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AHHoTayums. B ocneHue rojisl B MAIIMHOCTPOUTEILHOM KOMILIEKCE MTPOUCXOJIAT 3HAYUTENbHbIC U3MEHEHUS, CBSI3aHHBIE C CO3/IaHHEM
U PaCIIMPSIOMNMCS TPUMEHEHHEM HOBBIX TEXHOJOTHH M MaTepHasoB, CIOCOOHBIX KOPEHHBIM 00pa3oM YIyYIIHTh KaueCTBEHHBIE
MOKa3aTel ! BBITYCKAEMbIX H3JEHH, BCIO CTPYKTYPY U yCIOBHS TPOU3BOJCTBA. K TaKMM TEXHONOTHAM OTHOCSATCS TEXHOIOTUH af/1-
THUBHOTO MPOU3BOJICTBA, C TOMOIIBIO KOTOPBIX BO3MOXKHO M3TOTOBIEHHE M3EINH U3 MEPEOBBIX MaTepHaIoB — K HUM OTHOCATCS
HETIPEPBIBHO apMUPOBAHHBIE MOJTMMEPHBIE KOMIIO3UTH. B CBOIO ouepenb, MHTErpanus aAAuTUBHBIX TEXHOIOTHN C MPOMBIILIEH-
HBIMH pOOOTaM1 OTKPHIBAET HOBbIE BO3MOXKHOCTH CO3/IaHMS ITPOCTPAHCTBEHHO apMHUPOBAHHBIX KOMIIO3UTOB C HAMPaBIEHHOH BHYT-
PEeHHEH CTPYKTYpOii, momyyaeMoi 3a CUeT YHMOPSIOYEHHOTO PACIOIOKEHHUsI HeTIPEPBIBHBIX BOJIOKOH. B manHOM 0030pe mpoBeneH
aHaJM3 CYIIECTBYIONIMX Ha CETOMHANIHUN AeHb TeXHONOrHH 3D-nevaTn MpocTpaHCTBEHHO apMUPOBAHHBIX TTOJMMEPHBIX KOMIO3H-
IIHOHHBIX MaTe€PUAJOB ¢ 100ABIEHHEM HEMPEPHIBHBIX BOJIOKOH Ha 0a3e MPOMBIIIIEHHBIX pOOOTOB-MaHUITYAATOPOB. [IpeacTaBiaeHs
OCHOBHBIE TT€Pe/I0BbIE KOMITAHUH, MOCTABIISIOIINE TOTOBbIE KOMMEPUECKHE CHCTEMBI, PACCMOTPEH OMBIT YCIIENTHOTO HCIONB30BaHUS
JTAaHHBIX CUCTEM TPH U3TOTOBIEHHN apPMUPOBAHHBIX JIeTaNeil.
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ApMHPOBAHHBIE KOMITIO3UTEI, IPOMBIIIJICHHBIC pO6OTLI
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Additive manufacturing
of continuous fibre reinforced polymer composites
using industrial robots: A review

A. V.Sotov®, A. I. Zaytsev, A. E. Abdrahmanova, A. A. Popovich

Peter the Great St. Petersburg Polytechnic University
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Abstract. In recent years, the mechanical engineering sector has undergone significant changes due to the creation and expanding
application of new technologies and materials capable of radically improving the quality of manufactured products, the entire structure
and production conditions. Such technologies include additive manufacturing capable of creating products from advanced materials
such as continuous reinforced polymer composites. Furthermore, the integration of additive manufacturing with industrial robots offers
new opportunities to create spatially reinforced composites with a directed internal structure, obtained by the orderly arrangement
of continuous fibres. This review analyzes the currently available technologies for 3D printing spatially reinforced polymer composites
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with the addition of continuous fibers using industrial robots. The review presents the main advanced companies supplying off-the-shelf
commercial systems and presents the successful experience of using these systems in the production of reinforced parts.

Keywords: additive manufacturing, polymer composites, continuous fibres, spatially reinforced composites, industrial robots
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BsepeHue

B Hacrosmiee BpeMs aIgUTHBHOE MPOH3BOICTBO
(AIl) siBsieTcst OBICTPO PACTYIIUM PBIHKOM, TEXHOJIO-
MM KOTOPOTO TpHUOOpeTaroT Bce OoJiblliee 3HAUCHHE
B paMKax Mepexoja K MepeloBOMY MPOMBIIUICHHOMY
MPOM3BOACTBY. Jlodroe BpeMs OCHOBHOE BHHMAaHHE
yaensiock 3D-medatn Metamumyeckux [1-5] uw momu-
MEpPHBIX MaTepuayioB [6—9], HO pacTeT WHTEpec K Oojee
CIOXKHBIM O0JIacTAM TNPUMEHEHUS W HOBBIM THIAM
MarepualioB — TaK Ha3bIBACMBIM COBPEMEHHBIM WA
nepeaoBbIM MatepuanaMm (advanced materials). C ToUku
3peHHsl IOTEHIHAA [0 WX BHEIPCHHUIO BBIICISIOT
5 TUIOB MEPCIEeKTUBHBIX MaTeprasioB [ 10]: TexHHueckas
(okcumHas, kapOumHas) kepamuka [11; 12]; moiaumeps
(cemetictBa PAEK — Takue, xak PEEK u PEKK) [13; 14];
METaJUTBI (TYTOIUIaBKUE METAILIBI — BOJIb(paM U MOIno-
neH) [15; 16]; 4D-marepuansl (MaTepualibl ¢ TaMsThIO
¢dopmbl) [17-20]; KOMIIO3HUTHI, B YaCTHOCTH MOJTUMEPHBIC
KOMIMO3UIMOHHBIEe MaTepuaisl (IIKM) ¢ HenmpepbIBHBIMU
BoJIoKHamu [21; 22].

Ha cerogusimnamii 1eHb TpaJUIIMOHHOE TPOU3BOJCTBO
[TKM, ocymecTBiasieMoe B OCHOBHOM C MCIIOJIb30BAHUEM
TKaHBIX BOJIOKHHCTBIX JIICTOB M TEPMOOTBEPIKIAEMbIX
CMOJI, SBJSIETCSI OJHUM W3 TPYIOEMKHX H JOPOTOCTOSI-
LIMX TPOU3BOACTBEHHBIX mpolieccoB [23]. Tem He MeHee
Ha MHpPOBOM DBIHKE KOMITO3HTBHI OCTAIOTCS OJHUM W3
OBICTPOPACTYIIMX U OBICTPOPA3BUBAIOIIMXCS MPOMBIIII-
JICHHBIX CETMEHTOB. B HacTosIIIee BpeMst OKHUIaeTCs, 9To
texHonoruu All OyayT UrpaTh BaXHYO POJIb B TOM IIPO-
mecce Onaromapsi ITUPOKOMY CIIEKTPY IOSBISIOLTHXCS
KOMMEPYECKH JIOCTYITHBIX TEXHOJIOTHA U MPOLIECCOB.

He tak nmaBHo kommanwus «VoxelMattersy (Bemuko-
OpHuTaHUsI), 3aHUMAIONIAsiCd MapKCTUHTOBBIMU HCCIIE-
JIOBaHUSMH M aHAIUTUKON B oOnacth wHIycTpuu All,
MpeJCTaBuia KapTy TEXHOIOTUH M CYIHIECTBYIOIIUX
KOMITaHUH, TIpeUIaralonuX KOMMEPYECKHE CHCTEMBI
JUTst peanu3anuu npoueccos 3D-nievaru [24]. Dra kapra
MO3BOJISICT  ITOJIB30BATEISIM  Pa3o0paTbesi CO  BCEMH
CYyIIECTBYIOUIMMH TexHOJoTusiMU 3D-nevyaru u Harmpas-
JMCHUSMH, TI0 KOTOpbIM pasBuBaercss All pa3muaHbIX
MaTrepuagoB, B TOM YHUCIIE TOJUMEPHBIX KOMIIO3HUTOB.
CotpynHukn kommnaHuu «VoxelMattersy Takxke OTMe-
4aroT [25], 4To U3 BCeX CEMEWCTB MaTepruasIoB MOJIUMEP-
HBIE KOMITO3UTEI, apMUPOBAHHBIC BOJIOKHOM, B TOM JHCIIE

HETIPEPHIBHBIMU BOJOKHAMH, OONANAIOT YHUKAJIbHBIMA
CBOMCTBAMH U TPEHMYIISCTBAMH, a WCIIOJIb30BaHUE
3D-neyaty MO3BOJMUT PACIIUPUTH IPUMEHEHHE JaHHBIX
MarepuayoB 3a c4yer Oojee 3(h(HEeKTUBHOTO, IKOHOMHY-
HOTO ¥ OBICTPOTO MPOM3BOACTBA JIETANCH C YHUKAIBHBIM
COYCTaHNEM KOHCUHBIX (PYHKIIHOHATHHBIX CBOWCTB.

