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Bacuanena JI. B.

MATEMATHUYHE MOJAEJIIOBAHHS TEXHOJOTTYHUX PEKUMIB
ITPABKU JIMCTIB TA IIJIUT HA ITPECI

Pobomy npuceaueno akmyansHiti npodnemi 6uUsHaueHH PayioHANbHUX MEXHOIOTYHUX PEHCUMIB A KOHCPYK-
MUBHUX Napamempie 0O0NAOHAHHS. NPU NPAGLEHHI TUCMIE HA NPeci HA OCHOBI CKIYEHHO-eeMEHMHO20 MOOENO8AHHS 6
CAE-cucmemi. Memoto pobomu € po3podka mamemamuyHoi MoOeri npoyecy npasKu JUcmie ma nium Ha npeci 3 ypaxy-
BAHHAM 3MIHU DI3UKO-MEXAHIYHUX XAPAKMePUCMUK Mamepiaiy ma il peanizayisi Me-moooM CKIHYEHUX eJleMeHmis, ujo
00360aUMb 00ePICAMYU NOJSL 3MIH THMESPATLHUX XAPAKMEPUCMUK NPOYECY Ma NPOSHO3YE8AMU HANPYICEHO-0ehopMOsa-
HUU cman mamepiany 0ist HOOAIbUO20 ABMOMA-MU308AHO20 NPOEKMYBAHHS MEXHOL02IYHUX napamempie pobomu obna-
OHAHHA MA NIOBUUWEHHS eheK-MUBHOCMI THIXHCEHEPHUX PO3PAXYHKIE Ha emani po3pobku mexnoroeii. [Ipedcmasneno ma-
memamuyHe MOOEN08AHHSA NPOYECi8 NPABKU 3 YPAXYBAHHAM OCHOBHUX NOJIONHCEHb Meopii NAACMUYHOCI, WO 00360JI5€ 3
00CMAmMHBLO BUCOKOK MOYHICTIO NPOSHO3Y8AMU PO3NOOLT HANPYIHCEHO-0ehOPMOBAHO20 CIMAHY Y KOJMCHOMY Y31 CImMKU
CKiHYeHO-eleMeHmHOi MoOeli 830082ic 0cepedKy Oedhopmayii. Po3pobreno MemoouKy wuceibHoeo piuleHHs 3a0aqi niac-
MUYHO20 0eOpMYBAHHA HA OCHOBI MemMOOY CKIHYEHUX eleMeHmi8 3 8uKopucmannam mooxcausocmei Abaqus CAE. Yu-
cebHa Mooeb npoyecy 0epOpMyBaHHsA 3ACHOBAHA HA Meopii meyii, NPUYoMy Mamepian 3a20MoeKuU Po32iA0AEMbCA AK
Hecrucauge NPY#CHo-NAACMUYHe Milo, a 8 AKOCMI 2PAHUYHUX YMO8 O)10 0OPAHO WEUOKICMb NepeMiljeHHs 8ePXHbO20
NYAHCOHY Ma HEPYXOMA IKcayis HUNICHIX NYAHCOHIG. 3ACMOCY8anH s NPEOCMABIEHO20 CKIHYEHO-EeMEHMHO20 MOOEI0-
BAHHSL MEXHONOTUHUX NAPAMEMPIE TUCHONPABUILHOZ0 NPOYECY NPU UKOHAHHI THIICEHEPHUX PO3PAXYHKIE 3a0e3neyums
niOBUWEHHS MOYHOCMI NPOSHO3VEAHHS MEXHOL02IYHUX HATAWMYBAHb | eheKmMUSHOCMI NPOEKMYBANHS TUCTNONPABIIb-
HO20 0bnaouawnHs, a, omoice, I nidsuujerHs skocmi npodykyii. Taxodc npedcmagieni pe3yibmamu MoOenO8aH I MO-
JACYMb OYymMu GUKOPUCAHT 6e3n0CcepedHbo 6 cucmemi YnpasiinHsa npecom ma nioguuumu 1o2o npooyKmueHicms 3a pa-
XYHOK 3HUDICEHHSL 4acy Ha 0OpoOKY nucma.

