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Annomayua. BeIIOIHEH aHAIM3 IPHYHH 00pa30BaHKs Ae(eKTa «II0ArHOKa KOHIIOB IONIOCH IIPU ropsdei IPOKaTKe B YCIOBHUAX TOICTOIHCTOBOTO CTa-
Ha 5000. ITpoBeneHs! uccne10BaHMS BIUSHUS KHHEMaTHYECKOTO, TEMIIEPATyPHOIO U TeOMETPHIECKOro (pakTopoB aCUMMETPUM HAa BOSHHUKHOBEHUE
nedekra «oarudka KOHIIOB TONOCHD). JleTalbHO H3y4eHO BIMSHUE BEIUYHHBI PACCOITIACOBAHUS CKOPOCTEl pabouNX BajKoB HA U3THO TEPETHETO
KOHIIa YepPHOBOro packara. J{jis atoro npoanamzuposano 1214 T packaros (65 cisi60B). st Kax10ro Ipoxoia paccCMOTPEHO BIMAHUE apaMeTpoB
npolecca MPOKAaTKK M BeIMYHHbI PACCOIIACOBAHUS CKOPOCTel pabodnx BajlkoB Ha (hopMy IEpeIHEro KoHIa packara. PazpaboTaHsl 1 cMoneaupo-
BaHbI B cpesie nporpamMmmuoro komiiekca DEFORM pexunmbl acumMeTpuyHO# npokarku Ha crane 5000 J1uCcToB U3 JIErHPOBAHHBIX TPYOHBIX cTasei
11 U3y4eHus (pOpPMUPOBAHKS HEIIIOCKOCTHOCTH 110 JTHHE pacKaTa. [IpeaoxkeHsl KOHKpETHbIE PeKOMEH AN, IPOBEACHBI IPOMBIIITICHHBIC UCIIBI-
TaHUs pa3pabOTAHHBIX ACUMMETPHYHBIX PEKMMOB IIPOKATKH C UX aHAJIU30M U KOppeKiel. JJaHHbIi METO MOXKET MPUMEHSThCS IS 11000r0 BUaa
MPOKATKU € BO3MOYKHOCTBIO PErYIMPOBAHUS CKOPOCTEH BEPXHETO M HUKHETO BAJIKOB HE3aBHCHMO APYT OT Apyra.
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IIpy TonCTONMCTOBOM IpOKaTke B BajKaxX, Bpallaro-
LIUXCA C OJMHAKOBBIMU OKPYXHBIMU CKOPOCTSIMH, IPO-
HCXOANT BEPTUKAIBHBIA U3rH0 IEepeHEro KOHIA MOJI0CHI,
TaK Ha3bIBaeMbIi 1e(eKT «Jibbka». [1oBbIIIEHHBINH BepTH-
KaJbHBIM M3rH0 MepefHero KoHIa MPUBOIHUT K «3a0ypH-
BAaHMIO» IOJIOCHI B POJIMKAX MAaIllMHBI MPeIBapUTEIbHOMI
MPaBKH W/MIN POJIBraHra M, CJIeJ0BaTEIbHO, OCTAHOBKAM
crana [1 —5].

Ha uepHOBOH cTaanm NpOKaTKW IIABHBIM (HaKTOPOM
acUMMETpHH sBIsieTcs Temmeparypa [6 — 8]. Hwxwass mo-
BEPXHOCTS CII10a X0JIOHEE BEPXHEHl, T03TOMY IPH MPOKAT-
Ke U3ru0 MPOUCXOAUT B CTOPOHY HMDXKHEH OoJiee XOJI0AHOM
MOBEPXHOCTH. 3HAYMMBIM TEMIIEPAaTYPHBIM TPaJuCHTOM
spisiercs pazauua B 10 — 15 °C u Gonee [9 — 15]. U3rub
packara BHU3 Ha YEPHOBOM CTAJIMU MPOKATKU MPUBOIUT K
MIPOCKAJIb3bIBAHUIO MEXKAY POIMKAMHU POJIbTaHTa U HIKHEH
MOBEPXHOCTHIO MOJIOCH (puc. 1). B pe3ynbrare BO3HUKAIOT
TPYAHOCTH IIPU KaHTOBKeE packata. [loaTomy 11 yMmeHbI1Ie-
HUSl HETaTHMBHOTO BIIMSHUS TEMIIEPATypHOH aCUMMETPHUH
10 TOJIIMHE pacKaTa IPUMEHSIETCS PacCOIIacOBaHUE CKO-
pocreii pabounx BankoB. [ u3ruda packara BBepx orepa-
TOp YBEJIMUYUBAET CKOPOCTh HIKHero Bajka Ha 1,0 — 8,0 %
B 3aBHCHMOCTH OT MapKH CTajld U BU3YyaJbHOI HH(pOpMa-
[IUHA B PyYHOM pexkume (puc. 2). ABTOMAaTUYECKUA PEKUM
Ha YepHOBOM CTaJIuM NMpOKaTku He padotaet. be3 Hanmnuus
HUKHHUX TUPOMETPOB, BEJIMYMHA PACCOITIaCOBaHMSI CKOPOC-
Te paboYMX BAaJIKOB MOXKET OBITh YCTAHOBJICHA TOJNBKO B
PYYHOM pexXHUME.
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B HEKOTOPBIX Ciydasix H3rub MepeaHero KOHIa YepHoO-
BOTO packara sIBISETCS JOCTATOYHO BBICOKHMM, OJHAKO B
CIIeAYIOMMX Ae(OPMAIIMOHHBIX MPOXOAaxX M3TU0 CHIIKA-
eTCsL.

