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MccnenoBaHbl MPOYHOCTHBIE XapaKTEPUCTUKN MOIEIN TYpOMHBI, U3rOTOBJIeHHON 13 PLA-miacTMacchl ¢ TOMOIIbIO
aIIUTUBHBIX TeXHOJOTUI. [TpoBeneHbl UCTIBITAHUS TYPOMHBI Ha MTPOYHOCTh, M CleJaHa OlleHKa BIWSHUS PacTITMBalo-
IIMX HATIPSDKeHUH TIpY BpallleHUU TypOMHBI Ha €€ paboTocrnocoOHOCTh. JlaHa olieHKa MCITOJb30BaHUS JeTalleil, U3rOTOB-
JICHHBIX aJIUTUBHBIM METOIOM, B Pa3JIMUYHBIX arperarax, B TOM 4ucie B Ja0OPaTOPHBIX CTEHIAX ISl UCCIETOBAHMS Typ-

OMH Ha CXXaTOM BO3IyXe.

Karouegwie cnosa: razoBbie TypouHbl, PLA-miactmacca, nmpoyHocts TypouH, SLM-1euars, MCIIbITAHWE Ha TPOYHOCTb,

3D-nporotunupoBaHue, Ko3(pGUIMEHT 3araca MIpoOYHOCTH.

BBenenue

3a mocieaHue ASCSITUIETUSI YEJTOBEYECTBO 10OC-
TUTJIO 3HAYMTEIHLHOIO Mporpecca B 00J1acTy U3YyYeHMUS
CTPYKTYpP pa3JIMUHBIX MaTepHaJIOB M CIIOCOOOB MX
obpazoBanus. [1pu aTOM cTa10 BO3MOKHBIM ITOJTydE-
HUE MaTepuayioB, o0JIafalolInX YHUKaJIbHBIM Ha00-
poM UBMUECKUX U XUMUYECKUX CBOMCTB.

IlepcreKTUBHBIMU SBJISTIOTCS UCCICIOBAHMSI, CBSI-
3aHHBIE C TPUMEHEHUEM aIIUTUBHBIX TEXHOJIOIUA B
Pa3IMYHBIX OTPACISIX MIPOMBIIIJIEHHOCTU, B TOM YHC-
Jie B aBUAlIMOHHOM M paKeTHO-KOCMMWYECKOM Mallll-
HocTpoeHuu [1—3]. B otinume oT cylIecTBYIOIIMX

