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AnHOTanus. TeXHONOTUS aIIUTHBHOTO IPOU3BOJICTBA J€TaJICH MTO3BOJISET CYIIIECTBEHHO COKPATUTD 3aTPaThl HA PEMOHT
TEXHHUKH, OIHAKO 3aKOHOMEPHOCTH (DOPMUPOBAHHKS CBOKMCTB TAaKUX JICTANICH HEIOCTATOYHO U3y4eHbI. [IpoBeIeHbI HCCIIeI0BAHNS
3aBHCHMOCTH TIpeziesia MPOIHOCTH 3D-TedaTHpIX 00pa3ioB OT KOMMYECTBA CIIOEB CTEHKH ¥ INIOTHOCTH 3artomHeHust. OOpasIipl,
m3rotoiieHHbIe cormacHo ['OCT 11262-2017 ¢ momorpto 3D-medaru o Texnonoruu FDM u3 miactrika ABS, UCIIBITBIBaINCH
Ha CTaTUYECKOE pacTsbKeHHE. BhUIO U3roTORIICHO JIBE IPYIITbI 00Pa3OB, KOTOPHIC OTIUYAINCH TEXHOJIOTHICCKIMHU
napamerpamu 3D-mredaru. B niepBoit rpymire cTeHka 00pa3noB hopMHpOBaiack B 4 CJI0sI, INIOTHOCTH 3aIIOTHEHNS 00pa3IioB
BapbHpoBaiack B quarnaszoHe 20...100%. Bo Bropoii rpymme KoinuuecTBO CIIOEB CTEHKH BapbHpoBasock OT 2 10 10, mIoTHOCTh
3aroIHeHUs 00pa3ioB cooTBeTcTBOBANIA 33%. [Ipu M3roToBIeHNN 00pa3IIOB TeMIIeparypa SKCTpyaepa cocrasisuia 230°C,
Temrreparypa crona — 110°C, Beicora ciost — 0,15 MM, ckopocTh Tiedatn — 60 MM/C. AHAIN3 YCIIOBHOTO TIpefiesia TeKydeCTH
00pas3IoB MOKa3all POCT X MPOYHOCTH C YBEITMUCHHUEM KOITMUECTBA CI0EeB CTeHKH. CyIIECTBEHHOE pa3iIMine TIOKa3aTee
MPOYHOCTH HAOIIOAIOCH B 00pa3iax ¢ MIECTHIO CIIOSIMH M Ooee. 3HAaYMTENbHBIN pa30poc 3HAYEHUH YCIIOBHOTO TIpeiena
TEKy4eCTH OOBSICHSETCS HaJI4reM Ae(eKToB B 00pasmax mocie nedary. [Ipu miotHocTr 3amonmaenns 6onee 40% HabmomaeTcst
3HAYUTEINBHBIN IPUPOCT MPOYHOCTH 32 CYET YIUIOTHEHWS CBsI3ei MOMNEKyI MomMepa Mexxay coboit. B maTepsane 20...40%
TIOKA3aTellh IPOYHOCTH HE M3MEHSUICS, TIOCKOJIBKY B JJAHHOM JIMaIia30He MPOMCXOIUIN OJMHAKOBBIC CTPYKTYPHBIC U3MEHEHHS.
YCTaHOBNEHO, YTO JJIs1 U3TOTOBJICHUS [TOJIMMEPHBIX JETANIEH CETbCKOXO3SMCTBEHHBIX MAIIMH ¢ MOMOIIBI 3D-neyatu
1o TexHoorurt FDM ¢ MakcuMatbHBIMU TIPOYHOCTHBIME XapaKTePUCTAKAMK HEOOXOIMMO, YTOOBI KOJTMYECTBO CII0EB CTCHKH
HE MPEBBIIIANO0 KOJIMYECTBA CIIOEB BHYTPEHHETO MEPUMETPa, a INIOTHOCTH 3arloNHeHust aeTaneit coctasisua 100%.
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Abstract. The technology of additive manufacturing of parts makes it possible to significantly reduce the cost of machinery
repair. However, the property formation laws of such parts have not been sufficiently studied. The authors have studied
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the relationship between the ultimate strength of 3D-printed samples and the number of wall layers and infill density.
Samples produced according to GOST 11262-2017 by 3D printing using FDM technology from ABS plastic were tested
for static stretching. Two groups of samples, different in technological parameters of 3D-printing, were made. In the first
group the wall of the samples was formed in four layers, the density of the sample fill varied in the range of 20 to 100%.
In the second group, the number of wall layers varied from 2 to 10, the infill density of the samples corresponded to 33%.
When samples were made, extruder temperature was 230°C, table temperature — 110°C, layer height — 0.15 mm, and printing
speed — 60 mm/s. An analysis of the yield strength of the samples showed an increase in strength with an increase in the
number of wall layers. Significant difference of strength values was observed in samples with six layers and more. Significant
variation of yield strength values can be explained by the presence of defects in the samples after printing. When infill
density exceeded 40%, a significant increase in strength was observed due to the densification of polymer molecule bonds.
In the range of 20 to 40%, the strength index did not change, because the same structural changes occurred in this range.
It was found that the number of wall layers should not exceed the number of inner perimeter layers and the infill density
of the parts should be 100% to produce polymeric parts of agricultural machinery by 3D printing using FDM technology
with maximum strength characteristics.

