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3anponoHOBaHO MiXix 10 eKCIEePHUMEHTATbHO-PO3PAXyHKOBOTO JOCIIKEHHS PO3TATHEHHS CTUTBHUKOBHX
3aII0BHIOBAYiB, BUKOHaHHX FDM amuTuBHUMH TexHoJOTisMU. IlinXin monsrae B eKCIIepHMEHTAILHOMY JOCII-
JUKEHHI 3pa3KiB Ha PO3TATHEHHs. BunpoOyBaHHS Ha PO3TSATHEHHS CTIIbHUKOBUX OJIOKIB IPOBOAMIMCS HA aTeCTO-
BaHiil yHiBepcanbHill po3puBHii MammHi TiraTest 2300. s mpoBeeHHs] BUNPOOYBaHb HA PO3TSATHEHHS CTilb-
HHMKOBHX IaHEJEH MiArOTOBICHO rpymu 3pa3kiB. OMHCAaHO TEXHOJIOTII0 BUIOTOBJICHHS L€l IPYMH CTUIBHUKOBHX
3aII0BHIOBAYiB, BUKOPUCTOBYIOUH aguTHBHI TexHouorii FDM. KpimteHHs 3pa3kiB IpOBOJUTHCS B JICIATONONIO-
HMX 3aTHCKAa4aX MAIIHHU JUIS HPOBEACHHS BUIPOOYBaHb HAa PO3TATHEHHS 1 3[IHCHIOETHCS 32 BEPIIMHAMHU DALY
CTIIBHUKIB. EXCrIepUMeHTaNbHHI aHall3 CyNpOBOMKYETHCS YHCIOBUM CKiHYEHHO-EIEMEHTHHM MOJETIOBaHHIM
€KCIEPHMEHTIB Ha PO3TSArHEHHs. [l 4HCIIOBOrO MOAEIIOBAHHS PO3TATHCHHS 3Pa3KiB CTUIHUKOBHX 3allOBHIOBA-
4iB HEOOXIHO 3HATH JEB'ATh MEXaHIYHUX XapaKTEPUCTHK B OCsAX Marepiany. Lli mapameTpu po3riisHyTO B CTaTTi.
IpoBoamiock HpsiMe CKiHYCHHO-EIEMEHTHE MOJICTIOBAHHS CTUIBHUKOBOIO 3all0OBHIOBAYa 3 ypaxyBaHHAM Jeop-
Maiii BCix crinbHUKIB. [IJ1st 3a0e3medeH s piBHOMIpHOCTI nedopmaltii 3paska, sika IpUCyTHs B pi3sHIHOMY eKCIie-
PHMEHTI, HOT0 HABaHTAXXEHHS MPOBOIUTHCS 3aBIAHHIM 3MIIICHHS OJHOTO KiHIl HA MOCTilHe 3Ha4YeHHs. [pyruii
KiHeIb TIPH [[bOMY 3aTHCKAEThCs. SIK BUILINBAE 3 €KCIIEPUMEHTAIBHOTO aHali3y, Iepe]] pyHHYBaHHAM CTIIBHUKIB
MepeMilIeHHs] KiHI CTUTPHUKIB MOPIBHSAHI 3 iX TOBIIHHOIO. TOMy B pO3paxyHKax BPaxOBYETHCS T€OMETPUYHO
HemiHilHe neopMyBaHHS CTIIBHHKIB IPH PO3TSArHeHHI 1 B makeri ANSYS po3B’s3yeTbcs HenmiHiMHA 3agada.
[psiMuii po3paxyHOK CTUTBHUKIB 1 aHai3 TOMOTeHI30BaHOI MOJEI AAI0Th Pi3Hi pe3yabrati. [lpu mpsmomy moze-
JIFOBaHHI CTUILHUKIB BOHH € TOHKOCTIHHMMHM CTPH)KHEBUMH KOHCTPYKIISIMH, SIKi HPAIIOIOTh Ha 3THH. B oMy
BHIIAJIKy T€OMETPUYHA HENiHIHICTh BHOCUTH ITOMITHHUII BHECOK B Ae(hOpMyBaHHS KOHCTPYKILII. [Ipu po3TsrHeHHi
IUTaCTHHH (TOMOTeHi30BaHa MOJIEIb) BHECOK T€OMETPHYHOI HEMiHIHHOCTI xyxe Manuid. Tomy, 3a1exHicTs HaOIIH-
JKa€ThCS 10 JIIHIIHOI.