B HacTosiiee BpeMsi CYIIECTBYIOT KOMITAHUH, TPEI-
JIararolie HacTONbHBIE cucTeMbI Jia 3D-mmeuaru [TKM
C HEMpPEpBhIBHBIMH BOJOKHaMHU. OJHAKO MPOU3BOJCTBO
[IKM c¢ ucrnonb3oBanneM Takux 3D-NpuHTEpOB MMeeT
PSIT HEMOCTATKOB, CPEAN KOTOPHIX OCHOBHBIM SIBIISICTCSI
HanpaBJIeHUE YKIaK1 BOJIOKOH UCKITIOUYUTEIHHO B IUIOC-
KOCTH MIaT(opMbl MOCTpoeHus [26]. DTo urpaer Bax-
HYIO POJIb MPU MPOEKTUPOBAHUU U CO3/IaHWUU W3ICIUH,
MTOCKOJIbKY HamOoiee BRICOKHE MEXaHHICCKHE CBOWCTBA
JOCTHUTAIOTCS IPU MIPUIIOKCHUH HaTPY3KH BJIOJb HAIIPAB-
JeHust apMupoBaHus. Takoil HEOCTaTOK JeNaeT HeBO3-
MOXXHBIM TIONY4YE€HHE IIUPOKOTO CIEKTpa JeTalei,
Harpy3ka Ha KOTOpPbIe HE JIS)KUT B OJHOM IUTOCKOCTH.
Jlis pemreHust 3TOM W APYrHX NPOOJIeM HAaCTOIBHBIX
3D-npuHTEPOB CO3MAETCSI COOTBETCTBYIOIIEE 000PYIO-
BaHME Ha 0a3e MPOMBIIUIEHHBIX POOOTOB-MaHMITYISATO-
poB. Takoii criocob obecrneurBaeT HOBbIE BOZMOKHOCTH
3aJlaeT HOBbIE cTaHapThl k npoussoactBy IIKM. Cpenu
OCHOBHBIX IPEUMYIIECTB CIEAYET OTMETHTH OONBIIYIO
pabouyro o0acTe MOCTPOSHHS POOOTOB, B OTIMYUE OT
HACTOJIBHBIX 3D-NpUHTEPOB, a TaKXke CO3JaHue Mpo-
CTPaHCTBEHHO apMHPOBAHHBIX MOJIMMEPHBIX KOMITO3HUT-
HBIX W3JICJIHiA, KOTOPOE BO3MOXKHO Oyiaronapst 00oJbiiemMy
KOJIMYECTBY CTETeHeH CBOOOJBI POOOTa-MaHUIYIIATOPA.
B pab6orax [27-31] nogpoOHO omucaHbl 0COOEHHOCTH
MONTyYeHHsI TAKUX M3JENINH M MaTeprajioB ¢ TOYKH 3pe-
HUS MJIAHUPOBAHUS TPACKTOPUU MHCTPYMEHTa, KHHEMa-
THKH, TIPEJOTBPAIICHHS CTOIIKHOBEHUH PoOOTa, a TaKkKe
TEXHOJOTUYECKNX OTPaHMUCHHH, BO3HUKAIONIUX B IIPO-
Lecce neyar.

B nanHOM 0030pe OCHOBHOE BHHMAaHHUE YAETSAETCS
aHaIT3y CYIIECTBYIONINX HA CETOTHSAIIHUH JICHb TEXHOIIO-
ruit 3D-nedatn mpocTpancTBeHHO apMupoBaHHBIX [TKM
¢ no0aBlieHHEM HETPEpLIBHBIX BOJOKOH Ha 0a3e mpo-
MBILUIEHHBIX POOOTOB-MaHUMYJASATOPOB. [IpencraBieHs
OCHOBHBIE TEPEIOBbIe KOMIIAaHUHU, TTOCTABIISIOLINE TOTO-
BBl KOMMEPYECKUE CHCTEMBI, & TAK)KE PACCMOTPEH OIIBIT
YCIICITHOTO HMCTIONB30BAHUS JTaHHBIX CHCTEM IIPH H3TO-
TOBJICHHU apPMHUPOBAaHHBIX JICTAJICH.
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CywecrTsytowme TexHonornn 3D-nevatu
HenpepbiBHO apMUupoBaHHbIx [TKM

Pa3surue texnonoruit 3D-neuatu IIKM c¢ nenpe-
PBIBHBIMH BOJIOKHAMH ITPOHUCXOJINT IUIABHO, HO JIOCTa-
TOYHO C BBICOKOH CKOPOCTBIO, YTO TPUBOAUT K MOSIB-
JICHUI0O MHOJXKECTBA HOBBIX TEPMHHOB M TEXHOJOTHH.
CorpynHukaMu MIOHXEHCKOIO TEXHUUYECKOI'O YHUBED-
cureta ObUIa MpOBelNeHa padoTa MO CO3MAHHIO0 KOH-
LEMUUK JUIsl CTaHAapTH3auu mpoueccoB 3D-meuarn
HernpepbIBHO apMupoBaHHbIX [IKM, ciokHOCTE KOTOpOH
BO MHOTOM OOYCIIOBJIEHA OCOOCHHOCTSIMHU pPeau3aIiu
MPOLECCOB I€YaTH PAa3JIMYHBIMU KOMHaHusAMHU [29].
OzHaKo Ha CETOMHSITHUH ACHb YK€ NUMEIOTCSI HEKOTOPBIE
TEHJECHIIMU K KaTerOpU3allu{ NPOIECCOB, OCHOBAHHOMN
Ha OCOOCHHOCTSIX MOJIa4l apMUPYIOIIEr0 U MATPUIHOTO
MaTEpUaJIOB B MEYATAIOIIYIO TOJIOBY U UX OCAXJIECHHUS B
npouecce nocrpoenus aeraned. Ha puc. 1 mpencras-
JIEHBl CYUIECTBYIOIIME HA CETOJHSALIHUI JEHb CXEMBbI
peanu3anuu mnporecca U KOMIAHUH, MIPEI0CTABISIONTNE
komMmepueckue cucteMbl 1o 3D-rewaru [TKM ¢ no6asne-
HUEM HENPEPHIBHBIX BOJOKOH.

BunHo, 4TO Ha TaHHBII MOMEHT CYIIECTBYIOT 5 CXEM
peanuzanuu mporecca poOdOTH3MpOoBaHHOW 3D-medatn
HernpepblBHO apMmupoBaHHbIX [IKM ¢ kommepueckn
JIOCTYIHBIM ~ o0opynoBaHueM. Huke TpencTaBieHbI
OCHOBHBIE JIOCTUTHYTBIE Ha CETOIHAIIHUN I€Hb PE3yiib-
TaThI 10 KaXKI0H U3 ITHX CXEM.

1. In situ nponunTKa

[IpuHIMN 1aHHOW TEXHOJOTHH COCTOUT B TOM, YTO
HENPEPHIBHOE CYyXO€ BOJIOKHO TIPOMUTHIBACTCS «HA
Mecte» (in situ) B DKCTPY3MOHHOW TOJIOBKE IMpPHHTEpPA
CIEIMATLHBIMH TEPMOPEAKTHUBHBIMH JINOO TEPMOILIAC-
TAYHBIMH TIOJIMMEPHBIMH MarepuallaMd C TOCHeIy-
FOLUMH DKCTPY3UEH MaTepuana depe3 COMIO U ero

orBepkacHHEM. OCHOBHBIMH KOMIIAHHSIMH, HWCIIONb-
3YIOIUMH TIPOLECC i Situ TIPOMUTKH W TIPUMEHS-
IOMUME  TIPOMBIIIICHHBIE  POOOTHI-MaHHITYJISTOPHI,
spistiorest  «Continuous  Compositesy  (CILIA) [33],
«Orbital Composites» (CIIA) [34] u «Moi Composites»
(Uramust) [35]. B xauecTBe apMHpPYIOIINX MaTepUaoB
B OCHOBHOM HCIIOJNB3YIOTCSl YITIEPOIHBIE, 0a3aibTOBbIC
BOJIOKHA, PEKE CTEKIIOBOJIOKHO M HATypaJIbHBIC BOJOKHA.

Kommnanust «Continuous Composites», OCHOBaHHas
B 2015 1., pa3paborana 3amareHTOBAHHYIO TEXHOJOTHIO
3D-neuaru — «Continuous Fiber 3D Printing» (CF3D),
[Je HEMPEPhIBHOE CYXO€ BOJIOKHO IMPOIHUTHIBACTCS «HA
MECTe» CIEIUaTbHOW TEPMOPEAKTUBHONW CMOJIOW ObIC-
Tporo oTBepkaeHUs. Korma marepuan mpoXoguT depes
COIJIO, OH MTHOBEHHO OTBEPKIACTCS C TOMOIIBIO
Y®-ucrounuka cgera. Kak ormeuaror B komnanuu [36],
MPUMEHEHHE MPOMBIIIICHHOTO PO0OTa  MO3BOJISIET
YKJIaJpIBaTh MaTepuall B JIFOOOM HaIlpaBICHUH, OIITHU-
MHU3HPYS OPHCHTAIMIO apMHUPYIOIINX BOJIOKOH B 3aBH-
CHMOCTH OT KOHCTPYKIHH H3TOTABIMBAEMON ECTaJH.
3anarenToBanHast komnanueil Texnonorus CF3D moxer
OBITH peali30BaHa HA MOPTANBHBIX POOOTaX-MaHHITYIISI-
TOpax JIMOO C HCIIOIB30BAHNUEM MTPOMBIIIIIEHHOTO POOOTa
UL THOKOTO IPOHM3BOIACTBA. biaromaps ImpUMEHCHHIO
6-xoopauHaTHOTO poboTta (Gupmel «Comau» KOMIAHUS
CO3IaeT CIO)KHBIC JETANM M KOMIIOHCHTBI, HalpuMep
9NIEMEHT JIOHKepOHa KPBUIA caMoleTa U3 YIICPOIHOTO
BOJIOKHa (pHc. 2, 0).