HwxHsist TOBEpXHOCTh packara 0ojiee XOJIOAHAs M3-3a
HAJINYUSA KOHTAKTa C BOJIOOXJIaXKIAEMBIMU POJIMKAMH POJIb-
rafra, mOBOPOTHOTO ctoja (puc. 3).

TemrieparypHbIii TpaJueHT (GOPMUPYETCS 10 BCEH JUTH-
HE packara Ha CJICAYIOIIUX JTarax:

— TIpH TPAaHCIIOPTHPOBAHHMHU cjistba OT medeii 10 pabo-

yeit kieru (3a 50 — 100 c);

OTcyTCTBHE KOHTAKTa

Puc. 1. M3ru6 packara BHM3 Ha YEPHOBOM CTaJIMU MPOKATKU MPUBOIUT
K IIPOCKAJIB3bIBAHNIO MEKLY POIMKAMH POJIBbIaHIa U HIDKHEH
HOBEPXHOCTBIO T0JOCHI

Fig. 1. Down roll bend on the rough rolling step results in slippage
between rollers of the roller table and lower surface of the strip
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BepxHuii Basok
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BBCPX MenneHHee
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Hwxnuit Banok
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Puc. 2. Cxema n3ruba nepeHero koHua packara toiumHoi 80 — 300 mm
IIPY TIPOKATKE C PacCOIIaCOBAaHUEM CKOPOCTEH pabounx BaJIKOB

Fig. 2. Scheme of bending of the front end of roll with thickness of
80 — 300 mm at the rolling velocity misalignment with work rolls

— BO BpeMms mepBo# ¢a3el mpokarku 3a 60 — 120 ¢ (ma-
IIMHHOE BpeMs + Iay3bl 5 — 7 ¢ MEXIY IPOXOIaMHU 1
15 — 20 ¢ mpu KaHTOBKe);

— BO BpeMsl OXJIXKICHHUS IPOMEIKYTOUHOTO pacKara 3a
200 —900 c;

— BO BpeMs BTOpOH (Tperbeil) (a3pl mpokaTKu 3a
120 — 240 ¢ (MammHHOE BpeMs + Tay3bl 5 — 7 ¢ MEX-
JIy IPOXO/IaMHu).

[Ipu TpaHCTIOpTHPOBaHUM Ccisi0a OT Mevei 1o padboueit
KJICTH TeMIIepaTypa BEpXHEH U HIDKHEW TTOBEPXHOCTH CJIs-
0a U3MEHSETCS B COOTBETCTBUU C rpadukoM (puc. 4, 5).

[epen mepBbIM JehOPMAIIMOHHBIM MPOXOIOM (TIep-
Bas (pasa TMPOKATKH) TEMIIEPATYPHBIH TPAJIUCHT MEXKIY
BEpPXHEH W HIDKHEW MOBEPXHOCTBIO cisida COCTaBISCT
14 — 15 °C (pwuc. 6).

