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BJIMSAHUE TEOMETPUA HA JEQ@OPMAIINIO TOHKOCTEHHBIX
JAETAJIEU ITPU SLM

Annomauusa. Jlannoe ucciedosanue HanpasieHo Ha CeCMopoHHee UsyyeHue 3aKOHOMEPHOCMel 6usl-
HUSL 260MeMPUYECKUX PA3MePO8 MOHKOCMEHHbIX demarell Ha ux oeghopmayuio 6 npoyecce CeleKmueHo20 ad-
3epHo2o naasnenus (SLM) 6 aooumusrnom npouszsoocmee memannuieckux uzoenuti. Ocoboe sHumanue yoes-
emcst MaKum Kio4esviM NepemMerHbIM, KaK OUHA, Wupuna u gvlcoma demaneu. Ha ux ocnoge 6wviiu nocmpo-
eHvl mpu omoesnvhvle SPYynnvl Mooeell, Kaxcodas U3 KOmopulx 6KIo4aem no 60Cemsb pasiuinvlx 00pasyos ¢
NOIMANHBIM YEeIUYEHUEM YKAZAHHBIX 2e0MEeMPUYECKUX napamempos 0Jis Oojiee MOYHO20 AHANU3A 3A8UCUMO-
cmu depopmayuu om pamepos KoHcmpykyuu. st Kaxcoou epynnst Mooeiell 6biia nposedeHa 0emaibHas
yucnenHas cumynayus npoyecca 3D-neuamu ¢ ucnonvzoeanuem cneyuaruzupo8annozo mooyiasi ANSYS
Additive LPBF, nozsonsowezo yuumoléams meniosoie U Mexanuieckue 6030eiCmaus 6 npoyecce eblpaujusa-
HUs uzoenust. B xooe eupmyanvroco sxcnepumenma cooupanucs 0anHvle 0 HANPANCEHUSIX U 0ePopMayusx no
ocam X, Y u Z, a maxoice onpedenanuceo 3Hauenus co8oKynHoul oegpopmayuu. 3amem, OCHOBbIBAACH HA Pe3)iib-
Mamax mMoo0eauposanusl, ObLl OPeaHU308aH PealbHblll IKCHEPUMEHM N0 newamu mex dce Mooeiel ¢ Yenvio
npoeepxu docmogepHocmu pacuemos. @axmuveckue uzmeperus: deghopmayuii HaNeYAMaHHvIX demanet npu
PA3HBIX COYEMAHUAX NEPEMEHHBIX NAPAMEMPO8 NO3GOIUNU NPOBECTNU CPABHEHUE ¢ OAHHLIMU cumyayuu. Ana-
JIU3 NOKA3AJ BLICOKVIO CTNENEHb COBNAOCHUS MeNHCOY IKCHEPUMEHMATLHBIMU U PACYEMHBIMU Pe3YTbIMATAMU,
4umo noomeepicoaem moUHOCHb NPUMEHEHHO20 MeMOoOa YUCTEHHO20 MOOEIUPOSAHUS U €20 NPUMEHUMOCTb

07151 nPO2HO3UPOBanust Oeghopmayutl 8 npoyecce SLM-newamu crLodHCHbIX MOHKOCMEHHBIX KOMNOHEHNO8.
Knroueswle cnosa: aooumuenoe npou3eo0cmeo, celeKmusHoe iazepHoe niasienue (SLM), monxocmen-
Hble 0emanu, anaius degopmayuti, Memoo KoneuHvlx d1emernmos (MKD).

1. Beenenne. CeeKTUBHOE JIa3epHOE TIIaBJIe-
nue (Selective Laser Melting, SLM) kak nepenoBas
TEXHOJIOTHSI METAJUTMIECKOTO aJIUTUBHOTO TPOU3-
BOJICTBA B ITOCJIETHHIE TOJBI ITUPOKO MPUMEHSIETCS B
AIPOKOCMHYECKOW, aBTOMOOWIBHOW ¥ MEIUIIMH-
ckoit mpoMeinieHHOCTH [ 1-3]. OgHaKo u3-3a CloX-
HOCTH Tporiecca SLM B XoJe mmeyaTy 1eTaal MOTYT
MOJIBEPTaTHCS TEPMUUECKUM M OCTATOYHBIM Hamps-
KEHUSIM, YTO TIPUBOJMT K JiehopMaIivsiM, 0COOCHHO
MIPH M3TOTOBJICHWHM TOHKOCTCHHBIX neTaieu [4, 5].
[TosTomMy m3yueHHE BIUSHHUS T€OMETPUIECKHUX pa3-
MEpoB Ha Jae(opMaini0 TOHKOCTEHHBIX JeTaliei
MMEET BXKHOE TCOPETUUYECKOE U MHXKEHEPHOE 3Ha-
YeHWe ISl ONTHUMH3AINK IapaMeTpoB Ipolecca
SLM 1 nOBBILICHUS TOYHOCTH U3TOTOBIICHUS AETa-
TeH.

U3-3a cnoxHOCTH (HOPMUPOBAHUS HAKIOHHBIX
TOHKOCTEHHBIX JieTanieit MmeronoM SLM 1 ux CKIIOH-
HOCTU K jaedopmanusM, HcciaenoBaTeNid M0 BCEMY
MUpY TMPOBEIHM MHOXXECTBO HCCIIEIOBAHUI B 3TOU
obnactu [6]. S. Clijsters u ap. u3ydaiud CTpaTeruu
JIOKAJILHOW ONTHUMU3AIUU MApaMeTPOB CKaHHPOBa-
HUS JJIS TOCTPOCHUS TOHKOCTCHHBIX CTPYKTYp B
nporecce SLM c 11epl0 TIOBBIIIEHUST KadecTBa U
IUIOTHOCTHU jaetanei [7]. Abele u np. mccienoBanu
npuMeHeHue TexHomorun SLM nis u3roToBIEHUS
TOHKOCTEHHBIX CTPYKTYD C ONpeIesIeHHBIMU MOPH-
CTBIMHU XapaKTEPUCTUKAMH U ONITUMU3HUPOBAIH TOU-
HOCTh m3rotosneHusd [8]. Li u ap. u3ydanu BiusHue

