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ITo:xxupaes A. B.
I'pudxos E. I1.
Bepexna O. B.

MOJAEJIOBAHHA HAIIPYKEHO-AE®OPMOBAHOI'O CTAHY IITIJI YAC ITPABKH
JIMCTIB HA JIMCTOIIPABHJIBHUX MAILINHAX 3 HATAKIHHAM

Poszsumox memanypeitinoi npodykyii ioe uLiaxom cmeopeHHs ce Oinbiu MiYHUX MAPOK CMAeEl, WO 8 C80I0 Yepay
8UMA2AE PO3POOKU HOBUX MEXHON02IT MA 00IAOHANHA 3 00pOOKU Memanonpokamy. IIpaska 3HAKO3MIHHUM GUSUHOM 3 HA-
MAACIHHAM 0COOIUBO AKMYANbHA OJisk MOHKO20 JUCTOB020 MEMAIONPOKAmMY 0e Npagka Ha mpaoiyiuHux 6azamoponu-
KOBUX MAWUHAX He 0a€ Dadicano2o pe3yabmamy 3 mouku 30py NOCMIUHO 3pOCMAlouux 6UMOo2 00 AKOCMI NPOOYKYii 3 60Ky
cnodicusayis. J{iia eupiuenns yb020 NUMAHHA ICHYIOMb Pi3Hi CHOCOOU O BUSHAYEHHA NAPAMEMPIE NPoYecy NpasKu, K
Mo MOOeN0B8ANHA AHATIMUYHUMU MEMOOamMu abo CKIHYEHHO-eleMEHMHUMU MOOENI0BANHAMU, AKI MAIOMb CB0I HeOONiKU
ma nepegazu. Q2150 iCHYIOUUX MOOeell NPAGKYU TUCMOE020 NPOKAMY 6UABUE WO 6NAUE POIMAICIHHS 6 HUX HE PAX0B)-
€MbCAL, MOMY GUIHAYEHHS BNIUSY BENUYUHU HAMAICIHHA NPU NPABYT HA TUCONPABUTLHITE MAWUHU HA HANPYICEHO-0eqho-
PMOBaHUI CIAH BUNPABTIEHO20 TUCTHOB020 MEMANY € AKMYANbHUM. Memoio pobomu € docnioxicenHs Hanpysceno-oegho-
PMOBAH020 CIMAHY IUCIMOBO20 MEMANY NPU NPABYT SHAKOIMIHHUM GUSUHOM 3 HAMANCIHHAM. JJOCTIONCEeHHA YbO20 Npoyecy
OYN10 BUKOHAHO WLIAXOM BUKOPUCMAHHS NPOSPAMHO20 NPOOYKMY CKIHUEHHO-eNeMEHMHO20 MOOETIOBAHHSA Y cepe0osuiyi
Abaqus CAE. B pobomi naoano po3paxyHkosy cxemy ma OCHOGHI NONONCEeHHS CKIHUeHHO-eNeMeHmHOI Mooeni npoyecy
BUNPABILEHHS TUCMIE 3 HAMANCIHHAM. [Ipoananizosano enaue cmynens HAMAdMNCIHHA TUCMA HA BEIUNUHY HANPYIHCEHO-0e-
dopmosanoco cmany nucma. Y npoyeci ananizy ompumanux pe3yibmamis 0yno nopieHAHO eKgisanieHmui depopmayii
3a nepepizom npu NPasyi 1UCMI8 y pOIUKONPAGUTbHIU MAUUHI Oe3 HAMANCIHHA MA 3 PI3HUMU CIYREHAMU HAMAICIHSL.
Bcemanosneno, wo 30inbuienna Hamajicinua 30ibuye cmyninb oepopmayii Ha mpemvomy poauKy, NpULOMy Xapaxkmep
8NAUBY MAE HENTHIUHUL Xapakmep. 3anponoHO8aHA CKIHYEHHO-eIeMEHMHA MOOELb MOJICe OYMU BUKOPUCMAHA OISl BUHA-
YeHHs ONMUMATLHUX HANAWINY6AHL POOOYUX PONUKIE NPpABUIbHOT Mawuny. TTiocymkom pobomu € OMpUMAaHHs 3a1e)HCHO-
cmi Oeghopmayii nucma 6i0 HAMAICIHHA NPU NPABYI TUCTOB020 MEMALY.

