHS CTPYKTYpH
MaTepially, BUIPOOYBaHHS MEXaHIYHUX BJIACTUBOCTEW, METOAM TBEPIOTLIHHOIO
MOJIETTFOBaHHS, METOIM YUCEITLHOTO MOJCITIOBAHHS 3 PO3PAXYHKOBOIO CUMYJISIIIEIO

METOJIOM CKIHYEHUX EJIEMEHTIB.

HaykoBa HOBH3HA 10CJiTzKeHHS

HaykoBa HOBU3HA MOJISITa€ y HACTYITHOMY:

- pPO3pOOIEHO HOBI CXeMy Ta METOJl apMyBaHHs Je€Tajieii BOJIOKHOM B
MPOIIECi TIOMIAPOBOTO CHHTE3y JJIsS OTPUMAaHHS IOJIIMEPHOTO KOMITO3HUI[IHHOTO
Marepiany, SKi MOJSITaloTh Y TOMY, IO apMyBaHHS BHUKOHYETHCS MPOKIATAaHHSIM
BOJIOKHA MDK JIpYKOBAaHUMH IIapaMd OCHOBHOTO TIONIMEpPY 3 30epexeHHSIM
CYITBHOCTI BOJIOKHA;

- BCTAHOBJICHO, IO AapMYyBaHHsS JeTajeil 0a3ajbTOBHM BOJIOKHOM
JI03BOJISIE TMIBUINATH, Y BUMAJKY HAWKpaIIUX XapaKTEPUCTHK B 3aJICKHOCTI BiJ
rnapaMeTpiB apMyBaHHS, MEKY MIIIHOCTI apMOBaHoro matepiany Ha 80% Ta MoayJib

npy>xHocTi Ha 101% 1o BiIHOLIEHHIO 1O HEAPMOBAHOTO MaTepiany;
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JIOBE/ICHO, 10 OCHOBHMM (DaKTOPOM BIUIMBY Ha XapaKTEPUCTUKU
BUpOoOy € BIJICTaHb MDK AapMOBAaHMMM IIapaMU 1 BCTAaHOBJIEHA 3aJIEKHICTh
BJIACTUBOCTEN  MOJIMEPHOTO KOMIO3ULIMHOTO Marepiady Bl  LIUIBHOCTI
3aMOBHEHHS JIeTalll 1 BIACTaH1 MIXK I1apaMu apMyBaHHs. Lle 7103BoJisi€ mpOrHO3yBaTH
BJIACTUBOCTI KIHLEBOI'O MOJIMEPHOIO KOMIO3MUI[IHHOTO MaTepiajly Ta aKTHUBHO
BIJIMBATH HA HUX LUISXOM 3MIHM NIapaMeTpiB apMyBaHHs Ta 3D-1pyKy;

- 3 BHUKOPHCTaHHSAM pO3pOOJICHOI MOJENl apMOBAHOTO MOJIMEpy
OTPUMAHO 3HAYEHHS BJIACTMBOCTEW BHUPOOIB, BUTOTOBJIEHUX 3 BHKOPUCTAHHAM

meroaiB 3D-Apyky.

IIpakTHYHA HIHHICTH Pe3yJbTATIB

[IpakTr4Ha IIHHICTH TOCTIKEHHS MMOJISATAE Y HACTYITHOMY:

- po3pobiieHa cxema 1 METoJ apMyBaHHS BHUPOOIB BOJOKHOM IpH
BukopuctandHi FDM/FFF 3D-npyky, 3 onmrcoM BITUBY TEXHOJIOTIYHUX MapaMeTpiB
IPYKY Ta peKOMEHJalliil 1moa0 ix BUOOPY, po3poOIEHO TEXHOJIOTIYHE OCHAIEHHS
JUTSL apMYBaHHsI, 1110 BCTAHOBJIIOETHCS Ha 3D-nipuHTep 3 KiHeMaTukoro tumy Delta i
pUITOMU BUKOHAHHS apMYBaHHS,

- 3alPOIIOHOBAHO  Ta  OOIPYHTOBAHO  METOAMKY  MEXaHIYHHX
BUTIPOOYBaHb MOJIMEPHUX KOMIO3UIIIMHUX MaTepiajiB 3 MIapoBaTOK CTPYKTYPOIO,
10 OTpUMaHi MeTo oM 3D-1IpyKy;

- pe3yabTaTH  JIOCHIIPKCHHS  BOPOBADKCHI B OCBITHIM  IIpoliec
JIHIIPOBCHKOTO  HAIlIOHAJIBHOTO  yHIBepcuteTy imeHi Onecs [onuapa Ta
HarmionanpHOTO 1IEHTPY aepoKOoCcMidHO1 0cBiTH Mool imeHi O.M. MakapoBa (akTu

BIIPOBAKCHHSI TIPUKIIJIeHI B 1oaaTtkax A i b).

OOIrpyHTOBAaHICTh TA TOCTOBIPHICTH

BI/IKOpI/ICTaHHH KOMINUICKCY CY4YdCHHX Ta B3a€MOJOIIOBHIOOYHUX MCTOI[iB

BUBYEHHSI CTPYKTYpPU W BJIIACTUBOCTEU MaTepiaiiB, JOCIIIKEHHS TEXHOJIOTTYHUX
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METO/IIB 1 pEKUMIB 3a0€3MeUyI0Th JOCTOBIPHICTh OTPUMAHUX pe3ynbTariB. Haykosi
MOJIOKEHHSI, BUCHOBKM Ta PEKOMEHJallli, pO3BUHYTI y AucepTalli, 00rpyHTOBaHi,
MIPOBEJICHUM KOMIUIEKCOM €KCIIEPUMEHTAIbHUX JIOCHIIKEHb Ta peani3all€lo
pe3ynbTatiB poboTtu. BucHOBKH, 1m0 chopmysiboBaHI B pPoOOTI, HE cynepedarb
KJIACUYHUM  YSIBICHHSAM 100 (OpPMYBaHHS CTPYKTYpH Ta BJIACTHBOCTEH

KOMIO3UIIMHUX MaTepialiB.

Oco0ucTuii BHECOK 3100yBaya

OcCHOBHI  pe3yibTaTH E€KCIepUMEHTaJbHOI po0OTHM OyiuM OTpUMaHi
3100yBaueM OCOOMCTO Ta 3 MOro Oe3mocepe/HbOi ydacTi. ABTOPOM IPOBEIACHO
aHaJi3 JITepaTypHUX JKEPeN, po3po0JICHO METOAUKH TTPOBEACHHS €KCTICPUMEHTY,
POBeCHO OOpPOOKY pe3yJIbTATIB Ta iX y3arajabHEHHS, MMATOTOBJIEHI HAYKOBI CTaTTI
Ta JOMOBII JIJI1 MDKHApOAHUX KOH(epeHIliii. ABTOpoM poOOTH OyJI0 BUTOTOBJICHO
BCI1 JIOCTIKYBaH1 3pa3Ku, IPOBEACHO MeXaHIuH1 BUITPOOYBaHHI. ABTOPOM pPa3oM 3
HAyKOBUM KEpPIBHMKOM BHM3HA4Y€HI MeETa, IIOCTAHOBKAa 3ajadl JOCIHIKEHHS,
OOroBOpEHHSI Ta IHTEpIpETallisi HayKOBO-EKCIIEPUMEHTAIbHUX pe3yJbTaTiB. 3a
pe3yabTaTaMM ycix erariB poOoTH 3100yBadeM chopMyTLOBaHO OCHOBHI BUCHOBKH,

MIOJIOXKEHHS Ta peKOMEHIAIlli TucepTaiitHoi poOoTH.

Anpodanisi MaTepiajaiB 10CTiKeHHS

[lo matepiamam pgochimkeHHS Oynu omyOmikoBaHi 4 cTarTti y (axoBux
KypHanax, omyOJIiKoBaHI Te3H JOMOoBiAeH y 30ipkax Te3 Mi>kHapOoIHOT MOJIOAKHOT
HayKOBO-TIpakTHIHO1 KoH(pepeHii «Jlroguna 1 Kocmoc» 2023, 2024 1 2025 pokiB Ta
mikHapoaHoi koHdpepermii Challenges and Issues of Modern Science y 2023 Ta

2024 poxkax.
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1 AHAJII3 TEHJIEHIIA BUKOPUCTAHHS TEXHOJIOI'TA
IMOITAPOBOI'O CHHTE3Y JETAJIEN 3 HOJIMEPHHUX
KOMITIO3UIIMHUX MATEPIAJIIB ¥ ABIAIIIMHINA TA PAKETHO-
KOCMIYHIN TEXHIIII

1.1 Omsa MeTomiB MNOMIAPOBOI0 CHHTE3y Ta MOXKIMBOCTEH IX

3aCTOCYBAHHS B aBialliiHil Ta pAKeTHO-KOCMIiYHIi TexXHimi

TexHomorii MomapoBOro CHUHTE3y JUIsi BUPOOHHUITBA JAeTayled 1 BUPOOIB
IPOJOBXKYIOTh BCE OUIBII MIMPOKO 3aCTOCOBYBAaTHCh B aBlallliHIA Ta pPaKEeTHO-
KocMiuHIN TexHimi. [lomapoBuii cUHTE3, KWW BKIIIOYAE B ceOC MEBHY CYyKyIHICTh
TEXHOJIOTIH  aAUTHBHOTO BHUPOOHUIITBA, TIOJSATAE B TOMY, IO BHpPOOH
BUTOTOBJISIFOTHCSL JIOJJABAaHHSM Marepiaay BUXIAHOI CHUPOBUHHU, Ha BIIMIHY BiJ
TPaIUIIHHUX CIIOCOOIB BUPOOHUIITBA, Y SIKUX MaTepiald BUIAISETHCS 3 3arOTOBKHU
neBHOro 06’emy Ta (opmu. Buxomsuum 3 1poro, ogHa 3 mepeBar TEXHOJOTIH
MOIIAPOBOTO CHHTE3Y — IMOKpAUIeHHS €(QEKTUBHOCTI BUKOPUCTAHHS Marepiaity y
BUPOOHMIITBI Ta 3MEHIIICHHSI 00’ €MIB 3arOTiBEJILHUX OIepalliil Ta 00JaIHaHHS IS
HUX. Xoya JUIsi TIEBHUX BHJIIB TOIIAPOBOTO CHHTE3Y, OMeparii IIiJroTOBKH
BHMararmTh CIICIaIi30BaHOTO OOJIaJIHAHHSA Ta OCOOJIMBUX YMOB 30epiraHHs
BUXIJTHOTO MaTepiaiy, I1e¢ KOMIICHCYEThCS YHi(iIKaIli€r MArOTOBYMX IMPOIECIB Ta
oOnagHaHHS JJI1 BUTOTOBJICHHS IITUPOKOTO CHEKTPY BUPOOIB. TakoikK, OCKUIBKH
BUPIO BHUTOTOBJISETHCS B CTaHI TOTOBOTO JJIi BUKOPHUCTAHHS YMOBHO 3a OJHY
oreparlito, 1e 3MEHIIye MmoTpedy y TEeXHOJOTIYHUX MPUCTPOSX ISl YTPUMaHHS 1
BCTAHOBJICHHS 3aroTiBOK Ta JeTaJed MIX OmNepaimisiMd, B TOPIBHSIHHI 3
TPaauIIMHUMHU BUJaMH BUpOOHWITBA. OONamHaHHS Ta TPHHOMH JJIs Omeparii
MOCT-O0POOKH Ta KOHTPONIO TakKoX MoOXe OyTh yHi(IKOBaHE ISl BEJHMKO1
HOMEHKJIaTypu BUpOOIB Ta Aetainen [1].

KpiM Takux TEXHOJOTIYHWX TIepeBar, MOMAPOBUI CHUHTE3 JO3BOJISIE
MPOEKTYBaTH Ta BUTOTOBISATH BUpPOOH, 1m0 Oylno O CKIaAHO ab0 HEMOXKIHUBO

BUTOTOBUTH TPAIULINHUMHU TEXHOJOTIsIMH. UYepe3 MOXIUBICTh OUIBII BUILHOTO
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MPOEKTYBAaHHS, BUPOOU IO TPATUIIITHO BUTOTOBISIOTHCS AK CKJIaJadbHHUMA BY30I,
MOXXYTh BHUIOTOBJSITUCH 3 MEHIIOI KUIBKOCTI JeTajed uM B3arajil OyTH
MEPEeKOMIIOHOBAHUMH B ONHY JeTajdb. TakoX TIepeBarol0 € BiJCYTHICTb
HEOOX1THOCTI NMPUB’A3KU KOH(DIrypaiii BUpoOiB IpHU MNPOEKTYBaHHI /10 1CHYIOYOIO
TEXHOJIOTTYHOTO 00JIaTHAHHSI, UM HEOOX1JHOCTI PO3POOKH TaKOTO OOJaHAHHS s
BUpoOHHULITBA. L]e, B CBOIO uepry, 103BoJIsI€ po3poOIsTH BUPOOU 3 ONTHMI30BAHOIO
TOMOJNOTIE0 Ta (OPMOI0, Ka 3a0e3Ieuye BUILLY MACOBY €(EKTUBHICTD.

BignoBigHo m0 Temu, MEeTH Ta 3aBJaHHIO pPOOOTH, OCHOBHaA yBara Oyje
NpUAlIEHa THUM pPI3HOBHUJIAM TEXHOJIOT1M MOIIapOBOTO CHUHTE3Y, SKI Yy SKOCTI
OCHOBHOTO Marepiajdy BUKOPHUCTOBYIOTh TMOJIIMEpHI Marepianu. Taki BUAM
MOIIAPOBOTO CHUHTE3Yy TaKoK MaroTh Ha3By 3D-apyk. [3 HallOimpml momumpeHux
MOYKHA BUJIUTUTH HACTYITHI BUU TAKOTO MOIIAPOBOTO CHHTE3Y:

- Fused Deposition Modeling (FDM)/Fused Filament Fabrication (FFF)
— 11 BUJ] BUKOPUCTOBYE y SIKOCTI BUX1AHOTO Marepialy TEPMOIUIACTUYHI IMOJTIMEpH
(bimaMeHTH), IO TOMAOTHCA B OONACTh TOOYAyBaHHS Yy pO3ILJIABICHOMY,
B’SI3KOTEKy4OMY CTaHi, 1 mpoliec MmoOynoBU e map 3a HIapoM, HMOYMHAIOYM 3
IOBEPXHI JIPYKYBaJIbHOTO CTOJY 3a JIOIOMOT'OI0 €KCTpYyZepa 3 CUCTEMOIO HarpiBy, 1
nmoOynyBaHHS OO0 ’€KTIB BiAOyBaeThbcs 3a PAaXyHOK IIEPEMIIICHHS eKCTpyaepa

BIJIHOCHO JIPYKYBAJILHOTO CTOJIa IO 3reHepoBaHii mporpami (puc. 1.1);

LEGEND:

A : Extruder

B : Nozzle

C: Printed part
D : Hot plate

E : Filament

Pucynok 1.1 — Cxemaruune 300paxkenns FDM/FFF 3D-npuntepa
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- Stereolithography (SLA) — ueil Bug BUKOPHUCTOBY€E PIAKUN MOJIMEP Y
BUIVISIZI CMOJIM, IIO MICTHTBCS Yy 4YaHl, 1 APYK BHUKOHYETbCS BiJ IUIaTrGopMu
moOyI0BH, 110 3aHYPIOETHCS B cModTy. J{Jis momimepizailii MO BUKOPUCTOBYETHCS
Ja3epHUM MPOMiHb, KU 3aCBIUy€ CMOIY Yepe3 CUCTEMY A3€pKajl, CKaHYIOUH KOKEH
OKpEeMMI1 11ap miciig nepeMilieHHs miargopmu nody 0By Ha BIANOBIAHY TOBUIUHY
mapy [2] (puc.1.2);

- Direct Light Processing (DLP) — y wnpomMy BHII Takox
BUKOPUCTOBYETbCA PIAKUI TMoOJNiMEep — CMojia, ajle Ha BiaMiHy Big SLA,
nmoJyliMepi3ailisi 1apy CMOJM BUKOHYEThCS 3@ JIOMIOMOTOK MPOEKTOpPY, 0
BCTAHOBJICHUM MiJ1 YaHOM CMOJIM, a ()OPMYBaHHS KOHTYpPY IIapy BIIOYyBa€ThCS 3

JIOTIOMOTOI0 piKOKpucTaaigyHoi matpuii [3] (puc. 1.2);

Laser SLA DLP-SLA

il || e

—

Pucynoxk 1.2 — Ilpunnun po6otu SLA ta DLP npyky

- Binder Jetting — 1mie#t Bug BUKOPUCTOBYE APIOHOMICTIEPCHUN TTOPOIIOK
moJiiMepy, M0 PIBHOMIPHO PO3MOAUISIETHCS HA IUIOMMHI TMOOYIOBH, 1 IS
dbopMyBaHHS TIapy B IUIOMIMHY MPOEKIII] MIapy HAHOCUTHCS 3B’ SI3YIOUMN MaTepial

(3a3Bryaii pianHa), Mics YOro IUIONIMHA MOOYAOBU MEPEMIILYEThCS HA TOBUIUHY
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BIJIMOBIAHOTO IIapy, HAHOCUTHCS 1 BUPIBHIOETHCS IIAP MOPOIIKY JJISI HACTYITHOTO

UKy mapoyTBopeHHs (puc. 1.3);

¥
"

\-\.

Pucynok 1.3 — Ilpunmunosa cxema Binder Jetting 3D-nipuntepy

- PolyJet — meli BHI BHKOPHUCTOBYE 0OararOCTpyMEHEBY TOJIOBKY, IO
HAHOCUTH PIAKY TOJIMEPHY CMOIY, YyTIUBY 10 YO — BUIIPOMIHIOBAHHS, Y BUIIISII
Kparielib, TojiMepisallis SKuX BigOyBaeTbCcs Biapasy IMC/Is HAaHECEHHS 3aBIsSKH
CHUCTEMI JIaMII, 3MOHTOBaHUX Ha KapeTil. [Ticisi KO)KHOTO UKy HaHECEHHS CMOJIN

MOBEPXHS MOOYAOBH MEPEMIIYETHCS HA TOBLIMHY MIAPY JUIsl TOBTOPEHHS MUK [4]

(puc. 1.4).
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Print head

Fullcure M
(Model construction 9
materials)

Fullcure S
(Supporting materials)

JI
\ Z-axis

Pucynoxk 1.4 — Ilpunnumnosa cxema PolylJet 3D-npyky

Build table

Cepen BHJIIB TaKOTO IOIIAPOBOTO CHHTE3Y, III0 BUKOPHUCTOBYETHCSA B cdepi
aBiariitHoi Ta pakeTHO-KocMiuHO1 TexHikH (APKT), HallOIpII MOMMpPEHUMHU €
FDM/FFF, SLA Tta DLP. Ix mepeBaramm, mo oGyMOBIIOIOTH BUKOPUCTAHHS, €
po3MipHa  CTaOUIBHICTh, BHCOKA TOYHICTH BHUPOOIB, JIOCTaTHbO BHCOKI
eKCIUTyaTaIliiiHi XapaKTePUCTUKH MOJIMEpIB, HI)KYa BapTICTh 1 MEHIA CKIIAIHICTh
BUTOTOBJICHHS OJWHUYHUX, HECEPIMHUX BHUPOOIB Ta BEJIMKA KUIBKICTh ICHYIHOUHX
pillieHb Ta MPOMO3UIIIH 10 TEXHOJIOTISIM Ta MaTrepiajiam.

ITepeBaramu FDM/FFF npyky € mmpokuii acopTHMEHT MarepiajliB 1 ix
BITHOCHO HH3bKa BapTICTh (y TMOPIBHSHHI 3 TOPOIIKOBUMHU TOJIIMEpaMU YH
CMOJIaMH ), HU3bKa Maca MaTepiary Ta KiHIIeBUX BHPOOiB, TPOCTOTA Ta IOCTYMHICTh
OCHOBHHX (hopM MOCT-00pOOKH, BUCOKA yIapHa B’ S3KICTh MOIMEpIB (y TMOPIBHIHHI
3 TIOPOIIKOBUMU ToiiMepamu 1 cMonami). Lle mo3Bossie BUKOPUCTOBYBATH X ISt
CUHTE3Y SIK KIHIICBUX JIeTaJieH, TaK 1 MPOTOTHITIB YA TEXHOJOTIYHOTO OCHAIIECHHS.

Buxopucranass FDM 1 BUpOOHUIITBA MPOTOTHMIB OyJI0 TOYATKOBUM
MPU3HAYCHHSIM/BUKOPUCTAHHSIM IIOTO BHUAY CHHTE3y, dYepe3 Majly BapTiCTh
Marepially, BACOKY IIBHJIKICTh TPOTOTUITYBAHHS Ta HU3bKI 3arparu mpaiii. Llei Bua

MOJIIMEPHOTO CUHTE3Y XapaKTePU3YEThCS JOCTATHHO BUCOKOIO TOUHICTIO T€OMETPII,
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IO J03BOJISIE TMOJMIMEPHUM MPOTOTHIAaM OyTH JOCTOBIPHUM TPEACTABICHHSIM
neTaneil Ta BUpoOiB, IO y KIHLIEBOMY BHUIJISAI1 OyAyTh BUTOTOBJIEHI 3 OLIBII JOPOTUX
MarepiajliB 4d CrnocoOOM BHUPOOHMLTBA 3 OUIBIIMMHU 3arparamu mpami. Takox,
3aBISAKM J00pe JOCHIPKEHUM XapaKTepUCTUKAM IMOJIIMEPIB Ta MOXKIMUBOCTI
3MIHIOBAaTH KIHLEBI XapaKTEpUCTUKU BHUPOOYy 3a JOMOMOIOI0 HAaJAIITyBaHHS
TEXHOJIOTIYHUX TapaMeTpiB CHUHTE3Y, MOXJIMBO MOJENIOBAaTH (PYHKIIOHAIBHY
aHAJIOTII0 TMOJIIMEPHOTO MPOTOTUNY 10 KiHIEBoro BupoOy. Takum cnocoOom
OTPUMYIOTh MAacOBO-TabapuTHI 3pa3Ku OONaJHAHHSA Ta MPHUCTPOIB, €IEMEHTH IS
OPOTOTUIIB  PO3MIIEHHS OOJaHAHHA Ta KOMIIOHYBaHHS, JeTall I
BiZIMPAIOBaHHS CKIAJAIBHUX OMNEpalliid, TOMIO.

BupoOHuirBo TexHosoriyHoro ocHamieHHs 3a jgonomoroto FDM/FFF
CHUHTE3Y IIHMPOKO MOIIUPEHO Yepe3 MOXIIMBICTh HMIBHIKOTO CTBOPEHHS OCHAICHHS
i 1HAUBIAYadbHI MOTPEOU KOKHOTO BUPOOY Ha KOXKHY TEXHOJOT1YHY OIEpalilo.
HasiBHICTh yCBOTO JIMINI OAHOTO MPUHTEPY MO3BOJISE HA MICIIl peali3yBaTu Taki
BUPOOHUY1 CIPOMOXKHOCTI, IIIO 3MEHIIYE TEXHOJOT1YHI MpOCTOi Ta mnpudupae
HEOOXIJHICTh 3aTpaT Yacy 1 KOIITIB Ha 3aMOBJICHHS OCHAIICHHS Yy IHIIHUX
BUPOOHUKIB. BuCOKa MIITHICTh Ta ylnapHa B’SA3KICTh MOJIMEPIB, 110 3a0e3Meuy€eThCs
TEXHOJIOTIEI0 CHUHTE3Y, YacTO 3aJ0BOJILHAIOTH MOTPEeOHM BHUPOOHHIITB, a JIETKICTh
nocT-00poOKH  JI03BOJISIE  TIPOBOJUTH  HEBEJIMKI  3MIHM  KOHCTPYKINi  Ta
iIAIITYBaHHS «II0 MICITFO» 0€3 HeOoOX1THOCTI MTOBTOPHOTO BUPOOHUIITBA JIETAJICH
YW 3aJy4CHHS CIEIIaJbHOTO 00JagHaHHs. Po3misigaroun muTaHHS dKOPCTKOCTI Ta
TBEPIOCTI KOHTAKTHUX TOBEPXOHb, MepeBaror netaneil orpumannx FDM/FFF
CUHTE30M € MOXJIHMBICTh TEPMOOOPOOKM TMONIMEpY [HJisi TMOKpaIIeHHS 1X
BJIACTUBOCTEH YM HAaHECEHHS MOKPHUTTIB. Tak MOKHAa BHUTOTOBJISITH 3aXBaTHI
MPUCTPOI, JIeTalll Ta BY3JM CKJIAJadbHUX MNPHUCTPOIB, TEXHOJOTIYHI JIOKEMEHTH,
dbopMu I BUKITAJIKH 1 TUTTSI, IeTajll HAMPSIMHUX Ta KOHIYKTOPHUX MMPUCTOCYBAHb,
tomo. OKpiM I[bOTO, MOXKJIMBO BUTOTOBIATH 1HCTpymMeHTH Metomamu FDM/FFF
IpyKy, y BHNQAKy TOTpeOn y crenudigHux IiHCTpyMEHTaX, HEOOXiTHOCTI

THCTPYMEHTY «Ha OJIMH pa3y». Takox CTBOPEHHS IHCTPYMEHTIB Ha MICII aKTyaJIbHE Y
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BUTIAJKaX KOJH TOCTaBKa Y1 BUPOOHUIITBO IHCTPYMEHTY Ha 3aMOBJICHHS TTOB’SI3aHO
3 JIOTICTUYHUMU Ta/ab0 €KOHOMIYHUMHU CKJIaHOIIAMHU.

BupobuunrBo kiHueBux i (yHkuioHanbHux aetaned FDM/FFF cunre3zom
Ha0yBae Bc€ OUIBIIOTO TOIIMPEHHS, OCKUIBKM B OOJagHAHHI BCE IIHPIIE
BITPOBAKYIOTHCSI TEXHOJOT11 IIBUAKOTO, MAaCOBOTO BUPOOHUIITBA, SIKi JO3BOJISIOTh
3MEHIIYBaTH HEAONIKM, TMOB’s3aHI 3 HEAOCTATHBOIO IIBUIAKICTIO JPYKY, 1
30UIBIIYETHCA TOYHICTh OOJNIAJIHAHHSA 1 TpOLecy, IO Ja€ OuIbIly CBOOOIY
MPOEKTYBaHHS BUPOOIB, 3MEHIIYEe O00’€MU MOCT-O0pOOKM Ta SKHAWMOBHIIIE
BUKOpUCTOBY€e BiacTuBOCTi moimiMmepiB. B APKT taki kiHueBi BupoOHM OuIbII
IMIMPOKO BUKOPUCTOBYIOTHCSI caMme B aBiaOyayBaHHI 4epe3 JIETKICTh MOJIIMEPHUX
BUPOOIB, TOYHICTh (DOPM Ta MOBEPXOHB, HAIBHOCTI CIIEI1aJI30BaHUX IOJIMEPIB 3
BUCOKOIO MIIHICTIO, CTIMKICTIO /IO Maces, HAQTONPOAYKTIB Ta IHIIUX CHEUpIYHUX
Ta arpeCMBHUX PEYOBHMH. TakoK, MOXJIHMBICTh JIPYKy OJWHUYHUX jeTaneii Oe3
BEJIMKUX 3arpaT Ha TEXHOJOTIYHY MIATOTOBKY Ma€ BEJIMKY KOPHCTh B YMOBax
IpiOHOCEPIHHOTO Ta OJWHUYHOTO BHPOOHMIITBA JITAIBHUX amapariB, KOJIU
BUPOOHUIITBO JIOPOTOr0 OCHAIEHHS HE Oyne exkoHomiuHo edexkTuBHUM [5]. Lle
n00pe MOXKHA 3aCTOCOBYBATH B PEMOHTHHX poOOTax — IJisi APiIOHOTO PEMOHTY YU
3aMI1HU 3HOIICHUX JIeTajlel, OpUTIHAIN SIKKX OyJIM BUTOTOBJICHI 3 ITOJTIMEPIB JTUTTSIM.
MOoXIuBICTh APYKY JAeTajeli Ta BHUPOOIB HETUIIOBHX IS TPAAUIIMHUX BHIIIB
BUPOOHUIITBA (OPM HAJAE BEIMKI MOMKJIMBOCTI MAacOBOi ONTHMI3arlii TOMOJOTIT
BUpPOOIB, 3MEHIIYIOUM Macy KOHCTPYKIii ©0e3 BTpaTH eKCILTyaTamiiHux
xapakrepucTuk. Jlerka oOpoOMIOBaHICTh TOJIMEPIB Ta MOXKIWBICTH HAHECCHHS
IIUPOKOTO CIIEKTPY JEKOPATUBHUX 1 (PYHKIIOHAJTBHUX TOKPUTTIB TaKOXK J1a€
MOKJIUBICTH ONTUMI3aIlii BUPOOIB Ta BY3JiB 3 TOUKH 30py aepoauHamiku. Bucoka
TOYHICTh Ta MIMHICTh JAeTajiell HO3BOJISIC 3aMIHIOBATH JIMTTA I THCKOM JUIS
OTpUMAHHS JEeTajeil eIIeKTPOMEXaHIKM Ta CHUCTEM KOHTPONI0 1 KepyBaHHA. B
pakeToOymyBaHHI TONIMEPHI JPYKOBaHI JI€Talli TAKOXK JO3BOJISIIOTH 3aMiHIOBATH
BY3JIH, SIKIi HE TOTPEOYIOTh BHCOKHX BIIACTUBOCTEH MIITHOCTI M TEMIEPaTypHOi
CTIMKOCTI, Yepe3 1110 BUTOTOBJICHHS iX 3 TPAJAUILIIIHUX METaJIB UM JIUTUX MOJIIMEPIB

BUTOTOBJIIE CYTTEBO HEIOHaBaHTa)keHy KoOHCTpykiito. Tak, FDM/FFF npykom
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MOKHa BUTOTOBJIAITU JETalll BHYTPIIIHHOTO O3400JICHHS Ta OOLIMBKH CaJOHIB 1
TepMETHUYHUX BIACIKIB aBlalliiHOI TEXHIKH, €JIEMEHTH CHUCTEM KOHJIUIIIOHYBaHHS,
neTaneu s OOpPTOBOI €NEKTPOMEPEKI, CUCTEM KEPYBAHHSI, KOPILYCH E€JIEKTPOHIKH
Ta MpuOOpiB, OOTIYHMKK Ta 30BHIIIHI MaHeNl y aBiaiii [6]. Y pakeTHIN TexHiIl
JPYKOM 3 TIOJNIMEpPIB MOXKYTh OyTH BHUTOTOBJICHI TaKOX €JIEMEHTU KJamaHHO1
apMarypH, KOPIyCHI Ta MOHTaXHI JIeTalli CUCTEM KepyBaHHS, AeTajl JJisl By3JIiB
nHeMoriapaBiaiyHoi  cuctemu, Tomo [7]. Takox, FDM/FFF npyk 3a
XapaKTepUCTUKaMU JieTalied, 10 MOXYTb OyTH iM OTpUMaHi, B TOBHIM Mipi
3aJI0BOJIbHSAE €KCIUTyaTalllifHl BUMOTH, 110 IPHUCYTHI B pakeTax reoizuyHoro Ta
METEOPOJIOTIYHOTO MPU3HAUEHHS 1 B paKkeTax-HOCIAX Hajuierkoro kiacy. KopmycHi
JeTalli Ta eJIEMEHTH, SIKi He MalOTh BHCOKOTO TETUIOBOTO i CHJIOBOTO HaBaHTAKEHHS
(meranmi NBUTyHHOi YCTaHOBKHM, BHCOKOHABAaHTaXXCHH1 KOPITYCH), MOXYTh OyTH B
TIOBHIM HOMEHKJIaTypi BUTOTOBJICHI METOJaMH IOIIAPOBOTO CHHTE3Y, HAIPUKIIAI:
aepoMHaMivHI OOTIYHUKH, KOPITYCH BIJICIKIB €JIEKTPOHIKHM, MapalryTHI BiJICIKH 1
BIJICIKM KOPHUCHOTO HAaBAaHTAXKEHHS, €JIEMEHTH Ha3eMHOI 1HQPACTPYyKTypu Ha
MOJIIroHi, TomE. Takok BHPOOHUIITBO OE3MUIOTHUX JITAIBHUX amapariB 1
KOMILJIEKCIB Ta JeTajed Hjii HUX MOXJHMBO B TIOBHOMY 00’€Mi peani3yBaTH
meronamu FDM/FFF cuntesy [8].

SLA ta DLP npyk maroTh mepeBary y Habarato OuIbIIiid TOYHOCTI, B
nopiBHsAHHI 3 FDM/FFF cunTe30M, OCKIJIBKH iX TOYHICTH Ta PO3ALIbHA 3/1aTHICTH
3QJICKUTH JIMIIE BiJl PO3AUIBHOI 31aTHOCTI eKkpaHa Marpuili (st DLP) abo TouHocTi
MO3UIIIOHYBaHHS J3€pKall CUCTeMH JKepena BumpominioBaHHs (st SLA). Tak,
HAnpHKIaa, TOYHICT, B Momuni mmapy tumnoBoro FDM/FFF 3D-npuntepy
3HaxoauThes B miama3oHi 0.1-0.15 mMM., a MiHIMalbHA TOBIWHA MIAPYy CTAOUTBHOT
TogHOCTI — 0.1 MM. [{e 00yMOBIIEHO TOYHICTIO TTO/Ia4i MaTepiay, JiaMeTpOM CoIia
Ta TOUHICTIO Horo nepemimenHs. J[ns SLA uu DLP cuHTe3y TOYHICTH B TUIONIUHI
mapy 3aJeXHUTh Bifl pO3Mipy Ja3epHOI IUISIMH YH PO3MIPY MIKCENs MAaTpHIL.
TumoBwmii 11t SLA po3mip mazepHOi TUISIMU Ta TOYHICTH 11 mo3utiionyBaHHs — 0.085
ta 0.025 mm. Po3mip mikcenst matpuili DLP-ipunTepy 0.025-0.075 mMm. ToBmmna

mapy 1t 000X BU1B 3HaXoauThCs B Alarna3oni 0.01-0.1 mm. Takox, 1715 moiaiMepis,



27

aKi BUKOpUCTOBYIOTh aiisi FDM/FFF cunTtesy, 3HauHOIO0 MipO0 HasiBHa IpoOiema
yCaJ)KEHHS Marepianxy IpHu Horo 0XoJoKEeHHI, 1110 BHOCUTh PO3MIPHY MOXUOKY BIJ
yac Jpyky. Cmomu, 1mo BUKOPUCTOBYIOThCA Mg SLA um DLP, MaoTh 3Ha4HO
MEHIIUN KOePIIEHT YCaKEHHS], 1110 TAKOX MIABUIILY€E TOYHICTh Y MOPIBHAHHI. AJe
Jy’e CyTTEBUM HEAOJIIKOM CHHTE3Y 3 MOJIMEPHUX CMOJI € iX 3HAYHO MEHIIA ylapHa
B’SI3KICTh Ta BUINA KPUXKICTh. L{i 0cOOIMBOCTI CMHTE3Y 3 CMOJ OOYMOBIIOIOTH X
BUKOPUCTAHHS TEPEBAKHO /I BHUIOTOBJIEHHS 3pa3KiB JUisi BUIPOOyBaHb B
aepoAMHaMI4Hii TpyO1 Ta MailcTep-Mo/eneit 1s JIUTTS, 1€ OCHOBHUMH BUMOTaMU €

TOYHICTH ()OPM Ta PO3MIPIB 1 SAKICTh MOBEPXHI.