JUTMHBI CKaHUPOBAHUS Ha M3TOTOBJICHHE TOHKOCTEH-
HBIX jaetaneii meronmoM SLM u oOHapyXWIH, 4TO
JUTMHA CKaHWPOBAaHWS B OCHOBHOM BIMSIET Ha BTO-
PYIO TTUKOBYIO TEMIEPATypy, a OTKIIOHEHHE TOHKO-
CTCHHBIX JleTallei MPUMEPHO MPOMOPIUOHATHHO
JunHe ckanupoBanus [9]. Huang u np. uccnenoBanu
TEPMHUYECKOE IMOBEJICHNE TOHKOCTEHHBIX CTPYKTYP
0e3 momnepkek B mpormecce SLM, mpoaHaIH3UpO-
BaJM BIUSHHUE TUIOTHOCTH IMOPOIIKOBOTO CJIOS Ha
pacmpezieieHue TeMIepaTypbl, CKOPOCTh OXJIaX/Ie-
HUS ¥ pa3Mep pacIuiaBICHHON 30HbI, 1 O0HAPYKUIIH,
YTO IJIOTHOCTH MOPOLIKOBOro ciosi 60% nHambonee
OnmaronmpusaTHa 1y (OPMHUPOBAaHUS YETKOTO KOH-
Typa pacIuIaBJIeHHOHN 30HBI © MEHBILIETO pa3Mepa 3e-
peH [10]. Zhang u np. u3yyanu ynpasieaue aedop-
Malueil KpymHOTra0apUTHBIX TOHKOCTEHHBIX JETa-
JIed, M3TOTOBJICHHBIX MeTo/IoM SLM, mpemtoxKumim
WCTIONIF30BAHME PEIIETYATHIX CTPYKTYP C BBICOKOU
YAENBHOM TMPOYHOCTHIO W YKECTKOCTBIO AN KOH-
TpoJst feopMaldy U MOATBEPAUIN UX dPPEeKTHB-
HOCTh [11]. Lu u mp. uccnemoBamm KopobieHHe TOH-
KOCTEHHBIX CTPYKTYP, U3TOTOBIICHHBIX METOJIOM Jia-
3€pHOTO IUIABJICHWSI HA IOPOIIKOBOW ITO/IOKKE
(LPBF), 1 skcrepuMeHTaIbHO MPOaHATH3UPOBATH
BIIUSTHUE TOJIIIMHBI CTCHKH, BBICOTHI TIOCTPOCHUSI H
reoMeTprueckoil (opMbl Ha KopoOjeHue, oOHapy-
JKUB, YTO YBEJIMYEHHUE TOJIINHBI CTEHKH W MCTIONb-
30BaHUE BEPTUKAJIBHBIX pedep kecTkocTH dhdhek-
THBHO CHIDKAET OCTaTo4HbIe nedopmaruu [12]. Wu
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U JIp. U3y4YalId OCTATOYHBIE HAIIPSKEHUS U yIIpaBIie-
Hue aedopmanreii TOHKOCTEHHBIX 00pa3oBs Inconel
718, M3roToBICHHLIX MeToAOM SLLM, NCIoIB30BaIH
METO/1 CBEPJICHUS OTBEPCTUH JUIsl UBMEPEHUS HATIPSI-
JKEHUH ¥ TOATBEPAMIIN PE3YyIbTaThl C TIOMOIIBIO
TEPMOMEXAHUYECKOTO MOAETUPOBAaHUS, OOHapy-
JKUB, YTO YMCHBIIICHUE TOJIIMHBI CTCHKH CHIKACT
OCTaTOYHBIEC HANPSKEHHS, HO yBeTHMUHBaeT nedop-
MaIlHio, a TIAPHOE M3TOTOBJICHUE 00pasnoB dddek-
TUBHO CHIKACT OCTATOYHBIC HANPSHKCHUS U Aedop-
marui [ 13]. Lin u np. uccienoBanyu BIUsSHUE Ta3ep-
HBIX ITaPaMETPOB U CIOKHBIX CTPYKTYPHBIX OCOOCH-
HOCTEH Ha M3rOTOBJICHUE OMOHNYECKUX TOHKOCTEH-
HBIX CTPYKTYp, MOJOOHBIX TJla3y oMmapa, METOAOM
SLM, cucTteMaTH4YeCKH IPOAHATUIUPOBATIN BIIHSI-
HUE MOIIHOCTH JIa3epa Ha MOBEICHUE YIUIOTHEHHUS,
TOYHOCTH Pa3MEpOB U IIEPOXOBATOCTh MOBEPXHO-
CTH, W OIpPEIENHIN ONTUMAIbHYI0 MOITHOCTH Jia-
3epa AN TOBBIIICHUS KadecTBa (POPMHPOBAHHA
[14]. Ke u ap. u3yyanu 3BOJIIOLMIO HAIPSDKEHUN B
TOHKOCTEHHBIX JIETasX U3 TUTAHOBOTO CIUIaBa, W3-
TOTOBJIEHHBIX MeTo/IoM SLM, co3manu TepMomexa-
HUYECKYIO MOJEIb KOHEUHBIX AJIEMEHTOB ISl aHa-
JU3a BIIMSHUS CKOPOCTH CKaHHMPOBAHWS Jiazepa H
TOJIIIMHEI CJI0S1 HA U3MEHEHNE HaIPSHKEHUH, 1 OOHa-
PYXKXWIH, 9YTO TEPMUYECKHE IIHKIIBI MOTYT CHHU3HUTH
MMUKOBBIC TEPMUYCCKUE HAIPSDKEHUS OOJiee 4eM Ha
30% [15].

TakuMm 06pazom, UCTIOIB30BAHNE KOHEYHO-DJIe-
MEHTHOTO MOJEIUPOBAHUS AJI1 UCCICIOBAHUSI Me-
XaHU3MOB JieopMaIlK B aJIUTUBHOM IPOU3BOJI-
CTBE HWMEET 3HAYUTEIbHYI0 TEXHHUKO-IKOHOMHYE-
cKkyto 3pdexTuBHOCTE. B MaHHOM HCClIeI0OBaHNYT Ha
wiatpopme ANSYS Obuta co3gana yucieHHAs MO-
JIeNb JUIS CHUCTEeMAaTHYECKOTO HW3YyUEHUS BIHSHUS

KIIFOUEBBIX ITapaMeTpPOB Ipolecca (BKIIOYas TOJ-
IIMHY CTEHKH, BBICOTY (OPMHPOBAHUS W YTrOI
HaKJIOHa KOHCTPYKIIMH) Ha OCTAaTOYHBIC Aedopma-
LMY B MPOIECCE CEIEKTUBHOTO Ja3epHOro IJIaBlie-
HUs. MeTol, COYETAOIINM YUCIICHHOE MOJIETUPOBa-
HUE M OJKCIEPHUMEHTAIbHYIO MPOBEPKY, MO3BOJIHII
OTPECTUTh ONTUMANBHBIN yrojl HakJIoHa, d(Qdek-
TUBHO CHIDKAIOIIUH JieopMaIiiio KOHCTPYKITHH.

2. KoHeuHo-3/1eMeHTHasi MO/ieJIb

2.1. Coznanne moaean

B MPOrPaMMHOM obecrnieueHnn
SOLIDWORKS 651;1a co3qana CUMYJISIIHOHHAS MO-
JIeTb TOHKOCTCHHOW JIeTan, KaK IMOKa3aHO Ha pH-
cynke 1. Pazmepsl Moaenu COCTaBISIOT: BBHICOTA —
50 MM, UTMHA HIDKHEH TpaHd — 15 MM, ToJmuHa —
0,5 mMm. 3arem Moxens ObUTa MMIOPTHPOBAHA B
ANSYS SPACECLAIM, rie ¢ HOMOIILIO IJIardHA
ADDITIVE ©6pumn 3amadbl  pa3Mepsl  TTOIJIOKKH,
MOIITHOCTh JIa3epa M JPYTHe MapaMeTphl IedYaTH.
[ocne aToro oOpaboTanHas MoJeNb ObLIA UMIIOPTH-
poBana B ANSYS WORKBENCH, rae 6511 BEIOpan
TeroMexannueckud moayis AM LPBF, a ¢ nomo-
uipto maruaa LPBF Obutu omonHuTENbHO HACTPO-
€HBI MapaMeTphl MaTepuaia U KOHKPETHHIC Tapa-
METpHI eYaTH.