B kauectBe apMmupylomliero marepuanga KOMIIaHUEH
«Continuous Composites» HCIOIB3YIOTCS CTPYKTYPHBIE
BOJIOKHa (yIJIEpOJHBIC, CTEKJIOHATIOJHEHHBIC, KEBIia-
poBbIe) WK (DYHKIMOHAIBHBIC BOJOKHA (ONTHYECKHUE,
MeTaJNTN4ecKue). MaTpuyHbIi TOJTMMEPHBIH MaTepuat
BBIOMpACTCsl HCXOAS U3 MEXaHHYECKHX CBOUCTB, TEILIO-
nepejayy U yCTOMYMBOCTH K BO3JIEHCTBHIO OKpYKaro-
mieil cpeibl B COOTBETCTBUU C IKCILTYaTalIOHHBIMHA TPE-
OOBaHUSIMH H3/IEIIHS.

In situ Koskcrpysus DKCTpPy3Hs In situ [orounas
MIPOTIMTKA rpenpera npenpera KOHCOIUALIHS MPOIKTKA
Cyxoe BOJIOKHO Ipenper Ipenper TIpemnper
[Tonmnmep ), | [Tonmumep ’w—
Hcrounnk
OHEPrun
I
a3 : :
=T},
= anisoprint . ey AREVO %
2 INGERSOLL
sy cerD = Dhh -
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Puc. 1. CxeMBI peasi3aliyy poecca ¥ OCHOBHbIE KOMIaHuH 110 3D-neyaru
HerpepbIBHO apmupoBaHHbIX [IKM Ha 6a3e npombinuieHHOro podota [32]

Fig. 1. Processes classification and basic 3D printing companies
of continuous fiber reinforced PCM based on an industrial robot [32]

22



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(1):20-30
Sotov A.V., Zaytsev A.l., etc. Additive manufacturing of continuous fibre reinforced polymer ...

Puc. 2. TIpumepsl ucnosbzoBanus 3D-nedarn [TKM pa3inyHbIMA KOMIAHHSIMA

a, 6 — pobdotuzuposanHas 3D-neuars ot Komnanun «Continuous Composites» () ¥ AIeMEHT JIOH)KepOHa Kpblila CaMoJIeTa U3 YIJICPOJHOTO BOJIOKHA
1t komnanun «Lockheed Martiny (6) [33]; 6, 2 — 3D-nipuntep monenu «Orbital S» or komnanuu «Orbital Composites» (6)
U 3alMTa NepeJHEN KPOMKH JUIs JIOTIACTH BETPSIHOW YCTaHOBKH (2) [34]; 0, e — poO0oTH3MpOBaHHAs CHCTeMa IeyaT Ha 0cHOBe podora «Kukay
ot komnanuu «Moi Composites» (0) 1 IpUMEpPbI U3TOTOBICHHS CIOKHOIPODMIBHBIX KOHCTPYKIIHUH,

ApPMHUPOBAHHBIX HENPEPHIBHBIMU BOJIOKHAMU (€) [35]

Fig. 2. Examples of the use of 3D printing of PCM by various companies

a, 6 — robot-based 3D printing of PCM from “Continuous Composites” (a) and carbon fibre aircraft wing spar element for “Lockheed Martin” () [33];
6, 2— “Orbital S” 3D printer from “Orbital Composites” (¢) and leading-edge protector for a wind turbine blade () [34];
0, e — “Kuka” robotic printing system from “Moi Composites” (9) and continuous fibre reinforced complex-shape parts (e) [35]

Yenemnoe npumenenue texuonorun CF3D naGmro-
JACTCSl W B PsJIEe HUCCIENOBATEIBCKUX JIA0OPATOPHIA
yHuBepcutetoB [37—40]. Asrops! [40] npoaeMOHCTpU-
pOBalM Pe3yNbTaThl Pa0OTHI MO OMPEICICHUIO MeXa-
Huyecknx cBoMcTB IIKM, HM3roToBIEHHBIX MO TEXHO-
gorun CF3D ¢ ucnosib30BaHUEM IPOMBIIIJIEHHOTO
poGora-manunynaropa «Comau». beumn ucciaeqoBaHbl
00pasIpl U3 BRICOKOTEMIIEPATYPHOTO TEPMOPEAKTUBHOTO
akpuiioBoro nonumepa GF-2 u BBICOKONIPOYHOTO yTJIe-
ponnoro BomokHa T-1100 ¢ oObemHoU moneit 41,5 %.
[Honyuyennsle 00pasupl UMenn Monyiab FOHra, paBHBIH
122 I'Tla, u nmpo4HOCTb IIpu pacTsbkeHuu 1599 Mlla, uro
cocrasnseT 89 % (137 I'Tla) u 55 % (2926 Mlla) ot Teo-

PETHYECKOTO 3HAYEHUSI COOTBETCTBEHHO. ABTOPHI [40]
OTMCYAIOT, YTO TIIONyYCHHBIC B XOJAC HCCICAOBAHUS
pe3ybTaThl ABISIOTCS JOCTATOYHO BBHICOKMMU JAJIS JIaH-
Hoit cepsl All, uto memaer texnomoruio CF3D mep-
CIIEKTUBHON NpH M3rotoBiieHny aeraned u3 [IKM.
Kommanust  «Orbital Composites», OCHOBaHHas
B 2014 r., 3HaYaJIBHO MO3UIIMOHUpPOBaNa ceOs B 3D-me-
YaTh KOMIIOHEGHTOB JUII KOCMHYECKOTO IPHUMCHEHUSI.
Ha ceromsmuuii neHb KOMIIAHHS pa3BUBAECT COOCT-
BEHHYIO TexHosoruto 3D-medatu, rie HempepbhIBHOE
CyX0€ BOJIOKHO IPOIMUTHIBACTCS «HA MECTE» TepMoILiIa-
CTUYHBIM TOJMMEPHBIM MAaTCPHAJIOM C MOCICAYIOMINM
YIUIOTHEHUEM pPOJUKOM. B Hacrosiee BpeMsi IPOU3BO-
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nuTenb npeanaraer 3 tuna 3D-nmpuHTEpOB HAa OCHOBE
MPOMBIIIICHHBIX poOoToB: «Orbital e-» — 6-oceBoi
poboT s o0Opa3oBaTeIbHOM W HCCIENOBATEIbCKOM
JEATEIBHOCTH ¢ Iaargopmor moctpoeHus 1,2%1,2 m
U BO3MOXHOCTBIO TI€UaTH BBICOKOTEMIIEPATYPHBIMH
tepmoruiactamu; «Orbital S» — poboT mpombIIeH-
HOTO KJIacca C YHUKAJIBbHON CHCTEMOW INepeMeIICHHUs
MaHUITYJATOPA, TOC TOYKH KPEIUICHHS HE SBISIOTCS
(DUKCHPOBAHHBIMH, YTO MO3BOJIIET HACTPOUTH IIPOIECC
MeYaTH KpPYIMHOTa0APUTHBIX JETalieil cO BCEX CTOPOH
(puc. 2, 8); «Orbital F» — 3D-npuHTep KOHTEHHEPHOTO
THMA JJIs1 ©3TOTOBJICHUS KPYITHOTa0apUTHBIX KOMITO3UT-
HBIX KOHCTPYKLHMN.

3D-mpunTepsr  kommanuu  «Orbital  Compositesy
MMEIOT BO3MOYKHOCTh HarpeBa CoIjia 0 TeMIepaTypsbl
cebiie 500 °C, 4ro MO3BOJISET IMe4ararb MaTPUYHBIM
MaTepualioM W3 BCEX CYIIECTBYIOUIMX HHU3KOTEMIIepa-
TYPHBIX TEPMOILIACTOB, & TAKIKE BEICOKOTEMITEPATYPHBIX
marepuainos, Bkiatouas PEEK, PEKK u np.

Kommanust «Moi Compositesy, ocHoBanHas B 2018 .
Ha 6a3e MMJIaHCKOTO MOJIMTEXHUYECKOTO YHUBEPCUTETA,
paspaborana TexHoJOrHI0 3D-meyatu U3 HENpPEepHIBHO
apmupoBanHoro IIKM mnon HasBanuem «Continuous
Fiber Manufacturing» (CFM), rme mnpomurka ocy-
HIECTBISIETCSI C HMCIIOIB30BAHUEM OSIOKCHIHOW CMOJIBI,
BUHIID(UpPA U aKpHiIa ¢ HEIPEPHIBHBIMU CTCKIISTHHBIMH,
YIJICPOAHBIMH, 0a3albTOBBIMH H JPYTUMH BOJIOKHAMH
(puc. 2, 0). ITomumo nsroroBnenus 3D-IpUHTEPOB KOM-
MaHUs MPOU3BOIUT WHCTPYMEHTAIBHBIC TOJIOBKH IS
3D-medatn, KOTOpBIE MOTYT HHTETPUPOBATHCS C TFOOBIMU
4-oceBbiMu ctaakamu ¢ UITY s rubkoit macmradbupye-
MO TEeYaTH.