1.2 IosiMepHi MaTepiajyn y NOIIAPOBOMY CHHTe3i

Posrnsgaroun MeTonu i BUJIM MOIIAPOBOTO CHHTE3Y, BAPTO 3a3HAYUTH, IO Y
OUTBIIOCTI 3 HUX € MOXJIMBICTh BUKOPHUCTOBYBATH MTUPOKUI TIepeTik MaTepiamiB. Sk
OyJI0 OTKCaHO B MOMEPEAHROMY PO3JLT, BIAMOBIIHO IO TUIIIB CUHTE3Y, MaTepiain
MOXXYTbh OyTH y BHJI1 IIPyTKa MmojiMepy (iHIIa momupeHa Ha3Ba — GiJlaMeHT), y BU/II
MOJIIMEPHOTO TOpPOIIKYy abo y BuAi mojiMepHoi QorouymmuBoi cmonu. Cepen
PO3IISHYTUX METOMIB CHUHTE3y, NPYTKOBHK (HiJJAMEHT BUKOPHCTOBYETHCS IS
FDM/FFF 3D-npyky, nopomikoBi nmoiiMmepu — y Binder Jetting TexHosnorisx, a cMoiu
—y PolyJet, SLA ta DLP.

Marepianu, 110 BUKOPHCTOBYIOThCS y BHII (igaMeHTy, NpeacTaBiIcH]
Pi3HUMM TepPMOITACTHYHUMH NOJIiMEpPaMH. IX rolloBHA 0COONUBICTh, HA BiAMIHY Bif
TEPMOPEAKTUBHUX TOJIIMEPIB, B TOMY, IO IiJl 9aC TOBTOPHOTO HArpiBy Marepiaiy,
moJiiMep 3HOB TEPEXOauTh B B’s3KoTeKyuuil crad. Lle mosBomsie mepepobnsitu
MarTepialiv Ui BTOPUHHOTO BUKOPUCTAHHS YH JIJISl 3MiHHU X JOPMU BUKOPUCTAHHSAM
JUIIIe TEPMIYHUX METOMAIB BIUIMBY. TakoX 1€ JO3BOJISIE BUKOPUCTOBYBATH OyIb-sKi
MeToau popMyBaHHS MONTIMEPY TIPH AOBEICHHI HOTO 10 TEeMITepaTypH IJIaBICHHS YU
nepexony B B A3KOTEKYUH CTaH IpH TeMIiepaTtypi ckiryBaHHs [9]. g ocoOnuBicTh
JI03BOJISIE BUKOPUCTOBYBATH sl 3D-apyKy MIMPOKHUM NEpeNtiK ModiMepiB, IO

BUKOPUCTOBYIOTHCA JJIsI TPAAULIMHUX METOAIB ()OPMYBaHHS, HAPUKIAA JUTTS Ii]T
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TUCKOM. PUTaMEHT y MPYTKY HaluyacTille MOCTaBIAIOTh Y BUNISAAI OyXT Ta MOTKIB,
3a3BMYail HAMOTAHUX Ha KOTYIIKU. OCOOJMBICTIO € Te, 10 MPOAaX HAe Ha Bary
(p11ameHTy, a He Ha JOBXKHHY, HAlOUIbII MOIIMPEeHI Macu HamoTyBaHHA — 0,75 Kr,
0,85 kr, 1 kxr. Ta 3 k. Tunosi giamerpu ¢inamenty — 1,75 Mm., mo ne-axrto
NPUAHATUN 3a CTaHJApT, Ta 2,85 MM.

Pozrnsgatoun nonimepu 111t FDM/FFF 3D-npyky, MOXHa YMOBHO HOAUTUTH
noJiMepy Ha CTaHAApTHI Ta IHXKEHEepHi. [HxeHepHl (ilaMEeHTH 1€ Ha3UBalOTh
BHUCOKOTEMIIEpAaTYpHUMH, 0O OUIBIIICTh IHXKEHEPHUX (PITaMEHTIB MarOTh OLIbIIT
BUCOKY TeMIIeparypy eKCIulyaraiii, moTpeOyloTh HarpiBy coruia APyKyBalbHOI
rosioBk Bunie 240 °C Ta 3aKkpuTy ApyKyBaJbHY KaMepy 3 MOXIIMUBICTIO MIIITPIBY
[10].

CranmaptHi ¢imaMeHTH TpeacTaBieHl Takumu Bujpamu, sk PLA, ABS,
coPET, MBS, SAN Ta HIPS.

PLA (mominaktun, [1JIA) — oguH 3 HaWmomyaspHImMUX matepiamiB mjs 3D-
IpyKy, siBIsie cOOOI0 TONIMEPU30BaHy TMONUIAKTHAHY KHCIOTY. [lomimaktum —
OlOpO3KIagHUN TMOodiMep, M0 OTPUMAHWUK 3 OIONOTIYHUX BiJHOBIIOBAJIbHUX
pecypciB, TaKUX SIK KapTOIUITHUN Ta KyKYPYA3SHUNU KPOXMajb, IIyKpOBa TPOCTHHA
Ta 3aJIMIIKKA ICJIS BUPOOHHUIITBA MyKpy. llomimakTuaHW TOJIMEep JTO3BOJISE
CTBOPIOBATH TrabapuTHI BUPOOM 3 BHCOKOI CTAOUIBHICTIO PO3MIPIB, BHUCOKOIO
T€OMETPUYHOIO CKJIQJIHICTIO 1 BHCOKOKO PO3IIIBLHOIO 3MATHICTIO JAPYKY. Y IIbOTO
MaTepiary HU3bKa ycajaka Ta BUCOKA aire3is 10 rmiaTdopMHu, 10 CHPOILYE MPOIeC
3D-npyky — neii gimamMeHT He moTpedye 3aKpUTOT KaMepu ISl IPYKY, CHeIllaTbHIX
MOKPUTTIB Jyisl Twiatopmu oOYyIOBH UM BUCOKOT TeMIIeparypH ii miairpiBy. Takox
el MaTepiai Mae BUCOKY aJre3ito MIXK IIapaMHu - 11€ I03BOJISIE IPYK O€3 menamiHaliii
1 medopmarii rotoBoro BupoOy. Ane PLA mae TeXHOIOTIUHI HENONIKH, a caMe —
MOTaHy B’SI3KOTEKYYiCTb, 10 0OMEXY€ MIBUIKICTh ApYKy. Takox, He 3BaXKarouu Ha
3arajbHO BHCOKY MDXKIIApOBY aJre3ito, uyepe3 MOraHy TeKy4ecTb APYK TOBCTHUMH
mrapamMu - yTpyaHeHuil. BupoOu wmaroTh KpacuBy, DVISIHIIEBY IOBEpXHIO 0e3
HEOOX1THOCTI 10AaTKOBOI 00poOku. PLA Boio/i€ BUCOKOIO KOPCTKICTIO 1 BUCOKOIO

MILHICTIO Ha PO3pHUB, MPOTE€ BIH KPUXKUWA 1 MOTraHo MIAJAETbCS 00pOOII
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nunipyBanHaM. PLA — HamiBkpuctamiyHuii abo amopduuii momiMep, 3
Temneparyporo ckiayBaHHA 55 °C ta mnasnenHs 180 °C. HaliBuia temmneparypa
excrutyararii oomexena 50 °C. Yepes te, mo PLA mae 6iosoriuHe mOXOIKEHHS,
MIJBULIEHA TEMIlepaTypa MOBITPS Ta aTMOC(EepHa BOJIOTICTb MPU BUKOPUCTAHHI
HA30BHI MPU3BOJATH 10 OUIBII MBUAKOL AeTpanarii marepiany [11].

ABS (axpunoniTpun OyTallieH CTUPOJ) — TAKOX OJWH 3 HAWMOIIWPEHIIINUX
nosiMepiB st 3D-apyky. CBOO TMOMYASPHICTh BiH 3HAWIIOB 3aBISKH TaKUM
BJIACTHBOCTSIM, SIK MPOCTOTAa MEXaHIYHOI Ta XIMIYHOI OOpPOOKHM HaJapyKOBaHUX
BUPOOIB, MIMPOKHUI Jiama3oH TeMIepaTryp eKCIUTyaTalii, CTIHKICTh 10 BILUIUBY
PO3UYMHIB JYTIB 1 KMCIIOT, MPOCTOTI (papOyBaHHIO 1 CKiIetOBaHHIO. BupoOu cTBOpeHi
3 ABS migmarorees XiMiuH1i 00poOI11i 32 T0MTOMOTOI0 PO3UNHHUKIB, TAKUX K allETOH
ta erutanerar. ABS mae many kpuxkicth, Ha BiaMiHy Bin PLA, y Hboro mnpu
pYWHYBaHHI SIBHO BUpaX€Ha JUISTHKA TUIMHHOI AedopMarltii. Takox Ha BiAMIHY BiJl
PLA, neit momiMmep mae Habararo CKJIAIHINII YMOBH JPYKy — 3aKpHTa KaMmepa
noOyI0BH, BIJCYTHICTh MPOTATIB Ta HEPIBHOMIPHOTO OXOJOKCHHS, CKJIAJHOII 3
3a0e3MeYeHHsIM 3aJ10BUTBHOT anaresii mo miargopmMu nmoOydoBH, 3HAUYHA ycajka Ta
BUIIJICHHS] TOKCHYHHUX BUIIAPOBYBaHb B mpolieci Apyky. ABS —amopdnuii momnimep,
0e3 miiicHOI Temmeparypu IUIaBICHHsS, 3 Temreparyporo ckiayBanns 105 °C.
Temmneparypa excrutryararii — -20 - +80 °C. ¥V Buai roroBoro BuUpoOy Mae maiy
YyTTEBICTH JIO0 BIUIMBY 30BHIMIHIX YMOB [12].

[Mnactux coPET (PETG) — comomiMep mnomieTwieHtepedranary, SKuid
OZIEP)KYIOTh BBEICHHSAM Yy 0OaszoBuili momimep (momietmwieHdranar) 1,4-6ic
rinpokcumerun muknorekcana (CHDM) a6o erwmieH Tiikomb. Moro mepesaru y
BHCOKI¥ MIITHOCTI Ta yapHiil MiITHOCTI, 1o BimHomeHHIo 70 PLA 1 ABS. Bin mae
MEHIITy XOpCTKiCcTh, HDK PLA, ane menm kpuxkuid. COPET cTifikuii 10 BOIHMX
PO34YMHIB COJieH, PO30aBICHUX KHUCIOT 1 JIYTiB, ali)aTUIHUX BYTJICBOJHIB, CIIPTIB.
Mae kpamry 3a PLA 06po6mtoBaHicTs nutidyBaHHSIM. Ma€ Tiplry CKJICIOBATBHICTS.
ITo ymoBam npyky Onu3pkuii 10 PLA, He Mae SBHO BHpa)X€HOT TOKCHUYHOI JIii Mpu

JIPYKyBaHHI, Ma€ BHCOKY MIXKIIapoOBYy ajres3ito, Maiay ycaaky. Lleil momimep Takox
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amopdHuii, 3 Temneparyporo ckiryBanas 70 °C. Temneparypa excruryaraiii — -20 —
+70 °C [13].

MBS (MeTwiMeTakpuiaT-aKpUIOHITPUII-OyTaIIEH-CTUPOIT) 11€ CIIBIOJIMED,
nofi6HuM 10 ABS, 110 cK1aa€eThes 3 TPbOX MOHOMEPIB: aKPUIIOHITPUITY, OyTali€eHy
Ta cTUpody. byranieHoBa yacTuHa 3a0e3Meuye THYUYKICTb 1 BUCOKY yAapHY CTIHKICTb,
TOAl $K YacTHHA METAKPWJIAT-CTUPOJI-AKPUIOHITPUII 3a0e3ledye MIIHICTb,
cTabuibHICTh po3MipiB. MBS 6e3 nonaBanHs OapBHHKIB Ma€ KOEQILIEHT
cBimionpomyckanus 90%, BUCOKY yIapHY B'SI3KICTh, BUCOKY KOPCTKICTh 1 XOPOIIY
CTIMKICTh JO XIMIYHUX PEYOBUH — CTIAKUM A0 KHUCJIOT, Jyr, apOMaTHYHUX
BYIJICBOJIHIB, CIUPTIB. PO3uMHSAETHCS B ameToHi, Terpariapodypani, 3a paxyHOK
YOro MOXKJIMBA XiMiuyHa 00poOka BUpoOiB. Mae BUMoru 10 ApykKy noaioHi 10 ABS,
ajyie MEHII YyTIMBUN 10 HEPIBHOMIPHOTO OXOJIO/KEeHHs. Y mopiBHsIHHI 3 ABS mae
Kpanry mMixkiapoBy aaresiro. MBS, sk 1 ABS — amopduuii nomniMep, Takox He Mae
JHCHOI TeMriepaTypu 1iaBjieHHs. Temmneparypa ckiyBanas MBS — 80 °C, o 1 €
0OMEXXEeHHSIM TeMITepaTypu eKkcrutyaraiii [14].

SAN (cTUPOT-aKPHIIOHITPHIT) — CIIBIOJIMED, IO CKJIAJAETHCS 31 CTUPOIY Ta
AKpUJIOHITPUITY. 3aBISKHM BHCOKIH TEpMIYHIA CTIMKOCTI JaHUN MaTepian
BUKOPUCTOBYETBCS ~ 3aMiCTh  akpuily, Tnoiictupony, y 3D-mpymi  moxke
BUKOPUCTOBYBAaTUCH sIK 3amiHa ABS. SAN Mae BHCOKY >KOPCTKICTh Ta TBEPHICTH,
mpoTe Mae HabaraTo MEHIY yJIapHy B’S3KICTh Y MOPIBHAHHI 3 1HIINMH TOJIIMEpaMHu
Ha OCHOBI aKpUJIOHITpHIY. Mae HaWBUIIMI KOE(IIIEHT CBITIOMPOITYCKAaHHS CEpel
ycix dimamenTiB — 92%. XiMI4HO CTIHKHUH 10 Ty)KHUX 1 KUCIIUX CEPEIOBHII, CTIHKHIMA
JI0 Macell Ta apOMaTHMYHUX BYTIIEBOAHIB. 3aBIsSKH BUCOKIM TBEPAOCTI Mae Maje
3HOIITYBaHHS B yMOBaX po0OOTH Y MEXaHi3MaX TUITY 3y04acTUX Mepeiad, YepB’ TUHUX
nepenad, KyJIadkiB, MTOBXaviB 1 MOMiOHNX. Takoxk 3a paxyHOK Majoro koedimieHty
TEIUIOBOTO PO3IIUPEHHS Ma€ MEHITY yCcaaKy, HiK ABS, MeHm BubarnmuBuii 10 yMOB
npyKy. JIerko 00poOIIOEThCS pi3aHHIM, XIMIYHOIO 0OPOOKOIO alleTOHOM, Ma€ T100py
CKJICIOBaHICTh Ta a00pe ¢apOyerscsa. Temmeparypa ckimyBanHs — 100 °C,
temmneparypa ekciuryaramii — -40 °C - +80 °C, MoxiuBe (PyHKI[IOHYBaHHS JeTajae

MIpU KOPOTKOYACHOMY MifBUILIeHH] TemnepaTypu o 105 °C [15].
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HIPS (High-impact Polystyrene) — ymapocTiiikuii nomictTuposn, amophHHiA
MOJIIMEP, IO SIBJISIE COOOI0 CyMIIIEBUH COMOMIMEP MOJICTUPOINY Ta MONIOyTalieHy
a0 1HIIMX CHHTETUYHUX KayuyykiB. 3OUIbLIEHHS BMICTY Kay4dyKy 30UIbIIye
yAApOCTIMKICTh MaTepiaily. Marepian Henmpo30puil, *KOPCTKUHM, aje CTIMKUI A0
yAapHUX BIUIMBIB, J0 MOpO3y 1 nepenanaiB temmeparyp. CTIHKICTb 10 yAapHHUX
HaBaHTaXeHb moaioHa a0 ABS mnomimepy. Po3uuHsieThcss B JIMOHEHI —
HaTypaJIbHOMY PO3YMHHHKY, L0 OAEPXKYIOTh 3 LUTPYCOBUX, 3aBISKH YOMY HOTO
IMIMPOKO BUKOPUCTOBYIOTH ISl CTBOPEHHS PO3UYMHHUX MIATPUMYIOUHUX CTPYKTYp B
3D-nmpymi. Takoxk, 3a paxXyHOK HAsiBHOCTI Kay4yKiB, Ma€ BHCOKI J1€JICKTPUYHI
BJIACTHBOCTI, a came — Harpyra npo6oto y npubausno 1 kB. Criiikuii 10 1ii KUCIOT
Ta JYTiB, CYMICHUN 3 Xap4OBMMHM MPOAYKTaMH. 3a paxXyHOK MEHINOi TBEPAOCTI, B
nopiBHsiHHI 3 PLA un ABS, nobpe migngaerbcsi mexaniuniii o6poOui. [Ipakruuno
BIICYTHE BOJOMNOIIIMHAHHS, CTIMKMH [0 YMOB 30BHIIIHBOTO CEPEIOBHUIIA.
Temneparypa miasienss — 230 °C, temneparypa ckinyBanus — 100 °C, temneparypa
excrutyarartii — -40 °C - +70 °C [16].

OCHOBHI XapaKTEPUCTUKU BUIIEPO3MISIHYTUX CTAHJApTHUX (LIaMEHTIB

HaBeneHo B Taoi. 1.1.

Tabmuns 1.1 — BnactuBocTi cranmapTHuX (inamMeHTIB

[Tomimep PLA | ABS |coPET | MBS SAN | HIPS
Mesxa minaocti, MIla 50 38 50 30 71 30
Binnocue nonosxkenus, % | 30 30 24 50 3 30
Monyns npyxksocti, ['Tla | 2,3 2,6 1,9 2,1 3,5 2,2
VYnapaa  B’s3kicth 1o | 102 196 179 - 4 120
[MMapm  6e3  Hampiy,

Kk J[ox/M>

[mxenepHi dimamentu npeacrasieHi Takumu Bugamu, sk PET, PC, Nylon,

ASA, PEI, PEEK, PEKK.
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[Tomierunentepedranar (PET) — TtepmomuiacTuk, HalOUIbII MOLIMPEHUMA
MpenCcTaBHUK Kiacy nomiedipiB. Ilponykr mnosikoHAeHcalli €THJICHIJIKOIO 3
TepedTaneBoro KUCI0Tor (a0o ii nuMmetunoBuM edipom). [lomimep 3naTtHuil OyTH y
2-x (a3oBux cTraHax — B aMOp(HOMY 1 KpucTaiaiyHoMy. TBepauii, 6e30apBHUM,
MPO30pUH MJIACTUK B aMOpPPHOMY CTaHi, 1 OUTMH, HEMPO30pHU B KPUCTATIYHOMY
cTaHl (Akmo He Oyno nonaHo OapBHUKIB). [lepexonuTs B amMOppHUN CTaH MpuU
HarpiBaHHI /10 TeMIlepaTypu CKIyBaHHS 1 3QJHIIAETHCS B HBOMY IPH PI3KOMY
OXOJIOJ[KCHHI Ta IIBHIKOMY MPOXODKCHHI Yepe3 TakK 3BaHy «30HY KPHCTaJi3aliiy».
Onuum 13 BaknuBux mapametpiB [IET € xapakTepucTudHa B'A3KicTh 00yMOBJICHA
JOBKHHOK  MOJIGKYJIM TojiMepy. 31 30UIBIICHHSM B'S3KOCTI  IIBUJKICTh
KpucTaiizamii 3HwKyeTbes. s 11poro Martepiany XapakTepHa MIIlHICTh, BUCOKA
yAapHa B'SI3KiCTh, BUCOKA 3HOCOCTINKICTh B aMOP(GHOMY CTaHi, CTIMKICTh JI0 KUCJIOT,
nyriB, ynsrpadioneroBoro BunpomintoBanHs. [Ipu apyui PET mnactukom cioyarky
BUPOOU 3HAXOAATHCS B aMOPGHOMY CTaHI1 BOJIOIOTh BUCOKOIO yIapHOIO B'SI3KICTIO,
BUCOKHM TTOJIOBKEHHSM IIPU PO3PHBI i MalOTh TeMIiepatypy ekcrutyaTaiii go 70 °C.
Taxi BUpOOM MOXIIMBO KpHUCTai3yBaTH (3arapTyBaTH), MICJIS YOrO BOHHM MarOTh
TeMrieparypy ekcruiyaramii 1o 200 °C (yuM BUIIMNA CTYIiHb KpHUCTali3alli, TUM
BUII[a TEMIIepaTypa eKcIUTyarallii, ajge HmK4Ya yaapHa B's3kicTh). I[Ipouemypa
KpUCTaIi3alii moisirae y moBiibHOMY Iporpisi getaneit 1o 180-200 °C, micis yoro
JeTanb OXOJOMKYETHCS MPUPOAHUM YHUHOM O€3 30BHIIIHBOTO OXOJOKCHHS.
dijaMeHT BHCOKOTEMIIEpATypHHI, BUMarae HarpiBy 1uiargopmu moOymoBu no0 90-
100 °C, narpiB apykyBambHoro cora — 245-260 °C. ®imameHT mnoTpedye
30epiranHsi B BaKyyMHOMY TakeTi 3 TMONIMHAYOM BOJIOTH YEpEe3 BEJIMKE
BOJIOronorInHaHHA [17].

[Tonmikap6onar (PC) — miniiitauii momiedip ByrimpHOI Kuciaotn HoCO; Ta
JBOXaTOMHUX CUPTiB. BigHOCcHUTHCs 10 Tpynu amopdHUX TepMorutactiB. [Ipu auTTi
M1 THCKOM Marepian 3anumaethess amophanM. Kpucrtaniuna ¢gaza 8 PC mpucytas
B He3HayHiM kimbkocTi. Jlnms kpucramizamii 3BuuaiiHoro PC #ioro HeoOXimHO
BUTPUMATH TPUBAIHUH Yac (He MEHIIE § JIHIB) MPU BUCOKIN TeMmepaTypl (He MEHILe

180 °C) abo B aneToHi, a TAaKOXK KPUCTATI3YEThCSA MPU HAABUCOKHUX TUCKAX JIUTTA
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(monax 500 MIla). 3aBasku BUCOKiIM MIIHOCTI M ymapHoi B'a3kocti (250-500
kJx/M?) BupoOu 3 PC 3aCTOCOBYIOTBCS B SKOCTI KOHCTPYKLIMHOIO Marepiany B
pI3HHUX rany3six npoMucioBocTi. IIpu BukopucranHi B 3D-npyky norpeOyroTh
3aKpUTOi KaMepu TMOOYyI0BH, TAaKOX € BHCOKOTEMIIEpAaTYpHUMU: MIJIICPIB
npykyBasibHOI moBepxHi 90-110 °C, Ttemmneparypa coruia APYKyBaJIbHOI TOJIOBKU
250-255 °C. Mae CTIHKICTh [0 KHUCJOT, CHHUPTIB, Maceal Ta apoMaTHYHUX
BYINICBOJHIB. Mae moraHy CTIHKICTB J0 JYyriB Ta  yIbTpadioneToBOTO
BUIIPOMIHIOBAHHS, JUIS TIOKPAIICHHS CTiHKOCTI 10 Y@ BHUKOPHUCTOBYIOTHCS
nakoapOoBl MOKPUTTH, IUIIBKU. Temneparypa ekcmiyarauii — -40 — +120 °C.
Bupobu, BuroromieHi metogoM 3D-ApyKy 3a paxyHOK IIIapOBaHOI CTPYKTYpH
BUTPUMYIOTh KOpoTKouacHe HarpiBaHHs a0 150 °C [18].

Nylon — npeacraBHUK ciMelicTBa MOJiaMiIiB, TAKOXK Ma€ Ha3BY MOJiaMmig-6.
3aBISIKM BHCOKMM MEXaHIYHMM BJIACTHBOCTSM BITHOCHTBCS 10 KOHCTPYKI[IHHUX
(imxeHepHUX) mojiMepHUX MatepiamiB. Nylon — >KOPCTKUN TJIACTHK, MiATAETHCS
KpHcTai3allii, BOJIO/Ii€ BUCOKOIO MIIHICTIO Ha PO3PUB 1 CTIAKICTIO /10 3HOIITYBaHHS.
Nylon Bifipi3HS€TbCSI BUCOKOIO TEMIIEPATYPOIO PO3M'SKIIEHHS Ta €TACTUYHICTIO MPU
HU3BKHUX TEMIIepaTypax, BUTPUMYE CTEpHIIi3allio mapom, posirpitum ao 140°C. s
BJIACTHUBICTh JI03BOJISIE BUKOPUCTOBYBAaTM HOTO B yMOBaX 3 TEMIIEPaTypHUMH
nepenagaMy B ITMPOKOMY JTialla30Hi, B yMOBaX TPUBAJIOTO HarpiBaHHs TeMIleparypa
excruryatarii — He Bumie 120 °C. Nylon cTifikuii 10 BIUTUBY pI3HHX XIMIYHO
AKTUBHUX PEUYOBHUH — TaKHX K CJIA0Ki KUCIIOTH, KETOHH, JIYT'H, BYIJICBOAHI, MacJa,
ciuptu Ta edipu. Jeram, BurotosneHi 3 Nylon, cTiiiki 10 ymapHUX 1 CTaTUYHHX
HaBaHTaXeHb. Nylon Moe CcIayryBaTH XOpOIIMM TeruioizomstopoM. [lpu
Bukopuctandi B 3D-mpyni  morpebye 0ocoOIMBUX yMOB  30epiranHs Ta
MPOCYIIYBaHHS TEpeJ] NPYKOM Yepe3 BeNMKE BIAronorvHAaHHS (iraMeHToM.
dimameHT BUOATTUBHIA 1O YMOB JIPYKY, MOTPeOy€e 3aKpUTOi KaMepH MOOYI0BU Yepe3
BJIATOTIONITMHAHHS TiJ] 9ac APYKY Ta YyTIUBICTH 10 HEPIBHOMIPHOTO OXOJIOIKEHHS.
[Ipn npykyBaHHI Ha HHM3BKHUX IIBHJKOCTSX MOXJIMBUN TIEPETPiB MOMIMEpPy 3
BUHUKHECHHSM OynpOamiok Ha moBepxHI aetani. Ilomimep y Harpitomy

B’A3KOTEKy4YOMY CTaHl Ma€ BEJIUKY B’SI3KICTh 1 TEKYYICTh, 110 YCKJIAQJHIOE NIPYK
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MOBEPXOHb Ha MIATpUMKaX. PiaMeHT BiJl OUIBIIOCTI BUPOOHUKIB HAMIBKOPCTKUH,
0 MOXKE€ CHPUYUHATU TPYOHOLIl Yy BHUIAAKY cUCTeMH mnopadi tumy Bowden.
[Tomimep Mae BUCOKHMI KOE(ILUIEHT TeMIEparypHOTO YCAKEHHsI, IO MOTIpIIye
PO3MIpHY TOYHICTh JIeTaliei, MOoTpedy€e BHECEHHS JIOMYCKIB O PO3MIPIB MOJIEII.
[Ipn upoMy, MiKIIApOBa ajre3is BHUCOKA, aAresis A0 IargopMu MnoOydOBU HE
nopyuyetsesi, npu miairpisy i go 90-110 °C. Jlerami, BUTOTOBJIEHI 3 LBOTO
Marepiany, Ao0pe MiAJaroThCsa OOpOOIll pi3aHHSAM Yepe3 HEBEIUKY TBEPIICTh
MOBEPXHi, B TOM ke yac 00poOka nuridyBanHsIM yckinaanaena [19, 20].

ASA (akpuJOHITPUI CTUPOJ aKpuUiar) - MaTepian po3poOJeHU s 3aMiHU
ABS noniMepy, 3 moKpamieHow arMoc(epoCTIHKICTIO 1 yaapHOw MilHICTIO. ASA
3HAYHO OUIBII CTIMKUU IO PO3TPICKYBAHHS I1i]T BILTMBOM arpeCUBHOTO CEPEOBUIIA,
B mopiBHAHHI 3 ABS, 0co0MMBO CTiIMiKUM 10 CHUPTIB, Oararbox 3aco0iB JIs
OYMILICHHS, MAaCTUJI, pO30aBIEHUX KHUCJIOT, OeH3uHY, 30epira€ HaCHUYEHUU KOJIIp
MPOTSTOM TPUBAJIOTO Yacy. ASA CTpYKTypHO nyxe cxoxkuil Ha ABS. AxkpunatHuii
MoJIiIMEp BIAPI3HAETHCS BiJI MOJIIMEPY Ha OCHOBI OyTajliEHY BIJICYTHICTIO TTOABIHHUX
3B'SI3KIB, IO HAJa€ Marepiaay MPUOIHU3HO B JECATHh pa3iB OUIBINY CTIHKICTH 110
arMoc(epHUX BIUIMBIB Ta YIBTPadioeTOBOTO BUIIPOMiHIOBaHHS, Hik ABS, Buiy
JIOBTOTPUBANTy TEPMOCTIMKICTh Ta Kpally XIMI4HY CTIAKICTh. ASA 3Ha4HO
CTIHKIIIMHI 10 pO3TPICKYBAHHS Il HAIIPYTOIO B HABKOJHUIITHBOMY CEPEIOBHII, HIK
ABS, ocobnuBo n0 cnupTiB Ta 0ararboX MUNHUX 3aco0iB. ASA Mae HIDKUY
temneparypy ckiayBaHHs, HiK ABS, 100 °C mporu 105 °C, mo 3abe3neuye kparii
HU3BKOTEMIIEPATyPHI BJIACTHBOCTI Marepiany. BiH BHUKOpHCTOBYeTbcs B cdepax
3aCTOCYBaHHS, IO BUMAararTh aTMOC(EpOCTIMKOCTI, HAMPUKIAJ, KOMEPIIHHUI
CalINHT, 30BHINTHI YaCTUHU TPAHCHOPTHUX 3ac00iB abo BynmuuHi MeOmi. ASA mae
HEBHUCOKY JedopmaliiiHy ycaakKy Ta BHCOKY anaresito. ASA Mae mnoMipHe
BOJIOTOTIOTTIMHAHHS, ajie Y OLIBIIIOCTI BUMAIKIB HEe TTOTpeOy€e MpOCyITyBaHHS TIEPe]T
apykoM. It IpyKy peKoMeH0BaHa 3aKpuTa KaMmepa modynoBu. Bupobu 3 maHoro
Marepially JIETKO TiJIaf0ThCS PI3HAM Ccroco0aM MOCTOOpOOKH: MEXaHIdHiH
(uutiyBaHHS, CBEpIUIIHHSA, TOKapHI poOOOTH), XIMIYHIM (HAJaHHS IVISHIIEBOT

MOBEpPXHI BUPOOAMH 3a JIONMOMOIOK PO3YMHHUKIB, aHanoriuHo ABS), BupoOu 3



35

JAHOTO Marepiany a00pe miaAXoAaTh miJ GapOyBaHHsS Ta MOKPUTTAM JakoM. ASA
100pe CKICIOEThCS KJICSIMH I[IaHOAKPHJIHOTO THIY, a TaKOX 3a JOMOMOTOIO
PO3YMHHUKIB, TaKUX SIK [IMKJIOTEKCaH, AIXJIOPETaH, AixjopmeTran [21].

PEI (ITomiedipimia, Takoxx BigoMuil mij ToproBoro Mapkoto Ultem) — e
aMmopdHU TEPMOIUTACTHK BiJ OypIITHHOBOrO 10 mpo3oporo koiasopy. PEI mae
TeMriepatypy ckiryBanHs 217-220 °C. Bin Mae BUCOKY CTaO1IbHICTh MEXaHIUHHUX Ta
€JIEKTPOTEXHIYHUX BJIACTHBOCTEH B IIMPOKOMY Aiama3oHi temmeparyp. Lli #oro
0COONMBOCTI JT03BOJISIFOTH BUKOPUCTOBYBATH HOTO JJIsi BUTOTOBJICHHSI BUPOOIB IS
Menu4yHoi cdepu, 00 JO HBOTO MOXHA 3aCTOCOBYBATH CTaHIApTHI METOAM
cTepuiiizailii, sk 0OpoOKa mapoM B aBTOKJIaBax. BHCOKI Al€JIEKTpUYHI MapamMeTpu
JI03BOJITFOTh BUKOPHUCTOBYBATH HOTO Il BUPOOHMIITBA €JICKTPUIHUX KOMIIOHCHTIB,
TaKuX K KOPIYCH P03’ €MIB, 130JIATOPU. Ma€e BUCOKY MIIHICTh, CTIHKICTh JI0 KUCJIOT,
JYT1B, CIIUPTIB, ApOMATUYHUX BYTJIEBO/IHIB. Ma€ BUCOKY CTIHKICTh /1O 3HOIIIYBaHHS,
caMo3aTyXar4nii, 010J10T1YHO CYMICHUH, CTilikuil 10 ynbsrpadionery. Hemomikom €
YyTAUBICTh JI0 TPIIIUH, HAJpPI3iB, JOCTaTHRO HU3bKAa ylaapHa B’SI3KICTh. [lpu
BUKOpHUCTaHHI B 3D-apyI1ii moTpedye 3aKpuToi KaMepu MoOyI0BH, MAITPIBy KaMepu
no temreparypu He MeHme 60 °C, BUCOKy TeMmIepaTypy COIUIa JIpYKyBalbHOT
rojoBku — 350 °C [22].