METOIOB MTPOU3BOJACTBA ACTANICH, alAUTUBHbBIC TEXHO-
JIOTUU TIO3BOJISIIOT MUHUMM3UPOBATh, @ B HEKOTOPBIX
caydyasiX — TOJHOCTBIO UCKIIOYUTH HEOOXOIMMOCTD
MeXaHUUYeCcKoil o0paboTKu metajneit [4], 4yTo cyiie-
CTBEHHO CHMXAeT KaK 3aTpauMBaeMoe BpeMs, TaK U
CTOMMOCTb TOTOBOM AeTaiu. Bo MHOTUX MeXayHapoI -
HBIX ¢upMax yxe npumeHsoT 3D-nporoTunupona-
HUE Pa3JIMYHBIX AeTajeil paKeTHBIX U aBUAIlMOHHBIX
nBuratesieil. B HacToslee BpeMsl TaKKe 3apyOeKHbIe
KoMIlaHuHU, Kak Ariane Group, Aerojet Rocketdyne,
Blue Origin, Rocket Lab, SpaceX [5], a Takxxe oTe-
yectBeHHble Kb XumaBromatuku [6] u AO «HITO
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OHepromaii» uMm. B.I1. I'nyiiko [7] ycnenHo ucnomib-
3YIOT aJAUTUBHBIC TEXHOJIOTUU TIPH M3TOTOBIICHUU
JieTajeil y3JIoOB U arperaToB pakeTOHOCUTENIEH.
Cy1iecTBYIOT HECKOJIBKO OCHOBHBIX MeTOIOB 3D-
IeYaTy, pa3TndalonInxcs UCXOIHBIM MaTepuajoM U
TeXHoJIoTUel hopMupoBaHUs neTaneii. B mociaeaHee
BpeMsI aKTyaJIbHBIM CTAHOBUTCS TIPOU3BOJICTBO JACTa-
JIei ¢ MOMOIIIbIO CEJIEKTUBHOTO JIA3ePHOTO CIIeKaHUS
ITOPOIIKOB  METAJIJIOMMOTUMEPHBIX  KOMIIO3UIIMIA
(SLM-1mreuats, Selective laser melting) [8].
Texnomorna SLM-neyaTtn 3akio4yaeTcs B IIO-
CJIOMHOM HaHEeCEHUU U CTIeKaHUM MOPOIIKa Ha crie-
LIMaJIbHOM OCHOBaHUU. OQHAKO MCIOJb30BaHUE Me-
TOJa CEJEKTUBHOIO Ja3epHOI0 CIIeKaHUsI TOPOIIKOB
CBSI3aHO ¢ ITpolieMaMy 00pa30BaHUs TTOPUCTOCTU U
CHIMXEHUSI TIPOYHOCTU M3TOTABIMBAEMBIX IETaleii.
I[ToaTOMy BOITpOC TPAKTUIECKOTO TPUMEHEHHS B
PaKeTHO-KOCMMYECKON 1 aBUAIIMOHHOM TeXHUKE J¢-
Tajieil, CO3JaHHBIX ¢ MmoMmolblo 3D-nevatu, 10 cux
MOP OCTAeTCsI OTKPHITHIM. I1py BHEApEHUN aaIUTUB-
HBIX TEXHOJIOTUI B COBpEMEHHOE IMPOU3BOICTBO BaXK-
HBIM 3TaroM SIBJIsIeTCsl pa3paboTKa METOIOB TpeIBa-
PUTEITLHOTO ITPOTHO3MPOBAHUS TTPOYHOCTHEIX XapaK-
TePUCTUK M3TOTAaBIIMBAEMBIX 3JIEMEHTOB KOHCTPYK-
IIUU B YCJIOBUSIX BO3ICUCTBUS TEIUIOBBIX M MEXaHM-
YEeCKHMX Harpy30K ¢ MOMOIIIbI0O MaTeMaTUYeCKOro MO-
IeanpoBaHMs. B mpakTuaecKunx mcciaeToBaHUSX Jallle
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BCETO HEOOXOIMMO BBITIOJTHUTH OOJIBIIIOE KOJMYECTBO
rmapaMeTpUIeCKUX Pacy€ToOB IMMPOYHOCTHOTO COCTOS -
HUS pa3IWYHBIX 2JIEMEHTOB ITPOEKTUPYEMOU MeTaan
IV KOHCTPYKUMWH. 1T 3TOro MpearnoYTUTeIbHee
HUCIOJIb30BaTh IINPOKO PaCIIPOCTPAaHECHHBIE IIPO-
IPaMMHBIE KOMITJIEKCHI, KOTOPbIE MOXHO JTOTIOJTHUTH
PSIIOM aHAJTUTUYECKUX METOANK, YINTBIBAIOIINX OCO-
OCHHOCTM TEXHOJIOTMHM CO3ITaHWs IeTajiell W I0-
JIy4aeMoOM CTPYKTYPHI.

[ToMuMoO BHEITHUX HATrpy30K, Ha HECYIIYIO CITO-
COOHOCTh pabouMX KOJIEC ra30BbIX TYpOUH OKa3blBa-
[OT BIIMSTHHE YCJIOBHSI HarpyXeHWsI, HallpuMep TeM-
nepatypa rasa [9]. OgHako ra3oBble TYpOMHBI, KOTO-
pBIe MCITOJB3YIOTCSI B JaOOpaTOPHBIX CTEHIAaX Ha
CXKaTOM BO31yXe, 0OBIUHO PabOTaIOT MPU HEBBICOKUX
pabounx Temneparypax nmopsaka 30—50 °C [10], cie-
IIOBaTeJIbHO, TP MPOYHOCTHBIX pacyeTax JucKa Typ-
OWHBI TeMIIepaTypPHBIMU HAIIPSDKEHUSIMIA MOKHO TIpe-
HeOpeub.

st 060ocHOBaHMS BO3MOXKHOCTHU UCITOJb30BaHMS
3D-meyaTt B IpOM3BOACTBE TypOWH IJIsl TabopaTop-
HBIX CTEHIOB Ha CXKAaTOM BO3IyXe OBIIA TPOBEIACHBI
pacueTsl Ha MPOYHOCTh TYPOWHEI, HarleYaTaHHOW Ha
3D-npunTtepe u3 PLA-miactMaccsl. Jlist moaTBepxK-
IIEHUST PacyeTOB OBIJIO TTPOBEJACHO MCITHITAHNE.

