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JOCJIKEHHS EOEKTUBHOCTI TEPMOBAP’E€PA EKCTPYJIEPA IIPUCTPOIB
AJUTUBHOI'O BUPOBHULTBA 3A TEXHOJIOI'IEIO FDM

Mooeniosannss memodom nannasienus (abo FDM) € naitbinbw nowupenoio mexronoeico 3D
opyky. Haubinow easciueum enemenmom FDM 3D npunmepa € excmpyoep. Excmpyoep npusnauenuil
OJ151 MPAHCHOPIYBAKHS Md PO3ROOLIEHHS pOOOH020 Mamepiany 6 30Hi 00pobxu. Y cmammi npogedero
docnidocennss HagpiganvHo2o baoxa excmpyoepa 3D npunmepa. Pozensnymo po3pobaenuti npomomun
Haepiganvhoeo Onoka. Ilpoananizogano npodiremy mennoizonayii epxuvoi (X0100HOL) Yacmuny excm-
pyoepa 8i0 HudcHbol (2apsiuoi). byno obpano mamepian ons mennoizonayii. Pospaxoseano mamemamuu-
HY MoOdenb eghekmueHocmi mepmobap ‘epa, sKuil 3a6e3neuums 30CepeodCeH s Menia 8 2apaiomy o1o-

Yi, wo 3anobieac pyitHy8aHHI0 CIMPYKMypu pobo4020 MAmepiany 8 KAHAIax mpaHcnopmyeanHs.
Hageoeno peszynomamu pospaxyuky mamemamuynoi moodeni. Iloxazano, wo pospobrena
KOHCMpYKyisi mepmobap ‘epa excmpyoepa 3abe3neuye HAoiluHy mepmoizoniayilo ma MiHIMAlbHY nepe-
Xiony 30my. Egpexmuenicmo mepmobap ‘epa niomeeporiceno ekcnepumenmanbHo.
Knrouoei cnosa: 3D-npunmep, modemosanns memooom naniaenrenus (FDM), excmpyoep, me-

MO0 CKIHYEHHUX eleMeHmIs.

Beryn. MonentoBaHHST METOJIOM HarllaB-
nenHs (a6o FDM) € HaiiOuIbII OMIMPEHOO TeX-
nosoriero 3D npyky [1-6]. HaliBaknupimmm
enemenToM FDM 3D-npunTtepa, SKkuii mpaioe 3a
TEXHOJIOTI€I0 MOJICIIOBAHHS METOJIOM HAIlJIaB-
JICHHsI TEpMOILIACTIB, € ekctpynep [7, 8]. Ekcrt-
pYAEp CKIANA€ThCs 3 TBOX YACTHH: MEXaHIYHOI,
MPU3HAYEHOI JIIS Tojavi poOdoUoro Marepiany B
TBEPJIOMY CTaHi y BUTIISAI HUTKH ((inameHTa), i
TepMivHOi (ab0 raps4oi), mpu3HaYeHoi A Po3-
TUTaBleHHsT ¢pinaMeHTa Ta (GopMyBaHHS 3 HBOTO
OesnepepBHOrO npodinto Oyap-saKxoi 3D-mozaeni.

AHaniz nmpo0JjieMH Ta OCTaHHIX d0CJi-
TKeHb, OCOOIMBICTIO Tapsyoi YaCTHHHU E€KCTPY-
nepa € po3aiieHHs (imaMeHTa Ha XOJOAHY M
rapsiay 30HHU 3 MIHIMI3aI[i€l0 po3Mipy mepexiaHol
30HM Ta MAaKCHMAJILHOIO 130JISIII€I0 rapsdol yac-
THHU BiJ IHIIMX YacTHH KOHCTPYKUii (puc. 1).
Jnst BUpinIeHHs i€l mpodieMu HeoOXiHo pealri-
3yBaTH TepModap’ep MiX rapsvor Ta XOJOTHOIO
gactuHamu [9, 10].

Ile macTh MOXKIIMBICTD 130JIFOBATH IHIII Yac-
THHU KOHCTPYKIIil eKcTpyzaepa i, TAKHM YHUHOM,
3amo0irT HArpiBaHHIO, a TaKOXK IUIABJICHHIO
poboYoro Marepiaay 103a 30HOK Taps4oro 0j0-
ka ekcrpynepa. B icHyrounx FDM  3D-

MPHHTEPAX BUKOPUCTOBYIOTH JIBA TIIXOMH: MiJb-
HOMETAJICBHI HarpiBad 3 OXOJOPKYIOUUM pajia-
TOPOM 1 TMPHUMYCOBHM OOAYBOM Ta HarpiBad 3
TEIUIOI30JIFOFOUMM MaTepiaioM.