Kniouosi cnosa: cminvnuxoguii 3anogHiosa, adumueHi mexnonoeii, posmsichents, oiacpama 0eopmysanns.

This paper proposes an approach to the experiment-and-calculation analysis of the tension of honeycombs
made by FDM additive technologies. The approach includes experimental tension analysis. Tension tests of hon-
eycombs were conducted on a certified TiraTest 2300 universal tension testing machine. To do this, sets of hon-
eycomb samples were prepared. The method of honeycomb manufacturing by FDM additive technologies is de-
scribed. The vertices of a honeycomb cell row are fixed in the vise-type clamps of the tension testing machine.
The experimental analysis is accompanied by a numerical finite-element simulation of tension tests. To simulate
honeycomb tension, nine mechanical characteristics of the material in material axes must be known. These nine
parameters are considered in the paper. A direct finite-element simulation of a honeycomb with account for the
deformation of all its cells was performed. To provide the uniformity of sample deformation in a physical experi-
ment, the sample is loaded by setting the displacement of one of its ends to a constant value. In doing so, the other
end is clamped. As follows from the experimental analysis, before failure the honeycomb cell end displacements
are comparable with the honeycomb cell thickness. Because of this, the geometrically nonlinear deformation of
the honeycomb cells in tension is accounted for in the calculations, and a nonlinear problem is solved using
ANSYS. The direct simulation of honeycombs and the analysis of their homogenized model give different results.
In the direct simulation of honeycombs, they are considered as thin-walled beams working in bending. In this
case, the geometrical nonlinearity contributes significantly to the structural deformation. For plate tension (ho-
mogenized model), the contribution of the geometrical nonlinearity is very small, Because of this, the stress-strain
response is close to linear.

Key words: honeycomb structure, additive technologies, tension, stress-strain response.

Beryn. AnuTHBHI TEXHOJIOTIT BUKOPUCTOBYIOTHCS IPH BUTOTOBJICHHI JiTalb-
HUX anapatis [1, 2]. 3aBOsSKM BUKOPHCTaHHIO aJUTUBHHUX TEXHOJIOTiIH MOXXHA BU-
TOTOBUTH BiTHOCHO JIETKi 1 MillHi KOHCTPYKIii, TOMY LIO LISl TEXHOJIOTis J03BOJISIE
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HaJpyKyBaTH IETali 3 BHYTPINIHIMHA TOpOKHWHAMHU. B poboti [3] HaBOAATHCS
npukiIaau Bukopuctanusa marepiany ULTEM 1 aqtuTHBHUX TEXHOJIOTIH B a€pPOKOC-
MIYHII TEeXHII.

Sx BUIIIMBAE 3 pe3yNbTaTiB €KCIEPUMEHTAIBHUX JOCITIDKEHb, MaTepian Jae-
Tajnel, HaapykoBaHUX Ha 3D-mipuHTEpi, € aHi3oTpomHUM [4]. VY cTarTi [5] mokaza-
HO, IO PacTPOBUH KYT, MOBITPSHHIA 3a30p 1 MIBUAKICTh IPYKY BIUIMBAIOTH HAa Me-
XaHIYHI XapaKTEePUCTUKN HaJPYKOBaHWX Aeraneil. B po6oTi [6] 3a3HadaeThCs, 0
Marepian ULTEM mae BHCOKWI MOTEHIIAN I BUKOPHCTAHHS B a€pOKOCMIUHIH
TEXHIIll, TOMY III0 BiH Ma€ BEJMKE 3HAYeHHs BiTHOIIEHHS MIITHOCTI A0 Baru. Ocki-
meku Matepian ULTEM 9085 mouaB BUKOPHCTOBYBATHCS HEAABHO, HEMA€E BEITUKOT
KUTBKOCTI JOCHIKeHb, TPUCBIYEHNX BOTO MaTepiany [7]. ¥ crarti [8] mokasy-
€ThCsI, o pH 3D-npyKy moiMepHUX KOHCTPYKIIIH HE BAAETHCS BUOPATH ONTHMA-
JBHI TapaMeTpy IS APYKY 3 TOUKH 30py MIIHOCTI MaTepiamy.