B kadyecTBe TEpMOpEaKTHBHBIX MATPUYHBIX Mare-
puanoB koMmnanus «Moi Composites) IpUMEHSIET peak-
TOMJIACTEl Ha OCHOBE SIMOKCHUIHON CMOIIBI, CIIOXHBIX
BUHIJIOBBIX d(UPOB, a TAK)KE aKPHIIOBBIX KOMITO3HIIUH.
B kadecTBe apMHUPYONIUX KOMIIOHEHTOB HCIIOIB3YOTCS
HETPEepPBHIBHBIC CTEKJIOBOJIOKHA, YIMICPOAHBIE U 0a3aib-
TOBBIC BOJIOKHA. B Hacrosmee Bpems B pa3zpaboTKe
HAXOIATCS apaMUIHBIC M HATypajbHbBIC BOJIOKHA. B KoM-
MaHUK OTMEYAIOT, YTO aKPHUJIOBBIE MaTepUaNbl MpUMe-
HSIOTCSI TS QpXUTEKTYPHBIX IETaJIeH, TaKk KaK MaTepua
Mpo3padeH 1 He TpeOyeT TeMIepaTyphl sl OTBEpKIe-
HUSI/TIOCTOTBEpXKICHHsI. Marepuanbsl Ha OCHOBE CIIOXK-
HBIX BHHWJIOBBIX A()UPOB HCIOJIB3YIOTCS U JAeTaje
MOPCKOM OTpaciii, MaTepHajIbl HA OCHOBE JITOKCHIHOU
CMOJIBI — JUTSL JleTaliell HeTera3oBoi M adpOKOCMHUYEC-
KOH oTpacnen.

2. KoakcTpysmns npenpera

[TpuHIKIT TaHHON TEXHOJIOTHH 3aKJTF0YaETCs B KOIKCT-
py31/II/I KOMIIO3HUTHOTIO, HpeIIBapI/ITeJH:HO IIOATrOTOBJICH-
HOTO TIpemnpera, CoAepiKallero HempepbIBHBIC BOJOKHA,
¢ 100aBIeHHEM TEPMOILIACTA [T 00ECIICUEHUS aJlre3uH
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K MarpuyHoMy Marepuaixy. OCHOBHBIMH KOMITaHUSIMH,
MPUMEHSIOUIMMH TpOLlecC KOIKCTPY3UHM Iperpera Ha
6aze poOOTOB-MaHMITYJIATOPOB, SIBISIIOTCS «Anisoprint»
(JIrokcemOypr) [41] u CEAD (Hunepnannasr) [42].

Kommanust «Anisoprint», ocnHoBannas B 2015,
paspaborana coOCTBEHHYIO TexHONOruo 3D-nevaru
«Continuous Fiber Coextrusion» (CFC), rme ucmnoib-
3yIOTCsl [IBa COIUIa C MATPUYHBIM M apMUPYIOLIUM
Marepuanamu. CoIuio it apMHUPYIONIETo MaTepHaia
BKJIIOYAET B ceOs JIBE OTHENIbHBbIE KAaTyLIKU: OHA — CO
KTYTOM W3 HETPEPHIBHBIX BOJIOKOH, IIPOTIUTAHHBIX PEaK-
TOIUTACTOM, JIpyTasi — C TEPMOILIACTUIHBIM (PHIIaMEHTOM
JUISL QATE3UH apMUPYIOIIETO KIyTa K MaTpHIle, KOTOPhIE
MOJAIOTCS B OJMH AKCTpynep. Takas cxema peanu3anuu
mporecca MO3BOSICT KOHTPOIUPOBATh 0OBEMHOE COOT-
HOILIEHHE BOJIOKOH, a MpUMEHEHHe poldoTa — 3a/1aBaTb
CJIOJKHBIE KPUBOJIMHENHBIE Tpaekropuu 1pu 3D-neuaru
(puc. 3, a). KoHeuHble W3rOTOBICHHBIC JETANH TIPE-
CTaBISIIOT c000i koHcTpyKimu u3 I[IKM, cocrosiero
U3 TEPMOPEAKTUBHOIO, TEPMOIUIACTUYHOTO MOJIMMEPOB
Y HEeTIPEPHIBHBIX BOJIOKOH.

MarpudHbIM MaTepuasoM MOTYT CIYXKHUTh pa3jiny-
HBIC HHU3KOTEMIIEPATYpHBIC TEPMOIUIACTBI, BKIIOYAs
PC, PLA, TPU, PETG u PA. B kauecTBe apMupOBaHUS
MOTYT OBITh HCIIOIB30BAaHBI MPEIPETH C YIICPOTHBIMH,
CTEKJIAHHBIMHU, apaMHUIHBIMHU, 0a3abTOBBIMU, OOPHBIMU
HENPEPHIBHBIMUA BOJIOKHAMU.

CTOUT OTMETUTBH, YTO POOOTH3MPOBAHHAS TEXHOJO-
THs KOKCTPY3HMHU IpEnpera oT KOMIAHUHM «Anisoprinty
HAXOJUT LIMPOKOE NPUMEHEHHE B PA3IMYHBIX OTPACIIAX
npoMbIieHHocTH [43—48]. ABTOps! [48] poneMoHCT-
pUpOBaJIM  pe3yibTarbl  padOThl MO  HCCIEIOBAHUIO
3D-meuatn KOH(OPMHBIX TPACKTOPHUH C IIOMOIIBIO
MPOMBILIJIEHHBIX POOOTOB JUIsI OOOJIOUEUHBIX KOH-
cTpykuui, usrorosneHHblx u3 IIKM ¢ wucnons3oBa-
HUEM TEXHOJOIMH KOIKCTPY3UH. OCHOBHBIE ATallbl
paboThI 3aKITIOYAITUCH B Pa3pabOTKe MPOU3BOJCTBEHHOM
CHCTEMBI, IUIAHUPOBAaHUH KOH(POPMHBIX TPAaCKTOPUI
U TECTUPOBAHUM IIPOM3BOAUTEIbHOCTH. OOopynoBaHue
BKItouano podor «Universal Robots UR10e» ¢ xodxkc-
TPY3UOHHON TOJIOBKOM M HacTOJbHBIM 3D-mpuHTEp
«Anisoprint Composer A4». B mpomecce mccienona-
HUsI OBUTH M3TOTOBJICHBI 3 0Opasma (puc. 4): mepBbIil —
nojyyeH Ha 3-oceBoM obopynoBaHuu «Composer A4»;
y BTOPOTO — KOHHMYECKas YacTh TAKXKE BBLIMOJHEHA HA
3D-npunTepe, a pedpa KECTKOCTH M3TOTOBIICHBI PO0O-
TU3UPOBAHHOM CUCTEMOH; TpPeTH — IPOU3BEAEH IO
KOH(pOPMHOMY croco0y poOOTH3UPOBAHHON CHCTE-
MOH. Y JeTanu, BBINOJHEHHOH KOH(OPMHBIM CIIOCO-
00M, 3HaYeHMs MPOYHOCTH Ha CKAaTHE M KECTKOCTb Ha
258,6 u 134,9 % BbIIE, UeM y J1€TajH, MOJyYEHHON Ha
3D-npunHTepe ¢ 3 cTeneHsIMu CBOOOIBI.

Kommnanust CEAD, ocaoBannas B 2014 r., crienuaiu-
3UpyeTCs Ha IPOU3BOACTBE KPyIHOrabapUTHBIX POOOTH-
3UpOBaHHBIX 3D-IpuHTEpPOB 1 pa3padaThIBaeT COOCTBEH-
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Puc. 3. 3D-nipuHTEp € KOIKCTPY3HEil HeMPephIBHBIX BOJIOKOH Ha 0a3e mpombliuieHHOTro poboTa «Kukay
oT KoMIaHuu «Anisoprint» (a) [44], 36-metpoBsrit 3D-nipunTep «Mega II» amst Mmopckoii komnanun «Al Seer Marinex»
ot komnanu CEAD (6) 1 KoMITO3UTHAas OCHACTKA JIJIsl K3TOTOBIICHUS JIONOK (6) [42]

Fig. 3. Continuous fibre co-extrusion 3D printer based on the Kuka industrial robot from “Anisoprint” (a) [44],
CEAD’s 36 m “Mega II” 3D printer for “Al Seer Marine” (#) and composite tooling for boat building (¢) [42]

Puc. 4. Obpa3er, noiayueHHbIi Ha 3-0ceBoM 000pyaoBaHuH (@); 0Opa3ell, U3rOTOBICHHbIH ¢ HCTOIb30BaHueM 3D-mpuHTepa
1 poOOTH3HPOBAHHOM yCTAaHOBKH (0); 00pasell, Co31aHHbIi KOHPOPMHBIM CITIOCOOOM pOOOTH3NPOBAHHOH cucTeMOii (6) [48]

Fig. 4. Sample obtained on 3-axis equipment sample (a); sample produced using 3D printer and robotic system (6);
sample produced conformally by robotic system (¢) [48]

HYIO 3allaTeHTOBaHHYIO TexHonoruto «Continuous Fibre
Additive Manufacturing» (CFAM), rne mnedataromas
rOJIOBKA OOBEIUHSIET HEMPEPHIBHOE BOJIOKHO € PacIuiaB-
JICHHBIMHU TE€PMOIUTACTUYHBIMU TpaHynamu (puc. 3, 0, 6).