Kniouosi cnosa: npagka nium, Mooeno8anis, Memoo CKiHYeHUX eleMeHmis, npec, Cuid npagieHHs, po3nooii
MEXAHIYHUX 61aCMUBOCMEN, KPUBUHA TUCTNA

JJis1 aBTOMaTH30BaHOTO TMPOEKTYBAHHS MPOIIECIB MPECYBaHHsI JINCTIB HA Mpeci Ha JaHWH Jac
HEMae crieliani3oBaHuX MPOrpaMHUX MpoAyKTiB. IIpolec npoekTyBaHHs moyArae B aHali3i Hampy-
AKEHO-e(pOPMOBAHOI0 CTaHy METANy B OcepeiKy Jedopmallii Ipy BUMPaABIIEHI JUCTIB HA OCHOBI aHa-
JITUYHUX 200 CKIHYEHHO-EJIEMEHTHHX MaTeMaTU4YHUX Mojeneil mporecy. OCHOBHOIO 33/1a4ero mpu
MOJICTFOBaHHI MPOIIECIB MTPaBJICHHS JINCTIB Ha TPECi € TEXHOJOTIUHA, a caMe 3a7ja4a BU3HAUYEHHS OIl-
TUMaJIbHUX TEXHOJIOTIYHUX DPEXHUMIB JJIS JOCATHEHHS sSKOMOra OUIbIIOI IUIOIIMHHOCTI MpPOKaTy
Ta KOHCTPYKTOPChKA — 3aJjadya BH3HAYCHHS ONTHMAJbHUX KOHCTPYKTHBHHUX TapaMeTpiB mpecy 3a
KPUTEPISIMU MiHIMAJIbHOT METAJIOEMHOCTI Ta MAaKCUMAaJIbHOI €()eKTUBHOCTI MPOLIECY MPABICHHS.

[Ipouec nmpaBku JUCTIB Ha Mpeci Ay»e CKIAIHO BUPIIIYBAaTH aHATITUYHUMH METOJIaMH, TaK
K BiH mOTpeOye MOCTAHOBKM 3a/adi JIOKAIbHOI JnedopMarlii, TOMy IOLITbHO BUKOPHUCTOBYBATH
B SIKOCTI MaT€MaTHUYHOI MOJIE]l METOJ CKIHUEHHUX €JIEMEHTIB. SIKk METOIU MOJEIIOBaHHS MPaBKH
BUKOPHUCTOBYIOTHCS YHCeNbHi [1] 1 KiHIIeBO-eneMeHTH1 Mojeni [2] abo ix kombinamii [3, 4]. s Bu-
3HAYEHHS MEXaHIYHUX BJIACTUBOCTEN METAJIIB 1 CIUIABIB, 3aJIEXKHO BiJ] TEMIIEPATYp IPHU IXHINA rapsyiii
1 xonmoHiM aedopmariii MoxxyTh OyTH BukopucTani Metoauku JI. B. Annperoka i M. S. BpoBmana
[5], o BU3HAYAIOTH HANPY>KEHHS TUTMHHOCTI JUTS IIJIOTO psiy METANIIB 1 CIJIaBiB 3aJI€XKHO BiJl TeMIepa-
Typ iX rapstaoro aedopmyBanHs. CTOCOBHO MPOLECIB XOJIOIHOTO Ta TEIUIOrO Ae(opMyBaHHSI MOXYTb
OyTH BHKOPHCTAaHI perpeciitHi Mojieli [6]. AHAIOTIUHI ITiAXOH, IO TPHITY CKAIOTh aHATITHYHY alpOKCH-
Mallifo Pe3yJIbTaTiB eKCIIEPUMEHTAIBHUX J0CTIPKEHb, MOXKYTh OyTH peaji3oBaHi CTOCOBHO PO3MO/LTIB
HOPMAJIBHOTO MOJTYJISI IPY>KHOCTI 3aJICXKHO BiJl BITIOBITHUX PO3MOILIIB TEMITEPATYDP.