I'eomeTpusa TypOMHBI U HATPY3KH,
JeiiCTBYIOLIME He Heé

ITpu pazpabotke 3D-Moznenu TypOUHBI TeOMETPUST
pabouero Koseca Oblla BbIOpaHa Ha OCHOBE MPOTO-
THUIIAa, B KaYeCTBE KOTOPOTO MCMOJIb30BaTach KOHCT-
PYKLUS TypOUHBI, UCIIOJb30BaHHOM B J1Ja0OpaTOPHOM
creHae, ycraHoBiaeHHoM B MI'TY um. H.B. bayma-
Ha, JUISI IPpOBeAeHUSI JIaOOPaTOPHBIX padOT IO U3ydye-
HUIO QHEPreTUYECKUX XapaKTePUCTUK aKTUBHBIX TYpP-
oun [10].

Ha puc. 1 npeacraBiieHbl 00U BUI AUCKA Typ-
OMHBI U HATPY3KU, JEUCTBYIOIIME HA Hero (a), a Tak-
JKe TIoIlepeyHoe ceueHue JonaTtku (0).

HMcxonHbie pa3Mepsl 1151 IIPOYHOCTHOIO pacyeTa:

d, =2r, =110 MM — InMaMeTp KOPHEBOTO CCYCHMUS

JIOTIATOK;

0)

Puc. 1. Dcku3 TypOUHEI C TeOMeTpUell U Harpy3Kkamu, AeHCTBYIOIIMMUY Ha He€ (a), U IoIepeuyHoe ceuyeHue JIonaTku (0)
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D=2R=140MM — HapyXHBI{ OUaMeTp JIOoTa-

TOYHOI'O BEHIIA;
b=11 MM — LIMPUHA PEIIETKU;
6 =4,3 MM — MakcUMaJIbHas TOJIIMHA TPOdUIs.
Marepuan wmomenu —  PLA-mjmactmacca

(p=1060 K%ﬁ, o, =40 MITa [12]).

Harpy3ka:

e HeHTpoOexHas cuna F /6 TP 0= 2520 pan/c;

e BpallJalOIINii MOMEHT MBp =3 Hwm.

l'eomeTpuyeckre yCIOBUSA: B pacyéTaX yIUTHIBA-
I0TCsI peajibHbIe YCIIOBUSI pa3Mepbl pabouero koJjeca
U BCe OCOOEHHOCTMU €T0 KOHCTPYKIIUU — JIOMAaTKH,
MOJIKNA, 0COOEHHOCTH (DOPMBI TTOTIEPEUHOTO CEUCHMS.
B mucke TypOMHBI OTCYTCTBYIOT OTBEPCTUS IS TIEpe-
MycKa rasa, BJIUsIHUE KOTOPbIX HEOOXOAMMO ObLIO ObI
yJecTh Ipy uX Haymmauu [11]. Pusndeckne ycIoBuUs:
MPUHUMAETCS OCEeCUMMETPUUYHOE pachpeacieHue
Bpalllaloiiero MOMeHTa M LIEHTPOOEXHOW CUJIbI B
ceyeHusix pabouero kojeca. pyrue cdusuueckue
apdekThl (Mmoa3yyecTb MaTepuasa, BUOpaius, Heo-
JIHOPOJAHOCTb U T. I.) HE paccMaTpUBAIOTCS.

Pacuér na mpounocts B Autodesk Inventor

B nporpamme Autodesk Inventor Obliia moctpoe-
Ha 3D-Moaenb MCHBITBIBaeMOI TypOMHBI (puc. 2)
[13]. C nomombio Monmyias Autodesk Simulation

Puc. 2. 3D-monenb TypOUHbBI

Mechanical 2019 O6bL1 TIpoBenéH €€ MPOYHOCTHOM
pacuér [14].

3akpeIieHrue — KOHCOJIbHOE, 32 TOPLEBYIO I10-
BEPXHOCTh BTYJKU TYPOMHBI.