TRERIL
NAGCTHR

YAy LY
i
npdatKi

i F
Svona
HilFEE

Puc. 1. Cxema cTaHy miiacTuka
B rapsiviii yacTuni ekcTpyaepa

MeTo10 10CTiTKEHHSI € BUSBJICHHS eek-
THBHOCTI TepMoOap’epa eKCTpyaepa MPUCTPOIB
aJMTUBHOTO BUPOOHUIITBA 3a TexHOoJorier0 FDM.
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Buxiaaa ocHoBHOro Marepiaay aocJi-
nxeHHs. [yxe BaxumBo, o0 TemrepaTypa Bif
HarpiBaua He MEPEeHOCHIIaCh HA BEPXHIO YaCTUHY
eKCTpyJepa, TOMY 1110, KOJIK (DIIaMEHT TPaHCIIOp-
TyeThbcs B OJIOK HarpiBaHHs, BiH HE ITOBHHEH
PO3IUIABUTHUCS Ha IUIIXY J0 comia. TBepaa vac-
THHA T[JJACTUKA BUKOHYE (YHKIIIO TOPIIHS
(puc. 1). M’sika 4yacTHHA TUIACTHKA IiCIs TIepe-
X0y HOro TemriepaTypd TOYKH CKIyBaHHS BHU-
KOHY€ POJIb VIIIJIbHIOBAYa MK IOPIIHEM 1 CTiH-
KaMU IWIHIPa, SIKUH YHEMOXIIUBIIIOE 3BOPOTHY
nojjauy IiacThka y B’s3KOTeKydomy craHi. [le-
pexizHa 30Ha MK TBEpIMM Ta PIJIKAM CTaHOM
TUTACTHKA Bilirpae BaXIMBY POJIb Y POOOTI €KCT-
pynepa. 3aHaATO BeNMKa IepexXiiHa 30HA IPH-
3BOJMTH 110 30UIBIICHHS CHJI TEPTA MK (irame-
HTOM Ta CTIHKaMH HHJIHIpa. 3 Jpyroro OOKY,
3MEHIIICHHS MePEeXiTHOI 30HH YCKIIAJHIOE HarpiB
IJIaCTHKA JIO0 TEMIIEPaTypH IUIABICHHS 1 BiITOBI-
HO 3MEHIIY€E MBHUAKICTh APYKY. Jisi BUpINICHHS
1i€el mpobaemMu OyJI0 BCTAHOBJICHO TepMobap’ep 3
TEIUIOI30JIF0IY0ro Matepiaiy, ¢gropomiacty. Ha
puc. 2 300pakeHO po3pOoOJICHY MOJCIb AJIs PO3-
paxyHKy Tapsdoi 4acTuHu ekcTpynepa. OcHoB-
HUM 3aBJIaHHSM PO3POOKH MOJIENI € po3paxyBa-
TH KOHCTPYKIIiIFO TepMoOap’epa, TpH sIKid rapsi-
Ya Ta XOJOJHA YACTUHU eKCTpyaepa Oyiau O
HaaiHHO 1301b0BaHi, Ta BU3HAYMTH Yac, HE0O0-
XIHUH JUIS HAarpiBy coIlia eKCTpyaepa 0 po-
00407 TeMIepaTypHu.

Puc. 2. Koncrpykuis ekctpyaepa
(1 — Tpybka moxaui ¢inamenra; 2 — GTOPOILIACT;
3 — po3TalryBaHHs JaTYdKa TEMIIEPATYpH;
4 — G5Ok HarpiBaHHs; 5 — pO3TallyBaHHs HarpiBaya;
6 — poboUa roIoBKa)

s BUpILICHHS MOCTaBJICHOI 3ahadl MU
BUKOPUCTOBYEMO METOJI KIiHIIEBO-EIEMEHTHOI'0
MOJICTTIOBaHHSI.

Tocmanoska 3a0aui HecmayionapHoi men-
JONPOBIOHOCHI

Hudepeniianpie piBHIHHS TEILIONPOBIJI-
HOCTI:

dTr
pCpE+pCpu-VT+V-q=Q

[TouaTkoBa TemmepaTtypa f) = 293K =
20°C.