MexaHiuHi BIaCTHBOCTI AeTajell, HaapykoBaHUX Ha 3D-mpuHTEpi, IpU PO3TA-
THEHHi, CTUCHEHHI 1 3THHI aHaTI3yIThCS €KCIIEpPUMEHTaIbHO B poboTi [9]. Hedo-
pMyBaHHSI KOMIPKYBaTOi KOHCTPYKIIii, BUTOTOBIeHOI FDM afnTHBHOIO TEXHOIIOTI-
€10, gociimkyerscst B cratTi [10]. PyitHyBaHHS CTUTPHHKOBOTO 3allOBHIOBaYA IIij
JIEI0 KBAa3iCTATHYHOTO 1 TWHAMIYHOTO CTHCHEHHS JOCIIIKYEThCS €KCIIePUMEHTa-
JHHO 1 YHCETHHO 32 JIOMIOMOTOI0 METOAY CKiHdeHHHX eneMmeHTiB B [11]. CkiHueH-
HO-€JIEeMEHTHa MOJIeTb TPaTdacToi paMu, HaJApyKOBaHOI 3 momiedipaMiny, mTocii-
JDKYBaJIacsi YMcesibHO B pobori [12].

B miif po6oTi ekcriepuMeHTaIbHO JOCTIKY€ETHCS PO3TATHEHHS CTUTBHIKOBOTO
3armoBHIOBaYa. B pe3ynbTaTi eKCIIepHMEHTANBHOTO aHamily OyIyeThCcs Iiarpama
nedopMyBaHHSA, SKa BimoOpaskae 3aJie)KHICTh 3yCHIIb Bifl IEpEMIIIeHb B CTLIbHH-
KOBOMY 3alTOBHIOBAYi.

ExcriepuMeHTanpHAN aHANI3 TTOKA3aB, M0 MEPEMINIeHHS KiHIlSA CTUThHIKOBOTO
3allOBHIOBaYa MO)KHA MOPIBHATH 3 HWOTO TOBHIMHOK. ToMy, NpH MOJIETIOBAaHHI
BpPaxOBY€ThCSI HOro TIeOMETPHUYHO HeNiHidHe aedopMyBaHHS. Y CKiHYEHHO-
€JIeMEHTHIH MOJIe PO3TATHEHHS 3Pa3KiB BPaXOBYEThCS Je(OpPMyBaHHS BCiX CTi-
JTHHUKIB KOHCTPYKIII.

Hinxix 1o ekcnepumenTaabHoro anamiizy. 3D-cucrema Fortus 900 me Buko-
pHUCTOBYBaslacsi AJsl APYKY 3pa3KiB y BHUIIALI CTUIBHUKOBUX 3aroBHIOBauiB. Ll
cucrtema BUKOpUCTOBYe TexHonorito FDM. Cnouatky OyayBanacst 3D-monens cri-
JHHUKOBOTO 3alOBHIOBaYa. Llsi Moziesib epeTBoproBajacs B IpOrpaMHOMY MakeTi
Insight™ 3 ypaxyBaHHSIM HACTYIHHX 3aJlaHUX omiiid. HapouryBanHs mapiB 31itic-
HIOETBCSl 110 BHCOTI CTUIBHHKIB; BHKOPHCTOBYETHCS HAaKOHEUHMK PO3piIKyBaua
T16 (moBHe 3amoBHEHH:). Bucora mapy BUOUpaeTbCcs aBTOMAaTHYHO, BUXOISYU 3
pexoMeHaaliil po3poOHKKa, KUIBKICTh MIapiB JOPIBHIOE 45 MPH BUCOTI CTIJILHUKIB
10 mm. ToBmuMHa BCiX CTIHOK CTUILHUKOBOTO 3allOBHIOBaya JOPIBHIOE ABOM IlIa-
pam, KOXEH 3 IIapiB YTBOPIOETHCS OJHUM MPOXOJOM eKCTpyAepa. 3pa3Ku BUTOTO-
BisuTHcs 3 Marepiany PLA. 3a pexomenaauisiMu po3poOHUKa IPH APYKY BHPOOIB 3
TOHKMMH CTIHKaMU HEOOXiJHO 3HU3UTH Temreparypy nedi Ha 10 °C 3 MeToro 3Me-
HILIEHHS CTIOTBOpeHHs JeTani. Lfo pexomenaanito Oyja0 BUKOPUCTAHO VIS OPYKY
CTUTFHUKOBOT'O 3aII0OBHIOBaYA.