besnocepenHbo MaTeMaTHUHE MOJICIIOBAHHS HAIIPYKEHO-Ae(OPMOBAHOTO CTaHy METaly Ta
Pe3yIBTYIOUMX MOKAa3HUKIB SIKOCTI IPH peati3allii MporeciB MpaBKH BIIHOCHO TOBCTHUX JIUCTIB, IITA0
1 3aroTOBOK MOXKe OyTH 3[IICHEHE HAa OCHOBI BUKOPUCTAHHS PI3HUX IiIXOM1B, HAUOUIBII CTPOTUMHU
3 IKMX Y JIaHHWH Yac € BapialiitHi METOU 1 METOJI CKIHUEHHUX eJieMeHTiB [7, 8]. Pa3zom 3 TuM, y iboMy
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BHITQJIKy Ma€ MICIE IOCHTh ICTOTHA TPYJIOMICTKICTh YHCEIBHOI pealizailii, a, OTKe, 1 BUTpaTH Ma-
IIMHHOTO Yacy Ha 1H)XKEHEPHI1 pO3paxyHKH, 10 HE TO3BOJISIIOTH BUKOPUCTOBYBATHU JIaHI MiAXOAU SIK
UTBOBI (PYHKIIIi CHCTEM aBTOMAaTH30BAHOTO HATAIITYBAaHHS MPABHIBHUX MAIIHMH 1 KEPYBaHHS TEX-
HOJIOTITYHUMU PEKUMaMH iX POOOTH.
Mertoto poboTu € po3poOka MaTeMaTUHIHOT MOZEIIi IPOLIECY MPABKH JIMCTIB Ta TUTUT HA Tpeci
3 ypaxyBaHHIM 3MiHU (i3UKO-MEXaHIYHUX XapaKTePUCTHK MaTepiany Ta ii peamizallisi METOJOM CKi-
HYCHUX EJIEMEHTIB, IO J03BOJIUTH OJIEPKATH TOJSI 3MiH IHTETpAIbHUX XapaKTEPHCTUK MPOLECY Ta
IIPOrHO3YBATU HANpyKeHO-Ae(popMOBaHMN cTaH Marepiany JUlsl HOAAJIBIIOTO aBTOMAaTH30BAHOTO
MIPOEKTYBAHHS TEXHOJIOTTYHUX MapaMeTpiB poOOTH 00JaJHAHHS Ta MiABHUILEHHS €()EeKTUBHOCTI 1H-
KEHEPHUX PO3PaxyHKIB Ha eTani po3poOKH TEXHOJIOT1].
3 ornsiay Ha 3a3HAYCHE CTAHOBJIATH IHTEPEC MAaTEMAaTH4YHI MOJIEN, 3aCHOBaHI HA BHUKOPHC-
TaHHI YUCENbHO-aHAITUYHHUX MiIXO/IB, 110 MPEACTABISAIOTH MPOIEC MPABKUA B CUCTEMI JBOMIPHHUX
KOOp/IMHAT, TIPH IbOMY 3aIOTOBKA PO3TIIAAAETHCS SIK 1/1eabHa IPYKHO-TUIACTUYHA OJJHOMIpHA Oaika
3 HaCTYIIHUM ITepaliifHuM pillIeHHsIM CUCTEMH PiBHAHB ii reoMeTpuuHoi popmu. OHAK Y BUMAAKY
IIPECYBAHHS 1I€ € ICTOTHUM HEJI0JIIKOM M BUXO0/10M MOXe OyTH CyMiCHE BUKOPUCTaHHS 000X METO/IIB
Ha OCHOBI pErpeciifHOro MOJENOBaHHS a00 MJIAaHOBAHOI'O €KCIIEPUMEHTY. [ BU3HAUEHHS BILUIUBY
HaJIAIITYBaHHS PABIIILHOTO MIPECy Ha BUIPABJICHHS KPUBU3HH JIUCTIB OYB BUKOPUCTAHUI METOJ CKi-
HYCHHUX €JIEMEHTIB, SIK OJMH 3 JOCTOBIPHUX METO/IB, IO Aal0Th MOBHY iH(GOPMAIIiIO PO MPOLIEC Jie-
dbopmyBanns. YncenpHa Mozieb Tiporiecy aeopMyBaHHS 3acCHOBaHA Ha Teopii Teuii. Marepiain 3aro-
TOBKHU PO3IJISAAETHCS K HECTUCIHMBE MPYKHO-TUIaCTHYHE TU10. CHcTeMa BUX1IHUX PIBHSIHD BKJIIOYAE:
- pIBHSHHS pIBHOBaru:
aijj = 0, 1)
JI¢ 0;; — KOMIIOHEHTH TEH30PIB HATIPYKEHb;
- PIBHSIHHSA PYXY:
O-UJ +p%=0, (2)
1ie p — IIUTBHICTB;
- KIHEMAaTHYHI CHiBBIIHOIIEHHS:
Eij = %(vl’,j +vj;), ©)
Ji€ €;; - KOMIIOHEHTH TEH30pIB MBUIKOCTEH JTehopMartiii;

Vi — KOMIOHEHTH BEKTOPY IIBUAKOCTI;
- BU3HAYAIbHI PIBHSIHHS IUIHHY:

Sij =§%€'ij, (4)
7Ie Sij — IeBiaTop TeH30pa HaNpPYKEHb;
- yMOBa HECTUCIIUBOCTI:
v = 0; ®)
- piBHSAHHS oropy jaedopmariii 1 Mpy>KHOIUTACTUIHOTO MaTepiaiy:
G =6(§ET)),