B npornecce TemnoBoro ananusa miarud LPBF
YIPOCTHI MOJISTHPOBAHUE, UTHOPUPYS TPACKTOPHIO
CKaHWPOBAHUS J1a3epa U Mpeoaras, 4To Kax bl
cioit MaTepuana (opMUpyeTcsl OMHOBPEMEHHO, YTO
MO3BOJIUIIO MOYYUTh PacipeeICHUE TEMIICPATYPhI
B TOHKOCTCHHOW jaeranu. HakoHer, pe3ynbTaThl
TEIUIOBOTO aHaiHu3a OBLIN TMepelaHkl B MeXaHW4e-
CKUI MOJyJb, IJie OBUTH paccUMTaHbl AedopMarius,
HANPsDKEHUS U ieopMaIiii TOHKOCTCHHOH JeTau.

~— HixHAA 1THHA

Jlnuna cTpaHbIit ‘

]

/ TommuHa MIACTHHE

I

Puc 1. Mogenb TOHKOCTEHHOU JeTanu AJs1 MOJEIUPOBaAHUS

JI1sl TIOBBIIICHUS BBIYMCIUTEIBHON 3 dek-
TUBHOCTH YUCICHHOTO MOJEIUPOBAaHUS IIpoIiecca
CEJICKTHBHOTO Jla3epHOro IiaBieHus (SLM) B
JaHHOM HCCIIEJOBAHUHM TIPH TIOCTPOEHUH KO-
HEYHO-3JIEMEHTHON MOJenu OBLIN MPUHSATH Clie-
OyIOUIUE AOMYLICHUS:

YrupouieHue TEOpeTUUYECKONH MOJAENU: TOo-
POLIKOBBIN CIOM MPEACTAaBICH B BUJE CIUIOIIHOMN
OJHOPOIHOM Cpeapl, IPU OSTOM HUTHOPHUPYETCS
BIIMSTHAE TETUIOPOBOJTHOCTH Ha YPOBHE OTACIb-
HBIX YaCTHII.
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VYupomenne ¢GpopMOBOYHOTO mpolecca: He
YUNTBIBae€TCA OOBEMHas ycaaka, BbI3BaHHAs
YIUIOTHEHUEM TOPOIIKa B Mpouecce GOpPMOBaHHUA.

VYopouienue  AMHAMUKH — pacijiaBIeHHON
BaHHBI: IIPEJIOIAraeTcs, YTO MOBEPXHOCTh pac-
IUTaBJICHHON BaHHBI OCTAETCS B MACATHHOM ILIOC-
KOM COCTOSIHWH, UTHOpUpYIoTCs 3ddexTs pazo-
BOTO HCIAPEHHs M KaNMUIIPHOro TedeHus Ma-
PEHIOHH.

VYopouieHne MexaHn3Ma TeIionepeaadn: oc-
HOBHBIMH MEXaHU3MaMH TEIIOOOMEHA CYUTAIOTCS
TEIUIONPOBOJHOCTh M KOHBEKILUS, IPH 3TOM U3ITY-
YaTeJbHBIN TeII000OMEH HE YUYUTHIBACTCS.

VYopouieHre BBOAA SHEPTUU: ISl ONMUCAHUS
pacnpeseneHus JIa3epHOH YHEPTUH MCIIONIb3YeTCs
rayccoBcKasi MOJIEJIb TETJIOBOTO HCTOYHUKA.

2.2. Pa3OueHne ceTKM W mapaMeTphbl Iie-
4aTu

Crparerus pa3OueHHs CETKM OCHOBaHa Ha
METO/Ie KOMIUIEKCHOH ONTHUMH3aLUU TOYHOCTH U
3¢ (HEeKTUBHOCTH, NPU KOTOPOM pacdeTHas o00-
JacTh pasfenseTcss Ha 30HY (OPMHPOBAHHUSA U
30HY MOAJIOKKH 1 U HepeHIUPOBaHHOTO IUC-
kpetuzauun. C y4€TOM TeoMeTpuuecKux 0coOeH-
HOCTel 0a30BOH TOHKOCTCHHOM KOHCTPYKIIHH
IPUMEHSCTCSI CXeMa JIOKaJIbHOTO YTOYHCHHS
CETKHU: B 30HE (POPMHUPOBAHUS HCIIONb3YETCS TET-
pasapuyecKas CeTKa C XapaKTepHBIM pa3MepoM

3JeMeHTa | MM IS BBICOKOM TUIOTHOCTH pa3oue-
HHUS, 9TO TTO3BOJISIET TOYHO OTPA3UTh TEPMOMEXa-
HHUYECKOE MOBEJACHUE PacIlyiaBa; B 30HE MOJIOKKHU
MPUMEHSIETCS TeTpadIpuiecKas ceTka ¢ XapaKkTep-
HBIM pa3MepOM 3JIEMEHTa 5 MM, 4TO 00eCIICYMBaET
0amaHC MEXOy BBIUMCIHTEILHOW TOYHOCTBIO H
a3 dexruBHOCTRIO pacuéra. CoriaacHO UCCIeA0Ba-
HUIO XU U Jp, JJIsl OJy4eHUs] MUHUMAaJIbHOU Je-
(dhopMalid TOHKOCTEHHBIX OOpa3lOB ONTHMAJlb-
HBIMU SIBIISIFOTCS MapaMeTphl JIa3epHOTO H3ITyde-
Hus B tuana3one momuoctu 100-200 Bt u ckopo-
ctu ckanupoBanus 800-1000 mm/c [16]. Ilpu ta-
KUX MapaMmeTpax ae(opManuu TOTOBBIX TOHKO-
CTEHHBIX JeTalel MUHUMaAbHEL. B Tadmune 1 mo-
IpoOHO TpHUBEICHA COOTBETCTBYIOIIAS CHCTEMa
TEXHOJIOTHYECKUX mapaMeTpoB. Cxema pa3oueHus
CETKHU MO 30HaM MPEACTaBICHA HA PUCYHKE 2.

Puc 2. PasOuenue ceTku MOaeIu

Tabnuya 1

ITapameTpsl mevyaTH

ITapameTpsl mevyatu

[Tapametp mporecca 3HaueHne mapaMmeTpa
JlazepHast MomHuOCTb / BT 180

Cxopoctb nedarn / (Mm-c™') 700

TommuHa ocaxaeHus / MM 0.04

PaccTossHMe MEXIy MpoXogaMu / MM 0.04

Bpemst mexay ciosimu / ¢ 10

KoadumueHT BpeMeHN BBIICPKKH 1

KonnyecTBO NICTOUHUKOB TEIJIA 1

Temmneparypa npensapuresnbHoro Harpesa / °C 100

Temmnepatypa B komHaTe / °C 22

[Tewatr MaTepuan 316 HepkaBeromIas CTalb
Matepuan moaioKKu 316 HepkaBeromIas CTalb