Jnst BuOOpy 1HIIMX MapaMeTpiB TEXHOJIOTIYHOTO MPOIECY BUKOPUCTOBYETHCS
nporpaMHe 3abe3neueHHs camoro 3D-npuntepa. Lls nporpama pospizae netaib Ha
mrapu i BUOMpae TpaekTopii pyxy iHcTpymenty. [loBiTpsHuit 3a30p npuiiMaBcs Hy-
JILOBUM.

JpyK CTUIBHUKIB POBOMBCS BiAMOBIIHO A0 HACTYITHOTO AJITOPUTMY.
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1. 3aBaHTa)keHHs (haiia 3aBJaHHs 3 NPUKIAIHOI IPOTrpaMH, BCTAHOBJICHOI Ha
poOouiii cranmii I1K. 3aBmaHHst BianpaBisioThCsA B cuctemy y ¢opmari CMB i
MTOMIIIAIOTHCS B UEPTY JIPYKY.

2. Po3MillleHHST HOBOT'O MOJICTTLHOTO JIUCTA Ha POOOYOMY CTOJI.

3. Po3MillieHHST KOHTCHHEpIB MOJEIBHOIO 1 JIOINOMIKHOTO MaTepiaiiB i
3aBaHTaXeHHS (piTaMeHTa B TOJIOBKY.

4. YBIMKHEHHS )KUBIICHHS cucTeMu. Ctabiizaris CHCTEMH 3aiiMae IpHOIN3HO
YOTUPH TOJUHHL.

5. JIpyK 3AiMICHIOETHCS B aBTOMAaTHIHOMY PEKHUMI.

6. [Ticnst IpyKy i OXOJOJPKEHHSI MaTepiany, BUPOO BUTATYEThCS 3 MPHUHTEPA 1
3MIACHIOETHCS BUIAJICHHS JOMTOMIXKHOTO MaTepiany.

B pesymprati mpoBemeHumx poOIT Oyno BHUTOTOBICHO CEpil0 IJIACTHH
CTLTBHUKOBOTO 3alTOBHIOBaYa B KUTBKOCTI, HEOOX1THIN TSI 3aTUTAHOBAHOTO 00’ €My
BHIIPOOYBaHb. SIK MPHKIIa], OAMH 3 HAAPYKOBAHUX CTUTFHUKIB HABEJCHO Ha puc. 1.

Puc.1 — ®ororpadist CTIILHUKIB

BunpoOyBaHHST Ha pPO3TSATHEHHS CTUIBHUKOBHX OJIOKIB MPOBOJMIUCS Ha
aTecToBaHill yHiBepcaibHil po3puBHii Mammai TiraTest 2300. J{ist npoBeneHHs
BUNpOOYBaHb Ha PO3TSATHEHHS CTUILHUKOBUX TMaHeJIeW MiATOTOBJICHI TPYIH
3pas3kiB. L-HampsMOK IHMX CTiILHHUKIB 30iraBcs 3 JiHI€IO Jii pO3TATyBaIbHUX
3ycuiib. PO3Mipu CTiIBHMKOBOI'O 3aloBHIOBaya JgopiBHIOBaIU 180 X 66,5 X 10 MMm.
KpimieHHs 3pa3ka MPOBOAUTHCA B JICHIATONOMIOHMX 3aTHCKAayaX MAIIUHH IS
MpOBeIeHHsI BUMIPOOYBaHb Ha PO3TATHEHHS (pHC. 2) 1 31HCHIOETHCS 32 BEPIIMHAMHA
PAAY CTUIBHUKIB TAKMM YMHOM, IO BiJICTaHb MK 3aXBaTaMH CTAHOBHUTH 126 MM.
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Puc. 2 — 3pa30k CTIIBHUKOBOI IIaHEi, BCTAHOBJIEHOI B 3aTHCKai