PEEK (momiedip edip keTOH) — opraHiyHUN TePMOIUTACTUIHUHN TTosIiMep. Bin
Ma€ HaMiBKPUCTAIIYHY CTPYKTYpY, XapaKkTepU3ye€TbCsI BUCOKUMH BIIACTUBOCTAMHU
MIITHOCTI Ta XIMI9HOI CTIMKOCTI B IIIMPOKOMY Jiara3oHi Temreparyp. Temmeparypa
ckiayBaHHs — 145 °C, Temneparypa mnasieHas — 345 °C. Mae BUCOKI AIETUKTPUIHI
MOKa3HUKHU, M0 30epiraroThCsi TAaKOXXK HA IMUPOKOMY TIPOMIKKY TEMIIEparyp
eKcruTyatariii. Mae BUCOKY CTIHKICTh 10 TEMIIEpaTypHOi, XiMI4HOI Ta 610710TT4HOT
nerpanamii. CTIMKUA 10 KHCIOTHUX, JYXHUX CEpPEAOBHUI, 3a BUKIIOYEHHSIM
TJIOTCHIB Ta OITOBOI KUCIOTH, CTINKUN IO Maces Ta apOMaTHYHUX BYTJICBOIHIB.
UYepe3 mally 3HONIYBAHICTh Ta XIMIYHY CTIWKICTh HIMPOKO 3aCTOCOBYETHCS IS
BUTOTOBJICHHSI KJIAlIAHHOT apMaTypH, YIIUTbHIOBAJbHUX KUICIb, TaKOXK MAae
BUKOPUCTAHHS y BaKYyMHHX TE€XHOJIOT1AX. BlomoriuyHo cymicHUi, ajie 3a paxyHOK

CBOIX TiApo(OOHUX BIACTUBOCTEH HE MA€ MOBHOTO 3POCTAaHHS 3 KICTbMH, WIO
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J103BOJIsSI€ BUKOPUCTAHHA B MEAMILIMHI JUIsl IMIIaHTyBaHHs. [Ipu Bukopucransi B 3D-
Ipyll NoTpedye 3aKpUTOI KaMepu MoOyd0BH, MIITPIBy KaMepH 0 TEMIIEpaTypu He
MeHIe 60 °C, BUCOKY TEMIIEpaTypy COIUIa IPyKyBaiabHOI TonoBKH — 360 °C [23].

PEKK (momiedip xeron xeton) — nmomiouuii 1o PEEK momimep, sikuit mae
JIeNI0 BUIY TeMmreparypy ckiyBaHHs - 162 °C. BiH mMae feio BUIly MIIHICTh Ta
CTIMKICTh JO 3HOIIyBaHHs. TakoXX MOXe MiIJaHui cTepuiizaiii mapoMm Ta
yasTpadionerom [24].

OcCHOBHI MeXaHIYH1 XapaKTePUCTUK BUIIEPO3NNIIHYTUX IOJIIMEPIB BHECEHI B

tabmuiro 1.2.

Tabnuus 1.2 — BnactuBocTi 1HXXEHEPHUX MONTIMEPIB.

[Tomimep PET PC | Nylon | ASA | PEI | PEEK | PEKK
Mesxa mintHOCTI, MITa 70 68 78 47 95 116 81
Binnocne nonosxxeHHs, % 50 6 75 15 50 15 5
Monynb npysxuocTi, ['Tla 3 2,3 2,7 2,3 3,1 4,2 4
VYmapua  B’A3KICTH  TIO - 350 - 18 - - -
[MMapmi  6e3  Hampi3y,

kJx/m2

1.3 Komno3uuniiini MaTepiajau y nomapoBoMy CHHTE3i

3 MOUIMPEHHSIM BUKOPHUCTAHHS TEXHOJIOT1H TOIIAPOBOTO CHHTE3Y BUHHUKAE
norpeda y MOKpaIIeHHI eKCIUTyaTalliiHuX XapaKTEPUCTHK BUPOOIB Ta 301IbIIICHHS
MOKJTUBOCTEH 3aMiHHM JIeTajeH, 0 OyJIu BUTOTOBIICHI TPAAUIIITHUMHU METOJJaMHU Ha
Taki, 1[0 OTPMMaHI  METOJaMH  TMOMIApOBOro  cuHTE3y. OCHOBHUMHU
eKCIUTyaTalliiHUMA  XapakTepuctukamu, mo BaxiauBi y APKT, e: wimHicTs,
MiHIMaJlbHa Maca KOHCTPYKIlli Ta CTIAKICTh J0 ymapHuX 1 BiOparmidiHux
HaBaHTa)XeHb. MIIIHICTh, TOOTO 31aTHICTh CYIIPOTHUBY MEXaHIYHUM HaBaHTAKCHHSIM,
3a0e3meuyeThcsl (PI3UKO-MEXaHIYHMMU BJIACTUBOCTAMH MarepiamiB. MiHiManabHa

Maca KOHCTPYKIIii € TIO€JHAaHHSIM BUCOKUX BJIACTUBOCTEH MIIIHOCTI MaTepiaiy, Horo
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Majoi MUTOMOI Baru Ta ONTUMaJbHOI (hopmu 1 Tomosorii BUpoOy. CTIHKICTh 110
yaapHux 1 BiOpaliiHMX HaBaHTAXKEHb TAaKOXK 3HAYHOIO MIPOI0 BHU3HAYAETHCS
BJIACTUBOCTSIMU Ta CTPYKTYpPOIO MaTepialiB.

Buxonsun 3 ocobmuBOoCTEl BHKOPUCTaHHS Ta 3aCTOCYBAHHSI MaTepialiB,
3a3HAaYCHUX Yy OMIAJI paHilie, y MOJANbIIOMYy OCHOBHA yBara Oyae MpuaijieHa
crioco6aM MOKpaIIeHHs BUIIE3a3HAYCHUX XapaKTePUCTHK, B OCHOBHOMY — MIITHOCTI,
B koHTekcTi a0 FDM/FFF TtexHonoriii. ICHyoTh cmocoOu MOKpalleHHs
XapaKTEPUCTUK MaTepialliB y TOTOBOMY BUPOOI1, Taki sIK TepMiuyHa 00poOKa, XIMIYHE
HOKPUTTS Ta IPOCOYYBAHHS Ta 1HIII. AJI€ OCHOBHHUM 1 HAaHOUIbII JIIEBUM CIIOCOOOM
TiIBUILIEHHS BIACTUBOCTEH € JOaBaHHS HAIOBHIOBAaYa y OCHOBHHMIA TIOTiMED, TOOTO
YTBOpPEHHSI KOMMNO3UIIHHOTO Marepiany [25]. Cepen HaOUTbII MOMIMPEHUX BUAIB
HAIOBHIOBAYiB MOYKHA BUIUIMTH JIBA — HATIOBHEHHS T'PaHyJaMHU YH TOPOIIKOM Ta
HAITOBHEHHS BOJIOKHAMM.

HamoBHeHHsST TOPOIIKOM YW MIKPOTpaHYJIaMH MOXKHA PO3JIUTUTH Ha
JeKkopaTtuBHI 1 (yHKIIOHATBHI. J[eKopaTWBHI HamOBHIOBadi, TakKi SIK YaCTOYKH
JIEPEB’STHOI CTPYKKH, MIKPOTPAHYIIM MapMypy, KOMIO3UIIN A (IyOpUCIEHITT Ta
1HIIIE HEe MarOTh CYTTEBOTO BIUIMBY Ha eKCIUTyaralliiHi skocTi marepiany. Cepen
(GYHKITIOHAJIBHUX TIOPOIIKIB 1 TpaHyJl MOYKHa pO3DNISIIATH TaKi HAIOBHIOBadl, SIK
rpadiToBl YM CKISHI MIKpOTpaHYIM 1 MeTajaeBi mopomku. Ilpu3HaueHHS
MIKpOTpaHyJ — TIOKpAIIeHHS BIACTUBOCTECH IIOBEPXHI Marepiainy, a came —
TBEPAOCTI, 3HOCOCTIMKOCTI YW HaJaHHA Marepiaay IMeBHUX (aHTH)PPUKIIHHAX
BJacTUBOCTEH. MeTaneBi MOPOIIKM B OCHOBHOMY BHUKOPHUCTOBYETBHCS ISt
Monu(ikamii BIACTUBOCTEW TETUIONPOBIAHOCTI YHM TETUIOEMHOCTI TONIMEpIB,
HaJ[aHHS iIM MarHiTHUX a00 CTPYMOIIPOBITHUX BIIACTUBOCTEH.

HamoBHeHHST BOJTOKHOM BITHOCHUTHCS 0 (PYHKITIOHAIBHOTO HAITOBHEHHS [26,
27]. BonokHo moxe Oytu pyOieHe, KOpoTke Ta JoBre. HalOunpimn nomynsipHi
BOJIOKHA HAIllOBHEHHS — CKJISIHE BOJIOKHO, apaMijHe, 6a3aibToBe, ByIJIELIEBE, TOLIO.
Kpim noBxxun#M 1 MaTepiany BOJIOKHA, BAXKJIMBHUI MMapaMeTp — BiICOTOK HAIIOBHEHHS.
Uum Ounbllle YacTKa HAMOBHEHHSI BOJIOKHOM Yy 00’eMl moiimMepy, TUM Oiiblia

pe3ynbTyIoul (h13MKO-MEeXaHIuHI TOKa3HUKHU KIHIIEBOTO BHpOOy, ane (ilaMeHTH 3
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BUCOKHUM BIJICOTKOM HAllOBHEHHSI MalOTh IMEBHI TEXHOJOTIYHI CKIIAJHOCTI APYKY,
TaKl SIK CUJIbHE 3HOLIYBAHHS COIUIA Ta MOJABaJbHUX MEXaH13MiB, IOraHUI IPOrpiB
y COIUTI Ta BUCOKA YMOBHA B’s3KICTh. Lle Bce oOMexye MBUAKICT APYKY, HAKIIaIa€e
0OMEXEeHHS Ha MIHIMaJIbHUN JIIaMETpP COILIA.

[TopiBHIOIOYM HANMOBHEHHS pYOJICHMMH Ta KOPOTKMMHU BOJIOKHAMH 3
HATNIOBHEHHSIM JOBTUMH BOJIOKHAMH, OCTaHHE HaJa€ HaWOimbIry mpuOaBKy [0
MEXaHIYHUX BJAcTUBOCTEeM jerani. KopoTki BOJOKHAa MarTh 3IaTHICTh [0
Opl€HTAIlli B3/IOBXK HAMPSIMKY pyXy JPYKYyBaJIbHOTO COIUIA, IO YACTKOBO CHOPIIHIOE
CTPYKTypy MaTepiany, HI0 OTPUMAaHUN TaKUM CIIOCOOOM, 3 KOMITO3UI[IHIM
MarepiajJoM OTPHUMaHUM TPAJAUIIIHHIMHU METOJaMHU BUKJIAJIKK Ta GopMyBaHHs. AJe
pyOJIeH1 Ta KOPOTKI BOJIOKHA HA/Ial0Th B OCHOBHOMY MICIIEBY MPUOABKY MIITHOCTI 1
TBEPAOCTI MaTepiaiy, Tak sIK pO3MOIICHHS 3yCHIb Y BUPOO1 B ME€KaX BChOTO BUPOOY
NepeaeThCsl MK BOJIOKHAMHU 32 PAXYHOK OCHOBHOTO MOJIMEPY.

Haii6inpm mepcrnekTHBHUM 1 €(QEeKTHBHUM Cepel CIoCOO0IB HANOBHEHHS
BBA)KAETHCS HATIOBHEHHS HEMIEPEPBHUMHM BOJIOKHAMU. BOHO 103BOJIsIE PO3NIOALISTH
OUTbIly YaCTUHY HABAaHTAXKEHHS Ta HAINpyXXeHb B JIeTalll caMe Ha BOJIOKHO
HAIOBHIOBaYa, TOMA1 SIK OCHOBHOMY IIOJIMEPY BIJIBOAMTHCS POJIb 3B’SI3yIOUYOTO
KOMIOHEHTa. Takuii croci® HamoBHEHHS HAWOUIBII HAOIMXKYy€E IeTali, OTpUMaHi
MOIIIAPOBUM CHHTE30M, JIO JeTajed 3 KOMITO3HMI[IHHUX MaTrepiajiB BHUTOTOBJICHUX
TPaAMIIIMHUMH MeToAaMHu (QOpMyBaHHS, TaKUMH SK BUKIagka. MoxkHaA Takox
3a3HAYUTH, 10 TaKe HAMOBHEHHs, SKII0O BOHO Ma€ 3a METy MOKpaIleHHs
BJIACTUBOCTEH BUPOOY, HA3UBAIOTh TAKOK apMyBaHHSIM. CXeMH OCHOBHUX METO/IIB

apMyBaHHS HaBelleHi Ha puc. 1.5 [28].
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ExcTpy3ia MopgiitHa eKcTpy3ia MicueBsa KoekcTpys3ia
chinamenty

JxryToBMiA
npenper
a3 MonimepHun

PKryToOEMRA
npenper

MonimepHui
thinameHT

HenepepBHUM chinamenT

T ey

Micueee npocoYeHHA MicueBe ckpinneHHs MoToKOBe NPOCOMEeHHA

@inameHT 3 Cyxe BonokHo

Cyxe BEONOKHO N
AMryvoBni BONOKHOM 3
MonimepHuin npenper
Mopaua eHeprii

chinameHr

fApocouennn nonimepom

MpUTUCKHKA
ponuK

Y ¥ 4

Pucynok 1.5 — OcHOBHI MeTOIM apMyBaHHs BOJIOKHOM B mporeci 3D-apyky

Exctpy3is (imameHTy BHKOPHUCTOBYE CTaHAAPTHUM aaroputM podotu 3D-
NPUHTEPY, OCKLIBKM 3 TOYKM 30py IIPOILIECY CHHTE3y HEMAaE HISIKUX 3MIH Yy
MOPIBHAHHI 3 BHUKOPUCTAHHSM IOMiMEpHOTro (iamMeHTy Oe3 HamoBHIOBada. Y
TaKOMy METOJIi BUKOPHCTOBYETHCA (PIJJaMEHT 3 HAIOBHEHHSM MIiKpOTpaHYJIaMH,
MOPOIITKaMH, pyOJICHUMH Y¥ KOPOTKUMH BOJIOKHAMU. Ha MOMEHT cuHTe3y (iJaMeHT
BKE 3HAXOJUTHCS B TOTOBOMY JJIsl BUKOPUCTAHHS BUI1 [29].

[TonBiitHa eKCTPy3isi BUKOPUCTOBYE JIB1 OKPEMi IPYKyBalIbH1 TOTIOBKH, OJTHIEIO
BUKOHYETHCSI BUKJIAIaHHSI OCHOBHOTO TOJIMEPY, a IHIIOK — MPENpery apMyrdoro
BOoJIOKHA. lleli MeTon mae OUTBIY CKJIQJHICTh MEXAaHIYHO 1 aJITOPUTMIYHO, aje
JI03BOJISIE BUKOHYBATH apMyBaHHS JUCKPETHO, a HE M0 BChOMY 00’ €My IIapy.

MiciieBa KOGKCTpPY3isi — OCHOBHHI TOJIMEP Ta BOJIOKHO TOBIPETY MOMAAETHCS
B CIUIbHY JPYKyBajbHY TOJIOBKY, MICJIS 3MINIyBaHHS OTPUMAaHUN apMOBAaHHI
MOJTIMEP BHUKIIAJIAE€ThCS. B 3aJIEKHOCTI BiJI TEXHOJOTIYHOTO BUKOHAHHS, ITOJIMED

00poOIeHHs npenpery Moxe OyTH TepMOIUIacTUYHUM abo TepMopeakTuBHUil [30].
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MeToz MicLIEBOTO TPOCOYYBAHHS MOJIATAE B TOMY, 1110 B IPYKYBaJIbHY TOJIOBKY
MOJAETHCS HEOOPOOJIEHE BOJIOKHO 1 OCHOBHUM MOJIMEp, MPOCOYEHHS BOJOKHA
BIJIOyBaeTbcsd O€3MOCEpEqHbO MEpe]] BUKIAJAHHSAM OTPUMAHOIO HAIlOBHEHOTO
MoJIIMEPY JIPYKYBaJIbHOIO TojIoBKOtO. lleld Meronm [103BONsie HaJalITOBYBAaTH
CIIBBITHOIIICHHSI HAIIOBHIOBAUa JI0 OCHOBHOT'O MOJIMEPY MICIIEBO 1 0€3M0oCcepeHBO
B nporieci cuHTesy [31].

MicueBe CKpIIUIEHHsSI € aHAJIOrOM aBTOMATUYHOTO BUKJIAJaHHS BOJOKHA, /€
BUKOPUCTOBYETHCS MOJIIMEPHO-BOJIOKHUCTHH MPENPET, a ApyKyBajibHa TOJIOBKA, 1110
Horo BUKJIAZa€, Ma€ B CBOEMY CKJIaJl MPUTUCKHUN POJMK Ta JXKEPENIO Harpiay,
3aBJISIKM YOMY BUKOHYETHCS CKPIIUICHHS JIIHIA Mpenpery B IUIOMIMHI apy 1 MIX
HIapaMHu.

[ToTokoBe mpocovYyBaHHS — HANCKIIAAHIIINIA 3 TPOIIECIB, SKUM BKIIIOUAE B ceOe
NPUTOTYBaHHS HAMOBHEHOTO BOJIOKHOM IMOJIIMEPHOTO (UIAMEHTY SK YacTUHY
YCTaHOBKM [UIsl TomiapoBoro cuHTe3y. HeoOpoOieHe BOJOKHO MpOCOUyeEThCS
HOJIMEPOM y OKPEMOMY BY3J1y puHTepy. Lleit MeTo 1ae MOKIMBICTh HAHOLIBIIOTO
HaJaIITYBaHHS MapaMeTpiB MaTepialy, aje 4epe3 BEeJIUKY KUIBKICTh MPOIIECiB, 10
BUKOHYIOTBHCSI OAHOYACHO, ONTUMI3allisl yCKJIaJHEHA.

ITepeBaru Ta HeMOJIKKM METOJIB HAIIOBHEHHS BHKJIazeH1 B Tabm. 1.3 [32, 33,

34].

Tabmuns 1.3 — [lepeBaru Ta HEAOMIKM OCHOBHUX METOJIIB apMYBaHHS

Meron [lepeBaru Henomniku
ExcTpy3is MiHiManbH1 3MiHH 10 HemoxnuBicTh BUOIpKOBOTO
dbinameHTy 3 | KOHCTPYKIIii IPUHTEPY, apMyBaHHS YU 3MIHU
BOJIOKHOM IPOCTOTA KEPyBaHHS BiTHOIIICHHS

POLIECOM MAaTpUIIst/HAIIOBHIOBAY

[ToxsiiHa MoxuBiCTh BHOIPKOBOTO CKJIIaIHICTh CUCTEMU
EKCTPY3ist apMyBaHHS, HE3QJIC)KHICTh | KEpyBaHHS Ta 3MiHi
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CUCTEM mozaayl 1HCTPYMEHTY, IEPEPBHICTH
KOMITOHEHTIB BOJIOKHA
Micresa HezanexHicts 00’emy HemoxnuBicTh BUOIPKOBOTO
KOGKCTPY31s noJa4yi KOMIIOHEHTIB, apMyBaHHS, BUCOKA
IUPOKUNA BUOIp CKJIJIHICTh KOHTPOJIIO
KOMITOHEHTIB 3MIITYyBaHHS
Micuese Hezanexuicts 00’emy HemoxnuBicTh BUOIPKOBOTO
IPOCOYEHHS 1ojja4yi KOMIIOHEHTIB, apMyBaHH$, CKJIaJIHICTh
IIUPOKUNA BUOIp MOJIaHHS BOJIOKHA Ta

KOMIIOHEHTIB, BI/ICYTHICTh | KOHTPOJIIO TIPOIIECY

JIOMIIIIOK y KiHIIEBOMY IIPOCOYCHHS, 3HAYHa
Marepiaii MOPUCTICTh MaTepiany
Miciiese Bucoka urineHiCTh neraneit, | HeMoximBicTh BUOIPKOBOTO
CKPITUICHHS MO>KJIUBICTb BEITUKHUX apMyBaHHS YU BUKOPHUCTAHHS
IIIBUIKOCTEN Ta 00’ €MiB OKpeMO1 TTOJIIMEPHOI MaTpHIIi,
TIPYKYy HU3bKa TOYHICTh
[ToTokoBe Haiixparia HemoxnuBicTh BUOIPKOBOTO
IPOCOYYBaHHS HAJIAIITOBYBaHICTh apMyBaHHS, CKJIaJTHICTh

napamMeTpiB IPYKyBaJbHOTO | MPOIIeCy Ta 00JaTHaHHS

Marepiary

1.4 Bu3HayeHHs1 HANPSIMKIB Ta 3aBJaHb AUCEPTAMIMHOIO J0CTiKeHHSI

Buxonsum 3 mpoBeneHOro aHamizy, OCHOBHUMHU HEIOJIKAMHU TOIIUPEHUX
MPOIIECIB € HEMOXKIIMBICTH BHOIPKOBOTO apMyBaHHS BHUpPOOy B Mexkax IIapy,
HEJOTPUMAaHHS HETIEPEPBHOCTI BOJIOKHA B MEXKaX Iapy Ta HASBHICTH JOMIIIOK BiJ
Marepiairy 00pobku mpernpery. HemoximuBicTh BUOIPKOBOTO apMyBaHHSI 3MEHIITY€
MOXXJIMBOCTI ONTHMI3aIlii CXeMH apMyBaHHS BIOMOBIIHO J0 HaBaHTaXeHb 1
Harpy>keHb Ha BHUPIO 1 OOMEXKy€e MOMKJIMBOCTI OMNTUMI3allii Baru KOHCTPYKIIII.

HenorpumaHHs HenepepBHOCTI BOJOKHAa CTBOPIOE JIOKAJIbHI KOHIIEHTPATopu
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Hanpy>XeHb, MPOTHO3YBAHHS SKUX IPU PO3PAXYHKY BHUPOOY YCKIaJHEHO abo
HEMOXXJIMBO. HasBHICTh AOMIILIOK y KIHIEBOMY Marepiajl MOJIMEPHOTO KOMIIO3UTY
YCKJIQJIHIOE TPOTHO3YBaHHS 1 pPO3PaxXyHOK mapamMeTpiB BHpPOOY, YCKIaJHIOE
KOHTPOJIb 1 JOCTIIKEHHS AKOCTI 3UETNICHHS! BOJIOKHY Ta OCHOBHOTO MOJIIMEDY.

BianoBinHO [0 pe3yapTariB aHaiidy, B XOAl JOCHIJKEHHS HEOOXITHO
BUKOHATH HACTYITHI 3a]1a4i:

- JOCIIIJIATA BIUIMB TEXHOJIOTIYHMX MapaMeTpiB Ha eKCIUTyaTaiiiiHi
BJIACTHBOCTI BHPOOIB 3 MOJIMEPHUX KOMIO3ULIMNHUX MaTepialliB, [0 OTPHUMAaHI
METOJIaMH MOIIAPOBOTO CUHTE3Y

- oOrpyHTyBaTu BUOIp MaTepialiB MaTPULll Ta apMYIOUHX €JIEeMEHTIB;

- pPO3pPOOUTH palliOHAIbHI CXEMHU 1 PEXKUMU OTPUMAHHS BHUPOOIB 3
TIOJIIMEPHUX KOMITO3UIIIHHUX MaTepialliB 3 BAKOPUCTAaHHIM MeToay 3D-npyky;

- PO3pPOOHUTH KOHCTPYKIIIFO 1 BATOTOBUTU TEXHOJIOTIYHE OCHAIEHHS;

- JTOCTIIUTH BIUTMB TapaMeTpiB 3D-IpyKy Ha CTPYKTYpY 1 BIAaCTHBOCTI
OTPUMAHOI'0 MaTepiany;

- IIPOBECTH MOJICJIFOBAHHS KOMITO3MIIIHHOTO Martepially 1 BUPOOy 3

ypaxyBaHHSIM peaIbHUX YMOB €KCIUTyaTallii.
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2 MATEPIAJIX I METOAU JOCJ/IIAKEHB. PO3POBKA METOHY
APMYBAHHA

2.1 Marepianu, iKi BAKOPUCTOBYBAJIUCH Y AOCTIIKEHHI

Po3rnsiHyBIIM OCHOBHI BHJIM MatepiaiiB, 110 BHUKOPUCTOBYIOTbCA st 3D-
IpYyKY, TPUUHATO pIlIEHHS BUKOPUCTOBYBATH cTaHAapTHl QiramenTu. He
3BaXKAIOUM Ha Te, IO 1HXXEHEPHI MOJIMEPU MarOTh OUIBII BHUCOKI BJIACTUBOCTI
MIIHOCT1 Ta OLIBII BHUCOKI MEXI TEMIIEpaTypu eKcIuTyaTallii, BOHM MaJONpHUAaTHI
JUTSL TOCJHIJIPKEHHS 3 TEXHOJIOTTYHUX npuuuH. Lle 00yMoBieHO iX OLIbII BUCOKUMU
BUMOTaMH JJISl IPYKY, B MEPIIy 4epry — norpeda B 3aKpUTIH KaMepi MoOyI0BU Ta
BHUCOKa TEMIlepaTypa coIUla JApyKyBaJbHOI TOJIOBKH. lle yHEeMOXIHBIIOE
BUKOPUCTaHHS METOJIB apMyBaHHs, SKI MependavyaroTh OyAb-sSKi MaHIMyJSIli 3
JIETAJUTI0, BOJIOKHOM YHM OyJb-SKMM OOJIaJHAHHSAM, IO PO3MIIIEHE B KaMepi
noOyaoBu. BukopucTtanHs coria 3 OUIbII BUCOKOIO TEMIIEPATYPOIO TAKOK OOMEKYE
KIHEMaTU4YHI CHCTEMHM Ta KOHCTPYKIi 3D-mpuHTEpiB, IO MOXYTh OyTH
BUKOPHUCTAaHI JUIsi TIPOBEJEHHS JOCHI[DKEHHS 1 Ha SKMX MOXHa Oyne
BUKOPHUCTOBYBATH pPO3pOOJIECHUN METO/I apMyBaHHS.

Takox, BUXOA4H 3 OLIBII BUMOTJIMBUX YMOB JPYKY, BKIIFOUCHHS BOJIOKHA B
CKJaJ Marepialy Ta CTPYKTypy BHpOOy MOXXE NPHU3BOAWTH JO 3HAYHOTO
MOTIPIIEHHS XapaKTEPUCTUK TOTOBOr0 BHpoOy. Di3wyHa MPUCYTHICTH BOJIOKHA
CTBOPIOE JIOJIATKOBI MOPH y MaTepiajii MOJIMepy, a HasBHICTh MajuX BOJOKOH
KIMHAaTHOI TeMmIepaTypd B KOHTaKTi 3 TOJIMEPOM, HArpiTUM JO0 BHCOKOI
TEMIIEPaTypH, TPU3BOAUTH O HEPIBHOMIPHOTO OXOJIOKEHHS MOJIIMEPY B MpoIieci
apyky [35]. Uepes 1ie moripuryeTbes MKIIIapoBa aAresisi, 0COOIMBO BPAXOBYHOUH
OLTBIINI TPAJIEHT TEMIIEpaTypy B MOPIBHSHHI 3 CTaHAAPTHUMH momiMepamu (240
°C mpotu 350-380 °C). Takox, mpu BUKOPUCTaHHI BOJIOKHA 30UTBIITYIOTHCS
TEXHOJIOT1YHI BUMOTH JI0 HHOTO. BOJIOKHO MMOBUHHO OyTH OUIBIII MPOCYIICHE, Yepe3
BEJIUKE BOJIONOTJIMHAHHS 1HXEHEPHUX TMOJIMEpPIB 1 HEOE3NEeKU YTBOPECHHS

OyJnb0aIok yepe3 OUTbIl BUCOKUH T'PaJIIEHT HArpiBy OyAb-SKUX 3aJTUIIKOBUX PIIUH
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9y BOJIOTH. Takoxk, Oylb-fKe XIMIYHE MOKPUTTS BOJOKHA, L0 MOXE XIMIYHO
pearyBaTtu 3 HarpiTUM IOJIMEPOM, MOBUHHO OYyTHM BHJAJEHO OLIbII PETEIbHO B
MOPIBHIHHI 3 MIATOTOBKOO JUIsl HOrO BUKOPUCTAHHS 3 CTAaHJAPTHUMH HOJIMEpaMH,
10 MAIOTh MEHIITy TEMIIEPaTypy APYKY.

Jlo craHgapTHHX MOJNIMEPIB, 110 OyJu pPO3TIsAHYyTI, Oynau mpeacTaBiIeHl
BHUMOT'H 110 SIKICHIM MIXKIIapOBIid aare3ii Ta Majaoro KoeQilieHTy pO3MIpHOI TEMIOBOT
ycanku. SIKicTh MKIIAPOBOT aAre3ii BaXJIMBa JJIsl 3MEHIIICHHSI BIUTMBY BOJIOKHA Ha
MIIHICTh 3YCIUICHHsI OCHOBHOTO IMOJIMEpy Ta JJisi 3a0€3MEeUeHHS 3aJI0BUIBHOTO
34YEIUJICHHS MOoJiMepy Ta BOJIOKHA. Manuii KoepiieHT ycaaKky BaXKIUBUHN 1J1s1 O1IbII
MNOBHOTO 34ETJICHHS MOJIMEPY Ta BOJIOKHA, pO3MIPHOI CTa0LIbHOCTI AeTanei [36].

Cepen po3riIsiHyTHUX CTaHIApTHUX (1JaMEHTIB TAKUM YMOBaM BiJMIOBIJAIOTh
PLA Ta coPET. Bonu mMatoTh HU3bKY TEMIIEpAaTypHY YCAIKYy, SIKICHY aAre3ir0 Mix
mapamu. Takok 1i oOHWIBa IMONIMEpHU HE MalTh BHMOT JIO 3aKpPHTOI KaMepH
noOyZ0BH, MaJOYYyTIWBI J0 BIUIMBY HEPIBHOMIPHOTO OXOJIOJKEHHA. AJie depes
MeHIy Tekydicte PLA, B nocmimkeni 6y Bukopuctanuii coOPET.

[Tomietunentepedranar croiBnoaimep (coPET, PETG) — mnomimep, sxuii
OJICPXKYIOTh BBEJCHHSAIM 10 ckiany OazoBoro momimepy (ITET®, PET) 1,4-Gic
rigpoxkcumetun nukinorekcana (CHDM). coPET ne amopdnuit matepian 3 riaaakoro
TUISTHIIEBOIO TTOBEPXHEI0, IO BIAPI3HAETHCS BUCOKOKO IMPO30PICTIO 1 PIBHOMIPHUM
CBITJIOPO3CIIOBAaHHSIM, BOTHECTIHMKICTIO, BIJACYTHICTIO B CKJaQAl IIKIJJTUBUAX
KOMITOHCHTIB, I1JBUICHOIO CTIHKICTIO JI0 YJapiB, XIMIYHOI CTIHKICTIO — CTIMKHN
710 i1 BOAM ¥ BOAHUX PO3YUHIB COJEH, po30aBIeHUX KUCIOT 1 JYTiB, amiaTHIHuX
BYTJICBOJHIB, POCIMHHUX 1 TBAPUHHHUX Macell Ta KUpiB. Mae BHCOKY pPO3MIpHY
cTabinmbHiCTh — KoedimieHT ycaaku mnpu 3D-Ipyky 3 peKOMEHIOBaAaHUMHU
TeMIepaTypaMH JIpyKyBaJbHOI TOJIOBKM Ta HarpiBy mjiaTgopMu moOyIoBH Ta 3a
BiJICYTHOCTI MPOTSITiB He mepeBuirye 1-1.2%.

JUiss BUKOPUCTAHHS B SIKOCTI BOJIOKOH apMyBaHHS PO3TJISAAINCH TPU THIH
BOJIOKHA — CKJIOBOJIOKHO, BYTJICIIEBE BOJIOKHO Ta Oa3aibTOBE BOJIOKHO [36, 37].