Keywords: additive manufacturing technology, 3D printing, sample infill density, number of wall layers, static stretching,
conditional yield strength, strength of polymer parts
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BBenenune. [lpu paspaborke HOBOH 3ddexTuBHON
CEJIbCKOXO3SIICTBEHHOM TEXHUKU MEPCHEKTUBHBIM SIBIISA-
€TCsl IPUMEHEHHUE B €€ KOHCTPYKIIMSIX MOJTUMEPHBIX JeTa-
Tield, 00MaIaroMX MaJIol IIOTHOCTBIO, BRICOKMMU TIPOY-
HOCTHBIMU XapAaKTEPUCTUKAMU U BBICOKOM TEXHOJIOTHY-
HocThiO! [1-3]. Mcronp3oBanHme HOBBIX MATEPHATIOB BICUET
3a cOOOW BHENPEHHE HOBBIX TEXHOJIOTHH HM3TOTOBJICHUS
W3 HUX Pa3IMYHBIX JIETAJIe, B TOM YHCIIEC TIPH PEMOHTE
TEeXHUKH. [Tp1 N3roTOBIEHNUHN CETbCKOXO3IUCTBEHHON TEX-
HUKH OPUMEHSIOT OJIMMEPHBIE MaTepHUaibl U TEXHOIOTHIO
3D-nevaru (puc. 1) [4].

TexHomorus aJIUTUBHOTO MMPOU3BOACTBA, WK 3D-11eyars,
Ha CETONHSIIIHUN JICHb SBJISIETCS OHON U3 Hamubomee mep-
CTHEKTUBHBIX TEXHOJOTHA W3TOTOBICHHUS IIOJMMEPHBIX

Jerajei [5-9]. TexHomorust Mo3BoJISET M3TOTABIMBATD H3/IC-
TIHS JTFOOOM CIIOXKHOCTH M CYIIIECTBEHHO COKPAILATh 3aTPaThl
BpPEMEHHBIX U MaTepHabHBIX pecypcoB. B mpomnecce m3ro-
TOBJICHHS JIETAIM CHadasa co3naercs ee 3D-Monens 1 mpous-
BOJIUTCS TIOA0OP HEOOXOMMMBIX TEXHOJIIOTUYECKUX MapameT-
POB (CKOPOCTH MEUaTH, KOJIIMYECTBO CJI0EB CTCHKH, TOMNIIMHA
1 BBICOTa c104 U p.). [Tocie aToro npoucxonut pasoreHre
3D-Momeny Ha CTIOM B CIICIHATEHOM IPOTPAMMHOM 00ecTIe-
YEHHUH, a 3aTeM TPOI3BOJIAT Nedarh. BrIOpaHHBIE TapamMeTphl
TIeYaTH HAMPSIMYTO BIIMSIOT HA MEXaHUYECKIE XapaKTePHCTH-
KU TIOTyYEHHOTO U3/IETHSL.