3. OKCTpy3ns npenpera

HaHHaH TCXHOJIOT U 3aKJIIOYACTCA B OKCTPY3UU KOM-
TO3UTHOI'0, IIPCABAPUTCIBHO IIOATOTOBJIICHHOIO IIpE-

mpera, MPOIUTAHHOTO TEPMOIUTACTUYHBIM TTOJIMMEPOM
U COZIEpIKallero HempepbiBHbIE BOJNOKHA. Cpeand KoM-
MEpYECKUX KOMIAHHW, HCIOIB3YIOMUX TEXHOIOTHIO
9KCTPY3UHM Mperpera COBMECTHO C MPOMBIIIJICHHBIMH
po0OoTaMU-MaHUTYJIATOPAMH, MOXKHO BBIJICJIUTH KOMIIa-
nuto «Ingersoll Machine Tools» (CLLA) [49].
Kommanus ocroBana B 1891 1., a ¢ 2003 1. BXOauT B
cocta koprnopamuu «Camozzi Group» (Mramus). Oc-
HOBHBIM €€ HalpaBJICHUEM SIBJISICTCS IPOU3BOJICTBO rada-
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PUTHBIX CTaHKOB IUIsl MeTauioo0padotku, 3D-mevartn
YW aBTOMaTW4yeckoro pasmemnieHust BonokoH. C 2015 r
KOMIIaHMs Hayana pazBuBarbesi B chepe All u k Hacto-
SIIEMy BPEMEHHM INpearaeT 5 KOMMEpYECKH IOCTYII-
HBIX PELICHHH, B gucie KOTopeix «MasterPrint Lineary,
«MasterPrint 3X» u «MasterPrint 5X». YcraHOBKH Tipej-
CTaBJLTIOT cO00H KpynHoradaputHsle 3D-TIpHHTEPHI IS
mupokoopmarnor medaru [IKM. Takke koMmaHus
IIpe/IaraeT 1Ba PeIIeHNs Ha 6a3¢e MPOMBIIIICHHBIX Po0o-
TOB-MaHMITYJIITOPOB AJ1sl 3D-neyatu HENpepbIBHO apMu-
poBanaubIx [IKM — «MasterPrint Robotic» n «MasterPrint
Continuous Filament» (puc. 5).

4. |In situ KoHconugauus

TexHOoIoTHs YIIJIOTHEHHUS «Ha MECTE» TaKk)Ke U3BECTHA
KaK aBTOMAaTH3MPOBAHHBINA MPOIECC Pa3MEIICHUS BOJIO-
KOH, TZ€ BOJOKHO B BHJE IMpenpera MpoIyCcKaeTcs
Yyepes COIJIO M HAarpeBaeTcs ¢ MOMOIIBIO JIOTIOTHUTEIhb-
HOIO0 HMCTOYHMKA TelJja HENOCPEICTBEHHO Ha BBIXOJE.
Ha peiake mpomsBogmTeneil o0OpyHOBaHUS MPHCYTCT-
BYIOT KOMIIaHHUHM, IPEAJIaraolie HaCTOIbHbIE PeILeHHs,
B TO BpPEeMs KaK OCHOBHBIM ITPOW3BOJIUTEIIEM, HCIIONIB3Y-
IOLLUM MPOMBILUIEHHBIE POOOTHI, SBISETCS KpyMHEUIas
rkommanus «Electroimpact» (CILIA) [50].

Kommanus «Electroimpacty», ocHoBanHast B 1986 1.,
npuMensier g 3D-nmedatn poOOTH3MPOBAHHBIE CHC-
TeMbl Ha 0a3e TEXHOJOIMH aBTOMAaTH3UPOBAHHOTO
pasMenieHus: BoyiokHa «Automated Fiber Placement
(AFP). Pa3paGoranHas KOMIIaHHEH  TEXHOJOTHUS
coueraer B cebe meronq AFP m 3D-meuarr MeTomom
FDM [51]. CyTb TeXHOJIIOTMM 3aKJIO4aeTcs B Ie4yaTH
MeTtooM FDM ¢opMer n3 pacTBOPUMOTO MOIUMEPHOTO
MaTepuaja, Ha MOBEPXHOCTb KOTOPOW YKJIAIbIBAIOTCS
HEIpEephIBHBIC BOJIOKHA B BHJIC y3KOW JICHTBHI MyTEeM

HarpeBa W YIUIOTHCHUS POJUKOM TIPEIBAPUTEIHHO
MPOMUTAHHBIX CHUHTETUYECKOW CMOJIOH HeMmeTasuinye-
CKHUX BOJIOKOH ¢ ucrioab3oBanneM AFP-merona. [locie
YKJIaJKA BOJIOKOH MOJTHMEpHas (GpopMa pacTBOPSETCS.
K dncmy pa3paboTOK KOMIAHHH OTHOCHTCS MacIITa-
Ooupyemas poOOTH3UPOBaHHAs MPOU3BOACTBEHHAS CHC-
temMa SCRAM (Scalable Composite Robotic Additive
Manufacturing). O60pyIoBaHUEe TPEACTABISICT COOOM
6-0CeBOH CTAaHOK, KOTOPBIA COYETaeT B ceOe TEXHOJIO-
ruto AFP u 3D-nievars no texnonoruu FDM [52].

B xadecTtBe apMmmpyromiero marepuaia IpPHUMCEHS-
€TCs HEMpEPBIBHOE BOJIOKHO B BHUJAE JIGHTBI, KOTOpas
MpU YKIAJKE MPUKUMACTCS CICIHAIBHBIM POIHUKOM.
Poisib MaTpUUHBIX MaTepHasiOB BBIIOJIHAIOT TEPMOILIa-
ctuunsle nonumeps! cemeiictBa PAEK (PEEK, PEKK
U JIp.), a TAaK)Ke HEHUJIOH U APyTrue HU3KOTeMIIepaTypHBbIe
tepmoruiactel (PA12, ABS u 1.1.). [ToMmumo Tepmoriia-
CTOB B Ka4eCTBE MaTpPHULbl TEXHOJOTUA NeYaTu Moapa-
3yMEBacT HCIOIB30BAaHUE BOAOPACTBOPHUMBIX TEPMO-
IIJIACTOB I U3TOTOBJIEHUSI BpeMEHHOU ocHacTku. Ha
puc. 6 npexcrasinensl 3D-npuntep cepun SCRAM
U, KaK IpUMep, U3/elne U3 HENpepbIBHO apMUPOBaH-
Horo [TKM.

5. [MoToYyHas nponuTKa

TexHOIOTHS TOTOYHOW MPOMUTKH SIBISCTCS THOPHI-
HBIM IIPOLECCOM, OOBEAMHSIOIUM MPEUMYILECTBA

TPAIUIIMOHHOTO W  @JJIMTUBHOTO TPOU3BOACTB. B
3TOM IMPOIECCe KOMIIO3MTHBIC BOJOKHA TOATOTABIIH-
BarOTCA C IMOMOIIBIO TPAAMIHUOHHBIX MPOLECCOB IIPO-
MUATKA M HAHOCATCS Ha MmiaardopMy MOCTPOCHHUS depes
comto. Ha cerogusimiamii AeHb OJHUM W3 TNPEACTABH-
TeJNeld NaHHOW TEXHOJIOTHH SIBJseTCsS KoMmmanus «Moi
Composites» (Mrtanust), onucaHHas BBIIIE.

Puc. 5. 3D-nieuars [TKM Ha 6a3e mpoMBILIIIEHHOTO poboTa-MaHuUIysaTopa ot kommanuu «Ingersoll Machine Tools» (a)
Y TIPUMEPBI U3TOTOBJICHHBIX U3AETNI M3 HENMPEPHIBHOTO BOJIOKHA (0) [49]

Fig. 5. 3D printing of PCM based on an industrial robot from “Ingersoll Machine Tools” (a)
and examples of manufactured continuous fiber products () [49]
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Puc. 6. 3D-npurrep SCRAM B mporiecce HaHECEHHsT BOJIOKOH Ha BOIOPACTBOPUMYIO OCHACTKY (@)
U 2JIEMEHT JBEPH OTCEKa, HalleYaTaHHBIA U3 HenmpephIBHO apMupoBanHoro [TIKM (4) [50]

Fig. 6. SCRAM 3D printer in the process of applying fibres to a water-soluble tooling (a)
and a compartment door element printed from continuously reinforced PCM () [50]