Knrwowuosi cnoga: aucmonpasunbha MauwiuHa, npaska Iucmie, Cmyninb HAMAICIHHA, CKIHYeHHO-eleMeHMHA MO-
oeltb, POOOUL PONUKU, HANPYICEHO-0eDOPMOBAHUL CIMAH.

[IpaBka 7UCTIB € BaXKJIMBUM €TarioM OOpOOKHM Ui OTPUMAaHHS SKICHOI METaJONpOIyKIi
B YMOBaX CyYaCHHMX METaIypriiiHux mianpuemMcts. [TiABUIIEHHS BUMOT CIIOXKHBAYiB METAITy JI0 T'€0-
METPUYHHUX XapaKTEPUCTHK 3arajoM Ta JI0 IJIAHIIETHOCTI 30KpeMa POOUTh aKTyaJbHUM PO3BHTOK
JHMCTONPABMIIBHUX MAIIMH 3AaTHUX BIOPATUCH 3 TAKUMHU JieeKkTaMu (POPMH JIMCTOBOTO METaly SIK
KOpOoOyBaTicTh, XBUJISICTICTh, CEPIOMNOIIOHICTh a00 KOPOOYBaTICTh Ta XBUJISICTICTh OJTHOYACHO. 3a-
3Ha4YeHe 3 TOUKU 30Dy MiJBUIICHHS €()EeKTUBHOCTI MPOIIECy Ta PO3LUIMPEHHS MOXKIMBOCTEH JUIs pea-
Jmi3anii MpaBKU MOJIMBE NPU BUKOPHCTAHHI MPABKU JHCTIB 3 HATSDKIHHAM [1]. Takok akTyanbHUM
€ PO3BUTOK MaTeMaTUYHUX MOJIEJIEeH Mpoliecy MPaBKH Il BA3HAUEHHS HaNpy>XKeHO-1e(pOpMOBaHOTO
CTaHy JIMCTOBOI'O METally Ta HEOOXIJHHX HAaJaIlITyBaHb JIUCTONpPAaBMWIbHOI MammHU. OCHOBHE 3a-
BJIaHHA MaTEMaTHUYHOT'O OMKCY MPOIeCy MPaBKH JIMCTOBOTO METAJIONPOKATY IMOJIATa€ y BUSHAYCHHI
€HEeproCcUJIOBHUX MapaMeTpiB, HEOOXITHUX JJIsl MPOEKTYBAaHHS OOJa/HAaHHS Ta Yy BU3HAYCHHI 3aJIUII-
KOBO{ KpUBU3HU JIUCTA, HEOOX1AHOT ISl BU3HAYCHHS TEXHOJOTIYHUX HANAIITyBaHb MAIIMHU. Y SKO-
CT1 METO/IIB MOJICTTFOBAaHHSI BUKOPUCTOBYIOTHCS UMCEITBbHI Ta CKIHUEHHO-EJIEMEHTH1 MoJieni. YncenbHi
MoOJIeNli MalOTh BHCOKY IIBHJKOJIO, IO JO3BOJSIE iX BUKOPUCTOBYBAaTH B MpOIECax ONTHUMIi3allii
Ta B aBTOMaTHUHIN cucTeMi ynpaBiiHHs. CKIHUEHHO-eJIEMEHTHI MO/IeJIi BAMAratoTh BEJIUKUX BUTPAT
MAIIMHHOTO Yacy Ha pO3paxyHOK, ajie JO3BOJSIOTh OTPUMYBATH TOYHILI PE3yIbTaTH 3 MIHPOKUM
ypaxyBaHHSM BIUIMBY ()aKTOPiB Ha MPOILIEC.