Ha puc. 3 npencrapiieHa UCIIOIb30BaHHASI KOHEY-
HO-3JIEMEHTHAsl MOJIC/Ib, KOTOPAsl COACPXKUT OKOJIO
4,15 MJIH 2J1eMEHTOB.
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Puc. 3. O0muii BuI KOHEYHO-2JIEMEHTHOM MOIENIN B BUIE
HECTPYKTYPUPOBAHHOI CeTKU (a) 1 JIOMATKU yBEIUUeHO (6)

CrymeHue CeTKM MPUBOAMIOCH K OCHOBAHWIO
TOJIBKO OJHOI JIOMATKM, MOCKOJIBKY Harpy3Ka pac-
mpeaenaseTcss CUMMeTpUYHoO. PesymbraThl pacuéra
MnpeacTaBieHbl HA pUc. 4 U 5 (YBEJIUUEHO).

M3 noneit pacnpeneneHust koadduireHTa 3ana-
ca, IIpeICTaBJICHHBIX Ha pucC. 5 1 6, BUAHO, YTO MU-
HUMaJbHBIKH KO3(M@UIIMEHT 3araca COOTBETCTBY-
€T KOpPHEBBIM CEYCHUSIM JIOTIATOK M COCTAaBJISIET HE
MeHee 3.3.

Puc. 4. Tlone pacnipeaeneHus: koadduilmeHTa 3amnaca
0 OIMCKY TypOUHBI
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Puc. 5. Ilone pacnpeneneHus KoaggulmeHTa 3amaca mo JonarkaM TypOMHBI

Teopernueckuii pacyéTr Ha MPOYHOCTH

PacuéT HampsikeHUil B 1MCKe TYpOMHBI IIPOBO-
JIAJICST TTI0 METOAMKE, U3JIOKEHHOM B [16].

Pactarusaroniye HanpspKeHUs CBSI3aHbI ¢ BO3IET -
CTBUEM Ha IUCK TYPOMHBI LEHTPOOEKHBIX CHJI, KO-
TOpBIC BBI3BaHbI BpallleHUeM TypOuHbI. HanbosbIero
3HAYECHMSI OHU NOCTUTAIOT B KOPHEBBIX CEUCHUIX
noratok. I1pu onpeaeneHUN pacTsrMBarOIIMX HAMPsI-
JKEHUH JIOMaTKy TYpOMHBI YCJIOBHO pacCcMaTpUBAIOT
KaK CTep>KeHb C MOCTOSTHHBIM MOMEPEYHBIM CEUCHM -
eM.

HanpskeHust pacTskeHus, BO3HMKAIOIIUE B ce-
YEeHUHM JIOTIATKU Ha PACCTOSIHUU 7 :

o(r)=0,5p0*R*| 1 -—

rme p
JIOBasi CKOPOCTh BpallleHUsI; R — HapyKHBII pagnyc
JIOTTATOYHOTO BEHIIA; F — pacCMaTpWBaeMbIil pagnyc,

— INUIOTHOCTb MaTe€puaia JoIaTku, w — yrI-

B KOTOPOM BO3HMKAIOT HAITPAXKCHUA (5(") .

HaHpH}KeHI/IH PaCTAKCHU A, BOSHUKAIOIIMUEC B KOP-
HCBOM CCUYCHMM JIOIIATKU:

pacTsix

—o(r)=0,5p 0 R|1-0|.
(¢) (S(ro) ,LOp ® R )

c =6,31 MIla.

PpacTsiK

Iromans morepeyHOro ceYeHUS JIOTaTKH TypOu-
HBI MOXXHO pacCYMTaTh 1Mo Gopmyie:

F=0,78b=33,1-10"° m>.

MomeHT COITPOTUBJICHUA CCYCHUA HaA u3ruo:

F2
W =0,2 - 1,81-1070 M.

KacarenbHbie HaIps2>kKCHWA OT Bpalllaloliero Mo-
MCHTa:

B
T=—"2=(,83 MIla.
2W

OKBUBaJIEHTHOE HampskeHue 6, 110 MI/ISGCY BbI-

YUCIACTCA CICAYIOIINM 06pa30M:

o, =\/%[(61 —62)2 +(o, “53)2 +(oy _61)2] -

=9,15 MIla,
rie o,,0,,0, — [JIaBHble HanpsokeHus [16], MIla,

2

(¢} o
o) =B | PR | 41t =6,42,
c, =0,
2
o, = © pactax - © pactx +12 =-0,107.
3T 2

OCHOBHBIM KpUTEPUEM IIPOYHOCTH SIBIISICTCSI KO-
¢ dULIMEHT 3amaca — OTHOIICHME IIpejielia TeKyde-
CTH K DKBUBAJICHTHOMY HallpsLKeHMIO Mo Mwusecy,
BO3HMKAIOIIEMY B KOHCTPYKIIVH:
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s u3nenunii, KOTopble HaXOASITCS Ha CTaAuM
MPOeKTUPOBaHUS, KOADPUILIMEHT 3amaca Heo0Xoau-
Mo 3aaaBaTh 3apaHee. KoagdulimeHT 3anaca 1o Hop-
MaM pacueTra Ha MPOYHOCTD 3JIEMEHTOB KOHCTPYKIIUHU
XPJI cocraBnser 1,2...1,5 [17].

KoadduuueHr 3amaca mpoyHOCTU IMCKa TYpOU-
HBI:

n=M=4,37.

el

B [18] nmpennaraetcs yuuThIBaTh CHUXKEHUE Mpe-
Jeja TeKydeCcT! dJIEMEHTa KOHCTPYKLMM B CBSI3U C
MOPUCTOCThIO MaTepuasa aeTaiau (s caydas ee 13-
TOTOBJICHUSI MeTOonOM 3D-TpoToTunupoBaHuUsI) C
MMOMOIIBIO Koo duumeHTa k:

n, = kn,

rae n; — Ko3(pGUUUEHT 3anaca MPOYHOCTH JETANIH,
BBITTIOJTHEHHOI METOIOM IPOTOTUITUPOBAHMS; 1 — 3a-
mac TIPOYHOCTH JIeTaJId, M3TOTOBJICHHON C MCTIOJIB30-
BaHMEM CYIIECTBYIOIINX TEXHOJIOTHIA.

KoadduuueHT k 3aBUCUT OT pa3inyHbIX (PaKTO-
pPOB: OpMEHTALIMU M3IENNS TIPU CIIEKAaHUU OTHOCH-
TEJBHO CITEIIMAIbBHOTO OCHOBAHUS; CTPYKTYPHI TIPO-
TOTUTIMPOBAHHOTO U3ACIHS, GPOPMUPYEMOIL B Pe3yITb-
TaTe CIUIABJIICHUS M OBICTPOTO OXJIAXICHUS TOCIIE
yxona JyiazepHoro Jyiyda [19]; KoHTypa 3anoJIHeHUSI;
pa3mepoB obpasua u T. a. [20]. 3HaueHus Koappu-
IIMEeHTa, YIUTHIBAIOIIETO IMOTEPU MTPOYHOCTH M3-3a
nedeKToB, BOSHUKAIOIINX B TIPOIIECCe MPOTOTUITHPO-
BaHUd, OOBIYHO HaxoAsATcs B guamna3one k= 0,6...0,9
[21]. ITpu mpoBeaeHUM pacuéTa KOI(PPUUMEHT Mpu-
HuMaeTtcsl paBHbIM k = 0,75.

MonuduumpoBanHblii KO3()PUUMEHT 3amaca n,
IIPY 3TOM:

n, =kn=3,28.

HcnpiTanue HA MPOYHOCTH

JInst mpoBeAeHUST UCTIBITAHUS Oblla M3rOTOBJICHA
oceBast aKTUBHAsI CBEPX3BYKOBasl Ira30Basl TypOMHa U3
PLA-1tactMaccel 1o TexHosioru SLM-tieuaTn.

JInst mpoBeaeHNST MCITBITAHW# OBIJT COOpaH MCIThI-
TaTeJbHBIN CTEH, COCTOSIINNA M3 2JIEKTPOABUTATE]IS,
peryJIsiTopa HalpspKeHUsT, TaAXOMeTpa, BUICOKaMephl,
a TakKe MCCIeayeMO TYpOMHHEI.