3aknouyeHue

B nanHoM 0030pe npoBeieH aHaIN3 CyIIECTBYIOIINX
Ha CCTOMHSIIHUN JCHb aJIJUTUBHBIX TEXHOJOTHHA 1 000-
PYZIOBaHUs AJIS OJTyYEHUs] HEMPEPBHIBHO apPMUPOBAHHBIX
[IKM ¢ wucrnonb30BaHUEM MPOMBIIUICHHBIX POOOTOB-
MaHUITYJISTOPOB. YCTAHOBIEHO, YTO JAaHHOE Harpas-
JICHWE WCCIEIOBAHMN SIBISICTCS KpaiHe aKTyalbHBIM
W TMEPCIEeKTUBHBIM JUIsl BHEAPEHHUS NPOCTPAHCTBEHHO
apmupoBaHHBIX [IKM ¢ yHHKaTbHBIME CBOICTBAMH ITpH
W3TOTOBJICHUHU JIeTanell aBHAallMOHHOM, MOPCKOHM, aToM-
HOW M Jpyrux oTpacield. PaccmarpuBaembie B 0030pe
TEXHOJIOTUHU YK€ HAXOJSAT CBOE NMPUMEHEHHE MPH Ipo-
W3BOJICTBE KPYMHOTaOAPUTHBIX KOPITYCHBIX JIETalei,
JIETKUX W TMPOYHBIX KOMIIOHEHTOB JIETATEJIbHBIX arlia-
paroB, a TakKe KOMIO3UTHOH ocHacTKu. [loMumMo KoH-
CTPYKLMOHHOTO HAa3HAuYeHHs HCIOJIb30BaHUE POOOTH-
3WPOBAHHBIX CHCTEM MO3BOJUT TOJydYaTh IOJMMEPHBIC
4D-marepuaisl ¢ 3dhexroM namsaTi GOpMbI A UHTEN-
JIEKTyaJbHBIX KOHCTPYKIMH C YIPaBIIEMOH CTPYKTY-
poii — TakuX, KaK pa3BepThIBAEMble KOHCTPYKIIMH LIap-
HUPOB JJISI COJTHEYHBIX MaHENeH N 3epKaNbHBIX aHTCHH,
MIPUMEHSAEMBIX B KOCMOCE; PEKOH(PUTYpUpPyEeMbIe aHTEH-
HBIE YCTPOMCTBA C BO3MOKHOCTBIO I3MEHEHHS JHarpaMM
HaNpaBICHHOCTH B IpouLecce padoThl; KOHCTPYKIHH
WHTEJUICKTYyaJbHBIX METaMaTephalioB IEpUOANICCKON
APXUTEKTYPbI C aAANTUBHBIMU JUHAMUYECKUMH Xapak-
TEPUCTHKAMH ISl TIOTJIOMICHHUS] SHEPTUH, TOMABICHIS
1IymMa B pa3jIMyHbIX JUarna3oHax 4acToT.

CTOUT OTMETHTH, YTO C ITOMOIIBIO TPOMBIIIIICHHBIX
poOOTOB 3a cyeT OOJNBINEro KOJIMYECTBA CTENEHEH CBO-
00161 BOBMOYKHO MOTYYEHHE MaTepHaJIOB C YIIOPSIOUCH-
HBIM PacIoOJIOKEHUEM HeNpepbIBHBIX BOJIOKOH, a CIENO-
BaTelbHO, (POpMUpPOBAHUEM HAIIPABICHHON BHYTpEHHEH
CTPYKTYpbl HM3IEIHHA C YYEeTOM aHH30TPOIHUH CBOMICTB
Matepuana. Co3maHue ymopsiAOYeHHOW HampaBIeHHON

CTPYKTYpbl C HCIOJBb30BaHUEM POOOTU3UPOBAHHON
3D-nieyarn HeNMpepHIBHBIMU BOJIOKHAMH ITO3BOJISIET 00eC-
MEYUTh HAWJIYYIIUHA apMUpYIOMMKA 3(PQPEeKT ¢ ydeTom
IKCIUTyaTaIlMOHHBIX TpeOoBaHUM K wm3nenuto. OmaHako
aHallM3 JUTeparyphl IMOKaszaj, YTO Ha CETOMHSALIHUN
JIEHb CO3IaHKE MMPOCTPAHCTBEHHO apMHupoBaHHBIX [IKM
C TIOMOIIBIO MTPOMBIIIIEHHBIX POOOTOB SIBIISIETCS MaJlo-
W3yYEeHHOW, HO MHOT0OOCIIAroIIeH 00JIaCThIO HUCCIIEIO0-
BaHUIl Onarojaps pe3KOMY pPa3BUTHIO PbIHKA aJMTHB-
HBIX TEXHOJOTUH M X YHHKAJIHHBIM O0COOCHHOCTSIM IIPH
(hopmoobpazoBanuu uznenuidi. OnHa U3 OCHOBHBIX 3a/1a4
pazsutust All mo JaHHOMY HanpaBIICHUIO UCCIIEIOBAHUI
COCTOMT B CTaHJAPTU3ALMH IPOLECCOB H3TOTOBICHUS
HenpepblBHO apMmupoBaHHbIX [IKM Ha 0aze mpombiii-
JIEHHBIX POOOTOB-MaHUMYJIATOPOB C LENbIO MOCIENYIO-
IIETO BHEAPEHHS TEXHOJOTUH B Pa3MUYHBIX OTPACISIX
MIPOMBIIIIEHHOCTH.

Cnucok nutepatypbl / References

1. Sefene E.M. State-of-the-art of selective laser melting pro-
cess: A comprehensive review. Journal of Manufacturing
Systems. 2022;63:250-274.
https://doi.org/10.1016/j.jmsy.2022.04.002

2. Yerubayeva A., Shehab E., Ali M.H. Recent advances and
application of Selective Laser Melting (SLM) technology
in the aerospace industry. In: AIP Conference Proceedings
(25 April 2022). AIP Publishing LLC, 2022. Vol. 2470.
No. 1. P. 030002. https://doi.org/10.1063/5.0080173

3. Sotov A.V.,, Agapovichev A.V., Smelov V.G., Kokare-
va V.V., Zenina M. V. Investigation of the Ni-Co—Cr alloy
microstructure for the manufacturing of combustion cham-
ber GTE by selective laser melting. International Jour-
nal of Advanced Manufacturing Technology. 2019;101:
3047-3053. https://doi.org/10.1007/s00170-018-3166-4

4. Ahmed N. Direct metal fabrication in rapid prototy-
ping: A review. Journal of Manufacturing Processes.

27


https://doi.org/10.1016/j.jmsy.2022.04.002
https://doi.org/10.1063/5.0080173
https://doi.org/10.1007/s00170-018-3166-4

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(1):20-30
Comos A.B., 3atiyes A.W. u dp. ApANTUBHOE NPOU3BOACTBO HEMPEPLIBHO aPMMPOBAHHbIX MOSIMMEPHbBIX KOMMNO3UTOB ...

10.

11.

12.

13.

14.

15.

16.

28

2019;42:167-191.
https://doi.org/10.1016/j.jmapro.2019.05.001

Svetlizky D., Das M., Zheng B., Vyatskikh A.L., Bose S.,
Bandyopadhyay A., Schoenung J.M., Lavernia E.J.,
Eliaz N. Directed energy deposition (DED) additive manu-
facturing: Physical characteristics, defects, challenges and
applications. Materials Today. 2021;49:271-295.
https://doi.org/10.1016/j.mattod.2021.03.020

Tan L.J., Zhu W., Zhou K. Recent progress on polymer
materials for additive manufacturing. Advanced Functio-
nal Materials. 2020;30(43):2003062.
https://doi.org/10.1002/adfm.202003062

Saleh Alghamdi S., John S., Roy Choudhury N., Dutta N.K.
Additive manufacturing of polymer materials: Progress,
promise and challenges. Polymers. 2021;13(5):753.
https://doi.org/10.3390/polym13050753

Gao X., Qi S., Kuang X., Su'Y., LiJ., Wang D. Fused fila-
ment fabrication of polymer materials: A review of inter-
layer bond. Additive Manufacturing. 2021;37:101658.
https://doi.org/10.1016/j.addma.2020.101658
Szymczyk-Ziotkowska P., Labowska M.B., Detyna J.,
Michalak I., Gruber P. A review of fabrication polymer
scaffolds for biomedical applications using additive manu-
facturing techniques. Biocybernetics and Biomedical En-
gineering. 2020;40(2):624-638.
https://doi.org/10.1016/j.bbe.2020.01.015

At the fringe of the fringe of manufacturing. URL:
https://www.voxelmatters.com/wp-content/up-
loads/2020/04/3dpbm-publishes-Advanced-Materials-
am-focus-2020-ebook.pdf.pdf (accessed: 20.06.2023)
Shuai X., Zeng Y., Li P., Chen J. Fabrication of fine and
complex lattice structure Al,O, ceramic by digital light
processing 3D printing technology. Journal of Materials
Science. 2020;55:6771-6782.
https://doi.org/10.1007/s10853-020-04503-y

Polozov 1., Razumov N., Masaylo D., Silin A., Lebede-
va Y., Popovich A. Fabrication of silicon carbide fiber-
reinforced silicon carbide matrix composites using binder
jetting additive manufacturing from irregularly-shaped
and spherical powders. Materials. 2020;13(7):1766.
https://doi.org/10.3390/ma13071766

Cicala G., Latteri A., Del Curto B., Lo Russo A., Recca G.,
Fare¢ S. Engineering thermoplastics for additive manufac-
turing: A critical perspective with experimental evidence
to support functional applications. Journal of Applied Bio-
materials & Functional Materials. 2017;15(1):10-18.
https://doi.org/10.5301/jabfm.5000343