2.3. ®u3nyeckKue cCBOiicTBAa MaTepuaja

To4YHOCTHh YUCICHHOTO MOJIETUPOBAHUS TIPO-
Iecca CeJIGKTUBHOTO  JIa3epHOTO  IUIABICHUS
(SLM) B 3HaUHUTEIHLHON CTEIICHU 3aBUCUT OT KOP-
PEKTHOTO TPEJICTABJICHUS TEPMOMEXaHHUICCKUX
rmapaMeTpoB MaTepuana. B jaHHOM HcclieIoBaHUH
MPUMEHEH METO] 30HAILHOTO MapaMeTPUYECKOTO
MOJICTUPOBAHUS: B aHAJIU3€ TEMIEPaTypHOIO
0JIs1 OCHOBHOE BHUMAaHUE YeIsAeTCS TEPMOPHU3H-
YeCKMM TMapaMmeTpaM, CBs3aHHBIM ¢ (a30BBIMHU
MpEeBPAICHUSIMH, BKIIIOYas TEMIIepaTypy IUIaBlie-
Hus (1399 °C nns tBepmoit daszer / 1450 °C mns

KUAKOHW (asbl), TNIOTHOCTh, YACIBHYIO TEII0eM-
KOCTh W TEIUIONPOBOAHOCTh. B aHamu3e Hamps-
JKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUSI YUUTHIBA-
IOTCSI MEXaHMYEeCKHE CBOMCTBA, BIUAIOIINE Ha
(hopMupoBaHUE OCTATOYHBIX JAedOopMaInii, BKITIO-
yass MOAYJb ynpyroctu, koddduiuent [lyaccona
(0.3), xo3b HUIHEHT TEPMUUECKOTO PaCIIUPEHUS
U TIpejieN TeKy4YecTu. B kadecTBe marepuana mc-
MOJIb30BaHa NIMPOKO IPUMEHAEMAs B I INTUBHBIX
TEXHOJIOTUAX ayCTEHHTHas KOPPO3MOHHOCTOMKAs
cranb 316L, ananorndnas OTeUYeCTBEHHON MapkKe
03X17H14M2. 3Orta cTaimb OTIMYAETCS BBICOKOH
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KOPPO3UOHHOHN CTONKOCTHIO, CTAOMIBHBIMHM MeXa-
HUYECKUMHU CBOMCTBAMM U XOpOIIEe cCBapUBaeMo-
CTBIO, YTO oOecreunBacT €€ MOMyJSIPHOCTh TpH
npou3BoACTBe u3nenuit merogoM SLM. Jlns mo-
IeNUPOBaHUS HCIIONB30Banach 316L cranb B BUIE
MOJUIOKKH W TIOPOINKA, MPUMEHSIEMOTO i TO-
CTPOCHUS U3/ICIHS.

3.XapakTepucTHKH pacnpejaejeHus je-
(opManuy TOHKOCTEHHBIX AeTajel

Ha pucynke 3 mokxa3aHBl XapaKTEPUCTUKU
pacnpenencHus AedopManuy  TOHKOCTCHHOM
KOHCTPYKIIUH pa3MepoM 15%4x50 MM mocie
OXJIAKJICHHS 0 KOMHATHOUW Temrepartypsl. Jlus
HarnsgHocTH Aedopmanus yBenudeHa B 10 pas,
MyHKTUPHAs paMKa 0003Ha4daeT MPOEKTHBIA KOH-
Typ, a Ha pucyHke 3(a) mokasaHa oOIas cxema
nedopmaruu.

W3 pucynka 3 BHIHO, YTO pacmupeaesieHue
neopmaruu B HampaBieHusX XYZ 3HaYH-
TEIBHO OTIHWYAeTCH, PEe3yJbTaThl AchOopMalluu
npuBeacHbl B Tabnune 3. C mMOMOIIBIO JaHHOTO
METOJa MOYXHO YETKO KOJWYECTBEHHO OIIEHUTH
BIWSHUE KaXJOTO HampaBieHus Ha aedopma-
[0 TOHKOCTCHHOM JeTaiu, 4TO 00JerdyaeT mo-
cleayrolee CpaBHEHHE W aHAIHN3 M MPEJOCTaB-
JS€T NI ONTHMHU3AIIHH.

B pamkax 4mMCICHHOTO MOJEITUPOBAHUS IS
MTOBBINIIEHUS JOCTOBEPHOCTU PE3YJIHTATOB ObLIA
y4TeHa IMOCJIOWHAas crenuduka mpoiecca I0-
CTpOCHHUsL wu3nenus. l'eomeTrpuueckue mnapa-
METPBI COOTBETCTBYIOT PEAIbHBIM YCIOBUSM IIC-
yatu MetogoM SLM: TonmiuHa OXHOTO CIIOS CO-
craBisgeT 0,04 MM, oOmiass BEICOTa MOAECITUPYE-
moro uzaenus — 50 MM, 4To cOoTBETCTBYeT 1250
ciosiM. CxeMa MOCIOWHOTO TOCTPOCHHS TpeN-
CTaBJICHA HA PUCYHKE 4.

Tabnuya 3
XapakTepHCTHKH pacnpeneaeHus AeopManui TOHKOCTEHHBIX AeTalel
AHanu3 Jedopmanus no X Jdedopmanus no Y Jedopmanus no Z
Haawocrpanus Pucynox 3(b) Pucynox 3(c) Pucynoxk 3(d)

Pexum nepopmanuu

3HaYUTENbHOE BOTHYTOCTD C
OOKOB

PaBHoMepHOE coxaTue
nepenHen u 3aaHen no-
BEpXHOCTEH

Boruyrocts BepxHeil
HOBEPXHOCTH, 3HAYUTEIbHBIIT
n3rub B IEHTpaIbHOI 001acTH
BepXHeil yacTu, Manas
nedopmarus BHU3Y

IIpocTpaHcTBEHHOE BepxHsst yacth aedopMupy- Manast aMIiuTyna Manas nepopmanus BHH3Y
pacupeesieHne ercsi 6oJble, YeM HUKHAS obureit nepopmanuu

KosnuyecTBeHHBbIH 0.42033 mm 0.28129 mm 0.318212 mm
aHaJIu3

OTHocHuTeIbHAS 2.8022 % 7.03225 % 0.636424 %
aedopmanus

C: AM LPBF Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 7269.1 s
2025/6/30 22:01

0.25845 Max
0.22974
0.20102
0.1723
0.14358
0.11487
0.086151
0.057434
0.028717

0 Min

(a)

C: AM LPBF Structural
Directional Deformation 2
Type: Directional Deformation(Y Axis) |

Unit: mm

Global Coordinate System
Time: 7269.1 s
2025/6/30 21:59

0.14085 Max
0.1096
0.078341
0.047087
0.015832
-0.015422
-0.046677
-0.077931
-0.10919
-0.14044 Min

C: AM LPBF Structural

Directional Deformation

Type: Directional Deformation(X Axis)
Unit: mm

Global Coordinate System

Time: 7269.1 s

2025/6/30 19:26

0.21022 Max
0.16352
0.11681
0.07011
0.023406
-0.023298
-0.070002
-0.11671
-0.16341
-0.21011 Min

(b)

Directional Deformation 3

Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate System

Time: 7269.1 s

2025/6/30 19:27

0.092642 Max
0.057285
0.021928
-0.013429
-0.048786
-0.084143
-0.1195
-0.15486
-0.19021
-0.22557 Min

(c)

(d)

Puc 3. dedopmanusi TOHKOCTCHHOW JIETaTH TOCIE 3aBEPIICHUS OcaxacHus, 3(a) obmas nedopmarnus, 3(b) nedop-
Mmanus no X, 3(c) nedpopmanus no Y, 3(d) nedpopmarnus no Z.
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(a) Ilepsrorii croit

(c) 1250-i cnoit

Puc 4. Cxema mocioiHOTO MOCTpoeHus Moaenu B mporecce SLM-neuarn,4(a) [lepssiit cioi,
(b ) 750-i cmoit,4(c)1250-i cioit

4. KomMImiekcHoe BJIHMSIHME TeoMeTpH4e-
CKHMX HapaMeTPOB TOHKOCTEHHBIX JeTajlell Ha
aedopMmanmno

Brutu co3naHbl Tpu rpynmnbl MOJCNIEH, B KO-
TOPBIX IOCJIEIOBATCIILHO YBEIWYUBAINCH TOJ-
IIWHA, JUIMHA W BBICOTA, Ka)KJas TpyIima cCoaep-
’)Kajla BOCEMb TOHKOCTEHHBIX AeTallell, KaK IIoKa-
3aHO B TaOuuIe 4.