Pe3ysibTaTH eKCHepPUMEHTAIBHOTO AHAJI3Y i YHCJI0BOro0 MOEJTIOBAHHS.
JlJ1s 9MCIIOBOI0 MOJICIOBAHHS PO3TATHEHHS 3pa3KiB CTUILHUKOBUX 3allOBHIOBAYiB
HEOOXiZTHO 3HATH JEB'SITh MEXaHIYHUX XapaKTEPUCTHK Marepially B OCSX Marepia-
JIy, OCKUIBKM MaTepiajl, o PO3IJISIa€ThCs, € OPTOTponHUM. LIi 1eB'sTh KOHCTAHT
TaKi:

E11, G2, vi2, B2, Gas, v 23, Eas, Gus, v13, (1)

ne Ei1, B2, Esz— momymi FOnra marepiany; Gio, Gos, Giz3 — MOAyImi 3CyBY; Vi2, Vas,
vi3— koedirientu [Tyacona. Li neB'sITh KOHCTAHT OYJIM EKCIIEPUMEHTAIBHO BU3HA-
YeHi B momnepeaHili ctaTTi aBTopiB [13]. MexaHiuHi XapaKTepUCTUKH OPTOTPOITHO-
ro marepiany PLA HaBeneHo B Tabm. 1.

Tabnuus 1 — MexaHiuHI XapaKTEpUCTUKH AeTalll 3 OpTOTPOIHOro Marepiany PLA
Ei, ITa | Exp,ITa | Ess, ITa | Gip, ITa | Giz, ITa | Gos, ITa V23 Va1 | va1
3,58%10° |3,00x10°|3,81x10°(1,07x10°| 1,40x10° |1,41x10°| 0,224 |0,22|0,25

Po3mipu oHOTO CTIIBHUKOBOIO 3alI0BHIOBaYa 3 Marepiainy PLA 10piBHIOIOTE!
h =04 mm; | = 6,11 MM, 1e h — ToBIIMHA CTIHKK OfHI€T KOMIpKH; | — mOBKHHA
BHYTPIIIHbOT CTOPOHU KOMIPKH CTLTHHHKA.

ExcniepuMeHT Ha PO3TATHEHHS CTIIbHUKOBOTO 3allOBHIOBaYa OOTOBOPIOBABCS
Buie. TyT HaBeeMO MaTeMaTHYHE MOJEIIOBAHHS 1IbOTO €KCIIEPUMEHTY 1 pe3yiib-
TaTH CaMOTroO eKcrepuMeHTy. IIpu mpoBeaeHH1 CKiHYeHHO-eIEeMEHTHOIO MOJEIO-
BaHHs BHUIIPOOYBaHHS Ha PO3TATHEHHS IependayaeThes, M0 3aTHCKadl pO3pUBHOI
MaIllMHH 320€3Me4yI0Th a0COIIOTHO KOPCTKUI KOHTAKT 31 3pa3koM. BepTukaibHO
po3MimryeTbes L-HanpsMok cTibHUKIB. Po3mipu 3pa3ka, HaApYKOBaHOTO 3 MaTepi-
ay PLA, nopiBHIoI0Th 146,2%66,3%x10 MM. Po3mipu oHOTO CTiNbHUKA 3 MaTepia-
ny PLA mpencrasneni Bue. [IpoBoauiock mpsiMe CKiHU€HHO-EJIEMEHTHE MOjie-
JIFOBaHHS CTUILHUKOBOTO 3allOBHIOBAYa 3 ypaxyBaHHSAM JAedopmalii BCiX CTiNbHU-
kiB. CKiHYeHHO-eJleMeHTHa Mozienb MicTuTh 893700 enementiB 3 4969545 Bysna-
MH.