MeTtonnka nmpoBeAeHNST IKCIIEpUMEHTa 3aKIioda-
eTCs B cJienylolieM: TypOrMHa (PUKCUpPYETCs Ha Baly
DJICKTPOABUTATEIISI C TIOMOIIBIO IIITOHOYHOTO 1 KJIe-

eBoro coearHeHui. [Tpu MOAKIIOUYEHUH 3JEKTPOIBU -
ratesist K ceTu (220 B) Ban ¢ TypOuHOI NMPpUBOASTCS
BO BpaieHue. YactoTa BpalleHUsI U3BMEHSIETCS pery-
JIITOPOM HaMPSKEHUS, MOJKIIOYEHHBIM B 1IETh 2JIeK-
TpOJABUTaTEsl, U MOXET MPpUHUMAThL 3HaUeHuUs1 oT 0
1o 24000 06/MUH, YTO COOTBETCTBYET WHTEpBaIy
HarpsKeHUi B ceTH aekTpoasuraress ot 0 go 220 B.
JlaHHBIE O CKOPOCTM BpallleHUsI 3JeKTPOABUTATES
CHMMAIOTCS ¢ UM(PPOBOTO ONTUYECKOTO TaxoMeTpa.
3anuch dKCnepuMeHTa BeJeTcsl Ha Buaeokamepy. [1pu
YBEJIMUCHUU YaCTOThI BpallleH!s YBEJIMUMBACTCS 3Ha-
YyeHMe LEeHTPOOEKHOM CUIIBI, NECTBYIONIEH Ha Typ-
ouny. Ilo moCTIKEeHUN 3JIEKTpOABUTATEIEM IIPEACTb-
HBIX 3HAYEHU I YaCTOTHI BpallleHUsI MaTepua Typou-
HbI MO ACWCTBUEM Harpy3ku 1eOopMUPYeTCs, UYTO
¢dukcupyeT Kamepa. DKCIIEPUMEHT MPOBOAUTCS Ha
UCTIBITATEJIbHOM CTEH/JIE, OTIAEJCHHOM OT HabItoaaTe-
Jieii OpoHeABepblO; BCE U3MEPEHUs] U BUIACOCHEMKA
BEAYTCSl TUCTAHIIMOHHO.

BoiBoabI

PacueThl Ha MIPOYHOCTDH OCEBOI AKTUBHOU CBEpPX-
3BYKOBOM Ia30BOI1 TYpOUHBI, N3roToBIeHHOU 13 PLA-
IUIaCTMACChl IO aAAUTUBHOM TexHosoruu SLM-me-
yaTH, MOKa3ajau, 4To Kod((UIIMEHT 3anaca, KOTOPbIi
XapaKTepu3yeT AUCK TYPOMHBI B YCIOBUSIX pabOThI Ha
J1abopaTOPHBIX CTEHIAX Ha CXKAaTOM BO3IyXe, BBIIIIE,
YeM MpenesibHO JOMYCTUMBIN U1 TaHHOTO arperara.

B kayecTBe MOATBEPKICHUS PacueTOB B XO/I€ UC-
MBITAHUSI YacToTa BpallleHUsS TYypOMHBI MOCTHUTJIA
24000 06/MUH, YTO ABISETCS MPEACIbHO BO3MOXHOI
BEJIMYMHON JJIS1 UCITOJIb3YEMOTO B UCITBITAHUSIX TBU -
ratejisi, IIpy 3TOM B cCaMOli TypOMHEe BUIUMBIE AedeK-
Thl OOHAPYXKEHBI HE OBLIH.

YcTaHOBIEHO, YTO M3TOTOBJICHHAS TP ITOMOIIN
aIIUTUBHBIX TEXHOJOTUI TypOMHA MOXET ObITh MC-
M0JIb30BaHa Ha JIabOpaTOPHBIX CTeHAAX, padOTaIOIINX
Ha CXaToM BO3IyXe.
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technologies application

Recently, the studies related to the additive
in various industries,

* e-mail: Kalugin-09@mail.ru

including aviation and space-rocket mechanical
engineering, are considered promising. An indisputable
advantage of additive technologies is minimization,
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and, in some cases, complete elimination of the need
for parts machining, which significantly reduces both
the time consumption and the finished part cost.

There are several basic 3D-printing methods,
differing in the source material and technology of the
parts formation. Recently, the parts production by
selective laser sintering of metal polymer compositions
powders (SLM-printing) has become topical.

The SLM-printing technology consists in layer-by-
layer deposition and sintering of powder on a special
substrate. However, application of the selective laser
powders sintering method is associated with problems
of the porosity formation and a decrease in the strength
of the parts produced. Thus, the issue of practical
application for parts of the space-rocket and aviation
equipment, created by the 3D-printing, still remains
open.