Tabnuya 4
Tabanna nepeMeHHBIX MapaMeTPOB TOHKOCTEHHBIX AeTaJeil
I'pynna ITapametp IMocienoBaTeNbHOCTh 3HAYEHH I (MM) DuKCHPOBAHHBIE
napaMetrpsl (MM)
IMepBas rpynna TommuHa 0.5,1.0,1.5,2.0,2.5,3.0,3.5,4.0 JnuHa: 15mm
Bricota: 50mm
Bropas rpynmna Jnuna 50, 55, 60, 65, 70, 75, 80, 85 Jnwuna: 15mm
Tommuua: 0.5mm
TpeTbs rpynna BricoTa 15, 20, 25, 30, 35, 40, 45, 50 Tommuua: 0.5mm
Bricora: 50mm

4.1. Baussaue reoMeTpH4YeCKHUX mapaMer-
PoOB Ha 0011yI0 1edopMaLNI0

Kak mokazano Ha pUCyHKE 5, U3MEHEHUE TOJI-
LIMHBI, BBICOTHI M JJWHBI TOHKOCTEHHOH AeTalu
OKa3bIBACT 3HAYNTENHHOE BIHMSHNE Ha BEIMUNHY H
xapakTep o0Omelt nehopmainuu, 0JJHAKO CTENEHb U
MEXaHHU3M 3TOr'0 BIUAHMS pa3nyaloTCs. Y BENIH-
YEHHE TOJIIUHBI IPUBOAUT K POCTY OTKIOHEHHUS
OT MJIOCKOCTHOCTH M YBEIHMYEHHUIO YTJIOBOTO IPO-
ruba 1o KOHIaM AEeTalu, YTO CONMPOBOKAACTCS JI0O-
KaJIbHBIM CXaTHeM OOKOBBIX MOBepxHOCTeH. [Ipu
5TOM MUHUMAaNbHBIE 3HA4YeHHS JaedopMaIuu
Ha0JIIO1at0TCsl B 00JIACTH OTIOPHOW MMOBEPXHOCTH
Onarofapsi *KECTKOMY 3aKpeIJICHUIO OCHOBaHUSI.

PocT BBICOTHI neTanu NPUBOAUT K YBEIUUYCHUIO
MPOTSHDKEHHOCTH 30HBI MaKCHUMAaJIbHBIX OTKJIOHE-
HUH BJOJIb BEPTUKAIBHOW OCH, a TaK¥Ke K yCHJIe-
HUIO MPOTr0a B YIIIOBBIX 30HAX KOHCTPYKIUU. 3a-
BUCHMOCTH JIe(OpMAalMi OT BBICOTHI HOCHT JIH-
HEWHBIM XapakTep. YBEIWUYEHUE JJIMHBI JETaIu
BBI3BIBACT IEpepacHpeieICHUE MOMEPEUHBIX Je-
(dhopmanuii: 30Ha ¢ MUHUMAJIBHBIMH OTKJIOHCHH-
MU pacIIupsAeTcs B IEHTPAIBHOW YacCTH, a 30HBI
MaKCHUMaJIbHBIX TPOTHOOB CMEMAI0TCS K KOHIaM
KOHCTPYKIHH, QOPMUPYS HETPEPHIBHYIO 00JaCTh
MOBBIICHHBIX OTKIOHEHUN OT paCUE€THOU reOMET-
pun. B memom, ToNmIMHA SBISETCS OMpPEAEIIO-
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UM (akTopoM, BIUAOIKUM Ha (opmMoobOpa3oBa-
HUE U )KECTKOCTb JCTAJH, 3a HeHl CIeAYIOT BHICOTA
U JUTWHA.

L15 W4 H50

L15 WO0.5 H85

L50 W0.5 H50

Puc. 5. MonenupoBanue o6miel geopMamuu IeTalu TPy pa3IMIHBIX T€OMETPHIECKUX MapaMeTpax

4.2. Bausinue reoMeTpH4YeCKHUX mapamMer-
poB Ha nedopmannio mo X

Kaxk mokazaHno Ha pucyHke 6, U3MEHEHHS TOJ-
IIUHBI, BBICOTHI M JJIMHBI TOHKOCTEHHOU JeTaiu
0Ka3bIBAIOT 3HAYUTEIHHOE BIUSHUE HA JiedopMa-
[MIO B HANPaBJICHUH X, OJTHAKO CTEMEHb M Xapak-
Tep BO3NCUCTBUS Pa3auvaroTcs.yY BETUYCHUE TOJ-
IIUHBI TPUBOJMT K 3HAYUTEILHOMY POCTY nedop-
Malu¥ B HampaBJIECHUU X: MaKCHMalbHOE OTKJIO-
HeHHe cocTaBiseT 2,8 % oT MIMHBI HMXKHEH CTO-
pousl (0,42 Mmm), 1075 BKIaaa B o0uyro nepopma-
nuio pocturaet 162,6 %, a ckopocTb pocTa Je-
¢dbopmaruu — 6,31 % Ha 1 MM ToMmMUHBL. DTOT 3¢-
(hEeKT COMPOBOKIACTCS YCUICHUEM BBITITYNBAHUS
YIJIOBOM 30HBI M YMEHBIIEHHEM TOJIIUHBI O00KO-
BBIX CTEHOK. VI3MeHEHHe BBICOTHI OKAa3bIBAET Me-
HEe BBIPAXKEHHOC BIUSHHEC Ha JcPOpMAINIO B
HampaBJIeHHH X: MaKCUMaJbHOE OTKJIOHEHUE CO-
craBisieT 2,64 % OT IIWUHBI HUXKXHEH CTOPOHBI

L15 W4 H50

L15 W0.5 H85

(0,396 mmMm), Bkmag B oOmyr aedopmanuoo —
177,21 %, a ckopocTh pocTa nedopmaiyu — BCero
0,13 % na xaxzasie 10 MM BeIcOTHI. [Ipn 3TOM n1E-
(hopMaInMOHHBIN PEXUM OCTACTCS CTAOHIIBHBIM,
OTMEYaeTCs IINIIb HE3HAUYWTENbHOE YCHUIICHUE
CY)XEHHUSI B CpEIHEW 4YacTu JeTaju. Y BeIUYeHUE
JUTUHBI 3HAYUTEIHHO YCUJIUBAET JCPOpMAINIO B
HaNpaBJICHUU X: MaKCUMaJIbHAS AedopMaIus J10-
cruraet 4,18 % OT IIUHBI HWXKHEH CTOPOHBI
(0,628 ™M), Bkiag B 00myr AeQopManuio —
184,14 %, ckopocTh pocTa AehopMaIuu COCTaB-
aset 58,41 % na xaxapie 10 MM IIMHBL. DTO BBI-
paxaeTcsd B YCHUJIEHWU BBHINISIYUBAHUS YTIOBOU
30HBI U PACIIMPESHUH O0JIACTH CYXKEHUS OOKOBBIX
cTeHo. B mernom, TonmmmHa SBISETCS OCHOBHBIM
(hbakTOpOM, BIHAIOIIMM Ha JAePOpMaIUi0 B
HampaBJIeHUHU X, 32 HEHl clienyeT JUTiHa, a BEICOTa
OKa3bIBACT HANMCHbIIICE BIUSHUC.