Ecmu cis16 mMeet Goliee XOMOAHYIO HUKHIOK TTOBEPX-
HOCTB, TO TIPH NPOKaTke 0e3 paccorIacoBaHUS CKOPOCTEH
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Puc. 4. I'paduk u3MeHeHUsI TeMIlepaTypbl BEpXHEH U HIKHE TOBEpX-
HOCTH CIis10a

Fig. 4. Temperature graph of the upper and lower surfaces of the slab
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Puc. 3. Pa3orpeB ponnMkoB posibranra mpu KOHTAKTe ¢ HIDKHEH
ITOBEPXHOCTHIO cisiba (packara) (maMeTp ponnkoB 450 mm;
paccrosiaue Mexay ocsimu 800 Mm)

Fig. 3. Heating of the roller table rollers in contact to a lower surface
of the slab (breakdown bar) (roller diameter of 450 mm, the distance
between the axles 800 mm)

pabovrx BaJIKOB MPOHUCXOANUT CMEIICHNE pacKkaTa OT JIMHUU
npokatku BHu3 (H; =300 mm; Ah =40 mm; Temmneparyp-
Hblid TpaaueHT AT = 15 °C). I[Ipu sTom, yeM OoubIie Jid-
Ha packara, TeM OOJIbllie BeJIMYMHA HEIIOCKOCTHOCTH IO
JutiHe. 3aru0 packata BHU3 OOBSCHSETCS Ooliee BBICOKOH
CKOPOCTBIO TEUEHMS BEpPXHEW MOBEPXHOCTH (Oonee ruiac-
TUYHOM) B CPAaBHEHHUH C HMKHEHN (MEHEe TUIaCTUYHOMN).
Ipu npoxkarke ¢ paccoriacoBaHUEM CKOPOCTeH pabounx
BankoB B 1,0 u 2,0 % Ha Bceit mmune (2000 MM) packara
npoucxoaut ero usru6 Beepx (H; =300 mm; Ah =40 Mm;
temneparypubiii rpaguent AT =15°C u Hj =300 mm;
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Puc. 5. I'paduk n3MeHeHHs TEMIIepaTypHOTO rPpajueHTa MEX/y BepXHen
Y HIKHEH MOBEPXHOCTSMH Clsi0a Ipu TeMueparype Harpesa, °C:
1-1160; 2 —1220

Fig. 5. Temperature graph of the gradient between the upper and lower
surfaces of the slab at heating temperature, °C:
1-1160; 2 — 1220
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Puc. 6. PactipenenieHue Temriepatypsl 1o TOJIIUHE CIIsi0a Mepejt IepBbIM
nepopmannonsbm mpoxogom (H =300 mm; AT=15 °C)

Fig. 6. Temperature distribution through the thickness of the slab prior to
the first deformation pass (H = 300 mm; AT =15 °C)

Ah =40 mm; Temmepatypusiii TpagueHt AT =20 °C). Be-
JMYMHA W3TH0a BBEPX 3aBUCHUT OT BEIMYMHBI PaccoIIaco-
BaHMS CKOPOCTEH paboumx BAJKOB, TEMIIEPATYPHOTO Ipa-
JINEHTAa MEXy BEpXHEHN U HI)KHEHN MOBEPXHOCTHIO pacKara,
TOJIMIMHBI packara, oOkaTus 3a mpoxon, JJIMHbI yHacTKa, Ha
KOTOPOM peain3yeTcs pacconiacoBaHWE cKopocTei. [lns
MOTy4eHHsI TpeOyeMoil MIIOCKOCTHOCTHU 0 AJIMHE pacKaTta
HEOOXOIMM TOYHBIA BBIOOD BETMYMHBI PACCOITACOBAHHS
CKOpOCTel pabounx BaJIKOB B 3aBUCUMOCTH OT ITaPaMETPOB
rpouecca NpoKaTKu.

IIpu mpoxaTke ¢ paccoriacoBaHHEM CKOpOCTeil B pe-
JKFME «3arud JBDKI) pacKkaT U3rndaeTcsl BBEPX TOIBKO Ha
JUIMHE JIBDKU (TPOKATKa C PaccoriacoBaHMEM CKOPOCTEH
3,0 % (mmmna meoku 1000 mm; Hy = 300 mm; Ly = 2000 mm;
Ah =40 mm; Temmeparypubiii rpagueHt AT =15 °C)).
OcranpHas (3aHss 4yacTh packara) jaedopMmupyercs B pe-
KUMe 0e3 paccoracoBaHUsl CKOPOCTel pabounx BallkOB U
B pe3ylbTaTe packaT «TsHeT» BHU3. Takum obOpazoM, dop-
MHUPYETCsI HEIUIOCKOCTHOCTh MO JUIMHE packara. Bemmun-
Ha PacCOTNIACOBAHMS CKOPOCTEH pabOouMX BaJKOB ITOJDKHA
OBITh JJOCTATOUHOW At (POPMUPOBAHMS 3arHYTOTO BBEPX
nepegHero yyactka packara. [lapamerpsl mis ynpaBieHus
JIIKEH 3aBUCAT OT yCIIOBUHM Ipoliecca MPOKATKHU.