Cepen uncenbHUX MoJenell HalOIBIIOTO MOIMKPEHH HA0YIU Pi3HOTO POAY PILIEHHS piB-
HSIHHSI TIPY’KHOI JIIHIT IPU MOJaHHI METaJTy, 110 BUMPABISETHCS, Y BUTTISAI CTATUYHO HEBU3HAYCHOT
6araroornopHoi 6anku. [IpukiagoM BUKOPUCTAaHHS TaKOro MiAXOLYy € MOJENb [2] 3acHOBaHA Ha pi-
IIEHHI MPY>KHOI JIIHIT METOIOM KiHIIEBHX PI3HHIb, IO JIO3BOJUIO OTPUMATH TPUBHUMIPHE YSIBIICHHS
po po3nois aedopmartiil, 10 MarOTh Pi3HUHA PIBEHb LIMPUHHU CMYTH.
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Takox ¢l 3a3HaYUTH YUCENIbHY MOJIEIbh IPOLECY MPaBKH, BIJIMIHHOIO OCOOJIMBICTIO SIKOT
€ 001ik TakuX (haKTOPiB, SIK OE3MEPEPBHICTH CMIOPU KYTIiB MOBOPOTY Ha MEXKaX pO3paxyHKOBUX A1IIf-
HOK JIFCTA, 3MIIIEHHS TOYKH KOHTAKTY BiJ BEPUIMHM POJIMKA IO TOPU3OHTAIII Ta BEPTUKANI, BIUIUB
3aJIMIIKOBUX HAIPYT, MOXKJIMBICTh IEPEXO0/y 30CEPEIKEHOI0 KOHTAKTY B pO3MOIUIEHUI Ta 00K Ha-
npyru Metainy npu BunpasienHi [3—5]. lani mogeni ITAT «HoBokpamaropchkuii MamMHOOY AiBHUNA
3aBo/» OyJiM YCHIIIHO BIIPOBAJPKEH1 HA Psi/il JIUCTONPABUIBHUX MALIMH TOBCTOJIMCTOBUX CTaHIB.

Jl1s IOpiBHSAHHS PI3HUX METOIB MOJIETIOBaHHS B po0OOTI [6] po3p0o0eHO OJHOBUMIPHY YH-
CEJIbHY Ta IBOBUMIPHY CKIHUEHHO-EJIEeMEHTHI MOJIE, sIKi MATBep/HKEeHI ekciepuMeHTanbHo. [Toka-
3aHO JOCTATHIO 301KHICTh PE3yJbTATIB JUIsl CUJIM BUIIPABIICHHS Ta Aedopmalliil, y Toi yac sk MOMe-
HTH BU3HAY€HI 3 BUCOKOIO MTOXUOKOI0, HE3BAXKAIOUM HA OLIbII TOYHUN OMUC MEXaHIYHUX BIACTUBOC-
Tel MaTepiany B CKIHUEHHO-EJIEMEHTHIN MoJieni.

Y po60Ti [ 7] po3riasiHyTO CKIHUEHHO-EJIEMEHTHY MO/IEJ b BUNIPABJICHHS AJIFOMIHIEBUX CMYT SIKi
TATHYTh y poiukax. [lokazaHo, mo nedeKkT XBUISCTOCTI MOXKHA YCYHYTH IIJISXOM IPO(LITIOBAHHS
POJIMKIB /17151 TOI0BXKEHHS KOPOTKUX IO3/I0BXKHIX BOJIOKOH.

[erpyuka f. (J. Petrushka) [8] Ha ocHOBI MeTO Iy CKIHUCHHHX €JIEMEHTIB y IPOrpamMHiii 000-
noH1i MatLab 3anpononyBaB JBOBUMIpHY MaTeMaTHUHY MOJIENb Il BU3HAYEHHS KPUBU3HHU JIMCTIB
Ta BHOOPY pallioHaJIbHUX HAJIAIITYBaHb MPABWJIbHOI MAMHU. J{aHWH MiIX1] TOEIHYE TOUYHICTh Me-
TOJy CKIHYEHHHUX €JIEMEHTIB Ta HIBUIAKOAII0 YHUCEIHbHOIO MOETIOBAHHS, aJle MOTpedye JOCUTh CKIla-
JTHOTO OTTHCY MOJEJII.

VY Bcix poboTax, MPUCBIYCHUX MOETIOBAHHIO MPABKHU JIUCTIB, BII3HAYAETHCS MEPEBAKHUN
BIIUB BJIACTUBOCTEH MaTepiaiy Ha nepeOir mpouecy. ¥ pobdotax [9-10] mokazaHo BaKJIUBICTh 00-
JIKY SIK MEXaHIYHMX BJIACTMBOCTEH Matepiaiy, Tak i nposiBy edekry baymmnrepa.