CKIIOBOJIOKHO IIHPOKO 3aCTOCOBYETHCS [IJIsl CTBOPEHHS KOMIIO3HTIB 3

BHUCOKHMMH CKCHHyaTaHiﬁHHMH BIACTUBOCTSIMU. BoHu BHpiSHHIOTBCH BCJIHUKOIO
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MilHICTIO. CKJIOBOJIOKHO MAa€ TETPaeApUYHy CTPYKTYpy, IO CKIAJa€eThCs
nepeBaxkHo 3 KpemHesdemy (SiO2) (Si0O4). VYV OGaratbox dpakmisx s
MPUIIBUIIEHHS 00p0oOKH ab0 3MiIHU MEBHUX BJIACTHUBOCTEH OAAIOTHCS OKCHIU
AJTIOMIHIIO, 110 MICTATH Pi3HI 10HU MeTalliB. CKIOBOJIOKHO Ma€ CIabKy CTIHKICTh 0
CTUpPaHHS Ta CepeAHId MOJYJb MPYKHOCTI, MEHII €JIacTU4H1, HIXK BYyIJeleBl a0bo
apamigHi BoJiokHa (mpubnuzHo 70 ITla). Kpim TOoro, BOHM MarOTh CHUIIbHY
CXHJIBHICTB JI0 CJIM3bKOTO MPOKPYUYYBaHHS Ta CJIA0Ky CTIMKICTh 10 BTOMHU. BosokHa
Ii1aI0ThCs MPOLEAYypaM KajaiOpyBaHHS 3 BAKOPUCTAHHSM BIAMOBIIHUX MaTepialiB
JUTSI CTUMYJTIOBaHHS aire3ii MK BOJIOKHAMHU Ta MaTPHIICIO, & TAKOXK JUISI 3aXUCTY
BOJIOKOH Bi/Jl BIUTUBY JIY’KHUX areHTiB Ta BoJOru. L{i o06poOku 3Ha4HO MOKPAIlyIOTh
JIOBIOBIYHICTh Ta CTIHKICTh KOMIIO3UTHOTO Marepiaay 10 BTOMH (CTaTHYHOI Ta
JUHAMI4HOT). 3aBASKM CBOIM BHJIATHUM 130JIAIIIHHMM BJIACTUBOCTSIM, BHCOKIH
MIIHOCT1 Ha PO3PUB Ta XIMIYHIN CTIHKOCTI, CKJIOBOJIOKHO € MaTepiaJioM 3 IIUPOKUM
BXKUTKOM, III0 BHUKOPUCTOBYETHCS ISl 3MIIHEHHS CTPYKTYPH TEPMOILIACTUYHHUX
noytimepiB [38]. 3aBasiku CBOIM BHJIATHUM 130JISIIIIHHUM BJIACTUBOCTSM, BUCOKIM
MIIIHOCTI Ha PO3PHB Ta XIMIYHIM CTIMKOCTI, CKJIOBOJOKHO € TMONMYJISIPHUM
MaTepiajioM, 1[0 BUKOPUCTOBYETHCS ISl 3MIIHEHHS CTPYKTYPH TEPMOILTIACTUYHUX
nosimepiB. CkioBosiokHO OyBae pizHuX ckiamiB [39, 40, 41]. IlepeBaramu
CKJIOBOJIOKHA € pO3MipHa CTaOUIBHICTh, BUCOKA MUTOMA MIIHICTh Ha po3Tsr [42],
BUCOKAa BOTHETPUBKICTh Ta Malle BOJIOTONOTJIMHAHHA. Alle HeIOJIKaMH
CKJIOBOJIOKHA € JJAMKICTbh, SIKa YCKJIAJIHIOE PYYHE YKIIQJaHHS OKPEMHUX DKTYTIB UM
HUTOK Ta HEOOXITHICTh MPOCOYYBAaHHS IMOJIMEPOM TMiJ] TUCKOM, IIO0 BaXXKO B
JI0CTaTHbOMY 00’eMi pearnizyBatu MeToaoM 3D-mpyKy.

ByrieneBi BoIOKHA pO3MIISIIAIOTHCS K BUJ MaTepialiB 3 BUCOKOIO MIIIHICTIO
[43], sKi B OCHOBHOMY BHUKOPHCTOBYIOTHCS SIK HAMOBHIOBAY B KOMIIO3UTHHX
Marepianax [44]. ByrieneBi BoJOKHA MalOTh HAWBHUIY €JACTHYHICTh Ta MUTOMY
MIIIHICTh MMOPIBHSHO 3 IHITUMHU BOJIOKHAMHU, IO BUKOPHUCTOBYIOTHCS K apMyBaHHS,
TaKUMHU SK CKJISHI BOJIOKHA. [li BOJOKHA TakoX HE MiAMArOThCS KOPO3ii IIij
HAaBaHTAXXEHHSM 32 KIMHATHOI TeMIIepaTypu. BUKOpUCTaHHS BYTJIEIIEBOTO BOJIOKHA

JI03BOJIsIE CTBOPUTH BUCOKOE(EKTUBHUI MaTepiall, ikuil O11b1 HixK Ha 50% Jermuit
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32 BUCOKOMIIIHY CTajlb MOPIBHSHO 3 IHIIMMHU apMOBAaHUMH BOJIOKHAMHY, TAKUMH SIK
CKJIIHI Ta TMOJIMEpPHI BOJIOKHA. ByrieneBl BOJOKHHUCTO-apMOBaHI KOMIIO3UTHU
MIIXOASITh JJISl 3aCTOCYBaHb, /1€ BAXKIMBUMU KPUTEPISIMU € MILHICTh, )KOPCTKICTD,
HU3bKAa Maca Ta CTIMKICTh 0 BToMU [45]. CTpyKTypHa Opi€HTAIlisl BOJOKHUCTOTO
CTPWKHS Ma€ 3HAYHHWH BIUIMB Ha XapaKTEPUCTUKH BYTJICIICBUX BOJIOKOH. [lepeBaru
BYTJICIIEBUX BOJOKOH BKIIOYAIOTh I1X HHU3bKY INUIbHICTh, BHCOKHH MOIYIIb
NPYXHOCTI Ta CTIWKICTh JIO CHJI PO3TATYBAHHS Ta CTHCKAHHS, a TaKOXX HU3BKHM
KOE€(QILIEHT TEIUIOBOI'O PO3IIUPEHHS, TEPMOCTIHKICTh 3a BIJICYTHOCTI KHCHIO IIPH
temneparypax Buiie 3000 °C, BuaatHy CTIHKICTH 10 Aedopmallii, XIMIUYHY
CTaOUIbHICTh (OCOOJIMBO y KHUCJIOTax), OloCcyMmicHICTh. ByrieuneBo-apmoBaHi
KOMITO3UTH TOTPeOYIOTh BIAMOBIIHOTO MPEKypcopa 3 BHUCOKOK MOJEKYJISIPHOIO
Macow Ta BHCOKOK  MOJIGKYJSIDHOIO  opieHTamiero. Hapasi  Bicko3a,
nomiakpunoHiTpun (PAN) Ta pigkuii Ta 130TpONHUNA JHOTOTh € TPhOMA PI3HUMHU
MaTepialaMU-TIPEKypcopaMu Il CTBOPEHHSI BYTJICIIEBUX BOJIOKOH. BUIBIIICTH
BYTJICIIEBUX BOJIOKOH YTBOPIOIOTHCS NUISIXOM KapOoHizalii PAN, sika ckiagaeTbes 3
nyudka ¢iOpua 3 6a3aJpHUMHM IUIOMIMHAMU, 0 3a3BUYail BUPIBHIOIOTHCS B3JIOBXK
yCi€l OCl BOJIOKHA Ta HAAAIOTh BHYTPIIIHIA CTPYKTYypi, MOMIOHIM A0 JIYHIITTUHHS
1uOyi. Byrienesi BoJokHA MalOTh MOAYJIb MPY>KHOCTI, SIKMH KOJMBaeThCs Big 200
no 750 I'Tla mepneHIUKYISIpHO O iXHBOI MO3M0BXKHBOI oci Ta Oiau3bko 20 I'Tla
NEePHEHIUKYJIISIPHO J10 iIXHBOT O3/I0BXKHBOI oci [46]. Kpucraniuna Mme3odasHa pijaka
CMOJIa MOXE CTBOPIOBATH BOJIOKHA 3 HAJBUCOKUM MOJYJIEM TMPY>KHOCTI; BUCOKHIA
CTYIMiHb OpI€HTAIll TOMEepeTHUKA TepPeNAEThCs KapOOHI30BAaHUM BOJIOKHAM,
YTBOPIOIOYH OLIBIII 32 pO3MIPOM Ta Kpallle OpiEHTOBaHI Kpuctaiu rpadity. Bucoko
aHI30TPOITHE PO3TAIlyBaHHS JIAHIIOTIB, SIK€ MPU3BOJUTH 10 YTBOPEHHS BOJIOKOH,
MOSICHIOE X BHUHSTKOBI TATOBI 3/1I0HOCTI. MOJIEKy/IM BUKOHYIOTH OUIBITY YaCTUHY
poOOTH B IOMY HAMPSMKY, TOM1 K clla0Ki 3B'si3ku Ban-nep-Baansca BUKOHYIOTH
OCHOBHY YaCcTHHY 3YCHJIb y TOINEpeYHOMY Hampsmky. [lomiOHO m0 Toro, sik BiH
MOTAaHO TTOBOJIUTHCA Ti/T YaC BUTATYBAHHS, BYTJICIlh TAKOXK IMOTAHO MOBOAUTHCS i
Jac CTUCKaHHA. Hejonikamu ByTJIENIEBHX BOJIOKOH TaKOX € IX JIAMKICTh Ta

CKJIQJIHICTh 3a0e3MledyBaHHs MPOCOYYBAHHSA TMPU MaIUX TUCKaX. JlaMKicTh
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BYTJICIIEBOTO BOJIOKHA MO’KE MPHU3BOJUTH J0 HOTO PO3TPICKYBAHHS Ta YTBOPCHD
MIKPOTPIIIKH T1J] 4ac HOTro B3aEMOJII 3 COIUIOM JAPYKYBaJIbHOI TOJIOBKH, Yepe3 1110
BOXJIMBAM € KOHTPOJb JOCTaTHHOT'O TIOKPUTTS BOJIOKHA IOJIMEPOM TIPHU
BUPOOHUIITBI (ITAMEHTY 3 BOJIOKHOM I apMyBaHHS METOJOM €KCTpy3ii 3
BOJIOKHOM.

bazanbTOB1 BOJIOKHA MPUBEPHYJIO YBAry sIK MOTEHI[IHHO HOBA (popMa BOJIOKHA
JUIsL TIPOMUCIIOBOCTI KoMmMmo3uTiB [47]. Lle HuTkM 06a3anpTy, HaWMOIIMPEHIIIOT
NOpOJM B 3€MHIH KOpi Ta OCHOBHOI'O KOMITOHCHTAa OKEaHIYHOro jJHA. BoHHM €
J00pUMH TEIIO- Ta aKYCTUYHUMHU 130JI9TOpaMu, 30epiraloTb BUCOKOTEMIIEPaTypHi
MEXaHIYHI BJIACTHUBOCTI Ta XIMI4HO cTaOUThHI [48]. ba3zanbTu MICTUTH KpeMHIH,
QTFOMIHIH, KaJbI[ii, Marxii, 3a1i30 Ta, MEHIIIO MIPOIO, 1HII €JIEeMEHTapHI OKCHIH
[49]. Takum YMHOM, BUPOOHHMK Ta MPOMOPIli, B SKUX PI3HI 0a3anbTOBI MOPOIU
PO3YHMHSIOTHCS BCEPEANHI OJTHOTO BEpETEeHA, BU3HAYAIOTh TOYHHMHA XIMIYHHUI CKIIaJl
0a3aJ1bTOBOrO0 BOJIOKHA. BOHM B OCHOBHOMY BHUKOPUCTOBYIOTHCS [IJISi CTBOPEHHS
BUCOKOC(PEKTUBHUX OETOHHUX 3allOBHIOBAUiB, MIHEpaJbHOI BaTH Ta apTe]akTis,
CTIMKMX JIO XIMIYHMX PEYOBHH. Y TOJIMEPHUX KOMIIO3UIIIHHUX MaTepiajiax
0a3ajJbTOBE BOJIOKHO € TEepeBarol, OCKUIBKA BOHO CTBOPIOETHCA ILISIXOM
CIUIaBJICHHS PI3HUX THUIIIB CHPOBHMHHU Ta Ma€ Kpalll MOKa3HUKHU, HIXK 1HIII BOJIOKHA,
II0JI0 TEPMOCTIMKOCTI, TEIJIO- Ta 3BYKOI3OJALIMHUX SKOCTEH, JOBrOBIYHOCTI Ta
BiOpocTitikocTi. [Topsig 3 ByrjeneBUMHU Ta CKJIOBOJOKHAMH, BOHO TaKOX MICTHUTh
JIeTIKaTHI HUTKH, K1 KJIacU(iKyIOThCS SIK MiHEepaabH1 BOJIOKHA. TUM HE MEHII, BOHU
MepeBEepUIyIOTh iX MeXaHI4HI Ta XiMiKo-(pi3udHi SKocTi. Ili SKOCTI T03BOJISIOTH
KOMIIO3UTaM, apMOBaHMM 0a3allbTOBHM BOJIOKHOM, OYTH 4YyJOBOKI 3aMIHOIO
KOMITO3UTIB, QpMOBAaHUX CKJIOBOJIOKHOM Ta BYTJICIICBUM BOJIOKHOM, OCKIJIbKA BOHU
OJTHAKOBO JIOPOTi, KOPCTKI Ta MAaIOTh YYyJOBI BJIACTHBOCTI KOpPO3iHOI Ta
BorHectiiikocti [50, 51, 52]. Ix mepeBaramm € O6inpIna egacTHYHICT B
HATypaJbHOMY BUTJIAMI Yy IIHUPOKOMY Jiala3oHi NIUTBHOCTEH, BiJCYTHICTH
YTBOPEHHS MIKPOTPIMIMH BiJ] MaHIMyJAIid 3 BOJOKHOM Ta Maja moTpeba B

crienidigHOMy onpeTyBaHH1 [53]. Hemonik 6a3aabTOBOr0 BOJOKHA B OTO BEIUKIN
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MUTOMIH Ba3i Ta HU3bK1i BaplaTUBHOCTI BJIACTUBOCTEN B 3aJI€KHOCTI BiJl CKJIady, Ha
BIJIMIHY BiJl CKJIOBOJIOKHA Ta BYTJIELIEBUX BOJIOKOH.

BianmoBinHo [0 aHamizy MarepiaigiB 1 iX mepeBar, MNOAAJbLII €Tanu
JTOCJIIIDKEHHST TTPOBOJIUIIMCH 3 BUKOPUCTAHHSIM Oa3anbToBOro BosiokHa. LIlinpHIiCTH
BOJIOKHA, 110 3aCTOCOBYBajoch — 80 Tekc. s miaroTyBaHHs BOJIOKHA HEOOXIJTHO
MOro OYMILEHHS Ta 3HATTA onpeTyBaHHs. Lle mpoBoAMIOCH MPOTUPAHHSIM BOJIOKHA
130MPOIUIIOBUM CIIUPTOM Ta MPOCYIIKOIO.

BrnactuBocTi MaTepianiB HaBeneHi B Tab. 3.1.

Tabnuus 3.1 — BractuBocTi OCHOBHOTO MOJIMEPY Ta HAlOBHIOBAaYa

[Tapamerp coPET ba3zanbroBe BOJIOKHO
Miunicts Ha po3Tsr, MIla 50 3500
Monyns npysknocti, ['Tla 1,9 85
Koedimient [Tyaccona 0,41 0,3
BigHocue BUJOBKECHHSI npu 24 3,1
po3puBi, %
Temneparypa excruryarartii, °C -20 - +80 -260 - +500

2.2 CTpykTypa Ta cxemMa po3po0JieHOro MeTOAy apMYBaHHS

Buxonsun 3 OCHOBHHMX HEIOJIKIB, BKa3aHUX B IONEPEIHHLOMY PO3Iii,
HEOOXITHO PO3POOUTH METO/ apMYBaHHS, IO yCyBa€ iX. [ 0JIOBHUMH HEOIKAMH,
0 HEOOXITHO YCYHYTH, OyJH MPUNHATI HEIOTPUMAHHS HEMEPEPBHOCTI BOJOKHA
HAIMTOBHEHHS 1 CTBOPEHHS HECITPOTHO30BAaHUX KOHIICHTPATOPIB HANPYKEHb. T aKOK,
JUTSL MiHIMI3aI1i1 BILTUBY MaTepiairy oOpoOIeHHS BOJIOKHA y BUMAAKy BUKOPHUCTAHHS
Mpenpery, J0JaTKOBUM 3aBIaHHSM € TMPIOPUTET BUKOPUCTAHHS HEOOPOOIEHOTO
BOJIOKHA 151 HAlTOBHEHHS [54].

Jlesiki 3 PpO3MISTHYTUX METOAIB apMyBaHHS 3a0€3MeuyloTh YaCTKOBY
HETMEPEPBHICTh BOJIOKHA HAMOBHEHHS B MEXaxX OJHOTO IIapy, ajie HasBHICTb

MOMEHTIB 3MiHU APYKYBaJbHOI TOJOBKHM (y BHIIQJIKy MOJBIHHOI eKCcTpy3ii) ado
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MIEPEPUBAHHS BOJIOKHA IS XOJIOCTHX XOJiB TIEPEMIIICHHS IPYKYBaIbHOI TOJOBKH
He 30epiralTh HemepepPBHOCTI BOIOKHA. KpiM TOro, HasiBHICTh MPOTajvH BOJIOKHA 1
TOYOK HEHAMTOBHEHOTO IOJIMEPY TAaKOXX CTBOPIOE KOHIIEHTPATOPH HAIMPYKCHb 1
MiCIlsl JIOKajdbHOTO TociabynenHs [55]. Takoxk, 3a paxyHOK 30epeKeHHs
HETEPEPBHOCTI BOJIOKHA B OJTHOMY YH JIEKUIBKOX HAMPsSMKaX MOKIIMBO CTBOPIOBATH
3a/laHy, TPOTHO30BaHy OPTOTPOMIID MEXaHIYHUX BIACTHUBOCTEH KIHIIEBOTO
matepialy BupoOy. lle [103BOJIMTH ONTUMI3yBaTH TOMOJOTiI0 BUPOOIB 3
ypaxyBaHHSIM HampsAMKy Jii CHJI Ta HaBaHTaXCHb Ha HHUX. Taka OPTOTPOIIis
BJIACTHBOCTEH TTOBMHHA 33/1aBaTHCh JIMIIIC HAPABICHHSIMH BOJIOKHY Ta IIIJIbHICTIO
apMyBaHHS a00 BIICTAHHIO M)XK BOJIOKHAMH B II1apy.

Kpim 30eperkeHHs CyIiIbHOCTI BOJIOKHA B MEKaX OJHOTO APy, BaXJIMBUM €
30€peKEHHSI CYIUTBHOCTI 1 MDK IIapaMu. Xod4a IIe 1 He Ma€ CYTTEBOTO BIUIMBY Ha
MEXaHI4Hl BJIACTUBOCTI B HANpsIMKY apMyBaHHS, II€ JI03BOJISIE MIHIMI3YBaTH
nedeKTH, OB’ sA3aH1 3 3aKPIMICHHSIM BOJIOKHA HAIIOBHEHHS O1J11 MeX mapy. Takox,
HasIBHICTh MIKILIAPOBOTO 3B’S3KY MOKPAIIY€E MIIHICTh 10 HABAHTAXKEHb 3/IBUTY.

OxpiM 30epekeHHsI CYIUIBHOCTI BOJIOKHA, BaXKJIMBUM BBaXKAE€THCS KOHTPOIb
MOJIOKEHHSI BOJIOKHA B IUioli mapy. Lle Takox /1ae MOXIUBICTb KOHTPOJIOBATH
OPTOTPOITIIO BIACTUBOCTECH MaTepiaay Ta JOTPUMYBATHUCH CIIBHAIAIHHSA HANPSAMKY
apMyBaHHS 3 HampsMKaMH Jii HaBaHTaxeHb [56]. KoHTponb MOJI0XKeHHS
OJIMHUYHHX BOJIOKOH Ja€ MOXJIMBICTh HAWOUIBII HIMPOKOTO HaJaIlTyBaHHS
BHOIPKOBOTO apMyBaHHsS BUPOOY, 10 BAXKJIMUBO JJIT BUPOOIB 3 CKJIATHOI 3MIHOIO
reoMeTpii B TUIOMIMHAX ImapiB. KOHTpOJb TOJMOXKEHHS B MPOIEC] MOIIapOBOTO
CUHTE3Y 3I1MCHIOETHCS 32 JIOMOMOTOI0 TEXHOJIOTIYHOTO 00JIaJHAHHS, 110 TIOBUHHO
BUKOHYBaTH (DYHKIIIT pPO3MIIIECHHS 1 HAMPSAMIICHHS OJMHUYHUX BOJIOKOH BiJIHOCHO
MOJIOKEHHST BUPOOY Ha APYKyBaJdbHIA MOBEPXHI Ta YTPUMYBAHHS iX B MEBHOMY
MOJIOKEHHI BIJHOCHO Imapy B mporeci ApykyBaHHa [57, 58]. Yrpumanus
3MIUCHIOETHCS HE JIAINE 3aBASKA 3aXBAaTHUM 1 yYTPUMYIOUMM JETalsiM, a W 3a
JIOTIOMOTO!0 HaTsTy. HaTar BojokHa HEOOXiTHUI /ISl TIOTIepeKEHHST HOTO 3CYBY

M1J1 4yac APYKy LIapy 4yepe3 pyX APYKYBaJIbHOI TOJTOBKH.
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Posrnsparoun Bumie3zasHaueHi 0COOIMBOCTI, pO3pO0JEHO METOJI apMyBaHHs
MPOKJIaJIaHHAM BOJIOKHA. MeToJ apMyBaHHS pO3pOOJICHHH Ha OCHOBI MPHUHIIUITY
3a0e3MeUeHHsl CyIUIBHOCTI BOJIOKHA. [0 pe3ynbrataM aHami3y ICHyIOUMX METO/IB,
y SIKOCTI apMyIOUUX €JIEMEHTIB OOpaHi OJUHUYHI JKTYTH YU MyYKH BOJIOKOH, IO
MOXJIMBO PO3MIIIYBAaTH y TIEBHOMY MOJIOKEHHI. SIK BkazaHo B [59, 60], opieHTalis
BOJIOKOH BIJIIrPa€ TOJIOBHY POJIb B PO3MOJIIJICHH] HABAHTAXKEHHS T4 BUKOPUCTAHHI
BJIACTUBOCTEM MIITHOCTI BOJIOKHA apMyBaHHS y 3arajbHid MIIIHOCTI BUPOOY.
BianoBijiHO, BUKOPUCTAHHS JKTYTIB UM MYYKIB CYLIJIBHOTO BOJOKHA 3abe3rnedye
HaiOinpIIe 30epeKeHHS BIACTUBOCTEH BOJIOKHA, Y TMOPIBHIHHI 3 BUKOPHUCTAHHIM
JTUCKPETHUX BOJIOKOH, Ta JIO3BOJISIE BHKOPHUCTOBYBATH BOJIOKHO HANOITBII TTOBHO
i miacwieHHs BupoOy [61]. Takok, BUKOPHCTaHHS MPSIMOTO TPOKIIATaHHS
CHpOIINYE TEXHOJOTI0 BHUKOHAaHHS apMyBaHHS s OTPUMaHHS BHPOOIB 3
NOJIIMEPHUX KOMIO3MIIIMHUX MaTepialiiB 4yepe3 Te, W0 Mepepo3NOAICHHS
HaBaHTAXEHHS Ta HANPYKEHb HAa BOJIOKHO B BUPOO1 BIIOYBAETHCS B MEXKaX MPYHKHOI
nedopmMaillii OCHOBHOTO TOJIIMEDY.

CyTHICTh po3p00JIEHOTO METOy apMyBaHHS IOJISATA€E B TOMY, IO OJMHUYHI
BOJIOKHa a00 JDKTYTH KOMITO3UIIIMHOTO BOJIOKHA MPOKIANAIOTHCS MDK IHIapamu
netani 6e3nocepeanbo B mporieci 3D-npyky. CyliibHICTh BOJIOKHA 30€pIraeThes
IIpH Mepexo/i Ha HACTYIMHUM map HanmoBHEeHHS. [Ipu miaroTroBmi Moieni 10 IPyKy B
3QJIEKHOCTI BiJl 3aJlaHOi IIUTPHOCTI YKJIQJaHHS HHUTOK a0 JDKTYTIB BOJIOKHA Ta
PO3MIpIB €Tl pO3PaXxOBYETHCSA HEOOXiJHA JOBKHHA Ta KUIBKICTh OKPEMHUX HUTOK
a00 JDKTYTIB BOJIOKHA, BUKOHYETHCSI Hapi3ka BoJIOKHA. [lepen moyatkoMm IpykKy 3a
JIOTIOMOT'0I0 TEXHOJIOTTYHOTO OOJaJHaHHS, MOMEpPEeIHbO BCTaHOBJIEHOro Ha 3D-
MPUHTEp, BUIBHI KIHII MOYaTKy BOJOKOH a0o0 JKTYTIB apMylOdoro BOJIOKHA
3aKPITUTIOIOTH B TOYaTKOBOMY TOJI0KEeHHI. L1 KiHIl 3amuImaioThes 3aKpirieHUMHA 10
3aBepieHHs ApyKy. Jpyk BH3HAYEHOI KUTBKOCTI TOYATKOBHX IAPIB BUKOHYETHCS
0e3 HakJaJaHHS BOJIOKHA JUIsi ()OPMYBaHHS OOOJIOHKM Ta MPABHIIBHOI T€OMETpii
OCHOBM, Ha fIKy OyJe HaKJaJleHWi mnepummil map apmyrodoro marepiany. Ilicns
3aBepIeHHs JAPYKY MOYAaTKOBHX INIAPIB Ta APYKY KOXKHOTO IIApy, MICHS SKOTO

nepeadayeHo HaKIIalaHHS apMyBaHHS, MPOIIEC JPYKY CTaBUTHCS HA May3y, MiJ Yyac
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AKOI BHUKOHYETbCS MNPOKIAJAaHHS apMyrodoro BojokHa. lle 3milicHioeTbest 3a
JOTIOMOT OO0 TEXHOJIOTTYHOT0 00IaIHAHHS — HAKJIaJaHHS KOMIIO3ULIMHUX BOJIOKOH,
¢ikcawis yTpUMyrOuHMXx AeTajieid o0JiaHaHHS, HATATyBaHHA Ta 33 HEOOXITHOCTI
BUPIBHIOBAaHHA OJMHMYHUX BOJIOKOH YW JOKIYTIB HamoBHIoBaya. Ilicis
MPOKJIaJJaHHsl apMYIOUOro MaTepialy Moro 34ersieHHs: BUKOHYEThCS APYKYyBaHHAM
HACTYMHOIO LIapy MOJIMEPY MOBEPX MIApy BOJOKHA, MO 3a0e3nedye MeXaHIUHHM
3B’s130K. [Ipu apyKyBaHHI 3aKpIIUIIOIOYOTO APy HEOOXIAHO CTEKUTH 3a THUM, 1100
BOJIOKHA YM JKTYTH apMYIO4Oro Marepiany OyJiv rapaHTOBaHO MOKPHUTI MOJIMEPOM
JUIsl HaJIMHOTO MEXaHIYHOro 3B’s3Ky. BapTo 3a3HauuTH, 10 XO04a OTpUMaHa
CTPYKTYypa BB@)XA€TbCSI MOJIMEPHUM KOMIO3MUI[IHHUM MaTepiajioM, 3B 30K MIX
OCHOBHUM IMOJIIMEPOM Ta BOJIOKHOM BIJIOYBa€Thcs Juiie (i3U4HO, TOMY Oyib-
AKUMU XIMIYHUMH TPOIECaMU, III0 MOXKYTh BUHUKATH MIPU TEMIEpaTypax ApyKy Ta
BpPaxoBYIOUM XIMIYHI BJIACTUBOCTI OUIBIIOCTI Map MOJIMEp-HAIIOBHIOBAY, MOXKHA
3HEXTYBaTU.

[Ticns 3akpiluIeHHS KOXHOTO LIapy apMyKOUoro BOJOKHA HE BHUKOHYETHCS
oOpi3zaHHs Marepiany apMmyBaHHs. [Ipu mepexoi Ha HaCTYIHHI IIap apMyBaHHS
HaTSI BOJIOKHA MOCA0JIIOETHCS Ta 3@ JOINOMOIOI0 PYXOMHX YTPUMYIOUUX YaCTHH
oOJlalHaHHS 31HCHIOETHCS TIEPEBEPTAHHS BChOTO HA0OPY BOJIOKOH apMyBaHHS 3
HATSATyBaHHSAM Yy 1HIIy CTOpOHY. Taka 3MiHa HampsMKY YKJIaJKH BOJIOKOH
apMyBaHHS Y IPOTUJIEKHI CTOPOHH 30€piraeTbesl YIpoa0BK BCHOTO IIPOIIECY IPYKY

JeTai, yTBOPIOIOYH BiCh apMyBaHHS.
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Pucynok 2.1 — Mojienb CTpyKTypH pO3p0O0JIEHOTO METOly apMyBaHHs, BUJI 300Ky 1

3 TOpIs (Clpuil — OCHOBHUU MOMIMEP, KOBTUN — BOJIOKHO)

Mojenb CTpYKTYypH, OKa3aHa Ha pucC. 2.1, € IpUKIAaIOM CXEMH apMyBaHHS,
3a SIKOi BOJIOKHO MPOKJIAAAE€THCS MICIIs KOXKHOTO HAJAPYKOBAHOTO apy. Y BUMAJKY,
SKIIO TaK BU3HAYEHO CXEMOIO apMYBaHHSI JJIsI KOHKPETHOTO BUPOOY, TIPOKIIAaHHS
BOJIOKHA MOYJIMBO BUKOHYBATH 3 MPOMIXKKOM B OJIMH UM O1UIBIIIE IIAPIB.

Bapro 3a3naumtm, mo ymoBu 3D-ApyKy 1 TEXHOJIOTiYHI TapaMmeTpu
MOIIAPOBOT0 CUHTE3Y IMOBHUHHI TiependadaTv HajilHE 3aJpyKOBYBaHHS BOJIOKHA
HanoBHIOBada. IlIBuakicTh JApyKy 1 TemmepaTypa HarpiBy coIUla TOBHHHA
3a0e3rnedyBaTd ONTUMaJbHE PO3IUIABJIICHHS TOJNIMEpPY JUIS  HEJONMYIICHHS
MDKIIApOBOI Jenaminallii. Takox, Mpu HasBHOCTI MEPEMIIIEHb XO0JIOCTOr0 XOay, B
KepyH4y MporpaMy HEOOXiJTHO BHOCHUTH IIONPABKU JIJI JIOJATKOBOI IOjadi
noJiiMepy B COIUIO Tepei] OCHOBHUM pyxoM. lle moTpiOHO nisi rapaHTOBaHOi
CYLUJIBHOCTI IOTOKY TJIACTUKY MPHU 3aKPIIUICHH] BOJIOKHA HAIlOBHIOBAYA.

Mogens ctpykrypu (puc. 2.1) cama no co0i mepeadavae ogHOHANpPABICHE
[62] apmyBaHHS BHpPOOiB, 10 HE MalOTh OTBOPIB 200 BHPI3iB y IUIONIMHI 1mapiB. [Ipu
iX HasBHOCTI CXE€My apMyBaHHS (pO3TalllyBaHHS OJAMHUYHUX BOJIOKOH) Oa’kaHO
pO3paxoByBaTH TakK, 00 OTBOPH UM BUPI3H HE NMEPEKPHUBAIKNCH BOJOKHOM [63]. ¥V
BUIIAJIKy, KOJW HEOOXITHO apMyBaHHS 4Yepe3 OTBOPH Ta BHUPI3H, BUKOHYETHCS
0oOBeICHHS BOJIOKHA HABKOJIO BUPI3y UM OTBOPY Ha €Talll HaKJIaJdaHHS KOMIUICKTY
BOJIOKHA, /IO HATATYBAaHHsS BOJIOKOH. OOBEJCHHS BOJIOKHA BUKOHYETHCS BPYUHY, 3
TUMYACOBHUM 3aKPITUICHHSIM BOJIOKHA 3a JJOTIOMOT 010 KJieto. B pamkax po3pobiieHoro
METO/Iy apMyBaHHS 3alPOTIOHOBAHO BUKOPUCTAHHS KJIETB HA OCHOB1 aKpwJIaTy YH
nuaHoakpwiary [64, 65]. 3akpimieHHS BOJOKHa BHKOHYETHCS Tak, 100
3a0e3MeunTy PO3TaNTyBaHHS TOYOK 3aKPIIJICHHS B MeXaxX MoOyJ0BH MEPUMETPIB
JIPYKOBAHOTO 1Iapy, JUTsl 3aKPITUICHHS] BOJIOKHA HATIOBHIOBAaYa HE TIJILKH 32 PAXyHOK
KJICI0, a 1 3aJIpPyKOBYBAHHSIM HACTYITHUM IIapoM mojiimMepy. Bapro 3a3nauuTu, 1o
MiJ] JYac HAHECEHHS KJICI0 HE JOMYyCKAE€ThCS CTBOPCHHS IUIAM Ta 3aTBEPILITHX

JTIITHOK/TOYOK KJICIO B MEXKax Iapy, SKIIO 1€ MPU3BEAC J0 HANMMHAHHSI HAa HHUX
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JIPYKYBaJIbHOTO COIUIa NP ApYLl HACTYNMHUX mmapiB. Iliciis BUKOHAHHSA KJIEHOBOTO
3aKpIMUIEHHS BOJIOKOH HEOOXIAHO MEPEBIPSATH HATAT 1 MOJOKEHHS BOJIOKHA IS
HEJIOMYLIEHHS! BTPATU HATATY YU CYTTEBOTO BIAXWJIEHHS HANpsSMYy BOJOKHA BiA

napajiebHOCTI 3 BICCIO apMyBaHHS [66].

2.3 Meroau [J0CJaiIKEHHSI TMOLIAPOBO HANOBHEHHUX IOJIMEPHHUX

KOMIIO3ULITHMX MaTepiaJiiB

OxkpiM MeTONIB BUPOOHMIITBA JeTajei Ta BUOOpPY MaTepiaiiB, BaKJIMBa
YacTHHA JXKUTTEBOTO IHMKIY JACTai — KOHTPOIb SKOCTI. ICHYIOTH pyiHIBHI Ta
HEpYHHIBHI TUIU KOHTPOJIIO, 1 HEpYyHHIBHI TMOBUHHI MepeAyBaTH pPYyHHIBHHUM.
HepyiiHiBHI METOAM KOHTPOJIIO 03BOJSIOTH OTPUMATH JIOCTATHRO 1HGOpMAILIIT SIS
BU3HAYEHHS BIJMOBIIHOCTI BUPOOY BUMOTaM. JloCaiKeHHSI pyHHIBHUM METOIaMH
NOTPiOHO TIPOBOJMTH JIMIIIE TOJI, KOJU MEXaHIuH1 MapaMeTpu Martepiany He Oyiu
NOTEepEeITHRO BCTAHOBJICHI YU HE HaJaHl IMOCTavYajJbHUKOM MaTepially, 3 SKOro
BUTOTOBISIETBCA BHPiO [67]. Takoxxk pyHHIBHI JOCHIDKEHHS HEOOXITHI ISt
BHU3HAYCHHS (DI3MKO-MEXaHIYHUX XapaKTEPUCTUK TOTOBUX JeTajed mpu po3poOiri
HOBUX TexHOJOTi# cuHTe3y I[IKM Ta BUKOpHCTaHHIO HOBUX MaTepiaiB.