I'panuyHi yMOBH BKJIIOYAOTh KOHBEKIiH-
HUH TETUTOBHA MOTIK BiJl IPUPOIHOTO 00 yBaHHS
EKCTpYZAepa MOBITPSIM:

qgo = h (Text - T),

ne KoeilieHT KOHBEKIIil

h = hair (L; P4 Text)

1 TeIIOBMM MOTIK Bix HarpiBaya P = 40 Bt mis
pPO3paxyHKy TIO4aTKOBOTO HArpiBy eKcTpyzaepa
abo rpaHMYHA YMOBa MEPIIOro POAY — MOCTiiHA
Temriepatypa HarpiBauda ¢ = 220°C.

J171st BUCOKOI TOYHOCTI PO3PaxyHKy MOJIEh
KOHCTPYKIIIT eKCTpyaepa pPo30MBAa€ThCS HA KiH-
1eBi enemenTu (terpaeapu). Ilicis Toro sik Mo-
JIelib PO30MTa Ha KIHIICBI €JIEMEHTHU, ITOYHHAETH-
csl Ipoliec OOYKCTICHHS 3a 3a]AaHIMU YMOBaMH Ta
3HAYCHHSIMH.

Puc. 3. Mogejib po30uTa Ha KiHIIeBi eJleMeHTH
(TeTpaeapu)

[licns oOuucienHs Oyid OTpuUMaHi pe-
3yNbTaTH PO3PAXYHKIB Yy BUIIISII MOJIENI Iepe/a-
4i Teria B ekcrpyxaepi. Ha puc. 4, a nokaszano,
mo norpibHa temmeparypa ¢ = 220°C migrpumy-
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€ThCS caMe B OJIOLI1 HarpiBaHHS Ta COIUIi, TOOTO B
HWKHIA YacTWHI eKcTpynepa. 3aBAsKd TepMO-
Oap’epy 3 proporacTy BEpXHs 4acTHHA EKCTPY-
Jiepa He HArpiBa€ThCs 10 TEMIIEPATypH TUIaBIICH-
Hs po0OoYoro marepianay 1o 3amodira€ yTBOpEH-
HIO «TIpoOKu» B TpyOIi monadi ¢izamenra. [30-
TEpMivHI TOBEpXHi, AKi MOKa3aHi Ha puc 4, 0,
JIEMOHCTPYIOTh €)eKTHBHICTb il TepModap’epa.
Jis Ttoro mo0 BU3HAYMTU ©(PEKTHBHICTH
Iii TepMoOap’epa, a TaKOX TOYHICTh MiATPUMAH-
HSl TEMIIEPATYpH B COILTi, OYJIO AOCIIIKEHO 3Mi-
HY TEMIIEPaTypH B YOTUPHOX PI3HUX TOUKAX EKC-

Thiwe = 1851 5 Fan Bace. Tingm,

Tpyaepa (puc. 5), a came: Ha COILI eKCcTpyzAepa
(puc. 5, a), Ha TaTYMKY BUMIPIOBaHHS TeMIIepa-
Typu (puc. 5, 6), Ha BXoAl B OJOK HarpiBaHHs
(puc. 5, 8), B 30HI TI0Aa4i XONOAHOTO (himaMeHTa
(puc. 5, 2).

Ha ocHOBI pe3ynbTaTiB AOCITIKCHHS TEM-
nepaTypu B YOTHPBOX TOYKAX EKCTpyAepa IUis
BH3HAaueHHS e(eKTHBHOCTI il TepMobap’epa
Oyno ckimazmeHo rpadiku 3aJIexKHOCTI TeMIepaTy-
pu Big vacy. Ha puc. 6 mokaszaHo, 3a SIKMi 4ac
TEMIICpaTypa B HAIINX YOTUPHOX TOYKaAX JOCATHE
TEeMIIEpaTypH IUIABJICHHS POO0YOro MaTepiaiy.

Puc. 4. Pe3yabTaT po3paxyHky nmo0ya0BaHoi Mojei: yMoBa MiITPUMAHHSA NMOCTiHHOI TeMnepaTypu
t=220°C:
a) TeMIlepaTypHe ToJe,
0) i30TepMiuHi MOBEPXHI

Temneparypa masieHss ¢inamenta — 160-
180°C, onTmMaisHa Temrieparypa Jajis poOOTH 3

¢imamentom — 220°C. Ha puc. 6 Mu Gaunmo, 110
ONTUMaJIbHA TemIieparypa Oyia TOCSITHyTa B TOU-
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Kax COIUIa eKCTpyJepa 1 JaT4MKa BHMIPHOBAHHS
TEeMIIepaTypy, TOYKAa BXO/DKCHHS (iamMeHTa B
ONOK HarpiBaHH JOCATIA TEMIIEPATypH IJIaBJICH-
Hs, a B TOYIlI 30HHU MOAAYi XOJIOAHOro (hinaMeHTa
TeMIiepaTypa He MiJHsIach 10 KPUTHYHOTO 3Ha-
YeHHsI, 1110 O CIIPUYMHHIIO YTBOPEHHS «IIPOOKH.