[cHytO4I MOIENi TIpOIIeCy MPABKH JIMCTOBOTO MPOKATY HE BPAXOBYIOTH BILTUBY PO3TATY JIHC-
TOBOT'O METAJy Ha PO3MOoJL1 AedopMallii IMCTA 1, K HACTIIOK, BUMPABIEHHS Ae(eKTiB popMH JuC-
TiB. Lle poOuTh aKTyaTbHUM MOJAIBIIMNA PO3BUTOK MAaTEeMaTHYHUX MOJIEIEH 3 TIOAaHHsIM Aedopmo-
BaHOT'O METaly B TPUBUMIPHOMY IPOCTOpI 1 MOAAIBIINM aHAJII30M BIUIMBY TEXHOJIOTTYHMX HaJlalll-
TYBaHb POOOYMX POJIMKIB Ta CTYIEHS HATSHKIHHS Ha KiHIIEBY IJIONIMHHICTD ITPOKATY.

Mertoro 1aHoi poOOTH € BU3HAYEHHS BIUIMBY BEJIMUMHH HATSDKIHHS MPH MTPaBLIi Ha JMCTOINpa-
BWJIbHIN MAIlIMHH Ha HAIIPYKEHO-Ie(POPMOBAaHUI CTaH BUIIPABIECHOTO JINCTOBOTO METAITY.

Jlis 1OCSTHEHHsI 3a3HaY€HO1 MeTH OyJI0 MOCTAaBIEHO Ta BUPILLIEHO TaKi 3aBIaHHS:

- CTBOPEHHS IPOIIeCy MPaBKH JIUCTOBOTO MPOKATY HAa OCHOBI BUKOPHCTAHHS MOJENI CKiH-
YEHHO -€JIEMEHTHOTO MoieoBanHs y cepenosuii Abaqus CAE;

- Ha OCHOBI peaizarlii po3po0JIeH0i CKIHUEHHO-EJIEMEHTHOT MOJIeTTi BCTAHOBIICHHS! BIUTUBY TEXHO-
JIOTIYHMX HAJIAIITYBaHb POJIMKIB Ta CTYIIHb HATSDKIHHS HA HANPY>KeHO-1e(pOPMOBaHUI CTaH METaIy.

B pamkax aHaizy HampykeHO-1e(OpMOBAHOTO CTaHY METaly MPH MPaBIi JUCTIB OyJIO BU-
KOHAHO PO3PaxyHOK 7-pOJIMKOBOI JMCTONPABUILHOI MAIIKMHI 3 BUKOPUCTAHHAM METOAY CKIHYEHHUX
enemenTiB y CAE-cucremi Dassault SIMULIA Abaqus CAE.

Po3rnsiHyTa CTOCOBHO aHalli3y MpoLECy NMPaBKH JIMCTIB Ha MPAaBUIbHUX MalIMHAX pPO3paxyH-
KOBa cXeMma, sika sIBJisie o000 JIHCT 1, CiM poOOYMX POJMKIB 2 Ta CHJIa HATSDKIHHSA 3, TIPECTaBJICHA
Ha PUCYHKY 1.

Jlnist MOJeNmoBaHHsS POJIMKIB OyJIM BHKOPHCTaHI TPUBHMIpHI €lEeMEHTH, 1o He aedopmy-
10ThCs. J[1s MonenmtoBaHHs ucTta Oynu BuKopucTaHi enemeHnTd Ty C3D8R — BochMUBY3IIOBI JTi-
HIilHI, TBEPIOTUII PEyKOBaHI €IEMEHTH 3 KOHTPOJIEM PyHHYBaHHSI.

BianoigHo 10 po3paxyHKoBOi cxeMu (AuB. puc. 1) kpok Mammau t 0yB npuiHATH] 110 MM,
niametp pobounx posukiB piBHUM 100 MM, nepekputtst ponukieB W = 3,3 MM, IIBHIKICTh TPaBKU
V = 0.5 m/c. be3nocepeHbO MOAETIOBAHHS MPOLIECY NMPABKU OyJI0 BUKOHAHO IS JIUCTA TOBLIMHOIO
5 MM 3 qudepeHniioBanor cuior HaTsoKiHHS S = 0,0 ... 0,4. (3 kpokom 0,2).