1e d,&, € — IHTEeHCHBHOCTI HaTpy>KeHb, nedopMalliii 1 mBUIAKOCTEN nedopMarliid, BiAMOBIIHO.
Juckpetusartist piBHSHB (1)...(5) mpoBOAUTHCSA HA OCHOBI IPUHIMITY BIPTYaJIbHUX IIBUAKOCTEHN
1 poOiT, a TAKOK, METO/Ty CKiHUEeHHHUX ejeMeHTiB 3acobamu Abaqus CAE. HeBizomumu € By3JI0Bi 3Ha-
YEeHHS HIBUJIKOCTEHN 1 cepeHIX HanpyxeHb. CKIHUEHHO-eJIEMEHTHA CITKa CKIIAJa€ThCs 3 JIHIMHUX Yo-
THPHOXBY3JI0BUX TeTpaepiB. [lepopMyBanbHuil iHCTpyMEHT (ITyaHCOH) PO3IIISIAETHCS SIK A0COIIOTHO
TBEpJIE TUIO MpHU po3paxyHKax (HOpMO3MIHM 3aroToBKU. JIJisi 3aroTOBKHU (JIUCTAa) BUKOPHUCTOBYETHCS
KBaJ[paTUYHA CKIHUCHHO-EJIEMEHTHA allpOKCUMAIlisl TOBEPXOHb. Takuii Mixiza 103BoJIsie nepeOy1oBy-
BaTHU CITKYy 0€3 «MiIpi3aHHs» 3arOTOBKH Ta MIATPUMYBATH B TaKWi crocid moctiHui i 06’em. Tlpo-
rpamMa aBTOMaTU4HO I'eHEPY€E CKIHUEHHO-EIIEMEHTHY CITKY. AJJANITUBHUIN alTOpUTM 3a0e3Meuye ONTH-
MaJIbHUI PO3MOJILI MJTFHOCTI CKIHUEHHO-€JIEMEHTHOI CiTKU. KiHeMaTu4Hi rpaHuyHi YMOBU (HopMy-
I0ThCA JUTA Pi3HUX MOBEpXOHb S. Ha moBepxHsx Sv, e 3a/1aHa MBUIKICTh V7, FPAHHYH] yMOBH MOXKYTh
OyTH BUpa)K€H1 uepe3 MIBUJIKOCTI:
v; = vio . (6)
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Ha moBepxHsx Sr, e JIFOTb CHIIH:
g; ]n =F i
e Nj— KOMITOHEHTH OJMHUYHOI HOPMAJTi;
Fi— KOMIOHEHTH BEKTOpY CHJIH.
Ha moBepxHi Ss, 1€ 3a1aHi MBUIKICTD 1 CHIIM, TPAaHUYHI YMOBH OY/TyTh!
vin; = vy, (7)
g; ]Tl] =F i (8)
ne Ff— notuyHa cki1agoBa JI04MX Ha MOBEPXHIO CUII;
lj — omMHUMYHKMI TOTHYHUI BEKTOP, CIPSMOBAHUI y MIPOTUIICKHUHN OIK BiJl BEKTOPY IIBHIKOCTI
3arOTOBKH Bi1IHOCHO 1HCTpyMEHTa Ay; !

li = — Avi .
Ay |

I'pannyni yMOBH (6) BUKOPUCTOBYIOTHCS ISl NUJISTHOK, JI€ MiJK 3arOTOBKOIO Ta IHCTPYMEHTOM €
30HM npuiunanas. Bupas (8) 3 Fr = 0 Moke BUKOPUCTOBYBATHCS JJIsl BUIBHUX YacTHUH TIOBEPXHI 3aro-
ToBKU. bk 3aransHi rpannyHi yMOBH (7) 1 (8) BUKOPUCTOBYIOTBCS CHUIBHO YISl AUISTHOK 3 TEPTAIM
1 U THX IUISHOK, A€ 3a7iaHa cuMeTpis. B octanaboMy Bunaaxky Bupasu (7) i (8) 3aMiHAIOTECS HACTY-
MTHUMH:

vin; = 0;
g; jni l] = 0,

Jie OMHUYHI HOPMaJIbHI Ta JOTHUYHI BEKTOPH 3a/Ial0ThCS 3aJISKHO BiJl IUIOIIMHKA cuMeTpii. I'pannyHi
YMOBH, 110 BPaxoBYy0Th TepTs, (7) i (8), moBHHHI OyTH JOMOBHEHI 3aI€KHICTIO TS JOTUYHOI Crtn F¥, 1110
BXOJIUTH y 3aKOH TepTs. Ha KOHTaKTi 3aroToBKa - IHCTPYMEHT KOHTAKTHI JIOTHYHI HANPY>KEHHSI pO3paxo-
BYIOTBCSI 32 3aKOHOM TepTs 310€71s:

Fr = mk = m%,

ne K — 1oTuuHe Hanpy KEeHHS;

M — Koe(ILIEHT TePTS 3pYIICHHS.