Francis J.N., Banerjee 1., Chugh A., Singh J. Additive
manufacturing of polyetheretherketone and its composites:
A review. Polymer Composites. 2022;43(9):5802-5919.
https://doi.org/10.1002/pc.2696 1

Padmakumar M. Additive manufacturing of tungsten car-
bide hardmetal parts by selective laser melting (SLM),
selective laser sintering (SLS) and binder jet 3D printing
(BJ3DP) techniques. Lasers Manufacturing and Materials
Processing. 2020;7(3):338-371.
https://doi.org/10.1007/s40516-020-00124-0

Talignani A., Seede R., Whitt A., Zheng S., Ye J., Kara-
man 1., Kirka M.M., Kato Y., Wang Y.M. A review on
additive manufacturing of refractory tungsten and tung-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

sten alloys. Additive Manufacturing. 2022;103009.
https://doi.org/10.1016/j.addma.2022.103009

Sotov A., Kantyukov A., Popovich A., Sufiiarov V. A re-
view on additive manufacturing of functional gradient
piezoceramic. Micromachines. 2022;13(7):1129.
https://doi.org/10.3390/mi13071129

Sufiiarov V., Kantyukov A., Popovich A., Sotov A. Struc-
ture and properties of barium titanate lead-free piezo-
ceramic manufactured by binder jetting process. Materials.
2021;14(16):4419. https://doi.org/10.3390/mal4164419
Garces 1.T., Ayranci C. Advances in additive manufactu-
ring of shape memory polymer composites. Rapid Proto-
typing Journal. 2021;27(2):379-398.
https://doi.org/10.1108/RPJ-07-2020-0174

Sabahi N., Chen W., Wang C.H., Kruzic J.J., Li X. Areview
on additive manufacturing of shape-memory materials for
biomedical applications. JOM. 2020;72(3):1229—-1253.
https://doi.org/10.1007/s11837-020-04013-x

Liu G., Xiong Y., Zhou L. Additive manufacturing of con-
tinuous fiber reinforced polymer composites: Design op-
portunities and novel applications. Composites Communi-
cations. 2021;27:100907.
https://doi.org/10.1016/j.coc0.2021.100907

Goh G.D., Yap Y.L., Agarwala S., Yeong W.Y. Recent
progress in additive manufacturing of fiber reinforced
polymer composite. Advanced Materials Technologies.
2019;4(1):1800271.
https://doi.org/10.1002/admt.201800271

Frketic J., Dickens T., Ramakrishnan S. Automated manu-
facturing and processing of fiber-reinforced polymer
(FRP) composites: An additive review of contemporary
and modern techniques for advanced materials manufac-
turing. Additive Manufacturing. 2017;14:69-86.
https://doi.org/10.1016/j.addma.2017.01.003

Map of additive manufacturing technologies. URL:
https://www.voxelmatters.com/wp-content/uploads/
2019/06/3dpbm-Map-of-Additive-Manufacturing-Tech-
nologies-and-Companies-1.svg (accessed: 20.06.2023).
Sher D. The new map of composites additive manufac-
turing technologies. URL: https://www.voxelmatters.
com/why-a-map-of-composites-additive-manufacturing-
technologies-and-companies-matters-now/ (accessed:
20.06.2023).

Li H., Li Z., Wang N., Peng Y., Jiang Z., Zhang Q. Imp-
roving the mechanical properties of CCFRPLA by en-
hancing the interface binding energy and strengthening
the anti-separation ability of a PLA matrix. Polymers.
2023;15(11):2554.
https://doi.org/10.3390/polym15112554

Shah A. Emerging trends in robotic aided additive manufac-
turing. Materials Today: Proceedings. 2022;62:7231-7237.
https://doi.org/10.1016/j.matpr.2022.03.680

Fry N.R., Richardson R.C., Boyle J.H. Robotic additive
manufacturing system for dynamic build orientations.
Rapid prototyping journal. 2020;26(4):659—-667.
https://doi.org/10.1108/RPJ-09-2019-0243

Bhatt P.M., Kulkarni A., Malhan R.K., Shah B.C.,
Yoon Y.J., Gupta S.K. Automated planning for robotic
multi-resolution additive manufacturing. Journal of Com-


https://doi.org/10.1016/j.jmapro.2019.05.001
https://doi.org/10.1016/j.mattod.2021.03.020
https://doi.org/10.1002/adfm.202003062
https://doi.org/10.3390/polym13050753
https://doi.org/10.1016/j.addma.2020.101658
https://doi.org/10.1016/j.bbe.2020.01.015
https://doi.org/10.1007/s10853-020-04503-y
https://doi.org/10.3390/ma13071766
https://doi.org/10.5301/jabfm.5000343
https://doi.org/10.1002/pc.26961
https://doi.org/10.1007/s40516-020-00124-0
https://doi.org/10.1016/j.addma.2022.103009
https://doi.org/10.3390/mi13071129
https://doi.org/10.3390/ma14164419
https://doi.org/10.1108/RPJ-07-2020-0174
https://doi.org/10.1007/s11837-020-04013-x
https://doi.org/10.1016/j.coco.2021.100907
https://doi.org/10.1002/admt.201800271
https://doi.org/10.1016/j.addma.2017.01.003
https://www.voxelmatters.com/why-a-map-of-composites-additive-manufacturing-technologies-and-companies-matters-now/
https://www.voxelmatters.com/why-a-map-of-composites-additive-manufacturing-technologies-and-companies-matters-now/
https://www.voxelmatters.com/why-a-map-of-composites-additive-manufacturing-technologies-and-companies-matters-now/
https://doi.org/10.3390/polym15112554
https://doi.org/10.1016/j.matpr.2022.03.680
https://doi.org/10.1108/RPJ-09-2019-0243

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(1):20-30
Sotov A.V., Zaytsev A.l., etc. Additive manufacturing of continuous fibre reinforced polymer ...

puting and Information Science in Engineering. 2022,
22(2):021006. https://doi.org/10.1115/1.4052083

30. Lettori J., Raffaeli R., Bilancia P., Peruzzini M., Pellic-
ciari M. A review of geometry representation and process-
ing methods for cartesian and multiaxial robot-based ad-
ditive manufacturing. International Journal of Advanced
Manufacturing Technology. 2022;123(11-12):3767-3794.
https://doi.org/10.3390/app11114825

31. YaoY., Zhang Y., Aburaia M., Lackner M. 3D printing of
objects with continuous spatial paths by a multi-axis ro-
botic FFF platform. Applied Sciences. 2021;11(11):4825.
https://doi.org/10.3390/app 11114825

32. Ginger G. The evolution of additive composites. URL:
https://www.compositesworld.com/articles/the-evolution-of-
additive-composites (accessed: 20.06.2023).

33. Continuous composites. URL: https://www.continuous-
composites.com/technology (accessed: 21.06.2023).

34. Orbital composites. URL: https://www.orbitalcomposites.
com (accessed: 21.06.2023).

35. Moi composites. URL: https://www.moi.am (accessed:
21.06.2023).

36. Davide Sher. Continuous composites demonstrate CF3D
continuous fiber composite AM. URL: https://www.voxel-
matters.com/continuous-composites-demonstrate-future-
continuous-fiber-composite/ (accessed: 21.06.2023).

37. Parmar H., Khan T., Tucci F., Umer R., Carlone P. Advan-
ced robotics and additive manufacturing of composites:
towards a new era in Industry 4.0. Materials and Manu-
facturing Processes. 2022;37(5):483-517.
https://doi.org/10.1080/10426914.2020.1866195

38. Furmansti J., Abbott A., Tandon G.P., Flores M., Bar-
nett P., Salviato M., Baur J., Butcher D. Challenges in ad-
ditively manufactured thermoset continuously reinforced
composites. In: Proceedings for the American Society for
Composites — Thirty Seventh Technical Conference 2022
(19-21 September 2022). The University of Arizona, Tuc-
son, Arizona, USA.
http://dx.doi.org/10.12783/asc37/36427

39. Baur J.W., Abbott A.C., Tandon G.P., Stranberg N.A., Al-
varado T.B. Mechanical properties of additively printed,
continuous carbon fiber reinforced, thermosetting com-
posites. In: SAMPE 2022 Conference and Exhibition
(Charlotte, USA, 23-26 May 2022). Soc. for the Advance-
ment of Material and Process Engineering, 2022.

40. BaurJ.W.,AbbottA.C., Barnett P.R., Tandon G.P., Furman-
ski J., Stranberg N.A., Alvarado T.B. Mechanical proper-
ties of additively printed, UV cured, continuous fiber uni-
directional composites for multifunctional applications.
Journal of Composite Materials. 2023;57(4):865-882.
https://doi.org/10.1177/00219983221146264

41. Anisoprint. URL: https://anisoprint.com (accessed:
21.06.2023).

42. CEAD. URL: https://ceadgroup.com  (accessed:
21.06.2023).

43. De Backer W., Bergs A.P., Van Tooren M.J. Multi-axis
multi-material fused filament fabrication with continuous
fiber reinforcement. In: AIAA/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference 2018.
P. 0091. https://doi.org/10.2514/6.2018-0091

44. Azarov A.V,, Kolesnikov V.A., Khaziev A.R. Develop-
ment of equipment for composite 3D printing of structural
elements for aerospace applications. In: /OP Conference
Series: Materials Science and Engineering. ACST 2019
(Moscow, 20-21 November 2019). IOP Publishing, 2020.
Vol. 934. No. 1. P. 012049.
https://doi.org/10.1088/1757-899X/934/1/012049

45. Kallai Z., Dammann M., Schueppstuhl T. Operation and
experimental evaluation of a 12-axis robot-based setup
used for 3D-printing. In: ISR 2020: 52" International
Symposium on Robotics (9 December 2020). Berlin: VDE
Verlag, 2020. P. 1-9.