B mporieci anuTuBHOTO BUPOOHMIITBA 3 MOJIMEPHUX MaTepiaiiB HalgacTiIe
BUKOPHUCTOBYIOTh METOJIM KOHTPOJIO, MOMIOHI JO TaKWX, IO 3aCTOCOBYIOTH IS
MOJIIMEPHHUX Ta KOMITO3UIIIHUX MaTepialliB, OTPUMAHUX TPATUIIIHHUMHU CTIOCOOAMH
BUPOOHMUIITBA.

Metonu pyHHIBHOTO KOHTPOJIO TMOMUISIOTHCS MO THITY KOHTPOJIHOBAHOTO
napameTpy. OCHOBHI METOIU TIOJIIJISIFOTHCS HA: CTATUYHE PO3TATYBAHHS, CTATUIHUM
BUTHWH, YJIapHUI BUTHH (HA 3pa3Kax 3 HAJIPI30M).

MeTronamMu CTaTUYHOTO PO3TIATYBAHHS BH3HAYAIOTHCA TaKi MapameTpu, SK
MeXa MPOMOPIIIHHOCTI, MeXa MPY>KHOCTI, MEXa TUTMHHOCTI, MeXa MIIIHOCTI Ta
BITHOCHE TOJOBXCHHS. Y IIMX METOJaX BUKOPHUCTOBYIOTh PO3PHBHI MAallWHHU,
BUNPOOYBaHHS Marepiaqy MpOBOJASITh Ha 3pa3kax CIHelialbHOT reoMeTpli, M0

OTHMCaHa y BIAMOBIAHUX cTaHAapTax [68].



54

MeTronamMu CTaTUYHOTO BUTHHY BW3HAYAIOTHCS TaKi TMapameTpd, SK KyT
BUTHHY, Ta JUII YTOYHCHHS MOJYJIIO MPY>KHOCTI. Y IIUX METOJaX BUKOPHUCTOBYIOTh
MPECOBI MAIIMHU 3 MPUCTOCYBAHHSAMHU THUITy TPHUCTPINA Il 3TWHAHHA 3 JBOMa
OIopamHu 1 ONPaBKOIO, MPUCTPIH AJi 3TUHAHHS 3 V-110/110HOTO OMOPOIO 1 ONIPABKOIO
Ta IPUCTPIN AJId 3TUHAHHS 3 JiemaraMu [68].

MeTonamu yaapHOTO BUTHHY BH3HAYAIOTh yAapHY B SI3KICTh. Y ITUX METOJaX
BUKOPUCTOBYETHCS MasITHUKOBUI KOTIEP.

Metoau HEpyHHIBHOTO KOHTPOJIO TOAUISIOTBCS 3a BUIOM  (DI3UYHHUX
NPHUHIIMITIB, 32 PAXYHOK SKUX 3[IHCHIOETHCS KOHTPOJIb. OCHOBHI METOIN KOHTPOJTIO,
SIK1 3aCTOCOBYIOTBHCS JI0 TTOJTIMEPHUX KOMITO3UIIMHUX MaTepialliB, MOIIISIOTHCS Ha:
BI3yaJbHUN, aKyCTHMYHUN, pajaiorpadiuHuii, yJIbTpa3ByKOBHH Ta IMIEIaHC-
ynbTpa3BykoBui [70, 71].

Bi3yasibHi METOIM KOHTPOJIIO BKJIIOUYAIOTh B C€0€ OTJIS AN HEO30POEHUM OKOM,
BUMIPIOBaHHS PO3MipiB, 3aCTOCYBaHHS OTJISIIOBUX Ta BUMIPIOBATILHUX MIKPOCKOITIB.
Takox 10 BI3yaJIbHMX METOMAIB BIJIHOCATh METOIW MIJATOTOBKH IOBEPXHI [0
KOHTPOJIIO.

AKYCTHYHI METOIY KOHTPOJIO BKIIOYAIOTh B ceOe pPydHi Ta aBTOMATHYHI
yIapHO-aKyCTHYHI JOCHIDKeHHs [72] (Tak 3BaHMM «coin tap test») Ta Tepmo-
aKyCTUYHO €MICIiHI JOCIIIIPKCHHS.

Panmiorpadiuni  Meroaum  JIOCHIIPKEHHS TMOAUISIOTBCS HA  HEUTPOHHY,
PEHTIeHIBChKY Ta raMMa peHTreHorpadito [73, 74].

VYbpTpa3BykoBi MeToau [75] HochiKeHHSI BUKOPUCTOBYIOTh YIbTPa3ByKOBI
XBWJII Ta TOJUISIOTHCS HAa METOAM IMPOXOJKEHOTO BUIIPOMIHIOBAHHS Ta METOIU
BIIONTOrO0 BUIIPOMIHIOBAHHA. IMIIeTaHC METONM € IMABHAOM YJIbTPa3BYKOBHUX Ta
MOJIATAIOTh y PEECTPaIlii pe30HAHCY JETa P BIUIUBI BUCOKOYACTOTHHUX BiOpaIlii.

OcoOnuBICTh KOHTPOJIIO SKOCTI TaKUX BUPOOIB MOJISITA€ B TOMY, IIO IS
3aCTOCYBaHHS METOIB aJIUTHBHUX TEXHOJOT1M BHUpoOHUIITBA, a came — FDM/FFF
3D-npyk, XapakTepHO YTBOpPEHHS 0araromapoBoi, TE€TEPOTEHHOI CTPYKTYpH,
po3TallyBaHHS €JIEMEHTIB B SIKiM CUJIBHO 3aJIEKUTh BIJl peKUMIB ApyKYy [76]. HaBiTh

MIpU BUKOPUCTAHHI OJIHAKOBHUX PEXKHUMIB JAPYKY OJIHAKOBI MaTepiaju BiJl Pi3HUX
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MOCTAaYaJIbHUKIB 200 mapTiii MOXKYTh BIUIMBATH HA BUTJIS]T TA TEOMETPIIO CTPYKTYP.
Taki 0CcOOAMBOCTI YCKIAIHIOIOTh KOHTPOJb BHPOOIB TOMY, IO 3aBAXKAIOTh
BIJIPI3HATH J1e(DEKTH B1J OCOOIMBOCTEN reHepanii CTpyKTyp. Pexxumu 1pyKy Takox
BIUIMBAIOTh Ha TOYHICTh BHUABJICHHS JeEKTIB, dYepe3 MOXIMBY CKIAIHICTh
BUMIPIOBaHHSI TEXHOJIOTIYHO OOYMOBJIEHMX CTPYKTyp Ta po3mipiB. Takox, Ha
BIIMIHY BIiJl TPAAUIIMHUX KOMIIO3UTHUX MaTepiaiiB, J€ UIIJIbHICTh Ta TOPUCTICTh
IapiB MOXYTh 3MIHIOBAaTUCSl B 3aJIEKHOCTI Bl pO3TallyBaHHS IIapiB, KUIBKOCTI
MaiKe MOHOJITHI CTIHKM Ta CTPYKTYpPH Yy MICHAX MPOXOJKEHHS MPOCTIHKIB
3alOBHEHHS. [HIIA mpobiemMa — HasBHICTh TEXHOJOTIYHUX TIOP Ta MOPOKHHUH TPH
JIPYKyBaHHI 3 IIUIbHICTIO 3anmoBHeHHs MeHie 100%, mo motpedye CTBOpEHHS
«KapT» MPOCTIHKIB 3aIIOBHCHHSI Ta BpaxXyBaHHsS PO3TalllyBaHHS YIIUIBHCHHS IIapiB
y MICIISIX 3aKpYyTJIEHb Ta (Pacok.

HasBHicTh apMyrouoro BOJIOKHa B IUIACTUKY TaKOXX HaKIaJa€e TIeBHI
0OMEKEHHSI Ha METOIM KOHTPOJIIO SIKOCTI BUPOOIB, 10 BUKOPUCTOBYIOThCS. Uepes
texHoJsorigdi ocobmuocti FDM/FFF 3D-apyKy, mo0KeHHS apMyIO40oro BOJIOKHA
B OJMHUYHIM HUTII, [0 BUKIAJAETHCS YEPE3 COIUI0, MOXKE HE BIANOBIAATH
MIOJIOKEHHIO BOJIOKHA Ha IOTIEPEIHIX Mapax, 0 MOXKe OYTH CIPUIHATO SIK XUOHO
MO3UTUBHUN TTOKA3HUK TPIIIMHU. TaKoX, O3HIIisl BOJJOKHA B BUXiTHOMY (DIIAMEHTI,
110 TTOAETHCS B COILIO, TAKOXK MOYKE OYTH HETOCTIiHA 110 JoBXHHI. CyMma ITuX TBOX
¢dakTOpiB MOXKE YCKJIQJIHIOBATH IHTEPIIPETAIll0 IMOKA3HUKIB BHUMIPIOBAJIBHUX
IIPUCTPOIB.

3 ypaxyBaHHSIM OCOOJMBOCTEH Jerajneid, BUrotroieHux Merogqom FDM/FFF
3D-apyKy Ta 0COONIMBOCTEH, SIKI HAKITIAIAIOTHCSl HAIBHICTIO apMYIOUOTO BOJIOKHA B
MJIACTHKY, HABEJIEH1 paHillle METOAU KOHTPOJO OYIyTh PO3TISIATHCH B KOHTEKCTI
BIJIMOBITHOCTI 000M Habopam YMHHMKIB. Takox OyayTh PO3MIISIHYTI Pi3HI BapiaHTH
Opi€HTAIIi] IapiB AeTal BITHOCHO KOHTPOJIBLHOTO IMPUCTPOIO.

BunpoOyBanHs Ha pO3TAT MOXIIMBO IS IeTajeii-3pa3KiB Pi3HUX PO3MIpIB Ta
KOHbIrypaiii, aje HalJacTillleé BUKOPHCTOBYIOTHCS MOJENTI, BIAMOBIAHI

CTaHJapTaM TecTyBaHHs sl MeTaliB. [Ipu 1iboMy BapTO BpaxoBYBaTH, 11O 3pa3Ku
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JUIsl  BUOPOOYBaHHS BUTOTOBISIIOTBCS OJlpady B TOMY BHl, AKUH Oyne
BCTAHOBJIIOBATHCH B PO3PUBHY MaluHy. L{f BIAMIHHICTh, B IOPIBHAHHI 3 METOJIOM
oTpuMaHHs 3pa3kiB 3 MmeTamiB abo [IKM BUTOTOBIEHHX METOJIOM BUKIIAJIKU YU
(opMyBaHHs, OB’ s13aHA 3 TUM, IO PO3Pi3aHHA 00 MOPYILIEHHS CTPYKTYPHU BUPOOY
MPU3BOAUTH 10 BTPATH MILHOCTI, JJOKAJIBHO YM 3arajiom o BupooOy. Lle ocodmuBo
BaYKJIMBO MPHU BUNPOOYBAHHIX BUPOOIB, apMOBaHUX HENEPEPBHUM BOJIOKHOM, 00 11€
NOpyIIy€ HOro CYUIIbHICTb.

Cnin BpaxoByBaTH, IO MIIHICTh MaTepialy Ta MILHICTh KOKHOI OKpPEMOi
netani, BurotoBieHoi 3a nornomororww FDM/FFF 3D-npyky, Biapizusitotrses [77].
MILHICTh Ha PO3TAT 3aJIEKUTh Bl TEXHOJOTIYHMX NapameTpiB JPYKy, TakKi sK
TEMIIepaTypa HarpiBy JAPYKYBaJIbHOTO COIUIA YW OpIEHTAIlis IIapiB, MIUIBHICThH
3armoBHeHHs. KpiM TOro, Ha MIIHICTh TaKOX BIUJIMBAE MATIOHOK 3allOBHEHHS,
TOBIIMHA OOOJIOHKH, SIKICTh 3’€JHAHHS 3allOBHEHHS 3 OOOJOHKOIO Ta CTYIiHB
NEPEKPUTTS OOOJIOHKM 3aroBHEHHsAM [78]. BpaxoByrouu HasBHICTH apMyHYoOro
BOJIOKHA B JIETAJISIX, IPU BUMPOOYBAHHSIX HA PO3TAT MOXKe BiJIOyBaTHUCS PyHHYBaHHS
3a JekuibkoMa MexaHisMaMu. OCKUIBKM OUIBIIICTH IOJIMEpiB, IO MAarTh
Bukopuctands y FDM/FFF 3D-apymi, MatoTh MOayJb Tpy>KHOCTI (Moayibs FOHra)
HabaraTo MEHIIWH, HDK BOJIOKHA JIUIA apMyBaHHS, TO AedopMallii 10 BUHUKAIOTH
11T 9ac HaBaHTa)XEHHS Y TOJIIMEP1 BIAMOBIIHO O1IbImi. Uepes 11e mepiiuii MexaHizm
pyHHYBaHHS — pyHHYBaHHS TOJIIMEPY M1 Yac pO3pHUBY BOJIOKOH apMYyBaHHS B TOBIIII
OCHOBHOTO Matepiaixy. 3a IbOr0 MEXaHI3My 3YeIICHHS MOJIMEpPY 3 BOJOKHOM
30epiraerbes. Lle cBimUMTH, MO B TaKOMYy BHIIaJIKy MeKa MIIHOCTI BHPOOY
3a0e3meuyeThCsl IEPEBAKHO MIIHICTIO BOJIOKHA. Jpyruii MexaHi3Mm pyiHYBaHHS,
BIJIMOBITHO — pPYWHYBaHHS OCHOBHOTO TOJIMEPHOrO0 MaTepiaxy mpu HOro
BUTATYBAHHSM BOJIOKHA 3 TIOJIIMEPHOI MaTPHIIi, 3 30€piraHHsAM IIITICHOCT] BOJIOKHA.
Ile cBiguiTh TpO TE, MO B TAKOMY BHUMAJKy MEXKEIO MIIHOCTI BHPOOY € Mexa
MIIHOCTI CKPITJICHHSI OCHOBHOTO MOJIIMEPY 3 apMyIOYHM BOJIOKHOM [79].

BunpoOyBannst Ha ymapHy B’s3KicTh [80] MOXHa TMPOBOJUTH Ha JETaSAX
pi3HOi opieHTallii mapis. Ciiji BpaxoByBaTH, 110 MPHU JACSKUX OPIEHTAIISIX IIapiB

MOXJIMBE JIOKaJlbHE MIJCUJICHHA Ta YIIUIbHEHHS MIApiB y MICIi MONEPEAHBO
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3MojieNIboBaHOr0 Haapizy. KoedimieHT edeKTUBHOTO apMyBaHHS HUXKYE uepes
HasBHICTh HAJIPI3y, 110 CIIPUUYUHSIE OLIBITY aCUMETPUYHICTD pyiHALIIi 3pa3Ky.

BumnpoOyBaHHs Ha 3rUH BUKOHYETHCS 3 TUNIACKUMU JeTalsiMU-3pazkamu. [lpu
3TMHAHHI JUIsl TUIACKUX 3pa3KiB, KOJIM HIapy PO3TAIIOBaHI MMapajieibHO HEHTpaJIbHIM
IUIOLIMHI 3TMHAHHS, OUIbII KPUTUYHY pOJIb BIAIIPAa€ MILHICTh 3YEIUICHHS MIXK
OKpPEMHUMHU IIapaMu, siKa, SIK IPaBWJIO, 3aBXKJM MEHIIA HDK MILHICTh Yy TUIOMIMHI
mapiB. HasiBHICTh apMylO4yoro BOJIOKHA BIJIrpae HE3HAYHY POJb Yy 30UIbIICHHI
MirgHOCTi Ha 3ruH. lIpoTe, kKomM mIapuw po3TamioBaHi Tak, IO HABAHTAXCHHS
NpUKIAJCHE B TUIONIMHI MIapy, BIUIMB apMyBaHHS Ha MIIHICTh 3aJIe)KHUTh BiJl KyTa
pO3TalTyBaHHsI MPOCTIHKIB 3aMTOBHEHHSI Ta KyTa MAJIFOHKY MIEPEKPHUTH.

Bizyanbni metonu koHTponto [81], Taki K BHUMIpPIOBaHHS PO3MIPHUX
MOKa3HUKIB, OTJISII HEO30POEHUM OKOM UM 13 3aCTOCYBAaHHSIM MIKPOCKOIIIB MOXYTh
OyTH BHMKOPUCTaHI JJIs aHANI3y IMOBEpPXHI JeTanl, BOHM HE MAalTh MPOHUKHOI
3IaTHOCTI HaBiTh y BUIAQJKy BUKOPHUCTaHHS (YaCTKOBO) MPO30PHX MOJIMEPIB s
BUTOTOBJICHHS JeTani. Bi3yanbHl METOAM JO3BOJISIIOTH SKICHO BHUSBISITU YBECH
CIIEKTp TOBEPXHEBUX JI€(PEKTIB, a MPU BUKOPUCTAHHI BUMIPIOBAJIBLHUX MIKPOCKOITIB,
MIKpPOMETPIB UM MITAHTEHIUPKYJIIB — IaBaTH 1 KIJILKICHY OILIIHKY PO3MIpy Je(PeKTiB.
Takox, mnpu orisal nerajgeil MOKHA KOHTPOJIOBATH HASIBHICTH OTOJICHHS
apMYIOUOTO BOJIOKHA B OJJMHUYHUX HUTKAX UM IIapax. SIKMio Bi3yaabHUN KOHTPOIb
IPOBOJIUTH HA PO3PI3aHUX JETANAX, TO II€ Ja€ 3MOTY BHSBISATH 1 BHYTPIIIHI
nedextu, npuramandi FDM/FFF 3D-npyky, Taki sik: po3mapyBaHHs IEpUMETPIB
CTIHKHM, pO3IIApyBaHHS IMIApiB MEPEKPUTTS, NePEeKTH 3’€IHAHHS 3aMlOBHEHHS Ta
30BHINIHBOT OOOJIOHKH, PO3PUBH UM PO3IIAPYBAHHS TPOCTIHKIB 3allOBHEHHS,
HAsSIBHICTh CTOPOHHIX BKJIIOYEHB B MOPOKHUHAX 3alIOBHEHHS UM B TOBIII 00OJIOHOK
tomo. [Ipu mocmimxkeHH O0KOBOT MOBEPXHI JAeTanel (MEpIEeHIUKYISIPHO IIapam)
MO>KJIMBA SIKICHA 1 KUIbKICHA OIliIHKA BUCOTH IIapiB Ta ix AedeKTiB, IpU HASIBHOCTI.
[lepen mOCHiMKEHHSIMU 3 BHKOPHUCTAHHSIM MIKPOCKOMIB, B TPOIECI MiJTOTOBKH
po3pi3y uM nuridy AeTani HEOOXITHO CIIIKyBaTH 3a TEMIIEPATypPHUM PEKUMOM
TEXHOJIOTIYHUX TIPOIIECIB, HE JOMYCKAaTH HArpiBy Marepiajlly A0 TeMmepaTypu

CKIIyBaHHs mojiMepy. B Toi ke yac, 6arato mojiiMepiB HETaTUBHO pearyrTh Ha
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HEPIBHOMIPHE OXOJIOKEHHS UM HarpiB, TOMY METO]I OXOJIO/IKEHHS JeTalll TOBUHEH
OyTu piBHOMIpHHMI. PiguHHE OXOJIOMKEHHS Yy OararbOoX BHUIAJKAX TaKOX
MpoTHUIOKa3aHo. Bcyrneped pexkoMeHnaiisiM 3 MiArOTYBaHHS MeTalorpadiyHux
3paskiB Ta nutdis [82], BigpizaHHs HEOAKAHO MPOBOAUTU aOpa3MBHUMU KpPyramu,
0COOJIMBO y BHIIaJKaX IMOJIMEPIB 3 BUCOKOIO TBEPIICTIO, KPUXKICTIO (HAIIPUKIIA,
PLA 4u nosiMepu micis rapTyBaHHS YU HAaHECEHHS MOKPUTTIB). Bigpizanus criif
BUKOHYBaTW MNujamMu, (pe3amu, BIApI3HUMHU HeaOpasuBHUMHU Auckamu. Ilicis
BiJIpi3aHHs 3pa3ka HEOOX1THO BUAATUTH 3aIUPKHU Ta 3aJTUIIKA MaTepially 3 KOMIPOK
3anoBHeHHs. [lmidyBaHHd Ta mnomipyBaHHS [UIsi 0aratbOX BHJIIB TMOJIIMEPIB
IPOBOJIUTECSL CyXe, 3 MPOTUPAHHSIM IMOBEPXHI 3pa3ka CTHJIOBUM CIIHPTOM YH
130MPOIIJIOBUM CHUPTOM MPH 3MiHI 3€PHUCTOCTI NUII(YyBaIbHOTO MaTepiaiy.
BukopucrtanHg  mONipyBaJIbHMX YW HUTIQYBajJbHUX  NACT/IOPOIIKIB  HE
pekoMeHoBaHe. TpaBieHHs nUTiQy Micas MeXaHIYHOT 0OpOOKH HE MPOBOJAUTHCS,
TaK0X HE PEKOMEH0BaHE BUKOPUCTAHHS PO3UMHHHUKIB THUITY allETOHY YU KEPOCUHY
JUIS. TIPOTHPAHHS YU TPOMMBKH IMOBEpXHI 3paska. [Ipw miarortomi nuridy ciina
TaKO BPaxOBYBATH OCOOJMBOCTI HAasgBHOCTI B MOJIIMEPY apMyKYOro BOJIOKHA, a
caMe: MpW Biapi3mi Ta nuTihyBaHHI HE JOINYCKATH BUPHBAHHS BOJIOKHA, HE
JOTIyCKaTH 3a0WMBaHHS BOJIOKHA 3€pHaMHU HUTIQYBaJIbHOTO Marepiany; Ui
IPOTUPAHHS BUKOPHUCTOBYBATH PEYOBMHH, IHEPTHI I Marepiaay BOJIOKHA; HE
JIOMyCKAaTU  PO3MYyIIyBaHHS, pO30yxXaHHS UYMW PO3MOKAaHHA BOJIOKHA  BiJ
IIPOTUPAIIBHOI PEYOBUHMU.

BignoBigHo 10 MeTH 1Mo po3poOIl METOay apMyBaHHS IS IOKPAIICHHS
XapaKTepUCTUK  MIIMHOCTI, = OCHOBHHM  METOJOM  JIOCHI/DKEHHS, IO
BUKOPUCTOBYETHCSI B pOOOTI, € METO CTATUYHOTO PO3TATHEHHS, BUPOOYBAaHHS Ha
po3Tar. MeTogamMu CTaTUYHOTO PO3TATYBaHHS BU3HAYAIOTHCS Taki mapameTpu, SK
MeXa TPOMOPIIIHHOCTI, MeXa MPY>KHOCTI, MEXa TUTMHHOCTI, MeXa MIIIHOCTI Ta
BITHOCHE TOJOBXKEHHSA. Y IIMX METOAaX BUKOPHUCTOBYIOTh PO3PUBHI MAIlMHHU,
BUIMIPOOYBaHHA Martepially HpOBOJATH Ha 3pa3Kax CIeIialbHOI TeoMeTpii, M0

omnucaHa y BIAMOBIAHUX CTaHJapTaxX. Takox, B MPOLeCi BUTOTOBJICHHS 3pa3KiB Il
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BUIIPOOYBaHb HA PO3TAT BUKOHYBAaBCA BI3yaJIbHUN KOHTPOJIb 3pa3KiB, B mpoueci 3D-
IPYKY Ta MICIISL.

Jist BUNpoOyBaHb HAa PO3TAr BUKOPUCTOBYBAJIM PO3TArOBYy MamuHy KP-
5047-50. Lls po3Tsarosa MaiivHa Npyu3HaY€Ha AJis JIA0OPATOPHOTO JTOCIHIIKEHHS Ta
BUINIPOOYBaHb 3pa3KiB 3 YOPHUX Ta KOJbOPOBHX METaJiB, MOJIMEPIB, NOJIMEPHUX
KOMIO3UIIMHUX MatepialiB Ta 1H. 3ycwuisiM po3tsary no 50 kH. I[lepenbauena
TAaKOXX MOJJIMBICTh TIPOBEJCHHS BUMPOOYBaHb HA CTHCK, BUTHUH 1 IHIIHUX
BUMPOOYBaHb B 3aJ€KHOCTI BiJi BCTAHOBJICHOTO JOAATKOBOIO 0OJIaJHAHHS.
[TapameTpu MEXaHIYHUX BJIACTUBOCTEH, IO MOXKYTh BU3HAYATUCH HA MAIIIUHI: MeXa
TUMYACOBOT'O OIOPY, BiAHOCHE TOJIOBXCEHHS, BiJHOCHE 3BY)XCHHS, MEXa JTIHHOTO
OTI0pYy, YMOBHA MEKa IIMHHOCTI (G0 2) Pi3rMuHa Meka MIIMHHOCTI. MalHa Mae Taki
OCHOBHI T€XHIYH1 XapaKTePUCTUKHU:

- HanoOUIbIIe 3ycuiuist po3Tary: 50 kH;

- niara3oHu BuMiproBanHs 3ycwist: 0,1-0,5 xH, 1-5 xH, 2-50 kH;

- BITHOCHA MOXMOKa BUMIpIOBaHHS 3ycuiuis: 1%;

- TUI CWJIOBIMIpIOBaYa: TEH30PECUCTOPHUM;

- MIBUKICTD MEpeMIIIeHHs] akTUBHOTO Tpumaya: 0,5-60 MM/XB;

- TOYHICTB IIBUJIKOCTI TIEPEMIIIEHHS aKTUBHOTO TpuMaya: +10%

- HaWO1IbpIIa BiICTaHb MK TpuMadamu: 700 mm;

- BITHOCHA MOXMOKa BUMIpIOBaHHs nepeminieHHs tTpumaya: 0,1%;

- muprHa po6o4oi 30HU Mk cToiikamu: 400 MMm;

- poboumii cTpym 1 motyxHicTh: 380B (Tpudazuuii), o 1,6 kBT.

Jlns BuMiproBaHHS (DAKTHYHOTO OCHOBOI'O TIOJIOBKCHHS 3pa3KiB Oyi10
obOpano excrenzomerp Epsilon 3542-050-050ST. Excrenzometpu cepii 3542
BUKOPUCTOBYIOTHCSA Y BHUMPOOYBAHHSIX IIMPOKOTO DPSIy MarepiaiiB, BUMIPIOIOYH
nedopmariiro SK Ha po3TAT, TaK 1 CTUCK. OCHOBHHMI BUMIPIOBAIBHUIN TPHIAT —
teHzomerp omopom 350 Om. Mopens ST mpusHaueHa st BUNpoOyBaHb 3a
cTaHmapTHUX yMoB. [Ipuiam MOMyCKaeThCSs BUKOPUCTOBYBATH ISl ITUKIITIHUX
BUNPOOYBaHb, a AU3aiH MOJIBIHHOTO BUTMHY POOUTH iX HEUYTIIMBUMHU J0 BIOpaIii.

ExcrenzoMerpu 1i€i cepii OCHalIEHI NPYXKUHHUM MEXaHI3MOM  IIBHAKOTO
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BCTAHOBJICHHS! 3 BUKOPUCTAHHSM JI€3 3 3arapToBaHOI 1HCTPYMEHTAJIbHOI CTail.
Tounicts Bimnmosigae ctangapty ASTM E38 class B-2. Bignosigno po moneni,
noBxkuHa 6a3u 50 MM, niana3zoH BuMipy nedopmaiiii — 10 50%, veminiitHocTi — 10%.
CrangapTHuil HaO1p A1 MIBUAKOTO BCTAHOBIICHHS NPUAATHUN JJIA TUITIHAPUIHUX
3pa3KiB A1aMETPOM J10 25 MM, TJIACKUX 3pa3KiB TOBIIMHOKO 10 12 MM 1 HIIUPUHOIO 10
31 mm.

BunpoOyBanHs Ha MilHICTh [83] MPOBOAUTHUCH 32 METOJUKOKO BiJMOBITHO
no cragaapty JICTY ISO 6892-1:2019. [ns sunipoOyBaHHs OyJia 3po0sieHa MOJIEIb
MIPOMOPIIIHOTO 3pa3Ka, 110 BIANOBIAaE 1oAaTKy B BuilieBkazaHoro cranuapry (puc.
2.2). BunpoOyBaHHS Ha pO3TAT MPOBOJWINCH Ha po3puBHii mammmni MUP-5047, npu
BUIIPOOYBaHHSAX BUKOpPUCTOBYBaBcsi ekcrensomerp Epsilon 3542-050-050 ST.
HIBUAKICT, PYXy TpaBepcu TMpH BUMPOOYBaHHSIX YCIX 3pa3kiB — 2 MM/XB.

BI/IHpO6YBaHHSI MNpOBOAWIINCh IIPU  HOPMAJIbBHUX YMOBAX HABKOJHUMIIHLBOTO

cepeaoBuiLa.
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Pucynok 2.2 — Ecki3 3pa3ka ayis BUpoOyBaHb
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CratuctuyHa 00poOKa pe3yJbTaTiB E€KCIEPUMEHTAIbHUX JOCIIIKEHb
IIpPOBEJIEHa 3 BHUKOPUCTaHHSAM mporpamHoro 3a0e3neueHHs Microsoft Excel.
Bepudikanis pe3ynbTaTiB MpOBOAWIACH y MAaKETI HTPOrpPaMHOro 3abe3neyeHHs
Solidworks. 3acobamu CAE wnporo mnakery MNpOBOAMUIOCH MOJIEIIOBAHHS
KOMIIO3UIIIMHOTO MaTepiaiay, CTBOPEHHS MOJENI AeTall JJis nepeBipku. 3acodamu

CAE npoBenenuit CuMyIsIMHIN PO3paXyHOK JETaIl.

2.4 BUCHOBKHM /10 PO31ijy

B pesynbTari BUBYEHHS MaTepiajliB BU3HAUEHI OCHOBHI1 XapaKTEPUCTHUKH,
HEJI0JIIKU Ta MepeBaru MaTepiaiB, 10 BUKOPUCTOBYIOThCS JJIsl OTPUMaHHSI BUPOOiB
3 IOJIIMEPHUX MaTepiaiiB Ta MOJIMEPHUX KOMITO3UIIIMHUX MaTepialiB MeToaoM 3D-
npyky. OOrpyHTOBaHUN BUOIp MaTepiaiiB BIIHOCHO BHUMOT TEXHOJOTIYHOCTI Ta
XapaKTePUCTUK. Y SKOCTI OCHOBHOTO IIOJIMEpPHOTO Marepiany OyB oOpaHuit
nosimep Tury coPET, a y axocTi BoJIOKHA apMyBaHHS — 0a3aJIbTOBE BOJIOKHO.

Po3pobOnena cxema Ta MeETOJIMKAa BUKOHAHHS AapMyBaHHS JI03BOJIUTH
CTBOPIOBATH BUPOOU 3 OJJHOHAMPABICHUM, a IIPU HEOOXITHOCTI — JBOHAIIPABICHUM
apMyBaHHSM. TakoX, pO3TJISHYTO OCOOJMBOCTI BUMPOOYBaHb BUPOOIB Ta 3pa3KiB
apmoBaHoro IIKM, orpumaHoro Merogamu NOIIAPOBOrO CUHTE3Y. OCHOBHUM
TUTIOM JIOCITIIP)KEHHS BU3HAYEHO BUMPOOYBAHHS HA PO3TAT, HABEJCHO CTAaHAApTH Ta
oOJiaHaHHS JJISI TIPOBEICHHS JOCIIIIKCHbD.

PosrnstHyTo BUAM MOCHIIKEHb, IO TPOBOASTHCS MJIE KOHTPOJIO SIKOCTI
MatepiaiiB Ta BUpoOiB, PO3TIITHYTO HEPYHHIBHI Ta pyHHYIOYH METOH TOCIIIKEHb.
BignoBigHo 10 3amad Ta METH pOOOTH, OCHOBHHM BHJIOM JIOCTIKEHHS OOpaHO
BUTIPOOYBaHHS Ha PO3TAT. BKa3zaHi cTaHAApTH TPOBENCHHS JOCIIIKEHb, HABEICHI
0COOJIMBOCTI BUKOPHUCTAHHS JTOCHIKEHb HA PO3TAT JJIsl BUIPOOYBaHb MIApyBaTHX

MOJIIMEPHUX KOMIO3UIIIMHUX MaTepialliB, MO OTpUMaHi Mmetogamu 3D-mpyky.
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3 PO3POBKA TEXHOJIOI'TI APMYBAHHS TA
EKCHHEPUMEHTAJIBHE JOCJIKEHHSA

3.1 Po3poOka o01aiHAHHS JJIS ApDMYBAHHS 32 PO3PO0JIEHOI0 CXeMOI0

BianoBigHO 10 BUMOT Ta BUCHOBKIB, BUKJIAJCHUX B MOMEPEIHBOMY PO3JILII,
HEOOX1JIHO PO3POOUTH TEXHOJOTIYHE OOJIalHAHHS J/JIi apMyBaHHA BUpPOOIB B
npoiieci momrapoBoro cunHte3y [84]. TexHosmoriss BHUKOHAHHS apMyBaHHS Mae
JIBOCTOPOHHIM 3B’ 130K 3 00JIaTHAHHSIM — 00JIaIHAHHS PO3POOIISIE€THCS BIMOBIAHO 0
HEOOX1HUX TEXHOJOTTYHUX MPUMOMIB, aje BUXOISYU 3 OCOOIMBOCTI KOHCTPYKIIIT
oOnaiHaHHA Ta pOOOTH 3 HUM, TEXHOJIOT1Sl Ta TEXHOJIOTTYHI MPUHOMHU MOXKYTh OyTH
BIJIMOBITHO CKOPUTOBaHI YW JomoBHEHI. OCKIIBKM 3aBJaHHS JIOCIIKEHHS
BKJTIOYAIOTh B CeOC IMOKPAIICHHS ICHYIOUMX TEXHOJIOTIM IOIIapOBOTO CHHTE3Y
BUPOOIB, TEXHOJOTIYHOMY OOJIaJHAHHIO BIJIBOJUTHCS TMPOBIAHA pOJIb B
eKCIIEpUMEHTAIbHIMN YacTHHI JOCTIKEHHS. TakoXk, BaXXKJIUBUM acCIEKTOM TIpH
po3po0IIi TEXHOJIOTIYHOTO OOJIaIHAHHSA € MOJKJIMBICTh BHUTOTOBJICHHS HOTO,
BUKOPHUCTOBYIOUM OCHOBHE 00JIaTHAHHS 32 JIOTIOMOTOIO SIKOTO OYIyTh MTPOBOIUTHUCH
HACTYIHI eTanu JIOCTiKeHb. BiAmoBigHO, TEXHOJOTIYHE OOJIaJIHAHHS ITOBUHHO
OyTH po3poOiIeHO Tak, MO0 HOro AeTanl MOXIHMBO OYJIO OTPUMYyBaTH METOIAMHU
MIOIIIAPOBOT0 CHHTE3Y 3 MoJliMepHUX MarepiamiB (3D-apykom) [85, 86].