Ha ceromusmmuii geHb cymecTByeT OONbIIOe KoIude-
ctBo Texnojorui 3D-neyatu (FDM, SLS, SLA, SLM u np.),
HO CaMoii pactipocTpaneHHol u3 Hux sieisercs FDM (fused

Puc. 1. leTa;m pyKH-MAHUIY/IATOPA /1151 ABTOMATH3HPOBAHHOI IJIaT(OPMbI cO0Pa IIOTOBBIX KYJIBTYP,
U3T0TOBJIeHHbIe 3D-nevaTnbio U3 MOJIMMepPHBIX MATEPHAJIOB

Fig. 1. Parts of a manipulator arm for an automated platform for picking fruit crops, made by 3D printing from polymer materials

! opoxos A.C. VIHHOBAIOHHOE TEXHOJIOTHYECKOE 00eCTIeYCHHE IPOM3BOACTBA OBOLIHBIX KyibTyp / A.C. Jlopoxos, A.B. Cubupes, A.I. AkceHoB
u 1p. M.: 000 «ludposuuox». 2022. 318 c.
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deposition modeling — MozieIMpOBaHKE METOIOM MOCIION-
HOTO HAIUTABIICHHMS), TIPEACTABIIAIOMAs co00M TOCIOHHOE
HaIUIaBJIeHHe TEPMOILIACTUIHOTO MOJIMMEPHOTO MaTepraa
Ha [eYaTHyIo IwiargopMy 10 3apaHee HOATOTOBIEHHOH Ipo-
rpamme (puc. 2). [llupokyro pacnpocTpaHeHHOCTb AaHHAs
TEXHOJIOTHS TIONY4YHJIa 3a CUeT OOJBIIOTO CTIEKTPA UCTIONb-
3yeMbIX TepMorUIacTHIHbIX moimMepoB (PLA, ABS, PVA,
Nylon, PC, HDPE, PP, PCL, PPSU, Acrylic, PET, HIPS),
HI3KOH CTOMMOCTH 0OOPYIOBAHUS M POCTOTHI €70 HCTIONb-
3oBanus [10-13].

Hean nccsenoBanmii: cciaea0BaHNE Npeesa IPOYHO-
ctu FDM-nieyaTHBIX 00pa3IoB B 3aBUCUMOCTH OT KOJTIYe-
CTBA CJIOEB CTEHKH TP MEYATH U TNIOTHOCTH 3aII0HEHHSL.

Marepuaabl U MeToAbl. B KadecTBe Marepmana 00-
pastoB ObLT BBIOpaH mmacTuk ABS, mmpoko ucmonb3ye-
MBI B arpOIPOMBIIUICHHOM KOMIUIEKCE 33 CUET BBICOKUX
(PU3MKO-MEXaHNUECKUX CBOKMCTB (IIPOYHOCTH MPH PacTsiKe-
Huu — 35...50 Mlla; otHOCHTENBHOE yITHHEHUE — 15...20%);
MOJIYJTh YIIPYTOCTH HPH PACTSDKEHHHU (IIPH KOMHATHON TeM-
neparype) — 1700...2930 Mlla; ycanka — 0,4...0,7%). lan-
HBII MaTeprall MOKET B TEUEHHE JITUTETEHOTO BPEMEHH pa-
Oorars rpu Temmeparype 10 75...80°C. IlomruMo BBICOKHX
(HU3MKO-MEXaHNUECKUX CBOWCTB, IuiacTuk ABS oOnmamaer
XOPOLINMH TEXHOJIOTMIECKUMH CBOMCTBAMHU C TOUKH 3PEHUS
3D-neyarn o texnonorur FDM [14].