LS50 W0.5 H50

Puc 6. MoaenupoBanue nepopmaliui IeTaid B HAMPaBICHUN X MPH Pa3TnIHBIX
T€OMETPHUUIECKHX ITapaMeTpax

4.3. BiusiHde reoMeTPpUYECKUX MapaMeT-
poB Ha nedopmanuio no Y

Kak mokazano Ha pucyHKe 7, U3MEHEHUS TOJI-
IIHHBI, BBICOTHI W JJIMHBI TOHKOCTCHHOU IeTanu
OKa3bIBAIOT 3aMETHOC BIIUSHNE Ha JIchOpPMAITHIO B
HamnpaBJICHUH Y, OJTHAKO CTETICHb U XapaKTep BO3-
JNIEUCTBUSL pa3NUyaroTCA. Y BEJIWUYECHUE TOIIIUHBI
MPUBOJIUT K 3HAYUTEIHLHOMY POCTY nedopmManuu
BJOJIb OCH Y: MaKCUMaJIbHOE OTKJIOHEHHE JOCTH-
raet 0,563 % ot BeIcOTHI AeTanu (0,281 Mm), momns
BKJIazga B 00myo aedopMaiiio COCTaBIsSET
108,9 %, a ckopocTb pocTta AedopManuu —
316,42 % Ha KaXX I MAJUTAMETP TOJIIUHEL. DTOT
3 deKT COmpoOBOXKIAETCS YCHUICHUEM CIKATHS

BEpXHEW 4acTH KOHCTPYKIIMH U BTSTHBaHHEM 00-
KOBBIX CTCHOK. VI3MEHEHHE BBICOTHI OKa3bIBACT
MEHee BBIpa)XKeHHOE BIIMSIHHE Ha AedOopMaIuio B
HanpaBleHHH Y: MaKCHMaJIbHOE OTKJIOHEHHE CO-
craBisier 13,43 % ot tommuubl geranu (0,067
MM), BKJIaJl B 001IyI0 Hedopmariuio qocturaet 30
%, a ckopocTh pocta faepopmanuu — 14,63 % Ha
kaxabie 10 MM BeIcOTHL. [Ipu 3TOM Aedopmanuon-
HBIH PEXUM COXpaHsAeT CTaOMIBHOCTH, (pUKCHUPY-
eTCsl JINIIb YCUJICHHE OOKOBBIX KOJIeOaHWH IO
Mepe YBENHWYEHHS BBICOTHI. Y BEIHYECHHE IJTHHBI
TaKXe OKa3bIBaCT OIrPaHUYCHHOE BIIMSHUC HA Je-
(dhopmalroo BAOJb OCH Y: MakCHMallbHas aedop-
Manus cocTtapnseT 12,2 % OT TONMHHBLI AETalu
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(0,061 mm), Bxitam B obmyro nedopmaruo —
17,9 %, ckopocTh pocTa AepopMamu JOCTUTAET
15,19 % na kaxzasie 10 MM qiuHbl. B aTOM ciydae
Ha0II0aeTCsl CKAaTUE BEPXHEH YacTH KOHCTPYK-

L15 WO0.5 H85

L15 W4 H50

1 1 GOpMHpPOBaHNE HEPOBHBEIX BOJH Ha OOKO-
BBIX CTEHKaX. B LieJIoM, TOJIILHMHA SBISETCSA OCHOB-
HBIM (PaKTOPOM, BIUSHUE BHICOTHI U JITTHHBI CPaB-
HHUTEILHO cl1aboe.

L50 W0.5 H50

Puc. 7. MonenupoBanue nedopMaiiy IeTalyd B HAIPaBJIeHUH Y MPHU Pa3IUIHBIX
TeOMEeTPUUECKUX MapaMeTpax

4.4. Bausinue reoMeTpH4YeCKHUX mapaMer-
poB Ha nedopmanuio no Z

Kaxk noka3aHo Ha pucyHKe 8, U3BMEHEHHS TOJI-
IIUHBI, BBICOTHl M JJIMHBI TOHKOCTCHHOW NIeTalu
0Ka3bIBAIOT 3aMETHOC BIMSIHHUE Ha JAeQOpMaIiio B
HaIpaBJICHUH Z, OJTHAKO CTEIICHb U MEXaHN3M BO3-
NEUCTBUS PA3IUYAIOTCA. YBEIWUYCHUE TOJIIUHBI
3HAYUTENBHO YCUIMBACT AchOpPMAIUIO BIOJb OCU
Z: MakCHMalbHOEC  OTKJIOHEHHE  JOCTHUTaeT
7,9553 % ot Tomuiuusl gaeranu (0,318 Mm), momns
BKJaZa B 00myw nepopMamuio COCTaBIsSeT
123,1 %, a ckopocTh pocrta nedopmanuu — 134,61
% Ha KaXIBIH MWIUIAMETP TOJIIHHBL. OTOT (-
(hEeKT COMPOBOXKAACTCH CXKATHEM BEPXHEW YacTH
KOHCTPYKIIMHM M COKpPAIEHUEM 30HbI MaKCHMallh-
HBIX AehopMalluii, BU3yaabHO 0TOOpakaeMoil IIy-
OOKMM CHHHM IIBETOM B BepXHel 00JIacTH JeTalu.
W3MeHeHHe BBICOTHI TPUBOAWT K PACHIUPCHUIO
30HBI JedopManuy B HANpaBleHUU Z: CHHUE U
rTyOOKOCHHHE YYaCTKH CMEIIAI0TCS BHU3, YTO CO-
MPOBOXKAACTCS YCUICHHEM HAPYKHOTO BBITITYUBA-
HUS BEPXHETO YIJia KOHCTPYKIMH. MakcHManbHOe

e
E—.