BuxinHa ckiHU€HHO-eJIeMEHTHA MOJIENIb Ma€ TaKi TPaHUYHI YMOBU: HIDKHI Ta IEPIINH, TpeTii
BEPXHi POJIMKH MAIlIMHU, MAIOTh OJIMH 00epTaIbHUH CTYIIiHb CBOOOIH, IPYTHA BEPXHIil Ma€ J1Ba CTy-
TeH1 CBOOOIM, MOXIIUBICTh OOEpTaHHS HABKOJIO CBOET OCi, 1 MepeMIleHHsI 0C1 «2» T100aIbHOI cHc-
TEMH KOOPIHMHAT.
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Puc. 1. ba3oBa Mozenb MpaBKH JTUCTA 3 HATSHKIHHSAM:
1 — nuct; 2 — ponuky; 3 — CHIIa HATSDKIHHS

VY po3paxyHKy BUKOPHCTOBYBAJIACS MOJIEIb KJIACHYHOI IJIACTUYHOCTI METally, B IKOCTI MaTe-
piany nucra Oyna npuitaara ctanb 08k, KoHTakT MiX JTUCTOM 1 POJIMKAMU CTaBUBCS 32 JIOTIOMOI0I0
Mozieni KOHTakTy «lloBepXxHs 10 MOBEpXHI» NUIAXOM 3aBIaHHs kKoediuienTa tepts piBHuM 0,1. Bei
po6OYl POIMKH IPUBOIMIIUCS Y 00€pTaHHS 3 KyTOBOIO IBUAKICTIO 10 paj/cex BiANOBIAHO, 1110, 3 ypa-
XYBaHHSM iX JlamMeTpa, BIANOBIIa€ NPUOIN3HIN MBUIKOCTI pyXy JIMCTa B310BXK 0Cl «1» rimo0anbHOi
CHCTEMH KOOPJHMHAT, 110 AopiBHIOE 0,5 M /c.

JJ1 OLIIHKM OTpUMaHUX Pe3yJIbTaTiB B JAHOMY BUIIAJKY NTapaMeTpamu Oyu oOpaHi MPOeKIIil
peaxiiiii y KOHTpOJbHUX TOYKAX POJIHUKIB y IJI00abHIN CUCTEM1 KOOPAMUHAT, a TAKOX, €KBIBAJICHTHI
nedopmartii Ta HaIPy>KEHHA y By3JaX CKIHYCHHUX €JIEMEHTIB JIUCTA.

Po3zpaxynku Oynu 3po0iaeHi Juid pi3HOro cTyneHs HaTskiHH. Ha puc. 2 nmpeactasieHi mons
PO3MOJILTY €KBIBAIEHTHUX JedopMalliil 32 EPEepi30M JINCTA IPU PI3HUX CTYNEHSIX HATSHKIHHSL.

MopentoBaHHs MPOBOAMIIOCH Yy 3 eTamnu 31 crynensamu HaTsokiHHA S = 0.0; S=0.2; taS = 0.4,

3 aHami3y MpeICTaBICHUX PE3yIbTaTiB BUIHO, 110 MPHU MPaBIll 0€3 HATSHKIHHS Ta 3 HATSKIH-
HsaM S = 0.2 piBeHb exBUBajeHTHOI nedopmarltii PEEQ npaktuuno He 3miHtoeTbes PEEQ nopiBHioe
0.081 Ta 0.084 BignoeigHO. ToOTO Maemo 30uTbIIeHHS Ha 3,7 %. AJie SKIIO MOPIBHATH BEINIUHY
€KBUBAJIEHTHOI Jeopmarii pu cTyneHsx HaTsokiHHA S = 0.2 Ta S = 0.4 MaeMo 301JIbIIEHHS BEJIH-
gunau PEEQ 3 0,084 10 0,127, Toot0 Ha 51 %.

3 npuBO/y LIFOTO BUILIMBAE BUCHOBOK 1110 301IBIIICHHS BEJIMYMHU HATSKIHHA S BEIMYMHA €K-
BHuBaJIeHTOI nedopmartii PEEQ 3pocTae HenmpoIopIiiiHo.