O6pasie m3rorasmuBach cormacHo [OCT 11262-2017
(ISO 527-2:2012). Ha mepBom OJtame co3aaBajiach
3D-Mozenb B crielHaIbHOM ITPOrPAaMMHOM O00ECIICUCHHUH.
[Tocne storo noarorasnusay ee k 3D-neyaTu o TEXHONO-
ruu FDM 1o nporpamme «Criaiicep» 1 3a1aBaJii mapameTphbl
TieJary. bpITo M3TrOTOBIIEHO /IBE TPYIIITHI 00PA3IIoB: B IEPBOI
TpyTmiIe y 00pa3oB MEHSIICS MPOIIEHT 3amoiaHeHus (o1 20
10 100%) c marom 20% npu paBHOM KOJIMYECTBE CIIOEB
CTEHKH (4 c1osi); 1U1st BTOpOH Ipym-
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HcnpITanns Ha CTAaTHYECKOE PACTSHKCHUE TIPOBOTUITHCH
Ha ucneitareasHor Mammmae TOUYIIPMBOP-KB monenn
IP20. IpuaIim paboThI TAKMX MAIIIFH 3aKITI0YaeTCs B CO3/1a-
HUH TTOCTETICHHO YBEIMYMBAIOIICHCS HArpy3Ku Ha 00pasel]
Y PErUCTpalliy BEIMYMHEI, JSHCTBYIOIIEH Ha 00pa3ell CHIIbI

12
10 11

Puc. 2. Cxema 3D-neuatu no texnonormn FDM:
1 — HUTB TTOIIEP)KMBAIOIIIETO MaTepHalia; 2 — pabodasi TOJIOBKa;

3 — HUTh KOHCTPYKIMOHHOTO MaTeprana; 4 — HAPARJITIONINE BAJINKL
S — KaMepbl IUIaBIEHHs; 6 — COILIa; 7 — MOZIENb; 8, 9 — 3aloHEHNE
yCTOT MOICPKABAIONIIM MarepraioM; 10 — pabodast raropma;
11 — momxaka 13 neHoMarepuana; 12, 13 — karymku
C MOICP>KUBAIOIIMMH ¥ KOHCTPYKTHBHBIMU MATEPHATIAMHE

Fig. 2. 3D printing scheme using FDM technology:
1 — thread of supported material; 2 — working head;

3 —thread of structural material; 4 — guide rollers; 5 — melting chambers;
6 —nozzles; 7—model; 8, 9—filling cavities with supporting material;
10 — working platform; 11 — foam material lining;

12, 13 —coils with structural and supporting materials
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—Temreparypa crona— 110°C;
—BbIcoTa ¢ci10s1 — 0,15 mm;
—KOJIMYECTBO  CJIOEB  CTEH-
K — 4 ciog (1A TepBOi TPYIIIBI
00pasroB) u 2...10 coéB ¢ marom
2 criost (15t BTOPOH TPYTIIEI 00pasIioB);
— IUIOTHOCTH 3anoiHeHus1 00pasuos — 20...100% c ma-

roM 20% (st nepBo¥i Tpymisl 00pasuoB), 33% (s BTopoit

TPYIIIBI 00PA3IIOB);
— CKOpOCTh rievary — 60 Mm/c.

Puc. 3. [lapamMeTpbl ne4aTu IKCIEPUMEHTAJIbHbIX 00pa3LoB

Fig. 3. Printing parameters of experimental samples

(o ——T

Puc. 4. BHeninuii B n0o;1y4yeHHbIX 00pa3LoB
Fig. 4. External view of the obtained samples
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u ero jedopmanun. B xoz1e 3Toro nporiecca quarpaMMHBINR
anmapar BEIUEpYHBaET B MacTabe KPHBYIO, HA3bIBAEMYTO
JIMArpaMMON PaCTSHKEHVIS.