ITpu BuOOpi KOMIOHYBaHHS 00JIaJHAaHh HEOOX1THO CIIEPITy BU3HAYUTH THIIL,
BHJT 1 0COOTMBOCTI OONaTHAHHS, Ha IKe BOHO BCTAHOBIIOETHCA. SIK Oyll0 3a3HAYCHO
paHiie, OCHOBHHM oOOJajgHaHHSAM 1jsi momnapoBoro cuntesy € FDM/FFF 3D-
npuHTep. OCKUIBKH TEXHOJOTIUHE O0O0JagHAaHHS, 3a CTPYKTypPOIO PO3pOOJIEHOTO
METOJla apMYBaHHs, TIOBHHHO BCTAHOBJIOBATHUCh Ha Tuiargopmy moOymoBu 3D-
npuHTEepa ad0o OyTH TOB’SI3aHMM 3 HUM KIHEMaTH4HO, BapTO PO3IVISHYTH OCHOBHI
BUIM KIHEMAaTHYHUX TMMOOyn0B 3D-mpuHTEpiB MO OCOOMUBOCTAM IIaTGOpMuU
mooynoBu. OCcoOIUBOCTI, 110 MAaIOTh OCHOBHE 3HAYCHHS JIJIs OOJIaTHAHHS: PYXH, 110
BUKOHY€E IaTgopma noOyqoBU YM ii HEPYXOMICTb, HASIBHICTh €JIEMEHTIB KOPITYCY

3D-npuHTEpy, AKI MOKYTh OOMEXYBaTH JOCTYH 10 OOJIaJlHAHHS MiJl 4aC CUHTE3Y
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ab0 HakJaJaTh CyTTEBI OOMEXEHHS HAa KOHCTPYKULIIO OOJIaJHAHHS, MOKJIMBUUI
BIUIUB HASBHOCTI TEXHOJIOTIYHOTO OOJaJHAaHHS SAK JOJAaTKOBOI Macu YU
CTOPOHHBOTO Tijia Ha MaTdopmi nodynosu [87].

[Inardopma noOynoBu HaifyacTile sBJIsE€ COOOIO TUIACKY MOBEPXHIO, IO Ma€e
(YHKIII}0O KEpOBAHOTO HArpiBy 1 HIATPUMKK 3aJaHOI TEMIIEpaTypud Ta IIE€BHE
MOKPUTTA Ha i1 YaCTUHI, Ha SIKE BUKOHYEThCS Oe3MocepeHE BUKIIAICHHS MOJIIMEpPY
npu (GOpMyBaHHI MEPIIOrO IMIapy AeTani. Bapro 3a3HauuMTd, 110 Temrmeparypa
HarpiBy MmiathoOpMH 3aJIEKUTh BiJl MOJIMEPY, SKUM BUKOHYETHCA IPYK 1 MOXKeE
BIZIPI3HATHUCH BiJl ONTHMAJBHOI B MEBHUX MEXKax MO TEXHOJOTIYHUM MPUYHHAM,
TOMY B OLJIBIIIOCTI BUIAJKIB MOXKIIMBO 3HEXTYBaTH TEMIIEPATypPHUMH BITUBAMHU Ha
TEXHOJIOTIYHE OONaJHAHHS, M0 MODIM O TPHU3BECTH 1O TOTIPIIEHHS WOTO
(YHKITIOHAJIBHOCTI.

BianosinHo 1o kineMaTuuHoi noOynoBu 3D-nipuntepy, miatdopma modyaoBu
MO>Ke OyTH 3aKpiryieHa 6e3MmocepeIHbO 10 KOPITyCY MPUHTEPY a00 BUKOHYBATH PyX
y HalpsiMKax oceil nmpuHTepa. OCHOBHUMHU rpynamu Kinemaruk € Cartesian ta Delta
[88]. Carthesian mpuHTEpH TaKOXX MarOTh MmoALT [89].

Opna 3 HaWOUIBII MOMYASPHUX KIHEMATHUK, Mpe/cTaBlieHux 3 D-nmpuHTepaMu
BUpoOHMKIB Prusa Ta Anycubic, mae margopmy noOyIOBH, IO PYXAETHCS B3IOBK
oci Y, pyx oci X 3mIHCHIOETBCS TI0 HAIPSIMHHUM €JIEMEHTaM, 110 3MOHTOBaHI Ha
PYXOMHX YacTHHaX oci Z. B maHomMy BUIaaKy, HEJIOJIIKOM TaKoi KIHEMaTHKH € T€, 110
€JIEMEHTH KOPITYyCy po3TalioBaHi 3 O0KiB miaTdopmu moOyd0BH, 3a3BHYAl 3 JTYyXkKe
MaJIuMH 3a3opamu a0 miargopmu. Lle oOmexye po3mipu oOnagHaHHS MO MHUPUHI
(B3moBxk oci X). Takok, Bara MpUCTOCYBaHHS JOJa€ 1HEPIINHUX HABaHTAKCHb Ha
MEXaHI13MU IPHUBOY TIATGOPMHU MOOYIOBH, 1110 TOTIPIIy€E TOYHICTH 3 D-IpyKy.

Kinemarukum tumy corexy, h-bot Ta kiHemaruku, mpenctaBieHi y 3D-
npuHTepax BupoOHmka Ultimaker wmarote mmargopmy moOymoBw, 110
MEPEMIIY€EThCS B3IOBXK OCl Z, a JIpyKyBaJlbHa TOJIOBKA MEPEMIIIYETHCS B3IOBXK
oceit X Ta Y 110 HAMPSIMHUM €JI€MEHTaM, 0 3HAXOASAThCS B 3a(piKCOBaHIM ILTOIIMHI,
HalJacTile — Ha caMOMy BepXy Kopiycy. Taka KiHeMaTHKa Ja€ mepeBary y ToMy,

o miardpopma MoOyIOBH HaiuyacTillle HE Mae OOMEXYBAJIbHUX EJIEMEHTIB, IO
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aKTUBHO PYXaloThCs BIAHOCHO Hei B mporeci 3D-npyky abo cama ruiargopma He
BUKOHY€ YaCTUX PYXIB — NEpeMilleHHs BiAOyBaeThbCs JMILE NPHU NEPEXOAl Ha
HACTyNmHUN map. AJjie Taka KiHEeMaThKa Ma€ Mayl 3a30pu B3AOBXK Oci Z BiJ
m1arGoOpMu 10 PYXOMHUX YaCTHUH JUIsl TICPEMIIIEHHS JPYKyBaJbHOI TOJIOBKH,
IPUYOMY Maja BiJICTaHb 30€piraeThes 1 3a IUIOLMHOI0 30HU 1Mo0ynoBH. Lle 3HauHO
0OMEXy€e BHCOTY TEXHOJOT14HOro oOnagHaHHs. Takox mojniOHa KiHEMaTHKa Mae
HamnpsMHI €JIeMEHTH JJid MEepeMillleHHS MO OcCl Z, 10 PO3TalloBaHi OJHM3BKO /10
OJTHI€T a00 JBOX CTOPIH IJIOMIMHYU MOOY/IO0BH.

KinemaTnka moprampHOTO THNY TMependadac HEpPyxoMmy Iutathopmy
noOy70BH, a PyX JAPYKyBaJbHOI TOJIOBKU B3JIOBXK ocedl X Ta Y 3I1MCHIOETHCS IO
pamMHIi KOHCTPYKIII, gKa nepeMimyeTbes o oci Z. [lepeBaroto Takoi KiHeMaTHKH €
HepyxoMma 1argopma mMoOyIOBH, IO CHPOIIYE 3aKPIiMUICHHS TEXHOJIOTIYHOTO
oOyaIHaHHS Ta MAaHIMYJSIIIN 3 HUM, a TAaKOXK HE HAKJIaJIa€ CYTTEBUX OOMEKEHb 110
po3Mipy oOjagHaHHA B IUIOMMHI TOOYIOBU. AJle ISl KiHEMaTHKa TaKOX Mae
0OMeXEeHHS 10 BUCOTI, 0COOJIMBO Ha MOYaTkoBUX Iapax. Lle oOymoBieHo TuM, 110
JIeTall pamMu MopTainy oOpamIIIOIOTh 30HY MOOY/I0OBY 1 HaBHCalOTh Haja Hero. Takoxk
11e 00paMIIEHHSI MOXe 3aBaXKaTH JOCTYITY JI0 MPUCTOCYBAHHS Ha MOYATKOBUX IlIapax.

Kinematnka tumy Delta wmae nepyxomy tumarpopmy moOymoBu, a
NEePEMIIIEHHs] JPYKYBAJIBHOI TOJIOBKM IO BCIM OCSIM BIJOYBa€TbCsS 3a PaxyHOK
B3aEMHOTO 3MIIIEHHS TPHhOX KApEeTOK, IO MEepPeMINIyIoThcsl B3MOBXK oci Z. [lpu
OJTHOYACHOMY IEePEMIIICHHI BCIX KAPETOK BUKOHYETHCS YHCTE MEPEMIIIICHHS B3I0BXK
i€l oci, a mpH 3MIIIEHHI KapeTOK OJHa BIIHOCHO IHINOI — B IUIOHIMHI JPYKY.
JlpykyBanbHa TOJIOBKA 3’€IHAHA 3 KapeTKaMW 3a JIOMOMOTOI0 CYIIJTBHUX TSIT.
[lepeBaru 1i€i KiIHEMaTHKH Y HEPYXOMOMY CTOJTi, MAJIMX MOTCHIIIMHUX 0OMEKEHHSIX
pO3Mipy B IUIONIMHI, BIICYTHOCTI OOMEXEHb IMPHUCTOCYBaHb MO BHCOTI. TaKoX,
3a3Buyail 3D-puHTEpH Takoi KIHEMATUKHU MArOTh IMBHIKHI MPUBOJ MO OCi Z, 0
BOXJIMBO ISl 3a0€3MeUeHHsT JOCTYIy J0 MPUCTOCYBaHHSA. ToMy IJIsi pO3pOOKHU
MPUCTOCYBaHHs OyJia 32 OCHOBY 0OpaHa kiHemaruka tuiy Delta.

TexHonoriyne oOiajHaHHs, O Oylio po3poOiieHe IJisi BUKOHAHHS JJAHOTO

METOZy apMYBaHHS, CKJIAJIA€ThCS 3 IBOX OCHOBHUX YACTUH — PyXOMO1 YTPUMYIOUOT
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yacTuHU (Hajanl BIOMOI sIK mepekui, puc. 3.1) Ta HepyxXxoMoi yacTuHU (Hajaml
B1IOMO1 SIK paMka, puc. 3.2). Jlanuii BapianT oOjagHaHHS J03BOJISIE BUKOHYBATU
OJJHOHAIIpABJIEHE apMyBaHHs, 00 Mae OANH Nepekua. [ BUKOHAHHS apMyBaHHS B
IBOX a0o0 OuIbLIE HAmpsIMKIB, JJI1 KOXKHOTO HAampsIMKy HOTpiOHA CBOS pyxoma
yTpUMYIO4a YacTHHA Ta MEXaHI3M 3aKpilUIeHHs Ha0Opy BOJOKHA B MOYAaTKOBOMY

OJIOXKEHHI.

r

Pucynok 3.1 — Pyxoma yacTvHa NpUCTOCYBaHHS
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Pucynok 3.2 — Hepyxoma yactuHa 00JialHaHHS, BCTAHOBJICHA Ha TiargopMi

nooynosu 3D-npuHTEpa

Pamka siBisie co0010 MPSAMOKYTHY KOHCTPYKIIIO, IO BCTAHOBIIOETHCS Ha
mwiargopmy mnoOyooBM TpuHTEpa 1 (IKCYETbCS YCTAaHOBYMMH IUIAHKAMH 10
HarpiBaJIbHOI aHeN I mIaTgpopMu NoOyI0BH, TaK 1100 CBOEI BEPXHBOIO MOBEPXHEIO
OyTH Ha OTHOMY PiBHI 3 poO0UOI0 TUIOUIMHOO MaTdopmu. Ha oiHO1 3 cTOpIH paMKu
3HAXOJIUThCS BY30J1 YTPUMaHHs KiHIIIB BOJIOKHA. BiH ckiamaeThcsi 3 HampsIMHOT
rpe0lHKY, TPUTHCKHOI TUIOLIAAKKA Ta MPUTUCKHOI macTuHu. HampsiMua rpeGinka
3a/la€ TIOJIOKEHHS Ta IIUIBHICTh HHUTOK a00 JDKIYTIB BOJIOKHA apMyBaHHS,
BIJIMOBIIHO TPHU 3MEHIICHHI WIIIBHOCTI TpebiHKa 3a7a€ KpaTHICTh BOJIOKOH.
[TpuTnckHI mom@aaka 1 MIaCTUHA MAIOTh MOKPUTTS 3 HEBYJIKaHI30BaHOI PE3UHH 1
npU3HaYeHi A 0e3MocepeIHb0 YTPUMAaHHS BOJIOKHA. PaMka Mae HanpsMHI IITUPI
Ha MPOTHIEKHUX CTOPOHAX B3/I0BXK OCI HAllOBHEHHS, HA $KI BCTAHOBIIIOETHCS
NEepeKul B OJHOMY 3 JIBOX IIOJIOXKEHb. TakoK, Ha paMKy 3a HEOOX1JHOCTI
BCTaHOBJIIOIOTHCS JOAATKOBI IPUTUCKHI IUTAHKH.

[lepexun sBiIse CcO0O0I0 MNPSMOKYTHY KOHCTPYKIIIO, IIO Ma€ MEXaHi3M
YTPUMaHHS Ta HalpaBJi€HHs BOJIOKHA Ta HAPSIMHI OTBOPH JJI BCTAHOBJIEHHS Ha
HanpsIMH1 THP1 HAa pamii. [lepeaHs yacThHA MEpeKUaAy Mae HampsIMHY TpeOiHKY

3aKPHUTOTO THITY, 3 KPUIIKOIO 1110 3HIMa€eThes (puc. 3.3).
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Pucynok 3.3 — Ilepeknnt 3 3HATOIO KPUIIKOIO

Po3mipu Ta yactoTta rpeOiHKM MOBTOPIOIOTH 'peOiHKY Ha pamii. L{s HanpsamHaa
rpeOiHKa TaKOX 3aJa€ TMOJOKEHHS HUTOK a0o0 JKTYTIB BOJIOKHA apMyHOUYOTO
Marepiaiy. 3a HapsSAMHOIO 'PeOIHKOI0 Ha HANPSIMHUX pelKaxX po3TallOBaHUM By30I
YTPUMaHHS 1 HATAry BOJIOKHA. YTPHUMAHHS 31HCHIOETHCS MPUTUCKOM Yepes
TUIOLIAAKY 1 TUTACTUHY 3 MMOKPUTTSM 3 HEBYJKAaHI130BaHOI PE3UHU, HATAT — TBUHTOBUI

(puc. 3.4).

Pucynok 3.4 — By3on yrpuMaHHs 1 HaTSTy BOJIOKHA

[lepennss wacTHa TepeKuay 3pi3aHa MiJ KyTaMu, 010, BIAMNOBIAHO 3
HaIpsIMHUM OTBOPAaMH, T03BOJISIE BCTAHOBIIIOBATH MEPEKU]] HA paMIli TaK, 00 BeCh
Ha0Op BOJIOKOH BHXOAWB Yy IUIOMUHY 1atrgopmu modymoBu. lle mo3Bomsie
BUKJIQJICHHS BOJIOKOH apMYIOUOTO MaTepially HaBiTh MMICIIS MEPIIOTO HAAPYyKOBAHOTO

mapy Ha miatdopmi modynosu (puc. 3.5, puc. 3.6).
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Pucynok 3.5 — Pyxoma yacTrHa BCTaHOBJICHA HA HEPYXOMY B MOJIOKEHHI

IMPOKJIaAaHHA IISCPIIOTO MIapy BOJIOKHA
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Pucynok 3.6 — Habip BosiokHa BCTaHOBJICHUH B IPUCTOCYBaHHI MEpet

MOHTA>XCM pPaMKH

3a ymMoBaMHu pPO3pOOJICHOTO0 TEXHOJIOTIYHOTO OOJIaHAaHHS, BIJICTaHb MIXK
OJMHUYHUMH HUTKaMU BOJIOKHA — 2 MM. Taka BificTaHb OOTpyHTOBaHa pO3MIpOM Ta
(dbopMoro BostokHA. BOIOKHO, sike 3aCTOCOBYBAIOCH y OCTIIPKEHH1, TIOCTABIISIIOCH Y
BUIVISIII TUIACKUX JDKTYTIB 3 IMMUPUHOK kryTy | MM. BignoBigHo, mms
3a0e3mneueHHsT pIBHOMIPHOCTI 3aITIOBHEHHS apMyBaHHS 110 1apy, ITUPUHA TTPOMIKKIB
MDK BOJOKHOM Oyna MpUWHSATAa PIBHOIO MIMPHUHI BOJOKOH. lle HEoOXimHO sis
3a0e3meyeHHsT PIBHOMIPHOCTI MIDKIIIAPOBOTO 3UYCIJICHHS TMOJIMEpYy Mpu APYyIl
HACTYIHOTO TIapy MiCIIA MPOKJIaJaHHs Iapy BOJIOKHA. 3 YMOB TaKoi piBHOMIPHOCTI

1 Oyna mpuifHATa BiICTaHb Y 2 MM.
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MakcumanbHi po3Mipu 00JacTi MOOYI0BH JeTajel, IUpHUHa 1 JOBXKUHA — 75
MM 1 130 mMm. Bucora neraneii He periiaMeHTyBajach, MPUHHATA OOMEKEHOIO
BHUCOTOI0 30HU MOOymoBH Jeraned mno pos3mipam 3D-mpuntepa (420 mwm).
BurotoBnenHss Bcix JeTajned  TEXHOJOTIYHOro oOJajHAHHS BUKOHYBAJIOCh

Meronamu FDM/FFF 3D-npyky.

3.2 BuroroBjeHHsi 3pa3KiB IJA BHIPOOYyBaHb HAa PO3TAr Ta

BUIIPOOYBaHHA

Jns mpoBeneHHs BUNpoOyBaHb Oyfa TMOCTaBjeHA 3ajlaya IPOBECTH
JOCITIKCHHS 31 3MIHOKO MMapaMeTpiB apMyBaHHS IS JOCHIJKEHHS iX BIUIMBY Ha
BJIACTUBOCTI MIITHOCTI Marepiajly, IO OTPUMaHHl pPO3pOOJEHUM CIIOCOOOM
apMmyBaHHsA. JlOCHIIKYy€TbCs BIUIMB 3MIHM JIBOX MapaMeTpiB — BIJCTaHI MiX
apMOBAaHUMH IIapaMU Ta JOCIIJKEHHS BIUTUBY IIIJIBHOCTI APYKOBAHOI CTPYKTYpH
3anoBHeHHs. YacToTa mpokiajgaHHs Oyjla po3MIsIHYTa B TPhOX BapiaHTax — Ha
KOXXHOMY IIIapy, Yepe3 OJMH IlIap Ta Yepe3 JBa Iiapy. 3MiHa HIUIBHOCTI 3aIIOBHEHHS
po3misaanack B Bapiantax miibHocTi y 20%, 30% Tta 40% 3 yacToTor0 MpOoKIagaHHs
BOJIOKHA Ha KOXKHOMY II1apy.

[Ipu BUTOTOBIEHHI 3pa3ka 3 MPOKIANAHHSIM BOJOKHA Ha KOKHOMY IIapy,
BIJIMTOBITHO 70 PO3MipiB poOOUOT YaCTHHM 3pa3ka, BUKOPHUCTOBYBAIOCH apMYBaHHS
B KUIBKOCTI 3 JKI'yTa Ha map, o 00yMOBJICHO IIUPUHOIO pOOOYO0T YaCTHHH 3pa3Ka.
BiamoBimHo 10 3amaHUX MapameTpiB JIpyKy, 3 ToBmuHOIO mapy 0,3 MM, mpu
JpyKyBaHHI 3pa3Kka 3aCTOCOBYBAJIOCH 7 IIapiB apMyBaHHS. 3pa3ok ckianascs 3 10
1apiB, BOJIOKHO apMyBaHHS IIPOKIIAIaJI0Ch MIXK IIIApaMHU BiJl IPYTOTO 10 BOCEMOTO.
Hlapu 1, 2 T1a 9, 10 apykyBammch Oe3 apmyBaHHSA. [IpUTHUCKHI TUTAHKU
BCTAHOBJIIOBAJIMCh HA pPaMKy JUIsl MEPIIMX JBOX ImMapiB apmyBaHHs. st mpyky
BUKOPUCTOBYBaBCA (inamMeHT aiamerpoM 1,75 mm, miametp comna — 0,4 mwm,
MaKCUMaJbHUN MapaMeTp MmBUAKOCTI ApyKy — 30 mwm/c. BcraHoBieHa TOBIIHMHA
cTinkd 1,2 MM (3 mepumeTpa), TOBIIMHA BEPXHIX 1 HMXKHIX TOBEepXOHb — 0,9 MM (3

mapa). Tun 3amoBHEHHs — KBaJpaTHA CiTKa, 3 KyTOM JiHIA BIZHOCHO aerani 45°,
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IIbHICTh 3anoBHEHHS — 30%. 3amoBHeHHs nepekputts — 25%. Temmeparypa
IpyKy — apyKyBajbHOTrOo coruia 240 °C, HarpiBy noBepxHi nodynosu — 60 °C. Taki
nmapamMeTpH BIAMOBIMAIOTh ONTHMAJIBHUM IapaMeTpaMm ApyKy, [0 HaJarThCs
BUpoOHUKaMu (Qinamenty. ToBiuHa mapy Oyna oOpaHa BIAMOBIIHO 0 AlaMETPy
comjia JApPYyKyBaJbHOI TOJOBKM 3D-mpuHTEpy, M0 BUKOPHUCTOBYBaBCS st
BUT'OTOBJICHHSI 3pa3kiB. TOBIIMHA CTIHOK Ta KUIBKICTH MEepuUMETpiB Oyna oOpaHa 3
PO3paxyHKy JOCTaTHHOTO 3aKPITUICHHS BOJIOKHA y KIHIIAX 3pa3Ky, s 3a0e3MmeueHHs
JIOCTATHOCTI Marepiaily mojiMepy y poOoudiit 30H1 3pa3zka [90] Ta 3 TOYKH 30py
JOCTaTHbOI MOBHOTH BUKOPUCTAHHS XapaKTEPUCTUK nodimepy [91, 92].

3 METOI BHU3HAYCHHS pAIllOHAIIBHOI CTPYKTYPH Ta BH3HAUCHHS BUCOKUX
BIIACTUBOCTEH, OyaM BHUTOTOBIICHI 3pa3kKd 3 PI3HOK CXEMOK TOIMIapOBOTO
apmyBaHHs. [ BunmpoOyBaHb OyJi0 BUTOTOBJIEHO KOMIUIEKT 3 10 3pa3kiB jgBOMAa
napTisMHu, 5 3pa3kiB 03 apMyBaHHs, 1HII 5 — 3 apMyBaHHAM, HaJalITyBaHHA JPYKY
JUTS 3pa3KiB 3 BOJIOKHOM Ta 0e3 Oynu mpuiHsTI ogHakoBi. [Ipyu BUTOTOBIEHH] MapTii
3pa3kiB 3 TPOKJIAJaHHSM BOJIOKHA 4Yepe3 OJMH Ta uepe3 JBa IIapu BCl 1HIII
napaMeTpu Ipolecy IpyKy Ta KUIbKICTh JPKTYTiB BOJIOKHA Ha IIap HE 3MIHIOBAJIUCH.
KinpkicTh 3pa3kiB y BCiX MapTisiXx — TaKoX 5, y BCIX 3pa3kax IUX TapTii Oyna
BUKOpPUCTaHA IIIIBHICTH 3amoBHEHHS Y 30%. [Ipu BUTOTOBNIEHHI MapTiil 3pa3kiB 3
3MIHIOIO HIIJILHOCTI 3alOBHEHHS OyJI0 BHTOTOBJICHO JBI MapTii mo 5 3paskiB 3
CXEMOIO apMYBaHHsI Ha KO)KHOMY IIapi.

[Ipu BHTOTOBIICHHI 3pa3KiB KOHTPOJIOBABCS BHXIJl BOJOKHA apMyBaHHS 3a
MeXI1 JieTaji (Ha30BHI) Ta KOHTPOJIOBANIACh (DiKcallisi BOJIOKHA Ha TOPIISX 3pa3Ka mpH
3MiHI HampsIMKy YKJIaJaHHS apMyuoro Marepiamy. 3pa3ku 3 aeQeKkTaMu BUXOLY
BOJIOKHA Ta He(IKCaIll€lo 0 MONAJBIINX BUMPOOYyBaHb HE NOMyCKaIHCh. [licms
JIPYKY 3pa3KiB BiJIpI3aJINCh 3aJUIIKOBI JUKTYTH BOJIOKHA, 3aUWINAIACh IOBEPXHS
3pa3kiB y Micigx 3axary. llepen BumpoOyBaHHSIM Ha poOOYy YAaCTHHY 3pa3KiB
HAHOCWJIHCH JIiHI{ PO3MITKH 3 KPOKOM 5 MM.

Pucynku 3.8 — 3.10 7eMOHCTPYIOTh TUIIOBI TEXHOJIOT14YH1 KPOKU apMyBaHHS B

nporieci apykKy 3paskiB. Pucynok 3.11 ta 3.12 — 30BHiIIHINA BU 3pa3KiB, B JTaHOMY



BUIIAJIKy — 3 apPMYBAHHSIM Ha KOKHOMY IIapl Ta IIUIbHICTIO 3armoBHEHHA 30%

puc. 3.8 1 3.10 Takox BUHO TOAATKOBI IPUTHUCKHU.
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. Ha

Pucynoxk 3.9 — Ilporec apyKkyBaHHS 3aKpIiTUTIOIOYOTO Iapy
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Pucynok 3.10 — [locTtanoBka qpyKy Ha may3y 1 BIABEICHHS IPYKYBaJIbHOI TOJIOBKU

Pucynok 3.11 — YacTuHa KOMITJIEKTY 3pa3KiB, mapa 0e3 apMyBaHHS 1 mapa 3

apMyBaHHSIM
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Pucynok 3.12 — 3pa3ku 3 i 4 3 nmapTii 3pa3KkiB 3 apMyBaHHIM

B pesynbrari BunpoOyBaHb mapTiid 3pa3kiB Oyiau OTpUMaH1 Pe3yJIbTaTH MEXKi
MIITHOCTI Gy, MEKH IJIMHHOCTI Go» Ta MOAYs npykHOCTI E. [{ns1 3paskiB, e po3puB
BiOyBCS B Mekax 0a3uW eKcTeH3oMeTpa Oyidu TakoXK OTpUMaHl pe3ylbTaTH
BIJTHOCHOTO MOAOBXEHHS 0s. Takoxk /IS TOBIIKK BKa3aHa ILJIoIIA Tepepizy podouoi
30HM 3pa3ka Fo. Pesynbratm HaBemeHi B Tabn. 3.2 s 3pas3kiB 06e3 apMyBaHHSA,
miiapHICTh 3anmoBHeHHs 30%. B Ta6m. 3.3, 3.4, 3.5 — nmus 3paskiB 3 MIUIBHICTIO
3anoBHeHHs 30% 3 apMyBaHHIM B KO)KHOMY IIIapi, uepe3 map i yepes ABa mapu. B
Tabin. 3.6, 3.7 — 14 3pa3KiB 3 apMyBaHHSIM B KOXKHOMY I1api, HIUIBHOCTI 3alTOBHEHHS
20% 1 40%. 3oBHIIIHINA BUJ 3pa3KiB micias BunpoOyBaHb — Ha puc. 3.13 1 3.14, B
JTAHOMY BWITaJIKy HaBelleHO (DOTO 3pa3KiB 3 apMyBaHHSIM Ha KokHOMY 1mapi, 30%

[JIBbHICTH 3aIIOBHEHHS.

Tabmuis 3.2 — PesynbraTn BUnipoOyBanb (6e3 apmyBaHHs, 30% MIITBHICTH)
3pa3ok 1 2 3 4 5
Fo, Mm? 19,90 |20,20 19,95 20 20,30
os, MIla 31,2 31,6 31,5 31,3 31,3

Go,2, MIIa 26,5 26,2 26,3 26,5 263
E, I'lla 1,57 1,57 1,55 1,50 1,56




s, %

11,6

10,8

11,5

10,9

11,4
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Tabnuus 3.3 — Pe3ynbraTi BUIPOOYBaHb (3 apMyBaHHSAM Ha KOKHOMY 1Hapi,

30% MIUIBHICTB)

3pa3ok 1 2 3 4 5
Fo, Mm? 21,85 21,90 22,01 21,73 | 21,76
o, MlIla 55,3 54,6 54,7 59,4 58,5
60,2, MIla 48.9 48,1 48,4 53,7 52,1
E, I'Tla 3,21 3,23 3,20 3,25 3,23
ds, %o 3,6 - - 3.4 3,7

Tabmuns 3.4 — Pe3ynsratu BUnipoOyBaHb (3 apMyBaHHSIM 4epe3 OJuH Iap,

30% MmIIBHICTB)

3pa3ok 1 2 3 4 5
Fo, Mmm? 21,70 21,75 21,90 21,70 | 21,67
os, MIla 49.9 50,1 50,1 50 49,8
00,2, MIla 45,1 45,6 45,5 454 |45
E, I'lla 2,95 2,96 2,96 2,95 2,94
ds, %o - 4,1 4,2 - 4,2

Tabmuis 3.5 — PesynbraTi BUIpoOyBaHb (3 apMyBaHHSIM Yepe3 JBa IIapH,

30% IIIBHICTB)

3pa3ok 1 2 3 4 5
Fo, mm? 21,60 | 21,65 21,80 |21,75 |21,63
os, MIla 40,3 41,0 40,3 40,4 1399
Go,2, MIIa 35,9 36,2 35,7 36,1 35,6
E, I'Tla 2,69 2,71 2,70 2,70 | 2,66
ds, %o - 4,7 4,8 - 4,8
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Tabnuus 3.6 — PesynbraTi BUIPOOYBaHb (3 apMyBaHHSAM Ha KOKHOMY 11api,

20% LIIIBHICTD)

3pa3ok 1 2 3 4 5
Fo, Mmm? 21,83 21,80 21,85 21,90 |21,82
o, MlIla 52,1 51,6 52,2 55,3 53,9
60,2, MIla 48,1 47,1 48,9 50,7 48.9
E, I'Tla 3,21 3,23 3,20 3,25 3,23
ds, %o - 3,6 3,7 - 3,7

Tabmuns 3.7 — Pe3ynsrat BUnipoOyBaHb (3 apMyBaHHSIM Ha KOXKHOMY Iapi,

40% 1IiIBHICTD)

3pa3ok 1 2 3 4 5
Fo, mm? 21,71 21,83 21,92 21,95 |21,70
os, MIla 55,8 55,1 55,1 60,3 59,8
Go,2, MIIa 50,1 49,2 48,4 55,7 54,9
E, I'lla 3,22 3,24 3,21 3,26 3,25
ds, %o 3,6 - - 3.4 3,7

Pucynok 3.13 — 3pasku 1 ta 2 3 maprii 3pa3kiB 0e3 apMyBaHHSI MiCJIsSI BATIPOOYBaHb
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Pucynok 3.14 — 3pa3ku 3 1 4 3 mapTii 3pa3kiB 3 apMyBaHHSM Iiciisi BUIPOOYBaHb

3a pe3ynbraTaMu BUIPOOYBaHb ISl KOXKHOT cepii 3pa3kiB OyiH B3sITI CEpeHl

Mo cepii BIACTUBOCTI. JIJIsi 3py4YHOCTI MOAAJIBIIOTO aHAJI3y pe3yabTaTH OyayTh

3rpynoBaHi y 6 BapiaHTiB:

A S A

6.

be3 apmyBanHs, miibHICTS 3anoBHEHHS 30% (pedepencHuii 3pa3ok);
3 apMyBaHHSM B KO)KHOMY LIapi, MIIIBHICTh 3aroBHEHHS 30%;

3 apmyBaHHSM Yepe3 Iap, MUIbHICTh 3anoBHEeHHS 30%;

3 apMyBaHHSM 4epe3 JiBa IIapH, MUIbHICT 3anmoBHEeHHS 30%;

3 apMyBaHHSM B KOKHOMY IIapi, IIIBHICTh 3aroBHEHHS 20%;

3 apMyBaHHSM B KO)KHOMY Iapi, MUIBHICT 3anoBHEeHHS 40%.

BiamosinHo 10 po3mnonily BapiaHTiB, XapaKTEPUCTUKU MaTepiady BHECEHI B

tabu. 3.8. ['padiku 3a1€KHOCTI MEXI1 MIIHOCTI Ta MOIYJTIO MPY>KHOCTI MPECTaBICH1

Ha puc. 3.15 —3.20.