Takum 00pazom, HopMUPOBAHHE HEIIIOCKOCTHOCTH 10
JUIMHE packara mpu mpokarke Ha ctane 5000 MoxeT ObITh
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Puc. 7. I'pacduk u3MeHeHust TeMIiepaTypbl BepXHeil U HIKHEH
ITOBEPXHOCTH IPOMEXYTOYHOTO pacKara

Fig. 7. Temperature graph of the upper and lower surfaces of
intermediate breakdown bar
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CKOMIICHCUPOBAHO CJICAYIOIMUMU TEXHOJIOTMYCCKUMU PE-
LIEHUAMU:

— MPUMEHEHHEM pacCOITIaCOBAHUSI CKOpOCTel pabdo-
YHMX BaJKOB I10 BCEHl AJIMHE packaTra B 3aBUCUMOCTHU
0T IapaMeTpPOB MPOKATKHU (TOMIIMHA packara, 00xa-
THE 3a IIPOXOJ, TeMIIEPaTyPHbIH I'paueHT, BEIUYH-
Ha paccoriacoBaHMs CKOPOCTEH pabounX BajKoB);

— TPUMCHEHHEM paccoriacoBaHUS CKOpocTel pabdo-
YUX BAaJKOB TONBKO HA MEPEIHEM ydacTKe packara
(Ha nmnWHE JIBDKHW) B 3aBUCHUMOCTH OT TapaMeTpoOB
MPOKATKU (TOJIIMHA packara, 00XaTHe 3a MpOXof,
TEMIIEPaTypHbIM TI'pajiieHT, BEJIUYMHA Paccorviaco-
BaHMS CKOpPOCTEeH pabouMX BaJIKOB, AJIMHA pacKaTa
nepes] MPoXooM, JUIMHA JIBIKH).

Huxe paccMOTpeHBl pa3iUyHbIE BapUAHTHI IEPBOI
¢a3er npokarku cramu K60. [Ipu npokarke 3a msaTh mpo-
XOJIOB C PACCOIIaCOBAHMEM CKOPOCTEH padouMX BaJIKOB
1 % ma Bcell mmmHEe packara (GOPMUPYETCs 3HAYUTEIBHAS
HEMI0CKOCTHOCTH [16]. IIpu mpokarke B pexume «3arud
JTBDKM) 3HAYUTENbHAS HEIUIOCKOCTHOCTh HAOIIOHAeTCsI
TOJIBKO HA TIEPETHEM yUacTKe packaTa, B OCTaJIbHON 4acTH
HEIUTOCKOCTHOCTh MMEET yMEPEeHHBIN xapaktep. [Ipu npo-
KaTKe C PacCcOIIaCOBaHUEM CKOPOCTEH IO BCEH AIHMHE, HO
C OINpENEIEHHON BEIIMYMHON PACcCOIIACOBAHUS B KaXKJIOM
mpoxoze (0,35; 0,40; 0,45; 0,50; 0,60 %) HEMIOCKOCTHOCTh
packara MUHUMaJbHa.

3a BpeMs 1epBoil (ha3bl MPOKATKU TEMIEPATyPHBIN Tpa-
JIUEHT MEXK]ly BEPXHEU W HUKHEH NMOBEPXHOCTBIO packara
Bo3pacraeT Ha 3 — 5 °C mo 17 — 20 °C.

Takum 00pa3oM, MpH MPOKATKe B NepBOH (haze Temrie-
parypHbiii TpaaueHT He npebinaeT 20 °C (0e3 yuera TeM-
MepaTypHOTO TPaJANEHTa IO TOJIIUHE cisi0a Ha BBIXOME U3
neun). Bo BpeMs oxJaxkJaeHHS TMPOMEKYTOYHOTO packaTa
TEeMIEPaTyPHbI IPaJUeHT U3MEHSAETCS] B COOTBETCTBUU C
rpaduxamu (puc. 7, 8).

3a Bpems MexnedopmanroHHoi nay3sl (200 — 900 c)
TEMIEPATypHBbI TI'PaJUEHT MEXIy BEpXHEH U HUKHEH
MIOBEPXHOCTBIO MPOMEXKYTOUHOIO packaTa BO3pacTaeT o
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Puc. 8. I'paduk n3MeHeHHs TeMIIepaTypHOTO rpaJueHTa MEX/y BepXHen
¥ HIKHEH MOBEPXHOCTHIO IPOMEKYTOYHOTO pacKaTa

Fig. 8. Schedule of changes of the temperature gradient between
the upper and the lower surfaces of the intermediate breakdown bar
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28 — 34 °C. Takum 00pa3om, B IEPBOM YHUCTOBOM IMPOXOJIC
(Hawano BTOpOH (ha3bl MPOKATKU) TEMIIEPATYPHBIH Trpau-
€HT MEXK]ly BEPXHEH U HUXKHEU IOBEPXHOCTBIO pacKara co-
crapmsiet 28 — 34 °C.