Pe3yabTarel u ux obcyxnenue. [[pouHocTs nomimMep-
HBIX JIeTaJIed TIpH M3MEHEHUH KOJMYECTBa CIIOEB CTEHKU
TpUBe/IcHA B Ta0nuIle 1 ¥ Ha pUCYHKE 5.

AHamm3upys naHHbIe TaOMUIBI 1, MOXKHO OTMETHTH,
YTO MPY YBETMYEHUH KOJIMYECTBA CJIOEB CTEHKH IIPOYHOCTh
TIOJIMMEPHBIX JIeTajield BO3pPacTaeT, M 9TO MOXHO CBSI3aTh
C YIUIOTHEHHEM CBsi3el Mex Iy ciosiMu. CylecTBeHHas pas-
HHLIA B YIIPOYHEHHUH 32 CUET YBEINYEHHUS KOIMIECTBa CIIO-
€B CTEHKH 3aMeTHa B 00pa3iiax ¢ MIeCThIO U 00Jee CIIOIMHIL.
HexoTopble 3Ha49eHNsI OTHOTO ¥ TOTO K€ UCIIBITAHNS CHITEHO
OTIIMYAIOTCSI, 9TO OOBSCHICTCS eeKTaMu, 00pa30BaBIIIH-
MHCS B TIpOIIECCE MeYaTH 00Pa3IioB — JIOKATEHBIMH pa3phl-
BaMH M HECIIOIHOCTSIMH, 00YCIIOBIIEHHBIMH MaJICHIIIUMU
OTKJIOHEHMSIMH JIFO0O0TO MapameTpa revarH (puc. 6). OqHako
paccMmarpuBast OTY4YEHHYTO 3aBUCUMOCTD OT CPETHUX 3Ha4e-
HHI, MOXXHO CKa3aTb, YTO IPUPOCT IIPOYHOCTH HAOMIOMAETCS.

IIpu MakcMaTEHOM Kom4ecTBe ciioeB cTeHkH (10) Ha-
OxromaeTcst yMeHBIIEHHE TIPOYHOCTH MTONMMMEPHBIX JeTajeit
3a CUET HU3KOM a/Ire311 MEXKTY CIIOSIMH CTEHOK M BHYTPEHHEN
yacThlo oOpasia. B 1aHHOM citydae cloeB CTeHOK ObLIO To-
pasno Oonbliie, 4eM clioeB 00pasiia, 4To IPUBENO K yMEHBbIIIe-
HUIO YPOBHSI MEKCIIOWHOM are3u (OTCIanBaHMIO) (pHC. 7).

(%]

A —~

"sz‘A(/
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Conditional yield strength, MPa
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KosamuectBo cioeB crenku / Wall line count

Puc. 5. 3aBucumMocTh M3MeHeHHs IPOYHOCTH
OT KOJINYECTBA CJIOEB CTEHKH

Fig. 5. Relationship between the strength change
and the number of wall layers

TECHNICAL SERVICE IN AGRICULTURE

Pesynbrarel n3MepeHst IPOYHOCTH 00pa3IoB MPH BapbHU-
POBAHMH IJIOTHOCTH 3aII0JIHEHNUS! IPUBEICHBI B TabuLe 2
Y Ha pUCYHKeE 8.