st 3a0e3neueHHs piBHOMIPHOCTI AedopMariiii 3paska, sika npucyTHs B (i3u-
YHOMY €KCIIEpUMEHTI, HOr0 HaBaHTAXXEHHS MPOBOJUTHCS LUISXOM 3aBAaHHS 3Mi-
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IICHHS OJTHOTO KiHI[S HA TIOCTiHEe 3HaueHHs Ax. J[pyruii KiHelb Mpy bOMY 3aTHC-
KaeTnes (puc. 3).

Puc. 3 — 'paHnyHi yMOBH IpH PO3TATHEHHI CTUILHUKOBOTO 3alI0BHIOBAaYa

JIiis po3paxyHKy CHJIM, SIKa MPU3BOANTE 10 MEPEMIIIEHHS Ax, PO3PaXOBYEThCS
3Ba)KEHE 3HAUCHHS HAIPY)KEHb 0ox B 3pa3Ky 3a GopmyIiorw:

Nf

Oy = Z Tk Vier (2)

k=1

ne Nf — 9rcno CKiHYeHHUX eNIEMEHTIB; 0y, — yCepeJHeHe 3HAUCeHHS HANPYKCHHS B

k-My CKiHYEHHOMY eJleMeHTi; Vk — 00’eM K-ro CKiHYeHHOTrO enemMeHTa. 3a BeIHdH-
HaMH Halpy>XeHb PO3PAXOBYIOTHCS PO3TATYBaIbHI 3yCHILIS.

SIK BUITMBAE 3 €KCHEPUMEHTAIBHOTO aHaJli3y, Hepesl PyHHYyBaHHSIM CTiIbHU-
KiB IepeMilLleHHs KiHIA CTiIbHUKIB MOPIBHAHI 3 iX TOBIIMHOWI. TOMy B po3paxyH-
Kax BPaxOBY€ThCS TE€OMETPUYHO HeJiHiiHE JeQOopMyBaHHS CTUIBHUKIB IPU PO3TS-
raHeHHi 1 B maketi ANSYS po3s’sizyeThest HeniHiliHa 3a1a4a. byno npoBeneHo mo-
JeNIIOBaHHsI 3pa3KiB 3 Marepiaimy PLA.

Pesynbprat po3paxyHKOBOro aHaji3y MOPIBHIOBAJIMCS 3 €KCIIEPUMEHTAIbHU-
MU JaHuMU. [Ipu npoBeaeHHI eKCIIEPUMEHTIB PO3TATYBaIMCS YOTUPU CTUIBHUKOBI
3pa3ku. OTpumani agiarpamu aedopMyBaHHS ycepeIHIOBalucs. BunpoOyBaHHS
MPOBOJMIINCS HAPOLIYBaHHAM HABAaHTAXXCHHS O PYyWHYBaHHS 3pa3Ka IpU PiBHO-
MipHIH HIBHAKOCTI PyXy HaBaHTa)XKyBaJIbHOTO 3aTHCKaya MAallMHH, 10 1OPiBHIOBA-
ma 5 MmM/xB. B xoai BunpoOyBaHb (ikCyBanucs i 3amucyBanvcsi HABAaHTAXKECHHS,
nepeMilieHHs i yac.

B excnepumeHTi croctepirainucs 3HauHi mepeMilieHHs 3pas3kiB. Tak, B J0B-
XKUHY 3pa30ok po3rsiryBaBcs Ha (12 + 17) mm. Ha puc. 4, a) nokasana ¢ororpadito
3pa3ka repej MoYaTKOM HaBaHTAKCHHs, a Ha pHC. 4, 0) NPEICTABICHO PO3TSITHY-
TUH 3pa3zok nepen pyiHyBaHHsAM. Pororpadii 3pyiiHOBaHMX 3pa3KiB MOKa3aHO Ha
puc. 5.
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6)
a) — 3pa3oK Iepe BUIPOOYBaHHIM Ha PO3TATHCHHS;
6) — 3pa3ok nepej pyHHyBaHHIM