3 orsy Ha 3a3HayeHe MOJIETIOBAHHS MPOIECIB NMPABKU MPOBOIWIN METOAOM CKIHYEHHHX
€IIEMEHTIB, SIKHI ITepedadac BU3HAYCHHS HAIIPY>KeHO-1e()OPMOBAHOTO CTaHY JINCTa B MOMEHT NPaBKU
[3-6]. BaxxnuBuM KpUTEpieM MU MPaBIIi JIUCTAa € HEPIBHOMIPHICTH PO3MOAiTy Aedopmarltii y Timi
3aroTOBKH, SIKa OI[iHIOBaJIACs, K Ae = emax—emin. Y CAD-cuctemi Oynu 3a1aHi reoMeTpist iIHCTpyMe-
HTa Ta 3aroToBKH (puc. 1-2).

i H 2 E+03 |

H1E+02

Puc. 1. Mogens nucra: ToBumHa 40 MM; XBHIACTiCTh 40 MM Ha 6a3i 1 MeTp; JOoBXHHA 2 M

o

180

fatal

- i S

NEENRY NN

R30 : R30

Puc. 2. Mopaens myancony po3mipamu 150 x 200 MM 3 raITeJ MU Ha pobouiit noBepxHi 30 MM
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Po3paxyHkoBa MoieNb IPOIIECy BKIIFOYAJIA JIUCT Ta TPU ITyaHCOHH: JIBA HU)KHIX (HEPYXOMHX )
Ta OJIMH BepxHii (pyxomuii) (puc. 3). Bigcranp MiXK HUKHIMHU ITyaHCOHAMH BU3HAYA€ThCs 0a3010
XBHJISICTOCTI 1 B TaHOMY BHMAJKy (0a3oBoMy) mopiBHioBana 1333 MmM. BepxHiit myaHcoH po3MinieHui
CTpOTO MO IIEHTPY MIXK JABOMa HIDKHIMU. B SKOCTI (i3uKO-MeXaHIYHUX BIACTHBOCTEH MaTepiaty Jiu-
cTa OynM 3a7aHi MTBHICTh, MOAYJIb PY>KHOCTI, KoedinieHT [lyacoHy Ta rpaHuId TEKy4OCTi B 3a11e-
AKHOCTI Bij cTyneHs aedopmariii. MatemaTnyHa Moieib MPOLECY MPABICHHS HA MPECi CKIalaeThCs
3 IBOX €TamiB: poOOYMil XiJl TyaHCOHY JJIsl 3A1MCHEHHS] BUTHHY JIMCTA Ta 3BOPOTHIN (XOJIOCTUI) X1]1
JUISL 3HATTSI HABAHTAXKCHHS.

Puc. 3. Po3paxyHkoBa MoJelb MpoIiecy MpaBKH JIUCTIB Ha MPeCi 3 BUKOPUCTAHHIM TPHOX
IyaHCOHIB

B sgKOCTI CKIHYEHHUX €JIEMEHTIB OyJM BHKOPHCTAaHI YOTHPHOXBY3JIOBI CJIEMEHTH THITY
CPS4R. B sikocTi KOHTaKTHUX TTOBEPXOHb BUKOPUCTOBYBAIIM BCi IPaHi SK JIUCTA, TaK 1 IMyaHCOHIB. 3a OC-
HOBY OYyB PUHHATHI 3aKOH CyX0ro TepTs 3 KoedirieaTom 0,2. 3a rpaHndHI yMOBH OyJ10 00paHO IIBU/I-
KICTh TIEpEMIILIEHHS BEPXHBOTO ITyaHCOHY Ta HepyxoMa (iKcallisi HUKHIX ITyaHCOHIB.

Ha nepiomy ertarii po3paxyHKy BEpXHii ITyaHCOH IEpeMillyBaBCsl BHU3, a HAa JIPYTOMY IS
3HATTS HaBaHTa)XeHHS — Bropy. [Ipu peamnizanii moaemni Oyiu oTpuMaHi Mo €KBiBaJICHTHUX HAIpy-
JKeHb Ta AedopMalliil, sKi 300pakeHi Ha puc. 4.