H
1

Ha craaii miaTpuMKe MOCTIHHOI, ONTH-
MaJIbHOI I POOOTH 3 POOOYMM MaTepiaioMm
TeMIIepaTypy MU Oa4MMO, IO B 30HI MOJa4i XO-
JOAHOTO (ilaMeHTa MiATPUMYEThCS Oe3TedHe
st pimamenTa cepenosuiie (puc. 7), ToOTO IuIac-
THK 3aJIMIIA€THCS B TBEPIOMY CTaHi.

2 = |
- ———— =1

44

Puc. 6. Ctajgis HarpiBaHHsI B YOTHUPHOX TOUKAX eKCTPy/depa
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Puc. 7. Cranis miaTpuMaHHs ONTUMAJTBHOI TeMIEpPaTypH UIsi po0oTH 3 pilaMeHToM

BucHoBku. B pesynbTaTi AOCHTIIKCHHS
OyJI0 3alpONIOHOBAHO KOHCTPYKIIIO e(peKTHBHO-
ro TepMobap’epa Tapsiuoi YaCTHHU EKCTpyzaepa
FDM 3D-npuntepa. byno nposeneno martema-
TUYHE MOJIETIOBaHHs TEIUIOBOI 3a/ladi METOJIOM
CKIHYCHHHUX €JIEeMEHTIB. B pesynbTaTi Mometo-
BaHHS OyJI0 TIOKa3aHO JIOCTaTHIO e(peKTUBHICTH
3aMpOMOHOBAaHOI  KOHCTPYKIII  Tepmobap’epa.
TpuBanicte HarpiBy coruia Ajsi HAHOLIBII MOMIN-
peHoro HarpiBada notyxkHictio 40 Br mgus ABS
TUIacTiKa cTaHoBUTh Onm3bko 100 c. B cepenniit
TOYII TepMOoOap’epa TOBIMHOIO 2 MM TeMITEpaTy-
pa cxiryBaHHs 111 ABS miactuka ctaOuTi3yeThes
npubmm3Ho 3a 400 c. 3a MexxamMu TepMobap’epa
TeMIIepaTypa CKIyBaHHS HE JIOCSTAEThCS.
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INVESTIGATION OF THE EFFECTIVENESS OF EXTRUDER THERMAL BARRIER
FOR ADDITIVE MANUFACTURING DEVICES BY FDM TECHNOLOGY

Introduction. Fused deposition modeling (FDM) is the most used techniques of 3D printing. An
extruder is the most important element of FDM 3D printer. The extruder is designed for the
transportation and distribution of working material in processing zone. In the paper heating unit of
3D printer extruder is studied. A peculiarity of extruder heating unit consists in filament separation on
cold and hot zones while minimizing the size of transition zone and maximizing the insulation of hot
parts from other parts of the structure.

The purpose of scientific work is to identify the effectiveness of extruder thermal barrier for
additive manufacturing devices by FDM technology.

Formulation of the problem. The transition zone between solid and liquid plastic states plays
an important role in the extruder. Too large transition zone increases frictional forces between the
filament and cylinder walls. On the other hand, the reduction of transition zone complicates the
heating to plastic melting point and therefore reduces printing speed.

The main material. To solve this problem thermal barrier of insulating material has been
installed. The main objective of developed model is to calculate thermal barrier structure, in which
hot and cold parts of the extruder would be properly insulated, and to determine the time required for
heating extruder nozzle to operating temperature. As a material for thermal insulation it is offered to
use PTFE. Using finite element analysis, a mathematical model of the efficiency of thermal barrier of
extruder heating unit is calculated.

Conclusions. It is shown that designed thermal barrier of extruder provides reliable thermal in-
sulation and minimal transition zone. The efficiency of thermal barrier is confirmed experimentally.
The duration of nozzle heating for the most common heater with the power of 40 W for ABS plastic is
about 100 seconds. At the mid-point of thermal barrier 2 mm thick the glass transition temperature for
ABS plastic is stabilized approximately during 400 seconds. Outside of thermal barrier the glass
transition temperature is not achieved.

Keywords: 3D-printer, fused deposition modeling (FDM), extruder, finite element method.
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