[Ipu mnotHOCTH 3anonHenus 20. ..40% npodHOoCTh HOo-
JMMEPHBIX JeTallell He N3MEHSETCs, TIOCKOIBbKY B JAHHOM
HHTEpPBAJIE IPOUCXOIAT OAUHAKOBBIE CTPYKTYPHBIE U3Me-
Henwust. [1pu miotHocTH BhIie 40% HaOIrOMaeTCs 3HAYM-
TENBHBINA TIPUPOCT MPOYHOCTH 32 CYET YIUIOTHEHUS CBS3EH
MOJIEKYII IToJIMepa Mex Iy coboil. C yBenuueHneM IIoT-
HOCTH 3all0JIHEHHsI 00pa3LioB YMEHBIIACTCSl KOIUYECTBO
ITyCTOT B CTpyKType Marepuana. [Ipu goctmxernnn 100%
HaOJIIONAeTCs] MAKCUMAIIBHBIA MPUPOCT MPOYHOCTH, I10-
CKOJIbKY MOJIEKYJIBI ITOJIMMEPa IUVIOTHO B3aUMOJEHUCTBYIOT
JpYT C IPYTOM M MPAaKTHYECKH HE CO3al0T BHYTPEHHUX
HaINpsDKeHUH, MPUBOAALIMX K pasynpouHenuto. O0pazo-
BaHUE TAKUX HAIPSHKEHUM MOXKET IPOU30UTH B IIPOLECCE
9KCIUTyaTalluy U3EJMs 3a CUeT IIPUCYTCTBUS B CTPYKTYpe
Marepuasa ImycToT, KOTOpbIe MOJIEKYJbI HE CMOTYT 3aI1o-
HUTB, 9TO U OyJIET CIOCOOCTBOBATH Pa3pyILICHUIO.

Puc. 6. ledextnl neyaru odpasua
Fig. 6. Sample printing defects

Puc. 7. OrciianBanue creHok o0pasua

Fig. 7. Peeling of the sample walls

Tabnuya 1
PesynbTarsl n3MepeHHs NPOYHOCTH PH M3MEHCHUH KOJHYECTBA CI0¢B CTEHKH
Table 1
Results of strength measurement when changing the number of wall layers
Konmyecto Ycs10BHBIH Npenes TeKyuecTH o, ,, MIla Cpennee 3HaueHHne
CJI0€B CTEHKH Conditional yield sirength ,,, MPa YCIIOBHOTO NPefiesia TeKy4ecTH o, ,, MIla
Number of wall Average value
layers Obpazen Ne 1/ Sample 1 | Obpasen Ne 2/ Sample 2 | ObpazeuNe 3/ Sample 3 | o the conditional yield strength 0, MPa

2 2,275 2,425 2,425 2,375+0,146

4 1,923 2,116 2,136 2,058 £ 0,198

6 3,425 3,538 3,497 3,487 + 0,096

8 4,198 3,504 4,147 3,733 £ 0,652

10 3,229 3,505 3,492 3,409 + 0,262
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Tabnuya 2
IIpounocTs 00pa3uoB Npu U3MEHEHNH INIOTHOCTH 3aN0/THCHUS
Table 2
Results of strength measurement when changing filling density
IliioTHOCTH Ye0BHbIHA Mpenes TEKy4ecTH 6, ,, MIla Cpennee 3Ha4eHHe
3an0JHEHHs Conditional yield strength c,,, MPa YCJIOBHOTO Mpeesia TeKy4ecTH 6, ,, MIla
00pasios, %o ] Average value
Infill Density, % | O0pasen Ne1/Sample I | Opazen Ne 2/ Sample 2| O6pazeu Ne 3/ Sample 3 | of the conditional yield strength 0, MPa
20 1,149 1,916 2,214 1,760+0,029
40 2,558 1,333 1,434 1,775+1,146
60 2,6 1,312 2,875 2,262+1,407
80 1,575 3,525 3,481 2,860+1,877
100 2,058 4,675 3,72 3,48442,233
/ BruIBOIBI

: - 1
) w |

20 40 60 80 100

ILnoTHOCTH 3an0aHenus, % / Infill Density, %

o
—
—

YcaoBHblii npeaen teky4uectu, MITa
Conditional yield strength, MPa
w

Puc. 8. 3aBucumocTb H3MeHeHHs IPOYHOCTH
OT IJIOTHOCTH 3aIl0/THeHHs 00pa31oB

Fig. 8. Relationship between the strength change
and the filling density
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