‘ PEEQ
?A M‘Siéw (hva: 75%)
Ve s, 0.02419
200.000 002217

183.334
166.669 9.02016

150.003
133.337
116.671
100.005
83.340
66.674
20.008
33.342
16.677
0.011

Puc. 4. Tlons po3noniny npu mpaBieHH] JUCTIB:
a — eKBIBAJICHTHHUX HAIPYXEHb; O — €KBIBAJICHTHHX JedopMarliii

Cuny npecyBaHHs 0yJIO OTPUMAHO Yepe3 JIOBIJKOBI TOUKH Ha BCIX TPHOX IMyaHCOHAX. [Ipuk-
Ja]1 3MiHM CUJIM TIPABJICHHS y Yacl HaBeJCHO Ha pHc. 5. MakcuMasbHe 3Hau€HHs BU3HAYa€ NacopTHI
XapaKTePUCTHKH TIPECY, IO 3aCTOCOBYETHCSI IPU TPABIICHHI JIUCTIB.

EdexTHBHICTB Npolecy NpaBiIeHHs JIUCTIB BU3HAYAETHCS 3AJTUILKOBOIO XBUIISICTICTIO, 111 BU-
3HA4YEHHS K01 B MOJIeli OyJIM BUKOPUCTaHI HOMEPH BY3JIOBUX TOUOK CKIHUEHHO-EJIEMEHTHOI MOJIENi
Ha BepXHill rpani smcta. Ha puc. 6 HaBeneHi popMu TUCTIB A0 IpaBiIeHHS (IUB. puC. 6, ), i HaBa-
HTa)XEHHs (AUB. puc. 6, 0) Ta micis 3HATTS HaBaHTaKEHHS (IUB. pHC. 6, B) B BEpTUKAIBHUX KOOPIH-
HaTax. B gaHoMy BUMajgKy moyaTKoBa XBMJICTICTH JopiBHIOBaia 50 MM, a XiJI IMyaHCOHY CKJIaB
50 MM. 3 aHamizy JaHWX MOJIB BUIHO, IIO IMICHs 3HATTS HAaBaHTAXCHHS (OpMa JIMCTa HAMAraeThCs
MOBEPHYTHUCS B TOYATKOBUHN CTaH I OCTaTOYHA XBUJIACTICTH CTaJla IOPIBHIOBATH OJIM3BKO 5 MM.



ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2024. Me 1(53) 133

[x1.E6]
0.30

0.20

0.10

0.00

-0.10

Force

-0.20
-0.30
-0.40

-0.50

I
0.0 0.5 1.0 1.5 2.0
Time

——  RFZ PL: PUAN-1 N: 1 NSET SET-1
——  RFZ PLI PUAN-2 N: 1 NSET SET-1
—— RF2 PI: PUAN-3 N: 1 NSET SET-1

Puc. 5. PozpaxoBaHi 3Ha4€HHS CUJIM [IPECYBaHHS

COORC, CODR2 COORD, CODRZ
60.00

5333

46,67

Puc. 6. Pe3ynbprati CKiHY€HO-EIEMEHTHOTO MOJICIIIOBAHHSI 3MiHU (POPMU JIUCTA!
a — ITI0YaTKoBa; 0 — IiJT Yac HaBaHTAXKEHHS; B — IiJ] Yac 3HATTSI HaBaHTAKCHHS

Sxmo O exBiBaJIeHT! HaIlpy>KeHHS OyJiM HMXKYE T'paHUI TEKy4ocTi (B JAHOMY BUIAAKY —
200 MIla) (nuB. puc. 4, a), To 6 He OyJyo TIACTHYHUX JIedopManiid (quB. puc. 4, 6) 1 hopma aucra
MoBEpHYyJach OM 710 Mo4aTKoBOi. TOOTO B SKOCTI KPUTEPiIO €PEKTHUBHOCTI MPOIIECY MPABICHHS MO-
KyTh OyTH a00 TOCATHEHHS HANpy KeHb T'PAHUIIl TEKY4OCTI a00 HasSBHICTh MJIACTUYHOI Aedopmariii.
SIx mpaBUII0, OCTAaHHI MPH MPaBJICHH] 3HAXOATHCA B Aiama3oHi 1...2%, a 1 BaxkkoaehopMyeMux
CIIaBIB MOXKYTb csAratu A0 10 % y nmoBepxHbOBUX IIapax. Takoxk KpUTepieM epeKTUBHOCTI PaBKU
BUCTYIA€ PO3MOILI IUTACTUYHUX JeopMalliil Mo TOBIIMHI JIMCTA. SIK mpaBUiIO, BiH CTaHOBUTH 60%
MPOHUKHEHHA. J[J1s MOIIyKy pallioHalbHUX PEKUMIB MPABKU JINCTIB OCHOBHUM IapaMeTPOM OCTa-
€THCS OCTATOYHA KPUBU3HA, KA MOBHHHA BIJMOBIATH CTaHJApTaM Ha JIUCTOBY IPOAYKIIIO (HAaIpH-
kian, JICTY 8540:2015 «IIpokart nucToBuii rapsiaekaTaHuii»). J[oiIbHUM B IbOMY BHITQJIKy MPE/I-
CTaBJISIETHCS aHAITI3 JIEKITBKOX PEeXKUMIB MpaBlieHHs. B KOCTI mpukiamy peamizarii po3podiieHoi Ma-
TEMaTUYHOI Mojelli OyB BUKOHAHWM PO3paxyHOK JIsl BEIWYMHM 3ruHy Jmcta Bim 30 mo 70 mwm.
Ha puc. 7 300paeHi mojsi eKBiBAICHTHHUX IJIACTUYHUX JIeOopMaIliid TicIis 3HATTSI HaBaHTAKEHHS.