BUCHOBKM

Po3pobrena ckiHueHHO-eJIeMEHTHA MOJIeJIh MPOIIECY MPABKH JTUCTIB 3 HATSHKIHHIM JTO3BOJISE
BH3HAYNTH XapaKTep BILIUBY BEIIMIMHHM HATSKIHHSI HA HAIPYKEHO-Ie(hOPMOBAHUI CTaH TOTOBOTO
npokarty. [IpeacraBieHi pe3ynbTaTH po3paxyHKy JJIs JIMCTIB TOBIIMHOK 5 MM i3 ctaii O8k.

[Tokazano, o npu HaTsDKiHAL S = (0,2 BenmnurHa ekBiBaIeHTHOT nedopMmarttii PEEQ nopisHioe
0.084 1 36inp11y€eThHCS NMuIie Ha 3,7% y TOPIBHSAHHI 3 IPaBKOIO 0€3 HATSHKIHHS. Ajle Tpu 301IbIIeHH1
HaTsDKiHHSA 110 S = 0,4 cTyniHb ekBiBaJieHTHOI fedopmartii 3pocTae 10 0,127, To6TO 301IBIIyETHCS HA
51% y nopiBHsIHHI 3 HaTsHKIHHAM S = 0.2.

JlaHi pe3ynbTaTH Jal0Th PO3YMiHHS PO ePeKTHBHUN CTYIiHb HATSDKIHHS PH po3poOIi Tex-
HOJIOT1{ MPaBKHU JHCTIB Ha 0araTOpOJIMKOBUX MAalllMHAX 3 HATSXKIHHSM.
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Puc. 2. [Tons po3noainy ekBiBasieHTHUX Aedopmartiit PEEQ nmo mepepi3y JAHMCTIB Ipu pi3HUX
CTYIICHSIX HATSOKIHHS S:

a—S5=0.0,PEEQ=0.081;6-S=0.2, PEEQ =0.084; 8-S = 0.4, PEEQ = 0.127
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[lepcrieKTHBY MOJANBIIONO PO3BUTKY B IAHOMY HAINPSMKY € JOCIIPKEHHS MPOIIECy MPaBKH
3 BapilOBaHHSM KUIBKOCTI Ta JiaMeTPy POJHKIB, IX MEPEKPHUTTAM B 3aJICKHOCTI BiJ CTyNECHS HATA-
KIHHA. A TaKOX MPOBEJEHHS €KCIEPUMEHTAIBHUX JOCIIHKEHb JJIs TIEPEBIPKU CTYIEHS JOCTOBIpP-
HOCTI JJIS1 MiITBEP/PKEHHS TEOPETHUHUX.
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Pozhidaev A.V., Gribkov E.P., Berezshna O.V. Modelling of the stress-strain state during levelling sheets on
sheet straightening machines with tension

The development of metallurgical products is moving towards the creation of increasingly stronger grades of
steel, which in turn requires the development of new processing technologies and equipment for metal rolling. Tension
levelling through alternating bending is particularly relevant for thin sheet metal, where conventional multi-roll machines
do not achieve the desired results to meet the continuously increasing quality demands of consumers. To address this
issue, various approaches exist, such as numerical and finite element modeling methods, each with their own advantages
and limitations. A review of existing sheet levelling models has shown that the effect of stretching is not accounted for in
them. Therefore, this study investigates the effect of tension magnitude during levelling on a levelling machine and its
impact on the stress-strain state of the levelled sheet metal. The aim of this work is to study the stress-strain state of sheet
metal during tension levelling with alternating bending. The research on tension levelling with alternating bending was
conducted using finite element modeling software in the Abaqus CAE environment. A finite element model of the sheet
levelling process with tension was proposed. The effect of sheet tension level on the stress-strain state of the sheet was
analyzed. During experimental modeling, equivalent strains across the sheet section were compared during levelling in
a roll levelling machine, both without tension and under varying degrees of tension. It was found that increased tension
raises the strain level on the third roll. The proposed finite element model can be used to determine the optimal settings
for the working rolls of the levelling machine. The study concludes with an obtained relationship between sheet defor-
mation and tension during sheet metal levelling.

Key words: sheet, straightening machine, sheet straightening, step tension, finite element model, working rollers,
stressed and deformed state.
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