Tabmuis 3.8 — PesynbraTit BUTPOOYyBaHb 1O BapiaHTaM apMyBaHHS

Bapiant 1 2 3 4 5 6
Fo, MM? 20,07 21,85 21,74 21,69 21,84 21,82
os, MIla 31,4 56,5 49,9 40,4 53 57,1
Go,2, MIIa 26,4 50,2 453 35,9 48,7 51,5
E, I'lla 1,55 3,22 2,95 2,69 3,22 3,24
ds, %o 11,2 3,6 4,2 4,7 3,7 3,6
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B 3anexHoCTI Bi mapameTpy, L0 3MIHIOBAaBCsI, 3pa3Ku Oyl BHECEH1 y TPYIIH.
[Ipu 3MiHI BiJICTaHI MK IIapaMH apMyBaHHs po3Iisjanach rpymna 3paskis 2, 3, 4.

[Ipu 3MiHI HIIIBHOCTI 3aNIOBHEHHSI PO3IUIsiganachk rpymna 3pas3kiB 5, 2, 6.

oB, Mlla
60
56,5
55
49,9
50
45
40,4
40
y=-16,111x2-7,5x + 60,2
35 R2=1
30
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 h, Mm

Pucynok 3.15 — 3anexxHicTh MEX1 MIITHOCTI BiJ] BIICTaH1 MIX IIIapaMy apMyBaHHS

[Ipu 306imbpIIeHH] BiJCTaHI MDK IapaMd h y Tpu pasu, Mexa MIIHOCTI
3MeHInyeTbess Ha 28,5%. HaiiOinbmia MIIHICTD JOCATAETHCA MPU MiHIMAJIbHIM
BifcTanl MK mapamu — 0,3 mMM. [[ng MareMarnyHOTO OMMHUCY PO3IMOAUICHHS
OTpUMAHUX JaHUX Oyl MPOAHAIII30BaHI PsI/i AMPOKCUMYIOUNX (YHKITIH, 30KpemMa —
JiHIMHA, MTOIIHOMIaJbHA Ta CTyINeHeBa. Bu3HadeHo, 110 HalOIbIT TOYHO OTPUMAaHI
JaHl MOJXKHA OIMCATH TMOJIIHOMIAaJbHOIO (KBAaJPAaTHYHOIO) 3aJICKHICTIO JPYTroro

CTYTICHIO:

s =-16,111h2 - 7,5h + 60,2 3.1)

ne h — BigcTanp MiX IIapaMu apMyBaHHS, MM

o — Meka MirgHocTi, MIla
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00,2, MIIa
55

50,2 y =-25x2+6,1667x + 50,6

R*=1

50

45

40
35,9

35

30
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 h, MM

Pucynok 3.16 — 3anexHicTh MEX1 TUIMHHOCTI BiJl BIACTaHI MIXK IIapaMu

apMyBaHHS

Meska TUIMHHOCTI 31 301TIBIIIEHHSM BiJICTaH1 MK IIapaMy TaKOXK 3MEHIITYEThCS
Ha 28,5%. Haitbinblne 3HaYeHHS Go2 JOCATAETHCS MPU MIHIMAJIbHIM BIJCTaHI M1k
mapamu — 0,3 mm. OTpumaHi JaHl TaKOXX MOXKHA OIHMCATH IOJIIHOMIaJIbHOIO

(KBaipaTUIHOIO) 3aJICIKHICTIO JIPYTOTO CTYIICHIO:
co2 = 25h* + 6,1667h + 50,6 (3.2)

ne h — BigcTanp MiX IIapaMu apMyBaHHS, MM

00,2 — Mexa TmHHOCTI, MIIa
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E, I'Tla
3,3
3,22
3,2
3,1 y=-0,8833x + 3,4833
R*=0,9999

3
2,9
2,8

2,69
2,7
2,6
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 h, MM

Pucynok 3.17 — 3anexHicTh MOyl IPYKHOCTI BiJ] BICTaH1 MIX IIapaMu

apMyBaHHS
Mogynb npyKHOCT1 3MeHIIyeTbes Ha 16,5%, HalOULIblIe 3HAYEHHS TaKOX

crioctepiraeTbes mpu h = 0,3 MM. 3aeXHICT, MOIYJIS MPYKHOCTI BiJ 3HaYeHHS h

MOKHA OITUCATH JIHIHHOIO 3aJ'I€}KHiCTIO, 10 HaBCACHA HUKYC!:

E =-0,8833h + 3,4833 (3.3)

ne h — BiacTaHp MiX IIapaMHu apMyBaHHS, MM

E — monyns mpyxnocri, ['Tla
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oB, MIIa
57,5 57,1

.............

57

56,5

56
y=-0,0145x2+1,075x + 37,3

55,5 R2= 1

55
54,5
54

53,5
53

53

52,5
15 20 25 30 35 40 45 P, %

Pucynok 3.18 — 3anexHicTh MEX1 MIITHOCTI BiJ] IIUTBHOCTI 3aIIOBHEHHS

[Tpu 3Mmini nrieHOCTI 3anoBHeHHs Bix 20% no 40% 3aranbHe 301IBIICHHS
MeX1 MIITHOCTI ckJanae 7,7%. 13 mobynoBanoro rpadika BHIHO, IO MeXa MIITHOCTI
3pocTae 31 30UIBIICHHSM IIUIBHOCTI 3aloBHEHHS. 30Kpema, Npu 301IbIICHHI
mrineHOCTI 3 20% 1o 30%, mpupict Mexi MirHOCTI ckinamae 3,5 MITA, toni sik ipu
36utbmenHi 3 30% 10 40% — aume 0,6. Ile cBigunTh, 110 31 3pOCTAHHIM IIIIBHOCTI
3aIOBHEHHS CTPYKTypa Marepially TIOCTYIIOBO HACHYYEThCS 1 TMOAAbBIIE
VIIUTbHEHHS Ja€ MEHIIUW mpupicT MimHOCTI. Llg TeHaeHIis XxapakTtepHa s
JeTajge, 1o OTPUMaHI METOJOM ITOIIAPOBOTO CHHTE3Y. AHaJ3 anmpOKCHMYHOUHX
(GYHKITIH TTOKa3aB, M0 3aJICKHICTh MEK1 MIIIHOCTI BiJT IIJIBHOCTI 3aITOBHEHHS MOKHA

OTHMCaTH TOJIIHOMIAIBbHOIO 3JICIKHICTIO IPYTOTO CTYTICHIO:

6B =-0,0145p2+ 1,075 p + 37,3 (3.4)

1ie p — OIIIBHICTH 3aITOBHEHHS, %

OB — Meska MmirHocTi, MIla
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Gy, Mlla

52

51,5

51,5

51
50,5

50

y=-0,001x2 + 0,2x + 45,1

49,5 R®=1

49 48,7
48,5

15 20 25 30 35 40 45 P, %

Pucynok 3.19 — 3anexHicTh MEXI1 TUIMHHOCTI BiJl IIJILHOCTI 3aITOBHCHHS

[Ipu 36imbmieHH1 mUIBHOCTI 3amoBHeHHs Big 20% o 40% 3aranbHe
30UIBIICHHS MEXI1 IIMHHOCTI ckiamae 5,8%. Ha BigMiHy Big MeXi MIITHOCTI,
30UIBIICHHS MEX1 TUTMHHOCTI Ha 3aJlaHOMY Jiara3oHi OuIbIn piBHOMIpHE. Jlis
MaTeMaTHYHOTO OMUCY PO3IOAICHHS OTPUMAHKUX JaHUX BU3HAYEHO MOJIHOMIAJIBHY

byHKITIO:

Goz =-0,001 p2+0,2 p + 45,1 (3.5)

7ie p — UIIIBHICTH 3aITIOBHEHHS, %

00,2 — Mexa TmHHOCTI, MIIa
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E, I'Tla
3,245
3,24

3,24
3,235

3,23
3,225

3,22 3,22
3,22 y =0,0001x2 - 0,005x + 3,28
........... R*=1
3,215
15 20 25 30 35 40 45 p, %

Pucynok 3.20 — 3asiexkHiCTh MOYJSl IPYKHOCTI BiJ] IIUIBHOCTI 3aIIOBHEHHS

31 301IBIIEHHSM IIUJIBHOCTI HAIIOBHEHHS MOJYJb MPY>KHOCTI MPAaKTUYHO HE
3MIHIOETBCS, A€ JUIsl BU3HAYEHHS MOIYJISI PYKHOCTI Y MEXax 3a7aHOro J11ara3oHy

HIUTPHOCTEN TaKO)K MOYKHA BUKOPHUCTOBYBATH TMOJIHOMIaIbHY (DYHKIIIFO:

E =-0,0001 p2-0,005 p + 3,28 (3,6)

1ie p — UIIIBHICTH 3alTIOBHEHHS, %
E — monyns npyxuocTi, ['Tla
BusnaueHi 3a1€KHOCTI 103BOJISIOTH MPOTHO3YBAaTH BIACTUBOCTI MaTepiaity B
3aJIeKHOCTI Bijl MapaMeTpiB apMyBaHHSA YHM HaJallITyBaHHA PEeXuMiB 3D-mpyky.
BianoBigHo 10 KoediIieHTIB 1 TUIIIB 3aI€KHOCTEH, OCHOBHUM (haKTOPOM BILIMBY Ha
BJIACTUBOCTI TIOJIMEPHOTO KOMTMIO3UIIIMHOTO Marepiainy, oTpuManuM 3 D-mpykom, €
BiJICTaHb MDXK mmapamMu apmyBaHHsS. LI[ineHICTH 3amOBHEHHS XO4Y 1 BIUIMBAE Ha

BJIACTUBOCTI MaTepiaiy, BIUTMB 3MIHU I[LOTO MapaMeTpy MEHIIIHMA.
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3.3 BUCHOBKHM /10 po3aiiy

3pa3ku, apMOBaHI BOJOKHOM, MOKa3aldl BHUILI XapaKTEPUCTUKH MIITHOCTI Ta
Moyito mpyxHocTi. [1o pe3ynasraram BUNpoOyBaHb pi3HUX BapiaHTIB CTPYKTYpHU Ta
CXeMH apMyBaHHs, OyJa BCTAHOBIIEHA 3aJI€KHICTh BIACTUBOCTEH MIIHOCTI
Matepiaiay BiJ MMapaMeTpiB apMyBaHHS. TakuM YMHOM, B 3aJICKHOCTI BiJl 4acTOTH
NPOKJIAJICHHS BOJIOKHA — Yepe3 JBa IIapH, Yepe3 OJHH IIap Ta Y KOKHOMY IIapi,
Mexa MINHOCTI 30ubmyBanack Ha 29%, 59% 1 80%. Moayns npyKHOCTI
30uIbIIyBaBCs, BiANMoOBiAHO, Ha 74%, 90% Ta 101%. Ilpuyomy, 3MmiHa
TEXHOJIOTIYHOTO mapaMmeTrpy 3D-IpyKy, a caMe — IIUIBHOCTI 3alOBHEHHS, IMPHU
MOCTIMHIN YacTOTI MpOKJIaJaHHs BOJIOKHA, MaJI0 HE3HAYHHUH BILIMB HA BIACTUBOCTI.
ITpu 3mini yacToTH 3anoBHEHHA 3 30% no 20%, Meka MIIHOCTI 3MEHIIWIACh Ha
6%, Mexa TmHHOCTI — Ha 3%. [Ipu 3miH1 yacTtotu 3anoBHeHH: 3 30% 10 40%, Mexa
MIIHOCTI 1 TNIMHHOCTI 301bIniIack BiamoBigHo Ha 1% Ta 2%. Moaynb npy»KHOCTI
3MIHIOBaBCs He OUIbII K Ha 1% B 000X BHUIamkax 3MIHM MIIJIHHOCTI 3aIIOBHEHHS.
Buxoasuu 3 11p0ro MOkHa 3pOOMTH BUBIiJ, 110 301IBIIEHHSI YaCTOTH apMyBaHHS B
nepepisi BUpoOy Biirpae OCHOBHY pOJb y 30UIBIICHHI XapaKTEPUCTHK MIITHOCTI
BUPOOY.

BuznadueHo 3a1eKHOCTI BIACTUBOCTEH MaTepialy BiJl TapaMeTpiB apMyBaHHS
Ta HajamTyBaHb 3D-1pyKy. BusHaueHo, 1110 B MOPiBHSIHHI 3 0a30BUM 3pa3koM 0e3
apMyBaHHA Ta 3 UIUTbHICTIO 3amoBHEHHS 30% HaMOIMBIINMNA MPUPICT MIITHOCTI
3a0e3Mmeuy€eThCsl apMYBaHHIM B KOXKHOMY I1api, TOOTO 3 BIICTAHHIO MIXK IIapamMH y
0,3 mMMm. Biacranp MK mapaMu apMyBaHHS Bijirpae HaWOUIBIINKA BIUIMB TaKi
BJIACTUBOCTI MaTepiaiy, K MeXa MIITHOCTI, MeXa TUIMHHOCTI Ta MOAYJb MPY>KHOCTI.
OTtpumani B pe3yabrari 00poOKu rpadikiB anmpoKCUMAIliHI PIBHIHHS JTO3BOJSIOTH
MPOTHO3YBATH BIACTUBOCTI B 3a3HAYCHHUX Jiama3oHax.

[Tpu 361bIIEHHT XapaKTEPUCTHK, ApMyBaHHS HE MPU3BOAMIIO 10 BAHUKHEHHS
HEOMIKIB, TAKMX SK 30UIBIIEHHS JIAMKOCTI 3pa3kiB a00 mepemryacHuil po3puB Ta
po3liapyBaHHsI JeTajed dYepe3 HasABHICTb CTOPOHHBOTO Marepialy MIK

HaJpYKOBAaHMMH IIapaMH IUIACTHKY. TakoX, MOpW JOTPUMaHHI BIAMOBIIHUX
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MIHIMQJIBHUX 3a30pIB Ta MPOMDXKKIB MK BOJIOKHOM apMyBaHHS Ta MOBEPXHAMHU
JieTal, BHECEHHSI apMyBaHHS HE MPU3BOJAUTH /0 MOSABHU JE€(PEKTIB Ha MOBEPXHIX
JeTaneil, Takux SK  po3LIapyBaHHSA, IOPU YA  PO3PUBM  Marepiaiy.
ExcriepumeHTanbHUN aHali3 XapakTEpUCTUK BUPOOIB OTPUMAHUX PO3POOIECHUM
METOJIOM apMyBaHHS JOBIB POOOTO3JaTHICTh TAKOI'O METOAY apMyBaHHS, JIOBIB
MOKpAIIEHHS XapaKTEPUCTUK MaTepialy Ta eTajen.

3ajaua 1J1s HaCTYITHOTO PO3/UTY JTOCHIIKEHHS MOJArae y po3paxyHKy AeTail
3 TOJIMEPHOTO KOMIMO3WLIMHOIO Marepiaidy, L0 OTPUMAHUN JaHUM METOIOM

apMyBaHHS Ta eKCIIEpUMEHTaNbHOI Bepudikaliii pe3ynbTraris [93].
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4 PO3PAXYHOK JETAJII 3 IIKM I BEPU®IKALIA PE3YJ/IBTATIB

4.1 O0rpyHTyBaHHs Bepudikauii pe3yabTaTiB

Pesynbratn BumnpoOyBaHb, 0 OyJlM OTpUMaHl B NONEPEAHBOMY PO3ALIL,
noTpeOyroTh mepeBipku. Lle moB’s3aHO 3 THUM, 1O, SK OylI0 paHille 3a3Ha4eHo,
(13MKO-MEXaHIuHI BIJIACTUBOCTI BHUPOOIB, OTPUMAHMX MOIIAPOBUM CHHTE30M,
CYTTE€BO 3aJieKaThb HE TUIBKM BiJI MaTepialny, a W BiJl TeoMeTpii BUpPOOy Ta
TEXHOJIOTTYHUX pexxkumiB 3D-apyky. Ha MilHICTh MOXKe BIJTUBATH TaKi MmapaMeTpu
CUHTE3Y, SIK KUIbKICTh MEPUMETPIB y CTIHI B IUIOIIMHI MIAPY, JiaMeTp coria (KUt
BU3HaYa€ MIMPUHY OJUHUYHOTO TIEpUMETpa), TOBIIHMHA INapy, KiIBKICTh IIapiB
CYLJILHOTO TMEPEKPUTTS HHU3Y 1 BEpXy JeTajl, IIUIbHICTh 3alIOBHEHHS, PUCYHOK
3allOBHCHHsI. PUCYHOK 3allOBHEHHS TaKO)K MO)KE HaJaBaTH JI€Taji OPTOTPOIiYHi
BJIACTHBOCT1 CTOCOBHO HaBaHTAXEHb, 1110 JI1IOTH B MIIOIIMHI 11apy. B 3aexxHocTi Big
KyTa, IiJl SKUM pO3TaIloBaHi JiHIi 3alIOBHEHHS BIJIHOCHO HAMPSAMY Jii 30BHIIIHIX
CuJ1, BiIOyBa€eThCs pi3HE PO3MO/IJICHHS HAaBAaHTAKEHHS HA BIAMIOBITHO 3aITIOBHECHHS 1
000JIOHKY JeTaji. Xoua 3almoBHEHHS 1 OOOJOHKA € CYIIbHOIO, CKPIMJICHOO
KOHCTPYKITI€I0, IPOCTOPOBA CTPYKTYpa 3allOBHEHHS 3’ €JHAHA 3 0OOJIOHKOIO JIUIIIE B
NEBHUX JUCKPETHUX Toukax. lle Takok MoOXe BHUKIMKATH HEPIBHOMIpHE
PO3IOAUICHHS HaBaHTAXXCHb 1 HAMPYKEHb MPHU il PO3MOMIICHUX CHUJI Ha CTIHKU
netaii. BianmoBigHo, BIaCTUBOCTI MaTepiany, OTpUMaHI K pe3yJbTaT BUIIPOOYBaHb,
BIJIMOBIIal0Th BUPOOAM JIUIIIE 3 TAKUMH TEXHOJOTTYHUMH MapaMeTpaMu CTPYKTYP
3D-npyky.

Temmeparypa coria ApyKyBaJdbHOI TOJTOBKU TAKOK Ma€ BIUTMB Ha MIIHICTb,
K B MEXax IIapy, Tak 1 Ha aare3iro MK mapamu. Ale, Ha BIAMIHY BiJ 1HIIAX
TEXHOJIOTIYHUX TapaMeTpiB CHUHTE3y, BHOIp TeMIlepaTypu COIUIa APYyKyBadbHOI
TOJIOBKH 3aJICKHUTh Bijl MaTepiaiy, 0 BUKOPUCTOBYETHCS.

Crnin 3a3HaYuTH, MO PE3yabTaTH BUMPOOYBaHb MAIOTh KOPHUCTH JIMINE JIJIS
MIEBHOI CXEMHU METO/ly apMyBaHHS. BiJIMOBIIHO A0 MpOBEACHUX BUIPOOYBaHb,

OTPUMaH1 BJIACTUBOCTI Marepiajly BIAMOBIIAlOTh MOIIAPOBOMY OJIHOHAIIPABICHOMY
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apMyBaHHIO 3 YaCTOTOI0 OJWHUYHMX HUTOK BOJIOKHA Y 2 MM Ta MPOKJIAaJaHHIO
Ha0Opy BOJIOKOH KOXKEH IIap OKPIM JBOX MEPIIHMX Ta JIBOX OCTAHHIX.

Buxonsiun 3 11i€i koMOiHaIi TBEpJKEHb, MOXXHA 3pOOUTH BUCHOBOK, IIIO
TakuM yuHOM OyB oTpumanuil [IKM 3 neBHUME XapakTepucTUKaMu MiIHOCTI. Tomy
HEOOX1THO MEPEBIPUTH TIMOTE3Y, 10 BIACTUBOCTI LOTO MaTepiany OyayTh 1MoaiOHi
Y1 OIHAKOB1 HE3aJEXKHO B1Jl MPOCTOpoBOi popmu aetaini. Lle 1 € oOrpyHTyBaHHSAM
HEoOX1qHOCTI Bepu(ikaiii pe3yabTaTiB Ta MIATBEPKEHHS Mpale3aaTHOCTI
po3pobieHoro Merony noirapoBoro cuure3y [IKM.

[Tporec Bepudikarlii momnsirae y ctBoperHi mozaeni Bupody y CAD (computer
aided design) cuctemi, po3paxyHoK ii B mporpamHomy 3a6esneuenHi CAE (computer
aided engineering), BUTOTOBJICHHS BUPOOYy Ta KHoro BUIIPOOyBaHHS. Y SKOCTI
nporpaMHoro 3abesrnedeHHs OyB oOpanuii mporpamauii maketr Solidworks Bepcii
2020. ITepesara uporo 13 y Tomy, mo B HboMy peanizoBaHo ¢yHkuionan CAD Ta
CAE B ogHOMY CHUTBHOMY CepefoBHIII, 0e3 MOTpeOr MEepeHOCUTH 00’ €KTH MiXk
pPI3HUMHU TpoTrpaMaMu YW HEOOX1THOCTI KOHBepramiil (aiyiB B iHII (OopMaTH.
PozpaxynkoBuit Moaynb (Solidworks Simulation) BOynoBaHuii B OCHOBHY ITpOTpaMy
K JOAATOK 0 OCHOBHOTO (PYHKIIIOHAJIy MOJIETIOBAHHS, IO JO3BOJSE YMOBaM
pPO3paxyHKy (3akpilJIeHHS, TMPUKIAIEHHS 3yCWiIb 1 TJ.) TMapaMeTpuyHO
3MIHIOBAaTHCh TIPH 3MiHaX reomeTpii Moxem. Po3paxyHok 6a3yeTbcs Ha MeETOAl

ckinueHHux exemeHTiB (MCE) [94].

4.2 CyTHicTh MeTOy CKiHYEHHUX eJIeMEeHTIiB

MeTosy CKIHYEHHHX €JIEMEHTIB — YHCIOBUH METOA  PO3B’SI3aHHA
mudepeHIianbHUX PIBHAHB, KUK mependadae po3OuTTs obnacti abo 00’ekra
JTOCTIDKCHHS Ha CKIHYEHHY KUIbKiCTh enemeHTiB [95]. lle HeoOXimHO s
ampokcuMaItii TiT Ta 00’ eMiB 11t TOOYTyBaHHS MOJIEIT CEPEIOBHINA Y BUTIISAI CITKH
eneMmeHTiB. EnemeHTH MOXyTh OyTH TPUBHUMIDHHUMH YW JBOBUMIPDHUMH, SIKIIO
neBHa 3aj1ava jgomyckae 2D-anpokcumanito. Halwactimi ¢opmMu eneMeHTiB —

TPUKYTHHUKHU Ta YOTUPUKYTHHUKHU ISl ABOBUMIPHUX CITOK Ta TETpaeApH YU KyOu JJist
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TpuBUMIpHOI. [T0Oyn0Ba CiTKM HEOOX1HA JUIsl HAJaHHS KOJKHIA BEpPILIUHI €IEMEHTa
psay napameTpiB, 1110 MOBHICTIO OMUCY€E WOTO0, BIATIOBIIHO 0 THUIY aHaji3y Ta BULY

€JIEMEHTA, 1110 BUKOPUCTOBYEThCA (puc. 4.1).

Pucynok 4.1 — CAD-moznens 1 Mojienb po30uTa Ha CITKY €JIEMEHTIB

[Ticns 1poro mnporpaMHUl MOAYIIb pPO3pOOIIsiE PIBHSIHHS, SIKI KEpylOTh
MOBE/IIHKOIO KOXKHOTO By3Jla Ta €JIEMEHTA, 3 BpaxyBaHHSAM 3’€IHaHb BY3JIB 1
eJeMeHTiB 3 1HmMUMU. L1 piBHSAHHS 3aCHOBaHI Ha peakilii eIeMEHTIB BiAMOBITHO 10
TUITY aHaJI3y Ta 3aJIaHUX BIACTUBOCTEH MaTepiaiy (MmarepianiB) 06’ emy [96]. Jlami
nporpaMa BIIOPSIKOBY€E DPIBHSIHHS ISl KOXKHOTO €JEMEHTY B 3arajibHy CHUCTEMY
PIBHSIHB 1 BHUPAaXOBY€ HEBIJIOMI, BUKOPHCTOBYIOUM 3a KIHIICBI YMOBH IapaMeTpu
HAaBaHTA)XCHb, 3aKPIIUICHb, 3B SA3KIB 1 1HII KiHIIEBI mapameTpu. Hampuknan, npu
pO3paxyBaHHI HAMpPYXeHb ISl KOKHOTO BYy3Jla PO3PaXOBYETHCS TEPEMIIICHHS, 3
9Ooro, BIITHOCHO XapaKTEPUCTHUK Marepially, po3paxoByIOThCs JaedopMalrii 1 KiHIIeB1
Hanpyxenuss [97]. Otpumani pe3ynbTaTd (QOPMYIOTBCS Yy BHUIISAIl EMIOP
PO3MOITICHHS, Y BUIVISAAI KOJBOPOBOTO CIekTpy Ha Mmomeni (puc. 4.2). Takox €
MOJKJTUBICTH 33/1aBaTH TMOJIOKEHHS JAaTYMKIB y By3JlaX 4d eleMeHTax 1 (opmyBaru

TaOJUITIO PE3yJIbTaTIB.
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Pucynoxk 4.2 — Ilpukian entopu Hanpy>keHb 3 po3pizoM

Opnniero 3 nepear MCE € iioro 31aTHICTh OOpOOJISITH T€OMETPii MIUPOKOTO
CIIEKTpy CKJagHocTer. [leit MeTonq Mo)kHa BUKOPHCTOBYBATH JJIsl aHAII3y TiJI, IO
MalOTh HEOJHOPIJIHI MaTepiayii Ta HEPIBHOMIPHE HABaHTAXXEHHS YU PO3MOJILI
30BHIIIHIX CHJI, IO pOOUTH HOTO MOTY>KHUM 1HCTPYMEHTOM JIsl MojientoBanHs. [1le
onHa nepeBara MCE — 3maTHICTBH aHai3y IIMPOKOTO CIEKTPY (I3UYHUX SIBHIIL.
Hampuknan, #Woro Mo)Ha BHKOPUCTOBYBATHM JJIS MOJCIIOBAaHHS TOBEIIHKH
KOHCTPYKIIIH ITi/1 BILTHBOM MEXaHIYHMX HaBaHTAKCHb, JJIsI aHAJI3Y Tepenadl Teria
yepe3 MaTepiaia, i1 MOACITIOBaHHS Ta aHali3y IMOTOKY PiWH 4YM ra3iB depe3
ckinagHi reomerpli. Ogaak MCE mae geski oomexxenHs. OnqHUM 3 0OMEXEHb —
MpoIiec aHajizy Moke OyTH OOYMCIIIOBAJIbHO-IHTCHCHBHUM, BUMAararouud 3HAYHHUX
OOYHCTTIOBAIBHUX PECYPCIB JJIsi BHUpIMIEHHS 3aaa4. KpiM TOro, TOYHICTH MeTOmy
3aJIEXKUTH B1J IKOCTI MOJEJ CKIHYEHUX €JIEMEHTIB Ta TOYHOCT] BXIJTHUX JaHUX.

TouyHicTe MoOmeNi 3aJeXUTh B TMEPIIy UYEPry BiA TapaMmeTpiB CITKH.
Posrsigatoun 0coOMMBOCTI MOOYIOBU CITOK, MOXKIIMBO BHJIUIATH JBAa OCHOBHHUX
napameTpa SIKOCTI CITKH — PO3Mip €JIEMEHTIB CITKH Ta CTPYKTYPOBaHICTh CITKH.

Po3mip eneMeHTIB CiTKM MTOBHHEH BiATOBIIATH JIOKAJIBHIN reoMeTpii AeTai.
Buxonsum 3 yMOBH ycepeqHEHHS PO3MOIiTY €JIEeMEHTIB, y OyIb-sKOMY MEepeTHHI
JeTajai MOBHHHO OyTH HE MEHIIE TPhOX E€JIEMEHTIB 1O TOBIIMHI. Ile BUKIHMKaHO

HEJOMYIICHHSIM KOHILIEHTPAIlll YSBHUX HaNpyKeHb B1J] 30BHIIIHIX HABAaHTAXEHb Y
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OJMHUYHOMY BY3Jy CITKH, KM SIBJIl€ HECKIHUEHHO Majui 00’€M, 10 CIIOTBOPIOE
pe3ynbrar. [10XuOku Takoro THIy TaKOXK MOXKYTh BUHUKATU O11s1 MICIb 3aKpIILJIEHb,
10 TAKOX MOB’sA3aHO 3 €(heKTaMH BY3JIOBOI KOHIIEHTpAllli YIBHUX HanpyxeHsb. Taki
MOMWJIKM MalOTh Ha3By NOXUOOK KpailoBoro edekty. Xoda HaWMpOCTIIIMM
CocOOOM BHPIIIEHHSI TaKUX MNPOOJIeM TOYHOCTI PEe3yNbTaTiB € BUKOPUCTAHHS
€JEMEHTIB MEHIIOTO pPO3Mipy, II€ MiJIBUIIYE OOYMUCIIOBAIbHY CKJIQJHICTh Ta
BAOXKICTh 3amadi. Yac po3paxyHKy B OCHOBHOMY Ma€ TPSMO MPOIMOPIiHHY
3QJIEKHICTh B KIJIBKOCTI €JIEMEHTIB CITKM. B 1bOMy BHIAAKy Kparie
BUKOPUCTOBYBAaTH €JIEMEHTH KEpyBaHHS CITKOIO. BOHHM 03BOJNSIOTH JIOKAJIBHO
3TYIIyBaTH CITKY, BCTABIIATH €JIEMEHTH MEHIIOr0 po3Mipy abo moApiOHIOBATH
€JIEMEHTH B3JIOBK KPOMOK, OiJisi TOYOK UM KPUBUX Ha TpaHsax. JIokaapHE 3ryIeHHS
CITKH TaKOX BaXXJIMBE JIJI1 BUTIAIKIB HEPIBHOMIPHOTO PO3IO/ITY HABAHTAXKEHB, 1100
OUTBIIT TOYHO PO3IMOAUTUTH 3yCUIUIS TIO €JIEeMEHTaM CITKH.

CTpyKTYypOBaHICTh CITKM — TMapaMeTp CITKH, [0 TO0Ka3y€e€ HACKUIbKU
PIBHOMIPDHHMM € pO3MIp €JIEeMEHTIB Ta iX posmoxain. Hampukiasn, ciTka Ha OCHOBI
TETpaelpiB MOXKE TE€HEPYBATHUCh 3 BEJIUKHUM MAaKCUMAJIbHHUM CITiBBITHOIICHHSIM
CTOpiH, BIAMOBIAHO 0 HalamTyBaHb. lle MpU3BOIUTH O MOXKIMBOI reHeparlii
TETpaeNpiB CWIbHO BHUTATHYTOI (GOpMHU, JI€ BY3JIM MPU BEpPUIMHAX TETpaCIPy
po3roaiieHl HepiBHOMIpHO. Lle moripirye TOYHICTH pe3yibTaTiB 4epe3 BENHKY 1
HEPIBHOMIPHY BiJICTaHbh MK By3JIaMH CITKH, a TIPU CKyITYCHHSAX TaKUX €JIEMEHTIB 3a
paxyHOK Iepeaadi HanpyKeHb/nedopmMariiii/mepeMinerb MK HUMH 3 TTOXHOKaMHU.
Ile mpu3BOAUTH MO ITEPAaTUBHOTO HAKOMUYECHHS IMOXHOOK, IO MPU3BOAUTH [0

JIOKAJIBHOTO 200 HaBITh TIIOOAIBHOTO MOTIPIIIEHHS! TOYHOCTI PE3yJbTaTiB.

4.3 Bepudikaniiinuii  po3paxyHoOK  geTaqdi 3  MOJIMEPHOIo

KOMIIO3MIIHHOT0 MaTepiajly, BUTOTOBJIEHOI 3 BUKOPUCTaHHAM Metony 3D-

APYKY

Jlns1 Bepudikaiiii cmioyatky Tpeda CTBOPUTH OKPEMUI OPTOTPOITHUIN MaTepiall.

3acobu anamizy Solidworks Simulation [103BOJISAIOTE MOMENIOBATH 130TPOIHI,
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OPTOTPOIHI Ta aHI30TPOMHI MaTepiajii KOPUCTyBaya 3 TIOBHMM HaObOpoM
BJIACTUBOCTEH JJI1 MEXaHIYHUX PO3PaXyHKIB.

Mogens NOpyKHOTO JIHIHHOTO OPTOTPOMHIO MaTepiany po3poOJieHO 3
ypaxyBaHHSIM KpUTEpil0 PYHHYBaHHA MaKCHMaJbHOTO HampyXeHHsS mo Mizecy.
XapakTepucTUKu  Marepiany  Oynu  3ajjaHi  BHUXOASYHM 3 PE3YyJbTariB
EKCIIEpPUMEHTAIBHOTO  JOCHIPKEHHST ~ HAa  MINHICTh  3paskiB.  [Ipudomy,
XapaKTePUCTUKHU apMOBAHOIO Marepiany MpHUKIAJaduch Ha Bich X, 110 BIANOBIAA€E
HasBHOMY OJHOHAIIPABICHOMY apMyBaHHIO. XapakTEpUCTHKM Ha I1HII OCl
HaKJIaJJaIKiCh 3 3pa3KiB 0e3 apmyBaHHs. s Bepudikaiii Oyiau oOpaHi BIaCTUBOCTI
3pa3ka 3 BaplaHTa 2, sk BKa3zaHO B TaOi. 3.8, TOOTO — MpoOKIIaJlaHHd apMyBaHHS B
KOXXHOMY I1api, HiuibHICTh 3anoBHeHHs 30%. [lapamerpu marepiany HaBeleHi y

tabmui 4.1.

Tabmuns 4.1 — [TapameTpu marepiany s Bepudikarii

XapakTepucTrka 3HaueHHS On. BuMip.