OCHOBHMMH BUMOTaMH TIPH aHaJTi31 TOJIIB IJIACTHYHUX jJedopmariiii € 6e3mocepeTHbO0 MaKCH-
MaJIbHa BEJTMYMHA, SIKa HE MMOBUHHA TIEPEBUIIYBATH CTYIIIHb AedopMallii Mpyu pyiHHyBaHHI MaTepiamy
Ta Ge3rnocepeIHbO caM PO3IMO/LT IO TOBIIMHI TUcTa. ONTUMAIIBHUM PO3MOUIOM BBAKAETHCS TOMH, 110
BignoBigae 60% MPOHUKHEHHIO IIACTUYIHOI iedopmartii. AJre 1e mpudiIn3Ha BeTMYrNHA, @ OCTATOYHHIMA
cTyniHb aedopmarii 6yae BusHadatucs GopMoro abo KpUBU3HOIO JIMCTA MICIIsl BUITPABICHHS 1 3HATTA
HaBaHTaXEHHA. Pe3ynbTaTu iHTErpaIbHUX IOKA3HUKIB MPOIECY NMPABKHU HABEJCHO Ha pHC. 8.
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B r
Puc. 7. Pe3ynbratu MoJient0BaHHS IPaBKH JIMCTIB Ha MpeCi IpU PI3HUX HaJAILTyBaHHIX:
a—30wMm; 06— 50 mm; B— 60 mM; T — 70 MM
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Puc. 8. Pesynbratu po3paxyHKy 1HTETpajbHUX IMOKAa3HHUKIB IPOLECY MPaBKU:
a — HaIpyXeHb, edopMaliiif; 6 — CHIM pecyBaHHs Ta KPUBU3HHU JIUCTA

3 aHaJTi3y HaBEJCHUX 3aJIeKHOCTEH BUHO, 110 B/l BEIMYMHHU AedopMallii py NpaBjeHH] Ha-
NPy KEHHS 3MIHIOIOTHCSI HE3HAUHO, B TOM ke yac nedopmalliisi SMIHIOETbCS Ha 3HAYHY BEJIMYUHY (pHC.
8, a). Cuna npaBJIeHHs IPAKTUYHO OCTAETHCS HAa OAHOMY piBHi (puc. 8, a). KpuBu3Ha jiucTa, B 1aHOMY
BUIAQJIKy — BUCOTA XBMUJII HAa KPOK IyaHCOHIB, Ma€ MIHIMaJIbHy BEJIUYMHY IpH jAedopmarlii aucra
50 mmM. [Ipu menmiit abo OinbIiil qegopmallii ocTaTouHa KpUBU3HA 301bIy€eThCs (pUc. 8, 6). ToOTO
palioHAILHUI PEeXUM TPaBICHHS 3HAXOIUTHCS MPU TEPEMINIEHHI BEPXHBOTO IMyaHCOHY Ha 50 MM.
Takum YMHOM, HIMPOKHIA CIIEKTP MOXKIIMBUX YMOB peasi3allii MpoleciB MpaBKH BUTUHOM, MOPS 3 J10-
CUTh BUCOKMM PIBHEM BUMOT I110/10 00’ €MIB 1 CTYTI€HS BIpOT1HOCTI Ha/laBaHO1 1HpopMaIllii, poOIsiTh
HEOOXiTHUM BUKOPUCTaHHSA METOIB TE€Opii MPY>KHOCTI Ta IUIACTUYHOCTI, 1110 BKIIOYAIOTh METO YH-
CEJIbHUX 1TepalliiHuX PilIeHb OJHOMIPHOTO BUPIIIEHHS YMOB 0€3MepepBHOCTI T€OMETPUYHHX Mapa-
METpIB MPY>KHOI JIiHIi JIUCTIB MPHU MpPaBIli, @ TAKOK METOJI CKIHUEHHHUX €JIEMEHTIB, 5Kl J03BOJIAIOTh
MTOBHOIO MIpOIO BpaxyBaTH peaibHi TeOMETPUYHI TapaMeTpu. BayKIMBUM y 1IbOMY BHITAJIKY € 3a0€3-
MIEYEHHS MOKIJIMBOCTI O€31ocepeIHbOro MPOrHO3yBaHHS, BXKE HA TEOPETUYHOMY PiBHI, OCHOBHUX I10-
Ka3HUKIB SIKOCTI JIUCTIB, @ TAKOX PO3MOUTY PE3yJIbTyIOUMX MEXaHIYHUX BIACTUBOCTEM, nedopmartiii
Ta HANpy’>KeHb 3 HACTYIIHUM BHXOJIOM Ha pPO3pOOKY CHCTEM aBTOMAaTH30BAHOTO NMPOEKTYBAHHS Bij-
TIOBITHUX TEXHOJIOTIN 1 yCTaTKyBaHHS.