L15 W4 H50

- el

OTKJIOHEHHUE cocTaBirieT 1,89 % oT mIMHBI HUXKHEH
croponsl (0,283 mMm), BkiIag B o0myw aedopma-
nuo gocturaetr 126,43 %, a cKOpocTh pocTa 1e-
tdhopmanuu cocrasnser 20,06 % Ha kaxasie 10 Mm
BBICOTHI. YBEJIMYECHHE JIMHBI TaKKe YCHIHBAET
nedopmanno BIOIs OCU Z, paclpoCTpaHss 30HY
neopmanuu 1O TOPUBOHTAIH: TIIYOOKOCHHUE
YY4aCTKH B BEpXHEW CpeqHEW YacTH OIyCKaroTCS
BHH3, IIPHU STOM COXPAHIETCS BEIPAXKEHHOE HAPYXK-
HOC BBHINITYMBAHUE YTIIOBOH 30HBI. MakcUManbHOE
OTKIOHeHue npocturaet 2,27 % OT TOJIIIUHEI Jie-
tanu (0,341 mm), Bkaag B o0y aehopmaluio
coctasiset 100 %, a ckopocTh pocta AedopManuu
— 44,69 % na kaxnapie 10 MM aauabl. B meiaom,
TOJIIUHA SBJISETCSI OCHOBHBIM (pakTopoMm, ompe/e-
JA0IKUM aeGopManuio BAOJb OCH Z, 3a Hel ciie-
JIYIOT BBICOTA W JJIMHA, BIUSHUE KOTOPHIX MEHEE
BeIpakeHo. [Ipu 3TOM Bce Tpu mapamerpa EMOH-
CTPUPYIOT TEHACHIMIO K yBEIWYEHUIO nedopma-
LUU C POCTOM UX 3HAUCHH.

L15 WO0.5 H85

L50 W0.5 H50

Puc 8. MoaenupoBanue negopmanuy 1eTald B HAPaBJICHUU Z MPU Pa3TMIHBIX
T€OMETPHYECKHX ITapaMeTpax

5. DxkenepuMeHTANbHAs NPOBEPKA

Ha ocHoBe oOopyaoBaHus ISt aJIUTUBHOTO
npousBojctea Hanbang HBD-150SLM  Obutn
MPOBEJIEHBI MeYaTHBIE HYKCIEPUMEHTHI C HCIOJNb-
30BaHUEM [TAPaMETPOB U MATEPUATIOB, YKa3aHHBIX
B Tabmute 1. [lewaTHbie 00pa3bl UMENTH pa3Mephl
L15 W1 H50 u L15 W4 H50, kak mokazaHo Ha pH-
cynke 9. /lns m3MepeHuss TeoOMeTpUIEeCKUX mapa-
METPOB U OIEHKHU jAchopMaIuii MCIIOIb30BaICS
BBICOKOTOYHBIH  IU(QPOBOH  INTAHTCHIIMPKYJIb

Mitutoyo cepuu Absolute ¢ TounocTsro £0,01 MM
u nuana3zoHoM 0—150 MM. DTOT HHCTPYMEHT MO3-
BOJISICT MPOBOJNTH U3MEPEHHUS JIMHCHHBIX pa3Me-
POB C BBICOKOW MOBTOPSIEMOCTHIO U MUHUMAaJIbHOMN
MOTPEITHOCTRI0, YTO HEOOXOAUMO JUIsi TOYHOU
OIICHKYM OTKJIOHCHUH, BBI3BAHHBIX Je(opMaluei.
Meronuka oreHKH JedopManuu 3aKiodanach B
CpPaBHEHUH M3MEPCHHBIX TUHEHHBIX pa3MepoB 00-
pas3IoB Mmocie NevYaTH ¢ X HOMUHAJIbLHBIMU 3HAUYE-
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HUSIMH, a TaK)Xe C Pe3yJIbTaTaMH YHCICHHOTO MO-
nenupoBanus. Jlns kaxkmoro oOpasia MpOBOJU-
JIUCH 3aMephl B HANPaBIEHUSIX X U Z M0 HECKOJIb-
KHM KOHTPOJBHBIM TOYKaM, IOCJIE Yero BEIYHCII-
JUCHh aOCONIOTHBIE OTKJIOHEHHS W TPOICHTHBIE
3Ha4YeHUs JeGopManuii OTHOCHUTEIHLHO UCXOJHBIX
pa3mepoB. U3mepenus obpaszna L15 W1 H50 mo-
Kazanu AeGpopMaIuio B HaIpaBiIeHUN X B pa3zMepe
0,39 MM, uTO cocraBisger mpumepHo 2,6 % or
JJIMHBI HIDKHEH cTopoHBI (15 MM), a B HampaBiie-
Huu Z — 0,25 mm, uto coctaBisietr 0,5 % OT BBI-
cotel neranu (50 mm). [lns cpaBHEHHS, pe3ylb-
TaThl MOJAEIUPOBAaHHA MOKazanu aedopManuu B
0,394 MM (2,63 %) B HanpaBneanu X u 0,251 mMm

(a) L15 W1 H50

(0,5 %) B HanpaBiieHUHU Z, YTO CBUAETEIBCTBYET O
BBICOKOW TOYHOCTH MPOTHO3a. AHAJIOTHYHO, IS
obpasmna L15 W4 H50 nepopmanust B Hampasiie-
Hum X coctaBuina 0,42 mm (2,8 % OT IIWHBI HUXK-
HEeW CTOpOHBI), a B HanpaBieHuu Z — 0,27 mm (0,54
% OT BBICOTHI), B TO BpeMs KaK MOJENb IpeJcKa-
3ana gedopmaruu 0,42 mm (2,8 %) u 0,31 mMm
(0,62 %) COOTBETCTBEHHO, YTO TaKKe MOJITBEP-
JKIAeT TOCTOBEPHOCTh YUCIEHHOTO MOJEIUpPOBa-
Husl. Belieyka3aHHble 3KCIEPUMEHTAIBHEBIE pe-
3yJbTATHl TIOATBEPKIAIOT, YTO MPEACKA3aHUS Je-
(dbopManmu B JaHHOW cTaThe SIBISIOTCS JOCTa-
TOYHO TOYHBIMH.

(b) L15 W4 H50

Puc. 9. N300paxenue sxcriepumenTansHoro oopasua L15 W1 H50 u (b) M300paxkeHnne sKcriepuMEHTaIBHOTO
obpasma L15 W4 H50

6. 3akn04eHHe

Tonmuua sBIsSETCS OCHOBHBIM (DaKTOPOM,
BIIHMSIOIIUM Ha e()OpMaIHio TOHKOCTCHHBIX KOH-
crpykuuii. C yBeIMYEeHHEM TONIIWHBI HabmIoaa-
€TCsl CYIECTBEHHBIH pocT Kak o0mel aedopma-
IIUH, TaK U 1eOopMaIHii IO OTAETHHBIM HalpaBie-
HusM. [ledopmanus mpeuMymecCTBEHHO KOHICH-
TpUPYETCS B BEPXHEHW 4acTU KOHCTPYKIMHU U MPO-
SBJISICTCS] B BHJIE BBITYKJIOCTH YTJIOB U C)KaTus 00-
KOBBIX CTEHOK. ToJNIIMHA OKa3bIBAaeT HauOoIbIIEe
BIWsHUE Ha JedOpMaLHUIO 1O HANpaBICHUIO X, a
TaKXKe CYIIECTBEHHO BJIMSACT Ha JAedOopMaIuu Io
HanpasieHusiM Y u Z. [Tpu sTom obmas gedopma-
LHSI UMEET TEHJIEHLHIO K YBEJIHUYEHHUIO C POCTOM
TOJILUHBL.