To substantiate the possibility of 3D-printing
application in turbines production for laboratory test
benches on compressed air, the strength calculation
of the turbine from PLA-plastic printed on the 3D
printer were performed. The tests were performed to
confirm the calculations results.

When developing a turbine 3D-model the rotor
wheel geometry was selected, based on the prototype,
which was used in the turbine structure employed in
the laboratory test bench installation at the BMSTU
for the laboratory works for studying the energy
characteristics of active turbines.

Besides the external loads, the gas turbines rotor
wheels load-bearing capacity is affected by loading
conditions, such as gas temperature. However, the gas
turbines employed in laboratory work benches on the
compressed air are operating, as a rule, at low
operating temperature of 30—50°C. Thus, the
temperature stresses may be neglected while strength
calculations of the turbine disk.

A 3D-model of the turbine under test was built
with the Autodesk Inventor program. A finite-element
model containing about 4.15 million elements was
built for the above said model. Its strength analysis was
performed with the Autodesk Simulation Mechanical
2019 module. The mesh thickening was reduced to the
base of one blade only, since the load distribution is
symmetrical. It can be seen from the safety factor
distribution fields that minimum safety factor
corresponds to the root sections of the blades, and it
is no less than 3.3.

While theoretical calculations the modified safety
factor nl, accounting for the effect of the part material
porosity (for the case of its manufacture by 3D-
prototyping) through coefficient k, was 3.28.

For tests performing, an axial active supersonic gas
turbine was manufactured from PLA-plastic according
to the SLM-printing technology.

For tests performing, a test bench, consisting of an
electric motor, a voltage regulator, a tachometer, a
video camera, as well as a turbine under study was
assembled.

The methodology of the experiment conducting is
as follows: the turbine is fixed on the motor shaft by
the keyed and glue joints. When the motor is
connected to the mains (220 VAC), the shaft and the
turbine begin rotating. The rotational speed is changed
by a voltage regulator connected to the motor circuit,
and can aquire values from 0 to 24000 rpm, which
corresponds to the voltage range in the motor network
from 0 to 220 V. The data on the motor rotational
speed are read from the digital optical tachometer. The
experiment is being shot by the video camera.

The strength calculations of the axial supersonic
gas turbine fabricated from the PLA-plastic by the
SLM-printing additive technology revealed that the
safety factor in operation conditions of laboratory test
benches with compressed air was higher than the
maximum allowable one for the considered unit.

As a confirmation for calculations, the turbine
rotational speed during the test reached 24,000
revolutions per minute, which is the maximum
possible value for the engine used in the tests. With
this, visible defects were not detected in the turbine
itself.

On the assumption of the performed studies it was
established that the turbine manufactured using
additive technologies can be employed for the
laboratory text benches operating on compressed air.

Keywords: gas turbines, PLA-plastic, turbine
strength, SLM-printing, strength test, 3D-prototyping,
safety factor.

References

1.  Additivnye tekhnologii: nastoyashchee i budushchee:
materialy 1V mezhdunarodnoi konferentsii (Moskva,
30 March 2018), Moscow, VIAM, 2018, 450 p.

2. Maslov Yu.V., Mishchenko V.Yu. Atmosfernye
ehnergeticheskie ustanovki, 2011, no. 1, pp. 23-27.

3. Elistratova A.A., Korshakevich 1.S., Tikhonenko D.V.
Reshetnevskie chteniya: materialy XVIII Mezhdunarodnoi
nauchnoi  konferentsii (11-14 November 2014,
Krasnoyarsk), Krasnoyarsk, Redaktsionno-izdatel’skii
otdel Sibirskogo gosudarstvennogo aehrokosmi-
cheskogo universiteta, 2014, pp. 557—559.

4. Samokhvalov N.Yu. Trudy MAI, 2014, no. 74, http://
trudymai.ru/eng/published.php?1D=49297

5. SpaceX launches 3D-printed part to space, creates printed
engine chamber, 2014, https://www.spacex.com/news/

BecTHMK MOCKOBCKOTO aBMallMOHHOTO MHCTUTYTA. T.26. No2




”pO‘lHOCmb U mensnoeble pelcumbl 1emamenbHsblx annapanoe

Strength and thermal conditions of flying vehicles

10.

11.

12.

13.