MuHuMH3anKs TOATMOKM KOHIIOB packara B yCIOBHSIX
crana 5000 Bo3MOXKHA 3a CHET PAcCOIIAcOBAaHUS CKOPOC-
Teil pabounx BajJKOB B BYX PEKHUMAX: aBTOMATHUECKOM U
PYYHOM.

ABTOMaTHYECKU PEXHUM XapaKTEpU3yeTCs HEIA0CTa-
TOYHBIM pabOYMM IHMama3oHOM pAaCCOTNIACOBAHUS CKO-
pocreii pabounx BajikoB (0 — 0,5 %). PyuHoit pexum, B
MPOTHUBOIIOJIOKHOCTE aBTOMAaTUY€CKOMY, UMCCT CJIMIIIKOM
oonpmon muamazon (1 — 15 %). [locnenHee NpUBOIUT K
MepeperyIMpoBaHUuI0 1 BO3HUKHOBEHHUIO jaedekra «3arud
KOHIIOB BBEpX» HA YCPHOBOW CTAINU MPOKATKH.

Bbieoowt. JleTanbHO HCCAEAOBAHO BIWSHUE BEJIMYMHBI
paccoriiacoBaHusl CKOpOCTel pabo4ux BaJKOB Ha HW3THO
MEpeIHEro KOHIa YepHOBOro packara. s 3Toro mpo-
aHanmu3upoBaHo 1214 T packaroB (65 cnsiooB). [l kaxmo-
TO MPOXOJa M3YYCHO BIHSHHE ITapaMeTPOB IMpoIiecca mpo-
KaTK{ W BEJIMYMHBI PACCOITIACOBAHHUS CKOPOCTEH padoumx
BAJIIKOB Ha (OpMy IIEepelHEero KOoHIa packara. [IpoBemena
BU3yaJIbHAs OIIEHKA (hOPMBI IEPEHIX KOHIIOB packara (po-
TocheMKa). [ToydeHo morHoe COOTBETCTBUE (PAKTUICCKHIX
(bopM TepeIHUX KOHIIOB C IPOrHO3UPYEMBIMU MPH JaHHBIX
TEXHOJIOTHYECKHUX TTapaMeTpax IMporecca. ITO TO3BOIMIO
pa3paboTarh YeTKHE KOJIMYCCTBCHHBIC PEKOMEHIAINH IS
MUHUMHU3AIUN TOATHOKMA KOHIIOB packara Ha YepHOBOM
CTaJMH TMPOKATKH B BEIWYMHAX: «TEXHOJOTHUCCKHE Iapa-
MeTpsl (TonmmHa ot 180 1o 300 mm), obxarue (ot 10 1o
16 %), TemIiepaTypHBIN TPaJHEeHT» — «PETYAUPYIOIIee BO3-
JieiicTBre (paccoracoBaHre CKOpocTell paboyrx BaJIKOB)».
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ANALYSIS OF THE CAUSES OF VERTICAL BENDING OF THE STRIP FRONT
END AT HOT ROLLING ON THE BASIS OF MATHEMATICAL MODELING

D.N. Chikishev, E.B. Pozhidaeva

Magnitogorsk State Technical University named after G.I. Nosov,
Magnitogorsk, Russia

Abstract. The analysis of the causes of the defect “strip ends bending” was
made in conditions of hot rolling at the plate mill 5000. The influ-

ence of kinematic, thermal and geometrical factors on the occurrence
of the defect “strip ends bending” was investigated. The influence of
the misalignment velocity of work rolls to the bending of front end
of a rough billet was studied in details. Therefore 1214 tons of rolls
(65 slabs) were examined. The influence of rolling process parameters
and misalignment velocity of the work rolls to the shape of the strip
front end for each pass was analyzed. The modes of asymmetric rolling
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of alloyed pipe steels at the plate mill 5000 have been developed and
simulated in DEFORM environment software package. The authors
have proposed concrete recommendations. The production tests of de-
veloped asymmetric rolling modes were performed with their analysis
and correction. This method can be applied to any type of rolling ve-
locity to adjust the upper and lower rollers independently.

Keywords: asymmetric rolling, plate rolling, finite element technique,

bending of the front end of the strip, rolling mode, slab, temperature
gradient.
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