BUCHOBKU
Po3pobneHo mMaremMaTuyHy MOJAEH MPOIECY BHUIIPABICHHS JIMCTIB Ha MPaBUIBHOMY Mpeci
3 ypaxyBaHHSIM 3MiHH (13UKO-MEXaHIYHUX XapaKTEPUCTHK B OCEPENKy nedopmariii, peamizalis sKoi
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BUKOHAHA METOJIOM CKiHYEHHUX eeMeHTiB 3acobamu Abaqus CAE 3 BukoprcTaHHSM MOBY3JI0BOT CH-
MYJISIIT OB PO3MOALTY HAMPyKeHb Ta e opMalliid, 110 J03BOJIMIO OTPUMATH PO3MOILT IHTETPahb-
HUX TTapaMeTpPiB MPOIIECy MPABKU 3aJICKHO BiJl X0y ITyaHCOHY.

IToka3zaHo, 110 caMe KpOK MiX IyaHCOHAMH Ta X1l BEpXHbOT'O IyaHCOHY € IapaMeTpaMu OIl-
TUMI3allil, a KPUTEpiEM ONTHMIi3alii B I[bOMY BHUIAJKy € KpUBU3HA JINCTA MICJS 3HATTS HaBaHTa-
xeHHs. OfeprkaHi pe3ysIbTaTH MOJEIIOBaHHS JO3BOJIIOTH IPOBECTH HEOOXI1/IHI 1HKEHEPHI po3paxy-
HKU [IapaMeTpiB peKKUMY ITPABKH JIMCTIB Ta IPOEKTYBAaHHs 00JIaIHAHHS Ha eTari po3pOOKU TEXHOJIOTIL
3aBIISIKM TIOETHAHHIO METO/IB YMCEIBHOTO Ta CKIHYEHO-EJIEMEHTHOI'O MOJICIIIOBaHHS, 1110 3a0e3neuye
MOJKJIMBICTh NPOTHO3YBaHHS PO3MOJUTY MEXaHIUHUX BJIACTUBOCTEHM Ta HaIpyKEHO-1e(OpPMOBAHOTO
CTaHy Matepiaiy B ocepeKy Jledopmariii.
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Gribkov E., Kassov V., Vasylieva L. Mathematical modeling of technological modes for straightening sheets
and plates on a press.

The work is devoted to the actual problem of determining rational technological modes and design parameters
of equipment when editing letters on the press based on skimmed-element modeling in the ESS system. The goal of the
work is to develop a mathematical model of the process of straightening sheets and plates on a press, taking into account
changes in the physical and mechanical characteristics of the material and its implementation by the finite element
method, which will make it possible to obtain fields of changes in the integral characteristics of the process and predict
the stress-strain state of the material for subsequent automation. -tified design of technological parameters of equipment
operation and increasing the efficiency of engineering calculations at the stage of technology development. Mathematical
modeling of straightening processes is presented taking into account the basic principles of plasticity theory, which makes
it possible to predict with sufficiently high accuracy the distribution of the stress-strain state in each grid node of the
finite element model along the deformation cell. A technique has been developed for numerically solving the problem of
plastic deformation based on the finite element method using the capabilities of Abaqus CAE. The numerical model of the
deformation process is based on flow theory, and the workpiece material is considered as an incompressible elastic-
plastic body, and the speed of movement of the upper punch and the stationary fixation of the lower punches were chosen
as limiting conditions. The use of the presented finite element modeling of the technological parameters of the sheet-
straightening process when performing engineering calculations will ensure increased accuracy in predicting technolog-
ical settings and the efficiency of designing sheet-leveling equipment, and, consequently, improved product quality. Also
presented, the simulation results can be used directly in the press control system and increase its productivity by reducing
the time for sheet processing.

Keywords: modeling, finite element method, plate straightening, press
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