Momynb npykHOCTi 10 X 3220 MIla
Momynb npykHocTi 1o Y 1550 MIla
Moynb Ipy>KHOCTI 10 Z. 1550 MlIa
KoedimienT ITyaccona 0,31 -

Monyinb 3cyBy 952 MIla
MacoBa ryctuHa 1320 Kr/m>
Meska MIITHOCTI o X 56,5 MIIa
Meska MiITHOCTI 10 Y 31,4 MIIa
Meska IIMHHOCTI 50,5 MIIa

st Bepudikartii Oyma moOymoBana Mojens Aetam tumy ¢ituHr. Ecki3 merani

MpUBEACHUN Ha puc. 4.3.
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Pucynok 4.3 — Ecki3 aerani

[Tpu po3paxyHKy HaNpsMOK Jiii CHJI HaBaHTaXXCHb BIATOBIIaB HAMPSIMKY Jii
30BHIIIHBOTO HAaBAaHTA)KCHHS Ha JIeTajdb B IMPOIECI eKCIUTyarallii, MOJCIIOBAHHS
JAeTam 1 Marepiaqy TakKoXK IPOBOAMIIOCH 3 BpaxyBaHHSAM HaNpsIMKy i
eKCIUTyaTalliiHUX HaBaHTaXKEHb. AITOPUTM PO3PaxXyHKY IOJIATAE y 3aKpIIUICHHI
AeTali 1Mo OAHIM mapi OTBOPIB Ta MPUKJIAJAHHIO CHJIM HA PO3TAT 1O IPYroi mapu
oTBOpiB. Takox, AeTanb Oyiia 3aKpiryieHa Mo OJIHIH 13 TpaHeH, 110 MePIeHANKYIIpHa
Jii CHJIM pO3TATYBaHHS, BiJl IEPEMIIICHHS B3I0BXK I'paHi, ajieé He TEPIeHIUKYISIPHO
ii1. Ile 3pobieHe 11 mepenKoKaHHIO0 pyXy AeTall K CyluIbHOTrO Ti1a. Hampsamox
CHJIM BKa3aHHMK BITHOCHO YMOBHOI oci X, 110 BiAmoBigae oci X JJIsl XapaKTePUCTUK
Matepiany. s GBI TOYHMX PE3YJIBTaTiB aHajli3dy, 3a JOIMOMOTOI 1IHCTPYMEHTY
«JIiHig po3ainy» HUIIHIAPUYHA TPaHb OTBOPIB Oyiia pO3/AiIeHa HAa TOJOBUHU, IS

O1IBIII TOYHOTO HAKJIAJAHHS 3aKpIIUICHb Ta cui (puc. 4.4).

Pucynok 4.4 — OTBOpPH 3 JIHIAMH PO3ALTY
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[To anroputmy po3paxyHKy, aHali3 TPOBOJUBCS 1Te€paTUBHO. MIX iTEepalisaMu
30UTbIIyBasIach a00 3MEHUIyBaJlaCh CHUJIa PO3TSATaHHA 1 KOHTPOJIIOBABCA 3arac
MIIIHOCTI B JieTajl. 3a CUily, [0 COpUYMHIIA O pyHHYBaHHS JeTall, Oylia npuiHsITa
CWJa, MpHU MpUKIageHl kol koediuieHT 3amacy minHocTi (K3M) craBaB nemro
MeHme oauHui. Po3paxyHoxk K3M mnpoBonuBCs MO BIJHOIIEHHIO J1FOYOTO
HampyXeHHsI 70 MexXl MilHocTi Marepiany. BinoOpaxenns emopu K3M
BUKOHYBAJIOCHh 3 HAJAIITyBaHHSM BiJIOOPa)KEHHS BIIMITKM MIHIMAJIBbHOTO 3aracy
MIIHOCTI 1 BigoOpaxeHHs 30H K3M MeHIle oIUHUIN YEPBOHUM KOJILOPOM. 3MiHA
3HAYeHHs CUJM MpoBojauiack 3 KpokoM 1 HetotoH. Ilo pesynsraram, xoediieHT
3anacy miHocTi 0,9997 OyB AOCSATHYTUH NpH 3HAUYEHHI 3arajibHoi cwin y 639 H.
YMOBM HaBaHTa)XEHHA, CiTKa Ta emopa pesyinsryrouoro K3M BigoOpakeHi Ha

pucyHnkax 4.5 — 4.7.

3 Qﬂ Pazaenarowaa auHmal

< >
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Pucynok 4.5 — YMoBHU 3aKkpituleHHSI 1 HAaBaHTaKCHHSI
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Pucynok 4.6 — Citka

ma mogenm: Ditinrl

HazgaHue uconegosadmna: Ctatudeckuid 10-Mo ymonyannm-)
Twun amtopet Fanac npodHocTi Janac npodHocTil
KpuTepuii @ bak cumaneHoe HanpaxeHre von Mises
Kpachen < Koaddagment sanaca nposroctn= 1 < Cuanmi

0,007:-01

t..

Pucynok 4.7 — Pe3ynbTytoua entopa Koe(ilieHTy 3anacy MIIHOCTI
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4.4 BuroroB/ieHHs1 3pa3KiB i Bepudikauii i pesyjabraTu

Jlnst Bepudikaiii MOXKXIMBOCTI BUKOPUCTAHHS MOJEJI MaTepialy Ta CXeMH
apMyBaHHs OyJaud BHUIOTOBJIEHI S 3paskiB. HamamTyBaHHS TEXHOJOTIYHUX
napameTpiB 3D-ApyKy BUKOPUCTOBYBAIUCH BIATIOBITHO THM, SIK1 OyJIM BUKOPUCTaH1
py OTpUMaHH1 3pa3kiB. Cxema apMyBaHHS TaKOXK BIJIIOBIJIA€ CXE€MI apMyBaHHS
3pa3kiB Ha po3TAr. CxeMa apMyBaHHsI IeTal BiJIOBIIa€ MOJIEII1 CXEMU apMyBaHHS,
1o Oysa BUKOpUCTaHa Ha €Tari CTBOPEHHS MOJIENl Ta CUMYJIAILIT HaBaHTaXEHHS Ha
Hei. Cxema apMyBaHHS JIeTajll TaKOX BIJMOBIJIa€ HAMPSAMKY i1 €KCILTyaTaliitHoOro
HaBaHTaXeHHs Ha feTtaib [98]. ToOTo, HampsaM Aii 3yCHIIIS MiJ Yac eKCIUTyaTarii
CIIBMAJIA€ 3 HAMPSMOM OCl apMyBaHHS, sIKa SIBJISE€ BiCh HAUOUIBIITOT MiITHOCTI [99].
BignoBigHo 10 po3mipy naerani, Ha map MPOKIananoch 21 OAMHUYHE BOJOKHO.
[lepen BUTOTOBIIEHHSAM 3pa3KiB 3 apMyBaHHAM OyB HaJ[pyKOBaHUN 3pa3ok 0e3
apMyBaHHS JJi1 BU3HAYEHHS TOJIOKEHHS JeTaji Ha ruiatdhopmi MmoOyaOBH IS
TOYHOTO PO3TAIlyBaHHsS Ha0OpPY BOJOKHA y TEXHOJOTIYHOMY MPHUCTOCYBaHHI (puc.
4.8). OnuH 13 3pa3kiB 3 nmapTii npeacrapieHuit Ha puc. 4.9 ta 4.10, 1o oOpizaHHA

3QJIUIIIKOBOTO BOJIOKHA 1 TTICIIS.

PucyHnok 4.8 — 3pa3ok 11 BUSHaYSHHS TOJI0KCHHS AeTal
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Pucynoxk 4.10 — Ipuknaz 3pa3ka miciisi 00pi3KH 3aJIMIITKOBOTO BOJIOKHA

BI/Il'IpO6YBaHH$I 3paBKiB IMPOBOAMUJIOCH HABAHTAKCHHAM CHJIOKO HA PO3TAIL, I10

CXeMi aHaloriuyHiii po3paxyHkoBomy Bumnanaky [100]. Konrtpomns daxTuunoro

HaBaHTAXCHHA BUKOHYBABCs TCH30MCTPHUYHO. PG3YJII>TaTI/I BI/IKJIaI[eHi B T3,6J'II/IIIi 4.2,

Tabmuist 4.2 — PesynbraTl BUIpoOyBaHb Bepu]ikaliiHUX 3pa3KiB

3pa3ok Po3paxyHnkoBe daKkTU4yHE Bigxunenas
HaBaHTaxkeHHs, H | naBanTakenHs, H
1 557 11,3 %
2 554 13,2 %
639
3 570 10,8 %
4 575 10,1 %
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5 558 12,6 %

4.5 BUCHOBKH /10 po31ii1y

Jlns po3paxyHKy AeTail JJisi MATBEPKEHHS MOMKJIMBOCTI BUKOPUCTAHHS
pe3yJIbTaTIB €KCIIEPUMEHTAIBLHOTO JOCHIIPKEHHSI TOJIMEPHOTO KOMITO3UIIITHOTO
Mmarepiajy, 0 oTpuMaHuii criocobom 3D-mapyky, OyJI0 MPOBEIECHO MOJCTIOBAHHS
neram. Mopens gertani Oyiaa  CTBOpeHa 3 BpaxyBaHHSIM — HampsMmy  Aii
eKCIUTyaTallliHUX HaBaHTa)keHb. Mojienb Marepiany, 110 Oyina CTBOpeHa Ha OCHOBI
EKCIIEPUMEHTAIBHUX PE3Y/IbTaTiB, TAKOK MPHKIAIaIach JI0 JCTalli 3 BpaXyBaHHSIM
HamNpsSIMKY JIACHUX eKCIUTyaTallliHUX HaBaHTaXXeHb, I CHIBIAIIHHSA OCI
apMyBaHHS 3 HalPSIMKOM €KCILIyaTalliiHUX HaBaHTaXCHb.

AHaniz Ta cUMyIsIIis HaBaHTaxeHb 3aco0amMu CAE Takok MpOBOAMIMCH 3
BpaxyBaHHSIM peajbHO1 Jii HaBaHTaxeHb. JIJIs ITbOTO B MOJIEN1 IeTalli OyJin BHECEHI
3MIHU JUIS OUTBII TOYHOI CHUMYJIAIII HaBAaHTXKEHHs — JOMaHl JIHIT pO3IUTy IO
OTBOpaM, SIKi CIPUIMAIOTh Ha cO01 HABAaHTAXKEHHS B KOHTAKTI1 3 1HIIUMH JACTAISAMHU
Ta KpIMWIbHUMH BUpoOamu. lle 361IblIye TOUHICTh CUMYIIAIIT 11 HaBaHTAXKCHHS
4yepes BiJICYTHICTh (PaHTOMHUX HANPYKEHb Y YaCTHHI OTBODY, sIKa IIPH SKCILTyaTarii
HE HaBaHTaXCHa.

Buxonsun 3 pesynprariB, 3pa3kd JeTaned IOBLIbHOI (GopMH, apMoOBaHi
BOJIOKHOM, TIOKa3aju BIIXWICHHs cuiau Ha pospuB Big 10,1 mo 13,2 %, cepemnne
BiaxuiaeHHs 1Mo 5 3pa3kam — 11,9%. IloxuOka ckirajae B cepeTHbOMY HE OibIe
12%, 110 BiAMOBiIa€ MPUIHHATUM TMPHUITYIIEHHSM JIJIS 1HKEHEPHUX PO3paxyHKiB. Lle
MOKa3ye, 110, IpHU JTOTPUMAHHI TEXHOJOTTYHUX MPHUHOMIB apMyBaHHS, PE3yJbTaTH
BUNIPOOyBaHb Ha MIiIHICTh BepudikoBaHo. CtBopenuit mMartepian y moxyni CAE
Solidworks ~Simulation wmoxxe OyTu HaknageHWd Ha IHION JAeTadi, IO
BUTOTOBJISIIOTBCSL 1 apMYIOTBCA 3@ JIAHOKO CXEMOKO 1 METOIOM apMyBaHHS, IS
aHami3y 1 MPOTHO3YBaHHS iX MOBEMIHKH TIiji 30BHINIHIMA HaBaHTAXCHHSIMHU Ta

BinoBiAHOCTI iM. Marepianu nis CAE-aHamni3y MOBUHHI BIAMOBIIaTH ITapaMeTpam,
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110 OyJau OTPUMAaHI Mijl 4Yac €KCIEPUMEHTATBLHOTO JOCTIKEHHS JIJIs1 KOXKHOTO BUY

apMyBaHHs Ta HAJIAIITYBaHb TEXHOJIOTTYHUX NapameTpiB 3D-npyky.
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OCHOBHI BUCHOBKHU

VY mnpoueci pochipkeHHsT Oya0 PO3MISIHYTO MOTOYHUN CTaH MOIIApOBOTO
CUHTE3Y BUPOOIB 3 MOJIMEPHUX KOMMIO3ULIMHUX MaTepiainiB. OCHOBHUM HEAOI1KOM
OyJ10 MPUIHATO HEAOTPUMAHHS CYLIUIBHOCTI apMYIOUOTO BOJIOKHA B MEXaX IIapy Ta
HEMOXJIUBICTb TOYHO Ta BHOIPKOBO KOHTPOJIOBATH TIOJIOKEHHS apMYIOYOro
BOJIOKHA B MEKax IIapy.

JlocnikeHo BIUIMB TEXHOJIOTTYHMX TMapaMeTpiB Ha eKCIUTyaTalliiH1
BJIACTHBOCTI BUPOOIB 3 MOJIMEPHUX KOMIO3UIIMHUX MarepiajiiB, 1[0 OTpPUMaHI
METO/IaMH TIOIIAPOBOTO CHHTE3y. Tak, BCTAHOBJICHO, IO BiJCTaHb MiXK Iapamu
apMyBaHHS € 3HAYyIIUM Ta OCHOBHUM (aKTOpOM BIUIMBY Ha KIHIICBI
XapaKTePUCTUKH OTPUMaHUX BHUPOOiB. BcTaHOBIEHA TmpsMa 3alIeKHICTh MiX
3MEHIIICHHSM BIJICTaHI MiX apMOBaHWMHM IIapaMH Ta 30UIBIICHHS BIACTUBOCTEH
MiIIHOCTI BUp0Oy. ToOTo, AeTaini 3 apMyBaHHSIM B KO)KHOMY IIapi MIIHIII, HIXK 3
apMyBaHHSM uepe3 1I1ap 4u JBa.

OOGrpyHTyBaHHs BHOOpPY OCHOBHOTO Marepiajly TMOJiMepy Ta marepiainy
apMyBaHHS TIPOBEICHO  BIAMOBIIHO IO KpHUTEpiiB  MiHIMIZaIlli  BIUIUBY
TEXHOJIOTIYHUX HENONIKIB Ta MOXJIMBOCTI E€KCIIEPUMEHTAIBLHOTO MPOBEICHHS
apMyBaHHsA. Tak, y SIKOCTI OCHOBHOTO Marepiaqy OyB oOOpaHWN MpeICcTaBHUK
crangapTHux mnomimepiB, coOPET, a B sAkocTi BOlOKHAa apMyBaHHS — 0a3aibTOBE
BOJIOKHO. BoHu Oynu oOpaHHi 4epe3 iX BUCOKI MEXaHIUHI BJIACTHBOCTI 0€3 3HaYHUX
TEXHOJIOTTYHUX HEMOIIKIB Ta HETaTUBHUX OCOOIMBOCTEH X BUKOPHUCTAHHS IS
OTpUMAHHS JeTalell 3 IMOJIMEPHOTO KOMIIO3UIIIHHOTO MaTepiany crocobom 3D-
APYKY.

Jlist BUKOHAHHS PO3pPOOJICHOTO METONY apMyBaHHS Oylo CTBOPEHO
TEXHOJIOTIYHE OCHAIICHHS, [0 BCTAHOBIIOEThCS Ha 3D-mpunTep. [lns mporo
crioyaTky OyB MpOBENCHUHN aHalll3 KIHEMaTHYHUX CXEM MOIIMPEHHX MOAENeil Ta
tuniB FDM/FFF 3D-npuntepiB. OCHOBHOIO TIEPEBAror0 /Jisi BUKOPUCTAHHS TOT Un
1HIIO1 KIHEMATHKW BHU3HAYEHO HEPYXOMICTh TUIAT(HOPMH TMOOYIOBH, BIJICYTHICTH
PYXOMHX €JIEMEHTIB KOHCTPYKIII1 HAaBKOJO IuiaropMu moOylnoOBH Ta 3BEpPXy Hei.

[{um BuMoOTram HaiO1IbII BiAMOBIAANa KiHeMaTtuka Tumy Delta. [ BcraHOBIEHHS
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Ha MIPUHTEP 3 TAKOK KIHEMATHKOIO OyJI0 pO3p00ieHe TEXHOIOTYHE OCHAIIICHHS, 1110
BHUKOHYE€ 3aBIaHHs 110 yTPUMaHHIO BOJIOKHA, 3aJJaHHS HOMY MO3HUIIi1 BIIHOCHO AeTall
Ta wiarGopMu MOOYJOBH 1 YTPUMAaHHIO LI€T MO3UIIT HA0OPY apMyIO4Oro BOJOKHA.
TexHonOTiYHE OCHAIICHHS JO03BOJISE BHKOHYBAaTH OJHOHAIPABICHE apMyBaHHSI
neTajei.

HocnigxeHo BIMB mapaMerpiB 3D-apyky Ha BIacTHUBOCTI OTPUMAaHOIO
Mmarepiany. Tak, xoda OCHOBHUM (DaKTOPOM BIUIMBY Ha XapaKTCPUCTHUKH BHUPOOY €
BIJICTAaHb MK IIapaMH BOJIOKHA apMyBaHHsSI, IIUIBHICTh CTPYKTYp 3allOBHCHHS
TaKOXK BITMBAE Ha MIIHICTh Ta MOIY/Ib MPYXHOCTI Marepiany. byiao BCTaHOBIEHO
npsMy 3aJIeKHICTh MK 30UIBIICHHSM IIUTBHOCTI 3allOBHEHHS Ta IIiJBUILIECHHIM
MEXaHIYHUX XapaKTEPUCTHK MaTepiay.

Po3pobnieno paifioHalibHI CXE€MU OTPUMaHHS BHUPOOIB 3 TOJIMEPHUX
KOMIO3UIIIMHUX MaTepialliB 3 BHUKOPUCTaHHAM MeTony 3D-apyky. Po3pobiena
cXeMa apMyBaHHsI, 10 J03BOJIsA€ 30epiraTu CyIUIbHICTh BOJIOKHA HE JIUIIE B MEXKaxX
mapy, a 1 mpu nepexoal MbK mapamu. Cxema apMyBaHHS JO3BOJISI€ MMO3UTHUBHO
BIUIMBATH Ha BIACTUBOCTI Marepialy 3 ypaxyBaHHSM HampsMKy il
eKCIUTyaTalliiHUX HaBaHTaXXEHb, a PEXKUMHU JIPyKy 3a0e3redyrloTh HajiiiHe Ta
JIOCTATHE 3aKPIMJICHHS 1 34CIUICHHS BOJIOKHA apMyBaHHS 3 OCHOBHHM ITOJIIMEPOM
TIOJIIMEPHOTO KOMITO3UIIIHHOTO MaTepiaiy.

Bcranosneno, 110 3a paiioHaJIbHHX YMOB apMyBaHHS Ta PEKUMIB JIPYKY, B
MOPIBHSIHHI 3 peepeHCHUM 3pa3KoM, Meka MIIHOCTI 30utbinyeThest Ha 81%, 1O
57,1 Mlla, mexa ummHHOCTI — Ha 95% 1o 51,5 Mlla, a Mmomyns mpyXHOCTI — Ha
109% no 3,24 I'Tla. Bu3HaueHo 3aj1€KHOCTI BJACTUBOCTEH MaTepiaay BiJ BiJCTaHi
MDK IIapaMud apMyBaHHS Ta INUIBHICTIO 3amoBHEHHs. [[ns pesynwrariB Oynu
noOy/oBaHI anmpoOKCUMAIliiHI PIBHAHHS, TPOBEJACHO TIOPIBHSIHHS PE3YJIBTaTIB 3
6a3zoBuM (pedepeHTHHM) 3pa3koM. [li pIBHSHHA anmpoKCUMANIMHUX (QYHKIIIH
JI03BOJIAIOTh TPOTHO3YBAaTH EKCIUTyaTaliifHi BJIACTHBOCTI BHpPOOY B 3aJaHHUX
niama3oHax. Bapro 3a3HaunMTH, IO i 3aJCKHOCTI CHPABEUIMBI JIMIINE IS
MOJIIMEPHOTO  KOMIIO3UIIMHOTO Marepialy, OTpUMAaHOro 0e3 3MIHM IHIIUX

napaMeTpiB apMmyBaHHs 1 3D-apyky.
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[IpoBegeHo MoOfENIOBaHHS KOMITO3MIIIMHOIO Marepially 1 BHpPoOOy 3
ypaxyBaHHIM peajbHUX yMOB ekciuryaranii. [lorpeda y iboMy MoB’si3aHa 3 TUM, 11O
eKCIUTyaTaliiiHl BJIACTUBOCTI JI€Tajl, OTPUMAaHOi 3 BUKOPUCTAHHAM Merony 3D-
JPYKY, 3aJIe’KaTh HE JIMIIIE Bl BIACTUBOCTEN MaTepialy, a i BiJ reOMeTpii JeTasl Ta
HaNpsIMKiB BIUTMBY HaBaHTaXCHb Ha Hel. MeTogamMu TBepAOTUTFHOTO MOSITIOBAHHS
Ta CHUMYJSLII METOIOM CKIHYEHHHMX €JIEMEHTIB 3MOJENbOBaHA JIeTalb 3
ypaxyBaHHIM peaJbHUX YMOB eKcInTyatarii. Marepiai, mo OyB TakoX BKIAJCHHA B
MOJIeNIb JeTalli, OTPUMaHUK Ha OCHOBI €KCIIEPUMEHTAIbHUX JOCIiIKEHb 3pa3KiB
MOJTIMEPHOTO  KOMITO3UIIIHHOTO —Marepiaidy, OTPUMAHOTO 3 BHUKOPUCTAHHSIM
pO3p0o0IeHOT0 METOY apMyBaHHs. Marepial i MozesIh HOTO HaKJIadaHHS Ha IeTajlb
TAaKOXX BIJNOBIAIOTh peaTbHUM YMOBaM ekcruryaramii. BuxopucroByroun CAE
MOIyldb TporpamHoro 3abesneueHHst Solidworks, Oyrna mnpoBeieHa moeTanHa
CUMYIIALIST HAaBaHTA)XCHHS Ha JIETalbh 3 METOK BH3HAUCHHS 3YCHIUISA, TIPU SKOMY
BiIOyBa€eThCsl PpyHHYBaHHS JeTajl. byaum BHUrOTOBIIEHI JeTaii-3pa3ku s
BUIIPOOYBaHb, 3 PEKUMaMU CHHTE3Y Ta CXEMOI0 apMyBaHHs, IO BIJANOBIJIA€
po3paxyHKoBii Mojem. B pe3ynprari BUNpoOyBaHb JeTaleii-3pa3KiB BHUSBIICHA
JIOBOJII TOYHA BIJMOBITHICTh €KCIIEPUMEHTAIBHUX 3HAUEHb CUJIM PYyHHYBAaHHS 110
PO3PaXyHKOBHUX.

[IpoBenene nucepraliitHe JOCTIKCHHS SK PE3yJabTaT OTPUMAIO HOBHM
METOJI apMyBaHHS BOJOKHOM IIOJIIMEPHUX BHUPOOIB, CTBOPIOIOYHM PI3HOBH]
MOJIIMEPHOTO KOMITIO3MIIITHOTO Matepiany. Po3pobiena cxema Ta MeTO apMyBaHHS,
a TaKOX CToci® po3paxyHKy KiHIIEBUX MapaMeTpiB AeTalell 1 BUpoO1 MalOTh 3HAYHE
MPAKTUYHE 3HAYCHHS 1 MOXKYTh OyTH BIIPOBAKEH1 JJIsl BUTOTOBIICHHS JIeTalIeH s
PaKeTHO-KOCMIYHOI Ta aBlalliiHOI TEXHIKM 3 METOI IIOKpaIlleHHS MAacoBOi
JOCKOHAJIOCTI KOHCTPYKIIi 3a paxyHOK MOKpPalIeHMX MHTOMHX BIIaCTUBOCTEH
MIITHOCTI.

[IpakTyHa MIHHICTH AOCTIIKSHHS TOJIATAE Y HACTYITHOMY:

- po3poOiieHa cxema 1 METOJ apMyBaHHS BHPOOIB BOJIOKHOM IPHU
Bukopuctandi FDM/FFF 3D-apyky, 3 onucoM BIUIMBY TEXHOJIOTIYHUX MMapaMeTpiB

JIPYKy Ta peKOMEHJAIlii 1010 iX BUOOPY, po3p00JIECHO TEXHOJOIrIYHE OCHAIICHHS
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JUIsL apMYyBaHHs, 1110 BCTAHOBIIOEThCS HAa 3D-nipuHTep 3 KiHemMarukoro tuiy Delta 1
MPUIOMU BUKOHAHHS apMyBaHHS;

- 3aMpONOHOBAaHO Ta OOIPYHTOBAHO METOJIMKY MEXaHIYHUX BUIIPOOYBaHb
MOJIIMEPHUX KOMITO3UIIITHUX MaTepialliB 3 MIApOBaTOI0 CTPYKTYPOIO, 1110 OTPUMaHI
Metoaom 3D-apyky;

- pe3yapTaTd  JOCIHIJKEHHS  BIPOBAJXKEHI B  OCBITHIM  mpoliec
JIHIIPOBCBHKOTO ~ HalllOHaJbHOTO YyHiBepcutery 1iMeHi Omnecs Tonuapa Ta
HarmionanbpHOTro 1IEHTPY aepokocMidHOi ocBiTH Mool iMeHi O.M. MakapoBa (aktu

BIIPOBAIPKEHHS MPUKJIaAeH] B goaarkax A i1 b).
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SATBEPIZKYIO
B.o. npopekTopa 3 HaykoBo-neaarorigyHol pofoTH
,[[Hmpuncnmro HEIILLDHMI:HOI"D YHIBEpCHTETY
imeni Oneca [e

npodecop

KocranruHosnua «Pospolka Ta Bﬂocmrlaneuﬂh-ﬁiﬂ ' nomapomm CHHTE3Y
BHPOGIB 3 MONIMEPHHAX KOMIO3HIIIHHUX MaTepianis /s asiaiiiinol Ta pakeTHO-KOCMivHOT
TeXHIKH» ¥ HABYANBHHI npouec JIHINPOBCHKOTO HALIOHAIEHOTO YHIBEPCHTETY iMeHi
Onecs ['oH4apa

Komicia  (bisuko-rexsiunoro  daxynsrery  JIHINPOBCHKOrO — HAIOHATLHOTO
yHisepentety iMeni Onecs Fonqapa Y CKJIajli rooBH — JIcKaHa rrpmpempa Canina A.D.
Ta wieHis KoMmicii: B.0. 3aBimyBaua KadeopH paKeTHO-KOCMIYHMX Ta IHHOBAUIHMX
TEXHOJOTrH, KaHAMIaTa TeXHiYHNX Hay K, JouenTa Kapnoeuya 1.1 Ta kanauaara TeXHIMHHX
Hayk, aouenTta bonnapenka O.B. koHcTaTye, Mo pesyasTaTH JA0C/iUKeHb 1 po3pobok, AKi
BijoOpaienl y aucepraniiiniit pobori Cipenka Makciuma Koctantuaosuua «Pospobxka Ta
BJIOCKOHANICHHA TEXHOJIOTII MOMAapoBOro CHHTE3Y BHPODIB 3 NOMIMEPHHX KOMNO3HIIHUX
MaTepiagiB A aBialiifiHOl Ta PaKeTHO-KOCMIMHOI TEXHIKH», BHKODHCTOBYIOTHCS TNPH
MpOBEJCHH] JIEKIIfHUX, NPAKTHYHHX Ta N1aDOpaTOPHHX 3aHATH IO BHKIANAIOTHECH ¥
BUIMOBIHOCT] 3 HABYAIBHEMH [UTAHAMH JHCLHIUTH «Marepiaio3HascTBo Ta TeXHOIoria
KOHCTPYKUiHHNX MarepianiBy, «lmxenepni pospaxyikn B CAD/CAE cucTemaxy,
«Texnonoris BHPOOHMITBA TBEpAONAIMBHMX ABHIyHiB», «Texnomorii 3D-apyky s
CHHTE3y JeTaneil pakerHo-KocMivHOI TexHiku», «Texnonoria supoGuuuTEa Ta 00poGKH
MATEpiadiB» a TakwK NPH NiINOTOBI JHINIOMHHX T4 KYPCOBHX pOGIT CTYIeHTIB
cnenianeHocTi 134 —  «Apiauifina Ta pakeTHo-KOcMiuHAa TexHika» Ta 132 —
«Marepiano3HaBcTBOD.

ABTOpOM * BHpillIEHI HayKOBO-TIPAKTHYHI 3aBJaHHA 3 po3poOKH  TexHonorii
OTpUMAaHHA BUPOOIB 3 MONIMEPHHX KOMIOZHLIITHIX MaTepiaiis 3 BUKOPHCTAHHAM METOLY
3d-npyxy, po3pobkn METOIHKH MEXaHIYHMX BUNPOOYBaHE KOMIO3MIIHHUX MaTepialip 3
LWIAPOBATOKY CTPYKTYPOO, W0 OTpuMaHi meronamu 3d-apyky, Ta po3pobui metomy
JOCTiKEHHA BIUTHRY NAapaMeTpiB apMyBaHHA Ha €KCILTyaTaliiiHi BiacTHBOCTI aetaneii Ta
BUPODBIB 3 MOTIMEPHUX KOMITOSHUIAHUX MaTepianis,

JacrocyBaHHA BKa3aHHX po3po0oK B HABYATBHOMY NPOLEC J03BOMHIO POSIIMPHTH
TEeMaTHYHHI CKIaa O03HAYEHHMX KypciB NHTaHHAMH OTpHUMaHHA BHpoGIB 3 mojiMepHHX
KOMINO3ULIAHKMX MaTepianis MeTomaMu 3d-1pyKy.

['onoBa KoMmicii %f{' 773 Auaroniii CAHIH
Ynenn komicii: _ Isan KAPITOBUY

Oner BOHIAPEHKO
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HAIIIOHAJIbHUH LIEHTP
AEPOKOCMIYHOI OCBITH MOJIO/I im. O.M. Makaposa

(HIHAOM im. O.M. Maxkaposa)
np. Haykw, 26, M. Jininpo, 49005; Ten. (056)T135756,
E-mail: ncaomu@email dp.ua; caiir: www.unaec.dp.ua; kon €JPTIOY 2422879

BIIPOBA/DKEHHA pe3y/sTariB quceprauiiinoi poboru
acripanTa JlainmpoBcbkoro HauioHansHoro yHisepentery imeni Oneca ['onuapa
Cipenka Makcuma KoctantunoBHYA
«Po3pobka Ta BAOCKOHAIEHHS TEXHOJIOTIT IIOIIAPOBOTO CHHTE3y BHpobiB 3
nosiMepHHX KOMITO3HIIHHUX MaTepianis fis aBiaiiinol Ta pakeTHo-KoCMiYHOT
¢ TEXHIKHY

Komicis HLIAOM im. O.M. MakapoBa y cknaji: 3acTYMHHII I'eHepaIbHOro
JMpeKTopa 3 HayKH Ta OCBITH, K.IcT.H. L.B. @enopeHko Ta Ha4yaJIbHHKA METOIHYHOIO
cekTopy, K.T.H B.B. XyTopHoro cknanu reii akT npo Te, M0 pe3ynsTaTH AHcepraniiinol
podoru M.K. Cipenka «Po3po0ka Ta BIOCKOHANEHHS TeXHOOr T [10111apOBOro CHHTE3Y
BHPOOIB 3 MONIMEpHHX KOMMO3MUiHMX MarepianiB Jis asialliiiHoi Ta pakeTHO-
KOCMIMHOT TeXHIKH» MPeCTaBIAI0TH HAYKOBHI iHTepec i MalOTh MPAaKTHUHY LIHHICT
ISl TpoBefieHHs pobiT 3 CTBOPEHHA HOBHX 00’ €KTIB pakeTHO-KOCMiYHOI TeXHikH, a
came BY3JIiB Ta JeTaineil paker 3 NoJliMepHHUX KOMIIO3HIIHHX MaTeplaiis, OTPHMaHHX
meTonoM 3d-IpyKy.

Beranosneno, 110 METOAHKA OTPHMAHHA MOMIMEPHHX KOMIIO3HUiHHMX
marepianis, orpuMannx mertogom 3d-apyky, pospobiena B aucepraniiiniii pobori,
MOYKE BHKOPHCTOBYBATHCH B PaMKax HayKOBO-JOCTIIHHX pobiT, 110 peanisyloTses 3a
nigrpumkd HIJAOM im. O.M. MakapoBa 3 MeTO AKICHOT NPakTHYHO! MiJrOTOBKH
(paxipuis B ramysi pakeroOynyBaHHs.

Komicis nmigreepmiye, mwo pesynsrati gociuimkeds MK, Cipenka BnpoBamkei
B CHCTEMY CTA)KyBaHHS Ta MiAroToBKH (axiBiiB pakeTHO-KocMiuHOT ranysi Ykpainu.
Pesynerarn  guceprauiiinoi poBorn MK, CipeHka cnpusiors NOKpaleHHIO
EKCIUTYATaliiHUX XapaKTePUCTHK PAKETHO-KOCMIMHOT TeXHIKH Ta BHKOPHCTOBYIOTLCS
y Haykopo-mipakTH4HiA misneHOCTI HLIAOM IMm. O.M. Makaposa.

3acTyNHUIA FreHepalsHOro AUpeKTopa
3 HAyKH 1 OCBITH, K.ICT.H. ﬁ Ipuna ®EJJOPEHKO

HauanbHHK METOIHYHOIO CEKTOPY,

[TovecHuii npaniBHHK KOCMIUHOT /

ramy3i Ykpainu, K.T.H. (}/ ¢" Biktop X¥YTOPHHH
- “‘: y