46. Fernandes R.R., Van de Werken N., Koirala P., Yap T.,
Tamijani A.Y., Tehrani M. Experimental investigation of
additively manufactured continuous fiber reinforced com-
posite parts with optimized topology and fiber paths. Ad-
ditive Manufacturing. 2021;44:102056.
https://doi.org/10.1016/j.addma.2021.102056

44. Zhang G., Wang Y., Qiu W., Dong K., Xiong Y. Geometric
characteristics of single bead fabricated by continuous fi-
ber reinforced polymer composite additive manufacturing.
Materials Today: Proceedings. 2022;70:431-437.
https://doi.org/10.1016/j.matpr.2022.09.361

48. Zhang G., Wang Y., Chen Z., Xu X., Dong K., Xiong Y.
Robot-assisted conformal additive manufacturing for con-
tinuous fibre-reinforced grid-stiffened shell structures.
Virtual and Physical Prototyping. 2023;18(1):¢2203695.
https://doi.org/10.1080/17452759.2023.2203695

49. Ingersoll machine tools. URL: https://en.machinetools.
camozzi.com (accessed: 22.06.2023).

50. Electroimpact. URL: https://www.electroimpact.com (ac-
cessed: 21.06.2023).

51. Jeff Sloan. Electroimpact launches plug-and-play AFP
system. URL: https://www.compositesworld.com/pro-
ducts/electroimpact-launches-plug-and-play-afp-system
(accessed: 21.06.2023).

52. Ginger G. Electroimpact’s 6-axis continuous fiber 3D
printer, one part of future multi-functional manufacturing
cell. URL: https://www.compositesworld.com/news/elec-
troimpacts-6-axis-continuous-fiber-3d-printer-one-part-
of-future-multi-functional-manufacturing-cell (accessed:
21.06.2023).

CBegeHuns 06 aBTopax \'O Information about the Authors

Anmon Baadumuposuyu Comoe - K.T.H., Be[yLl{Ui Hay4YHbIH COT-
pyZLHUK JabopaTopuu «/u3aiiH MaTepHasioB U aJiJUTUBHOTO NPO-
u3BozcTBa» CaHKT-IleTep6yprcKoro noJMTEXHUYECKOI0 YHUBED-
cuteta [letpa Besmkoro (CII6ITY)

ORCID: 0000-0002-7303-5912
& E-mail: sotovanton@yandex.ru

Anton. V. Sotov - Cand. Sci. (Eng.), Leading Researcher of the Labo-
ratory “Material design and additive manufacturing”, Peter the
Great St. Petersburg Polytechnic University (SPbPU)

ORCID: 0000-0002-7303-5912
€ E-mail: sotovanton@yandex.ru

29


https://doi.org/10.1115/1.4052083
https://doi.org/10.3390/app11114825
https://doi.org/10.3390/app11114825
https://www.compositesworld.com/articles/the-evolution-of-additive-composites
https://www.compositesworld.com/articles/the-evolution-of-additive-composites
http://www.indium.com/metals/gallium/
http://www.indium.com/metals/gallium/
https://www.orbitalcomposites.com
https://www.orbitalcomposites.com
https://www.moi.am
https://www.voxelmatters.com/continuous-composites-demonstrate-future-continuous-fiber-composite/
https://www.voxelmatters.com/continuous-composites-demonstrate-future-continuous-fiber-composite/
https://www.voxelmatters.com/continuous-composites-demonstrate-future-continuous-fiber-composite/
https://doi.org/10.1080/10426914.2020.1866195
http://dx.doi.org/10.12783/asc37/36427
https://doi.org/10.1177/00219983221146264
http://www.indium.com/metals/gallium/
https://ceadgroup.com
https://doi.org/10.2514/6.2018-0091
https://doi.org/10.1088/1757-899X/934/1/012049
https://doi.org/10.1016/j.addma.2021.102056
https://doi.org/10.1016/j.matpr.2022.09.361
https://doi.org/10.1080/17452759.2023.2203695
https://en.machinetools.camozzi.com/
https://en.machinetools.camozzi.com/
https://www.electroimpact.com/
https://www.compositesworld.com/products/electroimpact-launches-plug-and-play-afp-system
https://www.compositesworld.com/products/electroimpact-launches-plug-and-play-afp-system
https://www.compositesworld.com/products/electroimpact-launches-plug-and-play-afp-system
https://www.compositesworld.com/products/electroimpact-launches-plug-and-play-afp-system
https://www.compositesworld.com/products/electroimpact-launches-plug-and-play-afp-system
https://orcid.org/0000-0002-7303-5912
mailto:sotovanton@yandex.ru
https://orcid.org/0000-0002-7303-5912
mailto:sotovanton@yandex.ru

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(1):20-30
Comos A.B., 3atiyes A.W. u dp. ApANTUBHOE NPOU3BOACTBO HEMPEPLIBHO aPMMPOBAHHbIX MOSIMMEPHbBIX KOMMNO3UTOB ...

Anekcandp Havuy 3aiiyee - WH)XEHEP POCCHHCKO-KUTAHCKON
Hay4YHO-UCCIe[J0BaTeIbCKOM J1abopaTopun «DyHKIHOHATbHbBIE
MaTtepuasnbl» CII6ITY

ORCID: 0000-0002-3138-8365
B3 E-mail: zajtsev_ai2 @spbstu.ru

AnHa 3dyapdoeHa A6dpaxmaHoea - nHxeHep JabopaTopuu «/Ju-
3aliH MaTepHasioB U aiUTHBHOTO pousBozcTBa» CII6ITY

ORCID: 0009-0003-4494-7300
&) E-mail: abdrahmanova.an@yandex.ru

Anamoauii AHamoawvesuu Ilonoguy - A.T.H. 1Mpod. AUPEKTOP

WHcTHUTYTa MalIMHOCTPOEHHU S, MaTeprasioB U TpaHcnopTa CII6ITY
ORCID: 0000-0002-5974-6654

& E-mail: director@immet.spbstu.ru

Bknap aBTopos

A. B. Comoe - bopMUpOBaHHe OCHOBHOM KOHIIEMNIUHY, TIOUCK U aHa-
JIU3 JIUTepaTyphbl, YOPMyJTUPOBKA BEIBO/OB.

A. . 3ailyes - MOUCK U aHAIU3 JIUTEPaTypbl, NOJrOTOBKA TEKCTa
CTaTbH.

A. 3. A60paxmaHo8a - KOPPEeKTUPOBKA TeKcTa, GOpPMYIHPOBKA
BBIBO/IOB.

A. A. Ilonosuy4 - Hay4HOe PYKOBOACTBO, GopMasu3anus 3ajadH,
bopMupoBaHHe OCHOBHOH KOHIENIUH.

@

Alexander 1. Zaytsev - Engineer of the Russian-Chinese Research
Laboratory “Functional materials”, SPbPU

ORCID: 0000-0002-3138-8365
& E-mail: zajtsev_ai2 @spbstu.ru

Anna E. Abdrahmanova - Engineer of the Laboratory “Material de-
sign and additive manufacturing”, SPbPU

ORCID: 0009-0003-4494-7300
& E-mail: abdrahmanova.an@yandex.ru

Anatoly A. Popovich - Dr. Sci. (Eng.), Professor, Director of the Insti-
tute of Machinery, Materials, and Transport, SPbPU

ORCID: 0000-0002-5974-6654
€3 E-mail: director@immet.spbstu.ru

Contribution of the Authors

A. V. Sotov - formation of the main concept, search and analysis of
the literature, formulation of the conclusions.
A. I Zaytsey - search and analysis of the literature, writing the text.

A. E. Abdrahmanova - correction of the text, formulation of the
conclusions.

A. A. Popovich - scientific guidance, objective formalization, forma-
tion of the main concept.

Cratbs noctynuia 27.06.2023 r.
Jlopa6oraHa 24.08.2023 1.
[IpunaTa Kk ny6aukanuu 29.08.2023 r.

Received 27.06.2023
Revised 24.08.2023
Accepted 29.08.2023

30


https://orcid.org/0000-0002-3138-8365
mailto:zajtsev_ai2@spbstu.ru
https://orcid.org/0009-0003-4494-7300
mailto:abdrahmanova.an@yandex.ru
https://orcid.org/0000-0002-5974-6654
mailto:director@immet.spbstu.ru
https://orcid.org/0000-0002-3138-8365
mailto:zajtsev_ai2@spbstu.ru
https://orcid.org/0009-0003-4494-7300
mailto:abdrahmanova.an@yandex.ru
https://orcid.org/0000-0002-5974-6654
mailto:director@immet.spbstu.ru