2014/07/31/spacex-launches-3d-printed-part-space-
creates-printed-engine-chamber-crewed

Roskosmos provel ispytaniya 3D-pechatnoi kamery
sgoraniya raketnogo dvigatelya, 2018, http://3dtoday.ru/
blogs/news3dtoday/roscosmos-tested-the-3d-printed-
combustion-chamber-of-the-rocket-engin

Belov E.V., Ivanov A.V., Ivanov N.G., Kashapov M.A.,
Klimov V.Yu., Levochkin P.S., Romasenko E.N.,
Nerush S.V. Trudy NPO “Ehnergomash im. akademika
V.P. Glushko”, 2018, no. 35, pp. 93-105.

Abdullin M.I., Basyrov A.A., Nikolaev A.V. Universum:
khimiya i biologiya, 2015, no. 11(18). URL: http://
7universum.com/ru/nature/archive/item/2701
Ovchinnikov 1.V., Homjakov A.M. Bearing capacity of
reaction turbine impeller. Aerospace MAI Journal, 2010,
vol. 17, no. 3, pp. 120-128.

Maksimov S.F., Yagodnikov D.A., Andreev E.A.,
Kryukov P.B. Izuchenie ehnergeticheskikh kharakteristik
aktivnoi  turbiny na model’nom odnofaznom i
dvukhfaznom rabochem tele: metod. ukazaniya k
vypolneniyu laboratornyh rabot po kursu “Teoriya i
proektirovanie TNA” (Study of an active turbine energy
characteristics on a model single-phase and two-phase
working body: instructional guidelines for performing
laboratory work on the course “TPA Theory and
Design”), Moscow, MGTU im. N.E. Baumana, 2011,
46 p.

Materialy  dlya  3D-pechati,
informacziya/materialyi/

Avdeev A.V., Homjakov A.M. On the calculating and
normalizing safety factors for different parts of the
rocket engine. Aerospace MAI Journal, 2012, vol. 19,
no. 2, pp. 112-120.

Guznenkov V.N., Zhurbenko P.A. Autodesk Inventor
2012. Trekhmernoe modelirovanie detalei i sozdanie

http://3dmf.ru/

14.

15.

16.

17.

18.

19.

20.

21.

chertezhei (Autodesk Inventor 2012. Three-dimensional
parts modeling and creating drawings), Moscow, DMK
Press, 2017, 120 p.

Engelson V., Bunus P., Popescu P., Fritzson P.
Mechanical CAD with multibody dynamic analysis
based on Modelica simulation. Proceedings of the 44th
Scandinavian Conference on Simulation and Modeling
(Vosteres, Sweden, Modelica Association), 2003, pp. 18—19.
Birger 1.A., Shorr B.F., losilevich G.B. Raschet na
prochnost’ detalei mashin (Calculation of machine parts
strength), Moscow, Mashinostroenie, 1993, 640 p.
Mase G.E. Theory and problems of continuu mechanics.
McGRAW-HILL Book Company, 1970, 221 p.
Sosudy i apparaty. Normy i metody rascheta na
prochnost’. Obshchie trebovaniya. GOST R 52857.1—
2007 (Vessels and apparatus. Norms and methods of
strength calculation. General requirements. State
Standard 52857.1—2007), Moscow, Standartinform,
2008, 28 p.

Ushakova E.S., Aref’ev K.Yu., Polyanskii A.R. Izvestiya
vysshikh uchebnykh zavedenii. Mashinostroenie, 2018,
no. 4(697), pp. 58-67. DOI: 10.18698,/0536-1044-2018-
4-58-67

Galimova L.A., Atroshchenko V.V., Smirnov V.V,
Churakova A.A., Gunderov D.V., Zamanova G.I. Vestnik
Bashkirskogo universiteta, 2016, no. 2, pp. 258—263.
Hendrickson J.W. Use of Direct Metal Laser Sintering
for Tooling in High Volume Production. USU Library,
Logan, Utah, 2015, 35 p.

Torrado A.R., Roberson D.A. Failure Analysis and
Anisotropy Evaluation of 3D-Printed Tensile Test
Specimens of Different Geometries and Print Raster
Patterns. Journal of Failure Analysis and Prevention,
2016, vol. 16, no. 1, pp. 154—164. DOI: 10.1007/
s11668-016-0067-4

BecTHUK MOCKOBCKOro aBMallMOHHOTO MHCTUTYTaA. T.26. Ne2