Puc. 4 — 3pa30k CTIIBHUKOBOTO 3aIIOBHIOBAYA IPH
BUIIPOOYBaHHI Ha PO3TSATHEHHS:

Puc. 5 — JIBa 3pyifHOBaHUX 3pa3ka

Ha puc. 6 cyuinbHOIO JiHI€0 OKa3aHa OCepelHeHa eKCIIepPUMEHTaIbHA Jliar-
pama po3TArHeHHs. Pe3ynbraTh CKiHUEHHO-€JIEMEHTHOT'O MOJICJIIOBAHHS TP I'eo-
METpUYHO HemNiHiliHOMY aedopMyBaHHI 3pa3Ka IMO3HAUYEHO TOYKaMH. BijbmiicTsh
PO3paxyHKOBUX TOYOK 3HAXOJATHCS MOOIN3Y eKCIIEPUMEHTAIBHOI KPUBOI.
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Puc. 6 — IopiBHSHHS pe3ysbTaTiB BUIPOOYBaHb Ha PO3TATHEHHS 13
CKIHYEHHO-EJIEMEHTHHM MO/ICJIIOBAaHHSIM

[ons mepemillieHb CTITLHUKOBOIO 3all0BHIOBauYa, oTpuMaHi B maketi ANSYS,
HaBOJATHCs Ha puc. 7. [To6aM3y BiIbHOT CTOPOHU CTUTLHHKOBOTO 3pa3ka CIOCTepi-
raroThCS MAKCUMAaJIbHI TICPEMIIIICHHSI.

Type: Totel Deformation
Jnitm

el

0.0065536 Max
Q0051245

0004328

P DOUAGL03

014641
l Q00707
0 Min

Puc. 7 — [Tons mepeMilieHs CTITHbHUKOBOTO 3alIOBHIOBaYa

[TpoBouiocs YMCIOBE MOJICIIOBAHHS PO3TSATHEHHS 3pa3ka 3 matepiany PLA B
W-nanpsiMky cTinbHUKIB. CTUTRPHUKOBHI 3allOBHIOBaY MaB HACTYIHI PO3MIpH:
137,6 x 70,2 x 10 MmMm. Po3mipu oznHoro crinbHuKa 3 Matepiaay PLA npencrasieni
Buie. CKiHYeHHO-eJIeMeHTHa MoJielib MicTUTh 906200 enemenTiB 3 5038637 By3-
JIaMH.

s po3paxyHKy nmiarpamu J1eOpMyBaHHS 3aCTOCOBYETHCS MiAXij, 3alporno-
HOBaHUIl BHIIE. Y po3paxyHKax BpPaxOBYBaJIOCS I'€OMETPHYHO HelliHilHE nedop-
MYBaHHS CTUIBHUKOBOTO 3allOBHIOBaua. Po3paxoByBaBCsl CTUIBHUKOBHHN 3aIllOBHIO-
Bay 0e3 moOyn0oBH rOMOI'€HI30BaHOI MoJeni. Pe3ynbratn MOAeIoBaHHS AiarpaMu
negopMyBaHHS CTIIBHUKOBOTO 3allOBHIOBAYa 3 YpaxyBaHHSAM I€OMETPUYHOI Heli-
HIHOCTI MOKa3aHO CYUIJIBHOIO JIiHi€0 Ha pHc. 8. SIK BUIUIMBAE 3 puUC. §, B LBOMY
BUMAJIKY MOBEiHKA KOHCTPYKIIi € HeJTIHIHHOIO.
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Byno moOymoBaHO TOMOTEHI30BaHYy MOENb CTUTLHUKOBOTO 3allOBHIOBAYA.
CTUIbHUKOBHUH 3alOBHIOBAY OIHCYETHCS TUIACTHHKOIO 3 130TPOITHOTO Marepiaiy,
sKa CXWJIbHA JIO PO3TSATHEHHS. BpaxoByeThCs reOMeTpHYHO HENiHiiHE Aedopmy-
BaHHs TUIACTHHKHU. Pe3ynmbTaTh po3paxyHKy miarpamu jedopMyBaHHS TOKa3aHO
MyHKTHPHOIO JIiHI€I0 Ha puc. 8. B mpomy Bumaaky giarpama nedopMyBaHHS OJH-
3bKa JI0 MPSIMO] JTiHii.