BrIcoTa KOHCTPYKIIMM B OCHOBHOM BIIUSIET Ha
MPOJOJIEHOE pacIlUpeHue 30HBI AeopManuu.
[Ipu yBennueHUH BBICOTHI 30Ha JAedopMaluu pac-
HPOCTpaHsIeTCsl BHU3, 00J1aCTh MaKCUMAJIbHBIX Jie-
¢dbopManuii B BepXHEW 4acTH yBEIMYMBAETCA, OJ-
HAaKO BIIMSHHE BBICOTHL Ha JAedopMalHio Mo
HalpaBJICHUI0 X OCTaéTcsd HE3HAYNUTEIBHBIM, a
BIIUSIHUE HA Je(pOpMaIlnH 110 HAnpaBieHUsM Y U Z
OTHOCHUTENBHO claboe. YBeIu4ueHne BEICOTHI MIPH-
BOJWT K JTUHEHHOMY pOCTy o01ei nedhopmManun u
YCUIIMBAaeT BOJHOOOpAa3HbIE MCKAXEHUS OOKOBBIX
CTEHOK.

JIniHa  KOHCTPYKIMHM  MPEUMYIIECTBCHHO
BIIUSICT HA TIONIEPEYHOE PACIIUPEHUE 30HBI Jiedop-
Manuu. C yBeJMYEHUEM IJIUHBI [EHTpalbHas U
HUKHSAS YaCTh 30HBI HU3KOH AedopMaIiuu paciiu-
pSETCS B MIONIEPEYHOM HATPABICHUH, YCUITHBACTCS
BBINTYKJIOCTh BEpXHHX yrioB. [Ipu aTom nedopma-
U TI0 HAMPaBJICHHUIO X CYIIECTBEHHO BO3PACTALT,
TOT/Ia KaK BIUSHUE Ha AeGOpMAaIlHIO 10 HApaBe-
HUIO Y OCTAa€TCs HE3HAYUTEIbHBIM. Y BEJIUUYCHUE
JUTUHBI TIPUBOJUT K CTaOMIBHOMY POCTYy OOIIei
nehopMaIuy ¥ paciIupeHUIo 30HbI AeGopMariuii B
MOTIEPEYHOM HAIpPaBICHUH.

B menoM BiusiHME BBICOTHI W JJIUHBI Ha Jie-
(hopMmanuo OTHOCHTENBHO ciabee, yeM BIIHSHUC
TOJIIUHBI, KOTOpasi SBISETCS KIIIOUYEBBIM (HaKToO-
POM, ONpENENSIONUM MOBEJICHUE TOHKOCTEHHBIX
KOHCTpYKITHi npu nedopmarmu. OmHAKO, KaK MO-
Ka3bIBaeT (QyHIAAMEHTAIbHAsA MEXaHHUKa TBEPIOTO
Teja, yBeJIMUSHUE TOJIMHBI, KaK MPaBUII0, TIPHUBO-
JIUT K POCTY 0OIIeH KECTKOCTH KOHCTPYKIIMH H,
COOTBETCTBEHHO, K CHIDKEHUIO e€ ynpyrux aedop-
MaIuu.

Tem He MeHee, B TPOU3BOJICTBEHHBIX IIPOIEC-
Cax, CBSA3AHHBIX C WHTCHCUBHBIM TETUIOBJIOXE-
HUEM, TaKMX KaK CEJICKTHBHOEC JIa3epHOEC TIaBJIe-
Hue (SLM), dbaktuueckas nedopmarmsi KOHCTPYK-
MU 3aBUCUT HE TOJBKO OT € reOMETPUICCKUX Ma-
PaMeTpOB, HO M B 3HAYUTEIILHON CTCTICHH OMpe/ie-
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JAeTCsl TEPMUYECKUMH TPaJUeHTaMH U OCTaTod-
HBIMH T€PMHUYECKUMHU HanpsKeHusMU.B gacTHO-
CTH, YBEITMUCHHE TOJIINHBI ACHCTBUTEIBHO MOBHI-
mraeT KECTKOCTh KOHCTPYKIUH, HO OJTHOBPEMEHHO
MPUBOJIUT K YCUICHHIO TEMIIEPATYPHBIX TPareH-
TOB MEXJy BHYTPEHHUMH W HAPY>XHBIMHU CIIOSIMH,
YTO BBI3BIBAET HEPAaBHOMEPHOE TEIUIOBOE PACIIU-
peHue u 06pa3zoBaHne 60Jiee BRICOKUX OCTaTOYHBIX
HanpspkeHui. ITOT 3P heKT 0COOCHHO BHIPAKEH B
BEpXHEH YacTH TOHKOCTEHHBIX KOHCTPYKIHMH, a
TaK)Ke B 30HaX KPOMOK U yTJIOB, rae HabmogaeTcs
KOHIIEHTpAIMsI TEPMUUECKUX HampsbkeHui. B pe-
3yJbTaTe BO3MOXXHO BO3HMKHOBEHHE TaKUX Je-
(dekToB, Kak KopoOiieHue, aedopmanusi KPOMOK
WJIW BBITTYYHBAHNE YTJIOB KOHCTPYKIUH.

Takum 06pa3om, Ipu MPOEKTUPOBAHUH H OTI-
TUMH3AIUH TEXHOJOTHU MPOU3BOJACTBA HEOOXO-
JUMO KOMILUIEKCHO YYUTHIBATh IBOMCTBEHHBIN d(-
(eKT W3MEHEHHS TOJNIIMHBI — BIUSHHE KaKk Ha
KECTKOCTh KOHCTPYKIHH, TaK U HA pacupeiecHIe
TEMJIOBBIX HampsokeHUH. Tonbpko cOamaHCHpOBaH-
HBIH TIOAXO0/J K BEIOOPY r€OMETPUYECKHX MTapaMeT-
POB TO3BOJIUT MUHUMHU3UPOBATh 001Ke Aedopma-
WU U 00E€CTIeUYNTh BEICOKOTOYHYIO ITe4aTh TOHKO-
CTEHHBIX KOHCTPYKITUH.
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THE INFLUENCE OF GEOMETRY ON THE DEFORMATION
OF THIN-WALLED PARTS IN SLM

Abstract. This study is aimed at a comprehensive investigation of the patterns governing the influence
of geometric dimensions of thin-walled components on their deformation during the process of selective
laser melting (SLM) in the additive manufacturing of metal products. Particular attention is given to key
variables such as the length, width, and height of the parts. Based on these parameters, three separate
groups of models were constructed, each comprising eight different specimens with progressively increas-
ing geometric dimensions to enable a more precise analysis of the relationship between deformation and
component size. For each group of models, a detailed numerical simulation of the 3D printing process
was carried out using the specialized ANSYS Additive LPBF module, which makes it possible to account
for thermal and mechanical effects during the part-building process. During the virtual experiment, data
on stresses and deformations along the X, Y, and Z axes were collected, and the overall deformation
values were also determined. Based on the simulation results, a real-world printing experiment was con-
ducted with the same models to verify the accuracy of the calculations. Actual measurements of the de-
formations of the printed parts, obtained under various combinations of parameter values, enabled a
direct comparison with the simulation data. The analysis demonstrated a high degree of agreement be-
tween the experimental and simulation results, confirming the accuracy of the applied numerical modeling
method and its suitability for predicting deformations in the SLM process of manufacturing complex thin-
walled components.

Keywords: additive manufacturing, selective laser melting (SLM), thin-walled parts, deformation
analysis, finite element method (FEM).
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