“ FH

Puc. 8 — Jliarpama neopMyBaHHs CTUIBHUKOBOTO 3allOBHIOBaYa

OTke, SIK BUIUTUBAE 3 PUC. 8, MPSAMHUNA PO3paXyHOK CTiIBHUKIB 1 aHANI3 TOMO-
TeHi30BaHOi MOJIeTi Nal0Th pi3Hi pe3ynbTatu. [Ipy mpsMomMy MOAETIOBaHHI CTUTb-
HUKIB BOHM € TOHKOCTIHHUMH CTPHXKHEBHMH KOHCTPYKLISIMH, SIKi TPAIOOTh Ha
3ruH. B 1[pOMy BHMaJIKy TeOMeTpUYHA HEJNiHIMHICTh BHOCHTH TIOMITHUH BHECOK B
JneopMyBaHHSI KOHCTPYKIIii. ToMy 3aeXHIiCcTh, 300paskeHa CYIILHOIO JIiHIEI Ha
puc. 8, € HemiHiiTHOIO.

[Ipu po3TsrHeHHI TUIACTHHU (TOMOT'€HI30BaHa MO/IENIb) BHECOK M€OMETPHYHOT
HENHIAHOCTI Ayxe Manuii. ToMy 3anexHicTh HaOIMKAETHCS 10 JIIHIHHOI.

BucnoBku. ExcriepuMeHTaIbHO JIOCHIKYIOTbCS MEXaHIYHI XapaKTepUCTUKU
CTUTHHUKOBUX TIJIACTUH HA PO3TATHEHHS. 3 EKCIIEPHUMEHTAJIHLHOTO aHali3y BUILIU-
Ba€, M0 CTIHKU CTUIBHUKOBOTO 3allOBHIOBAaYa MPH MaJIMX 3HAYEHHSIX PO3TATYBaIIb-
HOT'O 3yCHJUIS JIIHIHHO 1e(OPMYIOThCS, a P 3HAYHUX BEIHYMHAX 3YCHJIb BilOY-
BAE€THCSl TEOMETPUYHO HelNiHiiHe JeopMyBaHHS.

[MoOynoBaHO CKIHUEHHO-EJIEMEHTHY MOJIENb PO3TATHEHHS CTUTBHHUKOBOTO 3a-
MOBHIOBAaYa, 110 BPaxoBYye JieOpMyBaHHs KOXKHOTO cTinbHUKa. [iarpama medop-
MYBaHHsI, OTpUMaHa eKCIIEPUMEHTAILHO, J00pe Y3rO/KYETHCS 3 PO3PaXyHKOBUMHU
nanuMu. Jliarpama geopMyBaHHS € HENiHIHHOI, MO MOSICHIOETHCS TEOMETPUIHO
HEJTHIHHOIO e OopMalli€ro CTUIBHUKIB.

[ToOymoBaHO TOMOTEHI30BaHy MOJIEJb CTIIBHHUKIB IS JOCIKEHHS X PO3TS-
rHeHHs. [lokazaHo, 10 1 MOJIENIb HEaJIeKBaTHO OIUCYE TEOMETPUYHO HENiHilHHe
JehopMyBaHHS [TPH PO3TATHEHHI CTITLHUKIB.

®inancyBanns. [ocuimpkenHs Oyno ¢inancoBano HarioHansHUM (QoHIOM
nJociimkenb Yrpainu (mpoexT «OnTumisariist TOOIIOTI| Ta i ABUIIEHHS MII{HICHUX
XapaKTepUCTUK 0araTolmapoBUX O00OJOHOK i TBEpAUX TLT MPH BHKOPHUCTAHHI aJlu-
THUBHUX TEXHOJIOTii», peectpaniitauii Homep 2020.02/128).
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